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OIEHKA BJIUAHUA JERPEKTHOCTHU METAJLJIA 3ATOTOBOK,
HOJYYEHHBIX AJJIMTUBHBIMU METOJIAMMA, HA TPOYHOCTHBIE
CBOMCTBA C UICHIOJb30BAHUEM HEHPOHHOCETEBOI'O
MOJAEJINPOBAHUA

Kab6aaguu FO.I'., AnocoB M.C., Uepuurun M.A., Mopaosuna FO.C.
Hwxeropoackuii rocynapcTBeHHbIN TexHuueckuil yausepeureT uM. P.E.Anekceesa, Huxuuil Hosropon, Poccus

Annomayus. CTpeMACh K CHIDKEHUIO c€0ECTOMMOCTH IPOM3BOJICTBA, COBPEMEHHAsI IPOMBIIUICHHOCTh BCe dalle oOparuaercs K
AJUTITHBHEIM CII0CO0aM IOJTyYeH s 3ar0TOBOK. HeCMOTpsT Ha OUeBHTHBIE TIPEMMYILECTBA a/ITUTHBHOTO BBIPAIIMBAHMS METAJLIOB,
0COOCHHOCTH JAHHBIX TEXHOJIOTUH JI0 CUX IOP M3ydeHbl HEI0CTaTOUHO Xopoulo. PaccMarpuBaeMble B JaHHOH pabote MeToast 3D-
neyatn Metayuiamu (SLM u WAAM) 06nafaroT psiioM HEIOCTATKOB, CPEl KOTOPBIX OCHOBHBIMH SIBJISTFOTCSI BO3MOYKHOCTh 00pa-
30BaHHs TIOBBIIICHHON TIOPUCTOCTH 3arOTOBOK, BEICOKHI YPOBEHb OCTATOUHBIX HANPSHKEHUI B MaTepHalie U CTPYKTYpHAs! HEOTHO-
POJHOCTh HAIUIABJICHHOIO MeTajula. Llenblo JaHHOTO MCCNeJOBaHUs SBILUIACH OLEHKA IOPUCTOCTH M CTPYKTYPHBIX Je(eKToB
HAIUIaBJICHHOTO MeTajUla M pa3paboTKa MeToa OLEHKH CTENeHH ONAcHOCTH Je(EeKTOB MaTepHaOB Ha OCHOBE HEHPOHHOCETEBOTO
MOJIeTIMpOBaHUsL. B Xoze poBeaeHust paboThl ObLIM M3rOTOBJIEHB! 00pasLbl U3 aycTeHUTHbIX cTanelt 12X 18H10T meronom cenex-
TUBHOTO JiazepHoro criekanus (SLM) u 08X18H10 meronom snexrpoayrosoii Haraeku (WAAM). Meramnorpaduueckue nccie-
JIOBaHHUS MPOBOIMINCEH Ha onTHaeckoM MUKpockore Altami MET1C npu yBemmdernsx x50, 100, 200. B wactHocTH, GbLTa TIpOBE-
JICHa OIIEHKA 3arps3HEHHOCTH HAIUIABJICHHOTO METalyla HEMETAJUTMYECKHMMH BKIFoueHUssMH B cootBerctBuu ¢ [OCT 1778. Ins
WCCIEIOBAHUS MIPUPOJIBI 00pa30BaHMsl TIOPUCTOCTH B paboTe MPOBOIMIIOCH (pakTorpaguyueckoe HccienoBaHne U3IoMa o0pasoB
Ha pacTshkenue. [ n3ydeHus BIMsHUS Ae(QeKTOB B HAIUTABJICHHOM MeTallle Ha MPOYHOCTHBIE CBOMCTBA OBLIN MPOBEIEHBI UCITHI-
TaHUs Ha pacTsbKeHHe. JIJIsl OLIEHKU CTENeHH OMNACHOCTH PA3IMYHBIX Je(eKTOB OBbUI NMPOBEAEH KOMMYECTBEHHBIH U (hpaTaabHbIH
aHANIM3 MHKPOCTPYKTYP C WCIOJIb30BaHUEM CIEHUATM3UPOBAHHOTO MPOTPAaMMHOTO obecriedeHust, paspadoranHoro B MATLAB.
OO0yueHne HeHpOCceTeBoH MO TaKKe MPOBOIUIOCH ¢ ucnonab3oBanneM MATLAB. B xozxe mpoBeaeHus ucciaefoBaHus ObUIO
YCTaHOBJICHO, YTO Ha 00pa30BaHKe MOPUCTOCTH B 00pasiax nociie SLM oka3biBaeT CHIIbHOE BIIMSHUE KaUeCTBO HCXOAHOTO CBIPBSL.
OO0pa31pl, TOTYYEHHBIE ITyTEM AJIEKTPOIYTOBOTO BBIPAIIMBAHKS, 00JIaJAl0T MEHBIIICH IOPUCTOCTHIO U 3arPSI3HEHHOCTHIO HEMeTall-
JIMYECKNMH BKJTIOUCHHUSMU OTHOCHUTENILHO 00Pa3LoB MOCTIE JIA3ePHOr0 CeKaHus. Y CTAHOBJICHA JIMHEHHAs CBA3b MEXy MoKa3aTe-
neM (paKTatbHON pasMEepPHOCTH MUKPOCTPYKTYPHI H TLIOMIAIBI0 TIOP M HECIUIABICHHH B aHAJM3UPyeMOM HU(POBOM M300paKEeHUH
MHKPOCTPYKTYPBI, IOATBEPIKIaeMast pe3ylibTaTaMH HCTIBITAHUI Ha PaCTsDKEHHE.

Knrouesnie cnosa: annurusHoe BeipamuBanue, SLM, WAAM, nopuctocts, AedekThl HaIaBIeHHOTO MeTallia, HeWpOHHOCE-
TEBOE MOJICTIMPOBAHUE, (paKTaTbHBII aHATN3
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NEURAL NETWORK MODELING USED TO ASSESS THE EFFECT
OF METAL DEFECTS OF BLANKS PRODUCED BY ADDITIVE METHODS
ON STRENGTH PROPERTIES

Kabaldin Yu.G., Anosov M.S., Chernigin M.A., Mordovina Yu.S.
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia

Abstract. In an effort to reduce production costs, modern industry has increasingly turned to additive methods for pro-
ducing blanks. Although benefits of additive metal production are obvious, the characteristics of these techniques have
not been sufficiently studied. The paper describes the methods of 3D printing with metals, such as selective laser melt-
ing (SLM) and wire arc additive manufacturing (WAAM), showing several disadvantages. These include the possibility
of forming increased porosity in blanks, as well as high residual stresses in the material and structural heterogeneity in
the deposited metal. The research was aimed at assessing porosity and structural defects in the deposited metal, and
developing a method to determine the degree of risk of material defects using neural network modeling. During the re-
search, samples were produced from austenitic steels 12Kh18N10T using SLM and 08Kh18N10 using WAAM. Metal-
lographic studies were conducted with an Altami MET 1C optical microscope with magnifications of x50, 100 and 200.
In particular, the level of contamination of the deposited metal with non-metallic inclusions was evaluated in accord-
ance with GOST 1778. To study the nature of the porosity formation, the authors conducted a fractographic analysis of
fracture in tensile samples. Tensile tests were performed to study the effect of defects in deposited metal on strength
characteristics. Using specialized software developed in Matlab, a quantitative and fractal analysis of microstructure
was performed to assess the risk entailed by various defects. A neural network model was also trained using Matlab.
The study showed that the formation of porosity in the samples produced by SLM was greatly influenced by the quality
of the feedstock material. The samples produced by WAAM have lower porosity and contamination with non-metallic
inclusions compared with the samples produced by laser melting. The paper contains a linear relationship established
between the fractal dimension of the microstructure and the area of pores and zones of faulty fusion in the analyzed
digital image of the microstructure proved by the tensile tests.

Keywords: additive manufacturing, SLM, WAAM, porosity, defects of deposited metal, neural network modeling, frac-
tal analysis
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Beenenue 1) BO3MOXXHOCTB MOJHOW aBTOMATH3al[HU H3rOTOB-

JIEHHs 3aTOTOBOK M3/EIHH;
B HacTosmee BpeMsl B3aMEH KJIACCHUYECKHM TEXHO- 2)  CHWKEHHE PeCypCOEMKOCTH MpPOH3BOJCTBA, 0CO-
JIOTHAM TIOJTyHEHHS 3arOTOBOK BCE Hallle HAXOMAT CBOC  Geppo cIbHO MPOSBISIOMIEECS TIPH MPOH3BOACTBE H3TIe-

NPUMEHEHHE PA3THYHBIE TEXHOJNOTMH AJUIMTHBHOTO Bbl-  ;yit ys 1opOroCTOSIIMX MATEPHATOB, HAPHMEp THTAHA 1
pammBanust. K unciy Hanbonee paclpOCTPAHEHHBIX ME-  pricaran CTIIABOB;

Ton0B 3D-meyatm MOXXHO OTHecTH TexHoJiorno SLM 3) cHwkenne obmel CceBECTOMMOCTH  BHIMyCKa

(Selective laser melting, Ha pycckom A3BIKE — CENEKTHB- oo nviqy, 0GeCTIeuHBAIONIEE BO3MOKHOCTh BBITYCKa
Hoe nasepHoe cnekanue) 1 WAAM (Wire Arc Additive €IMHUYHBIX U MEJKOCEPHIHBIX M3JeJHi, JKOHOMHIIECKH

Manufacturing, Ha pycckom si3bIKe — 9EKTPOAYIOBOC  ye prirommbIx HpH OPMMEHEHHH TPAIUIMOHHBIX TEXHO-
BbipaimBanue) [1-3]. B mpouecce anauTtuBHOrO BBIpa- oo [8, 9]
, 9]

IMUBAHUA MOTYT YCHCIIHO HM3rOoTaBJIMBATHCA 3aroTOBKH
u3 criaBoB Ha ocHoBe Ti [4], Al [5], cramm [6] u Ni [7],
YTO SIBISIETCS NPEUMYILLECTBOM MaHHBIX TeXHOJormi. K
NPeUMYILECTBAM aIMTUBHBIX METOIOB MPOU3BOJCTBA
TaKKe MOKHO OTHECTH:

www.vestnik.magtu.ru

Texnosorus SLM ocymiecTsiseT mocioiHoOe CruiaB-
JICHHE METaJUTMYECKOro MOPOIIKA 32 CUCT FHEPTHH Jiase-
pa, 94TO MO3BOJISIET MPOM3BOIUTH CIOXHEIE 110 KOH(HTY-
pammu 3aroToBKM m3menuid ¢ ucmnonb3oBanneM CAD-
moxeneit [10].
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Texunonorus WAAM 3akiiodaercss B HalJIaBICHUH
OOBIYHON CBApOYHOW MPOBOJIOKH, MIMPOKO PacIpoOCTpa-
HEHHOH B Tpojake, Ha MOJUJIOXKKY, B pe3ylbTaTe 4ero
oOpasyeTcs 3arotoBka Oymymiei neramu. [lo cpaBHEHHIO
C TPaAWIHOHHBIM TPOU3BOACTBOM, WAAM mo3BomsieT
COKpaTUTh BpeMs M3rotoBieHus Ha 40-60% u Bpemst mo-
crepyromeid 0opadoTkn Ha 15-20% B 3aBUCHMOCTH OT
pa3mepa geramu [4].

O/HAKO 3arOTOBKH, IOJYYCHHBIC C MPUMEHCHHEM
aJTUTUBHBIX TEXHOJIOTUH, MOTYT UMETh PsJ CYIICCTBEH-
HbIX HenmocTaTtkoB [11-13], Takux Kak MOBBIIIEHHAS MO-
PHUCTOCTh, BBICOKUN YPOBCHb OCTAaTOYHBIX HAMPSKCHUUN
MaTepuaia, a TakKe CTPYKTYpPHas HEOJHOPOTHOCTh Me-
Tana.

Lenbto nccnenoBaHus SBISACTCS OLEHKA IMTOPUCTOCTH
1 1e(peKTOB CTPYKTYpPHI ayCTCHUTHBIX CTaleH, TOIydeH-
HBIX ¢ HcnoJib3oBanueM MetonoB SLM u WAAM, a Tak-
&Ke pa3paboTKa MeTo/a OICHKH CTCIICHHW OMACHOCTH Jie-
(eKTOB MaTepHallOB Ha OCHOBE HEHPOHHOCETEBOTO MO-
JIEITAPOBAHMSL.

MaTtepuajbl H METOAUKH HCCJIEA0BAHUS

Usrorosnenne oOpaszmoB meromom SLM ocymecTs-
nsutoch w3 mopotka ctanu 10X18H10T ¢ pasmepom cde-
puueckux vactui 50-80 mxm. HartaBka 00Opa3iioB BbI-
MOJIHSIAch B BUjie OpyckoB Ha yctaHoBke Rusmelt 300M.
Bb110 NONyueHO HECKOJIBKO 00Pa3IoB C HCIOIb30BAHUEM
pasHoro ucxongHoro mopomka (o6pasmsl Nel u 2). Ilpu
HarjIaBKe 00pa3lloB HCIIOJIB30BAJICS MOPOLIOK, U3rOTOB-
JICHHBIH OJHMM TIpOM3BOAMTENEM, HO obOpaser; Nel
HAIJIABIUICS C MCHOJIB30BAHUEM TOJIBKO YTO BCKPBHITOM
YIIaKOBKH, a MOPOIIOK JuIst oOpasna Ne2 yke MCroib30-
BaJICSl 10 3TOTO, W 3aBOJCKAas yIaKOBKa OblLIa BCKPBITA
3apaHee.

