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OBILIAA XAPAKTEPUCTHUKA PABOTHBI

AKTyaJbHOCTH NpodJsembl. Pa3pyiieHue TpyOONpoBOJOB MPOUCXOIUT, Kak
IIPaBUJIO, B OKPECTHOCTHM CBapHOIO CTBIKOBOI'O COEIMHEHMs. B cBsi3u ¢ 3THM
OCHOBHOM  MpoOJeMOi HpH  OLEHKE TPEIIMHOCTOMKOCTM M  KUBYYECTH
TpyOOIIPOBOJIOB  SIBJISIETCSI BBIYMCIEHUE OCTATOYHBIX CBApOYHBIX HAaNpsKEHUI.
[IpakTyeckn Bce TEXHOJOTMYECKHE IPOLECCHI, CBSI3aHHBIE C TEPMOHATPYKEHHUEM
(TepmMo00OpaboOTKa, CBapKa, HAIUIaBKa W T.[I.), IPUBOJAT K HEPAaBHOMEPHOCTU U
HECTAllMOHAPHOCTU  TEMIIEPATypHOrO MOJiI B  JE€Tald, 4YTO MPUBOJUT K
BO3HMKHOBEHHUIO HEYNpyrux JaedopManuii B H3ACIUU, U KaK CIEACTBHE,
BO3HMKHOBEHHUIO OCTAaTOYHBIX HampsbkeHuid. [lpuuem mnpouecc ¢opmupoBaHus
OCTATOYHBIX TEXHOJOTMYECKUX HAIPSIKEHUI CHJIBHO OCJIOXHSETCA IMPOTEKaHUEM
($a30BbIX U CTPYKTYPHBIX MPEBpPAIEHUA NpPH OCThIBAHMM Marepuana. BaxHocTb
y4eTa OCTAaTOYHBIX TEXHOJIOTMYECKUX HANPSYKEHUU MPHU OLICHKE TPEIIUMHOCTOMKOCTH
U OKMBYYECTH  JETallel, TOJBEPKEHHBIX B  IPOLECCE  U3TOTOBIICHHUS
TEPMOHATpyKEHUIO, MOAYEPKUBAET TOT (aKT, YTO MHOTOUMCICHHBIEC JTUTEPATypHBIC
VCTOYHHUKHU HOJATBEPKIAAOT BO3MOXHOCTb o0Opa3oBaHUs OCTaTOYHBIX
TEPMOHANPSKEHUH, CONOCTABUMBIX I10 BEJIMYMHE C MPEIEIIOM TEKYYECTH MaTepuana,
a Takke (PaKThl pa3pylIeHUs] KOHCTPYKLIMNA MO NPUYMHE HAJIWYHUS B HUX OCTATOYHBIX
TEXHOJIOTHYECKUX HAIIPSKEHUH.

Taxum oOpazom, pazpaboTka MaTeMaTHUYECKUX MOJIEJEH pacuera OCTaTOYHBIX
CBAPOUYHBIX HANpPsDKEHUM, a TaKXKe OLEHKH TPEIIMHOCTOMKOCTH U >KHUBYUYECTH
TpyOONPOBOJOB B 30HE CBAapHOIO CTHIKOBOTO COEIMHEHMS SIBJISIETCS aKTyalbHOU
3aavuen.

Crenenb pa3padOTAaHHOCTM TeMbl HCCJIeI0BaHMs. boJblioi BkIag B
pa3BUTHE TEOPUU CBAPKU U POJCTBEHHBIX MpoueccoB BHeC Hukomae [ A. B cBoux
HAay4YHbIX TPYJax OH NOJAPOOHO W3JOXKWJI MNPUPONY BO3HUKHOBEHHS OCTATOUHBIX
HanpsDKEHUH, pa3paboTai AOCTATOYHO MPOCTHIE, HO B TO K€ BpeMsi oOJafaroiiue
PUEMJIEMOM  TOYHOCTBIO  AHAJUTUYECKME  METOAbl  pacyera  OCTAaTOYHBIX
HaIpSDKEHUM. 3HAYMTENIbHBIA BKJIAJ B Pa3BUTUE TEOPUUM O IPOYHOCTH CBAPHBIX
KOHCTpYKIMK BHecin Takke BuHokypoB B.A. u Kypkun C.A. Ilo3zxe Bompocamu
YUCJIEHHOTO0 MOJIEJIMPOBAaHMs Tmpouecca cBapku 3aHumanuch Kypkun A.C. wu
Kucenes A.C.

Haubomnpmux ycnexoB B 0071acT BBIYKUCICHUSI OCTATOYHBIX HAMPSLKEHUN MpU
TepmoHarpyxkenun noounuchk 3apyoun B.C., Kyseipkun ['.H., Jlomkaper A.C.,
Cawmoitnosuu 0. A., [TokpoBckuii A.M.

HaydHble OCHOBBI MEXaHWKHU pa3pylIeHUs U3J0KeHbl B padotax ['puddurca
A., larneitna /1., Yepenanona I'.I1., ITanactoka B.B., Mopo3osa E.M., ITapTona B.3.,
MaxyroBa H.A., MarBuenko FO.I"., Irwin J., Westergaard H.M., Rise J.R. u npyrux.
Borpochkl pacueTHON OIEHKHU TPEUIMHOCTOMKOCTU U >KMBYYECTH CBAPHBIX CTAJIbHBIX
U3JIEUNA, B TOM YHUCIIe TPYOOIIPOBOJOB, B HACTOAIIEE BPEMS HE O KOHIA U3yUECHBI.
[Ipu 3TOM BaXKHBIM BOIPOCOM OCTaETCS HEOOXOIMMOCTh y4yeTa B TaKUX OILIEHKax
OCTaTOYHBIX CBAapOYHBIX HANpsUKEHUU. B CcBOIO ouepenp, g JOCTOBEPHOIO
MOJICTIMPOBAHUS TpoIecca 00pa30BaHUSI TAKUX HAMpPSDKEHUH HEOOXOAMMO 3HATh
MEXaHUYECKUE XapaKTEPUCTUKH KOHKPETHOUN TpyOHOI CTaH.



B onmy0nukoBaHHBIX K HACTOSIIEMY BPEMEHHM HAy4HBIX TPyJax 3ajada pacuera
OCTAaTOYHBIX HAIPSDKEHUM, KakK IPAaBWIO, PEIIAETCS B YIPOIIEHHOM yIpyro-
IUTACTUYEKON MOCTaHOBKE, 0e3 ydera nedopmanuid monsydyectd. JlocTaTOYHO 4acTo
IIPU pacyeTe OCTAaTOYHBIX CBAPOYHBIX HAIPSIKEHUN MCIOJB3YIOTCS CTAHIApPTHBIC
KOHEYHO-2JIEMCHTHBIE KOMIUIEKCHI, Harpumep, Ansys, Nastran, Abaqus u apyrue, B
KOTOPBIX OCTATOYHBIE TEPMUYECKME HANPSDKEHUS BBIYMCIAIOTCA 0e3  ydera
CTPYKTYPHBIX IIPEBPALLECHUN.

Taxum oOpazom, pazpaboTka MaTEMaTHUECKUX MOJIEIEH pacuera OCTaTOYHBIX
CBApOYHBIX HANpPsHKEHUH, a TakKe OLIEHKAa TPEIMHOCTOMKOCTH W >KUBYYECTU
TpyOOIIPOBOJIOB B 30HE CTHIKOBOTO CBAPHOTO COCTUHEHUS MPEICTABISIOT HAYUHBIN U
MIPAKTUYECKUN HHTEPEC.

O0bekTOM HCC/Ie0BaHMSA  CIy)KaT  TpyOONpoBOAbI, a MpeaMeToM
HCCJIeIOBAHMS  SIBISIIOTCS ~ METOJBl  BBIYMCIEHHMS  OCTAaTOYHBIX  CBAapOYHBIX
HANpsOKEHUH M OLIEHKU TPELIMHOCTOMKOCTH M JKMBYYECTHU TPYOOIPOBOJOB B 30HE
CBAapHOI'0 CTBIKOBOI'O COEAVHEHMUS.

