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npeAHCJlOBHe

O,6pa6oTKa MeTaJIJIOB .naBJI.eHH'eM '6a3tlpyeTC5! Ha OCH'OBHbIX nOJl,O>Ke-

HHHX M,eXaHH.KH 'CnJIOIIIlJIbIX cp1eJ( H c»H-3HKH MeTaJIJIOB.

;B KHIHre npetlIJn:pHH5!Ta n,OnbI1lKa ,HX 'CH,HTel3'Hjp'O'BaTb. TalKOH CHIHTe3

. HeB03M'O}KeH, eCJIiH 'OCTaB8"TbCH TOJIb'KO Ha 'n03HnH5!X 'MeX8HHQe-CK'OH

TeOp,H'H 06pa6oTKH MeTaJIJIOB .u.aBJIeHUeM.

3\Ha5! 3aKOHbI H3MeHetHHH 'Han'pH}KeHHU H Jle'c»OpMaU:HU B 'O()1>eMe Te-

JIa, 'M.O)K'HO r,OlBO'pHTb 0 .npIHlBJIeqeHHH J(OClTI1-)KeH,HH OOlB'peMeHH'OflO �HI3J1-
q.eClKOIf'O M,eTaJIJI.Q!BeJJ{eHH5! 'C n.eJIblO J(aJIbHeUlilierO np!OH:HIK,H,OneHHH!)

rJIy6HHbI CTp'OeHH5! M,eTaJIJIHqe.CKHX BeIII.e-CTB H OTKpbITH5! 3aKOHOMep-
HOCTeU nOBe.n.e.HH5! .9THX BeI.I..lOCTB npH TeXHOJIOrHqec.KOH o6pa6oTIKe.

.MeTaJIJI rOpa3�O 60JIee qy1lKO p,eariHpyeT Ha H.3MeHeHHe B!HeIIlH:HX

<paK�OIpOB, q,eM .o6bIY.J:HO nOJIa.raIOlT, OH «>KHIBeT» no OBOHIM B.H\y-r.peH:HH�
C"T}.O)K'HbIM 3alK-OHaM. KJIIO:q K O'1lKpbIT'HIO 3THX 3aIKIOHOB JIeJKIHT B 060-

�J1.He.HHH YlIeHHH 0 .Hanp5!)K'e'HH5!X H .n.e.<p'OPM3'l(iH5!X Ma\Klp'OCIKIOITH�'eCIK,f)-
fO xapaKTepa ('H�3'Y,qaeMbI'x B T'eopHIH yinpyrocTH H nJIalcrr.H;q.H'OCTtH) c

fup.e.u:cTaIBJIeHH5!'MH .0 .Hanp5!)KeHIH5!tX H .rr.e<popManHSlx M'HKp'oC�On,HqeCKO-
fO XapalKl'epa, HOIpO>KJI.aeMbIX n'p'e>K!l(e Bcero J(,BH)KeHHeM ,lJ!J1ICJI,QlKal(HH
H HayqaeMbIX cp.U3H:KOU llB-elp.u.,oro TeJIa.

Te-OpHH
-

o6pa.6o"r.KH MeTaJIJIOIB .n.a:BJIeH:HeM
- 3TO Ha!Y'

1 -lHa5! .lI.H!CIl(Hn-

JIIfHa, K'O'To.paSl ,lI.OJI)l{,Ha 06'b5!'OH'HTb 'M,HOTHe 5!1B1JIe.HH5!, H3!6JIIO�aeMb1e

In P,H 'ocyIll. eCT1BJI eHHH r.ex.HOJI Of'H'qeOKHIX nponleceo:B.
B .He60JIblIIIOH no o6'b,eM'Y K'H:H're, Ka\K'OU no Heo6x-o,lI.HMIQlC'f1H .lI.OJI}KeH

6bITb yqe6H.HIK, He.Ho.3 I MO>K'HO O'f1pal3'HTb 3'TO M,HO�00l6pa3:He. no MiHeHHIO

a'BTo�pa, 'B 3TOM HeT Heo6x , o,lI.tFMOICTH. OCH ' 01B ' Ha5! 3a.u.aqa OOC'foOH'T B T'O'M,

lfT06bI RaY'IlHTb 6YJ(YlIJ.'e.ro HH>KeH�pa T1BOp'qeOKH MbICJIHTb, nloJtro�o-

BHTb ero K CaM-DCT05!TeJIbHOMY perneHHIO HOBbIX 3a.n.arq npH n'paK'THqeC-

I{OH ,lI.e5!:TeJIbH,QlCT,H nOCJIe O;K.O'H1.1aHH5! BbIICiliero yqe6HOf'0 3alBe;:r:eH!HoH.

MeTOJI.H\qeOKH KIHHra nDCTp.oeHa TaK. B OC.HOIBY H3JIO)K'eH'HISI n'OJIO}KC-

1-10 np'OC'f10e, .H.o .II.OC'TaTOqHO nOJIH'Oe peIIIeHHe nJIOCJKOH 3a�3'q\H nJIac-

THqlHOCTH H p.ern8HH5! p5!.rr.a O.II.IH'OMep,HbIX 3aJ(alI, H'CnOJIb3y
, eMbIX B Ka-

'qeCTBe rpaiHHqHbIX YCJIOBHU. H.cx i o.n.5! H3 3T.oro, npOBOJ(HTC5I aiHaJIH3

3aK-DHOM'epHOCTeu KOH}{IpeTHbIX TeXHOJI,OJ1HqeCJKHX n:p'one'Oc.OB H CJ(eJIaH3

TIOInbI1'1Ka nOIKa/3aTb B'CIO CJI.O)KIH'OCTb n'pHlp.otn.bI nlp,on.elClOOJB 06pal6oTKH
'MeTaJIJIO;B J(aBJIeHiHeM. HaU<OIHelIJ., alB''foOp X,OTeJI 6bI .II.aTb B PYIKH 1.1 1 H'TaTe-

JIIO Hai,I(eoKHbIU HalYq:HbIU MeTlQ1,Z( ,lI.JI5! .n.aJIb:HeHnreno n0l3H3'HHiH Te'XIH,OJIO-

rHIH, 'paI3:B�H'T'H5! e-e n:palK'THIIDH H caIM'OM TeopH'H.,

IK!HHTa COCT{)lHT HI3 n.HTH q.a.C1"eu. B nep'BOU qalCTH H!3J1alralO
'
1iml DC'"

HOIB,Hble n'OH5!TIHSI MeXa'H'H\KIH y:nlp'YIr,ono "H nJlalCTlHqeCIKrOl�o TeJla. B:o '.II-V
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tIaCTRX )J.aHa TeOp'HI5! nJIalCTUqeCJKlOlI"O H;31I'HI6a, KpY1QeHHH, paCTH.>KeHiU!,
U ., CJ

C}KaTHH, .HOJIOqeH:H5!, n'peOeOBaH!H5!, n:piO�OJIblHOH, nOlnep.eqIH'OH H KOIOOH

nplOIK aTOIK.

!H'e.OT'beM�JIeM'OM qalCTblO Y'q
' eJ6H'HIKa HIBJISle1lCSI 0601PJ�HIK 3aJla'1I 'no Tea..

p.HH 06'paI6 ' oTIKIH MeTaJIJIOIB ,lJ.aiBJIeH'H.eM. n,0�0I6HO yqe6H
'

HIKY, 10H TalK:>Ke

OOCTOIHT -M!3 J11HT'H qalCTeM H OOIO'�BellC'IlBYlOlner.o qHIOJI,a OJ(HOIH'MeiH!HbIX

rJlaB. ,LLJI5! 3aKpenJIeHH'H 3HaHHH HaCT05!TeJIbHO peKOMeH,lJ.yeTcH O,lJ.HO.

Bp'eMeH!HO C H:3�qeH/HeM o'qe:pe,lU-I'OM rJIa!BbI yqe!6�Ka p'e!IIIaTb 3atna:qiH �l

npiOlpa l 68'TbIIBalTb COOTBeTICTIB)'IOInHe Inp:HM'e:pb� 'H.3 y,qe!OHIHlKa.
ABTOp BbIpa>Kae-T 6JIar.oAap.HOCTb 'QJI.-KOpp. AH CICICP A. H. JIYPbe,

3a i CJI!y:>K'eH:H i OMY ,lJ.e5! T.eJI 10
, RayK!J1 � TeXHIHIKIH PIC<VICIP 10. 11. 5IrH'Y 3�

'p5l� u:eH!HbIX: 3a i MeQ8iHHH no OO)I.ep)l{aIHHIO P)'1KIOITI:HICIH, iBfCelM ll1�pelnOlII.a.Ba-

TeJIHM 1M 'COTPYJI.H'H.K'aM Kalcpe.npbI nJIaCTHlIeCKOM ,o6pa6oTKH MeTaJIJI.OB

KPIH3H'KO-M'eTaJIJIyprHlI,eCKOro cpaKYJIb'T'eTa JIDH 3a nOMOInb B pac-qeTa.x
'M O<p'opMJIeHHH p'YKonnCH.



BBeAeHHe

I -I a!yqH'O-l'eXiH'HlqeC!Ka
I H P'elB-OJIIOII..(H'H, QtX:B al�HJB/llI aSl BCe CJ<pelj)bI 06IIl.ec'imeH-

HOr,O .pa3BHTHH, 'yeKopSleT 'DeM�nbI pa3'BHTHSI MeTaJIJIy-prHH, 'nepeHO�� ee

Ha KalI.eCTBe I HHO H-OBbIH YP'OBeHb. BeJIHKa 3a.CJIyra MeTaJIJIyproB .B C03-

JLaHHH MoryqeH npOMbIIlIJIeHHOCTH HallIeH POJI.HHbI.
,

,B �a plCiKOn P'OIOeH'H B 1'913 r. 6bIiJI ' 0 rnpoIHl3'HeJI:e'Ho Bloero JI!H!lllb 4,3
'MJI!H. T /CTaJIH, 'CTOJIb.KO >Ke qy.rY,Ha H 3,15 MJIIH. T npOK3'Ta. ,IlOJIH Me-Ta�1"

JIyprHM POCCHH B MHpOBOH BbInJIaBKe CTaJIH COCTaBJIHJIa JIHlIlb 5,3%.
CeH'QalC )K.e (197:0 r.) ,no 'IIjP'UH3�B-0llI:CllBlY 'C'Ta�JIH (;IIL6 MlJltH. T), llyt(1)'Ha

(85,9 MJIH. T) H npOKaTa (80,6 MJIH. T) HallIa CTpaHa BbIlllJIa Ha BTO-

poe MeeT,O B M\Upe. M'H'p.oooe :HIP'0!H31B0i11.
' C"DHO CTalJIlH B 1970 r. �O\aT1H':rJ10

625 MJIH. T. ,lloJI5! C'OB-e-T1CIKOI i O COlOl3a B ee 'BbI,nJIa:BIKle e-OCTa!HH,Jla 18,6°/0_
n p

' OH J 3IH01)I.'CT1B'O �'HeTtHbIX M'eJTaJIJI.Q1B H CnJIalBiOB )'IBeJI:H,q'HIJI'OCb iB eIlI.e

60JIHllIen Mepe.

.Q,6:p3l60'T1Ka M.eraJIJIOIB .lI.a\BJI,eHHeM 5!tBJI5!e�CfI 3aB1e!p!malOllI.\H'M 3T.alnOM

B (np'OIHi3:BIOin I OTtBe H!3�eJIIHH 'M13 M'eTaJIJI,OB H ,OnJIalB:OIB. Hal3IHalQeH'Me 3"I)OrO

3'Talna 3aKlJIIOqaeTIC5! IB �OM, lI'T,0!6bI H/3 r MeHH!Tb r-eoM'eTtpIH�4'eOK'Y1O cpOpMty M

pa3M,epbI l'eJIa, 3 T3K}I{,e n:pHJJ.8Tb eMY .onpe,lleJl.eHHbIe, MeX8 i H'Hq,eCKJie

'11 CP!H!3 i H!q'eCIKIHe C!B-OHICllBa. 3Ta )K,e �'eJIb \B TiOH HJIH ;HIHOH Mepe M;9�leT
ObITb ,lI,OCTHrHYTa H HHbIM1H nYT5!MH, rJIaBHbIMH H3 KOTOpbIX HBJI'HIOTCH

JlIfTbe H o6pa:6oT1Ka pe3a
r H'HeM. B'on'pOtC 0 !BbIl60,pe' B'H.II.a o6p'aI6oTtK'H I\Ie-

T a JIIJI'OB Jl.JI 51 nO.JII)'f£I eHIH 51 Hl3iJL eJIIH H Olll\ple'� e.1II6H:HO H r.eOM ernp'H:q eOKO H cpo p...
MbI H C 'H ' e0l6x!OIJLH

'

MbI I MIH 'M,e:xaH'HItI'eClKiH!M,H, CPH:3'HlqeClKi!1IM:H H Cp'HI3IHIKO-lXH":
MJf1.1 e,CKH!MIM 'CIBO HICllB a:MIH olnp e.n. eJJJ5! e"DCH TeXH.HiKiO-l3lKlonOIM:J1IQ eClKIHIMiH' c,006..

pa:tKeHH5!!M:H np:HIM.e:HIH'"DeJIb!H'O K ,lI.aHHbIM K'OHlKlpeTHbIIM )'!C'JI,OHHHM n,potr3-
B 0 )l./CTB a .

T'H 1nH l lIHbI/M .5!IBJISlle'DCH np'HMe!HeH:ue .He-ex T1p,ex yrr1!OMHHtyTbIX dnOc.o-

60B 0i6pa160i'f1KIH B TalK,on JilOICJI'e!)(OIBaTeJIbHOCTlH: 1) Jl\HTbe; 2) 061p3l6'OT1Ka
.naBJIeHHeM; 3) ,06pa60TKa pe33iHH'eM (no BO-3-M'O}KH'OCT,H B K3'llec:TBe

I()TI,lI:eJI'OIQrHO H dn ep aiI!H'H) .

IOYllI:eCllBIYIOT U1I'e!)(I)'IOIIlHe .OCHIOBIHble CJnoiGo6b1 o6:palolOT1KM MeT3J1Jto:B'

,lI. aiBJIieH:H eM:

1. K 0 B K a 5!BJIHeTCH HaH60JIee .n.peBHMM cnocoooM 06pa6oTKH Me-

TaJIJIOB, nO-BHJl.HMOMY� OH 6bIJI M3BeCTeH JIIO.lI.5!M eI.IJ.e 3a 4 TblC5!IlH JIeT

,lI,'0 H aJlll eM' 3:P bI .

2. B 0 JI 0 q e H H e BnepBble HaQaJIH npHMeHHTb 3a 3 TbIC5!QH JIeT AO

HallIeH 3pbI. COXpaHHJIUCb .II.OK'Y!MeHTbI H o6pa3�bI MaT,epHaJIbHOH KYJIb-

T)'IPbI, H3 K'O'foOpbI!X '5!IHCT.13I)"eT, q'TO IIlp'O�ec.c B,01JI'Olq.eH}I.H Y1onellIIHo ITI'p'MMe-
HfIJI'H Ha Teplp:HTiOpIHIH HalllI'en P'�HHbI Me.>K\D.;YiuepiBbIIM M 'B.TOpbIIM TbICB...

qeJIeTHSlMH ]I.'O Hamen 3,p.bI. BbICtOKOM CTeneHH TeXHHQeC'KOro cOBe�pIll�H-
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CllBa np!OIl.e:CC BO,JI.OqeH'H5! nOilly;q-HJI B IX-X .BB. Ha �I1'eBIClKOH PiYlCH.
3lI.elCb B ,60JIblllI:HX IK)OJIIHlq , eeTBaX [llprOH I 3iHO,lI,tHJI:H npIQIHOJlOiKY ,nJIH KOJIHl.fyr
Ha oICrpOYIM.H'O 'CJKOHIC''I)PY'HlpOIBa!HHbI'X CTaHlKaX, !K!OTO'pbIle 'np:HIB-OI,lI..HJIHiCb :a

l(IBiH1KeH'Me n:p'H lI'OIMOIIJ:H KiOJIec.

3. n p 0 KaT K a ,nOHBHJIaCb MiHoro nO'3>Ke KOBKH H BOJI'OqeHHH.

OnKcalHiae ;KOHClTpI)'1Kr1ljHH np I OK3'1lHOrO Ic:ralHa Bln�plBble 'BIC1!p.erqaeT(CJH B

TPYJ(3X JIeOHa.pJJ.O J(a BIH'HlIH, KOT,opbI,e OblJIH onYOJIHKOBaHbl:B 1495 r.,
B CBSl3H IC lI'eM 3ry )I.aTY HiHOf)1.a elI,HTalOT rO.II.OM H3-00peTeHHSI Inp'OKa'T-
Horo CTaHa. O)1.HaKO nepBbIH npoKaTHbIH CTaH 6bI'JI H3rOTOBJIeH 3HatIH-

TeJIbHO paHee, nOCKOJIbKY Ha HeM npOKaTbIBaJIIH 3arOTOBKH H3 6JIaro-

pOAHbIX MeTaJIJIOB .n.JI5I qeKaHKH MOHeT H JIHCTOBOro CBHH�a ,lI.JI5! KPOB-
JIH 3.naHMH.

4. n 'P .e IC .C 10 IB a iH �H e iB-U3 I H,HIKJIO M,HOriO n03}K e K'OIBIKIH, BoOJIrQiq 1 e:H
'

H5! II

'np'OKaT1KH. Ilep'BbIH IMexalHIHI31M ,lI.JIH in'peOCOIBa:I-fHH .6bIJI IIT'QlCTp'QoeH JIHllib B

1894 r. [J p
'

01I. l eJClC nip eOOOiB a H'HIH x ap a)K'�ep:H:3!)'eI'I'ICH 'BbI'OOIKOH y� eJIbHiQ U

3aT1pa'TiOM 3;Hep:rHH .Ha -er,o 0OYII.J.eJCT1BJIeH'H!e. 3T-HiM, nO- r
HHI)1.'HIM'OiMI)', 06'b-

Slc.H�eTC5! ero nQl3�rHee Ipa!3iBIH1ine no 'qparHHeH:HIO -C JJ.\PY1rHM:H fTIlp:o[(.eoca-
IM!H. n�p eC!OOB a!H!H e np'HIM

' eH5! el'C5! r JI aIBHbI'M o6.p aI3 I O!M ,lI.JI5! o6p a!60'nK H

UjB,eT.HbIX MeTaJIJI'OIB H HX ICJnJIa!HOB, X'OT5! B no;CJIeJI.:H.e-e B!peMl5! eno yaneIlI-
HO HCnOJIb3YlOT H JJ.JI5I H3rOTOBJIeHH5! I-IeKOTOpbIX H3.n.eJIHH H3 CTaJIH H

�pyrHx BbICOKOnp,OqHbIX .cnJIaIBQ:B.