OO0pa3ipl, w3rotoBieHHBIE MeTogoM WAAM, BEHI-
MOJTHSUTUCh B BUJAE CTEHOK Ha JKCIEPUMEHTANbHOW HC-
cnenoBatensckoit WAAM-ycTaHOBKE, B COCTaB KOTOPOit
BXOJIMJIM: TPEXKOOPAMHATHBIM craHOK ¢ YUIIY mnoprans-
Horo tuma IVCNC STL, cBapo4HBI HCTOYHHK TOKa
Alloy 275 ME Pulse, BBITSKHO# mikad, CBApOYHBIN CTOM
1 CBapOYHas ropenka. Peanmsyemslil Ha cTeHzae crocob
3D-nieyatn Ha crankax ¢ YIIVY szammmen marertom RU
2696121C1. HamnaBka 00Opa3loB OCYIIECTBIIUIACH CBa-
pounoii mpoBosiokoit CB-08X18H10 (ER308Lsi).

Tabmuna 1. XuMu4decKuii cocTaB HAIUTABIICHHBIX 00Pa3IOB
Table 1. Chemical composition of the deposited samples

Meramnorpaduyeckue HMCCIEA0BaHUS TPOBOIMINCH
B IIONEPEYHOM CEUEHUH OTHOCHTEIBHO HANPaBICHUS
HarmaBky npu yBemumaeHusx x50, 100, 200 wa omrTmue-
ckoM wmukpockorie Altami METIC. TlpuroTtoBicHue
MIA(pOB OCYIIECTBIATIOCH IO CTAHAAPTHOH METOIMKE
MPU TTOMOIIM MEXAHHYECKOTO HIIM(OBAHUS Ha)KAAYHOU
Oymaroif pa3iIHYHON 3€PHUCTOCTH H TIOJUPOBAHHSA C HC-
MOJTB30BaHMEM TAcT. B KadecTBe peakTHBa MPH XUMHUE-
CKOM TpPAaBJICHUU NPUMEHAJCS PacTBOP, COCTOSILUI U3
5 cm® HNOj3, 50 em® HCl 1 50 em® H,0.

XuMHUecKuil cocTaB HalIaBJIEHHOTO MeTajlja ompe-
JIETISUICS Ha ONITUKO-3MUCCHOHHOM aHanu3zarope Foundry-
Master u npencTaBiicH B TadJI. 1.

KonmyecTBeHHBIH M (pakTadbHBIA aHAJIM3 MHUKpPO-
CTPYKTYpP HPOBOIMIH C MCIOJIB30BAaHUEM CIICIIHATN3UPO-
BAaHHOTO IIPOTPaMMHOT0 00€CTIeYeHHsI, pa3padOTaHHOTO B
MATLAB. OO0ydenue HeWpoCeTeBOH MOIECTH MPOH3BO-
JVIIM TaKXXe C HCIIOIb30BaHWEM MPOTPAMMHON Cpezbl
MATLAB.

Opaxrorpapuueckoe ncciegoBaHHE 00pas3loB OCy-
IIECTBIIJIOCh Ha PAacTPOBOM 3JIEKTPOHHOM MHKPOCKOIIE
Tescan Vega 3. McnbITaHus Ha pacTsHKEHHE IMPOBOJU-
JIMCh Ha IUIOCKHMX MPONOPIMOHAIBHBIX 00pa3uax TOJIIH-
Ho# 6 MM (tun I mo 'OCT 1497).

IHony4eHHble pe3y/ibTAThI U UX 00CYy:KIeHHE

OCHOBHO# NPOOJIEMOW aIIUTHBHOTO MPOU3BOJICTBA
3arOTOBOK CYMTAIOT IIOBBIIICHHYIO IOPUCTOCTh 00pas-
oB. OcobeHHo 3To Kacaercs Meroma SLM, Tak kak me-
TAJUIMYECKUE MOPOILIKH, HCIOJIB3YIOUINECs MPH HaIlIaB-
K€, IMCIOT BBICOKYIO YACIBHYIO NMOBEPXHOCTB, YTO 00Y-
CIIaBIIMBAET BO3MOKHOCTh HAJIMYHUS BEICOKOW MOPHCTOCTH
B HAIUIABJICHHOM MeTaie. B ciydae HeHaJuieKalmx
YCIIOBHIT XpaHEHUsI HICXOJHOTO TIOPOIIKA Ha IOBEPXHOCTH
MOPOLIMHOK MOXET MPOHMCXOIMUTh aJCOPOLUs 3arps3Hsi-
IOIIMX BEUIECTB, YTO TAKXKE IMOBBIIIAET PHCK BO3HHUKHO-
BEHMSI TIOBBIIIEHHOM TIOPUCTOCTH.

Jlist u3ydeHust oOpa3oBaHUs TIOPUCTOCTH MeTauia M
3arpsA3HEHHOCTH HEMETAJUINYECKUMHU BKIFOUSHUSIMH TIPO-
BOJIMJIOCH HCCJIEZIOBAaHHE TOBEPXHOCTH HETPaBJIEHBIX
ungoB. CTeneHs 3arpsA3HEHHOCTH MeTallla HeMeTaJllu-
YEeCKHMH BKIFOYESHHAMH ONpeesiach Ha MUKPOIUTUdax
npu yBenunuenun X100 (puc. 1) B coorBerctBuu ¢ TOCT
1778-2022.

Mapka CogepxaHue XUMUYECKOI0 JIeMEHTa, Yo

MaTepuaia

1 CII0c00 C Mn Si S P Ni Cu Mo Cr Ti
HAIUIABKHU
IOX;EI;AIOT’ 0,080 | 0,694 | 0432 | 0236 | 0,147 | 10,600 | 0,296 | 0,991 | 17,100 | 0,472
08X18H10,

WAAM 0,011 1,803 0,791 0,012 0,013 10,210 0,102 0,091 18,951 0
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200 MKM

a

Puc. 1. Herpasnensie numds! 00pa3nos:

ey y
.