Heabro paboTsl sABIsIETCS pazpabOTKa METOAUKU aHAIN3a TPELIUHOCTOMKOCTH
U J)KMBYYECTH TPYOOIIPOBOJOB C YUETOM OCTATOYHBIX CBApPOYHBIX HaIpspKeHUU. J{is
JOCTUKEHUSI TIOCTABJICHHOM 11eJTM HEOOXO0AUMO PELIUTh CIAEAYIOUIUE 3aJaYUH:

1. [IpoBecT aHamu3 CYLIECTBYIOIIMX pAcCYETHBIX MOJENENM W IMOIAXOJOB,
UCIIOJIB3YEMBIX [UISl PEUICHUS 3aJadd OIPEACIICHHs CBAPOYHBIX HANPSDKEHUN U
OLICHKHU TPEIIMHOCTOMKOCTH U KUBYUYECTH TPYOOIIPOBOJIOB;

2. Ha ocHoBe BBIOpaHHBIX MAaTeMaTHYECKUX MOJIENed pa3padoTarh alrOPUTMBbI
OnpeaeIeHUs OCTATOYHBIX HaNPsHKEHUM U JanbHEHIIEero aHaim3a
TPEIIMHOCTOMKOCTH M KMBYy4ecTH. Peann3oBaTh alropuT™bel B (opMe KOMILIEKCa
MPUKIAAHBIX TIPOTPAMM.

3. [IpoBecTH 3KCIIEPUMEHTANTBHOE OMPENEICHUE XapaAKTEPUCTUK TUIACTUYHOCTH U
MOJI3y4eCTH TPYOHOM CTalld, MCMIOJb3yEeMOM IPU CTPOUTEILCTBE COBPEMEHHBIX
TpyOOTIIPOBOIOB.

4. PeanuzoBath TecTHpoBaHME pa3pabOTaHHBIX MOPOrpaMM U MPOBEPKY
JNOCTOBEPHOCTH  pPE3yJbTaTOB HAa OCHOBAHUM CPAaBHEHUS C AHAIATHYECKUMHU
PELICHUSAMU U SKCIIEPUMEHTAIBHBIMUA JAHHBIMHU.

5.  IlpumeHuts pa3paOOTaHHYIO METOAWKY Ul pEIICHHUs NMPAKTUYECKOW 3ajauu
N0 OLEHKE TPEUIMHOCTOMKOCTH W JKUBYYECTH PEAJIbHOIO0 MAarucTpajbHOrOo
TpyOOnpoBOA.

Hayuynast HOBH3HA paOOThI 3aKJIFOYAETCS B CIIETYIOIIEM:
1.  IIpoBeneHO YHMCIEHHOE BBIYHMCICHHE TIOJIEM OCTAaTOYHBIX CBapOYHBIX

HampspKeHUH B TpyOONpoOBOJE TPU HCHOJIB30BAHMM MOJIENU  yNPYTrO-BS3KO-
IJIJACTUYECKOU CPEbl C HECTALMOHAPHOU CTPYKTYPOM.

2. [IpoBeIeHO PKCIIEPUMEHTAIBHOE UCCIEA0BAHNE XAPAKTEPUCTUK TIIIACTUYHOCTH
U ToJi3ydyecTd TpyOHOW crtanmu kiacca npouyHoctd K60, u momydeHsl ypaBHEHUs
COCTOSIHUS IIPY IIJJTACTUYHOCTH U ITOJI3Y4ECTH.

3. Pa3paboTan OCHOBaHHBIN Ha METOJ/I€ CEUYEHUM YMCIEHHBIA METOJ BHIUMCIICHUS
kodddummenta wHTeHCHMBHOCTH Hanpsokennit (KWMH) mna  momysmmmntuyaeckoin
MIPOJIOJIBHON TPEIIUHBI B HATPY>KCHHOW BHYTPECHHUM JIaBJICHUEM TPYOE;



4. Co3aH KOMILJIEKC MTPOrpaMM M MOJENEN ISl pacdyeTa TPEIIMHOCTOMKOCTH H
YKUBYYECTH TPYyOOIPOBO/Ia B 30HE CTHIKOBOTO CBAPHOT'O COCIUHEHUS;

Ha 3ammTy BBIHOCATCH CIIEAYIONINE MOJO0KEHHUS TUCCEPTAIMOHHONU paOOTHI,
oOJnaaronre JIeMEeHTaMi HayYHOU HOBU3HBIL:

1. Maremaruyeckass MOZJENb pacyeTa OCTATOYHBIX CBAapOYHBIX HANPSIKECHUN B
30HE CTBIKOBOI'O CBAapHOIO COCIMHEHHs, OCHOBAHHAs Ha PEIICHUHA 3a1a4u
TEPMOYIIPYTOBI3KOIUIACTUYHOCTH ISl MaTepHrasa ¢ HECTallMOHAPHOU CTPYKTYPOMU;

2. Pe3ynbTaThl 3KCIEPUMEHTAIBHOTO UCCIIETOBAHNS B IIUPOKOM TEMIIEPATYPHOM
MHTEpBAJEC XapaKTEPUCTHK IUIACTUYHOCTH M TMOJI3yYECTH TPYOHOW CTalM Kiacca
npoyHoctd K60 B BHAE KPUBBIX pACTSHKEHHS M IOJ3YyYECTH B PA3IHYHBIX
CTPYKTYPHBIX COCTOSIHUSIX M YPAaBHEHUW COCTOSHMS IIPU IUIACTUYHOCTA H
MOJI3YYECTH JJIsI MaTepUaia ¢ HECTAMOHAPHON CTPYKTYpPOU;

3. OcHOBaHHBI Ha METOJI€ CeYeHHMU 4YMciIeHHBIM MeTox BbrauciacHus KMH mo
(GPOHTY TONIYIILTUNITUYECKON MPOJIOJIBHON TPEHIMHBI B HArpy>KEHHOM BHYTPEHHUM
JaBJICHHEM TPyOe;

4, Meronuka pacuera, peaiM30BaHHAs B BUJIE KOMILIEKCA MOJEIIEN U MPOrpaMm,
NO3BOJISAIOIIAS OLEHUBATh TPEIIMHOCTOMKOCTh M JKUBYYECTh TPYyOONpPOBOJIOB C
YYETOM OCTaTOYHBIX CBAapOYHBIX HANPSHKEHUM IIPU 3aBUCUMOCTH KPUTHYECKOIO
3nadeHunss KUH (Bs3kocTH pa3pylieHus) OT CTPYKTYPHOTO COCTaBa.

Teopernueckass 3HAYUMOCTb JUCCEPTALMOHHOM pabOTBl COCTOMT B
oOoramieHud TEOPEeTUYECKOM HaydyHOM ©0a3bl B 00JIaCTM pacueTa OCTaTOYHBIX
CBAPOYHBIX  HANPSDKEHWA M OLUEHKE  TPEHIMHOCTOMKOCTH W JKUBYYECTH
TpyOONPOBOJAHBIX CHUCTEM C YYETOM OJTHUX HampsbkeHuid. Pa3paboraHHblie B
OUCCEPTAllMM METOJWKM W aJITOPUTMbl BHEAPEHBI B NPOTrpaMMy JUCHUILIMHBI
«Teopust NpOYHOCTH U MEXaHUKaA pa3pylueHus» Kapeapsl «lIpukiagHas MexaHuKa»
MI'TY um. H.O. baymana.

IIpakTnyeckass 3HAYUMOCTb JUCCEPTALMOHHON pabOTHl 3aKIOYacTCs B
pa3paboTke MaTeMaTHYeCKMX MOJeNell M KOMIUIeKca MHporpamm Uis pacdera Ha
TPEIMIMHOCTONKOCTh M )KMBYUYECTh JTUHEHHON YacTh MarucCTpajibHOTO TPyOOmpoBoa.
[TpennoxeHHble METOJUKHU, AITOPUTMBI U IPOTPaMMHOE 00eCIIeYeHHE UCTIOb3YIOTCS
B KypCOBOM U JTUIIJIOMHOM NMPOEKTUpoBaHUU Ha kadenpe «lIpukiamHas MexaHUKa»
MI'TY um. H.D. baymana, a Takke peaJii30BaHbl MPU pacyeTax Ha KUBYUYECTb U
TPEIMHOCTONKOCTD JIEMEHTOB aBUAIIMOHHBIX KOHCTPYKIHA B AO «PCK «Mul'».