,Ka>KJJ.bIH H3 ynoMHHYTbI'X .cnoco60B .oopa60TKH MeTaJIJIOB JI.30BJIeHH-

eM HM,eeT {)'OJIbIII-oe KOJIUqeCTBO :pa3!HOB'HJI..HOC'Teu H -C'BOH oco6e I HHOCTH.

T.eo pH 51 0I6/p al60TtKH M eJT aJIJI,OB JJ. alBJI eH�HieM cporplMIYklIHPJY1eT OICJH!OIBIHbI e

3aKOHOMepH'OCTH, KOTOpbIM nOAQH:H5!IOTCH TeXH'HQeCKiHe npo�eeCbI oopa-
6011K'i{ MeTaJIJI'OiB )1.a i BJIeHM0M. 3'TrO JJ.aeT 'H03!MIO}K,H'OC'Tb pall(;J10oJ-laJIbHQ

CTp!0.I1Tb 0YI:I.J.eC'flB\YIOI11.IHe .H 'npJOe!KiTH:p:YleMbI1e 'TeX.HOJIo\rH�qeCJKne TIlp'o�ec-

CbI, np'eJABHllI.eTb :HOI3 I MIO)l{'HbIe .HX Ha'p')'1III'eHH\5I H n:p:HIHHlMa'Tb ,0600H,0IBaH"

Hble MepbI .K yne"DpaiHen:HIO n,Q:CJI.e!)J,HHix.

'B'MeCTe C �eM B TeopHH 06pa60TKH MeTaJIJI'OB JJ.aBJIeHH-eM pa3pa-

.oaTbIIBalO.TtC'5I 'MeTO�bI IpalOqeTa Halnlp5!)K-eHHU ,H )I.elc»OipMall(iHM, Bi0l3H'HlKalO-

Ilt'HX .B MeTaJI,JI'e nlp-H ero o'6.pa60T1Ke. Ha .9TOU OCH,one 'C'P.p05!T paolle r

peJKIH'Ma .lI.:ecp-op'Ma'Il.HH ('06}Ka'THH, Bbl'PH)K'eJK), ,lI.a,BJIeH:HH Ha HH'C"TpYMeH'r,

3aT'pa�HBaeM'OU pa'OOTbI, M.OMeHTOB IH MOI11.HOCTH, He06x'o.n.IIMbIX AJIH

Q:aymec T1BJI eH,H 5I .)1. a H'H oro Te XH:OJI!OiDHlq eCKoro TIp'o;� eoca.

B'CH'KHH T,eXHOJIOfH.qeCKHU InpoI.J.ec.c .oopa60TKH MeTaJIJI'OB AaBJIeHHeM

np,etZIJCTaBJI'5! 1 eT C0i60H CJIrQ.)KHbIH KO'MlnJIelKIC cp.H13:HQ.eClKUX 'H c»:H:3
I HIKO-X'HIM"lI-

qeOKiHX HIBJI.e'HiHH. Il�oI3;�OlMIY TeOpiH'5! o:6pai60�K�H MeTaJIiJlOIB ,naIBJIeHHe'M

TeCH!O C'B5I33:Ha C JI.pyrHMH CMe>K1HblMH eH ,Ha'YKaM,H 111 B nepBYIO Oqe.pe.n.b

c TeOip�Meu YiTIl,py:nOOTiH, 'DeOpH,eH nJIaICTnll I
HOCTH, c»:H i 3'HtKOH MeTaJIJI-D:B H

MeTaJIJJ.Q;Be,lI. eH,H,etM.

�OBIOH'CT1BO Y1npiyr'Q.C�H In'p:HOYI11.e 'BleeM TeJIarM B np'Hlp:Olne. OHO 3aIKJIIO-

qaec'fiOH B TOM, QTO 1ll00CJIe 'CHH'THH np:HJI.Q.LKeHHbIiX K 'I'eJI'Y Harp'Y1310K OH'O

lBoacr3.HaIB,JI'HIBaeT CB'OIO cp.Op'MI)' ,11 'OO'B6M n;OJI'HIQlCTblO HjJI:H qaIC'T,HIlIH!Q.

1ieo:pH5I Y!TIjP:Y:DOIOTH :H�3YiqaeT ;,neHOTlBlH.e OHJI Ha )'In
i
pl)'1fiHe TeJIa '11 OIn'pe-

l1eJISIeT B03HHKalOI11.He npH 3TOM HanpH)KeHHH H .n.e<l>opMal(HM.
IEIOJI:M rrrQlCJIe CH5!.T'H5! Ha!np')'13IKH ,MeTaill.JIiHIIIe.CiKloe 1';Belp�Oe TeJI'O He

npHo.6p.eraeT HICX,O.lIJHble CPOPMY H nO'beM, TO '9TO 03HaqaeT, lITO TeJIO

J�el(�Op'M I'Ip,Olna
i I-I I O :nJIaICJ'f.UqeaKH. TeOlpHH nJI3'OTHq.HOICTH H!3'YlllaeT ,lI.eH'CT-



l3,H e CHill H a nJI alCrnqeOKH'e TeJI a H o)np ejJL eJI H er B 03'H'HIK aIOIII.JI'e np'H 3'�!)M

oJ-I alTIip 5!}I{Ie!H'HI5I H ){eI<P'Olp M allHiH.

OCHOBHbIe rHnOTe3bI, KOTopbIe HCnOJIb3YlOT B TeopHiH ynpyroCTH: 0

CnJIOiliHOCTH TeJIa, 06 OTCYTCTBHH HanpH)KeHHH B TeJIe nepe.n. npHJIO-
}KeHI1eM HarpY3KH, 0 HaJIHqHH o.n.Ho3HaqHOH CB5!3H Me1K.n.y Hanp5r>Ke-
HH5IMH 11 ,lI,e<p0pMaL(HHMM.

B TeopHH nJIaCTH'IlH'OCTH nOCJIe)l.HIOIO rHnOTe.3Y qaCT.O 3aMeH5!IOT

np/eAnOJIO}K,eIH�HeM '0'6 H)I,eaJIbHO InJIa.CTHqeCKOM }K.eCTKOM TeJIe, T. e.

nOJIaralOT, "tJ'T0 no, AOCTH>Ke.HHH npeAeJIa TeKyq.eCTH HanpH)Ke-H'He

nepeC'TaeT 3aB,nceTb OT J(e<p-opMa�HH, a y!npyrHMH )l.ecp'opMa�HHMH npe-

He6p,eraloT.

TeOp\HH ynpyrocTH nO,lI,pa3,lJ.eJI5!eTCH Ha MaTeMaTHqecKYIO, npHKJIa.u-

HYIO H conpOTHBJIeHHe MaTepH�JIOB. TeopHH nJIaGTHqHOCTH MO:>KeT

6bITb pa3)l.eJIeHa Ha TP11 pa3,lJ.eJIa
-

MaTeMaTHqeCKYIO, npHKJIa,lI,HYIO H

I1H}KeHepI-IYIO.

B MaTreMaTHqeCKHX TeOp115!X ynpyr,ocTH 11 nJIaC-T11q.HOCTH Ccp-opM'YJI'H-
IpiOlBa'HbI H8'H16oJIee 06lIl.,11e ll'OJIO}K'eH11'5!, 3a:K'OHbI MexaHHiK11 ,lI,ecp,opIMiHipye-
l\lbIX cpe)l., a TaK}Ke pa3pa6aTbIBalOTcH MeTO)l.bI pell1eHH5! TpexMepHblx

3a.n.aq ,B Ha
' Hl6oJIee 061)l.,eM BH)l.e.

!IlipfH\KJIaiJLHble Teopu11 ynpY:DoC'TH 11 nJIa ' CTHqIHOCTr11, nocTpoeHHbI'e Ha

O'CinOBe BbDB!O\)IJOIB IMaTeMa-r-11QeC!KI11X Tenp,HH, Hen6xoJ(HMbI ,lJ.JIH pemeHH:H

I1H}KeH�pHbIX 3a.n.a4. COnpOTl11BJIeHHe MaTepHaJIOB 11 I1H)KeHepHaH Teo-

pHH nJIaCT11qol-IOCT11 pernalOT cooTBeTcT,BYIOI11.He O,lI,HOMepHbIe 3a.n.aqH.

,I:(JIH Teo'p;HI11 ,o6pa.6oTK ' 11 M'eTaJIJIOIB )I.aIBJIetHHe.M Ha1160JIbIIIee 3!Ha!1!e-

Hae I1IM ' eIOT ;,II1piHIKlJIa�..Ha5! 11 11'H)Ke.HepHa5! 'TeOpHH nJIaCT11QHOCTH, a TaK-

)K e 'onn p'O'THIBJI'e!H'H e 1M a TeplH alJI DB.

Treop,H�H nJIaICTH;IIHUOT11 B TeQeHH,e 'nnCJIe,lI,HerO III.eCTHLll.eC5I'f\HJIe�H5!

pa3H11'BaJIaCb 'Ha OC;HOBe 3aKOHOM,e.pHocTei1: 11 npaKTHqeCKHX ,lI,aIHHbIX 0

I1OiBe)I.eHli'H M.eTa:JIJlOlB B :nJIa I CT11lqeOKOM COCTOHHHH (Mexa:J-I.I1Ka 'ClnJIIOll1-

HbIX cpe.n., cpH311Ka TBep)l.orO TeJIa, MeTaJIJIOBe.n.eHHe). K qHCJIY yqe-

HbIX, BHeCll1HX 3Haql1TeJIbHbIH BKJIa.n. B pa3BH'nHe MaTeMaTHqeCKOH

TeopHH nJI3'CTI1QH.OCTI1, 'O'rHOCH'TC5I A. A. HJIbIOll1H.J-I, 10. H. Pa60'DHOB,
B. B. C'OIK,OJIO'BIClK;HH, C. A. X:P'HICT:HaHOIBIH'q, B.o lB. H'OiB'OI)K'HJI'OIB, J1. M. Ka-

'lIaHOB, A. HaJ(a11, Ill.r eJIe11, P. XHJIJI.

Pa60TbI H. C. KYPHaKoBa, A. A. DOqapOBa, H. H. ,I:(aBH.n.eHKoBa,
11. A. O)l.IHHra, B.,I:(. K!)'13iH'e!L(o:Ba, 51. H. cp,peHlK1e.JI'H 11 .n.py:r l 11x 3->Haq'}l-

TeJIbHO paClIl11pHJI11 npe,lI,CTaBJIeH115! 0 nJIaCTHqeCKOM nOBe,lI,eH1111 H

IpaI3!py.me:H'UH T,BejpJI,bI'X Teill. H10OJI,ellI.OlBaIHHHIM;H C. 11. fry r 6lK!M'Ha II era

nOCJIe,lJ.OBaTeJIeH, H. H. Kopn-e-eBa, H. r. C'Kyra.p,eBa 11 .n.pyrl1x C03,lJ.8:HbI

<pJ1:3:I1JKO-XIHIM'HlqeCIK i 11e oeHOIBbI nJIaeT.HlqeJC�KOH 06pa.6oT1KH MeTaJIJI!OIB.

T'eOip�HIH o6p.aI6o'IlK'H M'e'T a JIJIIOrB JJ. 31BJI eIfne:M K alK :n1piHIKJI alII.H a H H alYK a

HB.JIHe''f.C5I pe3'YJIbITa'DOiM n'OICJH�LlI.iQBaIT'e'JIbHOIf'O pa3:HH'TH'H TeOlp.H
l 11 TIJIaIOTHq-

HOCTH. HaHl60JIlee KP'Y1nHbIH BIKlJIaJI, 1B 'CQl3�aH'H'e '11 flOlCJIel,lI.\YIOI11.ee paI3S:R"'
THe TeOlp:11!H 0I61pa16oTJK'11 ,lI.aIBJIe'H!HeM 'B'HeOeH A. H. l(eJI'HlKrQIBbI'M,
11.. M. I1aIBJIOBbIM, A. CPo ['OiJI'OIB!IfHbIIM, A. 11. q'eK:Ma:p-eBblrM, B. fl. Ce-

:BeptneH'K'o, Il. H. I1\OJIIY.X11 I HbIiM, H. 51. Ta'p'H,o.BiClK11 I M, A. A. K.OIpOJIeBbIM.,.
B. H. Bbl)JjP'HHbI'M, 11. C. HIC'TOM:HHbIIM, H. J1. Il,epJIiH'HbI'M, C. H. rl)'161K'H-.
HbIM, A. ,LL. TOMJIeHOBbIM, M. B. CTOp0)KeBbIM, E. A. I1onoBbIM, E. n..

Y:HKIOOBbI�M, r. A. C'M'UP HO!BbIIM - AJII5!e'BbI '

M.
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PalHee teo�pH5r 06Ipa\60.TtK.H M.eTaJIJlIOIB ,lI.aIBJIeH'HeM 'Onp3'H�Hlll;H1BaJIaCb

paIOIleTO'M Y'C:HJI!HM H pa�60'TbI )I.;etCPO,P1MaU.,UH: OK!OJIO 30 JIeT TOMo/ Ha3a.u.

ObIJIM perneHbI MHorHe O,lI,HOMepHble 3a.n.aqH. DocJIe,lI.YIOI11.ee pa3BHTHe

TeOp!HiH :nJI aC'f1H,q eOKO M O!6ip a16oTlI{:H 1M eT aJI JI!OiB n'p.H!BeJIO K JIIOIOTaH'OIB Ke

J{iB'YMetpHbIX 3a)I.3'Il. lleJIb 3'THX pell1eH.HH CO'C''f10HT He T10,JIhKO .B onp.eI(e-
JIeHHH YiCHJIHH, oRO H B 'onHcaHHIi 'H.alnp5!'>KeH'HO-:.lI.e:e»'QPM

'

Hp,oBaH'Horo CO-

CTO'HIHH5I, liT-O pa'CllIHp5! , eT HallIe nOHH.MaHHe 0 nOBeJJ:eHH.H MeTaJIJI,OB B

npou:ec-ca,x nJIaC'THqe-CKOH IO{�P a 60TK'H.

,B fIOCJI,e:.niHee B:peMH B ,pai6oTa'x 11. 51. Talp;HOIBICJK'OrO, A. A. DO!3!LL,ee-

Ba, B. JI. KOIJIM10rOip'OiBa 'H J1.!P'Y'fiH:X Ha l ll1JI!H npH!MeJl:I'e'HHle TalK Ha!3bIIBae-

Mble 3.HepIJie'f.H!q.eC!K!He 'IIJp;HH�nfnbIpa'C1t.leTa )'1C!HJIHH H .n.ecpO!p'Mal.(iHM. '3TJt
'MeTO)]:bI 'nO'3!BOJI5!IOT npH I 6JIH}KeH'HO pellIaTb J(BfYM.e.p'Hble H 1)peX:MleptHbI�
3aJ\a!qlH ('O,ca�Ka, n:p;OIKaT1Ka !C YIll1

I
H1peH'HeJM H T. .n.).

,Ho, TeM ,He Meaee, 'Ha!HI6!oJIee p3'3iBHTbI I M pa3tr( l eJI ' OM Te.Q!p:H�H r0i6,pa6oT-
K.H M,eITaJIJI'QlB ,lI,aIBJIelH:HeM HBJI5!'eTiCH pa1o-q.eT ')'1C.HJI,HH. Ha QlOHOiBaH-HH fYI-

,llOTe3bI 'ilJI.o\CKHX celleH'HH (10M. r JI. V) \n:OJIty'llleHbI COOT1Be'T1CTlBo/IO:I11.Jle

$Olp:Mo/JIbI 'H paI3 I pal6roTa;Ha M'eT1oLZi.!lliKa paOll'eTa YiCHIJI:HH nIP'H'M.eHH'TeJIbH{)
K' cTau.U;OJI a p'HbI!M n'pol�ecrc a.M np OIK arT1K,H, .HOJI'OIl eH:H\H, �TIlp'eOC'OIB a.H"HH, a

TaiK>Ke )l.JIH p5I1,lI,a o�n�pa'I.LHH K'OBIK'H H JIH10TOIB!OH ll1
I

Ta'MlnOIBIKH. M.eHee

fP.al3ip � 60T a.H bI 1M e''DOlJI.bI lo!np e,lI,O{�JI eHH'5! Ie» H 3'HI1.1 e'C\K'H x :n alp a:M'eTlp OIB ('np e,lI"e.JI

TeroylleCTH n1pu BbliOOlK:HX TeMln e!p 3'11Y�p ax, K03'CP'cp,HII.J.iH eH'T Tlp.eH HIH, Y'll e T

B.n:HHH:HH ,C\KOp\OI01lH )I. eicp'QlP�M a!�,HIH H T. ,lI..).
IC npiH,M.eHeHueM ,lI,'O,eTH}I{,eHHH 'TeOlp'HM o6pa:6�oT1K:H MeTaJIJI'OIB ,lI,aB-

JreH\H:eM C-03J(a
' HbI HIOIBble TeXHOJIOlrnlleCKiHe n,p'OI.J.eOCbI, MaUIHIHbI 'H M'exa-

H'H3MbI. 3a ro,lI,bI C'O-BeTOKOM BJIaCTH nOCTpoeHbI COTHH HOBbIX n,p'OKaT.

HbIX CT aH!OIB . B bIIOOIK a 51 H Hice .B 03p alC'T a 10m a51 lllp'OlH!3IBIO)I.'H'Te.JIbH!OIC Tb Ii X

6a.aH1p'yeT1C5! Ha pel3!)'JIbTaTaX 3IK , on ,

e.p:H:M.eH'TaillbHblx H TeofpeTH:lleCJKHx

;p a;oP"r ; .no O'TI'p e.u.eJI elHHIO .A'ecp'op!M a:II.!HH H Y'CHJI'HH n pH Inlp OIK aTIK e.

