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Cayncoka FO.C. Oco0auBOCTI MOJIENIOBaHHS MpolieciB ((OpMyBaHHS CTPYKTYpH B
3BapHUX 3’€IHAHHSIX HU3BKOBYTJEIEBUX HU3BKOJEroBaHUX cTayie. — Kpamidikaiiina
HayKOBa MpaIlsl Ha MpaBax PYKOITHCY.

Hucepraliist Ha 3100yTTS HAYKOBOT'O CTYIEHs JOKTopa (itocodii B ranysi 3HaHb
13 — MexaniuHa iHXeHepid 3a crnelianbHicTio 132 — Martepiano3HaBcTBo. — JlepxaBHuid
BUIIMI HaBYaJIbHMKA 3akiaj «[IpuaHinpoBchKka jaepkaBHA akajaemis OyAiBHUIITBA Ta
apxitektypu», uinpo, 2021.

Ha renepimHiii 4ac, cepel MNOUIMPEHMX BHUAIB 3’€IHaHHA OYJIBEIbHUX
METaJIOKOHCTPYKIIIM 3BaplOBaHHS € OJHUM 13 HAWOUTBIN YHIBEPCAJIBHUX 1 IIEBHX
METOJIiB OTPUMaHHS HEpOo3'eMHUX 3'¢AHaHb. [IpH bOMY, SAKICTh 3BapHUX 3’€IHAHBb Y
OUIBIIIOCTI BUIQJIKIB MOXJIMBO KOHTPOJIIOBATU B TOTOBUX BHUPOOAX MLIAXOM
3aCTOCYBaHHS PYHWHIBHUX 1 HE pPYHHIBHMX METOMAIB KOHTPOJ0. 3 1HIIOrO OOKY,
BUPIIICHHS CKJIAIHUX 3a/7a4 TNPOEKTYBaHHsS 0araTOMOBEPXOBUX CIOPYH Ta CHOPYI,
BIJIMOBIAHOTO MPU3HAYEHHS MOTpeOye BU3HAUYCHHS BIACTHBOCTEW 3BAPHOTO 3’ €IHAHHSA
BXK€ Ha cTajii po3poOKH MPOEKTHUX JoKyMeHTamid. OJHUM 13 MOXIIMBHUX IUISIXiB
BUpIIIEHHS JTaHO1 3a/adi, € imiTaliiHe ¢i3uKo-MaTeMaTHYHE MOJCIIOBAHHS IPOIIECiB
3BapIOBaHHS 3 YpaxyBaHHSAM MaTepiaiiB, Kl IS IIbOTO BUKOPUCTOBYIOTHCS.

Mertoro pociimkeHHS € (i3uKo-MaTeMaTHUYHUM aHami3 mpolieciB GopMyBaHHS
CTPYKTYPHOTO CTaHy B 3BapHMX 3 €IHAHHSIX HHU3BKOBYTJICIICBUX HHU3bKOJIETOBAHUX
CTaJIeH MICHs PI3HUX PEKUMIB 3BapIOBAHHS.

JIns [NOCATHEHHS TOCTaBJICHOI METH B JUCEPTAIliiHIM poOOTI BHUKOPHUCTAHO
CydyacHI ~ METOAM  JOCHDKCHHS  CTPYKTYpHOTO  CTaHy  HHM3bKOBYTJICIIEBUX
HU3BKOJICTOBAHUX CTajiell MiClg pPI3HUX PEKHUMIB 3BapIOBaHHS, a CaMe: JIa3epPHOTO
3BapIOBaHHs, CICKTPOHHO-TIPOMEHEBOTO 3BAPIOBAHHS, Ta aBTOMAaTUYHOTO 3BapIOBAHHS
i Iapom QuIrocy.

