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AHHOmayus. PaboTa mocBsIeHa aBTOMATHYECKON IIEKTPOAYTOBOI CBapKe IOZ ciIoeM (roca ¢ IPHMEHEHHEM IPHCAaJOYHOTO MaTepHana B BHIAC
AJIIOMOTEPMHUTHOH 3aCBINKH JUISt COSANHEHUS TOJICTOIUCTOBBIX KOHCTPYKIMI. Marepual 1iIacTUHbI IPUHUMAETCS! yIPYroIiacTHIecKuM, Jedop-
MaIIH — MaJIBIMU M COCTOSIIMMH U3 YIPYTHX U IIacTudecKuX. OOpaTumble (yrpyrue) e opMaIii CBA3aHbI ¢ HAPSHKCHUAMH 3aKOHOM J{roamers-
Helimana, neoOpariMble (IJIaCTUUECKHE) 3apOXKIAlOTCS M pacTyT Oyarofaps IUIACTUYECKOMY TEUEHMIO B paMKaX acCOLMHMPOBAHHOIO 3aKOHA
IIACTHYECKOTO TeUEHNUS. 3a yCIOBHE IITACTHIECKOTO TEUCHNS IPHHATO MOAU(PUINPOBaHHOE ycIoBUe Mu3eca, B KOTOPOM yUUTHIBACTCS BA3KOCT.
VlcTouHMK Tera OT aBTOMATHYECKOH AJIEKTPOAYTOBOH CBAapKH MOJIEIMPYETCsl ABOWHBIM SJUIMIICOMIOM, MpeuiokeHHbIM [xon A. Tonnaxom,
a TEIUIO OT XMMHYECKOH peakuy B 00IacTH (PPOHTA FOPEHNUS aTIOMOTEPMUTA 3a1aeTCsl 3HAYCHUEM TEIIOBOTO TIOTOKA. YIIPYTHe MOMYIIH 1 IIpeel
TEKy4eCTH 3aBHCAT OT TeMIleparypbl. PaccMarpuBaiuch miacTuHbl ¢ ToimmHamu 12, 14, 16, 18 Mm. CpaBHUBAs MHTEHCUBHOCTb OCTaTOYHBIX
HAIPsHKCHUH B BEPXHEM U HIDKHEM CIIOSX IUTACTHH M 10 UX TONIIMHAM, MOXHO YTBEPXK/IATh, YTO C MOBBIIICHAEM TOIIIMHBI BO3PACTAIOT 00NaCTH
pactpoCTpaHeHHs BBICOKOW MHTEHCHBHOCTH OCTATOYHBIX HANPSKEHWH M YBEIMUYMBAIOTCS MX 3HAUCHHs. DTH 0OJIACTH PACIIOAraroTcsi BHYTPH
Marepuala B OKOJIONIOBHOHM 30HE Ha y4acTKe CHHEIOMKOCTH. AHAIIM3UPYs paclpsIMIIEHHs 110JIel TeMIeparyp JUls Cilydas SJIeKTPOAyroBOi CBApKH
C NIPUCATOYHBIM MaTEPUAIOM B BUJIE aTIOMOTEPMHUTHOI! 3aChIITKH U 0€3 HEro, yCTaHOBJICHO, YTO B Pe3y/IbTaTe XMMUYECKOH peakiu TeMIepaTypa
B 30He ImBa noeimaercs Ha 500 °C. DTo gaeT BO3MOXHOCTD I IPHMEHEHUS JAHHOI TEXHOJIOTHHU IIPOBEICHUS CBAPOYHBIX PaOOT IIPU HU3KUX
KJIMMaTHYECKHUX TeMIIeparypax.

Karouesvle ca1068a: noponkoBblii IPHCaI0UHbII MaTepya, alloMOTEPMHUs, AIEKTPOLYTroBas CBapKa, yIpyrocTh, INIACTUYHOCTD, 3aChINKa, HU3Kas TEM-
neparypa
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Abstract. The paper is devoted to automatic electric arc welding under a flux layer using filler material in the form of aluminothermic backfill for joining
thick-plate structures. The plate material is assumed to be elastic-plastic, the deformations are small and consist of elastic and plastic. Reversible
(elastic) deformations are associated with stresses by the Duhamel-Neumann law, irreversible (plastic) ones arise and grow due to plastic flow within
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the framework of the associated law of plastic flow. The modified Mises condition, which takes into account viscosity, is adopted as the condition
of plastic flow. The heat source from automatic electric arc welding is modeled by a double ellipsoid proposed by John A. Goldak, and heat from
chemical reaction in the region of aluminothermic combustion front is specified by the heat flux value. Elastic moduli and yield strength depend
on temperature. Plates with thicknesses of 12, 14, 16, 18 mm were considered. Comparing the intensity of residual stresses in the upper and lower
layers of the plates and by their thicknesses, it can be stated that with increasing thickness, the areas of distribution of residual stresses high intensity
increase and their values increase too. These areas are located inside the material in the near-weld zone in the area of blue brittleness. Analyzing
straightening of temperature fields, for the case of electric arc welding with filler material in the form of aluminothermic backfill and without it, it was
found that as a result of a chemical reaction, the temperature in the weld zone increases by 500 °C, this makes it possible to use this technology for

welding at low climatic temperatures.
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[ BBEAEHKE

