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Yuacnuuxam Mixnapoonoi xongepenuii
«Mamemamuune moodenroeanns ma ingopmauiiini
mexHo.10211 Yy 36ap10BAHHL I CROPIOHEHUX npouecax»

Illanoeni opya3i!

Hayionanvna axademis nayx Yxpainu eimae yuacnuxie Mixnapoonoi kougepenyii
«Mamemamuune modeniosanus ma iH@POPMAYiliHI MeXHON02IT Y 36APIO6AHHT 1 ChO-
ploHenux npoyecaxs 3 IOKPUMMAM 1020 GAKIUB0Z0 HAYKOBOZO (POpYMY.

Cv0200Hi pisenb ma memnu po3sumKy 00UUCII08AILHOT MEXHIKU 1 N0E’ A3AHUX 3 HelO
MamemMamuurux memodie ma iHGOPMAUIUHUX MEXHOL0ZIl € NOMYKHUM 3ACOO0M 015
HAYK0B80-MEXHIUHO20 NPoZpecy 6 Ycix chepax a00cvKoi 0istibHOCMI.

Besnepepsno 3pocmatoui eumozu 00 36apHUX KOHCMPYKYill, 36aAPIOGANLHUX MeX-
HOJ0ZIl 1 Mamepianie 00YyMo8aI0Mb NOCMIUHUL NOUWYK HOBUX ePEeKMUSHUX Mem0Oie
docaidxenv ma onmuMi3auitl 011 3a0080JICHHS UYUX BUMO?.

Mamemamuune modenoeanmns ma iHGOPMAYIUHI MEXHOI02iT CIMAHOBAAMb GEAUKUL
inmepec 01151 npaxkmuxu, ye 0obpe pPo3yMiomy cneyialicmu 3i 36aApBAILHUX NPOUECLE
ma cnopionenux mexHoa02ilt 8 YcboMy Ce8Imi.

Bawa xougpepenyis 0yxe eaxausa 015 6CMAHOBIEHHS 0COOUCMUX A MEOPUUX
KOHMAKMI6 MIK HAYKOBUAMU PIZHUX KPAiH, SU3HAUEHHS NPIOPUMEMI8 Y NOO0AIbUUX
HAYKOBUX O0O0CNI0KEHHAX MAd NPAKMUUNHIL Pedni3auii SUCOKOePeKMuUEHUX Memooie
docnidKenns ma ONMUMI3AYIl 36APHUX KOHCMPYKULL, 36APIOBANLHUX MEXHON02IU 1
mamepianie.

IITupo 6axarw ecim yuacnukam miyHozo 300po6’s i NOOAILWUX YCNIXi6 Yy eaulill
0is1bHOCMI.

IIpesudenm

Hauyionanvnoi akademii nayx Yxpainu
axkademix

b. €. IATOH



HNPEJHCJIOBHE

B nacmosiwem coopruxe nomewenvl 00KAa0wl, npedcmasiernnvle na Mexoynapoonoi
Kongepenyuu «Mamemamuueckoe mooearuposanue u UHGOPMAUUOHHDLE MEXHOSI0ZUU 6
ceapxe u pooCmeeHHbIX NPOUECcax», Komopas npoxooua é noc. Kavusenu, Kpown, 16—20
cenmsiopst 2002 e.

B xougepenyuu npunsaiu yuacmue cneuyuarucmol (yuenvie, unxenepvl) u3 cemu
cmpan. Bouu o6cyxdenvt ceviue 60 00KAa006 NO PASIUUHBIM BONPOCAM MAMEMAMUYEC-
K020 MOOeUPOSANHUS XAPAKMEPHBIX (PUIUKO-MEeMANTYPLULECKUX NPOUECCOE NPU CEAPKe
u podcmeenvix mexnonozusx (Haniagxe, Hanecenuu NOKPLIMULL) U UCNOILIOBAHUS CO6-
PeMEHNbLX UHDOPMAUUOHNHBLY TMEXHONI0ZULL C UeIbI0 NOBLIUECHUS KAYeCEAd U CHUKEHUS
3ampam npu ucciedo8anuu U NOUCKe PAyUOHAIbHBIX PEeULeHULL.

Omauuumenvnoi 0co6eHHOCmbI0 MmeMamuku npouedwell KoHgpepeHyuu A61Aemcs
npeob.iadanue Mamepudaio8eiueckux 6oNPoOCo8, CEA3AHHLIX CO COAPOUNIM HAZPEBOM,
YMO HAWLLO OMpaKenue 6 cOOpHUKe. IMO NAABACHUE U KPUCTANIUSAUUS, XUMUECKUT
coCMmas U XUMUHECKas HeoOHOPOOHOCMb, MUKPOCMPYKMYPHbLE USMEHEHUS, NosedeHue
2a3oe 6 ceaprom coedunenuu (0cobeHHO 6000pO0A), MeXAHUUECKUE HANPSKEHUS U JO-
KanvHvle 0epopmanyui, puck 06pazoeanus 2opAUUx U X0100HbLX MPeuUn, MeXAHUUECKUe
C60UCMBA 8 PASAUUHBLX 30HAX CBAPHOZO COCOUHEHUS. SHAUUMENLHOE BHUMAHUE HA KOH-
hepenyuu yoeneno paccmomperurd 6onpocoe NO CO30AHUIO PACUEMHBIX CUCEeM O/
pewenus MunosvlxX MexXHOL0ZUNeCKUX 3aday HA OCHOBE MAMEeMAMUUEcKoz0 MO~
0enupoeanus 6cez0 KOMNIEKCa XapaKmepHuix A61eHull npu ceapke u POOCMEEeHHbIX mex-
HOJL02UAX, C030A6as MAKUM 00PA3OM UHCMPYMEHM Ol UHKEHEPHBLX PeULeHUT.

Paboma xongpepenyuu npoxoduna 6 opyxeckotl, meopueckoi ammocghepe. B snauwumeno-
HOU cmenenu 3momy cnocoOCmMeosalo 20CmenpuuMcmeo nepconana /foma meopuecmed
«Kayueeru» HAHY, a maxixe nocmoswnoe 6HUMANHUE K YUACMHUKAM CO CIMOPOHbL
opeanu3ayuonHozo Komumema Kougepenyuu, 6 uacmmocmu B. M. A6dynaxa u
A. T. 3eavnuuenxo.

Opeanusayuonnuiii komumem Kongepenyuu evipaxaem 6.aazooaprocmv Mexdyna-
poonoti accoyuayuu «Ceapkas 3a punancosyo, a KypHaiy <Aemomamuueckas ceapra»
3a uHGOpMaAUUOHHYIO NOODePKKY KOHDepeHuuu.

IIpedcedamenv opekomumema xongheperuyuu
axademux HAHY
H. K. Ioxoous

Conpedcedamenv opzkomumema Konpeperyuu
axademux HAHY
B. 1. Maxueuxo
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INEPCIIEKRTHBbI PASBUTHUA
MATEMATUYECKOI'O MOAE/JINMPOBAHUA
11 THOOPMAIIMOHHBIX TEXHOJIOTUI1 B CBAPKE
N POACTBEHHDBIX ITPOIIECCAX

B. 1. MAXHEHKO
(Mu-t anexrpocsapku uM. E. O. ITatona HAH Ykpauusi, r. Kues)

Csapka 1 pojicTBeHHbIe Tipotiecch (TeroBast peska, Ha-
IUIABKA, HaHECEHHe MOKPDBITHII) SIBISIOTCS PEBOJIO-
IIMOHHBIMU TEXHOJIOTUYECKUMU IporieccaMu XX CT., KO-
PeHHbIM 06Pa30M M3MEHUBIIUMU TIOIXO/IbI K CO3/IAHUIO
Pa3/IMuHbIX JeTajell, KOHCTPYKUUI U COOpy»KeHHil.
TpyznHo ykasaTb OTpacyib COBPEMEHHOTO ITPOU3BOICTBA,
B KOTOPOH He IIPUMEHSETCS CBapKa /I II0JyueHus He-
pa3beMHbBIX coequHeHUil. HenpepbIBHO pacTyiiue Tpe-
60BaHMS K KAaueCTBY CBAPHBIX COCAMHEHMI M yCJIOBUI
UX MOJIyYeHusT 06y CJIOBINBAIOT IMTMPOKUE NCCIEI0BAHIS,
MIPOBOIUMBIC B PA3HBIX CTPAHAX MUPA TI0 PA3JINYHBIM
aclieKTaM CBapOYHBIX TeXHoJioruil. Bosbiioe BHUMaHue
IIPU UCCJIEIOBAHUN W ONTUMHU3AIMU CBAPOYHDBIX TEXHO-
Jioruil yiesisiercs MaTeMaTH4ecKoMy MO/1e/IMPOBAHUIO Xa-
pakTepHbIX (pusmuecknx (XxuMuyecknx) mporeccos (sB-
JIEHUI), OT KOTOPBIX B 3HAYMTEIBHOI CTEIICH 3aBUCHT
KayeCTBO U3/eJHsl.

Pa3Butne KoMIbIOTepHOI TEXHUKH CO3/1a€T XOPOIINe
MEPCIEKTUBDBI [IJIs1 TPUMEHEHUS IOCTATOYHO CJIOMKHBIX
Moziesielf, OTPasKAIOIIUX MHOTO(AKTOPHOCTb U B3anUMO-
CBSI3b SBJICHUH, IIPOTEKAIONNX IIPU CBApPKE U POJCTBEH-
HBIX TEXHOJIOTUSX, YTO BECbMa BAJKHO /IS YIyOIeHus
Mo3HaHWiT B 3Toil o6sactu. Kpome Toro, KoMmbioTe-
pHU3aIMg MaTeMaTHYeCKOTO MOIEJMPOBAHUS JIeJIaeT ero
JOCTYIIHBIM I HIUPOKOIO Kpyra IoJib30Baresieil, cBd-
3aHHBIX He TOJIbKO C FICCJIEJOBAHUEM, HO U C Pa3pabGoTKOM
1 ONTUMU3AINell MH>KEHEPHBIX PeleHuil.

B aroii cBs3M, paccMaTpuBas MEPCIEKTUBbI Pas-
BUTHS, YIOOHO YCIOBHO UX PA3/eJUTh HA /[BA HATIPAB-
geans. llepBoe cBs3aHO ¢ yruy6JeHHeM MO3HAHUI
OTHOCHUTEJIbHO XapaKTePHBIX SBJEHUI, OT KOTOPBIX
3aBUCUT KauecTBO U3/lesIUd U P/l APYruX IoKa3atTesieil
(IIPOMBBOMTEILHOCTD, 9KOJIOTHS 1 JIP.), & BTOPOE Ha-
mpaBJjieHre — ¢ cosfanueM 3¢G@GEeKTUBHOTO WHCTPY-
MeHTa 11 pa3paboTKU ¥ ONTHMU3AINN WHKEHEPHBIX
pemennii. CienyeT OTMETUTD, UTO BO MHOTUX CJIy4Yasx
BTOpPOE HalpaBjieHue siBasiercss ctumysgom (0 3a-
Ka34uKkoM) Pa3palGOTOK M0 IepPBOMY HAIPaBJIEHHIO.
Ero oramumrenpHON OCOGEHHOCTDBIO SIBJSETCS, Kak
MPaBHUJIO, HEOOXOAIUMOCTb KOMILJIEKCHOTO y4yeTa B3au-
MOJIEHICTBUST PA3JNYHBIX (DU3UYECKUX SBJCHUI, CY-
HIECTBEHHO OTJIMYAIOIIUXCS 110 IPUPOJIE APYT OT ApYyTa,
9T0 Tpe6yeT COOTBETCTBYIOIEH KBaMu(pUKANIUU u
OTIBITA Y Pa3pabOTYNKOB.

© B. 1. MAXHEHKO, 2002

Hwke KpaTKO paccMOTPEHBI TEPCHEKTUBBI Pas-
BHUTHUSI MaTeMaTUYeCKOTO MOJIeTUPOBaHus U uH Op-
MAITMOHHBIX TEXHOJIOTHI JIJIT M3yUEHUsST XapaKTePHbIX
¢usnvecKkux SBJEHUN B CBApPKEe M POJCTBEHHBIX IIPO-
Ieccax ¢ TOCJTeAYIONNM aKIeHTHPOBaHNEM BHUMAHUS
Ha CO3/IaHUW KOMILJIEKCHBIX CHCTEM peIIeHWs IPHH-
IUTTHAJIBHBIX TEXHOJOTHYECKIX 3a/1a4.

1. dusuueckue sABJEHHS, onpelessomue 3¢-
(exTHBHOCTD U pacnpeieieHe TEIMJIOBIOKEHHH IPU
CBapOYHOM HarpeBe. JTOMY BeCbMa Ba:KHOMY HaIlpaB-
JIEHWIO B HACTOSIIIlee BPEMS IMOCBSIIAETCS, K COXKa-
JIEHUIO, JIOCTATOYHO OIPAHUYEHHOE KOJIMYEeCTBO MCCJIe-
JIOBaHUI, YTO CBS3aHO, OYEBHU/HO, C OTHOCHTEJIHHO
GOJIBITMMU TPYAHOCTSIMU B a/[EKBATHOM MaTeMaTHyec-
KOM ONWCAHWU W PeaM3aliu COOTBETCTBYIONTNX MO-
neneii. TpaguIMOHHO /I TOJYYeHUs] KOJUYECTBEH-
HBIX XapaKTEPUCTUK 10 WHTEHCUBHOCTH U pacipeje-
JIEHUIO TETIJIOBJIOKEHUH MCIIOJIb3YIOT AKCIIEPUMEHTAb-
ubie Meto/pl [1]. OmHako B psifie ciyyaeB CBAPOYHBIX
texnosornii  (JTasepHble, IJIa3MEHHBIE TEXHOJOTHH,
KOMOMHUPOBAHHAS JIA3ePHO-yTOBast CBAPKa, CIIOCOODI
KOHTAKTHOH CBapKW W T. J.) TPaAWIUOHHBIMU IIO-
watusmu  apdextusnbiii  KITJ[ wHarpeBa u  Ko-
apdurmenT cocperoTOUEHHOCTH TPYIHO ONEPUPOBATDH
BBH/Y MX CYIIECTBEHHOH 3aBHCHUMOCTH HE TOJBKO OT
BHENIHUX TEXHOJOTMYECKUX TIapaMeTPOB peXuMa, HO
U OT COCTOSTHHS W TeMIIepaTypbl HarpeBaeMoii moBep-
XHOCTHU, 4TO, €CTeCTBEHHO, TpefyeT MpUMEHeHus He-
TPAJAUIIMOHHBIX TIOJXO0B. Psi MpUMepOB TaKUX MO
x0110B pacemorper Ha koudepenin (1. B. Kpusiry-
HOM — 1rasMennble texuosiornu, A. C. Huxu-
TUHBIM — KOHTaKTHas cBapka). CumTaio, 4T0 B 9TOM
HaIpaBJEHWH ellle MHOTO MOKHO U CJeIyeT CJesaTh,
YUUTBIBasT QyHIAMEHTATbHOCTD BbIXOIHBIX KOHEYHbBIX
Pe3yJIbTaTOB /ISl a/IEKBATHOCTU MOJIEUPOBAHUS BCEX
PUBIMUECKUX SBJEHWI, CBI3aHHBIX C HATPEBOM.

2. Ilpomeccsl mepeHoca MeTaJla NPH CBapKe.
Ddusnveckue SBJIEHUS, CBSI3aHHbIE C IJIABJECHUEM H
MEPEHOCOM TIPUCAJOYHOTO METAJJIA MPH Pa3TMIHBIX
crioco6ax CBapKH ILJIaBJIeHNEM, HHTEHCHBHO M3y4aloT-
CsI 9KCIIEPUMEHTAIBHBIMI METOJaMU, B YaCTHOCTH, C
ITOMOIIIBIO CKOPOCTHOM KuHOCHheMKH [2, 3 u 1ip. |. Onna-
KO 6e3 MaTeMaTW4ecKOro MOJIETUPOBAHUS ITUX SIB-
JIEHWI TPYIHO TMOJYYUTb KOJUYECTBEHHbIE 3aBU-
CUMOCTH, Ha OCHOBE KOTOPBIX MOKHO TPOU3BOJUTH
pa3JinyHble TEXHOJOTMYeCKHe U MeTaJIyprudecKkue
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OIIeHKH, ompejessioniie 3(pdeKTUBHOCTb TEXHOJIO-
TUYECKUX MEPOTIPUSATHI M KAYECTBO METAJLIA CBAPHOTO
mBa. Ha wnameit kondepennuu B gokaazxe M. K. Ilo-
XO/JTHU, PACCMATPHUBAIONIETO a6GCOPOITMIO Ta30B Kall-
JIIMU  9JIEKTPOJIHOTO METAJIIa, JAEMOHCTPUPOBAJIACH
MEepPCIeKTUBHOCTD YriaybJenus pa3paboToK B 3TOM Ha-
MIPABJIEHHH.

3. OGpaszoBanne W THAPOJUHAMHKA CBAPOYHOI
BaHHbI. IHTepec K JaHHOMY HAIPABJEHWIO CBS3aH C
MOJIydYeHUeM KOJIMYECTBEHHBIX CBsI3€il MEXKIy aHep-
TeTHYECKUMH TTapaMeTPaMu MPOIecca W pasMepamu
3oubl nporutasiaenust (311), amuTespbHOCTBIO TIPE6DI-
BaHUsI Marepuasa B JKUIAKOM COCTOSIHUH, BEpOST-
HOCTBIO 00pa3oBaHUS Pa3NUIHBIX HedeKToB dop-
mMupoBaHus (TUNA MOAPE30B, MPOKOrOB, HAILIBIBOB,
nop W Ap.), OIEHKOH CKOPOCTEH KPHCTaJIM3aIum
u 1.1. HecMOTpst HA OCTATOUHO GOJIBIIIOE KOJTUYECTBO
MPAKTHYECKUX BOIIPOCOB, CBSI3AHHBIX C 9TUM HATIPAB-
JIEHUEM, CTeTleHb ee MPOPAGOTKH JJIST MPAKTHYECKOTO
UCIIOJIb30BAHUS MTOKA €Ille JOCTATOYHO OTPAHMYeHHAsT,
9T0 0GYCJIOBJIEHO PSIIOM OOCTOSITEIBCTB, M3 KOTOPBIX
OCHOBHBIMU SIBJITIOTCSI, C OJJHOI CTOPOHBI, COUYETAHUE
JIOCTATOYHO CJOXKHBIX (DU3UKO-METAJIIY PIUIeCKUX
SIBJIEHUIl, TIPOTEKAIONINX IIPU BBICOKUX TEMIIEPATYPAX
B JKU/IKOM METaJIJIe CBAPHOTO 1I1BA, OMICAHNE KOTOPhIX
BecbMa 3aTPYIHUTETBHO; a, C JAPYTOWl CTOPOHBI, JIO-
KaJbHOCTb 9TUX SIBJIEHUI MO3BOJISIET JKCIIEPHU-
MEHTHPOBATh HA OTHOCUTEJbHO HEGOIbITNX 06pasiax,
YTO WHOTAA peHTabesbHee, YeM IPOBEJEHUE TI'PO-
MO3IKHX PACYETOB 10 CJIOKHBIM MATEMATUYECKUM MO-
JeisiM, B KOTOPBLIX TpaHWYHbIE YCJIOBUS U KO3d-
(pUIMEeHTHI TIPU BBICOKUX TEMITEPATYPaX 3aAI0TCST J10-
CTaTOYHO NPUOIMKEHHO. Y Ka3aHHbIE 06CTOSITEIbCTBA,
OJTHAKO, He CBOJAT K HYyJIIO MHTEPEC K BO3MOYKHOCTH
MaTeMATUYeCKOTO MOJEJIMPOBAHUS 9TUX (DUUKO-Me-
TAQJUIyPIrUUeCKuX sBJeHUH. VI3BeCTHO [10CTaTOUYHO
MHOTO PaboT, OCHOBAHHBIX Ha YIPOUIEHHBIX MOJEJISIX
U MOCBAIIEHHBIX OMNUCAHUIO (DyHIAMEHTAIBHBIX IPO-
1eccOB  00pa30BaHWsI CBAPOYHONW BAHHBI W THIPO-
JUHAMUKA Marepuasa BHYTpH ee. OCOGEHHO cJienyer
OTMETHUTDb PA3JIUUYHbBIE TTOXObI [IJIS OMUCAHUS Pa3Me-
pOB ¥ (POPMBI CBAPOYHOI BaHHBI.

Hau6osiee mpocroii 10AX0/l, OCHOBAHHBIA Ha
TEOPUHU TerIonpoBoHocTH [1], mpu omnpeaeseHHON
UeaJH3al[ii  PaCIpele/IeHUsT TEIJIOBOH MOIIHOCTH
UCTOYHUKA CBAPOYHOTO HATPEBA MO3BOJISIET JOCTATOYHO
CTa6MJIBHO PACCYWTBIBATD WHTETPAJbHYIO XapakTe-
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W — CKOPOCTE OXNaxaeHs
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G — rpagveHT TeMNeparyp

Puc. 1. CxeMa ABWXKyTIeiicss BAHHBI ¥ KPUCTAJJIN3AINN MeTaJlIa

PUCTUKY TMPOIIABJEHUSI — TIJIOIMAJAb TONEPEYHOTO
ceuenns 3II. 310 B 1esoM psAge  ciaydaeB
YIOBJICTBOPSIET TMPAKTHYECKUE 3AMPOChI, HAIpUMep,
MIpU OIleHKE JIOJU YYacTHsl OCHOBHOTO MaTepuasa B
ceyeHnn mBa u Ap. OJHAKO BO MHOTUX [JIPYTUX
CJIydasxX sIBJISETCs MaJoy6euTeTbHbIM.

PasBuTre KOMMIBIOTEPHOW TEXHWKU CHOCOOCT-
BOBAJIO MOSIBJIEHUIO pabOT, B KOTOPBIX MPEJIAraioTcs
YHUCJIEHHbIE METO/bl pacueTa pa3MepoB U  GopM
CBAapOYHON BaHHBI C YYETOM II€JIOTO Psifa PaKTOPOB:
TPEXMEPHOCTH, HAJIUYUSI CBOOOJHOW TIOBEPXHOCTH,
TPaBUTAINN U 3JIEKTPOMATHUTHBIX CHJI, KaIeJbHOTO
mepeHoca 3JeKTPOAHOTO MeTtaiana u T.1a. [4]. Takume
MOJIEJIM  TI03BOJISIIOT  6oJiee  aJ[eKBaTHO  OIEHUTH
JIOKQJIbHBIE CHUTyallid B Pa3/JMYHBIX Y4YacTKaxX CBa-
pounoii BaHHbI (II0 CKOPOCTAM JBMSKEHMS U TEM-
neparype), 4TO CO3/aeT COOTBETCTBYIOIIUE IIPEITO-
CBLIKU 7151 6oJiee 0GOCHOBAHHOTO ITPOTHO3MPOBAHUS
KWHETUKW TPOTEKAHUS OTBETCTBEHHBIX JIJISI KAyecTBa
MeTajia TMBa (PU3NKO-METAJTYPTUYECKUX TTPOIECCOB
(nmepByyHas KpucTaaInsanus, oOpasoBaHUE Cerpe-
ramuii u T.1.) Mseectnble paGorer [5, 6 m ap.]
JIOCTATOYHO ~ HATJISIZIHO  JIEMOHCTPUPYIOT — TepPCIeK-
TUBHOCTb MAaTEMATHYECKOTO MOJIEJMPOBAHUS B 3TOU
ob6mactu (moxaan T. de6pos, B. Ilasabika mpeacras-
JieH Ha KOH(EepEeHIn).

4. Kpucrajumsanusi cBapoOYHOW BaHHbI, XHMH-
YeCKHil COCTaB 30HBI NPOILIABJIEHUS, 00pa3oBaHHe
XUMHYeCKoil HeoaHOpoaHOcTdH. Ecim cuwrarh, dTO
(hopma u pasmepbl CBaPOYHOI BAaHHBI OTPEETSIIOTCS Ha
CTa/INY TIJIABJIEHUST OCHOBHOTO M TIPUCAJI0YHOTO MeTaJla,
TO CBONCTBA MeTajla CBAPHOTO IBA B 3HAYUTEJbHOU
CTeIeHN 3aBUCST OT IpolleccoB Kpucraudaiyu 311, ee
XUMUYECKOTO COCTaBa, MUKPOCTPYKTYPbI IEPBUYHON
KpHCTaJu3alui. B mocsjeqHre  TOAbl  MOSBUIACH
TEHJICHIIUS PACCMOTPEHUST 3TUX TIPOIIECCOB B TECHOU
CBSI3U C TIPOLIECCAMU TEILJIOMACCOIEpeHOCa B KHJIKON
CBapOYHOI BanHe [5—7 1 Ap.], 4TO TIO3BOJISET MONYYUTD
CBSI3aHHYIO KAPTUHY 3THX IIPOIIECCOB B PA3JIMYHBIX 30HAX
MeTaJljla CBApHOTO TIBa.

Crenyer OTMETHTH eIlle  OJHY XapaKTepHYIO
TEHJIEHIINIO COBPEMEHHBIX TIOJ[XO/IOB K ONUCAHUIO
[IPOIIECCOB KPUCTAJLIN3AIMN CBAPOYHON BaHHBI [6 u
ap]. OTo ucnosb30BaHuEe BEPOSITHOCTHBIX METOJ/IOB B
OTMMCAHUM TIPOIlecca TEePBUYHON KPUCTAJIM3AINHN.
OrtnebHbBIE ACTIEKTHI TAKOTO TOAXO0/a OOCYK/IEHDBI Ha
koHdepeniuu B fokaagax T. [le6pos u B. IlaBabika.

OJHUM U3 OTKPBITBIX BOIPOCOB KPUCTAJIIA3AIUN
CBApOYHOIl BaHHBI SIBJSIETCS BOMPOC OGpPa30BaHMUS
KPUCTAJIJTN3AIINOHHBIX CJIOEB U 3KCIEPUMEHTAJIbHO
HalJo1aeMast elle B psijie paboT 35-JIeTHEN aBHOCTH
[8 m np.] muckperHOCTH TMpollecca KPUCTALINZAIIH,
0COOEHHO BOIM3K TPaHuIbl citasienns (puc. 1).

WNcnonb3oBanne g 3TUX Iejiell KJIaCCUYECKUX
I0/IX0/I0B, OCHOBAHHbBIX HA HETIPEPBIBHOM 3aPOXK/I€EHUN
u pocte TBep/oi (asbl, He MO3BOJISET MOJTYYUTh Ha-
6J110/1aeMOI OCTAHOBKYM KpUCTaJin3aiuu. BriosHe Be-
POSITHO, UTO B YCJIOBUSIX BBICOKUX IPAJMEHTOB CJEAYET
MIPUBJIEKATD «MapTEHCUTHBIN MeXaHNU3M» 00pa30BaHUS
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TBepAoil (pasbl, MPH KOTOPOM BBIJEJIEHUE CKDPBITOH
TEIJIOTBl KPUCTAJIM3AINN  MOXKET CII0COOCTBOBATD
OCTaHOBKe (PpOHTA KPUCTAJLIN3AIUH.
[leiicTBuTEeIBHO, TIpU JBWKEHUH (DPOHTA € «Map-
TEHCUTHOW» CKOPOCTBHIO U OT HEKOTOPOU TeMIEePaTypPbl
T Hauvasa [BUXKEHUS NpHUpAllleHUe TeMIIepaTyphbl
ATR(h) Ha ero MOBEPXHOCTH B 3aBUCUMOCTU OT TOJ-
MUHBI  3aKPHUCTAJJIN30BABINErOCS CJOS /7 MOXKHO
npuGIMKEHHO TPEACTaBuTh B Buge (puc. 2)

ATF(h)z%V—;w -

a 0

(1

TA€ (cx — CKpbITad TEIJIOTa KPpUCTAJJIM3alluu; ¢ —
TEIIJIOEMKOCTb; d — TEMIIEPAaTypOIIpOBO/HOCTD Ma-
TepHuaJjia; @ — CKOPOCTb OXJIaKAEHUA JaHHOIO MakK-

poo6beMa B 30HE KPUCTAJLJIN3ATIIHH.

B6sin3u 30HBI CILJIABJIEHUSI C OCHOBHBIM METAJLIOM
BeJIMYMHA © HEBEJINKA, T.e. Beanunta AT (/1) B OCHOB-
HOM ompezensiercss nepsbiM ciaaraembiv B (1), Jlas
CTaM TIpU (o /C = 400 °C, a = 0,08 CM2/C, ATg =
~ 800V, T.e. mpu v > 1,0 em/c [8], 2 > 0,01 cm,
ATr > 80 °C, uro mpeBbIaeT OGbIYHBIE 3HAYEHUS
BEJMYWHBI WHTEPBAJA KPUCTAJJIN3AIMA  MaKPOCKO-
mmyeckux o6beMoB craim (Tp — Tg), T.e. BEPOSITHOCTh
OCTAHOBKW KPUCTAJIU3AIIN BIIOJTHE CYIIECTBEHHAS.

Kaskmast ocraHOBKa (PpOHTA KPUCTAIIN3AIUH CILTA-
Ba, WMEIONIET0 IMPUMECH, OJUKHA OCTABJSTDH CJIe]I
¢poHTa KPUCTAJIN3ANNN HA COOTBETCTBYIONNX MHK-
poruiudax, 4To 06bIYHO U HAGIIOAAETCS HA TIPAKTUKE.
Ha puwc. 3 mnpuBeneH Mukponumd Merajaa IIBa
amomuHreBoro crtaBa Al 3000 [9], Ha KoTopom BuHA
TPAHUIIA MEKY OTAETbHBIMUA KPUCTAIATAME U CJIEIbI
¢ponTa Kpucrammusanuu. VX Tpupoga NpUMEPHO
O/IMHAKOBA U COOTBETCTBYET W3MEHEHWIO KOHIICHT-
paryu mprMeceil Ha IPAHUIlE NIPH HYJIEBOH CKOPOCTH
KpUCTa/un3anuu. BugHbl cMenienust cieoB GpoHTa
KPUCTAJIN3AIMN 32 CYeT aCHHXPOHHOCTH TIPOIIECCOB
BO BPEMEHU B COCEJHUX KPUCTAJIUTAX.

C nepBUYHON KpUCTAIIN3aIMelN TeCHO CBSI3aHbI BO-
MPOCHI JIOKATBHOW XUMHUYECKOH HEeOTHOPOIHOCTH Me-
tasia 311 [10, 11 u ap.], a TakKe CONMPOTUBJISAEMOCTD
Marepuaja 06pa30BaHUIO0 TOPSYUX TPENIUH IO/ BO3-
JieficTBrEM cOOTBeTCTBYIOIMUX Aedopmarmii [9 u ap.].
[l perieHUi 3TUX BOIIPOCOB COBPEMEHHbBIE BO3MOJXK-
HOCTH MATeMATHYECKOTO MOJEJUPOBAHMS IIOKA ellle
MCTIOJIB3YIOTCS HEIOCTATOTHO.

5. KuHeTnka MUKPOCTPYKTYPHbBIX H3MEHEHHUIT PU
O/IHO- H MHOTOIIPOXO/IHOIi cBapKe. B mocsenme To1b1
3TO HAIIpaBJieHWEe MPHUBJIEKAET MHOTHX HCCJIeI0BaTe-
Jieit, 9T0 00yCJIOBIEHO HEMPEPBIBHO PACHIAPSIONTIMCS
ACCOPTUMEHTOM HCIOJb3YEMBIX JJISI CBAPHBIX KOHCT-
PYKIIHIi HOBBIX CILJIABOB, YyBCTBUTEIBHBIX K TEPMITUEC-
KOMY UKy cBapku. I[lpm MaremarmyeckoM Moje-
JITPOBAHUU MUKPOCTPYKTYPHBIX U3MEHEHUIl IPU CBap-
Ke cTaJseit HanboJiee pacpocTpaHeH TOAX0, OCHOBAH-
HBIIl HA 9KCIEPUMEHTAJIBHBIX [TAHHBIX, BBITEKAIOIINX
U3 AWarpaMM aHU30TEePMUYECKOTO TTPEBpAIIEHUs ayc-
TEHWTa, XUMHWYECKOTO COCTABAa U CTENEHH TOMO-
renusanuy (6aia, 3epHa).
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Puc. 2. Cxema npepbIBUCTON KPUCTAJJIM3AIUKA B 30HE BBICOKHUX
IPA/IMEHTOB U HU3KUX CKOPOCTEH OXJIAXK/IeHMUs

[Ipu aTtoM ompejensercss MaccoBag J0Jd TOU U
MHON MUKPOCTPYKTYpbI (MapTencur, Geitnut, deppwur,
HEPJIUT, AyCTEHUT) B COOTBETCTBYIOMINX TOYKAX METaJl-
Jla IBa 1 30HbI TepMudeckoro Busuus (3TB) ocHos-
Horo Metasinia [12—14 u ap.]. Haubonee pazpaGoranbl
TTO/IXO/TBI JIJIST OTIEHKW KOHEYHOW MUKPOCTPYKTYPBI ITPH
OJIHONPOXOAHOI cBapke (IIPOCTOM CBAPOYHOM IHKJIE)
[12 u ap.] Ha ocHOBe 3HAHUS JIJINTEJBHOCTA OXJIAXK-
Jenus tg, 5 fannoit Toukn 3TB m6o 311 B Temmepa-
typuom unrepsaye 800...500 °C. B manbneiimeMm aTot
mo/Xox OB MOJIEPHU3UPOBAH Ha OIpe/eJieHne Ki-
HETUKHU TMPeBPAIeHnsT TIPU MTPOCTOM CBAPOYHOM IIHKJIE
Ha OCHOBe 3HAHWA £g 5 1 TeMTiepaTyp Havama T i kona
T npesparieHust aycTeHUTa B i-10 MUKPOCTPYKTYPY | 13
u 1p.]. B pa6ore [14] caesana morbitka 0606IUTH MO/
xo u3 [13] Ha ciyvaii CI03KHOTO TEPMUUYECKOTO IHKJIA,
XapaKTEePHOTO TIPU HAllJIaBKe IMJINHIPUIECKUX JleTaei
10 BUHTOBOH JIMHUW MaJIOTO IIIara.

B mocseanue roapl nostBUIMCH paboThl [6, 7], B
KOTOPBIX MaTreMaTHYecKoe MOJIETUPOBAHKE C HUCTIOJb-
3oBanureM Merona Monte — KapJsio npumensiercs: /st
MOJTy9€HUST TPOCTPAHCTBEHHON KapTUHBI 06Pa30BaHUS
MUKPOCTPYKTYPHBIX U3MeHeHn# B Metaiane 3TB
(puc. 4), npasaa, [ OTHOCUTEIBHO TIPOCTHIX CIIyYa-

Puc. 3. Tpanuna AByX cTOJIGYATHIX KPHUCTANINTOB METAJLIA IIIBA
amomunus Al 3000 (X115) [9]: 1 — rpauuiia; 2 — caesbt GpoOHTOB
KPUCTAJLIN3AIIH
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Puc. 4. MogenupoBanne KOHEUHOI MOJUKPUCTATIINYECKON CTPYK-
Typnol B Metasie 3TB [6]

e (o—B-npespamenue B thrane [6] u poct 3epen B
aukesae [7]), urto, TeM He MeHee, CBHUAETEIHCTBYET O
6O0JIBIINX BO3MOYKHOCTSIX TAKOTO ITOAXO/A.

6. MogesmpoBaHue 3aBUCHMOCTeil XHMHYeCKUIH
COCTaB — MHKPOCTPYKTypa — MeXaHHYeCKHe CBOWi-
crBa. IlombITKM KOJUYECTBEHHO CBI3aTh MeXa-
HUYECKUE CBOMCTBA PA3JUUYHBIX YIACTKOB CBAPHOTO
coequuenusi (3TB, 3I1) ¢ XUMHYECKUM COCTAaBOM H
MUKPOCTPYKTYPO U3BECTHBI B CBAPOYHON JIUTEPAType
naBHO [15 u ap.]. B ocHOBY atux mocTpoenuil moJo-
JKEHBI COOTBETCTBYIOIINE PErPECCHOHHbIE 3aBUCH-
MOCTH, MOJyYeHHbIe MTPH 06paboTKe HKCIePUMEHTAb-
HBIX JaHHBIX. K cokajeHwio, 3a HCTEKIee BpeMs
MPaKTUYECKN TTOAX0A He uaMeHmcsa. CoBepIIeHCTBO-
BaHUEe METOJIOB OILEHKU MUKPOCTPYKTYPHOTO COCTO-
SIHUSI OIPe/IeNisieT HEKOTOPYIO TEHIEHIHIO MPeICTaB-
JIEHUS TeX WJM WHBIX XapaKTePUCTHK Marepuasa
aJIINTUBHO Y€Pe3 COOTBETCTBYIOIINE CBOICTBA MUKPO-
CTPYKTYP, UCIIOJIb3Ys [IJISI TOCJEeTHIX YPABHEHUS PeT-
peccum, apryMeHTaMu KOTOPBIX SBJISTIOTCS XUMU-
YeCKUHN COCTaB M OT/EJbHBIE TEXHOJIOTHUECKHE Tapa-
Metpbl [13—16 u ap.], uTO MO3BOIAET MOMYIUTD GOJTee
o01Ie 3aBUCHMOCTH, ECTECTBEHHO, B paMKaX IpHueM.JIe-
MOCTH aJJIMTUBHOIO II0JX0/A.

3ech elne MUPOKOe TOJe sk TPUMEHEHNST MaTe-
MATHYECKUX METOJO0B.

7. Kunerunka edOpMalMOHHBIX MNPOIECCOB B
TEMIIEPaTypPHbIX MHTEPBajaX 06Gpa3oBaHUs TOPSIYUX
TPEIIMH ¥ YCJOBHS UX mpeaynpexaeHusi. [opsune
TPEIIUHBI SIBJISIOTCS BECbMA XapaKTepHbIM jedeKrToM,
0COGEHHO TIPU CBapKe BBICOKOJIETMPOBAHHBIX CTaJEH,
QJIIOMUHUEBBIX CIIJIABOB U IIP., OHU 00Pa3yIOTCS TPH
BBICOKMX TeMmIleparypax. Tak, KpUCTaLIH3alMOHHbIE
TPeluHbl 06PA3yIOTCsT TMPHU TeMIepaType KPHCTaJ-
JU3AIMKA  JIAaHHOTO ~ CIJIaBa, JIMKBAIlMOHHBIE Tpe-
MUHBI — TPH TEMIEPATypax ILIABJIEHMs JIHKBa-
IIMOHHBIX CKOTLIEHWH, JIETKOIIJIABKUX 9BTEKTHK U T. TI.
B [JaHHOM CILJIABE, T.€. B YCJOBHUSX, KOT/JAQ MaTepua

UMeeT OTHOCUTEJbHO HeOOJIbIIoEe COTPOTUBJIEHUE
nedopmupoBarnto  (HU3KMI — [peesl  TeKydecTH),
MO3TOMY  KHHETHKa  JedopMaryii  ompeaesseT

KUHETUKY HarpysKeHusd MaTepuaJsia.

To4yHOCTb pacYeTHBIX METOOB OIpEEIEeHUs Je-
dopmaluii B yKa3aHHBIX BBICOKOTEMIIEPATYPHBIX 30-
HaX CYIIECTBEHHO 3aBHUCUT OT aJeKBATHOCTH YpaB-
HeHWH cBsA3M Mexy aedopmanusamu (CKopocTsMu fe-
(opmanuii) ¥ HaNPSAKEHHBIM COCTOSTHHEM, KOT/A
pa3BuUTHE HEYNPYruX jgeopMaliuii MPOUCXOIUT He
TOJIBKO TI0 MEXaHNU3MY MTHOBEHHOH TLJTACTUYHOCTH, HO
U IOCTATOYHO YAacTO B Pe3yJIbTaTe IMOJI3Y4YecTd Ma-
tepuaja. MoKHO yKa3aTb psii paboT, B KOTOPBIX Gop-
MyJIMpyeTcsl 3Ta npobJemMa, CBS3aHHAs C TOPSYUMU
tpemunamMu [9 u ap.], a Takyke npuBe/ieHbl COOTBET-
CTBYIOIIME YnCIeHHble pe3yabTatel [15, 16 u np.]. Tem
He MeHee, 3/IeCh ellle MHOTO MPeICTOUT CIeJaTh KakK B
OTHOIIIEHNH KOJINYECTBEHHOTO OMMCAHUS KMHETUKY JIe-
¢opManMOHHBIX TIPOIIECCOB, TAK U KPUTEPHUEB IEIOC-
THOCTH MaTepuasa. ClieiyeT OTMETHUTD, YTO HAPSIy C
TPAJAUIIMOHHBIMU YUCTO JeOPMAITMOHHBIMU TIO[XO-
JaMu 17151 pOopMyJIIPOBAHUS TaKUX Kputepues [9, 15,
16], 3acay:kuBaeT BHUMaHUS HETPAIUIIMOHHBIN IO
XO/l, OCHOBAaHHBII HA METOJIaX MEXAHUKW Pa3pyIIeHust
TEJ C TPeldHaMH, T.e. C 30HAMHU BBICOKON KOHIIEHT-
paruu necdopmaruii [17].

8. TepmoaedopManuoHHbIE POLUECCHI IPU CBapKe
JlaBJeHeM ¢ yueroM Ooupimx Aedopmanuii. IToT
BOIIPOC CTAHOBUTCSI Bce 60Jiee aKTYaJbHBIM B CBSI3H C
paciupenreM o6JiacTell TTPUMEHEHUs CBapKU JaB-
JenveM. Hapsay ¢ TpajuIMOHHBIMH BUJAMH CBapKU
nasaenueM [18, 19] B nocieanme ToAbl MOSBUIICS PSAT
HOBBIX CIIOCOOOB, CBSI3AHHBIX C MEXAaHHYECKUM <IIe-
peMeNIMBaHNEM» TBEPJIOTO MaTepuasa CIeHaIbHbIM
BpamamonmMcs  wHCTpyMmentom  [20-22] u  ap.
HauGospiiee koindectBO paboT, CBSI3aHHOE C Ma-
TEMATHYECKUM MOJIEJIMPOBAHUEM TEPMOMEXAHUYECKUX
MPOIIECCOB TPU  CBapKe JIaBJEHHEM, IOCBSIIEHO
TOYEYHON KOHTaKTHOI cBapke. HambGosee cBexue
paboTsl atoro HampasiaeHus [17—19] moutn Majo yem
OTJINYAIOTCST OT paboT AecATUJIETHEN JaBHOCTH [23 1
np.]. IIpo6aema Gosbimx nedopMalimii, CBSI3aHHBIX €
o6pa3oBaHneM Tpata IPu CBapKe J[aBJeHUEM, OCTAETCSI
MaTeMaTUYeCKU He OIMCAHHOW, HECMOTps Ha ee
6OJIBINTYI0 3HAYMMOCTD [T TOJIYYEHUS [JOCTATOYHO
3aMKHYTOI MareMaTH4ecKoil MojeJsn.

9. TpaHCHOpPT BOZIOPO/Ia B CBAPHBIX COEJIMHEHUSIX.
He6naronpusitHass poJib BOAOPOAa B 00pa30BaHUM
X010AHbIX (BOJOPOAHBIX) TPEIIMH IIPH  CBapKe
HU3KOJETMPOBAHHBIX ~ BBICOKOTIPOYHBIX ~ KOHCTPYK-
IIUOHHBIX CTaJIell, YYBCTBUTENbHBIX K BOSHUKHOBEHUIO
B OKOJIOIIOBHON 30HE 3aKAJIOYHBIX MUKPOCTPYKTYP
(MapreHcura, — HU3KOTEMIIEpaTypHOro  GeiiHuTa),
JIOCTATOYHO XOPOIIO U3BECTHA.

N3BecTHO TaksKe, uyTO 4eM GOJIbIIE KOHIIEHTPAIIUS
BOZIOPO/Ia B yKazaHHOM MeTtaie (ITpu mpovnx paBHBIX
YCJIOBHAX), T€M pe3de BO3PACTaeT PUCK 06PasOBaHUS
XOJIOHBIX TPENIMH. BOJBITUHCTBO CYIECTBYIONTNX K-
CHIEPUMEHTAJBHBIX METO/IOB KOJIMYECTBEHHOTO OTIpe/ie-
JIEHUsI KOHIIEHTPAIIUK BOJOPO/Ia B 30HE CBAPHOTO MIBA
MT03BOJISIET TOBOPUTD TOJILKO O CPE/IHEN KOHIIEHTPAIIUN
B JIOCTATOYHO GOJIBIIMX OObeMaxX MeTasja CBapHOTrO
coe/luHeHNsI 1ocJIie moJiHoro octhiBanus [ 24]. Ipenio-
JKeHHbBIN B paboTe [25] HOBBII METO/T 9KCIIEPUMEHTAJb-
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HOTO M3MepeHHs KOHIIEHTPAIINH BOAOPOJa ITyTeM Jia-
3epHOU MaCC-CIIEKTPOMETPUU COOTBETCTBYIOIIUX Ce-
YeHNH CBApHOTO COEAWHEHUs OTJIMYAeTcs OGOJIBINON
paspemaroreii  crnoco6roctbio  (umamerp  TATHA
~ 0,4 MM), ogHAKO (PUKCHPYET TOJBKO KOHEUHOE pac-
npe/iesieHrie Bogoposia. Kunernka maccorepenoca Bo-
JIOPOJIa TTIOKA OCTAETCS HEJOCTYITHON SKCIEPUMEHTAb-
HbIM M3MEPEHUSIM, UTO OIIPe/IesisieT BbICOKHUI MHTEPEC
K MaTeMaTH4eCKOMY MOJIEJTMPOBAHUIO 3TOTO MpoIlecca
[26-28 u np.]. Ha ocHOBe 3HaHMST KWHETUKU MacCoIle-
peHoca MOKHO OODBSICHUTH IeJbIil PsiZi 0COOeHHOCTEl
pactipefieJieHusl BOOPO/a, OGYCJIOBJIEHHBIX MUKPO-
CTPYKTypHbIMU TipeBpamienusvu [28 u ap.| (puc. 5),
YTO BayKHO C TIO3UIHMI TPEIYTIPEKAEHIST 0OPa30BAHI
BOJIOPO/IHBIX TPEINH, OCOOEHHO /IJisI TAKUX CJIYYaeB,
KaK «MOKpasi» TIOJIBOTHASI CBAPKa Ha JIOCTATOYHO 6OJIb-
moii ray6uHe, The TapIluaIbHOe JaBJeHUEe BOJOPOIA
B Ta30BOM IIy3bIPE B 30HE CBAPKU JOCTATOYHO BBICOKOE
(okmaz Ha Ty TeMy NpejcTaBJeH Ha KOH(MEPEeHIH
C. I0. MaKCUMOBBIM U [P.).

10. Ouenka pucka o6pa3oBaHus XOJOAHBIX TPeE-
muH. CyIecTByeT IeJsblii Pl MOAX0J0B K ¢op-
MyJIIDOBAHUIO YCJOBUN 0OPA30BAHUS  XOJIOIHBIX
TPEIIUH TP CBapKe [24], CBS3BIBAIONIMX PHUCK HUX
MOSIBJIEHUST B KOHCTPYKIMOHHBIX CTAJAX C MHUK-
POCTPYKTYPOI, COIEp:KaHUEM BOJIOPOJa, YPOBHEM
HATPSKEHHOTO COCTOSIHUSI U TEMITIEPATYPOIl CBAPHOTO
coenuHenusi. B deTpipeXMepHOM IPOCTPAHCTBE MUK-
poctpykTypa — auddy3uoHHBIN BOJOPOJ — Hamps-
JKEHWe — TeMIeparypa CyIIecTByeT 0ObeM pHCKa
06pa30BaHNs XOJIOAHBIX TPEUINH; 32 Pe/leIaMU 3TOTO
o6beMa PHUCK HMX 00pa3oBaHuWs OJM30K K HYJIO.
[locTaToyHO KOHCEPBATHBHBIE TPAHMIIBI ITOTO 06BEMA
pHUCKa JUIA  KOHCTPYKIMOHHBIX craneii [24] (or-
cyrerBue Mapredcuta (HuykHero GellHuTa); comep-
’Kanue Bojopoaa Mmenee 0,5...1,0 CM3/1OO r; HOp-
MaJibHble HANPSDKEHUsT He 6oJiee HYJISI; TeMIlepaTypa
Boime 150 °C) IO3BOJIAIOT CpEJACTBAMHM MaTeMa-
THYECKOTO MOJIETMPOBAHKS BBIJE/SITh 30HBI PHCKA B
3aBHCUMOCTU OT PA3JUYHBIX KOHCTPYKTUBHBIX U
TEXHOJIOTHYECKUX TapaMeTpoB. EcTecTBEHHO, dYTO
[I0JIb30BATEJISI HHTEPECYIOT KOJUYECTBEHHbIE 3HAYEHIST
pucka 006pa3oBaHUS  XOJOMHBIX TPEIIHH, eCJIH
HeBo3MOKHO (4TO wame Bcero GbiBaeT) 06€CIEYnThH
mpeObIBaHIEe MaTepuajia CBAapHOTO COeJMHEHUS 32
IpeielaMy TPaHUIl YKa3aHHOTO o6beMa.

[IpencraBienvie 0 TAKOM pUCKE TIPUMEHUTETBHO K
CBapKe HU3KOJETHPOBAHHBIX KOHCTPYKIIMOHHBIX CTa-
Jieit B 3aBUCHMOCTH OT YCJIOBHS 3aKpeILIeHus, TOJI-
IIUHBI, TapaMeTpa P, U YPOBHS 3aKPeIlIeHNs:

pw = 12PCM + longy (2)

Mn + Cu + Cr Si Mo Vv
M= C+F — =+ 2 Ty

rae Poy = C 20 30 15 10
+ 5B + Ni [IPUBEJCHO B TabJIMIle HAPSAAY C PEKOMEH-

60’
JIyeMbIMU U3 [24] TeMrmiepaTypaMu MpeBapUTEIbHOTO
noJorpeBa. IJTU JI0CTAaTOYHO NPUOJIU3UTENbHbBIC [TaH-
HbI€ TIOKA3bIBAIOT, YTO B 9TON 06JIACTH ellle MHOTO TIpe/I-
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X, mn
6,6 16
- = [pannua 03
] an
D 3TE
a
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2500 1,0
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C,om® /1001
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q17
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0,3(2¢)

B
PI/IC. 5 KI/IHeTI/IKa N3MEHEHUA BO BPEMEHU TEMIIEPpATyp, MUKPO-
CTPYKTYPHBIX COCTaBjsiomux V; (j — aycrenur, MapTeHCHT,

Geitnut), anddysuonnoro Bogopoaa H u Bogopoaa B osymikax H,
(6, 6) [28] B Touxe A (a)

1,3(20¢) 1,8(60¢) 2,5(300c) log t

CTOUT CJieJIaTh JIJIsI TIOJYUEeHHsI JOCTATOYHO HA/IeSKHBIX
Mo/ieJielt KOJIMYECTBEHHOTO PICKA 06PAa30BaAHNS X010/
HbBIX TPEIIVH.

11. Ocrarousbie HanpsEKeHUs U gedopManun npu
MHOTOIIPOXO/IHO! CBapKe ¢ y4eTOM M3MEHEeHUSI MHK-
POCTPYKTYPBI U cBoiicTB. HakorieH 1octatouHo 60.1b-
IO OMBIT [0 MaTEeMATHYECKOMY MO/EJHPOBAHIIO
KUHETUKY 06PA30BaHUsI CBAPOUHbBIX HampsikeHuin (zie-
dopmanmii) Kak Mpu OJIHO-, TaK ¥ IPU MHOTOIPOXO/I-
HoOi1 cBapke. O/IHAKO B psijie CJy4yaeB BO3HUKAIOT CY-
I[eCTBEHHDIE CJIOXKHOCTH B CBSI3U C OTCYTCTBUEM JIOCTa-
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TOYHO HaJEKHBIX MOJEJEH, OTpaKaloluX U3MEHEHUE
TOHKOW MHUKPOCTPYKTYPbI (CM. M. 5) 1 MEXaHUYECKUX
CBOIICTB — CONIPOTUBJIEHUS Ae(POPMUPOBAHUIO IIPH
NOBTOPHbIX HarpeBax Huxe A, .

Mexay TeM JTOT BONIPOC JAOCTATOYHO TIPUH-
IUIMAJIeH P MaTeMaTHueCKOM MO/IeJIMPOBAHNH OCTa-
TOYHBIX HAMPSDKEHUN B CBAPHBIX COCIMHEHUSIX € MHO-
TOCJIOIHBIMY 1IIBAMU B YCJIOBUSX CBAPKH, KOT/Ia OT 1Ipe-
abiayero mpoxoza (cos) o6pasyercs 3HaUMTETbHOE
KOJIMYECTBO 3aKaJI0UYHBIX MUKPOCTPYKTYP (MapTeHcwur,
HU3KOTeMIIepaTypHbIii Geiinut). I[ToBTOPHbBIE Harpes,
CTIOCOOCTBYST YaCTUYHOMY OTITYCKY 3THX MUKPOCTPYK-
TYD, CHUKAET IMKU OCTATOYHBIX HANPSKEHWi B IIpe-
JIBIIYIIX CJOSAX, YTO MOXKET 3aMETHO W3MEHUTH
KapTUHY pacipe/ieJieHUsl OCTATOYHBIX HaIpPsIXKEeHU
JUIST Takux coennHeHuil. Pesnakcaius HampsbKeHHi,
CBSI3aHHASI C YACTUYHBIM OTIYCKOM 3aKaJIOYHBIX

MHUKPOCTPYKTYP OT CBapKU TPEIbIAYIINX CJ0EB, B
OTIPE/ICIEHHON CTENEHN MOKET TIPOSIBUTLCS U B OOTIIUX
nedopMansax cBapaoro yaia. [loka aTot Bonpoc MaJio
HCCJIe/IOBAH.

[lesratoTcst mepBble MAaru B HATIPABJIEHUN yUeTa s
KOHCTPYKIIMOHHDBIX cTajeil BIUSHUS IIOBTOPHOI'O Ha-
rpeBa HUKE TeMIepaTypbl A, Ha TpeJes TEeKydecTn

COOTBETCTBYIOIMX MUKPOCTPYKTYp (MapreHcur, Geil-
HUT). B OCHOBY 9THX Mozesiell MOJIOKEHbI HMIU-
pUYecKre JaHHbIE, CBS3bIBAtONTE KOI(DPUITUEHT n3Me-
HEHUSI [IpeJIeIa TeKyeCTH j-it MEKPOCTPYKTYpb &; (f =
=m, b) ¢ MaKCUMAJILHON TeMIepaTypoil MOBTOPHOTO
HarpeBa /ISl CTAJH COOTBETCTBYIOIIETO XMMUYECKOTO
coctaBa. [[Jisl OTHOCHTEJIBHO KPATKOBPeMEHHbIX (110
CPaBHEHHUIO € TePMOOGPAGOTKON — OTITYyCKOM) TIOBTOP-
HBIX HArpeBOB, XapaKTEPHBIX /IS CBAPKH, TIpejiara-
€TCsI UCTIOIb30BATh OTPAHNIEHIIS:

Pexomenjryemble 1o [24] temmeparypbl IpeABapuTeIbHOTO 1ojgorpesa T IS HPEAyNPesKAeHHS XOJIO[HBIX TPEINH ¥ PacyeTHbIIl pUCK
R ux o6pasoBanust npu T, = 18 °C npuMeHnTEIbHO K HU3KOJETMPOBAHHBIM KOHCTPYKIIMOHHBIM CTAJISIM

YpoBeb -~ Wutepsan sHavenuii P

BaKpereH <3,0 3,1..3,5 3,6...4,0 4,1..4,5 4,6...5,0 51...5,5 5,6...7,0

<9,5 T, °C <18 <18 <18 <18 60 138 149

R 0 0 0 0 0,27 0,95 0,97

0,5...19,1 T, °C <18 <18 <18 60 99 138 149

R 0 0 0 0,27 0,63 0,95 0,97

1 19,1...38,1 T, °C <18 <18 <18 80 110 138 149

R 0 0 0 0,38 0,75 0,95 0,97

38,1...76 T, °C 18 18 38 93 121 138 149

R 0,01 0,01 0,05 0,55 0,85 0,95 0,97

<76 T, °C 18 18 38 93 121 138 149

R 0,01 0,01 0,05 0,55 0,85 0,95 0,97

<9,5 T, °C <18 <18 <18 <18 71 138 160

R 0 0 0 0 0,28 0,95 0,99

9,5...19,1 T, °C <18 <18 18 80 116 143 160

R 0 0 0,01 0,38 0,81 0,96 0,99

11 19,1...38,1 T, °C <18 18 74 110 138 149 160

R 0 0,01 0,32 0,75 0,95 0,97 0,99

38,1...76 T, °C 18 80 110 130 149 149 160

R 0,01 0,38 0,75 0,91 0,97 0,97 0,99

<76 T, °C 93 121 138 149 160 160 160

R 0,55 0,85 0,95 0,97 0,99 0,99 0,99

<9,5 T, °C <18 <18 <18 38 110 149 160

R 0 0 0 0,05 0,75 0,97 0,99

9,5...19,1 T.n, °C <18 18 66 104 138 160 160

R 0 0,01 0,23 0,69 0,95 0,99 0,99

111 19,1...38,1 T, °C 18 85 116 138 149 160 160

R 0,01 0,45 0,81 0,95 0,97 0,99 0,99

38,1...76 T, °C 116 130 149 149 160 160 160

R 0,81 0,91 0,97 0,97 0,99 0,99 0,99

<76 T, °C 116 130 149 149 160 160 160

R 0,81 0,91 0,97 0,97 0,99 0,99 0,99
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B JIaHHOII TOYKe Ha TPEebIAyIIeM IUKJIe HarpeBa —
OXJIaXK/eHNsA. 3aBUCHMOCTD &; TIPH MaKCHMAJbHbIX

TeMIepaTypax MoBTOPHOro HarpeBa T4, > Tmax’ > T]
aTnMmpOKCUMUPYETCST COOTBETCTBYIONINM BbIPAsKEHHUEM:
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r/le MHAEKC j OTHOCUT BEJWYUHDI K Pe3yJabTaTaM Ipe/l-
NIECTBYIOIIEro HAarpeBa B JIAHHOM Touke, Koraa T.x >
> A, (k=f), ecrmj=b, uk=>b, ecmuj=m;); a; —
(QYHKITUS OT MAKCUMAJBLHOW TEMTIEPATYPbI TOBTOPHOTO
HarpeBa B JIAHHON TOUKe HIKe A, B IIPEAIIECTBYIOIIHIA
MEPHOI.

N3 atoit Mopenm ciemyeT, 4TO TPU MHOTOITPOXO/I-
HOI cBapke 3 @eKT OTIyCKa B JAHHON TOUKe OIIpejie-
JIIeTCs TIOBTOPHBIM IIPOXOJ/IOM C MAaKCHUMAJIbHOU TeM-
MepaTypoil IOBTOPHOTO HArpeBa, a pPOJib OCTAJbHBIX
MOBTOPHBIX HATPEBOB Yy:Ke He3HauuTesabHas. Takoe
NpUGJIMKEHHOE TIOCTPOEHUE TaeKO He BCETJa COOT-
BETCTBYET peayibHOCTU. KpoMe TOro, Heyder JJuTesib-
HOCTH TTIOBTOPHOTO HarpeBa TakKKe SIBJISIETCS CJIAGBIM
3BEHOM TaKOW MO/IEJIN.

N3 u3n0KeHHOTO cJefyeT, 4TO B 3TOM HaIpas-
JIEHWH €llle MHOTO TIPEJICTOUT C/IEJIaTh.

12. [erpajamusi CBOHCTB MarepHaja CBapHbBIX
coeJIMHEHMiT MO/ BO3/eliCTBHEM BBICOKHX TeMIlepa-
TYP, XMMHYECKH arpeCcCUBHBIX CPeEJl U SIZIEPHOTO 00.1y-
yeHus. B Hacrosiiee Bpemst IpuMeHeHne MaTeMaTHIeC-
KOTO MOJIEJTUPOBAHUST B 9TOM HAIlPaBJECHIH NMEET BECh-
Ma aKTyaJbHOE 3HauyeHWe, YYHUThIBas OOJIbIIOE KO-
JINYECTBO IKCILIYATHPYEMBIX B MHPE OTBETCTBEHHBIX
CBapHBIX KOHCTPYKIUH AJUTETBHOTO CPOKA KCILIya-
tTanuu  (MarucTpasbHble TPyGOIPOBOABI, KOPIyCa
peaktopoB AJC, MOCTBI, KPYITHBIE XPaHUIHIIA HeDTH,
rasa 1 1p.). B psje ciaydaeB CpoK 9KCILIyaTalluu STUX
KOHCTPYKIIHI 6JU30K K MIPOEKTHOMY, TO3TOMY BOIIPO-
cbI 6€30ITaCHOCTH TPEOYIOT YeTKOI MH(MOPMAIIUH O COC-
TOSTHMM MaTepuaja U 0COOEHHO CBAPHBIX COEIMHEHUH.

[Tonyuenue Ttakoil wHGOPMAIMU TPAIUITHOHHBIM
MyTeM, UCIBITAHNEM CTaHJAPTHBIX 06pasIoB, BBIpe-
3aHHBIX U3 COOTBETCTBYIONIIX YYACTKOB KOHCTPYKIIHA,

JlaJIeKo He BCeT/ia TPUeMJIEMO, UTO OTIpe/IesisieT MHTepec
K HUCMOJb30BAHWIO PA3JUYHBIX KOCBEHHBIX METOJIOB,
HAYMHAS C COOTBETCTBYIONINX 06Pa3IOB—CBUIETEENH,
MaJIOpa3MepPHBIX 00PAa3IOB, MOJyYaeMbIX U3 KOHCT-
pykimu 6Ge3 HapyIIeHUsS IeJOCTHOCTH, W KOHYas
Pa3JMYHbIMU M3MEPEHUSIMU U3MEHEHWH (uanyecknx
XapaKTepUCTUK Marepuajia (TBepIOCTH, 3JEKTPOIPO-
BO/IHOCTH, MArHUTHOUM TIPOHUIIAEMOCTH, XapakKTepa
pacnpocTpaHeHust aKyCTUYECKUX BOJIH M T.I1.). 3aja-
yell MaTeMaTUYeCKOTO MOJIETMPOBAHUS SIBJISIETCS yCTa-
HOBJIEHUE a/IeKBAaTHOH 3aBUCHUMOCTH MEX/y MCKOMOU
XapakTePUCTUKON MaTepuana X, M3MepPATb KOTOPYIO
«Hey06HO», U BEKTOPOM Y; «yJIOGHBIX» U3MEPeHHil,
T.€. TIOCTPOeHNs (PYHKINN

EcrectBenno, He06X0ANMO YOEIUTHCS B CYIIECTBO-
BaHUM TaKOH 3aBUCUMOCTH.

Mosxno ytBepxaarh, uto pyukuus X = [ (Y;) ne
cymtectByer (He KOppeKTHA), ec/iu

® JIOKAJBbHOCTD SIBJEHUH, OMPEEeSIONX H3Me-
HeHue X, Ha HECKOJIbKO MOPSAKOB BbIIIE JIOKAJbHOCTI
nsmepennsa (Y;);

e pusuveckas npupojaa m3MeHeHus X He BJIUSET
O/THO3HAYHO HA Pe3yJIbTaTbl U3MepeHus Y;

® HET KOPPEJIAIMOHHON 3aBUCUMOCTH Mexay X B
MIPE/ICTOAINX YCIAOBUSX HArpyskeHus m X, mamepsie-
MBIX B JIPYTUX YCJOBUSX, COOTBETCTBYIOUIUX TeC-
tuposanunio X = f (Y;) ;

® HeT JIOCTAaTOYHOTO ONTUMU3MA MPHU Toncke PpyH-
ki X = f (Y;), ognako Yype3MepHBIN ONTUMU3M 32
npenesamMu OGbEKTUBHOCTU HE CIOCOGCTBYET JOCTH-
JKeHUIo e, K coskasiennio, B HacTosllee BpeMs I0-
cJielHee IOCTATOYHO XapaKTePHO, YTO BIIOJHE 00BSIC-
HUMO, YYUTBIBAs aKTyaJIbHOCTD MTPOGJIEMBI.

B a710i1 cBa3u nocrpoenme gpusmuecku 060CHOBAH-
HBIX MaTeMaTWYECKUX MOJesel, CIocOOCTBYIONNX
MOJIyYeHUIO BeJUYNHbI X HA OCHOBE IOCTATOYHO yI06-
HBIX M3MEPEHuil Y; MpeACcTaBJseTcsl BeCbMa BasKHBIM
n unHrepecHbiM. Cpeayn XapaKTEepUCTUK BeKTOpa
cBOHCTB X OCOOEHHO CJeyeT BBIAEJUTb CONPOTUB-
JleHue MaTepuasia XpyNKuM paspyuienuaMm K. 3a-
CIYKMBAIOT 0co60TO BHUMaHUS pa6oThl b. 3. Map-
roauaa [29 u np.], mocBsiieHHble co3MaHUI0 DU3NU-
4YecKn OOOCHOBAHHBIX MAaTeMATHYECKUX Mojlesiel st
olpe/iesieHUs BeJn4uHbl K, 110cje CJI0KHDbIX yCJI0BUI
sKcmayaranuu (TeMIeparypa, pajuanus) Ha OCHOBE
«yIOGHBIX > N3MEPEHMIH.

13. MojeaupoBanue nporuecca uaeHTUdUKAIUHN
nedexToB B CBAapHBIX COEJUHEHHSIX [pH Hepas-
PYIIAIOIUX MeTOAaX MCHbITaHMii. JTO Tak)Ke BecbMa
aKTyaJbHOE HAIIPaBJICHUE W COJMEPIKUT PSIJI ACTIEKTOB,
B KOTODPBIX POJIb MATeMaTHYeCKOTO MOJEJUPOBAHUS
BecbMa 3HAUWMTEbHAsA. B mepByo odepemb — 3TO
3a/la4u HenocpeacTBeHHo uiaeHTudukanun (reomer-
PUYECKHX MapaMeTpoB) AedeKTa Ha OCHOBE PElIeHUs
obpaTHOIl ~ 3amayW, T.e. TIO XapakTepy pac-
[IPOCTPAHEHUsI  yJbTPa3ByKa, MAarHUTHOTO  II0JIf,
BUXPEBBIX TOKOB U T.[I., OIIpe/ieIeHre TeOMeTPUYECKUX
MapaMeTpoB HECIIONTHOCTH JiepeKTa B COOTBET-
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cryfoleii 3one koncrpykiun (capuoro ysaa) [30,
31 u ap.]. HenpepsiBHO Bo3pacTaromiie BO3MOKHOCTH
BBIYMCJIUTENBbHON TEXHUKHU IO3BOJISIOT BBITOJIHSITD
pelleHne TakuX OOPATHBIX 33/a4 B ONEPATHBHBIX
YCTIOBUSAX paciin@poBKN TOKA3aHUN Hepa3pylao-
I[ET0 KOHTPOJIA.

Bropoii xapakTepHBIIl aclieKT MpUMEHEHUs MaTe-
MaTUYECKOTO MOJIEJMPOBAHUS CBSI3aH € 0ODbSICHEHHEM
NPUPOABI M COOTBETCTBeHHO Tuma jedexra (TexHo-
JIOTUYECKOTO JIO0 9KCILTYyaTallMOHHOTO, TOPSYKE, XO-
JIOZIHbIE, YCTAJIOCTHBIE TPEIIUHBI, JOO TPEITUHBI MEXK-
KPHCTA/UITIECKOH Kopposun u T.11.) [32, 33 u ap.].

14. NndopmanuoHnbie TEXHOJIOTHH B CBapKe, Ha-
IJIaBKe M HAaHECEHUHU MOKPBITHIA. DTO aKTyaJbHOE Ha-
[paBJieHUe TIEPEKUBAET OIIpPe/ieJieHHbIe TPYIHOCTH,
CBSI3aHHDBIE C PSIZOM 00CTOSITENbCTB. Bo-TiepBbIX, PO-
nres 6ym 1980—1990-x rozmos, Korga 6bLIO GOJIBIIOE
yBJICUEHNE SKCTIEPTHBIMU, WHTEJIIEKTYaJIbHO-9KCIIEPT-
HBIMHU, PACYETHO-IKCIIEPTHLIMHU, pacyeTHO-uHMOPMa-
[IUOHHBIMU CUCTEMAMU U T.JI., BO MHOTHX CJIy4asiX cO3-
JIAHHDIE CIIEIATM3UPOBAHHbBIE TTPOAYKTBI B 00JacTh
CBApKU y’Ke yCTapeJiu, He OlPAaB/aB BO3JIOKEHHbIE HA
HUX HAJEX/IbI, B TOM YUCJe U MaTepuaabHbie. Bo-BTO-
pbIX, cucrema lHTepHeT B psine ciaydaeB wHGOP-
MAITMOHHOTO OOCy>KUBaHUS 60Jiee KOHKYPEHTHA, YeM
ykazanHble TpoyKThl 1980—1990-x romoB. B-Tperbux,
PE3KO0 BO3pPOCJA CTOMMOCTD TEXHOJIOTHYECKOI nHMOP-
MaIlii Ha YPOBHE HOY-Xay TIPU OTHOCUTEJIHLHO HEBbI-
COKOIl CTOMMOCTU CUCTEMHOTO MATEMATUYECKOTO 06ec-
MIEYEHNSI, YTO OTPEENSeT JOCTATOYHO XapaKTepHYIO
TEHIEHINIO CO3/IAHUST JIOKAJIbHBIX MHMOPMAIMOHHBIX
CHUCTEM C BBICOKOU CTENeHbI0 KOH(MUIEHITNATbHOCTH.

Ham mnpencrasisgercst, 4To HEO6XOIUMBI HOBBIE
e B HUCHOJb30BAHUU WH(GOPMAIMOHHBIX TEXHO-
Joruii B ob6iactu cBapku. B wactHOCTH, CJemxyeT
MOBBICUTH POJIb MATEMATUYECKOTO MOJIETUPOBAHUS TIPU
CO3IaHWH pPacYeTHO-MH(MOPMAIMOHHBIX cucTeM. Tpa-
JUTIMOHHO 3TH CUCTEMBbI B OOJIACTU CBAPKH TPEICTAB-
JISTIOT c06011 coueTanme 6a3bl IKCTIEPUMEHTATbHBIX JTaH-
HbIX M COOTBETCTBYOIMX ypaBHeHuii perpeccun (mapa-
METPUYECKUX YPABHEHUIT), pacyeT 110 KOTOPBIM O3B0~
JsieT 60s1ee 3 PEKTHBHO UCIIOIb30BATh 6A3bI JAHHBIX.
[Ipu coBpeMeHHOM YpOBHE MO/leJUPOBaHUS (HU3NU-
YECKUX TIPOIIECCOB MPHU CBAapKe CO3AIOTCS BO3MOK-
HOCTH B TIOJIyY€HWU JONOJHUTETbHOU MHGMOPMAIWH,
Ha OCHOBE KOTOPO# 6a3a 9KCIIEPUMEHTATbHBIX JTaHHbBIX
MOJIy4aeT 3HAYUTETbHbIE HOBBIE BO3MOKHOCTH JIJIS
MPAKTUYECKOTO TIPUMEHEHUS.

B kavectBe mprMepa MOXKHO yKa3aTh Ha pa3pa6oTaH-
HYyIO CHCTEMY BbIGOpA CBAPOYHBIX MarepuasioB (JoKaa
W. JlapuHia Ha KOH(EPEHIMN), B KOTOPOii COYeTaeTcst
6a3a UPMEHHBIX JAHHBIX OTHOCHTEJIBHO 3JIEKTPOJOB
JUIST  JIyTOBOM CBAapKW, BKJIOYAONIAX WHQOPMAIIIO
OTHOCHUTEJIbHO PEKOMEH/IyeMbIX CHJIbI TOKA U HAIps-
JKEHUS Ha J[yTe ¥ COOTBETCTBYIONMX UM KOI(PDUITNEHTOB
HAIJIABKM M XVMITYECKOTO COCTaBa HATLIABJIEHHOTO Me-
TaJlIa ¢ MaTeMaTmieckuM MojiesimpoBanueM 311 mpu KoH-
KPETHBIX CKOPOCTSIX CBAPKH, ONpeIesIeHre XUMUIECKOTO
COCTaBa yKa3aHHON 30HbBI, TEPMUYECKUX ITUKJOB, MUK-

POCTPYKTYPHBIX HW3MEHEHWH ¥ OXKUIAeMBbIX MeXa-
HuYeckux cpoiictB B Mertasie 311 uw 3TB.

15. Co3aaHue KOMILIEKCHBIX CHCTEM peIleHHs
THIIOBBIX TEXHOJOTHYECKHX 3a/1a4. JTO HAIIPaBJICHIE,
KaKk ysKe YIIOMHHAJTOCH, SIBJSETCSI CTUMYJIOM JJIs
MHOTUX Pa3pabOTOK, CBSI3AHHBIX C MaTeMATUYECKUM
onrcanueM (PU3NKO-XUMUIECKIX MPOIECCOB TIPU COB-
PEMEHHBIX CIOCo6aX CBAPKHU U CO3/IaHUEM COOTBETCT-
ByIOMUX WH(MOPMAITMOHHO-PACUETHBIX cucTteM. Ham
MIPE/ICTABJISAETCS, YTO OJJHUM U3 PHOPHUTETHBIX HAIIPaB-
JIEHUH JTATbHEHX pa3paboTOK CHEIUaINCTOB HAIero
PO(UIIS SIBJISIETCS KOHIIEHTPAIVS BHUMAHUS Ha pa3pa-
6OTKe TaKUX CUCTEM [IJIsI XaPAKTEPHBIX TUITOBBIX 33/1a4.
Hwxe mpuBoauTCs 1afieKo He TIOJHBIH TIepeyeHb TaKuX
CHCTEM, CO3/IaHKe KOTOPBIX, [0 MHEHUIO aBTOPA, IPEJ-
CTaBJISIET MHTEPEC IS TPAKTHKI.

A. Cucmema 05 6b160pa payuoHaIbHOZO CNOCcoba
0Y20601i C6APKU, CEAPOUHBLY MAMEPUATIO8 U PEKUMOS
NPUMEHUMENLHO K  C8APKE KOHKDEMHOU KOHCM-
pyxyuonnou cmaau. lleab cozpanug Takoi cuc-
TEMBl — YaCTUYHO B3aMEHUTH JKCIEPUMEHTATbHbBIE
paboThl Ha CBapHBIX MPoGax-06pasiax, CBI3aHHDBIX C
060CHOBaHMEM BapuaHTa TEXHOJIOTUH JYTOBOI CBAPKH.
Cucrema J1o/pKHa 06€CTIEUNBATD TT0IH30BATENST XaPaK-
TEPHBIMH JAHHBIMH JIJISI CPABHEHUS AJbTEPHATUBHBIX
BapUAHTOB II0 KavyecTBY (OpMHpPOBAHUS IIIBA, XU-
mudeckoMy coctaBy 3II, MHKpOCTpyKType U Me-
xanndeckuM cpoiictBam 311 m 3TB, pucky o6paso-
BaHUS TOPSYMX M XOJIOIHBIX TPEIIUH, YUUTHIBAS Iep-
CTIEKTUBBI TPUMEHEHUS yTOBBIX CITOCOOOB CBAPKH I/t
KOHCTPYKIIMOHHBIX CTaJieil Ha GJInKaiilime IpuMepHo
50 ster. Co3anue CUCTEMBI TAKOTO Ha3HAYEHUS] MOSKHO
CUUTATD [IEJIOM SKOHOMHYECKH M TEXHUYECKU BIIOJIHE
OTIPAB/IAHHBIM.

B. Onpedenerue HanpsixeHHo-0ehopMUposantozo
COCTOSIHUSL NPU CEAPKE KOIDUEEHIX MHOZONPOXOOHBIX
w608 00HO- U PA3HOPOOHBLY MOJCTNOCMEHHBLX INeMEH-
moe KOHCMPYKYUil € Y4EeTOM MUKPOCTPYKTYDPHBIX
W3MEHEHUN, HaJW4uusd 3aKpelvieHuH, Mocaeaytomen
TEPMUYECKOI O0O6PAGOTKU THUIIA MECTHOTO OTIIyCKA.
Takwe ciydad BecbMa XapaKTePHBI IS Pa3JUYHBIX
usienil, KOHCTPYKIMA U coopyskenuii (Babl, TPyGbl,
o6evaiiku COCYZIOB [IaBJI€HUs, KOPITyca TOJBOIHBIX
JIOZIOK ¥ T. TI.).

B cocraB Takoii cucrembl kesaTeJbHO BKJIOYHUTDH
JIaHHbIE OTHOCUTEJBHO TeMJIO(MU3NIECKUX U MeXa-
HUYECKUX CBOWCTB THUIIOBBIX KOHCTPYKITMOHHBIX Ma-
TEPWAJOB, B YaCTHOCTH, CONPOTUBJISIEMOCTH pPeJaK-
calliy HATIPSKEHUIT TIpU OTITyCKe, a TaKKe IIpeest Te-
Ky4yecTH! TIpU TIOBTOPHBIX HArpeBax.

B. Onpedesenue wnanpsxenuii u deghopmavui
mpyoHotl pewemxu Mmenio0OMeHHUKO8 Npu Gapke
mpy6ok. AKTYaTbHOCTh TaKOH 3aJa4n 3aMETHO BO3-
pacraer B CBSI3U C yBeJudyeHneM o6beMa MpUMeHEeHMs
JIyTOBOH CBapKH IJIABJIEHUEM JIJIST TAKUX y3J10B (BMECTO
TPaJMIIMOHHBIX METOA0B Pa3BaJbIOBKN), CO3JAHUS
HaJIe’KHOH anmapaTypbl /1J1s1 aBTOMaTHYeCKOl CBapKH,
CYIIECTBEHHOTO YJIYUIEHNsS KauecTBAa CBAPHBIX COe-
quaeHnit. OHAKO TOSIBUJIMCH BONPOCHI, CBSI3aHHbBIE C
TEPMUYECKUM BJIMSHIEM CBAPKH IIJIABJIEHIEM, YaCThb KO-
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TOPBIX, KaK HalpsuKeHuss u oobue JedopMmanui B
TpyOHOI pelieTke, TpeOyeT /s TPOTHO3UPOBAHU
PACUeTHBIX METOJIOB, IOCKOJBKY 3KCIEPUMEHT JIJIs
GOJIBINKMX Y3JI0B TaKoro Thna (HECKONbKO THICAY TPYy-
6OK) CBs3aH C GOJBINIMMHI 3aTpaTaMH CPEJCTB U Bpe-
MEHH.

I'. IIpoenosuposarue nanpsixenuil u deghopmauil,
MUKPOCIMPYKMYPbL U CEOUICME NPU HANABKE el 8Pa-
WeHusk Mund 6dJI08 No GUHMOBOU AUHUU MAI020 Ud2d
C YUemoM CAOKHLLX MEPMUUECKUX UYUKIO08 8 MEMALle
3T B u nanaasaenmnom cioe. BoJbloe KOJTNIECTBO TEX-
HOJIOTUYECKHUX TTapaMETPOB B 9TOM IPOIIECCe 3aTPy/I-
HsIeT BBIGOD WX PAIMOHAJbHBIX 3HAUEHUI YUCTO IK-
criepuMeHTaIbHbIM TTyTeM. Co3/aHne pacyeTHON CHC-
TEeMbI TEXHUYECKU U 9KOHOMWYECKU 3/1€Ch SIBJISIETCS BbI-
TO/THOM 3ajiaueit.

A. [l cmoikogoll KOHMAKMHOU C8APKU ONAAG-
aenuem (conpomusnenuem) cozdanue cucmemvl 04s
MOOeSUPOBAHUSL CEAIAHHBIX NOJIel INeKMPUUECKOZ0
nomenyuaid, menaosvidesenull, memnepamyp, oe-
Gopmayuii u HanpsikeHull HA OCHO8E UIMEPAEMBIX 80
BpeMeN Napamempos npPoyecca: HaAnpsKenue, cCuld
MOKd, cuia cxamus, nepemewenue ocadxu. Taxas
cucreMa JIJIsl M3JeJUil  CJ0XKHONH (POpMBbI CeYeHUs
(HanmpuMep JKeTe3HOM0POIKHBIE PETHCHI) TIO3BOJIUT Cy-
IIECTBEHHO YMEHBITUTb O6BEM IKCIIEPUMEHTOB, CBSI-
3aHHBIX C OIIEHKOW TEPMOMEXAHWUYECKUX TIPOIECCOB B
CBApMBAEMOM WU3JEINU U TaKUM 06DPa30M YCKOPUTDH
(ymemeBuTh) TOMCK —PAIMOHAJBHBIX —ITapaMeTPOB
CBapK#, 00ecreuynBaonmnX HeoOX0IUMbIe TPeGOBAHUS
K CBAPHOMY COEIUHEHUIO.
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HCTOYHHKH HATPEBA, THAPOAHHAMHEKA, OBPA3OBAHHE COEAHHEHMHH

MATEMATUYECKOE MOJAEJNPOBAHUE INTPOLNECCOB

B3AUMO/IEIICTBUS METAJIJIA C TA3AMU
IIPU IYTOBOI1 CBAPKE

n. K. IOXOAHA
(-1 snexrpocBapku uM. E. O. Ilatona HAH Ykpaunsi, r. Kues)

IIpuBeeHDI pe3y IbTaThl TEPMOANHAMUYCCKHIX HCC/ICOBAHNI B3aMOAEIICTBUS PACILIABICHHOTO META/LIA C Ta30M, COZAEp-
SKAIIIM BOJIOPOJL, KHCIOPOA 1 coefHeHns (ropa, a TakxkKe cO MJIaKoBoil ¢aszoii. C yueToM HeCTallMOHAPHBIX YCJIOBHIl I
HePeMEHHO} CKOPOCTH KPUCTAL/IM3AINY BbIBOASTCS 3aKOHOMEPHOCTH IIepepaciipe/ie/IeHus BOJ0PO/a B KPUCTAJLIN3YIOIIeli-
cst cBapovHoil BaHHe. OCHOBOI ¢(hOPMYJINPOBAHHBIX MATEMATUUECKUX MoJeieit sBsgercs auddepeHnnaibHoe ypaBHeHne
MaccoliepeHoca: B YaCTHOCTH, ypaBHeHne MuKa ¢ KpaeBbIMH ycaoBuaMH Tuna Credana Ha JBIXKYIIelica rpaHuIle pasje/a
as. MccenoBana KuHeTHKA Nepepacipe/ie/IeHIst BOAOPO/A BOIM3Y JIMHUH CILJIABJICHHS, a TAK)XKE B XKUKOM MeTaJLle IpH
Aauencroil kpucraamaanuu. OHuUcaH IPolece pocTa My3bIpbKa ra3a B CBAPOYHOIl BaHHE.

Results of thermodynamic investigations of interaction of molten metal with a gas, containing hydrogen, oxygen and
compounds of fluorine, and also with a slag phase. Taking into account the non-stationary conditions and variable rate
of crystallization the laws of redistribution of hydrogen in a crystallizing weld pool are established. The formulated
mathematical models are based on a differential equation of mass transfer, in particular the Fick’s equation with Stefan’s
type boundary conditions on the moving phase interface. Kinetics of hydrogen redistribution near the fusion line, and
also in molten metal at cellular crystallization was studied. The process of growth of a gas bubble in weld pool is

described.

[lyroBasg cBapka — BBICOKOTEMIICPATYPHBI MeTaJl-
Jyprudeckmii mporecc. Ha Bcex ero cragmsax mpo-
MCXOJUT B3aUMOJICHCTBIE METAJIJIA U TILJIaKa C BOAOPO-
JIOM, a30TOM ¥ KUCJIOPOAOM. VI3ydeHUIO aTUX TIpoIec-
coB ynessercs 6osbinoe BauManue B 19C um. E. O.
[Tatona. Pe3ybTaThl HEKOTOPBIX MCCJIETOBAHUI U310~
JKeHbI B padorax [1—14].

Bbicokne TemrepaTypbl W CKOPOCTH PEaKIWid,
UMeEIOIIIie MECTO TIPU JAYTOBOI CBAapKe, a TaK:Ke MaJble
00beMbl 1 GOJIbIINE Y/eJTbHbIE MTOBEPXHOCTH pearu-
pyomux ¢a3, HepaBHOBECHbBIE YCJOBUS DPa3THMIHBIX
CTa/IWii TIpOIleCCa YCJOKHSIOT TIPOBE/ICHNE 3KCIIe-
PUMEHTAJbHBIX UCCJIEIOBAHUI.

[lonosnuteabHyio MHGOPMAIMIO MO3BOJSIOT I10-
JIYYUTb MeTOAbl (DU3NYECKOTO W MaTeMaTHYeCKOTO
MOJIEJIUPOBAHKS C TIOMOIIBIO COBPEMEHHOU BBIYUCJIU-
TeJbHON TeXHUKM.

B macrosieii craTbe U3JI03KEHB! PE3YJIbTAThI paboT
10 (PU3NYECKOMY U MATEMATUIECKOMY MO/IETUPOBAHUIO
MIOBEIEHUS TA30B TIPU IyTOBOIT CBApKe CTAJ€el, BBIMOJI-
HeHHBIX B ocHOBHOM B M1IC um. E. O. Ilarona.

Hcnapenue merasia u abcopOuus rasos. Pacuer
PACTBOPUMOCTH BOJOPO/IA B JKUIKOM >Kejle3e B 3a-
BUCHMOCTH OT TeMmmeparyphl BoimosHeH . M. Opy-
MUHBIM [4], a 3KcIlepuMeHTaTbHbIE NCCJIeT0OBAHNS TTPO-
Besenbl B. WM. Jlakomckum [5]. Ilosmyyennsie pe3yJib-
TaTbI IOKA3aJI1, YTO MAKCUMAJIbHAS PACTBOPUMOCTD BO-
J0pojia B JKesiede HAGJIONAETCST MPHU TEMIIEpPAType
2700 K u cHM:XaeTcst 10 HyJiI TIPU TeMIepaType Kh-
MeHUsT MeTaJsa.

ITo manabIM Hammx uccaegoBannii [1], Termmoco-
Jlep)KaHne Kareab 3JeKTPOIHOTO METaJLIa 3aBUCUT OT

© 1. K. IOXO/[HA, 2002

cuJibl ¥ TiosispHoCcTH ToKa (puc. 1). Bo MHOTHX cayuasx
TeMIepaTypa KaresJb IPEBBINIAeT TeMIIepaTypy Mak-
CUMAJIbHON PAaCTBOPUMOCTH Ta30B B keJiese. [Toatomy
passmume temnepatypbl Kaneab B 200...300 K, koro-
poe Ha6JI0/JaeTCsl TIPU CBAPKe TLIABSIIIMCS 3JIEKTPO-
JIOM TOKOM TIPSIMOWl M OOpPaTHOW TOJISIPHOCTH, MOKET
OKa3bIBaTh 3HAYMTEIbHOE BJUSHHE Ha aOCOPOIUIO
ra3oB.

Ha puc. 2 mpuBenenbt akcriepuMeHTaIbHbIE TAHHDBIC
COJIepsKaHMs a30Ta B KAILIIX HJIEKTPOIHOTO METAJLIA
MIPH CBapKe TOKOM IIPSIMON MOJIIPHOCTH B cMecH Ar +
+ 10 % Ny [1]. O. M. TIopTHOBBIM BBINOJHEH PacyeT
abcoplOIun a30Ta KalJisIMU 3JIEKTPOJHOTO MeTaJsLia.
PesynbraTel pacyera NpHUBEIeHb B BH/E CILIONTHOM
KpuBoi Ha puc. 2. Kak BUIHO U3 pucyHKa, COBIIa/leHne
PACUETHBIX M HKCIEPUMEHTATIbHBIX JAHHBIX BIIOJHE
VIOBJIETBOPUTEIBHOE.

TepmoanHamMuyeckasi oOIleHKa B3aNMMO/IEHCTBUS
MeTaJlla cO IUIAKOM H ra3oM. TepMoanHaMWUYecKue
MIO/JIXO/IbI MICTIOJIb30BAHbI [IJIs aHAIN3a TIPOIIeCcca CBSI-
3BIBAHUS BOJIOPO/IAa, HAXOMASIIETOCS B Ta30BOil (haze B
BU/Ie TTapOB BOJIbI, B HEPACTBOPUMBIH B JKIIKOM KeJie3e
¢ropuctsiii Bogopoa npu temrepatype 2000...2500 K
u gasaennn 1-10° Ila [6]. Pacuerbr mpoBomuIn
MIPUMEHUTENBHO K CBapKe IMOPOIITKOBOII TIPOBOJIOKOI B
yrJaekucaoM rasde. HavanbHble YCJOBHS XapakTe-
PU30BAJHCh CJEAYIOMHM cocTaBoM a3: TrasoBasd
¢aza — MOHOOKCH] yTJIepojia ¢ HeGOTIBITUM KOJIUYeC-
TBOM TIapOB BOJIbI; MeTasInveckas dasa — >KeJeso;
mtakoBast aza — CaFy u SiOy, Al,O3, TiO; u CaO
B Pa3JIMYHBIX MPONOPIUAX. [lJIS CO3/JaHNST OKUCIUTED-
HOIT aTMOcepbl B PacUeTHbIH COCTAB MIJIAKOBOTO PACII-
JIaBa BBOJIUJIA HEKOTOpoe KosmdecTBO FeO.
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Puc. 1. Bansinue cuiibl TOKa U €ro TOJISIPHOCTH HA TEIIOCOJePIKaHNe Kallesb S, dJ1eKTPOHOr0 MeTaJJIa PH CBapKe HU3KOYTJIEePOANCTOl
craju ¢ ucnosibzoBanueM npososioku Cs-08A puamerpom 2 MM B cMecu uHepTHbiX razoB He + N, (@), Ar + N, (6): 1 — Tok npsamoii
noJsipuoct; 2 — o6partHoil (3amTpuxoBaHbl 06JaCTH TEMIIEPATyp MAaKCUMAJIbHOI PACTBOPHMMOCTH a30Ta M CHJIbI TOKOB, NPH KOTOPBIX

JIOCTUTAIOTCSL STH TEMIIEPATYPbI)

[Ipoananm3upoBaHbl pasjnyHble MIJAKOBbIE CHUC-
teMbl: SiOy—CaO—-CaF,, TiOy—CaO—-CaF,, Al,Os3—
CaO—-CaF,. Kpome Toro, mccieqoBajn CBSI3bIBaHUE
BOJIOPO/IA TIPU PA3JINYHBIX TEMIIEPATYPAX U PA3JIUUHOM
coJiepsKaHNK TAapoB BOJBI B Ta30BOU (¢a3e, a TaKKe
IIpU JIONIOJIHUTENBHOM BBesieHun B a1y dazy SiF, u
KHUCJIOpO/Ia.

Ha puc. 3, a mupeacraBiena pacueTHas 3aBU-
CHUMOCTD COJIEPKAHMS BOJIOPO/IA B JKUIKOM METAJLIE OT
HavaabHOTO cojep:kanus CaF, B mmakoBoi#l cucreme
TiO,—CaO—-CaF,. Ilpu orcyrcrBun CaO ontumasib-
HOII siBJIsteTcst 00J1acThb, rie cofepskanue CaF, cocras-
nster 60...75 % (mac.). C yBenndeHreM MacCOBOM J0JIH
CaO B 1nL1aKe 006/1aCTh ONTUMAJIBHOIO COCTaBA C/BUTA-
€TCsl B CTOPOHY yMenbIenust conepskanus CaF,. Onna-
KO TIPH 3TOM YKa3aHHOI 00JIaCTH COOTBETCTBYET GOJIb-
Ilee KOJIMYECTBO BOAOPOJia B MeTaslie. AHAJOrUYHbIE
JIAaHHbIe ToJy4eHbl u 1Js1 cucteMbl Al,O3—CaO—CaF,
(puc. 3, 6). B cucreme SiO,—CaO—-CaF, (puc. 3, 6)
MaccoBas goJst CaO He BIMsIET Ha COJePKaHNE BOO-
po/ia B JKUJKOM MeTaJljie, KOTOpPOe YMEHBINAETCS € POC-
tom CaF, B muaxe.

[Tpu yBesmueHUN OKUCIUTETBHOTO MMOTEHITAIA Ta-
30BOi (a3bl BCJENCTBUE BBEJIEHUS MOJIEKYJISPHOTO
KICJIOPO/Ia CO/lePsKaHUe BOJAOPOAA B METajlle YMeHb-
nrajioch He3HaunTe N bHO. [Ipu 106aBIeHNN B ra3oBYIO
dasy SiF; M0BOJIBHO CHJIBHO CHMKAJIACh MAacCOBas
JIOJISI BOAOPO/IA B JKUKOM MeTaJljie 32 CUeT Pa3BUTHS
PEeaKIuu B3aMMOJIENHCTBHUS BOIOPO/A CO CBOOOIHBIMU
aroMamu (pTopa, 06pa3yoNMMUCS TTPU TUCCOITUATTIH
SiF; (puc. 4). I1OT crOCO6 CHUKEHUS COAEPKAHUS
BOJIOPOJIa B JKUAKOM MeTajsyie 6oJice a¢hdeKTUBEH 110

[N], % (mac.)

— PACYETHRLIE JaHHLIE
= 0 3KCNepUMeHTaNbHbIe JaHHEIe
0,14
0,10 |
O‘DE I 1 1 1 L 1
2300 2500 2700 2900 T K

Puc. 2. Biusinue temneparypbl Karesb Ha aGcopOLUIO a30Ta Karl-
JISIMU 9JIEKTPO/IHOTO METAJIJIA IPU CBAPKE TOKOM MPSIMOii ITOJISIPHOCTH
B cmecu Ar + 10 % N, mpososiokoii Cs-08X18H9

CPaBHEHWIO C BBEIEHHEM B COCTAB ILJIAKA GOJIBIINX
kommaectB SiOy, m CaFy B pacyere Ha mporekaHue
0OMEHHOIT peaxIu

2CaF, + SiO; —» 2CaO + SiF,. (1)

[ uccrenoBaHnWit KUHETHMKHM PasBUTHUSI  Tep-
MOXUMHWYECKUX PEAKIIUI B TBEP/BIX U JKUKIX Bellec-
TBAX C YydYacTHeM Ta30Boil (ha3bl WUCIOIb3YeTCs
JIMHAMUYeCcKasi TepMOTPAaBUMETPHsI, TP KOTOPO He-
[IPEPBIBHO PETUCTPUPYIOTCST Macca 06pasiia u CKOPOCTh
ee W3MEHEHWS B KOHTpOJMpyeMoil armocdepe B
3aBUCUMOCTH OT TeMIlepaTypbl U BpeMenu. [Tosyuen-
Hble TakuM 006pa3oM JaHHbIe TO3BOJSIIOT U3Yy4aTb
KIHETHKY MPOIIECCOB BbIJIEJIEHNS Ta30B TIPU BBICOKOI
CKOPOCTH HarpeBa, KOTopas XapaKTepHa JJs JyTroBOi
cBapKu. /[y 9TOr0 MCTIOJL3YIOT METO/] pacyera, OCHO-
BaHHBII Ha OTIPe/IeIEHNN SHEPTUN aKTUBAIIMK PEAKITUN
TEPMUYECKOTO PA3JOKEHUS W JPYTUX KUHETUIECKUX
mapaMeTpoB [0  JaHHBIM CEpPUil  TepPMOTpaBHU-
METPUYECKUX AHAJM30B C PA3JTUYHBIMU CKOPOCTSIMU
narpesa [13, 14]. Pesysbrarbl TepMOrpaBUMeTpUYEC-
koro ananusa cmecu CaF, + SiO,, a Takyke TOPOIIKOB
Na,SiFs u BaSiFg npuBesiensl Ha puc. 5, a. 3aMeTHOe
B3anmojieiictBue CaFy u SiO, HaunHaercs npu Temire-
parypax Bomie 700 °C, a amccormanmsi NapSiFg n
BaSiFg mpoucxoaur coorserctBero mpu 500...700 u
300...400 °C. OgHako B cay4ae TekcahTOPCUIIMKATOB
MPOIIECC TEPMHUYECKOTO PA3JIOKEHUsT HUMEET CpaB-
HUTEJHHO BBICOKYIO dHepruio axtusaiuu (mopsiaka
280...320 k/l»x,/MOJB), B TO BpeMs KaK SHEPIUs
aKTUBAIUM peakImu o0pa3oBaHusl TeTpadTopuia
KpPEeMHUS B pe3yJbTate 0OMEHHON peakiuu GpJIoopuTa
C KPEMHE3eMOM MMeET CYIIeCTBeHHO 60JIee HU3KOe 3Ha-
yenne (mopsakxa 150 k[ ,/MOJb), YTO IPUBOJNUT K
CUJIbHOI 3aBHCUMOCTH TEMIIEPATYPHOTO WHTEPBAJIA
WHTEHCUBHOTO T'a30BbIJIeJIEHUS OT CKOPOCTU HArpeBa.

PesysbraThl pacueta MOATBEPIKIAIOTCS KCIEpPU-
MEHTAJbHO TMPHU HUCCJIEJIOBAHUU KOHIEHTpAuu Iud-
(y3UOHHOTO BOJIOPO/Ia B METAJLJIE IIBA, BBIITOJHEHHOM
MTOPOIIKOBBIMU TPOBOJIOKAMU € Pa3JTMYHBIMU  (PTO-
pugamu B cepaeunuke (puc. 5, 6) [7].

Pacuerpl mapuuansbHOrO JaBJACHUS PSiE npu
cogepxanuu SiOy B 31eKTPOAHOM MOKpbITUN 4 1 11 %
(Mac.), a TakKe SKCIEpHMEHTAJbHbBIE [JAHHBIE IIO
KoHIeHTpanun aucdGy3noHHOTO BOJOPO/Ia B MeTaJLIe
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Puc. 3. PacuetHoe cojiep:kanue BOJOPO/ia B XKU/IKOM MeTaJlle B 3aBUCUMOCTH OT MaccoBoii oy CaF, B pas/M4HbIX IIJIAKOBBIX CUCTEMAX:
a — TiO,~CaO-CaF,; 6 — Al,0,~CaO—CaF,; 6 — SiO,~CaO—CaF,; mudpsl Ha KpuBbIX yKasbiBaioT comepxanne CaO, % (mac.)

mBa TpuBe/eHbl Ha puc. 6. Ha pucynke 3ameTrHo
CHIDKEeHUEe KOHIeHTpanun Auddy3nOHHOTO BOAOPOIA
npu TmoBbIlenun conepxkanusg SiO, um  CaF, B
nokpoitun [8].

O1ueHka moBeieHUs BOJOPO/Ia B IyTOBOM pa3psijie.
Dusanvyeckoit OCHOBOHW /i TIOCTPOEHUS PacuYeTHOU
MOJIEJIU CJIY>KUJIN TIPE/ICTABIEHNS O HAJIMYUY B CTOJIGE
JIYTH JIOKAJbHOTO TEPMOJMHAMUYECKOTO PABHOBECHS.
Cron6 ayru XapaKTepu3yeTcs BBIIYKJIOH (opmoil
pPaJuabHOTO pacrpeeseHus TemMepaTypbl. [Ipu aTom
He YYUTBIBATIOCH BJIUSHIE TIPUAJIEKTPOIHBIX 00JIaCTel.
Dusuveckass Mojenb, TPUHATAS B pacyerax, U ee
MaTeMaTHYeCcKoe OIHCaHue TIpuBeieHbl B padore [9I].

Bomopos u Kucjgopos B Jyre NpH TeMIeparype
4000 K moHOCTBIO IMCCOIMUPOBaHbI. (DTOP MOTHOCTHIO
JICCOIMUPOBaH yaxe mpu temiepatype 1600 K, tak kax
uMeeT HU3Kylo sHepruio jmccormanmn (1,38 3B). B
6oubieit yactu cedenusi cronba ayru HF u OH takske
HOJTHOCTBIO IUCCOIMUPOBanbI (puc. 7, a).

Yayumenre 2GhGEKTUBHOCTA — 3alUTBI  AYTH €
NOHUKEHNEM TEMIIEPaTyPbl UJTIOCTPUPYET puc. 7, 6.
B nyry momosnutensuo Beeseno no 1 % HF u OH
(Pur = Pou = 1000 Ila). W3 cpaBHeHumsa pac-
npeaenennii vactun HF m OH B Takoii ayre (puc. 7,
6) BUIHO, YTO TPU CHVKEHUM TEMIEpPATypbl IyTH
addexruBHOCTD cBs3bBanusa Bojgopoga B HF u OH
Bo3pacraer. [llupuHa 30HDBI, TA€ TPOUCXOAUT JIHC-
conmanwyst, jasg HF B 1,5 pasa 6osbine, yem g OH.
W3 cpaBHEeHWNS KPUBBIX, U300PAKEHHBIX HA PHC. 7, d U
6, BUJIHO, YTO IIPH PAaBHOM IapuuaibHoM gasjaeHun HF
u OH uMeroT 0MHAKOBYIO CTEIeHb JUCCOIMAIMU TIPU
TeMIleparypax, orandaionmxcd npumepao Ha 1000 K.

ObdeKkTUBHOE CBSA3bIBAHUE BOJIOPOAA  ITUMU
COEINHEHMSIMI  MOKHO OGECII€YUTh TOJBKO TIPHU
HEBBICOKUX TEMIIEPATyPaX, KOTOPbIE UMEIOT MECTO Ha
nepudepun cronba IyTH U 3a €ro IpejesaMu, TIe
temneparypa A1 HF ne mnpesbnmaer 3000, a mms
OH — 2500 K.

Boaopona B cBapounoii BanHe. Pacnipeaesienue Bo-
JlopoJia B Tpollecce KPUCTAJJIM3ANUN CBapOYHOI

BaHHBI. PaccMOTpUM /1Ba ciiydasi: JIOCKUN U STYEUCThIN
(bpoHTBI KpHUCTATTH3AIINH.

Pacnpedenenue eodopoda npu niockom ¢hponme
Kpucmaanudayuu. lleperoc Taza ocymecTsisiercs aud-
bysueit; koapburent auddysnn 3aBUCUT OT TEMITEPa-
TYPbl U CKOPOCTH KPHUCTAJIN3ANNN. AHAJIATHIECKOE
peliienue 3asaun Aano B pabote [10]. Ha puc. 8 npuge-
JIeHA TUTTUYHAs KapTUHA pactipe/ieIeHust KOHIIEHTPaIn
BOJIOPO/IA TIPU TIPEPBIBUCTON KPUCTAJIIU3AIIHA CBAPOY-
HOI BaHHbBI IIPU CBapKe HU3KOyTJiepoaAucToi cramu. Ilpn
pacyere TIPUHSATHI TaKWe 3HAYEHUS MapaMeTpoB: Dg =
=110 eM® /¢; D = 1107 eM® /c; k = 0,53; v, =
=0,2 cM/¢; £4=0,2¢; Cr(0) =5 em’ /100 15 C5(0) =
=0, ty(i) =0,05+di, tne Dsu D; — xoadpduunenTo
nuddysun BoA0poaa B TBEPAOH 1 xKujakoi dase; B —
k03 duUIMEHT pacrpee/leHusl BOAOPOA; Uy — CKO-
POCTb KPUCTAJLIN3AIINY; tsy — BPEMsI OCTAHOBKH; £y —
Bpems kpucrammsanyn; Cr(0) u Cg(0) — mavambmas
KOHIIEHTPAIUST BOJOPO/IA COOTBETCTBEHHO B JKUAKON U
tBepaoit daze; i = 0, 1, 2, ..., n — HOMep KpHC-
TAJTU3AI[IOHHOTO CJIOSI, OTCYUTBIBAEMBIH OT JIMHUU
CILJIABJICHUS.

AHaJM3 pacueTHBIX JTaHHBIX [TOKA3aJl, YTO IIPH TIpe-
PBIBUCTOI KPUCTAJIN3AINYT B JKUAKOIM (pase HabI01a-
eTcss oOpasoBaHue OGOTAIEHHOTO BOJOPOJOM aud-

[Hl g 107, % (mac.)

8

0 2 4 8 80,, SiFy, % (mac.)
Puc. 4. Bimsanne maccosoit gommn O, u SiF, B rasosoil ¢ase Ha
coliepsKaHue BOIOPO/IA B KUAKOM MeTasie (pacueTHbple JaHHbIE) IS
ntaka, cogepxkaero SiO, — 45, CaF, — 45, FeO — 10 % (mac.)
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e 60 4k Na » SiF 5 "U--..ﬂ

z L Na, SiF 5
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= 100 300 500 700 900 T. °C  [Onuvna BbiNneTa NPOBOADKA, MM
a 3]

Puc. 5. PesysibraTbl TePMOrPABUMETPUYECKOrO aHaIN3a Auccounannu Gropugos u kpemuedTopuaos npu ckopocru Harpesa 10 (1) u 20
(2) °C/mun (@) u koHeHTpaimK AudQy3HOHHOrO BOJOPO/A B METAJLIE NIBA, BbIIOJIHEHHOM TIOPOIIKOBBIMU IIPOBOJOKAMH € PA3IHYHBIMU

dropugamn B Meramne cepaeurnka (6) [7]

(y3sMOHHOTO TIOTPAaHWYHOTO CJIOS KOHIIEHTpa-
IIMOHHOTO YILJIOTHEHHS, CTPEMSAIIErocs IPU Uy

= const BBINTH Ha KBAa3WCTAIMOHAPHLIN pekxuM. Bo
BpeMSI OCTAHOBKHU MEXKy TIEpUOJIaMU POCTA KPUCTAJI-
JIOB HAaOJTIO/TA€TCS Paciia/i KOHIIEHTPAIMOHHOTO YILJIOT-
HEeHUsT TIOJI JeCTBUEM JBYX (hAKTOPOB:

a) mupdysun B Kuakoi dase, KOTopas CHHMKAET
KOHIIEHTPAIUIO BOJOPO/IA HETIOCPEICTBEHHO Y (DPOHTA
KPUCTAJIN3AINN 1 060TAIAET CJAOH SKIIKOTO MeTasIa
BJAH OT (PPOHTA KPUCTAJLITHIAIIIHT;

6) yMEHbBIIEHUS] KOHIIEHTPAIIMU BOAOPOJAA B JKUJI-
kol aze Ha Merkdas3HON TpaHUIlE, MPOUCXO/ISIIETO
MPOIOPIIMOHAIBHO YMEHDIIIEHUIO CO/IEPXKAHIS BOJIOPO-
Jla B TBep/oi (ase.

B mporecce 0CTaHOBKM KPUCTAJUIM3AIUN TTOTOK
b dy3NOHHOTO BOJIOPO/IA HATIPABJIEH U3 TBEPIOH (has3bl
B JKuJKyI0. B skuzkoit dase, oboraiieHHoi BOIOPOIOM,
pu ero HavayibHOU KouueHTpaiuu 10...12 em® /100 1
CO3/IAI0TCST YCJIOBHA 71T 06PA30BAHMUST TA30BBIX ITy3bIPb-
koB. MToroBoe pacipeziesieHue ra3a B METaJLJIE TBA, BbI-
3BaHHOE CJIOMCTOW KPUCTAJLIM3AINEH, XapaKTepu3yeTcs
JIByMsI OCOOEHHOCTSIMIU:

1) cymectBoBanueM OGOTANIEHHOTO BOJAOPOAOM
CJIOSI, HAXOJSIIEroCs B 3aKPHUCTAJIN30BABIIEMCS Me-

[H] qugs- SM3/100 T P, , kMNa
2
16 - I 12
///
// PSqu
14 - / 410
I
/ e
12 A s

4

] 2 4 6 B 16 CaF,, % (mac.)

Puc. 6. Bmsinue CaF, n SiO, B HOKpbITUN Ha pacueTHbIC 3HAUCHUS
apIUaIbHOIO JaBJIeHHs TeTpadTopr/ia KpeMHHs B aTMocdepe Ayru
U 9KCIIePUMEHTAJIbHDbIE 3HAYEHUS] KOHIeHTparuu andy3noHHOro
BOIOpO/Ia B HamtaBaeHHoM Metae [8]: 1 — 4 % (mac.) SiO,; 2 —
11 % (mac.) SiO,

TaJijie, Ha MecTe 06OTallleHHOIN B MPOIECCe OCTAHOBKH
KUAKON (hasbl;

2) Hamm4ueM o6eJHEHHOTO BOJAOPOIOM Y4acTKa Ha
rpaHulle KPHUCTAJJIU3AIMMOHHOTO CJIOSI CO CTOPOHBI
TBEPOTO METAJLJIA.

B mpotiecce oxaaxaeHust MeTasia IBa 9Ta HEO[I-
HOPOJIHOCTb YMEHbBIaeTcs 3a cueT Auddy3nn BOA0PoO-
na. Pacnpenenenyie Bomopoia MeK/y CBApDOYHOI BaH-
HOIl ¥ 3aKPUCTAJJIN30BABIITUMCS METAJIJIOM 3aBUCUT OT
CKOPOCTH KpHUCTaJLIu3almy. PacueTsl MOKa3aau, 4To
camkenne B 10 pa3 sagannHOoro Koadduimenta aud-
dy3uu Bosoposa B TBep/Ioii (hade Tak ke, KaK U n3Me-
HEHWE JIIUTEJbHOCTH KPHUCTAIN3ANUOHHBIX T1ay3 B
pocrte TBepoit da3bl, He BHOCUT CYIIECTBEHHOTO U3Me-
HEHUST B XapaKTep paclpeeieHus BOJOPO/Ia.

Pacnpedenenue 6odopoda npu sueucmom (pporme
Kpucmaiiudauuu. ViaMeHeHe TeOMETPUIECKOH CTPYK-
Typbl (DpPOHTA KPHUCTAIU3AIUN BJe4eT 3a co6oi
MPUHIMIIMAJBHO ~ WHOE  paclpe/ieleHrne  BOIOPO/IA,
PacTBOPEHHOTO B cBapouHOil BanHe. Ha puc. 9 nokazano
1oJie KOHIEHTPAIMil BOZOpoJa B pacTyllell sAdeiike u
MEKKPHUCTAJUIUTHOW SKUIKOCTH. B pacuere TIpUHATBHI
TaKye 3HaYeHus mapameTpoB: Dg = 11073 cm? /¢, Dy =
=1,6103 cm? /c; Oxp = 0,4 cM/c; pasmep Aueiikn [ =
= 25 MKM; CKOPOCTb OXJXKIEHUS Uox; = 00 °C/c;
comepxanue yraepoga 0,2 % (mac.).

AHas3 pacuyeTHbIX JAHHBIX TTOKA3aJ CJIeyIOIee:

1) o6oramuienne >KUKOTO METaLIa PaCTBOPEHHBIM BO-
JIOPOJIOM TJIaBHBIM 00pa3oM JIOKAJU3YETCS B MEX-
KPUCTAJUTATHOW JKUIKOCTH; B JKUAKOH (pade cBApOUHON
BaHHbBI HAGJIIO/IAETCS CPEIHSIST KOHIIEHTPAIIUST Ta3a;

2) B cBA3U C BBICOKON Mupy3MOHHON TTOIBHK-
HOCTBIO BOJIOPOJZIa B TBep/oi (haze HEOTHOPOIHOCTD
pacrpe/ieieHnst BOJJOPOo/ia 10 CEYEHHIO MOJTHOCTDIO 3a-
TBEPJEBIIEH STUEHKN He3HAUUTEHHA.

Poctr razoBoro my3sbpippka. @DakToOpoM, JUMH-
TUPYIOIUM POCT IMy3bIPbKA U3 II€PBOHAYAIBHO
06pa30BaBIIUXCST  3aPOJIBIINEN, SIBJSETCS IPOIIECC
TPAHCIOPTUPOBKU PACTBOPEHHOTO B JKUKOM MeETaJlje
raza K rpaHulle pasjesa ra3 — JKUAKOCTb. IlepeHoc
PACTBOPEHHOTO Ta3a B METAJLJI OCYHIECTBJISETCS ABYMS
criocobamu: nuddysueil u KouBekimeil. B pacyerax
UCXOJMJIN W3 TIPEICTABJEHUN O HATWMYUU BOJU3N
¢poHTa KPUCTANIU3ANHE TOTPAHUYHOTO CJIOST SKH/[I-
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T 1072 K vl
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Puc. 7. 3asucumocts crenenu aucconuanun vacrtuil oo HF u OH or paguyca cron6a ayru 7 npu nosbinentoii (@) u 6osee nuskoii (6)

TeMIepaType B 30He OCH cToJ6a

KOTO MeTaJljla, He yYacTBYIONEro B KOHBEKTHBHOM
TepeMeITnBaHNN OCHOBHOW MacChl METAJLIa CBAPOYHOM
BaHHBI, U W3 TMPEANOJOKEHUsI O TOM, 4TO oO6pa-
30BaBIIMIICS 3apOBINI ITy3bIPDbKA B TeUeHHE He-
KOTOPOTO BPEMEHHU pacTeT B aTOM cJjoe. B pacuerax
MIPUHSTO, YTO 3aPO/IBIINT W PACTBOPUBIIHMIICS TTy3bIPEK
umeror cdepuueckyo ¢opMmy. B nepBoHauaIbHBIX
pacuerax IIPeIoJIarajioch, YTO IIONA1b TOBEPXHOCTH
KOHTaKTa ITy3bIPbKa, pacTymiero Ha ¢poHTe KpIC-
TAJTM3AIIN ¢ TBep/loi (ha3oil, 3HAYNTETbHO MEHDIIIE,
yeM c kuakoi. Kpome TOrO, mMomMyckKasoch, 4TO
HEOJTHOPOAHOCTb  AU(M Y3NOHHOTO  IE€PECHIIEHUS
Briepean (PpoOHTA KPUCTAJIU3AIUU HEBEJUKA. DTUM
YCJAOBHSAM B HamOOJIbINEN CTENIeHH COOTBETCTBYET
JICHIPUTHO-STYEUCTBIN XapaKkTep KPUCTATU3AIUH.
Ddusnyeckasi Mo/leslb U METOJUKA €€ YNCJEeHHOU
peanuzanun na DBM omucanst B pabore [10]. 3a-
BUCHMOCTb KPHUTHYECKOTO PAJUyca My3bIPbKA OT
OTHOCHUTEJbHON KOHIIEHTPAIMM Trasa B paclljaBe
npeacrasieHa Ha puc. 10. Kak mokaspiBaam pacyeTnl,
B pesyJsbrare auddysuu ra3a B My3bIpeK B KUIKOM
Meraje obpasyercss OGe[IHEHHBIH Ta30M CJIOi,
JIBYDKYIUTCS BMecTe ¢ My3bIpbkoM. CKOpPOCTb pocTa
My3bIPbKA 3aBUCUT OT KOHIIEHTPAIIUH I'a3a B CBAPOYHOI
BaHHe BHepean (poHTa KpuCTaaaM3anuu. Makcu-

C=C,/C, (0}
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1.4

1.2

1.0 K i
1] 0,04 0
Puc. 8. Pacripeziesieniie KOHIIEHTPAIMH BOJIOPO/IA B )KUIKOM MeTaJlJie
C npu ABMKeHNH 1I0CKOro (DpoHTa Kpucrammmsauun: | — o, =
=0,01; 2 — 0,02; 3 —0,04; 4 — 0,08 cm/c (x — KoopauHara,
OTCUMTBIBaeMasi OT PPOHTA KPUCTAJLIM3AIINN)

0.08

X, CN

MaJibHast CKOPOCTDb HAOJTI0IaeTCs Ha HAYaIbHOM CTaIun
pocra mysbippka (puc. 11).

CxopocTb pocTa My3bIpbKa TaKXKe 3aBUCUT OT II0-
BEPXHOCTHOTO HATSDKEHUS HA T'PAHUIE METAJLI — ras.
[Ipu yBesmyeHWN MOBEPXHOCTHOTO HATSKEHUST MaK-
CcUMaJIbHble 3HAUYEHUSI CKOPOCTU POCTA YMEHbBIIAIOTCS
U CMelaloTcs B CTOpPOHY GoJsbmmxX BpeMeH. [locue
JIOCTYKEHHST MaKCUMAJbHOM CKOPOCTH POCTa HabJII0-
JaeTcst ee OBICTPOE CHIDKEHWE [0 3HAYEHUl, COu3-
MEPUMbBIX CO CKOPOCTbIO KPUCTAJJIN3AIUN CBAPOYHON
BaHHBI. BJMsgHWE MOBEPXHOCTHOTO HATSIKEHUS IPHU
TaKON CKOPOCTH POCTa HE3HAUUTEJHHO.

IIpu cozmanuy onrcaHHON BbIIe MOJIEJIU POCTA Ta-
30BOTO TTy3bIPbKa UCXOIAWIN U3 TTPEHEOPEKNMO MAJTOH
IJIOITA/IM KOHTAKTA MOBEPXHOCTH PACTYIIETO 1y3bIPb-
Ka ¢ TBepJoi (as3oit. Mexmy TeM, peaqbHO OH 3apo-
JKIaeTcss UMEHHO Ha ppoHTe KpucTasudaiuu. Cieno-
BaTeJbHO, MOXKHO OXUAATh, YTO yPOBeHb Aubdysun
BOJIOPO/IA B Ia30BBbIil ITy3bIpEK M3 TBeP0il (pasbl 6ymeT
CYIIIECTBEHHBIM.

JI. A. TapaGOpKWH TIPEAJOKIIT YIUTBIBATD BJIHS-
HHE yKazaHHOTO 3ddeKTa caeayonmm o6pasoM. 3a-
KOH COXPaHEHWs MacCChl 3aMMCBIBAETCS B BUE Tpa-
HUYHOTO yCJIOBUS Ha TIOBEPXHOCTU IMy3bIPbKA

Caapoysan
FEAHHA

JeyxdazHan
30HA

E
g
&
=
=8
e
n
5]
o

OCb KpUCTANMTA

1HRA

MeTann
CBAPHOMD

L i I i j
25 -15 5 0 5 15 25
PaccromHmne, mMKm

Puc. 9. Ilose koHIeHTpanuii BOAOPOAA B TBEP/OI M >KUIKOI 30HE
MeTaJLIa [IPU STYEUCTOM (DPOHTE KPUCTAIIUIAIII
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L BAM

1

1.0 1.2 1.4 1.6 1.8 24
C=0 4G (0]

Puc. 10. 3aBmcuMOCTh KPUTHYECKOTO pajmyca Ty3bIPbKA d, OT
OTHOCHTEJIbHO} KOHIIEHTPAINK ra3a B paciljiaBe

dM(t)
- [PsB(®) + Pr(1 = B@)]s(®),

2)
rge M — Macca BoJopoja B 1ysbipbke; o(t) — 1wu1o-
MaJb TIOBEPXHOCTU ITIy3bIPbKA B MOMEHT BpEMEHHU {;
B(t) — pmoms MIOMAAM MOBEPXHOCTH KOHTAKTa
My3bIpbKa ¢ TBePAOH (ha3oil Mo OTHOIIEHWIO K OOTIei
IJIOIA/IM TOBEPXHOCTH MY3bIPbKA B MOMEHT BpEMEHU
t; Pg, Py — moroxkun muddyHANPYIONETO Ta3a COOT-
BETCTBEHHO M3 TBEPJAOHN M JKUAKOH (hasbl.

[Torox raza 3 TBepIOi a3bl ONMPEENIETCS MyTEM
pelreHust HeJuHelHON 3afaunm auddysum ¢ Tpa-
HUYHBIM yCJIOBUEM, MPHU 3TOM YYUTBHIBAETCS PEAKIUS
MOJIM3AIIH BOOPOA CO CKOPOCTBIO, TPOMOPITHOHATD-
HOU KBAaJIPATy KOHI[EHTPAIIUU ATOMOB I'a3a BO BHEIITHEM
cJoe:

Ps=KC; (1), 3)

rne K — ko03(hdUIHEHT TTPOTOPIIMOHAJBLHOCTH
(xomcTanTa ckopocTH peakiuu Mojmsaiyn); Cs  —
MOBEPXHOCTHAS ~KOHI[EHTPAIMS aTOMOB rasa Ha
rpaHuIle TMy3bIpbKa. B TOCIemHeM ycIoBUM yUTEHO,
YTO XUMUUECKHUH TIOTEHITHA Ta3a B My3bIPbKE TOPA3/I0
BBIIE, YeM B TBEPJOM MeTajjie, Tak 4To aud-
(dysuoHHBII MOTOK U3 rasoBoil ¢aswl B TBepayio (B
MeTaJlJI) MOKHO CUMTATh IIPEHEGPEKUMO MAJIbIM.
Pe3ynbTaThl  BBIYNCJIUTENBHBIX  HKCIIEPUMEHTOB
(puc. 12 w 13) MAMOCTPUPYIOT KUHETUKY POCTa, a
TaKyKe KUHETHKY CKOPOCTH POCTa Ta30BOTO My3bIPbKa

20

=

=]

MasmeHeHWe CROpOcTY pocTa
raz0eord Myaspeea, CM/c
s

0 2 4 6 8 10 12 14 16

Bpema, mMc

Puc. 11. V3MeHeHune CKOpOCTH POCTa 1y3bIpbKa H, Bo Bpemenu:

1 — C0) =42 e’ /100 1, 6 = 110" [ /ev’; 2 — C,(0) =

=42 cM’ /100T; 6= 1é8-10"‘ Ik /em’s 3 — C,(0)=35¢em’ /100 T,
6 =1,1510" K /cm

0,20

=
o

0,05

Papnyc rasoBoro Nyabipesa, oM
2
S

0,2C
Bpewma,
Puc. 12. Kunetnka pocra rasoBOro Iy3bIpbKa B 3aBHCHMOCTH OT
OTHOIIEHUs [ IJION[A/IN KOHTAKTA Iy3bIPbKa C PACILIABOM K 001ieit
MOBepXHOCTH My3bippka: 1 — B=1;2 — 0,9; 3 — 0,8;4 — 0,7

0,10

(myspippka  BOJIOPOJIA) B KPHCTAJJIU3YIONIEMCS
pactmaBe ¢ yaetoM auddy3un BoAOPOa M3 TBEPAOI
¢asol.

O6pa3soBanre NMOP B CBAPHOM INBe. PesysbTaTh
YUCJIEHHBIX IKCIIEPUMEHTOB TI0 TI€PEPACIIPEIETEHIIO
ra3oB [IPU KPUCTAJIN3AIUE CBAPOYHOI BAHHBI M POCTY
ra30BBIX ITy3bIPHKOB ObLIN UCIOIb30BAHbI JIJIST AHAJTH3a
o6pa3oBanus Op B cBapHbIX mBax [10].

PaccMoTpensI fiBa cirydast:

® KOHI[EHTPAIHsI PACTBOPEHHOTO ra3a HaXOJAUTCS B
MHTEPBaJIe PACTBOPUMOCTH €T0 B TBEPIOM S's U XKUKOM
S| Metase:

¢ KOHIEHTPaluA paCTBOPEHHOTI'O Irada IMPEBOCXOAUT
npeaesa €ro paCTBOpUMOCTU B JKHU/IKOM METaJljIe IIPpU
TEX JK€ YCJOBUAX!

5

Cayuaii 1. Ilpu nockoM HpoHTE KPUCTATIU3AIUN
pacripesiesieHe pacTBOPEHHOTO rasa Buepeau GpoHTa
onucbiBaeTca GopMyIoil

C1(0) > S;.

Cu®) = C1(0) [1 + At e |- %D 0)

CEOpOCTe pOCTA FA30B0MD
NY3LIPGKE, Ch)

1 L L L L 1 L
0 0.05 0.0 0,15

0,20
Bpewma, ¢
Puc. 13. Kunernka cKOpOCTH pOCTa Iy3bIpbKa B 3aBUCHMOCTH OT
OTHOIIIEHNA [3 IJIONA N KOHTAKTA IIy3bIPbKA C PACILIABOM K 00IIeit
nosepxHoctH my3bippka: 1 — =1;2 — 0,9; 3 — 0,8
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C, b

DeTanoen-HER patuys
My3bIPsEa, M

=]

o

2

aF

ak
o0& 07 08 02 10 10 12
G C=Cy /G (]

Puc. 14. Cxema onpe/ie/ieHusi OCTAHOBOYHOIO Pajiyca Iy3bIpbKa dy, (@) 1 3aBUCUMOCTD €ro 3HAYEHUH IIPU KOTOPBIX POUCXOAUT OCTAHOBKA
€ro pPocTa OT KOHIEHTPAIMK BOAOPOJAA W CKOPOCTH Kpuctasmmmsamun (6): 1 — 0 = 0,01; 2 — 0,02, 3 — 0,04; 4 — 0,08 cm/c

rie C; = Cr(x) — Tekyuias KOHIEHTpaIMsl Tasa B
csapounoii Banne; C;(0) — cpeaHsas KOHIEHTpaIWs;
k — xoadpduriuent pacrpe/ieeHs BOZOPO/IA, PABHBII
oTHomIeHn S,/ S} .

B coorserctBum ¢ Qopmy.ioit (6) xoHumeHTpams
rasa M3MeHseTCs OT MAaKCUMAJIbHOU HEMOCPeCTBEHHO
Ha ¢ponre kpucraamsanuu, pasuoi C;(0)/k, mo
C1(0) Braam ot Hero. B yyacTKke KOHIIEHTPAIIMOHHOTO
VILIOTHEHUSI, KOTOPBIN TIPUJIETAET HETIOCPEICTBEHHO K
rpanuile paszzaena ¢as, KOHIIEHTPAIUS PACTBOPEHHOTO
rasa MPeBOCXOIUT €r0 PABHOBECHYIO PACTBOPUMOCTH
S B XKUJKOM MeETaJlle, T. €.

)

JKugkmii  MeTasm BO BTOPOM  y4acTKe  SIBJISIETCS
o6e/THeHHbIM 110 OTHOIIeHWIo K S7. B mepecoiinienHoM
yYacTKe BO3MOXKHO OGPa30BaHME W POCT Ta30BbIX
my3bIpbkoB. [locsieHuii MOXKeT TPOMCXOAUTb U TOT/IA,
KOT'/J]a YaCTb €r0 MOBEPXHOCTH 3aXBaTbIBaeT 06eHEHHBII
yyacToK. PocT Ty3bIpbKa TpeKpaIiaercs, ecJau IIoMa/Ib
€r0 TIOBEPXHOCTH, TPUXOJAIIEHcS Ha  06eHEeHHbIH
YYaCTOK, CTAHOBUTCS GOJIBIIIE, YeM TLIIOIIA/Ib TIOBEPXHOCTH
My3bIPbKA B 06OTAIlEHHOM CJIOE.

[Ipunsas x = ast, Cr(x) = S¢ B ypasuenun (6),
MOKHO OTIPEJCNUTD PAANYC TMYy3bIPbKA dst, HPH
KOTOPOM IIPOUCXOJUT OCTaHOBKa ero pocra. Ha
puc. 14, 6 mpuBefeHbI Pe3yJIbTaThl PacueTa pajnyca
ITy3bIPbKA dst OT KOHIIEHTPAINKN BOJOPO/Ia U CKOPOCTH
KPUCTAJLIN3aLUN.

IIpm octaHOBKe pocTa Ty3bIpbKa (QPOHT KpuC-
TAJIT3AINN «O0XO0/INT» TTy3bIPEK U KakK ObI (DUKCUPYET
€ro B 3arBep/ieBllleM MeTtajie. Pe3ysbrarhl pacueTa
[IOKA3bIBAIOT, YTO YyBEJUYEHUE CKOPOCTH KPHUC-
TAJIIU3AIMA  TIPUBOJIUT K YMEHBIICHUIO TOJIIUHBI
mud¢ysnoHHOr0 morpaHmyHoro ciosi. IIpm atom pa-
JINyC Ty3bIpbKa JOJIKEH YMEHBIIMTHCS BIJIOTH IO
3HAUEHUsI, MEHbBIIETO0 KPUTUYECKOTO pajuyca 3a-
pozbiia. B atoMm ciyvyae o6pa3oBaBIINIICS 3apO/IBIIIT
My3bIPbKa PACTBOPSIETCS.

Takum 06pa3oM, ¢ yBeTMYEHUEM CKOPOCTH CBAPKU
BEPOSITHOCTh 06pasoBaHusi MOP B CBAPOYHOII BaHHE
BOIM3W JIMHUKM CIJIABJEHUSI YMEHDINAETCS, eCJIH
KOHIIEHTPAIUSI PACTBOPEHHOTO Ta3a B CBAPOYHOI BaHHE
C;(0) maxomgurcsa B npegenax Sg < C;(0) < S;.

S¢<Cp < C(0)/k.

Ec/ cKOpoCTh KPUCTALIN3AINK U CKOPOCTh POCTa
my3bIpbKa OyayT O6JM3KH, TO 00Pa3yIOTCs TIOPbI BBITS-
HyToii popmbl. [locTymnienne raza B TaKue IIOPbI MOKET
IPOUCXOAUTH He TOJIBKO CO CTOPOHBI >KUIKOIO, HO 1
CO CTOPOHbI 3aKPUCTAIM30BABIIErOCs MeTasla, Tak
KaK [PH CHUXKEHUU TEMIIEPATyPbl B TBEPIOM METaJLle
06pasyeTcs IepechINIeHHbI PacTBOP Tasa M CO3AAI0TC
TEePMOAMHAMUYECKHU ONTPaBaHHble YCJAOBUS s Iepe-
X0JIa Taza M3 pPacTBopa B IOPY.

IIpu nepexoge PoOHTA KPUCTALIM3AIMK OT ILJIOC-
KOTO K SYENCTO-JIeH/IPUTHOMY MU3MEHSETCS CTPYKTypa
udPy3nOHHOr0 MorpaHuyYHOro cjos. Ilpu Temmepa-
Typax Bblllle TEMIIEPATyPbl JUKBHU/YCa MEPECHIIIEHHE
BOJIOPOJIOM KH/IKOIO MeTaJlja He IPOUCXOJIUT.

I[Ipu xonuentpauuu sogopoga Cy(0) B cBapouHoi
Banne B mpegenax Sg¢ < C;(0) < S; sapoxmenue
Imy3bIpbKa Trasza Blepeau (PPOHTA KPUCTALIU3ALIN
(Tounee, BHEpeaN PACTyHINX SYEEK) MAJOBEPOSATHO.

IIpy A4YencTOM M AEHAPUTHOM (DPOHTE KPUCTAJ-
JIM3AIMK BO3HUKHOBEHUE 3aPO/IbIIIEH Ty 3bIPbKOB Tasa,
CIOCOGHBIX K Jla/IbHERIIeMY POCTY, BO3MOKHO JIMIIb B
[ePEeChIEeHHbIX 06beMaX MEeKKPUCTAILIUTHON K-
KOCTH.

PacueTbl MOKa3aid, 4TO HPU CKOPOCTAX OXJIAxkK-
JIEHNsT, XapaKTePHBbIX /IS JyTOBOil CBapKHW, KpH-
THYECKUIA PajMyC My3bIPbKa 3apo/bllia OKa3bIBaeTCs
60JIbIIe  TIOTIEPEYHBIX  Pa3MEpPOB  KUAKOH  (ha3bl
(ra6n. 1). IlostoMy POCT IIy3bIPbKOB rasa B MEK-
KPUCTALIUTHBIX 00beMax »KMAKOCTU HEBO3MOXKEH, U

Ta6auna 1. Vi3MeHEHWE OTHOCHTENHHON CTENEHH MePEeChIEeHns
MEKKPUCTA/IUTHOI kugkocT C', KPUTHYECKOro pajuyca IIy-
3bIPbKA Tasa ¢y, W I1ONEPEYHbIX PasMepoB kuakoil daspl & no
JUIHHE 1IByX(a30BOil 30HbDI

Paccrognue ot
KOHYUKOB Oceit

IePBOrO C'=C. /S, Aypy MM g
HOPSI/IKa,
MM
0,8 1,15 0,104 0,014
0,9 1,225 0,068 0,009
1,1 1,3 0,05 0,008
1,4 1,375 0,038 0,005
1,7 1,45 0,032 0,004
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CrcpocTe pocra

Ny 3biPbia BOOopoaa, oM/t

06
0.4
I
0 i
1,0 1.05 1,10 1,15 1,20
] C=CL/C 0!

Puc. 15. 3aBucuMocTb CKOPOCTH POCTA IIy3bIPbKa BOJOPO/A JnaMeTpoM 2a oT KoHueHTpauuu C Boopo/a B xKuJAKoM MeTawte: a — 1,3 <
< C < 2,5 — Goabiue nepecbiienust; 6 — 1 < C < 1,25 — wue6ospinue nepecbinienust; 1 — 2a=10,5;2 — 1; 3 — 2 MM

TaGuuna 2. CozepskaHue ra3oB B METalIe IIPH CBAPKE PA3JMYHBIME THIIAMU CBAPOYHBIX MATEPUAJIOB M HAJIMYKIE TIOP B IIBE

CKopocTb CBapKH,
Tum cep/iedHIKA TPOBOJIOKT

Konuenrpauus [H],,q,

Copeprkanue Ta3oB B Metase, % (mac.)
Hausmrame mop

M4 em’ /100 T
N O
Kap6onaTHo-(J1100puTHbDII 16 13,0 0,038 0,054 Ecrb
30 14,1 0,032 0,027 Her
PyTtuioprannyeckuit 12 26,8 0,021 0,08 >
30 27,1 0,022 0,09 Ectp

BeCh ra3, cofep:Kalliiics B CBapOYHOI BaHHe, Iepe-
XOJIUT B 3aKPHUCTAJIN30BABIINICS MeTaJLT, 06pasysi
TIEPECHINIEHHBIN TBEPAbI PACTBOP. BbrancanuresbHbIi
9KCIIEPUMEHT IT03BOJIAET TMOHATL (PU3MUECKYIO TIPU-
POy TepechINeHnsT MeTaslIa MBa BOJOPOOM, HabTio-
JIaBIIIErocsT paHee sKcrepuMeHTanbuo [11].

Cayuaii 2. KoHIeHTpalMsi pacTBOPEHHOTO Tasa
MIPEBOCXOJIUT TIPEJES €r0 PAaCTBOPUMOCTH B KUKOM
metaane: Cr(0) > S;. CkopocTh pocta IMy3bIPbKOB
raza BOJU3U JIUHUY CILIABJIEHNS MIPH IJIOCKOM DPOHTE
KPUCTAJIU3AIMM ~ 3HAYUTEJSbHO BBINIE  CKOPOCTH
KPUCTAJLIN3AIIH. JTOMY CIIOcO6CTBYeT 60Jiee BEICOKAS
CTENeHb TIePEeCHIMEHNS JKUAKOTO MeTajja Iepej
(QPOHTOM  KpPUCTANIU3ANUU  TI0  CPABHEHWIO C
OCTAJIbHBIM OOGBEMOM JKUIKOrO Mertasia. Hampumep,
JUIST TTy3BIPBKOB, PACTYIINX HEITOCPEICTBEHHO Y JITHUN
CILTABJIEHNUSI, OTHOCHUTEJbHASI CTENEHb IepeCchIIeHNs
BOJOpOJa HA (PPOHTE KPUCTANIM3AINE cocTaBisgeT C
= 2,2, W CKOPOCTb POCTa Iy3bIpbKa mpeBocxoanuT 12
cm /¢ (puc. 15, a).

B aToM ciyyae BO3MOXXHO TakKKe 3apOXK/CHWE 1
POCT TIy3BIPHKOB rasza B 06beMe CBAPOYHOI BaHHBI.

[Ipu HE6OJIBIIIOM MEPECHINIEHNH Ta3a B CBAPOYHOIN
BaHHe MOTYT BO3HUKHYTb YCJOBHS 1T 06pa3OBaHUS
Mop TIpU SYEHCTOM W JIEHAPUTHOM XapaKTepe
KPUCTAJIJIN3AINH. DTO BO3MOKHO B CJIydae, KOT/Ia CKO-
pPOCTb KpuCTALIu3auu 60Jibllle CKOPOCTH POCTa
my3bIpbKa rasa (puc. 15, 6). C yBe/myeHneM CKOpocTn
CBApKU BEPOSITHOCTb O6PA30BAHMS IOP IO OCH IIBA
yBesqmunBaeTcsd. Hampotus, yBeJWdyeHue CTEleHu

HePeChINeHNs IIPUBOJUT K YCKOPEHHIIO POCTA ITy3bIPb-
KOB, T. €. CIIOCOOCTBYET CHUKEHHUIO BEPOSTHOCTH TTOSB-
JIEHUST TIOPUCTOCTH.

IIpencraBienns o MexaHW3Me 06pa30BAHUA IIOD,
copmynmpoBannble Ha OCHOBe (DU3NYECKON MOJEIN
1 BBIYUCINTEIbHBIX 9KCIIEPUMEHTOB, OBIJIN IIPOBEPEHDI
9KCIIEPUMEHTAJIBHO TP CBApKe JBYMSI TUIIAMHU CaMO-
3AIIUTHBIX MOPOIIKOBBIX TIPOBOJIOK — KapOOHATHO-
(pmoopurHoro u pyrusnopranndeckoro. Ilomydentinie
9KCIepUMEHTAIbHbIE JaHHBIE Y0BJIETBOPUTEIBHO COT-
Jacyioresi ¢ pacuertbiMu (tabu. 2).
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MODELLING OF SOLIDIFIED FREE SURFACE PROFILE

DURING GMA WELDING

W. ZHANG, T. DEBROY
(Department of Materials Science and Engineering of Pennsylvania State University, USA)

Heat transfer and fluid flow during gas metal arc (GMA) welding of mild steel were studied using a transient three-
dimensional numerical model considering the deformation of weld pool free surface. The temperature and velocity fields,
and the size and shape of the fusion zone were calculated. Experimentally measured fusion zone geometry available in
the literature was used to validate the model predictions. Two important geometric characteristics of the GMA welds,
i.e. weld reinforcement and finger penetration, were quantitatively calculated. The effects of the contact tube to
workpiece distance and arc current could be satisfactorily predicted by the model. The results presented here demonstrate
significant promise for understanding the evolution of the weld bead shape including the free surface deformation from
fundamental principles of transport phenomena.

HccietoBanbl TelIonepeHoc U MOTOKH »KUAKOTO MeTajlla B CBapoyHoil BaHHe Ipu cBapke MUT nuskoyriepoancToit craum
C HCIIOJIb30BAaHUEM TPEXMEPHOI UYMCJIOBOII MOJE/IN HEPEXOJHBbIX MPOLECCOB MPUMEHUTENbHO K AedopManuyu cBOGOAHOI
TOBEPXHOCTH CBapOYHOil BaHHBI. Paccunmranbl Temmeparypa ¥ HOJs cKoOpocTeii, pasmep n ¢opMa 30HDBI TIPOIIABJICHNUA.
JList OATBEPSKACHNUST OCTOBEPHOCTH PE3YJIbTATOB MOJEJIMPOBAHNUS UCIIOJIb30BA/IUCDH OIyOIIKOBAHHbBIE SKCIEPUMEHTAIb-
Hble JJaHHbIE O T€OMETPUU 30HbI [IPOIJIABJIECHNS. Dbl BbINOIHEH KOJINYECTBEHHDIN pacyeT JBYX BasKHBIX F€OMETPHUYECKUX
XapaKTePUCTHK IIBOB, TOJYYCHHBIX cBapkoii MU, a UMEHHO: YCHJICHHS IIBA M Y3KOro IJ1yGokoro (maJabreo6pasHoro)
nposapa. Moje/ib M03BOJIMIA € YAOBJIETBOPUTENbHOI TOYHOCTbIO IIPOTHO3MPOBATh BJIUSHUE PACCTOSHUS OT MYHJIITyKa
JI0 CBapUBAEMOro U3/eNus, a Takske Toka ayru. IIpeacraBientbie pe3yabTaTbl IeMOHCTPUPYIOT 3HAYNUTE/IbHbIE EPCIIeKTHBbI
JUIST TIOHMMaHMST n3MeHeHnil popMbl BasMKa, BKJIOYast jedopMannio cBOOOIHOI MOBEPXHOCTH, € TOUKU 3peHust (QyH/a-

MEHTaJIbHbIX SaKOHOMepHOCTeﬁ SIBJICHUTT TEIIoTepeHoca.

Introduction. Service life of structurally sound welds
is often shortened by their poor geometric features.
For example, for gas metal arc (GMA) welds, the
fatigue limit decreases as the weld toe angle increases
[1]. The toe angle depends upon the solidified surface
profile of the weld pool which, in turn, is affected by
the various factors such as the flow of liquid metal
in the weld pool, arc and droplet impact forces, and
filler metal addition. Often the control of weld bead
shape is achieved through trial and error. This appro-
ach has three main disadvantages. First, the trial and
error procedure is inherently expensive because there
are a large number of welding variables to be consi-
dered. For example, for GMA welding, the major
welding variables include arc current, arc voltage,
welding speed, wire feed rate, torch angle and the
type of material. Second, the chosen ranges of vari-
ables do not always produce optimal results. Finally,
the approach ignores the potential competitive tech-
nological advantage that is attainable from scientific
principles. A recourse to the trial and error approach
is to augment experiments with numerical modeling
based on the fundamental principles of transport phe-
nomena. This approach can be useful to achieve the
desired weldment features based on scientific princip-
les.

During fusion welding, the interaction of the heat
source and the material leads to rapid heating, melting
and vigorous circulation of the molten metal in the
weld pool. Free surface deformation of the weld pool

© W. ZHANG, T. DEBROY, 2002

is an important feature of fusion welding. For gas
tungsten arc (GTA) welding, significant weld pool
deformation may take place at high current levels. In
GMA welding, the free surface problem is more com-
plicated due to the filler metal addition and droplet
impact. Free surface deformation affects the fluid flow
and heat transfer in the weld pool which in turn
affects the weldment geometry [2]. Control of solidi-
fied surface profile during welding can significantly
improve weldment properties and performance.
Over the last few decades, numerical calculations
of heat transfer and fluid flow have been used to
understand various weldment characteristics. Exam-
ples include quantitative understanding of the phase
composition [3—6], grain structure [6, 7], inclusion
structure [8—10], weld metal composition change
owing to both evaporation of alloying elements [11—
14] and dissolution of gases [15—17]. Computer simu-
lation efforts to understand the fusion zone geometry
have largely focused on simple systems, i.e. rectan-
gular work pieces with flat weld pool surfaces. These
models have been successfully used to predict weld
pool shape and size for a wide variety of welding
conditions in materials with diverse thermo-physical
properties in simple weld geometry. A fundamental
understanding of heat transfer and fluid flow consi-
dering free surface deformation is still evolving. Paul
and DebRoy [18] computed free surface profiles of
laser-welded specimens using fixed rectangular grids.
They showed that both the convection pattern and
solidification process affect surface profile of the wel-
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dment. Tsai and Kou [19] studied the effects of density
variation, Marangoni stress and electromagnetic force
induced convection on the free surface of the weld
pool using a steady state two-dimensional model in
the curvilinear grid system. Thompson and Szekely
[20] studied the transient development of weld pools
with a deformed free surface using a two-dimensional
model. Wu and Dorn [21] showed that weld pool
depression increased significantly with increasing
welding current and, to a lesser extent, decreasing
welding speed considering. Kim et al. [22] solved an
equilibrium equation for the calculation of free surface
profile using boundary fitted coordinate grid system
considering arc force, gravity, surface tension force,
and droplet impact force. Cao et al. [23] observed
that welding current could significantly change the
weld pool shape by increasing the curvature at the
trailing edge of the pool. The welding speed had little
effect on the weld pool shape, although it significantly
affected the size of the weld pool. The arc length was
found to affect both size and shape, but its effect was
much weaker compared to those of welding speed and
welding current. Cao and Dong [24] showed that an
accurate prediction of penetration profile requires
consideration of both the sensible heat and the impact
force of the droplet. Ushio and Wu [25] also reported
a model to calculate temperature and velocity fields
in three dimensions with a free surface.

A new transient three-dimensional numerical heat
transfer and fluid flow model has been developed at
the Pennsylvania State University to investigate the
solidified free surface profile of the weld pool. This
research is a part of an ongoing larger program to
understand the physical processes involved in the evo-
lution of weld geometry considering deformation of
the pool free surface. In this paper, the solidified
surface profile and the special features of the fusion
zone geometry during GMA welding of mild steel
workpieces were examined. The calculated weld ge-
ometry and the solidified free surface profile were
compared with experimentally measured values avail-
able in the literature [26] for several welding condi-
tions. The results reveal that both the solidified sur-
face profile and finger penetration characteristics of
GMA welds can be satisfactorily predicted by the
transport phenomena based model.

Mathematical formulation. Figure 1 is a schema-
tic diagram of the GMA welding arrangement and
the solution domain. The calculation is carried out in
the Cartesian coordinate system, and only half of the
workpiece is considered since the weld is symmetrical
about y = 0 plane. The coordinate system is attached
with the heat source. In order words, the heat source
and the liquid pool are fixed in space, and the material
enters and leaves the computational domain at the
welding speed.

Momentum, continuity and energy equations.
Using the coordinate system shown in Figure 1, the

Welding direction

~

Warkpiece

Material entering
solution domain

Material leaving
solution domain

Figure 1. A schematic diagram showing the GMA welding arran-
gement and the solution domain

net velocity is subdivided into convective and welding
velocity components as follows:

> 5 o

V'=V+U, (D
> - -

where V ', V and Uy are the net velocity, convective

component and the welding speed. The liquid metal

circulation in the weld pool is represented by the

following momentum equation:

—>—> .
pV(V V) = —VP + V(uVV) +

%
+S?72+Sb+se_pv(Us %7 (2)

where p is the constant density (incompressible flow),
u is the viscosity, P is the pressure, and S,, is the
source term that modifies the momentum equation in
the mushy zone, S} is the source term due to the
buoyancy force, and S, is the source term due to elec-
tromagnetic force. The last term in equation (2) arises
due to the motion of the heat source. Details about
these source terms are available in the literature [27].
The following continuity equation is solved in con-
junction with the momentum equation to obtain the
pressure field:

vV = 0. (3)

The boundary conditions for momentum equations
are discussed as follows. Along the vertical plane of

0 0
symmetry (y = 0 plane), % =0, v =0 and % =0,

where u, v,and w are the components of the convective
velocity V in the x, y and z directions, respectively.
At the top surface, the boundary conditions are defi-

d ou dy dT ov dy dT dw =
nedas—p o =1 g g MW, =gy gy e =
0, where dy/dT is the temperature coefficient of sur-
face tension, and the liquid fraction f; is assumed to
vary linearly with temperature:

1 T>T;
T_TS
fi= T, ~ T, T¢<T<Ty, (4)
0 T<Tg

where T} is the liquidus temperature, and Ty is the
solidus temperature. The convective velocity in the
solid region is set to be zero.
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In order to trace the weld pool liquid /solid in-
terface, i.e. the phase change, the total enthalpy H
is represented [28] by a sum of sensible heat /& and
latent heat content AH, i.e. H = h + AH. The sensible
heat % is expressed as h =)C,dT, where C, is the

specific heat, and T is the temperature. The latent
heat content AH is given as AH = f; L, where L is the
latent heat. The thermal energy transport in the weld-
ment can be expressed by the following modified en-
ergy equation:
pV(Vi) = v [Ci th £S48, - pvUsh), (5
P

where k& is the thermal conductivity, and S; is the
source term that accounts for latent heat [27, 28].
The last term in equation (5) is due to the motion of
the heat source. The source term .S, is used to describe
the heat transfer from the metal droplets, which is
simulated by considering the existence of a cylindrical
volumetric heat source in the weld pool [29, 30]. It
is assumed that the energy transported by the droplets
is uniformly distributed in the cylindrical cavity in
the weld pool, and the height and radius of the cavity
are determined by the parameters such as the droplet
size, shape, velocity and transfer frequency. Details
of the calculation of the volumetric heat source are
available in the literature [3].

The boundary condition at the top surface is that
the heat flux Jj, is prescribed as

IVn o+ y P
Jy=——exp|— —-ec (" —-T) —
h 27_"% p[ 2;% ( @)

- h(r (T - T(l)r

(6)

where [ is the arc current, V is the arc voltage, n is
the arc efficiency, 7, is the arc radius, ¢ is the emis-
sivity, o is the Stefan—Boltzmann constant, T is the
top surface temperature, T, is the ambient tempera-
ture, and /. is the heat transfer coefficient. As shown
in equation (6), the first term in the right hand side
is the heat input from the heat source. The second
term corresponds to the heat loss by radiation, and
the last term represents the heat loss by convection.
It is assumed that the flux given by equation (6) is
independent of the free surface profile to simply the
calculation. At the plane of symmetry, no heat transfer
OCCUTS across: % = 0. At all other surfaces, the tem-
peratures were set as the ambient temperature.

Calculation of free surface of liquid pool. The
free surface of the liquid weld pool is calculated by
minimizing the total liquid surface energy, which in-
cludes the surface tension energy, the potential energy
in the gravitational field, the work done by arc and
droplet impact forces on the pool surface. The total
surface energy balance equation after being treated
by calculus of variation [31], takes the following form
of a static force balance equation:

P,+Py+A+7yx
y (1+®) ®, —20,D,D,, +(1+D) D,

, = pgo, (7
(1 + @2+ 02> by

where P, and P, are the arc and droplet impact forces,
respectively, A is the Lagrangian multiplier, y is the
surface tension coefficient of the liquid, and ®@ is the
configuration function of the weld pool surface that
represents the elevation or depression across a datum
level. The symbols ®,, ®,, and ®,, are defined as
0, =2 0, -2 40, - X tivel
o= o P =5 and @y = =7, respectively.
The definitions for ®, and ®,, are similar. The arc
force distribution is given as [32]:

2+
T 22 T

where p,, is the magnetic permeability and 7, is the
distribution parameter of the arc force. The distribu-
tion of the droplet impact force is given as [24]:

2 2
mo X+
P, = o exp [_ Y ],
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where m is the droplet mass, v, is the droplet velocity,
f is the droplet transfer frequency, and 7, is the dis-
tribution parameter for droplet impact force.

The Lagrangian multiplier, A, is obtained from the
following volume continuity equation:

” ddxdy -V, =0, (10)

N

where V is the volume addition through filler wire.

The boundary condition along the symmetry plane
is defined as % = 0. The boundary condition at the
top surface needs to include the effect of weld rein-
forcement that forms due to the addition of metal
droplets. As shown in Figure 2, the weld pool width
is maximum in plane D. In front of plane D (negative
x direction), the value of @ is equal to zero in the
solid region, as shown in Figure 2 (A). Behind plane
D (positive x direction), the value of ® is equal to
that of the surface profile ¢s at the reinforcement
solid boundary as shown in Figure 2 (B).

The weld reinforcement surface profile ¢s is cal-
culated by considering the overall mass conservation.
As shown in Figure 3, the area of the weld reinforce-
ment Ag (the shadowed region) is equal to the addi-
tional volume of the filler metal per unit length [33]:

_ nrifw

—_we 11
T, (11)

A d

where 7, is the radius of the filler wire, f,, is the feed
rate and Uy is the welding speed as defined previously.
It is assumed that during solidification, the effect of
arc and droplet impact forces is negligible and the
solidified surface profile preserves the shape of the
liquid metal. Thus, the reinforcement surface profile
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Figure 2. A schematic diagram showing the cross sections of weld pool at several planes perpendicular to the welding direction

shown in Figure 3 can be calculated by considering
that A; amount of liquid metal distributes over a
distance of W, (half of the pool width):

¢L’/!/

Moty
(1 +¢)7"

= pgo, 12)

Wy

[ ody —a,=0.
0

(13)

The boundary conditions used in the calculation
of solidified surface grofiles are given as ¢ = 0 at the

solid boundary and % = 0 at the symmetry plane.
Discretization and solution of the governing equ-
ations. The governing equations are discretized using

the control volume technique with the power law
scheme [34]. A staggered grid is used to store the

Table 1. Welding parameters used in the simulations

pgr/:rls?ei?e%s Case A Case B Case C
Arc voltage, V 31.5
Absorption coefficient 0.7
Welding speed, mm /s 7
Wire diameter, mm 1.2
Wire feed speed, mm /s 150
Shielding gas 80 % Ar + 20 % CO,
Contact tube to workpiece 15 20 25
distance, mm
Arc current, A 300 280 260
Arc radius, mm 8 10 12
Distribution parameter for 5.4 6.0 7.2
the arc force, r,, mm
Distribution parameter for 5.4 6.0 7.2
the droplet force, r,, mm
Height of the volumetric 4.9 3.8 1.2

heat source, mm

velocity components and scalar quantities at different
locations to ensure stability of the calculation. The
discretized equations are solved using Semi-Implicit
Method for Pressure Linked Equations (SIMPLE)
algorithm [34]. Details of the discretization and so-
lution of governing equations are available in the li-
terature [27]. A steady temperature and velocity fields
were first obtained to define the weld pool by solving
equations (2), (3) and (5) in a flat pool surface. The
deformed free surface was then obtained using equa-
tions (7), (10), (12) and (13). The new locations of
the grid points were calculated and the velocity and
temperature fields were recalculated using the defor-
med boundary fitted coordinates.

Results and discussions. Experimental results on
GMA welding of mild steel workpieces available in
the literature [26] were used to validate the computed
results. Table 1 summarizes the welding conditions
used in the experiments [26]. As shown in this Table,
the arc voltage was maintained constant during GMA
welding experiments. The following contact tube to
workpiece distances were used: 15, 20 to 25 mm. The
corresponding arc currents were 300, 280 to 260 A,

Weld
reinforcement

A Symmetry plang
N NN P

N *

Solid boundary
b=2a

\

]

Figure 3. A schematic diagram showing the cross section of GMA
welds and the boundary conditions used in the calculation of soli-
dified surface profile

Base
metal
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Figure 4. Computed temperature and velocity fields considering
deformable weld pool surface during GMA welding. Welding pa-
rameters are listed in Table 1 for case A

respectively. The physical properties of the material
used in the calculations were assumed to be inde-
pendent of temperature for simplicity and are presen-
ted in Table 2. Furthermore, the viscosity and thermal
conductivity of the liquid were enhanced by a factor
of 17 and 6, respectively, to represent the effect of
turbulence on the weld pool convection [27].

The effect of the contact tube to workpiece dis-
tance on the weld geometry is simulated by applying
appropriate values of welding parameters. These pa-
rameters were calculated by either considering arc
behavior [33] or using the experimentally measured
values available in the literature [3, 32, 35-37], and

15 mm

Table 2. Physical properties used in the calculation

Physical properties Value
Liquidus temperature, K 1793
Solidus temperature, K 1770
Density of liquid metal, kg,/m? 7.2x10°
Enhanced viscosity of liquid, kg/(m-s) 0.1
Thermal conductivity of solid, J/(m-s-K) 5.0
Enhanced thermal conductivity of liquid, 36.4
J/(m-s-K)
Specific heat of solid, J/(kg-K) 753.6
Specific heat of liquid, J /(kg-K) 745.3
Latent heat of melting, J/kg 2.7x10°
Temperature coefficient of surface tension, -0.35%x107

N/ (m-K)

are summarized in Table 1. As shown in this Table,
as the arc length increases due to the increased contact
tube to workpiece distance, the energy input and arc
force are distributed over a larger area, while the
height of the volumetric heat source decreases.
Figure 4 shows the calculated temperature and
velocity fields for case (A) listed in Table 1. In this
Figure, the temperature field is indicated by the con-
tour lines and the fluid velocities are represented by
arrows. The liquid metal motion in the weld pool is
driven mainly by the surface tension and electromag-
netic forces and, to a much lesser extent, by the buoy-
ancy force. Due to the negative value of dy/dT, the
surface tension force drives the liquid metal from the

260 A
25 mm

Figure 5. Comparison between the calculated and the measured [26] solidified surface profiles. The symbols 0, 2, W and P in case (A)
correspond to the toe angle, reinforcement height, bead width and bead penetration, respectively
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center to the periphery at the top surface of the weld
pool. The liquid metal is driven downward in the
middle of the weld pool due to the strong electromag-
netic force. This downward flow pattern allows more
heat to be transferred from the heat source to the
bottom of the weld pool, which, in turn, results in a
deep penetration. Figure 4 also depicts the free surface
deformation of the weld pool during GMA welding.
At the center of the top surface, the liquid metal is
severely depressed due to the arc and droplet impact
forces. The liquid metal is pushed to the rear part of
the weld pool and forms weld reinforcement during
solidification.

By using the appropriate values of parameters
listed in Table 1, the effect of the contact tube to
workpiece distance on the solidified surface profile
for three cases were examined. Figures 5 (A), 5 (B)
and 5 (C) show the comparison between the calcu-
lated and measured solidified surface profiles under
various welding conditions. As shown in these figures,
the calculated fusion zone geometries agree fairly well
with the corresponding experimental values. Further-
more, two important geometric features, i.e. the weld
reinforcement and finger penetration, could be pre-
dicted by the heat transfer and fluid flow model. It
should be noted that certain parameters such as the
distribution parameter for the droplet impact force
had to be adjusted to obtain good agreement between
the experimental data and the computed results, since
accurate data of these parameters were not available
for the welding conditions studied in this paper. The
lack of available data emphasizes the need for quan-
titative investigations on this topic and suggests that
the results obtained in this investigation should be
used carefully.

The calculated weld geometry for various welding
conditions is summarized in Table 3. As shown in this
Table, the calculated results show that as the distance
between the contact tube and workpiece increases and
the arc current decreases, both the weld reinforcement
height and toe angle decrease. This can be explained
by considering the characteristics of the welding arc.
The arc length increases as the contact tube to work-
piece distance increases. Hence, the arc energy is dis-
tributed over a larger area that results in a wide weld
bead. Since the same volume of the filler metal is
added, the wider the weld bead, the less the weld
reinforcement height, and consequently, the less the
weld toe angle. The decrease in the weld reinforcement
and toe angle is of important from the consideration
of fatigue strength. However, any improvement will
also depend on adequate weld penetration and sound-
ness of weldment structure. The good agreement be-
tween the calculated and measured solidified surface
profiles reported here demonstrates significant pro-
mise for understanding the evolution of the weld bead
shape and eventually weld mechanical properties
based on the fundamental principles of transport phe-
nomena.

Table 3. Calculated geometric parameters for various welding
conditions. The geometric parameters are illustrated in Figure 5

%))

Geometric Case A Case B Case C
parameters
Reinforcement height, 3.02 2.8 2.8
h, mm
Bead width, W, mm 11.2 12.8 13.2
Bead penetration, P, mm 5.0 4.0 2.9
Toe angle, 0, deg 59 50 49

Conclusion. With the advent of high-speed com-
puters, more realistic heat transfer and fluid flow
calculations considering deformation of the weld pool
surface have now become practical. With the growing
sophistication of the models, more useful applications
are emerging. In the present work, heat transfer and
fluid flow during GMA welding of mild steel work-
pieces were studied using a transient three-dimensio-
nal numerical model considering deformation of weld
pool free surface. The effect of welding parameters
on the solidified surface profile could be quantitati-
vely understood. This work demonstrates that the
application of numerical transport phenomena can
significantly add to the quantitative knowledge base
in welding and help the welding community in
solving practical problems. Significant expansion of
this quantitative knowledge base is necessary before
welds can be designed to achieve specific structure
and properties on the basis of scientific principles.
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CHUJIOBOE BO3/IEMICTBUE JIYIU
ITPU BUT 1 A-BUT' CBAPRE METAJIJIA

. B. KOBAJIEHKO, K. A. IOIIEHKO, 1. B. KOBAJIEHKO
(Mu-t1 anexrpocsapku uM.E.O.Ilatona HAH Vkpaunsi, r. Kues)

[lar 0630p paboT 1O HUCCJIEJOBAHUIO U U3MEPEHNIO CHJIOBOTO BO3jelicTBus u faBienus ayru npu BUT u A-BUT cBapke.
[IpuBesena MeTo[MKA U JAHHbIE WCCJIEJOBAHUIT CUJIOBOTO BO3/JEHCTBUS W JABJIEHUs JAYTH TIPH 9THX CIOCOOAX CBApPKU.
Vcranosseno, uyro npu HesnauntesbnoM (ma 10...15 %) yBeindenun cusoBoro Bosjaeiictsusi npn A-BUT cBapke 1o
cpasrenuto ¢ BUT cBapkoii suauntessro (na 30...50 %) Bo3pacraer jas/ieHue JAyrd Ha CBADOYHYIO BaHHY, 4TO, IO-
BU/IUMOMY, SIBJISI€TCSI OZHUM M3 (PaKTOpOB IOBbINIEHUs nporuiasienus npu A-BUT cBapke. PacxoskieHust Mexmy akc-
MEPUMEHTATBHBIMEI W PACYETHBIMHU JAHHBIMHU TIOJTHOTO CUJIOBOTO BO3JENCTBHS JyTH OGBSICHSIIOTCS HEAJEKBATHOCTBIO paHee
MIPE/IJIOKEHHBIX TeOPeTHYeCKNX MoJieJiell yr!ml M CBapOYHON BAHHBI, CXEMbI pacyuera CHJI, IIPOIECCOB, MPOUCXO/SIINX B
peasIbHBIX Jiyre U CBapOYHOI BaHHe.

Efforts on investigation and measurement of the force effect and pressure exerted by the arc in TIG and A-TIG welding
are reviewed. Experimental procedure and data on the arc force effect and pressure with the above welding methods
are presented. It has been found that an insignificant (10...15 %) increase in the force effect during A-TIG welding,
compared with TIG welding, leads to a substantial increase (30...50 %) in the arc pressure on the weld pool. This seems
to be one of the factors causing increase in the penetration depth in A-TIG welding. Some disagreement between
experimental and calculation data on the total force effect of the arc is attributable to inadequacy of the earlier suggested
theoretical models of the arc and weld pool, as well as methods used for calculation of forces acting in an actual arc

and weld pool.

BBeaenne. 113 MHOTMX mapamMeTpoB CBAPOYHOTO TPO-
1ecca TPU aproHOMYTOBOH CBapKe BOJb(PAMOBLIM
9JIEKTPOIOM B MHEPTHBIX razax Merasaa (BUT, wmm
TUT cBapka), BAUAONIMX Ha (GOPMUPOBAHUE U KAauec-
TBO CBapHOTO NIBAa, HAMMeHee N3YYeHHBbIMU SBJISIOTCS
JlaBJieHre ¥ CUJIOBOe BoazeiicTBue ayru. [Ipu cBapke
TOHKOTO MeTaJjlja /laBJjeHne YT OKa3blBaeT pela-
Iiee 3HaYeHWe Ha 06pa3oBaHue MPOKOTOB, a IIPH CBap-
Ke TOJICTOTO MeTaJljia CyIeCTBEHHO BT Ha TIIyOUHy
npornasyaeHus. OgHAKO cJeayeT OTMETUTD, U4TO MMe-
€TCST MHOTO 9KCTIEPUMEHTAJIbHBIX JJAHHBIX KaK 10 CUJIO-
BOMY BO3IEHICTBHIO, TaK ¥ 10 aBJeHuIo ayru. [Tombrt-
Ka xe 0600IIeHNs JAaHHBIX PAa3JUYHbIX HCCJEI0BAHMIT
BbISIBUJIA HajauuuMe OOJIbIIUX PACXOXKAEHUU. ITO
MOJKHO OOBSICHUTD TEM, YTO U3MEPEHUS TIPOBOINJIN HA
npuGopax ¢ Pa3JINnYHBIMU CXEMaMU U KOHCTPYKITHSIME
" TPV HEOJIMHAKOBBIX YCJOBUSAX aKcTepuMenTa. [Ipes-
JIO)KEHHDbIE paHee TeOpeTHYeCKUue MOJeJu JyrH WU
BaHHBI, a TaK)Ke CXeMbl pacueTa CHUJ HeaJeKBATHO
OTIMCBLIBAIOT TIPOIECCHI, TTPOUCXOJIAIINE B PeaJbHON
JlyTe U BaHHe.

Eme GoJiee HeornpeneneHHOe TMOJOKEHUE U C JaH-
HBIMU TI0 CUJI0BOMY BoszeiicTBrio ayru mpu BUT cBapke
1o cyoto akruupytontero duoca (A-BUT cBapka) —
mporeccy, KOTOPBbIi B TIOCJEIHUE TOAbI TOJY4nJI
NIMPOKOE MTpUMeHeHne 61aroapsi 3HAYUTETbHOMY TIOBBI-
IIEHUTO TIPOIIABJITIONIEN criocobHocTr myru [1].

B macrogmeit paboTe gaH KpaTKuil JUTEPATYPHBI
00630p ¥ BBINOJHEHbI MCCJAEIOBAHUS U PACUYETHI CUJIO-

BOro BozjeiicTBus u fassenus gyru upu BUT u A-BUT
cBapke cram 12X18H10T.

[daBseHue u cujoBoe BO3/elcTBHE AYTH, UX COC-
TaBJSIoONINe. JJIEKTPOLYTOBYIO CBAPKY MeTaJljia MOXK-
HO paccMaTpuBaTh KaK IIPOIECC, BbI3BAHHbBIN TEILIO-
BBIM BO3/I€fICTBUEM JYTH, TPUBOASIIIIM 6J1arofapst Bbl-
COKOHl TemImeparype K IIJIaBJeHUIO MeTajjga U 3aTeM
MEXaHUYECKUM BO3/IEHICTBUEM [YTH, BBLITECHSIONUM
SKUAKMIM MeTann u3-noj; nartHa ayru. Ilocnennee
MIPUBOJIUT K TIPOTLIABJIEHUIO METAJIIa BTIYOb.

Yro6bl yCTPAHUTD MYTAHUILY B TEPMHHAX [IPU Pac-
CMOTPEHUT MEXaHNYIECKOTO BO3AEUCTBUS YT B paboTe
[2] mpensioskeH TePMHUH «CUJIOBOE BO3IENCTBUE AyTH»
F, 1ipy 3TOM WCKJIIOYAJIOCh IOHSATHE <«CHUJIOBOE [aB-
sienuey P. [y OHATHST «CUJIOBOE BO3/I€ICTBHE JIyTH >
IIPUMEHSETCS Pa3MEPHOCTb CUIbI (HBIOTOH U IpaMM-
cuaa), a AN «JABJEHUS AyTH» — macKaab (HbIOTOH
Ha KBaJ[paTHbBIA METP) U I'PaMM-CHJa Ha KBaJpaTHbII
MeTp

B pa6ore [3] ycraHOBJEeHO, YTO CHJIOBOE BO3-
nelictBue ayru F npomnopimoHaabHO KBaJIpaTy CUJIBI
Toka, T.e. F = KI* (H uiu r-¢) u uMeeT aJeKTpo-
MAaTrHUTHYIO TIPUPOLY .

