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ON THE ISSUE OF INCREASING EFFICIENCY OF MINING

AND PROCESSING OF MINERAL RAW MATERIALS BY CONTROLLING
THE PARAMETERS OF DRILLING AND BLASTING OPERATIONS

TO ACHIEVE QUALITY REQUIREMENTS

Domozhirov D.V.
Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia

Abstract. Problem Statement (Relevance). The article proposes the concept of a selective preparation of mineral raw
materials by controlling the parameters of drilling and blasting operations, taking into account the quality requirements
at the stages of extraction and processing. The requirements for the quality of the preparation for excavation are consid-
ered from three main positions: geometry of receiving openings, requirements for the quality of mineral raw materials
and types of commercial products, and safety of blasting operations. The parameters of drilling and blasting operations
are determined based on the cyclic transformation of disintegration products in the processes of preparation of mineral
raw materials during extraction and processing. Disintegration is understood in this research as the selective destruction
(softening) of an array (structural parting) into individual particles (fragments) or lumps with formed contrasting struc-
tural elements of exposure and separation. Objectives. The article is aimed at providing a rationale for the parameters
of drilling and blasting operations used to disintegrate mineral raw materials in compliance with the principle of the
selective formation of a contrasting structural element of exposure and separation for every process of the preparation of
open geotechnology and the dressing stage. Methods Applied. An integrated approach was used to achieve this objec-
tive. Such integrated approach within the framework of the study includes methods of scientific analysis of published
Russian and foreign studies, analysis of analytical and empirical dependencies for comparison with the results of practi-
cal research. Result. The proposed concept of the selective preparation contributes to increasing efficiency of extraction
and processing of mineral raw materials by controlling the parameters of drilling and blasting operations.

Keywords: mineral raw materials, preparation, drilling and blasting operations, disintegration, texture, structure, extraction,
processing, quality parameters
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Fig. 2. The method of the selective destruction (disintegration) in the processes of the preparation of mineral raw
materials during extraction and processing by controlling the parameters of drilling and blasting operations,

while achieving quality requirements
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RESEARCH ON TECHNICAL CHARACTERISTICS
OF MASS-PRODUCED MODELS OF EXTRACTION
AND LOADING EQUIPMENT OF VARIOUS TYPES

Loginov E.V., Masalskiy S.S.
Saint Petersburg Mining University, Saint Petersburg, Russia

Abstract. Problem Statement (Relevance). In today’s world there is a need for rationalizing the methods of mining with a
constant increase in the production capacity of open pits. In the existing open pits, extraction and loading operations are
conducted by using various types of mining equipment: rope shovels, face and backhoe hydraulic shovels, front-end load-
ers, etc. It should be noted that power shovels are currently the most widespread extraction and loading equipment. Due to
its design features, various plans of open pit mining may be used. Front-end loaders, in turn, are mainly used as auxiliary
equipment. However, front-end loaders can be used in extraction operations, when process flow charts and design features
contribute to achieving maximum efficiency. In some mining conditions, it may be more appropriate to use front-end load-
ers than other types of mining equipment. Originality. The use of extraction and loading equipment has been described by
many scientists, but some data are outdated, while the current research is relevant for modern mining machinery. Results.
Data analysis and integration have shown a potential use of front-end loaders as main extraction and loading equipment in
open pits. The studies resulted in establishing dependences between digging height and dump height, bucket breakout force
and bucket capacity for shovels and front-end loaders. Practical Relevance. The obtained data can be applied both in de-
signing and making corrections to mining operations directly on deposits to provide rationale for choosing extraction and
loading equipment operating at a face.

Keywords: mining shovels, front-end loaders, dump height, digging height, breakout force, extraction and loading, face,

process flow chart

For citation

Loginov E.V., Masalskiy S.S. Research on Technical Characteristics of Mass-Produced Models of Extraction and
Loading Equipment of Various Types. Vestnik Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.l. Nosova [Vestnik of Nosov Magnitogorsk State Technical University]. 2023, vol. 21, no. 1, pp. 15-23.

https://doi.org/10.18503/1995-2732-2023-21-1-15-23

dojnjtd]

) g tOLEOBEES] 3 fSseEyH kAR st LT
qiCsYOikTe  SsCErrd  fshsesE  or jksyds-
tisCeLsYG T j 60BSET Wokwesksi Sitsen T |5 jRds-
ISy inSdd syt [l SOufise jhhses o jHj-
Gav HOGGsEs tfetsyii Loadhdls shbsodks? tfisCoLO-
ji+ 6OLLOBEIS, 0 dasjddts HfietsdLosHdfls ji- dishis4
tfiejHtfiecise s sz Lt oiSEHO jdkshl, Sists-
£OW, o floss Sy jH, otdWjs G0 ASEHEBRAYNCE:
tlecfetsHshls SOt jts0

SOy jijsets o MSHIeshlst o jdsyds-fisctezLsyG T A
t60BBls LOadhws Bls IsjrtdSd), sjrtstsedd d diHded-
HEZOEAGT HEW SBbCts jshsets i jistsies>iHiad™ [1-3].
1 OdBtizjj  teOnHEshis0h jbkd  tBSibzHSe0Rd| ik,
tledd eV ik G0 GO jis0R, Wolvislsiv SHEESSo-
higr j 1ChC0a0tte . _JhisctCtontor j 1¢HC00lsts-
v o shbsodkisd teddjmve=bhv G0 BsPGr~ dhists-
sy HjdWR tfistseses d etedLsts0d dsets L0 jco-
G, A ffjydorales cotff or jksuts-tscsk-
LG b jRhdSd dsyas orHjzdst WissEsOd kT
fctelzLydCd. okhs] SBSEEzHSE0Rd] o Bz dh-
flsog fizzvo o Htec(ds jd jisiv COS oftfistzscol je it j.
[ HEOSE o GJCEIEETR NEZyOWn WESHSOEIGY j tis-

celzLydSd dtselzls B IS Yleddsje ™ o SOyJhised iy
dsodtsets tBistezHESa0RdW HEZW 0LEOBEISSH LOBBW.

R Lizyjdad Jds WiststlsOz1d "~ fiscteziydSe, SOt -
Jiern sHERCsoN e A 1CNC0a0Etsse d - Hieddsd-
Gddd s LOGdz0udi dsedd yjhdd: tesw. td-
Yt .C., dlesW. Ty g -, Yest. msEsHECs 1.0,
oW, meteJNsS 0.0, W, AsGdE a.R., Ck.d.
Jdesysd? ra ., Sk rizdokyo ¢ .., S5 fs-
edizse .A., ... JOCOse Ay . d HE. [4-6]. RLIZ-
yYidik ov Jsybs-teclsyds? sjaadSd s0S>J
LOGAd50ddl* dishiste0nt ™ § Zywkr J [7-9]. A fhotdn
stelzHOR itz jHBe0k jdd st jHikdzd sBEOMS+ Hied-
Bdbjidy HOGHEY R eSElBr R BOPde, $ Yedhjek,
rizic0adyo ¢ .. BBESHEE0E, COS LOadhdls HisdLot-
Hfls jaz-dtsils WistsdsOw1d ¥ fisctelzLycfStso Sl t60M-
fisswizdw Iste0dtstelsofteso0ndw tied dm dfftftst- Lse0-
&dd o SOyjmised o ¥ jlssyds-IsteOdtstelsisets sBitelz-
HEBo0&kdW [10]. LYJ&TJ KOS J LOEJBOLdN! SBEh-
506G Jd s jrtseseduintdn B0MyYkse HEW 6tk A
&GO iz, BYeiHiEiGdJd Nrdd OBEET o jBEyYBEES
tsBiSteizHESa0GAY Hied tOLzdukr = Ehksedwa [11-13].
JdesySd? . sYdhoe heir feddsjdad AChH-
COa0btstetse d tisetelzLydSse GO fistetsdls ju4d*n SOt -
jts0% [14, 15].

16

AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



Jscdase (.., JONOENSAR .6,

1y jBls® tfishsdd «J ¥ jhisyds-tisctelzisyd |
08B r» oW, Tifde 1 .c. d tesW. tifgde I -
stfdhokd sBEOfs! Yoo b WiesksOz G~ Y-
GlelzLydSre. 1 ted GjBsEhdn B jGOR HBBY Yk A
t0BBls Wislsds0zAhY J fisctelzrydSd dsetzls thedds jdawis-
v o Coydhise] shlzsodkset o jhsyLs-tisehlLsykses
sB&iezHEe0RdY o SuBYEiChi f Oolshogsho0LOdkd.
1 tod dzjBBEANE2 HOEA ST HitjosLSd tistesH Bhd
i tf j dits teOBtssOEsks COC o jostsyds-ste0ttelsdtslzts-
hdj gohder, Lod g fises? 1¢HS0e0Es T d Oolsts-
hogsheokr. Adfiid0 AWWiCkdots ditistz-Lse0hd |
YsctelziydSee o CdstizjChd f) dsj=OfuinSodd tor -
ks jievdsd d BlaAHBLIORI — SBEHO BlzZAHEL LT
wistegdtelztsls PlsOBjizd dL teOLter Az jhdzs? YistetsHT, O
fiscelzLydSd shizh jhlsedvesls ji fisctelzLSl o IsteOdzh)-
stz j ftedHiise0. 1 0 Stelztfr = COte- jteOr tisclolzL-
ydSd 0Bk o fsyllsokdd i dsPdardd 1ChSoe0-
stste0d], © yOmistshisd, ted fitziSClsdods? teOLE0BEISS j
sy d = LOBK o, tis jHis0od jity - teOLdshistelsd: dsd
telzHOdd, tied oY JdsSuds-tfisctelzLisyi - ©0BES0R ©
fls it jbtz = EZidsodwn, ¢HJ LOStzHE &0 te0BMSIO ACH-
COa0Isstetse, HEZW 160BEBIST G0 Y jtsjetelzLisyd n YldSkorn,
CzOHOR d Hes. 1 tod diftfstLse0hkdd StdsBdtdtto0d-
sets IsteOdtstelsd tisetelzLydSd it ihds ftfte0odwesks-
fiw f) Hishis0aCE2 etedks? GO ©ls LOBEjo € odizlsted-
COts jtelz "o HisSBAZ-A - jtejetelzLisyi s lzdsClsOas,
ezHE NSOk, €  tjedctbisykrd  Ehstes2fse0ds
hedtsorn tisHd jihdSse [16].

{ gomoddy feddikihdy WisthisOk1drn fisetelzL-
Ydsee By GoLells+ fisthrd, sHEOSE diitiHise0-
GoW tetsfLotHdizdi o Shlsewsd HES 2010 GSHO [17-
19] d GJSlstter j HOGGRY j wodweskiw IzfisOte jonddsd|.
s eddtlk, o Side «Jr jisyds-tiscslzLty:rj t0-
B » ZCOL 90 jishW, ysts &0dBsE+hd?2 sBIYE Coh0
HiW WiststisOt1d:7m tisctolziyoSe 09t 21 d°, sHEO-
¢t 0 HOGET2 Bgidls tisetelzLydS WE2350-2 Wdts-
Gr Komatsu tfied CsdstfiziCsOydd super high lift
o Ssoh sBI Vs 53,5 ¢,

FssHY dhfydzjHso0dkdw

} o jHjET OBOLdL o dLizyjBdj s jieosker,
s jisteclf of He0CIsSef el jozjdzcf COOIszr 7, Gefiis0o-
EquCdR ACHC0a0kEEss d Wikhsot G T fsciyd-
G5 (20 SOt jts0R. w0S>j Ol ity jydoididisse0d-
52 tfls w0tz Wefteds HtesLotHdls jij? SOt jisns?
sjnkdSd f) yjiis fesd shesesrs kjRsdyjnSdn
rOL0Sk jiedhsdS, tledbititd yoteser R ks jnhses-
6 HE™ 0G0RAIsqJCEES feOatjdd HOGGT T df cleo-
WISt Sissaie0> jhdw tistizy il R L solsse.

oG difijHse0hd) tishewh jis seisikse0-
tofes 4Ot0a3 isetso s jes ™ 0LEOBEECY o] dijtisiz-
Lse0ddld] o7 jhstsydis-tiselelLtsyis? RS, 0 o jd-

G sHESCSoNBo R ACHC00kEtss o WistsdisOz G -
sctelzLydSre. [ HEsSsohter j ACHS0a0ksEr, tted-
BBvjBry ded or jBisydks-Yectzisyira ©0BE0n,
da3ge=ls Btz 2 MY Skt Yeddsit it d Hyzsh tfis
~0te0Sks jtolz ftecfo HjdzdW hists j&* o HiRMsodd &0 fij-
HzEshdj odHr: bSteshserj (COOsGY J) &in0kdy-
o dsyolr, cdHtfoatdyinSd  1ChSoa0sster f) igw-
62 dizd tBis0kEE? Estolks? [20-22].

utesfiso ™ j  (SOGOhY j) ACHSO00ster  tiscfds jdv-
i led or Sy st odterddds yitsyOudids
e0LGtlzL SR Csoh0 COS G0 Izislsodz] IznisOdsoC 1ShHSO-
90lststed (o MisOtHOtlshs iyttt jkdd 0By jots SBES-
telzHE00%dW), 50S o &0 kesod] ojteniki? HksMOHC
zhisiztfo (tfted ZHEduYhhkss 0By id SBSEEZHEa0Rd)
[23-25]. 1dHts0atzdy S j 1ShCO00kstster IscftfO ttewdzow
Esf0Is0 — 8 jterntzdd UtstfotdJ f teOLGEIzLSES? GO ztssodz]
ACHCO00Iststs0, O tBte0kE T j Estls™ — SOS GMid, K0S
d odtrtzdd yitetf0dd] i) te0LetelzL S d &0 sk fists-
wizdW, d G0 GfMdE=Es HizsPOHSE Esiztfo [26].

NEBES0EEY § tisetlziydtd, o Ikl histsikdy d
CmistelzCydd, dselzs  gedds sy Issi2Ss  titedf
ojtontzjds yitttondd. OLetelzLCO tissdLotHshW &0
ootz ZhisOnseld Yisctolziydto, sHEOSE HEW o d-
tejdw IsJatdyuinSdn R0L0SkjedhisdS dssxdls teddid-
dwis+fw sBstelzHSe0hd | super high lift, ysts tfsLotdw jis
o jzdydis* o sk teOLetzLCd.

1 Bzlzyidd " § e jLlzdz1s0s ™ d dn sBhiz>Hidkd |

J Motk drj? HOLGEES difijtjHESe0h%dW Wodw-
Jsfiw fte0odz e SJmtduinSdm ~OLOSjedhisdS -
oW ov iSO jossets  SBSzHE0GdY, St
ez jdaw jishw &0 v jdsuds-tisctezLsyhk n E0BEISOn.
stk jCsdosds Oolbese s jHEE j&r hEjHzENd |
sBLBGOYjhdY: teshisor?  (COk0ktT2) AShHCOa0ksts
SO tfewezOw d3Jr0dkdyuinSow estoko — ¢S, edHie0o-
dyinSd? 1ChCoa0ksts Isdfd tiewgow @syolkd — G4,
¢dHts0atzdyinSd2 1EnC0a0istts sdtf0 SBtOEOW ESY0-
5O — G , WisshlsOz+d 2 tisctelzLyds — Al . avaed
Yos0h0zdLdteso0k ™ shhsek d binbdudnSdd ~0-
60CkjedhisdSd  sHESCSohBera  ACHCOa0EiEso
wdtels TYHI, HITACHI, Caterpillar, Liebherr,
Komatsu, s J-s¢ tuGsu d Wethisoz'grn tis-
GlelzLydSe, tissdLosHd = Selyokdwld «ajdd 1»,
Caterpillar, HITACHI, Liebherr, Komatsu. yOd&sj
SBBtzHEe0Gd ] B ds tOLHjE ks s od jhsddshisd
Csoh0 &0 7 etlztfy: ~5, ~8, ~11,5, ~23, ~33, ~40,
~50 &°, shbsekrj tjLizg 0T tfis jHisOot ik o
lsOBdz. 1-7.

RL SOBEZ. 1 odHds, st A} Ehskzyoslks Cs s
offjds s Jmtseu S mOLOSk jtehisdSods, flacuyds ys-
¢ LOadhdasshisd eOLddyr 00k jtediisdS tsis sBI-
Y0 590 ¢z tieshdz0lstedo0 Jisiw.
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UOBLAYO 1. JsHEAGT2 tH Wissiisod 7 et ydSse, SHEsCEa SR SOt jisk R ACHC0o0ktstEse

d o7 kjrtecfujnCej 00k jedisdCd fed adsfisddsshise Csohe ~5 ds°

Table 1. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~5 m*

. 16 jilsddshst | onded) AT ijsk0 AT ijsk0
AdH A\dfecs0 Fonje! Csoh0, & | ssero0, O | LOLGESd, & | yjstond, &
. 986K
Nl Caterpillar (High Lift) 51 313 3,54 7,28
Al HITACHI ZW550-6 5.4 377 3.80 7.34
1 Liebherr R 980 SME 5.1 500 8,00 11,00
Cul | Caterpillar 395 5.2 383 9,25 13,54
Cs TYHI WK-4D 4,0 — 6,30 10,10
uugf-
c Csy5 5,2 500 6,70 10,30
s S fuS sy S4-59

UOBLAYO 2. JsHJEAG T2 tvH WissiisOd 7 etz ydSse, SHisCEa SR SOt jis R ACHC0o0ktsEse

d o7 kjrtecfujnCej 00k edisdCd ed adsfisdidsshise Csohe ~8 ds°

Table 2. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~8 m*

. Aas ifsddstsyis- vided, Ariysso Ariysso
AdH A\dfecs0 Fonje! Csoh0, & | ssEre0, O | EoLeeknCd, &5 | ujetondw, &
. 988K
Nl Caterpillar (High Lift) 8,0 381 4,04 8,22
. L 586 XPower
Nl Liebherr (High Lift) 8,5 240 5,10 7,70
G4 Liebherr R 9150 G7 8,3 720 8,80 13,20
Cul Caterpillar 6015 8,1 538 - 12,80
uugf-
¢ CSA-8R 8,0 - 8,6 132
® | sotulsw S4

UOBLAO 3. JIsHJEAG T2 tvH WisstisOd 7 tiscielzLydSse, SHEsCEa SR SOt jis R ACHC0o0ktsEse

q dn Rty nSd,j RowoSk jsaisdSd disd od iisdshsd Ssoh0 ~11,5 d°

Table 3. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~11.5 m?
. A ifsdcssis+ ufdedj Arisko Arisko
AdH A\Gecs0 Honje! Csoh0, & | s6eve0, O | LOLcEkaCd, & | yjstohd, &
N A J&0L 78250 11,5 - 3,80 7,34
N Komatsu WAS800-8 11,5 690 4,61 9,50
CL HITACHI EX1200-7 12,0 709 10,35 14,67
C Caterpillar 6020B 12,0 730 - 13,90
GCs TYHI WK-124 12,0 - 8,60 13,53
uugf-
q GCsq-12 12,0 - 8,3 14,0
) SO TuSsu sl-14s
u0BEAYO 4. JTBHji 2 teWH WistlsOk1d - fisetlzydSre, sHERCsoN e ra QOtsJ%'tsoz": 1CMC00tstEso

q o sjRtdunSdj RowoSk jsaisdSd tisd odfisdshsd Ssoh0 ~23 ds

Table 4. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~23 m?
. A fiscfdsshs- uidiedJ Ariysso Ariysso
AdH A\dfecs0 Fonje! Csoh0, 8 | ssEre0, O | 6OLeekniCd, & | jetordy, &
Nl Komatsu WE1350-3 22,9 978 6,42 11,40
Nl Caterpillar 994K 24,5 1206 6,10 11,77
CL HITACHI EX3600-7 22,0 1030 10,99 16,75
c Liebherr R 9400 G6 24,0 1000 10,60 15,70
GCs Komatsu 2300XPC AC 25,0 - 8,50 13,50
uugf-
G Gs1-20 25 - 10,0 16,8
e SO TuSsu S1-20sf
18 AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1




Jscdase (.., JONOENSAR .6,

UOBLAYO 5. JIsHjEAG T2 tH Wisiis0d i1 et ydSse, SHEsCEa SR SOt jisk R ACHC0o0ktsEse

q R bRty nSd,j RoLoSk jsdisdSd disd odiisdnshsd Ssoh0 ~33 d®

Table 5. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~33 m?

. A6 jilsddshst | onded) AT isk0 AT isk0
AdH A0 Fonde! Csoh0, & | ssEred, O | wOLeelnCd, & | jetord, &
Al Komatsu WE1850-3 32,9 1075 6.48 12,57
CL | Caterpillar 6060 AC FS 34,0 1730 11,60 15,50
Cu | HITACHI EX5600-6 34,0 1480 12,20 19,70
uuf-
c Cs4-32 35,0 - 11,8 18,3

UOBLAYO 6. JIsHJEAGT2 tH Wisiis0d i1 el ydSse, SHEsCEa SR SOt jisk R ACHC0o0ktsEse

q R s jRadunSd,j RowoSk, jeaisdSd tisd odfisdshsd Ssoh0 ~40 &

Table 6. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~40 m?

i A i r r
I | Adeto g | ST | ersa | soicencd & | wistod g
PN Komatsu WE2350-2 40,5 1173 7,03 13,39
c1 Liebherr R 9800 G6 42,0 2 395 12,40 19,90
cu HITACHI EX8000-6 43,0 2020 11,90 19,00
GCs Caterpillar 7295 39,0 - 8,40 13,70
Cs s;)[g:ﬁ!; " Cs4-35 35,0 - 12,3 19,30

UOBLAYO 7. JISHEAGT2 tvH WisiisOd 7 etk ydSse, SHEsCEa SR SOt jisk R ACHC0o0ktsEse

q R s jRaduinSd,j RowoSk,jeaisdSd tisd odfisdshsd Ssoh0 ~50 &

Table 7. Model range of front-end loaders, power shovels and their performance at a bucket capacity of ~50 m?
. A fiscfdsshs- ufdidj Ariysso Ariysso
AdH A0 Fonde! Csoh0, & | ssEre0, O | wOLeenCd, & | jetoady, &
WE2350-2

Nl Komatsu (Super High Lift) 53,5 980 9,53 15,85
GCs TYHI WK-55 55,0 - 10,06 18,10
GCs Komatsu 4100C BOSS 49,0 - 9,50 16,90
GCs Caterpillar 7395 55,8 - 9,40 14,90
GCs Caterpillar 7495 62,7 - 10,06 16,30

RMABHY dL fisBte0dd = HOGEG -, W0 tfisdLot-

B BHiZd AV, s, €4, d S . 60S COS tets00-

Hfls jz+ Komatsu WedW jishw jHddzise Jhdzs? Castf0dd 2
GO HOGGTR disc s, ttesqLosHYP 2 Wisss0dGT j
tisctsizLydSd f) o jijscldsishis & S0 Bistzjj 25 o8

) o et Shdso0kdd SO6 jisso G jSBRBHARS
sBShEse a0l orfysstz Eijstztse. A wshisodst oF -
iSO kZiszfO LOHO st tets jSistsds GO fisOHdd ttets S
scftetse0kdw o SisOjsh Yshistvigs? 0 ot fiesS
siste0BSS dfid] Sistets jSIscftslz jist 0 ttfts jH i joadatscs
UsOtfj eOLte0BSSSA [27]. A TiyssO kiszgo ozdwjs ¢O
nesteshst zekkzaCd SO6jd o st ot it ik
sj2GdSd. [ fhseds? ROLOCk jiediisdSs oF jhEyGs2
sjokdSd, Loadivhj2 ks orfysst ks, Wekw jisiw
orfisk0 jtstordy. A SsHj difizjHse0ady BYd
Hes0k0dLdtse0t ™ shbsedk J hjbd2ds ortfizhco-

ofLotetso0tk Y j ks jnkdujnSdj RowoCh jedisoSd cdH-
te09tzeyCdm ACHCOa0stsse seftfo thewdzOw o tsBisOls-
GOW &sOl0 finsyd, tsdsshz €4 o S BrEd or-
Hitj&" © SHEZ ctelztftfz. A AtHj difikiHEe0hdw BY -
€0 sty jt0 dGikdbi2mov Loadhddehst orhssr
YtetfOddw sls o jfsodshisef SN0 (tedf. 1).

1 0 tedfy. 1 disMds GOcEWHES ZodHjs+, SOS fisO-
safsudnSd oretWHdls 6OLBAYO BjMHEZ oY fiskE
WJOhdw & WistisOd G n fisceiziydSse o SOt jis-
G ACHC000kstsse. I tes0k0EdLdte0s tecfh. 1, tied-
ABHJR € ovelHE, st WissksOz g feetelzrydSd
dizjsls & i Pizes oriysik Y jstfokdw, G HEW G jSt-
ster R softsteOLdjisse  BOLBAY0 iz jhise jidkow,
(GOted jts, © SEOMM BBEjJ 50 &&° HOGGG] LEOYjkdj
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HEY A te0SkdyinSd sHAROSEas] ) §s). A disie
B ds fiHjEo0kt orosH, st tfied tOhfdssiste jkdd
sz Cts ol ytetfOdow, COS shbsadisets WOLkskO
B>HEZz Holzdsw odHOB ks jmddSd, WissdsOk1dr J tis-
etelzLydSd Wtz Komatsu ) sBIvgsg Ssoh0 BS-
zjj 20 &° dstsclzs st jtstdyols* f) GjSslssterdd Cs -
fod flted orfislr yittfokdy o HJOYOLBER]
(2,5-18,5)%. Ykt disjednds, o CkOnh) tBI jd0
Csoh0 florhj 50 o§® Wisshs0m G2 tsctlziydS
WE2350-2 (f) sBitezHs0dkd j&3 super high lift) ddsd-
Js B4z 0 0,95 &3 orfyshlz jtef0ddv, st s
%0 6,4%, yif z SOdOkuses ACHS00kEL0 Wdtdr

A fife jHzjds > oS0 il A} sty -
W 0 32,2% s G5 o G0 54,5% 5 S T4 .

Arisk0  tOLetlzLed o jByubs-YietelzLsydisets
SBEiEEHE00GAW 506 j Worv jsiW o0>tis2 ROLOCk jisd-
MsfS2 tftec] AWW jSlscfods? 0Btk j SOt jte0. [rOdz0w
POLOCk jEsdS0 G jSBRSHARO HEYW AW jChdors?
£OBEST Loj0 ACHSOa0lsE/ fcziydS — Oslssiodis-
o0k, Ghise0khs? @0 obLdtMEshsd LOGklzLSd
SteOGisteb G fts jHilse (zydisTo0Eslsiw 0ROk T
OLA jtsT OalssisteOiistels0). e o isiso EoLetsizLSef
G JHESOs GO, s dijtistLse0Gdj Ookishokshe0tse
BSEZANE2 cllzLstsH jiskshisd BzHIS djoBLBEMES.
1 0 shise0kdd hsyshisOatjidwy dewstkoydd BT &0

Caterpillar, tted oSLaE G GEGABOLIBESES  tfstizy k0 LOadhdhshss ok H0LcEELS Bl odj-
ts0adacfo0tdw o jiiscfdsshis 2 ofn Ssoh j2. nisddsshisd Ssoh0 (tedf. 2).
25 -
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BMecTEMOCTD KoBIIa, ,\13
MteHadlj LBOYjGd™ HEW A} —e— fite jHdscfj LBOYjdd HEW CS tejrdaclj L0l HEZW G, G f

tdh. 1. Y0adhddstshis MejHddR L&OUjhkd? o sy yjelokdw Al , Cs, G d S Bl adihisdishisd dn Stoho
Fig. 1. Dependence between average values of digging height of the front-end loader, the open pit excavator,
the caterpillar shovel and the backhoe shovel and their bucket capacity

BhICOTA PAa3rpy3KH, M
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BMmecTEMOCTH KOBIIA, M3

fts JHEdJ LBOV jdacfW HEW A

—o— fie jHedJ L&OYjidv HEY §s

MtedHed ] L&Oyddw HEY G4, G

. 2. 0odhdBshis+ fsjHddn LBV jdd2 o skt ©0LetelzLCd A , §s, G d G B adsiflsddzshisd dm Ssoho
Fig. 2. Dependence between average values of breakout force of the front-end loader, the open pit excavator,
the caterpillar shovel and the backhoe shovel and their bucket capacity
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Jscdase (.., JONOE-NSAR t.¢.

NEBESOEA Gy gecteliydSd fis  fisOdHOtEISE d3
BBBislzHE0Rl Bl jCsdont EZhsztosl o oty
0LetelzLSd 1$hS000ksEts0d o Itk SaihstzSydistd
shssJbhkehisd?. A MejHddds 4O tOLkdy0 ©0al0
4,26 g — 70,4% (M. ted. 2). J HEOSE sk ©0LGAYE
BBt kR jgthdst  BEOCSHOREY — SBSEZHESO0GR S
«high lift», «super high lift». R ftfszLE006Gd ] SBES-
telzHis00hdj «high lift» tfedhizPj COS Al |, 50 d O-
64 jtsz (5 ACHCO90Kt0. [Ohks) SBStkEzHE0nd
fsLeskv s o jkdudist orfsshr j :OtsOle;tsdfr]lsq’Qci
jntdSd. 1 ted odsiflsdishisd Ssoh0 BSEzid 50 63
sBitezHEa0%d ) «super high lift» isLetw s sB it J-
ydis .0adzr j o0 st orsls™ teOLGtzL S Wistsdz-
sOEAdzet YictelzLydto d SOt jehises 16hS0a0ssts0, 0
9 G JSBlstte A NEizyowa HOMJ tejor idls+ Jd.

OG> J Missdls Blsdzlsdls+, yists o fslsO teOLetzLSd
HEW eHOakdydnSdn 1¢MS0o0kistese d HEW Gs o
MteHEzJd Blskdy0shv &0 24,0%, st &0 10% BtE--
hJ, wits i o7 fe0ob A s oTiss] wjetond.
Ariysisd yjetfoldy Al , o hoss tyjejH, Bk,
Y G, G, %0 100,7% d &0 54,3%, y ik Cs.

0SBy jEAds2 ~0w0Sk jtedhisdSs? o jBsyds-
fsctelzL syl sinkdSd, eonndoteda0jds? o HOG-
Gl dhieiHse0ddd, Wedwjlsiw Zhdikd) sktere0. [ s
LEOYikd? Ehdkdy sistere0 Loadiwls ftfshser djno-
GALOydd shisotr = ks jmtstscduinSdn tssyhitse:
GJSoliterj YistsHT gekzls oLe0BOs o0k or j-
d3syds-tisetelzLsykis?  SinkdSs?  fOdshistWs jkdgis
(BJL tts JHoOtedfls iz disets e miz jddW) dizd &OhCEECts
AN sk j BTl HsHesksad it donhde (di-
sz Ls00dkd tie jHoOkdl jz- ds? fsHekktatd).

