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MATEMATHUYECKOE MOJEJIMPOBAHUE IMPOLECCA
JAUNDPPY3INOHHOU CBAPKH OCECUMMETPUYHBIX
BUMETAJUIMYECKUX COEIUHEHUM

B pabore mpuBencHa MaTeMaTHUecKas MOZENb IIPOIECCOB, IPOHUCXOMIMIUX —IIPU
¢ dy3HOHHO CBapKe JeTaieil M0 OXBAaTHIBAEMBIM MOBEPXHOCTSM KOHTAKTa, U €€ Pealn3aliust
METOIOM KOHEYHBIX JIEMEHTOB B IPOrpaMMHOM KoMmiuiekce Abaqus. Ha ocHoBe MaTemMaTnueckoit
MOJIEIH TIPEUIOKEH aITOPHTM OIpeNeTeHNs] HANpsDKEHHH B OMMETaNIMYecKOM COSAMHEHUH Ha
KaxaoM dtane nudysnonnoit capku. Mi.: 5. Tabmn.: 2. bubmnorp.: 10 Hazs.

KiioueBble cj10Ba: MaTeMaTHYeCKOoe MoOJeNHpoBaHue, MU Qy3HOHHas CBapka, METOJ
KOHEUHBIX 3JIEMEHTOB, OMMETaNINIeCKOe COSAUHEHNUE.

IHocranoBka nmpoOaembl. MHOTOCIIOWHBIE METAUNINYECKHE KOMITO3ULIMN
MIMPOKO MPUMEHSIOTCA B Yy3J1aX SHEPTeTHYECKUX allapaToB, KPHOTCHHOM,
paKeTHOH M aBHAIMOHHOW TexHMKH. Hambonee pacmpocTpaHEHHBIMH W3 HUX
ABJISIFOTCS. OMMETAITMIECKUE TEPEXOIHUKH ISl COSIUHEHHs TPYOOIPOBOAOB
pa3IMuHOrO Ha3HA4YeHUs C JPYTUMU 3JeMEeHTaMH cHCTeMbl. OCHOBHBIC
IKCIUTyaTalMOHHbIE XapaKTEPUCTUKU OMMETAIIMYECKOW KOHCTPYKLIMH, TaKue
KaK IPOYHOCTb, TePMETHYHOCTh, BAaKyyMHasl IJIOTHOCTb, 3aBUCST OT CIocoda
MOJIyYeHHs] COEJMHEHHH, Hanbojee NMEepCHEKTHBHBIM W3 KOTOPBIX SIBISETCS
muddy3rnonHas cBapka, MO3BOJISIONIAS COEAMHATH pa3lIMYHBIE COYETAHMS
MarepuaoB.

CymiecTBYIOT TpH OCHOBHBIE CXeMbI MU (y3MOHHON CBapKH TpyOdaThIX
OMMeTaIIMYeCKUX NEPEXOAHNKOB: TOPIIOBAsi, KOHYCHAsl U 10 OXBAaThIBAEMbIM
noBepxHOCTsIM [1]. C TOUYKM 3peHHs TeXHONOTHH cxema Auddy3HoHHON
CBapKH 10 TopuaMm HambOoisiee mpoctasi. [1o 3Toi cxeme Bce peXHUMBI CBapKH
JOCTaTOYHO JIETKO OCYHIECTBIISIIOTCS W KOHTPOJMPYIOTCS YCTAHOBKOW JUIS
I Py3noHHOH cBapkd [2]. B aKCIIIyaTalMOHHBIX YCIOBUAX, MPH ACUCTBUU
BHYTPEHHETO JIaBJICHHS XXHIKOCTH WMJIM ra3a IOBBIILIEHHOW WM NOHMKEHHOW
TEeMIIepaTypbl, TaKWe COCAMHEHMs HCIBITHIBAIOT HAINPSHKEHUS u3ruoa,
pacTsbKeHHs U cpe3a, BeJIMYMHA KOTOPBIX PacTeT ¢ YBEJIUYEHHEM pa3jiduusl B
ko3¢ punnenrax repmuueckoro pacumpenus (KTP) matepuanos neraneii.

Juddy3nonnas cBapka NEpPEeXOJHUKOB MO KOHYCHBIM ITOBEPXHOCTSIM
aHajiornyHa capke 1o topuam [1 — 3]. TpyOHble 3aroToBKM IIpU HarpeBe
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TAaK)K€ CJaBJIMBAIOTCSI B OCEBOM HAIIPABJICHUH, TOJIBKO OCEBOE YCHIIUE
YMEHbBIIAeTCs MPONOPLUHOHAIBHO YBEIMUEHHIO yrila KOHyca TaKMM 00pa3zoM,
4TO0Bl HOpPMaJIbHOE YCHJIME C/aBIMBaHHUS CBapHBAaEMbBIX IOBEPXHOCTEH He
OTIIMYAJIOCh OT CBAapOYHOIO JABJICHHs, IPUMEHAEMOIO Ui TOPLOBBIX
coequHeHuil. B coenuHeHHAX TpyO MO KOHYCHBIM MOBepxHOCTAM [1] B
CBapHOM COEJMHEHMH TOJIIMHA CTEHKHU Ka)K/101 TPYObI IJIABHO U3MEHSIETCS OT
HOMMHAJA 10 HyJa. TepMuueckue HaOpsOKEHUs 10 KpasM COEIMHEHUs B
Ka)XXIOM MeTajle Ha 3a0CTPEHHBIX KOHIaX OyIyT MaKCHUMaJIbHBIMH M MOTYT
JIOCTUTaTh Npeelia TEKYyYEeCTU WM MPEBBILIATh €70, YTO CHUYKAET HA/IEKHOCTh
KOHCTPYKLHH.