[Iportecco, mpoucxo/siue B CBAPOYHOH yTe M
MPUBOJSAIINE K BO3HUKHOBEHUIO [IaBJEHUS IyTH Ha
SKUIKUT MeTaJlJT B CBAPOYHOH BaHHE, /10 KOHIIA ellle He
u3y4yeHbl. AHAIN3 JUTEPATYPHBIX JAHHBIX TTOKA3bIBa-
€T, YTO CUJIOBOE BO3JEHCTBUE JyTU UMEET HECKOJHKO
OCHOBHBIX COCTaBJIAOMMX [4]:

*B naHHOii paGoTe KCIIOJIb30BAHIE PASMEPHOCTH TPAMM-CUJIbI U TPAMM-CHJIbI HA KBAIPATHBII MIJLIUMETD, & TAKKE HEKOTOPBIX 0603HAYEHUIT
06y CJIOBJIEHO TEM, Y4TO OHU ObLIM TPHHSTHI B PACCMATPUBAEMBIX HAMM HCTOUHUKAX.

© JI. B. KOBAJIEHKO, K. A. IOIIEHKO, 1. B. KOBAJIEHKO, 2002
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® CUJTY, CO3/I1aBAeMYT0 HOCUTEJSIMU SJEKTPUIECKUX
3aps/I0B — 3JIEKTPOHOB U MOHOB;

® 3JIEKTPOMArHuTHYIO CUJY;

® 3JIEKTPOJIMHAMUYECKYIO CHUJIY;

® CHJIBI PEAaKTUBHOTO JENCTBUS Ta30B W TapPOB.

O cujax peakTUBHOTO JIEMCTBUS Ta30B U MApOB B
pabore [4] npakTHYecKn HUYErO HE CKAa3aHO, a O Iep-
BOH cocTaBJISIONIeH CUJIOBOTO BO3/IeCTBUS IyTH OTMe-
YeHO JIWIIb, YTO OHA, CO3[aBacMas HOCUTEJSIMU 3aps-
J0B, OyzleT Bcerja, Tak Kak aHeprusi B jyre Ha 99 %
MEPEHOCUTCST  HJIEKTPOHAMHU, WMMEIONMMEI  GOJIbIIYIO
KUHETUYECKYIO SHEPTHUIO, ¥ JaBJEHHUE HA aHO/| OOJIbIIIE,
yeM Ha KaTog.

DJIeKTPOMATrHUTHAS COCTABJISIONIAS — CJIE/ICTBHE
BO3/IeHICTBUS HA XKU/IKYIO BAaHHY MeTaJlia (1o KOTOpOI
IPOTEKAeT TOK) MATHUTHBIX MOJeH, GIM3JIekKalnx
MTPOBOJIOB C TOKOM.

DJIEKTPOANHAMIYECKAS COCTaBJIIONIAS B OCHOB-
HOM 00ycJIoBIMBaeTcs TMHY-3¢h derToM (pagnanbHbIM
coxatnem) [4]. 3amernm, uro ee H. A. Mabenko [4]
HasBaj ajekrpoauHamuueckoi, a I1. A. Illoek [5] u
A. A. Epoxun [6] — rasokuHeTHYECKOI CHUJIOi, YTO
JIydIiie BeIpasKaeT ee (DU3NIECKYIO CYNIHOCTD.

[TonusiTHO, YTO /151 MOHUMAHUS TPUPO/IBI JTABJIEHUS
JIyTH, a TaK)Ke UCI0JIb30BAHNS B TPAKTHUECKIX IIeJISIX
OUY€eHb BAKHO OIPEIETTUTD /IaBJIEHUE UM CHJIOBOE BO3-
JIeVCTBHE SKCIIEPUMEHTATHHO Ha PeaTbHBIX CBAPOYHBIX
JIyTax.

MexaHu3M MOBbBIIIEHUS TTyGHHBI TPOILIABJIEHS TPU
A-BUT cBapke 70 cux 1op JI0 KOHIIA He siceH. B cBg3n
C 9TUM Tpe/cTaBisteT unHtepec pabora [7], B KoTOpOIt
P PACCMOTPEHNUN BJUSHUS aKTUBUPYIOMIETO (pirroca Ha
yBeJIMUeHre TIPOIJIaBIeHNs BaJKHOE MECTO OTBOIMTCS
JIaBJICHUIO JIyT! Ha pacIyIaBieHHbIN MeTast. IIpu stom
Ha OCHOBE ITPOBEJIEHHBIX PACcYeTOB YTBEPK/IAETCS, YTO
MakcuMasibHoe maBierne npu A-BUT cBapke mo cpas-
Henuto ¢ BUT cBapkoii ysesmunBaercst 10 35 %, OIHAKO
JKCIIEPUMEHTAJIbHbIE TIO/ITBEPIK/IEHUST HE TTPUBOJISATCS.

Metoapl n3MepeHus: JaBJeHUS] M CUJIOBOTO BO3-
npeiictBusi ayru. VI3BecTHBI /[Ba MeTO/[a W3MEPEHUS
MeXaHU4YeCKOro Bo3zelicTBus ayru. Ilepsbrif, Ha3bIBa-
eMBIii MeToZIoOM BecoB (B3BEIIMBAHUSA), WU BECOBBIM
METOZIOM, TIO3BOJISET HETOCPEACTBEHHO OIMpPEAeTUTD
MOJIHYIO CHUJIy BO3JEHCTBUS Ha MeTaJlJl CBAapPOYHOIL

Ta6amua 1
K-10° K40’
A A
Tox TIOJTHO#T rasoxi-
. | Mumna |Tloanas Ta3okuHeTn- | HeTHYec-
TIPSIMOii CHJIBI B .
JyrH cuna yecKast CuJia Koii Ucrou-
TIOJISIP- ] ) dop- F =F - .
HocTi v JyTH Myte " Hon CHUJIBI B HUK
I A MM Flon TC Foo= -F,, rc dop-
’ _ noJa 2 lej.[e
] I;IA’Z Fn<=1<12 ,
re rc/A
200 5...10 1,0 2,5 0,3 0,8 [8]
150 - 1,3 6,0 0,3 1,5 [10]
150 2,5 1,1 5,0 0,4 1,9 [11]
120 2,0 - - 0,5 3,7 [13]
10 1,0 - - 0,005 5,0 [9]

JIyTH, KOTOpasl TIPECTAaBIIeT cOO0 CyMMY 3JIEKTPO-
marautHol (F,,), rasokunerundeckoii (Fp) u Apyrux
cocrapystiomux (eMHUIBI U3MEPEHUs — HBIOTOH,
KHJIOTPaMM-CIJIa, paMM-cuja). HexoTopbie aBTOpbI
MIPY OTIPEIEJIEHNU CUJIOBOTO BO3IAEUCTBUSI TyTH JJIEK-
TPOMATHUTHYIO COCTABJISIONIYIO YaCTO BBIYUTAIOT U3
MOJIHOM CHJIBI, & APYTUE COCTABJISIIONINE ITOJTHON CHJIBI
HE YYUTBIBAIOTCS.

CyIHOCTh BTOPOTO METO/Ia, KOTOPBII HA3bIBAIOT
MaHOMETPUYECKUM, WJIN METOJOM CTPOOHUPYIOIIETO
aHO/Ia, 3aKJI0YaeTcss B KOCBEHHOM OIpe/IeJIeHUH Ta-
30KMHETHYECKON COCTABJISIONIEN CHUJIBI TTOCPEICTBOM
U3MEPeHus PAIUATBHOTO PACIIPe/eeHust 1aBIeHIs
ayru (eAMHUIBI M3MepeHns — macKaab (HBIOTOH Ha
KBaJIDAaTHbI MeTp), TIpaMM-CHJIa Ha KBaJpPaTHbINA
MHIJLIAMETP). ITOT METOJ| TO3BOJISET ITOJYYUTh WH-
dopManuio 0 ra30KMHETHIECKOI COCTABJISAIONIEN CIIbI
(B HPIOTOHAX WJIM IPAMM-CHJIE), MAKCHMAJIbHOM JaB-
JieHnH 1o ocu yru (B macKasisgx, HbIOTOHAX Ha KBa-
paTHBI MeTp WM TpaMM-CHJIe Ha KBa/IPATHBIN
MUJLIUMETP), AWAMETPE NATHA AaBiaeHnss u ¢opme
KPHUBOIl  pPaJiMaJbHOTO  pacHpe/eieHus]  /IaBJIeHUs
(xpuBag T'aycca maM 9KCIIOHEHTA).

[Ipu mcciaenoBaHny MeXaHUYECKOTO BO3EHCTBUS
CBAPOYHON [yr¥ HA METAJI PAIUOHAJIBHO UCIIOJIH30-
BaTb 06a METO/a, TAK KAaK OHU JIOMOJHSIOT APYT APYyTa.

Becoesoii memod ( memoo e36ewusanus). OnHol u3
MepPBBIX pa6oT MO U3MEPEHHI0 CHJIOBOTO BO3ENCTBUS
JIyTH BECOBBIM METOJOM CJie[lyeT Ha3BaThb HUCCJENO0-
Banue A. B. Ilerposa [8], B KoTOpOM ommcan mpu6op
[pPU TOPU3OHTAJIBHOM pPACHoJOKeHnn nyru. l3me-
penus nposoansn Ha ctamu 12X18HIT myroii, ropsi-
TIeil B aproHe IPY IIJIAaBSIIEMCS 1 HETLIABSIIEMCS 2JIEK-
Tpojax, Ha Tokax or 100 mo 550 A, ammue ayrm
5...10 mm.

B paGote cnenanbl caeayolye BbIBOIBI:

1) mosHas cusa BO3AEHCTBUSA IyTH, KaK U €€ JIeK-
TPOMarHUTHAs COCTaBJAIONIAA, MOKET OIPe/e/IAThCs
bopmyoit Fyo, = KI? (r¢), tne K — xoaddurment,
3aBHUCAIINI OT yCJIOBUI CBapKU;

2) ¢ yMeHbIIEHWEM JuaMeTpa JJIEKTPOJa TOJHAs
CHJIa IyTU HECKOJIbKO BO3PACTAET;

3) mpu yBeJIMYEHHH [[yTOBOTO MPOMEKYTKA [; oI
Hasl CHJIA TyTH HECKOJBKO YMEHbBIIAETCS;

4) TI0JIHAS CUJIA LYTH TIPHU TLIABSIIEMCS HJEKTPOJIE
60JIbIlle, YeM TP HETIABSIIEMCs, YTO OCOOEHHO 3a-
METHO TIPH OOJIBIINX TOKAX.

B pa6orax [2, 9—14] usmepeHusi CHJIOBOrO BO3-
JefiCTBUST JYTM BECOBLIM METOJIOM OIIMCAaHBI HA He-
CKOJIbKO BU/IOM3MEHEHHBIX npubopax. Hambosee xa-
paKTepHbIe JaHHbIE U3MEPEHUS [JIsI CBAPOYHOU JYTH C
BOJIb(PPAMOBBIM  3JIEKTPOJIOM, TOPSIIEN B aproHe,
npuBefenbl B Tabs. 1. Kak BuguM, maHHble B pa3HbIX
paboTax He COBIAIAIOT.

Manomempuuecxuiic memod (memod cmpobupyio-
wezo anoda). Buepsble MaHOMETPUYECKUI METO.,
UCIIOJIb3YEMbBIN B OCHOBHOM JIJisI U3MEPEHUST PAHaib-
HOTO pacIpejiesieHust [aBJeHUsT IyTrH, ObLT IPUMEHEH
I1. A. Illoexom [5]. B ycraHOBKe TIpM HEMIOJBUKHOI
JIyTe, TOpsIIell Ha BOIb(PAMOBOM JIEKTPOJE TUAMET-
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Ta6auma 2
Maxkcumaib- s
CBapou- CxopocTtb Yron HOE JIaB- K10 B
. Jlmmmaa [ametp Tlommast
HBIIl | mepemeneHust o 1 ratona d 3aTOUKHI JieHne cnna F d)OpMyJIC2 T OT— Ipiveuarie
TOK I, IyTH 0, AYTH Ly ! KaTo/1a, Ha OCH e Fion= KZI ,
A M/ 4 MM MM rpaj Paxs . e rc /A
F‘C/CMZ
100 Hemnon- 6 6,25 45 4,0 0,36 3,6 [5] F .. n K us[6]
BIKHASA
150 > 1 6,25 45 13,0 0,81 3,6 [5] F,,, BbIUICJIEHA
aBTOpaMu
210 21,4 1 4,0 34 14,5 0,2 [19]
150 21,4 1 4,0 34 0,1 [19] F oo, 13 [19]
140 - - - - 11,0 0,8 4,0 [15]
80 2,46 2 3,0 45 3,3 0,127 2,0 [16]
150 2,46 2 3,0 45 0,45 2,0 [16] F,, Boranciena
aBTOpamMu
150 3,0 1 3,0 55 4,8 - - [18]
150 - 1 - - 8,5 - - [7] Bes aktuBupyioriero

¢umoca

poM 6,25 MM ¢ YTIJIOM 3aTOYKH 45° B aproHe, mepeme-
MIAeMbIil MUKPOBUHTOM BOJOOXJIAK/IAEMbBIN  aHOJ
umeeT orBepcrre auamerpom 0,5 MM, COeIUHEHHOE C
MHKpOMaHoMeTpoM. [laBjienue Iyru u3Mepsiioch Mpu
HEMO/[BUIKHBIX JIyT€ U aHO/€ B HECKOJBKUX TOYKAX TI0
pazuycy AyTU: OT ee OCH, T/le JaBJeHne MaKCHMaJIbHOe
Jlo iepudepy 1 T/le OHO PaBHO HYyJI0. Pactnipesiesienue
JABJEHUS [0 PAZNyCy [IyTH, TPHUBEJIEHHOe B paboTe
[6], o yrBepsxennio A. A. EpoxuHa, cOOTBETCTBYET
HOPMAJIbHOMY PACIIPEIEJIEHUIO, T.€. PACIIPEIeJeHUIO
laycca, u9TO cooTBeTcTByeT YypasHenuio P(r) =
= Praxexp(—ar?).

B pat6orax [6, 15—18] usmepeHust MpOBOIUIN TIPH
JIBUCKYTIENCsT Jyre IO YCOBEPIIEHCTBOBAHHBIM Me-
TOAWKAM ¥ C WCIOJb30BAHUEM PA3JINYHBIX KOHCT-
PyKIHii IpuGoOpOB.

B ta6.1. 2 npuBeieHbI iuTEpaTy PHbIE TaHHBIE N3Me-
peHus AaBJIeHUs [yTH MAHOMETPUYECKUM METOIOM.

I[To muennio A. A. Epoxuna [6], BcieacrBue
Pa3JInyuus U HECOBEPIIIEHCTBA METO/IMK MAHOMETPHIYEC-
KOTO MEeTO/[a 3TU Pe3YJIbTAThI CJELYET PACCMATPUBATD
KaK KauecTBEHHbIE, a He KoJmdyecTBeHHbIe. Kak BuaHO
u3 Tabu1. 2, pa3bpoc JaHHBIX I Ppy.y 1 Fio, TOBOJBHO
3HAYNTEJbHDBIN.

[Tpeacrabasier uuTepec pabora [18], B KoTOpOi

e yBeJIMYEHNEM BCTPEYHOTO aHOAHOTO TIOTOKA, KO-
TOPbIN YMeHbIIIaeT OCHOBHON KaTO/HbBIH MOTOK;

e Garofapst THHY-3PEKTY B pe3yJIbTare CKATUS
JIyTH aKTUBUPYIOMIUM (DIIOCOM YMEHBIIAETCST PA3HUIIA
MEK/y MaKCHMaJbHBIMU OCEBBIMU [ABJIEHUSMH B Ka-
TOIHOM W AQHOJIHOM IISITHE, YTO HPHUBOAUT K YMEHb-
MIEHNIO HATOPA M OCEBON CHUJIBI TyTH.

Takum o6pasom, ucxoas us pa6oter [18], MoxKHO
[IPE/ITI0JIOKHUTD, YTO BBE/JIeHNE aKTHBUPYIOIIEro dioca
YMEHbIIaeT Ta30KWHETUYECKUI HAIMOp AyTH, HO B TO
JKe BPeMsI IIPUBOUT K YBEJUUEHUIO JPYTUX COCTABJIS-
IOIUX CUJI, JeficTByIomuX Ha BaHHy (aJeKTpoMar-
HUTHAsI, PEaKTHBHAS CHJIa [TAPOB U Ta30B), UTO B 1[€JIOM
MOBBIIIAET MAKCUMaJIbHOE [[aBJeHHEe HA OCH, KOTOPOE
JIOJIZKHO CIIOCOGCTBOBATD YBEJIUYEHUIO ITyOGUHBI TPOII-
JIABJIEHUSI.

CpaBHuTe BHBII aHAIH3 [BYX METOJOB H3Me-
penus. HecMoTps Ha 3HAUNTENbHBIN Pa3dpoc TaHHBIX
10 U3MEPEHMAM JIBYMSI METOJJAMH, [IJIST IPEABAPUTED-
HOU OIEHKU MOKHO IIPUHSTD CPEIHNE 3HAUEHHS CHUJIO-
BOro BoszeiicTBus (II0/IHAsA CUJIa), Ta30KMHETHIECKOI
COCTABJIAIONIEN U MAKCHUMAJbHOTO [aBJEHHS HA OCHU
npu BUT cBapke B aprone (tabu. 3).

Ta6amma 3
HCCJIeIOBAHO BIMSHAE akTHBUpYIomniero (uroca GC-71 5 "
IJ1eKTpO- - : akcn-
npu BUT csapxke craimun 12X18HIT, usmepeno pacn- Honmas | sarmmr- T&Jfgﬁgg MABHOE
peaesenne  IJIOTHOCTU TOKa, [JdaBJieHue JAyrm I10 Mertoz cuia Has coc- COCTABISIIO- JlaBJICHIEe
meroguke II. A. Iloeka [5], HO mpu mepeaBUKEHUN H3Meperna Fuon | TaBastio- mas *;‘;‘OC“
T mas N o
JIyTHU €O cKopocThio 3 M /4. B paboTe c/iesaHa MOMbITKA F,, rc Fpp 1 reyon
TEOPETHUYECKOTO OOOCHOBAHUSI ~ BJIUSIHUS ~ aKTHUBU-
Becosoit 1,1 0,8 0,3 -
pyforiero ¢uoca Ha pacnpe/ie/ieHue JaBJcHUS IyTH 1
I‘]IyéI/IHy MPOTLIABJIEHUS. Manomerpu- - - 0,4...0,6 5,0...7,0

B pa6ore [18] npumedareibHO TO, 4TO MAKCUMATb-
HOE JIaBJIeHUE IPU CBAPKE M0 aKTUBUPYIoieMy (Jiocy
MeHbIe, yeM Ge3 ¢uroca. ITO OOGBICHSIETCS IBYMSI
dakTopamu:

YeCKUit

Ilpumevanue. PexuMm ropeHust ayru Ast 060uX
aytonmii: I =150 A, [, = 1...2 mm.

METOJO0B CJie-

33



HEAT SOURCES, HYDRODYNAMICS, FORMATION OF JOINTS

B psine pa6or [20, 21] vcceoBano BaMsSHUE HA 1aB-
JIEHWE W CUJIOBOE BO3/ICUCTBUE IyTH TAaKUX TTApaMeTPOB,
KaK HarpsuKeHue, JIMHA JyTH, TEOMETPHS 3aTOUKU He-
TJIaBAIIerocs aaeKkTpoza. [Ipu aToM moJrydeHnl HecoBIIa-
JIAIOMIIE, a TO U MPOTUBOPEUNE PE3YJIbTATHI.

W3yyenbl Tak)Ke 3aBUCHMOCTU TIOJIHOTO CHUJIOBOTO
BO3JIecTBUS Fpo; M MaKCUMAJIBHOTO JIABJEHUS JYTH
Ha ee ocu Py, OT cuibl Toka. UTo KacaeTcsl mepBOit
3aBUCUMOCTH, TO O HEH y’Ke IJIa pedyb BbINME W OHA
SIBJISIETCST OOMIEPUHATOH, T. €. Fio; = KI 2,

OtHocutesbHO 3aBucumoctTd P.. or I, TO
O6OJIBIINHCTBO UCcaeaoBaTe el |5, 22—24] onucbiBaoT
ee ypaBHeHUeM Py = K'T 2. Opnaxo BCTPEUAIOTCS U
npyrue muenus [ 25, 26], a umenno P, = K"'1.

O6a pacCMOTPEHHBIX METO/Ia U3MEPEHUST CUJIOBOTO
BO3/ICHICTBYS W JABJECHUS [TyTH UMEIOT MTPENMMYIIECTBA
n "HenoctaTku. HemoctaTkaMu MaHOMETPHYECKOTO Me-
TO/Ia SIBJISIETCSI HEBO3MOXKHOCTH M3MEDPEHUs 3JIEKTPO-
MarHUTHOI COCTaBJIAIONIEH, BbI3BaHHOI cuiamu Jlo-
peHIla, ¥ PEaKTUBHBIX CUJI IIAPOB MeTaJ/ljla U Ta3oB, a
TaK)Xe CJIOKHOCTD aliapaTypbl W TIPOBEIEHUS UCCTe-
nosanuii. HemocratkaMu BecOBOTO MeTo/la SBJSIETCS
TO, UTO 9TU U3MEPEHUs He JAlOT 3HAUEHUN MaKCUMaJIb-
HOTO [IaBJIEHWS HA OCH MYTH, YTO HEOOXOIUMO JIJis
oTipejiesieHUs TIyOMHBI KpaTepa B BaHHE IO/ JyTOH, a
TaK)Ke CyIIeCTBOBABIAs MHOTHE TOJbI HEOIpe/eseH-
HOCTb € HEOOXOJUMOCTHIO BBIYMTAHUS 3JIEKTPOMATr-
HUTHOW COCTaBJSIONIEH W3 TIOJYYEHHOTO 3HAYEHUS
oJIHOI cuJbl [6, 8].

Ha Har B3rJ1s1/1, BECOBOI METO/] ABJIsIETCS HanboJjiee
MpUeMJIEMbIM 6J1aroapst CBOei MPOCTOTE U BO3MOXK-
HOCTHU M3MEPEHUST BCEX CUJI, IEHCTBYIONUX HA CBApOY-
HyI0 BaHHYy. HeornpeieseHHOCTh ¢ BBIYUTAHUEM 3JIEK-
TPOMATHUTHON CHJIBI PEITAeTCs MyTeM TOAKIIOYEHUS
TOKOIIO/IBO/Ia K CBapuBaeMoMy 006pasily B OIpe/lesieH-
Hoe mecrto [27, 28].

B TO Xe BpeMs HeJb3s COTJIACUTBCS C YTBEP:XK-
JIeHueM aBTOPOB paboThl [27], 4TO paccMOTpeHHbIE
BBIIIIE JIBAa METO/[a M3MEPEHUSI CHJIOBOTO BO3/ENHCTBUS
W JaBJEHUS HENPUTOAHDI /sl TIPUMEHEHUsST XOTs Obl
MOTOMY, YTO JPYTUX METO/IOB MOKA HE CYIIECTBYET.

Meroauka uccaeaoBanus. [Ipeanoxena cienyro-
nasgs MeTOJIMKA JIJisd  OIpeJeJIeHrs] CHJIOBOTO BO3-
JIEMICTBUS, CPETHETO U MAKCUMAJIBHOTO JIaBJIEHU YT H:
U3MepeHre TOJHOTO CUJIOBOTO BO3/IEUCTBUS JYyTU Be-
COBBIM METO/IOM; H3MepeHHe AuaMeTpa U ILIOMA[u

F H-10-2

ey

3.0

2.0

1,0}

0

1 1 1
5Q 100 150 200 250 1, A
Puc. 1. Biusiaue TOKa CBapKM HA MOJHOE CHIIOBOE BO3/EHCTBUE IyTH
npu BUT (7,2 ) u A-BUT (3, 4) capke (v, = 100 mm/MuH, [, =
= 1,5 MM): CIIOImHas KPUBas — OKCIEPHMEHTAbHbIE JAHHDIE;
mrpuxosasg — pacuernbie (K = 0,08:10 r-c/A")

AQHO/THOTO TISITHA METOIOM CEKITMOHUPOBAHHOTO aHO/IA;
pacuer Ko03(hUIIMEHTA COCPEIOTOYECHHOCTH; PaCdeT
CPEHET0 M MAaKCUMAJIbHOTO JABJEHUH IyTH.

OrmpenesieArie TOJHOTO CHJIOBOTO BO3/IEHCTBUS
nyru npu BUT u A-BUT cBapke BbIIIOJIHSIN BECOBBIM
METO/IOM C WCIOJIb30BAHUEM YCOBEPIIEHCTBOBAHHOTO
npubopa, koucrpykiuu A. B. Ilerposa [8]. IIpu aTom
UCCJIEIOBAIN JBIKYIIYIO [IyTy B BEPTUKAJIBHOM
HIKHEM ToJioskenuu. [Ipu cBapke nmpumensim o6pas-
b1 13 craan 08X 18H 10T rosmuuoit 10 MM, B KauecTBe
HETLTABAIIEroCs 3JEKTPOa MUCIOJb30BAIN BOJb(paM
nuamerpoM 3,2 MM ¢ yryioM 3atouku 30°. Ilpu atom
TOK BapbupoBasu B auanaszone 100...200 A, a aauny
JIyTH — B IuamnasoHe 1...5 MM, CKOPOCTb CBapKH Oblja
nocrosgsHHol u cocrtasistia 100 MM /MuH. 3alUTHBII
ra3 — aprod. B kKadecTBe akTWBATOpa MCIOJIH30BAIN
aspososbHbiil aktuBarop ITATUT C-A. B nporecce
IKCIIEPUMEHTOB WCCJIEOBAJIN 3aBUCUMOCTD BJIUSHUS
TOKA CBapKW M JJIMHBI YT Ha CUJIOBOE BO3/IelicTBIE
JIyTH.

[MockombKy [aBjeHWE IyTH UMeEeT 3JEeKTpoMar-
HUTHYIO TIPUPOJLY, TO JIJIsI OIPe/esIeHUs TIOJTHOTO /1aB-
JIEHWS YTV HAa CBapOYHYIO BaHHY HEOOXOAMMO 3HATh
JIMaMeTP ¥ TJIOIIAb aHOJIHOTO TISITHA [IyTH.

UccaenoBanus 1o usMepeHuio [uaMeTpa aHOIHOTO
MTHA TTPOBOJIMJIM METOJIOM CEKITHOHUPOBAHHOTO aHO-
Jla TI0 MeTo/IMKe u3 paboThl [S]. DKCIepUMEHTBI TTPO-
BOJIMJIV HA PEKUMAX CBAPKU, KOTOPbBIE TPUMEHSLIN ITPU
UCCJIEIOBAHUSX CHJIOBOTO BO3/IENCTBUS JYTH.

[l BBIYMCJIEHNST MAaKCUMAJIbHOTO JIABJIEHUST IyTH
HEOOXOMMO 3HATh 3aKOH pacIpe/ieIeHnsT TaBIeHusT 1
koapdurmenT cocpemporoueHHocTr ayru. Ilocaemnauit
oTIpeiesisiin 1o Metoauke [29].

Cpennee maBjeHue BBIYUCISAIN 110 (popMmyie

P,=F/S (r-c/mMm?), (1)

rae S — IJIOMAJb aHOIHOIO ISTHA, MM,
Bpruncintb MakcumanbHoe faBiaeHue P, MOXHO
0 HUKe MPUBEIEHHOM 1o popMyJie
2
a’F
P =—,

max T

(2)

rae a* — Kod(PUIMEHT COCPELOTOUCHHOCTH ILIOT-
HOCTH TOKa ¥ COOTBETCTBEHHO, KaK IIPUHSITO HAMU, JIaB-
JICHHE IyTH, MM 2.

@opmy.ia (2) cooTBeTCTBYET U OOIIETPUIHAHHOMY
VPaBHEHUIO PAIMATbHOTO PACIpeIeIeHIsT AaBIEHUS
ayru P(r) [6], a umenno

P(r) = Py, 3
rle ¥ — PaauajIbHOE PACCTOSHUE OT OCH JyTU, MM; d —
k03(DDULHMENT COCPEIOTOUCHHOCTHU JIaB/ICHIs IyTH, MM
(@ w &> — pasubie oGosuauennss koapuimenta,
NPHMHATHIE PasHbIMK aBTOpaMu [6, 29]).

B cBoio ouepenp ypasuenue (3) TOYHO COOTBETCT-
BYET YPaBHEHUIO PACIIPE/IETEHNs] YAEIbHOTO TEILIIOBO-
ro notoka ¢(7) [30]

672(7) = 672m6‘_k72, (4)
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TZle G2, — MAKCUMAJIbHBIN Y/I€JbHBIN TETLIOBOH MTOTOK
Ha ocu ayru, kai/ (mm>c); B — KO3(:1)C]§I/IL[I/IGHT coc-
PEIOTOUYEHHOCTH TEILJIOBOTO IIOTOKA, MM

Peayibratbl HccaeoBanuii. Pe3ynbTaThl uccieo-
BaHWU MOJHOTO CHJIOBOTO BO3/IEHCTBUS IyTH MIpUBE/Ie-
HBbI Ha puc. 1. IKCIepUMEHTDI TIOKA3aJ1, YTO C TOBbI-
NIEHWEM TOKA CBApKHU IOJHOE CHUJIOBOE BO3IENCTBUE
nyru BospacraeT kak npu BUT, tak u npun A-BUT
cBapKe.

3HaueHMs TOJHOIO CUJIOBOIO BO3AEUCTBUS JYTH B
nuariazore TokoB 50...100 A npu BUT u A-BUT cBapke
MIPAKTUYECKHU He OTJINYaioTcs, a mpu Tokax 150...200 A
mpu A-BUT cBapke na 10...15 % OGoJbiie 10 cpas-
nvenmuio ¢ BUT cBapkoii. OUbITHI TaK:Ke MOKA3aIH, YTO
u3MeHeHNe [IJIMHBI JyTu OT 1 70 5 MM He OKa3bIBaeT
cymecTBeHHOTO Biaustanst Kak npu BUT, tak u A-BUT
CBapKe Ha II0JIHOEe CHJIOBOE BO3JeCTBHE IYTH.

Kax Bugno u3 puc. 2, npu BUT u A-BUT cBapke
C TIOBbIILIEHIEM TOKA CBAPKU [ JuaMeTp aHO/HOTIO IIsITHA
d, M COOTBETCTBEHHO €To Tromaab S, Bo3pacraior. C
YBeJMYEHNEM JITUHBI YTH TPU (PUKCUPOBAHHOM TOKE
YKa3aHHbIe pa3Mepbl aHOAHOTO TISITHA TaKKe BO3pac-
tafot. [Ipum aToM pasmepnt anoHOTO NgTHA Tipu A-BUT
cBapke 110 cpasuennio ¢ BT cBapkoii Bo Beeit o6mactn
HCCJIeIOBAaHHBIX PEKUMOB MeHbIne: d, — Ha 10...18 %,
a S, Ha 20...30 %. Pacuernl ToOKaszamu, 4TO C
VBEJIMYEHNEM TOKA CBapKH, 3HaueHus KoaduimmeHTa
cocpe/IoToueHHOCTH nafaroT Kak mpu BUT, Tak u A-BUT
CBapkKe.

Ha ocHOBaHWW MOJTYYeHHBIX JAHHBIX BBIYUCJIEHDI
cpellHue U MaKCUMaJIbHbIE IaBJeHus AyTu 1no hopmy-
aam (1) u (2). V3 mosyyeHHBIX Ha pUC. 3 JAHHBIX
BuHO, uto nipu BUT u A-BUT 3nauenust cpegnux u
MaKCUMAJIbHBIX [IaBJEHUN [yTW B [UANa30HE TOKOB

100...150 A pactyT 3HAUYUTEJIBHO, a B JUATTA30HE TOKOB
150...200 A — wmenee uHTeHCcuBHO. Ilo-BumMOMYy,
Takyme TEHJEHIMM B  3aBUCHMOCTSAX  BBI3BAHBI

pas3JimvyreM IUHAMUKHU POCTA TLJIOIIA/IA AHOHOTO IISITHA
[0 CPaBHEHUIO C POCTOM 3HAYEHUN CHJIOBOTO BO3-
nefictBua gayru. Craemayer oTMeTuthb, 4to npu A-BUT
CBapKe cpe/lHee U MaKCUMaJIbHOE JlaBJjieHue Ha
30...50 % Goubie, yem npu BUT cBapke, a B a6Gco-
JIIOTHBIX 3HAUYEHUSAX COOTBETCTBEHHO Ha 1,7...3,9-102
n 5,4...11,7-102 [Ta. Ilo-BupumMoMy, JaBjeHUE IYyTH
SIBJIIETCSL CYIIECTBEHHBIM (DAKTOPOM, BJMSIONIUM Ha
yBeJWUYeHue TJAYOUHBI TporiaBiaeHuss mpu A-BUT
CBapKe.

[l cpaBHEHUS AKCIIEPUMEHTAJIbHbBIX JIAHHBIX T10JI-
HOTO CHJIOBOTO BO3/IEHICTBUS [[yTU C TEOPETHYECKUMH,
ObLIM MTPOBE/IEHBI BBIYUCJIEHNUS TI0JTHOTO CUJIOBOTO BO3-
neiicTBus nytu F o, 1o popMy.Jie, IpuBeIeHHOH B pa6o-
te [27]:

ol (3

in |4

R,

R

F +1In [H], (5)

moa — <
rae I — Tok cBapku; R,, Ry paJnychbl COOTBETCT-
BEHHO aHO/JHOTO M KaTOJHOIO msATeH ayru, MM (3Ha-
yenust R, nis Toko 100, 150 u 200 A npuHATHI CO-
orerctBenHo 0,5, 0,75 u 1,0 MM); g — MarHurHas
IpoHMIAeMocTDb, paBHast 410~ T,/ M.
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PI/IC. 2 BJTH;{HI/[@ TOKa CBApKH Ha AWaMETPp aHO/JAHOTO IIATHA IIpU
BUT (1) u A-BUT cBapke (2) (v, = 100 MM/ MuH, [, = 1,5 Mm)

Kak cnexyer us puc. 1, Teopernyeckue AaHHbIE
F o MeHbIIIE 3KCIIEPUMEHTATbHBIX, TpudeM /s BUT
CBapKy TeopeTudecKue JaHHble CUJI0BOTO BO3/IEHCTBUS
Bbimie, 4eMm s A-BUI cBapku, T.e. ob6parnas
KapTHHA. JTO MOXHO OOBSICHUTH TE€M, YTO TPUHSTAs
B pabotax [25, 27] Mojesb Iyru u CBAPOYHON BaHHbI,
a TakKe cXeMa pacueToB Hea/leKBATHBI PeaJbHON JyTe
u cBapouHoii Banne (4To oT™Meuasioch B pabore [27]).

Takum 06pa3oM, peIJIosKeHHAS MOJIENb He YIUTDI-
BaeT PEaKTUBHYIO CUJIy JaBJIEHUS [1apOB U Ta3oB, T.e.
B3auMoO/ieiicTBMe [yTM M BaHHBI, IPOIECC KOTOPOTO
3HaynTebHO nHTeHcUpuImpyercsa npu A-BUTL cBap-
ke. Kpome TOTO, YBEJIMYEHUIO CUJIOBOTO BO3/IEHCTBUS
nyru ipu A-BUT cBapke croco6CTBYeT yBenyeHue
3JIEKTPOMArHUTHOM cocTaBJisioniell F,y, B CBI3H ¢ BO3-
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Puc. 3. Biusnue toka capku Ha cpeanee (@) u makcumalbroe (6)
nasaenne gyru npn BUT (2) u A-BUT (1) capre (o, =
=100 MM/ Mun, [, = 1,5 Mm)
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pacTaHWeM TIJIOTHOCTH TOKA j COTJIACHO YPaBHEHUIO
F.,,=jB, tie B — MarHUTHas WHYKIINS.

BoiBo1p1

1. IlpoBeneHHDIN UTEpaTyPHBIN 0630p PabOT MO HC-
CJIeTOBAaHUIO U M3MEPEHMIO CUJIOBOTO BO3/EHCTBUS U
nasnernst ayru nipu BUT u A-BUT cBapke moxasast
3HAUUTEJbHbIE PACXOXK/JIEHUS JAHHBIX. IJTO MOXKHO
OODBSCHUTD TEM, UYTO WCCCJENOBAHUS MPOBOAUIU C
UCIOJIb30BAHUEM PA3JIMYHBIX METOJUK, KOHCTPYKIUI
npu6OpPOB ¥ TPU HEOAWHAKOBBIX YCJOBHUSIX 9KC-
MEPUMEHTOB.

2. Ilpennioskena aKCriepuMeHTATbHO-PACYETHAS METO-
JIIKA OTIpe/ieJIeHNsI CHJIOBOTO BO3/ICHCTBUS M [TaBJICHNS
JyTu Ha cBapoyHylo Banny nipu BUT u A-BUT cBapke.
Ucnonp3oBanie BECOBOTO METO/[a M3MEPEHHS CUJIOBOTO
BO3/IEHCTBHS [T JjaeT Ha/leKHble Pe3yJbTaTbl, IHPH-
eMJIeMblIe [T TPaKTUYeCKOTO TPUMEHEHUS.

3. IKCIEepUMEHTAIbHO YCTAHOBJIEHO, YTO B JHalla-
3one TokoB 100...200 A npu puune ayru 1,5 MM He-
sHaunteapnoe Ha 10...15 % (0,2...0,4 H-107?)
yBeJInYeHne cUa0Boro Bosaeiicteus npu A-BUT cBap-
ke 1o cpaBHeHmio ¢ BUI cBapkoil mpuBoauT K
3HaunresbHoMy Ha 30...50 %, a B aGCONIOTHBIX 3HA-
yeHuax coorsBercrBenno Ha 1,7...3,9 u S5,4...

11,7 T1a-10° BO3paCTaHWIO IOJHOTO, CPEAHETO U
MaKCHUMAJIbHOTO JIABJICHUN JYTH HA CBAPOYHYIO BaHHY,
YTO, MO-BUUMOMY, SBJSETCS OJHUM W3 (DaKTOPOB
noBbillieHud TporuiaBiaenus npu A-BUT csapke. Ilo-
JIydeHHbIE JaHHbBIE COTJIACYIOTCS C PACUYETHBIMHU W IK-
CHepUMEHTAJNBbHBIMU JJAHHBIMU HEKOTOPBIX MCCJIEI0BA-
TeJel.

4. PacxoxieHnst Mesk/ly 9KCIIePUMEHTAJIbHbIMU U
PACUETHBIMU JAHHBIMU TIO ONpPEJeJeHUI0 TTOJTHOTO
CHJIOBOTO BO3JIEHCTBHS IyTH OODBSCHSIOTCS HEaleKBar-
HOCTBIO paHee TIPEAJIOXKEHHBIX TEOPETUYECKUX MO-
Jlesieii 1yru, cBapoYHOll BaHHBI U CXeMbl pacueTa CHI,
peasbHbIM TIpoIleccaM, ITPOUCXOAIINM MIPU CBapKe.
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HCTOYHHKH HATPEBA, THAPOAHHAMHEKA, OBPA3OBAHHE COEAHHEHMHH

MOAEJTMPOBAHUE KOMBHNHHNPOBAHHbBIX
JASEPHO-IIVIASMEHHBIX ITPOIIECCOB OBPABOTRHA
MATEPHAJIOB U YCTPOICTB /IJISI UX PEAJIN3AIINI

. B. KPUBIIYH
(-1 snexrpocsapku uM. E. O. Ilatona HAH Ykpaunsi, r. Kues)

PaspaboTanbl MaTeMaTH4eCKIE MOJIE/IN U IPOBE/IEHO YUCJIEHHOE HCCle/[oBaHie (PU3NYeCKNX sIBJEHUN, IPOTEKAOIIX [IPU
B3aMMO/IEIICTBUN JIA3EPHOTO IMyYKa C JYrOBOIl IJIa3MOW M MX COBMECTHOM BO3/EHCTBHM Ha 00PabaThIBAEMBINl MeTAJl B
yCI0BUSAX KOMOMHMPOBaHHOI (J1a3epHO-TIJIa3MeHHO) CBapKM U TepMOOGPAGOTKH TOBEPXHOCTH. YCTAHOBJIEHO, YTO B
CHCTEME 3JIEKTPUYECKast yra—1a3epHbLil IIy4OK BO3MOKHO BO3SHMKHOBEHIE KOMOMHIPOBAHHOTO JIa3ePHO-/LyTOBOTO Pa3psi/ia,
KOTOPBIIf MOXKeT OBbITh MOJIOXKEH B OCHOBY CO3/IaHIs HOBOTO KJIacca MJIa3MEHHBIX yCTPONHCTB — HHTEIPUPOBAHHBIX Jasep-
HO-/[yTOBBIX IIJIA3MOTPOHOB /11 KOMOMHUPOBAHHOI CBAPKY, HAIJIABKU, HAbLIEHNS U Ap. Paspa6oTaHbl NPUHIUIIBI IOCT-
POEHUSI M METO/bl pacyeTa MHTErPUPOBAHHBIX IIJIA3MOTPOHOB PA3/JMYHOTO TEXHOJOTMYECKOrO HA3HAYCHUs. BbIIOHEHbI
TEOPeTUYECKIe MCCIe/[0BaHNs, Pa3paGoTaHbl MaTeMaTHIECKIe MO/IEJIN 1 ITPOBE/ICHO YICAEHHOE MO/IeIPOBAHIE TIPOIECCOB
JIA3E€PHOTO U IIJIA3MEHHOTO B3aMMO/EICTBUS € JUCIEPCHBIMU MaTepHaJaMi, IIPEIJIOKEHO IIPOrpaMMHOe O6ecIieYeHue [t
KOMITbIOTEPHOTO MO/ICJIMPOBAHUS IPOIIECCa MJIA3MEHHOTO HAIIbLICHUS.

Mathematical models were developed and numerical study was conducted to investigate physical phenomena occurring
in interaction of the laser beam with the arc plasma and their joint effect on the metal treated under the conditions of
combined laser + plasma welding and surface heat treatment. It was found that the combined laser-arc discharge might
form in the electric arc—laser beam system. This discharge can be used as the basis for development of a new class of
plasma devices, i.e. integrated laser-arc plasmatrons for combined welding, surfacing, spraying, etc. Principles of design
and methods for calculation of the integrated plasmatrons for different technology applications were developed. Theo-
retical studies were carried out, mathematical models were developed and numerical modelling was conducted to
investigate the processes of laser and plasma interaction with dispersed materials. Software for computer modelling of

the plasma spraying process is offered.

BBeaenue. B nocsennee BpeMs Bce 60JIbliiee pa3BUTHE
MOJIy4afoT KOMOMHIPOBAaHHbIE JTa3epHO-IyTOBbIE U Jla-
3€pHO-TIJIA3MEHHbIE  TIPOIIECChl  CBAPKU, PE3KU W
MOJNMUKAINT TTOBEPXHOCTH, Peai3yeMble ITyTeM COB-
MECTHOI'O BO3/ICHCTBUS Ha M3/eJIMe JIa3epHOro Iyyka
U 3JIEKTPUYECKOI, B TOM YHCJIe CKATOH (IL1a3MeHHoI),
ayru [1-9]. TIpu npakTuuyeckoil peanusanuu 6OJb-
MUHCTBA KOMOWHMPOBAHHBIX IIPOIECCOB o00a MC-
TOUYHUKA TeTlJIa BO3/eICTBYIOT HAa METAJJ B TIpefieax
o0111eii 30HbI HArpeBa, ITPUYEM Jyra MOXKET TOpeTh Kak
C TOI CTOPOHBI U3/e/Us, Ha KOTOPYIO HallpaBJ/IeH Jia-
3€pHbIii YYOK, TaK ¥ C IIPOTUBONOJIOXHOM. [Iponcxo-
JAMUi B 060UX CJIydasX HarpeB MeTaslTa 3JeKTpUdec-
KO Ayroil IpUBOAUT K JIOKQJIBHOMY IIOBBIILIEHUIO €T0
TeMIepaTypbl U, KaK CJEACTBHE, K YBeJINIEHHUIO
K02 PUIIEHTA TIOTJIONIEHS J1a3ePHOTO U3TydeHust. B
utore 3(M@HEKTUBHOCTb COOTBETCTBYIOIIETO JIA3€PHOTO
mporiecca BO3PAcTaeT, YTO OCOOEHHO Ba)KHO IIPH
UCIIOJIb30BAHUY JIA3€POB HEGOIBIIIOI MOITHOCTH.

[Ipn pacnosoKeHnN NCTOYHWKOB TelJsia C OJHOMN
CTOPOHBI H3IeJUST TIPOCTPAHCTBEHHAS CTAOHIN3AIINSI
AKTUBHOTO IISITHA YT B Pe3yJIbTaTe JOKAJN3AINH Y-
roBOii I71a3Mbl B 30He 00pasoBatust (11011 BO3/IeiiCTBIEeM
JIA3€PHOTO U3JIyYeHUsI) MJIa3MeHHOro axesaa mpu-
BOJIUT K TIOBBIIIEHUTO YCTOWIMBOCTH TOPEHUS AYTH IPH
MaJIbIX TOKaX ¥ GOJIBIINX CKOPOCTSX ee TiepeMelleHust
OTHOCUTEJIbHO U3JeJaUs U, Kak pesyJbTaT, K 3Ha-
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YUTEJBbHOMY POCTY TIPOM3BOAUTEJNBHOCTH JYTOBOI
(masMenHoi) cBapku 1 06paGOTKU METAJLIOB.

Eciu nazepHblil 1y4oK TPOXOAUT Yepe3 CToJb
AyTru, TO Hapdgay € OTME€UYEHHbIMU ABJICHUAMMU, IIPDO-
UCXOJAINIMMU HA MOBEPXHOCTH 00pabaTbiBAEMOro Me-
TaJIa, MOKeT HaGJII0IaThbCs U3MEHEHHeE TI0JTHOTO SHEp-
reTHYecKoro 6ajaHca JAyroBOro paspsijia, CBSI3aHHOE C
JOIIOJTHUTEJIDbHBIM BbIJEJICHUEM SHEPTUU B 06'beMe ay-
TOBOH TIJIa3MbI BCJIEACTBHE TOTJIONCHUS JIA3EPHOTO
u3Jaydenus. B ToM ciyydae, KOria MOIITHOCTD, BHOCHMAs
B JYI'y JIa3epHBIM ITyYKOM, COM3MEpPUMA C €€ 3JIeK-
TPUYECKON MOIIHOCTBIO, PEANU3YeTCsl MPOMEKYTOU-
HbIid (MeK/[y ONTHYECKUM U JyTOBBIM) THUII Ta30BOTO
paspsijia — KOMOMHUPOBAHHDIN JJa3ePHO-yTOBOM pas-
psn [10, 11]. UnTerpaJsibubie 1 0COOGEHHO JIOKAJbHbBIE
XapaKTEePUCTUKH IJIa3Mbl TAKOTO Pa3psia CyIlecTBeH-
HO OTJIMYAIOTCS OT COOTBETCTBYIONIMX XaPAKTEPUCTUK
MCXOMHON myroBoil miagMbl. UTo Kacaercst Xapax-
TEPUCTHUK JIA3ePHOTO My4YKa, TO OHU TaKXe IpeTeprie-
BalOT CyIIECTBEHHbIEC N3MEHCHNA B pe3yJibTaTe II0IJIO-
meHns: 1 pepakiny Ja3epHOTO U3JIyUYeHUs B IJIa3Me
paspsga. Kax craencrsue, sHeprusi, BBOAWMAsS B
n3Jiesve Py Ja3epHO-yTOBOH WJIH JIa3ePHO-TIJIa3MeH-
HOI 06paboTKe, HE CBOAMUTCS K MPOCTON CyMMe JHep-
TOBKJIAJIOB JIAa3€PHOTO ¥ JYTOBOTO MCTOYHUKOB TEILIA,
B3ATBIX B oTZeabHOCTH. [loaToMy BcecropoHHee pac-
CMOTpEHUE KOM61/IHI/IpOBaHHOFO BOSI[efICTBI/IH Ha Ma-
TePUAJbI HEBO3MOKHO G€3 IeTATHhHOTO TEOPETHIECKOTO
UCCTEIOBAaHUS W MAaTeMaTHYeCKOTO MOJEJUPOBAHUS
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IIPOIECCOB B3aMMO/IEHCTBHS JIa3ePHOTO IyYKa U dJIeK-
TPO/IyTOBOH T1JIa3MBblI.

BzaunmopaeiictBue Jja3epHOro my4yka ¢ ILIa3Moil
cros6a cxkaroit ayru. KomOunupoBaHublii JazepHo-
Ayrosoii paspaxa. PaccmarpuBaercs B3aumojeiictBue
chokycrpoBanHoro nyuka usaydenust CO,-1asepa He-
MPEPBLIBHOTO AEHCTBUSA € TIa3MOil cTos16a aIeKTpmdec-
KOl JIyrM TIOCTOSIHHOTO TOKa, OOGDBEJNHIEMBbIX B
CTIEI[IATbHOM IIJIA3MOTPOHE C AKCHAJBHBIM ITOTOKOM
raza (puc. 1). IIpu MOCTPOEHHH MaTEMATHYECKOIL
MOJIEJIN Pa3psi/ia, BOHUKAIOMIETO MIPH TaKOM B3aWMO-
JeficTBUM, IPUHUMAIOTCS CJIeyIolue JOMYIeHus:

e IIa3MEHHAsl CHCTeMa HUMeeT I[IJINHAPUYECKYIO
CIIMMETPHWIO, BHEITHIE MarHUTHBIE TOJIST OTCYTCTBYIOT,
IPOTEKAIOMINE TTPOIECChl CTAI[HOHAPHBI;

e Jla3epHBIN My4oK sBasercs rayccoBbiM (TEMg-
MOJIa), OCh TIYYKa COBIIA/IAET C OCBIO MIA3MOTPOHA,;

e IIJIa3Ma HAXOJUTCSI B COCTOSIHUN JIOKAJIBHOTO Tep-
MO/INHAMUYECKOTO PABHOBECHSI, COOCTBEHHOE H3JIy-
YeHHe MIasMbl — OODBEMHOE;

® OCHOBHBIMH MeXaHN3MaMy HarpeBa MJIa3Mbl SBJIS-
10TCSI JXKOYJIEBO TeIJIOBbIIe/IeHne U 06paTHOe TOPMO3-
HOe TIOTJIONIEHWE JIA3€PHOTO W3JYYeHUs, a MepeHOC
9HEPruN B CTOJI0E MPOUCXOJUT B PE3YJbTaTe TEIJIOIN-
POBOJIHOCTY W KOHBEKITHH;

e TeuecHME IIIa3Mbl BSI3KOE, JIO3BYKOBOE, DEXKUM
TeUeHUS — JIAMUHAPHBIN.
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Puc. 1. Cxema coocHOro o6be/IMHEHHsT JIA3ePHOTO IyYKa C [J1a3MOil
cronba ayru: | — Karom; 2 — aHom; 3 — COIUIO IJIa3MOTPOHA;
4 — KaromHBIl HACAZOK; 5 — TPAHUIBI [JIA3MbI; 6 — TPaHUIIA
JIA3E€PHOTO TyYKa
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[l pacyeTa XapakTepUCTUK TIIa3Mbl UCCIELYeMO-
TO paspsja HCIOJb3YyeTCsS CHCTeMa MAarHUTOraso-
muHamudeckux (MT/I) ypaBHeHWil B MPUOIMKEHUH
norpanuyHoro cjos [10]:

oT or 1 0 oT
pcp[l)g-kugj:;E[Txaj (1)
p)
+%+Koy5—w,
ou ou 1 0 ou
P[va 5}2757[“15]‘ @
2ot
2z \PTH )
to, oo
o (rpv)+az (pu) = 0. 3

3necp T — TemrmepaTtypa; #, v — aKCUAJbHASA W
paZinagbHas COCTABJIAIONINE CKOPOCTH TLIAa3Mbl; p —
miotHocTh; C, — yJeJbHas TEIJIOEMKOCTb; ) —
K03 PUIIEHT TEIJIONPOBOAHOCTH; G — 3JIEKTPOIIPO-
BOJIHOCTD; K, — KO3((UITUEHT TOTJIONIEHIS JTa3ePHO-
TO M3JIy4YeHUs; Y — IJIOTHOCTb MOIIHOCTH COOGCTBEH-
HOTO W3JIyYeHUS TJIa3Mbl; 1| — KO03(hPUIUEHT BA3-
KOCTH; P JlaBJIeHuE; | YHUBEpCATbHAS
MarHUTHAsg TOCTOsiHHAs; H HaIIPAKEHHOCTD
MATHUTHOTO HOJIS TOKa Ayru. UJieHsl j2/c M KoS B
ypasuernu (1), rae j — axkcuaJgbHask COCTaBJAIONASL
IJIOTHOCTH TOKa B pa3psifie, a S — WHTEHCHUBHOCTD
M3JIyYeHUs B JTa3epPHOM ITyYKe, OMIICHIBAIOT BbIIeJeHUEe
SHEPruy B TIJIa3Me COOTBETCTBEHHO B PE3yJbTaTe Mpo-
TEKaHMs 9JIEKTPHUYECKOTO TOKA ¥ TIOTJIOIIEHUS Ja3ep-
HOTO U3JIyYeHHus.

Pacmipenenienne MJIOTHOCTH TOKa B paspsifie Ha-
XOJIUTCS € TIOMOTI[bIO 3aKoHa OMa, a oceBasi COCTaBJIS-
I0IIast HATTPSDKEHHOCTH 3JIEKTPUYECKoro noJist E otmpe-
JIeJISIeTCs U3 MHTETPAJIBHOTO YCIOBUS COXPAHEHUS TT0JT-
Horo Toka I. Besmmunna S cBsI3aHa C KOMILJIEKCHOMN
aMIIUTYAOH A, 9JIEKTPUYECKOTO IIOJIST JIa3epHOTO
myyka. B mpeamnosioskeHuu, 94T0 OTHOCUTETBHOE U3Me-
HEHWEe TapaMeTpOB IJIa3Mbl HA PACCTOSHUSX TTOPSIIKA
JUIHBI BOJIHBI A JIA3ePHOTO U3JyYeHUsT MAJIO, JJisd Ha-
XOXKIeHus1 A, WCroib3yercs napabondeckoe ypas-
nenue [10]

0A, 1 0| 0A, )
ik " = _ __|y— — 4
2ik = -7 o + k" (g, — DA, (4)
3mech K — BOJHOBOW BEKTOpP, PaBHBIN 27/ A; &, —

KOMILJIEKCHAS INDJIEKTPUYECKAst IIPOHUIIAEMOCTb T1/Ia3-
MBI Ha YaCTOTE JIA3ePHOTO U3JYYeHUs, paBHas €, +
+ igg.

Pacnipe/iesieHue faBjieHust B pa3psijie BbIYUCAACTCS
C YY4eroM MarHUTHOTO JaBJEHUS, a TPAJUEHT Ta30-
CTATUYECKOTO AaBjeHus Ha crenke Kanama (0 < z <
<Lc) — U3 yCJOBUS COXPAHEHWs TOJHOTO Pacxoja
mrasmoo6pasyromero rasa G = Gy + G, (puc. 1).

Kpaesble ycioBusi, HEOOGXOAUMbIE JJISI PEICHUs
b depentmanbabix ypasuennii (1)—(4), va ocu pas-
psiia BBIGUPAIOTCst U3 COOOpaKeHuii, 4To cucteMa 06Jia-
JlaeT IUJAMHAPUYECKOW cumMerpued. Ha BHemnein
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rpaHuIle PacUeTHOI 06IacTy B IIpeeiaxX KaHaua MoJa-
raetcsi, 4ro TeMIeparypa rasa paBHa TemIieparype
CTEHKH ¥ BBIIIOJIHSAETCS YCJIOBHE <«IpUIMNaHus». Ha
GOKOBOIi TpaHMIle OTKPBITOTO y4acTka paspsaga (z >
> Lc) NPUHAMAIOTCSA YCIOBUS TJIAJKOTO COMPSIKEHUS
¢ okpy:xamonieil cpezoii. Ilpeanosaraercs Takxe, 4To
paguyc JIa3epHOTO IIyYKa CyHIECTBEHHO MEHbIIe
pajyca pacueTHO! 06JacTH.

Bo BxomnoM ceuenmn pacuerHoil o6mactu (z = 0)
3aJal0TCsl PaJMaJbHble paclpe/e/]eHus TeMIIEPATYPbl
U CKOPOCTH ILJa3Mbl, a TaKKe KOMILIEKCHOMI
AMILIATYAbI DJIEKTPUYECKOrO II0JII UCXOJHOIO JIazep-
HOTO Tyuka. IIpw ompejeJieHUH SIBHOIO BHA 3a-
sucumocrein T(r, 0) u u(r, 0) mpeamoaaraercst, 4To
Karoj IJ1a3MOTPOHA  WMeEeT  BHYTPEHHUH  1U-
JuHAprYecKnii Hacaqok (puc. 1), yepes oTBEpCTHE KO-
TOPOr0 B KaHaJ MCTEKAeT OAHOPOAHBINA IIOTOK XOJIOI-
Horo rasa. Pacopenenenus T(r, 0) u u(r, 0) B mpege-
JIaX 9JIEKTPOJHOIO COILIA, 06PasyeMOro CTeHKaMu Ka-
HaJla U HACAJIKA, HAXOIATCS MyTEM PElleHnsT OJHOMED-
HBIX yPaBHEHWI SHEPIUU U ABUKEHMS JyTOBOM TLIa3-
Mbl. dBubii Bup saBucumoctu A,(r, 0) 3agaercs B
NPEeANONOKEHNN, 4YTO B paspsj  BBoauTcst  cdo-
KYCHPOBAHHBIN rayCccoB MyYOK JIA3€PHOTO U3JyYCHUST
momrocteio Q°,  mMeromnmit MUHHMMAJbHYIO IIOJY-
IUPHUHY 77 B I0cKocTn z = F (puc. 1).

[l 3aMblkaHUsA NCXOAHOU CUCTeMb] ypaBHEHU He-
00XOUMO  ONpPEJE/IUTh 3aBUCUMOCTH TEPMOAMHA-
MUYECKUX TIapaMeTpoB, KOa(P(UIMEHTOB TepeHoca u
ONTUYECKUX CBOMCTB IJIa3Mbl OT TEMIIEPATYPbI, AaB-
JIEHUsI U cOocTaBa Ia3mMoobpasyionieii cpeabl. C aToil
1eablo  paspafoTaHa MeTOAMKA pacyera CBOWCTB
TePMUYECKH PAaBHOBECHOII ILIasMbl, coJepsKalieil aBe
aTOMapHbIe Ta30Bble KOMMOHEHThI (aproH u resmii).
JlaHHasg METOJMKA BKJIOYAET OIpelejeHne HOHU-
3aIMOHHOTO COCTaBa IJIa3Mbl HA OCHOBE ypaBHEHWii
Caxa, 3aKOHa MapIUAJbHBIX JABJICHHHA U YCJIOBUS
KBa3WHEHTPATBHOCTH; PACUET y/IeJbHON TETJI0EMKOCTH
(¢ yueTroM MOHMBAIMOHHON COCTABJAAIONICH) W TLIOT-
HOCTH TIJTa3Mbl; BbIYUCJEHUE KOI(DPHUIMEHTOB TEILIO-

T, kKK
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IIPOBOAHOCTH, BSABKOCTU U 3JIEKTPOIIPOBOJHOCTH MHO-
TOKOMITOHEHTHO! M1agMbl B 13-MOMeHTHOM mpH6JIH-
>keHuu Merona I'pajia; pacyer usyyaTesbHBIX IOTEPD
(peKoMOMHAIIMOHHO-TOPMO3HOE U3JyYeHne), Koap-
(punrenTa mormomenus gasepHoro usrydenns (o6par-
HO-TOPMO3HOE TIOTJIONeHNe) U KOMIUIEKCHOM /IUaJIeK-
TpUUYECKOil mporutiaeMocTy mia3mbl [10]. [IpoBemxennb
pacueThbl YKa3aHHbBIX cBolicTB Ar—He miasmbl atMoc-
dgepHOTO  faBNEeHUS B MANa30HE  TEMIEPaTyp
300...25000 K nipu pa3imuHbIX COOTHOIIEHUSIX KOMIIO-
HEHT B MCXO/HON cMecHu. Pe3yJsbTaThl pacyeToB XO-
POIIO COrJIACYIOTCS € U3BECTHBIMU 3KCIIEPUMEHTAJIb-
HBIMU JIAHHBIMH.

Ha ocnoBe omnmcanHHOW MareMaTH4YeCKOW MOEJH
BBITIOJIHEHO YHMCJIEHHOE MOZIETMPOBAHKE PACCMATPUBA-
€MOI'o pasps/ia B aproHe U ero CMecsx ¢ TesiieM IpH
cremylomux mapamerpax: I = 5...250 A; R¢ =2,51
4vMm (Ry =1ut1,5mm); Lc =4 n1,5cem; G =
=0,05...0,3 r/c (G; = 0,01...0,075 r/c); Q°
0...1,5 xBt; 7= 0,2...0,5 mm; F = 5...20 mm. Kak
MTOKAa3aJ1 pacyeThbl, Bo3zelicTBrEe CPOKYCHPOBAHHOTO
uznyuenns CO,-nazepa Ha 1mIa3My cToyi6a aproHOBOIt
JIyTU TIPUBOJIUT K YBEJMUEHUIO TEMIIEPATYPHI €€ TeHT-
pasbHbIX obmacteii (puc. 2, @), 4T0 MOKHO OGBICHUTD
JIOKQJIbHBIM HATPEBOM TIJIa3Mbl JIA3€PHBIM ITYYKOM.
Hauunasi ¢ Hekoroporo cevyenns z = Zy (cM. puc. 1),
SIBJISIIOMIETOCST HAdaJoM OO6JacTH Jla3epHO-IyTOBOTO
B3auMo/ielicTBud, Temueparypa 1o Ha ocu paspsia
PE3KO0 BO3pacTaeT /10 3HaAUeHWil, CyIeCTBEHHO IIPEBbI-
MIATONTIX TEMIEPaTypy TJIa3Mbl OOBIYHON JAyTH B Ka-
wane (puc. 2, 6). Ilpoiiaa yepes makcumym, Ty 10O
Mepe YBEeJMYEHNS z HAYMHAaeT TJIABHO CHIDKAThes (UT0
COOTBETCTBYET Havasly MepeXoiHol obmactn z = Zp),
CTPEMSCh K CBOEMY AaCHUMOTOTHYECKOMY 3HAYCHHIO.
CHmXeHHe TeMIlepaTypbl mpu z > Zj; 06yCJIOBJIEHO
YMEHbBIIEHNEM HarpeBa IJIa3Mbl JIA3€PHBIM ITyYKOM
BCJIE/ICTBUE €TO OCJTA0JIeHUs TP PACIPOCTPAHEHNH B
norsionaotieii cpeze. CiesoBaTeIbHO, HA HAYATHbHOM
yJyacTke [IyTW B KaHase, HaXOJAIIeHcs TIOa BO3-
JefictBueM cokycupoantoro usayuerus CO,-sase-

Kk
’ A
F i {234

05 1,0 1,5 20 245 3,0 3,5 Z, CM
o]

Puc. 2. PagmasibHble mpoduIn TeMIepaTyphbl I1a3Mbl B cevennn z = 10 My (@) u pacrpeiesienne 0CeBOH TEMIIEPATYPBI MO JJIMHE KaHala
@6)opu Rc=2,5mMm (R, =1mMm), I =100 A, G=0,11/c(G;=0,001r/c), r,=02mm, F=10Mm: 1 — Q =0,5;2 — 1,0; 3 —

1,5;4 — 0 kBt
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¥
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Puc. 3. Pacnipenenenne mapamerpa y 10 JJUHE paspsiia Ipu QO =
=1kBr: 1 — I=10; 2 — 50; 3 — 150 A (ocra/bHbIe TApaMETPbI
Te JKe, YTO U Ha pHC. 2)

0

pa, B6aM3U ocu My4yka (OPMHUPYETCS] OTHOCHTETHHO
BBICOKOTEMITepaTypHasi 06JacTh paspsaa, IpUIeM
MaKCUMAJIbHAs TeMIIepaTypa IJIA3Mbl, JOCTUTAEMAs B
TaKOM paspsjie, yBeanunBaercs ¢ mnosbimennem Q.

BbI3BaHHBIHN JJOKAJBHBIM TIOBBIIIEHIEM TEMITEPATY-
PBI POCT 3JIEKTPOIIPOBOAHOCTH ILIa3Mbl IMPHUBOAUT K
YMEHDBIIEHNIO HAMPSIKEHHOCTH 3JIEKTPIYECKOTO TT0JIS,
HEOOXOANMON [JIs1 TOAJAEP)KAHUS 33JaHHOTO TOKA
IyTH, U, KaK CJeJICTBUe, K IepepacnpeeseHuio TI0T-
HOCTHU TOKA B pa3psjie. B paccMarpuBaeMbIX yCIOBUSIX
yBeJInueHne ¢ BOJIM3W OCH IYTH OKas3blBaeTcs 6oJee
CYIIECTBEHHBIM (DAKTOPOM, YeM CHIKEHIE TOCTOSTHHO
TI0 CEYEHNIO Pa3ps/ia BeININHEI £, T03TOMY IJIOTHOCTD
TOKA BO3PACTAET B I[EHTPE U HECKOJIBKO CHIKAETCS Y
cTeHKHN KaHajsa. OTMeueHHOe WM3MeHEHHE TEILIOBOTO
pekMMa TOpEeHHsS paspsna ITPUBOIUT TaKXKe K
YBEJIMYEHUIO AaKCUATBHOI COCTABJSIONIEH CKOPOCTH
MJIa3Mbl BOTM3M OCH KaHAJa, CBSI3aHHOMY C PE3KUM
cHIKeHneM KoadduiinenTa Bs3kocTu aproua mnpu 1T >
> 10000 K, ymenbItieHreM MIOTHOCTH TIJIA3MbI U TIOBbI-
IIEHNEeM POJI 9JIEKTPOMArHUTHBIX CHJI B  ¢op-
MIPOBAHNN TIJIA3MEHHOTO TTOTOKA.

Taxum o6pasoM, Ipu BO3AENCTBUY HA T1J1a3My CTOJI-
6a myru coKycHpoBaHHOTO TyuKa m3aydeHus: CO,-
Jlazepa MOXKeT IIPOMCXOANTD HACTOIbKO CYIeCTBeHHAS
MEePeCcTPOiiKa TeIJIOBbIX, JJEKTPUYECKUX U Ta3o-
JITHAMIYECKIX XapaKTepUCTUK AYTOBOH TJIa3Mbl, YTO
paspsz IO CYIIeCTBY IMepecTaeT ObITb JIYTOBBIM U
BO3HMKAET HOBBII BU/ Ta30BOTO paspsna — KOM-
GUHUPOBAHHDBII JIa3epHO-AyroBoil paspsa. Ilpocrpan-

Fp, MM Sg-10'5, BT/cm?

1.2F 3.0

10F 2,5
08f 2,0
0.6
0.4

0,2

0

. . . . ! n

0 0.5 10 15 20 25 30 35 zocm
Puc. 4. Pacupesenenue paauyca jaseproro nyuka 7, (1) u un-
TEHCHBHOCTH M3y YeHHs S, (2) Ha ero ocu 10 AJIMHE paspsaa MpH
Q =1 kBr: wtpuxosble KpUBble — [JIs1 HCXOJHOIO IIyYKa; OCTAJIb-
HbIe TTapaMeTphl Te JKe, YTO U Ha pHcC. 2
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CTBEHHbIE paclipe/ieJieHIs] XapaKTePUCTUK T1J1a3Mbl Ta-
KOTO pa3psjia 3aBUCAT HE TOJBKO OT MONIHOCTH Jia3ep-
HOTO ITy4YKa, HO 1 OT TOoKa Ayru. bosee Toro, npu Masbix
tokax (I < 10 A) u Q° < 0,7 kBT BO3HHKHOBeHIe
JIa3ePHO-JIyTOBOTO ~ pa3psila B  paccMaTpuBaeMoil
cucreMe BooOIIe HEBO3MOKHO, TIOCKOJIbKY TeMIlepaTy-
pa miasMbl B aTux ycaoBusx He npesbimaer 10000 K
u noryotenue udaydenus COy-yazepa npeHe6pesKuMo
MaJso. OfHAKO WMEHHO B cJay4yae HeOOJBbIIUX TOKOB
(10 A <1 < 25 A), Ipu yCJIOBUK YTO MOIIHOCTD JIa-
3€pPHOTO TIy4YKa [IOCTATOYHA [IJII BO3HUKHOBEHUS
KOMOMHUPOBAHHOTO paspsija, Hab o atoTest Hanbosee
pe3Kue OTHOCUTEJIbHbIE U3MEHEHUST XapAKTePUCTUK Iy -
TOBOH TIJIa3MBI.

J7151 KosTm4ecTBEHHOH OIeHKU OTHOCUTEIbHOU PO
JIA3ePHOM ¥ TyTOBOM COCTABJISIONINX B SHEPTETUIECKOM
6ayaHce paspsa yao6HO UCIIOIb30BATh MapaMeTp

Re

= EL\EI +2n | «, Srdr|, 6))

0

XapaKTepU3YIONINii J0JII0 SHEPIUH, KOTOPass BbIAE/Is-
eTcsi B HEKOTOPOM CEYeHHMH pasps/a 3a CYeT MpoTe-
KaHMsA TOKA, OT MOJIHON 9HEPTUH, TTOABOAUMON K T1I1a3-
Me B aToM ke cedennu (puc. 3). IIpoucxoasmee mpu
He6O/bIINX 3HauYeHusAX | pe3Koe yMeHblIeHHue rapa-
METpa Y B HaYaJbHBIX CEYEHUAX 00JJACTH Ja3epPHO-/Ty-
rOBOrO B3aMMO/IEIiCTBUS 0O3HAYAET, YTO 3/1€Ch OCYIIEC-
TBJISIETCS TPAKTUYECKH CKAYKOOOPa3HbIN MEPEXO/l pas-
P, NOJIEP>KUBAEMOTO MTPENMYIIIECTBEHHO TTPOTEKa-
fommm torkoMm (y > 0,5), B Apyroii Bua paspsza, Cy-
IIECTBYIOIIMI B OCHOBHOM 6JIarofiapsi HarpeBy ILIa3Mbl
JazepubM 1myukoM (y < 0,5). Heo6XouMo Mo 4epKHyY Th,
YTO JIA3ePHO-AYTOBOI pas3psii Ha YYacTKe, Tje ILIazMa
HarpeBaeTcsl PEeUMYIECTBEHHO JIA3EPHbIM H3/TyYeHNEeM,
HEJIb3s1 OTOKJECTBJIAT € HEIPEPHIBHBIM ONTHYECKUM
PaspsIoM, Tak Kak MPH BbIGPAHHBIX MapaMeTpax Jasep-
HOrO TyYKa M CKOPOCTH HaOeraiomero IOTOKa Tasa
CTaIMOHAPHBIN ONTHYeCKHiT pa3psz B aproHe armocdep-
HOTO JIABJIEHNST HE MOYKET CYIIeCTBOBATD.

Hapsay ¢ usMeHeHHeM XapaKTePUCTUK IyTOBOM
IJIa3Mbl 10/] BO3/efiCTBMEM JIa3€pPHOIO Iy4Ka, Hal,1io-
JlaeTcs  Tepepacipe/ie/ieHne MHTEHCUBHOCTH U3JIy-
YeHHsl B CAMOM IyuKe, 00yCJIOBJIEHHOE MOTJIONIEeHNeM
u pedpakimeii Ta3epHOro U3TyIeHUs B ONITHYECKH He-
oHOpOHOIT tazMe. Kak mokasbIBaioT pacyueTsl, B Ha-
yajme 06JACTH JTa3epPHO-AYTOBOTO B3aMMOJEHCTBUS
MPOMCXO/IUT HEKOTOPOE YIIMPEHHE MydyKa, KOTOPoe B
COBOKYITHOCTH C €T0 MOTJIOMIEHUEM PUBOIUT K 3aMeT-
HOMY CHM’KEHHIO MHTEHCHBHOCTH JIa3ePHOTO H3JIy-
venus (puc. 4). Takas geoKyCHPOBKa ITy4YKa BbI3BaHA
TEM, YTO B HAYaJbHBIX CEYEHMSAX STOH 00JACTH, Te
TeMnepaTtypa IJIasMbl y»Ke HMEET MaKCHMyM Ha OCH
paspazga, HO eme He mpesbimaer 16500 K (uro coot-
BETCTBYET MUHUMAJIbHOMY 3HAYEHUIO &, /1711 apPTOHOBOI
IJ1a3Mbl ) , JIa3€PHDIH IYYOK PACIPOCTPAHSIIETCS B CPele
C MUHUMYMOM &, a CJIeJOBATEIbHO, U ¢ MUHUMYMOM
HOKasareJ/is MPeJOMJIEHNS Ha ero ocu. [Ipoucxozsimee
110/ B/IMSIHUEM JIa3€PHOT0 HarpeBa yBeIndeHune 0ceBoii
TeMIepaTypbl TJIa3Mbl BBINIE YKA3aHHOTO 3HAYCHUS



HCTOYHHKH HATPEBA, THAPOAHHAMHEKA, OBPA3OBAHHE COEAHHEHMHH

MPUBOJAUT K TOMY, YTO MUHUMYM ee N3JIeKTPHUEeCKOIT
IIPOHMIIAEMOCTH CMellfaeTcs Kk nepudepun paspsiga. B
pesysbraTe BOJIM3HM OCH Ty4Ka o6pasyeTcs 06J1acThb C
ogl, /or <0 (puc. 5, kpuBasg 1), urpamomas poJb
cobupaionieil JIMH3b! /I €ro IEHTPAJIbHBIX JIy4Yell,
TOTJa KaKk nepudepuilHble JTyYy ITyYKa BCE elle MCIbI-
TBIBAIOT 1e(DOKYCHPOBKY. YBEIMUNBASICh B AHAMETpPE
C POCTOM Z B Pe3yJIbTaTe IIPOrPeBa IMJIa3Mbl JIA3ePHBIM
MyukoM, TaazMenHast jgunsa (o6aactb ¢ Ogl, /Or < 0)
MOCTENIeHHO 3alloJHseT co00if Bce cedeHHe ITyuKa
(puc. 5, kpusbie 2, 3), 4TO O3HAYAET MEPEXO/ K €ro
MHTEHCUBHON (POKYCHPOBKE IO BceMy cedeHHo. [Ipu
aTOM 3(P(PeKTUBHBII pasnyC JTa3epHOTrO MyYKa YMeHb-
IIaeTcsl HACTOJIbKO, 4TO, HECMOTPSI Ha IOTJIONIEHNUe
My4Ka B TJ1a3Me, MaKCHMaJbHasl HHTeHCHBHOCTD M3JIy-
YeHNUsl HA €ero OCU BO3PACTAeT U MOYTH B/IBOE IPEBbBI-
IIaeT COOTBETCTBYIOIIee 3HAUEHNE B (DOKYCEe HCXOTHOTO
My4Ka, a caMo TOoJI0KeHne oKyca CMeIaeTcst Ha pac-
crosiane Af ~ 4 mm (cMm. puc. 4).

[IpuHIMTMIIAIbHOE BJIUSHUE HA TIOBEIEHUE Jasep-
HOTO Iy4YKa B JYTOBOI ILJIA3ME OKAa3bIBAeT €ro MOII-
HOCTD. B c/ryuae Masbix MorHocTeii uamyuenus (Q° <
< 0,3 kBr) u I <100 A temMneparypa mia3Mbl Ha OCH
paspsga He moganMaetcs Boie 16500 K u mydok pac-
pocTpansieTcs: B cpefie ¢ 0gg, /0r > 0, T. e. UCHBITBI-
BaeT MOCTOsIHHOe yipenue. VHbiMu cioBamu, ad-
(exT mOMOTHUTENBbHOH (DOKYCHPOBKH JIa3epHOTO
My4YKa B AYTOBOH IJIa3Me HOCHUT MOPOTOBBIil XapaKTep
[0 MOIIHOCTU JIA3€PHOTO H3JIyUEHUS U IPOSIBJSETCS
TOJIBKO IIPY BO3HIKHOBEHUY JIA3€PHO-TYTOBOTO Pa3psi-
na. IloBesenne TasepHOro IMydYKa B IJIa3Me 3aBUCHT HE
TOJIBKO OT MOIIHOCTH IIy4Ka, HO W OT TOKa AYTH, a
TaK)Ke KAPTUHBI TE€UEHUs Ta3a HA HAYAJIbHOM YYaCTKe
KaHaJsa TJ1a3MOTPOHA.

BaxxupiM  (paKTOpPOM, BJUSIONIMM Ha XapakTe-
PUCTHKN IIJIa3MBbl KOMOMHWPOBAHHOTO paspsiia ™
B3aMMO/ICHCTBYIOIIETO C HEll JIa3epHOTO ITy4yKa, SIBJIS-
eTcs cocTaB ILMasMooOpasyomiero raza. Tak, yse-
Jmyenne B pacemarpusaemoii (Ar—He) cmecu mporien-
THOTO COJIEPXKAHMS TeJsus, UMelolero 6osee HU3KUIH
K03 PUITIEHT TOTJIONIeHNs, TIPUBOJAUT K CHIDKEHUIO
pOJIN JIA3ePHOTO HArpeBa ILIA3Mbl B aHeprobasaHce
paspsiza, Toraa Kak posb [KOyJaeBa Tela, Hao60poT,
nosblaercs. B pesynbrare BausHue usayderans CO,-
Jla3zepa Ha XapaKTEePUCTUKU JYTOBOU IIJIa3MbI OcJab-
JISTETCS ¥ [UJIST PeaTn3aIii KOMOMHIPOBAHHOTO Pa3psi-
Jla B 3TUX YCJOBUSAX TpeGyeTcst 6oJiee BBICOKAST MOIII-
HOCTb J1azepHoro my4ka. C apyroii cropoHbl, go6aBKa
reiusi K aprony 3amerHo ocaabusier adpdexr ¢o-
KYCHPOBKH ITyYKa B TIJIa3Me, a MPH YBEJMUeHNH Cofep-
Kanus requs 10 50 % yrasaHHbIN adbexT ncyesaer
MOJTHOCTBIO.

Uto kacaeTcs 3aKOHOMEPHOCTEI JIa3€PHO-AYTOBOTO
B3aMMO/ICHCTBIST HA OTKPBITOM Y4YacTKe paspsifia, TO
KauecTBEHHO OHM Te ’Ke, YTO M Ha y4YacTKe, CTa-
OUJIN3NPOBAHHOM CTEHKOH KaHaJa. BbIsgBieHHDBIE B
X0/Ie MOJIEJIIIPOBAHNUS OTJIMYHS B UX KOJTMIECTBEHHOM
MIPOSIBJIEHUU TIPEXK/IE BCETO CBSI3AHbI C U3MEHEHUEM Xa-
PaKTEepUCTUK CaMOli [yTOBOM TJIa3MbI TIPU N3MEHEHUH
crioco6a cTabuIn3aIiy cTox6a Iyr U CBUEeTETbCTBY-
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Puc. 5. Pal[I/IaJUIbeIe poUIN IU3JIEKTPUYECKON TPOHUILAEMOCTH

miagmpl ipu Q° =1 kBr: 1 — 2=3;2 — 5;3 — 10; 4 — 20 Mmm
(ocrasbHble apaMeTphl Te JKe, YTO U Ha pHC. 2)

10T JIMIIb O PA3JUYHON CTENeHN B3aMMHOIO BJIMSTHHS
My4YyKa ¥ JyTH B JIa3epHO-AYTOBBIX IPOIlECCaX, pea-
JIN3YEeMBIX C MICIOJb30BAaHUEM OTKPBITOH 160 CXKATOH
oyru [10, 11].

NuterpupoBaHHble MJIa3MOTPOHBI /ISl JIa3€PHO-
IJIa3MEeHHON 06padOTKU MaTepHaJoB. JlasepHo-1yro-
BON paspsii KaKk HCTOYHWK TeTa AJast 00paGoTK!
MaTepHuasioB, OO0JANAIONIMIA ITMPOKUMHU BO3MOXKHOC-
TSMM yTIPaBJeHUsI KOHIIEHTpaluell TerJoBoi 1 3JIeKT-
POMATHUTHON 9HEPTHH, MOKET GBITh TIOJIOKEH B OCHOBY
CO3/IaHUsI HOBOTO KJIACCA TLIA3MEHHBIX YCTPOWCTB —
WHTETPUPOBAHHBIX JIa3€PHO-IYTOBBIX TLIa3MOTPOHOB
[11, 12] pus peanusari KOMOMHUPOBAHHBIX TIPOIEC-
COB CBapKH, Pe3Ku, HAILJIABKU, HAIbLIEHUS, TEPMOO6-
paboOTKKM TIOBEPXHOCTU W JP. VI3BeCTHBI PasjnvHbIE
CXeMBI TIOCTPOEHUST MHTErPUPOBAHHBIX TLIA3MOTPOHOB
Ha OCHOBE COOCHOTO OGBEIMHEHUS JTA3€PHOTO TyyKa 1
nasmento ayru (puc. 6). OrauunresnbHast 0coGeH-
HOCTb TaKWX YCTPOUCTB — KOHCTPYKIUS KATOIHOTO
y3Jia, MO3BOJIAIONIAs BBOJUTD JIA3EPHDIN IIyUOK B Y-
TOBYIO TIJIa3My BJIOJTb OCH TLIa3MO(QOPMUPYIONIETO Ka-
Hama. C 3TOH 11e/IbI0 KATOMHBIA Yy3€J BBITIOJHSIETCS
60 B BUIE CHCTEMBI INTHIPEBBIX TEPMOKaTOA0B (puc. 6,
@), m6o B Buje TPyGUATOrO TEPMOSMUCCHOHHOIO WU
TepMoxuMIUecKoro karoga (puc. 6, 6).

ITo ananornu ¢ AyroBbIME WHTETPHPOBAHHBIE I171a3-
MOTPOHBI MOTYT GBITh IIPSIMOTO U KOCBEHHOT'O JIEUCTBHS,
[IpUYeM TIOC/EAHIE MOKHO PA3Ze/uTh Ha ILJIa3MOTPOHbI
¢ caMoycTaHaBJMBamomieiics 60 ¢ (QUKCHPOBAHHOI
JUTAHOM syrH. HTerpupoBaHibie Maa3MOTPOHbBI TPSIMO-
rO JIEHCTBUST MOTYT MCIIOJIBb30BAThCS JIJIsI JIA3€PHO-TLIA3-
MEHHOI CBAPKU, HATIJIABKU U PE3KU METAJLIOB, & KOCBEH-
HOTO JIEHCTBUST — JIIsSI OOPAGOTKH [MAJIEKTPUYECKUX
MaTEPHAJIOB, 3aKAJKH METAJINYECKUX ITOBEPXHOCTEN,
HaHeCEHNs TTOKPBITHI U .

B 3aBucuMocT OT pacxoza I1a3M006pa3yIoliero
raza Jia3epHO-IYTOBbIE TIJIa3MOTPOHBI MOKHO Ppas-
JIeTUTH Ha paboTalolue B JAMIHAPHOM WJIH Ty pOYIeH-
THOM pesknMe TeueHns. Kak B [yroBbBIX MJ1a3MOTPOHAX,
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Puc. 6. CxeMbl MHTErpUPOBAHHBIX M1a3MOTPoHOB npsimoro (@) u kocsennoro (6) neiictBus: 1 — xarox; 2 — aHOA; 3 — ILIa3MO-

opmupyiolee como; 4 — MIa3MO0GPA3yIONINil ra3; 5 — Ja3epHbIil MyYoK; 6 — ma3Ma; 7 — H30JSATOP

B HUX MO>KHO UCIIOJIb30BATh Pa3JIMYHbIE CIIOCOOBI TIPOC-
TpaHCTBEHHON crabummsanmu  paspsga  (HampuMep,
BUXPEBYIO Ta30ByIo crabumsaimio). IIpu Bpi6ope crio-
coba CTabMIN3aIK CJIeTyeT TIOMHUTD, YTO 32 CYET BO3-
JIeiCTBUS HA JYTOBYIO IIa3My Iyuka usiaydeHus: COo-
Jlazepa B Hell (hopMUpYyeTCs BBICOKOTEMITEPATYPHAS TO-
KOIPOBOSMIAsT 06JIaCTh, KECTKO CBSI3AHHAST C OCBHIO
My4Ka. ITO caMo 1o cebe JiesiaeT KOMOMHUPOBAHHBII pas-
PSI1 IPOCTPAHCTBEHHO 60Jiee CTaGUIBHBIM, YeM JIyTOBOI.

J1J1s1 4nc/IEHHOTO MO/IeJINPOBAHUS TIPOIECCOB, TIPO-
TEKAIONMUX B JIa3€PHO-IYTOBbIX IIJIa3MOTPOHAX Oce-
CUMMETPUYHOII CXeMbI, pa3pab0TaHbl MATEMATUYECKUE
Mo/ieJIi KOMOMHUPOBAHHOTO pa3psijia B IJIa3MOTPOHAX
¢ aamvunapubiM [11, 13] wu typ6ysnentnbim [11]
TeYyeHneM TLIa3Moo6pasyloniero raza. B ocHOBY pas-
noBecHoit JITP Monenu mia3Mbl cTallmOHAPHOTO Jia3ep-
HO-ZIyTOBOTO Ppa3psja B JaMUHAPHOM IIOTOKE rasa
nmoJioskeHa noJiHas cucrema MI'/l ypasuenwuii, 06061ia-
tomas cucremy (1)—(3) Ha ciyvail consmMepuMbIx 3Ha-
YeHWI aKCUAJBbHBIX U PAJIUAIbHBIX TPAJIMEHTOB XapaK-
TEPUCTUK ITIJIA3Mbl U TIO3BOJISIONIAST YUYECTb 3aKPYTKY
rasa B miagmorpone [11]. /lanHas cucteMa ypaBHEHWI
JIOTIOJTHSIETCSl YPaBHEHUSAME MakcBesia U 3aKOHOM
OmMa J711 HaXOXK/ICHUST HATIPSIKEHHOCTEN 2JIeKTpuJec-
KOTO M MArHUTHOTO OJIEN U TIJIOTHOCTH TOKA B Pa3psijie,
a TakKe TapaboJUYecKUM ypaBHEHUEM JJiS olpeje-
JIEHWST aMILTUTYIbl 3JIEKTPUUECKOTO TIOJIST JIa3€PHOTO
nyuka, o6obmaronmm ypasaenue (4) Ha caydail myu-
KOB C a3WMyTaJbHBIMH BapHaIlMsIMU WHTEHCUBHOCTH
ussnydennss (TEM,,,-Mozb1).

[Ipensiokena paBHOBecHast MOJE/b paspsia B
UHTETPUPOBAHHBIX IJIA3MOTPOHAX C JIO3BYKOBBIM TYp-
OyJIeHTHBIM TedeHumeM Trasza. llokazano, dTO mJis
ONMCAaHUs TIJIa3Mbl KOMOWMHMPOBAHHOTO paspsijia B
YVCJOBHSX, KOT/Aa BAUSHUE (DAKTOPOB 3JEKTpOMar-
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HUTHOU IIPUPO/IbI HA XapaKTep TYpOYJIeHTHOCTH HeCy-
NIECTBEHHO W CIPAaBEAJIMBO MPUOJIMKEHUE —TIOT-
PAHUYHOTO CJIOSI, MOKHO UCTIOJIb30BATh CUCTEMY YpaB-
Henuit (1)—(3) oTHOCHTENBHO OCPEAHEHHBIX 3HAYCHMUIT
TeMIIepaTypbl W CKOPOCTH IIJIa3Mbl, 3aMEHUB KO-
3 UINEHTD! BA3SKOCTH U TEIIOTPOBOAHOCTH CJIEIY-
IOIUMY BBIDAKEHUSAMU: T = N + Mg A = A + Yt 31AECH
N, X — Ko3(pPUIMEeHTbI MONEKYJISIPHON BA3KOCTH U
TETJIONPOBOTHOCTH TIIA3MbI, a 1y U ¥¢ — TypOyJIeHT-
HBbIE COCTABJISIONINE YKA3aHHBIX K03 UIUEHTOB, KO-
TOpbIe MOTYT OBITh OTIpefieJIeHbI Ha OCHOBe aJre6-
pamdecKux Mojeseit. /s BbIYUCIEHUS 1), B TIpejieiax
KaHaJa TIJTa3MOTPOHA MOXKHO WCIIOJb30BaTh KOM-
GUHUPOBAHHYIO MOJIETb TypOYJEHTHOCTH — MOJIENb
[IpanaTis B mpuoceBoii 06JIaCTH KaHaJa W MOJENb
Jlaiicsiepa B npucteHOYHOU 06JIaCTH, 2 HA OTKPHITOM
yJacTke TedeHus: — wmojeab Mamau—Ilnerdepa nmis
KpyrJoit coocHoit ctpyu. Koaddurment typOyent-
HOM TEeIJIOITPOBOIHOCTH ¢, CBSI3AHHDIN C 1) Yepe3 Typ-
6ynentHoe unciao Ilpammrna Pr,, wMoxer ObITH
BbruncJieH 1pu ycaosuu Pry = 1. Ilonydennaa takum
06pa3oM CHCTeMa yPaBHEHUI TO3BOJISIET PACCYUTHIBATD
XapaKTepPUCTUKM TIJIa3Mbl U B3aUMO/ICHCTBYIONIETO €
Hell JTa3epHOTO MydYKa Kak Ha IyTOBOM, TaK W Ha Oec-
TOKOBOM y4acTKe TeyeHUs, T. €. B [JIa3MEeHHOI cTpye,
€03/1aBaeMOll JTa3epHO-IYTOBBIMU MJIA3MOTPOHAMU KOC-
BEHHOT'O /IeHCTBUS.

KoppekTHasi mOCTaHOBKA TPAHWYHBIX YCJIOBHUH
BOIM3W KaTojJa AJs BCeX Mojesell paspsija B Jasep-
HO-/IyTOBBIX ILJIA3MOTPOHAX HEBO3MOXKHA 6e3 MccJie/0-
BaHUS KATOHBIX SIBJIEHUI MPUMEHUTETBHO K KOHKPET-
HOM KOHCTPYKIMU KAaTOJHOTO Vy3Ja TJIa3MOTPOHA.
C aroii 1esbio paspaboTaHa MOETb KATOAHBIX IPO-
I[ECCOB [T TPy6UYATOTO TEPMO3MUCCUOHHOTO KaTo/a
(puc. 7) warerpuposannoro miasmorpona [11, 13].
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[Ipu mocTpoeHnr MOJETH UCIOJb30BAJICA HauboJiee
o06LMii TOAXO0/, 3aKIYAIONNNICI B CAMOCOI/IaCOBaH-
HOM yueTe KOMILJIEKCA B3aMMOCBSI3aHHBIX (DU3NIECKIX
MIPOIIECCOB, KOTOPbIE MTPOTEKAIOT B TeJie KAaTO/la, Ha er0
MMOBEPXHOCTH U B TIPUKATOAHON ILIa3Me.

[Ipukaroanas 1aasMa yCJIOBHO JEJUTCS HA [IBE
30HBI: KBa3WHEUTPAJbHBLIN WOHU3AIMOHHBIN CJION
(mpeaciioil), rie IPOUCXOAUT reHepals 3aPAKEeHHbIX
4yacTull, U GeCCTOJKHOBUTEJbHbBIN CJIOW TPOCTPAHCT-
BEHHOTO 3apsifia, rae (opMuUpyeTcss OCHOBHAS YacTb
KaTOJHOTrO TaJleHus IOTeHINa a. JJEKTPOHbI, IMU-
TUPYEMbBIE KAaTOIOM, YCKOPSIOTCS 3JEKTPUYECKUM
MOJIEM TIPOCTPAHCTBEHHOTO 3apsiia U MPUOOPETAIoT
SHEPruio, JOCTATOYHYIO JI/IT MOHU3AINUA aTOMOB ra3a
B CTOJIKHOBUTEJbHOM MOHU3AIUOHHOM cJoe. O6pasy-
IOIIMECs 3/1eCh UOHBI U BBICOKOIHEPTETUYECKHE DJIEKT-
POHBI TLJ1Ia3MbI, CIOCOGHBIE TIPEOOJIETh KATOMIHOE
naJieHue ToTeHI[asa, ToMaIaloT Ha MIOBEPXHOCTh Ka-
TOJAA W TepeflaloT eMy JHEPruio, HeOOXOAUMYIO [
HarpeBa Karoga M 06ecTevyeHns TOKa TEPMOIMUCCHU.
[IpemsosxkeHHast KOHCTPYKITUS TPyGUATOTO KaTO1a TI03-
BOJISIET HCITOJIH30BATH [IJIsI TOTIOJHUTEIbHOTO HArpeBa
BHYTpPEHHEH TIOBEPXHOCTH €ro pabovyero KOHIA 4acTb
MOIIHOCTH JIA3€PHOTO MYYKA, MPOIYyCKAEMOTO Yepe3
orBepcre B Katoge (puc. 7). C 310 1eabio reo-
METpUYECKHEe TIapaMeTpbl YKa3aHHOW TOBEPXHOCTH
BBIOMPAIOTCS TakuM 06pa3oM, 4ToObl mepudepuiiibie
JIY4YH My4YKa, OTPA3UBIINCH OT BHYTPEHHEN KOHUUECKOI
MMOBEPXHOCTH, MOMA/IAJU B IIUJINHIPUIECKOE BBIXOTHOE
OTBEPCTHE U HCIBITHIBAIN TaM JIOCTATOYHOE KOJNYEC-
TBO OTpa’KE€HUN IS WX TOJHOTO TOTJIOIIEHUST Ma-
TEPUAJIOM KaTO/Ia.

Jlns pacuera TeMneparypHoro mojs katoga 1°(r,
Z) UCTIOJIb3YETCS CTAIlMOHAPHOE YPABHEHHE TEILIONPO-
BOJIHOCTH C YYETOM JKOYJIEBA TETLJIOBbIIEJECHIS B TEJIE
Katoma. IIpu 3ajaHum KpaeBbIX yCJIOBUI Ha MOBEPX-
HOCTH KaTo/la IIPE/III0JIaraeTcsi, YTO OH 3alPeccoBaH B
MeJIHYIO BOIOOXJIAXKIAEMYIO 060iMYy. ITO MO3BOJISET
MCTIOJIb30BATh YCJIOBUS HUAE€AJBHOTO TEIJIOBOTO KOH-
tTakTta. Ha TMOBEPXHOCTM KaTo/la BHE 30HBI MPHUBSI3KH
JIyTH TPUHUMAIOTCS YCJIOBUST KOHBEKTHBHO-Pafa-
IIMOHHOTO TEIIOO6MEHA C OKPY’KaomuM rasoM. s
ydeTa JIa3epHOTO HAarpeBa KaTo/la TPAHWYHbBIE YCJIOBHS
B TIPe/IeIaX ero BbIXOJHOTO OTBEPCTHUS 3aITUCHIBAIOTCS
C YYETOM TEIJIOBOTO MOTOKA qﬁ., BBOJIUMOTO JIa3€PHBIM
uanydenveM. B 30He KaToaHOI TPUBS3KU AyTH 3a/a-
IOTCSI CAMOCOTJTACOBaHHbBIE TPAHUYHBIE YCJIOBUS, OTIpe-
JleJisieMble PACUETHBIMU PACIPEEeTEHUSIMI TETIOBOTO
MOTOKA (¢, BBOAUMOTO JyTOU, W IJIOTHOCTH TOKA J, Ha
KaTtoze.

Pacripesiesierust BeJMYKMH (¢ U j, 10 TOBEPXHOCTH
KaToJla, TPaHWYAIleldl ¢ TIJIa3MOH, BBIYUCISIOTCS C
MOMOIIBIO CJIEYIONIUX COOTHOIIEHHIA:

T -
tJe| Pt

jc = ]1 - je + jcm-

2kBTeJ B

qZ:].i(Vcﬁc"'U"' e

_ 2kgT" (6)

T Jem | Pc t e ’
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Puc. 7. Cxema Tpy64aTOro TEpMOSMUCCHOHHOIO KAaTOJa WHTe-
TPUPOBAHHOTO TTa3MOTpOHA: | Karofg; 2 1a3modop-
MUpYIOllee COILIO; 3 — Jla3epHblil 1Iy4oK; 4 — I1a3Ma

. A/ kT 11 . 1
3nech j; = en, ]]?/Ig EXP |~ 5| Je =7 €Me X
A/8kgT c | - 2 P,
x NV2EBZe exp | - ; = AT exp | — —
m, PN kT, [ Jem ~ R P kpT*

JIOKAJIbHBIE 3HAYEHMS IJIOTHOCTEH MOHHOIO TOKa Ha
KaTOJl, TOKA «OOPATHBIX» 3JIEKTPOHOB M TOKA TEPMO-
amuccenst; V., ¢, — JIOKQTbHbIE 3HAYEHUST KaTOJTHOTO
MaJIeHNs TIOTEHIANA U PaGOThI BBIXO/IA KATO/IA C TOTI-
paskoii ITlorTku, onpenesnsemMble Ha OCHOBE pellleHUus
onHOMepHOro ypaBHenus [lyaccona B ciioe npoctpas-
cTBEeHHOTO 3apsfa; U — TOTeHInaa MOHU3AIUN aTo-
MOB IJIa3M006PAa3yIoNiero ra3a; kg, Ax — MOCTOSTHHbBIE
cootBeTcTBeHHO bombiiMana n Puwapaconma; T, T,
ne JIOKAJIbHbIE 3HAYEHUS TeMIIepaTypbl TSXKeJbIX
YaCTUI] 11J1a3Mbl, TeMIIepaTypbl 3JEKTPOHOB U UX KOH-
LEHTpAIlMM Ha BHEUIHeH rpanulle npexaciaos; M —
Macca aToMa rasa; e, m, — 3apsj 1 Macca 3JeKTPOHa.

Crenyer OTMETUTb, YTO paclpefieieHue jc 10
06 acTH  KaTOAHOW TPUBS3KU paspsna AOJUKHO
VIOBJETBOPATh WHTETPATbHOMY BBIPAKEHUIO IS
IIOJIHOTO TOKa AyTu I.

[na naxoskaeHus pacrpe/iesieHus KOHIIEHTPAIUu
3JIEKTPOHOB Ha BHENTHEH IpaHuIle HOHU3AI[OHHOTO CJIOST
UCIIOJIb3YeTCs JOIYyIeHUe O HAJMYMU YaCTUYHOIO JIO-
KaJIbHO-TepMOIMHaMIecKkoro pasHosecust (UJITP). B
3TOM CJIydae COCTaB TJIa3Mbl OMPEIEISIETCS C TIOMOIIHIO
ypaBHenus Caxa, ypaBHEHUSI COCTOSTHUSI W YCJIOBUS
KBasuHeUTpaJbHOCTH. BXozadiye B 3TU ypaBHEHUS
TeMIlepaTypbl 3JIEKTPOHOB U TSXKEJbIX YACTUIl CUMTA-
FOTCSI TIOCTOSTHHBIMHU TIO TOJIIITTHE TTPUKATOAHOTO CJIOST
IJIa3Mbl, IIpuueM T IPUHUMAETCS PABHOH JIOKAJIBHOMY
3HAYEHMIO TeMIlepaTypbl MOBEPXHOCTH KaToja, a pac-
npenenenne T, BAOIb TPAHUIILI TIPECI0ST HAXOIUTCS
U3 ypaBHeHUs 6alaHCca SHEPTUH
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pacripe/ie/leHie TeMIIepaTypbl IJIa3Mbl CJIYKUT HE
TOJIBKO [IJIsl 3AMBIKAH ST MOJIEJTA KATO/[HBIX TIPOIECCOB,
HO U SIBJII€TCS TPAHUYHBIM yCJIOBHEM BOJIM3U KAaTOA
JLUIST ONUCAHHBIX BBIIIE MOJIeJiell J1a3epHO-yTOBOTO
paspsijia.

Pacnpesiesienne TI0THOCTH  TEIJIOBOTO MOTOKA,
BBO/IIMOTO JIA3€PHBIM M3JIyYEHUEM, 110 JIJIHHE BBIXO/I-
HOrO KaHaJla KaTo/la MOJKHO 3alucarh CJIeLYIOIIM
o6pasoMm:

%

d=] sl @IS () cos B, 99, ®
R, i
Tz 7 ®<0
rae 8(x) — npenbra-pymkims; S — MHTEHCUBHOCTD

ITaZlalotiero n3JiydeHusa B COIPAKEHHDbIX TOYKAX 2’ JJIA
OTPpaKE€HHbIX JIy‘IeI/I IIy4YKa B BbIXO/IHOM KaHaJi€ KaTO/la
(cm. puc. 7); TE — Koa(ppuIMenHT morJonenus Ja-
3€PHOI0 M3JIyUY€HHA MaT€pHuaJlOM KaTO/la B 3TUX TOY-
KaX, a OCTaJIbHbIE 0003HaYeHUS COOTBETCTBYIOT HC-
II0JIb30BaHHBIM Ha PHC. 7.

TS kK

3.0

Z,MM -15 1.0 -05 4] 1,5 2,0 r, MM
a
i
N
1
2 3
2
1 1
zZ, M -1.0 2,0 r, MM
B

C mnomonipio pa3pabOTaHHOU MOJENU TTPOBEIEHO
YHCJIEHHOE MO/IETUPOBAHNE KATOMHBIX TPOIECCOB ST
TPyO6UaTOro KaToJa M3 aKTUBUPOBAHHOIO BOJb(pama
(W +1 % Y,03), paGoramworero B atMmocdepe aproua,
C U3MEHSEeMbIM HATPEBOM Pab0vero KOHIA KaToa Iyd-
koM ussyuenns: COo-slazepa mpu cJaegyoNMX Iapa-
metpax: I =100...300 A; Ry =1 vm; Ry =2 MM; R3 =
=3MM; Ry =4,5MM; Z{ = -2 MM; Z3 = -3 MM; . =
42,5°; nnuna BbLIera Karoga pasuHa 20 mm; Gy
= 0,5 1/mun; Gy =1,5...3,5 1,/MuH,; QO—O .D kBrT;
9,=0,053; F = 14...22 MM (1,11 BBIGPAHHBIX 3HAYEHUIT
Ry, Z{ n 9y HarpeB Karoja Ja3epHbIM HU3Jy4eHUEM
Habmogaercsa npu F > 17 mMm). Biusanue j1asepHOro
OIOTPEBa KaTo/la Ha XapaKTep MPOTEKAHUS KaTOIHBIX
MIPOIIECCOB TIPH PA3JUYHBIX 3HAUEHUSIX paccTosiHusT F,
a 3HAYNT, I MOIHOCTH Q. TIOr/I0MaeMoro KaTo1oM Jia-
3epHOro uasaydyenus (onpeaesasseMoll Kak WHTErpaj oT
g¢ o BHYTpEHHEH MOBEPXHOCTH KaTo/la) MOKAa3aHo Ha

puc. 8. Ilpoucxoasammii npu yBeanyenuu I poct o)
BbI3bIBaeT IIOBbIIIEHUE TeMIIepaTyPbl IOBEPXHOCTH Ka-
TOJIa, OCOGEHHO 3aMeTHOe BHYTPH €r0 BBIXOJHOTO Ka-
Haja. Haburomatonasics 3mech HeOTHOPOTHOCTD pactl-
penenennit T¢, j. u g¢ (puc. 8, a—6) cBsizana ¢ HeO/-
HOPO/IHOCTBIO HAarpeBa BHYTPEHHEH MOBEPXHOCTH Ka-
TOJIa JIa3€PHBIM U3JIy4YeHUEeM, YCUJIMBAIOINIECS ¢ poc-
tom F (puc. 8, 2).

BaskHoii 0cO6EHHOCTBIO KATOAHBIX IPOIECCOB IS

HCCJACAYEMOTO KaToO/la ABJIAETCA CHUIKEHUE C]? Iipun
oo Afname
1
2
|
|
|
|
|
! d 4
z, M -1,0 -0,5 0 1,5 2,0 r, Mm
]
al, Br/mm?
2
n/ 40
( ;
—30
\— 20
10
TR SRS N NN SRS NN N |
z, mm -2,0 -1,5 -1,0 -0,5 0
r

Puc. 8. Pacnpesienenne temueparypbi Karoga (@), miornocru toka (6), ILIOTHOCTHU. TEILIOBOTO IOTOKA, BBOAMMOIO AYroii (6) u nazepubIM
nmyukoM (2z), TI0 TOBEPXHOCTH TPyGUATOTO TePMOKATOA MpH 1 =300 A, Q =5kBr, G, =2,51/mun: 1 — F =19 mm (Q, = 166 Br);

2 — 21 MM (325 Br); 3 — F <17 MM (Qr =0)
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HCTOYHHEKH HAFPEBA, FTHAPOIHHAMIIKA,

OBPA3ZOBAHHE COEJAHMHEHHH

yBemmuennn QL u Hensmennom Toke ayru (puc. 8, 6).

CpeiHsist TIOTHOCTD TEIJIOBOTO MOTOKA (o U3MEHSETCS
npu stom or 38 (F < 17 mm) mo (F = 22 Mm)
13 Br/mM?, a WHTETrpajbHas MOIIHOCTb, BBOAMMAS
JIyTOH, yMEHBINAeTcs TaKUM O0pa3oM, YTO TIOJTHBIN
9HEPrOBKJIAJ B KATOJ YBEJUUUBAETCS ¢ pocTOM F Bechb-
Ma HEe3HAYNTeJbHO. UTO KacaeTcs: IJIOTHOCTH TOKa Ha
Karojie, TO, IOCKOJIbKY ILJIOIIa/b 06JIACTH NPUBS3KU
JIyTH C POCTOM Ol neckombko yOBIBAET, j. COOTBETCT-
BEHHO BO3PACTAET, a caMa 00JIaCTh CMEIAETCs ¢ TOPIia
KaTojla Ha ero BHYTPEHHIO, (GoJjiee HATPETYIO TOBep-
xuoctb (puc. 8, 6). 3aray6aenue paspsia B OTBEPCTHE
KaTo/la, KOTOPOe CTAHOBUTCSI BO3MOKHBIM GJiarojiapsi
MPOUCXOIAIIEMY 3/IeCh CHIDKEHUIO V., TPUBOIUT K
YBEJMYEHWTIO YaCTH TTOJHOTO TOKA, TEKYIIel Ha KaToJ
B IIpejieJiax €ro BBIXOAHOTO KaHaJja. Tak, Harpumep,
npu I = 300 A, Q. = 325 Br (F = 21 MM) 3Ta 4acTh
ToKka cocrasiger 230 A, a IJIOTHOCTb TOKa B ILIa3Me
Ha cpe3e BBIXOHOTO OTBEPCTHS KAaTo/1a JIOCTUTAET 3Ha-
yenuii nopsizika 102 A/ MM2, YTO 3HAYUTEJIBHO OOJIbIIIE,
4yeM Ha ero moBepxHocTu. CJieoBaTeIbHO, UCTIOIb3Y S
peryJImpyeMblii Jla3epHbIil HATPEB TPYOUATOTO TEPMO-
KaTo/la, MOKHO 3(P(PEKTHBHO YNPaBJISTh pacipeje-
JIEHVEM TLJIOTHOCTH TOKA, a 3HAYUT, M KOHIEHTpaIueit
SHEPTUU B IJIa3Me BOJM3U TAKOTO KATO/A.

Hapsay ¢ 4YuWc/leHHBIM aHaJU30M  KaTO/IHBIX
[IPOIIECCOB, IPOBEAEHO IIOJTHOE  MOJIeJMPOBAaHNE
paspsjia B JIa3ePHO-IYTOBOM  ILJIa3MOTPOHE  C
paccMaTpWBaeMbIM  KaTOAOM  TpPHU  CJEIyIONTNX
mapaMeTpax: paJuyc KaHaja IJIa3Mo(OpMHUPYIOIIETO
comta Rc1 = 3 mm; ero aauna Lot = 5,5 mm; G2 = 2,5
J/MWH; PacCTOSIHHE OT cpe3a IJ1a3MOTPOHA [0
MmoBepxXHOCTH aHoja D 4..12 mm (3HaueHus
OCTAJIbHBIX TIAPAMETPOB COOTBETCTBYIOT YKA3aHHBIM
BbIle). Pacuers npoBoun Ha ocHoBe JITP-mMonenu
KOMOMHUPOBAHHOTO paspsifia B JaMUHAP-HOM TIOTOKE
raza. Ilpu mocranoBke TPaHUYHBIX YCJIOBHI BOJIHU3M
MOBEPXHOCTH TPyOYaTOro KaToJa WCIOJIb30BAIICH
pacyeTHble  paclpe/ieJieHUsT  IIJIOTHOCTH  TOKa U
TEeMIlepaTypbl TIIa3Mbl B TPHUKATOJHONW OOJIACTH.
PesybTaTsl MOJIeTMPOBAHUS TTPOIIECCOB HA KATOJE W
B CTOJIOE JIA3EPHO-AYTOBOTO Pa3psi/ia ObLIN TIOJOKEHDI
B OCHOBY pa3paGOTKW KOHCTPYKIIMM U CO3/aHUS
OTIBITHOTO 06pa3siia MHTETPUPOBAHHOTO I1JIa3MOTPOHA
JUISL  Jla3epHO-TIJIa3MEHHON TTOPONIKOBON  HATLJIABKU
[14].

IKCIlepUMeHTaIbHbIE  HCCJIE0BaHusT  pa3palbo-
TAHHOTO TJIA3MOTPOHA TIOKA3aJIH, YTO TIPU TOKAX J[yTH
100...280 A u MOITHOCTH JIA3ePHOTO WM3JyYeHUs /10
4 xBr mnasmorpon pa6oraer ycToiumBO. DBbLan
MU3MEPEHBI BOJIbT-aMIIEPHBbIE XaPaKTEPUCTUKY JIA3€PHO-
JIyTOBOTO Ppa3psi/la € MEIHBIM BOJOOXJAXKIAEMBIM
aQHOJIOM TIPM PA3JUYHBIX 3HAUEHUSIX QO. Kak u
CJIEJIOBAJIO OXKUJIATD TI0 PE3YIbTAaTaM MO/IETUPOBAHUS,
HaIpsDKEHUEe Ha JIyTe YMEHBITAeTCsl IO/ BJUSHUEM
JIA3ePHOTO TyYKa, MPWYEM OCHOBHOE €ro CHIUIKEHHE
IIPONCXOJNUT B JHANA30HE QO =0...2,5 kBt (puc. 9).
[IpuBenennass Ha 3TOM pPHCYHKE pacueTHas 3a-
BUCUMOCTb TIOJHOTO HAlpPSDKEHUsT Ha paspsiie  OT

45

U, B

D

Q° kBT

Puc. 9. 3aBucumocty Hanpsi:KeHus: Ha Pa3psijie B J1a3epHO-yTOBOM
IIJJA3MOTPOHE OT MOIIHOCTU JaszepHoro myuka mpu D = 8 mm, F =
=16 mm: 1 — [ =150; 2 — 200; 3 — 250 A; 4 — pacuer nipu [ =
=200 A

MOIITHOCTY JIA3€PHOTO TMy4YKa /I€EMOHCTPUPYET BIOJIHE
YIOBJIETBOPUTEJIBHOE COBIIAJICHUE C AKCIIEPUMEHTOM.

yroBoe (m1asMennoe), ja3epHoe U KOMOMHM-
POBaHHOE BO3/leiiCTBHE Ha METaJJbl IPH CBapKe U
TepMOOGPaGoOTKe TMOBEPXHOCTH. PaccMarpuBaioTcs
MIPOTIECCHI TEIIOBOTO W JMHAMUYECKOTO BO3/IENICTBUS
MJIA3MBI U JTA3€PHOTO ITyYKa Ha MIOBEPXHOCTb METaJIa
PN yTOBOM, JIa3epHOW, a TakKe Ja3epHO-IyToBON
cBapKe u TepMoo6paboTKe METAILIOB B aTMocepe ute-
PTHBIX Ta3oB. BoazelicTBre Ha MeTalabl TaKUX KOH-
IIEHTPUPOBAHHBIX MCTOYHUKOB TeIlJIa, KaK JIa3epHbIN
My4OK, 2JIEKTpUYECKas [Iyra WM WX KOMOWHAIWS,
MOJKET COIPOBOXKIATHCSI HATPEBOM TIOBEPXHOCTH JI0
TEMIIEPaTyp, CPAaBHUMBIX C TEMIIEPATYPOIl KHUITEHUS.
[Toto6HbBI HATPEB BbI3BIBAET 3aMETHOE UCITAPEHUE Me-
TaJlJla B OKPY’KAIOIyI0 CPey, B pe3yJbTaTe 4ero oHa
CTAaHOBUTCS  MHOTOKOMITOHEHTHOM, coziepkainein
YaCTHUI[BI BHEITHErO ra3a U YaCTHUIbI MEeTaJLITMYeCKOTO
napa. BaskHbIM (paKkTOpOM, BJIMSIONIUM Ha TIPOIECCHI
UCHapeHus MeTajlja B PacCMATPUBAEMbIX YCJOBUSX,
SIBJIIETCST TO, YTO BHENIHSS TI0 OTHONIEHUIO K METAJLTY
cpeia CyliecTBEHHO MOHM3UPOBAHA.

[lnsg omnucaHus AyroBoil, Ja3epHOl W KOMOU-
HUPOBAHHOI IJIa3Mbl, TPaHUYAIIEll C MOBEPXHOCTHIO
UCTIAPSIONIEroCcst MeTAJLIIA, TIPEIJIOXKEH eIMHbBIH TTOX0/T
(aHamOrMYHBIL  MCIIOJMB30OBAHHOMY IIPU  MOJIEJIH-
POBaHMU KATOAHBIX IPOLECCOB), B PaMKaX KOTOPOTO
NPUIIOBEPXHOCTHBIH (KHYICEHOBCKHUI) CJION TLIa3MBbI
yCJI0BHO Jesnrca Ha aBe 30HbI (puc. 10). Buemmsas
rpaHuIla 3TOrO CJIOSI, 3a KOTOPOMl HAYMHAETCS
TUIPOJIMHAMMYECKAsT 06J1acTh TJIa3Mbl, HAXOUTCS Ha
PACCTOSIHMM OT TIOBEPXHOCTU, PABHOM HECKOJbKUM
JUIMHAM CcBOGOIHOrO 1pobera 4acTull, YTo MPU aTMOC-
¢epHOM 1aBJIEHUM BHEIIHETO Ta3a 3HAYUTEIbHO MEHD-
11le pa3MePOB 30HbI KOHTAKTA I1JIa3MbI C TTIOBEPXHOCTHIO
MeTaJlla ¥ paJiyca KpUBU3HbI 3T0i noBepxHocTH. Ilo-
3TOMY KHYJICEHOBCKHUH CJIOH MOXXHO CUMTATh IMJIOCKUM
1 KBa3WOJHOMEPHBIM. Pacyer XapakTepUCTHUK TIa3Mbl
Ha TpaHUIle JAHHOTO CJIOS C TUJPOJAMHAMHYECKON
006.J1aCTBIO TPOBOIUTCS Iy TEM BBEJIEHUS ONPe/Ie/IeHHbBIX
MIPEANONIOKEHNH OTHOCUTETbHO BuJla (PYHKIMI pacil-
pe/ie/IeHr s YaCTHII Ha TPAHUIIAaX CJIOST U UCIIOIb30BAHMS
6aaHCHBIX COOTHONIEHUH /IS IIOTOKOB TSIKEJIBIX
YACTHUII, TOTOKOB WX UMITyJibca U sHeprun [15].



HEAT SOURCES, HYDRODYNAMICS, FORM/

ITTON OF JOINTS

Puc. 10. CrpykTypa IpUIIOBEPXHOCTHOI TIJIa3Mbl, TOTOKU YACTUI]
pacinpe/ie/ieHue TTOTEHINANA B [IPe/leJIaX KHYICEHOBCKOTO CJIOSI

Ha BHemnmHei Tpannile KHYACEHOBCKOTO CJIOST TIPE/I-
nosiaraercs Bbinonenue yeaosuii UJITP (aByxremire-
patypHOe TPHOIMKEHHE) i MHOTOKOMIIOHEHTHON
IJ1a3MBI, XapaKTepU3ylollelicss MapaMeTpaMu: ny,
T, KOHIIEHTPAllUsl ¥ TeMIeparypa 2JIeKTPOHOB;
nd; — xonuenrparmn atomos (Z = 0) u nonos (Z >
> 1) rasa (o = g) u Merammnueckoro napa (o = m);
T — remuneparypa Ts>KesIodl KOMIOHEHTBI ILJIa3Mbl;
U, — CpefHeMaccoBas CKOPOCTb YaCTHIl Llapa; j —
HOpMaJIbHasi K IIOBEPXHOCTH MeTaJa KOMIIOHEHTa
IIJIOTHOCTH 9JIEKTPUYECKOIO TOKA, KOTOpast MOXKET
ObITD NPE/ICTaBJIEHA B CJIEAYIONIEM BH/IE:

1 0 A 'S‘EBI e
=—en, exp | —
T

4 e

- z jo.Z,

=g, m
Z21

e’

kBTe

J=Je = Ji

(9)

rmae ([)0 — IIOTeHIIMaJI I1JIa3Mbl OTHOCHUTEJIbHO MeETaJljla,
a ocTaJIibHble 0003HAUYEHMUS COOTBETCTBYIOT IPUHATDHIM

{
i " 4 C yueroM TOro, 4TO JJIMHA CBOOOJHOTO Ipobera
L o
e /(P HMOHOB OTHOCHUTEJIbHO KYJOHOBCKHX CTOJIKHOBEHHN B
s npe/icyioe MIa3Mbl 3HAUYUTEJIbHO MEHbIIIe COOTBETCTBY-
SR TTTTTTTTTS [OIell AJINHbBI I CTOJKHOBEHUII MOHOB C aTOMaMU U
/ /,/ e faseonoe smymenie JUIMHBI CBOOO/THOTO MTPO6GEra aTOMOB 110 OTHOIIEHHIO K
/ / / S aKTaM WOHM3aIMM, JIJd BbIYUCJIEHUS WOHHBIX TOKOB
/ /’ MoToK aToMos Joz, TEKyIMNX HA TIOBEPXHOCTb METa/ljia, MOXKHO
/’ Ve € MOBEPAHOLTH MOJIYYUTDh BBIPAKEHUS:
r . ..
i QOBpartHLIi NOTOK MNoTok 1
s ] ATOMOB . —
g : ."'.”3,3’,“',‘?', Jaz = Zengz exp [— 5] V, a=g,m Z21;
// . MaHHBIA Tox _ AcTIIIIIINIII
/ / U3 NNasMbl L Bnexrpu- -
£ b 3 A .
S/ / TOK NNasmMeHHbLIX Heckm Tk z (Z +T/T )ngz
Ay ANEKTROHOS s . e (10)
; 7 _ =g,mZ>
0 % L, oiriiniiiiiiionn X VI - kBTe 0
ya ’ / Cnoit | hEE z Mgns,
Y NPOCTPAHET- i MoHnaaumonHan || MNnaama =g, mz>1
Metann /| mewnoro | 06nacTs (rupoponnHamu-
; 2apAna (npeacnoiy 1 veckas obracte) |
2 . ..
& - - . %
7/ /[ KHYACGEHOBCKMIA CnOM —e 3nech caenyeT OTMETHTb, YTO CKOPOCTb MOHOB V; Ha

BHEIIHE}l TpaHUIle CJIOS MPOCTPAHCTBEHHOTO 3apsiia
JIOJDKHA y/IOBJIETBOPSITH KPUTEPHUIO 0O6PA30BAHNUST 3TOTO
cos (kpurepuio Boma). Torma, moacTaBuB MIOJIyYeH-
Hble BbIpaskeHst B hopmy.ty (9), MOKHO HAllTH OJITHOE
MajieHye MOTEHIINAIa B KHYICEHOBCKOM CJIO€ TIJIa3MbI.
B xkauectBe BTOpOI TpaHUIIbI [/ MOJyYeHUsT Ga-
JIAHCHBIX COOTHOIIEHHI BEIOMPAETCSI BHEITHSIS IPAHUIIA
CJI0S1 IPOCTPAHCTBEHHOTO 3apsi/ia, SBJISIONIEr0Cs B PAC-
CMaTPUBAEMbIX  YCJIOBUSX  OECCTOJKHOBUTEBHBIM.
Taxkoit BbI6Op 06YCJIOBJIEH TEM, UTO YK€ OIpPeIeeHbI
KOHIIeHTpaIn u cKopoctb uoHoB (10), a dyHKImMn
pacripesieieHus: aTOMOB Ta3a U MeTAJLJIa MOXKHO CUUTATh
HEM3MEHHBIMHU B TIpe/ieslaX JAHHOTO cJI0s1. B aToM cary-
Yyae, UCMOJIb3Ys SBHDIH BUA DYHKIUI pacipeereHs
TSKEJIBIX YACTUIl HAa YKA3aHHBIX TPAHUIAX, JIETKO
MOJIYYUTh UCKOMbIe GajtlaHCHbIe cooTHoIeHus [15]:

1,2 _
n(XS TS -

(ngo |:2Ya\/E + Bao{exp - Yi) - Ya\/E [1- q)(ya)]ﬂ )T“Z n

1 ,
+ Z ngZ |:2Y0c \/E + exp (_ 5) Wy T1’/2,
>1

panee. IIpeamnosaraercst Takske, 4TO €CJIM MEXKTY T1/1a3- (n
MOW ¥ MEeTaJJIOM MpPOTEKaeT ajekTpuueckuii Tox (y- 512
ropag MaM KOMOMHMPOBAHHAs CBapKa), TO MeTaJLl a=g,m v,=0; yn= My, |
ABJISeTCs aHOJOM Jyru. B ciyuae JasepHoil cBapku U 2kgT )
nin 06pabOTKU MaTeprasioB 6ECTOKOBOH IJIa3MEHHON
CTPYyeil TOT TOK MOJIATAETCS] PABHBIM HYJIIO.
2
nasTs = | n0 | 201 + 292 + Pao 2—; exp (—73) — (1 + 231 - q>(Ya)JH + 2 nlr 21+ 27) - exp (— %J 1- Z;)—:‘t’ - % ,
Z21 (12)
Nos 3 nbo 50 Yo o vaf5 -
z T3/2 2 z [_ [ya (— + yéj\/E + Bao {1 + - |exp (— yé) - (— + yéj i [1 = O(ya)] } +
a:g,mM ct:g,m\/]TO~ 2 2 2\2
0 2
+ZZZ‘,1 q’;%_zm— Ya g + Yﬁj Vi + exp (— %] { 1- Zg;’ + % Wai — yag&} e 13
1/2 9
wai = Vi [2RM0LJ = 2{exp C a) = vl 11~ (D(YM)J}, o=g, m.
kT 1 = D(yai)
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HCTOYHHKH HATPEBA, THAPOAHHAMHEKA, OBPA3OBAHHE COEAHHEHMHH

3neco T, n,s — JOKAJTbHOE 3HAUYEHUE TEMIIEPATYPbI
MOBEPXHOCTH METAJLJIa W COOTBETCTBYIONIAS KOHIICHT-
palys aTOMOB HachINIeHHoro 1mapa; ®(x) — wmHTerpan
sepositnoctu. CoorHomennst (11)—(13) npencrasis-
0T cO00W CHCTEMY TSTH YPaBHEHUI OTHOCUTENHHO
HEU3BeCTHBIX nglo, Ngs, Bmos Bgo m T. Komnuenrparun
MIOHOB 710, BXOJISIIIME B 9T yPABHEHIS, OIPE/Ie/IAI0TCS
M3 YCJOBWS KBAa3WHEWTPAJbHOCTU TIJIa3Mbl, 3aKOHA
[lanprona n ypaBuenuit Caxa, a TeMIieparypa aJeKT-
pouoB T,, 6e3pazMepHasi CKOPOCTb TIapa Y, W TeMIie-
parypa ToBepXHOCTH T’y SIBISIOTCS BHEITHUMHU Tapa-
METPaMH.

[lo Tex mop, IOKa MapIiiMajbHOE JIaBJEHHE
MOHW3UPOBAHHOTO T1apa MeHbIlle BHENTHETO JABJIEHUS
po, aToMbl MeTaJsiia, MOKHUJAIONUE ero MOBEPXHOCTD,
MoryT audGyHANPOBaTh B OKPYKAOUIYIO IIIa3My
(anddy3roHHBIIT PEKIM MCTIAPEHYs), a JIaBJIeHne Ha
MMOBEPXHOCTb OCTAETCS TTPAKTUYECKN PABHBIM BHEIITHE-
My. B atom cayuae mus onpenenenus T, v, U j 3a
npeJenaMu KHyJCEHOBCKOro ¢1051 (B rMApOANHAMUIYEC-
KO 06J1aCTH) UCIOJb3YETCsl ABYXTEMIIepaTypHas MO-
JleJib  MHOTOKOMIIOHEHTHOH TIJIa3Mbl CTOJI0A  3JIeK-
TPUUYECKOM IyTH, ONTUYECKOTO NI KOMOMHUPOBAHHO-
TO paspsiia ¢ y4eToM B3auMMHOUW mauddy3un dacTuil
BHEITHETO Ta3a W MeTajandecKkoro napa. Korjga mas-
JICHWE TIapa, YBEJWYUBASICH MO Mepe ToBbImeHus T,
CTAaHOBUTCS GOJIbIIIE po, HauMHaeTcs pasJier napa (KoH-
BEKTHBHBI PEKUM KCIIAPEHNU ), IIPH STOM JABJICHHE
Ha TIOBEPXHOCTh PaCIljiaBa MOYKET HAMHOT'O ITPEBBIIIATh
BHEIITHee [IaBJeHMEe, & YHOC TIOTOKOM Iapa 3HEpruu
CyOIMMaIi aTOMOB C MOBEPXHOCTH METAJIIa MOXKET
UTPaTh BAXKHYIO POJIb B €€ dHEPreTHYecKoM OasiaHce.
B ciyyae KOHBEKTHBHOTO PeXKuUMa MCIIAPEHMs CHCTEMa
(11)—(13) cBoauTcs K TpeM ypaBHeHusiM (OTHOCHTETb-
HO 1y, Bimo, T), NI 3aMBIKAHUS KOTOPBIX HCIOJIb3Y-
eTCs MOJEIb OZHOKOMIIOHEHTHOH (MeTamdecKkoi)
MOHHU3AITHOHHO-PABHOBECHOI! T1Ia3MBbl.

Haiiziennbie ¢ nmomoibio 6aJ1aHCHBIX COOTHOIIIEHUI
XapaKTEePUCTUKY TIJIa3Mbl HA TpaHulle cjaos Kuyacena
COCTABJIAIOT OCHOBY /IJII pacyeTa IMOTOKA TelJia U J1aB-
JIEHUST T1JIa3Mbl HA MOBEPXHOCTb HCIAPAIONIETOCS Me-
TaJuia. B yactHocTH, Ha puc. 11 n1peictaByieHbl pe3yJib-
TaThl PACYETOB ILJIOTHOCTH TEILJIOBOTO IOTOKa Qp,
BBOJIUMOTO B MeTa/L1 GecTokoBoil (Hampumep, Jasep-
HOI) masMoil mpu AU dy3UOHHOM pesKUMe HCTa-
penua (y,, = 0). Beqmunna Qp Bo3pacTaeT ¢ IOBBI-
HIeHUEM 3JIEKTPOHHON TeMIlepaTypbl 11J1a3Mbl, IPHYEM
B auanasone T, < 8000 K yBesuuenue temiepaTypbl
MTOBEPXHOCTH COTIPOBOXK/IAETCS CYIIECTBEHHBIM BO3-
pacTaHUEeM TEIJIOBOTO TIOTOKA, TOT/Ia KaK MPH GOJIbITHX
T, sausiaue T Ha Bequunny Qp ocaabisiercs. [Tomy-
YyeHHbIe /I 6ECTOKOBOII IL1a3Mbl 3HaueHuss Qp cBU/e-
TEJBCTBYIOT O TOM, YTO TIPH JIa3epHOH 06paboTKe Me-
TAJIOB ¢ 06pa3oBaHueM ILIa3MeHHOTO akesa ILIOT-
HOCTH MOIIHOCTH, BBOAWMOI JIa3€PHBIM TYYKOM
(O ~ 108 Br /cm?) u JIa3epPHOII IJIa3MOM, MOTYT GBbITh
COM3MEPUMBI.

Ecom Mexxpy mima3mMoli W MeTassioM IIPOTEKaeT
3JIEKTPUYECKUH TOK, KaK, HAIPUMEp, B CJAyYae Jasep-
HO-/TyTOBO# CBAapKH, MJOTHOCTb TEILIIOBOTO TIOTOKA Qp
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Qp, Brjcm?

108

10%

107 . . . . . L
B a 0 12 14 T, kK
Puc. 11. 3aBucuMocCTb IJIOTHOCTU TEIJIOBOTO II0TOKa, BBOAMMOTO B

metant (Fe) 6ecrokosoit mmasmoii (Ar—Fe), or TeMmepaTypbl a/1ek-
tporos: 1 — T, =300; 2 — 2200; 3 — 2800 K

OKAa3bIBAETCS BBINIE, YeM [Js1 GeCTOKOBOH IIJIa3MbI,
yBeJnunBasich ¢ poctoM j. CiemoBaTesbHO, MPOITyC-
KaHWe TOKa Yepe3 JIa3epHYIO IJIa3My MOCPeCTBOM BO3-
Oy>KICHIST 3JIEKTPUIECKOI TyTH B 30HE JIa3ePHOTO BO3-
JefiCTBHS Ha M3/esre 1Mo3BoJisgeT 6osee 3deKTHBHO
[epeiaBaTh METAJITy SHEPTHUIo, 3allaceHHyI0 B Ja3ep-
HOMH T1a3me.

[laBJienune Ha rpaHuile KHYJCEHOBCKOTO CJIOSI OCTa-
erca nocrosuupM (p = p°) 110 Tex mop, moka Temre-
paTypa HOBEpPXHOCTH MeTaJlJla TAaKOBa, YTO COOTBETCT-
ByIOIllee 3HAUEHHUe IapIUAaTbHOTO [aBJCHUS Iapa
MeHbIle MM paBHO p°, M HAUMHAET PACTH BMECTE C
JaybneiiimuM ysesanuenueM 1. Poct p conpososkiaer-
s pa3JieToM Iapa M yBeJMIeHIeM JaBJICHNUS Ha TT0Bep-
XHOCTb BaHHbBI PACILIaBa, KOTOPOE OIpe/eNseT PEKUM
MIPOILJIABJIEHNS MeTajljla B IIPOIlecce BO3IEHCTBUS Ja-
3epHOTO TIyYKa, 9JIEKTPUYECKOH [MIyrM WJIN UX
KoMOUHAIUU. PoJib TPaHUYHOI TeMTiepaTypbl MOBEPX-
HOCTH, TIPU KOTOPOIl HAYMHAETCS PA3JIeT 1apa BO BHEIII-
HIOIO Ccpefly aTMOC(epHOrO AaBJECHUS, B OTCYTCTBUE
MOHU3AINH NTPAET TeMIlepaTypa KueHns Metaana T.
TeMmnepaTypa MOBEpXHOCTH METAJIIA, BBIIIE KOTOPOI
JlaBJieHre Ha TIOBepXHOCTb HAYMHAET MPEBBIMATh aT-
MocdepHOe, TTpU HATUIUU HOHU3AIMH OKA3bIBAETCS CY-
IIeCTBEHHO MeHblle T, U yMeHblmaeTcss ¢ poctoMm T
(puc. 12). Takum 06pasoM, IpH Ja3epHOIl cBapKe Me-
TAJIIOB  M3JyvyeHneM HeGosbioi  MomHoctn  (He
HPUBOJANIMM K OGPA30BAHUIO JIA3EPHON ILIa3MbI)
UCIIO/Ib30BaHKe BHEIIHero nonnsaropa (asexrpuuec-
KOM /IyTM) TO3BOJISIET CYIECTBEHHO CHU3UTH TeMITepa-
TYPY IIOBEPXHOCTH, IPH KOTOPOU ITPOUCXO/IUT ITEPEXO/T
OT TETIOTIPOBOHOCTHOTO PEXKUMA TIPOTIJIABJICHUS Me-
tTanna Kk 6osee 3PQeKTHBHOMY peKUMY TITyGOKOrO
MIPOITIABJICHII.

[T 3aMBbIKAHWS OMUCAHHON MOJEJH TEIJIOBOTO U
JMHAMIYECKOTO BO3/ICHCTBUS HA METAJLIBI 3JIEKTPO/Y-
TOBOM TI1a3Mbl, JIa3ePHOTO MYyYKa MW UX KOMOMHAIINI
HEOOXO/IMMO ONPE/IEJIUTh PACIIPe/eIeHIe TEMIIEPAaTy-
puI noBepxHOCTH T 06pabaThbIBAEMOT0 METAJIA B 30HE
BO3/IENICTBUSI PACCMATPUBAEMOTO UCTOYHUKA Teria. C
3TOH 11eJIbI0 MOXKHO MCTIOJIb30BATh YPaBHEHHUE TEILION-
POBOAHOCTH B Oo6beMe MeTasjia COBMECTHO C ypas-
HEHWeM, ompezeasionM (Gopmy cBOOOIHON MOBEpX-
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Ts, kK
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2,5 L L . ; L L

4 8 12 16 20 T, kK

Puc. 12. 3aBucumoctp Temneparypsl nosepxuoctu Meramia (Fe),

IIPU KOTOPOIl JlaBjleHue MOHM3UPOBAHHOIO I1apa pPaBHO arMmocdep-

HOMY, OT TeMIlepaTypbl 2JIEKTPOHOB B IpumoBepxHocTHoil Ar—Fe
n1a3me

HOCTM BaHHBI pacIliaBa, MPU CaMOCOTJIACOBAHHOM
3a/laHUM B KAayeCcTBE TPAHWYHBIX YCJOBHII COOTBETCT-
BYIOIIIUX paclpeeieHIi IIIOTHOCTHU TEIJIOBOTO TIOTOKA
U JIaBJIEHUsI HA YKA3aHHYIO TIOBEPXHOCTD.

B3zaumoeiicTBre J1a3epHOTO U3JIYyYEHHUS U TOTOKA
JIyTOBOIi MJIa3Mbl € JUCIIEPCHBIMU MaTepuaiamu. Pac-
CMOTPUM OCOGEHHOCTH B3aWMO/IEHCTBUS J1a3€PHOTO
I/ISJIy‘-IEHI/IH C AUCIIEPCHBIMU MaTE€pUuaJJlaMu. HpI/I HnccJie-
JIOBAHUY HArpeBa KePaMUYECKUX YACTUI] M3JyIeHUEM
COj-mazepa HEOOXOAUMO YUYUTBIBATD, YTO B OTJINYHE
OT METAJIJIOB, TOTJIOMIAIONINX JIa3ePHOE U3JIy4YeHue B
TOHKOM TPUIIOBEPXHOCTHOM CJiO€, OOJIBIITMHCTBO Ke-
paMUYeCKUX MaTepUaJioB, SIBJSIOMIUXCSI JIUJIEK-
TPUKaMH, JOCTATOYHO TIpo3padyHo B MK-nuanazone u
IIpU XapaKTEPHbBIX pa3Me€pax YaCTUll IMopAAKa AJUHDI
BOJIHbI 1/13J1yqu1/1$1 TIIOTJIOIIA0T €ero SHGPFI/IIO BO BCEM
o6beme vacruilbl [16]. Kpome Toro, HepaBHOMEPHOCTh
HarpeBa yacTull, 06yCcJI0BJIeHHAs NHTeP(DEPEHITNOHHOI
CTPYKTYPOH 3JIEKTPOMArHUTHOTO TOJIsI, BO30Y>K1aeMO-
TO B YaCTHUIE JIA3ePHBIM W3JyYeHHEM, MOXKET IIpHU-
BOJINTDH K HEOAHOPOIHOCTH pacIpe/ie/ieHnsl TOorIola-
TEJIbHDbIX CBOﬁCTB MaTepuraJia 4aCTUIbl, 3aBUCAIINX OT
TeMIlepaTyphbl.

D,-107% Br/om?

10,0

8.0

5.0

4,0

20

0 0,2 0,4 0,6 0,8 1,0 r/a
Puc. 13. Pacupenenenne Guomomgziemoﬁ MOII[HOCTH 110 00DbeMy
qactuiy SiO, npu S =10"Br/eMm: 1 — a=10; 2 — 30; 3 —
50 MKM
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Jl1st HaX 03K IeHUsT pacIipeiesieH sl MONTHOCTH U3JTy-
uenuss D,(7), mornomaemoii pajguabHO-HEO{HOPO/-
HOW cepruyecKoil yacTuileld pajnycoM d, UCIOJb30-
BaJICS METOJI CJIOU-ANMPOKCUMAIINNHT, B PaMKaX KOTO-
pOro dYacTUIla YCJIOBHO AeauTcss Ha N OIHOPOIHBIX
CJIOEB C JIUAJIEKTPUYECKON TIPOHUIIAEMOCTBIO € = g +
+ ig!’, MOCTOAHHON B Ipejenax Kaxaoro caos (ag,q <
<7 < a, TAE ds U ds-y — BHEINTHWUH W BHYTPEHHUHI
paauychl s-To caost, s = 1, 2, ..., N). C nomompio
peleHust 3azaun  udpaknuy TIOCKOM BOJHBI Ha
CJIOUCTO-HEOTHOPO/THOM Tiape GbLITH MOJYYeHbI CJey-
IOle BBIPAKEHUS /IS pacyeTa TOTJIOIAeMON MOTII-
HOCTH TIpH ds—1 < ¥ < a; [16]:

Sinc 8;’ o0
DP(T)ZW 2(27714'1) ZX
m=1 y=1,2
2

FO) + 2Re [ o 3o HS,S)(r)] + ‘ av
F(f.) = kxim (ksr)k;]rn (ksr);

1 0
==

or

2

G&S’(r)},

X {‘d,(f)

Fy

0 .
r [rjm (kJ‘)] 5 [rjm (kJ’)] +

m(m+ 1) .
+ Tlm

(Rgr) o (Rs1); (14)

S S ok <k * * gy,
H(1,)2 = F(i,)ZV Jm> ]m' d My nmly
) _ gl ; o
G1, 2= F1, 2 Jm» ]7;17 Jm>

ok
]m i n?}’t’

N, Moy Ty

3nech S — MHTEHCHBHOCTD MAAIONIETO HA YACTHILY
JasepHoro uanydenns; j,(x), n,(x) — chepuueckne
dyuxmun Beccenst u Heiimana m-ro mopsiaka; ks =
= k\&,, a BeJMUHHBI dﬁsy) 2, 5’%‘*) 2 HAXOJSTCS C IIOMOIIBIO
PEKYPPEHTHBIX COOTHOIIEHUI.

Bbum paccunraHbl paguajibHblE paciipeesieHust
[OTJION[AEMON MOIIHOCTH B OHOPOJAHBIX YaCTHIIAX
Al203, SiO2 u TiO2. B cayuae Al2O3 u TiO2 Besmunna
D) y6biBaeT OT HOBEPXHOCTH YaCTHIBI K ee IIeHTpY,
pUYeM C yBeJUYEHHeM ¢, OCOOEHHO [IJIsT YACTHUI[ U3
cuabHO Torsomaomero Marepuana (TiO2), ne-
PaBHOMEPHOCTb HarpeBa ycujmBaercs. Jlyist gactuiq
SiO2 MakcuMyM TIOTJIONIEHWS, PAacCIOJIOKEHHBINH
BHYTPH YACTHUIIbI, YMEHDIIIAETCS C POCTOM €€ PAIUyCca
(puc. 13), B pesy.brate yero Harpes yactuil SiO2 npu
YBEJIMYEHUH ¢ TIPOUCXOAUT 6oJiee PABHOMEPHO.

[l pacueTa MpPOCTPAHCTBEHHO-BPEMEHHOTO pac-
npenenenust temueparypsl  Tp(r, t) B wacrue,
HarpeBaeMoil JIa3ePHBIM U3/TyYeHNEM, CII0Ib30BAIOCH
HeCTaIlMOHAPHOE yPAaBHEHME TETIOMPOBOIHOCTH C Pac-
[Ipe/Ie/IEHHBIM UCTOYHUKOM TeILIa:

oT, 1 0 oT
p_ L2, P
pl] P ? - 7’2 or [7 Xp or ] + Dp- (15)
3£[er pp — IIJIOTHOCTD, Xp — KOS(b(l)I/IHI/IeHT TEIlJIO0II-
POBOJHOCTH; Cp — 3(1)(1)6KTI/IBH'&H TEITJIOEMKOCTD

MaTepUasIa YACTHIbI, BBIYUCISIEMAST C YUETOM CKPBITOI
TEIIOThI IJIABJIEHNUSI M TapOOGPA30BaHHus, a pacipe/ie-
nenne D, (7, t) paccuntbiBaioch 1mo dopmynam (14).
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B nipeanosioskennn, 4To 4acTUIA HAXOIUTCS B TIOTOKE
XOJOMHOTO Ta3a ¢ TeMiepaTypoil 7oy, KpaeBble
ycaoBusi K ypaaenuio (15) 3aiaBajiuch B Buje

a,
or |r=0

Tp(r) 0 =Ty; =0;

t=

(16)
or 4
- [xp gf}‘ = 0y (Ts = Tox) + Broo (T = Tixd,

rae TO — MCXOJHasA TEMIIEPpAaTypa YaCTUIIbI; BT — CTe-
MeHb YEePHOTHI MaTepHaa YacTUIlbl; Gy — ITOCTOSTHHAS
Credana—bosbimana; o, — Ko OUIHMEHT TETI00T-
Jlau¥, OIPENesAeMblii W3 KPUTEPHATHHONU 3aBUCH-
mMoctu. Ilpu mpoBeseHNr PacueToB PAcCMAaTPUBAIUCH
cJyyau, KOTJla OITHYECKHe CBOHCTBA MAaTepPHUAJIOB
(Al,0O3, SiO;) u3MeHAINCH ¢ TeMIepaTypoil 1 Korja
OHU OBLTH TIOCTOSIHHBIMU. B TiepBOM cirydae mpesro-
JIaraJoCch, 4TO JefCTBUTEJNbHAs YacTh KOMILTEKCHOM
JIN3JIEKTPUYECKON MPOHWIIAEMOCTH MaTepuaja He
3aBUCHUT OT TEMIIEPATypbl, a MHUMAas 4acTb, 06PATHO
MPOIIOPIIMOHANbHAS JIJTTHE CBOGOIHOTO TIpo6era (hoHO-
nos, €"(T),) = ACP(TP)/Xp(Tp), rae mocrosiHHag A
onpe/e/iseTcs 110 U3BeCTHOMY 3Hadenuio & npu T, =
=Ty =293 K.

Kax mokasam pacuerst mpn S = 10% Br/cum?,
a = 30 MKM, HEOJHOPOJHOE paclpejieieHue UCTOY-
HUKOB T€IlJIa B YaCTUIlaX NTPUBOJAUT K TOMY, 4YTO Ja’Ke
pu € = const TeMmmeparypa ITOBEpPXHOCTH YaCTHUIIbI
Al,O3 pacrer 6bIcTpee, YeM TeMIepaTypa ee IeHTpa,
tTorma Kak B ciaydae SiO; Habmomaercss ob6paTHas
kapruna (puc. 14). B coorBercTBUM € 3THM YacTHIA
SiO, wnarpeBaercs TakuM 00pa3oM, 4YTO OpH ¥ =
= 1,5 MKM peajiu3yIloTCcsI YCJIOBUSI B3PBIBOOGPAZHOTO
UCTIApEeHUsI ee Marepuaja W PauyC 4acTUIIbl CKAuKO-
06pa3HO YMEHbIAETCS /10 yKazaHHOro 3Havdenus. [lor-
JIoIaeMad OCTAaBIINMCA MaT€puaJOM MOIIHOCTb U3J1y-
YeHWs] OKAa3bIBAEeTCS HACTOJBKO MAJIOH, YTO YacTHUIla
HayMHaeT OCTbIBATb.

HpI/I yuere TeMnepaTypHoﬁ 3aBUCUMOCTU OIITN4YeC-
KIX CBOWCTB MaTepuasioB HEOJHOPOJHOCTb HarpeBa
vyactuny Al,Os yeunuBaercst, a gactuir SiO) HECKOJBKO
ociabasiercst (puc. 14). ITo cBsI3aHO ¢ TIepepacipe/ie-
JeHneM €', a cjegoBaTeJbHO, 1 D,, 10 06beMy YaCTHII.
Y4eT 3aBUCUMOCTH AUCCUTIATUBHBIX CBOMCTB MAaTEPHATIOB
OT TeMIIepaTypbl IIPUBOAUT TAK)KE K YBEJIMYEHUIO pac-
4yeTHO# ckopocTh Harpesa yactuil Al,Os, 10 cpaBHEHHIO
C HpI/I6JII/DKeHI/IeM OJITHOPO/IHBIX YaCTHIL, U K €€ CHUKEHUIO
B cayuae SiO,. [IpuunHOit 3TOTO SBJISIOTCS COOTBETCT-
BYIOIIIME U3MEHEHUS CeUeHUH TTOTJIONIEHIST o! JIa3epHOTO
U3JIy4eHUs] PaCCMaTPUBAEMBIME YACTHIIAMU B IIPOIIECCE
ux Harpesa [16].

HpI/IMeHI/ITeJIbHO K YCJOBUAM IJIa3MEHHOI'O Ha-
MBLJIEHUST TTOKPBITUH pa3paboTaHa MaTeMaTHYecKast
MOJIeJTb  TIPOIECCOB HarpeBa W JIBUKEHUS MEJKO-
JUICTIEPCHBIX YaCTUIl B TYypOYJEHTHON MJIa3MEeHHOH
CTpye, TeHepupyeMoil [yrOBbIM  IJIa3MOTPOHOM
KocBeHHoro geitcteust (¢ ruagkuM KanaaoM). Mo-
JIeTUPOBaHNe TaKOH CTPYU B 3aBUCHMOCTH OT Pa3MePOB
KaHaJja COIJIa-aHO/Ia HMCIIOJb3YEMOTO IIJTa3MOTPOHA,
peXrMa ero paboThl U Pojia TIa3Mo00Pa3yIoIIETo ra3a

Tor KK

0,3

\ 1 1
0 0,05 0.10 0,15 0.20

Puc. 14. V3mMenenne BO BpeMeHH Pa/iyca u TeMIepaTypbl B lIEHTpe
(1) u na noepxHoctu (2) wactuipt SiO,: cIONIHAS KpUBasgt — &€ =
=g + ia"(Tp); mrpuxoBasgs — € = const; X — TeloBOIl B3pbIB
YACTHUILBI

t, MC

MIPOBOJIUTCSI HA OCHOBE CHCTEMbI YDAaBHEHUU st
ONHUCAHUSI pa3psfia B [JO3BYKOBOM TypOYyJI€HTHOM
MOTOKe rasa, IpeIJoXKeHHO! Bbime. Pacder TeM-
MepaTypHOrO MOJS  HambLIsseMol dwactumpl  (mpes-
nosaraemoii  cepudecKkoii) TpM  JABWKEHHH B
c1a603albIIEHHOIl  CTPye € U3BECTHBIMU pacIpe-
JEJIEHISIMHE ~ TeMIIepaTypbl W CKOPOCTU  TLIa3Mbl
OCYIIECTBJISIETCSI € WCIOJb30BAHUEM  YPABHEHUS
termonposognoctn  (15)  6e3 ydera BHYTPEHHETO
ncrournka tera (Dp = 0). DTo ypaBHEHUE penraeTcs
npu Kpaesbix yeaousx (16), rae nox Text criepyer
MOHUMATD TEMIIEPATyPY IJIa3Mbl B TOUKE HAXOKICHUS
JacTUIbl. Pacuer TpaeKTOpUU W CKOPOCTH YACTHUIIBI B
3aBHCUMOCTH OT HAYAJIbHOTO HAMETPA, MaTepuasa
YACTHIIBI U YCJIOBUI €e BBOJA B CTPYIO CBOJMTCS K
pEIlleHnIo  ypaBHEHUs] JIBUKEHHS YaCTUI[bI IO/
JeiiCTBEM  CHJIBI ~ a9POJMHAMHYECKOTO  COIIPO-
TUBJICHUS. 3HAaUeHUsT K03 PUIMeHToB Tenoo6MeHa n
JIOGOBOTO COIMPOTUBJIEHHST YACTHUIIbI BBIYUCJISIOTCS HA
OCHOBE KPUTEPUAJIBHBIX 3aBUCUMOCTEN /1151 OOTeKAHMS
cdepnl.

Jlyis KOMITbIOTEPHOI peasm3alui pa3paboTaHHOI
MO/IeJTH co3/1aHo0 TporpamMmHoe obecieuenne CASPSP,
mpecTaBJstioniee  cO00N TIaKeT NPHUKJAAHBIX IIPO-
rpamMM, TIO3BOJISIIONUX IPOU3BOJUTh pacyeT Xa-
pPaKTepUCTUK TYPOYJEHTHBIX IJIa3MEeHHBIX CTPYil, a
TaKsKe MOEJUPOBATH MPOIECCHI HATPEBA M JIBIIKEHUSI
HanbligeMbix yactui] [17]. [lanHoe mporpammHoe
obecrieuenne MpeHasHAYeHO [ BbibOpa  OI-
THMAJbHBIX MAPAMETPOB PEKUMa HAMBLICHUS, UMEeT
yIoOHBIN uHTEpdENC MoIb30BaTENd IS PaGoThl B
onepanuonubix cucremax Windows 9x /NT /2000 u
MOJKeT OBITh IIOJIE3HO TIPU Pa3paboOTKe Pa3JIHIHBIX
TEXHOJIOTHI T11a3MEHHOTO HAIBLIEHS.

JlIst OIeHKM aJeKBATHOCTH OIMCAHHONW MaTeMa-
THYECKOH MOJeTH M TPOTPAMMHOTO 06eCTedeHusT st
ee KOMIIbIOTEPHON peaju3aiuu ObLIO MMPOBEIEHO K-
CIIepUMEHTAJILHOE WICCJIeJOBAHUE M COOTBETCTBYIOIIEE
KOMITBIOTEPHOE MO/IEINPOBAHIE TIPOIIECCOB IJIA3MeEH-
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noro HanbLienus yactui; Ni u Al,Os. ITokaszaHo BrioJte
YJIOBJIETBOPUTEJIbHOE COOTBETCTBHE PACUETHBIX JaH-
HBIX C 9KCIIepUMeHTaJbHbIMU [17].
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MATEMATUYECKOE MOJAEJIMNPOBAHUE
IIOPOOBPA3OBAHUNA IIPU CBAPRE

B. A. CEPEHKO, B. {1. 3YCHH, A. H. CEPEHKO
(ITpuasos. roc. yH-T, T. Mapuynosb, YKpauna)

PaspaéoTaHa MaTeMaTu4yecKass MO/eJib IIEPEMEIICHU Ia30BbIX ITYy3bIPbKOB B CBapOHHOﬁ BaHHE, Y4YHUTbIBalollas CI)I/ISI/IKO-
MEXaHNYIECKHNE IIPOIECChI B Hef/i, onpeaesisieMblie pEeKMMOM CBapKH, CBOMCTBAMU OCHOBHOTO U QJICKTPOJHOTO METAJLJIOB,
CTEIEHbIO MEPEChIIECHUA KUJIKOro MeTaJjja ra3oM n T. 1. MO}.’[eJII/IpOBaIH/Ie JABVIJKEHNA Ta30BbIX ITY3bIPbKOB B CBapO‘IIIOﬁ
BaHHC IIOKAa3bIBA€T, YTO IIPU OIIPEJACJCHHbIX IIapaMeTpaX CBAPKU OHU HE YCIIEBAIOT BCILJIbIBATb, MOT'YT 3aXBaTbIBATbCs
3y6‘{'dTbIM (I)pOHT()M KpUCTaJa/In3aliuu, BbI3bIBad oépasoBaHne IIOp B CBApHbBIX NIBaX N HAIJIABJCHHOM METaJLJIC.

Mathematical model of movement of gas bubbles in the weld pool has been developed. The model allows for physical-
mechanical processes occurring in the weld pool, which are determined by welding conditions, properties of base and
electrode metals, degree of oversaturation of liquid metal with gas, etc. Modelling of movement of the gas bubbles in
the weld pool shows that under certain welding conditions they have no time to float to the surface and may be trapped
by a serrated solidification front, thus causing formation of pores in the weld and deposited metal.

ITportecc mopooGpa3soBaHMsT OTHOCUTCS K CJIOYKHBIM
(PUBUKO-XUMUIECKUM SIBJIEHUSIM U €TO pa3Buthe 06yc-
JIOBJIEHO HE TOJIBKO CBOWCTBAMH HMCXOIHOTO METAJLIa,
HO W mapamerpamu cBapku [1]. [las mosmydenus
KOJIMYECTBEHHBIX PE3YJIbTATOB IpoIiecca opooGpaso-
BaHUsI ITOCTPOUM BCE PACCY’KIEHUS TPUMEHUTENBHO K
CBapKe M HaIlJIaBKe AJIOMUHUS M ero cruaBoB. Kak
YCTaHOBJIEHO B [2—5], OCHOBHOII IpHYMHOIT TOpoo6pa-
30BaHUsI MPU CBapKe AJIOMUHUS U €r0 CILIABOB SIBJIS-
eTcsl BOZOPO/, TOMAJAIONINNA B MeTa/J CBAPOUHOI
BaHHBI U3 OCHOBHOTO U MPUCATOYHOTO MeTaJLJIA.
[Tpumem, kak u B [6, 7], 4To cTeHKa Kparepa nepe/iHei
YaCTH CBApOYHOM BaHHBI SIBJIIETCSI YACTBIO IIAPOBOTO
cerMeHTa pajmycoM R, MUpUHOi nmposapa B u riyGuHON
nposapa /i (puc. 1), a M30TEpMUYECKAs IMOBEPXHOCTH
(pponTa KpucTammsanyn (3a/HAS 9aCTh BAHHBI) MOMKET
ObITH OINWCAHA YHUBEPCAJBHBIM YPABHEHIEM, BKJIIO-
YAOIM TIapamMeTpsl Ly, B /2, H [8—10].
[IpeamonokuM, YTO OAWHOYHBIN TA30BBIN TIy-
3BIPEK PAIUYCOM 7o HAXOAUTCS B JKUJKOM MeETAJLIe
CBapOYHOI BaHHBI C HAYAJTbHBIMHU KOOPAMHATAMU Xy,

Zh

zo (B aAvamMeTpasbHON MJIOCKOCTH BaHHBI). Jlasb-
Helilllee TOBe/leHNE TTY3bIPbKA OTpe/iesisieTcs [Jei-
CTBHEM BbITaJKuBalomeii (apxumMenoBoii) cuabl u
PABHOJIEHCTBYIONIEN CHJI MOBEPXHOCTHOTO HATSIXKe-
HUs B HEOJHOPOTHO Harperoil xuakoctu. Kpome
TOTO, TY3bIPEK MEePEeMeIIaeTcss BMECTE C ABUKEHUEM
MeTaJlJla CBAapOYHON BaHHBI, XapakTep KOTOPOTO
3aBUCUT OT q)OprI 1N pa3MePOB BaHHbI, Me€CTa
pacIoJioXKeHus My3bIpbKa u pyrux ¢dakropos [11, 12].

N306pa3uM JBUKYIIUNCS B SKUAKOCTH ITy3bIPEK
(puc. 2, @) B NUPOU3BOJBHOM IIOJNOKEHHH €r0
TPAeKTOPUH, OIPEJEIEMOM KOOPAWHATAME TIEHTPa
nyspippka  A(x, z). Pesyabrupylomas CKOPOCTb
HepeMelleHnsl Mys3bIpbKa B BaHHe v, OyJeT paBHa
TeOMETPUYECKON CyMMe IIEPEHOCHON CKOPOCTH Vi,
CKOPOCTH BCIIBIBAHUSI V, W TPAJAUEHTHON CKOPOCTH
V; B CTOPOHY HOBbIIIEHUA TEMIIEPATYPbI.

CKOpOCTb BCILJIBIBAHUSI Ta30BOTO ITy3bIpbKa B
JKAJTKOM  MeTaJjijie, WMEIOIIEM OJHOPOJIHYI0 TeMIle-
patypy 1o 00BeMy, OIpENesSIeTCS PasMepoM IIy-
3bIPbKA, BA3KOCTBIO U ILJIOTHOCTBIO Kujkoctu [13].

Ful

&

L)

=y

Puc. 1. ITapaMeTpbl CBapOYHOI BaHHbI

© B. A. CEPEHKO, B. 4. 3YyCUH, A. H. CEPEHKO, 2002
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HEAT SOURCES, HYDRODYNAMICS, FORMATION OF JOINTS

Zh
0
A
Puc. 2. K onpesesieHnio pe3yibTUpyIonieii CKOpOCTH JBHKEHUS Ta30-
BOTO My3bIpbKa B cBapouHoii BanHe (@), pacipe/ie/IeHus TEMIIEPaTypbl
0 » 10 ToJAIMHE JKUAKOH npocsoiiku &, (6) u cun, gefictByonmux Ha
X

B

[L1s1 y3pIpbKOB pagmycoM He 6osee 0,75 MM CKO-
POCTDb BCILIBIBAHUSI MOKeT OBITh OIpe/leleHa COOTBET-
CTBEHHO TI0 BBIPAKECHUSAM

9(Px ~ Pr)

_ 2 2.
BTy @
1/2
_|9Px = PIr o &%
’ Pt Pr TP tp|

e ¢ — YCKOPEHHe CHJIBI TSXKECTH, M/ % Py, pr —
IJIOTHOCTb COOTBETCTBEHHO KMIKOCTU M Ta3a IIy3bIPb-
Ka, T/M° | — JMHAMIYECKAS BA3KOCTb JKHIKOCTH,
[Ta-c; o — MOBEPXHOCTHOE HATSIKEHUE SKUKOTO Me-
tamama, H /M.

[To Mepe ABMKEHUS ra30BOTO My3bIPbKA B PACILIABE
CBApOYHOIl BAaHHBI €ro MOJIOKEHWe OTHOCUTENbHO
MOBEPXHOCTeN (POHTA KPUCTAIN3ANUU M 3epKaja
BaHHBI n3MeHsercs. [TockolbKy TemriepaTypa B CBa-
POUYHOI BaHHE paclpefiesisieTcsi HepaBHOMepHO [14,
15], To mBUKyIIMIiCS y3bIpeK GyIeT NONaaTh B 30HbI
C Pa3JIMYHON TEMIIEPATypoOl, YTO M3MEHUT CKOPOCTb
€T0 BCIIBIBAHMS, TaK KaK BXOJAIIME B (DOPMYJIbI 1)
MAPaMETPDI Py, L U G 3aBUCIT OT TEMIEPATyPhI Pacll-
gaBa. B pspe pabor [16—18] moayuennl mnapa-
MeTpUYeCKIe yPaBHEHUS [ OIIpe/ie/IeHus Ha3BaHHbIX
XapaKTEPUCTUK B 3aBUCUMOCTH OT TEMIIEPATYPBI
JKUJIKOTO METaJLIa:

d
=c+—5

px =(a— b) (T — Tw; T2,

u

o _do . )
G = Gun dT ( rm)w
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ra3oBblil My3bIPEK B HEPABHOMEPHO Harpetoii xuakoctu (6)

rnea, b, ¢, d, do /dT — xoadduruentsi, 3aBucsiiue
OT TUTIA METAJLJIA UJIU CILIaBa; Ty, Oy — TEMIEpaTypa
1 TIOBEPXHOCTHOE HATSIKEHHE B TOUKE TLIABJIEHNUS.

[lng  onpeneseHus TeMmepatypbl  MeTajia B
tekymieii touke (A(x, z), puc. 2, 6) HeOOXOAUMO 3HATD
BEJIMUMHY U XapaKTep ee paclpeieSleHus M0 TOJIIuHE
JKUJIKON TIPOCJIOWKN B CEUEHUH, TTPOXOSIIEM Yepe3
sty Touky (ceyenmme n—n). ToammHa KUAKOI
MpOCJONKN J, paBHa oOTpe3ky CB mpsMoit n—n,
TPOXO/IATIEN Yepe3 TOUKY A 1 SIBJISIONIeNcs HOPMAaJbio
k kpuBoii B Touxke C(xy, z1).

PemB coBMecTHYIO CHCTEMY ypaBHEHWN KPUBBIX
1, 2 n nopmamu n—n (puc. 2), momry4dnm

8, = V(g = 29)° + (25 — 21)°,

3)
rae

_ 2. _ 9 .
21 = ayXT; 2y = axxy + Oy
H H - 6)[(1{ X

o T8 v
[ XB 6)1(5)

(lXB

a = ay =

3

X = \/_q+ﬂ(—q—z+p3 + \/_q_ﬂ(—q_z—+p3;

S [ T —

4a1a2x1
1 - 26112

Gaf

1

1 .
- 4d1d2X1’

ay
X

q=

4611 P=

s ynoGeTBa OCTEYIONIMX PACUYeTOB 11e1eCc0006-
PasHO KCIIOJb30BATh OTHOCUTEJNbHOE PACCTOSTHIE & OT
touku C(xy, z1) go touxku A(x, z) (puc. 2, 6):
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d

N e

(X —x) + (22— )

E= (4)

Kax ymomuna/soch BbIllle, TeEMIEpaTypa paciijiaBa
B CBapOYHOIT BAaHHE pacipe/ie/ieHa HepaBHOMEPHO, 0CO-
6enHo 110 ToJiuHe. B pabote [ 14] mpoBoauiock nsme-
peHre TeMIepaTyp B Pa3JMYHBIX 30HAX BaHHBI C
MTOMOIIBI0  TIIATHHO-TIJIATHHOPONEBON  TePMOTIAPHI.
IKCIEPUMEHTBI TIOKA3aJI1, YTO TEMIIEPATypa B CBapOy-
HOI BaHHE N3MEHSIETCS B IMTUPOKOM JIHATIA30HE: OT TEM-
neparypbl, 6IM3KOM K KuieHnio Metaja (B maTHe Ha-
rpesa), 0 TeMIepaTypbl IIaBenus BOmu3n GpoHTa
KPUCTAJLJIT3AIIH.

W 3BeCTHBI TTOTIBITKA TEOPETHUECKOTO OTIPE/IETEHNUS
CpeJHEell TeMIlepaTypbl CBAPOYHOI BAHHBI HA OCHOBE
pelieHys  ypaBHEHUSI  MPEIEJbHOTO  COCTOSTHUS
npoiiecca pacIpoCcTpaHeHusT TeILIa
OBICTPOJBIDKYIIETOCST ~ MOIMHOIO — HCTOYHUKA B
nosybeckoneunom Tesie [1]. OpHako moJydeHHbIE
3HAYEHUsI  TeMIIepaTypbl IIPU  TaKOM  pacyere
3HAUUTEJBHO BBINIE 3KCIepuMeHTaabHbIX [19, 20].
YcTaHOBJIEHO, YTO CPEAHssSI TEMIEpaTypa CBapOYHOMN
BAaHHBI MMPAKTHUYECKN HE 3aBUCHUT OT PEKUMA CBAPKH.

AHamormyHo pesyJibTataM ucciaenoBanus [21]
MOKHO BBIBECTU 3aBUCUMOCTb M3MEHEHUsT TEMIIEPaTy-
PbI MeTaJlJla BAHHBI TIO Mepe YaJeHus BJI0JIb HOPMAJIH
n—n OT TIOBePXHOCTH (PPOHTA KPUCTAIU3AIUK
(puc. 2, 6, xpuBas 1) mo 3epkaja Banubl (puc. 2, 6,
KpuBasg 2) B BUJE

T=Tuull =1 ="+ Tyuy(1 - &)"], )

/i€ Tax, Ty — TEMIIEpATypa MeTaJljia COOTBETCTBEH-
HO Ha MOBEPXHOCTH BaHHBI M Ha (DPOHTE KPHC-
Tasumusaian, K; m — nokasaresib, XapaKTepU3y IOt
CKOPOCTb M3MEHEHUS TeMIIEPaTyPhl.

Hasmume peskoro rpaJineHTa TeMiepaTyp u3MeHsteT
JIBUYKEHHUE Ia30BbIX 1Ty3bIPHKOB B 5KH/KOCTH, MOCKOJIb-
Ky TIOSIBJIIETCSI PABHO/EHCTBYIONMAS CHUJT TIOBEPXHOCT-
HOro Hatsikenust R (puc. 2, 6) M COOTBETCTBEHHO COC-
TABJIAION[Ass CKOPOCTU B CTOPOHY MOBBIIICHUST TEMIIE-
patypsl [21-23]:

(6)

rne do/dT — temueparypHblil K0adUIIUEHT TTOBEp-
xHoctHoro Harsxkenud, H,/(Mm°C); dT/dn
TPAJMEHT TeMIepaTypbl KUAKOCTH B HaAINpPaBJIEHUU
nopmasu n, °C /M.

[TepenocHass CcKOpOCTb TlepeMenieHusT Ta30BOTO
My3bIpbKa B CBApOYHON BaHHE paBHA CKOPOCTH
JIBVJKEHHST JKMJIKOTO MeTaJljla Uy, 3HAUeHHe KOTOPOU
3aBUCUT OT IapaMETPOB peskuMa cBapku (HaIIaBKH).

ABTOpBI 6OJIBITMHCTBA PAGOT, TIOCBAIIEHHBIX OIIPe-
JIeJIEHUIO TUIPOJIMHAMUYECKUX TMaPAMeTPOB JKUKOTO
MeTaJJla CcBapo4yHoW Bamubl [6, 7 u ap.], or-
PAaHUYMBAJINCH AHAJM30M €T0 COCTOSTHUS Ha Tiepe/iHel
crenke Kparepa Baumbl (cMm. puc. 1, or Toukn D 1o
toukn 0). B 1o ke BpeMsa nopoo6paszoBaHme mHpo-
NCXOJIUT B KpUCTAJIU3YyIolleiics 3a/Hell yacTu BaHHbI
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(ot Touku 0 10 Touku F), M09TOMY HEOGXOAUMO pac-
CMOTPETD IBIIKEHNE JKU/IKOTO METAJLIA B 9TOI 001aCTH
BaHHBI.

B pa6orax [24—27] nokasaHo, 4TO CKOpPOCTb Oce-
BOTO ITOTOKA JKU/KOTO METaJIIa JOCTUTAET HanOO IbIIe-
ro 3HaYeHUd B caMOi HUKHEH IJI0CKOCTH ceyeHus Kpa-
tepa Banubl (cM. puc. 1, cedenne 004) 1 110 Mepe nepe-
MeIeHNs] B XBOCTOBYIO YaCTbh BAHHbBI 3aMe/IJISIETCS.