\H�f OC-HOBaHHH 0611IHP'HbIX TeOpeTHqec.KHX H OHbITHbIX' pa6-oT,npoBe-
OJ:eH'Hbl'x "B' CiC,CP B 06JIa l C!'r.H nonepeq:HO-IB.RHTO,B!OH Ii :np'OJI.'OJII>H'OH npo.

lKa11K!H . T'PYl6, .n l

QJCl1plo-eHbI BbI'COIK:Olnrp.OHI3IHO�HIT1eJIblHbIe 11pl)'!6on'p�OKaTHbJe
.arperaTbI 'Op!HrMHaJIbIHOH K'OHC'Dp:Y.KII:H,H. T\eOipe'f.Mrll,eOKIHe palOqeTbI ,H OHbI"

TbI no HOCJIe,lI,OBaHHIO Han'pH:>KeHHO"i.n.ecpO'pMHpOBaiHIHoro COCT05!HMf.I B

inpo�e.acax :n,oneperY:lHO-IHHHTOIBOM np,OKa"I)K,H cnO,C'OIOCT1B i OIBaJIH C0I3.na:HrHiO

IHOBbIX TeXHOJIOrHqeCKHX npOII.,eooOtB :npOKaTtH:oro npo.u3B-OJI;CTBa (3arOT'OB-
iKH nJI�5! llIaT1Y:H'OB, ll1a.p,Q;B, llIeCTejpeH, ,P.e6pH,CTbI'X �py!6 Ii T. n.). ll,PHO-

p�HTeT COIHellC1KHX ')'111reHbIX 11 iI1!H>K:eHepIOlB B 8'1'OH OI6JIalC'TH o!6me-

np,Hi3'HaH.

.Cyrn.eCTBeHlHbIe JI.OCTH}K,eHHSI B OOJla'CTH rH',lI,p0C-TaTHqeC-KOrO H ra3'0-

npeCCOBaHHH nOJIyqeHbI IlIa ,ooHOBalHiHH pa6oT, tnp,oH3,BO,rr:UMbIX B

AH' C�C:CIP no)l. p'YIKrQ;B'Ov:L1C'THOM 11. 11. Bep,emarH,:fIa. 3rH'M H,OOJIeI.1I.:oIBa-

IHHH:M rr.pe.n/ll1lec,TIBIOIBaJI'H MHOrOll.J11CJIeHHbIe P ai60TbI B .o6JIalC'TH 06bIIlIIH.oro

In'p'edciOlB a H.M5!.

06illI;MIP:HbIH IK�OMlnJIelKC HIClCJIe�OtBa.H'HH IE '06JI3!CTlH 'K'D:BIK;H, llITa.Mln'OB-

KH, BOJIOq.eHHSI, n'p,eClcoBarHHSI H np,oKaTKH (cp,opMa H'H'CTpYMeH'Ta, CMa3-

Ka, TeM!nepaTYPIHO-'CK'OplQ-CTH'OH 'pe}l{HM) .6JIarOTHOpHO 'CKa3aJIC5I Ha pa3-

!BHT,MiH TeX'H'OJI OlDHlq eCK�HOC Inlp O�'elOOOlB; !n1nBbI:C:HIJI:HICb �p'On3IBoOl)JJH'TeJIbHIOiCTb
H Ka I QeC'f1BO fIpOv:L:ytKI�'H'H, :n,OHIB'HJI;M'Cb H;O\Bble K'OHIC'DpIY1KIU.�H:H )'IC'Ta.HIOBOK

(ipai6.Q.TbI A. H. U,eJI'HIKIO'Ba, B. B. HIOICa.JIH 11 JI.ip)'Ir!HX) H H:O\BbIe TeXIHO-
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,,1I0rI1q�CKHe npOll.eCCbI (rH,lI,pOBOJIIOqeHHe, HMnYJIbCHaH lIlTaIVinOBKa),
IIpOlKa'tKa B :BaiKYlytMe 'ryr'OnJIaBIKiJ1'X 'MOHO- 'H 6HM.eTaJIJII()tB (lpa16I01TbI A. B.

1\ prylll.H'H a ) .

Xa p 3rKTepll-IbI:M JI.JIH 'nOCJIeI,lI,HelrO HH'TMl,lI,etCH'T'H-JIeTHIH 51iBJI'He1'CH Bce

6 OJI ee IIIH pIO:K!O e HlenOJI b3'OlB a'HH e ,KiO�M!6'H.H HlP'OB aUHbfx n�pOlll.'e.CleOrB, 001]-

MeIll.alOIll..H;X 'B -ce6e InpOIKaT!K'Y H OBa'pIKY (Inp.o11t3IBDI.n.ICl1HO Tlpyi6 H HeJK.Q-

TOpbIX c»aCOHHbIX npOc»,HJIeH), iHenpepbIBHYlO 'P33JIHBKY H In.pOK3TKY

(TIlpO!H;3IB!Otr{ICIT.B;0 'CJI5I\60B H JI HICTOIB ), rH , 6KY H n p.OIK a�TKlY (II"HY'TbI e npD'q>'H -

JIH), JI�H'Tbe H llITaMlnOIBIKty.

.

T'eCHoe CJIH5!!HH'e np'OI.('elCiCIOIB pai3JI!H�BiKH CTaJI:H H enJI,alBIQlB O'6p3!60T'KH
MeT aJIJI'OIB )l. 3rBJI,eH'H eM H TepIMiH'q.eCK,O"

,

QI'6p ao60T:K'H n!p'uB-eJIlo K B'H,eJlJp e-

H'HIO TIIp,nll. eiCIC'OIB C }I'On'OJI'b3101B aH:HeM TenJI a -p 313JI,HIB!KIH ){,JI;5! noCJI e.n.YIO�III. e H

.u.e,<plop�M3'lI.HIH HJI'H TeiTIJI3, 'BbIll(eJI'HlO'Ill.eI'QlOH np'll ,lI.elc»;OIp.M 3oI.(IHH JlJIH n!oc-

JI el)IJylOIll.'eH Te;piM Hj[H�aKIQi1 o6p 3160"nK'H.

.KOMOHIHHP'OB3HHble npOl.(eCCbI xapaKTep.HbI H )l.JI5! nopolliK'OBOH Me-

TaJIJIry.prHH ([lp'eOCOJBaHHe H6 n.op,olllIlK,OB pa:3iJIHqHbIX H3i,lI,eJI!HH, nlplOtKaT-
Kart OplHCTbrx, 6.ean()tp'HICTbIIX JI.e!H'T H )1JpY,�JiiX HI3oJI. eJI H H) . I1lp.H 'npOIH\3IBO Jl.

-

CT1B eMa .

llfH-HCTpeMH.f1C.HKytB
. eJI.Hll.e.H.HIOM310CbIlIITa:M!nyeMblxA.eTaJI.CH

(ceKII:HOH'HaH 1IIT3MllOBKa, llIT3M:noc'BapHbIe ,lI.eTaJIH); K YMeHb1IIeHHlO
06'beM3 OITXiOJJ.OB M ' eT3JIJI3 H, B qaIC'THoQ'CTH, Hl1I.

'

ymeDo B 'Cl'np'Y>KIKY (6.e3-
06JI'OHH3-5!, Ma.;rIOOTXOI,lI"Ha5! H 6e3YIKJI ' OHHa5! nopH:q3!H lUTaIM:nOBIKa, 1IITal�l-

TI.OIBIKa H' HaiKaTK3 lue'C'T.e.peH C r,OTOBblM '3'Y'61Q;M); 3IHalq:HTeJIb'H.oe nOiBbI-

ll1eH:He TOll
'

HlOC'TH pai3.MeplQlB ,lI,eTaJIeH (TOqlfl3'5! XOJIOLl1.HaH llI'Ta'M!nOB:Ka,

,K aJIIH.6tpO!B:K a); TepIM'O!M ex 3!H'HfIleICIK a 51 ol6 1 p a610T1K 3 .n. eJT aJI'eH .H T. )l..

Pa3HHTHe 3THX InpOl.(,eocOrB 6a3iH�py.eT'CSI B HallIe" .ctpa!H,e H3 pe3YJIb-

Ta'T3iX, .nIOIC'f.HI�H'YITbIX B 'Te.Op'H'H JIH'TbH, nJI3IC'T1H\qeJClKOH o6,pa'6011KH MelTaJJ-

JIiQIB, CBa'p:I\:"H, TepM'UqeJCJK10H or6;pa.60'TlKlH Ii p'HiL(a �IPY'nHX Orp3
1 CJIeH HaryKH

H 'fie XH HIK!H .

XXIVc1>e3.n. KIl'C,C YTBepJ(HJI ITIpOrp3MrMy JI.3JIb I HeH'1lI,er,o p33BHTHH

coneJT,C'-KOH MeTaJIJIYlprH'H. B 19715 r. IBbI!nJI3IBIKa C'TaJIIH B HalIlleH C'f1paHe

J!.OIC'THTHeT 142-1,5-0 MJIIH. T.

IO)'iIll. eC'T I BiYIO Ill.iH e 'M e'flOJ(bI ;npo H 1 3IHOJl:CTIB a 'C'T 3JIH In10JI'yq a T y,cOIB-ep III eH-

CT.BIO!BaiH'He IB n,p.ol.(elooe HX ,lI,aJIblHeH,rneno ,pa!3iB�H'THH: 6YJJ:'YT 'np;HM.eH.HTb-
CH KpyuHbIe MapTeHoHcKHe H .nYPOBbIe neqH, KHCJIOP0JI.-HbI.e KOH'BepTepbI

c seeOM nJIa;B'KH )1:0 3:50 T.

'

InlpO:H�3IBOJJ, CT,B 0 rOI'f10BiOifiO ,nlp'OiK aT 3 ,lI. Q.C THrH eT 1,0 1-':'11.05 M,JIH. T. B bI -

'I1J710K JI'H!CTOIBor'o InpOIKa'T3 B 197:5 r. 6Y:JI.eT .n.OIB-e�eH .n.o 4'2-45 %
-aT 06-

mero ,BbrnY'ClKa np�0IKa'T3. B 'CiB5!!3iH C 3THM IB 6JI,lf>KaHJIll;ne rOJI.bI 6Y,lI,eT

np'O�OJI>KaTb'CH 'M.HT'eHCH�B.Hloe IC'r.p,QlH'DeJIb l C'11HO IHenplepbIIBIHbIX. ,uploIKa'T;HbI x

crT 3,H'QlB.

,B ,lI..eIBH
I 1IOM n'5!'f1HJIeTH;H :B 1,4 pa.3a Y1BeJIUlln'T105! BbI;nyC'K -TIP'OJI.Y;K'I.('}FH

lI.Be'flHO" MeTaJIJIyprH'H, :B TOM qHCJIe 3JIIOM'HHHH H3 ,50-16:0�0 Me,Z:(iH Ha

36-40 %
. n'pO:H!3IB�Ou::l,H'Te.JIb!H:Q'CTb TpYV1.a ,B q.ep�HoH MeT3JIJI'Ylplf'IH'H ,lI.'OtJIIKHa

TIIQ:BbI.ClHTb'CH B 1,3 pa3a, 3 ,B l(BeJ'DH'OH - ,H'e M'eH'e,e qeM B 1,4 IP3L33.

Y;Clnex pem'eH'HIH 9'THX 33�a'll BalBHICHT !B SiH.a;q:HTeJIb:HOH IM'ep'e 'OT K3-

QeCT,B3 IBbI\IIi)"eKaeMbI!X C'OIBellC1KiQH BbIIClleH TeX,H,H'q.eoK,oH IllIKOJ10H one..

lI.'HaJI:H!ClTOJ3. OnbIT p3j3:B'H'�H,5! Me'T3JIJI}'IpiDH"H n'OIK33bIIB3eIT, q'1I0 eo :BpeIMeHI1

'OOCT31BJIeHiHIH ,n�p.BO'ro ,lI.,OiK'YMeH'T3, '06o.CH!OBbIIB3IOII.lerO Heo6x'0�.HM'OCTb

pa3iB'HTHH n,p.H!H'I.(,H'n.HaJIb'H:o HOB:OH TeXH-DJI'OrH'H, AD- n'OJIIH!OiI'O ;nlpe-r1Biope"
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rH H:H ee \B )K'H.3IHb TI pIOIX'OJ:(lH T 19 1M 6101JI ee JI eT . n ' 03TIOiM'Y iliplOlr:HiOi3bI p 3':3\B,:(I -

11n5! 'M a!Tep.H aJIbH01r,0 'np ' OH.3 I HOI.lI!CTIB a 110 eDO TeX'HHq eOKrO:M'Y Y'PIOlB'HIO H a

3'TtOT 'Op'QlK ,B'nIOJIIH,e Ll{'OICT'OnepIHbI. ,arlO lJI.aleT IBt0l3IMtO)K;H'QlCTb J(tQIC'TaT10q.iHIO qeT-

KO 1CI<p01pMi)'JIH.piOB3'Tb IOO1)I.'ep,}I{aiHH,e Y;Qe6UbI!X InJIaiHr()lB IHa iOTp'e30lK !B'pe-
'MeHH 1:5-120 JJI(�T, nOICJIe,lI.!oBa'Tte.JlbIH'O' �BHiOlCH B H-M/X Heo6xolJ('HIMble K'OIP-

peKJ'fIH\BbI, CB5!i3aH.Hble C HaYIlJ.HiQ-TeXHiHltfeCKIJ1'M np�onpe;OCO\M. Ha'ItpHIMep9
B nOCJIeJ1JH;H:e rOl!l.bI JI..Q!BO�b!H'O qeT1KU Ha�Me!'IlHJIaICb TeH,lI,eHrll.'HH K CO�qeTa.

H.HIO H!enpepbIIBIH:OU pa�3IJlHiB!K'H CTaJIiH C np'OIKaT:K!oH ee Ha lIenpe)pbI;BHbIX
CTaHax Ii C .II.aJIbHeHmeu TepMIi,qeCKOH o6pa60TKou. Ha COBpeM'eHHbIX

airperaTax lI.BeTH'OH MeTaJIJIyprHH HenpepbIBHaH pa.3,JIHBKa H .TIJIaCTH-

QeCK8'SI o6pa6oTKa y}l{,e opraHH'qe,c.KH c-otJeTalOTC5! IB O,lI,HOM arperaTe.

TaKHM o6pa30M, Y>Ke rCeH,qalC omymaeTcH nOTpe6HocTb B Onell.Ha-

JIH-CTaX IIIl1pOKOrO npo<p'HJI5!, XO'POllI'O 3HalOIll.HX TeopHIO H TeXH.OJIOfHIO

OTJI'H,BKH 3aJiOTo.BOK, HX nJIa/CTHqeCKOU Ii Tep'MHqeCKOH 06pa6oTKH. Ha-

CTOHI11.a5! KHHra HanHcaHa C TaKHM paCQ.eTOM, l.IT06bI cnoco6cTBoBaTb

nO,lJ.fOTOBKe T3'KHX OneII.!HaJIHCTOB.
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YnpyraSl H nJIaCTHqeCKaSi Ae(jJOpMa�H'H

1. 06lI(ee npe)].cTaBJIeHHe 0 MexaHH3Max

ynpyroH H nJIaCTHlfecKoH ,lI,e(jJopMal(HH

TBep.n.ble MeTaJIJIUqeCKUe TeJIa npH B03.n. , ei1,cTBHH Ha HHX BHeIIIHHIX

CHJI H3MeH5IIOTCBOH pa3MepbI H c»OP'MY. TaKoe H3MeHeHHe IHOCHT Ha3-

BaHHe J(e�opMa�HH. LL e � 0 p Mal( H 51 npe,nCTaBJI5!eT c 1 06oi1 'CO'BO-

KynHocTb Tpex B3aHMHO ,HaKJIaJ(bIBaIOI11.HXC5! H .nOCJIeJ(Q.BaTeJIbHO I1.J.Y-

llI.HX npOI.J.eCCOB: ynpyroH JLe<popMal(HH, nJIaCTH1.IeCKOH .n.e�opMal(HH H

pa3-pYIIIeHH5!.
EC.JIH TeJIO I10CJIe CHHTHH CHJI, BbI3bIBalOI11.HX J(e<l>o-pMal('HIO, nOJI-

HOCTbIO BOc.craHaBJIHBaeT CBOH nepBOHaqaJIbHYlO <l>OP'My.H pa3MepbI,
TO TaKaH .u.e<l>,opMal(HH Ha3bIBaeTc.5! Y n P y r 0 H H JI If 0 6 paT HMO :H.

B npol(ecce ynpyroH J(e�opMal(HH TeJIO HaKanJIHBaeT nOTeHl.(H-

3JIbHYlO ,9:HeprHIO. n,pH pa3rpY3:Ke 3Ta nOTeHlI.HaJIbHaH 3HeprH5I pacxo-

lI.yeTcH IHa BoeCT31HOBJIeHHe pa3MepoB H rpOP'MbI TeJIa.

Me)KJ(Y aTOMaMH THepJ(ollo 'TeJIa O,lU-IOBpeMeHHo JI.eHcTBYIO'T ,lI,Be

CHJIbI npHTH}KeHH5I npH 60JIbIIIHX pac.cT05!HH:5IX (Me}KJI.Y HHMH H OTT3�J1-

KIH.BaH'H5! np'H MaJIbIX paCCT05!HH'5!X. CHJIbI npI1T5!:>KeHHH IHMeIOT 06blqHO

3JIeKTpOCTaTH4ecKYlO ,npHp!o,ny (npH MeTaJIJIHqeCKOH CB5I3H) HJIH

06YCJIOBJIeHbI B3aHMo.lI:eHcTBHeM 3JIeK'TpOHOB BaJIeHTHbIX 060JI04eK

(npHKO'BaJIeHTHOH C.BH3H). CHJIbI OTTaJIKHBaHHH '06'bHCH5!1OTC5! .u.e<l>op-
Mall.neH BHYTpeHHHx 3JIeKTpOH,HbIX o60JIOqeK npH HX conpHKocHoBeHHH
B cJIyqae MaJIbIX paccToHHHH M.e}KJ(Y .5IJI.paMH aTOMOB. Onp.e.n.eJIeHHOe
OOOTHOlIIeHHe l\1e}K)XY !CHJIaMH OTTaJIKHBaHHH H npHT5I>KeHHH o6ecneLII1-

BaeT ,CTa6HJIbHOCTb KpHCTaJIJIHqeCKOH pemeTKH.

3HeprHlo B3aHMo,lI.eHCTB'HH .lJ.BYX aTOMOB MO:tKHO ,npe.rr.cTaBHTb B RJI-

.u.e

A B

u=--+-
r

m
r

n
'

rJ(e A, B, m H n - nOCT05!H.HbIe.

IlepBbIH IIJIeH onlfCbIBaeT BJI'HHHHe CHJI npUTH>KeHH5!, BTOpOH: -

OTTaJIKHBaHH5!, r -

paCCTOHH'I1e Me>KJI.Y aTOMaMH; n03TOMY n.>m.

OOCKOJIbKY BeJIHqHHa V BbIpa:>KaeT C060H nOTeHl(HaJIbHYIO 3Hep-
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,rH 10
,

TO rrepBa.H .npOH3BOJ(Ha51 lOT Hee no r eCTb YCHJIHe .P, KOTopqe l\1IbI

MO}KeM paCCMaTpHBaTb KaK paBHOJleHICT.BYIO�YIO 'Me:>KaTOMHbIX/ CHin:

/

p =

d U
=

r A m 1
_

� B n i

(1)
d,

,:l.�
rm+1 ,n+l.

