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KeM6pH}:{)KCKHH YHHBepCHTeT, )10H,!{OH, BeJIHKO6pHTaHHjI

~OCTOBEPHOCTLPAC~TOB
MHKPOCTPYKTYPLI H CBOHCTB CBAPHOrO IIIBA.

8 neK~HH, npO4HTaHHO~ Ha 3aCeAaHHH AMepHKaHCKOrO CBapO4HOrO 06UjeCTBa H3BeCTHbiM

npoq,eCCOpOM q,H3H4eCKO~ MeTannyprHH A-pOM 6XMewHa, paCCMOTpeHbl BOnpOCbl TeOpHH
TBepAOq,a3HbIX npeBpaUjeHH~ B ycnoBHSlX CBapKH. nOKa3aHO, 4TO MOAenHpOBaHHe
CTpYKTYPoo6pa30BaHHSI q,eppHTa H paC4eT CBO~CTB CBapHOrO WBa MO>KeT 3aMeHSlTb

3KCnepHMeHTanbHbie pa60Tbl.

H.K.D.H. Bhadeshia, Dr., Prof.
University of Cambridge, London, England

RELIABILITY OF WELD MICROSTRUCTURE AND
PROPERTY CALCill,ATIONS

In the lecture read at session of the American Welding Society by the known professor ofphysical
metallurgy by Dr. Bhadeshia, questions of the theory TBepAocpa3Hbix transformations intQ-conditions of
welding are considered. It is shown, that modelling of microstructurization of ferrite and <;alculation ofproperties of a welded seam can replace experimental works. .

HalUa nOBCe.l(HeBHaSI )KH3Hb Onpe.l(eJIHeTCjI OrpOMHbIM pa3HOo6paJHeM
CTaJIeH, KOTOpbIe npHBbI'iHO HCnOJIb3YIOTCjI. CTaJIb - HMe)KHbIH H .l(elUeBbIH

MaTepHaJI. Ho 3a 3THM CTOjiT Cne~HaJIbHbIe TeXHOJIOrnH H Hay~a, KOTOpbIe

paJpa6aTbIBaIOT 6oJIee JIY'ilUHe CTaJIH, 'ieM HCnOJIb3yeMble B rpaH.l(HO3HbIX

cOOpY)KeHHjlX. IIpHMepoM MOryT CJIY)KHTb rHraHTCKHe He<l>TjlHble nJIaT<l>OpMbI

CeBepHOrO MOPjl, He<l>Te- H raJOnpOBO.l(bI, npOXO.l(jI~He 'iepe3 TYH.l(PY, H 101

3Ta)KHbIH He6ocKpe6 B TaHBaHe, jlBJIjflO~HHCjI caMbIM BbICOKHM 3.l(aHHeM MHpa (PHC.

1). OHH BbInOJIHeHbI H3 CTaJIH H 3aBHCjlT OT CBapKH, KOTOpaSl HCnOJIb30BaJIaCb npH

MOHTa)Ke.

PHC. I. 101 3Ta)KHbIH He6ocKpe6 B TaHBaHe, c,neJIaHHbJ.H H3 CTaJIH H CTeKJIa. c1>oTO

nepeBoA C aHrf1~~CKOro ~3b1Ka E.A. npOTononoBa

CaYPM3HJIa
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llpoeKTHpOBaHHe CBapKH: 3KCnepHMeHT HJlH MO~eJlb?
CBapHOH IIIOB - 3TO HeO~HOpO;:(I:IOCTb B KatfeCTBeHHO H3rOTOBJI~HHOH CTaJIH,

H 3TO ~e<peKT, KOTOpbIM Heo6xo~HMO ynpaBJUlTb. O~HHM H3 cnoco6oB ynpaBJIeHHH

HBJUleTCH rJIy6oKoe nOHHMaHHe npo6JIeM MeTaJIJIyprHH. CBapHOH IIIOB COCTOHT H3

PaJJIHqHbIX 30H, Ka>K~aSI H3 KOTOpbIX HBJUleTCH CJIe~CTBHeM B3aHMO~eHCTBHH

TeUJIOnepeHOCa H <paJOBbIX npeBPmQeHHH B MeTaJIJIe CBapHOrO IIIBa H OCHOBHOM

MeTaJIJIe.

1f3 BCeX 30H MeTaJIJI IIIBa HBJUleTCH OCO6eHHO nepCneKTHBHbIM MH

npOeKTHpOBaHHH, TaK KaK ero Y>Ke HeJIb3H HcnpaBHTb [1-3]. 3TO KOH1paCTHpyeT C

KaqeCTBeHHO nonyqeHHOH CTaJIblO, KOTOpaSl MO>KeT 6bITb IIOJIyqeHa C

HCnOJIbJOBaHHeM Bcex cpe~CTB, HMelO~XCH Ha COBpeMeHHOM CTaJIenJIaBHJIbHOM

npe~npHHTHH. AKa.n;eMHqeCKaSI ~eHTeJIbHOCTb OKaJaJIa nOMep>KKY 3TOH

npOMbIlIIJIeHHOCTH, KaK B CO3~aHHH Cne~HaJIbHOH HaYKH; TaK H B CO3~aHHH

KOJIHqeCTBeHHbIX MeTO~OB nonyqeHHH CUJIaBOB. YqHTbIBaH BCe 3TH YCHJIHH, H 6y~y

~CnOJIb30BaTb 3TOT ~OKJIa~ ~JIH HCCJIe~OBaHHH Heo6xo~HMOCTH npOBe~eHHjJ

3KCnepHMeHTOB npH paJpa60TKe CBapHBaeMbIX MaTepHaJIOB. ,Z];OCTaTOqHO JIH

~OCTOBepHbI MO~eJIH, qTO6bI HX HCnOJIb30BaTb B npOMbIlIIJIeHHOCTH 6e3 KOHTpoJIH?

B 3TOH CTaTbe OCHOBHOe BHHMaHHe y~eJIeHO <peppHTHbIM CTaJIHM, e>KerO~HbIH

06'beM HCnOJIb30BaHHjJ KOTOpbIX COCTaBJUleT OKOJIO MHJIJIHap~a TOHH. PaJpa60TKa

CBapOqHbIX MaTepHa..'lOB BKJIlOtfaeT HCnbITaHHe MeTaJIJIa IIIBa, npH KOTOpOM IlIOB

HanJIaBJUleTCH TaK, tfTO6bI 06paJ~I MOryT 6bITb nonyqeHbI 6e3 CMellIeHHH C

OCHOBHbIM MeTaJIJIOM. JIHTeparypa 60raTa ~aHHbIMH HCnblTaHHH TaKOrO BH~a,

KOTOpbIe B OrpOMHOM KOJIHQeCTBe HCnOJIb30BaJIHCb npH paJpa60TKe MO~eJIeH.