C pocTtoM MpOW3BOACTBA IOSBUIACH IMOTPEOHOCTH
B CcOOpKe KpYMHOTa0apUTHBIX METAJNTIOKOHCTPYKIIHH.
Kak nmpaBuiio, ee 0oCyIIECTBISIOT C IOMOIIbIO CBAapKH,
KOTOpasi HEraTUBHO BIMET HA OCHOBHOM MeTaJll, co3/a-
Bas M3-3a JIOKAJHHOTO TEIUIOBOTO IeperpeBa HeoOpaTH-
MBIC ueQ)opMauHH 1 TOBBIIICHHBIC HAIIPSI)KCHUSI B 30HC
CBapHOro COeIUHEHMs. (711 yMEHbIICHUS HaNpPSKEHUN
B 0o0JIaCTH TeMIepaTypHOro BO3JCHCTBHS MPUMEHSIOT
TpeBapUTEIbHBIA U COMYyTCTBYIOMINH mmogorpes [1 — 4],
CHIKAIOIUN ypOBEHb TEMIIEPATypPHOIO TIpPAJMUEHTa,
100 TOCIENYIONy0 TepMudecKyto oOpabotky. Co3na-
Basi MEXaHMYECKOE BO3JEHCTBHE B 0OJACTH 1IBA C TIOMO-
LIbI0 IPOKOBKH, TaKXKe MOHMKAIOT HEraTUBHbIE MOCIEe]-
CTBUA CBApKH. KOFILa p€4b UACT O HNPOTAIKECHHOM MIBC
B TOJICTOCTEHHOM METAJUIMYECKOW NIACTHHE, IPUMEHE-
HUEC BBILICTICPCUUCIICHHBIX MCTOJOB CTAHOBUTCA 3aTPYyAa-
HUTENBHBIM, MOJTOMY IeJecoo0pa3Hee WCIOIh30BaTh
IPUCAJOUHBIH MaTepuaa, 4YTOObl BBIMOJHUTH CBapKy
B OJMH IPOXOJ.

ABTOMaTHYECKas TyroBas cBapka moj (IrocoM C mo-
pomkoBbIM TipucamounsiM Marepuanom (ITIIM) mpen-
Ha3Ha4YeHa Ui CBapKH TOJCTOCTEHHBIX KOHCTPYKIIMMA
tommuaoi 110 60 mm. Ilpumenenme III[IM yBennun-
BACT TEIUIOBYI0 3((EeKTUBHOCTH Mpolecca U yIyulIaeT
KayecTBO CBapHOI'O COeIMHEHHs. B TpaguimoHHOM city-
yae B KayecTBE MPHUCAJOYHOTO MaTepHuaia HCIOIb3yIT
KpPYTIKY, Hape3aHHYI0 MEIKHMH (parMeHTaMH H3 CBa-
pounoil npososoku auamerpom 0,8 —2,0 mm. Ilomaua
[IITM B 30HY CBapKH OCYIIECTBISETCS MyTEM MpeIBapHu-
TEJBHOM 3aChINIKK B 3a30p WM pa3leiKy mepel CBapKoi,
Tu00 Ha BBUJICT 3JIEKTPOJa J03aTOPHOM KOHCTPYKITHCH,
ecnu oHa oOnajaeT peppoMarHUTHBIMH CBOMCTBaMu [5].
Haumbomnee BayXKHBIMH MpEeHMYIECTBAMH IpoIecca SBIIs-
10Tca Oojee BbICOKHE I(PPEKTUBHOCTD, MPOU3BOIUTEIb-
HOCTh M KadyeCTBO CBAPHBIX COCIAMHEHUH. BO3MOKHBIE
BApUAHTBI 3JIEKTPOAYTOBON MHOIONPOBOJIOYHON CBApKH
Y HaIUTaBKH ¢ T00ABICHHEM METaJUIONIOPOIITKA OCBEIICHBI
B padorax [6 — 9]. Takxe BBenenue [111IM ucnonb3yercs
npu nazepHoit ceapke [10 — 13].

B Hactoseii pabore B kadectse IIIIM wuccienyercs
AJIOMOTEPMUTHAS 3aChINKA, IOCKOJIbKY aJOMOTEPMUTHBIN
HATOJIHUTENIb B TOPOLIKOBOW IMPOBOJIOKE, COCTOSIICH U3
cMecu (ppakiuii MEeTaNTMYEeCKOW OKAITMHBI M AJTFOMHHHE-
BOTO CIUIaBa ¢ JOOaBIEHUEM JIETUPYIOIIMX KOMIIOHEHTOB,
3apeKOMEHJIoBall cebsi ¢ Hawrydiied cropossl [14 —17].
Ero mpumenenue oOecriedynBaeT paBHOMEPHBIM Moce-
IYIOIMI IPOTrpeB CBApHOIO IIBAa 3a CUET COBMEILEHUS
AIIEKTPOAYTOBOTO TEIIOBOIO BO3AECUCTBUS U DK30TEPMU-
YECKOM  OKMCIMTEIbHO-BOCCTAHOBUTENBHON  peakuuu,
B XOZ€ KOTOPOIl MPOMCXOIUT BOCCTAHOBJICHHUE XKeJe3a U3
okaymHbl [18]. 1llnak, 0Opa3oBaHHBIA B pe3yibTare peak-
UM, 00J1a1aeT TEMIOM30IUPYIOLIIUM CBOHCTBOM, IPUBOIUT
K YMEHBILIEHHIO TEIUIOOTBOAA C IOBEPXHOCTH CBAapHOIO
1IBa, YBEJIMYMBAs BpeMs JUIsl PaBHOMEPHOIO 3aTBeplieBa-
HUSI, YTO CIIOCOOCTBYET (POPMHUPOBAHUIO MEIKO3EPHUCTOM
CTPYKTYpBI MaTepuaia.

OnNTUMH3UPOBATH MTPOIECC AIIEKTPOIYTOBOM CBapKH O€3
00JIBIINX 3aTpaT MO3BOJSIET MAaTeMaTHYeCKOe MOJIEIIMPOBaA-
Hue [19 —21].

Lenbto paboOTHI SIBIISETCS yCTAHOBIECHUE BIUSHUS KOM-
OMHUPOBAHHOTO TEIJIOBOTO BO3ACHCTBHS aIOMOTEPMUT-
HOI 3aCBIIIKU MPH CBApKe TOJCTOIUCTOBBIX KOHCTPYKIUHA
Ha paclpelesieHue MHTEHCUBHOCTH OCTaTOYHBIX Harps-
JKEHUI U BO3MOXKHOCTb MTPUMEHEHHs JaHHON TEXHOJIOTUU
CBapKH [IpY HU3KUX KIMMaTHUYECKUX TeMIleparypax.