1 0 shdsed 0k0kdLO fjted2dks oY flzihSo g  dsts-
HJZJ? cdHtOatdy inCdn 1ShC0a0ktstsse, SO Hiowdss2
wsyokT (), S0S d sBtOsHs2 (A ), d Witshisor--
Gra tclziydSse (A ) BY#0 tistlzyik0 LOedhd-
dshis fitejHdn LEOYiRd? Ehdzdwy siktera sls odij-
fisdastshisd o= S0 (ted. 3).

2500

b [§®]
W =
(= (=)
o o

Yt
o
o
o

500 -

Ycuiane otpbiBa, KH

0 10 20

RMABHY dL tedf). 3, OLGAYO BiHEz MsjHbadRd
LBOYJkdvdd EZhdidy sistere0 giMHEZ difkzjHizids2
s jrkdSs2 thed adsjhsddshisd Ssoh0 ~11,5 d ~23 o
BdLSO € dGlzizts. [ HBOSE SO GOydhols LSt tof)-
Isof f) zo jzdfyjtsd.jds sBIYHEO Csoh0 o € ~40 ¢5° Liz0-
YJhdw o fits jHE jd3 slszayO=sisiiv 40 1042 Q , ysts &0
88,8% Btst+hj, i bEfdedi Sstokdy Al tied
HOGEG R o3 ihisdishisd Ssoh0.

RL Asdn HOGG ™~ fzdHizils, Ut yidifsseteoL-
ishis+ tfiedos jdjid WistshisOzd = fisctszLydSse
o Jhsqdsshs1ts Csoh0 Biskzjj 20 &° tied o jhBy-
GE-YsctelzLisyl  60BEISOR %0 BNt HIGWA )
CleJCdzd tstsHOR GORBHSHY YisH otieshisd,
KOS COC LOEOS™ &0 BizeSoLErohr J tOBSKY zoj-
Gfyostw, 5 jds ta Bikdd BJbk+POW o BJnSEEASE LOL
fistsddstshis4  HisetelzLydSse sishshdlsjz-dgs 1$hS090-
steso 3y dls Bz dls s odzisy Jadw.

A0y Wolkstelsds tedd itk csteisHEBY -
005h 2 s jnkdCd wodwjishw MiesC MikzMBY. dHesSE
ACHYdz0s0ydd SOt jetsets 1SMSO000LEE0 Stfte jHjdw-
Jshw s dsteds0lscfots?, ShnistelzClsstehSs? d 1Shtfilz-
OlsOydtstas? HisCzEiBs0ydd &0 SOt etz 2 1ShHSO-
o0lstste, 0 SOSMJ tfis MisOkHOESO d te0odizOd BJL-
sondGshisd. wtsS AChYEzOsOydd HEw SOt jtedz
Stetshisorm 1GCMG000Stsse fshisOadw jls 15-20 Edls, o
s otejigv COS AShYkz0Oydshd 2 Mt ity Ls-
90&dv edHic0okduinSdn 1SMSO00LEke & ticjor-
hojls 10-12 . wtejHid? fietsS fizizysr Wistsi-
SOEAdes isetlzLydso ®%0 ebthked  tiejHYtedwisdd
Gt 7-8 iz k.

1 stdshis1ts L0djdkdlst sHAd odH s jnddSd Hiskz-
edis BjosLassyds, skl dLizyjedj sjnkdyj-
hedn ROLOSktdiisdS d fedddidudd o Jdsyts-
tfisetolzLBYbse SBisLizHEa0GdY 6OLGY R sdtfise tfisL-
otsdls fgorndlks AWW Skdodtshis BikCer st te0L-
t60BBISSCd.

30 40 50

BMecTEMOCTDH KOBmIA, M3

fts JHEdJ LBVl HEW A

—o— e jHGJ L0y idd™ HEW G 4, G 4L

. 3. 0adhddshis! fite jHid L&Y jdd? Ehdidv sistera0 Al 1ShCoe0kstsse G, 4 s adjhsdaishisd d= Ssoh0
Fig. 3. Dependence between average values of dump height of the front-end loader and the open pit excavator,

the backhoe shovel and their bucket capacity
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05y jddd

1. wttC fizieT COGObGY R ACHCO00ksEEe -
Ysd o 2 160L0 BBENj, yjBg z S d Al .

2. 1dHtsOetzcfy S} ASHS0e0isstsT ddHdkEsls tis
EhdidEs shstsra0.

3. s00kkr j d cdntsOatzdyinSdi 1ShC0a0kststs ™
LOGd0tls wdHdtelz=Mdj YisLdydd ots orffslsy yite-
o, orfysls j 6OLGELS j.

4. NSO G Y j tfscteziydSd ) o hisddishisa s
Ctsoh0 ls ~23 His ~50 o5° dstselzs StshClziscfteso0lis Hfts
s jntdu St R0t0Ck jiedfisdCol §s fis fnsHET Gd
Csoh0gid.

5.1 6o boftfseOLdjtsj BSEjj 50 65°  6OLGAYO
&PHEZ Al Cs Gddd0Eik, st sBliykset jbis
tftedd jdz e ids SsiWekztsOydd sBistelzHESa0GdW Super
High Lift.
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COMBINED TECHNOLOGY FOR THE DEVELOPMENT
OF COMPLEX STRUCTURE DEEP GOLD PLACERS

Cheban A.Yu., Sekisov A.G.

Mining Institute of the Khabarovsk Federal Research Center of the Far Eastern Branch of the Russian Academy
of Sciences, Khabarovsk, Russia

Abstract. Problem Statement (Relevance). Alluvial gold deposits mainly have a complex structure with a significant varia-
bility in the content of the useful component and the size of gold grains in sands of the producing formation, and, therefore,
their development, using conventional processing technologies focused predominantly on gold recovered by gravity with a
size of over 0.5 mm, leads to large losses of gold. The known technologies for the development of deep-seated placers are not
focused on the selective extraction of sands with different levels of gold content and size; therefore, they do not provide the
possibility of flexible changes in process flow charts, modes and parameters of processing the mineral mass, which is not uni-
form in its quality. A necessary condition for the use of the selective extraction of sands and their separate processing is the
identification of the exact contours of rich zones, containing gold of a higher size, for their prior extraction. Objective. The
research is aimed at improving the technology for the combined development of complex-structural alluvial gold deposits by
delineating rich sand zones, selecting a set of equipment to ensure their high-quality prior extraction, mining of ordinary and
poor sand zones using in-situ leaching technology. Results. The paper proposes an improved development technology, which
consists in identifying zones of rich sands and subsequent refinement of their contours, prior mechanical extraction of rich
sands, containing a significant amount of relatively coarse gold using an extraction module, with the extraction of the rest of
the rich sands using hydraulic borehole mining, and ordinary and poor areas using in-situ leaching. The extraction module is
installed on the stem of the drilling rig and includes cutting elements, rods, a hydraulic drive, and a bucket. The rich sands
extracted to the surface are supplied for multi-stage enrichment. The remaining main volume of the deposit is mined using in-
situ leaching solutions with adaptive concentrations that provide a relatively high recovery of gold into the product solution.
Conclusions. The use of the proposed combined technology will significantly reduce technological losses and increase the
extraction of gold from the sands of complex-structured deep-seated placers, while reducing the unit cost of gold mining.

Keywords: producing formation, rich sands, gold recovered by gravity, fine-grained gold, extraction module, mechani-
cal extraction, hydraulic borehole mining, in-situ leaching
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STUDY ON MECHANICAL CHARACTERISTICS
AND FRACTURE SURFACE MORPHOLOGY OF THE Ti
SURFACE-MODIFIED AK5M2 ALLOY

Serebryakova A.A.', Zaguliaev D.V.}, Shlyarov V.V.}, Shliarova Yu.A.", lvanov Yu.F.?, Ustinov A.M.?

! Siberian State Industrial University, Novokuznetsk, Russia
2 Institute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia
® Tomsk State University of Architecture and Building, Tomsk, Russia

Abstract. Problem Statement (Relevance). The modification of metals and alloys by the external energy deposition
methods makes it possible to locally strengthen the surface layer of parts and assemblies made of aluminum alloys. Objec-
tive. This study is aimed at revealing the regularities of the effect of electron beam processing modes on the mechanical
characteristics and fracture surface morphology of the Ti surface-modified AK5M2 alloy. Methods Applied. The authors
used the methods of modern physical materials science. The surface of the AK5M2 alloy was modified with a Ti film by
the vacuum arc method. The modified samples of the AK5M2 alloy were irradiated with an intense pulse electron beam in
modes differing in the energy density of the electron beam (from 10 to 50 J/cm?). Mechanical tests were carried out by
uniaxial tension to fracture of the alloy samples in the original state, the modified samples before and after the irradiation
in 5 modes. Using scanning electron microscopy, the authors carried out a fractographic analysis of the fracture surface of
the samples obtained as a result of tension. Originality. The development of a unique method for modifying the AK5M2
alloy makes it possible to improve its strength and morphological properties compared to the material in its original state.
Results. As a result of the mechanical tests, the authors determined the values of yield strength, ultimate tensile strength,
relative residual elongation and reduction at fracture. The dependence between the change in the deformation characteris-
tics and the structure of the fracture surface on the electron-beam processing modes was established. Based on the tests
performed on the samples of the Ti surface-modified AK5M2 alloy, the authors revealed a mode of electron-beam pro-
cessing, leading to the formation of a surface structure characterized by higher mechanical properties. Practical Rele-
vance. The Ti surface modification of the AK5M?2 alloy after electron-beam processing in a mode using an electron beam
energy density of 30 J/cm? results in the increase in the strength characteristics. The parameters of this mode can be used
for local hardening of parts made of this alloy, for example, bush bearings.

Keywords: modification of alloys, electron-beam processing, vacuum arc method, mechanical characteristics of
AK5M2, fractography
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0ot jhd i BsHIWdydiesa0hhses bt A jSistesi-
Grads flzyld. 1 eddsjkjidd HOGGY A dhdkse0ydisy-
Gro djssHse sBEOBSSS HsLosEvis Hseridls
et bslsk T j foshiso0 Yo jertshisd dok jdditse
d htfz0etse, O Mz jHEe0ls jidts, o ze judydis+ &3 jr0dd-
WiNSdj Mets2hse0 dLetlssot ki dL dR Hjsoz 2.

A fiowed ) o7 b jif jts judfiyz jdatsr o3 HOGEOW 120BSs0
wegw jsfw OC0t-ts2, 50 SOS jj yji fsissdls o dfiy-
iz jHisoOGAq| ot Btz jdcf Az Sstesta TGy tiy-
Cise 0 0o ¢ S5P2 fi tfiso jterditshistits dgsHAWAYcftets-
00 o3 fitsgds Ti, O de3jdetss %O dLds s jizcd BJrOded-
YJnSdr fets2fise tftecf tOffsW jascld, 0 50 Lt
Wis0ClstseteOWddf dLizsditse teOLtslz jozt ™ - SBtOLYSe.

_JOls jteqfOz ™ o RJISSHT itz jHEe0tkdw

A Coydhisej d30ls ted0tzO iz iHB00Gd2 dittse--
L0k fz0e ¢ S5H2, sBEEOLYT o Witz Yistfite-
Y0k EsyolksS o kdlkssd hshisswidd. Jd ddlssd
shisswidd sBteOLYr diitd hkjHzEshd ] 0Ld e :
btszFrdw0 2,48 dses; Pdied®o 9,1 d3ds; HzdwO te0BSY 2
YOmisd 15,0 d3cs.

NBediese0hd] StdittLdistses ol iteddz0 -

RBHAES 90SkEEdGhE-HIzEBo d BlSEHER %0 Oolstdz0-
sqLteso0dds2 00SzzRkE2 dudds-YizoLd jhds? Zhso-
dsoC] «sodhkso» [29]. 1 0 BBEOLYT fitfz0e0 ¢ S5 42
GO rdved i juSl sds0k0 kszhdes? (0,5-1) dssds f
fgsh1s Hzesoses diffoedsizy tied Mz jHizE=hdn
o0 jste0n  fletsyfi0:  BBEOLYT  OMsk0c0kdh+

Gotfteslsdo Hizesotets ditfoedlsj&v, GOt jdkdj tssdL-
otHAEs! BJL o0 jidw BBEOLYO, S HEZeBses di-
foedls it 1= 80 ¢ (5§ AdjShstesHAEOdYNSER
nssCEhsd), h = 20 ¢ (fziSeor? kiS), I; = 135 ¢
(OOt 2 I5S), g = 75 %, Uy =35, t6= 0,31 0,
t = 10 stz
{ Blzyjkdj dastfzd G s Az jClsteskar s YlzySsd

tfssotHOEEN G0 hsOnseS) «utts» [30]. A AtHj
ACHH, jtocfds jdals0 L0 00 jistetse teOBIS T IzfyisO-
GsoCd ted sBiEZYjRdd BYdd fEjHz=Pd]: Ad jedw
St jlt A AdjClstestse U = 17 S, tislsishs
g jeodd fizue0 AejCliesyse Es =10, 20, 30, 40,
50 >/hds, Hizdls ji dshist dastizahse U = 200 dCh,
Cstofy ot dstflzafse n = 3, yoRsiO ik jHse0GEdw
otz fyse f = 0,3 f™; HOo jddfj ShisOlstydsets GOLO
(Oteetstz) © 60BBYJ2 SO jis j isOdsaCd p = 2-1071 0.
roGGTj towod st Worwesksiw  teOydistkOddr dd
00k dste0iq b jClstestts-lzySos?  sBt0BSsSd,
thedosHvhidld ¢ Weshdtse0hdts o dsHWoydists-
000k i) CEOHJjEsEY R,  dbseid B jdist R,
BRsEEWOLGY R, GOGEhsEEZSdisto0nk:  n  fishistw-
G2 ) zkSOLd &3l Mos2Mmisa0Bd. R LB jkjdkdj Asdn
100 jstetso © B jB Pzt kBl BEEAPEE fistisshlz
&j tiecforsHdls C SOSEHE 6 jLizi1ls0skz. ArBsts s jH-
nlsOatz iz A © HOGGS? OBk s j>ddsse €1 [ ©Blz-
hizse jk PdesCdl s jBsh dhfitjHse06d2, tisH-
sojtsHdoNdn &0 ths0SsdSj WW iSkcfodshis HOGGT R
010 Jisteso tfts fisOodz it f) Hiskzaddsd. Lz r
dhftjHse0hd?, hadHjsjtifse=hdj & orfisCs?
AWW jClsdodishis HOGGY A YO0 jstese tied tiso T -
h jidd oSt jeHshisd, dLbshshiss2Sshsd, thejH-
fisOatzjt" o detstsctsOWdd [31].

~ FirohduinSd] dit*sokdv itfiz0e0 ¢ S5H2, Y-
8 jterzshistzs dgsHAWdydtsse0tisats Ti, shizf jilsewizd
tfizls jo5 SHISENGSES BOMsw jidw SBOLYSe GO diftfr-
Is0ls jiz a2 50N dij «Instron 3386» f) tishlstwiis?
nCstetsiises 1,25 ddg/dsdts [32]. [ Hlastshdsdlz 60fs-
MJkdes tfisHe jtec0ddi tBOLYT MYi0s0 ¢s542 o
s s akdd, ¢ S5, e jendshjsts dsHAW-
yofieso0tt 2 Ti, o ¢ S582, tfse jierdshisks dsHAW-
yoteso0dzr2 Ti f) fisizjuiz=fdds 1 [, s e j>d-
B0ds: 1 tojxdes — tfizisistsishis? Adzjteccfef HlzySo Adz jSstets-
o Es = 10 /M, 2 eidds — Es = 20 i/,
36 {ts — Es = 30 >4/, 4 te i — Es = 40 y/ies’,
5 6 4df — Es = 50 >/Mds’. R gz jHse0ndv tfise jon-
Gshisd 0Lz jlsdw tfissatsHofid s jissHOdG HSOtbdtsl-
esh D i jClteistits? oSeshSsydd [33-35], dhtftstz--
Lizw tfedBsts «Philips SEM-515» ) fSts0%0¢dLokt-
555 EDAX ECON IV.

LiLkE 0 difitjHso06kd2

A tejLizi4s0s§ a3 jm0OdcfudnSdn diffris0dd? nYz0e0
0502 o tdltd; MEhssvkdd, htoe0 ¢S5H2, Hi-
oJtenizhists  dsHIWAydtsse0udsets Ti, d  fifz0e0
¢ S542, tojerishists GsHiWIydete0dyses Ti f
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e jts JBteWCsa0 ¢.¢., 106w 1. A.,

Zveso 1.1, Ziese0 5.¢., Re0bEs S.A., villsdise ¢

stz jHzshdls sedlzyibdjd AdjShktesddds lzySisd:
tfts 5-sqf te>1dft0cs, BT IzisOdsotjde ™ tei>dlT, ed
CRsster ' GOBEEHO s dLdsjdzdedj BJr0BdynSdn
R0t0Cs JteciisdC Mtfz00. | O tedfy. 1 tftcjHiisOod it
HJWstegOydstdr J Stedfor j e0Ltslz joizdw Ol Jted0k0 o
CiststeHdz0s0R  «d0tftevyjdd (7 0) — HIWiSROydw
(%)» Hv fYk0o0 ¢ S5F o dixisHESR hishistwhdd,
0 s542, e jtondshishs dsHAWydteso0hdses Ti, d
O s542, tfse jondshiskts GsHIWIYdtsso0hdses Ti f
sz jHiz=Pdg €1 [ (Es =30 ri/iics’).

10 tedh. 1 tejHilsOodzjkr HIWBLEOYdBEET |
Cedford, tstlryiktri o toiLizdlsOk) SHEGBSMHEEG!S
t6OMsw Jdw sBteOLYBe Mtfz0o0 ¢ S5H2 o te0Lddy-
Gl Mshstvédd. stdoow 1 sCoLradjs tisymh
eOnsW> jkedy HE 0Lz jhdv  ©BOLYO Ntfizoe0
¢ S542 o tdlssas fishissvidd, GoYev>ddd ted tOL-
telzh jozd[d MshisOadizs 118 3 0. stedodw 2 Hfistzizy jd0
9 tojLizdzs0ls | teOMisW> jdsdW HES 0Ltz jlzdw Mtfiz0e0
ds5 P2 0 o jtendshishs  GsHAWdY o0kt
s Ti, &0tfew>jkdd ted 0Ltz jkdd HOGESES

175 5
150 4
125 4
100 A
75 A
50 A

25

sBtsOLYO0 fshisOadzv jis 155 3 0. stededv 3 tfistizy jh0
9 tedLizdIsOlsj teOmlswy jhdw HE teOLtelz jiedw htfz0e0
b s542, s dentshists GsHWdydtso0heses Ti f)
ishizjniz=Pdd stz A iSkeshkerd tizySsd
s eddiz 3 (Es = 30 r>i/ies’), w0tfe>dkdd dled
te0Ltez jlzddf MshisOadizs 140 J7 0. u0Sdd SBEOLEMS,
s HIWBEROYdskerd Stedords GOBEEHOISIY ko j-
efuidd LEOVRd™ GOtleYS judv ted EOLEEz M jkdd
sBtOLYSo MY0e0 ¢ S5H2 ) Hisoerdshists disH-
Wdydtese0dd a5 ks g Ti (ds. tedf. 1, Stefodw 2) d
tfz0e0 ¢ S542, Ysojerbishishs dssHAWOydtsso0d-
Gses Ti ) shijHzsPdd seiizyjbdjd Ak jClstotsd-
T s Y2uSsds (. . 1, 0™ 3) o e iqts 3,
s fieOodsdded™ fits L0y, Ytstrizy jdds 3 tftecf
0Lelz jadd tBteOLY0 Mtfz0e0 ¢ sS542 o ddista fis-
fissvadd (. tedf. 1, Stedodw 1).

¢ GOkdL tejLbds0kse ik jHse0kdW d3in0kdu-
hCdm R0t0Ss jtediisdS, sOSdn SOS ot jds bt fistfiets-
sdotikdi d ttjHit kjSkyinsd, tieiHhisOotzit &O
edhlssete0id0n (tedff. 2).

- —E=30
1/’

KOMITO3HT
6e3 DIIO

— AKSM2 B
JTHTOM
COCTOAHHH

>

1 0tftev> ] ttedf e0nlsw>i jzdldf, 45 0

0

6 8

10

I JWtesod tledf ts0nisitdd (¢ JtedddPdddd), %

tdh. 1. rdWstsoydshker § Stedorj toLtsiz jadw 6ol jed0iz0
Fig. 1. Stress-strain curves of the material
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Hexoaublit MaTepHAT

B

. 2. YOadhddstshis+ ote jds jedatscts stftesisdlodjkd (0) o didjdjed] tejHiko biSzyinlsd (8) o LOadhddsishisc
tsls L0y jdedw Yzslsezshisd HlzySo A jSlstetsdase SIS > dd50 sBEOBHESS
Fig. 2. Relationship between ultimate tensile strength (0) and the change in yield strength (8), and the electron

beam density in the processing mode
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A tfetsydiid dsd=0kduinSdn diff*isodbd? iz jds
BHEEEMNEEES ©0hisW jidw B &d te0Ltslzh ji " BBteOLY T
ftfz0e0 ¢ s5I2 o tdssd hshissvhdd, tBLOLYT ftft0-
90 ¢ s542, tfso jtendshishs GsHOWAYdesa0hEses Ti,
d sBEOLY T Mfiz0e0 ¢ S5 42, tise jtendshisks dssHAW-
YdtesoOhdzsets Ti f) tshijHeshdd  sBEZY jid ik
Az jCtesih g3 tlzySsd s 5-5d e >dhod, sdhod-
Gra orhj Mejdjhds) fissisderitdj fdhisis"
tzjdz S0 (IscflsOcz)/tfsHzts> SO (Mt dsdz) Mshisdadi 155,3
0 0, ysts %0 31,2% Btsiz M j s feOodz jdzd = f dzdlsT g
fshissvad . rokdd Ui tei>dds0® 2 d 4 ¢0BEEHO jishiw
ded>dbdd otejd3Jutisets Mistttisdfodz jidw tBizzy ihdk
sBteOLYO %0 8,4 d 5% fystslse jisflse jdedats. YOV ided
oo jhbsets Mstisskdozikdy 4t teiyddikz 5 61 {
GORBHAHY o ©0BCOR Hisctsjndshisd f) tiXddsd 4.
u0Cdd BBEOLEE, Zso jtexHOk-, st tfied HOGGE®R 6 -
ddg ez kg™ dsdhntHdls zojbdyied] i jHiz-
J0s2 R00Sk JiediisaSd, t&d tisjHmisOadw jisiw otsLds-
BrE. 1 toiHtsEedsjziGs, hedMJhd) otiBihakses
hsttesisdotz jidv ok jtedf0k0 howLods f) tOLEztfiesydd-
G BOktedoz0 tisH ekdwhkdid AdjteeisduinSeets
osLHj2Misodw. [ Bllzyjid AdjSistesdkirds  YlzySisds
okdwjls 40 tesydhh oLzttt dkikdy Yihts jHisosd:
Y teJieOntte jHduzjddw Syjukrn HJWJSsse d Hdits-
Coyd? o ff0e], sBEOLZEPJRNW ttod YEzOhsdyinCs?
HJWSteE0Ydd BBiOLYGe.

16 teqddos 1 o 3 §1 [ hdhbjgr fizjk-
CO(IsdlsOdz)/tsHizs X CO(MElzczdfdz) o Wodlzw jishw  totshis
otsjBJhbses hsytekdotzikdw dt ftdodikdt f §o-
kdtedOdzsds o ddlstsds MshissWadd (d>dd 1 — 16,5%;
tej>dds 3 — 18,8%). sOS fsCOLOES o te0BBl] [36],
hizb jhlselz ls HoJ Htecfudh™ dLdstjded™ Yetsugsshist
d YohisdyinSdn R0E0CkjtedhisdS fzoe0 ¢ s542
i G [: 1) sBEOLBEOGAS Wy idlsts?, hizeddStsts-

—@—IVII + 3I10. 200 MKc, 3 HMII.  ==S@=T]cXO/HBIif MaTepHaT
13,0 3, %

5
11,0'{
9,0

7.0

5.0

3,0

1.0

0 10 20 30 40 50
E.. Jux/cM?

0

CtoaffjsOktu s fistezChlzte™ o isSENCEEEHE?
CteafysOktdLoydd; 2) tofsoste ki dtited0s0ttd-
HiSO © BBiZY Jhdss fits.

16t jLlzas0s0d djRoadyinSdn ot sond?
BVt ttfts jH jir jo " LEOY AW tts jHi0 ks Sty jfsd tis
ofdd e >0l 61 f (ds. tecfh. 2, B).

1 todf SHAESShEGE ©0hiswy jiedd SBeOLYO fdtizddiz0
¢ S542 o tdfistsc fyshissadd flojid bjSzyjhsd ffs-
fis0adt 28,91 47 0. 1 ted 0L jldd StsdztfLdfistts-
o5 dOjied0r0 BjL S [ teiHit lsjSzyfisd t0e jt
21,5 J0 0. 1 todf ofjR tj>dkOR Bty jhd™ GOBZEs-
HOJIS > Jscld Ytegrjw® bjSlyisd. JOShdd0d--
B2 AW JSls o G0 L0y jdd tfts jH 0 s jClzy -
fiisqf 5G0LTo0,js tsj>ds 3, YeiHk BiSyfisd fshiso-
odiz 17,2 43 0 (G [ f) tizsistsiists zygo A jSlstets-
5o 30 /M), Usts G0 40% 3 jd b j, yids o doflstsds
fshssvtdd. ekdXjid) fegrjwd BjClzyinsd hftoe0
i jutfsisyidisjiihs hewioss ) disjejedhdd Jots
MstelCloiztes s fosMse o tojLizik0lsj  tsBIABSIS
Az jCtest 3 Yy, ety i See0BskCd et
dhasHdls  dLijldtd] HOMEsSOYdRGE?  fistelzClstze
iz jHEZidEes GOk jisd0r0, ss, o Mot syjsjH,
ozdWils G0 obLiShseidd GOtevsihd?, ted Siss-
BrD SOV HWtst0ydW © SBEOLY t0Mtfts jH-
2 st te0etists jiets s jots 0By s, tted ot j-
8 jacaiscB fishistsndziise j teOMswecfod s jais Ll [37].

1 iz ot isOdf2 0 teMisws jdclj HES teOLtsz j-
Gdw o ydit it Yoeodister wsistshdfls itz disets sh)lso-
ssydsets ZHEd®ikdw (tdf. 3, 0) d slashdlsjz!Gses
shisOlssydsets iz didv (tedf. 3, B) tied 0L o 5B-
LOLyBe Ndikzddi0, BsHIWIYdtese0hk = s ofids
tfle jHisOot jlihrds © GOMsEh j2 0B t8jXdBOG.
rohGrj fos0gjstsr wotwesksw 20t0Sk jscfiisaSOBd
tizofiscydashise dz0s jteoO [38].

=§#=TUII+ 3I10, 200 MKc, 3 umm.  =fi=]IcxoHbI MaTepHAT
1,000 Ay, %

0 10 20 30 40 50
E.. lx/cm?

B

. 3. [ bhshdls et shisoksyds zHedkjedl (a) d sisdshdlks iz dasy shisolkssyds hiz Jedd seoLyse (B)
ied e0LEelzh jlzdd o ddlstsds fyshisswazdd of iz Lz iCktsshis-izytsos? tei0BEsSd
Fig. 3. Relative residual elongation (a) and relative reduction at fracture of the samples (B) in the original state

and after electron-beam processing
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d s jBtevCso0 ¢.¢., Y0ekzdwjo .., Zzdwsse J.d., ZEWies0 S.¢., Ro0EE D.A., uiiisdtse ¢.J-

A dzfistso3 fyshistsviadd tistsyjosls shisOlssudatsets zHizd-
Gz t5BeOLYO tted teOLte 0, fishisOadt U=6,1% (Ste0f)-
GOW ddfdid™ &0 tedfiy. 3, 0). } 5 ROk 1 d 3 orwoiw-
Jstw 2o jiedy it Ldz0yjded? tslstatscfls jzdatsets tshlsOlstsy-
(sets EzHezdd jdd™ tfts 0o jdac=s ) dofls 3 MishissWdacjds.
1 ed dGlizzjos LGOYIRdd Hisksashsd Adzdeedd HizySo
Az jSlstetszse  (teOLtelz jhadj  dajtsBizizy jhadatsets  tsBteOLYO
Yz0e0 ¢ S5H2, tfiso jtertshistts dssHAWOydiese0ddisets
Ti), LBy jtd] tistashdls jizdaisets shisOlsydsets zHzoi-
oW zo jedudisi His G=10,5%. } ted teOfjsw> idzdfdf tsB-
teOLYse, SBzizy jht - tfts te j>dcilz 1, L0y jiadj tsisdashd-
s jiAdztsets BhisOlssydses ZHEdwGjed hshistadis 8,7%.
1 ted e >1d0R 2, 4 d 5 d&J oWz jds L jozided? L&0-
Wit © e t0n Y nasiisq dLeged. 1 o]
By jidw g tei>ddz 3 Lioyihkd] sisdkshdls iz dses
shsOlssydtsets zHazofdzjoscf fishisOadzs t=9,8%.

1 0 shdse0dkdd djm0dduinSdn ditfvisodkd? fitk-
Y HOBEY & LBOyYikdvn sikdshdl jdigses shiso-
sydsets ZHEddjkdv sBeOLyse (. tedf. 3, B). Jd dd-
Istsds Mshissvidd (SteOmdow eoidw &0 tedf. 3, B) ©BE&O-
LY & S502 di3dls L0y idd] slsdshdls k- dsets shiso-
tsydtsets fiz jedy y = 0,880%. 1 ted teOfiswy jldd dzg-
Bzl Jgsets  BBOLY0  SitsLdlshkisets  d30ls jisdoiko,
fshisswh jets dL gsHizs> S, dLetistot jkhks? dL fitfi0e0
d s542 ) tfso jtentzshisks GsHIWYdteso0dd ds fizts-
Jo Ti, shisOssydsd Mz Jidd sBsOLyse Yied ts0Ltsizh j-
tdd y = 0,845. rOkjd fslzyie" Lhoyikd™ tfs tj>d-
0a3: e >ydds 1 — y = 0,858; teixdds 2 — y = 0,869;
>dE 3 — y = 0,850, tej>1dd3 4 — y = 0,870, tsj>dds
5 -y = 0,868. v0Sdds BEOLESH, Yie0kOtdLdtetson
filzy ki j Leoyikdy, Gexes siddsdiss, st Ldo-
Yl shisolssydsets izydedy seOLYO o Ytsydhid
B Jr0tdunSda diftf*isono? GORsHYSHY © tftsjHjt0n
st st AL, { Sheshsod] dudsdt o o
fojHizon  tsctejhdshsd  dudsjtej®d?  tisLotkv jis
tzlso jtex{HOsA 15 IstscB, yists s jdzjded ztslsdutsiisd Adzjte-
edd gzySo A jCleshse &j sCOLYo0jls ebdwkdw &0
lsshdls s § shisOlssydzs iz joad g sBtsOLYy0.