[Ipumem B 1iepBOM TPUOJIMIKEHUU, UTO TTPOEKITUS
CKOPOCTH Uy Ha 0Cb X U3MEHSETCS 110 JIMHEHHOMY 3a-
kony or vy (B cevenun 001) 10 0., (B ceuennu EF),
TOT1a

Oyer = (OO - U(‘B) (1 - %] + Ocp,y (7)
rJe Oy — CKOPOCTh cBapku (HaImaBkm), M/ C.
[Ipoekiust v, Ha OCh Z U3MEHSIETCS TIO 6oJIee CJI0XK-
HoMy 3akoHy: B ceueHnn 00y u B cedenun EF vy , =
= 0, a B nmpomexxytke or Z > 0 o Z < H — 1o
napaboJuYecKoMy 3aKOHY, MPH YCJIOBUU PABEHCTBA
MPOEKIIMH BEKTOpa IepeHoca KOJMYeCTBa JBUKEHUS

. . H
Ha OCb Z ]ISl CPESIHell CKOPOCTH U5, = §— Ugy M CKO-
KB

pocTH, U3MeHSIONIelcS 0 3aKOHY Tapa6osbl. MoKHO
MOKA3aTb, 4YTO Uy, OYyAET OlpeNesaTbCcs IO 3a-
BHCUMOCTH

GUCB
?7 HY,,

Ve Z(H - 2). €))

[IpumemM, 4TO CKOPOCTD y /THA CBAPOYHOI BAaHHBI U
OyJleT ONpeIesIAThCS B COOTBETCTBUY ¢ paboToii [7] n
clieJaeM TIOTPaBKY Ha W3MEHEHHE CKOPOCTH TOJ
BJMSTHUEM  TIPUCOEMHSIEMOW MacChl K KUIKON

HpOC]IOfIKe BCJIEACTBUE IIJIaBJICHUA dJICKTPO/a

[1 + 44B(v., + AC)]V* — 1

915 9

Oy = Iy

Pasmepnl Banubl (JIMHA, MUpUHA W TayOUHA
NPOILIABJIECHUSI) MOTYT OBITh ONPEJEJTEHBI PACUYETOM
WJIN TI0 TTApaMEeTPUYECKUM YPABHEHUSM, TIOJyUYCHHBIM
Ha OCHOBE HKCTIEPUMEHTANbHBIX JJAHHBIX.

[MompaBounsbrit koadpdunment K, omnpenessercs,
UCXOJS W3 CJEAYIOMUX cooOpaskeHuii. B pearpHOM
mpollecce CBApPKM IJIABSIIUMCS  3JIEKTPOIOM dYepe3
ceuenue 004 (cM. puc. 1) ceKyHHbBII MACCOBDIN PACXO/]
KUAKOCTH YBEJUUUTCS B PE3YJIbTaTe MIPICOEAMHIEMO
MacChl PacIIaBJeHHOTO MeTasIa 3JeKTpoJa, UTO He
YUUTBIBAIOCH IIPH BbIBOE popmy.bl (9). YBeauuenue
Macchl MeTasia, mpoxojsdieii yepes ceuenne 001,
MpUBEJET K YMEHBIIEHUIO CKOPOCTH €r0 TeueHUs B
COOTBETCTBHUY C BbIpaskeHueM [6]

Mgvy = My'vy, (10)

rie My, M, — CEKYH/IHbIE MAacCOBbIE PACXO/Ibl
skupkoct B ceuenun 004 mpu cBapke TMJIABSIIIMCS U
HeTLIABAIIMCS 3JIeKTPOJIOM; g, ¥y — CKOPOCTH MOTO-
Ka JKUJKOCTU B TOM K€ CEUEHUN JIJIS TeX JKe YCJIOBUN
CBapKH.

[lonst pacniaBieHHOW Macchl MeTasia IiBa IIpo-
HOPIMOHAJbHA IIJIOIAM IPOILIaBaeHus Fy,, a 1ond
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HaIJTAaBJIEHHOW MacChl, MPOXOSINEll depe3 cedeHue
004, porropionaibHa TOW YaCTH HATJIABJIEHHOTO Me-
Tajla, KOTOpas IPHUXOAUTCS Ha TOJIOBHYIO YacTh
BaHHbI. Torzma mompaBounbiil Koadduiment K, pac-
CYUTBIBAEM TI0 3aBUCUMOCTH

— F”P
n - )

Fo, + Fy

K (1)

rae F,' — TJIOMAnb HAIJIaBIEHHOTO METa/lia, TIOJy-
YyeHHas 3a BpeMs POX03K/IeHUs JyToH TOJIOBHOI YacTh
BAHHbI, M.

Hawubosee caoxHOU Mpo6aeMoii TIpyu aHaIu3e TH/I-
POMMHAMUYECKON OOCTAHOBKH B CBAapOYHON BaHHE
SIBJISIETCS OTIPeJiesIEHNE TOJIUHBI JKU/IKOU MTPOCJIONKI
nof ayroii. O6 3TOM MOKHO CYAUTH IO 3HAUYNTETHHOMY
PACXOXK/IEHUIO B3TJISIZIOB W OIIEHOK 1o ee (opmu-
POBAaHMIO W 3HAUEHWI0O B MHOTOYHUCJEHHBIX Teope-
TUYECKUX W IKCIIEPUMEHTATBHBIX PaboTax.

Ha nam B3rJsi, HanboJiee CTPOTruii aHATUTHYECK I
MO/IXO/T K OTIEHKE TOJITIIUHBI TPOCJIONKY clieJIaH B pabo-
te [6], moaToMy, HCII0JIb30BAB €€ MEeTO/I, 3AIHIIEM CJIe-
Jyioriiee BbIpakeHue:

Oy 2 =y (12)

v,’
rae h, — TeoMeTpUYecKHi mapameTp BaHHBI, U, —
CKOPOCTDb TIOTOKA >KUAKON TPOCTOWKYW Ha TepeaHein
CTEHKe KpaTepa BaHHBI B PAacCMATPUBAEMOM CEYEHUHN
BaHHBI, M/ C.

ToummuHA KUIKOI TPOCJIOWKHN HA JTHE BaHHBI OyIeT
YBEJIMYMBATLCS Ha 3HaveHue, obpaTHoe Koahbu-
nuenty K, (11).

[To Mepe ABMKEHUS SKUIKOTO METAJLIA B XBOCTOBYIO
YacTb BaHHBI Oy/IeT TaKKe MPOUCXOUTH yBeJIUYeHUE
€r0 Macchl 3a CYeT TIJIaBJEHUS 3JIEKTPO/Aa, 4TO
IPUBEIET K YBEJIMYEHUIO TOJIIUHBI SKUIKOI IIpoC-
JOMKK 84, (IO CcpaBHEHMIO € €€ TONMMHOW y aHA
BAHHbI) HA BEJUYMHY

L
I<llll

FHSXB
anSB7

rae Sy, = Byl /4 — TIoImaab TPOEKIINT XBOCTOBOI
4acTH BAHHBI, M°.

=1+ (13)

Takum 06pasoM, yTOUHEHHbIE 3HAYEHUS TOJIINHBI
SKMJIKOHM TIPOCJIONKY Ha /HE CBAapOYHO BaHHbBI U B ee
BepxHeil yactu (cM. puc. 1) MOKHO ONPEAENHUTD IO
3aBUCUMOCTSIM

o1 o1

e (14)
KH Kn, 8)1(5 - 6>Ku K_ll]:".

Oy + 0

B cootBercTBUM €O cXeMOW, TNpPUBEAECHHON Ha
puc. 2, MOXXHO ONPeIeJINTh Pe3yJIbTUPYIOMNN BEKTOD
CKOPOCTH JIBUKEHUS Ta30BOTO My3bIPbKa B BaHHE KaK
TeOMETPUUYECKYI0 CYMMY BCEX COCTaBJISIONTNX

(15)

[Ip atoM HeO6XOANMO YYUTBIBATH, UTO PAAUYC
Iy3bIpbKa Ta3a 7 OyneT U3MEHSTLCS C TeYeHUEeM Bpe-
MEHHU ¢ B COOTBETCTBUU C BbIpaskeHueM u3 [1]

N A
r= 1%+2D&t,

T

Vp =Vt vt v,

(16)

rjie 7o — HauaJbHBII PaJlyC Ta30BOro Iy3bipbKa (¢ =
= 0), M; Ac,, — IepechlleHne XUIKOTO MeTajLIa
rasamu, cM> /100 T ¢, — KOJIMYECTBO Ta3a B eIUHUIIE
obbema, cM® /e,

Koadpdurment muddysnn D 3aBUCUT OT TeMIiepa-
TYPBI PACIIaBa B TOUKE HAXOK/IEHHS Fa30BOTO ITy3bIPb-
Ka U OIpeessieTcs 10 3aBUCUMOCTH

D = Dy exp (~U/RT), an

rne Dy — xoaddUIMEeHT, 3aBUCIIINA OT THIA Ma-
tepuana, cM’ /¢; U — Temnora aktupanun guddysun,
kasn/(Mmomp-°C); R ra3oBasi  TIOCTOSTHHAS,
kaa/ (Moan-"C).

C yuerom dopmy. (2), (5), (6)—9), (17) moxHo
HOJIYYHTD BBIPAYKEHMS /IS IPOEKIMI Pe3y IbTUpYIoIeit
ckopoctit vp (15) Ha ocM KOOpAWHAT X, Z:

Upx + Uy + Oy + Uy
Upz = Upz + Uy + Uyep

(18)

IToCKOIBKY TIPOEKITUI CKOPOCTH Ha OCH KOOP/MHAT
PaBHbI IIEPBBIM IIPOU3BOJHBIM OT COOTBETCTBYIONIMX
KOOD/IMHAT IO BPEMEHM, TO 3aMeHssI UpX, Upz HA
dx/dt, dz /dt, npunem K ypaBHEHUSIM

Z, M
0,015

0,012

0,009

0,006

\O,DDB

A

-0.012 -¢,008 0 0,008 0,012

a

0,012 0,006 0,012 X, m

7]

0

Puc. 3. Pesy/ibTaThl pacdyera TpaeKTOPHHU ra3oBoro mmy3bipbka (7, = 0,3 MM) B CBapOYHON BaHHE: d — 0, = 25; 6 — 15 M/4; 1 — poHT
KPUCTAJLIU3AIUM B UCXOAHOM mosioskennu (CIUIONIHAS KPUBasi) U HocJe mepeMelnenus 3a Bpems ¢ (rpuxosast); 2 — rpaHUla BaHHbI
(CTJIOMIHAS M IITPUXOBASL TO K€, UTO Uy KPUBOH 1); 3 — TPaeKTOpUs ITy3bIPbKa
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HCTOYHHKH HAFPEBA,

FHAPOAHHAMHEKA, OBPA3OBAHHE COEAHHEHHH

ﬂ =UVpy + Oppy + 0
dt - BX TX KXY
dz (19)
dt = Uy, + Oy, + Oz
[Ipasble wactm ypasuennit (19)  BKaO4aIOT

ko3 uimenTol M QYHKIMM, Ccojep:Kalme Koop-
JIMHATBI Ty3bIPbKA X, z U BpeMs t. Pererne cucremMbl
(19) nosBoister HaliTM 3aKOH JBMIKEHHUS ITy3BIPbKa,
T.e. TIOJYYUTb 3aBUCHUMOCTH X W Z JBWXKYIIETOCS
My3bIpbKa B PyHKIMY BpeMenu t. [IyteM nckioueHus
u3 ypasHenuii x = f(t), z = f(t) BpeMenu t MOXKHO
HOJIyYUTh ypaBHEHHE ero Tpaekropuu z = f(x), m03-
BOJISIIOII€e OIIEHUTb BEPOSITHOCTD MEPecevdeHus: TPaeK-
TOPUHM  Ty3bIPbKAa IOABMIKHOTO (POHTA  KpHC-
TAJIN3AINN CBAPOYHON BaHHBI U, CJIeIOBATEIbHO, Be-
POSITHOCTb 0OOPA30BAHUS IOPUCTOCTH IIBA UJIN HATLJIAB-
JisteMoro Metasta. Tak, ecsu mysbIpek 6y/eT ABUTaThb-
ca 1o tpaexkropuu { (M. puc. 1), To moce JOCTUKEHI
UM JIBUKYIIerocs pporTa Kpucrtasmaaun 0F Bo3Mo-
JKEH ero 3axBaT pPacTYHNMMU KPHUCTAJJIAMHU, UTO
npuBeZeT K 0oOpa3oBaHUIO MOPHI B 3TOH 30HE IIBA.
JlBuskenue 1ysbipbKa 1o Tpaektopun 2 (em. puc. 1)
BbI30BeT 00pa3oBaHue TOPbI B BEPXHEW 4YacTH IIBa.
Ecyn 3a Bpems ¢ 1my3bIpek oCTUTHET CBOGOIHOIT ITOBEP-
XHOCTU JKUJKOW BAHHBI, TO OH TOKUHET €€ W TIOPbI
o6pasoBbiBaTbes He OyayT (Tpaekropus 3).

YuutbiBas, uTo obliee pelienue cucteMbl audde-
peHnmanbHbix ypaBHenuid (19), comepskammx mnepe-
MeHHbIe K03 PUITNEHTDI, ellle He Hali/IeHO 1 IOy YeHue
€T0 BecbMa 3aTPYAHHUTEJNBHO, aBTOpaMH pa3paboTaH
anaroput™ u cocraiena Mathcad-nporpamma, mo3Bo-
JIIONIAsT BBITIOJHUTD PelleHre YUCJAEHHBIM CIIOCOO0M
Ha IBM PC B mgmanorosom pexkume. [IporpamMMHBIM
mpoaykrom siBisiercst maker Mathcad-2000 mpodec-
CUOHAJIbHOW OPHWEHTAINH.

B kavecTBe MJTIOCTPAIIUU [TOJyYAEMBIX Pe3YJIbTa-
TOB pacyera B cpene Mathcad mo ussioskeHHo# Bbitie
MaTeMaTUYeCKON MOJIeNIn MPUBEJeH puc. 3, M3 KOTO-
poOro BUIHO, YTO TPAEKTOPUS Ta30BOTO ITy3bIPbKa
MOJKET TIePEeCceKaThCs C ABIKYIINMCS 3y64aThiM (DpPOH-
TOM KpHCTaJLIU3auy BaHHbl (puc. 3, @) Win BBIXOAUTD
Ha CBOGO/THYIO TIOBEPXHOCTb JKUKOTO METAJIIA CBAPOY-
Hoit Banubl (puc. 3, 6). B nepsoM ciyuae BOZHUKAIOT
MOPBI B CPe/IHEll YacTh IIBa, BO BTOPOM — TIOPBI HE
06pasyiorcs.

Takum 06pa3oM, MpeicTaBJeHHAS MaTeMAaTHIeCKast
Moziesib (COKpaleHHbI BapuaHT) MOpoo6GpasoBaHUs
M03BOJIIeT UM EPEHINPOBAHHO OICHUTD BJNSHUE
Pa3JIMYHBIX TTapaMeTPOB IMpoIlecca CBAPKU Ha BEPOST-
HOCTb 0OpA30BaHUS MMOP B MeTaJlic NIBa U HAMETUTD
MepbI TT0 60pbOe ¢ HUMH.

1. Hoxoous U. K. Taspl B cBapHBIX mBax. — M.: MammHoct-
poenne, 1972. — 256 c.

2. Peduuy B. B. u dp. Ouenka appeKTUBHOCTH Mep IIPeRyI-
pPEeXXICHNA TIOp B IIBAaX AKTUBHBIX METAJIOB ITIPH CBapKe
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HEAT SOURCES, HYDRODYNAMICS, FORMATION OF JOINTS

UCCJE/TOBAHUE TEILJIOBOTO BAJIAHCA
IIJIABMEHHO-IIOPOIIKOBOM HAILJIABKU

K. A. IONIEHKO, A. B. APOBUIIbIH, II. II. KAJIUHA
(Mu-t anexrpocsapku uM. E. O. ITarona HAH Ykpauusi, r. Kues)

VccenenoBaHbl yC/IOBIS TOPEHHS U TETJIOBbIC XapaKTePUCTHKN MUKPOILIa3MEHHOIl JyTH TIpU IJIa3MEeHHO-TIOPONIKOBOIT Ha-
IUIABKE Ha ILUIACTHHY U Y3KYIO IIOMJIOKKY /1T TOKOB 15...150 A. YcTaHOBJIEHO, YTO BBE/JEHUE MOPOLIKA B MUKPOILIA3MY
CHIDKAET HAIPsKEHNe JyTOBOTO Pas3psi/ia Ha IJIACTHHE B cpeiHeM 10 1,5 B 1 ymenbInaer o6nue TeMI0BA0KEHIS B OCHOBHOM
meran Ha 17...8,6 % B 3aBHCHMOCTH OT MOI[HOCTH AyrH. [[JsI HAIJIABKM HOPOIIKOM Y3KOH MOJJIOXKKH yCTaHOBJIEHA
3aBucuMocTb 3¢ dekTUBHOI MoHOcTH HarpeBa u adgdextusroro KIIJI or ee mupuHbr.

Conditions of burning and thermal characteristics of the microplasma arc in plasma-powder cladding on a plate and
narrow substrate for currents of 15...150 A were studied. An addition of powder to the microplasma was found to reduce
the arc discharge voltage at the plate to 1.5 V on the average and decrease the total heat input into the base metal by
17...8.6 %, depending upon the arc power. Dependence of the effective heat power and net efficiency upon the width
of a plate was derived for powder cladding on the narrow substrate.

Tpuanarb JieT TJa3MeHHO-TIOPOINKOBAas HallJIaBKa
(TIITH) tMpoKo MpUMEHSIETCS TPU BOCCTAHOBJICHUH 1
ynpoyHeHun petajeii. OCHOBHBIMH HAIPaBJCHUSMU
PasBUTH TIpoliecca GbLIN CO3[JaHKie HOBOTO 060py/I0-
BaHM, TOPOIIKOBBIX HAIJIABOUHBIX MaTEpUAJIOB C
MOBBINIIEHHBIMU  CJTYKE€OHBIMUA CBOWCTBAMH U BHE/I-
peHue HOBBIX TeXHOJOTUi. BOJbIIMHCTBO pelaeMbIx
MPAKTUYECKNX 3a7a4 COOTBETCTBOBAJIO CXeMe Mare-
MaTHYeCKOW MOJiesI paclpoCTpaHeHUd Telljia OT HOp-
MaJIbHO-KPYTOBOTO MCTOYHHMKA HA TOJYOGECKOHETHOM
teste. Kak nmpaBusio, He 6b1J10 HEOOXOAUMOCTHU B CJIOK-
HBIX BBIYHMCJEHMSIX, TapaMeTpbl PesKuMa HalJIaBKU
OTIPEIENISITTCH OTBITHBIM TTO00POM.

[locnennue necsarts Jiet, 6aarogapsi MAHUMAIbHBIM
TETIJIOBJIOXKEHNSIM B OCHOBHOH MeTaJIJT ¥ BO3MOKHOCTH
MIPOBO/IUTH HAIJIABKY PAa3JUYHBIMU CIJIABaMHU B IIHU-
poxoMm nmamasoHe TokoB, IIITH 3aBoeBbiBaeT HOBbBIE
CErMEHTBI PbIHKA: PEMOHT M3/IeJIUI U3 3KapOIPOYHBIX
HUKEJIEBBIX CILIABOB U HAILIABKA MAJIOraGapUTHBIX JIe-
TaJieil ¢ OrpaHMYEeHHON MOBEPXHOCTHIO (BaJibl, AUCKU
MaJIOTO JuaMeTpa, TOHKHE IJIACTHHDBI, Y3KHe MO/[I-
N0KK#). 1Ipo6eMbl 6GOPBOBI ¢ TOPSYMMH TPEIHHAMME
B TIepBOM cJay4yae u ob6ecrieyeHre KayeCTBEHHOTO
GopMUpPOBaHUS HAIJIABJISEMOTO METaJJIa BO BTOPOM
BBI3BIBAIOT TIOTPEGHOCTD B  CIHENNATHHOM KOHCT-
pyupoBannu pexxumoB I1I1TH Ha 6a3e co3manus pac-

"

a 4] L
J-’
0e.5
Puc. 1. CxeMpl IIJ1a3MEHHO-TIOPOIIKOBO# HanIaBku Ha riactuny (a)
1 y3Ky10 1o0xKKy (6)

© K. A. IOIIEHKO, A. B. APOBHMIbIH, II. II. KAJIMHA, 2002

YeTHO-MH(OPMAITMOHHBIX CUCTEM, TO3BOJISIONINX C BbI-
COKOIi BepOSITHOCTBIO MOJIEJIMPOBATDH ITIPOIIECChl PaCII-
pOCTpaHeHus TelJsia BO BPeMs BCEero ITMKJIa HaIlJIaBKH.
['maBHBIE cocTaBIIsgIONINE TAKOH crcTeMbl — 6asa JaH-
HBIX IO TerioBbIM XapakTepuctukam IIITH u pacuet-
HBII anmmapar B BU/le KOMIIO3WINY MAaTEeMaTHYECKUX MO-
Jlesiell  paclpoCTpaHeHMsT Telsa, OCHOBAHHBIM Ha
HCIoJIb30BaHMK pacueTHbix cxeM H. H. Poikanuna [1],
B. 1. Maxuenko [2].

[asg sroro ObLIM W3y4YeHbI TEIJIOBBIE Xapak-
tepuctukn Mukporiaamennoit IIITH B amanasone
ToKOB 15...150 A. OCHOBHBIMHU 337auaMU HCCJIEJO-
BaHWH SIBJISIJINCD:

® U3yveHUe BJUSHUS BBOJIA MOPOIIKA HA YCJOBUS
TOpPEeHUs MUKPOILIA3MEHHOTO pa3psifia Ha IJIaCTUHE U
Y3KOH TIOMJIOKKE B  06JACTH TEXHOJOTMYECKUX
napamerpos IIITH na Tokax 15...150 A;

® CpaBHHTEJbHASI OIEHKA TEIJIOBJOKEHWH B OC-
HOBHOH MeTajI TpPW MUKPOIJIA3MEHHOM HarpeBe
oGpasiia 6e3 MOPOoINKa W HATIJIABKY C ITOPOIIKOM B 3TOM
JINana3oHe TOKOB;

o BiusHUE (PUBUKO-XUMHYECKUX CBOWCTB TIPH-
CaJI0YHOTO TIOPOITKA Ha TEIJIOBJOKEHNEe B OCHOBHOM
MmeTasn mpu Toke 15...150 A;

® OCHOBHBIE 3aKOHOMEPHOCTHU 3(P(PEKTUBHOCTH HC-
nosb3oBanus nopomika npu [HITH.

IKCIIeEpUMEHTBI TTPOBoMIIN /1t 1ByX cxeM [TITH:
Ha TJACTUHY — MOJIEJUPOBAHUE TETJIOBBIX Xapak-
TEPUCTUK PEMOHTHOW HAIJIABKM JIONATOK TypOUH
(puc. 1, @) v Ha y3KyI0 TIOJIOKKY — MOJEJIUPOBAHNE
TETJIOBBIX XapPaKTEPUCTHK PEMOHTHOW HAIJIABKU YII-
JIOTHUTEJIbHBIX 3JIEMEHTOB ra30TypOUHHOTO 060PYI0-
panus (puc. 1, 6).

11 MakcUMaJIbHOTO MPUOIMKEHUS YCJIOBUI 9K-
CTIepUMEHTa K PEaJbHBIM YCJOBUSAM HAIJIABKU IPU
OIlCHKE TEIJIOBBbIX XapakTepucTuk Impornecca IIITH
WCIIOJIb30BAJIN METOJMKY KaJIOPUMETPUPOBAHUS Ha-
TJIAaBJIEHHOTO 006pasila B TIOTPY’KHOM KaJOPHUMETPE,
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Puc. 2. Cxema sKCIIepIMEHTANbHON KAJOPHIMETPUYECKOI YCTAHOBKI
(0603HaveHWS TIO3UIIT CM. B TEKCTe)

paspatoranuyio corsiacuo [3]. [lotepu Teria B mias-
MOTpPOHE B pe3yJbTaTe HarpeBa BOJbI B pyOallke
OXJIK/IEHUS OIICHWBAJIN IO METOJUKE MPOTOYHOTO
KaJopuMeTpa. JKCIepUMeHTaIbHas yCTAaHOBKA, CXeMa
KOTOPOHl TIpWBeAeHa Ha pHUC. 2, COCTOUT M3 Ka-
JopuMerpa 1 ¢ 06pasIioM 3, 3aKaTbiM B MeTHYI0 0001-
My 6 [JIs1 IPeJOTBPAIIEHIS PACCEMBAHUS Tellja B at-
Mocepy NMpu HalJIaBKe; ChbeMHBIX OTOPHBIX JIETECT-
KOB 2 1 8 17151 GBICTPOTO cOPAChIBAHUST 060IMBI ¢ 06pas-
I[OM B KQJIOPUMETP; BBIBOJHOW TLIAHKY 7 JJIsI IO/KUTa
JIyTH; TIJIa3MOTPOHA 4 W TOABYWKHOW KOHCOJMH 5
MpUBO/IA TIEpEMEIeHNs; MelaJkun 9 s BbI-
PABHUBAHUS TEMIIEPATYPHI BOBI;, IU(PPOBOTO TEPMO-
metpa conporuienus 10 (10.1 — usmepenue temiie-
paTypsl B Kajopumerpe; /0.2 — u3MepeHue TeMIepa-
TYPBI BO/IbI HA BBIXO/Ie 13 PYOAIIKU OXJIAMKIEHUS [1J1a3-
MOTPOHA); TAPUPOBOYHOTO METACTATHYECKOTO TEPMO-
Merpa DBakmana 7. YcJOBUS 9KCIIepUMEHTa CJIEy-
omue: KOHMUrypanus MNAa3MOTPOHA  dyy/ dyop =
=3,5/9 MM, v = 4,5 m/u; I =75...150 A; Qpr =
23 n/MuH; BHEIWIHAS W BHYTPEHHSS [JINHA JYTH
S MM; Qpop = 1,3...1,6 1/ MUH Ha OXJIaXX/IeHNE TIIa3-
MOTPOHA; TOJIIMHA TJIACTUHBI 4 MM, CTajb
04X19ADT. IIpn HamIaBKe MCIOJb30BAJIN MTOPOIIOK
06X13H4 dpaxmueit 100...300 MKM ¥ TTOpOIIOK THTIA
cresuut 6 dpakimeir 33...155 MKM.

KoumuecTBo Teria, nepeaHHoe 3a BPeMsSI CBAPKH
B TJIACTUHY B TOTPYKHOM KaJIODUMETPE, OIpPe/eJIsi-
JIOCh KaK:

O« = KATy, €D
rae K — mocTosiHHASI KaJopPUMeTPIIECKOH CHCTEMBI;
AT — TpUPOCT TEeMIEPATyPbl KAJOPUMETPUIECKON
CUCTEMBI [I0OCJE TOTPY’KEHHs B HETO HArpeToro
o6pasia; HM3MepeHHe TeMIepaTypbl IIPOBOAUJIOCDH
TepMoMeTpoM conporusienus (puc. 2, 1mo3. 10.1).
KosmgecTBo Temsia, oTBeieHHOE 32 BPeMsI CBApKH 13
MJIa3MOTPOHA:
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N M, %

] A A A
| A4 A A \3

80

60

40

20 L 1 Il 1 L 1 1
70 90 110 130 A
Puc. 3. Suepreruyeckuii 6aaHc IPH MUKPOILIIA3MEHHOI TTOPOIITKOBOI
HamiaBke ¢ pacxogoM 4 r/mun mopomka 06X13H4: 1 — ad-

¢exrusubiii KII/] n; 2 — TenoBble oTepy IIa3MOTPOHA 1,; 3 —
cyMMa M U 1M,

Ox Z cmAT»;,

t (2)

rjie ¢ — TEIJIOEMKOCTh BOJIbI; 2 — PacXoi BOJIbI B
MUHYTY; ATy — pasHHIla MEKIY TEKyIeil TeMiepa-
TYpOil BOJBI HA BBIXOJle U3 PYyOAIIKH OXJIAKIECHHS
[JIa3MOTPOHA TIPU CBApKE U TEMIEPATypoll BOJAbI Ha
BXOJIe B PyOallKy OXJayKAEHWs; WHICKC i — HOMEP
M3MePEHNUs ¢ MOMEHTA 3asKUTaHust [yru. TemiepaTypy
Bozibl u3Mepsiin depe3 10 ¢ TepMOMeETpoM cCoIpo-
tusnenusa (puc. 2, nos. 10.2) Ha BbBIXOAE BOZAbI U3
MJIa3MOTPOHA.

ITo aKcriepruMeHTaJIbHbIM JaHHBIM COCTaBJIEHbI Per-
PECCHOHHBIE 3aBICUMOCTH B BUJI€ TIOJIMHOMOB JIJIsT Pac-
Yyera TEIJIOBBIX XapaKTepPUCTHK # 3(DGHEKTHBHOCTH
HCIIOb30BAHUS TMOPOINKa. [l KasKI0oTo 3Kclepu-
MEHTa MOJATBEPIKICHA CXOAMMOCTh SHEPTeTHYECKOTrO
Gamanca (puc. 3) — OZHOBPEMEHHO OLIEHUBAIUCH PaC-
XOJIBI TeIlJIa JAYTH Ha HATPEB U3JEIHUs B TOTPYKHOM
KaJIOpUMETpPe U Ha HarpeB IJIa3MOTPOHA OITpe/IeIEHIeM
TEIJIOCO/IEPKAHIST BOJbI HA BBIXOJIE€ U3 €ro PyOaiiku
OXJIaXKCHUA.

BBemenne mopoinka B €TOI6 MHUKPOILIA3MEHHOTO
paspsijia U3MEHsIET YCJIOBHSI €r0 TOPEHUsSI Ha TIACTHHE,

i, B

17

16

15

14

13 1 1 1 1 1
30 a0 70 a0 110 130 A

Puc. 4. Bosbr-amnepHas XapaKTepPHCTHKA JyTrOBOTO paspsijia
MUKDOILJIA3MbI ITPH Harpese TacTUHbI Tosmmunoi 4 mm u ITITH 4—
8-12-16,5 r/mMun nopomka: f MUKPOILIa3MEHHbIl Harpes
IJIACTHHBI; 2 — HAIUIaBKa ¢ pacxojioM 4 r/ muH nopomka 06X 13H4;
3 — HammaBka ¢ pacxojoMm 8 r/muH nopomka 06X13H4; 4 —
HamaBKa ¢ pacxoxoM 12 r/mun noponika 06X13H4; 5 — namraska
¢ pacxozoM 16,5 r/MUH TIOPOIIKA CTeUT 6
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Puc. 5. 9ddexTrBHAS MONHOCTD HATPEBA N3/IEJIHS § MUKPOILJIA3MOiT
n IIITH 4-8-12-16,5 r/MuH NOpOIIKa Ha IJIACTUHY TOJIIMHOI
4 MM: /=5 — TO Xe, 4TO W Ha puc. 4

CHIDKAs HaNpspKeHHe [TyroBoro mpoMmexxytka. [lpm
[IITH na Tokax B mHTepBayie 75...115 A HanmpsiKeHUe
cHavasia crabuyusupyercsi B paiione 14,5 B, a 3arem
no 150 A na6monaercss 6oJiee TJIABHBINA POCT HaIpsi-
JKEHHMs OTHOCHUTEJIbHO He3amblieHHod crpyu (puc. 4).

IddbdexkTBHAA MOIIHOCTD HArpeBa M3/eJus ¢ B
uHTepBajie 75...150 A npu Harpese mactunbt u [1TTH
BO3pacTaeT JHUHEHHO ¢ NoBbiieHreM Toka (puc. 5).
BBenenne mopomka B €TOIO MIa3MEHHOH IyTH YMEHbD-
maeT 3G@EKTHBHYIO MOITHOCTb HArPEBa IJIACTUHBI B
paccMaTpuBaeMOM WHTEpBaje TOKOB B CPETHEM Ha
75...135 Brt, uro cocraBiser Ha 17...8,6 % ad-
(heKTUBHOIT MOIITHOCTU MEHbIIIE OTHOCUTEIHHO HATPEBA
o6pasia 6e3 nopomika. [TapameTrp g yMmeHblnaeTcs Ha
2...3 % ¢ yBenmuenueM pacxopa nopoiika 06X13H4
Ha KaXk/ple 4 T,/MUH. Y CTAaHOBJIEHO, YTO PA3JUYHbIE
(pu3uKo-XUMIUECKHE CBOMCTBA TIOPOIIKA TaKXKe He-
3HAYUTEJbHO M3MEHSIOT OOIIMe TEIJIOBIOKEHUS B
OCHOBHO# MeTaJll — perpeccus ¢ TPU HAaIJIaBKe
16,5 T /MUH TIOPOIIIKA TUTA CTEJIUT 6 3aHUMAeT po-
MeKyTOUHOE TIOJIOJKeHHe MeXK/Ty COOTBETCTBYIONINMHE
perpeccusiMu g ¢ pacxonoM 8 u 12 r,/MuH mopoiika
06X13H4.

[Tpu HATpeBe MIaCTHHBI MUKPOTLIa3MOI 63 TOPOIII-
ka 3aBucuMocTb 3¢ dextuBHoro KII/l HarpeBa wus-
JleJiist 1| OT TOKA HOCHUT ITOJIOTONAAouil XapaKTep:
sppexrusnprii KIT/[ ymenbmaerca ¢ 72 g0 60 %
(puc. 6 ). C yBesmueHuneM pacxo/a IMopoiika or 8 10
12 v/MUH TIpy MUKPOTLJIAa3MEHHON HAIlJIaBKe u3Me-
HEHUS M OT TOKa OrpaHuYeHbl AnanasoHom 63...59 %,
npu pacxoge 16,5 r/MUH NPOUCXOAUT ero crabu-
musanus Ha 61 %. TerioBble MoTepy B IJIa3MOTPOHE
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Puc. 6. Odpdexrusunrit KII/[ narpeBa nmiacTuHbl TOJIUHON 4 MM
MuKpoIazmoii 6e3 mopomka u npu IIITH 4-8-12-16,5 r/mMusn:
1—5 — T0 Xe, 4TO W Ha pHUC. 4
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Puc. 7. Koadpdunuent ncnospzoBanus nopomka mnpu [TITH 4-8—
12-16,5 r /MuH B 3aBUCHMOCTH OT TOKa: / — HAILIaBKa C PACXOI0M
4 1 /vun nopomka 06X13H4; 2 — mamaBka ¢ pacxogom 8 T,/ MHUH
nopouka 06X13H4; 3 — HamuaBka ¢ pacxogoM 12 r/MuH HOPOIIKa
06X13H4; 4 — wmammaBka c¢ pacxogoMm 16,5 r/MUH TOpPOIIKa
cresimt 6

pu Harpese mactTuHbl Mukporiazmoit n IITTH coc-
TaBisior 25...40 %.

Ocobast popma 3aBucumocteit 3HeKTUBHON MOTII-
HoCTH HarpeBa usaeaus u adgpdexrusnoro KII /L ot Toka
MPpU HAIJIaBKe € pacxo/ioM 4 T,/MUH TOpOIIKa Ha
puc. 5, 6 o6bsCHIETCS MepeXOAHbIM N3MEHEHIEeM Ha-
MPSDKEeHNs ¢1a603aIbIJIEHHOTO JYTOBOTO MPOMEXKYTKA
(cm. puc. 4).

Baxwnoit 3anmauveit mpu IIIIH gBasercs momaua
OTNTUMAJLHOTO KOJIMYECTBA TIOPOIIKA B TEJISIX MU-
HUMAJIBHOTO TIPOILIABJIEHUST OCHOBHOTO MeTasia. [lis
KaXkJIOTO TOKa W3 pabovyero Jauamna3oHa IMpolecca
MaKCUMaJIbHAsl Macca MOPOIIKa, KOTOPAsT TIeperIaBJIs-
€TCcs B CBAPOYHON BaHHE, OTPAaHWYEHA €€ TEeTIOCOoep-
kanneM. Koad@uimeHT ucmob30BaHuS MOPOIIKA
(KHII), npeacrapasionyii co60ii OTHOIIEHNE MaCChI
HaIlJIABJIEHHOTO BaJWKa K pacxo[y IOpPOIIKa 3a
MUHYTY, 3aBUCHT OT ITUPUHBI CBAPOYHOI BAHHBI U TEM-
MepaTypbl TIJIaBJIEHNS MTOPOINKA; KaK MPaBUJIO, OH COC-
taiaster 0,4...0,8 B 3aBucumoctu or TOKa. Per-
peccuonnble 3aBucuMoctn KUII ot Toka m pacxoma
MOPOIIIKa MPUBEJEHBI HA puUC. 7.

lopenne MukporasMeHHOH yTH Ha Y3KOH MO/JI0K-
ke (cM. puc. 1, 6) uMeeT HebIi P 0COOEHHOCTEN:

U, B
16 -

| A3 A
14 A

A

12
10 | | { | 1 |

20 40 60 80 I, A

Puc. 8. Bosbr-amnepHas XapakTepHCTHKA JyTrOBOrO paspsiia
mukporiagmel ipu [11TH y3xoit mogsoxkn ¢ pacxogoM S T,/ MHH
nopomka 17-4PH ANVAL; v = 6 m/u: 1 — xoudurypauus mas-
MotpoHa 3,5,/9 MM, HalJIaBKa Ha MOJJIOXKKY IMMPUHON 3 MM; 2 —
KoH(Urypanus 1mia3MoTposa 3,5 ,/6,2 MM, HallJIaBKa Ha MOJJIOXKKY
MUPUHON 3 MM; 3 — KoHpurypamnus miasmMorpona 3,5,/6,2 MM,
HallJaBKa Ha MOJJIOXKY LIIHPUHON 4 MM

58



HCTOYHHKH HAFPEBA,

FHAPOIHHAMMWEKA, OGPAZOBAHHE COEAHHEHHH

q, BT
_ 21T,
- A
"% 500
+ + B
70 o LR 400 |
" -
60 |
2 3 300 F
L]
50 | i
40 ! ! ! 200 Lo
26 40 B0 30 100 20 80 1, A
a

Puc. 9. 9ddexrusupie KIT/] (a) u momnocts Harpesa uzgenus (6) upu IITH yskoit

ANVAL; v =6 m/u: /-3 — 10 Xe, 4ro U Ha puc. 8

e [yTa MIYHTHPYETCS JUIIb Ha HeGOJbIIOM y4acTKe
MOBEPXHOCTH, TLJIONIAb KOTOPOTO OTPEESIeTC -
PUHOH TTOTOXKKN;

o (hbakes] MUKPOILIA3Mbl PACCEKAETCS TOPIIOM TLIA-
CTHHBI U €T0 TiepudepuitHbIe yU4aCTKU MTPOJI0JIKAIOT Ha-
rpeBaTb 60KOBYIO TIOBEPXHOCTD ILJIACTUHBI HIKE TLI0C-
KOCTH NIYHTHPOBAHUS IyTH;

® CTOK TeIlJIa HENOCPEJICTBEHHO W3 30HBI CBAPKHU
BO3MOKEH TOJIBKO BIJIy0b IJACTHHBI.

B saBucuMocTH OT MOITHOCTHM [IyTH IPHU Harpese
VY3KOH TOAJOKKHA TIPOMCXOUT: HATPEB MOBEPXHOCTU
Top1a 6e3 ero OIIaBJIeHNs; KOHTPOJUPYEMOe OTLIAB-
JIeHWe TOpIla TJIACTHHBI, 06eCcIeYrBaioliee BO3MOXK-
HOCTb HapaIlllUBaHUS TI0 BBICOTE Y3KOH MOJIJIOKKHU TIPH
HaIlJIaBKe; HEeKOHTPOJIMPYeMoe OIlJIaBJeHre, Tpu KO-
TOPOM HE BO3MOKHO HApaIWBaTh Y3KYIO MOJIOKKY
IIPU HaIlJIaBKe.

AHAJIOTUYHO TJIACTHHE ObLINA MCCJETOBAHDI TEILIO-
Bble xapaktepuctuku [IIIH y3koil moAsoxku miu-
PUHOIT 3...4 MM B UHTEpBaJie TOKOB, 00ECIIEYNBAIOIITNX
KOHTpOJIUpyeMoe oriaBieHne, a uMmeHHo: 30...50 u
60...80 A Ha IBYX pa3aMYHBIX KOH(MUTYPAIUAX T1Ia3-
MOTPOHA.

YcnoBus aKcIepuMeHTa: KOH(UTYpAIs TiIas-
MoTpoHa dun/dunop = 3,5/6,2, BHYTPEHHSS JJIMHA
ayra 7 MM uid dun/duop = 3,5,/9 MM, BHYTpeHHSIS
JUIMHA JyTH 2...5 MM; BHEIIHSAS JJINHA AYTH 3 MM; O
6 Mm/u; I =15...85 A; Qar = 21 n/MuH; Qpopnt =
1,3...1,6 n/MuH Ha OXJaXK/JeHHe ILIa3MOTPOHA.
[Ipu mannaBke ucnosbzoBasu nopomok 17-4PH AN-
VAL ¢pakuueit 53...155 MKM, OCHOBHOW MeTalI —
cranb  04X19ADT. Koudurypauus dux/ duop =
= 3,5/9 MM OT/IMYaeTcs MEHbBIIUM PACCTOSTHUEM
JIyTOBOTO TIPOMEXKYTKA BHYTPU ILJIA3MOTPOHA Lpy =
= 2,5 MM (OT TOpIA 9JEKTPOA /10 TOPIA BHEIIHETO
comna) u 6osiee COCPeOTOUEHHBIM BBOAOM OPOIIKA.
Kondurypanuss  mmasmorpora ¢ dux/dnop
= 3,5/6,2 MM 6osbIM Ly S5 MM u
COCPEIOTOYEHHBIM BBOJIOM TIOPOIIKA.

[IpuMeHeHMe TIA3MOTPOHOB C COCPEOTOYEHHBIM
BBOJIOM TIOPOIIKA W GOJbINeNl AJUHON IyrH NpH Ha-
MJIABKE Y3KOW MOJAJOKKH TIPUBOJANUT K BO3PACTAHUIO
pa6ouero Hampskenuss B cpepneM Ha 2 B (puc. 8,
KpuBble 2, 3), T.€ MOIIHOCTD JIyT'¥ CTAHOBUTCS 9KBUBA-
JIEHTHO} MOITHOCTH JyTH MPH HAIlJIaBKe HA TJIACTUHY
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MOJIJIOXKKH C PACXOJIOM S T/ MuH nopomnika 17-4PH
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Puc. 10. KoadduimenT ucnob3oBanus I0POIIKA B 3aBUCHMOCTH
OT TOKA, IMMPUHBI Y3KOIl MOMJIOKKH U COCPEJOTOYEHHOCTH BBOJA
mopouka: /—3 — TO )Ke, 4TO U Ha puc. 8

(em. puc. 5). B 3aBUCHMOCTH OT JIJIMHBI [IyTH U
KOH(MUTYpaIMy TIa3MOTPOHA HAIJIABKY Y3KOW IIOJ-
JIOKKU MOJKHO TIPOBOJIUTH KaK MPU CTaOGUJIBHOM 1 =
=73 % (puc. 9, a, xpuBas 1), Tak U IPU MAJTAIONIUX
65...40 % KIIJI B paGouem guanasone toka (puc. 9, a,
KpuBble 2, 3) Tpu KOH(PHUIypalusax ILIa3sMOTPOHA C
60Jiee COCPEOTOYEHHBIM BBOJIOM MTOPOINKA U COOTBET-
CTBEHHO GOJIbINEH AJTMHON BHYTPEHHETO YYACTKA [YTH.
OnHako 1o 061eMy TETIOBJIOKEHUIO B OCHOBHON Me-
TaJIJT CYIIECTBEHHDBIX pa3amyuii o 3¢ GeKTuBHON MOTII-
HOCTH HarpeBa /IJisI Y3KOU MOAJOXKKN TOJIIMHON 3 MM
He HaGmomaercss (puc. 9, 6, kpusbie 1, 2). D-
dexTBHAS MOITHOCTD HATPEBA TOPIA TOJITIMHON 3 MM
npu IIITH cocraBasier 250...450 Br, maa 4 mm —
500...550 Br. C yBesmuennem o6:KaTust CTOI0a IyTH TIPU
BBO/Ie NOpoIKa (yMeHbIIeHHe JuaMeTpa MPOMEKYTOU-
HOrO collla 70 6,2 MM) COOTBETCTBEHHO GOJIbllee ero
KOJIMYECTBO TOMAJIAeT B 30HY HATJIABKUA U PE3KO BO3-
pactaetT 3(PdeKTUBHOCTD WMCTOJIL30BAHUS TTOPOIIKA,
pocruras suagennst 0,9 (puc. 10, kpusble 2, 3).

3ak.mouyenne

WNsyuennr TemnsioBble Xxapakrtepuctuku [IITH nHa
ILJIACTUHY ¥ Y3KYIO HOJJIOKKY. [losydyennl unciennble
perpeccun M Ha X OCHOBE HOCTPOEHBI rpadpuvecKue
3aBUCUMOCTY TEILJIOBBIX XapaKTEePUCTHK IIpolecca
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TITIH B amamasone ToxoB 15...150 A. /lokasaHo, 4To
MpU HalJIaBKe Ha TJIACTHHY YBeJWYEHUE pacxoia
nopotuika ot 4 g0 16,5 r/MuH, a TakXe H3MeHEeHUe
(PUBTKO-XUMIYECKUX CBOWCTB MOPOITKA HE OKA3bIBAET
CYIIECTBEHHOTO BJIUSHUS Ha OOIIUE TETJIOBJIOXKEHWS B
n3jenre. YMeHbIIeHUEe TEIJIOBJIOKEHU B OCHOBHOI
metasi npu I[TITH npoucxoaut BeieACTBIE NU3MEHEHUST
YCJIOBUI TOPEHUS JIyTOBOTO Pa3psa.

PaGounii muana3oH ToKa Mpy HaILJIaBKe Y3KOH MOI-
Jgoxku coctapiser 20...25 A. C onHOI CTOPOHBI OH
OTpaHWYeH MONIHOCTBIO [IyTH, JOCTATOYHOW /ISt
dopMHUpOBaHMS HATJIABJISEMOTO TIOPOIIKA, C APY-
roil — Ipe/iesIbHON MOIIHOCTBIO IyTH, TIO3BOJISIONIEN
KOHTPOJIMPOBATh OILIaBJeHUe Toplia Iiactunbl. Ha
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npumepe [IITH nHa y3kyio MoAsOXKYy IMMUPUHONW 3 MM
ILJIA3MOTPOHAMU € PACCTOSIHUEM IyTOBOIO IIPOMEXKYTKa
BHYTPH IIJIA3MOTPOHA 2 ¥ 5 MM IIOKA3aHO, YTO B OCHOB-
HOIl MeTaJlJ1 BKJIQJbIBaeTCd OJUHAKOBOE KOJIMYECTBO
TeTJIa TIPU PAa3JINnYHON TEeTJIOBON Harpy3Ke MJ1a3MOTPO-
Ha. YwucjaeHHble pPerpeccuy TPeACTABIEHHBIX 3aBU-
CUMOCTel IIpeJiHa3HavYenbl /IS MOJeJUPOBAHUS Pacll-
pocTpaHeHus TeTlIa MPHU HallJlaBKe.

1. Puxarun H. H. Pacuerbl TEILJIOBBIX IIPOLECCOB IIPU CBap-
ke. — M.: Mamrus, 1951. — 296 c.

2. Maxuenxko B. U., Kpasuoe T. I'. TemoBble mpoleccsl 1pu
MEXaHM3MPOBAHHOW HAIJIABKE JleTajeil TUIA KPYrOBBIX
mnamagpoB. — Kues: Hayk. aymka, 1978. — 159 c.

3. Ilonos M. M. TepmoMeTpusi M KaJOPUMETPHS.
uzn. — M.: Meramnypruspar, 1954. — 943 c.
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MODELLING FLUID FLOW AND SOLIDIFICATION
STRUCTURE DURING GTA WELDING

V. PAVLYK, U. DILTHEY
(ISF-Welding Institute, Aachen University, Germany)

The determination of the solidification conditions during fusion welding (temperature gradient, local solidification rate,
weld pool shape) is carried out with a numerical, macroscopic FEM calculation of the weld pool fluid flow and of the
temperature distribution, as presented in this article. The possibilities of the new numerical algorithms for the generation
and visualisation of the microstructure formation during solidification are demonstrated. The spectres of application
extend from welding and casting to processes with rapid solidification. In particular, the computer simulations of the
solidification conditions and the formation of the dendritic morphology during the directional solidification in TIG
welding are described. Moreover, the simulation results are compared with the experimental findings.

Omupe/iesieHbl PeKUMbI KPUCTAIIN3AIME [IPU CBapKe IuiaBjieHueM (TeMIeparypHbiii TPaJneHt, CKOPOCTb JIOKAJIbHOIL
KpucTaLm3aiuu, $GopMa CBAPOYHOI BAaHHbBI) € MOMOIBIO YHCJIEHHOIO PAcyeTa MO METOJly KOHEUHBIX 3JEMEHTOB B MaK-
POCKOIIMYECKOM MaciTabe TedeHUs] MeTajlla B CBAPOYHOIl BaHHE U pacipejiesieHus Temiepatyp. IIpogeMoncTpupoBaHbt
BO3MOYKHOCTH HOBBIX UHCJIEHHBIX aJITOPUTMOB (DOPMUPOBAHUS N300PASKEHNH 1 BU3YaIN3AIlMH MUKPOCTPYKTYPBI, 00pasy-
tomteiicst mpu kpucrausanu. CrekTp HpUMeHeHHsl 9TUX aJTOPUTMOB IMMPOK — OT CBAPKU U JIUTbSI [0 IPOLECCOB C
ObICTpOil  KpucrajM3anueil. B 4acTHOCTH, OIMCAHO KOMIBIOTEPHOE MOJEAMPOBAHME PEXHMMOB KPHCTAIN3ALUU 1
¢opmupoBanus rerapuTHON MopdosOorun B Ipoiecce HampasieHHol kpuctaiamsaiun npu TUL cBapke. [Ipeacrasieno

CpaBHEHUE PE3YJ/IbTATOB MOJAECJIUPOBAHUA C IKCIIEPUMEHTAJIbHBIMU JJaHHDBIMU.

Introduction. During fusion welding a series of mic-
rostructural transformations takes place in the fusion
zone (FZ) and in the heat-affected zone (HAZ) of
the material to be welded [1—4]. Already in the molten
pool the inclusions start to form. During the weld
pool solidification a columnar grain structure deve-
lops in the weld seam (Figure 1, @). Under certain
conditions equiaxed grains can also appear in the cen-
tre part of the weld. Columnar grains consist, in turn,
of packages of dendrites (Figure 1, b) or cells arising
due to instability of the planar solidification front
[5]. The selection of columnar grains is a result of
the competitive growth of the arrays of dendrites or
cells at the grain boundary during solidification. In
some alloys eutectic structures are also possible. In

the interdendritic area, segregations of the alloy ele-
ments and impurities occur, that influences evolution
of the non-metallic inclusions and tendency to soli-
dification cracking. In the HAZ, grain growth (Fi-
gure 1, ¢) recrystallisation, particle dissolution and
other structural transformations depending on the ma-
terial, take place, that has a direct impact on the
mechanical properties and weldability. In the case of
ferritic steels the final microstructure constituents
(grain boundary ferrite, Widmanstatten ferrite, aci-
cular ferrite, bainite, etc.) are formed during the y—a
transformation at cooling. Besides the cooling rate,
the steel composition and the stresses accompanying
the transformation, the type and amount of the aus-
tenite decomposition products (Figure 1, d) depends

Figure 1. Structural constituents of a weld (schematically): columnar grains in the fusion zone (a), arrays of dendrites or cells (b), grain
growth in the HAZ (c¢), grain boundary ferrite, Widmanstatten ferrite, acicular ferrite, bainite, etc. in ferritic steels (d)

© V. PAVLYK, U. DILTHEY, 2002
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Dendritas

#5059

Figure 2. Grain structure in a GTA-weld of an AlCu,Mg alloy. Each grain (numbered with 7, 2 and 3) consists of an array of dendrites
with the same crystallographic orientation, which is shown with the arrow. Formation of the grain boundaries (dotted lines), results
from the dendrite competition during solidification. A hot crack along the boundary between grain 2 and grain 3 is shown in (b)

on the type and distribution of the inclusions and also
on the size and form of the primary austenite grains
[1]. In the weld seam, these grains are formed either
at transformation of dendrites,/cells of the primary
3-ferrite to the austenite or directly from the liquid
phase at solidification, depending on the solidification
mode. In the HAZ, the grain size distribution and the
shape of austenite prior to the transformation are go-
verned by the recrystallisation and by the grain
growth. Thus, during welding of both non-ferrous
alloys and steels the final microstructure is determined
by an interrelated chain of various phenomena starting
with the inclusion formation in the liquid phase, prog-
ressing with the grain and dendrite /cell evolution in
the course of solidification and accomplishing by the
transformations in the solid state.

Weld pool solidification begins by epitaxial
growth of columnar grains from partially melted gra-
ins of the base metal along the fusion boundary [2,
3]. Low solidification rate and high temperature gra-
dient just at the beginning of solidification promote
planar solidification front to be stable [3]. As this
front advances in the direction to the weld centre,
the solidification velocity increases rapidly resulting
in transition from the planar to cellular or dendritic
growth. Thus, in the absence of equiaxed grains nuc-
leated ahead of the main solidification front, the co-
lumnar grains consisting of dendrites,/cells fill the
entire volume of the weld. Each grain is a single
crystal with a unique crystallographic orientation,
which coincides with the orientation of the dendrite
trunks. The dendrites having smaller angle between
one of their principle axis and the local direction of
the temperature gradient grow slightly ahead of the
others, cutting them off. This, together with variation
of the temperature gradient along the solidification
front, results in a grain selection during solidification.
The above is illustrated in Figure 2 upon examples of
the weld structures in an aluminium alloy. The bo-
undaries between the grains develop in course of the
dendrite competition under continually changing so-
lidification conditions. The grain 3 in Figure 2, a
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seems to be best, while the grain 2 in Figure 2, b to
be worst aligned with respect to the temperature gra-
dient.

Since the achievable properties of the weld and
the weldability are essentially affected by the micros-
tructure, the microstructure modelling has grown to
a significant branch of the welding science. A tradi-
tional and widely used way to model the microstruc-
ture considers thermodynamic, kinetics and geomet-
ry /morphology using phenomenological, analytical
and /or statistical approach. A comprehensive desc-
ription of this important methodology which provides
a deeper understanding of the microstructure assisting
in the welding process optimisation and control is
presented by Grong [4]. Another, rapidly developing
modelling approach can be thought as direct micros-
tructure simulation. Any microstructure is associated
with a steep gradient of some physical pro-perty or
characteristics at the boundary between different pha-
ses or different microstructure constituents, the
boundary evolution being affected by temperature,
concentration and, in some cases, also stress fields.
Thus, in the direct computer modelling of microst-
ructure the evolution of this boundary in both space
and time, coupled to the above outer fields, is calcu-
lated. The direct or implicit information about the
boundary allows to visualise the process of the mic-
rostructure formation. To these methods belong very
popular Phase-Field (PF) [6-8] and Cellular-Auto-
mata (CA) [9-14] techniques.

The solidification behaviour, the grain structure
in fusion zone and the microstructure during solid
state transformations in weldments are determined by
the time dependent temperature field and by the weld
pool shape. These in turn are influenced by a strong
convection in the molten pool, which contributes to
the overall heat and mass transfer. Therefore, in order
to perform a consistent microstructure simulation du-
ring welding the temperature field and the weld pool
geometry have to be calculated, taking into account
the fluid flow phenomena. In the last two decades
considerable progress has been made in modelling and
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numerical simulation of fluid flow and heat transport
during arc welding. A great number of models and
numerical results have been presented on this subject
(see [15, 16] for references). Although, a number of
questions are still to be clarified, and some pheno-
mena, for example turbulence, require a more detailed
investigation, basically, the physical models of dri-
ving forces and numerical methods to solve the weld
pool fluid flow and heat transfer problem are well
developed.

This paper is aimed to present some recent deve-
lopments in the field of computer modelling of mic-
rostructure during weld pool solidification. We will
consider the results obtained using a modified CA
methods, coupled to numerical Finite Difference
(FDM) and Finite Element (FEM) methods. For the
numerical modelling of thermo-fluid phenomena ge-
neral-purpose Computational Fluid Dynamics (CFD)
code FIDAP', which is commercially available, was
used. The details of the above simulation techniques
can be found in the listed literature [10-12, 14, 17—
21], where additional principle references are given
in turn.

Macroscopic modelling of weld pool and tempe-
rature field. The principal phenomena driving heat
and mass transfer in the weld pool are shown in Fi-
gure 3. All of them, except viscous drag of plasma,
have been included in the model. For determination
of the fluid flow in the weld pool and the temperature
field in the entire workpiece the equations of energy,
mass and momentum conservation as well as of the
free surface were solved in order to obtain the tem-
perature distribution in the entire workpiece and the
weld pool dimensions. The following basic assumpti-
ons were made: 1) the problem is symmetric in lon-
gitudinal plane along the welding direction; and
2) the flow is laminar, incompressible and Newtonian.
The solid-to-liquid phase change was modelled arti-
ficially increasing viscosity by factor of 10° in the
temperature range between the liquidus T, = 1793 K
and the solidus Tg = 1758 K for the HSLA-steel
S460M. Temperature dependent thermal conducti-
vity, specific heat, density and viscosity were used
[21]. The surface tension as function of temperature
and the surface active element sulphur was described
with the model of Sahoo et al. [22]. In addition to
the Marangoni effect, the electromagnetic body forces
and buoyancy were considered to be the driving forces
of the weld pool convection. The heat exchange be-
tween the workpiece and the environment were des-
cribed by sub-models of the arc heat source, evapo-
ration, radiation and convection. The comprehensive
3 dimensional thermo-fluid models of weld pool have
been elaborated on the basis of commercial FEM-CFD
code FIDAP. User supplied subroutines were used to
implement the electromagnetic body forces, surface
tension model and models of the overall heat flux.

'FIDAP is a registered trade mark of Fluent Inc.,
Lebanon, USA.
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Figure 3. Principal phenomena of heat and fluid flow in GTA weld
pool

More details about the model and numerics can be
found in [21].

Figure 4 shows the calculated temperature distri-
bution during a GTA welding of S460M steel plate
of 6 mm thickness. Only half of the plate were con-
sidered due to the plane symmetry of the problem.
The calculated weld pool boundary is shown with the
black line.

The mesh configuration in the region of the weld
pool and the calculated velocity vector plot are shown
in Figure 5. The mesh was built up of 27-node quad-
rilateral elements, which provide quadratic interpo-
lation functions. The mesh was adapted in all three
dimensions in order to ensure accurate spatial resolu-
tion in the vicinity and, especially, near the free sur-
face of the weld pool, where steep gradients of the
variables are expected. The entire workpiece was di-
vided into two volume entities named <solid» and
«fluid». The fluid flow equations were solved only
in the last one, which is located in the region where
the weld pool poll is expected to form, the energy
equation being treated in the entire volume consisting
of both «solid» and «fluid» entities.

The velocity vector plot clearly shows the max-
imum velocities to be concentrated near the weld pool
surface. This is caused by a dominating role of the
thermo-capillary effect in the weld pool development.
An interaction of all driving forces of fluid flow and
heat transfer results in a complex weld pool circula-
tion pattern and in a non-trivial weld pool bottom
shape.

An excellent agreement between calculated and
experimental weld pool top shape is demonstrated in
Figure 6. The isotherms between liquidus and solidus
depict the mushy zone, in which the solidification
takes place. In order to model solidification structure
the date about the temperature gradients and the local
solidification velocity are needed. They can be readily
obtained by tracking the calculated temperature pro-
files in directions perpendicular to the solidification
front (4, B and C in Figure 6 as examples). The
temperature courses along A, B and C directions are
presented in Figure 7. The latent heat release between
the liquidus and the solidus temperatures results in a
typical bends on the temperature curves. The tempe-
rature gradients were obtained differentiating the
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GTA welding, v =4.17 mm/s, | = 250 A, U= 17 V
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Figure 4. Simulated temperature field in a 6 mm thick S460M steel plate. Helium-GTA welding, welding velocity is 4.17 mm /s,
current is 250 A, voltage is 17 V, arc efficiency and length is 0.85 and 1.6 mm, respectively. Liquidus and solidus isotherms are shown

with black line

temperature curves. The gradients in the mushy zone
and in its vicinity as functions of temperature are
shown in the inner graph in Figure 7. Characteristic
values of the calculated temperature gradients were
used for the direct simulations of dendritic structure,
results of which are presented later on in this paper.

Microscopic modelling of dendrite /cell morp-
hology. Dendrite or cell growth during solidification
of an alloy is governed by: 1) temperature field; 2) so-

lute diffusion in liquid and solid and partitioning at
the solid-liquid interface (SLI); 3) phase diagram;
and 4) solutal, curvature and kinetic undercooling
[18]. In addition, specific dendrite /cell morphology
arises essentially due to the SLI instability and ani-
sotropy of the interfacial tension and kinetic coeffi-
cients [5]. For constrained directional solidification,
which is a typical case in welding, the time evolution
of the temperature field can be assumed as known,

maximum velocity — 34 cm/s
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Figure 5. Adaptive FEM mesh in the region of weld pool and calculated velocity field. Equations of fluid dynamics are solved only
within the volume bounded with the thick black line («fluid» entity)
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Figure 6. Calculated temperature distribution and mushy zone (top). Top view of experimental weld pool after an abrupt termination
of the arc (bottom). A, B and C — directions along which the temperature gradients and solidification velocities are determined (see

also Figure 7)

since heat diffuses much faster than alloy elements
[5]. To model directly the above structures, solute
and SLI evolution in space and time must be calcu-
lated.

In the CA-FDM-model developed by the authors
[11] solute diffusion is solved with an explicit FDM-
scheme. The interface velocity is calculated from the
mass balance at the interface, taking into account the
solute partitioning and assuming the interface to be
in equilibrium with both phases. The equilibrium in-
terface temperature is determined by the solutal and
curvature undercooling. A solid fraction variable is
introduced, with the aid of which the interface is
implicitly tracked and the curvature and orientation
are calculated. Simple CA-rules define the states of

the numerical cells, based on the solid fraction vari-
able. The CA-rules provide the interface continuity
and numerical stability of the method.

A result of simulating solidification morphology
in a Fe—C system is shown in Figure 8. The simulation
was started from a planar solid seed with three dis-
turbances with the size of one cell (Figure 8, frame 1).
A constant temperature gradient G directed from the
bottom to the top and a constant cooling rate were
imposed. A deviating from the direction of the tem-
perature gradient crystallographic orientation of the
seed was set. After short time the three disturbances
evolve to the dendrites, followed by the secondary
and ternary arm development. The initial distance
between the dendrites appears to be not stable resul-

T K
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—y— direction 8
== direction C
2000 [see Figure 6)
T
1800 'l/,'"
T
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-120 S
1200 -BO
&0
10040
0 i U S [
1820 1800 TR0 1TED 1T40T, K
B0 L i i i i i i i i i
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Figure 7. Temperature profiles along directions A, B and C (see Figure 6) and temperature gradients in the mushy zone as functions

of temperature
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Figure 8. CA-FDM simulation of dendritic structure, Fe—0.11 wt.% C, v = 1072 m/s, G= 310° K,/ m. The instability of solidification
front results in dendrite development with subsequent adjustment of the primary arm spacing. The simulation on 1.6-10” grid points

took 2-10° time steps

ting in a transformation of three ternary arms to the
primary dendrite trunks. Finally, a stable dendrite
structure with the primary dendrite arm spacing of
10—15 pum is formed. What we can gain from such
simulation are: arm spacing, tip and 100 %-solid tem-
peratures (non-equilibrium liquidus and solidus du-
ring solidification) and solute segregation (shown on
the scale).

The model was successfully used to simulate den-
dritic / cell morphology during electron beam surface
re-melting of an Al-Si alloy [14, 18—20]. The numeri-
cal results were found to agree with the experimental
observations as well as with another numerical model.
Moreover, the model reproduces, at least qualita-
tively, experimentally observed «seaweed» struc-
tures, which are neither pure dendritic nor cellular
(Figure 9).

o _’--- B g e WU
Figure 9. Dendrite-seaweed structure in an Al-Si alloy remelted with an electron beam. Experimentally observed tip splitting, which
leads to a non-regular morphology (@) is reproduced by the CA-FDM simulation (b) [20]
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To simulate the dendritic structure coupled to the
macroscopic weld pool and temperature calculations
(previous section), the solidification velocity corre-
lated to the welding speed and the specific tempera-
ture gradients along directions A and C (see Fi-
gure 4), which are presented in Figure 5, were used
in the next examples. Figure 10 shows the simulated
dendritic structure for two locations in the mushy
zone. The solute concentration is depicted with dif-
ferent grey shades and with the iso-concentrates. The
simulation sequence were similar to that, described
above. The domain height up to 3000 cells were used
in order to catch the whole mushy zone and to reach
a steady-state as well. The steady-state means, that
the dendrite tips and the position, where 100 % solid
is reached, are at constant temperatures and move
with the constant velocity, which is equal to the so-
lidification velocity. Although, the primary dendrite
arm spacings given by the simulations are equal for
two cases, the size of the mushy zone is quite different.
The higher temperature gradient in case b (Figure 10)
results in a smaller distance between the dendrite tip
and the region of total solid, which means a more
compact mushy zone. From the microscopic CA-FDM
simulation in case a (Figure 10), the mushy zone has
the length of 0.46 mm. From the other side, the mac-
roscopic numerical modelling (see Figure 7) results
in the same distance of 0.46 mm between the solidus
and the liquidus in the direction along the symmetry
plane (A in Figure 6). In the direction C this distance
is equal to 0.24 mm, which is slightly smaller than
the length of the mushy zone given by the micro-si-
mulation (0.28 mm in Figure 10, b). It proves the
consistency between the macro-modelling of fluid
flow and temperature field from one side and the
micro-modelling of dendritic structure from the other.

Finally, a non-direct experimental validation of
the dendritic modelling can be derived from the com-
parison between the simulated primary dendrite arm
spacing and the micrograph, shown in Figure 11. The
micrograph was taken from the top in the middle of
the weld shown in Figure 6. In the low-alloy steel
used, the original 8- or y-dendritic structure is natu-
rally destroyed during the phase change on cooling
(y—a transformation). Therefore, only with the aid
of a special etching it was possible to reveal the in-
terdendritic carbides, which are visible in Figure 11
as white lines. The distance between this tracks cor-
responds to the primary arm spacing, which is of the
order of 50 um in the experiment, as well as in the
simulation.

Current restrictions of the CA-FDM model are:
1) 2D implementation; 2) two phases; 3) two com-
ponents; 4) no convection in the melt is considered.

Conclusions and outlook. Several novel model-
ling techniques for direct microstructure simulations
in material processing were developed recently.
Among them the coupled CA-FDM techniques, pre-
sented here, was used to simulate dendritic structures
in welds. The new theoretical and numerical deve-
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(.46 mm

Figure 10. Simulated dendritic structure in Fe-0.11 % C system,
which corresponds to S460M steel. Solidification velocity is
4.17 mm /s, G =100 (@) and 200 (b) K /mm which approximately
correspond to the solidification conditions along directions A and
C, shown in Figure 6. Grid size 600x3000 cells

lopments and enormous increase in computer power
allow direct simulations of the microstructural phe-
nomena taking place during solidification. The direct
microstructure modelling using novel Cellular Auto-
mata technique can be thought as a «computational
metallography», which can be useful for both, estima-
tion of the influence of process parameters on the soli-
dification microstructure and for teaching purposes. In
order to make the simulation results more quantitative,
than qualitative, and to spread the using of this methods
many efforts still needed. The computing codes have to
be optimised, in order to make simulations faster and
available on common computers.

The application of the direct microstructure mo-
delling to the real welding conditions requires a co-
upling between the macroscopic heat and fluid flow
modelling in the weld pool and the micro-modelling
techniques. An example of such coupling with respect
to the dendrite solidification phenomenon was pre-
sented in this paper. A challenge for future research
is a self consistent modelling, in which the results of
micro-simulations, in terms of more precise latent heat
release as a non-equilibrium function of temperature
and non-equilibrium liquidus and solidus, will be im-
plemented in the macro-simulations. It is to expect,
that for a high speed welding application non-equi-

x = :

TR N : :
Figure 11. Experimental micrograph taken from the top in the
middle of the weld shown in Figure 6. A special etching reveals
the interdendritic segregations, which enable to estimate the pri-

mary dendrite arm spacings
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librium effects can be essential in determining both
the weld pool dimensions and solidification structu-

res.
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TEIIJIOBbIZAEJIEHUE
ITPU SJERTPOHIJIAKOBOM ITPOIHECCE

M. JI. JKAZIKEBUY, B. JI. IEBIIOB (Mu-T anexrpocsapku uM. E. O. ITatona HAH Ykpaunsi, r. Kues),
A. M. ITAJIBTU (-1 texnauueckoii tenmobusukn HAH Ykpaunsr, . Kues)

PaCCMOTpeIII)I 0COGEHHOCTH IIPOXOKIAECHNUA SBJEKTPUYECKOTO TOKa 4Y€pe3 KOHTAKTDI 3JI€KTPOZI‘HJJIB.KOBI)Iﬁ paciviaB B
Pa3J/INYHbIX 3JIEKTPOUILIAKOBbBIX TEXHOJIOTUAX. Boigenennt TPU PaA3JIMYHDBIX THIIA KOHTAKTA, OTJIMYAIOUIUXCA Pa3HbIM 3Ha-
YEHNEM KOHTAKTHOTIO IMaJCHUA HAIIPAXKCHUA. Onpeaenemﬂ IIJIOTHOCTH TEIIJIOBBIX ITOTOKOB, BBIJACJTAIONINECA Ha KOHTAKTaX
BCEX TPpEX THUIIOB. HO]Iy‘IeHI)I JIaHHbIE TIO MEPErpeBy IVIEHKN METaJlla Ha TOPIE OIJIABJIAEMbIX 3JIEKTPO/J0B.

Peculiarities associated with the electric current flowing through the electrode—slag melt contacts in cases of various
electroslag technologies are considered. Three types of contacts differing in the contact voltage drop values have been
distinguished. Densities of heat flows at all the three types of the contacts have been determined. Data on overheating

of a metal film at the melted electrode tips are presented.

OCHOBOH 2JIEKTPOIILIAKOBOIO IIpoliecca SBJAETCS Tell-
JIOTA, BBIJIEJIsIeMast TPU TPOXOK/ICHIH 3JIEKTPUYECKOTO
TOKA 4Yepe3 CUCTEMY 3JIeKTPOHHBIX M HOHHBIX IIPO-
BOJIHUKOB, KOTOPbBIE TTOAKJIIOYEHBI K MICTOYHUKY TOKA.
OGBIYHO B 3JIEKTPOIIJIAKOBBIX YCTAHOBKAX TIJIAKOBBII
pactiiaB  (MOHHBI NPOBOJAHMK) CHHU3Y OrpaHUYeH
MMOBEPXHOCTBIO JKUIAKOTO METAJIIA, 3JEKTPOHHBIM MPO-
BOJIHUKOM, KOTOPBIN SBJISETCSI OJIHUM U3 3JEKTPOIOB.
[pyroil aieKTpoJ TOJBOANTCSI K NOHHOMY PAaCILIaBy
cBepXy WM cO0KY M MOXKET ObITb PacXOJyeMbIM, T.€.
PaCIIaBIATBCS B XOJe IPOIlecca, MM HepacXomrye-
MbIM — HCIIOJIb30BAaTbCS TOJBKO /ISl TIOABOJA TOKA.
KoncTpykiuy, orpaHuuuBaiolniie MOHHbBINH pacIlyaB,
Tak)Ke OBIBAIOT JBYX THUTIOB — OXJIAXK/AeMble U HEOX-
JIaXKJaeMble.

KonkperHass KOMOWHAIMS yKAa3aHHBIX 2JIEMEHTOB
IPUBOJUT K OCYIIECTBJIEHUIO PA3JIMYHBIX 3JIEKTPOIL-
JIAKOBBIX TeXHOJIOTHI. Tak, TpUMeHeHne HeoXJIax/1a-
€MbIX OTPAaHMYMBAIONIMX KOHCTPYKIUH M3 MeTajia U
Pacxo/lyeMbIX 3JEKTPOIOB MO3BOJISIET OCYHIECTBUTD
smeKkTponLtakoByio ceapky (IIIC). Mcnoabsopanue
OoXJIaX/JjaeMoil orpaHUYMBalOIIell KOHCTPYKIINU U pac-
XO/TyeMOTO0 3JIEKTPO/Ia TIPUBOINT K 2JIEKTPOIIIAKOBOMY
nepermapy (IIMIM) wmm gureio (ST, O6be-
JIMHEHWE PACXOYeMOro 3JeKTpoma u (yTepoBaHHON
OTHEYTIOPOM OTPAaHUYUBAIONIEH KOHCTPYKLIUHU obec-
MeYnBAET MPOBeIeHIEe TIPoIecca IeHTPOOESKHOTO JJIeK-
TpouLtakoBoro auThs (IIDIILJI) u T.11.

[Ipu mpOXOXKIEHUU 3JEKTPUYECKOTO TOKA 4Yepe3
CUCTEMY TIPOBOJHUKOB 3JIEKTPOIILJIAKOBON YCTAaHOBKH
OH TIPEO/I0JIEBAET CONPOTUBJIEHNE 3JIEKTPO/IOB, TIJIAKO-
BOIl BAHHDI ¥ PA3JINYHOTO TUTIA KOHTAKTOB 3JIEKTPO —
MIJIAKOBBIN pactyiaB. TakuM o6pas3oM, TP 3JIE€KTPOIII-
JIAKOBOM TIPOIlecce UMeeT MECTO KOHTAKT MTPOBOHUKOB
C Pa3JIMYHON IPUPOAOI IPOBOAUMOCTH. B pesyibrare
B3aUMOJIEHCTBUS TIOTEHIINAIOB MEXKIY JEKTPOJIOM W
NIJJAKOBBIM PACIIJIABOM TIOSIBJISIETCS TAaK HA3bIBAEMBIil
JIBOMHON 3JIEKTPUYECKUI CJIOH — CJOoi 3ap470B Ha
3JIEKTPO/IE W CJION WOHOB IMPOTUBOTIOJIOKHOTO 3HAKA B
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pacriaBe. B MecTe KOHTaKTa BO3HUKAET PA3HOCTH TIO-
TEHIINAJOB, KOTOpas sBJsieTcss GapbepoM Ha IMyTH
3JIEKTPUYECKOTO TOKa. [lOCTOSTHHBIN 3JIeKTpUYecKuit
TOK Uepe3 TaKoil 6apbep MPOXOIUT B pe3yJIbTaTe dJIeK-
TPOXUMHUYECKUX PeaKIuii OKucaUTeNbHBIX (Ha
aHojie) U BoccraHoBUTebHbIX (Ha Katoze) [1-3]. Ile-
PEMEHHbII TOK MOKET ITPOXO/UTh Yepe3 KOHTAKT 3JIeK-
TPOHHBIX ¥ HOHHBIX ITPOBOTHUKOB HE TOJIBKO B PE3YJIb-
Tare 3JeKTPOXUMUIECKUX PEAKIIHii, HO U Iepe3apsiIKu
JIBOWHOTO 3JEKTPUYECKOTO CJIOsI, aHAJOTUYHO TOMY,
KaK 3TO MMEEeT MECTO MPHU MPOXOXK/IEHUN [TEPEMEHHOTO
TOKa vepe3 0ObIYHbII KoHaeHcaTop. OMHAKO TPHU MPOo-
MBIIILJIEHHOW 4YacTOTe TOKa, KOTOPasi B OCHOBHOM HC-
MOJIB3YETCS B 3JIEKTPOIILIAKOBBIX MPOIECCaxX, TPEUMY-
NIECTBEHHBIM OKA3bIBAECTCS MEPBBIH MYTb.

UccnemoBannusg  271eKTPOXMMHUYECKUX — PEAKIUI,
MIPOTEKAONINX Ha CTAJBLHOM 9JIEKTPO/IE, TIOTPYKEHHOM
B IIIJTAaKOBLIN paciiiaB Ha ocHoBe CaF2, mokazasnu, 4To
Ha aHoJle CKOPOCTh peaKIUu ompeaesercss obpa-
30BaHUEM TIOBEPXHOCTHOTO CJIOS HACBINEHHOTO OK-
cupamu. Ha aexTpojie co3maercss TOHKAss HEUTPaJIb-
Hag 1ieHka FeO. Iuddysus FeO B pacmras -
MUTHPYET JabHelilee moBbilieHne Toka. Ha craapHoM
Karo/ie B paciiaBe Ha ocHoBe CaF2 B orsimume ot anoja
OTCYTCTBYIOT TIp€e/IeIbHbIE TOKU [4].

Bo Bcex a/1eKTpPOIIIAKOBBIX TEXHOJOTHUYECKUX TTPO-
1eccax MOXKHO BBIIEJTUTH TPU TUTIA KOHTAKTOB MEXKITY
VOHHBIMU U 3JIEKTPOHHBIMU ITPOBO/IHUKAMU TOKA.

1. KoHTakTHAast MOBEPXHOCTD IIPEACTABJISIET COOOI
IPAaHUIly pasziesia [IByX HECMENIMBAIONUXCS SKH/I-
KOCTell — IIJIAKOBOTO M METAJIJTMYECKOTO PACILIaBOB.
Takoif KOHTAKT WMeeT MeCTO Ha TpaHuIle pasfesia
MeTaJI/IMYeCKOl U IIIJIaKOBOWI BaHH, a TaKyKe Ha
JKUJIKOMETAJINUECKOl  TIIeHKe, oOpasylolieiics Ha
OILTaBJISIEMBIX 9JIeMeHTaxX (PacxoyeMpIX 2JIEKTPOIAX,
CBapUBAaeMbIX KPOMKAX U IPHUILIABJISIEMBIX BCTaBKAX ),
t.e. ipu IIIC, ST, DIIJT 1 TSI,

Topibl pacxo/yeMbIX B3JIEKTPOJOB B 3TUX IPO-
1eccax MOTYT paccMaTpuBaTbCcs Kak —HeasbHbII
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KaneJbHbIN ~ camoountaiomuiics  anekrpon. Co-
MIPOTUBJICHHE TTPOXOXKCHUIO 3JIEKTPUIECKOMY TOKY Ha
TaKUX 2JIEKTPOJIaX CBA3aHO TOJIbKO C Pa3psi/loM HOHOB
u iudpysneit HocuTeselt 3aps10B U3 06beMa pacIIaBa
[5]. IIpu a1eKTPOIILIAKOBOM IIPOIECCE IPOUCXOUT HH-
TEHCUBHOE Ie€pPeMeNIMBAHUe JKUIKOTO IIJIaKa. ITO
3HAYUTEIBHO 06JIETYAeT TOAX0J] HOCHTeNel 3apsaa K
MIOBEPXHOCTH KOHTaKTa ¥ CKA4oOK IOTEHIMajla Ha
OILJIABJISIEMBIX  2JIEKTPOJAX  OIpeJesIseTcs  TOJIbKO
Pa3psiZioM HOHOB.

B pa6ore [4] mpuBenmenbl rpaduku 3aBUCHMOCTH
AQHO/IHOU U KAaTOMHOH MOJSIPU3AINHA CTATbHBIX 3JIEKTPO-
JIOB OT IJIOTHOCTH TOKa. IIpyM onTuMasbHBIX peskuMax
nporieccoB DIIII mioTHOCTH TOKA HA TOPIE pPacxomrye-
MBIX 3JIEKTPOIOB namMeTpoM ot 50 10 S00 MM HaxoaATCS
B nipeseax 10...50 A /cm?. TIpy TakiX TI0THOCTSIX TOKA
AHOJTHOE TTA/IEHIE HATIPSLKEHNS cocTaBuT nopsizika 0,5 B,
a karozHas nossgpusarmss — Medee 0,1 B. TIpu SIIIIT
Ha TIepEMEHHOM TOKe TIOJIPU3AlUs 3JIEKTPOJIOB Iie-
PUOJMYECKA W3MEHSIETCs, T09TOMY Ha OIJIABJISIEMOM
TOPIlE 3JIEKTPO/la [IOJDKHO YCTAHOBUTHCS HEKOTOPOE
cpefiHee TiepeHanpsekenne. Takum 06pa3oM, B peaibHOM
3JIEKTPOIILJIAKOBOM TIpoliecce TPU KOHTAKTE TIEPBOTO THITA
TaJIeHre HAMPSDKEHUS HA CTAJTBHBIX JIEKTPOJAX MOKHO
orneHuTh nopsizika 0,25 B.

2. Konrakt ocymiectBisieTcss depe3 MexdaszHyio
[IOBEPXHOCTb, OTAEJAIOUIYIO paciljiaB OT TBEPAOTOo
3JIEKTPO/Ia, TeMIlepaTypa MOBEPXHOCTH KOTOPOTO
BBIITIE TOYKY TIJIaBJIEHUS MJIaKa. Takoil KOHTaKT MMeeT
MECTO Ha HEPacXOyeMbIX ajeKTpogax (B OCHOBHOM
rpadUTOBBIX), KOTOPBIE HCIOJIB3YIOTCS IIPH  IIOP-
IIMOHHOM 3JIEKTPOIIJIAKOBOI OTJIMBKE WJIU IS IJIaB-
JICHWS TIJTaka B TPAUTOBBIX TUTJSAX TIPU <KUIKOM>
crapre tnpouecca I KpynHbIX CJAUTKOB.

Ha noBepxHOCTH KOHTaKTa 3TOrO TUIA B aHO/HBIH
MOJyTIEpUO/T B TIEPBYIO OYepelb Pa3psiKAIOTCS MOHBI
KHUCJOPO/Ia, T03TOMY Ha TpadUTOBBIX 3JIEKTPOAaX
MPOTEKAET 3JIEKTPOXUMHUYECKAs peaknusi ¢ o6paso-
BanueM raszoBoit cmecu CO2 + CO [6]. M3-3a yc-
TONUMBOCTH Ta3oBoW (paspl HA HEPacXoIyeMoOM
3JIEKTPO/IE 3JTEKTPOJHOE COMPOTUBJIEHUE B KATOMHBII
MOJIyTIepUO/l TaKkxKe MPUOJMKAETCI K aHOJHOMY, T.€.
COIIPOTHUBJICHNE 3JIEKTPUYECKOMY TOKY BTODOrO THIIA
KOHTAKTa 3HAYNTEJBHO BBIIE, YeM y mepBoro. Kpome
TOTO, TIPU TIOBBIIIEHWH TIJIOTHOCTU TOKA TOJIIIMHA Ta-
30BOI TIPOCJOMKKM Ha HEpPacXo[yeMOM 3JIEKTPO/ie
BO3pacTaeT U MPUIJIEKTPOAHOE IaJleHIe HaIPSKEeHUs
B TaKUX KOHTaKTaX MoskeT jgocturath 2 B [7].

3. KoHTaKT IJIaKOBOTO paciiyiaBa ¢ MOBEPXHOCTDIO,
TeMIiepaTypa KOTOPOi HIKe TeMIIePaTyphl TIaBJIeHUS
muaka. Takoil TUN KOHTAKTa UMeeT MeCTO Ha
OXJIAJK/IAEMON CTEHKe KpHUCTaJJIM3aropa B  KJac-
cumyeckom IIIIII, a Takke Ha TOKOBEIYNUX
KPHUCTAJLIN3aTOPAX TIPU 3JEKTPOIIJIAKOBOI HATLTaBKe.
IIpu TakoM KOHTaKTe 3JIEKTPOHHBIM U WOHHBIN
MIPOBOJIHUKHU  OT/IEJICHBI JIDYT OT Jpyra TBEpAOi
MEPETOPOJIKOIl, 06PA30BAHHOI 3aTBEPAEBIIUMU KOM-
[IOHEHTAMU NIJIAKOBOI'O pacIljlaBa, TaK Ha3bIBAeMbIM
NIJTAKOBBIM TapHUCAXKeM. MeXaHu3M TPOXOKICHUS
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TOKA Yepe3 TAKON KOHTAKT OCTAETCS TIPEXKHUM, TaK KaK
KPUCTAJIN3AIUS HOHHBIX JKUIKOCTEN CYIIIECTBEHHO He
uU3MeHsleT TUIl TpoBoauMocTH. K3Bectno [8], uro
3apsi/ibl B TBEPJIOM HOHHOM KPHUCTAJLIE TEPEHOCSTCS
MEXKY3eJTbHBIMU ~ WOHaMU. B KpuCTaIImyecKux
MaTepuasax, cozep:kamux Al2O3 u CaFa, mpe-
o6JiajlaeT MOHHO-KUCJIOPOJHAS M HOHHO-(pTOpHUCTast
MIPOBOJIMMOCTH, T.€. MEPEHOCUMKAMHU 3aps/iOB Uepes
«TBOMTHOM» SJIEKTPUYECKUN CJIOW SBJSIOTCS WOHBI
kucaopoga u ¢dropa [9]. B koHTaktax aroro Tuma
OCHOBHOE COIIPOTHBJIEHNE JIEKTPOXHUMUUECKOMY TOKY
cosnaet nuddysus HocuTeel 3apsa yepe3 TBEPAYIO
mpocroiiky. CropocTb atoit Andy3un OTHOCUTETHHO
MaJia, MO3TOMY COIPOTUBJICHNE KOHTAKTOB TPETHETO
THIIA 3HAYUTEJbHO BbIllle, YeM y TepBoro. J{osis Toka,
MPOXO/ISINETO B IEMU DJEKTPOJ — KPHUCTAJIN3aTOP,
nipu o6braHoM IIIIIT m3-3a 60BIIOTO COMPOTUBIIEHUS
9TON TeNmu MaJla U MOKHO IpeHeOpedb TEeIJIOTOM,
BBIZIEJISIONIECS  HETIOCPEICTBEHHO Y CTEHKW OX-
JIAXKIAEMOTO KPHUCTAJLIN3AaTOPA.

Opmnaxo npu IIIIT ¢ GospmuM KoadduIEeHTOM
3aT0JHEHNST KPUCTAJIN3aTOPa WM TIPU TIPOBEIEHUN
3JIEKTPOINLIAKOBBIX TIPOIECCOB € TOKOBEAYITNM KpU-
CTAJIIM3aTOPOM Ha OTAEJNbHBIX YUYACTKaxX OXJasKiae-
MOW CTEHKH TIJIOTHOCTb TOKAa BO3PACTAeT M Ha 3TUX
yuacTKaX CO3/IaI0TCS YCJOBUS, TIPU KOTOPBIX IIJIAKO-
BBIIl TapHUCaXX He o06pasyercsi, HECMOTpPsS Ha WH-
TEHCUBHOE OXJTaK/IeHNE KOHTaKTa. B aToM cirydae posb
MIJTAKOBOTO TAPHUCAXKA, OTAEJSIONIErO «TOPSTYHii> pac-
TJIAB OT «XOJIOTHOTO» 3JIEKTPOJIa, BBITIOJIHSET ra30Bast
MPOCJIOiKa, BO3HUKAIONIAsi B pe3yJbTaTe 3JIEKT-
POXMMUYECKIX PEAKIWNi y MOBEPXHOCTH KOHTAKTA.
Torma KOHTaKT TPETHETO TUTIA HA ONPEIEJEHHBIX yJac-
TKaX TMpeBpalaeTcs B KOHTAKT BTOPOTO THIA C aHa-
JIOTUYHOM KapTUHON TETIJIOBBIIEEHS y MeKPa30Boit
MTOBEPXHOCTH.

[TpoBeem o11eHKY TIIIOTHOCTH UCTOUHUKOB TETLJIOTHI
(., BBIIEJSIONIEICS Y TTOBEPXHOCTU 9JIEKTPOIOB TIPHU
PA3JIMYHBIX TUTIAX KOHTAKTOB 3JIEKTPOl — Tiak. [Ipu
JKECTKON XapaKTepUCTUKE HCTOYHWKA IMUTAHWS, WC-
MOJIb3yEeMOIl [IJIT OCYIIECTBJIEHUS 3JIEKTPOIILJIAKOBBIX
MIPOIIECCOB, BEJNYMHA (J, COCTABHUT

g.~ Ut/ (RV) ~ UL/ (p3)), (1)
rae V. — o6beM cyosi, paBubli Fd.; F — momaab
OTLTABJISEMOTO TOPIA 3JEKTPONA; O, TOJIIIIMHA
«JIBOTHOTO» CJIOSI 'y TIOBEPXHOCTH 3JIEKTPOJA; p —
yaAeJbHAs 3JIEKTPOIPOBOAHOCTD ILJIAKA.

ToJmuHA «IBOWHOTO» 3JIEKTPUYECKOTO CJI0S 6y aeT
nopsizika qunab! Jle6ast [ 10] 1 MoskeT ObITD onpeiesieHa
o gopmy.ie

5~ (KT /nm)'? / (2e2), 2)

rje z — 3aps/ UOHA; e — 3aps/ 3JEKTpoHa; R —
nocrosnHas Boabimana; T — a6cooTHas TeMIlepa-
Typa; n — IUIOTHOCTD 3apsI’KEHHBIX HOHOB.
IIpuBeseM OLEHKY YKa3aHHON TOJIMHBI IS
dmoca AHD-6 (60 % CaFy + 40 % Aly,O3). 3apsn



HCTOYHHKH HAFPEBA,

FHAPOAHHAMHEKA, OBPA3OBAHHE COEAHHEHHH

NOHa KaJIbIIhd PpaBE€H 2, a IIJIOTHOCTb 3apAK€HHbIX
HNOHOB

n= n(Can) + n(A1203) =
= yN, [0,6 /u(CaF,) + 0,4 /pn(Al,05)],

rae y — MIoTHOCTH durioca; Ny — umcao ABorazipo;
u(CaF,) — wmomapmaa wmacca CaF,, pasnas
79 t/momb. Torma mnpubausuTebHAsT TJIOTHOCTD
nonoB Kasbimst coctasut 0,2yNa /u(CaFs) ~ 3-10%.
[Ipu Temneparype 2000 K tommuna ciaost [le6Gas mo
dopmy.ie (2) s KoHTakTa TIEPBOro THMA (Pacxo/y-
eMbIil 5IeKTPOo/l — ILIAK) COCTABUT IOPSAKa 3,0 MKM.
B cayuae rpaduToBOrO HEPACXOYEMOTO 3JEKTPO/A
(KOHTaKT BTOpPOro THIIA), KOTJa ILIOTHOCTD TEILIOBBI-
JleJIeHnst B 4 pasa BBIIE U COOTBETCTBEHHO TJIOTHOCTH
durioca, a 3HAYUT W TJIOTHOCTH 3apSKEHHBIX HOHOB,
1o KpaiiHeii Mepe, B HeCKOJIbKO pa3 HIBKe, TOJIYyYuM
utst rosrmust (8 ~ n'/'2) cios snavenue 6,0 mxm. TToz-
cTaByigs 5Tu 3Hadenus B gopmyay (1) m npunmmas
YTOJl pacTBOpa KoHyca s/ekTpoga 90° u ero amamerp
0,1 M, atakxe [ =4 KA, p = 3,610 Om-M, Haiizem
3HaveHus ¢.. Ha pacxoayembix ajiekTpogax (KOHTaKT
nepsoro tuma, U, = 0,25 B) NIOTHOCTH TEIIOBbIIE-
JIEHVST HA KOHTAKTHOM TTOBEPXHOCTH COCTABJISIET TIOPSI/I-
ka 310", a ma rpadurospix anexrpomax (KOHTAKT
Broporo tuma, U, = 2 B) — 1,2-10" Br /™.
Ornenka pacripe/ie/ieHls UCTOYHUKOB TEILJIOTHI 0
o0beMy BCell 1IJIAKOBOIl BaHHBI, MTPOBEJICHHAS HAMU C
YUETOM YKa3aHHBIX BBIIle 3HAYEHUN ¢, TIOKA3bIBAET,
YTO HENOCPEJCTBEHHO Ha KOHTAKTaX MEPBOrO THUIIA BbI-
JiesisieTcst OKoJio 1 % TerJIoThI MIIAKOBO# BaHHBI, a Y
KOHTAKTOB BTOPOIO THUIIA TOJIIUHONA 8,, — 10 6 %.
Wcnosb3oBaB moJiyyenHble 3HAYEHUST (¢, MCXOS
U3 TIPOCTBIX TEeTJIOPU3NIECKUX COOOPaKEHNH, MOSKHO
HaWTH CTeNeHb MeperpeBa MAeHKH MeTaJljia TOJIIMHON
dm, crekaloleil ¢ omnsaBiasieMoro ajekrpoja. OT
TEeMIIEPaTyphl TJICHKN 3aBHCUT TeMIIEpaTypa KareJb,
MOCTYIAIONIUX B MeTAJIMYeCKYI0O BaHHY, a 3HAYUT
cTereHb padUHUPOBaHUS MeTana u dopMa ppoHTa
KPUCTAJIJIU3AINY CJIUTKA. ITHU [MapaMeTPbl B OCHOBHOM
OTIPEIENISIIOT KAaueCTBO BBITLJIABISIEMOTO METaJLIA.
Temnora, BbIAEASOMANACT B <«IBOWHOM» CJIOE€,
VXOJUT B JBYX TPOTUBOIIOJIOKHBIX HAIPABJIEHHUIX: B
xuaKy1o makosyio Banny (Ag/8)(T. — T) u K 11eH-
ke crekatorero meraana (A, /3, )T, — T,) — qo:

6( - U?/(pac) - {(7\’111/8?7!)(TC - Tm)
+ (}\'3/63)(Tc - Ts)’

~qo} *+ (3)

TlIe o — TEIJIOBOM TIOTOK, YXOASIINHA B 2J1eKTpo. 1o
nmanubiM pa6otsr [11], g9 < 0,8 MBr /M2, KpOMe TOro,
A/ M) < 1072 (g = 2 u A, = 28 Br/(M-K)).
OTKyaa cienyer, 4TO TPETbe CJIAraeMoe B COOTHO-
mennn (3) Ha TOPAMIOK MEHbBIIE IEPBOTO M UM MOKHO
mnpene6peus. Torzga

(4)

a MPEBBINIIEHUE TEMIIEPATYPBI IOBEPXHOCTHU CTEKAIOTIEH
IJICHKY HaJl TeMIlepaTypoil IJIaBJIeHNs COCTABUT:

S ~ W/ 8T, = T,) = qo,

T.—T, (q(‘6 + qO)Bm/?Vm (5

[Ipunumas §,, ~ 1,0 mm [12], a TakKe ipuBeIeHHbBIE
Boie manubie u dopmyant (3) u (5), ara cpeaneit
TeMIIepaTypbl leperpesa MeTasiia B mieHKe (KOHTaKTbl
nepsoro tuna) nojydaem T, =~ 40 K. 910 sHavyenne
aHaJlornuHo noJsyuerromy B [12]. Crenyer oxumathb,
yto ipu DI C, Kor/Ia MIOTHOCTD TOKA Y OTJIABJISEMON
3JIEKTPOJTHON TIPOBOJIOKM B HECKOJIBKO Pa3 BbIIIe,
neperpeB Takke Oy/IeT BBIIIIE.
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OUSNYECKUE OCHOBbI ®OPMHNPOBAHUIA
COEJIMHEHHUI B YCJIOBUIX CBAPKHU JABJIEHUEM

JI. 1. MAPKAIIIOBA, T. M. TPUTOPEHKO, B. B. APCEHIOK
(Mu-t anexrpocsapku uM. E. O. ITarona HAH Ykpauusi, r. Kues)

Ha npumepe coeziunenmii THTaHa, alIOMUHIS, ME/IH U CTaJleii Pas/IMYHOro KJlacca paccMaTpPUBAIOTCS 3aKOHOMEPHOCTH IIACTHYECKOL
necdopMalyy, peanusyeMoil B 30He CBapKH IIPU M3MEHEHHH CKOPOCTH JeOpPMUPOBAHUSA ¢ B /IMAlla3oHe & ~ 1107...110° ¢".
ITokazaHo, 4TO BO BCEM /MAIa30HE CKOPOCTEil BHEIIHETO HATPYKEHUs IacTudeckas nedopMaliis B 30He CBAPKH HMeeT
reTEepPOreHHBIN XapaKTep MpH U3MEHEHUH BeJMYNHBI JIOKaIM30BanHo Aedopmarmn ~ 40...1000 % u GoJiee, MPOTSIKEHHOCTD
o6actu sokanuzaiuu ~ 20...200 MxM. J{MCJIOKAIMOHHBIH MeXaHu3M IiacTudeckoil gedopmaiuu (peanusyemplii Kak
OCHOBHOIl MEXaHHM3M MPU HUSKUX CKOPOCTAX AeOPMUPOBAHUSA) CMEHSIETCS [APYTHMHU, OCYLIECTBJISIEMBIMHU 3a CUET KOJI-
JIEKTUBHBIX (POPM ABYIKEHUS e(PEKTOB KPUCTAIMIECKOI PENETKN 1 TTOBOPOTOB (poTanmii) 1edopMupyeMbrx MUKPOOGD-
emoB. IlokazaHa B3aMMOCBSI3b MEXaHM3MOB DPEAIU3AINH IJIACTHYECKOil JedopMaliin B 30HE CBApPKH PA3HOPOIHBIX
MaTepUaJsIoB ¢ MpoleccaMu MaccoliepeHoca u (pazooGpasoBaHus.

Principles of plastic deformation realised in the joining zone at a strain rate varied from & ~ 1:10™ to 1-10° s™" are
considered by an example of welded joints in Ti, Al and Cu, as well as in different steel grades. It is shown that plastic
deformation in the joining zone is of a heterogeneous character over the entire range of external loading rates, the
localised strain value ranging from about 40 to 1000 % and more, and the length of the localisation region being about
20...200 pm. The dislocation mechanism of plastic deformation (being the basic mechanism at low strain rates) is changed
into others occurring due to collective forms of displacement of the crystalline lattice defects and turns (rotations) of
the deformed microvolumes. Relationships of the mechanisms of realisation of plastic deformation in the joining zone
between dissimilar materials with the mass transfer and phase formation processes are given.

Pesko Bo3pacraonasg K HACTOSIIEMY BpeMEHU
BOCTPE6OBAHHOCTD HOBLIX MarepuajioB (KOMIIO3M-
[IMOHHDBIX, PA3HOPOJAHBIX) TpeOyeT CrelualbHbIX
TEXHOJIOTHI WX TOJyYeHUsI, CPeIu KOTOPBIX 0coGoe
MECTO 3aHUMAIOT PAa3JNYHble CHOCOOBI  CBApKU
naBiaenneM. K cokaneHmio, KayecTBO — TaKUX
COEIMHEHNI XapaKTEPU3YeTCsT HeCTAOUJIbHOCTBIO U
60JIBIIIM Pa36POCOM MEXAHWYECKUX XaPaKTEPUCTHUK.
ITO CBS3BIBAIOT C OT-PAHUYEHUEM TEXHOJOTHYECKHIX
MapaMeTpoB IMPH CBapKe [aBJEHWEM, YTO IIPUBOJINT,
KaK MPaBUJIO, K YMEHBINEHUIO IO (PU3MIECKOTO
KOHTaKTa, yBe-TNYeHNI0 0o6beMa HECILIONTHOCTElH, a
TaK)Ke C Ha-JIMYMEM OXPYIMYMBAONIUX OKCHIHBIX
IJIEHOK ¥ WHEPTHOCTBIO IOBEPXHOCTH  pasjesa
OTHOCHUTEJIBHO MTOBEPXHOCTH MEPBOHAYATIBHOTO
kontakta [1, 2]. B cayuae cBapku pasHOPOIHBIX
MeTa/wnoB  (0COGEHHO METalIo0B, OTIMYAIONIMXCS
OTpaHIYeHHON B3aUMHOI PaCTBOPUMOCTDIO )
BO3HUKaeT TpobJeMa, CBs3aHHas ¢ 00pa3OBaHUEM B
30He KOHTAaKTa HOBBIX (hba3 — UHTEPMETAJIUIHBIX,
KapOUMIHBIX, JIETKOILIABKUX 9BTEKTHK PA3JUYHOTO
CTEXMOMETPUUYECKOTO coctaBa u T. J. [ 3, 4]. Hackosbko
sddekTuBHO OyIyT TPEOJ0JIEBATHCS ITH TPOGJIEMBI
3aBHCUT OT OINTHMAJIBHOTO PA3BUTHSI OCHOBHBIX
DUBHKO-XUMIYECKUX — mpolleccoB  (IJIac-THYECKOM
nedopmarn, MacconepeHoca n (pasoo6pasoBaHus),
AKTUBUPYEMbIX TePMOAe(DOPMAIMOHHBIME YCIOBUSME
cBapku. [IpuyeM, /111 pa3JiMuHbIX TUIIOB CBAPUBAEMbIX
MarepuasioB (B 3aBUCHMOCTM OT THUIIA PENIETKH,
BEJIMYMHBI 3HEepruu JedeKToB yrmakoBku, (ra3oBOTO
COCTaBa 1 HaJIM4Ms B HUX (PA30BBIX BBIAEICHUIT) U 15
PA3JINYHBIX BHENIHUX YCJIOBUII CBAPKU ITU TIPOLIECCHI
6yyT CYIIECTBEHHO OTJINYATHCS.
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He wmenee BajkHag 3ajava UCCJIeIOBAHIE
B3aUMOCBA3W  (OPMUDYIONUXCS  [IPU  CBapKe
CTPYKTYPHO-(a30BbIX MapaMeTpoB (BeJM4nHbl 3epHa,
cy63epHa, TIIOTHOCTHU JUCTOKAIUN, XUMUYECKOTO COCT-
aBa, TJIOTHOCTH W PacIpeieieHusT HOBBIX (Pa30BbIX
00pa3oBanuil) ¢ MEXaHMIECKUMU CBOHCTBAME CBAPHBIX
coefuHeHnit.  3/leCb  BaXKHO  BBISICHUTbD  KaKOW
KOHKPETHBIH BKJIa/ BHOCUT KaXK/bIii M3 CTPYKTYPHBIX
rapaMeTpoB B U3MeHeHHe MeXaHUYEeCKUX
XapaKTepUCTUK CBapHBIX coeanHenmii  (cBOMCTB
IIPOYHOCTH ¥ ILTAC-THYHOCTH).

Hexoropbie 13 pe3yabTaToB UCCAEI0BAHNS 110 9TUM
BOIIPOCAM M3JI0JKEHbI B HACTOSIIEN CTaThe.

Inactuueckas aedopmanust. AHanus 0co6eHHOC-
Tell  TacTWYecKoW — gedopMalliM  CBAapMBAEMbIX
MaTepHaJjioB B yCJIOBUSIX CBapKu AaBjenueM (pacrpe-
JleJieHne, CTeleHb JIOKAU3a ¥ MEXaHU3MBI €€ TTPO-
TeKaHMs) IIOKA3bIBAeT, YTO BO BCEX CIydYassX TEXHO-
JIOTHYECKHUX PEKHUMOB [IPU HCIIOJIb3YEMbIX CKOPOCTSX
nedopmuposanus (£ ~ 1-107%...1-10° ¢!, uro coorset-
CTBYET ANANa30Hy PesKUMOB CBapKH OT A dy3nOHHOI
(JICB) no csapku Bspeisom (CB3)), aedopmaiius
UMeeT TeTepOTEHHBIIl XapaKTep C JIOKaJausalueil B
o6sactu konrtakTa (puc. 1). [l pesxxuMoB, XapakTep-
ubIx 11 JICB, cTenenb Jokaam30BaHHON feopMaIun
pocruraer 40...60 % npu o6meii (onenuBaeMoil 110
ocajKe cBapuBaeMbix  00pasioB) gedopMaiun
~4...5%. Ilpu 3TOM COOTHOIIIEHNE JIOKATN30BAHHOM J1e-
(bopMaIMU CIKATUSA £ ¢y U PACTANKEHUS €5 pacr COCTAB-
JAET €5 ¢ ~ 8...10 &, pacr. Habmomaercs Takske 3aTop-
MOKEHHOCTD TIJIACTUYECKOH 1ehopMaIini HeroCpeCT-
BEHHO y T'PAHMIIBI pa3/iejia CBAPUBAEMON Mapbl, 4TO
CBSI3aHO C COCTOSTHUEM KOHTAKTHPYIONINX ITOBEPXHOC-
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Puc. 1. Pacnpesenienue redopmanun B coeuHenusx vukesst, JJCB: @ — coornomtenue obiieit 06beMHOIl Makpo/iehopMalny u JOKaan3o-
BaHHON Ha pasinyHoii ray6une 3ombl cBapku (@ — 35 mxm; X — 200; (J — 300; O — 400; € — maxpomedopmanusi); 6 — cxema
[POIIECCa CBAPOYHOTO HATPYIKEHNS; 6, 2 — [HATPAMMbI PACIIPEIECHUs HAPSKEHUIT 1 JIOKam30BanHol nedopmanuu (6 — cxarue, 2 —
pacTsKeHne) Ha PasJMIHOM PACCTOSHHUM OT MOBEPXHOCTH pas/esia CBapUBAaEMbIX MaTEPHAJIOB

Tell (HaIMuMeM TOBEPXHOCTHBIX OKCHIOB M HIEPOXO-
BarocTeil, OOYCJIOBJEHHBIX IIPeABAPUTENbHON 06pa-
GOTKON KOHTAKTUPYIOIIUX TIOBEPXHOCTEN MO/ CBAPKY ).
B ycaoBuAX WMIYJbCHOrO Harpy:kenus (Ha-
puMep, P yaapHoii ceapke B Bakyyme (YCB)) ana-
gormunbiii  J[ICB  ypoBenb oOmeit  gedopmarun
(~4...5 % ) UpUBOJNT K CTEIICHU JIOKAIM30BAHHOMN Jie-
dbopmarmu ~ 90...95 %. Crenenpb mIacTUYeCcKoOn e-
opMaiuy B IPUKOHTAKTHOI 30HE TIPU CBApKe B3DbI-
BoM (CB3) cocrasaser ysxe okoso 1000 %, npu stom
cooTHolleHne gedopMannuu pacTsLKeHus u aedop-
MalMU CXKATUA COCTABIACT €y pacr ~ 19...20 €4 cxc. 1Ipo-
TSCKEHHOCTDb 30HBI JIOKAJM30BAHHOM medopmarm 6
OTJIMYAETCS TP PA3JUYHBIX CIOCO6AX CBAPKU [1AB-
JIeH1eM U cocTaBJigeT coorserctBenno 25...30 (ICB),
25...50 (YCB), 150...200 MM u 6o1ee (CB3).
WccaepoBanusg TOHKOH CTPYKTYpbl MeTOJaMU
TPAHCMUCCUOHHON  3JIEKTPOHHOW ~MUKDOCKOIMH U
CTATUCTUYECKUI aHAJM3 TUTIOB CTPYKTYP [5—12] mos-
BOJIMJI CHIEaTh BBIBOJA O MEXAHM3MAaX IIACTHYECKOI
nedbopMaiuy, peaju3yeMbiX B 30He CBAapKHU IIpU
Pa3JIMYHBIX CKOPOCTSX BHEINTHEro Harpyskenus. Tak,
B XOJIe BBICOKOTEMIIEPATYPHOTO /1e(DOPMUPOBAHMS CO-
OTBETCTBEHHO HAPACTaHWIO CKOPOCTH HATPY>KEHUS
(mipu mepexozie oT peRkuMoB M PY3NOHHON CBAPKH K
yAAPHOH, MATrHUTHO-UMITYJbCHOW W B3PHIBOM) B
o6acT cBapKu (POPMHUPYIOTCS CTPYKTYPHI B CJIEIYIO-
HIelt MoCJIeI0BATETbHOCTU: IUCIOKAIMOHHDIE TIJIOCKUE

CKOILJICHWSI,  KJAyOKOBble,  OJIOUHbIE,  SUYEUCTDIE
(puc. 2, @), dparMeHTbl ¥ NOJOCOBbIE CTPYKTYPBI
pasmmunoro tuna (puc. 2, 6—2).

Ha xapakrep dopmupyommxcs ctpykryp (kpome
cKopocTeii 1ehOpMUPOBAHUS) OKA3bIBAIOT BJMSHUE U
apyrue (HakTophbl, 3aBUCSIINE OT CBAPHBAEMBIX
MaTepraoB (TUII peleTKy, BeJIMYrHa 9Heprun gedek-
ToB ymakoBku (DJ]Y). Tak, nmpm pexXMMax C IMOBbI-
meHHbIMH  cKopocTamu  gedopmuposanuss (CB3s) B
o611eM 0o6beMe BCEX TUTIOB CTPYKTYP B MaTepuajax C
HuskuMu 3HaveHusamu DY (Menp, cIiaB HUKENb-
XpOM) HapacTaer JoJs JABOWHWKOBaHust, (bpar-
MEHTUPOBAaHUS W  TIOBOPOTOB  MHUKPOOGBHEMOB
(puc. 2, 2). lna meramnos ¢ GoJjiee BBICOKMMU 3HA-
yernamu I /1Y (amomMuHuil n Ap.) XapaKTepHO Hapac-
TaHWe 0 KOJJIEKTUBHBIX (POPM BUKEHUsT 1e(DEKTOB
KPUCTAJINYECKON PEIIETKU ¥ MOIIHBIX T0JIOC CABHUra
(IIC), puc. 2, 6 [10, 11]. B caydae cBapKu CJI0KHBIX
no ¢asosomy cocraBy MarepuajioB (¢ (pa30BbIMU BbI-
JieJIeHUAME HHTEPMETALII/HOTO U KapOMIHOTO THIIOB )
XapakTep T0J0cO00Pa30BaHUs OTIUYAETCS: TI0JIOCO-
Bble CTPYKTYPbI IIPEACTABJSIIOT COOOI  TIOJIOCHI
nepeopuenTaiyu (I1I1) — Gosee AUCKPETHDIE 110 CPaB-
Heanio ¢ II1C u ¢ pe3ako MeHSONENCS OPUEHTUPOBKON
B 06JIaCTH TOPMOXKeHUs T10Jioc (a30BbIMU  Bbljle-
nenuamu (puc. 2, ¢) [12].

CorylacHO  BBISIBJIEHHBIM ~ 3aKOHOMEDHOCTSIM |
aHasmsa TUIOB CTPYyKTYp (puc. 3) MOXKHO caesaTh
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BBIBO/I, 4YTO TIPM MUHUMAJBHBIX CKOPOCTSIX Jle-
dopmuposanns (¢ ~ 1-107...1-1073 ¢ ') mracrmueckas
nedopmarus, JIOKAJN30BaHHAS BJOJb TOBEPXHOCTH
pasjiesia, OCYIIECTBJISIETCS MPEUMYIIECTBEHHO [HCJIO-
KallMOHHBIM CKOJIb)KEHUEM B COUYETAHUU C KPUCTAJLIO-
rpauUecKuMI TIOBOPOTaMu JeOpMHUPYEMBIX 00be-
MOB. C TOBBIIIIEHUEM CKOPOCTU /1e(DOPMUPOBAHUS 10
&£~110%..1-10° ¢ " mnacTuueckas nedopmarivs B 30He
CBApKM peau3yercs IMyTeM KOJJIEKTUBHBIX (opM
JBUKEHUST e(PeKTOB PelIeTKH, MOIIHBIX TPAHCJIAIUI
B Buge IIC m IIII B codveranmm c mOBOpOTAMU
(poramyeii) pasmu4HbIX 110 pagMepy MUKPOOOIacTei,
BKJouad u ABoinnkosanume [10, 11], gsaaiomieecs
OJIHUM W3 BHJIOB TMOBOPOTHBIX MeXaHU3MOB nedop-
mar [5]. VI3Menenne tuma pemetku 1eopMupyemMo-
ro marepuaia (or TIIK, OIK x I'TIY-pemerke), a
takke cHmwkenne I/Y mnedopmupyemoro merasia
MPUBOAUT K YBEJWYEHWIO IO MOBOPOTHBIX MeXa-
HU3MOB TLIACTUYECKOil JedpopMariun.

Kak moka3piBatoT pe3yabTaThbl UCCIETOBAHUMN, JJIST
MHTEHCUMUKAIIUN MTPOIECCa CBAPKHU U TIOBBIIIEHUS Ka-
yecTBa U3JEJUN MeTaJJ B MPUKOHTAKTHON 30HE 0J-
JKEH UMETb CTPYKTYPY, He CO3/AI0Nyi0 6apbepoB Jis
peanusanyuy JefCTBYIOINX MEXaHU3MOB TLIacTHYec-
Kol medpopmarum.

Vmess  skcmepuMmentatpHyio uH(pOpPMALUIO O
MeXaHu3MaX TJIACTUYeCKON nedopMaiuu, TPOSBJIS-
IOIUXCST B T€X WJHM UHBIX YCJOBHSX CBAPOYHOTO jie-
gopMupoBaHus, MOSBJSETCS BO3MOXXHOCTD Ppas3pa-
6OTKH TEXHOJIOTHYECKUX MPHUEMOB, IO3BOJISIONINX
ONITUMU3UPOBATD PEKMMbBI CBAPKM Pa3sHOPOIHBIX Me-
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tasnoB. Tax, 3a cueT crenuasbHON MOJATOTOBKU KOH-
TAaKTUPYIONUX TTOBEPXHOCTEH, 3aKJIOYAIOIIENHCcs B UX
OYHUCTKE OT MHTepMeTauAHbIX (a3 (ouucTka 1po-
BOJINJIACDH HA TJIyOUHY PACIIPOCTPAHEHHUS JTOKATHN30BaH-
Hoit gedopmain, T. e. ~ 200 MKM), yIasoch yBe-
JIUYUTh Pecypc IJIACTUYHOCTH B 30HE KOHTAKTA
CBapWBAEMBIX y3JI0B BBICOKOIPOUHBIX aJIOMIHHEBBIX
criaBoB Tuna 1201, 4To MO3BONIO0 MUHUMU3UPOBATD
MapaMeTpbl COyJApeHHil TPU BOCCTAHOBUTEJBHOM
PEMOHTE CBApKOIl B3PbIBOM TOHKOCTEHHBIX 0060JI0Y€Y-
HBIX METAJLIOKOHCTPYKIIUU JIETATEbHBIX AIMIAPATOB
[12]. [Ipumensst cnenuaabHble hopMupyonme 060ii-
Mbl B 3HAYUTEJbHON CTeneHM ObLaa TIOBBIIIEHA
MJJACTIYHOCTD B 30HE KOHTAKTa COEAMHEHWI THTaHA C
Meabio npu aud@ysnonHoil cBapke B Bakyyme [10].
B pesyabrare ucnosbzoBanus addekra $hazoBoii He-
CTaGUIbHOCTH B TEMIIEPATYPHOM MHTepBase (Ha3oBbIX
MEPEXOIOB YATI0Ch B MPOIECCE CBAPKK 3HAYUTETHHO
MOBBICUTh  TIJTACTUYHOCTD  JKAPONPOYHOTO  CILIaBa
uuTepMmeramnaaoro tuna TisAl mpu [CB [13].

Macconepenoc u ¢pazoodpasosanue. OcoGeHHOCTH
Maccorepenoca 1 ¢pazo00pazoBaus B 06J1aCTH KOHTAKTa
Pa3HOPO/IHBIX METAJLIOB U U3MEHEHHUsI ITUX IPOIIECCOB
B 3aBHCHMOCTH OT CKODOCTH BHEITHET0 Harpy>KeHUs
UCCJIEIOBAIM METOJAMU PAMOAKTUBHBIX WHIUKATOPOB
(roc10iiHbIM paroaBTorpadPOBAHUEM U U3MEPEHHEM
WHTErPAJbHOW  AKTMBHOCTH), 9JIEKTPOHHOI  aHa/M-
THYECKOI PACTPOBOII MUKPOCKOIMHU U TPAHCMUCCUOHHON
3JIEKTPOHHON MUKPOCKOIIHH.

Beino ycramoBiieno, 4To B yCJIOBUSIX HU3KUX CKO-
pocreii nepopmuposanus (JJCB) B 30He KOHTaKTa Ha-



HCTOYHHKH HAFPEBA, THAPOJAHHAMHKA, OBPA3OBAHHE COEJAHHEHHI

>

150...200 sk

7~

| =
o

|

———

Puc. 2. CtpyxTypHbBIe H3MeHEeHUs B 06J1aCTH KOHTAKTa B 3aBICUMOCTH OT TepMo/1e(hOPMAITMOHHBIX YCJIOBHI
CBapKM B COEJIMHEHUAX: d — suencro-cy6sepenHas crpykrypa, X15000 (XH77TIO, /ICB); 6 — moJock
casura, X20000 (Ni, CB3); 6 — NHOBOPOTBI U HOJIOCHI IEPEOPHEHTALUM COOTBETCTBEHHO B COEIUHEHUSIX

6J1f0/1aeTCs 3HAUNTEJIbHOE TTOBBIMEHNE CKOPOCTH Mac-
conepenoca (adppexruBnplii kKoadduument anddysun
B 9TOI 06JIaCTH COM3MepUM ¢ Ko PuImenTaMu 3ep-
HOrPAaHUYHOII 1 OBepXHOCTHOI nddysun). OaHako
mo rayOWHe 30HBI JIOKAJTW30BaHHON aedopMarim
Mg dy3noHHas NOABUKHOCTD ATOMOB METaJLIa PE3KO
YMEHbBIIIAeTcs ¥ Ha pacctosHU ~ 7...10 MKM OT moBep-
XHOCTH pa3/iesla CBaPUBAEMbIX MAaTePHAJIOB CHIKACTCS
B 150...200 pas [14]. IIpenBaputenpras MexaHmdec-
Kasg o6paGoTKa IIOJATOTOBJIEHHBIX IOJ CBapKy KOH-
TaKTHPYIOIUX ITOBEPXHOCTEHl OOBIYHO TIPUBOAUT K
YBEJMYEHII0 HHTEHCUBHOCTH MacCOIepeHoca, a TaksKe
pacIupeHnio 06JacTi aKTHBHOTO MacCoIllepeHoca, 4To
00yCJIOBJIEHO HW3HAYAJbHO MOBBIIIEHHOW Jle(eKT-
HOCTBIO MEXaHWYECKH NIIN(GOBAHHBIX CBAPUBAEMBIX
HOBEPXHOCTEN U TIOCJIEAYIONMM AKTHBHBIM I1€PEPACII-
pelieleHieM JUCJIOKAINil B TepMo/aehOPMAIIIOHHBIX
yCJIOBUSIX CBapku. BsauMocBsi3ab MacconepeHoca ¢
HO/IBHKHOCTBIO e(PEKTOB KPUCTAINIECKOI PeleTKI
[oKasaHa Ha puC. 4, a, 6. 3/1ech Ha OTAEJIbHbBIX HCJIO-
Kalusix ¥ B CHCTEMAax CKOJIb)KEHWUSI B MEAW U TUTAHE
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Puc. 3. IamMeneHme THIIOB CTPYKTYP B 30HE JIOKAJTH30-
BaHHOU JiepopMaliny pu yBeJMIeHIH CKOPOCTU BHETITHE-
ro Harpyxenwst: { — IIII; 2 — IIC; 3 — xoJekTHBHOE
nBIKeHne 1eheKToB; 4 — TIOBOPOTHI 3€peH; 5 — TIOBO-



HEAT SOURCES, HYDRODYNAMICS, FORMATION OF JOINTS

BUJIHBI CETPETAI[MOHHBIE CKOIJIEHUS 3JIEMEHTOB U 3a-
POK/IeHNEe HOBBIX MeJIKoauciiepcHbix ¢da3. C mepexo-
JIOM K BBICOKOCKOPOCTHBIM CHOCOGAM CBAPOYHOTO Jie-
dopmuposanus (YCB, MUC, CB3), cyas no crpyk-
TYpPHbIM, KOHHOEHTPpAIlMUOHHbIM U d)aSOBbIM n3me-
HEHUSIM, MACCOIIEPEHOC OCYIIECTBIISIETCST HE TOJBKO 32
CUeT AUCJJOKAIlMOHHOI'oO, HO W II0 MHbBIM MEXaHU3MaM
[15, 16]. K Takum MexaHHM3MaM OTHOCHUTCSI Me-
XaHWUYECKUN MEePEHoC coeB MeTaana. IPdEeKT Takoro
THIIA TIPOSIBJISIETCS] HEMOCPEACTBEHHO Y TIOBEPXHOCTU
CONPSIKEHUST PA3HOPOIHBIX METAJLIOB, TIPUYEM OCOOEH-
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HO OH BBIp@XEH B YCJOBHUSX HamboJee BBICOKHNX CKO-
pocreii cBapounoro narpysxenus (MUC, CB3). IIpu
HCCJIEIOBAHINH METOJAMU PAacTPOBOH 3JIEKTPOHHOI
MUKPOCKOIINK B Pa3/IMYHBIX pexkuMax (BO BTOPHYHBIX
9JIEKTPOHAX, XaPAKTEPUCTHIECKOM HM3JYYEHUN) CJIOU
MepeMeIIeHHbIX MacC MPOCMATPUBAIOTCS Kak 060c06-
sennpie ob6mactn (afeKBaTHBIE 10 WHTEHCUBHOCTH
OTpasKeHHsI OCHOBHOMY METaJIIY) U KaK 00JIacT repe-
XO/JIHOTO KOHTPACTa, YTO OGYCJIOBJIEHO U3MEHEHHEM
KOHIIEHTPAIIMOHHBIX COOTHOTIIECHWIT 3JIEMEHTOB B CJIOSX
(puc. 4, 6, 2). JIpyroii sKkcrnepuMeHTaIbHO HAOJII0/1a-
eMBIfl MeXaHM3M MAacCOlepeHoca MPOSIBJISETCS KakK
XAOTHYECKHII IEPEHOC TI0 30HE CBAPKH YJIbTPAIHCIIED-
CHBIX YacTHIl 1 00pa3oBaHUil KiaacTepHOTO THIA. Pac-
nmpeneseHne 1OA0GHOTO THUTA  YJbTPAAUCIEPCHBIX
YACTHUI[ CPABHUTEJBHO PAaBHOMEPHOE, [IOCTATOYHO
4eTKO HaOJIoaeTcss TIPH  3JIEeKTPOHHO-MHKPOCKO-
MUYECKUX UCCJEJOBAHUSX HA TIPOCBET B PEXKUME TeM-
Horo mnousist ipu Goubimmx (X200000... 300000) yse-
mmuenuax (puc. 4, 0). Tperuil u3 Ha6/IOAAEMBIX
MEXaHI3MOB MacCOIepeHoca — MepeHOC YacTHI] KOJI-
JIEKTUBHBIME ~ (DOpPMaM#  IBIKYIIMXCS  J1e(PEKTOB
KPHUCTAJJINYECKON PENIeTKH, T.€. MOITHBIMHU TIOJOCAMU
caura. Hampumep, mpm mccieoBaHUM HAa TPOCBET
[OJIy4YEHHOTO CBAPKON B3PbIBOM COEMHEHUS CTAJb—
AJIIOMUHN Ha6JII0AANN TepPeHOC YacTUI] XKeje3a pas-
MepoM ~ 1,0 MKM TI0J10caMM C/IBUTA B AJIOMUHUEBYIO
COCTABJISIIONIYIO CJIOWCTOTO COeANHEHWS Ha TJIyOHHY
~ 100...120 MxM oT moBepxHOcTH paszaena. [Ipuuem,
Hanpasjienue aBwxkenus [IC He mMmeer Kakoii-im60
Kpucrayiorpaduveckoil  HampasieHHocTH. Kpome
TOTO, YacTO IPOSBJISIETCSI MEXAaHNU3M MacCOIepeHoca,
CBSI3aHHBII ¢ OTPBIBOM OT CBapHBAaeMOii MTOBEPXHOCTH
vactui Gosee TBepaoro (MeraemMoro) Merasia M Ha-
MPABJIEHHBIM TE€PEMENIEHNeM 3STUX YacTUI CKBO3b
MaCCUB CMEXHOro MaTepuasa. [IBUKYIIIMECS 4acTHIIbI
UMEIOT  Pa3MEpPHOCTb 10 HECKOJTbKUX MHKPOH,
JIBUKEHUE TIPOXOIUT BIOJb TPEKOB-KAHAJIOB, €r0 Ha-
IIpaBJIcHIE COBIA/IAET C HAITPABJICHUEM BHEITHUX JIEHi-
CTBYIONINX HampsukeHuil. [my6una «apeiida gactuiry
3aBUCHUT OT MHTEHCUBHOCTU JEUCTBYIOINX BHENIHUX
Hanpspkerwii. Tak, rayOWHa IMepeMenieHusl YacTull
tupkonust B Meab nipu Y CB (puc. 4, e—3) cocraBasier
MOPSIIKA HECKOTbKUX MUKPOH, B COEIMHEHUT KeIe30—
AJIIOMUHUI—Me/Ib, BBIIOJTHEHHOTO CBAPKOIN B3PBIBOM,
rIyOuHA TIepeMeleHrsT YacTull JKeje3a B aJIOMUHUI
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MnacTnueckas nedopmatiua
BLONEL KaHana

4
YacTutihkl

Kanan Baone
ABWAHEHWA HaCTUL,

Puc. 4. Xapaxrep maccornepeHoca B pa3HOPO/IHBIX COEANHEHHUSIX PN PA3JINYHBIX CKOPOCTSIX CBAPHOTO HATPYIKEHUS: d — CeTperarioHHbIe
CKoOIIeHust U yabrpajuciepctbie dasbl BAoAb cy6- u Mexsepennbix rpauui] (coepunenue Ti + Cu, JICB) B turtane, X20000; 6 —
JIMCJIOKAIMOHHBIE CUCTEMBI CKOMbKeHust B Meau, X30000; 6 — mexanmdeckuii neperoc caoes Metamta (Al B Cu) B 30He KOHTaKTa 1Ipu
MUC, X400; 2 — T0 x)e B ycaoBusx CB3, X710; 0 — mexanuueckuii neperoc yJbrpaauciepcubix yactur Cu B Al npu MUC, X200000;
e—3 — Mexannueckuii meperoc vactun Zr B Cu ipu YCB (e — crpykrypHOe nzo6paxkenue nepenoca yactur (X140); x — cooTBeTcTByOmIEe
pacipe/ieJieHue KOHIeHTpaiuu Zr B 3Toil 06JacTi; 3 — CXeMa [polecca); ¥ — CTPYKTYpHOe u3o6paxkenue nepenoca vacruil Fe B Al npu

CBs, X200; k — cxemaTnyeckoe n300paskeHne JaHHON 06JacTh

cocrasaser ~ 600 Mmxm u Gosee (puc. 4, u—x). Kak
MPABUJIO, KAHAJIBI, BJOJb KOTOPBIX OCYIIECTBJISETCS
JBIKEHUE YaCTHIL, TIPEACTABJIIIOT COO0H G0 3aXI0TI-
HYTBIE TOJIOCTH, JU6O MOJIOCTH, YACTUYHO 3aIOJHEH-
HbIE JBIDKYIIUMCS ITIOTOKOM DPA3JHYHBIX [0 PasMepy
gactuil. Kpome TOTO, BO BCeX CJIydasXx MeTall B
006J1aCTH TPEKOB-KAHAJIOB HCIIBITHIBAET 3HAUYUTEJbHDBIE
yIpyTomIacTmueckue aeopMalriy, CBUIETEIbCTBOM
4yeMy SIBJISIOTCSI Y€TKO BBIPA’KEHHbBIE CJeIbl nedop-
Manuu, (pparMeHTalnu, a TakKe PeKPHUCTAJLIN3AINN
(puc. 4, u—x). Kpome Toro, B3amMopeiicTBue IBH-
JKYIIUXCST YACTHIL C IPYTUM METAJLJIOM, CKBO3b KOTO-
PBINl TTepeMen[aloTcsT YacTHUITl, OTCYTCTBYET, OJHAKO
o6Hapy:kuBaercss nudPy3HbIil cIeq B KaHase, T. €.
CTEHKHN KaHajla KaK Obl «JEeTMPOBAHBI» 3JeMEHTAMHI
JBIKYIIENCS YaCTHUIIbI.

TakuM 06pa3oM, B YCJIOBHSIX BBICOKOCKOPOCTHOTO
BHEIITHETO HATPY>KEHMS B 30HE KOHTAKTa PA3HOPOIHBIX
METaJJIOB JIECTBYET HECKOJHbKO MEXaHM3MOB MacCoIie-
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peHoca, cpeiu KOTOPBIX MPEBATUPYET MEXAHUIECKUI
MepeHOC TIOTOKOB MACC ¥ YaCTHUI[ PA3JIIMYHOTO pasMepa
B HallpaBJIEHUU ﬂeﬁCTByIOH.[HX BHEMIHUX CBAapPOYHbIX
HAIPSIKEHUN.

Uro kacaercst nipoieccoB a3o06pa3oBaHis, Mpo-
TEKAIONINX B 30HE CBAPKM PA3HOPOJHBIX MaTepHaJioB,
TO CJIE[lyeT OTMETHUTD, YTO IIPH HU3KOCKOPOCTHBIX CIIO-
cobax cBapKu mpoiiecchl (Ha3o06pa3oBaHusI B OCHOB-
HOM CBSI3aHBI ¢ JedeKTaMu KPUCTAJIIMYECKOI
pemeTKn OTACJbHbBIMIU WHAWBUAYAJbHBIMUA [IUC-
JIOKAITUSIMHU ¥ UX CKOILIeHUsIME (Cy63epeHHbIMU U MEK-
3epeHHbIME rpanuiamu). IIponece ¢pazoobpaszoBanus,
KaK TPaBUJIO, PEATH3YETCs 10 CJIeyIoNel cxeme: Ha
MEPBBIX ATANaX Ha JUCJIOKAIUAX 06pasyioTcs cerpe-
raliMoHHbIE CKOIJIEHHWsS, Ha 6a3e KOTopbIX (op-
MUPYIOTCS AUCKPeTHbIe (pa3oBbie 06PA30BAHMS HHTEP-
METAJINIHOTO U KapOWIHOTO THIIA, MOCJELyIOIee
CJIMSTHUE KOTODPBIX TIPUBOIUT K 06PA30BAHUIO TI€TIOYEK
a3 u crmonnbIx dazosbix mpocyaoek (puc. 5, a, 6).
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DB B 0GNACTH AMCACKALMA W CyBrpansy

OuenepoHiss OB W CBrPRraLHoHHLE

CRONMEHAR B0 BHYTREHHE ODbEMax Jepen

MNpocnolsa MHTEpMETANNMACE
BLOCTE NPasALI

Puc. 5. ®aszoo6pasoBanuie B 30He KOHTAKTA PAa3HOPOJHBIX CBApHbIX coeluHeHuil: ¢ — dopmupoBanue auciepcHbix ¢asz u MHTEpMe-
TaJIMHBIX TTPOCJIOEK Ha JucIoKanusix u cyorpanunax B coequnennn Cr3 + Ni + 12X18H10T, capka npokarkoii, X37000; 6 — cxema,
COOTBETCTBYIOIIAS] CTPYKTYPHOMY H300PaXKEHMIO; 6 — XapaKTep W pacipejesenne Meakoauciepcubix ¢as B coepunennn Cr3 + Al, CBs,

X37000; 2 — cxemaTnueckoe M306paxkeHue pacnpeaeteHns ¢as

Cuenyer OTMETHTH, YTO 00JacTh OGpa30BaHUS
XPYyNKHUX (a3 npuBs3aHa K 30He JOKaIu3anuu aedop-
Maluu ¥ TIPH HU3KOCKOPOCTHBIX CIIOCO6AX CBapKu
(JICB) npoucxo[uT HaIpaBJIEHHBIA POCT HOBBIX (ha3
B/IOJIb TIJIOCKOCTH KOHTAKTA.

TepmonedopMallHOHHbIE  YCJIOBHUS € UCIIOJIB30-
BaHWEM BBICOKOCKOPOCTHBIX CIIOCOO0B CBApKH CITOCO6-

12 %

a 16 %

CTBYIOT IUCIIEPTHPOBAHUIO 06PA3YIOIUXCS HHTEpMe-
TAJUTAAHBIX, KapOUAHBIX (Pa3 U pacCpeoTOYEHUIO UX
0 IUPOKOIT 30He CBApKH, YTO TIPEeA0TBpaIiaer o6pa-
30BaHNE CIIOMIHBIX IIPOCJOEK BJOJb ITOBEPXHOCTH
pasznena. IloaToMy BBICOKOCKOPOCTHBIE — CHOCOGBI
CBApKU TIPECTABASIOTCS 6oJiee TPEANIOYTUTENbHBIMU
C TOYKH 3peHUsl O6ecTedeHnsT KadecTBa CBApHBIX

8%

TEEPAOPACTREOPHOE YIPOUHEHWE (XM, COCTaB)

ABPHOMIAHKYHOS YNPOHHEHWE

CyBICReHROC YIPOHEHWE

(]
o
0 aowcneperosHoe (dazoeoe) yNpoYHEHAE
o
=

ANCNOEBUATHHOE YNPODYHEHE

32 %

a7 %

r 21 %

O SeEm 0O Onmaka

Puc. 6. JluarpaMmbl, OTpaskaiolue BKJIaJ CTPYKTYPHO-(a30BbIX COCTABJIAIONINX B JIOKAJIbHON 30HE CBAPKU €O CTOPOHBI Al TpU MHEPIMOHHO#M
(@) n xomusenumonnoii (6) cBapke TpeHueM; MH(OPMAIMOHHBII BKJIaj METOAMK MCCJIEOBAHUI MPU OIEHKe MeXaHUYECKHX CBOHCTB
COeJIMHEHNIT TPU MHEPIMOHHO# (6) M KOHBEHIMOHHON (2) cBapKe TpeHneM

| TEM
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COeIMHEHWIT W3 Pa3HOPOAHBIX MarepuasoB. buia-
TONPUATHAS [IJIS KadyecTBa CBAapHBIX COEIWHEHWI
dopma dazoobpazoBaHus MOKET 00eCTIEUNBATLCS HE
TOJIBKO TIOBBINIIEHWEM CKOPOCTH CBApOYHOTO [le-
dopMupoBaHNs, HO U W3MEHEHHWEM TEMIIePaTyPHOTO
moJisi 30HbI cBapku. Tak, TeMmIiepaTypa, COOTBETCT-
BYIOIAasi TEMIEPATypHOMY WHTEPBAJIY PEKPHUCTAJI-
JIM3AIUH, IPUBOJIUT HE TOJBKO K 06IIEMY POCTY 3€pHA,
HO W (DOPMUPOBAHUIO CIJIONIHBIX 3€PHOIPAHUYHOTO
THIIA XPYIKUX IPOCTOEK, OKANMJISIONUX 3epHa. B
MIPOTUBOIIOJIOKHOCTD 9TOMY TeMIlepaTypa CBapKH, CO-
OTBETCTBYIONIAsl TeMIlepaType MOJUTOHU3AINN, aK-
THUBUPYET AUCTOKAIMOHHbBIE U (PAa30BbIe M3MEHEHMUS TI0
BHYTpeHHeMy 00beMy 3epeH, 4To obecreunBaeT obpa-
30BaHIe HOBBIX (Da3, pABHOMEPHO PACIPE/IeEHHBIX TI0
meramny (puc. 5, 6, 2).

WccnenoBanue 3aKOHOMEPHOCTENl U MeXaHH3MOB
OCHOBHBIX (PU3MKO-XUMHUYECKUX TTPOIECCOB, COMYTCT-
ByIOIUX (POPMUPOBAHUIO CBAPHBIX COEJMHEHMIT, BO-
MEPBBIX, CO3/IA€T MPEANOCBIIKA /I ONTUMU3AIIH
UCTIOJb3YEMBIX M Pa3pab0TKU HOBBIX TEXHOJIOTHIA
cBapku. Bo-Bropbix, (M 310 He MeHee Ba)kKHO) 9K-
CTIEpUMEHTAJIBHBIN (haKTasK, TIOJYUYEHHBIN C UCTIOJIb30-
BaHUeM KOMILJIEKCA METO/IOB MCCJIEOBAHIS, TO3BOJISIET
cleaTb OIEHKW BKJAN0B PA3JUYHBIX CTPYKTYPHO-
(pas3oBBIX IMapaMeTpOB MaTepUaaoB (XMMUYECKOTO COC-
TaBa, BEJMYWHBI 3¢pHA, cy03epHa, MJIOTHOCTH JIUCJIO-
Kanuii, MopgoJIoru 1 pacrpe/iesieHust a3oBbIX BbI-
JIeJIEHUH U T. 1.) B M3MEHEHNE MEXaHMYECKUX Xapak-
TEPUCTUK CBapHBIX coeAnHeHni (Kak MpPOYHOCTHBIX,
TaKk M cBOMCTB miaactuynoct). Ha npumepe coe-
quHenns ctaan Ct3 ¢ aTIOMUHIEM, BBITIOJTHEHHOTO MTPU
PA3JIMYHBIX PEXKUMAX CBApKHU TPEHUEM, [TOKA3aHO, YTO
B M3MEHEHUE Tpejiesia TEeKYyYeCTH COeMHEHUS KOHK-
PETHDBIN BKJIAJ XUMUIECKOTO COCTaBa B 30HE KOHTAKTA
(TBEpIOpPACTBOPHOE YIPOYHEHUE) COCTABASAET ~ 3...
21 %; BesmuuHbI 3epHa U cy63epHa (3epennoe u cy6-
3epeHHoe yIpouHenue) coorsercTBento ~ 40...30 %;
JINCJIOKAIIMOHHOTO  yupouHenust ~ 8...12  %; muc-
EePCUOHHOTO yrpoutenns (BKjan (asoBbIX Bbije-
nennit) ~ 20 % (puc. 6, a, 6).

NudopmannonHas 3HaYUUMOCTb METOAUK UCCJIEI0-
BaHMS TPU OIeHKE TeX WM JAPYIuX MeXaHU4eCKUX
CBOWCTB JIJIsI TPUBEJIEHHOTO PIMePA COeTNHEeHNT cJie-
JYIOIIAsi: OITUYeCKass MUKDPOCKOIUS, IIPEeICTABIISIO-
mag o6beM HeOOXOAMMBIX LIS OLIEHKU MeXaHUYeCKUX
CBOHCTB CTPYKTYpHO-(pa30BbiXx mapamerpoB ~ 30...
40 %; pactpoBas 3JEKTPOHHAasT MHUKPOCKOIIHS
~ 3...20 %; mpocBeYHBaIONasi AJIEKTPOHHAS MUKPOC-
Konusa ~ 47...55 % (puc. 6, 6, 2).
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Takum 06pasoM, UCIIOIb30BAHNE OIHOI U3 METONK
SIBJISIETCS HEOOXOAMMBIM, HO HEJIOCTATOYHBIM yC-
JIOBHEM JIOCTOBEPHOCTH OIIEHOK B3aMMOCBSI3H CTPYK-
TYPHO-()a30BOT0 COCTOSIHYSI CBAPUBAEMBIX METAJLIOB U
MeXaHUYEeCKUX CBOIICTB COE/IMHEHHUA.
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HEAT SOURCES, HYDRODYNAMICS, FORMATION OF JOINTS

MATEMATUYECKOE MOJAE/INPOBAHUE
ITPOIIECCA ®OPMUPOBAHUA COEANHEHUA
ITPU CBAPKRE BCTbBIK IIJIACTHIH
N3 IIEHNCTOIO MATEPHUAJIA

B. U. MAXHEHKO, H. 1. IUBTOPAK (Mu-t snexkrpocsapku uM. E. O. Ilarona HAH Ykpaunsr, r. Kues),
1I. 3AI7ICD(DAPT, V. SICHAY (SLV, r. Pocrok, Tepmanns)

Ha ocHoBe MaTeMaTH4eCKOro MOJEJMPOBAHUA TEMIIEPATYPHOI'O ITOJIA PACCMOTPEH ITPOIECC (bOpMHpOBaIIHH COoe/IMHEHUA
11PN JIy4€BbIX crioco6ax CBapKH BCTbIK IJIACTUH W3 MEHUCTOrO MaTepuaJa C HpOMe)KyTO'—IHOI‘/JI CILJIONTHO HpOCJIOfIKOfI.

The process of formation of joints on plates of a foam material though a solid interlayer using beam butt welding
methods is considered in terms of mathematical modelling of temperature field.

BBeaenne. B nocsieinue rosibl pe3ako BO3pOC MHTEPEC
K IIPUMEHEHUIO B TEXHUKE CBEPXJETrKUX KOHCT-
PYKIIMOHHBIX MaTepUajioB Ha OCHOBE TIEHUCTOI
(nopucroit) makpoctpykrypsl [1-3 u ap.]. Un-
TEHCUBHO BEJYTCS WCCJIEJIOBAHUS CBOWCTB TaKUX
MaTepUaJIOB KaK 9KCIIEPUMEHTATbHBIMU, TaK U pacyer-
HbIMU [4] cpeacTBamu.

JlocTaToOuHO Ba’KHBIM SBJISIETCSI BOIIPOC COENU-
HEHMS 3JIeMEHTOB KOHCTPYKIIMI U3 TaKUX MaTepUAJIOB
[5 u op.]. EcrectBenHo, Gosbiol MHTEPEC TPEICTAB-
JIIOT Hepa3dbeMHbIe COeIMHEHNS Ha OCHOBE U3BECTHBIX
CBAapOYHBIX TMpolteccoB. OMHAKO UMEIONIUNCS OIDIT
MOKA3bIBAET, UTO WCIOJb30BAHNE TPATUIIMOHHBIX CIIO-
c000B CBapKH T1JIaBJIEHUEM CBSI3aHO CO 3HAUUTEIbHBIMU
TPYAHOCTAME TIPH (POPMUPOBAHUU TOCTATOYHO Kadec-
TBEHHDBIX coefiuHenmil. [IpuMeHenme criermaabHbIX Me-
pOTIpUATHIl JIIs1 TTeHOOOPA30BaHUS MeTasIa KUIAKOM
BaHHbI JJOCTATOYHO CJI0XKHO, TIO3TOMY OCOODBII MHTEPEC
BBI3BIBAIOT CIIOCOOBI CBapKU TLIABJIEHUEM, TIPH KOTO-
pPBIX 6yJeT UMETh MeCTO MUHUMAJbHOE PacIlJiaBJeHue
OCHOBHOTO MaTepuaJa. B 4acTHOCTH, MCIOTb30BaHUE
JIYIEBBIX CITOCOGOB € TIPOMEKYTOYHON CILTONTHOI pac-
ILJIABJISIEMOI TIPOCJIOMKON, KakK TMOKa3aHo Ha puc. 1,

=2V

7 2

— 5

Puc. 1. Cxema cBapKu BCTBIK IIJIABJIEHUEM [IOPUCTOTO MaTepuasa co
CILJTOIITHON pacIlJIaBJIsieMOIl TIPOKJIAAKON: | — OCHOBHOI MaTepuaJ;
2 — mpoknanka; 3 — TemiaoBoii morok (S — pasmep 1opbl, § —
TOJIIIMHA METAJUIMYECKON CTEHKU TIOPbI)

© B. U. MAXHEHKO, H. W. [IUBTOPAK, II. 3AUDMAPT, V. ACHAY, 2002

MO3BOJISET TOIY4aTh JOCTATOUHO KauecTBeHHOe (hop-
MUPOBaHIE CBapHOTO coequHeHnss. OmHAKO BBIGOD
pallMOHAJbHBIX HEPreTHYeCKNX IapaMeTpoB pekuMa
CBapKU U TOJIIIIHBI TPOCTOHKH b, TIPU KOTOPBIX TIPOTI-
JIaBJieHUe OCHOBHOTO MaTepuaia 6yieT MUHIMAJIbHbBIM,
TpeOyeT TOCTATOYHO TIIATEbHBIX MCCJETOBAHUI.

B arom ciayuae 3HAUWTENBHYIO IOMOINb MOTYT
0Ka3aTb MeTO/lbl MaTeMaTH4YeCKOro MOJeIMPOBaHUS,
OCHOBaHHbIE Ha COOTBETCTBYIOIIEM OIIMCAHWH [Tpoliecca
HarpeBa CBapOYHbIM HMCTOYHUKOM TeIlJIa KOHKPETHOTO
COEJIMHEHNUSI C yYeTOM CHelUu(pPUKH MaKpOCTPYKTYPbI
MaTtepuaJsia. llociemnee MoxkeT B 3HAUMTEJbHON
CTeleHN OKa3bIBaTbh BJIMSHHE HA PACIPOCTpPaHEeHue
TEeIIa, MOCKOJIBbKY IyCTOThI (II0pbI) MO CPABHEHWIO €
MeTaJIJINYeCKOl OCHOBOH SBJISIOTCS CYILIECTBEHHbIM
6apbepoM TaKOMY PACIPOCTPAHEHUIO.

KpaTtkoe omucanne MareMaTH4ecKoOil Mo/eJiH.
OO6BIYHO  MaKpPOCTPYKTYPY IEHHCTOTO MaTepHaa
OIIMCBHIBAIOT CTATUCTUYECKUM 3aKOHOM paclpe/ie/leHus
pasMepoB 1op. B kauecTBe mimocTpanuy Ha pHC. 2
MpUBEEHbI MakponuIu(bl CeYeHWd MaTepuaja U3
IIEHICTOrO AJIOMUHUS, & HA PUC. 3 — CTaTUCTUYECKUE
JIaHHBIE OTHOCUTEJHHO TIJIOTHOCTH pacIpeeseHnst
(uactorbl) pazmepos ot/ebHbIX stueek (mop) P(Si).

W3 pucynkoB BUIHO, UTO (pOpMa OTAENBHBIX ITTOP
JIOCTATOYHO CJIOXKHAgd U UX XapaKTepHble pa3Mepbl S
MOI'YT MEHATbCS CJy4ailHO B [OCTATOYHO INIHPOKUX
npeznesax. Ecam W3BecTeH CTaTUCTUYECKUH 3aKOH
pacnipesiesiennss pasmepos S, T.e. P(S), Kak Ha puc.
3, U cpeAHss IJIOTHOCTH TIOPUCTOrO MaTepuasa y, To,
3a/IaBIINCL OlpesieJieHHol  (hopMOil  ajieMeHTapHOI
AYEHKM, MOXKHO PACCUUTATh CPEIHIOI0 TOJIIUHY CTeHKU
28 Takux gueex.

Hamnpumep, ecan IpUHATH 3J1eMeHTapHbIE STUEHKN
B Bujie Ky6a CO CTOPOHOI .S, TO BeJMYMHY & MOXKHO
OTIpe/ieJINTh U3 YPaBHEHUS

N
IS8T = (S - 81P(S)
Y = Y() : Yy )

2 sip,

i

€))
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Puc. 2. Makpommdsl ceueHnii ByX MaTepHaIoOB U3 MEHUCTOTO aqioMuHuA s Gostee menknx (a) u Gonee kpymubix (6) mop [2]

rie Y, — IUIOTHOCTb OCHOBHOrO Marepuana; N —
KOJIMYECTBO AYEEK B JOCTATOYHO MPEACTABUTEIBHOM
ob6beMe.

[Tocae mHecaoxkHBIX —TmpeoOpasoBanmii n3 (1)
MOJIYYNM  CJIelyiolee KyGnuuecKoe YpaBHEHUe st
oTIpe/ieJIeHUsI BeJIMYUHBI O:

& - A8+ B3=F, (2)
rae
N N
2. 3SiP(S) 2. 3SIP(S)
=1 =1
A=" N ; B=" N )
2 P(S) 2 P(S)
i=1 i=1
N
2. 3SIP(S) 3)
Yoi=1
2 P(S)
it
I[lpu  mocratouHo  Gosbimoir  BbibOpke N
N
Z P(S;) =1 coOTBETCTBEHHO
i=1
o a2 Y_o3
A=3S;, B=3<S>, F= %<Si>, 4)

rae S; MareMaTHYecKoe OXKUAHWEe CJIYYailHOU Be-
JaEBL Sj; <S7>, <SP> — MaTeMaTHuecKoe OKHIAHIE

COOTBETCTBEHHO CJIyYallHOW BEJMYUHBI S7, S5

Ha puc. 4 npuBemeHbl pe3yabTaThl pacyeTa
BEeJIMYUHDI O /I IBYX pacipejieseHuil P(S;) pasMe-
POB BJIeMEHTApHBIX s4YeeKk 10 puc. 3, d, 6 B

25 -

20 -

ES

415 -

()

ERUES -

[=]

5 o5l i H

[o]

T

”I‘I ” ﬂnnl'l ]
0 2 4 6 8§ g 2 4 & 8 10 12 14
a 6 Paamep nop, mm

Puc. 3. Cratuctudeckue JanHble OTHOCUTEIBHO IIJIOTHOCTH PacIpe-
JIeJIeHUs] Pa3MePOB OT/Ie/bHbIX stueek P(S;) ist MaTepualios, puse-
JIEHHBIX Ha puc. 2
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3aBUCUMOCTH OT K03(hUIMEHTA CIJIOMHOCTH OTHO-
urerust y/y, (coorBerctBeHHO KOa(dduULMEHT TI0-
pucroctu paser 1 —y,/7,).

Buano, uTto BemumHA 6 MOHOTOHHO BO3pacTaeT OT
Hyaa npu y/y, = 0 10 HEKOTOPOro Npeje/lbHOro
sHauenust dup(P) ~ Si npu y,/yo — 1,0. B wactHocru,
I/ BapuanTa Ha puc. 3, @ 6 = 0,1 MM 1pu /'y, =
= 0,06, T.e. cpenHss ToMIIHA CTeHKH IO 28 =~ 0,20 MM

mpu Si = 3,33 MMm.

[lns aroro ke BapuanTa Ha puc. 3, @ 6 = 0,5 MM
npu v,/ Y, = 0,30, T.e. cpeaHss TOJIMHA CTEHKU MOP
26 ~ 1,0 mm ipu S; = 3,33 MM.

PaccmorperHOe  MOJEIMPOBAHWE MAKPOCTPYKTYPBI
MEHUCTOrO MaTepPUaa MO;KHO CUNTATh HAOO0Iee TTPOCTHIM
1 eCTECTBEHHO JIOCTATOYHO rpyObIM TipHOKeHreM. Bos-
MOXKHBI U Jipyrie O6ojiee CJIOXKHbIE BapUAHTBI CXe-
MAaTH3aI TEOMETPUN 3JIEMEHTAPHBIX STYEEK U TOJIIHH
neperopofiok [4], 6mimke orpaskarolue HabIIONAEMYIO
peasibHOCTh. OHAKO IIPU 3TOM CYIIECTBEHHO BO3PACTAET
KOJTITYECTBO XaPAKTEPHbIX MTApaMeTPOB MAKPOCTPYKTYPHI,
VBEJIMYMBAETCST TPYAOEMKOCTh UYKCJIEHHOTO OIMMCAHUS U
BOCTIPOM3BE/IEHUS C YIETOM CTOXACTUYHOCTH €€ CTPOEHUS.

CuielyerT OTMETHUTD, YTO BOCIIPOU3BE/IEHUE TIPOIIEC-
ca CBapOYHOTO HATPeBa MEHUCTON MaKPOCTPYKTYPbI
NIPHU 33JIaHHBIX XaPaKTEPUCTUKAX €€ CTOXACTHYECKOTO
onucanust TpeGyeT TaKyKe CIEUATbHBIX OAXO010B. B
cjaydae OBICTPOTO [IBUKEHUS WCTOYHWKA CBAPKH,
UCIOJIB3YSI CXEMY MOIIHOTO OBICTPOABUIKYIIIErOCS
ucTouyHMKa Tema [6], MOMKHO He3aBHCHMO pac-
CMaTpUBATD OT/IEThHbBIE TIOTIEPEYHbIE CEUEHIST CBAPUBA-

0,70
0,60
0,50
0,40
0,30
0,20
0,10

1 1 1 )
004 008 0,92 0,186

1 1 |
0.20 024 0,28 vy,

Puc. 4. 3aBUCHUMOCTD Cpe/HEll IOy TOJIIMHDI CTEHOK & OT BEJIMYMHDI
Y/ Y A P(S;): 1 — no puc. 3, a; 2 — 1o puc. 3, 6
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Puc. 5. MakpoCTpyKTypbl MOAEIUPYEMBIX CJIydailubix cedennil (¢—3) AJisi Marepuasa, HPEACTABJICHHOIO Ha PUC. 3, @ UPU Y,/ Yy =

S;=3,33 MM

€MOTO MaTepHaJa ¢ COOTBETCTBYIOIIEH coryyaitHoi Mop-
dosorueii MEHNUCTON MaKpPOCTPYKTYpbl. YucjaeHHOE
pellleHne 3aJjauu OTIpe/IeJIeHNsT 30HbBI MPOILIABICHUS
JUIST KaK/IOTO TAaKOTO CEYeHUs TP  KOHKPETHBIX
VCJIOBHUSX CBapKHU SBJSETCS OTJEJbHBIM CJIYIAiHBIM
pe3yJIbTaToM /IS JaHHOTO Marepuada. [Ipu gocrarou-
HO OOJIBINON BBIGOPKE OTHX PE3YJIHTATOB MOXKHO
HOJIYYUTh CTATUCTUYECKHE XAPAKTEPUCTUKU 30HbI
NPOIJIABJIEHNST JAHHOTO MaTepuasa IpHU KOHKPETHBIX
YCJIOBUAX CBapku. I3 mu3I0KeHHOTO CcJeayeT, uTo
HOJIy4eHHEe COOTBETCTBYIONIEr0 HaGopa CJydaiiHbIX
MEHUCTBIX MAKPOCTPYKTYP JJ JaHHOTO MaTepHaJa C
3a/IaHHBIMU  CTATUCTUYECKUMH XapPAaKTEPUCTHUKAMH,
onpe/iesieMbIME [IIOTHOCTBIO pactpesesenust P(S;)
pPa3MepOoB sueeK TPU COOTBETCTBYIOIIEN Ueaqn3aiiun
uX (pOPMBI U TOJIIIIHBI TTePEMBIUEK O, SBJSIETCS NCXO/I-
HBIM (aKTOPOM YHCJEHHOTO MOJEIMPOBAHUS pac-
cMarpuBaeMoil 3agaun. B pabore g atux 1eseit
UCIIOJIb30BAJICS] TEHEPATOP PsAlla CIAYYANHBIX YHCEJ, C
MOMOIIbIO KOTOPOTO T1pH 3aganHoM P(S;) BeiGupasmch

0 12 16 20 24 28 32 3B 40 44 48 x wm
3

0,30,

[OCJIEZI0BATEIbHO ~ SIYCHKH  [IJIsT  3alOJIHEHUSI  Pac-
cMarpuBaeMoii obimactu 0 <x <1, 0 <y <1, (puc. 3).

Kaxnoe ciydaiiHoe cedeHue ONMpPeAesijioch Ha-
YAJbHBIM ~ YHCJIOM ~ YKA3aHHOTO  PsAla, KOTOPOE
dbukcupoBasoch (1151 TOBTOPHOTO BOCTIPOU3BE/IEHNUS ) ,
HO BBIOMPAJIOCH Takke ciydaitHo. Kak BuaHO u3
pHC. 5, TIEHUCTbIE MAKPOCTPYKTYPbI, UMEOIHE OJNHA-
KoBble P(S;), 0CTATOYHO 3aMETHO OTJIMYAIOTCS, YTO,
€CTeCTBEHHO, JIOJKHO OTPA3UThCS M Ha PEe3yJbTaTax
YUCJEHHOTO MOJIEIMPOBAHS Pa3MePOB 1 (POPMbI 30HBI
HPOIJIABJIEHUS TIPH COOTBETCTBYIONIEM CBAPOYHOM Ha-
rpese.

JI/IS1 IOJTy YeHUSA JAHHBIX OTHOCHTEILHO 30HbI ITPOIT-
JIaBJICHUsI KOHKPETHOI MaKpPOCTPYKTYPbI HCIIOJIb30-
BaJicst OOBIYHBII MOAXO0/] PENIeHNs TEMJIOBON 3a1a4u B
paMKax cxeMbl OBICTPOABUIKYLIErocs uctounnka (2D)
s o6JacTi ¢ nepeMeHHbIMI  cBoiicTBamMu  (asio-
MUHMEBBIH CITaB — BO3AyX, Tabm. 1). Pasmeps! ko-
HEYHbIX HJIEMEHTOB BHIGHPAJIH B 3aBUCUMOCTH OT CPe/I-
Hell TOJIIIMHBI 28 CTEHOK TIOp.
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TaGauna 1. Tensodusnyeckue cBoiCTBA anrOMUHIEBOTO ciiaBa AMr6 [7] u cyxoro Bosayxa [8] B 3aBucuMOCTH OT TeMIepaTypbl

A, Br/(cm-°C) cy, H;K/(CM3~°C) A, Br/(cm°C) cy, H;K/(CM3~°C)
T, °C T, °C
Bosayx AMr6 Bosayx AMr6 Bosayx AMr6 Bosayx ’ AMr6
20 2,6:107 1,1 1,210 2,5 500 5,74-107 1,8 0,50-107* 2,95
100 3,49-107* 1,2 0,95-107* 2,6 600 6,2:107* 2,0 0,45-107* 3,0
200 3,93-107* 1,4 0,76-107* 2,7 700 6,71-107* - 0,41-17*
300 4,610 1,5 0,64-107* 2,8 800 7,18107* - 0,38-10°*
400 5,21-107 1,6 0,56-107* 2,9 1000 8,07-107* - 0,33-107¢

IIpumeuanue. dua AMr6 T~ 560 °C, T = 640 °C, ckpbiTas TelioTa IiaBaeHus g, = 389 [k ,/t = 1050 I[)K/CMB,

TemsioBass moroHHass »Heprus ¢n MCTOUYHUKA
CBApOYHOrO HarpeBa paclpeje/sajach [0  HOp-
MaJbHOMY 3aKOHy IO IIHNpUHe U TJayOWHe IIpo-
MEeXXKyTOYHOH CILJIONTHON ITPOCJIONKN U3 aJIIOMIHIEBOTO
CILTaBa, T.e. B BUJE

Ky/, (35)

glx, y) = goe K -

L
VKK,

Y
PEOTOYEHHOCTH TEIJIOBOTO MOTOKA COOTBETCTBEHHO

B/IOJIb OCell x 1 y.
[lockonbky mpu JyueBbIX croco6axX CBapKU
UMEIOTCS BO3MOXKHOCTH [IJIT  PETYJMPOBAHUS pac-
TpeJieIEHHOCTH TETJIOBOTO TIOTOKA, TO B pabore

IIPUHUMAJIOCh

rae go = K., K, koapdurmenTor coc-

02 486 8
A

Puc. 6. Pacupeje/ienue MakCUMaJIbHbIX TeMIepaTyp B ceuenusx us puc. 5 (a—3) npu g, = 90,8 [x /mm, § = 0,5 mm, v,/y, = 0,30

L]
e

2 4 8 8 W 4]

4

Z 4 B 8
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X 4a, 4a,
e vog (6)
rne H — sxemaemas (peanbHo) TayGMHA NPOILIAB-
JIEHUsI TPOCJONKY; dy, @, — HapaMeTpbl TEXHO-

JIOTHYECKOTO MPOIlecca, KOTOpPble HAPSLy C ¢, Heob-
XOMMO OTIPE/IEJIUTh B Pe3yJibTaTe pacyera pa3MepoB
30HBI TIPONJIABJIEHUS /IJIs1 COOTBETCTBYIOIIUX MaKPOCT-
PYKTYP TIOTIEPEYHBIX CeueHUH.

Ilpumep pacuera. Huke mnpuBeneHbI TTpUMEpPbI
COOTBETCTBYIONIMX  PACcyeToB, JEMOHCTPUPYIOIINE
IIPOLIEZYPY ONUCHIBAEMOTO TI0X0/a IIPU CBAPKE BCTBIK
€ IBYX CTOPOH TIJIACTWHBI TOMIUHON 20 MM, nuMerotnein
TIOPHUCTYI0 MaKPOCTPYKTYPY, C XapaKTepUCTUKAMU
pacnpenenenus P(S;) no puc. 3.

Ha puc. 5 mnpuBeseHbl MakpOCTPYKTYPBI Mo/ie-
JIUPYEMbBIX CJYYaHBIX CEYeHUN C XapaKTePUCTUKAMU

u 700, .. 2660
50... 700
B30

550

oo 500
abl

. 400°C

0

I
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3

10
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TaGuuna 2. PexkoMmeH/yeMble IIOTOHHbIE SHEPIUU [PU  CBaPKe
IJIACTHHBI  TOJIMHON 20 MM M3 TIEHUCTOTO ATIOMUHHS C
np0Me>1<yT92qH01”4 CILIONTHOMN g})ocnoﬁxoﬁ (cm. puc. 1) npu K, =
=0,43mm "u K, =0,03mm °, b=3 MM, H=35MM

Ne
p;;{_ /%o P(S) S, MM 5, MM [[)I:];,MM
Ta
1 0,065 Puc. 3, a 3,33 0,1 72,7
2 0,085 Puc. 3, 6 4,85 0,2 59,6
3 0,30 Puc. 3, a 3,33 0,5 90,8
4 0,60 > 3,33 1,2 166,7

no puc. 3, a npm y/yo 0,30 mw 26 = 1,0 mm.
TemnepaTypHble TOJS W COOTBETCTBEHHO pa3Mepbl
30HBI TIPOTIJIABJICHNS PACCUYNTBIBAJINCH TPY PASJUIHBIX
TeXHOJIOTHYEeCKUX HapaMerpax ¢u, Ky, Kx. Ha puc. 6
[IpUBE/IEHbl  Pe3yJbTaTbl  pacupeleieHus MaKCu-
MAaJIbHBIX TEMIIepaTyp AJS CeYeHUIl Ha pHC. S IIPU G =
= 90,8 JIx/ MM, Ky = 0,43 v 2 u Ky = 0,03 v
mpu b=3mmu H =5 MM. YKa3aHHbIE TEXHOJIOTUIECKUE
mapaMeTpbl OmIpe/le/ieHbl B Pe3yJbTaTe YMCJICHHBIX
AKCIIEPUMEHTOB 1 GJIH3KY K ONTUMATbHBIM U3 YCJIOBHIA,
YTO 30HA [OJ/UKHA OBITH TaKOBOH, UTOOBI He pas-
pylIajach IMOPHUCTas CTPYKTypa HPHJIETAIONIEro Oc-
HOBHOTO MeTajljla M OIpeessiach MaKCUMaJTbHbIMU
temrepatypamu ~ 600...660 °C.

[l1s1 ApyTHUX BapHAHTOB OTHOIIEHUS ¥,/ Yy U pa3Me-

POB S; MOCTyTAJU AHAJOTUYHBIM 0Gpa3oM. [laHHbIE
OTHOCHTEJIbHO PEKOMEH/IYEMbIX 3HAYEHUN ¢, IPUBE/Ie-
HbBI B TabJI. 2.

Buzano, 4ro yBesnueHWe MOPUCTOCTH, T. €. BEJIH-
yuabl 1 — 7y /yo TpeGyeT GoJiee HU3KUX TEIJIOBIOKEHUH

U3 YCJIOBUSI COXPAHEHMS MTOPUCTOW MaKpPOCTPYKTYPbI
OCHOBHOTO MeTaJLIa B 30He coeunenus. boJee Huskue
TEIJIOBJIOJKEHHST TPEOYIOTCS TaKyKe MPHU OJUHAKOBBIX
Y/ Y0, HO GOJBIINX S;, 4TO cJjenyer u3 Tabja. 2 1pu
cpaBHeHnu BapuaHToB Ne 1 1 2.

BoiBoabl

1. Ilpu cBapke TEHUCTOTO AJTIOMUHUS PAlMOHAJbHDIC
PEKUMBI CBAPKH 3aBUCST OT MOPHUCTOCTH MaTepwata 1
B OIpe/IeJIEHHON CTEeTleHU OT CTATHCTUYECKUX Xapak-
TEPUCTUK Pa3MEPOB 3JIEMEHTAPHBIX SUEEK.

2. YucneHHble MeTO/bl, OCHOBAHHble Ha 3HAHUU
CTOXACTUYECKNX XAPaKTEPUCTUK MaKPOCTPYKTYPBI
[EHICTOr0 MaTepuaJa, M03BOJISAIOT HOJyYaTh olpeje-
JICHHBIE OIIEHKW TI0 PAIMOHAJIBHBIM PEKUMAM CBAPKH.
OJIHaKO [TOCTOBEPHOCTb TAKWX OIIEHOK CYIIECTBEHHO
3aBUCHT OT Q/IEKBATHOCTUA MATEeMATUYECKOTO ONUCAHUS
YKa3aHHOW MaKpPOCTPYKTYPBbI, 4TO TPEOYET COOTBETCT-
BYIOIUX JAJbHEUIINX Pa3paboToK.
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CALCULATION OF MICROSTRUCTURE EVOLUTION
IN 6082-T6 WELDS FOR RESIDUAL STRESSES
AND DISTORTION SIMULATION

J. KOTOWSKI, V. MICHAILOV, H. WOHLFAHRT
(Welding Institute, Technical University of Braunschweig, Germany)

Different temperatures reached at different locations during a heat treatment or welding process have a strong influence
on the developing strength properties, residual stresses and distortions. Assuming the welding process as a decoupled
thermomechanical problem, an approach based on the metallurgical model of Myhr and Grong has been made to determine
the microstructure and hardness distribution in the HAZ as a base for the calculation of welding residual stresses and
distortion using the finite element method. The calculations were done by sequentially coupling a thermodynamical
model of the welding process, a microstructure model and a mechanical model. As an example of application TIG- and
electron-beam welds on AIMgSi1 (6082-T6) plates were analysed. The experimentally obtained data have been found
in good agreement with the results of the finite element calculations.

Pasuble TeMIepaTypbl 30H, XapaKTePHBIE /IS [IPOIECCA TEPMUYECKOiT 06PaGOTKY MM CBAPKU, OKA3bIBAIOT 3HAYUTEIbHOE
BJIMSIHIE HA MPOYHOCTHBIE CBOMCTBA, PA3BUTHE OCTATOYHBIX HANpspKeHuit n gedopmanuii. Vcxons U3 npeanosoxKeHus,
YTO CBAPOYHBIIL IPOIECC SIBJISIETCS] HECBSI3AHHON TepMOMeXaHIYeCcKoil 3aiaueil, Jisl Olpe/ieIeHns] PACIIPE/IeeHUs] MUKPOC-
TPYKTYPBI U TBEPJOCTH B 30HE TEPMUYECKOTO BJIUSIHHUS ObLI pa3paGoTaH MOAXO[, OCHOBAHHBIN HA METAJLITyPrHYecKOn
Moziesit Mupa n I'poHra, KOTOPBIil HCIIO/Ib30BAJICS B KadecTBe 6a3bl /LIS pacyeTa OCTATOYHBIX CBAPOYHBIX HAIPSKEHUH 1
nedopmaliii o MeTojly KOHEUHbIX 3J1eMeHTOB. Pacuer ObLT BBINOJIHEH € TIOMOIIBIO [OCJIEA0BATEIBHOTO CBSI3bIBAHUS TEP-
MO/IMHAMHYECKO} MOJIE/IM CBAPOYHOTO IIPOIIECCA € MOJIE/IIMA MUKPOCTPYKTYPbI I MEXaHHUECKUX XapaKTePHCTHK. B kauecTBe
npuMepa ObLI MPOBEIEH aHaIM3 IBOB, BbIMoIHeHHbIX cBapkoii TUT u JIC ma miactunax AIMgSil (6082-T6). Tlomy-
YeHHbIEe IKCIIEPUMEHTAJIbHbBIE JAHHbIE B JIOCTATOYHOIT CTENIEHN COOTBETCTBOBAJIN PE3YJ/IbTATAM PACYETOB [0 METO/LY KOHEYHBIX

JJEMEHTOB.