]l OcHOBA MATEMATUYECKOW MOAE/U

[TpuaIMaeM, 9T0 B HaYaJIFHBIHT MOMEHT BPEMEHH B Ma-
TepHale IIaCTUHBI OTCYTCTBYIOT HEOOpaTHMbIe JAedopma-
an. Jlepopmarun cauTaeM MabIMi d;; i COCTOSIILMMH 13
00paTUMBIX e, HEOOpaTUMBIX Py

d.= 0,5(ul.,j + uj’l.) =e;tp; (1)

i

Cootnomenue J[roamens-Helimana omnuchIBaeT CBSI3b
MEXIly HaIllpsDKEHUEM, yIpyroi aedopmariyeid u temmepa-
TypOM:

o, = [re, — 30K (T~ T,)]5, + 2ue,, 2)
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2
e A, p, K = 3 WL+ A — ynpyrue Moaynu; o — ko3 uIueHTt

JIMHEWHOTIO PACIIMPEHMSL.
Yopyrue MoAylu 3aBHCAT OT TeMIeparypbl. Jias maH-
HOTO Cllydasi IPUMEHSIEM UX JMHEHHYIO 3aBUCUMOCTb

E(x,y,z,t)=Ep - (EP —EO)O(x,y,z,t);
v(x,,2,0)=0,5-(0,5-v,)0 (x,1,2,1);
E vE B T,-T

= ;A= ;0= )
S Y () R IS T M

)

rne £, Ep — Moayab FOHra npu KOMHaTHOH TemIiieparype
T, n ipy Temmneparype riaBjieHus 1) COOTBETCTBEHHO; V —
kod(pdunment Ilyaccona; v, — xospdumment Ilyaccona
IIpY KOMHAaTHOM TeMIieparype.

Korma HampspkeHHOE COCTOSHHME JOCTHUraeT MHOBEpX-
HOCTH Harpy’>kKCHHUS B IPOCTPAHCTBE HANPSDKCHUH, HeoOpa-
TUMBIC Je(OpMAIU HAYUHAIOT PACcTH. 3alHIIeM aCCOIHHU-
pOBaHHBIN 3aKOH

85=dpij=d

@M, do> 0. 4)

i
B xauecTBe IIOBEPXHOCTU HArpyKEHHs IIPUMEM YCIO-
BHE IUIACTUYECKOrO TeueHus1 Museca

\/%(Tf —nef)- (v, —nef) =k, ®)

TIe T, =G, — Sijco, 6:‘1 — cumBon Kponekepa, eciu i =, TO

. . — 0. 1 .
0,=1,aecmmi#j,109,=0;0, =§6ﬁ = ESUGU,k—Hpe—

JIeNt TeKy4eCTH, 3aBUCALIMN OT TeMieparypsl k = k 0% npu
T= Tpk = 0,10 I1a; 1 — BI3KOCTH MaTepHaia.

Homnonusier cucremy ypaBuenuit (1) — (5) ypaBHeHue
paBHOBECHS

6. =0. (6)

,J

['paHW4HBIC YCIOBHS MOJCITUPYIOT CBOOOHYIO TTOBEPX-
HOCTh. Perienne mexannueckoi 3anauu (1), (2), (4) — (6) no
3apaHee 3aIaHHOMY ITOJTFO TEMITEPATyp HAXOAUM YHCICHHO.

[l NOCTAHOBKA 3AAYM

Ha nnacTuHy, BBINOIHEHHYIO M3 HU3KOYIJIEPOJUCTON
W HHU3KOJIeTHpoBaHHOU ctanmy (Mapku Ct3), HaXOISIIYHOCS
IIpU KOMHATHOM Temmeparype B CBOOOJAHOM COCTOSHHU
(HEe3aKpEeIICHHY0), HAHOCUTCS TIOPOIIKOBBIN MpHCaI0Y-
HBII MaTepual, COCTOSLIMN U3 aTIOMOTEPMUTHON KOMIIO-
surn (reometpust 3aceinkn 40x20 mMm) (puc. 1, a), B 30HY
CBapHOT0 COEJUHEHHUSI 110 JUIMHE Oy/IyILEero CBapHOro IBa.
Co ckopoctbio 20 M/4 CBapOdYHBIN ammapar, MpPOJBHTa-
SCh 10 3aJJaHHOI TPaeKTOpUH, KaK I0Ka3aHO Ha pHC. 1, 6,
AKTHBHPYET OT TOPEHUs ICKTPHUYCCKOW ITyTH XUMHYEC-
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Kyl peakLHUIO0 B IIpUCAZO4YHOM Marepuaine. DpoHT rope-
HHS QTIOMOTEPMUTHOM 3aChIIKH UJET C TOM XKE CKOPOCTHIO
Y HE3HAUMTENbHO OIEpeKaeT cBapKy. TONIMHA MJIaCTHHBI
Bapeupyetcs ot 12 o 18 mm. Jlmamerp 3meKkTpoHoM mpo-
BoJiok Mapku CB-08 coctapmuseT 3 MM.

IIpu myroBoil cBapke Mmpouecc pacHpeneseHus Teria
B TBEP/IOM TeJIE ONUCHIBACTCS] HETMHEHHBIM Tu(epeHIu-
aJIbHBIM YPAaBHEHUEM TEIUIONPOBOJHOCTH C YUETOM AeHCT-
BYIOIIET0 NCTOYHHUKA TeTia

c(T)pi—f = div[A(T)gradT | +q, (7)

rae A7) — TermonpoBoiHOCTh, BT/(M-°C); ¢(T) — yaenpHas
teroeMkocTsb JIk/(kr-°C); p — IIOTHOCTB, KI/M?; ¢ — 00b-
€MHasl IIOTHOCTh MOLIHOCTH MCTOYHMKA Terua, Br/m>.