A dizjuse0ddd [39] f fsdshas tad d
uC_J-00edL0 orwolz jh0 HAGOBICO BsEWsEsedd
fsodtordkehisd hfz0e0 ¢ 542, GsHIWIYdtssa0d-
Gses Ti. ¥ ted tidddon 1 d 2 &0 o jtendshisd
000 ¢ S5H2, EsHAWAYdiee0nkses Ti, H6g-
0%0zdL ovwodtz GORAudJ ®J tistdshisits ©Ohisots-
tejiir~ COYjiz! sdls0k0 (MshisOe &0 teiklse jhsete0dk-
®d), Uss csosttdls & GjHENSOSEYGEhS] Adjtedd
fskashisd fzyco AzjSktshto HEY ©BLOLEa0GIW
BHEGEHEEEE YsCerisdw. TidEYT 4 d 5, R00C -
Lz i B+ dbd Loy jddvdd Yisidishisd
A Jecdd tlzySo Az jStesiise, woYtsisds, YiecfosHws
C e jLdjtehsBl orhsCols g itOkkzisntgl i jtd-
0ot jhdt d30ls jted0k0. Ohtr2 tesydhh htfshss-
fisolzjls tBEOLEE0GAE Cedls jtetse, bt jPdd, BASiss-
ezt jid? GO tfisejntishisd d o fisd BOktedowo,
Usts dgtsils tlecfojfisd § teOLtslzh jdscts o0l jtecfozO o
ety i AShttzeoydd. HO shtse0ddd tjLizdks0-
sso tAD J oS J-0G0kdLO Nk0e0 ¢ S5I2 YishiLi
GOy ikdw GO jets tfe jtendkhst HiikCd sdls0k0 f
iz jHzes 2 5Bt0BEICE? A jSlieshir B HizySss
s LOLEdyukrd > di0k orwok jk tej>dd BBiO-
BSkCq, tfiod OBl SBEOLESHY  SHASEEHEOW
GJECeL jteddhisow fistezClslzted BJL ktsjPrdd, BdSts-
etz jGd? o Hiskedn HJWjSkse. [ yjodHdbs, ysts
HOGG 2 te A3 osLHJMBad™ (idd 3) tfscfodHdls
¢ fizP o jihs? ISteOumwstedi0ydd hos2hise oS-
ted00 o fisstsslklk on Ziizyh jadw.

1 A4 e jHisOotjlr tojLizilsOlsT  fCOddtelzes-
P2 A jChtesihs? ddCteshSsdd dLiztdte SBieOL-
ytso NYfz0e0 ¢ s542, fisoendshists BisHIWdydtsts-
90hdses Ti fiod 0Lzl R te X dd0n tBlzizy jddw.

1 0 tedf. 4 dLsBEOM " Wi0SkEete0df ™ dLds-
B sBEOLYSe Ntfz0s0 ¢ sS5H2, tisejrtshisis Bs-
HAWdydtetse0tases Ti f) YshizjHzehdl seiizyjtd-
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Fig. 4. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed by electron
beam irradiation with an electron beam energy of 10 J/cm?
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Fig. 5. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed

by electron beam irradiation with an electron beam energy of 20 J/cm?
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Fig. 6. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed by electron
beam irradiation with an electron beam energy of 30 J/cm?
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Fig. 7. Image of the fracture structure of the samples of the Ti surface-modified AK5M2 alloy followed by electron
beam irradiation with an electron beam energy of 40 J/cm? (0) and 50 J/cm? (B)

Vo jtofyjed] tiskhshsd Adjscdd fzySo AdjS-
Steise HE 40 /e thed SRy jhdd htfizoed
b S542, tfisejentshists dsHWdydese0tdses Ti,
tfiedojits ¢ Wistedsdteso0tkdts ¢ jSHESEISHES? fise jion-
G dLisdo, s fisOodjkdes ) tise jendshistes,
sty jths? tiod tBOBESS] f iskhkshisies Adjts-
¢dd gizySo Az jShtssise 30 >i/fd. TOLG s GOy -
et fisw fishsOokwjs 20-50 &SE (teoff). 7, O,
fistejzSef). A tise jisndsshisd GOYT @ jkhkses fzsw ov-
woiweslsiw - ezez o (e jHtfistsyiols jids  Istej-
hdgr), St j Biselzs B s syoesd tOLslz jadw
O jied00 (tecf. 7, O, t90k). M fisj fHfzoe0
b S542 orwowsksiiv wisCd 5OLMjs0kd sStis 100
B0k IhWshsedw  dLisd0  ©BEOLYO  ftfEzde0
b S52, tfise jentshists dsHAWydsse0kases Ti d
BBz jBhses f) BOSHAROEAGY & (dL tisjHhjsOo jd-

www.vestnik.magtu.ru

Gra teddsse) LhOyjedid ddteedd tizySo Adzjc-
tetsdzso 50 /M, e jHisOatz il OLGSEBEOLE o
fistetsdd s, oCusyoEhdl stejhder (tdh. 7, B),
oLedusrid orjiCoid d eorisizfOdd. oL
GOt & jhdatsets fdztsw SOCY]j djsHSteEHEG 2.

10S =y jdedd

1. A tey i SHESEHESES LoRs> jkdW HE K0L-
ez jizdv sBEOLYSe 9 LOLEEE Nshistwkdd tistizy s
Stedfo ™ § sty o HWstedsoydd fifiz0ed ¢ S5H2.1 tedf
10N> jzdld sBteOLYso M08 ¢ SSI2, dsHAWyd-
tes000khses Ti d SRy jhhkses At jShktshdr d iyl
) tfslsdatsist & Adsjtsedd 30 /s (tejqde 3), o™ We-
Gt BOShdds0t G2 YsCoLO ! ote jd jkdbtes -
fessdokzjidv sy = 140,7 43 0, Cebier2 Hisjorhdi
tfsC0LOk jz4 dfinsHEsES B0k jsd00 G0 18,8%, st

39



SO JARR JATPAJUSR SOuC RIS

ciostedls 5 tfisor P jidd tfetsudishisd dfiyziHizidsets
(30ls jtedO0 BEZOGHOEW Atz jSlstetshdzs-tlzySsots? SBieO-
BBISCJ tfied s te > dBJ. Steisdsd stsets, tied tBiziIZY -
tdd s Ep1dhe 3 (30 r1/MG’) Hednit biSzyjhsd
hdhisJg" hedLdEhw HE s = 17,2 3 0, o f0od jizd(d
) kv Mshissvedjd LEojRd] Edje! s ¢o
40%. 1 060 ste  slshshdlkjzinees  shisoktyhsets
ZHEdGiRdY ©BEOLYO, tfie jtentshlsks BsHAWIYydiss-
o0uhsets sdlsOhsd d tBhizyjhdkisets died tei>ddd 3,
HEisfe L0y g™ G = 9,8%, tfejorhde LEOyikdd ©
wdlstse Mishiswazefd %O 60%. wdzjHizds sisdsdisdls, ylst
sckonks 4 v 1583-93 ksdtfsordsd teixddz0dd
Is Jtec3sBie0BEISS Mfiz000 ¢ S542 WodWeslshw to >z
U5 (LOSOESO d Ste0lsSisots js jhlas (Bdyizdsy) difSi)-
fisoJhdzsg MisOtejizdd) o 18 (LOSOESO d MdgweyOshd2
Bistfizne), o toLizizs0sj Clstster = Hishisfe0 s L&Oy -
G4 otejdsdisets Msthsslsdoriddv oL oz © 206 d
147 0 0 fsslse Jlshise jiadzs. [ HEOSH s jed3sEBE0BESE0
ftfzoose tedosHdls ¢ dLzjhdids MistezClsizisr  d
hot2hise ofjcts tBI j&0 GOk jed0k0, d ¢ kB >4 -
ydify Wi jist Syl Herdls ji s fts tsjdijdd, lsts-
GHO SOC G [ tfsLotdw jis ZsSO ks dLddwist WdLd-
¢~ Jr0du S ROtOS jtecfiisdSd LO fjyls fsLHOGIW
GteOHOjEsO s ot jteOlstzt (10°-107 K/c) B j>jHlz SBis0-
BOS 90352 s jtontzishist = d s8I ji3isd 0k Jtec0d0.
2. Ne0SkisetOwdW tise jiendishisd dLasi0 SBiEOL-
Yo YsLetszdizd erwedis, Ykt tfied te>ddz0n 1 d 2
oJedud0 tuskhshsd djtsedd fizyso AdzjShkissikse
wolw jishw dJHEshisOssyds? HEW Wisthdeso0kdw sH-
GBtesHESEE B0 edE0, NistzChized dLizsi0 tBis0Lye,
SBEzZYjGG Y - s HOGHG Y4 X dds0d, ROOSjiedLiz-
Jshw orisCs? Misztf jdyolshists. 1 ed idkd 3
fskztf jdzyOls ™2 R0te0Sk jts dLizs30 dd>0ishw, descfn-
nHOs WistshBdteso0ddj tosobisets SHESEEHBEES -
9 jtentshistzset NEsw. wistzClsizisd fisOdsodishv 6 jus-
wyjdiiss2, B4L stsJPdi, WisS d GdSttizetizijkd?,
Ysts esotstedls 5B zo jedujkdd esubshistr R0E0S-
s JteciisdS d30ls jied00. tdB™ 4 d 5 tiiedosHws €
BBEOLBo0RdY clzBsCdn tejPdl d Sl ke, or-
wol jldz ' o MistelzClizte ] dLazsdz0. I tesdhnisHAS -
fzOok jzd B0l jted0t0, sBEEOBESSO s HOGEY B -
MJBOg &J edosHdls ¢ Wistddtsso0ddts AWW jSisdo-
Gsets tise jtendshistsets fiesw. | 0kdydj o tieiHtls-
9 jtentshis " fiksva GO jted0E0 HJW JCIsse fistalzClskz-
v, € Cibsterds dss>ytis tlsdzfyisd dscfStesiste i ddr o
wegCd, BEYbGs sBIvikdls? d3im0hdLdsd, Msekondgs
ClststetscBlz Yt jtsBieOLSo0Gd S MistelzClstztetzm Adz o3 jo-
sso tfesdhntHdls ehkHnisodd EOLelz jadw HEonisdd
Ctojdsed™ dfL-LO teOLEdydwy SEAWWAYd.jdlstse dddj2-
Gees  sdeldudnsees o deikdy  gOsedyr d
oCesyjkdw. v0S COS ts McOadjkdt f) Oz=ddhdl-
o2 gOstedyj? Bl jdskOw Hiskw YEonsdd St jdzdadw

00, Ists shdsots? oSHOH o b jtisetsj wONdts jdalj
atshdls 0zshdEdjo0w doktedy0. stWWdyddls &d-
(J 206t 60N dtsjkd™ ORI o 4 00 BEEZA N,
i Ctejdstaaw. I s flownd s jfzse j tofh o jkdv
(>0scw) Holzm WOL o BEE+ M dihisej Mizizydjo @ ihse-
G stz Qlsts tfiedotsHdls € widLB M BEBE osLhdShs-
0Jtd= BJR0GAYINSdR GOtewyjkd? dixHEz WOLOd.
ACesyjhdy Cojghdv fyshesgr Ohfddsdidtese0ls
SISl 1/4 s jtfzsetscts wonhdisjad™ (Okdw), 1j-
16 jH080 jiztsets OEGAkd jos? By 2, YL fise-
Misojaksy  bifusetsy  wOMNdejedd  (OsdJ).
{ sz z0w ofls g ls GO HjWsIeBOYdEs doktedyr o
0Ltz jied i Eonsd Sejkhdvy (efikjHilsedj dn
mieztfCshisd). AsLbdShis jidj st jF ot sBiZitset s
G isHESEEHESHSWEG] e jtendshisd oSutsy ikdw. [ B-
0Lse00 N i ke jPdiT BlzHizls Wodwisaiw SOtfddd-
0k HEW Olstde  Ottscyod. _FimOkdyinSdj
GOtftewsy jedv, MsLHOE0jBY j btejPdt0dd, BlzHLzs
0G0tseOBd  Cofdueverrn ik, tjtjkjPoshdR
O™ G3Osteqfyr © sBEOLSEGa N Hsd > iZsS
GDIHE oSk ikdwgd, 0 o tBtOtksd GOtte0at jkdd
qHlzls tislssCof 90C0MhA o Olstscts Ste jestcfw.

3. vajdujkd] ot Btk hstissisdod jdd™
S| HewLok f) Wistehrdetse0tdjs atizisted 0k jied-
0t0 SHESEEHEGSD fstzChizeT, ovwoljGhs? s -
LIzt Is0ls005 WisOSIssetsOWdd. [ hizisiisodj o ds0ks jisfo-
¢ Sioty jhistokisese GOHEYS G2 o odH] tOLEY-
Gra WSkt (sbjPdnr, whkSd, StOkjtr) SBl-
fOekdfo0 s MtfshsaGshst GOl jed00  fstissisdo-
AW 0L jdafes.

4.\ 0 shese0kdd fesodH ks - dinfrsohd? tB-
te0Lyte MYk0a0 ¢ s542, GeHAWYdteso0dkhses Ti ¢
stz jHizes P ofds Btttz jdse] jo§ Az JClstetstas s lzySis,
ool b 16 j> 0[5 Atz jShtestibs-YizyStot? sBE0BESSd)
fedosHvh 2 ¢ Witedkdteso0hdts o tfiso jtontshishsd:
s fdukzgdeo fstizCsizter, R0w0SkjedLiztsh j2mhw
Ysor P jukrid BiR0aduihSdhd fes2hse0dd, or-
woiz il d3d e SHEESHEEER oMW ikdd SBiEOL-
Yso. TiXdd 3 sBEOHO I GOdBEE]J 0¥ 6HE & fisy-
ISOGCj3 YOO jistetse BEOBESCH: Adsjtecw kSHts jb-
Gra Az jCkishse U = 17 G4, tiskhshs b jsedd
2SO At jSstestise Es = 30 i/, Hils jedisffs
disyzefise U = 200 &Sh, Ststdyiisets ddstfizeiyse
n = 3, OMss0 fitjHse0hdw ddtfizzise f = 0,3 ™,
HOOE j&xdJ thisOlssydisets c0LO (Otsetst) © tOBEBYJ2 CO-
Bt ZhsOdsoSd p = 21071 0.

u0Cdds ©BOLSd, o HOGHBS?2 tOBEIS] HESOLOGS
otowidfj Atz jClstetstats-tizuSsot? BBEORELSH GO His-
orhikdy tesyeshisd, Yrohsdusshsd, dLddbitd]
MGtewstsedd diheiHizidgses hfz0o0 ¢ s582, tis-
9 jtorditslsdits sHAWydteso0ddtsets Ti.

40

AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



e iBteWCs00 ¢.¢., 10ckzdwjo r.d., Ziwese A.d., ZEWes00 5.¢., ROOGE I.A., Uisdite ¢.

GfdiisS dissubdSse

1. Otani B. Silumin and its Structure // J. Inst. Met.
2022, no. 36, 1926 te.

2. Qi M., Kang Y., Qiu Q., Tang W., Li J. Microstruc-
tures, mechanical properties, and corrosion behavior
of novel high-thermal-conductivity hypoeutectic Al-
Si alloys prepared by rheological high pressure die-
casting and high pressure die-casting // J. Alloys
Compd. 2018, vol. 15(745), pp. 487-502.

3. Marukovich E., Stetsenko V. The problem of modify-
ing an aluminum-silicon eutectic alloy of silumins.
Way of solutions // Litiyo i Metallurgiya. 2018, vol. 91,
no. 2, pp. 12-15.

4. Anantha Padmanaban D., Kurien G. Silumins. The
automotive alloys // Advanced Materials and Process-
es. 2012, no. 170, pp. 28-30.

5. Mechanical properties and microstructures of a modi-
fied Al-Si-Cu alloy prepared by thixoforming process
for automotive connecting rods / S. Samat, M.Z. Omar,
A.H. Baghdadi, I.F. Mohamed, A.M. Aziz // J. Mater.
Res. Tech. 2021, no. 10, pp. 1086-1102.

6. Javidani M., Larouche D. Application of cast Al-Si
alloys in internal combustion engine components //
International Materials Reviews. 2014, vol. 59, no. 3,
pp. 132-158.

7. Robles Hernandez F.C., Herrera Ramirez J.M., Mac-
kay R. Al-Si Alloys: Automotive, Aeronautical, and
Aerospace Applications. Cham, 2017.

8. dPjdSs | ¢ ., edHjrGdite d.4., |ZB0GS9 R.D.
L jrohdyinCdj fhetshised Oktsddhkdjorn ftf0stse:
G3BascOWdw. SteohnswehS: eAL, 2012. 196 f).

9. IBHIWASOYdwW fistelzClstzte™ o Mots2so Lols jSisy G-
6t MoilzBde0 1 jSistesdds-dtstds- oL jdds? tBis0-
BiSCS2 / ¢ .1 . _fonSsatjo, S.A. Ro0GEs, [.¢. 1 Js-
tefSs00 d His. JrofihS: 4 Jiz0telf). ¢0solzCo, 2013. 287 ).

10. IsisySts ¢ .u. FBHWIydtsse0dd] oliSisdydhSda o
Yjteocfutr = Yomiscfy Stejdsed o fdlirlzdgdfOR. 1 JteftfjS-
scfor wOLadisdw // _Jds+y d gJk0ktisedwr. 2015. 4.
C. 39-45.

11. Study on surface alloying of 38CrMoAl steel by elec-
tron beam / Ren X., Wang R., Wei D. et al. // Nuclear
Instruments and Methods in Physics Research Section
B: Beam Interactions with Materials and Atoms.
2021, vol. 505, pp. 44-49.

12. Influence of irradiation number of high current pulsed
electron beam on the structure and properties of M50
steel / Xu F., Tang G., Guo G., Ozur G. // Nuclear In-
struments and Methods in Physics Research Section B
Beam Interactions with Materials and Atoms. 2010,
vol. 15, pp. 2395-2399.

13. The effect of high-intensity electron beam on the crys-
tal structure, phase composition, and properties of Al-
Si alloys with different silicon content / D.V. Zagu-
liaev, S.V. Konovalov, Yu.F. Ivanov, V.. Gromov,
V.V. Shlyarov, Yu.A. Rubannikova // Progress in
Physics of Metals. 2021, vol. 22, no. 1, pp. 129-157.

14. A facility for metal surface treatment with an electron
beam / N.N. Koval', P.M. Shchanin, V.N. Devyatkov,
V.S. Tolkachev, L.G. Vintizenko // Instruments and
Experimental Techniques. 2005, vol. 48, pp. 117-121.

15. Vorobyov M.S., Koval N.N., Sulakshin S.A. An elec-
tron source with a multiaperture plasma emitter and
beam extraction into the atmosphere // Instruments and
Experimental Techniques. 2015, vol. 58, pp. 687-695.

16. Koval' N.N., lvanov Yu.F. Nanostructuring of surfac-
es of metalloceramic and ceramic materials by elec-
tron-beams // Russian Physics Journal. 2008, vol. 51,
pp. 505-516.

17. Pulsed electron beam facility (GESA) for surface treat-
ment of materials / V. Engel’ko, B. Yatsenko, G. Mueller,
H. Bluhm // VVacuum. 2001, vol. 62/2-3, pp. 211-216.

18. Electron beam facility GESA-SOFIE for in-situ char-
acterization of cathode plasma dynamics / R. Fetzer,
W. An, A.Weisenburger, G. Miiller // Vacuum. 2017,
vol. 145, pp. 179-185.

19. Application of high-current pulsed electron beams for
modifying the surface of gas-turbine engine blades /
V.A. Shulov, A.N. Gromov, D.A. Teryaev, V.I. En-
gel’ko // Russian Journal of Non-Ferrous Metals.
2016, vol. 57, pp. 256-265.

20. Proskurovsky D.I., Rotshtein V.P., Ozur G.E. Use of
low-energy, high-current electron beams for surface
treatment of materials // Surface Coat. Technol. 1997,
vol. 96, pp. 117-122.

21.Pulsed electron-beam technology for surface modifi-
cation of metallic materials / D.I. Proskurovsky, V.P.
Rotshtein, G.E. Ozur, A.B. Markov, D.S. Nazarov,
M.A. Shulov, Yu. F. lvanov, R.G. Buchheit // Journal
of Vacuum Science and Technology A: Vacuum, Sur-
faces and Films. 1998, vol. 16, pp. 2480-2488.

22.0zur, G.E., Proskurovsky D.l. Generation of Low-
Energy High-Current Electron Beams in Plasma-
Anode Electron Guns // Plasma Physics Reports.
2018, vol. 44, pp. 18-39.

23. Gz jClstetsizts- oftstadzts- 0L jdsdOw  BSHAWSOydw  Hfis-
antehisd Yo st &ikodztse d fytzoesse / tisH s,
tJH. 1 1 - SO0 d D.A. R90EE00. UBENE: R LH-O
1 uf, 2016. 312 fy.

24.Barrirero J. Eutectic Modification of Al-Si casting
alloys. Materials Science. 2019, 113 p.

25.N\JHizdg ., sEWHO 5. rdiokdso WoLse - tisjots0-
P ikd? tfied tfiso jterdshists? GsHIWISOyd B ls0tdtse
d ftfz0etse Az jStestzdzrd3 HizySeds // Astfiesh* Olstsds-
82 GOZCd d sjatdSd. 2010. — 7. &. 316-320.

26. Bratushka S., Malikov L.V. lon-plasma modification
of titanium alloys // Problems of Atomic Science and
Technology. 2021, pp. 126-140.

27.Andrianova N., Borisov A., Krit B., Mashkova E.,
Ovchinnikov M., Timofeev M., Umarov F. lon-
plasma modification of the surface of light fiber mate-
rials. Journal of Physics: Conference Series. 2020, no.
1713, pp. 012006.

28.Cotsysydw  fistelzClsts™ Moo Mddlzddk0
¢ s1042 , BBEkyjGhses dhsiEhdetrds ddtizz -
Grd3 e jClesherd gzyssd / A, Abskte, R.A.
R o0&, .. Y10ckiv jo d Hie. //\ Jttec0ddy S &0-
lsjtedOk ¥ 2018. u. 54. — 12. &. 1372-1378.

www.vestnik.magtu.ru

41



SO JARR JATPAJUSR SOuC RIS

29. Electron-ion-plasma modification of the structure and
properties of commercial steels / Yu. lvanov, A.
Klopotov, A. Potekaev, N. Koval, V. Vlasov // 10P
Conference Series: Materials Science and Engineer-
ing. 2017, no. 168, 012070.

30. Zaguliaev D., Gromov V., Konovalov S. Electron-
lon-Plasma Modi- fication of a Hypereutectic Al-Si
Alloy (1st Edition), CRC Press, 2020.

31. ulstelzChsizte0 d ztfetsybjded] foftzizdsotz0, dssHOWAydiets-
90MISETs Az JSIstetsuats-disttis? tzOLds2: dstseLowdw /
A gesgse, 1.A. 106zzvjo, 5., RoOERS, .. St-
Gse0ese, H.¢ .1 JomSd2, A.r. aoeryje, r.¢. AkHEe-
fedn, 5.¢. tke0hkdCse0; Fdhdhsjehses GoLCd d
arfh jes sBEOLSe0GIY tahid2MSE2 AJHILOYdd, d-
BftslCo2 ehizHOLNSo jhlk 2 diHENStO1B 2 zdkd-
odtendisls. 1 BosClLiziys: R LHOLjEANCAR yidists edB-
4R L, 2020. 287 f).

32.1SO 6892-1:2016. Metallic materials — Tensile testing.
Part 1: Method of test at room temperature. 2016. 79 p.

33. Inkson B.J. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) for materials
characterization. Materials Characterization Using
Nondestructive Evaluation (NDE) Methods Elsevier
Ltd. 2016, pp. 17-43.

34.Primig S., Theska F., Haghdadi N. 'Electron Micros-
copy Methods', in Encyclopedia of Materials: Metals
and Alloys, Elsevier, 2021, pp. 203-211.

35.Kuo J. Electron Microscopy: Methods and Protocols
(3rd Ed.). Humana Press, Totowa, NJ, 2014, 799 p.

36. Evolution of strength properties and defect sub-
structure of the hypoeutectic A319.0 alloy irradiated
by a pulsed electron beam and fractured under tensile
stress / D.V. Zaguliaev, Yu.F. Ivanov, A.A. Klopotov,
A.M. Ustinov, V.V. Shlyarov, D.F. Yakupov. Materi-
alia, 2021, vol. 20, 101223.

37. Zbigniew H., Stachurski Z., Wang G., Tan X. Plastic
deformation and yield strength of metals // An Intro-
duction to Metallic Glasses and Amorphous Metals.
2021, pp. 235-312.

38.Chung K., Lee M.-G. Basics of Continuum Plasticity:
Plasticity Characteristics (in Simple Tension / Com-
pression). Springer, 2018, pp. 23-42.

39. Dynamics of elemental and phase composition of the
surface of AK5M2 alloy modified with Ti and irradiat-
ed by an electron beam / A.A. Serebryakova, D.V. Za-
gulyaev, Yu.A. Shlyarova. Yu.F. Ivanov and A.M. Us-
tinov // Journal of Surface Investigation: X-ray, Syn-
chrotron and Neutron Techniques. 2022, vol. 16, no. 6,
pp. 1081-1088.

40. 1 jte0ndso0 _f1 ., B9 0.0, IOk ifhjo JR. RLES-
v CeamstzCydshh = ffzosse: fytoosykds. -
Fis0kwtAsedfv, 1987. 272 f).

41. v jeizese fs., ubsCdho w.d. [ hksor Wi0SkseE0-
wdunSses 0k0tdLO didsdse sBiedLyse dL Ssdhstelzt-
Ydstkrn ftfkoete: yje. tfishsedj. 1 . | SochtsH:
1 AL d&. t.¢. ¢ &JShijeo, 2018. 79 f.

References

1. Otani B. Silumin and its structure. J. Inst. Met.
2022;(36):1926.

2. Qi M., Kang Y., Qiu Q., Tang W., Li J. Microstruc-
tures, mechanical properties, and corrosion behavior
of novel high-thermal-conductivity hypoeutectic Al-
Si alloys prepared by rheological high pressure die-
casting and high pressure die-casting. J. Alloys
Compd. 2018;15(745):487-502.

3. Marukovich E., Stetsenko V. The problem of modify-
ing an aluminum-silicon eutectic alloy of silumins.
Way of solutions. Litiyo i metallurgiya [Foundry Pro-
duction and Metallurgy]. 2018;91(2):12-15. (In Russ.)

4. Anantha Padmanaban D., Kurien G. Silumins. The
automotive alloys. Advanced Materials and Processes.
2012;(170): 28-30.

5. Samat S., Omar M.Z., Baghdadi A.H., Mohamed I.F.,
Aziz A.M. Mechanical properties and microstructures
of a modified Al-Si-Cu alloy prepared by thixoform-
ing process for automotive connecting rods. J. Mater.
Res. Tech. 2021;(10):1086-1102.

6. Javidani M., Larouche D. Application of cast Al-Si
alloys in internal combustion engine components. In-
ternational Materials Reviews. 2014:59(3):132-158.

7. Robles Hernandez F.C., Herrera Ramirez J.M., Mac-
kay R. Al-Si Alloys: Automotive, aeronautical, and
aerospace applications. Cham, 2017.

8. Grishchenko N.A., Sidelnikov S.B., Gubanov l.Yu.
Mekhanicheskie svoystva alyuminievykh splavov:
monografiya [Mechanical properties of aluminum al-
loys: monograph]. Krasnoyarsk: Siberian Federal
University; 2012. 196 p. (In Russ.)

9. Laskovnev A.P., lvanov Yu.F., Petrikova E.A. et al.
Modifikatsiya struktury i svoystv evtekticheskogo si-
lumina elektronno-ionno-plazmennoy obrabotkoy
[Modification of the structure and properties of eutec-
tic silumin by electron-ion-plasma processing].
Minsk: Belarus. navuka; 2013. 287 p. (In Russ.)

10. Volochko A.T. Modification of eutectic and primary
particles of silicon in silumins. Development pro-
spects. Litiyo i metallurgiya [Foundry Production and
Metallurgy]. 2015;(4):39-45. (In Russ.)

11.Ren X., Wang R., Wei D. et al. Study on surface al-
loying of 38CrMOoAl steel by electron beam. Nuclear
Instruments and Methods in Physics Research, Sec-
tion B: Beam Interactions with Materials and Atoms.
2021;505:44-49.

12.Xu F., Tang G., Guo G., Ozur G. Influence of irradia-
tion number of high current pulsed electron beam on
the structure and properties of M50 steel. Nuclear In-
struments and Methods in Physics Research, Section
B: Beam Interactions with Materials and Atoms.
2010;15:2395-2399.

13.Zaguliaev D.V., Konovalov S.V., Ivanov Yu.F.,
Gromov V.r., Shlyarov V.V., Rubannikova Yu.A.
The effect of high-intensity electron beam on the crys-
tal structure, phase composition, and properties of

42

AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



e iBteWCs00 ¢.¢., 10ckzdwjo r.d., Ziwese A.d., ZEWes00 5.¢., ROOGE I.A., Uisdite ¢.

Al-Si alloys with different silicon content. Progress in
Physics of Metals. 2021;22(1):129-157.

14.Koval N.N., Shchanin P.M., Devyatkov V.N., Tolka-
chev V.S., Vintizenko L.G. A facility for metal sur-
face treatment with an electron beam. Instruments and
Experimental Techniques. 2005;48:117-121.

15.Vorobyov M.S., Koval N.N., Sulakshin S.A. An elec-
tron source with a multiaperture plasma emitter and
beam extraction into the atmosphere. Instruments and
Experimental Techniques. 2015;58:687-695.