MeTtoabl HCCJIeI0OBaAHUS. Pemenune 0CECUMMETPUYHOMU 3aJa4uu
TEIJIONPOBOJAHOCTU [IJIsl CTHIKOBOM CBAapKU TpyO NPUBOAUTCS B HEITUHEHHOM
HECTALIMOHAPHOW TMOCTaHOBKE. I[Ipm pelmeHun HUCnonb3yeTcs METOJ KOHEUHBIX
pasHocted. MogenupoBanue mnepexoja KUAKOM (a3el B TBEPAYI IpH
KpUCTAJUIM3alMd B TIPOLECCE OCThIBAaHWSA CBAPHOIO IIBA OCYUIECTBICHO Ha
OCHOBAHUHU IPABWJIA OTPE3KOB C MCIIOJIB30BAHUEM JMAarpaMMbl COCTOSIHUS CILIABOB
Keneszo-yriepord. s mepexoza OT M30TEPMUUYECKOW KUHETHMKHU MPEBPAILECHUN K
HEU30TEPMUYECKOM HCIIOJIB30BAaHO MPABUIIO AJJUTHUBHOCTH, CIPABEIIMBOE IS
U30KMHETUYECKNX  peakiuil. MonenupoBanue  (GOPMHUPOBAHUS  OCTATOUYHBIX
CBAPOYHBIX  HANPSOKEHWW  OCYIIECTBIEHO  IIOCPEACTBOM  PELICHHMS  3aJa4u
TEPMOYIPYTOBA3KOIUIACTUYHOCTH U1l MaTepuajga C HECTAMOHAPHOM CTPYKTYpOM.
VYkazanHas 3a/1a4a pelieHa METOJOM JOTMOJHUTEIBHBIX AehopMaluii Mpyu MOMOIIU
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OCHOBAHHOI'O HAa BapUallMOHHOM NpHHLMIE JlarpaHka MeToga KOHEYHBIX JIEMEHTOB.
B pacuere mnpuMeHEHBl TEOpPUM IUTACTUYHOCTH U TMOJ3Y4YECTH C H30TPOMHBIM
YIPOYHEHUEM JJI MaTepuasa ¢ HECTAIIMOHAPHOU CTPYKTYpPOH.

B ocHOBYy aHanmu3a TpEIIMHOCTOMKOCTH TpPyOONpPOBOAA TMOJOKEH CHIOBOMN
KpuTepuil paspyuieHus VpBuHa, corjacHOo KOTOpPOMY pacueTHOE 3HaueHHE
cymmapuoro KMH mno ¢ponTy KpaeBod MOJYJUIMNITHYECKOH TPEIIUHBI OT
OCTAaTOYHBIX CBAPOYHBIX M OJKCIUTyaTallUOHHBIX HAMNPSXKEHUW OT BHYTPEHHETO
NABJICHUSI CPAaBHUBAJIOCHh C BSA3KOCTBIO DPa3pyILIEHUs, 3aBHUCSIIEH OT CTPYKTYpHI
metaia. OLEHKAa XKUBYYECTH TpPyOOMpoOBOAa OCYIIECTBIICHA IIArOBBIM METOJOM
MOCPEJICTBOM TPOTHO3UPOBAHUS POCTa HAMOOJEe OMacHON KpaeBOW MPOOJIBHON
TpEeIMHbl B TIyOWHY M JUIMHY Ha OCHOBAaHWU NPHUHIMIA aBTOMOJENbHOCTU. [Ipu
3TOM JIJIsl BBIYMCIICHUS MPUPAIICHUs TTyOUHBI M JJIMHBI TPEUIMHBI Ha KaXJIOM IIare
ucrnoias3oBaHa Gopmyna [Irpuca, onuckiBaronas JTMHEUHBIM Y4aCTOK KHHETHYECKOMN
JUarpaMMbl YCTaJOCTHOIO paspyuieHus. CBUIAETENBCTBOM pa3pyLICHHs SBISIOCH
BBINIOJIHEHUE OJHOIO W3 YCIOBUH: OO0 Kpurtepuss HpBuna, 1100 AOCTHKEHUS
riTyOMHBI TPEIIMHBI pa3Mepa, paBHOTO TONIIUHE TPyOOpoBOIa.

CreneHp  [0CTOBEPHOCTHM  pe3yabTaToB  padorbl.  J[0CTOBEpHOCTH
pa3pabOTaHHBIX  AJTOPUTMOB  TOATBEPXKAAETCA  CTPOrod  (HopMyIHpPOBKOI
TEOPETHUYECKUX ITOJIOKEHUM, IOJOKEHHBIX B OCHOBY MAaTeMaTHYECKUX MOJEIEH.
Bepuduxkarus pa3paOoTaHHBIX METOAMK, aJTOPUTMOB W TPOTPAMMHBIX CPEJICTB
OCYUIECTBJIEHA MOCPEACTBOM PEUIEHUS MOJENBHBIX 3a/lad U CPAaBHEHHS PacUETHBIX
3HAUYEHUNA C CYHIECTBYIOUIMMHU 3KCHEPUMEHTAIBHBIMU JaHHBIMHU. J[OCTOBEPHOCTH
PE3yNbTATOB AKCIEPUMEHTA MOATBEPKIACTCS BBICOKOW TOYHOCTBHIO U3MEPUTEIHHOM
anmapaTrypbl, UCTIBITAHUEM HEOOXOJIMMOIr0 KOJIMYECTBAa 00pa3lioB U CTATUCTUYECKOM
00pabOTKOW JaHHBIX, CHUKAKOUIEH MOTPEIIHOCTh A0 JOCTOBEPHOTO YPOBHSI.

AnpobGanus. Pe3ynbTarhl AMCCEPTAMOHHON padOThl OKIAABIBAIMCH U
OOCYXKIaJIUCh Ha MEXIYHApOJHBIX M BCEPOCCCUHCKHUX HAayYHBIX KOH(EpEHLMSX:
Hayunbii cemuHnap HUU TPAHCHE®TH (Mocksa, 2017); 2-s1 Bcepoccuiickas
Hay4YHO-TEXHHMUYEeCKas KoOHpepeHuus «MexaHuka 1 MaTeMaTH4eCKoe MOJEIUPOBaHHE
B TexHuke» (MockBa, 2017 r1.); XXX MexayHapoaHas HWHHOBAIIMOHHAS
KOH(pEpEeHLIUs MOJOJBIX YYEHBIX W CTYJEHTOB MO MpoOJeMaM MalluHOBEICHUS
«MUKMVYC-2018» (Mocksa, 2018); Mexaynapoanas HaydHas KOH(MEpEHIUs
CTYJICHTOB, aCIIUPAHTOB U MOJIOJIBIX YueHbIX «JIoMoHOCOB-2019» (Mocksa, 2019); 111
MexayHaponHas KOH(pEpEHIUsT MOJOJbIX YYEHBIX IO COBPEMEHHBIM IMpobieMaM
MaTepuajioB u koHcTpykuui (Yian-Ympa, 2019); X Annual International Meeting of
the Georgian Mechanical Union (Georgia, Telavi, 2019); XI Annual International
Meeting of the Georgian Mechanical Union (Georgia, Batumi, 2020); V
MexayHapo/iHasi Hay4dHO-TEXHUYECKass KOH(pepeHIUs B AUCTAHIIMOHHOM (dopmare
Kupyuects U KOHCTpYKIIMOHHOe MarepuanoBeneHue «KuBKom-2020» (Mockaa,
2020); wayunble cemuHapbl Kadenpbl «lIpukiaamHas MexaHuKa» MOCKOBCKOTO
['ocynapcrBennoro Texuudeckoro YuuBepcurera um. H.O. baymana 2018-2021.

Myoaukanuu. I[To Teme nucceprauuu omyonukoBano 10 HayyHBIX paboT, B
TOM uncie 4 paboTsl B u3gaHusX, pekomenoBanHbix BAK PO, 1 paGota B uznanum,
pereH3upyeMomM SCOpuUs u 1 pabora B m3panuu, pernenzupyemom Web of Science.



CTpykrypa n 00beM auccepramuu. Jluccepranus COCTOUT W3 BBEICHUS,
YEeThIpEeX IJ1aB U O0mmMX BBIBOAOB. OOmmi o0beM coctouT w3 155 crpanui, 67
pucyHKoB U 8 Tabnuil. CUCOK HIUTUPYEMBIX HCTOYHUKOB COJIEPKUT 197 mo3uIui.

OCHOBHOE COIEP XAHUE PABOTbI

Bo BBegennmu o00603HaueHa 1edb padOThl, OOOCHOBaHA €€ AaKTYallbHOCTb,
MIPUBE/ICHBI HAy4YHasi HOBU3HA, a TAK)KE TEOPETUYECKAas! U MPAKTUYECKAsk 3HAYNMOCTD
MOJIYYEHHBIX PE3YJIbTATOB.