[lepexonHWKH, CBapeHHBIE IO OXBaThHIBaeMBIM mMoBepxHOCTsIM [1 — 3],
oTnm4aroTcst Oojiee  BBICOKOH TEXHOJOTHYHOCTBIO 10 CpPaBHCHHIO C
HOPEABIAYIIUMHI JIBYyMsS CX€MaMH CBapKH 3a CYeT BO3MOXKHOCTH MOIYYECHHUS
JIaBJeHUs B KOHTaKTe n3-3a pasuuiibl KTP maTepuanoB cBapuBaeMbIx aeTane
U HCIOJIB30BAHMSL HE TOJBKO CIELUAIM3UPOBAHHBIX YCTAHOBOK UL
1 dy3noHHON cBapku, HO M OOBIYHBIX BaKyyMHBIX Ieuei, MPUMEHSEMbIX
I madku WM oTkura. B mpomecce 3kcmiyaTauud NEPEXOJAHUKOB €
Pa3BUTBIMH TIOBEPXHOCTSAMH KOHTAaKTa KapTHHA HAarpy»XeHUs MEHseTcs Ha
Ooiee ONarompusTHYIO, IO CPAaBHEHHIO C TOPIOBOH CXEMOH IEepeXOIHHKA.
CoenuHenne OyneT BOCIPUHUMATH HAIPSDKEHHSI OT JEHCTBUS BHYTPEHHETO
JIaBJIEHUS 1O BCEW JUIMHE, KaK €AMHAasi KOHCTPYKLMS, P 3TOM KacaTebHbIE
HampsDKeHHs1 cpe3a OynyT MHHUMalbHBIMH B CpeJHEH 4YacTH W
MaKCHMaJbHBIMU Ha KpasiX CBapHOro IiBa. BennuuHa mociegHUX 3aBUCUT OT
JUIMHBl KOHTAKTHBIX IIOBEPXHOCTEH CBapHBaeMbIX JeTallell M MOXKeT
OrpaHWYMBATHCS TPEOYEMbIM YPOBHEM IIPOYHOCTH HA JTAIe M3TOTOBJICHHSL.

B mporecce paboTel MEpeXOmHMK TpPyOONpOBOJA HAXOJUTCS MO
JeficTBHEM BHYTpPEHHEro JaBjicHus. [lpu 3ToM TemmepaTypa pabodeit
JKUAKOCTH WJIM Ta3a BHYTPHU IMEPEXOHHMKA MOXKET OBITh BBIIIE WM HUXKE
TeMIepaTypsl  OKpY)Karlolled cpeapl, 4YTO MNPUBOAUT K  MOSABICHUIO
JIOTIOJTHUTENBbHBIX TEPMUUECKUX HANpsPKEHUN B KOHCTpYKUMU. B pesynbrarte
COBMECTHOI'O JIEHCTBUS CUJIOBBIX U TEMIIEPATYPHBIX HArPY30K B CBAPHOM IIIBE
MEPEXOJJTHUKA C OXBaThIBAEMBIMU IIOBEPXHOCTSMHM KOHTAaKTa BO3HUKAIOT
pacTArMBapIIME  WIM  CKUMAIOLUIME  HampspkeHus.  BepositHo,  4TO
pacTATHBAIONINE HAMPSDKEHUS SBIAIOTCA HEOJIaroNpHUSATHBIMH, CHIDKAIOT
SKCIUTyaTallMOHHBIE XapaKTEPUCTUKU COECOUHEHHMH W MOIYT NPUBECTU K
paspymeHuio. B Toxke BpeMs CXHMAIOUIME HAMpPSHKEHUs MOTYT OKas3aThCs
MOJIE3HBIMH U MCIOJB30BATHCSA KaK JIOMOJHUTENBHBIN pe3epB IOBBIIICHUS
NPOYHOCTH U HAJAEKHOCTH OHMMETAIIMYECKUX  TepeXonHuKoB. s
pea3aluy MoJ0XHUTENHLHOT0 3B (PEeKTa CHKUMAIOLIUX HAIIPSHKEHUI B CBAPHOM
COCMHEHUH TMpPU  OKCIUTyaTallud MEpeXOJHHKAa C  OXBAaThIBAEMBbIMU
MOBEPXHOCTSIMM KOHTaKTa TpeOyeTcsl OINpefesieHHe BETUYHMHBI OCTATOYHBIX
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HanpsOKeHWH Ha Bcex dTanax auddysuonHoi capku. Takum o0pasom,
pa3paboTka MaTeMaTHYeCKOH MOZEIM TEXHOJOTHH JU((Yy3UOHHOH CBapKu
COGZ[I/IHGHI/Iﬁ 1o OXBaTbIBACMBIM TMMOBEPXHOCTAM KOHTaKTa ¢ JA(SA1E2Y 10
OIPCACIICHUA OCTAaTOYHBIX HaHpH)KeHI/Iﬁ Ha oTarne HU3TOTOBJICHUA )44
IKCIUTyaTallil  OMMETAJUIMYECKOr0 IIePEeXOJHHMKA SBISETCS aKTyaJbHOU
TEOPETUUECKON M NPUKIAJHON 3a1auel.

Ananu3 jgutepartypsbl. [Iponecc nruddy3noHHOH CBapKH COSTUHEHUH TIO
OXBATBIBAEMBIM ITOBEPXHOCTSIM 3aKITIOYaeTCd B COOPKE JeTaieil C HaTsIroM,
00€CIeuNBAONINM TOTY9YEHHE IOBEHIIbHBIX KOHTAKTHBIX IOBEPXHOCTEH W
TpeOyeMoro JaBJICHHsS MpU TEMIepaType CBapKH, HarpeBe, BBIIEPKKE
coOpaHHOH KOHCTPYKIMHM U oxiaxaeHuu [1, 2, 4]. O0s3aTenbHBIM YCIOBHEM
MOJTYYCHHSI CBAPHOTO COSMHEHUS SABJIACTCS CO3/aHne (PU3NUECKOTO KOHTAKTA
COEJIMHAEMBIX MaTepHaJIOB, KOTOPOE OCYLIECTBISETCS IIyTeM IUIACTHYECKOTrO
neopMHpOBaHUST MHKPOHEPOBHOCTEH Ha KOHTAKTHBIX ITOBEPXHOCTSIX. B
npolecce COOPKM CBapHBaeMbIX jeTajeld aedopmaius MHUKPOHEPOBHOCTEH
MPOUCXOAUT C OTHOCUTEIBHO BBICOKUMH CKOPOCTSMH, 4YTO MPHUBOAUT K
00pa3oBaHHI0O y KOHTAKTHOM IOBEPXHOCTH CJOS C  IOBBIIICHHBIM
CONPOTHUBJICHHEM IUIACTUYECKON aedopManuu, TOPMO3SIIMM 00pa3oBaHUE
(PM3MUECKOTO KOHTAKTAa. YBEJIMYEHHE HANpPSDKEHHS B KOHTAKTE 3a IPEICIbI
MPOITOPINOHAIIFHOCTH CBAPHBAaEMbIX METAJUIOB MPUBEIET K «IIPOCEIAHHUION
3TOTO CJIOS Ha MEHEe YNPOYHCHHOM OCHOBHOM Metauie. lloBbleHue
TeMITepaTypsl MPUBOANT K PasyIpOIHEHHIO " 00JIeTYeHUI0
MHKPOIUTACTHYECKON aedopManuu, co3ziaBas OJIarONpPHUATHBIC YCIOBHS IS
pa3BuTHS PU3NYECKOTO KOHTAKTA ITPYU MEHBIINX HaNpsDKEHHUsIX B KoHTakTe. [1o
Mepe YBEJIMUSHHs VIO 1 MUKPOIUIACTHYECKast 1eopManusi He OTJINYAETCS
OT IJIACTHYECKOH U Iporecc 00pa3oBaHus (PU3MUECKOTO KOHTAKTa MPOTEKAaeT
C HM3KOM MHTEHCUBHOCTBIO 33 CUET MEJJICHHO MPOTEKaMuX TU((y3HOHHBIX
Mporeccos [2, 4].