16. Koval N.N., Ivanov Yu.F. Nanostructuring of surfaces
of metalloceramic and ceramic materials by electron-
beams. Russian Physics Journal. 2008;51:505-516.

17. Engelko V., Yatsenko B., Mueller G., Bluhm H. Pulsed
electron beam facility (GESA) for surface treatment of
materials. Vacuum. 2001;62(2-3):211-216.

18. Fetzer R., An W., Weisenburger A., Muller G. Elec-
tron beam facility GESA-SOFIE for in-situ character-
ization of cathode plasma dynamics. Vacuum.
2017;145:179-185.

19.Shulov V.A., Gromov A.N., Teryaev D.A., Engelko
V.I. Application of high-current pulsed electron
beams for modifying the surface of gas-turbine engine
blades. Russian Journal of Non-Ferrous Metals.
2016;57:256-265.

20. Proskurovsky D.I., Rotshtein V.P., Ozur G.E. Use of
low-energy, high-current electron beams for surface
treatment of materials. Surface Coat. Technol.
1997;96:117-122.

21.Proskurovsky D.lI., Rotshtein V.P., Ozur G.E., Mar-
kov A.B., Nazarov D.S., Shulov M.A., Ivanov Yu. F.,
Buchheit R.G. Pulsed electron-beam technology for
surface modification of metallic materials. Journal of
Vacuum Science and Technology A: Vacuum, Sur-
faces and Films. 1998;16:2480-2488.

22.0zur G.E., Proskurovsky D.l. Generation of low-
energy high-current electron beams in plasma-anode
electron guns. Plasma Physics Reports. 2018;44:18-39.

23.Koval N.N., Ivanov Yu.F. Elektronno-ionno-plazmen-
naya modifikatsiya poverkhnosti tsvetnykh metallov i
splavov [Electron-ion-plasma modification of the sur-
face of non-ferrous metals and alloys]. Tomsk: Pub-
lishing House of Technical and Scientific Literature;
2016. 312 p. (In Russ.)

24.Barrirero J. Eutectic modification of Al-Si casting
alloys. Materials Science; 2019. 113 p.

25. Fedun V., Kolyada Yu. Dynamics of phase transitions
during the surface modification of metals and alloys
with an electron beam. Voprosy atomnoy nauki i
tekhniki [Issues of Nuclear Science and Technology].
2010;(7):316-320. (In Russ.)

26. Bratushka S., Malikov L.V. lon-plasma modification
of titanium alloys. Problems of Nuclear Science and
Technology. 2021;126-140.

27.Andrianova N., Borisov A., Krit B., Mashkova E.,
Ovchinnikov M., Timofeev M., Umarov F. lon-
plasma modification of the surface of light fiber mate-

rials. Journal of Physics: Conference Series.
2020;(1713):012006.

28.Gromov V.E., lvanov I.F., Zagulyaev D.V. et al. Evo-
lution of the structure and properties of AK10M2N si-
lumin under irradiation with a high-intensity pulsed
electron beam. Neorganicheskie materialy [Inorganic
Materials]. 2018;54(12):1372-1378. (In Russ.)

29.lvanov Yu., Klopotov A., Potekaev A., Koval N.,
Vlasov V. Electron-ion-plasma modification of the
structure and properties of commercial steels. 10P
Conference Series: Materials Science and Engineer-
ing. 2017;(168):012070.

30. Zaguliaev D., Gromov V., Konovalov S. Electron-
ion-plasma modification of a hypereutectic Al-Si Al-
loy (1st Edition). CRC Press; 2020.

31.Gromov V.E., Zagulyaev D.V., Ivanov Yu.F,
Konovalov S.V., Nevskiy S.A., Sarychev V.D., Budov-
skikh E.A., Rubannikova Yu.A. Struktura i up-
rochnenie silumina, modifitsirovannogo elektronno-
ionnoy plazmoy: monografiya [Structure and strength-
ening of silumin modified with electron-ion-plasma
processing: monograph]. Novokuznetsk: Siberian State
Industrial University; 2020. 287 p. (In Russ.)

32.1S0 6892-1:2016 Metallic materials — Tensile testing —
Part 1: Method of test at room temperature. 2016. 79 p.

33. Inkson B.J. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) for materials
characterization. Materials Characterization Using
Nondestructive Evaluation (NDE) Methods; Elsevier
Ltd. 2016;17-43.

34.Primig S., Theska F., Haghdadi N. Electron micros-
copy methods. Encyclopedia of Materials: Metals and
Alloys; Elsevier. 2021;203-211.

35.Kuo J. Electron microscopy: Methods and protocols
(3rd ed.). Humana Press, Totowa, NJ; 2014. 799 p.

36. Zaguliaev D.V., Ivanov Yu.F., Klopotov A.A., Usti-
nov A.M., Shlyarov V.V., Yakupov D.F. Evolution of
strength properties and defect sub-structure of the hy-
poeutectic A319.0 alloy irradiated by a pulsed elec-
tron beam and fractured under tensile stress. Materi-
alia. 2021;20:101223.

37. Zbigniew H., Stachurski Z., Wang G., Tan X. Plastic
deformation and yield strength of metals. An Intro-
duction to Metallic Glasses and Amorphous Metals.
2021;235-312.

38. Chung K., Lee M.-G. Basics of continuum plasticity:
Plasticity characteristics (in simple tension/compression).
Springer; 2018;23-42.

39. Serebryakova A.A., Zagulyaev D.V., Shlyarova
Yu.A., Ivanov Yu.F., Ustinov A.M. Dynamics of el-
emental and phase composition of the surface of
AK5M2 alloy modified with Ti and irradiated by an
electron beam. Journal of Surface Investigation: X-
ray, Synchrotron and Neutron Techniques.
2022;16(6):1081-1088.

40. Gerasimova L.P., Ezhov A.A., Maresev M.I. Izlomy
konstruktsionnykh splavov: spravochnik [Fracture of

www.vestnik.magtu.ru

43



SO JARR JATPAJUSR SOuC RIS

41.

44

structural alloys: reference guide]. Moscow: Metal- splavov: ucheb. posobie [Basics of an analysis of frac-
lurgiya; 1987. 272 p. (In Russ.) ture of structural alloy samples: study guide]. Nizhny
Chegurov M.K., Sorokina S.A. Osnovy fraktografich- Novgorod: Alekseev Nizhny Novgorod State Technical
eskogo analiza izlomov obraztsov iz konstruktsionnykh University; 2018. 79 p. (In Russ.)

1 shsiztfdiz0 02.12.2022; tfediso € fzBzdCOydd 03.02.2023; stizBizdSse0d0 27.03.2023
Submitted 02/12/2022; revised 03/02/2023; published 27/03/2023

o jte jBtewS o0 PO Pz jShodHEEaw0 — Offd0ds COWJHEY [ I disjid Yissw st A4 AdiSidw,
adBdiiCd? 6shizHOEse jdd™ 2 diHizhistedOdza2 hdojiehdlsdls, | SosSLdzdys, tehidw.
rmail: aserebrakova87@gmail.com. ORCID 0000-0003-3979-7777

10ckdw jo ra3disted?2 0z te+ jodu, — SOGHAHOIS IsjrddydnSdn GO, Hisyjdls, HsyJdls SOWJHET L I
deBddd YW jhfists0 A4 AdESjeY, sdBdehCd? cshizHOhse jhdk 2 dhHEstdoE1dr2 ddojtehdlsls,
1 BosSkLdjys, teiidv. rmail: zagulyaev_dv@physics.sibsiu.ru. ORCID 0000-0002-9859-8949

Zwese AdlsOizd? JdazOHdiiz0etsady — Ontfdi0ds COWJHET [ I disdhd tissWihisteo A 45 AdiSidw,
adediiCd? 6shizHOEse jid ™2 diHizhistedOdz2 hdojiedisdl, | SosSkLdzdys, tehidw.
gmail: ShlyarovVitaly@yandex.ru. ORCID 0000-0001-8130-648m

Z 090 SddW dpdHisjjodk0 — Ontfdisodls COWjHe™ [ 1 dsddd et inise0 .- AdeE kY,

adBdtenCd2 eahizHOLNise jhd 2 dhHizhstedOz1d 2 kdde jehdlsils, 1 sottkLdiys, tahhdw.

gmail: rubannikova96@mail.ru. ORCID 0000-0001-5677-1427

R 9059 DOted?2 N jHBady — HEChsE WALEE-BOkji0sdyintdn GORS, W iniste, ook 2 Gokygr2
MskstelzHEdS Z0BB0stedd YizOL® jdis? Addhndtdds? 1 jChtsidSd, R Ehisdskzs fdidaistyds? 1t jCstbsidtd

HBAENSEES SH T jddw TEiHg2MCE2 0S0H jGAd GOLS, ushhS, Tshidw.
rmail: yufis55@mail.ru. ORCID 0000-0001-8022-7958

unisdizso ol jo3 JJR02dsody — SOEHJHOIS I jntduinCdn GOES, HisYJds SOW jHEsT & ils0kdduinCdn d Hts Jowdd
CisizhistelzCyd2, uisdnCd2 eshizHOtEMso jdid 2 Oterdls JEistztets-fistetsdls ji4 2 zdadfo jtemdfis jls, usghS, tshidw.
gmail: artemustinov@bk.ru. ORCID 0000-0002-3461-2086

Anna A. Serebryakova — postgraduate student of the Finkel Department of Natural Science,
Siberian State Industrial University, Novokuznetsk, Russia.
Email: aserebrakova87@gmail.com. ORCID 0000-0003-3979-7777

Dmitriy V. Zaguliaev — PhD (Eng.), Associate Professor of the Finkel Department of Natural Science,
Siberian State Industrial University, Novokuznetsk, Russia.
Email: zagulyaev_dv@physics.sibsiu.ru. ORCID 0000-0002-9859-8949

Vitaliy V. Shlyarov — postgraduate student of the Finkel Department of Natural Science,
Siberian State Industrial University, Novokuznetsk, Russia.
Email: ShlyarovVitaly@yandex.ru. ORCID 0000-0001-8130-648m

Yulia A. Shliarova — postgraduate student of the Finkel Department of Natural Science,
Siberian State Industrial University, Novokuznetsk, Russia.
Email: rubannikova96@mail.ru. ORCID 0000-0001-5677-1427

Yury F. Ivanov — DrSc (Physics and Mathematics), Professor, Chief Researcher of the Laboratory
of Plasma Emission Electronics of the Institute of High Current Electronics, Siberian Branch

of the Russian Academy of Sciences, Tomsk, Russia.

Email: yufi55@mail.ru. ORCID 0000-0001-8022-7958

Artem M. Ustinov — PhD (Eng.), Associate Professor of the Department of Metal and Wooden Structures,
Tomsk State University of Architecture and Building, Tomsk, Russia.
Email: artemustinov@bk.ru. ORCID 0000-0002-3461-2086

AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



AELijo A R., v jiscjjo .., WS juse ¢.m., a0lskjo A1, wjtcjje S.a., Linlsjess ..

ISSN 1995-2732 (Print), 2412-9003 (Online)
urs 621.914.1
DOI: 10.18503/1995-2732-2023-21-1-45-54

RICr{ A\ RrS{ICAP RE brm [ f] ARYHS] B vRuULLF
UAJORIRY I { AL s Jrsed rIC tePIRIPARR

JUrUf IRSR I Y (SURTE{ APL RCJ} [LPARR L tMP RY[HS] B
{Atdaf SR ITO=d D =R FRUC R vutLLI N UOLR

AzLijo AR ., wjiecijo e.d.,1 S jdso d.m., a0kzio A A, ejtscjjo Sk, 1 Jisit=C ..

S{lis-0EOEHSHR @hizHOLhse jak T2 tde jiehdsls (BOydstot-dr2 difijHse0k e 1SR de jends k),
Y JidinG, Tishid™

O tdaslsOydw. 1 shisOksoCO LOHOY (0SIszOddshis OB ). A Gofssvh jj ots kW o thetsds Nz jdditshyisd thaccs jezwveslsiw
e N jhkr | sk o fishiste, tsatisdLdito0he ~ Sl iShte HEW sBt0BEISC CtolztfisscOBOt It ' Hjls0kj2, dLes-
lssodwjgrn di SohktLdstr = GOl jtedotse d djlsOddse. 1 Otfteddsjte, theoBistetsj YOdjkd Az jCstetsotsLiso, Cstetfiziy™ tfiets-
flsteOdafso jadats-fitso|das? Wiste ™ o .H. vz jilsolzesPdj ds jistsHT ttots jSlscftetso0ddw stfjsOydd Bz jr0ddujhSs? sete0BEsCd
ats0POEsh dzdhw ddafistetzas jelsOdsd 40 BOLJ tetsBEisdLdieta0hk  ~ Stz jShise shitse0d ™ @0 AGYdedyihssy YHBsE | tbj>d-
30 to JLOddW HEW COMHISEE SRdCts jistsets oL jzdw d setedddu ity o kade jihod- dshisd ol idikdy. [ khizshisod] d3issHdS
tsBists000GHses GOLGEOUjhkdY to j>1dhtse ts jLOdkdW o o rBitEd ts j>izh jots dijstatzds jdls0, ydise0shdR sy jillz Cisiz jBOls ji- dats-
¢ fesyjhio o ksinkseseduints? fiidhsikj o desyjhij teedBssSd %0 BOLJ tsBEisdLdeta0he = Stz jShse dbjcolsdods
MEOL ra0 jisiw COC &0 tfesdLotsHdls ji1dshisd SBteOBEISE (LOGOM JddJ tsj>1dBEe tBis0BEISd i y izt BB htfjydddv ssydshisd d
Coyjise0), 5OS d 4O ots jozW ods jHts jded HjlsOdd o tfistsdLotHijsots. R fitfszALEZjdz ™ j dalstsH. N teOBtslsj HfietsgLo jHjbr dfnfidzj-
HisoOddW Ctsiz jBOk jidr - thetsyfyfise o Is jrdstseduhSs? fidiisjdkd o esLdsydshisd o 2y jkse tted E0Lt0BEsSj & lstsHISH
iets jClsoetso0hdw st jts0ydd d3jrobdyinsts? seteOBESS ott@MOEMdddiw difstelzds jiisOkzd &0 BOLj tesBiSOLAts00MGHSES
Csgtfiz jC0. | sodLd0. 1 Lo jH ks difitziHse0dkd ] Stz js0dkd? teseEisdLdbte0kdsets Stz iSho o tiesynhd SekOBESSd
Clolztftzsc0BOtedlst ' >SS HjisOtj2 ots0F Ot oW dafistolzds jdistsa ) iz e stite jH Jizided > jijsSishisd s jrmtzsizsedy,j-
s fidhlsdsT. TiLkzdisOls. [ tfieiH ik jd0 LOadhddshis Stz B0k 40 M ifdiH it tfetsd Nz jdudisets Bk 40 Bttt -
P jhdv LOclssaCd, ysts YsLothdits tfesdiejhisd w0yl Y jhisSshisd s jrdsdsedyinSs? fidisjkr tseslsdLdikte0dbdsets
Cregtfiz jCh0. 1 wOSIsduinGow L0yddsshis. 1 tesdie HideJ difikjHse0dkdw tftLotiwesls tfte jH jiws > jhisCshis s jndsizs-
eduinSs? hdils T tesaeisdLdtee0hdset CoRYE jSho dids ik s ifjstot? tBEOBESSH HlsOR 2, Yst tLonkds o HOEA G 2 jd
GOLGOOIs ts j>1dds T to jLOddY, BB it jude0tshdj LOHOMGREES Istydshis+ tted d0Shdds0tds? thesdLosHds iz dshisd.
skByjorj Nikse0: &in0kdyintow sBOBESSO, ot@MOEh AW dihistelzd idls, tBtsdLdtta0tdr 2 Skt th, Siziso-
s jiz2de 2 sy i, GaStest it josj P ikdw, tesdkr Mz jdhkr 2 tsasls, Wis L jteso0dkdj

RifEH ] o i ks LOMY IS ctadisO NS ssG@ydtsts WistHO ™ 22-29-20067, https://rscf.ru/project/22-
29-20067/.

O qizjjo AR, trjtcjjo t.d., S jGso ¢.m., a0skzjo X, wrjtcijo .4, 1 JilsjesS r.J., 2023

r&v ydisdtetsoOdsd

R iz jHise0ddj Stz je0td? s jntstsedy s fidhs BT tsassdLdise0ddses Sttt jCho Hiw tsjokdLoydd dlssHAS
tftets jShsdsso0kdw st jisoydd Bjm0kduiSs? sat0BssCd oot P diistlzd jdsohd / AR. 4lzLjjo, &.J. bijkcije,
0 .M. ZteC jse, A, a0sizjo, B wjtscije, .. 1 JilsietsC // A st JOchkdlsesEhCses cishizHOthse jhises s jRtduj-
nCEes de jshlsjisd dd. 4.R .1 BiGe0. 2023. w. 21. — 1. &. 45-54. https://doi.org/10.18503/1995-2732-2023-21-1-45-54

Sistzs jdzls Hisfsiztf iz YisH &dyjdLdj2 Creative Commons Attribution 4.0 License.
BY

The content is available under Creative Commons Attribution 4.0 License.

www.vestnik.magtu.ru 45



SO JARR JATPAJUSR SOuC RIS

STUDY ON OSCILLATIONS OF THE TECHNOLOGICAL SYSTEM
OF AROBOTIC COMPLEX TO IMPLEMENT THE TECHNIQUE
OF DESIGNING ROTARY MACHINING OPERATIONS

Guzeev V.1, Sergeev S.V., Nurkenov A.Kh., Batuev V.V., Sergeev Yu.S., Nesteryuk E.V.
South Ural State University (National Research University), Chelyabinsk, Russia

Abstract. Problem Statement (Relevance). Currently, industrial robots are used in the industry as part of robotic com-
plexes for machining large-sized parts made from composite materials and metals. For example, control panels of electric
locomotives, three-dimensional curved shells, etc. The existing methods for designing a rotary machining operation based
on robotic complexes follow the empirical selection of cutting conditions for every specific product; therefore, they are
limited in their versatility. The lack of methods for the reasonable assignment of cutting modes and the choice of a cutting
tool, taking into account the assessment of the oscillatory process in the technological system during machining on the
basis of robotic complexes, negatively influences both the output of machining (downgrading of machining modes in order
to ensure accuracy and quality) and time required to introduce the parts into production. Methods Applied. The paper
studies the oscillatory processes in the technological system and the possibility of taking them into account when develop-
ing a methodology for designing a machining operation with rotating tools based on a robotic complex. Originality. A
study examined oscillations of a robotic complex during rotary machining of large-sized non-rigid parts with a rotating tool
in order to determine rigidity of the technological system. Result. The authors determined the dependence between oscilla-
tions on the spindle of an industrial robot and micro-displacements of the workpiece, contributing to calculating rigidity of
the technological system of the robotic complex. Practical Relevance. The research carried out makes it possible to de-
termine rigidity of the technological system of the robotic complex by test machining of parts, which will contribute to a
subsequent assignment of cutting modes that provide the specified accuracy at maximum performance.
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Fig. 1. A machine tool for machining samples
on a robotic complex
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Fig. 2. Machining simulation: a is a sample machining
diagram, b is a machining area in the CAM
system, c is a general view of the robotic complex
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u0BEAYO 1. £1dBY tedLOddw dufistelzas jossO Cerin
Table 1. Cutting modes of the Cerin tool
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Fig. 3. A scheme of installation of accelerometers
on the experimental facility
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Fig. 4. A diagram of vibration accelerations when machining a part with a rotating tool on the robotic complex
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Fig. 5. Graphs of changes in oscillations of the technological system components under study

u0BEAYO 2. e jHEd ] L0V jkdw ddStestfjticgd P ikd? tBtOLY0 o hYdiH it tesh ™ Nz ikhses BRSSO
Table 2. Average values of micro-displacements of the sample and the spindle of an industrial robot

Bubpauuu Ha obpasue g X1detat
X2-spindle

|

320

, , HHe JHUJd LBOitd§ Sty s i M Jdkd2, dsds
L 54 G0Ydot fud™ %0 5BEOLY &0 Pt
1 0.2364 0,0490
2 0,3752 0,0400
3 0,4075 0,0624
2 0,3774 0,0251
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Table 3. Average stiffness values of the sample and the spindle of an industrial robot
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Fig. 6. POU algorithm in C#
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CUTTER HEAD GEOMETRY TO MODIFY THE CYLINDRICAL
WHEEL ARC TEETH PROFILE

Syzrantsev V.N., Starikov A.l.
Tyumen Industrial University, Tyumen, Russia

Abstract. Problem Statement (Relevance). The use of cylindrical gears with arc teeth in locomative drives, final reduction
gears, and upper drives of drilling rigs makes it possible to increase manifold the service life of gears in comparison with
spur and helical gears. There are currently proposed ten and a half methods of manufacturing arc teeth of cylindrical gears,
differing in tools and shaping movements. A method of cutting arc teeth with cutter heads using the irregular division meth-
od on CNC machines is most advanced for industrial manufacturing of cylindrical gears with arc teeth. At the same time,
studies on kinematic characteristics of gears, whose teeth are cut in this way, when working under conditions of errors, have
shown that the position function has a sawtooth shape, and the teeth clash when meshing. To ensure approximate gearing, it
is necessary to perform a profile modification of the tooth flank by using a cutter head with a more complex generating sur-
face, rather than a right circular cone. Methods Applied. A mathematical model of the cutter head generating surface and
formulae for calculating its geometric characteristics were developed by applying differential geometry and spatial gearing
theory methods. Originality. The authors obtained dependence for coordinates of a radius vector and a unit normal vector,
principal curvature of surface points, for the arc cutter head with the generating surface as the one-sheet hyperboloid. Result.
The developed mathematical model of the cutter head generating surface contributes to modifying the gear arc teeth profile
for both generating gear and gearing with rectilinear flank toothing options, when processing the concave side of the arc
tooth. Practical Relevance. The use of circular cutter heads with a one-sheet hyperboloid generating surface ensures ap-

proximate gearing by modifying the arc tooth profile subject to errors in the gear and pinion relative position.
Keywords: cylindrical gears, cutter head, arc teeth, profile modification
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tJHOY AdzjtectsiOn T P juhk GOl ~0OSk jeoLiz-
sy €0 PdesCts MfSkesd 4t jHO00 o552
ol Nk 2 &0ctelzLCd, K0S d fizh jflse jdk rGd BlsCdts-
GdhdWdd sy jid LizeAjo St o Loy jddd
Bls  BeRdROz GEeE, ovLelkhrn  HIWSEROydvhd
Az ok jisse SSietzn0 o s Hoy, d Asdr hzsedvn
tlevdssLaT j, CafsLzej o P ottt yddiHisd-
WiNSdJ tjtsjHoyd lstejBlzjtszes GOctkLYGEE -
fisashls! d telzteh 4 sBiffjudeot=ls. tiMjbdis
HOGG2 tftesBijcs ™ Wl jisi tf jis jntsH GO 4jts jHOYd,
LzBW Csststs ™R o HleHEEA G GOtis0atitdd dBitsls
Oyt Wetehslz (e 1, 0). J tjLiztls0lsj Btz
oriisCs? dLedBhs? fesylshsd OLsyBY R LB o,
obLABEGEhisd SeBidhoydd wicokdotses ozdwadw
ko0 fjejSsh0 d G0t it dshsd izsid St j-
HiLjoRs? ToGsENsOGseSq St ted UjejHouj
G0ctelzLCd  HEstzeo jydshist it jHOY ) Oy &d
LzBwed COS s Cts0Ces2, 50S d dLedals? o -
Gshzdotshisd dsisyjs Bl SteOlsts ko jtdyjko0.

A it jHidj GnSseaSs Hivsdiisa? difej-
Hiso0Gdids fissBEe dLesistat il OEsyBY R Lzs- jo
yddeHsdunSdn Sidh, cisddsdi? dn LoydYid-

&dw d te0my sl &0ctlzLtyks? htfshsehkshisd LO tkz-
BPIBE LOGBOEsEY yjkrd wOLzdusr-  fisteOd
[1-4]. s GOMsBYh ji3lz otejo3idkd ttsjHEE JBE BSE)]
HJWsCO MtfishsBse  WistedsssBieOLSo0GdW  Otelsydkr ~
Lz jo, skizdyOshdahw WetedsseoLz=Pdgd Hod-
S Jtedesd of tfteddsde josd3d clipistelze jaasOdd [1, 3].
I heBjhks DdesS ffjtejyisr hisokj? Sdkoncdn
ik n, 6HJ dhitHse0dkd jd 4t jHOY, i Oyt did
LzB Wi LOGAROEkW o & jhStzCdn khde jtehdls -
50m [5-11]. d gaat, GOydhow fits albsstes? tfistzsodl ™
feshizsets 0JS0, d o HOEA G R j&s © A s dOfistw-
hjj otejd™ slsjujfise judGd zyjerad orifsidg!-
v CdstfizjShkrJ difkjrse0ddy yduddHtedy,-
fCdR e jHoy [1, 2, 12-15].

1 odesgtdj et jCsder edjHtsjid™ o Hts-
diosHikes diijs Mishse @Ot jLozdw Oeykrn
LizB1 jo Clelzcson? to jLyton? ehizsott? o jissHE SB-
COk0 f) jHotofu ™ & Hizjkd jds (tedf. 1, B) [1, 2, 13].
A sty sy gehskzgosierds) HodMdbdd V,
dumistolzds JdssO MsetOnso0hGs f) o0 jkdids ¥, LOGS-
koS, HikJhdd Y rodhissy. } SHOYO ot LOmdw V,
shizh jhisew jilshv LO fjyjls shjosets tf jtejds i Jddw
diiistelzds jdzis0, 0 MSteshis4 e jLo0ddw o jbdydis? ¥, .
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arLE0kyjo I, wisOedite ¢.R.

Ly,
|

. 1. 1 jteHoyd fy Otetsugs&3d Liza+wasef (0) d ts0fyjisdz0w i jds0 ddtejLOdGaW LizBA jo 6 jLysets? eBisast? (B)
Fig. 1. Gears with arc teeth (0) and the design diagram of toothing with a cutter head (B)

1 5 00z0wzsedf ) SoddyinSdasd it jHOYOdd Lsdds
htfshsBsd diselzs BYls dLeslssot i istizsaCok:r j
ydadiHeduinSdy titjHoud, SseHO Szt &0t jLo-
Jisfiw B jL 5BCOLC, d3lssHEM Ctfdiese0dkdw [12, 15].
J 60860 COS slsjydhsoddi - [1, 2, 13], 50S d LO-
tzB &Y - Zyjhr - [3, 4, 11, 16] gsCoL0ds, Yt 8-
tOBBISCO Oyl m LzB jo ydhdiHtedyjhSdn S
HOGG " d3 MtfshsBd obLlEMGO ¢&0 ylsTtsjaCotEH]-
GO = Ms0RSon f) ydhdkserd HisctOddker
tfeOot jdjds. 1 sV ids*d o fishisa] tejLytserd
eizsoCd PdesSts ditfskiLizeskiv ted @Ot jLodkdd
Celzesora Lz jo CoGdyinCdn Ssdin, lsjntksasedw
dn dLeslssakzjhdw o Sttt AN Blst0BEISOEG0.

oydlsTe0w o¥ h jsisd jujhdsj f) tisLdyd? tejodd-
LOydd, HOG&Y 2 Mtfshse diddls L&OyddT J IsJndsis-
cquinCdy thegddsiz™ Jfise0 s ftsOodjded™ f Histzeddsdf
htfshse0Bd GOEJLOGdY Osyi - LIz jo ydidiHted-
ydhCdn Ssif [1, 3]. 1 ek ftfthss0 LOSEEYO-
BIhw o Hislzesd. R MiEJHEE0Rd) isBdktdyintdna
RO1OSk jtecfiiscfS LOYJYEjkdW OkisykY ~ LizB- jo, GOt ]-
LO&G  ~ Celzesor 3d tejLysordid csiseCodd, Ysco-
LOEd, st tfied sishizshisodd tisetejNdshisi? dLesisse-
Ejhdw d hetSd Stiind d M ihsdtdd it jHoyd we-
@vesksi st bk rdd.  adbzoyd™  dLd s
fediydfdoe1ds COS HEw sBCOE -, K0S d tistiztse-
COszr~ Y tejHOy o fzzy0J dm e0BBY o Lbsadva
wlsCirstz jied? Stz in0 o il jtedd s GhdEoE1dr -
it jid?, o tejLzak0l Colsstrn 0Ssdod0w Hi2-
fisolz=how  ddidv LOyJftikdw Oesyhr- Lz jo

izy026G T ds SBEOLSH N PO jshv dL fts jHbjes Hjuj-
Gdw LEzBO. 1 jjHOSyBOw WehSydw tisdissts jis0 jis
YoistBEOLGEE Wistedlz, tfjtjHOYO hisOdsodshv dj-
istfiewsy jads? of Lz & LOY iz jtdj oRsHWS ) ZHO-
tefscg. 1 tSHSBEOW fidlszOydw dieflsk0 o SikdyihSdn
i JHOUOR d HEW BN judkd™ dr E0BBIEhHYshsE-
Gshisd izl idz e j0kdLoydd tiedizo>Jkdses R0tOS-
sjt60 LOYjHitzjl LEzBjo B jSBRBHABS 6 jhok! LO-
HOYZ MdisdLo s stedd tfise jtendshisi? Selzesora
LB jo [14]. A disyidshisd dididiedy ¢isgdstdd
Otetsydz¥ - LizB jo o 60d3C0n fYishisB0 WistedsBisOLE-
o0hdv Otesykrn LkzB!jo tojLyserdd coiseSodd
oSy inCd sishizshisolztsls. rdw tsjh jhdw LOHOY]
B jSBRSHAGRS st Lise0k! BSZj ] NESMGEES, B3 j-
td fewds? Stozesos? Szl esdLosHvhEEs -
o JterazshisH e jLysot? cizsatd.