Introduction. Welding residual stresses strongly af-
fect the performance capabilities of the joined parts,
since the local highly concentrated heat input during
welding results in more or less high residual stresses,
distortion, as well as microstructural changes. Dis-
tortion can lead to problems already in production,
machining and assembling of welded structures and
therefore represents a cost factor not to be ignored.
Additionally, the lifetime of building materials can
be reduced immensely by distortion. So the quality
of welded structures relies to a high degree on the
control of the resulting residual stresses and distorti-
ons. It is therefore desirable to calculate residual stres-
ses and distortion during the construction phase and
before the planning of the production sequence. At
present, great efforts are necessary for running expe-
riments to optimize the production sequence. This
includes finding optimum welding sequences and
clamping conditions, etc. Such measurements are only
possible to a limited extent and may raise the pro-
duction costs immensely. With regard to the cost pres-
sure many companies are exposed to, and the necessity
to make drastic rationalization measures, low-distor-
tion and welding fabrication gains more and more
importance today. Since the origin of welding distor-
tion and residual stress depends on several factors,
the finite element method is the only possibility for
their calculable prediction. But reliable predictions

© J. KOTOWSKI, V. MICHAILOV, H. WOHLFAHRT, 2002

can only be made based on very complex FE-models.
Irrespective of the FE-code used, large and complex
welded structures require extensive calculations,
which can hardly be coped with within a justifiable
time exposure by using common computer hardware.
Another obstacle for the broad use of the FE-method
to solve welding problems is the lack of high tempe-
rature material data as well as the effort for determi-
ning the heat input and its distribution during wel-
ding. Since the calculated transient temperature field
is the basis for all of the following calculations (mac-
hanics, structural changes), it should be calculated
conscientiously. The easiest way is to use point
and /or line sources. Volumetric heat sources with a
Gaussian distribution represent a best variation. The
calibration of the heat sources is usually done by ga-
uging the size of the weld pool and the welding ther-
mal cycles.

The present paper shows how to model the mic-
rostructural changes in AIMgSi alloys due to the heat
treatment caused by welding processes as a base for
calculating residual stresses and distortion.

Modelling of microstructure evolution. Age-har-
denable aluminum alloys of the 6000 series are the
most frequently used type as structual components in
welded assemblies. Owing to the presence of fine ne-
edle-shaped B"-(MgSi)-precipitates, developing du-
ring the heat treatment process, they offer tensile
strength values higher than 350 MPa. The precipita-
tions and the associated increased strength are parti-
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Figure 1. Dissolution kinetics of B"-(MgSi)-precipitates in 6082-T6
aluminium alloys

ally or completely reversed in the heat-affected zone
(HAZ) under the influence of the thermal cycles that
typically occurs during welding, if the peak tempe-
rature exceeds approximately 220 °C. To control rec-
rystallisation and grain growth in the material during
hot forming, manganese is added. Manganese provides
favourable nucleation sites for the precipitation of
non-hardening B’-(Mg,Si)-precipitates. This results
in a significant reduction of the HAZ strength. Near
the melting zone some solute is precipitated anew in
form of hardening B"-particles (natural ageing).
Based on the model developed by Myhr and Grong
[1, 2] it is possible to calculate the HAZ strength
distribution after welding and subsequent natural age-
ing, when the weld thermal cycle is known. Equation
(1) describes the dissolution of the B”-particles.

t n,
f7 — — ﬂ — ny
Lot—ay =[5 =,

0

(1

where f; is the volume fraction of B”-particles which
falls from its initial value to the actual value f. The
time exponent 7y decreases continuously from 0.5 to
about 0.14 with higher values of f/fy. The functional
correlation n((f /fy) is determined by recording a mas-
ter curve using welding simulated test specimens (Fi-
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natural ageing model (5)

Distance from fusion line ——»
Figure 2. Hardness profile as calculated from equations (1) and (5)

gure 1). The obtained data has to be extrapolated
down to very low values of f/fy (low kinetic strength
of the thermal cycle) until the slope of the curve
approaches approximately 0.5. The dissolution rate
gradually declines, because of impingement of diffu-
sion fields from neighbouring particles. This is ex-
pressed by the declination of ny; ] is the time taken
for complete dissolution of the B"-particles at a given
temperaturte T and is calculated by equation (2):

g Qs Quff1 1
ty=t, exp n1R+R T 7l

Therefore, a time integral of the according welding
thermal cycle relative to the temperature dependent
maximum holding time ¢7 is decisive for the dissolu-
tion of the precipitates in the HAZ. The resulting
local hardness and strength in the reverted zone dec-
reases according to equations (3) and (4):

(2)

HV = HVmin + (vaax - vain)ah (3)

G = Opipn + (Gmax - Gmin)“h (4)

where HV ;, is the hardness after complete particle
dissolution; HV .y is the base metal hardness for the
actual temper condition (e.g. artificially aged or na-
turally aged); oy, is the yield strength after complete
particle dissolution; and o, is, accordingly, strength
of the base metal. During natural ageing the hardness
and strength in the reverted zone increases within 5-7
days. The resulting hardness and strength after this
time depends on the fraction of solute after the ther-
mal cycle. The maximum hardness after natural ageing
of about 80 HV is only reached when the fraction of
solute (f/fy) is equal to 1. The natural ageing model
is described by equations (5)—(7):

ay = 0.56[(0.95")"2 — o, 12, )
t
dt
I,=|—, (6)
2 { t2

ty = t, exp x

Y S T P FRE R |
R\T(T,~-T¢ T,(T,~-T,)") R|\T T,Jf

Here, I, is the so called <kinetic strength» of a
thermal cycle for precipitation of non-hardening p'-
particle; t5 is the critical hold time required to reduce
oy to 95 % of its original value at a given temperature.
The constant value 0.56 results from equation (3)
with HV 80, HV i, 42 and HV , 110.

A combination of the reversion- and the natural
ageing model gives the resulting HAZ hardness res-
pectively strength profile and is shown in Figure 2.
At the intersection the two competiting processes,
dissolution and precipitation, are in equilibrium. For
consideration of natural ageing effects the parameter
ay in equation (3) is replaced with o from equation
(5) at the intersection point.
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Figure 3. Temperature dependent material properties for the calculation of the temperature field

The finite element model. For validating the
model (i.e. the strength distribution after welding)
and investigating the influence of the microstructural
changes on the development of welding residual stres-
ses and distortion, TIG and EBW experiments on
plates of 6082-T6 were conducted.

Assuming the welding process as a decoupled ther-
momechanical problem, the calculation can be sepa-
rated in three parts; a heat-flow model for calculating
the transient temperature field, a metallurgical model
for prediction of the microstructure evolution in the
HAZ, and a thermomechanical model for calculation
of the resulting residual stresses and distortion
and /or futher processing step.

The calculations were performed with the FEA-
Codes SYSWELD® and ANSYS®. In ANSYS the al-
gorithms for calculation of the metallurgy and the
heat source were implemented by adding selfprogram-
med Fortan /C++ routines (User Programable Fea-
tures: UPF).

Calculation of the temperature field. The first
step of the overall heat treatment or welding simula-
tion is to model the geometry and perform the calcu-
lation of the temperature filed with temperature de-
pendent material properties (Figure 3) (thermal con-
ductivity, specific heat and density) and under con-
sideration of convective and radiative heat losses. The
heat-flow model was validated, respectively calibra-
ted, by thermocouple measurements and micrographs
of the fusion zone. Figure 4 shows a comparison be-
tween the calculated and experimentally obtained
temperature fields. The heat source was realized as a
volumetric source with a Gaussian distribution of the

T.C
10,000 mm {distanca rom wald contar)
300+
13.B4B
250
* FEM
200 —_ Expariment

8O

4] 20

Figure 4. Temperature field of a TIG bead-on-plate weld

100 I &

heat flux density in radial direction, linearly declining
in thickness direction.

Calculation of the microstructure evolution. With
the information about the correct transient tempera-
ture field the time-integrals in equations (1) and (6)
can be solved and thereby the hole microstructure
evolution. Figure 5 shows the microstructure and har-
dness after welding and subsequent natural ageing,
which are in good agreement.

Near the weld the hardening particles are comp-
letely dissoluted directly after welding. At a distance
of approximately 5 mm from the weld center the har-
dness shows a maximum due to the natural ageing
effect, followed by a minimum at the intersection
point between the reversion and the natural ageing
model.

Mechanical analysis. In the last step the informa-
tion about the temperature cycle and the developed
micrustructure for every point /element of the model
is used as input for the mechanical analysis. The stress-
strain curves for the differently reverted areas were
determined by welding simulated tensile test speci-
mens. The strength data shown in Figure 6 represent
the condition right after finishing the according ther-
mal cycle, i.e. without natural ageing. The increasing
hardness and strength due to natural ageing has no
effect on residual stresses and distortion only for sub-
sequent simulation steps, e.g. forming and fatigue
analysis.

For validating the calculated strength distribution
and the material data, the deformation behaviour of
the HAZ was investigated by cutting out specimens
from welded plates and loading them in a quasistatic
3-point bending test (Figure 7). The developing de-
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Figure 7. Quasistatic 3-point bending test for deformation measurement
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Figure 8. Calculated (left) and measured (right) strain distributions in the HAZ of electron-beam welds with notches in the center of

the weld and in the HAZ

formations were measured by the «Object grating
method» [3]. Therefore, a stochastic pattern was ap-
plied on the cross-sectional areas of the specimens.
By working of notches in the center of the weld (Fi-
gure 8, bottom) or in the HAZ (Figure 8, top) the
different mechanical behaviour of the weld material
and the reverted zone can be observed. Figure 8 shows
the measured and calculated strain fields for elect-
ron-beam welds, wich are in good agreement.

When the notch is positioned in the center of the
weld the strain field is symmetrically. When the notch
is positioned in the HAZ, due to the unsymmetric
material properties relative to the notch center, also
the strain field is unsymmetrically. The highest strains
develop in the completely reverted zone, i.e. for elec-
tron-beam welds within the weld. This corresponds
to the hardness distribution shown in Figure 9. The
lowest hardness values are found in the weld, followed
by a small area with sligthly raised hardness, due to
natural ageing, and an area with in turn reduced har-
dness at the intersection point of the reversion- and
natural ageing model.

Summary. A process model for welding of age
hardenable AlMgSi alloys, developed by Myhr and
Grong, was applied for calculating the hardness and
strength distribution in TIG and electron-beam welds.
In a first step the transient temperature fields for the
complete welding thermal cycle were calculated and
found in good agreement with the measurements.

In the next step the microstructure evolution was
calculated, i.e. the dissolution of hardening precipi-
tations and natural ageing effects and the associated
changes of hardness and strength. Comparisons with
measured hardness values revealed a good agreement.
The calculated strength was validated by strain me-
asurents in quasistatic 3-point bending test which also

HVY 0.5
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Figure 9. Quasistatic 3-point bending test for deformation meas-
urement

revealed a good agreement. In continuative investi-
gations the model will be applied for the calculation
of welding residual stresses and distortion. At present,
due to insufficient material data at raised temperatu-
res, often only qualitative agreements between expe-
rimental results and numerical calculation can be ac-
hieved. This is a main problem in numerical simulation

of welding processes.
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Grating method for deformation measurement of heteroge-
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MICROSTRUCTURAL BEHAVIOUR OF STEELS
FOR TYPICAL WELDING THERMAL CYCLES

K. RéHRS, V. MICHAILOV, H. WOHLFAHRT
(Welding Institute, Technical University of Braunschweig, Germany)

For the simulation of the transformation behaviour we developed and set up a welding simulator. This device allows
an examination of the most important influential variables that determine structural transformations during welding.
The transformation reaction was established as a function consisting of heating and cooling rate, the maximum temperature
as well as the holding time. We tested three methods to investigate the transformation reaction of different steels. The
dilatometer measurement as well as the potential measurement yielded results comparable to those mentioned in specialist
literature. However, the use of the heat of transformation in temperature cycles in real welding experiments has to be
verified further. The dilatometer measurement also allows the determination of the thermal coefficient, which is an
important material parameter for numerical simulation, for example. By varying the influential variable, different
welding methods including multi-layer welding can be examined.

Paspa6oran 1 yCTQHOBJIEH CBApOYHBIN MMHUTATOP JUJISI MOJEJMPOBAHUS XaPAKTEPHCTUK IPEBPAIIEHUs, M03BOJIIONINIT
OlleHMBATDb HanGoJiee BAKHbIE TTAPAMETPBI, KOTOPbIE ONPEE/ISIOT CTPYKTYPHBIE IIPEBPAIIeHUs B TIpollecce cBapKu. Peakiqust
IIpeBpalleHus] YCTAHOBJMBAJIACh KaK (DYHKIMS, BKJIOYAIONIAss CKOPOCTH HarpeBa M OXJIXK/IECHUS, MaKCUMAaJbHYIO
TeMIepaTypy ¥ BpeMs BblJiep:KKHU. VcibitaHo Tpu MeTojia /IS U3YyUeHUs peaKkliu IpeBpalleHus B pasau4yHbIX cTaxsax. C
TOMOTI[BIO IUTaTOMETPA 1 N3MePeHnil MOTeHIINAa TTOJIydeHbI Pe3yIbTaThl, COTIOCTABUMbIE C TIPUBECHHBIMU B CHEIIHATbHOI
smreparype. OHAKO MCIIOJIb30BaHUE TEIIOTHI IPEBPAIIEHUS B TEPMUYECKUX IMKJIAX BO BPEMS PEAJbHBIX CBAPOYHBIX
JKCIIEPUMEHTOB TpeGyeT AaJibHeiinieil npoBepku. VI3MepeHHs ¢ MOMOIIbIO JNIATOMETPA TaKXKe IO3BOJISIOT ONPEACIUTD
TEMIIEPATYPHBIN KO9(P(UIMEHT, KOTOPBIN SBJSETCS BASKHBIM I1apaMETPOM MarepHaJa, HaIpUMep, JJIS 4YHCJIOBOIO
MojenupoBanus. IlyreM nusMeHeHus: yKasaHHbBIX TapaMeTPOB MOXKHO HCCJIEJ0BATh Pa3J/IMuHble IIPOLECChl CBAPKU, BKJIIOYas

MHOT'OCJIOHHYIO CBapKy.

Introduction. The simulation of joining and cutting
processes gains more and more significance today. Its
goal is a better understanding of the process itself
resulting in the ability to recognize not only the cause
of the fault during the construction phase already,
but also to develop possible alternatives, and to op-
timize the item as well as the joining and cutting
process itself in order to increase the process certainty.

Welding is the most important indissoluble joint
of metallic materials. In most welding methods, how-
ever, the developing temperature is inhomogenous due
to the concentrated source of energy. This heat treat-
ment (short term heating and fast cooling) leads, in
some material groups, to a change in the structure of
material in the proximity of the weld, the so-called
heat-affected zone [1, 2].

Diagrams such as the Iron—Carbon—Condition dia-
gram, the Time—Temperature—Austenitization diagrams
for Continuous Heating (CHA), the Continuous—Cool-
ing—Transformation (CCT) diagrams, or the Maxi-
mum~—Temperature—Cooling—Time diagrams (STAZ)
already exist to exemplify and quantify structural
transformation in steel materials.

The Iron—Carbon—Condition diagram, though, is
only valid for very slow changes in temperature and
therefore is not useful for the fast changes in tem-
perature that occur in welding. For determining the
transformations during the heating phase in welding,
continuous CHA diagrams [3, 4] can be used. Those
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diagrams allow the determination of the temperature
interval of the austenitization transformation for only
one material and only the defined heating rate. The
CCT diagrams [5, 6], which have to be developed in
an extensive series of tests, also only allow the deter-
mination of temperature and time for one material in
which austenitization occurs while cooling. In order to
determine the transformations during welding special
welding CCT diagrams have to be used which exemplify
the peculiarities of a welding cycle including fast heat-
ing and cooling with no holding time [7].

The problem is, however, that these CHA and CCT
diagrams respectively depend not only on the chemical
composition but also on the conditions for austenitiza-
tion, that is the defined rate of heating and maximum
temperature. As a result, these diagrams have to be
made seperately for every material depending on the
austenitization. These parameters again depend, on the
one hand, on the chosen method of welding (laser weld-
ing = very fast process, submerged-arc welding = rela-
tively slow process), and, on the other hand, on the
geometric locality in regard to the weld (decreasing
maximum temperature with increasing distance to the
weld, which at the same time also means a decreasing
austenitization temperature).

The most promising processes proved to be the use
of heat of transformation in temperature cycles in real
welding experiments, the potential measuring
(Thermo-Differential Analysis) [8] between two ther-
mowires of the same kind, and the establishing of
dilatometer curves by using a welding simulator.
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Figure 1. Welding simulator

Development and set-up of a welding simulator.
In order to establish the dilatometer curves the weld-
ing simulator (Figure 1) belonging to the Institute
had to be modified and extended. The heating of the
test specimen is done by using Joule heat where elec-
tric power flows through the test specimen. If the
heating rate was to vary, the resistance of the simu-
lator had to be changed — the higher the resistance
the smaller the heating rate. The results were heating
rates between 70 and 500 K /s. The cooling was done
by different mediums flowing through the hollow test
specimen (Figure 2). By varying the amount of the
mediums (nitrogen, helium and water) the cooling
rate could be influenced, ranging from 7 to 600 K /s.

For measuring the temperature of the test specimen
five NiCr/Ni-thermocouples with a diameter of
0.5 mm were used, which were placed along the whole
length of the displacement transducers for a better
recording of the temperature field. Since the cooling
medium flows into the test specimen from the left
side, the thermal area moves from its middle position
towards the right. Accordingly, the thermocouples
were also positioned somewhat outside the middle
position (Figure 3). The maximum temperature is con-
trolled by the processor of the simulator or by hand.

For measuring the dilatometry of the test specimen
the displacement transducer from HBM Company was
extended with ceramic tips, which were pressed onto
the test specimen with the help of a spring (Figure 4).
Since the displacement transducer must not slip while
measuring, the tips of the ceramic tips were secured
in little molds which had been made into the test
specimen earlier.

The displacement transducer is connected to the
PC via a measurement amplifier and a measurement
box which is also connected to the thermocouples. A
special software evaluates the signals coming from
the measuring box. Disruptions in the potential mea-
suring during the heating phase occurred because of
the flowing electric power. It turned out to be a prob-
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Figure 2. Test specimen

lem gauging the temperature and the expansion at a
high scanning rate.

Results of the dilatometric analysis. In this
study we tested four steels (S355J2G3, X20Cr13,
X5CrNi18 10 und DC04) with this welding simu-
lator. The S355J2G3 (St-52) is a constructional steel
displaying several transformations, the X20Cr13 is a
stainless and acid-resistant steel which transforms
solely martensitically, the X5CrNi18 10, also a stain-
less and acid-resistant steel, is a metastable austenite,
which does not transform up to 1300 °C, and the
DCO04 (St-14) is a deep drawing steel, which is very
soft at high temperatures and shows several transfor-
mations such as the steel S355J2G3. The CCT diagram
of the S355J2G3 and the X20Cr13 are shown in Fi-
gures 5 and 6.

There are only few standard works depicting ex-
emplary dilatometer curves [8, 9]. Their dependencies
on influential variables typical of welding (depend-
ency on heating rate, austenitization temperature,
holding and cooling time) are mostly missing. The
thermal expansion coefficient resulting from the di-
latometer measurements therefore represents a way
of comparing the results from the welding simulation
with those in literature [9, 10].

The thermal expansion coefficient can be deter-
mined with the change in length Al deduced in the
tests. Since the test specimens are nearly completely
free of forces, the thermal expansion €™ can be seen
equal to the sum of expansion ¢ and therefore equal
to the measured change in length in regard to the
measured length [y. This constellation allows us to
deduce the thermal expansion coefficient a(T):

s~gth—5l—a(T)(T—T)—>a(T)—L
oL ’ (T = Toy

The temperature dependency of the thermal ex-
pansion coefficient, determined in this way, was then
compared to data from the literature. The results show
that at high temperatures, the data gathered in this
study display only minor deviations from those given
in literature. Deviations increase at lower tempera-

potential measurement

thermocouples
T Tr

copper copper
jaw jaw

ceramic tips (dilatometer)

Figure 3. Schematic arrangement of the displacement transducer
and the thermocouples
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Figure 7. Dilatometer curves of X5CrNi18 10
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tures (T < 250 °C), though. At low temperatures the
change in length that occurs is so small that faults in
measurement have an increased effect.

The following figures (Figures 7 to 14) show the
dilatometric curves of the four steels in dependency
on the influential variables (heating rate, austeniti-
zation temperature, holding time and cooling rate).

As expected, the metastable austenite shows no
transformation in the range of temperature examined.
The dilatometer curve (Figure 7) stays unaffected by
the parameters of heating and cooling rate, as well
as that of maximum temperature. Figure 7 shows eight
tests and allows the prediction for the tests to be
highly reproducible.

The martensite steel X20Cr13 also shows the con-
stant transformation temperatures as predicted (Fi-
gure 8). Even with these transformations the test
seems highly reproducible. Figure 8 shows eight tests.
The dilatometer curves with high heating rate show
the problems in measurement mentioned above.

Figures 9—12 show the dilatometer curves of the
construction steel S355J2G3.

Figure 9 shows the dependency on heating rate.
There are no considerable changes in the transforma-
tional temperatures.

Figure 10 shows how the transformation reaction
depends on the maximum temperature. This depend-
ency on the austenitization condition of the material
before cooling cannot be ignored [11], since it is

0.020 L L
miaximum temperalure:
805 his 1225 °C
0.015
w | | heating rate:
.% 0.010 110 bis 440 K/s X
&
0.005 //
o / / cooling rate: |
fam™ 52 his 9.7 5
-0.005 | |
0 200 | 400 600 800 1000 1200
Me Temperature, "C

Figure 8. Dilatometer curves of X20Cr13
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Figure 9. Dilatometer curves of S355J2G3 for different rates of
heating

mainly determined by the austenite grain size, which
is, among other things, a function of the occurring
maximum or austenitization temperature, respec-
tively.

The influence of the austenitization temperature
on the transformation reaction during the cooling
process is clearly shown by the dilatometer curves.
With the remaining parameters kept nearly constant,
an increase in austenitization temperature leads to a
decrease in transformation temperature.

In those experiments in which there occurred a
complete austenitization during heating (Tpax >
> 810 °C), a rise in austenitization temperature by
360 °C, due to a growth in grain size, leads to a de-
crease in transformation temperature A,, by around

130 °C.

Figure 11 shows the dependency on the cooling
rate. In the dilatometer curve one can easily see the
influence of the cooling rate on the developing struc-
ture. An increasing cooling rate or a decreasing tg 5
rate, respectively, leads to an increased martenitiza-
tion and therefore to a decrease in transformation
temperature. The dilatometer curve, established un-
der the highly deterrent effect of the water, has a
ts  s-rate of 0.6 s and deviates greatly from the other,
easily reproducible, trends. The reason is probably
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Figure 10. Dilatometer curves of S355J2G3 for different maximum
temperatures
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Figure 11. Dilatometer curves of S355J2G3 for various cooling
rates

the considerably higher cooling rate (> 600 K/s),
which, due to the thermocouples’ inertia and the re-
sulting lack of synchronization of the measurement
signals (temperature and distance), leads to a curve
that does not run sensibly.

Figure 12 shows the dependency on holding time.
Because of the holding time at maximum temperature,
there occurs a growth in the austenite grain size, say-
ing that the longer the holding time, the smaller have
to be the transformation temperatures, but the Figure
shows exactly the opposite. This effect can be ex-
plained by the higher ¢g, s-rate at a longer holding
time. The longer the material is being held at maxi-
mum temperature, the more heat is being stored in
the material. The stored heat increases the ¢g s-rate.

The influence of the cooling time therefore is es-
sentially greater than the influence of the holding
time at maximum temperature.

Figures 13 and 14 show the dilatometer curves of
the deep drawing steel DC04 (St-14).

Here, a rise in maximum temperature lets us dis-
cern a dependency like in the material S355J2G3,
which cannot be ignored (Figure 13). An increase in
austenitization temperature leads to a growth in
austenite grain size, which is followed by a decrease
in transformation temperatures. Because of the soft
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Figure 12. Dilatometer curves of S355J2G3 at varying holding
time
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Figure 13. Dilatometer curves of DCO04 for different maximum
temperatures

material there is a strong hysteresis in connection with
a rise in maximum temperature to be seen. The vari-
ation of the cooling rate at two different maximum
temperatures can be seen in Figure 14. An increase in
cooling rate or decreasing ts, s-rate, respectively,
leads to a decrease in transformation temperature due
to an intensified martenitization. This effect occurred
in S355J2G3 already.

The dilatometer curves shown here have exempli-
fied the dependencies on important influential vari-
ables in welding. The variation of the cooling rate
explains the dependency of the type of welding (laser
welding = fast process, submerged-arc welding = slow
process) and the variation of the maximum tempera-
ture clarifies the dependency on the geometric locality
in regard to the weld (area of heat). It follows that
with the help of dilatometer curves the transformation
temperatures in welding can be determined.

Results of potential measurement and rise in tem-
perature. The other two methods used for testing the
transformation reactions in welding were the poten-
tial measurement (thermodifferential analysis) and
the use of heat of reaction in temperature cycles. Po-
tential measuring is done between two equal ther-
mowires. In our case we used the NiCr-shoes of the
thermocouples.
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Figure 14. Dilatometer curves of DC04 for different cooling rates

1200 _heating phase [ cooling phase “]150 g“}
N
800 75 5
4] heat of g
@ transformation =
£ 800 0 %

E Tt =T,
5 it (H=dTfat E
300 heat of 1 -5 E
trangiarmation g
Tit) g
- 150 F

0 10 20 30 40

Time, =
Figure 15. Heat of transformation in S355J2G3

At the welding simulator. The set-up of the ex-
periment for the potential measurement at the welding
simulator is schematically shown in Figure 3. The
potential was additionally measured to the dila-
tometry. The potential measurement could only be
taken in the cooling phase since the test specimen was
heated by electric power, which led to a disturbance
of the sensitive measuring.

The heat of transformation in the temperature cy-
cles was exemplified by the derivative of the tempera-
ture from the time. The gradient of the temperature
curve thereby deduced shows an unsteadiness at the
transformation temperatures. The heat of transforma-
tion, though, could also be interpreted during the
heating phase.

Figure 15 shows the use of the heat of transfor-
mation in the test specimen’s temperature cycle. As
expected, the signs of unsteadiness in the derivative
show the transformation temperatures.

Figure 16 shows the potential measurement and
the derivative of the temperature in the cooling phase.
The dilatometer measuring and the potential meas-
urement show identical transformation temperatures.
The derivative of the temperature, that is the heat of
transformation, shows a short delay in the transfor-
mation temperatures, which can be explained by the
inertia of the thermocouples.
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Figure 16. Potential measurement in the cooling phase in S355J2G3
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Figure 17. Set-up of the experiment for gas welding

At gas welding. At gas welding the potential can
be measured during the heating as well as during the
cooling phase. Figure 17 shows the test set-up for the
potential measuring at gas welding.

The potential was measured between two NiCr-
thermoshoes. Like the welding simulator, the ther-
mocouples were spot-welded on the bottom side of
the plate. The materials S355J2G3 and X5CrNi18 10
were thus examined.

Figure 18 shows the potential curves of the mate-
rials. The metastable austenite X5CrNi18 10 shows
no transformation points. The curve runs steadily dur-
ing the heating and cooling phase. The construction
steel S355J2G3, on the other hand, shows, signs of
unsteadiness in its curve. The transformation tempera-
tures can clearly be proved. Due to the transformation
of only a small volume of the material, the unsteadi-
ness is less obvious than in the simulation. During
the heating phase this method can only be used if
there is no electric power running through the test
specimen, as for example in laser welding, gas weld-
ing, friction welding, and so on.

Maximum-Temperature-Cooling-Time diagram
(STAZ). The metallographic determination of hard-
ness and structure of the simulation test specimens
allows a STAZ diagram, which matches nicely with
the known one given in [11].

Figure 19 shows the diagram derived from these
test specimens. You can compare it with the diagram
by Berkhout given in Figure 20.

Conclusion. In order to examine the materials’ trans-
formation behaviour we used three methods, namely
the use of the heat of reaction in temperature cycles
in real welding test, potential measurments (thermo-
differential analysis) between two equal thermowires,
and the establishment of dilatometer curves with the
help of a welding simulator.

We expanded the Institute’s own welding simu-
lator to establish the dilatometer curves. There was
a high accuracy and reproducibility that lay around
150 K/s. Important influential factors in welding
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that are decisive for structural transformations can
be examined (heating and cooling rate as well as maxi-
mum temperature). Although high rates in heating
and cooling are possible, they are not yet ascertain-
able. Not only the dilatometer curves explicitly
showed the transformation temperatures, but also the
curves of the potential measurement and heat of trans-
formation displayed the transformation temperatures.
The welding simulation tests could therefore ascertain
the STAZ diagram.
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SOFTWARE AND DATABASES OF CCT DIAGRAMS
FOR PREDICTION OF MICROSTRUCTURE
AND MECHANICAL PROPERTIES OF HAZ METAL
IN WELDING OF STRUCTURAL STEELS

A. F. MUZHICHENKO
(The E.O. Paton Electric Welding Institute, NAS of Ukraine, Kyiv)

The described software enables computation of structure and mechanical properties of the HAZ metal in welding of
structural steels on the basis of ¢ . determined from the heat models, steel grade from the computer atlas of the austenite
decomposition diagrams or chemical composition of steel from the regression models.

OmnncaHHoe 1porpaMMHoe o6eclieueHne I103BOJISIT BBIIOJIHATh PacyeT CTPYKTYPbl U MEXaHMYECKHX CBOICTB MeTajlja B
30HE TEPMUYECKOrO BJHMSHUS 1P CBapKe KOHCTPYKIMOHHBIX CTajefl Ha OCHOBE BPEMEHM OXJKACHUS Ly o,
YCTaHABJIMBAEMOTO T10 TETIJIOBBIM MOJIEJISIM, MapKe CTaJl, B3ATOI U3 KOMIIBIOTEPHOTO aTJjiaca inarpaMmM paciiaja ayCTeHnTa,

WM XUMUYECKOMY COCTaBy CTaJIM, OIIPEAEJIEHHOMY C IIOMOIbIO PErpeCCuOHHDbIX NIOL[eﬂeﬁ.

The possibility of ensuring certain level of mechanical
properties of the HAZ of welded joints is the primary
requirement for selection or calculation of optimal
welding conditions. Experimental methods which
yield reliable results are most often employed for
evaluation of mechanical properties. Mathematical
methods are gaining increasing acceptance for inves-
tigations to reduce cost of experimental studies and
supplement them.

The cooling time of ¢g, 5 within a temperature
range of 850—500 °C has a decisive effect on properties
of the HAZ of weldments.

The E.O. Paton Electric Welding Institute devel-
oped a package of applied software for calculation of
thermal processes occurring in welding, based on so-
lutions of the equations of thermal conductivity [1-8].
This work was continued in development of the
«Thermo CCT» software package (Figure 1).

Since the 1990s the «Thermo CCT» package has
been successfully used at the Urals Polytechnical Uni-
versity (Ekaterinburg, Russia), the Institute for Rail-
way Transport Engineers (Moscow, Russia), the Altaj
Polytechnical Institute (Russia), as well as at com-
panies «Framatom» (France) and SLV-1 (Germany).

To estimate properties of the HAZ metal, in ad-
dition to solving the thermal package problems on
the basis of [4, 6], it is necessary to use atlases of
CCT diagrams and mechanical properties of steels in
welding [9, 10] or regression models that relate chemi-
cal composition of steel and tg,5 to structural and
mechanical properties of the HAZ [11-13]. They give
the following characteristics of metal: phase compo-
sition (martensite, bainite, pearlite) and mechanical
properties (Vickers hardness HV, tensile strength R,,,
yield point Ry, reduction in area at fracture Z and
elongation at fracture As).

© A. F. MUZHICHENKO, 2002

The authors scaned and then digitized graphical
information given in the atlases [10, 11] to give it
the vector form of a database, further on referred to
as the «Electronic Atlas» (EA). EA also contains
diagrams of CCT and plots of variations in mechanical
properties depending upon ¢g /5. EA includes from the
atlas in [9] all steel grades (149 grades) and from
[11] only those steel grades for which diagrams of
variations in mechanical properties depending upon
the cooling rate (90 grades out of 121) are given. The
thermal part of the software allows computation of
thermal cycles at a preset point (y, z), plotting
isothermic lines (following the preliminarily entered
list of temperatures) in a preset cross section xy, yz
and xz, as well as rate and time of cooling in a preset
temperature range (including tg,5).

The additionally developed software allows com-
putation of the dependence of phase composition or
mechanical properties upon the heat input, plate
thickness or preheating, based on ¢g 5 obtained from
solution of thermal problems for a steel grade taken
from EA.

The atlases [10, 11] include steel grades with a
preset chemical composition. However, there is an-
other approach, i.e. prediction of properties from
chemical composition of steel. For this, two regression
models [12—14] are included into the software pack-
age, in addition to the atlases. The models enable
prediction of variations in phase composition and me-
chanical properties depending upon t8 /5 for a selected
chemical composition of steel. Besides, the software
makes it possible to plot a diagram of dependence of
phase composition and mechanical properties upon
variations in chemical composition.

In [12, 13] the authors developed regression mod-
els for steel of the following chemical composition, %:
C<04, Mn<20;Si<08; Cr<2.0; Mo<1.0;
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Thermal predictions

Welding speed
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Figure 1. Schematic of the «Thermo CCT» package
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Ni<1.5; V<0.3; Ti <0.06; Al <0.066; Nb < 0.1;
W £0.5; Cu<0.5, while regression models developed
in [14] are designed for steel of the following chemical
composition, %: C £0.1-0.13; Si = 0.01-0.53; Mn =
= 0.41-1.4; P = 0.08-0.029; S = 0.0076-0.043; Cr =
=0.02-0.07; Ni = 0.02-0.06; Cu = 0.06-0.21.

Examples of computation of phase composition
and mechanical properties from the atlas by
P. Seyffarth are given in Figures 2—4.

Therefore, the software suggested enables compu-
tation of thermal conditions which ensure mechanical
properties of a welded joint within the assigned
ranges. It can be used to advantage to assign condi-
tions for welding structural steels for production or
training purposes. In addition, the software has an
open structure, i.e. at the request of a customer it can
be replenished with new models of thermal processes
occurring in welding, extra diagrams of decomposition
of austenite and regression models of variations in
mechanical properties depending upon tg,5 for a se-
lected chemical composition of steel.

Base of CCT diagrams can be used after thermal
process modelling and calculating of ¢g /5 by the known
finite elements packages like ANSYS, SYSWELD,
MARK, NASTRAN or COSMO to predict mechanical
properties and phase structure of the HAZ.

1. Abdulakh, V.M., Velikoivanenko, E.A., Demchenko, V.F.
et al. (1983) Software package for computation of tempera-
ture and concentration fields in welding and surfacing.
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PACYETHbBIE MOJAEJIN AJIA OIIEHKU
MEXAHUYECKHX CBOICTB METAJLJIA 3TB
IIPU CBAPKE HU3KOJIETUPOBAHHDBIX CTAJIEN

II. BAMM®APT (SLV, r. Pocrok, Tepmanus),
0. I. KACATKHUH (Mu-t snekrpocsapku uMm. E. O. Ilatona HAH Ykpaunsr, r. Kues)

Ha ocnose 06pa60T1<14 3HAYUTEJbHOTO 0O'beMa SKCIICPUMEHTAJIbHDBIX JITAaHHBIX C/i€/JIaHa ITOIbITKA OITMCAHNA OCHOBHBIX I1apa-
METPOB TEPMOKHMHETUYECKUX [UarpaMM paclia/la ayCTeHUTa HU3KOJIEIMPOBaAHHDBIX crajeit mocJe Harpesa 110 CBApO4YHbIM
TEPMUYECKUM IUKJIAM. HOJIy‘{eHbI Pperpeccuonnble MO/ieJIn /1J1s1 OLlEHKN UHTEpBaJla TEMIIEpaTyp Cl)aSOBbIX HpeBpaLueHHﬁ,
(1)a30130r0 COCTaBa U MEXAHMYECKUX CBOWCTB MeTaJljia 1 OTAEe/JIbHbIX (1')330BI)IX KOMIIOHEHT B 3aBUCHUMOCTH OT COCTaBa CTaJJan

U JUINTEJbHOCTU OXJIavkaeHus mMerasia ot 850 mo 500 °C.

An attempt was made to describe main parameters of TTT diagrams of decomposition of austenite for low-alloy steels
after heating following the welding thermal cycles on the basis of processing of a large amount of experimental data.
Regression models were developed for estimation of the phase transformation temperature range, phase composition and
mechanical properties of metal and individual phase components, depending upon the chemistry of steel and time of

metal cooling from 850 to 500 °C.

CnoiictBa 3TB npu cBapke HU3KOJIETUPOBAHHBIX CTa-
Jelfl B 3HAUMTEJbHOW CTEIeHH 3aBHUCAT OT (Da30BbIX
IpeBpalleHuil 1Moj JeificTBUeM CBapOYHOTO Harpesa.
[Ipu myroBoii cBapke BpeMs NMpeObIBAaHUS MeTAaJIa B
obmactu  Temmneparyp Bbime A, ~HEBEIUKO, HO

MaKCUMaJbHas TeMIeparypa 6Jm3Ka K TeMIeparype
TJIABJICHWS, UTO MOKET TMIPUBECTH KaK K HETIOJHOH To-
MOTEHH3AINH AyCTEHNTA, TaK U K POCTY ayCTEHUTHBIX
3eped. IOTu (HAKTOPHI OKA3bIBAIOT CYIIECTBEHHOE
BJINSTHHE HA YCTOWYMBOCTH AyCTEHUTA TIPH Y —> OL-TIPEB-
pallleHn| 1 COOTBeTCTBeHHO Ha (ha3oBbiii coctaB 3TB.
N3BecTHbl My6IUKAINNA, B KOTOPBIX JJIS OT/AEJbHBIX
06pasioB craseil (as3oBble IpeBpAIleHUsT  pac-
CMATPUBAIOTCS B TIPOTIECCE HATPEBa JI0 OMpele/IeHHOM
TeMIepaTypbl U TTocaeyIonero oxaaxkaenus [1, 2]. B
JlaHHOU paboTe (ra30Bble MPEBPAIEHNST paccMaTpUBa-
IOTCS B 3aBUCHMOCTH OT JJIUTETHHOCTU T OXJIAKIEHUS
ot 850 no 500 °C npu HarpeBe MeTaJijia 0 TEPMUYEC-
KOMy IMKJIy cBapku (MaKcHMaJbHas TeMIeparypa
1350 °C, BpeMst HarpeBa OKOJIO 5 C).

O6aactu Temmeparyp ¢(a3oBbIX NpeBpaNICHHIA.
Xapakrep (a3oBbIX IPEBpAIleHU!l B OCHOBHOM OII-
peneJisieTcst CTeneHbio pa3BuTust Andy3MOHHBIX MTPO-
I[ECCOB TIEpepaCIIPe/ieJIeHNsT YIIePoia U JETUPYIOIUX
3JIEMEHTOB BO BpeMs OoXJaxkaenusi Merasia. Ciaemnyer
OTMETHTB, YTO 1N y3nOHHAS TOIBIKHOCTD YTJIePOaa
3HAYUTEIBHO BBIIE, YeM Yy JIETHPYIONIUX 3JEMEHTOB,
HO KOHIIEHTPAIMS MOCJETHUX OKA3bIBaeT CyIECTBEH-
HOe BJIMSIHUE HA MOJBUKHOCTDb YTJIEPOA.

[Ipu O6bICTPOM  OXJIKIEHUW HE MPOUCXOUT
muddysnonHoro mepepacrpeesieHusT 3JIEMEHTOB U B
pesysabTaTe pacmaja aycTeHHTa o0pasyercss Map-
TEHCUT — TBEep/blil pacTBOp yryepo/a UCXOHON KOH-
HeHTpanun B o-xeyese. 1lpu 601bIMX ATU-TETBHOC-
TSAX OXJTAKICHUS Pa3BUBAIOTCS TTPOIIECCHI

© I1. BAVIMDAPT, O. I'. KACATKUH, 2002

muddysnonnoro mepepacnpe/iesieHus 3JEeMEHTOB U
o6pasyercs pepputHo-tiepautHas (DII) cTpykTypa.
B mpomerxyToYHOM AMarnasoHe CKOPOCTeH OXTaXK IeHUS
npoucxoaut Geitnntoe (B) npespaienue aycrennta,
IPU KOTOPOM Habmio/1aeTcsi HeKoTopoe anddy3noHHoe
nepepacripe/iesielie yriepoa.

B pa6ote uccaenosano 160 TepMOKMHETHYECKUX
[UarpaMM pacrajia ayCTeHHTa CTaJell CJeayIoniero
XUMHUYECKOro cocrtasa, %: 0,05 < C < 0,4, Mn < 2,
Si<08, Cr<2 Mo<1,Ni<1,5 V<02 Ti<
< 0,03, Al < 0,05, Nb < 0,03. Vcnoab3oBaauch Tep-
MHUYECKHe IIUKJIbI, OOGeCIeYnBaBIINE [JTUTETbHOCTD
OXJIaXKIeHus T B npezesax J...300 c¢. Cratuctuyeckast
06paboTKa IKCIEPUMEHTAIBHBIX JAHHBIX ITPOBEIEHA
MeTo/IaMU JIMHEWHOTO 1 HEJTUHEHHOTO PerpecCuOHHOIO
aHanusza. Bce mpuBe/ieHHbIe HUXKe PErpecCHOHHbIE
MOJIEJIU TIOCTPOEHbI HA OCHOBE JKCIIEPHMEHTAJIbHBIX
JIAHHBIX, coflep:Kanmmxcs B padorax [3, 4].

[Ipwm GpicTpOM OXJIAXK/ICHUN MApTEHCUTHOE TIpe-Bpa-
1ienne poxoaut mpu remneparype Twn (puc. 1):

T,,(°C) = 506 — 337C — 24,2Mn — 14,4Si — 14,7Ni +
+ 214Nb, R =0,93,

rie R — MHOXecCTBeHHDIH K03(hUIMEHT KOP-
peasiun. Ilosydennas Monesb HOATBEPKIAET N3-
BECTHOE TOJIOKEHWE O TOM, YTO MPAKTHYECKU BCE
JIETUPYIOIIME 3JIEMEHTBI, KPOME 3SHEPTUYHBIX Kap-
6upoobpasyomux (B JaHHOM cay4ae — HUOOWIL),
CHIDKAIOT TeMIepaTrypy T .

ITpu yBe/MYEHUN [JIUTEJTBHOCTH OXJIAXKIEHUS JI0
Tp0 HauMHAeT 06pa3oBbiBaThes Oeiinut (puc. 1). Munu-
MaJlbHasi JUINTEJbHOCTD OXJIAXKIAEHUS Try, CO-OTBETCT-
BYIOIIAsi TIOSIBJIEHUIO OEeHHUTA, 3aBHCUT OT COC-TaBa
CTaIn
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Puc. 1. XapaxrepHble mapaMerpbl TeMIIEpPaTypHbIX obJacteil pac-
Hajia ayCTeHUTa HU3KOJIETMPOBAHHBIX CTaJselt

In 150 = =2,4 + 0,45VC + 0,91Mn + 0,37Si +0,57Cr +
+0,91Mo +0,75Ni, R =0,81.

s onrcanusd 3aBUCUMOCTH TeMIepaTypbl HavaIa
GETHUTHOTO TIPEBPAITIEHUS OT COCTaBa CTAJH Ipu 6oJiee
MeJITEHHOM OXJIaxkaeHnn (B 06JacTh T > Tg)) MOXKHO
HCII0JIb30BATDh CJEAYIOUIYIO PEIPECCHOHHYIO MOJIE/Ib:

TBH(‘C) = TBO + ATBeI‘f[(ln T~ ln TBO)KB] + ]<B1: ln T,

rae Ty — Temmeparypa Hayajga OeHUTHOTO IIpeBpa-
IIEHUS TIPU T = Tgg, IPH 3TOM T'gg = Ty erf — mHTerpas
BepositHOocTell; ATy, Ky, Ky, — KOHCTaHTBI, 3aBU-
CSIe OT COCTaBa CTAJH:

AT(°C) = 172 + 88C — 17Mn — 34Cr — 19Ni, R = 0,55;
Ky =0,68 +1,2C + 0,34Si — 0,25Cr — 0,17Ni, R = 0,42.

Koaddunment Ky, Bo3pacraeT mpu yBeJTMUeHIH KOH-
IEHTPAIUN YTJIEPO/Ia U U3MEHSIETCS B Ipejienax J...135.
[lanbHeiinee yBeanueHne JJINTEIbHOCTH OXJIaXK/eHUS
T TIPUBO/TUT K TIOSIBJIEHUIO B CTPYKTYpe ctaim hepputa
(@) u nepiura (I1). Buxg perpeccumoHHBIX MoAeeit
JUISL OLIEHKM TeMmrepaTyp Hadana ¢epputHoro Ty, n
nepauTHOro Ty, TpeBpaliennii, a Takske MUHIMAJIbHON
JUTTEJIBHOCTH OXJIaXKAEHUS Ty U Tyy A0 TOABJIEHUA

31X (pa3 6bLI1 BBIGPAH aHAJIOTUYHO.
Temneparypa Hauaja (HDEPPUTHOTO MPEBPAIIEHUST
(B 06macTh T 2 Tgy):

T(bll = TEH (T(bO) + ATq,erf[(ln T — ln leO)KdJ + K‘bf ln T,
rmae

In t49 = =3,30 + 6,9VC + 2,0Mn + 1,52Cr +
+2,66Mo — 3,76V, R =0,75;
AT(°C) = 235 — 244C — 60,6Mn — 30Si — 34Cr +
+ 45Ni + 200V, R =0,63;
K4 =0,62 +0,20Cr — 0,45Mo, R =0,24.

Koapdpuument Ky, ymenbmaercs npu yBeJuyeHun
KOHIIEHTPAIUH YTJIEPOIA U JETHPYIOIIUX dJT€MEHTOB I
u3MeHseTcs B npejenax J...15.

TemrepaTypa HavaJIa epJaUTHOTO IipeBpaiieHus (B
00TACTH T 2> Tyy):

Ty = Ty (t59) + ATyerf[(In 1= In 1,0)K,, ] + Ky In 7,
rie

In 79 = 0,825 + 1,64Mn +0,76Si + 1,64Cr +
+ 2,17Mo + 0,94Ni, R =0,75;
AT(°C) = 74 + 114C — 32Si + 94Cr — 74WNi, R =0,69;
K, = 0,45+ 0,30C + 0,90Mo — 0,4Ni, R =0,32.

Koaddmment K;, namensiercs B npegenax 3...12 (yr-
JIEpO/Jl YBEJIMYMBAET, & KPEMHUIl CHUIKAET 3HAUEHUS
aTOro Koa(duImenTa).

Temnepartypa oxoH4aHUsI (pa30BBIX MPEBPAIIEHII
Ty 3aBHCUT KaK OT COCTaBa CTad, TaK U OT JJIUTEJIb-
HOCTH oOXJaxaeHus: t. CTPYKTypy perpeccuoHHOI
MOJIEJTH /ISt OTIeHKY T’ TPUMEM aHAJIOTUYHON UCTIOJIb-
30BaHHOM BbIIe. 19 06TaCTH T > Ty

T =Ty + AT erf[(In © — In 1)K, ] + K,In 7.

Temneparypa Ty COOTBETCTByeT TeMIlepaType
OKOHYaHUS MapTEHCUTHOrOo IpespaiieHud T, KOTO-
pasg 6;m3Kka K Tyy. XOTS NPHU YBEJUYEHUW [IJTUTEJD-
HOCTH OXJAXJEHUA T = Tgo B 061acTi (eppuTHO-
MEPJUTHOTO TPeBpallleHNsT HaOII0/JaeTcs HEKOTOpoe
camxenne T,y M3-3a nudPysnoHHOTO Mepepacipese-
JIEHUST YIJIepoJla U yBeJUYeHUs ero KOHIEHTPALUU B
TBEP/IOM PacTBOPE, HO B TIEPBOM MTPUOTHMKEHUN MOXKHO
npuHATb Ty = Ty

MuHuMaIbHAS JIUTEIBHOCTD OXJANKICHUS Ty,
IIPH KOTOPOH MapTEHCUTHOE IIpPeBpalllcHuEe yiKe He
MIPOUCXO/INT, TIPUOJTU3UTENHLHO PAaBHA:

In 1,9 = — 0,07 + 3,35VC + 0,84Mn + 1,40Cr, R = 0,70.

OcraJsipHbIe ITapaMeTpbl MOKHO OHIEHUTH C II0-
MOIIbIO 3aBUCHMOCTEN

AT (°C) = 101 + 200C + 45,8Si — 41,3Cr — 350V —
- 670Ti — 1100Nb, R = 0,68;
K, = 3,36 — 0,39Mn — 0,32Si + 0,31Mo —
- 0,40Ni — 0,94V, R = 0,60.

Koaddumuent K, ymeHblmaercs TpW yBeJUYEHUN
KOHIIEHTPAIIUY JIETUPYIONINX JJIEMEHTOB U H3MEHSIETCS
B mpenesax J...15.

Ma3zoewiii coctaB 3TB. Psj aBTOpoB [T UHTED-
TOJISAIUN  9KCTIEPUMEHTATBHBIX JAHHBIX MPHU OICHKE
aszoBoro cocraBa MCIONB3YIOT MOJETH, TPEITIOKEH-
uple ABpamu [5]. Ilo Hamemy MHEHUIO, /i OTIEHKU
josm (asoBbIX cocrapasgiommx — wMaprencuta (M),
Geittuta (B) u  (eppuUTHO-TIEPIUTHON CTPYKTYPbI
(DIT) Gomee mnenecoo6pasHO HCIOAB30BATh Per-
PECCHOHHBIE MOJIENH, TIPETOKeHHbIE B [6]:

M(t) = 0,5(1 —erf((Int—In 1) /In S,),
OII(7) = 0,5(1 + erf((In © — In 14,) /In S),
B(1) = 1,0 — M(1) — DII(1).

ITapamerpsr In 1y, In Sy, In 19, 1 In Sy, A8 KAK-
JIOI CcTaju OIeHUWBAJUCh METO/IOM HeJTWHEHHON mapa-

104



MHKPOCTPYKTYPA HH CBOHCTBA

METPU3AIMK 110 KPUTEPUIO HAMMEHBINNX KBAJ[PATOB.
3aBUCUMOCTD 3THX TAPAMETPOB OT COCTaBa CTaJjei
OTIMCHIBAETCS CJEAYIONMMU PETPECCUOHHBIME MOjIe-
JISIMU

In 1, = —1,49 +13,6C + 1,0Mn + 0,33Si + 0,48Cr
+
+0,94Mo + 0,87Ni — 14,2C?, R = 0,90;

In S, =0,65-0,52C + 0,23Mn + 0,16Cr +
+ 0,18Mo, R = 0,50;

In 14, = 0,85 + 7,43C + 1,84Mn + 0,55Cr +
+ 3,2Mo + 0,95Ni — 9,26C%, R = 0,75;

In S¢ = 1,42 — 1,6C + 0,23Mn + 0,42Si +

+ 0,32Mo + 0,22Ni, R = 0,46.

Culeryer OTMETHTD, YTO TAPAMETPDI Ty U Tdhi COOT-
BETCTBYIOT [IJIUTEJNBHOCTSIM OXJAKIEHUsI, TPU KOTO-
pbix o6pasyercst S0 % maprercura win 50 % GeppuTHO-
nepauTHOl cTpykTypsl (puc. 2).

Mexannueckue coiictBa 3TB. Jlerupyroimiue ase-
MEHTBI OKa3bIBAIOT BJINSAHINE HA MEXaHUYECKHE CBOMCT-
Ba JIBYMS TYTSIMU: C OJHOW CTOPOHBI, OHW JIETUPYIOT
TBEPJBIN PACTBOP M U3MEHSIOT CBOIICTBA (Pa30BbIX cOC-
TaBJISIIONINX, a C IPYToil — BO3/efCTBYIOT Ha KHHETUKY
¢a30BbIX TIpeBpalleHnii 1, cje-10BaTebHO, Ha (a3o-
Bblii cocraB Merasia. IloCKOJNbKY [/ yKa3aHHBIX
BBIIIE TIPEJIEJIOB JIETUPOBAHUS W JIJIUTEJbHOCTEH
OXJIAJKIEHNSI MEXaHMYECKUEe CBOIICTBA MeTaJjlla M3Me-
HSIOTCST B JIOCTATOYHO IMHPOKOM JHATa30He, MCIOJIb-
30BaJIoCh JiorapudmMuuecKkoe Mpe-o6pa3oBaHue ISt
MOJTyY€eHUST TPUOJU3UTENBHO TTO-CTOSHHOTO 3HAYEHUS
OTHOCHUTEJIbHOI ITOTPENTHOCTH OIIEHUBAEMbIX [TOKa3aTe-
Jgeii. B pesysabprare 06paGOTKU 3KCIEPUMEHTAIBHBIX
JAHHBIX ObLIH TOJIYY€eHbI CJle-YIOIINe PErPecCuOHHbIe
MOJIEJIN:

s TBepaoctn (HV)

In HV = (5,55 + 2,38C + 0,0816Mn + 0,132Si +
+0,038Cr — 0,081Mo — 1,12C* - 0,033In DM +
+ (5,05 +1,34C + 0,241Mn + 0,132Si + 0,174Cr +
+ 0,250Mo + 0,095Ni + 0,255V — 0,066ln )b +
+ (4,76 + 1,51C + 0,165Mn + 0,218Si + 0,281Cr +
+ 0,270Mo — 0,041ln ©)®DII, R = 0,96;

a1 apejena npounoctu (MlIla)

In o, = (6,44 + 2,88C + 0,162Mn + 0,045Cr —
- 0,344C* + 0,030In ©M + (6,07 + 1,56C +
+ 0,197Mn + 0,230Si + 0,151Cr + 0,315Mo +
+0,087Ni — 0,041n ©)B + (5,83 + 1,56C +
+ 0,120Mn + 0,244Si + 0,137Cr —

- 0,141Ni — 0,011ln ©)®II, R =0,95;

ana npegena texkydectn (MIla)

In o4, = (6,34 + 1,36C + 0,110Mn + 0,151Si +
+ 0,045Cr + 0,05Ni)M + (5,80 + 1,57C + 0,214Mn +
+ 0,155Si + 0,216Cr + 0,413Mo + 0,150Ni —
- 0,067In ©)B + (5,38 + 1,83C + 0,207Mn + 0,265Si +
+ 0,451Mo + 0,423V — 0,034In ©)DII, R = 0,93;

[ oTHOcuTe ibHOTO Y mHenus (%)
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Puc. 2. ®a3zoswrii coctaB Metana 3TB HuskoIernpoBanHbIX cTaTE
B 3aBHCHMOCTHU OT JUTUTEJIBHOCTH OXJIAXK/IEHUSI

In & = (3,00 — 6,06C — 0,305Mn + 0,156Ni +
+0,270In ©)M + (3,65 — 4,40C — 0,342Mn —
- 0,230Cr — 0,291Mo — 0,243Ni + 0,112ln ©)b +
+ (3,30 — 2,31C + 0,99Si — 0,275Cr —
—0,659Mo + 0,40ln ©)DII, R =0,88;

JLI OTHOCUTEIbHOTO cykerus (%)

Iny = (3,11 + 0,160Cr + 0,220Ni — 10,4C* +
+0,17In M + (4,47 — 3,85C — 0,163Mn — 0,360Mo +
+0,065In OB + (3,91 — 2,61C +
+0,07ln ©)®@II, R =0,81;

[t srepruu paspyuierns (J) o6pasios ¢ KPyTJIbiM
HaApe3oM Tpu yaapHoM wusrnbe (BbIcoTa cedeHUs
o6pasia 10 MM, mupuna 2 MM, rayGHHA Hagpesa 2 MM)

In A= (3,69 —10,5C — 0,282Mn + 0,240Cr —
- 0,746Mo + 0,180Ni + 6,82C* + 0,235In ©M +
+ (3,00 — 4,24C — 0,227Mn - 0,123Cr + 1,22V +
+0,155In ©)B + (3,25 — 2,37C — 0,120Mn — 0,227Si —
- 0,587Cr — 2,11Mo)®II, R = 0,80.

AHaJM3 TOJy4YeHHBIX MOJIesiell MOKA3bIBAET, YTO B
VCJIOBHUSX CBAPOYHOTO TEPMIUECKOTO ITHKJIA!

® TIPAKTHYECKU BCe JIETHPYIONINE 3JEMEHTBI, 32
WCKJTIOYEHNEM 3SHEPTUYHBIX KapOWa000Pa3yIouX,
MOBBIIAIOT YCTOWYUBOCTD AYCTEHUTA — CHUKAIOT TEM-
MepaTypy U yBeJTMUUBAIOT AJIATETHHOCTH OXJTKIEHNS,
IIPU KOTOPBIX MPOUCXOAT (Da30Bble MPEBPAICHNS;

e MexaHMyeckue cBoiictBa Metasia 3TB mpu ay-
TOBO¥i CBapKe HU3KOJETMPOBAHHDIX CTaJIeil B OCHOBHOM
3aBHUCAT OT ero (DasoBOro COCTaBa, OCOGEHHO COJEp-
JKaHUS MapTEHCUTA B CTPYKTypPE MeTaJLa;

® B YCJOBHUSIX CBAapOYHOTO TEPMHYECKOTO ITUKJIA
JIETUPYIONIE 3JIEMEHTBl OKAa3bIBAIOT BJIUSHUE Ha
Mexanuueckue cBoiictBa 3TB, rmaBubiM o6pazom
u3MeHss1 Da30BbIN COCTAB METAJLIa U B MEHbIIIEl cTe-
MeHN — TIyTeM W3MeHEHUs MeXaHWYeCKUX CBOWCTB
(a30BBIX KOMIIOHEHT.

[Mony4yennple MoO/eJU TIO3BOJISIOT OIEHUTH Me-
XaHWYEeCKHe CBOWCTBA OTJENbHBIX (PA30BBIX KOMIIO-
HEHT B 3aBUCUMOCTH OT COCTaBa CTAJH U JIJTUTEIBbHOCTI
OXJIAXK/IEHNST MeTa/Ta. B yCJoBUSAX CBApOYHOTO Tep-
MHUYECKOTO TMKJA TTOKA3aTeJ TTPOYHOCTHBIX OT/IEJIb-
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HBIX (hA30BBIX KOMIIOHEHT ITPAKTUYECKH HE 3ABUCSIT OT
CKOPOCTH OXJIAXK/IEHUS, & IJIACTUYHOCTH — yJydla-
I0TCSI TIPU 3aMe/IJIEHHOM OXJIasKAeHun. VIcKJovemHie
COCTaBJIsIeT y/apHas BS3KOCTb (PeppHUTHO-TIEPINTHON
CTPYKTYPbI, KOTOpasi NPAKTUYECKH HE 3aBHCUT OT
JUINTEJbHOCTH OXJIaK/eHus. Jlerupyimoiiue ajeMeHTbl
YIIPOYHSIIOT BCe (pa30Bble COCTABJISIONINE M CHUXKAIOT
nx IJIaCTUYHOCTD. XpOM n HHUKEJb MOTYT HEMHOTO
yJIydlIaTh TJACTUYHOCTH MapTeHCHTa. Y BeJUYeHne
JUTATEJBHOCTH OXJIAJK/EHUS] MOJKET HEMHOTO CHU3HUTDH
TBEPAOCTb M TIPOYHOCTHBIE CBOIICTBA U IIOBBICUTH
MJTACTUYHOCTD METAJLIIA.

3ameueHo ciaGoe TIOBbIIEHUE TPeIesIa MTPOYHOCTH
MapTeHCI/ITHOﬁ CTPYKTYPbI IIpH yBE€JIMYCHUN [AJINUTEJIb-
HOCTH OXJIaXKJieHusl. BeposiTHO, 3TO CBSI3aHO C TPY/I-
HOCTDBIO OIpeJIesIeHUsT TIpe/ieia IPOYHOCTH 3Toil (asa,
TaK KaK OHA Pas3pyliaercsi XPyIKo, 6e3 CyIleCTBeHHON
MJIACTUYECKON eopMaIium.

B 3axirouenne MoKHO OTMETUTDH, YTO B IIPEACT-
ABJIEHHON paboTe MCCJIeOBAHUS JOCTATOYHO TTHPOKOTO

KpyTa HU3KOJETUPOBAHHBIX CTaJiell IPOBEJEHBI TI0
€IMHOI MEeTO/IMKE Ha OCHOBE JKCIIEPUMEHTAIBHBIX
JIAHHBIX, IOJYYEHHBIX B W/IECHTUYHBIX YCJIOBHIX.
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KPUTEPUI OIIEHKU MEXAHUYECKHNX CBOIICTB
COEJIUHEHHNI PASHOPO/HBIX MATEPHAJIOB

JI. 1. MAPKAIIIOBA, B. B. APCEHIOK, I'. M. TPUTOPEHKO, E. H. BEP/IHUKOBA
(Mu-t anexrpocsapku uM. E. O. ITarona HAH Ykpauusi, r. Kues)

VI3/105KeH IPUHIUTINAIBHO HOBBIII MO/IX0/1 K ITPOTHO3NPOBAHMIO KAYECTBA CBAPHBIX PA3HOPOAHBIX COEMHEHNIT, OCHOBAHHBDIH
HA aHAJUTHYECKOIl OlleHKe KOMILJIEKCA MEXAaHUYECKUX XAPAKTEPUCTHK IIPOYHOCTU U IIACTUYHOCTH, BKJIIOYAIONINX TIPe/IeT
TEKy4eCTH, TpeAe] MPOYHOCTH, MapaMeTp BA3KOCTH paspyuieHus (xospUIMEeHT WHTEHCUBHOCTH HANPSIKEHWUN).
AHalMTHYECKHE OIEHKH BBITIOJHEHBI ¢ YYeTOM peajbHO (OPMUDYIONMXCS B 30He cBapku cTpykryp (pasmepa 3epHa u
cy63epHa, MJI0THOCTU AUCIOKAIMIT) , XuMuuecKoro 1 haszosoro cocrasa (Mopdosornu, pasmepos u pacipe/esienus hazoBbix
06pa3oBaHNil) B pasHOPOAHBIX coemHeHusIXx CT3 + Al, MOJMyYeHHBIX IPU Pa3IMYHBIX CIIOCO6aX CBAPKH JABJICHUEM.

The new approach to prediction of quality of welded joints in dissimilar metals is described. The approach is based on
the analytical evaluation of a combination of mechanical characteristics of strength and ductility, such as yield stress,
tensile strength, fracture toughness (stress intensity factor), tough-brittle transition temperature (cold-shortness thres-
hold), etc. The analytical evaluation was done with allowance for actual structures formed in the welding zone (grain
and sub-grain sizes, dislocation density), as well as chemical and phase composition (morphology, size and distribution

of phases) of dissimilar welded joints St.3 + Al produced under different friction welding conditions.

Omnpenenenne paboTOCTIOCOOHOCTH, TOJTOBEYHOCTH U
Ha/IESKHOCTU HOBBIX Pa3HOPOJHBIX MATEPUAJIOB, MC-
MOJIb3yEMbIX, KaK IPAaBUJIO, B 3KCTPEMAJbHBIX YC-
JgoBUAX (AMHaMUYeCKWe W TpaJMeHTHBIE TepMOHAr-
PY3KH, KUJKUE U ra3000pa3Hbie arpecCuBHbIE CPEJIbI;
SJIEKTPUYECKIE ¥ MATHUTHBIE IIOJIST M IIP.) SIBJSETCS
CJIOJKHOI ¥ OCHOBOMOJIaraolieii mpobJaemoii pusnyec-
KOro M IPUKJIQHOTO MAaTepUaOBeJeHus. Y YUThIBasI,
YTO 3HAYUTEJbHAsl YacTb PA3HOPOJHBIX MaTEPUAJIOB
M3TOTABJIMBAETCS PA3JIUYHBIMU CIIOCOOAMU CBAPKU JIaB-
nerrem (andysnoHHON, yaapHOi, TpeHUEM, B3pbI-
BOM M JIP.), [JIsI KOTOPBIX XapaKTepPHbI HECTaGUIbHOCTD
MEXAHUYECKUX XAPAKTEPUCTHK, YTO B OCHOBHOM CBSI-
3aHO C OTpPAaHWYEHUEM WCIOJb3YEMBIX TEXHOJIO-
IMUeCKuX TapaMerpoB (TeMmieparyp, 3HAUEHUs CBa-
pouHoii gedopManum), TO CTAHOBHTCA OYEBUAHOI
CJIOKHOCTD HAJIEKHON OIIEHKU CBOICTB TAKOI'O THIIA
coequuennii. Kpome toro, ciegyer yuuThIBaTh BBICO-
KYIO CTelleHb JIOKAJIU3alluu B JI0CTAaTOYHO Y3KOW 30HE
KonTakra (rry6uHoit mopsiaka 20...200 MKM) cBapHuBa-
e€MbIX MaTepuajoB BCEX OCHOBHBIX COITyTCTBYIOUTUX
cBapke (U3UKO-XMMHUYECKUX TIPOIECCOB M TPEXK/Ie
BCETO IJIACTUYECKON JedopMaliuu, MaccorepeHoca,
dazoobpasoBanus. [lousrHo, 4to cTpyKTYpHO-ba30-
BOE COCTOSTHUE, KOTOpoe (DOPMUPYETCS B 30HE KOHTAK-
Ta MOI06HOIT JIOKATBHOCTH, Gy IET OKA3bIBATD, €CJIH He
OCHOBHOE, TO BeCbMa CYIIECTBEHHOE BJIMSTHIE HA CBOM-
CTBA BCETO CBAPHOTO COE/IMHEHUS.

B nmanHoii cTaTtbe n3/105KeH MPUHIMITHATHHO HOBBIH
MTO/IX0/T K TMPOTHO3WPOBAHUIO KAYecTBA CBAPHBIX Pas-
HOPOJIHBIX COEIMHEHU, OCHOBAHHDIN HAa aHAIUTUIEC-
KO OIleHKe KOMILJIEKCA MeXaHMUeCKIX CBONCTB MPOY-
HOCTH M IJIACTUYHOCTH, BKJIOYAIOIIUX TIPENEs TeKy-
YECTH Gy, MPEJEJT IPOYHOCTU G U TTapaMeTp BSI3KOCTU

paspyuienusi — K03 uIueHT UHTEHCUBHOCTH HATIPSI-
xernit K.

Takue ananmuTHYeCKue OIEHKU, PACCUUTAHHBIE C
y4eTOM peasibHO (OPMUPYIOMUXCS B 30HE CBapPKU
crpykryp (pasmepa 3sepHa u cy63epHa, IJIOTHOCTH
JUACJIOKAIINIA ), XUMIUUECKOro u hazoBoro cocrasa (Mop-
onorum, pasmepos u pacnpezesenust pazoBbIX 06pa-
30BAHWI) ¥ T. II. M BBINOJHEHHBIE C WCMOJIb30BAHUEM
KOMILJIEKCHBIX HCCJIEIOBAHNI 30HBI CBAPKH METOIaMU
OINITHYECKO MeTasiorpaduu, pacTpoBoii U IIPOCBEYNBA-
T0Ield 3JIEKTPOHHON MHUKPOCKOITUH, TO3BOJIIIOT IIPOT-
HO3MPOBATb CBOWCTBA COEAMHEHHN U KOPPEKTHPOBATDH
MapaMeTPbl TEXHOJOTUYECKUX TTPOIIECCOB.

[IpuMep Takoil OIeHKU TTPUBE/IEH IS COeIMHEHMIT
Crt3 ¢ amoMHUHHEM, BBIOJHEHHBIX AnuMEY3NOHHON
cBaproii (JICB) m cBapkoii Bspesom (CB3), or-
JIMYAIONINXCS  CKOPOCTBIO  CBapoOYHOTO jgedopmu-
posanusi: & ~ 1107 (JICB) u ¢ ~ 1:10° (CB3). [lis
CpPaBHEHWSI TPUBEJEHbI TAK)Ke CBOWCTBA 3THX K€
COeIMHEHNN, TOJYYeHHbIX [PU CBapKe TPEHHEM
(CTp), KOHBEHIIMOHHON ¥ MHEPIIMOHHON , 3HAYNTETHHO
OTJIMYAIONIIECS TEMIIEPATYPOIl B 30HE KOHTAKTA.

Kosmnuectsennas ounenka ymnpounennst  (mpu-
palleHnst mpejena  TEeKydecTh), OGyCIOBJIEHHOTO
KayKIbIM M3 CTPYKTYPHBIX TAPAMETPOB, BBIMOJIHSLIACH
CJIeIYIOIIUM 06pasoM. [Tpenen TEKy4eCcTH
CBapHUBAEMBIX MAaTEPUAJIOB PACCMATPUBATIH KaK CyMMY
CJIeYIOMUX KOMIIOHEHTOB [1]:

e CONPOTHBJICHNS TPeHHs penetki oy (op = 2107 G,
Mlla, rne G — Momysb CABWUTa; JJs ATIOMUHUS OH
coctasiger 27300, aaa ctamu — 84000 MIla [2]);

® VIIPOYHEHUS TBEPJOrO PACTBOPA JIETHPYIOMIUMU
aeMeHTaMu AGqy, , (Acmp = Zkic;, MIla, re k; —
koaddurment ynpourenus [3]; ¢; — KOHIleHTparus
JIETUPYIOIIETO 9JIeMEHTa B TBEPAOM PaCTBOPE);

© JI. 1. MAPKAIIIOBA, B. B. APCEHIOK, I'. M. TPUTOPEHKO, E. H. BEP/IHMKOBA, 2002
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e YIIPOYHEHMS 32 CUET TIEPJUTHON COCTABJIAIONIEN
Ao, (Ao, 2,411, MIla, roe II — coxeps:kanue
HEPJIUTHOI cocTaBJsgomei, %);

e VIIPOYHEHUsI 32 CUET MU3MEHEHUs pa3Mepa 3epHa
Ac, u cy63epHa AG., OIIEHHBAEMOTO COTJIACHO M3BECT-
Holt 3asucumoct Xosma—Ilerua (Ac, = kyD;”Q, Ao, =
= k.d.', MIla, rze k., k, — xoadduunent, yunrpisa-
fomuii 6apbepublit addekr cybrpanui u rpanui [1,
4-6]; D;, d, — cOOTBETCTBEHHO pa3Mep 3epHa u cy6-
3epHa);

e JIMCJIOKAIMOHHOTO yrnpouHeHus Ac, (Ao,
=aGbp' %, MIla, rie o — koadduIMeHT, 3aBUCSIIHi
OT XapakTepa pacrpejieleHuss W B3auMOJEHCTBUS
JCJTOKALUI MIPU ANCIOKAIIMOHHOM yIpouHeHnn (J1/1st
ayoMuHud on cocTtasiger 0,3, g cramu — 0,5 [7]);
b — Bexkrop broprepca, ajis aqiOMUHUS OH PaBeH
2,21077 mm; st cramm — 2,5-1077 mm [8, 9]);

e paccuyMTaHHOTO TO 3aBucuMoctn OpoBaHa IHC-
MEPCUOHHOTO YIIPOYHEHUST YaCTUIIAMU 0OPa3yIONIIXCsI

. Gb
dasosbix Beiesennii (OPB) (Ac, (Ao, = 0,81 T @
T
[-2R 2
x In ——— ——==, MlIla, rae ¢ — xoadduimenr, xa-
26 - 2R’ TP b ’
T
dw, jw, D, dae,
MkM (B, MKM $B ds, MEM p, G2
3 ERIEEICE
1,51 25( Jdok, 5 |4g11
e, +:+:4 ]
Laol - g
e, 1010
| g 141
0.9 [ CON N 3
Y e 109
[0 -~ fwos- —— 15| T
R S — T
0,3} s} \@ -yl IR I
Eok LT 1
L L L L h £l L L
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PaKTepU3YIOMWA TUT UCJIOKAINI, B3aMMOEHCTBY-
fomux ¢ yacrunamu, [10, 11]; R — paauyc yactuir;
[ — paccrosiHue Mex/y 4acTHIaMM).

Takum o6pa3zoM, mapamMeTp ©; UMeeT CJEAYIONIHii
BU/I;

o; = 6¢ + Aoy, pt Ao, + Ao, + Ao, + Ao, t Ao,

V3MeHeHus CTPYKTYpbl U CBOHCTB B COEIMHEHUSIX
Cr3 + Al, Bomosnentsix JJCB u CB3, npuBeieHsr Ha
puc. 1.

Kak Bumao, mpu cmocobe [ICB mpoucxomut
dopMupoBaHre U HANPABJIEHHBIH POCT ILJIOTHBIX
CTJIONIHBIX HHTEPMETAJIIAHBIX (Pa3 BIOJb MIOCKOCTH
KOHTaKTa cBapuBaeMbIX MeTaJLtos (puc. 2), a npu CB3
CILJIONITHBIE XPYTIKKE TPOCJIOHKH OTCYTCTBYIOT (pHc. 3),
YTO SIBJISETCS PE3yJIbTATOM AUCIIEPTUPOBAHUS U Pac-
CpefloToueHus 00Pa3yIoNuXcs WHTEPMETAJINIHBIX
a3 nmo Gosee mupokoii (1o cpashenuio ¢ J[TCB) 3ome
CBapKH.

O1leHKN M3MEHEHWS] TTPOYHOCTHBIX CBOWCTB IMOKAa-
3b1BaIOT, uTo 1pu CB3 0CHOBHOII BKJIAJ B YIIPOUHEHNUE

Ay by Da, Ir
MEM MKM da, MKM p, CM-2
I 30 3 4101
@D CD
0,5 25 15 |
| ool J1gie
03 15} 13 1
L 10 F | Jo®
—C— 2
b # In}
{]’1 I &5 K:"‘x.. '_"‘::ipw 11 4
ol oo, elloaw] L, lemeeddd 108
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Puc. 1. i3amMenenust cTpyKTypbl 1 cBoicTB B coennnenusix Ct3 + Al, spmosmnennnix JICB (1) u CB3 (II): @ — OCHOBHbIE CTPYKTYPHbBIE
[apaMeTpbl BJOJb 30HbI CBAPKH; 6 — THUCTOIPAMMbI BKJIAJA OTAEJbHBIX CTPYKTYPHBIX MAPAMETPOB B YIPOUHEHUE DPA3JIMYHBIX 30H
COeJIMHEHNUS; 6 — BEKTOPHbIE JIMArPAaMMbI, OTPAKAIOIINE CyMMapHOe YIIPOUHEHUE, KOTOPoe 06YCJIOBJIEHO CTPYKTYPOHl MeTaJlla CBAPHOTO
COEJIMHEHUST
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MHKPOCTPYKTYPA H CBOHCTBA

Puc. 2. CrpyKkrypHbie u3MeHeHus B o6aacti Kourakra coequuennii Ct3 + Al B ycnousix [ICB: @, 6 — cTpyKTypa U KapTa pacipe/ieeHus
JKesie3a B XapaKTepUCTHIeCKoM usaydenun, X680; ¢ — TOHKas CTpyKTypa amoMunus Ha ray6une ~ 7000 mxm (X20000); 2, 0 — xapaxrep

(asoobpasosanus y nosepxuoctu pasaena (z, X30000, 9, X20000)

€O CTOPOHBI amioMuHust (OTHOCUTENBHO YPOBHS TIPOU-
HOCTH OCHOBHOT'O MeTaJlJla) BHOCAT: U3MeJIbUeHUE 3e-
PEHHON W Cy03epeHHONl CTPYKTYP COOTBETCTBEHHO
58 MIla (52,7 %) u 151 MIla (137,3 %), dop-
MHPOBAHUE HOBBIX [UCIIEPCHBIX HMHTEPMETAJIINHBIX
das — 332 MIla (301,8 %), a Takke MOBBINIEHUE
miotHocTH aucaokanmii — 20 MTIla (18,2 %). Cym-
MapHOe YIIPOYHeHHe B 3TOH, KaK IMpaBmio, ocjaabeH-
HOIi 30HE COEJIMHEHUST COCTaBIsIeT puMepHo 577 MIla,
3aMeTUM, 4TO 3TO 3HAYEHUE TIOYTH B 5 Pa3 IPEBbIINAET

MPOYHOCTL AJOMUHUS B HCXOJHOM COCTOSHUHM. B
pe3yJbTaTe BJOJb 30HbI CBAapKU TIpPaJUEHT Me-
XaHUYECKUX CBONCTB MPaKTHYECKH OTCYTCTBYeT (CM.
puc. 1, II, ). B IPOTUBONOJOKHOCTD HTOMY JJIS
yeaoBuii  JICB  mnposiBisiercss  pe3kuil  rpajiMeHT
MexaHnuecknx cBoiicTs (Ao, = 360 MIla), uTo cBsI3aHO
¢ hopMUpOBaHKEM TTPOTSIKEHHBIX NHTEPMETAJIINIHBIX
IIPOCJIOEK BJ/IOJIb IPAHUIIBI pasjieia.

Cienyer OTMETHUTD, YTO CYIECTBEHHbIE PA3JIUUULI
B (opMupoBaHUM CTPYKTYPHO-(ha30BOTO COCTOSTHUS
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Puc. 3. ismenenne xapakrepa daszoobpasosanus B coequnennsx Ct3 + Al B ycnosuax CB3: @ — crpykrypa B o6mactn Kontakra (X312);
6 — TOHKas CTPYKTypa ajioMuHus Ha ray6une ~ 7000 MM, X37000; 6, 2 — BHyTpHOOBEMHOE pacnpejeserue a3 B anomunun (8, 2

X30000)
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+——>
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4]

Puc. 4. VlaMeHeHue MeXaHIYECKHX CBOICTB npejena Tekyuectu (a),
npegena npounoctu (6) y coeannennii Ct3 + Al, BbIIOJIHEHHBIX
JICB (1), xousenunonnoii (2) u unepuunonnoii CTp (3) u CB3 (4)

500 1000 /, Mkm

MEPEXOIHON 30HBI OOHAPYKUBAIOTCS TIPU PA3THIHBIX
PEKUMAaX U 3aBUCST He TOJIBKO OT CKOPOCTH CBAPOYHOTO
nebOpMUPOBaHNSI, HO W OT TEMIIEPATyp CBAapOYHOTO
mpotecca [12].

Tak, npu xouBenrmonnoit CTp, orimuarorieiics
60J1ee BBHICOKHM TeMIIEPATYPHBIM II0JIEM B 30HE KOH-
TakTa, 3apoxaerue u poct @B nmpoucxoanut npenmy-
IIIECTBEHHO 10 Cy6- M MEXX3ePEHHBIM I'DAHUIIAM, UTO B
CBOIO OUYepe/ib IIPUBOIUT K (POPMUPOBAHUIO MTPOTSIKEH-
HBIX (ba3 CTPOUYETHOTO THUIA BAOJb MEK3EPEHHBIX
rpanuil. Ilpm wunepumonnoii CTp, oramvaromieiics
CHIDKEHIEM TeMIepaTypHOTO MOJIST B 30HE KOHTAKTa,
HabJI0/1aeTcsT M3MeHeHne B Xapakrepe ¢azoo6paso-
BaHUsI W B PACIpeJeleHly PACTYIINX HOBbIX (a3: B
3epHax amomutns (6osee MATKOM U3 [IBYX CBapuBae-
MBIX METAJJIOB) 0OpasoBaHMe AMCIEPCHBIX YaCTHUIL
HOBBIX (pa3 IPONCXOANT PAaBHOMEPHO, IPUYEM BO BHYT-
peHHuX o6beMax 3epeH, YTO CBU/IETETbCTBYET O TOM,
YTO aJIOMUHUN HEMOCPEJCTBEHHO B 30HE KOHTAKTa
MpeJCTaBJIsIeT co60Il yiKe CTPYKTYPY MPAKTHYECKH HO-
BOTO THIIA — THUIA <«KBAa3uKOMIO3uTa». llpu atom
OTCYTCTBYET IPAIUEHT CBOMCTB MPOYHOCTH IO TPAHUIIE
paszena, Tak Kak CBOUWCTBA 60Jiee MSITKOTO MaTepuasia
(amoMuHusT) TIPUOJIMIKAIOTCS K CBOIiCTBaM GoJiee TBep-
noro (cramm).

TaxkuM 06pa3oM, aHAJIN3 KCIEPUMEHTATBHBIX U
pacueTHbIX Pe3yJIbTaTOB IOKa3biBaeT, uto npu CB3 u
pesknMax wHepnnonHoN CTp HemocpeacTBeHHO BAOJD
TPAHUIBI Pasfiesia COeJMHEHUs] OTCYTCTBYEeT OGBIYHO
HaGJII0IaeMbIll TIPU CBAPKe PAa3HOPO/HBIX METAJIIOB
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MHKPOCTPYKTYPA H CBOHCTBA

TPaJVieHT MeXaHWYecKnX CcBOHcTB. Ilpm atom mpo-
UCXOIUT OO6IIlee MOBbINIEHNE TIPOTHOCTHBIX CBOMCTB KaK
CO CTOPOHBI CTaJW, TaK U CO CTOPOHBI AJIOMUHUS
(puc. 4, a). Oco6eHHO YETKO TO TIPOSIBJISAETCS CO CTO-
POHBI ATIOMHUHNS — 3HAUYNTeJbHOE IOBBINIEHNE Tpe-
JleJla  TeKyuyecTH B 30HE KOHTAKTa B OCHOBHOM
MPOMCXOIUT, KaK YK€ OTMe’asJoch, BCJEJCTBUE
¢opMupoBanus AUCHEPCHBIX HOBBIX ha3z, pacipene-
JIEHHBIX B 00beMax 3epeH, a TaKkyKe U3MeJbueHus cy6-
CTPYKTYPBI.

KonkperHble naMeHeHus: pa3MepoB BHYTPUOODbEM-
HBIX IUCIIEPCHBIX (pa3 d, W PACCTOSTHWIT MEXIy HUMU
[y, a Tak)ke M3MEHEHH IO Xapakrepy ¢azoo6paso-
BaHUA B 30He KoHTaKTa coequnennii Cr3 + Al, BbimoJ-
HEHEHHBIX PA3JIMYHBIMU CIIOCO6AMU CBAPKU TIPUBE]Ie-
HBI Ha pHC. J.

W3BecTHO, YTO HAIEKHOCTb CBAPHBIX COEANHEHUI
He MOKeT OBbITh OlleHeHa KaKoW-I1m60 OJHOM Xapak-
TEPUCTUKON MEXaHWYECKUX CBOWCTB, HANpUMEp G,. Ee
06bIYHO XaPaKTePU3YIOT KOHCTPYKTUBHOH (KOHCT-
PYKIIMOHHO#1) TPOYHOCTBIO, T. €. KOMILJIEKCOM Me-

€/INHCTBEHHBIMHU NIapaMeTpaMy KOHCTPYKTHBHOI IIPOY-
HOCTH, KpPOMe IIpefieJia TEeKY4eCTH Gy, SBJAIOTCA TaK
JKe TIpeJiesl IPOYHOCTH G M NapaMeTp BA3KOCTH Pa3-
pyumenusa Ky,.

[IpuBesientble BbINIE aHATUTHYECKUE OLEHKH YII-
POYHEHUS G, BBINOJHEHHbIE C YYETOM peaJbHO
(opmupyIOmuCS B 30HE CBAPKU CTPYKTYP, MO3BOIAIOT
TaKe IPOU3BECTU OLEHKY IIpesiesia IPOYHOCTU CBApP-
HbIX coejutenuii (cM. puc. 4, 6) yepes BeJUUHHY
o1/ Op TI0 3aBUCUMOCTH

2
Or _|Or \ 2 (x
GB_(Xj (1+m) 1+1+m Cr)’

rzae nokasareab m = 0,3; y — koaddunment nedop-
MAaIMOHHOTO yIpouHenus [3].

Cremyer orMeTuTb, 4TOo KO3(ppumument medop-
MAIMOHHOTO YIIPOYHEHUS }, 3aBUCHUT OT TaKUX CTPYK-
TYPHBIX IAPAMETPOB, KaK pa3Mep 3epHa d, 1 pa3Mepbl
o6pasyiommuxcs yactuil @B D,. [Ipuyem BiausHue 1moc-
JIEJTHUX OIIpe/iesIsieTCsl TI0 M3BECTHON 3aBHCHMOCTH

XaHHYeCKUX cBolicTB, u BakHeilmmmu, nHo He Oposana [10, 11, 13], Briouaiolieit 06bEMHYIO OJIIO
M
\~. g oy, MEM
b
- 1.50
l4 25
= - 1.00
1000 = " .lrl.'_:-
500 dy d = b (0, 7L
100
50
L 0,50
[~ an

MCBERXHEETE 15 :

EETEY B 5 B - (), 25
15
cr3 1 MM 0
a Acs Cha
35 MMa (d., 1) [arl 35 MNa (d., L)

Puc. 5. Pazmepbl BHYTPUOGBEMHBIX [UCIIEPCHBIX (Da3 B aMOMUHUM d,, ¥ PACCTOSIHUS MEXK/Yy HUMHU [, B 30He KOHTaKTa coequnennii Ct3 +
+ Al, Bomosentsix [ICB u CB3 (a), nux Bkaag B obmee ynpounenne o, (6, 6), a Takke naMenenue xapaxkrepa $haszoo6pazoBaHus B

amomunuu (z — X15000; 0 — X30000)
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Puc. 6. [lmarpamMmMa KOHCTPYKTHBHOI TpouHoCcTH coefnuenuii Ct3 +
+ Al, sbmomnennbix JCB (7), xousenumonnoii CTp (2) u
usepionnoit CTp (3), CB3 (4) (@); cTpyKTypa allOMUHES B 30HE
konrtakta (X20000) u cXeMa BA3KOTO PaspyllcHUs] B Pe3yJibTaTe
06pa3oBanisl sIMOK Ha BHYTPHOGBEMHBIX AUCIEPCHBIX (azax mpu
unepruonnoii CTp (6); crpykrypa amomunus (X20000) u cxema
MHTEPKPUCTAJIJINTHOTO Pa3pyllleHusl B pesyJibrare Hamuuus (as mo
rpanuiam seped 1pu kousenuuonnoit CTp (g)

f, pasmepn! dasoBbix o6pasoBanuiti D, a Tak:Ke pac-
cTosgHUS Mexxay yactuiiamu a3 A. B urtore, umes ak-
CTIEpUMEHTAIBHYT0 HHMOPMAINIO O KOHKPETHBIX Mapa-
MeTpax MHKPOCTPYKTYPbI U (Da30BOro cOCTaBa, OTpe-
JIeJITEMbBIX TIPU KOMILJIEKCHBIX WCCJIE0BAHUSX METO-
JlaM¥ OTITUYECKOl MeTasmorpaduu, pacTpoBoil, poc-
BEUYMBAIOIIEH 2JIEKTPOHHOI MHUKPOCKONUHU, KO3(]-
durment n1edopMaImoHHOTO YIPOYHEHUST MOKET ObITh
oTIpe/ieJieH TI0 3aBUCUMOCTH

x=M"%cG \/YZD—ZF + M*?raG V—_

0,15d,’

rme M — OpUEHTAIMOHHBIH MHOXWTETb, ¥ —
K03((PUINEHT, XapaKTePU3YIOMUN yMeHbIIeHNe YII-
POYHEHNS BCJEACTBUE HEPABHOMEPHOCTH PpacIpejie-
JeHus aucaokaiuii (pr X HeM3MEHHOH MIOTHOCTH
U TIPU PAaBHOMEPHOM pacIipe/ieJieHUH AUCIOKAIUN 7 =
=1, a ipu 06Pa30BAHUHU SYEUCTOI CTPYKTYPbI 7 < 1),

Ha puc. 6 npuBesnena quarpaMmMa KOHCTPYKTHBHOM
MPOYHOCTHU coeinHeHu  amtoMuaus co CT3, BBITOJIHEH-
HBIX PpAa3JUYHBIMU CHOCO0AMM CBapKHU JIaBJE€HUEM.

Onenky BemuuHbI K. TPOBOIN/IN, OCHOBBIBASICH HA
KpPUTEpUAX JUHEHHON MeXaHUKW paspyiieHus [14].
[Tpu aToM a1 onenku K, B KaXXJIOM U3 UCCIEAYEMbIX
COEJIMHEHUH MCIIOIb30BAIN SKCIIEPUMEHTATbHbBIE /TaH-
Hble (ppaKkTOrpapmMuecKoro aHaIM3a M3J0MOB, B YaCT-
HOCTH, pa3Mep sIMOK Ha IMOBEPXHOCTH pa3pylleHus dy,
3HaUeHWe KOTOPOTO MPHPAaBHEHO K 3HAYEHUIO
KPUTHYECKOTO PACKPBITHS TpeuuHel [3]

K1(7 = VZEGTdﬂ.

Kpome Toro, BemmunHa Ky, omnpenensiiach Takxke ¢
YYEeTOM JIPYTHX MUKPOCTPYKTYPHBIX MapaMeTpPoB, TOJY-
YEHHBIX [TPU UCCJIEIOBAHUIX TOHKOU CTPYKTYPbI CBAPHBIX
COEIMHEHNI Ha TTPOCBET, a uMenHo — D, A u f:

1,2

1/3
Ky, =| 26, (g) D| 8

Vcxons w3 ananmmsa CBOJHOW JuarpaMMbl KOHCT-
pyKTUBHOI npouHoctu coequtennit Cr3 + Al, BuHO,
YTO JIJISI HI3KOJIETUPOBAHHBIX MAJIOYTIEPOJUCTDIX CTa-
Jiefl ¥ aJIOMUHHUEBBIX CILIABOB BBITSHYTbIE 06JACTH
OBAJIbHOTO THUTA XapaKTePHU3YIOT TOCTHKUMBIE COoYe-
tanusi Ki. m o, [14]. 3HauurespHas NMMpPUHA ITUX
o6JiacTell CBU/IETEIbCTBYET O CYIECTBEHHOM BJIUSHUU
Ha TIOKa3aTeJ I KOHCTPYKTUBHON TIPOYHOCTH CTPYKTYP-
HBIX TTAapaMeTPOB, OMPEENSONINX Peaju3arnio MIK-
poMexaHM3Ma paclpocTpaHenus Tpeniubl. [Ipu KoH-
BenimonHoit CTp u [ACB Hapsizy ¢ rpajiueHToM, Ha-
6J110/1aeMbIM HEIIOCPE/ICTBEHHO B 30HE CBAapKHU 110 Gy,
UMeeT MEeCTO U CHUIKEHHE IapaMeTpa BsI3KOCTU Pa3py-
mrernst Ky.. Ilpu uneprmonnoit CTp u CB3 nabuiona-
€TCST TIOBBIINEHNE G, IPU HE3HAUWTEJbHOM CHUKEHUU
K. Tlocnenaee mpuBOANT K peaTu3aliuud BI3KOTO Me-
XaHW3Ma pa3pylIeHus] COeMHEHNN, YTO BO MHOTOM
06y CJI0BJIEHO 06Pa30BaHUEM JAUCIIEPCHBIX (ha3 110 BHYT-
peHHuM oObeMaM 3epeH B aJIOMUHUH.

Takum o006pasoM, Ha TpUMepax CBapHBIX COe-
JINHEHUI PA3HOPO/IHBIX METAJIJIOB OBLIO IIOKA3aHO, YTO
OTIEHUTD PSI/] OCHOBHBIX MEXaHNYECKUX XaPaKTEPUCTUK
COeJIMHEHNN MOKHO C MCIIOJIb30BAHUEM 3JKCIIEPUMEH-
TAJTbHON 6a3bl JAHHBIX CTPYKTYPHBIX MapaMeTpoB,
MTOJTYYE€HHBIX ITPU UCCJIE/IOBAHUY HA PA3JUYHBIX CTPYK-
TYPHBIX YPOBHSX — 3€PEHHOM, CyOCTPYKTYDHOM,
JMCJIOKAITMOHHOM, BKJIIOUAIOIINX XUMUYECKHUIT COCTaB,
pasMep 3epeH U cyO3epeH, IJIOTHOCTh IUCJTOKAIIHA,
pasmepbl u pacnpesenenue DB, dasosbliit cocras
CBapUBAEMbIX MATEPUAJIOB U T.II.

W3noxenHas oOlleHKa CBOWCTB MPOYHOCTH U
TJIACTUYHOCTH TI0 JIOKAJTBHBIM 30HAM CBAPKH C YUYETOM
peanbHO (OPMUPYIONHUXCS CTPYKTYP U XMMUYECKOTO
cocTtaBa MeTaJjijia, MO3BOJISIET HE TOJBKO OIpPEeJisTh
CBOWCTBA COEIMHEHWW B ONpPE/IeIEHHON 30HE CBapKH,
HO ¥ BBISBJIATb KOHKPETHbBIE CTPYKTYpPHO-(pa30Bbie
rapaMeTphl, IPUBOSIINE K CHUYKEHHIO, JINOO K TIOBBI-
IIIEHNI0 CBOUCTB CBAPHBIX COEIMHEHUN.

1. Cysyxu X. O mpejieie TEKy4eCcTH TOJUKPHUCTAIINIECKIX Me-
TasuioB u ciiaBoB / / CTPyKTypa M MeXaHH4ecKHue CBOICTBa
MmerasioB. — M.: Meramryprus, 1967. — C. 255-260.
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MICROSTRUCTURE AND PROPERTIES

MATEMATUYECKOE MOZAEJINPOBAHUE CTPYRTYPbI
METAJIJIA 3TB IIPU JIASEPHOI CBAPKE

B. IEKAPCKA
(VIH-T MEXaHUKK U OCHOB KOHCTPyKIuii MammH, [Tosmrexunka Uencroxosekast, [Toapima)

[Tpennoskena MaTeMaT4ecKast MO/IeJb, OTIMCHIBAIOIIAS TEMIIEPaTypPHOe 1oJie 1 (ha30Bble IPeBPalleHns B poIiecce Ja3epHoi
cBapku. TemrepaTypHoe IOJIe ONpe/esiseTcsl ypaBHEHNeM HEYCTAaHOBUBIIErOCsS IIOTOKA TellJla ¢ KOHBEKTUBHBIM YJICHOM.
[TpuHATO, YTO MCTOYHNKOM HarpeBa ABJAETCA JA3ePHBIA Jyd ¢ pacnpeaenennem laycca. [lna pemennst ypaBHeHns Temn-
JIOIIPOBOZIHOCTH HCIIOJIb30BaH MeTo/ pyHkimu I'puna. Ilytem onpenenenust yaeabHoro o6bemMa o6pasyionmxcs (as Bbl-
IOJIHEHA Ol[eHKa BO3HUKAIONWX cTPyKTyp B Metasie 3TB cBapHoro coeunenus. ¥ aebHblii 06beM a3 Bo BpeMs Harpesa
U OXJIK/EHUS onpe/iesieH Kak (DYHKIMS TeMIepatypbl M CKOPOCTH OXJax/ieHus. Mojesb (a3oBbIX NPEBPAIICHUN B
TBEPJIOM COCTOSIHUH JJISI CBAPHBAEMOIT CTAJIN MOBBIIIEHHON TPOYHOCTH GA3UPYETCS HA TIOJIOKEHNH O HEITPEPBIBHOM OXJIAXK-
neHnn 1 ypaBHeHusx Aspamu, Koiictunena u MapGyprepa. [IpuBesieHbl npumMepbl pacyeToB JJIsi CBAPHBIX COE/IMHEHMUIL.

The mathematical model describing a temperature field and phase transformations during the laser welding process is
suggested. The temperature field is determined using the unsteady-state heat flow equation which involves the convection
term. It is assumed that the laser beam with a Gaussian distribution serves as the heat source. The thermal conductivity
equation is solved by the Green function method. Structures formed in the HAZ metal of a welded joint are evaluated
by determining the specific volume of the formed phases. The specific volume of the phases during heating and cooling
is determined as a function of temperature and cooling rate. The model of solid-state structural transformations for an
increased-strength steel is based on an assumption of continuous cooling, as well as on the Avrami, Koistinen and

Marburger equations. Examples of the calculations for welded joints are given.

BBeaenne. B mocregHme gecsaTtmieTnss  60JbBINOE
BHUMAaHME YYEHDBIX U IIPOM3BOJICTBEHHUKOB Y/IEJISICTCA
JIa3epHON CcBapke, MpUYeM TPeOOBAHUSI K KaveCcTBY
CBapHBIX COeIMHEHWI HeyKJIOHHO ToBbIaTcs. [loc-
TOSTHHO COBEPIIEHCTBYIOTCS METO/IbI YIIPaBJIEHUS IIPO-
1[lecCaMi CBApKM M KOHTPOJISI CBApHBIX COEJUHEHUN.
MomHOCTb JIydya 1 CKOPOCTh €T0 MepeMeleHsT OKa3bl-
BalOT HanboJIbIllee BIUsTHUE Ha (POPMY BaJIMKa, a cJe-
JloBaTesibHO, M Ha pasMmepbl 3TB cBapuBaembix aJe-
MeHTOB [1—4].

CKOHIIEHTPUPOBAHHbBIN UCTOYHUK Tellia MPU Jiasep-
HOI CBapKe HarpeBaeT COeINHSIEMbII METAJLT 10 BBICOKON
TeMuepaTypbl 1IIpU 3HAUUTEJbHOM ee TIpajuenrte. B
pesyJabTare B MeTajsie IBA M OCHOBHOM MeTaJsie
IIPOUCXOAAT (Da30Bble IPEBPAlIEHUsI, YTO COBMECTHO C
TEeMIEepPaTyPHBIM T'PAIUEHTOM MPUBOAUT K BO3HUKHO-
BEHMIO 3HAYMTENBHOI N30TPOIHON AedopMariin. BaxkHo
UMETb JJAHHDbIE O KUHETHKe (PAa30BbIX MTPEBPAICHUH U UX
BJIUSTHUM Ha BEJMYMHY BPEMEHHBIX M OCTATOYHBIX Ha-
MIPSDKEHUI B CBAPHBIX COEAMHEHUSIX, TIOCKOJIbKY 9TH Ha-
MPSDKEHUST  O0YCJIOBIMBAIOT CONPOTUBJIEHHUE SKCILIya-
TAIMOHHBIM HAarpy3KaM U IPeX/e BCero IpOYHOCTb IIpU
IUKJMYECKUX Harpy3kax [1, 5, 6].

s onlenkn BausAHUA (Ha30BbIX [peBpalleHuil Ha
BeJMUUHY JepopMalinii U HalpsKeHUH BO BpeMsi Ha-
TPEBAHUSA W OXJIKIEHUS MeTaslja TMpH CBapKe Heo6-
XO/IUMBI JJaHHbIE O BeJnuuHe W Buje (Hha3oBbIX MPEB-
palrennii, MPONCXOAINX B JAHHOM IMKJE CBApKH.
Uucaennoe uccienoBanue (Ha3oBbIX IIpeBpalleHUil
MI03BOJISIET COKPATUTh TPYJOEMKHe 3KCIepUMEHTaJb-
HbIe KCCJE0BAHUA M J1aeT BO3MOKHOCTb IIOJYYUTb

© B. IIEKAPCKA, 2002

JTaHHbIe, HEOOXOAUMDIE [IJIT pacyeTa OCTaTOYHBIX Ha-
NpsDKEHn .

CraTbs MocBsilieHa pa3paboTKe MOJIETH YICIEHHO-
IO HCCJIEOBAHUS TEMIIEPATYPHOTO MOJisT U (DA30BBIX
TIpeBpAIeHU PN JIa3epHOU CBapKe TOHKOJUCTOBBIX
aJ71eMeHTOB. TeMIiepaTypHOe 1I0JIe OIIpe/IeIEHO 13 YPaB-
HEHUS HEYCTAHOBUBIIETOCS TIOTOKA TelJa C KOH-
BEKTHBHBIM uJieHOM. [IpUHATO, YTO MCTOYHMKOM Ha-
rpeBa sIBJISETCs JIA3epPHbIN JyY ¢ pacnpezesnenueM [a-
ycca. Y paBHEHUE TETJIONPOBOTHOCTH PEIIEHO METO/IOM
dyuximu puna [7]. Boimonnena onenka Bo3HU-
kaonux B 3TB cTpykTyp pacuetoM y/eabHBIX
06beMOB (ha3 BO BPEMsI HArpeBa U OXJKIAEHUS KakK
(QyHKIMKU TeMIepaTypbl M CKOPOCTH OXJIAXK/EHUS.
[TpuBeeHbI TPUMEPBHI pacyeTa TEMIIEPATYPHBIX MOJIei
1 ($a30BbIX TMPEBpAIleHUil B CBAPHBIX COEIUHEHUSIX
CBApWBAEMbBIX CTaJiell.

MaremMaTnyeckasi MOJI€JIb TEMIIEPATYPHOTO TOJIS.
Pacuer TemrepaTypHOTO TOJIS TIPOBOJIUTCS TIO ypaB-
HEHWIO HEYCTAHOBUBIIETOCS IIOTOKA TelJia C KOH-
BEKTHBHDBIM UYJIEHOM

KV?O(x, t) — %ok, O + VO(x, t)v + Qv _ 0, (D
ot Cur

rae k = A/(pc) — KoapPUINEHT BHIDABHUBAHUS TEM-
neparypbl; Cef = pc — yIedbHas TEIIOEMKOCTb;
Oy — MOIHOCTh OGBEMHOTO UCTOYHUKA TEILTA, B KO-
TOPOM YUHTBIBAETCS TEILJIO OT JIA3ePHOTO JIy4a; X —
BEKTOP TIOJIOKEHHSI PACCMATPUBAEMOil TOUKH; v = v(X,
t) — BEKTOP CKOPOCTH T€PEMENIEHNS JA3ePHOTO JTyUa.

Vpasaerne (1) perieHo MeTOIOM CyNepro3uiinu
dbyukuuu I'puna [7, 8]. Ilpennoxkentniii B pabore [7]
METOJ[ 3aKJIOYaeTcss B WHTETPUPOBAHUU (DYHKIUU
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I'puna B o6beMe B Buge puaMbl (—oo < x, y < oo, 0 <
< z < ) ¢ TPAHUYHBIMU YCJIOBUSIMH:

Ox, y, 2z, t) =0 pna x, y — oo

gx, y, 0, ) =0 2

Z —> o0,
1 HavaibHbIM ycaoBueM O(x, y, z, 0) = .

B ajropurme pemieHus KCHOJb30BaHA TEXHHUKA
(PUKTUBHBIX HCTOUHUKOB. [IpUHATO, 4TO CTAI[IOHAPHOE
pelenne CyuecTByeT A1 BpeMeHu ¢ = t', a MoABIKHA
cucreMa Koopaunat {x’, y', Z'} Tepemelaercs OT-
HOCHUTENbHO 6a30Boii co ckopoctbio v = v(u, 0, 0)
napaJiiesibHo ocu x. TeMmmeparypHoe II0JIe B OIIpee-
JieHHOH Touke X = X(x, ¥, z) U BpeMeHU ¢ 3aBHCHUT OT
HCTOYHKKA ¢ pacipeienenneM laycca:

@+ @)

3)
27 -Bl IJ

.
oW, y', ) = Qze p(
a
rie Q° — MOUIHOCTb Ja3epHOTO Jy4a; B —
Koapduiment abcopbunn; ¢ — Koa3pPUIHIEHT,
YUHUTBIBAIOMINN KOHI[EHTPAIMIO B paclpejesieHnn
laycca.
Temmeparypa B paccMmarpuBaeMoii o6Jjacti B
pesyJibrare, HarpeBa (3) BbIpaskaercsi B BUJE:

O(x, t):c _”Q( )G (x — x|, t—t) x

[’ 0 Q
x dx'dy'dz’dt + ©,.

(4)

Unterpupys (4) 10 NpPOCTPaHCTBEHHBIM KOOP-
quHartaM, ¢ yueroM (3) moayuaem (1t = Vi (¢ — t'))

O, 5= 4nC J y @+ 2K(t -ty e

(x + u(t — ) + o
Ak(t — t') + 2d°

X exp [Kﬁ2(t -t - (5)

x {exp (B2) erfc (B‘C + %J + exp ( — Bz) erfc ( T - iﬂdt’ +
+ Q.

Wuterpuposanme 1o spemenn (5) (dt’) mpo-
BoauTCsT MeToIoM Pombepra.

Marematuueckasi mozaesib (PasoBbIX MpeBparie-
Huii. Mosesb (a3oBbIX TNpeBpallleHnii pa3padoTaHa
JUJIST CBAPUBAEMbBIX JIETUPOBAHHBIX CTaJiel. Y e IbHbBIN

[Mapamerpnr I u II k0B HarpeBa n OXJAXK/ICHUS

00beM aycTeHHnTa, 0OPa30BABIIETOCS BO BPeMsT Harpe-
Ba, ompesnensiercs 1o ¢popmysae Appamu [9, 10]:

(0, t)=1—exp (— b(®O) t"®), (6)

rae t — Bpems; b(O®) u n(®) KO09(DPUIUEHTDI,
yCTaHaBJIMBAaEMble B COOTBETCTBUH C YCJOBHSMH Hada-
Ja Mg ¥ 3aBepIieHus Ny npespaiiennii (B aaroputMe
npussaTo: N = 0.01, ny=0.99):

In In (1 - nf)
In (1 -y —In (1 - T]s)
n(®) = , b(O®)= W @2
t, s
In t_f

Ynenpubiii 06beM a3bi, 06pa3oBaBIelics BO
BpeMs OXJIAXKJIEHUS] ayCTEHUTA, OIPeEesISeTcsT TeMIle-
pPaTypoii M CKOPOCTBIO OXJAKICHUS B [UATIA30HE TEM-
nepatyp 800...500 °C. KosmvecTBeHHO MaccoBasi J10Jist
HoBOI (paspl (6eliHnT MM60 CMECh MapTeHCHTa |
GeiiHnTa) OIpEJENseTcs C YYETOM CKOPOCTH OXJIaK-
JleHus B nquanasone 4,5...30 K /¢ [8, 10]. Wcnoab3y-
ercs 3aBUCAMOCTD u3 [3, 4]

N (©,) = 14 (1 = mj (1 —exp (- B@)"®)), (8)

rZle 1); — MaccoBas J10Jisl HOBOW (hasbl, 06pa3oBaBIIIeii-
Cs1 BO BpeMsl OXJIK/eHUS.
Y nenpHBIE 06bEM MapTEHCUTA OIpefessieTcs Mo

dopmye
Ny =14 (1 = exp (— b(O) exp (n(©) In (1))).  (9)

MDasoBble TpeBpaIcHNST BbI3BIBAIOT M30TPOITHYIO
JedopMaIfio MeTasia, IpudeM IIPHpPOoCT AedopMarun
B 3aBUCHUMOCTH OT TeMIlepaTypbl 1 (a30BbIX TIpeBpa-
IIeHNiT onpesessercs Mo GopMye:

i=5
€= aim; do - b y; dn; sgn (d©),

i=1 j=1
rae ® € <@g, O™, a; =a; (@), i=A, b, @, M n
Il — ro3pPUIMEHTDI JUHEHHON ANIATAllud COOTBET-
CTBEHHO aycTeHuTa, Geitnura, Hhepputa, MapTeHCUTa U
IepInuTa; Y v, (©), j = A b, @&, M n II,
Koa(dutneHTsl (Pa30BBIX TIpEBPAIeHUIl ayCTEHUTA,
COOTBETCTBEHHO B OeitHut, (eppur, MapTeHCHT U
nepsit; o6osHauenune (sgn(e)) sapiserca dyHKmein
3HAKA.

(10)

Ne Bpewmst, ¢ Temmeparypa, K Ckopocrb, K/ ¢
9KCIIe-
puMeHTa I I I I I 11
1 0 0 323 323 - -
2 5.60 5.50 323 323 - -
3 20.60 19.00 1273 1273 63.33 66.66
4 31.85 31.00 1273 1273 - -
5 219.40 124.50 323 323 —4.79 -9.62
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o D 50 100 150 200 tc
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Puc. 1. [Annatomerpryeckast KpuBast [JIs1 IEPBOTO IUKJIA: — —

pacyer; — — — — B3KCIIEPUMEHT; ------- — TeMIepaTypa
1,0 F=7 TK
) e {1223
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Puc. 3. /lunatomerpuyeckast Kpusast AJisi Broporo rukia (06o3na-
YeHus M. Ha puc. 1)
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Puc. 5. PacnpeziesieHne teMnepaTypbl Ha BEpXHeil 1 HUKHEIT oBep-
XHOCTSIX BJIOJIb JIMHUM CBapKW 006pasia: CIUIONIHAS KpUBasi —

npumep 1; mrpuxoBas — npumep 2
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Puc. 6. Pacnpesenenue temnepatypot (@) u yaenbuoro o6bema (6)

MapTEHCUTAa B  [ONEPEYHOM CEUYeHUH
(mpumep 1)

cBapuBaeMoro o6pasia

el 4 ¥, MM

Puc. 7. Pacnipenesienne temmnepatypsi (@) u ygremsnoro o6bema (6)

MapTe€éHCUuTa B I[OINEPEYHOM CEYECHUUN

CBapuBaeMoro 06pa3ua

Puc. 4. Kuneruka Has3oBbIX npeBpalieHnii st BTOPOTO IHKJIA
(06o3HaveHus cM. Ha puc. 2)

(upumep 2)
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IIpumepsr 3KCHepUMEHTATbHOII TPOBEPKH. B
WMucruryre TeXxHUYeCKOH MeXaHUKU U OCHOB KOHCT-
pyximii MamuH [lomurexankn YeHCTOXOBCKOI TpoBe-
JIEHBI TAJIATOMETPUYECKIE MCCAeIOBAaHNS HA YCTAHOB-
Ke C IMKJNYECKUM U3MEeHEHNEM TeMITepaTypbl (PUPMbI
«SMITWELD». 9xcriepuMeHTbI BBITIOJHEHBI HA CBa-
pUBaeMoil CTajii MOBBINIEHHONH MPOYHOCTH, Mac. %:
0,18 C; 0,85 Mn; 0,35 Si; 0,03 P; 0,025 S; 0,25 Cu;
0,65 Cr; 0,73 Ni; 0,045 Al; 0,43 Mo; 0,05 V; 0,005 B.

UccnenoBanusi 1poOBelleHbl MPU  JBYX PAa3HbIX
[UKJaX HarpeBa M OXJaxaeHus (BOCIPOU3BOISIINX
peasibHble YCJOBHsSI TIPU CBapKe) 0OGPasIioB C pas-
Mepamu 50X 11X11 MM, ¢ TOPIIOB KOTOPBIX BLICBEPJIE-
Hbl OTBepcTUsi auameTpoM 4 na raybuny 20 M.
OrtBepcTust CayKuau At 6oJiee GBICTPOTO OX-JIAXK-
JeHust o6pasnoB. Paboune mapaMeTpor BpeMsi — TeM-
mepaTtypa 1 CKOPOCTb HarpeBa 1 OXJTaXKICHUS B OT/eTb-
HBIX KCIIEPUMEHTAX MPUBEIEHDI B TAOJIHUIIE.

Pacuerpl ynnwaenus, nedopmaium u yaeJTbHOTO
o6beMa (a3 BBIMOTHEHBI [JIsI CTAJU TOBBIIIEHHON
npounoctu Mapku 14HNMBCu pug aByx Tepmu-
YeCKUX ITMKJIOB, aHAJOTHYHBIX UCTIOJb30BAHHBIM TIPU
JNJIATOMETPUYECKUX — MCCJAeIoBaHusAX. Jlumatomer-
pHUYECKIe KPUBbIE U KHHETHKA (ha30BbIX IIPEBPaleHuit
JUIST TIEPBOTO M BTOPOTO ITUKJIOB TIPE/ICTABJIEHBI Ha
puc. 1—4.

IIpumepsi pacueToB. Pe3yibTaThl YMCTEHHOTO HCCJIE-
JIOBaHMsI TIPE/ICTAaBJEHbl JUisi o6pas3lia C pa3MepaMu
100XX30X6 MM, cBapuBaeMOro JIa3epHOi CBAPKOIA.

Ternnodpuaudeckre mapamMerpbl IMPUHATHI 1JIsT HU3-
KOYTJIEPOJNCTON HU3KOJIEeTHpOBaHHOH crasu. 1pu-Be-
JIeHBI [[Ba MIPUMepa PAacueToB AT CJAeIYOMUX Mapa-
METPOB CBapKW: MOITHOCTh Q" = 4,2 u 5,8 kB, cxo-
poctb cBapku 48 u 102 M /4, 1uaMeTp Ja3epHOTO JTyda
d = 2\2a = 4 mm, koadpdument abeopGin B = = 250
(a1 cpasnenus [7]).

Temneparypa, yaeapubiii o6beM a3 ¢ 0603Ha-
yenneM Metasia 3TB, o6pasyromuxcs npu 3a1aHHBIX
Harpyskax, IoKazanbl Ha puc. 5—7. Ilomydennas
06J1aCTh TIIABJIEHUS MEeTaJIa JJs MOITHOCTH M CKO-
POCTH, COOTBETCTBYIOIIUX IIPUMepPY 2, CPaBHUMA C

Puc. 8. CBapHoe coennnenue, BBITIOJHEHHOE JIa3ePHON CBAPKOIl IO
napamMerpam mpumepa 2

nosryueHnoi B pabore [2] (puc. 8) ard 6mskux mapa-
MeTPOB JIa3epHOI CBapKM.

1. Hccaedosanue paGoTOCIIOCOGHOCTH — CBAPHBIX — COEMHEHUIT
Tpy6HOil cranmun 10I'2BT, BbIoJHEHHBIX ABYXIIPOXO/HOII JIa-
3epHoil cBapkoit / A. A. Ppi6axkos, B. B. {kyGosckwuii,
B. U. Kupwbsau u ap. // Asromar. cBapka. — 1995. —
Ne 7. — C. 12-17.

2. Ocobennocmu CBApKH TOHKOJMCTOBBIX HU3KOYTJIEPOANCTBIX
crajeil umiyJbcHo-Tiepuogudeckum usiydennem CO,-azepa
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PHASE TRANSFORMATIONS IN STEEL
DURING INDUCTION HARDENING

D. GAUDE-FUGAROLAS
(University of Cambridge, United Kingdom)

Steel components for many critical applications need to be produced to meet very high standards of dimensional accuracy,
mechanical properties and microstructure. One example is in the automotive industry, where large quantities of highly
reliable components have to be manufactured. Induction hardening allows the heat-treating of large batches of compo-
nents, of many symmetries and sizes, producing a localised hardened layer and little distortion. A comprehensive model
to determine the evolution of microstructure during induction hardening of hypoeutectoid steel components has been
developed. The model includes the calculation of the thermal history during the process and takes into account the
composition and microstructure, as well as several process parameters. There is reasonable agreement with experiment.

CraJjibHbIE AeTau IJId OTBETCTBEHHDBIX KOHCprKHI/Iﬁ AOJI’KHDI BBIIIOJTHATHCA B COOTBETCTBUU C JKECTKUMU CTaHJapTHBIMN
TpeGOBaHI/IHMI/I Ha TOYHOCTDb padMepOB, M€XaHUIEeCKHe CBOIICTBA 1 MUKPOCTPYKTYPY. B kauecTBe IIpuMepa MOKHO ITPUBECTN
ElBTOMO6I/I./'II)HyIO IIPOMDBIIIJIEHHOCTDb, I/l€¢ B Gouibiinx o6beMax JIOJIJKHDBI IIPOU3BOJAUTDHCSA BbBICOKOHA/IE)KHbIE [eTajIu.
I/IHﬂyKHI/IOHHaH 3aKaJIKa II03BOJISAET BbIIIOJHATD TepMoo6pa60TKy GOJTBIINX HapTI/Iﬁ ae’ra.-'[eﬁ CJIO’KHOMI q)OPMI)I u pasMepoB
u roJjiy4arb JIOKQJIM30BAHHbBII prO‘IHeHHbeI cJIoi mnpu He3HAYUTEe/IbHON LIe(l;)OpMEI.LII/II/I. Pa3pa60TaHa KOMILJIEKCHasA MO/ieJib
Ui olipejiesiennss MUKPOCTPYKTYPHDIX npeBpameHHﬁ B IIporecce I/IHZ[yKLII/IOHHOI‘/JI 3aKaJ/IK¥ JleTajieil U3 JI09BTEKTOUIHON
craju. Jta MO/ieJIb BKJIIOYaeT pacueT TepMqucxoﬁ HUcTOpuu U yIUTDBIBAET XUMUYECKHIT COCTaB U MHUKPOCTPYKTYPY, a TaKXe

HEKOTOpbIe InapaMeTpbl mnporecca. PeByJII)TaTI)I
OKCIIEPpUMEHTAJ/IbHBIM /ITAHHDBIM.

Introduction. Induction hardening has become very
popular in automated manufacturing processes in
which large series of axisymmetric or near-axisym-
metric steel or cast-iron components have to be heat-
treated. An alternating magnetic field is applied to
the metallic component, and by induction, eddy cur-
rents are generated at the surface of the component.
Such currents heat the metal by Joule effect to the
desired temperature and the component can then be
spray or immersion quenched. Induction produces a
very fast and rcliable heating, and it is a method
suited for all sizes of components. It is also suitable
for localised heat treatment and to obtain different
depths of hardened case [1].

Understanding and being able to predict the mi-
crostructure evolution during induction hardening is
of vital importance when monitoring and optimising
such manufacturing process. For that purpose, a
model on austenitisation of hypoeutectoid steel and
subscquent quenching has been developed [2]. 1t has
been decided that a completely modular approach was
more flexible. The induction hardening model pre-
sented in this work is composed of three independent
submodels. The temperature cycle at each point
whithin the part studied is determined first, from the
geometry of the part, the thermal properties of the
alloy and the characteristics of the process. The tem-
perature evolution curves thus obtained are fed into
the austenitisation submodel to determine the extent
of the transformation to austenite, as a function of
position in the part, during the induction heating
stage of the process. Finally, the decomposition of

© D. GAUDE-FUGAROLAS, 2002
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such austenite can be modelled using the quench sub-
model and the temperature evolution curves for
quenching determined previously.

Determination of the heat cycle. To determine
the temperature evolution during induction hardening
the heat transfer differential equation (1) has been
integrated using the Crank—Nicholson method |[3].
Two part geometries are considered, a plate and a
cylinder. Temperature and position are normalised
and represented by u and x (plate) or r (cylinder),
defined as 0 at the center of the plate /cylinder and
1 at its surface. The initial condition is (2) and the
boundary conditions are (3) for symmetry and (4)
during heating and (5) during cooling.

“o2 T ar (1)
u{x, 0} =0, (2)
ou
a_x,‘:o‘o’ (3)
u — _q
k=1 R 4)
0 /
R (W (5)

Heating is assumed to occur by the introduction
of a constant flux of heat at the surface of the part,
until it reaches a target temperature. The induction
phase of the process ends and after a short dead time,
during which only air convection cools the compo-
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Figure 1. Example plot of the evolution of temperature at different
depths in a thick plate of during induction heating as calculated
using the finite difference model (g is the heat flux at the surface
during the heating stage of the process)

nent, the water spraying system starts to operate and
quenches the component to room temperature.

An example of the curves obtained for a thick plate
is shown in Figure 1.

Austenitisation. The phenomena associated with
the austenitisation of a hypoeutectoid steel are more
complex than for the same transformation in other
alloys. The equilibrium microstructure is composed
of allotriomorphic ferrite and pearlite, the latter being
a composite of ferrite and cementite. In two-dimen-
sional sections a colony of pearlite has the appearance
of alternate lamellac of ferrite and cementite. In three
dimensions, each colony consists of an interpenetrat-
ing bi-crystal of ferrite and cementite. Ferrite has a
very low solubility for carbon and hence, on its own,
only begins to transform to austenite at high tempera-
turcs. But if cementite decomposes and yiclds its carb-
on to the transformation front, the reaction from fer-
rite to austenite can proceed at lower temperatures.

It is logical to expect that the initiation of austeni-
tisation in a hypocutectoid steel is in pearlite, where
the diffusion distances for carbon are small. The re-
action can then proceed into the remaining ferrite
once the pearlite is consumed.

New grains of austenite nucleate at pearlite colony
boundaries. As the diffusion distances for carbon from
the dissolving cementite to the ferrite /austenite in-
terface are small (smaller or equal to half the spacing
characteristic of the pearlite), these grains grow ex-
tremely fast, to the extent that pearlite is sometimes
assumed to transform instantly into austenite, fol-
lowed by the advance of the interface into the ferrite.

When austenite starts to grow into ferrite, carbon
has to partition to the austenite /ferrite interface for
the reaction to proceed, so the diffusion rate of carbon
in austenite becomes one of the limiting factors, but
the distances involved in this diffusion process are
much larger, and the rate of transformation will de-
pend on the morphology, distribution and volume
fractions of the phases present.

Any model aiming to describe the austenitisation
of a hypoeutectoid steel has to deal with all the pa-
rameters referred to above. Austenitisation must
clearly be microstructure sensitive. Thermodynamic

Figure 2. Definition of microstructure parameters [,, I,, and their
sum, /,, in a heavily banded microstructure. P denotes pearlite and
o-ferrite. These parameters are defined in such a way that they can
still be used in other cases where microstructure does not show
such level of directionality

equilibrium limits the extent of transformation at long
times, while nucleation of austenite in pearlite colo-
nies and diffusive processes are expected to control
the rates of transformation.

Microstructure characterisation is based on the
banded microstructure presented by rolled steels (Fi-
gure 2), where 21y and 2[p are respectivelly, the thick-
nesses of the bands formed by ferrite grains and pear-
lite colonies. A characteristic dimension of a pearlite
colony is defined as /.., and the pearlite interlamellar
spacing as 2/, (Figure 3). In the case of an alloy where
the microstructure is not so severely banded, these
parameters can still represent the extent of each phase
in a way which accounts for austenite formation.

Austenite nucleates at the surfaces of the pearlite
colonies. An approach based on classical nucleation
theory [4] is used to calculate the dependence of nu-
cleation rate on temperature. The nucleation rate per
unit time in a single colony 1 is calculated using equa-
tion (6), where Ny is the number of nucleation sites
per unit volume, and Cy is a fitting parameter. As the
active nucleation sites are all assumed to be located
at the surface of the pearlite colonies, and not evenly
distributed in the volume of material the ratio between

f /'//(///

_
////f//i%//{j /%/,,/////,/
//6////,{.«// % /////// /

g /
///77: /// //4////
/

Figure 3. Definition of microstructural parameters /., and /,. The
later characterises the distance between the midthickness of adja-
cent ferrite and cementite laminae. [, is meant to be a repre-
sentative dimension of the average pearlite colony
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Figure 4. Diffusion distances r from cementite to the fer-
rite /austenite interface vary across the length /, in the pearlite
colony, producing a curved inteface. This profile has been inte-
grated and an averaged advance velocity for the equivalent flat
interface has been considered instead

colony surface to volume has to be determined. This
factor takes into account the coarseness of the pearlitic
microstructure. This calculation gives the factor
6,/ 1., k is the Boltzmann constant; R the gas con-
stant; / the Planck constant; Q is an activation energy
representing the barrier for the iron atoms to cross
the interface, estimated to be 270,000 J /mol |5]. T
is the absolute temperature and G is the activation
free energy for nucleation.

g go g
6 kT A%y

I=C0NOZ_ITGXPEI RT 0

(6)

The activation free energy for nucleation is deter-
mined from a balance of interface and volume energics
of the critical nucleus, which is assumed to be spheri-
cal. The austenite /ferrite interface energy at nuclea-
tion is considered to be o = 0.025 J/m? |5]. The
change of free energy from a cementite and ferrite
mixture to austenite has been determined in this work
using a thermodynamic package software, MTDATA.

Once the new grains of austenite have nucleated,
their rate of growth, up to the equilibrium volume
fraction, has been assumed to be determined by the
diffusion of carbon in austenite, from the decomposing
cementite, to the boundary between ferrite and
austenite. The velocity of that interface can be deter-
mined from a mass balance of carbon and the diffusion
cquation, arriving to cquation (7),

0
Uint ~ 2 - CWD
r - CWH

where o™ is the velocity of the interface at a given
distance r from the ferrite /cementite interface; D is
the diffusion of carbon in austenite as a function of
carbon content of the alloy and temperature; cyq and
cqy are the carbon content of austenite and ferrite in
paraequilibrium with each other; and ¢¥®is the carbon
composition of austenite in paraequilibrium with ce-
mentite, determined following [6]. The advancement
direction of the interface is perpendicular to the dif-
fusion of carbon and a function of the diffusion dis-
tance ». That obviously mecans that the advancing
front of austenite will show different velocities from
the o /0 interface to the centre of the ferrite lamina
(Figure 4). As the velocity of the interface is a func-
tion of the inverse of the diffusion distance, the in-
terface would not be flat, but present instead a double
hyperbolic contour. In order to avoid increasing the
complexity of the model with capillarity effects, an
average advance velocity for a flat interface is used
(cquation (8)). Since many austenite nuclei may start
to grow, impingement must is taken into account using
Avrami’s extended volume method [7-9]:

)

T

. o _ ]
Z}ml/ — ;J—l D %wr (8)
rp-rgT v e —c'd

"o

Once all the pearlite has been transformed to
austenite, the a /y interface keeps advancing into the
ferrite grains until all the material has been austeni-
tised. This interface is considered to be flat. As the
diffusion distances become larger, the velocity of the
interface becomes smaller. Ferrite grains are assumed
to be flat plates, with an average thickness of 2/, so

Figure 5. Experimental arrangement for temperature measurement during induction hardening
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that there is no need to consider impingement between
growing particles.

Quench. To model the decomposition of austenite,
a model based on the work of many previous studies
has been compiled. The cooling curve supplied by the
temperature evolution submodel is split into two con-
stant cooling rates, which govern the progress of re-
constructive and displacive transformations respec-
tively. Simultancous precipitation reactions can be
dealt with using the method for simultaneous reac-
tions developed by Robson and Bhadeshia [10], ex-
tending classic kinetics theory |4]. Jones and
Bhadeshia [11] have adapted such method to deal
with simultaneous reconstructive reactions of the de-
composition of austenite into allotromorphic ferrite,
pearlite, and Widmanstatten ferrite.

The displacive transformation to bainite is mod-
cled following Takahashi and Bhadeshia [12], whose
method is based in the determination of several con-
tinuous cooling curves for the formation of different
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Figure 6. Comparison of the measured thermal evolution and the
predicted one for a point 1 mm below the surface of the component

incrcasing volume fractions of bainite, by the deter-
mination of the incubation period for the onset of
transformation in cach case. Transformation to
martensite and the determination of the volume frac-
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Figure 7. Standard experiments used: dilatometric samples were swiftly heated to a temperature below A, and then brought into the
intercritical temperature range for a short period of time, at a heating rate of 50 °C /s, to achieve various degrees of partial transformation
to austenite, and finally quenched with helium jets. Experiments 1, 2, 3 and 5 consider the effect of a short time above A, reaching
different temperatures; experiment 4 considers the effect of an intermediate interval at an intermediate temperature, and finally
experiment 6 maintains the sample at a low austenitisation temperature for a long time with the aim of reaching the equilibrium volume

fraction of transformation
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Figure 8. Predictions of volume fraction of austenite against ex-
perimental results for one of the alloys considered, denominated
Steel A. Numbers refer to experiment number. Error bars corre-
spond to 1 standard deviation in the measurement of the volume
fraction

tion of retained austenite is calculated using the
Koistinen and Marburger equation [13].
Application of the models. The accuracy of the
heat evolution model has been tested by comparison
with experimental data of the evolution of tempera-
ture during induction hardening. The experimental
test has been performed using the same technology
used to induction harden components for constant
velocity joints for automobiles. The only difference
with the real manufacturing conditions was that the
component was manufactured in Inconel, to avoid
phase transformation. To measure the temperature
evolution during the test, several holes were drilled
in the sides of the component and thermocouples fitted
at 1 mm of depth from the outer surface (Figure 5).
The numeric model needs several input parameters,
some of which are not easily measured (dead time,
input hcat flux, water sprays heat transfer cocffi-
cient), and have been deduced from experimental data
as fitting paramcters. The characteristics of the alloy
and other inputs of the model are given below (the
thermal propertics of Inconel are refered to 20 °C):

density is 8.500° kg,/m% specific heat is
Steel B
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Figure 9. Predictions of volume fraction of austenite against ex-
perimental results for one of the alloys considered, denominated
Steel B. Numbers refer to experiment number. Error bars corre-
spond to 1 standard deviation in the measurement of the volume
fraction

460 J /(kgK); resistivity is 9.80077 Ohm; conduc-
tivity is 15.5 W,/ (mK); induction heat flux is
1.900% W /m?; air heat transfer is 6 W /(m’K):
water sprays heat transfer is 2200° W /(m?K); dead
time is 0.25 s.

The accuracy of the predictions is remarkable (Fi-
gure 6), especially above 300 °C, where most of the
studied phenomena occur. The small discrepancies be-
tween measured and calculated values are casily ex-
plained. During heating the heat flux induced into the
metal has been considered constant. However, this is a
parameter that will certainly change as a function of
temperature. The yield of the installation will also in-
crease with time until it reaches a steady state value,
instcad of starting to function at that value, as assumed
in the calculations. During cooling, a similar simplifi-
cation has been used, allowing the heat transfer coeffi-
cient of the water spraying system to remain constant
throughout the cooling process. This assumption still
gives good predictions at high temperatures, but clearly
does not hold when the temperature of the component
approaches room temperature.

To test the predictions of the austenitisation
model, a standard sct of experiments has been de-
signed. This sct of experiments can then be used to
compare the capability of the model to predict the
cffects of other parameters like composition and mi-
crostructure. Six experiments have been used, con-
sisting of heating a steel sample into the intercritical
range for a short to medium time (Figure 7), so that
a partial transformation to austenite is expected, and
using suitable time and temperature conditions so that
the full range of partial transformation is covered,
from barely no transformation to almost complete re-
action. Experimental data were collected using a ther-
momechanical simulator (Thermecmastor-7), using
hollow samples to minimise their thermal mass. The
samples were swiftly heated to a temperature below
A1, and then brought into the intercritical tempera-
ture range for a short period of time, to achieve various
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Figure 10. Constant cooling transformation diagram for induction
hardening steel, considering a grain size of 10 pm. o stands for
ferrite, P — for pearlite, A, is the upper critical temperature for
transformation to austenite, and M, is the martensite-start tem-
perature

log t (t, 5]
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degrees of partial transformation to austenite, and
finally quenched with helium jets. Due to the fast
heating and cooling rates planned, at the limits of the
equipment used, some of the samples did not follow
precisely the planned thermal cycle. The real thermal
history was recorded during the experiments and that
information, together with composition and micros-
tructural description of the samples, was fed into the
model and its results compared with experimental
data. The model was tested using the standard set of
cxperiments against two steels of different composi-
tion, and slightly different microstructure. As shown
in Figurcs 8 and 9, the predictions of the model give
an excellent description of the experiments.

To illustrate the use of the quenching module of
the model, and ensure that it is able to predict the
correct metallurgical trends, a continuous cooling
transformation (CCT) diagram has been calculated
for a typical alloy used for induction hardening. The
alloy considered contains, wt.%: C — 0.55; Si —
0.22; Mn— 0.77; Cr — 0.20; Ni — 0.15; Mo —
0.05; V. — 0.001; and has a grain sizc of 10 um. The
following constant cooling rates were used in the cal-
culations: 0.01, 0.1, 1, 10, 20, and 50 °C /s. Constant
cooling rates higher than 50 °C /s were considered
but this rate is usually enough to obtain martensite
structure in the type of alloy studied here. The CCT
diagram is shown in Figure 10.

According to the calculations, at slow cooling rates,
ferrite starts forming at a higher temperature than pear-
lite, but only at the slowest rates does it reach any
appreciable amount (1 %) before pearlite does. Pearlite
forms rapidly, transforming 50 % of the austenite shortly
after the start of reaction. At a constant cooling rate of
50 °C/s, only 1 % of pearlite is formed, transforming
most of the austenite to martensite.

Although the complete model still has to be tested,
the predictions of the various submodels offer a sat-
isfactory level of acuracy and prove that the overall
model will behave in the same way.

CONCLUSIONS

A model to calculate the evolution of the microstruc-
ture of a hypocutectoid steel during induction harde-
ning has been presented. The model has a modular

structure, being subdivides in three modules designed
to calculate the temperature evolution, austenitisati-
on and decomposition of austenite respectively. These
submodels have been proven to be able to predict
accurately the temperature evolution and phase tran-
sformation behaviour during induction hardening.
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HANPAMERHA H AEDOPMAILHI B CBAPHMWX COEAHHEHNHAX

NCCJIEJJOBAHUE OCOBEHHOCTEM
AEOOPMAIIMOHHDBIX ITPOIECCOB
ITP1U CBAPKRE HUKEJVIEBBIX CIIJIABOB
C OTPAHUYEHHOI1 CBAPUBAEMOCTBIO

K. A. JONIEHKO, B. C. CABYUEHKO, H. O. YEPB/KOB, E. A. BEINKONBAHEHKO
(Mu-t anexrpocsapku uM. E. O. ITarona HAH Ykpauusi, r. Kues)

HukesneBble AncrepCHOHHO-TBEPAECIONINE CIJIABLI € Y'-yIIPOYHEHHEM HAXO/AT IMMPOKOe NPUMEHEHWE ITIPH ITPOM3BOJCTBE
Harpy KeHHbIX y3JIOB 1 JieTaseil, 9KCIIyaTHPYIOINXCs TPH BBICOKHX TeMIiepaTtypax. OneHnBaich TepMoaedopMannonabie
npoueccel B Merasie 3TB MarepuasioB, XapaKTepH3YIOIUUXCS PA3JMYHON CTEIEeHbI0 CTPYKTYPHBIX IMPEBPAIeHUil 10/
BO3/IEHCTBIEM TEPMUYECKOTO ITHKJA CBAPKH IPH HOPMAJBHOW TeMIIepaType U ¢ BBICOKOTEMIIEPAaTypHBIM TojorpeBoM. Ha
OCHOBAHUY 3KCIIEPUMEHTAJIbHBIX JJAHHBIX PACCYUTAHDI TEMIIEPATy PHBIE MOJIS M IIOCTPOEHbI 3aBUCUMOCTH JiehopMaIis—TeM-
nepatypa J/UIsl HCCJIe/IOBaHUsI pacipe/ie/ieHus JedopManyii B OKOJIONIOBHOI 30HE Ha Pas/IMYHOM y/IAJ€HHN OT CBAPOYHOIL
BaHHDI.

Precipitation-hardening nickel alloy with the y-phase reinforcement find wide application in manufacture of heavy-loaded
parts and components operating at high temperatures. Thermal-deformation processes in the HAZ metal of materials
characterised by a differing degree of structural transformations under the effect of the welding thermal cycle at normal
temperature and at a high-temperature preheating were evaluated. Temperature fields were calculated and the deformation
against temperature curves were plotted on the basis of experimental data to study distribution of strains in the near-weld

zone at a different distance from the weld pool.

HuxkesieBbie nucrnepcroHHO-TBEP/IEIONINE CILJIABRI C Y'-
YIOPOYHEHWEM HaXOJST IMUPOKOE MPUMEHEHWE IpU
IIPOU3BO/ICTBE HATPYKEHHBIX Y3JIOB U JieTajel, 9KCII-
JIYaTUPYIONIMXCSl TPU BBICOKUX TeMreparypax. sKa-
POIIPOYHOCTb ATUX CIJIABOB HAXOAWTCSI B IPSIMOI
3aBUCUMOCTH OT KOJIMYECTBA YIIPOUHSIONIEH v'-(has3bl n
MIOBBIIIAETCS TP YCJIOXKHEHNN CUCTEMBI JIETHPOBAHUS,
OJTHAKO CBApUBAEMOCTD MPH aTOM yXyamiaercs. Cria-
BbI ¢ cojepskatueM y'-daser 20...45 % CUMTAIOTCS OT-
pPaHWYEHHO CBApUBAEMBIMHU, a TIPHU COAEP’KAHUU yKa-
3aHHON (hbaspr cebime 45 % (uTo OGecrieynmBaer Hawm-
6oJiee BBICOKHE TOKA3ATEJIH KAPOIMPOYHOCTH) OTHOCST-
cs1 K HecBapuBaeMbIM. [Ipu cosmanuu KOH-CTPYKIUIl
U3 JIMTBIX JKAPONPOYHBIX HUKEJIEBBIX CIIJIABOB CBApKa
HaXO/IUT JIWITh OFPAHWYEHHOE NTPUMEHEHNE W3-3a BbI-
COKOW CKJIOHHOCTH CBAapHBIX COEIMHEHWI K 06pa3oBa-
HUIO TPENINH KaK B TpoIlecce CBAPKH, TaK M MPH IOC-
Jemyiorieit repmoo6pabotke [1, 2]. OcHoBubIM Hedex-
TOM CBapHBIX KOHCTPYKIIHI M3 KapOIPOYHBIX HIKeJIe-
BBIX CILUIABOB SABJIAIOTCS Topsuune Tpemunbr (puc. 1).
[y pa3zpaboTKN TEXHOJOTHYECKUX PEKOMEHIAINI 110
UX TPeIyNpesKIeHnI0 HeOOXOIUMbI CBEIEHNS O BJIUS-
HUY YCJIOBUII CBAapKU HA TIPOIECCHI, ONpeIeJIsIONIie
MEKKPHCTAIUTHOE PA3PYIIIEHNe, U, B TIEPBYIO OYepe/Ib,
Ha Pa3BUTHE BBICOKOTEM-TIEPATypPHOH /ehopMalii.
OuenuBanu TepMoaedOpMaIMOHHbBIE TIPOIECCHI B
metassie 3TB marepmasioB, XapaKTepu3yIOIMHUXCS
PA3JIMYHON CTEMEHbI0 CTPYKTYPHBIX HM3MEHEHUI MO
BO3/IEHCTBUEM CBAPOYHOTO TEPMHUYECKOTO IMKJA B

VCJIOBUSX, XapaKTePHBIX [JIS TLIa3MEeHHO-IYTOBOMI
cBapku. llpu mccnemoBaHWM MCTIOB30BAJIN HUKeJE-
BBIl KapOIIPOYHBIH CILJIaB CUCTEMBI JierupoBanus Cr—
Ni—Mo—Co—Ti—Al n as1st cpaBHEHHS AyCTEHUTHYIO BbI-
cokosiernpoBannyio ctainb X20H16AT6.
UccaenoBanus BpeMeHHbBIX HAIPSKeHMI 1 Jie-pop-
MaIiil 9KCTIepUMEHTAJbHBIMU METO/IaMU Ype3-Bbluali-
HO TPY/JIOEMKH ¥ JIAI0T BECbMa OTPAHUYEHHYIO HHPOP-
MAINIo, B CBSA3U C yeM ObLJI TTPOBEIEH KOM-TTbIOTEPHBIT
pacuet TepMo/ie(pOpPMAIIMOHHBIX TTPO-TIECCOB TIPH CBAp-
ke. [Ipu nmosry4eHnn MHTEPECYIONUX JAHHBIX YACJICHHO
MIPOCJIEKUBATIOCH PA3BUTHE YTI-PYTOIJIACTUIECKUX JIe-
opmaruii B cBapHOM Ccoe-TUHEHUY TIOJT BO3/IECTBUEM
TEepPMHIYECKOTO ITUKJIA CBAPKH OT MCXOHOTO COCTOSTHUS
JI0 OIIpejieJIEHHOI TeMIlepaTypbl OXJaxkaenus [3].
IKCIIepUMEHTAIbHAS OIlEHKA TeMITePaTyPHBIX TOJIei
MO3BOJIMJIA  YTOYHUTH  KO3(PUIIMEHT  TOJIE3HOTO
JIeCTBUS TIPW BBITIOJTHEHUU MOJIETUPOBAHUS TIPOIIEC-
COB TIJIA3MEHHO-YTOBOH cBapKu. OTBITHI TPOBOAMIN
C WCTOJb30BaHUEM BOJIb(PAM-PEHUEBBIX TEPMOIIAp
quamerpoM 0,2 MM Ha TJIACTUHAX TOJIIMHON 5 MM U
pasmepom 100X110 MM, 11 KOTOPBIX OBLIN U3BECTHDI
BCE CTaH/JIAPTHBIE TEMIOPU3MUECKIE XaPAKTEPUCTIKH,
Heo6XOUMbIE JIJIsI pacueTa TepMoedOPMaIMOHHbBIX
mporeccoB. TepMomapbl 3adeKaHWBAIN CO CTOPOHBI,
06paTHOI BO3JEUCTBUIO TYTH, /IS MCKJIIOUEHHUS BO3-
MOKHOCTH WX TO/IIJIABJCHWUS MPU BBITIOJHEHUN OTIbI-
toB. [l cBapku ObLIM BBIGPAHBI PEKUMBI, 00ec-
neunBaione 3¢h-(QeKTUBHYI0 MOIIHOCTb HarpeBa

820 Ix /c.
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Puc. 1. Topsuas Tpemmuna B CBAPHOM COEIMHEHNH HUKEJIEBOTO CILIABA

KoMmIibioTepHoe Moie/IMpoBaHue IPOBOANUIN HC-
X0/l U3 TeX K€ PEeXUMOB. B yKasaHHBIX yCIOBHUSIX
CBapKW CTaOUJIbHO HAOJIOMAJNNCH TOPSYNE TPEIIUHDI
(Tuna npuBegeHHbIx Ha puc. 1). OHM UMEOT TpenMy-
IIEeCTBEHHO HonepequIﬁ OTHOCHUTEJbHO HaIIPpABJIEHUA
CBapKU XapaKTep W BO3HHUKAIOT 10/ JefICTBUEM IIPO-
JIOJIbHBIX CBAapOYHBIX Hampspkenuit. Ha puc. 2 moxa-
3aHO TeMIIepaTypHOe TI0JIe B TJIACTHHE IIPH BBIMOJI-
HEHUM HAIJIAaBKM, COOTBETCTBYIOIIEE KBA3UCTAIIMOHAP-
HOMY COCTOSIHWIO, KOTJa CBapOdYHas Jyra HaXOAWTCS
Ha pacctosiHnu 40 MM OT Mecra HavaJja cBapku. Pac-
mpefiesleHre TPOIONBHBIX TIACTHYECKUX AedopMaltmit
B IIBe W 30HE TEPMHUYECKOTO BJIMUSHUS TIOKA3aHO Ha
puc. 3. Kak BUJHO W3 PUCYHKa, MaKCUMaJbHbIE Je-

cdopmanim gocTuraior 3 %, a TeMII U3MEHEHUs IIPO-

et

oT
3one temmeparyp 1200...1000 °C cocraBiaser
0,65-10 ™% 1 /rpax. Ha puc. 4 mokasano pacrpeie-

JOJIbHBIX ITJIaCTUYECKHUX Jle(bOpMa]_H/Iﬁ B Aualia-

JIEHVE TPOJOTbHBIX OCTATOUHBIX HANIPSIXKEHH B HITKe-
JIEBOM cTiTaBe. MaKkcuMaJibHble PaCTATU-BaIoIMe Ha-
npsxenns (oxomo 980 MIla) JIeWCTBYIOT B IlIBE U
BOJMM3M HETO, a 3aTeM MePeXOSAT B CXKUMAIOIINE
(MakcumasbHble 3HaUeHuss — 0K0J10 700 MITa).

[l1s1 cpaBHenust 6bLT CMOJIETUPOBAH MIPOIECC T11A3-
MEHHO-/I[yTOBOH CBapKHM BBICOKOJIETHPOBAHHOHM CTaJn
X20H16ATI6 nHa BbllleyKa3aHHBIX peKUMaX, KOTOpas
OTJINYAEeTCS OT HUKEJEBOTO CIJIaBa 10 CBOUM
pu3nYecKM XapaKkTepPUCTHKaM, B YACTHOCTH, KO-
3(UINEHTOM OTHOCUTEJBHOTO TEMIIEPATyPHOTO Y-
JIMTHEHWS, MOJLYJIEM YIIPYTOCTU U TIPE/IEJIOM TEKYUYECTH.
PacueTtHoe TeMmmeparypHoe moJie /i HepsKaBelolei
crasm X20H16AT6, coorBercTByIOlee pekUMYy Ha-
IJIABKH, 1TOKAa3aHO Ha PHC. .

Ha puc. 6 mokazaHo pacripefieieHre TIPOIOJIbHbBIX
MLTACTHYECKUX /lehopMaIinii B IIIBe W 30HE TEPMUYECKOTO
BimsiHUS. [ledopmaruu TIOKa3aHbI OT MOMEHTA HavaJia
CBapKM ¥ JI0 TIOJHOTO OCTBIBAaHWUS TIIACTUHBI. VX
MaKCHMaJIbHAs BeJIMYMHA — OKOJIO 1 %, IIPH 9TOM TeMIT

aggx

or
...1000 °C cocrasaster 0,12-107% 1/ rpaa. Pacmpe-
JleJIeH1Ie TIPO/IOJIbHBIX OCTATOYHBIX HANPSKEHUH oKa-
3aHO Ha puc. 7. MakcuMasbHbIe pPacTATUBAIONIAE Ha-
MIPSDKEHUS oxkono 300 Mlla coxpansioTcs
MPaKTUYeCKH 10 BCeW JIJIMHE CBApHOTO IIIBA.
HaunmenbInne 3HaYeHUST PACTATUBAIONIINX HAMPSDKEHUI
B MecTax Havaja W KOHIa CBapku. MakcmMaJbHble
CXKUIMAIONNe HANpsDKEHWsS  JIOCTUTAIOT — 3HAYEHUH
180 MIla.

Taknum o6pasoM, y HHKeJeBOro ciiaBa (3a cuer
Boicoknx o(T) B JAaHHOM TEMIEPATyPHOM MHTEPBAJIE)
TeMil Hapactanusi B Metamie 3TB mnpomosnbHbIX
IJIaCTHYeCKUX JedopManuii M WX BeJINYNHA, IPH-
OIMKASICh K MAaKCHMAJIbHOW BeJIMYMHE TLIACTUYHOCTH
8 (uust manHoro crasa 8 = 3 %), 3aMETHO BbIIlle, YeM
y cramun X20H16ATI'6, yro onpenessier y Hero GoJiee
BBICOKYIO CKJIOHHOCTb K OGPA30BAHUIO IIOTIEPEYHBIX
TOPSTYMX TPEIINH B 3TOIH 30HE.

BoicokoTeMiiepaTypHbIil TOIOTPEB CBAPHBIX CO€-
JMUHEHUH HUKEJEeBBIX CIIJIABOB BCe Yallle NCIO0Ib3yeTcsT
B KayecTBe COITYTCTBYIOIIEH TEXHOJOTHYECKOH olre-

nedopmarnuit B mHTepBaje Temmeparyp 1200...

¥, MIBE
49
= 41
@200, 1400 1
I 1 11000... 12008 24
W 900... 10003
10 600,800 TT oe
au 'E' r O 400.. 600 T
m 200 400 H=1 17
1 s B 0..200, ¢
1 9
1y | i
NN LLL YL ] . 1
Frrrree FTrrrrTy '1
0 8.8 17.6 26,4 35,2 44,0 52.8 616 70,4 a2 88,0 #: MM

Puc. 2. TeMHepaTypHoe 110J1€ B IIJIaCTUHE M3 HUKEJIEBOTO CILJIaBa
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Puc. 3. Kunernka nu3MeHeHus miactudeckux aedopmanuii merasia
mBa (1) u 3TB (2) B 3aBUCUMOCTH OT TEMIIEPATY PbI /IJ/Isl HUKEJIEBOIO

Puc. 4. Pacmpenesneniie IpoOfObHBIX OCTATOYHBIX HANPSDKEHWN B

cILIaBa HHUKEJEBOM CILJIaBe
¥, MM
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Puc. 5. TemneparypHoe mosie B miactute u3 cramn X20H16AT'6
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Puc. 6. Kunernka namMeHeHns MJIacTHYECKUX JAeOpMaIiii MeTasLIa
mBa (1) u 3TB (2) B 3aBUCHMMOCTH OT TEMIEPATYPbl JJIs CTAJH
X20H16ATI6

Puc. 7. Pacnipenesnienie pOIOJIbHBIX OCTATOYHBIX HAIMPSKEHU B
mractiude u3 ctagn X20H16AT6
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Puc. 8. Kuneruka usMeHeHus IJaCTHYECKUX JAeopMariuii MeTasiia
mBa (1) u 3TB (2) B 3aBUCUMOCTH OT TEMIIEPATY PbI /IJ/Isl HUKEJIEBOIO
CILJIABA [IPU CBApKe C BBICOKOTEMIIEPATYPHBIM [O[OTPEBOM

paluu  TPU  U3TOTOBJIEHUU Y3JI0OB Ta30TypPOMHHBIX
JIBUTATEJEll C 1IeJIbI0 CHUDKEHUS 4yBCTBUTEJNBHOCTU K
0o6pa3oBaHuio /ePEKTOB MPHU CBapKe W 06eceueHITo
Tpe6yeMbIX CBOICTB CBapHbIX coenuHenuii. Pob
mojiorpeBa Ha 006pa3oBaHUe TPEIMH B CBAPHBIX
COEIMHEHUSX IIPH CBapKe ILIABJEHUEM MHCCJIeI0BaHA
Masno. Ero mosoxutesbHOE BIMSHUE CBSI3BIBACTCS C
YMEHBIIIEHIEM TeMIIEPATyPHOTO TpaJMeHTa M, Kak
CJIe[ICTBUE, C PEIAKCAIMOHHBIMY TIPOIECCAME KaK BO
BpeMsI CBapKW, TaK W TIPU OXJAKIEHUU CBAPHOTO
COEIMHEHNSI.

[IpencraBiisiio WHTEPEC UCCIEAOBATD BIUSHUE BbI-
COKOTEMITEPATYPHOTO MOJOTPEeBa Ha XapaKTep TePMO-
JilehOpPMAITMOHHBIX MPOIIECCOB M PACIpPeIeIEHNST OCTa-
TOYHBIX CBAPOYHBIX HAIPSDKEHWN TIPU  HAIJIaBKe
BaJIMKA TI0 IIEHTPY MJIACTUHBI HUKeJIEeBOTo ciiaBa. Mo-
JleJIMpoBaHue poBouoch AJs Temueparypbt 900 °C,
IpU KOTOPOH IIPOMCXOTUT MOBBINIEHNE Xa-paKTepHC-
TUK TIJTACTUYHOCTH HUKEJEBOTO CILIaBa. PeXuMbl Ha-
IJIABKU OCTAJINCh TIPeXHuMu. PacueTHble KpuBble 13-
MeHEHUsI TPOIOJBHBIX TIACTUYECKUX AedopManuii B
IIBe ¥ OKOJIOIIOBHOW 30HE MPHU HaIlJIaBKe HUKEJIEBOTO
CIJIaBa ¢ MOJIOTPEBOM MOKa3aHbl HA puc. 8. [Ipumene-
HIe COIyTCTBYIOIIETO BBICOKO-TEMIIEPATYPHOTO HOIOT-
peBa CHIDKAET BEJUYUHY U TEMII ILIACTHYeCKUX IPO-
JIOJIbHBIX JiepOpMallnil, a TaKKe Be-JMUYNHY MTPOA0JTb-
HBIX OCTaTOYHBIX HanpskeHui (puc. 9).

IKCIepUMeHTaJbHAas MPOBEPKa TOATBEP/NIA pac-
YeTHbIE JAHHbIE M MOKA3aJa, YTO CBAPKA C BBICO-KO-
TEMIIEPATYPHBIM II0I0TPEBOM MTEPCIIEKTHBHA JIJIST TTOJTY-

Ty, MMa

[=]

x, sam (4
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Puc. 9. Pacnpesesenne mpo/ioJibHbIX OCTATOYHBIX HAIPSKEHHH B
IIJIACTHHE 13 HUKEJIEBOTO CILJIaBa MPH CBapKe ¢ BBICOKOTEMIIepaTyp-
HBIM O/IOPEBOM

YEeHHA CBapHbIX COeJIMHEHUII HHUKeJIEBBIX CILJIa-BOB,
CBO60ﬂHbIX OT TrOpAYNX TPEINH.

BoiBoabl

1. ITokazaHa BO3MOKHOCTD UCITOJIb30BAHUS KOMIIbIOTED-
HOro Moae/rMpoBaHUA [Jid pacdeTa TepMO,ZIeCl)OpMa-
IIMOHHBIX ITPOIECCOB ITPpU CBapKE HUKEJIEBbIX CIIJIaBOB.

2. PacueTHBIM MeTOZOM OTpeaeseHO paclpese-
JIEHNE ITPOJOJIbHBIX BDEMEHHDBIX 1 OCTATOYHBIX zle—(l)op—
MaIriii 1 HaNPSKEHWH TIpU cBapKe.

3. BpickasaHo IIPEAIIONIOKEHNE O pelraromeM
BJIMAHUN BEJIMYNHDI U TEMIIa HapaCTaHUA [[e(l)OpMaI_[I/II‘/JI
Ha 06pa3oBaHNe TOPSYUX TPEIIUH.

4. IlpumeHeHne BBICOKOTEMIIEPATYPHOTO TIOJ0-
TpeBa CHOCOéCTByeT CHUKEHUNIO BEeJIMYUHDbI U TeMIla Ha-
pactanus gedopmalnuii, a TakKe CHUXKEHUIO YPOBHS
OCTaTOYHBIX HaHpH)I{eHI/Ifl, YTO IOATBEPIKIACHO OK-
CIIEPUMEHTAJIbHO.
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Typ6un / / JKaponpounble CrjaBbl /IS Ta30BbIX TypOuH /
Iox pexn. P. Mammna: Ilep. ¢ anra. — M.: Meramryprus,
1981. — C. 388—408.

2. Haafkeus M. H., Matthey J. H. C. New approach tot: wel-
dability of nickel-base as-cast and powder metallurgy super-
alloys // Welding J. — 1982. — N 11. — P. 25-30.

3. Bausnue GU3MUECKNX XaPAKTEPUCTHK JHUTDHIX HIKEJIEBBIX Ka-
POIIPOYHBIX CILJIABOB HA pasBUTHE TepMO/ie(OpMAIOHHbBIX
mporeccoB 1pu csapke 1utasiaennem / B. C. Casuenko,

K. A. IOmenko, B. 1. Maxuenko, E. A. BeirunkounBanenko u
np. // Asromart. cBapka. — 1993. — Ne 11. — C. 6-9.
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YUCJEHHOE UCCJEAOBAHUE HAIPSIKEHHOT O
COCTOSIHUSA CBAPHBIX COEUHEHUIA,
BBIIIOJIHEHHBIX JIABEPHOI CBAPKOI

A. BOKOTA, B. IIEKAPCKA
(MH-T MEXaHUKU M OCHOB KOHCTPYKumid Marus, [osmrexunka Yencroxosckast, [Tosbiima)

B crarbe onucana MaTeMaTH4eCcKasi MOJIE/Ib 1 PACUETHDBII METO/L OlleHKY JiepopMalinii 1 Harpsi>KeHuii 1py J1a3epHoil cBapKe.
Jlng onpeieieHns TeMIepaTypHOTO HOJISA HCHOIb3YeTCsl ypaBHEHHE TEILITONPOBOAHOCTH C KOHBEKTHBHDBIM 4JICHOM, PElIaeMoe
merogom ynkuun [puna. WMcrounuk teruia (asepbiil Jiyu) cMmopesnpoBan pacnpesenenneM [aycca. Venosab3osana
Mo/iesib (pa30BbIX NPEBpAlEHHUl B TBEPJOM COCTOSIHUM, (Ga3UPYIOIIAsCs HA MOJIOKEHUU HEIPEPLIBHOTO OXJIAXK/EHUS U
ypaBaenusix Appamu, Koiicrunena n MapGyprepa. OCHOBOiT MOJie/IM, MCIIOJIb30BAHHOIT JUJISI OTIPE/IeIeHNsT BpEMEHHBIX 1
OCTATOYHDBIX HAIPSKEHUIT B YCJIOBUAX HarpeBa 1 (ha30BbIX [TPEBPAIeHIIl B TBEP/IOM COCTOSTHUH, SIBJISIETCS] HEM30TepMuyec-
KOe IJIACTUYECKOE TEUEHHE C U30TPOIHBIM yIpouHeHueM. IIpuBesien npuMep pacueToB I CBAPHOTO COCIUHEHUS.

The paper describes the mathematical model and calculation method for estimation of strains and stresses in laser
welding. The temperature field is determined using the thermal conductivity equation which comprises a convection
term and solved by the Green function method. The Gaussian distribution is used to model the heat source (laser beam).
The model applied is that of solid-state phase transformations, based on the assumption of continuous cooling, as well
as the Avrami, Koistinen and Marburger equations. The model used to estimate temporary and residual stresses under
heating and solid-state phase transformations conditions is based on a non-isothermal plastic flow with isotropic hardening.

An example of calculations for a welded joint is given.

Bsenenue. [Ipu 1azepHoit cBapKe B METAJIIE B PE3YJIb-
TaTe JAEUCTBUS KOHIIEHTPUPOBAHHOTO UCTOYHUKA TETLIA
6OJILITION MOIITHOCTH BO3HUKAET BBICOKAS TeMIIepaTypa
IIpU 3HAUUTETbHOM ee Tpaauente [1-3]. Temmeparyp-
HbIIl TpajueHT 1 (a30Bble MPEBPAIIEHUST SBJSIOTCS
HUCTOYHUKOM U30TPOIHON TEPMUYECKON U CTPYKTYPHOI
nedopmanuu, dYTo OOGYCIOBIUBAET BO3HUKHOBEHIE
3HAYUTEJIbHBIX BPEMEHHBIX W OCTATOYHBIX HAIPSsI-
KeHuit [4—7], u3MeHeHWe MeXaHUYECKHX Xapak-
TEPUCTUK U CTOWKOCTh CBAPHOTO COEJMHEHMS [PU
PA3JIMYHBIX YCJOBHUSAX HArpy>KeHUs. IJTO OCOGEHHO
BJKHO JIJIST JIA3€PHOM CBapKHU, TIOCKOJBKY B CHJY YKa-
3aHHBIX (DAKTOPOB TPOMCXOAUT CYIIECTBEHHOE U3Me-
HeHMe XapaKTepucTuK MeTasna. [Ipu MoaemmpoBaHum
[IPEIII0IaraeTcsl, YTO CBAaPUBAEMbIil MaTepuaJl siBJIsIeT-
csi yupyromiaactuunbiM. [l ompezesieHusi ypOBHS
MJIACTHYECKON ehopMaliyd  UCTOJIb3YETCsS MOJIENb
HEM30TEPMUYECKOTO TIIACTHYECKOTO TEYeHUs] C yc-
JgoueM ['y6epa—Mmuseca U30TPOITHOTO YIIPOYHEHUS.

OrneHKa BIUSHUS CTPYKTYPHBIX U3MEHEHMIT HA Jie-
dopmanmio U HANPSDKEHWS B MaTepuaje BO BpeMs
CBapKW Hy KHA € TPAKTUIECKOI TOUKHY 3perus. OTHaKO
TakKas OIleHKa BO3MOKHA IPU HAJIUYMM JAHHBIX O
BeJimurHe W BUje (Pa30BbIX MpeEBpallleHnil B orpeje-
JIEHHOM TEPMUYECKOM IIMKJe. UYucjieHHble HCCIeN0-
BaHMS (DA30BBIX TIPEBPAIIEHUN [al0T BO3MOKHOCTH
u36erathb IOPOTOCTOSIINX IKCIIEPUMEHTOB | TI0JIy4aTh
JlaHHble, HEOOXOJUMbIE [IJisI BeJleHUs] ONTHMAJbHOTO
rpoiecca CBapKH.

TemneparypHoe noJje. TemmneparypHoe 1moJie onpe-
JIeJIEHO TIyTeM pellleHus YPaBHEHUS HEyCTaHOBUBIIE-
rocst TIOTOKa TelJia B KOOpJAMHATaX Diliepa METOIOM

© A. BOKOTA, B. [IEKAPCKA, 2002

cynepriosuiun pyukimit I'puna. IlpemyoskeHHbI B
pabore [2] MeTox OCHOBbIBaeTCA Ha MHTErPUPOBAHUM
(ynkumit I'puna B o6bemMe B BHIE IPU3MBI C
rpannunbiMu yeaosusamu: T(x, y, z, t) =0 pnsa x, y —>
-+, z—>0, g(x, y, 0, t) = 0 1 HAYAIBHBIM YCIOBHEM
T(x, y, z, t, 0) = Ty. B anropurme pemeHust UCIIOMb-
30BaHa TeXHMKa (PUKTUBHBIX MCTOYHUKOB. [IPUHSATO,
YTO MCTOYHUK II€PEMENIAETCS OTHOCUTENbHO OCHOBHOI
CHCTEMBI KOOPAMHAT co ckopoctbio v = v(u, 0, 0)
napaJjuiesibHO ocu x. TemreparypHoe 1oJie B Orpe/ie-
JieHHOH Touke X = X (&, y, z) ¥ BpeMeHH ¢ 3aBUCHUT OT
MCTOYHUKA C pacupejesnenueM laycca:

S @+ @)
Q(x:yyz)zzgaz exp *T*BM ,
rae B — xoaddurment abcopbimm; Q° — MOIIHOCTH

nCToYHKMKA Teria (MOIHOCTD JIa3ePHOTO Jiyda); d —
KO3 UIMEHT TEMIIEPATYPOTIPOBOIHOCTH MaTEPUAJIA.

V3menenne TeMmrepaTypbl B paccMaTpuUBaeMOi
30He, BbI3BaHHOe HarpeBoM (1), ¢ poctoM BpemeHu t
uMeeT BU/L:

1 ~
TG0 = [T00, 1)
00 (2)
x G (x = x|, t = t") dx'dy'dz'dt’ + T,.

B pesyabrare narerpuposanus (2) no mpo-crpan-
CTBEHHBIM KOOpAuHaTaM ¢ yueroM (1) mosyuaem mosy-
aHAJIMTUYECKOE pellleHne yPaBHEHUs MOTOKAa TellIa.
ITO ypaBHEHUE B SIBHOM BHUjE NPUBEAEHO B paboTax
[2, 8].
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STRESSES AND STRAINS IN WELDED JOINTS

daszoBble npeBpamnieHus U CTPyKTypHasi aedop-
Manus npu cBapke. B pabore mcmosb3oBaHa MOJIETD
(a30BBIX MTPeBpAaIEHH JIJIs1 CBAPUBAEMbIX JIETHPOBaH-
HBIX CTasell. Y IeTbHbIN 06beM aycTeHnuTa, 00pa3oBaB-
IIIETOCST BO BPEMsI HArPEBa, OTPeesieTcst TT0 (hopMy.Jie
Aspamu [4, 9, 10]

(T, 0 =1 —exp (= b(D"D), (3)

rae t — Bpems; M, — yIeJbHbIIl 06beM ayCTEHUTA,

o6pasoBaBLIErocs Bo BpeMs Harpesa; Besuuuibl b(T)
un(T) — xoadduIMeHTdI, onpe/ieaseMble U3 yCJI0BHUil
Havyaj a U OKOHYAHUS MPEBPAIIEHUS.

VY nenvubiii o6bem (aspr (6efiHuT MM cMech Map-
Tercura u GeilHuTa), o6pasyloueiics U3 ayCTeHUTa BO
BpeMST OXJIAXKIEHHUsI, ONPeIEISeTCS] B 3aBUCUMOCTH OT
TEMIIEPATYPbl M CKOPOCTH OXJIAXKIEHUS B [UATTA30HE
800...500 °C ¢ yueToM CKOPOCTU OXJAXKAECHUS B IMATIA-
3oHe 4,5....30 K/c. Yneabublii o6beM HOBOI hasbl
BO BpPEMSI  OXJIAKJEHUST OTPEAENSIETCS aHAJOTHYHO

(3):
e (T, )=n (1 - z n,-j (1 = exp (— b(D)t""y), (4)

re m; — YyIeJdbHbIH 06beM dasbl, 06pa3oBaBIIeiics BO
BpEMST OXJIAXKICHMSI.

B pa6orax [8, 10] omwmcana naHHash METOIMKA,
pe3yJbTaThl €€ SKCIEPUMEHTAJBHON IPOBEPKU U
pesysbTaThl pacuetoB. IIpupoct usorpornHoit aedop-
Maluu B 3aBUCHMOCTH OT TEMIIEPATYPbI U JIAHHBIX
MpeBpaIleHnil OMpe/essieTcsl B COOTBETCTBUH € Gop-
myJioit [8, 10]:

4

i=5 i=
de™" =3 amdT - > yidn; sgn (d7),

i=1 i=1

(5)

tne T € <Ty, Tha>, o; = o; (T) — KoapdpuumenTo!
JIUHEHHOW [UJIATAIlUd COOTBETCTBEHHO AayCTEHWTA,
6elinuTa, heppuTa, MapTeHCUTA U TepJuTa; i = A, b,
O, Mull,j=A b, @ Mull; vy =y (T) —
koapdurmenTor hazoBoro MpeBpanieHus ayCTEHHTA,
COOTBETCTBEHHO B GeifHUT, (epputr, MapTeHCUT WU
nepsint; o6osHauenune (sgn(e)) apisgercs dyHkimeit
3HAKA.

Hanpsizkenust. [lpunumas BO BHHUMAaHHE 3aBU-
CHIMOCTD TeTIOPU3NIECKNX K03 UINEHTOB OT TeM-
nepaTypbl, HUCHOJb3yIoTcA caenyionme auddepen-
I[MATbHBIE YPABHEHUS MEXaHWIECKOTO PaBHOBECHUS:

div(s (x, ) + B (x, £) = 0, (6)

rae B — BekTop cus B o6beMe.