B nepBoii riiaBe npoBeaeH 0030p IUTEPATYPHBIX HCTOYHUKOB, TTOCBSIIICHHBIX
paccMaTpuBaeMoil 3ajmaye. B cuily KOMIIEKCHOTO XapakTepa HCCIeJOBaHUS ObLIO
BBIJICJICHO 4 OCHOBHBIX HAIIPABIICHMS: PEIICHUE 33Ja4d TEIUIONPOBOJHOCTH MPH
CBapKe U POJCTBEHHBIX IIpPOIECCaX; MaTeMaTUYeCKoe MOjenpoBaHue (Ha3oBo-
CTPYKTYPHBIX TMPEBPAIICHUN NPU OXJAKICHUUA pPACIUIABIICHHOM CTalld; pacyer
OCTaTOYHBIX HaNpsikeHUM; MeToAbl BbrunciieHuss KMH u oneHkr TpenmHoCTONKOCTH
Y )KUBYYECTU TEPMOHATIPYKEHHBIX JCTaJIECH.

3ajaya TEIJIONMPOBOAHOCTH TMPUMEHHUTENIBHO K CBapKe TPyOOIPOBOJIHBIX
CUCTEM MOXET pPEelaTbCsl KaK aHAIMTUYECKUMHU, TaK U YHUCICHHBIMU METOJAMHU.
OngHako B ciydae HEJNMHEHHOM HECTAlMOHAPHOW MOCTAHOBKH, HUCIIOJIB3YEMOW B
HACTOSIIEM UCCIICIOBAHUU, IPUMEHUMBIMUA OKa3bIBAKOTCS JIUIIb YACIECHHBIE METOBI.
HaubGonee pacnpocTpaHHEHHBIMU SIBJISIOTCS METOJT KOHEUHBIX pasHocteir (MKP) u
Meron  KoHewyHbix anemeHToB (MKD), mnpuuem MKP sBusercs Oonee
NPEANOUYTUTENBHBIM ISl T€JT MPOCTOM (opMbl. AHATU3 JIMTEPATYPHBIX UCTOYHUKOB
MoKas3aja, uYTO MNpH PEIICHUH HEOOXOJUMO VYYHUTHIBAaTh KAaK 3aBUCHUMOCTD
TEIUIO(U3NYECKUX XapPaKTEPUCTUK CTaJld OT TEMIIEpaTypbl U CTPYKTYphI, TaKk M
BBIJICJICHUE CKPBITOM TEIIOTHI B TIpoliecce (a30BbIX MEPEXOA0B MPU KPUCTATIIU3ALIU N
U B XOJE CTPYKTYpHBIX IMpeBpanieHuil. bonblmoil BkiIaag B pa3BUTHE 00acTU
YUCJIEHHOTO peuIeHus 3aJlay TeronpoBogHocTH BHecan 3apyoun B.C., Camapckuii
A.A., Bonkos E.A., Ko3no6a JI.A., IIBetkoB @.®D., I'puropses b.A., KyBoipkun I'.H.

MopaenupoBaHue pacraia nepeoxaaxICHHOIO ayCTEHUTa MOKHO ITPOBOJUTH C
npumeHenueM TtepMmokuHeTnueckux (TKJl) m m3orepmuueckux muarpamm (UT/).
[IpoBeneHHBI CPaBHUTEIBHBIM AHAIN3 CBUJAECTEIBCTBYET, YTO HAWJIYYIIETO
COOTBETCTBHSI C 3KCIIEPUMEHTOM MOXHO JOCTHYb IPU HCIOJb30BAHUU TEOPUU
M30KMHETHUYECKUX PEaKIMi, OCHOBAHHOW Ha MpaBwWie aJAUTUBHOCTU. OCHOBOM s
pacuera B 3toM ciydae ssisercs WMTJl. M3orepmuyeckuid pacnajx AOCTATOYHO
XOpOIIIO  ONHChIBaeTcsi ypaBHeHueM Koamoroposa-/[>koHcoHa-Meiia-ABpamu.
Bonpocamu  monenupoBanus  ($a30BO-CTPYKTYPHBIX — TIpEBpallleHud  Mpu
TepMooOpadoTke u cBapke 3aHuMmanuch JlomkapeB B.E, CamoitnoBuu HO.A.,
Hemzep I'.I'., Kypkun A.C., JlemkoBues B.I'., [TokpoBckuii A.M., Anamosa H.A. u
npyrue. PazpabGotanubiii moa pykoBojactBoM Kypkuna A.C. KOHEUHO-3JIE€MEHTHBIN
nporpamMmMmubiil  komiiekc «CBAPKA» M0O3BONIAET pacCcCUUThIBATH TEMIEPATYPHO-
CTPYKTYPHBIE IIOJIA IPU CBAPKE PA3IUYHBIX JIETAJICH.

OcratouyHble HaNpsHKEHUS MOXHO OMNPENEsTh KAaK pPAacUeTHbIMHU, TaK U
IKCIIEPUMEHTATbHBIMI  MeToslaMu. [lpudyem Ooree MepCreKTUBHBIMHU  SBISIOTCS
pacyeTHbIE METOJbl, TaK KaK B OTJIMYME OT OSKCIEPUMEHTAIBHBIX HE TPEOYIOT
HAJIMYMsI YHUKAJIBHOTO JOpOTOCTOsIIero ooopynoBanus. OCHOBHBIM HEJOCTATKOM
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OIMyOJIMKOBAaHHBIX B HACTOAINIEE BpeMs paboT SBISETCS pelieHue 3a7adyd B
YOPYTrOIJIACTUYECKONM  MMOCTAaHOBKE, 4YacTo 0e3 ydyera HECTAllMOHAPHOCTH
CTPYKTYpPHOT'O cocTaBa. boybIliol BKJIaJ B Pa3BUTHE TEOPUU CBAPKH U POJICTBEHHBIX
npoiieccoB BHec Huxonae I'.A. B cBoux HayudHBIX TpyZax OH MOJPOOHO H3JIOXKHII
OpPUPOAY BO3HUKHOBEHHMS OCTAaTOYHBIX HANPSHKEHUN, pa3paboTall JOCTaTOYHO
MPOCTHIE, HO B TO K€ BpeMs 00JiaJaroliie MpUeMIeMO TOYHOCThIO aHAIMTUYECKUE
METOAbl pacyeTa OCTATOYHBIX HaNpsDKEHUWA. Pa3BUTHEM METOOUK pPacyeTHOTO
ONPENEIICHUs] OCTAaTOYHBIX CBApOYHBIX HanpspDkeHWHd 3aHuManuch Hukomaes I.A.,
Bunokypos B.A., Kypkun C.A., Kypkun A.C., Kucenes A.C., ITokpoBckuii A.M.

[IpoBeneHHBIN AUTEPATYPHBIA 0030p METOAMK OIIEHKH TPEIIMHOCTOUKOCTH U
JKUBYYECTH TEPMOHArPy>KEHHBIX B IPOLECCE W3TOTOBJICHUS JETAJCHd MOKAa3bIBACT,
YTO IS aHaJIW3a TPEUIMHOCTOMKOCTH TPYOONPOBOAOB B 30HE CBAPHOI'O CTHIKOBOI'O
COEJIMHEHHUS 11eJ1ecO00pa3HO UCIOJIb30BaTh CUIIOBOM KpUTepuil pazpyuenus UpBuHa.
[Ipyuem B pacuere HEOOXOMMMO BBIUUCIATH cymMmapHbii KWH ot nelictBus
OCTaTOYHBIX CBApOYHBIX HANPSKEHUNM M HKCIUIYyaTallMOHHBIX HANPSHKEHUW OT
BHYTPEHHETO JaBiieHus. /{151 OlIEHKH JKUBYYECTH TPYyOOINPOBOIOB Hanboliee y100HO
npumeHsaTh  popmyny Ildpuca, npuueM aHaIOTMYHO, Kak B pacyerax Ha
TPEUIMHOCTOMKOCTh, HYXKHO IIOJCTaBIIITh B Hee cymMapHbli paszmax KHWH.
OCHOBHBIM HEIOCTATKOM OITyOJIMKOBAHHBIX B HACTOAIIEEe BpeMsl paldOT SIBIsETCA
npeHeOpeKeHue TMpPH  OLEHKE TPEIIMHOCTOMKOCTH M JKUBYYECTH JeTajeu
TEXHOJIOTUYECKUMH OCTAaTOYHBIMU HANPSIKECHUSIMH, KOTOPBIE KaK MOKAa3bIBAIOT
MCCIICIOBAHUS, MOTYT MPEBBINIATh AKCIUTyaTalMOHHBIE HampsbkeHus. Bompocamu
BbiunciieHus KMH, olieHKn TpEemMHOCTOMKOCTH U )KMBYYECTH JETAIEN 3aHUMAIUCH
Ipudpdurc A.A., Irwin J., Mypakamu A., MoposzoB E.M., Uepenanos I.II.,
MaxyroB H.A., Ilanacrox B.B., Hargein JI.C., Ilapron B.3., MarBuenko HO.I'.,
Kypkun A.C., [Tokposckuii A.M., 3axapos M.H.