A Jt GOfsswh j2 te0BIST LOSEEB YOI o tfisdiz-
Yt ds0ks jsOlscfudnSdr Loadfdsisiis 2 HE Oy Jiso
tlets jSyo2 SsteHd0ls ORI o jSIsstsd of stelsO dasts-
&0ed ftesdLosHVh 2 e Jortshisd EiLysos? chise-
Cd, fsLoszvsh j2 o £0GSOR dfikjHE jkEes Hifsiiss0
GO0te jLOGdW Otetsylrn LB+ jo B MY judist tiedBizd-
M2 A0w0Csjte on LOyJYtzikdw ehdjHsod] dst-
WSO tlesWoz™ Otesytses LizB0. [ s jHt jkdj
V0N Jizf2 HEW 0y iSO k0ot~ StedodLd YtesdL-
osHF j2 1fise jierdztshisd], tjsBRSHAET R e -
Hse0hdd ¢ jsdsteduinSdn d SotzddOisdyinSdn R0-
60Ss JedisdS LOyJtfizikdw Oyl n Lize4jo tfisiise-
COlstztsets o0teqfOdsd ydafiztsay NS tjtsjHoyd.
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SO JARR JAT9 A JUsR JOur RS S

JOjtedOz " d dlssHT difikiHso0hkdw

R kAL jd3 " J HEW dOts JLOGAW Otetsydz ™ LizBA jo
Coizjh0 Ctkesorj tojLyserj coskseSd fsH]e> 0l
gLy r ) endgtsdi 2k Bd iz dhd Seskcond,
teOnYBizey Jdddid o fhshSahisd, tesnsHYh 2 yitsjL
s ote0P jhdw tejLyses? esisetd [1-3, 13]. rd&v
esWdtGs2 GsHIWISOydd tise jtendshisd LzBO Cfs-
jno dhtfstLzid BSEij hisMdEzEs e jtbrdshis
SHESYBESsE 2 cdlf jeBtisdH, CElsiedw SBEOLE jis-
v ote0P jld jd3 oStelze Bhd e jLysos? csusoSd tiew-
Btdij2as2 ixzh 2 CskCd, tohtesy jkks? o
fuzshCshisd H0te0dt jr1¢s2 shd o0 jkdv d slihists-
wh 2 155 tjj %0 o jzdudblz U (tecfi). 2).

rev  stejnieiedy  fesiCyd?  CisieHdR0s
X Vi Zig BOHCEN-0JSEEE0 T, (X, Y, 2,,) HleSClL-

otsHWF j2 1fise jsndssisd] osiisE-LE jdi" dolstsefutr 63
arte0x Juc[Jds [12, 15]:

X Yk

Ai)'lp

t(u,J)= A (J)E (u). (1)

A Wistelzg (1) & (u), . (u,J) - dOstedyr-
hisszBy ", fshsOokjttr§ du StHdBOls istsse js-
fiso jletats tOHLM-0 jSktese T: X, =U, Y, =0,
2,=0, 6Hj U — &qkj2t"2 Hou0Biss fevdtid-
202 CeskCd, o Tyl X Yo Ze; A, (J) — d0-
t6ofy0 tjersHO Yy jsojielssets tisewHSO, sHdiro0ks-
Fow ifjig jasH dL fofsjiT SEiteHBOS S, (X, Vi Z,) »
MdisCts owLObbs f) t6j>izF 2 CleistsCis?, o s jdikz
CiststoHdh0l  Sie(Xiw Yie Z10) » AJMSSE MowLOddizes )
tejLyseos? ctiztalh?, tfsodydodtsh 2w 40 ket
J (zetzsos? 0w0d st HesdLosHwh j2 s jisndis-
hlsd) otsStolze S Yy (M. tocff). 2).

) 2n },}7
)_u\ A[ A') 2p )‘2!,
4 (24
o U '\Llp ;\'Zp > \P
\ll ” ~ -Zp ” '\2;’
g
' 9
i

Mepexoap!

- <

Y <~

Tdh. 2. udilsjdr SaBiHA®ROS HEY sYAmMERY HesdLasHv 2 tise jtendshisd
Fig. 2. Coordinate systems used to describe the generating surface

1 0 sizse0ald tishistets jof2 0 teclfy. 2 d0stecfy0 A, (J) diids izgriz=Pd2 odh:

cos(J+@)sinU; -cos(J+a)cosU; -sin(J+a); -rg2COSJ;

Ap,k (J) _ cosU;

sin(J+2)sinU;
0;

sinU;

0; 0;

(2)

-sin(J+a)cosU; cos(J+a); -rgasinJ,

0; 0; L

6Hj g2 — 0Ny Oz tojLyses? ool & - ot kOLeMstEskO HirshSahisd, o CHststes? LOHOBO tj-
Mzhow CtessCo; U — ki Jidd dasheshisd sishshdsjzds Y.
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#r L0y jo A, vlsOedtte ¢.R.

ayo
2 = arcsin (3)
&2 9
ORS00 (L), BO2H jds;
X, =ucos(J+@)sinU-r,, cosJ;
y, =ucosU; 4)

z, =usin(J+2a)sinU-r,sinJ.

1tod =0 tfsojtentishis! (4) ortosHOjsiw o
tflsojtondishis towdstsets Ctozesatsets Cisilzi f zetsds
U=0,, U, - kot dinsHERES YiesdiosHwh jots
CsdzisiztsO.

{ flejujidas sjSzha? tOHdLEh Yise jendishisd
ots0P jlzdw (4):

= \/uzsinZU - 2ury, sinUcosa + 17,

Q)

Colsster 2 fsLosivls tficjBieOLBo0 90> jdadw
(4) € odHEz:

X, =DcosJ, y, =usinU; z,=Dsind.  (6)

2 00 et jCyd? Ny, Ny, N, distedsdtd s-
o jsnstisdl (4) ditfstLzjds Loaaddssiisd [12, 15]:
Ny = ypuZpJ - prZpu;
Ny = =XpuZps * XpsZpus (7

n, = Xpu pr - Xprpul

CHd  Xpur Ypur Zpur Xpor Ypor Zpg — WOMs®YY
flesglLosHET j 0 TE03j5dR (6) Ul Y00 jsisdcs U o J.
_sinU(usinU - ry, cosa)cosJ

pu — D
Ypu = c0sU; (8)

_sinU(usinU - ry, cosa)sinJ

Zpu = D

Xoy=-Dsind, y,;=0; z,;=Dcosd. (9

1OnSEro0w (7) 40 sidse  (8), (9), Ehisoksedd:

www.vestnik.magtu.ru

n, = DcosacosJ,

ny = -sinU(usinU-ry,cosa);  (10)
n, = DcosUsinJ.
[ e jH jibcfds dgtsHiztt dsteckOd:
N=nZ+n%+n? =
X y z (11)

:\/(usinU - 142 €083)% + (ry, cosUsina)?,

ydlsroow Srlsir?, s Wikhizt0d (10) tiskizydd
o 150> ji HEZW tstelsO astsckOt] tftse Jendshis (4):

DcosUcosJ
m, = —————
N
_ -sinU(usinU - ry, cosa)
m, = N :
DcosUsinJ
m, = ——-—

(12)

JojHjd3 sBELEOYjRdW:

DcosU
COSX = :
N

e 13
. sinU(usinU - ry, cos?) (13)
sinx = N :

Clsdf © 71603 W Lo Sl HEW 160 GistecsOtzq]
(12) tistlzydis* LOodddstsiisd:

m, = COSXCOSJ;

m, = -sin.x; (14)

y
m, = cosxsinJ.

A orig0x jhdwn (13) o (14) ket x  Waodw jisiw
tfjto OB jla ™o zetrisds fistsWddw fetsdLotHvh j2 -
o jientzshisd tejLysos? etizsold (6). 1h0kdj Astes
ek tfisLotivjls o aBE bjCzPj2 ksySjy M -
ojiendshiisd  (6) dikjst Mgz SoiseHdROk
Sm (X Ymo 2w ), Hed Bid CEbsEE? xy d zy,
SfisjHjivesls GO0 ttejenhgehisd  (6)  ckOokr j
GOtfieOotjkdv, 0 i y,, GOtEOa k0 it wistedsOkd
C tfisojiendshis (6) (tedff). 3). RMtfistLso06Gdj d-
Mlsidsr CoBEHABOS Sy (X, Ymi 2w ), dsLes s

ilzF jinfse jsts tfleshiscls? 6Oyl ¢ it jstduiiedn
RO0Sk jtsdisdS e jlertisiisj2 OsyR R LizBA jo.
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SO JARR JAT9 A JUsR JOur RS S

ylp A l.‘l
4

} M / xlp ‘\')lp

> AV
M] V2 x
\ u-cosa p

\ Yap X,,
g Z; 0, X
g
D z,
o
[Mepexoabl

u-cosa

%xg

©)

p

. 3.1 jtejrHr ks s jir CosHdEols Sy (X yM,zM) ¢ fifinls jd3 Sotsterdz0ls S (Xier Yier Z1o)

Fig. 3. Transitions from the coordinate system Sy, (XM yYmo ZM) to the coordinate system StG(th, Vier ZtG)

AsitfstLE jaiw teofiy. 3, G0 Shisej Clstesets Stfls jHjtdd GOty tjt jRsHO Q\M,p sls fofilsjig T Sts-
tteHAE0S S (X Vier Zi) S MelMis iz Stotsterddz0l Sy (X Y » Zm ):

cosJlisinx; cosx;
-cosJlcosx; sinx;
EM P (U , J) = .
-sinJ: 0;
0; 0;

103521 2 R010Gk jisdfisciSE2 tlesdLosHvh 2 -
o jierdasisq] dizhjstelzdz jk0 veveskiw i cOedvj Sted-
odLlsT Kk, d K, . R7 Sk} o jsiw t jLizis0-
Issc 6, el iz iz PR HolzR e it [12, 15]:

k +k, :¥ d k, 0k, :%, (16)

GHJ , 1, P2, M3 — BYteHjkzdls jkd olsteets YistewHEO.

M M M M
D= Xpu XpJ . D. = Xpu XpJ .
MoMr M omM)

pu pJ u zJ

M M M M

D. = m,, mx_]_ D. = my, m;
2o M p lmM mMf
pu pJ zu zJ

deSJOler gtSlStStGr: X'F;/Iu’ Z,[;/Iu ' X’F;/IJ! Z'[:/IJ WSdZWBlS-

i) tfesqfLosHEr did 4 4003 jsic0ds U o J s G-
steHd®0l  teOHd -0 jSkisied (6) HiesdLosHWh j2 -

sinJlsinx; Do0sinx-ulcosalcosx;

-sind0cosx; -D(cosx -ulcosalsinx; (15)
cosJ: 0; '
0; 1

o Jientztsisd, Yjejdnontrj f gogshae doledyr
(15) du fidfflsgds* SosienE0ls Sy(Xi Vi Zi) © fid-

Mz CosieHdEOs Sy (v, Y Zm); MM, mM

m, mY, - fesdLetHET j fts §0L0d jistod U d J
sl e jCyd? k0 distecOzd (14) fssdLosHwh j2
e jerashisd, Yieiydhousrj i) Yekshe ¢ostd-
yr (15) du fidhsjds™ SsserdBOs Sip(Xe YieZi) ©
effs Jelz SEBEHABO Sy (X, Y- Zw )-

1 tesqLotHET j Bl et jSyd?  OHkR-0 jClstst0
(6)  lets jSyd? stels0 tstecs0d (14) o s jdij St-
steHdB0ls Sy (v Y- 2w ) dids s adh:

Xpy = =D, Osinx +cosxicosl; zp, =0;
Xy,=0; z),=-D; ml] :-‘;_;‘; 7

mM=0; mM=0; ml =cosx,
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#r L0y jo A, vlsOedtte ¢.R.

¢Hj D, — esdLoHEOY s U o jtdudsr D (5), 0

g_X — tfetscfLotHEOW tfs fOE0G ez U zet0 x (13):
u

_sinU0(usinU - r, 0cose)

u D ,

i i 18

dx _ (ry20cosUisinadsinU)? (18)
du N3 '

1 0 Sidsej Loadfddshsi2 (17), (18) StfiejHj-
A © T t60>] jlad HEY S jHjdls jzj2 (16):

D =(D,sinx - cosxcosU) D;
D, = - (Dysinx - cosxcosU)cosx;

du

D; = —cosxd—X.
du

1 sHis0aEWW Hskizyjidk™J HEW @, @1, 2, P LO-
adhddsshisd (19) o HoO ddt j24Y R EteOod: jled™ (16)

dx
4k, = -0 - TR
D  (-D,0sinx+cosxicosU)iD

X

H cosx0——

k, Ok, = - du

(-D, Osinx +cosxlcosU) 1 D

q tsjPow 7 shhshdsjtas k, o k, , GO2Hjdk:

cosx  cosU
kl ——— =
D N
dx (20)

(-Dy Osinx +cosxlcosU)0D "N du’

1ted =0 d U=0, LOadhddsshisd (20) fystsis-
o jlsfsolzesls czOodr 3 CtedodLk0ds tewdssets Ctolzats-
o6t Cisizizfo:

cosU,

U E— k, =0.
ulsinU, - rgp Tk

=

1 0yt ssySy tesdLosHvh j2 e jisndis-
fisqf (6) tejLysots? cttseCd U=0. A &0y st
ssYSd Yo jtertshisd OkBykses LEzBO o jkdyddo Zezo
X HBEGO fsslse jshisotso0lst etz tesWddw di)-
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ABHESEE YtesdLosHwh jos Csdisized U, . rav ket
USBY 9 60y jlsts? ssySj Comolks jzkow € e jton-
Gishisd (6) o YashShisd, tesnsHvhj2 it jL s
o0 jliadw csztsoCd, fshisOadwiz0 i) st sfj1es e
U,, GJsBasHA®BE etk tesWddw tjryse U Lizst-
L2 obiksoCd St jClsdtetsa0ls. R ftfisdLizw
o150y jrdW HZw sinx (13) tfied U=0, LOYP jok

. sinU(cosa
sinx =

- —— =sinl,.  (21)
\/cos 2+ cos“Ulsin“a

1Jhow Asts Izts0ots jtd j sistsidls jedis a0 U —
GOCHSHE0 6y StskCd sskshdsizigs i
o160 jhdW Lyt etdsold Yy, GO2HJ

sind = ——— 10

JcosZ +sin%sinU, )

1 zyjbkr j Wikdzer e U, >0 fisks js-
fisolztsls  tfesfLotsHWh 2 Yiso jerdishisd  Stelzgtots?
e jLyses? ettseSd, ditfstALE k2 HEW sBEOBESCH
o tfzCts? Misstelz Oebyhkses LizsO S o, 0 tied
U, <0 — otsetlzkts? tfso jtendshisd Ottydses LEBO.
TdLyse0w ctikseS0 f) fesdLosHvh 2  Hise jtends-
fis1es o oduj (6) tied &, 0 d U, <0 tfsLotEwjls
oeizslzts s jentshist Oeydtes LzeO S jfo
o tfsiztzcfs? 1) BEHAWSOYAJ2 HissWotw.

1 ted WAShdtesoOhhked LBOydkdd u = const,
udlsve0w (5) d (22), ejedudi0 BsShskjgdy D,
tfso jtsrdshisd (6) Bl BBEOLEZEP |2 fiewdisets Clelzets-
oisets SstiZi0 e LOHOGET R Fyp, & d U, Offyd-
5790 jisiw tfts o603 jdad[ =

®y = (UthO - rg2)_ (23)

—\/uZtQZU - 2ury,tgUcosa + 5.
1 0 tedf). 4 Hiv tfesdLosHWh |2 e jisntshisd (6)
jLyses? esiseCd, dii=Mg2 g, =100 g,
Uo = 0,34907, a=0,31416(H);0,2618(V );0,17453( 1)
(histslse jishise jdzs U = 0,36551;0,36036;0,35401) o
e jHjz0n -5 &5 ¢ u ¢ 5 s, YsCOLOGT BlsCht -
Gdw D, s tBLOLZE=M j2 tfewlses Clzetoses Cfs-
G0, 0 &0 tocf. 5 o thejHjt0n Ast2 GBEOLZEM 2
eOniudisont J Lhoyjkdy Sedodikr s Wit
k, tfsejentshisd (6).

61



SO JARR JAT9 A JUsR JOur RS S

u, B3
6

L] G
4 ‘_\\ K\

Y

2 N
0
2
-4 e ot

“ G/ E/u
-6 Pus 03d3
0,04 -003 -002 -001 0

. 4. [ sCusnibdi D, tfis orfisk] seOLEzE j2
Fig. 4. Deviation D, in height of the generatrix

) Sllzy it 6 jLd1s0 T o oF SBhzyHiGd)

tdLysery ctizsoSd f) GOLEzMGYdsd tejLyodsd,
esSydd eOHdEM-0SkEt0 d GO distedz0id tits-
dresHvh 2 e jordshisd Sttt fskzyizrT o
MO+ J, o eyl WhiehssBLOLEo0GIW oBchLS A
fsstest Oesykrn LB jo ydedhHedyinSdn S
B5BCOE » H e jHOY Loskvsls shizh jhsedls+ Ists -
Bzjd3lzts BBHAWASOyd HesWddw, dhSesyoshizs
ZHOt tfted ontH] LEzBA jo o LOyjYiiddy. rdv Obtsy-
G n LizBAjo Stz tkizsBCOk: A §jtiHOY, &O0td-
LOGC[J Slstte™m o tfisddw s dsjlssHisd; Cstfditstsa0-
Gdw, 970X JidW LOHdEN-0 JSBE0 o GielsO distedz0dd
fesdLosHvh j2 fse jendkshisd EjLytes? etizsedd,
e itfomoder J o hdhsidslz CosieHd®0L, > JhisSs how-
LOGGS2 ) Cokihsd, stdhredslk e jordkshis
Otetsydstsets LizeO fy YietsWoflz4ds2 BsHAWdSOyd J2.

GfiisS dhssubdSse
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PROBLEMS OF EFFICIENCY OF THE QUALITY
MANAGEMENT SYSTEM AND WAYS TO SOLVE THEM
IN THE NEW ECONOMIC ENVIRONMENT

Drankova N.A., Denisova Ya.V.
Kazan National Research Technological University, Kazan, Russia

Abstract. The difficult economic conditions faced by this country now are characterized by a structural transformation
of the economy, changing internal and external development conditions, which, in turn, imply continuing the creation of
technological sovereignty of goods and services, strategic change of financial and economic policy, stimulation of de-
velopment of all the sectors of the national economy. To implement this restructuring, it is necessary to “launch” a
number of mechanisms that contribute to accelerating the transformation processes. One of such mechanisms, according
to the authors, is clear and efficient functioning of the quality management system, ensuring the coherence of all the
elements of the production system. The authors of this article propose an approach to the introduction and efficient
functioning of QMS in the new economic reality. The study uses data obtained during audits of suppliers carrying out
their activities in the engineering industry, as well as a manufacturer of control and measuring devices, CJSC Electronic
and Mechanical Measuring Systems (in Chelyabinsk). The results of this study have led to the following: the authors
have identified the requirements for enterprises and their products in the new economic conditions, analyzed the reasons
for low efficiency and effectiveness of QMS common for most organizations, and identified factors influencing the ef-
fective implementation and efficient functioning of QMS in the new economic environment. The key result of the study
is the proposed author’s approach to implementing QMS, providing organizations with the achievement of their strate-
gic goals in the economic transformation condition. The authors note that it is important to factor into the personal fac-
tor of directors and owners in the management of QMS, and it is required to form a close relationship between QMS
and production management.

Keywords: quality management system, QMS efficiency, new economic environment, quality, QMS analysis
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st j lstsets, tfted odjHts jbdd S & jsBRisH-
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gshevLd oS d YesdLotsHiise Jhbisets didlHM B -
50 s k0 0ot jGdv BlzH js SBEOHOS Nz iHkEs-
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1) Y jishiseshs;

2) cdBSishisa;

3) BT

4) Yt iGot0at jhushs;

5) te Lzt 0lscfodsiss-.

Jd hetss syjtejH4, E0kdyd] fsesCetishisd 2S0-
LOGGT R ledLa0Sse tsLottdls Nkt ikoekviss
=B r&d YisdLotsHiise jahkdd Hesynhokd Bt
W Ckdots o LOYqEEOLIGE, Uss HedsBjsojs
sisBlE  LGOUBSHS o fjtdsH stodWsEGOydd
s judfso jihs? ACEERICH o Ehsodvn dsos?
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Ydtfydi2 TOM, &30P 2 o S, fisotidiGhs2
sjstedfd LHeOatjd™ SOy s, HetsdLosHAs jid
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fisots fesqLotHABE dBd HesHESYdd, 50S d SOy -
flsots ofyjn tesydhfise. 1 tdkdiow ot ekddohkd i
nzssydend2nv o disedn SsEOnEvE ASKHEBASH
HIWdydls Wdhohhse R, dqiwskd0ydst: R, Bolsd-
0BG = e hizehso, COHtse, YoMt hisOdksadlshw
tlesBiz ji0scfut s & HizNGOl! HiesHESYTE «stydts
o s> o Mo jshsodd fis ofikd ke iBso0hdwdkd
LOSOLYASO. 4dBSHhs fdfisjsr o oL s
Bristss? OHOYOYAd S dLdsiwesP i Ehksodwds
tisLostdls e jHtedvsdvs G S-S «or i, G
d G0wohisdls+ fos? tfiesdLotsHilse jak T2 d Wdkodhs-
972 1fisls jipy Ot

LCOLOGEG 2 HisHABH s el jHis jids= v s 9 od-
Hi BBEANdEhise0 i jHEs> ihk A 6jShdidHOYd2
BV to jOkdLiso0k & 19 [ «CzjChstetsdtz j o d3jmOddf-
uinSdj dudsdedsjedr ohsjk > d YisHsejieHd
fotsts AW jClsclodishs!. 1ZOCEHOEY c0kEkGT ¢ Hi2-
fisodves o CHBEHABOYAT OLEquBT R itz s jH-
tleqfisefr o T istets k0 HfS fjsOL0 SBEOHOK! or-
P e Judie jot dd ediaocokd fdhsid™ oo
didecw. | dhdgistew &0 Mdsydlzs fidskzoydts, tiejH-
fogwWisdj LO 4 6BHO ) d3sdsjdls0 odijHiehdY w s
hdsets o jedudist Bl jdi§ o fiznCo ks tietHizS-
ydd Bt yjd %0 60%. wisslse jlhise jddks, hizh j-
fiso Jtdzs o teshz0 d ortelzy$o Bl s jozdLoydd), o st
ydhizg L0 fyyjls ot jots jd3 jotksets HSBOOE jidW o d50ks-
tedylz oryizhCods? tesHECydd oristt Oexd-
GOZAGS2, YiesdLotHisojhbk-YBis2 d  fEsybEs?
YtesHizCydd (tedf. 3), st tsLetkdis tijHtftedwisge
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ANALYSIS OF THE USE OF HIERARCHICAL NEURAL NETWORK
METHODS IN QUALITY CONTROL

Prytkova E.A., Davydov V.M.
Pacific National University, Khabarovsk, Russia

Abstract. Relevance. Today, quite high quality requirements are imposed on mass-produced products. To exercise opera-
tional control of the technological process, when manufacturing products, it is necessary to receive objective information
timely. However, now this is a certain problem that arises due to the fact that it is necessary to take into account a suffi-
ciently large number of factors that lead to causes of loss of product quality. Thus, there is a current need for modern
methods that can solve this problem. Objectives. Within the framework of this study, the authors aim to analyze the fea-
tures of the use of hierarchical neural networks to assess the quality of products. Methods Applied. The article describes
general scientific and mathematical analysis methods, primarily approaches and methods of a system analysis and a gen-
eral theory of systems, analysis and synthesis, as well as comparisons and generalizations. The presented methods made it
possible to conduct a critical analysis of the points of view on the peculiarities of the use of hierarchical neural network
methods in quality control. Originality. The article presents the authors’ analysis of the application of hierarchical neural
network methods for product quality control. Result. Quality management of mass-produced products using hierarchical
neural networks seems to be efficient, which is proved today by a number of studies. This method is used today in various
fields of activity, including mechanical engineering. The article contains the conclusions drawn about the possibilities of
the neural network method, its advantages and disadvantages. Practical Relevance. The results of the study can be used

by enterprises for quality control of manufactured products.
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[ UjBCo COyifsed diHjzd? MjcsHa™ wew jshv
HETIsOssYls 0SE0EGs? tissatjis?, Sisse0w ks j-
Blzjls tfshiss et fsaiico Gisora Ntfshsatse d dij-
ssHEe. | 0 fiesHEVNEAR Hjl! HEhisOssYEs Yohkts
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Shise0GT G0 0LE0BSES ShziSise ol jkolsd-
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2. 1 ted dfitfsiLso0hdd ok jhosdunedn disHj-
€2 ootz jlvessin djssHT  Cstets jvydstises d
t6 jets jostises 0k0ddLO. 1 O HesdLetsHise jhhT T
UONCOR 0SAj BisHT tlectzdcfsd MjelHEY 23]
G jisyas. [ sens? LOHOYSR tisd Astsds Wodw jsiw
sty iGdj NEzy0RGrn HOGGTR, CEsserj BlzHES
tficOodiz s 60Nt Hjtjbr dimsHY dL H00d: jstse
COyfise0 tesdLotHiiso0 dLHizd?.

[ Hid® dL GOdBBEjj WWW jSlsdotm B jlstsHEse dffy-
st Ls00Gdw SOSHR dBHEID Wod jsi dijssH -
Clmlso it m BJ2eski R fjsd? (R &). A tfiskdid-
Grj 60hjj difzjHse0ndw [8, 11, 12] tisCOLre0tsk,
Ysts HEW te P jlzdw LOHOYd By JBSd SOy inise0 dLH jdzd2
HOGGT 2 G isEH OYisEALE s Sy it 1oRss. SWWIS-
lsdadzshyis+ Yoo jised™ s jHiisOok it = 3 lstsHiso
HE™ 8P oW LOHOY, SB it juibdy COujise0 tisH-
IS0 s> HOjiST™  tejLizzs0S0Rq]  caOtzgats-clyfyz jitse0ls j-
1SS of YOSy iCs H s - dshisd.

1 HOGESD fisOlsj Od0kqLafislz st iscies b jdsclj
GjssHO  Ckfse jBhv R djReshErn fjsj?  HEW
BYJHST COUfse0 dLHjd™, HZOSKW oreSHT i
i iz jilse0R of djHEMIsOCOR KOSt B3 issHO.

JOjtedOdz " d BlssHY difikiHso0hkdw

A fisols+ j dhytfsiz- Lzt 58P ja0ydkr J BlssHT
d GdissHT GOl JBOsdynSEes 0%0kdL0, tej>Hd ofd-
65 YsHABHY d gJssHT fdhisjdbsets 0G0kdL0 d tB-
FJ2 kistedd fdhisdds, 0kOkdL d ModlsiL, 0 0S4
fteOadzikzdw d tBtBh jkdv. RhYtz!LE00dkd] i iH-
MOtz itz m GistHEe fLottdis fisehisd Stdisd-
YJnSd? 0d0kdL ssujS LisjidW &0 shis jadkshisd ted-
B dbdV djtotndynSdn GJtshiljorn dJlstHEe o
Cdzlstetsiz SOy ifiso0.

) Sy it 6 jLd1s0l T o oF SBizyHiGd )

rev gesede yik = d fyjydoedhkte o sBkO-
fisd Etfte0odz iddw SOy imsotd IsintstsedyinSdn tists-
ydifise geivisdy GJAesiir - fidsi? d fedddddsedy
G2t s jorn sinbkaikiscd? Wodw jishw BOdSLEZY k-
Gr¢g. A fjeokzts syt jHt & isBRsHAMGES SBI Wi
tfstisdj G jtetshd m fjls 2.

uekonGs SHESGE du shbksed - St jH jk jkd?
Usef fsd tejHifsOaE jis fisBEE dijstsH disH_jizcftets0-
G, ) gsdsPE CrlsEes BGEYEs othtftssdLosHd s
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esoErj Gikdkj2erj Loadhddshisd. [ BeOBEISSO
dewistezOydd o sOSE2 disHjizd tesciynsHdls YotsOd-
G jzds teOntfiejHji jbhks? MstelzCliztsj o Mehissdls dL
b jRteshss, owL0dd A s j>HE fisests hewLwdd [2].

1 0 tedf. 1 tfiejHhisOadzjtr hots2Mise0 dkj2tbsike A
fglsj? (MshisOat jits &0 shdse0hkdd [8, c. 37]).

A filzy0j Gokdudw Bzt hises ydiko 4 jtejds jb-
& BHE YOt iste0dzd iy dddzddej2d 3d howLwhd
Gels ) gegshas  dgissHO  dhSlhhikse jhd
b jRtehkEe NBEH ksl ks k2 s jnbsasedy,j-
ed? tesydhf. R htfskLs00Gd ] SOSEES & StHO fj-
eHBY NdesCt eontfleshiste0d ikt o tboLkdykr W j-
te0r d shste0fdva, o Issds ydikj o ktts0od jkdd Isjnts-
esequdhSdid desydiiodd o 6okLon stftejHizjbd™
Oy fise0 dLHjdzd2.

Rtk o0t Gjleshkra fjsj? Wodw jishw
sHGJR dL hisotjBihe n o gshdra dohstldjdste
ztfie0od jhdw COyjhisetsd tfesHzSydd, esydhhte d

bhke, Cobser? dsyis fse sl jihsoso0ls! fotsts
tlescshisdynSzes ntfishsaashst f) jj ot0d jii-
Gr ¢ sy ikdid. I td difstLse0hdd Gi2tshke
nisj2 Mizh jisekzjls obLGENGSTS  ShzP jijsows
0ot jtej SOy ket tesHEZSYdd st jHiisetses
tfleJHiztte >jHikdw sl jiydoz-dises obLidShse jadw
ndiszoydd (ieqiSo), oiSkP j2 L0 fises? dGifsshe -
fisodj HesHESYAd, tesydiiise d Edlze. 1 ted st
oBLEEGE St jHiEMs Cists jivydts osLidChise j-
™ 50682 figsz0ydd f) oLOddEheWLOGG kd WOSks-
£0Gd (0 OS> R dHjdsqWaSoydEs) o G0 sidse0-
Gdd HOGES? deWstedsoydd tedtddols tejh jddw.

RACEAfSse il Gtk Wokw jsiv Sihsotk
Az ok jlststg iRt s 2. [ & fudlso ki tigw-
B3 OBOkSEss BOsEEEdyNSEes GJ6sE0, SsECts
tflojHifsOo s © odHj o0l kOSCUNSED  disH ).
G RO inCd fseSlstzisd diSkise jhkses 2t
50 tie jHisOotz %0 &0 tecffy. 2.