Juddy3nonnas cBapka NPOU3BOJAMTCS IPU OTHOCHUTEIBHO BBICOKOM
Temneparype, npocruraromeit 0,7...0,8 Temmeparypel 1IaBieHHS Oojee
JIETKOIUIABKOrO0 Martepuana KoHcTpykuuu [3]. Ilpm Takux TtemmepaTypax B
METaJUIE MHTEHCHBHO NPOTEKAIOT IPOLECCHl PENaKCalliyd M MOJI3YYeCTH, B
pe3ysibTaTe KOTOPBIX HANpPSKEHHOE COCTOSHUE B COOPKE 3a BPEMS BBIICPKKH
MmeHsiercs. [Ipomecc M3MeHEHMs [aBJICHHS SIBISCTCS HEKOHTPOJIMPYEMBIM B
OTIIMYKME OT CBAapKM IO TOpIaM, IIPU KOTOPOH J[aBJICHHE CO3JAETCs
MPUIO0KEHHUEM BHEIIHET0 KOHTPOIUPYEMOT0 YCHIIHUS.

Ilocne BBIAEPKKH CBapHas KOHCTPYKIUS OXJIaKJaeTCs Ha BO3AyXe 10
HOPMaJIbHOHM TeMIepaTypsl. B coeMHEHUsX, H3TOTOBJIECHHBIX U3 MaTepHajoB
¢ pasnuuHbiM 3HaueHueM KTP, mporecc oxmakaeHHs COMPOBOXKIAETCS
nosiBiieHreM jaedopMaluii U HaNpsDKEeHHWH, Kak B PaJnalibHOM HaIlpaBlICHHH,
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TaK U MO JUIMHE CBapHOTO IIBa. BennynHa BOSHUKAIOMUX HAIPSKEHUNH MOXKET
MpPEeBBIIATh MPOYHOCTH CBAapHOTO COEJMHEHUS M MPHUBECTH K €ro
Ppa3pyLeHHIO.

B pabore [5] npexncraBieHa Maremaruueckas Mojenb ITUGQY3HOHHOM
CBapKU IJI JIBYXCIOMHOM OCECUMMETPUYHON KOHCTPYKLUU U IPUBEACHBI
pe3yNbTaThl YHCICHHOTO 3KCIEpHMMEHTa, Ha OCHOBE KOTOPBIX pa3paboTaHbI
pPEKOMEHAAIMA K TEXHOJOTHH AnGQY3UOHHON CBapKW COCIUHEHHH II0
OXBATBIBAEMBIM ITOBEPXHOCTSIM, TZ€ MOKA3aHO, YTO HauOoJbIIee BIMSHUE Ha
BEJINUMHY J1aBJIeHNUS B KOHTaKkTe okaspiBaloT KTP cBapuBaemMbIx MaTrepuaios u
CBapKy JeTajeil u3 JIOOBIX MX COYETaHWH HEOOXOIMMO MPOBOAWTH B
TeXHOJornueckoii oboiime. Ipu 3TOM 3amaua pemieHa B ynpyroi mocTaHOBKE
U B pe3yJabTaTe pacuyera BEJIWUYWHA JAaBJICHUS B KOHTaKTe OyAeT 3aBBIIICHHOMN
MO CPaBHEHUIO C YNPYro-IJIacTHYECKMMH YCIOBUSAMH JIe()OPMHPOBAHMSI.
Metoxn  ompefeneHHss ~ OCTaTOYHBIX  TEPMHUYECKHUX  HANpsHKEHUH B
MHOTOCIIOHONH OCECHMMMETPUYHOM KOHCTPYKIIMM TpeJCTaBieH B pabote [6],
rJle paccMaTpHBaeTCs YNpyrorulacTuueckas aedopMalys Tena BpaleHus ¢
pa3IMYHBIMH YCIOBUAMHU KOHTakTa Mexny cinosmu. OnHako, B pabote [6]
OTCYTCTBYIOT pe3ylbTaThl YHCICHHOIO pacuera ¢ pPEKOMEHJAlUSIMU JJIs
BBIOOpA T€OMETPHUYECKUX IapaMEeTPOB CBApUBAEMBIX JIeTaleld M OOOHMBI U B
obonx pabotax [5, 6] He y4IHTHIBaeTCS SBJICHUE IOJI3YYECTH M PEJaKCaIid
HaIpsKEHUH B TIPOIIECCE BBIIEPKKH IIPH TEMIIEPaType CBaPKH.