[lin wac mpoBeAeHHS AOCHIIHKEHb OylI0 BHKOPHUCTAHO TaKi METOAMKH, SK:
METOJMKA TMPOBEJCHHS 3BaplOBaHHS, MPOBEACHHS MeTajaorpadiuHux AOCIIIXKEHb Ta
pacTpoBOi MIKpOCKOMii, METOAMKa MOoOyAoBM MaTeMatuuHux Mojeinei. [loGymosa

MaTeMaTHYHOI MOJENl 3JIMCHIOBajach 3a JIOTMIOMOTOI0 MOMYJS  MOJICTIOBAHHS



ctpykrypaumu piBHsHHAMUA (SEPATH) mporpamu STATSOFT STATISTICA 10.0.
JUist BUpILIEHHS 3aBAaHb, MOCTABIEHUX B JUCEpTaliiiHid poOOTi, OyaH BUKOPUCTaHI
HACTYIHI METOAM MOJCNIOBaHHS: (DaKTOpPHUI  aHami3, perpeciiHuil  aHamis,
KOpEJIALINHUI aHami3, MOJAENl CTPYKTYpPHUX PIBHSHb, MIATBEPIKYIOUUNA (PaKTOPHUIM
aHaJji3, aHaji3 3a fnornomororw metony Mounte-Kapiio.

ExcriepumeHTanbHl 3BaploBaHHS 3MIMCHIOBAIM Ha OO0NaJHaHHI [HCTUTYTY
enexktpo3BaptoBanHa M. E.O.Ilatona HAH VYkpainu. Jlazepom 3BaproBanu CTHUKOBI
3'enHaHHs TIacTUH po3Mipom 290x140x18 mm 3 3acrocyBanHsM Nd:Y AG-nazepa
mozaemi DY 044 (pipmu «Rofin Sinar»y, Himeuumna) nmoryxuictio a0 4,4 kBt 3
¢oxycHowo BiactanHio F = 300 mm. BumnpomiHioBanHs BiJ jda3epa A0 00'€KTHBY
nepeaBajiocss M0 ONTHYHOMY BOJIOKHY fiamerpoMm 600 MkM. Y mporeci 3BaproBaHHS
nepemimlanacs 3BaploBajibHa TOJIIBKA 3 CHUCTeMoro 3axucty. KopeHneBa uacTuHa
3BapHOro 1IBa 3HaxoauTbca B atMocdepi (Ar+ CO2 ). Banna posmiaBy 1 il XBOCTOBa
yacTHa Oylia 3axXMIlleHa 3a JOMOMOTOK COIUIa 3BaproBajibHOI ToNiBKH. [IIBUIKICTDH
3BaprOBaHHs cTaHOBMIA 1.5 M/XB.

EnexTpoHHO-TIpOMEHEBEe 3BaplOBaHHS BHUKOHYBaJM B ycraHoBui YJI-144,
ocHarieHoi kepenom kuBiaeHHs EJIA-60/60, 3BaproBanmbHOi rapmatu [Id-4 i
npwiagoM kepyBaHHs mpomeHeM CVY-220. 3BaproBaHHS MPOBOJIWIIM IO MapaMeTpaM:
npuckoproe Hanpyra — 60kB; ctpym npomenst — 70 MA; 1iaMeTp KpyroBoi po3ropTKy Ha
noBepxHi Ha Bijmctani 100 MM BiJ 3BaprOBaHOTO BHUPOOY CKJamae 2 MM; IIBHUIKICTH
3BaproBaHHA 5,5 wmwm/c (20 wm/rom). VY BciX BHMaAKax pPEKUMHU 3BAPIOBAHHS
3a0e3nedyBaiyu BUKOHAHHS IIBiB 32 OJUH MPOXix 0€3 3aCTOCYBaHHS MPHUCATHOTO APOTY
1 06e3 o00OpoOnenHst kpaifok. IloroHHa eHeprii mnpuU EIEKTPOHHO-TIPOMEHEBOMY
3BaproBaHHi ctaHoBmia 3,11 kJ[x/cMm.

ABTOMaTHYHE JyroBe 3BaploBaHHsS BHKOHYBamocs min ¢umrocom AHKC-28,
mpoBoiokoto CB-10I'THMAL. Illos Ha pexxumax: 1 moB (By3bkuii) — 600A-28B-19m/4;
2 moB (mmpoxuit) — 750A-33B-19m/4.