Hcrounnk Temma, HUCXOAAMMNA OT 3IEKTPOLYTOBOM
CBapKH, MOJICITUPYEM C HCIIOJIb30BAaHHEM JBOWHOTO JUIUII-
couna [22]. Ha puc. 2, 6 mokazana ¢opma mOTOKa Teruia
B TUTACTHHE TIPH CBapKe.

s = Js e H
a,ben [ ( ))2 o ®)
_3|: x+va1:—t *(Xj +(§] }
=1 afbcic%s | b ’

e O — 3¢dekTuBHas TEIIOBas MOIIHOCTh MCTOYHUKA
HarpeBa (mus ;yroBoit capku Q =n/U, Br); T — Bpewms,

Puc. 1. IlocTaHOBKA 3KCHEPHMEHTA

Fig. 1. Experimental setup
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DpoHT TropeHus
AITFOMOTEPMHUTHOM
3aCBINKH

CaapouHas
BaHHA

Puc. 2. Cxema 3amaun

Fig. 2. Task outline

Mpoleliee ¢ Hayana JeHCTBUSA UCTOYHHKA, C; [ — TEKY-
mee BpeMsl, C; V — CKOPOCTh MEPEMENICHHS HCTOYHUKA
HarpeBa (CKOPOCTh CBApKH), M/C; X, ¥, Z — TIOJIYOCH SJLTUII-
couza B KoopAauHaTHRIX Hampasnenusix OX, OY, OZ, w;
f. m f; — K03 PUIMENTEI, ONPENENAIOKME COOTHOMIEHHS
JUTS. TETUIOTHI, BBOAMMOM B MEPEAHIOI M 3aJHIOI0 YaCTH
SJUIMICOMNA; d, @;, b, ¢ — COOTBETCTBYIONIME PaUYChI
HOPMAJILHOTO pacrpeaeacHus. Mcxoms u3 BhIlIeyKa3aH-
HOTO, CYIIECTBYET CICAYIOMIAs CBA3b MEXKIY KOADPHUIH-
eHTaMu f U f;:

2a; 2a
fi= =

a, +aq

s+ =2

a, +aq;

B oGnacTtu ppoHTa rOpeHHs aOMOTEpMUTA TPAaHHYHBIC
YCJIOBHS 33/1a€M B BH/IC

orT

_x[gquw(x:yazL (9)

e g, (X, ¥, z) — TEMIOBO! MOTOK OT XUMUYECKON PEAKIIUH,
cocraBisgeT 58 BT.

Ha noBepxHocTH, CBOOOHOM OT HCTOYHUKA TEILIa, IPa-
HUYHBIC YCJIOBUS MOJCIUPYIOT TEIUIOOTBOJ B OKpYIKaro-
YO CPEey:

xZ—T:kof(T—TO),

X

1

(10)

e kof — ko3 puIMeHT TermTooOMeHa ¢ OKpY KaroIien cpe-
1o, pasen 6 Br/(m2-°C). B 06iacTu cBapHOTO 1IBa IIJIAK,
00pa3oBaHHBIII B pe3yabTare HUCCICIYEMOro Crocoba
CBApKH, YMEHBIIWI TEIJIOOTBOA OT MOBEPXHOCTH ILIAC-
THHbI 10 3,5 Br/(M?-°C).

ITockonbKy A M ¢ KOHCTAHTBI, TO CUCTEMY YPaBHCHHI
(7) — (10) pemraem METOIOM TPOTOHKH.

[l PE3YNLTATLI PACYETA

Paccmorpum cranbable miactusbl pazmepoM 500%150 Mm
crommHamMu 12, 14, 16, 18 MM 1 Clie Iy rOIUMHA (PU3HKO-MeXa-
HHUYECKUMH XapaKTEPUCTUKAMU: TUIOTHOCTD p = 785 Kr/m°;
Moy FOHra npu komuarHoi Temneparype £, =210 I'Tla;
Ep = 0,3 I'Tla mpu Temrieparype TUIaBICHUS Tp = 1400 °C;
ko3 dunument Ilyaccona 0,27; mpenen TeKy4decTH IpH
KOMHaTHOU Temrieparype 255 MIla; ko dumnueHT nuHei-
HOTO TemIoBoro pacmmpenus 11,1-10° 1/°C;  Temo-
npoBogHocTh 55,5 B1/(M-°C); yaenpHas TeMIOEMKOCTb
482 JIx/(xr-°C); KIII uctounuka 90; cuma toka 300 A;
Hanpspkenue 35 B.

Jnst mpoBedeHHs aHanM3a BIMSHHUS TOPOIIKOBOU
3aCBINKN MPOU3BEAEM CpPAaBHEHHE TEITIOBBIX ToJyen. s
9TOr0 Ha pHUC. 3 NPUBEJEHO pacIpeieseHUe M0JIsd TeMIle-
paTtypbl, 00pa3s0BaHHOTO B pe3yJbTare aBTOMAaTHYECKOMH
AJIEKTPOJLyTOBOW CBApPKH C MPUMEHEHUEM aFOMOTCPMHUT-
HOM 3acbinku U 6e3 Hee. Boibr-ammnepHble xapakTepu-
CTUKH U CKOPOCTb CBapKH IpU ATOM HAeHTU4YHbIe. Kak
BHJTHO, B 30HE PACTIOJIOKECHHSI CBAPOYHOU JTyTH MOJIE TEM-
neparyp IpH HCIOJIb30BaHUU NPUCATOYHOIO Marepuaia
noBbItieHo Ha 500 °C. D10 JaeT BO3MOXKHOCTh ITPUMEHE-
HUS QJIFOMOTEPMHUTHOM 3aCHINIKM TPU HU3KHUX TEeMIIepary-
pax OKpy’Kalolleil cpelbl B KayeCTBE MPEIBAPUTEIBHOIO
MOJIOTpeBa.