Ha ocHoBe pexomeHpmanuii, MPUBEICHHBIX B paboTe [5], BO3MOXKHBIX
TEXHOJIOTHUECKUX cXeM Au((y3HOHHONH CBapKM COCOUHEHHH C pPa3BUTHIMU
UWIMHIPUYECKIMH TOBEPXHOCTSIMH KOHTakTa [2, 4], a Takke y4UThIBas
SKCIUTyaTal[MOHHBIE yCIIOBHUS OMMeTaIITMYECKUX MEePEeXOIHUKOB,
PacCMOTpPEHHBIE  paHee, MOXHO MPEUIOKUTh  CIEAYIOIIHE  CXEMBI
1 dy3noHHON CBapKH NEPEXOIHNUKOB MO OXBATHIBAEMBIM TOBEPXHOCTSIM:

1.Ilpn  mnoBblLIEeHHOW  Temmeparype paboyeil  cpeabl  BHYTPH
MEepexoHUKa, BHYTPEHHSS AeTalb JOKHA M3rOTAaBIMBATHCA U3 MaTepuaia ¢
oomemm  KTP, mapyxnas — c¢ wmenpmmM KTP. B mpomecce cBapku
HEOOXOIMMO HCHONB30BaTh BHYTpeHHIOW 000iiMy ¢ KTP MenpmmmMm, gem y
MEepBOM JIeTaldH, YTO IO3BOJHMT IPEIOTBPATHTh OTCTABAHHWE CBAPUBAEMBIX
MOBEPXHOCTEH MPH OXJIAKICHUH COSINHEHUSL.

2. [Ipu moHmXeHHOH TemmnepaType pabodeil cpeabl, BHYTpEHHSS JeTallb
JOIDKHAa WM3TOTaBIUBAaThCS M3 Martepuana ¢ MeHpminM KTP, HapyxHas — c
6onpmmM KTP. Bremmnss o6oiima nomkHa umers MeHbmuit KTP, uem y
BTOPOH JieTand, Uil NpeAoTBpalleHHss o0pa3oBaHMs 3a30pa  MEXIy
CBapUBAaEMBIMH MOBEPXHOCTSIMH B MPOIECCE HArpeBaHUS COEIUHEHUS [0
TeMIIepaTyphl CBapKH.
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3. Ecnu Temmeparypsl paboueit u BHEIIHE#H cpeasl TpyOompoBona
OJIMHAKOBBI, TO JUIsl CBAPKU MaTepPHaJIOB ¢ pa3nnyHbIM 3HaueHueM KTP MoxHO
BBIOpATh JIIOOYIO U3 CXEM.

4.TIpu  paBHbeIx 3HaueHusix KTP  cBapuBaemBIX  MaTepHaioB
peKoMeHAyeTcd MNpHUHMMAaTh BTOPYK0 CXeMy, TaK Kak IIpU HarpeBe u
OXJIQXK/IEHUH B COEAMHEHUSX MaTepHaJoB C OAMHAKOBBIM 3HaueHueM KTP
OCTaTOYHbIE HANPSHKEHHUS OTCYTCTBYIOT. BHENHsS 000iMa, N3rOTOBIICHHAS U3
Mmarepuana ¢ MeHpIMM 3HaueHHeM KTP, duem y coenuHsSEeMBIX MaTepHaioB,
OTPaHWYNT IEpPEMEICHNE Hapy)XKHOW IIOBEPXHOCTH BCEH  CBapHOM
KOHCTPYKIIMM W TIO3BOJIUT MOJNYYHTh TpeOdyeMoe MaBJICHHE CBAapKd Ha
KOHTaKTHBIX ITOBEPXHOCTSIX.

Kaxnmprii BapuaHT TEXHOJOTHYECKOW cXeMbl AH(D(Y3HOHHOW CBapKu
MEPeXOJHUKOB II0 OXBAaThIBAEMBIM IIOBEPXHOCTSAM MPEJCTaBIsAeT COOOM
TPEXCIOWHYI0O KOHCTPYKLUIO, COOPAaHHYIO C OINpPEJENIEHHBIM pPacloIOKEHHEM
CIIOEB-JIETAIIEH u CJ1051-000 MBI CornacHo TEXHOJIOIrH4ECKUM
peKOMEHAALusAM, IPUBEACHHBIM B [5], Ha KOHTAKTHBIX ITOBEPXHOCTAX
CBapMBaeMbIX JeTanedl HeoOXOIUMO HaJMuhe Maloi KOHYCHOCTH ISt
obsieryeHust mporecca cOOpkH. KOHTaKTHYIO IOBEPXHOCTh BHYTPEHHEH
000¥MBI B IEPBOI cXeMe TakXke OyAeT 1e71eco00pa3HO BBIIIOIIHUTE KOHYCHOH,
YTO 00ECTIeUNT MOCTOSTHHBIA KOHTAKT IIOBEPXHOCTEH Ha BCEX ITANax CBapKH.

Iear cratbm — pa3paboTka MaTeMaTHYECKOM MOJENH, KOoTopas
MO3BOJINT DPEUINTh 3ajady OINpPEIEICHUS OCTATOYHBIX HANPSDKEHHH Mocie
TeMIlepaTypHoii aedopManuy  yIpyromIiacTHIeCKOro OCECHMMETPHYHOTO
COCTaBHOTO Tejla BpAIllEHWs, COCTOSINEr0 U3 TPEX CIO0eB, KOHTAKTHBIE
MOBEPXHOCTH KOTOPBIX PACIIONIOKEHBI IO/ ONIPEICIICHHBIM YIIIOM.

Mopens 1 Py3noHHONH CBApKH MO0 0XBAThIBA€MbIM IOBEPXHOCTSIM.
KoHcTpyknmio CBapHOTO COEAMHEHHS MOXHO TMPEACTaBUTh B  BHIIE
OCeCHMMETPUYHOTO  COCTaBHOro Tenma  BpameHus (puc. 1). Tun
B3aUMOJICHCTBUAS ~ MEXIY  CIOSAMH  Ompefensercs  (QYHKIUOHAIBHBIM
Ha3HAaYeHUEM I[OBEPXHOCTEH Impu cBapke. Ha KOHTAaKTHBIX CBapUBaeMbIX
MOBEPXHOCTSX JAeTanell B mporecce cOOPKHM W HAarpeBaHUS paccMaTpUBAETCs
MPOCKaNb3bIBaHAE 0€3 TPEHWsS; MOCIIe OXJaXIEHUS — CIIOM CIeruieHsl. Ha
TEXHOJOTMYECKUX IIOBEPXHOCTSIX, KOHTAaKTUPYEMBIX C BHYTPEHHEH WIH
BHEIIHEeH 000iiMaMu, Ha BCEX 3Talax CBApKH MOBEPXHOCTH IPOCKAIb3BIBAIOT
0e3 TpeHusI.