B X011 BUKOHaHHS JOCIIIPKEHHS TOKa3aHo, 10 YMOBHO CTPYKTYPY 3BapHOTO IIBa
MOXHa PO3JIUTUTHA HA YOTUPH 30HMU: | - 3BapHMil 0B, II - rpanuLs 3BapHUil 1IOB - 30HA

TepMiuHOrO BIUIMBY, III - 30Ha TepmiyHOTO BIUIMBY, IV - TpaHullsl 30Ha TEPMIYHOTO



BIUINBY - OCHOBHHI MeTaj, NMpH IbOMY, KOXXKHAa 3 IUX 30H OyAe MaTu BIACHUMN
CTPYKTYpHHMI cTaH. BcTraHoBineHO, IO came TIpaHHIll MDK CTPYKTYPHO PpPI3HUMH
JOUISTHKAMU 3BapHOTO 3’€HaHHS OylyTh OKa3yBaTW HAHOUIbIIMK BIJIUB HE TUIBKM Ha
AKICTh CaMOT0 3’ €JIHaHHS, aJie 1 HA MEXaHI14H1 BIIaCTUBOCTI TOTOBOT KOHCTPYKIIIi.

3 METOI0 MPOBEJEHHS aHaJ13y B3aEMO3B’ 13Ky MK CTPYKTYPHUMU CKJIAJJOBUMU Ta
pexXuMaMH 3BaprOBaHHsS OYyJ0 BHUKOPHUCTAHO JEKUIbKa METOJUK IMITAIiHHOTO (Pi3UKO-
MaTeMAaTUYHOTO MOJICTIOBAaHHS, a came: (DaKTOpHHI aHai3; perpeciiHuil aHai3;
KOpEJSLIMHUM  aHami3; KoBaplalllMHUWA aHami3; MOJEeNl CTPYKTYpHUX PIBHSAHD;
HiATBEPKYIOUNE (aKTOPHUH aHai3; aHali3 3a JonoMorow Metony Mounte-Kapio.

[IpoBeneHNt KOMIUIEKC MOCHTIIKEHb CTPYKTYPHOTO CTaHY HH3bKOBYTJICIICBUX
HU3bKOJIETOBAHMX CTajell ToKa3aB, IO TICNsA JIa3epHOTO 3BapIOBaHHS IS BCiX
JIOCTIDKYBAIBHUX MapoOK CTaii, HEO0e3NMeYHOW IUISHKOI CTPYKTYpHU 3BapHOTO
3’€JIHAaHHS € 30Ha TEPMIUYHOIO BIUIMBY. BcTaHOBIEHO, IO HA TPAaHUINl MK IIIBOM Ta
30HOK0 TEPMIYHOTO BIUIMBY CIIOCTEPITA€ThCS 3HAYHE 30UIBLIEHHS  CTYIEHIO
MIKpOHANPYKEHb, MOPIBHSHO 3 1HIIKUMU 30HAMU I1IBa, 1€ CBIAYUTH MO TE, 10 caMme I
TPaHUL CTPYKTYPHOTO CTaHy Oy/ie MOTEHI[IHHUM MICLIEM 3apOKEHHS pyHHYBaHHS.

[IpoBenennii metanorpadiuHuii aHami3 MOKa3aB MNPHUCYTHICTh KOHTJIOMeEpaTta
CTPYKTYp B 3BapHOMY 3’€JIHaHHI, IO MICTUTh CKJIaJIOBl1, XapakTEepHI HE TUIBKH IS
JIUTOTO Ta PEKPUCTAIII30BAHOTO METAITY, ajle 1 XapaKTepHi IS OXOJIOHKEHOTO METaly.

[IpoBenennii  KOMIUIEKC  JIOCHIDKEHb  MICHS  E€JIEKTPOHHO-TIPOMEHEBOIO
3BapIOBaHHsA TIOKa3aB, IO JJs BCIX AOCHIPKYBAIBHMX MapoK cTaii (OpMyBaHHS
CTPYKTYpHOT'O CTaHy B 30Hi IIIBa SBJISIE COOOI0 CTOBOYACTI KPHCTAIITH, SIKi 3pOCTalOTh
BiJl TOBEPXHI PO3IUIABICHOTO METAIy JI0 IICHTPY IIIBa.

[IpoBenennii KOMIIIEKC MeTANOrpadiaHUX JOCTIKEHb JO3BOJIUB BCTAHOBUTH HA
TPaHUIll MDK IIBOM Ta 30HOIO TEPMIYHOTO BIUTUBY YITKY JiHIIO PO3ILTy, (POPMYBaHHS
AK01 OOYMOBJICHO TMpPOIIECAMH 3€PHOTPAHWYHOI MIrparii, sika BimOyBa€ThCS MMiJ Yac
OXOJIOJIKEHHSI 3BaPHOTO 3’ €THAHHS.