OnpeAeJleHHe XapaKTepHCTHK MeTaJlJla CBapHOrO WBa

Heo6xo.ZJ;HMble napaMeTpbI .ZJ;JIJI BbI'IHCJIeHHJI MHKpOCTpYKTYpbI H CBOHCTB
MeTaJIJIa CBapHOrO IIIBa npH CBapKe CTaJIH, nOKaJaHbI B BepXHeH CTpOKe Ha pHC. 2 [4,

5].

napaMeTpbl
:.epHa aycreHKTa

PHC. 2. DJIOK-CXeMa pacqeTOB MHKpOCTpYKTypbI H CBOHCTB cBapHoro illBa

XMMMQeCKMH cocTaB, YCJIOBMjI OXJIa)K~eHMjI M pa3Mep 3epHa aycTeHMTa

OKa3bIBaIOT pellialO~ee BJIMjlHHe Ha OCHOBHble xapaKTepHCTMKH MeTaJlJIa CBapHOro
lliBa. CY~HOCTb lIpo[{ecca cBapKH M reoMeTPHH cBapHoro COe~HgeHHjI
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oTo6pa)KaIOTCH KpHBOH OXJIa~eHHH, H cy~ecTByeT MHOrO MO~eJ'IeH pa3JIHQHOrO
ypOBH51 CJIO)KHOCTH, CnOCO6HbIX npe~CKa3bIBaTb H3MeHeHHe TeMneparypbI B
3aBHCHMOCTH OT BpeMeHH H KOOp~HHaT. KaK 6y~eT nOKa3aHO HH)Ke, XHMHQeCKHH
COCTaB CnJIaBa Onpe~eJUleT TepMO~HHaMHKY npeBp~eHHH H XapaKTep

BO3HHKaIO~eH HeO~HOpO~HOCTH.

CTpYKrypa 3epHa aYCTeHHTa 5lBJI51eTC51 napaMeTpOM, HMeIO~HM OrpOMHOe
3HaQeHHe H KOTOpbIH HHOr~a HrHopHpyeTC51 npH aHaJIH3e MHKpOCTpYKTypbI.

KpHoaH OXJIa~eHHH

M3BeCTHO MHOrO HCCJIe~OBaHHH, nOCB&II(eHHbIX paCqeTY TepMHqeCKOrO ~HKJIa

CBapKH. HaH6oJIee CJIO)KHble MO~eJIH yqHTbIBaIOT reOMeTpHIO CBapHOrO IIIBa, CHJIbI

rpaBHTa~HH, nOBepXHOCTHOe HaT&)KeHHe, BbITaJIKHBaIOJJJ.yIO CHJIY,

3JIeKTpOMarnHTHble CHJIW, nepeHOC 3JIeKTpO~HOrO MeTaJIJIa, 3aBHCHMOCTb

TenJIOcpH3HQeCKHX CBOHCTB OT TeMnepa-rypbI If TYP6YJIeHTHOCTH H T.~. [6].

).::(ocTaTOQHO TO'lliO MOryT 6bITb paCCQHTaHbI cpOpMbI CBapOQHOH BaHHbI, H npH

HaJIHQHH OTKJIOHeHHH BBO~&TC& 3MnHpHQeCKHe nonpaBKH C YQeTOM cpH3HQeCKHX

orpaHHQeHHH. C coBpeMeHHoH TOQKH 3peHH& KPHBM OXJIa)K.l(eHIfjI, ~eHCTBHTeJIbHO,

&BJI&eTC& Ba)KHOH oco6eHHo ~JI& TBep~ocpa3HbIX npeBpaII(eHHH B HHTepBaJIe

TeMnepaTyp Me)K.l(y OKOJIO 900 °C If HaQaJIOM MapTeHCHTHoro npeBpa~eHH&,

nO3TOMY BpeM& ts/5 &BJI&eTC& nonyJI&pHOH BeJIHQHHOH B CBapOQHOH

npOMbIIIIJIeHHOCTH. 3To 3HaQHTeJIbHO ynpOII(aeT npO6JIeMY, TaK KaK CKOpOCTb

OXJI3)K~eHH& dTldt MeTaJIJIa IIIBa ~OCTaTOQHO TOQHO MO)KeT 6WTb npe~CTaBJIeHa

He3aBHCHMO OT Koop~HHaTbI npOCTbIM ypaBHeHHeM [7,8]

~~ C1(T-1;)C~ (1)
dt Q17

r~e Q - nOrOHHaH 3HeprHjI, 11 - KrI):( npoQecca H Ti - TeMneparypa

npe~BapHTenbHOrO nO~OrpeBa HnH Me)l(CnOHHaH TeMneparypa.

113 nHTeparypbI no cBapKe H3BecTHO MHO)l(eCTBO KpHBbIX oxna)l(~eHHjI - ~lliI

OT~enbHoro npoQecca H ~OpMbI cBapHoro IIIBa 3TO ypaBHeHHe MO)l(eT 6bITb

npHMeHeHO, nonyqHB 3MnHpHQeCKHe KOHCTaHTbI C1 H Cz. TaKHe KOHCTaHTbI rO~HbI

~njl 60nblIloro pa3HOo6pa3HjI CBapOQHbIX npOQeCCOB H 3Ta npOCTaSI MeTO~HKa

~OBonbHO XOpOIIlO pa60TaeT Ha npaKTHKe. TOQHbIe BbIQHCneHHjI, npH KOTOpbIX

npaBHnbHO Mo~enHpOBaHHaH CBapOQHaSI BaHHa, ~aIOT TonbKO He6onbIIIYJO

norpelIlHOCTb npH paCQeTe MHKpOCTpYKTYp. 3To npOHCXO~HT nOTOMY, QTO CKOpOCTb

oxnWK~eHHjI B HHTepBane npeBpaIlleHIij{ OTHOCHTenbHO HeQYBCTBHTenbHa K
jlBneHIij{M KOHBeKQHH B CBapOQHOH BaHHe.

CTPYKrypa 3epHa aYCTeHHTa

CToJI6'laThIe 3epHa aYCTeHHTa B CBapHOM IllBe ll°JIY'lalOTCg B 60JILillHHCTBe

CJIY'iaeB H3 cToJI6'laTLIX 3epeH <5 - $eppHTa, KOTOpLIe pacTYT 3llHTaKCHaJILHO

llOBepXHOCTH paCllJIaBa Ha paHHHX CT~HgX KpHCTaJIJIH3a~HH. CToJI6QaT3jI $OpMa

CHJILHO OTJIlfqaeTCg OT paBHOOCHLIX 3epeH, 06H~PY)KeHHLIX B 60JILIllHHCTBe CTaJIeH,



MOryT
- "11

H Tpe6yeT oco6oro no}J.Xo):{a B onpe):{eneHHH ..