IlocraBneHHyl0 3ajady OIpENEIeHUsT OCTATOYHBIX HaNpsKEHU B
TPEXCIIONHOM YTIPYTOIJIACTUYECKOM TeJe MOCJIEe €ro HarpeBa M OXJa)ICHUs
HEBO3MOXXKHO pEIINTh B aHAJIUTUYECCKOM Bujae. Haumbosee mpueMiieMbiM
METOAOM U1  OTBICKAHMS €€  pEIICHUs  SBJIsAETCS  BapUalMOHHas
dbopMynHpoOBKa 3amaud B paMKaX TEOPUU MAJbIX YIPYrOMIACTHYCCKIX
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nedopmaiuii ¢ TOCHEAYIOUIeH JUCKpPeTH3alMeil BapHAlMOHHOW 3a/1a4yu
METOJOM KOHCYHBIX 3JICMCHTOB.
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Puc. 1. Korcrpykuust cBapHOro coeiMHEHUs

JlaHHBIN MeToJ pacueTa peanu3oBaH BO MHOTHX ITPOTPAMMHBIX
KOMIUIEKCaxX, IMO3BOJIIONINX BBIMOIHATE JIMHEHHBIH ¥ HEIWHEHHBIN aHAIU3 C
pasIMYHBIM ~ COYCTAaHWEM JCHCTBYIONIMX HAarpy3o0K, OTrpaHWYEHHH W
KOHTAaKTHBIX B3amMojercTBuil. Hanbonee ynoOHBIM SIBISIETCS MHOTOLENEBOM
KOHEYHO-DJICMEHTHBI KOMIUIEKC JUIsl HMH)XKEHEpHOro aHanmu3a Abaqus, B
KOTOPOM  MareMaTH4YecKoe  MojeilupoBaHue  TUPQY3HOHHOH  CBapKU
COEJIMHEHUI M0 OXBATHIBAEMBIM IOBEPXHOCTSAM MOXKHO BBIIOJIHUTH IO3TAITHO
B OTHENbHOM pacyeTHOM miare. [Ipu 3ToM HEOOXOIUMO Ha3HAYHUTH
OTPaHUYEHUS] MOJENU U YCIOBUSA B3aHUMOACHCTBHS MEXAY KOHTAKTHBIMU
MOBEPXHOCTSIMH.

Bo Bcex paszpaboTtanHbIX cxemax Mu(dy3HOHHON CBapKH COEIMHEHHH C
OXBATBIBAEMBIMHU TIOBEPXHOCTSAMH KOHTaKTa o0olMa IOJKHA OTpPaHHMYMBATH
MepeMeIeHNs] TTOBEPXHOCTEH paeTanedl B pPaAMaIbHOM HANpaBICHUH, YTO
npearnosaraeT ee 0onee BHICOKHE XapaKTEPUCTHKH KECTKOCTH 110 CPAaBHEHUIO
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Co cBapHBaeMbIMHU JeTansmMu. ClenoBaTeNbHO, IPU MOAETHPOBAHUU 000iMa
MOYET BBICTYIaTh KaK aOCOJIFOTHO JKECTKOE TEJIO.

B cpene Abaqus 11 MaTeMaTH4ECKOrO MOJCIMPOBAHMS U ONPE/ICIICHHS
BCEX KOMITIOHEHT HalpsDKeHUH U leopMannii pealn30BaHbl ClIeTyIOLIHe aru
pacuera:

1. COopka KOHCTPYKIMHM METOJIOM 3allpecCcOBKM TpeOyemoil neranu B
OTBETHYIO HEKOTOpHIM ycuiueM P. Ha mMonens HakiaagpIBaroTCsl OrpaHMYECHUS
MepEeMEIeHNs] TOpPIa OTBETHOW JETalu BJONb OCH COEIWHEHUS, a UMEHHO
NPUHUMAIOTCS PaBHBIMH HYJIO. B3ammopeicTBue MEXAy CBapHUBacMBIMH
MOBEPXHOCTSIMU — IIPOCKAJIb3bIBaHNE 0€3 TPEHHSI.

2. HarpeB KOHCTPYKIMHM MOJEIHPYETCS HAJIOKCHUEM OJHOPOIHOTO
TEMITEpaTypHOT'O MOJIS, COOTBETCTBYIOIIETO TEMIIEPATYpe CBAPKH, Ha BCE TEIIO
Mmojenu. Kpome yxe MMeErOIIerocss orpaHuueHus, JUIsl BTOPOM CXeMbl CBapKu
YCTAQHaBIMBAETCS IE€pPEeMEIleHHUEe HApPYXKHOM TOBEPXHOCTH OXBaThIBAIOLIECH
JACTaJiu paBHbIM HYIIIO.

3.Ha oranme BBIAEPKKH COSAMHEHMs IIpH TEeMIEpaType CBapKu
OIpeAeNIIeTCs MoJie HaNpsDKEHUH M JieopManuii ¢ yueToM yCTaHOBHUBILEHCS
MOJ3y4YecTH MaTepualioB jetaysieil. B mporpamMmHOM komIuiekce Abaqus
pacder HalpsHKEHWH ION3ydeCTH MOJMKET BBINOJIHATHECS II0  TEOPHH
YIIPOYHEHHUs, TEOPHH CTApeHUS] W 3aKOHY THIEpOONNYEecKoro cHHyca. B
paccmarpuBaeMOl  3amade  JUIs  OLEHKH  HANpsDKEHHH — MOJI3YYecTH
11e7IeCO00Pa3HO HMCIIOI30BaTh TEOPHIO CTApEHMs, KaKk HanOoiiee MPOCTOH M3
3aKOHOB, KOTOPBIH HEe TpeOyeT OONBIIOro KOJIMYeCcTBa JAHHBIX O KOHCTAHTaM
MaTepHaJIoB MPU JOCTaTOYHO BBICOKOH TeMIEepaType CBapKH:

E:Aantm’ (1)

I7ie € — OJHOOCHBIE SKBUBAJICHTHBIE CKOPOCTH Ae(OpMaIMy Non3ydecT; A, n
M m — KOHCTaHTBl MaTephala [pH OINpPEeNCICHHON TemIeparype; ¢q —

OJIHOOCHBIH 3KBUBAJICHTHBIH JIEBUATOP HAIPSIKEHUN; { — BpeMsl.