[Tokazano, 110 CTPYKTypHHUH CTaH 30HH TEPMIYHOTO BIUIUBY (OPMYETHCS B
HACJIIJIOK JIOKAJIbHOTO BITMBY TETUIOTH JKEpelia 3BaproBaHHs. SIK HACTIOK, CTPYKTypa

30H BIJINOBIJIa€ MpolLEcaM CTPYKTYpPOYTBOPEHHS, SIKI BIANOBIIAIOTH pEKUMaM



BTOPMHHOI TEPMIYHOI OOpPOOKM OCHOBHOI'O METajly MpU HarpiBaHHI O TEMIEpPaTyp
BUlEe Ac3, Ta HACTYITHOI'O OXOJIOJKEHHS 3 PI3HUMU HMIBUAKOCTIMHU.

[IpoBeneHuii KOMIUIEKC MAOCHIIKEHb IIICIs aBTOMATHUYHOI'O 3BapIOBaHHS ITiJl
mapoMm GJrocy TOKas3aB, IO B 30HI 3BApHOrO IIBa CIOCTEPITa€ThCsl JEHIPUTHA
CTPYKTypa, sika Oyna OTpuMaHa SIK HACIOK HEMOBHOI cerperamii JOMIIIOK, IO
MOTPAIUISIIOTH J10 PO3IUIaBy 3 (uirocy.

O6rpynToBaHo, mo s craned 10XCH/I va rpaHuii MK 3BapHMM IIBOM Ta
30HOI0 TEPMIYHOTO BIUIMBY, Ta y 30HI TEPMIYHOTO BIUTUBY B HACIiJAOK IMiJBUIICHOT
IIBUKOCTI OXOJIOJDKCHHSI CIIOCTEPIraeThCsl IMOsBa  BIAMEHINTETOBOTO (EpUTYy Ta
npiOHUX KoyoHIM KkBazieBTekToinmy. Jus crameit 09I2C Ta 10I20b B Hachigok
Nepepo3IOaUTY BYTJICIIO CIOCTEPIraeThCs MosiBa OCHHITHOI CKIanaoBoi. BeraHoBeHO,
110 Ha TPAHMII MK 30HOKO TEPMIUYHOTO BILUIMBY T4 OCHOBHMM METAJIOM CITIOCTEPIra€ThCs
nosiBa 3epeH peputy Ta ApiOHUX KOJOHIN KBa31€BTEKTOITY, 110 € HACIIIKOM YacCTKOBOI
pekpucTanizailii BUXiIHOTO 3eépHA ayCTEHITY.

3a pe3yJabTaTH KUIbKICHOT'O aHAI3y BUSBJIEHO, 1110 Jiyist ctajeit 091 2C ta 10I2Db
BIJICOTKOBHI BMICT JIO€BTEKTOITHOTO (eputTy Oyne 3MIHIOBATUCSA 31 30UIBIICHHAM
BIJICTaH1 BIiJl 30HM CIUIABJICHHS, IO SIK HACIIJIOK OOYMOBJIGHO IOSIBOIO OCHHITHOI
ckimagoBoi. Jus crani 10XCHJI migBuieHa MBUAKICTh OXOJIOMKCHHS B 30H1 3’ € JHAHHS
0o0yMOBJIeHa TOSIBOIO BigMaHImITeToBOro deputy. Crmia 3a3HAYMTH, MO B HACITIIOK
NEPEepOo3MOAUTY BYTJICII0 B 30HAX 3BAPHOrO 3’€IHAHHSA TAaKOX BHSBJICHO MiJBUIIECHUN
BMICT KOJIOHI  KBa3ieBTEKTOIMy, IO TMOSCHIOETHCS (OPMYBaHHAM 00JIaCTeH C
KoHIIeHTpaIrieto Byriemto ~0,78%C.