3epeH aYCTeHHTa B e):{HHH~e 06'beMa Sv. llOKa3aHO,

6bITb OnHCaHbI KaK lliecTHyronbHbIe npH3MbI B CHCTeMe

CTopOHa a). lli 3Toro cnellYeT, qTO l1,n5I onpe):{eneHHjI

3epeHHOH CTpYKTYPbI Heo6xo):{HMbI ):{Ba CBjl3aHHbIX

H cpe):{HHH ceKTopHanbHbIH oTpe3KH. TaK KaK 3epHa .
):{nHHY, qeM lliHPHHY, TO ):{OCTaTOqHO XOpOlliHM npH6nH)KeHHeM jIBnjleTCjI TO, qTO

cpe):{HHH nHHeHHbIH OTpe30K, H3MepeHHbIH B nOnepeqHbIX CeqeHHjlX lliBOB Lm no

HanpaBneHHIO HopManH K cTon6aM, COOTBeTCTBeHHO onHCbIBaeT Sv [9]. B 3TOH

pa6oTe npHBe):{eHbI ypaBHeHHjI, CBjl3bIBaIO~He Sv C XHMHqeCKHM COCTaBOM MeTanna

lliBa H KOnH'IeCTBOM BBO):{HMoro Tenna.

JIerHpYIO~He 3JJeMeHTbi

MeTaJIJI IIIBa MO)KeT cO~ep)KaTb 20 HJIH 60JIee paCTBopOB, KOTopble BBe~eHbI
cJIY1faHHo: C, Mn, Si, Ni, Mo, Cr, Y, Co, B, N, 0... . HeKoTopble H3 HHX, Bpo~e
60pa, MOryT IIPHCYTcTBoBaTb B MaJIbIX KOJIH1feCTBaX, HO Bce )Ke MOryT OKa3bIBaTb

60JIbIlIOe BJIHjJHHe Ha MHKPOCTPYKTYPY. Coe~HHeHHjJ OKa3bIBaIOT Bo3~eHcTBHe Ha

CTaJIb C 1I0MO~blO ~BYX OCHOBHbIX MexaHH3MOB:

1) OrHocHTeJIbHaSI YCTOH1fHBOCTb aYCTeHHTa Y H <peppHTa a BbI3BaHa

TepMO~HHaMH1feCKHM 3<p<peKTOM, KOTOpbIH MO)KeT 6bITb BbIpa)KeH cTporo B BH~e
pa3HOCTH CB060~HbIX 3HeprHH I~H66ca Ga - GY, 1faCTO Ha3bIBaeMbIH "~BH)Ky~eH

CHJIOH" IIpeBpa~eHHH. 3TO TepMO.Z{HHaMH1feCKaSI BeJIH1fHHa BXO~HT

HelIocpe~cTBeHHo B KHHeTH1feCKYIO TeopHIO, HalIpHMep B ypaBHeHHjJx,

OIIHCblBalO~HX KJIaCCH'leCKOe 3apO)K~eHHe KpHCTaJIJIa. TelIepb MO)KHO BbI1fHCJIHTb

3TH cB060~Hble 3HeprHH H, KOHe1fHO, BbIpa3HTb HX B BH~e ~HaI'PaMM <pa30BOro

COCTOjJHHjJ. TaKHe BbI'lHCJIeHHjJ MOryT IIpOBO~HTbCjJ,nmI MHorOKOMIIOHeHTHbIX H

MHoro<pa3HbIX CTaJIeH, HClIOJIb3YjJ <pHpMeHHoe HJIH 6eClIJIaTHOe IIporpaMMHOe

06eClIe1feHHe.

2) BTOpOH MexaHH3M jJBJIjJeTCH 60JIee TOHKHM, TaK KaK 3aBHCHT OT CKOpOCTH

npeBpa~eHHH. PaBHOBeCHaSI pacTBopHMOCTb JIerHpYlO~ero 3JIeMeHTa He O~HHaKOBa

B aYCTeHHTe H <peppHTe. ECJIH n03BOilllIOT YCJIOBHH, pacTBopeHHoe Be~ecTBo 6y~eT

HMeTb TeMeH~HIO K pacIIpe~eJIeHHIO Me)l<JJ.y CTa~HjJMH npeBp~eHHH. Tpe6yeMaH

~H<P<PY3HH MO)KeT Tor~a OrpaliH1fHTb KHHeTHKY IIpo~ecca. 3TO 3Ha1fHMbIH 3<p<peKT,

KOTOpblH BKJIIO1faeT 60JIbIlIOe 1fHCJIO aTOMOB H 1I0BepXHOCTeH, conOCTaBHMbIX

pa3Mepy H3~eJIHjJ. »Wyroe KHHeTH1feCKOe BJIHjJHHe paBHo~eHHOH BWKHOCTH MO)KeT
6b1Tb BbI3BaHO MrHOBeHHblMH KoHQeHTpa~HjJMH pacTBopeHHoro Be~ecTBa - He

COOTBeTCTBYIO~He aTOMbI MoryTcerperHpOBaTb Ha 1I0BepXHOCTH pa3AeJIa. llpH 3TOM
OHM YMeHbIlIalOT 1I0BepXHOCTHYIO Me)K<pa3HYIO 3HeprHIO Ha e~HHHQe lIJIO~MH. 3T0

MeXaHH3M, 110 KOTOPOMY 60p; BJIHHeT Ha H3MeHeHMH Me)K3epeHHbIX rpaHHQ
aYCTeHHTa MeHee 3<p<peKTHBHO, 1feM Ha MeCTa reTeporeHHoro 3apO~blIIIeo6pa30BaHHjJ
~illl <peppHTa. CJIe~bI 60pa MOryT HMeTh orpOMHoe BJIHjJHHe Ha 3aKaJIHBaeMOCTb,
~aJIeKO OT O)KH~aeMOro BJIHHHHH Ha Ga - Gr .

npeBpa~eHHH B TBep~OH <l»a3e
-
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AJUlompuOJ1-tOPPHblU peppum

OnHCaB TpH napaMeTpa, KOTOpbIe BJIHjllOT Ha 3apOlJ,bIllleo6pa30BaHMe
MHKpOCTpYKTypbI MeTaJIJIa IllBa, 06paTHMCH K CJIO)l(HOMY MaCCHBY $a30BbIX

H3MeHeHHH, npOHCXOJ1.H~HX npH OXJIa)l(lJ,eHHH MeTaJIJIa IllBa [1-5]. OCHoBHbIe
oco6eHHocTH 06pa30BaHHOH MHKpOCTpYKTYpbI CXeMaTHqHO nOKa3aHbI Ha pHC. 3.

aHa COCTOHT H3 aJIJIOTpUOMop$Horo $eppHTa aa, BHlJ,MaHIllTeTToBa $eppHTa aw,

HrOJIbQaTOro $eppHTa a H T.H. MHKpO$a3, KOTopbIe MOryT BKJIlOQaTb MaJIbIe
KOJI~eCTBa MapTeHCHTa, OCTaTOQHOrO aYCTeHHTa HJIH BbIpOlJ,HBlllerOCH nepJIHTa.
EeHHHT B BHlJ,e rpynn napaJlJleJIbHbIX nJIaCTHHOK TaK)l(e HaHlJ,eH B HeKOTopbIX

06pa3Qax CBapHbIX IllBOB, npHMeHHeMbIX B 3HepreTHQeCKOH npoMbIIllJIeHHocTH.