Bropas rimaBa  mocCBSIEHA  SKCIEPUMEHTAIBHOMY  UCCIEIOBAHUIO
MEXaHUYECKUX XapakTepucTUK TpyOHou ctamu 10[2Db. Ucnbitanus npoBoAMIMCh
Ha oOopynoBaHuu Jiaboparopun kadenpsl «llpukimannas Mexanuka» MOCKOBCKOTO
roCcyJJapCTBEHHOTO  TE€XHUYECKOro yHuBepcurera wumeHu H.D.  baymana.
Hcnonp3oBanach HCHbITATENbHAS MAIlMHA JUISI PACTSHKEHUS OO0pa3llioB HEMEIKOU
dupmbr Zwick/Roell moxens Z050, umeromasi TOUHOCT 3aaaHust Harpy3ku 1 % wu
onpeseneHus auHenHou nedopmanuu 1 Mrm. [[ns mpoBeneHHs WCTBITaHUS ObLIa
M3rOTOBJICHA MAPTHUS CTAHAAPTHBIX 00Pa3IOB ¢ HIUIUHAPUUECKONU paboyell 4acThlo.

B cBsi3u ¢ TeM, uTo deppuTHas U NEpAUTHAS CTPYKTYPhl UMEIOT B OCHOBE O-
KeJe30, OHU ObLTM 00OBbEIMHEHbI B OJHY (PEPPUTO-TIEPIUTHYIO CTPYKTYpY cTaiu. B
Ipoliecce MCHBITAHUS Ha IUIACTUYHOCT U TOJIBYYECTh (PEpPUTO-NIEPIUTHOM
CTPYKTYpbl 00paslibl HarpeBajuch 1O TEMIEpaTypbl ayCTeHH3alluu, a 3aTeM
OXJIQXIAIUCh JI0 TeMIepaTypbl HUCHBITaHUS. [Ipy UCHBITAHUSIX HA TUIACTUYHOCTH
bepputo-niepauT mccnenoBancs npu temreparypax 20, 450, 600 u 750 °C, a
aycrenur — mpu Temreparypax 800, 900 m 1000 °C. Bo Bcex ombITax
UCIIOJIB30BAJIOCh MO TpU 00pas3na, pe3yJbTaTbl KOTOPBIX IOTOM YCPEIHSUIUCH.
JloBepuTenbHbIE HMHTEPBabl PACCUUTHIBAINCH COTJIACHO KpuTepuio CThIOJEHTA.
YpaBHEHUSI COCTOSIHHS NPU IUIACTUYHOCTU JUISl TETEPOTCHHOM CTPYKTYPBI B Cilydae
CJIOKHOTO HaNpPsHKEHHOTO COCTOSIHUSA 3alMCHIBAIOTCSA CIIEYIOIIUM 00pa3zomM

6



oi=E-¢ mpn £<&,=(0, "V, +0,4, Vyu 05 Vs) E,

¢-
my m‘b‘“ m6

& & &
i = %m’ & .Va + Gbe-H ) .ch-n + O-T6 ) 'V6 1pu & > €r (1)

Ta Th-11 10
ra€ oij — HWHTCHCHUBHOCTH HaprDKeHI/If/’I; E= q +0 / E — CHJIOBaia I[e(l)OpMaHI/IH;

p i

qp = J.dé‘ip — HapaMeTp YIIKBI/ICTa HpH IIJJaCTUYHOCTH, dgip — HWHTCHCHUBHOCTDb

IpUpAIICHU MTHOBEHHBIX IUIACTHYECKUX Aedopmaruii; £ — MOIynb YNpyrocTu;
Cra1Orp1Org B My, My Mg — 3aBUCAIIME OT TEMIEPATYPhI NPEJENbl TeKy4eCTH U

Ta !

MOKa3aTelld YIPOYHEHHs ISl ayCTeHUTa, peppura U OEHHUTAa COOTBETCTBEHHO, Vj,
Vg-n, Vo — ylleJIbHBIE T0JIM ayCTEHUTA, (EPPUTO-TIEPIINTA U OCHHUTA COOTBETCTBEHHO.
Jns nmpumepa Ha Puc. 1 npuBeneHbl KpHUBBIE pacTsDKEHUS (DEPPUTO-TIEPIIUTA C
yKa3aHUEM JOBEPUTEIbHBIX HHTEPBAJIOB.

g, MlNa
300 T=20°C '
600} = v
T =450 °C
400} : N
1 I ‘LT—eoooc '
200} - A
= me /_.—i A 34’
o === vy
. |  T=750°C |
1 2 3 4 G, o

Puc. 1. Kpussie pactsixenus GeppuTo-TepinTa: SKCIEPUMEHT (CILTOIIHbIE
JIMHUN), pacyeT (CHHUE MYHKTUPHBIC JTMHUH)

[Tomyuects ctamu 10I'2Db wu3yuamacek Ha TOM K€ O0OOpYIOBaHUU C
UCIIOJIb30BAHUEM TaKUX K€ IMJIMHIpPUYECKUX oOpasuoB. [[unama3oH Ttemmeparyp
ucneiTauuii pepputo-nepnura coctasisul or 500 mo 700 °C, aycrenura ot 800 1o
1000 °C ¢ marom 100 °C. KpuBble MOA3y4eCTH ONMCHIBATUCH B COOTBETCTBUU C
TEOPUEN TIOJI3YYECTH YIIPOUYHECHUS

V, a V -1 -1 IB -1
& =120 1(&2)PY, + 1,0 " 1 (XYY, )

THE  VysVarBis Von Vo Bpn  — 3ABHCAIIME OT TEMIEPATyphl OMIMPHYECKUE
K02 (PHUIMEHTHI, ONMUCHIBAIOIINE KPUBBIEC TIOJ3YYECTH ayCTEHUTA U (heppUTO-TIepanTa
COOTBETCTBEHHO. B kauecTBe wumocTpanuu Ha Puc. 2 mnpuBeneHbl KpHUBBIE
noyzydectu (eppuTo-mepinTa, noirydeHnsle npu temmeparype 500 °C. Ha pucynke
OTMEYEHBI JJOBEPUTEILHBIC HHTEPBAJIBI.



10 20 30 a0 "M
Puc. 2. Kpussie nonzyuectu dpepputo-niepiura rnpu T =500 °C : skcriepuMeHT
(crutoniHast IMHUS ), pacyeT (IyHKTUPHAs JIMHUS)

CraTtuctuueckas 06pa60TKa OIIBITHBIX JAaHHBIX IIPHBCJIA K CICAYIOIINM
BBIpAKCHHUAM JII  SMIIMPHYCCKHX KOB(I)(i)I/IIII/IGHTOB, BXOIIIUMX B YPABHCHUA
COCTOAHUMA ITPH INTACTUYIHOCTH U ITOJI3YUCCTHU

o, =279,9-0,251-t, m, =-0,048+1,5-10"t,
O, =608,1-0,757-1, m,, = 0,037-1,03-107t,
lgy, =—83,6+0,1564-t—0,76-10*t? , B, =-11,016+0,02634 -t —1,49-10°t?,
v, =59,05-0,1157-t+0,59-10%t?
97,., =172,242-0,679-t+0,596-10°t*, pB,,=1969-0,25-10"t,

Vpn =—103,7+0,387-1-0, 33-107%t2,

(3)

B Tperbeit riiaBe onvcaHa METOJMKA pacyeTa OCTaTOYHBIX HANpsKeHUU. (s
BBIYUCJICHU TEMIEPATypHOrO TIOJII B IIPOLIECCE CBAPKH METOAOM KOHEUYHBIX
pa3HOCTEN pelaeTcs HEeIWHEWHas HeCTalMOHapHas 3aJada TEIUIONPOBOJHOCTU C
IPAaHUYHBIMM  YCJIIOBUSIMM TpeThero popa. IIpuHMmaercs 3aBUCUMOCTB BCEX
Tertopu3ndeckux Kod(OUIIMEHTOB OT TeMIepaTypbl U CTPYKTYPHOTO COCTaBa.
MonenupoBanue Gpa3zoBOro cocraBa MpH Mepexojie KUAKoN (a3pl B TBEPAYIO B X0JI€
KpUCTAJUIA3alMN TPOU3BOJNUTCS HAa OCHOBAHWHU IPAaBHJIA OTPE3KOB IO JHATPAMME
CIUIaBOB  Kene3o-yriepoA.  [IporHo3upoBaHWe  CTPYKTYPHOTO  COCTOSIHUS
OCYILECTBIISIETCA HA OCHOBAHUYU TEOPUHN M30KMHETUYECKUX PEAKLUN.