Briepiie mociimkeHo Ta yIOCKOHAJNEHO 3aCTOCYBAaHHS MAaTEMATHUYHOTO amapary
(dakTopHOTO aHami3y 3 METOI BHUPIMICHHS MaTepiallo3HABUMX 3a7a4, Ta aHajizy
ctpyktypHoro ctany ctamed 091'2C, 10XCHJI, 10I'2db micms pi3HHX pPeXKUMIB
3BapIOBaHHsA, B PE3yJbTaTi 4oro Oyso 3iHCHEHO TpymyBaHHA (DaKTOpiB, a TaKOX
TpynyBaHHS 3MIHHUX Yy (akTOpH, Ta SK HACHINOK, Oyaud OTpMMaHi BIAMOBIAHI SKiCHI
3ayie)KHOCTI.  J[JI1  yIOCKOHAJIEHHS MOJANBIIOrO JOCHIIXKEHHS OyJlo BHUKOHAHO
CKOPOUYEHHSI KUIBKOCTI (DaKkTOpiB BUKOPHUCTOBYIOUM METOIM BapiMakc, KBapTIMakc,

€KBIMAaKC.



Y  pe3ymbTari MPOBEACHOTO KOMIUIEKCY JIOCTIKEHb 3a  JIONIOMOTOIO
MaTeMaTU4YHOro amnapaty (HakTOpHOro aHamizy OyJlo BUSBICHO, 10 HaWOUIbII
3HAUYIIMMH 3MIHHUMH  CTPYKTYPHOTO CTaHy 3BapHUX 3'€JHaHb € BIJCOTKOBHUH
po3noi (epuUTHOI Ta MEPIITHOI CTPYKTYPHOT CKJIa/10BOi.

3niiicCHEHO  JOCHIJPKEHHS  TpOILIeCYy  3BaplOBaHHS 13 3aCTOCYBaHHAM
MaTEeMaTUIHOTO MOJCITIOBAHHS IMiATBEPIKYIOUOTO (PaKTOPHOTO aHaJi3y, MOJICIIOBAHHSI
CTPYKTYPHHMH PIBHSIHHSAMHU Ta MeTOJ0M MoHTe-Kapiio BUKOPUCTOBYIOUM TTPOTpaMHUI
koMiuiekc STATSOFT STATISTICA 10.0. YV nporeci gocinigxeHHs Oyina noOyaoBaHa
MOJENb JllarpaMy NUISIXIB y BUIMAAI Komm torepHoro sizmka PATH1, Tta miarpamwu
IUIAXIB, /1€ B SKOCTI 3MIHHMX BHUKOPHCTOBYBAJUChH BIJCOTKOBHI BMICT CTPYKTYpPHHUX
CKJIQJIOBUX (EepUTy Ta MEpJiTy, a TaKOXXK TC€OMETPUYHI PO3MIpU JUISTHOK 3BapHOTO
3’€IHaHHS JJIs1 BCIX JTOCTIKYBATBHUX MApPOK CTaJIl JJIs PI3HUX PEKUMIB 3BapIOBAHHS.

3a JIONOMOIOK MaTeMaTHYHOT'O MOJCIIOBAHHSA CTPYKTYPHUMHU PIiBHSHHSIMHU
noOyI0BaHO JllarpaMy MUIAXIB, Ta OUIBII JETAIBHO JOCHIIKEHO KOPETIOHYl 3aIHIIKA
BIJICOTKOBOT'O CITIBBIIHOIIIEHHS (DEpUTHOI Ta MEPJITHOI CKIAM0BOI HA TPAHHUIN MiX
3BapHUM IIIBOM Ta 30HOI TepMidyHOTrO BIUMBY. I[loOymoBani iMOBipHICHI Trpadiku
HOpMaJIi30BaHUX 3aJIUIIOK MiATBEPIUIN aIeKBATHICTh OTPUMAHUX MOJIEIIEH.

[IpoBeneHo JOCHIKEHHS 3a JIONMOMOTOK0 IMITAlifHOTO MOJCIIOBaHHS 3a
nornoMororo mMerony Monte-Kapio, oTprMaHi BiIIOBIIHI PE3yIbTaTH, SKi 3HAXOIAThCS
B JOMYCTUMHX MEXaX, Ta IMATBEPKYIOTh T€, 10 OTPUMAaHI pe3yiabTaTu (HaKTOPHOTO
aHaji3y, MIATBEP/KYIOUOTO (DAKTOPHOrO aHalli3y Ta 3a JOIMOMOIOK MOCITIOBAHHS
CTPYKTYPHUMH PIBHSHHSAMHU OyII0 3p00JIEHO BIPHO.