4. OxnaxxaeHue  KOHCTPYKIMM A0  HOPMAJIBHOM  TeMIepaTrypbl
MOJICTIMPYETCSl  HAJIOKEHUEM  OJHOPOAHOIO  TEMIEPAaTYypHOIO MO C
temneparypoil 293 K. B Mozenu, cocraBieHHOH MO NEPBOW CXEME CBapKu
nepeMeleHre BHYTPEHHEN MOBEPXHOCTH OXBATBIBAEMOW JETAIN IPHHUMAETCS
paBHBIM HYJIIO. B3anMoaeicTBHEe Ha KOHTAKTHBIX CBAPUBAEMBIX OBEPXHOCTSIX
— 7KECTKOE CIICTIJIEHHE CIIOEB.

5. MonenupoBaHue 3KCIUTYaTallHOHHBIX YCIOBHH OWMETAIITMIECKOTO
MEPEXOJHUKA BBITMOIHAETCS MPUIOKEHUEM HA €r0 BHYTPEHHEH MOBEPXHOCTH
JaBjeHuss ¢ TpeOyeMbIM  3HaYeHHEM M TEMIEPaTypHOro  MOJs,
COOTBETCTBYIOILIETO TeMIIepaType pabouell cpebl.
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B paspaboranHoll MaTemarnueckod Mojenu AUGQPY3UOHHOH CBapKH
COCJMHEHUIl MO OXBAaThIBAEMbIM IOBEPXHOCTSIM pacueT BBINOJIHACTCS B
YOPYroIUIACTUYECKOW  ITOCTAaHOBKE C  XapaKTepUCTHKaMM  MaTepHalioB,
3aBUCAIIMMU OT TeMIEPaTyphI.

JlanHas MaTeMaTHuecKkas MOJENIb HCIOJIb30BAJIaCh NSl OMpEIeTIeHUS
OCTaTOYHBIX HANpsDKEHWH Ha KaxaoM odtarne aup(Gy3HMOHHOH CBapKu
OMMETaITMYECKOT0 COSAMHEHNS N3 TUTaHOBOTO cruiaBa BT6 u Hepkaseromeit
cramu 12X18H10T. B panpHeifmeM W3 MONYyYEHHBIX OMMETAUTHIECKUX
3arOTOBOK ~ M3TOTABIMBAIOTCS  OMMETAUIMUECKHE  IEPEXOAHUKH UL
coewHEHUs TpyOompoBoma w3 Hepxkaseromeid cramm  12X18HIOT ¢
mrapobauioHoM w3 THTaHoBoro cruraBa BTOC. Pabowas cpema BHyTpu
TpyOOmpoBOla W  MEpPEXOJHMKA HWMEET IIOHWKEHHYI0 TeMIleparypy,
CJIE/IOBATENILHO, JUISl OCYIECTBIEHUs mpouecca aAnup(Gy3uOHHOH CBapKu IO
OXBAaTBHIBAEMBIM MTOBEPXHOCTSIM HEOOXOAMMa BTOpasi KOHCTPYKTUBHAs CXeMa C
BHemHell  ob6oiimoi. Ilpu 3ToM  oxBaTelBaeMass  JeTanb  JIOJDKHA
M3rOTaBJIMBAThCSI U3 TUTaHOBOro cryaBa BT6, xak MaTepmana ¢ MEHBIIUM
KTP, a oxBatbiBatomass — u3 Hepxkasetouiei cramu 12X18H10T. dusuko-
MEXaHWYECKHEe W  TEIUIOPU3NYECKUE  XapaKTePUCTUKH  CBapHUBAEMBIX
MaTepuasoB Npu Temneparype csapku 1173 K onpeaensnuck no JaHHBIM U3
[7, 8] (Tabm. 1).

KoHcTaHTBI MaTepHasnoB [JIsl pacueTa HaNpsLKeHMH IMON3y4YecTH 3a BpeMs
BhIIepxkKH 600 ¢ mpu TemmepaType CBapKH MPHHATHI IO JaHHEIM pabot [9, 10]
(Tabm. 2).

IIpoBeneHHBIE pacyeThl MOKa3alM, 4YTO IIOCHE€ 3Tama 3alpecCcOBKU
ycuireM 5 Mlla HanpsieHUs Ha KOHTaKTHBIX IIOBEPXHOCTSIX HE MPEBBIIIAIOT
npezena TeKydecTH o0oux MarepuanoB (puc. 2), 4TO oOOecrnequT
(dopMupoBanue (QU3NYECKOrO KOHTaKTa 3a CYET MHKPOIUIACTUYECKON
nedopmaiui 6e3 3HAYUTENILHOTO JAe(hOpMUpPOBaHUS JeTalel B 00beMe.

HarpeBanue  coOpanHoro  coeauuenuss  BT6-12X18H10T  nmo
temreparypbl cBapku 1173 K npuBOAWT K NOSIBIEHHIO BBICOKOTO YPOBHS
CKUMAIOIMINX HANpsHKEHWH B KOHCTPYKIMM M WHTEHCUBHOCTH HANpPSDKEHUH
Mmuszeca (puc. 3), NPEBBHIIIAIOMNX MPEAETbl TEKY4eCTH OOOMX MaTepHaoB
(Tabm. 1) mo Bcemy ceueHuto neraneid. COBOKYITHOCTD IONyYeHHBIX yCIOBHN
IpU TeMIlepaType cBapku obOecneduT TpedyeMoe KOHTaKTHOE JaBIICHHE,
KOTOpoe OyneT mpeBblIaTh pekoMeHgyemoe 5 MIla ams ToproBoi cBapku
Oumerainyeckux coeanHeHnd BT6-12X18HI0T u obecrieunT nanpHeiniee
¢opMupoBanue (GHU3MYECKOrO KOHTAKTa Ha COEAMHSIEMBIX IOBEPXHOCTAX
Jetayieil ¢ MHTeHCUu(UKauen nporeccoB aupdy3un. Beiaepxka coequHeHus
IpU TeMmIiepaTrype cBapku B TeueHMHM 10 MHH NPUBOIUT K YMEHBIICHHIO
JIaBJICHUS HA KOHTAKTHBIX CBAPUBAEMBbIX IOBEPXHOCTAX MPAKTUYECKU JI0 HYJS
(puc. 4), uTo 0OBSIICHSETCSI BRICOKOM MHTEHCUBHOCTBIO MPOLIECCOB TOJI3YUECTH
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U penaKcaiuu

B MaTepuanax JeTaled c

YCTaHOBHBIIICHCS TOI3y4yecTH (Tad. 2).