3TH Bce $a3bI 06pa3YlOTCH npH OXJIa')l(l1,eHHH,
BKJlIO~eHHe A.

HaQHHaH C ,!,opMHpOBaHHH Me)l(3epeHHbIx

rpaHHQ aYCTeHHTa co CJIOHMH
a a aJIJIOTpHOMop$Horo $eppHTa. OHH, BepOHTHO,

CJIY)l(aT QeHTpOM KpHCTaJIJIU3aI:(HH H 3aTeM
a paCTYT co CKOpOCTblO, ynpaBJIHeMOH

lJ,H$$Y3HeH yrJIep,OlJ,a B aYCTeHHTe Y nepelJ,

Me)l($a3HOH rpaHHQeH a/ y . 3aMe~aIO~He
3JIeMeHTbI He pacnpelJ,eJlJJlOTCH - 3TOT BHlJ,

npeBpaIQeHHH npOHCXOlJ,HT B COCTOHHHH T.H.
):

«napapaBHOBeCHH». ~,

a~

PIiC. 3. CXeMaTH'leCKOe npe)(CTaBJIeHHe

MHKpOCTpYKTYPbI MeTaJIJIa cBapHoro illBa

q ~eppHTa H3MeHg~Cg --

q=afl/2, (2)

r~e a I - napa60n~eCKaH KOHCTaHTa CKOpOCTH H3MeHeHHg TOnll{HHbI, KOTOpaH

HaXO~HTCg H3 ypaBHeHHg

TeopHj{ nOKa3bIBaeT, QTO TOJI~HHa
napa60JIHQeCKOMY 3aKOHY co BpeMeHeM t

110

= aJ exp{ ~ }erfc{ 21i1} , (3)2rg~V-; x,.. - xar

r~e xya H xay - napapaBHoBecHbie KOHu;eHTpaU;HH yrJIepO~a B aYCTeHHTe H <!>eppHTe

COOTBeTCTBeHHO Ha Me)J{<!>a3HOH nOBepXHOCTH (nOJIYQeHbI, HCnOJIb3Yjl
TepMO~HHaMH'IeCKHe paC'IeTbI, OnHCaHHble paHee); X - Cpe~HjlH KOHu;eHTpaU;HH
yrJIepO~a B CnJIaBe; 12 - Cpe~HeB3BellIeHHbIH KO3<!><!>HU;HeHT ~H<!><!>Y3HH yrJIepO~a B

aYCTeHHTe, Onpe~eillIeMbIH KaK:

Q=J~x'" X - xra ' (4)

r~e D - KO3<P<PHnHeHT

KOHneHTpanHH yrJIepo~a.

~HIl><PY3HH yrJIepO~a B aYCTeHHTe np" qaCTHOH
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QTO

B

HeKOTopbIe npHMepbI paC'IeTa nOKa3aHbI Ha pHC.

TOnll{HHa HaH6onee 'IYBCTBHTenbHa K KOHQeHTP~HH

pgAY 6llH30K K paCTBOpHMOCTH yrllepo~a B

paCnpe~elleHHe yrllepo~a YMeHblllaeTCg BBRAY TOrO, 'ITO

X ~ xay. KaK 6y~eT nOKa3aHO HH)Ke, 3TO Pa3:bSlCHgeT

ypaBHeHHjI yrllepo~a, pacnpOCTPaHeHHbIe B ~. 46

nOKa3aHO, 'ITO cTa~HeH 06pa30BaHHg QeHTPOB KpHCTallnH3aQHH B cnoHX $eppHTa

MO)KHO npeHe6pe'lb, nOTOMY 'ITO 06:beMHaJI ~OlliI Va CTpOrO KOppellHpYCT C a I ~llg

60llbllloro pa3HOo6pa3Hg CBapHBaeMbIX MeTallllOB.

PaCT B 113OTepMI14eCKI1X YCJlOBI1RX (740"C) r
20, - .. r

Fe-1Mn-C % C, % I
cnnaBbl

~
.u
~
~ ~!t! ~ - ~
~
:J:
~3" '
~ 3 \
rx I

0.03
0

~

110

J
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0.07
0.09
0.11

J
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0 0.1 02 03

06beMHaR AonR a(, ~ 4 6 8 10 lj
BpeMA. C

a 6
PllC. 4,a - ll30TepMll'IeCKOe YTo~eHlle cnoeB <l>eppllTa B 3aBllCHMOCTll OT KOHQeHTp~llll
yrncpo):{a; 6 - KoppenJlQHJI napa60JIH'IeCKOH KOHCTaHThI CKOpOCTJI Va lJ.llJl paJIfLIX WBOB

CBapHbIe IIIBbI OCThIBaIOT ~OJIrO, nO3TOMY BbIlIleynoMJIHYTbIe ypaBHeHHll

~OJI)KHbI 6bITb npOHHTerpHpOBaHbI B HHTepBaJIe TeMneparyp OT T h ~O T" HaqaJIbHOM

H KOHeqHOM TeMneparypbI ~mI a.. T h onpe~eJIeHa no paCqeTHbIM Tn - ~HarpaMMaM

(BpeMJI-TeMneparypa-npeBPaIIleHHe) [10] (PHC. 5) H no npaBJUIY Sheil. T, npHHllTa
~JIa TOqKH, r~e npeBpalIleHHll BbITeCHeHHjI npOXO.ZJ:jlT C ~OMHHHpYlOlIleM CKOpOCTblO.