KirouoBi ciaoBa: Qakropamii anami3, ¢GakTOpHI HABaHTAKEHHS, peTpeciiHUi
aHai3, KOPESAIIMHUNA aHaji3, MiATBEPKYIounid (akTOpHUU aHami3, mMeton MoHTe-

Kapno.

ABSTRACT

Yu. S. Slupska Features of modeling the processes of structure formation in
welded joints of low-carbon low-alloy steels. - Qualifying scientific work on the rights

of the manuscript.
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At present, among the common types of joints of building metal structures,
welding is one of the most versatile and effective methods of obtaining integral joints.
Together with this, the quality of welded joints in most cases can be controlled in the
finished product by using destructive and non-destructive methods of control. On the
other hand, bringing solutions for complex problems of designing multi-storey buildings
and special-purpose structures requires to determine the properties of the welded joint at
the stage of document development. One of the possible ways to solve this problem is to
simulate physical and mathematical modeling of welding processes, taking into account
the materials used for this purpose.

The aim of the research is physical and mathematical analysis of the processes of
structural state formation in welded joints of low-carbon low-alloy steels after different
welding modes.

To achieve this goal, modern methods of studying the structural state of low-
carbon low-alloy steels after different welding modes were used in the thesis. The
methods are laser welding, electron beam welding, and automatic submerged arc
welding.

During the research, the following methods were used: methods of welding,
metallographic studies and scanning microscopy, methods of building mathematical
models. The mathematical model was built using the structural equation modeling
module (SEPATH) of the STATSOFT STATISTICA 10.0 program. To solve the
problems posed in the thesis, the following modeling methods were used: factor
analysis, regression analysis, correlation analysis, models of structural equations,
confirmatory factor analysis, analysis using the Monte Carlo method.

Experimental welding was carried out on the equipment of the Institute of
Electric Welding named after E.O. Paton of the National Academy of Sciences of

Ukraine. The butt joints of 290x140%18 mm plates were welded with a laser using a



Nd:YAG laser model DY 044 (Rofin Sinar, Germany) with a power of up to 4.4 kW
and F=300 mm focal length. The radiation from the laser to the lens was transmitted via
an optical fiber with a diameter of 600um. In the process of welding, the welding head
with the protection system was moved. The root part of the weld is in the atmosphere
(Ar+C02). The melt bath and its tail were protected by a welding head nozzle. The
welding speed was 1.5 m/min

Electron beam welding was performed in the installation YJI-144 (UL-144),
equipped with a power supply EJIA-60/60 (ELA-60/60), welding gun 11d-4 (CF-4) and
beam control device CY-220 (SU-220). Welding was performed according to the
following parameters: accelerating voltage - 60 kV; beam current - 70 mA; the diameter
of the circular scan on the surface at a distance of 100 mm from the welded product is 2
mm; welding speed is 5.5mm/s (20m/h). In all cases, the welding modes provided for
the formation of seams in one go without the use of filler wire and without processing
the edges. The running energy in electron beam welding was 3.11 kJ/cm.

Automatic arc welding was performed under the flux AHKC-28 (ANKS-28), with
wire CB-10'THMA1 (Sv-10GINMAL). Seam on modes: 1st seam (narrow) - 600A-
28V-19m/h; 2nd seam (wide) - 750A-33V-19m/h.

In the course of the study, it was shown that the structure of the weld can be
divided into four zones: I - weld, 11 - boundary weld - zone of thermal impact, 11l - zone
of thermal impact, 1V - boundary zone of thermal impact - the base metal, while, each
of these zones will have its own structural state. It is established that the boundaries
between structurally different parts of the welded joint will have the greatest impact not
only on the quality of the joint, but also on the mechanical properties of the finished
structure.

In order to analyze the relationship between the structural components and
welding modes, several methods of simulation physical and mathematical modeling
were used, namely: factor analysis; regression analysis; correlation analysis; covariance
analysis; models of structural equations; confirmatory factor analysis; analysis using the

Monte Carlo method.