Ecin 32 0cHOBY B35ITh BpeMsl OCThIBaHUS CBAPHOTO 111Ba,
MIOJIyYEHHOTO € MCII0JIb30BaHUEM 3JIEKTPOLYTOBOM CBapKH
[IpU KOMHATHOW TeMIIEpaType, ¥ TOBOPUTH O KaYECTBEHHOM
COCJTMHEHUH, TO 3TO BPEMSI MOJKET OBITh IOCTHUTHYTO U ITPH
oTpularesibHOM Temneparype. Ha puc. 4 nokazaHo Bpems
OCTBIBaHMSI TUTACTUHBI TOJNIIMHOM 12 MM B 3aBUCUMOCTH OT
TeMIieparypbl Ookpyxaromei cpeapl. CriiomHas JUHUS —
C HUCIOJIb30BAHUEM MIPUCATOUYHOTO MaTepuaa, ITPUXOBast
TUHHS Oe3 Hero.
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Bepxuuii cnoit Huxuwnii cnon
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Puc. 3. PacnipesienieHrie TeMIepaTypbl B BEPXHEM CJI0€ CTaJIbHOM

IUIACTHHBI, 00Pa30BaHHOE B PE3YJIBTATE AMEKTPOLYTOBOU CBAPKH
C TIPUMEHEHUEM TIPHCaZouHOro Marepuaia (a) u 6e3 Hero (6)

Fig. 3. Temperature distribution in the upper layer of a steel plate
formed as a result of electric arc welding with (a)
and without filler material (6)
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Puc. 4. Bpems ocThIBaHUS IIIACTUHBI TOMIUHON 12 MM

Fig. 4. Cooling time of a 12 mm thick plate

Bpemsi oCTbIBaHUSI CBAPHOTO COEIUHEHUS, BBIIIOIHEH-
HOTO C MCIIOJIb30BAHUEM 3JIEKTPOJYTOBOM aBTOMATUUECKOM
cBapku mipu 20 °C, Takoe xe, yto u npu —25 °C ¢ ucnosnb-
30BaHMEM IIPUCAJOYHOIO Marepuaja B BHUJIE aJIrOMOTEp-
MUTHOHM 3aChIIKU. DTO JaeT BO3MOXKHOCTb IPUMEHSTH
IIPEJCTABICHHBIM CBapOUYHBIN NpOLECC MpU OTPULIATENb-
HOM TeMIlepaType OKpYXKarOIEeH CPenbl.
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Puc. 5. PacnipenienieHre MHTEHCMBHOCTH OCTATOYHBIX HAMPSDKCHUH, 00pa30BaHHBIX B PE3yJIbTaTe aBTOMATHYECKON
JIEKTPOAYTOBON CBAPKH C IIPUCAJOYHBIM MaTEPHAJIOM B BUJIC aJTFOMOTEPMHUTHOM 3aCHIIKH, B 3aBUCUMOCTHU OT TOJIIIMHBI IUTACTHHBI:

12 MM (@); 14 mm (6); 16 MM (8); 18 mm (2)

Fig. 5. Distribution of residual stresses intensity depending on plate thickness, formed as a result of automatic electric arc welding

with filler material in the form of aluminothermic backfill:
12 mm (a); 14 mm (6); 16 mm (); 18 mm (2)
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Jlaﬂee pacCMOTPpUM BJIMAAHUC TOJIIUHBI ITUIACTUHBI HA
WHTCHCUBHOCTh OCTaTOYHBIX HANPSIKCHUH B HEH, oOpaso-
BaHHBIX B PE3YJIbTATE 2JIEKTPOAYIOBOH CBapKHU IPU KOM-
HaTHOI TeMIlepaType C HCIOJIb30BAaHUEM IPHCAT0YHOIO
Marepuaia B BUJE aJIOMOTEPMUTHOH 3ackinku. Ha puc. 5
MIPOAEMOHCTPUPOBAHBI TOJSI OCTaTOYHBIX HAaNpsDKEHUI
B BECPXHCM U HUWIKHEM CJIOAX IIACTUHBI. BI/I)Z[HO, 4TO Ipu
YBEJIIMUEHUH TOJILMHBI IJIACTUHBI YBEJIMYUBAETCSA U MUHTEH-
CHUBHOCTBb OCTATOYHBIX HaHpH)KCHI/Iﬁ B Marepuale. Ecnu
IIOCMOTPETH B IIOIIEPEUHOM HaIlpaBIE€HUH MO LEHTPY Iulac-
THHBI, TO HauOOJIBIITNE 3HAYEHUS HHTEHCUBHOCTH OCTATOY-
HBIX HAalpsDKEHUI pacloioKeHbl B 30HE CHHEIOMKOCTH
" BO3pACTalOT C YBCJIIMYCHUEM TOJILIWHBI TIJIACTUHBI, IPU
9TOM B IIEHTPE CBAPHOTO IIIBa 3HAUYCHUS MaJbl (puc. 6).

12

Tonmuaa, MM Tonmuua, MM Tonmuua, MM

TosmHa, MM

[Hupuna, Mm

Puc. 6. PactipeneneHrie MHTEHCUBHOCTU OCTAaTOYHBIX HAMPSKEHUH,
PACHOIOKEHHBIX MO TOJIIHHE B IIEHTPE IUIACTHHBI 1 00pa30BaHHbBIX
B pe3y/IbTaTe aBTOMATUYECKON MIEKTPOIYTOBOM CBAPKHU € MPUCATOYHBIM
MaTepuagoM B BUJIE ATFOMOTEPMHUTHOI 3aCBHIIKH MIPU TOJIIMHE IIACTHH!
12 MM (a); 14 mm (6); 16 MM (8); 18 MM (2)

Fig. 6. Distribution of intensity of residual stresses located along
the plate center thickness and formed as a result of automatic electric
arc welding with aluminothermic backfill as filler material:

12 mm (@); 14 mm (6); 16 mm (g); 18 mm (2)