200 MKM

a— SLM, obpazern; Nel, x100; 6 — SLM, obpazern Ne2, x50; B — WAAM, x100
Fig. 1. Non-etched metallographic samples: a is SLM, sample No. 1, x100; 6 is SLM, sample No. 2, x50;

B is WAAM, x100

B xone uccrenoBaHus HeTpaBleHBIX NUTH(OB B 00-
pasume Ne 2, HammaBneHHOM MetonoMm SLM, BEIsBICHO
0OJpIIOE KOMMYECTBO TOP M TOXYCAJOYHBIX PAKOBUH
[14], omeHKa 3arps3HEHHOCTH HEMETAITMYSCKIMH BKITIO-
YeHUSIMHU HE IMPEICTaBIIeTCs BO3MOXKHOH. Ha obOpasoBa-
HUC TaKUX CKOIUICHHUH TOP MOXKET OKa3bIBaTh BIIUSHHUEC
3arpsi3HEHUE ITOPOINKA PA3IUYHBIMH TMPUMECIMHU  HJIH
HepacIUIaBIeHHE OTAEJBHBIX YacTHIl METaIJIMYeCKOro
MOPOIITKA, YTO MOATBEPKIACTCS JUTCPATYPHBIMU JaH-
HeiMu [15]. Ha HepacruiaBiieHHe OTHENBHBIX YacTHI] I1O-
pOIIKa YKa3BIBAIOT TAaKXKE PE3yNbTaThl (pakrorpadude-
CKOTO HCCIIEIOBAHUS Pa3pPhIBHEIX 00pasios (puc. 2).

Ha moBepxHOCTH M37I0Ma pa3pbIBHOTO 00Opasma oT-
YETIMBO BBIIENAIOTCS CPEpUICCKHE YaCTUIBI, COOTBET-
CTBYIOIINE IO pa3Mepy MCXOJHOMY MOPOMIKY. Pe3ynbra-
THI UCCIICIOBAHUS Ha 3arpsi3HCHHOCTh HEMETaJUTMICCKU-
MU BKIIFOUCHUAMU NTPEACTABIICHBLI B Taﬁ.]'[. 2.

[Ipu ananuze pe3ysbTaTOB ONpEJeNieHUs 3arpsi3HEeH-
HOCTU HEMETAJUIMYCCKUMU BKIHOYCHUAMU YCTAaHOBJICHO,
YTO METaJll 00pa3noB, HaMIaBieHHbIX MeTogoM WAAM,

COJICP’KUT MEHBINCE KOJIMUYECTBO BKIIoueHMi. Crnemyer
OTMETUTh, YTO MaKCHMaJbHO MAOIyCTHMas 3arps3HEH-
HOCTh HEMETAJUIMYECKUMHU BKIIOUCHHAMH PETIaMEHTHU-
pyeTcss IpH HM3TOTOBICHWM KOHKPETHOTO H3IEnHs. 3a-
TPSA3HEHHOCTh OKCHIAMH TOYECYHBIMH 2 Oaiima MOXeT
JIONTyCKaThCs Jake NMPH M3TOTOBICHUHU H3JENUil U3 0co-
OOBBICOKOKAYECTBEHHBIX CTaJICH.

OCO0EHHOCTBIO MPUMEHEHHS aJIMTHBHOTO BBIPAIU-
BaHUs IIPU M3TOTOBJICHUU 3arOTOBOK M3JCNUH SBIAETCA
oOpa3oBaHHe OOJBIIOrO KOJIMYECTBAa HAIUIABOYHBIX Ba-
JIMKOB, CTPYKTYPHO CXOXXHX CO CBAapPHBIM IIIBOM B TPajH-
IIMOHHBIX TeXHOJOTHsX. CUUTaeTcs, YTO CBapHOU OB B
W37CJINH, TOTYYCHHOM TPAJAWUIMOHHBIMH METONAMH, SIB-
JsieTcst caabbIM MECTOM, M paspylleHue Oymyuield aerann
OyzmeT NpoMCXOAUTh B 30HE TEPMHUYECKOTO BIMSHHA
(3TB). BcnenctBue 3T0TO M3yueHHE TpaHHIl HAILUIABOY-
HBIX BQJIMKOB IPEJCTABIISUIO HAUOOJBUIMH WHTEpEC Mpu
MeTauiorpaduueckoM HCclieoBaHUH. MUKPOCTPYKTYPBI
T'paHMIl HAIJIABOYHBIX BAIMKOB MPE/ICTaBICHBI Ha pHC. 3.

XMH

Puc. 2. ®pakrorpamma uzmoma obpasna Ne2, monydeHHoro Merogom SLM, nocite ero pactsokerus, X2500
Fig. 2. Fractograph of fracture of sample No. 2 produced by SLM after tension, x2500
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Ta6n1/1ua 2 3anH3HeHHOCTI) METaJllJla HEMECTAJNIMYCCKUMHU BKIIFOUCHUSAMU
Table 2. Contamination of metal with non-metallic inclusions

Bt BRITIOHCHIS bamn no 'OCT 1778
O6paszery Ne 1, SLM WAAM

OKCHJIBI TOUCYHEIC 2 0,5
OKCHJIBI CTpOYCUHBIE 0 0
Hutpuel ToueyHsie 1 0
Hutpuas! crpoueuHsle 0 0
Cynbduap 0 0
CunukaThl HeZIehOPMUPYIONIHECs, XPYIIKHE U IIIACTUYHbIC 0 0

T A AN
7, e ;(,"f,’”///,;}'.

J%

)

/
7
L%

9

Puc. 3. Mukpodororpaduu rpaHUIB! pazaena Metainia 00pasmnos, x200:
a — SLM, obpazer; Nel; 6 — SLM, obpazen; Ne2; B — WAAM
Fig. 3. Micrographs of the metal interfaces of the samples, x200: a is SLM, sample No. 1; 6 is SLM, sample No. 2;

B is WAAM

HecMmoTps Ha pa3iuyHyIO TONIIMHY HAIUIABOYHBIX
BaJIMKOB, u3Menstomytocs ot 0,2-0,5 mm s merona
SLM wu cocrasnstontyo okosno 0,8-1,4 MM s mMetona
WAAM, 1o rpaHunaM paszenia pa3iNdHbIX HAIUIaBJICH-
HBIX CJIOEB OTCYTCTBYIOT Pa3JIMuHbIC HECIUIABICHUSL.

