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MIIIIAHA KOHTAKTHA 3AJTAYA JIJISI OPTOTPOITHOI IIJIACTUHKH
3 KPYTOBUM OTBOPOM I IIPYKHOI'O IUCKA

IIpononyemucs po3e’a30k KOHMAKMHOL 3a0aui O OPMOMPONHOT NIACMUNHKU 3 KPY208UM OMEOPOM i i30mMPOnHO20
RPYHCHO20 OUCKA 3a4 HAAGHOCMI HA JIHII PO3MEMCY6AHHA Mamepianie 30HU chaw, 21A0K020 KOHMAKmy i 6i0CmAasanHs.
Ilodyoosano cucmemy cunzyaapHux iHmezZpanbHux PiGHAHD 3 102aPUPMIUHUMU AOPAMU ONA 6UIHAYEHHA QYHKYII, Yepe3 AKI
GUPAXHCAIOMbCA KOHMAKMHI 3yCUNNA HA KORMYPI 0meopy naacmunku i oucka. Memooom mexaniunux keaopamyp i Konokauii
00CNidNHCYyEMbCA HAnPyy ceHuil cman naacmunyacmoi koncmpykuii. Ilooano pe3ynvmamu uucno8ux po3paxynkie 3adaui.

Knrouosi cnoea: KoHmaxmua 3a0a4a, HANPYHCEHULl CMaH, OpmomponHa NIACHIUHKA, NPYHCHUL OUCK, CUH2YTSAPHI PIGHSAHHS,
30HA KOHMAKMY.

N.V. Shynkarchuk

MIXED CONTACT PROBLEM FOR THE ORTHOTROPIC PLATE
WITH CIRCULAR HOLE AND ELASTIC DISK

The enhancement of the reliability of machine components designed as piecewise-homogeneous plates is one of the
critical issues in modern engineering mechanics. Their durability largely depends on the presence of defects, such as cuts or
cracks, at the material interface, which may arise during the manufacturing process and significantly reduce the permissible
external load on the component during operation.

A solution is proposed for the contact problem of an infinite orthotropic plate with a circular hole and a flexible isotropic
disk, which are bonded together along one part of their common boundary, while a symmetric crack exists along the rest of the
contour between them. Under the action of a concentrated force applied at the center of the disk, the edges of the crack in the
plate-like structure make partial or full contact along the entire length. Frictional forces in the contact area between the plate
and the disk are absent.

The solution to this problem involves determining the components of the stress state at the interface between the
materials of the plate and the disk, as well as establishing the dimensions and position of the contact zone.

The boundary conditions of the problem on the smooth contact region are chosen as the equality of normal
displacements at the contour points of the plate and the disk, while on the bonding region, the boundary conditions are defined
by the equality of displacements. The relationships between the components of the displacement vector at the contour points of
the orthotropic plate and the elastic disk, and the contact stresses, are expressed as integral equations with logarithmic kernels.
By substituting these expressions into the boundary conditions of the problem, a system of four singular integral equations is
constructed to determine the functions through which the contact forces on the contact and bonding regions are expressed. In
addition to the derived system of equations, the condition of force equilibrium of the disk must be satisfied. An approximate
solution to the problem is implemented using the method of mechanical quadratures and collocation. The dichotomy method
determines the size and position of the contact zone.

For a homogeneous orthotropic plate with a symmetric circular crack, whose edges make partial or full contact under
the action of a force load, the influence of material orthotropy on the distribution of contact and hoop stresses has been studied.
The value of the critical angle of the crack zone at which the complete contact separation occurs at its endpoints has been
determined. The results of numerical calculations are presented in two figures and a table.

Keywords: contact problem, tense state, orthotropic plate, elastic disk, singular equations, zone of contact.

IlocranoBka mpoGiemu. JIOBroBiYHICTH €NEMEHTIB KOHCTPYKLIM Ta JeTajiel MaiiuH,
CIPOEKTOBAHUX Y BUIVIALI OJHOPIOHMX 1 KYCKOBO-OZHOPIAHMX IUIACTHH, B 3HAYHIM Mipi 3aleKUTh Big
HAsBHOCTI Ha JiHii moxiuty MatepianiB nedeKTiB THIy TpillMH (PO3pi3iB), sIKi CYTTEBO 3HUXKYIOTH
JONYCTHME 30BHIILIHE HABAHTA)KEHHS Ta EKCIUTyaTaLliMHMK pecypc KOHCTPYKLIH B LINOMY. 3apOKEeHHS
TPILIMH MOXKE MPU3BECTH 10 MEPEIYaCHOTO PYHHYBAaHHS JeTali Yd CHOpyAH. 3’sICyBaHHA NMUTAHHS, YU
Oeperu po3pisy 3a il CHIIOBOr0 HaBaHTAXXEHHS PO3XOIATHCA UM KOHTAKTYIOTh, Ma€ BKIMBE 3HAYCHHS 3
norJisiAy 3a0e3nedeHHs! HEMPOHUKHOCT] 200 TepMETHYHOCT1 KOHCTPYKIIi.

ToMmy 3HaUHMIA TEOPETUYHUH 1 MPAKTUYHUHN IHTEpEC, y CydacHIH iHKEHEepHil MeXaHilli, CTAHOBUTh
JOCITIKEHHS Ta OL[IHKa HapyXeHO-1e()OpMOBaHOTO CTaHY B OKOJI TaKHX AC(EKTiB.

AHaniz ocraHHix pgociaimkens i nyOJaikauiii. B poGorax [1,2] mpoBemeHo po3paxyHOK
HaANpyXEHOr0 CTaHy B KyCKOBO-OAHOPIAHMX I30TPONHMX 1 OPTOTPONHHUX IUIACTHHKAX 13 BHAsSHOIO

PospaxyHok 1 aHami3 HampyxeHO-AeOpMOBAHOTO CTaHy B KyCKOBO-OIHOPiAHIN OpTOTpoOIHiit
IUTACTHHL, sIKa repedyBae B yMOBaxX CHJIOBOI'O HABAaHTAXXEHHS B LIEHTP1 KOPCTKOr'O AMCKA, 332 HASBHOCTI
Ha JIiHi1 po3 iy MaTepialliB 30H Craro, TIaJKoro KOHTAaKTY 1 BiicTaBaHHS, 31iiicHeHO B [3].
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UuncnoBo-aHATITUYHUN PO3B’ 30K 3a/adi MPO HaNpyKEHUH CTaH KyCKOBO-OAHOPIOHOI i30TPOIHOI
IUTACTHHKH 3 KOJIOBUM PO3Pi30M II0 JiHii YMOBHOI'O IMOJALTY MaTepialliB IJIACTUHKH 1 IPY>KHOTO JHCKa 3a
YMOBH KOHTAaKTyBaHHsI iXHiX OeperiB, mpencTaBieHo B [4].

Mera crarTi. PeanizyBatu po3B’s30K MilIaHOI KOHTAKTHOI 3a/1a4i JUI HECKIHYEHHOI OPTOTPOMHOT

CIIOJIyYEHHS CHMETPHUYHOIO PO3pi3y IO Oy3i Kosa, Oeperd SKOro KOHTAaKTYIOTh 3a [ii CHJIOBOTO
HABaHTAXEHH MPUKIIAACHOTO B LIEHTP1 TUCKA.

IMocranoBka 3amadi. Po3IJISHEMO HECKIHYEHHY OpPTOTPONHY IUIACTHHKY TOBLIMHOK 2/,
nocnablieHy KpyroBUM OTBOPOM OIMHUYHOrO pajiyca 3 KOHTYpoM Y B sKuii 0e3 3a30py 1 Hatsary
BCTAaBJICHO KPYITIUI NPYXHHUHA 130TPONMHUI AMCK Takoi >k TOBIIMHHU. CHCTEMy NPSMOKYTHHX (x, y) i
nomsipaux (p,A) KOOpOMHAT B CEPENVHHIN IUIONIMHI TUIACTUHKH 00€peMO TaKMM YHUHOM, MO0 1M0YaToK
BIIUTIKY CIIBIIa/1aB 3 IIGHTPOM OTBOPY, a MOJISIpHA Bick CIiBIIajaja 3 BicCio abcuuc.

Ha cumerpuuniit ninsaii ¥, =[7 — By, 7 + B,] KoHTypy ¥ IHMCK crmasiHHil 3 muiacthHKOr. Ha
1HIIIN YaCTHHI IIbOTO KOHTYPY MK HUMH HasIBHUN HACKPI3HUN CUMETPUYHUH po3pi3 (TpimmHa). B nentpi
NUCKa HPUKIAIEHO 30CepeLKeHy CHily X, BHACHIZOK IbOTO JUCK BCTYHA€ y IIaAKy KOHTaKTHY

B3a€EMOJIIIO 3 MIJIACTUHKOIO Ha ishiEachigl 7, =[-a,,0,], a Ha JTTHKAX

7, =la,, 7t =B, ]Yr + B,,27 —a,] xouTaKT Mixk HUMH BigcyTHii (puc. 1).

AY

]

n—s

— Ol

T+

Puc. 1. PospaxyHkoBa cxema 3agadi

Po3B’s30k mocraBieHoi 3amaui mependadae BH3HAYCHHS BEIWYMHU PO3pPi3y, Ul SKOTO: 30HA
KOHTaKTy 30iraeTbcs 3 po3pi3oM, MPUUOMY HOPMallbHI 3yCHJUIA Ha KIHISX I1i€l 30HM BiAMIHHI Bil Hyns
(moBHMI KOHTAaKT OeperiB po3pi3y); 30Ha KOHTAKTY 30ira€Tbcsi 3 po3pi3oM, ajie HOPMajbHI 3yCHIUIA Ha
KIHISIX 30HU JOPIBHIOIOTH HYJIO (3apOKEHHS 30H BiACTAaBaHH:); iCHY€ i301bOBaHa 30Ha KOHTAKTY 1 ABi
30HM BiJCTaBaHHS, SKI NPWIATAIOTh A0 KiHIIB 30HM cmaro. s KOXXHOro 3 LMX BHMAJAKIB MOTPIOHO
BHU3HAYNTH HANPY>XEHUH CTaH HA KOHTYpi ¥ .

Buknaa ocHoBHOro marepiany. ['paHnyHi ymMOBH 3amaui B 30HI IMIaAKOro 0e3 TEpTsl KOHTAKTY
7, =[—a,,,] obupaemo y BUrmIsLi piBHOCTI HOPMAJIBHUX 3MilllCHb [UIACTHHKH i AucKa [4, 5]

1 . 1 1 1
cos/l(U—U())+sm/1(V—V())=O; S,,=87)=0, T,=T", Aey, (1)
a B 30Hi cnato ¥ =[7 — fB,,7 + f,] nmactHHKM i AMCKa TPaHWYHI YMOBH 3alHCYEMO Y BUTIISI

PIBHOCTI 3MillIeHb X KOHTYPHHUX TOYOK [4, 6]
u-uV=0, v-rV=0; §,=80, 1,=1", Aey,. )

pA

1 1 . . . .
T ;5 ), Sf),f — HOpMaJIbHI Ta JOTHYHI 3YCHJIIS Ha KOHTYpPl1 OTBOPY OpPTOTPOIHOI

Tyr 7,, S

pA>
MJTACTHHKH 1 IPY>KHOTO JIMCKA.

KommnonenTn BekTOopa 3MIIIEHHS KOHTYPHHUX TOYOK OPTOTPOITHOI IUIACTHHKH TIPU 33JaHOMY
HaBaHTa)XEHHI, MAIOTh HACTYITHUH BUTIIA [ 3]

© H.B. llunkapuyx
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-1
dt:|+c1,

2E1V = (B By -V .[ £ (t)dt+=2 % (’BIIIBZZ )

2E.hU = (1811,822 .[ f1 dt +

ﬁll+ﬁ22|:.[ f2 ln

¢ +p,
dt+ [ f,'(t)n

=Py

A . A
sin sin

+B, _
_PuBu(Bi+ Br) l:.[ f 1n SlIl tdt+ J. fl'(t)ln Sini tdt:l, Aey, 3)
T
- =P

a KOMIIOHEHTH BEKTOpa 3MIllleHHA KOHTYPHHUX TOYOK IIPY>KHOTO AHCKa 3 ypaxyBaHHS (1) — (2) 1 3a ymMoB

A0 =£0).  L(0)=1£'()

Ha0yBarOTh BUTIISY [7]

26VRU" = (1- v)jﬁ m——jﬁ mmﬂﬁtm—
7+f N (1)
2 .[ fz'(z‘)lnsin}L t|dt+1+v X,cos24-Tcos A +c",
T 2 | 2
U —
2600 = (1-v )j/; ¢ﬁ+fﬁg;lLla j/; (1)Infsin 2=z +
% a *ao
7+Py N (1)
2 .[ /i '(t)ln sin 12 tIdt+ IZV X,sin24 ~T’sinl, de v, 4)
=Py 4
A
ne f,+if, =i .[ (Tp +iS, )e ) e'dr, .[(fz (¢ )Cost—ﬁ'(t)smtyt, E_, v_—wmomyns IOnra
i koedimient [Tyaccona marepiaiy miactinu B HanpsMky oci Ox ; E 0 , v Moxnynb FOHra i koedirienT

. ) . . i (1) e .
I[Tyaccona Matepiany aucka; f3,,, [3,,— KOpeHi XapakTepucTuaHoOro piBHsHHA [8]; ¢, ¢, — AiiicHi cTai.

Pemra mo3HaveHs Taxi xk Ak i B [9].
[Migcrasmstoun (3), (4) B rparnyni ymoBH (1) — (2) Ta BUKOPUCTABIIN TO3HAYCHHS:

1)+ ()= () +ify"(A), Ael-apa],
Rl d)+inw+2)=70)+ 7 (7). Le[-Bhi]. 5)

OACPIKUMO CUCTEMY 3 HOTUPHLOX CHUHIYJIAPHUX 1HTCFpaJ'ILHI/IX piBHfIHL 3 J'IOI‘apI/I(l)MiLIHI/IMI/I AsApaMu

mst Bu3Havenns ¢yukuint £, f)', f,', f,' Ha QUISHKaX KOHTAKTY i craio

cosilZ((,BH,B22 -v,) —(1 —v(l))k) i S0 (¢)de - ! ;7‘;(1) kX,cos2A +

RVRSH P

T

! df:|+

BBy (B + B) +2k g

T

. A= A
sin cos

m+jﬁ 7)in
)

-

+kT°aml]+ﬁnl{«[hﬁnvJ(lvm)k)jj;(ﬂdt

{j]‘ t)In -

-0t

A
sm cos

m+jﬁ 7)ln

) d

_Edf:l X (ﬁllﬁZZ )
2
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1-v)k (1)
—( ) X A-1Y k¥ in2A+ kT sinA | =& cos A,
2 0 2 0 !
£ (A)cosA+ f7'(A)sinA =0, Ae[-a,a,]. (6)
(BB =v.) = (1-v") )jf1 (¢)dt+KT" cos 4+ Put Pu 2K
b 7
Yz (1)
.[ lnsm}L dz‘JrJ.f2 lnsm}L tdf I+ —— kX, cos2A =¢,,
27
0 )
1)
X, 1-vV |k
((ﬁllﬁZZ_vx)_( ) )L dt+ (ﬁ“ﬁzé X))“_( 271_) XO)“_
_16111622(,811+1822)+2k .[fl lnsml dt"'J.fl lnsmi_t J7 |+
/s
0 )
.. k(1+v(1))XOSin2ﬂ -
+kT" sin A — e =0, Ae[n-pL,,n+p5,], /16[-,30,,30]. (7)
EYE ~
k=S 6 =i

Oxpim 1i€i cucteMy piBHAHB TOBUHHA BUKOHYBATHUCSI yMOBa CHIJIOBOI piBHOBaru aucka [6, 10]

) Bo
[ £(@eyae+ | 7,0(0)di=—x,, (8)
—& )

siKa HeoOX1aHa JUId BU3HAYEHHS CTAJIO] 51 .

Skwo ¢yuxuii f,"', f,', f,', f,' cTaHyTb BiZoMi, TO HOpMaJbHi Ta JOTHYHI 3YCHJUISL HA KOHTYpI
OTBOpPY IUTACTHHKY, 3 BpaXyBaHHSIM IMO3HAYEHE (5), BU3HAYAIOTHCS 32 opmysoto [10]

T, +iS,, =(f"(2)-if,'(1))(cosA—isind), Aey. )
Kinbuesi 3ycumnst 7, Ha KOHTYpi OTBOPY OPTOTPOITHOI IUIACTHHKY BU3HAYAIOTHCS 32 (HOPMYyIIaMH,

Hasenennmu B [3] nmpu € =0, a=b=1, ¥, =0. Kinsuesi 3ycumuis T/l(l) Ha KOHTYpI NPY>KHOT'O AMCKA
BH3HAYAIOTHCS 32 (POPMYJIOI0, HAaBEACHOIO B [4].

Haonaum:kennii po3B’si3ok 3amavi. 3HaXOMKEHHS TOYHOTO po3B’si3Ky cucteMu (6)—(7), 3a ymMoB
CHJIOBO1 piBHOBaru aucka (§), moB’si3aHO 13 3HAYHUMH MaTeMaTHIHUMH TPYIHOIIAMH.

Ockinbky, cucteMa piBHSIHB (6) — (8) Mae Taky X CTPYKTYpY, 5K 1 BIAIOBiAHA cHcTeMa AJIsl BULIAIKY
KyCKOBO-OJIHOPiIHOT 130TPOMHOT IJIACTUHKH 3 KOJIOBUM pO3pi3oM [4], To A7si HAaOMMKEHOr o ii po3B’s3aHHs
BUKOPUCTAaHO YHCJIOBMH METOJ MEXaHIYHMX KBaApatyp 1 Kolokamii, e(peKTUBHICT SKOTO
MpPOAEMOHCTpOBaHa B poborax [4,5, 7], SKHUM JOCHIDKYEThCS BIUIMB Ha PO3MOIUT KOMIIOHEHT

JE.E,

HAaIpy>XCHOIr'o CTaHy BCIIMYWMHU k= T 34 YMOB INOBHOI'O0 Ta HCIIOBHOI'O KOHTAKTY 6eperiB p03pi3y.

MeronoM AUXOTOMii BU3HAYAETHCS BEJIMYMHA 1 IIOI0KEHHS 30HH KOHTAKTY.

Pe3yabTaTi YHCJI0BOT0 PO3PaXyHKY. XapaKTEpUCTHKH TOCHTIKYBAHUX OPTOTPOITHUX MaTepiaiis
1 J1iH11, K1 BiOMOBiAAIOTH IIMM MaTepianaM Ha pUCyHKaX, OAaHo B Tabmui 1.

Jn1s1 OpTOTPONHOI IUIACTUHKY 3 KPYTOBHM OTBOPOM 1 130TPOMHOr0 MPY>KHOTO JMCKA B LIEHTPI SIKOT'O

MMPUKIAACHO 30CCPCIKCHY CUITY X o » BCTAHOBJICHO BCIIMYMHY I'PAHHUYHOI'O KyTa 30HH pOSpiSy JJIA SIKOI'O

TOYKAa PO3MHUKaHHS 30HU KOHTAKTY 30iraeTbcs 3 KiHIeM po3pisy. s HpOro BUMIAAKY JOCTIKEHO BIUIUB
opTOTpOIii Marepialy Ha HaNpyXEHWH CTaH IUIACTUHKH 1 JUCKa. Pe3ynbTaTH 4YHCIOBOrO PO3PaxyHKY

. . . 1
HOpPMAaIIbHUX, JOTHYHHX Ta KiIbIIEBUX 3yCUIIb HA KOHTYPi OTBOPY IUIACTUHKH i auckaipu kK =1, =023
MPOLTIOCTPOBAHO Ha puc. 2-3. J{s BiAMOBIMHOTO MaTepiany IUIACTUHKY B TAONUIll 2 MONAHO BETHYHHU
TPaHUYHOTO KyTa 30HH PO3Pi3y Ta 3HAUCHHSI HOPMaJbHUX 3yCHIIb B IIEHTPI JUITHKA KOHTAKTY 1 CTIafo.

© H.B. llunkapuyx
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Taba. 1.
XapaKkTepHCTHKH J0CTiIKYBAHUX OPTOTPONTHUX MaTepiaiB
Marepian E /E Bun
TUIACTHHKH P P Vs "/ y JiHii
Enokcun-rpadir 0.143 1.401 0.010 1/25 - —
Enoxcuga-ckio 0.440 1.310 0.083 1/3 e
[3oTponHuii 1 1 0.300 1 _
CKJ10-enOKCH ] 2.271 0.762 0.250 3 ————e
I'padir-enoxcun 6.999 0.714 0.250 25

. . 1
Puc. 3. Po3noain KinsueBux 3ycuiab 7, 11l INIACTHHKH Ta T/l( ) JJIAl IIPY2KHOI'0 JUCKA IpU

k=1

© H.B. llunkapuyx
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Tabn. 2.
PesynbraTn pospaxyHky Bennuun i T
Marepian a,(rpan) | T (/1 = 0) T (/1 =7 )

IUIACTUHKH 0 P P

Enokcun-rpadir 68.03 -0.2093 0.2052

Enokcuga-ckio 69.94 -0.2564 0.2457

[3oTponHuii 84.50 -0.2876 0.2662

CkJ10-enokcua 62.91 -0.3013 0.2750

I'pagit-emnoxcun 30.88 -0.3110 0.2765

BucnoBku. B naniii poboTi po3riasHyTO 3a/ady PO KOHTAKT OeperiB po3pi3y MiK OPTOTPOITHOO
TUTACTHHKOIO 3 KPYTOBUM OTBOPOM 1 KPYTIJIMM 130TPOITHUM MPYKHUM AMCKOM 33 YMOB Aii 30CEpelKeHOro
CHJIOBOTO HABaHTAKCHHS B LIEHTPl AMCKa. BCTaHOBIEHO BEIMYMHY TPAHUYHOTO KyTa 30HH PO3pi3y IS
SKOTO PO3MHKAaHHS NOBHOI'O KOHTAaKTy BinOyBaeThCsl B KIHIIEBUX HOro Toukax. JocmimkeHo BIUIUB
OpTOTpOIIii MaTepialy Ha HaNpY>KEHUH CTaH IUIACTUHKY 1 JHUCKa.

Amnaiiz pe3ynabTaTiB YUCIOBHUX PO3PAaxXyHKIB MPHUBOAUTH IO TaKMX BHCHOBKIB: HpU 30iMbLICHHI

BifHOIIEHH E / E cnocrepira€Thes IUIaBHE 3POCTAHHS 3HA4YCHb ) y LICHTPi 30HM KOHTAKTY i Claro;

BIUIMB OPTOTPOMIii Marepialy Ha PO3MOALUT KOHTAaKTHHX 3YCHWIb B 30HI KOHTAaKTy 1 cHar0 HE3HAYHHU;
BHACIIZIOK Aii 30cepeukeHol cumu X, Ha MPYKHUH JUCK Y HAaPsSMKy OCi CHMETpii KOIoBOro po3pisy,

OpPTOTPOIIisl MaTepiay MIACTHHKY Jla€ HAHOUIBIINI BIUTMB HA KUTbLEBI 3ycHuIs 1 ; HOLUIBHO B CydacHil
iHKeHepHill IpaKTulli, BAKOPUCTOBYBATU OPTOTPOIIHI MaTepiaan 11 AKux £ / E >1,3anns 30i1b1eHHS

MIITHOCTI TUTACTHHYACTOI KOHCTPYKIIII.
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Jhybkuti HayioHanvbHull MexHiuHUull YHigepcumem

HOPIBHAHHSA KIHEMATUKHU PEJIAATUBICTCBKUX YACTUHOK Y ITPOCTOPI-
YACI TA EBKIIITOBOMY 4-ITPOCTOPI

3anpononoeano zeomempuuHe mMpPAKMYBAHHA KIHEMAMUKU YACMUHOK MeMHOI mamepii i memHOI enepeii 6
€6K1i006oMYy 4-npocmopi ma cxemy cunmesy 3 HUX J1enmonie i HyK1oHie. Beedeno nonammsa Kocmiunux ma cynymuix 3
posuwupenusam Beeceimy cucmem koopounam. Iloxazano, uio naknadene Ha 4ACMUHKU 00MEIHCEHHA 3AUMAMU JIuuie YACHUNY
naowunu Minkoecovkozo é npocmopi-uaci gizuuno ne oérpynmosane. Ha npuxnadi 3aoaui npo nepezonu npooemoHcmpoeano
gioMinHOCII KiLeMamuKu 4acmunoK ¢ npocmopi-uaci ma egxkniooeomy 4-npocmopi. Ompumano niomeepodricenns, w0 Xio
MEMPUUHO20 HAaCy 30i24EMbCA 3 X000M AOCONIOMHO20 HACYy KNACUYHOT MeXaHiKu i fe3nocepeonvo noe’a3anuii 3i WeuoKicmio
posuwiupenns Beecgimy.

KJI}O‘[OBi cnoea: memui YaCmuHKU, cynymml cucmema KoopduHam, GﬂaCHuﬁ Hanp;m cucmemu KoopduHam.
R. Pasternak

COMPARISON OF THE KINEMATICS OF RELATIVISTIC PARTICLES
IN SPACE-TIME AND EUCLIDIAN 4-SPACE

A geometric interpretation of the kinematics of dark matter and dark energy particles in Euclidean 4-space and a scheme
for synthesizing leptons and nucleons from them are proposed. The concept of cosmic and coordinate systems accompanying
the expansion of the Universe is introduced. It is shown that the restriction imposed on particles to occupy only a part of the
Minkowski plane in space-time is not physically justified. The differences in the kinematics of particles in space-time and
Euclidean 4-space are demonstrated using the example of the race problem. Confirmation is obtained that the course of metric
time coincides with the course of absolute time in classical mechanics and is directly related to the rate of expansion of the
Universe.

Keywords: dark particles, co-occurring coordinate system, proper direction of the coordinate system.

IocranoBka 3aBaanHs. [opiBHATH KiHEMAaTHKH PEISTHBICTCHKUX YAaCTHHOK y mpocTopi-yaci [1]
Ta EBKIIOBOMY 4-mipocTopi [2], TOKa3aTH TOTOXKHICTh aOCOMIOTHOTO 4Yacy KJIACHYHOI MEXaHIKH i
METPUYHOT'0 Yacy PeNlTUBICTChKOI MEXaHIKM YacTHHOK 3MiHHOI Macu (M3M) [2].

AHani3 octaHHiX Jgociimkens i myOaikaniii. B [1] mokasano, mo BenumumHa 4-IIBUAKOCTI YCiX
YaCTUHOK Ha CBITOBIH JIiHIi B MPOCTOpi-daci ofHAKOBa i HE 3aJISKUTH BiJl HAIIPAMY IXHBOT'O IIOIIUPEHHS. Y
[2] BUCYHYNIH TinoOTE3y, 10 NPUIMHOIO OJHAKOBUX BEIWYHMH 4-BUMIPHHUX IIBHIKOCTEH PEISATUBICTCHKHX
JacTUHOK € po3mmpenHs Bcecsiry. IloOymoBana Ha oOcHOBI mpocTopy-dyacy mnonboBa CraHmapTHa
kocmonoriuna Mmozenb (ACDM) [1] Ta mopiBHSHHA pe3ynbTaTiB pO3paxyHKIB 3 acCTPOHOMIYHUMH
CIIOCTEPEKEHHSIMU IOKa3aly, Mo KpuBHHa BcecBity mpaktuuno BincytHsa: €2, =(0,001+0,002) [3].

JlonaTKoBO BHSIBHJIOCS, IO MpocTip-yac (B CHEpreTMYHOMY BHMIipi) Ha 95 % 3amoBHeHUi
HECTIOCTEpEKYBaHUMH Bi3yallbHO (TeMHHMH) Matepieto Ta eneprieto [3]. Cepen nHenonikie ACDM-mopeni
BUsIBUIIOCA TpoTupivus ['a66na [4], Ak HacmigOK HEY3TOKEHHS CUCTEMH KOOPAMHAT MPOCTOPY-4Yacy 3
BJIACTUBOCTSIMU cuMeTpii BeecBity. Bukopucranns 4-BumipHoi reoMeTpii (Ha BiAMiHY BiJ TPUBHUMIPHOT
MPOCTOPY-4acy) 1 BHYTpINIHE O3HAYEHHS XOMy dacy [2] MaroTh INUPIII MOXKIHBOCTI aHANi3y Ta
IHTepIpeTalii pensSITHBICTCEKUX MPOLECIB 3 Pi3HOBUMIPHUMH YaCTUHKaMH [5].

Mertoro 1aHoi podoTH € HajaHH Gi3UUIHOrO 3MICTY epeTBopeHHAM JlopeHIia Ta pO3BUTOK anaparty
PETSTUBICTCHKOI MEXaHIKH B aJieKBaTHil 11 4-BUMIpHii reoMeTpii.

1. YacTuHKH Ta iXHi KOOpAWHATH B 4-IpoCTOPi

1.1. KocmiuHi cucremu koopaunar. BianoiaHo 10 KOCMONOriyHOro npuHLuUITy [4] Ta mogaHoi B
[2] monemni, BeecBiT eHTpaqbHOCUMETPUYHNH, OJHOPIAHUN, 130TPOITHUHI Ta PIBHOMIPHO PO3LIMPIOETHCS
0e3 oOepraHHs. 3BaKaroul Ha BJIACTHBOCTI CHMETPii, MOYAaTOK CHUCTEMH KOOPAMHAT B EBKIiIOBOMY

npocropi R* 3 opramm (&,i,,k ) mpupomHO po3MmilryBaTu B leHTpi cumerpii (momoci) Bcecsiry.
BpaxoByrouu 1eHTpajIbHy CUMETPII0, CHCTEMY KOOPIMHAT JOMOBHIOIOTH MOHSTTSAM BIACHOTO HAMPAMY &

, SIKMI 30ira€eThCs 3 HAMPSIMOM pajliyc-BeKTopa crocrepirada Ta Ha3uBaoTh kocMidHoio (KCK) [2]. Hns
3pYYHOCTI NOAATBIIUX TPaKTYBaHb BIACHUH HampsM OyIeMO TaKOXX HAa3WBATH GepIMuKanbHum (TEMHHM,

Bi3yaJIbHO HECIIOCTEPEKYBAHUM), a OPTOTOHATIBHY JI0 HHOTO TilepIoBepXHIO (00°eM) 3 opTamu (i, j,k ) —
20pU30HManbHO (BI3yaIbHO CIIOCTEPEKYBAHOIO).

©P. M. I[lacmepnaxk
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1.2. Merpuynuii yac. 4-mBuakicrs Ta ii ckiaagoBi B KCK. Hexail TpaexTopis yacTuHKM €
AHATITHYHOK BeKTOp-(QyHKIiclo R()y) CKalspHOro Mmapamerpa ¥ =ct, mponopuiiHoro acy ¢ [2].
BinmoBinHo 10 03Ha4YeHHS [6] BEKTOpP 4-IIBUIKOCTI YACTUHKH JJOPIBHIOE:

- . dR _ dR >
Vit)=—=c—=¢c¢ . (1)
dt X

Tyt cransip ¢ =const, a & — OIUHUYHUNA 4-BEKTOP HampsAMY JOTHYHOI A0 TPAEKTOPii YACTHHKH.

3Baxaroum, IO MPUPOCTH Yacy ¢ MPOIOPIiiHi MeTpuuHii Mipi dR = cdt npoctopy R*, o3Hauenuii Tak
Yac Ha3WBarOTh mMempuunum [2]. OTxe, BEMUIUHN 4-IIBUAKOCT] YCIX YACTHHOK OJTHAKOBI, IOPIBHIOIOTH ¢

1 He 3aJIeKaTh BiJl HANPAMY iXHBOTO MOIMIMPEHHS. BiAnoBinHO, 4-MBHIKICTh V' Ta 4-nipumBuameHHs A
YaCTHHOK OpTOroHabHI: (V,A4)=0.
CKOpHCTaBIINCH 3aMTUCOM EIEMEHTAPHOTO MEPEMIIICHHS YaCTUHKH 3 BUAUICHIMH BEPTUKAIBLHOIO Ta

TOPU30HTAIBHOIO CKIAQNOBUMU dR = ds ¢ + dF , IPeACTaBUMO 4-BeKTOp V' CyMOI0 U, BEpTHKAJIBHOI Ta U
TOPU30HTAIBHOI CKJIAJIOBUX 4-TIIBUIKOCTI:

_ _ds dr
V:_.—+—=_. + _.. 2
ST T tur 2

TyT T — OIMHUYHHUI BEKTOp HAIPSAMY FOPU30HTAIBHOI CKIIAAOBOT IIBUIKOCTI YACTUHKH. 3Ba)KAI0UH,
mo (£,5)=cosa, ne a — (BBemenuit [px. bpemi) kyr actpoHomiunoi abeparii [4], nepenumemMo Bupasu
JUTS1 BEJTMYMH CKIIAI0BHUX 4-IIBUAKOCTI YACTHHOK Y 3pYUHill U1 reoMeTpryaHoi iHTeprnperanii popMi:

v, =ccosa; vL=csina. 3)

Ha nonosHeHHs 10 MeTpuyHOro, B koxkHil 3 KCK icHye nonsTrs yacy 'a66mna #,, [2], mo Binnosigae
4acoBiil BincTaHi Bix nomocy BeecBiTy 10 oro KOHKpeTHOI TOuku § =ct,, [2], ne cTana ¢ 30iraeTbes 31

HIBHJKICTIO po3mmpenHsa Beecity. (Jomamo, mo xig gacy ['ab6ma 30iraeTscst 3 X0IOM BIACHOTO 4acy
YaCTHHOK Ha CBITOBIi JTiHil MpoCTOpYy-4acy.)

1.3. CnocrepexyBaHi Ta HecmocTepexxyBaHi (TemHi) yacTuHkH. B eBkiinoBomy 4-mpocropi
muckpernoi M3M [2] xonomniii TemHilt matepii [1] (epipy Jlopenua y tpaxryBanHi [2]) cTaBasTh y
BIIMOBIAHICTH OJHOBUMIpPHI (cKassipHi) pyHmamenTanbHi yacTuaku (DaM), a TeMHil eHeprii — TpUBUMIpHIi
(BexTopHi) pynaamentanpHi yactuaku (DaE) [1] (HociT enekTpoMarHeTHoi Ta, TIOTETUYHO, TPaBiTaIliifHOT
B3aemoiit). Yactuuku DaM ta DaE oproronanbhi, ToMy, SIK IpaBUiIO, HE B3aEMOIIIOTH MK c00010. Y
poboTi [2] BUXOIATH 3 TiMOTE3H, IO MEPBICHO 4-mpocTip OyB 3amOBHEHHMH XaocoM (yHIaMEHTaTIbHUX
gactuHOK DaM Ta DaE. Bucokoeneprernyti 3ycTpiusi ¢yHIaMEHTaIbHI YACTUHKH TiMOTETHYHO MOTJIH
B3aeMHo mneperBopioBaTuca DaE+DaE <> DaM+DaM, nepepo3anoguisiioud €HEpriro piBHOMIpPHO IO
YOTHPBOX CTYHEHSAX BibHOCTI. ToOTO, HAa omHOBMMIipHI DaM mpunanano 25 %, a Ha TpuBuMmipHi DaE —
75 % ryctunu eneprii [3].

Kpim HazBarnux DaM ta DaE, ACDM-moznens [1] nonyckae icHyBaHHsI TIOpUAHUX YOTHPUBUMIPHUX
(criocTepexxyBaHWX) YaCTHHOK (SIKMX B €HepreTmuHoMy BuMipi Ot 5 % [3]), OULmbImicTh 3 SKUX
yrBopuiucs B npoueci Benukoro Bubyxy y pesynbraTi 00’eqnanns yactuHok DaM ta DaE [4]. fkmo B
[5] xnacu eneMeHTapHUX YaCTHHOK pO3PI3HAIOTH 3a YHCIOM CIIHOBMX MOJspu3aliif, To B [2]
3alpONOHOBAHO iX albTepHATUBHE TpakTyBaHHSI: DaM — ogHOBHMIpHI YaCTHHKH 3i crliHOM Hynb, DaE —
TPUBHUMIpPHI YACTHHKH 31 CIIIHOM OJMHUIIS, & YOTUPUBUMIPHI — 31 criiHOM Y% [2].

BignoBigHo 10 3aKkoHIB 30epekeHHS eHeprii Ta BeKTOpiB 4-IMITyJIbCy YaCTHHOK, y pe3yibTaTi
Bemukoro Bubyxy [4] i3 DaE wmornmm yrBOproBatucs mapHi JIeNTOHM 3a cxemowo  [2]:
DaE+DaE <> enexrpon + nozutpon (edekr IIBinrepa [5]) (enepris 3B’s3ky mix DaM ta DaE B
eNIEKTPOHA Ta MO3UTPOHA JOPIBHIOE TIOJIOBHHI CHEPTii CIIOKOIO EJIEKTPOHA).

VY [2] nonmyckaioTh, O HYKJIOHH MOIJIM YTBOPIOBATHCA B pe3ylbTarti auconianii yactuHok DaE min
nieto yacTuHOK DaM Ha 11Ba BipTyanbHi ()parMeHTH — IBOBHUMIPHHN TIIOOH Ta OJHOBHUMIPHHH 3aJTMIIOK;
CIOCTEPEKYBAaHUMHU € IUIIE 1XHI KoMIulekcu (koiipHuid koH(paiHMeHT [5]). CuHTE3 HYKIOHIB Mir
BimOyBatucs 3 Tppox DaM Tta Tprox DaE — 3 DaM+3 DaE — nyxnon+DaE 3a nHaBemeHnoro Ha puc. 1
cxemoro. [lpm oMy BHIUIAETHCS eHeprii 3B’SA3Ky, IO eKBiBalleHTHa eHeprii yactuHku DaE. ¥V [5]
BIpTyaJIbHUM KOMITIOHEHTaM HYKJIOHA BiMOBIAalOTh TPU KBAapKH — riOpuau rimoona ta DaM, sik HaBeaeHO
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Ha puc.2. Y [2] apoMaTH KBapKiB Ta KOJBOPH TJIOOHIB [5] MOB’A3YyIOTh 3 PI3HUMH €HEPrisiMHU Ta
MIPOCTOPOBOIO OpieHTaLi€l0 TXHIX ckinagoBux. B3zaemonepersopenns DaM ta DaE moxna crnocrepiraty,
HaNpUKIaJ, IPU B3a€EMOJI BUCOKOGHEPTeTHYHHX NMPOTOHIB: p+ p — p+ p+ p+ p [5] 3 nopomkeHHsIM

AHTHUIIPOTOHA P (2HAJOTTYHO JO OMMCAHOI BUIIE €HEprii 3B 3Ky eNEeKTPOHA).

DalM

z ;
JF_‘-' = h F
gluon guark

Puc. 2. Cxemu yactunok DaE, riroona i
KBapKa
2. IlopiBHAHHSA KiHEeMATHKH YaCTHHOK B eBKJIII0BOMY 4-IIpoCcTOpi Ta mpocTopi-yaci
2.1. Ilnomuna nepemimens B eBKJIiK0BoMy 4-nipocTopi. Bugimumo B npoctopi R* Bekropamu 7
i ¢ MJIOIIMHY, SK MOAAHO Ha PUC. 3, e HABENEHO MUISHKU TPAEKTOPIi 0JJHAKOBOT JOBKUHU (BIAMOBIIAIOThH

. Cxema cuHTE3y HyKJIOHA

IPOMDKKY METPHUYHOIO 4acy 2f, ) TphOX PI3HHX 3a BIACTUBOCTAMH YaCTUHOK. BidmoBigHo 10 cuMeTpii
Bceecsity Ta (1), TpaekTopis YaCTWHOK XOJOAHOI TEMHOI MaTepil JEKHUTh BUKIIOYHO Y BEPTHKAILHOMY
HanpsaMi (MOBHICTIO BiZICYTHS TOPU30HTaNbHA CKJIa10Ba MBUAKOCTI — ¢ =0), a TpaekTopis yacTHHOK DaE
OPTOroHaJbHA J0 TPAEKTOPIii yacTUHOK DaM, TOOTO JIeXUTH B TOPU30HTAJIBHIN TiEPIUIONIMHI (BUKIIOYHO
npu o =x/2). CrniHopyu, mo Mictate sk DaM Tak i DaE wactuHkm, 3aliMaioTh Bech 4-mpocTip (3a
BUKITIOYEHHAM HanpsiMiB @ =0 Ta @ =7 /2 ), TOOTO TpeTsl YacTHHKA 3/ifICHIOE 3BOPOTHO-TIOCTYNAIBHAN
PYX B TOPH30HTAJIbHIN TNEPIUIOMIKHI 3 HE3MIHHOIO 32 BEJTMYMHOIO IIBHJIKICTIO U Ta MOCTYMAIbHUI pyX
B3/I0BX BEPTUKAJIBHOTIO HANPAMY 31 IIBHKICTIO U, .

Hexaii B mo4aTKOBUII MOMEHT yCi TP YACTUHKH 3HAXOIATHCS B OKOJNI TOYKH A 3 KOOpJHHATAMHU
{0,0} . dimsai Tpaekropii DaM Bianosinae Binpizok AE , DaE — Binpizok AF', a CKiIaIoBUMHU TPAEKTOPIT
criHopa — JaMana JiHis ABD, 1o MiCTUTh pO3MIIeHi i KyToM ¢ 10 BiacHoro Hanpsimy ¢ KCK nBa
NpsIMONIiHINHI Bigpisku AB Ta BD. 3a npoMiKOK 4acy #, CIIHOp HEPEMICTUTHCS B TOUKY IPOCTOPY 3
KOOpIMHATaMH {ct, sina, ct, cosa}, a Ha AutaHLI TpaekTopii BD B Touky: {0, 2ct, cosa} . OTxe, IpUpOCTH
yacy ['aG0sa a1 TpboX 4acTUHOK pi3Hi: g DaM BiH 36iraetbes 3 MerpuunuMm At =2ct,, mia DaE

BIICYTHIH, a A7s CHiHOpa JopiBHIOE Af,, =2t cosa .

s
E
D
Cl—B
A % E(; F 7r

Puc. 3. IiIsIHKA TPA€EKTOPiil TPHOX PI3HUX THIIIB YACTHUHOK.
2.2. CynytHs cucrema koopauHar. [Llnomuna MinkoBcbkoro. IToznaunmo abpesiatyporo KCK .

okpemy KCK, 1o noB’si3aHa 3 BIacCHUM pajiiyc-BEKTOPOM CIIOCTepirada Ta HaBeneMo ii IHTepIpeTalito K
aHAJIOT TIPOCTOPY-4acy CymyTHBOI 3 posmmperHsM Bceecsity cucremu xoopmuHaTt (CCK). Hexait optu

(i,7,k) y KCK, 36iratotbcs 3 Bimnosimaumu opramu CCK mpoctopy-uacy, a Bich KOOpAMHATHOTO
(rab6noBoro) wacy CCK Binxianena B3noBx BiacHoro Hanpsmy 6. KCK,.. [Tokaxkemo, mo ocodnuBicTh
IPOCTOPY-4acy MOJISATAE y BAKOPUCTAHHI IIPOEKIIii 4eTBepToro BUMipy Ha BracHuil HanpsMm 6. KCK.,..

OcKiNbKU BIIaCHUM 4acOM CBITOBOI JIiHiT (koopAuHAaTHUM) [2] € yac ['ab0na 7,, , 3anuIeMo BEKTOp

4-mBUAKOCTI V,, YaCTUHKU, BU3HAUCHOI 32 IIUM YaCOM:
s dV odr L
V,=———=cG, tctgat, =0,, +U,. 4)
dt dt,
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Tyt U, Ta U, —HecmocTepeKyBaHa Ta CIIOCTEPEKYBaHa CKIa0B1 4-IIBUAKOCTI V., 110 BU3HAUYCH1
3a gacoM [aG0ma. 3Bakaroud, WO HpH o >7 /4 BeIMUMHA U, =cfga >c, y CHEUianbHid Teopii
BimHOocHOCTI (CTB) [1] 3MmiHM kyra o oOMexyooTh o <7 /4. HacnpaBni, IIBHAKICT U, € JuIIe

MPOMDKHOIO 3MIHHOIO TIPH NIepeTBOpeHHsX JIopeHa, oTke 0OMeKeHHsT ¢ < 77 / 4 BBEACHO IUTYYHO.

Skmo npsMuil mepexiA Big METPUYHOro 4acy A0 KOOPAWHATHOTO OAHO3HAYHHWI, TO 3BOPOTHA
mpouenypa, TOOTO Mepexil Big KOOPAMHATHOTO 4Yacy [0 METPHUYHOr0, HEOAHO3HAYHA — OIHOMY
KOOPIMHATHOMY Yacy MOXe BifnoBigaTtu Oe3iid METpHYHHX YacCiB PI3HUX YACTHHOK. BinmbIue Toro, sKIo
BHKOPHCTaHHS KOOPIMHATHOTO Yacy MPU3BOAUTH A0 Mozeni BeecBity y dopmi cheprunoi moBepxHi, TO B
M3M Bcecgit MozentooTh ceporo, 110 3aroBHEHa MaTepiallbHUMU YaCTHHKaMH [2].

2.3. TpaktyBaHHsi mnepeTBopeHb JlopeHma B eBKJIiI0BOMY 4-mpocTopi. 3amnponoHOBaHUI
I'. A. Jlopenuom cnoci6 nedopmarii iHTepBaliB NOIATAE Y BiIHOBJICHHI MOBHOI JTOBXXHHH TPAEKTOPIi Ta
MICTUTh JBa eranu. Ha mepmiomy TpaeKkTOpilo YaCTUHKH MPOEKTYIOTh Ha pasiiyc-BEKTOp criocTepiraya ta
OTPUMYIOTh 3AJIEKHICTh MPOEKLIN AUTTHOK TpaeKkTopiil 3a yacom ['ab6ma:

ds(t,) = dR(t)(E,C) = dR(t)cosa . (5)

Ha npyromy erami Bupa3 (5) nedopmyioThb Tak, 00 OTPHUMATH 3aJEXKHICTh NOBXKHHH (f)
TPa€EKTOPil YACTUHKH BiJl METPUYHOTO Yacy f:

d
dr(t) = %tffa) = yds(t,) = dR(t). (6)

Tyt y =(cosa)™" — Jlopenu-paxrop.

3. KinemaTnka neperoniB y KJIACH4HIill Ta peJsTHBICTChKI MexaHiKkax

Brepiie 3amauy mpo neperonu copmymoBas B VI cT. o H. e. 3eHoH Enelicbkuil 1 yMOBHHX
Axiuta Ta yepenaxu, TOMy Hagajli OyZeMo BUKOPHCTOBYBATH caMe TakKi Ha3BH JAJIsl MATEpialbHUX TOUYOK Ta
3alpONOHOBAaHUM HUM cmoci® po3B’s3ky [7]. Hexaill 3agaHo BeIMYMHM OJHAKOBHX 32 HANpsIMOM

MIBUAKOCTEH U, AXiuIa Ta L, 4Yepenaxu i MOYaTKOBY BiACTaHb @ MiK HUMHU. HeoOXimHO BH3HAUUTU
MPOMIXKOK Hacy, IPOTATOM SIKOro AXiJT Ha3J0XKEHe Yepenaxy.

3.1. Knacnuyna kiHeMaTuKa neperoniB. OCKiTbKH IEPETOHU BiIOYBaIOThCS B3A0BXK MPSAMOi, AX 1
MO/IONAa€ BiACTAaHb @ 3a NPOMDKOK aOCONIOTHOrO 4acy KJIACHYHOI MeXaHiku f, =a/v,. 3a Toi xe
IPOMDKOK 4acy uepernaxa BirnoB3e Ha Binctanb b =v,t, =a(v, /v,), MO B g =v, / L, pa3iB BiIPI3HAETHCS
BiJl MOYAaTKOBOI BiACTaHI ¢ MDK HHMH, TOOTO b=gqga. Ha ppyriii irepanii, 3a mpomiKoOK dYacy
t,=b/v, =qt,, Axinn mogonae BifcTaHb b, HATOMICTH Yepenaxa BMOB3€ Ha BIACTaHb ¢ =v,t, =1,q" .
Hep’s13ky moBenerbest JoaTH HECKIHUEHHE YMCIIO PasiB, a yac MOroHi cKiaae:

T=t(l+q+q’ +-+q"), ne n—> . @)

3.2. Kinemarnka mneperonis y M3M. V npocropi R* 3amady npo HeperoHn reoMeTpUYHO
MOJIEITIOITh MPAMOJIIHIHHMME TpaeKTOpisMU Ha TiommHi {7,¢}. Ha puc. 4 HaBeneHO CyMillleHi cXxeMu
Tpa€eKTOpiil AXiJUTa Ta yepernaxu Ha IepIii irepamii (s eKOHOMIT MiCIsl pUCYHOK OBEpHYTO Ha 77 /2).

Puc. 4. TeomeTpu4Ha cxema nepuoi irepamii
Binnosinuo no (3), tpaekropist Aximta y KCK ckianae 3 #oro BIacHHUM HampsiMoM ¢ KyT o,

TpPaeKTOpist uepenaxu —KyT , [2]. Popma 3anucy BeIMINHH FOPH30HTAIBHOI CKIaJ0BO1 4-IIBUAKOCTI U,

Axinna B310BXK opTa [ 36iracThes 3 KIaCHUHO [7]
. a a
v,=cslna, =c—=—, (®)
ct,
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a MPOMDKOK METPUYHOIO 4acy , , IPOTAroM SIKOro AXiJUI HOAO0NA€ BIICTaHb a B HAIPsSMIi OpTa i , TAKOXK
30iraeTbCs 3 BINNOBIAHUM Yy KJIACHYHIM MexaHimi f, =a/v,. I'opu3oHTambHA CKIagOBa MIBHUAKOCTI
yepernaxy JOpIBHIOE L, = cSin¢, , TOMy 3a 4ac f, BOHA JIOJIA€ B HANIPAMI OpTa i BimcraHb

b=v,t,, )

110 30iraeThCsl 3 HABEIEHOIO BUILE KIACHYHOIO.
BennunHay ropu30HTaNBHUX HEpEeMileHb MicIst KOKHOI HACTYIHO] iTepauii OynyTe B ¢ =b/a pasis

BIPI3HATHCS BiJl BIATIOBIIHUX BEIMYWH HA MOMEPEIHiN iTeparlil

b vt vy _sina,;

q:—:—:

. b
a vt v, sina,

(10)

a BUpa3 JUI1 METPUYHOro yacy 7' TeperoHiB He BiIpi3HATUMEThCA Bix Bupasy (7). ToOTo, Xin MeTpH4HOro
gacy M3M 30iraeTscst 3 X0Z0M a0COMIOTHOTO Yacy KJIACHYHOI MEXaHIKH:

t

_l—q_c(sinaA—sinaT)_uA—UT ‘

\ a a

(11)

3.3. Ha3zan, no crapriB. PosrnsHeMo ycio OiNsSHKY HEperoHiB Bix crapTiB 10 QiHIiNIy 3a yMOBH
cT <<R,, ne R, — paniyc ['ab0na [4] (xBasicTauioHapHicTs BcecBiTy). SIkuio B kiacuyHiil MexaHini
TOUKH CTapTy Ta GiHily GiryHis mepebyBaroTh Ha OfHiil mpsaMiif, To Ha mwiommHi {i,&} B mpoctopi R*
TpaekTopii AXiJuTa Ta Yepenaxu MepeTHHAIOThCS JIMIIe B Touli ¢inHimy F, sk HaBemeHo Ha puc. 5. Tyt
S, —Touka crapTy Aximna, S, —TouKa cTapTy Yepenaxu.

\ 4

vy

Teurb i Tas . : I
]
]

S1

As Sa
Puc. 5. Tpaexropii 6irynis na nyiomuni {i ,&} 4-npoctopy.

Hexaii craptu Ta ¢inim neperonis BinOysanucs B ongHiii KCK,. cnocrepiraga. Ockinbku 3a yac T’
neperoniB Axi1 nojonas Binctanb a, =v,T y Hampsmi i , a uepenaxa— a, =v,T, TO MOYATKOBA
BiICTaHL Mi’K HMMM B HampsMi opTa { ckiajana kinacudany a=(v,—v,)T . I3 puc. 5 BUAHO, IO TIPH
OJIHAKOBHX IIPOMDKKaxX MeTpu4Horo uacy /' Oirynis wacu ['ab6na 7,,, =T cosa, Aximnata T, =T cosa,
Yyepenaxy Bipi3HAIOTHCS, IPUUOMY iXHS PI3HHULS CKIIaAae

AT, =T, -T,,)=T(cosa,—cosa, ), (12)
a BiJIHOCHA pi3HUIA JaciB ['ab6ma

AT, - -
T T B i e el (13)
T 2 2

J0csra€ MaKCHMaJIbHOTO 3HaY€HHS OAMHULI Ipu o, =7 /2 Ta o, =0. OCKilbKM JOIaTKOBO BifOynach
3MiHa BiICTaHI MK AXLIJIOM Ta yepenaxoro B3oB:xk BiacHoro Hanpamy KCK. Ha Benuuuny As=cAT,,,

cyMapHa I104aTKOBa BiJICTaHb Mix OiryHamu y mpoctopi R* cknanana:

A=+a’ +As? =\/§a1/1+cos(aA—aT). (14)

V 1oBOX cymmiB Ha po3AUIBHHX cTapTax S,, Ta S, (ixHI Npoekuii Ha TOPU3OHTAIBHUN HaIpsAM
MO3HAYEHO CUMBOJAMHU S, Ta §,) BUHUKAIOTh IPOOJIEMH 3 CHHXPOHI3alli€l0 FOAUHHUKIB, MOJOJIATH SKi

MOXHa, BUKOPHUCTOBYIOUH MOHSTTSI MPOMIXKKIB ofHaKoBoro dacy ['ab6na Big nmomocy BeecBiTy 10 Touok
cTapTiB (1€l AITOPUTM TYT HE PO3IHCAHO).
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Bucnosku
[Tokazano, MO PiI3HOMAHITTS YaCTUHOK MOXKE OYTH TOPOKEHE JBOMa THIIAMUA TEMHHX YaCTHHOK

DaM Ta DaE. Haknaneni B mpocTopi-4aci 0OMeXeHHs Ha YACTHHKHU 3aliMaTH BCIO IJIOMNHY MiHKOBCHKOTO
¢iznuHo He o0rpyHTOBaHI. Ha mpukiani 3aga4i npo rneperoHy npoAeMOHCTPOBAHO IIepeBary iHTepupeTanii
KIHEMaTUKd YaCTHHOK y 4-pocTopi TOpsa 3 HpocTopoM-dacoM MiHKoBcekoro. OTpuUMaHO
MiATBEPPKEHHS, IO XiJl METPUYHOT0 Yacy 30ira€Tbes 3 X0A0M a0COMOTHOTO Yacy KIaCHYHOI MEXaHIKH i
Oe3mocepeHbO OB’ A3aHMH 31 IIBUAKICTIO po3LMpeHHs Beecsity.
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B. B Kymnip
Incmumym npoonem mamepianosnascmea im. 1. M. @panyesuva HAH Ykpainu

TIN/TIB: KEPAMIYHI KOMIIO3UTH - CYYACHI HIAXOAN OTPUMAHHSA TA
MEXAHIYHI BJJACTHUBOCTI

IIposedeno oznao memooie ompumanus ma mexaniynux enacmueocmeit komnosumie TiN/TiB:. Ilokazano nepesazu
ICKpO-nnasmoe02o ChikauHa ma 6NUE PedcuMieé CRIKaHHA HA PIGHOMIPHUI PO3NOJII Ma 3MEHUEHHA PO3MIDY 3epPeH, o 6
c6010 uepzy ennueac Ha mexaniuni enacmueocmi. Bcmanoeneno, wo enacmusocmi komnozumy TiN/TiB: 3anexcamso 6io
cniggionowennus komnonenmie TiN i TiB2. Ilpu onmumansromy cnigsionowenni 60 mac.% TiB: i 40 mac. % TiN, komno3um,
ompumanuii memooom II1C, oocazae meepoicmp 22,8 I'lla ma miynicmo na euzun ~217 MIla, uio € oys#ce 6ucoKuM 3HAUEHHAM
0N maxkux Komnosumie. /[na 0ocazHennsa 6ucoKkoi mpiuguHocmiiKkocmi peKkoMeHOYyEmMbcsa euKopucmogysamu cknaou 3 70-80
00.% TiB:, 0e mgepoicme docazac maxkcumymy (~26,3 I'lla), ane 3menwyemuca 6'azxicme pyinysaunsa oo 4,5 MIla-m’/:z.
Bcemanoeneno ennue 006asox na npoyec Konconioauii ma mexaniuui énacmugocmi.

Knmiouosi cnosa: TiN, TiB2, TiN/TiB: komnozumu, KepamiuHi Mampuuti KOMNO3UMU, MEXAHIUHI 6LACMUBOCHIL, 2apsiie
npecyeamts, icKpo-niazmose CHiKaHHs.

V. V. Kushnir

TIN/TIB, CERAMIC COMPOSITES - MODERN PRODUCTION APPROACHES AND
MECHANICAL PROPERTIES

This review examines the methods for obtaining TiN/TiB2 composites and their mechanical properties. It highlights the
benefits of spark-plasma sintering (SPS) and how different sintering methods affect the uniformity of distribution and reduction
in grain size, which in turn influences mechanical properties. The study confirms that the TiN/TiB2 composite's mechanical
characteristics depend on the ratio of the TiN and TiB2 components. When the ratio is optimized to 60 wt.% TiB: and 40 wt. %
TiN, the composite achieved through the SPS method, demonstrates a hardness of 22.8 GPa and a bending strength of 217
MPa, indicating a notably high performance for this type of composite. For improved crack resistance, it is recommended to
use compositions with 70-80 vol.% TiB:, as this results in peak hardness around 26.3 GPa, although fracture toughness
decreases to 4.5 MPa-m’/>. The role of additives in both the consolidation process and the mechanical properties has been
assessed.

Keywords: TiN, TiBz, TiN/TiB2 composites, ceramic matrix composites, mechanical properties, hot pressing, spark plasma
sintering.

Berym.

Kommnosutni mMatepianu aubopun tutany (TiB:) i vitpua tutany (TiN) BHCOKO IiHYIOTBCS 3a X
BHUHATKOBI MEXaHIYHI BJIACTUBOCTI, BKJIOYAlOYM BUCOKY TBEPAICTb, MOIYJIb MPYKHOCTI Ta UYyIOBY
3HOCOCTIHKICTh. KOMIO3UTH NEMOHCTPYIOTh BHCOKY TEIJIO- Ta EIEKTPONPOBIIHICTh, IO OOYMOBIIOE iX
MPUIATHICTD IS PI3HOMaHITHUX MPOMHCIIOBUX 3aCTOCYBaHb, TAKUX K PLKYUi IHCTPYMEHTH, 3HOCOCTIHKI
Jerani Ta BHCOKOTEMIIEpaTypHI KOHCTPYKLiMHI Matepianu. [laHuil ormsg 30cepemKeHo Miaxonam
orpumanHs komno3uTy TiN/TiB; 3 roroBux nopomkiB TiN ta TiB, Meromamu cmikanHs 0Oe3 THCKY,
rapstaoro npecyBanHs (I'T1), ickpo-masmoBoro cmikanus (IIIC). Takoxk po3risaaeTbCs BIUIMB PI3HUX
n00aBOK Ha BIACTHBOCTI, 0a3yl0UHCh Ha KIIOUYOBUX AOCTIUKEHHSX, 00 3a0€3MeUUTH MOBHE PO3YMIHHS
CHHTE3Y, BIIACTHBOCTEW 1 MOTEHIIITHMX MOXIUBUX 3acTocyBaHb KOMIo3uTiB TiB:-TiN. JlocmimkeHHs
MOKa3yloTh, mo onTuMizamis BMicTy TiB2 1 TiN, a Takox nomaBaHHS H00AaBOK iCTOTHO BIUIMBA€ Ha
LIIBHICTD, TBEPAICTb, MILHICTh Ha BUTHH 1 B'A3KICTh pyHHYBaHHA KOMIO3UTiB. KOHTpOIbOBaHi yMOBH
CHHTE3Y MarOTh BHUpIIIallbHE 3HAYCHHS JIJIs 3arl00iraHAs HeOakaHUM PEaKIlisiM 1 TOCATHEHHS OHOPiITHOT
MIKPOCTPYKTYPH 3 BUCOKMMH MEXaHIYHHUMH BJIACTHBOCTSIMH.

Ocnogni xapakrepuctuku TiN, TiB: Ta TiN/TiB:

TiN: Hitpua TuTaHy MIMPOKO BUKOPUCTOBYIOTH SK TOHKI IUTIBKH Ta MOKPUTTS U HiIBUILICHHS
3HOCOCTIHKOCTI Pi3aJIbHOrO iHCTPYMEHTY, IITAMIIB 3a paxyHOK Toro, mo TiN Mae 3HayHy TBEpAICTbH
(~ 12 I'Tla), BUCOKY 3HOCOCTIHKiCTh, BUCOKY Temmeparypy miasieHHs (~ 3000 °C), kopoziiiHy CTIlKICTBb i
BHCOKY MUTOMY MILHICTb. 3aBISIKM BUCOKIM €EeKTPONPOBITHOCTI (MUTOMHNA eleKTpuyHui omip ~ 1-2-10°
®OM'M, mo Ha piBHi MeramiB) i uymoBoi TepmocriiikocTi (~29 Br-m'-K™), TiN e npumatHum s
eNeKTpoepo3iiHoi  00poOKM A7l  KOMIIOHEHTiB  cKiagHoi  ¢opmMu, 1 1A  BHPOOHMLITBA
BHCOKOTeMIepaTypHuX KommoHeHTiB. [1, 2, 3] IlpoTe, depe3 BHCOKY TemIilepaTypy IUIaBJICHHS Ta
KOBAJICHTHUH 3B'I30K BMHMKAIOTh MEBHI TPYAHOLII MPH CTBOpEHHI moBHicTIO minbHOI TiN Kepamiku.

© B. B. Kywnip

21



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne81

Takox Ha MOBEIIHKY CIIIKAHHS CUJIBHO BIUIMBA€ KUIBKICTh KHCHY, Ta HAasBHICTb IHIIUX PI3HUX JOMIIIOK
[1].

TiB;: ln6opux tutany (TiB2) po3risnaeTbes sk OCHOBHUI MaTepiall SKUH Ma€ BUCOKY TEMIIEpaTypy
wrasneHHs (>3000°C), xopommii omip MOB3y4OCTi, BUCOKY TBepAicTs (mpubmuzno 25-35 I'Tla), sika
30epiracThcs IO BHMCOKOi —TeMIepaTypH, m00py Temonposimaicts (~65 Br-m'-K™), Bucoky
CNIEKTPONPOBIAHICT 1 3HAa4YHY XiMiuHy cTa0inpHicTh. Ll KoMOiHamis BiacTUBOCTEH OOYMOBIIOE
nepcrnekTuBHICTh TiB; B sikocTi MaTepiany Ajsl BaXKKHX YMOB €KCIUTyaTtalii, 0COOJIMBO NP MiABHILEHUX
TeMIlepaTtypax 3 NpUBaOIMBHMU BOTHETPMBKUMH BIIACTUBOCTSMH. XiMiYyHa 1HEPTHICTH HPU BHCOKHX
TeMIepaTypax i XOpolla eIeKTPONpOBiAHiCTh (MUTOMUil enekTpuunuii omip ~ 13-10® Om-m) TiB, €
MPHUBAOIMBUMH JUTA CTIEiadbHUX eJIeKTPUYHUX 3aCTOCYBaHb, HAIIP. KATOAM AJIS €NIEKTPOILIABKH JIFOMIHIIO
a00 BHIIapOBYBAJIBHUX EIEMEHTIB ISl yCTAHOBOK BAKYYMHOI'O OCa/IXKEHHS METaIy.

BifHocHO HU3bKA B A3KiCTh pyiiHyBaHHS MoHomiTHOro TiB, (~ 5 MITa M'?) i #foro uyTusicTs 10
MOBUIBHOTO 3POCTAHHS TOKPUTUYHOI TPIIIMHN OOMEXYIOTh HOr0 BUKOPUCTAaHHS B 0araThoxX iH>KEHEPHUX
3actocyBaHHsX. [4, 5, 6, 7]. Husbkuit koedimieHT camomudysii, pa3oM 3 BHCOKOI TEMIIEPaTypOro
IUTaBJICHHS, TaKOX € (PI3SMYHUM MiAIPYHTSM HU3bKOI aKTUBHOCTI umcTtoro TiB, mimdyac ymiinbHEHHS.
Yucrnii TiB; He BusBIIsAE MIacTUYHOTO 1eOpMyBaHHS 1 MOB3YYOCTi HaBITh 3a Jy’Ke BUCOKUX TEMIIEPATyp
yepe3 Horo mpupoaHuii Bucokuit 6ap’ep Ilatiepnca mist pyxy auciokamiid [7]. Tomy mns crmikanas TiB»
BHUKOPHUCTOBYIOTh TaKi MeToAH, sk rapstue npecyBanns (I'T1), rapsue izocratnune npecysanns (I'1I1), ITIC
Ta CHHTE3 TOPIHHS i BUCOKMM THUCKOM, 3a TemriepaTyp nonan 2000 °C [4, 5, 6, §].

TiN/TiB;: Komnoszutn TiN-TiB,, BpaxoByroun 3HauHO pi3Hi BiaactuBocTi TiN Ta TiB. BuCOKY
TBEPZICTh, BIIMIHHY XIMIYHY Ta TepPMi4HY CTaOUIbHICTb, MAalOTh BEJIHKHH IOTEHIiaJl 3aCTOCYBAHHSA SIK
BHCOKOTEMIIEpaTypHa KOHCTPYKILiiiHa Kepamika, HOeTali PeakTHBHHUX ABHUIYHIB, OpOHE IUIMTH, PiXydi
IHCTpYMEHTH, THUIJi, OpOHBOBI MaTepiasn Ta iHIII 3HOcOCTiiKi matepiamu [9, 10]. Kpim Toro, Bucoka
CNIEKTPO- Ta TEIUIONPOBIAHICT, KOMIIOHEHTIB 0oOyMoBmoe mnpuBabnuBicte kepamiku TiN-TiB; mns
(YHKLIOHATBHOTO 3aCTOCYBAaHHS Y BHCOKOC(EKTHBHUX EIEKTPUYHHMX CHCTEMaX, 30KpeMa B SKOCTi
eNMEeKTPOIIB ISl eNeKTpomnizy po3miasis [7, 11, 12, 13]. Oanaxk, sk TiN, Tak i TiB,, komMno3utn Ha iX OCHOBi
JIEMOHCTPYIOTh ITOTaHy CIIPOMOXKHICTB 10 crikaHHA [11].

TiB,, ik 3a3Ha4EeHO BHUIIIE, € TYTOIUIABKOIO CIIOJIYKOIO 3 Iy’€ BHCOKOIO TEMIIEPaTypOIO TIaBJICHHS,
BHCOKMM MOJYJIEM HPYKHOCTI Ta BHUCOKMM Oap’epoM s pyxy OHUcIoKamiil, udepe3 mo TiB, He
nedopMyeTbes HaBIiTh IPH Ay’Ke BUCOKHX TeMmIieparypax. TemmnepaTypa miasieHHs, TiN mMaiixe Taka x sk
iy TiB,, ogHak #oro Momynab HPYXHOCTI Ta TBepHicTh HMXk4i mopiBHAHO 3 TiB2, i TiN mmactudno
nedopMyeTbes IPH BUCOKUX TeMIepaTypax. ToMy BBaxaeThcsl, mo nmoeananHsa TiB: 1 TiN y kommno3uTHuit
MaTepiaJl MOXKe JaTh YHIKalbHYy KOMOIHAI[l0 BHCOKOTEMIIEPAaTypHOI TBEPHOCTI Ta CTAaOUIBHOCTI 3
a/IeKBAaTHOIO IIAaCTUYHICTIO/ B’ A3KicTIO pyiiHyBanHs [7, 11, 14].

Hitpua Tutany He po3unHSAETHCS B TUOOPHIL, 1110, TIOB'SI3aHO 3 ICTOTHOIO CTPYKTYPHOIO BiIMIHHICTIO
nux komnoHeHntiB (I'IK Ta TI'lIIY, Bimnmosigno). Hirpua tutany mae I'LIK-rpatky (tumy NaCl) 3
nepeBakaHHSIM IOHHHX MeTajeBUX 3B s3KiB. BBakaerscs, mo TiN € MiXBY3710BoIO (a3010 i3 3MIHHUM
CKJIQJIOM 1 Ma€ mMUpoKy obmacTh romorenHocti (10,0-22,6 mac.%). BiqHoleHHsS aTOMHUX pajiiyciB a30Ty
1o tutany B TiN cranoButh 0,48 (s MiXBY3710BUX (a3 3TiAHO 3 MPaBUIOM Xarra 1€ BiTHOLICHHS Mae
Oytu He OutbmIe 0,59). OTKe, BIaCTUBOCTI HITPUILY TUTAHY 3aJ1€XKaTh Bl CIIBBIAHOIICHHS HEMETaJ/MeTal
1 BiI KOHIeHTpauii BakaHcid. Ha BiamiHy Bin HITpuAy TUTaHy, IMOOpHI TUTaHy € (Pas3oi0 3 BY3BKOIO
0051aCTIO TOMOT'CHHOCTI, SIKa € MPOMDKHOI0 MK iHTepMeTaiAHUMHU (a3aMu 3 METalIeBUMH 3B'SI3KaMH
CTPOro 3aJaHUM CKJIAZIOM 1 MDKBY3JIOBUMH (pa3aMu 3i 3MIHHUM CKJIaJ0M. BiHOIIEHHS! aTOMHHX pajiyciB
O6opy mo tutany cranoButh 0,62 (Ginmbiue 3a 0,59). JuOGopun TuTaHy Mae reKcaroHanbHY IPaTKy (THII
AlB2). Ilapm aroMiB MeTasly 4YepryioThCsi 3 LIapaMH aToMiB 0Oopy, YTBOPIOIOYM JBOBHMIpHY
rekcaroHaJIbHYy PELIiTKy Ta IepeBa)karoTh KOBAaJCHTHI METalIeBi 3B'SI3KM. Y BHIAAKY 3HAYHOrO AehilUTy
a30Ty 1 301IbIIeHH] HenockoHanocTi rpatku TiN MoxIInBe po3uMHEHHS OOpHy, IO MOJISIrae B 3aMillleHH]
aTOMIB a30Ty aToMaMu O0py, Ta Moxe gocaratu a0 8 Mon.%. Lle, B cBoro 4epry, BKa3ye Ha MOXKJIHMBICTD
yTBOpeHHs 1iibHoro komno3uty TiN-TiB,, a TakoX BipOrigHicTh YIOBUIBHEHHS Mirpalii rpaHULb 3epeH
1 cTpEUMYyBaHHS POCTY 3€peH Timdac crikaHHsA. IcHyBaHHS OOMEXEHOI B3a€MHOI PO3UYMHHOCTI Oopuiay i
HITpUAY BiANOBia€ BUHAUYCHHIO KOMIIO3UTY 3 KepaMiyHOIO Matpuueto [15, 16].

Metoau cnikaHHS, NOPIBHAJIBHA XapaKTePUCTHKA.

VY 1poMy orisiii HaBeeHO MOPIBHSUIbHUI aHalli3 CKIaJoBUX KOMITOHEeHTiB komno3uTiB TiN/TiB,,
SIKi OTPUMYBAJUCS PI3HUMH MeTogaMH. 3i0paHo JaHi MIOJ0 UIUTBHOCTi, TBepaocTi, moxyns FOHra Ta
TPIIIMHOCTIAKOCTI, 110 JO3BOJSE OINIHUTH, SKUH CKIa] Mae Haikpamy BiacTuBocTi. Crioctepiraerbes
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MEBHA 3aJICKHICTh 3POCTAHHA IIUIBHOCTI KOMIIO3UTY B 3aJICKHOCTI BiJl THITy CHIKaHHS: BUIbHE CIIKAaHHS
(BC)—rapsue npecyBanns (I'TI)— ickpo-mnazmose crikanss (II1C).

B po6oti Minoru Moriyama Ta iH. [17] xommio3ut TiN-TiB, orpumysanu meroqom BC (Tab 1), B
3aJIeXHOCTI Bi cHiBBizHOMmMEHHS BMicTy nopomkis TiB: Bix 0 % no 100 % 3 kpokom 20 % 3 TiN. Buxigui
3pasku (opmyBanu mpu Trcky 100 MIla. BeranoBneno, mo momaBanas TiN B kinmbkocTi Big 40 mo 60
Mac.% crpusie TOCATHEHHIO BUCOKOI IMIUTEHOCTI (87%) mopiBHsAHO 3 yuctumu TiB, (74%) a6o TiN (83%)
(pucl). Ane xommosutr 3 60 mac.% TiB, mae Haiikpami MexaHiuHi BIacTHBOCTi: TBepaicTh 22,8 I'Tla,
MilmicTs Ha BuruH 217 MIda Ta B’s3kicTh pyiinyBanns 4,1 MIla-m'?. B nopieusuni 3 umctum TiN,
OTPHMAHOTO aBTOPaMH, BIIOBiIHI MOKAa3HHUKH CTAaHOBIATH TBepAicTh 9,9 I'Tla, MiIHICTP HA BUTHUH
139 Mlla ta B’s3KicTh pyHHYBaHHS 2,2 MIla-mM"?, a ma TiB; — 13.7 I'Tla, 109 MIla ta 2,1 MITa-m'"?,
BignoBimHO. B Toii ke gac, komro3ut 60 mac.% TiB; + 40 mac.% TiN npogemMoHCTpyBaB 3HAUEHHS MOILYTh
IOnra npsaxy 379-389 I'lla, Ta Moxgynb 3cyBy Ha piBHi 170-177 I'Tla.

3asHaunmo, mo Wyzga ta iH. [18] B cxoxux ymoBax BC 3 [17], orpumamu kommo3ut TiN/TiB: 3i
miIbHICTIO ~ 98 % 3 Mmikpockoniunux nopomkiB TiN Ta TiB; y mponopuisx 70 mac.% mo 30 mac.% i
50 mac.% mo 50 mac.%, TiN o TiB: BignmoBigHo. OCHOBHA BiAMiHHICTh B yMOBax 3 [17], € Te o B poboTi
[18] mepen BC 3pa3km mimgaBamuch i3octaTuuHOMy mpecyBanHio mnpu 250 MIla. Kommosutu
TIPOJEMOHCTPYBANK BUIMH Momyas FOura ~ 460 MIla Ta B’si3kicTh pyiiHyBanHs 6,4 — 6,9 MIla-m'2,
BoHOYac HIDKYY TBepaicts 17,5 I'Tla (puc. 2).

Takox aBropu [18] mpoBenu MOpIBHSAHHS BJIACTUBOCTEH Ui OOpaHUX KOMIIO3HMTIB, OTPUMAHHX
meromamu ['T1 1 ITIC (Tabm. 1).
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Bmict TiN, mac.%
Puc. 1. 3anexnictb BinHocHol minbHocTi komno3uty TiN/ TiB2 pizHoro ckiany Big meroxy
KOHCOJIiganii

HesanexHo Bix MeTomy oTpuMaHHS, 3pa3ku 3 OutbmM BMicToM TiN manu OUTbIIy IIUIBHICTD TPU
IHIIMX PIBHUX YMOBaX, IpH LbOMY HAaHOUIbIIY MIIBbHICTE Oyn0 orpuMano meronoM IIIC. Ane nonaBanHS
TiN BomHOYaC MPU3BOIWUTH 10 3MEHIICHHS MEXaHIYHUX BiactuBocreil. Tak, 30inpmieHHs BMicTy TiN
MPU3BOAUTE 110 3MeHIneHHs TBepaocTi Bim 17,5 ['Tla no 15 I'Tla, Ta BigmOyBa€eThcsi 3MEHIIEHHS MOMIYIIS
IOnra no 416 Mlla (puc 2), mo y Bunagxy [Tl moscHIOeTbCS yTBOPEHHSIM MIKPOTPIIIUH Yepe3 BUCOKUI
THCK I 4Yac CIIIKaHHS.

3a cxoxkux ymoB IIIC (tabn. 1) Farzad Shayesteh ta in. [14], mociimxyBanu npouec yinabHEHHS
gucroro TiB, Ta BrumB nomaBanHs 5 mac.% TiN. [loka3ano, mo gonaBanns TiN mo TiB; 3Ha4HO MigBHIIyE
BITHOCHY HIUTBHICTh KOMITO3UTY ~ 10 99,9% B mopiBHsAHHI 3 96,7% mns uuctoro TiB,. BcranoBieHo
3MEHILEHHA POo3Mipy 3epeH 3 9,3 MKkM 10 ~ 4,8 MKM, II0 MOXE MO3UTHBHO BIUIMBATH Ha 30UIBIICHHS
MIIIHOCTI MaTepiany. PeHTreHocTpykTypHMI aHalli3 IMOKa3aB, IO B 3pa3Ky JeroBaHoMmy TiN, micis
CIIKaHHS YTBOPHJIACH HEBEIHMKA KUIBKICTh BTOPHHHOI (pa3u BN.