12

Tonmuna, MM

0 15 30

[Hupuna, Mm

Puc. 7. PacnipezieneHne HHTCHCUBHOCTH OCTATOYHBIX HAIPSDKSHHH,
PACIONIOKEHHBIX MO TOJIINHE B LICHTPE IUIACTHHBI U 00Pa30BaHHBIX
B pe3yJIbTaTe aBTOMAaTHYECKON AEKTPOAYTOBO CBapKU
6e3 mpHCcag0YHOr0 MaTepHana

Fig. 7. Distribution of intensity of residual stresses located along
the plate center thickness and formed as a result of automatic electric
arc welding without filler material

Jns nokazaTenbcTBa TOrO, YTO MPH MPUMEHEHHH allio-
MOTEPMUTHOM 3aChIIKK TPH 3JIEKTPOAYTOBOM CBapKe
YMEHBIIAIOTCST 00JIaCTH C BBICOKMMHU 3HAYEHUSMU HMHTEH-
CHBHOCTH OCTaTOYHBIX HaNpsOKEHUH, CpaBHUM pHC. 0, a
¢ puc. 7, rae n300paxeHo pacipeeIeHue HHTCHCUBHOCTH
OCTaTOYHBIX HAIPSDKCHWI B CBApPHOM IIBE, MOTYYCHHOM
0e3 WCIONMB30BaHMs IIPUCATOYHOIO Marepuayia B IUIAC-
THHE TOJIIMHON 12 MM. BHIHO MOJNOKHUTEIFHOE BIIMSHUE
WCIOJIb30BAaHUS AJIFOMOTEPMUTHON 3aChINKH, MOCKOIBKY
B CBapHOM COCIMHEHHH, TMOJYYCHHOM Oe3 MpPHUMEHCHHS
MIPUCAJOYHOTO MaTepualla, BhICOKUI YypOBEHb MHTEHCHB-
HOCTH OCTaTOYHBIX HAMpPSHKCHUU OXBAThIBAET OOLIMPHYIO
obnactp (IpakTUYECKH B IOJOBHHY TOJIIUHBI CBAPHOTO
IIIBa) ¥ YMEHBIIACTCS K MepU(eprn. DTOTO HEIb3sI CKa3aTh
0 CBapHOM COCIMHCHUU, 00OPA30BAHHOM C MOMOIIBIO TIPH-
CaJI0YHOTO Marepualia B BUE aTIOMOTEPMHUTHOM 3aCHIIKH,
TaM He3HauuTellbHas OOJIACTb BBICOKOM HHTEHCHUBHOCTH
OCTATOYHBIX HAIPSHKEHUH PACIOIOKEeHa Ha PACCTOSTHUU OT
CBApHOrO IIBa B 30HE cHHENIOMKocTd. Kapruny (addexr)
TaKOTO PACIOJIOKEHUSI MOYKHO CPaBHUTH C MPEABAPUTEIb-
HBIM HIOIOTPEBOM, TeM OoJiee 00IaCTH C BRICOKUM TeMIIepa-
TYpPHBIM TPAJUEHTOM OyIlyT HAXOJUTHCS UMEHHO 110 OOKam
OT CBapHOIO 111Ba B 30HE CIUIABJICHUSI.

- BbiBOAbI

[IpoBeneHbl HcCieAOBaHUS aBTOMAaTUYECKOM CBapKu
mox cimoeM (moca ¢ MPUMEHEHHEM TIPHCaIOYHOTO Mare-
pualia B BUJIe QJIFOMOTEPMUTHON 3aCBINKU JJIs1 COSAMHEHUS
TOJICTOJIMCTOBBIX KOHCTPYKIHUH. YCTaHOBICHO, UTO MpH-
MEHEHHE AJIFOMOTEPMUTHON 3aCHIIIKK TMOHWKAET YPOBEHb
WHTEHCUBHOCTH OCTATOYHBIX HAINPSDKCHUH 10 CPaBHEHHIO
C TPaJUIUOHHON cBapKoil. C MOBBIIIEHUEM TONIIUHBI T1J1a-
CTHHBI WHTEHCHBHOCTH OCTATOYHBIX HAIPsDKCHHUH BO3pa-
CTaeT U 00JIaCTh UX PACIPOCTPAHEHUS YBEIMUNBACTCSL.

W3-3a BBIIENCHUS TOMOTHUTENBHON TEIIOTHI B XOIE
XUMHUYECKON peakiuyu TeMIlepaTypa B MaTepualie IpH
ABTOMATHYECKOH AIIEKTPOAYTOBOH CBapKe C HCIIOIH30Ba-
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HHUEM aJIFOMOTEPMUTHOM 3achINKK noBeimaercst Ha 500 °C
M0 CPaBHEHHWIO CO CBapKoil 0e3 JaHHOTO MPHCaJOYHOTO
Marepuaia. JTo MO3BOJSIET MPEIIONIOKHUTh, YTO MPU HU3-
KOHM TeMmeparype OKpYKaroleil cpeabl MOKHO MPOBOANTH
CBapOYHBIEC PAOOTHI, KOTOPBIE TAPAHTUPOBAIU OBl TAKOE XKE
Ka4ecTBO CBAPHOTO COEIMHEHNS, KOTOpOEe OBl MOIy4IMIOCh
Py KOMHATHOM Temreparype.

[ Cnncok NUTEPATYPbLI / REFERENCES

1.