(boucmba HeuporHelx cemeu

Y

HE/IUHEUHOCTb (PacpeaeneHHas 1o CEmu HeUHEUHOCTI)

omadpaxerue bxod-buxod (usmererue curonmuyeckux becob c
UE/BI MO/IYHEHUS XE/ITEMOZO0 OMK/UKG):

adanmubrocme (BosmoxHocme uMeHeHus cuHonmuyeckux Becob
nod dedcmbuer uaMereHul Ycaobud okpyxapuwel cpeds)

o4ebudHocme ombema (ombem cemu usmepnpemuypyer 00HoIHaYHO),

Y v v

camou cemu)

KOHMEKCIMHAS UH@OpMAYUS (3HaHUS codepxamscs b cmpykmype

Y

OmKa3oyCcmou4UBocms (annapamHas peanu3auyus HeUupoHHoU Cemy
NOMEHLUA/LHO OmKa3oycmousuba)

Y

3pgexmubrasg peanusyenocmes Ha (BAL (cobnadexue
napanfefbHocmy CamMou HeUpoCemy ¢ ee annapamHol Peany3alyuel)

Y

EOUHOOOPA3Ue aHAAUIA U NPoeKkmupobarus (npoekmHoe pelwerue
He npuBs3aHo Kk npeamem+oU ooacmu)-

Ouono2u4eckas ananozus (@yHaameHmabHas
— Henpomubopequbocme v 3ppexkmubrocms MHC 3anoxera 6 Heu
kak b Ouonozuqeckom npomomune)

Tdh. 1. uesMse0 dj2tesddk A flsd?
Fig. 1. Properties of neural networks
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e IsCsa0 .., 0o HEso AL

t
W1
W2 =
W
Hemumelmerit )
> Touxa BeTBICHHA

== npeodpazopareis

n

Bxoauo# cyavatop

. 2. w=jk0 difCihlse jahsets dkj2tsh0
Fig. 2. Diagram of an artificial neuron

{ B jdatsifs? Asts2 detsHjizd] © stsh, ists &0 RO-
0Sk jisdLiz sty dOdud i GNSEtACdR ontHEe d
qiiids sEICs sHAR orhsH. LIdEG fdekoLO
oBLBE &S LO fiydls diHdodHEZ0Z &6 SEANWAYd jo-
50, Ceisster2 diHJodHEZOZ G HEW COMHEES 9ABHO.
¢ Clsdod0w WizdSydw ¢ j2Mesh0 onLddCols @0 shds-
00dd MdBdEse0tdy onsHETT osLBEH]s L2 o
s jirj tj2btetsz0 [10, c. 43].

) joju ksjd SOC tfishistesdls?  oCizifse itz
B jeshbs fjst, GjsBRsHRS fsHesstadlst ofyj
HOGGY J. RA UBtizydbdd YsdhntsHdls GO COMHENR
Us0tfj Is jrdsisecyiSs2 stjs0ydd ofs otejdw didg-
to jiad 00 jistese SO fse0. e jrdudls HSstEshs
Bzt et fjsd dsyas ed Zstotjtdd
0L0% jseso, ClSEr] OGS orHjEveskiy o
etz jizdd ) HiszedBd. AzaSydY G jReesE0 o HOE-
2 jd ekdwils &0 erest ctOndy GOnNIsOBtEse0-
™. 3 tedf Assds o LOodhfsshisd ©hs ke, COSEj di0f)-
hisOBdteso0tdj BYds &0 onBHJ, BlzHJl LOadm.ls-,
COSAtsd| BlzHZs JOLOB ISt G0 o' RisH,.

) Silstes it R obLBEGS St ik Lo-
o6 jd™ afjn e jHTHEP AR AsOtfise. 0 ESOLOG-
G2 sy Peintstoc s or Bt sqto itk
52 fisd d YisHBSE o fise.  BYylES o Hidvesls isted
shisodm SoO Bj2eshhm fjsj?, sskdud=hdaiw
lstelzClstztets of OLGOYjtac] jcs:

— djteltendynSd] nisd;

— EECOEA G J hdksd;

— Hdojtec st v J dlsd f) SH&dd3 oRSHE.

Ainj st SszouOEslsiv B jyHE NisBE odHsd -
e JHOYd deWstdoydd.

J eSOkt HzBhdtso0kd) duaWistekoydisd-
GrR gk, werwsh iy tjhoshdl WOCksEs,
B it judfe0 jisw LO fjy s fisy sokdw Sstke jiee jisk A
d Hdo tes jdalst - s Hdtjdd?.

) iz jHse0k jiids]  Wtskdese0hd)  ieset 2
q.jte0ndynSsets e jHijsOotz it fijsd StfejHjevjis

www.vestnik.magtu.ru

OBl jublzes Y. ) ted Asistz OS] isOd s ofsLAs]-
BT sisiACHs stseHO, SEHO &0 COMHB®R dL hocks BEz-
Hls THjZOG o7 Bt YiSHAGS] jilse0 Atz jd jdiste, s o
dlstse tecfojrdls ¢ fisiscslz fisSte sl dacfsef Misd].
¢ HOscfotOw fidls jk0 df jeOndyjiSs2 Ot jS-
sier, CHissts0v  OOkdLdiez s, fshssdls dL Pe
djts0tnd SR Istot 2, SOMHEREZ dL Cslssirn
hos2msodkdt tWH Akjgddte  Lp-Cd3tfisijdisse
(Gd2tesid = Nik?). J=Bra@ dL Sttt bk, -
BjHOEhE o jCkser orasHETR fidchodse, diselzls
tistzizyOls 4w o jSIsste T ontsHE TR N0 [4].

R HjdsqWdSoydw COMHisets Ctsastfistz jaisO tftetsdffy-
AsHOs 10 shdse0ddd Holzn diH jShse (p, 1) (10 p OP;,
1010L,). wojtnk ohkdL thesdhnsHdls dblzdjeoydw
0L ynCdn Lisson2. | Sk o jntjes kisse-
B — 1, 0 Gsdte B> dets — Ps.

ched st d&jsBrisHAWgSHSA tishistets jddw fiesdL-
oA hs? MistelzClslzte™ fowL j2 o diteOterdyinss? fd-
fisddzd, Ists iyt LizEls gostedy ™ dizd s0BEdy ™.

R HJSH), Sl3YtsizjdisO eOmhdi0lstedo0 jdss? dhisd-
& - (p. ).

AjSsstsr orasngrn fidetodse (UL™), Biznizs
e jHijsOotz i daHSHOG (r, m) (101 0P, 10mOL,).
I (3) (1030VPY) — sk oiSkst0 onsHEY R
nefet0se HEW Srdstfstj@s0 (p, 1), 0 V™' — sBhjj
ydiis oJClststetse ontHG = NdehOtse HEW Cdtits-
Uz dzls0 (p, 1).

UBGHO ORHE T j 0 jChster HEW Ciststisds jisO (p, 1)

WistsdscftetzsIsf sB jHlts jdscl i o jSsstese (U5 ™ ):
VP
Shl_ =rm
B™ =G U™

3=1

Tonfdsistecds teciesjts SisCts jstas? s jOaLoycef
qjs0tERdyinSE? Ondls jChlze T (tsaffy. 3).

)
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Tofiy. 3. 1 tedfBts st jniztssotzjots? dte0endyfcs?
OterdlsShsizts™ dL oshd3d d2J2thjlsj2 (oSistster
otz jNddr ontHEY R Nidekodse ¢ YsCoLOGT)

Fig. 3. An example of a three-level hierarchical
architecture of eight neural networks (vectors
of external input signals are not shown)

Chitd cootedlst 5 0Bl SBZYOSM jots Odats-
tedlscz0, Ists stz d2j LOaddls tls o7 Bistd odHO ikt j?-
isisqf 2550, sts (s> jis flesaimsHls? ossah j o
HletsqLOBEAGSH YeHS j [4].

sOBLAYT diHShise ekdwshdR Sttt tiste
HEW COMHEES dL zteadkz? dteOndd &0 tedf. 3 Bl-
Hizls o ¥ 6dWH jis+ Mz jHizEs s sBteOLEE (IsOBd. 1-3).

vOBEAYO 1. R EHJSHT akdwshdR Cdstfisdjdistse (r, m)
1-6ts zssodw dJe0tendd (p = 1)

Table 1. Indexes of influencing components (r, m)
of the 1st level of the hierarchy (p = 1)

p 1
I 1
v 1 2 3
r 2 2 2
m 1 2 3

vOBEAYO 2. R EHJSHT akdwshdR Cdstfisdjdistse (r, m)
2-65 Iztssedv djtsOtendd (p = 2)

Table 2. Indexes of influencing components (r, m)
of the 2nd level of the hierarchy (p = 2)

2

w

1]2 31312 3132

w

P

| 1 2
v|1|2|3|4|5(1|2(3|4|5]|1
r 3 3

m

WWIN W

1121112131 ]3]2]3]4]1

uvOBEAYO 3. R EHJSHT akdwshdR Cdstfisdjdistse (r, m)
3-65 Itssodv djtsOtendd (p = 3)

Table 3. Indexes of influencing components (r, m)
of the 3rd level of the hierarchy (p = 3)

p 3

| 1 2 3 4
v 1 2 1 1 2 3 1
r 1 3 3 1 3 3 3
m 1 3 1 1 2 4 2

A 0, stfteiHitzikdy ts0Lditd tsHBEEYihise0
des dlzyhj Hjkok+ GOdBJEhdl. s Jhist ydhis
NBDIG A e jdddiste tejSdidHEz s BieOls+ G Bt~
hsj. 1 edydiz0 K0S foksizOydd o Issd, st obLdE -
G AChY st iaydozds) o jbduikd 0Ldtd sBizy-
sh W oresieCd L0 fyds ke, st HesdLs2HlS
tetshis ojsddr o, COS distse, teishls Hizdfdz™ o JSlstste0.

StseHO fesdhntsHdls st jHiEzd ] sdto fJisd, ks
B0 0=l aidi0dkd ] theg>iHd ofdet GO HEhsOkEYdS
dilzyitrj OtndliChlzier, K0S COC & jReshEr |
fgsdl ) e Je g2, hisd SBast k0. |

{ Ylejniujedj WeaCydd 0Skdedydd, 0 k0S>J
ydhio fizsjo Misd d dj2eskte o COMHEE dL k0SdR
s jo tfetsoifnsHdls 0 Ustsds UsOtfj. [ tit jH jtz jddj onts-
HWAdn 400 istese tfied Ustsd fiyydfisOlshw sHEd dL
NOds™ = 90"~ dsd3disse, S0S COC Asts BizH IS Btfts]-
HJEWs 5§ HOLORstEr, Crilsste™ j tfswowishiv G0 o ¥ AsH .

1 sHBBE ofse tesdhasHs ¢0 thise0kdd sBlz-
ydtdw 52 OtendlsjClsiztsr, ClssteOW BV 0 0¥ BEOGO.
1 Ofistes2C0 dr ttssdimsHdls G0 shdse0hdd hYiyd-
O1d = Okzestedisdse, o ydhki Clsttern Gy dEs or-
HJ&dls+ BllssH BBEOESES N Ytshiste0dkjadw shds-
Cd. [ BWLOb e ds o stsds fklzy0j BlzHIS GOkdudd
&OMMde0 ortHEY - d oV ABHEY = HOGEG Y A. HWBtedd-
o0l dn BB GE L0 fydls dLddteikd™ got0ds st
COYinise0 dLHitzd? &0 6OLE Y m UsOOR Isjntstisedyd-
heses fsydino. Slsd gordgdster i jHnisOotz ik o
ChbltesE Y m COEls0n dizd ddhisCon. [ tistdssr

ABHE - HOGGT - BEzHJlS LOodhjst COyiflsets Bk
Yo dinSizihise joats? daj2tesdhs? fjisd.

wljHizjls 506> BBl okd0kd &0 MiiH-
fiso® w1} ¢ [6], I Yoish1= Calttrn HiesosHWshv
sy & J orydhkdddy d fwodw jishiv osLdsy dish)s
sB0BO Y90k BN Sizdyinises dewWsthoydd.
A felzyod diyszLse0hdy adl € did hisLHOGI]
z0BsE0 BOLBOY A HBcte0BiE » BiSHIEZI2-BEESED
ezjiardd hisodsewlsiv  disjhlks  GJRtshsier d
Is JmEzsezsedd.

U0SyJ fissdls tBtOdls ondBOndd d @0 ties-
0BG j YOS BiBH jkdtto0hd. wsjHd GOdBE-
kdd dLodhsira d HShSzh - Yiscteosdit - Jo<]-
o dHiEdbse0kd d 0G0kdL0 HOGGY -, oSdHsy0-
BAdR GJeshisjolzs BistHdSE, NEdHzjls 9V HJ-
s+ STATISTICA (Statsoft, u=¢) [14, c. 18].

a feish s (Je0ttndyinSdn GJ2tkskerm fdksj?
fJesHBY MisOdts otLdss BT 63 HissotHdls+ By jusk ¢O-
ydfise0 tesHEzSYdd.

Utej-iis2G 2 jehjfistest ) tstitejH jo b dof
R0te0Sks jtecisfSORd — Asts odH dpjtetsdadits? fisd, Sfs-
Istste ™2 d3s>dats te0LtOBISISOR, W o &Oddydd HOdGG Y j
e JHo0tedls - dsets 0R0kdLO OLE - d3sHIZJ? R -

1 Jidiz 20w WekCydw 0Ssdedydd o HOdGRSR fidiz-
Y4 — MdelsdHOEGOw wizdSydw p(s) = 1/(1+exp(-as))
i YO0 st a = 1.
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wlstelzClsizte0 (2 j2tetstrts? s s jHisOot jk0 0

Tofiy. 4. wibstelzClslzte0 daJ2tetsdats? fjlsef
Fig. 4. Neural network structure

thizd csestedls+ tists Sy jhsk SOyhised dLHjidw
egsh1s ¢ j2teshisjora GsHIZI?, tiozdLoydw Ss-
bstern  fsdhasHds ) tsdshas  fisct0ddEses
BN Judidv, s GOdBBEld YHABHYA 2 wadw jishw
STATISTICA Automated Neural Networks (SANN).
A STATISTICA Automated Neural Networks
(SANN) t6jotzdLse0k" sharJ d sYlsdddLdiste0d-
&r j Otesteds® ™ tsBlzy jled™ ¢ jtetshtr = s j2. A st
ydiizd LHh fissdls sisdsdisofls+ S0Sd§ dissH, COS d3J-
SsHY fstews) jkk R cteOHd jdistse, Otastedisds f o jd-
B jtoc0-_f0tC0t0, BFGS, Otetstedisy Stsnists 0.

K iR0GdLdy Cistestzds? Stetshf-tieso jteCd tfied-
b jlshw o fizy0J disBrsHAdGENS] e Jkdv tists-
BEJ&* Yt jsBlzy jdd™.

aejHd oL Eshisj?2 STATISTICA gyds
OV Hjizdls4 6 iz Jte0ydts dhmsHEsets fdisjdbses ties-
GleOdsctsets CsHO &0 teOLzdydym WLV COn Yitstsets0as-
d3dteso0hdw. R MYiskALBe0dkd SBHO YisLotkw s dizlsj-
Gledftetso0ls+ Gz jRtsh s jos? 0k0kdL o d&jLoadhdd™ d
otz d] eciis josaW.

1 SAAN tfiedzjdv jisiiw  CaOmisdtedz™2  0dz0ddL,
Clstste 2 tissosHdkiw ) s fjlkj? stathkd0.

1 0 tedf). 5 tftsjHhisOatjts ™ Mzt lsof Stsrisiajdz0.

JRBHES? fiEs? A SBHES? fiEs?
—> (BHft G j2tots o (G2t s HEY G
%0 COMHIZ*S DRSHIZE Tl o s etz ofed] ’
e jcB joalzs) Halzads jtetilzs 5 jh jisClz)

. 5. wdsd fiksd stathkjdk0
Fig. 5. Kohonen network layers

o fegsh1s dgistHO tishizjHse0kjz g~ id-
BEAXJkd? tesdhatHdls tBlzyjad ] hisd Stnsejdo.
¢ Gesedsdlg azzyhojshv i yirs dzyhjets kdsed
ComsjiedLOydd sBRYOJB ~ HOGEY A. 1 tod st ©
iesydhind seizyjed™ ddiddost yohsd] djteser
ORBHEEET MW,

1 0 tedff. 6 tejHisOatz it Yeddde R &, SEISSEOW
BY (0 tfshistesjk0 G0 shdse0dkdd btejm ontHEY - HO-
B0 steso d dBdds lsted oFatHEY A tiesehsLdblz -

Grr HOw0dsilte0 COyhised drHjedw (3 tedd3JuOdadd.
¢ terdfls JShsiztcO: §  3:3-10-3:3 N = 80. 1 telsdLotHd-
sz dtshis4 sBlzyJidW = 0,024980 stsiibste. 1 tetsdLofs-
HO JkAdGshist = 0,022427  wgfls. 1 tetsdLosHAs jiz1-
wshis+ = 0,999973).

. 6. 1 e te OrdlsjSlzie™ R &
Fig. 6. Hierarchical neural network architecture

for reference

I tite0ktsts, st et COC fstzyde HOGRT j s
etz SO0, Wtk LOkjnsd dn o s
Ce0dBlz. el jilstts fifs fkkz>iss? 0otk COyj-
filsotsc St jtcOktsts G0 Skse0kAd HesesLG T HOG-
&3 s SOyiiselz 0 jis feOotjtdj ) HtLhsdd -
&d LaOykdwdid. I tsojHidkdd 060kdLO GJsBRBHI®S
o Isstg fizzy0y, Jid BEZH S Ehlsohset b, ysts -
CHSLGY J HOGBT j GORSHYSHY LO tftsjHikOhd HEYL-
flsdds ™R LEOY 2. Stesdj Assets, fj yje s bekyb j-
G SOVifse0 ¢slssot? esHZSydd dLHjzdw fis LGO-
Wibdwhd, erasHYPdRd L0 tejHikr, EZBdEOssv.
UBEACE o NEy0) fsEsyds e Gra LhOyikd? tis-
qasHAs Hjte josH GO HOd-h 2N o2 40,

1 0 shise0ndd fiejHisOod jthks? diwstdoydd
B3 0T H jzdls* tvH s jqdszP jijse of diHEMIsOS e
dhtfsiz- Lso0dkdW & jRteshkd A fjs? (tsdf. 7).

1 te jdasizh jlse0 1 JHBMsOS
— I5S0L s HistetsetsTlssw P o GJsBABHAMGENS s jHoOtsdls ji- -
tfsofBistetse B2 GOS0 Gk A k2
— sSe0F jdacfj tetsHis sz dasisel | | HlejHo0tkdlsji k0w  SBEOBESSO
LB jts jzd2 diRHET R HOGGT R s o' Welj-
— isCe0 P jac]j ots jek jia] tdts shoBsS d o7 BiEshse
%0 tfsHetlstseCk, tjedhistoydts
d tsBteOBISEZ dLdsjts jied?
— tfsor b jizd j el jSkdatshisd
— tfsLatsv jis fstetsofls-
AW JClscfors T doftz 2 § dgts ]

tdh. 7. 1 teidasiz ifse0 o dajHhisOSd daResid  fdlsd?
Fig. 7. Advantages and disadvantages of neural networks

www.vestnik.magtu.ru

79



U O TURIPARC, HTURARSOARC R LVITOIIWRL sOY v LI

It fSLHOGAY HlesetsLO s HisCOLOls jivds Souj-
fso0 tesHESYdd o BOLEYR HWjk0R & jSBRSHAM!
it Ls00Gd} o isCEAWW, jSsdols? dis ji jChlz-
OS2 s jRdatsisecc], © ol jaaats dajuetsijis j2.

10S =y jddd

u0Cdds BieOLEME, HietBlzid0 SyJisd Coyinise0 dL-
Hdd" & s j-tpsizssdunStsds sty i wojist fjets-
HBW HistisOstsults OCZOZ G2, rav JJ gt jodw di-
iz jHtso0ls jzd o 0SS tfishistVhbks GORBHYSIW o
st LOLzdykr= tejhjkd?, sHkdd dL Sebsera
wolw jisiv dsistsH GJRtetstdzm Mdlsd2. 1 J2tshdsjord
bintsesedd o dOhdishstsitdd HiHtshsOagwesls
Bz otLdsydehisd HEY fsdhSo AWW jSlsdodrn
tedh 2 P oftesCsets ftf jSisted LOHO.

1 sHotHY dflsse o M jdLdsy] jihsdl, i jHzjs sis-
djiscfls, uists ztftsOaiz e[ SOy jilsetsds qLHid2 dsOmfyts-
osets tfetsfLotsHilso0 ) thedds b dds djeotrdyjnSdn
GJAesh il j?  tiejHiisOadw jishw AWW jClsdfodzr ds,  ylsts
HECOL 90w teWHsds oz jHEso0dkd2. Glssls 3 istsH
fJeHEY tfedd i ishy o tOLEdykr~ SBEONSWA HW-
s Jz dztshyisd], © Istsdg ydizd of GO dishistets idedd. lssH
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COyhlse jitsrn Hils0t 2. [ o2 LOHOYD dhfi jHEe0tkd™ Waiw jshv 10LE0BESSO dtsH jid EstolkCd cOLBhiAsBhREEE
HodlcOls jiv, tsBEOHOEF 2 HishsOlssyfs? Yleydshisits, Hss2ydenis e S adat0ydisttr d GocekLCon, kst jtbokkird
Cisiz jBOGvEs, Slstst0™ tied Alstsds BlzHjis fismtsOdiist ste0 Shstects Hoo it o tfiskssS.j o SBEOHO! BAldHOE ks oLBE|-
52 BOMs2. I hstes 0 Ists JRe jtetiOW CIscgtfesls jteOW ditsjiz Hezw Yjudlsq dstOissS cOLise TR lsizsBetz &0 3D-soits jis .
tOLE0BEsOGS  Ctedfsjiedoddisj o OtestedsBayiiSs) fstesosynitd tesyinme diuosd EsyossS kkesdt &0
3D-Mftscfis jte . 1 Sizy 0 disH A tsOMtte jH L jt |s jisetsets st HsOkd ted g dLesissatjddd f) difistLse0ndjd
Hleset0nBBHsEs SBYESHO Ansys. JTsH jbdtse0tdj bkt jEosisises sty ¢jSBRSHAR!S ¢ SIS HEW 5y jhSd tisk-
tistjsq HisOLd d jg fshdashsd, as o 8j0Sydd ¢ isoeed dinjtd G0 Brijstr2 doctkjo d SAzOH k. } SEky ko dis-
Rt GOtlews] jts-H WSROy dshases fishstvhdy o ot jLatljdss dLnjtdd. ttedet jtd,j tjLzzisolste BisH jtdisse0-
o ) AShY jteddz itzlsOdda ¥ 3 HOGEY B fiodH s ik fiselzls t5 o0kdHOYdd EOLLOBESOGGRE2 disHidd. I tojHEOEO j& 2 HisH-
oBH € disHjdtese0ndts Lot jls NftetekbLdite0ls Lk obLbdChse jhdv GOSHABOttEes GOty jhdw, Crlsttss]
&1 Pedoisd € vt jis ssySd otsLbdSise jadw s iPdir o dLHitdd.

St jor j fise0: dsyoso cOLEsEBdtGses HoddOk ", OHHdpkY j kjnGsEsedd, SYSBALOYdY, dEH jtdisa0hd),
3D-1fjy0k

O rtesh j&Cs .J ., JOECrso0 J£5., 10Hd 0% ¢ . ., Jj jesss ¢.d., 2023

r&v ydisdtetsoOdsd

1OLE0BSESO disH jizd] HEW Hjvolse] dstolssS biztsBdt &0 3D-tedtsjtsj / rtetsh St . { ., JOE4Cso0 J-5., YOHEO-
o ¢ ., JGPjevse .. // A jijstdS JOchkdbsesehSses cshizHOtse jitses s jRkdy St Zade jhdls so d. 4R. | &
fise0. 2023. u. 21. ~ 1. &. 82-92. https://doi.org/10.18503/1995-2732-2023-21-1-82-92

Sistzs jdzls Hisfsiztf itz YisH &dyjdLdj2 Creative Commons Attribution 4.0 License.

The content is available under Creative Commons Attribution 4.0 License.

82 AdhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



ctesh jils 1. [, JOz1Cs00 £.5., 10Hd0kse ., P jewiso ¢.d.

DEVELOPMENT OF A MODEL FOR 3D PRINTING
OF TURBINE BLADES

Eroshenko V.0.*, Malkova M.Yu.!, Zadiranov A.N.?, Meshcheryakov A.V.?

! Peoples’ Friendship University of Russia, Moscow, Russia
2 State Fire Fighting Service Academy of EMERCOM of Russia, Moscow, Russia

Abstract. The study is aimed at developing a model for printing turbine blades on a 3D printer, which is especially im-
portant, when manufacturing complex geometry parts exposed to significant static, dynamic, thermal loads and operat-
ing in aggressive environment. A wide spread of mechanical properties, which may arise as a result of insufficient prep-
aration for additive manufacturing of parts, indicates the need for modeling to forecast mechanical properties of a gas
turbine engine blade. Thus, it becomes obvious that the use of simulation of mechanical tests and properties of 3D
printed objects is a prerequisite for manufacturing high-quality parts. A main objective of the study is to develop a
model of a gas turbine engine blade that has sufficient strength, resistance to vibration loads, temperature fluctuations,
while maintaining the trajectory of movement in the flow and having minimum possible weight. The authors designed a
three-dimensional computer model for printing gas turbine blades on a 3D printer and developed criteria and algorithm
support of the process of printing turbine blades. A model of the distribution of the thermal field of the part during its
manufacturing is designed using the Ansys software suite. It is required to simulate the temperature field to assess not
only density of the part and its continuity, but also the reaction of the metal of the product to quick heating and cooling.
The authors obtained a model of the stress-strain state in the synthesized product. A comparison of the simulation re-
sults with experimental data indicates validation of the developed model. The proposed approach to modeling makes it

possible to forecast zones of maximum stress, which can lead to a crack point in the product.

Keywords: gas turbine engine (GTE) blade, additive technologies, optimization, modeling, 3D printing
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Ao jnjtd]

Ahg Btjj Nttty Yeddikjbd] o G0 das-
fstedsdiits? sk Pejuhgshisd  OHHdsdok A
bJrliszsed? Bk jhts obLdEY G Yistiz-
Ydkdw dLHjed? tserh jddses Coyihlksed d f LO-
HOGE Y B OBBGEE Mot2hikse, st ShsBjGhks 0CkE-
Ot thed duesissotzjkdd HJSOZJ2 NESMBE2 6 jis-
Glstedyjhis? Wistedsr, ©0BsSOshdn sH oBLH2-
fsodid ShyEiCho intszsedyinSdn WoSkstse o
orisCdn YedHjeon fisjyid okdvkdv. ¢ olsttodd
0BT ishis0ot j0 Yk 4 jtjotHO o OHHdso%E]
fesdLotHisets ks jntszsedd dLekstot jdd™ EsyoltS
cOLBLEteBdEREEes HOEOLJEY (Qur). F=BE] (ks
o0ydtsi tfe0CdyinCsd tihikdj GjotLBsyEs
BJL 60LEOBBS Ctodlsjecf0d+k = YOOkt -
sqdsqLoydd fesydiho d syjetd dn okd kd™ 0
M dLdzjhdz ™2 ydSz elssos? HjsOwd [1-5]. 1 BAssdl
90> & &d LOHOYOB te0Lte0BEIS HSHEBEGE2 s jadts-
Esedd Wodw jishw Yssofdow YOS ofjn fisO-
HO? tsHeBsadls jz ke Us0g0 € OHHdsdodkRgz
dLetsssozjhdt syoksS qur d teOLOBESISSO 60BMS-

YJ? BHJEd HEW Hjyokd EsYOksS kizieBdl: 0 3D-
fedilsjted ) Zyjlssd ofjjn GJsBASHAGY A st jBS0-
o2 BOHIBIShis.

IBHjEr 0k ESYOSSE  kizteedl &0 3D-
Htodts e tsHicOLEd jo0 jis te0LE0BEISSE teWHO Stoflsj-
tedfJo, ST j GJsBatHBE MsekEhisd died Yisdiz-
yJtdd eilsson? HjlsOkd i ydirs Hshisd> Jadw &GoS-
d0z1dGs2 Misjtfikd SOyinise0. R tejyt o HOGHRSMS
ilzyod dndls €OS 5 Hishisd Jidd ds0Shdds0n+dses
hssise dishisodw Wistedz ™ df 0LB o ESHOLES, KOS d &
s jmtzudnSdn MisOkHOEISOR cisso m d3sHiZJ2, o ISt
ydikd A0Sk jedhisdCon Osjed0E0 HEW dLetisse-
idzw clstsorets gLH jkdw.