,0603HaqHM HOp'MaJIbHOe paccToHHHe Me}K,ny 3'TOMaM!H :qep'e3 .ro.

TIpH r=ro CHJIhI npHTH}K'eH'H5I ypaB.HoBellIHBalOTcH CHJIaMH OTTaJIKH-

Ba.HHH H p3IBHo.neHcT,BYIOlI.{aH Me}KaTOMHbIX <CHJI paBHa HYJIIO. ECJJH

r=-,o + 6.r, "fi0 B03rHHKaeT yrrpyraH CHJIa, KOTOPYIO. MO>KHO BblqHCJIHTb

no ypaBHe-HHIO (1)_

np'H yrrpyroH J1:ecpopMaIJ.HH H3MeHeHHe IpalocToHHHH Me>K)lY a TOJvfa-

MH 6.r Bcer.na 'MreHbllIerrapaMeTpa KpHct3JIJIHQeCK ' OH pellIeTK'H roo B

E)'TOM cJIyqae YCHJIHe P MO>KHO pa3JIO}KH'Tb B p'H)l rro CTe.rr.eHH;M 6.r:

P == P'(ro) + � P' (ro) tJ. r + � P" (ro) tJ. r
2

+ � p'" (ro) tJ. r
3

+ _ - .

11 21 31

,Ha OCHOBaH.HH H3JIO}KeH.Horo BblIIIe P (ro) =0. ,0603HaQHM:

p' ('0) .

p" ('0) .

P'" ('0)
= aI' = a 2 ,

= aa-
I I 21 31

T"orJI.a 33rrHC3H,HbIH BblllIe P;H)l :npHM'eT 'Ban:

P =

aJ 6. r + a2 � r
2
+ a 3

8. r
3

+ _ . _

IlpeHe6per3H 1IJ1eH3MH pHJI.3, 'co.nep>KaII.{H'M'H 8.r B CT,e-neHH 60JIbilie 1,

nOJIyqHM: P,=al6.r.

,Pa3.neJIHM o6e 'qaCTH 3Toro paBeHcrr.Ba Ha r�:

�= al 8.r

,� '0'0

OTHOllieHIHe P/r� MhI MO:>KeIM TpaKT'oBaTb KaK HanpH}KeHHe, a OTHOllle-

HHe 6.r/r 0
- KaK OTH'OCH'TeJIbHYIO .lI.'ecpopMa�HIO.

!B TaKOM ICJIyq3e BeJI!H-qHHa al/ro HMeeT pa3MepHocTb 'HanpH}KeHJ1H.

BBeJI.reM 0603HaqeHHH:

p_. �r_. al
_

-

-a,
-

-e, -E.

,2 '0 '0
o

TaK'HM o6.pa30M, MbI npHIlIJIH K paBe,HcTBY: a=Ee.

.aTO paBeH,cTBo npe)lCTaBJI,HeT C060H IH3BeCTHbIH ,3aKOH TeopHH yn-

PYirocTH (HarrpH}K'eHue np,H,Mo rrpOnopIJ.HOHaJIbHO OTHOCH'TeJIbHOH ):(e-

cpOpM3'IJ..HH), KOTOpbIH ObIJI CCP'OPMY"JIHlpOBa� fYKOM ,Ha OCHOBaHMH

o.nbITHbIX Iol�aHHbIX B 11676 r.

AiHaJIOrHqHblH BbI'BO)l M,O>KH.O rrpH'BecTH H JI,JIH 'c�BHro,BoM ,necpoPMa-
I.J.HH. B pe3YJIbTaTe iUOJIyqHM:

't == G <p;

flI.e l'
- KaCaTeJIb.HOe HanpH>KeHH'e;

G -

lVIOAY JIb C)J.BI1ra;
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CIJ\- yrOJI rrepeKOCa pellIe'rKH 'OTHOICHTeJIbHO pa.BHOBeCHOH KOHcpHry-
\ paIJ.HH, T. e. yn'pyraH JI.e.cpOpMaUJiIH CJI.BHra.

H3\H.3JIO>KeHHOrO ,CJIeLLy!eT, q'I'O np.H yrrpyroH JI.ecpOp,MaIJ.HH paCCTOH-
H'He Me�JI.Y aTOMaMH H3MeH5IeTC:H TaK, qTO o.H.O CTaHOBHTC5I 'MeHbilie

HJIH '60�bIlIe 'HOp!MaJIhHOrO, Xap3KTepH,3YeMOr-O rrapa'MeTpO'M aTOMHIOH

pelleT.KI�. B03MO}KHO TaK}Ke H3MeHeHHe paBHOBe.CHbIX yrJIOB 'Me}K)l.Y
Me>KaTOM:HbIM'H C,BH3HM:H, ,HO COCeJI..H'He aTOMbI OCTalO�CH. ,B pe3YJIbTa1'e
H3MeHHeTICH 06'beM TeJIa, B03HH"KaIOT HanpH>Ke-HH:H iH YBeJIHqHBaeTCH
3a.naC inOTeHIJ.HaJIhHOH 3,HepftHH TeJIa.!TIpH pa.3rpY3Ke rrOTeHnHaJIbHa.H

3HeprHH !B 60JIbllI,eH CTeneHH paCXO.nyeTcH Ha BOCCTaHOBJIeHHe pa3-

MepOB H cp:OpMbI TeJIa, a OCTaJIhHaH ee qaCTb -- Ha rrpeO,flOJIeHHe TaK

;Ha3blBaeMoro BHYTpeH,Hero TpeHH:H, T. e. 3Ta 'M36bIT'OqHa� qaCTb no-

TeH�!Ha.JIbHOH 3HeprHH rrepexo.nHT B TerrJIO.

.

¥I3MeHeHHe o'6'beMa 6o-JIhllIHHCTBa MeTaJIJIOB B npo�e'cce JI.ecpopMa-
IJ.H CpaB"HHTeJIbHO HeBeJIHKO. .HanptHMep, npH BlceCTopOHH,eM C}KaTHH

no.n ,.naBJIeHHeM 100'0 MH/.M2 (100 KFlM.M
2

) 06'beM >KeJIe3a YMeHbIlIaer-
-CH HaO,6, MeJI.H

- Ha 1 ,:a 0/0. OJ(HaKo H3 3Toro npaBHJIa cyrnecTBYIOT H

nCKJIlOll.eH,HH: IJ.e3HH InpH ,11,aBJI'eHHiH 15'00 MnlM
2

(1'50 KF/MJvt2) ynpyro

YMeHbllIaeT 06'beM Ha 30 0/0.
BeJIHllHHa E HOOHT Ha3BaHHe MOJI.YJIIH Hop.IvIaJIbH'OM ynpyrocTH.OHa

CBH3aHa C ,M'O,11,YJIeM C)1.BHra G T3'KHM OTHOIIleHHeM:

G==
E

( 2 )
2(1 +m)

t

rJI.e m<O,.5 -

K03cpcpH�H.eHT TlyaccoH3.
ECJIH ,nnCJIe YJI.aJIeHHH npHJIO}KeHHbIX eHJI TeJIO He BOCCTaHaBJI'HBa-

eT nOJIHOCTblO nepBO;HaqaJIbHYIO CPOPMY H pa.3.MepbI, TO TaKaH .ne'cpop-
Ma.IJ.H'H :Ha.3bIBaeTC:5! 0 C TaT 0 q H 0 H. ,BCHKaH OCTaTOqHalH JI.ecpopMaIJ.IIH
,conp.OBO}K,lI.aeTCH ynpyrOH. CYMMa ynpyroH H .OCT3T i Oq.HOH �e<p,opMaIJ.HH
HBJIHeT'C'H nOJI.HOH ,11,e<popMa�HeM. In'OCJIe CH:HTHH HarpY30K cpopMa TeJIa

QaCTUllHO BOCCTaHaBJIl1BaeTCH ,B .pe3Y JIbTaTe yrrpyrofI JI.ecpop'MaIJ.HH.
TaKHM 06pa30M, OCTaTOq!HaH HJI'H n JI a IC T H 'q.e C K a H ;:r.ecpopM.aIJ.H51
eCTb lla.CTb nOJIHOH ,11,e<popMaIJ..Hn, He HCqe3aIOIIla.H nOCJIe YJI.aJIeHH,H npn-

QI1HbI, ee BbI3bIBaIOIIJ.eif.

HanpHLKeHI1e, npH KOTOpOM HallHHaeTCH TIJIaCTH1.IeCKa15l J(e<poplvta-
IJ.HH, Ha'3bl'BaIOT n p e,lI. e JI '0 'M T e ,K y q ,e 'C T 'H. llpeJleJI Te'Ky'q.eCTH n6blq-

HO onpe,11,eJIHeTCH H3 onblTOB Ha .paCTH}K:8Hue.

Hlo TaKoe onpe,lI.eJIeHHe HeOJI.H03HaQHO, TaK KaK 3aBH'CHT OT B03-

M,O}KHOCTH TOQHo:ro OTIpe.lI.eJIe.HH�5! OCTaToq-HOH .n'ecpopiMaIJ.H'H. ,[LJI:H Tex-

HHQeeKHX IJ.eJIeii BBO)JJHT :n.OHHTHe MaKpOCKOnHqeCK-orO .rrpe.neJIa TeKY-
ll,eCTH Ka.K Hanp51LKeHHH, rrpH 'KOTOpOM .Q.CTaTOqHaH ,11,ecpopMaIIHH
)lOCTHraeT BeJI'HqHIHbI ,"'" 0,'2

0
/0. iTIJIaICTHqeCK3H JI.ecpopMaIJ.HH, npoiHlcXO-

,!:I..HIIlaH npH Hanp!H}KeHHHX, MeHbllIHX 'MaKpoCKOnHqeCKOrO npeJI.eJIa �re-

Kyq'eCTH, Ha.3bIBaeTCH MHKpocKonn'qeCKoH. .HaH.M-eHbllIee Harrp'H>KeHHe,

n'p.H KOTOpOM .HaqHHaeT'CH MHKpocKorrH-qecKaH .necp-opMaIJ.'H!H, ,Ha3bIBaeT-

CH MH'KpoC'KonHQeCKHM .rrpe,lI.eJIOM Te-KYlleefH. OqeBHAHO, qTO IIOH1fIT�_e,
MHKpOCKOnHqeCKOr,o npe..rr.eJIa TeKyq'eC'TH TaK>Ke YCJIOBHO, TaK K3'K 3a-

BHCH'T OT BeJIHqHHbI rrJIa'CTH-qeCKOH JI.ecpop:MaIJ.'HH, KOTOpylO eIIle MO}KHO

o6HapYLKHTb B JI,aHHOM 3KcnepHMeHTe.
.n pH ,rrJI3CTHQeCKOH ,11,ecpopMa�HH BHellHHe ICHJIbI, JI.eHCTBYIOIIlHe Ha
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TeJIO, OOBeprnaIOT pa60TY, K'OTopaH llaCTJ-PIIHO nepexo.n.HT .BO BHYTfeH-
HIOIO 3HeprHIO TeJIa, HO B OC:HOBHOM H.n.eT Ha npeo.n.OJIeHHe COnp0TH.fl-
JIeHH'H nJIaCT.HlI.eCKOH J(e4>opMaIJ.HH, 'T. e. n'epexo.nHT 'B TenJIO. ,aTO! Ten-

JI0 MOLKeT 6bITb IHCnOJIb30BaHo, 'HanpHMep, .nJIH .lI;06aBOqIH-orO H�rpeRa
Te�a.

,

TaKHM 06pa30M, npH IIJIalCTlHqeCKiOH JI.e<popIMa�HH 3'TOMbI 'KpHCTaJI-
JIHQeCKOH perneTKH He06paTHMO 'MeHHIOT CBOHX COCeJI.eH. MHOrOqH,CJIeH-
HbIe HCCJIe.n.OBaHHH nOKa3a.JI.H, lITO :B 'OCHOBHOM ,nJIaCTHqeCKaH .necpop-
MaI.J.H51 HJI.eT -3a ,Cq�T 'C.nBHrrOB OJ(HHX aTOM'HbIX IIJIOCKOCTeH OT.HOCH-

TeJIbHO JI.pyrHx .BJ(OJIb 'onpeJI.eJIeHHbIX KpHCTaJIJI'OrpacpHqeCKHX ;Han:paB-
JIeHHH. TaKHe' cMeIIletHHH InOJIYlliHJIH Ha3B3:HHe CKOJIb}KeHHH (prHC. 1).

?1r l -::-- 'l:

. .�;.
.

�\ . ��

-'l -7:

a Ii

PRC. 1. CxeMa CKOJIb>KeHHH npH nn8CTHQeCKOA Jl.e4>opMa-
U,HH:

a -]1.0 3JIeMeHTapHoro CJl.BHra; 6 - nOCJIe c.n.BHra

TIJIOCKOCTH HJIH .nOJIOCbI CK r OJIb}KeHH51 npe.n.CTaBJIJlIOT C060H HeKO-

TOPYIO 'COBOKYIIHOCTb aTOMHbIX CJIOeB B 30ne lI.e<pOp'MaI.J.HH \(TbIIC-Hqa H'

DOJIee), 'KOTOpbIe UpeTepneBalOT HeKOTOpOe c�eIIleHHe ,no OTH,orneHHIO

K ,coce.lI.HM. ;B HaqaJIe IIpOI.J.eCrca .nJIaCTHqeCKOH JI.ecpopMaI.J.HH B IIp01\le-

}KYTKax Me>K.n.y nOJIOca.MH iCKOJIbLKeHH51 nJIaCTHqeCKaH J�ecpopManHH
OT'CYTCTByeT. ,BeJI'HqH.Ha 3THX npOMe}KYTKOB paBHa npHMepHO OJI.HOIVIY

MHKPOHY. B JI.aJIbHeHrneM BeCb 06'beM TeJIa OKa3bIBaeT'CH OXBaqeHHbHv1

JI.ecpop M aIJ.HeH.

!CKOJIbLKeHHe (c):(.BHr) npOHCXO,lI.H'T IIOJI. JI.'eHCTB.HeM ICKaJIbIBalOllU1X

Hanp:H}KeHHH. CpaBHeHHe pe3YJIb'TaTOB paCqeTa C onbITHbIMH .naH'HbHYIH

nO.Ka3bIBaeT, qTO 'BbIqHCJIeHHble ):(JIiH HJ�eaJIhHOrO KpHCTaJIJIa 3HaQeHHH

eKaJIbIBaIOIIlero HanpH}Ke'HHH B COTHH pa3 npeBbI,rnalOT HeJIHllHHbI,

HaHJJ.eHHbIe H3 onblTa.

MOLKHO npeJI.IIOJIO}KMTb, 'qTO C�BHr He Up.OH'CXO,lt:HT o,nHOB'peMeHHO
no BceH ,nJIOCKOC'TH CKOJIb}KeHHIH, 'M n.03TOMY .BeJIH'qHHbI peaJIbHbIX Ha-

npH}KeHHH 3HaqHTeJIbHO 'MreHbrne paCqeTHbIX. TaKroe H'BJIeHHe '06'bHOJ:IH-

eTCH 'HaJIHll
'

HeM HapyrneHHH npaBHJIbHOH KpHCTaJIJIUqe-CKOH 'CTPYKTypbI
H CYIIleCTBOBaH'HeM. pa3JIHllHOrO po'.na JI.ecpeKTOB B KpHCTaJIJIHqeCKOH
p'erneTKe.

2. Ae4>eKTbI B KpU'CTaJIJIaX

:KoJIe6JIIOIIlHeC-H OK,OJIO nOJIO}KeH.HH paBHoBecHH aTOMbI MorYT BbIXO-

,nHTb H3 3TOf'0 nOJIO}KeHH:H, ,nepeMeIIlaTbcH BHYTPHKpHCTaJIJIHlle.cKoH
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perneVKH H ,Aa}K.e nOKHJ(aTb ee B n!pIOIJ.eCCe Cy6JI'HMaIJ.HH.Bblrne.lI.IIlHM
113 ,ll0J10LKeH'HH paaBHOBeCH:H 3TO,M OCTaBJIHeT 'nOCJIe Ce6SI B Y.3JIe KpHC-
TaJIJI.Hq.eCKO:H pern'eTKH nYCToe MeCTO -

«'BaKaHCHIO» HJIH «,lJ.bIPKY».
B aKaH'C'\HH - 3TO .npOCTe:H'IIIHH .lI.e<l>eKT KpHCTaJIJIHqeCKOH pe:IIIeTKH Ii.

naJI!HqHe ero npHBo.nHT K HCKa}KeHHIO p'eIIIeTK'H Ha paccrOH,HHH Tpex-
nH'TH ee napaMeTp'OB OT .n.e<peKTa.

ATOMbI, BbIllIeJlIIIHe H3 nOJIO}K.eHHH paBHOBeCHH B Y3JIaX peIIIeTKH,
H ai3bIIB alO'IiCH :BtH elJIJP'BHHbliMJ1. !B arK a H'ClHiHH IBE etn:\p eHHble a TOMbI ;He3 aIB�H CM -

MO !J]Jp'y.r iOT J:Llpryra �ll'epe:M'elI.J.alO"I�051 Ill!O pelIlI.ernK:.e, Illlp'H'1feM ICIK!OpIO!C'Tb STOlfO

nepe!M'eIIle.HiH51 Ipel31WO �B'03Ipa,CTaeT IC YIBeJlaq.eHiHeM ITBMllleipary:pbI. TaK, y

BH.eJI.lp'elHHbIX aTO:MiOlB IOKOpOlClTb mep'eMerneHH-H LIT.OCT1HTaeT IBeJIiUqH'HbI

1 MiceK Illp:H T�O,4 T nJI ,
a IY !BaIKa'HICH-H Il1lp'H T�IQ,H Tun (TnJJ. - Te'M-

UI ep aryp a In� alBJI.e'HiH51 ). iTIip'H IC'T'OJIIKHOB e,HH'H !B aIKa�HIOHiH iH IBE eJJIJp'eHHO T\)

3 TlOM a :llOICJI e,lJ.;H H:H 13 3IHH�M a eT IB a!K 3'H'THbl:H 'Y,3 eJI p ern e'l1KIH, T. e. '016 a .n. e-

cp eKITa HICI'lle3 alO'T.