3aJaHHbIMH KOHCTaHTaMH

Ta6numa 1

OHU3UKO-MeXaHNUECKHE 1 TeII0(PU3NIECKIEe CBOHCTBAa TUTAHOBOTO ciutaBa BT6 u
Hepxasetomiei cranu 12X18H10T

. Hepikageromas cranb
ﬁ:f:;;;ﬁ:cmxa Turanossrii criaB BT6 12X18H10T
293 K 1173 K 293 K 1173 K
Moye 115000 66476 195200 0,285
ynpyroctu, MIla
Kosppuument 0,32 0,32 127870 0,353
Ilyaccona
Koapdpumment
TEMTICPATYPHOTO 8107 1,22:10° 1,6:10° 1,93:10°
pacIIupeHus],
1/K
ITapameTtpsr
/:[Hfrpamgm % € % € % € % €
MlIla MlIla MlIla MlIla
pacTsKEHUS
475 0 150 |0 2375 |0 75,1 0
750 0,001 | 180 0,001 | 275 0,002 | 102,1 | 0,002
925 0,002 | 260 0,002 | 300 0,005 | 107,7 | 0,005
950 0,003 | 270 0,003 | 440 0,02 163,8 | 0,02
950 0,004 | 270 0,02
962,5 | 0,005
950 0,01
950 0,02
Tabnwuma 2

Koucrantel TuTanoBoro crasa BT6 u nepkaseromieii cranu 12X18H10T ast
pacuera HarpsbKeHUH 1MoJI3y4ecTH

XapaxTepucTika TuTanoBBIN criTaB Hepixaperomas crans
Marepuaa BT6 12X18H10T
1173 K 1173 K
A, (Hmm?) ¢! 8107 175107
. 2 32
m IS yCTaHOBUBILEHCS 0 0
M0JI3y4eCTH
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S, Mises
S, 511
’ Avg: 75%

(Avg: 75%) (A9 +1 63‘)0e+02
+2.802e+400 +1.496e+02
-4.412e+00 +1.362e+02
-1.163e+01 +1.227e+02
-1.884e+01 +1.093e+02
-2.605e+01 +9.592e+01
-3.327e+401 +8.251e+401
-4.048e+01 +6.910e+01
-4.76%e+01 +5.568e+01
-5.491e+01 +4.227e+01
-g%%%e*-gi +2.886e+01
:7'5552101 +1.545e+01
-8l37se+01 +2.033e+00

a o

Puc. 2. Hanpsoxenus B 6umerauimaeckoM coeanHennn BT6-12X18H10T mocne
3aMpeccoOBKU: a — pajuanbHblie HanpshkeHus, MIla; 6 — nanpsbkenns Museca, MIla

S, Mises

S, 511 (AVg: 75“/n)

(Avg: 75%) +2.700e+02
+3.063e+01 +2.505e+02
+3.679e+00 +2.311e+402
23270401 +2.116e+02
=3 e
-7.716e+01 Iig%%:ig%
-1.0412+02 .
-1.311e+02 +1.532e+402
-1.580e+02 +1.337e+402
'%-Ei‘ge*‘g% +1.143e402
=2. e+
e
-2.658e+02 :
-2.927e+02 +5.588e+01

+3.641e+01
a 0

Puc. 3. Hanpspxenns B Oumeramummdeckom coennaernd BT6-12X18H10T nocne
HarpeBaHus: a — panuanbHble HanpspkeHust, MIla; 6 — nanpsoxenus Museca, MIla
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Ilocne oxnaXkAeHUS KOHCTPYKIMM A0 HOPMAJIBHOW TeMIepaTypsl B
CBapHOM COEJUHEHUH BO3HUKAIOT OCTaTOUHBIE COKMMAIOIIME HAaNpsDKEHUS,
MHTEHCUBHOCTh KOTOPBIX 1O TEOpUM Mmu3eca MpeBbIMIAeT Mpeaen TeKydecTd
Hepxaseronei ctanu 12X18H10T no Bcemy ceuenuto HapyxHoit netanu. [lpu
3TOM HMHTCHCHBHOCTbH HaHpﬂ)KeHI/Iﬁ 10 CCUCHHUIO JCTalln, HW3rOTOBJICHHOM W3
TuTaHoBoro criaBa BT6, Huxke 3HAUeHHs Mpejena TeKYy4ecTH U JOCTUTaeT
MaKCHMAaJIbHOI BEITMYMHBI HAa BHYTPEHHEH MOBEPXHOCTH M MUHUMAJIBHOHN — Ha
BHEITHEH KOHTAakTHOH (puc. 5). PacuerHoe pacmpenerneHue WHTEHCHBHOCTH
HaNpsDKCHUH MO CEYEHHMI0 KOHCTPYKIMM I0Ka3alno, YTO IMPH HOPMAaIbHON
TeMIeparype BHYTPEHHsS JeTanb M3 THUTaHOBOro criaBa BT6 Oymer
nedopmupoBaTbcst  ympyro, a HapyXHas — W3 HEp)KaBeloled cranu
12X18H10T, BnosnHe nmnacTuyecku. BennunHa kacaTeabHbIX HANPSDKEHUN Ha
KOHTAaKTHBIX MOBEPXHOCTSAX (pHUC. 5, B) HE MNpPEBHIIIAET Mpejena TeKy4ecTH
MaTepurajioB CBApMUBACMbBIX neTaneixi 1 HC MPUBEAYT K CHUIKCHUIO MMTPOYHOCTH
COEIMHEHUS WK €T0 Pa3pyLICHUIO.