KaK TOJIbKO 6blJla paCCqHTaHa TOJIIIIHHa CJIOeB a., TO CTaJIO llCHO, qTO OHa CBa3aHa C

061.eMHOM ~OJIeM ~eppHTa reOMeTpHeM 3epeH aYCTeHHTa

V =[ 2qtan{30deg} l/a2,
a (2a-2qtan{30deg}).J

TaK qTO ee BJIHllHHe Ha pa3Mep 3epHa aYCTeHHTa CTaJIO OqeBH~HbIM.
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Poco 5. PacQeTHbIe TTT ~OarpaMMbl WUI

pa3HJill{ CllJIaBOB. K~aJllJ.UarpaMMa COCTOOT

03 ~BYX KpOBblX OXJl~eHOJl, 6oJlee BblCOKaJI

TeMnepaTypa IIpe~CTaBJIJleT
BOCCTaHOBOTeJlbHbIe peaKQOH (HanpHMep a) 0

6oJlee HH3KaJI KpOBaJI, BblTeCHSIIOmee

npeBpmqeHO5l (aw, aa, ab)'
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BUdMQJlUlmemmO6 cpeppum

lliaCTHHKH BMMaHIIITeTTOBa <l>eppHTa paCTyT nOqTH paBHOBeCHO If C

YBeJIHqeHHeM CKOpOCTH G, KOHTpOJIHpyeMoH ~Ii<l><l>Y3HeH yrJIepO~a nepe~ KpaHMIi
nJIaCTIiHOK. TaK KaK CMelr(eHIiH CBH3aHbI C npeBpalr(eHIieM, TO Heo6xo~IiMO

paCCQIiTaTb 3HeprnIO ~e<l>opM~IiIi. lliaCTHHbI 3aKJIIOQeHbI B 3epHax aYCTeHIiTa, B
KOTOpbIX OHIi 3apO~aIOTCH, Ii OHIi paCTyT HaCTOJIbKO 6bICTpO, QTO nepeCeKaIOT

3epHa (PIfC. qa). HCnOJIb3yeMag 3~eCb TeOpIiH CTpOrag H ~OKa3aHHag, HO 06beMHM
~OJIH BMMaHIIIeTTOBa <l>eppIiTa Vw nJIOXO KOppeJIIipyeT C G (PIiC. 6.6).
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KOHL1eHTpaL1l1S1 ymepoA8. % 06'beMHaSl AOJ1S1
BI1AMaHWeTToea <jJeppma

a 6
PHC. 6, a - PaC1JeTHaR CKOpOCTh pocTa <XwIf 6 - llJIOXaR KoppellilQHH Me)((.L(Y o6beMHoH

AoJIeli If CKOpOCThlO poCl'a BIft(MaHIliTeTTOBa <l>eppHTa

CMe~eHHe BO3HHKaeT nOToMY, 'iTO npH OCTbIBaHHH cBapHoro lIlOB

HHlJ.yQHpyeTcR 3apo~blmH BH~MaHmTe'fTOBa H HrOJIbQaTOrO tlIeppHTa OT

BKJIIO'ieHHH, paccpe~OTO'ieHHbIX B npe~eJIaX 3epHa aYCTeHHTa. llpH 3TOM

npoHCXO~HT copeBHoBaHHe 3a aycTeHHT, KoTopoe BbI3bIBaeT BO3MO)l(HOCTb

CTOJIKHOBeHIfjI Me)l(~y BHYTpH3epeHHbIMH 3apo~blmaMH HroJIb'iaTOrO H

BH~MaHIIITeTTOBa tlIeppHTa. KaK nOKaJaHO Ha pHC. 7, eCJIH cO~ep)l(aHHe npHMeCH

MallO, TO 6bICTpbIH paCT a H aw OXBaTbIBaeT 60JIbIIIYIO 'iaCTb aYCTeHHTa, YMeHblIlaR,

TaKHM 06PaJOM, cnoco6HOCTb tlIopMHpoBaTb aa. Hao6opOT, B BbICOKOJIe~OBaHHbIX

CBapO'iHbIX CnJIaBaX, HrOJIb'iaTbIH tlIeppHT HMeeT BO3MO)l(HOCTb paJBHBaTbCR H
~eHCTBHTeJIbHO nO~aBJIRTb npoIiHKHOBeHHe BH~MaHIIITeTTOBa tlIeppHTa B 3epHO

aYCTeHHTa.

PIle. 7. IlIecrnyroJIbHHKH SlBmIIOTCSI

IIOIlepeQHbIMH CeQeHHSlMH cTon6QaTOrO

3epHa aycTeHHTa, TOQKH IIpel1.CTaBJISIIOT

CO60H BKJIIOQeHHSI

B...C0K08 _.P*"H.' np"M'C..
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He
Ii

3epHa

06'beMHM ~OJI~ 06pa3YIO~erOC~

TOJIbKO OT CKOpOCTH paCTa, HO OT J

BpeMeHH, Tpe6yeMoro ~JI~ ero pOCTa nonepeK

aYCTeHHTa

~

(6)

~

r~e C4 - KOHCTaHTa, He3aBHC}l~M OT CTpYKTYPbI CnJIaBa, H t2 - <PYHKI(H}l OT

npOI(eCCa CTOJIKHOBeHH}l. KaK 6y~eT B~HO HH)J{e, XOpOillM CXO~HMOCTb 3TOrO

paCqeTa C pe3YJIbTaTaMH 3KCnepHMeHTOB 6y~eT nOJIyqeHa.

HaKOHeI(, CTOHT CKa3aTb 06 HrOJIbqaTOM <peppHTe, KOTOpbIH }lBJI}leTC}l BeCbMa

)J{eJIaTeJIbHOH CTpYKTYPOH [1-5]. Ero MHKpocTpYKTypa COCTOHT H3 BHYTpH3epeHHbIX

KPHCTaJIJIHqeCKHX nJIaCTHHOK, KOTopble paCXO~}lTC}l BO MHOrHX HanpaBJIeHHHX OT

MeCTa 06pa30BaHH}l I(eHTpa KpHCTaJIJIH3aI(HH. 3TO Be~eT K XaOTHqeCKOH

MHKpocTpYKType, KOTOpM cnoc06Ha TOpM03HTb Tpe~HHbI. I103TOMy 3TO

3HaqHTeJIbHO H TpY~HO. MO)J{HO C YBepeHHOCTbIO npe~nOJIo)J{HTb, qTO HroJIbQaTbIH

cpeppHT }lBJIjIeTCJI BHYTpH3epeHHbIM 6eHHHToM C 3apo~bIIIIaMH KpHCTaJIJIH3aI(HH H

MeCTa reTeporeHHoro 3apo~blille06pa30BaHHjI jIBJIjIIOTCjI CJIO)J{HbIMH

HeMeTaJIJIHQeCKHMH BKJIIOQeHlfjIMH, 06b{qHbIMH B cBapHblx illBax, HJIH )J{e npHMeCH

HJIH KaK npe~HaMepeHHble ~06aBKH. Cy~ecTByeT 3HaQHTeJIbHOe KaQeCTBeHHoe

nOHHMaHHe THna BKJIIOQeHHH, KOTopble jIBJljIIOTCjI HaH60JIee 6JIarOnpHjITHbIMH.

TaK)Ke cy~ecTBYIOT KOJIJlqeCTBeHHble MeTO~bI OI(eHKH THna BKJIIOQeHlfjI,

KoTopoe cpopMHpyeTCjI B TeQeHHe KpHCTaJIJIH3aI(HH H 110CJIe~yro~ero OXJIa~eHHjI.