,B aK aIHIC!HIH ;H 'BH'eJ(.p eHHbl1e a TOIMbI !I1)M ' elO'T 'H e.60JIb'IlIIH e iC0I6cTIB,eH H bI e

3,Hep'I1HiH -lHo:p51I)JJKa 1 1I 3 '3JIeKlT1p'OH-IB-OJIb:T .eOOTBe'I'C"T1HeHHIO. ,TI'03TOIMY
Tep'Mo.n.:I1H3:MlaQeoKrQ:MIY IpaIBHlO!BeC,HIO 'cooTBerI'!C'llBlYIOT IH!X IBblIOOiK'He ,K'OH-

IJ.eHiTpaIJ.HH. H.alllpIH,M.ep, :ll'P;H T ,<;.T nJI ,BalKa:HTHblrM H!BJII51ellCH iII1p,HIMepHO

Ka}K,.n.bl:H TblC51llHbl:H Y3eJI pellIe'TK'H. P aB!HOBe'CHble KOHn.eHTpaIJ.HH BHeJL-

peHHbIX aTO,M.OB H3-3a HX 60JIbllIeH Co6cT;BeHHO:H 3HeprHH 3 i HaQHT,eJIbHO

('Ha 3-15 .llOP51)J.KOB) MeHbIlIe, lleM Y 'BaKaHcHH, H HiMH n6blQHO MO}K\HO

rrp.eHe6peQb.

ITI:pIH \B!C11P eQ e !B alK alHiCHH 'M10flYT or61P ai3 1 0IB 3'Tb'C51 � ecp.elKlTbl rp 313.JIH'l!-HO if

Be'JIH!lfH'HbI, IKO'TOpbI'e IB ;H'eK10TOlpbIiX 'CJII)',qaHX iM:Q}K;H.Q HHtJI.e'Tb HeHOlop'Y:}KeH-
HblM rJI3r30M.

;MeTaJIJIbl iC !llip=HIM'e\051MIH oI6pa\3!YIOT (pa
I

C'I1BOpbl IBIHelJI.1peH'HH IH BaIM.eIIJ..e-

H1nH, IllIp'H aTOM In ' OH:BJI!51IO'f1C51 �qa,CTiHIIJ.bI IBTOiP:H(tI,H'O:H 'cpal3bI. J:La>Ke iHel60JIb'

wloe 'K 1 0JIHll'eCT!BO Illcp'}I1MeCeH tCH.JIb-HO il10K3,}KaeT :P.elIII ' e'llKY sa IOlleT !H:eoo-

OTBreT'C'f.BIHi51 aT10M'HbIX ,p.allI.:H:)'1oO!B IQIC.HOIBHIO�no 'MeT3JI,JIa 'M !n'pHIM'eceH. 11 xo-

T51 8TH IH'CIKa;>K-eH;H51 ITIlp'H '}Tr.n.aJIe.HH'H 'OT iB'HeLlIJpeHrHoro aTOMa 16bl!CT:pO
YMeHbIIIaIOT,CSI ('no 3aKOHY p-3), H'O qiH'CJIO HX orporvl l HO. TI03TOMY OHH

OK a:3bI B 3 lOT 3 a M eTIHoe IE JIiI1'51:H;H ' e :II a ':Mex a:H'H;qeOKne 'C,BIOHIC'TB-a IM.eT3rJlJI'OB.

,BtOJIb'IIl'YIO IplOJIb 'H1r.palO'T !y.UpYII':H1e lllOJI51 Halllip51)K€!H'HH, 1Br03.HII1lKalOlI(l1c

OT qalC'liHIIJ. 'B!'r.UpOH ;cpa!3bl, II1'HTeH'CHIHH,OICTb IK'0T10pbI.X YiMeHBIIIaeTlC51 )MeJ1.-

JIeH,HeH, qeM p-3.
IB 'Up-OIII. eJC!ee IKlp;HiC'TaJItJIIH I 3 a'IJ.IHH '<pOIprMlJIlpye'f1C51 :6JIO'1l!H a 51 \C T,PYJK 'P)"P a.

CiQlCeAH'ae ,6JIOIKH :paI3 I M 1

ep-o:M 11IQ-4�I.o-5 CM Ipa30IP:H,eHl1H'poIBaHbl rB IT{,P1H-C-
T3JIJIe Ba 'YrJIbl V}!O (I-a). 1:0- 6

pa8 (30�}'OO'). OpH tyloTaJI'OiC'THhIX
H-ClnbITa'HH51X :paI3!OpIHeHTa i IJ.;H!51 ;HHOT1.l1.a �OiCTHlraeT 8,715 .:}iQ-2 p,a8 ,(�5 r1pa.n..)
J1 IB '3'T'OIM cJIlyrqae Y}Ke "f.P\YI)J.,HO :IIip!OIBeC''f.H DP a:HH:IJ.\Y �M.e.}Kj.n.'Y 6JIoIKa!MIH II

3ep'H3'M.H. Ta!K o6pa!3JYIO'T1C51 In.QiBepIX,HOiCTH Ipa:a.n.ena, TalKI}Ke :HIHJI!51IOlI.I!neCH

n:ecpeK'TaM'H pelIlI'e'I1KH. I1H''foep , eCHtO, q''f10 TaIKH'e }K,e OO,JIblIII'Hre pa30p;HeH'Ta-

II.iHH ,oO'ce)I,IHiHrX 6JI i OfKIOIB ("'" '5 rpa-,lJ..) B03HHKalOT B HeKOTopblX CJIYQa51X

11 Hl.p.H nplOK 3'TIK'e.

.E'CJI:H TeJIO IllOJI!HIKplJI'CTa�JIHlqeaKOe, ''DO :IIHfCJI10 JI.ecpe!KI�oB -e'IIle 160JIb-

we '6JIa,roJJ.3lp51 'H3JI'HI1l!HIO ,M:;HIKlpIO- 'H IM3IK;P'OTpe.IIlHH, 10I6pa:3YIOIUHIX ' 051 [1.pH

K P;I1ICT3 JI JIJ!:3 a!II.'H H, IH aJI'H''lI'HIO lyJC atJI.IOI1l:H bI X :nrOlp, :p.a.K'OIBiHH H [1rO!B ep XHIQiC'TeH

pa3.n.eJIa Me>K.n.y KpH'CTaJIJI3'MH. B IJ.enOM llH'C!l'O HeC-OBe.p;rne!HCTB B

19



K piMICT a JI JI'UI.f eOK' 0 if peIll e'TK,e IHIOq'HOJI 51 eTlCoH 10lI'lpnM H bIIMIH IB eJIII1JqIHH aiM �1. I-I a-

nlpiM M ep, n'pM JI:M'HeMHloIM 'P a3,M e pie OJI'OK a .1 0- 5
CM B 10J]JHOIM iK'Y6 H"��'C!KIOl\I

l\lHJI.JI:aMel1pe IMeTaJI,JIHlq.eeK,or.o BlellI.eCT!Ba .61YJI.eT O!KOJIiO .110 12 OJIrOlK'OIB. �e-

4> eK TbI IKp;aC'T aJI JI'Hl!'eJClKrOIH p'eIll'eT!K'H oo.3i.n. a IO'T ee HIOK3!}KeHH:H. fIIOCill'e.J.:{ -

.RiMe IBbI�3bIBaIOT H'ejpaHHOMepHOiCTb �nlpOTeKa'H!HH Ipa13JIiHrt.IIHblX !rrp'QiIJ.'eOCOIB 13

M:eTa,JIJIaX -

'.n.ecp1o.p:Ma!I.J.'H:H, !paI3:p�Y!IlleHH:H, !cpa:3 I OBblX InpeBpa\llJ.eH11M 11

T. Irr. ,Q,e<pelKTbI :K:pMrC'TaJIJIM\q.eC!KOH peIII1eT!K'H 'np:UHH'DO HI0I.n.'pa3i,IT:eJJIHTb IRa

rqeTbIp.e rpynnbI. TOlIeq.HbIe (.aYJIbMep'HbIe) )J.ecpe-KTbI
-

aTOMbI npHM'e-

cei1, 'BaIKaiI-IICiHH (leB i o601.n.:HbI ' e YI3.JIbI peIll,eT!KH), iMe>KY13,eJIbiHble a'1)OIMbI

(JrHIlI'HHe aTOIVIbI, paanOJIO}K,eHHble BiHe Y3JIOB p,ellIeTKH); JIHHeMHble (OJI.-

iH;OMep'Hble) J(e<peKTbI; nOBepXH'OCTHbIe (.rr:BYMepIHbIe)
-

'nOBepX'HOCTJII

pa3.n.eJIa BCHIKOTO po.n.a; 06'beM;HbIe (TpeXMepHbIe)
-

nopbI H ll3'CTHUbl

BTOpOM cpa3bI.
JIUHei1,Hble, InIOBepXH'OCTHble �H oi6'beMHbIe lJI.ecpe1KITbI IB 'OT.JIIH!llH.e lOT TO-

lleqHbIX -He npHtCYllJ.H MaTeprHaJIY B pa'BH.Q;BeClHOM COCTOHHHIH, a cpOpM,H-
P'YIO'TlCH IB Ipe3!YJIbTaTe H.eo.n.H10iPOU:I.IHOIC'TtH InlpO'TeIKa'H!H!H IKlp'H:CTaJI\JI:Hi3a

'

I.{H:H JI

.n.e<p'opM3iQH:H ipeaJIbHbI'X IKJp!H'CTaJIJI:Hlq'eJClK,HIX iTeJI. ,HB rrepeqiHICJIe'HHbIIX H'e-

'rCrOIBeplleHICT!B IQi006bIM 'H:HTep'elC !n.pe�C'Ta:BJI!HlOiT JI'HHeflHbIe, TlUnHIl1HbI;MH

'[J�p euJ"CT aIHH''r.eJIHIM'H !KIO 'DOlp bI-X 'HiBJI 511011051 �,lIrH.iCJI'OK a1II.IH:H. In,o HH'T1Ue ,0 lZI:HICJI O-

K aIJ.IHi51 x IITOJI,Q.}K eHIO IB OOHO'BI)' iOOIHp eMeHHblX Icp'H13:Hlq ' elClKH!X :Teop:HM 0 in P'Oq
-

H O\CT1H :H InJI 3'C'TH r ll!HOiC!TH IMeTa�JI.JIiOJB !B Ip a13JIiHlqHbI,X Y'CJI'UBiHH!X.

3. 06Il\He ,CBoH'cTBa AHCJIOKaI..\H"

LLIH'CJI-QIKa\ll!HiH 151IBJIIHeTlCH JI'HHeM;HbI!M r.n.ecpeKlToM IKjpuIC'TaJIJIHflIe(OKOM pe-

rne11KH, T. e. JI'wH'HleM, IBJI:OJIb IKO''fiOlpOM Harp'Y,IlIeHbI IOBiHl3lH IM.e:}K�Y IOOOeuI.;HH-

MH aTO'M aMH �B KPH'CT3-JIJIUlIecK,oH .peIlIe'TKe 11 'qH:CJIO 6JI'H)KaMIlIH'X ,co-

ce.rr. eH IK aLKI.n.'ono a''f10IM a IH'e IOOOT!He'I'C'T1BlyeT IK,OO PIJI.H!H 3IIJ.H 1
0iHHIOIMY ,qiHICJIY.

Of6JIaCTb 'H6JIHI3H cQlCH Jr11 I OJI()Ka 1 n'H,H, lr!JI.e :HldKal>K,e'HIHH !pellIe'T�KIH IOq'eHb Be-

JIHIKH, Ha3bliBaernOH lee HlZI.,P'OM. �Pa!3!MepbI HllI.!pa JJ.IHICJIOIKalIJ.IH:H Ipa:B;Hbl

JJ.B/Y,M-TPelM .MeiLKaTlQrMHblM paIOC'DOIHH'HIHIM. BlRe 06JIaC!TH !H\.n.:pa IHIOKa(}K'eH'H5I

peIlle1!KH \MaJIbI, 'H 1I1'X MIQ;}KIHO tOlll:HICbIIBaTb MeTOJ{aiM;H JI'nH,eM'HOH Te0 1 p;HI1

.yrrpY:DoIC T!H.

.OClH.OBH bI.M:H IreQlM ,

eT1p:Hlq eClK'H,MIH x ap aIK'TepHICTHK 3!MiH �WCJI OK an'HIH 51 B-

.G;'1511O�CH 'H a,ntp aiB.JI eH:H e J1!H'H'11:H JI.iHICJIO!K a.IJ.'H.H :H IB eJKlTo.p 1QII.IBIHrr a. ,H alnlp 3!B JI e-

;HHe .JI:HH,HH J}.:HICJI'OIKalIJ.'H!H '.xapaIK'Tep:HI3IyeTlOH eJ,l(HHH1liHbI;M IBelK'ftOp'OIM, lK3!ca-

T.eJIbHblM K SITOR JIiHH;H'H B na'HHOH 'f10qIKe.

C,onIOICTa:BlH!M !H1J(eaJIb'HbIM IKp'H:CTaJIJI 16e3 '.necp'elK"DOB (P!H'C. 2, a, B) C

'Kp;HIC'TaJIJIOM, iHIM.elOII(H:M IJI.:HICJI'OIKalIJ.'HIH (pIHIC. ,2, 6, z). \EICJIiH OIKlpryJK'H'Tb

,J(HICJIOKaIJ.:HIO IKOH'ry'P'OM lTaiK!HIM '016paI3'oM, Iq''f106bI OIH In!pO'XI()IJJ:'HJI [110 'CJIa6J

:Y1npyro JI:elcpOP'MHp.oB3iHIHOH 30He p,eIlIeTKH, H OTCQ'HT3Tb qnCJIO Y3J1O"B. B

K'OiHJ'rype, 'OQlOT!B-eT1CT!B'YIO�lI(-ee ,q!HICJIIY yI3JI;OiB IHtlI..eaJIbHOrO IKip:HICTaIJIJIa, TO

KOH"I1)'1P ;Klp:HlCTaJIJIa IC Ll(H:CJIIQ�KalIJ.IH.eM 100Ka}K,erfiOH iHe3a:MIKH'YTbIIM (:P:H!C. 2).
B elK"r.O p .,b, 3 aM bIlK a IOIllJ.iHM IKO'H''f\YiP

.

(.B eIK'DQlP H eB!Hi3 i K!H) ,
'000 TB ' eT1C'TB'Y e r

.seiK:TOp!y !C1.n!BrH;ra IB :HI.ZI.eaJIbHOM �p'ellI.eTlKe. 81'DOT B'erKI'f1o,p [l'OJI:Y.lI I H,JI lHal3lBa-

:HHe BelKTOlpa BlOlplrelprca.
'

HanpH}K'elHHH B6JIH'3IH OOH JI,HCJI'OKan.H'H BeJIHKH H .OJIH"3'KH K np'e.ne-

.Jj,y 'TeOlp e1ln1l eJOKO i1 .IIIiPOllI'H101C''IlH. ,TI-oa''DOMI)' a TOM bI H\.lI.p a J(HIOJI!OIK alIJ.iHIH �TJ er-

'IKQ ICM'eIll..alO'f1CH, 'MeHIH:H IC!B'O!HX OJI:U}KaH,llIH.X OQic-�eH. TaK'oe CM'e[l(elH:H.e
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np;HBlaJ{:H'T K H'elpelMelIJ.eHiHIO \.n.HlCJIIOIKa!lJ.:lf.H. !113iB-elC"r.HbI 'IJI.Ba ITwna I)1JBiHf)Ke-

H'HIH JI.iI1'CJIOKal..(;HiH
- IOK'OJIb:}Ke:HHe :H Inepen,OJI/3a.HHe. iTI,JI,QrOK'OICTb, 'lliplOBe-

.lLeH'HaH rq.epe!3 OICb I)J.IHICJI.QIKaIJ.H'H ;11 lB.eKI'D0p !5 lO,p , fe.pIC a
, :HaI3bIIBae'I19H InJIOC-

KOCTblO IOKtQ'JIb\}K'e.HH'H. i[lloiKal3a l Ho, IllTO ;npiH \JIJnH}K-eH:H!H llI.;IiICJI'OIKa�IJ.'H)H B

'llJI.QlClKOrCT;H IOK'OJIbJKeHiHH lo6lI(,ee Iq
l

I1ICJIO Halpl)"IlIeHIHbIX rOHH:3e:H B IKlp:H'CTaJI-

JIe oQ,CTaeTCH nOIC'f.OHHHbI.M. iCJIe)J.'O!BaTeJIb:H.O, IllIO!,TeHlIJ.!HaJIb'HaIH B'HeplrtHI

KpH.CTaJIJIa np" C.KOJIb>KeHHH .n.IHCJIOK3tIJ.'HH COXpaH5IeTCH, a caMO .n.BH>Ke-

HHe IHBJIHeTCiH 'o6paTH'MbI'M: Inlp'H iH!3'M'eHeHHH !3'HalKa :Halnpry,3/K!H JI.IH'CJI'O'Ka-

[(,UH IMIQ,}KeT 'CB060l1I.'H ' 0 Bep'H'YTb!CH IB nICXIQI.n.HO'e tTIOJI,Qi}K-eH:He. IOKOJIb�}KeH:I1c

JI.J1ICJIOlKaIJ.'H:H ;npoiH.CXIO.n.IH'T �np�H iHcex TeMlnepa11)',pax (IJI!O � 1 OK), a CKO-
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PHC. 2. CxeMa, n05ICHHIOI.I.J.a5I o6pa30BaHHe KOHTypa HeBH3KH KpaeBoA (a, 6) " BHHTOBOH

(8, 2) ,lJ,HCJIOKau.HH

pOOTb IJI.BH>K-eHHH 'JI.iHICJI.OIKalIJ.'HH ;M'O>KeT 6bI'Th ,BeCbMa 160JIbm'O:H -

\I110�P'5111-
Ka OKOp,OC'IiH 3iB!ViKa.

1[l,ep,en.OJI,3 aHH e - ',9'TO lZJjB'H*<,eH:H e JI.,HlCJIiOIK a[JJH:H \n'OJI. {)'If JIIOM IK inJI'O C..

K'OC-�H OKIOJIbJK'elH,HH. OHIO 'ftp.e6\ye'T \B-013.H'HKIHloHeHH:H HJliH �rIlOIfJI'Q;lI('eHH'H 'nO-

qeqeHbI:X JI.ecpeKT1Q1B :H III'03\�0:M'Y !nlp'OTeiKaeT Jl.IOBOJI�H'O IMelZlJI;e'H'HO. 3HaItlH-

TeJIbHOe YB:eJIHlq-eHHe IOK'Op!OC'T;H 3Ti01'D npIQlIJ.1ec.ca IIIIPlOiH'CX10Ll(HT T'OJlbIKIO IIPH
BbIIOOiKiHX TeMlnepaTy;paiX: T>O,5 T nJI.