The complex of studies of the structural state of low-carbon low-alloy steels
showed that after laser welding for all research grades of steel, the zone of thermal
Impact is a dangerous part of the welded joint structure. It was established that, at the
boundary between the seam and the zone of thermal impact, there is a significant
increase in the degree of microstresses compared to other zones of the seam, which
indicates that this boundary of the structural state will be a potential site of destruction.

The metallographic analysis showed the presence of a conglomerate of structures
in the welded joint, which contains components characteristic not only of cast and
recrystallized metal, but also characteristic of cooled metal.

The complex of studies conducted after electron beam welding showed that for all
research grades of steel the formation of the structural state in the weld zone is a
columnar crystallite that grows from the surface of the molten metal to the center of the
seam.

The complex of metallographic studies allowed to establish a clear dividing line
at the boundary between the seam and the thermal zone, the formation of which is due
to the processes of grain boundary migration, which occurs during cooling of the
welded joint.

It was shown that the structural state of the thermal impact zone is formed as a
result of the local heat influence coming from the welding source. As a result, the
structure of the zones corresponds to structure formation processes, which are in line
with the modes of secondary heat treatment of the parent metal when heated to
temperatures above Ac3, and subsequent cooling at different speeds.

A set of studies after automatic welding under a layer of flux showed that, in the
area of the weld, there is a dendritic structure, which was obtained as a result of
incomplete segregation of impurities entering the melt from the flux.

It was substantiated that for steels 10KhND at the boundary between the weld and
the zone of thermal influence, and in the zone of thermal influence due to the increased
cooling rate, the appearance of Widmanstétten ferrite and small colonies of quasi-
eutectoid is observed. For steels 0912C (09G2S) and 10I'2db (10G2FB), as a result of

carbon redistribution, the appearance of bainitic component is observed. It was



established that at the boundary between the zone of thermal influence and the base
metal the appearance of ferrite grains and small colonies of quasi-eutectoid is observed,
which is a consequence of partial recrystallization of the original austenite grain.

According to the results of quantitative analysis, it was found that for steels
09I2C (09G2S) and 10I'2dB (10G2FB) the percentage of pre-eutectoid ferrite will
change with increasing distance from the fusion zone, which is due to the appearance of
the bainite component. For 10XCH/I (10KhND) steel, the increased cooling rate in the
joint area is due to the appearance of a cuff ferrite. It should be noted that as a result of
redistribution of carbon in the areas of the welded joint, an increased content of quasi-
eutectoid colonies was also detected, which is explained by the formation of areas with
a carbon concentration of ~ 0.78% C.

For the first time, the application of mathematical apparatus of factor analysis for
solving Material Science problems and analysis of structural condition of steels 0912C
(09G2S), 10XCH/, (10KhHSND), 10XCH/I (10G2FB) after different welding modes
was investigated and improved, as a result of which grouping of factors and grouping of
variables into factors was carried out, the corresponding qualitative dependences were
received. To improve further research, a reduction in the number of factors was
performed using the methods of varimax, quartimax, equimax.

As a result of a set of studies conducted with the application of a mathematical
apparatus of factor analysis, it was found that the most significant variables in the
structural state of welded joints are the percentage distribution of ferrite and pearlitic
structural components.

A study of the welding process was carried out using mathematical modeling of
confirmatory factor analysis, modeling with structural equations and the Monte Carlo
method using STATSOFT STATISTICA 10.0 software package. In the course of the
research, a model of the path diagram in the form of computer language PATH1 was
constructed, as well as in the form of the path diagram, where the variables used the
percentage of structural components of ferrite and perlite, as well as the geometric

dimensions of welded sections for all steel grades for different modes welding.



With the help of mathematical modeling, structural diagrams were constructed by
path diagrams, and the correlated residuals of the percentage of ferrite and pearlitic
component at the boundary between the weld and the zone of thermal influence were
investigated in more detail. The constructed probability graphs of the normalized
balances confirmed the adequacy of the obtained models.

A study was carried out using simulation modeling using the Monte Carlo
method, the relevant results were received.The resuts are within acceptable limits, and
confirm that the results of factor analysis, confirmatory factor analysis and modeling by
structural equations were correct.

Key words: factor analysis, factor loads, regression analysis, correlation analysis,

confirmatory factor analysis, Monte Carlo method.
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