Kitiwan Ta iH. [19] nocnimxysamu BB Bmicty TiB, Ha kommozut TiN/TiB, meromom ITIC 3a
pi3HUX TeMmIepaTypHO-CHJIOBUX YMOB (Tabm. 1) . Jocmimkenus npoBoaunu 3 Bmictom TiB: B miana3zoni
0 — 100 06.% 3 xkpokxom 10 %. Sk i B poborti [17], aBTOpHU [19] BCcTaHOBMIHM, 1110 MAKCHMAJIbHY BiTHOCHY
LIIBHICTh JEeMOHCTPYIOTH 3pa3ku 3 mictoM TiB; 20 — 30 06.% (puc. 1). [eske 3MeHIIEHHS BiZHOCHOT
LITBHOCTI, aBTOPH OB’ S3YIOTH 3 yTBopeHHSM hBN, BUsBIEHMIA nuIIe B CTPYKTYpi Y 3pa3KiB 3 BMiCTOM
TiB, 50 — 60 06.%. MakcumanbHa BiTHOCHA IIUTBHICTE (puc. 1) mocsraeTbes s 3pas3kiB 3 BMicToM TiB»
20-30 06.%, ane I TOKpaIIeHHs] MEXaHIYHUX BIacTUBOCTEH citi 30inbpmuTH BMicT TiB: mo 70—80 00.%,
1ie TBEpAiCTh nocsrae Makcumymy (26,3 I'Tla). Bucokwuii BmicT TiB; Takox crpusie 301MbLIICHHIO B’ A3KOCT1
pyHHYBaHHS (3araJbHONPUHHATUM € Te, IO BHCOKAa TBEPAICTh NPU3BOAUTH A0 3MEHIICHHS B’SI3KOCTi
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PYHHYBaHHS), IO € Ba;KIUBOIO XapaKTEPUCTHKOIO [UIS 3ACTOCYBaHb, 1€ MOTPIOHO BUTPUMYBATH MEXaHIUH1
HABaHTAKCHHSL.
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Puc. 2. 3anexxnicTs MexaniyHuX BiaacTuBocteil komno3uty TiN/TiB2 pisHoro ckaany Bin
MeTOAYy KOHCOTixamii

Tabn. 1.
Ymosu orpumanns komno3utis TiN/TiB;
. . Buxinauii .
Buicr ;[ N, po3mip Temnepatypa LUBH.HKICTB Hac Tuck, | 3axucHa
Mmac. %/ o HarpiBaHHs | BUTPUMKH, Crarta
6. % JACTMHOK, MKM C °C/xB c Mlla |armocdepa
TiN [ TiN
BinbHe criikaHHsS
0-100 1,2 1,51 2100 - 3600 - Ar 17
50-70/45-66 | 0,8-1,2 | 2,5-3,5 | 2000-2200 550 3600 - Ar 18
lapsiue npecyBaHHs
50-70/45-66 | 0,8-1,2 [2,5-3,5 | 1200-2025 | - | 30-40 [6700 | - | 18
Ickpo-ma3MoBe crikaHHs
0-5/0-4.2 1-3 3-8 1900 - 420 40 BaK. 14
50-70/45-66 | 0,8-1,2 | 2,5-3,5 1400-2100 200 300 35 N, 18
0-100 1,2-1,8 2-3 1500-2300 100 300 100 - 19

Jns mokpameHHs 3natHocTi no cmikanHs MerogoM [TI Meilin Gu. Tta im. [20] mocmimumm

BracTuBOCTI kommo3uty TiN/TiB; B 3amexxHOCTI Bif KitbkocTi qogaHux Ni Ta Mo (tadm. 2). 3 Touku 30py
OTPUMAaHHSI IUTBHUX KOMITO3UTIB, 30UTBIIIEHHS CyMapHOi KUTBKOCT1 T00aBOK MPU3BOIUTH JIO ITiIBUIIICHHS
LIIBHOCTI (puc. 3), aje BoAHOYAC, CIOCTEPIiraeThes 3poctanHs po3mipy 3epHa TiB; ¢aszu. Tak camo sk y
[14], 30impmenusm Bmicty TiN, 31 30epexxeHHsM BMicTy m00aBok Ha piBHI 10 00.%, MpU3BOAUTE 10
3MeHILIeHHA po3Mipy 3epHa TiB: ¢a3u. Haliumty minnicts Ha Burus: 1088,2 MlIla, B's3kicTh pyiHHYBaHHS
7,25 MIla-m"?ta tBepmicTs: 20,47 I'Tla mpomeMoHCTpyBaB KoMmo3HT 3 60 06.% TiB: + 30 06.% TiN 3 6,5
13,5 00.% Ni i Mo BignosinHo, 1e 30epexeHo Maauil po3Mip YaCTHHOK Ta BUCOKY IIUTbHICTh. 301IbIICHHS
BMmicTy TiN nmo 40 00.% y momikpucTaniuHiii Kepamilli CIpHs€ MOTIMHAHHIO €Heprii pyHHyBaHHSI, IO

3a0e3neuye HaMBHILY B'A3KiCTh pyiiHyBaHHs 7,54 Mlla-Mm

1/2, aJIC IPU3BOAWUTD 10 3HUIKCHHSA TBCp,Z[OCTi a0

18,51 I'Tla uepe3 3meHmIeHHs BMicTy TBepAoi ¢a3u TiBa.
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BpaxoByroun BractuBocti komro3uty 60 00.% TiBa, 30 00.% TiN Meilin Gu. Ta iH. y po6oTi [21]
MPOBEH JOCIIIPKEHHSI 3aJIeKHOCTI BIaCTUBOCTEH KOMIO3UTY Bix TemmnepaTtypu 3 1400-1600 °C ta ywacy
crmikanHsa 30-90 xB. LLinbHICT 3pa3Ka MBUAKO 30UTBIIYETHCS 31 30UIBIICHHSIM Yacy CHIKaHHS, a MOTIM
MPOLIEC YIOBUIBHIOETHCS, IO OB SA3aHO 3 PI3HUMH MEXaHi3MH CHIKaHHS Ha PI3HUX CTadisfiX CIIKaHHS.
BcranoBineHo, 1110 0CHOBHUM MeXaHi3MOM Ha II0YaTKOBOMY €Talli € IUIaCTHYHA Tedis, Ta Ha OCTaHHIN cTail
OCHOBHOIO cTae Audys3iiiHa moB3y4icTb. Takox 3HauHe 30inbIIeHHs MiabHOCTI IpH 1450 °C mosCHIOEThCS
miaBieHHsM Ni. [21].

MilHiCTh Ha 3TUH KOMITO3UTY Ma€ CXOXKUM XapaKTep 3aIEKHOCTI: CII0YaTKy 3pOCTAE, a MOTIM 3MEHIIYEThCS
31 30UIbLIEHHSM dYacy (TeMIepaTypH) CITIKaHHS Ta Mae MakcuMaibHe 3HadeHHs 1200 MIla 3 BimmoBimHOIO
TpilmHoCTiiKicTIo 7,43 Mna-m"? npu Temmepatypi chikanns 1470 °C Ta wacom crikanHs 60 xB. (puc 4B).
3HIKEHHSI MIHOCTI HAa BUTWH i3 30UIbILECHHSAM Yacy CIIKaHHS BiIOYBA€THCS BHACIOK OUTBLIOrO pO3MIpY Ta
HenpaBwILHOI (hopMu 3epHa. [LIBuaKuii 1 HepIBHOMIPHHH PICT 3epeH MOXKE BUKITMKATH MIKPOTPILLIMHI MDK 3epHaMU,
110 3HIKYE MILHICTh Ha BUTHH. B'S3KICTh 10 pyHHYBaHHS 3pOCTA€ MOCTIIOBHO 31 30UIBIIECHHIM Yacy CIIKaHHS,
BIIMOBIAHO 31 30UTBILIEHHSM IITbHOCTI. KpiM TOro, Benmkuii po3Mip 3epHa Ta MIKpOTPILIMHHI MK 3epHAMH MOXYTb
TIEPEIIKOKATH TIOMMPEHHIO TPIIMHN 32 MEXaHi3MOM BIIXWJICHHS TPILIMHY, 10, OYEBUIHO, CIPUSIE MITHOCTI
pyiHyBaHHsL. [21].
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Wen Wang [23] B sikocTi 100aBKM BHKOPUCTOBYBAIM KapOil KPEMHIiI0 Ta AOCTIMIXYBald BIUIUB
BMmicTy TiN Ha TiN/TiB;. Bei orprMaHi KOMIO3UTH Many BiTHOCHY IIIBHICTE 99,9 %. ABTOpH BKa3ylOTh
Ha TIeBHY 3aKOHOMIPHICTh, 31 30umbmeHHsM BMicTy TiN BinmOyBaeThCs 3MEHIIIEHHS pO3Mipy 3epHa ¢asu
TiB, 3 9,8 Mmxm 1o 6,3 mMxMm. ToOto daza TiN Bucrymae B pomi iHribiTopy pocty 3eper TiB,, 1o
Y3TOMKYEThes 3 iHIMM podoTamu [20, 14]. 3menmenHs po3Mipy 3epHa ¢aszu TiB,, 1oOpe BmmBae Ha
MeXaHiuHi BJIACTHBOCTI KoMHO3uTiB. Tak, 31 30impmeHHsM Bmicty TiN, BigOyBaeTbcs 30UIbIICHHS
TBepAocTi (puc. 4-a) Ta MiHOCTI Ha 3ruH (puc. 4-B). OCKUIBKM BCi TpU 3pa3Kd AOCATIN MPUOIU3HO
OZJHaKOBOI BiJHOCHOI IIITBHOCTI, OCHOBHUM (AKTOPOM WIO BIUIMBAE HA IOKPALICHHS BJIACTHBOCTEH €
3MEHILEHHA po3Mipy 3epHa. [23].

Mianyi Yao Ta iH. [24] nocnimkyBany BiimB TeMiepaTypu BC crikaHHS y 1Ba eTanu Ha KOMIO3UT
TiB,-40 mac.% TiN Ta B sikocTi 7006aBKH, 110 OKpAILye CIiKaHHs BUKOpucToByBanu 1,77 mac.% 3Y-ZrO;.
JaHuil ckiag KOMIIO3UTY € HalKpalldM IO BIACTUBOCTSIM y Bumaaky BC Oe3 mobaBok. Sk BimMmiuaroTh
aBTOPHU, HEMA€E CYTTEBOI PI3HULI y BITHOCHIN MIbHOCTI (Hianma3oH 85% - 92%) ta TBepnocTi (25,5 — 19,1
3,7 MITa-M"?) Mik KOMMO3MTAaMM, CTIEYEHHMH 3a Pi3HMX YMOB, ale B’S3KiCTh pyifHyBaHHS 3pocTac 3
MiABUIICHHSIM TeMIiepaTypH crikaHHs. [Ipyn npomy HafikpamuM BUSBHCS 3pa30K OTPUMaHHMN CITIKAHHSAM
pu 1600 °C 4 roz. + 2000 °C 1 ron. skuii Mae TBepaicth 18,6 I'Tla Ta B’a3kicTh pyitnysanms 3,7 MIla-m"?,
[24]. Takoxx aBTOpW BCTAaHBHJIM, IO BifOyBa€ThCsl BTpaTa MacH 3a PaxyHOK BHIUICHHSM a30Ty 4depes
peakitito mix TiN Ta ZrO.

Tabn. 2.
YmoBu orpumanHs koMno3uTiB TiN/TiB; 3 no6aBkamu
. Buximamii
Bwmict oM
TiN, posMip Buict [IBuakicTs Yac
YaCTUHOK, Tun Temmiepatypa : Tuck,| 3axucHa

Mac. T00aBKH, o HarpiBaHHs| BUTPHMKH, Crarra
o MKM 100aBKH N C o MIla | atmocepa

% / - - 00.% C/xB C
06.% Ti | TiB

. N )
40/ 3Y-
35.6 50 | 50 710, 1,8/ 1,5 | 1500-1700 20 240 - BaK. 22
1500-1700

40/ 50 | 50 3Y- 1,8/ 1,5 +2000- 20 240 + 60 - BaK. 22

35,6 V4{0);
2100
4,2-7,7,

0- 1,8-4,2
44,5/ 10,8 |1 0,8 |Ni,Mo | /3,5- 1530 - 60 25 Nz 20
0-40 6,5, 1,5-

3,5

34/ .

30 LS| 1,5 Ni 11,8 /10 | 1400-1620 - 30-90 25 Ar 21
0-8,3 .
/07 5 5 SiC  |17,5/15 2000 - 120 35 - 23

0- 7,7,4,2
44,5/ 104 | 1 |Ni,Mo | /6,5, 1600 44+97 30 30 BaK. 24
0-40 3,5

Sk anpTepHATHBHUI HUISIX, KEpaMiuHi MaTepiaiu 3 BACOKMMH TEMIIEpaTypaMH IUIaBICHHS MOXYTh
OyTU BUTOTOBJIEH] 3a JOIOMOT'OIO TIPOLIECY peakiiHoro crikanug. Takui miaxin 3abes3nedye MOXKINBICTD
OTpUMaHHs BUCOKOE() EKTUBHOI KEpaMiKH HE TUTBKU 3 KOHTPOJIBOBAHUMH CKIIaJaMHU 1 MIKpOCTPYKTYpOIO, a
il 3 pIBHOMIPHUM PO3MOIIIOM OKpeMHX (a3, 0 YTBOPIOIOTHCS «in situy.

B pobori A. S. Petukhov Ta in. [25], nns peakuiitnoro orpumanss komno3uty TiN-TiB; B ymoBax
IIC 3pobmeni TepMoarHaMiuHI po3paxyHKH peakuii He yucroro Ti, a Tigpuay 3 BuUXimHOI cymimn
TiH>+BN. 3a paxyHOK KpUXKOCTi TiApuAy COPOIIY€eThCS HOAPIOHEHHS Ta MiArOTOBKA CyMilleH 1 B mporeci
CriKaHHA BinOyBaeThCs NETiAPYBaHHS, 1 AK pe3yIbTaT IPOMDKHOIO (a30l0 € BUCOKOAKTUBHUI METaJIeBUH
Ti. Came pekomOiHaLlisl aTOMapHOTO BOAHIO Ta CHAJIOBAHHS MOJICKYJSIPHOT'O BOIHIO BUCTYIA€ B podi
JOAATKOBOr'0 JDKepesa TeIia, IO CIIPHsIE YTBOPEHHIO TNOOpUAY TUTAHY.
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I. Khobta Ta in. [26] mocmimkyBanu npouec cuaTesy B ymoBax II1C Ta cnikanas komno3uty TiN-
TiB; 3 pizaum Bmictom TiB; (20, 36, 60 ta 80 mac.%). ns BukopucroByroun nopomku TiHz, BN, B ta
TiN B pi3sHHX CHIBBiAHOLIEHHSX. ABTOPH BCTaHOBMJIM, LIO MPOLEC CHIKaHHA NPOXOAUTH TPU ETaIlH.
[epmmii eran, nounHaerbes 3 180 °C mounHaeThCs po3nany TiApUIY 3 HE3HAYHUM BUAUICHHSIM BOJHIO.
Hpyruii eran, mounHaeTbest 3a Temmnepatypu 810 °C, 1 cynmpoBOmKYEThCS NMPOXOMKEHHSAM peakmii, 3
IHTEHCUBHUM BHIIEHHAM BoxHIO. Ha Tperpomy erami 3 temnepatypu 1330 °C BinOyBaeThCsl CriKaHHS
cuHTe30BaHuX Ha fpyromy erari TiN taTiB;. [Ipn poMy MBHAKICTE HATpiBaHHS HE Ma€ 3HAYHOT'O BIUIUBY
Ha TeMIepaTypy NovYaTKy HMX eTamiB. TBepaicTh crieueHNX KOMIO3UTIB 3MiHIoBanacs Bixg 16 no 25 I'Tla, i
nponopuiiiHo kopenioBaiga 3 BMmicTtoM TiBp; B’s3KkicTh pyHHYBaHHS 3MiHIOBajgacs B Jiama3oHi 4—
6,5MIla-M">. Ta TONOBHUM pe3ylbTaTOM pOOOTH CTaJ0 OTPMMAHHA HAHGLIBIN  OAHOPIiTHOT
HAHOCTPYKTYpH KoMIo3uTH 3 36 mac.% TiB; i3 cepennimMu po3mipamu 3eper 150550 HM, 1110 HE MOXKIIUBO
OTPUMATH 3a PaxXyHOK CMIIIyBaHHS BUXIAHUX MOPOIKiB [26]. Pesynbratu pobotu [26] MO>KHA TOPIBHATH
3 pobotoro Zhen-Lin Yang Ta in. [11], ne orpumyBanu 3pa3ku peakuiitaum ['T1 3a piBasaasm 3Ti-BN. B
000x pobotax 3pasku crikanuck 3a Temneparypu 1600 °C. LlinbHicts cTanoButh 92.5 % 1a ~ 97 %,
tBepaicTh 14.8 I'Tla ta ~ 21 I'Ma, Ta B’a3KicTh pyliHyBanns 5.8 MIla-m"? ta ~4.8 MITa-M"? B po6oTax [11]
Ta [26] BimnoBizHO. Bci BracTHBOCTI, OKpiM B’SI3KOCTI pyHHYBaHHS, B BHNAAKY 3aCTOCYBAaHHS TiOpUAy
3HAa4YHO Kpalle.

BucHoBku.

Meron II1C 3abe3nedye Haiikpally MIUIBHICTb, TBEPAICTh 1 MILHICTh HA BUTHH IJIS1 KOMIIO3HTIB
TiB./TiN.

Kinpkicte TiN BruMBae Ha po3Mip 3epHa, Ta MEXaHIYHI BIACTHBOCTI 3pOCTAIOTH 13 3MEHLICHHSIM
PO3MIpy 3epeH BianoBigHO 3aKkoHy Xomty-Ileray.

OnrtrManbHe CHIBBiIHOIIEHHS KOMIIOHEHTIB Ul TOCATHEHHS! BUCOKMX MEXaHIYHUX BJIACTHBOCTEH
cranoBuTh 60 Mac.% TiB: ta 40 mac.% TiN, mo 3a0e3neuye BUCOKY TBEPIICTh i MILIHICTh HA BUTHH.

Jns  [OOCSATHEHHS ~ MakCHMaJIbHOI — TBEPAOCTI Ta  TPIIMHOCTIAKOCTI  PEKOMEHAYETHCS
BHKOpHCTOBYBaTH ckiiamu 3 70—80 00.% TiB2, ockinbku 11e cripusie JOCITHEHHIO BICOKOI TBEPIOCTi (~26,3
I'Tla) mpu 36epekeHHi NpUCTOHHOI B'A3KOCTi pyiHyBaHHS (~4,5 Mlla-Mm'/2).

HonaBanHs Hikemro (Ni) Moke OyTH KOPUCHUM JUISI IOKPALICHHS MPOLECY CIIKaHHA 1 MiABUILCHHS
MexaHiyHuX BiacTuBocTeil komno3uTiB TiB2-TiN.

Lle mopiBHSAHHS Ja€ MOXKIIUBICTh MiNiOpaTH HAWKpAIIUi METOM Ta CKIIAJ JJs JOCATHEHHS OajkaHUX
MeXaHIYHUX XapaKTePUCTUK Il KOHKPETHUX 3aCTOCYBaHb. MaiiOyTHi nociimkeHHs KoMno3uTiB TiBa/TiN
noBuHHI crimpatucs Ha IIIC, sx MeToai KOHcomimarii i Horo peakuiiHy Moaudikalito, ToMy, 0 caMe
migyac peakuii yTBOPIOIOTbCS HAHOPO3MIpHI 3epHa HOBHX (a3 i mpouecoM (a30yTBOpEHHS (3apOHKEHHS 1
POCTOM 3apOJIKiB) MOXKHA KEPYBaTH.
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E.B. KoBaneBcbKkuii

Jlepoicasruii Giomexnono2iunuil yHisepcumem

OIITUMIBALIIA CKJIAAY TPOMUBHOI'O METAJIY ITPU BUPOBHUIITBI
ABOIIAPOBUX ITPOKATHUX BAJIKIB 3 XPOMOHIKEJIEBOI'O YABYHY

Haesedeno ingpopmauiro w000 oocniorncenns memooie niosuuienus MIYHOCMI WUIIOK 080ULAPOBUX HPOKAMHUX
6AJIKi8, AKI € KIIOUOGUM elleMeHMOM Y Memanypeitinii npomucnosocmi. Iloxazano, uwio pyiinysanna winiloK 6anKie € 00Hic0 3
OCHOGHUX RPUYUH IX NEPeOUaAcHO20 8UX00y 3 1ady, W0 NPU3EOOUMD 00 HPOCMOI8 6UPOOHULMEA Ma 30i1bUIEeHHA UMPAm HA
OmpumanHa 20moeoi npodykuii. /locnioynceno ennaue XiMiuH020 CKIA0Yy NPOMUBHOZ0 MemMAny HA MIYHICHb WIUIIOK.
Excnepumenmansno 0oeedeno, ujo moougixayia npomugnozo memany gepocuniviem (FeSi) 0o360n1s¢ niosuwjumu emicm

KpemHito, w0, 8 c0io uepzy, NOKPauye MexaniuHi 1acmugocmi WuiioK.
Knwuosi cnosa: osowaposi eanxku, uagyH, XiMiyHOUuUu CK1a0, pecypc, MiyHicms,  CnROci6 MOOUQiKyeanHs,
MIKpOCMPYKmypa, CmpyKmypHi CKiaoos.

E.V. Kovalevsky

OPTIMIZATION OF THE WAREHOUSE OF WASHING METAL IN THE
PRODUCTION

1t is shown that the main purpose of the metallurgical industry is to increase productivity and improve the quality of
products. The main working tool of rolling mills is the rolls that perform the main function of deformation of the metal, giving
it the desired shapes and sizes. The longevity of the rolls is directly related to the productivity of rolling conditions: the longer
they serve, the less time it takes to re -adjust the equipment, which reduces the simple and reduces operating costs. The
experience of operating the rolls of LPHND-63 showed that the weak chain when used is reduced strength of the necks. It has
been experimentally proven that the modification of washing metal with ferroosilicia (Fesi) allows to increase the content of
silicon, which, in turn, improves the mechanical properties of the neck. Increasing the level of mechanical properties of the
neck will significantly reduce the volume of the destruction of the neck of the rolls during operation.

Keywords: two -layer rolls, cast iron, chemical composition, resource, strength, method of modification, microstructure,
structural components.

[ocranoBka mpodiaemMu. OCHOBHOIO METOK) METaTypTriifHOI TPOMUCIOBOCTI € MiABUINECHHS
MPOLYKTUBHOCTI Ta MOJIMIIEHHS SAKOCTI MPOAYKIII, 0 BUIIYCKA€ThCS. Y MPOKATHOMY BHPOOHMLTBI 1€
JOCSITAEThCS 32 PaXyHOK PO3IMIMPEHHS aCOPTUMEHTY METaloNpoOKaTy, 3MEHIICHHS BTpAaT MeTaly Ta
MiABUIICHHS HOT0 eKCITyaTallifHuX XapaKTEPUCTHK.

OCHOBHMM pOOOYNM IHCTPYMEHTOM IPOKATHUX CTaHiB € BAJIKH, SIKi BUKOHYIOTh OCHOBHY (DYHKIIiO
nedopMyBaHHS MeTally, Halal0uu oMy MOTpiOHUX HopM 1 po3mipiB.

JIOBrOBiUHICTh BajKiB Oe3mocepeqHbO MOB'SI3aHa 3 MPOAYKTUBHICTIO MPOKATHUX CTaHIB: YUM
JIOBIIIE€ BOHH CITy>KaTh, THM MEHILIE Yacy He Ha IepeHanaroiKeHHs 00JaHaHHs, L0 CKOPOUYYE MPOCTOi Ta
3HMXKYE eKCIuTyaTaliiiHi BuTpaTH. [liZBHIIEHHS 3HOCOCTIMKOCTiI Ta MILHOCTI BaJIKiB JO3BOJISE 3HAYHO
ONTHMI3YBaTH POOOTY MPOKAaTHHUX CTaHIB, 3HWKYIOUHM iXHIO BHUTPAaTy Ha KOXKHY TOHHY BHPOOJIEHOTO
METAJONPOKATy Ta MOKPAILYIOUH TEXHIKO-eKOHOMIUH1 OKa3HUKHU HinnpuemctBa. Pecypc BajikiB icTOTHO
3aJIeKHUTD AK Bill (opMH Mpodiiio, M0 MPOKATYETHCS, TaK 1 CKIaAy CIUIaBiB, 3 SIKOT BUTOTOBJISIOTHCS aHi
BHupoOH [1].

VY cBiTOBIM MPaKTHLI MUPOKE 3aCTOCYBaHHS 3HAWILIM YaBYyHHI JBOLIAPOBI BaJKW. 3HAUHA YacTKa
TAaKUX MPOKATHUX BOBKIB BIAJIMBAETHCS CTALlIOHAPHUM CIIOCOOOM Y KOMOIHOBaHMX JUBapHUX (opmax.
BusmBka 1BOIIapoOBUX BaJIKiB Ma€ psii 0COONMMBOCTEH, OCKIIBKU 3aCTOCOBYETHCS /IBa PI3HOPIAHI METalH.
Crmoyatky ¢GopMy 3aJIMBalOTh OCHOBHMM BHCOKOJIETOBAHMM METAJIOM, 3 SIKOTO B MPOILECi KpHcTami3amii
(hopmyeThcs pobounii miap, skuit 3anmuBaroTh Ha 100-150 MM BuTie BepXHBOT0 Kpato 0ouku Banka. [lotim
BHUKOHYETHCSI BUTpUMKa mpoTsiroM 70-90 cexkynn mnst ¢opmyBanHs pobouoro mapy. o6 yHUKHYTH
3aCTUTaHHs METally B >KUBHJIBHHKY POOJISATH MOIITOBXHM. 3a3BU4ail mpoBoasATh 3-4 3 inTepBanom 20-30
CEeKYH/I [T0JJa4€l0 PO3IUIAaBY BUILOI TEMIIEPATYPH, IICIsI 4OI0 MOYMHAIOTH IPOMHUBAHHS IIUHOK 1 CEpLIEBUHU
HeneroBasi yaByHOM. [1if yac mpoMHUBaHHS METaJ MiAHIMAETHCS A0 3JMBHOI ILOTKK po3TanioBaHoi Ha 100
- 150 MM BuIe 3a piBeHb MifcTaBU NPUOYTKY, 1 MO K0M00Y CTiKae y BCTAaHOBJIEHY MOPYdY €MHIcTh. Yac
MIPOMUBAHHS 3aJIEXKUTh BiJ rabapuTiB Ta MACH BaJIKa, & TAKOX BiJl IOBXHHU IHIHOK i cTaHOBUTH 120-300
CEeKYH/I.
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B uncroBux 1 yepHOBUX KIiTsX crany 3000 3HAHIIIM MMPOKE BUKOPUCTAHHS BaJKH BUKOHAHHS
JIIIXHp-63. JlocBia eKcruryaTarliii X BallKiB TIOKa3aB, M0 CITA0KUM JIAHIFOTOM TPU iX BUKOPHUCTaHHI €
MOHMKEHA MILHICTh MINHOK.

AHani3 ocraHHiX gochaimKeHb i myOuikamiii. Hackimbkn BimoMo aBTOpYy Ha CIIOKHBYI
BJIACTUBOCTI MPOKATHUX BaJIKIB CYTTEBO BILIMBAIOTH TEXHOJOIIYHI MapaMeTpH BHJIMBKH, XIMIYHUHN CKiIaq
MaTepiaiy Ta crocid MoxugikyBanHA. Lle mposBIAETbCA B 3MiHI CTPYKTYpH Ta BIAaCTHBOCTEH MeTallly.
[TuTanHs BUpOOHUITBA MPOKATHUX BAJIKIB 3 NOBIMIEHUMH MEXaHIYHUMH XapaKTEPUCTHUKAMHU IMHOK J0Ci
3anuIIaeTses akTyanbHuM [2]. Lle moB'szaHo sk i3 cmocoOoMm Moan(ikyBaHHs, Tak 1 BHOOPOM THILY
npucaaku. Jns MiIBUINEHHS PiBHS eKCIUTyaTalidHUX XapaKTEPUCTHK OCTaHHIMH POKaMH HIMPOKO
BHUKOPHUCTOBYIOTh MOIU(IKATOPH i3 BMICTOM KpeMHito 10 78% [3-6].

e cBimunTh mpo Te, M0 Al MiABUILEHHS MIHOCTI IIMHOK B yMOBaX BUPOOHHMIITBA HAHOLIBII
JOLITBHO MiABUIIYBATH BMICT KPEMHisl B IPOMHUBHOMY METaJIi.

IlocranoBka 3aBaaHb. Mera poOOTM — MIABMILEHHS MILHOCTI MIMHOK ABOIIAPOBHX BAJIKiB
BukoHauHs JITIXHn-63.

BuknagenHs ocHoBHOro marepiaiay. Ha nepmomy erami po6oTy mpoBOOUIN aHAJI3 pecypey Ta
BiJMOB BaJIKiB IPH €KCIUTyaTalii 3a ABa Mepioja eKCIITyTalliil, KOKeH 3 SKuX ckianaB 6 micsuis. Ilig yac
JOCITIIKEeHb BPaxOBYBaJIM TaKi IIOKa3HUKH SIK: TBEPAICTh MOBEPXHi O0UKHM; HAPOOITOK HAJIKA 32 BECh IEPioA
eKCIUTyaTallii; BeNrYrHa 3'eMy MeTajia 3 TOBEPXHI BaJlka P NepenutidoBKax 3a Bech Nepio]] eKCIuTyaTarlii;
cepenHiil HapoOITOK Bajka Ha | MM 3HSATOro MeTayly Ipu NepenutiQyBaHHsX; cepenHiii HapoOITOK BONKa
3a yCTaHOBKY; CEPEIHE 3HATTS METally 32 yCTAHOBKY.

TBepaicTh TOCHIHKYBaHUX BAJIKOB 3HaXOIMIach B Mexax 65-67 HS JlociimkeHHs mokas3amm, 1o
HapoOITOK HaNKIB 3a BeCch Iepiof eKkcriyaTauii cTanoBUTH Big 112 865 no 115 031 T; BenuuuHa 3'eMy
MeTaa 3 MOBEpXHi Baska npu neperutigpobkax —34.1-40,4 mm; cepeaniit HApoOITOK Basika HA 1 MM 3HATOTO
MeTaxy npH nepeuutipyBanusax — 2841-2893 T.MM. cepeaniil HapoOITOK BoJKa 3a ycTaHOBKY — 4051-6514
T; CEpEAHE 3HATTA METaly 3a yCTaHOBKY —1,89-2,37MMm

BingcoTok BizMOB 3a 3HOCOM poOoyoro mapy ckiagas Bifg 59,6 no 71,3%; pyliHyBaHHSIM MIMHOK
Big 13,1 mo 17,3%; BigmapyBaHHsAM poOodoro mapy Bix 5,4 1o 6,7%; no Bukpomkam Big 4,9 1o 6,1% mo
Tpiminam Bix 5.1 10 6,86,8% i mpmwkoram Bix 9,8 mo 12,1 10% .

Hageneni pe3ynbpTaTu cBigyaTh Mpo Te, IO OJHUM 1 3 MOKAa3HMKIB, SIKUH CYTTEBO 3HIKYE pecypc
JOCIIAHUX (POpMYIOUHX IHCTPYMEHTIB € pyHHYBaHHS IIHIK BAJIKiB.

Pecypc mmiiok BaJIKiB CyTTEBO 3aJEXHTh BiJ iX MIMHOCTHHUX XapaKTEpHUCTK, AKi (popmyeTbcs
3aBIISIKM CKJIQAy CIUIaBa IPOMUBHOI'O METAJy CEpLIEBUHHU.

VY sKOCTi IPOMHUBHOIO METay MpPH BUTOTOBJICHHI BaJIKiB BUKOPHUCTOBYBAJIM YaBYH HACTYIHOTO
ximiyHoro cknaxay: 2,7 8-2,82 % C, 0, 4 4-0,50 % Si, 0,6 0-0,07 % Mn, 0,08-0,09 % S, .47-0,48 % P,
0,71-0,81 % Cr, 2,62-2,75 % Ni.

Jlnst BUTOTOBJICHHS JOCHiAHMX NapTik BaJkiB Oyna MpUHHSATA TEXHOIOTI, SKa Hoiiraia B TOMY,
IO NpU BHUJIMBKY JBOIIAPOBHX BAaJKiB MPOMHMBHHUII MeTasl Ui BHUIOTOBJICHHS BHYTPILIHBOTO IIApy
noxatkoBo Moaudikysamu FeSi 3 pozpaxynky 0,75-1, 75 kr/t. [lpuiiaara TexHOIOriS JO3BOMUIIA OTPUMATH
BHJIUBKY 3 ITIBUIIIEHHAM BMICTOM KpeMHit0. XiMIYHHIA CKJIa]l TOCTi/DKEHUX BAJIKiB HaBEACHO Yy Ta0muii 1.

Tabn. 1.
XimMiuHaui#i cKJIaa J0CTIIKEeHNX BAJIKIB
Howmep Bwmict enemeneris, %*
rpynu
C Si Mn S P Cr Ni
1 2.82 0.44 0,60 0,09 0.48 0,71 2.62
3,58 0,73 0,53 0,13 0,24 - -
2 2.78 0.46 0,64 0,09 0,47 0,78 2.74
3,4 1,38 0,62 0,12 0,25 - -
3 2.78 0,51 0,70 0,08 0.47 0,81 2.75
3,5 1,68 0,55 0,08 0,47 - -

[IpuMiTKa: B YMCENbHUKY HaBEAOHO BMICT €IEMEHTIB B poO0OYOMY IIapi, B 3HAMEHHUKY — BMICT
CJIEMEHTIB B CEpPEHHI CEPLIEBUHU 1 IIMIHKAX BaJIKiB
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Bci Banku Oynu moxineHi Ha TpU TPYIH.
B nepmy rpyny yBiAIIITH BHIIMBKU 3 BMICTOM KpemHi0 10 0,73%, y Apyry i Tperio 3 BMiCTOM
kpemHiro 1,38 % Ta 1,68 % BignosimHO.
Jns nocniKeHHs BIUIMBY BHCOKOKPEMHICTOTO HMPOMHMBHOIO YaBYHY Ha BJIACTUBOCTI poOouoro
apy, nepexiHoi 30Hy Ta IUHOK B KOXKHIM IpyIi BIIVINTHX BAJIKiB IIPH X MEXaHi4Hil 0O6poOLi BinOupanu

MPOOH BiJl HUXKHBOTO KIS OOYKH.

AmHaJi3 CTPYKTYpHHUX CKJIaJOBUX YaBYHY BAJIKiB 3 PI3HMM BMICTOM KpeMHil0 B pobodomy miapi,
TepexiHii 30H1, CepIIeBUHI 1 MMHKaX HaBEIEHO B TAONUIAX 2 - 5, BIAMOBIIHO, a MEXaHIYHI BIACTHBOCTI

B Ta0I1.6.
Tabn. 2.
CTpyKTYypHI cKJIai0Bi po0040ro mapy BaJKiB Ha riIMOMHI Bix 5 10 25 Mm
Ne CrpykrypHi Bigcranb Bi HOBepxHi, MM
Tpynu | cKiIaaoBi,% 5 10 15 20 25
Hons ueMmeHTuTy 41,1 41,0 37,9 34,9 32,5
Jons npoayKTiB
1 po3naay 58,55 58,22 61,02 63,0 64,9
ayCTEHITY
Homnst rpadity 0,35 0,78 1,18 2,1 2,6
Jons ueMmeHTuTy 41,9 40, 4 39,1 35,0 34,9
Jons npoayKTiB
2 po3snany 56,62 57,6 67,9 62,0 61,9
ayCTEHITY
Homnst rpadity 1,48 2,0 2,9 3,0 3,2
Jons ueMmeHTuTy 43,1 40,9 39,9 35,1 35,0
Jons npoayKTiB
3 posmnany 55,9 57,5 56,9 62,0 61,4
ayCTEHITY
Homnst rpadity 1,0 1,6 2,9 2.9 3,6
Tabn. 3.
CTpyKTYpHI CKJIa10Bi y nlepexiiHiii 30Hi, cepueBHHi i muiikax
No CprKTy_pg{i [epexinna Ceprennna [wniiku
rpynu CK1a110B1,% 30Ha BEPXHS HWKHS
Hlos 24,9 19,2 14,9 2,0
IEMEHTUTY
Homns
NPOLYKTIB 71,4 77,1 95,5 93,8
po3smany
ayCTeHITY
Hons rpadity 3,49 6,2 2,7 3,9
Hlons 14,9 10,1 0,78 0,49
IEMEHTUTY
Homns
MPOLYKTIB 80,7 80,1 92,2 90,4
po3smany
ayCTEeHITy
Hons rpadity 3,9 10,1 4,7 6,9
Hlos 2,0 0,2
IIEMEHTUTY > )
Homns
TPOAIYKTIE 16,1 11,2 0,9 0,6
po3smany
ayCTEeHITy
Homnst rpadity 80,1 81,2 90,6 92,7
Jlons - - 3,9 0,4
hepputy ’ ’
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Tabax. 4.
MikpoTBepaicTh CTPYKTYPHHUX CKJIAIOBHX Po60Y0ro mapy BajJKiB Ha rIn0uHi Big 5 1o 25 Mmm
No Mikpotsepicts, H-50, kre/mm?
rpy;m CrpyKTypHa cKiazioa Bincrans Bix moBepxHi, MM
5 10 15 20 25
1 [TponykTu po3nany ayCTeHITY 403 381 369 361 360
emenTHt 1261 | 1264 1147 1129 1129
[IponykTu po3nany ayCTeHITY 928 370 368 348 340
) emenTHT 1109 | 1105 1054 1055 970
[TponykTu po3nany ayCTeHITY 469 391 373 364 363
[lemeHTHT 1243 | 1195 1008 1008 1007
Tabn. 5.

MikpoTBepaicTh CTPYKTYPHHX CKJIANOBHMX Y NepexiaHiil 30Hi, cepueBuHi i muiikax

Mikpotsepaicts, H-50, krc/mm?
No - >
[Tepexinna [wniiku
rpynu | CTpyKTypHa CKJIagoBa 30H CepueBuna Py— F—
IlemeHTHT 360 290 325 302
! Hponyirn posmaiy 1129 1224 865 968
ayCTEeHITY
Lementur 308 288 294 347
2 Hpomyxru posnazy 928 925 1151 1128
ayCTEeHITY
Deppur 189 180
IlemeHTHT 335 332 334 363
3 Tpomyxru posnany 941 924 1058 1078
ayCTEeHITY
Deppur - - 178 189

OtpumaHni pe3ynbTaTH CBiA4aTh NMPO T€, LI0 BHUKOPUCTAHHSA B SKOCTI MPOMHBHOTO METAILy
moaudikoBanoro FeSi wasyny mo (1, 7 5 % Si) He BIMBae Ha BMiCT Kap61,Z[H01 ¢azu B p060q0My mapi.

Hons xap0OinHoi ¢a3u cyTTEBO 3MEHLIYETHCS Y MEPEXiaHii 30Hi, cepleBHHI 1 MMHKax BaJKiB.
HonatkoBa 00poOKa MPOMHUBHOTO METAILy CIIPHSIE TOMY, IO y CIJIaBi 3'ABISE€THCS (EpUT 1 30UIBIIYETHCS

noiis rpadiry.

3MeHIIeHHS A0Ji KapOimHoi ¢asu, yrBopeHHs (eputry 1 30UIbIIeHHA H0Ni Tpadirty crnpuse
MiJBUIIEHHIO THMYACOBOT'0 OMOPY MPH PO3PUBI METAITY HIDKHBOO IITHUIKH.
JocmimkeHHs MeXaHiYHIX BIIACTUBOCTEH OTpUMaHUX CIUIaBiB HA TTHOWHI 25-30MM mokasaiy, mo

TBEPIICTh p060q0r0 apy MPaKTHYHO HE 3aIEKUTH BiZl 3MIHM BMICTY KPEMHisl y IPOMHUBHOMY YaBYHi.
TumuacoBuii onip npu po3prBi MeTaly HUXHBOI IIMHKN BIJIMBKA, SIKUH 104aTKOBO Moaudikysaau FeSi B
o0cs31 0,75 kr/T, cknanaB 6,=380- 450 Mlla, a crnagis, 3 nogatkoBuM Moau(ikyBaHHsIM FeSi B o0Ocs3i
1,2-1,75 xr/t 6, =507-547 MIla.

Tabn. 6.
MexaHivHi BJIaCTHBOCTI JOCJTITHUX BUJINBKIB HA riauoOnHi 25-30MmMm

TBepaicTs pobouoro mapy, TumuacoBuii onip npu po3prBi METAITy HUKHBOIO
Howmep rpyru HS muiiku O, MIla
1 63 3821150
) 64 5059;47
3 65 505755745

[IpumiTka: B TaOiuIi HaBeAeHI 3HAaYEHHS TAMYACOBOT'0 OIIOPY IIPU PO3PHUBI 32 pe3ybTaTaMH I1'TH-
[IECTH BU3HAYECHb

Otpumani pe3ynpTaTd I00pe CHIBNAJAlOTh 3 JaHUMH CTPYKTYPHOTO aHaji3y i pe3yjibTaTaMu
BHMIpPIOBaHb MIKPOTBEPIOCTI CTPYKTYPHUX CKIanoBUX (1uB Tabmn.4 ta 5).
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Amnaiz MIKpOCTPYKTYPH JOCHITHHUX BaJKiB (pHc. 1 Ta puc.2) mokasye, o Mo nepernHy podoyoro
apy Bil MOBEPXHI O HMEHTPY pO3MipH KapOiMHUX BKIIFOUEHH 30UTBIIYIOTHCS, a JONS iX 3HIDKYEThCS
HE3HAYHO.

pi | €

Puc.1. MikpocTpykTypa po6o4oro mapy BajikiB Ha riau6usi 20mm, X100:
a, 0 — Basiok 3 BmicTom Si 0,73% ; B,r — Bajiok 3 BmicToMm Si 1,38%; 1,e — Bas10oK 3
BmicToMm Si 1,8; %; 0,1,e — TpaBiaeHHS 4% P0O3YHHOM a30THOI KHCJIOTH B €THJIOBOMY CIUPTI

VY nocnigHuX BajiKax mepuoi rpynu ¢opma rpadity B pododoMy Iapi nepexigHoi 30Hi 1 HIKHIHA
LIMAKKA TOYKOBA & B BEPXHIN IIMHKH 1 CEpLIeBUHI BKIIOUEHHS INIACTUHYATOI Y BUTJISAI PO3BEICHUX KOJIOHIH

Y Bankax apyroi Ta Tperboi rpynu Gopmu i KineKicTh Tpadira B poOoUOMy IIapi cepLeBuHi i
BEpXHIA IIMIKK CYTTEBO HE BIAPI3HSIIMCH BiJl BaJKiB MEpIIOi TPYNH, a B HWKHIM IIMHKK 3'SBUINCH
KOMITaKTHI BKJIIOUEHHS Trpadita Thnmy OMunii ryia3 3 (eperHo0 OTOPOYKOIO OLIS TaKUX BKIIOYEHB, IO
CIpHsi€ TiABUINEHHIO MIITHOCTI YaBYHY.
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Amnaiizyst 3MiHH MIKPOTBEPIOCTI CTPYKTYPHUX CKJIAZIOBHX TUBHCH TAONHUIIO 3, CIiJ BiOMITUTH
JIesIKMi craj 3HaueHb MO TIHOMHI poOOYoro mapy pa3oM 3 THM OCOOJNMBOI Pi3HHLI B CTPYKTYpax

NOCIIIHEHNX BaJIKIBX HE BIAMIYaI0Ch.
- y

Puc.2. MikpocTpykTypa mmik Bajikis, x100: a, 6 — Banok 3 BmicTom Si 0,73%; B,r —
BaJI0K 3 BMicToM Si 1,38%; n,e — Basiok 3 BMicToM Si 1,8; %3 0,r,e — TpaB/ieHHs 4% po3unHOM
a230THOI KHCJOTH B €THIOBOMY CIIMPTI

BucnoBox. MoaudikyBanHs npomuBHoro merany FeSi memo 30inbinye nomo rpadira B
pobodomy mmapi, MMHKax CEepLEBHHI 1 MepexigHoMy miapi Ta 3MiHIOe ioro gopmy. B HmkHIX muiikax
3'ABIISIETHCS] KOMITAKTHI BKIIIOYEHHS Tpadita, BUAUISETHCS He3HAUHA KUTBKICTh (hepuTa 1 1emo 3HUKYETCS
nons kapOigHoi ¢as3u, ocoOnnBO B mepexifHiil 30Hi, cepleBiHHI 1 mmiikax. Lle He 3HMXKYe TBEpAOCTDH 1
rMUOMHN poOoYOro mapy, MpoTe 3MEHINYETbCS CXMIIBHICTD JO BHKpAlllyBaHHS, a TakKoX 3a0esrnedye
MiJBUIIEHHS MIITHOCTI IIUHOK B cepenHboMy Ha 25%.
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[linBuieHHs1 piBHS MEXaHIYHUX BJIACTHBOCTEH HIMHOK CYTTEBO CIPUATHUME 3HIDKEHHIO OOCSTY
PYHHYBaHHSIM MIMHAOK BaJKiB MPH €KCILTyaTallii.
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ML.JI. Pa6unkos, B.JI. Maptuniok, B.C. Ilyus
Jhybkuti HayioHanvHull MexHiYHUll YHigepcumem

INPOEKTYBAHHS EKCHHEPTHUX CUCTEM Is1 CTBOPEHHS CIIEHIAJIBHUX
BAJIIB 3 PIIMHHUM KEPYBAHHAM JJIS1 IHHOBAIIIMHUX MAIIIUH

Y cmammi posenadaemuca po3podxa meopemuiHux 0CHO8 RPOEKMYBAHHA MA PO3PAXYHKY 641116 I POSIUKIG, 3ANOBHEHUX
DIOUHOI0 — KIIIOUOBUX eleMeHMI8 CYHACHUX MAWUH, W0 HA Cb0200HI He MAIOMb NOBHOZ0 MeopemutHOz0 y3azanvhenns. Li
ellemMeHmu € KpUmuuHo GaMCIUGUMU ONIA NEPedosUx (Hi3uKo-XiMIYHUX MEXHON0ZIYHUX NPOUecie, MAKUX AK 6AK)YYMHO-
NAA3MO06a Memanizayis, HAHeCEeHNA 201102PAPIUHO20 ROKPUMMA MA e1eKMPOHHE XPOMYBANHA, | NEPEBANCHO GUCEIMTIIOION bCA
6 namenmHiil 1imepamypi 3a i0cymHuocmi [pyHmMoGHUX HAYKOGUX 00CNIONHCeHb. Y pOOomi 3anponoHo8ano cucmemHuil nioxio
00 ananizy, knacugikayii ma cunme3sy pi3HUX MUnNié PIOUHHO-KEPOGAHUX 6416 HA OCHO8I MOponoziunozo ananisy.
Cpopmosano 3azanvny meopin, wo 6a3yemovca HaA CHMPYKMYPHUX O03HAKAX, PEYIAMOPHUX RAPAMEMPAX, RPUHUUNAX
2iopoounamiku ma enepzoehpekmuenocmi. Y 0ocnidycenHi eusnaueno ma Kiacugikoeano @yukyionanwvui zpynu i
63AEMON06°A3AHI KOMNOHEHMU, W0 OAE 3MO2Y JI0ZIY4HO CUHME3Y6amU HO6I CUCIEMU 6416 3 NOKPALEHUMU MENA0GUMU T
Mmexaniunumu enacmusocmamu. llokazano moxcnugicmv cmeopeHHA NOHAO R’AMHAOYAMU K1ACI6 6anié 3 PiOUHHUM
KepyBanHAM i CHPOZHO306aHO RPUCIMPOT 3 HOGUMU AKICHUMU XAPAKM EPUCHUKAMU, MAKUMU AK 3MIHHA 30ANHICIb 00 RPOSUHY
ma pezynoeanns memnepamypu. Pezynomyroua meopemuuna mooeiv € 0CHO60I0 01 NPOEKMYBAHHA BUCOKOEPEeKMUBHUX |
KOHKYPEHMOCRPOMONCHUX e/1eMEeHMI6 MAWUH, NPUSHAYEHUX 01 POOOMU Yy 6AKYYMHUX YMO6AX MA CHeUiani308aHUX
HPOMUCTIOBUX CePedosULaX.

Knrouosi cnosa: ean, ponux, iucmosuii mamepian, MOp@OR0iuHi 03HAKU, eKCREPMHA CUCMEMA.

M. Riabchykov, V. Martyniuk, V. Puts

DESIGN OF EXPERT SYSTEMS FOR CREATION OF SPECIAL SHAFTS WITH
LIQUID CONTROL FOR INNOVATIVE MACHINES

This paper addresses the development of theoretical foundations for the design and calculation of fluid-filled shafts and
rollers-key components in modern machines that currently lack comprehensive theoretical generalization. These elements,
critical for cutting-edge physicochemical technological processes such as vacuum plasma metallization, holographic coating,
and electron chromium plating, are primarily documented in patent literature with limited academic research. The work
proposes a systematic approach to analyzing, classifying, and synthesizing various types of liquid-regulated shafts using
morphological analysis. A general theory is formulated based on structural features, regulatory parameters, fluid dynamics
principles, and energy efficiency considerations. The study identifies and categorizes functional groups and interrelated
components, enabling the logical synthesis of novel shaft systems with enhanced thermal and mechanical properties. It
demonstrates the feasibility of creating over fifteen classes of fluid-filled shafts, predicting devices with advanced qualities such
as variable deflection and temperature regulation. The resulting theoretical model provides a foundation for the design of highly
efficient, competitive machine components applicable in vacuum environments and other specialized industrial settings.

Key words: shafi, roller, sheet material, morphological features, expert system.

1. Relevance of research

The essence of the scientific problem considered in the work is to develop the basic principles of
calculation and design of shafts and rollers with liquid control - the elements of machines that have not yet
found a theoretical generalization. Information about these shafts is contained, mainly in a large number of
patent sources, and in a very limited amount of theoretical work related to the specific tasks of their use.

The basis for the development of this direction is the need to introduce into real machines the latest
physical and chemical technological processes that can create high quality competitive products, the
mandatory elements of which must be shafts, the surface parameters of which are determined by the
parameters of the fluid supplied inside [1-2]. Such processes include methods of vacuum - plasma
metallization of polymer films [3-4], methods of holographic coating [5], processes of electron chromium
plating [6], etc.

The above processes involve the use of thin films, which undoubtedly require high accuracy
requirements [7-8].

Creating new machines that meet modern requirements and use the latest technological processes is
thus impossible without developing the theoretical basis of calculation and design of fluid-filled shafts that
would best ensure the operation of these devices in accordance with their tasks.

The purpose of the work is a comprehensive solution to the problem of creating high quality
competitive shafts with fluid control, mainly for the latest physicochemical technologies taking into account
the work in complex conditions of vacuum or special environments, by developing the theoretical basis of
their design, the implementation of various design options shaft circuits, fluid supply systems and solutions
to some topical and complex issues in the technology of their production.
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2. Analysis of fluid-driven shaft systems

Modern technologies of processing of rolled materials (fabrics, polymer films, artificial leather, etc.)
in a number of cases involve the application of heat flux to the surface of the material. In the process of
dyeing, lamination, vacuum metallization and other surface-related material [9-10], the process from the
point of view of the end result is desirable to accompany the minimum heating of the material to be treated.
Given the low heat resistance and thermal conductivity of typical roll materials, as well as the sufficiently
high value of heat flows (in vacuum metallization installations, for example, they can reach 30-50 kW /
m2), the problem of timely removal of this flow from the material is quite urgent. It would be desirable for
this heat to be removed at the same time as the technological process, which also involves the transportation
of the material being processed.

The device that meets these requirements may be a liquid-cooled shaft (Fig. 1).

3 -

e A
--“'if.._{?‘_._ g

There are known to be some recommendations for shaft tolerances for connecting to rolling bearings.
The results obtained above demonstrate that these tolerances can be broken in the process of temperature
deformation. In case of sufficiently low temperatures, the bearing must be removed from the range of
temperature deformations.

This requirement is exacerbated by the requirements of vacuuming the device. The movable insertion
of the pin into the vacuum chamber can only be accomplished with the use of the vacuum oil that fills the
cavity between the two rubber seals at low temperatures, vacuum oil loses its properties. This unit must
also be removed beyond the limits of cryogenic temperatures.

The possible design of the device to meet all the specified requirements is shown in Fig. 2.

In the drawing, the liquid-cooling shaft 1 (shown partially to the right) is located in a vacuum
chamber, and the drive shaft of the shaft 2 extends outward through the metal wall. Two longitudinal drills
are made in the shaft, which end in the middle of two pipe fittings that feed the fluid to the shaft and drain
it. Exterior openings extend to the cylindrical surface of the shaft.

The vacuum seal set is located in the housing 3 and is closed by a lid. The housing of the fluid supply
device is separated from the housing of the vacuum seals by a heat-insulating ring 12. This provides
insulation of the cold housing 10 with cryogenic liquid from the "warm" housing 3. The cryogenic housing
is closed by a lid. The vacuum seal is in the form of two conventional rubber-metal seals 5, the cavity
between which 6 is filled with vacuum oil. The cavity has openings with fittings, which allow circulation
of the heated vacuum oil, since it provides the best seal under certain temperature conditions. To ensure the
best temperature conditions for the operation of the vacuum seals and the bearing 4, their assembly is
located not on the shaft with the flow of coolant, but on a thin-walled cylinder that is connected to the shaft
by a thin-walled plate.

The supply-drain housing has two outlet pipes 7, 8, one of which enters the supply cavity and the
other enters the discharge cavity. The cavities are removed from each other and from the outside by rubber-
metal seals 11.

For sealing is selected rubber version IV, which provides normal operation to temperatures of -600C.
In the case of lower temperatures, it is possible to individually seal the standard shape and size of tefal.
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Fig. 2. The design of the pin supply fluid test shaft for vacuum metallization of the polymer
film

The ring 12 and the cap with conical projections provide support for seals in the event of high
pressure. The drive shaft has a free exit from the system of seals with a keyway or a slotted slot to bring it
to rotation.

The shaft with hydraulic adjustment of the bend can be safely attributed to the fluid-filled rotating
devices, it has the basic properties of liquid-filled devices.

Such shafts can find use in a variety of industries. First of all, this relates to the areas related to the
processing of long dimensional sheet materials, in which the deformations of the structural units have an
order similar to the thickness of the material being processed.

The main part of the shaft with adjustable deflection (Fig. 3) is its outer shell 1, which directly touches
the material being processed, and is therefore obliged to have a surface of very high purity and accuracy.
The shell is supported by two roller bearings 2, the dimensions of which are determined primarily by the
bearing capacity of the shaft. As will be shown below, the dimensions of the rollers in the bearings must be
limited in order to ensure that the shaft operates. The bearings connect the sheath to the core 3, which hole
4 is drilled to pass fluid under pressure. It should be noted that the fluid in this case is fed through a fixed
core, which greatly simplifies the design of the fluid supply. In practice, these devices are reduced to
standard fixed seals.

Fig. 3. Fluid-filled shaft with hydraulic deflection adjustment

The considered shafts and rollers directly touch the treated material, and the liquid, in its own
right, controls the condition of the outer surface of the device.

A deeper study of the possible uses of liquid filled devices demonstrates the possibility of other
management principles.

3. Development of methods of construction of fluid-filled shafts based on the system of features

The analysis of the operation of the main types of shafts with fluid control allows to synthesize
the general theory of such shafts by generalizing the data obtained and possible extrapolation of these
data to other devices.
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The general theory of liquid-filled shafts should describe, explain and predict the operation of a
certain set of constituent elements of their elements. In accordance with the principle of conformity, the
transition to such a theory should be based on the theoretical principles of designing liquid-filled shafts,
while holding them in a definite form. Due to this, in some cases it is possible to return to the previous
theory in some area. This transition, in particular, was formally made in determining the technological
modes of shaft treatment. This process, based on the principles developed in the work, can also be
applied to conventional shafts.

The proposed theory of liquid-filled shafts is based on the categories of part and whole, which
express the relationship between the set of elements of these devices and the connections that combine
these elements and lead to the appearance of integrative properties and patterns that are not peculiar to
individual elements in their separation. Through this connection should come "whole" - liquid-filled
shaft, in respect of which the individual elements act as parts.

In this connection, it is necessary to consider the structure of the shaft in the most general form,
which expresses the structure and the internal form of organization of these shafts, which acts as the
unity of stable relationships between its elements, as well as the laws of these relationships. Structure is
an integral attribute of a fluid filled shaft.

All previous data presented and proved in this work characterize a fairly high level of
correspondence between the structures of different liquid filled devices. In this regard, it is reasonable
to say that each fluid-filled shaft is similar in relation to the existing one, since each element of one shaft
corresponds to an element of another and each connection in one device corresponds to a connection in
the other and back.

The resultant graph of connections of the fluid-filled shaft, taking into account the elements and
properties and connections found in the previous sections, is shown in Fig. 4.

The graph shows the main elements and properties of a fluid-filled shatft.

Analysis of the fluid-filled device allowed us to distinguish such basic groups of properties and
features that characterize the structure of the fluid-filled shatft.

Group By determines the superstructure of the shaft. The elements of this group differ depending
on how separately the operation of the fluid-filled shaft is considered. The Bo; element defines the
operation of the individual shafts, which is why the previous words were devoted. The element By
provides for the operation of the shafts in the machine complex.

Group B specifies the particularities associated with the parameter that prevails in regulation.
Individual subgroups of this group: B — temperature; B;, — pressure.

The elements of these two subgroups can in turn be divided into the following elements:

Bll’1 - lowering the temperature; Bllll - temperature, constant in length; 31112 - temperature varying in

length; Blz1 - increase of temperature; Bll2 - deflections of a shaft cover; B1121 - compensation for unwanted

deflections; 311211 - with external regulation; 311212 - with self-regulation; Bllg - regulation of deflections

according to a given law; Blz2 - deformation of additional elements.

Group B: defines the calculation features related to shaft quality assurance. There are two main
subgroups in this group: Boi- Shaft shell parameters; Bz - boundary zone parameters (experimentally
determined);

Unlike the previous group, the subgroups of this group are compatible, ie they must act together. In

the subgroups we distinguish the following elements: Bél - connecting the shaft sheath to the bearing pins
at the borders; B; - short shafts; Bg - average shafts with geometric; Bg ' _ with the possibility of
compensation of deflections; Bgz - with the inability to compensate for deflections; Bﬁ - long shafts;
B%l - connecting the shaft sheath to the support shaft by means of a tensioning landing; Béz— rigid

boundary zones; B%z - transitional boundary zones; B 32 - “soft” boundary zones.

Group Bs defines the principles of fluid motion through the shaft and includes the following
elements: Bs; - longitudinal partitions; Bs; - cross-sections.
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Fig. 4. Graph of signs of a liquid-filled shaft

These two elements can include either: Bé - free dressing of the shell on the partitions; B32 - landing

of a shell on tension partitions.
In addition, there are possible elements: Bs; - grooves in the shaft; Bss - channel between shell and

core; Bé 4 - fluid delivery from the middle of the shaft; B324 - supply of liquid from the sides of the shaft;

B33 4 - supply of liquid on one side.

Group By specifies the peculiarities of the fluid flow into the shaft cavity. It has two main subgroups:
B4 - submission principles; Ba: is a kind of liquid.

Subgroups include the following elements: lell - axial system; BZI - system with side exits; Bil -

system with inclined outputs; B}u - ordinary liquid; B Zz - cryogenic fluid; Biz - high temperature liquid.

Group Bs describes the principles of energy conservation in the design and operation of liquid-filled
shafts. This group may include: Bs; - choose the best value for money; Bs: - select the optimal channel
layout; Bs; - Other organizational principles of economy.

A morphological map can be developed on the basis of a graph of a liquid-filled shaft organization.
The following general map is shown below (Table 1). The map has five main groups. In the morphological
analysis, we select the features or elements from the right column in each group.

Given the number of finite elements in each group, it is possible to anticipate a large number of
combinations of key features and the appearance of shafts with new properties. As a preliminary step, we
need to identify the basic rules by which individual attributes can be grouped together.

Let us look at the possibility of combining a large number of features of this group with the ability
to create objects with new quality properties. Thus, the simultaneous integration of free dressing of the
annular and longitudinal partitions with the channel between the shell and the core with the combined flow
of fluid through the channels in the shaft can give a universal shaft with the possibility of adjusting the bend
at any point and in any direction (Fig. 5).

Such a shaft can be written in plural form
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Table 1.
Common morphological map of a fluid filled shaft
B B B3 By Bs
11 11 1 1
! By By B, By
By 12 o | B 2 2 Bs:
B Bq . 412 B, B; By By,
2 21 21 122 1 3
Bfy | Bu By B, By
11 11 5| B 2 1 Bs2
By, | B, By B3 By,
Bllz 311212 B%l B3z | Byg Biz
B> Bs;
12 1 1 3 :
Byj5 By, B3y By,
B, | Bx B3, | Bs B3,
- 3 3 ) )
B3, B3y

Fig. 5. Multi-chamber shaft with combination of third group features

We will base our general approaches to the formation of fluid-filled shaft theory on the calculation
of utterances by means of sentient relations. In this case, complex shaft systems are composed of elements
of the graph of morphological features, and in a formalized form, each shaft will be a complex statement
consisting of simple features by means of actions that can be expressed meaningfully as "and" ("Dressing
a tension shell "And" Axial fluid flow "), known in mathematics as conjunction of signs," or "(" Screw
partition "or" Axial partition "), known as disjunction," no "(" No partition ") , what we will call an
objection, "if ... then" (as at long shaft, it can have properties of self-regulation).
The most common case of a fluid filled shaft with the above formalized merger rules will be

1 12) .2 1 a12) 2 11 12 13) 122
((311 VB )V Bll)/\ ((BIZ VB, )ﬂBlz)A ((le v By Vle)ﬂle )A

1 2 3 1 2 3 1 2
(B22 v By, v B, )/\ ((331 v B3y v B33 vB34)/\ (B34 VB3, Vv B3, )/\ (B3 v B3 ))/\

12003 (Rl L p2 | R3
((34 v B] \/B4)/\(B41 VB, VB43))/\(351 A Bsy ABs3)

Within the general theory, the cooling shaft can generally be written as
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(Blll ABY AB3| ABy A B}u).
complex shaft with arbitrary law of temperature and deflection distribution along the length
o1 7507} 5 o i3 n o 3,

4

Existing or perspective shafts are synthesized by combining different principles or features from
the above morphological maps. Based on this approach, the previous sections have demonstrated the
real ability to create more than fifteen shaft classes, of which only five are actually existing systems.
Three classes of devices work in experimental-industrial installations which the authors was engaged in
development. For seven classes theoretically proved the possibility and relevance of creation. These
systems are based on the analysis of various approaches to the combination of parameters that determine
the peculiarity of the shaft.

4. Conclusions

The scientific problem consists in the development of the theoretical bases for the design of liquid-
filled shafts, research, analysis and creation of new systems of shafts with liquid regulation, mainly for
the latest physicochemical technologies, which ensure their high technical competitiveness. The
morphological analysis of the fluid-filled shaft, which follows from the regularities of its structure, is
conducted. Based on a compiled list of characteristic parameters, partial solutions are implemented that
are implemented in specific types of liquid-filled shafts. Morphological maps were constructed, with the
help of which functional values of possible combinations of basic features were determined, on the basis
of which the appearance of devices with new qualities (with variable deflection, with variable length of
temperature) was predicted. The scientific theory of liquid-filled shafts was developed in the form of a
system of basic features (the predominant parameter in regulation, calculation peculiarities, principles
of fluid motion through the shaft, principles of fluid supply, energy saving principles) and rules of their
unification, which allow to obtain devices with new qualities by means of logical synthesis. The general
properties of structural structures are reflected in certain partial patterns operating within the limits of
this theory, which should be taken into account when constructing specific shafts. Similar patterns are
formulated for some specific cases of fluid-filled devices: a fluid-cooled drum, a hydraulic deflection
shaft, a fluid-heated roller, and a shaft with adjustable movable elements.

b

1 1 1 1 2 3
(B31 vB3)v (B32 vB3)vB33 V(B34 v B )/\B41 V(B42 NB, /\B42)/\B5
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O.B. I'aBpnisuenko, JI.I1. I1aBarouenko

Hayionanvnuii ynieepcumem "Jlvgiscoka Ionimexuixa"

AHAJII3 TUHAMIYHUX XAPAKTEPUCTHK POGOYOI'0O OPTAHA BIBPAIIMHOI'O
TPYBYACTOI'O KOHBEE€PA 3 YPAXYBAHHAM INIONNEPEYHUX KOJIMBAHDb

Y cmammi npeocmaeneno ananiz ounamiunux xapakmepucmuk Kinueeozo egexmopa eiopauiiinozo mpyouacmozo
KOH6eepa 3 ypaxy8anHAM NOnepeyHux Konueéanv. Memoouxka nonazac 6 OMpPUMAanHi ma po36'A3aHHi 3a2anNbHOZ0
ougpepenuianvrhozo pieHAHHA nOnepeuHUX Koaueans 3 euxkopucmannuam Qynkuiti Kpunoea. Takuii nioxio oae 3mozy mouno
SU3HAUUmMU pexcumu ma amniimyou konueans. Hoeusna 0ocnioscennn nonszae y 6paxysanti 6niugy npyicnoi 0CHo6u Ha
noGedinKy KiHUeso20 egexkmy, ui0 O003601A€ GUIHAYUMU KPUMUYHI YACMOMU RnApazumuux Konueamns. Ompumani
pe3yibmamu Maromov NPAKMUYHY UIHHICMb, OCKINbKU RIOGUWYIOMb CIMAOIIbHICIG MPAHCHOPMYSGAHHA Mmamepiany ma
Haoitlinicmy eiOpayiitHux mpyouacmux KOHEecpie y NPOMUCI080My 3ACHOCYBAHHI.

Knruoei cnosa: sibpayitinuti mpybyacmuii KOH8eep, nonepeyti KoNUGaHHs, GiopayitiHuLL pexcum, Napasumui KOIUGaHHs,
npycHa ocrosa, Gyukyii Kpunosa, Ounamiunuii ananis, 4acmoma KOIUBaHb.

0.V. Gavrylchenko, D.P. Pavliuchenko

ANALYSIS OF DYNAMIC CHARACTERISTICS OF THE WORKING BODY OF A
VIBRATORY TUBULAR CONVEYOR CONSIDERING TRANSVERSE VIBRATIONS

The article presents an analysis of the dynamic characteristics of the vibration tubular conveyor's end-effector with
consideration of transversal vibrations. The methodology involves deriving and solving the general differential equation of
transversal vibrations using Krylov’s functions. This approach enables accurate determination of vibration modes and
amplitudes. The novelty of the research lies in accounting for the influence of the elastic foundation on the behaviour of the
end-effector, which allows identifying critical parasitic vibration frequencies. The obtained results provide practical value by
enhancing the stability of material transportation and improving the reliability of vibration tubular conveyors in industrial
applications.

Keywords: Vibratory tubular conveyor, transverse vibrations, vibration mode, parasitic vibrations, elastic foundation,
Krylov’s functions, dynamic analysis, vibration frequency.

Introduction. A critical challenge in designing and practically implementing vibratory conveying
systems, as highlighted in recent studies [6, 7, 11] is ensuring uniform material transportation along the
entire length of the end-effector (EE). Achieving uniform transportation speed is essential for improving
the efficiency and reliability of industrial processes involving bulk materials. This challenge becomes
particularly significant when dealing with elongated end-effectors subjected to transverse excitation forces,
common in tubular conveyor designs. Such transverse excitation forces induce not only the desired
beneficial vibrations required for material transportation but also additional unwanted parasitic transverse
vibrations. The superposition of intended and parasitic vibrations can lead to uneven material flow along
the conveyor's EE, and in extreme cases, may cause localized disruptions or even complete stoppage of
transportation. Despite considerable research in vibratory conveyor systems, the interaction between
transverse vibrations and the elastic foundation, particularly for elongated conveying elements, remains
insufficiently explored, necessitating further analytical and experimental investigations.

Problem statement. During the design of vibratory conveying systems, accurate calculation of
transverse vibration amplitudes along the entire length of the end-effector (EE) is essential to ensure stable
and uniform material transportation. Uneven vibration amplitudes can cause zones of inefficient or halted
transport, directly affecting conveyor performance. This issue is particularly relevant for vibratory tubular
conveyors (VTC) [1], characterized by elongated structures on elastic foundations. Generalized methods
available in the literature often fail to fully capture specific practical features, such as stiffness distribution
variations and local parasitic vibration phenomena. Thus, developing refined analytical methods to
accurately predict vibration modes and identify critical frequencies remains an important practical task for
improving conveyor reliability. A typical example illustrating this challenge is presented in Fig. 1.

Literature review. The literature [3] provides well-developed methodologies for calculating
transverse vibrations of elongated beams with distributed masses. However, the applied aspects of
calculating elongated end-effectors on an elastic foundation, which are characteristic of vibratory conveyor
structures, remain insufficiently explored.

Objectives of research. This study aims to perform an analytical calculation of the transverse
vibrations of the elongated end-effector of a vibratory tubular conveyor with an electromagnetic drive
mounted on an elastic foundation.

The primary focus is placed on investigating the influence of the elastic mounting characteristics on
the vibration modes and amplitudes of the end-effector.
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Fig. 1. Vibratory tubular conveyor

Thus, determining the vibration amplitudes and modes of the end-effector supported by elastic
elements is the main objective of this article.

Main material presentation. The structural diagram of the vibratory tubular conveyor (VTC) is
presented in Fig. 2.

Fig. 2. Structural diagram of the vibratory tubular conveyor

The length of the VTC's end-effector is / =2 m , with an outer cross-sectional diameter of
d =74.5 mm and an inner diameter of d, =68 mm. The VTC is designed with independent excitation of
m

out

the end-effector’s vibrations in both vertical and horizontal directions. The transverse excitation force P()
generated by the electromagnetic exciter (2), is applied at the midpoint of the end-effector. Along with the
intended beneficial transverse vibrations that ensure uniform material transportation, undesirable parasitic
vibrations may occur, disrupting the stability of material flow. The end-effector is mounted using four
spring blocks (3, 4, 5, 6) attached to the reactive element (7).

The computational model of the VT C end-effector with elastic suspensions, supports, and an applied
force is shown in Fig. 3. The elongated end-effector is supported by three elastic elements with stiffness
values CpCycy The stiffness ¢_ is considered as the total stiffness of spring blocks 4 and 5 (Fig. 2)

since the distance between these blocks is minimal.

The motion model of the end-effector, treated as an elastic beam with free ends and distributed mass,
is well-known from the literature, for example, in [4]. Given the significant length of the VTC's end-
effector compared to its transverse dimensions, the general equation of free vibrations for the end-effector
as an elastic beam with distributed mass, neglecting the rotational inertia of the cross-section, can be

written as follows:
e AP (1)
9 oxt
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Fig. 3. Computational model of the vibratory tubular conveyor end-effector on elastic
suspension under load conditions

where y is the displacement coordinate of the VTC end-effector points in the transverse (vertical)
direction; x is the coordinate of the VI'C end-effector points in the horizontal direction; 7 is time
EJ

C u
Here, EJ is the flexural rigidity (E is the modulus of elasticity, and J is the moment of inertia of
the VTC end-effector’s cross-section relative to the neutral axis perpendicular to the vibration plane); 1
is the mass per unit length of the end-effector.
The solution to this equation for principal vibrations takes the form:
y(x,1) = g(x)sin(pr + o) )
where (/)(x) is the vibration mode function, p is the natural frequency of vibrations, and « is the
phase shift angle of the vibration mode.
The integral function (/)(x) is equal to:
@(x) = Acoskx + Bsinkx + Cch kx + Dsh kx, 3)
up?
EJ
Due to the complexity of direct integration for boundary-value problems in beam vibrations,
Krylov’s functions method, known for simplifying integral forms and facilitating analytical and numerical
solutions, is applied [4]. Thus, we rewrite the integral using Krylov’s functions as follows:
¢(x) = AS(kx) + BT (kx) + CU(kx) + DV(kx), 4)
where Krylov’s functions S(kx),T(kx),U(kx),V(kx) are defined as follows:

1 1
S(kx) = E(Chkx + coskx), T(kx) = E(Shkx + sinkx),

where A,B,C,D are arbitrary constants determined from boundary conditions; k* =

(5)
1 1
Ulkx) = E(chkx —coskx), V(kx) = ?(shkx — sinkx)

In this case, since the VI'C end-effector has no fixed supports at its ends, the boundary conditions
are as follows:

¢ (0)=¢"(0)=0, (62)
@ "(0)=¢"(1)=0. (6b)
The integral that satisfies the condition at x = 0 (Eq. 6a) is:
(p(\) = AS(kx) + BT(kx). (7
For x =1:
¢(1) =AS(kl) +BT(kl)+(I>l+<D7+(D%+(DP, (8)

where (Dl + (D2 +@ +<DP are the values of Krylov's partial integrals, which for our conditions are
D
as follows
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Cl\
@ (x )— V[A 1 a )] )
(‘2\2
0(x) = P V[k(l—a7)]
€33
(P}(\)= B V[k(/—az)]
where (DP is the disturbing harmonic force, qu = - k:;:‘J V[k( i _az)]'
By satisfying Eq. (6b), Eq. (8) can be rewritten as‘ follows: o,
AU(AI)+BV(AI)+ T[A 1 a ]+ T[A 1 a )]
C \ P
+—T[A I a ]— P T[/\ I a, ] 0; (10)
C \' C \'
AT(kl) + BU(kl) + S[AI a ]+ 5[“ a )]
C \'
.S[L 1— a ]— ‘Ejs[/\ 1 a, ] 0.

Based on Egs. (7) and (8), a system of three equatlons is obtained, which considers the displacements

Y Yy Yy
Forx=a :AS(ka \+BT(ka ) -y =0
or : ( al) ( al) _Z:yl
Forx=a, As(k 2) BT(ka2)+ ] V[k(clz—tll)]—)’2=0§ (11)
For x = a,
‘ cY, ey, p
AS(ka,)+ BT(ka,) + 5 V[A (a,=a ]+ “—Hv[x( 3—a2)]— Py V[k(as—az)]—y}:O

Thus, the system of equations describing the natural vibration mode of the VTC end-effector,
considering Eqgs. (10) and (11), has the following form:
AS(ku |) + BT(ka |) =y, =0;

cy

AS(ka:) + BT(ka:) + k3E.II V[k(a2 —a I)] Y, = 0;

cy

o o)

+;‘1‘;j V[k(“z_“:)]— .3P< V["(“s‘":)]_-"ﬁO: (12)
e )

RGN e CGEN R

cy c.y

AT(kI) + BU(kI) + k31£; s[k(1=a,)]* A:b; s[k(1=a,)]*
('3_\'3 P
e 9] g S -] =0

The analytical solution of Eq. (12) by means of the constants A and B is complex and impractical
due to the high-order equations and nonlinear boundary conditions. Therefore, numerical methods

AS(ku}) + BT(ka}) +

AU(kl) + BV(ki) +

('\

+
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implemented in Mathcad software were utilized, providing efficient and accurate solutions that sufficiently
meet practical engineering requirements.
The unknown constants can be determined from the following equation:
X=c7'p, (13)
where X is the column vector of unknowns, C is the coefficient matrix, and P is the column vector
of external forces.
In expanded form, Eq. (13) can be rewritten as follows:

's(kul) T(kul) -1 0 0 I
| S0 ) T )] :
B . .
|| S ) S VKo, ma)] e 1|
:‘ k) V(ki) k;ﬂk(l-u,)] KEJ[ ] *131 ~ay)]

C ('

k3;_1 s(=a,)] Sk )

T(kl)  U(ki)

0 -
0
(13)
:;J V[A a_.—a )]
X
prT T[A l—a ]

1)
S|k(l—
| KEJ [ ( az)] |
The vibration mode function (p(x) in separate sections can be generally written as follows:
For0<x < a: @(x) = AS(kx) + BT (kx).

C \‘

Fora sx<a :g(x)=AS(kx) +BT(k\)+

For z12 <x< a3:

V[A I—a ];

cy €.y, p
%E; Vk(=a)]* — VK= a,)]- T ViK(i=a)] 9

(‘ \' (‘ \'

V[A -a ]+

7

¢(x) =AS(kx) + BT (kx) +
For a, <x<I:

¢(x) =AS(kx) + BT(kx) + *EJ

\.

XV[A I—u ]+ T V[A I—ux)]— ‘1;/ V[A I—u )]

The final equation of system (14) is the general equation for the vibration mode of the VTC end-
effector over its entire length. Thus, by determining the numerical values of the unknowns
A, B, Yp Yy Y, from Eq. (13) for given parameters of a mechanical vibration system with distributed
mass and substit{lting them into the vibration mode equation for the end-effector, the mode shape of the
end-effector at the specified excitation frequency @ can be obtained.

For the following parameters:
1=2m; a =0.55m;a = lm;az= 1.45m; E=2- 10! Pa; ¢, =268000 N/ m;

w=7kg/m; J=53-10""m™* P =200N; w = 157 "*!/s; c_=482142 N/ m;
c, 268000 N/ m.

the vibration mode function ¢ )(x) takes the form shown in Fig. 4a.

By setting the excitation frequency to @ = 3000 '"d/‘, the vibration mode of the end-effector is
presented as shown in Fig. 4b.
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Fig. 4. Vibration modes of the VTC end-effector for the excitation frequency
@@ © = 157 "/ pyw = 3000 /s
Conclusions. Based on the conducted research, the above-described mathematical model of the end-
effector allows for the analysis of vibration modes as well as their amplitudes at each point of the end-
effector. The developed mathematical model is an effective tool for determining parasitic dangerous
vibration frequencies of the end-effector, which contributes to improving the operational reliability of the
structure. The obtained results enable enhancing the accuracy of designing vibratory conveyors with
elongated end-effectors on an elastic foundation, which will improve their operational reliability. These
studies, as well as the identification of the most optimal attachment options for elastic elements, are
planned to be further investigated in future scientific work.
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Jhybkuti HayionanvHull mexHiuHull YHigepcumem

PO3POBKA TA BAJIIJALISI ATEHT-OPIEHTOBAHOI CUMYJISILII 3 TPOCTUM
I TYYHUM IHTEJEKTOM JJISI MOJAEJTIOBAHHSI EBOJIIOLIITHOT A TAIITALII

Poboma npuceauena po3pooui azenm-opicHmo8anol CumMynAyil 3 azeHmMamu Wmy4Ho20 iHmeaeKmy Ha 0CHOGI RPAsuUl
0N 00CnioxHcenHsn eeontoyiiinoi adanmauii ¢ Ounamiunomy cepedosuuii. Onucano KomMnoHeHmu mooeni (2enu, ce3oHu,
Kanu) ma npeocmasieno pe3yibmamu mecmoeozo 3anycKy, o 0emMoHcmpyroms it gyHKkyionanvhicmo.

Knruosi cnosa: Aeenm-opicumosare mooenrosants (AOM), egonioyis, eenemuyna KOHKYpeHyis, aoanmayis, Cumyasayis,
SMIHHI pecypcu, Ce30HHICMb, KIAHU, WNYYHE HCUMMS, CIPAMe2ii BUMHCUBAHHS.

0.V. Krupskyi, O.S. Prykhodko

DEVELOPMENT AND VALIDATION OF AN AGENT-BASED SIMULATION WITH A
SIMPLE ARTIFICIAL INTELLIGENCE FOR MODELING EVOLUTIONARY ADAPTATION

The paper is devoted to the development of an agent-based simulation with rule-based artificial intelligence agents to
study evolutionary adaptation in a dynamic environment. The components of the model (genes, seasons, clans) are described
and the results of a test run demonstrating its functionality are presented.

Key words: Agent-based modeling (ABM), evolution, genetic competition, adaptation, simulation, variable resources,
seasonality, clans, artificial life, survival strategies.

Introduction and problem statement. The concept of "survival of the fittest" is a fundamental
principle of natural selection; however, the evolutionary process is significantly more complex than direct
competition for resources [1-3]. In reality, the success of populations depends not only on genetic
advantages but also on the ability to adapt to dynamic environmental conditions. For example, the survival
of various insect species during the dinosaur extinction era demonstrates that "less fit" organisms can
dominate due to strategic flexibility [4,5]. This paradox finds theoretical grounding in the Parrondo effect,
where combining two losing strategies leads to a winning outcome [6,7].

Research on the Parrondo effect in biology [8—12], ecology [9,10,26], and social systems [19,27—
29] highlights its universality for modeling adaptations in changing conditions. However, it remains
understudied how resource fluctuations (e.g., seasonal food changes) influence the dominance of specific
genes within a population. Our work addresses this gap using an agent-based simulation, which allows for
the real-time observation of evolutionary strategies.

Analysis of the latest research and publications. Classical theories of natural selection [1-3] do
not fully explain species diversity. Research has shown that survival depends on: genetic variability — the
ability of populations to generate new traits [2]; adaptability to change — examples include transitioning
from nomadic to colonial lifestyles [23,24], and 'dormancy' mechanisms in plants [9,26]; social interactions
— cell cooperation in multicellular organisms reduces cancer risk [11,12], and clan structures enhance
survivability [20,21].

The paradox where combining two losing strategies results in a win manifests in various biological
systems: at the molecular level: phase variation in bacteria [8,25], regulation of gene expression [13]; at
the ecosystem level: dominance of populations with 'inefficient' traits due to resource fluctuations [10,22];
in social dynamics: accumulation of social wealth through strategy switching [19,28].