.[1 pH A!J3H}KeHHH .n.H,CJI'OKaIJ.H:H IB nJIOC,KOCTH CKOJIb>K,eHHH ..Q.?!�!Ia n pJIOBl1
-

. H.� IKp;�C'Tla JI,JI a
. ��!! ��1l � �C� .

iQ :r��QJC:;!�IM!>1!�QJ!��P�!'�9:�_ .._�_�__..�:�_��!���P.._�_I9JP!r�ILC_a
)�:�'_c:JI' �!.<aJIJ,IH:H !B@OJI,b ��JI(�'C.K'9'�'�.H, 'O�IO�_b}Kle.�'HH., 'T. .e. \ll:BH}Ke;H,H,e lL{;fI'CJI'OIK3'QHR

!!,2� }EBOtn:�I ��-,�! Cr�fll.e�'oH
__

� � �� pIM� ��!f� r[l'OlK aa aHO, f1I'TO !nO\l{aIBIJI'HIOllI. a 51

q a,c:T-b
U

In JI alC'fiHflI eClKO:H lD: ecpolp.M aIJ.lli�H 061)'IOJJ.OiBJI eH a �!BH}K'eH;".eM J[.'H:CJI O\K a -

II.H:H. [I'P;H .BbI:XIOL11:e .n.HICJIIOIK.a!I.J.H:H :Ha IHOIHelpXHiOC'Tb Klp.Ji1C'TaJIJIa TalM '06p,a-
�;y.e TlCH c''fIyn,eHbiK a B bIICIQl1)O:H IIOip'H,JI.lK a b.

:B,eK'To.p ,5 lO,preplc a \X ap a I KTep'Hr31)"eT ,H e 'T OJI blK.O IB eJI'HIll'HH'Y InJI aIC'f1HIlI.ec..

KO,['IO :C.n.'BiH:r a, IH!O H M ep.y HIClK a}K,eI:IIH,OCTH KIp HrC T aJlJI,HIlI,eC\K1Q H .p e\IIIleTKH .
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BelKrr.o!p IDlOpreplCa !H.e IMeH;HeT ICHOIO IBe.JI,aq:UHI)' :H iHanpaIBJI.eHH,e InpH .ne..

peM'elI(eH'H'H iK!OH11)'lpa BIQprejp,ca IB,lI:OJIb JIHIH;HH llI.IHICJIIO!Kai�HH. i[Jr03TOl\1Y
.u.:HlCJIOK3'IJ.:HIH He :MIO}K,eT ,Ql6pbIBaT}j,CH IB.HYTPiH II{lpIH'CTa.JIJIa. ,OHa JI:Jf60 06-

pa3yeT 3aMKHYTble IrreTJIH, JIH60 np-oXO,lI.HT Qepe3 BeCb KpH,cTaJIJI, JIH60

BellB,HTCH. Qi3!CTrO ,lI.H'CJIrOiKa!IJ.HiH B 'K!p:HICTaJIJIe .o6paaYIOT 'Tpe�M'ep,HYIO

CeT!KiY Ie YI3JIa:MiH, 18 IKrQ'POpbIX laXIO�H'JlCH .T,p'H-qeTbIlp'e �HICJIDIKaIJ.:HiH. O:6bIQ-

.HO Q,LLH a �HIC.JI:O!K aIJ.H'H J-FM eeT IP aloc T,O H'H;H e IM,e)KJlJY Ie-OIC e)I.!H:H.M H Y,3.JI a l\lH

o.

rropH,lI.Ka 10- 6
-:- 110- 4

CM, T. e. 3.0-300 HJYt (300- 18000 A), O,lI.HaKO 3a

Y3JIrOM 'OHa n'elpeXOI,lI,lI'T lB ,lI.'pY'DyIO .n..I1'CJI:OIKau.HIO TaiK, 'll'f10, Hanp.n.Melp, B

3ep�e p33MepoM 1 MM cYMMapHaH .nJIHHa ,lI.HCJIOKau.HH 6y.n.eT 10 tl a X'

X 1 0- 8
== a · 1 0 6

a.
./

4. KpaeBaH AHCJIOKal.\HH

,ILH;CJIOKaIJ.iHH, B.eKTOp 51O'prepca KOT-OpOM rrepneH,lJ.'HK'YJIHp'eH ee'

OCM, Ha3bI!BaeT1C'5I :Kpae;B!OH. 'KJpaeBa5I JLH'CJI'OKau.HH 'n\p.eJ[JCTaBJIHeT cu6.)}f

H e�O!c T a 'lIOiK HJ!iH H 1 3\6 bI TOIK {)JJI.'H 0 M a TO MHO H .

no JI'YlnJI OCKOC TH. ;K paM :)"r�) fi

ill OJI!)'1I1JI!O,CIKOIC'TH fnlp'eJI.IC'T aB JI,H eiT JI.UH H IO IC :p a'3:0p.B a Hill blM'H ,M e>K al'DUM H bl M"l-i

CBH35IMH, T. e. HBJIHeTCH OCbIO .lI.H-CJIOK3IJ.HH (pHIC. 3, Q). B .OOOTBeT-

'CTBHH C O.6I11.HM .onpe,lI.,eJIeHHeM"

nJIOCKOCTb CKOJIb}KeHHH InpOXOJI.HT

'qepe3 OCb ,lJ.HCJIO'K3IJ.HH 'nepneH,lI.'H-

KYJIHp'HO JIHIll!HeM inOJIynJIOCK'OCTH.

J1'HllHHH no cp aBHeHHIO C H,lI.eaJIb-

.ROM :pellI'-eTKOM aT,OMHaH nJIOCKOCTb

(3}\'CTpaIIIJIOCKOCTb PQ H3 pI1C. 3)
06blQlHO Ha3bIBaeTCH 'nOJIO}KHTeJIb-

M HOM J(HCJIOKau.aeM IH o-o.03HaQaeTCH

3HaKOM .1-. ,lLH,CJIGKaU.HH, pacnoJIo-

)K,e,HHaH noJI, nJIOCKOCTblO CKOJIb)Ke-

IHHH, Ha3bI,BaeTC5I oTpHuaTeJIbHOM 11

0603HalJaeTCH 3HaK,OM T. H3 H3JIO-

)Ke.nHoro CJIe,lJ.yeT, qTO HOH'HTH51 «no-

JIO>K'HTeJIbHaH» H «oTpHIJ.aTeJIbiHaH»

JI.H'CJIO'KaIJ.'HH Y.CJI'D'BHbI.

B 06JIaCTH nOJIO>KHTeJIbHOM ,lI.HC-

JIOKa�HH .perneTKa yrrpyro C)KaTa

Ha,lI. nJIOCKOCTbIO CKOJIb>KeHHH 11

parCTHIHYTa nD..rr. HeM. B pe3YJIbTaTes-

eCJIH no.n. .n.eMcTBHeM KaCaTeJIbHbIX HarrpH}KeHHM nOJIOLKHTeJIbHaH H iOT-

,pHu.aTeJIbHaH JI,HCJIOKau.,H'H InepeMeI11.alOTCH n,o HanpaBJIeHHIO .rr.Pyr K

.rr.pyry H BCTpellaIOTCH, TO ,OrB',H aHHH,rHJIHpVIOT
--'

H'Clle3aIOT.,..; H!HbIMH

CJIOBaMH, 'H3 ,lI.BYX «JI'HI1lHHX» <pOp'MupyereH Ao 6 aBO'q-HaH «HopMaJIb-

HaH» nJIo.CKOCTb, HO C,QBHr tHa OJ(HO M,e}KaTOMHOe paCCT051'HHe Bce >Ke

rr p o.H C X.Q'!L HT .

B npOIJ.eCce nepeMell1.eHHH .n.HCJIOKaIJ.I1'H npO-Hcxo.n.HT nOCJIe,aOB3-

TeJIbHOe Ie-M ' ell1.e'H:He IBicex aT'OMIOB �BlJI.OJIb !TI!JIIQtOKoeTH IC!K.QJIh)K.e�i}llH.H !1.P H

BbIXO,lI.e JI.HCJIOKaIJ.HH 3a rpaHHu.y Kp.Ii'CTaJIJIa o6pa3yeTcHcTyneHbKa.
3 a.MeTHiM, 11I'f10 ICJLBiHI' IB \CJIIY1.Iae IKp aeBoM 1JI.'HICJIrOKaIJ.'HH iHa'n,p aBJIeH nep-

n eH,lI.'HIKIY�]]:lHIP HO OICH IIlOlCJI'e)(H eM.
'

p' p

f1

'-.

�

Poco 3. KpaeBaH .D.HCJIOKa�HH:

b -

BeKTOp C.lJ.BHra; P Q - 4:JIHllIHHH nOJIY-

nJIOCKOCTb»; P' Q' - nOJIO}I<eHHe ::Hoil nOJIY-

nJIOCKOCTH npH nepeMe�eHHH .lJ.HCJIOKa�HH

Ha OA,HO Me>KaTOMHOe paCCTOHHHe; MM-

nJIOCKOCTb CKOJIb>KeHH5I; a -

paCCTosmne

Me>K.lI.Y 3TOMHbIMH nJIOCKOCT5IMH. napaJI-

JIeJIbHbIMH nJIOCKOCTH CKOJIb>KeIIHH
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5. .BHHTooaH AHCJIOKal.\HH

'BH.HTOBO:H Ha3bIBael'CH J(HICJIO'KaIJ.HH, BeKT.op BIOprepca KOTOpOM ina-

p aJIJI,eJI-eH .ee 'Q1CH, 'T. Ie. IlIlp:H l1IJBIH,}KelHiH"H IBH,HTO!HO:H I)1.'HICJI10IKaIJ.'HH OlZI.'Ha In.Q-

JIUB'HHa lK,p,HIC'TaJIJIa IOMeIIlaeTiOH IQ'I'H.OIC'HTeJIb'H'Q .ZI.P'Ytr,Qr:H IB HalTIpalBJIeHHH
OICH J:r:H'CJIO!Ka!�'HH Ha !B.eJIHIq-HHry b (plH1c. 4). 3 a oq.eT TalKIOIDO CllI:HHra BOK-

pyr lOCH �HlCJI'OIKaIJ.'HIH O!6pa:3y ' e'DOH IB'H'HTOBaH JIQBelpXHOIClTb. fIlocJIe Ka.>K-

JI. OflO 1016 OIp:OT a IBllI..OJI b !KIO H'Ty,p a BID p'reiplc a !B.OIK'pry'r OICH tn'Hlc-JI'OIK a1IIJH!H M bI

6y.n. e M [Iep'e'xo�'HTb 'Ha 16JIHr3JIe�alI.J.YIO a'DOMfH'YIO nJI:OIOKIQlCTb H, (HaIKO'Hen,

1

�.

J

PRC. 4. BMHToBbIe .lJ.RCJIOKa�MM:

I - OCM )].MCJIOKa�Mi1; II -

HanpaBJIeHMH C.lJ.BHra qaCTH KpRCTaJIJIHqeCKOA
p ern eTKM

Q'Ka>KeM,CH J-Ia ITIOHepXHIOIC'TH IKp.HICTaJIJIa. TaKiHrM io6pa.3 I o.M, Kp'HICTaJIJIbI C

B.H'H'T'O!B 0 M 1.n.:HICJI'O\K a �H e:H 'MIO }K'H'O 'YIlloJ}.,06:H'Tb OJ1,HO:H a 'fIOiM H'O:H IIIJIIO:C1KO'CTH,

3a.Kp'Y'4eHHO:H IB B'H�e :BIiH'TOnO:H �.eCTHHIJ.bI. .3:KlcTpanJIOICIKIOICTb Y B'HHTO-

13.0 M JI.H CJIOlK a 'IJ.H'H 10'D0Y�C'TBlY eT . HIOK a}K elH&1 e .peru eT1K1H 3J{eCb 8 aIKJIIO'lJ a eT-

CH B 'T'OM, 'tl'ft0 B6JIH,30H DICH J(HICJIOlKaIJ.:UH aT.olMbI M ' eH,5!1O/T C!HOHX OJLH}KaH-

IllHX Cloce.n.e:H, B p e3Y JIbT3''De qeflO IIJIIQlCK'QrCTH peme'TiKiH H,3.r,H'6 alO'�CSI.

Crr.IBHr IIl'pO,HIC'X'O.n.H'T ,nalpaJlJIeJIbH.O OICH �,HCJI'OKaU:H:H, JIe.JKa r1II.e:H IE InJI.Orc...

KOCTH IOK10JIb.JKeH:HH. B 8'ftOM loyru.eCT,Be.HHloe 'OTJIlfq'H'e ,BIHH'TlOIBOH '�HIOJI\OKa-

U:UH .O'T !KIp arenO:H, rtlI. e ICJ,lJJBHr TIlp:CYHtCIX'OLlLHT B H alII.p a:BJI,eH'HH, III �p,n e.Htn'H
-

i�YJIH'PH'OM OCH J(HIC-JI10IKaIJJH'H.

BHHTOBaH JI:HICJIIOIKaU:HH Hie 0BtSI;3a'Ha 'C onpeJJ.eJIeH.H'O:H llJI10CKIQIC,TblO

OK,OJIb}K.eHHH, a M10}KeT n.QtCJI.eJI.10Ba'TeJIbHO nepeXiOLllHTb H3 OIJI.:H10H a''f1Q:}\1!-

�H'O:H nJJ.OCKOCTH B JI.pyrylO. nOJI'O}KnTeJI�HaH -L H IOTpHIJ.a'I'eJIb'H3-51

T BHHT.Q.BbIe )LnCJIOKanHH OTJIHqalOTCH Hanp3lBJIeHHeMH c.n.BHralOTcH
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.B IIlP,OT,HBO!TI'OJI'O}K,HbIX 'HalnpaBJI'eH!H!H'X nOLI( PJ..e:HIClT1B:H.eM BHeIlI.H'e:H fOHJIbI. B

'p ,

e3ryJIbTa'Te IIFproIXOJ)I{'JI.eH;HH lOTp!HnaTeJIbH'OH IB:H�Hl'OIB'O:H l1I:HICJI'OIKa�n'HIH ,qepe3
!B-eCb :K'pHICTaJIJI ICJI'eBa:Ha'npaB'O TalK }Ke, !KaiK !Ii IB .p;e3I)'JIb

'

TaTe lIIiprO�Oi)K.ZI.e-
BIHH tll'OJI!O)l{'H'TeJI nHO:H IB:HH�O!BIO:H IJL!H!CJIrOIK an:H'H B fTI'P'01'1HIHOrIlIOJI'01)K'HOM H a.Il-

'paBJIeH,H'H, n
'

p'0H10X'Oll(:H'T [IJIala1lli'q'eOK�H:H CJ{BiHlf B IIIJI()lOK'QlCTH CJK'OJIb>KeH�HH.

T
u

u

lalKIOH )l{e ,C-)JJBiHir ,HiM.eeT iM:eJC'I'O IIIIp:H IB'C'T;p'e'tl,e ;B;IfH'TlOIBbI!X '�H'CJIIQ'Ka:nIHH .p a3-

H101f'O 3,Ha1Ka, lZI.1B:H['aIOII(H1XICH OT IUP;O'nHiBOUOJI'O)l{'HbIX rpaH,e:?i IKp:HICTaJIJIa�

[J'P:H 3'I'OIM �H!CJIIOIKaIJ.'H:H iHIClq.e3rHIYT
-

aH;HHtIiHJIIHipYIO!T.

6. CMemaHHaH AHCJIOKal.\HH

,Bblille MbI pac'cMo�peJIH KpaeBYIO H BH'HTOBYIO J(MrCJIOKaIJ.HH, ClfHTa5I

iHX OICH \II'p5l,MbI:MH JI',HiH:n5JiM�H, HiG B 06J.Il.reM CJIl)'ttIae J!;IfH'HH (IOICb) JI:HfCJI'OKa-.

IJ.H H MIQ-}K eT 6 bI'Tb He Il'P H,MIO:H.

,Ha p'HIC. 5, a �'nOIKaI3aHa :n:J1IClJlIQIKa�nIH:H {ll(aJIee rrep:M
l
nH i«JIIHlH'HH» (OICb)

.B 60JIb!IlI:H'H!C'TB e CJIyrq aeB 100TIryllI. eH ] B is H� e ICllYtll eHl'q a'DOlf'O o:op al3'O/B aH:H.H..

DpiHH"HMaH iBiO IHH;H'Ma;H'He 'HaITIlp.aIBJI'eH'Ue ICIKO,JIb',}K'eH:HH, 13iJ1. i eCb IBlepTHIKaJIb-'
HbIle 'yqaCTKH HBJIHIOTCSI 'tIIH,C'I'O KpaeBblM,H, a fOpH30HTaJIbH.ble qH'CTO ,BHH-

TOBbIM'H JI.!Ii'CJIOKaIJ.I1-HMH.

.Ha p'HIC.. 5,6 JI:HH'HSI n:H\CJI,OiKaIJ.:HH HcMeeT yqaluT!K1H, KiOTopbIe H.e nep-.

[1eHJI.�HIKIYJIHrp'HbI 'HRie )na:paJI,JI'eJIbHbI !B.eKT'O:py QLI.iBiH.ra. TalKIHiM 'o6!paI3IOM!t.
3TO JI.'HIC JIOIK a 'IJ.'HIH iII'p'OlM -e>K1Y 'IlOiq'HO flO BHI J1. a .

� :.. Hanpa8neHlle CI<ODbJKeHlLfl

,];I:! a 8

1lJ

I �
----\

> 0-

PHC. 5. CMemaHHaH .nHCJIOKa�IHI
-

'IeTblpe xapaKTepHblx cJIyqaSl

,Ha pH/C. 5, 8 nOKa3alH3 ..n,H-CJIO'Ka�HH B cpOpMe rreTJIH, KOTopaSI HMeeT

yqa'CTO�K lIHICTOKpaeBO:H .l(H'CJIOKa�H'H, H yqaCTOK tI'HCTO BHHTOBOH

J(JIiCJI'OIKa([1JHIH, IOCTaJIbHbIe I)'IqaIC'TI�H InlpO,MeLK1YTQ!q'HOI�O 'B:Htna. \CIAB:Hir iM10,LKCT'

H'M,eTb �MelC"PO lKalK lB.HIY.TP!H, TalK II BIHe ee.

iTI:OIC1K'0IJIbIKI)' OICb JBiH'H/'DQ;HO:H JI.IIfICJI()!KaIJ.iH.H Ii e.e B'eK'�Oip DIO;prep'ca" na-,

paJIJI'eJIbHbI, llIe.pe3 H;HX IM'O'}I{H'O iIIlpO.HeJCTH !HeOKtOJIbiKO ''!lJI'QlC!KOIC'TeH

ClKIOJI b}K'eH�H 51, ItJJH:OJI'O IKI0TOp bIX B aB:H/C'HT 'OT rCl1p!)'1KTiY.P bI ip'ern.eT:K'H. [loa T 0-.

l\1Y HHIH�OHO:H yqacC'fIO!K ll(iHICJIIOIKalIJ..HiQ.H!H10:H neTJI'H TIp:H IOBiOe'M tlI.IBrH}K,eHH:ffi

M10>K'eT \TI'ep,eXOLZLH'Tb 113 InJI10ClKOIC'TH IC!K)OJIb.}K,elH,HH I 113 TIJIIOOKIOIC'Tb IClKIQ.JIb.LK.e-
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'IIITH III q.epe3 n.JIiOICK'OCTb II ()P,HIC. 5,z). 3T'O TaK H'aI3bI:BaeMbIH cJIy.q1aH
}.(BoH'Horo IIone.peq:Hor,o CKOJIbLK.eHHH, npHlIeM ITIJIOCK.OCTb II -,llJI'OCK,OCTb

lIon e p,elI Horn c[KOJ! b>K e.HIH 51 .