ITO JIaeT BO3BMOKHOCTD YIUTHIBATD U3MEHEHUE TTOC-
TOSTHHBIX MaTephajia B 3aBHCUMOCTU OT TEMIIEPATYPbI
B OUEPEHBIX IPUPOCTAX HATPY3KH, He U3MEHsIsI THHET-
HOCTb ypaBHeHUil. B Mojiestb /1711 onpejiesieHus Hampsi-
JKEHUiT, KpoMe YIpyroi gedopMarnm, TEPMUYECKON 1
oT (Ha3oBbIX IPEBpAIEHN, BKJIIOUYEHA TAKKe ILIac-
tinyeckas jgedopmanns e’ = e’(ghg). Dopmyibl 3aKoHa
I'yka, BbIpaskeHHbIE B CKOPOCTSIX, UMEIOT BUL:

G=2u(—&)+atr (e — &) - K™ +

. . (7)

+2p e+ ktr (€9 1,
rae 6 = o (6*?) — remsop manpskenns; pou A —
nocrogunbie Jlame; K — Moaysib cxatus, e =

=e(egp) =€ — € — e — rensop ynpyroit gedop-

mauny; e = e(gyp) — TEH30pP MHTErpasbHBIX HAIPS-
xennit; e’ = e(elf") — Temsop Tepmuueckux medop-
Manyii, BO3HUKAIOIMX B pe3yabTaTe (ha3oBbIX ITPeBpa-
mennit; [ — exuananbii renszop (pynxnms Kpornexepa).
Moayap IOHra 3aBUCHT OT TeMmmeparypbl, Kaca-
TEJIbHbIN MOZ[yJIb n mnmpezaea TeKy“IeCTI/I — OT TeMIiepa-
Typbl U (Ha30BOTO COCTaBa, T. €.
E=E (T, mp), Yo=Y, (T, n,
4 (8)
Yo =20 Y5 (D) s,
k=1

rie N — Yy/AeJabHbINH (a3oBblil 06beM COOTBETCTBEHHO
aycrenura, 6efinura u Mmaprencuta; Yo = Yo(T, ng) —
npejiesl TEKy4ecTH Mareprasa, 3aBUCHMbIil OT TeMIie-
parypsl u (asoBOro cocraBa TPH  OTCYTCTBUU
TIacTUYecKoi edopmaryi.

B nanpneiimem sasucumocts (7) mcnosbsyercss B

BUJIE:

6=E¢E-¢& e+ Eef, ec=e—e—e™" (9
e E = E(E™™(T)) —
Marepuaia.

Hanpsixkenus, poucxosiye oT Harpesa u (aso-
BbIX IIpPeBpallleHhii B TBEPAOM TeJjie, OIPeIesiin,
UCIIOJIBb3YS MOJIENIb HEN30TEPMUYECKOTO TLTACTUYECKO-
r0 Te4yeHHs C HU3OTPONHBIM yIpO4YHeHWeM. Ilmac-
Tyeckue gedopMaliuy ONpeAesieT 3aK0H TIACTHYeC-
Koro teuenud [5, 6, 9, 10]

TEH30PD ITOCTOAHHDbIX

A

o (10)

[=0. =0,
rjae A — OIpe/eseHHbIil CKATSIPHBIH MHOKUTED; [ =
= f(o, Y(T, ng, €’)) — pyHKIMSA TeueHus, 3apucsiias
OT TEH30pa HalpsLKEeHUs U npejena tekydectu (Y =
= Y(T, ng, €).

[us  ycnosuit mmactuanoctn  ['y6epa—Mmuseca
(QYHKIMS TeyeHUsT UMEET BUJL

f: \ ED D - Y(T) Nk ng):

=Dy~ YT, ny, e =0,

(1)

rge D — pgeBuarop Tensopa Hampspkenusi, (D = o —
- Ioy,/3), e — abdexrusHas mwactudeckas gedop-
mauust; Yy = Yyu(T, ng, ) — mpupoct mpegena te-
KY4YeCTH B Pe3yJIbTaTe yIIPOUHEHUsT MaTepuaa; Do —
apdexTuBHLIE HATIPSIKEHWS.

IIpexen tekydectu ¢ yuerom mpupocta (Y = Y (T,

D
Nk, Slef)) OIICHUBAETCA I10 3aBUCUMOCTH:
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6Y(T7 Nk> glcjf) P

» ef
8sef

a§](Yv7 T]k: ng) o
o, k=

Y(Ty Nks ng) =

aY(T7 Nk» Sléf) T :
or

=K (T) nk) éle)f"_ H}] (Ty Nk Slcjf) T+

(12)

+ Hy (T, My, ) Mg

rae npeges tekyuectn Y =Y (T, g, €F), MOAyJIb yII-
pounenusi kK = k (T, €bf), MOIyJIb TEPMHYECKOTO OCTa0-
nerns HY = HY (T, Mg, €0) 1 MOIy/Ib CTPYKTYPHOTO
YIIPOUYHEHHUS H%/k = H:k (T, Mk, %), ompenensior 3a-
BUCHUMOCTH:

Y (T) Nks Slgf) = YO (Tv nk) + YH (T) Nk» ng) =
=Yy (T, np) +x (T, np) &,
OV oYy (T, np &) E(E (T, np)

"ok Ol “EMD) -E, (T, m)
HY _ a_Y _ aY() (T, T]k) + oK (T, MNks S'gf) o (13)
toar or or efs
y _0Y oYy (T,mp) ok (T, my el
oM My, oy Eef -

[Tocne cooTBeTCTBYIOMMX TPEBPAIEHUN 1 yHIOPS-
JoYeHNsT ToJydaeM (QOpMyJy S CKAJISPHOTO
MHOKHITEJIS JIACTHYHOCTH ()

- _ -TPh oo Yo _ Y .
YSD(E(e e "+ Ee) - 2YH7TT 2Yanr|k~ (14)

=2 9D(ED) + 4kY D

Cxopoctb addextuBHOll TacTU4ecKoi medop-
Maruun (éé’f = M), ouenuBaemas no sasucumoctu (14),
3aBUCHUT HE TOJBKO OT BEJUUYMHBI HATIPSKEHI, HO T
OT TPAIUEHTOB TePMOMDUINYECKUX MOCTOSTHHBIX U
daszoBoro cocrasa.

[l penieHust ypaBHeHMI MeXaHU4YeCKOro PaBHO-
Becus (6) UCIIOJAb30BAH METOJ KOHEUHBIX 3J1eMEHTOB,
MIOCKOJIBKY OH JIaeT BO3MOKHOCTD JIEFKO MO/IEJTUPOBATD
HEOJHOPOJHOCTh MaTepuasa, OOYCJIOBJIEHHYIO Ha-
JIMYUEM 30H IIACTUYHOCTH, a TaK)Ke YYUTHIBATh 3a-
BUCHMOCTb MOCTOSIHHBIX MAaTepHajia OT TeMIIEPATYPhI
u ¢dasoBoro cocrasa [4, 9, 10].

Vpasuenue (6) gonomnusiercst popmynamu (9) ¢ Ha-
YaJIbHBIMU YCJIOBUSIMU

(T(X7 t()) = Oy (X)y B(X, tO) = B07

15
e(x, ty) = ey(x), {15)

a TaK>Ke COOTBETCTBYIOIUMU IPAHUYHBIMY YCJIOBUSIMHI.

[Moce mpuHATHSA omnpeneseHHBIX (GYHKIUNH ¢ =
= ¢(x), oTHOCAMIXCS K pocTpancTBy Tnmn6epra (H')
(KoTOpBIE B OHOM CJiydae ABASAIOTCS (DYHKIMSMH Beca,
a B PYrOM allllPOKCUMUPYEMbIMH), TPOBE/s OIEHKY
omun6oK MPUOIMKEHUST B paccMaTpuBaeMoil 06J1acTu
U OMUOOK MPHUOTIKEHUS TPAHUYHBIX YCJIOBHI BHIA
Heiimana, nosydyaeM cucreMbl ypaBHeHUl JJ1g 4uCJ/IO-
Boro petenus [10]:

[K] {U} = ({R} + {7 = {t) + {7}, (16)

rae K — marpuiia )xecTkocTu; TP — BEKTOP Y3JIOBBIX
CHUJI OT TEPMUYECKOI iedpopMariun u fepopmariinu, Bbi-
3BaHHOI (ha30BbIMU IIPEBPAIIECHUSIMHU B TBEP/IOM TeJI€;
t® — BEKTOpP Y3J/IOBBIX CHJI OT W3MEHEHUS] BEJIMYUHDBI
nocrosanbix Marepuana (moxyas IOmnra); R — Bex-
TOP Y3JIOBBIX CUJI OT CUJIOBOW HArPy3KM HA TPaHUIlE 1
CHJT MHEPINH; t¥ — BEKTOP Y3JI0BBIX CHJI OT MJIACTHYEC-
Kol pedpopmanuu.

BexTopbl cKOpoCcTH HAarpy3KH, IpUBE/IEHHBIE B CKOO-
KaX, PacCYUTBhIBAIOTCS TOJIBKO IIPU IIPUPOCTE HATPY3KH,
TOr/la KaK BeKTOp t’ WU3MEHseTcsl B WUTEPAIlMOHHOM
mpotiecce. CyMMapHble 3HAUEHU TIepeMenieHit, aedop-
MalMii ¥ HaNpPSKEHWH SBJSAIOTCA Pe3yJbTaToOM WH-
TErPUPOBAHUS TI0 BPEMEHW TOJYYEHHBIX (DYHKIMN OT
BpeMeHHU fj 10 ¢ B COOTBETCTBUM CO CXEMOM

t

F(x, B = | F (x, Odx.

t()

7)

Yucaennoe unrerpuposanue(17) mposoaurcs cie-
aytommmM o6pasom (Bpems t + At):

F(x,t+At)=F(x,¢t)+

X ; (18)
+ ((1 = VF (x, t) + VF(x, t + At)) At.

[Tapamerp v BBIOUpaeM u3 auanasona 0...1 (06bru-
HO L = 0,5). /lng v = 1 UMeeM TUNUYHYIO HESBHYIO
cxeMmy, sIBHas cxeMa peasudyercs mpu v = 0.

B mporiecce urepannuu mpu OYEPEIHOM i-M Imare
pellaeTcsa cucTeMa ypaBHeHUi

N,
[K] {5' U} —42 IcDT (E5'e?) dQ}, (19)
e=1q°
rne @ = O(p, a(x)) — MaTpuna IPOU3BOIHBIX

dyHKIM Beca.

3aTeM yTOUYHSIOTCS TI0 OYepeIN BEJTMYUHDI TIepeMe-
meHwit, fepopManuy U HAMPSKEHUH, NCIIOIb3Y ST TTPO-
nenypy (aus cpasaennst (18))

F(x,t+At)=F(x,¢t) +

+ [(1 -0 Fx t)+v (F”’” Y SkF”D a0

k=1

B mporecce wmrepanuu ucnosb3yercss Moaudu-
1upoBanublil anroput™ Heiorona—Parcona.

Ucxonss  m3  paccMaTpuBaeMoil  reoMeTpuu
(mpusma), [ pemeHus  MCToJb3yeM  Moau(u-
IIMPOBAHHBIE YCJIOBUS ILIOCKON AedopMaliuul, KOria
BBITOJIHSIETCSI  YCJIOBHE PABHOCTH CYyMMApPHOW HOP-
MaJIbHOI CHJIBI HYJTIO B ITONEPEYHOM cedeHur 06pasia.
HpI/I BBIYMCJICHUAX OIIpe/JeJICHbI CpeaAHNE BEJIMYNHDBI
nedopMaii €11 M €11, KOTOPBIE YIOBJETBOPSIOT
YCJIOBHUIO

161169:N|r¢0, f011SQ:N|r¢O, (21)
Q Q

rie N — cymMmapHas HopMasbHasg cujla B pac-
cMaTpuBaeMoM cedenny ('), BO3HHKAIOIAA OT 3aJaH-
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HOWl Harpysku B 9TOM cedeHur (B 4acTHOM cJydae
paBHa HY.JIIO).

IIpumepsi pacueroB. Kak u B pabore [8], B nannoM
CJIy4ae pacyueThbl IPOBeIeHbI /151 06pasiia ¢ pa3MepaMu
100X30X6 MM, cBapeHHOTO JiazepHOU cBapkoii. Tep-
Mo usnUecKue mapaMeTpbl, 3aBUCSIIIE OT TEMIIEPATY-
PbI, TIPUHATBI KaK [JIS JIETHPOBAHHOW CBapUBaeMOi
cranu. [IpuBoguM npuMep pacyeToB JJis CJeIYIOMUX
PEKUMOB cBapKu: MorHocth QF = 5.8 kBT; cxopoctb
cBapku v = 102 M /4, gumaMeTp JaszepHoOro Jjyda d =
= 4 mM; koaddurment abcopbimu f = 250, Ty = 300,
Teon = 1700, T s = 1800 K, Ty, = 0.5(T s + Teon) -
[Ipm pacuerax Hanpspkenuit u gedopMaIuii TPUHATHI:
E(Ty) 210°, E(Ty) 100 Mlla, ELT) =
= 0,1E(T). Monayab IOHTa 1 Kacate bHbI MOAYJIb B
untepsane Temuepatyp T...Ty, annpoKCUMUPOBaHbI
JuHelHbIME GyHKIMAMEA. [Ipenensl TexyuecTnm ais
ouepearbix cTpykryp Yo(Ty, hy) mpuHuMaoT 3Ha-
yenug: 200, 650, 200, 900 u 360 MIla coorBeTcTBEHHO
UL Ma, M, Mo, MM 4 N, Yo (Tp, ) = 10 MIla.
[Ipenenbr Tekyuectu B untepsane temneparyp To... Ty,
AMIPOKCHMUPOBAHDBI JIUHEUHBIMU (PYHITUSAMY U IS CO-
OTBETCTBEHHOTO CTPYKTYPHOTO COCTaBA OTIPEIEISIIOTCS
dhopmy.ioit (8). IMosyuentble pe3yIbTaThl IPUBEIEHDI
Ha puc. 1-6.

1.
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KOMIIBIOTEPHOE MO/IEJUPOBAHUE ITOJIEN
COBCTBEHHbBIX HAIIPSI;KEHUI
U NX 3KCIIEPUMEHTAJIBHOE UCCJEIOBAHUE
TP COEIMHEHUU PA3HOPO/IHBIX MATEPUAJIOB

B. ®. KBACHUIIKUIA, T. B. EPMOJIAEB, A. B. IABAPTKABA
(Ykp. roc. MOp. TeXH. yH-T UM. agMupana Makaposa, r. Hukosaes, Ykpanta),
B. M. IPOXOPEHKO (HTYY «Kuesckuii noJuTeXHU4ecKuil MHCTUTYT>, Y KpanHa)

C ucrosb30BaHNEM METO/IA ClIeKI-uHTephepOMeTPUN IKCIIEPHUMEHTAIbHO NCCIe/JOBAaHbI COOCTBEHHBIE JlepopMallii TPEXCIION-
HOTO MAsHOTO coe/juHenus Tuna G6pyc. Teopernueckuii pacyeT BBINOJHEH 110 pa3paGoTaHHOIl HporpaMMe Ha 6ase MeToza
KOHEUHDBIX 3JIEMEHTOB. YCTAaHOBJIEHO, YTO MAKCUMAJbHOE PACXOX/EHUEe MeXKJy TeOPeTHYECKUMU U SKCIIepUMEeHTabHbIMU
JIAaHHBIMU COOTBETCTBYET TOYKAM, KOTOpbIE HAXOJSATCS B 00JIAaCTH CIAiiKi. MeTo/JoM KOMIIBIOTEPHOIO MOJIEJIMPOBAHUS UCCJIe-
JIOBAHO BJIMSTHUE JKECTKOCTH COEJMHSIEMbIX JJIEMEHTOB B TIASTHOM COEJMHEHHN THUIA JBYXCJOIHOrO 6pyca. Y CTaHOBJEHO, YTO
YMEHbIIIEHHE JKECTKOCTH SIBJISETCS JI0BOJIBHO 3((EKTUBHBIM METOIOM CHIDKEHUs YPOBHS HAIIPSDKEHUIL.

Inherent strains in a three-layer brazed joint of the beam type were experimentally studied by the speckle-interferometry
method. Theoretical calculations were made following the developed program based on the final element method.
Maximum discrepancy between theoretical and experimental data was found to correspond to the points located in the
brazing regions. The computer-aided modelling method was used to study the effect of stiffness of elements in the brazed
joint of the two-layer beam type. Decrease in stiffness was found to be a very efficient method for decreasing the level

of stresses.

B macrosiiee BpeMst Bce 6oJbllice pacipocTpaHeHUe B
PA3JIMYHBIX OTPACJAX MPOMBIINIJIEHHOCTH HAXOJST
y3JbI W3 Pa3HOPOAHBIX MaTepuasoB. l[Ipumenenue
TakuX MarepuanoB (B TOM 4uC/Ie KEPAMHUKH U METajl-
JIOB) B y3J1laX MAalIMHOCTPOUTEJIBHBIX KOHCTPYKIIMii
MO3BOJISIET JIOCTUYD ONITUMAJBHOTO COUETAHUS U PaCII-
peziesieHuss HEOOXOAUMBIX CBONCTB MEX[Y OT/EJb-
HBIMU WX 4YacTIMU. Taxuwe y3Jbl JOJKHBI 067a1aTh
HEOOXOANMON TPOYHOCTBIO, KAPOCTOHKOCTHIO, KOP-
PO3MOHHOI CTOWKOCTBIO W PA60TATD TIPU BBICOKNX TEM-
neparypax 4 B YCJOBUSX TETJIOCMEH.

AHanm3 TEXHUYECKOH JUTEepaTyPhbl U paHee BBITIOJ-
HEHHBIX paboT O COEAWHEHUIO Pa3HOPOJHBIX Ma-
tepuaJioB [1] mokasas, 4To 0/IHOI U3 OCHOBHBIX MPO6-
JieM, BO3HUKAIOIINX MPH MaliKe y3JI0B U3 PAa3HOPO/IHBIX
MaTepHuaJioB, ABJseTcs MpobyeMa COGCTBEHHBIX HATIPSI-
kenuit u nedopmanuii. OcHOBHAs MpUYMHA UX o6pa-
30BaHUd — pasjnyue B KoadduimeHTax TepMuyecKo-
TO PaCIIUPEHUST COEUHSEMBIX MaTepuaJios. Vmero-
nMecss B MAaTEHTHOW M TEXHUYECKOH JIuTepaType cBe-
JIEHUST O METOJlaX CHIDKEHUS COOCTBEHHBIX HaIlpsi-
JKeHUI B KOHCTPYKIUSIX U3 PA3HOPOIHBIX MATEPUAJIOB
3a CYeT PEryJINPOBAHUS TEPMUYECKOTO ITUKJIA, UCTIOJb-
30BaHUS MTPOTIECCOB PEJAKCAINH U ONTUMAJTLHOTO KOH-
CTPYKTUBHOTO O(OPMJIEHUS COEIUHEHWI UMEIOT,
0OBbIYHO, KauyeCcTBEHHBI Xapakrep. Bmecre ¢ tem, ad-
(PEeKTUBHOCTD MX MCHOJb30BAHMS BO MHOTOM 3aBUCHUT
OT HAJIMYUS HAJIE)KHBIX PACUETHBIX METOJIOB, TaK KaK
B IIPOTHBHOM CJIy4ae TpeOyeTcs MpoBe/ieHre GOJIBIIOTO
YHCJIa SKCIIEPUMEHTOB TI0 TIaliKe HATYPHBIX Y3JI0B, KaK
MPaBUJIO, TPYAOEMKHUX U JIOPOTOCTOSINX. B HacTos-

1ee BpeMs /I pacyera HapsuKeHW u aedopMaruit
ITMPOKO TPUMEHSIOTCS YNCJIEHHbIE METO/bI, B YacT-
HOCTH, MeTOJ KoHeuHbIX 3siaeMentoB (MKD). B
TEXHUYECKOU JIUTepaType UMeeTcst psifi paboT, MOCBSsI-
MIEHHBIX WCCJIEOBAHWIO TOJIell COOCTBEHHBIX HAIpsi-
JKEHUI MeTOJIOM KOHEYHBIX 3jieMeHTOB [2—5]. B pabo-
tax [3—5] ¢ ucnosib3oBanreM pazpaboTaHHOI ITPOrpam-
MbI Ha 6aze MK ucciieoBaHo BIMSHIE TeOMETPUT 1
CBOWCTB MAaTepPHAsOB B [BYXCJOHHOM IIassHOM COe-
JMMHEHUH ThTa 6pyc. BisHne reoMeTpun n3yvyass npu
U3MEHEHU! BBITSHYTOCTH Opyca B CHUMMETPUYHOM
COEJIMHEHUN TIPU OTHOIIEHUH JJTUHBI K BbicoTe L /B ot
0,25 1o 4, Ipu 3TOM MOJYJIU YIPYTOCTH MATEPUAJIOB
6o opuuakoBel (Ey = Ej). PacuerHyo cxemy
MPUHUMAJHN C YYETOM CUMMETPHUU OTHOCUTETIHHO OCH X
1 KOCOCUMMETPHH OTHOCHUTEJBHO ocH y¥. OTOpOTICHHbIE
YaCTH YYUTBHIBATH BBEIEHUEM 3aKPEIJIEHIH B COOTBET-
CTBYIOIIUX y3JaX. Y CTaHOBJIEHO, YTO B /IBYXCJIOIHOM
6pyce, B 0o0IIeM cJydyae BJOJIb COEAMHEHUS MOXKHO
BbIJIeTUTDb JBe 30HbI. llepBag — mnepudepuiinasg
(B6m3u cBOGOAHOM TOBEPXHOCTH). B 5TOl 30HE mMOMIA
HAIPSKEHUN UMEIOT CJI0KHBINA XapaKTep, TMoIepevHbIe
CEYEHUS 3aMEeTHO MCKPUBJSIOTCSI. BTopas — cpemnsis
30Ha (B palioHe BepPTHKAIbHON ocK cuMMeTpun). Pac-
npeieieHre MPO/I0IbHBIX HATIPSIKEH U B 3TOH 06/1aCTH
JIOCTaTOYHO TOYHO OTHCHIBaeTcs (HhOPMyJTaMu, OCHO-
BAHHBIMM Ha TUTIOTE3€ TIJIOCKUX CEUeHHil, a morepey-
Hble W KacaTeJbHble HANpsLKeHus OJU3KU K HyJ0. B
3aBUCUMOCTH OT TIPOTSZKEHHOCTH 3TUX 30H COETNHEHUST
YCJOBHO MOKHO pasjenutb Ha giauanbie (L > B), Ko-
porkue (L ~ B) u sbicokne (L < B). B jimHHbIX
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COeIMHEHUSX TPOTSIKEHHOCTDb TEePBON 30HBI OCTAETCS
Hen3MeHHOU (IPUMEPHO COOTBETCTBYET BbicoTe B),
BCIO CPEIHIOI0 YacTh 3aHWMaeT BTopas 30Ha. B Kko-
POTKUX ¥ BBICOKUX BTOpas 30Ha (DAKTUIECKH OTCYTCT-
BYyeT — BCIO IJIONIA/b COEMHEHNST 3aHUMAET TIepPBasi.
B nesaBucumocTu ot cooTHolenus: L /B MakcuMasb-
HbI€ MPOJIOJIbHbBIE HANPSIKEHNs] BO3HUKAIOT HEITOCPEe/I-
CTBEHHO Ha TPaHWUIlEe pas/lesia, MaKCUMaJIbHbIE TIOIIe-
peuHble HAIPSHKEHUST ¢ TOYHOCTbIO 70 10 % paBHBI
MaKCHUMAaJIbHBIM ITPOJIOJIbHBIM ¥ BO3HUKAIOT BOIM3U 60-
KOBOI TIOBepXHOCTU. KacaregpbHble HATPSKEHUS
BO3HUKAIOT HA TPAHUIlE pas/iesia U COCTABJSIIOT OKOJIO
0,5 oT MakcUMaJIbHBIX HOPMAJIBHBIX HATPSKEHUI.

UccnemoBanme moseil HanpsoKeHWH IBYXCJIONHBIX
COeTMTHEHNUH ¢ Pa3JINYHON TOJIIUHON CJI0€B TIO3BOJIUIO
YCTAaHOBUTb, UYTO XapaKTep paclpe/leJieHus Hampsi-
JKEHUI M WX MaKCUMaJibHble 3HAYEHUs CYIIECTBEHHO
U3MEHSIOTCS TOJBKO T1pu  OOJIBINON pa3HuIle B
pasmepax cJoeB. Tak, TOlepevyHble HANPSKEHUS
3aMETHO YMEHBINAIOTCS TOJHKO B CJ0€ MEHBIIEH TOJI-
HIMHBI, a B ¢JI0e GOJIbINel TOIIMHBI IPH OTHOIIEHUH
B2 /B1 =1...0,25 Bospacrarwor Ha 25...30 % (puc. 1).
MakcumaJsibHble — KacaTesbHble HANPSDKEHWS — TTPHU
YMEHBIIEHUN TOJIIUHBI OHOTO W3 CJOEB MOCTOSTHHO
CHUIKAIOTCS, OJIHAKO 3TO CHUKEHWE He IIPeBBIIIAeT
25 % (puc. 1). IIpu uccaegoBaHUU TEOMETPUYECKIX
XapaKTEePUCTUK MOJAYJIW YIPYTOCTH COEAMHSIEMBIX
MaTepuaJioB TPUHUMAJIUCH OJUHAKOBbIMU. OMHAKO
JKECTKOCTD SIBJISIETCSI OTHUM 13 (DaKTOPOB, BJIUSIONINX
Ha BEJIMYNHY HAIPSIKEHWH.

Pacyer momeit HampssKeHUH B ABYXCJIONWHBIX
COeIMHEHNSX U3 PA3HOPOJIHBIX MATEPUAJIOB BBITIOJ-
HSJICS TIpU  COOTHOINEHWW MOJyJed  yInpyrocTu
E,/E{=0,1...1, a pa3Mepbl COeINHIEMbBIX JIEMEHTOB
NPUHUMAJNCH oanHaKkoBbiMU (B = By). Tlosyuennbie
3aBUCUMOCTH MAaKCUMAJIbHBIX HAMIPSKEHUN OT COOTHO-
menus £y ,/ E{ IoKa3anbl Ha puc. 2. Y MeHbIlIeHUE JKec-
TKOCTU XOT$SI Gbl OJHOTO M3 COEIMHSIEMbBIX 3JIEMEHTOB
MPUBOJUT K YMEHDBIICHWIO HANPSKCHUN KaK B Ma-
TepuaJjie MeHblllell, TaKk U B MarepuaJe OoJibllei JKec-
troctu. [Ipu Ey = 0,5E( yMeHbIlleHUe MAKCUMAJIbHbBIX
MPO/IOJIbHBIX HANPSLKeHWT B 0oJiee KECTKOM Ma-
tepuajie coctapisieT 20, a B MeHee kecTkoM — 40 %.
Ilpu E, = 0,1E; yMeHbIIEHUE COCTABJISIET COOTBETCT-
BeHHO 3 1 6 pa3. MakcuMaJibHbBIE TTOTIEpeYHbIe HATIPSI-
JKeHUsT Ha CBOOOJHOW OOKOBOIl TIOBEPXHOCTH B
MaTtepuaJjie 6OJIbIIei JKECTKOCTH TTPU U3MEHEHNH COOT-
nomenust E,/E; = 1...0,3 usmensiorcsd B rnpejenax
5 %, a 3aTeM Pe3KO YMeHbIIaTcst. B MaTepraie MeHb-
el JKeCTKOCTH MaKCHUMaJIbHbIE TTOTIEPeYHbIe HATPsi-
JKeHUS yMeHbINAIoTCs ToYTH JuHeHo. [Ipu aTom Touka
MaKCUMAJIbHbIX HAIPSUKEHU B MaTepuasie GOJIblieit
JKECTKOCTU CMEIAeTcsi K TOBEPXHOCTH pasjiesia, a B
MartepuaJie MeHbIIel >KeCTKOCTH YyAassieTcss OT Hee.
MakcuMasibHble KacaTeJbHble HANPSKEHUS B CJIydae
u3MeHeHus: cootnomenus E,/Eq = 1...0,2 ymenbina-
forcs Ha 50...60 %.

OnHako, HECMOTPST Ha Hajmune paboT, MOCBSINEH-
HbIxX usydenuio (c mpumenenreM MK9) nanpsixenmno-
J1eDOPMUPOBAHHOTO COCTOSIHUS KOHCTPYKITWI U3 pas-
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Puc. 1. 3aBucuMocTh MakcuMasbHBIX nonepeunsix (1, 2) m kaca-
TesibHbIX (3) HanpsKeHmii OT COOTHONIEHHS TOJIIMH CJIOEB B
HECHMMETPUYHOM COeIMHEHNN: | — B TOJICTOM cJjioe; 2 — B TOHKOM
cjioe; 3 — Ha MOBEPXHOCTHU pasjiesia

HOPOJHBIX MATEpUaJOB, B TEXHWYECKOW JTEpaType
MPAKTHYECKH OTCYTCTBYIOT pabGOThI, TOATBEPIKAAOIINE
tounocTb MKJ, omuceiBatoniie akcrnepuMeHTaIbHBIE
UCCJIEZIOBAHNUS TI0JIell COOCTBEHHBIX HAIPSDKEHUN B
MagHbIX KOHCTPYKIUAX U3 PA3HOPOHBIX MATEPUAJIOB.

B nocsieiiee BpeMst 1St UCCII€IOBaHUS HAIIPSKEH-
HO-/1e(DOPMUPOBAHHOTO  COCTOSTHUSL ~ KOHCTPYKIIHIA,
paboTaloNINX B YCJIOBUSX CJIOKHOTO MEXaHMYECKOTO
BO3/IefICTBUS ¥ TeMIIepaTypPHBIX I'PaUEHTOB, IpUMe-
HSTOTCS METOJIbI ONTUYECKOl roJiorpacduu, OIHUM U3
HaIlpaBJIeHU KOTOPOU SIBJIIETCS CHeKJI-uHTepdepo-
Mmerpusi. Kak m3BecTHO [6], 4yBCTBUTEIHHOCTD OGBIY-
HBIX CIEKJI-UHTEP(HEPOMETPUIECKIX METOIOB Hec-
KOJIbKO HUXKE, YeM YYBCTBUTEJIBHOCTD roJiorpadudec-
Kol WHTep(EepOMEeTprN, OJJHAKO ee MPEUMYIIECTBOM
SIBJIIETCSL TO, YTO CIIEKJI-TOJIOTPAMMBI HecyT MHGOP-
MaIUI0 O TIPOEKIMSIX TepeMeNieHnuil MOBEPXHOCTH
00bEKTA, JIESKAIINX B INIOCKOCTH, TTAPaJIIeTbHOI TLI0C-
koctu otommacTuHku. O6sagas MeHbIIeH TyB-
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Puc. 2. 3aBucHMOCTb MAKCHMAJIbHBIX HAIPSKEHUIT OT COOTHOIICHUS
JKECTKOCTH COeINHAEMBIX MaTepuasoB: /, 2 — marepua c MOJyJieM
YIIPYTOCTH COOTBeTCcTBeHHO E; u E,; cluomHas KpuBas — IIPO-
JIOJIbHBIE; IITPUXOBas — IONepeYHble; TOUeuHasl — KacaresbHble
HaIPSDKEHUS
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STRESSES AND STRAINS IN WELDED JOINTS
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Puc. 3. Icku3 o6pasiia, Ha KOTOPOM HPOBOANJIN HCCJEOBAHUE
oJieil mepeMenieHui

CTBHUTEJIBHOCTBIO, YeM Tosorpadudeckas nHTepdepo-
MeTpusi, CeKJ-MHTepdEePOMETPUsS MOXKET TTPUMEHSITD-
Cs1 17T MI3MEPEHNUST OCTATOUHBIX HATIPSDKEHUI GOJIBIIETO
YPOBHS, KoTJa rojorpadudeckas wHTEPHEPOMETPHS
OKa3bIBaeTCs yiKe HempuemsaeMoil. ABropamu [7]
CIIeKT-UHTEP(HEPOMETPUS YCIENTHO TPUMEHSIIACH JIJIsT
OTIpe/IeJIEHUs] OCTATOYHBIX HANPSYKEHW B CBApHOM
TaBPOBOM cOeJIMHeHUH u3 citaBa AMr6, BbITOJTHEH-
HOTO aprOHO/yTOBOM CBapKO#. IJKCIIEPUMEHTAJIbHOE
UCCJIeIOBaHNe TIOJIell TiepeMeleHuit TPOBOANIN Ha
o6pa3iie, KOTOPbIN IIPe/ICTaBIseT COO0U TPEXCIONHBIN
nasiHblii 6pyc us crasa Huo6us (HBILy) u GpoHsb
BPX-08 (puc. 3). [l yBesmueHns oTpaskaroieii cro-
CcOOHOCTH Ha MOBEPXHOCTH 06pa3iia HAaHOCUJIN TOHKWIT
cJI0i MaTOBOI Kpacku 6esoro 1iBeta. [1pu npoBenennn
MIPOIEAYPBI pacimPOBKY TaHHBIX HEOGXOIUMO 3HATD
KOOPMHATHI MHTEPECYIONNX HAc Tovyek. /Lt aToro Ha
o6pasell 1ocj€e BbICBIXaHWS CBETOOTPAKAIOIIETO MOK-
PBITHST HAHECJTM KOOPAMHATHYIO CeTKy. Pa3MeTouHble
JITHUY HAHOCWJIM B TIJIOCKOCTU 00Pasiia mapaJssesbHO
ocaM X u Y o61ieil IeKapToBOil CUCTeMBI KOOPIWHAT,
B KOTOPOIl 3a/1aHa IOBEPXHOCTh. B KayecTBe ncTouHnKa
KOT€PEHTHOTO M3JTyYeHWS UCIOTb30BAJH TeTHii-HEOHO-
BbII JTa3ep HenpepbIiBHOTO AeticTBust JITH-215. 3anuch
cnekya-pororpaduy  OCyNIeCTBISJIM TIO  ONTHYECKOI
cxeme (puc. 4). Jlyu jazepa 1 pacummpsieTcss MUKPO-
06bekTuBOM (MM JIMH30M) 2 M OTPa)kaeTcst 0GBEKTOM
uccaenosanug 4. Ilpoiing uepes Qoxycupyionryio
cucreMy 5 usiydenue gopMupyer c(hOKyCUPOBAHHOE
n3obpakerre OOBEKTa, KOTOpPOE 3alUChIBAETCS Ha
MOMEIIeHHOIl B 9TOH IJIOCKOCTH (DOTOUYBCTBUTEIBHOIT
maactute 6. /1715 mpoBeieHNnsT aKcTIiepuMenTa o6paserl
TIOMEIIAJIN B YCTAHOBKY OKPAII€HHO CTOPOHO mapaJi-
JgenbHO Qoromactuke. /IByKpaTHOe 3KCHOHUPO-

Puc. 4. Cxema nosyvenus cnexj-gororpacduu: 1 — jasep; 2 —
MHUKPOOOBEKTHB; 3 — HarpeBaTeJbHbIN 37eMeHT; 4 — obpaserr;
5 — doroobbeKkTuB; 6 — OTOIIACTHHKA

2 3
u
/ > - @y
o !
Puc. 5. Cxema pacnmdpoBku crneka-pororpadpum: 1 — cranm-

pylomuii 1y4; 2 — cHeKkJorpamMma; 3 — 3KpaH

BaHme oObekTa ([0 HarpeBa M IOCJE) NPOBOAMIA C
CyMMapHOH 3KCHO3UIMEN OT HECKOJbKMX CEKyHJ /10
HECKOJIBKMX MUHYT (9KCIIOHMPOBAHUE 3aBUCEJIO OT CTe-
[EHU PACITUPEHNS JTA3EPHOTO JyYa, MOIIHOCTH JIa3epa,
oTpaskaoIell croco6HOCTH 06beKTa, KoahuImeHTa
yBEIMYeHUsT U300pakeHus, amnepTypbol  (DOKycH-
pyiomeil cucTeMbl M €€ yAAJEHHOCTH OT OGbeKTa).
[Tepen mepBoii sKCIIO3WITHEH MO/IENb B BU/IE TPEXCJIOH-
HOro 6pyca OCcTaBajaach B UCXOHOM COCTOSTHUM, TTEPe/]
BTOpOil — ee HarpeBaau a0 65 °C. C mosydeHHOI B
pe3yJibTate dKCIepuMeHTa (HDOTOILIACTUHKU METOIOM
MOTOYEYHOTO CKaHUpOBaHus (puc. 5) CHATHI 3HAYEHHST
MOPSI/IKA TIOJIOCHI 7, PACCTOSIHUE OT IEHTPAJBHON OCH
1o nentpa mosiocet [0ura d, yron o Mexxay ocbio X u
HalpaBJIeHNEeM BeKTopa mnepemelnenust U, paccTosiHue
oT doTomIacTUHKY 0 3KpaHa [. 3HAaUYeHUs] BEKTOpa
nepememennii U paccunrsisamm 1o ¢popmy.ie (1), mpo-
exiuu BekTopa U Ha ocu koopauHat X u Y no ¢op-
mystam (2). TIo oIy 4eHHBIM JAHHBIM OCTPOEHO TI0JIE
nepeMmereHnii uceaemayemoro o6pasua (puc. 6).

Hepacrmupennbtii ayu jasepa 1 (puc. 5) Hanpas-
JISIETCS B BBIOPAHHYIO TOUKY N306pakeHns 00beKTa Ha
cniekJ-rosiorpamme 2. [Ipu aToM Ha sKkpaHe 3 B Tesec-
HOM YTJIy HaGJIOAI0TCS TIOJIOCHI, PACCTOSTHUE MEXKITY
KOTOpBbIMHU b cBsi3aHo ¢ mepeMerienueM U TOUKH, depes
n300pakeHre KOTOPOH Ha CIEKJ-TOJOTpaMMe Ipo-
XO/IUT JIy4, COOTHOIIEHUEM:

Al
U=%, )
rge b — 1war 1moJioc; A — JJIMHA BOJHBI M3/TyYeHUs
nasepa (A = 6,310 mxm); m — koaddurment

yBeJMYeHnsT n306paxkeHnss o6beKTa HA CIEKJ-TOJO-
rpamme (m = 1,37); | — paccrosiHne Mex1y 9KpaHoM
U CIIEKJI-TOJIOTPaMMOTA.

Hampagssienue Bekropa nepeMenienud U 1ipu criekJI-
nHTepdEPOMETPIIECKIX M3MePeHHsIX (KaK U B roJiorpa-
(buueckoit uHTEPHEPOMETPUN) ONPEJESETC ¢ TOY-

I —
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Puc. 6. Ilose mepemerennii nccsiefyeMoro o6pasiia BCJIeJACTBIE Ha-
rpeBa

|-
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HOCTBIO /10 3HaKa. lIpoeximy BekTOpa TepeMeleHus
U, n U, onpenensanm no cieayionmeil 3aBUCAMOCTH

U,=U cos a

U,=Usin q,

(@)

T7le 0. — YTOJI MeX/y ocbio X 1 HalpaBJeHneM BeKTopa
nepemetienud U.

Ananmu3 puc. 6 TOKa3bIBaeT, 4TO B pe3yJbTare
TEPMUYECKOTO BO3JlefcTBUA TPOUCXOAUT AedopMu-
poBaHMe 06pa3iia, IpUYeM KpaiiHue cedeHus BOJU3N
CBOOOTHOI TIOBEPXHOCTH WCKPHBJISIOTCS, a CPEIHUE
OCTAIOTCS MPAKTUUYECKU POBHBIMH, YTO COTJIACYETCS C
pesyJabtatamu pador [3—5]. VI3 puc. 6 BumHO, 4TO 1PN
MIPUJIOKEHUH TEPMUYECKOTO BO3/EHCTBUS TTIPOU3OIILIN
HE TOJIBKO COGCTBeHHBIE AedopMaiuu o6pasia B
peayabtate pazauyns KTP matepuason, HO u iepeme-
meHne o6pasiia Kak Iiesoro. Berancienne aToro nepe-
MeIl[eHHsT OCYIIEeCTBJISIOCH B IIPEAIONIOXKEHUH, YTO Jle-
¢gopMupoBaHre CUMMETPUYHBIX 06PA3IIOB MPOUCXOIUT
O/IMHAKOBO BO BCE CTOPOHBI OTHOCUTEJBHO OCeil
cumMmerpuu X u Y. [loaToMy TOUKH Ha OCAX CUMMETPUU
JTOJKHBI OCTaBATHCS HETIOJABMKHBIMU Ha ocu Y B Ha-
npaBjieHun ocu X, um Hao6opor. 3HaveHus ¢ak-
TUYECKUX TIEPEMETIEHIIT OCEBBIX TOUEK IIPUHUMATH KaK
IIOIIPABKY K 3aMePEHHbIM IIepeMellleHUSAM BCEeX OCTaJIb-
HBIX TOYEK TT0 COOTBETCTBYIONIUM CCUCHHUSIM.

Teoperuyeckuil pacuer MPOBOAMJN C MCIOJIb30-
BaHUEM Pa3paboOTaHHO mporpaMMbl. [1o moydyeHHbIM
PACYETHBIM U SKCIIEPUMEHTATHHBIM JJAHHBIM OBLIH MOC-
TPOEHbI 3MIOPbI TIepeMeNIeHnuil B COOTBETCTBYIONINX
cedenusix (puc. 7). AHAJIN3 MOJTyYE€HHbBIX PE3yJIbTATOB
[IOKA3bIBAET, UTO B 11€JI0M HAGJIIOIAETCS XOPOIIIas KOp-
peJISIus TEOPETUYECKUX U IKCIIEPUMEHTATbHBIX 3Ha-
yeHuii. MakcuMasbHOe Ppacxox/eHHue B IlepeMele-
Hustx He mpebimaer 10 %. B 9Ty HOTPEIHOCTD BKIIO-
YeHa W OoMMOKA M3MepeHuil, 00yCIOBIEHHAs TeM, YTO
B 30HaX MaKCUMaJbHbBIX JedopMaiuii 3KCIepuMeH-
TaJbHbIE 3HAYEHUS TIepEMEIeHUl YCPEAHSIOTCS 110
IJIOIIA/IA CeYeHUsT CKaHupytomero Jyya. CienoBa-
TEJbHO, Pa3pa0OTaHHBI METOI  KOMITBIOTEPHOTO
MozesnpoBanusg Ha 6aze MKO MOXHO MCIIOJIB30BATH
JUIS M3y4eHUsT COOCTBEHHBIX HANpPsLKeHWH u aedop-
Malil B MagHbIX KOHCTPYKIMAX U3 PA3HOPOAHBIX
MaTepuaJloB.

BoiBo b1

1. YcranossieHo, 4TO B ABYXCJOWHOM COEIMHEHUN U3
PA3HOPOAHBIX MaTepHajoB B OOIIEM CJIydae MOKHO
BBIJIETUTD /iBe 30HLI. IlepBast HaxoauTcs BOJIM3U CBO-
6O/IHOI TTOBEPXHOCTH M PACIIPe/IesIeHIe oJIeil Hatpsi-
JKeHUH B Hell mMeeT OUeHb CJI0XKHBIN XapakTep. BTopas
30HA HAXOJUTCS B paiioHe BEPTUKAJBHON OCH CHUM-
MeTpun. Pacmpejiesienue TPOJOJbHBIX HAIPSLKEHUN
371eCh JOCTATOYHO TOYHO OMHCHIBAaeTCS (hOPMYJIaMu,
OCHOBAHHBIMHU HA TUIIOTE3€ TJIOCKUX CEYEHUN.

2. B AByXCJOWHBIX COEIWHEHWSX C Pa3IMYHON
TOJIIIMHON CJIOEB paclipe/iesieHle HApPsKeHUud U ux

Ux-102, mMm
3.5 35 mMm
3,0
2,54 28
210‘— 21
1,5
14
1,0
0,5% x x % 7
1 1 1 1
0 5 10 15 20 Y, MM
a

Uy 102, MM

a ¥=18,75 mm

Fy i A 4
0,5 & 8,25
N . e 425 T4
! L ! ! !  o——
0 5 10 15 20 25 30 35 X, mm
fo}

Puc. 7. dmiopsl nepememenuii: ¢ — U,; 6 — U,; cujouisble Jiu-

HUN — TEOpeTUYECKNEe 3Ha4Y€HUA, 3HAYKU — OSKCIIEPpUMEHTAJJIbHbIC

MaKCHMAaJIbHbIe 3HAYEHUS CYNIECTBEHHO HM3MEHSIOTCS
TOJIBKO TIPY GOJIbINON pa3HUIlEe B pa3Mepax CJIOEB.

3. UccnenoBanme HanpsKeHHO-1eOPMUPOBAHHO-
IO COCTOSTHUSI COe/IMHEHMIT U3 MATEPUAJIOB C PA3HBIMU
MO/IYJISIMU YOPYTOCTU TI03BOJIMJIO YCTAHOBUTH, YTO
YMEHBIIIEHWEe MOJYJIST YIIPYTOCTH XOTS OBl OJTHOTO W3
COEe/IMHSIEMBbIX MATEPHUAJIOB SIBJISETCS JOBOJBHO 3-
(EeKTUBHBIM METO/IOM CHUIKEHUSI YPOBHS HATIPSIKEHUN
BO BCEM y3JI€.

4. Ananmu3 pe3yJabTaTOB 3KCIIEPUMEHTA M UX CPaB-
HEHWE C Pe3yJbTaTaMH KOMIIbIOTEPHOIO MOJIEJUPO-
BAaHUS MOJATBEPAUIO JOCTATOUHYIO TOYHOCTD pa3pado-
TAHHOTO METOJa W BO3MOKHOCTb €TO HCIOJb30BAHUS
JUIST peTleHns TTPaKTHYECKUX 3a/1a4.

1. Ceaprxa pasHOPOIHBIX MeTAIOB U citaBoB / B. @. Patos,
1. M. Pa6kun, P. C. Kypouxo, A. I'. CrpuwxeBckas. — M.:
MammnuocTpoenne, 1984. — 239 c.

2. Jdamaun A. B., Mycun P. A. HaupsikenHo-nedopMupoBas-
HOE COCTOSTHUE METAJINIEeCKUX IMPOKJIAJOK TPH CBAapKe [1aB-
JIeHHeM KepaMmuyecknx marepuasos /,/ Cpapou. mp-Bo. —
1989. — Ne 4. — C. 3-5.

3. Epmonaes I'. B., ./Ia6apm1<a6a A. B. Tlpumenenne 3BM nis
pelieHns 3ajad MeXaHWKH mnasHbix ysuaoB // CO6. Hayd.
tp. — Hukomaes, YIMTY. — 1999. — Ne 2 (366). —
C. 55-64.

4. Epmonaes I. B. Mogemnpoanne na IBM moseit Hamps-
SKEHUII B CBAPHBIX U IAsHBIX KOHCTPYKIMMSX U3 PA3HOPOIHBIX
MatepuanoB /,/ C6. mayd. Tp. — HuxomaeB, YITMTY. —
1998. — Ne 7 (355). — C. 204-211.

5. Epmonaes I'. B., Jlabapmxasa A. B. Moneimposanue moJeit
HANPSDKEHWH B MASHBIX COEJUHEHUSAX W3 Pa3HOPOIHBIX
MmarepuaioB // Asromar. cBapka. — 1999. — Ne 11. —
C. 17-21.

6. baxyaun B. H., Paccoxa A. A. MeToJ KOHEUHBIX 3JICMEHTOB
u rosorpaduyeckas uHrepdepoMerpus B MeXaHHKE KOM-
no3uroB. — M.: Mammuocrpoenue, 1987. — 312 c.

7. Jobanos JI. M., Husmopax B. A., Kyewuncxuii H. T.
JluarHocTHKA KOHCTPYKLUUI M3 METQJIMUECKUX U KOM-
TO3UITIOHHBIX MaTePHAoOB ¢ TIpUMeHeHneM roJorpadum,
3JIEKTPOHHOU cliekJa-uHrepdepomerpun u umporpapuu / /
Asrtomar. ceapka. — 2000. — Ne 9-10. — C. 76-83.
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KOHEYHOJJEMEHTHbBIN AHAJIN3 KUHETUKU
TEMIIEPATYPHBIX IIOJIEI I TE®OPMAIUN
[IPU TEPMOOBPABOTKE COEUHUTEJBHOI BAJIKU

A. E. HEXKUBJISIK (CO BHUMIKT, r. Mocksa, P®), 0. H. AKCEHOB (Mockos. roc. yH-T myTeil cooGmenusi, PD),
M. B. TPEYHEBA, B. H. MATXAHOB (Vpkytck. roc. Texu. yu-t, P®)

Huskast Ha/Ie>KHOCTb COE/IMHUTEIbHBIX GAJOK KOJIECHBIX TeJIesKEeK BOCbMUOCHBIX IICTEPH He obecreynBaeT nx 6e3011acHoil
akciryaranuu. [Ipun naroroBiennn 6ajok IPOBOAUTCS UX BbICOKHUil oTiyck. OJHAKO TIpoliece nX TepMooOpadoTKU Heo-
CTATOYHO MCCJIE/IOBAH, a OLEHKH ero 11e1ec006pa3HOCT! IPOTUBOPEYHBLL. B pesysibrare anainza MpOU3BOACTBEHHOTO OIIbITA
1 KOHEYHO3JIEMEHTHBIX PAcyeToB I1polecca TepMooOpaGOTKU YCTAHOBJIEHO, 4TO HauboJiee MOBpeK/aeMas B Ipolecce K-
CIUTyaTallui 30HA M3/IeJINsT He Pa3orpeBaeTcs 10 HeoOXOAMMOIl TeMreparypbl. PekoMeHnoBaHbI OCHOBHBIE TTapaMeTphbl 1
PEKUMBI IIpoliecca, 06ecreynBaoIe Ha/IeKAIYI0 PAGOTOCIOCOGHOCTD M3/IeIHs .

Low reliability of connection beams of wheelsets of the eight-axle tank wagons cannot provide their safe operation.
When manufactured, the beams are subjected to high tempering. However, the process of heat treatment of the connection
beams is little studied, and estimates of its expediency are contradictory. As found as a result of analysis of the
manufacture experience and FEM calculations of the heat treatment process, the most vulnerable zone of the beam,
which is most often damaged during operation, is not heated to a required temperature. Recommendations on basic
parameters and conditions of the process, ensuring the required performance of the beams, are given.

IKCITyaTalusl  JKEeJEe3HOAOPOXKHBIX ~ BOCBMUOCHBIX
IIUCTEPH B MOCJIEHNE TOJIbI HEe yIOBIETBOPSIET TPe6Go-
BaHuIM GeszonacHocTH. OCHOBHas TPWYUHA ITOTO
SIBJEHUS — HU3KAs HAJEKHOCTb COEIMHUTENbHBIX
6aok (CB) xoaecupix tenesxek. CB sBasercs rias-
HBIM HECYIIUM 3JIEMEHTOM paM YeTBIPEXOCHBIX TeJe-
JKE€K TPY30BBIX BArOHOB M COCTOWT U3 JIUTBIX JIeTaJiei
u npokara (cranp mapku 0912C), coeIMHEHHBIX CBap-
koit. OGBIYHO TIOCJIe CBAPKU W3/IEJUs TIOBEPTAIOTCS
TepMOO6PAaGOTKE — BBICOKOMY OTHYCKY [1], KoTOpBIit
JIOJIKEH 06eCTIeunBaTh HAIEKHOCTD U3JeJIUsl, TIPEI0T-
BpamaTh XpymKoe paspyiinenue. [Ipu mpousBomcTBe
CD BbBICOKHIT OTITYCK TTPOBOMTCS C 1IEJTbI0 CHATHS OCTa-
TOYHBIX HANPSYKEHWN W BHIPABHUBAHUS MPOYHOCTHBIX
M IJIACTUYECKMX CBOIICTB MeTajsla B CBapHBIX
coeaunenuax. Opnaxo npouecc Bbicokoro oriycka Cb
XOpOIIIO HEe WCCJEeOBaH, OIEHKA €ro pe3yJbTa-
THUBHOCTH B psijie pa6oT IIpOTUBOpeunBbl. B yactHocTu,
YTBEPK/IAETCS, YTO BBICOKUI OTITYCK CBAPHBIX KOHCT-
PYKIMii mHOTIa GECIIosie3eH, a B HEKOTOPBIX CAyYasx
Jlaxke BpeneH [2, 3].

Llenb HacTOsIIEH PAGOTBI — MCCIEAOBATH MPOIECC
tepmoo6paborku CH it BeiGopa namGosee ad-
(peKTUBHBIX PEKUMOB C yU4€TOM O0COOEHHOCTEH TeXHO-
JIOTUU TIPEJIIECTBYIONIEN CBAPKHU.

[Ipm MHOTOCJIONHON CBapKe MPOYHOCTh MeTaJLia
MOHIKAETCS M3-32 MHOTOKPATHBIX OTIIYCKOB B CBSI3U C
MOBTOPHBIMU BO3/JICHCTBUAMU TEPMUYECKUX ITMKJIOB
OpH YKJIAQJIKe TTOCTeAYIONINX CJOEB Ha TIPeIbIIyIIIe.
[Ipn HempaBUJIbHO BBIOPAHHBIX PEXKUMAX W TEXHO-
JIOTUU CBAPKH YMEHbBIIAETCS COIIPOTUBJISIEMOCTD METAI-
Jla XPYNIKOMY pa3pylleHuio B 30He Tepmomedop-
MAITMOHHOTO CTapeHus. T AeeKThI MPU MOCaEyI0-

© A. E. HEJKUBJEIK, 10. H. AKCEHOB, M. B. TPEUHEBA, B. H. MATXAHOB

el TepMuYecKoit 06paboTKe TOJHOCTHIO HCIIPABUTH
He yaercd. [Ipu npoussojcrse Cb na I1O «AzoBmar»
UMeJTNCh caaydan GoJbIuX aedopMalinii, KOTOpbIe
BO3HUKAJIU TIPH COOPOYHO-CBAPOYHBIX paboTax M IMoc-
Jeaymonieir TepMoo6paboTke. 3HauMTebHBIE Aedop-
Mmaru CB nipu c60pOYHO-CBAPOYHBIX ONEpaIUsiX CBS-
3aHBI KaK C HAYAJTbHBIMU OTKJIOHEHUSMU T€OMETPUH
OTJEJbHBIX JleTajell, TaKk U C HAPYIIEHUSIMU TEXHO-
soruu cBapku [4]. IIpu TepMoo6paboTKe BO3MOKHOCTD
3HAUUTENBHBIX JedopManuii MOXKeT ObITh CBSI3aHA C
repepacipe/ieJIeHIeM TI0JIel 0CTaTOYHBIX HATIPSKEHU I
U C TeM, YTO KOHCTPYKIUS OAJKU WMEET HJIEMEHTDI
pasnoit rommuubsl. Oxaaxkaenne CH mocsie Bbicokoro
OTITyCKa TMPOBOJWTCA Ha Bo3ayxe. M3-3a 60JBIIOTO
Pa3JIMuusT TOJIIUHBI JieTasell 6aaKd TTPOUCXOAUT He-
PaBHOMEpHOE  OXJIAXK/eHWe  KOHCTPYKIMU W,
BCJIEICTBUE 9TOTO, BO3HUKAIOT 3HAUUTEJIbHBIE TEMITe-
paTypHble TPAJMEHTbI U BTOPUYHOE T10JIe OCTATOYHBIX
nedopmarvii 1 HanpsoKeHuid. /11 u3ydeHust STUX Mpo-
11eCCOB OBLI MCITOIH30BAaH METO/] KOHEUHO3JIEMEHTHOTO
aHaJM3a KUHETUKU TEMIEPATypPHBIX TIOJiell W Hamlpsi-
>keHHO-epopmupoBantoro cocrosinusi Cb B mporiecce
TepMoo6paboTku. Ilokazano, 4To Kak NpU Harpese,
TaK W TIPU OXJAKJIEHUU YIaeTcs TIPeJOTBPATUTD
BO3HUKHOBEHIE BTOPUYHOTO TI0JIsI OCTATOYHBIX /iedop-
MalWif, MOTYIINX TIOHU3UTb PpPaboTOCIOCOGHOCTD
U3/IeNNs.

[l OlleHKU BJIMSTHUS Tiepepacipe/ie/ieHus ToJieit
OCTATOYHBIX CBAPOYHBIX HANPSKEHUI HEOOXOIMMO
3HATh WX MCXOMHYIO BEJWYUHY U paclpeiieieHue 1o
OT/IeJIbHBIM 30HaM KOHCTpYKIuuU. /{15 atoro Tpebyercs
petierare TepMoiehOPMAIMOHHON 3a/1auul ¢ MOCJIey-
IOIIAM aHAJM30M TEXHOJIOTHY BBITIOJHEHHS BCEX CBap-

, 2002
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HBIX IIBOB, a TAKXKe pekmMa TepMoobpabotku. Ciox-
HOCTb KOHCTPYKIIMU OaJKU W OOJIBIIOE KOJUYECTBO
MHOTOCJIOIHBIX CBAPHBIX IIIBOB 3aTPYIHSIOT pellleHue
3a/1auM JlaXke MPU UCHOJb30BAHUU METOJA KOHEYHBIX
3JIEMEHTOB ¥ COBPEMEHHOI BBIYNCTUTETbHON TEXHIKH.
[onepeunoe ceuenne CHb cummerpuuno u ux jedop-
Malls U3-3a fepepacipe/ie/IeHust OCTATOYHBIX CBapOy-
HBIX HATIPSDKEeHUI MajioBepositHa. Hanbosiee BeposITHO
BO3HUKHOBEHHUE BTOPUYHOTO TIOJISI OCTATOYHBIX HAIIPSI-
SKeHuit 1 JiepopMalinii B poriecce OCTbIBAaHUS Ha BO3-
nyxe. Ilo texnosornu, nmpumensemoii Ha [1O «A30B-
Mallly, TIPU BBICOKOM OTITyCKe COeIMHUTEeTbHAs 6aIKa
3arpy>Kaercs B IeUb, TEMIIEPATYPa B KOTOPOU MEHSIETCS
o cxeme puc. 1. [ocse HarpeBa u BbI/Iep:KKY B TeUeHNE
1,5...3 4 6ajKa BBIHUMAETCA U3 €YU U OXJIAXKIAETCS
Ha Bo3ayxe npu temneparype ~20 °C. Ilpu pacuere
TeMIIEPATYPHBIX TIOJIel, a TaKkKe BPEMEHHBIX M OCTa-
TOYHBIX HAPSKEHWIT HEOOXOAMMO YYUTBHIBATH TEMITe-
paTypHYIO 3aBHCHUMOCTDb TEIJIOPU3NIECKUX XapaK-
TEpUCTUK cTtanu [5]. 3amernm, uyTo K03 PUITUCHT TeT-
JIOTIPOBOJTHOCTH A 3HAYUTENbHO CHIDKAETCS C TOBBI-
IIEHIEM TEMIIEPATYPBI, TOATOMY IIPH TEILJIOBLIX pacye-
TaX BBICOKOTO OTIycKa ¢ Temmeparypoir 650 °C ko-
adumenT TenJIONPOBOAHOCTA MPUHAT PABHBIM €T0
3HaueHMIO 1pu Temrepatype 325 °C.

HarpeBaHnme 6ajiky OCYIIECTBJISIETCS 32 CUET KOH-
BEKTUBHOTO U JIYIHCTOTO Termoo6MeHa. OOBIMHO 1071
TEIJIOOTAAYN U3JTyYE€HHEM Ha TOPSJIOK MeHbIe KOH-
BEKTUBHOTO Tersioo6Mena. [Ipu pacuerax mpesamoJiara-
JIOCb, YTO B T€YW OTCYTCTBYEeT MPUHYIUTEIbHOE
JBIKeHUe ropsiero Bosayxa. COOTBETCTBEHHO, CJie-
JIyeT CYUTATH, YTO TETIIOOOMEH B ITE€YH OCYIIECTBIISETCS
myTeM cBO60{HOI KoHBeKIuu. [Ipy ocTbiBaHNM KOHCT-
PYKIIMU Ha BO3/yXe TOcJe BbIeMKW U3 Tle4yd B pac-
CMaTPUBAEMOM TEMIIEPATYPHOM JAUANA30HE JOJIS Terl-
JIOOT/IAYM W3JIy4eHWeM He3HauuTeJbHA. B KadecTBe
TPAHWYHBLIX YCJOBUN TIPH pacyeTe TeMIepPaTypPHBIX
noJieit 6aJIKU TIPUHIMAJIOCh, YTO TEIIOOOMEH Ha MPOo-
TSDKEHUW BCETO IMKJIA TEPMUYECKOH 06pabOTKU OCy-
IIECTBJISIETCS TOJIBKO TyTEM CBOGOJHON KOHBEKIIHH.
TemnepaTypa OKpy Karoiieit cpebl ObLIA IPUHSITA PAB-
noii T = 20 °C. 3uauenus koaduirenra TernmooTaaun
JUIst CBOOOTHON KOHBEKITMHM BbIOPAHbBI COTJIACHO U3BEC-
THBIM pekoMenpanusMm [6]. Hwske npusenenbr 0606-
meHHble (POPMYyJIbl JIJI PACYETOB TEILIOOTIAYU TPH
CBOGO/THO KOHBEKIIMY U YCJOBHS TPUMEHNMOCTH Yac-
THBIX (DOPMY.I.

XapakTep Teroo6MeHa CBOOOAHONW KOHBEKI[UEN
SIBJseTCI B 00IIeM ciydae (QYHKIMEH KpHUTepueB
Ipauaras Pr=v,/a ( v — koapdunment kunernyec-
KOU BA3KOCTH, @ — KO3 PUIMEHT TeMueparyponpo-
Bozoctn) u Ipacroda Gr = gPPBAT /v?, tie g —

TaGuua 1. 3nauenns xoadpduumentos Ay, Ay, Az ana Hemm-
HEIHOrO TeMIIEPAaTyPHOro pacyera

T, °C ‘ 0 ‘ 20 ’ 50 ‘ 100 ‘ 200 ‘ 300 ‘ 500 ‘ 1000
A 025 -~ 026 027 029 03 032 035
A, 122 117 14,14 1,09 1,05 0,95 0,85 0,70
A3 145 1,35 1,27 1,14 097 085 070 0,48

T, °C

600...800 °C

60...80 °C/y
400

t,u

Puc. 1. Cxema PEXKUMOB BbBICOKOI'O OTITyCKa

YCKOpEHUE CUJIbI TSDKECTH, | — XapaKTepHbIil JuHeii-
HBbII pa3Mep Tesna, B — KoapPuimeHT 06bEMHOTO
pacumpenust cpenbl, AT — TeMmmepaTypHbII Hamop.
CBo6oHAs KOHBEKITHS TaK)Xe 3aBUCHUT OT (POPMBI
tea. [Ipy pasHbIX 3HaYEHMAX IIPOM3BEJNEHMS KPHU-
tepueB PrGr = leTgB /(av) pacuernbie (hOpMyIbI
Koa(puimenTa TenI00T a4l UMEIOT BUI:

1072 < PrGr < 5-10%,
51072 < PrGr < 210,
PrGr > 210/,

a=A; (AT/P)"*,
a=A, AT/,
o = AsAT" .

3uauenns K0adPuImeToB Ay, Ay, A3 TpUBEIEHDI
B Tab. 1.

B kauectBe pacyeTHOrO JWHEHHOTO pa3Mepa Tesa
| mpuHUMAaeTCs: A BePTUKAJIBHON MJIACTHHBI — BbI-
cota o6orpesaeMoro (OX/IaKJaeMOro) ydacTka; s
TOPU30HTAJIBHON — ee IMUpUHA. 3HAYeHUs 06006IIeH-
Horo koadduimenta ¢B/(av) mnpeacraBiaeHbl B
ta6a. 2. 3uauenus gf / (@v) pas namTel, o6panieHHol
HarpeBaeMoil CTOPOHOW BBepX, YBEJUUYMBAIOTCS Ha
30 %, a aJsist InThI, 0OpaIeHHOi HarpeBaeMoi CTOPO-
HOU BHU3, yMmeHbiaoTcst Ha 30 %. B manHoil 3amaue
MaKCUMaJIbHBIN TeMIlepaTypHbIi HAIlOp COOTBETCTBYET
MOMEHTY 3arpy3ku 6aJiku B ieub u paBen AT = 380 °C.
Ecau mpuHSTH pasMep coeAnHUTETbHON 6aku [ = 1 M,
10 PrGr = 9.5-108. IIpu PrGr > 2-107 koaddurment
TeriooTaun pasen o = AsAT! 3.n, rie koaddumment
7 YYUTHIBAET OPUEHTAIMIO TIOBEPXHOCTH W3JEJUS B
mevu.

[IpenBapurebHBIN pacyeT TeMIEpaTyPHBIX TOJEi
B 6aJIKe TIPH 33/JaHHBIX TPAHUYHBIX YCJIOBHUIX IMOKA3AT,
YTO MaKCHMaJIbHAs TeMIlepaTypa B KOHCTPYKIIUH,
JOCTUTaeMas Tiepe/l BbIEMKON W3 TeYd, COCTaBJSIeT
Tmax = 960 °C. Ilpu temmeparypaoMm Hamope AT =
650 — 560 = 90 °C ycaoBue PrGr = 0,01-10%.90 =
=9.107 > 2.107 ocraercs npexxuuM. CJriefoBaresbHoO,
MOKHO CUMTATD, YTO PEKUM TETI000MEHa CBOOOIHOM
KOHBEKITMel He MeHsSeTCsl Ha TPOTSKEHUH BCETO TeX-
HOJIOTUYECKOTO TIPOIECcca U B pacueTaxX MOKHO UCTIOJIb-
30BaTh BbIOpaHHbIE 3HAYEHHSI KOa(UIIMEHTa TerLIo-
orgaun. Ilpm pacuerax koapdunmeHT TemaoOTAAUN
[UIST BHYTPEHHUX U BHEIIHUX IIOBEPXHOCTEH 6aJKu

Ta6auna 2. 3uHaueHuss o6Go6meHHOrO Kodbduumnenta gp,/ (av)
JUIs HeTMHETHOTO TeMIlepaTypHOro pacuera

T, °C ‘ 0 ‘ 50 ‘100‘200‘300‘400‘500

gB/(dv)iO*8 1,4 0,644 0,338 0,117 0,0408 0,025 0,0142
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4490
480
470
4B
450

Puc. 2. Pacnipeesienne teMieparypbl B COeIMHUTEIbHON 6asKe IpHI
tepmooGpabortke. Craaus Harpesa (¢ = 6,2 1)

IpUHUMAJICS oAWHaKoBbIM. IIpoBemeHHBIE pacueTnb
pekMa HarpeBa GAJIKW TTOKA3aJd, YTO MTPU 3a/1aHHBIX
TPAHMYHBIX YCJIOBUSAX Hambosee MacCUBHAs 30HA
KpailHUX TSTHUKOB HE yCIIEBAET MPOTPEThCS J0 3a/1aH-
HO¥ TemniepaTypsbl. IIpuMepHo uepes 6 1 ocsie Havaaa
Harpesa temIiepartypa B nofnstauke gocturaet 380 °C,
B marauke 290 °C. Ilpm TtemmepaTypHOM Harmope
60 °C /4 u BbIZIEPKKe 3 U TeMIlepaTypa B MOIINATHUKE
pocruraer 560 ° C (puc. 2). OgHAKO B ILATHUKE OHA
cymectsenno nmwke (450 °C). CiemoBaTebHO, 30HBI
KpallHIX TISITHUKOB He JOCTUTAIOT TpeOyeMoil TeMile-
paTypbl OTIyCKa. AHAIN3 BOSHUKAIONINX TP HATPEBE
BPEMEHHDIX HAPSIKEHUI 1 1eopMaliuii okasa, 4yro
B KOHCTPYKIINM B TedeHHEe BCEro Ipollecca Harpena
MPAKTUYECKU He BO3HHUKAeT MJIaCTHYecKuX Jedop-
MaIfnil.

C yueToM TIOJIyYeHHBIX Pe3yJIbTaTOB ObLIO PEIIEHO
He BapbHPOBATh MapaMeTPbl KOHBEKTUBHOTO TEIMJI006-
MeHa M BPeMs BBIIEP)KKU B ITE€YN HA CTAJWU HATPEBa,
a TIPUHATD JIJIs PACYETa OCThIBAHUS HAOOJIee SKeCTKUIT
PEe’KMM, KOTZa HadaJbHas TeMIlepaTypa IO BceMy
ceuenuio 6anku T = 650 °C. IIpu mocJemxyioriemM oCTbI-
BaHUW Ha BO3/IyXe BO3MOXKHBI BBICOKIIE TPAJNEHTDI TEM-
meparyp u, COOTBETCTBEHHO, HauboJiee BEPOSITHO
BO3HUKHOBEHUE BTOPUYHOTO TIOJISI OCTATOYHBIX HATIPSI-
JKeHHil. Pe3ysbTaThl pacyera TeMIIEPATypPHBIX MOJIEH,
HanpsoKeHui 1 gedopMaliuii Ipu OCTBIBAHUN GAJIKI
mpe/JcTaBJieHbl Ha puc. 2—5. [Ipn ocThiBaHNM Han6oTee

Puc. 3. Pacupenesenne teMmieparypol B COEIHHATEIBHON OaJIKe TIPH
tepmooGpaborke. Craausi oxnaxaenus (¢ = 0,88 u)

Puc. 4. Pacnpeiesienne temieparypbl B COeIMHUTEIbHOI 6asKe IpI
tepMooGpabotke. Craans oxnaxaenus (¢ = 7,8 1)

OBICTPO OXJTAXKIAETCS [IEHTPATbHAS 4acTh GAJIKH, B KO-
TOPOH, HECMOTPSI HA HAJIWYWE MACCUBHON 30HBI IIOJI-
MATHUKA, Yepes 3...4 4 TeMieparypa MpaKTU4ecK Bbl-
paBauBaercst u coctanisger 280...290 °C, yepe3 6 4 —
npumepno 70 °C. Ilporiecc octbiBanusi 6aJKK JAJIATCS
10...12 4. HauboJjiee BBICOKUX 3HAUECHWIT HAMPSKEHUS
©; IOCTUTAIOT Yepe3 2 U [0CJie HAvaJia IPOIecca OCThI-
Banusa (puc. 5). JIaHHOMY NEPUOLY COOTBETCTBYIOT
HamboJiee BBICOKUE TPAJMEHTHI TeMreparyp. Hamps-
JKeHns o; gocruraiot Beanun 172...198 MIla B 3o0me
COTIPSDKEHMST MOJKPBLIKOB KPAaHHMX CKOJb3YHOB C
BEPXHUMHU W HIKHUMH JUCTaMU Oalku. B ocHOBHOI
MEeTaJITIOKOHCTPYKIIUY GAKi HAIIPSDKEHWS G; He Ipe-
BoImmaor 79...93 MlIla. Kak u npu Harpese, B mpoiiecce
OCTBIBAHUSI GAJKM TIPAKTHYECKN OTCYTCTBYIOT ILJac-
tyeckue fAedopmanuu. Hecmorps Ha To, uTO 0bIiue
yupyrue gedopmanun B 6Gajke gocturaior 15 M,
OTCYTCTBYIOT TPEITIOCBIIKU JJisI BO3HUKHOBEHUS [0-
MOJIHATEIBHOTO ~ TIOJISI  OCTATOYHBIX — HATIPSIKEHMUIA.
TakuMm 06pa3oM, JONOJHHUTENbHBIX OCTATOUYHBIX MaK-
ponedopmaluii  KOHCTPYKIUH, KOTOpble MOrjiu Obl
MOBJUATh Ha PABOTOCTOCO6HOCTH GaJKM, HE TIpo-
UCXO/UT.

[TpoBenennbIe pacyeThl pa3HOCTH TEMIIEPATYP LIE€H-
Tpa M MOBEPXHOCTH JIMCTOB NIPH CBOGOTHOM OX-JIaXK-
JIEHUW C UCTIOJb30BaHWEM KPUTEPHUEB TEIJIOBOTO MPO-

o, MNa ]
164
156
148 7
140

Puc. 5. PacmpezesieHre MHTEHCHBHOCTM HANPSKEHUIT ©; B coe-
JHUTENbHOI Gajike 1pu TepmMoo6paboTke. Craansi OXJIaXKAeHUs
(t = 1,8 9); o; = 15 (uepnbrii)...197 MIla (Ge.brii)
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HATNIPHMEHHA H JEDOPMALIHN B CBAPHBX COEJHHEHHAX

necca Fo (Dypoe) u Bi (Buo) no3sossior oneHuBaTh
MPUMEHUMOCTD TOTO UJIK MHOTO BAaPUAHTA OXJIAKIEHUS
[7]. B ciyuasx, xorma pa3HOCTD TeM-TIEPATyp OTIENb-
HbIX fetaseit foxoaut 1o 100° u BbITIe, HY>KHO TIPIMe-
HATb MECTHBIN (DOHWIECKNIT HATPEB AeTaseil BHE TeUH.
B pesyabrare aHasM3a MPON3BOACTBEHHOTO OITBITA
U MPOBE/IEHHBIX PACYETOB KMHETUKU TEMIIEPATYPHBIX
noJielf M HapsKeHHO-/1e(DOPMUPOBAHHOTO COCTOSTHUS
COEIMHUTETHHON OATKKA B TpoIiecce TepMooOPaGOTKI
YCTAaHOBJIEHO, 4TO HamboJiee IMOBpeXkiaeMas B IIPO-
1ecce KCIUIyATAIluU 30HA U3/IeNUsT He Pa30TPeBaeTcst
JI0 TeMIIepaTypbl, TpeOGyeMoit I BBICOKOTO OTITyCKaA.
PexoMeH0BaHbI OCHOBHBIE TAPAMETPBI U PEIKUMBI TEP-
MOOOPabOTKH, OGECIIeYnBAIONIIE HAJIEKAIYI0 pado-
TOCIIOCOGHOCTD U3/IeNUsT; pPa3pabOTaHbl OCHOBHBIE Tpe-
60BaHMS K BbIGOPY PEKUMOB U TEXHOJOTUU CBAPKU C
YUETOM TIOCJIeAyIoNIel TepMOoo6PabOTKY M3eJTHsI.
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STRESSES AND STRAINS IN WELDED JOINTS

OF TEMPORAL AND LOCAL CHANGES OF STRAIN RATE

NUMERICAL SIMULATION OF WELDING STRESSES
AND DISTORTIONS IN CONSIDERATION

R. OSSENBRINK, V. MICHAILOV, H. WOHLFAHRT
(Welding Institute, Technical University of Braunschweig, Germany)

Due to high changing rates of temperature in the heat affected zone (HAZ) during welding the elevated strain rates
may have a great influence on variation of yield stresses. Higher yield stresses due to increased strain rates can be
observed in hot tensile tests for several materials. To investigate the influences of strain rate effects in numerical welding
simulation a model has been developed and integrated in a multi-purpose FEA-program (ANSYS). The routine calculates
the current yield stress depending on local and temporal strain rates. In comparative numerical welding simulations the
influence of the resulting stresses and distortions has been analysed.

[ToBbmrennsie ckopocTu AedpopMalii, BbI3BAHHbIE BBICOKUMHI CKOPOCTSMH H3MeHEHHs TeMilepaTypbl B Metasie 3TB mpn
CBapKe, MOT'YT OKa3blBaTh 3HAYUTEJbHOE BJIMSHUE HA U3MEHEHHUe IIpejiesla TeKydecTH. Y BeJIYeHNe Ipejiesia TeKy4ecTH,
00y CJIOBJIEHHOE BO3PACTAIOMINME CKOPOCTSIMU jiepOpMaIiny, MOKHO HaGJII0/[ATh IIPH UCIIBITAHUSX HA PACTSXKEHHE HArpeThIX
06pasnos. [lig naydeHus: BAMSHUS CKOPOCTH Je(OpMaIiii B MPOIECce YICJI0BOTO MOJEINPOBaHNSA CBapKH Oblia pas3pa-
6oTaHa MOJieJib, COBMEICHHAs ¢ POrPaMMOii aHAIM3a 110 METOAY KoHeuHbIX sjementoB (ANSYS) Muorore/ieBoro nasma-
vyenusi. [IporpamMma onepaTBHO PACCUNTBIBAET MPEIEJ TEKYUECTH B 3aBUCHMOCTH OT JIOKAJTBHBIX ¥ BDEMEHHBIX M3MEHEHUI
ckopocti gedopmaipn. C TIOMOIIBIO CPABHUTETLHOTO YHCJIOBOTO MOJEINPOBAHMS CBApPKH OblIa MPOAHAIM3MPOBAHA

3aBUCUMOCTb MEXK/1Yy U3MEHEHUEM HaHpﬂ)KeHI/Iﬁ u ﬂe(i)OpMaLH/II‘/JI " npejiejia TEKy4ecTu.

Introduction. During laser welding the local plastic
deformations are caused by the highly concentrated
heat input, resulting in residual stresses and distorti-
ons. In numeric welding simulations, plastic defor-
mations are described by material laws not taking
into account any strain rate dependency.

Known, as a result of tensile tests, not only the
temperature but also the deformation rate has a re-
markable influence on the yield strength [1—4]. In-
creasing strain rates are usually coupled with higher
yield strength. Especially at high temperatures the
effect of increasing yield strength can be observed
and also depends on the used material.

® measurement (steel 5355J2G3)
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low-alloyed 7
steels
’7®
012+ /
/
’
£ /
g !
S 0.08F 7 . ./
g r®,
u /
austenitic steels /*" !
- [
0.04 - )
"""" /
b _f heat-resistant
____________ » steels
1 1
0 300 600 Q00

Temperature, "C

Figure 1. Exponent m as a function of temperature [6]

© R. OSSENBRINK, V. MICHAILOV, H. WOHLFAHRT, 2002

Neither an influence on the Young’s modulus nor
on the hardening can be noticed.

In the heating and cooling phase of laser welding
high temperature changing rates are obtained. In com-
parison to standard hot tensile tests, the strain rates
during laser welding are much higher [5]. But usually
those data are used for calibrating the plastic strain
conditions in welding. It is therefore reasonable to
assume that disregarding this effect will lead to de-
viations in the numerical simulation. Therefore, an
estimation of the strain rate’s influence on the yield
strength is necessary and has been analysed [6]. The
temperature dependence, derived from standard hot
tensile tests, can be described by the following equ-
ation:

& m(T)
o(T) = o, o(T) [S—J

with o,(T) as yield strength at temperature T, and
strain rate ¢, as well as the elastic limit o, o(T) at
the deformation rate &,. For the following materials
the temperature dependence of the exponent m can
be determined from Figure 1.

For mild steel S355J2G3 the exponent m was de-
termined at different strain rates at temperatures of
500, 600, and 700 °C. For temperatures above 500 °C
a qualitatively good agreement with data from lite-
rature is given. Only at 500 °C the exponent m deviates
from the literature. It can be stated that the yield
strength is far less affected by the strain rate at lower
temperature ranges for the investigated steel.

Model set-up. To investigate the influence of hig-
her strain rates in numerical welding simulations a
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Figure 2. Algorithm and conception of an user-routine to consider strain rate dependent plasticity

mathematical model was developed and integrated in
the multi-purpose FEA-program ANSYS® using the
user programmable features (UPF) interface.

The calculation of the yield strength is thus done
depending on the given local strain rates.

The strain rates can be derived directly from the cal-
culation of the transient temperature distribution during
welding, since the temperature T is known for every
element at any time ¢. This allows an approximation of
the temperature changing rates and strain rates as shown
in Figure 2. In hot tensile tests of the base material the
temperature dependent yield strength o, ¢ was determi-
ned with the strain rate £,.

By the help of these data to every element in every
load step a modified stress-strain curve is assigned
considering the current strain rate.

Verification of the model. Verification of the
taken approach and the algorithms was done by a
numerical simulation of the hot tensile tests for de-
termining the exponent m. Therefore the routine given
in Figure 2 had to be slightly altered, since the de-
formation rate cannot be determined by the thermal
change, but directly by the temporal change of the
expansion itself. At temperature of 700 °C measured
and calculated stress-strain curves at four different
expansion rates were compared (Figure 3).

The lowest load rate can be found within the stand-
ardized limits. For all temperatures the strain rate at
the lowest deformation rate (¢ =0.002 % /s) was used
to calculate the exponent m. The stress-strain curves
were described by a kinematic bilinear hardening law.

The used material shows a great susceptibility to
a changing deformation rate.

In the given deformation rate interval the increase
of the strength values is partly more than double.
This reaction is both qualitatively and quantitatively
represented in the numerical simulation. The change
from elastic to plastic deformation can only be roughly
approximated in the stress-strain curves when using
a bilinear approach. This procedure can still be used
to examine the effect of a changing strain rate in
connection with the change in yield strength on the
numerical welding simulation, because both in calcu-
lation with and without considering the deformation
rate, bilinear material laws will be used. The compa-

rability of the results is therefore given and we can
gain clues about the influence of a strain rate model
describing the elastic-plastic material behaviour in
numerical welding simulation especially on the oc-
curring strain and deformation conditions.

Approach. A transient calculation of the tempe-
rature field during laser welding was performed for
the mild steel S355J2G3. The calculated thermal cyc-
les were adjusted by comparing them with measured
cycles.

The thermal calculations were done with models
of plates, by making use of symmetry (Figure 4)
shows the calculated thermal cycles for different dis-
tances from the weld’s center (left) and the weld pool
(right). The width of the simulated melt pool has
been modelled according to micrographs.

The information about the temperature cycles was
used as input for a mechanical analysis using the user-
routine mentioned above. For comparison, calculati-
ons with strain rate independent models of the plastic
material behaviour were done.

Results. For a welding technician the occurring
residual stress as well as the distortion of a material
is important. The effect of a strain rate dependence
of yield strength on numerical results has to be esti-
mated by these parameters. Therefore numerical si-
mulations are necessary.

Figures 5 and 6 show the calculated distribution
of the longitudinal and transverse stresses after com-
plete cooling for the mild steel S355J2G3. There are
no significant qualitative and quantitative deviations
for the residual stresses (longitudinal and transverse)
with and without considering strain rate dependence

150
53554263

125 2.3, %/s
w100 - 0.2
5

0.02

G 2r
¢ 0.062
aFJ‘ 50 F '

25 —_ experiment —— simulation

1 1 1 1 1
9] 0.1 0.2 0.3 0.4 0.5 0.6
Strain

Figure 3. Measured and calculated stress-strain curves exemplary
at a temperature of 700 °C
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Figure 4. Temperature cycles and weld pool at laser welding: laser power P = 5 kW; welding speed v = 2.1 m /min; plate thickness

d =3 mm
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Figure 5. Calculated distribution of longitudinal residual stresses after complete cooling for laser welding: steel S355J2G3; laser power
P =35 kW, welding speed v = 2.1 m /min; plate thickness d = 3 mm

of yield strength. In the center of the weld seam there
are some quantitative differences. In this case, the
computation with strain rate dependece of yield
strength leads to results with higher transverse resi-
dual stresses.

Figure 7 shows the distribution of the longitudinal
and transverse residual stresses across the top and bot-
tom face of the plate for all simulated welding speeds.

As mentioned above, there are no significant dif-
ferences between the longitudinal residual stresses in
the numerical calculations with and without consi-
deration of strain rate dependence of yield strength.

without considération of strain rate
dependent plasticily

-440

-335 125 85

In contrast to longitudinal residual stresses, the tran-
sverse residual stresses are showing minor changes.

Near the weld there are greater differences be-
tween the stresses at the top and the bottom side.
For all welding speeds the transverse stresses at the
bottom side are higher than the stresses at the top
side. The deviations increase with increasing welding
speed. In the center of the weld the maximum diffe-
rences are up to 67 % for a welding speed of 5 m /min.
Far away from the weld the residual stresses do not
differ in any case.

with consideration of strain rate
dependent plasticity

PN AR g

-440 190

=335 260

Stresses, MPa

Figure 6. Calculated distribution of transverse residual stresses after complete cooling for laser welding: steel S355J2G3; laser power

P =5 kW; welding speed v = 2.1 m /min; plate thickness d = 3 mm
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Figure 7. Calculated residual stresses transverse to the weld seam at the top and bottom face of the plate after complete cooling

The deformations due to the welding process are
schematically illustrated in Figure 8. The influence
of consideration of strain rate dependent yield
strength on the calculated distortions can be deter-
mined by a systematic comparison of simulated de-
formations. Therefore, the calculated longitudinal,
transverse, angular and bending distortions have been
compared at the marked positions.

transvarse distortion

lengitudinal distortion

The results of the comparative study are shown in
the Table.

The distortions are low for all viewed displacement
directions except for the angular distortions. They are
greater than 0.1 mm for a welding speed of v = 2.1
and 5.0 m /min. With increasing welding speed the
longitudinal and transverse deformations increase
while angular distortions decrease. The simulation in
consideration of the strain rate dependence of the

angular distortion bending distortion

Ag -

Figure 8. Schematic illustration of welding distortions after complete cooling

147



STRESSES AND STRAINS IN WELDED JOINTS

Calculated distortions after complete cooling (see Figure 8) and comparison of the results

. Longitudinal distortion
Welding
speed, Without strain rate effect With strain rate effect Deviation
m,/ min
L{, mm L,, mm L{, mm L,, mm L, % Ly, %
1.5 0.0294 0.0025 0.0338 0.0023 32 -8
2.1 0.0249 0.0021 0.0294 0.0019 18 -9.5
5.0 0.0214 0.0011 0.0206 0.0010 -3.7 -9.1
. Transverse distortion
Welding
speed, Without strain rate effect With strain rate effect Deviation
m,/ min
T, mm T,, mm T, mm T, mm T,, mm T3, mm Ty, % Ty, % T3, %
1.5 0.0284 0.0199 0.0146 0.0279 0.0214 0.0183 -1.8 8 25
2.1 0.0246 0.0171 0.0126 0.0248 0.0188 0.0163 0.8 9.9 29.4
5.0 0.0150 0.0104 0.0086 0.0155 0.0119 0.0110 3.3 14.4 27.9
Welding Angular distortion
speed, Without strain rate effect With strain rate effect Deviation
m,/ min
Ay, mm A,, mm Az, mm Ay, mm Ay, mm A3, mm A, % Ay, % As, %
1.5 0.0344 0.0563 0.0265 0.0432 0.0708 0.0335 25.5 25.7 26.5
21 0.0602 0.0833 0.0538 0.0823 0.1134 0.0780 36.7 36 45
5.0 0.0873 0.1145 0.0842 0.1096 0.1369 0.1118 25.5 19.6 32.8
Bending distortion
Welding speed, - ; - - e
m,/min Without strain rate effect With strain rate effect Deviation
By, mm B, mm By, %
1.5 0.0369 0.0328 -11
2.1 0.0263 0.0332 26.2
5.0 0.0287 0.0262 -8.7

yield strength often results in higher deformations.
The differences at longitudinal and bending distor-
tions are negligible.

Discussion and summary. The influence of strain
rate dependence of yield strength for laser welding
has been investigated in this paper.

Bead on plate welds of the mild steel S355J2G3
with different welding speed have been simulated.
The residual stresses and deformations as a result of
the welding process have been calculated.

Known as a result of tensile tests not only the
temperature but also the deformation rate has a re-
markable influence on the yield strength. A mathe-
matical model was developed and integrated in the
multi-purpose FEA-program ANSYS® using the UPF
interface. By a systematic comparisons of numerical
results, the effect of strain rate dependence of the
yield strength on residual stresses and, distortions
has been estimated.

During laser welding high cooling rates exist in
the region of the weld seam resulting in high strain
rates. This may lead to higher plastic strains in the
material after complete cooling. The described effects
occur mainly in transverse direction to the weld.

This is the reason for the higher transverse residual
stresses as well as the higher transverse and angular
distortions in simulation with considering strain rate
dependence of yield strength.

The objective of further studies will be to confirm
the numerical results under various conditions and to
verify through experimental measurements.
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PACYETHOE ITPOTHO3UPOBAHUE
OBIIUX JTE®OPMAI[NIT CBAPHBIX BAJIOK
[IPU JIABEPHOI1 CBAPKE

0. B. MAXHEHKO (-1 anextpocBapku um. E. O. [Tatona HAH Ykpaunsi, r. Kues),
1. BAMM®APT (SLV, r. Pocrok, TepManusi)

Paspaborana mMaremarnyueckas MOJeJb /IS IIPOTHO3MPOBAHMS OOGIINX CBApOYHbIX jedopmanuii u3ruba JJIMHHBIX GAJIOK
[IpH J1a3epHOil CBapKe C IeJIbI0 ONTHMH3AINN PACCTOSHUSI MEXK/y OHNOPaMH 3aKpeIJIeHHUil, P KOTOPOM OTKJIOHEHUE
JIA3ePHOTO JIyya OT MeCTa COeJMHEHHUs He TIPEBBIIIAeT JOIMYCTUMON BEJNYMHbI.

The mathematical model was developed for prediction of total welding bending strains in long laser welded beams in
order to optimise the distance between supports at which a deflection of the laser beam from the joining location is not

in excess of a permissible value.

BBeaenne. byproe pa3BuTne J1a3epHON TEXHOJIOTUN B
CBapKe U ee MUPOKOe MPUMEHEHNE B IIPOMBIIILIEHHOCTH
BBI3BAJI0O HEOOXOIUMOCTH PEIIEHNsT HOBBIX MPOOJIEM.
OmHa U3 OCHOBHBIX — BBICOKHE TPeGOBaHUS K TOY-
HOCTHU MO3UIMOHUPOBAHMS CBAPHOTO 11Ba. B mporecce
cBapku 6anka geopMHPYeTCs U OTKJIOHEHHE Jasep-
HOTO Jly4ya, KOTOPbBI# JBUIKETCA 110 3a/laHHOil Tpaek-
TOPUH OT MECTa COEIUHEHUS], MOXKET IPEBBICUTD [10-
OyCcTUMYIO BejquuuHy. [OmycK Ha OTKJIOHEHUe IpH
cBapKe GaJIOK € TOJIIIUHOW CTEHOK 4...19 MM cocTas-
aser npubausutenpbro +0,3 mm. [asg Toro, YTOGBI
OTPAaHUYUTD JedopMariy 6AJKW B IPOIECCE CBAPKHU
UCTIOJIb3YIOT 3aKperieHns. llpm cBapke AJMHHBIX
6aok (10 6 M) GOJbIIIOE KOJMYECTBO 3aKPEIICHMUIT
MOBBINIAET TPYAOEMKOCTb U COOTBETCTBEHHO CHIDKAET
MIPOU3BOIUTENBHOCTD TEXHOJIOTUIECKOTO TIpoiecca. B
YCJIOBUSAX COBPEMEHHOTO TUOKOTO MEJKOCEPHITHOTO
MIPOM3BO/ICTBA CBAPHBIX GAJIOK PA3JIMYHBIX MTPOoduieit
orpefieJieHe ONTUMAJIbHBIX PACCTOSIHUN MEXKIy 3a-
KpEIJIEHUSIMU JKCIIEPUMEHTANbHBIM IyTeM HEpPEeHTa-
6esbHO. [ToaToMy Oblia pazpaGoTaHa pacueTHas MPOT-
paMMa, KOTOpas I03BOJISIeT TIPOTHO3UPOBATh BPEMEH-
Hble W OCTATOYHbIE CBapo4Hble AedopManuu u3ruda
6aJI0K Pa3JIUYHBIX MPOQUIEN U ONTUMU3NPOBATD Pac-
CTOSTHIE MEXK/y 3aKPeIlJIEHUsIMU 110 JThHe GAJIKU MIPH
3a/IAaHHOM JIOMyCKE Ha OTKJIOHEHWE JIA3ePHOTO JIyda.
[Tporpamma orleHUBaeT yCUJKsI, BO3HUKAIOIINE B 3a-
KpeIIeHUSX B Tpoliecce cBapku. Takas wHboOpMaIus
moJie3Ha TPHU pa3paboTKe YCTPOICTB 3aKpeTLIeHHI.
[Tporpamma MMO3BOJISIET TIPOTHO3UPOBATH OCTATOUHBIE
obmmue gedopmanuu u3rubéa GaJKK MMOCJe CHATHUS 3a-
Kpemnernii. Takyke mMeeTcs BO3MOXKHOCTH OIIEHUTD
BJINSTHUE TIPEBAPUTEIHHOTO BhITHGA U BBITHOA TIOCJIE
CBApKU, CO3[AHHOTO C IOMOIIbIO 3aKpeIIeHuii, Ha
ocraTouHble ob1ue qedopmarin 6aaKku. Beirn6 6ankm
[ocJie CBAPKM HUMUTUDPYET IIPOIECC MeXaHWYeCKOI
mpaBku. ONTUMAaIbHbIE BEJMYUHBI TIPEABAPUTENBHOTO
BbITHGA 1 BBITHGA MTOCJE CBAPKU ONPEIEJISIOTCS aBTO-

© O. B. MAXHEHKO, I1. 3AVIDMMAPT, 2002

MaTUYeCcKN TIPH 33JJaHHOM [JIOITyCKe Ha BeJMYNHY TIPO-
JIOJIBHOTO TIporu6a.

Pacuernast mozean. lcmosb3oBanme Hambosiee
001II[ero TO/IX0/ja TPEXMEPHOTO MOAIEJMPOBAHUS METO-
JIOM KOHEYHBIX 3JIEMEHTOB [IJISI ONpe/eseHus] O6IINX
nedopmaruii AMMHHBIX GaJIOK TpeOyeT JJTUTETHbHOTO
BpEMEHU pacyeTa W 3HAUYUTETHHBIX KOMITbIOTEPHBIX
pecypcoB. IloaTomy B wucnoib3yemMoil pacyeTHON
MOJIeJIN OBLIN IPUHSATHI CJICAYIONTHIE TOMyTIeHNS.

ITpu pacdere TeMIepaTypHBIX HOJEH HCIOIb3YeTCsT
JIOIyIeHNe O GbICTPOABMIKYIIEMCS] HCTOYHUKE Terla,
IIPU KOTOPOM TPeXMepHas 33/jaua CBOJUTCS K COBOKYTI-
HOCTH [BYXMEPHBIX METOJOM KOHEYHBIX 3JIEMEHTOB
JUUIST pacCMaTPUBAEMBIX MOMIEPEUHBIX CEUeHNUH 110 /I/IITHE
6ankm. MexaHnuecKasl 3a/ada 1O OTIPe/ieJIeHNIo Ha-
TIpsDKeHnH 1 fedpopMaIiii B pacCMaTpUBaeMbIX IIOIIe-
PEUHBIX CeYeHUIX IIPU 33/JaHHOM TeMIlepaTypHOM 110Jie
pelaercst METo/IOM KOHEYHBIX 2JIEMEHTOB B paMKax 6a-
JIOYHOU TMITOTE3bI IIJIOCKUX CEYEHUI C UCII0JIb30BAHUEM
MeTOJIOB Teopuu TepMorutactimuHoctu [1]. V3BecTHo,
YTO UCIOJIb30BaHUe GAJOYHBIX T'MIIOTE3 WJIU TUIIOTE3
IJIOCKUX CEYeHUN /7151 onpejiesenus aedopmanuii u
HAIPSKEHUI B VIMHHBIX CBAPHBIX GAJTKAX MTO3BOJISET
MOJIy4aTh JOCTATOYHO XOPOIIIe Pe3yJbTaThbl 10 CPaB-
HEHNIO C pe3yJbTaTaMH, MOJYyYeHHBIMH IIyTeM TpeX-
MepHOTO MojenupoBanus [2]. Hekoropoe pacxox-
JIeHre B pe3yJbTaTaxX MOKeT ObITb B paiioHe HavaJja u
KoHIIa 6aku. [Ipn sToM pacueTHAst MOZIE/Ib 3HAUNUTEID-
HO ympormiaetcs. PeleHne nmmeTcs myTeM MOCJIe0Ba-
TeJIbHOTO IPOCJEKWBAHNUS PAa3BUTHS yIPYTOILIAC-
THYEeCKUX AedopMannii B Kak10M cedeHnn 6aku. Ha
KasK/IOM 3Talle IPOCJIeXIBAHNS (PU3MIecKast HenHe-
HOCTb, CBSI3aHHAS C IJIACTUYECKUMU eDOPMAIIIMH,
peanusyercs C IIOMOUIbIO MTEPAIMOHHOIO IIpoliecca
OTHOCUTENBHO (PYHKIMU cocTOsiHUS Matepuana y(x,
Y, z, t) B Kaka0l paccMarpuBaeMoil TouKe GajKu B
MoOMeHT BpeMeHHU t. Takum o6pas3oM, HeJMHEHHas 3a-
Jlada Ha KaXX/OM 3Talle 3aMeHSIETCSl COBOKYITHOCTBIO
MOCJIE/IOBATEIBHO ~ PENIAeMbIX  JIMHEAPU30BAHHBIX
3a/1a4.
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Puc. 1. YcsoBus 3akperienus 6anku, rje 0, ..., N — oropbl 3aKper-

aermst; QY ..., Q% — ycuums, BO3HUKATONIE B OTOPAX 3aKPeIIeHNst

OTmIuTebHON 0COGEHHOCTBIO BBIGPAHHOW pac-
YEeTHOW MOJIeJIU SBJISIETCS YYeT CTATHMYECKOU Heompe-
JIeJIEHHOCTH, CBSI3aHHON € MeCTaMM IIPOMEKYTOUHOTO
sakpemnenuss Ganku (puc. 1), rme mepememenus
pasubl mysmo AU, (x;) =0, (n=y, 2) (i=0,1, 2, ...,
N). T.e. pelienue JuHeapU30BaHHON 3a4aud IIPH 3a-
panuoit pynkmn y(x, y, z, t) IpeCTaBAsSETCS B BUAE
CyMMbl JByX pertenuii. I[lepBoe cooTBeTcTBYeT
PeIIeHuio /i1 CBOOOIHOM GaIKK TIPU 3a/JaHHOM U3Me-
HEHWU TeMIepaTypbl, BTOpoe — J1e()OPMHPOBAHUIO
6asiKy 1O/ JeUCTBUEM WCKOMBIX YCHJIUIT, BETMIHHBI
KOTODBIX OIPEENSIIOTCS U3 YCJIOBUS, YTO CyMMapHbIE
nepeMeIeHrs Ha OI0PaX 3aKpeIlJIeHus PABHbBI HYJTIO.

Copaep:kanue pacuetHOro uccijeaoBanus. Ormu-
CAHHBII PACYETHBIH aJTOPUTM OBLI MCIIOJNb30BAH JIS
onpegenenns nepememtennii Uz u Uy Todyek oceBoit
JUHUM OaJKW, TPOXOJAIIEell Yepe3 IEHTP TKECTH
CevyeHuil, mpH JIa3epHON CBapKe MPOJOJbHBIX IIIBOB.
PaccmarpuBaiu cBapuble OajiKu JJUHOW 4 M pas-
JuaHbIX ipoduneii: T-o6pasnoro, H-o6pasHoro u Ko-
po6uaroro cedenust (puc. 2) NpU PasIUYHBIX PACCTO-
SHUSIX MEXK/Iy Oropamu 3akperuienus. Ma-tepuan —
HepskaBewonas cranb. JP@eKTuBHAS MOITHOCTD Jia-
3epHOTO HcTouHMKa — 8,5 KBT, ckopocthb cBapku 1,3
M/ MuH. VccaenoBaan BeIWYNHY MaK-CHMaJbHOTO
nepeMeleHns: ToUeK OCeBON JTUHUU GATTKU B MOMEHTBI
MPOXOKIEHIS UCTOYHUKA JIJIsI ONTU-MU3AIUN PACCTO-
STHUN MEXIy ONOpaMU 3aKperieHus Mo JTNHe GaKu
MpPU 33J]aHHOM JIOTyCKe Ha OT-KJIOHEHHWE JIa3epPHOTO
JIy4da, a TakKe BJIUSHUE PAaC-CTOSHUI MEXK/y ONOpaMu

D;\- H:I

3aKPEIJICHNS, CKOPOCTH CBAPKU W KECTKOCTU GAJKN
Ha ocTaTouHble Jle-hbopManuu 6AJIKHU TOCse CHATUS 3a-
kpersienus. Omnpenensyii MaKCUMaJbHBIE YCHJIHUSA,
BO3HUKAIOIINE B OMOPAX 3aKPETJICHUS B 3aBUCHMOCTHI
OT PACCTOSTHUST MEXKY OTIOPAMU U JKECTKOCTU GAJIKMU.
[Tonyuennbie naHHblE UCIIOIB3YIOTCS MPHU Pa3paboOTKe
YCTPOMCTB 3aKpeIJIeHNsI.

Pacuernpiii anroputm ObLI JOMOJHEH BO3MOXK-
HOCTBIO y4YeTa BJIUSHUS MPEJBAPUTETBHOTO BbIrHOa M
BbITHOA TIOCJIE CBAPKH, CO3JAHHBIX C MOMOIIBIO OTIOP
3aKPEIICHHS . ITO TIO3BOJIHIIO IPOBECTH MCCJIETOBAHUE
BJIUSTHUST TIPEJBAPUTENBHOTO BBITMOA U BBIrHOA TI0CIe
CBapKH Ha OCTaTOYHbIe obIue gedopMarm GaTKu.

IIpumep pacueTHOro onpejeseHus nepeMelleHuii
6asnku. Ha puc. 3 B KauecTBe IpuMepa MpeICTaBICHbI
pacyeTHble Pe3y/IbTaTbhl KMHETUKHM nepemerienuii U,
TOYEK OCEBOU JTMHUU GAJIKH, TIPOXOJISIIEH Yepe3 IIeHTP
TSDKECTH CEeUeHUH, TIPU JTa3ePHOI cBapKe IPO/I0JIbHOTO
mBa. Pacuer BbimosiHen s 6asku T-o6pasHOro
npoduas (Hy =80 mm, Hy = 80 mm, Dy =8 MM, D) =
=8 MM, S = 36 mm) im0t 4000 Mm. dbdexTnBHAS
MOIITHOCTD JIA3€PHOTO WCTOYHWKA 8,5 KBT, cKopocTh
capku 1,3 m/muH. [Ipodunb GaJku ¥ CBapOYHBII
HarpeB — CHUMMETPUYHbIE OTHOCUTEILHO OCH Z , TI03TO-
My Tmepemenienust U, paBHbl Hy0. KouiruecTBo omop
3aKpeIIcHNs] BLIGPAHO PABHBIM ISATH, YTO COOTBETCT-
ByeT paccrostanio 1000 MM mexxay onopamu. Pesyuib-
TATbI pacyera IOKA3aJu, YTO BETUYMHA MAKCHMAIBHOTO
TiepeMeTIeHnsT TOYeK OCeBON JIMHUN OaJKM B MOMEHTBI
ITPOXO3K/IEHNSI ICTOYHMKA HarpeBa coctassisteT —0,34 My,
YTO TPEBbBITaeT TPeOOBAHUS IOIyCKa Ha OTKJIOHEHUE
nazeproro syda (10,30 MM) u morpebyer yBenyeHust
KOJIMUeCTBa O1op 3akperienusi. OcTaToYHbIH TPOru6
6aJIK¥ TI0CJIe CHATHS 3aKPETIEHUsT COCTAaBUI 25,8 MM
na pune 4000 mm. OveBuHO, uTO 6asKe TIOTpEGyeTCs
MpaBKa.

3aBuCHUMOCTD BeJNYHHBI MAKCUMAJIBHOTO MepeMe-
meHus GaJKd B MOMEHTDI NPOXOKACHHS MCTOYHHMKA
HarpeBa OT PACCTOSIHHIl Me:KAy ONOpaMH 3aKpen-
JIeHUs1 M OT 3KecTKocTd Gaaxu. Ha puc. 4 npencras-
JIEHBI pacyeTHble BEJTUYMHBI MAKCUMAJBbHOTO IepeMe-
menns U, 6aku JIMHO¥ 4 M B MOMEHTBI ITPOX 0K IECHUS
HUCTOYHWKA HaTpeBa TIPU PA3JUIHBIX PACCTOSHUIX
MEXK/y omopamu 3akperienus. [[ns cpaBHeHus pe-
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Puc. 3. Pacuernbie pesy/brathl KuHeTkU nepementennii U, Touek ocepoii unnn Gaakn T-o6pasnoro npodusis npu JiazepHoii csapke
IPOJIOJIBHOTO TBa: ¢ — 28 ¢ or Havaja cBapku; 6 — 85; 6 — 130; 2 — 176; 0 — mocJe MOJHOTO OCTBIBAHUS; € — TMOCJE CHSATHS
3aKpeIIeHNs

3yJIbTAThI MOJIYYeHbl JJid 1ATH T-06pasHbix 6aiok ¢
OJIHUM TIPOJIOJIBHBIM TIBOM U PAa3JMYHBIMU COOTHO-
IMIEHUAMHU TMUPUHBI TONKU Hy u BbICcOTBI cTeHKN Ho:
80160, 80XX80, 80XX40, 80X25, 40XX40 MM, a Takxke
st Tpex H-06pasupix 6a0K ¢ ABYMsT MPOAOJIbHBIMU
mBamn: 80X160X80, 80X80X80 n 80X40X80 M.
TosmuHbI Bcex 3JieMeHTOB 6aloK paBHbl Dy = Dy =
= D3 =8 mmM. Pesxum cBapku u MaTepua 6ajioK oJjuHa-
KoBbIe. Pe3yibTaThl MOKA3bIBAIOT, YTO C YMEHbIIIEHUEM
PACCTOSTHUS MEK/Ty OTIOPAMU 3aKPeTLIeHUS 3HAYNTEJb-
HO YMEHBIIAETCS BeJIMYMHA MaKCUMAJBbHOTO TiepeMe-
menrss 6aJKu B MOMEHTBI MPOXOJK/IEHUS MCTOUYHUKA
HarpeBa. Ilpm paccrosHUM MEXIy OTOpaMy 3aKperl-
senns 500 MM 3TH MakCUMaJibHbIE TIEPEMEIEHNST He
npesbicuau gonyck 0,3 mm. [l 6aiok ¢ nmpodusieM
80X80, 80X40 MM TpeboBaHus OMyCKa yIOBIETBOPSI-
I0TCSI TIPY PACCTOSIHUU MEKy OIOPAaMU 3aKPeTIeHUS

800 ™M, a mug OGanok c¢ mpoduiem 80X160,
80X160X80 — mpu 1000 mm. Takum o6pasoM, deMm
BBINIIE JKECTKOCTb OajJKW, TeM HUXKEe BeJIuYnHA
MaKCUMAJIbHOTO IIepeMeNIeHnuss B MOMEHT IPOXOXK-
JIeHUsT UCTOYHUKA HATPeBa.

3aBHCHMOCTD BEJIMYMHBI MAaKCUMAJIBHOTO NepeMe-
meHus GaJKH B MOMEHTDI MPOXOKIECHUS MCTOYHUKA
HarpeBa OT CKOpPOCTH cBapku. Ha puc. 5 mpezcrasJie-
HbI pacyeTHble BEJIUYMHBI MAKCHMAaJIbHOTO IlepeMe-
menus U, 6anku JIMHOI 4 M B MOMEHTBI TPOX 0K IECHUS
MCTOYHMKA HATPEBA ITPH PA3JINIHBIX CKOPOCTSIX CBAPKU
MIpU COXPAHEHWM IIOCTOSTHHON BEJWYMHBI TOTOHHON
sHepTuu. Pe3ysabTaThl ToJydeHbl s T-o6pas3Hoit
G6amxku (H; = Hy, = 80, B; = B, = 8 MM) ¢ OAHUM
MIPOJIOJIBHBIM MIBOM, a TakXe Ay H-o6pasHoii 6ankm
(H1:H2:80, H3:80, B1282283:8MM)C
JIBYMSI TIPOJIOJIbHBIMU TIBaMU. Pe3yJbTaTbl, TOJyUYeH-
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Puc. 4. 3aBucumocTb BeIMYMHBI MAKCHMAJbHOTO TI€pPEMEIIeHNs
6aJIKil B MOMEHTbI IIPOX0K/ICHUS] ICTOYHNKA HAarpeBa OT PacCTOSTHUI

ME3Ky ONOpaMu 3akpelienusi: @ — T-oGpasuble Ganxu (@ —
80X160; A — 80X80; M — 80X40; € — 80X25; O —
40X40 mMm); 6 — H-ob6pasubie (@ — 80X160X80; A —

80X80x80; Il — 80X40X80 mm)

upie Ay T-o6pasuoit 6ajku, IMOKA3bIBAIOT, YTO C
yBeJNYEHNEM CKOPOCTH CBAaPKU HE3HAYNTEIBbHO YMEHb-
IIAeTCs BEINYNHA MAKCHMAJIBHOTO MepeMerieHus 6a-
KU B MOMEHTDBI TIPOXOXK/ICHUS UCTOYHUKA Harpesa. Jlyis
H-o6pasHoii 6aqku BJIMSHUE CKOPOCTU CBApKU Ha
BEJIMYNHY MaKCHUMAJBHOTO TIepeMelieHrus] B MOMEHTDI
MIPOXOKIEHNS ICTOYHNKA HATPeBa IIPAKTUYECKHU OTCYT-
CTBYeT, II0CKOJIbKY BTOPOI CBapHOU 1110B BBIIIOIHAETCA
rocJjie mpuobOpereHrsi 6aJKOW OCTATOYHBIX CBAPOYHBIX
nedopmaluii oT IepBoro mBa.

3aBuCHMOCTh MaKCHMaJbHOTO OCTAaTOYHOTO IIPO-
ruGa GajKu OT PACCTOSIHUI MEKIy ONOpaMu 3aKper-
JIEHUsI U OT KECTKOCTH GajiKu. PacyeTHble BEJMYUHDI
MaKCHMaJbHOTO —ocTaTouHoro mnporuba U, OGankn
JIWHOW 4 M TIOcJie CHSTHS 3aKperyieHus Mpu pas-
JIMYHBIX PACCTOSHHUAX MEXIY OIOpaMH B Ipolecce
CBApKU MIpeJcTaBJienbl Ha puc. 6. PesynbraTsl moy-
4yeHbl 17 TeX ke T-o6pasubix u H-o6pasHbix 6asiok.
[ns T-o6pasubix 6anok ¢ mupodurem 80X80,
80X40 MM BeTMYMHBI MaKCHUMAJTbHOTO OCTATOYHOTO
nporu6a TPAKTHYECKN HE 3aBUCAT OT PACCTOSHUS
MeXy onopamu 3akpernienns. OMHAKO /S OCTaJb-
HBIX 6AJIOK BJIMSHHUE PACCTOSHUS MEXIY OMOpaMu Ha
MaKCUMAJIbHBIN OCTATOUHBIN 1Tporul 6oJiee 3HAYUTEb-
Hoe. Tax, mma T-o6pasHoii Gankm ¢ mpoduaeM
80X25 MM u Bcex H-00pasHbIX ¢ yMeHbIIEHHEM pac-
CTOSTHUST MEXK/Ty OITOPaMH MaKCHMaJbHBIN OCTAaTOUHBIN
mporu6 cHavaja YMEHbBIIAETCs, a 3aTeM YBeJNYNBAET-
cs1, a muisg 6anku ¢ npoduieM 40X40 MM MaKCHMaJIb-
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Puc. 5. 3aBUCUMOCTb BEJMYMHbBI MAKCUMAJBHOTO MEPEMEICHUS
GaJIKi B MOMEHTBI TIPOXO3K/IEHUS] HCTOYHUKA HATPEBa OT PACCTOSTHUST
Meskay onopamu npu Q, = 388 [Ix/mm: @ — T-o6pasuble Gankn
8080 mm (@ — v, =1,3; A — 2,0; l -—3,0 m/Mun); 6 —
H-o6pasubie Ganku 80X80X80 mm (@ — o, = 1,3; W —
3,0 M/ MUH)

HbIIl OCTATOYHBII TIPOrU6 YBEJIUIMBAETCS TIPU YMEHb-
[IEHUHW PACCTOSTHHST MEXKIY OIOPAMM 3aKpPeIlJIeHNUSI.
[TonTBep:xaaeTcss U3BECTHBIN U3 MPAKTUKK (PAKT, UTO
3aKperieHre OaJKu B IIPOIECCE CBAPKH SIBJISETCS He-
3(pDEKTUBHBIM TEXHOJOTUIECKIM MEPOIIPUITHEM JIJIsI
CHUIKEHUs OCTaTOuHOTO 1poruba 6anku. [Ipuuem, nist
H-o6pa3subix 6aJ0K CBapKa B 3aKPEIJIEHUN BbI3bIBAET
pe3Koe BO3pacTaHWe OCTAaTOYHOrO TMporuba B Cpas-
HEHUH CO CBapKOW B CBOGOAHOM cocTosHuH (2 omopsl
sakpemenus u L, = 4000 mm). Takke BUAHO, YTO
JKECTKOCTD OAJTIKU CTIOCOOCTBYET CHIKEHUIO BEJMIUHDI
MaKCHMAJbHOTO OCTAaTOYHOTO Tmporuba. bBosbioe
BJIMSTHIE HA OCTATOYHBII MPOTHG NMeeT BeJIMIIMHA pac-
CTOSTHUSI MEXK/Y HEHTPOM TSKECTH NMpoduiist 6aKu 1
cBapHbIM mBOM. Tak, B ciaydae T-o6pasnoii Gajku c
npourem 80X25 MM LEHTp TsKeCTH Mpodus
6JIM30K K CBAPHOMY IIIBY, [09TOMY HECMOTPSI HA MAJTYIO
JKECTKOCTh OaflKi B HampaBJeHHH Y OCTaTOUHBIN
nporu6 U, uMeer MaJlylo BeJHUUHY.

3aBHCHMOCTb BEJMYMHbI MaKCHMAJbHbIX YCHJIHN
B ONOPAax 3aKPEILIEHHsI OT PACCTOSIHUNA MEXKIY OIo-
pamu 1 oT skecTKocTH 6ajiku. Ha puc. 7 nmpeicTaB/ieHs
pacueTHble BEJIMYUHBI MAKCUMAJIbHBIX YCUJIHUN B OIO-
pax 3akperJieHUsl B IPOIECCe CBAPKU M OCTHIBAHUS
6aJIKV TIPU PA3JIUYHBIX PACCTOSTHIAX MEXIY OTIOPAMU
JUIS Pa3JInYHBIX TI0 JKECTKOCTH OasioK. PesysbraTh
MMOKA3bIBAIOT, YTO BEJMYMHA MAKCH-MAJIbHBIX YCHIUN
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TEBOPMALLHNE B CBAPHMX COEJAHHEHHAX
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Puc. 6. 3aBUCHMOCTb BEJMUYUHBI MAKCHMAJIbHOTO OCTATOYHOTO
nporuba U, TOC/e CHATHS 3aKPEIICHHS IIPH PA3TUYHBIX PaccTo-
SHUSAX MEK/Ty OTIOPaMH 3aKperieHns: @ — T-o6pasHbie Ganku; 6 —
H-o6pasubie (0603HayeHns CM. Ha pUC. 4)

B OIOpax 3aKpelvieHHd WMeeT TEeHACHINIO K
YBEJIMYECHUIO IIpU YMEHBIIECHUN PAC-CTOAHUA MEXKAY
OlIOpaMyu ¥ TIPH yBeJudeHnu kecTkoctH Gasku. Ilo
a0COJTIOTHOM BeJIMYMHE YCUJIHUS B OIOpax MOTYT
JocTuraTtb GOJIBIINX 3HAYCHUH, dYTO HEeOoO6XOIMMO
VUHUTBIBATH MPU pa3paboTKe YCTPOIHCTB 3aKpeTIeHNUS .

IIpuMepsl NpeBApPUTEIBHOTO BbIrH6a W BBIrHOA
nocje cBapkd. /[oTMOJHNTESbHO K OCHOBHBIM (DYHK-
uAM  IIporpaMMa HMeEEeT BO3MOKHOCTb OIEHUTDH
BJIMAHUE TIPEIBAPUTEJIBHOTO BBITHOa ¥ BBITHOA TTOCJIE
CBapKH, CO3[JAHHOTO C MOMOIIBIO 3aKpPEIUICHUI, Ha
ocTaTouyHble obmTHe fedopMariiy 6aaku. Berub 6anaxu
HocJIe CBAapKd MMHUTHPYET IIPOIeCC MeXaHWYeCKOM
IIpaBKH. HpI/I‘leM, OIITUMaJIbHbIE BEJIMYUHDbI IIpE/Ba-
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Puc. 7. 3aBucuMocTb BeJIMYMHbI MAaKCHUMaJIbHbIX YCUJIMIl B OlIOpax
3aKpeIieHusi B IIpOllecce CBAapKM M OCTBIBAHUS OJIKH HPHU
Pas3/IMUHbIX PACCTOSTHUSX ME3K/ly ollopaMu: @ — T-o6pasHble Ga/IKU;
6 — H-oGpasubie (0603HaYeHus CM. Ha pHC. 4)

1000 1500 2000 2500 3000 3800

Ly, MM

JISTIOTCSI aBTOMAaTUYECKH METOJ/IOM TIOCJIeI0BATENbHBIX
MPUOJIVKEHWI TTPU 33JAaHHOM JIOMYCKEe HA BEJUYHUHY
npojosibHOTO Mporu6a. Ha puc. 8 npexncrasien mnpu-
Mep PacyeTHOTO OIpeIeJICHIS BEJIMYMHBI ONTUMAJIHLHO-
IO IIPEeIBAPUTETHHOTO BBITHGA, CO3/TAHHOTO € TTIOMOIITHIO
MSATA OTOP 3aKPEIIEHWi, TP KOTOPOM OCTAaTOUYHbIE
nedopmarun usrn6a T-o6pasuoii 6ankn (Hy = Hy =
=80, Dy = D, =8 mM) puunoit 4000 MM MUHUMAJIbHDI
IpU TakoM KoswmdectBe omnop. CBapKka W OCTbIBaHUE
6aJIKU B TAKOM M30THYTOM COCTOSTHUY, KOT/Ia BEJTMUNHA
mporuba coctaBisieT —62 MM TIPUBOAMT K TOMY, 4TO
IOCJIE CHSTHUS 3aKPEIJIEHHUS BETUIMHA MAaKCUMATHHOTO
octaToyHOro mporuGa OaaKW COCTaBJsieT MpuOIn-
autebHO 1,4 MM. [[7is1 cpaBHeHUs B cjydae CBapKu
6e3 npeBapuTeIbHOrO Bbiruba (eM. puc. 3) BesunHa

PUTEJIBHOTO BbITOA 1 BbIrmba IOCIe CBapKu oOIIpe/ae- CTPEJIKHI Hporp[éa 6alK 3HAUYUTEJbHO OOJIbIIe
Uy, MM
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Puc. 8. OntuMasbHbIil MIpeBAPUTENbHBIN BBIMMO, CO3[MaHHBIH € TOMOMUIBIO 3aKpelJieHuil: ¢ — mepe] CBapKoW; 6 — TI0cje MOJHOTO

OCTbIBAaHUA U CHATUA 3a1<peuﬂem/1ﬁ
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Puc. 9. Onrumanpblii nmocjaecsapoutblii Boiru6 T-o6pasuoit 6ankn (H, = H, = 80, D, = D, = 8 MM): @ — 10CJIe TOJHOTO OCTbIBAHMS;

0 — TocJie CHATUS 3aKPEIVICHUH; 6 — MOCJeCBAPOYHbIA BbIrUG; 2 —

(26 Mm). Ha puc. 9 mpeacTaBieH mpuMep pacueTHOTO
oTIpejieIeHUsT BEJTMYNHBI ONMTHMAJIbHOTO TOCIeCBapOy-
HOTO BbIrM6A, CO3[AHHOIO C IOMOIIBIO TISATH 3aKPeIl-
JIEHUHl, TIpU KOTOPOM OCTaTo4HbIe AedopMaiiu usruba
T-o6pasnoii 6aJku MUHUMAJIbHBI. Bbirmb m0 Be-
JUYUHBI —68 MM CHMZKAEeT OCTATOUHBIN MaKCUMAaJIbHbBII
nporu6 6aJyiku 10 Beuuunbl 1,15 MM.

Hazo orMerntb, uTo Takue M3ruObl 6aJIOK, BbI3bI-
Baioiue 06pa30BaHME ILJIACTHYECKUX JedOopMaIluii,
TPEeOYIOT MPUJIOKEHUST B OMOpPaxX 3aKperyieHui 60JIb-
MIUX [0 BeJUYUHE YCUIUIL, YTO YCJIOMKHSIET YCTPOUCTBO
3akperieanii. OTHAKO B OTIEJIbHBIX CIyYasiX MEJKO-
CEPUITHOTO MTPOU3BO/ICTBA PACCMOTPEHHAS TEXHOJIOTHUS
MOJTyYeHUST CBAPHBIX GAJIOK ¢ MUHUMAJbHBIMHI flepop-
MaIMsIMM MO’KET UMETb MeCTO.

BbiBo b1

Paspa6orannas MaTeMaTu4ecKast MOJIeJib TI03BOJISIET:

1. IlporHo3upoBath BpeMeHHbBIE JedopMaIK W3-
ruba TIpW Ja3epHON cBapKe O0aJioK Pa3JUIHOTO
poduJIs ¢ 6OJIBITUM KOJTUIECTBOM OTIOP 3aKPeIieHui
U OCTATOYHbBIE CBAPOUYHbBIE MeDOPMAIINH TIOCJIE CHATUS
3aKpeTIeHnH .

2. OnTUMU3MPOBATH PACCTOSTHUE MEXK/Y OIOpaMu
3aKperieHnil 1y o6eciieuyeHnst B JJOMYCKe BeJTHIMHBI
MaKCUMAJIbHOTO TTepeMenieHust 6aJKu B MOMEHTBI ITPO-
XOK/IEHUS JITa3€PHOTO MCTOYHWKA HAaTpeBa.

3. Ompenenatb BeJIMYUHLI ONTHMAJIBHOTO Ipe.-
BapHUTEJIbHOTO BBITM6A MK BbITH6A 1TOCJIe CBApKH, CO3-

TI0CJIE CHATUA 3a1<permeHnﬁ 1 IIOCJIECBAPOIHOTO BBITGA

JIAHHOTO € TOMOIIBIO 3aKPEIJIEHUH, IIPU KOTOPBIX OCTa-
TouHble fedopMaluy u3ruba 6aTKN MUHUMATbHDI.

[IpoBenennoe pacueTHoOe HCcIeJOBaHUE 1TOKA3ATO0:

1. C yMecHbBIIICHHEM DPACCTOSHUS MEX/Y OTOpaMu
3aKperJieHns] Pe3KO YMEHBINaeTcsl BeJMYMHAa Mak-
CUMAJIBHOTO TIepeMeleH s OaJTKA B MOMEHTBI TIPOXOXK-
JIEHWST ICTOYHIKA HATPeBa.

2. UeMm BbIIlle JKECTKOCTb OaJKH, TeM HIDKe
BEJIMYMHA MAaKCUMAJIbHOTO TiepeMelienrsi 6aKu B MO-
MEHTBI IPOXOXK/IEHUSI NCTOUYHUKA Harpesa.

3. C yBesinueHneM CKOPOCTH CBapKu 151 T-o6pas-
HON GaJKM HE3HAYNTEJbHO YMEHBINAETCS BeJUYNHA
MaKCHMAaJbHOTO TlepeMelieHus 6aJKu B MOMEHTBI TTPO-
XOKJIeHusT ucTouHmKa HarpeBa. /[las H-o6pasHoit
6aJIK¥ BJIUSTHUE CKOPOCTU CBAPKU MPAKTUYECKU OTCYT-
CTBYET.

4. 3akperienue GAJIKHU B MIPOIECCE CBAPKU SIBJISIETCS
Hea(D(PEKTUBHBIM TEXHOJIOTHICCKIIM MEPOIPUSITHEM [T
CHIDKEHUST OCTaTOYHOTO TIporuba OasIKu.

5. o abcomoTHOI BeTMYMHE YCUJIHS B OIIOPax 3a-
KpeIJieHus1 [pu CBapke OGaJOK MOTYT JOCTUTATh
6OJIBININX 3HAYEHUH ¥ 9TO HEOOXOAMMO YUUTBIBATD TIPH
pa3paboTKe yCTPOICTB 3aKPEILIeHS.

1. Maxnenxo B. M. Pacuernble MeTOJbl WCCJIE€[OBAHUS
KMHETHKN CBAPOYHBIX HanpspreHuid u gedopmarmii. — Kues:
Hayk. nymka, 1976. — 35)0 c.

2. FEM analysis of 3D welding residual stresses and angular
distortion in T-type fillet welds / N. X. Ma, Ueda,
H. Murakawa and H. Maeda // Transact. of JWRI. —
1995. — 24. — N 2. — P. 115-122.
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HANPAMERHA H AEDOPMAILHI B CBAPHMWX COEAHHEHNHAX

MO/IEJIMPOBAHUE ITPOIIECCA TOPMOKEHUA
YCTAJOCTHOM TPEII[UHBI
NCKYCCTBEHHO HABE/IEHHBIMU
OCTATOYHBIMU HATIPSI)KEHUSIMU CKATUA

B. B. KHbIIII
(Mu-t anexrpocsapku uM. E. O. ITatona HAH Ykpauusi, r. Kues)

Ha ocHoBe 110/1X0/10B MEXaHUKHU Pa3pylleHust pa3dpaGoTa MeTO/l PACYETHOIT OIEHKH IUKJINYECKOil JOJITOBEYHOCTH 3JIEMEHTOB
KOHCTPYKIIMI, CO/ep KAlIX Pa3BUBAIOIINECS YCTAJOCTHbIE TPENMHbI IIPU UX TOPMOXXEHUHM HCKYCCTBEHHO HaBeJeHHBIM
HOJIeM OCTATOYHBIX HanpspkeHuil cxkatust. [Ipeioskena Mojieslb yCTasoCTHON TpenuHbl 3 (PEeKTHBHOI JAJIMHbI, TT03BOJIS-
I01I[as BBIYMCJIUTD 3(PEKTHBHBIN pa3dMax Koa(duimenTa NHTEHCHBHOCTH HAMPSDKEHHH 1IMKJIA ePeMeHHOT0 HarpysKeHus
C y4eTOM OCTATOYHbIX HANPSKEHHMI CXKAaTUs, MCKYCCTBEHHO HABE/ICHHBIX Iepe/l BEPIIMHOI yCTaJ0CTHOI TpeluHbl. O60oc-
HOBAHO COOTHOIIIEHUE JIJIS PACUETHOTO OIIpe/leIeHNsT INKINIecKoil goaroseqnoct. [l crmaBa D16AT BoinosiHeHBI IpoT-
HO3HBIE BBIYNCJICHNUS I0JTOBEYHOCTEH, OTBEYAIOMNX 3a/[aHHBIM COYETAHUSAM UCXO/IHOM JI/IIMHDI TPENHHDI, YPOBHS HepeMeH-
HOTO Harpy>KeHMsI U IOJIsi OCTATOYHBIX HAIPSDKCHUIT CoKaTHsI, HABEJCHHOTO Tiepe/i (DPOHTOM TPEIINHBbI.

The method for estimation of a cyclic fatigue life of structural members with propagating fatigue cracks which are
retarded by the artificially induced field of compressive residual stresses has been developed on the basis of the fracture
mechanics approaches. The model for an effective-length fatigue crack is suggested, enabling the effective amplitude of
the stress intensity factor for an alternating loading cycle to be calculated with allowance for compressive residual
stresses artificially induced ahead of the fatigue crack apex. Relationship for estimation of the cyclic fatigue life has
been substantiated. Prediction of fatigue lives, meeting the specified combinations of the initial crack length, level of
alternating loading and field of compressive residual stresses induced ahead of the crack front have been made for alloy

D16AT.

B cBapHBIX KOHCTPYKITUSX PA3JIMYHOTO HA3HAYEHUS HA
paHHell cTa iy X IKCILIYATAIIMU YacTO HAGIIONAeTCs
peskIeBpeMeHHOe 06pa30BaHUeE YCTATOCTHBIX TPEITUH
[1], TopMOKkeHne KOTOPBIX SBJISIETCS OJHUM W3 BO3-
MOJKHBIX TyTell yBeJUYeHUs IMUKJINIECKON JT0JTOBEY-
HOCTM MarepuasoB M HECYUIMX 3JIeMEHTOB KOHCT-
pykmuii. IIpm aToM MOTYT TPUMEHSTbCS Pa3INYHbIE
KOHCTPYKTHUBHO-TEXHOJIOTUYECKHIE Mepbl, B TOM YUCJIE
U C1I0cO6BI HABE/IEH NS TIePe]l BEPIIUHAMU YCTATOCTHBIX
TPENTUH ToJIell OCTATOUYHBIX HANPSKEHWH coxaTus [2].
Hawubosiee paimoHaabHBIM B 3TOM ILJIAHE SBJISETCS
METOJ] PACUETHOTO OTPE/IeeHNS IUKINIECKON JOJTO-
BEYHOCTH 3JIEMEHTOB KOHCTPYKIUII, coZep Kalux
pasBUBAIOIINECS YCTAJIOCTHBIE TPENUHBI, TIPU UCKYC-
CTBEHHO HABEJEHHOM I10JIe OCTAaTOUHBIX HalpPSIKEeHUH
CKATUS Tiepe/l BepiimHaMu TpeniH. OH T03BOJISeT Bbl-
MIOJTHUTh KOMIBIOTEPHOE MO/IeJNPOBaHNE IPOTiecca,
YTO Ja€T BO3MOKHOCTb OIpPeJeUTh HauboJee pa-
IUOHAJBbHBIE O06JIACTH TIPUMEHEHUs TpeliaraeMbIxX
€1oco00B HABEJIEHUS OCTATOYHBIX HATPSIKEHWH CiKa-
TUS, a TaKKe ONTHMHU3WPOBATh WX MapaMeTpbl B 3a-
BUCUMOCTH OT MCXOJHOH [JIMHbI YCTAJOCTHOH Tpe-
NIMHBI, XapaKTEPUCTUK IUKJIA TIEPEMEHHOTO Harpy-
JKEHUS U CBOICTB MaTepuaJa.

Boimosinennsie 8 UOC um. E. O. ITlatona axc-
TIepUMEHTAJbHBIE WCCJIEJOBAHNS TOKA3bIBAIOT 3HA-
YHUTEbHOE YBEJIMYeHue J0JT0BEYHOCTH 06PA3IIOB C yC-
TAQJOCTHBIMH TPENUHAMK [OCJe MPUMEHEHWS pas-

© B. B. KHbIIII, 2002

JIMYHBIX BUAOB 0OpaGOTOK, HAIPAaBJIEHHBIX HAa HaBe-
JIEHUe OCTATOYHBIX HAIPSIKEHUW CXKATUS TIepe]
BeprmHoi TpenwHbl [2]. Ilpm atoM ckopocTb pocta
TPENTHDI CYIECTBEHHO YMEHbBIIAETCS € MOCJAEAYIONNM
yBeJMYEHNEM ee 3HAUEeHNUH, KOTOpPbIe B 060UX CIydasix
oTBeyaloT JuHeiHoMy (IepHCOBCKOMY) YYacTKy JIMar-
paMMbl YCTAJOCTHOTO pa3pylieHus. Takas KuHeTHKa
YCTaJIOCTHOTO Pa3pyllieHHs IO3BOJISET IPUMEHSTD MO
XO/Ibl JINHEHHON MeXaHMKN paspyllleHus pHu paspa-
60TKE METO/Ia PACYETHOTO OIpeIeJIEHIS UX IUKJINJec-
Kol mosroBeyHoctu. VI3BecTHO, YTO Tepe/i BepPIIUHON
Pa3BUBAIOIIENCS YCTATOCTHOM TPEIUHBI (popMUpyeTCst
TaK HasbiBaeMas obpaTvMasi 30Ha TJIACTUYECKOH Jie-
(opmaruu, pasMep KOTOpOIl CyIIECTBEHHO MEHBIIE
MPOTSKEHHOCTH 30HBI  JIACTHYECKOW JehopMaliuu,
OTBeYalollell CTaTUYecKoMy HarpyskeHuio. Pasmep
0o6paTUMO# 30HBI, MPETEPIEBAIONIEN Yepeayonieecs,
BO B3aMMOCBSI3H C MOJIYIUKJIAMU HATrpy3Ka—pasrpys3Ka
MJIACTHYECKOE TeUeHWe, IS TePeMEHHBIX HATIPSIKEHU T
PaCTSIKEHUST TIPe/IJIaraeTcst IpeCcTaBisTh B Buje [3]:

1 [AKT

Tp = % 2_(5]. ,

rae AK — pasmax Koa(ppunueHTa THTeHCHUBHOCTH Ha-
npsoxennii (KWH).

3asucumocts (1) dpakTraeckn oTpaskaer TOT (PaxT,

YTO BOJIM3M BEPIIMHBI  YCTAJIOCTHOH  TPEIIUHBI

BCJIEJICTBUE YePEJOBAHNUS MOJYIINKJIOB HATPYy3Ka—pas-
rpyska (OpMUDYIOTCA OCTATOYHbIe HAIPKEHUS

(1
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[

Puc. 1. MoauduimpoBaHHas Mo/ieJib POCTa YCTAJIOCTHOI TPEIUHbI B
T0JIE OCTATOYHBIX HANPsiKeHni cxkaThs (0603HAUEHNsT CM. B TEKCTE)

CKATUSI, paBHbIE TI0 BeJUYMHE TIPEACTY TeKy4eCTH
MaTtepuaJa. Ecau mepes BepIMHON TPEIWHDBI IJIWHON
2ly MICKYyCCTBEHHO HABE/IEHBI OCTATOYHbBIE HAIIPSIKEHUS
cxartus o, (x), TO Ipu BO3/EHCTBUN BHEIIHETO Iepe-
MEHHOTO Harpy:keHusi c(hopMUPYIOTCS OCTATOYHBIE Ha-
IPSDKeHUS  CKATUSL  Bbllle  IIpefiesla  TeKy4eCTH
MaTepuasa, paBHbIE MO0 BeJWYWHE 3HaYeHWio —[o, +
+0,(lp)]. B atom ciydae pasMep COOTBETCTBYIOMIEIT
06paTHMOIi 30HbBI AHAJOTUYHO YCTAHOBJEHHOMY COOT-
Homenuio (1) TpeamaraeTcss BBIYUCIATD B BUIE

2
1] AKgllp)

Tpo = 7— -
* " 2n 26, + o,,(ly)

P 2)
rie AK ey = Kipax = Kop — addextusnbrii pasmax KNH
IUKJIA TEePEMEHHOTO HArpy’KeHus [ 3aJaHHOI
TPENTIHBI INHBI 2[(; K., — KMH, orseuaromuii mo-
MEHTY OTKPBITHSI TPEIIHBI.

B panee BbITIOJTHEHHBIX HCCJeNOBaHUAX [4] s
AK et 6BLJIO YCTAHOBJIEHO BBIpaKEHHE BUA

MR, - 0,5)

N<eff —e ™ (3)

AK,
rae AK = K .x — Kiyin — pasmax KMH mnukmaa mepe-
MEHHOTO HArpy>KeHUs C aCUMMeTpHueil Rq; A M m—y —
KOHCTAHTBI MaTepuaJa.

WckyccTBEHHO HaBeleHHbIE OCTaTOYHBbIE HAIPS-
KEHHsST CxKaTusi Oy, (x) HPENsATCTBYIOT CBOGOIHOMY
Pa3BUTHUIO TIJTACTUYECKOI MedopMaIiy Iepes Bep-
IIMHOW TPEN[UHbI, OrPAHUYUBAS TEM CAMBbIM 30HY
IJIACTUYHOCTH. B 2TON CBS3M, aHAJOTUYHO ITOHSITUIO
KoadduinenTa orpaHMYeHns] Ha TJIACTHYHOCTD MPH
CTATMYECKOM HArPY’KEHUHM TIJIACTUHBI C TPEIIUHOM,
OTIpEIETEHHOTO KaK OTHOIIEHHE MaKCHMaJbHOTO Ha-
MPSKEHUS B 30He MIJACTUYHOCTU K MPe/esTy TEKyUeCTH
[5], BBemem nonsTne koadduimenTa orpaHTYeHUS Ha
IJIACTUYHOCTD TIPU TIEPEMEHHOM HATPY’KEHUU COOTHO-
IIeHueM kz\/a /\/ﬂp , Ompelessss mpu 3ToM 3d-
(GEKTUBHBII ITPe/Ie TEKYIECTH IPOU3BEAEHUEM O off =
= ko, W Gy eff = Oy + o5, (lo) /2. [lna BbIUECICHIA
s derruBHoro pasmaxa KMH mukiaa (AKy), oTBeua-
IOIIETO TOPMOBSIIEICs YCTATOCTHON TPEInHe JIJIUHOI
2ly HaBeJEeHHBIM TIEpE] €€ BEPUINHON IOJIEM CXKHU-
MAIOIMX HaNpsuKeHuil oy, (x), paccMOTpUM MOJeIb
pocta TpemuHbI, npuBefennyio ua puc. 1. IlycTb
Tpemuna addexrusnoit gmamnr 2(l + r,) (rae Iy —
MOJIYZIJTMHA TOPMOBSIIENCS YCTAJTOCTHOW TPENTUHbI;
7p0 — OOpaTMMasg 30HA ILIACTHYECKOil AedopMariim)
pacIoJioKeHa B yIPyroit GeCKOHEYHOH IIJIACTHHE U

repeji ee BEPIUHAMU JIEHCTBYIOT HEOHOPOIHDIE CXKU-
Matorue Hanpsokenusi oy, (x). Ilpu atom ympyras
IJIACTUHA TIOJIBEPTAETCS BO3/IEHCTBUIO TEPEMEHHbBIX
Hanpsokennit (pasMaxa AG = Gpay Omin C aCHUM-
MeTpreil HuKIa Ry = Gpin/ Gmax), KOTOPBIE HAIIPaBJIe-
HBI TIEPIIEHANKYISIPHO K TJIOCKOCTH TPEITUHBI, a K 6e-
peram TpeIMHbl Ha y4acTKaX, PaBHBIX 7,0, BOIM3N ee
BEpPUIMH TIPUIOKeHbl cuiabl Q(x), HaIpaBJeHHbIE
MTPOTUBOIIOJIOXKHO JIEHCTBYIONUM TIePEMEHHBIM HaTIPsi-
JKeHusIM. B paMKkax yKazaHHBIX MOJIEJNbHBIX MTPE/ICTaB-
sennit i makcumasabaoro KMH nmukna K., TpUHSB
cuabl Q(x) paBHbIME 3(PEKTUBHOMY NIPEAETy TEKy-
YeCTH MaTepualia Oy eff, MOKEM 3almcaTb COOTHO-
LIEHNE:

K inax = Omax ‘n(l() + rp()) - 2[01' + Giy(l())/z:l X

0t "o ly
X p arecos .
ot rpo

(4)

Pacuetnoe 3naueane KMH nmuka mepemMenHoOro Ha-
TPY>KeHHs 3a/laHHOI acCUMMeTpUH Rs, KOTOPbIN OTBe-
YaeT MOMEHTY OTKDPBITHS YCTaJOCTHOI TpemuHbl Ky,
O6y/ZleM BBIYMCJSATh Ha OCHOBE WMCIIOJIb30BAHUS U3BECT-
Hoii moziesin I'. V1. Bapen6uaarra u3 [6]. B ykazannoit
MOJIeT TPUMEM CUJIBl CIETJIEHUS Y BEPIIUHBI
TPEIIMHbl PAaBHBIMU  OCTATOYHBIM  HATPSIKEHUSAM
CKATUS, KOTOPble C(OOPMHUPOBAIICH Y BEPITUHBI TOP-
Mosseiics Tpermubl Q(x) = o + oy, (), a Takxke
3ajlaBasd pasMep 30HbI MX JEHCTBUA a = 7,9, HOC]E
BBIYHCJICHUS COOTBETCTBYIONIETO MHTETPAJIA, TTOTYIUM

Koy =2V [, 4 ot 1), (5)

Takum o6pasoM, paccMarpuBaeMasi MOJeNb 3d-
(pextuBHOl Tpemunbl (puc. 1) MO3BOJAET BBIYUCAATH
sbderruBubiil pasmax KMH mukaa AKgy ms ycra-
JIOCTHOW TPEIUHbI JJUHON 2[), KOTOPBIA yYUTHIBAET
OCTAaTOUHBIE HAIPSDKEHMWS CXKaTus, JelcTByoImue
mepesi BepmnHOHN TpentnHbI. COOTBETCTBYIOMAs pac-
vyeTHas GopMyJia IPUHUMAET BU/I;

AKgff(IO) = Omax ‘TE(ZO + rpO) - Z[GT + G;AZO)/Z] X

l() + 7’[]() l()
T arccos—l -2 x
ot ) (6)

2 \
x N7 (6, 4 o5y lp)].

[IpuHuMaercst, 4To Bblunc/sseMbiii 110 (6) addex-
tuBHbIl pazmax KUH AKg(ly) onpenensier KUHETUKY
YCTAJOCTHOTO PA3PYIIEHNUs IPY MO[PACTAHUN yCTATOC-
THOI Tpermubl oT JmuHbl 2y 1o snavenus 2(ly + 7,).
IIpu 5TOM pacyer COOTBETCTBYIOIIETO YHCJA IUKJIOB
mepeMeH HANPSLKEeHHi, He0OX0IUMOTO [IJIsT YKA3aHHOTO
MOJIPACTAHUS YCTATOCTHOU TPEIMHBI, BHITIOTHSIETCS HA
OCHOBE KHHETHUYECKOTO yPABHEHUsSI YCTAJIOCTHOTO Pas-
pylieHusi, npeioxenHoro B pa6ore [4]. IloacraBus
BBIYMCJIEHHOE O Bbipaxkenuio (6) 3Hadenwe ad-
(exruBHoro pasmaxa KMH B wucnosbdyemoe ypas-
HEHUe [[BIKEHNSI TPENIUHBI U BBITIOJIHSIST HEOOXO[UMbIE
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T 1 Fy
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Puc. 2. O6paserr [iJ1s1 9KCTIEPUMEHTATBHON OlleHKN 3 (HeRTUBHOCTH
JIOKQJIbHOII ~ B3PBIBHOII 06PaGOTKM TOPMOXKEHHSI YCTAJOCTHBIX
TPeNMH

npeo6pa3oBaHus, MOJTYYUM PACYETHOE 3HAYEHUE [[0JI-
roBeuyHoct Ny B BHUJE:

i )

NO = 1,50 c m_y ’
C_ie”" [AK ()]

rae C_y, m—q, A — TOCTOSIHHbIE MaTepuasa, olpese-
JISIeEMbIe TIPU TECTOBBIX UCIIBITAHUSAX HA IUKJINIECKYIO
TPENMHOCTOUKOCTD ATAJOHHBIX 06pasnoB [7]. Tlpu
HOJIPACTAHUU TOPMOBSIIENCS YCTAJOCTHON TPEIUHbBI
oT Havata ee TopMoskenust (zumHa TperuHbl 2y) 10
MOJIHOTO TIEPECEUEHUST TPEIHHON 30HBI PACITPEIEIEHIST
OCTATOYHBIX HANPSKEHUH ckatus (JJIMHA TpEruHbL
2[}), COOTBETCTBYIOIEE PACYETHOE 3HAUYEHHUE IUKJIU-
YEeCKOW J0JTOBEYHOCTH ompeessercs GopMyJIoit:

k
N=Np+Y i ®

i—1
i=1 1,51 c "1
Cre {AKe«(lo ‘Y rm}

7=0

[IpensioxxenHast MeTOAWKA PACUYETHON  OIEHKH
IIUKJINYECKON [TOJITOBEYHOCTH anmpobupoBana Ha 6ase
HKCIIEPUMEHTAJBHBIX JAHHBIX ITUKJIMYECKONW TPEIu-
Hocroitkoctn cramu Cr3cn (o, = 296 Mlla, o, =
= 476 MIla) mocje TOPMOJKEHUSI YCTAJOCTHOU Tpe-
NIMHBI JIOKAJbHOU B3PBIBHON 06paboTKoii. McrbIThI-
BaJIM TJIOCKKe o6pasipl (puc. 2) ¢ NpeaBapuTesbHO
BbIpallleHHOH IIPU OCEBOM OTHYJIEBOM IIUKJIMYECKOM Ha-
IPY’KEHUH YCTAJOCTHOI TPENIMHON MOMIyIJuHbl [) =
= 41,5 mm. Ilepen BepmmHAMYU TPENTUHBI JOKATBHOM
B3pbIBHOII 06pa6orkoii (mo mpemnoxennoii B MIC
nM. E. O. IlaToHa TeXHOJOTMH) HABOJMJIOCH IIOJIE
OCTATOYHBIX HalpsKeHuil cxxatus. CooTBETCTBYIONAS
3MI0pa pacipejiesieHus] OCTATOYHBIX HAIPsKEeHUH
CKATUS 1lepell BepIIMHON TPellMHbl IpUBeJeHa Ha
puc. 3. I3 pucyHKa BUAHO, YTO MaKCUMaJIbHOE HAIIPSI-
JKeHne CyKaThsl JOoCTUraeT 3Haudenwii, 6/mskux 0,6c,
MaTepuajia. Ilocse JOKaabHON B3PBIBHOW 06PAGOTKH
o6pasel] MCIBITHIBAJICS Ha IUKJIAYECKYIO TPEIUHOC-
TOWKOCTb TPU OTHYJIEBOM OCEBOM HArpy>KeHUHU C
MaKCUMAaJIbHBIMU HATPSDKEHUSMU 1IUKJA, PaBHBIMU

a, MMNa
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S0+
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-200 1 [ 1 1 1 1 1 1 1 1 ) i 1 1
440 50 60 70 80 20 100 L, mm

Puc. 3. Dmiopa pacipejie/ieHNsi OCTATOYHBIX HANPSKEHNI CoKATHS,
HaBe/IEHHDBIX Ilepe/l BEPIIMHON YCTATOCTHON TPEIHHbI JIOKAJIbHOIL
B3PbIBHOI 00PaGOTKOI

155 MIla. Ha puc. 4 npuBe/ieHa 3aBUCUMOCTD JIJTUHBI
TOPMO3dIlelicsl yCTaJOCTHOH TPEIIMHBI OT YuCJjIa
IIUKJIOB [IEPEMEHHOTO HAarpy keHusi. Heo6xoumMble /1Jist
pPacyeTHOTO OMpe/ieJIeHUsT Pecypca XapaKTePUCTUKH
IUKJIMYEeCKOl TpemntmHocToiikocTn ctaaun Cr3cm, cor-
JIACHO JIaHHBIM Pa6oThl [6], MpUHUMATHCD PABHBIMMU:
C_1=0,7310""3, m_; =3,96 u > = 1,1. ConocrasieHue
MOJIyYEHHDIX PACYETHBIX 3HAUEHWI JOJTOBEYHOCTH C
sKcrepuMeHTanbHbiMu (puc. 4) CBHUIETENBCTBYET 06
WX yIOBJETBOPUTEJBHOM COOTBETCTBUY TIPH PA3BUTUU
YCTAJIOCTHON TPEIIUHbBI OT ee MoJIyAunHbl [y = 41,5 MM
(Hayamo TOpMOXKEHMS TPEIuHbL) 110 [p = 57 MM, Korja
TPEIIUHA TOJHOCTBIO TIEPECEeKAET 30HY PACIIPe/leTeHIs

TOPMO3SAIIAX €€ POCT OCTAaTOYHBIX HAMPSDKEHUI
coKaTUSA.

Anamornunblii o6pasert u3 cragu Ct3cii, ¢ mepBo-
HAyaJIbHO  BBIPAIEHHOW  YCTAJOCTHOW  TPENIMHON

nuHoi 21y = 36 MM moBeprasicst 06paGoTKe TOUEUHBIM
JIOKaJbHBIM HarpeBoM. B pesyabrate B 06pasiie
chOpPMIPOBATIOCH TIOJIE OCTATOUHBIX HampsiKenuii. Co-
OTBETCTBYIOIINE Fpaq)I/IKI/I pacupeneseHns AByX0CHbIX
OCTaTOYHbIX HaHpﬂ?KeHI/Iﬁ BOJIb JTUHUH IIpEAIIoJarae-
MOTO POCTa TPENNHBI MPeICTaBIeHb! Ha puc. 5. [Toce
TOYEYHOI'O HarpeBa 061)3.36]_[ UCIIbIThbIBaJICA Ha IUK-
JITIECKYTO TPEMUHOCTORKOCTD TPU OTHYJIEBOM OCEBOM

L, MM
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Puc. 4. 3aBIHCUMOCTb JIJIMHBI TOPMO3SIIIENCST YCTAIOCTHON TPEIIHBI
OT YHCJIA TIUKJIOB TIEPEMEHHOIO HArPY/KEHUST: TOYKU — IKCIEPUMEH-
TaJIbHbIE [IaHHbIE; CILIOIIHAS JUHUS — Pacyer
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Puc. 5. Tpaduku pacipesie/ieHus. KOMIOHEHTbI G,,(X) 0CTATOUHbIX
HAIpPsDKeHi 1iepest GPOHTOM YCTAJIOCTHOM TPEIMHBI B ITPOIECCE ee
pocra: V. — n0 o6paborku I, = 18 mm; O — mnocsie o6paGoTKu
ToueyHbiM HarpesoM [, = 18; @ — [, =20; A — [, =28 mm

L

Harpy>keHuu C MaKCUMaJbHBIMU HANPSDKEHUSIMU
mukia, papabivu 155 MIla. Ha puc. 6 mpeacraBieHbr
3aBUCUMOCTH JIJTUHBI TOPMOSSIIIEINCST yCTATOCTHON Tpe-
NIMHBI OT KOJWYeCTBA IMKJIOB Harpykenus. W3
PUCYHKa BUHO, YTO SKCIIEPUMEHTAIHbHBIE U PACUETHDIE
3HAUEHNS Y/IOBJIETBOPUTEIHHO COBIAIAIOT.

Ha ocHOBe H3J/I0;KEHHOTO PAaCUueTHOTO METOJa C
1eJbI0  TIPEBAPUTENbHON olleHKN 3addexTuBHOCTI
TOPMOXKEHUST YCTAJIOCTHBIX TPEIIUH B AJTIOMUHUEBOM
ciiaBe D16AT BbIIIOSTHEHBI COOTBETCTBYIONIME TIPOT-
HO3HbIE BBIYUCJIEHUST JOJTOBEYHOCTEN, OTBEYAIONUX
3a/IaHHBIM COYETAHUSIM WCXOIHOU JIJINHBI TPEIINHbI,
YPOBHS MI€PEMEHHOTO HATPYKEHUS, MO OCTATOYHBIX
HaAPSDKEHUN CKATWs, HaBeJIEHHOTO Tepea (ppoHTOM
TPEIIMHBbI. JTU BBIYUCJEHUS TPEJCTABISAIOT COO0M
YUCJIEHHBI 3JKCIIEPUMEHT, BbBIMOJHEHHbI Ha I[IK
MIPUMEHUTEHHO K 0CEBOMY ITEPEMEHHOMY HATPY KEHUIO
mrockux o6pasioB pazmepamu S00X170X3 MM, co-
JlepoKalliX IEHTPAJbHO PACIOJIOKEHHYIO TPEUIMHY
qHOM 2[) ¢ HaBeneHHBIM mepe]] ee (PPOHTOM TI0JIEM
OCTATOYHBIX HaNpsiKeHui cxxkatus. I[Ipu aToM xapak-
TEPUCTUKU TTMKJIMYECKON TPENIMHOCTONKOCTH CILIaBa
D16AT, Bxoasmme B pacueTHOE COOTHOIIEHUE, OIpe-
JleJIeHbl TIPU TeCTOBBIX MCHBITAHUAX Ha IUKJINYECKYIO
TPEIIMHOCTONKOCTh JTaGOPATOPHBIX 06pPa310B U COOT-
BETCTBEHHO paBHbl: C_{ = 1,26-107'0; m_y =2,87; A=
= 0,6. Ilojie ocTaTOYHBIX HATIPSIKEHUN CKATUS TTEPE]]

L, M

60

40

0 I I 1 1 I 1
100 200 300 400 500 N-10% unknos

Puc. 6. ToaroseunocTs 06pasia B ncxoanoM coctosianu (1) u mocae
06paGOTKU TOYeuHbIM HarpeBoM (2): TOUKM — SKCIEPUMEHT; CILIONI-
Hasl JINHUST — PAacyer

1

(QPOHTOM yCTATOCTHOH TPENIMHBI 33JaBaTIOCh IO CJIe-
JyIOTEMY 3aKOHY: MaKCUMAaJIbHBIM YPOBEHDb HaIpsi-
JKEHWH CJKaTUsSI 33JaBajicsl HA PACCTOSHUM 5 MM OT
BEPIUHBI TPEMUHBI € TIOCETYIONUM X YMEHbIIIEHUEM
10 JIMHEIHOMY 3aKOHY /IO BEJWYWHbBI, PaBHOW TO-
JIOBUHE MAKCUMAJIbHOTO YPOBHS y BEPIIMHBI TPEIIUHBI,
¥ 3HAYEHWS, PABHOTO HYJIO HA PACCTOSIHUU 35 MM OT
BepinHbI. Takoil Xapakrep pacipeiesieHust OCTaTou-
HBIX HANPSDKEHWH CXKATHS KadeCTBEHHO OTBEYaeT
MPUMEHEHHNIO PA3JIMYHBIX TEXHOJOTHYECKUX Mep, OC-
HOBAHHBIX HA WCIOJb30BAHUU JIOKAJIBHOTO HarpeBa
nepesi GPOHTOM YCTAJOCTHOH TpemuHbl. Pe3ynbraTbl
BBITIOJTHEHHBIX PACYETOB JIJisI AJTIOMUHUEBOTO CILIABA
D16AT npencraBiiernt Ha puc. 7—9 B BUie TIPOTHO3HBIX
KpUBBIX joaroBeuHoceii. Ha puc. 7 npuBesenbr pac-
YeTHbIE KPWBBIE JIOJITOBEYHOCTEH, OTpasKaloIiue
BJINSTHUE HA JIOJTOBEYHOCTH 06pasiia BeJMYNHbI HaBe-
JIEHHOTO TI0JIST OCTATOYHBIX HAMTPSIKEHUH CKATHS TIepe/T
BEPIIMHOW TOPMOBSIIEHCcsT yCTAJIOCTHON TPENTUHbI.
[IporHo3ubie KPUBbBIE JOJTOBEYHOCTEH BEIYUCISIN TIPH
3aJJaHHOM MaKCUMaJbHOM HATPSYKEHWW IUKJA BHETI-
HETo nepeMeHHoro Harpyskenusi, papaom 100 Mlla, B
cedeHn” GpPyTTO 06pasiia M acUMMETPUU IUKIA Rg =
= 0,1. HavanpHas [niauHa TOPMOS3SIIENCS TPENIMHbI
npuHuMaiach pasHoir 13 mm. Ha puc. 7 xpuas 1
OTBeYaeT KMHETHKE YCTAJIOCTHOTO pa3pylieHus o6pas-
a u3 ajaoMuaneBoro civiasa D16AT B ucxoHOM coc-
TOSAHWM, KpUBbIE 2, 3, 4 1 5 OTPAXKAIOT 3aKOHOMEPHOCTHI
pocTa TOpMO3slieiicss yCTaJOCTHON TpeHIMHbI HoJeM
OCTAaTOYHBIX HATPSIKEHWH CXKATUS ¢ MaKCUMAJHbHBIMU
HaIpPSKEHUSIMU, COOTBeTcTBeHHO paBubivMu: —70, —100,
—130, —160 MIIa. 3 npuBeseHHbIX KPUBBIX BU/JHO,
YTO 4YeM BBIIle YPOBEHb MAKCHMAJbHBIX HAIPSIKEHUI
cxatus B obpasie, TeM 6OJbIlle ero 0JTOBEYHOCTD.
[IpuueM, 1pum NOAPACTAHWUU TPEIIUHBI B 06pasIiie OT
UCXOAHON AauHbl [y = 13 MM g0 guubbl [ = 35 MM
JTOJITOBEYHOCTD YBEJNYNBAETCS IO CPABHEHUIO C T0JITO-
BEYHOCTDHIO MO/IPACTAHUS TPELTUHBI IO TAKOM Ke JIJIITHbBI
[ = 35 MM 6€3 TOPMOKEHUS TPEIIUHBI COOTBETCTBEHHO:
BOpa3 — xpuBbie 2u ;810 — 3u ;815 — 4n
1; 825 — 5 u 1. Takum o6pa3omM, T0Jie OCTATOUHBIX
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Puc. 7. TIporHosuble KpHUBbIE JI0JITOBEYHOCTEN IJIOCKHX 06GPa3iioB
n3 ciaBa D16AT ¢ neHTpabHO PACHOJIOKEHHOH TPEIINHON, TOp-
MO3SIIIENCs 10JIeEM OCTATOYHBIX HANPSDKEHUIT ¢ PA3JINYHBIMU YPOB-
HSIMH MaKCHMAJIbHBIX COKUMAIONINX HAMPSDKEHUil: /| — B UCXOAHOM
cocroguuu; 2 — —70; 3 — —100; 4 — —130; 5 — —160 MIla

1 1
N*10% uuknos
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Puc. 8. Ilpornostble KpuBble J0JrOBEYHOCTEH OGPA3IOB U3 CILIABA
D16AT c nenTpaibHO PACIIOTIOKEHHON TPEINHOI, TOPMO3SIIEics 3a-
JIAHHBIM TI0JIEM OCTATOYHBIX HANpPSDKEHHI CKaTusd HPH Pa3MdHbIX
3HAYCHUAX TeKyIeii Aymnbl Tperutbl (0603HAUCHUST /=5 CM. B TEKCTE)

HaNpsDKeHW  CKaThsl, WCKYCCTBEHHO HaBe/IeHHBIX
nepeji BEPHIMHOW YCTAJOCTHON TpPEIIUHbI, C MaK-
CUMAJIbHBIMUA CXKUMAIONUMU  HATPA’KEHUSIMU, PaB-
wbeiMu —0,56,...—0,80,, MokeT Ha TOpPSZOK U GoJiee
YBEJNYNBATD ITUKJINIECKYIO JIOJTOBEYHOCTD 00Pa3IoB
3 amioMuHIeBOro ciiaBa D16AT.

Ha puc. 8 mpuBeaennbl KpuBble MIKJANYECKON 10JI-
TOBEYHOCTH, OTPAXKAIOIINE 3aKOHOMEPHOCTU BJIMSHUS
HAa JI0OJITOBEYHOCTb 06pA3lOB HUCXOJHON  JIJIMHBI
TPEINHBI TIepe/] ee TopMoKeHneM. PacueTHble KpUBbIe
MOJTyY€HDI TIPY 33/JAHHOM MaKCUMAJTbHOM HATIPSIKEHUH
IIUKJIA TIePEMEHHOTO HATPY’KEeHWs B CeYeHUU GPYTTO
o6pasia, pasuom 100 MIla u acummerpuu nukiaa Ry =
=(0,1. MakcumaabHOE 3HAUEHWE HATIPSKEHUHA CKATHS
MIOJIST OCTATOYHBIX COKUMAIONINX HATPSIKEHUH, TOPMO-
3SAIUX TPEMNHY, TpuHnMasoch pasabiM 130 MIla. Ha
puc. 8 kpuBas / oTBeuaeT KNHETUKE YCTAJIOCTHOTO Pas-
pymienns o6pasia amoMuHueBoro cmiasa D16AT B
HCXO/THOM COCTOSTHUM, KpuBbIE 2, 3, 4 U 5 oTpaxaior
3aKOHOMEPHOCTH POCTa TOPMOBSIIIUICS YCTAJIOCTHON
TPEIIMHbI 33/JaHHBIM IT0JIEM OCTATOYHBIX HAIPSIKEHUI
CKaTus MPU 3HAYEHMSIX UCXO/AHOM JVIMHBI yCTAJIOCTHON
TPEIWHBI, COOTBETCTBeHHO paBHbIX: 19, 16, 13 u
10 mm. [IpuBenmenHble KPUBbBIE TTOKA3bIBAIOT, YTO He-
3aBHCHUMO OT HAYaJIbHON JIJIMHBI TPEIIMHbI IIPU €€ TOP-
MOKEHWH OJINHAKOBBIM TI0JIEM OCTAaTOYHBIX HATpsi-
JKEHUI CoKaTusg W TP OJIMHAKOBBIX YCJOBUSX Tiepe-
MEHHOTO HArpy>KeHUs [[0JTOBEYHOCTb, OTBEYAOIIast
MO/IPACTAHUIO KAXK/IOW M3 ATUX TOPMOISIIIUXCS TPELUH
JI0 OJJMHAKOBOM JJIMHBI [ = 35 MM, YBEJIMYMBAETCS Ha
MOPSI/IOK TI0 CPABHEHUIO C JI0JITOBEYHOCTBIO X MO/Ipac-
TaHUS [0 TO¥ ke AnuHBI [ = 35 MM 6Ge3 TOPMOIKEHUSI.
OnHako o6Iias [I0JTrOBEeYHOCTh O6pasiia B 3aBHCHU-
MOCTH OT WCXOJHOW [JIMHBI TPENTUHBI CYIIECTBEHHO
pazimuHa. Tak, o6muiasi JOJTOBEYHOCTb 006pasiia MpH
MOJIPACTAHUN TOPMO3SIIENCS YCTAJIOCTHOW TPEIIUHBI
ot o =10 mm g0 [ = 35 MM cocraBister opsiaka 190000
IIUKJIOB, TOT/IA KaK TOPMO3SIASICA TPENIMHA UCXOHON
JunHbl [) = 19 MM NpW TOApPACTAaHWUHM O JJIWHBI [ =
= 35 MM TIOKa3bIBaeT J0JTroBeuyHOCTh mopsizka 80000
IIMKJIOB.
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Puc. 9. IIporHosuble KpHBbIE J0JTOBEYHOCTEH MJIOCKUX 06PA3IloB
u3 crmmaBa D16AT ¢ 1eHTpasbHO PACIOJIOKEHHON TPEIUHON B
UCXoAHOM cocTostniu (1=3) 1 111 TOPMO3SLLEcs: 3aJaHHbIM T10J1eM
OCTATOYHBIX HANPsBKeHUi cxkatust (1'=3"), oTBevaomue pasindHbIM
YPOBHAM MaKCHMJIbHDBIX HAIPSUKEHUIT IIMKJIA TePEeMEHHOTO Harpy-
SKEHVSI: CILIONIHAS JIMHUS — Gp,, = 100 MIla; mrpuxoBas — 130;
mTpuxmnynktuprnas — 160

Ha puc. 9 npuBeieHbl pacyeTHble KPUBBIE T0JTO-
BEYHOCTH, OTPa’Kaolhe 3aKOHOMEPHOCTHU BJIUSTHUS
Ha JIOJITOBEYHOCTb 0Opasiia MaKCUMaJbHBIX HaIlpsi-
JKeHUi 1MKJa IepeMeHHOro Harpy:keHus. IIporuos-
Hble KPUBbBIE€ BBIUYMCJEHBI [IJISI UCXOMHOU [IJIUHBI yC-
TAJOCTHOU TPeIuubl [y = 13 MM M MaKCUMaJbHOTO
3HAUEHUST CXKUMAIOIUX OCTATOYHBIX HATPSKEHUN,
paBubix —130 MIla. W3 mpuBeneHHBIX KPUBBIX
BU/IHO, YTO [P MTOIPACTAHUY TOPMO3SIIIENCS TPEITUHBI
OT HavaJbHOW AJnHBI [g = 13 MM g0 aauHb! [ = 35 MM
IUKJINYECKAsT TOJITOBEYHOCTb 06Pa3a YBeTUINBAETCS
10 CPABHEHUIO C JIOJITOBEYHOCTHIO, MOKA3aHHON UCCIe-
JlyeMbIM AJIOMUHUEBBIM CIIJIABOM, MPU aHAJIOTUIHOM
pocTe YCTaJOCTHON TpenmHbl 6e3 TOPMOJKEHUS COOT-
BETCTBEHHO B 14 pa3 /s o, = 100 MIla, B 9 paz —
JUIS Gy = 130 MITa u B 5 pa3 s o, = 160 Mlla.

BbiBo1bI

1. Ha ocHOBe TOX0/10B MEXaHUKHU Pa3pylIeHusT pas3-
paboTaH MeToJl PACYETHOU OIEHKU ITMKJNIECKOH J10J1-
TOBEYHOCTH 3JIEMEHTOB KOHCTPYKIIMI, COEP>KAINX
Pa3BUBAIONINECS YCTAJIOCTHBIE TPEIUHBI MPU UX TOP-
MOJKEHUN UCKYCCTBEHHO HABEJEHHBIM TIOJIEM OCTATOY-
HBIX HAPSDKeHWH CXKaThs.

2. Cosmana mporpamMma JIJisi KOMIIbIOTEPHOTO
MO/JICJTUPOBAHUS TIPOTIECCa TOPMOXKEHUS YCTAJOCTHOM
TPEIIMHbI MCKYCCTBEHHO HABEJICHHBIMU OCTATOYHBIMU
HAMPSDKEHUSIMU C3KATUS TIepe]] ee BEePITUHOMN.

3. BoIrosiHeH YnCaeHHbIN 9KCIIEPUMEHT 110 OTIpejie-
JileHuto JosroBevHocty criiaa D16AT npumenuTesibHO
K OCEBOMY TIEPEMEHHOMY HATrPy KEHHIO IJIOCKUX 00pas-
1IOB C IIEHTPAJIbHO PACIIOJIOKEHHON TPEITUHOW TIPY ee
TOPMOKEHUH TTOJIEM OCTATOYHBIX HANPSIKEHWH CrKa-
TSI, HABE/IEHHBIX MIE€PEJl BEPITUHON TPpelnuHbl. Boimos-
HEHHbBIE BBIYNCJIEHUS TOKA3AJIH, UTO MTOJI€ OCTATOUHBIX
HaIpSKEHNN COKaTUsI, HaBEJEHHBIX Tepe/l BEPIIMHON
YCTAJIOCTHOW TPENIWHBI, C MaKCUMAJbHBIMH CXKU-
MAIOIUMK HaIpsKeHusiMu, paBabivu —0,56;...—0,80;,
Ha MOPSIZIOK U 6oJiee YBeIUINBACT IUKJINIECKYIO J10J1-
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TOBEYHOCTb 00paslia WJHU 3JEMEHTAa KOHCTPYKIIUU U3
amoMuHneBoro cmiaaBa D16AT. Ilpu stom ad-
(GEKTUBHOCTD TOPMOKEHUST YCTATOCTHOW TPEITUHBI 3a-
JTAaHHDIM T10JIeEM HaBeIEHHBIX OCTATOYHBIX HATIPSKEHUIM
CcXKaThs TIOBBINMIAETCS € YMEHbIIeHNeM HadaJbHON
JUINHBI yCTAJIOCTHO TpelnHbl. Takas sxe 3aBUCUMOCTD
COXPaHSIeTCSI M TIPU YMEHBIIIEHNH yPOBHSI BHEITHETO
IepeMeHHoro Harpyskenud. llosydyeHnble TPOrHO3HbIE
KPUBBIE [IOJTOBEYHOCTEN TOKA3BIBAIOT, YTO TEXHO-
JIOTUYEeCKUEe MEPDI, HATIPABJIEHHbIE HA HaBeJIEHE TIEPe/]
BEPIINHOW YCTAJOCTHOW TPEIIWHBI MOJST OCTAaTOUYHBIX
HANpSKEHUH  COKATHsl, C MAKCUMAJbHBIMU  CXKU-
MAaIOIUMK HampsuKeHusiMu mopsiaka —0,56; u 6oJee,
MOTYT YCITEITHO TTPUMEHSATHCS [IJISI CYIIIECTBEHHOTO TOP-
MOJKEHUSI POCTA TPEIIUHDI, 3HAUUTETHHO yBEJIMYNBAS
TaKUM 006pa3oM IUKJINYECKYI0 TPEIUHOCTONKOCTD
amoMmuHueBoro crtaBa D16AT.
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THERMAL AND STRESS ANALYSIS
OF FUSION WELDING PROCESS
INCORPORATING MICROSTRUCTURE EFFECT

L. JUNEK, M. SLOVACEK (Institute of Applied Mechanics, Brno, Czech Republic),
A. PRANTL (MECAS, Plzen, Czech Republic)

This paper deals with the numerical simulation of welding. It analyses individual parts of welding simulation —
metallurgical, thermal and thermoplastic analysis. It stresses the necessity to apply an «in situ» welding diagram with
the metallurgical calculation including the effect of the grain sizes on the phase transformations. It outlines the possible
development approach for the assessment of residual stresses. At the end, the paper briefly describes and shows the
applications for the industrial use that used the above-mentioned analysis of the welding.