Modeling Evolutionary Strategies Current research utilizes:

»  Agent-based models (ABMs) for analyzing resource competition [27-29].
*  Stochastic simulations to test the Parrondo effect in various environments [7,14—16].
*  Nonlinear dynamic systems for predicting ecosystem evolution [10,17-19].

There is insufficient research linking seasonal resource fluctuations (e.g., food) with the dominance
of specific genes (speed, endurance) through the lens of the Parrondo effect. Our simulation offers a tool
for such analysis. The agent-based model simulates resource fluctuations (seasons) and allows tracking of
how a gene combination ('Endurance' + 'Vision') becomes a winning strategy even under conditions of
temporary loss (e.g., winter). The clan mechanism reflects the social aspects of the Parrondo effect —
cooperation enhances survivability, similar to models in [11,19,28]. Gene mutations allow investigating
whether random changes lead to the emergence of new 'paradoxical' strategies, as in the works of [8,24].

The aim of the study. To investigate the competitive dynamics of different genetic strategies and
the role of social structures (clans) in population adaptation to the environment with variable resource
availability using agent-based modeling (ABM).
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Experimental methodology. An agent-based model (ABM) was created to study the evolution of
genetic traits in a population under the influence of the environment. Main stages:

1. Model development. Environment: A 256x256 grid with seasonal resource dynamics (food
appears with different intensity by season). Agents: They have parameters (energy metabolism, movement,
vision, decision), a genome with 10 slots (5 types of alleles: speed, endurance, etc.) and are subject to the
rules of energy balance, reproduction (with mutations) and clan formation (based on genetic similarity).

2. Implementation and testing. The model is programmed in Python with visualization. Running a
test scenario: initial population - 20 agents with random genomes, seasonal food parameters (spring: 4,
summer: 5, fall: 3, winter: 2 units/sec).

3. Data collection and analysis. We tracked population dynamics, gene distribution, and clan
formation. A qualitative analysis of agent behavior (feeding, social interactions) confirmed the model's
performance for further experiments.

Presentation of the main research material. To investigate the impact of seasonal resource
availability fluctuations on the competitive success of different genetic strategies and the role of social
structures (clans) in population survival, an agent-based model (ABM) was developed and implemented.
The ABM allows simulating the behavior and interaction of autonomous agents (individuals) in a virtual
environment, observing the emergent properties of the system at the population level. The model was
implemented using the Python programming language and relevant libraries.

The simulated environment is a two-dimensional discrete space of size 256x256 cells. The primary
resource in the environment is food, units of which appear in random empty locations on the grid. The
dynamics of food appearance depend on the cyclical change of four seasons: Spring, Summer, Autumn,
and Winter. Each season lasts for 180 seconds of simulation time. The intensity of food appearance is:
Spring: 4 units/second; Summer: 5 units/second; Autumn: 3 units/second; Winter: 2 units/second. Seasons
also impose global modifiers on agents: Summer: Energy consumption of all agents increases by 10%.
Winter: Movement speed of all agents decreases by 10%.

Agents represent individual organisms in the population. The simulation is initialized with 20
agents placed in random positions. Each agent is characterized by the following parameters:

Energy: Agents have a current energy level, which is consumed for vital functions and movement.
The base consumption is 1 energy unit per second (resting energy). Additionally, 0.5 energy units are
consumed for each cell traversed. Consuming one unit of food restores 50* energy units (* - default
parameter). The initial energy level of each agent is 99 units. The base maximum energy capacity is 500
units (can be modified by genes). An agent dies if its energy level reaches zero.

Movement: The base movement speed of an agent is 2 cells/second (can be modified by genes and
seasonal effects).

Perception: Agents have a field of vision that allows them to detect food and other agents. The base
vision radius is 10 cells (can be modified by genes).

Each agent possesses a genome consisting of 10 gene slots. Each slot can contain one of five
possible alleles (gene types), which determine the agent's phenotypic traits:

Type 0 (Empty): No phenotypic effect.

Type 1 (Speed): Increases base movement speed by 10% for each gene of this type present.

Type 2 (Endurance): Decreases total energy consumption (base and movement) by 10% for each
gene of this type present.

Type 3 (Vision): Increases base vision radius by 2 cells for each gene of this type present.

Type 4 (Max. Energy): Increases maximum energy capacity by 100 units for each gene of this type
present.

The phenotypic characteristics of an agent are calculated based on the combination of genes in its
genome. For example, the actual speed of an agent is calculated as:

V = Vihase * (1 + 0.1 - Ngpeea) - (1 - 0.1 - Winter effect)
where Vi is the base speed, Ngpeea is the number of 'Speed' genes, and Winter effect is 1 during Winter
and 0 during other seasons. Other characteristics are calculated similarly.

Agent behavior is determined by a simple set of rules based on their state and perception of the
environment, with the following action prioritization:

1. Food Search: If one or more food units are within the agent's field of vision, it moves toward the
nearest one. If multiple agents move towards the same food unit simultaneously, the one arriving first
obtains it.
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2. Reproduction: If no food is in sight, but the agent has sufficient energy for reproduction (= 100
units), it searches for the nearest other agent also having > 100 energy units, and moves towards it for
mating.

3. Clan Assistance (if a clan member): If an agent is a clan member and receives a help signal from
another member (with energy < 5 units), and the agent itself has > 150 energy units, it moves towards the
agent needing help.

4. Calling for Help (if a clan member): If an agent's energy drops to < 5 units, it ceases other actions,
remains in place, and signals its clan members for help.

5. Waiting: If none of the above conditions are met, the agent remains stationary, minimizing
energy expenditure.

Sexual reproduction occurs under the following conditions:

* Both potential parents are adjacent and have an energy level > 100 units.

* Each parent expends 100 energy units for the reproduction attempt.

The probability of successful fertilization depends on the genetic similarity of the parents and is
calculated using the formula:

P= ((S / N) : (100 - Pmin)) + Pmin
where: N = 10 — total number of gene slots; Pmin = 5% — minimum probability of successful reproduction;
S — a measure of genetic similarity, calculated as the sum of the minimum counts of each gene type (1-4)
in both parents.

* Upon successful reproduction, a random number of offspring (from 1 to 4) are produced.

* The genome of each offspring is formed by inheriting genes randomly selected from both parents.
Selection occurs slot by slot, with each parent having a 50% probability of transmitting their gene
information for that slot.

* Each inherited gene slot has a 1% chance of mutation, meaning the allele changes to any other
type (including 0) with equal probability.

After reproduction, the parents immediately disperse in random directions for 3 seconds (to reduce
local competition) and enter a 30-second refractory period during which they cannot initiate new mating.

Agents can form social groups (clans) based on genetic similarity.

» Formation: An agent not belonging to a clan, possessing > 7 genes of a single type (1, 2, 3, or 4),
and having > 200 energy units can attempt to create a new clan corresponding to that gene type. The attempt
costs 50 energy units and has a 25% chance of success. Only one clan can exist for each gene type (1-4).

* Recruitment: The clan founder attempts to recruit new members (agents with > 7 corresponding
genes) every 35 seconds until the first success. Other clan members attempt recruitment every 30 seconds.
If a clan member encounters a suitable candidate, recruitment occurs with an 80% probability.

* Intra-clan Assistance: Clan members can provide energy assistance (50 energy units) to other
members of their clan who are near death (< 5 energy units), provided the donor has sufficient energy (=
150 units).

Result. This section presents the results of the simulation modeling for the baseline scenario, which
is characterized by a balanced food value and distribution of food intensity by season. The results are
visualized in Figure 1, which shows the dynamics of the total population size (top graph), the relative
frequency (share) of each gene type (1-4) in the population gene pool (middle graph), and the dynamics of
the number of members in clans for each gene type (bottom graph). Simulation parameters: food value -
50, intensity of emergence by season 4, 5, 3, 2 units per second.

In the conditions of moderate seasonal variability, the population of agents showed stable dynamics
after the initial growth phase. The “Vision” gene (Gene 3) quickly established a dominant position, steadily
maintaining a share of 40-50% of the total number of functional genes. The “Speed” (Gene 1) and
“Endurance” (Gene 2) genes coexisted in the population, maintaining approximately the same, though
lower, frequencies (about 20-30% each). The “Maximum Energy” gene (Gene 4) was the least competitive
under these conditions, and its frequency rapidly decreased to minimal values. The simulations in this
scenario were characterized by high stability (about 100% of successful launches). The clans were formed
almost exclusively on the basis of the “Sight” gene, which correlates with its dominant position.

Conclusions. A software model of agent-based simulation for studying eco-evolutionary processes
has been successfully developed and implemented. The model includes the genetic structure of agents, the
impact of seasonal environmental changes, basic rule-based behavior (simple Al), and the mechanism for
forming social groups (clans). The results of the test run confirmed the model's performance and its ability
to simulate the competition of genetic strategies and basic population dynamics. The presented simulation
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is a validated tool for further research on the influence of various factors on evolutionary adaptation, which
will be presented in the next paper.
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Figure I. Simulation results with parameters: food value 50, seasonal intensity - 4, 5, 3, 2
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C.b. MikyJiu
Jhybkuti HayioHanvHull MexHiYHUll YHigepcumem

BUKOPUCTAHHSA HEITPAMOTI'O MIAXOAY METOAY 'PAHNYHUX EJIEMEHTIB
J0 JOCIIIKEHHA JUHAMIYHOI'O HAITPY KEHOT'O CTAHY IIVIACTHUHYACTUX
EJIEMEHTIB 3 BKJIIOYEHHAMHU

Y pooomi npeocmaeneno uucnosy peanizauito MemooOuxky OOCHIOHCEHHA HANPYHCEHO20 CHMAHY HECKIHUEeHHUX
RAACMUHOK 3 HCOPCIMKUMU 8KII0UeHHAMU. Po36’a3anna 3a0aui npoeoounoca Ha 0CHOGI CyMiCHO20 6UKOPUCIAHHA Mem o0y
ZPAHUYHUX [HMeZPANbHUX PIGHAHL, anapamy meopii ynkyiii Komnaekcnoi 3sminnoi. Qucnoea peanizayia 3anponoHoeanozo
nioxo0y 30iliCHINEANACA 30 UKOPUCMAHHA MEM OOy MeXaHiunux Keaopamyp ma konoxayii. Tecmysannsn egpekmuenocmi ma
mounocmi 3anponoHO6aH020 niOX00y NPOBEOeHO ONA GURAOKY O0CHIONCEHHA OUHAMIYHOZ0 HANPYHCEHO20 CMAHY
RAACMUHYACMO20 eNleMEHMY 3 HCOPCIMKUM HEPYXOMUM KPY206uM GKII0OYeHHAM 3a Oii nadaiouoi xeuni cmucky. Ompumani
YUCN06i PO36’A3KU NOPIGHIOGANUCA 3 GIONOGIOHUMU GidoMumu Yy dimepamypi aHanimuynumu po3e’azkamu. Bioxunenus
pe3ynomamie cmanoguno ne oinvuie 3%. Ilpooemoncmpogano epexmusnicms ma ynieepcanvHicms po3poonenozo nioxooy..

Knrouosi cnosa: memoo epanuiHux enemenmis, NiaCMuHKY, HanpyHCeHUti CMaH, 6KIYEHHS, OUHAMIYHE HABAHIMANCEHHS.

S.B. Mikulich

USE OF THE INDIRECT APPROACH OF THE BOUNDARY ELEMENT METHOD TO
THE STUDY OF THE DYNAMIC STRESS STATE OF PLATE ELEMENTS WITH
INCLUSIONS

The paper presents a numerical implementation of the method for studying the stress state of infinite plates with rigid
inclusions. The problem was solved based on the combined use of the method of boundary integral equations and the apparatus
of the theory of functions of a complex variable. The numerical implementation of the proposed approach was carried out using
the method of mechanical quadratures and collocation. Testing of the proposed approach's effectiveness and accuracy was
carried out to study the dynamic stress state of a plate element with a rigid fixed circular inclusion under the action of an
incident compression wave. The obtained numerical solutions were compared with the corresponding analytical solutions
known in the literature. The deviation of the results was no more than 3%. The effectiveness and versatility of the developed
approach are demonstrated.

Keywords: boundary element method, plates, stress state, inclusion, dynamic loading.

IlocranoBka mnpodJjemu. Maibke y BCiX iHKEHEPHHX KOHCTPYKLISIX HasiBHI KOHLIEHTPAaTOPH
HanpyXeHb y BUTJISI OTBOPIB, BKIIOUEHb UM MigcuieHb. OuiHKa KOHIEHTpALil Hallpy:KeHb € BasKIHBOIO
MIpHU BU3HAYEHH1 HAIIMHOCTI Ta TEPMiHIB eKCIITyaTalii BiAMOBIGHUX JeTaneid, 0cOONMBO 32 TUHAMIYHOTO
yn BiOpauiiiHoro HaBaHTaXeHHA. KpiM TOro, KOHIIGHTpAaTOpHM HaNpyKeHb BIUIMBAIOTH Ha BTOMHE
pYHHYBaHHS, 110 BUHUKAE Yepe3 TPILIMHU a00 MOMIKOIKEHHS.

Cain BiZMITHTH, IO KOHLEHTpALis HalpyXeHb HasBHA TaKOX 1 y MarTepianax 3 CTPYKTYpPHUMH
HEOAHOPIAHOCTSAMH: TOPOXXHHUHAMH, OTBOpaMH. 3a Aii AMHAMIYHMX HAaBaHTa)XEHb Yy TAaKUX Marepianax
CTBOPIOETHCS TPATIEHT HANPYKEHb, IO MPU3BOAUTH 10 HAKOIIMYCHHS MOIIKOKEHb. BaxkuBe 3HaUeHHS
MAalOTh JOCTIKEHHS PO3MOALIY Halpy:KEHb B OKOJIi TAKUX KOHIEHTPATOPiB MpU BUBUYECHHI MEXaHIYHOT
MOBEIIHKY BiJMOBITHUX €IEMEHTIB KOHCTPYKIIiii, OCOOJIMBO 32 HASBHOCTI T€OMETPHUYHOI HEOTHOPITHOCTI.
Posnoain HanpykeHp Ta AedopMaliil y TakMX eleMEeHTaxX KOHCTPYKLIM iCTOTHO 3aleXuThb Bin (opmu
BKIIFOUEHHS, WOr0 MeXaHi4HHMX, (I3MYHMX Ta TEOMETPUYHUX XAPAKTEPUCTUK. [pyHTOBHMI aHaii3
HanpyXeHo-1e()OpMOBaHOTO CTaHY I€OMETPUYHO-OAHOPIAHUX TiJl TO3BOJISIE 3alPONIOHYBATH MiAXOAU 10
3MEHILIEHHA IHTGHCHBHOCTI HAampyXeHb MLUIAXOM MiZ0Opy BIiANOBIZHMX MeEXaHIYHUX 1 (Qi3muHHX
XapaKTePUCTUK KOMIIOHEHTIB BKIIIOUCHHS.

AHani3 ocraHHIX mocaimxKeHb i myOmaikamifi. Y mitepaTypi IS 3amad mpo  TOCTiIKEHHS
KOHILIEHTpALii Hallpy>KeHb OLI KPyroBUX BKJIIOYCHB 32 CTATHYHOIO Ta KBa3iCTATUYHOIO HABAHTAKEHHA Y
HECKIHYEHHUX IUIACTMHKAX OTPHUMAaHO aHANITH4HI po3B’s3ku y ¢opmi psaniB y pobdorax O. M. ['yss,
B. JI. Ky6enka [1], I'. M. Caina [2]. {7151 BKJIIOU€Hb iHIIOT reOMETpii: eNiTHYHOI, MPSIMOKYTHOI Ta 1HIIMX
¢dhopM, y JmiTepaTypi BUKOPUCTOBYIOTHCS HAOIIKEHI METO/IN, 30KpeMa, METo/T 0araTOKpaTHHUX BioOpakeHb
[2].

Kpim Toro, mmsi mocmiIKeHHs Takoro Kiacy 3aJad BUEHHMH 3aCTOCOBYBAJINCS 1 HaIliBUMCIIOBI
METO/H, TakKi K METOJ IPaHUYHUX €JIEMEHTIB [3-5], 1m0 103BOIMIO OTPUMATH CUHTYISIPHI Ta PETYISpHi
IHTErpaJIbHUX PIBHSIHHS U BUIIAJIKy CTATUYHOTO Ta KBa3iCTATHYHOIO HABAHTAXKECHHSI.

[Ipore, nanmii kIac 3aa4d Mae BEJIMKY aKTyaJbHICTB 1 3apa3, Mpo IO CBiAYaTh YHCICHHI poOoTH [6-
12], nns po3B’si3aHHS SKUX Y JITEpaTypi BUKOPHCTOBYIOTHCS SIK YHCIIOBI, TaK 1 aHaJiTHYHO-YHCIIOBi
METO/IN.
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VY [6] mpencraBieHO pe3yNbTaTH YHCIOBOI'O AaHANI3y HANpPYXEHOrO0 CTaHy TOHKOI MpYXHOI
OPSMOKYTHOI TJIACTHHM 3 KPYIJIMM OTBOPOM 1 KUIBLIEBUM BKJIIOUEHHAM 13 (PYHKIIOHAJIBHO
IpaZieHTOBAaHOrO MaTepially, IO OTpUMaHi 32 BUKOPHCTAHHS METONY CKIHUEHHHX eleMeHTiB. Y [7]
3alPONOHOBAHO MiAXOAM 10 YMCIIOBOIO aHaJli3y PO3MOATY HANpPy>KeHb y MPSIMOKYTHUX IUIACTHHAX 3
MiAKPITNIEHUMY BUAOBKEHUMHU OTBOPAMH 32 JIii OCECHMETPHUYHOI'0 PO3TATYBAaJILHOTO HAaBAaHTAKEHHSI.

VY [8] mpeacraBiieHO MaTeMaTH4HY MOJENb 3ajadi JOCHIIHKEHHS HAMpyKEHO — AedOpMOBaHOIO
CTaHy IUIACTMHM 3 J>KOPCTKUM JIIHIMHMM BKJIIOYEHHSM 3a BUMNAAKY Jii CTATHYHOTO 3THHAJIBHOTO
HaBaHTAXXEHHSI, 7151 PO3B’SI3aHHS SIKOT OTPUMAaHO CHHTYJISIpHE iHTErpasibHE PIBHAHHS. MeTOA CUHTYIISIPHUX
IHTErpaJbHUX PIBHSHb BUKOPUCTOBYBaBCA y [9] 11t moOyaoBH TBOBUMIPHOI MOZAENI KPYIJIOil IUIACTHHH 3
KPHUBOIIIHITHUM BKJIFOUYEHHSAM Ta TpimuHOop. Y [10] mpencraBieHa aHamiTHYHA MOAEH ITepexoxy (hopMu 3
2D na 3D y TOHKHX KpYTOBHUX €IeMEHTax 3 BKIIOUCHHSAMH 3a il 3THHAILHOIO HaBaHTAKEHHSI.

[1o6ynoBi aHamITUYHUX PO3B’SI3KIB 334241 PO HAIIPY>KEHOT'O CTaHy IUIACTHHKH 3 KPYTOBUM M’ SIKUM
Ta OPCTKUM BKJIIOUEHHSM MpucBsueHa podora [11]. Tyt pos3s’s3ok Kipma MmogudikoBaHo 11 BUNIAAKY
XKOPCTKOro abo M'SIKOro BKIIOYCHHS 32 BHUKOPUCTAHHS TEOpii CYMepHo3ULii Ta KpUTEPiI0 PO3MOIiTY
HaTpyXeHb.

VY [12] 3anpomnoHOBaHO BUKOPHCTAHHS MOIU(IKOBAHOTO METOY IPAHUYHUX EIEMEHTIB JI0 aHANI3Y
HanpyXeHo-1e()OpMOBaHOTO CTaHy IIACTUHM 3 0araTolapoBUM BKIIOUYEHHSIM JAOBUIBHOI (OpMH, IO
nepeOyBae B yMOBax CTaTMYHOTrO HaBaHTaxkeHHs. OJHIEIO 3 MepeBar BUKOPUCTaHHA METOy T'pPaHHUYHHUX
CJIEMEHTIB € MOXKJIMBICT BU3HAYUTU BCi KOMIIOHEHTH HANpy>KeHb Ta AedopMaliid Ha MexXi po3ainy Mix
BKJIIOUEHHSIM Ta MaTpuuero. KpiM Toro, BUKOpUCTaHHS TaKOro MiAXOy AO03BOJIWIO MPOBOJUTH YHCIOBI
JOCIIKEHHS Ul BKJIIOUEHb MPAaKTUYHO NOBUIbHOI (hopmu. Y [13] mpomeMoHCTpOBaHO e(eKTHBHICTD
BUKOPUCTAaHHSI METOAY TPaHHYHUX EIEMEHTIB Ta IPaHMYHHUX IHTErPalbHUX PIBHSIHB IO IOCHIMHKECHHS
JUHAMIYHOTO HANpPYKEHOI'0 CTaHy TUIACTHHYACTUX €JIEMEHTIB 3 po3pi3aMH.

V [14] noOynoBaHOr0 iHTErpaIbHi PIBHAHHS APYToi OCHOBHOI 3aAa4i A7l IVIACTUHYACTHX EIEMEHTIB
3 BKJIIOYCHHSAMH. TyT OTpHMaHO BUTIISAA (pyHIaAMEHTaNbHUX (YHKLIN BIUIMBY HAOpPYy>KEHb U BUNAIKY
JUHAMIYHOTO HaBaHTa)KEHHA. 3a7jauy 3BEIEHO 10 CUCTEMH CUHTYJISIPHUX 1HTETpajbHUX PIBHSHb.

IlocranoBka 3aBaanHsA. MeToro 1aHoi poboTH Oy10 pO3pOOUTH YHCIOBY peaizalio chopMoBaHOl
y [14] MeToquKu AOCTiAKEHHS AWHAMIYHOTO HANpPY>KEHO-Ae()OpMOBAHOTO CTAHY Tl 3 BKJIIOUEHHSAMH Ta
MPOBECTH UHUCIOBUH aHami3 Uil BUMAIKy HECKIHYCHHUX IUIACTHHOK 3 J>KOPCTKUMH HEPYXOMHUMH
BKJTIOUEHHSIMH KPYTOBOi ()OPMH 32 Aii KBa3iCTATUYHOTO OJHOBICHOI'O HABaHTAKEHHS.

BukianeHHs: ocHOBHOro martepiany. Po3riigsHeMO MIaCTHHYACTUH €NEMEHT, y SIKHM BIasHE
XKopcTKe BKItodeHHs (puc. 1). BrutodeHHS noAaTKOBO 3adiKCOBaHO TaKMM YHMHOM, IMIO0 Ha TpaHMI
IUTACTUHYACTOrO €JIEMEHTY Ta BKIIIOUEHHSI Oy/IM BiACYTHI nepemMinieHHs (puc. 1).

X3 A
' \Coé%_. )y
-——— X,
T

Puc. 1. Mopenn 3amayvi

[lo3HaunmMo yepe3 L TpaHHUII0 KOHTYPY BKIIOYEHHS, yepe3 D — o0nacTpb, Ky 3aliMae MJIaCTHHKA.
Bignecemo macTHHYACTUH €EMEHT 0 IEKapTOBOi CHUCTEMH KoopAMHAT OXXx2X3, AKY PO3MICTUMO Y
LEHTpi Baru BKIrOUeHHS (puc. 1). BiamoBigao mo [14], rpaHrdYHI YMOBH 3a/1a4i 3aNHCYIOTHCS Y BUTIISII:

wl, =0, i=12. €))

TyT uq Ta U, — BiANOBIAHO MEpEMillieHHs] TOYOK T'PaHUL IJIACTUHKH B HaNpsMKy ocelt Ox; ta Ox;,

Jnst po3B’si3aHHsI TOCTaBJIEHOT 3a1a4i BUKOPUCTAEMO METOA TPAHNYHUX eleMeHTiB [15]. Binnosigao
1o [15], inTerpanpHe mpencTaBiIeHHs MepeMillleHb Y BUMAAKY Ipyroi OCHOBHOI 3a/adi MOXXHA MOAATH Y
Bursii [14]:

u;(xq,%2) = — fL Uj (x7;x3) - Pii (15 x2; x7;x3)ds, (2)

ne Py; — dyHnamenTanbHi QYHKI, 0 BiATOBINAIOTE HATIPY/KEHHIO Yy k-My HampsAMKY Bif mii
OIVHUYHHUX CHUJ Y j-My HampsMKy. s ABOBHUMIPHOTO BHIAAKy 3HA4YEHHS 1HICKCIB NMPHUHAMAIOTHCS:
kj=I 2.

Bignosigno no [15], BukopucroBytoun BekTop byccunecka, GpyHmameHTanbHUN TeH30p (yHKOiN
BILIMBY, 110 BXOAATH JI0 IHTErpajbHOTO MpeACTaBICHHS (2), Ul BUIIAAKY KBa3iCTaATHYHOIO HABAaHTAXKECHHS
MOJKHA 3aITUCAaTH y BHUTIIA, aHAJIOoriyHOMY 110 [14]:
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, 1 or or ar\* or
Piiz_ Flnla+F2%+2F3< ) )
l

21 dx;) on
pr 1 F 6r+F 6r+2F Oor dr or
= o\ 4 0x; 2™ 0x; 3 9x; oxjon)’

ne 1 — BekTop HopMmaii 1o rpanuii. Tyt GyHkuii Fy, F,, F3, F, MaroTh aHAIOTIYHY CTPYKTYpPY 10

[14]:
2 2 2
C1 ' C1 ' C1 X
F=5-1|¢+|5-2)x+|(5+1)5;
! <C§ )w <C§ )X <C§ )r

2 2
. X CX ci SN, X
Fr=y -2,k =—x +2;.F4=<C—2—2>(¢ +X)+C—z;-
2 2

VY BuUmNajKy BKa3iCTaTHYHOIO HABAHTAXXEHHS BiJIMOBiHO 10 [15]:
i wr cy wr cy wr
() (-2 ().
v 2( Ocz a)r<1c2 c11c1
; 2
in wr\ Cy wr
() )
Xr=7 ( Z\c, 2 *\¢g
ner; = %, r= J(xl —x)2 + (x; — x2)%; HZ(2) = J(2) — iy (2) — ynxuii Tankens 11 pony;

J(2), Y (z) — BigmoBinHo ¢ynkuii beccenst I Ta II pomy, i, j=1, 2. InTerpyBaHHs B3IOBX TIpaHMII
TIPOBOJUTHCS 32 3MIHHUMH X3, X3,

BukopucroBytoun 3ampornoHoBaHy y [14] meroamky 3BemeMo pO3B’A3aHHS 3alJadi 0 CHCTEMHU
IHTETpaJbHUX PIBHSHb, SIKI y POOOTI OTPUMAaHO LUIAXOM 3aJ0BOJIEHHS TrpaHHuHuX yMoB (1) mpwu
MiJICTAHOBII IHTErpadbHUX TMPEACTaBIeHb (2) 3 ypaxyBaHHSM MpPEICTaBICHb IS IMiJIHTErPAThHIX
(GyHKLIH, BCTAaHOBJICHHA iX OCOONMBOCTEH, BUAUICHHS HEPEryISpHUX CKIAJOBHUX Ta BUKOPHCTaHHS
¢dopmyn [Inemensa-Coxoupkoro [2, 15] npu rpaHn4HOMY Tiepexofi. IHTerpanbHi piBHSIHHS MOCTABICHOT y
MeTi poOoTH 3afadi y MaTpu4Hild GopMi 3aITUCYIOThCS:

CU+ [ F-Uds=P, 3)
€11 C12 S .
ne C = Cp  Cyp) ~ MATPHIA Koe(illieHTIB, 110 BU3HAYAETHCSA TPU TPAHUYHOMY IIEPEXOi 3a
Uy . .
Bukopuctanus Gopmyi [Inemens-Coxornpkoro [2, 15], U = (uz) — MaTpHULA HEBIJOMHUX MepeMIlIeHb, P =

P . .
( P1> — MaTpund BIAOMHX BCIWYWH, IO OTPUMYETHCA IMPU YpaxXyBaHHI1 BIIJIMBY 3aJaHOI'O HABAHTAXKCHHA
2

IUISIXOM 33JI0BOJIEHHS IpaHuynHux ymoB (1), F = (;11 ]{12
21 J22

(GYHKLIH, SKI OTPUMYIOTHCS IPH 3a10BOJICHHI I'PaHUYHHUX YMOB (1) Ta MalOTh BUTJISIA:

)— MaTpUls BiIOMHX MiJiHTErpaTbHUX

ffk = Pj>;€|(x1'xz)EL'
(x?x2)€EL
Cuctema iHTerpaibHUX PiBHAHB (3) pO3B’sI3yBanacs YMCIOBO 32 BUKOPUCTAHHS METOY MEXaHIYHUX
KBaJpaTyp CYMICHO 3 METOIOM Kojokamii. J[mg mporo mpoBoammacs mapaMmerpusaiis rpaHHIl KOHTYPY
BKJTFOUeHHS L y BUTISAAI [2]:
x1 = @(0); x; =9(0), t =g(0) =9(0) +iY(8), 0<0 < 2m.
BpaxoByroun, mo miginrerpanbHi QyHKIIl fj; MPU MaauX 3HAYEHHAX apIYMEHTY € HEPETYIAPHUMH,
BHKOPUCTAEMO YTOUHEHI KBaApaTypHi GOopMyNn 3 ypaxyBaHHSIM THITy iX ocoOnuBocteil. s iHTerpaiis,
10 MaIOTh JIorapu(MiuHy 0COOIMBICTh BUKOPUCTAEMO KBAApaTypHi popMyiu Buy [16]:

[of(t2) Inrdt = hEE, fon (In = Zh_, 2= cos(0 = 6,)) g 4)
ac

' ' 5\ A — K
gn =90, 6,=h,  z,=2(6,),8,=0,+h/2,v=1Kh=2n/K, M==.
Jnst peruTy iHTErpaiiB, IO HE MAIOTh JIOTAPU(PMIYHOT Ta CHHTYIISIPHOI OCOOIUBOCT1, BUKOPUCTAEMO

TaKi KBaJpaTypHi CIiBBIJHOIIEHHS MiABHIEHOI ToYHOCTI [17]:
fg qf (t,z,)dt = h ¥5_1 Gnfonn. (5)

ne fun = f(tn, 2y)-
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IIpn peanizamii 3ampoNOHOBAHOTO MIAXOLY TOYKH KOJOKAIii BHOMpalucs 3 YypaxyBaHHAM
HacTyImHUX 3anexHoctel [17]:

. ) 2
Zy =x; +ixg, tp =x) +ix),r= J(xl —x9)" + (x, —xz)

Bukopucranus kBazgpatypaux ¢opmyn (4)-(5) o iHTerpadbHHX piBHSAHB (3) HO3BONSE 3BECTU

PO3B’sI3aHHS 3a/1a4i 10 CUCTEMH PiBHSHD, 110 3aMTUCYETHCS Y BUIIISLI:
AU=P, (6)

ne A ={Aj}, Ajx = G + F, U={w}, P={P},jk =1T..K

Jns po3paxyHKy TOJOBHHX HOPMajJbHUX HaIlpy)K€Hb MOOYAYEMO aHATITHYHI 3aJEXHOCTI Y
iHTerpanbHiid Gpopmi. Jng nporo Bukopucraemo Gopmynu [2, 15] mis BUNagKy MIIOCKOrO HANPYXEHOTO
CTaHy:

d d d d
011=P( 2 u1+(C1 —2¢3) uz), 022 =P( 2 u2+(C1 —2¢3) ul) (7

ne ¢; , C; - UWIBHOKOCTI XBHJIb PO3MIMPEHHS BU3HAYAETHCS Ta XBHIb 3CyBY [2, 15], siki y BUnaaKy
IUIOCKOT'O HAIIPY>KEHOT0 CTaHy BU3HAYAIOTHCA 32 (POPMYIIaMH:
E
i L S S
p(1—1%) 2p(1+v)
Tyt E - Monynb IpYKHOCTI NEpIIOro poxy marepiany (Moxyns FOHra), p — ryctiuHa mMaTepiaiy, V -
koediuient [Tyaccona.
[ligcraBistoun nmpencTaBiaeHHs s iepeMitiers (2) y dopmynu (7) oTpuMaemo:

011 = JHnuldS + leuzds,
L L

09 = JHZluldS + JHZZuzdS,
L L

ne GyHKuii H;j € BITOMHMH Ta IPH PO3PaxyHKy HANPYKEHb BU3HAYAIOThCA YMCIOBO Y BiAMOBIIHUX
TOYKax. Y BHUNAIKy PO3paxyHKy HampyXeHb Ha TPaHULi BKJIIOUCHHS Ta MaTpuli Oylio IOIaTKOBO
BCTaHOBJICHO OCOOJIMBOCTI MiliHTerpadbHUX (PyHKLINH Ta BUKOpucTaHo Gopmyiu Ilnemens-Coxoupkoro
[2, 15] npu TpaHUYHOMY TIEPEXOIi.

s mepeBipKH TOCTOBIPHOCTI Ta TOYHOCTI 3alpONOHOBAHOTO AHAIITUYHO-YHCIOBOTO IMiIXOLY
MPOBEIEeMO TECTYBaHHA Ha 3aldadi Mpo AOCTIKEHHS KOHIEHTpalii HampyXeHb Ha TpaHMIl KOPCTKO
BIIAsHOI'O KPYrOBOTO HEPYXOMOI'O BKIIOYEHHA. UMCIOBI pO3paxyHKH MPOBEINEMO Ul Pi3HUX 3HAUYEHb
koediuienty [lyaccona y Bunmaaxy aii «magarouoi» XBHII CTUCKY, MOTEHIIIalH SIKO1 3aaat0Thes [1, 2]:

® = e TO) p =, (8)

e w - 4acToTa, wi = —, @y =—. XBHUJISI NOWMPIOETHCA Yy HAmpsMKy oci Oxq. 2D monenb

HaBaHTAXXCHHS MMPECACTABJICHA Ha pI/IC. 2

Puc. 2. 2D MoneJib HaBaHTAKeHHS.

Taka 3amaua € AMHAMIYHUM aHAJIOTOM 3a/ladyi MPO KOHIIEHTPAIil0 HANpyXeHb OIS OTBOpIB
(BKJIIOYEHB) TPH JABOOCHOBOMY OCHOBHOMY HANpPYKEHOMY CTaHi. Y BHUNAIKy YCTaJCHUX KOJHBaHb
MaTeMaTHYHO TaKe HaBaHTAXKEHHS OMHMCYETHCA 3 JOIOMOIOI0 TUIOCKOI MPYKHOI XBUIII, IO NaAa€ Ha OTBIp
(BxmrouenHs). Taka XBUIIsL MOpomKye BigOuTi xBuii. CyMapHe XBIIIBOBE [10J1€ BU3HAYAE HANIPY>KEHUH CTaH
y npyxHiil ruractuaui. [Ipu nboMy, Ha KOHTYpi BKJIIOUEHHS BHHUKAIOTh BiIOWTI XBHJII CTUCKY, TOTEHLIaJIN
(8) ¥ Ta ® sKMX 3aI0BONBHSIOTH piBHAHHAM [ 'emromsia [1, 2].

VY [1, 2] 3a BUKOpPHCTaHHS METOAY PsIiB OTPUMAHO AHAIITUYHUI PO3B’SI30K 3adadi y BUIIAIL
HECKIHYEHHOTO PAAy, IO XapaKTEPU3YETHCS BUCOKOIO 301KHICTIO. Bl).Il'IOBl).IHl pe3yibTaTH y BHITIALL

300pakeHHs 3 KHUTH [ 1] HaBeneHo Ha puc. 3. TyT npuitmanocs, Mo @ = w, = .
2

ToMy nms TecTyBaHHS 3allpOIIOHOBAHOIO MiIXOAY OTPHUMAEMO PO3B’SA30K L€l K 3amadl Ipu
aHAJIOTTYHUX 3HAYCHHSIX BXIAHUX MapaMmeTpiB. Po3paxyHKH NpPOBOAWTHMEMO Yy IBOX TOYKaxX TpaHHUL
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KOHTYpY ’KOPCTKOI'0 BKJIIOUeHHs: 6 =0 T1a 6= 1.

6.

3oy

207

10

V=4h

. A ——
¢ 10 20 30 oa

Puc. 3. Po3nonis pagiantbHUX HANIPYKeHb HA TPAHUII KPYTOBOI0 HEPYXOMOI'0 BKJIIOYCHHS,
orpuMaHi y [1] meTogom psnis

PesynbraTi 4ncnoBHX po3paxyHKIB Ha OCHOBI PO3BHHEHOI Yy POOOTI METOIWKH TMPENCTABICHO HA
puc. 4. Tyr HaBeleHO KpWBI pajiadbHUX HANpyKEHb JUISl BHUMAIKY aHAJIOTIYHHX 3HAYCHb BEITHUYHH
koedimienra Ilyaccona: v=0,15, 0,25, 0,35 ta v=0,45 mis 3pydHOCTi TIOpIBHSHHSA Ta aHamizy. llpm
po3paxyHkax Oymno BuOpaHo #=5(0 TOYOK pO3OUTTSI TPaHUIl BKIIOUCHHS.

25

1.5

0.5

0 1 1 1 1 1 i
0 05 1 15 2 25 Wy 3

Puc. 4. Po3nogin pagialbHUX HANPY’KeHb HA TPAHNLI KPYTOBOI'0 HEPYXOMOI0
BKJIIOYEHHS, OTPHUMAaHIi I'a 0CHOBi po3po0/ieHOI MeTOMKH

[Ipy mopiBHSHHI pe3ynbTATiB, HABENEHMX Ha puc. 3 Ta puc. 4, BHIHO, IIO HampyXEHHS
BiZpi3HAIOTECS Ha 2-3%, 10 MiATBEpIKYe eeKTHBHICTH 3ampornoHoBaHoro miaxoxy. Kpim Toro, cepen
nepeBar po3po0JieHOi METOJUKH € MOXJIUBICTb IIPOBOIUTH aHaJIi3 HAPYXEHOro CTaHy B3JOBXK yCiX TOUOK
I'paHMI BKIIOYEHHS, OCKUJIbKH, Ha BIIMIHY Bi/l METOIY PALIB, PO3B’SI30K OyIy€eThCS M1 YCiX TOYOK TPaHLi
ogHodacHo. Ha puc. 5 HaBeneHo 3MiHy pO3MOAITYy HOPMAJIbHUX HAIPY>KEHb B3I0BXK IPAHHIl BKIIOYCHHS,
10 pO3paxoBaHi Il NEKLTBKOX 3HAYeHb YacTOTHOI xapakTepuctuku @, = 0,25; 0,5; 1,0; 1,5.

Kinbuesi Hanpy>KeHHs B3I0BK I'PaHMIIi BKIIOYEHHS € 3HAYHO MEHIIINMHU BiJl pajlialbHUX HapyXKeHb.
Le mosicHIOETBCS TUM, 10 GPOHT XBHUIII Ji€ B310BXK oci OXi, mo y Touni 8=0° cniBnanae 3 HaIPSIMKOM
HOPMaJIi 10 TPaHMLi BKIIOYEHHS.
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120 60

J11

150 30

210 " 1wy = 0.25 330
2iwy = 0.5
Tigs = Ll
240 4w, =15 300

270

Puc 5. 3mina po3noginy HOpMaJIbLHUX HANIPYKEHb B310BK I'PAHUIi BKIIOYEHHS

Po3noain kinpLeBUX HAPY>KEHb, PO3PAXOBAHUX Y aHAJOTTYHUX Toukax: @ = 0, @ = 7 HaBemeHO
Ha puc. 6.

0 0.5 1 1.5 2 25 Wy 3
Puc. 6. Po3noain kinbueBux HaNpy:KeHb

Cain BigMITUTH, 3alPONOHOBAHUI Yy Wil poOOTI MiAXix XapaKTepU3yEThCS 1ICTOTHO LIMPIIUMH
MOXIJIMBOCTSIMH PO3paxyHKiB. Kpim Toro, neil minxin € yHiBepcaabHUM ISl TOCTIKEHHS HAIPY>KEHOTO
CTaHy y BUNAJKy BKJIIOUEHb iHIIOI rMaakol popMu Ta He moTpelye, Ha BiAMIHY Bill METOLY PAIIB, KOAHUX
Moaudikaniii. IlepeBaru nporo migxony OyayTh MPOAEMOHCTPOBaHI Y Pl HACTYIHHUX JOCIHIIKEHb.

BucHoBkn

3anpornoHoBaHa y poOOTI YHCIIOBa pealizailis METOAy, po3BUHYyTOro y [14], mo mo3Bomse
MPOBOANTH JOCIIIKEHHS Ta aHali3 Audpaxuii Ipy>KHUX XBHJIb Y MJIACTHHYACTUX €JIEMEHTaX 3 )KOPCTKUMHU
BINASHUMU BKJIIOUYEHHAMH, € OUIbII YyHIBEPCAJIBbHOIO, L0 MPOJEMOHCTPOBAHO Ha OCHOBI YHCIIOBUX
pospaxyHkiB. Ilomampin mocmimkeHHs OyAyTh CHOpsIMOBaHI Ha BHMBYCHHS BIUIMBY KOHLEHTPATOPIB
HanpyXeHb y GopMi eNiNTHYHUX BKIIOYECHB, 10 € MOJEISMH 3BapHHX IIBiB, HA PO3IOALT HAPYKEHb.
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C. ®. Kupwmiok 7, €. C. Kupumok ', T.A. Barmok '

Inemumym npobnem mamepianosnascmea im. I.M. @panyesuua HAH Yrpainu, Kuis, Yxpaina'
Honeyvkuii pizuxo—mexniunuii incmumym imeni O.0. Tankina HAH Ykpainu, Kuis, Yxpaina®

BIIJIUB 'APAYOI'O HITAMIITYBAHHSA HA CTPYKTYPY TA BJJACTUBOCTI
MNOPOIIKOBUX KOMITIO3UTIB CUCTEMMH Fe-®X800-TiB:

B cmammi naeedeni pesynvmamu eniugy 0eopmoeanozo cmamy mamepiany npu 2apauomy wmAamnyeaHHi Ha
cmpykmypy ma hizuxo-mexaniuni enacmueocmi nopouikosux komnozumie cucmemu Fe-Cr-C. Ananiz oeghopmosanozo cmany
Mmamepiany npogoounyu Ha NIOCMAgi MOOeII06AHHA NPOUECY 2apAY020 WMAMNYEAHHA NOPUCHOL 3A20MO6KU 8 GIOKPUMOMY
wmamni. Moodenroeanna npoeoOUIU MemooOM CKIHYEHHUX eleMeHmMI8 3 GUKOPUCHAHHAM HNPOZPAMHO20 KOMNIEKCY
DEFORM 2D/3D. Pezynvmamu moo0ento6antsa 0anu 3m02y 6CHaH08UmMu po3nooin iHmencugHoCmi Hanpyicenb ma OuiHumu
oepopmosanuii cman mamepiany. byno ecmanoeneno, w0 6 cxemi Kompa peanizyemuvca GUHAUAIOUOI) CKI1AO080H0
depopmauii € padianvna cknadosa. Takoxc came padianvha cKi1ad08a mMae 6e3nocepeoHiii Cniue Ha YMeEoPeHHs 30H mManol
meuil mamepiany 6 00’eMmi noKo6Ku. 3a pe3yibmamamu MoOen08anta ma N0KAaAbHOT MIKPOCKORII 6CMano6/1eHull 6niue
inmencuenocmi Oegpopmauii Ha MIKpocmpykmypy Komnozumie. AHANI3 MIKPOCMPYKMYpU O00CHI0HCY8AHUX KOMRO3UMIE
nokaszae, wio npu O0egiopmysanHi 3a 3aNPONOHOBAHOI0 CXEMOIO 6i00Y6ACMbCA NiulLe YUIIbHEHHA KOMNO3UmYy 0e3 3HaUH020
oepopmauiiinozo 3miyneHHA 6 36°A3Ky 3 6i0cymHicmio A6HoI nnacmuyHoi meyii mamepiany. Ilpome, npu ybomy ompumyemucs
00HOpIONA CMPYKIMYpa wio Cei0YUMb NPO HU3LKY aHI30MpPOonilo mexaniynux enacmugocmeii mamepiany. Ompumani
KOMRO3umu noKazanu 6UcoKi Qizuko-mexaniuni enacmugocmi..

Kniouosi cnosa: apsive wmamnysannsi, degpopmayis, kapoioocmani, 6iOHOCHA 2yCMUHA, MOOEIOBAHHSL

S. Kyryliuk, Y. Kyryliuk, G. Bagliuk

INFLUENCE OF HOT FORGING ON THE STRUCTURE AND PROPERTIES OF
POWDER COMPOSITES OF THE Fe-FKh800-TiB, SYSTEM

The results of the influence of the deformed state of the material during hot stamping on the structure and physical and
mechanical properties of powder composites of the Fe-Cr-C system are presented. The analysis of the deformed state of the
material was carried out on the basis of modeling the process of hot stamping of a porous workpiece in an open die. The
modeling was carried out by the finite element method using the DEFORM 2D/3D software package. The modeling results
made it possible to establish the distribution of stress intensity and evaluate the deformed state of the material. It was found that
in the implemented scheme, the determining component of the deformation is the radial component. Also, it is the radial
component that has a direct impact on the formation of zones of low material flow in the forging volume. According to the
results of modeling and local microscopy, the influence of the deformation intensity on the microstructure of the composites
was established. Analysis of the microstructure of the studied composites showed that during deformation according to the
proposed scheme, only the compaction of the composite occurs without significant strain hardening due to the absence of
obvious plastic flow of the material. However, a homogeneous structure is obtained, which indicates a low anisotropy of the
mechanical properties of the material. The resulting composites showed high physical and mechanical properties.

Keywords: hot forging, deformation, carbide steels, relative density, modeling.

Beryn

3a0e3meyeHHsT BUMOI IIOAO 30UIBLICHHS pecypcy poOOTH BY3MiB Ta MeEXaHi3MIB HOTpedye
3aCTOCYBaHHSl MaTepiayiB 3 MaKCHMajbHO BHCOKMMHU ()i3UKO-MEXaHIYHUMH Ta (PYHKIIOHAJIBHUMHU
BractuBocTsIMU. Kapbimocrani € omHuMmu i3 MartepiaiiB KOTpi MOKa3alud CBOIO €(QEeKTHBHICTH Ta
BHKOPHUCTOBYIOTHCS B BY3JaX Ta MeXaHi3Max IJIsl MiIBHUILEHHS pecypcy poOoTu arperary B mijomy. Ha
psimy 3 BITOMHMH MaTepiajgaMu, KOTpi 3MilHEH] kapOigamMu BoJIb(ppaMy Ta TUTAHY, OCTAHHE ACCSTUIITTS B
SKOCTI IHCTPYMEHTaJIbHUX MaTepialliB CTPIMKO OTPUMANK PO3BUTOK CTaJIl Ta CIUIABH 3MILIHEHHI KapOigom
xpomy. OmuH i3 HaOUTPIIMX BUPOOHHKIB B €BpoIl IHCTpYMEHTaJIbHHUX cTaneil koHuepH «Bohler-
Uddeholm Corporation» po3poOHB JiHIAKY IHCTpyMEHTAJBHHX CTajlell 3 KapOiioM Xpomy KOTpi
OTPUMYIOTBCS, SIK JIMBAPHUM BHPOOHHUITBOM TaK i METOJAMH MOPOIIKOBOI METAlIyprii. A TOMy MOIIYK
HOBHX 3QJII30XPOMHCTHX KapOimocTajedl Ta HiIBUINEHHS iX (i3MKO-MEXaHIYHMX BIACTHBOCTEH € HOCi
aKTyaJIbHUM HE 3BaKaI0UM Ha 3HAUYHY KUIBKICT JIOCIIIKEHb B JAHOMY HaNPsMKY.

Ha piBHI 3 po3poOKOI0 HOBHX KOMIIOHEHTHHX CKJaliB MaTepiajdy Ba)XJIMBHUM € PO3POOICHHS
TEXHOJIOr1i X OTpUMaHHS KOTpi 3a0e3neyaTh HU3BKY AE(EKTHICTh Ta BUCOKY OJHOPIOHICTH MaTepiaiy.
Meroan HOPOIIKOBOI MeTalyprii 3a POKH AOCTIIKEHb BXE JOKA3ajd CBOIO MepeBary Haja JHMBAapHUM
BUPOOHUITBOM OCKUIBKM CIICUEHI MaTepialli BHPI3HSIOTHCS ONHOPIIHOIO CTPYKTYpPOIO Ta HHU3BKOIO
aHI30TpoMi€r0 BiracTHBOCTe. [IpoTe KIIaCHYHI TEXHONOTIYHI CXEMHU TOPOIIKOBOI METamyprii, o
BKJIIOYAIOTh B ce0¢ MiArOTOBKY LIMXTH, MIPECYBAaHHS Ta CIHIKaHHS MaTepialy, HE 3aBXAU 3a0€3MeUyIOTh
OTpUMaHHs a0COMIOTHO KOMIAKTHOTO Matepiany (0coOiIMBO 3 BUCOKMM BMIiCTOM KapOifHOI CKIIal0BOi).
BHacnizok nporo BUHUKAE NOTpeda y 3aCTOCYBaHHI TEXHOIOTYHUX CXeM, 110 0a3yI0ThCs Ha BUKOPUCTaHH1
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BHCOKOTEMIIEPAaTYpHOI'0 CIIIKaHHS 3a HasgBHOCTI pimkoi a3y, CTATUYHOrO rapsdoro mpecyBaHHS abo
ENIEKTPOPO3PSAAHOTO CHiKaHHA, Towo [1-3].

3a pe3yabpTaTaMu I0CTiHKEHB, U151 OTPUMAHHS Ta KOMIIAKTYBaHHS MaTepiay, Tapsiue INTaMITyBaHHs
MOPYBaTHX 3arOTOBOK IOKa3ajio cebe OMHMM 3 HalOLIbIl e)eKTHBHUX MPOLECIB MOPOIIKOBOT MeTaIyprii
[4-8]. I'apstue mmactuyne AeopMyBaHHs, JO3BOJISIE 32a0€3MEUUTH OTPUMaHHS HaMliB(abpHUKAaTiB SIK IPOCTOT
TakK i ckIaHoil GOpMH 3 HU3BKOIO 3aJIMILIKOBOIO MOpYBaTicTIO. KpiM BHCOKOT IIIIBHOCTI MIACTUYHA rapsie
nedopMyBaHHS 1a€ 3MOTY OTPUMATH JIPiOHO3EPHUCTY CTPYKTYpPY 0€3 101aTKOBOT TepMidHOI 00poOKH [9].
JpiOHO3EpHUCTICT B TAKOMY BHIIAAKYy 3a0€3MEUyeThbCs, SK 32 paxyHOK AedopMyBaHHS BHUXIIHOT
3arOTOBKH, TaK 1 332 paXyHOK OTPUMaHHs KOMIIAKTy IIPU TeMIIepaTypax HHKUHMX 3a TEMIIEpaTypy IpH sKii
BinOyBa€eThCsl picT 3epHA. TUM caMHUM Lie BUPI3HSE TEXHOJIOTIIO Tapsuoro MTaMIIyBaHHS BIIHOCHO 1HIIUX
METO/iB MOPOIIKOBOI METATYPrii Ta JIMBApHOTO BUPOOHHUIITBA, OCKUIBKH Ja€ 3MOI'Y OTPUMATH MaTtepial 3
BHUCOKHUMH (i3MKO-MEXaHIYHUMH BJIACTUBOCTSIMH 38 MEHILY KUTbKICTh TEXHOJOTYHUX MEPEXOIiB.

S 3a3HaYaNOCh BUILE, € BEMUKA KUIBKICTh JOCTIIKEHb 100 OTPUMAHHS MaTepialliB KIaCHYHUMU
METOaMHu TOopoIKoBoi Meramyprii. [Ipote octanHi poku, BIUMBY nedopmalii Ha mporec yuiiibHeHHS,
CTPYKTYpY Ta (pi3uKo-MeXaHIYHI BIIACTUBOCTI MPHUAUISETbCAS Bce Oumbmie yBaru. B poGorax [10-14]
BiZJ3HAYEHO, L]0 METOAM Tapsuoro IUIaCTHYHOro AedOopMyBaHHS OAalOTh 3MOTY OTPUMATH BHCOKOIIUIBbHI
KOMITO3UTH 3 BUCOKMMHU (i3MKO-MEXaHIYHUMHU BIACTUBOCTIMH. [IpH 1IbOMY aBTOpaMH 3a3HAYAETHCS, L0
Ha psLy 3 TEXHOJOTYHMMH TapaMeTpamMH Tapsyoro IITaMIYBaHHS TaKUMH, SK IMIBHAKICTb Ta
TeMIlepaTypHUi iHTepBan AedOpMyBaHHsS BaKIMBE 3HAYCHHS Mae HaIpPy>KCHHO-Ie(OpMOBaHMH CTaH,
SKMA € BHU3HAYAIOUUM TP CTPYKTYpOYTBOPEHHS, a TakoX Hpu (opmyBaHHI (i3uKO-MexXaHIYHHX
BJIacTUBOCTe Matepiany. ToMy Npu AOCHIIKEHHI BIUIMBY Trapsdoro naeopMyBaHHS Ha MpPOLECH
YIIUTbHEHHS, HOPMO3MIHH Ta CTPYKTYPOYTBOPEHHS 3HAUHY yBary noTpiOHO MPpUIUIATH caMe HanpyKeHHO-
neopMoBaHOMY CTaHy MaTepiaiy.

3HayHa KUIbKIiCTh MyOJIiKaliil mpucBsiueHa caMe OTPUMaHHIO XPOMUCTHX KapOizocTanei MeTogamMu
nopomkoBoi Metanmyprii [15,16], mpore maiixke BigcyTHI poOOTH 3 iX OTPHUMAHHS METOAAMHU OOpPOOKH
METaJiB THCKOM (B TOMY YHCII raps4uM INTaMIyBaHHsIM). Takoxx BiACYTHs iH(opmalis moA0 BIUIMBY
HanpyXeHHO-1e()OpMOBAaHOIO CTaHy HpH TapadoMy AedopMyBaHHI Ha CTPYKTYpY Ta (i3UKO-MexXaHIuHi
BJIACTUBOCTI MaTepiaiy, 10 € KPUTUYHO BaKJIMBHUM IPU PO3pOOIIEHH] TEXHONOT1i BUTOTOBJICHHS AeTalei
Ta BY3J1iB MAallMH Ta MEXaHi3MiB. A TOMy HaBeleHi B poOOTi IOCTIKEHHS Jal0Th 3MOTY, 32 PaXyHOK
1HIIIOr0 MiAXOY 10 BUTOTOBJIEHHS KOMIAKTY, OTPUMATH MPUHIMIIOBO HOBUI MaTepiai 3 iHIKUMH (i3uKo-
MeXaHIYHUMH BIaCTUBOCTSAMHU.

Meroro nanoi poboTu € aHami3 BIIMBY AePOPMOBAHOIO CTaHy IMpPH TapsSuoMy ILITaMITyBaHHI y
BIIKPUTOMY IITaMIIi Ha MPOLEC YUITBHEHHS Ta CTPYKTYPOYTBOPEHHSI XPOMHUCTOI KapOimocTaiti.

Meroau i marepiasm. BuxigHumMm Matepianamu ciayryBaiu mopomok 3amiza  «IDKPy,
BrucokoByrnenesuid depoxpom ®X800 i mopomok Oopuny tutany (TY 6-09-03-7-78). Ilopomok
BHCOKOBYTJICIIEBOTO (hepOXPOMY OTpUMYBaJH 3 KyckoBoro ®@X800 MexaHiYHUM MOAPIOHEHHSM y IIOKOBiH
apoOapii Ta MOAANBIIMM IOMEIOM Y KyidboBOMY MimHI. CyMimn [uis JOCHipKeHb Oynu oOpaHi
ONMpalOYMCh Ha TMomnepenHi Hamn pobotu [15,16], mo mnokasamu HaiBuili ¢i3UKO-MEXaHIUHI Ta
TpUOOTEXHIUHI BIACTUBOCTI OTPHMaHI METOJOM BaKyyMHOro crikaHHsA. [lopomkoBi cymimi roryBaiu
LUISIXOM MOKPOT'O PO3MEIIOBaHH-3MIIIyBaHHS B KYJIbOBOMY MJIMHI Y CEPEIOBHILI CIIUPTY, CKJIAJ] CyMilIeH
HaBezleHo y Tabm. 1.

Taébn. 1.
BwmicT komMnoHneHnTiB BuXigHux cymimeii komnosutiB Fe-PX800-TiB;

Ne cymimri Bwmict enementis, (%, Mac.)
Fe OX800 TiB»
1 65 35 -
2 64,25 35 0,75
3 63,5 35 1,5

3pasku popmyBanm B 3akpuTiii mpec-popmi mpu Trcky 800 Mlla. 3aroroBku noneperHs0 HarpiBaIu
y medi B cepenoBuili aprony o temneparypu 1200°C mpotsrom 20 XB., HICIsS 9OTO MPOBOIMIM Tapsde
nedopMyBaHHS y BIAKPUTOMY IUTaMIIi, CXeMa SKOro MpeacTaBiieHa Ha pucyHKY 1. Temmepatypa HarpiBy
IUIs 3pa3KiB HAaBEIECHUX cywillel, obupanachk 0a3ylounch Ha monepenHix mochimkenHsax [15,17], a came
BIUIMBY TEMIIEPATYPH CIIKaHHS HA TYCTHHY, 00’ €MHY yCaJKy Ta KiHIEBY MOPUCTICTH BUPOOY.

Komm’1oTepHe MozaentoBaHHs MPOLECy Tapsuoro MTaMIyBaHHs, TPOBOAMIA METOAOM CKiHUEHHHX
enemenTiB [18] 3a monomororo nporpamuoro kommiekcy DEFORM 2D/3D.
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Puc. 1. Cxema rapsiyoro nepopmyBanns: 1- 60iok; 2 - MaTpuus; 3 - 3aroToBKa; 4 — IOKOBKA

B sixocTi peonoriuHoi Mozeni cepenoBuina, mo aedopmyeTses, Oyna MpUHHATa MOAETD )KOPCTKO-
IUTACTHYHOT O TIOPYBATOrO Tijia, MaTepiall sIKOTro MiANOpSIIKOBYETHCS YMOBI ItacTHuHOCTI BUay [19, 20]:

2 1,028 2 52 1

f(6,) =07 +621-p)-"*p? =p’c?. (1
Tyr p — BiAHOCHAa T'yCTHHA IMOPYBaTOro MaTepially, G; — TpaHMLS IJIMHHOCTI TBepaoi ¢asu
MaTepiady OpU 3aJaHUX TEMIIEPaTYpPHO-LIBHIKICHUX yMOBax AedOpPMYBaHHS, O; — IHTEHCHUBHICTD

HanpyXeHb B IOPYBATOMY TiJli; p — T1APOCTATUYHHUN THUCK, SIKI BU3HAYAIOTHCS SIK:

pz(cz +0, +G¢)/Bg o :%\/(Gz _Gr)2 +(GZ —0¢)2+(0r —(5¢)2+ 6T, . (2)

Y pesynbraTi MOJENIOBaHHS BH3HAYAIM TaKOXK PO3MOALT TIO0 OCHOBOMY Iiepepi3y 3aroTOBKH
BiTHOCHOT IUTBHOCTI P Ta IHTEHCUBHOCTI AedopMallii &;:

t
2¢ . . .. . 3,
g :%J‘\/(gz —g’,)z—i—(gz —g¢)2+(sr —s¢)2 +5yfzdt; (3)
0
.oV, . ov. .V 1(ev, oV
Sz = £ s &, = s = Y, = —| =+ —= |5 4
oz " o 0 e 2( 0z " or ] @)

ne Vita V, — panianpHa Ta 0CbOBa KOMIIIIOHEHTH BEKTOPA MIBUIKOCTEH MIBUIKOCTEH.

Ha puc. 2, a mpuBeneHa cxema BUXigHOI 3aroToBKd. CepemoBuine mo AehOpMYETbCS MA€ BUXITHY
nopyBaticts 27 %, matepian — AISI 431 (14X17H2), ta s noBHOI aHAaJIOrii 3 eKCIIEPUMEHTOM HOMileHa
B cTalbHy 000iimy, matepian oboiimu — DIN CI15 (Cranp 15). Takox Ha puc 2, 0, B mpeacraBieHa
3aroTOBKa J0 Ta Micis rapsvyoro aedopMyBaHHs.

Z
Lé;f} =

4 e
EN-oia

a §) B

Puc. 2. CxemaTnuHe 300pa:KeHHs] BUXIIHOI 3ar0TOBKH (a), a TAKOK 3pa3ok 10 (0) Ta micjasa
nedopmyBanns (B): 1 — crajbHa 000iiMa, 2 — BepXHS KPUILKA; 3 — HUKHA KPpUIIKA; 4 —
AOCJIAKYBAaHMH MaTepian

MiKpOCTPYKTYpY OAEpKaHMX KOMIIO3UTIB  JOCHI[KYyBald 3a JONOMOTOI  CKaHYIO4YOro
enexTponHoro Mikpockomy Tescan Vega 3 LMU BupoOuunTBa yechkoi ¢pipmu Tescan Brno s.r.o. Tescan
Vega 3 LMU, mo m03BoJisi€ OTpUMATH 300paXeHHS CTPYKTYPU 3 BHUCOKOKO IIPOCTOPOBOIO PO3IITEHOIO
30aTHICTIO Ta TMHOMHOIO piskocTi y Bimbutux (BSE) ta BropmHHMX (SE) enekrpoHax, a Takox Aae
iH(pOpMaLilo Ipo XIMIYHUHN CKJIad Ta OyIOBY.

Busnauenns tBepmocti AMKM nposomwim Ha npunani Novotest TC-BPB no merony Poksermia
(mkxama HRA). Mexaniuni BunpoOyBaHHS NpOBOIWINM Ha YHiBepcanpHIM MamuHi «Ceramtest» 3
AaBTOMATHYHOIO PEECTpAIli€l0 pe3yibTaTiB. TecTyBaHHA Ha OJHOBICHE CTHCHEHHS BHUKOHYBalH Ha
OpSMOKYTHHX 3paskax 3x3x4,5 mM. CrenianpHi mporpamMu po3paxyHKy KPHBHX HAaBAaHTAKCHHS IPHU
CTHCHEHHI JO3BOJIIIOTH 3 BpaxyBaHHSIM >KOPCTKOCTI MAIMHM pO3paxyBaTH OCHOBHI MeXaHI4Hi
XapaKTePUCTUKU MaTepiaiiB AJsl [bOr0 BUTIISAY BUIPOOYBaHb. BUunpoOyBaHHs Ha CTUCHEHHS JO3BOJISIIOTH
BH3HAYATH TPAHULIO MPOMOPLIIHOCTI Goo1, TPAHULIO TUIMHHOCTI Gg2, PAHHULIIO MIIHOCTI Oy, AehopMaliiro
JI0 PYHHYBaHHS €qy 1 OUIHIOBATH MOAYJb IPYXKHOCTI AJ1sS BUCOKOIIOPYBAaTHX CTaHIB.

Pe3ynbratun gociimkeHb Ta ix 00roBopeHHsi. J[ochmipKeHO BIUIMB Ne)OPMOBAHOTO CTaHy Ha
CTPYKTYpYy rapsdemramnoBaHux Kommo3utTiB cucremu Fe-Cr-C-TiB,. Ha puc. 3 nHaBemeni emropu
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po3moiny iHTeHCHBHOCTI AedopMaiiid mo 00’eMi MOKOBKH &;. 3 emrop 0a4umo, 0 Ha TOYaTKOBIH cTasii
nedopmyBanHs (puc. 3, a) iHTEHCHBHA Tedis MaTepialy CIOCTEpiraeTbcs B BEPXHIM YaCTUHI mepepizy
3arOTOBKM TPH [bOMY HOIIMPEHHS BinOyBa€ThCS B HANPSMKY TOPLS TOPOXKHUHM Matpuui. I[lpu
nojaneioMy aedopMyBaHHI 10 MOMEHTY (opMmyBaHHS o0noto (puc. 3, 0, B) XapakTep pO3NOALTY
IHTEHCUBHOCTI ieopMalLiiil He 3MIHIOETHCS a BiIOYBa€eThCsl HAKOMMYECHHS BennunHU Aeopmanii Bix 0,265
1o 0,560. [Tpu upomMy BapTO BIAMITHUTH L0 B HWKHIA YaCTHHI Nepepizy 30epiraeThcsi 30Ha MOHMKEHUX
3Ha4yeHb JedopMaliii KoTpa mpoTAroM mporecy AedopMyBaHHS 3MiHIOE CBOIO (popMy 3 KOHYCOMOAiOHOT
Ha muIiHApuYHy. B KiHOi npouecy (puc. 3, r) crocTepiraeMo BUPiBHIOBaHHS IHTEHCHUBHOCTI JeopMartiii
o 06’emy B Mexxax =0,56+0,62. BapTo TakoX BiAMITHTH, 110 B KiHIi AeOpMYBaHHS B KyTOBHX 30HAX
KOTp1 rpaHUyaTh 3 30BHILIHBOIO LMIIHAPUYHOIO TOBEPXHEIO YTBOPIOETHCS 30HA 3acTiiHUX Aedopmartiii (B
HWKHIN YyacTUHI nepepizy) Ta 30Ha MiBUILIEHUX 3HaYeHb AedopManiii (B 00’ emi MaTepiany Ou1st 00moitHO1
kaHaBku). Ha Hamry mymKy, naHi 30HH YTBOPIOIOTHCS 32 PaxyHOK TOTO IO Ha MPOTS3i BCHOI'O MPOLIECY
nedopMyBaHHSI MaTepian meperikae mepeBakHO 3 00’eMy OISl Bici MOKOBKM B HAIPSIMKY OI4HOI CTIHKH
MaTpull, a Ha GiHaJIbHIN cTamii Ipy AOYIIUIbHEHH] Tedis CIpsIMOBaHa B HANPSIMKY OOJIOHHOI KaHABKH.

0.370
0.340
0.310
0.280
. 0.250
0.220
0.190
I 0.160
0.130
0.100

a) 6)
0.600 0.800
I 0560 — 0.740 -
0.520 ‘ 0.680 p '
0.480 ‘ 0.620 |
0.440 ‘ 0.560 /
0.400 . 0.500

I o360 | 0.440
0.320 | 0.380

0.320
I 0.280 | |

0.240 0 —— 0.260 -
0.200 | 0.200 . 4

B) r)
Puc. 3. Po3nonis inTeHcuBHOCTI AepopManiii & 10 00°€eMy NOKOBKH Ha Pi3HUX CTaJifAX
AeopMyBaHHS

0.239
0.213
0.187
0.161
0.135
0.109
0.0827
I 0.0566
0.0306
0.00456

I 0.265 I 0.400

3 emtop (puc. 4) 6aunmo, 10 padiaidbHa CKIaJ0Ba € BUPIIIAILHOIO IPU YTBOPEHHI 30HH 3aCTIHHUX
nedopmartiii (B HHXKHIH yacTHHI Iepepi3y) Ta 30HHU MiIBUIIEHUX 3HaYeHb AedopMaii (B 06’ eMi MaTepiary
Ou1s1 00moitHOT kKaHaBKK). Takoxk 3 aHANI3y emop 6aunMo, 1m0 Ha QiHaibHil cTaaii negopmyBanHs (puc. 4,
a) CIIOCTEpIraeThCs 4iTKE PO3MEKYBaHHA B 00’€Mi NMOKOBKH MO BenuuuHi Aepopmauiid. Tak B BepxHii
JacTUHI nepepi3y paniansHa aedopmais KonuBaeTbes B Mexkax Big 0,018 mo 0,07, a B HIKHIN yacTuHI Big
—0,008 mo 0,018. IlpoananizyBaBIIM BENHYMHN OCHOBUX AeopMalliil B BEpXHIA 4acTHHI mepepisy (&=
0,82+-0,730) Ta HxHil yacTuHi (£=0,73+-0,64) (puc. 4, 6) 6a4MMO IO ITiCIIsI 3ATIOBHEHHS TOPOKHUHU
MaTpHIll Ta BUPIBHIOBaHH: AedopMaLliii Mo 00’ e€Mi NOKOBKM HIKHS YacTHHA Maike He AeOPMYETHCS B
OChOBOMY HAaNpsIMKy, II0 B CBOIO Yepry TaKOX MIiATBEpIPKYe IO caMme pafiajdbHa CKIagoBa Mae
HAOUTPIIMK BIUIMB Ha PO3MOALT IHTEHCHBHOCTI nIedopmaliii B 00’€éMi NMOKOBKH. AHaNi3 PO3MOIITY
CYyMapHOT'0 BEKTOPY IIBUAKOCTEH (pHC. 4, T) a TAKOXX HOr0 HAIIPaBJICHICTh MOKa3ye 110 paliajibHa CKJIaZ0Ba
Teuii MaTepially € JOMIHYIOUOO PH AeOpMYyBaHHI Ta HallpaBJiieHa Bif Bici MOKOBKU O O1YHOT HOBEPXHi
MaTpulli. 3 aHaJIi3y SMIOPH PO3MOALTY LITFHOCTI B 00’ €Mi MOKOBKY (pHuc. 4, B) 6aunMMO, 1110 HHKHS YaCTHHA
MOKOBKH Ma€ HMW)XKYY BITHOCHY LIUIBHICTH HDK BepxHs (0,997 Ta 0,998 BianoBiaHO), 110 00YMOBIEHO TUM
IO B BEPXHIil YacTWHI Mepepi3y IHTEHCUBHICTh Tedii Ta BENWYMHA CKIaJ0BHX Aedopmarliiii Oyna 3HAYHO
BUIIA HIK B HIDKHIN.

BigmoBigHO 10 PO3paxyHKOBOi CXeMH OyiIO MPOBEOCHO EKCIIEPUMEHTAJIbHE JOCTIMIKCHHS IS
BCTaHOBJICHHSI BIUIMBY CXeMH rapsdoro nedopmysanns (puc. 1) Ha ¢aszo— ta ctpykrypoyrBopeHss. [Ticis
rapsqoro aeopMyBaHHS, IOCHIIKYBaHMH Matepiall OyB BWJIyYEHHH 3 Kamlcyls Hicias 4oro Oymu
BUTOTOBJICHH] 3pa3Kd MiJ] MOJANbLIIMKA MIKPOCTPYKTYpHHH aHami3 (puc. 5). 3pa3Kul BHPI3aIUCh TAKUM
YMHOM 1100 JOCHIIPKyBaHa MOBEPXHsI CIIBMAAaNa 3 HiaMeTPalbHOIO IJIOMIMHOIO, a OT)KE IMOBEPXHS, IO
JOCIIIKY€EThCA TOBHICTIO CHIBHAJA€ 3 TMEpPEpi3oM KOTPHHM pPO3IISAAETbCA NPU  KOMII IOTEPHOMY
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MOJETIOBaHHI. MIKpOCTPYKTYpY JOCIHIKYBaJIM B IEBHUX TOUKAX Iepepi3y, KOTPi MixK COO0I0 MPHUHLIUIIOBO
BiZpI3HSUIMCH BeTMYUHAMU Aedopmaliii Ta Tedii MaTepiany.
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Puc. 4. Po3nonin gedpopmanii Ta BiTHOCHOI IIIJILHOCTI 10 Nepepi3y NOKOBKHU HA (iHATbHIH
cTafii mpouecy: a — pagiajibHa nepopmanis &5 0 — ocboBa gepopmanisi &5 B — BITHOCHA IIJIBHICTD
0; 2 - po3noaisi cyMapHOro BekTopy mBuaKocTei U no 00’eMy OKOBKHU

T i bt

Puc. 5. 3pa3ox 1jisi MIKPOCTPYKTYPHOI'0 aHAJI3Y:

1 - HuxCcHA Yacmuna nepepizy mamepiany, 30Ha 3 MiHIMANbHOW medicio mamepiany; 2 -
UEHMPAIbHa YaACMURA NOI08UHU NePePi3y, 30HA 3 6eTUYUHOI0 Oedhopmaniti Kompi XapaKmepHi 011
binvuocmi nepepizy; 3 - 30na w0 cpanudums 3 00UKOM, HALOINbUWL HAGAHMAIICEHA 30HA nepepi3y; 4 -
00°em mamepiany 6ina 00a0UHOT KAHAGKU, 30HA Mamepiany 3 HAOIIbUW IHMEHCUBHOI0O MeUicIo
mamepiany.

OtpumaHi 3HIMKH MIKpOCTPYKTYpH OyiM HaKIaJeHI Ha emopy IHTEHCHBHOCTI aedopmauiil ams
MOJABIIOro aHamizy (puc. 6). Sk 0aunMo 3 3aleKHOCTI, MIKpOCTPYKTypa Matepiaiy nerosaHoro 1,5 (%,
Mmac.) TiB; B Toukax 1-3 He Bifpi3HAETHCS MK COOO0I0 Ta BiA3HAYAETHCS OJJHAKOBHM CEPENHIM PO3MipOM
3epHa, BETMYMHOIO BKJIIOUCHb a TAKOX BiACYTHS SBHA BIOPSIKOBAHICTh B HANPSMKY AeQOpPMYBaHHS HE
3Ba)KalouW Ha Pi3HY HampaBlIeHICTh Teuii MaTepially B LUX Toukax. B cBoio uepry, B Toui 4 matepian
BiZJPI3HSETHCS MEHILOIO 3aJIMIIKOBOIO MOPYBATICTIO @ TAKOXK MPOTJISIAETHCSA HANPABICHICTD B CTPYKTYPi
MaTepiaily, a caMe B HalpsAMKY pO3TallyBaHHs 0OJI0HHOT KaHaBKH. AHAJII3 OTPUMAHUX EHIOp MOKA3aB, 1110
B JaHOMy 00'eMi, MICNI 3alOBHEHHS MOPOXHMHH MAaTpPUIL CIOCTEPIraeTbcs 30HA IHTEHCHBHOI Tedii
MaTepiady HampsAMOK SIKOi CITIBIIaJa€ 3 HAMpPABJICHICTIO CTPYKTypu. BpaxoByroum BHIEe BHKIAZCHE
MOXEMO 3pOOMTH BHCHOBOK, IO INpPH iHTEHCHBHOCTI Aedopmauii Ha mpomixkky Bix 0,56 mo 0,62
BinOyBaJIOCh JIMIIIE YIILTbHEHHS MaTepiary 0e3 Horo miacTuYHoi Tevii, a OTKe JaHi BeTHYUHH AedopMarlii
3a0e3MeuyloTh OTPUMaHHS KOMIAKTy 3 BIZHOCHO HH3BKOIO 3aJIMIIKOBOIO IOPYBaTicTIO ane 0e3
nmonatkoporo jaedopmaniiiHoro 3MinHeHHs. [Ipum 1poMy, monmaibine 30UTbIIEHHS IHTEHCHBHOCTEH
nedopmanii 1o 0,74 mpu3BOAMTH A0 iHTeHCHiKalil Mpolecy YIIUTbHEHHS, 3HMKEHHS 3aJIHIIKOBOT
MOPYBATOCTI a OTKe 1 10 301mbIIeHHs MiX(a30Boi aaresii.

AmnaJi3 3aNeXHOCT1 MiXK IHTEHCUBHICTIO fedopMaliil Ta cTpykTypoto s matepiany Fe-350X800-
0,75 TiB; (puc. 7) mokasas 110 MO0 BChOMY 00'€éMi TOKOBKH OTPHMAJTH MaTepiall 3 OMHOPIAHOK CTPYKTYPOIO.
JeranpHuil aHami3 MoOKa3ap MO AJIsl BCIX TOYOK CEpeAHiN po3Mip 3epHa HE BiAPI3HAETHCS, TAKOK BiICYTHS
Oyzb siKa HAaIPaBJICHICTh B CTPYKTYPI a 3aJIMILKOBA OPYBATICTh HE BiIPi3HIETHCS.
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Puc. 6. 3anexxHicTb Mik IHTeHCHBHICTIO fedopmalliif Ta CTPYKTYpo1o Marepiany ckaany Fe-
35PX800-1,5TiB:

3 bOT0 MOXEMO 3pOOUTH BUCHOBOK, 110 s MaTepiany Fe-35MX800-0,75 TiB; ekcriepumenTaibHa
cxema 3a0e3neuye OJHOPIAHICTh CTPYKTYPH, a OT’KE 1 HU3bKY aHi30TPOIII0 BJIACTUBOCTEH, HE 3BaXkKaloun
Ha HasBHI 30HM IHTEHCHBHOI Teuii Martepiany. Takok MOXEMO 3pOOMTH BHCHOBOK, IO JOCSTHEHHS
iHTeHcHBHOCTI agedopmamiii BemuwumHoro 0,74 nmias gaHoro wmatepiamy, 3a0e3ledye JIMIIe HOro
KOMITaKTyBaHHs 0€3 INIAaCTHYHOI Teuii MaTepiay.

Pesromyroun Buie BukiaaeHe 0aunMo 110 He 3Ba)Kaloud Ha OAHAKOBHH HaIpy>KeHO-aedopMoBaHuit
CTaH, cXeMa raps4oro AeopMyBaHHS IO JOCHIIKYETHCA MO PI3HOMY BIUIMBAE Ha CTPYKTYPOYTBOPECHHS
JIBOX MartepiaiiB OJIM3BbKHUX 3a XiMiUHUM ckiagoM. Ilpu Oinbin AeTanpHOMY MOpPIBHSHI pe3ynbTaTiB
MIKPOCKOIii Ta JOKAJIbHOTO MiKpPOPEHTTEHOCIEKTPAIbHOro aHaiisy Oyno BCTaHOBIEHO, IO MiA dYac
HarpiBy Ta IpH rapsyoMmy mTammyBaHHi B Marepiami Fe-350X800-0,75TiB; yrBoproeTbcs Oinblia
KUIBKICTh TBEpAMX BKIIOUEHb (TakuX, sk M>C3;,Mx(CB)y) KOTpi NepemKomKaoTh IIACTUYHINA Teyil
MaTepialdy Ta 3HMXKYIOTh IUIACTUYHICTh KOMIIO3UTY B IIiJloMy HopiBHsHO 3 martepianom Fe-350X800-
1,5TiB,. [Ipu iboMy OTpuMaHi KOMITO3UTH ITOKa3ajll JOCHTh BUCOKI MEXaHIYHI BIACTHUBOCTI HaBEIEHI Y
Tabmimi 2.

Tabn. 2.
3ajieskHiCTh (Pi3NKO-MeXaHIYHUX BJIACTHBOCTEH 3aJ1i30XpPOMOBHX KOMIIO3UTIB Bill BMicTY
JIEryI040i 100aBKM Ta TeMIeparypH e opMyBaHHA

%, mac. | T °C, v, r/em’ HRA G 0, G N
TiB, | marpisy | micas I'lII MMa | Mma | ™7

0 1200 6,92 67 997 2725 10,2

1,5 1200 7,32 71 1044 | 2514 8,5

0.75 1200 7,25 70 1099 | 2917 10,0
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Puc. 7. 3anexxHicTb Mik IHTeHCHBHICTIO fedopmalliif Ta CTPYKTYpo1o Marepiany ckaany Fe-
35PX800-0,75TiB;

BucHoBkn

1. HocmimxyBana cxema rapsyoro aedopMyBaHHS 3abe3ledye ONHOPIIHUEM pPO3MOALT
IHTEHCUBHOCTI Jedpopmariiii B Ginpinocti 00’eMy mokoBku B Mexkax 0,560+0,620, mpoTte BapTO BigMITUTH
3acTifHy 30HY Ta 30HY IHTGHCHBHOI Teuil MaTepially B HIDKHIM Ta BepXHiId 4acTHUHI mepepizy fKi
YTBOPIOIOTHCS 338 PaXyHOK 3HAYHOI HEOJHOPIJHOCTI PO3MOALUTY patiaibHUX AedopMariiil.