H3JIO}KeHIHbI'e a.n.eCb coo6pa>K.e:HHH IHaXQ)J.HTCH. B nOJIHOM OOO'fBeT'CT-
BaH IC lOll{,HJ1.M HI3 iQlC'H'OIBIHbIIX iTIOJIO.JKeH:HH MexaiH:HiK1H, IOOlrJla l C'HIQ K'O:�Op!Q.MY
B'CHIKIO e �;HHi}f{'eH'H-e :M,�:rJK:;HO Ip a3JI 1 0J}KiHTb H a InOlC'�yin alTeJIb'HOe 'H !Blp am a -

TeJIb:HiQ,e.

7. nOJIHbIe H IJaCTHIJHbIe AHCJIOKau.HH

E\CJIiH lBeKI'!'op BlOp;re:plca palBteH JKaIKO!Mry-IJfH60 IM 1
e}K3''f'o.M'HOIM!Y pac-

CT;OHH!HIO B pernellKe, �o [110CJI'e 'IIlp'ox'O�JI.eH'H'H TaIKoH J(�H'CJlIOlKaUJHH C:H:£\.I-

.l\tle'f1p:HiH p'e�eT1K'H ,nOJIHDICTblO BO!CCTaHaBJI;HBaeTJCH. TaIK'He trr.:WCJIOIKa1u.aM

Ha3bIIBa1OTCH TIOJI:HbI'MH.

ECJIH .BreKT'o:p BlOprepca )lHCJIOKaIJ.HtH 'He paBeH HH:KaKOMY Me>K-

.aTOM!H'O'MY paCCTOH:HHIO (qame BceDO -

MeHbI�e

.

JI1060ro Me>KaTOM-

Hor,o 'paOCTOHHHH), TO BOKpyr Ta'KOH .lI.'H-CJIOKa�IHH HeJIb3H 'npOBeCTH

KOHTYP, KOTOpbIH .6bI HeCb np'OXOJI!HJI Ino MaJIOHCKa}K.eH,HOH 06JIaCT,H, TaK

K alK nlQlCJI'e :rr;piO!X,OLKllI..eHHH 'TaIKlOrf'O .AecpeKTa 'ipeiIll'eTiKa He �n;p.e0l6p'a:3yeT'C5I
ca'Ma B roe6H. TaKa 51 .n.H:CJIO'KanHH :Ha3bIBaeTCH lIa.C'THq:HOH H OCT3'BJI'HeT

3a ,00l60H In'o'HepxlHoc'tHblH Aelcp-eK'T. HaiH60JIee ;qa!OTbI J1.iBa TUTIa rralKHX

)J. ecp'eKToO.B
-

�'e<p'eK T I)'1n a.KOIBIK:H IH ,flp a.H:H'IJ. a aI.1B'OHiH:HlK a. ,,l:L'HICJIIO!K alIJ.\H:H C

B elK'�Op'OiM B 10 plleplc a, 1M eH hIlI H,M M'e}K a'DOiMfH'O'f'O Ip aC:C''f10H,H.HIH, .H 313 blBa 10 r-

ICH 11lalC'TH�qHbIIM;H. 4aICTlH;ll,HaH lZJ.iHlC-JI'OKan'H'H, O'eTaBJIIH1OlI.J.aH "PiH C!BOel\l

JI.HH}K eHHIH 13 a 100160 H .,n.o!BeJp.XH OCITb \l(IBO H'HHIK a, .H a:3bIiB aeTicrH tlI.!B.o HH H-

KYIO:lll.,eH.
;,l:Lecp.eJKT yna!K,O'BKiH ,M:O'LK.eT iOI6!pbIBa'TbrCH Ha JI.PY'f10H IQI3'CTiH'4:IHOH .n.'H'CJIC>-

:K:alI.J.iH!H IC :B eKTolp'O!M S lO!pTeplc a, IK10T'Op bI H IB IC'YiMiM,e IC !B eK'f1o:pIQiM B 1O,pre:p'c a

lIIep!B!OH ilI.iWOJI'O:Ka[(H.H' llI.aeT lB-eK''DOp peIlle'T!K!H. .,lJ'B'e ilIalC:TlHIILHbIX .n.:HICJI'OIKa-

l.(.H'H, ,ICrare.n.1H'H'eH'HbI'x. cyrqa'CT!KOIM �'e'<peK'Ta i)'ina!KOB!KH, HaI3bIIBa1O
'
'DOH IpaolI.leln-

JI eH H'OH ,21,1I1ICJIOIK aIJ.\H-eH.

8. 3HeprHH �HCJIOKaI\HH H AHCJIOKal.\HOHHbIe

peaKQHH

,3'He:prHH )J.H'CJIOKaIJ:H'H 3K,BIHBaJI.eHTHa pa ' 60Te, K01'10P'YIO Heo6x'o�HMO

3a:1)pa'T�HTb JI,JIIH IOOl3i.lI.aiH�WH [B IKp'HICTaJIJI;HlleOKOM TeJIe �IHICJI'())Ka\IJ.!H:H. CJIe-

,nO'Ba!TeJIbIfIO, :3"ro -

�o:ntOJI;HH'TeJIblHaH .a,H'ejp1rHH, lJ{'O'f'npIY1O cTI'P'H'0I6 I p
' eTae'T

Te.JIiO ITTplH !H03.H!HIK'HOiBeH:HrH B HeM �HIOJI,OKa:IJ.:H'H.

,3H , e i P:r,HIO £lI.iHlc.JlJOKainiH.H IMI9�'H'O ITIipe,lJ.lC'Ta13'HTb:B !B'HilI.e rO)'lM\MbI 1lI.IBYX
CJIaraeMbIX. .TIep:B'oe !H i

3. :HiH'X IOOiQITBe'l'C�'YleT 3'HepifiHiH, aIKlroy,M'YJI:J�PlQlBaH"
HIOH IE 5I�pe JJ.H'CJI'OIKa}IJ.H�H. ,[L,JIH'TlOq:HIOIDO p,atOq,eTa 3'f10H '9H'erpT,H:H H'eo6�8-

.nnMbIe iH'CrXJO!,lI.'HbIe' llI.a'HHbI'e Tr'OIKa O'T10YllC'T:B!)'IO'T. [J'P\Ht6.JIiH'>K ' eHHbI€ paIC/lIe-
TbI 'nOlKaI3bI:BaIOT, 'II'DO 9HeJpr

1 H:H HJI.'P a A!HICJI'OIKa!IJ.:HH OQIC'Ta!Bill I5!eT 10-20° 10
OT ol6meH ee GHeplr,H'H. :Brr-o:poe ICJIaraeM'oe np'eJ!.loTaIBJIHleT CiQt60H 8H '

ep-
rHIO 'OJIa60 iHClKaJKe,HHbIX 'YQalC/llKIO!B, .n.'QlCTa"I'OilI,H'O .y\.1I.aJIeJHHbIX tUT HtlJ..p 3-

JJ}IOJI10iKalIJ.;HiH. 8Ta qalClTb 3.H�,p,r!H'H �nHOJIbHO TOlJHO '�n'p-e�eJIH'eTiCH M1eTtQ-

Aa,M:H TeOpIH!H ynpIYIDo'C'TH.
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Y'C'Ta:H'OB.JI.eHIO, qrrO 3'Hep
' rH!51 ,lI.:HICJI ' OK3IIJ.H'H, TIp,HlX'OI�5Ima51IC51. Ha eU1JH.HH-

uy ere :ZI.JIiHHbI, p alB,H a

Gb 2

W�
4nk

r 1
In -� - Gb 2

.

ro 2
(3)

3,n:eCb r -

pa
' OC''fI051IHH-e, rtl(le eme JI'M:elO1'1C ' 5I H 1 aln!p51>K'eHHl5I, re:H.ep;H.pyeMbIe

,lI.HICJI ' OK3tlI!H'eU; ro
-

pall(:H')'1c IHllllpa (I(HICJIOIKanIHU; k=/1 ;nJI'5I B'H;H'TOBOU H

k = � 1-,m lII.JI 51 !KIP 300010 U l('HICJI'OIK 3I1JjH�H; m -

KIOa{plcpiHJIJJH eH'T TII)' alC!oo.n a.

O'DcIOJI.a ICJI.e.nlyeT, qTO e:H�p'rH51 .rr.;HIClJIOlKal:[!-:H:H t3aB'H'ClH'T OT ICHJI CMlffiKa'TO!M-

H0f10 IBI3 a!HiM 1 0JI. ' eHICT!BiHI51, lK'O�Olp bIle IKIO'OB eH'H'O x alp alK Te P!H I 31)'IOIT1CJ51 !B'eJIIHiT.I H-

HIO.U G, :Ii C'Ten.e.HiH �npy:f"O/I'lO H!C!Ka�eHH51 a TnM-HOH pell.eT!KIH. [liQlCJI'e)I.'H51'H

iH031P alCTa e'T C P'QiC''DOIM B-e�IHI1I'HiHbI b.

iI1IYICTb n - 'q,HICJI'O lIIapaJIJI.eJIbIHbI'X aTO:MiHbIX [IJI101C:K10'CTeM, nep!neH1.n.;H-

KYJI
f
51pHbIlX K 101T1p'eI3IKI)' �'HICJIoQIKalIJ.jH!H lII:p.OT5IJKeH"H,OICJTblO IB e',lI..HHiHIIJ.'Y 1ZI.JI!HHbI,

f. Ie. n='l/b. T,olIVI.a I3IJI.e.plnH51, 'OT-He'CeH,HalH !K Ol11.H , OU a�o.M;iI-OM iTIJI ' OICIK'O!CTI1 ,

II epe1c-eK a IOJn eu n,:HCJIOIK aIJ.;HIO :

WI = � =� Gb 3
. (4)

n 2

B'eJIHT.I'H'Ha WI C'OCT3'BJI5I.eT HeCKOJIbKO 3JIe'KTP'OIH-IBOJIbT, T. e. cpaBHH-
\1 a :C 8IH,ep'fiHeM OJ'16.JI::a.Ma�:H.H Ha O',l(HH aTUM H, CJIeLl(,QiBaTeJIblH'O, ,rr.O:BiOJIb-

HO BeJIIHlKa. I1 , OI3TOM'Y B'He.p ' f'Ift51 ,na>K'e C3.M I OM MaJIeHbIK'OU ,[I,HICJIOlKa'�IHOH-

-ROM n.elTJIIH [llp'e!BbI.llaeT 10 88, 11 TenJIIOIB'Q:M'Y paiB'H'oB'eleHIO O-TBeqaeT OT..

IC')''r.C'l1B'H.e iBIC5lKHIX OJ.IH'CJI10IKalIJ.:HH. JlI)"C'Tb B IIIJI.OIClKOIOT51,X IClK'OJIh}KeHIH5I AB J1

BC nepeMemalOTcH J;I.'Be ,nnCJIOKaI(,H.H IC BeKTopaMH BlOprepca b i .II b 2

(lp'HIC. 6,a). ,C'JI!HI51IHIH e lII.'HICJI'OIK all.(!Hu a'H ep;r e'f.nl:H�!ClKIH B bIIDO\,1J.iHO, eCJI:H e TO T

np.oru.edC IfI!P ' OHICXIO\,1J.iH:'f C )'IM'e.Hb1IIIeH'HeM Balnaca 3HepTHIH, T. e. eCJI:H pa3-

H.nCTb � W M'e>K!,nIY K'Q.H1eII.HblM WH -If iHalqaJIbHbI.M WH sa'nalC-O!M B'Help i r:Hl1

BeJIIH'lliH,Ha n'OJI'O}KIHrDeJIbHa51, T.. e. eCJIiH � W = WI( -WH>O HJI'}I � W =

1
"

= - G (b
2

-

b�
-

b�) L. H;HbIM;H ICJI'G:BaMIH, lII.HiCJI10KaIJ.'HiH 'CJI'H:BaIOI'D051,
2

.

eCJIiH b 2
< b�

-

b�.
TaKoe CJIH51IHHe npoHcxo.n.HT, .eCJIH yroJI a. OCTpbIU (a <:rt/2)

(Ip,nc. 6, a). K'oD.n.a iB pealKlI-'HIO )B1C'ryJnaeT n nalpaJI,JI'eJIbIHbI'X JU.:HICJI'OIKalIJ.IHH t

TO ICJI'H5I'H;ne JI,'H'CJI'OlKalII:HH 6ly�eT TIIPOIHICX:OI)JJHTb, eCJIIH b 2
< bi + b� + b:+...

+ b�.
A;HH'HinHJI5III.J..H,51 A:HrCJI.O\KailJHU �!BJI'51,eTlC5I ltlalC'THbIIM ICJIyqaeJM �HiCJI'OKa-

U'UOHIHIOH pealKlU::HiH (IP.HIC. 6, 6): b l
= - b 2 H b == b l + (-b 2 ) == O.

lKp'o.M e ICJIIH',51IHH I 51 J2I.'HICJIOIK alI.J.iHH, H a6JIIOJI. a ' e'DC51 H �ux p aICIQenJI'eH'H e

(IP;WC. 6, 8). P3lCcry�lI(a51 aHaJIlQr,HflI,H,O [1!p'e.nbI\JLlym-e:MIY, ')
Tl 6e.rr.;H'M/CI51, qTO

.

2

p'e aIK'IJ.IH 51 p alOIllerrlJI.eH H 51 61)'lZI.'eT 3n.e,pr,e\THiq.elOKH BbIlflOI,ILH a, eJCJI'H b 2
> b I +

+ b�, 1Je:M\y 'OOUllB1eTlCTB!)"e'T 'Il)'\IIOU YirOrJI l(a>:rt/2). OJ1CIO�a CJI'e�'YeT\

ttTl> I06bIiq;HO JlH\CJIiOIKa'�IH:H H,MeIOT lIa:HIMeHbll ' HH H\3 BIQ;3!MOI)K�HbIX BeKTO'pJB

B IOIp ' f1ep'c a. iDlyiCTb, H an,p:H:M ep, �:H:CJIIOIKalIJ.'H'5I 'HIM,eeT !BleK TOlp PlOIplrep ca

B='2b. T'Qnu.a O,Ha pa
' emen"H:T1C5I Ha JlI.IBe J(HlC-JIOlKaII:HIH: B � b+b l , IfIoOtJiO"M'Y

q'�O 8 2 =4 b 2
>b 2

+b
2 =2 b 2

.
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PHC. 6. CxeMa ,lJ.HCnOKal.(HOHHhIX peaK�HA cnHSlHHH (a. 6) H paC�enJleHHSI (8).

CnpaBa -

BeKTopHoe H306pa1KeHHe

9. CHJla, AeHCTBYIO�aH Ha AHCJlOKal.(HIO

Jllp:w6JIHJKeHIHbI'e 'TeO'p'e'tH'l£eC'K:He !paICqeTbI, .0IeHIOBaiHHbIe Ha OI.J.e'H'Ke

BeJIiH.qiH'HbI a�MTTJI'H'1iY�bI 'H,3 i MeHeHIHf5I InO�eHIIIJHaJIbHIOU I3.He:PIDHIH 5Ilnpa [l'P H

.LI.BH;}K-eH;H�H .u.�HlCJII0IK3IIIJH;H, !niOKal3, aJIIH 1IlT-0 IM'UH'UM aJIbH10e lKaICa''DeJIb:HOe

Hanp5I>KerHH'e, HeOOXIOllI.:HIMloe .n.JI5I J:{:BH}K'eH.H5I J{:H'CJI'OK'alI.J.H!H, paIBiH10

21t a

2 a -Ii Ii
--r==-e

n

k
(5)

r.rr.e a -

pa I OCT05IHIHe MffiK� !OM'roKHbI'M;H n,JIIOaK'O:C�5I.MIH IC'K'OIJIb'}K'e'HIHIH. 113

3TOU q)Olp,M'YJIbI CJIetZI.'Ye'T, 1.J'T0 q1eM ,60JIhlle a H MeHblllI-e b, tfeM 1M1eHbme

'Tn. 113Be 1 c'TH '
0, tl"f10 HHarqeU:H.e a 5I'B.JII5J)eTlC5I MaIKICH,MaJI�HbIIM ,nJI'5I «1'JIIO'THO-

ynaIKIQ�Ba'H,HbIiX a�O:MnbIX :11 JIOIC1K'OCTeu, a Ha'aMeHbllI'ee 13Ha 1qeHHe b OTB.e...

t.Ia.e'T Ha.H:Q.OJI'ee [IJI'OTH0'YnaIKIOBa:H,HbIIM HalTIlpaIBJIeH:HJ51IM. TaIK:HIM a6pal3,a,\I,
() COl6eH no III'OI)IJBMOK.HbI:MIH !H!BJI'5I10 T1C51 J('HlCJI'OIK aoIfJHiH, oi6eJan eJq:HIB aIOIIJ.It e

TIJIaIC'f.H;qeOKiHU IC�B'H!r IBtZI.'OJIb Haln.palBJ.leH'HU :If �JI'OICJK'OaTe:H, iHaHf60JI f ee ny.c-
110 I)'IC e5I!H HbIIX aT-OiM a'M'H. III p en5I TCllBI)'I5I K alK'HM - JI;H!6rO 0\0 p aI3 I O!M ClJ{IOJIb\/K e-

H:HIO .B 3'TiIf,X ;n'JI , OICJKiQ 1 0T5IX, M'O!}l{,H'O B bI13:B aTb er.o !B �ex [IJI{)\C'K'O'CTSIX, nn.e

YTIatK'OBIKa a ToQ\MOIB M:eH.e.e nJIIQlTHa5I.
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J],a.JI,ee, Clpa!B'H�HIBa51 BHaq i eHIHI5I k )J}II51 KpaeB10n !Ii B�H;H'TOBIOn JI.:H,CJI'OKa-

r.rffH, Hlerr!OJIbB!)'51 q>.np!MY JIIY (6), MIO}!{'HO }B}II)I.eTb, '41'P0 !Kpae:Bble J!I.H,CJI , OK3-

U1I11 'HaqH'HaIOT !I1epeMeIll.a'Tb051 II1IpiH 'M1eHblleM 'Y'PIQ:B�He illanp:H}Kennif, T. eo

-0 6JI a� a lOT !60JI b!lll en [IOtlI.'HH}K'HIQICTblO, Iq!eM 'H11 H TIOiB bI-e.