OrmmcaH 1nporiecc 1 poBOro MOJEJNPOBAHIS CBAPKU H ITPOAHAIM3HPOBAHDI OT/IEJIbHbIE ACHEKThI MOJIEINPOBAHUS: METaJI-
JyprU4ecKuii, TepMUYECKUI 1 TepMoIIacTnieckuit anamms. [loguepkuBaercss Heo6X0MMOCTD TIPUMEHEHNS ClIeNaTbHbIX
JUarpamMM I pacyeTa MeTa LIy PrIYeCKIX XapaKTePUCTUK, BKJIOYasl BIUSHIE Pa3MepOB 3epeH Ha (ha30Bble IIPEeBPAICHHUS.
B o6umx yeprax omnpeziesieH BO3MOXKHbII c11oco6 pa3paGoTOK /ISl OLEHKHM CBApPOYHBIX HampspKeHWil. Bxparie onmncano
IIPOMBIIIJIEHHOE TPUMEHEHHEe YIIOMSHYTOTO BBIIIE aHAIN3a CBAPKH.

Introduction. Welding joints are very important part
of steel constructions and pressure vessel components,
because defect occurs very often in them. Residual
tensile stresses have negative influence on the struc-
ture lifetime and its brittle fracture resistance. Resi-
dual stresses create balanced system of inner forces,
which exists even under no external loading. The wel-
ding joints have to designed and produced with care.
The thermal-metallurgical simulation is important
step of numerical analysis in order to predict the mec-
hanical state (stresses, strains and deformations) in
the part, which is studied. The high temperatures
developed by the heat source cause significant metal-
lurgical changes around the weld area of carbon struc-
tural steel. The thermal history, particularly time at
high temperatures and cooling time from 800 to 500 °C
determines the microstructure and mechanical pro-
perties for given composition. The cooling time from
400 to 150 °C is a control factor in the diffusion of
hydrogen and cold cracking of weld. Accurate predic-
tions of residual stress, distortion and strength of
weld structures require an accurate analysis of the
thermal cycles. Moreover, the metallurgical transfor-
mations depend on the temperatures and the tempe-
rature rates. All these above mentioned points show
that the temperature determination is very important
for the mechanical state assessment.

Modelling of welding process by using SYS-
WELD program. Modelling of welding by means of
SYSWELD computer program consists of three stages
that can influence each other (Figure 1).

1. During the first stage a complete diagram of
anisothermic austenite decomposition [1] (CCT diag-
ram) is entered by means of special pre-process mo-
dule. The result of the first stage of simulation is

© L. JUNEK, M. SLOVACEK, A. PRANTL, 2002

correct determination of transformation equations co-
efficients describing the kinetics of transformation
process depending upon the speed of cooling in indi-
vidual parts of heat-affected zone (HAZ). The coef-
ficients depend on the temperature and on the metal-
lurgical phase of particular material and are used as
direct input to the second phase.

2. The second phase of computation consists of ther-
mal-physical properties and thermal-metallurgical com-
putation of welding process. Classical equation of the
heat conduction is extended in the SYSWELD program
so that it includes transformation latent heat and latent
heat during change of phases. Coupling between phase
transformation and heat conductivity is used. The results
of the second stage of computation are:

e temperature distribution during the structure
welding;

CCT DIAGRAM

=
1

Cp phases, %
+ cocling rates
+ chemical composition

HARDNESS

Parameters of
transformation maoiels

METALLURGICAL AND
THERMAL ANALYSIS

1l

¥ ternperature

» phases, %

STRESSES
DEFORMATIONS

THERMOCPLASTICS ANALYSIS
(large deformations)

Figure 1. Welding simulation procedures by program SYSWELD
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e percentage distribution of individual phases in
the HAZ, calculated on the basis of heating rate and
cooling rate;

e size of primary grains.

Special part of the second stage is computation of
hardness in the defined zone where the hardness is
calculated on the basis of empirical expressions gene-
rally used. Hardness analysis is used for metallurgical
analysis verification.

3. The results of the second stage are entered to
the third stage by means of transition files. Complete
mechanical properties—temperature relations of indi-
vidual phases shall be entered in the third stage. Co-
upling between plastic strain and phase transforma-
tion is not used. The main results of the third stage
are:

e equivalent total plastic deformations and their
components;

e residual stresses in calculated zone.

Resulting mechanical properties in the HAZ are
calculated on the basis of individual phases distribu-
tion and their mechanical properties.

Procedure used for numerical simulation of wel-
ding. The procedure used for the numerical simulation
of welding is usually divided into two parts. Widest
possible verification of all input data, influencing si-
mulation of welding, is performed in the first part.
First part is very important for the verification and
demonstration of credibility of the simulation results
to the customer. The demonstration of correct results
on the real product is usually difficult or impossible.
We will focus particularly on the verification of ma-
terial properties and determination of thermal load
induced by moving heat source in the course of veri-
fication. However, the complete verification is per-
formed just for a newly studied material. If we use a
material once verified and the same welding techno-
logy we perform only verification of thermal load. If
the same welding parameters are used the first part
can be omitted and we can approach directly to the
second part — welding simulation. The verification
is usually performed on very simple models where the
computations are not very long and can be quickly
repeated. Simple two-dimensional (2D) models rep-
resent application of one, two or three beads on a
plate or in the corner. We choose a model with more
than 3 beads very rarely. Each model has its purpose
and exact objective of simulation. We use widely
experimental laboratory where real welding of models
with measurements is carried out. During the expe-
riments the thermal loading cycles are measured by
means of thermocouples in a few points, metallograp-
hic tests are evaluated, hardness across the individual
areas of HAZ, grain size, penetration size, bead over-
lay, beads geometry, geometry of melted area, real
welding parameters and efficiency are measured. Me-
asured data are then used for comparison with nume-
rical results and for final modification of input data
adopted from the references.

It is necessary to order laboratory measurement of
non-standard material properties together with the
experimental measurements. We usually use welding
CCT diagrams of austenite decomposition for metal-
lurgical computation of welding simulation. Their oc-
currence in the references is very rare and in most
cases they must be measured. Use of welding diagram
«in situ» proved good for the metallurgical compu-
tation. The diagram is determined directly for the
welding conditions and its advantage is the determi-
nation of transformation temperatures—constant coo-
ling rate relation. This relation can be easily entered
into the computer by means of single-element model.
It is necessary to know thermal-physical properties of
the material up to the temperature of melting for the
thermal computation. In case of ferritic-pearlitic ste-
els it is necessary to know thermal properties of a-
and y-phases in particular temperature range. Thermal
properties are often shown in the references and their
usage needs extra verification. Mechanical properties
of steels used for welding are probably most difficult
to obtain. If we accept a hypothesis that the resulting
mechanical properties of HAZ are depending upon
the percentage representation of individual phases,
we urgently need to know mechanical properties of
individual phases up to the temperature of melting.
We need to know complete stress-temperature diag-
ram up to the melting point, not only the yield point
and the ultimate strength. It took us more then two
years to acquire this non-standard method of meas-
urement.

Residual stresses measurement is separate part of
welding process simulation. We used the drilling met-
hod earlier but lately we use more modern methods
like radiographic or neutron diffraction. We perform
residual stress measurements on experimental models
that are easy to move and can be transferred from one
laboratory to another easily. Measured values of re-
sidual stresses are used in the first verification part
of the procedure. When we use these values we must
be aware of the fact that above mentioned measure-
ments are average in measured volume and that the
resulting value of stress measurement is performed on
certain area or volume. However, the FEM method
enables us to create the whole series of points on
measured surface (volume) and we must be aware of
it when comparing the measurement and the compu-
tation.

Metallurgical analysis and «in situ» diagram.
Usage of welding diagram «in situ»[1] for the needs
of metallurgical computation proved to be very useful.
Its advantage is performing under the conditions of
welding on welding device. The benefit of the com-
puter diagram processing is that the phase percentage,
hardness and grain sizes are determined for each co-
oling rate. It enables very fast processing by means
of simple single-element models and transfer into real
simulation. One element is created in FEM and is
cooled at exact constant speed. When the element is
cooled to ambient temperature its hardness is calcu-
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lated and compared with «in situ» diagram (Fi-
gure 2). The hardness computation by means of em-
piric expressions is influenced by chemical composi-
tion of the material, percentage representation of in-
dividual phases and cooling rate across characteristic
temperatures. Chemical composition is exactly given;
cooling rate is also exactly determined so that the
agreement of the result and measurement can be ac-
hieved only by changing of percentage of phases.
Changing the transformation coefficients can easily
perform this. This is the way that the whole CCT
diagram can be entered into the program in a short
time. In some cases it is difficult to enter the whole
diagram and only partial entry is used. It is possible
to determine the range of cooling across characteristic
temperatures for each technology of welding and ma-
terial. The speed of cooling from temperature 800 °C
to temperature 500 °C, i.e. tg s, is usually used for
welding in the Czech Republic. Then we focus only
to certain part of the CCT diagram that is important
due to technology used.

The assumption for creation of welding CCT di-
agrams is that any place in the HAZ will have in
certain time different temperature, different degree
of stress and homogeneity. These curiosities have an
influence on the shape of austenite decomposition di-
agrams particularly regarding kinetics of decomposi-
tion a percent of phases. The evident influence of
grain size in individual areas of HAZ on phase tran-
sformations can be traced on CCT diagrams published
in available papers. However, the decomposition di-
agram created by means of «in situ» method proved
to be most acceptable for the numerical welding si-
mulation since its elaboration method is most approx-
imate to real conditions. The method consists in the
insertion of a thermocouple into the sub-weld deposit
area and measurement of thermal cycle during the
welding. Obtained signal is properly derived to ac-
quire temperatures of individual phase conversions.
The diagram supplemented with structural analysis,
hardness measurement and grain size can be used as
adequate basis for metallurgical computation for wel-
ding simulation.

Thermal analysis and thermal source model. We
will pay special attention to the correct determination
of thermal load. Thermal load, representing thermal
energy flow into the material during the welding is
in fact the only load of computational model for wel-
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Figure 2. Welding «in situ» CCT diagram

ding simulation. The amount of thermal flow into the
material is determined by welding parameters, by the
welding technology used and by welding speed. Op-
timum thermal model for welding shall determine the
relation between the thermal flow into the material,
between the distance from the axes of the welding
wire, where is maximum energy, between welding
parameters of given technology set (amperes, volts,
efficiency) and between the welding speed. Described
relation was found in reference [2—4], has been mas-
tered, improved and verified. It is in principle moving
three-dimensional (3D) dual ellipsoid model of the
thermal source, assuming transfer of thermal flow
into the material across the melted area (Figure 3,
@). The model can be used for the solution of both
two- and three-dimensional tasks. It is possible to
perform also the optimisation of welding parameters
set up. For practical usage of thermal model it was
necessary to extend experimental job and perform
exact 3D determination of melted area in dependence
on welding technology used and on welding parame-
ters. With such model of thermal source we obtained
almost identical results in comparison with experi-
mental measurements [5, 6].

By introduction of moving thermal source on the
computational model we create a local coordinate sys-
tem, where the amount of thermal flow into the ma-
terial depends upon the distance from the centre of
welding (Figure 3, b). Exponential distribution of
the thermal flow above melted area is supposed. The
activity of the thermal flow before and after the centre
of welding is embraced. Different distribution of ener-
gy intensity in the quadrants before and after the
centre is modelled by means of coefficients, determi-
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Figure 3. Moving heat source model of FEM
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ned on the basis of thermal cycles measurement on
verification models. Energy distribution in the arc
can thus be easily selected on the basis of welding
technology used. The size of computed melted area is
compared with the size on the micrographs. Computed
cooling rates are compared with temperature courses
measured on thermocouples.

It is very easy to use the thermal source model on
3D models [7]. It is necessary just to determine initial
position of the source, specify the trajectory of mo-
vement and the program (internal /external Fortran
language or pre-define heat sources) calculates its po-
sition depending upon the speed of source movement.
A local co-ordinate system is created after the position
determination and the thermal flow in individual ele-
ments is calculated. A full 3D model with a suffici-
ently fine mesh can model the heat flow very accura-
tely. By repeating the analysis with various sets of
the data, error bounds for the computed temperatures
can be estimated. The opinion that 3D analysis has
not been standard procedure for thermal and ther-
moplastic analysis of weld joints and that costs have
not been affordable seems bit archaic. It is the trend
that computing hardware costs fall down and the ef-
ficiency of numerical methods increases. It seems the
3D analysis of a welds is possible now.

For instance, when the study concerns a transverse
cross-section (perpendicular to the welding directi-
on), the effect of the velocity of the heat input is
neglected. That explains the fact that the knowledge
of the size of the HAZ and /or the cooling rates is
very important. Its usage for 2D tasks has to be mo-
dified. In fact perpendicular movement of the thermal
source to the calculated section is simulated in 2D
tasks. 2D models can correctly interpret the moments
when melted area passes through calculated section
even if we neglect 3D heat removal into the material.
However, 2D models do not exactly catch the reality
when melted area comes behind the imaginary section
and influences it thermally. During the verification
we have found that for usage of moving thermal source
in 2D tasks certain correction of boundary conditions
is necessary. Based on the experiments we came to

Figure 4. Thermal strain behaviour in HAZ

the conclusion that the same cooling rates in the HAZ
can be achieved when we do not enter the heat transfer
coefficient into air on molten elements and make a
tiny modification of the distance behind the centre of
arc.

Thermo-plastic computation. Resulting mechani-
cal properties of weld joints depend upon the percent-
age phases distribution and grain size in the HAZ.
The properties of the HAZ are determined from mec-
hanical properties of individual phases. Plastic beha-
viour of material results in dislocation movement. If
a dislocation hits an obstacle, e.g. grain boundaries,
alloying elements, segregation, etc., their movement
is stopped and only addition of higher energy can
start further dislocation movements. We speak about
deformation strengthening. We know that each phase
has quite different strengthening character from mec-
hanical property measurement of individual phases.
Deformation parameters of each phase strengthening
have fundamental influence on determination of ma-
terial strengthening as a whole. In case of martensitic
transformation, where the deformation is very small,
the deformation strengthening is modelled by means
of material memory coefficient, expressing anisotropic
behaviour of martensite.

During the metallurgical transformation in the
stress fields arising plastic deformation causes reduc-
tion of stress up to zero. This phenomenon is caused
by the volume change during the decomposition of
austenite to a-phases. Austenite in the steel generates
a cubic crystal lattice flat centred, while a-phases
have spatially centred crystal lattice. Each lattice oc-
cupies different volume in the space. Stress reduction
is done to the prejudice of the softest phase even
without outside stress. The factor describing this im-
portant phenomenon shall be included in the expres-
sion for total strain. If the transformation plasticity
is not included in the computation the difference of
resulting residual stresses can be (according to our
experience) up to 120 MPa.

One of the decisive influence upon the residual
stresses of thermoplastic computation has completely
different behaviour of individual phases. Thermal
strain & is calculated from thermal expansion by
means of well known expression e = a(AT), where
o is thermal expansion coefficient. Use of relation of
™ on the temperature and on the phases is very prac-
tical since it enables to involve the phenomenon when
the metal has zero thermal expansion in the moment
of metal solidification. Correct simulation in indivi-
dual parts of the HAZ is most important for correct
results acquirement. Zero thermal expansion ef=0
shall be assigned to the area of austenite solidification.
It is further reckoned only with its contraction and
influence upon the weld surroundings (Figure 4, a).
Special area from the point of thermal expansion is
the area where the basic material is mixed with filler
metal. The temperature of basic metal is increased
very quickly to the temperature of melting and thus
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Figure 5. Sketch of repair region

acts degenerately upon originating coarse-grained
area of HAZ by its thermal expansion.

When the temperature reaches temperature of mel-
ting all previous deformations become zero and in the
moment of resolidification the area has zero deforma-
tion. It is so called molten /remolten effect (Figure
4, b). We can proceed similarly in the transformation
process, where transformed phase has also zero ther-
mal deformation. However, we will have to enter
different, perpendicular thermal deformation for each
transformed phase from austenite. Due to the fact
that the phase transformations run at different tem-
peratures resulting thermal deformation of the HAZ
behaves according to the typical dilatometric curve
(Figure 4, ¢). Thermal deformation of the basic ma-
terial, where there are no phase transformations, be-
haves as linear (Figure 4, d). Consideration of thermal
deformations process in individual areas of welding
has fundamental influence on correct simulation of
welding conditions.

Practical usage of SYSWELD program in indus-
try. SYSWELD program has been used in the Insti-
tute of Applied Mechanics in Brno for more than ten
years. We acquired a lot of experience during this
period so that we can use it for the solution of very
important and time-consuming projects. SYSWELD
program was used for the welding optimisation, for
the development of new technological procedures of
welding without post welding heat treatment [7], for
the simulation of real weld repairs on structures, for
the determination of defect behaviour in the field of
residual stresses. The program was used for the simu-
lation of arc and electroslag welding. Frequently there
was only short time left for the solution, less than
one or two weeks. Some last two important tasks are
presented as examples.

Analysis of field weld repair of emergency pipe-
line. An emergency pipeline system (351x36 mm) of
anewly erected power plant is made of low-alloy steel
with an anticorrosive cladding on internal pipe surface
and side cladding surfaces (Figure 5). After welding
the anticorrosive cladding the manufacturer of the
pipeline parts annealed them to relieve internal stress.
During the X-ray examination of the field weld, de-
fects of slag-type were found and these have to be
remedied. When grinding the slag off the covering
austenitic layer was also ground off on two places,

which enables to make the field weld without prehe-
ating. Since a new part could not be manufactured it
was decided to remedy the defect with a special tec-
hnology without a preheating and successive annea-
ling to relieve internal stress. The job should be done
under a strict supervision of State Authorities. Except
others the State Authorities also required a detailed
stress analysis with the assessment the repair had on
the weld joint service life.

Both the welded parts of the pipeline were moved
to an assembly hall where the pipeline to be repaired
was put in vertical position with a crane. First 22
beads were deposited on the side pipe wall down-
wards. After depositing the first layer the weld deposit
was ground off to its one-half thickness. Only after
grinding off the second, annealing, layer was deposi-
ted. After depositing the fourth layer the pipe was
put horizontally and the rest, closing part, was wel-
ded. The ground-off region was remedied with 32
vents. SYSWELD program was used to simulate the
whole remedy process with covering all transforma-
tion phases in base material to determine exactly the
level of residual stresses.

A 2D plain strain model was used to simulate the
repair. Heat load caused with individual beads was
determined on the basis of experiments done in full
scale before the repair proper. Material properties
were verified in preceding jobs with the same mate-
rials. Since the State Office for Nuclear Safety pres-
cribed to assess the repair effect on the service life all
design service conditions have to be analyzed. The
same plain strain model was used for the stress analysis
of the design service conditions. The effect of the
residual stresses on the pipeline service life was de-
termined from the comparison of the accumulated ma-
terial damage due to design modes with and without
calculated residual stresses. Evolution of residual
stress during repair is shown on Figure 6.

Defect repair simulation in threaded hole root.
Research Welding Institute, Bratislava, develops a
new technology of a defect repair in a threaded hole
root of steam generator cover. The idea of the nume-
rical repair simulation should provide an operator
with additional information for the development of a
new technology. A manhole of the steam generator is
of a cylindrical cross section and is provided with a
cover having 32 bolts. The technology of the defect

165



STRESSES AND STRAINS IN WELDED JOINTS

L

c

DI § sl
K|
A

IR ! gl

Ag-rpuenched Bainilo

[«% F—.‘J

H 1K

nmmg i 5
nmimug

Toempered Doanito

Figure 6. Results of welding residual stress analysis: ¢ — evaluation of deposits; b — evaluation of residual stress during deposition
of the first, second and forth layers; ¢ — evaluation of residual MISE after repair (MPa); d — phase proportion after repair

repair in the thread root includes cutting off a defec-
tive thread and depositing three layers of high-
strength filler material to the hole for repairing with
TIG method. After depositing the filler material the
thread is re-cut. A high number of holes along the
cover periphery does not leave much space for the
task simplification so that a special procedure of the
repair analysis has to be worked out including 3D
and 2D models. The stress analysis of the threaded
hole repair resulted in a distribution of residual stres-
ses in base material.

The simulation procedure includes two parts. The
first part of the repair simulation calculates the tem-
perature fields over all weld depositing the first filler
material layer to the hole for repair. A space model
of the flange with the hole under repair and two
adjacent holes was created for the calculation of tem-
perature fields (Figure 7). A model of a movable
temperature source was applied to the hole under re-
pair and it simulates relatively precisely the moving
molten pool during welding. The source started to move
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Figure 7. 3D threaded hole model for temperature fields analysis
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Figure 8. Moving heat source in hole (molten area) and in-plane 2D model of repair
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Figure 9. Residual MISE stress distribution after repair

at the hole bottom and continued along a spiral to-
wards the surface. The model considered the rate of
welding and even space size of the molten pool fixed
on the basis of welding parameters (Figure 8, a).

The other part of the simulation calculates the
elastic-plastic stresses during the repair (Figure 8, b).
This part also includes a model describing transfor-
mation phenomena taking place in material during
the repair. Numerical repair simulation uses two plane
models. Temperature field got in the first part of the
solution is applied for the verification of temperature
fields got from the plane models. The first in-plane
model represents a cross section in the middle of the
manhole. The second plane model represents a longi-
tudinal section of the hole under repair. The model
simulates the depositing of three layers at the hole
bottom where a high stress concentration can be sup-
posed. The goal of the second phase is to determine
the magnitudes of stresses and deformations over all
the hole under repair and in its vicinity. Residual
stresses were included in the assessment of the service
life of the repaired hole (Figure 9).

Conclusion. The case study illustrates the use of
numerical analysis method for weld joins. Phase
transformations are incorporated in welding simula-
tion in HAZ. Thermal loading was verified with
experiments. Material property of individual phases
were measured and verified before real simulation of
repairs. Combination 2D and 3D models reduce time

of the solution and it seems very practical. To handle
successfully the problems of welding simulation it is
necessary to have a high level of theoretical know-
ledge in several scientific fields. First of all it
concerns the material engineering to understand ma-
terial behaviour during the welding process, then the
mechanics of rigid bodies for the internal verification
of the stress results, then the welding technology and
finally the experimental measurement to define the
test on measuring non-standard material charac-
teristic of individual phases up to high temperatures.
Knowledge of several scientific fields increases the
demands on the author’s theoretical knowledge of
welding simulation.
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BOHNPOCHI CBAPHBAEMOCTH

PACYET YCJIOBUI1 CBAPUBAEMOCTH
HU3KOJETUPOBAHHDIX
3AKAJIUBAIOIIUXCA CTAJIEN

10. M. JIEBEJIEB
(Vkp. rOC. MOp. TeXH. YH-T UM. agMupasa Makaposa, r. Hukosaes, Ykpanna)

MaremaTudeckoit 06pabOTKOIl pe3yJIbTaTOB UCIIBITAHUII 110 METO/LY BCTABOK 3aKaJIMBAIOIIIXCS IIPU CBApKe CTaJIeil II0/TyYeHo
ypaBHeHHe /Il pacyeTa KPUTHYECKUX HANPSDKeHUil 3aMezsteHHoro paspymennss 3TB ¢ maprencutHoit crpykrypoii. Pac-
CMOTPEHBI BOIPOCHI CKJIOHHOCTH K O6GPAa30BAHHMIO XOJIOJHBIX TPELINH CBAPHBIX COEJANHEHUH CO CMEIIaHHO# MapTEeHCHTHO-

GeitnuTHoll crpykrypoit 3TB.

Equation for calculation of delayed fracture critical stresses in the HAZ with a martensitic structure has been derived
by mathematical processing of results of implant tests of steels hardening during welding. Issues associated with
susceptibility of welded joints with a mixed martensitic-bainitic structure of the HAZ to cold cracking are considered.

[Ipn cBapke HHM3KOJIETHPOBAHHBIX BBICOKOIPOYHBIX
craJiell B pe3yJibTare BBICOKUX CKOPOCTEN OXJIasKIeHUS
BBICOKOTEMITEPATYPHBbIE YYACTKU 30HBI TEPMHUUYECKOTO
paaausa (3TB) HCIBbITHIBAIOT MAPTEHCUTHOE IIPEBPa-
nienne. HepaBHOMepHOe paciipesiesicHre BHYTPEHHUX
MUKPOHAIIPSKEHU, 00YCJIOBIEHHBIX TPUPOION 9TOTO
MpeBpalleHusi, TPUBOANT K UX MOCJEAYIONEH pesak-
caIuy 3a cYeT MPOoIEeCCOB MUKPOIJIACTUYECKOH fedop-
Mmaiuu. OHa, ycuiuBaeMas [IE€HCTBUEM OCTATOYHBIX
CBAPOYHDBIX HAIPSKEHUN U HANPSKEHUN OT BHEITHEN
HarpyskKHu, a TaksKe OTPHUIATeTbHOTO BJIMSIHUS BOIOPO-
Jla, MOJKET TIPUBECTU K 0OPA30BAHIIO MUKPOTPEIIUH C
MOCJIEIYIONIUM TIepepacTaHueM X B MaKPOTPEIIHbI,
a 3aTeM W K pa3pylleHUI0 CBAPHBIX COEIUHEHWH 10
3TB. Takue TpeluHbl MOJTYYUIN Ha3BAaHNE XOJTOAHbIX.

Hecmorpst Ha TO 4TO OCHOBHBIE (DAaKTOPBI 06Pa30-
BaHUSI XOJIO/IHBIX TPEIINH U3BECTHBI, AHAJIMTUYECKUE Me-
TOZIBI OTIEHKU CKJIOHHOCTH K WX 06Pa30BaHHUIO B OCHOBHOM
HOCSAT Ka4yecTBeHHbI Xapakrtep. [loaTomy paspa6oTka
KOJINYECTBEHHDBIX PACUETHBIX METOIOB OIIEHKH CBapuUBa-
€MOCTH BBICOKOTIPOYHBIX 3aKATMBAIOIINXCS CTAJIEN SBJIS-
€Tcsl aKTyasIbHOM 3a/1aueil.

OHUM W3 METOIOB UCCJIEIOBAHMIA, TIO3BOJISIONUM
MOJIYYUTDb KOJMYECTBEHHYI0 MH(OPMAINIO O BIMSHUH
pEeXMMa U YCJOBHII CBAPKHM HA CKJIOHHOCTb K 06pa3o-
BAHWIO XOJIOJHBIX TPEIUH TPHU CBapKe 3aKaJiu-
BAIOIUXCS CTasel, sIBJsieTcss MeTos BcTaBok [1]. Brei-
TIOJTHEHHBIT 06BbEM HCCJIEOBAHUN 10 9TOMY METO.Y
JUIS cTajieil pa3JIMyHOrO JIETMPOBAHMS TMO3BOJIUJI TIO-
JIYYUTH PacueTHOE BBIpAXKEHUE /I KPUTHUECKUX Ha-
NpsKeHUil 3aMeI/IeHHOr0 Pas3pylleHud Gy, MeTallla
3TB ¢ TmoJHOCTBI0O MApTEHCUTHOW CTPYKTYPOW [JIsT
COeIMHEHUT ¢ GEHUTHBIM MeTasIoM TBa. [lytem ma-
TEMATHYECKOU O6GPAGOTKY 9KCIIEPUMEHTATbHBIX JaH-
HBIX C YYETOM OCHOBHBIX (DaKTOPOB, BJUSIONIUX Ha
0o6pa3oBaHNe XOJIOJHBIX TPENIUH, MOJy4YeHO YpaB-
HeHue

© 10. M. JIEBEJIEB, 2002

GKP (MHa) = (4,6 - 0,075W550) X

4/0,08 1
x (M, = 140 = 1,4 W55) d ﬁ,

rae Wssg — MIHOBEHHAsI CKOPOCTh OXJIAKIEHUST TIPU
temnepatype 550 °C; My — TemnepaTypa HauaJja Map-
TEHCUTHOTO TIPEBpalleHusT cTaan;, d — CcpegHuit
nuameTp aycrenutnoro 3epua 3TB, us koroporo mpu
oXJTasKAeHn 06pa3oBaics MapTeHcuT; Hy — KoHIeH-
tparusa audGy3MOHHOTO BOJOPO/Ia B HAILJIABJIECHHOM
MeTaJsiie, ompeaeaseMas M0 <«KapaHAAIIHOH mpobes
[2], e /100 r. CpeaHeKBaIpaTHYHOE OTKJIOHEHUE
pacUeTHBIX 3HAUEHUI OT SKCITEPUMEHTATBHBIX COCTAB-
aster +40 MIIa.

Kpurepuem o6pasoBaHus XOJOAHBIX TPEIIMH B
CBapHOM coefirHeHuu 110 [3] siBysieTcst

(1

(2)

pr = kGO,Zv

rae kB — ko UIMEHT PUCKA; Ggo — TPeJes TeKy-
YeCTH CBapUBaeMOM CTaJIH.

B cBasum ¢ TeM, UTO MCHBITBIBAJIUCH OO6Pa3IIbI-
BCTaBKU € KOHILIEHTPATOPOM HANPSKeHW B BUE HAJl-
pesa MOKHO npuHATh R = 1 u paccuurath 110 dhopmyie
(1) ycmoBusi CTORKOCTH CBApHOTO COEIMHEHUS K XO-
JIOIHBIM TPEIIMHAM TIPU MapTEHCUTHOW CTPYKType
3TB. Oanaxko >XKecTKue M He BCerja BbIIIOJHUMBIC
YCJIOBUS TIOJY4YeHUS] KauyeCTBEHHBIX CBAapHBIX Ccoe-
JMIMHEHWI ¢ MapTeHcuTHON cTpykrypoit 3TB Tpebytor
MIPOTHO3MPOBAHUS CTONKOCTH K OOPA30BAHUIO XOJIO/I-
HBIX TPEIIMH MeTajja CO CMENIAaHHOH MapTeHCHUTHO-
6eitHUTHON cTpyKTypoii. [lo aToMy Bompocy umeoTcs
JINIITb KadeCTBEHHBbIE JaHHbIE 10 OT/IEJIbHBIM CTAJSIM.
[ToaToMy 11es1eco06pasHO MPOAHATU3NPOBATD BJIMSHIE
cTpykTyppl 3TB B cymecTByOImMNX METOAAX OLEHKU
CBApPMBAEMOCTH 3aKAJNBAIOIINXCS CTaJel, MoJydeH-
HBIX HA OCHOBE MCIIBITAHUN CBAPHBIX COCIMHEHUNA.

OaHUM U3 TaKUX METO0B aHAJUTHYECKON OLleHKN
CBapuBaeMOCTU /11 HU3KOYIJIEPOAUCTBIX HU3KOJIE-
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THPOBAHHBIX CTaJIell SIBJSETCS TIOKAa3aTe b TPENUHO-
o6pa3oBanus P, Tpe/JIOKEHHbIH SITTOHCKUMU HUCCJIe-
nosarenamu E. to u K. Bacé [4]:

p_C Si Mn+Cr+Cu Mo V
VTR 20 "5 10
5 (€))
H
+SB+%+%.

O1leHKka cBapuMBaeMOCTH MO Tapamerpy P, mpu-
MeHHUMa s crajed, comepxamux 0,07...0,22 % C;
0,4...1,4 % Mn; 10 0,6 % Si; 10 1,2 % Cr; no 1,2 % Ni;
10 0,7 % Mo; 100,12 % V; 10 0,5 % Cu; 10 0,005 % B
JUIS TOJIIIMH cBapuBaeMbIX 1actun 19...50 MM u KOH-
neHTpamuii  auddysnoHHoro  Bozopoga ot 1 1o
5 cm® /100 T.

Kpurnueckoe 3aagennem P, = 0,286. /lo atoro 3Ha-
yeHus: P, XOJIO[HbIE TPENUHBI TIPU CBApKE CTAJU HE
BO3HUKAIOT. Eciu P, npeBbllllaeT €ro, TO MPeIoTB-
paTuTh 06pa30BaHUE XOJOAHBIX TPENIMH MPHU CBapKe
JIAHHOU CTaJId MOXKHO IPE/IBAPUTENbHBIM TIO0IPEBOM
ee Tiepe/] CBapKoli /1o TeMTIepaTypbl, 3HAUEHIE KOTOPOit
MOJKHO paccuuTarhb 1o (opmye

(4)

Takum o6pasomM, OlleHKA CBAPUBAEMOCTU HU3KOYT-
JIEPOJINCTBIX HW3KOJIETUPOBAHHBIX CTalell s ad-
¢extuBnoil moronnoii suepruu 13...14 x/x/cM 110
napamerpy P, TO03BOJIET YYWTBIBATh BJUSHUE Ha
CKJIOHHOCTb K XOJIO/THBIM TPEIINHAM XUMIYECKOTO COC-
TaBa CTaJIM, KOHIeHTpanuu Audy3nOHHOTO BOAOPOIA
U TOJIIMHBI JIUCTOB TIPU WX CBapKe Ka4eCTBEHHBIMU
3JIEKTPO/IaMU C OCHOBHBIM MOKPLbITHEM. B masibHeiinem
3TOT nmokasareb Moguduuposaicsa (Py, Py), oana-
KO aTa MojuduKanus 6a3upoBaiach Ha OCHOBAX TIOKa-
3arend P,.

[TockonbKy o6pa3oBaHMe XOJOIHBIX TPEIIUH CBSI-
3aHO ¢ 00pa3oBaHNEM MapTEHCUTA, TO 11e€J1eCO00Pa3HO
OLIEHUTDL KoJmdyecTBO MapreHcuta B 3TB mpm cBapke
CTasieil ¢ MOMOIIBI0 KOTOPBIX TOJYUYEHBI BBIPASKEHUS
JUISS  BEPOSTHOCTEH OTCYTCTBUS TPENMH W pacT-
PECKUBAHUST JKECTKUX CBapHbIX MpPo6 U 06OCHOBAH
napamerp TpermunHoo6pa3oBanus P..

KoamuectBo maprencuta, ob6pasyemoro B 3TB
CBapHBIX TPOO B ATUX CTAJMAX, MOKHO PACCUUTATH B
3aBICUMOCTH OT UX COCTaBA M PEXMMA OXJIAKIEHUS
mo [5, 6].

CoryiacHo [5] conepskanue MapTEHCUTHO COCTaB-
agionteit B 3TB cBapHbIX coeAMHEHUI HU3KOJIE-
THPOBAHHBIX CTaJell MOJKHO paccuuTaTh 1o Gopmyie

T, (°C) = 1440P, — 392.

Int-Inr,

M@ =100| 1 = & | ===,

)
rae © — Bpems oxgaxaenus 3TB or 850 no 500 °C,
C; Ty — BpEMs OXJIK/EHUS B TOM K€ TEMIIEPATYPHOM
uHTepBaJe, mpu KotopoM B 3TB o6pasyercs 50 % map-
TeHcHuTa; Sv — TIOCTOSTHHAS, KOTOPast s 3alaHHOTO
COCTaBa CTAJIM XapaKTEPU3YeT KPYTU3HY CIaa KPUBOI
COZIEPKaHMSI MAapTEHCUTA 0 Mepe YBEJIUYEHUST Bpe-
MEHHU T.

3uavenns In 1y u In S paccumThiBaioTCS B 3a-
BUCHMOCTH OT XMMHUYECKOTO coctaBa crasm. Koumuec-
TBO MapTeHcuTa B 3TB HM3KOJIErmpoBaHHBIX CTaJel
no dopmye (5) MOKHO pacCUMTBIBATD [/ CTaseH,
cogepxxkaiux, ve 6onee: 0,4 % C; 2 % Mn; 0,8 % Si;
2% Cr; 1,5 % Ni; 1 % Mo; 0,3 % V; 0,5 % Cu, 0,06 %
Ti; 0,06 % Al; 0,5 % W; 0,1 % Nb. IIpu atoM BpeMs
oxJaxaenus tepmuueckoro mukiaa 3TB or 850 mo
500 °C mosxHO HaXOAUTHCS B nipeaesax ot 5 g0 200 c.

Corylacao apyromy Mertony [6] paccumtbiBaercs
KPUTHYECKUI PEKUM OXJIKIEHUST, TPU KOTOPOM W3
aycrenuta 3TB o6pasyercst cTpykTypa, cocTosuias us
95 % MapreHcura U 5 % OeiiHuTA:

At, = (5,5C)""10", (6)

rae At; — BpeMA OXJIaXK/ACHUA ayCTCHUTA OT KPUTUYeC-
KOW TOYKM A, 70 TeMIepaTypHOTO HayajJa Map-
TEeHCUTHOTO TipeBpamienns My, xoraa B 3TB o6pa3y-
ercst 95 % maprencuta; C — TPOIIEHTHOE COlEpIKaHNe
yriepoja B aycrenure o macce; r = 0,32 (Si —0,3) +
+ 0,62(Mn - 0,6) + 0,66(Cr — 0,15) + 0,25 (Ni —
0,15) + 0,1Mo + 1,08V — moxasaresib CTelleHH, 3a-
BUCSIIUI OT COZEpPKAaHUS JIETUPYIONINX 3JIEMEHTOB B
CTaJIH.

ITpakTuuecku nosnHas 3axajka aycrenuta 3TB y
cTajieil MOKET MPOU3OUTH, €CJIU BPEMS OXJIAKIEHUS
oT A; 1o My Ha cTaguu OXJIAKCHUS TIOCJe TTporpeBa
IyTOM Aty Oyner Menbiie At,. BpeMs Atyy,; 3aBUCHT
OT TIOTOHHO} 3HEPruM HarpeBa W 3HAYeHUH KpU-
THYECKUX TOoueK A, u My M MOXeT ObITh PacCUYUTAHO
o ¢gopmyie

a1

Aloxa =57 (MH T, A To]’ D
rae g, [OrOHHAS SHEpPrus CBapKH; A —
K05((PUIMEHT TEIIONPOBOAHOCTH cTaam; T —

HAYaIbHAS TEMIIePATypa U3/IEJIHsI.
Kpurnveckyio Touky A, MOXHO paccyuTarth 1o (op-
MyJie, TTOJyYeHHOW HAMU TIPH MATEMATHIECKON o6pa-
60oTke 0KOJ0 40 MapoK KOHCTPYKIIMOHHBIX HHU3KO-
JIETHPOBAHHBIX CTaJIel PA3JUYHOTO JIETHPOBAHUS:

A,(°C) =910 — 229C + 32Si — 25Mn — 8Cr —
— 18Ni + 2Mo + 117V — 24Cu + 7W — 120B,

rne C, Si, Mn, Cr, Ni, Cu, W, V, Mo, B —
coJiepsKaHue yraepojila W JIETHPYIONUX 3JeMEHTOB B
CTaJIM TI0 Macce, %.

CpenHekBaipaTuyHOe
+11 °C.

[Ipu pacuere M; B 3aBUCHUMOCTH OT XWMUYECKOTO
cocraBa /st 17 HU3KO- ¥ Cpe/THEIErTPOBAHHBIX CTaJIEl
(y KOTOpBIX coziepskaHue yrjepoja M JErnpyolmx
3JIeMeHTOB m3MeHsoch B mpexaenax: C or 0,04 mo
0,23 %; Si or 0,25 10 0,49 % (B 06paboTKe He BKJIIO-
yen); Mn ot 0,37 1o 3,7 %; Cr or 0 1o 4,2 %; Ni or
0 10 4,8 %; Mo or 0 10 0,53 %; V or 0 10 0,18 %; Zr
ot 0 10 0,15 %; Ti ot 0 1o 0,05 %) BBITIOJIHEHA MaTe-
MaTHyecKasi 06paboTKa dKCIEPUMEHTATbHBIX JaHHBIX
KUHETUKW TMPEBPAIleHNs] ayCTEeHUTa B YCJIOBUSX BO3-

(8)

OTKJIOHEHHE  COCTaBJIAET
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JefiCTBUST CBAPOYHBIX TepMoJe(OPMAIIMOHHBIX ITHK-
JoB. PacueTHoe ypaBHEHHe MMeeT CJIeTyIoNni BII:
M, =520 — 380C — 18,4Mn — 12Cr —

- 8,2Ni — 21,5Mo — 170V + 6,6Zr + 500Ti.

9

CpennekBaipaTuaHoe
+16 °C.

B coorBerctBuu ¢ [6] MoXHO paccuuTaTh TaK:Ke
BpeMst oxJaxkaenns 3TB oT kputudeckoit Touku A, 10
M,,, Korza B Hell ob6pasyercst 50 % MapreHcuTa. ITO
Bpems Aty's paccunteiBaetcs mo dopmy.re

OTKJIOHEHHE  COCTaBJIAET

Atgls = (9C) 10", (10)

rae n = 0,48(Si —0,3) + 0,73(Mn — 0,6) + 0,75(Cr —
0,15) + 0,32(Ni — 0,15) + 0,63Mo + 1,14V — noxa-
3aTeJb CTEIeHU, 3aBUCSMINN OT COAEp:KaHWS JeTH-
PYIOIIUX 3JIEMEHTOB B CTAJIN.

Paccunras At(l}/yls U At;, THTEPIIOJMPOBAHUEM MOKHO
oTpeieuTh cofiepskanue Maprercuta B 3TB ot 50 mo
95 %.

B pacuerax no dopmyaam (6) u (10) Her KoHK-
PETHBIX OrpaHWYeHUil 110 BpeMeHU oxXJaxaeHuss 3TB,
HO TIPETIOJIaTaeTcs, 4To c(POPMUPOBAHHBIN AyCTEHUT
B BbICOKOTeMIlepaTypHbIX yuactkax 3TB umeer paci-
pelesieHue yriepoja, 6;u3Koe K ogHopoaHomy. Pac-
YeThl 1Mo 3TUM (POPMYJIaM MOTYT IPOBOAUTLCS /IS CTA-
neit, comepxkamux: 0,04...0,59 % C; 0,3...1,85 % Si;
0,3...3,7 % Mn; 0,15...3 % Cr; 0,15...3,6 % Ni;
0...0,5 % Mo; 0...0,21 % V. Pesyabrarhl pacuera
KosmuecTBa Maprercuta B 3TB mo dopmyaam (5) u
(6), (10) mpuBegensr B Tab/uIe.

AHaim3  pe3ysJbTaTOB  pacueTa  COAEPKAHUS
MapTeHCUTa B BbICOKOTeMIlepaTypHbIX yuacrtkax 3TB
xkectkux mpo6 o (5) u (6), (10) nokasan xoporee
coBrazienre. CpeaHEKBAAPATHYHOE OTKJOHEHHE TI0
JIBYM MeToJaM pacueTa Ajg 24 crajeil cocraBJser
14 %.

Comnocrasrnenue nmapamerpa Pe co ctpykrypoit 3TB
cTajefl TOKasbIBaeT, |UTO €CJAM €ero 3HadeHue
CTAHOBUTCS BBIIIE KPUTUIECKOTO, TO JOJIS MAPTEHCUTA
B 3TB mnouru Bcerga mpesbimaer 50 %.

Pacuer Temniepatypbl peBapuTeIbHOTO TIOA0TPe-
Ba C UCHoJb3oBanueM P, 10 ypasrenuio (4) mns we-
koropbix crazeit (Ne 2, 11, 15, 17, 18, 27) naer 3a-
BBIIIEHHOE 3HAYEeHUE, TaK KaK TPU ITOH TeMIlepaType
mojiorpeBa KosimvyectBo Maprencuta B 3TB  wHe-
3HAUNTENbHO. 110 IpYyTUM CTaJIsIM COMOCTaBJICHHE TEM-
nepaTypbl IPeABAPUTENBHOTO I0JI0TPEBA, TPEI0TBPAa-
manomeil 06pa3oBaHNe XOJIOAHBIX TPEINH B SKECTKUX
npobax, ¢ cofep:kanneM Maprencura B 3T B mossBosisier
YCTAaHOBUTb KPUTUYECKUE, J[OIyCTUMbIE 3HAYEHIS
JIOJTM MapTeHCUTa TIPU CBapKe HW3KOJETHPOBAHHBIX
craJiell MoBbIIeHHON 1pounocT. Tak, ass 15 cranei
¢ conepxxanueM Maprercura B 3TB or 50 % u GoJee
CTATUCTHYECKWI aHAJIN3 TI03BOJIIET HAWTH Hamboee
BEPOSITHYIO [IOMYCTUMYIO 010 MapreHcuta B 3TB
JKECTKHUX TIP006, TIPU KOTOPOi He TMPOUCXOJNT UX pac-
TpeckuBanue. CpegHeapudmeTnieckoe 3HAUEHIE pac-
CMaTPUBAEMOTO BapUAIMOHHOTO psifia PaBHO 74,3 %.

[Mockosbky mapamerp P, BEPOSTHOCTHBIN, TO 3a
MaKCHUMAJILHO JIOITyCTUMOE 3HaYEHUE COJIePKaHUs Map-
teHcuta B 3TB paccmarpuBaemMbIx cTaseil MOKHO
mpudsTh 70...75 %. VI3 HUX B HEKOTOPBIX CTAJISIX TTOSIB-
JIEHWe TPEIUH BO3MOKHO W TIpU 6oJiee HU3KOM €T0
cogepxannu B 3TB, Briors g0 50 %. Otcioma st
obecrievyeHnsi CTOMKOCTH K XOJIO[HBIM TPeNuHaM Heo0-
XO[MM  TIPe/IBAPUTEJIbHBIN  TO/IOTPEB,  06ecrevn-
BaloOMMii KosmdecTBo MapTeHcuta B 3TB B ykazanHoM
JnanazoHe. MUHUMAJIbHON TeMIlepaTypoil mojgorpesa
6yner ta, npu xKoropoil B 3TB o6pasyercs 70...75 %
MapTeHcuTa, a MakcuMaabaoir — 50 %. Bompoc o Tom,
Kakoe cojep:kanue maprencura 3TB Oyzxer kpu-
TUYECKUM C TOYKHM 3pEHUS] 00Pa30BAHUS XOJOIHBIX
TPEIUH 3aBUCUT OT KOHKPETHBIX YCJOBUI CBapKH,
XUMHUYECKOTO COCTaBa CTad W €€ MeXaHWIeCKUX
CBOHCTB.

Jlns corydast HaTTaBKYU HA MACCUBHOE M3/IeJIHE UIT
MHOTOIIPOXO/THOHM CBapKH JINCTOB 3HAYEHUS ITUX TEM-
neparyp MOKHO paccuurtarhb 1o ypasuenuto (7), rae
BMeCTO BpeMeHUu Atfyy, HEOOXOAUMO MO/CTaBUTh
Atd's + AL,

7 .

g ciydast oTHOITPOXOHON CBAapKHU

BeIMUUHbBI Aty's 1

q 1
Am’st | (M, — To) (A, — To)* |

Aloyn = (11)

e & — TOJIIUHA JINCTA.

[Monmy4yennple peKOMEHIAIMHM [ YKa3aHHBIX
YCJIOBHIT CBAapKU CIPABEJIUBBI, €CJU TeMIepaTypa
TpeABapuTebHOTO Tofiorpesa He mpesbimmaer 200 °C.
[IpenBapuTeIbHbBIN TOAOTPEB 0 GOJee BBICOKUX TEM-
nepatyp MpUBOJUT KaK K OTABIXY 00pa3yeMoro Map-
tercuta B 3TB, Tak 1 ycKopeHuio poliecca Jiera3aiun
11 ¢y3NOHHOTO BOAOPO/A M3 CBAPHOTO COCAMHEHMUS.
B arom cayuae pomyctumoe conepxkanue B 3TB
(70...75 %), ne npusopdLice K 06pa3soBaHUI0 XOJIO/-
HBIX TPENINH, MOKET OBITD MOBBINIeHO. Q6 3TOM CBUIE-
TENbCTBYIOT U PACYETHBIE JAHHbIE TAGJIUIIBI, TOJyYeH-
Hole f7s crameir Ne 13, 14, 29, 30. Caemxyer oTMeTUTD
cMelnienue BpaBo, npuMepro Ha 0,025, mokasaress
P, co crpykrypoit 3TB ¢ 50 % MapreHCHTa OTHOCH-
TeJbHO ero Kputmiyeckoro 3Havenus: 0,286. Irto, mo-
BHUIUMOMY, CBSI3aHO € 0oJiee PE3KUM OXJIAKICHUEM
3TB sxectkoii po6bl ¢ Y-00pa3Hoil pas/e/Koi, dem
B IIPUHSITOM pacyeTe TEPMUYECKOTO IUKJIA TIPU HATLJIAB-
K€ Ha MacCCHBHOE H3JeJINeE.

B pa6ore [7] ycranoBieHo, 4TO 3aBUCHMOCTDBIO
Mexy sHaveHusamu P, (Pyy) MOKHO MOJIb30BATHCS /10
noJIHoi 1oronHoit aneprun ceapku 30 k[ /oM (ad-
(pexrusroi oxos0 24000 I3k ,/cM) NpU CPaBHUMOIL
mumreabnocTn oxJaxkaenus or 300 go 100 °C. Bormou-
HEHHbIE aHAJIOTUYHbIE PACYETHI JIJIsT 25 cTajel, Ha KO-
TOPBIX CBAPUBAJIMCH JKECTKHE MPOOBI, TOKa3aau, 4TO
P. (Pyw) nns 3TB co crpykrypoit 50 % MaprencuTa
casuraetcs Kk 3Hadennio 0,36. Iloatomy pacder Temrre-
paTypbl MPEABApUTETHHOIO MOAOTpeBa 1o (dopMyJie
(4) B 3TOM CJTy4ae jaeT 3aBbINIEHHOE 3HAYEHHUE.
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BumstHne xuMmudeckoro cocrasa cradieil [7] Ha xosmdectBo MapreHcuta B Merasie 3TB cBapHbIX coepuHeHmil xecTKUX Ipo6, HA OCHOBE

KOTOPbBIX YCTAHOBJIEH ITapaMeTp TpeLLII/IIIOOGPaSOBaIII/IH Pc

No P, P A, M,, Aty AL, M, % T, °C; T, °C, mpn
n/m | () ¢ °C °C ¢ ¢ 10 (6), 10 | mo@) | Mmooy 50 % M
1 0,214 0,290 871 445 2,6 0,63 - 13 - - -
2 0,225 0,323 877 452 1,8 0,74 - 21 73; <<30 - -
3 0,245 0,326 871 432 19,4 3,0 83 53 77; 80 141 237
4 0,255 0,331 841 449 7,5 2,5 52 54 85; 50 - 64
5 0,308 0,353 845 438 12,2 1,9 72 73 116; 62 - 159
6 0,199 0,276 850 441 5,1 1,7 - 34 - - -
7 0,292 0,369 859 430 18,4 3,1 83 65 139; 71,5 135 221
8 0,224 0,322 865 450 10,8 3,4 77 43 72; 70 50 126
9 0,270 0,359 861 431 8,4 3,1 60 58 125; <30 - 63
10 0,316 0,393 854 418 19,8 3,8 85 78 174; 66 140 219
11 0,248 0,325 833 437 4,0 1,5 - 53 78; <<50 - -
12 0,303 0,349 857 411 17,4 29 81 85 110; 71 99 191
13 0,335 0,412 828 401 56,2 15,3 >95 91 201; 92 280 316
14 0,359 0,457 823 406 96,3 12,7 >95 96 266; 84 325 354
15 0,266 0,345 854 434 6,0 2,2 45 51 105; <<50 - -
16 0,317 0,394 844 407 15,2 3,0 79 83 175; 50 70 175
17 0,184 0,313 877 458 1,8 0,42 - 4 60; <<30 - -
18 0,214 0,321 878 453 1,8 0,73 - 19 70; <<30 - -
19 0,264 0,370 870 425 29,0 4,2 89 64 141; 81,5 210 312
20 0,252 0,383 839 448 8,3 2,7 58 58 160; <50 - 88
21 0,296 0,403 854 421 20,4 3,2 84 84 188; 85 140 227
22 0,222 0,350 847 432 7,4 2,5 o1 53 112; <50 - 38
23 0,295 0,423 857 426 21,1 3,5 85 70 217; 60 156 237
24 0237 0,344 861 444 11,4 3,7 80 49 103; 60 70 150
25 0,313 0,419 854 415 16,5 5,6 88 78 211; <50 120 187
26 0,304 0,432 856 425 14,6 2,9 78 65 230; <50 85 176
27 0,235 0,363 836 442 3,2 1,3 - 57 130; <<50 - -
28 0,306 0,412 859 413 14,0 2,5 76 81 201; <50 55 154
29 0,293 0,422 837 415 33,3 9,7 >95 82 216; 78,5 240 284
30 0,353 0,480 825 408 103,0 13,1 >95 96 299; 81 330 359
31 0,266 0,373 857 437 5,0 1,9 - 43 145; <50 - -
32 0,312 0,440 848 408 15,8 2,9 80 85 242; <50 80 172

[Tocko/IbKY CKJIOHHOCTH CTajieii K OOpAa30BAaHWIO YTO BeleT K  pelaKCallud BHYTPEHHUX  MWK-

XOJIOJIHBIX TPENIMH B CBAPHBIX COEAMHEHHSIX IPO-
apasercss B 3TB ¢ MapreHcuTHOW CTPYKTYypOil, TO
BJIMSTHHE JIETUPOBAHWS CTaJell CJeyeT OIEeHWBATHh C
y4eTOM 3TOTO TpeBpalleHus. BuunsHue yraepoaa u
JIETUPYIONIUX 3JIEMEHTOB HA IIPOIECCHI 3aMe/[JIEHHOTO
paspyllieHus CBApHBIX COeAWHEHUN ¥ o6pasoBaHue
XOJIOJHBIX TPEIUH OOGYCJIOBIEHO TEMIEPATYPHBIM
MHTEPBAJIOM MapTeHCUTHOTO IpeBpatieHus. B paborax
[8, 9] ycraHOBJEHO, YTO CONMPOTUBJSEMOCTH 3a-
KaJMBAIOIIUXCS  CcTajell  0O6pa30BAHUIO  XOJIOJTHBIX
TPEIIUH YBEJIUYUBAETCS C MOBBIIIEHUEM TEMIIEPATYPbI
HayvaJla MapTeHCUTHOTO TipeBpaiieHus. IIpu BbICOKUX
TeMIiepaTypax TPOUCXOIUT CaMOOTITYyCK MapTEHCHTA,

POHANPSIKEHUH M CHMXKAET CIIOCOOHOCTb €ro K 3a-
Me/IJIeHHOMY paspymienuio. Ha wmam B3rjsi, wHe-
00XO[IMMO  TIPOAHAINU3NPOBATh BJMSHUE HA  3a-
Me/IJIEHHOE pPa3pyllieHue He TOJbKO TEMIePaTypbl
Hayaja MapTEHCUTHOTO HPEBPAIIEHMs, HO U BCETO
TEMIIEPATYPHOTO WHTEPBAJIA ATOTO MTPEBPAIIEHHUS.

C 3TOo#l 11€JbI0 TPOAHATU3UPOBAHO BJUSHHUE YT-
Jepojia W JIETUPYIOIIUX 9JEMEHTOB TaKKe Ha
TeMIepatypy ob6pasoBanust 50 % MapreHcuta M50 U
TeMIlepaTypy oOpa3oBaHusi 75 % MapreHcuta M7s.
Maremarnueckass o6pa6oTKa BBIMOJHEHA UL Map-
TEHCUTHBIX IMTPEBPAIIEHII, TPOUCXOAINX B CTANSX,
AHAJIOTMYHBIX TIPK BbIBoJIe ypaBHeHus (9):
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=520 — 450C — 28Mn — 11,5Cr — 10,6Ni —

— 29Mo — 160V + 24Zr + 180Ti, (12)

Mjy;5 = 540 — 595C — 43,4Mn — 14,5Cr —

(13)
— 11Ni — 22,6Mo — 125V — 160Zr + 550Ti.

B mpuBeIeHHBIX yPaBHEHUSIX CPEIHEKBAPATHIHOE
oTKJIoHeHue /1151 Mo coctasister £16 °C, a mag Mys —
+18 °C.

[laHHbIe 9TOrO aHAIKM3a TOKA3bIBAIOT, YTO MO Mepe
YBEJIMIEHUST COEPIKAHNS MAPTEHCUTA B CTAJIH TIPU €70
00pa30BaHUN M3 AyCTEHUTA YIJEPOA U MapraHel|
YCHJINBAIOT TIOHIKEHNE TEMITEPATYPbI MAaPTEHCUTHOTO
npeBparienus. BimsaHie XxpoMa, HIKeS U BaHAAUS Ha
9TOT HWHTEPBAJ IPUMEPHO MOCTOSHHO, a THUTAaHA U
IIUPKOHUS TOBBIIMIAIOT TEMIIEPATYPY MPEBpAIleHUS
maprencuta. [Tocnennee, mo-BuguMomy, 06yCIOBIEHO
CBSI3bIBAHMEM YTJIEPO/Aa B CTONKHE, HE PACTBOPUMbIE
[P CBAPOYHOM TEPMOITNKJIe, Kap6uapl. 113 Bcex mpo-
aQHAIM3UPOBAHHBIX 3JIEMEHTOB JIETHPOBAHMS HAUMEHb-
IIee CHIKeHNe MapTEeHCUTHOrO TpeBpalleHne Ha6JIio-
JIAETCST TIPU JIETUPOBAHUH HUKEJIEM.

[lns1 ompeneneHus BJIUSHUS COAEPIKAHUS Map-
teicuta B 3TB mpum cBapke HU3KOYIJIEPOIMCTHIX
HU3KOJIETHPOBAHHBIX CTasell Ha KPUTUYECKUE HAIIpPs-
JKEHUSI 3aMeJIIEHHOTO Pa3pyIleHus MPU HCIBITAHUSIX
10 METO/Iy BCTABOK ObLTa BHITIOJTHEHA MATEMATHIECKasT
06paboTKa 9KCIIEPUMEHTATIbHBIX AHHBIX, MOJYYeH-
HbIX B pabote [10]. B aT0il paGoTe BBITIOJTHEHBI UCTIHI-
TaHUS 110 METOAY BCTaBOK 25 cTajell, NCIOIb3yeMbIX
IS TPyOONPOBOJOB B He(TETAa30BOI MPOMBIIILICH-
HocTH. IlocKo/bKy mpHUBapKa BCTABOK BBIMOJHEHA Ha
MaJIoi apPexTuBHON MTOTOHHO SHEepPTUH
7500 /I;x /cM, TO HECMOTPSI Ha HE3HAYUTEbHBIN yPO-
BeHb JIETMPOBAHUS CTAJENl AyCTEHUT MIPU OXJIAXKIEHUH
MeTanna 3TB wactmuno TpeBpammasncss B MapTeHCHT.
Conepskanue maprencuta B 3TB 6110 paccunrano 1o
dopmymam (6) u (10). [dnsa anammsa ocrasiensr 17
cTasieil, B KOTOPhIX KOJIMYECTBO MAPTEHCHUTA MTPEBbHITIA-
J0 50 %. Comepskanue yrjepojia u JETUPYIOIINX dJie-
MEHTOB B 3THX CTAJIIX HaXOAmaoch B mpefenax: C or
0,045 10 0,2 %; Si or 0,04 1o 0,54 %; Mn or 1,14 no
2,07 %; Cr o 0,55 %; Ni no 1,5 %; Mo no 0,56 %; V
10 0,094 % u Nb 10 0,076 %. IIpeamosaransoch Takxe,
YTO Ha KPUTHUYECKHE HAMPSIKEHUST 3aMeIJIEHHOTO pas-
PYIIEHV BJIUSET 3HAUEHNE TeMITepaTypbl M7s, a TakxKe
cojiepiKaHue yrJepoja B CTATM OT KOTOPOTO 3aBHCUT
TBEPJOCTb MapTEHCUTA U YPOBEHDb BHYTPEHHUX HAIIPSI-
JKeHui BToporo posa. Pacuer Mys BbinoJiHsAM 110 pop-

mysie (13). B pesyJibrate MateMaTHuecKoil 06paGoTKI
MOJIYY€HO CJIe/lyiolee ypaBHEHUE:

G = 750 = 1500C + 0,6M75 — 5(%M).  (14)

CpeanexBaipaTHIHOE OTKJIOHEHUE P PACUeTe Gy,
no (14) mososbHO Beanko u cocrasiser =100 MIIa.
Ero Mo:XHO HMCIIOJIb30BATH JIMIID JIJISI KAa4eCTBEHHOM
OIIEHKW BJUSAHUS cojep:kaHuss Mmaprencuta B 3TB
HUBKOYTJIEPOIUCTBIX HU3KOJETHPOBAHHBIX CTasell Ha
UX CKJOHHOCTb K 3aMe/JIEHHOMY pa3pyIIeHUIo TIPU
cBapke. Eciiu npenosoKuTh, 4T0 X0JI0HbIE TPEIIUHbI
B 3TB cBapHbIX coequHeHUIl cTaJjiell He BO3HUKAIOT
MIPU YCJOBUSX CBApPKH, KOTJA KPUTHYECKWE HAIpsi-
JKEHMS TIPU UCIIBITAHWSIX 110 METOLY BCTABOK DPAaBHBI
WJIN TIPEBBITIAIOT WX MPeIeJ TEKYUEeCTH, TO JJIs cTasieit
¢ 6oJiee HU3KUMU 3HAUEHUSIMU TIPEIesia TEKYUeCTH COT-
gacuo (14) mMoxHO nomyckatb B 3TB u 60sbiie map-
TeHcuTa. AHaJOTHYHO OyJeT M ¢ Gojiee HU3KOM KOH-
neHTpanueil aud@ysnoHHOTO BOAOPOAA. ITO T03BO-
JITeT CY3UTHh MHTEPBAJ TPeOYEMbIX TeMIepaTyp Mo10T-
peBa. Ilonyuyenue KOJUYECTBEHHBIX CBSI3€H TAKOTO
BJUSHHUS C Y4eTOM BOJOPO/A JJIsI CMEIIaHHOW Map-
TEHCUTHO-6eitHuTHOU cTpYyKTYypbl 3TB TpeGyer npose-
JeHUS JAJbHENIINX WCCJIeJOBAaHUN.
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OCOBEHHOCTHU TPAHCIIOPTA BOAOPOJA
ITPU IIOIBOJHOI1 CBAPKE ILJIABJIEHUEM
KOHCTPYKIITMOHHBIX CTAJIEN

C. I0. MAKCHMORB, T. B. KOPOJIEBA (Uu-t snekrpocBapku uM. E. O. [Matona HAH Vkpaunsi, r. Kues),
. T. IABPUHEII (HII® «Kop6a», urr Byua, Kuesckas o6s., Ykpanna)

PaccMorpeHbl 0COGEHHOCTI MaTeMaTHYeCKOTO MO/IEIMPOBAHUS M PE3yJIbTaThl pacyeTa TPAHCIIOPTa BOJ0PO/IA IPU «MOKPOii»
MO/IBO/THOIT CBAPKE TIJIABJIEHNEM CTBIKOBBIX IIBOB M3 MAJIOYTJIEPOANCTON 1 HU3KOJIernpoBaHHoi ctaseil. [lokasano Biausinne
riyGUHBI CBAPKU HAa KOHIIEHTPAIMIO BOAOPOJa B MeTaJsuie 1iBa 1 3TB.

Peculiarities of mathematical modelling and results of calculation of transport of hydrogen in underwater «wet» fusion
butt welding of low-carbon and low-alloy steels are considered. The depth of welding is shown to affect the concentration

of hydrogen in the weld and HAZ metal.

Beeaenne. [Ilpm MOKpolW TOABOIHON CBapKe 3JeK-
TPUYECKas Jyra TOPUT B IApOra3oBOM IIy3bIpe, B COC-
taBe Kortoporo 95...98 % Bomopoma [1 u mp.]. C
yBeJIMYeHreM IyGUHBI CBAPKU JaBJeHUe B HEM BO3-
pacTaet, 4TO MPUBOIUT K TIOBBIIIEHUIO TAPITHATBHOTO
JIaBJIEHUST BOJIOPOJIa HAJl CBAPDOYHON BAaHHOI, a 3TO B
CBOIO OYepe/b K YBEJNUEHUIO HACBIIIEHUS BOJOPOIOM
JKUJIKOTO MeTaJsljia Kamejb W CBAPOYHOW BaHHBI [2 U
ap.]. Ilociennee MoXKeT MPUBOAUTD K HUHTEHCUBHOMY
nopoo6pasoBanuio B 30He maasaenus (311), a Takxe K
HACBINIEHUIO BOJIOPOIOM 30HBI TEPMUYECKOTO BJIUSTHIUS
(3TB) wu, cnepoBarebHO, K yBEJMYEHHUIO PUCKa o0pa-
30BaHUsI BOAOPOJAHBIX (XOJIO/HBIX) TPEIIMH.

B Hacrosiee BpeMs HAyYWJIUCHh JOCTAaTOYHO 3(d-
deKkTHBHO 6OPOTHCS € TIOPAMU C TIOMOIIBIO COOTBETCT-
BYIOIINX METAJLTyPruuecKX BO3/eCTBUN HA JKUIKUH
MeTtaJll cBapouHoit BauubI [3]. OnHako B Metaiie 3TB
BO3MOKHOCTH BO3/IeUCTBUS GoJiee OTpaHIMYEHbI, TO3TO-
My TIpo6JieMa BOJOPOIHBIX TPENTNH 3/1eCh TOCTATOYHO
aKTyaJsIbHA.

Bosbie TpymHOCTH 9KCTIEPUMEHTAJNBHON OIEHKH
kuHeTnkn Hackimenns 3TB nuddysnonnbiM Bogopo-
JIoM O6YCJIOBJMBAIOT MPUBJICUYEHWE JIJISI 3TUX pacuer-
HBIX MEeTOJIOB. B 3TOM HampaBJjieHMM H3BECTEH PsijI
pa6ort [4—6 u ap. ] IpuMeHUTETHHO K YCIOBUSIM CBAPKU
B OOBIYHBIX aTMOc(epHbIX ycaoBuaxX. [ Moxpoit
MTO/IBOTHOM CBapKM MpUMeEHEHNEe TaKUX MMOAXO0/I0B Tpe-

Y

4

Puc. 1. Cxema cBapHOro COeJMHEHNs C KOPHEBBIM IIIBOM

© C. 10. MAKCUMOB, T. B. KOPOJIEBA, W. I'. IABPUHEI, 2002

OyeT COOTBETCTBYIOIIEH afanTanui. ITOMY BOIIPOCY 1
MTOCBSITIAETCST HACTOSIIAsT paboTa.

IlocranoBka 3amauu M 3KCHEpPUMEHTAJbHbIE Ha-
6.1101eHHS Ha MOZIeJIbHOM oGpasie. PaccMOTpUM KOH-
KPEeTHYIO 33/lady MOKPOH TOJBOJHON CBAapKU CTBIKO-
BbIX coeaunennii u3 crayueit Cr3 u 17I'1 C, xumudeckuit
COCTaB KOTOPBIX TpuBeneH B Tabu. 1. [lyroBas me-
XaHU3WPOBaHHAS CBapKa MOPOIIKOBOW MTPOBOJIOKON Ha
MeTaJLIMYecKoil ocraomeiica mnoakiaake (puc. 1)
IIJIACTUH TOJIIIMHON 14 MM BBINIOJIHSIETCSI MHOTOCJION-
HO¥T cBapkoii. Hanbouibiiree 6GeCIOKOICTBO ¢ MO3UIUI
XOJOAHBIX TpemuH B MeTanne 3TB Boi3biBaeT cBapka
KOpHEBOTo 1Ba. B paccMarpuBaeMoM cirydae MCTOJIb-
3oBaJicst pexxnM: I, = 160...180 A; U, = 30...38 B;
Vs = 6 M/ ay =9 1/(Aw); Tep, =20 °C.

B Tabsn.1 mis yKa3zaHHOTO XMMHYECKOIO COCTaBa
MIPUBEIEHO 3HAYeHWE HKBUBAJIEHTA yriepoja P 10
[4], T.e.

p _c Mn+Cu+Cr Si Mo V.
o =& 20 30715 T10 " W
+5B+&
60°

Tam »xe ykasaHbl KpUTHYECKHE KOHIIEHTpAIMH -

(ysmonnoro Bogoposa H,;,, mpn KOTOpbIX BO3HMKaeT

PUCK 00DPA30BaHUST XOJOAHBIX TPEIUH IS TOJIIUH

14 MM B ycaoBusix cBoGoaHoro obpasia (Hip) u 3a-
3aK

kperiennoro o6pasna (Hgy*). ITocrearne paccunTanbr
10 3aBHCUMOCTHU u3 [4]:

10810chp = pg)P - 12PCM7 (2)
Ta6auna 1. Xwummdeckuit cocraB craieir Ct3 u 17T1C B
MaccoBbIX goasax (%)
) HLI;BY Hiﬂk,
Crasb C Si Mn P, CMS/100 r CMS/fOO r
Cr3 0,18 0,21 0,55 0,215 32 10
17T1C 0,16 0,45 1,5 0,25 12 4
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rae PP = 4,1 npu cBapke B CBOOOJHOM COCTOSIHUU W
PP = 3,6 mpu cBapke B 3aKpeIieHHOM. BuaHo, 4TO
Kkputndeckne sHavenusa H,, B meramne 3TB maxe
HU3KOyTIepoaucToil crasu CT3 mpu cBapKe B 3aKpell-
JIEHHOM COCTOAHME (4TO JOBOJBHO XapaKTEPHO [T
PEMOHTHBIX PAGOT IO/ BOOI) OCTATOYHO HUSKHE —
mopsaka 10 em® /100 . lust HU3KOJIETHPOBAHHOM
crayu 1771C ara BeanunHa paBHA JUIIb 4 em® /100 T,
T. €. PUCK TIOSIBJIEHUS BOJOPO/IHBIX TPEIIUH JIOCTATOY-
HO BEJIUK.

B xavecTBe MOJIeTBHBIX 06PA3IOB, HA KOTOPHIX BbI-
MOJIHSIJIACh HKCIIEPUMEHTANbHAs YacTb PpaboThbl, HC-
MOJIb30BaI 06pasipl pazmepoM 15X10X25 MM s
onpenenenns auPEPY3UOHHOTO BOJOPOJA XPOMATO-
rpaduueckum merogom [7] (TOCT 23338-91). Crap-
Ka BBITIOJTHSAJIACH Ha YKA3aHHOM BBITIIE PEKIME B TU/IPO-
6apoxamepe ¢ umutanueii rayéun or 0,1 go 100 M.
Kpome Hyg, 1m0 aTHM ke 06pasiiam oIpee/isain co-
JlepsKaHre OCTaTOYHOTO BoAopoJa Hoer M XUMIUECKUit
COCTaB HaMJIaBJIEHHOTO MeTasia. [lomydenHble pe3yJib-
taTbl Ay Tary6mH 0,1; 50 1 100 M mpuBeieHbI B TA6T. 2.

PesyibraThl  9KCHEPUMEHTATBHBIX HAGJIIONEHUI
TTOKa3bIBAIOT, yTo MeTasa 311 m1ocTaTOUHO MHTEHCUBHO
OKHUCJISIETCS, YTO MPUBOJUT K HU3KOMY CO/EPKAHUIO
yryepo/ia, KpeMHUS U Mapraniia. BinsHre 0CHOBHOTO
MeTasia o6pasiia He3HauuTeIbHOe. B HariaBjieHHOM
MeTajuie cofiepskanre TuddOy3nOHHOTO U OCTATOYHOTO
BOZIOPO/Ia BO3PACTaeT C yBEJIMYEHUEM TJIyOUHBI
cBapku. EcTecTBEHHO OXUIATbh yBeJIWUYEHUsT COJep-
JkaHus Bojopoaa u B Metasne 3TB, ognako namepuThb
€ro CTaHJapTHBIM MeTOIOM (YUuTbIBass MaJjible pasMme-
pol Meraina 3TB) sarpyammrenpho. Bosee Toro,
MpUMEHEHNEe yJIbTPACOBPEMEHHOI METOIMKU JIOKAJIb-
HOTO aHam3a [ 5] 03B0MIIO0 OBl IOJYYUTH TOJTBKO Ka-
YeCTBEHHbBIE OTIEHKH, TOCKOJIbKY YCJIOBHS OXJIAMK/ICHUS
MojiesibHOrO0 o6pasia (puc. 2) M MCCIeayeMoro coe-
qunenns (cM. puc. 1) 3aMeTHO OT/IMYAIOTCA, a MPO-
BOJIUTb U3MepeHHs Ha HATYPHOM 06pasile JOCTaTOYHO
6OJIBIIOTO CEYEHUS 3aTPYIHUTENBHO.

TeM He MeHee, TIOJyUeHHbIE TAHHbIE KAK 10 HATPEBY
MOJIeJTbHOTO 06pasiia, Tak W MO pe3yJbTaTaM Hu3Me-
PEHMS COIEPKAHUST BOJOPO/IA B HATLJIABJIEHHOM MeTaJl-
Jie TIO3BOJIAIOT B ONPEEJCHHON CTENeHN YTOYHUTD
IPaHWYHBIE YCJIOBUS JIJIs MaTeMaTHYecKOTo Mojie-
JINPOBAHUS.

Y, cM

i

F
ONbITHER
obpaszey

10

15

il ™
%

Puc. 2. Cxema mMozespHOTO 06pasia

MopesupoBanue TtemnepaTtypHoro moias. Jlis
OIIMCAHUS paclipe/iesieHUsl TeMIIepaTyp B ceueHun Z =
= const (cM. puc. 1) ucnosp30BaIaCh KOMIIBIOTEPHAS
nporpamma B pamkax 2D, paspa6orannas B MIC
uM. E. O. [Tatona. Pacnipesenenne temneparypoi T(x,
y, t) ompeessieTcsl pelieHreM CJeayomeil KpaesBoii
3a/1a4u:

26T 2T w0l @
ox \Max )t )t W =gy

oy
mput=0 T=Tyx, y, 0) =
_ [T % 1700 °C 8 311, )
20 °C 3a npegenamu 311,
oT
mpiy =0 —-=0, (6))
Ha OCTAJbHON TPaHUIlE TEIIOOOMEH — TIO0 3aKOHY
Hprorona
oT
Moo= o (T =Ty, (6)
IpU oL = O, — BHE MapOra3oBOTO MY3bIPS; oL = O, —

B IIpeJie/iaX [1apora3oBoro IIy3bIps.

YcnoBus cyiiecTBoBaHMS I1apOTa30BOI0 IIy3bIps
ONIpe/IesIIOTCS  TeMIleparypoil 1moBepxHoctd 1y U
ry6uHOM cBapKu L:

T,>100°C mpu L =0 m;
T,>120°C mpu L £10 »;
T,> 160 °C mpu L <50 m;
T,>185°C mpu L <100 m.

(N

1.7

1.3 pF

0.9

e -——

i Q7
=] L]

1,3 o 0.7 1,3 X cw
B

Puc. 3. 3ona munasienus (cepbiii Gpon) n 30Ha TepMmuueckoro BiusHus (temupiii) wa ray6une 0,1 (@), 50 (6) u 100 M (6) npu pexnme
cBapku: I, =180 A, U,, =32 B, v, = 0,17 cm/c; mrpuxoBas unusg — auddysnonnas 3oHa; A—I" — XapaKkTepHble TOYKH
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Puc. 4. Kunerrka usMeHeHusi BO BpEMEHH TEMIIEPATYP, MUKPOCTPYKTYPHBIX coctassiomux V; (i -— aycrenur, Geiinut, dbeppur, Map-

tercut), muddysnonnoro sBogopona H BoJOpo/ia B soBymikax H, ., /s cBapHOro coepnuenus u3 craau Ct3 B XapaKTepHbIX TOUKAX
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(A—a, B — 6,B— ¢, I — 2) naray6une 0,1 (I), 100 (I1) m
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T, °C v, 1 79¢ V;
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Puc. 5. Kuneruka nsMeHeHusi BO BPEMEHU TeMIIEPaTyp, MUKPOCTPYKTYPHbIX COCTaBJsIONUX V| Aj — aycreuur, Geiinut, deppur, Map-

tencut), anddysuonnoro Bogopoaa H,,, Bogopona B oymkax H,., ams cBaproro coenmenns u3 cramm 1771C B XapakTepHbIX TOUKaxX
(A —a,B— 6,B— 6, I — 2) naray6une 0,1 (I), 100 (II) m
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TaGuuna 2. Pe3yjbTaThl 5KCIEPHUMEHTAJIbHBIX HAGMIOJEHUN HA
MO/IEJIBHBIX 06pasiax

I'my6una H H
CBaSIKH, Xumuveckuii coctaB Metasia 311 CM3/‘"i‘8’0 r CM3/"%0 r
0,1 0,034 C; 0,04 Si; 0,07 Mn 14,3 7,8
50 0,053 C; 0,04 Si; 0,04 Mn 15,2 23,4

100 0,046 C; 0,04 Si; 0,05 Mn 19,9 -

IIpumevanune. CocraB maporasoBoro Iyspips caegymomuii: Oy <
< 0,52 %, Hye; = 96...98 %, CO =1,8...3,3 %.

B (3) A m ¢y — Ttemnodusuyeckue cBoiicTBa
MaTepuaja; B TeMIEpaTypHOM HHTEpBaje KPHC-
Tasmusain 311 UCrmoIb3yI0TCS 3HAUEHHS €Y ¢ YUETOM
CKPBITON TEIJIOThI KPUCTAIN3AINE MaTepHasia ek U
acpdertuBHOrO KO3(PUIMEHTA  TETIOTTPOBOTHOCTI
Ao = SMTs), cys = cy(Ts) + gex/(T1L — Ts), tae Ts,
Tr — TeMmmeparypa COOTBETCTBEHHO COJHIyCa U

JIUKBUIyCA B 31I; 1%%
= Fq—;n — ey(Tep — To) - qcx} tio — pacripe/ie/IeHHbIN

Un

1
e gu = & Nu;, F31

CB

uctoyHuk B mpenenax 311,

— muomanab cederns 311; nu — sdpdexrusnprii KI1/1;
to — BpeMs BBOJA TeIla.

B onucannoii MoIesI BETUUUHBI 1)y, Oy, Ol OTIPE-
JIeJISITACD M3 OTIBITOB Ha MOJIEJIBHBIX 06pasiax. Xopo-
IIee COTJIACOBAHWE C IKCIIEPHMEHTOM MOJIYYEHO IpH
To =20 °C, 0 ~ oty ~ 0,208 Br / (cm*°C) 1 1, = 0,50
mpu L =0...10 M; n, = 0,45 npu L = 50 m; n, = 0,40
mpu L = 100 m.

MaremaTnyeckasd Mo/ieJib TPAHCIIOPTa BOAOPOJA.
Wcnosb3oBanach KOMIIbIOTEPHAsT TPOTpaMMa, paspa-
6otanHas B UOC um. E. O. IlaTona, peanmayromnias B
pamkax 2D anaroput™, npeasoKeHHbIN aBTopamu [6].
OCHOBHBIE TIOJTIOXKEHUST PACIETHOTO aJITOPUTMA 3aKJII0-
YaroTCS B CJIEAYIOIIEM.

[nsa paccmarpuBaeMoii  06JIacTH  OIpeeIsIeTCst
norentman [1(x, y, t) kouuenrparmn audpy3noHHOTrO
sogopoaa H(x, y, t) pemenueM KpaeBoil 3ajauu

0 (@), 2 )
ox ox +8y oy

5 (8)

- Q(xy Y, t) = E (KH):
npu t =0 I(x, y, 0) = %; €©)
(10)

oIl
mnpu x = 0 a:o,

Ha rpanune ¢ Bogoit I1(x, y ,t) = 0; Ha rpanune B
maporazoBoM Tysbipe 11(x, y, t) = Py, tae Py —
napiuajbHOe J[aBJIeHHe BOJOPOJa B IAapOra3oBOM
nysbipe; H(x, y, 0) = Hy — B 311, B ocTranbHOI yacTu
H(x, y,0)=0,5cm’ /100 r; D, K COOTBETCTBEHHO —
koadpdurmentot 1uddy3un U pacTBOPUMOCTH BOAOPO-
na; O(x, y, t) — usMeHeHMe COEPKAHUS BOJOPO/IA

TaGuuna 3. PesysbraThl pacuyera U 3KCHEPUMEHTAJIbHbBIE JAHHBIE
u3MepeHust cpe/iHnx konnenrpauuii Hyyg 1 Hoep 11 MOsENIBHOTO
006pasiia B 3aBUCHMOCTHU OT IJIyOMHbI CBAPKU

311 3TB
7"“1&\)(y
Lo be °C ,H,iucb) ,HocT) H,mq:n
cM /100 T CMJ/100 r CM‘;/100 r

0,1 10 258 16,5 5,5 8,5
20 78 13,5 7,9 6,8

28 38 13,0 (14,3) 8,2 (7,8) 6,6

100 10 - 21,3 3,7 10,0
20 - 19,0 5,6 8,5

28 - 18,6 (19,9) 5,9 8,2

II pumMedaHue. B ckobrax IIpUBE/JIEHDBI IKCIIEPUMEHTAJIbHbIE JJaHHbIE.

B JoByIKax (06paTUMbIX U HEOGPATUMBIX ), BHIYUC/IS-
emoe mipu Temneparype 20 °C u arMocdepHOM JaB-
JIEHUH

100 I 293

F)
—n g 11
O=rg P Tan T x273)) an

rae  — OTHOCUTEJbHBIN 06beM JIOBYIIEK B €IUHUIE
o0beMa; yy — IJIOTHOCTb METaJLIa,;
p=0mpuT <Tyu

B 2porl or 1

————— aaezy 0 U2

p =1 Bo Bcex ocTaibHbIX cayuasx; Tos — Temmepa-
Typa, HHKE KOTOPOH JIOBYIIKA CTAHOBUTCH HEO6-
paTUMOM.

B pa6ore [6] npeanoskeno semmanunr K(x, y, t),
D(x, y, t) u B(x, y, t) onpenessTb B 3aBUCUMOCTH OT
MUKPOCTPYKTYpbI B JaHHOU Touke 3II ;m6o 3TB B
BUJIE

J@, y, )=, J; (DV; (x, y, b), (13)

rne J =K, D, B; i =a — aycrenur, i = f — deppur,
i=p — mepaut, i =b — 6elHUT, i = M — MapTEHCHT;
Vix, y, t) — maccoBast 10Jis i-if MUKPOCTPYKTYPbI B
touke (x, y) B MOMEHT BpeMenu t. [lna 3HaveHwMit
K{(T), DAT), B;(T) B [6] npeaioxeHbl 3aBUCUMOCTH,
HCTIOJIb3y€eMbIe B TaHHOW pabore.

[Tapametpni B rannoit Mmojenu Hy, B; onpeesnsiimch
Ha MOJeNbHbIX o6pasmnax. B rtabsa. 3 mpuBegeHb
pesyJIbTaThl pacyera MO ONMUCAHHOMY AJTOPUTMY IS
MozeIbHOro o6pasia mpu Hy = 25 ex® /100 r, B, =0,
B = 0,005, B, = 0,05 B conocraBieHNN C 9KCIEPUMEH-
TasbHbIMU HaHHbIME s 311

Buano, uro BeiOpanHble TapaMeTpbl Hy u fB; mos-
BOJISIOT TIOJTYYUTb y/IOBJIETBOPUTEIBHOE COTIACOBAHUE
pacyera c¢ skcrnepumentom. O6paiiaer BHUMAHUE TOT
dakTt, uro B Meraymne 3TB momenbHoro ob6pasia co-
nepskanne udy3nMoHHOTO BOJOPOJIAa TOCTATOYHO
6JIM3KO K KPUTUYECKHUM 110 TabJ. 1.

Pe3yabTaTsl 4HCI€HHBIX HCCJIE€IOBAaHUN IS coe-
JIUHeHusl, mpuBeienHoro Ha puc. 1. Ha puc. 3 npuse-
JleHbl pacueTHble JanHble 10 pazmepam 311 u 3TB ans
paccMaTpuBaeMoro coeannenust  (remodusnueckue
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cp

C
TaGuuna 4. CpegHue Nokasarean KOHIEHTPAIUU Hugp 1 HePy B 311 u 3TB B 3aBucHMOCTH OT IJIyOHHBI CBApKH L B pas/uuHble

MOMEHTDBI BPEMEHHU OXJIAXKICHUA t

L, m t, c H,, em® /100 1 H®, cv® /100 ¢
Cr3 17T1C Cr3 17T1C
311 3TB 311 3TB 311 3TB 311 3TB
0,1 10 14,5 4,1 14,5 4,6 0,9 0,07 0,9 0,05
20 9,6 3,9 9,5 3,5 3,5 0,8 3,5 1,9
30 8,8 3,7 8,7 3,2 4,3 1 4,3 2,3
50 10 16,4 6 16,3 6,9 1,5 0,14 1,5 0,1
20 11,4 35,1 11,2 4,4 4,6 1,3 4,5 3
30 10,8 S5 10,7 4,2 5,2 1,5 5,1 3,3
100 10 15,2 5,9 15 6,4 2,2 0,43 2,1 0,8
20 11,4 5,2 11,3 4,3 4,9 1,48 4,8 3,2
30 10,9 5 10,9 41 5,5 1,63 5,4 5,3
BoiBoabl

cpoiictBa ctasneir Ct3 n 171'1C npumMepHO OIMHAKOBBHI,
YTO Ompe/essieT He3HAUYNTENbHOE UX PA3JNINE TI0 Pa3-
mepam 31T u 3TB) npu cBapke Ha PasHbIX TJIy6MHAX.
Buano, uTo ¢ yBenmmdeHueM rayOHbBI I yMEHbITAIOTCS
311 u 3TB, uTo BMOJIHE €CTECTBEHHO TIPU TIOCTOSTHHOM
peKMMe, TIOCKOJBKY CHWKAETCS TNy, YBEJIUIMBAIOTCS
SHEpPreTHIeCKre 3aTpaThl Ha 00pa3oBaHNe TTapOra3oBo-
TO Ty3bIPST BOKPYT AYTH.

[lng xapakrtepubix Touek A—B B 3I1 u I’ 8 3TB na
puc. 4, 5 TpejCTaBJIeHbI pPacueTHbIE JJAHHbBIE IO KU-
HETHKEe M3MEHEHMs TEMIIEPaTyp, MUKpocTpyKTyp (uc-
0JIb30BasIach MeToinKa pabornl [6]), muddysnonno-
ro Bogopoza Hy,g 1 Bogopona B noBymkax Hye, pu
cBapKe Ha pa3auyHbIX ray6unax ot 0,1 mo 100 M.

C ysesmuennem ray6unnt L B 31T (touku A-B)
U3MEHEHNS MUKPOCTPYKTYPbI (HU3KOE CoJlepIKaHue yT-
Jiepojia M JIETUPYIOIUX MPUMeceii) He3HaunTeTbHOE.
COOTBETCTBEHHO MaJIO U3MEHSETCS U KUHETHKA U3Me-
nennsa Hy,g 1 Hoer B TOYKAX A—B 114 pacecmarpusae-
MbIx ctaseit. HeGombioe ormmune umeer Mmecto B 3TB
(toura I'). Ilpmuem paa cramm CT3 9TO OTJIMYME BBI-
paskaercs B BospacTanui H g, 1 Hyer B Ipesesnax 10 %
¢ ysesmuenueM L ot 0,1 10 100 m (puc. 4, I, IT). [lna
cramu 17T1C aro orimume Gojiee 3aMETHO W BbIpaXKa-
etcs B yBesmueHun Hyep B Touke I' ¢ 7 10 9,5 em®,/100 T
(puc. 5, I, IT) ipu ipuMepHO nocTostHHOM H ¢, Ha ypoB-
we 7 cm° /100 1, uto 00yCJIOBJIEHO 60Jiee BBICOKUM CO-
nepsxanneM Maprencuta (0xos10 30 % 1o cpaBHEHHIO CO
cranpio Ct3, rie V,, = 0,07 =7 %).

[l 6osiee TIPUBBIYHBIX CYKAEHUI O KUHETUKE CO-
JiepsKaHusi BOZOpo/a B Ta6J1. 4 TIpUBE/IEHDI CPEHIE TTOKA-
sare/m KoHuentpamun Hy,g 1 Hoer 8 311 1 3TB ana
paccMaTpUBAEMBIX CTAJIell B pa3JiMuHble MOMEHTBI Bpe-
MEHU OXJIAK/ICHUS ¢ TIPU CBaPKE Ha PA3JINYHBIX I'TyOIHAX
L. V3 atMX JaHHBIX TaKkKe BHU/IHO, YTO YBeJUUeHHE
TJlyGUHbI IPUBOUT K POCTY CPefHuX 3HaveHnid Hy,g n
Hoer B 311 mw 3TB mnpum oOXJaKAEHWH CBapHOTO
COEIMHEHSI, OJHAKO OHO He TpeBbimaer 10 %.

1. YBemuvenue ruyGuHbl TOABOAHON cBapku («MOK-
pblil>  BapWaHT)  MaJOYIJIEPOAUCTBIX W HHU3KO-
JIETHPOBAHHBIX cTaseil B mpeaenax 0,1...100 M crroco6-
CTBYET TIOBBIIIIEHWTO coiepskanust A1 dy3nOHHOTO BO-
nopozga B 3I1. Oxnako oHo HeBemuko (B mpepesnax
10 %) npu HPp ~ 9..11 o’/100 r B 3II u
3,2...5 em® /100 r B 3TB.

2. Copepxanme Hy,g, B 3TB cramm Cr3 memocra-
TOYHO /7151 06PA30BAHMS XOJIOAHBIX TPEIIUH JIaKe TIPU
CBapKe pacCMAaTPUBAEMOTO COEINHEHWS B JKECTKUX
YCJIOBUSX.

3. Conepsxkanne Hy,g, B 3TB cramu 17T1C Bnosne
JIOCTATOYHO /11T 06Pa30BaHUS XOJIOAHBIX TPEIIUH TIpU
CBapKe pPacCMaTpPUBAEMOTO COCAWHEHHS B KECTKUX
YCJIOBHSIX.
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PROBLEMS OF WELDABILITY

NUMERICAL CALCULATION OF THE MAIN FACTORS

ON COLD CRACKING

M. STADTAUS, V. MICHAILOV, H. WOHLFAHRT
(Welding Institute, Technical University of Braunschweig, Germany)

Low alloy high-strength steels are nowadays very popular in industrial application offering a number of favourable
characteristics. However, cold cracking is an increasing problem concerning the weldability of these materials. For the
prediction of cold cracking susceptibility many different tests exis. The most important ones are the Tekken (Y-groove
restraint test), the controlled-thermal-serverity (CTS) test and the implant test. But in spite of the same or similar
welding conditions, one gets different minimum preheat temperatures dependant on the used test procedure. Therefore,
a better evaluation of these tests seems to be neccasary. Based on the commercial FEA-tool SYSWELD three main
factors on cold cracking were investigated for MAG-welded Tekken specimens: the distribution of microstructure, the
stress-strain state and the hydrogen concentration. The analysis was performed for S690 low-alloy high-strength steel.
Also, welding experiments were carried out to determine temperature field and microstructure.

Ha ceroist HU3KOJIETHPOBAHHbBIE BBICOKOIIPOYHBIE CTAJH, IUPOKO IIPUMEHSIEMbIE B TPOMBIIILICHHOCTH, 00eCIeYNBAIOT PSI/]
CyIIecTBeHHbIX npenmyiiectB. OHAKO 00pa30BaHNe XOJOJHBIX TPEIINH MPEACTABISET COO0I MPOOIeMy, KacaoNyocs
CBApUBAEMOCTH 3THX MaTepuayoB. CylecTByeT MHOXECTBO PAa3/IMYHBIX METOJMK MHCIIBITAaHUN JIJIST IIPOrHO3MPOBAHUS
YyBCTBUTEJIBHOCTU K 00pasoBaHuio 3Tux Tpenut. Hanbosee apdeKTHBHBIME SBJSIOTCS HCIbITAHNE HA Tpe-IMHOO0OPA30-
BaHIe 3aKpeIIEHHOro o6pasna ¢ Y-06pasHoil pasjenkoil o TekkeHy, MCIIbITAaHNE TIPH KOHTPOJUPYEMOM TEPMUYECKOM
sosgeiictun (CTS) u ucnbitanue mo Meroay BCTaBok. Ho, HECMOTDSI HA aHAJIOTMYHBIE PEXKUMbI CBADKH, B Pe3yJibTaTe
HOJIY4aIOT Pa3JInuHble MUHUMAJIbHbIE TEMIIEPATYPbI IIPEABAPUTEIBHOTO 0/I0TPeBA B 3aBUCUMOCTHU OT BbIOPAHHOIT METOMKI
UCTIBITAHNUS, TIOATOMY CYIIECTBYET HEOGXOANMOCTD B YCOBEPIIIEHCTBOBAHUH OI[EHKH 110 9TUM MeTonKaM. C HCI0Ib30BaHIEM
CHCTEMbI aHAJIN3a I10 MeTO/ly KOHeuHbIX ajieMeHToB SYSWELD Ha o6pasiiax, BbIoTHeHHBIX cBapKoit MAT, 11 ncribrranuit
1o TekkeHy ObLIM HCCJIEOBAHDBI TPU OCHOBHBIX (PAKTOPA, OKA3bIBAIOIINX BJIMSHEUE HA 0OPA30BaHUE XOJOJHDBIX TPEIUH:
pacrpeieJieHie MUKPOCTPYKTYPbI, HaNpPsDKEHHO-Ae(POPMIPOBAHHOE COCTOSIHME W KOHI[EHTPAIHsS BOAOPOJA. AHATHN3 BbI-
TIOJTHSLIICST HA HU3KOJIETHPOBAHHOI BbicOKONpouHOit ctamn S690. Takske ObLIM MIPOBEJEHBI CBAPOYHbBIE UCIIBITAHUS C I[€JIbIO

ollpezie/IeHUsT NOJISL TeMIIepaTyp U MUKPOCTPYKTYPBL.

Introduction. One of the most important considera-
tions in the welding of steels is the prevention of cold
cracking. Diffusible hydrogen content generated
under the welding arc accumulates at the heat-affected
zone (HAZ) with hardened microstructure [1].

For the prediction of cold cracking susceptibility
many different tests exist in industrial practice. The
most important ones are the Tekken (Y-groove rest-
raint test), the controlled-thermal-serverity (CTS)
and the implant test. In spite of similar welding con-
ditions, different minimum preheat temperatures re-
sult from the specific characteristics of each test. Pos-
sible reasons are varying geometries of cold cracking
specimens and clamping conditions. Thus, a better
estimation of these test procedures seems to be man-
datory. Within the scope of a recent research project,
the main factors on cold cracking are to be investigated
numerically for each test. These factors are the mic-
rostructure, the stress-strain distribution and the hyd-

rogen concentration. The present work deals with
MAG-welded Tekken specimens.

Material and experiments. In the present work,
the MAG welding of S690 low-alloy high-strength
steel is investigated. The chemical composition of this
steel and some typical mechanical properties are
shown in Table 1.

The used test procedure, the Tekken test, serves
to examine the cold cracking susceptibility of base
materials and welding consumables used for arc wel-
ding. This test provides a qualitive assessment (cracks
or no cracks) and determination of minimum preheat
temperature, minimum heat input or maximum diffu-
sible hydrogen content for freedom of cracks [3]. The
schematic set-up of the test is shown in Figure 1 [2].
The test welding is applied as a single-pass root weld.
Welding parameters can be found in Table 2. During
welding, temperature-time curves were recorded using
thermocouples. The positions of the thermocouples
are shown in Figure 2. Microsections of the weld and

Table 1. Chemical composition and mechanical properties of S690 steel [2]

Material C Si Mn S Al Cr Mo IIS}I)%’i l\[/ig’a A%f'
S690 0.17 0.54 0.84 0.011 0.031 0.89 0.4 770 854 14.7

© M. STADTAUS, V. MICHAILOV, H. WOHLFAHRT, 2002
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Figure 1. Schematic configuration of Y-groove test (¢ — single-pass
root weld; b — anchor weld; thickness of the plate § = 18 mm;
root gap g = 2.2 mm) [2]

the HAZ have been investigated to determine the fu-
sion zone. The experiments were carried out by the
Federal Institute of Materials Research and Testing
in Berlin, Germany. The results are needed to validate
the thermometallurgical calculations.

Numerical model. It has been well recognised that
hydrogen assisted cracking occurs in the HAZ or in
the weld metal if the following four conditions are
present:

e temperature lower than about 250 °C;

e a microstructure susceptible to hydrogen;

e stress intensity of sufficient magnitude;

e critical concentration of diffusible hydrogen at
a crack tip.

The commercial software SYSWELD allows the
calculation not only of temperature field, phase tran-
sformations and stresses, but also of the hydrogen
distribution during and after welding. To take the
important effects into account, three calculation steps
have to be performed:

e coupled thermal-metallurgical calculation;

e mechanical calculation under consideration of
temperature field and phase transformations;

e calculation of the hydrogen distribution under
consideration of temperature field, phase transforma-
tions, stresses and strains.

The first two steps were carried out using a full
3D model with more than 30 000 solid elements (Fi-
gure 3, left). First calculations showed, that this
model was not practical for a hydrogen analysis due
to the high numerical effort, if stresses and strains
are taken into account. Therefore, the problem di-
mension for the hydrogen analysis has to be reduced
to a 2D cross-section model (Figure 3, right).

However, to increase the accuracy in 2D analysis,
the clamping conditions, gained in the 3D mechanical
calculation, were mapped on the cross-section model
(Figure 4).

The material properties needed for the thermal
model are density p, heat conductivity A and specific
heat capacity c,. These temperature-dependant pro-
perties were taken from [6]. The calculation of mic-

Table 2. Parameters for MAG welding

75
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29 &
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Figure 2. Positions of thermocouples (7=5) on top and bottom side
of the test specimen

L
18,
La

rostrural transformations is based on a CCT diagram,
which was taken from [2]. A detailed description of
this model is given in [7].

The mechanical material properties dependant on
temperature and phases can be found in [8]. The
Young’s modulus E is assumed to be only temperatu-
re-dependant whereas yield strength o, and the ther-
mal strains ¢, are also a function of the phases.

Model for hydrogen diffusion. The model for hyd-
rogen diffusion is based on [9, 10]. Equation (1) is
the hydrogen diffusion equation in the general case
published in [9]:

6 m m
N P Py

m
o nkl_1 T +1—1 o +1§ ADypimy) —

(1

= > Dymy [Ap; + 2V In w,Vp] — 22, V(DypmV In yy),
=1

where 7 is the concentration; ¢ is the time; p is the
volume; D is the diffusion coefficient. In [9] is assu-
med, analogically to [11, 12], that there is no uniform
initial hydrogen distribution in the material. Work
[9] introduces so called sites which are divided in m
classes. Class 1 contains the normal microstructure
with an uniform hydrogen distribution and reversible
traps. The other classes consist of irreversible traps and
obstacles. y; and ,, describe the probabilities of site
[ or site k to capture hydrogen. t;, and 1, are transfer
times of a hydrogen atom from a point r (site k) to
another point 7' (site 1), respecively, from 7' to r.

In equation (1) two kinds of terms exist: those
involving the concentration n;, which describe local
exchanges between sites tending to establish thermo-
dynamic equilibrium and those involving derivatives
of ni, which describe diffusion phenomena.

Work [9] introduces the solubility S. Assuming
site k has the solubility Sy at an arbitrary external
hydrogen pressure py means that S is proportional
to the capture probability y. The simplified notation
Dy = Dy, and Dy, = Dy leads to the following equation:

I, A U,V v, M/ min Gas composition

Wire diameter,

Wire feed, m /min
mm

Wire type

278 34 0.5854 M21: 18 vol.% CO»,

82 vol.% Ar [4]

Thyssen, MT- 1.2 8.9
NiMoCr 90 [5]
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It is obvious that for practical purposes equation
(1) contains too many parameters and that one must
look for simplified assumptions to reduce the number.
It can be furthermore simplified by using dependencies
of the probabilities and the diffusion coefficients as
well as the solubilities. A very detailed explanation
of the theory can be found in [9]. Using mathematical
manipulations (1) can be reduced to the following
equation (3), which was used for the hydrogen dif-
fusion calculation in this paper:

omy __mp 0 pim (|| (3
v T—k+1§ T +Q+V{D,Slvl§(sl . ®

To consider hydrogen traps and sources, equation
(3) contains the additional term Q. Furthermore, equ-
ation (2) shows, that the product D;S; does not depend

on [. Tt is now defined as the permeability P:
DS, =P. (4)

This model can take into account the following
phenomena:

2D cross-section model

e the influence of trapping phenomena. The traps
are areas of the material of different types (interstitial
atoms, grain boundaries, dislocations, inclusions,
etc.) which «retain» more hydrogen than the rest of
the material. In practice we consider that the material
contains three types of sites: ordinary sites, reversible
traps and irreversible traps;

e the influence on thermal and metallurgical his-
tory on the diffusion;

e the influences of non-uniformities of solubility;

o the influence of stresses, plastic strains and plas-
tic strain rates.

The properties to be entered for a material are
[13]:

e permeability (it can depend on the temperature,
the hydrostatic stress and the plastic strain rate. It is
provided for each metallurgical phase. It does not
depend on the sites (type of trap));

e solubility (it can depend on the temperature,
the hydrostatic stress and the plastic strain. It is pro-
vided for each metallurgical phase and each site).

To get information about the influence of these
dependencies requires a lot of experimental work. In
the present paper known data from literature was

BECTIONS
Tem

Tima 460001
(Ret.Glokd)

Min=23. 6888
Max 2356 81

— TYEASUFE
calCulated

300 f s

Figure 4. Validation of the temperature calculation with micrograph (left) and thermocouples (right)
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Figure 5. Microstructure after cooling to ambient temperature

taken. Some simplifications and assumptions were
made concerning the hydrogen diffusion calculation:
¢ no hydrogen content in base material;

e 5 ppm hydrogen in weld metal;

e the permeability depends on temperature and
phases only;

e neglection of irreversible trapping phenomena;

e consideration of the influence of temperature,
phases, hydrostatic stress and equivalent strain on the
solubility.

Results and discussion. Thermo-metallurgical
calculation. The validation of the transient tempera-
ture field was done with micrographs and thermoco-
uples. Figure 4 (left) shows a comparison between
micrograph and maximum temperature, which was
reached during welding. On the right side of Figure 4
a comparison between measured and calculated tem-

y

perature cycles can be seen. There is good agreement
of the thermal model with the experimental results.

The results of the metallurgical calculation are
summarized in Figure 5. One can see that the ferritic
phase in the weld region is completely transformed
into martensite (maximum of 90 %) and bainite (max-
imum of 40 %). Especially the martensite content is
important, because this phase is most susceptible to
hydrogen.

Mechanical calculation. To consider hydrostatic
stress and equivalent strain in the hydrogen analysis,
it is necessary that a mechanical calculation is carried
out beforehand. A validation of the mechanical model
was done using the optical grating method. It is ca-
pable of a 3D surface distortion measurement with
high accuracy. A detailed description of this method
can be found in [14]. Figure 6 shows the calculated

Figure 6. Comparison between calculated and measured distortion fields in y-direction (bottom view of Tekken specimen)
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Figure 7. Calculated distribution of equivalent strain and stress, MPa, perpendicular to the welding direction in a cross-section

(left) and measured distortion field in y-direction
(right) of the bottom side of the Tekken specimen.

With respect to hydrogen diffusion, the stress-
strain state in the weld and HAZ is important. In
Figure 7 the calculated equivalent strain (left) and
the stress perpendicular to the welding direction
(right) are shown (element solution). There is a max-
imum of eeqv and oyy in the left corner of the root,
where a crack is likely to occur in Tekken specimens.
The results are in good qualitative agreement with
those of [1].

Hydrogen diffusion calculation. The material pro-
perties, which were used for the calculation of the
hydrogen distribution are taken from [15, 16] and are
as follows:

e permeability, ppm-mm? /s

a-phases
Py = 6.82¢716016/ T for T < 1500 °C, )
Py =0.51 for T > 1500 °C; 6)
y-phase
Py = 7.276¢7740 T for T < 1500 °C, (N
P, =0.2856 for T > 1500 °C; (8)
e solubility, ppm
5.0
E
& 45 —
e 4.0 — T st
=
E 3.5
£ 30
m
£ 26
o
920
215
:
i 1.0
Tos
1 'l 1 Il [l 1 'l 1 1
0 1000 2000 3000 000 1

Figure 8. Hydrogen concentration in the left corner of the root
as a function of time (left) and after 5000 s (right) taking into
account temperature, hydrostatic stress and equivalent strain

o-phases
So = 0'07236((7222.4 + CigeqvTabs + C20m), Tabs) (9)
for T < 100 °C,
Se, = 424462613 + CecavTabs + Coom) Tabs) 10)
for T > 100 °C;
y-phase
Sy = 42,7671 T, (n

Here, T, is the absolute temperature; C; and C,
are the constant factors with the values of 3.91 and
0.24, respectively. These were taken from [15] and
[16].

The results of the hydrogen calculation are sum-
marized in Figure 8, the left side of which shows the
time-dependant solution of element 430, located in
the left corner of the root.

In a first approach only the thermal dependance
of the solubility was taken into account (C; = Cy =
=0). A second calculation was carried out, conside-
ring temperature, hydrostatic stress and equivalent
strain in accordance to equations (9) and (10). A
significant influence of the stress-strain state on the
hydrogen distribution can be observed. Due to the
higher solubility, a local maximum of hydrogen con-
centration occurs in the area, where high stresses and

H-oong, ppm
Min=0,00
Miz=4 03742

0.365642
0. 732821
1.1
148718
1.53435
2.20153
2 54871
2 03580
3.30307
3 8TO28

RAARRRARND

H-Cane , P
Min=0.00
Miux=3 TBIAT

0342074
0888214
1.03035
137449
1. 71863
2.06277
240691
275108
3.00518
3.43933

QIR

H-cone. =f(T)
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strains arise. Thus, the mechanical analysis is an im-
portant step in the calculation of hydrogen diffusion,
which cannot be neglected.

Summary. In the present paper, three main factors
on cold cracking were investigated with a commercial
finite element analysis tool: the distribution of mic-
rostructure, the stress-strain state and the hydrogen
concentration. The numerical models for the tempe-
rature and the mechanical analysis were validated
using thermocouples, micrographs and the optical gra-
ting method. The calculations show, that a critical
combination of the main factors on cold cracking is
likely to occur in the root of the test welding. The
consideration of stresses and strains in the hydrogen
diffusion calculation is necessary. Neglecting the
stress-strain state leads to a lower hydrogen concen-
tration in the root of the weld.
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ROMIOJAERCHBE CHCTEMBI, BOITPOCH OIITHMWIALLHH

IIPUMEHEHUE MATEMATUYECKOTO
MO/JIEJIUPOBAHUY 111 UCCJIEJJOBAHUS
XAPAKTEPHbBIX SBJEHUMNA,
BO3HUKAIOIINX TP CBAPKE (HAILJIABKE)
PA3HOPO/IHBIX CTAJIEN

B. 1. MAXHEHKO, T. 1I0. CATIIPBIKNHA
(Un-1 snexrpocBapku uM. E. O. Ilatona HAH Ykpaunsi, r. Kues)

PaccMOTpeHbl ceMb OCHOBHBIX HANPABJICHUI, CBI3aHHBIX ¢ IIPOGJIeMaMy, BOZHUKAIOIMMY 1IpU cBapke (HalIaBKe) pasHo-
POIHBIX CTaJIell ayCTeHNTHOTO 1 (heppuTHOTO KiIaccoB. Ha ocHOBe paGoT, omyOIMKOBAHHBIX B MOCJIEAHUE TO/bI, TIPOBEIEH
AHAJIM3 METOJ0B, MIPUMEHSAEMbIX JIJIs UCCJEA0BAHUS XaPAKTEPHbIX SIBJEHUH, BOZHUKAIOIMX P cBapke (HaliaBke) pas-
HOpoAHbIX craseil. ITokazana po/b MaTeMaTUYECKOTO MOAEJUPOBAHMS B PELICHUN PACCMaTPUBAEMbIX 3ajau.

Seven areas associated with problems arising in welding (surfacing) of different steels of the austenitic and ferritic
grades are considered. Methods used to study characteristic phenomena occurring in welding (surfacing) of different
steels are analysed on the basis of studies published in the last years. The role of mathematical modelling in solving

the above problems is shown.

BBeaenne. CBapka pasHOPOIHBIX CTaJiell SBJSETCS
olHUM U3 PyHaMEHTAIbHBIX HAITPaBJIEHUIT COBpEMEH-
HOTO CBAapOYHOTO INPOU3BOJICTBA M COJEPIKUT IIEJIbIN
P IPOGJIEM, OT PEIIEHNST KOTOPBIX 3aBUCUT KaYeCTBO
cBapHbIX coenunenunii. Ilesab Hacrodmieii ctatb — Jie-
MOHCTpAIUSI IMOTEHI[UAJbHBIX BO3MOYKHOCTEH IpU-
MEHEHUsT MaTeMaTHYECKOTO MOJEJUPOBAHUS JIsT HC-
cJIe[JOBAaHUST XapaKTePHbBIX SIBJEHUI, BO3HHKAIOI[UX
NP  CBapKe Pa3HOPOAHBIX CTajJell Ha MpHUMepe
HamboJiee PaCIpPOCTPAHEHHOTO CcoYeTaHust ¢eppur-
Has + aycTeHUWTHAs cTagb. PaccMoTpuM ceMb Harpas-
JIEHWH, CBS3aHHBIX C MPOOJEMaMi, BO3HUKAIOIUME
npu cBapke (HaIIaBKe) TaKUX CTaJei:

1. HarpeB usaenusi, pa3mMepbl 30HbI TTPOTLIABIEHUST
U ee CPpeIHuil XUMUYECKUI COCTaB.

2. IlepBuuHast KpUCTAIN3AIHS, OCOOEHHOCTH JIO-
KaJIbHOI XUMIYeCKOW HEOTHOPOITHOCTI I MUKPOCTPYK-
TYPbI Y TPAHUIL CILJIABJICHHUS.

3. O6pazoBanme KapOUIOB.

4. MUKpOCTPYKTypa U CBOICTBA MeTa/Ja B 30HE
nporiaByaenus 1 3TB.

5. Hampsokenust m gedopMaiiui pu cBapKe pas-
HOPOJIHBIX CTaJIei.

6. PuCK MOSBIEHNS TOPSYNX U XOJIOAHBIX TPEIIVH.

7. IloBenienrie coeIMHEHNI MICCTIElyEMbBIX CTAJEN B
AKCILTyaTAIIMOHHBIX YCJIOBUSX.

HarpeB usnesns, pasMepbl 30HbI MPOILIABJIEHUS
U ee cpeJHHil XUMHYECKHil COCTaB — OCHOBHBIE TPO6-
JIEMBI JIJIs1 CBapKu MeTaJioB. O[HAKO [IPU CBapKe pas-
HOPOJHBIX CTaJIell OHU UMEIOT OTpe/ieIeHHbIe 0COOEH-
HOCTH, CBSI3aHHBIE C TETLIO(PU3NIECKUMH CBONCTBAMU.
ITO CYIECTBEHHO BJIMSIET HA PACIPOCTPAHEHNE TEILIa
OT UCTOYHHUKA CBAPKU U Pa3MePbl 30HbI MTPOILIABJIEHUST,

© B. 1. MAXHEHKO, I 10. CAIIPbIKMHA, 2002

OT 4ero 3aBUCUT CPeHUI XNMUYEeCKUl COCTaB 30HDI,
MUKPOCTPYKTYpa U cBoiicTBa. [laBaTh BaskHble OIIEHKU
JUIS MeTasia 30HbI IPOILJIABJICHUS, €CJU HM3BECTEH
XUMUYECKHMH COCTaB 30HBI, II0O3BOJIAIOT JMarpaMMbl
tuna auarpammbl Hleddaepa (puc. 1) [1], urto ABag-
€TCS JOCTATOYHO CUJIbHBIM CTUMYJIOM K Pa3BUTHIO Me-
TOJIOB ITPOTHO3UPOBAHMS 3TOTO COCTABA B 3aBUCUMOCTHI
OT COJIep>KaHMsI UCXOHBIX MAaTEpPUAJIOB, PEKUMOB U
ycaoBuit cBapku. Ilpum artoMm wucrosb3yerca 3aBu-
CUMOCTbD:

X = z XlDl,

rme X — cpeaHee coepsKaHne 3JieMEHTa B 30HE ITPOII-
JIaBJIEHUA JaHHOTI'O ITPOXO/i4a, %; Xi — COo/iepsKaHue
9TOTO 3JIeMEHTa B i-M y4acCTKe 30HbI ITPOILJIABJICHUA;

D; — [onad i-ToO ydyacTKa B 30HE HPOILIABJICHUS
(puc. 2).
Wi 0 5d.%

L
i

1

|
Cred

Puc. 1. Juarpam
® — deppur (
temmeparype mimke 399 °C;
mpu Temiepatype Bbime 1249 °C;
obpabotku npu 499...899 °C;

KOCTD) -

Heddaepa: A — aycrenur; M — MapTeHcur;
HH H — o6p==~BaHne MApPTEHCUTHBIX TPEIIUH [PU
— HpasoBaHNe TOPSYMX TPENITH

& — XPYIKOCTD IIOCJIE TEPMO-
BBICOKOTEMIIEPATYPHASL XPYII-
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Dy

Puc. 2. Cxema onpe/ieJieHUs] CPe/IHEr0 XUMUYECKOT0 COCTaBa MeTal-
Jla 30HbI IPOTIJIABJICHNS TIPH CBapKe Pa3HOPOAHBIX Matepuasos I n
IT B saBucumocTu oT o6bema mnpoiuviasaenuss Dy, Dy, Dy, Dy
KPUCTAJIN3YIOMelics CBAPOYHOIl BAaHHBI

3uavenust D; TPAAUIMOHHO ONPENENSIIOTCS dK-
CIIEPUMEHTAJIBHO, UTO JI0CTATOYHO TPYI0EMKO JIJIS [I0C-
TPOEHUST COOTBETCTBYyIOMIEll 6aspl 3HAUEHWIT B 3a-
BUCHUMOCTH OT PA3JIMYHBIX TEXHOJOIMYECKUX U KOHCT-
PYKTHBHBIX (DaKTOPOB.

ITepBbie pacyeTHbIe MOAXO/IbI K ONUCAHUIO OCOGEH-
HOCTEIl TEIJIOBBIX HPOIECCOB IIPH CBApPKe Pa3HOPO/-
HBIX MaTEPUaJIOB OblLIM CBSI3aHBI C AHAJTMTHYECKUMU
PEIIEeHUSIMHE [IJIS OZIHONIPOXO/IHOW CBAPKH Y3JI0B U3 Pa3-
HOPOJHBIX MaTteprasoB [2, 3], 0HAKO ¢ UX TTOMOIIIBIO
HOJIYYUTDb HA/IEKHbIE 3HAUEHNUST /71 D; OBOJIBHO TPY/-
HO. PasBuTHE BBIYNCIUTENHHON TEXHUKH 1 YNCTEHHBIX
MeTO/IOB [4] cyliecTBeHHO pacIIUpUIN BO3MOKHOCTH
MO/IEJIIPOBAHUS IIPOIJIABJIEHNS] CBAPHBAEMOTO Mare-
pHaJia B 3aBUCUMOCTHU OT YCJIOBHUIT U PEKUMOB CBAPKH,
[puYeM PasHOPOAHOCTD CBOMCTB HE CO3/IAeT 3aMETHbBIX
npo6saeM. [l TOJTyYeHUs] a[eKBATHBIX PACUYETHBIX
JIAHHBIX O Pa3Mepax 30HbI TIPOIJIABJEHUS] UCIIOJIb3Y-
I0TCSI MAaTEMATHYECKIEe MOJIEJTH, OCHOBAHHDIE HA TEOPUH
TEIJIONPOBOAHOCTH IIPH  YCJOBUH, YTO TEII0(u-
3WYECKUe XAPAKTEPUCTUKY 3aBUCAT OT TeMIIepaTyphl,
a B psi/ie CJIy4yaeB elle M OT MUKPOCTPYKTYPHOIO COC-
TOSIHUSI MaTepUaJa.

IlepBuuHasi KpHCTaIU3anMsi, OCOOEHHOCTH JIO-
KaJIbHOIl XMMHY€CKOIl HeOJHOPOJHOCTH M MHKPOCT-
PYKTYPBI Y IpaHull ciiaBjeHus. IIporieccol, omnpee-
JISIIONIME CTPOEHHE W CBOWCTBA 30HBI CILIABJIEHHUS,
MOTYT ObITb YCJIOBHO pas/ieJIeHbl Ha JiBe rpymibl [S]:

I — co6cTBEHHO TIPOIECChl KPUCTAJLIN3AINK Pa3-
HOPO/IHBIX MATEPUAJIOB, OINPEAEJISIONe IEPBUYHYIO

HanpaesneHue Ceapkwn

Mpanvua
CONUAYC— NMKBUAYGC

Puc. 3. Cxema KpuCTa/LIN3A1NH CBAPOYHOIT BAHHDI BOIM3H IPAHHILDI
IIJTaBJIeHNsl OCHOBHOTO MeTasia: | — OCHOBHOH Mertamm; 2 —
rpaHulia ILJIABJIEHUs; 3 — CBapouyHas BaHHA; 4 — TpaHUlA
KPUCTAJIN3YIOMUXCS 3epeH

MUKPOCTPYKTYDY 30HBI CILJIABJICHUS, & BO MHOTHX CJIy-
YasiX 1 KOHEUHYI0 MUKDPOCTPYKTYDY 3TOH 30HBI;

II — mpouecenl, cBsa3anuble ¢ AUGEHY3UOHHBIME
SBJICHUSIMI B 3aKPUCTAJJIN30BABIIEMCS MeETAJLIE,
o6pa3oBaHneM KapOUI0B BO BPeMsI OXJIAXKIEHUS U TIPU
MOCJEAYIONNX TEXHOJOTMYECKUX W 3KCILIyaTaIl[MOH-
HBIX HarpeBax.

N3BecTHO, YTO B YCJOBUSAX CBApPKH IIJIaBJIEHUEM
IEHTPAMU KPHUCTAIN3AINN CBAPOYHOH BAHHBI SIBJIS-
IOTCSl OIJIaBJIEHHble 3€pHAa OCHOBHOTO MeTalla, K
peleTke KOTOPBIX IPHUCTPAUBAIOTCS ATOMBI KPIHC-
tasmsyomeiics dasbr (puc. 3) [6]. CropocTb Takoii
KPUCTAJIIU3AIUN 3aBUCUT OT IapaMeTPOB pekuMa
CBapKH, 4YTO OmpefesseT pasMep, GOpMy U CKOPOCTDb
nepeMelennst 130TepmMbl 1 IIPUMEPHO CPEHETO COC-
TaBa CBApOYHOW BaHHBI. l3-3a passuvyHONW pact-
BOPHMMOCTH JIETUPYIOIIUX 3JIEMEHTOB 30HbI IIPOILJIAB-
JIeHNsI B JKUJKOH M TBepAoi (pase XMMCOCTaB BJOJD
oceil pacTyImux KPUCTAIUTOB GY/IET CYIIECTBEHHO Me-
Hsithest. CHavasia (HECMOTPSI Ha CPe/IHUIT 3HAYNTETBHO
JIETUPOBAHHBI ~ COCTAB  30HBI  MPOILIABJICHHUS) Y
TPAHUIBI CIJIABJIEHUSI KPUCTAJNIN3YETCS CIJIAB C He-
BBICOKIM COJIeP>KaHUeM YTJIepo/a, NUMEIOIIIi MIKPO-
CTPYKTYpY Hu3KoJerupoBaHHoro o-¢eppura. C yse-
JIMYEHNEM pasMepa KPUCTAJLIA CTEIEeHDb JIeTHPOBAHUS
U coJiepKaHue yriaepofa MPUOIMIKAETCS K CpelIHeMY
COCTaBY MeTaJslIa 30HBI IPOIJIABJIEHNUs, T.€. B OIpe/Ie-
JIEHHDBIIf MOMEHT HaunHaeT KPUCTAIIN30BaTbCs HU3KO-
JIETUPOBAHHbBIN ayCTEHUT, a 3aTeM JIeTHPOBaHHbIN ayc-
TEHNT, COCTaB KOTOPOTO COOTBETCTBYET CpeIHEMY
XUMHUYECKOMY COCTABY METAJsjia 30HBI MTPOILJIABJIECHUS.
30Ha JIETHPOBAHHOTO AyCTEHUTAa MOKET COXPAHSTDH
CBOI0O MUKDPOCTPYKTYPY 0 HOJHOTO OXJIAXKJCHUS, B TO
BpeMsl KaK OCTaJbHbIE 30HBI IIPETEPIEBAOT M3Me-
HEHUS, CBSI3aHHbIE C aJJIOTPOIMYECKUMMHU IIpeBpa-
menusamu xenesa (puc. 4). Ykazannoe 06CTOATEIbCT-
BO SIBJISIETCS] TIPUUNHON (POPMHUPOBAHNUS TaK Ha3bIBae-
MOW TapaJiieIbHOM TpaHUIlbl [4], HaaWume KOTOPOit
Ha6JII0TaeTcs Ha COOTBETCTBYIOIINX MaKpouuirdax
(puc. 5). IlapanienpHas rpaHuLla — MECTO 3Ha-
YUTEJbHON KOHIEHTPAIMU Pa3JNYHbIX IpUMeceii,
MubGYHIUPYIONNX K IPAHUIIAM [TPH BBICOKUX TEMIIe-
paTypax 1 B IPOIlecce ayCTeHNTHOTO MTPEeBPAIleHNS BbI-
JIeJIIONIUXCSA K TpaHulle HeayCTeHUTHOH CTaju, 4To
SIBJISETCI TPUYMHON MEXKPHUCTAJUINTHBIX XPYIKUX
pa3pylIeHnii, ITPOUCXO/ANINX HeTOCPeCTBEHHO TI0

11 (rpanaua TPEHILE COMILYC- TAREBMIYD

! "q. T 5 LY
AyCTEHMTHEIR Y '”"""""‘"'"":'_.‘..,L *
METAN WA ".‘ MNapannansHan

NMepayseei
AYCTEHMT

Puc. 4. KnneTnka MUKPOCTPYKTYPHBIX M3MEHEHHH Pa3HOPOIHBIX
METAJLIOB B CBADHOM 1lIBE B 30He, PACIIOJN0KEHHOI BOJIM3U IPAHUIIbI
crutaBiernst (OCHOBHOIT MeTa/I — YIJIEPOIUCTast HU3KOJIETHPOBAH-
Hasi CTaJb)
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napajuieTbHON Tpanuie. [ledeKThl THIIA TapaJenb-
HBIX TPAHUIL IBJIIIOTCST TOJIBKO PA3HOBUIHOCTHIO GOJIb-
IIO¥ TPYTIIBI 1ePeKTOB, (POPMUPYIOMIUXCS B ITPOIECCe
kpuctamusaimn. Ha ux o6pas3oBaHue CyIIecTBEHHO
BJINSIIOT XUMCOCTaB 30HbBI IPOTLIABJIEHNSI U OCHOBHBIX
MaTepHaJioB, CKOPOCTb KPUCTAJIN3AIINN U TIpoyee. Y c-
TAHOBJIEHWE  COOTBETCTBYIOIIUX  KOJMYECTBEHHBIX
3aBUCUMOCTEN MEX/y HUCXOAHBIMHU IIapaMeTpaMu U
KHHETHKOW KPHUCTAJIH3AIMOHHBIX IPOIECCOB, IPO-
UCXOJSANINX BOJIU3M 30HBI CILJIABJIEHUS, C UCIIOJIb30-
BaHUEM B KAYeCTBE <«PEMEPHBIX TOUYEK» IKCIIEPUMEH-
TAJIBHBIX JAHHBIX O KOHEYHBIX MUKPOCTPYKTYPax Ju60
0 XuMHI4ecKoi HeoHopoaHocTH (puc. 6) [7], sBisercs
aKTyaJbHON 3ajaveil MaTeMATUYeCKOTO MOJIEJIH-
pOBaHusI.

O6pasoBanne kapougos. [1g craseil mambosee
xapakTepen Kapouz xene3za FesC — memenTur. B cos-
PEMEHHBIX CTAJIIX MOMUMO JKeJie3a TPUCYTCTBYIOT U
JIpyTre MeTaslIbl MePeXOJHOH TPYMIIBI, PACIOJIOMKEH-
HbIe B TIEPUOMYECKOIl CUCTEME DIEMEHTOB JIeBee Ke-
ge3a [8]. IMoaromy, kpome Fes;C Bo3MOXKHO 06paso-
BaHue emnle psga MONO0GHBIX KapOUIOB ¢ Me-
TAJLTMYECKUMU CBOWicTBaMu. IIpuMeHHTESBHO K pac-
CMaTPUBAEMOMY COYETAHUIO CTajell 3TO MOTYT ObITH
kap6uzasr Ti, V, Nb, Cr, Mo, W u ap. AKTHBHOCTb
Kap6u1006pa30BaHusT U YCTOWYMBOCTL KapOWIOB B
JIETHPOBAHHBIX CTAJSIX GyAeT BO3pacTtaTh B 0O6PATHOM
MOPSIIKE TT0 OTHOIIIEHUIO K TIePEYNCIEHHBIM 3JIEMEHTaM
[9]. B cramsax kap6ujpl Bcex 9THX JETHPYIOMIUX JJie-
MEHTOB COZIepPIKaT B pacTBOPe kejie30. IIocKoIbKy yKa-
3aHHble KapOua006pasyioliiie PacTBOPSIOTCSI B O- U
y-’KeJie3e, a KOJIMYECTBO YIJIEPOAA B JIETHPOBAHHBIX
CTalIX [OCTaTOYHO OTPaHWYEHHOE, 3HAUUTEJIbHAS
YacTb JIETHPYIONUX KapOumo00pa3yonux 3J1eMeHTOB
(HanpuMmep, XpoMa) COAEPIKUTCS B PACTBOPE JKeJie3a,
4TO 00ECIIEYNBAET CILIABY OIpeE/leJeHHbIE CBOWCTBA,
HAIpUMepP, CTOWKOCTb K KOppo3uu. Ilpu comepskanum
XpoMa MeHee 12 % B pacTBope sKejie3a Pe3KO CHUIKa-
€TCST COIPOTUBJISIEMOCTD €r0 K Kopposuu. Iloatomy Jio-
KasibHoe 06pa3oBaHie KapOuJ0B XpOMa MO TPAHUIIAM
AyCTEHUTHBIX 3€epeH MOXKeT TPUBECTH K MeX-
KpUCTAJLIUTHON Kopposuu. [lpencraBienue o Teme-
paTtypax o6pasoBanusi KapOuI0B XpPOMa JaeT TPOiHasT
jquarpamma coctosiiuss Fe—C—Cr mpu 12 u 20 % Cr
(puc. 7). V3 pucyHKa BUIHO, Y4TO TIPU COJEPIKAHUN
yriepozaa < 0,15 % kapOuzabl XxpoMa 06pasyoTcs B cTa-
Jgx npu temieparypax ke 900 °C, korzpa yriepon
HAXOAUTCS B TBEPAOM PAcCTBOpE Keje3a Jub0 B BUIE
FesC. lo mavamna y—o-TpeBpaniennst KapOuapl XpoMa
00pa3yioTcs 3aMelieHneM aTOMOB JKeJie3a B IeMEHTHUTE,
a 3areM 3a CUeT BbIeJIIIoNIerocs: yriaepoga. B urore,
[PY PABHOBECHBIX YCJIOBUSX OXJIKIeHUs HAGJIIOna-
ercst 00pa3oBaHue MUKPOCTPYKTYPBI JIETMPOBAHHOTO
xpomoM (epputa n kap6uaos tuna (Cr, Fe),C npu
6ompmoM (20 %) comepsxanmn xpoma u (Cr, Fe),C +
+ (Cr, Fe);Cs nipu copepxanuu xpoma 12 %. B cayuae
HAJNYKS TPETBETO KapOMI0006pasyomero aJjaeMeHTa
(kpome kesiesa 1 XpoMa) XapakTep Ipolecca N3MeHs-
eTCsT HE3HAYUTEIHHO, eCJIU ITOT HJIEMEHT HAXOIUTCS B
MEePHOINIECKOI TabJIiIle 2JIEMEHTOB INpaBee XPOMa.

Puc. 5. Poct 1eHipyuTOB 110 HAIIPABJIEHUIO K [apaJlJieJIbHOI IPaHuUILE:
1 — OCHOBHOIT MeTasLT; 2 — TapaJsuieJbHasi TPAaHNIER; 3 — CBapHUBa-
eMblil MeTaJLT; 4 — TpaHuIa KPUCTAIM3UPYIOMUXCS 3ePeH

Torna B pactBope Kapbuja XpoMma, KpoMe >KeJesa,
6yIeT TIPUCYTCTBOBATH U COOTBETCTBYIOIIEE KOJUYECT-
BO atoro ajemeHrta. Eciu ke kap6upoo6pasyronmit
2JIEMEHT HAXOIUTCS B TIEPUOAMYECKOil TabJuile aJe-
MEHTOB JieBee xpoMa (Harpumep, THTaH) 06pasyoTCs
KapOu/Ibl TUTAHA, COAEPIKAIINE B PACTBOPE XPOM, Ke-
JIe30 U T. JI. 3aMeTHOe BJIMSIHUE HA Ipolecc 06pas3o-
BaHUA KapéI/IJIOB MOI'yT OKa3bIBaTb JIETUPYIOIINUE HE-
Kap6u1006pas3yoliye 3J1eMeHTbI, HallpuMep, HUKeJb,
CYIIECTBEHHO BJIMSIONINE HA y-o-peBpalnenusi. Bce
3TO 3HAYMTEJIHHO YCJOXKHSET MaTeMaTHYeCKOe OIIH-
canue rpoiiecca o6pa3oBaHus KapOUJI0B B JIETUPOBaH-
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Puc. 6. 3aBucumoctb cozepsxkanus C nuxens (1) u meau (2) B 3one
MPOTIABJIEH I CBAPHOTO coeinuenust craim 2,25Cr—1 Mo, moJyuen-
HOTO € UCIOJIb30BAHHEM ayCTEHUTHOTO MPUCAJ0YHOTO MaTepualia,
OT PACCTOSIHUSL OT TPAHMIIbI IIaB/eHus i (MaccoBas 10 y4acTust
OCHOBHOTO MeTasna: a — 80; 6 — 46 %)
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Puc. 7. Tpoiinas muarpamma cocrostuust Fe—~C—Cr (Cr = const):
a— 12; 6 — 20 % Cr; L — 30Ha JuUKBHIyCA

HOM CIIJIaB€ 30HBI TPOILIABJIECHUS PacCMaTPUBAEMBIX
craJieit.

Hawnb6osree nHTEPECHBIM B TOM HAIIPABJICHIN SBJIS-
eTcs IpUMeHeHune IJIsSi KOHKPETHBIX CILJIABOB TeMIepa-
TYPHO-BPEMEHHBIX juarpaMm (Tuiia MmoKasaHHbBIX Ha
puc. 8, pra craaum X18H9) [10]. M3 auarpaMmbr
BUJIHO, YTO IIpu cojiepskanmnu yraepoga < 0,02 % o6pa-
30BaHUs KapOUIOB IIPAKTHYECKH He TPOMCXO/INT, 1TOC-

T, °C
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700 |
600 | 0,02
0,0
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500 L 0,11% C <
0,03
1 1 1 1 1
110 1107 1.10%  110% 110° tc

Puc. 8. TemneparypHo-BpeMeHHasi juarpamMma o0pa3oBaHusl Kap-
6108 M3Cy B cramm 18Cr—9Ni ¢ passmuHoil MaccoBoii Joseit yr-
aepona, T, — TeMieparypa coJmiyca

KOJIbKY HeOOXOAUMBI JIJIsI 9TUX IIeJIell yTIepo/] MOSKHO
MOJIYYUTh B OCHOBHOM Yepe3 TPETUYHBIH 1[eMEHTUT, a
3TOTO HEJOCTATOYHO JJII HadaJa Ipolecca Kap6uao-
o6pa3oBanusi. Bo3aMokHOCTb 06pa3oBanus KapOMIHBIX
TP/l B KPUCTAJIU3YIONEMCS MeTaJlie, 060raleHHOM
yrJeposoM BOJIM3U TPAHUIl IIPOIIABJEHUS, CYIIECT-
BEHHO 3aBUCUT OT KOHIIEHTpaInu yriaepoja. [Ipu 6osee
BBICOKUX KOHIIEHTPAIMIX IIOCJIEHEro mpoiecc ob6pa-
30BaHUsST KapOWIOB XpOMa CTAHOBUTCS 3HAUYUTETHHO
UHTEHCUBHEe.

Takum 06pa3oM, TIpU PacCMOTPEHUH BOIpoca 06pa-
30BaHU KapOUJIOB B IIPOIIECCE CBAPKU PA3HOPO/IHBIX CTa-
Jiell yKa3aHHOTO COYeTaHMs 3aC/Ty>KUBAIOT BHUMAHYS, TIO
KpaiiHeil Mepe, JBa HAIPaBJEHUS: MEPBOE CBS3aHO C
o6e/IHeHIeEM XPOMOM I'DAHUIL 3ePEH B OCHOBHOM METAJLTe
AyCTEHNTHOH CTaju BOJIM3M TPAHUIL CILJIABJEHWS; BTO-
poe — c¢ o6pa3oBaHNeM KapOUIHBIX TPS/ B 30HE MPOII-
JIABJIEHWS BOJIM3U TPAHUIIBI CTIABJIEHUSI.

MukpocTpyKTypa U CBOMCTBa MeTajjla B 30HAX
npomasieHnss 1 3TB npu cBapke paccMaTpuBaeMbIxX
Pa3HOPO/HBIX CTAJIel OTIPEAETSIIOTCS XUMUIECKIM COC-
TABOM 30H U COOTBETCTBYIOUIMMU TePMUYECKUMU
IUKJIaMu. MareMaTHiecKoe ONNCAaHue MUKPOCTPYK-
TYPHBIX HM3MEHEHUl, MPOUCXOMSANINX MPU CBApKe, B
oTIpefieieHHON cTereHn ampobuposano [11-18]. s
30HBI TPOILJIABJIEHUST PA3HOPOIHBIX CTaslell YKa3aHHO-
ro coyeTaHust HanboJiee yA06HO BETUIIMHO COEPIKAHUS
J-it MukpocTpykTypbl V™ ompejenarh Ha ocHOBe
muarpammbr ledpdaepa (puc. 1). Ilpn sT0M OCHOB-
HBIMU MUKDPOCTPYKTYPHBIMHU COCTABJISIONIUMHU SBJISTIOT-
cs1 aycreHut, GeppuT U MapTeHCUT. BXo/Hble naHHbe
st ux onpepenenuss — Cr®l um Ni®l, ansg kotopbix
UMEIOTCS COOTBETCTBYIONINE 3aBUCUMOCTH. [laHHBIE O
XUMIYECKOM COCTaBe U MUKDPOCTPYKTYpE CILJIaBa I03-
BOJISIIOT B OTIpEIEJIEHHON CTENeHN JieaTh Kak KayecT-
BEHHbIE, TaK M KOJIUYECTBEHHbBIE OIEHKU CJIY KeGHBIX
cBoiicTB MaTepuasa. [Ipumep KauecTBEHHOU OIleHKU
npusesen Ha puc. 9. Ilo enmmamnam V; MoxxHO, B ompe-
JleJIEHHOU CTeNeHU, CUHTE3MPOBATb IEJbIH psl KO-
JINYECTBEHHBIX XAPAKTEPUCTUK (DU3MUECKUX U Me-
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Puc. 9. Jlmarpamma coctosiiust crtaba Fe—Cr—Ni (A; AD; DA;
@ — KPUCTALIU3YIONMECS MOJIbL)
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XaHUYECKUX CBOWCTB CILJIaBa, 3Hasl COOTBETCTBYIOIUE
CBOHCTBA j-fI MUKPOCTPYKTYPHL.

Hanpsikenus u nedopmanuu npu cBapke pasHo-
poanbix craJjei. [Ipu pacuyerax cBapoOYHbBIX Hamps-
sxennit (edopManuii) B cydae cBapKu PasHOPOIHBIX
cTaseil BaXXHBIMU (DAKTOPAMU SIBJSIOTCS FeOMETPHS U
pa3Mepbl cBapuBaeMoro yaia. [Ipu aToM Heo6XOaMMO
Pa3rpaHUYMBaTh MPOIECCHI COOCTBEHHO CBAPKHU KaK
COeIMHEHUS JieTasiell M3 Pa3HOPOIHBIX CTajeil U mpo-
IleCChl HAILJIABKU OJIHOTO Marepuasa Ha Apyroi (r.e.
IPOIeCCHl HAHECEHUST OOJUI[OBOYHOTO CJOSI C IIEJIBIO
IPUJAHNS TETAISIM ONpeleIeHHbIX (DYHKIIMOHATIHHBIX
csoiict) (puc. 10). BakHo yumThIBaTH, YTO B pac-
CMATPUBAEMBIX CIYYasiX MOKET IPUMEHSTHCS MHOTOII-
POXO/IHAs CBAapKa, MHOrocJoiiHas naraaska [19].

CoBpeMeHHOe COCTOSTHUE YMCIEHHBIX METO/IOB pac-
yeTa HANPSDKeHW 1 fedopMaluii Ipu cBapKe 1M03BO-
JISIET YCIIENTHO PEIIaTh 3aa4y OIpe/esIeHNs] OCTaTOou-
HBIX COCTOSTHUH 1 ONMCAHUI KMHETUKU N3MEHEHUS Ha-
npsokennit - (nedopmanmii) Ha PasHBIX  CTaAUSAX
dopMupoBaHUS CBapHOTO coefuHeHWs. BaskHOl Xa-
PaKTepUCTHKOI pacuera Hanpsbrenuit (gedopmarnii)
P CBapKe SBJISETCS TIPEJIes TEKYUECTH CBaPUBAEMbIX
MaTepuaJioB. V3MeHeHre MUKPOCTPYKTYPHOTO COCTO-
SHUST CYIIECTBEHHO BJIMSET HA 3Ty BeqmuuHy. [logr-
BEPIK/JCHUEM K CKA3aHHOMY SIBJISIIOTCS IaHHDIE, TIpUBe-
JleHHbIe Ha puc. 11 oTHOCUTEIbHO M3MEHEeH NS TIpe/esa
TEKYUeCTH PA3JMYHBIX XapaKTePHBIX MUKPOCTPYKTYD
cramu A508. Onu CBHUIETEJNBCTBYIOT O TOM, YTO
paziIuure B CONPOTHBJIEHNM Ae(POPMHPOBAHUIO Y
OTJIEJIbHBIX CTPYKTYPHBIX COCTABJIAIONINX BeCbMa Cy-
NIeCTBEHHO. VcnoJsb3ys Takue JaHHBIE, MOXKHO C JIO-
CTATOYHOI TOYHOCTHIO CUHTE3UPOBATh 3HaueHust 6, (T7)
npu pazmuanoM codetanun V; (T). ITockosibKy Xapak-
TEPUCTUKU YIIPYTOCTU MaJIO 3aBUCAT OT (Pa30BOTO COC-
TaBa KOHCTPYKIIMOHHBIX CTAJIEH, y4eT MUKPOCTPYKTYP-
HBIX W3MEHEHWIl He BbI3bIBaeT MpoOJeM ¢ olpese-
JIeHeM WX BeJWYWH NP pacyeTe CBAPOYHBIX HAIPs-
JKeHnH 1 gedopMaIiii B CBS3U C BO3MOXKHOH JocTa-
TOYHO HIMPOKOW Bapualueil XMMUYECKOro COCTaBa U
MUKPOCTPYKTYPBI METAJJIa 30HBI MTPOILJIABJIEHUS TPH
CBapKe paccMaTpyuBaeMbIX pa3HOPOJHbIX craJeil. Cie-
JlyeT OTMETHTb, YTO B OIPEJAETEHHON CTerneHn
BapbUpOBaHME XUMUYECKIM COCTABOM M MUKPOCTPYK-
TYpOll MOKeT OKa3aTb BJMGHHME HA TeMIeparypHoe
mojie yepe3 KoaUIMEHT TemgIompoBOIHOCTH, 3Ha-
YeHHs KOTOPOTO MOTYT MEHSTbCS B 3aBUCHUMOCTH OT
VKa3aHHBIX MMapaMeTpPOB.

Puck mnosiBieHns ropsiMuX M XOJIOTHBIX TPEUIVH.
HauGosiee xapakTepHBIMH TIPH CBapKe cTajeil pac-
CMaTpUBAaEeMOro KJjacca 4BJAOTCA JedeKTbl TUla
TOPSTYMX TPEIIMH, BO3HUKAIONNE TIPEUMYIIECTBEHHO B
30HE TIPOTIJIABJICHNS, XOTS, B HEKOTOPBIX CJIy4YasX, BO3-
MOJKHO TOSIBJICHNE XOJIOJHBIX TPEIIUH B OKO-JIOMIOB-
HOW 30He (hepPUTHOI cTaK JU6O a’ke B 30HE IMPOII-
gaBienusi. [naBHass mpuumHa o6pa3OBaHUS TOPSIYUX
TPELIH CHIDKEHWE  CIIOCOGHOCTH K Jie-
gopMupOBaHUIO MaTepraa P BBICOKUX TEM-TIepaTy-
pax B TUX. Ilpu cBapke B 30He NPOILJIABJIEHUS] U
MPUJIETAIONNX YYaCTKAaX OCHOBHOTO MeTaJjjga MOTYT

I 111

1 2
WA\ .7 AN
a 1w v
e 2
5 i B H

Puc. 10. CxeMbI CBapHBIX COEIMHEHWIT ayCTEHUTHOH U (heppHUTHOI
craneil npu ofHOMpoxoHoii ceapke (a) n nannaske (6, 6): 1, 2 —
COOTBETCTBEeHHO (heppuTHas U aycreHutHas ctanb (I — 30Ha cBap-
Horo mBa cpeanero cocrasa; I1 u III — puddysnonnas 3ona y
I'PAHUIIBI COOTBETCTBEHHO ¢ (DePPUTHOI U ayCTEeHUTHOI cTasbio; [V
u V — 3TB coOTBETCTBEHHO B (DEPPUTHON U AyCTEHUTHOIT CTATH)

BO3HUKATh pacTtaruBaiomue gedopmaiu. B caydae,
ecyi MaTepHas Hecrmoco6eH TPOTUBOCTOSITh 3TUM JIe-
¢opmanmaM, BO3HIKAIOT HECIJIOITHOCTH — TOpsTIne
TPEIINHBI.

Cy1ecTByeT psii TEOPHii, CBSI3bIBAIONINX BEPOSIT-
HOCTb TIOSIBJIEHUSI KPHCTAIJIM3AIMOHHbIX (a Takke
JIMKBAIIMOHHBIX) TPEMMH C BUJAMU MOJ| KPHC-
TAJIIN3AIUN XPOMOHUKETEBbIX HEPIKABEIOMIUX CTaIeit
ayCTEHUTHOTO KJacca, UTO TOATBEPKIAeTCS 3KC-
MEePUMEHTATBHBIME HCcaeloBaHusIMU. Tak, Ha puc. 12
[11] mokazana quarpamMma CKJIOHHOCTA XPOMOHUKEJIe-
BbIX CILJIABOB K TOPSYUM TPELIMHAM B 3aBUCUMOCTH OT
MOA KpHcTaamu3anuu. V3 pUCYHKA CJIeayeT, dYTo
HanboJiee 6JaTONPHUATHOH sBIseTcst Moga DA, Korga
oTHOIIEHHE K, = Cr®/Ni®Y  (meramnypruveckoe

o, MMa

1000

750 1, \

500 @, 3 \

250 . e,

] 400 800 T, °C

Puc. 11. 3aBucuMocTb npejesa TeKy4ecTu G, OT TeMIepaTypbl U
MHUKDPOCTPYKTypHOTO coctostaust: {1 — V,, =1,0; 2 — V, =1,0;
3 — V,=0,4; V,=0,6 (axcuepument); 4 — V,=1,0; 5 —
V,=1,0
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Puic. 12. 3aBUCHMOCTD CKJIOHHOCTH K FOPSYMM TpelinHaM (Ha OCHOBe
o eq .eq
npoGel Bapectpeiin) or Cr™ /Ni

yCJIOBHE HU3KOTO PICKA MOSIBJEHUS TOPSUUX TPEIIUH
B 30HE IIPOIJIABJIEHUS, UMeIOlIell coCTaB XPOMOHUKeE-
JIEBBIX cTajell) wHaxomurcs B mpeaenax 1,47 <
< Ky <2,00. ITOMY YCJIOBUIO COOTBETCTBYET HEKOTO-
pobIii cpefHuii ehOPMAIMOHHBIN PEKNUM, OIpeseJsie-
MbIii Metopmkoil umcnbitanus (mpo6a Bapecrpeiin).
OpnHako, Kak ciaenayer u3 puc. 13, puck o6pa3oBanus
rOpSAYUX TPEUIMH MOKET CYIEeCTBEHHO 3aBHCETb OT
KOHKPETHBbIX 3HaueHui nedopmaimii B 3one TUX, ko-
TOPbIE COOTBETCTBYIOT JJAHHOW TEXHOJIOTHH.

B pamrax nedopMaInMoHHBIX TEOPUN TIPOYHOCTH
MaTepuasoB u ombita pa6or [20, 21], medop-
MAIIMOHHbBIN KpuTepuii pucka I';; 06pa3oBaHus TPEIUH
¢ HOPMAJIbIO i K €€ IJIOCKOCTU MOXXHO CTPOUTD, €CJIH
U3BECTHA HAKOILJIEHHAs aKTUBHAS IJIacTUYecKas Jie-

s, MM

1 1 1 1 1

0 a5 1.0 15 20 25 30 35 %
6

Puc. 13. Bimsanne Besmuunbl gedopMaruu € B 1pobe Bapecrpeitn
Ha CyMMapHYIO JUInHY [, ropsiumnx TpemnH (@) 1 Ha MaKCUMAJIbHYI0
Inax ONHOM Tpenuubl (6) B pazanunbix civiasax: 1 — 316LN; 2 —
D9; 3 — 316L

dopmarus Dy; B 3ome TUX 1pu  oxjaxkjaeHun

MaTtepuaa:
Dii=D Ay mpu  Agy>0;
i

ot Gii>0 n T1<T<T2,

rae Ty, Ty — rpanuibl TUX.

N3 atoro BbIpakeHHS CJEIyeT, YTO MPU HAXOXK-
nennn Dj; B TUX cyMMUPYIOTCS TOJBKO aKTHUBHbIE
miacTuyeckue aeopMalium, orpeeiseMbie YCIA0BUEM
G;; > 0. Ec/im nsBecTHbI BEIMYNHDI KDUTHYECKUX 3HA-
YeHW &;, To oTHOIIeHue Dy; = D;; /€5 MOKET KOJTmIec-
TBEHHO XapaKTEPU30BaTh PUCK 06pPa30BaHUS TPENUH
I';; B JaHHOI TOYKe 30HbI IIPOILJIABJIEHUs], €CJIU B COOT-
BETCTBUU € METAJJIyPIHYECKUM YCJIOBHEM HU3KOTO
PHUCKa TIOSIBJEHUST TOPSIYMX TPENUH B 30HE IMPOILIaB-
JIeHWsT, MaTepras 06J1aJJaeT I0CTATOYHON 4yBCTBUTEIb-
HOCTBIO K TaKuM Jleperram.

[TosiBeHe XOJIOAHBIX TPENIMH B 30HE MPOILIAB-
JIeHUsI PAa3HOPOJIHBIX CTaJIell pacCMaTPUBAEMOTO KJiac-
ca BO3MOXKHO TOJIBKO TIPW HAJMYUU B 3TOW 30HE Map-
TEHCUTHOM MMKPOCTPYKTYPbI, UTO  CYIIECTBEHHO
OTPaHMYMBAET BAPUAHTBI XUMHUYECKUX COCTABOB CTa-
Jielf, CKJIOHHBIX K 06pa3oBanuio Takux jedekros. Tem
He MeHee, C BO3MOKHOCTBHIO TOSIBJEHUS XOJOTHBIX
TPEIUMH B 30HE IIPOILJIABJEHUS CJEeIyeT CUUTATDLCS.
Boiee BeposiTen prck 06pa3oBaHust XOJIOAHBIX TPEIIUH
B OKOJIOIIOBHOI 30He (epputHoil cramu. [lus 3Toit
30HbI MOKHO HCIIOJIb30BaTh OrPOMHbBIN —apceHaJs
Cpe/ICTB, B TOM uucJe u pacuyetnbix [4, 17, 20, 21],
MpeIHa3HAYEHHDIX [/ TPEAyTIPEXKICHUS XOJOIHBIX
TpenH. PeaJbHBIM KpPUTEpUEM TIPEAYTPEKICHUS
06pa3oBaHmsI XOJOAHBIX TPEIIUH B 30HE TIPOTLIABIEHUS
B HACTOSIIIUI MOMEHT MOKET OBbITh Takoe ycioBue [20],
41O B JI06O# TOYKE 3TOW 30HBI B MUKPOCTPYKTYpE
OTCYTCTBYE€T MapTeHCHUT, JUO0 TIPU HAJIAYAH Map-
TEHCUTA TJIABHbIE HAIPSIKEHUS He SBJSIOTCS Ppac-
TSTMBAIOIINMH.

IloBenenne B skcITyaTaluOHHBIX ycaoBusix. Coe-
JINHEHUST PACCMATPUBAEMbBIX PA3HOPOJHBIX CTaJen

o108, rpag!
1
e z 3
16 4
14 |
2 ! 1 ) ! . .
o] 100 200 300 490 500 600 700 T,°C

Puc. 14. Vsmenenue koadpuiieHTa OTHOCUTENBLHOTO TeMIIepaTyp-
HOTO Y/UIMHEHHUS 0L, B 3aBHCHMOCTH OT TEMIIEPATYPBI Y PA3JIHIHBIX
craBoB: 1 — 16-8-2 SST; 2 — tunst 304 u 316 SST; 3 — rtun
309 SST; 4 — 46Fe—32,5Ni—21Cr (UNSNO 8800); 5 — ERNiCr-3
(npucagounbiii Mmatepuan); 6 — craap 2,25Cr—1Mo
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Puc. 15. Tunuunblii Buj Tpemuubl, 06pa30BaBIIeiicsi BIOJIb CBap-
HOTO COEJMHEHHST MEX/y ayCTEHHTHOU HepikaBelollell CTaIblo (Ha-
NIABJIEHHBLA MeTa/l — cnpasa) u (HeppuTHOil cTasibio (OCHOBHOI
MeTal — CAe6d)

UMEI0T 0COGEHHOCTHU MOBEIECHUS B 9KCILIYaTAIIMOHHBIX
YCJIOBUSX, OCOOEHHO, €CJIU 3TU YCJIOBHS CBSI3AHBI C
TIOBBINIIEHHBIMU TEMIIEPATyPaMU JU60 TEIJIOCMEHAMM
[5]. Pematomyto posb 3/ech YacTo WrpaioT Tep-
MUYECKUE HAMPSDKEHUS, BOBHUKAIONIUE B CBSI3M C Pas-
HOPO/IHOCTBIO (PU3NYECKUX CBONCTB CBAPUBAEMBIX CTa-
Jiefl, B YACTHOCTH, PA3HHII B TeMIIEPATYPHBIX Y.I-
JINHEHUSX, XapaKTepu3yeMbIX Koa(D(UIIMEHTOM OT-
HOCHUTEJBHOTO TeMIIePATyPHOTO YJINHEHNS or. B aToit
CBSI3W BeCbMa BAYKHBIM SIBJISETCS MTOJyYeHUE CBAPHOTO
mBa (30HBI TIPOILIABJIEHNS) TPEGYEMOTO COCTaBa, KO-
TOpBIil Obl OGectieunBas GoJiee TLJIABHBIN ITE€PEXO/
MeKIy CBapUBAEMBIMU PA3HOPOIHBIMHU CTAJSIME TIO
BeJUYMHAM or. B KauectBe mpumepa Ha puc. 14 [1]
IpUBe/IeHbI JaHHble 0 3HaYeHusX ar (T) aycTeHuTHON
cramu tina 304 (m6o 316) u xpoMoMoar6aeHOBOI
cramu 2,25Cr—1Mo, codyeranue KOTOPBIX XapaKTepHO
JUIST OOBEKTOB TETJIOIHEPTETUKY. BUIHO, UTO KasKble
100° paBHOMEpPHOrO U3MEHEHMs TeMIlepaTypbl MOLYT
BbI3bIBATD U3MEHEHUST HAIIPSIKEHU N B 30He COeIMHEHUST
B nipesenax o 80...100 MIla, T.e. nipu pabGouyeii TeM-
neparype 0kosio 500...550 °C 3a cyer pa3-HOPOIHOCTH
CBOICTB CBapMBaeMbIX MaTePHAJIOB ITMKN HATIPSIXKEHUH
MOTYT [OCTHTaTh BECbMa CYIIECTBEHHBIX 3HAUEHHIA.
[Tpu TakuX yCJIOBUSX MOSBJIAIOTCS He-ynpyrue aedop-
MallMU KaK 32 CUeT MCHOBEHHOU IJIACTUYHOCTH, TaK U
3a cYeT TOJ3ydecTH. Xa-paKTepHO, YTO pac-
TATUBAIONINE HATIPSDKEHUS 1 1ehOPMAITNY [P HArPEBe
mpeo6JIalaloT y TPAHUIIBI CILIABJIeHUS B (DeppuTHOI
CTalu, a CXKHUMAlollhe, COOTBETCTBEHHO, B ayc-
TEHUTHOW. YKa3zaHHOe 00-CTOSITEbCTBO, B OTIPE/IeIeH-
HOW CTeTIeH , SIBJISIETCS IPUIMHOM TOTO, UTO CPEH pas-
HOOOPA3HBIX BUOB IKCILIYATAIIMOHHBIX Pa3pyIIeHuit
paccMaTpUBAEeMbIX COeAMHEHWI, pPaGOTAIONUX MPH
MIOBBINIIEHHBIX TEM-TIepaTypaxX U 0COGEHHO TP TETLIOC-
MeHaxX, Mpe-06JafaloT TPEIUHbl BOJU3M TPAHUIIBI
crassenust B peppurHom marepuase (puc. 15).
N3smenenne Qopmbl pas[esnky, Tak Has3bIBaeMOI
wide cap (puc. 16) mnsa KpoMmru aerasu GpeppUTHOI

Puc. 16. Pasgeska wide cap coeiuHeHHs] Pa3HOPOJHbBIX CTaJIEi:
1 — wHepskaBeiomiasi; 2 — XPOMOMOJIHO/IEHOBAST

CTaJI! TOKE CIIOCOOCTBYET YBETUIEHUIO IOJITOBETHOCTH
3a cyer GoJsiee 6JIATONPUATHOTO HATIPSIZKEHHOTO COCTO-
STHUST TIPYM TETLTOCMEHAX.

3HaYNTENbHYIO TIOMOIIb MMPU TIOUCKE PAIMOHAJD-
HBIX pEIIeHUIl MOJKET OKa3aTh MaTeMaTHYecKoe MO-
JleTMPOBaHNe HANPSKEHHO-/1e(hOPMUPOBAHHOTO COCTO-
SIHUST PACCMaTPUBAEMBIX COEJIMHEHWI MPU TEIJIoCcMe-
HaX B 3aBUCUMOCTHU OT (DOPMBI Pa3/ie K KPOMOK, COC-
TaBa MPUCAIOYHOTO MaTeprasa.

W3 cemu paccMOTpEHHBIX HaIlpaBJEeHUN HauMeHee
M3YYEHHBIMHU, C TOYKH 3PEHUS MaTeMaTHYeCKOTrO OITH-
CaHMs, O CUX TIOP OCTAIOTCS TIPOIECCHI TEPBUYHON
KPHUCTALTA3AIMHA ¥ KapOu1000pa30BaHusl, a TaKKe Jer-
Palalliy CBOWCTB TIPU AKCILIYaIIMOHHBIX TETLJIOCMEHaX.
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MOJAEJINMPOBAHUE ITPOIIECCA
N IMUTAIITUOHHDBIE ITPOTPAMMBbI
AJAd CBAPRKU B AKTUBHbBIX 1 THEPTHDBIX 'A3AX

V. JWITAM, 1. JUKIIEB, O. MOKPOB, B. IIABJIBIK
(Mu-T cBapOYHbIX TeXHOJIOrUH, AaxeHcKuil yH-T, Tepmanus)

[TpuBesieHo onmcaHue IIPOrpaMM MOJIEJMPOBAHUS MpoIlecca CBapKu IuiassmumMcs asexrpogom MAGSIM u MIG /TSIM
JUUIST cTagteil n amoMiuHNeBbIX ciiaBoB. Onmncana Gu3nKo-MareMaTnuecKasi MOJIe/Ib MPOIecca, YNCTEHHBIE CXEMbI PEIIeHNST,
nporpaMmHuoe obeciieverine. CpaBHeHne Pe3yJIbTaToOB MOJIEIMPOBAHISI TeOMETPUH CBAPHOTO 1IBA C HATYPHBIMU dKCIIEPUMEH-
TaMU TI0Ka3bIBAET a/[CKBATHOCTh MOJIEJIEH U TIOJATBEPIK/IAET BO3ZMOKHOCTD IIPUHSITHIX JOMYyIIeHud. [IporpaMmbl HCHOIb3Y-
10TCSI B y4eGHOM IpoIecce B YHUBEPCHTETAX M YUeOHBIX IIEHTPAX, & TAKIKe TP TEXHOJIOTHYECKOiT O/IrOTOBKE IIPOM3BO/ICTBA
B MalIMHOCTPOEHHN.

Computer programs for modelling the process of metal arc welding of steels and aluminium alloys, i.e. MAGSIM and
MIG /TSIM, are described. The physical-mathematical model of the process, numerical calculation methods and software
are described. Comparison of the results of modelling the weld geometry with the full-scale experiments shows the
adequacy of the models and proves the feasibility of the assumptions made. The computer programs are used for the
education process at universities and training centres, as well as for the technological preparation of engineering

production.

[Ilwpokoe BHEIpPEHWE aBTOMATU3WPOBAHHLIX W PO-
6OTU3MPOBAHHBIX TEXHOJOTUI CBAPKU COIPSIKEHO C
MOBBIMNEHUEM WHTEJIEKTYAJbHOTO YPOBHS CUCTEM
o6ecrieyeHnsT KA4eCTBa CBAPHBIX IIIBOB Ha JTare TeX-
HOJIOTUYECKON TOJITOTOBKY TTPOU3BO/ICTBA, HAIIPUMEP,
c omortipio CATIP, akcriepTHBIX crcTeM U HEHPOHHBIX
ceTeill, MOCTPOEHHBIX HA OCHOBE 06PAabOTKHU OOJIBIINX
MAaCCHUBOB AMNUPHUECKUX JaHHBbIX. Co3gaHume mpu-
KJIaIHOTO TiporpaMMHuoro obecriedenus (ITO) auis npo-
€KTUPOBAHMS TPOIECCOB CBAPKM TIO3BOJISIET CYIIECT-
BEHHO YCKOPUTb TPOBEJIEHUE ONBITHO-KOHCTPYK-
TOPCKUX paboT. B cosgaHum 5TUX WHCTPYMEHTOB
CHIOXUINCh JBa moaxona. llepserii mpeamosaraer
orrcanue OOBEKTOB M TPOIECCOB B BUJE <YEPHBIX
SIUKOBY, 6€3 KOHKPETH3AI[l BHYTPEHHEN CTPYKTY-
pPbI, YTO JOCTATOYHO TPOCTO YBEJIMYUBAET CKOPOCTDH
MIPUMEHEHWS, OJHAKO TpeOyeT MPOBeAeHUsT GOJIBIIOTO
KOJINYeCTBa HATYPHBIX dKCIlepuMeHTOB. Bropoil nmosa-
X0/, OCHOBAHHBIN Ha CO3/JAHUM MAaTeMATHYECKUX MO-
Jesieii 06bEeKTOB 1 MPoIeccoB Ha 6aze dyHIaMeHTAb-
HBIX (PU3MUECKUX B3aKOHOB, ITO3BOJISIET CO3/1aBaTh
BUPTYyaJbHbIE KOMITBIOTEPHbBIE YCTAHOBKHU, aJ€KBATHO
UMUTUPYIOIIE peajbHble MPOIECChl, B TOM YHCJE W
cBapouHble. [IpenmyIiecTBOM TeOpeTHUECKOro Mojie-
JINPOBAHUS SIBJISIETCSI YHUBEPCAIBHOCTD MOJIENH, T. €.
MO/JIeJTh pa3pabaTbIiBaeTCs OJIMH Pa3, YTOUHSIETCS U CO-
BEPIIEHCTBYETCSI 10 Mepe IOJIyYeHUsT HOBBIX 3HAHUIL
00 M3y4aeMoM TIporiecce, JIETKO MOJUMUITPYETCS [IJIsT
KOHKPETHBIX TIPUKJIATHBIX 3a/1a4.

ABTOMaTHYeCKas CBapKa MJIABSIINMCS 3JIEKTPOIOM
B aKTHBHBIX M WHEPTHBIX 3alUTHBIX TaszaX (cBapka
MAG ,/MIG) wumeer mUPOKOE PACIPOCTPAHEHUE B
MAIITHOCTPOEHUH. JTOT CIIOCO6 MMUPOKO TIPUMEHSIETCS

© Y. JIMJITAI, U. IMKIIEB, O. MOKPOB, B. IIABJIbIK, 2002

[UUIST CBAPKH YTJIOBBIM IIIBOM HAXJIECTOUHBIX M TABPOBBIX
CTBIKOB, 06b€M KOTOPBIX B KOHCTPYKIUSIX TOCTHUTAeT
75 %. IIpu po6OTU3MPOBAHHOM IIPOU3BOJICTBE YACTO
HEOOXO/IMMO TIPOU3BECTH CBAPKY JIETAJEN B YCIOBHUIX
OTpPaHWYEHHOTO TMpocTpaHcTBa. Ilpu atom assg mosy-
YeHUsI KAueCTBEHHBIX CBAPHBIX IIIBOB IIPUMEHSIOTCS
TEXHOJIOTHYECKHUE TIPUEMbI C MI3MEHEHUEM TTPOCTPAHCT-
BEHHOTO TIOJIOXKEHUST COeITHEH I, a TAaK)Ke HAKJIOHAMU
U CMEIEHNEeM TOPEJKHU, YTO TpeGyeT ydyera MpH IIPO-
€KTUPOBAHNN TEXHOJIOTHU U JOJIKHO YUUTBIBATHCS TIPU
MOJIEJTUPOBAHUN.

CymiecTByfomye B aToif 06JaCTH MOJIEJN U TIPOT-
paMMbI AJI9 MOZEJUPOBAHUS IPOIlecca CBAPKU YTJIO-
BBIM IIIBOM CO3[IAHbBI [IJIsI PEIIEHNs eJUHUYHBIX 33124
B JTaGOPATOPHBIX YCJIOBUSAX, /IS YTOUHEHUS JAaHHBIX
0 TIpoIlecce M MAJIOTIPUTOHBI [T OBICTPOTO HAXOXK-
JIeHNsI, aHAJII3a U ONTUMU3AINHN PesknMoB cBapku. Co-
3/1aHue aEKBATHBIX (DU3MKO-MATEMATUYECKUX MOJIe-
Jeit m Ha mx 6ase MPOTPAMM, YUUTHIBAIOIINX TEXHO-
Jlornyeckue TpeGOBaHUS ¥ TPHUEMbl IIPOU3BO/ICTBA,
SIBJIIETCST COBPEMEHHBIM TPeOOBAHUEM BBICOKOTEXHO-
JIOTHYHOTO TIPOU3BOICTBA.

PaspaboTka MareMaTudecKuxX MojeJiell TpoIeccoB
CBapKU C MOSBJIEHUEM BBIYUCIUTEIbHBIX MAIIMH C J10-
CTaTOYHON MOIIHOCTBIO [IJI1 PeIIeHus 3ajad MaTe-
MaTH4YecKOH (PU3WKN MOJyYNIa HOBBIH MMIyJbc. B
paborax [1, 2] BuepBbie paspaborana momesb ¢Gop-
MUPOBaHUS TOPU3OHTAJBLHOTO YIJIOBOTO ITBA W IMOKa-
3aHO, UTO JOMUHUpYIOIMM ¢dakTtopoM B ¢op-
MUPOBAaHUU TMPOMUJIS CTATBHOTO IBA SABJSETCS CUJIA
TspKecTd. [lepBble paGoOTBI MO YUCJTEHHOMY MOjie-
JINPOBAHUIO HA MEPCOHATHHBIX KOMITBIOTEPAX CTHIKO-
BOHl CBApKM HETJIABANIMMCSI 3JEKTPOJOM TOHKHUX
guctoB B ObiBiieMm CCCP mpunaanexar B. A.
Cymauky m A. C. Poi6akoBy [3]. OHepretndeckyio
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MOZIeJIb CBAPOYHOTO KOHTYpa HAa OCHOBE 3JIEKTpIYEC-
KOTO aHaJM3a yYacTKOB IIEIH, BKJIOYAst JYTOBOU, KO-
TOpas MO3BOJIIJIA MOJYYUTh WHTETPATbHbIE 3HAUYCHUS
mormaoctu Ayru u ee KIT/, mpemstoskun I'. 1. Jleckos
[4]. B pasButue stoit mogesn B. A. Cyaaukom u A. B.
WBanoBpiM [5] ObLTa co3gaHa mporpamMma  Moje-
JIUPOBAHUS, IO3BOJISIIONIAs YUCJEHHO WMHTHPOBATH
MPOIECC CBAPKU ILJIABSIIUMCS 3JIEKTPOJIOM TOHKO-
JIICTOBBIX CTHIKOBBIX IIIBOB U3 HEJETMPOBAHHON CTAJIH
B VTJIEKHCJIOM Ta3e M CMeCsSX C aproHOM B HIDKHEM
HOJIOJKEHWN.