[Ipn pemenun 3amadud  TEPMOYNPYTOBA3KOIUIACTUYHOCTH B BBIPAKECHUE
NpUpALLECHUS MOJTHON JedopMalii KpoMe MpUpAIIeHU YIpyrol M IiacTUYecKon
nedopMaui BBOAUTCS pUpalieHre AeQopMaiiu moia3yyecTH

Agy = Agj + Aef + Agj +8,Ae; = Ag + Agy (4)

5 o o
rae  Agy,  Agf, Agj — TNPHUPANIEHUE YINPYIOM, IUIACTUYECKOU nedopManuu  u
nedopMaui MOJA3Y4eCTH COOTBETCTBEHHO; Ag, — MPUPALIECHUE JOMOJHUTEIBHOM

nedopmanmu; §; — cumBon Kponekepa; Ag; =oaAt — mnpupamieHne cBoOOAHON



nedopmar; o — KOIPGUIUEHT TEPMUUYECKOTO PACHIUPEHHS], 3aBHUCSIIHA OT
TEMIEPATYPbl U CTPYKTYPBI; At — U3MEHEHHUE TeMIepaTypbl Ha JAHHOM LIare Io
BPEMEHH.

Pemenue 3amaun TepMOYNpPYroOBS3KOIUIACTUYHOCTH OCYILIECTBIEHO METOJOM
JIOTIONIHUTENBHBIX JIehOpMalliii, CYTh KOTOPOTO 3aKJIIOYaeTCs B HUTEPALMOHHOM
YTOYHEHUH, TMOCPEACTBOM PEIICHHS METOJOM KOHEYHBIX 3JIEMEHTOB 3a/Jauu
TEPMOYNPYTOCTH, PUPAIICHUS TONOTHUTENbHON Aedopmarun (4) 10 Tex mop, Mmoka
WHTCHCUBHOCTH HAIIPSDKEHUI HE OKa3bIBaeTCs Ha KPUBOU pacTspkeHus (1).

o C
Jlis  BbIUMCICHHS CKOpocTed aedopmanuu MOJI3y4ecTd fij , KOTOpBIE

NEPECYNTHIBATIUCH B MpHUpaIeHUs nedopMalnii MOA3y4ecTd Ha IIare Mo BPEeMEHH,
MCITI0JIb30BaHA TEOPHSI MOJI3YUECTH C U30TPOIHBIM yIpouHeHueM. [ reTeporeHHon
CTPYKTYpPBI CKOPOCTb IIOJI3Y4ECTH ONPEEIIEHA COIIACHO

Va . Vd)'n
¢ 3 Sij | Ya G Vo *Oi

A V,+——V
glj 2 Gi (qs)ﬂa A (qc-n)ﬂq;.n b-n . (5)

q, & — _[ d&’ — mapamerp VakBucTa MpH m0I3ydecTH aycTeHHTa ((eppPHTO-TIEePIHTa),

def*@™  — HMHTEHCUBHOCTb TpHpalleHud jaeopManuii MOA3Yy4eCTH ayCTeHUTa

(bepputo-nepnuta), 7, sV, Bys Vou1Von 1 Bpn — 3aBUCAIINE OT  TEMIEPATYpPHI
IMIUPUIECCKUE KOIP(PUIIUCHTHI, OMUCHIBAIONINE KPHUBBIC IMOJI3YyYEeCTH ayCTCHHUTA U
dbeppuTto-niepanuTa cooTBETCTBEHHO. [Ipupamenue neopmarnii moa3ydecT Ha mare
110 BpEMEHH A7 OTIpeie/ieHbI 0 opmyJie

As=(&5)-Ar . (6)

AJITOPUTM UTEPALIMOHHOTO PEIIEHUS 3a1a4¥ TEPMOYIPYTOBA3KOIIIACTUYHOCTH
I MaTepualia C HECTAMOHAPHOW CTPYKTYpPOM HA KaXKJIOM Iare Mo BPEMEHU
3aKJIIOYAETCS B CIAEAYIOLIEM:
1. Pemarorcs 3agaum TEMIONMPOBOAHOCTA W OMPEAECICHUS CTPYKTYP, M HAXOMASATCA
npupamieHuss TeMIepaTypbl W CTPYKTYpPHBIM COCTaB, a MO HUM KOA(DPUIHUEHT
JMHEWHOTO PACIIMPEHHS B KAXKIOM KOHEYHOM 3JIEMEHTE.
2. JIna naHHOW TemmepaTypbl BHIYUCISIOTCS MMapaMeTpbl YPABHEHHUN COCTOSIHUS MPU
TJIACTUYHOCTH M TION3Y4eCTH (3) IS KaKIO0TO KOHEYHOTO DJIEMEHTA.
3. Ha mnepBoil wuTepauud NPEANOJAracTcs, 4YTO MPHUPAIICHUS MIHOBEHHOM
mIacTU4eckou nedopmaruu u aegopMaliuu mo3ydecTyd paBHbI HYIIO.
4. Pemraetcs 3aa4a TEpMOYNPYTOCTH Y BBIYHMCIISIETCS UHTEHCUBHOCTh HAMPSKEHUN
JUISL KQKJIOTO KOHEYHOTO DJIEMEHTA.
5. 1o xpuBOM pacTsKEHHUs, 3aBUCILIEH OT TEMIIEPATYPbl U CTPYKTYPBIL, I JaHHOU
MHTEHCUBHOCTU HAIPSHKEHU B KOHEYHOM DJJIEMEHTE ONPEACIISETCS MNPHUPALICHHE
njaacTuyecko nedopmanuu, a 1o ypaBHeHHIO (6) mnpupaimieHue aegopmaruu
MOJI3Y4ECTH.
6. CHoBa pemaercs 3ajjaya TEPMOYIPYTOCTH C HAMJAEHHBIM 3HAYEHUEM MPUPALIECHUS
JTOTIOJIHUTENbHOU nedopmaliuu (4) B KaKI0M KOHEUHOM DJIEMEHTE.



7. UTepaliliOHHBIA TPOLECC 3aKAHYMBAETCS, KOTJAa MHTEHCUBHOCTb HANPSIKEHUW B
KOKJIOM KOHEYHOM DJJIEMEHTE HE IMPEBBIIIACT 3HAYEHUS HANPSHKEHUS Ha KPUBOU
pacTshKEHUs JUIsl TaHHOM HaKOIUJICHHOM IMIaCTUYECKOH neopMaliuu.

Jns  Bepudukanuum — pa3paOOTaHHBIX  MPOTPAMMHBIX  CPEACTB  OBbLIO
OCYUIIECTBJICHO CpaBHEHHE pe3yJbTaTOB pacuera ¢ JaHHBIMHU, TOJYYEHHBIMU
HKCIIEPUMEHTAJILHO B OTKPBITHIX JUTEPATYPHBIX HCcTOUHUKAX (Puc. 3).

a,, MlMa
400}

A
300¢ W

I _

200! 2
100}

i : —Z MM

5 10 15 20 25
Puc. 3. Pacnipenenenune no JUiMHE OCEBBIX OCTATOYHBIX CBAPOUYHBIX HAMPSIKECHUHN HA
BHYTPEHHEI MOBEPXHOCTH TPYOBI: CIUIOLIHAS JIUHUS — pacyeT,
MAapKEPBI — IKCIIEPUMEHT

B uyerBepTOil rJIaBe MPOBEIEH pacyeT TemIepaTryp, CTPYKTYp, OCTaTOYHBIX
HaIpsDKEHUH, a TakkKe MPUBEJAEHA OLEHKA TPEIIMHOCTOMKOCTH W JKUBYYECTH Ha
npUMepe MarucrpanbHoro tpyoomnpoBoga «Cuma Cubupu», H3rOTOBJIEHHOTO U3
TpyOHOI ctanu kiacca npounoctd K60. Ha Puc. 4. npeacraBneHo pacnpeneneHue
TEMIEpAaTyp B OCEBOM HAIPaBICHUM Ha BHEIIHEW MOBEPXHOCTU TPYOBl IS
pa3IMYHBIX MOMEHTOB BPEMEHH I1OCJIE OKOHYAHUS CBAPKH.