610

Li L., Mi G., Wang Ch. A comparison between induction pre-
heating and induction post-heating of laser-induction hybrid
welding on S690QL steel. Journal of Manufacturing Pro-
cesses. 2019;43(A):276-291.
https://doi.org/10.1016/j.jmapro.2019.05.003

Charkhi M., Akbari D. Experimental and numerical investi-
gation of the effects of the pre-heating in the modification of
residual stresses in the repair welding process. International
Journal of Pressure Vessels and Piping. 2019;171:79-91.
https://doi.org/10.1016/.ijpvp.2019.02.006

Ji Sh., Li Zh., Ma L. Joint formation and mechanical proper-
ties of back heating assisted friction stir welded Ti—-6Al-4V
alloy. Materials & Design. 2017;113:37-46.
http://dx.doi.org/10.1016/j.matdes.2016.10.012

TxaueBa A.B., Abamkun E.E. Biusinue npenBaputesbHOro
MOJIOTPEBa KPOMKH CTAIBHOM TJIACTHHBI HA HHTEHCHBHOCTH
OCTaTOYHBIX HAIpPsDKEHHH, OOpa30BaHHBIX B pe3yibrare
9NIEKTPOLYTOBOM CBapku. Mopckue unmennekmyanbhvie
mexnonoeuu. 2023;(2—-1(60)):304-314.
https://doi.org/10.37220/MIT.2023.60.2.038

Tkacheva A.V., Abashkin E.E. Effect of preheating of the
edge of a steel plate on the intensity of residual stresses
formed as a result of electric arc welding. Marine Intelligent
Technologies. 2023;(2—-1(60)):304-314. (In Russ.).
https://doi.org/10.37220/MIT.2023.60.2.038

WHCTpYKIHS 10 aBTOMATHYECKOM JyroBoH Hoj (IIFOCOM H
ANIEKTPOIIUIAKOBOI CBapke C IMOPOIIKOBBIM IPHCAJIOYHBIM
marepuaiom (ITMM) BCH 375-77. Mocksa: LlenTpanbHoe
OrOpO HAy4HO-TEXHHYECKOH nHpopMarmu; 1978.

lTopoxoBa M.H., Yypunos JI.I. Buusnue mnonsipHoro
sddekTa 1 Marepuana EKTPOJOB HA MEPEHOC MPUCAIOY-
HOTO IIOPOIIKOBOTO Marepuaia IPH SIEKTPOHMITYIBCHOM
crnocobe. Tpyowt TOCHHUTH. 2012;109(2):51-56.

Gorokhova M.N., Churilov D.G. Influence of polar effect and
electrode material on transfer of filler powder material using
the electric pulse method. Trudy GOSNITI. 2012;109(2):
51-56 (In Russ.).

Ranjan R., Das A K. Protection from corrosion and wear
by different weld cladding techniques: A review. Materials
Today: Proceedings. 2022;57(4):1687-1693.
https://doi.org/10.1016/j.matpr.2021.12.329

Tusek J., Suban M. High-productivity multiple-wire sub-
merged-arc welding and cladding with metal-powder
addition. Journal of Materials Processing Technology.
2003;133(1):207-213.

Zhilin P.L., Gavrilov G.N., Melnichenko O.P. Welding and
cladding with pre-heated additional filler wire. Materials
Today: Proceedings. 2021;38(4):1622—1626.
https://doi.org/10.1016/j.matpr.2020.08.168

10.

11.

12.

13.

14.

15.

16.

17.

18.

ummor A.1O., TperbsxkoB P.C., TperbsixoB E.C., Crasep-
thii A5l TlepcrieKTUBBI pa3pabOTKH TEXHOJOTHH JIA3epHO-
IUTIa3MEHHOM CBapKM W3enuil OONBIIMX TOMIIMH B CYyHO-
CTPOCHUH C HCIOJB30BAHHEM MOPOIIKOBOIO TPHCAT0YHOTO
Marepuaia. BecnHuk MOCKOBCKO20 20CYOapCmEeHHO20 MexXHU-
ueckoeo ynugsepcumema um. H.2. baymana. 2012;(6(6)):15-22.
Shishov A.Yu., Tretyakov R.S., Tretyakov E.S., Staverty A.Ya.
Prospects for the development of laser-plasma welding tech-
nology for large-thickness products in shipbuilding using
powder filler material. Bulletin of the Bauman Moscow State
Technical University. 2012;(6(6)):15-22. (In Russ.).

Zhang Zh., Zhao Y., Shan J., Wu A., Sato Y.S., Tokita Sh.,
Kadoi K., Inoue H., Tang X. The role of shot peening on
liquation cracking in laser cladding of K447A nickel superal-
loy powders over its non-weldable cast structure. Materials
Science and Engineering: A. 2021;823:141678.
https://doi.org/10.1016/j.msea.2021.141678

Zhu Y., Cai Y., Wang Y. Effects of He content in shielding
gases on high-efficient hybrid laser arc welding with C-276
filler metal. Journal of Materials Processing Technology.
2022;299:117367.

https://doi.org/10.1016/j jmatprotec.2021.117367

Alvaraes C.P.,, Jorge C.F., Souza L., Aratjo L.S., Men-
des M.C., Farneze H.N. Microstructure and corrosion proper-
ties of single layer Inconel 625 weld cladding obtained by the
electroslag welding process. Journal of Materials Research
and Technology. 2020;9(6):16146—16158.
https://doi.org/10.1016/j.jmrt.2020.11.048

Sergejevs D., Mikhaylovs S. Analysis of factors affecting
fractures of rails welded by alumino-thermic welding. Trans-
port Problems. 2008;3(4-2):33-37.