KOJIHQeCTBeHHble no~p06HOCTH BbIQHCJIeHHjI HrOJIbQaToro <peppHTa

paCCMaTpHBaIOTCjI B ~pyroH pa60Te [11].

Ce2pe2QlfWl, 6bl36QHHWl KpUCmQJlJlU3QlfUeU

KaK 6bIJIO I1pe~nOJIo)J{eHo Bblille, XHMHQeCKHH COCTaB MeTaJIJIa cBapHoro illBa

O~Hopo~eH. Ha I1paKTHKe ~eJIO 06CTOHT HHaQe, 110TOMY QTO MeTaJIJI illBa OCTbIBaeT

6bICTpO H MOryT B03HHKHYTb HeKoHTpOJIHpyeMbIe H3MeHeHHjI YCJIOBHH CBapKH.

XOpOillyro OI(eHKY BeJIRQHHbI cerperaI(HR ~aeT K03cpcpHI(ReHT pacnpe~eJIeHH}l k;,

KOTOpbIH jIBJI}leTC}l OTHOilleHHeM KoH~eHTpaI(RH Be~eCTBa i B TBep~OM COCTO}lHHH K

)J{H~KOMY. K03<P<PR~HeHT MO)J{eT 6bITb JIerKO paCCQHTaH R HCnOJIb30BaH l1.JljI

onpe~eJIeHHjI CTpYKTYPbI 06JIaCTeH cBapHoro illBa C 60JIbillHM R MaJIbIM

cO~ep)KaHReM Be~eCTBa (yrJIepo~ OQeHb M06HJIeH, 1103TOMy I1pHHjlTO, QTO OH

paBHoMepHo pacI1pe~eJIeH). 3Ta RHcpopMaI(R}l MO)J{eT 6bITb RCnOJIb30BaHa ~JI}l

OI(eHKH B03~eHCTBHjI Ha T h l1.Jl.sI aJIJIOTpHOMop<pHoro <peppHTa, KOTOpbIH 3aTeM

OKa3bIBaCT BJIHjIHHe Ha Bce 110CJIe~yro~He npeBp~eHHjI.

Pe3IOMRpY}l, MO)J{HO YTBep)K~aTb, QTO <paKTRQeCKH Ka)J{~bIH KOMl10HeHT

MRKpOCTpYKTypbI CBapHoro illBa MO)KeT 6bITb paCCQHTaH. HeKoTopbIe I1pHMepbI

npe~CTaBJIeHbI Ha pRC. 8.

I1o~06Hble nporH03bI 6bIJIR B 3HaQHTeJIbHOH CTeneHH 110~TBep~eHbI

0l1y6JIRKOBaHHbIMH 3KcnepRMeHTaJIbHbIMH ~aHHbIMR H I1pOBe~eHHbIMR HOBbIMH

3KcnepRMeHTaMH.
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PHC. 8. npHMep COOTBeTCTBHH

H3MepeHHoH H paCqeTHOH

MHKpOCTpYKTYP illBa

..

U~ . . .,
02 01. 0.6 0.8 tu

3KcnBp"MBHTaJ1bHaA 06bBMHaA AonA

l1W 0 18 0/ C C""- C Mn+Si Ni+Cu Cr+Mo+V 0/ (7)>. BeC. /0 L - + -'- - , wt /0
6 15

cE=c+E+Mn+CU+Cr
30

5

1".10NiIto-Besseyo < 0.18 BeC. % C +!.-+5B wt%
10

(8)-., c'-",,- +-:;:::- +--=-:-
20

,lI,JIjI CJIY'i~ IIW 3aBHCHMOCTb CE lI,JIjI paCTBOpa 3aMe~eHHjJ THna Mapr~H~a
60JIbIIle, qeM lI,JIjJ CE HH3KoyrJIepolI,HCThIX CTaJIeH. 3TO npoHCXOlI,HT B
HH3KoyrJIepOlI,HCTbIX CTamIX nOTOMY, QTO yrJIepOlI, HMeeT 60JIbIIlee'. BJIHjJHHe Ha

KHHeTHKY npeBpa~eHHjI.

llpeAeJl TeKYQeCTH "~"',.

~ OT~eJIbHOH CTa~HH npe~eJI TeKY1:IeCTH MO)KeT 6bITb pa3JIO)KeH KaK pg~

COCTaBJIgJO~ [12]:

U=UFe+ Lx;O"ss;+xcO"c+KL{L}+KDP~'s ,
;

(9)

r~e X; - KOH~eHTpa~RjI paC1\BOpa 3aMe~eHHjI, KOTOpbIM npe~CTaBJIeH 3~eCb

HH~eKCOM i. lJ,pyrnMH nepeMeHHbIMH B 3TOM ypaBHeHHH jlBmllOTCjI: KL -

ynpOqHeHHe BCJIe~CTBHe pa3Mepa 3epHa, 115MN.m-l, KD -~HCJIOKa~HOHHOe

ynpOQHeHHe, 7.34x 10-6 MN .m-l, aFe - QHCTOe OTO)K)KeHHOe Fe, 219 MN .m-2 npH

300 K, ass; - ynpOQHeHHe i-ro paCTBopa 3aMe~eHHjI, a c - ynpOQHeHHe TBep~oro

H3-3a yrJIepo~a, PD - nJIOTHOCTb ~MCJIOKa~HM, 06bNHO 1016 m-2,L -

IPeppHTa, 06bIQHO 0.2 Jlm.

YQHTbIBaSI MHKpOCTpYKTypy, npe~eJI npOQHOCTH MO)KeT 6bITb BbIQHCJIeH no

CMemeHRjI OT~eJIbHbIX CTMHH, T.e. 0" = L;O";JI; , r~e Vi - ~OJIjI i-Ii IPa3bI H a;

Hanpjl)KeHHe. EoJIee CJIO)KHble MeTO~bI, 06'be~HjJ.lO~He

Pa3JIHQHbIX IPa3 TaK)Ke npHMeHHMbI, HO BO3MO)KHO HCnOJIb30BaTb

17

I1HTepecHbIM pe3ynbTaToM, nonyqeHHbIM H3 3THX BbItJHCneHHH, HBnHeTCH TO,
tJTO MHKpOCTpYKTYpa tJYBCTBHTenbHa K yrnepo~, eCnH ero KOH~eHTp~HH
COnOCTaBHMa C ero paCTBOpHMOCTbIO B cpeppHTe. Ka)KeTCH, tJTO CBapOtJHaH
npOMblIIIneHHOCTb nOnHOCTbIO npH3Hana 3TO, npelJ,nO)KHB HCnOnb30BaTb lJ,Ba
pa3nHtJHbIX ypaBHeHHJIlJ,mI OnpelJ,eneHHH 3KBHBaneHTa yrnepOlJ,a CE:



MeTaJIJIaTBep~o )
CBapHOrO lIIBa.