I 20
300F

250}
200
150F
100F
o0}

10 20 30 40 50 60 702 VM

Puc. 4. Pacnpenenenue temneparyp mno JyiMHe

Ha Puc. 5 npencraBieHbl 3aBUCUMOCTH JJIsI OOBEMHBIX JOJEH CTPYKTYD:
bepputo-niepaut (1) u OeHHUT (2) B 30HE CBAPHOTO I11BAa B 3aBUCUMOCTH OT BPEMEHH.

10



V,%

40

20+

30 20 50 80 70 D

Puc. 5. Pacnipenenenue yaenbHbIX JOJIEH B OKPECTHOCTH CBAPHOTO IIBA:
MOBEPXHOCTHBIN CJION (IITPUXOBBIC JIMHUH ), CPEUHHBIN CJIOU (CIIONIHBIC JIMHUN)

c

Ha PI/IC. 6 IIOKa3aHO PpacClpCaAcCiICHUC OCTATOYHBIX OCCBBIX M OKPYKHBIX
HaHpH}KCHI/Iﬁ I10 JJINHE TPY6I>I JJIA YIPYTOILNIACTHYICCKOI'O 51
BA3SKOYIIPYT'OIINIACTHYICCKOI'O peIHGHHﬁ.

g,, MMa
400}

200t

-200¢

-400|
800
600
400

200

0

-200¢

Puc. 6. Pacnipenenenue oceBbix (a) U OKPYKHBIX (0) OCTATOUHBIX CBAPOYHBIX
HaIpsHKEHUH 1o JUIMHE TpyObl AJid: 1 — BHyTpeHHeH, 2 — CpeIMHHOM, 3 — BHEUTHEN
MOBEPXHOCTEH JJI YIPYTOBSA3KOIIACTUYECKOTO (CIUIOLIHBIE JIMHUN) U
YOPYTOmIaCTUYECKOTO (IITPUXOBBIE JTUHUU) PEIICHUS

Kak BUIHO U3 pUCYHKA, MAKCUMAJIbHOE MPEBBINIEHUE JIJI1 OCEBBIX HAIPSKEHUI
Ha0JI0JaeTCsl HA BHYTPEHHEN MOBEPXHOCTH TPYyOOIPOBOAA Ha PACCTOSIHUH 23 MM OT
[IEHTpa CBApHOTO IIBa M COCTABJIAET MNPUOIM3UTETBHO 35%, 4TO OOOCHOBBIBAET
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HEOOXOOMMOCTh yyeTa JedopMalui TMOJ3yuyecTH TMpU pacdyeTe OCTATOUYHBIX
HAPSHKCHUM.

Jns pacuera KHWMH Obin pa3paboTaH OpUTHHAIBHBIA METOJ] pacuera,
OCHOBAaHHBIH Ha METOJ€ CEYEHUH I Ciy4yas MOJY3JUIMOTHYECKOW KpaeBOu
TpEIIMHBl W BEepUDUIMPOBAHHBIA HAa OCHOBAHUM CpPABHEHUS C PEIICHUSIMH,
MOJIYYCHHBIMU 110 aNMPOKCUMAIMOHHBIM (QOpMyllaM M B KOHEYHO-3JIE€MEHTHOM
koMmiiekce ANnsys. Pacuer KWH mnpousBogwicss mo cyMMapHBIM HamlpsbKEHHSIM,
ONpeAeNsiEMbIM Ha OCHOBAHMM IMPUHLUIIA CYNEPIIO3ULHUHA IOCPEACTBOM CIIOKEHHUSA
OCTATOYHBIX CBAPOYHBIX HAIPSKEHUH W HSKCIUTyaTalHMOHHBIX HANpsUKEHWH OT
pabouero aaBieHus B TpyoOe.

JUIs OUEHKH TPEIIMHOCTOMKOCTH TIOJB30BAJIUCh CUJIOBBIM KPUTEpPUEM
pazpymienuss MpBuHa ¢ y4eTOM 3aBUCHMOCTM BSI3KOCTH  pa3pylICHHS OT
CTPYKTYPHOT'O COCTaBa.

KM <KE™V,  +KE@A-V, ), )

c

rie  KP" KZ — Ba3kocTh paspymieHus —(eppuro-mepiurta U OeHHHTa

COOTBETCTBEHHO.

PacueTsl CTpyKTypHOro cocTaBa MOKa3alld, YTO CTPYKTypa TPyObl MEHsETCS
JUIIb HA PacCTOSHUM |7 MM OT LEHTpa CBapHOrO IIBa, a Jajiee NPEICTABISAET
deppuro-nepautr. Ha Puc. 7 mnpuBeneHa 3aBUCUMOCTb BSI3KOCTU pa3pyLICHUs
rETEPOr€HHON CTPYKTYPBI OT PACCTOSHHUS 10 LEHTPA CBAPHOTO I1IBA.

K., MMav m

60+

55

50|

45

' : : — — \ e Z, MM
40 5 10 15 20 25 30 ’
Puc. 7. BsS3koCTh pa3pyiieHusi TeTEPOr€HHON CTPYKTYPbI

3nauenne K™ onpepensnocs mocpencrsom ananuza KMH B Tpex Toukax

(GbpoHTa TpelIMHbL: B HauboJiee 3ariay0JeHHOW TOYKE U IBYX TOYKAaX, BHIXOJSAIIUX Ha
MOBEPXHOCTh. CUMTANOCh, YTO YCIOBHE pa3pylieHus BbimonHeHO, ecin KWH B
OTHOW M3 3TUX TPEX TOYEK JOCTUTAI KPUTHYECKOrO 3HaueHus. Pe3ynbrarsl pacyera
JUISL TIOJTYDJUTMIITUYECKON ITPOJOJIBHON TPEIIMHBI, PACIIOIOKEHHON HAa BHYTPEHHEU
CTEHKE TpPyOOIlpOoBOJa B 30HE JACWCTBUA MaKCUMAJIbHBIX CYMMApHBIX OKPY>KHBIX
HanpspKEeHUH, npuBeaeHsl Ha Puc. 8.
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byp, MM

: : : : S, Mm
5 10 15 20

Puc. 8. 3aBHCHUMOCTB KPUTUYECKOM TITyOHHBI OT PACCTOSHUS JI0 IIEHTPa CBAPHOTO

mea: alb=1 (1), a/b=3 (2), a/b=5 (3)

B ocHoBy pacuera >xuByuecT TpyOoIpoBoia nojoxena popmyina [lapuca mis
pexuMa O0JIOUYHOTO HarpyKeHUs.

|=i TA(Kmax(l—Ri))mdN ’ (8)
|0

rae N — YHCIIO NUKIOB HAarpyKeHus, | — HOMep OJioka HarpykeHus, A u m —
sMIupudeckue KodPpuimenTsl, R — Kko3pduiueHT acummeTpun 1ukia. BapuanTs
IUKIMYECKUX HArPy30K ObUIM MPUHSTHI 1O JAHHBIM U3 JIMTEPATYPHBIX UCTOUHUKOB.