1 JBBRBHABE oV H jkdls! teWH Etfidewshdn t0-
0 steso GOHDEENsd. dodHlz ke, yss GOHI-
dshis Wodzw jishw dLdzjdawes b j2nWw ofs ots ji3jdd ROEOS-
liedhisdSs?, ciztffo Etfttodvshdn  foL0g ket
HEEXBO Gshdlst  diSasydkjetés  HABEOGuIhSd2
~0ts0Chs jts d Mtfishsehshis+ € i jsB0Lto0dkd s, CEist-
o4 Gz SBEACE B Es BishiziHdls* d LOWdShdtetso0ls-,
ws d orHjkdlst edzdwldy SdkCEjshisets WOSEEO 10
t0Mhd0tfo0jBsd dLHjed .
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) &his0t50C0 LOHOY difikjHEo0GdwW

oz et j AWW jClsv HOot jiodw tfislssCO o tfzts-
POH] st jtejudses fiyikdw asyossS qur hewlodr
f) sYldiozGs? YsdLosHdls iz dshisAts, Hishisde0-
B2 EsyolsCoRd bkteBdhr. i HkOodses o0 jdkdwy
EsosCd bizteBdlzr sBYyhGES YisiCisdislzEkhv ) did-
=hdddiy OussHqBOGAUNSAdd  YesWdivdd  [6].
1 ted e iCloteso0ldd st dizr o HEdRr AsHT
EsYolsS  izieed™  GisBRSHAMGE Zydisredlss  Cisi-
fistelzClscfodzlzts  ftesydshis dsyossS. | 0 s jHo0kd-
IsJz+ datsds UsOY j fsLHOGAW ESHOS kizteBdd " G iSBRS-
HAdss Yishsteisdls? st jmd3 itz Ssdstf+ Esls jtetalz s df3fs-
HJEZA. TOLte oS bizteBdd™ ds>jls BY s+ dBfs
fstyit du dhetsHE = HOGGY - (MtftsOotsydkdSse /
sdrtdfudnSdn ~O0Cls jtedhisdS, LOHOGG T - tfesdLotHd-
bjijk), ket wOMAOE Yizsids dsH ddtesa0d™ f
yiss® 6t stedyints? d&eHitd o di bkt
ztfteizatshise] &stOS SizteBoflzr. RMYBEALEZJE§ HEW
dsHitdtese0kdy ~Ot0Sk tedisdSd  tis jHhlsOatz ik o
lsOBEz. 1. LiEd] G0 EsYOkCOn bl LB EW jishw
tied WChoteso0dis? o nsHES disHdshisd Hodco-
s, O 60y ilsk0W G0ctezLSO 10 YOSl ditfsd-Liz jls-
fiw o COyjhlsej idsod™ 3 jlssHO OGOGALO Stdjydr
At joB jdzlstso HEZW 0dz0dzdLO asOlsSd 4oy [7]-

u0BEdYO 1. MmOSIsjedfiisdSd, ditfsiLiziY 4
HEW dssHjedtetso0dhdv dstolsSd Au
Table 1.Characteristics used for modeling GTE

blades
1 0dojusso0ud4 1 010 jlsts

. A Loadidatshisd
H0kJteq0r 6 G5 jird] Jo)
SEEqU st BEHEZ2
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Stotszj Istsets, HEW G3sH jzdteso0dkdw G isBRsHJMR
60yl fMtsjH, ShGEe0nGET2 &0 b jstsdd o%LSEes bj-
wikd o fssie jshsedd f 0ot ibdid Ti2bEEHmO
(RANS), fisctOfis Cassshl SHEEEHEY 2 Fisss
HEY tfSHH e 0%dW st jH ez jbhks2 hSEEEhsd otCllze
S JBHEES odikd WokW s Isdfouts? e jnds jistis2
> 030 jdsts2 slzteBlztz jaaistzs? SHSshis e [8]. AT -
0 jidj RANS HEW ofy jéts o ydiykdls jedsets tiskw
issC0 o etWHdls iz jHzE=hdd sBiOLEES:

Hu =g, M
Hyi
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ayu; WU 16 -
8%*‘—8 — owCHhsery fder; Juiu;

C j WX =
GOYEWH JidW  tJ2asEAHMN0, bizteBlzd jhistJ  GOttW-
Adad; 3 — sk

{ BEOM 6OMYSO YisES0 HEEX GO oSt 10st Hoj
Womisd WoShdtese0hs? d etdP0Esh 2w saiofisd,
s Bt judlst Oy ls o disteROtdssds fyshlstsv-
tdd. stBsSydw ¢ jsh jstedd 3D-tisH jdtsso0daw
HBEZXE0 BYlsH LOHOZO SOS dGitfsHodMdE 2 B jSk o
fsHod > B, 0 asyonsd beadhr Lhs0nsot ik of
ots0P jtdfj [9]. 1 OBHSts HEZY diisH jizcetse0hGd ise jien-
Gishsq EsOnsi2 St jHiEYjsiw COS djfSazAvhow
tfisojondsiis, EsYoCO kiteBdhr, Yk jkkow o
tislssC, of 6OLajis EsyoRisd o fissise shisodd f) 0L -
s 0Co0tdkk0 (tedf). 1). I td disHjkdese0ndd
sz B0 eSO izsdhT 6 St jEHEe0H0 €
IzisOtseS j 40 2,5 dyck, G30ls jtecfOl GOBISED detsH jzeftsts-
90h%dW t. tstfte jHJijda.

. 1. 1 oo te oBLBEMEEEE BisHjEdbte0kdw dsyolsSd
Fig. 1. An example of a possible blade modeling

w0 SBOLSS, Yesyiff) HSLHOGAW ditsHjkd -
0BG biejBlzjs Zyjs0 G kSISl 00k stse -
105Cd, s d ot jPaidR oLH2hsed?, SCOLY o0 kTR
%0 EsHOkSE.
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resh bt 1. [, J0e1Cs00 £.5., 10HdE0Ese ¢, Fih dtevise ¢.d.

IOl jtedfOk ™ of d3jissHT oz jHiso0ddw

1. IBHibdse0tdd IsjdstfitOlsketrn  Yisid?
o fidtls jLdtelzjdssds dinikdd. 1 td ditszLse0ddd
brtsizisedd 3D-Yjuolsd ¢0 SOyihlsets Gsistsots? H-
s0zd tfejdaizh insodhdkt okdwils tfiyokoshow gt-
590, SolssEOW stfts jHidW ils SOy ihlkets Hiyoisd [10].
A L0adhdashisd sls dhtfseLziBEes dokitedz0 Jd
Gz JsBRBHJBE G0ck st HE MisOBdZdGE2 5jdtf jtoskz-
v ks 275°C. fjs0kt dizd Bis0ddedyinSd? htfzoe
fHO Y o fjyokoshizes ¢sttollz o odHj tissots-
&6, 5B ybs HAOBISEEE 3 dizd 1,75 &, 1 SHOYO
B0k jtscf0iz0 &0 Y jyokoshizes gaizsollz shizh hisodzw-
Jshw ftedotsHisds, BN judo0shdds gsHOYEZ. wSs-
tehist sHOYd Bt jHiEw jishw hSEtshisa e i jyoko-
=R 2 esizseld o ornsHEY & HAO®Jistesds fistslzd s
wWistedglzdzJ [11]

d2

fe = frin F

3)
eHj fy — MCBteshss tsHoyd &0l jtedOR0; f.. —
nesteshist  gsHoyd Yjyoko=h 2 eseseSd; d -

HJOB Jlste o ABHESES GO Jied0z0; D — HJOlts
fosotizsed.

RfABHY dL see0kdLoydd tesydhh0 tistizyiddw
HJSOkd d GORBYHJRAY JJ o SOBL], BEXEs ticjH-
tisizisy{afls, st b jtfizsots j st BizH jis wOftie jH L it
506, OC t5S0L0G &0 tadfh. 2 [12].

. 2. tohtfeiHjdded] sifisotet tisiw Hlsokd
fed jJ dLesissad jhdd
Fig. 2. Distribution of the thermal field

of the part during its manufacturing
A cisBOZAGER HjSOEkto? hdhlsjdkd GtM ks
stfte jHJidls+ zte0ot jiad § IsJyizsotsets Yissso:

bl v Ky BTy HT O
St o Yy Tz S @
_ La, UTo, pad, UTO, na uTo
_q+_ A+ — —at—
& uy€é<y ny 2 u28é<1 uz 2

eH ' — g, ovHidvidsd o fdhsidd; X, y, z -
GOYOotjidj HjCOwltar? Hdhsjd; T — ks jdtfjtso-
sizts0 & LOadfdfdatshisd s StststsHtOls of ot jizd, °C,
K; t — otojgw, f; ) — ZHjEidow ks jtitsjBCshss,
-8t KL 3 — tishkagshst, 66 - &3 K — k-
stfissotHbgshse, ds- 6™ - K™

) sbjed  AGjeedd qi-L0  dubzyjsdy  dsks
t5tfts jH jercfls+ tzts00t i jc§ £4cfGOEO-MO-AizkO:

N Al 1-0,01 N
a F' 0 QI ji
_1(;5 UI =A (

i N — Ctdyjfjsets dLizyd=hdR fise jerdshisi2;
Ui — Noisost SteskjSite (Uj = 1 v i = j, daoyj
u i = 0); U, — WWiCkdadow dLitzydlsjt-1d0w ftfts-
feBhEhs; Fji — HEEY Adgjecdd, diizy0ids? s fis-
o jlendsifs i § Yo jertsiisd j; A, — isPOH -
o jlendusifsdl i; Q; — tfisls o] Adsjtecdldf Hiso entshse i;
U - tfisissnibow e jWOGO- s yk0w0; T, — OBfS-
Elsiow Is jdstf jteOlsizte0 tfiso jiendshisd i.

rev ©onydsd wontfieiHitikdw sigYjeoskzthkses
sk oL@ Es dijist-Liso0k+ Hiset0didkhrJ Sisd-
iz jShr gt kdtflz Ansys. v teOfyis0 HE@> % dfy-
ez Lse0k W  «EZhisodksodod2ihw  sjtfzses?  d3fs-
Hizz4», K0S COC HOGEY2 d3HEZEZ! SHESSIYjE HEW
Hoscte0dke - Sz iShse S0CEEs tHO. Jd H oz
syjiedH  sydkdeowsh  OhtfejHjedkdd bk ieo-
blztedtsets tisdw odtzlsted ofLHjdzdfw [13].

1 tod te0Myds0n GJBBRBHRE ZydlsT o0kt SOS]
hot2Mise0 GOLJLdOEse, SO0S kiftstiesotHEsms! d
btfzsesHOY0, oSusyOw itEssBdjt dGidHE i-
HJZAGrd bjosd d sSbizyosh 2 fiejHs2. Stsdj
stsets, tejLizazsdftelz=sPow s st jte JHOYO LOadhdls is
Wisteg " Isjz0 d ROwOSk jtediisdS J6ts tise jendshisd.

1 escte g s jdstfteOlsizte™ HEW @YOLES teOhfyd-
sro0diw dimtsHW dL Holkzm oOtedOdisse dhnHEY A
HOGG "~ [14]:

0) LO diymHEGEZE Yedddd0don+ Isjdstfjtolsizisd fo-
62 HJyoko=h 2 esitotd;

B) LO dhnsHuEzE  tediddokons  sidyJkokkzt0
flosoitCd.

1ontteiHdiziid] izi? gsCoL0dks ¢O tedf. 3.

- jl):l' 1 (5)

i=1

www.vestnik.magtu.ru

85



FLrIRELAGAWRE FCoSIUTARY (esRM I JAraa Ll

|

17066 Max
nu

D274
1L
wan
nam
%0
N
(LA L
0009751 Min

. 3. tohtfejHjtbd] sifite - tiizi? o Loadhddshisd
tsls Yizisd dstsHjdzcftetso0dzgw

Fig. 3. Distribution of thermal fields depending
on the modeling path

10 fitor?2 oLeiWH, tecfhkdSd HieOCdyinSd
dHidsdydr, & BsHitdse0kd] s goLog stz ()
ZCOLr o0 jls &0 ks, ysts ks jostf iteOlskztetzsj stz Bidzd
0ot jets LOntiejHjEits gt hjyjlds HJlsOLd,
dasj=slsiiv Bkl SoustOnsGTJ ZuohksSd. HowLOdGs
Asts ) SedmistelzCsdod did ShsBihdkEhsWhd 6BEEotss.
1 Otftedds.jts, HEZW LOfisj2 jy0lsoth j2 eizsaCd, tisH-
odec0=Pdahw  BJr0Gdyincs? dGoctlzLSy, oddhlkt
&0k Jtecf0z0 PTFE dstsydls diytfist-Lso0lsiw g0l jed0d
PEEK f) yjiz++ lzdizyh jiedw 6 jm0ndyihSdn hos2Mmise
fiyoksosh 2 eottseld. [ BO gOkjted0k0 ddzitsls
SHAROSokzE s jtzstiesotHbshst d dn dssMdés di-
st L0l o SOy flse j Is ifsdLszwydd &ilsodddyi-
fCdm yohlsj2 4 iyoksosh j2 cizseCd [15].

u0Sdds BBtOLE®, BEHjEdtse0hd] s jdtf itokskzts-
Gset Yk GJSBRSHA®E G4 SEEACE HEY SyJhSd
fusiswshisd HjsOZj2 d dn hftshashisd, ¢ d tjog-
ydd d3is0kziz0 %0 BYste™2 dOsteo d BSREOMHJGA]
[16]. rRLEzydo rOEOSKjtedhisdSd iy jteOsiztsdsets
v Yizsjds BoHiCdieto0kdw, BEMkE HisHEBiE0kA
~0E0Cls jtedisdCd tesydnnd: WithzeSk fsHoud &0-
s dted0t0, ROLOSk te tfisHOYd Ok jted0t0, tsOmfstwdd
HE oWt T, fSstesh)st gsHOud gt it0lskzter o
Hislzedd s jmtstsedyinSdd o0 st  tissy.inio,
Colssterj tisLotiwls fistizydis? SOyiflse k2 toj-
Liziz+1s0ls HOMJ tfted te0BtSIs] ) datso v dsdf HJSOZWdsd. R f)-
stz L5008%d ] NisOEHOESE ™A sHABHED WALdyJneRes
BisHjtdtse0kdy o fisyjsokdd f) Yiscteoddd dd
CeastfziShogd tLetidls gidkizydis! GsHiZ! d R0t0S-
bjtecisSd fletsyid He Hishiso> Jed™ stflsdd0d--
BSCts to jJLizds0ls0.

2. JHjedieso0hd] — GOtew> jddis-HJWisteo0-
Y ftsdatatscts fshisswizdW o fidbls jLdftezjdssds L jedd.
1 0 tie0CldSd HEBCOLOGS, st Hisihshs dOtfstd-
Gdw d Wistecs0 fizP jiise jhdzts akdwesls O & jm0ddy]-
e hets2Mise0 tBEOLYSo ESYOLSS Ju|, MSLHOGE -
f gegshas 3D-tedilted. RL Shese istsdsdyd-

682 & jmORASH d fistissd0sd fijHEjs, ysts tesy-
Wishjs! &0 10Ls e o ALOscfutishis! vt Hiekstists-
B0 G0 isstshsd ditfst- Lz jdses ok jedoro
d usts HJsOkzd f) Sty distedunSodsd yomiswdsd edatzs-
6 ji 2 WeB T iz jE5ls Gz o TSl tesydshs:
%0 0Lt o d zOnsoudshis+ fieiHd BBEeOLYe ddd2-
G52, e jlyolss? did StofsoueduiSs? Wiskhr .
[t dsyolsS qur, tesdie jHjgh s CeomfdyinSdd
fhifehsetd, HSCOLOGS, yss GBEOLYT  BSBEOHOE]
BiSEA 1 j2 tesygshlsa s G0 tofsws jidj e doctskzL-
Cj o GOYEOeLiGdd AShselLdd. } ShE HstsejH iddw
0k &0 SHGSEHES Loy jkdj SBEOLYSe
HECOLOGS, Ul tlejHt tORs™>|ikdw Woiw jsiw Cizes-
Wjord Y0w0d sl Adjtsedd, GjSBRSHABE HEW
BN josets ©OLEEZ jhow. v0SHj BT s SBHOE-
ilis, Usts wonsvede0=hd) shsossyGTj GOt j-
Gav d YasPOH oS jolses SEEBSOSkD iz j-
fise jddzs otzdwesls 0 Az jteedts 0Lz jddw [17].

AP 60LBESH) BjRoGqyNSdR fos2fke, S-
st Gl oLidShizs+ o tojLizds0 b jHBHISO-
beyks? tHesltseld € OHHGsdodtdkz dLetistad j-
s HjlsOtd], ZSOL 00 jis 0 G jSBREHAGHENE disH -
kdteso0hdw f) yjttt tesclksLdsoddd™ Bin0kdy-
neqn fes2hse wsyOsSd qur [18]. riv s jHikj-
G BJROGAUNSIR feshse 0k jed0td BT ydts
sl GSseSs GjssHse b hsdtese0ndv.
1 Odtsiz g tOnYeshiste0tjit ™ Bi=0hduintdd df-
Yrsohdy oCE=Osl diYrisOkdy GO SHESSNES]
04, M10sdy tfted Yrshis? HjWskdEOYdd d th-
istshGs OS> jkd. RNYTrkOGd) G0 SHESSNES]
oW jhdj  oitfseALzjsh  dodestjj yonks d
Bt jude0 s sEybr j LEoyjkdy CkEsyjorn djno-
GuNSAR YO0k jstese, KOSAR SOS GsHizE o,
e dnje 5jSzyinisd, ejnie glesyeshisd tted Lofkswy-
M dbdd, ZHEdBJedd ted oLt o o SEAWWAYdJd!s
1 ORfSGO. UJh G Bt Pty jbr oratHT, st
st LzjBrj o Gonssvhjj oikY HesyiHizT
syjiSd  BjROnduinSdn  feshlse  3D-Yjuokhra
sl jCse f] HOdAGRNdE ditfseLse0hdjl toj-
Lz 150lstse tfted Cistets jChciesoS,j lescte0dai T iy
(5j €00kl sz jddj dLHjEdw ) & jsBRSHT-
®ros CodyEiChsd YoE0d jsese, SEsEET ] Gt LY
Brizs BY AWW jSsdots kijsoGsadlst o it it
GatsH jeftsse0add [19]. wOSHds SBEOLSE, fsodksadisiw
sy jodHts, st fedhjejed] dsHjddesa0nmdY -
nOddu SR ditrsoed? d fets2hise 3D-tfjyolskr o
sl jOsso Wod st G sBRSHABY & Eizsed s diL-
celstotjd COyjijse jhkrn HjlsOn 2. hsetydh-
LitkvJ oiiziHse0kdy ZCOL a0l G0 HesBLikT,
fowLOGGY j f) ssykrds ditsHjdtese0nd jts 3 jmotkd-
WNSAR  fos2fse  sHOSES  qur,  tsHyjtSdoow
jSBRBHAGENS  HstsERdls jtdGrn difi jHse0Gd2
o B0tfts0ot iz dd BBHikdteso0dkdw.
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ctesh jils 1. [, JOz1Cs00 £.5., 10Hdk0kse ., P jtewiso ¢.d.

Ute jnd3 Jiediz0W d3sHjE+ SBEOLYO B> Jls BY s+ tis-
lstets jdz0 ) offytfistz LS00 jos t=Biset toiscte0dsdiasets
st judedv, dhtfstiLizjdses HEW Asdm yJzd?, o
hisslse dishisedd ) cisgzdisted 2 dhtf sz jdsets sBEOLYO
(tedf. 4). 1 shSse+Cl sBLOLJY EsHOSd qur, GOtJ-
YO0GHBY2 0 3D-tflediisjted, Wodw jishw IstshStshis joz-
G a3, HEY Etsh jagdw 6oy sse, fsCte0h jadw otej-
&itd e isdw LOHOY] d tiejHBlsot0 P jddv sl jd-
Ydod2d - ietsBizjd f) flsC2 oLftds dhtfsizLE-
90Is dstsH iz~ fiteJHdz 2 tfisejterdzshisd [20].

. 4. [ BteOLjy GsYOSH qu HEY BiSHjEdse0dkdw
Fig. 4. A sample of a GTE blade for modeling

e JsC0 Codosidizj2G - ZyohisSte diidls BiSE--
hj kg, yjd MisOGHOEL]Eso0hkEOY N jsCO tists-
cOgBT, Bk hshsshsekzjs tfsklzyjkds orists-
byhr e jLizds0kte. wSteshise HiWstedoydd dsts-
s BYis+ ZisOhsoz b0 ©O @=BEE Zistsod, tfsiiz-
Yt © ntHl He0CdyinSes et jkdw dsto-
s, GOYedde @0 Zissodkd 3 dsds/dBdn. | JSBASHIBS
slscz disdls?, ysts GOdBBEZ) SYsBOEIGY R o S0SHs
fiklzy0d weww jishv zhis0dsotzjdadJ BOShHd0z-dts ofsL-
MG~ d djzocstfiedWskrn ¢O0ctklzLss [21]. k-
HJZA fstesdisiiv S0SdM3 BBOLEE, YstBY tohiswedo0-
Ehow Z06telzLCO fedCEOHT 90k0m+ C BBEOLYE Mo jts-
Az, O G yomis+ WdShdteso0won+ HEw dadisoydd
slstshols ji el SHESENESSS  HooMjadW  dByHE
9 jtentzdds d Gtz LORe0kORd GONdh:T HEW din -
sOddw 0 te0flswx Jed j [22].

Yz iddr2 dgjssH ) ishistes jddd fisSd d 6to-
Gy & Zhzsedvhkd fejHiisOetit GO tedf. 5. -
HJZ Hromsdydtets ol jted0z0 Wist: FdLin0 dsyydls

Bl ijtfis L0000 HEY st jHL il G bt 20ses
fiso jH il B0l jiscfOkO. JsH i dR0ls jlsfot ditssy s
Bl tisstets 0 f) ditiskiLe0ndjts ds im0ty ingdn
q WLy jnSoR fets2se o HOGGTR Stedfors? GOEws) -
Go-H WSROI, oLvsT R L el jteOlskztel R dfssy-
o[Sse [23]. 3 tejH it sjSkyfisd stfteiH izt GO Sids-
94 HJWBtedsOydd M dkaw d fishisteaejis 0,2%.
TOHOHAE ¢ st jsteduiiSaj Y00t iste™ EstolSq
AT, GOt jis, ESYOLSY bizeBgEr SskPdEs? 2,5,
2 q 3 (g, CWWSlscfotiO™ HWstetsOyd 0t jistts
COReHEY jsiv GO CtetskSj sizeBAis? EsyoLSd f
GROltacfs0-dats? AW Slsclots? HjWistetsOydj2 0,005
HOSHOBOLIGED W jShdots? HWEtkOydj2 5,97.
JAtdh0tdts | AWW jSsdatisj GOtewsjkdj fishisoe-
v jis 0,0001 0 0, O (BOCH o0t datsj — 0,1436 f3 0.

tofy. 5. FBHJdese0udd EstosSd d fisLHOdkd] nisSd
Fig. 5. Blade modeling and meshing

rev kyjsd eoLezhoshdn  HjWstkoyd?2 d
Zottewy Jid? syl BY s+ tfiediz k0 MY SisteOd-
Gow  R0te0Ck jiediisfC0.  weOoalzidd] tisdizyidd
HOGH Y » %0 tJtotkOy0E G  ~ SO0 HSEM GBS tiets-
drotsHdsAfw dinSkEydis juds i) . jok21erdd HOdGE: Y -
Bd His MSLHOGY tskdshistts ¢ iLoodhdds? fdhsd-
Gr. [ BWLOL iz ddg Wodw jishw d3tsH jdzdftetso0ddj tOf)-
swedo0rsh j2 ¢0ctelzLCd &0 SBEOLJY HE kBySd G Jtfs-
fts jHMise jdatts 4 jteH 6Ltz jzd jcB.

{ Biiz>{Hjtd ] szt R tejLizi-IsOksto

b GOkdL yeehlksodis iz dshisd fikSd tiesosHdshw
HEw sy S azdwdhd OLGj0 fjsSd GO Gotewsj-
tdd tfs FdLnlz o tjLzesdelzsh g g™ iedd. td-
Lizts0ls ™ O0kLO, s jHijsOat k™ j GO tecfiy. 6, tis-
QoL o0k, sts sSOLOls jbd GOt jadw d NP j-
v fizh ghise jiutis & Lo ivesiw o fteHieon d-
sjtenzeh jés HAOOLSHO Alzjdsjdisse TsCSd, s
flodH s it flsolz s t5 GOH s oL jizc.
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. 6. JOChAd0w kis] GOtflevy jod] U JaLinlz
q dsOSdsO-is  tedu izt lsctelzt= . i g jeadl
YOS oy, oAbt j tis f)jsC]

Fig. 6. Maximum von Mises stress and maximum
resulting displacement of the GTE blade
calculated by the mesh

RL todff). 6 oGHES, S BOSHIBOEdis] GOYEW> -
Gdj s JoLint G iLtoyds b s o0t deljshv o LO-
odiddsshisq &b tojLzt0lsse diyrisond? GO P j-
Gofj [24]. GOt tofilztiSO KOG HisLotevjs fiH -
0l o atH, yfsis COyjfisets OLBASE? NS Hedjds-
jds kSEACE HEW EONfd0sde0 ds2 Hjs0kd, ¢Hj
Pdiedt0 HisOzd Bk, yid Jd HEBO. o Hislzes?
lsstetsts™, HAOtOdss0 CSsa (tec. 7) YSOLOEO His-
gy Grj LBOWibdw, s fedHisiz ekl s
5B, ists © YOS, Histlzy ks s tjLlzes0k0k
HORESES dsHjEdtEse0hdw, iSO jbdw did Hiszed
Ot i sshizishisolzsk.

Aspect Ratio Jacobian

2.254 1051
2151 1.047
5546 1.043
. 1947 - 1038

. 1845 h
1742 1030
1,640 1.026
1.538 1021
1.436 1017
1334 1013
1,231 1.009
1129 1004
1027 1.000

. 7. sthistssiadj HIO6tOdE ™ MJlsSd, dhtfstLzjdT 4
9 BBHjEdtesa0hdd: fisslbsh jad] hisstesd:
(hizjo0), wCsBdodz (ftfts000)

Fig. 7. Mesh control diagrams used in modeling:
aspect ratio (left), Jacobian (right)

UG s Bisgsdis, ylsts ssySo oShddz0n--
Gsets GOt ikdy BY @0 tOnYsie> k0 &0 e jHE 2
kdidd sBEOLYO o Lk fiz>fjedv, SOS YCOLOks &0
tedf. 7. RMYSEALEY HOGET 2 tisHABH € d3sH jkdteso0-
G, G ftftesekbLdta0ls! Ltk doShdd0Edis-
68 GOtew> jhdw, Crisister j selzls ftedfofisd € tiswe-
(jdzcf=s IssySf osLadShse jidw Ists jFrodr [25].

Stedor J «0tfe>jhd] — HWiEEOY™», fdssH]-
kdetso0nhTJ  dsjsHsd  GBOddjePdn CoOHis0ksts,
fsCOLOG T %O tocff. 8.

Omax, 47 O

280 ==

260 —
e i
240 :/./

18 1,85 1,9 1,95 2 E*10%, MIIa

. 8. Y0admddsishis+ ds0ChAd0E = HABOBAYNSd=
Z0ttew>1 Jdad2 o dzstOIsCOR Bis d3sHizEY Dde0
1 T 0 lsdz0w Loadhddstshyis+; 2 — e0fyls
fy offptfistz Lise0ddjds ANSY'S

Fig. 8. Dependence between maximum dynamic
stresses in the blades and Young’s modulus E:
1 is calculated dependence; 2 is calculation
using ANSYS

S0S d SYqHOEET, CledodW SHESSHERSES oS-
M jiedw GOydo jisiw iy ztfielzets? Lshr, o Crolststets? t50f)-
wedo0Eh i GOt jhd] didds ¢otj2wize L0ad-
fddstshist sls Yootz Jdbis? HIWEEEOYdd. _fotd20ow
LsGO ZCOLre0jls &0 HAOYOLSE dGOtftewy jddw-H jWsts-
Goydd, o Cistetsds 3Ol jted0d ofhiisOk0akdet Jis ot
f itcost0y0rdlzEs Wtz tfishiz hdwisdw tedis -
6t GOtfew jadw dizd HIWEEEOYdd. Fod]20E0w Lsk0
losHEI0ls 9 RsHdA LO 6te0idy T tiejH k0 ks iClzyd-
fisd, tfs HEhise jddd SRS o BBEOLY] fesdhnas-
Hls YOS COW HWstesOyd™ df ik da ditsx|Jis otsh-
hisOdsodlst Y jeosiOyO- 'tz Wistedslz HOMJ Yshi]
fdaisdw tftedizs Jasttsets GOttewsy Jdedw / HIWSEBOYdd.
1560 HrohsdyinSs2 HIWEEEOYdd tisHEE0 S HES
t0Lte ™90 BBieOLYO. } tejH il Yiesudshisd Hied tOmlsw -
&dd mshisOadtz 46,18 3 0, 0 i jHit siSkyinsd, Ss-
bsiev2 BY @z syjdajis i) ditfisdLso0hdids BJSEHO Nd4-
F jtadw 0,2%, fishisdedz 15,7 403 0 [26].

SO0S odHis dL tedh. 9, MESHEdLEOEEY2 d
ACH Y jtedds JolsOEAdts fistzizyjtlz 2 theswdid @Otfiew-
A JdW-HwistesOydd gsusd e e0idh d Hi-
dshhstedtetso0id  SHAGOSEO Y j GOShsGT d s jdH jd-
ydd et ofjds HAOYOLER]. YBOYjRdY BiCyjhisd
Yo jH k0 Yresydshisd syjé BzdLSd Hisize $ Hisizelz.
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Fig. 9. Stress-strain profile according to statistical
data (a) and the experimentally obtained
stress-strain profile (B)

VGO BT s jddii oty isHBGSES
tSHASHO C dBsH jcteso0tdss Warvjsi I, yists tieq
o fedikitdd shaso o sYejHitikdd feiHiko
s St sl fisisOedv s ~ 2%, O fiscts jPdishis! e H -
0 tlesusshisd i woms > jidd — sCsts 7%. Gl
t6jLizz 10 0L o0k 40 a0kdHOME disH i, -
otz jtats? ZSOLOG T s fisisBsts dsisH jcfteso0ua.

drosHr

1OLE0BEIOG0 bte jads jistz0W Sisdgtf4Esls jiohOw cs-
HiE! HEY ju0kd ESHORES ¢OLseT R ket GO 3D-
tlodls jioj. i GysHjtoese0Gdw teseHjd oyjs
fteHT, Bhbso0GRT2 &0 s istdd oWLSHets ks jyikd™ o
istskse jshisadd f) 0ot jtdjf Tj2ksEHNO (RANS).
) Stzyjhts 0ot jtdj RANS HEw efjés orydhd-
s datsis sy, ) tsirlzy 0 detsH e tOitfte jH jir jdacf
s jtfzsotes st HiOkd e Jj dLesssetigdd f)

fiytfistz-'LIse0da] &5 Hletseledddaisets Sistfiz S Ansys.
} tscte iy s jcstfjisOblzs T MY EstolsS womfjud-

sro0ufy dimsHY dL Holh e0kdOlste dfRSHEY R
HOGGTE: © tjtsotsds 00tAOnS LO diRsHEES tedid-
(ROLOR s jost jteOlslztsd fOdss2 Yoo j2 esisesd|
ois olsistaists o0tecfOdssj — Is jstf jts0lstzicO Htssottssd).

] it 0 dBHjt  GOtiew] jtts-HWistss0-
sttt fshsswadw o fdtbsjLdiszjdisd oLk jidd )
dhtszLso0kdjds dssHikd fitejHE R tfise jtendashisd.
Tl k0T 0wOLALO dssHjtd s FLifz HodH-
s jflsolzess 5 dOH MEhisq dLH k™. d GOkAL BsH -
td 1) oftfistLse0Gdj HOcE0GET CSsag 03]
tisCOL0t Shfzistisodj diSOMjkd? o &sYOLS,, Yisit-
W2 1ffs 16 jLizz1Is0k00 HORGSGS B3isH jizdtsso0dd™.
B ook T2 o ASHHjiedds jls0T it istl-
YJot 2 thesWdizd @Oty judW-HWsEBOydd Yists-
HJd3BENstedtesa0td sHAROSEo Y § Is jiH jkydd o o jd
HAOYOLSH BisHJEdteso0hkdw, yst csotstedls 5 90kd-
HOYdd tOLteOBBISOGEE?  dstHIRd.  EOydljk1drd
e jflzF jijsotss YisHISBASES HSHASHO § GsH jhdtets-

00Gds WoW s Ists, st tfled ot Yleddzjdiddd
shBC0 o s jHitikdd fojHjt0 bjCyinsd -
isOaEW jis ~ 2%, 0 tfisets jNztshis! s jH k0 Hesydshisg
tfied OS>y o] — SSBES 7%. I e jHEOCO j&5 T2 Hfish-
asH C BSHjEdtese0kdEs Lot js fitftssctsL -
90ls4 LEGT GOSHABOLIGSES GOtkw] jhdw, SEssEr |
dsselzls ecfodhisd & Yok jkdts kssySd osLioShise J-
t btegP ™ o dLHjtdd.