Ha

B

Wp

npOH3BO~CTBO]
HalIpH)l(eHHH. CBOHCTBa THlIa

HalIp~)J(eHHIO KOppO3HH,
paCCMaTpHBaIOTCH B IIpo~ecce
"KOMlIJIeKCHbIMH" B CMbICJIe TOrn,

IIpOeKTHpOBaHHH, HO He MOryT 6bITb

MOrJIa 6b1 yqecTb 60JIbllIOe KOJI~eCTBO

CBOHCTBaMH.

06blqHbIH CIIoco6 K pellIeHHIO TaKHX

perpeCCHOHHoro aHaJIH3a, B KOTOpOM

HeKOTopble 3aBHCHMOCTH, KOTopbIe 06blqHO

~BJI~eTC~ ypaBHeHHe, B KOTOpOM Ka)KlJ,bIH BXO~HOH

CYMMa Bcex 3THX pe3YJIbTaTOB H KOHCTaHTa e 3aTeM

lIapaMeTpa Y =Lj WjYj +(J. ToqHO TaK)J(e

HeHpOHHaSI ceTb ~BJIHeTC~ o6o6llJ;eHHbIM MeTO~OM perpeCCHOHHoro aHaJIH3a.

KaK H paHee BXO~Hble lIapaMeTpbI Xi YMHO)J(aIOTCH Ha HX Beca, HO cYMMa Bcex 3THX

pe3YJIbTaTOB ~BmIeTCH apryMeHToM 4>YHK~HH rHIIep6oJIHQeCKOrO TaHreHca [14, 15].

BbIXO~HOH lIapaMeTp y IIO3TOMY ~BJI~eTC~ HeJIHHeHHOH 4>YHK~HeH OT xi' 4>YHK~HeH

06bIQHO IIpHHHMaIOT rHIIep6oJIHQeCKHH TaHreHC H3-3a ee rH6KOCTH. 06De~HHeHHe

MHorHX 3THX 4>YHK~HH YBeJI~HBaeT ~OCTH)J(HMyIO rH6KOCTb. HeKOTopble

IIpeHMYllJ;eCTBa ceTH Ha~ 06bIQHOH perpeCCHeH MOryT 6bITb IIpe~CTaBJIeHbI

CJIe~yIOllJ;HM 06pa30M:
1. HeT Heo6xo~HMOCTH 3MaHH~ 4>YHK~HH, K KOTOpOH ~aHHble ~OJI)J(HbI 6bITb

IIpHCIIOCo6JIeHbI. <1>YHK~JUI - pe3YJIbTaT IIpo~ecca CO3~aHJUI ceTH.

2. CeTb cIIoco6Ha OXBaTHTb CKOJIb yro~Ho HeJIHHeHHbIX CooTHollIeHHH.

3. MCIIOJIb3YH EaHeCOBCKHe MeTO~bI, MO)J(HO o~eHHTb HeTOQHOCTb

3KcTpaIIOJI~I{HH.
TelIepb paccMoTpHM ~Ba IIOCJIe~HHX nyHKTa lIo~po6HO. KOMIIJIeKCHOCTb H

rH6KocTb CooTHollIeHHH, KoTopble MOryT 6bITb IIOJIYQeHbI, IIOKa3aHbI Ha pHC. 9, IIPH

HCIIOJIb30BaHHH TOJIbKO QeTbIpex rnnep60JIHQeCKHX 4>YHKQHH TaHreHCa ("CKpbITble

e)J;H:HH~bI") ~JI~ ABYX BXO~HbIX lIapaMeTpoB

y=tanh{wxt-:c2}+tanh{x: -w}+tanh{WX2 +2}+tanh{z~ -w}+1.. (1.0)

.. IIOKa3bIBaeT pe3KHe H3MeHeHJUI, IIOCKOJIbKY MeH~IOTC~

Boo6pa3HTe, QTO MO)J(HO C~eJIaTb IIPH HCIIOJIb30BaHHH ellJ;e

TaHreHCOB, lIepeMeHHbIX H BeCOB.

~~
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PHC. 9. MJIJIIOCTpanWI CJIO)KHOCTH 4>YHKQHH (~Ba BXO~HbIX napaMeTpa), KOTOpaSl

MO)KeT 6bITb nOJIyqeHa npH HCnOJIb30BaHHH npocToH HeHpoHHoH cern TOJIbKO C 'IeTbIpbMH

HeH3BeCTHbIMH nepeMeHHbIMH. ,[(Ba pHcYHKa nOJIyqeHbI ~JIjf Ol1:HOH H TOR )KC

MareMam'leCKOR 4>YHKQHH, HO C p83JIH'lHbIMH BecaMH

14 14
npRMaR nHHHSI

12 3KcnepHMeHTMbHbie 12 ~Co , I;; 10 AaHHble Co

0 1i ~ -" ~ 1
" ,,8, ~ ~
g. 8 I " "'~ ~ 8 .,' "'." " ."
.~ 6 1 .s 6~ 0 ~ 4 ;1:3 ax' 54 ~ 4 !

~ -44+11+11 ~
2 2

I
0 0

0 2 4 6 8 0 2 4 6 8
BXOAHOo; napaMeTp -

BXOAHOH napaMeTp

A 6
PHC. 10. ~Be <PYHK~HH, KoTopble TO'iHO cooTBeTcTBYIOT

3KcnepHMeHTaJIbHbIM ;:(aHHbiM (2, 4, 6), 3KcTpanOJIHpYIOT pa3JIH'iHO

TO'iKa pg~OM C 3KCTpaIIOJIg~HeM nOKa3aHa Ha pHC. 10. Bxo~Hble 3Ha'ieHH}I 2, 3
H 4 npe;:(cTaBJIJflOT CO60M 3KcnepHMeHTaJIbHbie ;:(aHHble. KaK JIHHeMHble, TaK H
HeJIHHeMHble <PYHKIJ;HH TO'iHO npe~cTaBJIgIOT 3KcnepHMeHTaJIbHbie ~aHHble, HO

~eJIaIOT pa3JIH'iHble npe;:(cKa3aHHjI, Kor~a nO;:(XO~T K TO'iKaM 5 H 6, T.e. Kor~a
4>YHK~HH HcnOllb3YIOTCg )J.JIg 3KCTpanOJIg~HH BHe 06JIaCTH 3KcnepHMeHTaJIbHbiX
~aHHbIX. HeBO3MO)KHO 6e3 <pH3H'ieCKOrO nOHHMaHHg c;:(eJIaTb Bbl6op Me)K;:(Y 3THMH