2. Taxwuit xapakrep po3noniny nedopmariiii mo 06’eMy IOKOBKH HE Ma€ 3HAYHOTO BILTUBY Ha
MIKpPOCTPYKTYPY KOMIIO3UTY, B OUIBIIOCTI 00’€My 3a0e3MedyeThCsl OHOPiHA MIKPOCTPYKTypa 0e3 Oyap—
SIKOT HaIIpaBJICHOCTI, 110 CBITYXUTH PO HU3BKY aHI30TPOIIiI0 MEXaHIYHMX BIACTHBOCTEH KOMITO3UTY.

3. Ockinekn B mpoueci aehpopMyBaHHS BiIOYBA€TbCSA B OCHOBHOMY KOMITAKTYBaHHS
KOMIIO3HTIB, TO JUIS JIOJATKOBOTO jaedopMamiifHOro 3MilfHEHHs AOCHIPKYBaHUX MaTepialliB, HEOOXiTHO
BHUKOPHUCTOBYBATH CXeMH eopMyBaHHS KOTpi 3a0e31meyaTh aHaIOriYHUH Ae)OpPMOBAaHUH CTaH IPH LIbOMY
BEIMYWHA IHTEHCUBHOCTI fAedopmartiii Mae ctanoButH Buma Hixk 0,62 g Fe-350X800-1,5TiB; ta 0,74
s Fe-350X800-0,75TiBs.

4. Iapsiae nedopmysanns npu temnepatypi 1200° C npu3BoIuTh 10 MepeKkpucTatizamii Ta
POCTY 3epeH Marepiany, TakMid XapakTep CTPYKTYpOYTBOPEHHsS Oe3locepelHbO BIIMBAE€ HA MIlHICHI
XapaKTEePUCTUKU OTPUMAHUX KOMITO3HTIB.
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PEAJIIBAIIA IBUAKOI'O OBYUCJIEHHA MYJIbTU®PAKTAJIIBHOI'O CIIEKTPA
TPUBUMIPHOI'O 306PA’KEHHS

B pobomi 3 anzopummiunoi mouku 30py po3iAHYHMO Memoo 00UUCTIEHHA MYTbMUPPAKIMATbHUX XAPAKMEPUCIUK
Mmemooom box counting 0na mpueumipnux 300paxicens. llokazano, wio 3acmocyéanna anzopummie npeqyikcHux cym,
WBUOKO20 NIOHECEHHA 00 CMeneHA ma 0azamonomoKoeux OOUUC/IEeHb 3a0e3neuyc MOMCIUGICHb eeKMUHO20 AHANIZY
300paricenb 6eUK020 00cAzy (OecamKu 2izagoKcenie) 3a npuiiHAmMHUI uac (6i0 0ecAmMKIé ceKyHO 00 KiIbKOX X6UIUH) 34
PAXYHOK NIOBUUIEHO020 GUKOPUCIAHHA ONEPAMUEHOT nam’ami. 3anponoHO8aH0 MemooOuKy ONMUMAIbLHO20 6UOOPY PO3MIPY
300pariceHHA 3 Memor makcumizayii Kinbkocmi mouok Ha zpagixkax 3anexdcnocmeii y3a2aibHeHUX CMaAmuUCMUuYHUX cym 6io
Ppo3mipie 6okcie, w0 cnpuse niosuujennto mounocmi oouucnens. Haoano anzopummiuni piunienns ons peanizauii echekmuenoi
b6azamonomoxoeoi 00pooKu Oanux.

Knrouosi cnoea: mynemugpaxmanvia posmipHicmb, aneopumm, MPUSUMIPHI CIPYKMypU, NpospamHe 3aOe3neueHis,
epexmugnicmo

L.V. Krasikov, I.E. Krasikova, O.0. Vasiliev

IMPLEMENTATION OF FAST CALCULATION OF THE MULTIFRACTAL
SPECTRUM OF A THREE-DIMENSIONAL IMAGE

This paper examines the algorithmic aspects of calculating multifractal characteristics using the box-counting method
for three-dimensional images. It is demonstrated that the application of prefix sums, fast exponentiation, and multithreaded
computing enables efficient analysis of large images (tens of gigavoxels) within a reasonable time frame (from tens of seconds
to several minutes) at the cost of increased RAM consumption. A methodology for selecting the optimal image size is proposed
to maximize the number of points on the graphs of generalized statistical sum dependencies on box size, thereby improving
calculation accuracy. Algorithmic solutions for efficient multithreaded data processing are also presented.

Keywords: multifractal dimension, algorithm, three-dimensional structures, sofiware, efficiency

1. Problem formulation.

The application of multifractal analysis in materials science is gradually expanding from two-
dimensional problems (e.g., the analysis of polished sections and cross-sections) to three-dimensional ones,
driven by advancements in both experimental and computational technologies. In the three-dimensional
case, the analysis encompasses the entire structure of an object without attempting to reduce its
characteristics to those of its two-dimensional sections. While a relationship between two-dimensional and
three-dimensional structural characteristics undoubtedly exists — particularly in the context of multifractal
descriptions — its nature remains insufficiently explored. At the same time, modern research methods
enable the acquisition of three-dimensional structural information, necessitating the development of
efficient methods for calculating multifractal characteristics in three-dimensional structures.

From an algorithmic perspective, the problem of calculating multifractal characteristics for three-
dimensional objects is a direct generalization of its two-dimensional counterpart and reduces to computing
the spectrum of multifractal dimensions for a three-dimensional matrix of binary values (0/1) using the box-
counting method. The primary challenge in transitioning to three-dimensional analysis lies in the increased
computational complexity and memory requirements, which scale at least proportionally to the matrix size
N. Consequently, the direct application of algorithms that exhibit acceptable efficiency in the two-
dimensional case becomes impractical and necessitates substantial algorithmic optimization.

Notably, the choice of algorithms in scientific research on materials science is often underexplored.
Researchers frequently provide only references to third-party software (if used) or omit descriptions of the
implemented methods entirely. This lack of methodological transparency complicates the reproducibility
of results and the comparability of different approaches, particularly given that different algorithmic
strategies can lead to significant variations in multifractal analysis outcomes (e.g., [1], which compares
results obtained via the box-counting and caliper methods).

This paper presents a methodology for the efficient computation of the multifractal dimension
spectrum D using the box-counting method. Various factors affecting the accuracy of multifractal

characteristic calculations for three-dimensional images are examined. While the primary focus is on three-
dimensional structures, the proposed approach is equally applicable to two-dimensional cases without
modification. The box-counting method was chosen for its versatility and widespread use, particularly in
the field of materials science.
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2. Materials and methods.

The computational times, averaged over 10 computational experiments, were obtained on an Alfa
Server workstation equipped with two Intel Xeon Platinum 8280 processors (56 cores/112 threads), 512
GB of DDR4 RAM, and running Ubuntu 20.04.6 LTS. In all experiments, a set of seven values of the
moment order g (see below) was used to illustrate a typical scenario.

The box-counting method is one of the most widely used techniques for assessing the multifractal
characteristics of complex structures in materials science. A detailed description of this method can be
found, for example, in [2,3]. The method involves covering the studied object with a grid of boxes of size
¢ and analyzing the dependence of the number of occupied boxes on & For multifractal analysis, a

generalized statistical sum is used:
Z(q,8)=2pf(8) (1)

where p,(€) is the probability of object points falling into the i-th box. The multifractal dimension is then
defined as:

D —lim ) InZ(g,¢)

T oem0g—1 ln(g) 2

The case of g=—1 is considered separately and does not impact the computational efficiency.
Taking into account the limited range of fractality, the dimensionality in a real structure is calculated
as:

_ -1 dInZ(q,¢)
“g-1 dln(e)

where the computation is performed within the fractality range, defined as the region of € values for which
the dependence of In(Z(g,¢)) on In(¢) is linear.

The task of computing the D spectrum involves constructing a matrix of generalized statistical sums
Z(q,¢) and further processing this data. Determining the fractality range (the set of € values for which the
graph of Z(g,¢) versus ¢ in double logarithmic coordinates is a straight line) and calculating the D, spectrum
from the obtained datasets are not addressed in this paper, as they do not impact computational efficiency
and constitute a separate algorithmic problem deserving independent study.

In the following, we limit ourselves to cubic images represented as an NXNxN matrix. The box
counting method involves dividing the image into boxes of size &, which requires N to be divisible by e.
The number of valid values of ¢ directly influences computation time but is also critical for the accuracy of
the D spectrum calculation.

3. Results and discussion.

Selection of image and box sizes.

For accurate analysis of three-dimensional images represented as bit matrices of size NXNXJ, it is
crucial to maximize the precision of multifractal dimension (D,) calculations. This requires the largest
possible set of box size values (g). Increasing the number of possible € values enhances the accuracy of
approximating the dependence of the generalized statistical sum on the box size but also increases
computational costs. At the same time, to ensure complete coverage of the object by the grid of boxes, €
values must be divisors of V.

An analysis of the number of divisors of integers in the range 1<N<3000 (Fig. 1) demonstrates that
selecting values such as N=1260,1440,..., which correspond to the maximum number of divisors in this
range (see sequence A067128 in OEIS [4]), is most advantageous. For experimental data where N does not
correspond to one of these optimal values—especially when N has a small number of divisors — it is
preferable to discard "extra" parts of the data at the image edges and select the closest N with a sufficient
number of divisors. This approach has minimal impact on the accuracy of D, calculations, given the
negligible influence of edge effects on multifractal dimension computations [5].

When studying artificially generated models of three-dimensional structures rather than
experimentally obtained data, it is possible to choose an appropriate model size from the outset, taking into
account available memory and allowable computation time.

Matrix scanning and box occupancy calculation.

The computation of generalized statistical sums for each pair (g,€) requires determining the number
of unit elements in each box of size «.

€)
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Fig.1. Number of divisors for integers from 1 to 3000

When using a direct scanning approach (brute force method), the entire matrix is processed
repeatedly for each divisor € of N. The computation time increases significantly with growing N (see Table
1).

Table 1
Computation time for generalized statistical sums using the brute force method for different
values of N.
N 1260 1440 1680 2520
Calculation time, min 19.6 29.2 72.0 197.2

Pseudo-code for the method:

for Divisors N € do
fori=0to N/e
forj=0to N/e
for k=0 to N/e

Scan the box (i*g,j*e,k*e)-(i*e+ g,j*et g k*et €)
Calculation ofn_iand p i
for Value q ido
Calculate (p_i)"q and sum with Z(q,€)

Note that when N is an exact power of some number (typically 2, less commonly 3), transitioning
from a smaller divisor to a larger one results in each larger box being composed of a certain number (2¢ or
39, where d is the dimension of the space) of smaller boxes already considered in the previous step. This
enables a more efficient computation of the number of unit elements in a larger box by summing the
corresponding values from the smaller boxes. This approach is used, for instance, in [6]. However, the
number of divisors in such cases is relatively small — for example, for N=2048, there are only 12 divisors,
whereas for nearby values of N, such as 1680 or 2160, the number of divisors reaches 40. Therefore, despite
being a common practice, relying on "power" values of N is generally inadvisable, as demonstrated in [7],
where it is shown that such an approach can lead to significant errors in the computation of fractal
dimensions.

Conversely, for values of N with a large number of divisors, the larger boxes do not fully consist of
smaller boxes. As a result, the number of unit elements within them must, at least partially, be recomputed
at each step. The following method provides an efficient solution to this problem.

Prefix sum method.

Computational efficiency can be significantly improved by constructing a prefix sum matrix
M[1][J] [k], which stores the cumulative sum of the unit elements in the submatrix (0,0,0)—(i,j,k). Using
this structure, the number of unit elements in any given box can then be determined via the inclusion-
exclusion principle:

M[fm][n] - M[i-1 J[m][n] - MUJG-1](n] - M[1J[m]k-1]
+ M[i-1][j-1][n]+ M[i-1][m][k-1]+ M[1][j-1][k-1]
- MIi-1][j-1][k-1]

The main drawback of this approach is the significant increase in memory consumption due to the
use of an auxiliary matrix, whose size greatly exceeds that of the original bit matrix. This is because, if
fully populated with ones, the values in the auxiliary matrix can reach N°. The use of 4-byte unsigned
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integers imposes a limit of N=1625. Considering the previously discussed data on the number of divisors,
the optimal values are N=1440 or N=1260. In these cases, the total memory required to store both the bit
and auxiliary matrices is approximately 11.5 GB and 7.7 GB, respectively.

If 8-byte unsigned integers are used, the maximum feasible value of N increases to approximately
2.6 million voxels. However, the computational complexity — requiring the processing of 1.8x10"’ matrix
elements — far exceeds the capabilities of modern computing systems, even with multi-threaded
processing. Additionally, the memory required for storing the matrices would reach 130 exabytes, making
such an approach infeasible.

Even for a relatively modest value of N=2520, the total memory required for storing both matrices
reaches 121 GB. Thus, considering the hardware limitations of general-purpose computing systems, the
optimal range of N values at the current level of technology is 1260—1440 voxels. If a substantial amount
of RAM is available, this range can be extended to 1680-2520 voxels.

Constructing the prefix sum matrix in a single scan significantly improves computational efficiency.
However, this step is poorly suited for parallelization due to dependencies between data elements: each
element M[1][J] [k] is computed based on the previously calculated values M[1i-1][7] [k],
M[1i][j-1]1[k],andM[1] [J] [k—11]. The corresponding pseudocode is presented below:

fori=1to N do
forj=1to N do
fork=1toNdo
Mi][jl[k] = Src[i-1][j-1][k-1]
+ M[i-1][j1[k] + M[1][j-1][k] + M[1][j][k-1]
- M[i-1][j-1]{k] - M[i-1][j](k-1] - M[i][j-1][k-1]
+ M[i-1][j-1]1[k-17;

The order of the nested loops must be maintained as specified due to processor architecture
constraints. Altering the traversal order results in a several-fold increase in computation time due to
disruptions in data cache locality.

Parallelizing the computation of prefix sums is an extremely challenging task. The dependence of
each matrix element on previously computed values imposes a strict calculation order, making it impossible
to evenly distribute the workload across threads. Implementing a parallel algorithm requires complex
synchronization mechanisms, which introduce significant overhead, effectively nullifying the potential
performance gains. Attempts to develop an efficient parallel algorithm for prefix sum computation have
not yielded substantial improvements; even in the best case, the achieved speedup was negligible compared
to the considerable increase in code complexity.

Given these limitations, a single-pass scan of the bit matrix was chosen as the preferred approach.
This method enables the subsequent retrieval of w values for all boxes, regardless of their size, in O(1) time.
The time required to construct the prefix sum matrix for various values of N is presented in Table 2.

Table 2
Computation time for the prefix sum matrix at different values of V
N 1260 1440 1680 2520
Calculation time 7, s 10,0 15,1 38,3 136,6
T/N*x10’ 5,0 5,1 8,1 8,5

A sharp increase in the T/N° ratio is associated with the transition to a larger matrix element size
(from 4 bytes to 8 bytes), as well as with cache locality issues arising from large memory sizes.

Once the auxiliary prefix sum matrix has been constructed, the next step is to compute the generalized
statistical sums matrix.

Computing generalized statistical sums.

At this stage of the algorithm, a matrix of generalized statistical sums must be constructed. For each
value of ¢, this matrix consists of a vector of doub1le values, one for each e.

Using fast exponentiation.

Experience gained during the development of Fraculator [9], a program for computing the
multifractal characteristics of two-dimensional images, indicates that employing the fast exponentiation
algorithm [10] instead of the standard pow function for integer values of ¢ significantly improves
performance [11]. As shown in Table 3, simply replacing the pow function call with fast exponentiation
results in a performance increase of approximately 1.7-fold for typical input matrix sizes.

Table 3
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Computation time for the matrix of generalized statistical sums for different values of NV
using various optimization methods

Calculation time, s
Serial | Parallelized
N Standard pow function Fast exponentiation
1260 488 283 13.9
1440 730 423 20.3
1680 1705 1012 48.7
2520 5077 4246 162.0

Parallelization of Computation.

Further acceleration of calculations is achieved through multithreading. However, simply dividing
the calculation of generalized statistical sums between threads for different € values is inefficient and
provides little or no real speedup. This is because while =1 requires processing N° boxes, £=2 requires
only N°/8 and so on. The total computation time for all & values is estimated as follows:

> 1

Z}: —~1.202 (4)
where the time for calculating the generalized statistical sum for e=1 is assumed to be 1. Even if all sums
except for e=1 are calculated instantly across all threads, this only speeds up the calculation by 17%.
Therefore, standard parallelization algorithms, including those using OpenMP, are not applicable.

The solution involves finer-grained parallelization, i.e., parallelizing computations for the same value
of €. Since the computation for =2 is much smaller than for e=1, multithreading is used only for e=1,
while other € values are processed in a single thread as separate tasks.

Given a limited number of processors/cores, it is important to distribute the workload evenly. To
achieve this, a simplified model is used: out of M threads, K threads handle €¢>1, while the remaining
threads work on €=1. The total computation time is minimized by considering the expression (5) derived
from Equation (4), when it reaches its minimum:

1 0.2
+— )
M-K K
The highest computing speed is achieved when the optimal distribution of threads is found

(K=0.31M).

In the program, the calculation for =1 was divided into 64 parts, which were dynamically assigned
to threads. The number of threads was determined by the condition in Equation (5). For other € values, each
sum was computed as a separate task. To avoid the overhead of mutexes, atomic task indices were used
with std::atomic<int>.

Figure 2 shows a general block diagram of the D, spectrum calculation.

Z(g,g) matrix

calculation Source image
matrix

Matrix of prefix sums

[~ Thread _ Tr‘read
1%tr|-'\l tion Thread p00| 1

-

g=19. # Thread distribution / Thread pool 2

Fig. 2. Scheme for calculating the matrix of generalized statistical sums

As can be seen from Table 3, parallelization allowed us to speed up the calculations by approximately
20 times (for the given computer architecture and number of cores). Other optimizations at the architectural
level (memory alignment, unsynchronized writing data, etc.) had an unstable effect within the measurement
erTor.
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4. Conclusions.

1.A method is proposed for selecting the size of the source images by choosing values with the
maximum number of divisors that are closest to, but not exceeding, the available sizes. This approach helps
to maximize the number of points and improve the accuracy in determining multifractal characteristics from
the graphs of the dependence of generalized statistical sums on the box size.

2.To accelerate computation, the use of the prefix sum method, fast exponentiation, and
multithreading is proposed. Together, these techniques resulted in a computational speedup of
approximately 50 times compared to the straightforward brute-force method.

3.Efficient parallelization requires fine-grained parallelization of calculations, particularly splitting
the task of calculating the sum for individual boxes into subtasks.

4.The applied improvements enabled a tenfold speedup in calculating the multifractal characteristic
spectrum, ensuring that it can be completed within minutes even for gigavoxel images.
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Jhyyvkuii HayioHanbHull mexHiunull yHieepcumem, Ykpaina

IITYYHUA THTEJEKT B FAJIY3EBOMY MAIIMHOBY IYBAHHI: CYYACHI
TEHAEHIII TA IEPCIIEKTUBH

Y cmammi npeocmasneno komnnekchuit ananiz cy4acnux meHoeHyili ma NePCREKMUE 3aCMoCy8anH WMy4HO20
iHmenexkmy 6 2any3eeomy mauiuno0yoysauui. Pozznanymo xiouoei nanpamku inmezpayii Wimyunozo inmeneKmy, maki aK
onmumizayis eupoOHUYUX NPOYeCié uepe3 MauluHHe HAGYAHHA ma J1UOOKe HAGUAHHA, RPOZHO3Y8AHHA 86i0MO08 00/1IA0HANHA 3
SUKOPUCMAHHAM AHANIZY 6€IUKUX OAHUX MA AIZOPUMMIE WIMYUHO20 [HMENEKmY, PO3POOKA HOBUX MAMeEPIanie WAAXoM
MOOENI06AHHA MA CUMYIAUTI HA OCHOGL WIMYUHO20 [HMENEKMY, d MAKOMC A6MOMAMU3AYUIA RPOEKMYBAHHA 3A 0ONOMO2010
2eHEPAmuUGHUX mooenell ma cucnem agmomMamu306ano2o npoekmyeanns (CAD) 3 inmezposanum wmyynum inmenexkmom.
ocniosceno nepeeazu ma HedONiKU 6NPOGAOIHCEHHA WIMYUHO20 [HMeENEKMY, GKIIOUAOUU NIOBUUIEHHA eheKmugHocmi
GUPOOHUYMEA, 3HUMNCEHHS GUMPAM, ROKPAUEHHA AKOCMI nPoOyKuii, CKOpOUeHHA 4acy po3podKu ma nioeuuienHsa de3nexku
npaui, a maKoxc UKIUKU, NO6'A3AHI 3 UCOKOIO 6APMICINIO 6NPO6AOIHCEHHA, HEOOXIOHICINIO HAGUAHHA NEPCOHANY MA PUSUKOM
empamu pooouux micys. Ocodnusa ysaza npudinena nepcneKmusam po3GUMKY WIMYYHO20 iHmeneKmy 6 2any3si, 6K0Uao u
CHMBOPEHHA NOGHICMIO AGMOMAMU308AHUX GUPOOHUYUX JIiHIl, PO3POOKY CAMOHAGUAIBHUX CUCHIEM YNPAGIIHHA
UPOOHUUMBOM, CHIGOPEHHA [HMENEKMYAILHUX POOOmIe Ma Po3pOOKYy HOGUX Mamepianie 3 UKOPUCHIAHHAM WMYYHO20
inmenexkmy. Cmamms maxosic po3znaoac emuyHi ma couianbHi AcneKmu 6npo8aAOHCEHHs WMYUHO20 IHmeneKmy, maxi aK
6NIU6 HA DPUHOK hpaui ma HeoOXiOHicmb pPO3POOKU GIONOGIOHUX HOPMAMUGHUX aKmie. Y cmammi po32na0awmuvca
3aCMOCYy8aHHA WIMYYUHO20 IHMEIEKMY 6 2a1y3e60MY MAUUHOOYOy8anHi. AHANI3yIOMbCA OCHOGHI HANPAMKU 6UKOPUCHAHHA ,
maki AK NPOEKMYBAHHA, ORMUMI3AYIA, KEPYSAHHA GUPOOHUYUMU RpoOUecamu, OIAZHOCHUKA MA RPOZHO3Y6AHHA CHIAHY
oonaonanns. Posenadaromuvca nepeeazu ma GUKIUKU 6RPOBAOHCEHHA 6 MAUWUHOOYOIGHUX RIONPUEMCINGAX, A MAKONHC
nepcnekmugu noOanbUL020 PO3GUMKY UIET MexHO102iT 6 2ays3i.

Knrouoei cnosa [LImyunuil inmenexm, mMawuno0yO0y8anHs, asmomamu3ayis, ONmumizayis, npoSHO3YEaHHs, MAMePianu.

Y. Muravunets, D. Seleznov

ARTIFICIAL INTELLIGENCE IN THE ENGINEERING INDUSTRY: CURRENT
TRENDS AND PROSPECTS

The article presents a comprehensive analysis of current trends and prospects for the application of artificial
intelligence in industrial mechanical engineering. The key areas of artificial intelligence integration are considered, such as
optimization of production processes through machine learning and deep learning, forecasting equipment failures using big
data analysis and artificial intelligence algorithms, development of new materials through modeling and simulations based on
artificial intelligence, as well as design automation using generative models and computer-aided design (CAD) systems with
integrated artificial intelligence. The advantages and disadvantages of implementing artificial intelligence are explored,
including increasing production efficiency, reducing costs, improving product quality, reducing development time, and
increasing occupational safety, as well as challenges associated with the high cost of implementation, the need for staff training,
and the risk of job losses. Particular attention is paid to the prospects for the development of artificial intelligence in the industry,
including the creation of fully automated production lines, the development of self-learning production management systems,
the creation of intelligent robots, and the development of new materials using artificial intelligence. The article also considers
the ethical and social aspects of the implementation of artificial intelligence, such as the impact on the labor market and the
need to develop appropriate regulations. The article examines the application of artificial intelligence in industrial mechanical
engineering. The main areas of use are analyzed, such as design, optimization, production process control, diagnostics and
forecasting of equipment condition. The advantages and challenges of implementation in mechanical engineering enterprises,
as well as the prospects for further development of this technology in the industry, are considered.

Keywords Artificial intelligence, mechanical engineering, automation, optimization, forecasting, materials.

Intro.

The mechanical engineering industry, as a fundamental component of the industrial sector, is on
the verge of significant transformations driven by the rapid development of artificial intelligence
technologies. This industry, traditionally characterized by complex production processes, high precision
requirements and ever-increasing pressure to optimize costs, opens up wide opportunities for the integration
of artificial intelligence. Modern challenges facing the mechanical engineering industry include the need to
increase productivity, reduce the time to develop new products, ensure high product quality, and minimize
the risks associated with equipment failures. In this context, artificial intelligence acts as a powerful tool
that can radically change the approaches to the design, production, and operation of equipment. The
integration of artificial intelligence into mechanical engineering not only helps automate routine tasks, but
also opens up new horizons for innovation [1]. Machine learning and deep learning algorithms allow you
to analyze huge amounts of data, identify patterns, and predict the behavior of complex systems. This makes
it possible to optimize production processes, predict equipment failures, develop new materials with
improved characteristics, and automate design.
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Object and methods of research.

The object of research is the processes of industrial mechanical engineering in which artificial
intelligence is used. Research methods include analysis of scientific literature and industrial reports,
conducting experiments and modeling, studying examples of successful application of artificial intelligence
in industrial mechanical engineering. The use of artificial intelligence in industrial mechanical engineering
has great potential for increasing the efficiency and competitiveness of enterprises.

Task statement. In this article, we will consider current trends and prospects for the application of
artificial intelligence in industrial mechanical engineering, focusing on key areas such as optimization of
production processes, prediction of equipment failures, development of new materials, and design
automation. We will also analyze the advantages and disadvantages of implementing artificial intelligence,
as well as its potential impact on the future of the industry. Artificial intelligence can be used to optimize
production processes and at various stages, including production planning, can analyze data on orders,
resources, and production capacity to optimize production planning, minimize downtime, and increase
efficiency. Quality control, can be used to automatically control product quality, detect defects, and predict
equipment failures. Logistics management - can optimize logistics processes, reducing delivery times and
reducing costs. In the context of industrial mechanical engineering, where the complexity and dynamism
of production processes reach a high level, optimization becomes a key factor of competitiveness. Artificial
intelligence offers a wide range of tools and methods for intellectualizing and automating production,
allowing for significant efficiency gains and cost reductions. Intelligent production planning and
management: demand forecasting and inventory optimization - machine learning algorithms can analyze
historical sales data, market trends, and other factors to accurately forecast product demand.

This allows you to optimize inventory levels, minimizing storage costs and preventing shortages.
Production scheduling and resource allocation - artificial intelligence can develop optimal production
schedules, taking into account resource constraints, order fulfillment times and other factors. This allows
you to maximize equipment utilization, reduce order fulfillment times, and increase productivity. Adaptive
production process management - artificial intelligence systems can in real time analyze data from sensors
and other sources to detect deviations from planned production parameters and automatically adjust
processes. This allows you to minimize waste and improve product quality. Intelligent quality control
automatic defect detection - computer vision systems based on artificial intelligence can automatically
detect defects in products using cameras and other sensors. This allows for increased accuracy and speed
of quality control, as well as reduced manual inspection costs. Equipment Failure Prediction - Machine
learning algorithms can analyze data from sensors to predict equipment failures, allowing for preventive
maintenance and accident prevention. Optimization of process parameters for quality assurance - artificial
intelligence can analyze data on process parameters and product quality to identify optimal parameter
values that ensure high product quality. Intelligent logistics and supply chains -artificial intelligence
algorithms can develop optimal delivery routes, taking into account distances, delivery times, fuel costs
and other factors. This allows for shorter delivery times and lower logistics costs. Delay and risk prediction
- can analyze supply chain data to predict delays and risks, allowing for early action to prevent them.
Warehouse management automation - systems can automate warehouse management, including receiving,
storing, and shipping goods. This allows you to reduce order processing time and minimize errors. Robotics
and automation. Intelligent robots - robots equipped with artificial intelligence systems can perform
complex tasks such as welding, assembly and processing of parts. This allows you to increase productivity
and quality of production, as well as reduce the cost of manual labor. Automated production line systems
can control automated production lines, optimizing process parameters and ensuring smooth operation [2].

Results and discussion. The introduction of artificial intelligence into the optimization of production
processes is a key factor in increasing the competitiveness of the industrial mechanical engineering
industry. This allows for significant increases in efficiency, cost reduction, and product quality
improvement. The introduction of artificial intelligence into industrial mechanical engineering opens up a
wide range of advantages that contribute to the transformation of production processes, increasing
efficiency and strengthening the competitiveness of enterprises, in particular, increasing production
efficiency, reducing costs, improving product quality, shortening the time for developing new products,
improving occupational safety. The introduction of artificial intelligence into industrial mechanical
engineering is a strategically important step for increasing the competitiveness of enterprises. This allows
for significant efficiency gains, cost reductions, improved product quality, reduced time to develop new
products, and increased safety. Despite the significant benefits, the implementation of artificial intelligence
in industrial engineering is accompanied by a number of disadvantages and challenges that must be taken
into account for the successful integration of this technology. These are the high cost of implementation,
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the need for staff training, the risk of job losses, data dependence, ethical and legal issues. Given these
shortcomings and challenges, enterprises need to carefully plan and implement the implementation of
artificial intelligence, ensuring proper staff training, data protection, and compliance with ethical and legal
norms. The implementation of artificial intelligence in industrial engineering is a promising direction of
development that can lead to significant changes in the industry. It is expected that in the future it will be
used to create fully automated production lines, develop self-learning production management systems,
create intelligent robots capable of performing complex tasks, and develop new materials using artificial
intelligence.

Conclusions. In summary, the introduction of artificial intelligence into industrial mechanical
engineering opens up unprecedented opportunities for transforming production processes, increasing
efficiency, and strengthening the competitiveness of enterprises. The study showed that artificial
intelligence can be successfully applied to optimize production, predict equipment failures, develop new
materials, and automate design. Intelligent production planning and management, automatic quality control,
logistics optimization and process robotization allow for significant productivity increases, cost reductions
and improved product quality. In addition, Al helps reduce the time to develop new products and improve
occupational safety. However, its implementation is also accompanied by a number of challenges, such as
high cost, the need for staff training, the risk of job losses, data dependence and ethical issues. For
successful integration, it is necessary to carefully plan and implement this process, ensuring proper staff
training, data protection, and compliance with ethical and legal norms. The prospects for the development
of artificial intelligence in industrial mechanical engineering are extremely broad. It is expected that in the
future, artificial intelligence will be used to create fully automated production lines, develop self-learning
production control systems, create intelligent robots, and develop new materials using it.

To realize this potential, it is necessary to invest in research and development. Development of new
artificial intelligence algorithms and their adaptation to the needs of industrial mechanical engineering,
create a favorable regulatory environment, develop regulations that regulate the use of artificial intelligence
in industry, ensuring safety and ethics. To prepare personnel, namely to develop training programs for
training specialists in artificial intelligence for the industrial mechanical engineering sector. To establish
cooperation between enterprises, scientific institutions and government bodies to exchange knowledge and
experience. The introduction of artificial intelligence into the industrial mechanical engineering industry is
an inevitable process that will change the landscape of the industry. Companies that can successfully
integrate it will gain significant competitive advantages and be able to effectively respond to the challenges
of the modern market.
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Jhybkuti HayioHanvHull MexHiYHUll YHigepcumem

BUKOPUCTAHHS IPUHIIAIIIB IH)KEHEPHOI ETUKH B ITPOIIECI
KOHCTPYIOBAHHS IHHOBAIIMHAX MAIIIAH

Y cmammi posenadacmuvca 3nauenns indcenepHoi emuku 6 npoueci KOHCMPYIOGAHHA IHHOGAUIUHUX MAWIUH Y
KOHmeKcmi cmpiMKo20 MexXHON02i4H020 PO36UMKY. A6MOp anani3ye 0CHOGHI emuyHi NPUHYURU, 3aKPINIeHi 8 MIXdCHAPOOHUX
kooexcax (NSPE, IEEE, FEANI, WFEO), ma ixue npakmuune 3acmocysanta y cghepi mawiunodyoyeanns. Ocoonuea yeaza
npuodinAemMbCa MOPATLHUM OUNIEMAM, EMUYHUM PUSUKAM | GUKIIUKAM, W0 6UHUKAIOMb HI0 YAC NPOEKMYBAHHA MEXHIKU 3
AGMOHOMHUMU elleMEHMAMU MA GUKOPUCIMAHHAM wmyuHoz20 inmenexkmy. Hasedeno npuxnaou 3 peanshoi indcenepnoi
npaKmuKu, AKi UIOCMpPYIOMb polb emuKu y 3adesneueHHi Oezneku, couianvHoi eionosioanvrocmi il 006ipu 00 HOGUX
mexHonozii. 3anponoHoeano nioxoou 00 inmezpayii emuyHUX HOPM Y [HHCEHEPHY 0CEIMYy ma nPouec yX6aneHHs pilieHb.
Pe3ynomamu oocnioscennn niokpecnwowms HeoOXiOHicmb emuyHoi ceidomocmi AK K1i04080i KomnemeHuyii cyuyacHozo
iHxcenepa.

Knrwuosi cnosa: inscenepua emuxa, iHHOBAYIHI MAUUHU, MOPATbHA 8i0N0BI0ATLHICTNG, ABMOHOMHI cUCeMU, CMAull
DPO3BUMOK.

M. Riabchykov, V. Puts, V. Martyniuk

APPLICATION OF ENGINEERING ETHICS PRINCIPLES IN THE DESIGN OF
INNOVATIVE MACHINES

In today's rapidly evolving world, technological innovation has become an integral part of everyday life. The design and
development of modern machinery—from industrial robots to autonomous vehicles—requires not only advanced technical
knowledge but also a strong sense of ethical responsibility from engineers. This underscores the growing relevance of
engineering ethics in technological design processes. The study explores the importance and methods of implementing ethical
principles in the creation of innovative machines, aiming to ensure safety, efficiency, and social responsibility in engineering.
Key issues include the ethical risks of machine design, such as user safety, privacy concerns, environmental impact, and
potential misuse of technology. The analysis also highlights the role of international codes of ethics (NSPE, IEEE, FEANI,
WFEO) and the concept of ""value-sensitive design' in addressing these challenges. Practical cases—such as the development
of self-driving cars and the choice of structural safety margins in vehicle frames—illustrate how ethical approaches influence
engineering decisions. The study concludes that integrating ethical considerations from the earliest stages of design is essential
for the creation of responsible, trustworthy, and sustainable technologies.

Keywords: engineering ethics, innovative machines, moral responsibility, autonomous systems, sustainable development.

IHocTanoBka mpo0sieMH B 3araJibHOMY BHIJISAI

VY cydacHOMy CBiTi, II0 CTPIMKO PO3BHBA€ETHCS, TEXHOJOIIYHI iHHOBAIii CTanM HEBiA €MHOIO
YaCTUHOIO TOBCSKACHHOTO KUTTA. KOHCTpYIOBaHHS HOBITHIX MaIlWH — BiJ IPOMHUCIOBHX POOOTIB 10
ABTOHOMHOI'O TPAHCIOPTY — BUMArae He JIMIIEe BUCOKOTO PiBHA TEXHIYHOI KOMIETEHIIil, a i yCBIZOMIICHHS
€TUYHOI BiANOBiAambHOCTI iHkeHepiB [1]. Lle 3ymMoBIIIOe 3pocTaioyy akTyalbHICTh IPUHLIUIIB 1HXEHEPHOT
€TUKHU B TPOLIEC] MPOEKTYBaHH Ta PO3POOKH HOBHX TEXHOJOT1H [2].

[lo-mepire, iHHOBaLIHI MAallIMHU MOXXYTh MaTH 3HAYHHUN BIUIMB Ha Oe3MeKy JIOACH, JOBKULIA Ta
CYCHUTBCTBO 3aranoM. HempaBuiibHi pillleHHS Ha eTarni KOHCTPYIOBaHHS MOXKYTh PU3BECTH JI0 CEPHO3HUX
HACJIIAKIB — TEXHOICHHHUX aBapid, IIKOAM 3J0POB’I0 4YM HaBiTh 3armbenmi sogeld. ToMy AOTpHUMaHHS
CTUYHHUX HOPM, TaKHUX SIK BiINOBIZaJbHICTH, YECHICTH, OE3MEUHICTH 1 AOTPUMAHHS 3aKOHONABCTBA, €
KPUTUYHO BaYKIMBUM.

[Mo-npyre, iHXeHepHA eTWUKAa JO3BOJIAE 3aMOOIrTH TOTSHIIHHUM KOH(IIIKTaM iHTEpeciB,
37I0BXHUBAHHAM y cdepi iHTeNeKTyaqbHOI BJIACHOCTI Ta MOPYIICHHSIM NpaB KOpUCTyBadiB. B ymoBax
BHCOKOT KOHKYpEHLi i eKOHOMIYHOT0 THCKY €THYHI IPUHIIMITK I0MIOMAraroTh 30epiratu mpodecionanizm
Ta 00’ €KTUBHICTb 1HXEHEPHUX PILLICHb.

[lo-Tpere, BOpoBaKEHHS €THMYHHMX NPHHLUIIB Y TMPOLEC IHXXEHEPHOrO MPOEKTYBAaHHS CIIPHSE
(hopMyBaHHIO JOBIpU CYCHUIHCTBA 0 HOBHX TEXHOJOTIIH, IO € KIIOYOBUM YHMHHUKOM JAJIS iX LIMPOKOTO
BIIPOBAKEHHS Ta YCHIIIHOI KOMepLiati3aii.

TakuMm 4MHOM, BHBYEHHS Ta 3aCTOCYBaHHS NMPHHLUIIB iH)XXEHEPHOI €TMKH B MPOLECi CTBOPEHHS
IHHOBAI[IfHUX MallMH € HaA3BUYailHO BAXKIMBHUM [yl 3a0e3MIeUCHHS He JIUIIE TEXHIYHOI SKOCTi, a i
COLiaJIbHOI BiAMOBINAIBHOCT] Cy4acHOI iHXEHEPHOI TisbHOCTI.

JocaimxeHHst cTaHy MTUTaHHS

Tema iHXEHEPHOI €THMKH B yMOBaxX Cy4aCHOIO TEXHOJOTIYHOTO PO3BHUTKY Aefalli 4acTille CTae
MPEeAMETOM HayKOBUX AOCIiIKEeHb y cdepi imkeHepii, hitocodii TEXHIKK Ta NpUKIagHOI eTHKH. Y (OoKyci
HayKOBIIIB — B3a€EMO3B 130K MK MOPaJILHOK BiIOBIJATIBHICTIO iH)KEHEpa Ta MPAKTHYHUME HACITiKaMHU
TEXHIYHUX PillIeHb, OCOOJMBO B KOHTEKCTi IHHOBAIIHHUX MPOEKTIB.
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VY mpausgx Takux aBTOpiB, SK Maiik Maptin Ta Pomanng [lycrepman [3], posrismaioTbes
¢yHIaMeHTadbHI NPUHLUUIM 1HXEHEPHOi eTHKH: Oe3leKa, KOMIETEHTHICThb, YECHICTh, IoBara Jo
3aKOHO/ABCTBA Ta CYCHUIBHHX iHTepeciB. Lli MpUHUMIM 3aKpimjieHi TaKOX y KOAEKcaxX MPOBITHUX
npodeciiinux opranizauiii, 30kpema NSPE (National Society of Professional Engineers) ta IEEE Code of
Ethics.

3a gaHMMH fociipkeHHs [4], iHHOBalii YacTo TOB’s3aHi 3 HEBH3HAUEHICTIO Ta PHU3UKaMH, IO
BUMAara€e BiA iHXeHepa o0coOJIMBOi MOpajmbHOiI 00adHOCTI. ABTOPH HAarojolyIOTh, MO0 ETHYHE
MPOEKTYBAHHSA — 11€ HE JIMILEC YHUKHEHHSI LIKOM, a i aKTHBHE MParHeHHs J0 CYCIILIBHOro OJara.

Oxpemy yBary NpHIUISIOTh BHUKIMKAM, L0 BHHHUKAIOTH HPH pO3poOLi MalMH 3 eIEeMEHTaMH
aBTOHOMHOCTI. ¥ mpaipsix [5] ta [6] aeTscsa mpo MopaibHy BiMOBIAANbHICTE 32 il aBTOHOMHHUX CHUCTEM,
BaYKJIUBICTh IPO30POCTi AIITOPUTMIB Ta 3al00IraHHS TEXHOJIOTTYHUM 3JI0BKMBAHHSM.

HocnimxenHs [7] akLeHTye yBary Ha TOMY, IO €THYHA BiANIOBINANBHICTh Ma€ OyTH iHTErpoBaHa y
MpoIec iHXEHEPHOI OCBITH Ta CHUCTEMHM NPUHHATTSA pilieHb. Y CBOiX po0OTax BOHH MPOMOHYIOTH
KoHuenuiro "value-sensitive design”, sxa nependayae BpaxyBaHHs JIIOACEKUX LIIHHOCTEH 3 MEPLINX €TalliB
MPOEKTYBAHHA.

VY ny6mikauisix IEEE ta Engineering Ethics Cases Bim NSPE [8] HaBeneno uncneHHi keficu, ne
MOpYIIEHHS a00 IOTPUMAaHHS €THUYHMX HOPM CYTTE€BO BIUIMHYJIO Ha PE3yJIbTaT 1HXKEHEPHHUX INPOEKTIB.
Hanpukmnan, keiic mpo aBapito kocmiunoro matiay Challenger [9] wacTo aHamizyeTbcs SK NPUKIAT
ITHOPYBaHHS €THYHUX NONEPEKEHb 1HKEHEPIB 3apaay KOMEPLIIHOTO Y MOMITHYHOTO TUCKY.

Amnaii3z JiTepaTypHHX JDKEped CBITYMTH NPO 3pOCTai0ue BH3HAHHSA POl €THKH B I1HXKCHEPHIH
JISTIBHOCTI, OCOOJIMBO B YMOBAaxX BIPOBAPKEHHSA CKIAJHUX Ta MOTEHUIMHO PHU3MKOBAaHHX TEXHOJOTIH.
BukopucTtaHHS €THYHMX NPHUHLUIIB Yy MpoLeci KOHCTPYIOBAHHS 1HHOBALIHHMX MAIMH CTa€ HE JIUILE
MOpPaJbHOI0 BHMOIOIO, @ W CTpaTeriyHuM (akTopoM 3a0e3NEUEHHS CTaloro pPO3BHUTKY, O€3MeKd Ta
CYCHUIBHOI IOBIpH 10 HOBUX TEXHOJOTIH.

Mera [aHOro IOCHIKEHHS — JOCHIOUTH 3HA4YEHHS Ta CIOCOOM BIIPOBA/KEHHS NPUHIIMITIB
IH)KEHEpHOI €THUKH y NpOoLEeCci KOHCTPYIOBaHHs IHHOBaLIHHMX MAaIlMH 3 METOI0 3a0e3nedeHHs Oe3MeKH,
eeKTUBHOCTI Ta COLiaIbHOI BiAMOBIAAIILHOCTI 1HXEHEPHOI AISTTBHOCTI.

s mocsirHeHHS wiel MeT Tpeba po3B’sI3aTH Taki 3a/a4i:

1. IlpoanamizyBaTH OCHOBHI NPUHIMITN 1HKEHEPHOI €TUKH Ta IX HOPMATHBHO-IIPABOBE PETyJIIOBaHHSI.

2. JlochminTH BIUIMB €THYHUX MIIXOXIB Ha MPOLEC NPUHHATTS IHKEHEPHUX PIllIeHb MiJ 4ac CTBOPEHHS
IHHOBAIIHHOI TEXHIKH.

3. Bu3HaunTH €THYHI PU3UKH Ta BUKIHUKH, SKi MOXKYTh BUHHKATU IPY KOHCTPYIOBAaHHI HOBUX MAIIIKH.

4. Po3risiHYyTH HpaKTHYHI MPHUKIAAN 3aCTOCYBaHHS iH)KEHEPHOI €THKH B IHHOBALIITHUX MTPOEKTAX.

5. CdopmynoBaTy peKOMeHAALIi 0RO iHTErpamii eTHYHUX HOPM y MPOLIECH MPOEKTYBaHHS 1 pO3poOKH
TEXHIYHUX IHHOBAL[IN.

OCHOBHI IPUHIMIH 1HKEHEPHOI €THKH OOIPYHTOBaHI B 0araTb0xX MXKHAPOJHUX JOKYMEHTAX.

OmuH 13 HaWBIMOMIMIMX E€TUYHHMX KonuekciB y cBiTi — me kogekc NSPE (National Society of
Professional Engineers — CLLIA). Bin npuiinsatuii y CILIA, ane akTHBHO BUKOPUCTOBYETHCS B MIKHAPOIHIH
npaktuli. BiH BU3HaYae mepiiodeproBy BiAMOBIAAJIBHICTh y TEPMiHax Oe3mekH, 340poB’s Ta 100polyTy
cycrinbcTBa. [HKeHepy MOBUHHI IISTH BiIIIOBIAIBHO, YECHO, CIIPABEINBO i B MEKaX CBOET KOMITETEHITI1.
[IporonomyeTrbes mpodeciiiHa 4ecHICTh, HE3aIeKHICTh 1 HeylepeKeHicTh. PekoMeHI0BaHO YHUKATH
KOH(]IIIKTY iHTEpeciB, 3a0e3MeuyBaTh 3aXUCT KOHPineHUiiHOi iH(opmarii.

€Bponeiicekuii  etnunuii  komekc imkeHepa FEANI (Fédération Européenne d'Associations
Nationales d'ingénieurs — €Bpoma) BHKOPHUCTOBYeThcs Ha piBHI €C Ta MiATpUMYeETbCs OaraTbma
IH)KEHEpHUMH acoLliallisIMi. OCHOBHI MPUHIHIIH, 110 POT OJIOIIYIOTHCSI B JOKYMEHTI - JOTPUMAaHHS 3aKOHIB
i ctangaptiB €C, moBara 10 HaBKOJIMIIHBOTO CEPEIOBHIINA, CTAIMI PO3BHUTOK, BiINOBIHANBHICTH IMEpex
3aMOBHHMKAaMH, CYCHUIBCTBOM 1 KOJEramu, IocTiiiHe npodeciiiHe BIOCKOHAJIEGHHS, MPO30PICTh Y
npodeciiiHii qisTTBHOCTI.

IEEE Code of Ethics (Institute of Electrical and Electronics Engineers — Mi>kHapoiHa CIiIBbHOTA
imKeHepiB). 3actocoByeThesi y cdepi enmextpoHikm, IT, TenekoMmyHikamili, IITYYHOrO IiHTENEKTY Ta
CYMiKHHX ray3sx. MIoro OCHOBHi IIOJIOMKEHHS HPOrONIONIYIOTh ITiIBHILIEHHS 100po0yTY JTI0CTBA Yepe3
TEXHOJIOT11, YeCHICTh, CITPaBEITNBICTh, ITOBaTa JI0 KOJIET i CYCHIbCTBA, YHUKHEHHS JUCKPUMIHAIII], 3aXHUCT
MpaB iHTENEKTYalbHOI BJIACHOCTI, Mpo3ope iH(OPMYBaHHS NPO MOXJIHMBI PU3MKH TEXHIYHHUX PILICHB,
CTIPHUSIHHSA OCBITI i Iepeadi 3HaHb.

Konexkc WFEO (World Federation of Engineering Organizations) — 1e rio0anbHUM eTHYHHN
JOKYMEHT, IO OXOIUTIOE BCi raiy3i iHkeHepii. BiH Mae KoHCynbTaTuBHY (pyHKUiO 11 GopmMyBaHHS
HaIlOHATBHUX KoneKCiB eTuku. Ciin Big3HAuuWTH HOro ocoOIMBOCTI: BHU3HAHHS 1HXKEHEpii K YMHHUKA
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PO3BUTKY JIIOJICTBA, OpIEHTALlSl HAa CTAJMHA PO3BUTOK, KIIMAaTHUHI BUKIMKH, OalaHC MDK iHTepecaMu
0i3HeCy Ta CyCIIbCTBA.

[lopiBHSHHA OCHOBHUX MIKHAPOAHHMX ETHYHUX KOAEKCIB iH)KeHepiB HaBeneHi B Tabiuui. Bona
JEMOHCTPYE CIIIJIbHI PHCHU Ta YHIKaJIbHI 0COOJIMBOCTI KOKHOTO 3 HUX.

Tabnuys
IlopiBHSIHHA €THYHMX KOJEKCIB iHKeHepiB
. IEEE WFEO
Kpurepiit NSPE (CIIHA) |[FEANI (€Bpoma) . N .
(MixHapomHwUiA) (I'mobansHuMit)
€Bporelicpka . .
. . Bci chepu imxenepii
lamyss 3aranbHa IH)KEHEpHA Enexrtponika, IT, T TOBAIEHOM
3aCTOCYBaHHS IHKeHepis CHIJIBHOTA BCiX ||TenekomyHikanii, LT y MY
. KOHTEKCTI1
HampsIMiB
Cramuit EtnanicTs y
. . , . Po3BuTok mojcTBa,
[piopurerni  ||be3neka, 310poB’, PO3BUTOK, BHKOPHCTaHHI .
. . . . €KOJIOris, TII00anbpHa
IIHHOCTI CycCIiIbHE O6J1ar0 JOTPUMAaHHS TEXHOJOT1H, . . .
. . BiJINOBiTATBHICTH
3aKOHOJIaBCTBA IHKITIO3UBHICTh
. 3aKOHHICTb,
besneka, yecHICTD, .
. . rmosara o Henuckpuminaris, ETuxka cramoro
Kittouosi KOMIIETEHTHICTb, .
MIPUPOIIH, 3axucT IB, yecHicTh, | pO3BUTKY, eTHYHA
TIPUHITAIIA YHUKHEHHS N . . .
S npodeciiina eTUYHE JTIiIEPCTBO iHXEHepHa OCBiTa
KOH(ITIKTIB L
TiIHICTH
. UYitko [IpucyTHs B yacTHHI OnuH 3
Crapienns 1o [obitmo MPOITUCAHO ’ I_H(}),;O BILTUB HEHTPaTbHIX
eKOIIOTii 3rayeThCs P y By P .
MPUHIIATIAX TEXHOJIOT1H MIPUHIIHITIB
. . 3axucr AxtuBauii 3axuct || [linrpumka npas 1B
KongigeHnidHICTh . .. .. || Bu3HanHs npaB . .
KOH(iACHITIHHOT IHTEIIeKTyaIbHOI Ha TJI00aTbHOMY
Ta IB . Ha pO3pOOKH . .
indopmartii BIIACHOCTI piBHI
. . PexoMennarinamii
AV HarrionansHi . .
KonTpomns 3a [podeciiini L ETnani komiteTn XapakTtep, BILTUB
. oprasizarii-
JOTPUMaHHAM kowmicii B CIITA I IEEE yepes
OOH/FOHECKO
. € KOHKPETHHI
OpnuH i3 BpaxyBanus Jlyx DETHHH, dokyc Ha TII00aTBHY
. . . aJaTOBaHUN 10 R
. HaHCcTapimmx €BPOMNEHCHKIX CHpaBeIUBICTS 1
OcobmmBocti . HOBHX
KOJIEKCIB JIPEKTHUB Ta . BUKINKN XXI
. TEXHOJOTTYHUX .
(3 1940-x) CTaHJapTIiB . CTOMITTS
BHKJIVKIB

VY mporieci CTBOPEHHS IHHOBAIIHHOI TEXHIKM IHXEHEPH CTHKAIOThCS HE JIUIIE 3 TEeXHIYHHUMH

3aBIAaHHAMH, a H 13 CKJIIAAHUMH MOPAJIbHUMH IuiieMaMd. ETHUYHI migxonu BiAirpaioTh KIIOYOBY POJIb Y
(¢opMyBaHHI BiANOBIZAJIEHOIO, OE3MEYHOrO Ta COLIAJIBHO 3HAYYIIOTO iHXKEHEPHOro MpOnyKTy. BoHm
BIIMBAIOTh HA BCl €Taly MPUUHATTA PIllIeHb — BiJl KOHLENTYaJIbHOTO MPOEKTYBaHHS O BIPOBAKCHHS
TOTOBOI'0 BUPOOY B EKCILTyaTalilo.

[lo-mepmie, ermka nomomarae BHU3HAYMTH TNPIOPUTETH Y BHOOpI MDK KUTbKOMa TEXHIYHHMU
pimenHaMu. Hanpuknaz, iHkeHep MoXe oOMpaTH MiX ACLICBLIMM, ajle MEHII Oe3[1eYHUM BapiaHTOM i
JIOPOXKYIMM, SKHH Kpallle 3aXHIlae KoprucTyBada. ETnunuii miaxin nepenbadae BiAMOBY Bil KOMIIPOMICIB,
10 3aTPOXKYIOTh JKUTTIO, 37I0pOB’ 10 a00 TiHOCTI JI0/ICH, HABITh SKIIO 116 EKOHOMIYHO HEBUTITHO.

[lo-ppyre, eTMuHi NPUHLUMIM BHUMAararoTh MPO30POCTI Ta YECHOCTI B iHXKeHepHiH amisimbHOCTI. Le
O3Havyae HeAomylieHHs (anbcudikamii JaHuX, TPUKPUTTS AedeKTiB ado HEeBUIIpaBIaHE MPUMCEHIICHHS
pu3uKiB. [HxeHep, SKUH Ai€ eTHYHO, BIIKPUTO MOBIAOMIISE MPO MOTEHIIHHI HeOe3MeKH, HaBITh SKLIO Le
MOX€E BUKIIMKATH HE3PYYHOCTi 200 3aTPUMKY B IIPOEKTI.

[To-TpeTe, eTrka BIUITMBAE Ha CTaBJICHHS 10 €KOJIOTIi Ta cTanoro po3BuTKy. Ilig yac po3poOku HOBUX
MAIlIWH eTHYHHUN 1HKEHEep BPaxOBYeE BILIMB HA JOBKULIA, IIyKa€ MUIAXH MiHIMI3aLlil IKOAN Ta HAMAra€TbCs
BHUKOPUCTOBYBATH PECYPCH PaLliOHAIBHO.

Takox BaXJIMBUM € AacCleKT COIiaIbHOI CHpPaBeUIMBOCTI — IHHOBAIlil HE MOBWHHI CIPHUATH
OUCKpUMIHAL], eKcIuTyaTalii 41 oOMEeXEHHIO mpaB JroauHu. Hampuxian, mpu CTBOPEHHI alrOpUTMIB
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LITYYHOTO 1HTENEKTY Y aBTOHOMHHUX CHCTEM iH)KEHEp Ma€ BPaxOBYBaTH MOTEHLINHHE ynepemKeHHs abo
HeCIpaBeIJINBE TPAKTYBAHHS JaHUX.

Takum yMHOM, eTHYHI migxoau 3a0e3meuyloTh OajaHC MK TEXHIYHUMH MOXJIMBOCTSIMH Ta
MOpPaJIbHOIO BiAIOBIAAIBHICTIO, 1110 JO3BOJISIE CTBOPIOBATH IHHOBALIIHY TEXHIKY, SIKa HE JIHIIE eeKTUBHA,
a ¥ Oe3neyHa, HalilfHA Ta COLiaIbHO KOPUCHA.

IHoTenuiiiHi eTUYHI PU3NKHM IPH CTBOPEHHI HOBUX TEXHOJIOTIH.

VY mpoueci po3poOKH Ta BHOPOBAaHKEHHS iHHOBALIMHUX MAIIWH iH)KEHEPH HEPIAKO CTHKAIOTHCA 3
HU3KOI0 €THYHUX BUKIHMKIB. Lli pU3MKn MOXKYTh MaTH CyTTEBHUI BIUIMB Ha CyCHUIBCTBO, JOBKULIA Ta caMmy
IHKEHEpHY CIUIBHOTY. Po3rnsHeMo HalimomumpeHini 3 Hux.

[HHOBaMLIHHI MAaIIMHK, OCOOIMBO Ti, IO MPALIOIOTH B ABTOHOMHOMY PEXHMi, MOXYTh CTBOPIOBATH
3arpo3y Ajs JIoAed y pa3i HOMHJIOK B alTOPUTMax, HEOJOCKOHAJIOrO MPOEKTYBAHHS a00 HEIOCTAaTHHOTO
TecTyBaHHs. HeZOTpHMaHHS €THYHUX HOPM y IIbOMY KOHTEKCTI MOXeE MPHU3BECTH 10 aBapiil, TpaBM abo
HaBiTh cMepTeNbHUX BUMaKiB [10].

CyuacHi TexHonorii 4acto mepenbavarore 30ip, 30epiraHHs Ta OOpOOKYy OCOOMCTHX IaHHX
KOpHUCTYBadiB. 3a BIICYTHOCTI YiTKHX MeXaHi3MiB iH(pOpMYBaHH Ta 3TOJH, LI¢ CTBOPIOE CEPilo3HI eTHUHi
Ta MPaBOBI PU3HKH, M1OB’A3aHi 3 BTPYYaHHAM Y IPUBATHE KUTTA MoauHu [11].

ABTOMAaTH3a1lisI BAPOOHMYHUX MPOLECIB, IO CYIPOBOKYE IHHOBAIi, MOXKE IPU3BECTH 10 MACOBOT'0
CKOpOYEHHS nepcoHaiy. Lle 3arposkye mocuiIeHHsIM CoLialibHOT HAalPyTr'H, OCOOIMBO Y PErioHax i3 HU3bKUM
piBHeM mudpoBoi amanrarii [12].

CTBOpeHHS HOBHMX MAalllMH MOXE CYNPOBOMXYBAaTHCh 3HAYHMMU BHKHIaMH B artMocdepy,
3a0pyIHEHHSAM BOAM abo IPYHTY, a TaKO)K BUPOOHULTBOM BiIXOMiB, sIKi CKIagHO mepepodoutu. Hepiako
MATaHHS EKOJIOTIYHOI BIAMOBIJANBHOCTI IHXEHEPH BINKIAJAaIOTh HA JAPYIHH IUTaH, IO CYMEepeduTh
MPUHILIMIIAM CTaJIO0ro po3BUTKY[13].

ABTOHOMHI CHCTEMH Ha OCHOBI IUTYYHOTO IHTEIEKTY MOXYTh MAiATH HAa OCHOBI HEMPO30pHX
NropuTMiB, MmO (OPMYIOTh pilleHHS Oe3 JIIOACHKOro BTpy4yaHHs. Lle Moke CTBOpUTH 3arposy
IUCKPUMIHALII, YHNepeIXeHUX CyMXKeHb a00 HaBiTh NPUHHSATTS pillleHb, IO CylepedaTh iHTepecam
monuuu [ 14].

Barato TexHOMOrii MarOTh Tak 3BaHE «I1O/BIHE MPU3HAYCHHS»: BOHHM MOKYTh BUKOPHCTOBYBATHUCh
AK y LMBUIBHIM, Tak 1 y BiHCbKOBIH abo KpuMiHanbpHIM cdepax. Po3poOHHKM HECYThb ETUYHY
BIJITOBIIANBHICTG 3a MOTEHIIMHI MIKIUIMBI HACIIIKNA CBOIX TEXHOJIOTIMH.

B ymoBax BHCOKOi KOHKYpeHILIi iCHye PHU3MK BHKOPUCTAHHS Uy)KHX PO3pOOOK 0e3 HaJeXHOro
nocwiIanHs abo no3sony. Le migpuBae ocHOBH MpodeciiHOl €TUKU Ta BUKIMKAE IOPUANYHI KOH(IIKTH.

VY mporeci koMepuianizanii iHHOBaLif 1HXEHEPU MOXXYTh OMUHATUCH MiJ TUCKOM, SIKUH CIIOHYKa€e
70 HEXTYBaHHS CTHUYHUMH HOPMaMH: MPUIIBHIIICHOTO BUBEACHHS IMPOLYKTY Ha PUHOK, €KOHOMIi Ha
TecTyBaHHI uM Oesmeni. Lle cTaBuTh mig 3arposy sk mpodeciiiHy pemnyTanito, Tak i 6e3neKy KiHIEBOTro
KOpHCTYyBaua.

ETn4ni 1n1eMu B cy4acHOMY MAaIIMHOOY/{yBaHHI.

VY mpoueci CTBOpEHHA CYYaCHHUX MAIIMH 1HXXKEHEPU HEPIAKO ONHMHSIOTHCS TMEpeA CKIaTHUMHU
eTHYHUMHU BuOopamu. ETuuni nunemu — 1e cutyauii, y SKUX pilleHHS, IO BIANOBiZa€ TEXHIYHUM abo
CeKOHOMIYHMM BHMMOTaM, MOXE CYIEpPEUYHUTH HopMaM mpodeciiiHoi Mopam, Oe3nekn abo colianbHOT
BigmoBimanpHOCTI. Hmkdye po3riasHyTO HAMOUIPII NOIIMpPEHI NPUKIAAM Takux [uieM y cdepi
MAaIIMHOOYIyBaHHS.

Yacro nepeq iHXeHepaMu IOCTAE 3aBIaHHSA 3HU3UTH BapTiCTh PO3POOKH UM BUPOOHHIITBA MAIINHH.
[Ipy bOMyY BHHHKAE CIIOKYCa BUKOPHCTATH JCLIEBIII MaTepiaiu ado cipocTUTH cuctemMy Oesmneku. [Ipore
Take pIlIeHHS MOXXE IIOCTAaBUTH IiJ 3arpo3y 340poB’s abo >KUTTA KOPHCTYBadyiB, MO € MPSIMHM
MOPYIICHHSM €THYHHUX CTaHAAPTIB.

[1ix yac TecTyBaHHs MalllMH MOXYTh BUSIBIATUCH IepEeKTH, SKI HE € KPUTHYHUMU, IPOTE MOTEHLIIHO
HeOe3neuHi. Y JesKkuX BHUMAIKaxX KEepiBHUITBO MOXKE HAIOJAraTH HAa 30€peKeHHi TeMITiB BUPOOHUIITBA,
ITHOPYIOUM 3aCTEPEXKEHHs iHXXeHepiB. BuHHMKae quimema: JOTPUMATHCH JIOSIIBHOCTI 10 poOOTOAABLS YU
BIJICTOSITH O€3IEeKy CIIOKHBAYiB.

[aTerpanis iHHOBaLiHOTO O0MAAHAHHS HA MIANPHUEMCTBAX YacTO CYMPOBOKYETHCS CKOPOUCHHSIM
nepcoHanmy. Xoda TEXHOJOril HiIBUIIYIOTH €(EKTUBHICTb, BOHH TaKOXX MOXYTh CIPHUATH COLIaJIbHIH
Hanpy3i Ta 3pocTanHIoO 0e3p0o0iTTA. [H)KeHep Mae BpaxOBYBaTH BIUIMB TEXHIYHUX PIlICHb HA MPALliBHUKIB
Ta MiCLIeBi rpOMajy.

[IpoekTyBaHHA MalIMH Ui Taly3ed, L0 HEraTUBHO BIIMBAIOTh HAa JOBKULIS (HANPHUKIAM,
ripHIY0J00YBHA MPOMUCIIOBICTh), CTABUTH MEPE 1HKEHEPOM MUTAHHA BiINOBINANBbHOCTI 32 KOJIOTTYHI
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Hacnigky. He3Baxaroun Ha eKOHOMIYHY BUTiHICTB, TaKe PIiLlICHHS MOXE CYNEpEUrTH IPUHIHIIAM CTaJIOro
PO3BHUTKY.

VY nmeskux BUMNAIKax KOMIaHil MPOMNOHYIOTh BUKOPUCTOBYBATH aJaNTOBaHi ab0 HE3HAYHO 3MiHEH1
3araTeHTOBAH1 TEXHOJIOTII 0e3 HaleKHOro IOpUINYHOrO oopMiieHHS. [HXKeHep CTHKAaeThCs 3 BUOOPOM
MDK €THKOIO IHTEJIEKTyaJIbHOI BIACHOCTI Ta Oa’kaHHAM NPHUIIBUALINTH PEali3alliio MPOEKTY.

Bukopucranns LI B ynpasniHHi TEXHIYHUMH CHCTEMaMH ITOPOKY€E HOB1 BUKJIMKH. SIKIIO cuctema
npuiiMae aBTOHOMHI PILlIeHHS, BUHUKA€E 3alIUTaHHS: XTO HECE BiAMOBIAANBHICT 3a HACHIAKH — IHXKEHEp,
MPOrpaMicT 4u po3poOHUK anroputmy? Lle yckinamHIOE OLIHKY PH3HMKIB Ta BH3HAYEHHS €THUYHUX MEX
MPOEKTYBAHHA.

TakuMm 4YnMHOM, Cy4YacHe MAIIMHOOYIyBaHHA BCE 4YAcCTille BHMAarae HE JIMIIE TEXHIYHOI
KOMIIETEHTHOCTI, a i BUCOKO1 €TUYHO1 CBiIOMOCT] iH>KeHepiB. I [pHiHATTS pilieHb y TAKUX YMOBaX BUMarae
IMMOOKOTO aHami3y MOTEHUIHHUX HAcHiOKiB, a TaKoXX TOTOBHOCTI Opatm Ha cebe mpodeciiiny
BIJIIOBIIAIBHICTD.

IIpakTHYHI NPUKJIAIH 3aCTOCYBAHHS IHXKEHEPHOI €THKH B iIHHOBANIITHUX MPOEKTAX.

Po3po0ka Ta exciuryaramiss TpaHCIOPTY.

[lin gac po3poOkK caMOKEpOBaHMX aBTOMOOLTIB KOMIaHii CTHKAIOTHCS 3 €THUYHUMH IUJIEMaMH,
MOB’SI3aHUMH 3 AITOPUTMAaMHU NPUUAHSATTSA PillieHb Y KpUTHYHHUX CUTYalisX (HaIpUKIal, KOro pSATyBaTu B
pasi HeMuHy40i aBapii). [HxkeHepu 30008’ s13aH1 BpaxOBYBaTH HE JIMIIIE TEXHIUHY pealti3aliio, a i MopaabHy
BIJMOBiAaIbHICTH 3a Taki pimeHHs. KoMmaHii TaKOX aKTHBHO MPaLOIOTh HaJl OE3MEYHUM TECTYBAHHIM Y
KOHTPOJIbOBAHUX YMOBaX, IPO30PICTIO POOOTH CHCTEM 1 B3aEMOIEIO0 3 ACPKABHIUMHU PETyISITOPAMHU.

Pama aBTOMOG1IIS — 1€ OZ1HA 3 KIIIOYOBUX YAaCTHH, SIKa Hece Ha co01 OCHOBHE HaBaHTaKEHHS MiJ 4ac
excrutyaTanii. [IpasunbHuii BuOip koediuienta 3amacy migHocti (K3M) kputuuHuMii m1st 3a0e3nedeHHs
Oe3IeKy BOisl, MAacaKUPiB 1 MIMIOXOIB, a TAKOX ISl IOBFOBIYHOCTI KOHCTPYKII.

KoediuienT 3anacy MiHOCTI — Lie BEIMYMHA, KA MOKa3ye, CKUIBKK pa3iB CHia, AKa (GaKTUYIHO Ji€
Ha KOHCTPYKIiIO, MEHIIA 33 MAaKCHMalbHO MOXJIHMBY CHIy, Ky KOHCTPYKLiSl MOXE BUTPHUMAaTH Oe3
pyinyBaHHs. Lle hakTnuHO «3amac Oe3mekn» KOHCTPYKIIIi.

Bin Bu3HauaeTbcs 3 yMOB po30DKHOCTI yMOB MinHOCTI (kpuBa 1 Ha puc.l) 1 HaBaHTa)KeHHS
(kpuBa 2). Pi3HMIM MK MakCHMaJdbHUMH 3HAYCHHSMH BH3Hayae Koe(ili€HT 3amacy MIIHOCTI.
3amTpuxoBaHa 00JacTh AEMOHCTPYE PU3UK PyHHYBaHHS KOHCTPYKLIi.

10 13 16 19 no 2
o/

Puc.1 O0rpyHTYBaHHS KOe(ilieHTY 3amacy MillTHOCTI

VY Bumaaky 3 paMoro aBToMoO1JIs, Oe3neka Jroei — e HalBaxIuBimmui gakrop. [HkeHep moBHHEH
BUOMpaTH Takuil Koe(iLi€eHT 3amacy, 100 y HaWripmmx ymoBax (HampHKIaA, HpU aBapisx, Pi3KHX
MaHeBpax ab0 BUCOKMX HAaBaHTAKEHHSX) pama He pyHHyBaacs, a MacaKupy 3aJIMIIANKCS B Oe3meri.

[mxeHep MOBMHEH peTENbHO po3paxyBaTH Led KoedilieHT Ha OCHOBI HAyKOBHX METOIIB,
BpaxoBYIOUH pi3Hi (pakTOpH: Macy aBTOMOOLIS, MOXKIIMBI yapH, CTPECH Ta HaBaHTXKEHHS M1 4ac 1311 1Mo
pi3HUX Ioporax. SIKmio iHxkeHep BUKOpHUCTOBYe 3aHIbkeHnH K3M miis ekoHoMmil mMaTepiaiiB (HampuKiam,
yepe3 OakaHHS 3pOOMTH aBTOMOOLUIL JiermyM a0 JemieBIIMM), BiH MOXeE 3HEXTYBAaTH OE€3MEKOI0
nacaxupis. Lle mopyurye eTuuHi IPUHIMITHN, OCKUIBKH MiABHILYE PU3UK aBapii.

Bci mpumnymeHHs 1 po3paxyHKH MMOBHHHI OyTH YiTKO 3aI0KYMEHTOBaHi, 00 OyTH MpO30pUMH AJIs
MEepeBipoK, a TAKOX JOCTYIIHUMH ISl IEPEBIPKU PeryasTopaMH Ta CIOKKMBadaMu. SIKII0 B po3paxyHKax
HE BPaxoBaHO MOXKJIMBI «EKCTpeMalbHD» YMOBH (HANpHKIad, aBapii Ha BUCOKMX IIBHAKOCTSIX), L€ MOXKE
MPU3BECTH IO CEPHO3HMX HACTIIKIB 17151 O€3MeKH KOPHUCTyBaya.

Bubip koegimienTa 3amacy MIITHOCTI MOBHHEH BIAIOBIATH MIKHAPOIHWM a00 HaI[iOHATHHUM
crangaptam (Hampuknaz, ISO, ASTM). Lle rapantye, mo pama He TUIbKH Oe3ledHa, ane il Binmosigae
BHMOT'aM, BCTAHOBJICHUM JUI aBTOMOO1IbHOT mpoMucioBocTi. Y kpainax €Bponu i CLLA icHYIOTB K0pCTKi
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CTaHIapTH Oe3leKd aBTOMOOLTIB, SIKi BUMAararoTh MeBHOrO MiHiMansHOro K3M i BCiX KOHCTPYKITIH.
Sxmo koedillieHT 3amacy MIIHOCTI HENOCTaTHRO BHCOKHIA, aBTOMOOLThP HE OTpPUMAE CEepPTHQIKAIli0
Oe3meKH.

Sxmo imkeHep abo BUpoOHHMK BHOMpae 3aHmwkeHui K3M mng Toro, mo0 3HHM3MTH BHTpAaTH Ha
BUPOOHHUITBO, LI€ MOXKE MPHU3BECTH 1O HEOAKAaHUX HACIINIKIB, 30KpeMa 10 OLmbLIol HMOBIPHOCTI aBapii.
Skmo aBTOMOOLTH 3 HEOOCTaTHIM Koe(ilieHTOM 3amacy MIIHOCTI MOTpaIuIi€ B aBapilo, MOXYTb
MOCTPaKIaTH HE TUIBKU BOJIN 1 MaCaXUpPH, aje i 1HII YIaCHUKH TOPOKHBOT'O PYXY.

Bubip koedinieHTa 3amacy MIIHOCTI MOBHHEH BPaxoBYBAaTH ONTHMAJIbHHNA OanaHCc MK Oe3MeKoro,
BapTICTIO BUPOOHMIITBA 1 BUTpaTaMu Ha MaTepiajii. 3aHaATO BHUCOKHH KOE(ili€eHT MOXe MPHU3BECTH 0
HAJMIPHOTO BUKOPHCTAHHS MaTepialliB, IO HEraTUBHO MO3HAUYHUTHCS HA BAPTOCTI.

V nerkux aBTOMOOIUISX, SK-OT €IEKTPUYHI MAIIMHH, BAXKIMBO 3HAUTH PaBIIIbHUH OallaHC, OCKUIBKH
HagMipHe 30inbimeHHss K3M mpusBene mo 3aiiBoi Barw, 10 BIUIMHE Ha e(pEKTHUBHICTH 1 3amac XOfy.
Koediuient 3amacy MimHOCTI 0OMpaeThbca 3 ypaxyBaHHSIM HAHTIpIIMX MOXIMBUX YMOB eKCIUTyaTaulii,
HaBITh SKIIO LI 30UIbIIye BUTpaTH. besneka KOpuCTyBadiB — rOJOBHUI NPIOpUTET, TOMY iHXXECHEPU HE
MAalOTh IpaBa 3aHMKYBAaTH 3HAYEHHS LBOro KoedilieHTa A 3MeHIIeHHs BapTocTi. Hanto 3aBumieHuMi
Koe(iLiEHT MOXKe MPHU3BECTH A0 TIEPEBUTPATH MaTepiaiiB, eHeprii Ta KowTiB. ETnuHe pimieHHs — 3HATH
OamaHc MiXK O€3IEeKOI0 1 ePEeKTUBHICTIO.

Bubip xoedimienTa 3amacy MIIHOCTI JJisi paMH aBTOMOOLIS — 1€ €TUYHE PIIIeHHS, SKe TOBUHHO
BpPaxoBYBaTH HE TUIbKH TEXHIYHI XapaKTEPHCTUKU Ta €KOHOMIiuHi (akTopH, a il Oe3neKy macakupiB Ta
IHIINX YYaCHUKIB JOPOKHBOTO pyxy. Buxopucrannsa 3aHanto Husbkoro K3M mis 3MeHIIeHHST BapTOCTI
abo0 Baru Mo)ke CTBOPUTH CEpilO3HI PU3UKH, B TOH 4Yac sk nepedinpmennii K3M 30i1pmmTh BUTpaTH 0e3
CYTTE€BUX BHrof. [H)KeHepu MOBHMHHI 3aCTOCOBYBATH NMPHHILMUIM iH)XXEHEPHOI €TUKH, 100 3a0e3MednTH
ONTHUMAaJILHUN OanaHc MK Oe3MeKor0, eheKTUBHICTIO Ta eKOHOMIYHOIO JTOLLTBHICTIO.

Meau4Hi npucTpoi Ta iMIUIaHTH.

Po3poOHMKH MeOUYHUX TEXHOJOIH CTHKAlOThCAd 3 ETUYHHMH MHUTaHHSAMHM ILIOJO Oe3IeKH,
edexTrBHOCTI Ta TpaBa mauieHTa Ha iHpopMoBany 3roxy. Hanpuknan, y komnanii Medtronic — ogHoro 3
minepiB y cdepi MeguuHOro oOJiaHaHHS — TIIOTh CYBOpPi €THYHI HMPOTOKOJIM TECTYBaHHS MPUCTPOIB Ha
JIOASX, BKIIOYAI0UX MIOBHY TPAHCIIAPEHTHICTh KIIIHIYHUX BUIIPOOYBaHb Ta MOHITOPHHT MOOIYHUX €(EKTiB.

B cyuacHux yMmoBax MmoBHOMAacIITaOHOI arpecii IJisi iHXKEHEpiB MOKe OyTH AyKe aKTyaJIbHOIO
3aJauei0 CTBOPEHHS MEXaHIYHUX aHAJIOTiB BTPaueHMX KiHLIBOK. SIK MpUKial, Ha pUc. 2 3alpOIIOHOBAHUN
MeXaHIYHUH aHAJIOT PYKH.

Puc.2 MexaHIYHUI1 aHATOT PYKH
BukopucTaHHS TPUHLIMIIIB 1HKEHEPHOI €THKM B MPOLIEC CTBOPEHHSI MEXaHIYHOTO MPOTE3y PYKH €
HAJA3BUYAHO BXIMBHUM JJIs 3a0e3nedeHHs Oe3neku, epeKTHUBHOCTI Ta TiAHOCTI KopucTyBada. Ochb Sk
OCHOBHI IPUHIIMITY 1HXEHEPHOI €THKH 3aCTOCOBYIOTHCS Ha MPAKTULI:
[mxeHepr MarOTh CTaBUTH IHTEpECH KOPHCTYBada BHINE 3a TEXHIUHI 4M KomepuidHi mum. [lpum
CTBOpEHHI TNpOTE3y BPAXOBYETbCS aHATOMisl Ta (i3ionoris JIOAWHU, MO0 YHUKHYTH TpPaBM 4YH
miuckoMpopty. Matepianu mpoXoAsTh 010CyMICHICTb, @ KOHCTPYKITiSl IPOTECTOBaHA Ha OE3MEUHICTb.

© M.JI. Pabuukos, B.C. Ilyyv, B.JI. Mapmuniok

84



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywx, 2025, Ne81

[mxeHepy MOBMHHI MPAIIOBATH JIMILE B ME&Kax CBOET KBami(ikalil Ta MparHyTH 10 BAOCKOHATIECHHS
3HaHb. PO3pOOHMKHM CIHIBIPALIOIOTH 3 JiKapsAMu, ¢izioTepaneBramMy, OIOMEAWYHUMHU I1HXEHEpaMH IS
CTBOpPEHHSI (PYHKIIOHAJIBHOTO Ta IHHOBALIHHOTO TPOAYKTY.

[loBuHHa OyTH 3a0e3medeHa Mpo30picTh B TECTyBaHHI, po3po0ui Ta iH(GOpMyBaHHI KOPUCTYBAUiB.
BupoOHuk Hagae mOCTOBipHY iH(OpPMALi0 MPO MOXKIMBOCTI Ta OOMEKEHHS IPOTE3y, HE MepeOiIbIrye
(YHKLIOHATBHICTD Y PEKIIaMHHUX MaTepiaax.

Heo0OxigHo BpaxoByBaTH NCHXOJOTIYHMN BIIMB NpoTe3yBaHHs. [IpoTe3 mae OyTH ecTETHYHO
NPURHATHUM, 3 YpaxyBaHHAM NoOakaHb MauieHTa (HanpuKnaf, au3aitd, komip, ¢pyHkuii). OcoOucti nai
KOpHUCTYBayda 3aXHUINAIOTHCA 3TiIHO 3 eTHYHMMH HopMamu. HeoOximHa ekoyoriyHa BiINOBiZaJbHICTH Y
BHOOpI MaTepiamiB Ta TeXHONOTrid. Tpeda 3a0e3MeunTH BUKOPUCTAHHS MepepoOIoBaHNX MaTepianiB abo
MiHIMi3aLis MKIUIMBHUX BiAXOMIB Y MPOLIECi BUTOTOBJICHHS.