CrtpykTypa obpasua Ne 1, HamIaBIEHHOTO METOJOM
SLM (puc. 3, a), npeacTaBieHa OTHOCUTEIHLHO METKUMH
ayCTEHUTHBIMH 3€pHAMH, HAIpPABJICHHBIMH B HaIpaBlie-
HUM 0TBOAA Teruia. OTYETINBO HAOMIOIAI0TCS ayCTCHUT-
HBIC JABOWHUKH. Biirke K rpaHHWIIaM CIUIaBJICHUS CIIOCB
MIPOUCXOIUT H3MEITbUCHUE CTPYKTYPBI, BUIHBI aHOMAIIb-
HO MEIIKHE ayCTCHHUTHBIC 3epHa (TaKKe OPHEHTHPOBAHEI
IO HAIIPABJICHUIO OTBOJIA TEIUIA).

Muxpoctpykrypa obpasmna Ne 2, MOIyd4eHHOTO METO-
mom SLM, cxoxka co CTpYKTYpOi, MOJIydaeMOil METOZI0M
WAAM, 310 MoXeT ObITh 00YyCIIOBJICHO OONBIIEH TOJ-
IIMHOM HAIUIaBOYHBIX CJIOEB, a CJIEJ0BATENbHO, MEHb-
LIMM TEPMHUYECKHM BIIMSHHEM, OKa3bIBAEMbIM HAILIABKOM
MOCIEAYIOMUX cioeB Metaiuia. CTpykTypa oboux odpas-
LIOB MIPEUMYIIECTBEHHO JeHApuTHas (puc. 3 6, B). BOnu-
3M TPaHUIBl CIUIABJICHUS JCHAPHUTHI OPHEHTHPOBAHBI
HOPMaJIBHO K HEH, 4TO MOXET OBITh 00YyCIIOBJICHO HAJIU-
YHeM IpaJiIneHTa TEMIIEPaTyp, a B TIIyOHHE HAILIaBICHHO-
ro MeTajula pacHoyokeHbl Oecriopsiioyno. Crenyer oT-
METUTh, 4TO B oOpasue Ne 2, HalUIaBICHHOM METOJOM
SLM, ofpa3yeTcs  NpEeHMYIIECTBEHHO  SYEUCTO-
JNIEHApPUTHAsT CTPYKTypa, a B ciaydae HarmuaBku WAAM
CTPYKTYpa M3MEHSIETCS 110 Mepe IBHKEHHs OT TPaHHIIbI
CIUIABIICHUS B TJIyOMHY HAIUIABICHHOI'O METajula OT siue-
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WCTO-ACHAPUTHON K NPEHMYLIECTBEHHO ACHAPHUTHOH C
HEYNOPsAA0UYEeHHOH OPUEHTUPOBKOH.

[To pe3ynbTaTaM NpOBEJCHHBIX HCCIIEIOBaHUM Oblia
paspaboraHa HeiipoceTeBasi MOJIENb, MO3BOJISIIOIIAS TIPO-
BOJIUTH OILIEHKY CTETIEHHU ONAacCHOCTH Ae(EeKTOB B Mpolec-
ce SLM- u WAAM-nieuatu. CTerneHb onacHOCTU nedeK-
Ta B HeHpoHHOI ceTn 3amaBanach koddduruenrom K
(cTemeHnp OMacHOCTH), KOTOPHIH u3Mmensuics ot 0 1o 1, rue
0 — 6e3omacHBI YpoBeHb NePEeKTOB U 1 — OMacHBIH ypo-
BEHb JIe(heKTOB, MPUBOAAIINI K YCKOPEHHOMY paspyie-
HHIO MaTepuasa B Ipolecce SKCIUTyaTaluHt.

JIysl OIIEHKH CTENeHHM OMacHOCTH AE(EKTOB MHUKpO-
CTPYKTYpbI (poTorpadii MEKPOCTPYKTYp MPEABAPHUTEIb-
HO 00pabaThIBaMCh C HCIHOJIB30BAaHUEM IPOTPAMMHOTO
obecieuerns MATLAB. Ilo pesynbratam 0o0paboTku
KPacHBIM IIBETOM BBLACISINCH 00JIaCTH (MIOPBI, MUKDPO-
TPEIINHbI, HECIUIABJICHHSI YaCTHIL U JIP.), OTHOCSIIHUECS K
nedexTaM MUKpOCTPYKTyphl. Ilocie dero B mcmomib3ye-
MOM MpPOTPAMMHOM OOECII€YCHUN TPOU3BOAWICS MOJ-
cyeT:

1) xommuectBa naedexktoB N B aHaIH3UpyeMOM
M300paXKEeHHH MHKPOCTPYKTYPBI Ha | MM’ MHKPOCTPYK-
TYpBHI,

2) oOueil OTHOCHTENIPHOW IUIOLIAAN AC(PEKTOB B
aHanu3upyeMoM usobpakennu Q (ot 0 mo 1);

3) (paxTanpHOU pa3sMEPHOCTH H300paXKEHHMS MHK-
poctpykTypsl DF, koTopas oOTpakaeT YCTOWYHUBOCTH
(hopMupOBaHUS CKOTIICHUS Ae(DEKTOB HA aHATTU3UPYEMOM
N300paKEHUN MUKPOCTPYKTYPBL.
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Jnst OLIEHKM CTENEeHH OMNAacHOCTU JE(EKTOB BBIIB-
JICHHBIE KOJIMYECTBEHHBIC IMOKA3aTeNN OTIPaBiseTCcs Ha
BXOJ HelpocereBoi Mojenu (puc. 4), e Ha BBIXOJE
OTIpeNeNAeTCs] CTETIeHb OMACHOCTH Ne(eKTOB (IoKas3are-
m 1, 2, 3 u T.4.) aHAMU3UPYEMOH MHUKPOCTPYKTYpHI.
OreHKa OMacHOCTH 1e(heKTOB MPOM3BOIMIACH HA OCHOBE
aHanm3a He MeHee 10-Ti QoTorpadmii MUKPOCTPYKTYp U3
Pas3IMYHBIX 30H 00pa3LOB CBUACTEINCH.

N (deg/ i/

| / \, Lmeness onacHoCmy
gm0 W O degexmob K 0.1

Puc. 4. HeiipoceTreBast Mo/ieNb OLIEHKH CTEIICHU
OIIaCHOCTH }j[eq)eKTOB npyu aIAUTUBHOM
BbIpallfuBaHUN

Fig. 4. A neural network model for assessing the risk
of defects in additive manufacturing

Ha pmec. 5 nokasana 3aBUCMMOCTb ()paKTagbHON pas-
MEpPHOCTH MHKPOCTPYKTYPHl OT IUIOIIQAX HOp M He-
crutaBieHnd Ha mpuMmepe croiaBa 12X18HI10T. danHas
3aBUCUMOCTb HOCUT JIMHEWHBIN XapakTep, ClIE€AOBATEIb-
Ho, mapametpsl Q u DF B HeiipoceTeBoii Moaenu ckoppe-
JMPOBAHBL, a JUIA NPOTHO3UPOBAHUS CTENCHU OMACHOCTH
ne(eKkToB MOXKHO HCIIOIB30BaTh TONBKO OJWH MOKa3a-
Tenb (puc. 5).