B pacuere Ha XMBydecTb, KaKk M B pacueTe Ha TPEIIMHOCTOUKOCTD,
paccMarpuBanach HauOoJiee omacHas IMpoJOJbHAs KpaeBas MOMY3JUIMITHYECKAs
TpemmHa. Ha Kaxmoill wuTepanuu pacuyera MPOBEPSUIOCH BBIMOJIHEHHE YCIOBUSA
WUpBuHa a1 AByX Touek: HauOosiee 3ariayOJieHHOW M TOYKH, BBIXOMSIICH Ha
noBepxHocTh. Ha Puc. 9 mpencraBieHsl 3aBUCHMOCTH TIIYOMHBI W TOJIYAJTUHBI
tpemmubl, a Ha Puc. 10 — KMH ot xonnyecTBa MUKIOB HATPYKEHUS JIJIs1 TPEIIUHBI C
OTHOIIEHUEM HAaYaJIbHOW TIIyOWHBI K MOy JINHE, PABHBIM 2.

a; b, MM
2

L

1,5

| I ‘ j N, TBIC.
0 10 20 30 40 50 60 70 UWKIOB

Puc. 9. Usmenenune rimyouns (1) u oy sl (2) AJ1si TPEIIUHBI C
Ha4yaabHBIMU pasMepamu by =1 MM, a,=0,5 Mm
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N, TBIC.
LHKJIOB

0 10 20 30 40 50 60 70
Puc. 10. Usmenenue KUH B Hanbosee 3arny6iennoi Touke (1) u Touke,
BBIXOJAIIEH HA MOBEPXHOCTH (2) [UIs TPEIIMHBI C HAYaIbHBIMU pasMepamu b, =1 mm,
a,=0,5 mm

W3 Puc. 9 BugHO, 4TO TpeuHAa WHTEHCUBHEE PacTeT B JUIMHY, YEM B TTIyOUHY
U npu AOCTHKeHUU 60 ThIC. LMKIOB MOJYAJIMHA TPEIIMHBI NPEBBIILIAET IIyOUHY.
bosnee MHTEHCUBHBII POCT TpeIIMHbI B JIMHY 0o0bsAcHseTcs TeMm, uto KUH B Touke,
BBIXO/ISIIEN Ha MOBEPXHOCTh, NpeBbiiaeT KMH B Hanbosiee 3ariy0ieHHON TOYKE Ha
BCEM NPOTSHKECHUU HArPYKECHMUS.

Pesynprarel pacduera pecypca WIS MONYJUIMNTHYECKOM  MPOAOIBHOMU
TPEIIMHBI, PACTIONOKEHHON Ha BHYTPEHHEH CTEHKE TPyOONpoBOJa B 30HE JEHCTBUS
MaKCHMaJIbHBIX OCTATOYHBIX HANpPsKeHUH npuBeaeHsl Ha Puc. 11.

N, net
60F

50
40f
30}
20
10}

08 10 12 14 16 18 loMM

Puc. 11. 3aBucumMocCTh pecypca OT Ha4aJIbHOM TITyOUHBI TPEIIWHBI 1711 COOTHOIIEHUHN
nonyamuHel 1 rayounsr: D/a=2 (1), b/a=1(2), b/a=1/2 (3)

N3 Puc. 11 BugHO, 4TO TpelHA CTAHOBUTCS 0OJIee OMACHON ¢ YMEHBIIICHHEM
COOTHOIICHHMSI TTTyOWHBI K TIOJTYAJIUHE.

OCHOBHBIE PE3YJIBTATBI PABOTbBI

1. Paspaborana MeToAuKa penieHus 3aja4l TePMOYNPYTOBI3KOIIACTUYHOCTH
JUIsl MaTtepuajia ¢ HeCTAallMOHApHOW CTPYKTYpOW MPUMEHUTENbHO K CBApKE BCTHIK
aJieMeHTOB TpyOorpoBona. I[IpoBeaeHa BepuduKaius CO3JaHHBIX IO YKa3aHHOU
METOIMKE IPOTPAMMHBIX CPEJICTB.
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2. ITlpoBenmeHO WUCHBITAHWE IO HW3YYEHUIO IUIACTUYHOCTH TPYOHOH CTanm
kiacca npouyHocty K60. I[TonydeHbl MTHOBEHHBIE KPUBBIC PACTSKCHUS ayCTEHHUTA U
dbepputo-nepnuta. [IpoBeneHa craTucTuyeckass 00padOTKa ONMBITHBIX JTAHHBIX, B XOJIC
KOTOPOM TMOJIyYEHbl JIOBEPUTEIbHBIE HWHTEPBAJIbl. Y CTAaHOBJICHO, YTO KPHBBIC
paCTSKEHUS XOPOIIIO OTHMCBHIBAIOTCS c MCII0JIb30BAHUEM MOJIETN
YIPYTOIUIACTUYECKON CpeAbl CO CTENEHHBIM YIpPOYHEHHEM. [loaydeHbl ypaBHEHUS
COCTOSIHMS TIPY IUIACTUYHOCTH JIJI1 MaTepralia ¢ HECTAIIMOHAPHON CTPYKTYPOU.

3. OcymecTBICHO  DKCICPUMEHTAJIBLHOE  HCCIEAOBAaHUE  TIOJI3YYECTH
BBICOKOTEMIIEPATYPHBIX CTPYKTYp ayCTEeHUTa M (PeppUTO-TIEpIUTa TPYOHOU CTajH
kiacca nmpounoctu K60. [TomyyeHbl KpUBbIE MOI3Y4YE€CTH, YCTAHOBIICHBI B MPOIECCE
CTATUCTUYECKON OOpabOTKU OBEPUTEIbHbIC WHTEPBaJbl. BBISICHEHO, UYTO KpPUBBIC
MOJI3Y4YECTH XOpPOIIO OMHUCBHIBAIOTCS IO TEOPUU TMOJ3YYECTHU C HU30TPOIHBIM
ynpouneHueM. [loaydeHsl ypaBHEHHS] COCTOSIHUS MPHU MOJI3YYECTH sl MaTepuaia ¢
HECTAIMOHAPHOMN CTPYKTYPOH.

4. PazpaboTan J0CTaTOYHO MPOCTOH, HO B TOXKE Bpems oOJIagarouIuit
MpUEMJIEMOM  TOYHOCTBIO  YHCJIEHHBIM  Meton  BeiumciaeHus KHWH s
MOTY?JUIMOTAYECKOW  MPOJOJIBHOM  TPEUIMHBI B  HArpy>KEHHOW BHYTPEHHUM
JaBJieHuEM TpyOe. YKa3aHHBIH METOJlI MOXKET OBITh HCIOJIb30BaH HE TOJBKO JUIS
OLICHKH TPEUIMHOCTOMKOCTH U KMBYYECTH MAaruCTpajbHBIX TPYOONpPOBOAOB, HO U
JPYTUX 000JI0UEUHBIX AIEMEHTOB KOHCTPYKIIUNA C KPA€BbIMU TPEIIIMHAMH.

5. Co3maHbl METOAUKM M MOpOrpaMMHBIE  CpeACTBa Uil aHalu3a
TPEUTMHOCTONKOCTH U )KUBYYECTH TPYOOIPOBOJOB C YUETOM OCTATOUHBIX CBAPOYHBIX
HaNpsOKeHU B 30HE CTBIKOBOTO CBApHOTO COCIUHEHUS. YKa3aHHbIE METOIUKU
MO3BOJIAIOT TOCJE TMPOBEJACHUS IUIAHOBOTO  YJIBTPAa3BYKOBOTO HCCIIEIOBAHUS
TpyOONpoOBOJa CIENaTh BBIBOJA O 11€J1€CO00Pa3HOCTU 3aMEHbl JAE(PEKTHOIO ydacTKa,
TE€M CaMbIM YCTPAHUB BO3MOXKHOCTh aBAPUUHON CUTYaIIUH.

6. IlpencraBieHbl  pe3yJabTaThl  pacueTa  OCTAaTOYHBIX  CBApPOUHBIX
HaIpsHKEHUN, TPEIMIMHOCTOMKOCTH M KUBYYECTH MJI PEATBHOTO MarvucCTPabHOTO
razonpoBojga «Cuia Cubupu». PacueTHbie JaHHBIE MO OLIEHKE TPEUIMHOCTOMKOCTU
MPUBECHBI B BUJIE 3aBUMOCTEH KPUTHYECKOU TIIyOMHBI TPEIIUHBI OT PACCTOSHUS J10
CEepEeIMHbl CBAapHOTO IIBA M OTHOIIEHUS TOJNYMJIWHBI TPEHIMHBI K TIyOWHE.
Pe3ynbTaThl pacuera Ha KUBYYECTh MPEACTABIEHBI B BUJAE 3aBUCHUMOCTEW pecypca
ra3omnpoBojia B Tofax OT HA4YaJbHOUM TIIyOMHBI TPEUTUHBI U OTHOIICHUS IOy IJTUHBI K
riyouHe.
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