Li npukiamy 1eMOHCTPYIOTb, IO 3aCTOCYBaHH 1HXEHEPHOI €THKH — 1€ He aOCTpaKTHE MOHATTS, a
peabHa MPAKTHKA, 10 BILUIMBAE HA SKICTh XKHUTTS, O€3MEKy, JOBIpY CIIOKMBAYIB Ta PEMyTALlil0 KOMIaHIH.
Imxenepu, sKi IIFOTh €THYHO, CTBOPIOIOTH HE JIMIIIE MIEPE/IOB, a # COIlialbHO BiMIOBIiNAIBHI TEXHOIOT1].

Pexomenpanii mogo iHTerpamii eTHYHMX HOPM Yy NpoHecH NPOEKTYBAHHA i po3podKkm
TeXHIYHUX iIHHOBAIiIi.

Ha ocHoBi nonepeaHix pe3yabTaTiB MOKHA HAAAaTH HACTYIHI peKOMEHaMLil it poOOTH 1HXEHEpiB
B rajTy3i po3p0oOKY iHHOBALIHHUX MAIUH 1 00J1aAHAHHS.

e Po3poOuTH BHYTPILIHIN KOAEKC €THKH Ha MiANPHEMCTBI a00 B MPOEKTHIM IpyIi, U0 IPYHTYETHCA
Ha MibkHapoaHux cranaaptax (Hanpuknaa, IEEE, NSPE). Bin mae Bu3Ha4aTH KITFOYOBI IHHOCTI: O€3IeKy,
YECHICTh, BiTIOBIAANBHICTD, IOBATY JIO MIPaB JIFOJIUHH Ta JOBKIIIIS.

® 3apoBaIUTH CUCTEMAaTHUHY €THYHY EKCIIEpPTU3Y MiJ Yac MPUUHATTS PillIeHb: BiJ KOHLENIIl 10
peamizamii. e BkITIOYae aHami3 MOTEHIIMHMX PU3UKIB AJIS JIIOJEH, CYCHIBCTBA, €KOCUCTEMH, a TaKOXK
OLIIHKY MTPO30POCTi 1 CIpaBeINBOCTI TEXHOMOT1H.

e OpraHizoByBaTH TPEHIHIH, JIEKIiI Ta OOrOBOPEHHS €TUYHUX KEHCIB JUII KOMaHIN PO3POOHHMKIB.
dopmMyBaHHS €TUYHOI KyJIbTYPU Ma€ MOYMHATHCSA I1I€ HA PiBHI TEXHIYHOT OCBITH.

e 3aydaTH 0 NPOLECY CTBOPEHHs 1HHOBALIN HE JNHUIIE iHXKEHepiB, a i (axiBLiB 3 eTHKH, MpaBa,
comionorii, MequIKuHU TowoO. Lle JO3BOMUTH MHMpILIE OLIHUTH MOKIIMBI HACTIIKK PO3POOKH.

o JlokyMEeHTYBaTH BCi BaXKJIWBI 1H)KEHEpHI PIlIEHHS, OCOOMMBO Ti, IIO TOB’s3aHi 3 OE3IMEKOIo,
KOH(IAEHUIHHICTIO, aNTOPUTMIYHOIO JIOTiKor. BH3HauaTH BiANMOBiNAIBHUX 32 NPUHHATI pilIEHHS Ta
MeXaHi3MH KOHTPOITIO.

oY BHUMAagKy KOHQIIIKTY MK EGKOHOMIYHUMH iHTepecaMH Ta E€THYHO BaKJIMBUMH AaCIEKTaMH
(Oesmneka, MpHUBaTHICTB, coLiajbHA CHPABEUIMBICTh) — HAJaBaTH IMEPEBary MOPAIbHO BiANOBIiTabHUM
PILIEHHSM.

e 3a0e3meunTH OOCTYNHICTh iH(opManii mpo (yHKUIOHATBHICTb, OOMEKEHHS 1 MOXIIUBI PU3HKH
nponykry. CopusiTH IiaJory 3 KOpHCTyBadyaMmHM, IPUHMaloul 3BOPOTHHUHN 3B’A30K SK YaCTUHY €THUYHOTO
BIOCKOHAJICHHS.

[HTerpamis eTMYHMX HOPM y MPOLECH iH)XXEHEPHOTO IPOEKTYBAHHS HE € IEPEHIKOAOI0 s
IHHOBAIli}l, a HABMIAKU — 3aMIOPYKOIO CTBOPEHHSI BIANIOB1AaIbHUX, JOBTOTPUBAJIMX 1 CYCHUIBHO MPUIHITHIX
texHonorii. Takuit minxig ¢popmye H0Bipy, 3MEHIIYE pU3UKHU Ta MiABUIIYE SKICTh IH)KEHEPHUX PillICHb.

BucHoBkn

V pe3ynbTaTi IPOBEAECHOTO TOCTIKEHHS OyI0 BCTAHOBIICHO, 110 €THYHI MPUHLMIIH € HEBil’€EMHOIO
CKJIAZIOBOIO CY4aCHOI iHKEHEpHOI IiSTbHOCTI, 0cO0MHBO y chepi CTBOpEHHS iIHHOBALIMHUX MAIIMH. Y MOBH
CTPIMKOIO PO3BUTKY TEXHOJIOTiH BHCYBalOTh HOBI BUMOTH 1O MOPaJbHOI BiAIOBIAaJBHOCTI 1HXEHEPIB,
aJpKe IXHi pillleHHs MaroTh He JIUIIe TeXHIYHI, a i COIlialibHi, €KOJIIOT1YHi Ta MPaBOB1 HACIIIKH.

[lo-mepmie, ermka 3abe3medye Oesleky Ta A00poOyT KOPUCTYBAdiB 1 CYCHIIBCTBA 3arajioM.
JloTpuMaHHST TPUHLMIIIB YECHOCTi, MPO30pPOCTi, BIAMOBIZANBHOCTI Ta MpodecioHadi3sMy HO3BOJIIE
MiHIMI3yBaTH PH3HUKH, TOB’S3aHI 3 TEXHIYHMMH HECIPABHOCTSAMH, HEIOCKOHAJICTIO AJITOPUTMIB YH
HET0OPOCOBICHOK KOMEPIIialli3allieto TEXHOIOTIH.

[lo-mpyre, iHXeHepHA €THKa € 3al00LKHUKOM y BUPILICHHI MOTEHLIMHUX KOH(QIIIKTIB iHTEpECiB,
3axMCTi PaB IHTENEKTYaIbHOI BIACHOCTI Ta MPUBATHUX JAHUX, & TAKOXK y 30€peXEHHI JOBIpH 10 HOBUX
TEXHOJIOT'1H.

[lo-Tpere, BOpPOBAaIDKEHHS ETHYHUX HOPM CIpPUSE CTAJIOMY PO3BUTKY Ta EKOJOTIYHIH
BiJIIOBiAJIBHOCTI, IO € BaYKIMBUM YHHHUKOM Y TJI00aJIbHOMY KOHTEKCT1 TEXHIYHOT'O IIPOrpPeECy.

JlocniKeHHs TaKoXX NPOAEMOHCTPYBAJO, LIO ETHYHI AMJIEMH, SK-OT BHOIp MDK EKOHOMIYHOIO
BUTOI0I0 Ta OE3MEKOI0, BiANOBiAaNBHICTh 32 ABTOHOMHI CHCTEMH YM BIUIMB Ha JOBKULIA MOTPEOYIOTH
CHCTEMHOT0 aHaJli3y Ta (JOPMYBaHHS YITKHX CTaHAAPTIB MOBEAIHKH.
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TakuMm 4YMHOM, IiHTErpaiisi NPUHLUIIB I1HXEHEPHOI €THKM y BCi eTamu >XUTTEBOTO LUKIY
IHHOBALITHOT TEXHIKU Bif i€l 10 eKcIulyaTalii € He JIMIIE MOPaJbHUM OOOB’SI3KOM, a M CTpaTerivyHo0
YMOBOIO ISl CTBOPEHHS Oe3MeYHHX, epeKTUBHUX 1 COLiaIbHO BiANOBiAadbHHUX TexHoJorii. Lle, cBoeto
4Yeproro, CIpHUATHME MiABHIICHHIO MpodeciiiHOl KynbTypH iHXKEHEpiB, JAOBIPH CYCIHIBCTBA Ta CTAJIOr0
TEXHOJIOTTYHOTO PO3BUTKY.
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ONNTUMIBALIA XAPAKTEPUCTUK ABTOMATHU30BAHOI'O KEPYBAHHA
MMPOLHECOM BEJIMKOTI'ABAPUTHOI'O ITAKYBAHHS

B pobomi posensoacmyca  onmumizayia - XapaKkmepucmuxK — A6MOMAMU306AHO20  KEPYBAHHA  NPOUECOM
6euKo2abapumnoz0 naKysanua. 30ilicHeHO CMPYKMYPHO-RAPAMEMPUYHUIL CUHME3 CUCHeEMU KePYSaHHA MAUIUH O
6€/1UK02A6APUMHO20 RAKY6AHHA, 3ACMOCOGAHO MEMO0OM ROBHO20 NEPEOUPAHHA MOMNCIUGUX 6apianmie CMPYKmypu 3
n00AnbULOI0 IX OUIHKOIO 3a 3a0AHUMU KDUMEPIAMU Ma 6UOOPY KPAUL020 ceped OMPUMAHUX NPU 2eHEPYEAHHI.

Ha ocHnosi mM00ynbH020 NpURWURY RPOEKMYGAHHA ONUCAHA CUCHMEMA KePySaHHA YCMAHOGKU ONA RAKYBAHHA
6€/IUKO2ABAPUMHUX 6AHMAIHCI8, NPO6EOEHO CUHME3 KOMHOHOBKU CUCHEMU KepPYGAHHA 3 OCHOBHUX KOHCMPYKMUGHUX
Mexanizmie yiei cucmemu.

Knrouosi cnosa: nakysanoHa Mauiuna, CUHMe3, KEPYBAHHS, CINALYBAHHS, 36APIOBAHHS.

B. Valetskyi, T. Chetverzhuk, Y. Fedorus, S. Shymchuk

OPTIMISING PERFORMANCE OF AUTOMATED PROCESS CONTROL FOR LARGE
PACKAGING

This article deals with optimizing the parameters of the automated control of the large-size packaging process. Structural
and parametric synthesis of the machine control system for large-size packaging is performed by the exhaustive search method
of available structural variants followed by evaluation based on the provided criteria and selection of the most suitable one of
those obtained in the generation process.

Under the modular construction theory, the large-sized product equipment control system of packaging is described, and
the configuration of the control system is synthesized firom the main structural mechanisms of the equipment control system
packaging.

It combines information technologies with the functional-modular design principle to ensure the effective solution of
many problems related to the creation of new packaging machines. These include optimization of the machine structure and
technological process using mathematical methods, development of firm models of assembly units, and generation of working
design documents.

Key words: packaging machine, synthesis, control, tying, welding.

Beryn. YmakyBaHHS BeNMKOraOapuWTHHX BaHTaXiB Mae creuu@ivuHi BiAMIHHOCTI MOpPIBHSHO 3i
CTaHJAPTHUMH BHPOOaMHU, OCHOBHOIO 3 SIKHX € 3a0e3leueHHs MLIIBHOIO CTATYBAaHHS MaKeTa Ta
(opMyBaHHS SAKICHUX 3BapHUX LIBIB HAa BCii Horo moBxkuHi. KOHCTpYKIis TakMX MallMH Mae yHIKaJlbHI
0COOJIMBOCTI, OCKUIBKHM BKJIIOYA€ MEXaHi3MHU A (OpMYyBaHHS Makera i oOropraHHs HOro mIiBKOIO 3
nofansnM 3BaproBaHHsM [1]. [Torpeba y craryBanHi BeTMKOrabapuUTHUX MAKETIiB il 4ac 3BaplOBaHHS, a
TAKO’)X BHUKOPUCTAaHHS CyYacHHMX, 30KpeMa OaraToIlapoBHUX IOJIMEPHHX KOMOIHOBaHMX MarepiaiB,
BHMAaraloThb CKOPOUEHHS €HEPrOBUTPAT, BAOCKOHAJICHHS HAsSBHUX METOAIB YMaKyBaHHS Ta BiATOBIITHOIO
o0nasiHaHHS, @ TAKOXK 3aMiHM TEPMOYCAJKOBOIO CTATYBAaHHS Ha MeXaHiuHe [2].

CyuacHa makyBaJlbHa MallliHa — LI¢ CKJIaJHa TEXHIYHA CHUCTEMa, siIKa BKIIOYA€ 3HAYHY KUIbKIiCTh
¢yHkuioHanpbHUX MoAyniB. KokeH Momymb CKIagaeTsCsi 3 BY3MIB 1 MeXaHi3MiB, po0oTa SIKHX
CHHXPOHI30BaHa y 4aci. [IpuBox € OHI€0 3 KIIOYOBHX CKJIAZOBUX OyIb-IKOi aKyBajIbHOI MaIIuHU [3-4].

AHani3 ocraHHix pocaimkens i myOmikamiii. [lepmi Momenmi makyBaidpbHOTO O0ONaJHAHHS
OCHAILlyBaJH MPHUBOJIOM i3 OTHUM IBUTYHOM. MeXaHIYHHH PyX pO3MOAUISIBCA MAIIMHOIO 33 JOMOMOIOI0
BUKOHABUMX MEXaHI3MIB 1 mepenad, SKi BHKOPHUCTOBYBAIM PO3MOAUIbHO-Kepylounid Ban. Taka
KOHCTPYKTHBHA CX€Ma CTaja IIMPOKO 3aCTOCOBYBATHCS B MaKyBJIbHHX MalllMHAX, Jie MOTpPiOHO Oyio
3a0e3MeYNTH UUKITIYHUNA pyX poOOYHX OpPraHiB AJ1s TpAaHCIIOPTYBaHH MPOAYKIii a00 oAayi HaKyBajIbHOTO
MaTtepiaiy [4].

CucremaTH3anis IpoLecy CHHTE3y KOMIIOHYBAJIbHUX DillleHb CTaja MOXIIMBOIO MICIS PO3POOKU
(dopmarizoBaHUX MOJENeH IX OmHCy 3 PI3HUM CTylHeHeM aeTamnizauii. Jms xomyBaHHS (QyHKIIOHATBHHX
XapaKTePUCTUK, MapaMeTpiB Ta CTPYKTYP MAIIWH 3aCTOCOBYIOTHCS pi3Hi MeTomm [5-6]. 3okpema, y [6]
3allpONOHOBAHO METOJ, MPEACTaBICHHS KOMIIOHYBaHHA 3a JOIOMOIOI0 CTPYKTYpHHX (OpMyI,
cOopMOBaHMX HAa OCHOBI MPUHLMIIB anreOpH Ta Teopii MHOXKHUH, 110 A03BOJISIE BiNoOpakaTh apXiTeKTypy
MAalliHU Ta MPOCTOPOBE PO3TAlIyBaHHS ii (yHKUiOHANbHUX MoamyniB. I'padiuynuii migxix go omucy Tta
CHHTE3y KOMIIOHYBaJbHUX PilllcHb TEXHOJOTIYHUX MAIIWH, PO3TISHYTHH y [6], Oa3zyeThcsa Ha moOymoBi
MoJielied CTPYKTYPH Y BUIJIAAI MPHUHLUIOBO-CTPYKTYPHUX cxeM. Taki cXeMu He TUIBKH BimoOpa)aroTb
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CKJIaJ, 1 MPOCTOPOBY KOHQIrypauito (yHKIiOHaNBbHMX MOIYNIB, aje W MICTATH iHQoOpMaLilo Mmpo
B3a€MO3B’SI3KM MDK HHMH Ta TPAa€EKTOPiI0 PyXy poOouuMx opradiB, 3abe3nedyiourd OLTbII JeTajibHe
npeAcTaBieHHs (YHKUIOHAIBHUX OCOONHMBOCTEH MNaKyBalbHOI MAIIMHU MOPIBHAHO 31 CTPYKTYpHHUMHU
¢dbopmynamu [7].

[Ipore msa cydacHoro obiaagHaHHs, OCHALIEHOT'O MIKPOIPOLIECOPHUMH TEXHOJIOT1SIMH, TaKa cXeMa
BTpaTWJIa aKTyalbHiCTh. BoHa cknagHa y BHpPOOHMUTBI, eKcITyaTauii Ta moTpedye 3HAYHMX BHTPAT
MaTepiaJbHUX 1 eHepreTMuHux pecypciB. KpiM Toro, 3pociu BHMOTH A0 CHUCTEMH NPUBOIIB, IO
CIPUYMHHIIIO HEOOX1THICTD BIIPOBIXKEHHS HOBUX DillIEHb.

KoHTponp Ta MOHITOPMHT BHPOOHHMYMX MPOLECIB MAarOTh 3IMCHIOBATHCS 3 MAaKCHMAJIbHOIO
e(peKTHUBHICTIO 1 TOUHICTIO [UI ONTHMi3auii BUpoOHHLTBA. CHCTEMH aBTOMAaTH3allli BUPOOHHYUX MPOLIECiB
MPEACTABIAIOTE COOO0I0 KOMIUIEKCHI TEXHIYHI pIlIeHHs, MpHU3HAYEH1 IUIA YNpaBJIiHHS IOCIIIOBHICTIO
NpoLenyp, IHTErpoBaHMX y poOodi IUKIM KOMIAHIl, SKi CHpsMOBaHI Ha BHUPIMICHHS TEXHIYHUX 1
JIOTICTUYHUX 3aBJaHb Ta 3a0e3MeueHHs BiAMOBIOHOCTI MPOAYKIil BCTAHOBJIEHUM CTaHAApPTaM SKOCTI [§-
10].

IlocranoBka mnpodiemu. Y mnpoueci OaraTokpurepiaidbHOI onTuMizamii CTpyKTypu 00’€kTa
KepyBaHHsI BUHUKAE eTall, Ha IKOMY 301IbILIEHHS OJHOT0 ITapaMeTpa MPU3BOAUTH J10 3HMKEHHS iHIoro. Le
00yMOBITIOE TIOTPEOY Y BITPOBAHKEHHI CHCTEMHOTO MiXOIY 10 MPOESKTYBAaHHS MOAIOHUX CUCTEM.

Meta podoTu. BukopucraBiiy MOIyIbHUNA IPUHIHIT POEKTYBAHHS AJIS1 OTIUCY CUCTEMH KEPYBaHHS
YCTAHOBKM [UIA TMAKyBaHHS BEIMKOTa0APUTHUX BAaHTAXIB, MPOBECTH CHHTE3 KOMIIOHOBKH CHCTEMHU
KEpyBaHHsSI 3 OCHOBHHX KOHCTPYKTHBHHX MEXaHI3MiB LIi€] CUCTEMHU.

Buxkiaa ocHoBHOro Martepiaay. 3alporoHOBaHa MOJEb 0araTOKPUTEPiaIbHOTO ONTHUMI3aliiHOTO
CHHTE3y CTPYKTYpPH CHCTEMH aBTOMAaTH30BAHOIO KEPyBaHHS MPOLIECOM BKIIIOYAE TaKi OCHOBHI €IEMEHTH:

®opmagizanis 3agaui: OCKUIBKH CTPYKTYpPY aBTOMAaTH30BaHOTO KEpPYBaHHS IMPOLIECOM MOXKHA
NPEACTaBUTH y BUTISAAL Tpada, TO 3amady OaraTOKpHTEPiaIbHOIO IOETATHOrO BHOOPY pillleHb MOXKHA
¢dopmamizyBaTH sK 3amady BuOopy Ha rpadax[l1l, 12]. V pesynbraTi neperBopeHb (GOPMYETHCS
opientoBanuii rpap G = (V, E), ne V = {vi,vs,..., o} — MHOXKHMHA BEpIIMH, 10 BiJOOPa)kalOTh MOXJINBI
TEXHOJIOT1YHi BHIIMBH cucTeMu kepyBaHHs. E = {[v;, vj]} = {e}, (i, j = 1, n, 1 # j) — MHOXXHHa OyT, IO
3’€IHYIOTh BEpLIMHU (TOOTO OTOKM iH(popManii, eHeprii), mpu boMY KOkHa ayra € € E xapakrepu3yeTbes
HabopomM Bar wi(e), k = 1, m. Bubpanuii BapianT po3B’si3Ky Bianoinae minrpady: g = (Vg, Eg), ne Vg <
V, Eg € E nouyaTtkoBoro rpada, SKuii OUCye MOCiI0BHICTh TEXHOJOTTYHUX BUILJIMBIB CHCTEMH KEPYBaHHSL.

Ha MHOXMHI BCIX IONMYyCTUMHX pillieHb {g} BBOAWUTHCS BEKTOpPHA KpuTepianpHa (QyHKUiA X(g) =
(x1(g), x2(g), ..., Xm(g)),ae x(g) =Y wi(e), e € Eg, k=1, m — xputepii eeKTUBHOCTI PO3B’S3KY, 10 MAIOTh
BJIACTUBICTH aAUTHUBHOCTI.

Takum unHOM, 3a7aya OaraTOKpUTEpiaJbHOr0 BHOOPY HoiArae y BinOopi MHOXHHU €EKTHBHHX
anprepHatuB X = {x(g)} = C({g}) E PAR, ne PAR — [lapero-MHOX1Ha, 0OpaHa IPOEKTAHTOM 32 METOAOM
[Mapero-edextunocti; C — QyHKITIS BigOOpy.

®opmyBaHHsl iHTerpaibHuUX pimedb: EdexktuBHi HampsiMku Ha rpadi KOMOIHYIOTBCS 3
ypaxyBaHHAM OOMEKEHb Ta B3a€MO3B’A3KIB 17151 30€peKEeHHSI IITICHOCTI CUCTEMH KepyBaHHs. Y pe3ynbTari
(opMy€eThCSI MHOKMHA IHTErpajibHUX BapiaHTiB pimeHb DX, KOXEH 3 SKUX XapaKTepU3yeThCsl HA0OpOM
kputepiiB. HeedekTrBHI BapiaHTH BifCIIOIOTHCS, IO MPUBOAMTH IO OTPUMAHHSI MHOXKHHH €(EKTHBHHX
pimers DX*; 3 sk0i 3AiHCHIOETHCS ONTUMANBHUI BUOIP.

OntumanbHuii BuOip: ®opma mpeacTaBieHHs pe3yabTaTiB 3aJISKUTH Bif mocTaBieHol 3axaui. Le
MoXxe OyTH OKpeMa ONTHMAalbHa albTepPHATHUBA, MHOXMHA MOXIMBUX AIbTEPHATHUB a00 OLIHKH KOXKHOI
aIbTEepHATHBY B Oasiax TOLIO.

MopaenwoBanHs. Sk mokasaB aHaii3, Uil YTBOPEHHS SIKICHOTO MaKOBaHHs HEOOXiAHO BUKOPHCTATH
HIOHAaWMEHIIIE TPY MEXaHI3MH: MEXaHi3M PO3MOTYBaHHS IUTIBKM; MEXaHi3M OOTOpTaHHS MaKeTa, 10 CKIaxy
SKOT0 0e31ocepeIHbO BXOANTh MEXaHI3M 3BapIOBaHHS; MEXaHI3M MoJayi MmakeTa.

TexHomoriuHa omepamis NaKyBaHHS ITIHOMONICTUPOJBHUX IUJIMUT CKJIAJA€ThCI 13 TaKUX
TEXHOJIOTTYHUX 1 JOMOMDKHUX TTEPEXOIB.

1. ®opmyBaHHS KOMIUIEKTY (puc.l, a). IUINT B 3aJaHiil KiITBKOCTI.

2. llogaua chopmoBaHoro nakera (puc. l,6) 11 0OTATYBaHHS IUTIBKOIO 3 TPHOX CTOPIH.

3. OcraTouHe BinpHE (opMyBaHHS nakera (puc. 1,6) abo 3 Horo cTaryBaHHsM (puc. 1,0).

4. 3BapioBaHHs MAKeTa 1 Bipi3aHHS TOTOBOI'O NAKOBAaHHS BiJ PYJIOHHOTO ITIBKOBOTO MaTepiairy
(puc.1, 2 abo puc.1, e).

5. BigBenenHs copMOBaHOTrO Ta 3aMaKOBAHOIO MAKeTa 31 CTOJIa TOTOBOT MPOIYKIIii.
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Ha ocHoBi 11poro rpady Oyia po3pobieHa TabmuIs cuaTe3y CTpyKTypH [IM amst BemukorabapuTHUX
BaHTaXIB, sIKa HApaxoBye 24 MOXKIUBUX ii BapiaHTH.
3 Meror0 BHOOpY Kpalloro BapiaHTa AJsl BEIMKOrabapUTHOIO MAKyBaHHS 3aCTOCOBAHO aHAINi3
BapianTiB cTpykrypu [IM. 3a kputepii omiHKM KOHCTPYKLIi NMPUHHATO BapTicTh 1 HaaidHicte [IM mpu
BITOMHX BapTOCTSAX 1 HAIIIHOCTI i1 MeXaHi3MiB.

8) <)

Puc. 1. BapianTH yCTAHOBKH /15l NAKYBAHHS BEeJUKOra0apMTHUX NAKeETIB: a) - py4Ha,
0, B) - py4Ha MeXaHi30BaHa, I') — HAiIBABTOMATH4YHA; 1 - pama, 2 - IPUTHCKHA JINKA,
3 - cTiiiKH, 4 - HUXKHIA PYJIOH, S - MyJbT KepyBaHHs, 6 - BepxHiil pyJIoH, 7 - HANPABJIAIOYMIA
poJiuK, 8 - MexaHi3M 00ropTanHs, 9 - MexaHi3M 3aBaHTa:KeHHs, 10 - MexaHi3M npoTHBar,
11 - BepTHKaJBHI HanpaBJIsiI04Yi, 12 - rOPU30HTANBLHI HANPABJIAIOYI, 13 - IPUBIA MexaHiZMy
noxaayi, 14 - npuBix MexaHisMy o0ropranss, 15 — MexaHi3M CTATyBaHHA

Bci Bumie mepepaxoBaHi MepeXOAW BHKOHYIOTbCS HACTYMHMMHU (YHKLIOHATBHUMH MOIYJISIMH
KepyBaHHsL, SIKi BXOIATH 10 CKJIaAy 0a30BOi CUCTEMH KEpyBaHHS MAILMHU.

[lepenbaueni BapiaHTH KOHCTPYKLIi ()yHKUIOHAJBHUX MOIYNIIB, IO BXOIATH 10 KOMIIOHOBKH
MaIlWHH, AaI0Th MOXKJIMBICTh OTPUMATH HACTYIHY KUTBKICTh BapiaHTiB KOMIIOHYBaHb CaMOl MaIlIMHU:

N=n; ‘n; -n3 -ny=1-3-4-2=24 papianTa.

Iie 71; — KUIBKICTh BapiaHTiB (YHKIIOHAIIEHUX MOAYIIIB i - TO BHIY.

Korken 3 nux BapiaHTiB ()yHKIIOHAIBHOIO MOAYJS MOXKE OyTH peaii3oBaHUI CIOYATKy y BUTIISAL
TBEPAOTUIBHOI eNEKTPOHHOI MoAeNi (3 BUKOPHCTaHHSA OAHIET 3 CHUCTEM TBEPAOTIIFHOIO MPOEKTYBAaHHS,
Hanpukiag SolidWorks), a moTiM nuisixoM ix 00’ €IHAHHS — B OAHOMY 13 BapiaHTIB KOMIIOHYBaHb MaIlIUHH.

[lepeiinemo 1o moOyaoBH rpadiuHoi MOAENTI OMUCY, IKUN pealli3yeTbcsd METOIOM MOP(HOIOTiYHOT O
aHaJi3y, TOOTO MPOCTOro MepedupanHs, U0 € HAHOUIBII MPUIATHUM MPU HE3HAUHIN KIJIBKOCTI BapiaHTiB
IUTS ONITHMI3alii CTPYKTYpH YCTAaHOBKH ISl BETMKOTa0apUTHOTO MAKyBaHHS.

B pesynpraTi aHanizy npoBeIeHUX pO3paxyHKIiB oOpaHO BapiaHT KOMIIOHYBaHHs ycTaHOBKH (10
BapiaHT, pHC. 2), CTPYKTYPHHHA CKJIaJ] AKOI MPEACTABUMO aHAITHYHO Y BUIJISIII MHOKUHH A

A = { Ei3, Ea1, E31, E4},

I'pad BapiaHTIB PO3B’ 3Ky CTPYKTYpH CHCTeMHU KepyBaHHS (puc.3.) cunre3oBanoi [IM HaBenenoi
Ha puc. 1.

VY Ttabn. 1. mpeacTtaBiieHi 3MiIlIaHi OLIIHKM 32 TEXHIYHOIO NPOAYKTHBHICTIO Ta KOMIUIEKCHUM
MOKAa3HUKOM BiJHOIIEHHS BapTOCTI CHUCTEMH KepyBaHHSA A0 il mpomyKTuBHOCTI. OTxe, HalBHILY
MPOLYKTHUBHICTH 3a0€3MedyIoTh BapiaHTh «16» Ta «24%». OgHak HAHONTUMANBHIMIMM € BapianT «10».
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Puc. 2. IBo3HayHmii rpad cuHTe3y CTPYKTYPH YCTAHOBKH JJISl IAKYBAHHS
BEJIMKOralapuTHUX BAHTAKIB: e— BePIINHM 3B'sI3aHI «Ta»; o— BePIINHHM 3B'A3aHi «a00»;
1 — mexanizM HasiBHUI, 0 — MeXaHIi3M BigcyTHIH

OITEPAIII TEXHIUHI 3ACOBII PEAJIIBAITIT OTIEPAITIT
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Puc. 3. T'pad BapiaHTiB pO3B’AI3KYy CTPYKTYPH MeXaHI3MiB KOHTPOJII0O KePYBAHHAM YCTAHOBKH
IJISl MAKYBAaHHA BeJIMKOTa0apUTHUX MAKETIB

Taba. 1
OyHKIIOHAJILHO-BAPTICHUI aHAMTI3 CHCTEeMHU KepyBaHHS YCTAHOBKH JJIsl TAKYBAHHSA
BeJMKOralapuTHHUX MaKeTiB

OyHKIIT
oo = .-
£S5 | £ = ® w
. Bapiaur 52| 35| s | Eg| EE
MexaHi3M KepyBaHHS Z@m| 22| ZE&| 32| 5
KOHCTPYKII1I = o e | 52| 2. g &
) OB | o= | &8 a
g2 | 22 |EE| RE| & &
™ = Q=
o o @ A
a <)
MexaHi3M KepyBaHHs Ei1 (MexaniuHwmif) 0,994 .
PO3MOTYBAaHHSIM E1» (mHeBMaTHYHUI) 0,962 .
TLTBKH E; (inepuilinuii) 0,99 .
Mexanism kepyBanns | E21 (Mexaniunuit) 0,982 .
HOMAHCIO LIAKETA | F,, (mHeBMaTHYHUIA) 0,96 .
Es; (0e3 cTarys., 3Bap. mex.) | 0,98 .
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Es; (6e3 cTsrys., 3Bap. mHeBM) | 0,965 .
MexaHni3M KepyBaHHS . .
OGrOPTAHHSM TAKETa Es; (3 crarys., 3Bap. Mex.) 0,985
Es4 (3 cTaryB., 3Bap. mueBm.) | 0,952 . .
Pama E,4 1

BucaoBku. OT)Xe BUKOPUCTOBYIOUHM (PYHKIIOHAJIBHI 3B’SI3KH MK KpUTEpisiMH e(EeKTHBHOCTI i
CTPYKTYPOIO AKyBaJIbHOT MAIIMHH BIOCKOHAJICHO TA0IWYHY MOJIENIb CHHTE3Y KOMIIOHYBaHHS TaKyBaJIbHOT
MAaIIMHH IUISIXOM PO3POOKH KOMIUIEKCHOI'O KPHUTEPito 11 OLIHKU 111 BUOOpY KPalIoro Ajsl 3aJaHuX YMOB
BHUKOpPHUCTaHHS. BCTaHOBNIEHO, 1110 KOMITJIEKCHUH KpUTEpil (BiTHOIIEHHS BAPTOCTI MAIIMHY 10 1i TEXHIYHOT
MPOLYKTUBHOCTI) KOMMBAETHCSA M1 PI3HUX BapiaHTIB KOMIIOHYBaHb.

IaTerpaunis iHpopMamiiHUX TEXHONOTIH 3 (PYHKIIOHATBEHO-MOAYIBHIM HPHUHLIUIIOM IPOCKTYBaHHS
J03BOJIsIE €PEKTHBHO BUPILIYBaTH KOMIUIEKC 3aBJaHb, ITOB’SA3aHUX 31 CTBOPEHHSM HOBHX MaKyBaJIbHUX
MampmH. lle BKiIroUae ONTHMI3amil0 CTPYKTYPH MAIIMHH Ta TEXHOJOTIYHOrO MPOLECY 3a JOINOMOIOIO
MaTeMaTHYHUX METOAIB, PO3POOKY TBEpIOTITFHIX MOAEIEH CKIAAaJbHUX OOUHMIb, & TAKOK CTBOPEHHS
Pp000401 KOHCTPYKTOPCHKOI TOKYMEHTAIII1.
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A.K. ABTyx0B, O.b. Kamoxnnii, O.C. Bopucenko, O.C. KopHues
Jlepoicasruii biomexnono2iunuil yHisepcumem

BIIJIUB XIMIYHOT'O CKJIAZLY TA TEPMI‘II-‘I’Oi OBPOBKH HA EKCILTYATAIIIMHI
BJACTHUBOCTI BAEBTEKTOIJHUX CTAJIEH, IO ITPAIIIOIOTH B YMOBAX
HIABUINEHNX 3HAKO3MIHHUX HABAHTAXKEHD TA TEMITIEPATYP

Y oaniii pooomi oocnioncyemuca ennue Ximiunozo ckiady ma pexcumie mepmiunoi 00poOKu 3aeémeKmoioHuUx
cmasneil HaA OCHOGHI OUIHOYHI Kpumepii npaye30amuocmi eupoois, uj0 eKCRIYamymsCca 6 yMosax nio8uuieHuUX 3HAaKO3MIHHUX
HasanmajxceHb ma memnepamyp. Y cmammi ananizyromsca MIiKpOCIMPYKmMypHi 0co0aue0cmi cmaneii 3auexcHo 6io emicmy
gy2liento ma enaiugy mepmiuHoi 00pooKu (8ionan, noosiiina ma nompiiina Hopmanizayis) Ha ix mexaniuHi enacmueocmi, maxi
AK Mexca MIYHOCII HA PO3PUE ma 32UH, Meepoichb, MepMIiuHa UMPUBANICIb MA 3HOCOCMITIKICIb. 3PO0OIEHO 6UCHOBOK, 140
017 NOKPAWjeHHA eKCHYamayiiiHux 61acmugocmeil 3ae6nmeKmoionux cmaneil y 6aj)cKux ymogax eKcniayamauii 00uinsho
3acmocogyeamu noogiiny nopmanizayiro 3 gionanom npu 600°C, a makosc eukopucmogysamu oOnMuUMi308anuil Ximiunui
CK1a0 0114 00CAZHEHHA MAKCUMAIbHOT eheKmuenocmi.

Knrwuosi cnosa: saesmexmoiona cmanv, XiMiyHull CK1a0, mepMiuHa 00poOKa, MIKpOCMPYKMypa, mepMiuHa
MPIWYUHOCITIKICTG, 3HOCOCMIUKICMb, MEXAHIUHI 81ACTNUBOCMI

A.K. Avtukhov, O.B. Kalyuzhny, O.S. Borisenko, O.S. Kornev

INFLUENCE OF CHEMICAL COMPOSITION AND HEAT TREATMENT ON THE
PERFORMANCE PROPERTIES OF HYPEREUTECTOID STEELS OPERATING UNDER
CONDITIONS OF INCREASED VARIABLE LOADS AND TEMPERATURES

In this work examines the influence of chemical composition and modes of heat treatment of eutectoid steels on the
basic evaluative criteria for the performance of products, which are operated in conditions of increased variable loads and
temperatures. The article analyzes the microstructural features of the steels depending on the carbon content and the impact of
heat treatment (annealing, double and triple normalization) on their mechanical properties, such as the limit of rupture and
flexion, hardness, thermal endurance and durability. The obtained regression equations made it possible to evaluate the effect
of individual chemical elements on thermal endurance and durability at double normalization. On the basis of these equations,
the optimized chemical composition of the eutectoid steel was calculated, which can provide the maximum level of operational
indicators after double normalization. It is concluded that it is advisable to use double normalization with annealing at 600 ° C
to improve the performance properties of eutectoid steels in severe operating conditions , as well as to use optimized chemical
composition to maximize efficiency.

Keywords: eutectoid steel, chemical composition, heat treatment, microstructure, thermal  fracture,
durability, mechanical properties

IMocTanoBKa nmpodieMu. 3a€BTEKTOIIHI CTali — IIe CTalli, 0 MICTITh OubIne 3a 0,8% Byrielrto,
ane meHie Hix 2,0%. BoHr MaroTh y CBOill CTPYKTYpi OCHOBHI KOMIIOHEHTH, TaKi sIK ()EpUT Ta IEMEHTHT,
1 € YaCTUHOIO CTAJIEBUX CIUIABIB, IKi BUKOPHCTOBYIOTH Y Pi3HUX Taly3sX 32 paXyHOK CBOIX BIACTHBOCTEH.

3aeBTEKTOIAHI CTajli MalOTh BUCOKY MILHICTh, 10 POOUTH iX 3pYYHHUMH IUIsI BUKOPUCTAHHS B
YMOBaX, Jie TOTpiOHA BUCOKA CTIHKICTh 10 3HONTYBaHHA. BOHM TaKoX 3aCTOCOBYIOTHCS ISl BATOTOBJICHHS
IHCTPYMEHTIB, IO MiIAI0ThCS 3HAYHUM MEXaHIYHUM HaBaHTAKEHHSIM.

[[Inpoke BUKOpUCTaHHS 3a€BTEKTOIIHI CTaJi 3HANIIITH /I BUTOTOBIICHHS CTAJIEBUX JINTHX BAJIKIB,
sKi e(QEeKTHBHO BHUKOPHCTOBYIOTHCS Ha IJIUCTO- Ta COPTONPOKATHUX, TPYOHWUX CTaHaX, a TaKOXK Ha
po(hiIE3THHHUX arperarax.

HaituacTime BalKyd BHUTOTOBJISIOTH 13 BMICTOM Byrienio y Mmexax 1,0-2,0%. Bix iioro yactku B
CIUTaBi 3aJISKUThH CTPYKTypa MeTaiy. 3 MiABUIIEHHSIM BMIcTy ByrJeito 10 1,2% cTpykTypa cTali nepiiTHa
3 OKPEeMHMH TOJIKAMH I[EMEHTHTY 1o Tiny 3epHa. I[lpm 1,2-1,5% nomatkoBo 3'BISEThCS po3ipBaHa
LIEMCHTUTHA CITKa MO MeXax 3epeH mnepiiTHoi MaTtpuii. Ctaji 3 OUIBIIOI KOHI[EHTPALICID BYTJICIIO
XapakTepu3yrThes (popMyBaHHSAM Tpy0o0i IIEMEHTUTHOI CITKH Ta 3HAYHOI YAaCTKOI T'OJOK BTOPHHHOIO
neMmeHTuTy| 1]. [Ipu BUKOpHCTaHHI BaJIKIB i3 32€BTEKTOITHOI CTaIi 3aCTOCOBYIOTH CIUIABH 3 PI3HHM BMiCTOM
JISTYIOUUX EIIEMEHTIB, 110 3a0e3leuye HeoOXiaHy YacTKy KapOimHoi ¢asu, a, oTKe, 1 OUTbITy TBEPIICTh,
3HOCOCTIHKICTh B TuTOMY cTaHi [2,3]. JlomaTkoBa TepMiuyHa 00pOOKa 3a€BTEKTOITHUX CTAJICH TAKOXK CIIPHSIE
MiJBUIICHHIO PIBHIO 1X KCIUTyaTaliiHUX BIACTHBOCTEH.

AmHaJi3 ocTanHix gocaimkens i myoJikaniii. B poborax npodecopis Ckobmo T.C. [4] Ta BnacoBus
B.M. [5] naBemeHi pe3ynbTaTHd AOCHIIKCHBL IMOAO BIUIMBY PEKHMIB TEPMIYHOI OOPOOKHM HA PO3MOILIT
CTPYKTYPHHX CKJIQJIOBUX Ha MEXaHIYHI BIaCTUBOCTI 3a€BTEKTOITHUX CTaJel Ta 3aJISKHOCTI, 110 HA/Ial0Th
MOJKJIMBICTh ITPOTHO3YBATH PIBEHb BIACTUBOCTEH BUIJIMBOK 33 KOEPIMTBHOK CHJIOIO, ajieé TUTaHHS MO0
MIPOTHO3YBaHH BMICTy XIMIYHUX €JIEMEHTIB Ha PiBEHb HA OCHOBHHMX OLIIHOYHHX KPHUTEPIiB Mpane3gaTHoCTi
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BHUPOOIB, 10 MPALIOIOTh B YMOBaxX MiIBUIICHUX 3HAKO3MIHHMX HABaHTAKEHHIX Ta TEMIIEpaTyp H0cCi
3aJIMILAETHCS AKTyaIbHHUM.

Mera poOOTH: BUBYMTH BILJIMB XIMIYHUX CKJIaJOBUX Ta PSKHUMIB TEPMiuHOT 0OPOOKH 3a€BTEKTOITHIX
crajell Ha OCHOBHI OLIHOYHI KpHTepii mpaue3gaTHoCTi BUPOOiB, IO MPALIOIOTh B YMOBAX IiABUILEHUX
3HAaKO3MIHHUX HaBaHTAKECHHSX Ta TEMIEPaTyp.

OnHUMH 3 OCHOBHHMX OLIHOYHHX KPHUTEPIiB Mpame3gaTHOCTI BUPOOIB, IO MPAaLIOIOTh B yMOBax
MiZBUIICHUX 3HAKO3MIHHUX HAaBAaHTAKECHHSIX Ta TEMIIEpaTyp, MOPAL 3 MOKa3HUKaMH MILHOCTI Ta TBEPIOCTI
€ TepMiuHa TPIMIMHOCTIHKICTH Ta 3HOCOCTIHKICTh CIUIABIB.

TepMmiuHy TPIIIMHOCTIHKICTh AOCTIIKYBaHUX MaTepialliB OLIHIOBAIM 3a KUIBKICTIO IHKIIB [0
pYHHYBaHHS 3pa3KiB, 110 BUIIPOOYBalid Ha YCTaTKyBaHHI pO3p00JICHOMY B Y KpaiHCBKOMY AOCTiAHUIIBKOMY
iHCTUTYTI MeraniB (XapkoB, Ykpaina). [HnmykuifiHe HarpiBaHHS 3pa3Ka NPOBOJMIM 3 KIMHATHOI
temnepaTtypu 10 600 ° C, 0XomoKEeHHs IPOBOIMIIN TOTOKOM Boau. KOHTpose TemmnepaTypyu MpOBOIUIH
KOHTAaKTHUMH TEepMOIapaMH, II0 TPHUBAapIOBalll Ha TIOBEPXHIO B IIGHTPaJbHId YacTHWHI 3pasKa.
BunpoOyBaHHs 3pa3KiB MPOBOAMIIN 3 3aKaTUMH KiHIISIMU NIPH HaBaHTakeHH1 176,4 H.

3HOC MaTepialy OLiHIOBaJIM IO BUPOOYBAaHHM IMCKIB IIpH TePTi i HaBaHTaxkeHHAM 9,8MIla. [Ipu
IOMY TeMIIepaTypa AWCKY, 0 iMiTyaB MeTan 00poOku ckianana 790-810° C, a gocmimKyBaHUX 3pa3KiB
— 40-45° C. 3n0cocrtiiikicth crutaiB (K;) BU3Ha4aM 32 BTPATOK MaCcCH JIOCIIAHUX 3Pa3KiB y BiICOTKOBOMY
BiZJHOILICHHIO.

XiMIYHUH CKJIaJ AOCTIAHUX 3a€BTEKTOINHUX CTajel HaBeAeHO B Tabmuui 1.

Tabn. 1
XiMiuHU# CKJIAA TOCTITHUX 32€eBTEKTOITHUX CTa el
Homep Bwict enemenris, % (inme Fe)*
3pa3ka C Si Mn Cr Ni Mo Ti
1 1,81 0,34 0,47 0,69 0,83 0,37 0,05
2 1,79 0,46 1,31 0,87 0,80 0,41 0,04
3 1,77 1,10 0,7 0,79 0,84 0,50 0,04
4 1,80 1,05 0,61 0,77 0,92 0,34 0,07
5 1,38 0,75 0,86 1,00 0,98 0,51 0,06
6 1,60 1,2 1,34 0,91 0,87 0,47 0,08
7 1,59 1,70 1,09 0,83 0,91 0,55 0,05
8 1,71 1,34 0,37 1,12 0,78 0,44 0,04

[pumitku. *Bmict wkigmusux gomimok — cipku 0,020-0,026%, dpocdopy 0,020-0,026%.

Jns  migBUILEHHS piBHSA eKCIUTyaTaliiHUX BIACTUBOCTEH 3a€BTEKTOINHOI cCTami IIUPOKO
BHKOPHUCTOBYIOTh Pi3Hi BUIM TEPMIYHOI 0OpOOKH Taki, sIK Bilnas, mojBiiiHa Ta MOTpiiHA HOpMai3aLis.

[Ipu npoBeneHi 1a00paTOPHUX AOCIIIKEHD IS BCTAHOBJICHHS CTYIEHIO APOOJICHHS Ta KOoaryJssmii
KapOingHoi (asu, CXUIBHOCTI MaTepialy 10 rpadiTu3aLii IPOBOJWIN TPH BUIU TepMiuHOoi 00poOku. [epia
o0poOka ckimajamacs 3 MOTpiHOI HOpMamizamii 3paskiB 3a Ttemmepatrypamu 950, 900, 850° C 3
BigmyckansasMm mpu 600° C. Ha nepinomy erami HarpiBaHHA 3pa3kiB 1o Temmnepatypu 650° C BUKOHYBaIH
31 mBuakicTio 25° C 3a roauHy, a noxanbire HarpiBaHHs 1o 950° C — 31 mBuakictio 50° C 3a roguny.
Butpumka npu Ttemneparypi 950° C ckmamana 12 roauH, oxonomkeHHs g0 45° C BUKOHyBalu 3i
mBukictio 150° C 3a roguny. Jpyra ta TpeTs HopMamizalis BizOyBajach 3 peKUMaMy HarpiBaHHsS Ta
OXOJIOKCHHS aHAIOTIYHUMHU epiioMy erany. Butpumka npu Temneparypi 900 Ta 850 ° C cknanana 10
roauH. [Ipu BiamyckanHi 3pa3ku g0 600° C nHarpiBanu 31 mBuakictio 25° C 3a roguHy, BUTPUMYBAIH HA
npoTa3i 15 roguH 3 moJanbIIuM OXONM0LKEHHIM 1o Temmepatypu 450° C 31 mBuakictio 30° C 3a roguny,
BuTpuMKor0 nipu 450° C — 10 roguH i nopansmmM oxonomkenHaM a0 150 © C 31 mBuakictio 30° C 3a
roauHy. OcTaToYHE OXOJOKEHHS BUKOHYBAIM MpPU KIMHATHIHA Temmeparypi. 3araJpHUN 9ac TepMivyHOI
00pobku cxias 205 ronuH.

[ongiitny HoOpMamizamilo 3 BigmyckoM mpoBoawiau mnpu TemmepaTypi 950 850 ta 600° C 3a
aHAJIOTTYHUMH TapaMeTpaMH, K i Ipu NOTpiiiHii HopMamizawii. 3aranbHuil yac 00poOku ckiaB 135 roguH.

3a tperiM pexxumoM (Biaman mpu 850° C 3 BimmyckaHHAM) 3aralibHUA Yyac 0OpoOku ckiiaB 7() TOAMH.

Amnatiz MIKpOCTPYKTYPH JOCIIIHHUX CTaseH MMOKa3aB, 110 HE3aJISKHO BiJ BULy TEPMIYHOI OOPOOKH B
cTanmsax 3 BMicToM 1,8% Byriemoo He BiAOyBaeThcs MOBHOTO ApPOOIEHHS TpyOoi KapOimHOi CITKH.
[Tigpumenns xonnenTpamnii kpemuis 1,05-1,20% He 3a0e3nedye necradimizarii kapOifiB Mpu HarpiBaHHI
HaBiThb 10 950°C i rpadit He BUALIAETHCS.
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Jlnsi BUBYEHHS TEHETHKH IPOLIECY PO3ZUYMHEHHS KapOiqHOI CITKHM AOCTiIKYBaIl MIKpOUUTi(hH MicIis
KOXKHOT'O CTYIIEHIO HOpMalizalii. BcTaHoBleHO, 1110 TpH 0JHOPa30BOMY HarpiBaHHi 10 Temmeparypu 850
a60 950° C 1 mocniayrouoro 0XonoKEeHHs Ha CIIOKIHHOMY THOBITpi He BiOyBaeThCs MonpidaeHHs rpyooi
LEMEHTHUTHOI CiTKH, a mpu 950° C crocTepiraeTbes 4aCTKOBE PO3UMHEHHS TOJIOK BTOPHHHOTO IIEMEHTHTY.

HocnimKeHHs CTPYKTypHu micis nABoWHOI Hopmamizamii 950-850 © C, Ttakox moKas3aimy, IO
noApiONeHHs CITKH He BinOyBaeThecs. B okpemux BUmaakax BoHa crae mie Oinpui rpyooro. el dpakt moxe
CBIIYMTH TPO Te, IO MIPH TEePMiuHiil 00poOIIi BHACTIIOK HEAOCTATHHOIO MIBUIAKOCTI OXOJIOMKECHHS 1 yMOB
iHTeHCUBHOI AuQy3ii BYTjewLio, MO0 3HAXOAUTHCS Y BTOPHHHOMY LIEMEHTHUTI BinOyBaeThCsl OrpyOJieHHs
KapOigHOT CiTKH.

MexaHiyHi BTaCTHBOCTI B JIUTOMY 1 TepMOOOPOOICHOMY CTaHi AOCTIIHUX CTaslell HaBeneHi B TaldIl.
2T1al.

Tabn. 2
MexaHiuHi BJaCTHBOCTI JOCHIIHUX CTAJEH B JUTOMY i BilllaJleHOMY CTaHi
Jlutuii cran Cran micns Biamamy
Me- | Me- |Tsep- | Tepmiuna (3Hococti- | Me- Me- |TBep- | Tepmiuna |3Hoco-
Homep | xa ’Ka |IiCTh, | BUTpPUBA- | WKICTh, xKa ’)Ka | JICTh, BUTpHUBA- CTIH-
BUIUB- | min- | min- | HB JICTh, K3, % MILl- | MiI- HB JICTB, KICTb,
KU HOCT1 | HOCTI KUIBKICTH HOCT1 | HOCTI KUIBKICTD K3, %
Ha Ha LIUKIIB 10 Ha Ha LIUKIIB 10

po3- | 3ruH pyHHY- po3- | 3ruH pylHYyBaH-

puB 6., BaHHA, Ny puB 6., Hi, Ny

6:, | MIla 6:, | MIla

MlIIa MlIIa
1 445 400 330 877 3,1 495 440 315 980 2,8
2 455 430 335 982 2.9 465 430 310 1080 2,7
3 510 450 337 472 3.8 530 460 300 610 3,4
4 475 460 340 1100 3,6 495 475 320 1193 3,1
5 490 450 352 1243 3.8 515 465 332 1285 3,3
6 440 450 329 991 3,3 470 480 305 1072 2,8
7 485 440 336 819 2,8 500 475 311 923 2,4
8 450 460 312 971 3,0 485 490 302 1063 2.8

3 BUKOHAaHWUX EKCIEPUMEHTAIBHUX IOCTIKeHb (Tabn.2) BHIHO, MO B CTalISIX 3 MIHIMAJIEHOIO
kimpkicTio kpemHis (0,34-0,46%) 1 Byrnemto 1,8% B AUTOMY CTaHI Ma€ThCsl TEHJCSHINS JO MiABUIIEHHS
MilHicTHUX XapakTepucTuk (Os, ©,), a Takoxk TBepAocti. TepMmiuHa BUTPHUBATICTH Ta 3HOCOCTIMKICTH
CYTTEBO HE PI3HUTHCSA BiJ UX NOKA3HUKIB 1HIIUX AOCTIKYBaHUX CIIJIaBiB.

B cransx 3 migsummenum BmictoM kpemHis (1,05-1,20%) npornsaaeTbest TEHASHINIS OO0 3HMKEHHS
BCIX MIIIHICTHHX XapaKTEPUCTUK.

BcranoBneHo, mo TepMidyHa oOpoOKa NMPHU3BOOUTH OO 3HWKEHHS cepenHboi TBeppocTi. Ilicns
BiJiary TBEpAiCTh AOCIITHIX 3a€BTEKTOIMHUX cTanel 3Hu3nIach Ha 18%, moaBiifHOT HOpMali3aliis - Ha
7%, motpiitHoi HOpMmamizauii — 10%. OpHOYacCHO MiABHMIMYIOTHCA MIIHICTHI XapaKTEPUCTUKU CTajel
HE3JIKHO BiJ] KOHIIEHTPALil KPEMHIA.

Binnan cnpusie miaBUIEHHIO MEX1 MIITHOCTI Ha po3puB Ha 5,4%, Mexi MiITHOCTI Ha 3ruH Ha 4,6%,
TepMmiuHOi BuTpHBaiocti Ha 11%, 3HOcocTiiikocTi Ha 11,4%.

[ongiitna Ta motpiitHa HopMami3alis 3a0e3MeYyoTh MiIBUIIECHHS MOKa3HUKIB 1110, BIUIMBAIOTH Ha
eKCIUTyaTaliiHI XapaKTePUCTHKH 3a€BTEKTOIIHUX CTajIeH, BiAMOBIIHO: MeXi MITHOCTI Ha po3puB Ha 11%
Ta 7,6%, Mexi MitHOCT1 Ha 3ruH Ha 20% 12 9,7%, TepMiuHOi BUuTpuBasiocti Ha 21% ta 15%, 3HOCOCTIHKOCT1
Ha 19 % ta 19,7% BigmoBigHO.

BuxoHaHi AOCHipKeHHs MIOAO BIUIMBY PEKHUMIB TEPMIYHOI OOpPOOKM 3aE€BTEKTOIMHUX cTajeld Ha
OCHOBHI OLIIHOYHI KpUTepii pane3aaTHoCcTi BUPOOiB, SKi IPaLIOI0Th B YMOBAX MiIBUIIEHUX 3HAKO3MIHHHUX
HABaHTAXXEHHSX Ta TeMIepaTyp AOLUIFHO 3aCTOCOBYBATH MOJABIHHY HOpMaizauito 3 Biamaiaom 600° C.

Jns  BUBYEHHS MOXJIHMBOCTI IIIBUIICHHS TEPMIYHOI BUTPUBAJIOCTI Ta 3HOCOCTIHKOCTI
3aeBTEKTOITHUX CTaJled 3a paxyHOK ONTUMi3alii XiMIYHOro CKIagy 3a CTaHZapTHOIO mporpamoro Excel,
OyJu OTPUMAaHO PIBHAHHS perpecii, o XapaKTepU3yl0Th BIUIMB XiIMIYHHX €IEMEHTIB CIIJIaBy Ha BiANOBiAHI
MOKa3HUKH NP IBOWHIN HOpMaTizalii.

N,=5611,88 -1380,80C + 487,09Si + 72,43Mn + 50,68Cr — 1480,59Ni — 1309,9Mo — 3694,16Ti

K,=-14,80 +4,301C — 0,555Si — 0,420Mn + 3,307Cr + 3,184Ni + 9,132Mo + 25,933Ti
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Tabn. 3
MexaHi4Hi BJACTHBOCTI JOCTIIHUX CTaJIeH Micyas MoABiiHOI Ta NMOTpiiiHOI HopMaJi3anii
Howmep [Toxsiiina HOpMAaITI3allis [otpiitHa HOpMaJTi3alis
BUIUB- | Me- | Me- | TBep- | Tepmiuna | 3Hoco- | Me- | Me- Teep- | Tepmiu- | 3HOCO-
KA xKa xKa JCTh, | BHTpHBa- CTii Ka Ka JICTh, Ha CTIii-
MILl- | MiI- HB JICTh, KICTb, | MiI- | MiI- HB BUTPU- KICTb,
HOCTI | HOCTI KUIBKICTh K3, % | HOCTI | HOCTI Ba- K3, %
Ha Ha LIUKIIB 10 Ha Ha JICTh,
po3- | 3ruH pyriHYyBaH- po3- | 3ruH KiJb-
puB 6., Hi, Ny puB 6., KICTh
6:, | MIla 6:, | MIla LIMKJIIIB
MIla MIla o
pyiiHy-
BaHHI,
Ny
1 507 550 302 1077 2,2 500 450 275 1104 2,1
2 515 535 309 1187 2.3 482 475 306 961 2.3
3 610 510 295 671 2,8 600 490 288 1029 2,7
4 516 570 313 1311 2,5 496 510 317 1053 2,7
5 505 535 298 1412 3,0 500 495 329 1105 3,1
6 498 525 300 1179 3,0 485 485 305 1044 2,9
7 510 540 302 1015 2,6 495 480 298 1139 2,3
8 505 530 295 1169 2,9 480 510 280 1075 3,0

3a omoMorow mporpaMy MOUIYK pillleHb Hakery aHaiizy Excel OyB orpumaH XiMiYHUH CKiIajg
3aeBTekToinHOI cTami: 1,36 %C; 1,69 Si; 1,34 Mn; 1,27 Cr; 0,76 Ni; 0,41Mo; 0,08T1%, sKwuii micis ABOHHOT
HOpMaJIi3alii, 3a HaBEeACHUM BHIIEC PEKHMOM, HAaJacTh MOXJIHMBICTH OTPHUMATH MaKCUMalbHHH PiBEHb
eKCIUTyaTaliiHUX TOKA3HUKIB.

BucHoBku.

Otpumani B poOOTi pe3ysibTaTH HaJalOTh MOXIIMBICTH 3pOOMTH BHUCHOBOK, IO AJISI MiABHILECHHS
eKCIUTyaTalliiHUX BIACTUBOCTEH 3aEeBTEKTOIJHMX CTajel, IO MPAIIOI0Th B yMOBax MiJBUIIEHHX
3HaKO3MIHHUX HaBaHTaXEHb Ta TeMIIEpaTyp, AOLLUIBHO 3aCTOCOBYBaTH INOABIHHY HOpMami3auiio 3
Bigmanom npu 600°C. 3a qonoMororo piBHSHb perpecii, OTpUMaHUX 3 BUKOpPHUCTaHHSM nporpamu Excel,
OyJ10 BU3HAYCHO BIUIMB XIMIYHUX €JIEMEHTIB CIIaBy Ha TEPMIYHY BUTPHBAJICTb Ta 3HOCOCTIMKICTH MPHU
nmonBilHIA HopMamizamii. OntumizoBaHuil XiMidyHUE ckiax 3aeBrekroigHoi cram (1,36%C; 1,69%Si;
1,34%Mn; 1,27%Cr; 0,76%Ni; 0,41%Mo; 0,08%Ti%), po3paxoBaHuii sl TOCATHEHHS MaKCHMAaJbHOTO
PiBHS eKCIUTyaTallifHUX MOKa3HMKIB MICIs MOABIHHOI HOpMaii3amii, Moke OyTH pEeKOMEHIOBaHHUN IS
MOJAJBIIOT0 BUBYEHHS TA 3aCTOCYBaHHS
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MHOKWHHA PET'PECIHHA MOJIEJIb CUJI PI3BAHHSI ITPA TOPLIEBOMY
®PE3EPYBAHHI CIIVIABY NiTi

Cmamms npuceéauena OnUCantio MemoouKu CmamucmuyHol 00podKu eKcnepumMenmanbHux 0anux 6UMIpIOGAHHA CUIL
pizannsa npu mopuesomy pezepysanni niockux nogepxons cnnagy NisesTisz,s npu 3minnux pexcumax pizannsa (weuoKicms
pizanna, nooaua, znuduna pizanns). 30ilicneno nooy008y cmenenesoi, NOKA3HUKOBOT ma JNiHINHOT MHOMCUHHUX pezpeCiliHUX
Modeneil cunl pi3anna Ma 6UKOHAHO NOPIGHAIbHUN AHATI3 AKOCMI YUX MOOenell 0711 0AHOT MHOMCUHU eKCRePUMEHMATbHUX
oanux.

Knruoei cnoesa: ninitina pezpecis, nokazHuKko8a pespecis, NONIHOMIANbHA pespecis, CUl Pi3aHHs

N. Balytska, O. Prylypko, L. Hlembotska

MULTIPLE REGRESSION MODEL OF CUTTING FORCES
IN FACE MILLING OF NiTi ALLOY

The present article is devoted to the description of the methodology for statistical processing of experimental data on the
measurement of cutting forces during face milling of flat surfaces of Nise.sTiss.5 alloy under variable cutting conditions (cutting
speed, feed, depth of cut). The study involved the development of power, exponential, and linear multiple regression models for
cutting forces, followed by a comparative analysis of the quality of these models for a specific set of experimental data. The
present study determines the degree of influence of cutting modes on the value of the equivalent cutting force. The findings of
this study may be useful for further investigation of the cutting process and development of effective technologies for machining
NiTi alloys.

Key words: linear regression, exponential regression, polynomial regression, cutting forces

IlocranoBka mnpoduaemu. Hitunon (cmmaB Ni-Ti) — BakkooOpoOmOBaHMI Matepial, SKUi
XapaKTepU3YETbCs OCOONMBHMH BJIACTUBOCTAMH e(dekTy mnam'siti (GopMH, BHCOKMMH MILHICTIO Ta
KOpO3iHOIO CTIMKiCcTIO, AEMI(]YIOUOI 3AaTHICTIO, 1 HIMPOKO BUKOPHUCTOBYETHCS B PI3HUX Taily3six
npomucioBocTi. CrutaBu NiTi HamexaTh 10 BaXKOOOpOONIOBaHHMX MarepialiB depe3 BHCOKE
nedopmariine 3MIMHEHHS, HHU3bKY TEIUIONPOBIAHICTh, BHCOKY IUTOMY TEIJIOEMHICT 1 HHU3BKHUN
edextuBHUl Momynb mpyxHOCTi. Lli BIacTHBOCTI 3yMOBIIOIOTH KPUTHYHO HH3bKY 0OpOOIIOBaHICTH
HITHUHOJIB BHACTIJOK BHCOKOI THUTOMOI eHeprii pi3aHHS, CHIBHOI ajresii, YCKJIaJHEHOTO
CTPY’KKOYTBOPEHHS Ta HAUIMILIKOBOI'O YTBOPEHHS 3aIUpoK [1-4].

ToprieBe (pesepyBaHHS € OIMHUM 3 MaJOJOCITIKEHUX METONIB OOpPOOKM HITHHONIB i BUMAarae
0co0IMBOI yBaru 10 BUOOpY IHCTPYMEHTY Ta MPU3HAUCHHS PEXHUMIB pi3aHHs 17151 3a0e31eUeHHs He00X1aHOT
edexruBHOCTI 00pOoOKK [5, 6]. B mpomy po3pizi BHHHMKae HEOOXiIHICTb Yy IOCHIIKEHHI Ta aHami3i
3aJIeKHOCT1 CHJI pi3aHHS Bil yMOB 00poOku [7, 8]. st ananizy Oynp-sSKHX HpPOLECIB B PI3HUX Taly3six
MPOMHCIIOBOCTI, B TOMY YHCIi 1 B MamIMHOOYJyBaHHI, IIMPOKO 3aCTOCOBYIOTbCS MHOKMHHI perpeciiHi
Mozeni. BoHu 103BOIISIOTE AOCTIANTH BIUIMB Pi3HUX (hakTOpiB (HApUKIAL, P&KUMH pi3aHHs, TeOMETPHYIHI
napaMeTpu iHCTPYMEHTY, BIAaCTHBOCTI OOpOOJIIOBAaHOTO Ta iHCTPYMEHTAJIBHOIO MaTepiadiB i T.A.) Ha
3HA4YCHHS CWJ pi3aHHA, L0 AO3BOJSIE MPHUHMATH OOIPYHTOBaHI PIilIEHHS NPU PO3pOOLi TEXHOIOTiH
MexaHiuyHoi 00poOku. OTxe, MoOymoBa perpeciiHoi MoJei 3aIeKHOCT] CHIT Pi3aHHSA Bill PKUMIB pi3aHHA IPU
TOpLEBOMY (pe3epyBaHHI HITHHOMY € aKTYaJIbHOIO 337a4€lo ISl PI3HUX TaTy3ei CydacHO! POMHCIIOBOCTI.

AHani3 ocTaHHix mocjizkeHb i myOJsikamiii. MHOXXHHHI perpeciiHi Mozeni modand akTHBHO
3aCTOCOBYBATH AJIS aHAIII3y HPOLIECiB pizaHHs nMpuOin3HO B cepeauHi 20-ro cromitts. Lle Oyno 3ymoBiieHO
PO3BUTKOM KOMI'TOTEPHUX TEXHOJOTIH Ta METOJIB CTATHCTUYHOrO aHamizy [9, 10].

Jns aHautizy Ta onTHMI3alii mpouecy TopLeBoro (pe3epyBaHHs JOLTFHO 3aCTOCOBYBATH MHOKHHHI
perpeciitai mozedni [10—12], oo onucyioTh BIUIMB AEKUIBKOX (PaKTOPIiB Ha CHIIM Pi3aHHs, 5Ki, B CBOIO YEpTy,
3IIMCHIOIOTH BEJMKHM BIUIMB Ha epeKTUBHICTh 00poOku [8—10]. B Takux 3amauax nocrae nutanHs BUOOPY
MDK pi3HUMH MogeimsiMu perpecii. Tomy, B maHid craTTi aBTOpamMH HPOMOHYETHCS sl BHU3HAYCHHS
HaMOLIBII aIeKBAaTHOI perpeciiHoi Moziei MOPIBHATH SKICTh MHOKHHHHX PErpeciiHuX Moaenel (JIiHIHHOi,
CTENEHEBO1, MOKA3HUKOBOI), MOOYIOBAaHUX HAa OCHOBI E€KCHEPHUMEHTAIBHUX NaHWX, Ta OLIHUTH BIUIMB
PEXHUMIB pi3aHHs Ha PIBHOAINHY CHITy Pi3aHHS IPH TOPLIEBOMY (pe3epyBaHHI HITHHOIY.

Meta po6oTu — noOyAyBaTH Ta NOPIBHATH SIKICTh MHOXXHHHUX pErpeciiiHuX Mopened (JiHIMHOI,
CTEINEHEBO1, OKA3HUKOBOT) 3aIeKHOCTI PIBHOAIMHOI CHIIM Pi3aHHS BiJl PEKHUMIB pi3aHHS IPH TOPLEBOMY
¢dpe3epyBaHHI IUIOCKUX MTOBEPXOHb HITHHOY.

Bukiaag ocHoBHoro marepiaiay. ExcrnepuMenT npoBoauBcsi Ha OOpOOHOMY LEHTpi Mopmeni
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DMUS80eVo Deckel Maho B ymoBax cyxoro cumerpuyHoro ¢gpesepyBanusi. dpeszepyBanucs MiIOCKi
MOBEPXHI 3aroToBOK po3mipoM 30x30 MM i3 aycreHiTHOro HiTHHONIY (criaB NisesTiss 5, Mac. %). O6pobka
npoBoauiIacs TopueBoro (pe3oro [13], ocHaIIEHO KPYTIMME TBEPAOCIUIABHUMH TIacTUHAMU [14] 6e3
nmokputTs. Cuim pizaHHS BUMIpIOBaIK 32 gonoMororo auaamomerpa Kistler 9257B [15]. Pexxumu pizanas
Ta MakCHMalbHi OTPUMaHi 3Ha4eHHsI PIBHOMIIHOT criM pi3aHHs HaBe[eHi B TaOmI. 1.
Taba. 1
ExcnepuMeHTalIbHI JaHi

[omaua S,, | ['mubuna pizanns | IIBuakicTe pizanHs | PiBHomiliHa cuia pi3aHHs,

Ne MM/3y0 t, MM V, M/XB R, H

1 0,05 0,5 50 755,5613978
2 0,05 1 20 1414,547686
3 0,05 1 50 1248,269858
4 0,15 1 50 2413,568367
5 0,05 0,5 20 707,2040837
6 0,15 1 20 2705,256116
7 0,15 0,5 50 1559,302635
8 0,15 0,5 20 1363,408273
9 0,1 0,75 35 1594,660137

3a maHuMH pe3yiabTaTaMd NMOOYZOBaHO TPH MHOXKHMHHI perpeciiiHi Mozeni, a caMe CTEHEHEBY,
MOKa3HUKOBY Ta JiHIHHY, 32 1omoMoroio Haa0yaoBu Microsoft Excel Data Analysis.
CreneHeBa MHOKMHHA perpeciiina MoJielib MaTUMe BUTIISIL
R = C, S, 1tPb2ybs, (1)
ne C,, by, by 1 b3 — HEBimOMI KOedIIliEHTH, Ki 3HAXOIUMO 32 JIOITOMOIOI0 PErpeciifHOTO aHaIi3y
MOJIEi.
Jns toro, mo0 3acTocyBaTH MeETOJ HaMEHIIWX KBajpaTiB i 3Haiitu C,, by, by, b3 cremneHeBy
perpeciitny mozens (1) 3a nonomororo orapuMyBaHHS IEPETBOPEHO Y JHIKHY perpeciiiHy MoJeNb:
InR = InC, + byInS, + byInt + bzlnV. (2)
Beeneno nacrymnui nosnauenss: InR =y, InC, = b,, InS, = x{, Int = x,, InV = xs.
Toni piBHICTb (2) Y HOBUX 3MIHHUX Ma€ BUTJIAL;
y =b,+ bixq + byxy + b3xs. 3)
B pesynprarti 31iiicHeHHs BUIIIEBKAa3aHUX NIEPETBOPEHb OTPUMAHO TaOIHILIIO 2.

Tabn. 2
IlapameTpu cTeneHeBoi perpeciiiHoi MmoaeJi

Ne X, X2 X3 y

1 -2,99573 -0,69315 3,912023 6,627461
2 -2,99573 0 2,995732 7,254565
3 -2,99573 0 3,912023 7,129514
4 -1,89712 0 3,912023 7,788862
5 -2,99573 -0,69315 2,995732 6,561319
6 -1,89712 0 2,995732 7,902952
7 -1,89712 -0,69315 3,912023 7,351994
8 -1,89712 -0,69315 2,995732 7,217743
9 -2,30259 -0,28768 3,555348 7,374416

JliniliHa MHOKMHHA perpeciiiHa MoAeib 3aJeXHOCTI GYHKUIT Y Bix (paKTOPHUX O3HAK X1, X, Ta X3
METO/IOM HaliMEHIINX KBaJpaTiB:

Yi = by + byxij1 + baXxiz + b33 . “4)
ITpu bOMy cyMa s KBapaTiB BiIXUJICHB:
s = Z?:l(}’i — by — bixiy — byxiz — b3xi3)2 — min. Q)

PospaxoBano mapai koedinieHTH Kopemsuii i nodynoBaHo Kopenauiiny MaTpumio (Tadu. 3).
[Mo3utii Tabn. 3, mo po3TamroBaHi BHUIE TOJOBHOI JliarOHAI HE3allOBHEHI, OCKUTBKH Tabm. 3 €
CHUMETPUYHOIO BiTHOCHO rojoBHOI fniaronami. Takox ii JaHi BKa3yloTh, 10 BiACYTHI TICHO MOB’s3aHI MiX
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co0or0 Tapu cepeq (paKkTOPHUX O3HAK Xq, X, Ta X3. OUEBWAHO, IO ICHYE 3B'A30K MK (PYHKIIE Y i
¢dakTtopuuMu o3Hakamu x4 (r = 0,7534) ta x, (r = 0,6488) 1 mpakTHYHO BIACYTHIll 3B'A30K MIiX
¢dyHKIiE© Y 1 pakTopHOIO 03HaKOIO X3 ( = —0,0028).

Tabn. 3
Kopeasiniiina marpuus
X1 X2 X3 y
X1 1
X, 0,004917519 1
X3 0,006402013 0,004163889 1
y 0,753417119 0,648799119 -0,00281997 1

BukopucroBytoun npomatok anamizy naHux Excel, Oyayerbcsi JiHiliHa perpeciiiHa MOAEINb:
y = bO + b1x1 + bzXZ + b3X3 (Ta6ﬂ. 4).

Tabn. 4
Tabumus perpeciiiHOro aHauisy
Pecpeciiina cmamucmuxa

MHOXMHHMHA KoeillieHT Kopemsii 7 0,991917437

KoedirienT nerepminariii 0,983900201

CkopuroBanuii KoedillieHT nerepMiHaii 0,974240322

CrangapTHa nmoxuoOka 0,072220339

Cnocrepe:KeHHS 9

Hucnepciinuii aHami3
Df SS MS F Snauumicms F
Perpecis 3 1,593747989 0,53124933 | 101,854295 | 6,66145E-05
3anuiku 5 0,026078887 0,005215777
3aranpHe 8 1,619826876
Crmandapmna Huorcni meorci | Bepxui merci

t-cmamucmuxa | P-snauenns | 95% naoitinoco 95% naoiiinoeo

iHmepeany iHmepeany

Y-nepemun (by) |9,05295971 | 0,22640312 39,98602015 | 1,8444E-07 | 8,47097196 9,63494745
x4 (by) 0,61230639 | 0,04630919 13,22213991 | 44212E-05 | 0,49326487 0,73134791
X, (by) 0,83629355 | 0,07355812 11,36915327 | 9,2113E-05 | 0,64720638 1,02538072
x5 (b3) -0,01009849 | 0,05558318 -0,18168239 0,8629678 | -0,15297959 0,13278262

Koediyienmu
piy noxubka

Jnis mepeBipKM CTATUCTHYHOI 3HAYYMIOCTI KOe(il[iEHTIB MHOXHHHOI perpecii 3aCTOCOBYETHCS
kputepiit CthiogenTa. Criodatky Ui piBHS 3HAUYYMIOCTI @ 3HAXOAUTHCS tp = tip (a,n—m—1). Ilpu
UbOMY L, TOBHHHO Ooyru menmmm 3a t; (|¢;| > |th|). Y 1pOMy BHMAIKy OIIHKA BIATIOBIAHOTO
KoedilieHTa PIBHSIHHA perpecii € CTaTUCTUYHO 3HAUYYIION. Y 1HIIOMY — BiNOBiAHY 3MIiHHY HEOOXiTHO
BHKITFOUUTH 3 PIBHSHHS perpecii i po3paxyHOK perpecii BUKOHATH 3aHOBO.

B nanomy Bumanky 3arajibHa KUIBKICTH CIIOCTEPEXKEHb N = 9, KUIBKICTH (aKTOPiB perpecidiHoi
momemi m = 3, a = 0,05, Tomy tp = th(0,0S, 5) =~ 2,5706. Jlnsa koediuieHta mpu 3MiHHIA X3, sKa
BIJINIOBi/Ia€ MIBUAKOCTI pizaHHs 'y MOYaTKOBid TaOs. 4 MOMYINb 3HAUYEHHS t3 < tip, TOMY MOro 3HaA4YEHHSI
HE € CTaTUCTHYHO 3HAdylIMM (Ipu LbOMY 1 BimmoBimHe P-3HaueHHsA HopiBHIOe HaOmmxeno 0,863 1 €
OipmM 3a piBeHb 3HauymocTi @ = 0,05). ToOTo cmia pi3aHHS B JaHOMY BHUNAAKy NPaKTHYHO HE
3aJIeKUTH BiJl IBUAKOCTI pizanHs. OTke, 3MiHHA X3 BUKIFOUAETHCS 3 PIBHAHHS perpecii. [lami po3paxyHok
perpecii BUKOHY€ETHCS 32HOBO 1 BiAIIOBITHO 0 BUIIIEHABEACHOTO.

VY popmynax (1)+3) xoediwieHT b3 AOPIBHIOE HYITIO 1 TOMY BiANIOBiAH1 (POPMYIIH 3aIUIIYTHCS Y BUTIISIL
BupasiB (6)—(8).

CreneneBa perpeciiiHa Mozienb Oye MaTH BUTJISA:

R = C, S,”tP2, (6)
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ne C,, by 1 b, — HeBigoMi KoeilieHTH, K 3HAXOAMMO 32 JOTIOMOTOF0 PETPECIHHOTO aHATI3Y MOJIETI.
Js Toro, mob 3acTocyBaTH METO[ HAaMEHIIIMX KBapariB i 3HalHTH koedirientu C,, b, 1 b, cTerieHeBy
perpeciiiny Mozens (6) 3a JOMOMOTOIO JIorapr(pMyBaHHS IEPETBOPEHO Y JiHIHHY perpeciiiny MOZIeNb:
InR = InC, + b{InS, + b,Int, (7)
[Ticns nporo BBOgMMO HACTyIHI Mo3HaueHHs: InR =y, InC, = b,, InS, = x4, Int = x,.
Toni piBHICTS (2) Y HOBUX 3MIHHHUX 3alMLIETHCA HACTYITHUM YHHOM:
Yy =by,+ bixq + byx,. (®)
B pesynpTarti 31iiicHEeHHsI BUIIEBKAa3aHUX IIEPETBOPEHb OTPUMAHO TaOIHILIIO 5.

Tabn. 5

Ne X1 X2 y

1 -2,99573 -0,69315 6,627461
2 -2,99573 0 7,254565
3 -2,99573 0 7,129514
4 -1,89712 0 7,788862
5 -2,99573 -0,69315 6,561319
6 -1,89712 0 7,902952
7 -1,89712 -0,69315 7,351994
8 -1,89712 -0,69315 7,217743
9 -2,30259 -0,28768 7,374416

[ToOynyemo niHiliHY MHOKHHHY perpeciiiny MOAeNb 3aIeKHOCTI QYHKIIT Y Bi (PaKTOPHHUX O3HAK X4
Ta X,. lle MOXHa 30IICHUTH METOAOM HalMEHIIMX KBaJpaTiB:

Yi = by + bixiy + byxi; . )
[Ipu npoMy cyma s KBaJIpaTiB BiIXHJICHB:
s = i1 (Vi — by — b1xiy — byx2)? > min. (10)
Jani po3paxoByIOTbCs apHi KoedimieHTH Kopeswii 1 OyayeThesl KopemsiiiHa MaTpyLs.
Taba. 6
X1 X2 Yy
X1 1 0,004917519 | 0,753417119
X3 0,004917519 1 0,648799119
y 0,753417119 0,648799119 1

BukopucroBytoun pomatok anamizy naHumx Excel, Oyayerscst miniliHa perpeciiina Mopenb
y = by + bix1 + byx,. B pe3ynpTaTi OTpUMaHO TaOJIHILIO PErpeciiHOrO aHami3y.