AHanu3 puc. 5 TMOKa3bIBaeT, YTO C YMEHBIICHHEM
VIO TIOp W CKOIUICHWH (pakTanpHas pa3sMepHOCTb
YBEIMYMBACTCS, YTO CBUJACTEILCTBYET O IOBBIIICHUH
YCTOWYHMBOCTH CTPYKTYPHOT'O COCTOSIHUSI MeTajlla K
yIpyromiacTHieckoi negopmanuu. B pesynprare maxe
NPy HEOOJBIIOM CKOIJIGHUH IOp Ha MalbIX IUIOMIAIsiX
MOTYT 00pa30BBIBAaThCS CYOMHKpOTpenIiHEL. Cerperamus
ne(ekToB CcrocoOCTBYET pa3sBUTHIO CyOMHKPOTpPEIIMHEI
NPY BHEITHHUX Harpy3Kax.

Pe3ynpraThl mcHBITaHUH 0OOpaslOB Ha pacTsHKEHHE
MpeacTaBjieHb! B TA0JI. 3.

Pe3ynpraThl McnbITaHWE 0OpA3IOB, HAIIABICHHBIX
merogom WAAM (cM. Tadut. 3), TOBOPSIT O BO3MOKHOCTH
HCIOJIb30BaHUA OTAaHHOTO METOJa IPU MU3TOTOBJICHHUU 3a-
TOTOBOK H3JENHH, Tak KaK NMPOYHOCTHBIE CBOIcTBa 00-
pa3loB JOCTHIralOT 3HAYCHUI MIPOKATAaHHOTO Marepuala
Jake 0e3 MPUMEHEHHs IOTIOJHUTENBHON TepMooOpaboT-
KU WM APYTUX METOJIOB YIPOYHEHHUSL.
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Puc. 5. 3aBucumMocth pakTanbHON pa3MepHOCTH HU(PPOBOTO H300paKEHHUSI MUKPOCTPYKTYPHI OT ILTOLIA ! MOp
u Hecrutapnennt I1 (crmaB 12X18H10T), SLM-nieuats

Fig. 5. Relationship between the fractal dimension of the digital image of the microstructure and the area of pores
and zones of faulty fusion IT for the SLM printed alloy 12Kh18N10T

Tabnmmna 3. Pesynerarer nensitaanii 06pasnos u3 ctanu 12X18H10T (SLM) u crann 08X 18H9 (WAAM)
Table 3. Testresults of the samples made of steel 12Kh18N10T (SLM) and 08Kh18N9 steel (WAAM)

0 o, | oy

Mapka matepuaia, criocod moJrydeHus 5, % Mila
08X18H10, mpokarka 41,73 263,3 535
08X18H10, WAAM 38,2 310 555
12X18H10T, obpasery Ne 1 SLM 68 360,2 728
12X18H10T, obpazery Ne 2 SLM 67 295 520
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IIpu u3ydyeHuu pe3ynbTaToOB, MOJYYEHHBIX NPU pac-
TSHKCHUU 00pa3IoB, HAIUTABICHHBIX MeToj oM SLM, Buj-
HO, 4TO HaJW4ue B 0Opaslie MOBBIIIEHHOW MOPHCTOCTH
INPUBOANT K CHIDKEHUIO G, MeTallla NPaKTHYeCKH Ha
30%. CHmKeHHE TNPOYHOCTHBIX CBOICTB B IOPHUCTOM
METaJUIe COINIACYeTCsl C JaHHBIMH, IOJyYEHHBIMH IIPU
MTOMOIIIK pa3pabaThIBaeMoil HeHpOoCeTEeBOH MOJIEITH.

[IpounocTHBIE cBo¥icTBa MeTainia obpasma Nel, momy-
YEeHHOro MetofioM SLM, IpeBoCXOIsT COOTBETCTBYIOIINE
3Ha4YCHUs I8 00paslla, HM3TOTOBJICHHOTO W3 IPOKaTa.
Jlannsiii a3GdexT oTpaxeH B psae UCCIETOBAHUN  MOXKET
OBITh OOBSICHEH TEM, YTO B JIaHHOM Cjydae OJMH Harula-
BOYHBIA BaJIMK 3aHUMAaET CPaBHUTENBHO Malblii 00beM
OTHOCHUTENBHO BCET0 HAIUIABJIEHHOIO METalja, B HEM MO-
T'YT KOHIIGHTPHPOBATHCS pasnuyHble nedexTol. CKoruieHne
Pa3sNYHBIX MHTEPMETAIINIOB M BO3MOXKHBIX CTPYKTYp-
HBIX 1e()eKTOB OTYECTIIMBO BUAHO Ha puc. 3, a, 6. [Ipu pac-
TSODKEHUH 00pasIoB, MONMYyYeHHBIX MeTogoM SLM, medek-
Tl M WHTEPMETAIIMIBI, CKOMUBINUECA IO TpaHULAM
HaIUIAaBOYHBIX BAJIMKOB, MOTYT BBICTYNATh 3()(HhEKTUBHBIMHU
OapbepaMy JIBIKEHUsI TUCIIOKALUI, YTO, B CBOIO OYepe/ib,
IIPUBOJINT K MOBHIIICHUIO TIPOYHOCTHBIX CBOMCTB.

BriBoabI

1) PaccMoTpeHbl OCOOESHHOCTH OOpa30BaHUS MOP,
rpaHull pasacia u BKJIIOYECHUH IIpU TEXHOJIOTUAX aJau-
TUBHOI'O BbIpalllMBaHU. YCTaHOBHeHO, 4YTO MCTAJIBI,
TOJIYYCHHBIC IO TEXHOJIOTUH aAAUTUBHOI'O 3JICKTPOAYTO-
BOIro BbIpaliMBaHUsd, HMCIOT MCHBIIYIO IHOPUCTOCTH H
CTCIICHb 3arpA3HCHHOCTH HECMETANIMYCCKUMHU BKIIHOYEC-
HUSIMH 110 CPAaBHEHHIO C METAJUIOM, ITOJTyYSHHBIM II0 TeX-
Hosioruu SLM.

2) Hawubospiiee BIMsSHUE HA MOPUCTOCTh METAIIA,
HaIulaBIeHHOro MeTtomoM SLM, okaspiBaeT KadecTBO
HCXOJIHOTO CBIPBHSL.