Kargin V.A., Tikhomirova L.B., Galay M.S. Improving ser-
vice properties of welded joints produced by aluminothermic
welding. Welding International. 2015;29(2):155-157.
https://doi.org/10.1080/09507116.2014.897809

Manakov A.L., Abramov A.D., Ilinykh A.S., Galay M.S.
Improvement of aluminothermic welding on the basis of
the experimentally-theoretical research of welding seam
cooling process. Journal of Physics: Conference Series.
2018;1050:012051.
https://doi.org/10.1088/1742-6596/1050/1/012051

TraueBa A.B., Abamkun E.E. Bo3zaelicTBre npeaBapuTelib-
HOTO MojorpeBa KpoMmkH ruiacTulbl u3 cranu 30XI'CA Ha
pacnpeneneHnue OCTaTOUHBIX HANpPSDKEHUH MPH dJIEKTPOIY-
TOBOM mporecce. Mopckue uHmeniekmyanibHvie mexHono-
euu. 2023;(3-1(61)):188-199.
https://doi.org/10.37220/MIT.2023.61.3.019

Tkacheva A.V., Abashkin E.E. The effect of preheating the
edge of a plate made of steel 30KhGSA on the distribution
of residual stresses in the electric arc process. Marine Intel-
ligent Technologies. 2023;(3—1(61)):188-199. (In Russ.).
https://doi.org/10.37220/MIT.2023.61.3.019

TkaueBa A.B., Adamkun E.E. BausHue mokaapsHOro KOMOHU-
HUPOBAHHOTO TEIJIOBOTO BO3JCHCTBHUS HAa BEIUYMHY M pac-
IIpeJieNieHne OCTaTOYHbIX HANPSDKSHUH B IUTACTHHE U3 CTAJIN
20. Memannype. 2023;(6):85-93.
https://doi.org/10.52351/00260827_2023 06_85

Tkacheva A.V., Abashkin E.E. Effect of local combined
thermal action on the magnitude and distribution of residual
stresses in a steel plate 20. Metallurg. 2023;(6):85-93. (In
Russ.). https://doi.org/10.52351/00260827_2023_06_85


https://doi.org/10.1016/j.jmapro.2019.05.003
https://doi.org/10.1016/j.ijpvp.2019.02.006
http://dx.doi.org/10.1016/j.matdes.2016.10.012 
https://doi.org/10.37220/MIT.2023.60.2.038
https://doi.org/10.37220/MIT.2023.60.2.038
https://doi.org/10.1016/j.matpr.2021.12.329
https://doi.org/10.1016/j.matpr.2020.08.168
https://doi.org/10.1016/j.msea.2021.141678
https://doi.org/10.1016/j.jmrt.2020.11.048
https://doi.org/10.1080/09507116.2014.897809
https://doi.org/10.1088/1742-6596/1050/1/012051
https://doi.org/10.37220/MIT.2023.61.3.019
https://doi.org/10.37220/MIT.2023.61.3.019
https://doi.org/10.52351/00260827_2023_06_85
https://doi.org/10.52351/00260827_2023_06_85

I1ZVESTIYA. FERROUS METALLURGY. 2024;67(5):604-611.
Tkacheva A.V, Abashkin E.E. Influence of combined thermal effect of electric arc welding with aluminothermic backfill on internal stresses ...

19. Franks J., Wheatley G., Zamani P., Nejad R.M., Macek W.,
Branco R., Samadi F. Fatigue life improvement using low
transformation temperature weld material with measure-
ment of residual stress. International Journal of Fatigue.
2022;164:107137.
https://doi.org/10.1016/j.ijfatigue.2022.107137

20. Huang W., Wang Q., Ma N., Kitano H. Characteristics of
residual stress distribution in wire-arc additive manufac-
tured layers of low transformation temperature material.
International Communications in Heat and Mass Transfer.

2023;148:107066.
https://doi.org/10.1016/j.icheatmasstransfer.2023.107066

21. Feng Z., Aung T.L., Shao Ch., Lu F., Tsutsumi S., Ma N.
A design method of tensile triangles and low transformation
temperature weld metal for reduction of stress concentra-
tion and residual stress of welded joints. Marine Structures.
2020;72:102759.
https://doi.org/10.1016/j.marstruc.2020.102759

22. Goldak J.A., Akhlagi M. Computational Welding Mechanics.
New York: Springer Science & Business Media; 2006:322.

AHnacmacua Baaepvesna Tkauesa, K.(p.-M.H., cmapwutl Hay4Hwill
compyoHuk, UHCTUTYT MallMHOBeAeHUS U MeTa/Ulypruu Xa6apos-
ckoro ®esepasbHOr0 HCCIe0BATENBCKOrO LleHTpa /ajbHeBOCTOY-
Horo otaenenus PAH

ORCID: 0000-0003-1795-0021

E-mail: 4nansi4@mail.ru

Eezenuil Eezenbesuy AGawKuH, k.m.H., cmapwuti Hay4Hbwll compyd-
Huk, VHCTUTYT MallWHOBEJEeHUs U MeTa/aypruu Xa6apoBCKOTO
DeepasbHOrO  UCC/IEA0BATENBCKOTO IleHTpa /[albHEBOCTOYHOTO
otaesnenus PAH

ORCID: 0000-0002-9308-1326

E-mail: abashkine@mail.ru

Anastasiya V. Tkacheva, Cand. Sci. (Phys.-Math), Senior Researcher,
Institute of Metallurgy and Mechanical Engineering of the Khabarovsk
Federal Research Center, Far-Eastern Branch of the Russian Academy
of Sciences

ORCID: 0000-0003-1795-0021

E-mail: 4nansi4@mail.ru

Evgenii E. Abashkin, Cand. Sci. (Eng.), Senior Researcher, Institute of
Metallurgy and Mechanical Engineering of the Khabarovsk Federal
Research Center, Far-Eastern Branch of the Russian Academy of Sci-
ences

ORCID: 0000-0002-9308-1326

E-mail: abashkine@mail.ru

[octynuna B pepakmuro 31.07.2024
Tlocne nopadorku 12.09.2024
[Ipunsra x my6nuxanun 14.10.2024

Received 31.07.2024
Revised 12.09.2024
Accepted 14.10.2024

611


https://orcid.org/0000-0003-1795-0021
mailto:4nansi4@mail.ru
https://orcid.org/0000-0002-9308-1326
mailto:abashkine@mail.ru
https://orcid.org/0000-0003-1795-0021
mailto:4nansi4@mail.ru
https://orcid.org/0000-0002-9308-1326
mailto:abashkine@mail.ru
https://doi.org/10.1016/j.ijfatigue.2022.107137
https://doi.org/10.1016/j.icheatmasstransfer.2023.107066
https://doi.org/10.1016/j.marstruc.2020.102759