Taba. 7
Tabumus perpeciiiHoro anamisy
Pecpeciiina cmamucmuxa
MHOXHHHUHA KOe(illieHT KOopemsuii 7 0,991863859
Koediuient nerepminaii 0,983793915
CkopuroBanuii KoedillieHT nerepmiHamii 0,978391887
CrannmaptHa nmoxuoka 0,066145108
CnocrepeKkeHHs 9
Hucnepciiinuii anami3
Df SS MS F 3nauumicms F
Perpecis 2 1,593575824 | 0,796787912 | 182,1156534 | 4,25632E-06
3anuiku 6 0,026251052 | 0,004375175
3aranpHe 8 1,619826876
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IIpooosoicennss mabauyi 7

. Cmanoapmnua Huorcri e i | Bepari e o
Koegiyicnmu - t-cmamucmuxa | P-3nauenns 95 % Haoiinoeo | 95 % HAOIiHO2O
inmepeaiy inmepeaiy
Y-nepemun (by) | 9,01781765 | 0,107766079 | 83,67955583 | 1,9616E-10 | 8,754123551 9,281511744
%1 (b1) 0,61225269 | 0,042412747 14,4355821 6,9235E-06 | 0,508472444 0,716032953
x, (by) 0,83623833 | 0,067369779 | 12,41266236 | 1,66932E-05 | 0,671390414 1,001086237

B manomy Bumagky n =9, m = 2, a = 0,05. Tomy t,, = t,,(0,05,6) ~ 2,2469. Hepisnicts |t;| >
|th| BHUKOHYETHCS TSI YCiX KOe(ilieHTiB by, b1 1 by, TOMy BOHH € CTaTUCTHYHO 3HauymuMu. HaOmmxkeHi
3HaueHHs koedimieHTis: by =9,018, b; = 0,612, b, = 0,836.

TomMy MHOKMHHA JliHilHA perpeciiiHa Moaenb (8) Mae HACTYIHHUA BUTIISL

Yposp = 9,018 + 0,612x; + 0,836x, .

BinnosiiHi 3HAUEHHS Y; Ta Y posp NPUBEIEHI B TAOM. 8.

Tabn. 8

Ne Vi YViposp

1 6,627461 6,604035276
2 7,254565 7,183673871
3 7,129514 7,183673871
4 7,788862 7,856300808
5 6,561319 6,604035276
6 7,902952 7,856300808
7 7,351994 7,276662213
8 7,217743 7,276662213
9 7,374416 7,367481665

SxicTe moOynoBaHoi perpeciiiHoi Moaeni nepeBipseThes 3a kputepiem dimepa, TOOTO TOPIBHAHHAM
CTATUCTUKH F-MOJIEI 13 KpUTHYHUM 3HaUYEHHSM Fp. 3a pesysbratamu Ta0il. 7 NepeBIpAETLCS aIeKBATHICTD
nobynoBaHoi mojeni: F =~ 182,116 ta MmoxxHa 3HaiiTH 3a (HOPMYIOI0:

_ 2
Z?:l(.Vi posp— Vi p03p)
F = " 5, (11)
m Zi:l(yi_yi poap)
JI€ Y; Ta Y; posp — 3HAUECHHS 3AJICKHOI 3MIHHOI Ta PO3PaXyHKOBE 3HAUEHHSA 3aJIKHOI 3MIHHOI [P {-My

.= I g 1
CIIOCTEPEIKEHHI, Y; pozp — CEPENHE PO3PAXYHKOBE 3HAYCHHS 3aJIC)KHOI 3MIHHOT (yl- posp = Tl Vi po3p).

n-m-1

Kputnune 3HaueHHs FKp 3HAXOJHUTHCS 32 JOIIOMOIOI0 CTATHCTUYHOI (PYHKIIi FKp(a’, ki, ky), ne a —
piBeHb 3Hauymocti, ky =m, k, =n—m—1. Tom ky =2, k, =9—-2—-1=6, a = 0,05 3naiigeno
kputnuHe 3HadenHs F,(0,05,2,6) ~ 5,143. B masomy Bumanky F > F,, ToMy piBHSHHA perpecii e
3HAUYYIMM 1 MOZEIB € IOCTOBIPHOIO Ha piBHI 3Hauymocti @ = 0,05. Jlana Monenb € TakoX JTOCTOBIPHOIO Ha
piBHi 3Hauymocti @ = 0,01, 60 B 1LOMY BumaaKy KputHuHe 3HadenHs F,(0,01,2,6) =~ 10,925 i F > F,.
Kpim Toro, kputepianpHa cTaTUCTHKA MTOKa3ye, 10 PIBHAHHA perpecii € 3HauynmM Ha pisHi 0,00004.

Muoxunanid KoedinieHT kopemsuii r = 0,992 Bkasye Ha CHIBbHY 3aJIeKHICTh pPE3yJIbTaTUBHOL
O3HAaKH Bifl 00paHuX (PaKTOPHUX O3HAK Ta OOUHMCITIOETHCS 3a (POPMYIIOL0:

Z?:l(.'Vi_ZVi posp )2

"= Jl_ NG9 )2 (12)

AZeKkBaTHICTh perpeciiiHoi Mozeni BHOIPKOBUM [OaHMM MOXKHA OIIHUTH 33 Koe(ili€HTOM
feTepMiHalLii T2, MO MOKa3ye YacTUHY Bapiallii 3HAaueHb Pe3ydbTATHBHOI O3HAKHM Y, IO OINUCYEThCS
piBHsiHHsAM perpecii. KoedimieHT nerepminamii Hamoi Mozmeni r? = 0,984, To6TO 98,4% Bapiarlii 1aHux
pe3yIBTATHBHOI O3HAKH Y OMHUCYIOTHCS PIBHSIHHSIIM perpecii.

CxopuroBanwuii KoeiIlieHT qeTepMiHaIii rjd I

2 _ 4 (1_,2y._ "1
Taaj = 1— (1 —17%) —

3nauenns r2, ; =~ 0,978 i 103BOIISIE CTBEPIKYBATH PO aICKBATHICTH JAAHOI MOAENI.
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Jli1sl HAOYHOCTI BUCHOBKIB MOOYI0BAHO EMITIPUYHY Y 1 TEOPETHUHY YVposp JIiHII perpecii (puc. 1).

IcaHye Meronmka nmeTanbHOI OIIHKKA PETpPeciiHUX MOJeNeil 3a JOMOMOroK IMEBHUX aOCOMIOTHHX,
MOPIBHSILHUX Ta SKICHUX XapaKTEPUCTHK. Y Ci i XapaKTePUCTUKU BITHOCATHCS 10 MPOTHO3HUX MOXUOOK
3aJIEKHOI PO3PaXyHKOBOT 3MIHHOI Yo -

AOCOTIOTHI TOXUOKH TIPOTHO3Y:

1. Cepemust moxubka, a00 TTOKa3HUK 3MIIIEHHs TPOruo3y (mean error (M. E.)):

1
M.E.=;Z?:1(yi_yip03p)' (14)
2. CepenHs abconoTHA TOXMOKa MporHo3y (mean absolute error (M. A. E)):
1
M.A.E.=~ %1y = Yipoap| (15)
10
8
- W
ZE 6
=4
X
s 4
©
2
0
1 2 3 4 5 6 7 8 ?
CnocTepeKeHHA
y Yy po3p

Puc. 1. EMnipin4yHa Ta TeopeTH4HA JiHil perpecii

3. CepenHpoKBagpaTH4Ha MOXKUOKa IporHo3y (mean squared error (M. S. E.)):

1 2
M.S.E.=\/;Z?:1(yi_yip03p) ' (16)

B namomy Bunaaky M. E.~ 1,2829 - 107 ~ 0, M.A.E.~ 0,0496, M.S.E.~ 0,054.

[opiBHANBHI TOKA3HUKH OIIHFOBAHHS SIKOCT1 IIPOTHO3Y:

1. BigHocHMI TOKA3HUK 3MIlIEHHS MPOTHO3Y Y BiICOTKax, abo cepenHe BIOIXWUIIEHHS y BiICOTKax
(mean percentage error (M. P.E.)):

M.P.E.=~31, (X2e2) . 100%. (17)
2. Cepennst abcomoTHa TOXHOKa POTHO3Y Y BificoTKax (mean absolute percentage error (M. A. P. E.)):
M.AP.E.= Z X1, [F22) - 100%. (18)

3. Koedimient nepiamosigrocti Teina (Theil inequality coefficient Kr):

1 2 1 1
Kr = \/52?21(371' _}’iposp) /<\/;Z?:1y12 +\/;Z?:1yi2p03p>. (19)
Otpumano M.P.E.~ —0,0059% , M.A.P.E.~ 0,681%, K; =~ 0,004. Yum Ommwxui M.P.E. Ta

koedinieHT HeBigmoBigHOCTI Telna Ky 10 HyIs, THM Kpaliui SKiCHUM MPOrHO3 MHOKMHHOI perpeciiHoi
monerni. PiBens mokasnuka M. A. P. E. Ta po3’sicHeHHs (Ta0u. 8).

Tabn. 8
Ne PiBenr M. A.P.E. BucHoBxu
1 Menme 10% Bucoka skicTh
2 Big 10% 1o 20% Hocutp 100pa SKiCTh
3 Bix 21% mo 50% 3am0BUIbHA SIKICTD
4 ITonanx 50% He3agoBinpHa AKICTH

AHaN3yI0uM OTpUMaHi XapaKTEPUCTHKH NPOMDKHOI MHOXHHHOI perpeciiHoi Mozemni, MOXKHa
3pOOHUTH BUCHOBOK, 1[0 JaHA MPOMDKHA MOJENb A€ MPAKTUYHO HE3MIIIEHUH MTPOTHO3.

Ockinbkn M. A.P.E. = 0,681% (1o mentre 1%) i koedimieHT HeBimmoBinHOCTI Teiina 6au3bkuii 10
vy (Kr = 0,004), To mpomikHa MOJIENb JA€ MIPOTHO3 BUCOKOT SIKOCTI.

Jami 3a MOIOMOTOI0 TOTEHIIFOBAHHS IepeiiieMo Bix perpeciitHoi mozeni (7) m0 cTemeHeBOi
perpeciitnoi moxeni (6). Jlns mporo croyaTky 3Haitaemo koedimient Cy: Cy = ePo ~ %018 ~ 8248,756 .
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Omxe Rpyosp = 8248,756 - 520'612150'836. BignocHa nmoxuOka o04YucacHb: A= W.
Tabn. 9
Ne R, H Rposp, H BignocHa moxuoxa
1 755,5613978 738,06820664 0,023152574 2,315%
2 1414,547686 1317,73875072 0,068438085 6,844%
3 1248,269858 1317,73875072 0,055652143 5,565%
4 2413,568367 2581,95157785 0,069765254 6,977%
5 707,2040837 738,06820664 0,043642456 4,364%
6 2705,256116 2581,95157785 0,045579617 4,558%
7 1559,302635 1446,15643249 0,072562054 7,256%
8 1363,408273 1446,15643249 0,060692135 6,069%
9 1594,660137 1583,64263269 0,006908998 0,691%
Cepenne 1529,086506 1527,941396 0,049599258 4,960%
Makcumym 0,072562054 7,256%

Cepenns BinHOCHa moxubka M. A. P. E. HabmmxkeHo nopiBHioe 4,960%, a MakcumaibHa — 7,256%.
Ha puc. 2 306paxeno emmipuuy R i TEOPETUUHY Ry, o5y JiHIT perpecii mogeri.

3000
2500
2000
1500
1000

500

PiBHOAjMHa cmna pizaHHA, H

0
1 2 3 4 5 6 7 8 9

CnocTtepexeHHsA

R, H ==Rpo3p, H
Puc. 2. EMnipin4yHa Ta TeopeTHYHA JiHil perpecii

SIKicTh ocTaTOYHOI TOOYAOBAHOI CTEIIEHEBOI perpeciiHol MO MepeBipseThes 3a KputepieMm Dimepa
F =75,619, a KpuTu4HE 3HAYCHHS FKp(O,OS, 2,6) =~ 5,143, npu piBHi 3nauymocri @ = 0,05, k; = 2, k, =
=9—-2-1=6. B manomy Bunaaky F > F,,, TOMy PpIBHAHHS perpecii € 3Ha4ylmuM i MOJIENb €
JOCTOBIpHOIO. PiBHAHHS perpecii € 3HAYyILMM i MOJIEIIb € TOCTOBIPHOIO TAKOX 1 HA PiBHI 3HAYYIIOCTI @ =
= 0,01, 60 F, (0,01, 2,6) ~ 10,925 i npu upomy HepiBHicTs F > F, Takox Oy/e BUKOHYBATHCE.

3HayeHHsT MHOXKMHHOro Koedimienta kopemsiuii 7 =~ 0,989, skuii mokasye CHIBHY 3aJICKHICTD
PE3yIbTaTUBHOI O3HAKH Bi 00paHUX (GaKTOPHUX O3HAK. 3B'A30K MK HOCTIKYBAaHUMHU XapaKTePUCTUKaAMH
€ TICHHUM, OCKiIbKU 1 > 0,9.

AJIeKBaTHICTh perpeciiHoi Mojeni BUOIPKOBUM JJAHUM MOYKHA OIIHUTH 32 KOS(iI[IEHTOM JleTepMiHaIlil
72, 10 MoKa3ye YaCTMHY Bapiallii 3HaYeHb Pe3yJIbTATHBHOI O3HAKK R, 110 ONMMCYEThCS PIBHSAHHAM Perpecii.
3naueHHs KoedilieHTy aeTepMinanii 72 &~ 0,978, To6T0 97,8% Bapiallii JaHUX Pe3yNbTATUBHOI O3HAKH R
OMHCYIOThCS PIBHAHHAM perpecii. 3HaUeHHs CKOPUTOBAHOTO KoedillicHTa JeTepMiHaILii 724 ; = 0,965 iBoHO
€ BUCOKE, 1110 J03BOJISIE CTBEPIXKYBATH PO aACKBATHICTD AAHOT MOJIEII.

AbcomtoTHi moxubku mporao3dy: M.E.=~ 1,145, M.A.E.~ 79,248, M.S.E.~ 93,562. [lam 3a
¢dhopmynamu (13)—(15) suznaueno M. P.E.~ —0,146% , M.A.P.E. = 4,960%, Kr =~ 0,028. Ananizytoun
3000yTi XapaKTEPUCTUKU CTEIEHEBOI perpeciiHoi Mozaeni, MOKHa 3pOOMTH BHCHOBOK, IO MOAENb AA€
MPAaKTUYHO He3MilleHuH MporHo3. OCKiTbKK BiHOCHA TMOXHWOKa MpoMiKHOro mpormoly M.A.P.E.=
4,960% (o menme 5%) 1 koedimienT HeBigmoBigHocTi Teina Ommspkuit go mynsa (Kr = 0,028), To
CTENeHeBa MHOKMHHA perpeciiiHa Moenb Ja€ MPOTrHO3 BUCOKOI SKOCTI.

Takox moOyayeMO TIOKa3HMKOBY Ta JiHIHHY perpeciiHi Mogeni i TOro >k Habopy
EKCIIEPUMEHTAIIbHUX TaHUX.
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[Toka3HMKOBa MHOXHHHA perpecis MaTume BUDIAL R = ag a,%7a,t, ne a,, a;,a, — Hepizomi
koediuieHTH. B pe3ynpraTi 00YMCICHD OTPUMAHO HACTYITHY OKA3HUKOBY perpeciiHy MOAeib:
= 300,136 - 830,253 - 3,186" .
Ha puc. 3 306paxeno emmipuuny R i TEOPETHUHY Ry, o5y JiHIT perpecii.
JliniliHy MHOXWHHY perpecito posrisiHemo y Burisini: R = C, + C,S, + C3t, ne C,,Cy,C, —
HeBinoMi koedinieHTH. B pe3ynpTaTi o0unciaeHs OTpUMaHO HACTYIHY JIIHIHHY perpeciiiHy Mozenb:

R

Ryosp = —723,464 +9789,8815, + 1698,083t .
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Puc. 3. EMnipn4Ha i TeopeTr4Ha JiHil perpecii

Ha puc. 4 300paxeno emnipudny R 1 TeOpeTUUHY R, o5, JiHIT perpecii moaeni:
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Puc. 4. EMniprn4yHa Ta TeopeTH4HA JiHil perpecii

B nopiBasnpaux Tabmunax 10 1 11 HaBeneHi NOXWOKM MPOrHO3YBaHHS PIBHOAINHOI CHIIM Pi3aHHS
IUISL YCIX TPBOX perpeciiiHux mopenei.

Tabn. 10

BinHocHa moxn0ka NporHo3yBaHHsI CHJIM Pi3aHHS ISl KOXKHOTO eKCIIEPHMEHTY

CreneHeBa perpeciiina IToxazHukoBa Jlinilina perpeciiina
Ne excrie- R H Mozielb perpeciiina Mozielb Mozienb
PUMEHTY ’ R H BinnocHa R H Binnocna R H Binnocna
posp’ noxuoka, % posp> noxubka, %o posp> noxubka, %o
1 755,561 738,068 2,315 749,695 0,776 615,072 18,594
2 1414,548 | 1317,739 6,844 1338,106 5,404 1464,113 3,504
3 1248,270 | 1317,739 5,565 1338,106 7,197 1464,113 17,291
4 2413,568 | 2581,952 6,977 2620,666 8,581 2443101 1,224
5 707,204 738,068 4,364 749,695 6,008 615,072 13,028
6 2705,256 | 2581,952 4,558 2620,666 3,127 2443,101 9,691
7 1559,303 | 1446,156 7,256 1468,269 5,838 1594,060 2,229
8 1363,408 | 1446,156 6,069 1468,269 7,691 1594,060 16,917
9 1594,660 | 1583,643 0,691 1401,678 12,102 1529,087 4,112
Cepenne 1529,087 | 1527,941 4,960 1528,350 6,303 1529,087 9,621
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AmHaJti3 TOKa3HUKIB MOOYJOBaHUX pErpeciiiHuX MojeNield MPOrHO3YBaHHS CHIIM Pi3aHHs CBIIYHTH
PO HalBHIL SIKICTh CTENEHEBOI perpeciiHoi Mozemi:

Rposp = 8248,756 - 5,%°12¢0836,

3 oTpuMaHOi MaTeMaTH4YHO!I 3aJIGKHOCTI BHUIUIMBA€E, IO B IHTEPBaJi 3MIHM PEXHUMIB pi3aHHS HeE
BCTaHOBJICHO BIUIMBY IIBUAKOCTI pi3aHHS HA 3HAYCHHS PIBHOAINHOI CHJIM pi3aHHS; BUCOKHH BIUIUB HA
3Ha4YCHHS CUJIM Pi3aHHS 3AiHCHIOE TMuOuHA pizaHHs (koediuieHT kopensauii 0,753), i mOMipHUHA BIUIMB —
nonava (koedimienT kopernsii 0,649).

Tabn. 11
IMoka3Huku perpeciliHMX Mo/ieJieil IPOrHO3YBAHHS CUJIM Pi3aHHS
No Peepeciiini mooeni r r? r?zdj F M.A.P.E, Kr
1 CTerneHeBa 0,989 0,978 0,965 75,619 4,960% 0,028
2 TToKa3HUKOBA 0,983 0,966 0,945 50,339 6,303% 0,035
3 Tiniitaa 0,971 0,942 0,908 27,229 9,621% 0,046

BucHoBku. Ha oOCHOBI eKCHepHUMEHTANBbHUX MOCHIIKEHb CHJIM PI3aHHA TPH TOPLEBOMY
¢pesepyBanHi crutaBy NiTi Oyno modynoBaHo cTeneHeBy, TOKa3HUKOBY Ta JIiHIHHY MHOXKHHHI perpeciiHi
MOJeNi 3aleKHOCTI PIBHOMIMHOI CHIM pi3aHHA BiJ pEKUMIB pizaHHS. byno omumcaHo MeTOAMKY
CTaTUCTUYHOI OOpPOOKH EKCIEPHUMEHTAIFHUX OaHWX Ta BUKOHAHO TOPIBHSUIBHUM aHami3 SIKOCTI IHX
MOJENEH.

BcranoBneHo, mo yci perpeciiiHi Mozeni ajgekBaTHI Ta [JalOThb MPOTHO3 BHCOKOI SIKOCTI 3a
koedinieHTamMu Kopemsnii Ta ngerepminanii (Bume 0,9), kputepiem @imepa (3 piBHEM 3HAYYyHIOCTI HE
menmre 0,01), Toka3sHUKOM CepeaHbOi aOCOMOTHOI MoXwOku TporHo3y (mo 10%) Ta koedilieHTOM
HeBinnoBigHocTi Teina (we Bume 0,046). [Ipu nboMmy crereHeBa MHOKHWHHA perpeciiiHa Mojaenb Mae
HaOLIbIy fKICTh 3a yciMa NOKa3HHMKaMH. 3rigHO MoOynoBaHOi CTENeHEeBOI MHOXKHWHHOI perpeciiiHoi
MoJiefli B iHTEpBali 3MIHUM PEXHMIB pi3aHHS HE BCTAHOBJIECHO BIUIMBY LIBHAKOCTI pi3aHHS Ha 3HAYCHHS
piBHOAIMHOI CHIM pi3aHHsS, BUCOKMHI BIUIMB HA 3HAYCHHS CHJM pi3aHHA 3IiMCHIOE TMHOMHA pi3aHHS
(xoedimient xopemsuii 0,753), 1 momipauii BriuB — mopava (koegimient kopemsuii 0,649). Orpumani
pe3ynbTaTH MOXYTh OyTH KOPHCHUMH Ul TOAAJBIIONO IOCTIDKEHHS MpOLecy pi3aHHS 1 po3poOKu
eeKTHBHUX TEXHOJIOTil MeXaHIYHOI 0OPOOKH HITHHOIIIB.
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'Hayionanvhuii mexnivnuii ynieepcumem Yxkpainu
“Kuigcokuil nonimexuiunuii incmumym imeni leopsa Cikopcokozo’
? Kazenne naykoeo-supobnuye 06'eonannus "OOPT"
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BILJIUB ITAPAMETPIB IHKEKIIMHOT O JIUTTSI HA TEOMETPHYHI PO3MIPA
JAETAJIEX BUT'OTOBJIEHUX METOJAOM THX KXEKINIMHOI'O JIMTTSA ITOPOLIKY
MATHIIO

Texnonoczia inscexyiiinozo nummsa nopowky (IVII1) 00360nsa€ euzomosnamu demai 3Haunoi CK1aOHOCMI y 8euKiil
KIIbKOCHI, NPU 3MEHWEHUX 6UMPAmax, y NOPiGHAHHI 3 MPAOUUINHUMU MEeXHON02iAMU 00pooKu memany. Tomy éona ideanvno
nioxooumsp 01 6U20MOGIEHHA KOMNOHEHMI6 MeOUuHUX iMnianmie ma npomesie. Y oauiit cmammi 00cnioxHceno eénnue
napamempie nummsa Ha MOYHICING 2eOMempuUYHUX po3mipie zomoesux demaneil. Ilokazano, uio 3a 00nomozo10 00HOUACHOT
3MIHU MAKuUX napamempie AK: MUCK 6NOPCKY6AHHA MA MUCK 6UMPUMKU, MOMHCIUEO 6NIUGAMU HA OCMAMOYHI PO3MIpU
demani. Memorw € ompumaHHa HOMIHATbLHUX PO3MIDPI6 3 minimanvhum eioxunenuam. Takooc, 6 Ooaniii pobomi nasedeno
MemOOUKy ROCHAHOEKU 00CHidy 3a O0ONOMO200 NO6HO20 (hakmopHnozo ananizy. Buxopucmannsa oanoi memoouku nio uac
6UOOPY ONMUMATBHUX MEXHONOIUHUX nAPaAMempie 003601UMb RIOGUUUMU NOKA3HUKU aAKocmi Oemanen LIIT

Kniouosi cnosa: cnikanmsi, indicekyitine 1umms NOPOUIKY, (aKxmophuil aHaiis.

S. Teslia, S. Zavadiuk, M. Vterkovskiy, M. Teslia, M. Kovalenko,
L. Biryukovych, O. Stepanov, T. Soloviova

INFLUENCE OF INJECTION MOLDING PARAMETERS ON THE GEOMETRIC
DIMENSIONS OF PARTS MANUFACTURED BY MAGNESIUM POWDER INJECTION
MOLDING

Powder injection molding (PIM) technology enables the production of highly complex parts in large quantities with
reduced costs compared to traditional metal processing methods. This makes it an ideal solution for manufacturing components
of medical implants and prostheses. This article investigates the influence of molding parameters on the geometric accuracy of
finished parts. It is demonstrated that simultaneous adjustment of parameters such as injection pressure and holding pressure
can affect the final dimensions of the part. The objective is to achieve nominal dimensions with minimal deviation. Additionally,
this study presents an experimental design methodology based on full factorial analysis. The application of this methodology in
selecting optimal technological parameters enhances the quality indicators of PIM-produced parts.

Keywords: sintering, powder injection molding, factorial analysis.

IHocranoBka npodjemu. Ha nanuii yac, BUKOPHCTAHHA TAKOTO MEPEJOBOTO MPOLIECY BUPOOHUIITBA
K [mxekuiiiHe nuTTa mopomkoBux cymimei (Metal Injection Molding), mamo 3Mory BUTOTOBISATH Yy
BEJIMKIA KIMBKOCTI Jerani ckiIamHoi KoHQirypawii 3 TOYHUMH pO3MIpaMHu, MPH 3HAYHO MEHIIHNX
MaTepiaJdbHHUX BUTpaTax. OcHOBHOIO nepesaroto npouecy I € 3HauHe 3HMKEHHS KUTBKOCTI MeXaHIYHIX
omepamiil Takux fAK: (QpesepyBaHHs, HUTiIQyBaHHs, TOKapHi poboTH Ta iH. OKpiM HBOrO, MpOLEC
IHXKEKI[IITHOTO JINTTS MOPOIIKY JT03BOJIsE O€3 TOAaTKOBUX 3aTpaT BUTOTOBIATH KOH(pIryparlii neranei, ski
panime Oynu HeMOXIJIMBI a00 MoTpedyBaM 3HAYHOI KiIBKOCTI BUPOOHMUYMX omepaliid. JlaHa TexHomorisa
no0pe MiAXOANTH U BUTOTOBJICHHS CKIaJHHUX JeTanell y BeIMKid KUIBKOCTI, TOMY IIHPOKO IOIIMpEHa
MIPU BUTOTOBJICHI KOMITOHEHTIB U MEIULIMHH 10 BChoMy CBiTY. Tak, TexHonorito IJIIT BUKOpUCTOBYIOTH
Taki kommanii sk: Smith&Wesson; Colt Manufacturing Company; Forjas Taurus; Glock; Springfield
Armoury Inc. ta in. [1]. IIpore napamerpu iHXEKLiITHOTO JUTTS BIUIMBAIOTH HA HEOAHOPIAHICTH MITBHOCTI
BUJIMBKA, II0 B CBOIO YEPry BIUIMBA€ Ha KiHLEBI po3MipH criedeHoi aerani. HepiBHOMIpHICTH MIIBHOCTI
BIIMBAa€ Ha HEOJHOPIOHICTH ycanku, nedopmarii aerani, MOXKIMBICTh MoABM TpimuHH. llpu He BipHO
nigidpaHuX nmapaMerpax JUTTS MOKYTh BUHUKATH BHYTPIIIHI yCTOTH, YTSHKUHU TPILIMHU ITICJIS CTIIKaHHSL.
Taxox napameTpy BIUIMBAIOTh Ha IIOPCTKICTh OBEPXHI Ta 3araibHUI 30BHIIIHIN BUTTISAA. Tak K IMIUTaHTH
MAalOTh CKJIaJHY I'€OMETPil0 Ta MOTpeOyIOTh TOUHUX PO3MIpiB, i MOBHHHI MaTH MiHIMaJbHy MEXaHIUYHY
00poOKy - mpo0biieMa OTpUMAaTH TOYHI PO3MipH CTAHOBUTHCS HAHOLIBII aKTyaJIbHOIO.
AmHaJi3 ocTaHHIX 1ocaiTKeHb Ta my0aikamiii. 3aranom mporec [JI1 MoxxHA pO3IITUTH HA YOTUPH
eranu. Ha nepmomy erari BinOyBaeTbcsl BUTOTOBIEHHS MoYaTKoBoro mMatepiany “feedstock”. Jlist mporo

© C.IO. Tecns, C.B. 3asaowk, M.A. Bmepxoscoruii, M.A. Tecasn, M.B. Kosanenxo,
JIL.O. Biproxosuu, O.B. Cmenanos, T.O. Conosiiosa

106



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywk, 2025, Ne81

MeTajeBUI MOPOILOK 3 PO3MIpaMy YaCTHHOK 110 20 MKM, 3MIIIy€ThCS 3 OTIMEPHUM HaroBHIOBaueM. Jaii
BinOyBaeTsCst (opMyBaHHS reoMmerpil neTali Ha TEpMOIUIACT-aBTOMAaTaxX IUISIXOM BIOPCKYBaHHS
posIuIaBiieHoi cymimi y mpec-popmy. Ha HacTynHOoMy eTami BinOyBaeThcs BUIAJICHHS MOTIMEpPY 3 A€TalleH.
B 3anexHocTi Bin THIIy MOJTIMEpHOro HamoBHIOBada “‘binder”, po3pi3HAIOTh TaKi BUIU SK: KaTaJTITHUYHHNA
nebaiiiuHr, TepMiuHui nebaiinuHr, ne0aliAnHT 3 BUKOPUCTAaHHAM PIIMHHUX po3uuHHHMKIB. [licas uporo,
BiOyBa€THCS OCTATOUHE CIIIKAHHS METAJIeBOT'O MOPOLIKY Yy CIIeLiaIbHUX BUCOKOTEMIIEPATypHHX Iedax 110
OTPUMaHHs CyLUIBHOTO METaJeBOro Tijia aerani. Ha BiaMiHy Big TpaauuiiiHOT MOPOIIKOBOI MeTamyprii,
npouec IJIIT no3Bonse orpumyBaty fetaii 3 pi3HOMaHITHUX MaTepiaiiB 3 BHCOKOIO OHOPiAHOIO TYCTHHOIO
0e3 BHYTpiHIX nedexTis [2].

To4HICTH TEOMETPUYHUX PO3MIpIB Ta HEOOXIIHMX MEXaHIYHHX BIACTHBOCTEH TOTOBUX JAeTajiel
CHJIBHO 3aJI©KUTH BiJl BHOOPY MpaBUIBHUX TEXHOIOr YHMX napaMerpis npouecy UJIII. Etan inxekuiiiHoro
JUTTSA HaWOUIBII BaXXJITMBHH, a/JpKe HA JAHOMY €Talli BUHHKAa€ BEIWKA KiUIbKicTh mpoOsem. s Hporo
XapakTepHi Taki pi3HOBUIM A EKTIB SIK: MyCTOTH, IIOBEPXHEBI 3aMaJiHu, HE 3aII0BHEH] 30HH JIeTal, JiHii
crnaiB MOTOKIB, TPIIMHU. Xo4ya AaHi AedeKTH MOXYTh OyTH HE MOMITHI Ha BiAJMBII, BOHU OJHO3HAYHO
MPOSIBJISIIOTE ce0e HAa HACTYMHMX ONEpalisiX BUAAICHHS 3B’S3yBajibHOI peHOBHMHH (TiacTugikaTopy) Ta
crikanHi [3].

Sk Oyno 3a3Haueno npopecopom Randall M. German B po6oTi [4] — Bapiawisi KIHIIEBOTO po3Mipy
JeTani micisl CIiKaHHS NMPsIMO MPOMOpILiiiHa J0 Bapialii Bard BiAJIMBKH A€Talli, Ta MiANOPSIIKOBYETHCS
PIBHSHHIO:

dLg _ 1dMy
L 3 M

(D

ne, dLs— po3citoBaHHs po3Mipy aetani; dM,; — po3CilOBaHHS Bard BiIWIMBKH; Ly — po3Mip Ierani
TTICHIS CIiKaHHS; Mg-Bara JeTaii.

Takum yMHOM, Bara BiIUIMBKY Ma€ BarOMUi BILTUB HA PO3MIPHY TOUHICTb AeTalsieil micis CHiKaHHS
1 € BOYKJIMBUM NTapaMETPOM KOHTPOJIIO HA TIOYaTKOBOMY €Talli BATOTOBJIEHHA AeTase mo texHonorii IJIIT.

IlocranoBka mpoOiem gociimxeHHsi. ABTOopamMu pobotu [5] Oyno BHKOpMUCTaHO TpaaWLiiiHi
Meroau (HOpMyBaHHS Taki SIK TaKi SK JIUTTS Ta €KCTPY3isd Uil BUTOTOBIICHHS CTAHJAPTHUX KOMIIOHEHTIB i3
cmaBy WE43 y OioMenuuHux Oinax. ABTOpaMHM 3a3HAYa€ThCS, IO JaHi METOOH € EKOHOMIYHO
Hee)eKTUBHUMH JJIs1 CTBOPEHHS IHIOMBiIyadi30BaHUX JeTajeldl CKIaAHOi reoMerpii, $Ki IMOBHHHI
BIJINIOB1IaTH BUMOTaM JI0 MII[HOCTI, TUTACTUYHOCTI Ta KOPO31MHOI CTIHKOCTI. Y 3B’S3KY 3 IIMM, TEXHOJIOTI1,
110 0a3yl0ThCSI HA BUKOPHUCTaHHI 3B’ I3yBaviB, 30KpEMa JINTTS il THCKOM 3 MeTaJeBUM mopoiikoM (MIM),
a TaKOoX aJUTUBHI MeTOIM BHPOOHUITBa (AM), IO TPYHTYIOTbCS Ha MpoOLEcax CHiKaHHS, MOKa3aiu
MEpPCIEeKTUBHICTh y BUTOTOBJICHHI CKIagHUX JeTaned, Onm3pkux 1o kiHuoeBoi ¢opmu. Taki merani
BKJTIIOYAIOTh OioZerpaoBaHi KiCTKOBI TBUHTH, CyAWHHI CTEHTH Ta XipypriuHi IMIUTaHTaTH 13 citaBy WE43,
K1 MOXYTh BUPOOJISITHCS y BEIMKUX 00CSTax i3 BUCOKOIO CTYIEHIO BiITBOPIOBAHOCTI.

Merta pocaix:kenHs. BinnoBigHo, Meroio qanoi poOOTH € BU3HAUYCHHS TApaMeTPiB 1HKEKIiHHOTO
JUTTSI, IKI MAFOTh HAWOLTBITNI BIIMB HA Bary BiIJIMBKA Ta PO3MIpH FOTOBOI IeTai micis crikaHHs. OIHIM
13 TOJIOBHHUX 3aBJaHb € MOLIYK ONTHMAJbHHUX IapaMeTpiB JHUTTS, MPH SIKMX PO3MIPH CIEUEHUX AeTajei
BiMIOBiAal0Th HOMIHAJIBHUM PO3MipaM KPeCIeHb 3 MiHIMAJIbHUMH BiIXUICHHIMU.

BukinageHHss ocHOBHOro marepiany. Y paHiii po0Oori, IulaHyBaHHS eKCIEpUMEHTY Oyio
3aiicHeHo 1o Merony bokca-Yincona [6]. Lleit Meron 103BoJIsie IPOBOAMTH AOCIi AN HEBEIUKUMH CEPISIMH.
VY KOXHIH cepii 3MiHIOIOTBCS BC1 MapaMeTpH MO MEBHUM MpaBuiaM. Jlocimian mpoBoOAsATh Tak, 00 Micis
MaTeMaTHYHOI 0OpOOKH pe3ynbTaTiB MUHYJIOI Cepii MOKIIMBO CIUIAHYBAaTH HACTYIIHY CEpil0 AOCIiiB.

Ha ocHOBI mpakTHYHOTO IOCBiAYy Ta MUHYIHX MoCiikeHb [7]-[11] BcTaHoBieHO, m0 i3 BCix
napaMerpiB 1HXEKIIHHOTO JIUTTS, Ha Bary BI[UIMBOK HaHOLIBII BIUIMBAIOTH TaKi TEXHOJIOTIUHI IapaMeTpH,
HaBeneHl B Tadymi 1.

Taba. 1
IMapameTpu iHKeKIIHHOTO JUTTS
Ne Hasesa mapametpy Po3mipnicTs KonyBanus
1 [IIBuAKiCTh BHOPCKYBaHHS MaTepiaty cM’/c -Xi
2 Tuck BIOpCKyBaHHS Oap. -Xo
3 TuCK BUTPUMKH Oap. - X3
4 Temmepatypa npec-hopmu °C - X4
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[Ipouec nautTs mpoBoauBes Ha Tepmoract-aromati Engel 50/110 3 UIIK ta moaudikoBaHuM
BY3JIOM BIIOPCKYBaHHA. MaTepian ans BunpoOyBaHHs: nopouok Marnito WE43, dhipmu «Sigma aldrichy,
Himeyunna. OcHOBHI piBHI Ta iHTepBaIu BapitoBaHHs (aKTOPiB BKa3aHi B TaOmumi 2.

Tabn. 2
®akTOpH BILIUBY
. PakTopu

HaiimenyBanHs X, X, X X,
OcHOBHHY piBEHb 15 800 800 120
InTepBan BapiroBaHHs 10 200 200 20
Bepxniii piBeHb 25 1000 1000 140
Hwxnill piBeHb 5 600 600 100

Martpuus njaaHyBaHHS eKCIIepUMEHTY noAaHa B Tabmuui 3. KoxkHa cTpiuka MaTpulli mpeacTaBsie
co0010 OKpeMHil HOocCiif 3 BH3HAYEHUMHM MapameTpaMm (ae “+1” BidmoBimae BepxHbOMY piBHIO, Ta “-17
BIJIIOBiIHO HI>KHBOMY PIBHIO). 3 METOIO 3MEHIICHHS MOXHUOKN BHUMIPIOBAHHS PE3YNbTaTIB, A KOXKHOT'O
nociigy Oynao mpoBeaeHO 6 IMKIIB I1HKEKUIHHOTO BIOPCKYBaHHS (MapaienbHi TOCHign). 3 METOIo
JOCITIIKEHHS BIUIUBY 3/IBOEHUX € EKTiB -- KOJIM 3MiHa OHOYACHO ABOX [TapaMeTPiB MPU3BOAUTH A0 SKICHO
HOBOT'O Pe3yJIbTaTy, B TAOJIHII OAAHO TaKi eheKTH B3aEMOIIi:

1. [IBuakicTe BHOpcKyBaHHS - Tuck BnopckyBaHHI — XX X

2. Tuck BopckyBaHHs — THCK BUTPUMKH — Xox X3

3. Tuck BnopckyBanHs - Temneparypa npec-popmun  —  Xox Xy

Taban. 3
MaTpuus IIaHyBaHHS J0CTiny
Homep X0 X1 X2 X3 X4 | X1*X2 | X2#X3 | X2* X4
AOCTITY

1 1 1 1 -1 1 1 -1
2 + -1 1 1 -1 -1 1 -1
3 + -1 1 -1 -1 1 1
4 + -1 -1 1 -1 1 -1 1
5 + 1 -1 -1 1 -1 -1
6 + -1 1 -1 -1 -1 -1 -1
7 + -1 -1 -1 -1 1 1
8 + -1 -1 -1 -1 1 1 1
9 + 1 1 1 1 1 1 1
10 + -1 1 1 1 -1 1 1
11 + 1 -1 1 1 -1 -1 -1
12 + -1 -1 1 1 1 -1 -1
13 + 1 1 -1 1 1 -1 1
14 + -1 1 -1 1 -1 -1 1
15 + 1 -1 -1 1 -1 1 -1
16 + -1 -1 -1 1 1 1 -1

[loBHU# (aKTOpHUIA EKCIepUMEHT IO3BOJISE KUIBKICHO OLIHUTH JiHiMHI edekTH Ta Bci iX
B3aeMofii. /st moBHOro (akTopHOro ekcriepuMenty iy 2* (1€ 2 — KinbKicTh piBHIB, a 4 — KiJIbKiCTh
¢axropiB). PiBHsIHHS perpecii BKIIOYHO 3 eheKTaMu B3a€MOIi1 MOJKHA NPEICTABUTH Y BUIJISII:

Y = bg + bi1x1 + byxy + b3X3 + byxy + bioX1X5 + by3XaX3 + DyyXoXy (2)

VY tabauui 3, y mepmomy cToBILI MiCTUThCS (ikTuBHUM paxTop X0. BiH BBOIUTBCS IS OL[IHKH
BUIBHOI NepeMiHHOT PiBHAHHS bo. Y SIKOCT1 BUXIIHUX MapaMeTpiB ONTUMI3allii BUCTYNAIOTh Bara BiJIMBKa
(Ys) Ta HOBKMHA JeTai Hicis crikaHHS (Yx).

Jns KOXHOT CTPOKM MAaTpHLi IUIaHyBaHHA IO pe3yiabrataM n OyJgo pPO3paxoBaHO CEpenHe
apruMeTHYHE 3HaUCHHS TapaMeTpPiB ONTUMI3alii:
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1 n
yji = - Z Yiu 3)
u=

Jns BU3HAYEHHS BiAXWIICHHS TapaMeTpy ONTHMi3awii Bix Horo cepenHporo 3HaueHHs. [ KoxHOT
CTPOKM MaTpHLi INIaHYBAaHHs OYJIO PO3paxOBaHO AUCHEPCII0 JOCTILy:
n

1 2

/Eai— § ju =) “4)
) u=1 ) )

IMToxubKa m0ciiny BU3HaYeHa K KBaJApaTHUH KOPiHb JUCIEpCii gociny:

1 n
5 = Z(yju -5)" )
u=1

n—1

[Ipu ymoBi piBHOMipHOr0 1yONIOBaHHA AOCTIAIB OXHOPIAHICT BCiX AMCHepciit Oyno mepeBipeHo
o kputepiro Koxpena (Gp).

2
Smax

=1 5
B namomy Bunanky, pospaxynkoBuii kputepiii Koxpena G, cranosuts 0,19. Tabnnune 3HaueHHS
st 16 mociniB mpyu yMOBi IpoBeIeHHs 6 mapajieabHuX IochiaiB ctanoBuTh G =0,2034 . Po3paxoBanumii
kputepiii Koxpena menue 3a Tabmuannii (G, < Gr), OTXKE AUCIEPCii BBAXKAKOTHCS OJHOPIIHHMH.
PospaxoBani cepenHi 3Ha4eHHSI HapaMeTpiB ONTHUMI3aLil Ta IX qucHepciil 1 KOXKHOTO AOCTiay
rnoaaHi B Tabnumi 4:

G, = =0,19 (6)

Tabn. 4
Po3paxoBaHi mapameTpu Baru BiluInBKa
Hasga Howmep nocuiny
napameTpy 1 2 3 4 5 6 7 8
Vi 5,617 5,611 5,554 5,565 5,619 5,616 5,553 5,563

5,'2 0,000111 | 0,000037 10,000021 10,000026 10,000059 10,000013 |0,000125 10,000067
S; 0,010558 | 0,006113 10,004633 10,005115 10,007731 10,003564 0,011171 10,008159

Hazga 9 10 11 12 13 14 15 16
napamMerpy
y; 5,613 5,629 5549 | 5568 | 5,617 | 5.633 | 5550 | 5,567

5,'2 0,000016 0,000008 10,000025 10,000016 10,000017 |0,000006 |0,000058 10,000046
S; 0,004033 | 0,002805 |0,004957 10,003971 10,004119 |0,002483 (0,007601 |0,006812

Taxk sk mucnepcii JOCHiIB MPUIAHATO BBAXKATH OIHOPITHUMH, Al OYII0 po3paxoBaHO JUCIIEPCIrO
MTOBTOPIOBAHOCTI €KCTIEPUMEHTY:

N
§2 = lz S? = 4,0754e — 05 (7)
y N J ’
j=1
e N — KUTbKiCTh J0CHiaiB, a00 KiMBbKICTh CTPOK MAaTPHLI TJIaHYBaHHSL.
3rigHO pe3ysbTaTiB po3paxoBaHO Koe(ilieHTH Mojelni. BinbHY mepeMiHHY b, BH3HAYarOTh 110

dbopmyi:
&
by = NZ yj = 5,589 (8)
j=1

Koedirmientn perpecii, mo BU3HAYaIOTH JiHIMHI epekTn Ta edeKkTHu B3aeMOJii BH3HAYAKOTH I10
¢dhopmynam (8) ta (9) BimnoBinHo. Po3paxoBani koedillieHTH 1MoaHi B TaOmwiIi 5.

L&
b, = Nzyj Xij ©
j=1
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N
1
b1: NZy]xeU (10)
]:

[lepeBipky 3HaunMOCTi KoediLieHTIB perpecii mpoBeAeHO 3a JONOMOroro t-kpurepis CTbloeHTa.
Jst 1boro po3paxoByeMo MOXMOKY y BU3HAUYEHHI i-ro KoedilieHTy perpecii:

Sy
Stho} =+ | (11)

ne N — KUTBKICTh JOCIIJIIB B MATPHII TUTAHYBAHHSI, N — YUCIIO MTapalleIbHUX JTOCTI/IB.
Kpurepiii CrpromieHTa BU3HAYEHO IS KOXKHOTO  KoedirieHty perpecii mo ¢opmyni (11).
PesynbraTi po3paxyHKy IpUBEIEHO B TaOIHII 5.

Tabn. 5
Po3paxoBani koedinicHTn perpecii
bO bl bZ b3 b4- b12 b23 b24-
Koedimieatn
~ | 5,589 | -0,005 | 0,03027 | -0,0008 | 0,00177 | 0,00215 | 0,69306 | 0,00192
perpecii
Kpurepiit — | 7610 | 46,459 1215 2718 | 3293 |1063,707 | 2,942
CTpI0zEHTA

Koediuient perpecii BBaxkaeTbcs 3HAUMMUM, SKIIO PO3PaxXyHKOBE 3HAUCHHS IEPEBUILYE TaOIHMIHE
3Ha4YeHHS. Y HAIIOMY BHIIAJKy IpU pPiBHOMIpHOMY OyOJIOBaHHI TOCIHIIB, CTYIiHb CBOOOIH CKIIalaE:

f=Mm-1N=(6-1)*16 =80 (12)

BignoBigHo, TabnuuHe 3HaueHHs t-kpuTepis CtbrogeHTa npu 5%-My piBHI 3HAUMMOCTI CKJIala€e
1,99. SIk MmoxkHa ToGaunTH 3 TAOIHLI 5, TMIIIEe OUH PO3paxoBaHui kputepiii (1,215) He nepeBuILye 1aHOTO
3Ha4yeHHsS. OTxe KoedilieHT perpecii bz MOXIIMBO BUKIIOUNTH 3 PIBHSIHHS.

Takox GyJ10 BU3HAUYCHO JUCIIEPCIIO aICKBATHOCTI Say Mozeli. BoHa Xapakrepusye po3citoBaHHs
eMITIPUYHUX 3HAYCHb BHUXIAHUX IMapaMeTpiB BiIHOCHO PO3PaxXyHKOBHX, BHU3HAUCHHUX IO 3HAUICHOMY
piBHsHHIO perpecii. Jlucnepcito agekBaTHOCTI BU3HAYAIOTh IO (POPMYIi:

YA = 9)?
N—-(k+1)

[lepeBipky aznexBaTHOCTI 3HaiineHOT Mozeni mpoBeneHo no F-kputepiro Pimepa:

S2, 3.68e — 05 0.9

S 4,0754e—05 (14

Tabnuune 3HayenHs A F-kputepito @imepa npu cryneni ceodoau 11 cranosuts F, = 1,8~1,9.
PospaxoBane 3HaueHHs KpuTepito Oulble 3a TabaW4yHE, OT)KE 3HAMICHY MOJENb MOXHa BBaXKaTU
a/IeKBaTHOIO.

[Ticns mporecy iHXEKUIHHOTO JIUTTS, U TECTOBUX BIAJIMBOK OyJH 31iiiCHEH] onepallii BUAATEHHS
BOCKOBOTO IIacTU(ikaTopa Ta CTeapHHOBOI KUCIOTH. JlaHi peYOBMHHM BHAASUIN HUISIXOM NPOMHBAHHS
3pa3kiB rekcanoM npu 45 °C npotsirom 900 xB. Pemry 38’ 3yBajibHOI pEYOBHHHU BUIAJSUIA B KOMOIHOBaHIN
neyi Ui CHiKaHHS HUISIXOM TepMiYHOro po3ierieHHs. KinmeBum eramnom € onepauis crikaHHs. TecToBi
3aroTOBKHU CHIKaJIMCh Ipu Temnepartypi 640 °C 31 mBuakictio HarpiBy 2 °C/xB. B aTMoc(epi BHCOKOUHCTOTO
aproHy mpotsarom 64 roavH. 3alUIIKOBa MOPUCTICTH 3paskiB craHoBuia 1,3%+0,1%. Ilicns cmikanHs
cepenHs MIUIBHICTD JeTanei ckmanana 1,8 r/em’.

Ha cneyenux 3paskax Oynu npoBeneHi BuMipu JiHiHOro po3mipy (18,2 Mm). 3aMipu mpoBOJUIUCE
3a normomororo mikpometpa JICTY 'OCT 6507:2009. Hanwuii po3mip € BUXiTHUM mapaMeTpoM (V;). 3 METOI0
JOCIIKEHHS BIUIMBY MapaMerpiB JIMTTS Ha JaHWW KOHTPOJIBHMH PO3MIp HAeTanield, Oylo MpOBEIEHO
po3paxyHku 3rinHo ¢popmyn (2) - (14). PesynbraT po3paxyHKiB IpUBEIEHO B TAOIHUIIX 6 Ta 7.

B Tabnaumi 7 HaBenmeHi po3paxoBaHi KoedilieHTH perpecii. BpaxoByrouw, mo po3paxoBaHHMA
koedinieHT CTbroJeHTa ISl Takuid (QakTopiB sK bs,bs,bos He mepeBuinye TabmuuHoro 3HavdeHHs 1,99,
MOXXEMO BHUKIIIOYHTH BIUIMB TaKHX MapaMeTpiB sIK: TUCK BUTPUMKH, TeMIlepaTypa mpec-popmu 1a edexr
B3aeMoii “Tuck BnopckyBaHHs - Temneparypa npec-gpopMu” Ha KiHIEB1 po3Mipu AeTalli.

S% = = 3.68e — 05 (13)

E, =
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Tabn. 6
Po3paxoBani mapameTpu po3mipy aeraii
Hazea Homep nocniny
nmapamerpy 1 2 3 4 5 6 7 8
Vi 18,208 18,207 18,173 18,180 18,213 18,217 18,178 18,198
5,'2 0,000137 | 0,000067 | 0,000147 | 0,000120 | 0,000147 | 0,000067 | 0,000177 | 0,000457
S; 0,011691 | 0,008165 | 0,012111 | 0,010955 | 0,012111 | 0,008165 | 0,013292 | 0,021369
Hazsa 9 10 11 12 13 14 15 16
napameTpy
Vi 18,210 18,218 18,180 18,195 18,203 18,210 18,163 18,188
sz 0,000040 | 0,000097 | 0,000160 | 0,000190 | 0,000187 | 0,000120 | 0,000267 | 0,000177
S; 0,006325 | 0,009832 | 0,012649 | 0,013784 | 0,013663 | 0,010955 | 0,016329 | 0,013292
Tabn. 7
Po3paxoBani koedinicHTn perpecii
by by b, b; by by, b3 b4
Koedimieatn
18,196 -0,0052 0,014 0 -0,0004 | 0,00312 2,271 0
perpecii
Kpurepiit _ 4,03 11,14 0 0,32 2,42 1761,92 0
CTplozeHTa

[pyHTyrounch Ha KoedilienTax perpecii i3 Tabnuii 5 Ta 7 MOXHa 3pOOMTH BHCHOBOK, 110 B 000X
BHUIIa/IKaX, BUPIIATIGHMHN BIJIMB Ha Bary Bi[UIMBKa Ta T€OMETPHYHI po3MipH AeTaii Mae eeKT B3aeMOmii
TUCKY BIIOPCKYBaHHSI - TUCK BUTPHUMKH.

BpaxoByroun o4eBHIHMI 3B 530K MK Barolo BiUIMBKU Ta PO3MIpOM JieTaii, OyJio po3paxoBaHO
Koe(iLieHT KOpeIsLii MiXK cepeIHbOIO Baroo Jeraieil Ta ix po3MipamMu Miciisl CiKaHHS 3rigHO GopMyin:

o YLD 0iY)
VIR (i — %)% 2L (i — §)?

PospaxoBanuii koedinieHT xopemsuii cknagae 0,912. Januit koediuieHT HaOIMKaeThCA 10 1, 110
CBIIYUTH TIPO CHIIHHUIA B3a€EMO3B’ 130K MK Baror0 BiIUTMBKU Ta PO3MIPOM CIIEUEHOT JeTalli.

Bucnoskn.

VY pesynbTaTi AAHOrO IOCTIKEHHS OyJIO0 BH3HAYEHO, IO HAHOUIBIIMK BIUIMB CEpel MapaMerpiB
IHKEKLIHOTO JINTTS Ha Bary BiIUIMBKa Ta pO3MipH Aeraii Mae e)eKT B3a€MOIii THCKY BIIOPCKYBAHHS Ta THCKY
BUTPUMKH. TakiM YMHOM, IPH OTHOYACHIN 3MiHI JaHUX MapaMeTpiB MOXKJIMBO, B IEBHUX MEXaX, BIUIMBATH HA
HOMIHAJILHI PO3MIpA TOTOBOi CIieYeHOI jaerami. Takok, BCTAHOBJICHO, IO Bara BiUIMBKA TMICIsA oOreparil
IHKEKL[IHOTO JITTS Ma€ iCTOTHHUH BIUIMB HA TE€OMETPUYHI po3Mipu aetaii. OTke, MOXKHA IPUITYCTHTH, IO Bara
JeTalli MOJKE CITyIyBaTH KOHTPOJBHHM MapaMeTpoM I 4ac JIMTTA sl 3a0e3MeUeHHs CTaOUIbHOI PO3MIPHOT
TOYHOCTI JIeTalli Ta 3MEHIIIEHHsI KUThKOCTI OpaKOBaHUX JICTaleH.

Heo0xigHO BiAMITHTH, 110 METOA MPOBEACHHS JOCIiLY 3riIHO MOBHOIO (PAKTOPHOTO aHANTI3y € AIEBUM
THCTPYMEHTOM IS IOCTIPKEHHS BIUTMBY TapaMeTpiB 1HXKEKIIHHOIO JIUTTS Ha SIKICTh JIeTajlei BUTOTOBJICHHX 10
TEXHONOT 11 [HXKEKITilfHE TUTTS TIOPOIIKY.

PoGora BukoHana 3a (inaHcOBOi minTpumku MiHicTepcTBa OCBITH Ta HayKd YKpaiHd (IIPOEKT
Ne 01230100934 ).

=0.912 (15)
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Jhybkuti HayioHanvbHull MexHiuHUll YHigepcumem

JICOPOCJIMHHI YMOBMH B 3AIIVTABAX PIYOK IICEJI I BOPCKJIA

IIposedeno ananiz nicopocnunnux ymoe 3annae piuok Ilcen i Bopckna. Bin nokaszas, ugo ocnoenumu ghakmopamu, w0
GU3HAYAIOMb JIicOpPOCTUnHI ymoeu 6 3annasax piuok Ilcen i Bopckna € noemopiosanicms i mpusanicms 3amonnieHHs 3an1ae.
Y 36’a3Ky i3 3HuMCcenHAM 6nIUGY haKmMOpie 3aN1A6HOCMINICOPOCIUHHI YMOBU 3MIHIOIOMbCA 6 CHHOPOHY 6UCYUIEHHSA, HA picm
Jicosux HAcCAOXHCEeHDb 6ce OLNbUINIL 6NAUE MAIOMb 30HANbHI KliMamuuni pakmopu. Piznomanimuicms nicopocaunnux ymoe i
hopmyeanns eenuxoi Kinbkocmi munie Jiicy é 3an1a6ax pivoK eUMazarOmsv po3podKu Memooie 20CnO0APIO6aAHHA 6 HUX.

Knrwuoei cnosa: 3annaga piuku, 3amoniieHus, 1icOPOCIUNHI YMOBU, 3aNTAHT TICU.

V.0. Volianskyi, O.P. Herasymchuk, T.V. Volianskyi
FOREST GROWING CONDITIONS IN FLOODPLAINS OF PSEL AND VORSKLA RIVERS

This study analyses the forest growing conditions within the floodplains of the Psel and Vorskla rivers. The findings
indicate that the primary factors influencing these conditions are the frequency and duration of floodplain inundation. Due to
a reduction in the impact of floodplain-specific factors, the forest growing conditions are shifting towards increased dryness,
with zonal climatic factors exerting a growing influence on forest stand development. The diversity of forest growing conditions
and the formation of numerous forest types within these floodplains necessitate the development of tailored management
strategies.

Keywords: river floodplain, inundation, forest growing conditions, floodplain forests.

Problem Statement. Due to the regulation of surface runoff, the construction of a cascade of
reservoirs, and the commissioning of water intake and other hydraulic structures, the forest growing
conditions in the floodplains of rivers have significantly changed towards either drying or excessive
waterlogging. Currently, there is an increasing risk of damage and death of floodplain forests due to
anthropogenic overload. The insufficient study and lack of a management system in the floodplain forests
of the Vorskla and Psel rivers highlight the urgency of addressing these issues.

Analysis of Recent Research and Publications.A number of researchers have studied the ecological
factors in river floodplains across various regions, focusing on their impact on the growth, productivity, and
water-protective functions of forests. Among the scientific publications dedicated to this topic, the works
of Yu.P. Byallovych, M.V. Romashov, M.A. Lokhmatov, O.S. Mihunova, I.D. Avramenko, V.H. Shatalov,
LV. Trieshchevskyi, I.V. Yakimov, O.S. Mihunova, 1.B. Shynkarenko, V.P. Tkach, O.B. Bondar, V.V.
Nazarenko and others [1-5] have been analyzed. The study of the specific forest growing conditions in the
floodplains of the Psel and Vorskla rivers is particularly important.

Task formulation. The aim of this study is to examine the forest growing conditions that influence
the growth, productivity, and water-protective functions of forest stands in the floodplains of the Vorskla
and Psel rivers. To achieve this, the research investigates the hydrological regime of the floodplains, soil
cover, and the spatial distribution of floodplain forests.

The research focuses on floodplain forests along the Psel and Vorskla rivers. To analyze the structure
of these floodplain areas, topographic maps at a 1:25000 scale were utilized. The study is based on the
comparative ecology method. The duration and frequency of floodplain inundation were determined by
correlating river water levels during flood events with a vertical profile laid across the floodplain
perpendicular to the river channel.

Presentation of the Main Material. The forest growing conditions in the floodplain are determined
by the characteristics of the river's hydrological regime. The Psel and Vorskla rivers are classified as
medium-sized rivers. Flowing in a meridional direction, they pass through regions with varying forest
growing conditions, which also results in changes to the rivers' own parameters that define the floodplain
hydrology.

The main ecological factors influencing the water supply regime of the floodplain are the frequency,
timing, and duration of inundation by floodwaters. These indicators vary from the river's source to its mouth.
In the lower reaches, due to earlier spring warming, flooding begins sooner and lasts longer—up to one
month or more. In contrast, the middle and upper reaches experience shorter flood periods, usually not
exceeding 10 days. In recent decades, the regulation of water flow and increased water withdrawal have
significantly altered the flood regime, which has had a profound impact on floodplain processes.
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Analysis of research materials shows that until the mid-1950s, the floodplain of the Vorskla River
was flooded almost every year. Today, this figure has decreased to an average of 5 times per decade. The
floodplain may remain unflooded for 2-3 consecutive years, which leads to changes in the previously
established forest growing conditions. Additionally, both the duration of flooding and the average maximum
spring water level have decreased. In the middle section of the Vorskla River, these parameters have
dropped from 11 to 4 days and from 264 cm to 221 cm, respectively.

The reduction in the average duration of floodplain inundation is primarily caused by river flow
regulation and increased water extraction. The decreased frequency and duration of inundation events lead
to a decline in the groundwater table. The floodplain moisture regime also changes throughout the growing
season. Following significant spring moisture accumulation, a drier summer period ensues, during which
zonal climatic factors play a more dominant role. As a result, there is a shift in hygrotopic conditions toward
drier site types.

Based on the study of the floodplain inundation regimes of the Psel and Vorskla rivers, and
considering the changes observed in recent decades, the following types of inundation regimes have been
identified:

¢ Short-term through-flow inundation — inundation of the highest floodplain areas (natural levees,

elevated ridges) for up to 10 days;

Medium-term through-flow inundation — flooding of elevated terrain elements for 10 to 40 days;

Long-term through-flow inundation — flooding of slightly elevated or level areas for 40 to 60 days;

Short-term stagnant inundation — flooding of slightly depressed areas for up to 40 days;

Long-term stagnant inundation — flooding of significantly depressed areas for more than 40 days.
Prior to the regulation of river flow, short-term through-flow inundation occurred primarily in the
upper reaches of rivers and partially in their middle reaches. Today, this inundation type is typical for much
of the Vorskla and Psel rivers. Medium-term through-flow inundation occurs in the middle and lower
reaches, but only in years with increased flood intensity. Both short- and medium-term through-flow
inundation are characteristic of the near-channel and central parts of the floodplain. Approximately 80% of
the floodplain forest stands of the Vorskla and Psel rivers were formed under these inundation regimes.

Long-term through-flow inundation is observed only in small areas, such as sandy shallows, small
islands, and depressed terrain features. Stagnant inundation primarily occurs in the terrace-adjacent portion
of the floodplain and is present along the entire length of the rivers. The duration of stagnant flooding
depends on the magnitude of the flood, the degree of terrain depression and enclosure, and the emergence
of groundwater to the surface.

Due to changes in floodplain-related factors, many forest stands that originally developed under
conditions of medium-duration through-flow inundation are now growing in floodplains characterized by
short-term through-flow inundation regimes. To assess the influence of hydrological factors on the growth
of floodplain forests, the dynamics of radial increment were analyzed in relation to flood duration and the
average river water level during flood events.

A strong correlation was established between the growth index, the duration of flooding, and the
average floodwater level in the river. This indicates that the hydrological variables studied significantly
affect the formation of the annual increment in forest stands.

Further degradation of the hydrological regime—caused by declining river discharge and reduced
frequency and duration of floodplain inundation—will lead to a decrease in the productivity of floodplain
forests.

The percentage distribution of site condition types in the floodplains of the Psel and Vorskla rivers is
presented in Table 1.

Table 1.
Distribution of Site Condition Types in the Floodplains of the Psel and Vorskla Rivers, %
Hygrotop A B Trophotop C D Total
0 - - - - -
1 - - - - -
2 - 1,4 20,4 23,8 45,6
3 - 4,2 13,8 14,9 32,9
4 - - 3,4 10,1 13,5
5 - - 0,1 7,9 8,0
Total - 5,6 37,7 56,7 100,0
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Alluvial and floodplain processes have a significant influence on the formation of soil cover within
river valleys. The periodic inundation of floodplains modifies the soil-forming environment by altering the
aeration and salinity regimes of the soils and by raising the groundwater level.

The Psel and Vorskla rivers are freely meandering watercourses. The sinuosity of their channels
results in a complex floodplain morphology, characterized by ridged elevations, near-channel natural
levees, and scour depressions formed by floodwaters. As a result, there is considerable soil variability
throughout the floodplain.

In the near-channel part of the floodplain, coarse alluvium is deposited due to active fluvial processes.
In the central part, finer sediments accumulate, while silty particles are deposited in the terrace-adjacent
(outer) zone. Near-channel forest stands reduce the velocity of floodwaters and promote the deposition of
coarse sand particles, which facilitates the formation of levees and ridges. The annual transport and
deposition of sand create stratified soils, where buried soil horizons are often encountered. The upper soil
layers are typically light loam or sandy loam in texture.

Due to the meandering nature of the Psel and Vorskla, their channels often intrude into the central
floodplain zone. This results in the central floodplain soils occurring directly adjacent to the river channel.
The terrain in the central floodplain is relatively flat, with minor micro-elevations. During flooding, fine
nutrient-rich particles are deposited in this area, where meadow-type soil formation processes dominate.

The terrace-adjacent floodplain is characterized by meadow-bog and bog soils, which have formed
under the influence of alluvial and deluvial processes in conditions of prolonged through-flow and stagnant
flooding. The soil types found in the floodplains of the Psel and Vorskla rivers exhibit varying degrees of
forest suitability. With an appropriate forest typological assessment, it is possible to cultivate forest stands
across all areas of these floodplains. It is essential to determine the correspondence between the forest
growing conditions of different floodplain zones and the tree species growing on them.

In the terrace-adjacent floodplain, black alder stands can grow successfully without the need for any
additional interventions, as optimal conditions exist for their development, and they effectively perform
meliorative functions. The near-channel floodplain is also suitable for afforestation. Woody and shrubby
willows and poplars find favorable growth conditions in this zone and are indispensable for riverbank
protection. In the fertile soils of the central floodplain, it is advisable to cultivate the most valuable and
highly productive oak stands. Around old riverbeds located in the central floodplain, it is appropriate to
establish poplar plantations, as they exhibit high productivity in such environments.

The diversity and dynamism of soil and hydrological conditions in river floodplains lead to the
formation of a wide variety of forest types. The spatial distribution of floodplain forest stands follows
specific patterns and is generally associated with particular segments of the floodplain.

In the near-channel floodplain, the most common forest types are fresh and moist black poplar forests
(subory), fresh and moist poplar stands (suhroudky), and fresh elm-spindle and maple-linden oak forests
(sudibrovy). Medium-duration through-flow inundation, which was typical for this part of the floodplain
until the mid-1950s, has now been replaced by short-term through-flow flooding. Only on sandy shoals is
long-term through-flow inundation still observed. Willows do not form large stands; instead, they typically
grow as narrow strips on sandy shoals and along riverbanks, where they perform an important anti-erosion
function. Poplar stands are found on ridged near-channel elevations. The formation of oak forest types in
the near-channel zone is driven by the meandering of the river, which causes the riverbed to shift across the
floodplain and intrude into its central zone. The successful development of oak stands under such conditions
is explained by the presence of deep, buried humus-rich soil horizons located up to 1 meter deep. In such
cases, the near-channel zone acquires characteristics typical of the central floodplain.

It is important to note that erosion-accumulative processes in this zone lead to a deterioration in site
trophic conditions. A forest typological survey and analysis of the herbaceous vegetation cover indicate that
a significant portion of the floodplain is “over-dried.” Most areas within the near-channel floodplain are
classified as moist site types.

The central floodplain is characterized by richer growing conditions. It is dominated by fresh and
moist elm-spindle and maple-linden oak forests.

In the central floodplain, short-term through-flow inundation is predominant, while medium-duration
through-flow flooding is observed less frequently. Intense spring moisture from flooding is typically
followed by a low-water summer period characterized by limited moisture availability. As a result, during
the growing season, the hygrotopic conditions shift progressively from D3 — D2-3 — D2 — D1-2. Under
such conditions, the forest stands must exhibit high ecological resilience.
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The terrace-adjacent floodplain is primarily composed of moist and wet black alder stands, both as
pure coppice and, less commonly, seed-regenerated or mixed-origin stands. Due to regulated river flow,
long-term stagnant flooding has become less typical for this part of the floodplain. The dominant inundation
regimes in the terrace-adjacent zone are short-term stagnant and long-term through-flow flooding.

It is important to note that river flow regulation has resulted not only in a reduction in the duration
and frequency of floodplain inundation but also in the emergence of areas that are no longer flooded or
experience flooding only rarely. These areas are mostly associated with sandy ridges. Silvicultural
experience shows that Scots pine (Pinus sylvestris), which is tolerant of poor soils and can withstand short-
term flooding, grows successfully in such locations [1, 2].

Conclusions.A distinctive feature of the floodplain forests along the Psel and Vorskla rivers is their
irregular inundation regime. Compared to larger river systems, these floodplains are characterized by a
simpler vegetation pattern. However, this spatial organization is modified by the meandering of the rivers,
which leads to the formation of numerous old riverbeds and channels, often accompanied by alluvial
deposits. In the central floodplain, willows and poplars commonly grow along the banks of these former
channels.

The near-channel floodplain frequently exhibits forest growing conditions similar to those found in
the central floodplain, which facilitates the development of oak stands in these areas. The dynamic nature
of soil and hydrological conditions, along with the intense impact of anthropogenic factors on the
vegetation, contributes to the formation of derivative stands that are less valuable and less resilient.

Analysis of systematic research results shows that the primary ecological factors determining forest
growing conditions in the floodplains of the Psel and Vorskla rivers are the frequency and duration of
inundation. With the decreasing influence of floodplain-related factors, the conditions are trending toward
increased dryness, and zonal climatic factors are becoming increasingly influential on forest stand growth.

The soil cover of floodplain forests is highly diverse, shaped significantly by floodplain and alluvial
processes. The near-channel zone is characterized by light-textured alluvial soils; the central floodplain
contains alluvial-meadow soils formed on sandy, sandy loam, and loamy sediments; and the terrace-adjacent
zone features meadow-bog and bog soils. These different soil types exhibit varying degrees of forest
suitability.

The contrasting soil-hydrological conditions across the floodplain lead to a wide range of forest types.
In the near-channel floodplain, the predominant types include moist poplar stands, as well as fresh and moist
elm-spindle and maple-linden oak forests. In the central floodplain, fresh and moist elm-spindle and maple-
linden oak forests prevail, while in the terrace-adjacent zone, moist and wet black alder stands dominate.

The diversity of forest growing conditions and the resulting variety of forest types in the floodplains
of these rivers necessitate the development of specialized management practices for their sustainable use.
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Kpemenuyyvkuii nayionanshuii mexuivnuil ynieepcumem imeni Muxaiina Ocmpozpadcvkozo’

Hayionanonuti mexniunuu ynieepcumem Yrpainu « Kuiscokuti nonimexnivHui incmumym imeni
Izopa Cixopcokozon?

CKOPOYEHHSA NEPEXOJIB XOJIOJHOT'O JIMCTOBOI'O LITAMITY BAHHAITPA
BUT'OTOBJIEHHI IIOPOXKHUCTHUX KOHYCHUX BUPOBIB3 MIJI

Pozenanymo cxkopouennsa KinbkKocmi nepexooié npu X0i100HOMY WIMAMHYEAHHI 3 MIOHOI JIUCMOB0I 3A20MOBKU
HOPOHCHUCHUX KOHYCHUX 6UPO0i8, AKI N0 MPaouyiiniil MexHoNozii Wmamnyloms 6UmMAZY6anHaAM 3a yomupu nepexoou. Ha
nepuiomy nepexooi WaAxXom eUmaAZY6anHs 6 KOHYCHIlL Mampuuyi 6uzomoeieno Hanieghadpukam 3 KOHYCHOW | YUTIHOPUYHOIO
yacmunamu. Ha Opyzomy nepexodi 30ilicheno 00muck yuliHOpUYUHOI YACMUHU | OMPUMAHO 20MOBUIL KOHYCHUIL
eupio.Memooom ckinuennux enemenmie 3 euxkopucmauuam npozpamu DEFORM-2D i npyscno-nnacmuunoi mooeni memany
CH180PEHO MameMamuyti Mooeii ma npoeedeHopoO3PaAxXyHKoeuUll AHAI3 nepexooie eumazyeannsai oomucky. Ilpu moodentoeanni
00mucKyepaxoeano Haxkonuueni Oeghopmauii i euuepnanuil pecypc naacmuyHocmi y 30epopmosanomy memani nicis
eumsazyeanusa. /s 6umaAzy6anna 6UKOPUCHAHO MAMPULIO CREYIAILHO20 NPOPINIO 3 KOHYCHOI NOGEPXHEI0 Y 6U2NA)L 6UCHYNIE
i 6naoun, w0 003601UN0 3IMEHWIUMU 3YCUNIA 6UMAZYBAHHA | 30U1bUIUMU CMYNIHb Jedhopmauyii ma euKoHamu 6umMAZY6aHHs
3a ooun nepexio. /Ina 060x nepexodié hopmoymeopeHHA UPOOY 6CHIAHOBNIEHO 3ANEHCHOCHI 3YCUNLOEPOPMYSAHHA 6i0
nepemiwienna incmpymenmy.Buznaueno poznodinu Komnomenm Hanpyscensv, Oegopmauyiii, EUYEPNAHO20 PpecypCy
naacmuunocmi ma opmy i posmipu naniepadpuxamynicna eumazyeanua.AHANOiuHI 0AHI OMPUMAHO ONA nepexooy
oomucky. Ilponpaurosanna cmpykmypu memany Xo0n00HOW NIACMUYHONW Oeopmauicio ouyineHo no po3nodinax
inmencuenocmi oegpopmauiii 6 06°emax naniegpadpuxamy i eupooy.

Knruosi cnosa: konycnuii eupio;eumazyeantsa i 00MucKk; Memoo CKiHUeHHUX elleMeHmie; Haniepadpukam; 3ycunis
Odepopmyeannsn; po3nodinu Hanpyxrcens i deghopmauiii; popma i po3mipu naniepadbpuxamy ma eupooy.

0. Kaliuzhnyi, V. Kaliuzhnyi, O. Kholiavik, A. Baykhanov

REDUCTION OF COLD-SHEET STAMPING TRANSITIONS IN THE
MANUFACTURING OF HOLID CONE PRODUCTS FROM COPPER

The paper considers the reduction of the number of transitions in cold stamping of hollow cone products from copper
sheet billets, which are stamped by drawing in four transitions according to the traditional technology. In the first step, a semi-
finished product with conical and cylindrical parts is produced by drawing in a cone die. In the second step, the cylindrical part
is crimped and the finished cone product is obtained. Mathematical models were created by the finite element method using the
DEFORM-2D program and an elastic-plastic model of the metal, and a computational analysis of the stretching and
compression transitions was performed. The modeling of compression took into account the accumulated deformations and the
exhausted plasticity resource in the deformed metal after stretching. For drawing, a special profile matrix with a conical surface
in the form of protrusions and depressions was used, which made it possible to reduce the drawing force and increase the degree
of deformation and perform drawing in one pass. For two transitions of the product forming, the dependence of deformation
forces on tool displacement was determined. The distributions of stress components, deformations, exhausted plasticity resource,
and the shape and dimensions of the semi-finished product after drawing were determined. Similar data were obtained for the
compression transition. The development of metal structure by cold plastic deformation is estimated by the distributions of
deformation intensity in the volumes of semi-finished product and product.

Keywords: conical product; stretching and compression; finite element method; semi-finished product; deformation
forces; stress and strain distributions; shape and dimensions of semi-finished product and product.

IMocranoBka npoOJemu. IlopokHHCTI KOHYCHI [Jeraii 3 MiAipi3HUX pPO3MIpiBECKIAZ0BOIO
YaCTUHOIO BHUPOOIB CIeiadbHOrO MpHU3HAYCHHS, 0 BUTOTOBJISIIOTHCSBENIMKUME cepisiMu. Ecki3 omHiei 3
TaKuX JAeTajield, IUIA SKOi MOTPiOHO PO3POOMTH TEXHOJIOTIIO INTaMITyBaHHS, NPUBEACHO Ha pHC. 1.
TpaguuiiiHa TEXHOJNOrisI OTPUMAaHHA MOPOXHHUCTHX KOHYCHHUX BHUPOOIB — 1€ BUTATYBaHHA 3 JIMCTOBOI
3aroToBKd. [Ipy 1bOMY B 3aJ€XHOCTI BiJi BETMYMHHU BiTHOIICHHS BHUCOTH KOHYCHOI Aerami A [o
30BHILIHBOIO JiaMeTpy d Ta 3HauYeHHS KyTa TBIPHOI KOHYCY o TaKi JeTani
3rizHo Bigomoi kinacudikamii po3noAiieHoHa TP IPYNU: HU3bKI, CEpeaHi
Ta BUCOKi. HaiiOimbIIi CKIaIHOII BHHUKAIOTH TIPU BUTATYBaHHI BUCOKUX
KOHyCHUX pneraneid, mans skux h/d =0,8+1 1 « =10°+30°. Jlns takmx
neraneil 3aCTOCOBYIOTh BUTSTYBaHHS 3a 4-0 mepexofiB. 3 ypaxyBaHHIM
CepifHOCTI BHPOOHMLTBA JUIA LBOTO IOTPIOHO BUTOTOBUTU TIEBHY
KUIBKICTh IITaMIIOBOTO OCHAILICHHS T4 BUKOPHUCTOBYBATH BiATIOBITHO TaKy
Puc. 1. Ecki3 Bupo0Oy X KUIBKICTb KPHBOIIMITHOTO INPECOBOro OONamHaHHS. BukopucraHHsS
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OaraTornepexiTHOro BUTATYBAaHHS IPUBOIAMUTH 10 3HAYHOI Pi3HOTOBIIMHHOCTI CTIHKH 110 JOBXKKHI IE€Tai IO
MPUYHMHI MOTOBLICHHS, SIKE Ma€ Micue Npu (GOPMOYTBOPEHHI BUTATYBAaHHSM, TA IMOTOHIIEHHS CTIHKH Ha
paziyci 3a0KpyIJICHHS ITyaHCOHIB.

CyuacHe JHCTOBE IUTaMITyBajbHE BHUPOOHHLITBO CTAaBUTh 3a7ayi 30UIBIIEHHS MPOXYKTUBHOCTI
BUTOTOBJICHHSI Ta TMOKPALICHHSSIKOCTI Aeranell. 3pocTaHHA NPONYKTUBHOCTI MOXHa 3a0e3meduTd
CKOPOYEHHSIM KIUTBKOCTI TEpexofiB IUTAMIIYBaHHS, a IIOKPALICHHS SKOCTI BinOyAeTbCcs 3aBASKU
MiZABULICHHIO TOYHOCTI (hopMmu i po3mipiB nmeraneid. Bimomo i3 MpakTHKH IUTaMITyBaHHS! IMOPOXHHUCTHX
KOHYCHHX BUPOOIB i3 cTaIi, 10 3aCTOCYBaHHS OMepalii OOTUCKY A03BOJISIE 3MEHIIUTH KUTbKICTh MIEPEXO0/iB
BUTSTYBaHHS.

AmHaJi3 ocTaHHIX 10cTimKeHb i myOJikaniii. BukoprctanHs pi3HUX MiIXOIB Y METO/II CKIHUEHHUX
enemenTiB (MCE) st ananizy rmractiuuHoi gedopmariii Ta ontumiszamii mporeciB 00poOKH METajIiB THCKOM
onucano B MoHorpadii [1]. Pe3yapraté cKiHY€HHO-€JIEMEHTHOTO MOJETIOBAHHS MPOILECIB JIMCTOBOIO
LITAaMIIYBaHHS B yMOBax XOJIOJHOI Ta rapsyoi miacTuuHoi gedopmanii HaBegeHo B poboti [2].Y mkepeni
[3] Bukiameno criocobu i gocimimkenns 3 BukopuctanasmM MCE i1 mporpamu DEFORMo inTencndikarmii
MPOLIECIB XOJIOJHOIO JTUCTOBOI'O IITAMITYBaHHSI.

VY nocmimxenni [4] 3 BukopuctanusiM MCE 1 nporpamuoro 3abesneuenns DEFORM 2D 6yno
BHU3HAYEHO BIUIMB TEMIIEpaTypu 3aroTOBKH, pajiycy MaTpHuli Ta IIBHUAKOCTI JedopMyBaHHA Ha
XapaKTEePUCTUKU TTTMOOKOro BUTATYBAaHHS MOPOXKHUCTOTO BUPOOyi3 amoMiHito 7075. BeraHoBieHo, 1o
TeMIlepaTypa 3aroTOBKM Ma€ HAaHOUIBIIMI BIJIMB Ha (OPMO3MIHY aliOMIHIEBOrO Martepiany, 3a SIKOIO
CIIAYIOTH MIBUIKICTH Je)opMyBaHHS Ta paiyc MaTpHILI.