3) Paspaborana HelpoceTeBas MOJENb OLEHKH
CTCIICHU OIIaCHOCTHU I[e(i)eKTOB, TMOJYYCHHBIX aJauTHUB-
HbIM BBIpallIMBAHUEM Ha OCHOBE KOJINYECTBEHHOM HI/Iq)-
POBOIt 06pabOTKH MUKPOCTPYKTYP.

4) VYcraHOBJIEHA JHHEHHAS CBSI3b MEXY TTOKa3aTe-
neM (QpaxTanbHOH pPa3sMEPHOCTH MHUKPOCTPYKTYPHI |
IUIOIAABI0 TIOp W HECIUIABJICHWH B aHATU3UPYEMOM
TU(PPOBOM U300PaKECHUN MUKPOCTPYKTYPHI.

5) BuusHHEe MOPUCTOCTH METajlla 3arOTOBOK, I0-
JIydeHHBIX MeToa0M SLM, mposiBiseTcss B CHUKEHUH,
MIPEXJIe BCEro, mpeera MPOYHOCTH.

CnucoK HCTOYHHKOB

1. Review of Wire Arc Additive Manufacturing for 3D
Metal Printing / Li Johnnie Liew Zhong, Alkahari
M.R., Rosli N.A.B., Hasan R., Sudin M.N., Ramli
F.R. /I International Journal of Automation Technolo-
gy. 2019, vol. 13, no. 3, pp. 346-353. DOI:
10.20965/ijat.2019.p0346

2. A review of the wire arc additive manufacturing of
metals: Properties, defects and quality improvement /
Wu Bintao, Pan Zengxi, Ding Donghong, Cuiuri D.,

Li Huijun, Xu Jing, Norrish J. // Journal of Manufac-
turing Processes. 2018, vol. 35, pp. 127-139. DOI:
10.1016/j.jmapro.2018.08.001

3. Energy consumption model for additive-subtractive
manufacturing processes with case study / Jackson
M.A., Van Asten A., Morrow J.D. et al. // Internation-
al Journal of Precision Engineering and Manufactur-
ing-Green Technology. 2018, vol. 5, pp. 459-466.
DOI: 10.1007/s40684-018-0049-y

4. Wire + arc additive manufacturing / Williams S.W.,
Martina F., Addison A.C., Ding J., Pardal G., Co-
legrove P. // Materials Science and Technology. 2016,
vol. 32, no. 7, pp. 641-647. DOL:
10.1179/1743284715Y.0000000073

5. The strengthening effect of inter-layer cold working
and post-deposition heat treatment on the additively
manufactured Al-6.3Cu alloy / Gu Jianglong, Ding
Jialuo, Williams S.W., Gu Huimin, Bai Jing, Zhai
Yuchun, Ma Peihua // Materials Science and Engi-
neering: A. 2016, vol. 651, pp. 18-26. DOI:
10.1016/j.msea.2015.10.101

6. Guo Nannan, Leu Ming. Additive manufacturing:
Technology, applications and research needs // Fron-
tiers of Mechanical Engineering. 2013, vol. 8, pp.
215-243. DOI: 10.1007/s11465-013-0248-8

7. Microstructural Evolution and Mechanical Properties
of Inconel 625 Alloy during Pulsed Plasma Arc Dep-
osition Process / Xu Fujia, Lv Yaohui, Liu Yuxin,
Shu Fengyuan, He Peng, Xu Binshi // Journal of Ma-
terial Science and Technology. 2013, vol. 29, no. 5,
pp. 480-488. DOI: 10.1016/j.jmst.2013.02.010

8. Advanced technologies for additive manufacturing of
metal product / Oskolkov A.A., Matveev E.V., Be-
zukladnikov 1.1. et al. // Vestnik Permskogo natsion-
alnogo issledovatelskogo politekhnicheskogo univer-
siteta. Mashinostroenie, materialovedenie. 2018, vol.
20, no. 3, pp. 90-105. DOI: 10.15593/2224-
9877/2018.3.11

9. Cost modelling and sensitivity analysis of wire and
arc additive manufacturing / Cunningham C.R., Wik-
shaland S., Xu F., Kemakolam N., Shokrani A.,
Dhokia V., Newman S.T. // Procedia Manufacturing,
2017, vol. 11, pp. 650-657. DOI:
10.1016/j.promfg.2017.07.163

10. Wang Fude, Williams S., Rush M. Morphology inves-
tigation on direct current pulsed gas tungsten arc
welded additive layer manufactured Ti6Al4V alloy //
The International Journal of Advanced Manufacturing
Technology, 2011, vol. 57, pp. 597-603. DOI:
10.1007/s00170-011-3299-1

11. Directed Energy Deposition (DED) Additive Manufac-
turing: Physical Characteristics, Defects, Challenges and
Applications / Svetlizky David, Das Mitun, Zheng Bao-
long et al. // Materials Today. 2021, vol. 49, pp. 271-295.
DOI: 10.1016/j.mattod.2021.03.020

12. Tomar Bunty, Shiva S., Nath Tameshwer. A review on
wire arc additive manufacturing: Processing parameters,
defects, quality improvement and recent advances // Ma-

BecmHuk MI'TY um. I'./. Hocoea. 2024. T.22. Ne3

194



Kabandux K0.I., AHocoe M.C., YepHuzuH M.A., MopdosuHa F0.C.

terials Today Communications. 2022, vol. 31, 103739.
DOI: 10.1016/j.mtcomm.2022.103739

13. The influence of microstructural anisotropy on the hot
deformation of wire arc additive manufactured
(WAAM) Inconel718 / Lan Bo, Wang Yaping, Liu
Yuehan et al. // Materials Science and Engineering: A.
2021, vol. 823, 141733. DOl:
10.1016/j.msea.2021.141733

14.Bacun O.E. u mp. Atnac nedekros // Hayuno-
TexHuYeckuid cOopHuk. EkatepmnOypr: W3narens-
ckue pemrenus, 2008. 56 c.