S, Mises

S, 511 :

(Avg: 75%)
. 0,

(Avg: 75%) +4.268e+01
+3.882e+00 +3.913e+401
+2.1282+00 +3.558e+01
+3.748e-01 +3.2040+01
-1.379e+00 +2.84%9e+01
-3.132e+00 +2.4942+01
-4.886e+00 +2.1402+01
-6.6392+00 +1.785e+01
-8.392e+00 +i.g§ge+gi
- +1. e+
-i;i;ggigi +7.210e+00
-1,365e+01 +3.663e+00
-1.541e+01 +1.163e-01
-1.716e+01

a 6

Puc. 4. Hanpsbxenus B Oumeramimyeckom coenuaennn BT6-12X18H10T
nocJe Beiaepkkn 10 MuH: a — paguanbHble Hanpsokerus, Mlla;
6 — HanpspkeHust Museca, MIla

AHanu3 pe3yNbTaToOB IMPOBEICHHBIX PAcueTOB IOKa3aj, 4YTO Ha BCEX
sramax auGGY3MOHHONH CBapKd OMMETAUIMYECKOTO  COCIUHCHHS 10
OXBaTBIBAEMBIM MOBEPXHOCTSIM M3 TUTaHOBOrO cruiaBa BT6 u HepkaBeroriei
cramu 12X18H10T oOecrieunBaroTCs YCIOBHsI 00pa30BaHUS (PU3HUECKOTO
KoHTakTa U Jud(dy3un Ha CBAPUBACMBIX MMOBEPXHOCTAX. DTO IMOJTBEPIKAACT
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NPaBUJIBHOCTh BBIOPAHHOW cXeMbl JAU(GPY3UOHHON CBApKH Ui COEJAMHEHUS
BT6-12X18H10T.

S, 511

(Avg: 75%)
+6.384e+00
-3.019e+01
-6.677e+01
-1.033e+02
-1.399e+02
-1.765e+02
-2.131e+402
-2.497e+02
-2.862e+02
-3.228e+02
-3.594e+02
-3.960e+02
-4.325e+02

S, Mises

(Avg: 75%)
+5.301e+02
+4.871e+02
+4.441e+02
+4.011e+02
+3.581e+02
+3.151e+02
+2.721e+02
+2.291e+02
+1.861e+02
+1.431e+02
+1.001e+02
+5.711e4+01
+1.411e+01

S, 512

(Avg: 75%)
+5.823e+01
+4.873e+01
+3.924e+01
+2.974e+01
+2.025e+01
+1.075e+01
+1.25%e+00
-8.236e+00
-1.773e+01
-2.723e+01
-3.672e+01
-4.621e+01
-5.571e+01

a 6 8
Puc. 5. Hanpsoxenus B 6umerauimaeckoM coeanHennn BT6-12X18H10T mocne
OXJIQXKJCHHUS 10 HOPMAIBHOW TEMIIEpaTyphl: @ — paguajibHble Hanpsokenus, MIla; 6 —
HamnpsbkeHust Museca, MIla; 6 — kacaTenbHble HanpsikeHus, MIla

Ha ocHOBe IIpOBEJEHHBIX HCCIEAOBAHUN pa3paboTaHa METOJUKA
NPOEKTUPOBAaHUS M pacyera OWMETAJUIMYECKHX  IEPEXOJHUKOB  C
OXBAaThIBAEMbIMHM  IIOBEPXHOCTSAMU  KOHTAKTa, IOIY4aeMBIX  METOJOM
1 dy3rnoHHON CBapKH:

1. Onpenenenue (HU3UKO-MEXAHUYECKUX U TEIUIO(PU3MYCCKIX CBOWCTB
COEJIMHAEMBIX MaTepHaJIOB NIPH TEMIIEpaType CBapKH.

2. OmnpeneneHne KOHCTAHT CBapUBAEMbIX MaTepUalIOB IJIsl CTEHNEHHOU
3aBUCHMOCTH yCTAaHOBMBIICHCS MON3Y4YECTH IPU TEMIEparypax ONM3KHX K
TeMIlepaType CBapKH.

3. OmpeznienieHne KOHCTPYKTHUBHOM CXEMbI CBapKH B 3aBHCHMOCTH OT
TETIO(U3MUECKUX XapaKTEPHCTHK CBAPUBACMBIX MaTEPUAIIOB.

4. IlocTpoeHne MaTeMAaTUYECKOM MOJENM B IPOIPaMMHOM KOMILIEKCE
Abaqus ¢ OrpaHUuEHHUSIMH U KOHTAaKTHBIMU B3aWMOAEHCTBUSAMH, 3aBUCSIIUMHU
oT cxeMbl A1 PY3MOHHON CBapKH.

5. Pacuer noneii nedopManuii ¥ HanpsDKEHUH Ha KaXKJOM dTare CBapKH ¢
LENbI0 BBISBJICHUS YPOBHS IUIACTHUYECKOM jaedopMalMyd CBapuUBacMBbIX
Jetayieil, 4To 0cOOEHHO Ba)KHO Ha JTale HarpeBa, Korja XoTsi Obl OJHa U3
COE/IMHSIEMBIX TOBEPXHOCTEH JOJKHA OBITH B INIACTUYECKOM COCTOSTHHH.

BeiBoasl. B pesynmprare mnpoienaHHON paboTHl OBUIa TIpENJIOKEHA
METO/MKa, KOTOpas MOXET HCIOJIb30BaThCs Ul pa3pabOTKH TEXHOJIOTHH
T dy3noHHONH CBapKH OMMETANIMYECKUX COCIMHEHHH MO OXBaTHIBAEMBIM
MOBEPXHOCTSIM C DPA3IMYHBIM COYeTaHHEeM MaTepuayoB. Ilo pesympraTam
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pacye€ToB TAKXKE MOIryT 6I>ITI> OINPCACIICHBI AHuala3oHbl T'COMCTPUYCCKUX
MapaMeTpoB CBAPUBAEMBIX JIeTaNel il 0OecrieueHus] ONTUMAIBHBIX YCIOBUI
(hOopMHUPOBAHUS COCTUHEHHUSL.
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