B po6ori [5] 1 yricenpbHIM MOJETIOBaHHSM JIOCITIIKEHO HOBUH MPOIIEC T1IpOMEXaHIYHOTO TIINOOKOT0
BUTSTYBaHHS 3 HE3aJCKHUM paliallbHUM THUCKOM [UI OTPHUMAHHS JeTaledl 3 BEIMKUM BiAHOIICHHSM
BHCOTH 710 niameTpy. Ha mpukiani TOHKOCTIHHOI KOHIYHOI Yalllky 3 alroMiHieBoro crjiaBy SA06 BUBYEHO
BIUIMB LUISAXIB TiApaBIiYHOrO HABaHTAKEHHSA Ta pAlliOHAJIBHUX CHIBBIAHOLICHb PaliaJibHOrO THUCKY Ha
pO3MipH CTiHOK. Pe3ynbTaTn nmokasainy, 1o mpaBuibHE OEIHAHHS TUCKY B PIAMHHIN KaMepi 1 He3aJIeKHOT 0
pamianbHOrO THCKY MOXe e(pEeKTHBHO CTPUMYBATH BUHHKHEHHS TPILIMHMA Ha IHI KOHYCY 1 JedekTiB y
BUTJIAA1 TOp B 00J1aCTI KOHIYHOI CTIHKHM JA€Talli, MOKPAIIUTH PIBHOMIPHICTh PO3NOALTY TOBIIMHH CTIHKH 1
AKICTh (OPMOYTBOPEHHS B MPOLIEC] BUTATYBAHHS.

[lnsxom MoxemioBaHHA B CKiH4YeHO-eneMeHTHiM nporpami DEFORM po3pobieno TexHomorito
OJHONEPEXiAHOTO BHUTATYBaHHs Oe3 MpHUTHCKada BemukorabaputHoi nertani [6]. Becranosneno 3ycmmis
negopMyBaHHA Ta TeoMeTpuuHy (opMmy nedOpMyrdoro iHCTPYMEHTY Uil 3a0e3leYeHHS SKICHOTO
BUTOTOBJICHHS JIETaI.

3a monomororo nporpamuoro 3adesnedenHss ANSYS15 O6yno nociimkeHo BIUIMB 3a30py Ta TOBIIUHU
Kpyriioi miaactuHi i3 natyni CuZn37 Ha 3ycuiis aedopMyBaHHs Ta PO3NOT HANPYKEHb, Aedopmartiil i
ro()pOyTBOPEHHS TP BUTATYBaHHI eJIINTHYHOI MOPOXKHUCTOI Aetaii [7]. PosrnsayTo ToBmmaM 0,8, 0,91 1
MM Ta 3a30pH MiX myaHcoHoMm i marpuueto 0,8, 0,9, 1 i 1,1 MM mpu BuUTATYBaHHI 0e3 MpHUTHCKadYa.
Bcranoneno, mo 3a30p BennuuHO0 0,9 MM a€ Haikpali pe3yabTaTd IpH (OpMOyTBOpPEHHI.

3a momomororo mporpamu ABAQUS/EXPLICIT FEA B po6Goti [8] po3pobieHo cKiHUEHHO-
eNleMeHTHY Moziens i 3D MozaentoBaHHA npolecy TAM00KOro BUTATYBaHHS 3 YpaxyBaHHAM aHi30TPOIIil
MaTepiaiy 3aroTOBKUA. Mogjenbs A03BOJIsiE MPOrHO3YBATH PO3MOAUI TOBLIMHU i TOTOHIIEHHS 3arOTOBKU B
3aJIeKHOCT1 BiJ MapameTpiB MaTpHIll Ta BH3HAYaTH 3yCHJUISI Ha IYAaHCOHI 1 mpuUTHCKadi. BcraHoBieHi
napaMeTpy He MOTPeOyIOTh MPOBEACHHS TOPOrHX BUPOOHUYUX BUIIPOOYBaHb.

s mocmimKeHHs BIUTMBY TeMIepaTypH, IBUAKOCTI AeopMallii Ta aHi30Tpomii Ipy BUTSTYBaHHI B
KOHYCHINi MaTpuili Oyno BukopucrtaHo moxenoBaHHS B ANSYSAPDL [9]. BcraHoBneHo 3ycuiis
nedopMyBaHHS Ta HANPYKEHUH CTaH MeTaNy Iif Yac BUTATYBaHHSI.

TpuBuMipHa CKIHUEHHO-CJIEMEHTHA MOJENb BHUTATYBaHHA B KOHYCHIH MaTpulll LHJIIHIAPHYHHUX
MOPOKHUCTHX BUPOOIB Oyia mobymoBaHa 3a AOMOMOT0I0 KOMEPLIHHOIO CKIHUEHHO-EIEMEHTHOIO MaKeTy
ANSYS/APDL-19 B po6Gori [10]. IlyancoHOM 3 MJIOCKUM TOPLIEM BHUTATYBAHHIO HiUIATaIN 3arOTOBKH 3
Mmatepianie AA8011 ta AA1200. Haiikpami pe3ynbTaTy IO BUTATYBAaHHIO OTPUMAHO B MaTpHLi 3 KyTOM
KOHYCy 36°.

MogemntoBanas B ANSYS BUKOPUCTaHO Uil ONHCY CKJIaIHOI MOBEIIHKH METaly HpU BUTATYBAHHI
HUITIHAPUYHOTO MOPOKHUCTOrO BUpoOy [11]. BusHaueHo po3mipn mMaTpuui i MyaHCOHY AJsl OTPUMAaHHS
BHUpOOy 0e3 nedeKTiB Ta CUIIOBI peKUMH (POPMOYTBOPEHHSI.

UucensHe ™ogemoBanHss MCE Ta ekcnepuMeHTanbHI JOCHIKEHHS 10 BHUTATYBAaHHIO 3
NPUKIAJaHHSIM YJIbTPa3BYKOBHX KOJHMBAaHb A0 MaTpULi mpoBeaeHo B poboti [12]. JocmimkeHo BIUIMB
aMIUTITYIM 1 9acTOTH KOJHMBAHb HA MOBENIHKY METaly NMpH (OPMOYTBOPEHHI MOPOKHUCTOTO BHPOOY.
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[IpuknagaHHs KONKMBaHb MJO3BOJMJIO CYTTEBO 3MEHIUMTH 3YCHJUIA BHUTATYBaHHS, ajieé NPH ILOMY
CIocTepiranocsi CUiIbHE MOTOHIIEHHS, SIKE B IEBHUX YMOBAX MPUBOAWIO 10 PYHHYBaHHS.

ABtopom [13] BigMideHO, LIO pPE3yJbTaTH MOIEIIOBAaHHS MpoleciB BUTATyBaHHI B ANSYS
BiIIOBiaI0Th EKCIIEPUMEHTANBHUM JaHUM 1 JO3BOJISIOTH MPOTHO3YBATH YTBOPEHHS Ne()EKTiB y BUTIIALL
rodpp, TpimuH i ¢ecronis. [Ipy HU3BKOMY THUCKY Ha NMPHUTUCKA4i BUHMKAIOTH TOPPH, a BUCOKHH THUCK
MPHUBOAUTH 10 3MEHIICHHS TOBIIMHY 1 OSABJICHHS TPILIUH Y BUPOOI.

JocnimKeHHs M0 BU3HAYEHHIO 3 ypaxyBaHHSIM aHI3OTPOIii ONTUMAalbHOI (POPMHU 3arOTOBKU IS
BUTSTYBaHHS IOPOKHUCTUX BUPOOIB TOBUIBLHOT ()OPMHU 3 pIBHOMIPHUM HPHUITYCKOM Ha 00pi3Ky Ha QuaHLi
npuBeneHo B jpkepeni [14]. Pesynbratn MonenroBanHs B ANSY'S, 110 BIAIOBIAIOTh €KCIIEPUMEHTATHLHIM
JaHWUM, [IPOBIPEHO Ha MPUKIIAaX BUTATYBaHHS TPHOX ACTAJICH.

BruiMB TOBIIMHUM 3arOTOBKHM Ha BUTATYBaHHSA 13 anmoMmiHiio AL99.5w i1 natynHoro craBy CuZn37
KBaJIpaTHUX KOPOOOK B KOHYCHIl MaTpuIli BUBUYEHO B poOoTi [15]. BukonaHo MozenioBaHHs 3a JOIOMOI0I0
MCE Ta mpoBeeHO eKCIepruMEeHTalbHI JOCTIHKEHHS, SIKi TOKa3adl Y3rOKEeHICTh MK pe3yJibTaTaMu 1o
3yCHJITIO 1e) OpMyBaHHS, TPAHUYHUM KoedillieHTaM BUTSTYBaHHS Ta BipOriIHOCTI pyHHYBaHHS.

ABTopom [16] BkazaHo, mo BukopuctanHs nporpamu ANSYS € eekTHUBHUM [T MOIETIOBAaHHS
MPOLIECIB BUTATYBAaHHS Ta JIO3BOJIIE OTPUMATH HEOOXiAHI pe3yNbTaTH Ul MPOEKTYBaHHA TeXHOMOrii. B
CTaTTi JOCIIIKYIOThCS 1eeKTH y BUTIISAAL Todp, YTBOpEHHS (ecTOHIB Ta pylHYBaHHS JINCTOBOTO METATy.
[IpononyIOThCS MIISIXM 3MEHIICHHS! BAHUKHEHHS e eKTiB.

MogemtoBarnas MCE Ta BiAnoBigHi eKCepuMEHTH OyJI0 POBENEHO VIS JOCTIIKCHHS BIUTUBY CHIIH
MPUTUCKAaYa 3arOTOBKHU, pajiycy IyaHCOHY Ta Koe()illi€eHTYy BUTATYBaHHS Ha PyHMHYBaHHS LMJTIHAPUYHUX
MOPOKHUCTUX BUPOOIB mpu BUTATYBaHHI[17]. Pe3ynmpTatn mokasaiu XOpoOLIy Y3TOMKEHICTb MIXK
PO3paxoBaHOIO Ta BUMIPSTHOIO BUCOTOIO 30HH PYIHYBaHHS.

MonemoBannsm 3 BukopuctanasiM ANSYS LS-DYNA B mkeperni [ 18] BcTaHOBIICHO BILTUB 3yCHILIS
MPUTUCKAaya Ha TOBLIMHY JIUCTA Ta YTBOPEHHs rodp mpu BuTsAryBanHi BupoOy i3 AL 1050. Pesynbratn
PO3paxyHKiB MIATBEPPKEHO EKCIIEPUMEHTAIbHIMU JAHUMH.

ABtopamu [19] mpolec BUTATYBaHHS 3 ypaxyBaHHSIM aHI3OTPONil KOMIO3UTY B MHPSIMOMY 1
3BOPOTHOMY HampsIMKax pO3paxoBaHO 3a JONOMOIOI0  CKIHYEHHO-EIEMEHTHOIO MpPOrpaMHOro
3abe3neuenHs: Dynaform. 3a pesynbTraTamMyu MOIETIOBAHHS CIPOSKTOBAHO IUTAMII TA MOBEACHO (i3vuHi
CKCTIEPUMEHTH.

nsxom wmopemoBanHs B cepenoBunli DEFORM 3D B poGoti [20] po3risHyTO NpUYMHH
BUHHUKHEHHS JlepeKTiB y BUTIIAAlI (ECTOHIB NMpH BUTATYBaHHI. Bu3HauyeHo, 1m0 Ha yTBOpeHHS (eCTOHIB
3HAaYHUHN BIUIMB Ma€ ()opMa BUXIITHOI 3aTOTOBKU Pa3oM 3 aHIi30TPOIIEI0, 3yCHIUISIM MIPUTUCKAYA 1 TEPTS Ha
MyaHCOH1 1 MaTpHLIi.

Astopamu [21] 3 BukopucranHaM MCE i mporpamu DEFORM 2D pocnimkeHo HOBHi crocid
IUTACTHYHOTO (OPMOYTBOPEHHS IOPOXXHUCTUX KOHYCHHX BHPOOIB IIISIXOM IPSIMOTO-3BOPOTHOIO
BuaaBmoBaHHs. HoBuil croci® 3abe3nedye CTBOPEHHS aKTHMBHUX CHII TepTsA NpU Tewii Merady B 000X
HanpsAMKax, 1o 3a0e3neuye e opMyBaHHS NPH 3MEHIIECHUX CHIIOBUX PEKHUMAX.

B mxepeni [22] npoBeneno monentoBanHs B mporpami DEFORM 2D Tprox BapiaHTiB BUTATYBaHHS
3 MPUTHCKAaYeM MOPOKHUCTUX BUPOOIB 13 JHCTOBHUX 3arOTOBOK. PO3INAHYTO TpaaMLiiiHE BUTATYBaHHS,
BUTSTYBaHHS 3 BHKOPUCTAHHSAM IMPHUTUCKAdy 1 MaTpuLi CHELialbHOro NpO(iII0 Ta BUTATYBAaHHI 3
OIJHOYACHOIO JI€I0 TATHYYOI'0 3yCHIUIS 32 CTIHKY 371 OpMOBaHOI 3aTOTOBKH, SIKE€ CTBOPIOETHCS TyaHCOHOM
crenianpHoro mpodinto. [Tokazano MoaeIIOBaHHAM 1 MATBEPKEHO EKCIIEPUMEHTAMHU, 10 3aCTOCYBaHHS
nedopMy0d0ro IHCTPYMEHTY CIEeliaJbHOT0 IPOodiaio MPUBOAUTE 10 3MEHIICHHS 3yCHIUIS BUTATYBAaHHS Ta
301bIIEHHS cTyneHo aedopmarltii npu GopMOyTBOpEHHI 3a OIUH MEepexis.

IlocranoBka 3aBaaHb. MeTol0 poOOTH € CKOPOYEHHS KUTBKOCTI MEPEXO0IiB XOI0IHOT OJINCTOBOI'O
LITAMIIYBAaHH Ta MiIBUILIECHHS SKOCTI JeTanell MpH BUTOTOBJICHHI HOPOKHUCTUX KOHYCHUX BUPOOIB 3 Mifi.

3aBHaHHsIMU JOCHIKEHHS TepeadadeHONpPOBENICHHS CKiHUCHHO-EIEMEHTHOTO MOJEIIOBAaHHS B
cepenouuli DEFORM 2D mnepexoaiB BUTATYBaHHA 1 OOTHCKY 13 BH3HAYEHHAM3YCHIb IehOpPMYBaHHS,
HaMpy>XeHoro 1 1eOpMOBAaHOIO CTaHiB, BUYEPIIAHOIO PECYpCy IUIACTUYHOCTI Je)OpMOBaHOTO METaly Ta
BCTaHOBJICHHI(QOPMH 1 po3MipiB HamiBpaOpuKaTy i roTOBOr0 BUPOOY.

CxemMHu 3 MO3HAYEHHSIMH U1 BUTATYBaHHS HamiB(aOpuKaTy B KOHYCHill MaTpuui CHELiaJIbHOT'O
npodio Ta MOAaIbIIOro 00THCKY 1IbOTro HamiBaOpukaTy mpuBeneHo Ha puc. 2. Tyt miBopyd Bin Bici
cUMeTpii 300pakeHo0 MOJIOKEHHS Ha MOoYaTKy (GOpMOYTBOPEHHSI, a MpaBopyd — Ha KiHIeBid cTanii. Ha puc.
2a HaBeJEHO cxeMy BUTAryBaHHS JIMCTOBY 3aroToBKY 1 BCTAaHOBIJIEHO MK MaTpHUIEIO 2 1 MpUTHCKaYeM 3.
HedopmyBanus 3ycwiuisiM Pd 3MIHCHIOETECS TTyaHCOHOM 4, KWW TepeMillyeTbes 31 mBUAKICTE Vo. B
pe3ynbTaTi BUTATYBaHHS OTPUMYEThCS HamiB(haOpuKaT 5 3 KOHYCHOIO 1 HMJIIHAPUYHOIO YacTHHAMH. J{iis
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BUJIy4eHHs HamiBhaOpukaty 5 B HWKHIN IUMTI 6 mependadeno BUIITOBXyBad 7. @opmy aedopmyrodoi
MOBEPXHI KOHYCHOT MaTpHli 2, 0 Ma€ BUCTYNH 1 BOAJAWHH, YTBOPEHO NMEPETHHOM TOPIB 3 AlaMETpOM
nepepisy d;, SKi po3TaloBaHo 3 KpokoM #(puc. 26). ledhopMoBaHa 3aroToBKa MpH BUTATYBaHHI KOHTAKTY€
TINBKH 3 BHCTynamuuiei moBepxHi. lle mpuBOAMTE 10 3HMKEHHS 3yCHIUIs AeOPMYBaHHS 3aBISIKH
3MEHILEHHS BIUIMBY CHJI TepTa. CxeMy APYyroro nepexoay oOTUCKY 300pa’keHo Ha puc. 28.

a 0 B
Puc. 2. ®opmMoyTBOpPeHHSI KOHYCHOT0 BHPOOY 3 BUKOPHCTAHHAM BHTATYBAHHS B KOHYCHIH
MATPHII TAa MOJAJIBIIOT0 O0THCKY: a4 — cXeMa BUTATYBaHHS B KOHyCHiliMaTpuui, 0 — npogins
Ae()opMyIOU0i MOBEPXHi MaTpHLi, B — cxeMa 00THCKY HanmiB()aOpHKaTy 3 OTPUMAHHAM KOHYCHOI'0
BHPOOY

HanisdaOpukar micis BUTSAryBaHHs 1 po3mimieHo Ha myaHcoHi 2 i onopi 3. [Ipu onyckanni MaTpui
4 31ifiCHIOETHCS OOTHCK LMITIHAPHUYHOI YACTHHHU Ta OTPUMYETHCS BUPIO 5.

Po3mipu 3arotoBku i1 iHCTpYMEHTY IpHW BUTSryBaHHI Ta o0THCKY: D,=100 MM™m; Sp=1,8 mm; D=90
MM; D, =43 MM; Ry=6 MM; 7,=20 MM;A=9 mm; 0=25,5°;d;=6 mm; =3 mm; D=40 mm; =12 Mm;d=8 mm, [=2°;
R,=6 MmMm.

[Ipu mopemoBaHHI OOTHCKY BpaxoBaHO Aedopmallii, SKi OTPEMaHO Ha TEPEXOAl BUTATYBAaHHSI.
3acTocOBaHO MPYXKHO IMJIACTHYHY MOJENb METajy, L0 JO3BOJIMJIO BUSBUTH PO3MipH HamiB(aOpukaty i
BUpOOy 3 ypaxyBaHHSAM NpyxkHoOi nedopmanii. B o00ox Bumaakax ¢(opMOyTBOpEHHS IIBHIKICTH
nedopMyBaHHA cKkianana Vo=2 MM/cek, a BIUIUB TepTs BU3HaueHo 1o Kynony 3 koedinieatom tepts u=0,1.

Bukinagenns ocHoBHoro marepianxy. Ha puc. 3 300paxkeHo B po3pi3i MOJOKEHHS 3arOTOBKH 1
negopMyrouoro IHCTpYMEHTY IPY MOJIETIOBaHHI BUTATYBaHHs HaniBpaOpukaty. [lonoxkeHHS Ha OYaTKy
BUTSTYBaHHSAM [OKa3aHO Ha pHC. 3a. 3aroTOBKYy | BCTaHOBJIEHO MDK MAaTpHLEIO 2 1 MpUTHCKadeM 3.
3ycuiuis NpUKIaJaeThCs 3a JOIOMOT0I0 IyaHcony 4. [lns BUIITOBXyBaHHA HamiB(haOpuKaTy nepeadadeHo
BUIITOBXYBad 5. Ha puc. 36 HaBeeHO MONOKEHHS B KiHII BUTATYBaHHS MICIsl OMyCKaHHA IyaHCOHY 4 3
OTpUMaHHSM HamiBpaOpukaTty 6.

] 2 0
Puc. 3.11onoxkeHHs1 B po3pi3i 3ar0TOBKH i IHCTPYMEHTY IPH MOJeTIOBAHHI BUTATYBAHHSA Ta
BUIJISI HAMIB(aOpuKaTy: @ — Ha MOYATKY BUTATYBAHHS, 6 — B KiHIli BUTSATYBaHHS, 6 — IiCJIA
BHIIMAaHHS IIyaHCOHY i3 HamiB(padpukary, ¢ — micJisg BUIITOBXYBaHHS HamiB(padpukary i3
MATpHILi, 0 — BUIJIAA HANiB(adbpukary
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IIpn 3BOpoTHOMY pyci myaHCOHY HamiBpaOpukaT 6 3anumIaeTbess B MaTpumi 2(puc. 36) i
BULITOBXYETbCS TNPU TEpeMillleHHI Bropy BumToBxyBaya 5. IlomokeHHs michns BHUIUTOBXYBaHHS
HaniBdalOpukaty 6 i3 marpuui 2 300pakeHO Ha puc. 3e, a BUIIAL HamiBhaOpukaty 6 — Ha puc. 30.
HaniBgaOprkat Mae KOHYCHY YacTUHY 3 KyTOM IO €cKi3y BUpOOY 1 IMIIHAPUYHY YaCTHHY, SIKa Hiiirae
MOJANBIIOMY OOTHCKY.

I'padixu 3ycunp, 110 BUHMKAIOTh IPY OTpUMAaHHI HaniBgabpukaTty mokasaHo Ha puc. 4. Ha puc. 4a
300pakeHo rpadik 3aJ1eXHOCTI 3yCHIIISl BUTATYBaHHS Bil MEpEeMILIEHHS IMyaHCOHY. 3YyCHIUIS MOCTIHO
3pOCTa€ Ta J0CATa€ MaKCUMajbHOro 3HauyeHHA61,4 kH B kiHIi BUTAryBaHHS. BHUKOpHCTaHHS HpPY>KHO
IUTACTHYHOI MOAENI MeTaly AO03BOJIMIO BH3HAYUTH 3yCHIUISl BHIIYYEHHS IYaHCOHY 13 IedOopMOBaHOI
3arOTOBKU Ta 3yCHIIIS BUILITOBXYBaHHs HamiBpaOpuKaTy i3 MaTpuli. 3aJIeKHICTh 3yCHIUIS BUIYYCHHS BiX
3BOPOTHOrO TEpEeMillleHHS IMyaHCOHY HaBedeHO Ha puc. 46. HaiiGinpmy Benmuuny 3ycwmns 2,1 kH
OTPUMAaHO Ha NPOMDKHIA cTajil BUIy4eHHS. TakoX Ha NPOMDKHIM cTamil mocsrae MaKCHMalbHOTO
3HavyeHHs 0,25 kH 3ycuis BUIITOBXyBaHHS HamiBhaOpukary i3 MaTpui (puc. 44).

62 23 025 Ir
e :
T 49.6 1 F o2 o s g 02 -
E i \ 3 1
E 37,2 B 1.5 g'ﬂ 135
=, 1= =]
; g
£ 24.8 f E\ 1 g2 0.1
: o : %’ g
= 12.4 /] w 0.5 50,05
S 12, = £ 2 /
o = o
0 00 0
0 16 32 48 64 80 0 2 4 6 8 10 012 2 3648 6
Mepeuimenns TVAHCOHV My JBCPOTHE TIEpeMINIeHHA [MepeMimenHsa
) . OVAHCOHY, MM EHIOTOEXVEZSA, MM
a 0 6

Puc. 4. I'pagixn 3ycnsib npu oTpuMaHHi HaniBGaOpUKaTy: a — 3aJIeKHICTh 3y CHILIS
BUTATYBAHHSI Bi/l NepeMillleHHsI MyaHCOHY, 0 — 3aJIe3KHICTh 3yCHJLISI BUJIYYCHHS IIyaHCOHY Bif
HOro 3B0POTHOIO NepeMillieHHS, 6 - 3aJ1eKHICTh 3yCHJUIS BUIITOBXYBaHHS BiJl epeMillieHHSA

BHIITOBXyBa4a

Posnoxinu y monoBuHi HamiBaOpukaTy pamiaIbHUX 0y, OCBOBUX 0., TaHTCHLIaNbHUX 0y Ta
IHTEHCUBHOCTI 0; HamlpyXEHBIPEACTAaBICHO Ha pHC. 5.
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Puc. 5.Po3nionisin y moJsiopnHi HaniBgadpukaTrypagialbHUXG,, OCbOBHX 0;, TAHTCHIIAJIBHUX
0¢Ta IHTEHCHBHOCTI 6; HAIIPYKeHb:a — PO3NOALIG,, 0 — PO3NOALT 07, B - PO3NOALI Gy, 2 — POIMOILI
oi
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Tyr 1 Ha momanpIIMX pPUCYHKaX TOHKMMH JIHIIMH 300paXeHO KOHTYpH JedopMyrodoro
IHCTPYMEHTY, a PO3MIpH IO BicSX KOOpAMHAT z 1 » IOKa3aHO B MimiMerpax. Y JIOHHIH 4YacTHHI
HaniBpaOpHuKaTy BUHHKAIOTh PO3TATYBAJIbHI paiajbHi HanpyXeHHs y Mexax ¢,=228+280 MlIla (puc. 5a).
B micisix KOHTaKTy KOHYCHOI YaCTHHH 3 BUCTYIIaMH MaTPHIIl OTPUMAHO CTHUCKAIOUi HapyXeHHsio,=-113+-
170 MlIla, mo SKMX MOXHA OLIHWUTH MUTOMI 3YCHJUIS [UI NPOEKTYBaHHS IITAMIIOBOIO OCHAILEHHS.
Haiibinpuii 3HaueHHs pO3TAryBajJbHUX OCHOBUX HANpPYyXeHb y Mexax o¢:=303+370 MIla BUHHKaIOTH y
OUTIHAPUYHIA yacTuHi HaniBgaOpukaTy (puc. 56). Y KOHYCHIH YaCTHHI i HAIPYXEHHS 3MEHIIYIOTCS 10
3Ha4yeHb 0:=32,5+100 MlIla. Y nuniaapruyniii i JOHHIA YacTHHI HaniB)aOpHKaTy OTPUMAaHO PO3TATYBaJIbHI
TAaHTEHIIaJIbHI HaNpYXEHHsS 0p, fAKI y OOHHIM YacTHHI AOCATAIOTh HAWOIIBIIMX BEIMYMH Yy MeEkKax
0~188+279 Mlla (puc. 56). Y Oinbwiii wacThHI 00’€eMy KOHYCHOi 4acTMHHM HamiB¢pabpukary mi
HaNpy>XEeHHS! OTPUMAHO CTUCKAIOUMMH 31 3HaYeHHSAMH 0;=-269+-360 MIla. [HTEeHCHBHICTh HampyXeHb
nocsirae BenmuanHo; =324+370 MIla y xoHyCHIH 1 muiiHapUYHii yacTuHax Ta 0~=231+278 Mlla y mouHiit
gactuHi (puc. 52). Ilo BkazaHNX 3HAUCHHSX 0B MEPLIOMY HaONMKEHHI MOXKHA MPOrHO3YBATH HANPYKEHHS
TEKy4oCTi 37epopMOBaHOrO0 MeTaly, SIKe B KOHYCHIH 1 LHWIIHAPUYHIN yacTuHax Oyzme o,=345 Mlla, a B
JIOHHIN yacTuHl - 0,~250 MI]a.

Ha puc. 6 mokasaHo po3noniiM y NOJOBUHI HamiBpaOpukaTy pamiaibHUX &, OCBOBHX &,
TAaHTEHIIAJIbBHUX &), IHTEHCHUBHOCTI & AedopManill, BAUEpNaHOro pecypey IUIAaCTHYHOCTI i Ta dopma i
po3Mipu HamiBgaOpuKaTy, sIKi OTPUMAaHO MIiCIsl BUIITOBXYBaHHs HOTO 13 MaTpHULIi.
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Puc. 6.Po3nioninmm y moJsioBnHi HaniBgadpukaTrypaaialbHUX &, 0CbOBHX &;, TAaHTCHIIAJIBHUX
£, IHTEHCHUBHOCTI gineopmaniii, BU4EPIaHOro pecypcy IMJIACTHYHOCTI i Ta po3Mipu
HaniB(padpukary:a — po3noaiie, 6 — po3noAiT &, B - PO3HOAINI &, 2 — PO3MOILI &;,0 - PO3MOALI ¥, €
— po3mipu HamiBdadpukary
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Ilo BcroMy 00’emy HamiBpaOpukaTy BHHHMKAIOTH DO3TATYBaJbHI pajianbHi aedopmamii 3
JOCSTHEHHSIM MaKCHMaJIbHUX BeNMWYMH y Mmexax &=0,4+0,45 B wmicui mepexony KOHYCHOI YacTHHH B
IWTIHIPUYHY 3 TOJANBIIAM 3MEHIIICHHIM 10 3HadeHb £~0,22+(0,27 B 30Hi TOPIFO KOHYCHOT YaCTHHH (pUC.
6a). Ilo cepeanHi BUCOTH IMIIIHAPUYHOI YaCTUHH oTpuMaHo &~0,22+0,27, a Ha paziyci 3a0KpyIJIeHHS Li€l
YaCTUHHM B IOHHY - £=0,13+0,18. Haiibinpmi po3rsrysansHi ocboBi aedopmanii €.=0,23+0,3 BUHUKAIOTH B
30H1 TOPLI0 KOHYCHOI YaCTHHH HamiB(haOpHKaTy 3 MOAANBLINM 3MEHIIEHHIM 0 MiCLs TIEpeX0y KOHYCHOT
YaCTUHM B UWIHAPUYHY (puc. 66). IlpakTiyHo 1o BckoMy 00°eMi HamiBpaOpHUKaTy OTPUMaHO CTUCKAIOUi
TaHTeHIianbHl nedopmanii €. Llinedpopmanii moumHaroTh 3pocTatd MO aOCOMIOTHIA BEIMYUHI Bij
numiHApHYHOT 4YacTuHu  (66=-0,19+-0,25) no koniuHoi wactuHu (g5=-0,44+-0,5). IIponpartoBanHs
CTPYKTYPH METaJly XOJIOAHOIO IUTACTHYHOIO AedopMaliiero Ipu BUTATYBaHHI MOYKHA OLIHUTH 10 PO3IOALTY
IHTeHCUBHOCTI fedopmaltiii ¢; y HaniBpabpukarti (puc. 62). Y KoHycHill yacTuHi otpumano £=0,45+0,52.
HuninapuyHa YacTHHA Ma€ 30HY 3 MaKCUMalbHUMU 3HaueHHAMUE=0,52+0,613 mopanpIrM 3MEHIICHHIM
1o €~0,38+0,45 Ha mouaTKy paaiycy 3aoKpyrieHHsa. BcraHoBieHI HampyxeHHs inedopmarnii 1o3BoNMIN
BUSIBUTH CTYIiHb BUKOPUCTAHHS pecypcy IUIaCTHUYHOCTI ¥ y 31edopMOBaHOMY MeTaii HamiBgaOpuKary.
Haiibinpmi BenmuumHU BUYeprnaHoro pecypcy y mexax y=0,75+0,86 oTrpumaHO B 30HI LMIIHAPHUYHOI
gactuHu (puc. 60). Ilpu v = 1 mounHaeTsCs pyiHHYBaHHSA METaTYy.

Posmipn B minmiMerpax HamiBgaOpukaty 300pakeHo Ha puc. 6e. Ha Ttopui HamiBdabpuxaty
niamerpom 64,6 MM TOBIIMHA CTIHKH cKiafae L=2,2 MM, mocepeauHi 1iei yactiuan oTpuMano L=2,05 mwm,
a B MICIIi IepexoAy KOHYCHOT YaCTHHM B UMIIHApUUHY — L=1,82 MMm. CTiHKa OUITIHAPUYIHOI YACTHHHU Ma€e
ToBIMHY L=1,56 MM. Y JOHHII YaCTHHI CTIHKA MOTOHIIYEThCA 3 TOBIIMHU So=1,8 MM n0L=1,5 MMm.

Ha puc. 7 300paxeHo monoxeHHs1 HamiBgaOpukaty, BUpoOy i a1eopMyrouoro iHCTPYMEHTY IMpH
MozenoBaHHI 00THCKy. [lomokeHHs Ha MmoyaTKy OOTHCKY NpuBeaeHO Ha puc. 7a. HamiBgaOpukatl
BCTaHOBJICHO Ha ITyaHCOHI 2 1 TOpIeM criupaeThes Ha onopy 3. JedopMyBaHHS 301HCHIOETHCS MaTPHUIICIO
4, npu onmyckaHHI sikoioTpuMyeThest BUpiO 5 (puc. 76). Ilpu 3BopoTHOMY mepeMilieHHi MaTpuli 4 Bupiod
3aJMIIAETHCS Ha myaHcoHi 2 (puc. 76). Ha puc. 72 mokazaHo BUTIIsL BUPOOY 3 PO3PI3OM.

a 0 ] 2
Puc. 7.11onoxeHHs1 B po3pi3i 3aroTOBKHM i IHCTPYMEHTY IIPH MOJEJTIOBAHHI 00THCKYTA
BUIJIsI BHPOOY3 po3pi3oM: a — Ha MOYATKY 00THCKY, 6 — B KiHIi 00THCKY, 6 — IiCJIA BHITMAHHA
MaTpui i3 BUpo0y, 2 —BUIJIsA BUPOOY3 po3pizom

1000 7 I'padix 3amexHocTi 3ycuiisi OOTHUCKY Bil IepeMillleHHS
= 00 MaTpulll  TOKa3aHO Ha  pHC. 8. Be3n9cepegHbo TUISL
:;‘ obtuckynocratibo 3ycmmis 100 kH, a moTiMm BimOyBaeThcs
g 600 BHPIBHIOBaHHS (KaJliOpyBaHH:) KOHYCHOI YaCTHHU IO BCiil JOBXKUHI
o ) BHpOOY 1 3aBepiryerses npu 3ycuiuti 1000 xkH.

; 400 Posnoainy KOMIOHEHT HampyXeHb Yy MOJIOBHUHI BHPOOy B
g KiHII OOTHCKY NOKa3aHo Ha puc. 9. IHTepec mnpencraBisIOTH
= 200 HaTpy>XeHHS, sIKi BAHUKAIOTh B MicCLli IEPETBOPEHHS LMIiHIPUYHOT
. YaCTUHH B KOHIYHY. Y BKa3aHOMY MiCLli BUHUKAIOTh CTHUCKAroui

0 & - pazianbHi HAPYKEHHA 1 3MIHIOIOThCS y Mekax g,=-260+-380 Mlla

0 3 6 9 12 15 B o0nacTi BEpIIMHM KOHyCy 10 3HauyeHb o,~-10-+-130 MIla y

[leperiImeHHA MATPHITL, MM npuieriii 3041 (puc. 9a).Jns1 ocboBUX HaNpyXeHb OTPUMAHO0; =-

Puc. 8. 3anemxuicTb 3ycHIsA 37+-170 MIla y BepumHi KoHYCY i 0: =-310+-450 Mlla y npunerdmii

00THCKY BilI mepeMilIeHHsI 30HI. B HaBe#eHNX MiCIIX TaHTEHLiaJIbHI HAIPYKEHHS OCSATalOTh

MaTpuui 3Ha4YeHb y Mexax o,=-290+-410 Mlla (puc. 9¢), a IHTCHCHUBHICTh

HanpyXeHb 3MiHI0eThCs Bing; =250+300 MlIla no ¢; =350+400 MIla (puc. 92).

© 0. B. Kamoocrnuut, B. JI. Kanoorcnuit, O.B. Xonssix, A. B. bavixanoe

123



Misiceyziecvruti 30ipnux « HAYKOBI HOTATKH». Jlyywk, 2025, Ne81

Ha puc. 10 300pakeH0 po3noning y MoJI0OBUHI BUPOOY pafialbHUX &, OCbOBHUX &, TAaHTCHLIATbHUX

&0, IHTEHCUBHOCTI g;1edopmaltiii, BUaeprnaHoro pecypcymiacTuIHoCTi ¥ Ta GpopMmy 1 po3Mipu BUpoOy
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Puc. 9.Po3nioniyin y moJioBHHi BUPOOypagialbHUX 6, OCLOBHX O,

TAaHTeHIIAJILHHUX 64Ta
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micnst 00THcKy. I1o Bcbomy 00’ €My OOTHCHYTOI YACTUHM BMHHMKAIOTH PO3TATYBaJIbHI paianbHi Aedopmartii
3 JOCSTHEHHSIM MaKCUMaJIbHUX BEMHUYMH y Mexax &=0,34+0,42 (puc. 10a). B obnacti BeplinHN KOHYCY
OTPUMAaHOCTHCKAIOUl OCcboBi nedopmanii 31 3HaueHHAMHU &~=-0,22+-0,31 (puc. 106), a TaHreHuianbHi
nedopmariii cTaloTh po3TATYBIBHIUMH 3 JOCSTHEHHAM BenuuuH £6=0,1+0,2.Huwkye mo Bucoti 00THCHYTOT
YaCTUHHM BiIOYyBa€THCS 3pOCTAHHS 110 aOCOMIOTHIN BETMUMHI CTUCKAIOUHX Aedopmaltiil g. [IponpaiioBaHHs
CTPYKTYPH METally XOJIOMHOIO TUTACTHYHOIO AeOpMaLi€lo Micas 0O0THCKY TAKOXK OL[IHEHO IO PO3MOILTY
IHTeHCUBHOCTI Jedopmaiii ¢ y Bupo6i (puc. 102). YoOTHCHYTIl YacTHHI OTpUMaHO HaOLIbLI 3HAYCHHS
y mexax &=0,66+0,75. 3pocTanHs iHTEHCHBHOCTI nedopMauiil IpUBENO A0 30UIBIICHHS BUYEPIIAHOTO
pecypcy IIaCTHYHOCTI ¥ Y 376 OpPMOBAaHOMY METaTiBHPOOY, PO3MOLT SKOTO 3 HAHOUTBIIMMY 3HAYEHHSIMHU
w=0,79+0,9 npuseneno Ha puc. 100.

[Ipu dpopmoyTBOpEHHI OOTUCKOM BiIOYBa€THCS MOTOBILEHHS CTIHKA OOTHCHYTOI YaCTUHH BHUPOOY,
¢dbopmMy 1 po3MmipH SIKOro B MiTiMeTpax 300pakeHo Ha puc. 10 e. Ha BepimmHi KOHyCy OTpUMaHO TOBLIHHY
crinku L=1,54 MM 3 nogansuM 3pocTaHHaM 10L=1,71 y o0THCHYTIll YacTHHI.

Jns minBUIIEHHS TOYHOCTI PO3MIpiB BHPOOY, IO OTpPUMAaHMN 3a /Ba NepexoAu (BUTATYBaHHS 1
00THCKY), 1O TOBIUMHI CTIHKM 1 3HM3UTH BUTPATH METaly MOKHA BUKOPHCTATH TpH migxonxu. Ilepmmii
MiAX1A monsirae B OTPUMAaHHI BUTATYBAaHHSM HamiBpaOpHKaTy 13 KOHYCHOIO YAaCTHHOIO 3 MEHIIIMM KYTOMO
(muB puc. 2a), a Ha OpyroMy Mepexoii OJHOYACHO i3 OOTHCKOM 3AIHCHUTH po3gady Iii€i 4acTHHH 3a
JOIIOMOI0I0 KOHYCHOI'O IIYaHCOHY 3 KYTOM KOHYCY 3TimHO eckizy BupoOy (muB. puc. 1). Ilpm pozmaudi
BiOyBa€THCs MOTOHILEHHS CTIHKHM 1 3aBASKH LIbOMY 3MEHIIUTHCS TOBIIMHA KOHYCHOI yacTuHU. CyTHICTh
JpYroro MiAXoAy NOJiArae y BUKOPUCTAaHHI TPETHOI omeparlii poTaliifHOro BUJaBIIOBAHHS, sIKE 3a0€3I1eUUTh
MOCTIHY TOBILMHY CTiHKM IO JOBXXHHI KOHYCHOI YaCTHHHM BHPOOY 1 MpHBEAE N0 3MEHIIEHHS TiaMeTpy
BHXITHOI JINCTOBOi 3aroToBKH. Tperii miaxin mnepembauye BUKOPHCTaHHA NPOQiTbOBaHOI BUXiTHOT
JICTOBOT 3arOTOBKH, L0 Ma€ 301JbILIEHY TOBIIMHY B LIEHTPAIbHI YaCTHHI Ta 3MEHIIIEHY 3MiHHY TOBIIMHY
nepudepiitHoi yacTuHM (7151 BpaxyBaHHs IIOTOHILIEHHS JOHHOI YACTUHH Ta ITOTOBILEHHS KOHYCHOT YaCTHHH
HaniBpaOpuKaTy MpH BUTATYBaHHI). TaK0oXK y IbOMY BHIAJKy TOBIIMHA LIEHTPAIGHOI YaCTUHH 3arOTOBKU
NOBUHHA OyTH BuOpaHa 3 ypaxyBaHHAM IIOTOBILEHHA CTIHKM Ha JpyroMy Iepexoli OOTHCKY.
[IpodimoBaHHs 3aroTOBKM MOXHA 3OIMCHUTH INTAMIIYBaHHSAM OOKOYyBaHHSAM a0o poTauiiiHUM
BUIABIIIOBAHHSM.

BucaoBku. 1. 3a pomomororo MCE cTBOpeHi NpyXHO-IUTACTHYHI MOZENI Ta IPOBEICHO
PO3paxyHKOBHH aHATiI3IBOXIIEPEXiIAHOr0 IITAMITYBaHHS BUCOKHX KOHYCHHUX BUPOOIB 13 Mijli 32 JOIIOMOT 010
BUTSATYBaHHS 1 OOTHCKY B3aMiH ICHYIOWOi TEXHOJOTii BUTSACyBaHHS 3a 4doTHUpu mnepexoau; 2. Ilpm
BUTSTYBaHHI HamiB(paOpuKaTy BCTaHOBJICHO 3aJICKHOCTI 3ycHibAeOpPMYBaHHS, BUIIMaHHS IIyaHCOHY Ta
BUIITOBXYBaHHS HamiBpaOpHKaTy i3 MaTpHL Bil epeMillleHHs 1eOpMyIOuoro iHCTpyMeHTy. BuzHaueHo
HampyXeHHs, AedopMalii, BUYEpPIaHui pecypc MIaCTHYHOCTI y 3aedopMOBaHOMY MeTami Ta Gopmy i
po3Mipu HamiBpaOpukaTy micis BUTATYBaHHS;3. 3 ypaxyBaHHsIM AedopMamiid i BUUEpHIaHOIO pecypcy
IUTACTHYHOCTI Micisl MEepIIOro Mepexofy BHUTATYBAHHS IPOBEICHO MOJCIIOBAaHHS OOTHCKY. BusiBieno
3ycuiuisl 0OTHCKY, HalpyXEeHHS, MiICYMKOBHH 1eOpMOBaHHMN CTaH 1 BUUEpIAHUNA pecypc MIIACTUYHOCTI,
BCTaHOBJIEHO (OPMY 1 pO3Mipu roToBOro Bupo0y;4. Ilonanp qocmiKeHHs B IbOMY HAPSAMKY HEOOXiJHO
MPOBOAMUTH MO BH3HAYECHHIOGOPMHU 1 PO3MIpiB BHXiIHOIMPOQIIEOBAHOI JIMCTOBOI IJIsi 3MEHIIEHHS a0o
YCYHEHHS PI3HOTOBILMHHOCTI 110 IOBKMHI KOHYCHOI YaCTHHHU BHPOOIB Ta 3HUKEHHS BUTPAT METaIy.
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Jhybkuti HayioHanvHull MexHiuHull YHigepcumem

IHXKUHIPUHI INVTAHETAPHOTI'O PEAYKTOPA Y SOLIDWORKS

Y pobomi oocnioxncyromuvca acnekmu iHyCeHEPHO20 aHANI3Y NIAHEMAPHOZO PeOYKMopa i3 3acmOoCy8aHHAM 3aco0i6
Komn’tomepnozo mooeniosanna SOLIDWORKS. Ocobnugy yeazy npudineno ananizy KiHeMamuynux ma OUHAMINHUX
XAPAKmepucmuK 3a 0onomozorw cucmemu imncenepnozo ananizy SOLIDWORKS Motion, aka 003601s€ 30ilicniogamu
yucenwvhi ekcnepumenmu. Bonu cnpamoeani na nepesipky npayezoammnocmi mexanizmie i MauuH, 6U3HAYEHHA IX OCHOBHUX
Xapaxkmepucmuk, a maKoHc Ha ROOWIbULY ONMUMI3AUII0 CUCIeM 3d PI3HUMU KpUmepiamu.

Knrwuoei cnosa: xinemamuka, OUHAMIYHUL aHATI3, MeOpis MeXAMI3MIE MA MAWUH, KOMN IOmMepHe MOOenNt08aHHs,
peoyKmop.

B. Valetskyi, T. Chetverzhuk, V.Yeremin, S. Shymchuk

ENGINEERING ANALYSIS OF A PLANETARY GEARBOX IN SOLIDWORKS

This paper explores the engineering analysis of a planetary gearbox using SOLIDWORKS computer modeling tools.
Special attention is given to the kinematic and dynamic analysis using the SOLIDWORKS Motion simulation system, which
enables numerical experiments. These experiments are aimed at evaluating the performance of mechanisms and machines,
determining their key characteristics, and optimizing systems based on various criteria.

Keywords: kinematics, dynamic analysis, theory of mechanisms and machines, computer modeling, gearbox.

Beryn. Y kxpaiHax i3 po3BHHEHOIO MaIIMHOOYAIBHOIO Tally3310 CIIOCTEPIra€Thesl aKTUBHUI PO3BUTOK
IHKMHIpUHTY Ha 0a3i TpuBHMipHOro moxemoBanHs (3D). Bomnowac HasBHiI 3D Mopeni HEZOCTaTHBHO
BPaxoBYIOTh crielidiuHi 0coOIMBOCTI GYHKIIOHYBaHHS BY3iB 1 IeTajiell cripsbkeHb. B yMoBax cy4acHOro
PHHKY, KOJIM BITYM3HIHE MAITMHOOYJyBaHHS MIParHe 10 KOHKYPEHTOCIPOMOXKHOCTI1, THYYKOCTI T2 BUCOKOT
edexTrBHOCTI, BUpilIEHHA 11i€1 MPoOIeMH cTa€e aKTyalbHUM 3aBIaHHsM [1].

[mxuHipuHr Ga3yeTbes Ha po3podui, Moaudikamii Ta KOHTPOJi BIPOBAKEHHS TEXHOJOTIYHHX,
OpTaHi3aIlifHNX 1 PiHAHCOBO-EKOHOMIYHHMX MOJETEH TEXHIYHIUX CHCTEM BiIIIOBIIHO 0 BUBHAYCHUX ITLTEH.
@axiBi IHKUHIPUHTOBUX KOMIAaHI{ MPaLIO0Th 3 Pi3HUMH MOZAETAMHU Ha (Qi3WYHUX HOCISIX, OPIEHTYIOUUCH
Ha TPUHOUNK Teopil momiOHOCTi Ta MonenmoBaHHS. BOHM B3a€MOZIIOTH SIK 3 BIpTyaJbHHMH, TakK 1 3
peaJbHUMHU 00'€KTaMH: CIIEPITY CTBOPIOIOTH IM(PPOBY MOJIEINb, TIOTIM CYNIPOBOLKYIOTH 1 IEpEeTBOPEHHS B
peanbHHN 00'€KT, a B MpOILEeCi eKCIUTyaTallil KOpUTyIOTh BipTyalbHy MOJENb BiAMOBIIHO A0 MapaMeTpiB
peanbpHOro o0nagHaHHs, OyaiBesb 1 CHOPY, 0 BXOAATH A0 TEXHOJIOTTYHOrO MKy BUPOOHHUIITBA.

[mxuHipyUHT peacTaBiisge cOO0I0 BUCOKOTOYHY TEXHOJIOTIIO, sIKa
3a0e3neuye BIATBOPEHHS peabHUX AeTaled y uu(poBOMY MPOCTOPI. 3aptaumA|
3aBasSKU LBOMY IIPOLIECY MOXKIIMBO BUKOHATH OLIU(POBYBaHH 00'€KTa Ta
CTBOPUTH HOr0 eJNEeKTPOHHY MOJENIb 3 JCTAIbHUM OIMCOM BCIiX [ AHATITIMHNI PO3PaXyHOKY

xapaktepucTuk 1 Qynkmid [2]. Lg TexHonoriss TakoX J03BOJISIE ¥
SAIHCHUTH TOBHE NPOTOTHIYBAHHA JeTami, a TAKOK BIAHOBUTH ks i e i i
KOHCTPYKTOPCBKY, TEXHOJIOTTYHY 1 eKCIUTyaTaliiiHy TOKyMEHTALIO. Ta'mepesauif
Mera podortn: L 2

1. MonemoBanHsT 0araToJaHKOBOT'O 3y6q‘aCT.oro MeXaHisMy 3 [ e ]
PYXOMHMH  OCAMH,  BHKOPHUCTOBYIOUM  0i0mioTeky  Iu3aiHy,
Opi€eHTYIOUHCh Ha MeTpuuHHi cTangapt [SO. v

2. IlpoBectn po3paxyHOK 3a pgormomoror dopmynn Bimrica [ JIOC—’IiJIKﬂM'aHﬂﬂi?vYP)WY“-']
KUTBKOCT1 3yOIliB 1 OUIMIBHOTO KOJIa JUIsl COHSYHOI, BIiHIIEBOI Ta ¥
TUTAaHETHOI LIECTEPHi.

p 1 i

3. IlpoBectu MonentoBaHH MJIaHETAPHOI epeaadi 3 ypaxyBaHHIM

pi3HuX BapiaHTiB ii peanizanii B SOLIDWORKS Motion. Puc.].-ANTOPATM TP 0eKTyBAHHAT

AHaji3 ocTraHHIX pocaimxens 1 myOaikanmiii. Ilnanerapna

repeqada, TAaKOXK BiJioMa SK EMIIUKIIYHA, CKIQJacThCcs 3 COHSYHOI IIECTEePHi, BIHIEBOi (KOPOHHOI)
LIECTEPHI Ta YOTUPHOX IJIaHETapHUX IIecTepeHb. COHsYHA 1 KOpOHHA IIECTEPHI MOCTIHHO 00EpPTAIOTHCS
HABKOJIO BJIACHHX OCEH, a IUIAHETApHI IIECTEPHI 3AIMCHIOIOTH OOepTaHHsS SK HABKOJO CBO€EI OCi, Tak i
HABKOJIO COHSIYHOI IIECTEPHI, KOJIM BOAWJIO nepedyBae y GikcoBaHOMY craHi. SKimo 3adikcyBaTu COHSIUHY
abo BIHIIEBY IIECTEPHIO, IIAHETapHI LIECTEpPHI 00EpPTaTUMYThCA HE JIMIIE HABKOJO BIAcHOI oci, a U
HABKOJIO COHSYHOI IecTepHi. BoHM pyxaroTbes SIK y3[0BK 30BHIIIHBOI CTOPOHU COHSIYHOI IIECTEPHI, TaK 1
10 BHYTPILIHIN CTOPOH1 KOPOHHOT [3].
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CoHA4yHa Ta MJaHETapHI INECTEPHI MAIOTh 30BHILNIHE IMIIHIPUYHE 3a4erjieHHs, a BiHIEeBa —
BHyTpimHe. [InanerapHa cucremMa 03BOJISIE peani3yBaTH TPU Pi3HI MIBUAKOCTI MepeJaBaHHs PyXy: OOHY
3BOPOTHY Ta JIBi IpAMi.

3acrocyBaHHs IIaHETapHOI nepenadi [4]:

1) BUKOPHCTOBYETHCS Yy 3alHIX MeXaHi3Max TOKapHHUX BEpCTaTiB, MiAHOMHHUKaX, Onokax OJOKiB,
HapyYHUX TOOMHHUKAX TOIIO;

2) MMPOKO 3aCTOCOBYETHCS B aBTOMAaTHYHHUX KOPOOKax mepeaay aBTOMOOLTIB;

3) BUKOPHCTOBYETHCSI B BEJIOCHIIEAAX MAJSl PEryIlOBaHHS MOTY)KHOCTI OOepTaHHSA memajeH, fK
aBTOMATHYHO, TaK 1 BPY4HY;

4) 3HaXOAWTHh 3aCTOCYBaHHSA y CHUCTEMax Iepegadi MOTYXHOCTI MDK JBUTYHOM BHYTPIIIHBOT'O
3TOPSIHHS Ta €EeKTPOABUTYHOM.

Taba. 1
Bxinni mapamerpn nepenav

[Tapamerpu mectepens | Mogaynb (M) y MM | JuininbHa OKPY>KHICTh Y MM Kinbkicts 3y6iB
BinmeBa 2.5 115 46
ConsdHa 2.5 35 14
[Inanerna 2.5 40 16

3a monomororo poxatky SolidWorks Toolbox B ckiamanbHe KpecieHHS MOXKHA J10JaBaTd TOTOBI
CTaHIapTHI BUpoOH. Bci mectepHi cTBOPIOIOTHCA 3 mapamerpuyHoi cekuii. [lepeiimoBmu 1o 6idmioTexu
Ta ma”en iectpymeHTiB Toolbox, BuOepaemo BiamoBimHUil cranzapT. BuUKOpHCTOBYyeEMO MeTpHUYHHIA
crangapt [SO (International Organization for Standardization).

AHIMaIiss — 1e JOCHIDKEHHS PYXY, SIKE MOJENIOE 3MIiHHM TIOJIOKEHHS W 30BHINIHBOTO BUTIISIY
KOMITIOHEHTa B 4aci. JlocmipkeHHsI aHiMalii MOXKHa CTBOPUTH UII BinoOpakeHHsS pyxiB aeTaneid y
MmexaHi3mi [5]. Kpim mporo, aniMariro MO)KHa BHKOPHCTOBYBAaTH B MpPE3EHTALIAX 1 MapKETHHTOBHX
MaTepiajax.

HocnimxeHHs pyxy € rpad)idHMM MOJENIIOBaHHSAM PyXy Mozeneil, 30ipok. Y HOCHIIKEHHS pyxy
MOXHa BKJIIOUHTH BJIACTHBOCTI BHAMMOCTI (Taki SK OCBITJIEHHS 1 mepcrekTrBa Kamepw). JlocmimxeHHs
PYXy He 3MiHIOIOTh 30ipKy abo ii BmactuBocTi. MokHa BUKOpHCTOBYBaTH crpspkeHHA SolidWorks s
O0OMEXeHHS pyXy KOMIIOHEHTIB B 30ipLi Npu MOAEMOBaHHI pyxy Mozaeni. [lpu BUKOHAHHI ZOCITIIKEHHS
PYXy MOXXHa BHKOpHUCTOBYBaTH MotionManager, iHTepdelic Ha 0a3i yacoBOi WIKaIW, SIKMM BKIIOYAE
HACTYIIHI IHCTPYMEHTH JIOCHTIKEHHS pyXy [6].

VY HwxkHiK yactuHi rpagiunoi obnacti BimoOpasutbes MotionManager. Bin mictute y co0i Habip
IHCTPYMEHTIB, SIKHH JO3BOJISIE BU3HAYATH JOCTIHKEHHS pyXy. JlOCTYIHICT IHCTPYMEHTIB 3aJISKUTh BiX
CTBOPIOBAHOI'O THUITy AOCHiIKeHHA. [ maHOi Mozemi SIK THITy AOCTIKEHHS (JiBa BEpXHS YacTHHA
MotionManager) ycTaHOBJIeHE 3HaUeHHA AHIMAITis

Ha nmepmomy erami MomenioBaHHA BCTaHOBIIOIOTbCA — MEPENATOYHI  BIJHOIIEGHHA  MDK
KOHTAaKTYIOUMMH JIaHKAMH MeEXaHi3My (caTeliTaMd, BOIAWJIOM Ta BIHIEBOIO MIECTEPHEIO) Yepes
¢ynkuioHansHUR 3B'130K «RotaryMotor». Ilicns mporo mo BXigHOI JIaHKH 3aCTOCOBYETBHCSI €IEMEHT
«RotaryMotor» 3 inctpymenrtapito SOLIDWORKS Motion, BUKOHYETbCS pO3paxyHOK KiHEMaTHYHHX
napaMerpiB Ta NepeBipSETHCS BIACYTHICTD iHTEpdepeHil MK KOHTAKTYIOUHMH TilaMH, IO CBITUYUTH PO
KOPEKTHICTh 33/IaHuX NepeJaTOYHUX BiHOLICHb.

Hpyruii eran mMozemoBaHHs nepenbadae BukopuctanHs QyHkmii «Solid Body Contacty. B xomi
pO3paxyHKiB (OPMYIOTbCA TPYIH KOHTAKTYIOUMX €JIEeMEHTIB, JOHa€Thbcsi eneMeHT «RotaryMotor», i
3MIMCHIOETbCS aHalli3 KiHeMaTWyHHUX mnapamerpiB. CIig BpaxoByBaTH, IIO TPHUBAJICTh OOYMCIICHb Ha
JaHOMY €Talli ICTOTHO TIEPEBHILYE IMOMEPEIHIO Yepe3 30UIbIIeHy KUTbKICTh KOHTAKTHUX Map Ta 3ajaHi
napaMeTpy TOYHOCTI B HAaNalITyBaHHAX NPOekTy. HecTaOinmbHICTH KyTOBOI IIBHAKOCTI BHUXIZHOI JTaHKU
00yMOBJICHa HAasBHICTIO TEXHOJIOTIYHUX 3a30piB y 3yOUACTHX 3auelICHHSX IJIaHETapHOrO MEXaHi3My, a
TaKOX BIUIMBOM MPYKHHUX BIIACTUBOCTEH €EMEHTIB IpH 3acTocyBanHi GyHKLIT «Solid Body Contact».

Takuii minxim MO3BONISIE KOMITJIGKCHO OIlIHUTH BIUTMB KOHTAaKTHUX B3a€MONIA Ha JIHUHAMIKY
MeXaHi3MY Ta 3a0e3MeYnTH TOYHICTh HOTro KiIHeMaTHIHUX TTapaMeTpiB.

Pe3yabTaTu pociaizxeHHsi: AHali3 pyxy OpOBOAMMO Ul Pi3HUX BUMAAKIB (puc.3.):

1) Bxinna mBuakicts ctanoBuTh 200 00/XB., OTHAKOBA JUIA BCIiX BUITAJIKIB.

2) Marepian oqHaKOBUH TSI BCIX €IEMEHTIB 1 epenad.

3) BuOip 30H KOHTaKTy BiOyBa€ThCsI OHAKOBO ISl BCIX BUIAIKIB.
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Manstary gear camierels

Bunapoxk 1. Binnesa mectepHs: HepyxoMa, COHSYHA IIECTEPHS — BXiHA, a BOAUIIO — BUXIJHE.

BinneBa mectepHsi MOBUHHA 3aKpilUieHa, a COHSYHA IIECTEPHS Mae BXiAHY IBUAKicTH 200 006/xB
NpOTH TOAMHHUKOBOI cTpinku. OTxe, IuiaHerapHa mepemada Oyne oOepTaTHCS HABKOJIO COHSYHOI
LIECTEPHi, Ha JONATOK 10 0OepTaHHSA HABKOIO BiacHOi oci. CoHSYHA mIecTepHs 00epTae€ThCS MPOTH
TOAWHHUKOBOI CTPUIKM, a IUIaHETapHI — 3a TOJMHHUKOBOIO CTpuUIKOol. Bomumo oOepraeTbes 3a
TOJMHHUKOBOIO CTPLIKOIO (prc.4.).

Binnesa mectepHst pikcyeThCsl BpyUHY, KyTOBa IIBUAKICTH BiHLA JOPIBHIOE HYIIO (pHcC.4, a).
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Angular velocity of ring gear (case 1)

=+ Angular velocity of ring gear with
respect to time
Angular velocity of sun gear (case 1)
og — Angular velogity of sun gear with
respect to ime
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Puc. 4. KyToBi LIBHAKOCTI: a) — BiHISA, 0) — COHAYHOI IIeCTEePHi, B) — IVIAHETAPHOI IIeCTepHi,
r) — BOAWJIA

Time in seconds

[InanerapHa mepemava gomomMarae nepeiaBaTH IMOTY>KHICTh BiJ COHSYHOI LIECTEpHI IO BOAMIIA.
[ImanerapHa Ta COHsYHA IIECTEPHI 3’€IHAHI MK CO00I0, MepeJaBaibHE YMCIO MDK IUIAHETApHOIO Ta
COHSYHOIO mecTepHsaMu cTaHoBuTh 0,43, Lle o3Hadae, mo Ha 67 % MBUAKICTH 3MEHIIIIIACS TTOPIBHIHO 3i
MIBUKICTIO COHSYHOT Iepenayi.

Bunapok 2. Consuna mectepHs — ikcoBaHa, KOPOHA € BXOJIOM, a BOAMJIO € BUXif (pHc.5).

3akpiuieHa COHAYHA IecTepHS, 3a0e3euye BXiAHy mBUAKICTs KopoHu 200 06/XB 3a TONMHHUKOBOIO
cTpinkoro. BinbHe BiANOBiIHE KOHIEHTPUYHE KOJO Ui YOTUPHOX IUIAHETAPHUX IIECTEPEHb, BOHO
00epTaeThCsl HABKOJIO BIIACHOI OCi 3 TUM, 1[0 00EPTAETHCSI HABKOJIO COHSYHOI IIECTEPHI 32 TOANHHUKOBOIO
crpinkoro. Hocit Takoxx 00epTaeThcs 3a TOANHHUKOBOIO CTPLIKOIO.

B nanomy Buriagky BiHIIEBE KOJIECO € BXiTHHUM, 1 1Oro KyToBa MIBUIKICTh cTaHOBUTH 1200 rpam/cek.
BoHo mepenae mOTYXHICTH Ha IUIAaHETApHI ILIECTEPHI, NPUYOMY, IUIAaHETApHA IIECTEPHA € BEACHUM
KOJIECOM, a KibLieBa ILIECTEpHS - BeayuuM. llepenaBanbHe BiAHOMIEHHS MK KOPOHOIO Ta IJIAaHETAPHOIO
nepenaueio B 1,90 pasu nepeBullye BXigHY IIBUAKICTh, ajle KDYTHHI MOMEHT OyB IIOHMKEHUM.

BxinHa mBUAKICTH TaKa X, K 1 B IONEPEAHBOMY BHUINAJKY, aje KyToBa MIBUAKICTh MEHIIIA, OCKITBKH
paziyc Bif 0ci A0 30BHIIIHBOrO AlaMeTpa OUTBIINN, HIX Y MONEePEeIHbOMY BUIAIKY 1.

KyroBa mBuakicTs miaanerapHoi nepenadi Ha 90% BHILa 32 KyTOBY IIBUAKICTH KOPOHH.

Jns Bumagky 2 BUBOAMTHCSA BOAWJIO, KyTOBa MBHAKICTE mpubmuszHo 1200 rpan/c. BimHomeHHS
LIBUJIKOCTEH MK TUIaHETapHOIO Mepeaayeto Ta BoauiioM craHoBuTh 0,68 (puc.5., r).

3adikcoBaHe BOIMIIO, MOMEHT IOJAETHbCA Ha COHAYHY IuecTepHio mBHAKiCTE 200 00/xB 3a
TOAWHHUKOBOIO CTPiIKOI0. 3adikcoBaHe BiNNOBiOHE KOHIEHTPUYHE KOJO Ul YOTHPHOX IUIaHETApPHUX
LIECTEPEHb, BOHO 00EPTAETHCSI HABKOJIO BJIACHOI OCi MPOTH TOIMHHMKOBOI cTpinku. KinblieBa mecrepHs
00epTaeThCs MPOTH TONMHHUKOBOI CTPLIKH.

B npomy BUnIanKy BOOUIO HEPYXOME, PEIITa MIeCTepEeHb 3HAXOAATHCS B TuIaBatouoMy ctasi. Kyrosa
HIBHJIKICTD BiACyTHS (pHcC.6., a). KyToBa mBHAKICTE KOPOHH € BUXITHOIO I IbOT0 BUMaAKY. Lle mepenaua
3aJHBOTO XONIYy, KOJIH MOTPiOCH BUCOKMI KPYTHMH MOMEHT INpH HM3bKiM IBUAKOCTI. TakuM 4YMHOM,
HIBUJKICTh Oyna 3MenmeHa B 0,70 pasu BiJ MIBUAKOCTI BXOLY 10 IIBUAKOCTI BUXOY.
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Angular velocity of ring gear (case 2)
Angular velocity of sun gear (case 2) — Angular velacity of ring gear
with respect to time
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Bunanok 3. Bonuio dikcoBaHe, COHSUYHA MIECTEPHS BXiJHA, a BiHI[EBA IIECTEPHS BUXIiTHA.
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BxigHa mBHIKiCTh COHSIYHOI IIecTepHi craHoBuUTH 1200 Tpam/c, BOHA € TOCTIHHOIO IMPOTATOM
nepiony vacy (puc.6.).

BucHoBku. byno mpoBeaeHO MOCTiIKEHHS BapiaHTIB MPUBOMAIB IUIAHETAPHOTO pEIyKTopa 3a
OIJHAKOBHUX NapamerpiB (Tabmuugs 2.).

Tabn. 2
PesynbraTtn gociigkeHb BapiaHTIB IVIAHETAPHOI0 PeAYKTOPa
BapianT 1 BapianT 2 BapianT 3
Hampswm pyxy Brnepen Brnepen Haszan
Tun nepenayi HusbkomBuakicHa BucokomBuakicHa HusbkomBuakicHa
Hepenasansie 0,23 0,23 0,30
BiHOIIICHHS
Buxigna B 0,77 pa3u MeHIa 3a B 0,77 pa3u MeHIIa B 0,70 pa3u men1ua 3a
IIBUIKICTD BXiTHY 3a BXiIHY IIBAJKICTH HAa BXOM1

MogentoBaHHS Uil BCIX BHUMAAKiB, OyJ0 YCHIIIHO BHKOHAHO 3 JOAATKOBHM pPO3PaxyBaHHIM
nepenaBaIbHOTO YHCa JJIs IIBUAKOCTI Ha BXOA1 Ta IIBHIKOCTI HA BUXO/I.

SolidWorks € oxmni€eto 3 0a30BUX CHCTEM aBTOMAaTH30BAHOI'O MPOCKTYBAHHSA, IO JO3BOJISE
CIIPOEKTYBaTH BUPOOU ab0 KOMIOHEHTH OyIb-KO1 CKIAIHOCTI, a TAKOX € MOMYJISIPHOIO MPOrpamolo yis
cTBOopeHHs 3D mozeneil.

Posrisimaroun GyHKIIOHANBHI 1 TpeqMeTHI 00acTi iIHXKUHIPUHTY, BaXKJIMBO PO3YMITH OCOOIHMBOCTI
IHKEeHEepHOI AisutbHOCTI. PileHHs cucteMHuX mpo0iieM, 10 MaloTh MOHETaPHHUNA aCleKT, MO>KHA PO3IUIUTH
Ha TOJNITHYHI, CKOHOMIYHI Ta TeXHiuHi 3aBAaHHA. Lli kaTeropii B3aeMOMOB'sI3aHi i BKIIOYAIOTh aCIEKTH
iHIIMX KaTteropid. Hampuknaza, momiTh4Hi 3aBAaHHS BPaxOBYIOTh €KOHOMIYHI Ta TEXHIYHI acleKTH, a
CKOHOMIKa 1 TEXHIKa JII0Th B OMITHIHOMY KOHTEKCT.

Crnucox BUKOPHCTaHMX JKepeJt iHpopMmamii:

1. Cucrtemu 3D moaenroBanus: HaBuansuuii mocionuk/ I[ManpueBcekuii b.O., Banenpkuid,
B.I1., Bapaninekwuii T.JI. / JIyuek:, 2016. - 176c.

2. Bopomyk B.41., Biterpko. T.M. [mxunipuar ta 3D MoemtoBaHHs B CEpEIOBHII
Solidworks: naBy. nocionuk. Tepromins: @OII [Mansuauus B.A., 2023. 164c. ISBN 978-617-7875-69-6

3. Teopis mexani3mis i MmamuH [Teker] : migpyunuk / A. T. Kinunekuii ; HAH Ykpainu. - K.
: HaykoBa mymka, 2002. - 659 c. ISBN 966-00-0740-X

4. Teopis MexaHI3MIB 1 MaIllMH y MPHUKIaAaX i 3aa4yax: HaB4. noci6. / B. M. ApennapeHnko,

I. A. JynnikoB ; 3a 3ar. pea. B. M. Apennapenka ; [lonras. nepx. arpap. akaz. - Cymu : YHIBEpCUTETCbKa
kHura, 2020. - 173 c. : in. - ISBN 978-966-680-958-5

5. Kurowski P.M. Engineering Analysis with Solidworks Simulation 2018. USA: SDC
Publications, 2018. — 597 p.
6. Dassault Systémes. SolidWorks web help [Enexrponnnii pecypc] / 10 Dassault Systémes

// Dassault Systémes. — 2022. — Pesxum 10CTyITy 10 pecypey:
https://help.solidworks.com/2022/english/SolidWorks/SWHelp_List.html?id=1dc6a663
56134bel8ad445f5fed4c67de3#Pg0

Penenzent: IloBcrsanoii Onexcanap FOpilioBuy, TOKTOp TeXHIYHUX HayK, npodecop, 3aBigyBad

kadenpu aBTOMaTH3aLil Ta KOMI'TOTEPHO-IHTErPOBAHUX TEXHOMOTiH JIyIIbKOr0 HaIlliOHAIEHOT'O TEXHIYHOT'0
YHIBEpPCUTETY.
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O.I1. I'epacumuyk, O.J1. Tkauyk, B.O. BorssHcbkmii
Jhybkuti HayioHanvHull MexXHIiYHUl YHigepcumem

BIPOBA/UKEHHSI KOMIIVIEKCHUX MAITMHHO-TEXHOJIOTTYHUX CUCTEM JJIs1
3AT'OTIBJII TA IEPEPOBKHM XBOI COCHH 3BUYAMHOI

Ilposedeno amaniz cyuacnozo cmamy i npoonem 3azomieni ma nepepooOKu XeOUHUX 6i0X00i6 COCHU 36UUAIIHOI.
Bcemanoeneno, wyo mpaouyiiini memoou noeoox ceHHs 3 X60IHOW J1ANKO0 (CRANIO6AHHA ADO0 3ANUULEHHA 014 NEPEeCHUBANHSA
Ha nicociyi) € eKonozZiuno Hebe3neyHuMu ma nPU3eo0ams 00 empamu yiHHux pecypcie. Buznaueno nepcnexmueni nanpamu
GUKOPDUCMAHHA X60i: OMPUMAHHA e@ipHux oniil, eKcmpakmie, RANUGHUX MAMePianie i MeKCMUIbHUX 6010KOH. [[nsa
peanizauii yux HaAnNPAMie 3anPONOHOEAHO KOMNIIEKCHY MAUUHHO-MEXHOI02IUHY cucmemy, Kompa 0Xonare éci cmadii — 6io
MEXAHI308AH020 30Upanna X60i y Jici 00 21uboKoi nepepooku. 3anponoHO6aAHa MexHON02iA 3a20mieni i3 3acmMOCy8aHHAM
cyuacnoi mexHiku (36a1108a1bHO-NAKEMYBAIbHOT MAWMUHU, (hopeapoepa, npoyecopa) 3ade3neyye MiHiManvHi empamu xeoi i
GUCOKY AKICIMb CUPOGUHU 01 NOOWIbULOT nepepodKu. YHisepcanvbha mexHnonoziunacxema 2nuboKol nepepodoKku xeoi noconye
ompumanns eQipnoi onii, X60liH020 eKCMpaKmy ma MeKCmUibHO20 60710KHA. Bcmanoeneno, wio komobinysanns yux
GUPOOHUYME € HAUIOINbUL pecypcoeheKmusHUM: 6i0X00U OOHO20 NPOUECY CLYZYIONb CUPOSUHOIO 014 IHUL020, 3a0e3neuyryu
0e36i0x00Hicmb. 30Kpema, meepoi 3anuUWIKU RICNA NEPeOHKU onii afo 6apiHHA eKCMPAKmy MOMCYmb YCRIUWHO
GUKOPUCMOBYBAMUCA ONA GUOLIEHHA MEKCIMUNbHO20 80J10KHA. YHieepcanbHicmb 3anponoHosanoi mooesi nepepooku xeoi
0036071€ adanmyeamu il ni0 pi3ni ymosu ma nompeodu nicozocnodapcvKux nionpuemcme YKpainu, cnpusaiouu Oinvu
DAaYioHAIbHOMY 6UKOPUCIAHHIO JIICO8UX PECYPCi6 Ma 3MEHULEHHIO He2AMUBHO20 6NIIUEY HA OBKIA.

Kniouosi cnosa: xgos, cocna 36uuaiina, 3a20mMigs, NHEGMOMEPMIYHULL CNOCIO, eipHa onis, XEOUHUU eKCmpaKm,
MeKCMuIbHe 8010KHO, M MM, 2i0pasiiuHe NPUmMuUCKanHs.

O.P. Herasymchuk, O.L. Tkachuk, V.O. Volianskyi

IMPLEMENTATION OF INTEGRATED MACHINE-TECHNOLOGICAL SYSTEMS FOR
HARVESTING AND PROCESSING SCOTS PINE NEEDLES

The current state and problems of harvesting and processing Scots pine (Pinus sylvestris L.) needle waste have been
analyzed. It was established that traditional methods of handling pine foliage (e.g., burning or leaving it to decompose on the
logging site) are ecologically hazardous and result in the loss of valuable resources. Promising directions for using pine needles
include essential oil extraction, production of aqueous extracts, fuel materials, and textile fibers. To implement these directions,
an integrated machine-technological system is proposed, covering all stages from mechanized harvesting to deep processing.
The proposed harvesting technology, which utilizes modern equipment (feller-bunchers, forwarders, processors), ensures
minimal loss of needles and high-quality raw material. A universal processing line has been developed to obtain essential oils,
aqueous extracts, and textile fibers. Combining these production lines ensures maximum resource efficiency, as the waste from
one process serves as raw material for another. For example, solid residues after distillation or extraction can be successfully
used to isolate cellulose fibers. The universality of the proposed model allows for its adaptation to different conditions and needs
of forestry enterprises in Ukraine, promoting more rational use of forest resources and reducing environmental impact.

Keywords: needles, Scots pine, harvesting, pneumo-thermal method, essential oil, pine extract, textile fiber, crushing,
hydraulic pressure.

Problem Statement. Scots pine (Pinus sylvestris L.) is one of the most widespread coniferous species
in Ukraine. During logging operations, a significant amount of by-products is generated, including tree tops,
branches, and needles (commonly referred to as “pine foliage”) [1]. Currently, a considerable portion of
this coniferous biomass is utilized inefficiently: branches with needles are often burned or left to decompose
at logging sites, which not only lacks economic benefit but also poses risks of forest fires and environmental
pollution [1-5]. Burning or prolonged storage of needles at felling areas leads to the loss of valuable
compounds (such as vitamins, essential oils, and chlorophyll) and the release of carbon dioxide and toxic
substances into the atmosphere [4, 5]. Therefore, the issue of incorporating coniferous biomass into
industrial processing is highly relevant from both environmental and economic perspectives.

Scots pine needles contain biologically active compounds—essential oils, organic acids, phenolic
substances, vitamins, and more [6—8]. This makes pine needles a valuable raw material for various
industries. Traditionally, they are used for producing pine extract and essential oil, which are utilized in
medicine and cosmetics [2]. Research has confirmed that extracts from Scots pine needles possess
antioxidant and anticancer properties [7, 8]. Essential pine oil is used in pharmaceuticals and aromatherapy
and exhibits antiseptic effects. Additionally, pine needles can serve as raw material for producing animal
feed additives and organic fertilizers. In the Volyn region, a unique production facility has been established
for manufacturing natural pine extract and essential oil at a forestry enterprise (the Manevychi canning
facility)—a direction that remains unique in Ukraine [2].

Alongside biochemical applications, pine needles are being explored as a renewable biofuel. In
particular, thermal processing (pyrolysis) enables the production of gaseous and liquid fuels as well as
biochar [8, 9]. Coniferous biomass can also be a source of cellulose for the manufacture of paper and
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nanocellulose [4]. Nanocellulose derived from mechanically and chemically treated pine cellulose is being
considered for use in the production of biodegradable packaging materials and composites [8, 9].

One especially promising direction is the production of textile fibers from pine needles—referred to
as "forest wool." Historically, pine needle fiber was used in Europe and the USA in the 19th century (a
patented technology from 1890) [10], but these technologies never gained industrial traction. Today, the
concept of textile fiber production from pine needles is being revived and has gained international
recognition (the Forest Wool concept was awarded the Green Product Award) [11]. These natural fibers are
environmentally friendly, biodegradable, and can serve as alternatives to cotton or synthetic fibers.

Despite the growing interest in products derived from coniferous raw materials, there is still a lack
of efficient and universal technologies capable of industrial-scale processing of Scots pine needles. Existing
production facilities (such as the one mentioned above for extract production) typically focus on a single
type of product. A comprehensive approach to the harvesting and processing of pine needles that enables
the production of multiple end products requires the introduction of new machinery and technologies.
Particular attention should be paid to developing a universal model for pine needle harvesting and
processing that can be implemented by forestry enterprises in Ukraine.

Analysis of Recent Research and Publications. Modern studies focus on maximizing the utilization
of coniferous raw material components. Efforts are directed both at improving traditional uses (extraction
of essential oils, cellulose, fuel) and at developing new products such as packaging materials made from
pine biomass or textile fibers [1-11]. From a technological standpoint, the creation of equipment for
collecting and initially processing pine needles directly at logging sites is particularly relevant [5,6].
Researchers have proposed the use of a pneumo-thermal method for separating needles, which combines
branch drying and vacuum pneumo-transportation, as an energy-efficient alternative to existing methods
[5,6]. It has been shown that the quality of needles obtained through this process is sufficient for subsequent
fiber production [5]. To intensify fiber extraction from needles, various techniques are being explored—
from alkaline chemical treatment to mechanical breakdown of needle structure [1, 3, 12]. Specifically, the
use of a crushing (rolling) operation between corrugated rollers damages the tough cuticular layer of the
needles, facilitating the removal of resins and lignin, and accelerating the process of obtaining cellulose
fibers [3]. Thus, an integrated approach involving modern logging equipment, specialized needle separation
units, and machinery for advanced processing represents a promising direction for both scientific research
and practical implementation.

Task formulation. The objective of this study is to enhance the efficiency of using Scots pine needle
biomass by developing an integrated machine-technological system for its harvesting and processing. The
research tasks include:analyzing existing technologies for separating needles from branches;developing a
scheme for mechanized harvesting of pine foliage with minimal losses;comparing various processing
methods for pine needles (for essential oil, extract, fiber) and determining their technological
features;designing a conceptual machine-technological scheme for obtaining textile fiber from needles.

Presentation of the Main Material. he implementation of integrated machine-technological systems
for the harvesting and processing of coniferous raw materials allows for the rational utilization of the
forestry sector's potential and the achievement of new levels of efficiency by minimizing raw material losses
and obtaining additional high-value-added products. Traditional methods are often accompanied by
significant manual labor costs, partial or complete underutilization of needles and branches, and inefficient
transportation, which leads to poorer economic performance and loss of environmental benefits. The
introduction of modern equipment (harvesters, processors, forwarders, extraction units) enables a balanced
combination of tree felling, needle collection, and preliminary processing, ensuring high-quality raw
material transport and the organization of its integrated processing into essential oils, biological extracts,
textile fibers, biofuels, and more. This opens new opportunities for increased profitability, as waste is
effectively transformed into valuable secondary resources.