Paspaborannoe nipu yuactuu aBtopoB B 1993 r. Ha
6ase satux mozeneit u aaroputmMo 110 MAGSIM [6]
UCIIOJIB3YETCS] UCCJIEI0BATENbCKO-TEXHOTOTMIECKUMI
oraenamu dupm <«Jonson Controls Inc.» (CIIIA),
«Daimler Chrysler AG» (Tepmanus — CIITA), «To-
yota», «Nissan» (SImoHust) u ip., a Takxke B y4eGHOM
nponecce B ynusepcurerax Tyal'V (Tyna, Poccus),
MBTY um. H. 3. Baymana (Mocksa, Poccus), ISF
RWTH (Aaxen, Tepmanus) u ap.

Opmako aTa IMporpaMma I03BOJISIET MO/IETMPOBATDH
JIMITb CBApKY CTBIKOBBIX COEIWHEHUIl B HIDKHEM IIO-
Joxkennu. B pazButue 3t1oi mporpamMmbl B 1998 T. 6blta
paspaborana nporpamma MAGSIM GL [7, 8] ¢
rpapuuecknm unHTepdeiicom Ha 6aze GuOINOTEK
OpenGL. B 2000 r. nua mogenmmpoBanus cBapku MIG
AJIIOMIHIEBBIX CIJTABOB B IIPOIIECCE C OHO NI IBYMS
ropeskamu 10 3akasy ¢upmbl «Daimler Chryslers> B
nenpe «ComHighTechs» npu Tyal'y B corpynnuyectse
¢ ISF RWTH 6brta cozgana mporpamma TSIM [9].
Mogenun, aaropuTMbl U PacyeTHbIE CXEMbBI 3THX IIPOT-
paMM O6JIU3KH, a OTINYUSI IIPOIUKTOBAHBI PA3-TUYUSIMU
B TEXHOJOTMM W TIPOIECCE CBAPKH CTaJeldl U
AJIIOMUHUEBBIX CILIABOB.

[Iporecc ayroBoit cBapKu MO CJIOXKHOCTU U MHOTO-
YPOBHOCTHU CTOHT B OJTHOM DSy C TIJIA3MEHHBIMHE TIPO-
IeccaM, TaKUMH, KaK siZIePHBIN B3PBIB WJIN MATHA HA
Coumnrie. K cyactbio uccaemoBatesieil, mporecc Aayro-
BOIl CBapKu HMMeeT GOJIbIIOE KOJUYECTBO OG-PATHBIX
CBsI3€if, YTO MO3BOJIIET 1a’Ke OTHOCUTEJIHHO IIPOCTHIM
MOJEJISIM  AJIeKBATHO BOCIIPOM3BOJUTD SIB-JIEHUS U
MOJIy4YaTh Pe3yJbTaThbl, OJU3KUE K IKC-TIEPUMEHTAJIb-
ubiM. [J1aBHOIT 3a1a4ell, MOCTaBIEHHOI ITpH pa3paboT-
Ke MojieJiell, GbLIO TIOJTyYeHre TeM-TIePaTyPHOTO MOJIs
U TeOMETpUYEcKoi (OPMBI IBA, YTO MO3BOJIIIO
IPUHATD P AOMYIIEHNI.

Mogesb oTHOCHTCS K KJlaccy 3a/iay TelJIonepeHoca
co cBOGOAHbIME TpaHunamMu (MOBEPXHOCTAMU) U J10-
JUDKHA CTPOUTBCS C YYETOM B3aMMOCBSI3H ITPOIECCOB Ha-
rpeBa [IyrOBbIM KMCTOYHUKOM TEILIOTHI, ILIABJIEHUSI
OCHOBHOTO MeTajiia ¢ (OPMUPOBAHHEM CBAPOUYHOI
BaHHBI U Je)OPMUPOBaHNEM ee¢ TIOBepXHOCTH. Ecim
OPUHATH JOMYIIEHNSI O HEKOTOPOM HAYaJbHOM IIPU-
6JIMKEHUU TeOMETPUY ATOH MOBEPXHOCTH, TO MOXKHO
penmTh 3a7ady € WH)XEHEPHOW TOYHOCTHIO 3a OMHY
UTEPAINIO.

1. 9ddexrusnprit KII ayru npu cBapke yriaoBoro
[IBa MPHU MPOYMX PABHBIX YCJIOBUSAX [IOJDKEH ObITH
BBIIIIE, YeM ITPH CBAPKe CTHIKOBOTO IIIBA, TaK KaK MTOBEP-

XHOCTH CTBbIKA yTJIa HATPEBAIOTCS U3JTyUeHUEM TLTa3Mbl
cTosba JayTH.

2. Jlosig HaAIJIaBJIEHHOTO METAJJIA B TIOMEPEYHOM
CEYEHUH pacIlIaBJeHHON 30HbI IpeBbiaer 50 % u Tpe-
OyeT YTOUHEHUS MPE/ICTaBJICHUIA O JyTe TJIABSAIIETOCS
3JIEKTPO/IA KAK MOBEPXHOCTHOM HUCTOYHWKE TETLIOTHI,
110 KpaiiHell Mepe, 3a CYEeT TEIJIOThI TaAAI0IINX Kalleib.
[Tapatomasg B BaHHY KallJil pacTeKaeTcs 10 TOBEpX-
HOCTH PaciljiaBa W YaCTUYHO TTOTpysKaeTcs B Hero. Ilo-
3TOMY JOIYCTUMO TEILIOTy (SHTANbIINIO) Kamesab pas-
JIeJTUTh Ha JIBe YaCTU: TIOBEPXHOCTHYIO U 00HEMHYTO.

3. Hanmumne naske HyJI€BOTO 3a30pa B CTbIKE BbI3bI-
BaeT HECUMMETPUYHOCTb TEMIEPATyPHOTO I0JsT OTHO-
CHTEJIBHO OCH MCTOYHUKA TEIIOTHI U MCKJIIOYAET BO3-
MOXHOCTH MOJIEJIMPOBAHUS OJIHOW CUMMETPUYHON
ITOJIOBUHBI 30HBI CBApPKHU.

4. Tlpu cBapke TaBpPOBBIX M HAXJIECTOUYHBIX CO€-
JWHEHWH B TOPU30HTATLHON MO3UITNN CBAPOYHAS BaHHA
HECUMMETPUYHA OTHOCUTETbHO BEKTOPA CHUJIbI TSIZKECTH
1 HEOOXO/IUM yUeT er0 KOMIIOHEHT B 1uddepeHInain-
HOM YpDaBHEHUW MOBEPXHOCTU BAHHBI.

5. TennoBble, n1a3MeHHbBIE U TA30BbIE TOTOKHU IyTH
1IEHTPAJIbHO-CUMMETPHYHBI OTHOCUTEIBHO OCH CBAPOY-
HOU NPOBOJIOKN.

6. VHTerpasbHble 3HAYEHUS MOITHOCTU JYTU HE
3aBHUCAT OT THUIA W MPOCTPAHCTBEHHOTO ITOJIOKEHUS
CTBIKA, a TaK)Ke HAKJIOHA TOPEJIKU.

OmnucanHas HUKe MOJIENb MOJHOCTHIO COOT-BETCT-
ByeT IIO MAGSIM pus yriosoro mBa Ha TaBPOBOM
WM HaxJiecTouHoM coeputenuu (cM. ganee puc. 3)
Kak 6oJiee o01ero caydas. CBapKa CTBIKOBOTO TITBA,
SIBJISISICH YACTHDBIM CJIy4aeM, TAaK)Ke OIMCBIBAETCS B paM-
Kax npusenennoir moxesau. IO MIG,/TSIM umeer
HEKOTOPbBIE, CKOpee 4YHWCJIeHHble, YeM (Pu3nKo-mare-
MaTUYeCcKue OTJUYKS, BbITEKAONUe U3 OTJIMYUI TTPO-
necca. I[losHyto Mosesb mpotiecca MOKHO pa3-/IeJuTh
Ha [TO/IMOJIEJTM UICTOYHUKA TEILJIOThI, TEIl-JIOTIepeHoca B
BaHHE W CBApUBAEMbBIX JleTasdX, ged)opMaliui 1moBep-
XHOCTH CBAPOYHON BaHHbI, a TAK)KE MaTepuasia CThIKa.

IloaMoaens wWCTOYHHMKA TEMJaOThI. /ST BBIUU-
CJIEHHSI 3HAYEHUN MOI[HOCTH MCTOYHHKA TEILIOThI
WCIIOJIb30BaAJIach 3JieKTpoTepMudeckast mojenb Cyg-
nuka u VBanosa [5], moctpoennass Ha moaxose Jlec-
koBa [4]. OHa yepe3 rpa/ineHT NOTEHIMAIA YIYUTHIBAET
BJAUSHUE COCTaBa CMeCHM 3allMTHOrO Tasa W3
YIJIEKNCJIOTO Ta3a, aproHa, KUCJA0poja. JJeKTpudec-
Kasi MOIIHOCTb Ayru Q TpeacTaBisieT co60il cyMMy
MOIITHOCTEN, BBIJIeJIEHHBIX B aHOAHON Q, W KaTOMXHON
Qy 06J1acTsX, a TakKe B maasMe crosiba Q.. Ecom pyra
3aryry6JisgeTcs: B KpaTtep WK MPOU3BOJAT CBAPKY YTJIO-
BOTO IITBa, HEOOXOIUMO YUYUTHIBATDh yBeandenne KII/]
3a CYET YaCTH MOITHOCTH TLIa3Mbl CTOI6a AQ.: n' =
0, + O, + AQ,

0, + 0.+ O,
HOIT nmosIIpHOCTH B 9T0H Mojenn Q, = pyowFw(cT +
+ H,, + AHy,), tne F,, — 1uomazap cedyeHus IpOBO-
JoKku; AHy, — 9HTAJbIIMS IeperpeBa Kariu, paBHas
O,SC(TVap —T1); Tyap — TEMIIEpaTypa ucHapeHusi. ATy
MOIITHOCTh YYHUTBIBAJIN Pa3JeIbHO KaK OOBEMHYI0 1
MMOBEPXHOCTHYIO JIOJIM TEIJIOTHI Kareab. Tak, o6beM-

. MorHocTb Karnesb anoa npu o6par-
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Puc. 1. Cxema pacnpeeseHusa TEIJIOBbIX TIOTOKOB 110 ITIOBEPXHOCTU CBAPUBAEMOI'O COEAUHEHUA: d — I1IPO/IOJIbHOE CEYEHUE, 6 — TorepevyHoe
ceueHue 1mpu HeﬁTpaJ’leOM HaKJOHE TOPEJKHU; 6 — C OTKJIOHCHUEM OT HeﬁTpaJIbHOFO

Hag goas MOWHOCTH Qyol = pwtwFyw(cTs + H,), a
HOBEPXHOCTHAA O — Qgurf, 2 = PwOwl wAH g

INoamoaens TemnonmepeHoca. Mopenb mporecca
IIOCTpOeHa B JIBUIKYIIEHCS CO CKOPOCTbIO CBApKHU Jie-
Kaprosoil cucreme koopaunar (0, x, y, z) (puc. 1).
YcTaHOBUBIINICS TPOIECC OIMMCHIBAeTCd KBAa3UCTa-
IUOHAPHBIM U epeHInaJbHbIM yYpaBHEHUEM Tie-
peHoca TeNJI0BOI SHepTun

oH
Usp a div D"(T) grad T] + dvols

rne H = H(x, y, z) — ouranemus; AM(T) — Ko-
5(pPUIMEHT TENIONPOBOAHOCTH, 3aBUCAIINI OT TeMIIe-
PaTYpPbI; Gy pacIipe/ieleHHbIii  06beMHbIH  HC-
TOYHMK TEILJIOTHI Kalleslb 3J1eKTPOHOIO MeTaJLa.
JI1s1 ydeTa KOHBEKIIMU B CBAPOYHOIT BaHHe HCIOIb-
s0BaH  Meroj,  9(PQPEKTUBHON  TeIIONPOBOHOCTH
Leff(T) = A (T)(2 — T /T). ITOT MOAXO[ BIEPBbIE
ObLT WCTOJMb30BaH B paborte [3], a B manbHeiiem

Z%(x,y)

MR 3 ¥ o Z )

iy

MPUMEHSJICS TIPH MOJIETUPOBAHUN PA3JUYHBIX CIIOCO-
60B CBapKH.

B pamkax Momesm MPUHATO, 4TO O6BEMHAS OIS
sHeprum Kameab (Qvol PAaBHOMEPHO pacrpefeseHa B
MIPUTIOBEPXHOCTHOM CJIO€ TOJIIUHON Zw U TJIOHIAIbIO
SZ(x, y) B 30HE TEpexoja OT Kparepa K HaKJOHHOW
(moutH BepTHKAJIbHOIT) CTEHKE CBApOYHOI BaHHBI
(puc. 2, a) gvol = Ovol / ZwSz(x, y)- B Mopesn npunsita
TOJIIIMHA CJIOSI, PABHASI IOJIOBUHE JMAMETPA POBO-
Joku Zw = 0,5dw.

CMelaHHbIe TPAHIYHBIE YCJIOBH HA JIMIIEBOW TIOBEP-
XHOCTU CTBIKA OIIPE/EJISIIOT TEIIOBbIE TIOTOKU Karlesb
(surf, a» KATOIHOTO IIITHA (syrf, x U CTONOA IYTH (syrf, ¢y &
TaK’Ke TEILTIOBbIE CTOKU PAJIUAIH (f;q U KOHBEKITHU cony
[0 HOPMAa/sIM K COOTBETCTBYIOIIUM ITOBEPXHOCTSIM:

oT
- 7\'(T) % = (surf, a + surf, x + surf, ¢ — qrad — Yconv-

TenoBbIe TOTOKK PAANAIMN U KOHBEKIINH COCTABJISIOT
COOTBETCTBEHHO (rad = rad(T)0o(T* = TH) 1 Geony =
=o(T)(T — Ty). I'pannynble yCIOBUS Ha OGPATHBIX

ML oy, Yo 2 )

a

rd
Z%xy)

ﬁ ..........

Puc. 2.Cxema (bOpMI/IPOBaHI/ISI TIOBEPXHOCTH IIBa HAXJIECTOYHOI'O COEJMHEHUA B TOPU3OHTAJIBHOM (d) " BEPTUKAJIbBHOM (6) IIO0JIOJKEHNHN
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or
MOBEPXHOCTSAX cThika 3ajaiorcss B Buge A(T) o

= {rad + Jconv-

[ToBepxHOCTHAST YacTh AHOAHON MOIIHOCTH IyTH
Osurf, a PACHpPEEJAETCA MO CJIOXKHON IMOBEPXHOCTH
CTBIKA W CBApPOYHOIT BaHHBI. [/ TaKOrO pacuera BBe-
JleHa JIOMOJTHUTEIbHAS TII0CKOCTh 1’0"y’ (cMm. puc. 1),
NMEPIEeHINKYISIpHas ocu TopeJku. Pacripesnenenue
MJIOTHOCTH MOIITHOCTH B 9TOU TIJIOCKOCTH ITPOETIUPYETCSI
Ha ITOBEPXHOCTH CTHIKA M BAHHBI. PacpeeeHie mioT-
HOCTH MOIIHOCTHU TIO MTOBEPXHOCTH COEJINHEHUS OTIpe-
nessiercst 4epe3 Koadduiment kg, 0OpaTHBIA OTHO-
HIEHUIO TLIOIA/eH 3JIeMeHTapPHON TIIOIAAKK MTOBEPX-
HOCTHU cOoeuHeHNs] d.S; W ee MPOEKINK Ha MJIOCKOCTb
x'0'y" dS, (cM. puc. 1, 6, 6), ks =dS,/dS;. Pacupe-
JleJieHne 3HaUeHUIT TEIIJIOBOTO TIOTOKA (gyyf, o 11O TIOBEP-
xuoctu Z(x, y) ONMCaHO HOPMAJILHO-KPYTOBBIM 3aK0-
HOM C YY€TOM H3MeHsomerocst Koaddurmenra kg:

qurf, al<akS
Gsurf, a = A

exp{- K, [~ 20 + (v — 901},

rae K, — koaddumeHT cocpeloToueHHOCTH TeIIo-
BOTO TIOTOKA Kamesb aHoma, pasubii 3/ (r,)% r, —
apdexTUBHDIN TEMIOBOI pajnyc pacipe/eeHus Ter-
JoBoit MorHocTH B 1tockoctu x'0'y'; (x, y) m (x,
Yo) — TPOEKIMN KOOPAMHAT TOYKHM MOBEPXHOCTH U
ocH JIyTh Ha TockocTh x'0'y’.

ITpu oTKJIOHEHUU TrOPeJIKU OT HEHTPAJIBbHOTO 11010~
xkerns (eM. puc. 1, 6) U3MeHsIETCs MPOEKIUS IeMeH-
TApPHBIX TIJIOMIQ/IOK HA TIOCKOCTh HOPMAJbHOTO PACII-
peziesieHusI W TIPOTIOPIIMOHAIbHO U3MeHseTcs Koad-
utnent k;.

TenoBoil NOTOK 2HEPrUM KaTOJAHOIO NATHA Qy B
VIJIOBOM CTBbIKE PACIPENEJISICcs 10 GUHOPMAJbHOMY
AJITUIITHYECKOMY 3aKOHY B Iiockoct x'0'y" ¢ Koad-
dunmenramu cocpeorouennoctd Ky u K, 1o ocam
0x'u 0y’. C yuerom koadduirrenTa ks Ha MOBEPXHOCTH
Z(x, y) nosayyaercs

Q k _ o2 o2
Jsurf, x = — W € Ko7 =Ky~ 00 )

TC YK
Kk .3 3
XK PI;, YK mv

rae ;. — 3hOdEKTUBHBIN TEMJIOBOH pajuyc pacipese-
geanss Qy B maockoctu x'0'y’ mo ocm 0x'; k,
KO3(PDUIMEHT MOMEPEYHOro CXKATUSI IYTU B yTJOBOM
cThiKe B HampasJernn 0y'.

Pacnipenenenue sHeprum IIasMbl cTos6a AyTU
NPE/ICTABJIEHO B BHU/IE I10JIOCOBOTO ITOBEPXHOCTHOIO

AQ,
UCTOUHUKA TENIOTBI Gsuf,c = 7o ds, rpe S, — 1wio-
C

b TOBEPXHOCTH COEINHEHNS, OTPAHNYEHHAS CBep-
Xy HOPMAJbHOH K CcTOJIGY JYTU IJIOCKOCTBIO, MPOXO0-
JisAieii yepe3 CBOGOMHBIN KOHeI[ aJjeKkTponaa; L —
JUTMHA JTyTH.

IMoamonenp nedopmaniu MOBEPXHOCTH CBApPOY-
HOI1 BaHHBI. YTJIOBbIE IIBBI TABPOBBIX U HAXJIECTOUHBIX
CTBIKOB CBAPHMBAIOT 63 CKBO3HOTO IpoIiyiaBeHus. [1o-

BepxHOCTb Banubl u mBa Z(x, y) (puc. 2) 3agaBasach
B ABHOM Buje. 110BepXHOCTb BaHHBI 1e(hOPMUPYETC
B [I0JI€ CUJT JIABJIEHUS IyTH U TSXKECTH, KOTOPbIE yPaB-
HOBEIIMBAIOTCS CUJION TIOBEPXHOCTHOTO HATSIKEHUS:

vZ +
o(T)V [7] - pgh = Pare TPy +T,
1+ (VZ) 1+ (VZy
rae G(T) — TIIOBEPXHOCTHOE HaTAKEHHE, 3aBUCAIICE
oT TeMHepaTypr; g — yCKOpeHI/Ie CBOéOI{HOFO
najsienns; i — BbicoTa cTOJI0A JKUIAKOCTH; Parc — HaB-

JIeHUe JIyTH; p, — JaBJeHHUE OTJauu napos; I — moc-
TOSTHHASI, WMEIONIasl CMBICJ BHYTPEHHETO JaBJICHUS
pacruiaBa.

Bricota cTo6a KUAKOCTH /2 TIPEACTaBISET OO0
paccrosiHue oT Touku nosepxHoctu Z(x, y) mo mioc-
KOCTU, HOPMAJIbHON K BEKTOPY CHUJIbI TSIXKECTH U TIPO-
XOJSAIIEN Yepe3 TOYKY BaHHBI € HaumOOJbINEH TO-
TeHIMaIbHON sHeprueii pacwiaBa M (X, Ym, Zn). ITO
PacCTOSTHHE OMpe/iesiseTcss Yepe3 KOCHHYCHI YTJIOB
MEK/y BEKTOPOM CHJIBI TSXKECTH U TTOJIOKUTETbHBIMU
HAaIpaB/IeHISIMUA KOOPAMHATHBIX oceii: o= (x —x,,)cos o +
+ (y —ym)cos B+ (z = z,)cos y. CymmapHoe faBjieHue
IYTH  Pare BKJIIOYAET 35JIEKTPOMATHUTHYIO U Taso-
KUHETHIECKYIO COCTABJISIONINE, a TaKXKe JJaBJeHIEe Ka-
meJb JJEKTPOJHOrO MeTajna. B mepsoMm mpubiu-
JKEHUW pacipesie/ieHre JaBJaeHus B HOPMAJIbHOM K OCH
ropeJiku miockoctu x'0'y’ onpeessin 1Mo Kjaaccudec-
KOMY BBIpasKEeHUIO

2
Parc (.X, !/) = %Mks eXp {_ [<arc [(JC - X0)2 + (.y - yO)Z]}y
rae @; — asMnupuyeckuii KoaOUIMEHT, 3aBUCATINI
ot anuHbl ayru; K, — Koaddunment cocpenoToueH-
HOCTH CHJIOBOTO TIOTOKA AyTH. 3ariyOJieHue AyTU U
BO3HMKHOBEHHE KpaTepa IPHUBOAUT K W3MEHEHUIO
koadbduimenta ks, B pe3ybTaTe 4ero HeHTP pacipe-
JleJIeHHs IaBJIeHus AyTh 1o nosepxuoctu Z(x, y) cme-
IIaeTCs B HANPABJIEHUH, TPOTHBOIOJIOXKHOM HAKJIOHY
ropesiku. [Ipm cMemmennn KoHIA 37€KTPOHON TPOBO-
JIOKV HA OJIHY U3 JieTaJiell COeTUHEeHUsT B MOJIEJIN Ha TO
’Ke 3HAUeHHe CMEIIAeTCs IIEHTP PacIpeeIeHnsT CHIIO-
BOTO BO3/EHCTBUS TyTH.

[Tocrostauas I HaxouIach UTEPAIMOHHBIM 110,160~
POM IO BBITIOJTHEHUST YCJIOBUS

Y,
ndo,
12, 9= 2" @, g1 dy =30

Y

B BBIXO/IHOM CEUEHUU ITBa, T/I€ Y1, Y3 — KOOPAUHATHI
IIMPUHBI 111BA, a TIpaBasi 4acTb YPaBHEHUS — CyMMa
TJIOIA/IN CeYeHUsT HAIJIABJIEHHOTO MeTasljia W ycajl-
KU A. Ycaaky paccuMTblBaauM IO MeToauke B. A.
Cymauka n B. A. Epocdeesa [10].

I'panuyabIMI yCAOBUSAMU SBJSIOTCS JUHUM COIPSI-
JKEHMsI TIOBEPXHOCTU PACILIaB—Ta3 ¢ TBEPAbIM MeTaJl-
JIOM, KOTOpbIE€ OIPEJesIOTCS IO TeMIlepaType B
objlacT  MOJIEIUPOBAHMS U UMET Buja Zq =
= (Mi"M3nG), Zy = (MynM3nG), tae Zy 5 —
JIMHUU pasjiesia. B 30He riaBjieHust Ipu HaXOXK/IEHUN
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Puc 3. CucreMa KOOPJAMHAT 1IPU CBapKe YIJIOBbIM 1mBOM TaBpoBoro (@) n naxsecrounoro (6) coepunenus

MTOBEPXHOCTH TOJIOBHOW YaCcTH BAHHBI BBOJIMJIOCH
OrpaHUveHNe, YYUTHIBAIOIee BO3MOXKHOE OOGHAKEHUE
CUJIOBBIM BO3/IEHICTBUEM JYTH Pa3/leUTeTbHON TTOBep-
XHOCTH — TIpoIiaB/ienus  Zr (X, y), Z(x, y) =

> Zr,(x, y). Ha ¢ponre xpucrammmsanuu Huxcu-

pyercsi hopMa cBOOOJHON TMOBEPXHOCTH, YTO YUUTbI-
BaeTCS TPAHUYHBIMU yCIOBUSIMU OZ,/0x = 0 iput Z,, =
= (M3ynM3;NG). Tlepexon OT 30HBI ILIABJIEHHSA K
30HE KPUCTAJVIM3AIUU HAXOAMJIA IO KPHUTEPUIO
dYr,/dx = 0. ITo coorHomenuto n hopMe MoBEPXHOC-
teit Z(x, y), Z°(x, y) Ha dpoure KpuCTAIIHAIIN
aBTOMaTndecku (GUKCUPYIOTCS JedeKThl IMiBa Takue,
KaK <IO/[pe3» U «HAILJIbIBY.

IMoamoaenb cBoiicTB u reomerpuu Aetaieii. CBap-
ka MAG npuMeHsieTcs JIJIsI CBApKU HEJIETMPOBAHHBIX,
HU3KOJIETMPOBAHHBIX M BBICOKOJETMPOBaHHbIX (ayc-
TEHUTHBIX) cTajeii. Temnodusnyeckne CBORCTBA HTHX
TPeX KJAaccoB cTasell cobpaHbl B 6aHKe JaHHBIX. [lJis
pemiernst quddepeHInaIbHOro ypaBHEHUs Telione-
peHoca  OTHOCUTEJBHO  OSHTAJBIHUA  HEOOX0IuMa
dyukia T(H), cBssbiBaolas TeMIepaTtypy ¢ 9H-
tagpnueit H. Takasg QyHKIUS MOCTPOEHA TyTeM Ky-
COYHO-TMHEITHON NHTEPIOSITNY TaOIUIIbl 3HAUeHU i H
JUIS 1eBITH Temneparyp. Takas ske OYHKIUS MOCTPo-
eHa /171 K03 PUIMeHTa TETIOPOBOAHOCTH. B moamo-
Jesn iehopMaliiy TOBEPXHOCTH UCTIOJIb3YETCS KyCOou-
HO-JINHeHHas NHTePIOJAIHs K03 dunnenTa moBepx-
HOCTHOTO HATSIKEHWs [ Temieparyp Bbime 7.
Ta6uiibl 3HaUEHNI 0O bEANHEHDI B TIOAMO/IEJb, OTIUCHI-
BAIOIIYIO CBOHCTBA CTaJIH.

lFeomeTpust cThIKa cCBapUBaeMbIX JleTaJell Ipe/cTaB-
JieHa B MOJIeJIu 30HOU niepBoit M 1 BTOpoit M, nera-
Jieff, 30HOi BBIMYKJOCTH ITBA M3 U 30HOH OKpy:Kaio-
mero tasa G (puc. 3). Pasgenenme o6jgactn Mome-
JINPOBAHUS Ha 30HBI MO3BOJISIET YYECTb JlaxKe HYJIEBOi
3a30p B CTbIKE, KOTODBIH BJUSET Ha TETJIOMEPEHOC.
KoadduimeHnT TengonpoBoJHOCTH Ha T'DaHUIE 30H
OTIPE/IETISIA ¢ TIOMOIIBIO MeTo/a 3a0JOKUPOBAHHBIX
30H [latankapa. Tak, ansa rpanuns 300 My u M, ipu
TeMIepaTtype HIpKe TeMmeparypbl 1; K03(@UIHEHT

termonpoBogHoctu A = 0 (Tepmudeckuii 3a3o0p). Ilpu
paciiaBjaeHnn Metassa 30H M u M, Bblle TeMiiepa-
Typbl T Ha pacljiaBJIeHHblEe YIACTKU 3THX 30H PaCIl-
poctpaHsiach 3oHa M3. [IpuHgTO, 4TO BCe TEILIOBbIE
CTOKW OTIMCAHBI TPAHUYHBIME YCJIOBUSMHU W 30HA OKPY-
JKaiolero raza G He TPOBOJUT TeILIA.

TakuM o6pa3oM, MOJEJUPOBAHUE TIPOIECCA CBO-
JIUTCST K TIOCJTEIOBATEIbHOMY PEIIeHUI0 YpPaBHEHUN
TeIIonepeHoca u JeopMallii MOBEPXHOCTU BAHHDI.
WNHuTterpaibable 3HAYEHUS MOITHOCTH AaHOIHOTO, Ka-
TO/IHOT'O TEILJIOBBIX ITOTOKOB U TEILIOBOTO IIOTOKA CTOJI-
6a Jyru HAaXOJUJUCH MO paHee pa3paboTaHHBIM B. A.
Cymnukom u ap. [11, 12] anroputmam A7 HOPMAJTh-
HOTO WJIM MMIYJbCHOTO Tpoliecca cBapku MAG.

[Ipu pernrennn TpexMepHON 3a7[auM TEIJIOepPeHoca
JUIS BBIOPAHHOTO THIIA CTBHIKA B OOJACTH MOJIEJH-
POBaHMS TEHEPUPOBAJACH KOHEYHO-PA3HOCTHAS CETKa
¢ GOpMaTM30BAHHBIM ONMCAHNUEM TPAHUYHBIX yYCIOBUI
U Marepuasa cpeibl. Bpi6Op sHTATBIUU B KauyecTBe
HCKOMOI (DyHKIIMU TT03BOJISET PENIaTh YPABHEHUS Tell-
JIOIIPOBO/JTHOCTU CKBO3HBIM CUETOM, BKJIOYAS YUACTKU
06JIacTH MOJIeTUPOBAHUS, 3aHATbIE Ta30BOI Cpenioil.
YpaBHeHue  TeIJIONEPEHOCA  PACHIENISIOCh 110
¢usnveckuM 1poreccaM U KOOPAMHATHBIM COCTaBJIS-
omuM. /[ peleHns cucTeM KOHEYHO-Pa3-HOCTHBIX
YPaBHEHMII WCMOJb30BAJCSI AJITOPUTM  IIPO-TOHKH.
OmmbKW,  CBSI3aHHBIE €  HEJWHEHHOCTBIO  Te
J0PU3NYIECKUX CBONCTB, MUHUMU3UPOBAJIUCH ITyTEM
UTEPAIMOHHbIX NPHOIMKEHUH. 3a30p OMUCHIBAJICA
pacmpocrpanenueM Ha Hero 3oubl G (puc. 3) u usme-
HEHUEeM JINIEBOI TTOBEPXHOCTU COEIMHEHNUST, B KOTOPOIT
TIOSIBJISLTICSI PAa3PbIB.

[lig ynpoleHus: ynucJeHHO! peasn3al U yCKO-
peHMs pacueToB B Mojies (hOPMUPOBAHUS TIBA MPHU
CBapKe CTaJN MOKHO TIpeHe6PeUb TPOI0JIbHBIM TETLIO-
BBIM TIOTOKOM, PACCMaTpWBasi TOJBKO TPAHCJISI-
IIMOHHBIN TEIMJOBOW TOTOK. IPPEKTUBHOCTD 3TOTO
M0/IX0/1a MHOTOKPATHO TO/ITBEPIKIEHA U JOTIOJTHUTE -
HO TIPOBEPEHA B BBIYUCJIUTENBHOM IKCIIEPUMEHTE.
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Puc. 4. Komnu akpana nporpammbl MAGSIM GL: @ — akpaH npemnporieccopa; 6—2 — MPeNCTABIEHHs B MOCTIPOIIECCOPE COOTBETCTBEHHO

CTBIKOBOT'O, TaBPOBOTO M HAXJIECTOYHOTO COCAUHECHUS

MortHOCTb IyTH, TIPUXOJAIIASACS HA PAa3pbIB T0-
BEPXHOCTH, PacIpeessanach Ha GJmKaiilme KPOMKH
coenHsAeMbIX fetaseit. IIpu qoctrskennu TeM-niepaTy-
PBbI IIJIABJIEHUS B 3TOH 30He UJIM HAa KPOMKaX IPUHUMA-
JIOCh JlonylieHre 06 yMeHbIIEHUW 30HbI 3a30pa U
yBEJMYEHUH 30HBI paciiaBa (3aTekannmu 3a30pa).
YpaBHeHWE PaBHOBECHS MOBEPXHOCTH Pe-TIaJ0Ch Ha
KOHEYHO-Pa3HOCTHO} ceTKe METO/IOM IIepeMeHHbIX Ha-
[IpaBJIeHUH C UCIIOIb30BAaHUEM aJI-TOPUTMA IIPOTOHKU.
Wrepanuonnbie TpuGIMKEHUsT TPEKPAIIAINCh TPU
JOCTIDKEHUN YCJIOBUST GajlaHca PacIIaBJEeHHOTO Me-
TaJJla B BBIXOJHOM CEYEHWU INBA WJU TIPU Pac-
XOJUMOCTH PELIeHUs], YTO ABJISETCSl KpUTepueM BbITe-
KaHWs BaHHDI.

6

a

K BxomabiM mapamerpam nporpammbl MAGSIM
OTHOCSITCS: THII coe/inHeHus1 (CTBIKOBOE, TABPOBOE UJIH
HaXJIECTOYHOE), MapKa CTau, T.e. TemJIo(pu3nIecKe
CBOMCTBA, TOJIIMHA JHCTOB, IMIUPHHA 3a30DPa, HIPOCT-
PaHCTBEHHOE TIOJIOKEHNE COeIUHEHWs, HAaKJOHBI TO-
peJiKu, TeMIeparypa IIOJO0TPeBa, XapaKTEPUCTHKU
MCTOYHWKA TOKA, THII 3aIIUTHOH CMecH, IuaMeTp Tpo-
BOJIOKHU, BBLIET 3JIEKTPO/A, CKOPOCTb MOJAYU MPOBO-
JIOKH WJIM CBAPOYHBIH TOK, CBAPDOYHOE HATIPSDKEHHE U
MECTO €r0 U3MepPEHMsI, CKOPOCTb CBAPKHU.

Crpykrypa 1O mocrpoeHa TO TPWHIHUITY TIpe-
nporieccop — Tpoieccop — mnoctipoieccop (puc. 4).
[Ipenporieccop dopMupyer clieHy UMUTAIlUU CBApKH
COeIMHEHNS: TeHEPUPYEeT CETKY [T YNUCJIEHHOTO pac-
Yyera U 3aJaeT IPAHUYHbIE YCJOBUS [JIs1 BBIGPAHHOTO

Puc. 5. I/IMI/ITI/IPOBaHHbIe Cl;)OPMI)I ToTepeYHbIX CeYeHuil MBOB HAXJIECTOYHBIX COCI[I/IHEHI/Iﬁ 1IpU CBapKe B rOPU30OHTAJIbHOM (a), B HUJKHEM

(6) nonoxennn n Ha cryck 20° (8)
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r

Puc. 6. VImurupoBantbie pOpMbI TOMEPEYHBIX CEYEHUiT MIBOB 2,5 + 2,5 MM IPH CBapKe C MOMNEePEYHbIM HAKJIOHOM TOPEJNKH OT HIKHEN
neram 30 (a, ) u 60° (6, 2), 6e3 3asopa (a, 6) u c 3asopom 1 mm (6, 2)

a r
Puc. 7. Cpasuenue pacuetnbix KOHTYpoB (@, ¢) u sxcnepumentaibubix (6, 2) mmudos: CTbik 2 + 2 MM, II0IEPEYHBIH HAKJIOH FOPEJIKH

45°; mapameTpsl peskuma: 0 = 0,7 M/ MuH, o, =4 m/vuH, [ =185 Au U =19 B ana ceuennii (¢ u 6) u 0 = 1,6 M/ MuH, v, = 6 M/ MuH,
I1=250 Au U =20 B nusa ceuenuii (8 u 2)

a e e ﬁ e S e —
Puc. 8. Cpasnenne pacuernbix KouTypoB (MAGSIM) u sxcnepumentaibhbix (JC) numdos: cTbik 1 + 4 MM, HONEPeYHbIil HAKJIOH FOPEJIKH
45°; mpojoIbHbIi 22°; nmapaMeTpbl peskuMa: @ — 06e3 3asopa, o, = 0,65 M/ MuH, v, = 6,5 M/mun, U =23 B; 6 — 3azop 0,89 MM u 0, =
=0,8 m/MuH, v, = 6,9 m/MuH, U =21 B

Puc. 9. Bapnant npezacrasienns pesymabraros B 110 TSIM
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u B 1,08 mfmian o= 1,296 w/MiEH
24,5 I I
h | E
20,5 Aprom
AMrd
£ 1,2 mea
a s]

Puc. 10. Mogesnuposanue nporasienus B 11O TSIM: cpasuenue pacuertbix (@) u skcnepumentanbibix (6) JaHHBIX P PA3JIHYHBIX

HalIPpAYKEHUAX B UMITYJIbCE U PA3HbIX CKOPOCTAX CBAPKU

THUIIA COEJIMHEHNS, TTPOCTPAHCTBEHHOE TI0JIOJKEHUE COoe-
JIMHEHWS, YTJbl HAKJOHA TOPEJKH, PaCCUYUTHIBAET
MOJIMHOMBI  TETJIO(U3NIYECKIX CBOWCTB HA OCHOBE
nHdopmaru B 6a3e JaHHBIX MaTepuaJsos. [Ipoieccop
npejcraBjieH MoJiesibio. Iloctmpoliieccop 1mo3BoJIsIET
BU3YaJU3UPOBATh PE3YJIbTAThI UMUTAIIUU U [IPEJCTAB-
JIATh PE3YJIbTATBI B BU/IE TPOTOKOJIA W 9KBUBAJIEHTHOTO
HUCTOYHMKA.

Bcero yunrniBaercst 6ostee 30 mapamerpoB. Berxoz-
HBIMU MTapaMeTpaMy SIBJISIOTCS TeMIIEpaTypHOe MoJie B
coeauuenuun, Koutyp mumda (puc. 5, 6) u reo-
METPUYECKHEe pasMepbl II1Ba.

Jlyisg KaanOpOBKU U MPOBEPKH a€KBATHOCTH MO-
Je GbLIo mpoBeZieHo okosio 200 OIMbITOB MO CBapKe
MAG cTbIKOBBIX, yrioBbix (puc. 7, 8) u HaxiecTou-
HBIX COe/IMHEHU I TIPY HOPMAJIbHOM Y MMITY JIbCHOM TTPO-
rieccax. 1o pe3yibraTaM 9TUX ONBITOB KATUOPOBAIUCH
3HaueHusT 3(OHEKTUBHBIX TETLIOBBIX PA/IyCOB pacipe-
JleJIEHHsI aHOIHOTO 7, U KaTOJHOTO 7, TEIJIOBBIX II0TO-
KOB JIyTH, a Tak:Ke K02 PUITNEHTA COCPETOTOUEHHOCTH
nasaenusi nyru K. Ilorpeirnocts BoCIpon3BeeHsT
MIPOTPaMMOIi 3TUX OIIBITOB TIOCJIE KaJUOPOBKU He TIpe-
Bormaer 15 %. IlpuMeHenne mporpamMmbl B TEXHO-
JIOTUYECKON TMOJIrOTOBKE POOOTU3MPOBAHHOTO IIPO-
usBozcTBa pupmoii «Jonson Controls Inc.» gaer rakue
e pesysbraTel (puc. 8).

ITaker nporpamm MIG /TSIM (puc. 9) paspaGo-
TaH [T MOJEJUPOBAHUS TPOIecca CBApKM aJlio-
MUHHEBBIX CIJIABOB OJHOM WM ABYMs Topeskamu [9].
Kax yske oTMedasioch Bbliiie, OH OTJINYAETCS YUCIEHHOM
peaJim3anuei MoJieJii Ipoliecca, CIeyIomei u3 cymec-
TBEHHO WHBIX Telaopu3ndeckux cBoicTB. YacTb
SABJIeHW, TpeHeOpelkeHre BKJAQJOM KOTOPBIX J0-
MyCTUMO TIPU MOJIEJUPOBAHUU CTAJM, OKa3bIBAIOT
CUJIbHOE BJIMSTHUE B TPOIECCE CBAPKHU AJIOMHHUEBBIX
cruiaBoB. Tak, BbICOKasi TEIJIOIMPOBOJHOCTD aJIio-
MUHMEBDIX CIIJIABOB HE TI03BOJINJIA TPUMEHUTD YNCJIEH-
HYIO CXEMY <«BBICOKOCKOPOCTHOTO WCTOYHWKA» U MOT-
pe6oBaJia mosiHOTO 3D-pacuera TeMIIepaTypHOro MOJIs.
Wuoe noBe/ieHrEe CBAPOYHOI yTH 1TOTPe6oBaIo 6oJiee

TOYHOTO YHCJEHHOTO PEIIEHUs [IJII HeCTAIIMOHAPHOTO
mpollecca IMJIABJEHNUS 3JIEKTPOZa U MepPeHoca Kamesb
PACTIIaBJAEHHOTO METAJIIIA, XOTS (PU3MUECKOE OTTHCAHNE
He BBIIILJIO 32 PAMKY MOJIEJIU IyTH, TIpeIoxKeHHol Jlec-
KOBbIM [4].

AnlekBaTHOCTb MO/iesIell IPOBEPSIACh IKCIIePUMEH-
TasbHO B Taboparopusix dupmbl «Daimler Chryslers.
IKCIepUMEeHTaJbHbIe Pe3yJIbTaTbl BOCIPOU3BOJATCS
MIPOTPAMMOii C JIOCTOBEPHOCTBIO OT XOpOIleil /10 y/10B-
nerBopurenbron (puc. 10 ).

B nacrosiiee BpeMst BeryTcs pabOTHI 110 YTOUHEHIIO
Mozesell U 06beJMHEHIIO BO3MOXKHOCTEH 3THUX /BYX
BerBeil IIO B paMKax eAMHOrO HHTEIPUPOBAHHOIO
nakera. KpoMe yHUBepCAIbHON MO/ pacyeTa mpo-
necca cBapku (BO3MOJKHO, HE TOJBKO C JyTOBBIMU
MCTOYHUKAMHU TeIJa), paspabaThiBAEMbI IMAKET I0-
JyauT wHTEpQENCc ¢ CUCTEMO yIpaBeHnus poboTaMu
IGRIP u xoHeyHO-a/IeMeHTHBIMU TIakeTamu SY S-
WELD, ANSYS u ABAQUS.
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PACYETHO-KOMIIBIOTEPHAA CUCTEMA
JIJI1 IPOTHO3UPOBAHIS CBOIICTB
PA3J/INYHbBIX 30H CBAPHOI'O COEAVNHEHUA
IIPH 1YTOBOI CBAPKE KOHCTPYKIIMOHHBIX CTAJIEN

. I. JABPUHEI (HII® «Kop6a», nrr Byua, Kuesckas 06i., Ykpauna),
T. B. KOPOJIEBA (Mu-1 snekrpocsapkn uM. E. O. TTarona HAH Ykpauusr, . Kues)

Hpe}.’[CTaBJIeII'r]. CTPYKTYpa CUCTEMDI, p}lSpaéOTaHIIOfI aBTOpaMH VI ITPOTHO3MPOBAHUA CBOICTB Pa3/InYHbIX 30H CBApHOTO

COe/IMHEHUA 1IPpU [[yI‘OBOﬁ CBapKe KOHCTPYKIMOHHbIX craJjeii.

The paper describes structure of the system developed by the authors for prediction of properties of different zones of

welded joints in arc welding of structural steels.

BBeaenne. TpanunnoHHo BbIGOD PpaIMOHAJBHOTO
BapHaHTa [JJIs1 TyTOBOW CBApKHU COBPEMEHHBIX KOHCT-
PYKIIMOHHBIX CTaJIell CBSI3aH C JOCTATOYHO GOJIBIIUM
KOJMYECTBOM  IKCIIEDUMEHTOB  [II  TTOJTyYeHUS
CPABHUTEJBHBIX PE3yJIbTATOB IO I1I€JIOMY PsIIy Iapa-
MerpoB. K HHM, B TepByi0O oOYepeab, OTHOCSTCS:
yci0Bus (POPMUPOBAHUS I XUMUYECKUIT COCTAB MeTaJ-
Jia mBa v 30HbI poriasaenus (311), MEKpOCTpyK-
tTypa Merajana 31 W 30HBI TEPMUYECKOTO BIIMSHUS
(3TB), CKJIOHHOCTD K 06Pa30BaHMIIO TOPAINX U XOJIO/-
HBIX TpEIIWH, CTAaHJAPTHbIE MeXaHWYeCKIe Xapak-
TEPUCTUKM B PA3JUYHBIX y4aCTKAX CBAapHOTO Coe-
JIUTHEHWSI: TBEPIOCTh, MPEJes TEKydecTH, BPeMEeHHOe
COIIPOTHUBJIEHUE, OTHOCHTEJIbHOE VJUHEHUE WJIN
Cy’KeHWe, yIapHas BI3KOCTb, a TaKyKe DS/ CIIeIraib-
HbIX (DYHKIMOHAIBHBIX CBOWCTB (/mMTeIbHas IPOY-
HOCTh IIPU COOTBETCTBYIOIIUX TEMIIEPATYPaX, KOP-
PO3KMOHHAs CTOWKOCTh U T.1.). Bce ato TpeGyer s
KOHKPETHOTO OCHOBHOTO MaTepuaJia MPOBeIeHNs COOT-
BETCTBYIONINX WCOBITAHWH [JI KaXXIOTO ajbTep-
HATHBHOTO BApHAHTA CBApOYHBIX MATEPHAJIOB WU
PEKMMOB CBapKU. YUHUTBHIBAs CyHIECTBYIOIUiT GOJb-
IO ACCOPTUMEHT IIPe/JIaraeMbliX Pas3JndHbIMU DUp-
MaMH CBApPOYHBIX 3JIEKTPOIOB, CILIONIHBIX M MOPOII-
KOBBIX TIPOBOJIOK, (DJIFOCOB, 3alIUTHBIX I'a30B s AYy-
TOBOU CBAapKU KOHCTPYKIIMOHHBIX CTaJiel, 060CHOBAH-
HbIIl BBIGOD pPAIMOHATBHOTO BAapUAHTA YHCTO 9K-
CTIEPUMEHTATbHBIM TIyTeM TpebyeT Ju60 OOJIBIIOTO
OTIBITA, JITOO MHOTOUNCJIEHHBIX HKCICPUMEHTOB.
Hasnauenne cucrempl W mojyuaemasi uHpop-
Maiusi. Pazpaborannasi aBTopaMu CTaTbU KOMITBIOTEP-
Hasl CHUCTeMa MPeHAa3HAuYeHA B 3HAUNTEJIbHON CTeleH!
COKPATUTh BBINIEYKA3AHHDBII 00BEM JKCIIEPUMEHTOB
IpU BBIOGOPE CBAPOYHBIX MATEPUAJIOB ITyTEM UCIIOJIb30-
BaHUs CPEICTB MATEMATHYECKOTO MOIETUPOBAHILS 1 CO-
OTBETCTBYIOIETO HH(OPMAITMOHHOTO 06eCTIeUeH ST 1JIsT
MOJIy4YeHUsT TeXHUYECKOi nH(pOpMaIuu, HeoOXOMMOi
JUIsT 0G0CHOBAHHOTO BBIGOPA CBAPOYHBIX MAaTEPUAJIOB,
pexxuMa M yCJoBMH ayroBoil cBapku. B kauecTBe

© W. T. JIABPUHEIL, T. B. KOPOJIEBA, 2002

MCXOHON MHMOPMAIINY B CUCTEME HCIIOIb3YIOTCS T1ac-
MOPTHBIE JaHHblEe (DUPMBI-M3TOTOBUTENS CBAPOYHBIX
MaTepraJioB (9JIEKTPO/IOB, CILIONIHBIX U TIOPONIKOBBIX
[POBOJIOK, (DJIFOCOB, 3AIUTHBIX Ia30B) OTHOCUTENBHO
BAapUAHTOB CBAPOYHDBIX MATEPUAJIOB, PEKOMEH/YEMbBIX
JUUIST IYTOBOH CBapKH JAHHOTO THITA KOHCTPYKIIMOHHOMN
CTaJIM; PESKMMOB IyTOBOM CBapKH; KO3 OUIIMEHTOB Ha-
MIJIABKW; XUMUYIECKOTO COCTaBa HATIJIABJIEHHOTO METaJ-
Jla. DTU JaHHBIE BBOJTCS TI0JIb30BATETIEM B CHCTEMY
OJHOBPEMEHHO C YKa3aHMeM THIA CBapUBaeMOi KOH-
CTPYKIMOHHON cTasim (OCHOBHOrO MaTepuaja) U ee
XUMIYECKOTO COCTaBa. B pe3dy/bTarte cucreMa st Kax-
JIOTO aJbTEPHATHBHOTO BapUaHTA BBIAAET CJICAYIONIYIO
uH(opManmio:

e pasmep u ¢popma 311 17151 KOpHEBOTO TIBA U TTOC-
Jesyiomux mpoxoos (yeaoBus opMUPOBAHUS CBAP-
HOTO IIIBa, PUCK IPOKOTa U Ip.);

e xuMHuYeckuil coctaB mertasia 311;

® MUKPOCTPYKTYPHBIN coctaB MeTtasia 311 n 3TB;

e MexaHnueckue cBoiicTsa Metasia 311 u 3TB (TBep-
JIOCTb, BpPEMEHHOE CONPOTHBJIEHNE, TPees TeKy4ecTH,
OTHOCHUTEJIbHOE Y/IMHEHWe ¥ Cy>KeHhe, yAapHas Bs3-
koctb (KCV) npu temneparypax —30...—70 °C;

® PUCK 06PA30BaAHMS TOPSTYUX U XOJIOHBIX TPEIINH.

Kparkoe onucanue cucrembl. Pabora ¢ cucreMoit
HAYMHAETCS C BBOJIA /IAHHBIX 06 OCHOBHOM Marepuadie,
IS KOTOPOTO BEIOMPAIOTCS CBAPOYHbIE MATEPHUAJIBI [T
nyroBolt cBapku. Cucrema mpejiaraet 12 rpymnin KOH-
CTPYKIIMOHHBIX CTaJjiell, K OJIHON M3 KOTOPBIX T0JIb30-
BaTeJIb JIOJIKEeH MPUYKUCIUTD CBOM OCHOBHOM MaTepual
(puc. 1). Tlo >eJaHWIO cUCTEMA [AET BO3MOXKHOCTD
03HAKOMUTBCST 6oJiee TTOAPOGHO ¢ XapaKTePUCTHKAMU
crajeil KOHKpeTHOH rpynmbl (puc. 2), npumepamu
XUMCOCTaBa, TEIIOMU3MYECKIMU CBOWCTBAMU M OCO-
6EHHOCTSIMU [JyTOBOI cBapku. Ecam monb3osartess
YIOBJIETBOPsIET BBIOpAHHAsl T'DYIIA, OH JOJIKEH 3a-
MOJIHUTD JAHHbIE OTHOCUTEIHHO XUMHUYECKOTO COCTaBA
ucrosb3yemMoit cramu (puc. 2).

Curenyronumii aTam paboTbI ¢ CHCTEMO CBSI3aH C KOH-
KpeTHu3aIleil JaHHbIX OTHOCHUTEJIbHO BHU/IA CBAPHOTO
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Fpynnw cran:

Puc. 1. Cricok rpyrin KOHCTPYKIIMOHHBIX CTAJIel, MPe/JiaraeMbIX M0Jb30BATENI0 CHCTEMOIT

coeqmHennst. CructeMa MMpeIaraer moJib-30BaTeio He-
CKOJIbKO BH/IOB CBAPHBIX COEIMHEHUIN CO CTBIKOBBIMH
mBamu (puc. 3). BosMokHa 0HO-IIPOXOAHAS U MHO-
ronpoxofHas (ca0sAMu NGO <«HUTOYHBIMU»> HIBAMH)
cBapka. KommaecTBo IpOXO/I0B 1 PACKIAIKY BAJHKOB
«HUTOYHBIX» MTBOB CHCTEMA BBITIOJTHSIET CAMOCTOSITE Th-
HO. Bo3MOKeH BapuaHT TOJIBKO OJHOTO KOPHEBOTO
nmBa. Bo Bcex BapuwaHTax puc. 3 /s KOPHEBOTO IIBa
TIPH CBapKe Ha BECy pemraeTcs BOIPOC OTHOCUTEIHHO
PHCKa TIPOKOra Ha OCHOBE OI[EHKHM PABHOBECHS MEKY
CHJIaMHU, JIeH-CTBYIOIUMU Ha 06bEM JKUIKOTO METAJLIa

(O-BEpPXHOCTHOE HATSI’KEHHE, JaBJIeHHe IyTH, Tpa-
BUTAIINS).

[Tosb3oBates b JOJIKEH yKaszaTb METOZ JyTOBOM
cBapku (puc. 4), a Takke BbBIOpPATh KOHKPETHBIE
BapUaHThl CBAPOYHBIX MaTEPUAJOB, 3alOJHUB CO-
OTBeTCTByIOH_H/Ie JTaHHbIC TUIIa yKa3aHHbIX Ha pI/IC. 5
OTHOCUTEJIBHO XHMMHYECKOTO COCTaBa HallJaBJIeHHOTO
MeTaJlIa, PeKUMOB CBapKH, K0a(PHUIMeHTa HATLJIABKI
(110 macropTHHIM JaHHBIM (PUPMbI-U3TOTOBHUTEJISE, THO0
Ha OCHOBE MMEIOTIETOCsT OTTbITA).

Puc. 2. IIpumep 3ano/iHeHus JaHHBIX HPU BbIGOPE KOHKPETHON IPYIIIbI CTaJIe
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Puc. 3. Buapr cBapHbBIX COeIMHEHNH, TIPE/JIATAEMBIX 1T0JIb30BATEIO

C ucnosb30BaHNEM BBEJIEHHBIX JaHHBIX B CHCTEME
BBITIOJTHAETCS KOMILJIEKC OIlepaliyii, CBSI3aHHBIX C BbI-
60pOM CKODOCTH CBapKd HA OCHOBE WMEIOIINXCS
OrpaHMYeHuH TOMIMH OTAEIbHBIX coeB (6o more-
DEYHDBIX CEYEHUiT «HUTOYHBIX» MIBOB), 3aTe€M pac-
CYMTBIBAIOTCS TEMIIEPATYpPHbIE T0JII B IONEPEYHOM
CeUYeHNM CBAapHOTO IMBa [T KaKIOTO MPOXOa,

e T T

i"i]iji‘iii|i

1 IETHMHE 3ACKTPO AN
“mllllllillll.llﬂﬂ CEAPKA B 3BLHTHED Fra3ax

CEApKA NOPOWKOROH NPOROADKDR
Caapka nog hamcom

Puc. 4. CriocoGbl IyroBoil CBapKH, Hpe/iaraeMble M0JIb30BATEIIO

HauMHasi C KopHeBoro 1mBa. Ompejessercs T1oJie
MaKCHMaJIbHBIX TeMIIepaTyp, Ha OCHOBAHWU KOTOPOTO
OLIEHUBAIOTCS 00beMbl, TpUHaAIexKalue Metamry 311
u 3TB. Hcnoab3yoTess pu 3TOM UCXO/HbBIE JaHHbBIE
JUIST OCHOBHOTO MaTepHasia OTHOCUTENbHO TEMIIEPaTyp
nasnenus Ty, u A, (puc. 2), a Takxe COOTBETCTBY-

olye Termaogpu3ndecKue cBOHCTBRA.

[l Kask/oro TpOXojia ONpe/esisieTcsl CpPeaHuit
xuMuuecknit cocras Meraana 311 (ocHoBbIBasgch Ha
3HAHWM Pa3MepPOB M XUMHUYECKOTO COCTABA PACILIABJIS-
€MBIX YYaCTKOB, a TaKKe KOJMYecTBA M COCTaBa Ha-
IIaBJASIEMOTO IIPHCAJ0YHOr0 MaTepuania). Ilo xu-
MudeckoMy cocraBy Metanna 3l omnpenensiercs
MPUHA/IEKHOCTD MeTaJljla 3TOH 30HBI COOTBETCTBYIO-
nieil TpyIIe KOHCTPYKIMOHHBIX CTajell ¢ TMO3UIuit
OIIEHK! MUKPOCTPYKTYPHOTO COCTOSTHHS TIOCJIE OXJIaXK-

n | | w
ok |

Puc. 5. HpHMep 3allOJIHEHUS JIaHHbIX 110 PEKUMY CBAPKU U XUMUYECKOMY COCTaBYy HallJIaBJISIEMOI'O MaTepuaJia
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40°+5

12

1
p SR

Puc. 6. Cxema pasaenxu (a) u sanonnenus cioes (6) npu ceapke
cramm mMapku [[H32

Jenus. B cucremMe uMeroTcst 1Be TPYIITMPOBKH CTaJIeH,
yKaszaHHbIX Ha puc. 1. K mepBoii oTHOCATCS KOHCT-
PYKIIMOHHBIE YIJIEPOJUCTBIE W HHU3KOJETHPOBAHHDIE
craqu (rpymmsr 1...8), MHKPOCTPYKTypa KOTOPbBIX
OTIPEJIENISIETCS HA OCHOBE COOTBETCTBYIONIUX UATPAMM
aHnsoTepMuyeckoro pacnaa aycrenura (APA). Bro-
past oXBaThIBaeT JernpoBanubie craam (rpymmnbs 9...12,
puc. 1), MHUKPOCTPYKTypa KOTOPBIX OIPEIesSeTCs
muarpammoii e drepa (mbo ee MoguduranusaMu
[1]). [lns ymoGerBa B crcTeMe MCHOJb3YIOTCS Mapa-
MeTpUYecKre ypaBHeHHS [2], MO3BOJIAIONIE BBITIOJ-
HSATb PAcyeThl O3KMIA€MON MUKPOCTPYKTYPbI B KK I0H
touke Mertasuta 311 u 3TB, 3Hag xuMuueckuii cocran
1 TIapaMeTpPhl TEPMUYECKOTO TTMKJIA. [[prHIMaeTcs, 9To
IIOBTOPHbIA Harpes Bbiie A, crnoco6eTByeT o6paso-

BaHUIO HOBOM MUKPOCTPYKTYPbI C HOBbIM XUMUYECKUM
COCTaBOM ¥ HOBBIMH TapaMeTpaMnu TEePMUYECKOTO
nukia. Ilosropupiii Harpes Huxe A, He MeHsET

MHUKPOCTPYKTYPY, HO CIHOCOOCTBYeT U3MEHEHUIO Me-
XaHUYECKUX CBOWCTB MO0 MEXaHU3MY COOTBETCTBYIOIIIE-
r0 KPaTKOBPEMEHHOTO OTITyCKa.

BaskubiM aTarioM paGoThl CHCTEMbI SIBJISIETCST pACUET
MeXaHUYECKUX CBOICTB B PA3JUYHBIX TOUYKAX MeETaJIIa
3II u 3TB. On BbIIOJHSIETCS HAa OCHOBAHUM JIAaHHBIX
MUKPOCTPYKTYPbI M XMMUYECKOTO cocTaBa. /[yisi Bcex
XapaKTePUCTHK MeXaHndecKux cBoiictB X = {HV, o,
G, 85, Y}, UCIOJIB3YETCS MPEICTABJIECHIE:

X=>xVi(i=a,f p, b, m), (1)

rae a — aycreuut, [ — deppur, p — nepaut, b —
6eiiHuT, M — MapTeHcuT, V; — MaccoBast IOJs i-i
MUKPOCTPYKTYPBI B JJaHHOH Touke. {7151 x; NCIOb3Y-

Y, oM
1.5

m240..
m200..
W 190...200
@ 180...180
180

250

i 240

0.5

m25.26
m22.25
m15.22
@1,2.15

Puc. 7. Pesyabratel pacuera teepaoctu HV (a) n ynaproii Baskoctn
KCV_y (6) nnsa Bapuanra us tabm. 1

I0TCSI yPaBHEHWS PETPECCUM, CBA3BIBAIONINE 3TH
BEJINUMHBI C XMMMYECKUM COCTaBOM CTaJjieil JaHHOI
rpynmnet [2]. [as ymaproit Bsskoctu mo Ilapmm
(KCV) ycpennennoe npeacrasierune (1) He oTpaskaer
0COGEHHOCTHU TIOBE/IEHUSI MaTepuasa JJs TAKUX UCITbI-
TaHWil. [l 9TUX 11eJieil B cuCTeMe MCTTOTb3YIOTCS yPaB-
HeHus perpeccu, ceasbiBatone KCV ¢ xumndeckum
COCTaBOM, Atlg /s U TeMilepaTypoil ucnbitanug Ty.. Ec-
TECTBEHHO, 4YTO KO3(PUINEHTBI PETPeccHy TaKoi
3aBUCUMOCTH MOTYT [IOCTATOYHO CYTIECTBEHHO 3a-
BUCETb OT I'PYIIIbI KOHCTPYKIMOHHOW CTaJIN.

Baxxupim asieMeHTOM PaGOThI CHCTEMBI SIBJISIETCS
OTleHKa PHUCKa HapyIeHWs IeJocTHOCTH MeTasia 311
an60 3TB 3a cuer ropsTUMx U XOJOAHBIX TpeInuH. st
paccMaTpuBaeMbIX KOHCTPYKIIMOHHBIX CTaJieil Hau-
6oJiee peaJbHO TOBOPUTH O PUCKE 0OpPa30BaHMS TO-
PSUYUX TPEITIH JJIS1 BBICOKOJIETUPOBAHHBIX CTaJel ayc-
TEHUTHOTO KJacca. [y KOHCTPYKIIMOHHBIX BBICOKO-
JIETUPOBAHHBIX CTaJell XUMUYECKHUI COCTAaB MeTaJslia
3II MoxxeT OKa3bIBaTh CyIECTBEHHOE BJMSHUE HA Iie-
JIOCTHOCTH CBApHOTO IIBA U CJIy’KeOHble CBOUCTBA Me-
TaJlIa B poiiecce srcrtyatarmu (puc. 3), o yeM umeer
BO3MOKHOCTb TOJYYUTb WH(MOPMAIUIO TT0Jb30BATEh
CHUCTEMbl Ha OCHOBE JAHHBIX O CPEIHEM XMMCOCTaBe
Metasia 311 cooTBETCTBYIONUX MTPOXO/IOB.

IIpumepsr npumMeHenusi. PaccMOTprM KOHKPETHBIHN
cJTydaii cBapKu CyI0CTpouTeTbHOU ctamm Mapku [ H32
B CTBIKOBOM COEJUHEHUU C TOJIIHMHON IJIACTUH O =

TaGumua 1. PacuerHbie mapamMerpsl (GOPMUPOBAHNUS OT/AEIbHBIX TIPOXOJOB JIJIsL CBapKH ctaiu Mapku [TH32

Buj msa Gy, Kk /cm ‘ Uy €M/ C S Xumuueckuii cocras, %
Kopuesoit 9996 0,25 60 0,08C — 1,3Mn — 0,477Si — 0,068Ni — 0,003Al
3anoJHsionit 1 17787 0,20 80 0,059C - 1,3Mn - 0,493Si — 0,021Ni — 0,002Al
3anoangonuii 2 10865 0,32 74 0,05C — 1,3Mn — 0,5Si — 0,001Al
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Ta6smua 2. IlacniopTHbIe JaHHbIE A aJbTEPHATUBHBIX BAPUAHTOB JIEKTPOJIOB

X ADaKTenHCTIKA YOHMU 13 /65, OK 48.08, Fox EV60, Tenacito 65,
PAKTED AO «CrendekTpos> ESAB Bohler OERLICON
XUMUYECKHii cocTaB 0,13 C — 1,25 Mn — 0,08 C — 1,20 Mn — 0,07 C—-1,3 Mn — 0,05 C—1,5Mn —
HaIlJIaBJICHHOIO MeTasla, % 0,45 Si — 0,0175 S — 0,35 Si — 0,90 Ni 0,3 Si — 0,9 Ni 0,3Si —1,2Ni —
0,027 P 0,35 Mo
Kopsegoii 1mos d,, MM 3,0 3,2 3,2 3,2
I, A 90 130 125 115
U, B 24 22 22 22
o, r/(Au) 9,5 9,3 9,5 9,5
3arnoJHgonme d,, MM 5,0 5,0 5,0 5,0
TPOXO/IbI
I, A 180 230 210 210
U, B 25 23 23 23
o, r/(Au) 9,5 10,3 9,5 9,5
JlexopaTuBHBIIT d,, MM 4,0 4,0 4,0 4,0
CJI0#1
I, A 145 175 160 160
U, B 25 22 22 22
oy, T/ (Au) 9,5 10,0 9,5 9,5
¥, om ¥, Cm
Aevoparsnui npoeon 300 dewopamieHeR npoxon r 300
JANORHAKALIANE MPENES! ' JANORHAKHLIAE NPEOEME! '
12 12
1 240 1 240
10 10
] 9
] 1,80 H 1,80
7 7
-1 5
5 1,20 5 1.20
4 4
3 3
2 0,60 2 0,60
1
KopHeaoh npoxon KopHesol npoxnn
: i o L] ——L 0
0 060 1,20 1,80 X om 0 060 120 1,80 X cm
Fox EV o0 Ok 48,08
Y, cm
O@ropaTiisei npooa 3,00
Tanarseciume Npo
n ”“‘:‘: FANCAMARRLPA PCHA 1o
12
1 240
4] 10
B 9
8 8 1,80
7| 7
B 6
5 5 i 1,2]
4 4
3 a
2 a I ﬂ,ﬁﬂ
1 1
Kopssaaodt noawmnn
. ) S S 0
W] 060 1,20 1,80 X cm lu] 00 120 1,80 X cm
Tenmnciin 65 YOHH 1365

Puc. 8. 3ona nporaB/eHns Ipu 3al0JHEHUH PA3/IeIKKU CTIKOBOTO IIIBA HA CTAJIN MapKH
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= 12 MM (puc. 6). CBapka OZHOCTOPOHHSIS <«HUTOY-
HBIMH» [IBaMHM, Ha KepaMHUYECKOH IOAKJAIKE,
MexanusupoBantasi, B CO2, npososiokoit OK-Tubrod
15/14. Xwummueckuii cocras crammm [JAH32, %:
0,18C — 0,4 Si — 0,3Ni — 0,01 Al. Xumnuecknii
CcOCTaB HalLIaBjgeMoro Merasuta, %: 0,05 C —
1,3 Mn — 0,5 Si. Pexxumbl cBapKu: KOPHEBOIi IIOB
(I =170 A, U =21 B, ves = 0,25 cM/c, oy =
=16 r/(A-u); zanonusiomuit mos (I = 205 A, U =
= 24,5 B, ves = 0,25 cM/¢); nexopaTusubii mos (I =
=205 A, U =24,5B, veg = 0,25 cM/¢).

IKCIepUMEeHTAJNbHBIE TaHHBIE TTI0 TPOTOKOJTY UCTIBI-
tanud Ha 3aBojie «Okean» B mapte 2001 r.: TBepAOCTD
B Merate 311 — 203...221 HV5; B metasie 3TB —
198...230 HV5; ynapuas Bsiskoctb KCV _5) Ha o6pas-
nax [Hapmm cevennem 10X12 npu AByXMHILIUMETPO-
BoM Hazpe3e B Metayure 311 — 1,2...2/4 MGk /Mm% (B
HETTO ceyeHnu o6pasia).

PesynpTarhl pacuera /IS 9TOTO BapuaHTa TpUBeE-
nenbl B Ta6a. 1 u Ha puc. 7. B Ta6n. 1 ykasamubsl napa-
MeTPbI (POPMUPOBAHKSA OTAETBHBIX TTPOXO0B (MOrOH-
Hasl SHEPTUST G, TLIOMAAbL cedenus metaiana 311 —
S, xuMuueckuil cocras Metaana 311), a ma puc. 7
MPUBEJEHBl pacuyeTHble 3HaueHusi tBepaoctd HV wu
yaapnoii Ba3koctu KCV_yy B ceuyenuu mBa. Bugno,
YTO 30HBI HPOILIABJAEHHUS OTJIUYAIOTCS OT OCHOBHOI'O
MeTaJIIa TJIABHBIM 06PA30M I10 COJIEPKAHUIO YTIEPO/IA.
ITokasarHas Ha puc. 7 TBEPAOCTb B CEUEHUN IITBA Me-
userca B Metaste 311 or 170 go 200 HV, a B MeTtaJjie
3TB — 200...250 HV, 4TO XOpOIIO COTJacyeTcs C
3aMepEeHHbIMU ¥ YKa3aHHBIMHU BbIllIe. YapHas Bs3-
koctb KCV_y B Merante 311 HaxoauTca B mpejenax
2,2..2,6 MJx/mM%, a B merauie 3TB ona Gousee
HU3Kasg — Ha yposue 1,5...2,2 M ]k /M2, 4To TaKsKe
COTJTACYETCS ¢ AKCIIEPUMEHTATBbHBIMU HAGJIIOCHUSIMU.

Cuetytoliuii npuMep WLITIOCTPUPYeET BO3SMOKHOCTI
CUCTEMBI JIJIsI BBIOOPA CBAPOYHBIX MATEPUAJIOB JIJIs1 KOH-
KPETHOTO CJIy4asi CBAPKU CTBIKOBOTO OJTHOCTOPOHHETO
coemmnenns u3 craau 16T2AD (TOCT 1928-73)
toanmuaoir & = 30 wMM. XUMHUYECKHIl COCTaB
mwractul, %: 0,17C - 0,45Si—1,5Mn - 0,3 Cr — 0,2
Ni —0,2 Cu—0,11 V —0,02 N2 — 0,035P — 0,0408S.
[l1s1 TaKOro XMMCOCTaBa CHUCTEMA PEKOMEHIYIOT: IPH
coJiepsKaHuK BOJIOPO/Ia B OCHOBHOM MeTAaJIIIe HA yPOBHE
<1 cM® /100 r I0OrPEB IPH CBapKe B CBOGOIHOM COC-
TOSIHUU He TpeGyercs, a MpH CBapKe B 3aKpeIlieHun
pekoMeHryeMblit mogorpes coctasiser 70...115 °C.
MexaHnuecKkne CBOHCTBA OCHOBHOTO MaTepuasa: Gy o >
> 440 MlIla, o, > 590 MIIa.

B kauecTBe aJbTEpHATUBHBIX BaPUAHTOB 3JIEKTPO-
JTOB JIIST PYYHOI IyTOBOI CBapKU MOYKHO PACCMOTPETD:

YOHU 13,/65 (AO «Cuemnpaexrrpon»)
OK 48.08 (ESAB)

Fox EV60 (Bohler)

Tenacito 65 (OERLICON).

B ta6u1. 2 npuBe/ieHbI ACTIOPTHBIE JIAHHbIE XUMITYEC-
KOTO COCTaBa HAIJIABJISIEMOTO STHMH  9JIEKTPOJaMU
MaTepuaia, pekoMeHyembie peskumbl capku (I, U) u
BEeJIMIIHBI K03(D(PHUITNEHTOB HATJIABKH Oly.

Ha puc. 8 mnpuBeneHbl pe3yJbTaThl pacueTa
(GopMUPOBAHUS CBApHOTO COCIWHEHUS TIPU CBapKe
CJIOSIMH, KOTJIa CKOPOCTb CBAapKH /IJIsI KOPHEBOTO IIBA
0,3 cM/c, a AJst OCTAJbHBIX CJIOEB BbIOMPAETCS U3
VCJIOBUH, UTO TOJIIHAHA CJOS HAXOAUTCS B Tpeesax
2...3 mM. Tlokazanbl 30HbI TTPOILJIABJIEHUS /ST AJIbTEP-
HATHBHBIX BApUHAHTOB. BuAHO, dYTO pasjnuue B
PEKUMaX CBAPKY MIPUBONUT K PA3JTMIHOMY KOJUYECTBY
3anoJiHsonmx cjaoeB: or 11 s Tenacito 65 mo 14
s YOHU 13 ,/65. B Ta6a. 3 mpuBeieHbl pacueTHbIe
JlaHHble, Xapaktepusytomnue 311 11 kax10ro mpoxo/ia
(cos1). YKazaHbl CKOPOCTH CBAapKU Uy, ITIOTOHHAS
9HEPrusi ¢y, IJIOMAIb CeYeHUsT 30HbI MPOIIaBieHus F
U XUMHYECKHI COCTaB 3THX 30H. BujaHo, 4YTto B
CPaBHUBAEMbIX BapUaHTaX [IJISI KOPHEBOTO I11BA MTOTOH-
Has sHeprus Mensiercss ot 5760 no 7626 Ik /cM, co-
OTBETCTBEHHO W TJIONIA/Ib TIPOTLIABIEHUST MEHSIETCST OT
0,22 110 0,30 cm?. HauGoutee BHICOKOE COEPIKAHUE YI-
Jepojia B Metasie 311 KopHeBOro mBa XapaKTepHO J1JIst
BapuaHTa cBapku aJekTpomamu YOHWM 13,/65
(0,148 %), coorserctBenno (cm. puc. 2) P, = 0,239;
quts Bapuanta ¢ OK 48.08 P, = 0,217; naa Fox EV60
P., = 0,2077 u gz Tenacito 65 P, = 0,2178.

[Ipu cBapke B JKECTKOM 3aKpeETIEHUN JJIST JaHHOM
TOJIIUHBI MOKHO JIONMYCTUTb CBAapKy 6e3 TOJ0TpeBa,
ecau conepskanue audGy3MOHHOTO BOJAOPOJA IPHU
P, = 3,1 1o puc.2 He TIPEBBIMIAET COOTBETCTBEHHO
1,7 ev® /100 15 3,09 ov® /100 15 4,05 cv® /100 T
3,06 cm® /100 1 (1. e. ¢ sTMX nosuimi Hanbosee
CTOMKNI K 06Pa30BaHUIO XOJIOAHBIX TPEIUH MaTepuaJl
3II kopHeBoro 1mIBa TIPH CBapKe A3JEKTPOAAMH
Fox EV60). Haumenee croiiknii matepuan 311 kopre-
BOTO IIIBa MpHU cBapke ajsekrposamu YOHU 13 /65,
ocTajibHbIe /[BA BapMaHTa PUMEPHO OJIMHAKOBBIE.

XUMUYECKUI COCTaB 3aloJHSIONUX CJOEB B
CPaBHUBAEMbIX BAapHAHTAaX XapaKTEPEeH OTCYTCTBUEM
HUKeJsT [J1s BapuaHTa ajektpogos YOHU 13 /65 u
[IPUCYTCTBUEM IIOCJIEHETO B OCTAJIBHBIX BAPHAHTAX HA
yposte 0,74...1,12 %. KpoMe TOro, BApHaHT C 3JIEKT-
pomamu Tenacito 65 umeer B Metasae 311 monn6aeH
Ha yposue 0,24...0,35 %.

AHa/M3 pacyeTHBIX JAHHBIX TT0 MUKPOCTPYKTYPE B
Merasie 311 m 3TB moka3piBaeT, 9YTO B CeUeHHWH IIBa
rocJjie CBapKu Ipeol/iaZiaeT MapTeHCUTHO-OeHUTHAS
MuKpocTpyKTypa (cBapka 6e3 I0JJ0TpeBa 1 ¢ MOJTHBIM
OCTBIBAaHMEM TIPEBbIIYIIETO CJIOS Tepe]l HaIlIaBKOil
nocJeayiomero). [Ipu 3ToM COOTHONIEHNE MEXKY Map-
TEHCUTOM U 6eiiHuTOM 6JIM3KO K 1:1, OHAKO B OT/E/Ib-
HBIX JIOKAJBHBIX ydYacTKaX HaOJofaeTcss mpeobJia-
JlaHne MapTeHcuTa Jn6o GeiHuTa.

Pacrnipesiesienne TBepIOCTH B paccMaTPUBAEMBIX
BapUaHTaX, TIOKa3aHHOe Ha PHC. 9, TPUMEPHO O/MHA-
koBo: B meramne 3TB — 350...370 HV, B 3II —
240...280 HV (kpome Bapuanra ¢ YOHMU 13 /65, rie
tBepaoctb 260...330 HV B cBsi3au ¢ 6oJiee BBICOKUM
cozep KanueM yriaepojaa). MUHUMATbHbINA TIpees Te-
Ky4eCTH B CEUYeHHM IIBa /JisI BCEX BAPHAHTOB o6ec-
meynBaetcst Ha yposHe 510...600 MIla, a BpemeHHOe
comnrporuBienrie Ha ypoBre 620...770 MIla. OtHo-
CUTEeNbHOE YIJUHEHHWE JOs [ PaccMaTpUBAEMbIX
BapUaHTOB HaXOAWUTCS Ha yposHe 8...16 %, uTo HUKE
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TaGauna 3. Pesysbratel pacueta GOPMUPOBAHUS 30HBI IPOILIABJIEHNS /il BApUAHTOB Tabur. 1

CBapouHbIit
MaTepuaJj YOHU 13/65 OK 48.08 Tenacito 65 Fox EV60
XapakTeprcTHKa
CKOpoCTb CBapKH,
cM /¢ i
KOPHEBOTO IIBa 0,3 0,3 0,3 0,3
3aI0JIHAONIUX IIBOB 0,43...0,11; 0,16 0,63...0,15 0,50...0,11 0,5...0,12
JIEKOPATUBHOTO IIBA 0,11 0,14 0,12 0,12
Iloronnas sHeprus,
Ik /e s
KOPHEBOTO IIBa 5760 7626 6746 7333
3aI0JIHSIONNX 1IBOB 8397...32315; 21924 6733...28187 7726...35686 7726...32341
JIEKOPATUBHOTO TIBA 26591 22230 23400 23400
ILnomaap mporiIas-
JIEHUST, CM> JUIST:
KOPHEBOTO IIBa 0,22 0,30 0,26 0,28
3aI0JHAOINX ITBOB 0,30...1,52; 0,92 0,26...1,42 0,30...1,76 0,30...1,6
JIEKOPATUBHOTO IIBA 0,72 0,56 0,60 0,64

XuMudeckuil cocras, %
30H TIPOTLJIABJICHUST
JUIST:

KOPHEBOTO IBa

3allOJIHAIOIINX [IBOB

JIEKOPAaTUBHOI'O 1IIBa

0,148C — 0,14Cr —
1,363Mn — 0,09Cu —
0,45 Si — 0,09Ni —
0,05V — 0,09N,

(0,146-0,134) C
(1,347-1,28)Mn
(0,116-0,03) Cr
(0,057-0,02) Cu
0,45Si
(0,078-0,02)Ni
(0,043-0,011)V
(0,005-0,001)N,

0,131C - 0,011Cr —
1,26 Mn — 0,007Cu —

0,45Si — 0,07Ni — 0,001N,

0,12 C - 1,33 Mn —
0,394 Si — 0,589Ni —
0,049V — 0,089Cu —
0,009 N, - 0,13Cr

(0,10-0,085) C
(1,27-1,22)Mn
(0,372-0,356)Si
(0,744-0,861)Ni
(0,067-0,017)Cr
(0,017-0,011)Cu
(0,024-0,006)V
(0,002-0,001)N,

0,096C — 1,38Mn —
0,405 Si — 0,99Ni —
0,007Cr — 0,004Cu —
0,006V — 0,0N,

0,099C - 1,50Mn —
0,361Si — 0,79Ni —
0,2Mo — 0,045V —
0,084Cu — 0,125Cr —
0,008N,

(0,086-0,06) C
(1,50-1,5)Mn
(0,345-0,313)Si
(0,9-1,12)Ni
(0,24-0,32)Mo
(0,033-0,009)V
(0,004-0,0)N,
(0,084-0,017)Cu
(0,09-0,031)Cr

0,053 C = 1,50 Mn —
0,304 Si — 1,17 Ni —
0,006Cu - 0,01Cr

0,112C — 1,383Mn —
0,362Si — 0,609Ni —
0,046V — 0,008 N, —
0,083Cu - 0,125Cr

(0,099-0,077)C
(1,36-1,32)Mn
(0,344-0,312)Si
(0,69-0,84)Ni
(0,024-0,09)V
(0,03-0,01)N,
(0,088-0,025)Cr
(0,06-0,016)Cu

0,086 C — 1,47 Mn —
0,348 Si — 0,95Ni —
0,008V - 0,0N, —
0,023Cr — 0,015Cu
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¥, om Y, oM
3,00 r3.00
F 240 240
[FL W 370440
180 |\@aso gm0 180 | g aen 70
W 340, 350 W 340350
B 330, 340 W30 0
N 310,330 W 310,530
.20 B 280,310 .20 & 200,310
O 240,280 0O 260,280
F 0,60 0,60
—— o — . o
0 0,60 1,20 1,80 X cm 1] 060 1.3 180 X cm
Fox EV &0 0K 45,08
, M Y, cm
3,00 [ 3,00
240 240
W 370430 W 370440
W 350,370 L W 350370
1,80 W 0,350 1.0 ]
B 330, 340 W 20340
B 310,330 B0 330
1 B 280..310 F @ 280..310
e 0 244),..280 o 0 260,280
M 080 00
0 v —= 0
0 060 120 180 X cm 0 080 1,20 180 X cwm
Tonaciln &5 YOI 1365

Puc. 9. Teepmocts HV 2 B pazimunbix Toukax meraia 311 u 3TB cBapHoro coeauuenusi /st BApHAHTOB Ta0J. 2

Y, cm Y. Cm
3,00 T 3,00
- 240 - 240
w2830
[ERT] n2 .29
I 11,7..2,1 L 1,7..2.1
1 1,80
i =507 1517
w1315 m13.1,5
190 a,7..1.3 1,50 m0,7..1,3
- 0,60 " 0,60
0 e ]
0 060 1,20 180 X cm 1] 060 120 180 X om
Fax EV 60 OK 45.08
Y, cm Y. cm
ey [ 48
2,40 3 240
w2129 !"
I 1,721
1,80 »1,5..1,7
w1305
{21 0.7..13
- 0,60 0,60
I | ; 0
0 060 1,20 1,80 X cm 0 060 120 1,80 X cm
Tenacito 63 VOHIL 13/63

Puc. 10. ¥Ypapuas Bsisrocts KCV_, aast matepuana 311 u 3TB aist Bapuantos tabu. 2
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No
BaJINKA
Xum.
SJIEMEHT 1 2 3 4 S5 6 7 8 9 10 11 12
U BeJu-
YIHA
30HBI
MPOILJIaB-
JIEHUST
C 0,152 0,153 0,147 0,144 0,147 0,142 0,144 0,143 0,139 0,145 0,140 0,137
Mn 1,389 1,393 1,355 1,335 1,357 1,326 1,336 1,328 1,304 1,346 1,311 1,292
Si 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450
Cr 0,167 0,172 0,126 0,102 0,128 0,091 0,103 0,094 0,065 0,115 0,073 0,051
Ni 0,111 0,114 0,084 0,068 0,085 0,060 0,069 0,063 0,043 0,076 0,049 0,034

Cu 0,111 0,114 0,084 0,068 0,085 0,060 0,069 0,063 0,043 0,076 0,049 0,034

A% 0,061 0,063 0,046 0,037 0,047 0,033 0,038 0,034 0,024 0,042 0,027 0,019
Snp 27,0 68,5 41,5 39,75 48,5 46,5 48,75 42,5 40,25 51,25 39,75 40,25
Ne
BaJIMKa
Xum.
DJIEMEHT 13 14 15 16 17 18 19 20 21 22 23 24
" Besu-
4qiHA
30HBI
[IPOILIAB-
JTeHUsT
C 0,140 0,139 0,135 0,140 0,139 0,135 0,134 0,139 0,138 0,133 0,133 0,138

Mn 1,313 1,308 1,282 1,315 1,308 1,279 1,277 1,304 1,302 1,269 1,269 1,298

Si 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450 0,450
Cr 0,075 0,070 0,039 0,079 0,069 0,035 0,033 0,065 0,062 0,023 0,023 0,057
Ni 0,050 0,047 0,026 0,052 0,046 0,023 0,022 0,043 0,041 0,016 0,016 0,038

Cu 0,050 0,047 0,026 0,052 0,046 0,023 0,022 0,043 0,041 0,016 0,016 0,038

\% 0,028 0,026 0,014 0,029 0,025 0,013 0,012 0,024 0,023 0,009 0,009 0,021
Sup 49,0 46,5 46,75 49,75 39,75 40,25 40,25 49,0 36,25 38,25 38,25 41,5
Y, mma SOHL NPONIABNEHMA
280

250 T T T T T T
=183 -122-61 0 61 122 183 X mm

Puc. 11. Cxema 3a10/THEHHsI CTBIKOBOTO 1IIBA <«HUTOYHBIMH» IBaMM 1P cBapke ajextpogamu Y OHU 13 /65 na pesknmax us tabi. 2,
BEJINYIHA 30H HPOILIABIEHUS S, I UX XUMHUECKHIl COCTaB IS KaX0r0 1B
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No
BAJIIKA
Xum.
9JIEMEHT 1 2 3 4 5 6 7 8 9 10
U BeJIH-
YIHA
30HbI
MPOILIaB-
JIeHUs.
C 0,129 0,144 0,095 0,089 0,097 0,085 0,091 0,089 0,077 0,091
Mn 1,388 1,347 1,296 1,280 1,301 1,267 1,286 1,278 1,247 1,286
Si 0,469 0,475 0,484 0,487 0,483 0,489 0,486 0,487 0,492 0,486
Cr 0,188 0,147 0,096 0,080 0,101 0,067 0,086 0,078 0,047 0,086
Ni 0,462 0,556 0,677 0,714 0,663 0,744 0,700 0,719 0,791 0,700
Cu 0,125 0,098 0,064 0,053 0,068 0,045 0,057 0,052 0,031 0,057
\% 0,069 0,054 0,035 0,029 0,037 0,025 0,031 0,029 0,017 0,031
Sup 45,5 79,5 65,0 58,25 67,5 57,25 63,5 54,75 55,25 67,5
No
BaJINKA
Xum.
SJIEMEHT 11 12 13 14 15 16 17 18 19 20
U BeJu-
YIHa
30HBI
MPOILJIAB-
JIEHUST
C 0,088 0,075 0,087 0,084 0,072 0,085 0,071 0,067 0,068 0,070
Mn 1,276 1,242 1,274 1,266 1,234 1,268 1,230 1,218 1,222 1,227
Si 0,487 0,493 0,488 0,489 0,494 0,489 0,495 0,497 0,496 0,496
Cr 0,076 0,042 0,074 0,066 0,034 0,068 0,030 0,018 0,092 0,027
Ni 0,722 0,802 0,728 0,747 0,821 0,742 0,831 0,857 0,848 0,837
Cu 0,051 0,028 0,049 0,044 0,023 0,045 0,020 0,012 0,015 0,018
\Y% 0,028 0,015 0,027 0,024 0,012 0,025 0,011 0,007 0,008 0,010
Sup 53,5 54,75 62,75 58,5 57,25 65,25 24,5 47,5 47,75 34,25

S0oHEI NPONNABNEHWA

¥, MM

250

183 -122-61 0 61 122 183 X, MM

Puc. 12. Cxema 3amoyiHeHns CTBIKOBOTO MIBA «HUTOYHBIMH» IIBaMU 1pH cBapke asekTpogamu OK 48.08 na pexxnMax u3 Tab1. 2, BeJMInHA
30H MPOILIABJIEHUS S, U UX XUMHYECKUN COCTAB /LIS KAK/IOTO 1IBa

219



INTEGRATED SYSTEMS, PROBLEMS OF OPTIMIZATION

¥, MM

270 1

Aty C

3.9
m7.8
a7

mb..7
m5.6
ko

m3.4
m4..5

W0,49..0,55
M 0,43...0,49
0 0,36...0,43
™ 0,30...0,36
M 0,34...0,30
W0,18..0,24
WO0,11..0,18

W00s..011

012017
W0,06.0.12
|m0.00..0.06

M 0,86..0,70
[ 0,61..0,66
m0,56...0,61
W 0,51..0,56
W 0,47...0,51
W 042..047

=122 =61 0 6.1 12,2 X mm
d

Puc. 13. PacueTHble JaHHbIE PACIIPE/EJIEHNS 110 CEYEHNUIO 1IIBA BPeMeHH Afg 5 1 MUKPOCTPYKTYPbI: MapTeHcuta V., Geitnura V), peppuro-
nepsmTHOR cMecn Vi, 171 BapuanTa cBapku anektpogamu YOHM 13/65 (@) u OK 48.08 (6)

¥, nm
280
| Wo0d 217
J B1,90...2,04
270 01,77...1.80
| m1.63.1,77
m150.183
m1,36...1,50
2601 ®1.23..1.36
| 109123
250
280
W2 10,200
=1.04,.210
270+ 01,791,894
m1,62.1,79
m1,46...1,62
m1.30...1.46
260 m1,15..1,30
m1,00..1,15
250

-183-122-61 0 6.1 122 183X mm
o
Puc. 14. Ynapnas Bsaskocts KCV_y,, 115t MeTa/lIa CBAPHOTO MBa npu cBapke aekrpogamu Y OHU 13 /65 (a) u OK 48.08 (6)

220



ROMIOJAERCHBE CHCTEMBI, BOITPOCH OIITHMWIALLHH

MACTIOPTHBIX JaHHBIX [/ HAIJABJIEHHOTO MeTasjIa M
00y CJIOBJIEHO MOBBIMIEHHBIM CO/IEPyKAaHUEM YTJIePO/ia B
ocHOBHOM MeTasiie (1 cooTBeTcTBEHHO B Metasie 311)
M JIOCTaTOYHO JKECTKUM TETLJIOBBIM PEXMMOM CBAapKU
HIDKHUX cJ0eB. B Bepxumx ciosax (Kpome mgexo-
paTUBHOrO) 3a cuer GoJiee BBICOKMX ¢y BEJIUYMHA O
HOBBIMIAeTCA 10 3Hauennii 16...18 % (kpome Bapuanra
¢ anexkrpogamu YOHMU 13 /65, tae 85 = 8...14 % B
BEPXHUX CJIOSIX).

JLJ151 OTHOCUTETBHOTO CY>KEeHUS Y TIOJyIeHHbIe 3HA-
YeHWs TIPUMEPHO OJIMHAKOBBI BO BCEX BapWAHTAX IS
merauta 3TB — Ha yposhe 26...30 %. B merasne 311
HanboJiee BBICOKHE 3HAYEHUS Y XaPaKTEPHbI JIJIst
BapuaHTa ¢ aJekrpojgamu Tenacito 65, Tiae mpeobJia-
JAt0T 3HaueHus y = 42...46 % B BEPXHUX CJIOSIX U
30...42 % B HwkHEX. HanGosee HU3KKME 3HAYECHUS Y
xapakrepHbl st Bapuanta ¢ YOHU 13,/65, rae B
BEPXHUX CJOSIX Y = 34..42 %, a B HUKHUX —
26...34 %. XapaKTepHBIMU SIBJISIIOTCS] 3HAUEHUST yIap-
noit Bsiskoctu KCV_yy na puc. 10. Bugno, uro s
Bcex BapmaHToB B Metayte J3TB KCV_4 =
=0,7...1,3 Mk /M = 70...130 [Tk /cv?®. s me-
tanna 311 ymapHas BS3KOCTDb CYIIECTBEHHO MEHSICTCS
M0 CEYEHUIO 1BA, CHUYKASICh B BEPXHUX CJIOSIX 32 CUET
6osiee BbICOKUX ¢, Haubosee Boicokue KCV_y B Me-
tayte 311 nmeer Bapuant ¢ anextposamu Fox EV60
u OK 48.08, rne KCV_4 = 170...210 [x/cv® B
amskEnX ciosx 1 130...150 Ik /cM® B BEPXHUX, YTO
Tak)Ke 06YCJIOBJEHO TeperpeBoM BepxXHux cioe. Cy-
IIeCTBeHHAsT HepaBHOMEPHOCTh B 3HadeHMsIX KCV_y
XapakTepHa u s ajektposios Tenacito 65, rae ans
mmkaIX ciaoeB KCV_y = 130...210 JIk /cM?, a B
BepxHUX cHIKaercs 1o 70...130 /Ix/ em?. C nosunmii
nostyderus 6oJjiee paBHOMEPHBIX CBOHCTB (0cO6eHHO
KCV) 110 ceueHmnio MHOTOTIPOXO/IHBIX CTHIKOBBIX HIBOB

XOPOIIO M3BECTEH TEXHOJOTMYECKUN TMPUEM CBAPKHU
<«HUTOYHBIMUY> IITBAMH.

B xkadvectBe wsumioCcTpanuM K CKAa3aHHOMY Ha
puc. 11-14 npuBeneHbl pacyeTHble Pe3yJabTaTbl [JIS
paccMaTpMBaeMOro  CTBIKOBOTO — coeannenust (8 =
= 30 MM): COOTBETCTBYIOIIME BAPUAHTHI CBAPKU HJIEK-
tpogamu YOHU 13,/65 u OK 48.08 «HUTOUHBIME>
IIBAMM Ha peKUMax u3 TaOj. 2 TIPH MOCTOSTHHON [1JIst
BCeX MMPOX0/10B ckopoctu cBapku 0,3 cM /c. [1pu takux
YCJIOBUSAX TIOMyYnan obpaTHyio KapTuHy. Hamb6omee
BBICOKHE Alg /5 XapaKTEPHbI [/ 3al0JHAONINX [ITBOB
B HIDKHelT yactn cevenus msa (puc. 13), 4to coorBer-
CTBYIOIIUM 06PAa30M OTPA3MJIOCh HA PpaCIIpe/ieJIeHun
MHUKDOCTPYKTYP U yaapHoii Bsiskoctum (puc. 14).
Busno, uto peskuM cBapKu /IS 3aMOJHSIONIUX IIIBOB
no ta6.r. 1 aa nepebix (I10c/I€ KOPHEBOTO) IBOB TPe-
Gyer yrounenust (T.e. BMECTO 3JIEKTPOJOB AUAMETPOM
S5 MM CJieflyeT WCHOJIb30BaTh 3JEKTPObI AUAMETPOM
4...3 MM M COOTBETCTBEHHO 60Jiee HU3KUE TIOTOHHbBIE
sneprun). C y4eTroMm 3Toro 3aMedaHust XOpoIlo BUIHO,
yto B MeTase 311 ynapras Bsaskoctb KCV_yy oTsmya-
ercs  3HauuTeabHO GoJbliell  CTaGUJIBHOCTBIO U
HaxouTcs Ha ypoBHe 160...200 /Ixx / cM?, a B MeTaJLie
3TB KCV_4y = 110...130 JIk / cM?, 9TO BIIOJIHE COT-
JIACYETCST C UMEIOIMCS TPAKTUYECKIM OIIBITOM.

V3 n310:xeHHOTO ¥ TIPUBEIEHHBIX PACYETHBIX JaH-
HBIX CJIEIyeT, 9TO ¢ TIOMOIIBIO TTPE/JIaTaeMON KOMITBIO-
TEPHOI CHCTEMbBI MOXKHO IPOBOJUTH OGOCHOBAHHBII
BbIGOP KOHKPETHBIX KOHCTPYKIIMOHHBIX CTAJIEN U3 aJlb-
TEPHATUBHBIX BAaPWMAHTOB CBAPOYHBIX MATEPUAJIOB JIJIsI
JIyTOBOHN CBApKH, OCTABJIAS SKCIEPUMEHTY TOJy4YeHUe
JIAHHDIX JIJII OKOHYATETbHOTO PENIeHNUS.

1. Welding handbook. Materias and applications. — Miami,
Florida: AWS, 1998. — Vol. 4. — P. 2. — 621 p.

2. Seyffarth P., Kasatkin O. Calculation of structural trans-
formation in the welding process. — Doc. ITW-IX-82.
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OIITUMU3AIINUA TEXHOJIOI'MU HAIIJIABKU
bOJIbIINX JINCTOB

II. BAMM®APT (SLV, r. Pocrok, Tepmanus),
O. B. MAXHEHKO, E. A. BEITUKOUBAHEHKO (I1u-1 ssekrpocsapku um. E. O. Iarona HAH Vkpaunsi, r. Kues)

PaccMoTpeHa BO3MOJKHOCTb  BBIGODA TEXHOJIOTHYECKHX IlapaMEeTPOB HAIIABKM C  TIOMOIIBIO MaTeMaTHYeCKOTO
MO/Ie/IIPOBAHUS [IPOLIECCa Ha IIPUMepe OJHOCTOPOHHE! 3/IeKTPO/IyrOBOIl HAIJIABKI XPOMUCTOTO YyTyHa Ha 6OJIbLINE [I0BEP-
xHoct (2000X3000 mm) tonkux sucros (8§ < 10 mm) u3 cramun S690Q ¢ 1esiblo NPUAAHUS OJHOH U3 TIOBEPXHOCTENT
ONpe/IeJIEHHBIX CIIyKeGHBIX cBOicTB (13HOCOCTOMKOCTH) . [T0KA3aHO, YTO IIPH COOTBETCTBYIOIIEM BHIGOPE TEXHOJIOTHYECKHX
[apaMeTPOB HAILIABKH, a TAKXKE YCIOBHSX OXJIAJKACHHS MOYKHO B JOCTATOYHO IIMPOKHX IIpejesiaX peryJupoBarth ofuue
nedopmarn HarpaBJ/IsieMbIX JIICTOB, MUKPOCTPYKTYpY B MeTasuie 3TB, a 3HAUNT PUCK MOSIBJIECHNS XOJIOJHBIX TPEIINH.

The possibility of selecting technological parameters for surfacing by using mathematical modelling of the process is
considered by an example of one-sided electric-arc surfacing of chromium cast iron on large surfaces (20003000 mm)
of thin sheets (8 < 10 mm) of steel S690Q to impart certain properties (wear resistance) to one of the surfaces. It is
shown that the proper selection of the surfacing process parameters, as well as cooling conditions, makes it possible to
regulate over wide ranges total distortions of the sheets treated and microstructure of the HAZ metal, which allows the

risk of cold cracking to be reduced.

HamaBka 2/1eKTPOAYTOBBIM CIIOCO60M GOJIBINON TI0-
Bepxuoctu (mpumepro 2000X3000 MM) TOHKHX CTasIb-
HBIX JIUCTOB TOJIIUHON He G6ojiee 10 MM C IIeJbio
MPUIaHUS OJTHON M3 HUX OMpeNeJeHHBIX CIYKEeOGHBIX
¢BOMCTB (M3HOCOCTOIKOCTH) TIPH AAIbHEIIIEM UCITOIb-
30BaHUU B KAYECTBE 3arOTOBOK [IJISI COOTBETCTBYTONTIX
neraneii o6opypoBanus (Hanpumep Jonacreil cie-
[MAJbHBIX BEHTHJIATOPOB) CBSI3aHa ¢ GOJIBIINMHU TeX-
HOJIOTHYECKUMU TPYAHOCTSIMH, OOYCJOBJIECHHBIMU Jl€e-
dopmaniueii 3aroToBKH B IPoIecce HATLIABKU.

Mesky TeM, TIPU COOTBETCTBYTOIIEM BBIOOPE TEXHO-
JIOTHYECKUX TIapaMeTPOB HAILJIABKM, a TAaKXKe YCJIOBHIT
oxsaskaennss (HarpuMep BOJOH ¢ 06PaTHON CTOPOHBI)
MOJKHO B JIOCTATOYHO IIMPOKUX TIPe/ieiaX PeryJIHpOBaTh
o6mrue nedopmarun. OHAKO TPU MHTEHCUBHOM OXJTaK-
JIEHU TOHKOCTEHHOW 3arOTOBKU 3aMETHO M3MEHSETCS
MHUKpPOCTPYKTypa B Metasie 3TB, Bo3dHukaer puck nosis-
JIHUST XOJIOAHBIX TpenmH. [louCK KOMIPOMECCHOTO
BapUaHTa TEXHOJIOTUH yJOGHO BECTH CPEICTBAME Marte-
MAaTHIeCKOTO MOJIEJMPOBAHNSA. JTOMY BOIIPOCY TOCBSI-
IIeHa HacTosmas pabora.

[lns momydenus o6nmx gedopMariuii pu HaTIaB-
Ke 3arOTOBKH GOJIBIINX Pa3MepPOB UCIIOIb3YETCS METO/
dyukimn yeagaxku (mmn inherent strain method). He-
00X0JIMMbIE [IJII 3TOTO MeTo/a WCXOJHbIE JaHHbIE
OTHOCHUTEIbHO (DYHKITHH YCAIKUA MOTYT ObITD IOy YeHbI
9KCIIEPUMEHTAJNBHO JIMO0 COOTBETCTBYIONIUM pelire-

HUeM 3a/1a41 TePMOILJIACTUYHOCTH [T OTPAHUYEHHBIX
pasMepoB 3arotoBKu. OHOBPEMEHHO TIPH 9TOM MOTYT
OBbITb peIleHbl U APYTUe JOKAIbHbIE BOIIPOCHI, CBSI3aH-
HBIE C OTIEHKOI 30HBI TPOILJIABJIEHIS, XUMUYECKUM COC-
TaBOM 3TOI 30HDBI, OTIpe/ieJIeHNeM MUKPOCTPYKTYPHOTO
COCTOSTHMS 30HBI TIPOTIJIABJIEHUS W 30HBI TEPMUYECKOTO
mustaus (3TB) u T.1.

Hwke aTOT TOAXO AEMOHCTPUPYETCS Ha IIpUMeEpe
HaIJIaBKU XPOMUCTOTO YyTyHa Ha ctasb tuna S6900Q.

PaccMoTpuM ¢ MOMOTITBIO CPE/ICTB MATEMATHIECKOTO
MO/ICTTUPOBAHNUST BO3MOKHOCTH OMITUMUBAINN yCIOBUI
U PEXUMOB TEXHOJOTHYECKOTO MPOIECCA DJIEKTPO-IY-
TOBOM HAIJIABKW TOPOMIKOBON MPOBOJIOKON XPO-
MHUCTOTO UyT'yHa Ha 3arOTOBKY B BHUJE IJIACTHHBI pas-
mepom 2000X3000X10 mm u3 cramu S690Q. Ee
XUMUYECKUII COCTaB, a TAaK)Ke JaHHble OTHOCUTEIbHO
HartaBjaeHHoro Marepuana S690Q moponkoBoit mpo-
Bosiokn AN4666 nuamerpom 3 MM TIPUBEIEHBI B
taba. 1. Jlas paccMaTpuBaeMbIX 3arOTOBOK OIITH-
MaJIbHBIM CYMTAETCS HAIJIABKA M3HOCOCTOHWKOTO CJIOS
TOJIIUHON TpuMepHO 3 MM. C y4eToM MOTepeYHbIX
KoJIe6aHUI TIpU HaIJIaBKe UMEETCST JTOCTATOUYHO 6OJIb-
TIoe coyeTaHue CUJIbI CBAPOYHOTO TOKA [, HANPsKEHUs
Ha ayre Up W CKOPOCTM HAIJIAaBKU ©, TIPH KOTOPBIX
o6ecrieynBaeTCs YKa3aHHAas TOJIIIHA HA-TIJIABJIEHHOTO
CJIOSI.

TaGumua 1. XuMudeckuii cocTaB OCHOBHOTO U TIPUCAI0YHOTO MATEPHAJIOB

Xumnueckuii cocras, %

Marepnas
C ‘ Si ‘ Mn ‘ Sr ‘ Nb B ‘ Ni ‘ Mo ‘ Ti ‘ A%
S690Q 0,183 0,598 0,872 0,52 0,0022 0,00054 0,04 0,198 0,003 0,002
Ipucagounbrit 5,5 1,3 0,3 2,1 6,5 0,9 - - - -

© I1. BANIMDAPT, O. B. MAXHEHKO, E. A. BEJIMKOMBAHEHKO, 2002
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PaccMoTpuM HECKOJBKO BO3MOKHBIX cOUeTaHuil /,
U, v v BeIMYMHBI IOTIEPETHON AMILIUTY /bl KOJeGAHST
3JIeKTPOJa, XapaKTepuayeMoil mupuHoit B u mara H
HAIJIAaBKH, 00eCTIeYNBAIOIINX TOJIIIMHY HAILJIABJIE€HHO-
ro caos 3 mM (Taba. 2). Bce mokaabHbBIE SBJIEHHS
nepevrcaeHHbIe BbIllle, NCKJI0uas oo1me gedopMaim
3aTOTOBKH, MOJEJUPYIOTCS Ha OTHOCUTEJbHO He-
6oabunx o6pasuax (puc. 1) (rak ke, Kak Ipu 3K-
CTIEPUMEHTAJIBHOI 06PaGOTKEe TEXHOJOTUH), YTO T103-
BOJIIET IOCTATOYHO 3(PEKTUBHO HCIIOJb30BATh YHC-
JICHHBbIE METO/Ibl aHaju3a IPU Pa3yMHBIX 3arpaTax
CPE/ICTB ¥ BPEMEHN, T.€. C FICIOJb30BAaHUEM JOCTYITHBIX
MEePCOHATbHBIX KOMITBIOTEPOB. B ocHOBY Momenu-
POBaHMS TIOJIOKEHO MTPOCJIEKUBAHNIE ITPOIlecca HarpeBa
U OXJakaeHus o6pasiia MpH II0C/eI0BaTeIbHON Ha-
MJIaBKEe HECKOJBKIX BAJMKOB Ha PEXKUMAX, IPUBE/IEH-
HBIX B Ta6s. 2. HammaBka KakIoro mocJieqyriomiero
BAJMKA BBITOJHANACH TIOCJE TOJHOTO OCTHIBAHUS
06pasiia OT TPEeIbIAYINETO BATHKA.

TeroBast moronHast sueprus ayru g, = Ul /on, tie
n = 0,7 — addexrusnbrii KI1/[ marpeBa mpu cBapke
CaMO3AIUTHOI TOPOIITKOBOI IIPOBOJIOKOI, pacIipe-esi-
JIACh PABHOMEPHO B CEYEHUH HATLIABJISIEMOTO CJiost 1XB
B TeueHue BpeMeH! t(, OTPe/esIsIEMOro U3 YCJIOBUS HOP-
MaJIbHOTO pacIpe/ie/ieHis TENJIOBONH MOIHOCTU JyTH
B/IOJTb HATLJIABJISIEMOTO BAJIMKA ¥ HEKOTOPOI BPEMEHHOM
3aJIEPXKKHU, CBSI3AHHOW C TIOMEPEYHBIMU KOJIeGAHUSIMU
snektpoga pu B > 18 mm (Bapmantsr Ne 3, 4).

COOTBETCTBEHHO [T BEJIMYMHBI t() MPEATaracTcs
3asBucuMoctb tg = 1/4ak + B/ oOnon, T B — KO-
3D GUINEHT COCPETOTOUYEHHOCTH B IayCCOBOM 3aKOHE
HOPMaJIbHOTO pacnpezeneHns [ 1]; onon — momepevnas
CKOPOCTDb KOJEeO6AHUS 3TEKTPoJa; d — KO3(PUIIEeHT
Teryionepeaadn @ = A/ cy. lIpuHAB ¢ y4eTOM KUIKOTO
Mmetasia a = 0,10 CM2/C, k = 265 CM_2, MOJIy4uM £

AZ

F 3

bocoe—F
5]

Puc. 1. Cxema 06pa3u03, Ha KOTOPbIX BbBIIIOJIHAETCA MOJEJINPDOBaHNE

a b e k—F; a de b—F,

KPUCTAJLJIN3AIN, & TAKXKe TEIJIO-TIePEHOCa B JKUIKOM
MetaJste. [IpHHIMAIOCh, YTO TP TEMIIEPATYPAX BbIIIE
TeMIepaTyphl COJIIyca CIIaBa 1S TemIonepeHocC
uHTeHCU(UIUPYETCS 32 CYET TEPEHOCA MACChI, COOT-
BETCTBEHHO TIPU TAKUX TEMIIEPATYPAX HCIIOIb3YeTCs
apdexTuBHLIT  KOA(D-DUIMEHT  TETIOTTPOBOIHOCTI
Lap(T), BBIOUpAeMBIil 110 cJeayiomeMy mpasuiy [2]:

Ao = MT) mpu T < T,

Moy = n(Ts) ipu T > T}, (1)
==1,0 + B/ vnon, ¢. B orcyTcTBHEe monepeyHbIX KO- S
nebannit (Bapmanter Ne 1, 2) vpon — . YuuTbiBas Doy = (MM(T5) ﬁ +MT)upu Ts < T < T,
JA0CTAaTOYHO 6oJible 0ObEMBI PacCIlJIaBJIECHHOT'O METaJI- L S
Jla TIpU pacdeTe TEIJIOBBbIX IIPOLECCOB y‘{I/I-TbIBaJII/ICb
HEKOTOpbIE 0COGEHHOCTH mnponecca IJIaBJIEHUA —
Ta6smua 2. OcHOBHBIE BADUAHTDI PEKUMOB HAIJIABKU
Ne I, A U, B 0, CM /MUH B, MM H, mm Oxyaxienne Yenosie Topszox
BapuaHTa 3aKperJieHust HallJTaBKH1
la I
1b 350 38 35 18 15 Boszayx Cso6oiHoe II
1c 111
1d v
2a 380 38 60 12 10 Bona > I
2b II
3a I
3b 360 38 20 31 27 » » 11
3c 3akpernieHHOe I
3d II
4a 360 38 40 19 15 > Co6oaHoe I
4b II

IMpumevanue. I — n=16, m =y, n, = 16, I1 — n=16, m=x, n,=16; lIl — n=15, m=y, ny:9, m=x,n,=6;,1V— n=24 m=
=y, ny, =12, m = x, n, = 12, tae n — ofmee KOIMIECTBO HJIEMEHTOB, Ha KOTOPOE MOZc/IcHa OOIIas IUIOMaib HAIIABKA; M = X, § —

HallpaBJICHUE HAIlJIaBKH B KaXK/JOM 3JIEMEHTE; 1, 1, —

KOJIMYECTBO 3JIEMEHTOB C HAIlpaBJEHNEM HallJIaBKM COOTBETCTBEHHO m =X U m = Y.
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vk Ml | CmAaRsalTEaECE OF SREMETEaTiOm 20wl

AR MOk 3 GRARACTEBIRTICE OF BCMCTRATION J0sE

wish B=1300mm  degth M= L00mm areaF = 35000 mm!

Z e S B 1000w deplh B 550 b F oo 50,500 memd
135
i COMPOSTIN COMPOSITION
u [%] [%]
" C 348 c 3r
10.1 Hl mn o057 Mn (.53
S 082 s 087
Cr 138 Cr 14.31
6.75 i 031 i 0.26
Mo 018 Mo 0.8
Va 0.02 Va 002
Mb 4.02 Mbh 4.38
3.38 1 Al 0.00 Al 0.00
Cu 0.5 Cu 013
Ti 000 Ti  0.00
|:| pu——— _— — — — — — — — — — ] w Gm e S e A N e S e w u'm
108 o 119 130 Y, mm 9g.0 ~ 106 118 Y, mm
VAN NEL. 3 EHANACTEMIETIEN OF FEMETRATION JONE VAR HEL 4 EHARAETESIATION OF FENETRATION POMNE
z. mm Wil B e .00 mem depeh H s 00 mE aeea F e 142000 s wickh B= (000 mm  depih bl = 45 mm  wea ¥ = 73,000 mm
COMPOSITION COMPOSITION
(3] [%]
C 38 Cc 428
Mn 0.55 Mn 046
T Si 094 s 1.07
+ . Cr 13.64 Cr 1827
o i i Mi 029 Mi 0.8
6.75 i : i Mo 0.18 Mo 012
| Va 002 va 00
1t Mb 417 Mb 500
338 [ e HT A A 0.0 Al 0.00
; : I : Cu 0.4 Cu 009
I L Ti 0,00 Ti 0.00
i i i i w000 w000
o = : : :
103 120 138 ¥, mm 78.0 a0.0 101 ¥, mm

r

Puc. 2. PeSy]II)TaTI)I pacyueTa pa3MepoB U CpeITHEro XUMHUYIECKOIro COCTaBa 30HDbI ITPOTJIABJIEHUA TUIIOBOI'O ITPOXO0/1a /1JId YETbIPEX BapUaHTOB

(a—2) 1o Taba. 2

rae T) — TeMmmepaTypa JUKBHIyca JAHHOTO CIIJIaBa;
n = 3+5; hy(T) — Ttabmmunoe 3HaveHHE KOID-
¢ummeHTa TEMJIONPOBOAHOCTH. YUeT CKPBITOH TeTIo-
Tl TIaBJjeHust (KPUCTAIM3AINN) B UHTEPBAJIE TEM-
neparyp Ts < T < T; 4epe3 TelJI0eMKOCTb
IIPOU3BOINTCS TI0 3aBUCUMOCTH

cy=cy(T) ipu T < Tg,
)

cy = cy(Tg) + e npu T <T < Ty,
T, —Ts

=T
cy=cy(Tg) upu T > T},

TJ€ ex — CKPBITAsl TEIJIOTA TLIABJIEHUS HA €[HHUILY
o6beMa CILIaBa.

Ha puc. 2 npuBeieHbI pe3yIbTaThl pacyeTa pasMe-
POB 30HBI TPOIJIABJECHUS THUIIOBOTO TIPOXOJA JIJIst
YeTbIpeX BAPUAHTOB 110 TabJl. 2 ¢ y4ETOM YKas3aHHBIX
0COGEHHOCTEN B pacIpeeIEHUN TEMJIOBON MOIIHOCTH
u TemjonepeHoca. IIpm  9TOM  HCIIOJB30BAJUCH
teriodu3nyecKe CBOICTBA I HAILIABJISIEMOrO
martepuajsa 1o [3]. Kpome Toro, tam ke npuBejeHbl
JIAHHBIE OTHOCUTEJIBHO CyMMAPHOM TLJIONA/U TPOTLIAB-
nenus F s gannoro npoxoaa, riay6unst H (¢ yuerom
HAILJIABJIEHHOTO CJIOS 3 MM), a TaKKe CpeJHUil
XUMUYECKUI COCTAB 30HBI MPOILJIABJIEHNS C yYETOM Pac-
ILIaBJIEHHOTO OCHOBHOro Matepuana Fy (puc. 1, 6),
TieperIaBJIeHHON coceHeN 30HBI TPOMaaBaeHUS Fipp
(puc. 1, 6). Cpeanee cogmepskanue saeMenta X B
o6beMe F oIpesiesieTcss 3aBICUMOCTBIO

X - % S X/F, 3)

Kak BuIHO M3 pUCYHKA, MPHU PaCCMaTPUBAEMbIX
PEKUMAaX CPETHUI XUMUYECKU COCTAB 30HBI MTPOILJIAB-
JIEHUsI JIOCTATOYHO CYNIECTBEHHO OTJIMYAETCS OT JaH-
HBIX Tabu. 1 mo yriepomy, HuoOmioo. UeMm 6oJbiie
riay6uHa TPOILIABJIEHHS, TeM CYIIECTBEHHEe 3TO
orsmune (Bapmant Ne 2). Tem He MeHee, IS BCex
BAapUAHTOB 30HA [TPOILJIABJIEHNS BIIOJTHE COOTBETCTBYET
XPOMUCTOMY UyTyHY. [IpM H3BECTHBIX XWUMUYECKOM
coctaBe 30HbI TporiaBienuss 1 3TB B coueranuu c
COOTBETCTBYIONIMMU TEPMUYECKUMU THKJIAMHU CBAPKU
MOKHO TPOTHO3UPOBATh MUKPOCTPYKTYPHBIE H3Me-
HEHHS B COOTBETCTBYIONIMX TOYKAX 30HBI IPOILIAB-
aeauss m 3TB gnsa paccmarpmBaeMoro ciay4as Ha-
maaBKu. [I0CKOJIbKY MUKPOCTPYKTYPHbBIE U3MEHEHNS B
30He TporuiaBieHns (XpoMucTbiii 4yyryH) B 3a-
BHCHUMOCTH OT BapHaIlMl XUMHUYECKOTO COCTaBa M
TEPMUYECKOTO IUKJa HE CYIIECTBEHHBI, TO B JaHHON
pa6ore onm He yumrbiBaoTca. [luas meramna 3TB,
XUMUYECKHWI cocTaB KOTOpo# 3agaH Ttaba. 1,
Pa3JIMYHbIE CKOPOCTH OXJAKAEHUS OT TEMIIEPATypbl
800 10 500 °C (Atg /5) MOTYT IPUBOJIUTD K MI3MEHEHUAM
MUKPOCTPYKTYPHI.

Ha puc. 3 mpuBezeHb! pe3yabTaTel pacyera Afg s
B Metasie 3TB tunoBoro nmpoxoza /g Bapuanta Ne 4
u3 tab6J1. 2. Pacuernbl mokasaJsu, uyto s BapuanTta Ne 1
Atg 5 =15 ¢ (B 30He HIEPEKPOST MPEBIAYIIETO BAJTUKA
9TO BpeMsI y/BanBaeTcst), /st Bapuanta Ne 2 Atg /s ~
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Var W 4
¥.mm 81. B4, B85, @6, @&7. @R, A%, 80, 41, 2. 93, %4, 95, 46, 57. SA. 8%, 100.  Y,mm
T P
mm =
13.00 - = . ] 2 2 ” 3 5 2 , . - e = 5 : - 13.00
12.50 - - - - - - - - - - - - - - - . - - 12.50
12.00 5 = = = = = = = = = = & = - 12.00
11.50 . - - - - - = = 5 e = - - - - . - - 11.50
11.00 - - - - - - - - - - - - - - - - - 11.00
10.50 - - - - - - - - - - - - - 10.50
10.00 - - - - . . . - - - - - = - . - - 10.00
$.50 - 3.2 9.3 - - - . - - - - - - - - 8.2 3.3 - 2.50
5.00 5.3 5.8 5.7 5.8 5.8 5.4 5.4 - = - - - 17.7 B.B 5.3 5.8 5.7 5.8 .00
8.50 9.9 10,1 10.1 10.0 9.8 5.7 5.7 4.6 9.6 9.6 9.6 14.2 17.6 19.5 9.9 10.1 10.1 10.0  £.50
8.00 22.3 10.8 10.8 10.5 10.3 10.1 10.0 9.7 9.9 9.9 §.9 13.2 17.2 20.3 31.3 10.F 10.8 10.5 B.00
T.80 s = = 1.4 11.0 10.8 16.4 10.3 10.31 16.3 10.4 10.8 17.2 20.8 = & = 11.4 T.80
7.00 - - - - - 11.7 11.% 10.% 10.% 10.9 11.3 12 - - - - - - 7.00
6.50 - “ . - - - - - u - . = - - - 6.50
6.00 - - " - - . - . - - . = - - - = - - .00
5.50 - - - - - - - - - - - - - - - - - - 5.50
5.00 §.00
450 . - . 2 - - - - - - . - - - - - . . 4.50
.00 - - - - - - - - - - - - - - . - - 4.00
.80 = = = = = - = = = = = = a = = = = 1.850
1.00 = - £ » = : . 1,00
2.50 - - - - - - - - - - - - - - 2.50
2.00 - - - - - - s . - : - - 2.00
1.50 - = = = z : = = = - < : = E = E A z 1.50
100 - - - - - - - - - - - - - - - - - - 1.00
0.50 = - - 0.50
0.00 - = E - . : = = 7 : - - - : & > 2 = 0.00

Puc. 3. PesysbTaTbl pacuera Atg, s B MeTalle

~ 7,5 c, nuga Bapuanta Ne 3 Atg /5~ 22 ¢ 1 1711 BapuaHTa
Ne 4 Atg/s ~ 10 c.

Ucnonp3ys nmapaMeTpudyecKue ypaBHEHUS U3 PabOTbhI
[4], Ha ocHOBe 3aJJaHHOTO XMMUYECKOTO cocTaBa (CM.
tabu1. 1) 1 Besmunibl Atg 5 (puc. 3) MOXKHO paccunuTaTh
KOHEYHYTo CTPYKTYpY B Metasuie 3TB as paccmaTpusa-
€MbIX BapHMaHTOB. Pe3yibTaTbl TaKoOTo pacuera s
Bapuanta Ne 4 1o copepkanmio mMaprencuta B 3TB
npuBezieHbl Ha puc. 4. Crpykrypa B Metasie 3TB map-
TeHcuTHO-GeltrmTHas (KoamuecTBO (pepputa n mepimra
HE3HAYNTETbHOE ) JIJIsT BCEX YeThIpeX BapuaHToB. OIHaKO
KOJIMYECTBO MapTeHcuTa uaMensiercss ot 0,95 (BapmanT
Ne 2) mo 0,2 (BapuanT Ne 1).

3TB runoBoro npoxoja /st Bapuanta Ne 4 u3 tabu. 2

W3 npuBeZIeHHBIX AAHHBIX HA PHUC. S CJIEAYET, YTO B
Metasute 3TB  jocTaTouHO WHTEHCHBHO TIPOTEKAIOT
MUKPOCTPYKTYPHbIE U3MEHEeHNsI, KOTOPbIe /I0JKHBI COTI-
POBOK/IAThCSI COOTBETCTBYIONIUMK OOBEMHBIMU U3Me-
HEHUSIMU U UBMEHEHUSIMU MEXAHUYEeCKUX CBOWCTB, YTO B
OTIpe/IeIEHHON CTereHN JO/DKHO OKa3aTh BJIMSIHUE Ha
KUHETUKY Pa3BUTUA Je(OPMAIIMOHHBIX ITPOIECCOB.

W3 BbIllle TIPUBEZEHHOTO CJIEAYET, 4TO [JS MO-
JleTUPOBaHusT J1epOpMAIIMOHHBIX MPOIECCOB HEA0CTA-
TOYHO MHMOpMAIK, TUTIA TIOKa3aHHOW HA puc. 4, J;
HeoOXoauMa HHGOPMAITHS 0 KHHETHKE ee U3MEHEHUsI
110 Mepe HarpeBa u oxJaxaenus touek 3TB. [lus atux
nesieii  paspaGoTaH CIEIUAJIbHBII PaCcUYeTHBIN aJi-
TOPUTM, OCHOBAHHBIN Ha 3HAHUU KOHEYHON CTPYKTYPbI

Var N 4
¥, mm 83, @4, @S, @6, @7, @@, @3, 90, 91, 52, 93, 94, &5, SE. 47, 48, 93, 100, ¥, mm
. z.
mm mm
13,08 - E i it g - 2 - = £ = = = g o = : - 13.00
12.50 = . 2 = = 2 2 g . - 2 & z - i 5 - 11.50
12.00 - 2 3 £ - o a = 5 = - = - = = - 4 - 12.00
11.50 - - - - - - - - - - - - - - - - - - 11.50
11.00 - = - - E - - - - = - - - - - - - - 11.00
10,50 - - - - = - - - - - - - - - = L - - 10.50
10.00 - e = = - = . = = . H - - - . . . - 10.00
8.50 - b.BS B.89 = = & = = = & g : s S - 0.895 0.89 - .50
9,00 0.99 0.9 0.8 0.99 0.9 0.99 0.99 £ E: g £ - 0,88 0.90 0.9% 0.0 0.90 0.9¢ 9,00
$.50 0.8 O©0.87 O0.E7 O.87 0.8 O.E8 O.88 0.8 0.2 Q.88 O.80 O.88 Q.88 O.87 O0.88 O0.87 0.87 O0.87 B.50
@.00 O.84 0,05 0.8 0.86 0.87 0,87 0,87 0,88 0.08 0.8 0.87 0.07 0.87 O.86 0.64 0,85 0.86 0.9 .00
7.50 - - - 0,94 0.85 0.96 0.96 0.87 0.87 0,87 0.96 O0.§6 0.85 0.83 . - - 0.94 7.50
7.00 - rE & - - .83 0.8% 0.8% 0.85 0.8 O.84 O0.82 2 - S S - 7.00
£.50 B - = - - E - = - - e - - = - - - - .50
§.00 - = - - - % = & 2 £ .00
£.50 - - - - - - - - - - - - - - - - - - £.50
5.00 - - - - - - - - - . - - - - - - - - 5.00
4.50 _ - - - & & - - - s - x 5 & = - - - 4.50
4,00 = E - - - A = L z - - - - = - - - - 4,00
3.50 - . . - . . - . . . - . . . - . . - 3.50
1.00 . % B % B i & - . - = a B - i L - = 1.00
2.50 H z - - - - = - = . - = z - = i - - 2.50
.00 - = - . . - - = - - - 2.00
1.50 - - - - - - - - - - - - - - - - - - 1.50
1.00 - - - - - - - - - - - - - . . - - 1.00
0.50 . 2 - - - : . g . - - - .50
0.00 E - = - - - 2 2 = B - - - - - - L - 0,00

Puc. 4. PesybraTpl pacuera OTHOCUTEIBHOTO co/lepKaHust MapTercurta B Metasie 3TB tunosoro mpoxoga asist Bapuanta Ne 4 u3 tabi. 2
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of Vi, rne j =a — aycrenur, j =m — MapTeHCHT, j =
= [ — deppur, j =p — UEPJUT U T.[., a TAKXKE TOUEK

1000 nauana Tk u xonna T NOABICHHS j-CTPYKTYPbI TIpH
pacrnajie aycTeHuTa B Ipolecce oxJaxaenus; Vi —

750 MAacCcoBast 0JIsI j-if MUKPOCTPYKTYPHOI COCTABJISIONIEN
B JaHHOH Touke. OCHOBHbBIE TPABUJIA 3TOTO AJTOPUTMA
3AKJIIOYAIOTCS B CJIEIYIOIIEM.

500 B some, rj1e Tmax < T, dV; = 0.
B sone, r1e Toux > T

250 .
DupuT>T:V,=1,0,V;=0,j#a
D upu T<T udT/dt>0: dV;=0; (4)

0 200 400 600 8O0 1000 T,°C D upu T<T udT/dt <0: dVj= VIF(D),

Puc. 5. [danubie otnocutebHo o,.(T) Ang XapaKTepHbIX MUKDPO-

CTPYKTYPHBIX COCTOSTHUI PAaCCMaTPHBAEMOTO OCHOBHOTO MaTepuaia:  [jie T* — TeMIlepaTypa Bblllie Ac , T.e. 1 cranein T =
1—=Vv,=10,2 - V,=1,0,4 — V,=1,0;5 — V,=1,0, xpuaa ~ 850900 °C- 3

3 — V,=0,4nV,= 0,6, uTo IPUMEPHO COOTBETCTBYET UCXOAHOMY a :

COCTOAHHNIO OCHOBHOI'O MaTepuaJjia

longltudinal stresses Oxx.HPa

T LER 4. 85, BE. s . . . . T, 3. M. 5. . . 8. 3. 100, Yomm
E0 o,
= ==

13.00 8. LB . TE. 115,  13%F. 141, 135, 134, 13, 133, 132, 130, 133, 139, 13%. 130. 114, 13.00
12.50 L8 B a. R, 111. 138, 140, 138, 137.  137. 1), 115, 114. 13D, 132, 11). 141 146, 12.50
13,00 #. . 103, 1. 138, 141, 14%. 143. 3. 143, 142, 1. . 0. 140, T, 148, 168, 13.00
11.50 103, 0@, 113, 137, 3145, 44, 147, 245, 4%, 148, 141, 140, 147, 148, 149, 4%, 157. 173, 11.50
11.00 104, 0. 130, 136, 147.  150. 148, 140, 149, 148, 148, 147. 148, 149, 150. 15T, 165, 186,  11.00
10.50 118, 113. 133. 148, 1587, 183. 187, 158, 188. 180. 181. 180, 181. 181, 189, 188, 167 . 1%0. 10.50
0,00 128, 116. 126. 149, 166, 16@. 168, 165, 1&5. 164, 163, 1&2. 162, 155, 1&3. 153, 162, 1%1. 10.00
7.50 128, 10%. 113. 148, 170. 1T, 168, 171, 1TQ. 168, 16T, 16T. 167, 181. 170, 180, 162, 190. 9.50

§ .00 b . §%. 103. 103. §a. 4. #8. 137. 13%. 140, 237. 133, 95K, 1d46. 188, 167. 166. 1é8. §.00
8.50 &7. 7. T8, 8. 2. 4. 73. T80, T4, 3. 7. 233. @5}, @0, 132. 140. 138, 125, 8.50
L B43. 103 . iom, 7. .. . . By . n. ., ", m. 153, BET BE 164, 157, 153, LR
7.8 8. 268, 3TE. 136, 130.  11%. 118, 111, 113, 113, and. 116, 204, E43. 292, add. 311, 168, T.880
7.00 184, 2F1. ¥O2. JI6. J17. 13%. 13}, 138, 138, 130, 126, 152. J22. M3. 13F. 136, 347. I15%. T.00
6.50 1. 300, 304, ¥, 1. 34D, 343, 4. 340, 4. M0, 33%. 140, 333, M0, 346, 4B, 368 6. 50
600 IAT. 288, 3%6. 112, 338, 126, 12&. 336, 335, 126, 330, 330, 332, 331, 33D, 331, Q0. 360, 6.0
5.50 I, 290,  JOD. 0%, J32. 233, 332, M. 233, 33}, 13T, 13N, M. 33, 130, 23F. M4D. 2ED. 5.50
§.00 Gge. @94, ¥V, N6, a0x. 0. W06, ¥aT. 323, 3. 1. ¥, 6. ¥rge. 335, 333, 0. 25T, 5,00
d.50 235. 294, I04. Jid. 34 . a04 . 307. J28. iza. 32A. I30. 134, 3. 3. 34, 340. . JEl. 4.50
4.00 293. 3¥R. 06, 216, 213, 336, J1T. IIT. 8. 337, 13N, 41, M0, 138, 13B. 136, M2, J41. 4.00
1.50 J1T. Jl4. 314, F14 . 33T, 315. JIA. 339. 339, IV, Ll 46 344, ma. I82. a58. 355, 158, 3.5%0
.00 333. lia. 315. Jid. 7. 3T, 33a. 4. 4T 4. J45. I45. 145, 345. J85. 360, 156, 3I56. 3.0
2.60  Ji4. J12. s, M6, 1. 3. M. 18. JM4.  MI. IE). IE}. J64. JE2. JE2. JE4. JE2. Q6. 2.50
Z.00 318. nae. Jz0. J23. 330. 3z, 333, 338, 333, 344, Ien, I, 153, 358, I5T. 356, 5. JER. Z.0:0
1.50 Jad. 133. 333, I 3. 133. Jdl. 381. 7. 54 Jad. J4E. JE8. JE4. 363, 358, its. 363. 1.580
1.00 133. 13%. MN7. 6. 137. 128, IIF. 1DE. J41. Q4. DE1. 2EO. M4A.  I4B. 1§T. 266, 2é). 1@, 1.00
0.50 336, 335. 3. 1339, 148, 345, 71, 1T zn. 371, 157, I5T. 755, 53, ne. ama. 363, 12 0.5
0. 00 J50. J4@. a44. 159. 333. 130, A16. T2d. 0. 16E. Jal. I6T . ias. 170. J75. 3152. J@s. J76. 0.0
a

transvaTes stramEan ayy MFa
Yo 8. B (LB Bs. §7. BE. [ 18 0. . 8. 3. 8. LL 8 ¥, . 8. 8%, 100, Yo

k- 2,
= m
13.00 17. 17. ig. i¥. 0. 0. 1. x2. a3. 4. 5. 26, 26. 7. 9. 2%, o, I8. 13.00
12.50 &, . 0. 11. 1. 12. 3. i1, 14. 15. 15. 16, 16. 16, 17. 17T. . . 12.50
1d.00 [ B T. T. &. B, ¥. ¥. ji-H 11. 1d. id. 13, 13. 4. 18, 1. 17. 9. ad.00
11.50 4. 4. 4. 5. E. 6. 7. B. 8. ¥ 0. . 1. 3. 15. 16. iT. 15.  11.50
11.00 1, 1. 4. L 5. 5. g, 7. 8. 3. 1. 1. i2. 1}. 15. 16. 17. 19, 11.00
10,80 . 13. 14. 1. 15. 18. 16. 17. 17. 17. 18. 1. 1%. 0. 1. dd. FL N 8. 10,50
10.00 4%, a7 . 45. 45. 4. 43. 47, 4l. i1. 40. 9. 7. 6. 5. 3. . . ¥§. 10,00
¥ . 50 54 . 58 . 7. 1. 4. 47, 47. 8. 47. LLE 4. 4. I, I, 4. 4%, Sl 43, 9.50
.00 . &. . 1. 1. -1, A =13. -1, ~18. -18. ~16. -B. -7 -8, “1d. -18. <. §.00
B.50 -9%. -100. -103. -30F. ~-104. -105. -1D6. -2D5. -105. -106, -20@. -111. -116. 120, -134. -128. -1J3. -13G. B.50
B.00 =52 . =53, =54, =S, =57 . =5H, =59, =59, =61 . o e, =BT . =70, =13, =15, =T%. =HT, =R, Lo
T.54 -1. -8, -7 -8. -5. -6 -B. B 7. BB 4. -10. -1, -14. -19. -d3. -25. -8, 7.50
7 .00 10. 0. 0. 0. 11. 3. . 15. 14. 4. 13. 1I. 8. &, 6. 6. &, 5. T.00
.50 Ba. 5. 53. 53, 53. 2. 53. 83. 5 52. 53, 83, 55, 55. S6. 57. 58, 5. &, 50
.08 -11. -10. .10, 1. -10. -11. -11. =10, -10. =10, -4, 8. -T. B -5, =3. -d. -1. .00
5.50  -1. -3i.  -}. -N. -3i. -3, -1l -39, -30. -33. -3, -a7. -36.  -15. -3, -33. -3l. -a0. 5.50
S.080 =35, =34 =3 =14 =34 =31, =33, =32 =32, =31, =30, =d9. 28, =38, =27 k. =25, =23, 5. 00
4.50 33 . =32, = - =31, =31. o} Y =3, =30 2% 2. =d8. =28. =27, =28 <26, 2% =-{ “d3a 4.50
4.00  -24. -36. -35. -35. -35. -15. -4, -3, -3 -21. -31. ~33. -33.  -31. ~31. -31. -30. -1%. 4.00
3.50 =1%. =1%. =18, =18, =18. =18. =18, =18, =17, =17, =17, =17. =18, =16, =16 =1%5. =15, =14, 1.50
.00 =13 -13. =134 ~13. =12 -12. 12 =12 =12 =13 -13. =13 -12. =11 -11. =11 =13, L .00
.50 -T. 7. -T. 7. -7 -8, -B. -8. -8. -8 -B. -8. -8. -8, -T. -7 -T. -T. .50
Z.00 =1. =1. =1, =1. 3. =2, e 2. = =3, 3. =3 =3, =3. =3 =3, =3. .00
1.50 1. 7. 7. . 6. [ £, 5. &. E. E. . d. i. . d. i, d. 1.8
1.00 17. 17. 7. i7. 17. 7. 7. 17. 7. 7. 1. 16. 16. 15. 15. 4. . 4. 1.0
0.50 9. z¥. -+ I 2. 3o. I, 0. 9. . I 31. iz . . J1. . . 33. 0.50
0.00 55. B0, [ 9% El. 2. B2. 61, Bl Bl . B5. [1-9 BE. BE. &7, (118 T70. Ti. EB. 0. 0D
7]

Puc. 6. Pesysibrarbl pacuera oCTATOYHBIX MPOJAOJBHBIX G, (@) u monepeunbix 6, (6) HanpsyKennii B 30He HATLTABKK [T BapuanTa Ne 4
[pU HAIJIABKE B 3aKPEIIEHHOM COCTOSIHUH U TIOCJIE/YIONEM 0CBOOGOKAeHu: 06pasiia
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Ne Ne
Ba- Iledopmarmu usruba 1,4 4acTu MIaCTHHBI Ba- Iledopmarmu usruba 1,4 9acTu MIacTHHBI
puaHTa puaHTa
1a 1) MM 300 600 900 1200 Y, MM 1b 1) MM Q 300 600 900 1200 VY, MM
200 X, MM l / / 200 | I ) | | ]
100 400
200 200
] D
-100 -400
- i’ "z nax = -438 Mm
200 L U e = ~186 MM -aon L
1c [EY Y 0 300 600 900 1200 ¥, mm 1d [EY Y 0 300 600 900 1200 VY, mMmm
N _ X MM ol 1 ) 1 1 ) N _ X MM ol 1 ) 1 J ]
400 ’ 400 ’
- 300 L 300
600 600
200 ["400 200 ["400
200 200
D D
-200 -200
—_aoo L Uz ey = —303 MM —aoo L Uz ey = —291 MM
2a 1, MM 300 600 900 1200 Y, MM 2b 1) MM Q 300 600 900 1200 VY, MM
(0 X, MM I N X, MM ) L ] 1 1 ]
100 ’ 400 ’
| 800 / /
600

50 Fa00

200 200
D D
50 —200
—-1o0 L Uzmay ™ —71 MM —40n L Vzmae= 211 MM
32 lis MM 0 300 600 900 1200 V¥, MM 3b Lr MM 0 300 600 900 1200 Y, MM
N _ X MM ol 1 ) 1 ] J . _ X MM ol 1 ] 1 J ]
400 : 800 :
L 800 B 800
600 600
200 ["400 400 ["400
200 200
D D
—200 | —400 |
a0 : Uz ae = —255 M oo Uz ae = —B05 M
3¢ lhmm 0 300 800 900 1200 ¥, MM 3d £, MM 0 300 800 900 1200 ¥V, MM
n — X MM ) 1 ) | 1 J N I 1 1 | ]
100 :
| 800
600
50 ["a00
200
D
_50 -
- I = - -
7 max 88 MM U s = =204 mMm
-1op b -4o00 L
4o Lis MM 0 300 800 900 1200 ¥, MM 4b £, MM 0 300 800 900 1200 ¥V, MM
200 X, MR ) 1 ) ] 1 ] 200 X, MR ) I ] 1 ] ]
100 100
200 200
0 0
-100 -100
200 L Ur pra = ~ 140 MM 200 L Ur e = ~ 166 MM

Puc. 7. Pacuernble jaHHble OTHOCUTEJIbHO (popMbl U oluieii aedopmannu usrn6a 1,/4 vactn miactunpl (cuMMerpuyHbli caydaii) ams
Pas3/IMYHbIX BapUAHTOB HAIIABKU 110 TabJ. 2
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INTEGRATED SYSTEMS, PROBLEMS OF OPTIMIZATION

T - , ,
fi(T)~1—exp afﬁy (Ts <T <T)),
S e (5)
a; =~ (2,5:3,0).

Beanunnsr T§ BBIGUPAIOTCS IO COOTBETCTBYIOIIUM
nuarpammaM APA f1g nannoit mapku cranu. [Tockosb-
Ky OHHM He OYe€Hb UyBCTBUTEJIBHBI K CKOPOCTH OXJIAXK-
nenus Hiwke 800 °C, ux BbI60Op 10 quarpammamM APA
He BbI3bIBAeT 0COObIX 3aTpyaHennit. OHaKo He Beeraa
TaKue JAMArpaMMbl UMEIOTCS B PACIOPSIKEHUH WCCJIe-
JnoBaTesis. B aToM ciyvae 3aciy’KMBaOT BHUMAHHS
npUGJIMKEHHbBIE pacueTHbIE 3aBucuMocTH Trma [5]. Ha
ocHoBe pacueTHbIX BeJndnt V(1) MOXKHO pacC4nTaTh
KIHETHKY 06bEeMHBIX M3MeHeHnl B Metanante 3TB

D VATWAT) = 2. VATowiTo)

o(T) = : ,
32 Vj(To)Yj(To)
J

(6)

rie Ty — HavaJbHAs TeMIEPaTypa, OTHOCUTETBHO KO-
Topoit onpeznensiercs Besmanna O(T); v (T) — obbem
O/THOTO TPaMMa MaTepHaJia B JaHHOM MHKPOCTPYKTYP-
HOM COCTOSIHUM IIPU COOTBETCTBYIOIIEH TeMIeparype.
Cormacao [6]

va~ 0,12282 + 8,36 (T + 273) + 2,16:107° C, ev’ /T,
Y ~ 0,12708 + 4,448-10 (T + 273), e’ /1,  (7)
V=1 =¥, = 0,12708 + 5,528-10 (T + 273), e /T,

rne C — copepskanue yraepoaa, %. Anamornuno (6)
MOKHO CHHTE3UPOBATh U XapaKTepHble MEXaHUYEeCKUe
CBOIICTBA, HAIIPUMEp TIPE/IET TeKyUYeCTH

o(T) = X VATa\(D)), 8)
J

rae ol(T) — mpeJiesl TEKY4ecTu j-it popMbl pu TeM-

neparype T (puc. 5).

[Ipu pacyere KuHeruku Hanpsprenuin (gedop-
Maluil) B cJAydae HaIJIaBKu o6pasla MCII0Jb30BaHa
MO/IEJIb TEOPUHU TLIACTUYECKOTO HEU30TEPMHUYECKOTO
TEYEHNS B COYETAHUN C YCJIOBUSIMHU TeKydecTn Museca.

Peanusyercs Mozesb MyTeM IOCJIEOBATETBHOTO
MIPOCJICSKIMBAHUS YIIPYTOILIACTHYECKUX JiehopMaIinii B
Mpollecce HarpeBa W OXJIAXK/JEHUS HAIJIaBJISIEMOTO
o6pasia. Ha KaxxoM 1are mpocaesKBaHusT PelleHne
HaxXo[uTcd yucJjaeHto [3].

Ha puc. 6 npuBenenbl pe3yibTaTbl pacyera oCTa-
TOUHBIX TIPOJIOJIBHBIX Gy U TIONEPEYHBIX Gy, HAIPH-
JKeHW B 30He HAIJIAaBKU [ BapuanTta Ne 4 mpu Ha-
MJIABKE B 3aKPEIJICHHOM COCTOSIHUU U TOCJIEAYIONEM
0CBOGOsKIeHNN 06pasiia. AHAIN3 9TUX JTAHHBIX MOKa-
3bIBa€eT, YTO B HAILJIaBJeHHOM cjoe n 3TB ocmoBHOTO

MeTaJsTa HanboJsiee 3HAYNTETbHBI TPOIOJIbHbIE HAIIPSI-
JKeHHUSI Gy. OCOOEHHO 6O0JIbINNNE 3HAUEHUS Gy UMEIOT
MECTO B TOUKaX € GOJIBIIUM COJIEPKAHIEM MapTEHCHUTA
Jan6o GeifHuTa, KOT/J[a TTOBTOPHDBIN HArPEB [IOCTATOYHO
BBICOK, HO He IpeBbinaer Temmeparypsl T . B atux
TOYKAX 32 CUET BBICOKOTO IIPe/Iesia TEKYUECTHU MPH MOB-
TODHOM HarpeBe Ha CTaauu OXJaXJcHus Qop-
MUPYIOTCS JIOCTATOYHO BBICOKUE MOPSIIKA
(850...950) MIla HAIPSIKEHHS G, AJI BCEX PACCMOT-
PEHHBIX BapHAHTOB, T.€. PUCK 06pPa30BaHUS MOIEpPeY-
HBIX XOJIO[HBIX TPEIIUH B 3TUX 30HAX [IJI CPAaBHUBA-
€MbIX BAapHAHTOB B OCHOBHOM OIIpeJessIeTcsl Cojep-
>kaHueM MaprercuTa. OHAKO HE3HAYUTEIbHAS IPOTSI-
JKEHHOCTDh TaKWX YYACTKOB B CEUEHHWH C HOPMaJbio X
CyIIIeCTBEHHO COXPaHseT YKas3aHHbIN puck. Uro kaca-
€Tcs NONePeYHbIX HANPSKEHUIT Gy, TO OHM HEBEJUKI
U UX POJb B pUCKe 06PAa30BAaHUS XOJOJHBIX TPEIINH
HE3HAYUTEIbHAS.

Hapsiny ¢ onucanubiMu npu MOJETHPOBAHUU TEP-
MOMeXaHWMYeCKUMHU TPOIleccaMy Ha 06pasiie Oy dasIi
XapaKTEePUCTUKN  YCAAOYHBIX (DYHKIUN, KOTOpbIE
3aTeM HCIIOJIb3YIOTCS JJIs OTIeHKU o6IuX gedopMaruit
HaraBssieMoll iacTubl. Ha puc. 7 npuBeieHb! 1aH-
Hble OTHOCUTENbHO (opMbl U 06miel aedopmanun
usrn6a s 1,/4 gactm TJAACTUHBI IS PAa3JUYHBIX
BAapHaHTOB HAILJIABKW 1Mo Tab6u. 2. M3 aTux MaHHBIX
ciaenyer, 4To HamboJiee OJATONPUATHBIM SBJISIETCS
BApUAHT HAILJIABKYU BIOJIb [IVIMHHON KPOMKH 3aTOTOBKHI
Ha pexnMax Bapuanta Ne 4.

CymiectBennbiii apdert cumkenus medopmaruit
HaOJI0/IaeTCs TPU TPUMEHEHUN 3aKpeTIeHus B 30He
HAIJIABKH, T.€. TIPUXKATUS 3TOTO YUYacCTKa K TIJTHTE C
MOCJIE/IYIOIIUM OCBOOOK/IEHUEM IIOCJE OCTbIBAHUS.
Kaxk cremyer n3 mannbix assg Bapuanrta Ne 3, mporu6
MIPU TAKOM TEXHOJOTUYECKOM TIpHeMe MOKHO CHU3UTD
ot 284 mo 101 MM, T.e. IPUMEPHO B TPHU Pa3a.
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kKe. — M.: Mamrus, 1951. — 296 c.
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Ilox pen. b. WM. Menosapa. — Kues: Hayk. maymka,
1978. — 304 c.
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Hayk. mymka, 1976. — 320 c.
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C. 25-34.
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MATEMATNYECKOE MOJAEJNPOBAHUE ITPOLECCA
IIPUBAPKU TPYB K TPYBHOI PEIIETKE

0. B. MAXHEHKO, E. A. BEJIUKOUBAHEHKO (Mu-t snexkrpocsapku uM. E. O. Ilarona HAH Ykpaunsr, r. Kues),
II. BATM@®APT (SLV, r. Pocrok, Tepmanus), A. HIAP®, K. BAYIIMAH (®upma «Infracor», r. Poctok, Tepmanus)

Ormcanbl pe3yJibTaTbl MPUMEHEHNsT KOMITbIOTEPHON MPOTPAMMBI /IS OIEHKM KaK JIOKAJIbHBIX SBJEHUIl, CBSI3aHHBIX C
PUBAPKOl OT/E/IbHBIX TPYGOK (MUKPOCTPYKTYPHBIX U3MEHEHUIT, OCTATOYHBIX HANPSDKEHHUIi), Tak u o6mux gedopmariuii
TPYOHOIl PENIeTKH TIPUMEHUTEIBHO K KPYITHOMY TEeIlJIOOOMEHHUKY .

Results of application of the software developed for estimation of local phenomena occurring in welding of individual
tubes (microstructural transformations, residual stresses) and total distortions of tube plates in the manufacture of large

heat exchangers are presented.

KommbioTepHas mporpaMma, cos[laHHAs B pe3yJibTaTe
corpyaamdectBa M9C nm.E. O. Ilatora HAHY, SLV
(r. Pocrok) u ¢upmbr «Infracor» (Tepmanus), s
peaqu3ay  aJTOPUTMOB MaTeMaTUYecKOro Mojie-
JINPOBAHUS OCHOBHBIX (PU3MYECKUX SBJEHUIl, COMpo-
BOK/IATONIIX TTPOTIECC AJIEKTPOAYTOBOI TPUBAPKHU TPYO
K TPYGHBIM peleTKaM Tero0OMEHHUKOB, OIUCAHA B
pabote [1]. B ee ocHOBY TOJIOXKEHO TOJy4YeHUE JIO-
KaJbHBIX XapaKTEePUCTUK TIPoIlecca MPUBAPKU OIHOM
TPyOKH K [OCKEe IIyTeM MaTeMaTHYeCKOr0 MoJe-
JINPOBAHUSA KOMILJIEKCa (PU3UIECKUX SBJEHUH, COMPO-
BokAaiomux ero (onpejeseHne TeMIEpaTypHbIX IMO-
Jeit, pasmepos 3ombl nporuiasienus (3I1), Mukpoct-
pykrypHbIX n3menenmii B Metasie 311 u 3TB, ocra-
TOUHBIX HampsoKeHuit u gedopmanumii). JlokaabHbIe
JlaHHbIE OTHOCHUTEJbHO KPHUBH3HBI TPYOHON JTOCKH
3aTeM UCIIOJIb3yeTcsl B NIPUOIMMKEHHOM METO/Ie
«(pyaknuu ycagkn» (inherent strain method) [2, 3]
JUIS. TIOJTyYeHUsI [AHHBIX OTHOCHUTEJIbHO KUHETHKU
M3rHOHBIX AedopManuii TpyOHO! TOCKM OT IOCJ]e0-
BaTeJbHOI TIPUBAPKU TPYOOK.

[Tpu aTOM paccMaTpuBalOTCS /[Ba BapHaHTa KOHCT-
pYKIMH Temaoo6MeHHUKA. IlepBbIii Bapmant — c
OJTHO¥ TPYOHOI JOCKOI 1 BTOPOIl BAPHAHT — C JABYMS
TpyGHBIME [JOCKAMU U TIPSIMBIMU TPyOKaMu, BBapuBa-
€MbIMU OJIHOBPEMEHHO ¢ 060UX KOHIIOB.

B patote [1] mporpamma agantupoBana st Tpy6-
HBIX JIOCOK ¢ KosmmdecTBOM TpyO6ok 710 200...300. OmHa-
KO B COBPEMEHHBIX TEMJOOOMEHHUKAX [JOCTATOYHO
YacTO BCTPEYAIOTCST Y3JIbl C KOJMYECTBOM TPYOOK 0
HECKOJbKUX Thicsd. [Ipu KOHCTpyKImMu ¢ ofHO# TPyO6-
HOM JIOCKOil TaKOe KOJIMYECTBO He BBI3BIBAET 3aTPY/I-
HeHui 171 peasusyemoro B [ 1] duciaentoro aaropurma
pacuera o6umux aedopmarmii. [Ipu KoHCTpyKIUU C
JIByMs TPYOHBIMH JOCKAMH U MPSIMBIMH TPyOKaMu
BO3HWKAIOT OMpe/ieJieHHbIe 3aTPYAHEHUs MPHU TOJy-
YeHUU [aHHBIX OTHOCHTEJIBHO MPOrH60B TPYGHBIX
PEIETOK M OCEBBIX HAIPSDKEHUH B TpyOKax. JTOT He-
JIOCTATOK PACYeTHOTO AJTOPUTMA YCTPAHEH aBTOPaMU
1 MOJIepHU3WPOBaHHag mporpamma [1] mcrnombayercs

B [aHHOI pa6oTe [JIs1 KPYITHOTO TEIIOOOMEHHUKA C
3900 tpy6ramu.

Kpome Toro, BBe/leH AONOJHUTENbHBII BapuUaHT
pPacToJIO)KeHUsT OTBEPCTUH B TPYOHOH /OCKe OT-
HOCUTeJbHO APYT Apyra. Ha puc. 1, @ npuBeien ocHOB-
HOIl BapuaHT u3 paboThl [1], KOTa CMeXKHbIE TIEHTPbI
OTBepCTHii 06PA3yIOT KBAApaT cO CTOPOHOi t. B mo-
JIEPHUBUPOBAHHOW TpOTpaMMe JIOMOJHUTETbHO Tpe-
JIyCMOTpeH BapuanT pacnojoxenus (puc. 1, 6), Korga
IEHTPBI CMEKHBIX OTBEPCTHUil 06pasyioT PaBHOCTO-
POHHUI TPEYTOJbHUK CO CTOPOHOI ¢. Hasmmune Toii nim
WHOW CXeMbl B3aWMHOTO PACIOJIOKEHUS OTBEpPCTUi
uMeeT 6OJIbINIOE 3HAYEHNUE JIJIST AaBTOMATU3AINN TTOUCKA
KOOPJMHAT COOTBETCTBYIOLIETO BO3MYIIEHUS [IPU Pac-
yere pedopmarii TpyOHOU peIeTKH.

Ha puc. 2 mpuBesena cxema Tpy6HOIl pEIIeTKH TeTl-
soob6Mennnka ¢ 3900 orepctusiMu 1uist Tpy6ok. ua-
MeTp TpyOHOU mocku 1674 MM, ee ToummHa 50 MM.
Matepuan — P235GH no EN (oreuecTennbiii ana-
jgor — craap 16TDT). dnamerp TpyGkm 16 Mw,
tommuHa creHkn 1,6 mMm. Marepuman X2CrNiMoN

22-5-3  (oreuecTBeHHBIE  aHaJOr — CTaJIb
08X22H5M3). IIpucagka SG-X2 CrNiMoN 22-9-3
(oreuectBennpni amanor — 08X22HI9M3). Csapka

MIPOBOIMJIACH YTJIOBBIM ITBOM 3a JBa MPOX0/a, KaTeT
mBa 0,8 M. Iloronnas sHeprus JyroBoil CBapKu B
aproHe HETIABAIUMCS 3JEKTPOIOM Gy = 185 I3k /MM
JUIST KasKJI0TO TIPOX0/ia.

,/\ '
OO0 ©

Puc. 1. Cxema B3aMMHOTO PacHOJIOKEHHsI OTBEPCTHIl B TPYyGHOIT
pemterke 1o keagapary (@) u tpeyronbuuxy (6)

© 0. B. MAXHEHKO, E. A. BEJINKOUBAHEHKO, I1. BAUM®APT, A. [IIAPD, K. BAYIIMAH, 2002
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Puc. 2. Cxema tpy6Hoil pemietku Teroo6mennnka ¢ 3900 or-
BEPCTUSMU 1711 TPYOOK

B
L g

Omyckast pe3yJbTaTbl pacyeTa JOKAJbHBIX SB-
JIEHU#, CBI3aHHBIX C MPUBAPKON OTAEJbHOI TPyOKH,
JIOCTAaTOYHO JeTaabHo paccMoTpennbre B [1] (mpasaa,
JUIS IPYTUX Pa3MepoB TPYOOK M OTBepCTHii), ocTa-
HOBUMCS Ha pe3yJibTaTaxX pacueta fedopmaiuit Tpyo6-
HOW JIOCKH.

Ha puc. 3, a npuBe/ieHbI JaHHBIE OTHOCUTEJIBHO
KIHHETHKN W3MEHEHWs nporubéa B IEHTpe TPYOHOI
JIOCKH JIJI CJIy4asi, KOTJa B TENJIOOOMEHHUKE O/IHA

Homep npueapueaemMoil TRySKKU
500 1000 1500 2000 2500 3000 3500

0 T
F INopRaok ceapk
.08l
Br ogg'if » 3300
C 3879 4,12 2880
-1,61 - 205
i e ~a
L 3880 Hs7
-2,4})
32f

Puc. 3. Kuneruka nporu6a 1enrtpa TpyOHOIl JOCKHU HOCJIe TIPUBAPKU
Kask 10l TpyGK1 (IIOPSAZIOK CBAPKH OT 11EHTPa K KPOMKaM) B BapHaHTe
Temnoo6MeHHKa ¢ oxHoi (@) n aByMs TpyGHbIMU mockamu (6)

Hosaep npuBapEBaemod ToyGeu
1000

1600 2000 2500 3000 3500

Hanpa=exwa, MMa

Puc. 4. PacueTHble JaHHbIE TIO OCTATOYHOMY M3MEHEHUIO JIMHBI d L
Tpy6ok (@) u ocesbix Hanpsykenuii (6) B TpyOKax MocJe IpUBapKu
Bcex TPyGOK B MOPSAJIKE CBAPKU OT TIEHTPa K KPOMKaM

Tpy6HAst 0cKa. 3/eCh HET NMPUHIIUITHAIBHBIX 0COOEH-
HocTefi. 1o Mmepe mpuBapku Tpy6OK MPOru6 yBeININBa-
ercst 0 3,6 MM, UTO [OCTATOYHO CYIIECTBEHHO s
auametpa 1674 mMM.

AHaJIOTUYHbIE Pe3YJIbTAThl, HO DU BapHAHTE TEll-
JIOOOMEHHUKA C ABYMS TPyOHBIME JOCKAMHE [IPH [JTHHE
Tpy6ok 5000 MM W OHOBPEMEHHOII TIPUBApKe JBYX
KOHIIOB [IPUBEJEHbI Ha puc. 3, 6. VI3 Hero BUHO, 4TO
B 3TOM cJy4yae Tporu6 BecbMa HEe3HAYNTEJNbHBIH 13-3a
OIOPHOTO JelicTBus Tpy6oK. I1pu aToM mporu6 Bospac-
TaeT mpuMepHO 10 cBapku SO0 TpyOOK, a 3ateM Jaxke
yMenbInaercst (IIOPsIOK CBapKU OT HEHTPa K KPOMKaM
PEIIETKI).

Ha puc. 4 mpuBeieHbI JAHHbIE TI0 OCTATOYHOMY H3Me-
HEHUIO JIJIMHBI TPYOOK U OCEBBIX HATIPSKEHWI B TPYOKax
TI0cJie TIPUBAPKHU BCeX TPYOOK B MOPSIIKE CBAPKH OT II€H-
Tpa K KpoMKaM. BujHo, uTo B psizie TPY6OK BO3HUKAIOT
JTIOCTATOYHO 3HAYUTEJbHBIE CXKUMAIOIINE HATPSKEHUS,
MIPEBLIIAIONINE [PU PACCMATPUBAEMOI [IIUHE KPH-
THYEeCKUe HAMPSKEHUS TIOTEPU YCTOIYMBOCTH, T.€. IS
MIPEeYTIPEKIEHUS TIOCJIeTHETO TPeOYeTCs yCTaHOBKA CO-
OTBETCTBYIONIETO KOJMUYECTBA TIOIEPSKUBAIOIINX TIPOMeE-
JKYTOUHBIX [uadparm.

Takum o6pa3oM, MOJIEPHU3UPOBAHHAS TIPOTPaAMMa
u3 [1] nis MareMaTnyecKoro MoIeIMPOBaHUS TIPOTIEC-
ca mpuBapku TPyOOK K TPYGHOIl pelleTKe MO3BOJISIET
orpeniesiaTh obmue aedopMalui TpyOGHOI PeIeTK B
TEIJIO0OMEHHUKAX C ABYMS TPYOHBIMU TOCKAMU U TIPS-
MBIMU TPYOKaMu MPH HECKOJBKO ThICSYaX OTBEPCTHI
B Tpy6KaxX, YTO BeCbMa CyIIECTBEHHO JIJISI COBPEMEHHBIX
TeTJIO0OMEHHHUKOB.

1. Komnviomepnas uporpamma <«IIpuBapka tpy6oK K TpyOHOIT
pemterke TerooOMenHukoB» ,/ B. 1. Maxunenko, E. A.
Bemukousanenko, O. B. Maxuenko u ap. /,/ ABTOMAT.
cBapka. — 2002. — Ne 8. — C. 3—-10.

2. Establishment of computational welding mechanics /
Y. Ueda, H. Murukawa, K. Nakacho et al. // Transact. of
JWRI. — 1995. — 24, N 2. — P. 73-86.

3. Maxuenxo B.U., Jlo6anos JI.M., Maxnuenxo O.B. IIporuo-
3upoBaHie 0o6mux gedopMaIiii CBAPHBIX Y3JI0B HA OCHOBE
6aHKa JJAHHBIX 110 TONEPEYHOIl U MPOJOJbHON YCajKe U YIJIO-
BbIM JlepopMalusiM COOTBETCTBYIOIMX 06pasnos ,/,/ Asro-
Mmart. cBapka. — 1991. — Ne 10. — C. 1-5.
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MATEMATUYECKOE MO/IEJIMPOBAHUE
MHOTOIIPOXO/IHOM AYTOBO CBAPKUA
KOJIBIIEBBIX IIIBOB TOJCTOCTEHHBIX OBOJIOYEK

0. B. MAXHEHKO, E. A. BEIUKONBAHEHKO, I'. ®. PO3bIHKA
(Un-1 anexrpocsapku uM. E. O. Ilatona HAH Ykpaunsi, r. Kues),
II. BAIMG®APT, A. HWIAP®D (SLV, r. Poctok, Tepmanmst)

PaCCManHBaBTCH BO3MOJKHOCTD ITPOTHO3MPOBAHNA OCTATOYHDIX Hanp;{mem/lﬁ n ae(bopMauHﬁ B 30HE CTBIKOBOI'O IIBa TOJI-

CTOCTEHHOI1 OJIHOPO/IHON NGO Pa3HOPOIHOII 06OJIOUYKH MPH

MHOl'OHpOXOL[HOﬁ CBapKe C y4eToM (baSOBbIX npeBpameHMﬁ,

Pa3JIMYHOIl Pa3/ie/Ikil KPOMOK, PEKUMOB CBAPKU M HAJIMYUS 3aKpeIIeHuil.

Considered is the possibility of predicting residual stresses and strains in the zone of a butt weld on a thick-walled
homogeneous or inhomogeneous shell in multipass welding, allowing for phase transformations, differing groove pre-

paration, welding conditions and use of clamps.

BBenenne. Capka MHOTOIPOXOJHOTO KOJIBIEBOTO
NIBa JIJISI TOJCTOCTEHHBIX MUJIMHIPUIECKUX 060JI0UEK
SIBJISIETCS JIOCTATOUYHO TUMWYHOW JJIs1 COBPEMEHHBIX
cBapHbIX KoHCTpyKIWii. Ha puc. 1 mpuBeneHbl HEKO-
TOpBIE MMPUMEPDI TOJCTOCTEHHBIX 000JI0YeK, CBapHBa-
eMbIX MHOTOIIPOXO/HON CBapkoil miaBieHueM. Hc-
M0JTb30BaHUE Pa3/IeIKu KPOMOK MOKHO OTPasuTh C
TTOMOIIIBIO CXeMbI Ha PUC. 1, 2, 3a/1aB COOTBETCTBYIONUM
o6pa3oM KoopanHatel Toyek 1...6 u 1'...6". Bapbupys
reoMerpuyeckumu pasmepamu R, Hy, Ho, Ly, Lo, xec-
TKOCTBIO IITIAHTOYTa, CBOWCTBAMH MaTe€pPHAJIOB 060JI0-
4eK, a TakXKe KOOPJMHATAMU XapaKTePHBIX TOUEK Pa3-
JIeJIK KPOMOK, MOxkHO (¢ moMolpio cxeM Ha puc. 1)
OlMcaTh MHOTHE CJydyad CBapKHU peasbHbIX KOHCT-

PYKILMIA. YPOBEHb OCTATOYHBIX HAIPSKEHHH OIIpese-
JseT paGoTOCIOCOGHOCTh TOJCTOCTEHHBIX 000JI04€EK
COeMHENNIi IpU IepeMeHHbIX Harpyskax (MHoro-
[MKJIOBAask YCTaJOCTh), a TaKe CTOHKOCTb K pas-
JIMYHBIM KOPPO3HOHHBIM MOBPEKAEHUAM BHYTPEHHEN
noBepxHocTH (IIPU UCHOIB30BAHUN KOHCTPYKIMU U
JUIS TPAHCIIOPTUPOBKK JMO0 XPaHEHHs COOTBETCTBY-
IOIIX arpeCcCUBHBIX cpel). B ¢Boio ouepenp, cBapod-
ubie gedopmanuy (cBA3aHHBIE C JOCTATOYHO 3HA-
YUTENbHBIMU PaAMaJbHBIMA NEPEMEIIEHIAMI CTEHKU
060JI0YEK B 30HE CTBIKA) MOTYT CO3/1aBaTh ONPE/IE/EeH-
HbIE HKCILIyaTallnOHHbIE CJIOKHOCTH, a OCEBBIE Iepe-
Mmemmenns (1o ocu z) B 30He pasgenru (cBsA3aHHBIE C
HOIEPEYHON yCaKONH) MOTYT HpPHU MHOTOIMPOXOIHOM

rh rT
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Hi Ha 1 Hy T Ha
—
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Puc. 1. [IpuMepbl TOJICTOCTEHHBIX 060I0YEK, CBAPUBAEMBIX MHOTOIPOXO/HBIM CTBIKOBBIM IIBOM: d — CBOGOAHbIE 060104KN (0HOPOHBIE
Jn60 PasHOPO/HbBIE 10 CBOHCTBAM MaTtepuana); 6 — pPazHOPOJAHbIE 0G0JIOUKH 10 CBOWCTBAM UM TOJILIMHE; 6 — OGOJOYKU C BHYTPEHHUMH
MIIIAHTOYTaMI; 2 — CXeMa pas/IeJIKI KPOMOK, olpejesseMas KoopauHaTamu Todek 1...6 m 1.6’

© 0. B. MAXHEHKO, E. A. BEJINKOUBAHEHKO, I'. ®. PO3bIHKA, I1. 3AVIDMMAPT, A. IIIAPD, 2002
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CBapKe 3aMETHO MEHSTHh MUPUHY Pa3esKd, YTO CO3-
JIaeT olpeieIeHHbIe TEXHOJIOTMUECKHE CJI0KHOCTH TTPU
aBTOMATUYECKOU CBapKe W T.J.

BBuy TOro, 4TO YKa3aHHbBIE SIBJIEHUS TPY/IHO TO-
JIAIOTCS MOJIEJIMPOBaHMIO0 Ha 06pasliax, a HCI0JIb30-
BaHUe HATYPHBIX 9KCIIEPUMEHTOB IPU OGOJIbIIUX Pas-
Mepax KOHCTPYKIIUU CBSI3aHBI C GOJIBIINMEH BPEMEH-
HBIMM W MaTepHasJbHbIMU 3aTpaTaMu, JJis OITHU-
MU3AIUK TEXHOJOTMH TIOBBIIEHHBIH WHTEPEC MPEJC-
TaBJSET MareMaTHYecKoe MOJeJUPOBAHUE  ITUX
siBJIeHWH. VI3BECTHO JOCTATOUYHO MHOTO paboT, TTOCBSI-
IIIEHHBIX PENIeHUIO 3T 3a1auu [ 1—5 u J1p. |, B KOTOPBIX
pellieHne HAXOUTCS IPU TeX UJIM UHBIX JOIYIIEHUSIX.
ITo Mepe pasBUTHS BBIUNCIUTETHHON TEXHUKH, METO-
JIOB PeIlleHusT 33/1a4 TEPMOIJIACTUYHOCTH U OIMUCAHMS
XapaKTePHBIX WM3MEHEHWH B MaTepuaje CBapHOTO
COeIMHEHNUsT MPU HarpeBe, COBEPIIEHCTBYIOTCS MaTe-
MaTU4YeCKHe MOJIeJIM JIJISI PaccCMaTpPUBAeMoii 3ajauH,
JleJiasi PACUETHBIN MOIXOJ MIPUBIEKATETBHBIM [IJIST 10-
CTaTOYHO MIMPOKOTO Kpyra moJib3oBateseil. OmHaKo
[IPY 3TOM BeChbMa AKTYaJIbHBIM SIBJSIETCS BOIPOC [I0-
CTYITHOCTH IPUMEHEHUs TAKOTO IOAX0/a /IS M0JIb30-
BaTeJis, MMEOIIEro OTPAHUIEHHBIN JOCTYI K ITaKeTam
KOMMEpPYECKNX KOMITBIOTEPHBIX MporpamMm Tuma SY S-
WELD, ANSIS, MARC u ap., oTIHYaiommxcs 10CTa-
TOYHO OOJIBIION U36BITOYHOCTHIO MPUMEHUTETHHO K
JIaHHOU 3a7iaye U, eCTeCTBEHHO, BBICOKOU apeHmIHOM
CTOMMOCTbIO. 3aC/Ty’KUBAeT BHUMAHUS UIes] UMETbh JJIsT
0TOGHOTO THUTIA XapaKTEPHBIX 33/1a4 OT/eTbHbIE TTPO6-
JIEMHO-OPUEHTHPOBOYHbBIE MOY/IH, B KOTOPBIX BCE He-
06X0/IUMbIe TIPOIEYPDI, CBSI3aHHbIE C MaTeMaTHu-
YeCKUM MOJIEJTMPOBAHUEM U MPECTABIECHIEM DE3YJIb-
TATOB pacyeTa pPeaau3yloTCsl aBTOMAaTHYeCKH, a POJib
I10JIb30BaTe ISl CBOAUTC K Ha3HAYEHUIO HCXOMHbBIX JIaH-
HBIX [0 IIPeIJaraeMoMy pa3pabOTUYMKOM IPOTPAMM
Tpadapery U aHaJIU3y IOJYYEHHBIX Pe3yJbTaTOB.
Takast uieoI0Tus NCMOIb3YETCS B HACTOSIIEE BPEMS B
N3C um. E. O. [Tarona HAH Yxpannsri [7], a Takxke
aBTOpaMU JaHHOU PaGOTHI.