~BYMg.
3TO MOrJIO HCTOJIKOBaHO \ KaK KpH3HC, HO BMeCTO 3TOrO pa3JIH'IHe B

npOrHo3HpyeMbIX 3Ha'IeHHjlX MOryT 6bITb npHHjlTbI KaK nOKa3aTeJIL HeTO'IHOCTH

3KCTpanOJIg~HH. 3Ta HeTO'IHOCTb BO3HHKaeT, nOTOMY 'ITO <PYHK~HH

3KCTpanOJIHpyroT npe~CTaBJIeHHble ~aHHble nO-pa3HOMY. Qpe3BbI'IaHHO nOJIe3HO

HMeTb 3TOT nOKa3aTeJIL HeTO'IHOCTH, KOr):(a HMeellIb ~eJIO C HeJIHHeHHLIMH

<PYHK~HSIMH, KOTOpble <pH3H'leCKH He 060CHOBaHbI. Pa60Ta MaKKeH OpHrHHaJIbHa B

BbIpa)KeHHH HeHpOHHbIX CeTeH B EaHeCOBOH CTpYKrype TaK, 'ITo6bI HeTO'IHOCTH

Mo):(eJIHpOBaHHg CTaJIH npo3pa'IHbIMH [16].

Cero~HjI cYIII;ecTBYIOT npHMepbI, r~e HeHpoHHLIe ceTH B KoM6HHa~HH C

paC'IeTaMH MHKpOCTpYKTypbI H onLITOM nepeCeKaIOTCg npH pa3pa60TKe CBapO'IHbIX

CnJIaBOB. HeCKOJIbKO 3THX npHMepoB npe~CTaBJIeHbI B cepHH KHHr Mathematical
Modelling of Weld Phenomena I - VI/. O~Ha XOpollIaSI oco6eHHocTb ceTeBbIX
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Mo):(eJIeH TO, IITO OHH C JIerKOCTblO MOrYT 06HOBJIeHbI, KaK TOJIbKO 6y):(eT ):(OCTyIIHO

60JIbIIIe 3KCIIepHMeHTaJIbHbIX ):(aHHbIX. 3TO IIaCTO IIepe<ppa3HpYlOT; rOBOpSl, IITO

MO):(eJIH IIpO):(OJI)KalOT li3Y"1aTb HpaCIIIHpSlTb OCHOBY 3HaHHH, 3aJIO)KeHHYlO B HliX.

npe~JIO)KeHHe no MeTO~HKaM pa3pa60TKH CnJIaBOB

MaTeMaTH'IeCKHe MO.ZI:eJlH CBapKH HHKOr.ZI:a He CMOryT 3aMeHHTb
3KCnepHMeHTbI - ~Ta 3aJJ;a'la CJlHlI1KOM CJlO)KHa. O~HaKO, HeT COMHeHMj{, 'ITO 6bIJI

~ocTHrHyr 3Ha'lHTeJlbHbIH nporpeCC, 'ITO MO)KHO onpaBjJ,aHHO yrBep)KJl.aTb, 'ITO
npo~ecc pa3pa60TKH MaTepHaJlOB ,AJlH CBapKH jJ,OJl)KeH npOHCXOjJ,HTb no cxeMe,
nOKa3aHHOH Ha pHC. 11. - .

~t
- -

PeWeHMe

j
I

PHC. 11. PeKoMeMyeMbIH aJIrOpHTM pa3pa60TKH CllJIaBa

KaK TOJIbKO BO3HHKaeT noTpe6HoCTb B pa3pa60TKe HOBoro CnJIaBa H

Tpe60BaHHjI K pa3pa60TKe CCPOPMYJIHpOBaHbI, nepBbIM marOM ~OJI)KHa 6brrb C~eJIaHa

nonbITKa paC'IeTa.

ECTb MHoro ~ocTYnHoro nporpaMMHOrO 06eCne'leHHjI, KoTopoe MO)KeT

HCnOJIb30Batbc~ A)Ig 3TOH QeJIH. ECJIH nO~BJI~eTC~ y6e~HTeJIbHOe TeOpeTH'leCKOe

pemeHHe, MOryT 6bITb pa3pa60TaHbI KpHTH'IeCKHe 3KcnepHMeHTbI, B KOTOpbIX

MaTepHaJIbI npoH3Bo~~TC~ H HcnbITbIBaIOTC~.

ECTb 06CTO~TeJIbCTBa, r~e paC'IeTbI BbIrJI~l1.5IT pa3YMHbIMH, HO norpemHocTH

(llJIaHKH nOrpemHOCTeH), CB~3aHHbIe C pe3YJIbTaTaMH, ~BJI~eTC~ 60JIbmHMH. CepH~

T~aTeJIbHO CnJIaHHpOBaHHbIX 3KcnepHMeHTOB MO)KeT 6bITb npoBe~eHa, 'ITo6bl

pa3pemHTb HeTO'lHOCTH. DbIJIO 6bI BbIro~Ho 06~eCTBY B ~OJIroCpO'lHOH

nepcneKTHBe, eCJIH ~aHHble, CB~3aHHbIe C 3THMH 3KcnepHMeHTaMH, 6bIJIH 6bl

ony6JIHKOBaHbl, no3ToMY MO~eJIH MOrJIH 6bI 6blTb 6oJIee ~ocToBepHbI.
ECJIH Ha CTa.I:(HH pemeHHH (PHC. 11) ~

COOTBeTCTByro~He MO~eJIH He cy~eCTByroT

YCTaJIOCTH), onpa~~aHO npOBe~eHHe
onblTe.

DbIJIO 6bl npeKpaCHO BH~eTb,

'Iepe3 HeCKOJIbKO JIeT, ~OCTaTO'lHO JIH

HCnOJIb3()BaTh MO~eJIHH HMelOT

Cep". I
~~n~"~H~~

T.K.

II

Ha

~

CnJIaBOB

npO60BaTb
nOHHMaHHe



Heo6xoJI.HMOCTH npH3HaTb CJIO)KHOCTb CBapKH. MOJI.eJIH CBO60JI.HO JI.OCTynHbI B

I1HTepHeTe

htlp: //www.msm.cam.ac.uklmap/map-main.htmi

HaKOHeI.(, 3TO AOJI)KHO 6bITb nOA1JepKHYTO, 1JTO 60JIblliM 1JaCTb 3TOH pa60TbI

He 6bIJIa 6bI BO3MO)KHa 6e3 orpOMHoro KOJIHQeCTBa 3KCIIepHMeHTaJIbHOH pa60TbI H

BKJIaAOB B nOHHMaHHe 60JIblliOrO KOJIH1JeCTBa JIIOAeH, BOBJIe1JeHHbIX B AeJIo. CCbmKH

Ha 3TY pa60TY npHBeAeHbI B cnHCKe [1-14], H H npHHoIIIY H3BHHeHHH, 1JTO

HeBO3MO)KHO onHcaTb HX B 3TOH KOpOTKOH CTaTbe.
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