A comparison between traditional and integrated harvesting of coniferous raw materials, showing the
characteristic features of each approach and expected outcomes from the implementation of modern
technologies, is presented in Table 1.

A complete technological line for processing Scots pine needles consists of several stages, starting
from raw material collection in the forest and ending with the final products. For effective implementation
of each stage, it is advisable to use specialized machines and units.

During the felling stage, it is recommended to use modern machines that ensure maximum
preservation of needles on branches. The use of feller-bunchers during tree cutting allows for the careful
felling and stacking of trees in bunches without hitting the ground, significantly reducing needle loss (Fig. 1,
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a). Subsequent transportation of the logs is carried out by forwarders — forest transport machines that carry
felled trees elevated above the ground on a platform (Fig. 1, b). Forwarders prevent dragging of tree crowns
on the ground, avoiding up to 90% needle loss observed during skidding with tractors. At the intermediate
depot, the timber is processed by a processor — it is cleaned of branches (forming piles of needle-rich
material) and cut into assortments (Fig. 1, c). As a result of these operations, by-products — branches with

needles — are concentrated in a form accessible for collection.
Table 1.

Comparison of Traditional and Integrated Harvesting of Coniferous Raw Materials

Parameter

Traditional Harvesting

Integrated Harvesting

Efficient use of needles

Low, most are left or burned

High, includes mechanisms
for collection and
preservation of needles

Mechanization level

Predominantly manual labor,
minimal mechanization

Modern machines (harvesters,
forwarders, processors) and
automated lines

Cost and expenses

Higher due to raw material
loss, inefficient logistics

Lower due to optimized
processes and minimal losses

Environmental impact

Many residues, additional
burden on the environment

Efficient use, reduced burning
and negative impacts

Processing opportunities

Limited, no established
technological lines

Expanded processing into
oils, extracts, fiber, fuel, etc.

Fig. 1.Machines for mechanized harvesting of pine foliage:a — felling and bundling machine;
b — forwarder; ¢ — processor.

To obtain clean needles from the collected pine foliage, a mobile pneumo-thermal unit is proposed
for use (Fig. 2) [1, 5, 6]. Alternative methods (mechanical shaking, pneumatic-mechanical separation,
electrohydraulic shock, high-frequency treatment, cryogenic freezing) have proven to be either inefficient
or excessively energy-intensive for subsequent fiber production [1, 5].

Instead, the pneumo-thermal method consists of short-term drying of branches in a hot air stream to
weaken the bond between the needles and twigs. The needles are then vacuum-extracted and separated in
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cyclones (Fig. 2) [1]. In the drying chamber, hot air partially dries the needles; next, a fan (vacuum pump)
creates an airflow that detaches the needles and carries them to the cyclone system. In the first cyclone, the
needles are separated from the air and collected in a bin, while the second cyclone traps fine bark fragments
and debris. The result is clean, dry needles ready for processing, and separately — wood waste (bare
branches, fine chips).

Fig. 2.Schematic diagram of the installation for separation of needles by pneumo-thermal method: 1
- drying chamber; 2 - suction pipeline; 3 - needles collector; 4 - cyclone for separating needles; 5 -
gate valve; 6 - cyclone for separating waste; 7 - waste collector; 8 - air duct [1].

A comparison of needle separation methods is presented in Table 2.

Table 2.
Comparison of Methods for Separating Scots Pine Needles from Branches
Method Brief Description Disadvantages for Further Processing
Mechanical Shaking and beating needles off | Incomplete separation, potential branch
using vibration or rotating fragmentation and mixing of impurities (bark,
mechanisms on branches chips) with needles; high labor intensity
Pneumo- Needle detachment by airflow Requires preliminary crushing or drying of
mechanical (blowing or suction) without branches; difficult to achieve complete
preheating removal of impurities; high energy
consumption to generate strong airflow
Electrohydraulic | Shock wave in liquid from a Complex and hazardous equipment; requires
high-voltage discharge separates | immersion of branches in water; high energy
needles from branches consumption, potential damage to needle fiber
structure
High-frequency | Treatment with electromagnetic | Expensive equipment; uneven heating of
field (microwave) to heat and branches; risk of thermal damage to needles
detach needles and loss of bioactive components; significant
electricity consumption
Cryogenic Freezing branches (e.g., with Requires special conditions or reagents; very
liquid nitrogen or in natural high energy consumption for artificial
winter frost) to cause brittle freezing; technological complexity and hazard,
needle detachment limited by seasonal availability
Pneumo-thermal | Short-term heating of branches Slight reduction in volatile content due to
followed by vacuum needle heating; requires heat source and vacuum
suction (combined method) system, but ensures cleanliness and integrity of
needles for further processing

As shown in the table, the proposed pneumo-thermal method for separating pine needles is
distinguished by the combined action of heat and vacuum, which ensures the collection of high-quality
needles with minimal impurities. Pre-drying of branches facilitates easier needle detachment, while the
absence of intense mechanical impact preserves the integrity of the needles for subsequent component or
fiber extraction. A certain drawback of this method is the partial loss of essential oils during heating;
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however, this can be compensated for by regulating the temperature and drying duration depending on the
intended downstream processing. For the production of essential oil and extract, lower drying temperatures
are recommended to preserve volatile compounds, whereas in textile fiber production, more intense heating
is acceptable since resin removal facilitates subsequent chemical purification of fibrous structures.

The collected clean Scots pine needles can be directed to several production lines depending on the
intended end product. Within the framework of an integrated system, it is advisable to ensure technological
flexibility, i.e., the ability to combine processing directions. In practice, this means that one part of the
needles can be used for steam distillation of essential oil, another part for extracting water-soluble
compounds, and the remaining material (or by-products from the first stage) can be processed into cellulose
fiber.

Essential oil is obtained using the steam distillation method. Freshly collected or lightly dried needles
are placed in a distillation apparatus, through which superheated steam is passed; the volatile aromatic
substances evaporate and condense, separating into essential oil and hydrosol (pine water). The distillation
process lasts several hours, and the yield of essential oil is approximately 0.3—0.5% of the raw material
mass [2].

Pine needle extract is a concentrate of water-soluble compounds (chlorophyll, vitamins, organic
acids, and other bioactive substances). In forestry practice, it is obtained by boiling fresh green needles in
water followed by partial evaporation of the liquid. At the Manevychi forestry enterprise, an extraction
facility operates where green mass is processed in boiling tanks, and the thick extract is bottled for sale [2].
The extract yield is about 2% of the raw material mass. It is a valuable product used in sanatoriums and
pharmacies as a tonic and therapeutic agent [2]. After extraction, a large amount of boiled pine mass remains
(solid residue). Although this residue is largely free of extractive substances, it contains fiber (cellulose)
and can be used as raw material for textile fiber production. Thus, combining extract and fiber production
lines allows for waste-free utilization of the needles. The only technological limitation is that after thermal
processing in water, the needle structure is partially destroyed, and the fibers are shorter than those obtained
from untreated needles. This should be taken into account when selecting further processing parameters.

The production of natural fiber from needles is the most technically challenging processing direction,
as it requires extensive breakdown of leaf structures and removal of all non-cellulose components. Scots
pine needles have a dense cuticle impregnated with resins and a high lignin content that binds cell walls.
The traditional approach to obtaining “forest wool” involved long-term soaking of needles in running water
(several months) to allow for biodegradation of binding substances [4]. Modern approaches combine
chemical and mechanical treatment to accelerate the process. We have adopted a technological solution to
produce fiber from post-extraction residue — that is, boiled needles — as this significantly reduces reagent
and time costs. The degreased and softened needles are easier to break down into fibers. The process
includes the following stages: (1) mechanical crushing (rolling) of prepared raw material between grooved
rollers to destroy the surface layer and cell walls; (2) chemical treatment with alkali (two-stage process, at
~100 °C, with NaOH concentration of 40-50 g/L) to dissolve resins and lignin; rinsing and neutralization
of the fiber, and drying. Preceding chemical treatment with mechanical processing significantly enhances
fiber yield due to better penetration of alkali into the needles, resulting in quicker and more complete
removal of undesirable components. Additionally, if the raw needles were not previously extracted, soaking
them in water or weak alkaline solution for several hours before the main processing may be appropriate to
aid in resin removal. The obtained cellulose fiber is thoroughly washed and dried. It can be used alone (for
coarse textiles, insulation, nonwoven materials) or blended with other fibers.

To perform the crushing operation, a machine design with hydraulic roller pressing is proposed (Fig.
3) [3]. The main working elements of the machine are two parallel grooved rollers through which the needle
mass is fed. The lower roller (1) is rigidly mounted and driven, while the upper roller (2) is mounted on a
movable platform. Hydraulic cylinders C1 and C2 apply pressure to the platform from above, ensuring the
pressing of roller 2 against roller 1 with a constant force. The hydraulic system includes a pump station
(motor M1, pump P, tank T), a safety valve SV to limit the maximum pressure, check valves V1 and V2 on
the lines to the cylinders, and adjustable pressure valves PV1 and PV2 to maintain constant pressure. This
setup compensates for load fluctuations and guarantees uniform crushing across the entire roller width. The
rollers have a ribbed surface for better grip and deformation of the needles. The use of hydraulic pressing
achieves much higher and more stable crushing force compared to spring or weight-based mechanisms,
accelerating the breakdown of the tough epidermis of the needles. Preliminary experiments have shown that
crushing before alkali cooking can reduce the chemical processing time by half and increase fiber yield [3].
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The integrated system covers all key processes—from needle harvesting during various types of
logging operations to the production of final products. Its objective is to minimize material losses through
precise synchronization of work stages and the rational use of available equipment and logistical solutions.
The structure of such a system involves the use of diverse equipment, with each component performing a
specific operation, thereby reducing functional overlap and downtime to a minimum.

A simplified scheme of the main components of the integrated machine-technological system for the
harvesting and processing of Scots pine needles is presented in Table 3.

To ensure maximum profitability, it is important to select the most economically advantageous
directions for pine needle processing, taking into account market demands, available resources, and existing
infrastructure. The extraction of essential oils remains one of the most attractive options due to its steady
demand in the pharmaceutical, cosmetic, and food industries. At the same time, the production of textile
fibers is gaining increasing relevance, as it offers an environmentally friendly raw material with a relatively
high added value. The use of residual needle biomass for the production of fuel briquettes expands
marketing opportunities and promotes a zero-waste production cycle.
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Fig. 3.Schematic diagram of a pine needle crushing machine with hydraulic pressure [3]
Table 3.
Simplified scheme of the main components of the integrated machine-technological system for
harvesting and processing Scots pine needles

Stage Main Equipment Purpose / Outcome

Felling and primary | Harvesters or feller- Tree cutting, branch removal, partial needle

processing bunchers collection

Transportation Forwarders, specialized | Transporting logs and needle biomass with
trailers minimal losses

Intermediate storage | Containers, sheds, Maintaining proper condition of pine raw
mobile depots material, protection from damage and weather

Processing Extraction units, textile | Production of essential oils, bio-extracts,
fiber lines, shredders fibers, fuel briquettes, etc.
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The key directions for integrated processing of Scots pine needles and a brief description of their
economic feasibility are presented in Table 4.

Conclusions. Adhering to an integrated approach enables synchronization of the entire chain—from
the selection of the harvesting site to the sale of products derived from coniferous residues. The
implementation of such systems delivers a positive economic effect by increasing enterprise profitability
and simultaneously improving the environmental situation through a reduction in burned residues, lower
atmospheric emissions, and overall mitigation of ecological risks.

Table 4
Key directions for the integrated processing of Scots pine needles

Processing Process Description Advantages / Output

Direction
Essential Oil Hydrodistillation, steam High added value product, broad market
Extraction extraction, CO»-extraction demand
Textile Fiber Mechanical and chemical Nonwoven materials, insulation, fillers, eco-
Production treatment friendly alternative to synthetics
Fuel Briquettes and | Grinding, pressing, use of post- | Utilization of waste, improved energy
Pellets extraction residue efficiency
Organic Fertilizers | Composting, fermentation, Waste reduction, soil fertility improvement,

microbiological treatment potential for agricultural sector

For successful operation of these systems, it is essential to provide personnel training, develop
efficient logistics, and secure access to investment. However, the long-term benefits typically outweigh the
initial costs and open new opportunities for the development of the forestry sector.
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Jhybkuti HayioHanvbHull MexHIiYHUll YHigepcumem

BILJINB TEPMIYHOI OBPOBKH HA ®OPMYBAHHS ENNIOKCUKOMITIO3UTHHAX
MATEPIAJIIB JUISA BAJIICTUYHOI'O 3AXUCTY

Jocniosceno cmiiikicmos enoKCUKOMROZUMHUX MAMepianie 3 éMicmom CKI1OMKAHUHU 00 6HIUEY CHAMUYHUX ma
OuHaMiyHUX HAsanmaxcenv. Buznaueno onmumanvruii pexcum mepmiunoi 06podOKu enoKCUnONIMEPHUX CKIIONIACIUKIS, AKA
3a0e3neuye 6UCOKy aoze3iiiHy miynicmop nonimepnoi mampuuyi 00 HANOGHIV6AYA, A MAKOMC 6UCOKY YOapHy 6’A3Kicmb ma
Miynicmb enokcukomnozumis. /locnioxceno xapaxmep pyiunyeanta enoKCUnONIMePHUX CKIONTACMUKIG 3 6MICHIOM apamionol
MKAHUHU MA CKT1OMKAHUHRU RIO 6NIAUBOM OUHAMINHO20 HAGAHMAXCEHHA YOAPHUKA KANiOP08anozo po3mipy. Buznaueno eénnue
npuUpoOu HANOBHIVEAUA Ma WNbHOCHI NJIEMIHHA CKIOMKAHUHYU HA CIMILIKICMb 00 KPUXK020 PYUHYS8AHHA CKI10NIACMUKIE 34
ORMUMATILHOZ0 pexcumy mepmiunoi o0pooku. Po3pooneni enokcukxomnosumui mamepianu 3 ni0gUWEHOW cCmIlIKicmo 00
OUHAMIYHUX HAGAHMANCEHb OOUINbHO GUKOPUCHMOBY8amuU O/ 6UZOMOG/IEHHA e1eMeHmie IHOUGIdYanbHO20 Oanicmuiunozo
3axucmy.

Kniouosi cnoea:ckiomxanuna; enokcunoniMepHa Mampuys, mpusaiicms 06poOKu; cmpyKmypy8auns, aoeesis, yoapha
MIiYHICMb.

V. Kashytskyi, O. Sadova, A. Chernov, A. Myskovets, Yu. Kras

INFLUENCE OF HEAT TREATMENT ON THE FORMATION OF EPOXY COMPOSITE
MATERIALS FOR BALLISTIC PROTECTION

The resistance of epoxy composite materials containing glass fabric to static and dynamic loads was investigated. The
optimal heat treatment regime for epoxy fiberglass materials was determined. This ensures high adhesion strength of the
polymer matrix to the filler. It also provides high impact toughness and strength for the composites. The nature of the
destruction of the epoxy fiberglass materials containing aramid fabric and glass fabric under the influence of dynamic loading
of a calibrated size impactor was investigated. The influence of the nature of the filler and the density of the glass fabric on the
resistance to brittle fracture of the fiberglass materials under the optimal heat treatment regime was determined. The developed
epoxy composite materials with increased resistance to dynamic loads are expedient to use for the manufacture of elements of
individual ballistic protection.

Keywords: glass fabric; epoxy polymer matrix; processing duration; structuring; adhesion; impact strength.

Formulation of the problem.Synthetic fiber-reinforced polymer composites are often used because
of their high processability, specific strength, corrosion resistance and low cost. Due to their high strength-
to-weight and rigidity-to-weight ratios, fiberglass has a wide range of applications in the aerospace, marine,
automotive and chemical industries, and in the manufacture of household and sporting goods. Fiberglass
has a relatively low density and can also be adapted to the influence of various factors by changing the
sequence of laying the fiber filler to provide high strength and stiffness in the direction of high load.

The specified properties of fiberglass depend on such factors as the matrix and fiber material, their
volume fractions, fiber orientation, stress distribution and strain rate, loading conditions and the nature of
the bonds at the fiber-polymer interface. The reaction at the interface of the polymer matrix and fiber plays
an important role in determining the overall mechanical characteristics. It provides an effective way of
transferring stresses to the fibers through the matrix. Recently, there has been a significant increase in the
large-scale production of fibers and epoxy composite materials reinforced with glass fiber, which requires
research into the influence of epoxy composite formation modes on their mechanical characteristics.

Analysis of recent research and publications.A polymer composite material consists of two or
more different materials, which allows obtaining properties that are much better than the properties of the
individual initial components. In this case, it is possible to combine different materials, but it is necessary
to take into account the condition of ensuring macroscopic homogeneity of the structure of the polymer
composite material and microscopic homogeneity of the polymer matrix. Modern polymer composite
materials are usually optimized to achieve a certain balance of properties in a certain range of applications
under the influence of electrical, thermal and environmental factors [1].

The unique characteristics of each phase affect the mechanical properties of fiberglass [2, 3]. The
mechanical properties of the polymer matrix affect the efficiency of load transfer between fibers, which
further affects the mechanical properties of fiberglass. In addition, the smooth surface of glass fibers (GF),
which have a small number of active functional groups, ensures the formation of a structure with an optimal
ratio of the size of glass fibers and the polymer matrix. The mechanical properties of fiberglass are mainly
improved by the use of high-performance fibers and increased adhesion in the polymer-fiber system. In
spite of the fact that glass fiber (GF) has low tensile strength compared to other reinforcing fibers such as
carbon, basalt and aramid, it provides more economic advantages. The mechanical properties of fiberglass
also depend on the performance of the polymer matrix and the compatibility between the fibers and the
polymer matrix.
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Glass fibers are one of the most versatile industrial materials, as they are produced from raw materials
that are currently available in constant supply [4]. They have useful properties: resistance to any chemical
attack, hardness, stability, transparency and inertness. In addition, they also have good mechanical
properties of the fiber: rigidity, flexibility and strength. Epoxy resin is often used as a matrix, which is a
type of reactive polymer containing epoxy groups. Such groups are able to react with themselves or with
many reagents, for example, phenols, amines, thiols in the presence of a catalyst [5]. Epoxy polymers have
a diverse range of applications in industry for various purposes, as they usually have higher mechanical
properties and greater thermal and chemical stability compared to any other type of resin.

The properties and mechanical behavior of a fiber-reinforced composite mainly depend on the
strength of the fiber and its modulus of elasticity. They also depend on the chemical stability of the
composite, the strength of its matrix, and the interface that acts between the fiber and the matrix for reliable
stress transfer [6]. The mechanical behavior of reinforced composites depends on the strength of the fibers
and the Young's modulus, stability, and strength of the matrix [7]. The appropriate orientation and
composition of the glass fibers provides the desired characteristics and functional properties of fiberglass,
which correspond to the rigidity and density of aluminum.

The increase in the mechanical properties of polymer composites occurs due to the interweaving of
fibers, although microbending modes are activated, which reduces the compressive strength [8].
Strengthening the polymer matrix reduces delamination; however, it often decreases the modulus, a critical
factor in enhancing the strength of polymer composites. Modified resins are usually used in pre-impregnated
materials to resist delamination. However, the high cost of prepreg materials often limits their use in large-
scale polymer composite production. Therefore, inexpensive composite materials such as glass fiber are
sought to create such products. Glass fiber, polymers and carbon fiber have good mechanical properties,
but in the recent period of development their use has been limited to some technological applications. Glass
fibers have relatively higher strength and rigidity and low cost. Therefore, in recent developments, glass
fibers are mainly used as a reinforcing material for the production of lightweight and relatively strong
composite materials.

The mechanical properties of fiberglass are lower than those of polymer composites reinforced with
carbon and aramid fibers, so methods for improving the mechanical properties of fiberglass are constantly
being studied. In [9], an optimized processing method based on multiphase structures for fiberglass was
developed, which significantly improves their tensile strength. The results show an increase of 10.64% in
the specific load of fiber glass bundles due to improved bond between fibers. Combinations of factors, such
as layer thickness and resin chemical composition, significantly affect the tensile ability and failure mode
of fiber glass. Fiberglass with four layers of glass fabrics contribute to more efficient load transfer across
the matrix-fiber interface, which provides optimal tensile properties for fiberglass. Resin binders with more
reactive functional groups (-OH) strengthen the fiber-resin bond, which further improves the tensile
properties of fiberglass. Nanomaterials and functional hardeners are used to improve the multiphase
structure of fiberglass.

The glass fiber composites developed in [10] have six layers of glass fiber fabric with a density of
270 g/m2 and two-component epoxy resin system. Tests on composites with the smallest fiber fraction
revealed a higher bending stress value (464.8 MPa) compared to those with a larger fiber fraction
(415.5 MPa). The failure mechanisms included delamination, crack propagation between fibers, fiber
rupture and complete failure of the composite. The absorbed specific energy has similar values for
composites with different contents of glass fabric layers. This can be explained by the fact that increasing
the thickness of the composite can lead to a larger number of local defects and uneven distribution of
components that accumulate during the manufacture of the composite.

Setting tasks.Determination of the optimal temperature and duration of exposure in the thermal field
for epoxy fiberglass materials with increased resistance to dynamic loads.

Presentation of the main material. The prepared epoxy composition was applied to the steel plate
matrix. After that, a reinforcing component impregnated with an epoxy binder was applied. The operation
was repeated until the completion of the impregnation stage of all layers of reinforcing filler and the next
compression of the workpiece on a hydraulic press with a force of 5 kN. At the first stage, structuring of
epoxy composites was carried out at a room temperature of 20+2°C for 24-26 hours. In order to improve
the mechanical characteristics, heat treatment was carried out in a step mode in a drying cabinet of the
SNOL75/400 model with an initial temperature of 50°C and a final temperature of 150-170°C (Table 1).
The mechanical processing of epoxy composite plates consisted in removing the remnants of the epoxy
polymer and obtaining samples of the correct shape.
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Table 1 — Forming modes of epoxy composite plates

Heat treatment

1 mode

2 mode

3 mode

4 mode

5 mode

50° C — 1 hour,
100° C — 1 hour,
150° C — 3 hour

50° C — 1 hour,
100° C — 1 hour,
150° C—- 5 hour

50° C — 1 hour,
100° C — 1 hour,
170° C — 3 hour

50° C — 1 hour,
100° C — 1 hour,
170° C — 5 hour

50° C — 1 hour,
100° C — 1 hour,
190° C — 3 hour

The adhesive strength of epoxy polymers formed according to mode No. 1 heat treatment is 18 MPa
(Fig. 1). There is a slight increase in adhesive strength to 18.3 MPa in the case of an increase in exposure
at the second stage of heat treatment to 2 hours at a temperature of 100°C. This is due to an increase in the
mobility of segments of epoxy binder macromolecules at elevated temperature, which leads to the formation
of additional chemical bonds between the end groups of epoxy macromolecules.

28
<
2 26 A
-
© 24 -
277 4
20 @1 hour
) N2 hours
18 4
16 H
14 4
12 4

Treatment mode

Fig. 1. Adhesive strength of epoxy polymers depending on the heat treatment mode (Table 1)

The use of treatment mode No. 2 provides an increase in adhesive strength by 2-3% compared to the
adhesive strength of epoxy polymers formed according to mode No. 1, since the duration of exposure at a
temperature of 150°C increases to 5 hours. This makes it possible to ensure the formation of additional
physical and chemical bonds between the components of the epoxy polymer matrix. Exposure within this
regime for 2 hours at a temperature of 100°C allows to increase the adhesive strength to 18.9 MPa, which
is due to the redistribution of reactive groups in the epoxy polymer binder.

A significant increase in the studied characteristic occurs under the condition of increasing the
temperature at the final stage to 170°C. This allows for a higher degree of structuring of the epoxy system
due to the activation of the chemical reaction rate. An increase in the duration of exposure at a temperature
of 100°C provides an increase in adhesive strength to 20.8 MPa, which allows to activate the mobility of
segments of macromolecules of the epoxy binder.

The highest values of adhesive strength (25.4 MPa) have epoxy polymers formed according to mode
No. 4. Under such conditions, the formation of the maximum number of physical and chemical bonds
occurs, since the duration of heat treatment is 5 hours at a temperature of 170°C. Increasing the exposure
time to 2 hours at a heat treatment temperature of 100°C provides an increase in adhesive strength to 25.4
MPa, which is associated with a high exposure time in the thermal field.

The use of a heat treatment temperature of 190°C leads to a sharp decrease in the studied
characteristic, since destruction processes occur after structuring at the initial stage of forming epoxy
composite products. Destruction processes are associated with the partial destruction of physical and
chemical bonds.

The hardness and impact strength of glass plates were studied on epoxy composite plates containing
up to 6 layers of glass fabric with a density of 140 g/m2. The lowest hardness values (76 MPa and 80 MPa)
have glass plates (Fig. 2), which are formed according to the heat treatment mode No. 1.

The low hardness can be explained by insufficient exposure in the thermal field, which does not
allow obtaining a large number of physical and chemical bonds. In the case of forming epoxy composites
at a temperature of 170° C, the hardness increases to 96 MPa and 110 MPa, which is due to the completion
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of the structuring process of the epoxy polymer matrix within 5 hours at the optimal temperature. The
formation of epoxy composites at a temperature of 190° C leads to hardness values of 105 MPa and 108
MPa. The decrease in the hardness of epoxy composites at such a final temperature is associated with an
increase in the fragility of the system due to the destruction processes.
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Fig. 2. Hardness of epoxy composites formed according to the different heat treatment

regimes (Table 1)

The impact strength of epoxy composites formed by heat treatment mode No. 1 is 3.4 J and 3.8 J
(Fig. 3) at different exposure times. This characteristic increases by 70-75% in the case using of heat
treatment mode No. 4, which corresponds to exposure of epoxy composite samples at a temperature of 170°
C for 5 hours. In this case, the epoxy polymer system is uniformly structured with the maximum number of
physical and chemical bonds formed between the terminal active groups of the epoxy binder and the reactive
groups —OH on the surface of the glass fibers.

: 16 ~
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Fig. 3.Impact strength of epoxy composites formed according to the different heat treatment

regime (Table 1)

The use of heat treatment at a temperature of 190° C leads to a sharp decrease in the impact strength
of epoxy composites due to the destruction processes of the epoxy polymer matrix. The high structuring
temperature leads to an uneven distribution of local volumes of the epoxy matrix, which are characterized
by an increased degree of structuring of the system compared to the rest of the epoxy polymer volume.

The formation of a shear fracture zone (Fig. 4) occurs when a dynamic load is applied to an epoxy
composite sample located on a steel disk.

There is a deformation zone without the destruction of the epoxy composite plate on the back side
of the epoxy composite sample. This indicates a higher resistance of the material to the influence of dynamic
loads (Fig. 5).
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b)
Fig. 4.General view of the fracture zone of the epoxy composite material formed according to
the heat treatment mode No. 1 (1 h—50°C; 1 h—100 °C; 3 h— 150 °C): a — front side of the
sample; b — back side of the sample

The zone of delamination of the epoxy matrix from the glass fabric has a diameter of 17-18 mm,
which indicates the propagation of a crack in the epoxy composite material. The delamination zone is
smaller by 2-3 mm due to the increase in adhesion strength as a result of a longer exposure of 5 hour at a
temperature of 150° C compared to the destruction of the epoxy composite plate, which is formed after
exposure of 3 hour at a temperature of 150° C.

; a)
Fig. 5.General view of the fracture zone of the epoxy composite material formed according
to the heat treatment mode No. 2 (1 h—50°C; 1 h—-100 °C; 5 h— 150 °C): a — front side of
the sample; b — back side of the sample

When a dynamic load is applied to the epoxy composite plate, which is located on a steel disk, a
depression is formed on the back side. The diameter of the delamination zone is 16-17 mm (Fig. 6). On the
back side of the plate, the failure zone is a protrusion with through-hole damage to the epoxy composite
material in a local zone with a segment of 50°. Such a material is capable of higher resistance to dynamic
loads compared to epoxy composites treated according to modes No. 2 and No. 3.

On the front side, a peeling zone is formed without a significant degree of deformation of the sample
on the steel disk (Fig. 7) in the case of applying a dynamic load to the epoxy composite plate. The diameter
of the peeling zone on the front side is 11-12 mm. The diameter of the peeling zone on the back side of the
plate is 15-16 mm. The main indicator of the resistance of the epoxy composite material to the influence of
dynamic load is the absence of through-hole fracture of the epoxy composite plate, which indicates the
effectiveness of heat treatment according to mode No. 4 (temperature 170° C, holding time 5 hours).

The destruction of the sample with the formation of a zone of through-fracture (Fig. 8, a) occurs in
the case of applying a dynamic load to an epoxy composite plate containing aramid fabric (6 layers). This
indicates a low resistance of aramid fibers to resist fracture under the influence of dynamic load compared
to the impact strength of epoxy composites containing glass fabric with a density of 140 g/m?.
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b)
Fig. 6. General view of the fracture zone of the epoxy composite material formed according to the heat
treatment mode No. 3 (1 h-50°C; 1 h—-100 °C; 3 h — 170 °C): a — front side of the sample; b — back side
of the sample

a)
Fig. 7.General view of the fracture zone of the epoxy composite material formed
according to the heat treatment mode No. 4 (1 h-50°C;1 h-100°C; 5h-170°C): a—
front side of the sample; b — back side of the sample

The impact strength of epoxy composite materials containing 6 layers of fiberglass with a density
of 600 g/m?2 is significantly higher (Fig. 8, b) compared to glass fabric based on epoxy polymer, which is
filled with aramid fabric or glass fabric of lower density (140 g/m2). In this case, there is no zone of through-
fracture, and there are no traces of plastic deformation in the zone of application of dynamic load.

Conclusions and prospects for further research.Epoxy polymers formed under the optimal heat
treatment regime (170° C, exposure time 5 h) exhibit the highest adhesion strength of 25.4 MPa. Additional
physicochemical bonds are formed between the active groups of epoxy resin macromolecules and hardener
with an increased duration of heat treatment, due to the greater thermal energy absorbed by the epoxy
composition compared to fiberglass materials formed in a thermal field over 3 hours. The hardness increases
to 96 MPa and 110 MPa as a result of the formation of epoxy composites at a temperature of 170° C due to
the completed structuring process of the epoxy polymer matrix after 5 hours at the optimal temperature.

Structuring the epoxy-polymer composition under the optimal heat treatment regime ensures the
formation of an epoxy composite material with a high impact strength of 13.5-14 J. This treatment results
in a uniformly structured epoxy polymer system, where the maximum number of physical and chemical
bonds are formed. These bonds occur between the terminal active groups of the epoxy binder and the
reactive -OH groups on the surface of the glass fibers.

Epoxy composite materials containing six layers of glass fabric provide resistance to dynamic loads,
as they exhibit no zones of plastic. The developed epoxy fiberglass materials using glass fabric with a
density of 600 g/m2 and a number of layers of more than six is advisable to use for the manufacture of
individual ballistic protection elements, as these materials resist penetration by foreign bodies with an
impact energy of 24-26 J.
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b)
Fig. 8. Epoxy composites with filler content: a — aramid fabric; b — glass fabric (density 600 g/mz)

In the future, it is planned to conduct a study of the influence of modifiers on the formation of the
epoxy polymer matrix and the impact toughness of epoxy composite materials.
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E.L. Seleznov, D.E. Seleznov, B.S. Koltunik

RESEARCH OF THE ROTOR ASSEMBLY IMBALANCE SYSTEM OF THE TRAINING
ELECTROMECHANICAL STAND

The paper highlights the results of experimental research on a training electromechanical stand modeled in the
MATLAB software package.
Keywords: rotor balancing, rotor assembly, vibration, imbalance, electromechanical stand, flexible rotor.

Introduction. In any production, the continuity of the technological process is ensured by the
trouble-free operation of equipment, the condition of which must be constantly monitored. The efficiency
of equipment operation is most often determined by the quality of technical and repair maintenance, for
which various balancing machines are used. The study and application of such devices in industry is a
promising direction in the development of the theory of automatic balancing and is an urgent scientific and
technical task.

The emergence of modern vibration measuring equipment provides the possibility of dynamic
balancing of rotors at the place of operation and reducing the vibration load on the supports to permissible
limits.

The causes of imbalance can be: failure to comply with exact dimensions when manufacturing
shafts; inaccurate centering of connected parts relative to each other; non-uniform density of the part and
non-uniformity of the material; presence of gaps in the joints of assemblies and parts; deformation of shafts
due to damage during operation and damage during thermal and mechanical treatment.

Relevance of the work. At the moment, there are many types of balancing stands[1, 2], which,
depending on the natural frequency of the rotor in the machine supports, are divided into: pre-resonant ,
resonant, post-resonant . Since the studied rigid rotor, starting from a certain rotation speed, can exhibit the
qualities of a flexible rotor, the choice of one or another balancing method is determined by both the rotation
speed and the rotor configuration. Existing balancing stands do not take into account the possibility of
studying different configurations of rotor assemblies, which can be represented not only by different types
of rotors, but also by different types of connecting couplings.

Presentation of the main material. The educational stand, designed within the framework of the
master's thesis, the scheme of which is shown in Figure 1, consists of two main parts: control system; rotor
unit imbalance system.

The advantages of this scheme are the possibility of studying both rigid and flexible rotors, and
even rotors of different configurations. An example of a rigid rotor is a short-circuited rotor of an
asynchronous electric motor, and a flexible rotor is a rotor of a powerful current generator. Also, for
example, a turbine rotor consists of the following main parts: disks or drums, blades, shaft, thrust comb and
connecting coupling, an unloading piston is installed on the rotor of jet turbines, i.e. the design may be
different, so it is impractical to study a rotor of one configuration.

In addition, the design provides for interchangeable couplings that allow you to explore different
types of connections. The longitudinal-compensating type of couplings provides for compensation of axial
displacements of the rotors. This type of couplings includes elastomeric couplings, which are designed to
transmit torque to units powered by the engine, for example, a generator, a hydraulic booster pump or an
air conditioner compressor and to dampen vibrations between two connected shafts , etc. Elastic couplings
are especially recommended for use where there is a violation of the shaft alignment or axial movement.
The universal-compensating type of couplings allows you to compensate simultaneously for two or all three
types of displacements of the connected shafts. This type includes bellows couplings, which are used where
it is necessary to provide protection against twisting of the connected parts, as well as where accurate
backlash-free transmission of angle and torque is required. An example of the use of such couplings can be
precision speed and positioning systems for industrial robots and high-precision machine tools.
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Figure 1. Schematic diagram of the rotor unit unbalance system: I — control system, II — rotor
unit unbalance system; 1 — tested electric motor on legs; 2 — toothed belt transmission; 3.1, 3.2, 22.1,
22.2 — support racks in the form of a flat direct spring; 4,16,17 — flywheel 1,2,3; 5 — rolling bearing;
6,19 — elastic connection (cross-compensating) of two coaxial shafts 21,23; 7,20 — elastic connection
(universal-compensating) of two coaxial shafts 21,23; 8 — flexible shaft; 9, 21, 23 — rigid shaft; 10 —
rolling bearing; 11,18 — vibration sensor 1,2; 12 - frequency converter (FC); 13 - digital-to-analog
converter (DAC); 14 - analog-to-digital converter (ADC); 15 - personal computer (PC).

Having compiled a mathematical model of the rotor unit balancing system, a study of the influence
of system parameters on vibration characteristics was conducted. All input data for calculations, as well as
the mathematical model of the system, will be covered in detail in the master's thesis. Mathematical
modeling and research were performed in the MATLABJ3, 4] software package.

With a perfectly balanced rotor assembly, that is, when the axis of rotation coincides with the main
axis of inertia of the shaft, no oscillations occur in the system, as proven by the experiments shown in
Figures 2 and 3.

Time, s Frequency, Hz Timeta

a b
Figure 2. Dependence of displacement on time and amplitudes of speeds on the frequency of
rotation (spectrum) on the supports of the rotor assembly with a balanced: a) rigid shaft; b) flexible
shaft.

A study was conducted on the influence of shaft stiffness when the center of gravity is displaced
from the shaft axis e (determined based on the shaft tolerance field g 6 for a flexible shaft of 0.004 mm, for
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a rigid shaft of 0.0065 mm). The studies were conducted without installing imbalances , with minimal
support stiffness, engine rotation speed, which is within the operating speed range of both the rigid and
flexible shafts (2,000 rpm), and with the shaft connected by bellows couplings.

M1 movement graph ect 10* M1movement graph _ x$ M1 signal spectrum

) - v
a b
Figure 3. Dependence of displacement on time and amplitudes of speeds on the frequency of
rotation (spectrum) on the supports of the rotor assembly when installing: a) a rigid shaft; b) a
flexible shaft.

Conclusions. Comparing the studies with rigid and flexible shafts, it was concluded that if an
arbitrary force is applied to a rigid shaft, this force is completely balanced by the elastic reaction of the
shaft. However, if the shaft is not rigid enough (flexible shaft), the forces acting on it can cause deflection.
If the rotation speed is low, then small bending vibrations quickly die out. Under the conditions, the

rectilinear shape of the shaft is stable. As a result of the above, we choose a flexible shaft for further research
in our work.
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ANALYSIS OF THE POSSIBILITY OF LIGHTENING THE SHAFT SEPARATOR
WITH PRESERVING THE STRENGTH MARGIN

The paper analyzes the possibility of upgrading the separator shaft by reducing the metal content of the structure
without significant loss of strength.

Keywords: allowable stress, safety margin, applied load, CAD/CAE system, transmission with intermediate rolling
elements.

Introduction. Gears have found wide application in various branches of the national economy, they
are used in drives of low-power devices and powerful drives of equipment, as well as in mechanisms and
devices for various purposes. However, developments in this direction continue to this day in the field of
improving transmission parameters. One of the relatively new types of gearboxes is a gearbox with
intermediate rolling elements. The advantages of the gearbox include, first of all, a large gear ratio in one
stage, with a small mass and dimensions of the device.

Analysis of literary sources. The advantages of this type of gearbox and the prospects for their
improvement have led to the interest of researchers in this type of gearbox in many branches of
technology[1-3]. But as the analysis of literary sources in scientific publications has shown, the studies
mainly concern the possibility of alternative replacement with this type of gearbox[1], structural analysis
for the design of new types[2], or the effects of design parameters on its operating characteristics[3].
However, studies on the possibility of modernization by reducing the metal content of the design of existing
models are practically absent.

Task statement. Investigation of the stress state on the shaft-separator of a gearbox with
intermediate rolling elements using CAD.

Presentation of the main material. Modeling and analysis in many industries help to avoid
expensive and long development cycles of the “design - production - test” type. Currently, CAE systems
are used to calculate stresses in elements and complex assemblies, which allows calculating and analyzing
the characteristics of individual elements and the structure as a whole at the design stage. Usually, these
modules are directly integrated with CAD systems, such as SolidWorks [ 4], or, conversely, they have a
CAD module in their system, for example, CAE ANSYS [5].

To calculate the stresses of the gearbox part in CAD, we designed a 3D model of the basic and
modified shaft separator. To calculate the stresses on the shaft separator, we created a simulation using a
multiplier - fixing the separator zone and applying torque to the pin hole zone. For the purpose of the study,
we divide the simulated shaft separator into 5 conditional parts according to the change in size in diameter
(Fig. 1a). The Static Structural module was used to create the calculation.

Let us consider the possibility of lightening the separator shaft by deep drilling @ 14mm to a depth
of 65mm according to Fig. 1b.

The settings for the research parameters were as follows: in the " Engineering" section data » the
parameters of the separator shaft material were specified — Steel 40X Tensile strength — 395.0 MPa, yield
strength — 345.0 MPa, density 7820.0 kg m3. The turning torque on the hole is 35 N mm? along the
coordinate of the X axis, which is the axis of the shaft, and the shaft is mounted on a surface with separate
windows for intermediate rolling elements.

As a result of drilling a shaft-separator weighing 0.7067 kg, the calculated lightening of the part
was 9.03% - 0.0780 kg.
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Figure 1. Shaft separator: a — diagram of shaft division into S zones, b — diagram of shaft
modernization

The results of stress calculations of the modernized model of the shaft-separator in CAE ANSYS
are presented in Fig. 2, and Table 1 presents the generalized calculation values of both shafts.

0,053943 Min
0,22652 Min

Figure 2. Calculation of stresses on the modernized shaft.

Table 1.
Design stress of shafts
Base shaft, MPa Modified shaft, MPa
22.33 26.52
16.71 20.38
6.08 5.84
14.46 14.99
11.44 12.85

The results of engineering calculations of the tangential stresses of the shaft are given in Table 2.

To verify the calculations, we will simulate real operating conditions by adding a possible load
during gearbox operation in a conventional device in the form of a normal to the axis of rotation of the shaft,
which is equal to 1000 N.
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Table 2.
Results of shaft engineering calculations
MPa N mm mm? mm
22,281 35000 1570,795 20
16,741 35000 2090,728 22
11,408 35000 3067,959 25
13,735 35000 2548,198 23.5

Fig. 3 shows the resulting von Mises stress diagram.

Figure 3. Stress distribution on a modified shaft with additional load

Conclusions. The results of the strength factor calculations based on the design stresses were:
N pase= 17.59 for the base shaft, N ,.qy= 14.79 for the lightweight shaft. The results of the strength factor
calculations based on the von Mises design stresses were: N pue = 9.22 for the original shaft, and
N moay= 4.24 for the lightweight shaft, respectively. Based on the results of these studies, it was confirmed
that it is possible to unload the part without a significant loss of safety margin.
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MOJIEJIIOBAHHSA TA JOCJIDKEHHA POTOPHOI'O BY3JIA PO3PI3BHOI'O
I'TAPABJIIYHOI'O KJIIOYA

B pooomi euxonano MmooenioeanHs HOMUPUMACOBOI cucmemu pedykmopa ma O00CHi0HceHHA cmilikocmi,
MOOepHi306aH 0T KOHCMPYKUIT PO3PI3H020 MPYOHO20 2i0pasniuHozo K1ioya.
Kniouosi cnosa: 2iopasniunuil Ko, pomopHuii 83071 2l0pasiivHo20 Kioud, MOOeNO8aHHsl, epapiuna Mooels.

D.E. Seleznov, E.L. Seleznov, V.V. Markevych

MODELING AND RESEARCH OF THE ROTARY ASSEMBLY OF A CUTTING
HYDRAULIC WRENCH

The work includes modeling of a four-mass gearbox system and research into the stability of a modernized design of
a split pipe hydraulic wrench.
Keywords: hydraulic wrench, hydraulic wrench rotor assembly, modeling, graphic model.

Introduction. The analysis of hydraulic wrenches showed that the hydraulic wrench of the
Canadian company Farr KT-5500[1] has a wide range of pipe diameters, the most common, and also has a
wide range of operating speeds. During the work on the master's thesis, we selected this KT-5500 wrench
for research and further modernization.

The KT5500 hydraulic wrench is a hydraulically powered pipe wrench for screwing and unscrewing
pipes, with a wide torque range, can handle pipes from 2-1/16 inches to 5-1/2 inches in diameter. Jaw and
die tightening technology is available for two pliers. Also available with a CHROMEMASTER “softgrip”
clamping unit. The wrench can be mounted on a CLINCHER or FARR hydraulic support.

During the analysis of the wrench design, some shortcomings were identified and these components
were modernized with the aim of improvement, namely: replacement of the support rollers of the rotary
table, modification of the reversing switching system when turning/turning threaded connections,
replacement of the guide rollers of the rotary gear.

Presentation of the main material. The operation of gears is affected by various moments of
force. Uneven loads can damage gears, therefore, the study of the gears of the hydraulic wrench and its
gearbox design (designed in SolidWorks[2], see Fig. 1) after its modernization is an urgent task.

ST

e

W
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Figure 1. Three-dimensional model of the gearbox design
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Making a 3D model of the hydraulic wrench gearbox (Fig. 1) and having given the material of the
gears, we know what mass all the gears have, thus, the masses of the bodies m;=6.78 kg, m, =7.91 kg,
ms=7.91 kg, ms=7.91 kg. The necessary data for modeling the system are given in Table 1.

Table 1.
Input data for system modeling
Damping coefficients, N s/m Spring stiffness, N/m
h=45 ¢1=75000
h,=45 c2=75000
h;=35 c3=55000
hs=35 c4=55000
hs=200 ¢s=100000

The simulation of a four-mass system in the Simulink [3, 4] environment is presented in Fig. 2.

= 5
Lm By A lsgoess
\Jtﬁfﬁ ) -
Lm gD
rg{ -

gEH =g

Figure 2. Graphical model of the structure in the Simulink environment

After constructing the circuit, we mark the input and output characteristics on it (Fext and x 4
respectively). Using the Scope block , we obtain graphs of the displacement and velocity of all bodies.
Using the Zero - Order blocks Hold and Spectrum Analyzer we obtain the frequency spectrum of the system.
Using Bode blocks Plot , Linear Step Response Plot , Gain and Phase Margin Plot we obtain graphs of the

amplitude-phase frequency characteristics of the system.
As a result, we obtain the following graphs (Fig. 3-4):

Bode Diagram

Magpnitude (dB)

Phase (deg)

®
|

o! 104 10
Frequency (rad/

107

)

Figure 3. AFC graph constructed using the command bode ( w)
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Conclusions. The step ( w ) command is responsible for plotting the transient process when a force
is applied to the system. The graph shows that the transient process time is 3.5 s. The transient function
decays, so the system is stable. It is important to monitor the natural frequencies of the system so that the
bodies are not in resonance.

Time Response 104 Nyquist Diagram
- 1.5 - -
20.dB 10dB 6dB d2 dB dE2 dBt dB dB-10:dB -20dB
= 2
'T‘E; @ 0t
E E
< )
E
-15
2 25 -1 0.6 0.4
Time (seconds) Real Axis
a b

Figure 4. AFC graph constructed using the command: a) Itiview (w), b) nyquist (w)

Bode function shows the construction of the logarithmic frequency response. The graph shows that
the system is stable because the -180° LAH (logarithmic amplitude-phase frequency response) is negative
when the phase response is reached.

Thus, according to the data analysis, the displacement of the entire system is quite small, and the
vibration is extinguished within 3.5 seconds. Therefore, the gear system can withstand the additional load.
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Teproninbcokuii HayionarbHull mexuiunuil yniepcumem imeni leana ITynios’
Jhyybkuii Hayionanvruti mexuivnuil ynisepcumenm’

OYHKIIOHAJIBHO-JIAHKOBA CTPYKTYPHA MOJIEJIb
MHNPOHECY POBOTU KOPEHE3BUPAJIBHUX MAIIIUH

Ha ocnosi meopemuunozo ananizy po3poonenoi yyHKuioHanbHo-1aHK080T cmpyKmypHoi modeni npouecy podomu
Kopene30upanbHux Mauiun, AKy Ho6y006ano 3a 0104H0-M00YIbHUM RPUHYUNOM MA 3 3ACIOCYBAHHAM nepemeopens Jlannaca,
OMPUMAHO MAMeMAmu4Hi Mooei, W0 ONUCYIOmb npouecu inmencudiKayii 6i00KpemIenns CmpPyKmypHux KOMHOHEHMIe
0OMIWMOK 6i0 Kopenennoois, 3anucanux 6 napamempuynii i onepamopuiii ¢popmi. Po3podneni 3anexcnocmi, aki
xapaxkmepu3zyroms Koeiyicnm cenapauii 00MiuIOK KOMCHOI CMPYKmMYypHOT 1AHKU 003601A10Mb HPOGOOUMU ONMUMIZAUII0
napamempie po6ouux opzanie KOMHCHO20 OKPEMO20 MOOYNA KOPEeHe30UpanbHol MauiuHu.

Knrwuosi cnosa: mamepianvuuii 6anranc, nooaua, KOpeHenioou, OOMIWKU, CMpPYKmypHa 1auka, onepamop Jlannaca,
mpancnopmue 3anizHenns, Koegiyicum cenapayii..

V. Baranovsky, H. Herasymchuk, M. Pankiv, O. Herasymchuk

FUNCTIONAL-LINK STRUCTURAL MODEL OF THE WORKING PROCESS
OF ROOT HARVESTING MACHINES

The efficiency of root harvesting machines is regulated by the quality indicators of their work in accordance with
agrotechnical requirements, which primarily include indicators of loss, damage and contamination of dug up root crops with
components of soil and plant impurities. The aim of the work is to reduce the amount of free soil and plant impurities in the
collected heap by developing and analyzing theoretical prerequisites for the receipt and movement of the dug up heap by the
working bodies of root harvesting machines. Based on the theoretical analysis of the developed functional-link structural model
of the root harvesting machine operation process, which is built on the block-modular principle and using Laplace transforms,
mathematical models were obtained that describe the processes of intensification of the separation of structural components of
impurities from root crops, recorded in parametric and operator form. The developed dependencies that characterize the
impurity separation coefficient of each structural link allow optimization of the parameters of the working bodies of each
individual module of the root harvesting machine.

Keywords: material balance, supply, root crops, impurities, structural link, Laplace operator, transport delay, separation
coefficient.

Formulation of the problem. Mostly, the structural and layout diagrams of self-propelled bunker
harvesters and root harvesters of the world's leading companies are of the same type and have a similar
structure, Fig. 1.

On the frame chassis, which rests on the support wheels, in front of the steered wheels of the machine,
a stalk-collecting module is attached to implement a two-stage method of harvesting the stalk and a module
for digging up root crops, in the inter-base space of the chassis — a root crop cleaning module and a module
for accumulating cleaned root crops from impurities, which, as a rule, is made in the form of a root crop
storage hopper and an unloading conveyor, and behind the storage hopper — a power module, or engine.
The cabin with the machine controls and working bodies is installed above the front steered wheels of the
machine.

The complexity of cleaning the excavated pile is functionally related to the need to separate soil and
plant impurities that differ in their physical and mechanical states and properties, which are in a free and
bound state relative to root crops [1].

The free state of soil impurities implies the presence of loose loose soil, loose shallow (20...50 mm)
and fairly large (up to 100 mm) soil clods, and the free state of plant impurities implies the presence of free
tops lost by the top-harvesting machine and plant impurities, or existing weeds. The bound state of
impurities is soil adhering to the surface of the root crop body and the remains of the top on the heads of
root crops, which remain after cutting off the main mass of the top [2, 3].

Therefore, to ensure the necessary cleaning of the excavated heap, or the quality of the harvested
product (no more than 8...10% of impurities relative to the mass of root crops), it is necessary to provide
for various types of physical and mechanical interactions and, as a result, multi-criteria options (schemes)
for combining different types of cleaners of a rather significant length (8...14 m) and a significant path of
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cleaning impurities [4, 5].

The functional scheme of intensification of the process of separating impurities from root crops by
the working bodies of root harvesting machines (Fig. 2) provides for three main stages of intensification of
the process of cleaning the excavated heap from impurities: the stage of separating structural components
of impurities from root crops in the process of digging them out by the working bodies of the root crop
digging module; the stage of intensification of the process of separating impurities in the process of moving
them by the working bodies of the root crop cleaning module; the stage of separation of free impurities in
the process of their movement by the working bodies of the root crop loading or unloading module [6].

Root loading and
unloading module

Root crop cleaning
module

Root crop
digging module

.=
= Top-harvesting module
P g

-
= -

Fig. 1. Modular block diagram of the structure of modern root crop harvesting machines

= ?‘ﬁd(f) }ﬁc ('f) ‘?ﬁu(r)
~ Root crop digging|| Root crop ||| Root loading and ||
_ module || cleaning module || [ |unloading module||

{ 20,0 X 8,00

Fig. 2. Functional diagram of the intensification of the process of separation
of impurities from root crops by the working bodies of the root harvesting machine
It is known that the flow of the input quantity M ; (ti ) of the excavated heap is linearly related to the
speed of movement &, and the technological parameters (width of the capture, row spacing) of the root

harvesting machine, and the flow of the output quantity m, (ti ) of the cleaned heap by the working bodies
of each stage satisfies the balance condition taking into account the amount of separated impurity
components Ag; (l‘i) by each stage [7]. Applying the material balance equation of the change in the

technological mass flow over time 7, or the intensification of the process of separation of structural
components of impurities from root crops by the working bodies of each stage (Fig. 2), we obtain [8, 9]:

my(t,)=M(t,)- A, (t,)-Ag, (1, );
m, (t.)=m,(t,)-Ag, (t.)=M(t,)-Aq,, (t,)-Ag, (1,)- A7, (1.); : (1)
M, (t,)=m.(1.)-Ag,(1,)=M(1,)-Aq, (1,)-Aq, (t,)- A7, (¢.)- A7, (¢,)
where M (td) is the input amount of the flow of the components of the excavated heap by the working
bodies of the root crop digging module; m, (td ) , m, (tc ) , m, (tu ) are the output amount of the flow of the

components of the cleaned heap, respectively, of each stage; Ag, (t 4 ) , Aq, (tc) , Aq, (tu ) — the separated

amount of the flow of impurities by the working bodies, respectively, of the root digging module, the root
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cleaning module, the root loading and unloading module; Ag,, (t d) — the amount of the lost flow of root

crops by the working bodies of the root digging module.
In this case, the differential equations of the material balance of the change in the flow of the heap at

each stage according to (1) have the form:
dm, dM dAg, dAg, .

dt, dt, dt, dt,

dm, dm, dAg, dM dAg, dAg, dAg, . )
dt, dt, dt. dt, dt, dt, dt. ’ ’

c c

dM, dm, dAg, dM dAg, dAg, dAg, dAg,
dt dt dt dt, dt, dt, dt dt

u c u c u

Then the last differential equation of the system (2) taking into account the structural components of
the impurities is written in the form

di, d(m+m,) d(Ag,, +Aq, +A7,, ) ) d(A7, +A7,,) ) d(A7, +A7,,)
di, i, dt, di di

u c u

, ©)

where m, , m, — the input mass of roots and impurities that are dug out by the working bodies of the root

digging module; Ag,, Aq,., Aq, — the separated mass of loose soil, soil clods, soil stuck to the
underground part of the roots by the working bodies, respectively, of the root digging module, the root
cleaning module, the root loading and unloading module; Ag,, , Ag,., Aq,, —separated mass of free and

bound plant impurities, respectively, of the root crop digging module, the root crop cleaning module, and
the root crop loading and unloading module.

It is also known that the technological process of intensification of the separation of structural
components of impurities from root crops of a separate stage, or of the root harvesting machine in general,
is generally described by a linearized differential equation [9]

L d| Ag(t, ‘ ;
a(()l) % = b(gl)n_/li.m (ti -7 ) _c(()l)n_/li.ouz (ti) P (4)

where a(()i) , b(()i) , C(()i) — variable coefficients in the function of the parameters of the working bodies of the

root harvesting machine, physical and mechanical properties of the soil, root crop yield, etc., which are
determined experimentally; Ag, (ti) — separated amount of flow by the working bodies of each stage, kg/s,
i=1,2,...,n; 7, —delay time of flow movement, s; m,, , m
kg/s.

Based on (4) for any i-th stabilized technological mode of operation of a complex technical system,
when the deviations of variable input factors (flows) are insignificant, the technological process of the root
harvesting machine is described by a linearized differential equation, i.e.

2 d[Aql (td):|+a(M) d[Aq_M ([):l e d[Aq_l(’d)]Jragd) d[A‘Yd (td)]+agc)d[A‘7c(tc)]+

— input and output amount of pile flow,

i.out

dt, ’ dt dt, dt, dt,
+a(u) d[Aqu (tu ):I — a(d) d[Aql (td ):' + a(d) d[qud (td ):' n a(d) d[qud (td ):' n a(c) d[quc (tc )] n
° dt, : dt, o dt, o dt, o dt, , (5)
c d qu tE u d Aqu tu u d Aqu(tu) — —
v L L ol o ) o0 4127 ()] L ] b087 1 e,) (1)
+b(()d)%d (td - Tc ) - C(()C)n_’lc (tz‘ ) + b(()p)mc (Zc - Tu ) - C(()u)n_/lu (tu ) + b(()u)n_/lu (tu - Tu ) - c(()u)Mu (tu )
where a® ), al®), a9, d®), d). al®), a9 ), ), ), 50, B, BO B 9 ol e

are variable coefficients in the function of the parameters of the working bodies, respectively, the root
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digging module, the root cleaning module, the root loading and unloading module, the physical and
mechanical properties of the soil, the yield of root crops, etc., which are determined experimentally; 7,

7,, 7, — the time delay of the pile movement during the work process, which occurs due to the

c? u
accumulation, compaction, displacement, etc. of technological masses in the working area, respectively, the
root crop digging module, the root crop cleaning module, the root crop loading and unloading module.

To solve linear differential equations (2)-(5), we will use a method based on transforming a real
variable function into a complex variable function. In this case, the functional transformation method allows
us to replace linear differential equations with algebraic ones.

To move from a real variable function to a complex variable function, we use the direct and inverse
Laplace transform, which in the general case is described by the equations [10]

j f()e™de; f(t)==—— j Y ds, (6)

where s =c+ig is a complex Varlable, or the Laplace operator (function); ¢, ¢ are real variables of the
original (function) f(t)chm, c>0,a2>20, ¢t >0, Waj(s) —0,c=Res—>w,s >a,eeR.

Analysis of recent research and publications. Analysis of scientific works [11-14] showed that the
main attention of the authors was paid to the implementation of stationary processes of cleaning the heap
from general impurities. At the same time, the processes that describe the separation of individual structural
components of impurities at the theoretical level by the working bodies of each individual structural module
and the root-collecting machine in general are not fully disclosed and without taking into account the
technological features and operating conditions of the harvesting units.

Therefore, the choice of methodology and calculation of rational parameters of the working bodies
of the structural modules of root-collecting machines must be carried out on the basis of the implementation
of models that take into account the change in technological flows of the excavated heap, taking into account
the separated flow of structural components of impurities [15].

Setting tasks. The aim of the work is to study the process of intensification of the separation of
structural components of impurities from root crops by developing a mathematical model that describes the
functional relationships of the processes of cleaning the excavated heap by the working bodies of the
structural modules and the root harvesting machine as a whole.

Presentation of the main material. To solve the differential equations (2)-(5), which describe the
processes of intensification of the separation of structural components of impurities from root crops, a
formalized structural-functional model of the serial connection of elementary links (structural modules) of
the root harvesting machine was developed (Fig. 3) and which was built according to the scheme in Fig. 2.
It should be emphasized that the degree of intensification of the separation of impurities generally depends
on a certain weight volume capacity and the time of the heap on the working surfaces of each structural
module of the root harvesting machine [16].

‘ Root crop loading |

Root crop - Root crop
oor unloading module|

digging module cleaning module

s st o

"-:&ml (;)\ y
¥

=P W:[S)

Fig. 3. Structural-functional model of the connection of links (modules)
of the root harvesting machine

According to Fig. 3, we denote the transfer function of the serial connection of structural links
(modules) of the root harvesting machine by W} (s) and which can be written as the product (J) of
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analytical transfer functions W" (S)

. _ mout.i (S) — 1
=’ - mm‘l_(s) T's+1 ’

()

where mom‘i(s), mm‘i(s) are the Laplace representations of the output and input values of the

corresponding module of the root harvesting machine; 7, is the time constant corresponding to the module

1
of the root harvester.
The time the heap is on the working surfaces of each module of the root harvester, or the time constant

1}, is defined as the ratio of the throughput P, of the module to the corresponding amount of the processed
input flow m,, . (S) of the heap

. P B

COM(t) m(t)+m, ()

. P P |

© om (1) ml(t)+m2(t)—Aql(td)—Aqd(td)’

. P P + ®

©om,(e) m(0)+my (1)~ Aq ()~ Mg (1)~ Mg (2.)

n

P
By _ZI: __L+EAE

UM M) m () +my (1)

where T, T, T, T,, —respectively, the time of the heap on the working surfaces, or the time constant of

the corresponding module of the system as a whole, s; P,, P, P, P, — weight capacity of the
corresponding module and the system as a whole, kg.

After substituting the value of the time constant 7; from (8) into system (7), we obtain the equation
of the transfer function in operator form for each module and the root-collecting machine as a whole

" 28 :Tuslﬂ:{m(mmz(r)—A%(f)—Aqd (a)%(a)}“}l;
KON LACKLACIUAC {Tdslﬂ]{ﬂslﬂ]{];slﬂ} )

{W}l}{m <r>+m2<r>—fql (1), (r»}”}lx

L

X{ml<r>+m2<r>—Aql<rd>—Aqd <fd>%<ff>}+l}l

Then the differential equations of system (9), which describe the functional process of intensification
of separation of impurity components from root crops by the root crop digging module, the root crop
cleaning module, the root crop loading and unloading module and the root harvesting machine in general
with the transport delay of the pile movement along their working bodies in the classical (time) form and
according to (5), will have the form

)
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=m0(tg —Tu)—mu(tu);

P +P+P

m, (t)+m2 (t)—Aql(td)—Aqd (td)—ch (tc)

d[M,(1,)]

|

=M(t-7,)-M,(1,)

dt

u

L d[md(td):l '
ml(f)+mz(l)] dt, =M (t=7,)=m,(1,);
L d[m(t)] NN
m1(f)+m2(t)_Aq1(l‘d)—Aqd(td)] dr. _md(d z?) E(E), "
£, d[m,(1,)] :

dt

m, (t)+m2 (t)] B

Based on the identification of the root harvesting machine development process [17], a formalized
structural and functional model of the process of intensification of the separation of impurity components
from root crops by working bodies was constructed, Fig. 4. The formalized functional model provides for
a branching node of the structural links of the root harvesting machine modules into separate elementary
links of general soil and plant impurities of the heap, which in turn branch into structural sub-links,
respectively: free and adhered soil, soil lumps; free plant impurities and residues of the tip on the heads of
root crops. It is necessary to emphasize that the degree of intensification of the separation of impurities from
root crops depends not only on a certain weight capacity of each module and the time the heap is on their
working surfaces, but also on the coefficient that takes into account the degree of reduction of the output
flow of the technological mass of the heap relative to its input flow.

The coefficient that takes into account the degree of reduction of the output flow of the technological
mass of the heap relative to its input flow of each module and the root harvesting machine in general from
the point of view of controlled dynamic systems is the amplification coefficient, which we characterize as
the coefficient of technological efficiency of each module and the root harvesting machine in general and

which we denote by K, =m,,, () (¢) [18].

Then the coefficient of technological efficiency of each module and the root harvesting machine in
general, taking into account (1)-(3), is determined by the relation

/m,

in.i

i a0
: I () W_a(s) I I . (5) W, (s) I :
1 H [ | Wl,ﬂd (S) nEm ‘I || [ Wl_ﬂﬂ (S)) [ Il 1
1 |
! I gy ,4(5) I I —Agy . (5) I :
| 1= 4 I 1= 4 I [
e v ] | 6] e (9) nol | |
E I —Ag g (S) M,y (3) I I —Agy, (S) My (s) I i
! N w () I I W, (5)) fe— I () !
1 I} 75,4 (5) I | s (5) I |
: ) MR o) R l
: mz(s)_0 Y oy, (s) my(s) ' () :
L AN | 1
. T memy PR m T ey B | |
i —Agy (s Woa(s —Agy (s W (s m, (s |
, JM(S) | m)pd(.s) Pd( ) pd( ) " | g (s) I J”:pd(‘?) qu( ) & I 2 1
:=’0 I Wa(3) ) :: 4l W, (s)) My (s) | @ W,(s) :
E = || l hJ - = Fou(s) H I | 7— :
. [ Wi (s) o>l 7, (s) " | = I P (5) :
E ‘L:: e u I Wi (5) I :
I === ===y I —Agy (s) I :
! ., (5 - ======——" |
: 1(s) ,(s) () u(s)= () w,(s) . (s) :

Fig. 4. Structural and functional model of the process of intensification of the separation of impurity
components from root crops by the working bodies of the root harvesting machine
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_M,(4) _m(t)=2q, (1) _,_ A4 (0).
5 ) T m)m) ’ (h
. _ M, (1) _M(t)-Aq (1)~ Aq, (1)~ Aq, (1)~ Aq, (2,) _

Ay M(t)
_I_Aql(td)JrAqd(td)+ch(tc)+Aqu(tu)

M(1)

In this case:

- taking into account the dynamic processes (properties) of the controlled dynamic system - the
presence of moving masses, or the inertia of the process of moving the heap flows along the working bodies
of the modules, their links, which branch into parallel sublimes in the direction of branching (division)
=,<= (Fig. 4) will be represented in the form of an aperiodic link of the 1st order (inertial link), which we
will denote by P;

- taking into account the presence of branching of the links, or parallel connection of structural

sublimes, their transfer function WiP (S) is determined as the sum of the transfer functions of the sublimes
that form this connection;

- taking into account the presence of positive feedback (in the IV, (S) link, the W, , (S) sublime is
covered in the form of feedback by the W, , (s) and W, , (s) sublimes, in the W, (s) link, the W, , (s)
sublime is covered by the ¥, , (S) sublime, in the W (s ( ) link, the W,

1pc
szc( ) and W,

3pc

( ) sublime is covered by the
( ) sublimes), their transfer function will be represented in the form of W_ (s) ;

- taking into account the delay of the movement of technological masses in time 7,, the transfer
function in the operator form for the transformation of technological flows m, (t) of each module and the
root-picking machine as a whole, which we will denote by W, (S) , can be represented as the product of the
analytical transfer function of the aperiodic link of the 1st order and the analytical transfer function of the

link with transport delay, which we will denote by W, . (s ( ) =e ",

Accordingly, we have:

m K W, (s)
Wwh(s)=—22L=_"i . W WP (s),i= ez W I 12
! (S) m. Ts+1 ! z : IZ(S) 1+W11(S) sz( ) (2

.1

m K
W (s)=—2L=WF(s)W, =—7"—e"". 13
i ( ) mm l i ( ) del.i T;S +1 ( )
Substituting the values of the coefficient of technological efficiency of work K. (11) and the time
constant 7, (8) of each module and the root-harvesting machine as a whole and taking into account the

identity (13), we obtain the equation of the transfer function W, (s) and the differential equation with

transport delay in operator form:
- for the structural transport link of the root digging module
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/4 W, /4
Wd(s):md(s) i () Wspa (5) 1 1pd(s) + Cld( ):TKd lefsrd’ (14)
M(S) 1+W/Ipd ) [VVZpd S +1:| +VVIpd 2pd (S) dS+
or
m, (s){ £y s+1} :M(s){l— Ady (1) + 24, (td)}e“" ; (15)
m,(1,)+m,(t,) M (¢)
- for the structural transport link of the root cleaning module
m () Wu(s) W (s) o
/4 = /4 |/ +W =—= °, (16
(s) md(s) 1+, (s )-[szc(s)+1]+ e (8) 4 Wape(5)+ ha () Tcs+le (16)
or
A A
mc(s){ k. s+1}:md(s){1— 9 (1) * qc(the”“; (17)
m, (t,)+m, (t,)-Aq, () Mg, (2,) m, (1)
- for the structural transport link of the module for loading and unloading root crops
Mu (S) K —ST
=—7F= =—" " 18
I (5)= W (5, (5, (3)= e 19
or
Mu(s){ L, s+1}:mc(s){l—Aq“(t")+Aqd(td)}e”“;(19)
’nl(td)+rnl(td)_Aql(td)_Aqd(td)_ch(tc) mc(tc)
- for the root-harvesting machine as a whole
a(s) =" ) . 5) . 9)=
M M(S) d c u
= Wipa (5) Wi (5) Wipa (5) A, (s)|x
1+Vled( ) [VVZpd(S)-i_l} 1+VV1 d( ) VVZpd( ) (20)
Wi () Wipa (5)
w 2 e W, W, W,
X[ PC(S) PC(S)}X{1+VKP[]( )[ 2pd(S)+1}+ IPC(S)+ ZPC(S)+ dld(S) ’
M —STyy
D () 5, ()] = e
or

Mu (S)|: Rz’ +[)c +R, S+1:| :M(S)|:1—Aqld( )+Aqd( )+Aq ( )+Aqu (tu):| 7srw . (21)
ml(td)+ml(td) M(t)

A comprehensive assessment of the parameters of each module and the root harvesting machine as a

whole, or the corresponding coefficient of technological efficiency K, the time constant 7, and the delay

time 7, of the flow of technological masses allows for a deeper and more detailed analysis of the

technological process of intensification of the separation of impurities from the excavated heap and
optimization of the structural and kinematic parameters and modes of operation of the working bodies of
the root harvesting machine.

Conclusions. Increasing the technological efficiency of root harvesting machines is achieved by
additional intensification of the processes of cleaning root crops from impurities through constructive
development and optimization of the parameters of the working bodies of modular systems.

To implement the process of intensification of the separation of structural components of impurities
from root crops, a functional-link structural model has been developed, which combines the sequence of
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constructive placement of N working modules and the sequence of performing technological stage-by-stage
n operations of the process of separating impurities from root crops in difficult operating conditions of root
harvesting machines. A method for developing a mathematical model is proposed, which functionally
describes the step-by-step process of separating structural components of impurities from root crops
depending on the time of presence of the constituent components of impurities on the working bodies of
each module and the root harvesting machine as a whole.
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MPABUJIA O®OPMJIEHHS TA IOJAHHS CTATEA

CraTTs HagCcUIIA€ThCS O peakiii 30ipHUKa y ManepoBOMY BapiaHTi 3 MiJIHCAMU aBTOPIB
Ha azapecy: 43018, m. Jlyupk, Byn. JIeBiBchka 75, Jlyupkuit HTY; B enexkTpoHHOMY BUIIIAIL Y
¢dopmati MS WORD- Ha enektponHy azapecy: naukovi_notatki@lutsk-ntu.com.ua. O6uasa
BapiaHTH MOBUHHI OYTH 1IEHTUUYHUMH.

HaykoBa crarrs 000B’SI3KOBO NOBHMHHA MATH HACTYNHI HeOOXiHI ejleMeHTH:
MIOCTaHOBKAa MpoOJeMH y 3arajJbHOMY BHIUIAJI Ta 1l 3B'30K 13 BaXJIMBUMH HAyKOBHUMH YU
MPAKTUYHUMHU 3aBIAHHIMH;, aHAI3 OCTAaHHIX MOCTIKEHb 1 MyOMiKalliid, B SKUX 3all09aTKOBaHO
PO3B'sI3aHH AaHOT MPOOJIEeMH 1 Ha SIK1 CIIUPAETHCS aBTOP, BULJICHHS HEBUPIIIEHUX paHillle YaCTUH
3arajibHOi MpoOIEeMH, KOTPUM NPHUCBSIUYETHCS O3HAYEHA CTATTS; (POpPMYIIOBAaHHS LLIEH CTaTTi;
BUKJIa/l OCHOBHOT'O Matepiany JOCTHKEHHS 3 MOBHUM OOIPYHTYBaHHSM OTPUMAaHUX HayKOBHUX
pe3yibTaTiB; BUCHOBKH 3 JAHOTO JOCITIHKEHHS 1 IEPCIIEKTUBU MOATIBIINX JOCTIHKEHb Y JaHOMY
HanpsMKY.

1. CraTTioO MOKHA NOAABATH YKPAIHCHKOK 200 aHIJIIMCHhKOI0 MOBOI. CTaTTs OBUHHA
Oyt HaOpaHa y TekcToBoMY peaakTopi He Hikde MS WORD 97/03 1 HagpykoBaHa TUTbKH
Ha JIa3epHOMY abo CTpyHHOMY NpHUHTEpi Ha OuMX Juctax dhopmaty A4 (297x210 mm).
Hymepartito cTopiHOK He BUKOHYBaTu. OOcsr cTaTTi Big 4-9 CTOPIHOK.

2. TlapameTpu CTOpPIHKH: BEpPXHE, HIXKHE Ta JIiBE MoJie — 2 cM, IpaBse noJie 2,5 cM. Bix kpato
710 KOJIOHTUTYJIa BEpXHBbOTO — 1,25 cM, HUxkHBOTO — 1,25 CM.

3. IHanxka crarti: inpeke YK, iHiianu Ta npi3BHIa aBTOPIB PO3MIIIYEThCS HA OJUH a03all
Hkue mpudTom 11 1T, Ha3Ba opranizaiii — HAOMPaAIOTHCS 3 HOBOTO psaKa mpudToM Time
New Roman Cyr po3mipom 11 0T 3 OAMHapHUM MDKPSJIKOBUM IHTEpBAJIOM 1
BUPIBHIOIOThCS MO IIeHTpY. Ha3Ba cTaTTi po3MmillyeThcsl Ha OAMH ab3all HUXK4YE Ha3BU
opranizaiii, Habupaerbca mpudprom Time New Roman Cyr posmipom 11 nr 3
HaMBXXUPHUM BUIUICHHSM 1 BUPIBHIOETHCS 110 LICHTPY.

4. AHoTauii ykpaiHCbKOIO Ta aHIJIIMCHKOI0 MOBaMM HaOMpaOThCS 3 a03alHOTO BIACTYIY
mpugToM Time New Roman Cyr po3mipom 9, kypcus, HanigxupHuii 300-500 npykoBaHuX
3HAaKIB 3 OIMHAPHUM MDKPSIKOBUM IHTEPBAJIOM 1 BUPIBHIOIOTHCS 110 HIMPHUHI; aHTJIIHCHKOIO
MoBamH posmmpena aHortauist 700-1000 qpykoBaHUX 3HAKIB.

5. Hwmxue anotariif 000B’I3K0BO BKa3ylTheCs KJIOUOBI ciioBa mpugpTom Time New Roman
Cyr, KypcuB, HaIBXXUPHUIHA 9 MIT.

6. OCHOBHMH TEKCT pO3MIIIyeThCsl Ha | cM HMXK4Ye aHOTAIllld, HaObupaeThCcs 3 ab3aIHOrO
Bigctyny 1 cm mpudrom Time New Roman Cyr posmipom 11 0T 3 oauHapHUM
MDKPSIKOBUM IHTEPBAJIOM 1 BUPIBHIOETHCS MO HIMPHHI.

7. Hna HabupanHa QopMmyn 3acTocoByBatu  penaktop ¢opmyn MS  WORD
(BUKOPHCTOBYBATH HlpI/I(I)TI/I' Symbol, Time New Roman Cyr; po3mipu mpudTis:
3BUuaiiHuid 12 nt, KpynHUil iHAeKkc 7 0T, ApiOHMN HIEKC 5 NT, KpynHU cumBoa 18 mT,
npibHuit cumBosl 12 nt). dopMmyna BUPIBHIOETHCS MO LEHTPY 1 HE MOBMHHA 3aiiMaTu
OutbIIe 5/6 MUPUHU psTIKa.

8. Slkmo B cTarTi MPUCYTHI UIIOCTpalii, HEOOXIJHO pO3TAIIOBYBATU iX IO TEKCTY,
BUpiBHIOIOUM minnucu (Puc. 1. Cxema ...) o mupuHi 3 ab3anHoro Biactyny 1 cMm. Apyruii
eK3eMIUIp LTtocTpallii HeoOXiTHO MOAATH Ha OKpeMoMy JucTi. IimrocTpanii moBuHHI OyTH
YITKUMHU Ta KOHTPACTHUMH.

9. Tabnuui po3TaloByBaTH IO TEKCTY, IPUUOMY iX IIMPHUHA HOBMHHA OyTH Ha 1 cM MeHIIa
mupuHH psaka. Han tabauuero noctaButy ii nopsakosuit Homep (7a6a. 1) BUPIBHIOIOUU
10 MTPaBOMY Kparo, i SKUM PO3MICTUTH Ha3BY TAOJIMIII BUPIBHIOIOUHU IO LIEHTPY.
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10. Jlireparypa mojaeThcsi 3arajbHUM CIHCKOM B KiHII PYKONMMCY 3TiJHO 3 BHMOTaMH
JIep>KaBHOTO CTaHAAPTY yepe3 | cM BiJ OCTaHHBOTO PsIJIKA.

11. O60B’s13K0BO MOJATH CTATTIO. HA Ja3epHOMY JTUCKy. CTaTTi MOKHA TAaKOX MEpeCcHIIaTH
€JIEKTPOHHOIO TOIITOXO 3a Takolo aapecoro: naukovi_notatki@lutsk-ntu.com.ua

12. Jlo craTrTi 000B'S3KOBO JI0JIA€THCS PeleH3il 6i0 NPOBITHOTO BYCHOTO 32 HAYKOBHM
CIIPSIMYBAaHHSIM CTaTTi Ta aBTOPChbKAa J0Bilka y NMCHbMOBOMY Ta €JIEKTPOHHOMY BUTJISAI1
3a BKa3aHOIO (hOpMOIO:

IpizBume, Im’s, Ilo-6aTbKOBI

Micue podoTu, mocaga, HAyKOBHH CTYNliHb, BYCHE 3BAHHS
Haykosgi inTepecn, ORCID

Ha3sga cratTi Ta 0co0MCTI mianmucu ycix aBTopiB

Anpeca 1Js1 JMCTyBaHHs, TeJeQoH, e-mail, KOHTAaKTHY 0c00y

14. B kinui crarti 000B’s13Kk0BO BKa3ywoThes [11b, nocany, HaykoBuil cTyniHb, BUEHE 3BaHHS
pEeleH3eHTa CTaTTi.

15. Pykonucu, 1110 HE BiANOBIIAIOTH BUIIIE BKa3aHUM BUMOTaM, HE PO3TJISAAIOTECS 1 710 APYKY
HE [IPUHAMAIOTHCS.
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3PA30OK O®OPMJVIEHHSA CTATTI

YJK: 620.179.16
LI Isanos', ILIL Ierpos’
Jhybkuti HayioHanvHull MexHiuHUull YHigepcumem
TepHoninbcokuii HAYIOHATLHUL MEXHIYHULL YHIgepcumem

1
2

HABJIMKEHE BU3HAYEHHS OCI KOHOIIA, ITPEJCTABJIEHOT' O JIACKPETHUM
KAPKACOM TBIPHUX

Po3pooneno anzopumm HAOAUIHCEHO20 GUBHAYEHHA OCI KOHOIOA, NPEOCMABNEeH020 OUCKPEMHUM KAPKACOM
CRIIbHUX MGIPHUX.
Knruoei cnosa: sicoy konoioa, Ouckpemuuil Kapkac, meipHa.

I. Ivanov, P. Petrov
AXIS APPROXIMATE DEFINITION OF CONOID DESCRIBED BY THE SET OF
STRAIGHT LINES

The algorithm of axis approximate definition of conoid described by the set of straight lines is made. The approximate
conoid axis is a lane. Conoid is created by straight lines.
Keywords: conoid axis, discretely carcass of straight lines.

IMocranoBka npodJjemu. Ha koHOiA1, pencTaBlIeHOMY AUCKPETHUM KapKacoM.. ...
AmHaJji3 ocTaHHiX JocaiTKenb i myOaikamii. Hackineku Bimomo aBTOpYy 3......
IMocranoBka 3aBaanb. B po0oTi IOCTaBIEHO METY — PO3POOUTH AJITOPHUTM. ...
BukiagenHst ocHoBHOro marepiany. [ HaOnmmkeHOro BU3HAUEHHS OCi BUKOPUCTOBYBAJIacs Taka
BJIACTUBICTH KOHOIMIB: YCi TBIpHI MOBEPXHi MepeTUHAIOTH 1i Bick [1].
(opmyra (1)
Pucynox

Puc. 1. Ha3Ba pucynka

Tabn. 1.
Ha3zBa Ta6anui

BucnoBku. B craTTi po3po0ieHo alnropuT™M HaOIMKEHOTO. . ..

Cnmncoxk BUKOPHCTAHUX JIKepeJI:

1116, mocaga, HAYKOBHH CTYIiHb, BUCHE 3BAHHS PEIEeH3EeHTIB CTATTI.
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