15.Jing G., Wang Z. Defects, densification mechanism
and mechanical properties of 300M steel deposited by
high power selective laser melting // Additive Manu-
facturing. 2021, wvol. 38, 101831. DOI:
10.1016/j.addma.2020.101831

References

1. LiJohnnie Liew Zhong, Alkahari M.R., Rosli N.A.B.,
Hasan R., Sudin M.N., Ramli F.R. Review of wire arc
additive manufacturing for 3D metal printing. Interna-
tional Journal of  Automation  Technology.
2019;13(3);346-353. DOI:10.20965/ijat.2019.p0346

2. Wu Bintao, Pan Zengxi, Ding Donghong, Cuiuri D.,
Li Huijun, Xu Jing, Norrish J. A review of the wire
arc additive manufacturing of metals: Properties, de-
fects and quality improvement. Journal of Manufac-
turing Processes. 2018;35:127-139.
DOI:10.1016/j.jmapro.2018.08.001

3. Jackson M.A., Van Asten A., Morrow J.D. et al. En-
ergy consumption model for additive-subtractive
manufacturing processes with case study. Internation-
al Journal of Precision Engineering and Manufactur-
ing-Green Technology. 2018;5:459-466.
DOI:10.1007/s40684-018-0049-y

4. Williams S.W., Martina F., Addison A.C., Ding J., Par-
dal G., Colegrove P. Wire + arc additive manufacturing.
Materials Science and Technology. 2016;32(7):641-647.
DOI:10.1179/1743284715Y.0000000073

5. Gu Jianglong, Ding Jialuo, Williams S.W., Gu Huimin,
Bai Jing, Zhai Yuchun, Ma Peihua. The strengthening
effect of inter-layer cold working and post-deposition
heat treatment on the additively manufactured Al-6.3Cu
alloy. Materials Science and Engineering. 2016;651:18-
26. DOI:10.1016/j.msea.2015.10.101

6. Guo Nannan, Leu Ming. Additive manufacturing:
Technology, applications and research needs. Fron-
tiers of Mechanical Engineering. 2013;8:215-243.
DOI:10.1007/s11465-013-0248-8

7. Xu Fujia, Lv Yaohui, Liu Yuxin, Shu Fengyuan, He
Peng, Xu Binshi. Microstructural evolution and me-
chanical properties of Inconel 625 alloy during pulsed
plasma arc deposition process. Journal of Material
Science and Technology. 2013;29(5):480-488.
DOI:10.1016/j.jmst.2013.02.010

8. Oskolkov A.A., Matveev E.V., Bezukladnikov I.1.,
Trushnikov D.N., Krotova E.L. Advanced technolo-
gies for additive manufacturing of metal product.
Vestnik Permskogo natsionalnogo issledovatelskogo
politekhnicheskogo universiteta. Mashinostroenie,
materialovedenie [Bulletin of Perm National Research
Polytechnic University. Mechanical Engineering, Ma-
terials Science]. 2018;20(3):90-105. (In Russ.)
DOI:10.15593/2224-9877/2018.3.11

9. Cunningham C.R., Wikshéland S., Xu F., Kemakolam
N., Shokrani A., Dhokia V., Newman S.T. Cost mod-
elling and sensitivity analysis of wire and arc additive
manufacturing. Procedia Manufacturing.
2017;11:650-657. DOI:10.1016/j.promfg.2017.07.163

10. Wang Fude, Williams S., Rush M. Morphology inves-
tigation on direct current pulsed gas tungsten arc
welded additive layer manufactured Ti6Al4V alloy.
The International Journal of Advanced Manufacturing
Technology. 2011;57:597-603. DOI:10.1007/s00170-
011-3299-1

11. Svetlizky David, Das Mitun, Zheng Baolong et al.
Directed Energy Deposition (DED) additive manufac-
turing: Physical characteristics, defects, challenges
and applications. Materials Today. 2021;49:271-295.
DOI:10.1016/j.mattod.2021.03.020

12. Tomar Bunty, Shiva S., Nath Tameshwer. A review on
wire arc additive manufacturing: Processing parameters,
defects, quality improvement and recent advances. Mate-
rials Today Communications. 2022;31:Article ID
103739. DOI:10.1016/j.mtcomm.2022.103739

13. Lan Bo, Wang Yaping, Liu Yuehan et al. The influence
of microstructural anisotropy on the hot deformation of
wire arc additive manufactured (WAAM) Inconel718.
Materials Science and Engineering: A. 2021;823:Axrticle
ID 141733. DOI:10.1016/j.msea.2021.141733

14.Vasin O.E. et al. Atlas defektov. Nauchno-
tekhnicheskii sbornik [Atlas of defects. Scientific and
technical collection]. Yekaterinburg: Izdatelskie resh-
eniya, 2008, 56 p. (In Russ.)

15.Jing G., Wang Z. Defects, densification mechanism
and mechanical properties of 300M steel deposited
by high power selective laser melting. Additive
Manufacturing.  2021;38:Article ID  101831.
DOI:10.1016/j.addma.2020.101831

Iocrynmna 13.03.2024; nmpunsta x mybnukanun 23.04.2024; omy6mmkosana 30.09.2024

Submitted 13/03/2023; revised 23/04/2024; published 30/09/2024

Kaoangun FOpuii I'eoprueBuy — TOKTOp TEXHHYECKHUX HAYK, PO eccop, pyKOBOAUTEINb Ta00paTOpHH,
Hmxeropoackuii rocyaapcTBeHHBIN TexHIUecKnit yHrBepcuteT uM. P.E. Anexkceesa, Huxunit HoBropoa, Poccus.

Email: uru.40@mail.ru. ORCID 0000-0003-4300-6659

www.vestnik.magtu.ru

195



HOBbIE TEXHOJIOTMYECKUE NMPOLIECCHI U OBOPYJOBAHUE

AHocoB Makcum CepreeBnq — KaHAWJAaT TCXHUYCCKUX HAYK, JOLCHT,

Hwuxeroponckuit rocynapcTBeHHbIN Texuuueckuid yauusepeuteT uM. P.E. AnekceeBa, Huwxuuit Hosropoa, Poccust.
Email: anosov-maksim@list.ru. ORCID 0000-0001-8150-9332

YepHurud Muxanj AjneKkceeBHY — aCIIUPaHT, HHXKEHED,
Huxeropoackuii rocyaapcTBeHHbIN TexHUUeckuil yausepcuteT uM. P.E. AnexceeBa, Huxuuit Hosropoa, Poccust.
Email: honeybadger52@yandex.ru.

Mopnosuna lQausa CepreeBHa — acliupaHT, aCCHCTEHT,
Hmxeropoackuii rocyIapcTBeHHBIH TeXHIUeCKU yHUBepcuTeT uM. P.E. Anexceesa, Hmwxuuit Horopon, Poccust.
Email: ips4@nntu.ru.

Yuri G. Kabaldin — DrSc (Eng.), Professor, Head of the Laboratory,
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia.
Email: uru.40@mail.ru. ORCID 0000-0003-4300-6659

Maksim S. Anosov — PhD (Eng.), Associate Professor,
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia.
Email: anosov-maksim@list.ru. ORCID 0000-0001-8150-9332

Mikhail A. Chernigin — postgraduate student, engineer,
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia.
Email: honeybadger52@yandex.ru

Yulia S. Mordovina — postgraduate student, Assistant,
Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia.
Email: ips4@nntu.ru

196 BecmHuk MI'TY um. M. Hocoea. 2024. T.22. Ne3