GfiisS dhssubdSse

1. firto [ .&., R0k ¢.d., adioizse .m. RiizjHE0-
il fisods P Jiuptssts Hfstsy 0 Yisrizy jlaf fstebsisor LO-
Glssots &0 ZsOkses) witikjts rodissts adis4W o HjWEts-
dsoudd // AinistdS JOctdflstsetstenSsets 6tshizHOtMis jousts-
6t s jmtzdu metsets zdzdo jiehdis JisO des. 4.R .1 Bhse0. 2020.
u. 18. T 2. &. 56-61. https://doi.org/10.18503/1995-
2732-2020-18-2-56-61

2. [ hsBidGashisd @tHjEdese0kdw o risSEAWW Sisde-
B2 Bheeshiskt jdyoks? Yowstsdtis nhdthkes? sJt-
wsioNshEE? Esodksetd / ¢ dsdtise S.¢., =Z0k0ks-
90 R.R., ZS0edtz .M. d Hts. // M jhisidS thfd2mss-
6t zusofo jtehcflsjisO HislzBY BOBSHED. & jied: R G2 jdate-
&rJ dhfizjHse0ddr. 2021. ©. 22. 4. C. 339-347.
DOI: 10.22363/2312-8143-2021-22-4-339-347

3. fod0de A.s., ddisetOHse [ M., [ PjfSse 1 ) . Ik
HJtdtese0hd] i JisCd YesWdiz 2 lseodhtttihses c0-
LSkttt HodeOsjw // AjhiskdS tohhd2hites
ztzde jtehdfls iSO Hisl>B Y dOteHED. & jtedW: R D] jtehr j
dhfkjHse0dkdw. 2019. u.20. —2. C. 140-146.
DOI: 10.22363/2312-8143-2019-20-2-140-146

4, sttelkdise0 ¢.d., \oMe v. [ thejHitikd]j Histisdd A
Yoo Jlststso HJW St o BOLBOY 7 HJSOEWA SkLdy-
Ge-tedisora Gohdhe /1 Ahkids tehhd2mises
zdo jehdls 50 HElz>BY dGOEBHEe. wjtd™: R & jdt-
&4 difejrse0kdvy. 2019. u. 20. 4. C. 308-315.
DOI: 10.22363/2312-8143-2019-20-4-308-315

5. tomystsj sejHjzjed] Zhdzdw Gouodo Yuohsdud-
e HIWBERO0ydd tid dieded ok4y0 hotseses
GOl dtsets el jotsets BOSEhRjukdto OolstisadlY -
ftejHimisotsds dssHjtzofteso0kdY Hiesy g0 fisolsdyihSdn
difrlsOdcf? / iz R .., A0Rdstse ¢ .T., wstsEMese A .,
wddedto ¢ .J., FoR02esonCd? R.¢ . /1 A jhistdS JO6-
GflssetsteiSrets ctshizHOthse jiutsets sjaddyifSets dd-
o tendfls Jis0 . 4.R .1 Bfse0. 2021. ©. 19. — 2. &. 23-31.
https://doi.org/10.18503/1995-2732-2021-19-2-23-31

6. Dawoud M., Taha I., and Ebeid S.J. Mechanical behav-
iour of ABS: An experimental study using FDM and
injection moulding techniques // Journal of Manufac-
turing Processes. 2016, vol. 21, pp. 39-45.

7. Geng L., Wu W,, Sun L., Fang D. Damage characteri-
zations and simulation of selective laser melting fabri-
cated 3D re-entrant lattices based on in-situ CT testing
and geometric reconstruction // Int J Mech Sci. 2019,
vol. 157-158, pp. 231-242.

8. Ifigo Flores ltuarte, Eric Coatanea, Mika Salmi, Jukka
Tuomi, Jouni Partanen, Additive manufacturing in pro-
duction: a study case applying technical requirements //
Physics Procedia. 2015, vol. 78, pp. 357-366.

www.vestnik.magtu.ru

89



FILrIRELAGAWRE FCoSIUTARY resRM I SAraa Ll

9. Li C., Denlinger E.R., Gouge M.F., Irwin J.E., Micha-
leris P. Numerical veriycation of an Octree mesh
coarsening strategy for simulating additive manufactur-
ing processes // Additive Manuf. 2019, vol. 30, no. 3,
pp. 100903.

10. Liu J., Sun L., Xu W., Wang Q., Yu S., Sun J. Current
advances and future perspectives of 3D-printing natu-
ral-derived biopolymers // Carbohyd Polym. 2019,
vol. 207, pp. 297-316.

11. Montero M., et al. Material characterization of fused
deposition modeling (FDM) ABS by designed experi-
ments // Society of Manufacturing Engineers, 2001,
vol. 10 (13552540210441166).

12. Pastor-Artigues M.-M., Roure-Fernandez F., Ayneto-
Gubert X., Bonada-Bo J., Pérez-Guindal E., Buj-Corral
I. Elastic Asymmetry of PLA Material in FDM-Printed
Parts: Considerations Concerning Experimental Char-
acterisation for Use in Numerical Simulations // Mate-
rials. 2020, vol. 13, no. 1, p. 15.

13. Quan H., Zhang T., Xu H., Luo S., Nie J., Zhu X. Pho-
to-curing 3D printing technique and its challenges //
Bioactive Materials. 2020, vol. 5, pp. 110-115.

14. Rodrégez J.F., Thomas J.P., and Renaud J.E. Design
of Fused-Deposition ABS Components for Stiffness
and Strength // Journal of Mechanical Design, 2003,
vol. 125, no. 3, pp. 545-551.

15. Sood A.K., Ohdar R.K., and Mahapatra S.S. Parametric
appraisal of mechanical property of fused deposition
modelling processed parts // Materials & Design, 2010,
vol. 31, no. 1, pp. 287-295.

16. Seno T., Ohtake Y., Kikuch 1.Y., Saito N., Suzuki H.,
Nagai Y. 3D scanning based mold correction for planar
and cylindrical parts in aluminum die casting // Journal
of Computational Design and Engineering. 2015,
vol. 2, no. 2, pp. 96-104.

17. Webb B and Doyle B.J. Parameter optimization for 3D
bioprinting of hydrogels // Bioprinting. 2017, vol. 8,
pp. 8-12.

18.Yao T., Ye J,, Deng Z., Zhang K., Ma Y., Ouyang H.
Tensile failure strength and separation angle of FDM
3D printing PLA material: experimental and theoretical
analyses // Composites. Part B: Engineering. 2020,
vol. 188, pp. 107894.

19.Zou R., et al. Isotropic and anisotropic elasticity and
yielding of 3D printed material // Composites. Part B:
Engineering, 2016, vol. 99, pp. 506-513.

20. Rodriguez-Panes A., Claver J., Camacho M.A. The
inpuence of manufacturing parameters on the mechani-
cal behaviour of PLA and ABS pieces manufactured by
FDM: a comparative analysis, materials // J Manuf Ma-
ter Process. 2018, vol. 11, p. 64.

21. Petersmann S., Spoerk M., Van De Steene W., Ugal
M., Wiener J., Pinter G., Arbeiter F. Mechanical prop-
erties of polymeric implant materials produced by ex-
trusion-based additive manufacturing // J Mech Behav
Biomed Mater. 2020, vol. 104, p. 103611.

22.Ngo T.D., Kashani A., Imbalzano G., Nguyen KTQ,
Hui D. Additive manufacturing (3D printing): a review

23.

24.

25.

26.

of materials, methods, applications and challenges //
Composites. Part B: Engineering. 2018, vol. 143,
pp. 172-196.

Murr L.E. Frontiers of 3D Printing/Additive Manufac-
turing: from Human Organs to Aircraft Fabrication //
Journal of Materials Science & Technology. 2016,
vol. 32, iss. 10, pp. 987-995.

Kafara M., Kemnitzer J., Westermann H.H. and Stein-
hilper R. Influence of Binder Quantity on Dimensional
Accuracy and Resilience in 3D-Printing // Procedia
Manufacturing. 2018, vol. 21, pp. 638-646.

Hu Z., Chen F., Xu J., Nian Q., Line D., Chen C., Zhu
X., Chen Y. and Zhang M. 3D printing graphene-
aluminum nanocomposites // Journal of Alloys and
Compounds. 2018, vol. 746, pp. 269-276.

Melenka, G.W., et al. Evaluation and prediction of the
tensile properties of continuous fiber-reinforced 3D
printed structures // Composite Structures. 2016,
vol. 153, pp. 866-875.

References

Lekhov O.S., Mikhalev A.V., Bilalov D.Kh. Studies
on a combined process of producing billets on a con-
tinuous casting and deformation plant. Vestnik Magni-
togorskogo gosudarstvennogo tekhnicheskogo univer-
siteta im. G.l. Nosova [Vestnik of Nosov Magnito-
gorsk State Technical University]. 2020;18(2):56-61.
https://doi.org/10.18503/1995-2732-2020-18-2-56-61.
(In Russ.)

Antipov Yu.A., Shatalova I.I., Shkarin K.V. et al.
Features of modeling of a highly efficient multistage
vapor compression heat pump unit. Vestnik Rossiis-
kogo universiteta druzhby narodov. Seriya: Inzhe-
nernye issledovaniya [RUDN Journal of Engineering
Research]. 2021;22(4):339-347. DOI: 10.22363/2312-
8143-2021-22-4-339-347. (In Russ.)

Mamaev V.K., Vinogradov L.V., Oshchepkov P.P.
Modeling of the set of blade profiles of a gas turbine en-
gine. Vestnik Rossiiskogo universiteta druzhby narodov.
Seriya: Inzhenernye issledovaniya [RUDN Journal of
Engineering Research]. 2019;20(2):140-146. DOI:
10.22363/2312-8143-2019-20-2-140-146. (In Russ.)
Kornilova A.V., Zaya K. Determination of acceptable
parameters of defects in basic parts of forging and
pressing machines. Vestnik Rossiiskogo universiteta
druzhby narodov. Seriya: Inzhenernye issledovaniya
[RUDN Journal of Engineering Research].
2019;20(4):308-315. DOI:  10.22363/2312-8143-
2019-20-4-308-315. (In Russ.)

Gun 1.G., Vakhitov A.R., Stolyarov F.A., Smirnov A.V.,
Mikhailovsky I.A. Calculation of starting force of plas-
tic deformation, when bending an outer tie rod ball
stud, by the simulation of static tests. Vestnik Magnito-
gorskogo gosudarstvennogo tekhnicheskogo universi-
teta im. G.l. Nosova [Vestnik of Nosov Magnitogorsk
State  Technical  University]. 2021;19(2):23-31.
https://doi.org/10.18503/1995-2732-2021-19-2-23-31.
(In Russ.)

90

AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



ctesh jils 1. [, JOz1Cs00 £.5., 10Hd0kse ., P jewiso ¢.d.

6. Dawoud M., Taha I., Ebeid S.J. Mechanical behaviour
of ABS: An experimental study using FDM and injec-
tion moulding techniques. Journal of Manufacturing
Processes. 2016;21:39-45.

7. Geng L., WuW., Sun L., Fang D. Damage characteri-
zations and simulation of selective laser melting fab-
ricated 3D reentrant lattices based on in situ CT test-
ing and geometric reconstruction. Int J Mech Sci.
2019;157-158:231-242.

8. Ifiigo Flores ltuarte, Eric Coatanea, Mika Salmi, Juk-
ka Tuomi, Jouni Partanen. Additive manufacturing in
production: a study case applying technical require-
ments. Physics Procedia. 2015;78:357-366.

9. Li C., Denlinger E.R., Gouge M.F., Irwin J.E., Micha-
leris P. Numerical verification of an Octree mesh
coarsening strategy for simulating additive manufactur-
ing processes. Additive Manuf. 2019;30(3):100903.

10. Liu J., Sun L., Xu W., Wang Q., YuS., Sun J. Current
advances and future perspectives of 3D printing natu-
ral-derived biopolymers. Carbohyd Polym.
2019;207:297-316.

11. Montero M. et al. Material characterization of fused
deposition modeling (FDM) ABS by designed exper-
iments. Society of Manufacturing Engineers. 2001;10
(13552540210441166).

12. Pastor-Artigues M.-M., Roure-Ferndndez F., Ayneto-
Gubert X., Bonada-Bo J., Pérez-Guindal E., Buj-
Corral 1. Elastic asymmetry of PLA material in FDM-
Printed Parts: Considerations concerning experi-
mental characterisation for use in numerical simula-
tions. Materials. 2020;13(1):15.

13.Quan H., Zhang T., Xu H., Luo S., Nie J., Zhu X.
Photo-curing 3D printing technique and its challeng-
es. Bioactive Materials. 2020;5:110-115.

14.Rodréguez J.F., Thomas J.P., Renaud J.E. Design of
fused-deposition ABS components for stiffness and
strength.  Journal of  Mechanical  Design.
2003;125(3):545-551.

15.Sood A.K., Ohdar R.K., Mahapatra S.S. Parametric
appraisal of mechanical property of fused deposition
modelling processed parts. Materials & Design.
2010;31(1):287-295.

16.Seno T., Ohtake Y., Kikuch 1.Y., Saito N., Suzuki H.,
Nagai Y. 3D scanning based mold correction for pla-

nar and cylindrical parts in aluminum die casting.
Journal of Computational Design and Engineering.
2015;2(2):96-104.

17.Webb B., Doyle B.J. Parameter optimization for 3D
bioprinting of hydrogels. Bioprinting. 2017;8:8-12.

18.Yao T., Ye J, Deng Z., Zhang K., Ma Y., Ouyang H.
Tensile failure strength and separation angle of FDM
3D printing PLA material: experimental and theoreti-
cal analyses. Composites. Part B: Engineering.
2020;188:107894.

19.Zou R. et al. Isotropic and anisotropic elasticity and
yielding of 3D printed material. Composites. Part B:
Engineering. 2016;99:506-513.

20. Rodriguez-Panes A., Claver J., Camacho M.A. The
influence of manufacturing parameters on the me-
chanical behaviour of PLA and ABS pieces manufac-
tured by FDM: a comparative analysis, materials.
J Manuf Mater Process. 2018;11:64.

21.Petersmann S., Spoerk M., Van De Steene W., Ucal
M., Wiener J., Pinter G., Arbeiter F. Mechanical
properties of polymeric implant materials produced
by extrusion-based additive manufacturing. J Mech
Behav Biomed Mater. 2020;104:103611.

22.Ngo T.D., Kashani A., Imbalzano G., Nguyen T., Hui
D. Additive manufacturing (3D printing): a review of
materials, methods, applications and challenges.
Compos B Eng. 2018;143:172-196.

23.Murr L.E. Frontiers of 3D printing/additive manufac-
turing: from human organs to aircraft fabrication.
Journal of Materials Science & Technology.
2016;32(10):987-995.

24.Kafara M., Kemnitzer J., Westermann H.H., Stein-
hilper R. Influence of binder quantity on dimensional
accuracy and resilience in 3D-printing. Procedia
Manufacturing. 2018;21:638-646.

25.Hu Z., Chen F., Xu J., Nian Q., Line D., Chen C.,
Zhu X., Chen Y., Zhang M. 3D printing graphene-
aluminum nanocomposites. Journal of Alloys and
Compounds. 2018;746:269-276.

26. Melenka G.W. et al. Evaluation and prediction of the
tensile properties of continuous fiber-reinforced 3D
printed structures. Composite Structures.
2016;153:866-875.

} slstztfof0 25.10.2022; tlecizs0 § fzatdSoydd 15.02.2023; stfizakdSse0k0 27.03.2023

Submitted 25/10/2022; revised 15/02/2023; published 27/03/2023

rtesP &St ddkOHdhE09 { djctsody — OnYdis0dls COWjHts™ oM dishistidlk kA d r b irktised?,
tehhd2nhCd? kdejehdisls Hilz B Y GOtEHESe, JHhCe0, tshdw. Email: vliadrusty0O@yandex.ru.
ORCID 0000-0002-3334-7241. SPIN trR) A 2029-5428. AuthorID 1167361.

JOw1CE00 JOted0kdi0 Dts- jodz0 — HsClsts s jntgduinSdn GoES, tesW infsts, SOWIHEO G0N dhshstsdisjzGr A
s jrdstsed?, thid2hSd? zhade dtehdisjls Hislz>BT &OtsHEe, FBNS0, thidw. Email: malkova-myu@rudn.ru.
ORCID 0000-0002-6939-1658. SPIN R A 2680-1505. AuthorlD 613682. Scopus AuthorID 57214744555.

1OHAt0tse Pz jShOGHE dSdlscy — HIsCIstts s JRacu SR GOTS, PesW s, SOW jHisd sy iy bl jddw
o ACEsEeyiSs2 B LSO, LYjBEs-EOZYGT2 SEBECh sy ifise esejbdw d ACsEEEdyiCs2
BLEHONESTS, ¢ SOHJBAW ¢shizHOBhSe jhis? HiesisdotstisyOtetis2 fzzyiar, ANSo0, Tsifdy.

Email: zadiranov@mail.ru. ORCID 0000-0001-7787-8290. SPIN tr] A 2873-6465. AuthorID 323875.

Scopus Author ID: 57214856655.

www.vestnik.magtu.ru

91



FILrIRELAGAWRE FCoSIUTARY resRM I SAraa Ll

LJh jewse i AdSisstssady — SOBHIHOS ks jmtfuiSdR ¢GOS, Hisyjis, SOW jHi0 ety jifiise cists ko
q ACEsecfyiSs2 B LSRN, by jsts-GoyGT? St iSh tesy e ot jidw o ACEHsEyiSs?
BLSHONESHS, ¢ SOHJBAW ¢shizHOtBhSe jhis? HiesisdotstisyOtetis? fzzyiar, NSe0, Tsifdy.

Email: malviktpp@gmail.com. ORCID 0000-0001-6620-8590. SPIN trR1 A 1044-5995. AuthorID 656289.

Vladislav O. Eroshenko — postgraduate student, Department of Mechanical Engineering Technologies,
Peoples’ Friendship University of Russia, Moscow, Russia. Email: vladrusty0O@yandex.ru.
ORCID 0000-0002-3334-7241. eLIBRARI SPIN code 2029-5428. AuthorID 1167361.

Marianna Yu. Malkova — DrSc (Eng.), Professor, Department of Mechanical Engineering Technologies,
Peoples’ Friendship University of Russia, Moscow, Russia. Email: malkova-myu@rudn.ru.

ORCID 0000-0002-6939-1658. eLIBRARI SPIN code 2680-1505. AuthorID 613682.

Scopus Author ID 57214744555.

Aleksandr N. Zadiranov — DrSc (Eng.), Professor, Department of Combustion Processes and Environmental
Safety, Educational and Scientific Complex of Combustion Processes and Environmental Safety,

State Fire Fighting Service Academy of EMERCOM of Russia, Moscow, Russia. Email: zadiranov@mail.ru.
ORCID 0000-0001-7787-8290. eLIBRARI SPIN code 2873-6465. AuthorID 323875.

Scopus Author ID 57214856655.

Aleksey V. Meshcheryakov — PhD (Eng.), Associate Professor, Department of Combustion Processes

and Environmental Safety, Educational and Scientific Complex of Combustion Processes and Environmental
Safety, State Fire Fighting Service Academy of EMERCOM of Russia, Moscow, Russia.

Email: malviktpp@gmail.com. ORCID 0000-0001-6620-8590. eLIBRARI SPIN code 1044-5995.

AuthorlD 656289.

92 AJhlstdS oo di. 4.R.UBMHEe0. 2023. 15.21. 1



stsuhisotisdise 1r.d., JOlsejde ¢.d., 1jnde ¢.J-, steyzise ¢.4., Idose0isse0 ..

ISSN 1995-2732 (Print), 2412-9003 (Online)
urs691.7
DOI: 10.18503/1995-2732-2023-21-1-93-99

1 (RO O REEBOL[10SIR RIODZR MEC HUTLUSULT:
redf | sotPpARC S A ARRL O f e [ A sS-H rddrR A RC

Sttisowisdtzse 1.A.", JOkajjo &4 1 jnde ¢, Sttoyzdse ¢.4.", } dotsolisssd s.4.

L _g0chssesEnS? ctshizHONse jhtr 2 s jRaduied? kadejehdss dB. 4R .1 Shse0, FOckAssCsENS, Tsiide
2y jeBAnS R CsiizHONse jtr2 ko jendls b, Y i BdENS, T

b GislsOydw. utseteidsjtbis] tOLadisdj sinddSd tejniwedjls ofj Bk Ndj ltejste0kdr € tfisorh jhdts > dfsSehisd d
GOH M dshisd Wiz SydstoftetsoOddv 30ls jtecfodztse o StsdstelCyd2. wtedHdydshts Asts Hishisded jishw fisLHOG i3 dso = Addd-
NSO fishisOetse ditfistALizjcsr T di0ks jiscfodztse of B jistsHEe g sBt0BESS. I dofisswh j2 0Bk j &0 hyse | St ek jiods-
Gl st uats--Ar jeB jistatsts cRtsH jofetso0t H jdsdistectez s 1 j tsHef AWW jSiscfods™2 g jistsH tftso ™ i > jfissshisdf of
GOH Y dzshisd] 0 jtecforzse o StsimistezSyd2 LO iy ls HisHBHSED Oy diskEAts? 6 sdistedd Atz jistse fistelzClsizts ™ of iykisod
dn oLOdBEH MsodW Hislzs f Hislzssd. BOSH fisteSlsizis Brad otfjisor j tfts jHEE> jir B30l jBOSSOBd d tistizydid doLed-
tdfj OkSLOCEte0 s oRi. HOGBLOSE R0 oW fistlzClsizis0 — Asts GOBSE o izt 1 ki, KOSE?, Ui ¢HBs BiCH-
Gyl G0t Hoo Jdd BHASEE dL dd- otLdis & @dh-+ COC YO Hsad jhistses Hadd Jkdw ofin it edsjfisd (SOS JHAds-
6fs Is jiHISets s jz0). H jizeftstso0td]j HisLoBHAESH o HiesetsOndsh Stz jShj Abaqus f) yjtt Hikshistoydd Sit-
Yz dses YsHASHO  diffszLse0tdts HOdELOStARda0Es P dmiw fistizClstzts o saofisd oLEOBESSH SEistSydistgm
0 jtecfoitso tOLzfyes GOLEO G, | O s tsLiztls0lsse GisH jdiese0kd™ dizyjbr oLkt j okl jishkr oMt -
H itz jtzo GOctezLCdf o tisHisBG R s jik0R, f) Yk Crlsstsrn orHadwlzsT ks jstedd 5 of s tibdd o BzHERR di-
fitz jHiso0RAWE. TS ZhlsOdsat jis, Uists © L0adidghis is tOLzudr = iy jitsdjo t0cts jid™ tfsHEBGY j fistezShiAs T dis-
ol tsOfjcfe0ks! tediizis jtr j Issyjusr j GOctsizLCd tfts oy jdlz SBi jhilz StsistelzS sttt Az jdz jdis. OS] HtssH oS-
istecftetso0ct Hisls jrycor stfiscigoLoydd ¢ s lstecl SisHjEAGY R A jds jdists MOMBLOS kRO fistelSlsizts, tfisLotsewes-
A2 ohhdisdls! dn AChHiz0oydskE | fps2hse0 f) fsnedkjkdjd Sty jorn Shssjkashs 2. 1 Ozutks SashEEe0EGS Bh-
HEzZP jj tiedd iz jtclj toHBBGY A MstlzClstzts MW tjto jteOftte jH jir jtso t0stelz 5C COS o CizhlstolzCydistate™ m 30l jisdf00R, 50S o
o hftetsCisds ftfSlstsj cltaistetzas jeisse.
stsyjorj fizse0: HOGELOSEdRde0EPdjiv fistslClstzis T, M fisSishs!, dOH s WeaSydstdetedtdw, tser j ¢ok,jkd-
Odzr, StseiylstelzCydd, Stsdzdydats-Adz jds jdistts j BsH ikcftetso0dd, t jte jtOftfte jH itz joadlj &OYtewy jdeg2

RiftHDERJ] o " titsi jGts LOMYlS ctedblsO RNt Gyists WisbHO ™ 22 19 20073, https://rscf.ru/project/22-
19-20073/ d WelrGltots? fte4njte] S v jivBdiiCtsD Bidisd|

O sthilsodisdise 1.J., JOkojjo &.d., 1 jide ¢ I, stteyzase ¢.4., } doseltssed s.4., 2023

r&v ydisdtetsoOdsd

1 tedBiddtd] MOdLOSEdhde0sP driw fistlzClsize: Hidsdhsisoydy Sadyitfydd &0 shited s§-GEHitdkse0hkdY / Stsi-
fisOdziscfizse .., JOkoddo &M, 1 Jfdlk ¢ I, stieulzitse ¢.4., } dosalissed s.4. /1 AJhsdS JOctkdstetthSsets 6shizHOt-
fisoJdtset s jntdydhSeet hadojehdlsiisd di. 4.R.1 B0, 2023. .21, 1. &. 93-99. https://doi.org/10.18503/1995-
2732-2023-21-1-93-99

Stsizs jdzls Hisfsiztf itz YisH &dyjdLdj2 Creative Commons Attribution 4.0 License.
BY

The content is available under Creative Commons Attribution 4.0 License.

www.vestnik.magtu.ru 93



FILrIRELAGAWRE FCoSIUTARY resRM I SAraa Ll

APPLICATION OF INTERLOCKING STRUCTURES:
FEM-BASED CONCEPT DEMONSTRATION

Konstantinov D.V.}, Matveev S.V.2, Pesin A.M.%, Korchunov A.G.%, Pivovarova K.G.!

! Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia
2 Chelyabinsk State University, Chelyabinsk, Russia

Abstract. Modern development of machines demands increased hardness and reliability of materials and structures. Usually,
this is done by introducing new chemical compositions of materials and new methods of material treatment. Following the
computer finite element modeling, this paper demonstrates another efficient method of increasing hardness and reliability of
materials and structures by selecting the reasonable geometry of structure elements and conditions of their interactions. The-
se geometrical structures, first introduced by mathematicians, are called interlocking. An interlocking structure is a set of
convex bodies arranged so that any infinitely small movement of one of them is possible only as a part of a simultaneous
movement by all bodies (as if they were a single body). Modeling was carried out in the Abaqus software complex to
demonstrate a conceptual approach to the use of interlocking structures in the development of structural materials for various
purposes. Using the simulation results, the authors have studied various patterns of load distribution in such systems and put
forward theories about their application in future studies. It was found that depending on various loading scenarios, such
structures can dispel the applied point loads along the entire volume of the structural element. The paper also demonstrates
the potential for optimizing the geometry of individual elements of interlocking structures, contributing to expanding their
operational properties, while maintaining key features. The authors provide a scientific rationale for applying such structures
in future to redistribute loads both in structural materials and in a wide range of tools.

Keywords: interlocking structures, hardness, operational reliability, new materials, structures, finite element modeling,

stress redistribution
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Fig. 2. Dynamics of the von Mises stress redistribution in the interlocking structure,

when loading in one central point
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Fig. 3. Dynamics of the von Mises stress redistribution in the interlocking structure, when loading

in two neighboring points
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Fig. 4. Dynamics of the von Mises stress redistribution in the interlocking structure,

when loading in two remote points
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Fig. 5. Dynamics of the von Mises stress redistribution in the interlocking structure,

when loading in four neighboring points
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Fig. 6. Dynamics of the von Mises stress redistribution in the interlocking structure,

when loading in nine equally spaced points
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panels (for reference)
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RESEARCH AND DEVELOPMENT OF A PNEUMATIC SHUT-OFF
DEVICE OF AN EJECTION TYPE TO PREVENT THE EXHAUST
OF HAZARDOUS GASES

ISpiridonov E.K.| Ismagilov A.R., Khabarova D.F.

South Ural State University, Chelyabinsk, Russia

Abstract. The Chelyabinsk Region is home to many industrial companies, applying various heat and mass transfer facili-
ties, namely reactors of fuming furnaces, basic oxygen furnaces, bubble columns, heterogeneous catalysis and chemical
synthesis facilities, etc. The said facilities operate with chemical reactions at pressure and high temperatures accompanied
by phase transitions. The products of these reactions make up a significant share of hazardous environmental emissions
during the charging of bulk material into the internal chamber of the reactor. A mechanical shut-off device is open when
charging. The chemical reactions take place at excessive pressure, which leads to the exhaust of hazardous gases through
the charging opening. At the same time, the operation of mechanical shut-off devices is associated with relatively frequent
failures. The paper presents a pneumatic ejection-type shut-off device that does not contain moving mechanical parts as an
alternative to a mechanical shut-off device. Hazardous emissions are prevented by a countercurrent high-speed air jet from
the nozzle of the shut-off device into the charging tube, which is also a mixing chamber of the ejector. This significantly
reduces environmental pollution. Moreover, injection of additional air into the reactor through the ejector device intensifies
the chemical processes in the reactor. A complex gas-dynamic process of mixing active and passive gas or mixture flows
takes place in such pneumatic shut-off device. There is no available theory for calculating ejection-type pneumatic shut-off
devices. This paper presents a mathematical model of the operating process and a calculation method for designing an ejec-
tion-type pneumatic shut-off device, which allows developing pneumatic gates with minimum required air consumption.

Keywords: exhaust, hazardous gases, shut-off device, ejector, pneumatic gates, mathematical model, characteristics,
calculation method
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Fig. 3. Influence of temperature and nozzle throat diameter on mass flow at p; = 400 kPa, p, = 100 kPa,

ps = 115 kPa, d; = 300 mm
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Fig. 5. Dependence between the nozzle throat and charging tube cross-section areas and the active
flow jet expansion ratio at Ts = Ty, k = 1,4, R = 287 kJ/(kgiK)
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