Kpatkoe onucanye pazpa6oTaHHON KOMIIbIOTEPHOM
nporpamMmel. B paspa6oTaHHOI aBTOpaMHl KOMIIBIOTEP-
HOU TIPOTpaMMe PeATU3yeTCsI METO/ TOCIeI0BATETbHO-
TO MPOCJEXUBAHUS PA3BUTHS TEMIIEPATYPHBIX MOJIEId,
HAIPsDKeHUH u gedopManuii mpu 3aroTHEHUN Pas-
JIeJIKU CThIKOBOro misa (puc. 1) oT/Je/bHbIMU CIOAMU
Jn60 «HUTOUHBIMI» IIBAMHU HA 3aJaHHBIX PEKMMaX 1
YCJIOBUAX CBapKu. Takue ycJao0BuUsl, HAPUMED, IPH Iy-
TOBOW CBapKe ILJIaBJEHUEM, OTIPEEISIIOTCS: CUION CBa-
pouHoro Toka I, HanpsKkeHueM Ha ayre U, KoJudect-
BOM BHOCHUMOTO B €JIMHUITY BPEMEHU TPUCATOYHOTO Me-
Tamna (kKoappUIMEHTOM HAIJIABKH 0,), CKOPOCTBIO
CBapKu o, JU6OO TOJIIMHOW HAIJIaBJISIEMOTO 32 OWH
npoxo cnos h (ceuenmem <«HHMTOYHOTO» mBa F).
BBomumas moronHast 9HepTHUs ¢, Ha KaKOM IIPOXOJIe
pacrpe/iesisieTcss B COOTBETCTBYIONEM o0beMe Tpuca-
JIOYHOTO  MeTaJLia D a  ocrampHas  wacTp

qflz) =qy () B BH/Ie 06BEMHOTO HCTOUHIKA TEILIA pac-
npezessiercss B 06beMe CBAapUBAEMOIl JIeTau 110 3aKO0-
Hy, GJU3KOMY K HOPMaJbHOMY C IIEHTPOM, COBIIa[la-
IOIIUM C IIEHTPOM HAILJIABJSIEMOIO CJIOS JINOO «HUTOY-

Horo» mBa. Bemmunna ¢ onpesensercs yepes cpei-
HIOIO TeMIlepaTypy MeTaJlja CBapO4YHON BaHHbBI 'y

=T, = To) v + G F, (D

rae Ty — WCXOo[HAS HayaJbHAS TEMIepaTypa B 30HE
CBapK#, Y — 0OBeMHAS TETIIOEMKOCTD, (¢ — CKPBITast
TEIJIOTa IJIABJIEHUs MIPUCAJOUYHOTO MaTepuasia, F —
IJIOMIA/Ib CeYeHHsT CJIos JINOO0 <«HUTOYHOTO» INBa Ha
nanHoM tipoxosie. Bemwmumnubtl Ty, ¥, Gex, TAKKe Kak
napaMeTpbl paclipejie/ieHis 1oroHHoi sneprun ¢\,
qf?) u addexrunbiii KII/] narpesa m, Bbi6upaiorcs
(BBIUKCIAIOTCA) aBTOMATUYECKM B 3aBHCHMOCTH OT
CBApUBaeMOr0 MaTepHaja, peXUMOB W  yCJIOBUN
cBapku. TemiiepaTypHble 110J1s1, HApsiKeHus u gedop-
Ml Ha KaKIOM IIare IMPOCIEKUBAHNS UX PAa3BUTHS
OTIPEIETIAIOTCS YNCJEHHBIM PENIeHHEeM COOTBETCTBY-
IONIUX KPAeBbIX 3a/1a4 B pamkax 2D (1.e. ucnosb3yercs
JIOTTyTIIEHNEe, YTO CBAPOYHBIN MCTOYHUK JBUKETCS TIO
KOJIBIIEBOMY HIBY JIOCTATOYHO GbICTPo). ONbIT MOKa-
3BIBAET, UTO TAKOE JOTYIIEHUE BITOJTHE IPUEMIIEMO [IJIST
pemenuss noAo6HBIX 3amau [1—6], ¢ mocraTouHoit
WH)XEHEPHOU TOYHOCTHIO. B MCXOMHBIX JaHHBIX MOJIb-
30BaTeJb YKa3bIBaeT XUMUYECKUI COCTaB OCHOBHOTO
MeTa/ljla U MPUCAJTOYHOTO MaTepuasia, uTo MO3BOJISET
Ha OCHOBE PACYETHBIX JAHHBIX PA3MEPOB IIOIEPEYHOTO
CEYeHUsT 30HDBI MPOIJIABJEHUS IS KaJK/IOTO TIPOX0/a
oTIpeieSIATh ee cpeqHuil Xxumudeckuii coctaB u 3TB,
a TaKkKe ONMUCATh KUHETUKY MUKPOCTPYKTYPHBIX H3Me-
HEHUI, MCTI0JIb3Y s COOTBETCTBYIONNE AuarpaMmMbl APA
[T KOHCTPYKITMOHHBIX CTasieil (peppuTHOTO THIIA U
muarpammy Illedduepa a1 BBICOKOJIErHPOBAHHBIX
KOHCTPYKIIMOHHBIX cTasel [6, 7]. B utore Ha kaxxaom
rare MpOCJEKUBAHUST OTPEESIOTCS 3HAUEHMST Mac-
coBOH 1o/ V; j-if MUKPOCTPYKTYPbI B KasKI0i TOUKe
cBapHoro coegunenust (j = m — MapreHcut, b —
Geituur, p — mepsur, [ — depput, @ — ayCTEHHT).
O61beMuble oTHOCUTEbHBIE 3 deEKThI 3AQ, CBI3aH-
Hble C U3MEHEHUEeM TeMIepaTypbl 1 MUKPOCTPYKTYP-
HbBIX M3MEHEHUN, ONPeIesiOTCs 110 3aBUCUMOCTH

(2)

> VAT = 2 VATowTo)
¢ = ,
2 ViTo) v, (Ty)

rze y; (T) — o6beM eAMHMUIbI MACCBI j-il MHKPOCTPYK-
Typbl 1ipu Temuepatype T, v; (Ty) — To xe 1mpu Tem-
neparype Ty. Bemmaunbt y; (T) MOXKHO HaiiT B JuTe-
parype (mampumep, B [8]).

AHAJIOTIYHO COTPOTUBJIEHNE 1e(DOPMUPOBAHIIO
6(T) KOHCTPYKIMOHHOI cTaiu yaoGHO OIpeessTh
4yepe3 COMPOTUBJICHNE J1e(DOPMUPOBAHUS j-il MUKPOCT-

PYKTYPBL:

o(1) = 2 o} (NV; (1), @)
rie ol (T) moskeT GBITH MIPENCTABJICHO B BUIE:
ol (T) = o] (20 “O)f (1), (4)
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U, mm

30HA YTAXKA METANNa KOPHeBOro LWea
K LEHTPY GTEHKM
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Puc. 2. Pacuernble pe3yibTaTbl OCTATOYHOIO Pa/[Ma/bHOIO HepeMe-
IIEHNs HAPY KHOI TOBEPXHOCTU 0GO0JIOUKH /UIsT BapuaHTa 1

rae Gé (20 °C) — yHKIMI XUMUYECKOTO COCTaBa, a
]&j) — (yHKIHUSA TOJBKO TEMIIEPATYPbl, HE3HAUNTEb-
HO MaJiO 3aBUCSIIAS OT j. YTIpyrue XapaKTepPUCTUKH
E(T), v(T) KOHCTPYKIMOHHBIX cTajlel ci1a6o 3aBUCSAT
OT XMMUYECKOTO COCTaBa U MEKPOCTPYKTYPBI, 4TO I103-
Bossier cospasath aas E(T), v(T), f(T) mocratouno
KOMITaKTHYI0 6a3y JaHHbBIX.

Ha xaxmom mrare mpocjieKuBaHus t TeMieparyp-
uste noyst T(r, z, t), nanpsprennst (7, z, t) necdop-
marmn Ejj (r,z,t) n nepememenus Uir, z, t) (ij =7,
Z) ONPENENIAIOTCS METOJ0M KOHEYHBIX 3JIEMEHTOB [53,
6]. Vcnosb3yioTesi COOTBETCTBYIONIE BapUallMOHHDIE
dbopmymposku kpaesbix 3anad 47151 T(7, z, £) n AU(r,
z, t) [5], Ha OCHOBE KOTODPBIX COCTaBJIEHbI CHUCTEMBI
asrebpanmdeckuxX ypaBHeHWid 1711 3Hadenuit T u U B
y3J1aX MPSIMOYTOJbHBIX 3JIeMEHTOB /i, u f,, pa3Mepbl
KOTOPBIX BBIOUPAIOTCS aBTOMATHUYECKU B 3aBUCUMOCTH
OT XapaKTePHBIX T€OMETPUYECKUX IIapaMeTpoB (Tou-
IUHBL cJI0d h, aub0 cedenuss F «HUTOYHOIO» IIBA,
pasmepos Hy, Hy, Ly, Ly mo puc. 1). Illar mpoc-
JIEKUBAHUST TI0 BpeMeHU At BBIOMPAETCS] TaKKe aBTO-
MaTHYECKN U3 COOGpasKeHuil, 4To6bI MaKCHMAJTIbHOE
U3MeHeHNe TEMIIEPATYPBI B PACCMATPUBAeMOil 06.1acTH
3a BpeMsl At He IIPEBBIIIAJIO 3a/JaHHON BestnunHbl [AT],
Ha3HAYaeMOW B 3aBUCHMOCTH OT TEMIIEpATypbl B Me-
tasie 3TB 1 HEO6XOAUMOCTU UCIIOJIb30BAHUS JUar-
pamm APA.

IIpumepsi pacueroB. B kauecTBe mpuMepa UCIOJIb-
30BaHUs Pa3pabOTAHHON MPOrPaMMbl HIKE PACCMOT-

U, Mm

1
ol
q
-y
al
3oHa YTAXKA MeTanna KopHeBOro Lwea
E UeHTpY CTeHKK
-4 1 1 1 1 ] L 1

o] 50 100 150 200 250 300 350 z, mm

Puc. 3. PacyerHble pe3yJibTaTbl OCTATOUYHOIO PA/IMAJIbHOIO IepeMe-
IIEeHNsT HAPY KHOM MOBEPXHOCTU 0GOJIOUKH JIJISI BapUAHTA 2

U mm
1

-2 1 L 1 I L 1 1
0 50 100 150 200 250 300 350z, Mm

Puc. 4. Pacyernble pesyJbTaTbhl OCTATOYHOTO PAANAIbHOTO TIepeMe-
IIeHNUsT HAPY>KHOI NOBEPXHOCTH 060JIOUKH /ULl BapuaHTa 3

peHa 3aj1aua BbIOOPA YCJIOBWI CBAPKU CTBIKOBOTO TIBA
KOpITyca MOJBOJHOTO armapara, MpH KOTOPBIX OCTa-
TOYHBIE PaJUa/IbHbIe TIEPEMEIIEHNs] B 30HE CBAPDKU Ha-
XOJATCS B 3ajaHHOM joimycke. Kopryc ammapara B
30He CTbIKA — 9TO [UJIMHAPUYECKHE OOO0JIOUKU
nuamerpoM 2R = 3500 MM u tosmmuoi H = 16 MM u3
ayCTeHUTHOH cramm ¢ pebpamu skectroctu (cxema Ha
puc. 1, ). Paccroanua S; = 350 MM, S = 350 M.
3aBapKa CTbIKA IIPOU3BOJUTCSI MOCJE COOTBETCTBYIO-
el pas/ie/ K KOpITyca JJisi CMEHbI I3HOMIEHHOTO 000-
pynoBanusi. PaccMarpuBasiu HECKOJIBKO BADHAHTOB 3a-
MTOJTHEHUST Pa3/IeJIKM CTIKOBOTO IlIBa, MMOKa3aHHbIE Ha
puc. 2, 3, 5. Jlna nepsoro Bapuanta (puc. 2) cBapka
MPOBOJIUTCS 32 TPU IMPOXOJAa NP KOPHEBOM IIBE Ha
Hapy’KHOI OBEPXHOCTH, Jist BToporo (puc. 3) cBapka
TaK)Ke 3a TPU MPOXO0/Ia P KOPHEBOM IIIBE Y BHYTPEH-
Hell MOBEpXHOCTH, /IS TpeThero Bapuanra (puc. 4) (B
OTJIMYME OT BapHaHTa JBa) yCTAHABJIWUBAJIM TTPOAOJIb-
Hble (BJIOJTb OCH z) CTPUHTEPBI MEK/LY IMITAHTOYTaMH,
MPENATCTBYIONINE PAJUAIbHBIM TIepeMeleHusM 060-
JIOUKU [IPU CBApPKe, HO ITOCJIe OKOHUAHUS CBAPKH CTHIKA
cTpuHTepbl yaausid. s BapuantoB 1—3 mpuMeHsIn
3JIEKTPOJyTOBYIO PYUYHYIO CBapKy CIEIMaTbHBIMI
aJieKTpojamu npu ¢, = 6000 I3k /cM 17151 KOPHEBOTO
mBa u gy = 22630 I3k /cM /11 OCHOBHBIX IIPOXOIOB.
CpaBHuBas IpuBeieHHbIE HA PHUC. 2—4 pacueTHbIe 3HA-
YeHUs] pPaJUaJbHBIX MPOru60B OGOJIOUYKH B paiioHe
CBapHOTO [IBa, MOKHO KOHCTATUPOBATh, YTO BADUAHTHI
1 m 2 mpakTUYecKH WUJ€HTUYHBI. MaKCcUMaJbHbBIN
nporu6 ~3,5 mM. [lyig BapuanTta 3 3a CUeT CBapKu B

U, mm

-2.0 1 1 1 1 L L
-200 0 200 400 z, MM

Puc. 5. Pacyernble pe3yJibTaTbl OCTATOYHOIO PA/INAIbHOTO IIepeMe-
IleHNsT BHYTPEHHEl MOBEPXHOCTH 000JIOUKHU [/l BapraHTa 4
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3aKPEIJIEHHOM COCTOSTHUM TPOru6G YMEHBITUJCS [0
1,5 MM (41O B Mpezesiax AOMyCcKa U He TpeGyeT cepb-
€3HBIX 3aTPaT HA YCTAHOBKY M y/aJeHUEe MPOJOJbHBIX
crpunrepos). Yerseptoiii Bapuant (puc. 5) cBsA3aH ¢
NpUMEHEHNEM MHOTOIIPOXOMAHOW CBApKH <«HHUTOY-
HBbIMU» IIIBAMH, PeaJnu3yeMOil ¢ MOMOIIbIO OPOUTAID-
HBIX aBTOMaToB (OJHOBPEMEHHO 6 ITYK 10 OKPYK-
Hoctn). CBapKy NMPOBOAMJIM B aproHe IJIaBAIMMCS
anextponoM, g, = 3500 [Ix,/cM, 3amonHeHnue pas-
Jenkn — 3a 15 mpoxo/oB, 13 KOTOpbIX 10 OCHOBHBIX
" 5 fleKopaTuBHBIX. Ha puc. 5 npuBesieHbl pacyeTHbIe
JIaHHbIE OTHOCUTEJNbHO PAJUAJBHBIX TepeMelleHnit
nocsie 10-ro u 15-ro npoxonoB. Buano, uro nocJie 3a-
nosmennsa pasaeaxn (10-if mpoxosa) mporut He mMpeBbl-
mras 1,0 MM, a rmocJie BBITIOJIHEHNS IEKOPATUBHBIX MTPO-
xozmoB mogpoc 10 1,8 MM (4TO TakKe HaXOOUTCA B
npejesax Ao0mycka). XapakTepHO, 4YTO MPUMEHEHUE
JUISL 3TOTO BapUaHTa 3aKpeIJIEHUsT TUIIA UCIIOJTb30BaH-
HOTO B BapuanTe 3, y:xe ManoaddekTuBHO. PacueTnbie
Pe3yJIbTaThI JOCTATOYHO XOPOIIO COTJIACYIOTCS C OIBIT-
HBIMU JTaHHBIMH.

3akmouenue. Ha ocnoBe paspa6orok [4—7] aBTo-
paMW co3/laHa KOMITbIOTEpPHAs TporpaMma  [iJis
THUIIOBBIX CJIy4yaeB MHOTOIIPOXO/HOI CBapKH KOJIbIle-
BBIX CTBIKOBBIX IIIBOB TOJICTOCTEHHBIX 06OJIOYEK.

Pe3ysbTaThl  MCIOJB30BAHUS —MTPOTPAMMBI TSI
MOMCKA PAIMOHAIBHOTO BapUaHTa CBAPKH KOJIBIEBOTO
CTBIKOBOTO IIIBa KOPIIyca TTOJBOHOTO allapaTa MoKa-
3aJIM, 4TO J0CTATOYHO 3(PDEKTUBHBIN TyTh CHUMKEHUS

OCTAaTOYHBIX paJAraJJbHbIX HepeMemeHHﬁ B 30HE CTbIKa
3aKJII0Ya€eTCA B IPpUMEHEHU N MHOI‘OHpOXO[[HOfI CBapKun
«HUTOYHBIMU» IIBAMHU HEGOJIBIIOTO CEYeHNUs.

1. Maxnenko B. WM. PacueTrHble MeTOAbl WCCJEJOBAHUS
KMHETHKN CBAPOYHbIX HalpspkeHuil n gedopmaimii. — Kues:
Hayk. mymxa. — 1976. — 320 c.
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B. 1. Maxunenko, E. A. BenukouBanenko, I'. d. Posbinka,
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OIITUMU3AIINA TEIIJIOBOI'O PE;KIIMA
OBPABOTKU MATEPUAJIOB
KOHIHEHTPNUPOBAHHBIMU ITIOTOKAMU 9HEPTNIIN

B. B. MEJIIOKOB, /I. B. XOMJKOB
(Barckuii roc. yu-t, r. Kupos, PD)

ITpeasioskeHa OCTAHOBKA HEKOTOPDIX 33/1a4 OIITHMHU3AIIHU TEILJIOBOIO [Ipoliecca CBapKi. PaccMoTpeHbl pelieHns 3THX 3a/1a4
C IIPUMEHEHNEM BAaPHUAIMOHHOTO MCYNCJEHNS 1 TIPUHINIIA MaKCHMyMa. [IpuBe/ieH mpuMep mpuMeHeHus.

Statements of a number of problems relating to optimisation of a thermal process of welding are suggested. Solutions
of these problems derived by using calculus of variations and maximum principle are considered. The application example

is given.

BobIUHCTBO TEXHUYECKUX U TEXHOJOTHIECKUX 33144
CBSI3aHO C OIpefleIeHneM MaKCHUMAaJbHOTO W MH-
HUMAJbHOTO 3HAYEHUsI HEKOTOPO (MYHKIUU UJIH
MHTETPAJIbHOM BEJMYNHBI, OIIEHUBAIONINX MEPY Kadec-
TBa UCCJEyeMOro mnpoiecca. «B mMupe Her nudero, B
yeM He ObLT Obl BHJEH CMBICT KaKOrO-HHOYIb
MaKCUMyMa UM MUHUMyMa» — yTBepxkjaJ JI. diijep
ente B 18 B., paspabaTbiBas OCHOBbI BapHAI[MOHHOTO
ucuncaeHns. TakuM o6pa3oM, ONITUMH3AIUST PEITEeHII
3aj1a4, UMEIONUX TPAaKTHYECKOe 3HAUEHNe, CBSI3aHa C
oTpe/ie/ICHNEM 9KCTPEMANbHBIX B  ONPEAEJCHHOM
CMBICJIE PEXUMOB, CBOWCTB U YCJIOBHUI IPOTEKAHUS
MCCJIEyeMOTO TIPOTIecca.

Teopust onTUMaIBHOTO yIPaBJeHUs, pa3pabOTaH-
Has B cepeaune mpomiioro croyierns JI. TloaTparnubiM
M €ro ydYeHWKaMH, OCHOBaHA Ha KJACCUYECKOM
BapUAIIMOHHOM HCYHMCJEHUU. 3a7a4d ONTHMAJIbHOTO
VIIPaBJIEHUsT CBSI3aHBI C TIOMCKOM 9KCTPEMAaJIbHBIX
MoKas3aTesell KadecTBa TIpPoIlecca U OTHOCSTCS K
NIMPOKOMY KJIACCY 33/1a4 OTITUMHU3AIINN.

PaccMoTpuM npuMeHEHHE METO/I0B BapHAIMOHHOTO
UCUYUCJIEHUS] U ONITUMAJIBHOTO YIIPABJEHNS [IPU PacUeTe
TEIJIOBBIX IIPOIECCOB CBApKU. B cBs3M ¢ co3manueM
TEOPUH TETIOBBIX MPOIIECCOB CBAPKU M PAa3BUTHEM Ma-
TEMATHYECKOTO MOJIETNPOBAHNSI CBAPOUHBIX IMTPOIECCOB
[1, 2] B 1970-x rogax ObLIM IIOCTaBJIEHbI 3a/ayd OII-
TUMHU3AIMK TEILJIOBOrO pekuMa cBapku [3, 4], kotopbie
chopMyTUPOBAHbI KaK 06paTHbIE 33/[a4l TEILJIOIPOBO/I-
HOCTH 1 PEIIEHBI C TIOMOIIIBIO METOIOB TEOPHUHU OIITHMAITb-
HOTO YTIPABJIEHUS CHCTEMAMU C PACTIPEeIeHHBIMHU TTapa-
Mmerpamu [5]. TlosaHee GbLIN TOCTABJEHBI W PEIIECHDBI
3a/1a4d  ONTUMHU3AINU TENJIOBOTO PEXUMA CBAPKU
IJTACTUH W TeJl IUJINHPUYECKON (POPMBI C YIETOM CKO-
pocTH TiepeMeliieHrst ucTounuka [6, 7].

B pannoii pa6ore paccMOTpeHO pellieHue JBYX
3a7lau ONTHMHU3AIMN TEIJIOBOTO PEKNMa CBApKH C
MCTIOJIb30BAaHUEM BAapUAIIMOHHOTO HMCYUCJIEHUS U
MPUHIUIIA MAKCHMYMA.

© B. B. MEJIIOKOB, /I. B. XOM/AKOB, 2002

B niepBoii 3a1aue onTUMU3AIIUN TEIJIOBOTO PEXKUMA
paccMOTpeEH TPOIIECC PACTTPOCTPAHEHUST TETJIa MOIITHO-
ro OBICTPOABMKYIIETOCST MUCTOYHUKA B TOHKOH ILJa-
crune [1]

q 2
T(y, t) = exp [~ (y"/4at)], €))
(odN4mhtey)
rae t — BpeMs, OTCUMTbIBAEMOE OT MOMEHTA, KOr/a

nCTOYHNK TepecekaeT ock 0Y (puc. 1); v — cKOpocTh
repeMeIneHnss HCTOUHNKA B HAIIPaBaeHun ocu X; Ay —
KO3 PUITNEHT TEIJIOTIPOBOIHOCTH; a — K03hdu-
IIUEHT TEMITEPATYPOIIPOBOTHOCTH, ¢y — OObEeMHas Tell-
JOEMKOCTb;, 0 — TOJIIINHA IJIACTUHBI.

B teopuu cBapOYHBIX TIPOIECCOB aKTYaIbHOM SBJIS-
eTcs 3a/iaya OlpeJie/IeHus] MOITHOCTU ¢ CBAPOYHOTO
UCTOYHUKA B 3aBUCHMOCTH OT 3aJaHHOTO pacIpeje-
senust temieparypet 7' [8]. Dyukiuio 3aaHH0#l TeM-
nepatypbl (puc. 1) ¢ paBHOMEPHDBIM paciipeieleHneM
ee MaKCUMaJIbHOTO 3HaUeHusT T, HA OTPE3KE OT Y1 10
Y2 OCH Y OIIPE/IEJIUM BBIPAKEHUEM

2000 AT, °C
1500 -
X, MM
1000
500
2 Y, mMm

\ /

Puc. 1. Cxema TOHKOI TiacTHHBI ¢ 3agauabiM (1) n nctuaabM (2)
pacrpe/ieJieHHeM TeMIIEpaTypbl B0Jb OcH Y
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Puc. 2. ®yuxiusa T (x, y) 3a1aHHOTNO pacipe/ie/IeHUs TeMIIePaTypbl,
tie x, — x, = oty = t), x, — x5 = 0(t, — t3), x5 — x;, = 0(t5— ;) —
YYaCTKU Harpesa M OXJIAXK/IEHUSI B HO/IBUXKHON CHCTeMe KOOp/MHAT
Oxy

’ _ Tmax’ UAS (yh yZ)’
T'(y) = {0 Y € (705 y1) Y (Y25 ®). 2

PaccMoTpuM 3ajady ONpeeJeHus: MOIIHOCTH ¢
OBICTPOABIIKYIIETOCS UCTOYHUKA, TIPH KOTOPOH B MO-
MEHT BpEMEHHU t' MCTUHHOE paclipejiesieHue TeMiepa-
Typbl UMEET MUHUMAJBHOE YKJIOHEHHE OT 3aJaHHOTO
(2) [9].

OueBH/IHO, YTO HU NIPU KAKUX 3HAYECHUSX ¢ TeMIIe-
parypa T(y, t') ne 6yzieT TOUHO COBIA/IATH C 3aAHHBIM
T'(y). Vcno/ib30BaB 9TO YCJAOBHE, MOCTPOMM (DYHK-
[MOHAJ Ha HeBsizKax ypasHenusi (1), MOACTaBUTD B
JIEBYIO 9aCTh 9TOro ypaBHeHHsI Bbipakenme T'(y).
KpagpaTnunbii (byHKIIMOHAT B 5TOM CJIydae UMEeT BH/T

J(@q) = T (T'(y) — T(y, t'))'dy.

—o0

OnTnMaibHOe 3HAUEHHE MOIHOCTH UCTOYHHKA ¢ OIIpe-
JeJisieTcst pu MuHuMasibHoM 3Havernu J(q). U3 He-
0GXO/IMMOT0 YCJIOBUSI MUHIMYMa (DYHKIIHOHAJIA TIOJTY-
aeM

&y

Gonr = Tmaxv8 ‘S)VLC’Y j e dOL,

%y

rae o = y/Ndat'; o =y, Nat'; o, = y, Ndat'.

[MoacTaBasss MOJy4eHHOE 3HAYeHHe MOIIHOCTH
JIMHEIHHOTO GBICTPOABIIKYIIErOCS UCTOYHMKA B yPaB-
nenne (1), mosyyaeM pacrpefie/IeHHE TEMIIEPaTypbI
T(y, t') B ceyeHNM TOHKON TJIACTUHBI BAOJIb OCU Y.
ITO pacrpesiesienre TeMIepaTypbl B MOMEHT BPEMEHN
t' IMeeT MUHMMAJIbHOE OTKJOHEeHne oT 3amanHoro (1)
(puc. 1).

Ipu A = 0,207 Br/(cm°C), a = 0,1 e™? /¢, &=
=0,02 M, cy=2,07 Ix / (eM>°C), t'=1 ¢,y = — 0,5 ¢,
Y2 = 0,5 cM 3HaU€eHNE MOIHOCTHY JUHEHHOTO HCTOYHUKA
Gomr 10 BbIpaskenuio (3) pasuo 64,487 Br.

Bropas 3aa4a nocBsieHa onTUMU3ALIY HaPaMeT-
POB IIPOCTOr0 TEPMHUYECKOTO IIMKJA. TeIioBoe BO3-

3)

JleficTBME KOHIIEHTPUPOBAHHBIX MCTOYHWKOB SHEPTUU
Ha MaTepHuajbl XapaKTepU3yeTcs TEPMUYECKUM ITHK-
JIOM B KaXX/JI0W TOYKE 30HBI TEPMUUYECKOTO BJIUSHUS.
Tepmuueckuil UK/ ONpeessieT U3MeHeHne TeMiepa-
TYpBI B JIAaHHON TOUKe 06pabaThIBAeMOTO W3JEJHS C
TedyeHueM BpeMeHu. [IOHSITHE MTPOCTOTO TEPMUUYECKOTO
1uKJaa cBapku O6bL10 BBeZerno H. H. Peikaaunbiv [1].

Pacyer wcrounuka TeIJIOTHI, UMEIOIIETO HETpa-
IUIMOHHYT0 opMY IATHA HarpeBa 1 o0ecreunBaronie-
TO ONTUMAJbHblE 3HAUEHUS BCEX 3a/[aHHBIX TapaMeT-
POB TEPMHUUYECKOTO IIUKJIA, BO3MOKEH IIPU TIOCTPOEHUN
MaTeMaTUYecKOl MO/JIeJN HM/IeaJTbHOTO TEPMUYECKOTO
IUKJIA U ONTUMHU3AIMK TEIJIOBOTO IIPOIecca, Mpu KO-
TOPOM CO3/AIOTCS peajibHble TEPMHUYECKHE IUKJIbI C
HAWJIyUITUM NPUOTKEHUEM K MOJENU UeaTbHOTO
TEPMHUYECKOTO IUKJIA.

[ToctponM MoOIe/Tb TIPOCTOTO TEPMUYECKOTO ITUKJIA,
MIPUHUMAsT CKOPOCTH M3MEHEHUS TeMIepaTypbl TIpU Ha-
TpeBe M OXJIAXK/EHNW MOCTOSIHHBIMU. 3aJlaHHAs TeMIle-
patypa orpe/iesiieT MaKCUMAJIbHYIO TEMITEPATY Py HaTpe-
Ba T .y, HAIIPUMED, TEMITEPATYPY TJIABJIECHUS; ®1 — 3a-
JTaHHAsT CKOPOCTb HarpeBa /10 TeMIepaTypbl Ip.x Ha
OTpe3Ke BpeMeHUu f; — t{; ®y — 3aJaHHas CKOPOCTb
OXJIAK/ICHUS JI0 TEMITEPaTypbl (pazoBOro npeBpaieHus
T,,, Ha oTpesKe BpeMeHU ty — t3; ®3 — 3a/laHHasA CKO-
POCTDb OXJTKJIEHUS 0 TeMIteparypbl 1, HanMeHbIen
YCTOWYMBOCTH ayCTEHWUTA TIPU TEPMUYECKOIl 06paboTKe
Ha OTpe3Ke BpeMeHM! ts — t4. [Ipu mocTpoenun 3a1anHOTO
TEPMUYECKOTO TUKJIa MOKHO 33/1aBaTh BEJUYUHBI T .y,
®1, ©y, 3. Torma orpe3ku BpeMeHn GyIyT 3aBUCUMbIMI
BeJIMYMHAMU, OIpe/IeIsIeMbIMA M3 COOTHOIIEHUH: ty —
b = Thax /o1, t4 — t3 = (Tmax - TAr1)/0)2y ls =ty =
= (T4, = Tinin) /3. Ec/u 3aj1aBath OTpE3KN BpeMeHH,
TO 3aBUCUMBIMHU BEJIMYNHAME OYyT CKOPOCTU M3MEHEHST
TeMIIepaTyphbl.

[TocTponM COBOKYTTHOCTb 33IaHHBIX TEPMUYECKUX
IIUKJIOB B 30HE CBAPKH. 3a/Ia/INM NIUPHHY CBAPHOTO TIBa
KOOpIIMHATAMU Y1, Y2, & NMIUPUHY 30HBI TEPMUYECKON
06pa6oTKN — KoopauHatamu y3, y4. Dyuxims T'(y, t),
OTIPE/IeJISAIONIAs COBOKYITHOCTD 3a/IaHHBIX TEPMUUYECKUX
IIUKJIOB B TOYKAX OCU ¥y, UMEET BUJI

ot —t), t € (ty, &), ¥ € Uy, ¥o),

Oty = ) = Thaxs t € (b, 83), ¥ € (Y4, ¥2), 4)
0ty = ty) oyt — t3), t € (f3, &), ¥ € (Y1, Yo),

o1ty = ty) —oyty — ty) w3t — by, L € (g L5), Y € (U3, Ys)-

T'y, t)=

Paccmorpum  mporiecc  CBapKM  IJIACTHH,  OT-
paHMYEHHBIX 110 IIMPHHE, IOABHKHBIM OGBEMHBIM
HCTOYHMKOM dHepruu. IloABMIKHAs cucreMa Ko-
opauaat 0xy cBsi3aHa C HMCTOYHUKOM, IIe-peMela-
FOIUMCST BJIOJIb CTBIKA C TOCTOSTHHOM CKOPOCTBIO 0
(puc. 2). Ecu B Boipaxkenne (pyukin (4) 3aMeHUTD
BpeMs ¢ Ha KOOP/IMHATY X, UCIIOJb30BAB COOTHOIIEHHE
x = ot, 10 pyukuus T'(x, y) Oyaer onpenessrb 3a-
JIAHHOE pacIpejieJieHie TeMIepaTyp B 30He CBAPKH.

ChopmymupyeM 3amady ONTHMAJBHOTO YIIPaB-
JIEHUsI HECTAIIMOHAPHBIM TEILJIOBBIM ITPOIIECCOM CBAPKU
IJIACTUH MOABUYKHBIM HUCTOYHUKOM Bo3zelictsug [10]:
nycrb 3a7aHo pacupegenenue temneparypbl 1T7(x, y)
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B TIO/IBIDKHOI CHCTeMe, TIPH KOTOPOM 06eCeYnBaIOTCS
HEeOoOXO/[IMble TEPMUYECKHUE IIUKJIbI CBAPKU M COOTBET-
CTBEHHO HEOOXO/JVMbIE CBOHCTBA CBApHOTO COE/M-
nenus. lcnoJsb3oBaB B KauecTBe MOJE/IU TEILJIOBOTO
IIpoIlecca CBapKM CTBIKOBOTO COEIMHEHNA ILJIACTHH He-
CTallMOHapHOe /ByXMepHOe ypaBHeHHe TeILIOIIPOBOJL-
HOCTH, MOXXHO HalTh (YHKIMIO ¢ UCTOYHWKA, YZOB-
JIETBOPSAIONYIO OIPAHUYEHUIO

()

IIPU BO3/1eiiCTBUU KOTOPOIO B IIPOLIECCEe CBAPKU 32 BPeMs
t' obecrieynBaeTCS MUHNMAJIbHOE YKJIOHEHNE WCTHHHOM
temneparypor T(x, y, t') or sagannoii T'(x, y).

MunuMyM OTKJIOHEHMS UCTUHHON TeMIlepaTypbl
T(x, y, t') or samannoil T'(x, y) OLEHUM KBaj-
paTHyHbIM (PYHKINOHAIOM BH/A

0< q(x, Y, ) < Gmax>

1
J(@q) = TJ [T'(x, y) = T(x, y,t)'dxdy, ()

—0 0

rie T(x, y, t') — pacupejiesienue TeMIepaTypbl B MO-
MEHT BpeMeHHU t' B IOJABIKHON cHCTeMe KOOPMHAT,
CBSI3aHHOM MCTOYHUKOM.

[To mpuHIIITY MaKCUMyMa JIJIsi CHCTEM C pacipeje-
JIEHHbIMM TapaMeTpaMu MuHuMyM (yHrumonana (6)
npu orpanruernn (5) Ha yIpaB/IeHne JOCTUTAeTCs TPH
YCJIOBHH, KOTOPOE OIpPENEJNsIeTCs pPelieHrueM WHTET-
paJibHOTO ypaBHeHus: Dpearoabma BToporo poza [10].

Onrumanbaoe ynpasienne g(x, y, t), onpeaenen-
HOE U3 PellleHNs UHTETPAJIbHOTO YPABHEHUSI, SIBJISIETCS
KYCOUYHO-TIOCTOSTHHOU (DYHKITHEN, KOTOpast OIpeessieT
pasMepsbl u GopMy IISITHA HATPEBA, a TAKXKE PacIpejie-
JieHUe ¥ M3MeHeHUe TLIOTHOCTU MOIIHOCTU SHEPTUH B
MIPOIIECCE CBAPKU.

Paccmorpennas 3a/jaua ONTUMU3AIUT TAPAMETPOB
TEPMUYECKOTO [UKJIA IPUMEHSIETCST TAKXKE MPU UCCJTIe-
JIOBaHWK U Pa3palbOTKe ONTUMAJIBHOTO TEXHOJIOTHUYEC-
KOTO TpOoIlecca JIOKAJBbHOW TEPMOIUKIMIECKON o6pa-
GOTKU KOJIbIIEBBIX COeMuHeHuii Tpy6 H3 CILIABOB
IIUPKOHUSI.

B nporeccce TepMONUKIMUECKOH 06PaGOTKH Me-
TaJIJT CBAPHOTO ITBA M OKOJIONMIOBHOM 30HBI TIO/IBEPTa-
€TCsI MHOTOKPATHOMY HATrPEBY U OXJIAK/IEHUIO B 3a/1aH-
HOM WHTepBaJie TeMiepatyp. s clijlaBOB ITUPKOHUS
9TOT  WHTEPBAJ  OMNpEAENSeTCS  TeMIepaTypaMu
npumepto 500...850 °C, tak Kak B JJaHHOM /MaIIa30He
TeMIepatyp npoucxoaut 3(hGEKT TepMOHAKJEINa,
00yCJIOBJIEHHBIH MOJTMMOP(HBIM ITpeBpalleHneM o—f3-
CTPYKTYPBI IUPKOHUEBOTO ciyiaBa. CKOPOCTH HarpeBa
U OXJIKJEHUS TIPU TEPMOIUKJIUPOBAHNH OKA3bIBAIOT
CyIIIeCTBEHHOE BJIMSHNE HA CTPYKTYPY U CBOIICTBA Me-
TaJlJIa CBAPHOTO IIBA U OKOJIOIIOBHON 30HBI. OOBIYHO
HarpeB M3JEJUsT TPOBOIST TIOCTE MPeBAPUTETHHOTO
OCTBIBAHUSI CBAPHOTO COEIWHEHHS [0 TEMIIEPATYPbI
500 °C.

TepMudyecKuil IIMKJ TTPU TEPMOITUKINIECKON 00pa-
60TKe MeTajla CBAaPHOTO COEJIMHEHUS JTOJKEH HMETh
OTIpeIeIEHHYI0 CKOPOCTh U3MEHEHUS TeMITepaTyphbl Ha
CTa/INU HATPEBA U OXJIAXK/ICHUS B 33IaHHOM HHTEPBAJIE.
C ydeToM TpeGOBaHMIA K MPOTIECCY TEPMOIUKJIMYECKOI

06paGOTKU CTPOUTCS 3AJAHHBIN TEPMUYECKUH KT,
cocrasasiercst pyuxnms T'(y, t) 3amaHHOTO pacipee-
JIEHUsT TEMIIEPATYPbI 110 IIUPUHE 30HbI JIOKAJBHON Tep-
MOIIUKJIMYECKOI 06paGOTKU OT ¥3 MO Y4, TIE OChb Y B
cJIydae IMUJINHIPHYECKOI CUCTEMbI KOOPMHAT SIBJISIET-
€Sl OCBI0 IUJIMHAPUYECKOH 060a0ukn (Tpy6br).

[ns  obecriedenus: HAMJIY4IIero TMPUOIIKEHUs
M3MEHEHUS TeMIIEpaTypbl B Tiporiecce 06paboTKY K 3a-
JIAHHOMY TEPMHMUYECKOMY IHUKJIY Ha CTAaJUU OXJaXK-
JeHust B orpanndennn (5) MUHUMAJIbHOE 3HAYEHHE ¢
JIOJIKHO OBITH MEHbBINE HYJs, T. €. JJS TOCTHKEHIS
HAWJIYUIIero NpuOIMKeHUsT NCTUHHOW TeMmepatypbl T
K 3a1aiHo¥ 7' B 30He 06pabOTKU CBAPHOTO COETMHEHUS
OJIKHDI I€ICTBOBATDh CTOKH TEILJIA.

IIpn pacmmpenun orpanudenus (5) B o6aacTb
OTpUIATEIbHBIX 3HAYEHWl ¢ PpelieHue 3ajadul  oll-
TUMAJIBHOTO  YIIPABJEHUS  TEIJIOBBIM  [POIECCOM
CBapKU TMpU 33JlaHHBIX TlapaMeTpaxX TEePMUYECKOTO
IUKJIa OTpeessieT KOMOMHAINIO UCTOYHUKA W CTOKA
TeTIa, pa3Mepbl MSITHA HarpeBa M CTOKA Terja M UX
reoMeTPHYECKOe TOJIOKEHNE.,

JKCIIEpUMEHTAIbHOE — UCCJe/loBaHue  KOMOWHU-
POBAHHON MOIEIN MCTOYHUKA U CTOKA TETLIA, a TaKKe
BO3MO>KHOCTH TEXHUYECKOH peann3aruy Takon Mo/1eJIn
B TEXHOJIOTMYECKOM IIpOIlecce 3JIeKTPOHHO-TYYeBOI
CBapKN ¥ TEPMOIMKJINYECKON 0OPabOTKH TEXHOJIO-
TMYeCKUX KAHAJOB AaTOMHBIX 9JIEKTPOCTAHIIMN pac-
CcMOTpeHbI B pabote [11].

[Ipm wuccremoBanum Tporiecca CBAapKH U Tep-
MOIIMK/JIMYECKONH 0OPaGOTKH KOJIBIIEBBIX COEIUHEHUI
TexHoJorndecknX KaHamoB AJC  3anmchbiBaJuCh
TEPMUYECKIE IUKJIbI U CPAaBHUBAJIACH MeTaJiiorpadus
CBapHOTO COEJMHEHUST [0 TEPMOIMKJINYECKOil o6pa-
6GOTKH ¥ TIOCJIE ee CO CTPYKTYPOil OCHOBHOTO MeTaJIa.

Ha puc. 3 uzob6paskeHbl TepMUYecKUe ITUKJIbI Ha-
rpeBa-oXJIaxAeHus B Touke y = [ /2 (cpeaneii Touke
CBApHOIO IIBA) B IEPHOJ OJHOIO M3 LUKJIOB TEp-
MOIIMKJINYECKOi 06pa6oTku 6e3 (kpusas 1) u co cT0-
KoM Ttemaa (kpuBas 2), MOIIHOCTH KOTOPOTO OIIpe/ie-
JIeHa TIPH pernernn 06patHoi 3aaun. [Ipu mocTanoBke
3a/laul  CKOPOCTb  OXJIAKJEHWS B  WHTEpBAJe
500...850 °C mug 3aaHHOTO TEPMHUYECKOTO IUKJIA
npunnMasack pasHoit 100 °C /c. IIpu nefictBun cToka

T.°C
1000

800 |

800

400

200

Harpes

oxXnaxaeHne

21 1 1 1 1

4] 2 4 6 8 tc
Puc. 3. Pacnpeznesienne TeMmepaTypbl BJI0JIb OCH B Cpe/iHeil TOUKe
CBApHOTO 1IBa NpPU BO3jlecTBUM ucTouHuKa Harpesa (1) wu
KOMOWHMPOBAHHOM BO3/IEIICTBUU MCTOYHUKA HATPEBA U CTOKA TeILIa

(2)
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TeTIa, MOJYYeHHOTO U3 PENeHUs 3a[a4d YIIPaBJIEHUS,
CKOPOCTb OXJIAXK/IEHUSI BO3POCJIA TI0 CPABHEHUIO CO CKO-
POCTBIO OXJIaKIeHusT 6e3 CTOKA TeIlJla Ha MOPSJIOK.

[lns obecrieueHunst CTOKa TeIJla B IPOIECCE Tep-
MOIIUKJIMYECKOI  06pPaGOTKM B TEXHOJOIMUYECKYIO
OCHACTKY BKJIIOYAIOTCSI TEXHUYECKHe YCTPOUCTBA B
BH/IE TIPMKUMHBIX POJIMKOB WJIM WHOTO MPUKUMHOTO
yCTPOIICTBA € KaHAIAME BHYTPH [IJISI TI0/IBO/IA OXJIAXK-
Jatornieit skuakoct. IP@PeKTuBHOCTD I€HCTBUS CTOKA
TeIIa 00eCIeuYnBaeTCS HAEeKHOCTBIO TEIJIOBOTO KOH-
TAKTa MEXIY CBAPHBLIM MIBOM W MPUKUMHBIM OXJIAXK-
JTAIOIIUM YCTPONCTBOM.
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MATEMATHUYECKAS MO/IEJIb
IJII OBPABOTKU TOJIOTPA®UYECKUX
UHTEP®EPOTPAMM
[IPU HEPA3PYIIAIOIIEM KOHTPOJIE
AJEMEHTOB KOHCTPYKIIUI

JI. M. IOBAHOB, B. A. IUBTOPAK, B. B. CABUIIKUI1
(M-t snekrpocsapku uM. E.O. Ilarona HAH Ykpaunsr, 1. Kues)

[IpexcraBiieHa MaTeMaTHYECKAs MOJIE/Ib HA OCHOBE MCIOJIb30BAHUSI HECYIINX 110J10¢ U Dypbe-1peo6pasoBanis, M03BOJIs-
01[asi ABTOMATU3MPOBATD MPOIECC MOJYYEHNsT KOJMYECTBEHHBIX Pe3YJIbTaTOB MpPH aHajau3e rojorpadpudeckunx matepde-
POrpaMM M CYIIECTBEHHO YBEJHYUTb TOYHOCTH Olpeesienus epemeniennii. Ha ocHoBe pazpaGoranHoii Moje/n co3jana
crcTeMa KOMITbIOTEPHOTO aHaJIM3a 1 aJaroputM o6paborku natepdeporpamm. Ilpemnoxena agpdexTusHas MeToguka moy-
YeHHsT HeCYIUX MHoJ0c. MeTOo[NKa aBTOMATHYECKOTO KOMIIBIOTEPHOTO aHaJIu3a rojorpaduuecknx HHTEpQeporpamm
WJLIIOCTPUPYETCS Ha IPUMePE UCCJIe/[OBAHNS [IICKA, B IIEHTPE KOTOPOIo IPHJIOKEHA OceBast HArpy3Ka. I1puBe/ieHbl IpuMepbl
[IPUMEHEHNs CO3/[JaHHON METOMKHU ISl KOHTPOJIS Ae(PeKTHOCTH 3IEMEHTOB COTOBON KOHCTPYKIMU U IJIOCKUX 06PasIoB.

A mathematical model based on using carrier bands and Fourier transform is presented. The model allows the process
of deriving quantitative results in analysis of holographic interferograms to be automated and accuracy of determination
of displacements to be substantially increased. The model was used to develop the system for computer-aided analysis
and algorithm for processing interferograms. The efficient procedure is suggested for generating the carrier bands. The
procedure for automated computer-aided analysis of holographic interferograms is illustrated by an example of investi-
gation of a disk with an axial load applied to its centre. Examples of application of the above procedure to test elements
of a honeycomb structure and flat specimens for defects are given.

B cBs3u ¢ noBbitieHeM TPeGOBAHUN K HAAEKHOCTU U
paboTOCTIOCOGHOCTH KOHCTPYKIUHI M3 METAINIECKUX
1 KOMIIO3UITMOHHBIX MaTEePUAIOB BeCbMa aKTYaJIbHBIM
ABJIAeTCS UX Hepaspyllalolluil KOHTPOJb KadecTBa.
[lesbio 106010 MPOU3BOACTBA SIBJISIETCST H3TOTOBJIEHIE
KOHKYPEHTOCIIOCO6HOH npoaykimu. st aToro Heob-
XO/IMMO B BO3MOYKHO CKATble CPOKM 06€CIIEYTD BbICO-
KO€ KauecTBO ¥ TOJIYYUTb JJOCTOBEPHYIO WH(OPMAITITO
o ee pedexrHoctu. Iloatomy, u3roraBjsuBasg Ipo-
TOTUTIBI OT/IEJTBHBIX 3JIEMEHTOB KOHCTPYKIIHMA, TTPOBO-
JIAT UCTIBITAHM JI0 TeX Top, MoKa He 6yaeT obecrieyeH
noctatouHblit pecypc. Ilpu mpesxieBpeMeHHbIX T0B-
PEXAEHUSX JOJIKHA BBITOJTHATHCS ONTUMU3AIIHS dJTe-
MEHTa U CHOBA ITPOBOJIUTHCS UCIIBITAHUS . DTOT ITPOIIECC
3HAUYUTEJIHLHO YCKOPSIETCS € TIPUMEHEHWEM TOJIOT-
paduueckoro MeTozia KOHTPOJIS, TOCKOJbKY METOJL I'O-
Jorpacduueckoil uHTEpPEPOMETPUN  MO3BOJISET B
peajbHO HArpy’kaeMbIX 3JIeMEHTaX U IIPOTOTHIIAX
OTpeieNiITh caabble MecTa M TeM CaMbIM COBEPINEHCT-
BOBATb HCCJIeAyeMbIil 06beKT [1].

[Hony4yenue rosnorpadgudeckoii mHTEpdEPOrpaMMbI
MOJKHO TIPEJICTABUTD B JBYX CTaJUsAX: TepBas —
3aIIUCh TOJOTPAMMBI UCCJIEYEMOTO OOBEKTA B HAYAIb-
HOM COCTOSTHUM, BTOpasi — Harpy)keHue oObeKTa u
3alUChb BTOpPOW Trosiorpammbl. Harpyskenune MoxeT
6bITh Kak MexanudeckuM (pactsokenue, usrnG, BHYT-
peHHee JaBJeHue U T. J.), TaKk U TepMUYeCKuM. [[Be
3alMCaHHbBIE TOJOTPAMMBI UHTEP(EPUPYIOT MEXKITY

©JI. M. JIOBAHOB, B. A. IINBTOPAK, B. B. CABULIKUIA, 2002

co60ii — TakuM 06pa30M BO3HMKAET KapTHHA WHTEP-
(pepeHIMOHHBIX TI0JI0C, XapaKTepu3yIoIas CMelleHne
TOYEK Ha TIOBEPXHOCTH OODBEKTa MEXIy ABYMS IK-
cro3unusMu. B Mecrax, The ecTb gedeKTbl, Ipo-
UCXO/UT JIOKAJbHOE u3MeHeHne (GopMbl WU 4ACTOTbHI
nHTep(EPEHITNOHHBIX TMOJIoc Ha ()OHE OCHOBHOI
kaprusbl [2]. [lanee untepdepeHINOHHYIO KAPTHHY
mosoc  (PUKCHPYIOT Ha PETHCTpUpYyoImel cpene
(doromnacrunke, dporobymare, CCD-kamepe u T.1.)
Pacripenienienne wHTEHCMBHOCTH Ha oTOMaTepuale
MOJKHO TIPE/ICTABUTD B CJIEAYIOIIEM BUJIE:

I(x, y) = A(x, y) + Bx, ) cos [Ap(x, y)l, (D

rae (x, y) — KOOPAMHATBI TOYKM Ha MOBEPXHOCTH
ucciaenyemoro oo6wekra; A(x, y) — donoBas
ocsemennocts; B(x, y) — Buguocts nomoc; A@(x,
y) — pacnpezenenne $hasbl 10 TOBEPXHOCTH 00BEKTA,
BbI3BaHHOE ero jedopmalueii.

[Tepemerienre TOUYEK MOBEPXHOCTH HCCJIEAYEMOTO
00beKTa TIO/I BO3/IENCTBUEM HATPY3KHU OTPEIE/ISEM 110

opmyse:
_ Mg

=7
4’

(2)

rjie A — JUIMHA BOJIHBI JIA3€PHOTO MCTOYHUKA.

B dopmy.ie (1) tpu HeusBecTHBIX Koadduimenta A,
B, Ap, 03TOMYy @ MOKHO HAliTH TOJbKO B TEX TOUKAX,
rae QYHKINSI KOCHHyca IPUHNMAeT 3HaueHne 1.
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137,67

Puc. 1. ntepdeporpamma, nosrydeHHasi B peajbHOM MaciiTabe BpeMeH!, COOTBETCTBEHHO: ¢ — P HArPY>KEHNH [[ICKA OCEBOIT HATPY3KOW;
6 — HEHArpy’KEHHOIO JMCKA C CUCTEMOI HEeCylMX I10J10C; ¢ — CcyMMapHas jeOpPMaIOHHO-MO/Y/IMPOBAHHAs KapTUHA I0JIOC; 2 —
o6beMHas [arpaMMa, XapakTepuayiolas CMelleHie TOYeK ITOBEPXHOCTH ANCKA U3 TJIOCKOCTH

Jlns mccmenoBaHuii U OTPabOTKM METOIUKH B Ka-
yecTBe 0ObeKTa OblIa BbIOpaHa 3ajada O IepeMe-
NIEHUSAX TOYEK TOBEPXHOCTH METAJIMYECKOTO IHUCKA
0] BO3/IeficTBIEM N3TH6AIONIell HarPy3KHU, TIPUJIOKEH-
HOIi B €T0 IEHTPE, IJISI KOTOPOW N3BECTHO aHAJTUTAYEC-
Koe pelieHne. Bbln M3roToBJieH aqlOMUHUEBBIN HCK
nuamerpoM 167 u tommuHON 6 MM, KOTOPBIH JKECTKO
3aIEMJISIIICS TI0 KOHTYPY € TIOMOIIBIO CIHEIAThHOTO
MeXaHI4YecKoro ycrpoiicta. C IIOMOIIbIO TaKOTo yc-
TPONCTBA K IEHTPY AUCKA TMPUKJIAJIbIBATA 3a/1aHHYTO
Harpy3ky. C TBUIDHOH CTOPOHBI PACHOJIaTaJcs JMHA-
MOMETP, TMO3BOJIAIONNN KOHTPOJUPOBATH BEJUUYUHY
Harpysku. Ha puc. 1, @ mpencraBiena wunrepde-
PEHLMOHHASA KapTuHa 10J0C (KOHLIEHTPUYECKUE
OKPY>KHOCTH ), MOJIydeHHAs NPHM HATPY’KEHUH JCKA.
Cremyer OTMETUTb, 4TO, AHAJIM3UPYST TOJBKO OJHY
UHTEP(hEPEHITMOHHY0 KApTUHY I0JIOC, HEBO3MOXKHO
OTIpe/IeTUTDh HAIIPABJIEHIE TIEPEMEIEHUST NCCIe Ty eMOiT
MOBEPXHOCTH. [[MICK MOXXeT OBITh BBITHYT NGO BHYTPb,
Ju60 HApYXKy, MPHU 9TOM BUJ IOJOC HE M3MEHUTCS.
Kpome ToOro, mcroJsb3ysi aBTOMATHYECKHUN aHAJU3,
HCKPUBJIEHUE TOJOCHI CJIOKHO WHTEPIIPETUPOBATD W3-
32 CJOXKHOCTH 3alpOTpaMMHUPOBATh KOMITBIOTED TaK,
YTOGBI OH MOT OOHAPYKUBATH KOT/[a OJTHOTO U TOTO Ke
MOPSIZIKA  TT0JI0CA BCTPEYAETCS] B PA3JUYHBIX T10JI0-
JKEHUSIX TIO0 MOBEPXHOCTH JUCKA. IJTO CO3/IAeT TPY/I-
HOCTHU TIPU MHTEPIIPETAINU TIOTyYeHHOI nHTepdepor-
pammbl. [{J1s perieHus aToii mpo6JeMbl NCIOTb3YIOTCS
CJIOJKHBIE ONTHYECKHEe WHTEP(hEPOMETPDI, MO3BOJIS-
IOIle PeaJn30BbIBATh MHOTOTOJOTPAMMHBIN METO/I,
KOTOPBIH /TaeT BO3MOXKHOCTD ONPEAEJUTh TPU KOMIIO-
HEHTBI TPOCTPAHCTBEHHOTO BEKTOPa TepeMeNeHNH.
[lss onipesiesieHust 3HaKa repeMelleHui NCIoab3yI0TCs
CIIelasbHbIe CIIOCOGBI /11 HAGTI0JeHUsT NCCJIelyeMOo-
ro oObeKTa u BbIoHeHNs sKcnepumenta [1, 2]. [pu

9TOM 3HAYUTEJHHO YBEJUYUBAETCS TPYIOEMKOCTH 06-
paboTku uHTEpdeporpaMm, a TaKXKe 3TOT MPOIlecc He-
JIb3s1 AaBTOMATH3UPOBATD.

NHTeHCcMBHOE pasBUTHE KOMIBIOTEPHBIX TEXHO-
JIOTHi{, TIPOrPaMMHOTO OO6eCHeyeHus U aJTOPUTMOB
06pabOTKN OMTUYECKON WH(MOPMAITUN TO3BOJIIIO CO3-
natb  3DGdEKTUBHbIE METOAbI aHAMM3a TOJIOTPa-
¢uuecknx waTepdeporpamm. B UIC um. E. O. Ila-
TOHA 6bLJIa CO3/IaHA MaTEMATUYECKAsT MOJIENIb HA OCHOBE
UCIIOJIb30Banust Hecynwx mosoc [3] u Dypbe-peot-
pPa3oBaHUs, KOTOPas TO3BOJISIET ABTOMATH3WPOBATH
MPOIECC TOJYYEHUsT KOJMYECTBEHHBIX Pe3YJIbTATOB
pH aHam3e ToJorpaduuecKnX WHTepdeporpaMM U
CYIIECTBEHHO YBEJIUYUTH TOYHOCTD OTIPe/leIeHNs TIepe-
Mernenwii. Ha ocHoBe pa3paboTaHHO MOJIETN CO3/aHa
cucTeMa KOMITBIOTEPHOTO aHaIu3a WHTepdeporpamm.
[Ipennoxena addeKTUBHAS METOANKA MOJTyYeHUS
HECYIIIX MOJIOC W aJTOpUTM 06paboTku nHTEpGEpOr-
pamMm. OCHOBHA 11€JIb METOIUKY 3aKJII0UAETCS B TOM,
410 M06aBJIE€HNE HECYNINX I0JIOC TI03BOJISIET PEIIMTDH
mpobJieMy HeOIpe/IeIEHHOCTH 3HAKA, OOBIYHO IIPUCYT-
CTBYIOIIYIO B MHTeP(EePEHIINOHHBIX KAPTHHAX TT0JI0C 1
aBTOMATU3MPOBATH TIpoiiecc ux o6paborku. [losbimia-
€TCsI YyBCTBUTEIHHOCTD OTIpe/IeIEHIST IepeMeleHn 3a
cuer uamepenus ¢aspl (a He MOPAAKOB ToJ0¢). Dasa
orpeesiercs ¢ 60Jiee BbICOKOI TOYHOCTBIO 1 TUCKPET-
HOCTbBIO, 32 CUET aBTOMATU3AIUU COKPAIIAETCS BpeMs
KOJIIYecTBeHHOU 06paboTku nntepdeporpamm. Meros
COCTOWT B TOM, UTOOBI TOJTYYNTh HAauaJbHYIO HHTEepde-
porpamMmy HECYIIUX IT0JIOC C BBICOKOIT TPOCTPAHCTBEH-
HOIT 4acTOTOW 1 00BEIUHUTD €€ ¢ HHTEP(hEPEHITMOHHON
KapTUHOII [T0JI0C, TTOJTyYaeMoii IIPU HATPY KEHUHU CCJIe-
nyeMoro o6bexTa. /17151 Toro, 4TOGBI MOy YUTb HECYTITHe
MOJIOCBI, HEO6XOoAMMO (Ha30BYIO ITACTHHKY, KOTOPAs
HAXOJIUTCS B ONTUYECKOI cxeMe nurepdepoMerpa, Ha-
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KJIOHUTH Ha OTNPEIeIEHHBIN YTOJI OTHOCUTENBbHO HCXO/I-
HOTO COCTOSTHUS 110 HATIPaBJieHuio oT Habmoaares (or
yIJIa IOBOPOTA 3aBUCHT 4acTOTa HECYIIUX IoJoc). B
pesyJibraTe Ha HHTEpdeporpaMme OyayT BUIHBI Mapai-
JenabHble nHTEpdepeHnuonnbie nojockl (puc. 1, 6).
[Tpu aTOM, U3MEHSISA YTOJ HAKIOHA TIJTACTHHKH, MOKHO
PETYJMPOBATh MPOCTPAHCTBEHHYIO YACTOTY HECYITUX
0JIOC, TTOKPBIBAIOIIUX IOBEPXHOCTh HEHATPY KEHHOTO
nucka. Hapuc. 1, 6 npeacraBiena cyMMapHasi KapTuHa
oJioc, Korja nHTtepdeporpamMMa JAUCKa 3auChbIBaIACh
pU HAJIWYWH HECYNIMX IMOJIOC W TOJIOC, BBI3BAHHBIX
Harpy’keHmeMm aucka B ero I1eHTtpe. OO6paszoBaHue
uHTepdEePEHIIMOHHBIX TI0JI0C, BbBI3BAHHBIX Jedop-
Maleii IMCKa MPu B3aNMO/IEHCTBIH C HECYIIIUMHU TI0JI0-
caMH, JIUIIb YBEJIMYMBAET UJIM yMEHBIIAET YacCTOTy
nosioc. Hammaue B cxeme untepdepomerpa CCD-ka-
MepBbI 1TO3BOJISIET OIM(POBLIBATH MOJYYEHHBIE HHTEP-
(epeHIInOHHEbIE KAaPTUHBI MOJIOC U ¢ TIOMOIIBIO Pa3pa-
6OTaHHBIX TIPOTpaMM 06paboTaTh UX 1 ABTOMATUYECKH
MOJIYYUTh TPEXMEPHYIO [UarpaMMy Ie€peMelleHuit
TOYEK IMMOBEPXHOCTU HCCJEIyeMOoro Jaucka. B o6iem
cIy4ae pacrpejieJieHne WHTEHCUBHOCTH CBeTa Ha
uHTepdeporpaMMe HECYIIUX IOJIOC 3aIMCHIBAETCS B
BH/IE:

Ly(x, y) = Ag(x, y) + Bo(x, y) cos [@o(x, y)] =
= Ag(x, y) + By(x, y) cos [2m foy],

3)

rie ¢o(x, y) — pacnpegenenne Gasbl MO TTOBEPXHOCTH

uccaeayemoro Oé'beKTa, BbI3BAHHOI'O  HECYIIUMU
II0JI0CaMHU, fO — YacCTOTa HeCcymux II0JIOC B Y-
HallpaBJIEHWUH.

IIocue HarpyskKeHuA  HCCJAeyeMOro oJEeMEHTa

pacripesieieHie THTEHCUBHOCTH Ha WHTepdeporpamMme
(¢ y4eroM MOy ISIME HECYNIUME TI0JOCAME) UMEET
caenylomuil BUA:

L(x, ]/) = A,(x, Y+ B, (x, y) cos [(pm(xv y)] = 4)

:A7n(x7 y) + B?n(xv y) COs [(PO(X, y) + A(P(x’ y)]y

rie Ap(x, y) — pacnpesenenue (pasbl 110 TOBEPXHOCTH
o6beKTa, BbI3BaHHOE ero aedopmanueii, KoTopoe
He0OXOIMMO OIPEIENHTD.

[Tpumensia k ypasuenuio (4) Dypoe-npeobpaszo-
BaHWe OTHOCUTEJIBHO y T0ydnM Dypbe-CreKkTp, Ko-
TOPBIN Gy/IeT UMeTb TPU SIPKO BBIPAKEHHBIX MHKA HA
vacrorax +fy, 0, —fo. C nomompo Guabrpa obractn
cnekTpa (BHe MaJloii OKPECTHOCTH f() IPUCBaNBaeM Hy-
JIeBOEe 3HAYEHHe.

[pumensist o6patHoe Dypbe-npeobpazoBaHne K
MOJIy4eHHOMY CHEKTpPY, HaiijieM

(pm(xv y):2n f0y+A(P(x’ y): (5)

= o, y) + Ao(x, ).

Takum o6pasoM, 4TOGbI HaiiTH paclpezeneHue
daser Ap(x, y), HEOGXOAUMO TOYHO 3HATH YACTOTY
Hecymux 1oJoc fo niam pacupenenenue @olx, y), Ko-
TOpoe MOKHO Haiitn u3 ypasuenus (3). Pemas ero
otHocutenbno @o(x, y) mo anmanorun c (4), nHaiigem

HensBecTHOe caaraeMoe ¢o(x, ), a 3areM u pacrpe-
neaenve daspl Ap(x, y), coorsercTByMoONEe nHTEPdE-
porpamMme MCCIelyeMoro 00beKTa:

(6)

3uas pacupezenenue dasbl Ap(x, y) 10 Gopmye
(2), caspiBarorieii nepemernenuss 1 ¢dasy, HaXO[UM
MepeMeEIIeHNs B KayK/0N TOUKe Ha TOBEPXHOCTH HCCJIe-
JIyeMOro oObeKTa.

[TpuBenentbIii aaropuT™ He TpeGyeT IPH BbITOTHEHNH
AHAJN3A TAPAJLIETBHOCTH U MIPSIMOJMHENHOCTH HECYIIIX
1oJioc. EJMHCTBEHHBIM YCJIOBUEM €r0 YCIENTHOTO WC-
MOJTb30BAHUS SIBIISIETCST OOECIIEYEHNE YACTOTHI HECYIIINX
T0JIOC, KOTOPast I0/DKHA ObITh BBIIIE, €M MAKCUMAbHAS
yactota  wHTeP(EPEHIIMOHHBIX — [0JIOC,  BBI3BAHHAS
neopmarmeii  mccseqyemMoro  00beKTa.  ITO  aBTO-
MATUYECKH OTPEIESIETCST KOMIIBIOTEPOM TOCPEICTBOM
6pictporo  Dyppe-nipeobpasoBarusi. B pesyJbrare
KOMITBIOTEPHOI 06paGoTKN MHTepdeporpaMM Ha puc. 1,
6, 6, WUCTOJB3Ysl BBIMIEONNCAHHBIN AJTOPUT™, GbLIa
nocrpoeHa ofGbeMHas muarpamma (puc. 1, 2), xa-
PaKTepHU3yIOIIast CMeIeHIe TOUeK TOBEPXHOCTH JMCKA 13
IJIOCKOCTU U JIEMOHCTPUPYIOIIAS XOPOIIee COBIIA/IEHIE
PACUYETHDBIX U IKCIIEPUMEHTAIBHBIX JAHHBIX.

Ha ocHnoBanuu mpencTaBieHHON METOIUKY BBITIOJI-
HSJIN 9KCIIEPHMEHTBI 110 BBIABJIEHHIO [Ie(EeKTOB B
IJIOCKUX MeTajuinueckux ob6pasmnax. C aToi 1esbio
MCTIOJIb30BAIN  KPYTJIYIO ATIOMHHUEBYIO ILJIACTHHY
nuamerpoM 167 u TosmuHoii 6 MM, B KOTOPOIi ¢ o6paT-
HOU CTOPOHBI GbLIN BHECEHBI NCKYCCTBEHHBIE 1e(DEKTHI
(uerpipe mpopesu). Paccrosiiue MesKay HUMH Bbi-
6MPATIOCh TAKUM, YTOOBI coceTHIE JIe(DEKTDI He BTSN

A(P(xv y) = (Pm(xv y) - (pO(xv y)

Puc. 2. PesysbTaTbl KOHTPOJISI KayecTBa KpPYIJIONH aJIOMUHUEBOI
IJIACTUHBI C BHECEHHBIMU MCKYCCTBEHHBIMHU Jie(peKTaMn
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Puc. 3. /ImarpaMma BHEIJIOCKOCTHBIX jedopMainuili cCoToBOro aJe-
MeHTa

JIpyT Ha Apyra. [l1acTuHy *KecTKo KpenuJIn o KOHTYpy
B MEXaHUYECKOM Harpy304YHOM yCcTpoiicTBe. B kauecTBe
HArpy>KeHUsI JWCIHOJIb30BATH TEPMUYECKUI 06IyB
o6pasiia ¢ paccrosinust ~ 2 cM rpu Temmeparype ~ 50 °C
CIeNNaJbHbIM  HarpeBaTeJIbHBIM  yCTPOICTBOM B
tedenue 30 c. Cieyst BbINIEOINCAHHOMY aJITOPUTMY,
uHTepdeporpaMmbl 6bLIN 06PAGOTAHBI /10 TTOJTYYEHUS
o6beMHO# aunarpammbl (puc. 2), XapakTepusylomein
CMellleHNe TOYEK MOBEPXHOCTH JIMCKA M3 IIJIOCKOCTH,
Ha KOTOPOI YETKO BW/IHBI BCE YETBIPE 3aJI03KEHHBIX
HCKycCTBeHHBIX fledpekta. Ha (pore paBHOMepHOIT fe-
¢opmanun, 06yCcI0BIEHHON HATPYKEHUEM, BUIHA JIO-
KaJibHAasT KOHIIEHTPAIUS TIepeMeleHuil, XapaKkTepusy-
foIIas HaJmane 1e()eKToB, BHECEHHBIX NCKYCCTBEHHBIM
cIIoco6oM.

[IpensoxeHHass METOAMKA IMO3BOJIMIA TaKXKe BBI-
MOJIHUTD KOHTPOJIb Je(PeKTHOCTU B 3JIEMEHTe MasHO-
CBapHOU COTOBOM KOHCTPYKIINA pasmepoM
15020015 MM, M3TOTOBJIEHHOI W3 HEP:KaBEIOIIEN
craau. HarpyskeHue cOTOBOrO 3/1€MEHTA BBINOJIHSIN
BHYTPEHHNM [[aBJEHNHEM C IIOMOIMIbI0 BO3AyXa Me-
quruHCKuM mnpuileM. Ha puc. 3 moctpoena o6beMuast

auarpaMMma, XapakTepuaylomas CMeIeHne TO4YeK
TTOBEPXHOCTH TIO/T IEUCTBUEM BHYTPEHHETO [IABJICHUS.
Ha ¢one mepemeniennii, BbI3BaHHBIX COTOBOI CTPYK-
Typoii o6pasiia, HarJsJIHO BUJIEH Je(eKTHBIH YUacToK,
00y CJIOBJIEHHDII HEKAYECTBEHHBIM COEITHEHNEM sSTUeeK
COT C TIJIOCKUM JIMCTOM.

BbiBo bl

1. PaspaGoraHa yCOBEPIIEHCTBOBAHHAS METOAMKA
HECyIIUX MO0JIOC, WCMOJb3yeMas MpH aHajIu3e ToJIOo-
rpadmyeckux wuHTepdeporpamMM, KOTOPask yCIENIHO
MPUMEHSJIACh B WMCCJIEJOBAHMAX IIEHTPAJIbHO HATpPy-
JKEHHOTO JIUCKA.

2. PazpaGortan MaTeMaTWYECKUN AJTOPUTM KOM-
MBIOTEPHOI 06paGOTKM MHTeP(EPEHIIMOHHBIX KAPTUH
Ha OCHOBE MCIIOJIb30BAaHUSA HecynmXx moJsoc u Mypbe-
aHaJM3a CIEKTpa OnTHYecKoro curHaja. CosmaHHOe
porpaMMHoe ofecriedeHue TI03BOJISeT BBITOJTHATD aB-
TOMATHYECKYI0 06paboTKy HHTepdeporpaMM ¥ TOJIy-
YaTb TPEXMEPHbIE [UATPAMMBI TIEPEMEINIeHUST TOYeK
MTOBEPXHOCTH KOHTPOJUPYEMOTO OOBEKTa, a TaKKe
OTIpE/IeIATh YYaCTKU KOHIIEHTpAIun ieopMaItuii, Bbl-
3BaHHBIX MPHUCYTCTBHEM BHYTPEHHUX /1€(DEKTOB.

3. Asroput™ aHai3a MHTEPdEPOrpaMM MO3BOJISIET Cy-
MIECTBEHHO YBEJMYUTh TOYHOCTH OIPEIETIEHUs TiepeMe-
mennii, koropast cocrasysier A,/ 20 (A = 0,6328 MxM —
JUIHA BOJIHBI JIA3EPHOTO MCTOYHMKA CBETA).

4. Co3nmanHas KOMITbIOTEPHAS CHCTEMa OTKPbIBAET
HOBble BO3MOKHOCTH [IJIl ABTOMATUYECKOTO AHAJM3a
MHTeP(EPEHIMOHHBIX KapTUH II0JI0C, XapaKTepH-
3YIOIUX KAYeCTBO OOBEKTOB IIPH UX HEePa3PyIIAioeM
KOHTPOJIE.

1. Rastogi P. K., Inaudi D. Trends in optical non-destructive
testing and inspection. — Oxford: Elsevier Science B.V.,
2000. — 633 p.

2. Dxcnepumenmanvrvie METObl UcCIeoBaHuA AedopMauii 1
nanpsbrernit / B. C. Kacatknn, A. b. Kyzapun, JI. M. Jlo-
6anoB u ip. — Knes: Hayk. nymxa, 1981. — 584 c.

3. Takeda M., Ina H., Kobayashi S. Fourier-transform me-
thod of fringe-pattern analysis for computer-based topogra-
phy and interferometry // J. Opt. Soc. Am. — 1982. —
72. — P. 156-160.
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FINITE ELEMENT ANALYSIS
OF THE PTA WELDING
WITH APPLICATIONS TO HARD-FACING

U. SEMMLER, K. ALALUSS, K.-J. MATTHES
(Institute of Manufacturing and Welding Technology, Chemnitz University of Technology, Germany)

The paper deals with the process of PTA (Plasma Transferred Arc) deposition of thick hard-facing layers (cobalt-based
alloys Stellite 6 and 12, nickel-based alloy Ni625, and vanadin—based alloy V12) substrate material (structural steel
S235JR or S355J0). The differences in the thermo-mechanical properties, the local thermo-plastic deformations, and
the phase transformations in the steel may cause high residual stress and distortion. The transient thermo-elastic-plastic
behaviour of the PTA material deposition is investigated by means of the 3D Finite Element Method. All thermo-mec-
hanical parameters are dependent on the temperature. The simulated results are compared with measurements of tem-
perature distribution, of stresses and distortions in order to increase the quality of the numerical models. Using the
verified and improved Finite Element models one can study the influence of welding parameters on the deformations
and residual stresses with the aim to optimize the welding. High stresses and distortions can be reduced by changing
the weld pass order and the welding velocities. A powerful stress reduction can be achieved by introducing buffer layers
in the hard-facing process. Technical applications of the optimized welding processes are given.

B crarbe onmcaH mporecc mIasMeHHON HAIIABKY AYTOii IIPSIMOTO JeHiCTBHIS TBEP/bIX coeB (CIIaBOB Ha OCHOBE KOGAIbTA
Crenmr 6 n 12, Ha ocHobe HuKeIs Ni625 1 Banaaus V12) na noamnoxky (KoHCTpykimonHyio ctaab S235JR mmm S355J0).
Passinunsi TepMOMEXaHHYECKUX CBOUCTB, JIOKAJIbHBIX TEPMOILIACTHYECKHUX JedopMalimil 1 (a30BbIX MPEBPAIIEHHN MOTYT
00yCJIOBJINBATD BBICOKHE OCTATOYHbIE HANIPsDKEHHsT U geopmarnn. KnHeTnka TepMOynpyromniacTuyeckoro moBeieHnst pu
HaIlJIABKe MATePHAJIOB TIJIA3MEHHOI yroil TIPsIMOTO JefiCTBUS GbLIA HCCJAeJOBAHA C TOMOIIBIO TPEXMEPHOTO METO/Ia KOHey-
HBIX 2JIEMEHTOB. Bce TepMOMexXaHUYECKUe [TapaMeTPbl 3aBUCSAT OT TeMIIEPATypbl. Pe3yJibTaThl MOJIEJMPOBAHNS CPABHUBA-
I0TCST C U3MEPEHUSIME PACTIPE/IEJIEHIUST TEMIIEPATY P, HAIPSKEHH 1 IepOPMAIIHii C 1eJIbIO TTOBBIIMIEHNS KAYeCTBA YHCIOBBIX
Mozesieil. Vcrosib3ysi IpoBepeHHbIe U YCOBEPIIEHCTBOBAHHbBIE MOJIE/IHN 110 METO/1y KOHEYHBIX 9JIEMEHTOB, MOXKHO HCCJIE/[0BATD
BJIMSTHUE CBAPOYHDBIX I1apaMeTPOB Ha JlehOpMAIIK U OCTATOUHbIE HAIPSIKEHUS C [eJIbIO0 OIITHMHI3AIIMU CBAPOYHOTO IIPOIIecca.
Boicokne HanpspkeHus u gedopManni MOXKHO YMEHBHINTD IMYyTeM H3MEHEHHsI MOCJIe[0BATENbHOCTH HAIJIABKU CJIOEB W
CKOPOCT! CBAPKH. 3HAYNTEJBHOTO CHHKEHHST HATIPSDKEHUIT MOKHO JIOCTUYb ITyTEM BbINOJHEHHUS TIPOMEKYTOUHDIX CJIOEB B

IIporiecce HallJIaBKU TBEP/IbIX CJIOCB. OImKcaHo TeXHUYECKOoe IIPUMCHCHNEC ONTUMU3UPOBAHHDBIX ITPOIIECCOB CBAPKU.

Introduction. The mechanical, thermal and chemical
wear of technical surfaces cause high costs to indus-
tries. Hard-facing of these surfaces and the repair of
worn out parts is an effective way to increase the life
of the components. A method to produce forming tools
is the build-up welding of thick layers of hard mate-
rials like Stellite with a geometry of the welded part
close to the intended tool form. But the high local
heat input in the welding processes and the large
amount of welding material influence negatively the
desired characteristics of components by causing de-
formations and residual welding stresses with crack
risks. For unfavorable welding parameters the resul-
ting deformations and stresses may be critical, in par-
ticular for large deviations between the characteristics
of the base and the deposit materials, for large amo-
unts of welding material, and for asymmetrical welds.

Another application of depositing hard materials
on steel substrate is the production of technical cut-
ting blades which edges are subject to high wear. For
large cutting blades with lengths of more than 4 m
the residual distortions play an important rule. The
distortions V; <«about the thickness» (Figure 1) can
be compensated by clamping and by straightening but

© U. SEMMLER, K. ALALUSS, K.-J. MATTHES, 2002

the so called distortions V}, <about the high edge»
(i.e. about the breadth) require a lot of re-machining
and cause high costs.

To obtain build-up welds with low residual stresses
and distortions, knowledge is necessary about the
weld pool size, the thermal behaviour, and the ther-
mo-plastic welding deformations. A possibility to con-
sider these questions in combination and in their mu-
tual dependencies as well as to investigate the pro-
cesses with temperature-dependent material properti-
es is the numerical modeling and simulation by means

Figure 1. Two forms of residual distortions of long technical cutting
blades
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Substrate: 5235R
Filler: MiB25 and Stellite
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Figure 2. Model I: Target geometry and basic FE mesh

of the Finite Element Method (FEM). First there is
the necessity to know the essential mechanical and
thermo-physical processes during build-up welding,
second to be able to model these processes including
the important physical interactions and to omit the
irrelevant ones, and finally to have methods for the
solution of the models and the calculation of the sig-
nificant values of the processes.

This paper presents the FE models used to calcu-
late the deformations and residual stresses. In the
course of this, the calculations carried out for single-
and multi-layered surfacing beads are compared with
the results of experimental investigations. The effects
of modifications in welding technology are discussed.
The application of this knowledge is elaborated to
describe an optimized technique of build-up welding
of forming tools and technical cutting blades.

Finite element modeling of the welding process.
FE model and program realization. A aim of the first
part was to develop and to verify models for theore-
tical studies and numerical simulation of thermo-mec-
hanical behaviour of substrate and deposit materials
during build-up welding under several welding con-
ditions and varying layer compositions. The following
two models were considered.

Model I. Meshing of one half (because of sym-
metrical position of the built-up layer) of a specimen
of 250x300x20 mm (Figure 2), consisting of approx-
imately 6000 (for single-layer welds) to 9000 (for
four-layers) trilinear 8-node brick elements with hig-
her density in the weld seam and the heat-affected
zone (HAZ). All calculations were carried out with
the FE code ANSYS® [1] using the in this FE code

Substrate; $355J0
Fillar: W12

Figure 3. Model II: FE mesh

integrated standard iterative solution methods for
non-stationary and non-linear thermal and mechanical
problems. The Model T is used to investigate the in-
fluence of several welding conditions (with or without
preheating, number and composition of layers) on the
stress-distortion distribution.

Model II. Meshing of the hole cutting blade blank
including the built-up layer, consisting of approxima-
tely 7500 8-node brick and 6-node wedge elements
(Figure 3). The modeling and calculations were car-
ried out with the FE Code SYSWELD™ [2]. The
Model 1T is used to investigate and to optimize the
influence of torch energy distribution, welding speed,
clamping conditions and thermal regime on the resi-
dual distortions V; and Vy, of technical blades.

For both models in the first stage of the numerical
process the non-stationary thermal process was con-
sidered during the whole thermal cycle (from the be-
ginning of welding to the end of cooling). Hereafter,
on the base of calculated non-stationary temperature
distribution, the thermo-elastic-plastic stress and de-
formation analysis was carried out. The appearance
of new deposit material in the built-up lax{ers can be
modeled both in ANSYS® and SYSWELD™ by means
of the element activation/deactivation during the
computational process. In SYSWELD™ the calcula-
tions take into consideration the metallurgical trans-
formations (CCT diagrams) and the dependencies of
the thermo-mechanical properties from the material
phases.

Characteristics of the thermo-mechanical mode-
ling. The temperature distribution is described by the
following non-stationary and non-linear equation of
heat conduction and convection [3]:

PV -V T D) g (1)

If not consider the weld pool convection (expres-
sed by the convective term in the equation) and if
the thermal source moves with the constant and linear
welding velocity v one can consider the heat distri-
bution to be stationary in a moving co-ordinate system

or (2)
CpUs ox =V AV T) + Gyl

For the long cutting blades the stationary convec-
tion-diffusion equation (2) yields with high accuracy
excluding the domains at start and ending of welding.
The equation (2) can be used in the SYSWELD™
models to reduce the computational costs.

The different materials are considered to be ho-
mogeneous and isotropic, the thermo-physical para-
meters A and cp are dependent on the temperature.

The thermal boundary conditions (BC) read as
follows:

e the plasma arc is modeled either by a moving
elliptic surface Gaussian distribution or by a Goldak’s
volumetric source [3]:
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Figure 4. Heat density distribution for linear (left) and weave (right) welding
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(the indices f and r refer to the forward and the
rear part of the moving heat source which may be
different). Using weave-bead welding the torch
moves with a welding speed v, of approximately
1 mm /s in the welding direction (x-axis) and with
a maximal velocity v, =7 mm /s and a width w of
20 to 28 mm in the transversal direction. The peri-
odic weave movement is y,(t). As the heat source
oscillates with a high velocity v, in comparison
with the welding speed o, the heat source can be
considered to be stationary in a moving co-ordinate
system by means of averaging the sources about one
pendulum period 1/f:

1f

Gut = 4, 9 = [ ate, y + gy )L,
0

1f

(4)

G = a6, 1, 2 = [ ae, g + g, 20
0

Like shown in Figure 4, on both sides of the seam
the heat source density has a maximum because the
pendulum movement changes its direction at these
points and, additional, a delay in time was chosen in
these positions;

e on all sides of the target the thermal transfer is
defined by radiation and convection to the surroun-
ding media:

oT A

_}\‘%=G(T_T0)+8CO(T_T0) ,

(6))
whereby the radiation is essential only on the upper

target surface. Therefore the emissivity ¢ is set to be
equal to zero on the other boundaries;
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Figure 5. Moving FE model and comparison of measured and simulated temperatures for the best adjusted heat transfer coefficient
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Table 1. Chemical composition of base and filler materials

Base Chemical composition, %
material
type C Fe Mn N P S
S235JR <0.2 Rest 1.4 0.009 0.045 0.045
S355J0 <0.2 Rest 1.24 - 0.012 0.007
Filler Chemical composition, %
material
type C Co Cr Mo Ni Si w \Y%
Ni625 0.1 - 16 16  Rest - 4.5 -
Stellite 6 1.15 Rest 28 - <3 1.2 4.5 -
V12 218 0.64 4.86 1.43 0.382 0.85 1.12 9.1

plasticity is applied using isotropic multi-linear yield
curves, depending on temperature and material pha-
ses. For temperatures above the fusion temperature
the yield stress is chosen very small. The thermo-mec-
hanical parameters are taken from [4, 5].

Results of the numerical simulation. The follo-
wing results refer only to build-up welding with one
or more hard layers of Stellite or Ni625, simulated
using Model I. The numerical investigation of the
PTA welding of technical cutting blades are still in
progress.

Temperature distribution. For a single-layered
weave-bead welding (welding speed vy = 2 mm /s,
maximal weave velocity vy, =7 mm /s, filler powder
amount 1.38 kg /h, heat power flux g = 2184 J /s)
Figure 6 shows the temperature distribution at the

e no heat exchange on the plane of symmetry for
Model T (symmetrical BC).

The total heat flux Q is defined by means of the
experimentally measured values of welding current,
voltage, and velocity with thermal efficiency in con-
sideration. The temperature-dependent material pa-
rameters are taken from [4, 5]. The base material is
structural steel S235JR or S355J0, for its chemical
composition and for the composition of the filler ma-
terials Stellite 6, Ni625 and V12 (Table 1). Specifi-
cations for the heat transfer resulting from thermal
convection and radiation in the weld area are put in
concrete terms by own investigations. Furthermore,
because of weld pool convection an increased tempe-
rature-dependent thermal conductivity coefficient in
the fusion zone was assumed.

The temperature distribution in the specimens
strongly depends on the thermal transfer coefficient
between the target to the base. Because of incomplete
contact between these two surfaces it is impossible to
find the parameter in the literature. Measurement is
difficult and not accurate. That’s why temperature
measurements were carried out using thermocouples,
a simple stationary FE model has been developed,
and the parameters a and Q (equation (3)) have been
adjusted with measured temperature values (Fi-
gure 5).

Using the calculated temperatures at all time steps
of the thermal cycle the history of the thermo-elas-
tic-plastic deformations and stresses, and the final
residual stresses and distortions are computed. To cal-
culate the plastic strains the theory of incremental

TIME=399 =
TEMP
EMN= BB
SME-1B7D
a5
Hm
R
= 170
220
B a0
=a gan
—
= 1285
1470,
'c

Figure 6. Calculated temperature at the beginning of the cooling
cycle (one Stellite built-up layer on steel substrate, weave welding,
plate thickness & = 20 mm)

beginning of the cooling cycle (end of build-up wel-
ding).

In spite of smaller welding speed for the oscillating
heat source the heat density and the temperature max-
imum are smaller in comparison with the linear wel-
ding. The weld pool, defined by the isothermal line
of the fusion temperature Ts = 1285 °C, is more ex-
tended.

Distortions and residual welding stresses. The
residual stresses after complete cooling to ambient
temperature show the for well-known distibutions:
tensile longitudinal stresses in the region of the weld
seam, its decreasing with larger distance from the
HAZ, change to compressive stresses far from the
weld seam, and decreasing to zero at the target bound-
ary. For the above-mentioned welding conditions the
values vary from the tensile stress 61 = 513 MPa in
the center of the weld seam to the maximal compres-
sive stress o] = —147 MPa at a distance of 45 mm.
The longitudinal residual stress distribution is shown
in the upper part of Figure 7.

Similar pictures show multi-layered welds. During
deposition of each layer different interlayer tempera-
tures occur in dependence on the distance to the heat
source. Stresses increase during multi-layered welds
as a result of the different cooling of individual layers.
These layers shorten both in longitudinal and in tran-

TIME=800, =
EMN=-14T
SMX= 513

Langitudinal stress

’/’Eﬁ'ﬁ;l-\ﬂ':

wewind

Yosl o

Figure 7. Calculated residual longitudinal stresses for 1- and 4-
layered built-up weld
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Figure 8. Comparison of measured and calculated stresses (2-lay-
ered welding, 1" layer: Ni625 or Stellite 6, 2™ layer: Stellite 6)

sverse directions. The lower part of Figure 7 shows
the distribution of the longitudinal stress of a 4-lay-
ered weave welding (specimen 20x150x250 mm, wel-
ding speed vy = 1 mm /s, maximal weave velocity
vy = = 7 mm /s, heat power flux g = 2356, 2184,
2093 and 1931 J /s for 1°¢, 28 3% and 4™ layer,
respectively). The stresses in the cross-section of the
work-piece have the maximum tensile stress value in
the top layer and decrease in the depth of the weld
material. The highest tensile stresses of o, = 672
N /mm? are in the middle of the seam, in comparison
with 1-layered weave welding 30 % higher.
Depositing austenitic layers on a steel base, large
shrinkage-caused longitudinal tensile stress occurs in
the weld zone, while longitudinal compressive stress
occurs in the base material. Even annealing can not
completely remove these stresses. Therefore, in case
of using large volumes of deposit material (as in shape-
welding), cracking may appear. To prevent these
cracks sufficiently viscous buffer layers in connection
with adjusted to the workpiece and filler materials
heat and welding cycles can be applied. Figure 8 de-
monstrates the influence of a buffer layer on stress.
Instead of Stellite the lower layer of a two-layer weld
consists of Ni—based alloy Ni625 (sheet metal thick-

Table 2. Comparison of the FEM values (bending and angular
distortions) with the measurements

FEM values Measured values
Layer
. Angular . Angular
No. Bending, distortion, Bending, distortion,
mm mm
deg deg
1 0.727 0.572 0.586 0.482
2 1.226 0.81 1.049 0.684
4 1.709 0.95 1.389 0.924
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L — FE reoulls
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maEm
4] 50 100 160 200 250

Longitudinal dirgclion, mm
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Goeomoley o the weld poal and the HAS

Figure 9. Comparison of measured and calculated temperatures
and weld pool geometry (one Stellite built-up layer on steel sub-
strate, weave welding)

ness 8 = 12 mm). The stress reduction by means of
viscous buffer layers is 30—42 %.

Comparison of the calculated and the experimen-
tal results. The following figures and Table 2 show
the comparison of measured and calculated tempera-
tures (upper part of Figure 9), of the weld pool zone
and the HAZ with the corresponding temperature iso-
lines (lower part of Figure 9), of calculated and me-
asured residual stresses (Figure 8) and of calculated
and measured distortions (Table 2). The surface tem-
perature are measured by a thermo-vision camera, the
residual stresses by means of step-by-step hole dril-
ling. Numerical and experimental values are in good
agreement to each other in quality as well as in qu-
antity (deviations of maximum 12 % in temperatures,
differences between 14 % and 20 % for the stresses,
between 10 and 20 % for distortions).

The similarity of the deformation behaviour and
the small differencies between FE results and mea-
surements verify the developed FE models. Reasons
for still existing deviations are based on the model
simplifications, on not sufficiently known material
data, process parameters, and boundary conditions
(e.g. the magnitude and the distribution of heat so-

Substrate material: 5235.0R
Filler material: NIG25 and Stelite 12

Geometry of specimen: 20:150=250 mm
MNumber of layers: 7 (2 layers NiB25 and 5 layers Stellite 12)
= I

"

Figure 10. Build-up welded contour of the first segment of a tran-
sverse rolling mill after welding and after end working operation
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urce), on FE discretization errors, but, nevertheless,
on not avoidable errors of the measurements themsel-
ves.

The results show that the FE analysis is able to
estimate the influence of various material and process
parameters on weld deformations and stresses and,
therefore, to optimize the welding process.

Example of the practical use of the results for
high-strengthened tools in mechanical working.
Based on the results of the numeric calculations and
the technological investigations an improved techno-
logy has been developed for the manufacturing of a
transverse rolling mill for partial forming of cylind-
rical material. The geometry of the tool was deposited
on a non-profiled basic body (material S235JR) by
means of PTA build-up welding according to the de-
sign instructions (Figure 10). For a simple workpiece
geometry the mutual influence of the welding para-
meters was optimized by means of FE simulations.
Shown by FE simulation and experiments, possible
stress reductions using buffer layer technique were
taken into consideration during the production of the
tools. After depositing the basic structure the topmost
layer was welded with string beads along the later
working direction of the tool. The founded layer com-
position guarantees an optimal adaptation of the tool
properties to the load profile. Because of decreasing
dilution ratio between basic and build-up materials

with a increasing number of layers the hardness values
raise. So the mostly strengthened surfaces of the tool
(tool shoulder and upper side region) have the best
hardness properties. Other examples for applying
PTA build-up welding were dies for spin extrusion,
technical cutting blades, and valve hard-facing.

Concluding remark. Most of the presented the-
oretical and experimental investigations are publish-
ed in [6] and supported as by the Deutsche Forsc-
hungsgemeinschaft (German Research Society) in
the context of the Special Research Section (Sonder-
forschungsbereich) 283 «Process Chains in Bulk For-
ming ( Prozessketten in der Umformtechnik)»> as by
the German Federal Ministry of Economy (BMWi)

in the context of the project 12793 BR.
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HHDOPMAILHOHHBE CHCTEMbBI

NHOOPMAIIUOHHOE OBECIEYEHUE
TEXHOJIOTUI CBAPKU

B. ®. JEMYEHKO
(Mu-t anexrpocsapku uM. E. O. ITatona HAH Ykpauusi, r. Kues)

Ormcanbl cucteMbl nHGOPMAIMOHHOTO o0ectieuenns: B o6sactu cBapku, pazpaboranubie B 19C um. E. O. Ilarona.

The welding information support systems developed by the E. O. Paton Electric Welding Institute are described.

B ucropuueckoM 1iaHe mepBoit popMoii KOMIIBIOTEP-
HOTO yIopsiioueHus nHdpopManuu 6b11u 6a3bl JAHHBIX,
OpraHM30BaHHbIEe B BuUe (hailjIoOB MAMTMHOUUTAEMOI
uHdopmarm. HecMoTps Ha 2BOTIONUIO, TPOMIE/ITYIO
3a 40 jieT, Bce OHM OTPAHWYEHBI BKJIIOUEHUEM TOJHKO
naccuBHON WH(MOPMAIIMU, OTBevalolllell Ha BOIPOC
umo? IlaccuBHBII XapakTep 6a3 JaHHBIX, a TAKXKe yC-
JIO(KHEHHOTO MX BapuaHTa — OGaHKOB JIaHHBIX, CHAG-
JKEHHBIX CHUCTEMOH yINpaBjeHus 6a3aMu JAHHDBIX, BbI-
pazkaeTcs B TOM, 4TO, OTBedyast Ha BOTIPOC 47MO?7, ATH
nHMOPMAITMOHHBIE CUCTEMbBI  MO/[PA3yMEBAIOT, 4YTO
0JIb30BaTE b 3HAET OTBET Ha BOIPOC Kak? (T.e. 3Haer,
KaK 3TUMU JAHHLIMHU PACIOPSI/IUTBCA ST PEeTIeHust
MOCTABJIEHHON IIepe HUM 3aa4m).

Econ B mamMsATH KOMIIbIOTEpa OTOJHUTETHHO K
MacCUBHON MH(OPMAINT BBECTH aKTUBHYIO, OTBEYAIO-
NIyl0 Ha BOTPOC KAK?, TO Te€M caMbiM 0a3a JTaHHBIX
noroJiHsiercst 6azoii 3uanuii. [locTpoentblie 0 TakOMy
MPUHIHAITY WHMOPMAITMOHHBIE CUCTEMBI TIPUHSATO HA3bI-
BaTh 9KCIEPTHBIMU. B HacTosiiee BpeMsi HET YETKOTO
onpejieieHns1 3KCHepTHON cuctembl. CrienuaancTb
OPUTAHCKOTO KOMIIBIOTEPHOTO 006IIecTBa JAI0T, B Yac-
THOCTH, Takoe onpezenecHue: «Iloa akcepTHO cucTe-
MOI TIOHMMAETCSI CHUcTeMa, OOBbeJUHSIONas BO3MOK-
HOCTU KOMIIBIOTEPA CO 3HAHUEM M OIIBITOM JKCIIEPTA B
TaKoil popMe, YTO cucTeMa MOXKET TIPE/IJIOKUTD Pa3yM-
HOe pellleHne MOoCTaBJeHHOM 3a1aun» . [lo/ Takoe Bech-
Ma o6lIee W NIMPOKOE OIpe/iesIeHne MOMaaloT caMble
pasHoo6pa3Hble KOMITBIOTEPHbIE CHCTEMBI, OJTHAKO B
JIO60M CJIyvae TIPU CO3/IaHUM IKCTIEPTHON CUCTEMDI CY-
IIleCTBEHHOE 3HAaUeHVe NMeeT HaJn4ue ABYX (purypan-
TOB: TIPEJIMETHOTO SKCIIEPTA U MHIKEHEPA 110 3HAHUSIM.
DyHKINS TEepBOTO U3 HUX — TPeN0CTaBUTh WHMOP-
MaIMOHHOE CbIpbe B (hOpMe JAHHBIX W 3HAHWI, HEOO-
XOJIMMBIX JIJIST PellieHusT TOCTaBJIeHHON 3a1aun. MHxe-
Hep TI0 3HAHUAM CHUCTEMaTH3upyeT, oO6pabaTbiBaeT H
006001aeT TONyYeHHYI0 WH(HOPMAINIO, CO3/aeT MO-
e 6a3 JJaHHBIX ¥ 3HaHWI. BMecre 5T crienuamcTs
OTIPEIEIIIOT KOHIIEIITNIO, 33[a4d U CTPYKTYPY dKCIep-
THOU CHCTEMBI.

Bonpoc xax?, Ha KOTOpbIIl OTBEYAIOT KCIIEPTHBIE
CUCTEMBI, WMeeT JBa MpoJosuKeHus: «Kak mocty-
narb?» — TaK Ha3bIBaeMbIe OllEPATUBHBIE IKCIIEPTHDBIE
CUCTEMBI, OTHOCSAIIECS K (DAKTyaThbHON SKCIIEPTU3E 1

© B. ®. IEMUYEHKO, 2002

«Kak moHMMaTb?» — KOTHUTHBHBIE 3SKCIIEPTHBIE
CUCTEMBI, OTHOCAIIMECS K WHTEPIPETAIIMOHHON 3K-
cnepruse. MakTyasbHas 9KCTIEPTU3a 06ECTIEUNBAET pe-
HIeHrue WHXXEHEPHBIX 3a/1a4, B TO BpeMs KaK MHTEpII-
peTanuoHHAas IPEJICTABISIET COO0I MHCTPYMEHT [IJIS Ha-
YUHBIX uccienoBanuii. [Ipy paspa6oTke KOHKpeTHOI
JKCIIEPTHOI CHCTEMBI B OIIpe/IEeJIEeHHON 00JIaCTH BCETa
BO3HUKAET J[Ba BOIIPOCA:

1) HACKOJIBKO TIOJIHASA M JOCTOBEPHAS MMEIOMIASACS
y aKcrepra uH@opmaims mo 6a3aM JaHHBIX U 6azaMm
3HAHWI C TOYKM 3PEHUST BO3MOKHOCTU PeEIeHHs MOoC-
TaBJIEHHON 3a71aul U obecrieueHnsT KauyecTBa KOM-TIb-
IOTEPHBIX peIeHNH;

2) uTO Aenarth ¢ TeM (PAKTOM, YTO 4acTh MH-(HOP-
MaIK HeM30e3KHO CTapeeT U KaK MOJIePXKATh CUCTEMY
B aKTYyaJIbHOM COCTOSIHUU [IJIUTEJIbHOE BpeMsi?

[Ipu orBere Ha TEepBbBINT BOMPOC IMEPBOCTETIEHHOE
3HaUYeHUE MMEIOT OIbIT U KBaJu(UKAIUA DKCIEPTA,
OIHAKO HauboJiee YCIENrHoe pelienue mpo6JieMbl J10-
CTOBEPHOCTH MEPBUYHON NH(MOPMAINN JOCTUTAETCS 32
CYET CO3/IaHKS KOJNYECTBEHHbIX Mojiesieli 6a3 JaHHbBIX,
MO3BOJISIONUX HAa (DOPMATBHOM YPOBHE OTCEMBATD 3a-
BEJIOMO He/locToBepHYTo nHpopmaimio. B omnpenesnen-
HOW Mepe mpo6JieMa ToAep:KaHus MHHOPMAIIMOHHOI
CUCTEMbl B aKTyaJbHOM COCTOSIHUU PellaeTcs IyTeM
CO3/IaHUS CIIEIUATBHBIX PEAAKTOPOB WH(MOPMAINH,
MTO3BOJISIONINX [T0Ib30BATEIIO CAMOCTOATENBHO TTOMOJI-
HATb 6a3bl JAHHBIX HOBOW uHMOpMaImeii, Kop-
PEKTUPOBATh MMEIONNeCS WM YAAISTh 3aBEIOMO YC-
TapeBIlue UM HeaKTyaJbHbIE [/ TaHHOTO KOHKpET-
HOTO TIOJIb30BaTessl aHHble, KOHGUrypupys uHdop-
MAaIMIO B HY>KHOM [JIsi ce6Gsl HATIPABJIEHWH.

Nneonorus aKCIEePTHBIX CUCTEM OKA3bIBAETCS Ype3-
BBIUAHO TIPUBJEKATEIbHON 151 WHQPOpPMATU3AIUN
CBapOYHOTO MPOM3BOJICTBA. BOJIbITIOE KOJINUECTBO pas-
HOOGPA3HBIX CHOCOGOB CBAapKH, CBAPOYHBIX MaTe-
pHAJIOB, TUTIOB CBAPHBIX COeMHEHUT, (DOPM paszieskn
U TIPOCTPAHCTBEHHOTO TMOJIOKEHWSI CBApPHOTO IITBA,
TOJINIMHBI ¥ XUMUYECKOTO COCTABA OCHOBHOTO METAJLIA,
BApUAHTOB PEKUMOB CBAPKH W JAPYTUX yCJIOBUI 00yC-
JIOBJIUBAIOT HEOO6XOUMOCTD CO3/IaHWSI COBPEMEHHBIX
cucteM WHQPOPMAINMOHHON MOJJEPKKU TEXHOJOTaM-
cBapIuKaM, paboTalIuM B CAOyK6aX TJIABHOTO
CBapIMKa MAITHHOCTPOUTEJIbHBIX NpeAnpusTuii. Pas-
PaGoOTKy TaKHUX CHUCTEM IeJecO06pPa3HO BECTH TAKUM
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Puc. 1. Boi6op HAIIaBOYHOTO Matepuajia

06pa3oM, yTOGBI TIOCJIE0BATENbHO HAKPBIBATD HH(OP-
MAITMOHHBIMU CHCTEMaMU OTpe/ie/IeHHbIe MpeIMETHDIE
06JIaCTH CBApOYHOTO MPOM3BOACTBA. B Hacrosimeit
CTaThe OMUCAHBI HEKOTOPbIe WH(OPMAIMOHHBIE CHC-
TEMBbI B 06JIaCTH CBapPKHU, pa3paboTaHHbIE 32 TIOC/Ie/HIE
rogbt B Mncruryre asekrpocsapku uMm. E. O. Ilarona
HAH Yxkpaunbl.

1. Ikcnepruas cucrema «HATIIABKA» [1] (ax-
ciepr 1. A. Pa6ues). IlpennasHaveHa IS ITPOEK-
TUPOBAHUSA TEXHOJOTUI MeXaHU3UPOBAHHON 3JIEKTPO-
JyTOBOI HATJIaBKY IPUMEHNTEJIbHO K 12 croco6aM Ha-
TJIABKU 715 JeTajiell TUTIA TeJl BpalleHus u aeraneil ¢
MJIOCKOHN HAIJIABJSEMON MOBEPXHOCTBIO, PAGOTAIONTIX
B Pas3JMYHBIX OTPAcJasAX NpoMbinienHocty (Merasn-
JIYPrusi, TOPHOIOOBIBAIONIAS IPOMBIIILIEHHOCTD, XUMU-
YecKoe MANIMHOCTPOEHHE, CENbCKOE XO3AHCTBO U AP.)
OcHoBHbBIE 33/1auH, pelllaeMble IKCIIEPTHON CUCTEMOIT
«HAIIJTABKA», cBO#sITCS K CIeqyIOIeMYy.

1. Bpi6op HaIJIaBASIEMOTO MaTepuajia B 3aBUCH-
MOCTH OT KJIacCa OCHOBHOTO MaTepHaJia, yCJ0BHi pabo-
ThI M BU/IOB U3HANIUBAHUS jleTanu. [Ipu Hammuum aib-
TEPHATUBBI B BBHIOOPE HAIJIABOYHOTO MaTepuaja,
cucreMa oOecleurBaeT I0Jb30BaTesss HHPOpPMa-
[IOHHON TOANEPKKOH B BuAe mamubix (puc. 1) o
XUMHWYECKOM COCTaBe, M3HOCOCTOWKOCTH M CBApOYHO-
TEXHOJIOTUYECKUX XaPAKTEPUCTUKAX HATJIABOYHOTO
marepuana. Torma mosb3oBatenb (Mcxoas w3 WH-
JIMBU/IyQJIbHBIX KPUTEPHEB KayecTBAa HAILJIABJIEHHOTO
MeTa/Ia) MOKET BbIOpaTh HEOOXOAMMBIA HAIIABOY-
HBIN MaTepua.

2. PexoMeHJAIUu O MOAXOJANINX cHocobax u
TEeXHUKe HATIJIAaBKHU JAHHOTO HATLJTABOUHOTO MaTepuaia.

3. Ornenka palMoOHAJbHBIX PEKUMOB HAILTABKU B
3aBHCHMOCTU OT THUIIA JETaju, ee rabapuToB, criocoba
U TEXHUKM HAIJIAaBKU, a TaK)Ke MPOCTPAHCTBEHHOTO
MOJIOKEHUS HATLJIABJIEHHOTO CJIOS.

CoBMECTHBIM Pe3yJIbTATOM YeJOBEKO-MAITMHHOTO
KoMIIeKca — aKcmepTHOU cucteMbl « HATIJTABKA»

ABJISETCA MTOTOBBIA JOKyMeHT (puc. 2), B KOTOPOM
OTpPa’KEHbI Pe3yJIbTaThl COBMECTHOI PaGOThI WHKEHe-
pa-TeXHOJIOra ¥ KOMIIbIOTEPA IO TIPOEKTUPOBAHMIO TEX-
HOJIOTUW HATJIABKW. DKCIEPTHAS CUCTEMA COAEPIKUT
JIBe BCIIOMOraTesibHble mojcucTeMbl: 1) pegakrop Ga3s
JTAHHBIX, TPEJAOCTABJISIONIUN TT0Ib30BATETI0 BO3MOK-
HOCTb CaMOCTOSITEJIbHO MOJEPKUBATh 6a3y TaHHBIX
HAIJIABOYHBIX MATEPUAJIOB B aKTYAJIbHOM COCTOSTHUU;
2) GaHK JaHHBIX TEXHUYECKUX PEIIEHUH, IIPY MOMOIIH
KOTOPOTO TI0JIb30BATEIb MOKET HAKAILJIMBATD B IIAMSITH
KOMIIbIOTEpa PEKOMEHIAINHY TI0 TEXHOJIOTUH HATIJIABKU
OT/IEIbHBIX JleTaJieill U y3JI0B, TIOJYYEeHHBIX TIPU
momoru aKcmepTHOl cucteMbl «HAITJTABKA», a
TaK)Ke KOPPEKTUPOBATD ATY WH(MOPMAIIHIO TI0 Pe3yJib-
TaTaM ONBITHOW TPOBEPKH, CO3/[aBas T€M CaMbIM Ha
npennpusaTHu GaHK XapaKTePHbIX TEXHOJIOTHIl Ha-
[LJIABKU.

2. JKcnepTHaAsl cUCTEMa NMPOEKTUPOBAHUS TEXHO-
JIOTHii HATJIABKH JIeTaieii METaLIy prayeckoro o6opy-
nosanns [2] (sxcmepr U. A. Pa6ues) — modepHuit
npoaykt akcneptHoir cucrembl «HAIIJIABKA» —
OPUEHTHPOBAHA HA MPOEKTUPOBAHME TEXHOJIOTHIl Ha-
IJIABKU JIETAJIell METaJIIypPTUYecKoro o060pyI0BaHU.
baspl manHbiX U 6a3bl 3HAHUN CHCTEMBI COJEPIKAT
nHGOPMAIIO O HAIJIaBKe HECKOJIbKUX COT JAeTaseit
MeTaJIyprudeckoro obopynoBanusi. Ilouck wuudop-
Malliil OpPTraHW30BaH TI0 HUEPAPXUYECKON IIeTouKe
<IIpoussodcmeo (uyex memaiiypzuueckozo npeo-
npusmus)> — <Azpezam> — </lemanv>. B kauec-
TBE WJLTIOCTPAI[MM TIPUBEEH WTOTOBBIA JOKYMEHT
pa6othl cuctembl (puc. 3 ), B KOTOPOM AAIOTCS PEKO-
MEH/IAIUU O MOIXOJISAIIEM CBAPOYHOM MaTepHaJie, CIo-
co6e 1 pekiMe HAIJIABKH, CBAPOYHOM 060PYIOBAHUH,
YCJIOBUSX TIPEABAPUTEIBHOTO TOIOTPEBA JIETATH U €€
OXJIAXK/IEHVS TIOCJIE HATLTIABKU.

3. JkcnepTHasi cucTeMa NPOEKTUPOBAHUS TEXHO-
JOTHIi CBapKM Jierkux ciuaBoB (sxcmeprtor A. 4.
Wmenko, B. I1. Byanuk). Paspa6orannas skcrepTHas
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Puc. 2. Utorosblii okymMeHT pabotbl akcnepTHoil cucrembl « HAIIJIABKA»

CHCTEMAa AKKYMYJHPOBAJa 3HAHUSI, HPAKTHYECKUN
OTIBIT ¥ JJAHHBIE TI0 TEXHOJIOTUSIM CBAPKU JIETKUX CILJIa-
BOB, PeaIM30BaHHbBIE B Bujie 6a3 JaHHbIX U 6a3 3HAHUT.
B cocraB skcrepTHO#l cucTeMbl BXOJAT CJeAyIONINe
dakrorpacdmueckre u rpadudeckre 6a3bl JJAHHDIX:
OCHOBHBIX MATEPUAJIOB; CBAPHBIX COEMHEHUI; CBa-
POYHBIX MATEPHAJIOB; CPABHUTEIBHBIX XaPAKTEPUCTUK
croco060B cBapkH; 6asa 3HAHWI CIIOCOOOB U PEKUMOB
cBapku. Basa TaHHBIX CBAPHBIX COEANHEHUN BKIIOYAET
urdopMaImio o GopMax pas3eKi CBAPHOTO 1I1BA VST
CTBIKOBBIX, VIJIOBBIX, TABPOBbIX U HAXJECTOYHBIX
COeJIMHEHNUIT, OMYCTUMBIX CITOCO6AX CBAPKMU IS JIAH-
HOU (OpPMBI DPa3jiesiKu, a TaKKe TeOMETPUYECKIE
OrpaHUYEHMs] Ha TOJIIMHY MeTajLla W [JIUHY miBa. B
KauecTBe WJUIIOCTpaluu pabotbl cucrembl (puc. 4)
[PUBEJIEH 2JIEMEHT JIUAJIOTA MOJb30BATESI C KOMIIBIO-
TEPOM, B IpOIlecce KOTOPOTo BbiGupaercsi hopMa pas-
JIeJIKM 11Ba JIJISI CTBIKOBOTO COEMHEHUS] C 3a/[aHHON
TOJIIUHO OCHOBHOTO MeTaJLa. DKCIIEPTHASI CHCTEMA

MO3BOJISIET BBIGUPATb CBAPOYHBbIE MATEPHAJIBI, CIIOCOO
U PEKUMBbl CBAPKU JIJIS  PA3JIUYHBIX  CHCTEM
JIETUPOBAHUS M MAapOK OCHOBHOTO MeTaJLia.

4. DaHK JaHHBIX THTHEHUYECKHX XapPaKTePHCTUK
cBapounbix aspososeil [3] (skcmeprer B. A. Mer-
gutkwmii, O. T. JIleBYeHKO). WNudopmaiiug o cBapOYHBIX
a3pO30JIIX COCpeloToueHa B 6asax JaHHBIX, CO3/aH-
HBIX /IJI1 TIOKPBITBIX 3JIEKTPO/IOB, CBAPOYHBIX MPOBO-
JOK 1 uriocoB. ITU 6a3bl coiep:KaT NHHOPMAIIHIO O
dakTopax, BIMAIONMX HA XUMUYECKHIT COCTaB U yPO-
BEHb BBIIEJIEHUH CBAPOUYHBIX a9po3oJieii (Mapka npuca-
JIOYHOTO MaTepHuasa, AMaMeTp U THII IIPOBOJIOKHU, CIIO-
€06 1 pexKUM CBapKH, COCTAB 3aIUTHON CMECH | JIp.),
a Tak)Ke JaHHble 00 YPOBHSX BbIIEJIEHUS ra3o06pas-
HBIX U TBEP/bIX KOMIIOHEHTOB CBAPOYHBIX a9PO30JIeii.
[l popmupoBanus 6a3 JaHHBIX W UX TOIEPKAHUS
B aKTyaJbHOM COCTOSIHUM B IIPOIECCE IKCILTyaTalluu
KOMIIBIOTEPHOI cucTeMbl paspaboran pegaktop 6a3
JIAHHBIX, KOTOPDBI TI03BOJISIET OCYIIECTBJISATH IIEpP-
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MEE
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Puc. 3. Utorosblii JoKyMeHT paGOTbl CUCTEMbI IIPOEKTUPOBAHUS T€

XHOJIOTHIl HAIVIABKU JleTaJiell MeTaslJIypruueckoro o60py10BaHus
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ACMYCTHMBE $OPMB PASTETKH

Puc. 4. BoiGop tuna cBapHOro coequHeHnst 1 (OPMbI Pas/ies K KPOMOK

BUYHOE HamoJHeHNe 6a3 W UX MOCJTeaylolee pe-
naxktupoBanue. [Touck uudopmarmu B 6a3ax JaHHBIX
OCYTIECTBJISIETCS [0 33JaHHOW MapKe CBapOYHOTO
MaTepHuaJa, pesyabTaT Moucka o(opMsercss B BHJE
BBIXO/IHOTO JOKYMEHTa, B KOTOPOM OTOOPa’KaloTCs
JaHHble 06 YCJIOBUSX CBAPKHU U FMTHEHUYECKUX TIOKA-
3aTesIsIX, XapaKTepu3y oMY XUMIIECKIH COCTaB, ypo-
BEHb BbIJIEJIEHUIl U TOKCUYHOCTb CBAPOYHBIX a9P0O30-
geit. Ilo panubIM npefesbHO JOINYCTUMOU KOHIIEHT-
paluy CBApPOYHBIX adPO30Jell PacCUUTHIBAETCS IIPO-
U3BOUTENBHOCTD BO3yX006MeHa 00111e06MeHHOIT BeH-
Tisanun. [latoTesl pekoMeHaauu no o60py/I0BAHUIO
JUIST BEHTWJISIIIUU PA6OYero Mecta U CpeiCTBAM WH-
JBHTY TbHOM 3aIUTBI OPTAHOB JIBIXAHWSI CBAPIINKOB
(puc. 5).

5. Bauk gauubix peskumoB cBapku B CO,, mox
¢.mocom u B cpee unepTHBIX ra3oB (sxcmeprs! 11, 3a-
iddapr, A. lapd). B 6atike faHHBIX aKKYMYJIUPOBa-

Ha HHOOPMATIHS O PEKUMaX CBAPKH B 3aBUCHMOCTH OT
crmocoba CBapK#, TOJOKEHHUsI, THUIIa CBApHOTO COe-
JINHEHUST W TOJIIIUHBI OCHOBHOTO MeTaJiia. Hampumep,
LIS TIOJTyaBTOMATUYECKON CBAPKY JIAHHBIE O PESKIMax
oXBaTbIBatOT TOJIUHEI 10 200 MM ¢ uHoOpMaImeil o
KOJIMYECTBE MPOXO/IOB, PEKUMAX CBAPKU JIJIsT KOPHe-
BOTO, 3aMOJHSIOMNX W JeKOPATUBHOTO INBOB, a MpHU
X-06pa3Hoii pas/ie/iKe 3TH JaHHbIE JAIOTCS JIJIsT 3aI10JI-
HEHUs HUDKHeW M BepXHel pasnesku. B psne ciydaeB
PEKUMBI CBAPKHM WJIIIOCTPUPYIOTCS MUKPOILIA(POM
CBAapHOTO 111Ba, 4TO JIaeT BO3MOYKHOCTD T10JIb30BATEJIIO
U3 aJbTEPHATUBHBIX BAPHAHTOB PEXUMOB BbIGPATH
Han6oJiee ¢ ero TOUKKM 3peHusi palroHajbHbl. B Ha-
crostiiee BpeMst 6aza AaHHBIX cofepkut 1200 3ammceit
O pekrMax CBapKH.

6. ndopMaiOHHO-IIOUCKOBAS CUCTEMA IO 3JIeK-
TPO/AM /ISl AYTOBOIi CBAPKH, HAILJIABKH U pe3ku (pas-
pa6oruuk [O. A. Ckocusirun). CogepRut 6a3y JaHHbIX

[ 1D] ]

PEKOMEHIALMH 10 SALIHTE CBAPUIHEOE H OKPYKATOUEN CPEIRI
0T CBAPOMMEIN ASPOIOMEN

BEHTHASUHOHHOE OROPYJOBAHHE
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~ Peomparep tama ™ Cueaox TT1-B"
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mocToRNNMA DpHTOX CYHLERNOTG BoogYea B peailno
B DONYMACKY, KCTOR-RA KpeONTCA HA ANDé mog et
oM B AR ‘: HETEMES CHHCTEN BOAEYES EpEENTCA
Ha NoNCe Llidlll.l'.ull]

TEXHHMECEKIE XAPAKTEPRCTHEH
[lpommpoquTeasIccT: DORITH BoOgTEa

= Hoag

Puc. 5. Pexomenjiaiuu 110 3aimuTe CBapIIMKOB U OKPY:Kalolleil cpe/ibl OT CBAPOYHBIX a3po30Jieil
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06 2JIeKTPOJaX, KOTOPbIE BBIMYCKAIOTCS W BBITYC-
kaauch crpanamu CHI'. B Hactostiee Bpemst B Gase
JIAHHBIX cozep:kuTcs nadopmarms o S01 Mapke aJiek-
TPOJIOB, BKJIIOYAIONIAs JaHHble 00 WX Ha3HAYEHWH,
00J1aCTH TIPUMEHEHWS, BUJIE JIEKTPOIHOTO TIOKPBITHS,
polle TOKa, IMOJSPHOCTH, TIOJOKEHUU U PEXUMe
CBapKH, IIPOM3BOUTETbHOCTH, MEXaHIMUECKUX CBOICT-
BaX M XMMHYECKOM COCTaBe MeTajljia I1Ba, IIPOU3-
BoJUTe/IC U IIOCTaBLIMKe 3/eKTpoJoB. CucreMa 103BO-
JISIET TI0JIb30BATEJIIO TIPOBOIUTD MHOTOIIApaMeTPHYEeCKUil
TIOVCK 3JIEKTPO/IOB, OTBEYAIOIINX 3a/[aHHBIM KPUTEPHSIM.
Cucrema cHabXeHa peJakTopoM 6a3 JaHHBIX, UTO TI03-
BOJISIET KOHEYHOMY TIOJIb30BATEJIIO MOIEPKUBATD 6a3y
JTAHHBIX B aKTyaJbHOM COCTOSTHWH.

7. JK3aMEHALMOHHO-TECTHPYIOIIAs CHCTeMa C
aaementamu oOydenust (sxcmeprnr II. 3aiipdapr,
A. Mlapd). Ipeacrasisier co60il HEKOTOPYIO YHU-
(unuposanHyo 060104Ky, NPeHAZHAYCHHYIO /IS aT-
TecTaluu U O6Y4YeHUs cayiiaresiell yue6HbIX KypPCOB.
B cocraB cucteMbl BXOAAT TPH MOAYJsA: 1) MOmynib
dopMupOBaHUS SK3aMEHAIIMOHHBIX BOITPOCOB, 9K3aMe-
HAIMOHHBIX GUJIETOB U yueGHOro Martepuana (MHCTPY-
MEHT MpenojaBarens); 2) MOAYJb TECTUPOBAHMS
3HAHUII CJIyIIaTesss B Ipollecce ero o6yueHus ¢ BO3-
MOKHOCTBIO 0OPATUTBCS K 3JIEKTPOHHOMY YUeOHUKY 3a

nH(pOPMAMOHHON — HOAJEPKKOi; 3)  sK3aMeHa-
IIUOHHBI MOYJIb, OCYHIECTBJSIONUN ODUINATBHYTO
aTTeCcTaIio 3HAHUH CJIyTIaTe sl TI0 YKa3aHHbIM pasjie-
JaM Kypca. [IpexycmaTrpuBaercst, 4To faHHASI CHCTEMA
6yZeT, B YaCTHOCTH, HCIIOJb30BAThCS IS aTTeCTAIUH
CIIEIMATICTOB 10 TPOrpaMMaM IIOATOTOBKH €BpO-
TIENCKIX WHXXeHepOB-cBApuKoB. C 3TOH Tehi0 K-
CIIepTaMu TOATOTOBJIEHbI 6a3bl IK3aMEeHAI[MOHHBIX BO-
IIPOCOB IO HECKOJIbKUM YUeOHBIM KypcaM, a TaKKe pas-
pa6oTaH COOTBETCTBYIOIIUII AJIEKTPOHHBIN YIeOHUK.
ABTOp BBIpQ)KAeT WMCKPEHHIO MPHU3HATETbHOCTD
dKCIepTaM, a TaKXKe WH)XXeHePaM-POrpaMMUCTaM
C. C. Kosmurunoii u JI. U. /[3106ak 3a TJI00TBOPHOE
COTPYIHUYECTBO B CO3/ITAHUY OTMMCAHHBIX BBIIIE CUCTEM
uHbOPMAIIMOHHOTO obecrieueHns B 06JIaCTU CBAPKH.

1. Dxcnepmnasa cucreMa 1O TEXHOJOTHAM MEXaHU3NPOBAHHOI
asextpoayrosoil Hamtasku / I1. B. Tmagkumit, B. d./lemuen-
ko, U. A. Ps6ues, C. C. Koszmmruna // Cpapod. np-Bo. —
1996 . — Ne 2. — C. 23-26.

2. Memuenxo B. @., Pabues H. A., Kozmumuna C. C. Kommbio-
TepHOe MPOEKTHPOBAHWE TEXHOJOTHI HAIlJIaBKH  MeTall-
Jqyprudeckoro o6opypoBanust // Csapmmk. — 1999. —
Ne 2. — C. 14-15.

3. Ungopmayuonno-nouckoseas cucreMa TUTHEHUYECKUX Xapak-
TEPUCTHK CBApoOuYHbIX aspososieii / B. d. [lemuenko, O. T.
JleBuenko, B. A. Mermunknii, C. C. Kosautuna // Csa-
pou. mp-Bo. — 2001. — Ne 8. — C. 41-43.
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NMHOOPMAIINMOHHO-CITIPABOYHAA CUCTEMA
AJIA BBIBOPA XAPAKRTEPUCTUR CBAPOYHbIX
IJIEKTPOJA0OB B MATEMATUYECKOM
MOAEJINPOBAHNU OUSNYECKUX ITPOLHECCOB

A. B. MYCUAYEHKO
(Mu-t anexrpocsapkn uM. E.O.Ilatona HAH Vkpaunsi, r. Kues)

[Ipencrasiieno oOliee onucanue cO3aHHOI 6a3bl JJAHHBIX 110 XaPAKTEPHCTHKAM CBAPOYHBIX JJIEKTPOJIOB, €r0 CTPYKTYpa,
o6beM, Ha3HAYeHHe. basa JaHHbIX Jieryla B OCHOBY pa3paboTaHHOI NH(GOPMAIMOHHO-CIIPABOYHOI CHCTEMBbI I10 COBPEMEHHDBIM
9JIEKTPO/IaM, OCHOBHBIM Ha3HAUEHUEM KOTOPOIl SIBJISETCS BbIOOD CBAPOYHO-TEXHOJIOIMYECKUX XaPAKTEPUCTHK dJIEKTPOJIOB
IS TIOCJIe/TYIOTIero TIPIMEeHeHNS B MaTeMaTHIeCKOM MOJIeJIPOBAHNN (DU3MYEeCKNX MpolieccoB npu cBapke. Vndopmanus,
cojiepsKalasicss B pa3paboTaHHON NH(POPMAIOHHO-CIIPABOYHOI cUCTeMe, MOXKeT ObITh HCIO/Ib30BAHA TP PEIICHUH MeTo-
JlAMI MaTeMaTUYeCKOTO MOJEJMPOBAHUS TPAKTHYECKIX W HAYYHDBIX 33/1a4 B 00JIACTH CBAPKH.

General description of the generated database on characteristics of welding electrodes, its structure, volume and purpose
are given. The database was used as the basis for development of the reference-information system on up-to-date
electrodes. The system is intended primarily for selection of welding-technological characteristics of electrodes to be
used for mathematical modelling of physical processes occurring in welding. Information contained in the system can
be used to solve practical and research problems relating to welding by the mathematical modelling methods.

OCHOBHBIMH ~ TEHIEHIIUSIMU  DPa3BUTHSI  HWHQOpMa-
IIUOHHOTO 00eCIeyeHusi TEXHOJOTHN CBAPKU U POJICT-
BEHHBIX IIPOIIECCOB SIBJSIOTCS CO3[aHME PACYETHO-
MHQOPMAITMOHHBIX CUCTEM /1JIS PA3PA0OTKU HOBBIX UJIT
BBI6OPa HamboJiee PAIMOHAJBHBIX TEXHOJIOTHH, BOC-
TPe6OBAHHBIX TIPU PEIIEHNH KOHKPETHBIX IPaK-
TUYECKWX MpobJeM, a Takxke WH(HOPMAIMOHHBIX
XPAHUJIUI] JAHHBIX KaK CIIPABOYHOTO XapaKTepa, Tak
U TIOJYYEHHBIX TyTeM (opMan3anui HAKOIJIEHHBIX
3HAHUI U COAEPKAIUX AJTOPUTMbI MOUCKA U U3BJIE-
yeHNs mHGopManuu. B kauecTBe coCcTaBIISIONIEH OCHO-
Bbl MH(OPMAIMOHHOTO HATIOJHEHUS] TaKUX CUCTEM U
XPAHUJIHUI JAHHBIX MOTYT OBITH CIIEIUATN3NPOBAHHbIE
6a3bl JAaHHBIX, K KOTOPBIM MOKHO OTHECTH U 6a3bl TaH-
HBIX [0 XapaKTePUCTHKAM KOHCTPYKIIMOHHBIX U CBa-
POYHBIX MaTEPHATIOB.

[l pa3BUTHUS CUCTEM MOJIEJPOBAHUS IPOIIECCOB
¢gopMUpPOBaHUSA U IPOTHO3UPOBAHUS CBOWCTB CBAPHBIX
COeIMHEHWI TIPU PA3JIMYHBIX BHIAX CBAapKU U Ha-
IJIABKU, B OCHOBY KOTOPBIX IMTOJIOKCHBI METO/IbI MaTe-
MATHYECKOTO MOJIETMPOBAHUS, [TOCTATOYHO AKTYaJIb-
HBIM SBJISIETCS CcO3/aHue 6a3bl JAHHBIX II0 Xapak-
TEPUCTUKAM CBAaPOYHBIX 2JeKTpoIoB. Cojiepskamiascs
B Takoll 6a3e JaHHBIX MHGOPMAIUS 10 PEKOMEHI0BaH-
HBIM PEXUMaM CBapKu, KoaddUIMeHTaM HAIIaBKH,
THIIMYHOMY XMMIYECKOMY COCTaBY HAILJIaBJIEHHOTO Me-
TaJlIa [T KOHKPETHOM MapKu 3JIEKTPO/Ia MOKET ObITh
yUTeHA B PACYETHBIX MOJEJSIX TIPHU OIpeeJeHun
KUHETUKY TEMIIEPATYPHBIX 110Jieil 1 (ha30BbIX IIpeBpa-
IIEHUH, COMPOBOXKAAONINX Tpoiecc (GOPMUPOBAHUS
cBapHoro coefunenus. C IPaKTUYECKOH TOUKH 3PEHUS
3TO O03HAYaeT BO3MOXKHOCTH OIpe/leJIeHUS] PACUETHBIM
MyTeM IIeJOTO PsiZIa CBApPOYHO-TEXHOJIOTHYECKUX Xa-

© A. B. MYCUAYEHKO, 2002

PaKTEpUCTUK, TAaKUX, KaKk (POPMUPOBAHNE 30HBI TIPOTI-
JIABJIEHNs, MUKPOCTPYKTYDPbI 30H MPOILIABJIEHUS U
TEPMUYECKOTO BJIMSHHS, OCTATOYHOTO W BPEMEHHOTO
HANPSDKEHHO-/1e(OPMUPOBAHHOTO COCTOSIHUST, MeXa-
HUYECKUX XapaKTEPUCTUK 30H IMPOILIABJIEHUS U
TepMudeckoro BiusiHua (yaapHasi BSA3KOCTb, TBEpP-
JIOCTh, TIPEAE] MPOYHOCTH U JP.), PUCKOB BO3HUKHO-
BEHUS TOPSIYUX ¥ XOJOAHBIX TPENINH, XMMUYECKOrOo
COCTaBa 30HBI TMPOILIABIEHU, JOKAIbHON KOHIIEHT-
paImy BOJAOPO/A B 30HAX MPOILIABJIEHHUS U TEpPMITYeC-
koro Biusinug [1]. Kpome Toro, BioJiie BO3MOXKHBIM
MIPe/ICTABJISIETCS UCTIOIb30BaHNe 6a3bl JAHHBIX 110 CBa-
POYHBIM 3JIEKTPOJAaM KaK OCHOBbI [Jis1  uHGOp-
MAI[MOHHO-CIIPABOYHBIX CHCTEM, IIpeIHA3HAYEHHDBIX
[UISL IIMPOKOTO KPyra HUHXKEHEPHO-TEXHUYECKUX pa-
OOTHUKOB, CBSI3aHHBIX B CBOEH ITPAKTHUECKON JIESITEb-
HOCTH CO CBApOYHbIMU pabGoramu. Takue cucCTeMbI
MOTYT PACIIPOCTPAHATHCS MO0 KaK OT/IeIbHbIE POT-
paMMHbBIE TPOAYKTBI, JUOO TPENOCTABIATh TOCTYI
0JIb30BaTe sIM 110 cetn Mutepuer.

B nmacrosmee Bpemst 8 19C M. E. O. Ilarona cos-
nmana 6a3a AHHBIX MO CBAPOYHBIM 3JIEKTPOJAM, B KOTO-
poit conepskurcs nHbopMarust GoJiee 4eM 1o SO0 aex-
TpOJIaM BeAylnuX (UPM-TIPOU3BOJUTENEN CBAPOYHBIX
MarepraJoB. B ee ocHOBY mo/oKeHa aKTyas bHas CIipa-
BoyHast WHMOpMANNS TaKNX OCHOBHBIX  (DUPM-
[POU3BO/IUTEJIEHl  CBAPOYHBIX  MaTepHaJoB,  Kak
BOHLER (Ascrpus), ESAB (Illserus), OERLIKON-
Welding (Iseiinapus) u «Cneudaexrpog» (Poccus).

DBasy maHHbBIX, COAEPIKAIIYIO MTOJHBIE CIIPABOYHBIE
JIAaHHbIE TI0 3JIEKTPOJAM PA3JUYHBIX TUIOB U HA3HA-
YeHUsT, MOKHO Pa3/leJIUTh Ha YeTbIpe TPYIIbl. B mep-
BYIO BXO/ISIT JaHHbBIE OMUCATEIHbHOTO XapaKTepa, mpe/l-
cTaBasone MHGOpPMaIUo 06 OCHOBHOM Ha3HAUECHUH
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Puc. 1. PaGouee oxHO MH(POPMAIIOHHO-CIIPABOYHON CHCTEMbI

3JIEKTPOJIOB, UX KPATKOE OIMHCAHUE, & TAKKE BO3MOXK-
Hble 00JIaCTH TPUMEHeHNs. Bropas rpymmna conep:KuT
JIAHHDBIE TI0 OCHOBHBIM XapaKTEPUCTHKAM 3JIEKTPOIOB:
TUT TIOKPBITUS 3JIEKTPO/IOB, KOA(PMUITMEHT HATITaBKH,
TUIIMYHbIE MEXaHWYECKHUE CBOCTBA MeTasia 1iBa (rpe-
Jlel TEKy4YeCTH, MpeJieJ TPOYHOCTH, IPEIea Mpo-
HOPIMOHATBHOCTH, Y/IapPHAs BA3KOCTb IIPU PA3JIMYHBIX
TeMIeparypax, TBEPAOCTb M JpP.), THIMYHBIA XU-
MHUYECKUII COCTaB HAIJIABJIEHHOTO MeTaJsia, Teo-
MeTPUYECKUE Pa3Mepbl 3JEKTPOJIOB OIpeeeHHON
MapKU U COOTBETCTBYIOIINE HAMPSIKEHUE U CUJIA TOKA
OpU CBapKe, THUI CBAPOYHOTO TOKA, MPOU3BOAUTE]b-
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Puc. 2. DekTpoHHast BEPCHST CTPAHUIIBI CIIPABOYHNKA (DUPMBI-TIPO-
U3BOJIUTEJISL 9JIEKTPO/A

HOCTb HAIIJIABKU, PAcX0/] 3JIEKTPOOB. B TpeTbio rpy1-
Iy BXOJAST JJaHHBIE OTHOCUTEJILHO YCJIOBWI U TEXHO-
JIoTHIecKuX ocobeHHocTell cBapku. Ocobble cBOCTBA
3JIEKTPOJIOB 1 PEKOMEH/IAINH 110 ITPOIecCy CBAPKH BbI-
JleJIeHbl B 4eTBEepTYIO TPYIIILY.

bBaza gannbix paspaborana B cpege CYB/] MS Ac-
cess 2000 n nmeeT perAMOHHYIO CTPYKTYpY. Ilpm ee
pa3paboTKe WCIOJIb30BAHBI OCHOBHBIE PUHITHITBI
TEOPUU TIPOEKTUPOBAHUS, CO3JAHUS W YIIPABJICHUS
persanuoHHBIMU 6Ga3aMu AaHHBIX [2, 3]. [loxymeHTHbI,
cojiepskatuecs B 6a3e JaHHBIX, PACIIOJIATAIOTCS B BU/IE
uHbOPMAIK B TA6JIMYHOM UJIM TEKCTOBOM BHUJIE.

Selection of electrodes

- Epecification of electrodes
= Weldng of structursl steels
" Welding of special purpose steels
Qrmﬁmdm
™ [Carbon stesls |
T Low-alloyed general-purpose steek

™ Martenske stainless (heat-resistant) stesls
™ Stairdescs stesks of Fesvitic class
™ Stainiess (heat rosistant) steels of ausberitic dlass

- Typical weld metal composdtion, %%
C M B 5b
Mn 1] Co Sn
L~ v Cu Ta
P W Fe T |
O Al N
Mi Az Nk
Input waket or kit ecpresson (8.9, <=0.1) o range of conkent (8.9, 0.8-1.2)
Curant
[ Mac Moo+ T ooc- |

o | Cancel |

Puc. 3. Oxno popmupoBanusi Kpurepues 0T60opa JIJist BbI60pa 3JeK-
TPOJIOB
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Koodprment TunuyHplii XUMIYeCKuit
Mapxka [lnamerp, Jnvna, Tok, Hanpsxenue, COCTaB HaIlJIaBJIEHHOTO
9JIEKTPO/IA MM MM A B Hf;"zf?;’ MeTaJllia,
%
OK 48.15 2,5 350 65...110 22 0,06 C; 0,50 Si;
3,25 450 100...140 23 10,7 0,90 Mn; 0,018 P;
4 450 140...200 24 10,5 0,015 S
5 450 190...280 25 10,7
6 450 220...360 26 12,2
OK 48.68 2,5 350 75...110 22 0,07 C; 0,50 Si;
3,25 450 105...150 22 9,3 1,10 Mn
4 450 150...200 22 9,5
5 450 180...260 22 11,2
BCD-65Y 0,12 C; 0,30 Si;
0,45 Mn; 0,018 P;
4,0 450 120...180 - 9,5 0,015 S
5,0 450 190...250 - 9,5

CosnanHas 6a3a JaHHBIX JieTJla B OCHOBY pa3pabo-
tarHoit B 19C um. E.O.Ilatora nndopmarmonHo-cipa-
BOYHOI1 CUCTEMBI TIO COBPEMEHHBIM 3JIEKTPO/IaM, OCHOB-
HBIM Ha3HAYeHWeM KOTOPOH SBJISIETCS BBIOOD Xapak-
TEPUCTHUK 3JIEKTPOJIOB [T TOCJEYIONIETO TIPIMEHEHIS
B MAaTeMaTHYeCKOM MOJIEJIPOBAHNN (PUSMUYECKUX IIPO-
1ieccoB mpu cBapke. CrcreMa TIpeJHa3HaueHa /1 pabo-
Tl B cpeie CYB /[ MS Access 2000.

PaGouee oxno mH(MOPMAIMOHHO-CIIPABOYHON CHC-
TeMbl TIpe/icTaBieHo Ha puc. 1. WudopmaimonHo-
CIIPABOYHAS CHCTEMA [0 KAXKIOMY IJIEKTPOIY Ipelo-
CTaBJIsIeT KPATKYIO AaHHOTAIINIO, CO/EPsKAITyIo HHGOP-
MAaII0 110 OCHOBHOMY HAa3HAYEHWIO 3JIEKTPOJA, 3Ha-
JeHUsT KO3(D(UIMEHTOB HAIJIaBKU 3JEKTPoJa B 3a-
BUCUMOCTH OT €T0 TeOMETPUYECKUX pasMepos (auamer-
pa ¥ JUIMHBI), CUJIbI TOKA U HANPSKEHUS TIPH CBapKe,
TUTTMYHBIA XUMUYECKHI COCTAB HATIJIABJECHHOTO MeTaJl-
Jia, THIT TOKa Mpu cBapke. Kpome Toro, 1o KaxK/0My
3JIEKTPOJY CHCTEMOH TTPe[OCTABIISIeTCST OJTHAST HJIEKT-
POHHAsI BEpCUsl CTPAHWIBI CHPABOYHUKA (DUPMBI-
npousBOANTEN saekTposa (puc. 2).

[Touck u oT60p TOKYMEHTOB, OTHOCSIINXCS K KOH-
KPETHOIl MapKe 3JIeKTPOoAa, B MH(MOPMAIOHHO-CIIPA-
BOYHOII CHCTEME OCYIIECTBJISIETCS HECKOJbKUMU CIIO-
cobamu. HambGosiee TIPOCTBIM SBJISETCS TTOMCK 3JIEKT-
poja o ero Mapke. /[pyrum croco60oM siBJISIETCS TIOMCK
MyTeM OrpaHUYeHusi BbIOOPKU JJIEKTPOJOB B COOT-
BETCTBUU C 33JlaHHBIMU KpuTepusMu. B cucreme mpe-
JIyCMOTPEHDI CJIeTyIONIIe KPUTEPUU 0TOOpA: TI0 Ha3Ha-
YEHWIO 3JIEKTPOJIOB, XMMUYECKOMY COCTaBY HaIlJIaB-
JIEHHOTO MeTaJlja, TUITy TOKa TP cBapke. Bua okHa
dopmupoBanus KpurtepueB oT6Opa TPUBEIEH Ha
puc. 3. CorJlacHO Ha3HAYEHUTO 3JIeKTPO/IBI JeISITCS Ha
JIBe TPYIIbL: 3JEKTPOIbI, TpeJHA3HAYEHHbBIE JIJIS
CBapKM KOHCTPYKIIMOHHBIX CTajiell, ¥ 3JEKTPO/IbI
CIIeIMATBHOTO Ha3HAveHWd. B cBoio ouepeab aJiek-
TPOABI JJIsI CBAPKU KOHCTPYKITMOHHBIX CTaJieil MOTYT
BXO/JUTDb B OJJHY WJIA HECKOJIBKO U3 CJEIYIOMUX TPYIIIT
KOHCTPYKIIMOHHBIX ~CTaJieil: yTJIepOJUCTble CTAJH,
HU3KOJIETHPOBAHHbIE CTAIU OOIIEr0 HA3HAYEHUS, BbI-
COKOIIPOYHble HHU3KOJErMPOBAHHbIE CTalId C Kap-
GOHUTPUHBIM YIIPOYHEHUEM, JKOHOMHOJIEIMPOBAH-
Hble 3aKAJEHHO-OTIYIEHHbIE CTAJU, TEPMOYIIPOYHSI-
eMble KOHCTPYKITMOHHBIE CTaJM, TEIJIOCTOWKUE XPO-
MOMOJINO/IEHOBBIE CTaJi, aTMOc(epoCcToiiKue HU3-

KOJIETUPOBAHHBIE CTaJM, XJAJO0CTOWKHE HU3KOJIe-
THPOBaHHBIE CTAJH, XJTATOCTOWKNE HUKEJEBbIE CTAJH,
MapTeHCHTHbIE HepskaBelomme (GKapoCcTOKhe) CTaJm,
HepyKaBelole cTaan (eppuTHOTO KJjacca, HepsKase-
fore  (GKapOCTOiiKKMe) CTaj ayCTEHUTHOrO KJIacca.
[Tpu dopmMupoBanum BEIGOPKU 3TEKTPOJOB KPUTEPHH
or6opa HAKJIAJbIBAIOTCI Ha JOKYMEHTbI WHQOP-
MAaIIMOHHO-CIIPABOYHON CUCTEMbBI HE3ABUCUMO OJIMH OT
JIPYyToTo.

[l71s1 noncka u oT60pa I0KyMEHTOB B CUCTEME TaK3Ke
peann3oBaH MeXaHU3M KOHTEKCTHOTO MOUCKA, KO-
TOPBII M03BOJISAET (DOPMUPOBATH KPUTEPUHT OTOOPA TIO
BCEMY TeJIy 3JEKTPOHHOTO JOKYMEHTA, COJEPKAIIeTO
uHdopMario 06 aJeKkTpojie. 3ajaHue yCJIOBUS KOH-
TEKCTHOTO TIOMCKA OcyIecTBJsgeTcs: B moJsie «Text se-
arch» BBOZOM CTPOKH TIOWMCKa ¥ 3aJaHUeM OHOTO U3
YCJIOBUT MHTEPIIPETAITMH TTPOOEJIOB B CTPOKE MOWMCKA
nepekmiodarensMu «And», «Or» um «Phrase» (cM.
puc. 1). Ipumep pa6oThl MHMOPMAIMOHHO-CIIPABOY-
HON CHCTEMbI WJLIIOCTPUPYET pellleHne KOHKPETHOI
3a/1a4M TIOMCKa 371eKTpooB. Heo6XoanMo HallTH aJiek-
TPOJBI JII PYYHON AYTOBOH CBapKM BBICOKOIPOYHOI
HU3KOJIETHPOBaHHOW cTasu. CBapKy BBINOJIHSIIOT ITOC-
TOSIHHBIM TOKOM TP 06PATHOI MoJIIpHOCTH. MeTas,
HATLTABIEHHBII 3JIEKTPO/IaMU, TOJDKEH COOTBETCTBO-
BaTh cJjefyionum  TpeboBanusiM, %: 0,10 C;
0,80...1,20 Mn; 0,30...0,50 Si. Orpanuvenuie BbI-
OGOPKH 3JIEKTPO/IOB JIOCTUTAETCS TOCJIE0BATETbHBIM
3aJlaHeM HeoOXOIUMBIX KpuTepueB or6opa. Pesy.ib-
TATBHI TOCJIE0BATETHHOTO HATOKEHNS KPUTEPHUEB 0TOO-
pa mpencrasieHbl Ha puc. 4. IlocaemoBarenpbHoe Ha-
JIO’KeHUE KPUTEPUEB 0TOOPA MTO3BOJINIIO TIOJYUUTH BbI-
60pky u3 Tpex anekrponos: OK 48.15 (ESAB), OK
48.68 (ESAB) u BCD-65Y («Crnendaexrpon»). Xa-
PaKTEPUCTUKN BBIOPAHHBIX 3JIEKTPOAOB, KOTOPbBIE
MOTYT OBITb FWCIOJb30BAHBI TNPH MaTeMaTHUECKOM
MOJIEJINPOBAHNY, MIPUBEJEHBI B TAOIUIIE.

Takum o6pasoM, cozepskamasicss B pa3dpabOTaHHON
nH(POPMAIIMOHHO-CITPABOYHON cucTeMe WHQopMarms
[0 CBAPOYHO-TEXHOJOTUYECKUM  XaPaKTEPUCTUKAM
COBPEMEHHBIX 3JIEKTPO/IOB MOKET GBbITh MCII0JIb30BAHA
[pU pelleHud MeTOJaMU MaTeMaTHYeCKOro Mojie-
JINPOBAHMS IIPAKTUIECKUX U HAYIHBIX 33/1a4 B 06J1aCTH
cBapku. IIpexacraBisieTcst 1eecO00PA3HBIM JaTbHEN-
ee pa3BuTre MHHOOPMAITMOHHO-CITPABOYHON CHCTEMBbI
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I Srsiniecs (heat-resitant) stesks of i

Carrend.
[r-: oo oo

- Typical vl met sl composkion, %
[ M ! E 5
8 =] in
5 v £ Ta
P - Fa T
=4 | A H
| Ay Mb
npaut wih oo bkt eopresion (2., <=0.1] o varge of condent {e.g. 0.8-1.7)

Puc. 4. Pa6ouee oxHO uUH(POPMAIMIOHHO-CIPABOYHOI
CHCTEMBI TIPH TIOCJI[0BATEIbHOM HAJIOKEHNH KPUTEPUEB
or6opa: ¢ — BbIOOPKA Ha OCHOBE 33/[aHHON IPYIIIbI KOH-
CTPYKIMOHHBIX cTasell (BbiHeceHo); 6 — BbIGOPKA Ha
OCHOBE IOJISIPHOCTH TOKA; ¢ — BBIGOPKA HA OCHOBE yKa-
3aHHBIX OIPAHUYEHHI XUMHYECKOTO COCTaBa HAIlJIaBJIEH-
HOTO MarepuaJja
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IIyTEM €€ HallOJIHEHNA I/IH(i)OpMaHI/IeI;JI 110 CBapOYHbIM
MaTrepuaJiaM, IIPpUMEHAEMbIM [IJA TaKUX crroco6oB
CBAapKM KaK CBapKa I10/{ q)HIOCOM, CBapKa HOpO]_HKOBOIL/,I
HpOBO]IOKOfI, MEXaHU3NPOBaHHadA CBapKa B 3alllUTHbIX
rasax.
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HHDOPMAILHOHHBE CHCTEMbBI

BAHK JTAHHBIX <MEXAHUYECKUE CBOICTBA
CBAPHBIX COEJIUHEHUI».
NMHOOPMAIINMOHHO-IIONCKROBAA CUCTEMA

A. B. MYCHUAYEHKO, B. M. IIEKEPA
(-1 snekrpocsapku uM. E. O. Ilatona HAH Ykpaunsi, r. Kues)

peacrasieno obuee onucanue 6anka Janubix « Mexanudeckue coiictBa cBapubix coeaunenuii> (MCCC), ero crpykTypa,
o6beM, HasHaueHne. [lanpHelHMM pasBuTMeM GaHKa MaHHBIX cTasta nHMOpMarmoHHO-TonckoBas cuctema (MIIC) s
pa6otsl B cpeie CYB /] MS Access. Onucana pa6ora ¢ nHdopMalneil B TpeX OCHOBHBIX pasziesiax cucrembl. Cozepskamascs
B MIIC undopmarmst MoxeT GbITh HCIIOIb30BaHA IPU IIPOBE/IEHUH IPOYHOCTHBIX PACYETOB M ONTUMU3AINH IPUHIMAEMbIX
KOHCTPYKTHBHBIX M TEXHOJOTHMYECKMX PeIIeHUH ITIPH IPOEKTHPOBAHUM CBAPHBIX KOHCTPYKIMI M IJIAHWPOBAHMU K-

CIIEpUMEHTA.

General description of the databank «Mechanical Properties of Welded Joints» (MPWJ]), its structure, scope and
application is given. The databank was further developed into the information-retrieval system (IRS) intended for
operation in the SUBD MS Access environment. Operation with the information in three main sections of the system
is described. The information contained in IRS can be used for strength analysis and optimisation of the design and
technology solutions made in design of welded structures and experiments.

OnHUM W3 HalpaBJCHWN PA3BUTHUS TEXHOJIOTHIA
nHMOPMAIIMOHHOTO 06ecIieueHust B CBapKe 1 POJICTBEH-
HBIX TIPOTIECCAX SBJSCTCS CO3/[aHue MH(OPMAITMOHHBIX
6aHKOB MaHHbIX. Kak IpaBusio, HakamiuBaeMas B
TakuxX GaHKaX [JaHHbIX HMHQOpPMALUS MOXET ObITh
UCTOJIb30BaHA KaK B HAYYHO-HCCJIEI0BATENbCKOM
mpoiiecce, Tak W TPH pa3paboOTKe HOBBIX TEXHO-
Jjiornyeckux pereHuii. Yike 6ogiee 20 jer 8 1IOC um.
E. O. Ilarona Bemytcst paGoTbl TIO Pa3BUTUIO GaHKA
MaHHBIX <«MexaHnvyeckre CBOWCTBA CBapHBIX Coe-
nuHenuii> . Ha ceromust on conepskutr 6osee 6500 mo-
KYMEHTOB C JJAaHHBIMU 00 3KCIIEPUMEHTAJbHBIX TIPOY-
HOCTHBIX XapaKTePUCTUKAX U MTPOYHOCTHBIX CBOHCTBAX
CBApHOTO COEJMHEHMS] WJIM OT/eJbHBIX €ro 30H B
3aBUCUMOCTH OT BHUJA UCHBITAaHUH, 0O6pabOTKN
MaTepuaJioB, MapKU OCHOBHOTO W IPUCAIOYHOTO Ma-
TEPUATOB, XWMHUYECKOTO COCTaBa OCHOBHOTO Ma-
Tepuasia ¥ MeTajljia 1Ba, reoMeTpun o6pasiia, Xapak-
Tepa Harpy>keHusl, YCJOBUHN MPOBEIEHNS MCIBITAHUM,
TEXHOJOTUM  CBApKW, WCXOJHBIX MeXaHWYeCKUX
cBoiicTB MaTeprasa (1peesibl IPOYHOCTH U TEKYYECTH,
OTHOCHUTEJIbHBIE yIJUHEHWE W YKOpOUYeHWe, yaapHas
BABKOCTD 1 JP.). JIOKYMEHTbI, KOTOPbIE COJEPKATCS B
6aHKe MaHHBIX PACIOJAraloT yHOMSHYTOH uH)Op-
Maleil B TaOJMYHOM WJIM TEKCTOBOM Buje u OGa-
3UPYIOTCS Ha JIAHHBIX, OIYyOJUKOBAHHBIX B TEX-
HUYECKUX HU3JaHUSAX B 00JIACTH CBAapOYHBIX TEXHO-
jgornii Beaymwux Muposbix ctpaH m CHI perpoc-
mektuBoi ¢ 1970 .

[TyTeM mMOCTOSHHON aKTyaJu3allii, CO3/JaHUs JO-
KaJbHBIX 6a3 TaHHBIX [1] 1 Apyrux MeponpusTHii GaHK
JIAHHBIX TTO/IIEPKUBAETCSI B pa00YeM COCTOSTHUN U BbI-
3bIBaeT MHTEPEC CO CTOPOHBI HAYYHBIX U WH)KEHEPHO-
TeXHUYECKUX paboTHUKOB. IIporpecc wuHpopma-

© A. B. MYCUAYEHKO, B. M. HIEKEPA, 2002

IIMOHHBIX TEXHOJOTUH ¥ CPEICTB BBIYUCJIUTEIBLHOI
TEXHUKH OGYCJIOBINBAIOT HEM36EKHOe IIPUMEHEHNUe
HOBBIX PEMNIeHU K CyNEeCTBYIONNM NH(MOPMAIIMOHHBIM
6azam [2]. /lanpHeiimuM pa3BuTreM OaHKa JTaHHBIX
cTana paszpab6orka MHOOPMAIMOHHO-IOUCKOBOI CHC-
TeMbl <«MeXaHWyecKre CBONCTBA CBAapHBIX COE/HU-
uennii> (MIIC MCCC). OcuoBy uHbOPMAIMOHHOTO
nanosnnenusg WIIC MCCC cocTtaBiasioT AOKYMEHTbI
6anka gaHHbIX. CucreMa npegHasHavYeHa [/ paGoThI
B cpeie CYBJI MS Access 97, nosBoJisier paboTaTh B
MHOTOTIOJTb30BATEJNbCKON  cpefle  TO  TEXHOJOTUH
KJUEHT-cepBep, T/e B KavecTBe OOIIETO pecypca
ucnoJb3yercs Gaita 6a3bl JaHHBIX TpuIoKeHus. [Ipu
paszpaboTke HH(OPMAIMOHHON CUCTEMBI HUCIIOJIb30-
BAaJMCh OCHOBHBIE TPHUHIUIIBI TEOPUH TPOEKTUPO-
BaHUs, CO3/IaHUS U YIPABJIEHUS DPEJAIUOHHbIMU 6a-
3aMu JaHHbIX [3, 4].

NIIC MCCC cocrout u3 4eTbIpex pas/iesioB, KO-
TOpbIE COOTBETCTBYIOT OCHOBHBIM BHUJIaM MeXaHU-
YeCKMX WCIBbITAHWI CBAapHBIX COEAMHEHHI: <«YcTa-
JIOCTb» — COZIEPYKATCS IAHHbBIE [0 PE3YJIbTaTaM UCIIbI-
TaHWI HA MHOTOITUKJIOBYIO YCTAJIOCTh U TPEIMIMHOCTON-
KOCTb C TIapaMeTpaMy UKJINYECKOil BI3KOCTU Pa3py-
neHnst; «MaJoIuKIoBast yCTaJoCTh» — TIPEJCTaBJIe-
HBbI 3HAYEHUST aMILTUTY/IbI IIJIACTHYECKON gedopMalum
WJIN MaKCHMAaJIbHOTO HOPMAJbHOTO HAIPSDKEHUS MpH
3a/IaHHON AaCUMMETPUU IMKJA B 3aBUCUMOCTH OT
KOJIMYECTBA IUKJIOB 10 UHUITUTPOBAHUS TPEIIUHDI NN
JI0 pa3pyuieHus TPy JaHHOW TeMIepaType; «XpymnKoe
paspyileHre» — COAEPKUT HHGOPMAIMIO O KpHU-
TUYECKUX 3HAYEHUSX XapaKTEPUCTHUK BSI3KOCTH Pa3py-
menus K., Ky, Kg wnu 8., J1. B 3aBUCUMOCTH OT TEM-
nepaTypbl UCTIBITAHNH; «7Kaponpoynoctb» — mpesc-
TaBJEHbl BEJIWYWHLI HANPSDKEHWH OT HArpy3Kd WU
KPUTHYECKOE KOJUYECTBO YacOB [0 Pa3pyIlIeHUS B
3aBICUMOCTHU OT TEMIIEPATYPBI UCIIBITAHUS.
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Puc. 1. Paznen «Pa6ota ¢ gokymenramu»

K ocuoBubM (ynkimsm UIIC MCCC otHocsaTcst
HAKOILJIEHNe, XpaHeHWe W MHOTOACIEKTHBIN MOUCK
nHMOpMaIIK, MOJTyIaeMoil TP MEXaHMYECKUX UCTIBI-
tanugx ceapuoro coepunenus. ITIC MCCC Bkiouaer
TPU OCHOBHBIX pasjesa st paboTsl ¢ uHdopmaimeii:
«Pabota ¢ nokymentamn», «Pa6ora ¢ Beibopkamu J10-
KyMEHTOB», «PaboTa ¢ JOKyMeHTaMu, OTOOPAHHBIMU
0 KPUTEPUSIM 0TOOPa».
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[TepBoiii pasmen mo3BossieT paboTaTh cO Beeil co-
BOKYIIHOCTBIO JIOKYMEHTOB 06a3bl JaHHbIX WHGOP-
MalMOHHO-TIONCKOBOM crcTeMbl. OTKpBIBAOIeecs Mpu
BXO/le B Pas/iel OKHO JOKYMEHTa IIPeJCTABJIEHO Ha
puc. 1. Ono cocrout u3 aByX obaacteii — obJjactu
3aro0JI0OBKA OKHA M 06JIACTU JAHHBIX JOKyMeHTa. 3aro-
JIOBOK COJIEPKUT YIPABJSIONINE 3JIEMEHTBI — CTPOKY
3ar0JIOBKOB MEHIO, YIPABJISIONINE KHOIIKU M PACKPBI-
BAIONUIICST CHUCOK, IpeJiHa3HAUYEeHHbIe [/ YIIpaB-
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Puc. 2. OkHo «@opMupoBanie Kputepust 0T60pa JOKYMEHTOB>
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Puc. 3. Tpaduueckoe npejcraBieHue IPOYHOCTHBIX XapaKTepUCTHK cBapHoro coequnenus: a — ycrasocrb (@, A, [l — nakonnennas
nedopmarust cootBerctBento 1, 5, 10 %); 6 — MamonumkaoBas ycranocts (@ — COeIMHEHNs C MIABHBIM MepexoaoM, A — 6e3 IIaBHOTO
nepexojia); 6 — XpylKoe paspyuienue; 2 — xaporpounocts (@ — comepskanue Bogopoaa B Merasie msa 0,006 %; A — 0,1 %, Bpems

nasopopoxkusanus 4 mud; [l — 0,1 % n 15 vun)

JieHWsT pab0TOl CaMOTO OKHA U YITPABJIEHUS CEPBUCAMMT
paboThl ¢ MOoKyMeHTamMu. B o6jactu maHHBIX OKHA
mpescTaBaeHa Bes MHGOPMAIUS M0 OTAETbHOMY JTOKY-
MeHTY MH(OPMAIIUMOHHON CUCTEMBI.

[Ipu paGote B paznene «Pabora ¢ mOKyMeHTaMu»
JIOCTYITHBI CJIeAYIOIIe OCHOBHbBIE CEPBUCHI: MMOUCK [10-
KyMeHTa 110 J11060My 1moJiio Tpyibl « OCHOBHbBIE [aH-
Hble» uan Tpynnbl «[lapameTpbr momckay; QuUibT-
paius JOKyMEHTOB M0 JII060MY TI0JTI0 rpyTiibl « OCHOB-
HbIE JTaHHbIE» WU TPYIIbI «[lapaMeTpsl monckas ; moc-
TpoeHne CI0KHOTO (10 HECKOJIBKUM T10J1sIM) (huIbTpa
HeIoCcpe/ICTBEHHO B OKHE JIOKYMEHTa C MOCJeyIomei
¢unbTpanyeil Bceil COBOKYIHOCTH JOKYMEHTOB 6a3bl
JAHHBIX TI0 110J1siM rpy1inn « OcHOBHbIE gantbies u «Ila-
paMeTphbl TIONCKay ; J06ABJIEHE U y1aJeHe aKTHBHOTO
JIOKYMEHTA B U 3 BBIGOPKU JJOKYMEHTOB; IPSIMOU TIepe-
X0/ K JII0O0MY JOKYMEHTY 0a3bl JAHHBIX 10 eT0 TOPsI/I-
KOBOMY HOMepY B 6a3e JAHHBIX; TIPOCMOTD JOKYMeHTa
B BHUJIE OTYETA M BbIBOJ OTYeTa Ha 1mevath. OCHOBHBIMU
peskuMaMu paboThl € TOKYMEHTAMHU SIBJISTIOTCS TIPOC-
MOTp [AQHHBIX W PEJAKTUPOBAHUE [AHHBIX, KOTOPOE
Mpe/IIoJIaraeT BBO/ U U3MEHEeHUe JaHHbBIX JOKYMEHTA,
yAaJeHne JOKYMeHTa, ero IyOanpoBaHue.

Bropoit paznesn nHpOpPMAITMOHHO-TTIONCKOBOH CHC-
TEMbI TIpelHA3HAYEH JJisI PaGOThl € [JOKYMEHTAMH,
MIOMEIIEHHBIMI B BHIOGOPKH, & TAKIKE JJIsT YIIPABJICHUST
BbIGopkamu. Co3/iaHue MocJaeJHIX MOXKET UMeTh MECTO
IpU TIOMCKE JOKYMEHTOB B 06ase MaHHBIX U HeOO6-
XOJMIMOCTH COXPAHEHUs PE3YJIbTATOB IMOUCKA; TIPU He-
BO3MOKHOCTH TOYHOrO 3azanmst (uabtpa (B pe-
3yJIbTHPYIOIIEM HAGOpe MOSIBJISIOTCS «JIUITHUEY JJOKY-
MEHTBI), BBIGOPKA HMCHOJb3yeTcs s otéopa Heob-

XOJUMBIX [OKYMEHTOB; TIPU CJIOKHBIX COCTaBHbBIX
KpUTEPUSAX 0T6OPA; B psifie APYTUX cJaydaeB. B atom
pas[iesie JOCTYITHBI BCE CEPBUCHI M PEKUMBI TTPEIBIIY-
IIETO pa3jiesia 32 UCKJIIOUeHreM 1y6IMpOBAHUS U ya-
JIEHUST JIOKYMEHTOB PEKMMa PelaKTUPOBAHUS JIOKY-
MeHToB. [Ipu pa6ote ¢ mOKyMeHTaMHI UMEETCS] BO3MOK-
HOCTH J00ABJISITh W UCKJIIOYATH TEKYIIUE JOKYMEHThI 13
JIPYTHX BBIGOPOK, YAAJISATH CYIIECTBYIOIINE U CO3/IaBaTh
HOBbBIE BBIGOPKH, TI€YATATh BCIO BBIGOPKY, OT/IEJIbHBIE J10-
KYMEHTbI WJIM [UATa30H JOKYMEHTOB. KaXXIplii TOKY-
MEHT I1eYaTaeTcsl Ha OT/IEIbHOI CTPAHUIIE.

Paznen «Pabora ¢ mokymMeHTaMu, OTOOPAHHBIMU 110
KpUTepUsIM 0T60Opay MpeHA3HAYEH /IS CO3/IaHUS Ha-
6OPOB [IOKYMEHTOB IIyTeM (DUIBTPAIMY BCEX JOKYMEH-
TOB CHCTEMBI TIO CJIOXKHBIM COCTABHBIM KPUTEPHUSIM
or6opa. [l popmupoBanHus Kputeprues 0T6Opa MOTYT
MCTI0JIb30BAThCS BCe TOJIA TOKyMeHTa. [losb3oBareb
UMeeT BO3MOKHOCTb CO3/IaBAaThb U YAJSATh KPUTEPUU
ot60opa JOKYMEHTOB; COXPAHSTH CO3/JaHHbIE KPUTEPUHT
or6opa B mpuyoxkenun 6aspl ganubix UIIC MCCC;
paboTtaThb ¢ HAGOPOM [OKYMEHTOB, OTOOPAHHBIM IO
KpUTEepUIO O0T60PA; BBIBOJUTH HA MeYaTb JOKYMEHTDI,
oTo6paHHbie 110 KpuTepuio otbopa. Kpurepuun or6opa
cosnaiorcs B okHe «DopMupoBanue Kpurepus oT60pa
nokymentos» (puc. 2). B Tperbem pasmesie, Kak u BO
BTOPOM, JIOCTYITHBI BCE CEPBUCBHI M PEKUMbBI pasiesia
«Pabora ¢ ngokymeHtamu» 3a HMCKJIIOYEHHEM JIy6Ju-
POBaHUS W YJaJeHUS JOKYMEHTOB peXuMa pe-
JAKTUPOBAHU, TaKKe JOCTYITHA TeYaTh JOKYMEHTOB.
[Ipu pa6ote ¢ HaGopaMu JOKYMEHTOB, OTOOPAHHBIMU
[0 KPHUTEPUIO, UMEETCS BO3MOXKHOCTb M06ABJATH U
UCKJIIOYATh JOKYMEHTBI U3 BBIOOPOK, CYNIECTBYIOIINX
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B 6a3e JIAHHBIX, a TaKXKe yIaJATh CYIIECTBYIONINE BbI-
6OPKM U CO3/1aBaTh HOBBIE.

B nacrosiiee BpeMs co3ziaeTcs mporpamMMHoe o6ec-
nedyeHue A TpaduyecKoro MpeCTaBJIeHUS 9KC-
IeEpUMEHTaJIbHBIX ITIPOYHOCTHBIX XaPAaKTEPUCTUK CBAP-
HOI'o coenHeHnda 1 OCHOBHOI'O MaTepuaJia 1o JaHHbIM,
cojiepsRamuMcs B 6ase JaHHBIX WH(OOPMAIMOHHOM
cucremnl (puc. 3).

NTIC MCCC mo3BoJisieT UCTOJIb30BaTh COepKa-
nyiocss B 6aHKe JAaHHBIX MHQOPMANUIO IS TIPOBe-
JEHUA ITPOYHOCTHBIX PACUETOB M ONTUMUIAIIUU TIPU-
HUMAaeMbIX KOHCTPYKTHUBHBIX M TEXHOJOTUYECKHUX pe-

HIeHU NIPU POEKTUPOBAHUM CBAPHBIX KOHCTPYKIUI
U TJTAHUPOBAHWH JKCIIEPUMEHTA.
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