.

11:3 'Tex '}Ke 'CQi06 I pa)K.e;HJin lQ!qeBIH�HIO, !lI'TO 'qaOTtHi"1lHble Jl!..HCJIIOKaJIJ.iHH 00-

JIa,lJ.alOT 160illhll,eH niOI,lJ.B'HI)KHIOiOTblO, !q:elM [JiOJIHble. rloI3�O:M'Y }B \'MleTaJIJIax..

.o6.JI aJI. a IO Ill.:H,X IBbIIGOIKiH,M IClQ;fIlp'O!THlB'JI-eHIH eM .n..JI 51 i,lI,!B\H:lK eH:H 51 JI. 11 1 C JIi OK alILH H

up H J-1U3IKHX T'�:M.nep a Ty\p1aX, K'Oirt1I.a Terr,JI'OBIOe ,lLB'H}KeIHiHe YlK,e �e B CO-

CTOHHHH 06eCrreQHTb BbICOKYIO CKIO-

pOCTb IIOJIHbIX .n.HCJIOKaI1.HH, .n.ecpop-
'MaIJ.H51 U6bltIHO H".n.eT 3a CqeT qaCTIHtI-

HbIX .n.BofIHHKYIOIll.HX ,lI.HCJIOKanHH, qTO

npHBo.n.HT K .n.BonHHKOBaHHIO.

DYCTb rro,lJ. .n.eHCTBHeM KaCaTeJIb-

IHOfO Hanp5I"lKeH'H51 ,1:' KpaeBa5I JI.H,CJI'O-

KaIJ.H5I IIpo.n.BHraeTC5I Qepe3 BCIO ,lLJ!11-

HY KpHCTaJIJIa (pHC. 7). B pe3YJIbTa-
Te 'OJI.Ha ero qaCTb .O,I(IBHra.e-rC51 O'THOCH-

TeJIbHO .n.PyroH Ha BeJIHQHHY, paBHYro
PUC. 7. CxeMa K onpe.zr.eneHUIO BeJIUtlH- BeKTOpy b (pHC. 7).
HhI CHJlbI. .neACTBYIOlI.{eA Ha KpaeBYIO

B
u

.zr.HcnOKa�ulO (WTpHXOBaH JlHHHH- nH- eJIHtIHHa BHellIHeH CHJIbI paBHa
HUH .nHCnOKa�HH) F =TLIL3. Pa60Ta 3TOH BHeIllHeH CH-

JIbI A � Fb=b1:'L 1 L 3 .

O,6013'H alq:UM rqieJP e3 f C'Hl7I!Y, �eHIC'TB!yI6Ill.IYIO H a e.n.;HJHilfiI.IJY ,lI.JIHH bI \K,P a e-

£'OH �:HICJI'OIKa�'HH. T'o!I/,lI.a 'II'o.JlHai51 CH-JIa, �eHlcTBIYIO;III.a\51 Ha Ree, palBHa

FJI.==fL3.
Pa60Ta CHJIbI FJ1.' npe,lLCTaBJIHlOrna51 C060H pa60TY BHYTpeHHHX

OHJI, OInpe!.Lle.JI 1 H'T10H no <P'OpIM'YJI'e: AJI.=F JI.Ll== {LILs.
\P a60T a lB;H em'Hen ICiHJIbI A 'P a.B'H a ;p ai6'0Te .!IlHY:'f.p eH'HIHX JeUJI A JI.; iIJi03-

TOMY

�'[
/

/

/

b

CN

�

l

L,

fL..L3=b'tLIL3 HJlM f = b't. (6)

Mo }KiHiQ [I'OIK as a Tb, \£ITO 8'1"0 P aBeHIC!'I1BO CTItP a B eI�JI'IfB'O 11 n,JI 51 CJIlyq a:H

BHHTOBOH .n.HCJIOKal(HH. CJIe.n.OBaTeJIbHO, 3TO COOTHorneHHe CnpaBe,ZI.JIH-
B-G H JI.JI51 C.roy'1l3l51 OMellaHHOH ,lI.:HiCJI'OIKa.IJ.iHIH. :B'eJI,H'q;HIHa 'C'H.JIbI f, !rIO:M'HM<)

llIp:QlQ,H'X l$aIK'f.Op'OlB, 10 KIOTo.pbIIX P'e/lIb [],OHJJ.eT H:H.}Ke, '3aIB'H'CH'T OT paICnIOJIO-
lK e'HHi51 InJI100K'OlCTH !ClKOJI h>K'eH'H 51 :u.;HICJI'OiK aIJ.:H:H 111;0

.

!QT;HOlli eH1110 K H a!n p a B-
U U

rh
�JIeHHIO Ma'K'C'H'MaJIhHO� rJIaBH.OH )l.e't"opMa�HH.

;EIOJfH 'II,pen
' e'6peqb TeII'JIIOBbIIM;H <PJI1YIKTY31IJ;H:51:MIH, 1l0.M:HIH;UMaJIbH3'H CR-

JIa, Heo6xo.n.HMa51 .n.JI51 JI.BH}KeHHH ,lLHCJIOKal(HH, paBHa: f n
== b1:'n, f.n.e

't n .o:n.p�eJI51'eT'C51 paBe-HlC''nBiOiM (is).
.

B.e.iI"H l 1.lH,H a

2n a

f �
2Gb e-

k b

n

k
(7)

rH 3i3,blB a eJT'051 C'H.JI'OH n a H'p JIlca - H a 6 a p po.
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to. nJIOTHOCTb �HCJIOKaI.(HH
"

iB ',np'OIIJ.,eOCe JLlecp'OpiMa:�iH:H ll!3!c-Tb !Klp;HICTaJIJIa,. JIe}KaI11.a i 51 HaJJ. [1,JI!QC-

KiQlCTblO rClKOJIb l }K'eH:H'51, IC�M-eI11.aeTICH OI'f.HtQICJH!�eJIhHO J:I3'C11H, JI.emaI11.eH [JOIL

HeM, Ha BeKTop BlOprepca b. Ho eCJIH
.

.n.HCJIOKaIJ.M51 npOlI1JIa He BCIO

nJI'QlaK�OICTb 'ClK 1 0JIbOKeHH'51, 1'0 ;II TaIKO.e IC?MeIlI:eH'I1-e II]PO;l1\c;X'O;.n.:RjT 'DOIJIb:KO B

TO H q arCTiH [J JI.O'C!K�OIC'TIH' ICIK;OJI bJK1e.HiH 51, r J('e �'H1CJI.OIK a;U;H 51 ')"}K.e TI,p.olll� a. � TIJ

O!3HaQaeT, {l{1'P0 JI'HH'Iil51 ,ZI;H!CJIOIKal�'H�H eC'Tb K'OIH'TI)'lp IB rrIJI,OiClKIOtCTH OKIQ.JIb.me..

HH'H, 10Irp aHI1Iq;UB alOllI.'HH IT1JIO'IlI.aiJJ.b H.er3 aBep!lI1 eHHODO ICtlI.'BiHlr a.

EICJIiH JI.:HICJI!OIKa�lrI1 !K.pa'e!Bble, TO ICJp'eJLHee rOTH'OIC:HITeJIb.H!Oe 'OM'ellI.'eHHe

(pIRIC. 7) 6y1.1L ' e'T p a'BIHiO

x =

I L3
b = � b.

L 1 L3 L 1

O'THIOIC!H TeJI bH bI M 1d.1I.!B;Hr :B Klp'Ii'CT aJIIJI e B 'p e3 r

y JI b'T a'Te ill p01,lJJHH}K eH H�H '0.!I.-

no M .n.;UCJIiOiK alIJ.H:H Hap 3IOCTiQ;H.H:H 1 e 1 M,O'}K,HQ. lQ'I1Ip
1 ei,lI. eJI'H'Tb [JoO <P'OP'MY JI e :

Y
_"X" _

IL3
b =� b---

,
x

L 2 LIL2 L 3 V

r.n.e S -

YtIaCTOK nJI.QrCK'OCTH :C-KOJIb}K'e-H,HH, Ha KOTOPOH ,.npOH3'OrneJI

C�BiHir ;

V - 06'beM K.p:H'CTaJIJIa.

E'CJI;H ieHIC'T,eM a III alP aJlJI'eJI b:H bl'X IIIJI,OClK'Q:OTeM ICKIOJI h}K eH I1IH ICOJI, e.p }KIHT N

.rr.;I1ICJI
' OIKali,JHM, TO Cl)"M.Malp,H.oe CiM,eIll..eHue IB TMe 6'yu:r.eT pa:BHO

I
Nx=N - b.

L 1

To�rJI.a !fI'OaJIHaH �ecpop'MarIJ.:HH
Nx N

hIY-
--

-

L 2

---;

L 1 L 2

.

N
=

P.ll
L 1 L 2 CM

2

ICUIJB�Hu a 10rll�p'e.lI!eJI.H:T1C\5I II{ alK

BeJ]HtIHHa
1

(8)

!Ha3bI ' BaeTCH IllJI'OTHOCTblO !I.HICJIOKaUHH.

TalK'H:M O!6paI3'O'M, llJ10TH i O'OTb ,lL:HICJJ:CXK3iIJ.;HH pa.BHa 'q,HICJIY JlI.;l1'"(�JI'OIKa.IJ.I1H,
illlP'OXlOaI.,H IIJ;H!X .q ep el3 etniH HlH;IJ.Y III o.B'�P X'HQlC'TH, 'Ilelp:neHJ{:HIKry JI'HIP'H)'IO II{ JI Ii -

H H HIM AHICJI'OIK a:IJ.:H M.

TIJIOTHOCTb .lI.H'CJIOKaIJ.HM MO}KHO BbIpa31HTb H CJIe.n.YIOIlI.H,M 06pa30l\tI:

[p =

1N �
= � CM

. (9)1J. L 1 L 2 Ls V CM
3

.3.n.ecb BeJIHq-UHa A npe)J.cTaBJIH.eT .co60� o61I(YIO )J.JI'H"HY Bcex AHC-

J].OKaIIJHIUHHbIX JIIUH.HH B 06'beM.e V K'p:JfC'TaJIJIa.

H TalK, ll(ecpIQP�M aiIJ.'H!51 IQIlB'H!fa Ip a:BHa IIlp,OJiI3B.eJI.eHHIO 'llJl'OTHO:C''f.H' tlI.ai,�-

JI.OKanHH p;n Ha BeJlrH'qH!HY BeKT.opa BIO'p,rep:ca b H IHa cp e 1JI.HIOIO JI.JIHrHY
11X IC'Meru..eH;HSI ('n'po�6era) l:.

Y=PAbl. (10)
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ICIK'Op'OCTb OI.ecplap:Ma�!HiH 'O,lJ.B,Hlra IMO}K;no ;BblqI1ICJlHTb 'KalK

.

_

dy
_

.

� +bl d'p11.
v -dt -p1J.b dt dt

·

,IlOJI aT a 51, ,QITO ICK'O,P'OIOTb Id)l.!B'H!r a 13 aIB!Hlc.H'T rr JI a!BiHbI.M ,0'6p 3I3'OtM () T

CKO:P'QCTH J(HrCJIOKanHH, T. e. :IIOJIara5I, tIT,O BTOPOH qJIeH npaB'OH tIa.CTH

3T'0I�0 pa!B 1 e.H:CllBa !MaJI Ino IClpa:B'HeHHIO c :nep'BbI!M, [I'OJI'Y'Y:iH'M

y == b
PJI. C

JI.. (11)

IC'OOTH'OIlleH�H5I ,(10) ;H C (11) I5IIBJI51IO'rn05I fIiP'H,6.JI;U}KeH.HbIMiH. H,o .OHIH

icnpaBe.nJI.H:Bbl �He T10JIbJKiQ u:L.JJl51 !KpaeIBbl'x, IHiO !H lnJI5I 1B'H'H'DOB.bI'X, a CJI'eJ('O-

� a'T,eJ.I bHD, :Ii 'OM,em alH:Hbl x llI.:HICJIOIK 3iIJ.'H H.

11. CKOpOCTb AHCJlOKal..\HH H AJIHna iHX npo6era

Jlp'H16JI,H�eH'Hio l.lI.'elcplQiplMalI.J.HIO IB IIIlp'O'IJ.eoc-e tpaICT51}KIe.HIH
' 51 )M'O'}I{"H'O Bbl"

1p a13,H'Tb !BeJI:UqHiHIOH:

(J)o
- co A co

t= - = g 6 � 6,
CI) co

Ii.lle roo ;H ro
-

IIIJI:QIna�H .n'Olnep1etI,H.Q'DO ICeQ'eH'HIH 'T'�a J(!O :11 'IIIOICJIe )l.e-

<PO!P,M aII.J.H'H, IOOIB;na/JLaIOIIl:H.e IC lZI.eHle'TIB�H,eM lllIPIHJDOOK'eHH'OH 'CH-JIbI. O\'I!CIO.lI.a
6ffi =£ro.

CIK!o.po:eTb Aecp'Oip'Ma'lCH'H

d (� ro) d 8
. .

== ill - HnH l:1 ill = ill 6. (12)
dt dt

3JI.ecb !BeJII1fY:;HIH!)' 8 !B 'nepiBIOIM In=p'HI6JIIH.}K'e'HH'H M10>KHO !TtP:HiH51Tb cpalHHOH
CKOp.OCTH .rr.ecpop'MaIJ.H'H C,lJ:BHra ,\" H II09TOMY ,Ha OCHOBaHH.H ypaBHe-
H.H 51 (11) H M,eeM L:i ffi = b p lI.

C gffi,

O'llc�a

c =

L\co
.

11.
P 1J.

b co

:C-pre)J.:Hee [3 H arq.e;HH,e 'BeJIHltI'HIHbI ICKOlp'OOT,H J( ecplQlp,M alIJ.'H:H p alB'HiQ

A in ==

11 co
==

roo
- co

.

t t

.EICJI�H I)I..JIllfHa \3 1 01HbI iJl:ecpIOlpIM3'IJ.H;H �p3JB'Ha -1, a CJI{,qP'O'CTiH :MeTaJIJIa B

H alQ aJI.e :H !KIOHI�,e !n.ptoneoca �II..eI�iQ'pIM aIJ.'UH 'OOIOlllB eniC'nBe:H:H10 CO 1M C}, TO

t ='2l/ (Co+C 1).
H!3 'Y'CJI

' OIBHI51' 1J10ICT05IiHlCTB a CeJKIYH1.n.H'O/flO OI6'beM a HiM'eeM

Co = C 1

rol
=

C 1

.

COo 'A

(13)

rJI.e "A == ffiof (i) 1 H ai3blBae-TlC5I K!()I3Icplcp�HnH!e;H�OM BbI'T5IJKIKH.
. roC 1 ('A

2
- 1)

C yqe'DnM 81lH'X ()QlOTHlQlII1leH�HH [I-o'JIIYlliH� l:1 ill =
.

21'A
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B:M.elC'Te C TeM € =

/1 co
==

COo
- 1 == A-I. O'l1clOi)I.a 'A == 8+ J l.

CO CO

T alKiH M 'o6!p a13lQ!M :

/1 CO C 1 8 (8 + 2)
--

CO 2/ (8+ I)

n l

03To.MY C 'YIleToM IBbl i pa}KeH:H5I (1 1 3) ICK'Olp'QoC'Tb LZI.HICJIIOIKaIJ.IHu \M'OLKHO

BbIq'H'CJIHITb no "cp 0P:M'YI)! e

C 1 B (8+2)
CJl.=

21bp1\(E+I)
· (14)

,O'DCIOI)J.a ,CJI,eJIJyeT, ,qTlO 'CJK'Oip'OICTb JJ.1B;H)KeHHSI �HICJI'OIKalu.HU pa'c�eT 'C

P'OCTOM 'CKOPQiC'TH paCT5I}KeHH5I, BeJJH'qUHbI J(e<po.p'ManHH H YMeHb-

llae'f1C5I IC 'pOICT10M InJIIOlTlHOICTH �HCJIOIKaIJ.iHU, lB-eK'f1o.pa BlOlpTeplca 111 ,l(JI�H-

HbI 'QIll a.r a � ecp'op'M ailJ�HJ1.

np:H 160JIb!1l.HX IOKiQP.OIC'T5I,X ,0,6Ipa I 60TlKH !M,eTaJIJIa lJla!BJIeH"HeM iCPlqp-
'M a JI�HO,e iI1!P'HIMe'H en:H'e CP'QlPIM'Y JIbI ( 14) MIQI)K,eT TIIP!HlB€lC'r.H K 1C!K101P OICTS! M

JJ.iH'CJI'OIK, aIJ.iHU 160JIbilll l HM fCIK'Op-OICTH 3
I

BI)'IKa C 3B , rq�O, \KaIK iH!3IBeC'TH.O, He-

B03M,O)K!H,O.

'B 3T'OM rHHTepB8JI'e C-KOp"OCTeH cp'OP'MYJIY (14) CJIe,nyeT ,no.HH-

MaTb KaK

�OPMYJIY
AmI paCqeTa ofiJIOTHOCTH nO,QBHmHbIOC JJ:H'CJIOKa-

IJ.HH p Jl. > 2 I ; �3� E(: :\) , T. e. 'Up'H 'YBeJI:HqeH'HlH IOKOPOCTH IOIOIP aIOOT-

KH .H BeJIHtIUHbI J(ecpopManHrH nJI'OTHOCTb .rr.UCJIOK8nHH YIBeJIH'qHBaeTC5I.

,C 'YB-eJI.uq eH ne.M iQ THorCH'TeJI b HIO U � ecp'QlP M a IJ.IH'H :CIKO'p'OtC'Tb J{'HICJIIOIK a -

ll.HH 'paic�eT, TalK IKalK '3a JI,a;H,HbIH in'P'OMe2KYI�OIK IBp'elMeH:H nOllIJBe!praeTC51
rrJI aC'f.Hq.eOK'OU lLecp'op M alJ,:H'H OIOIJIblll;HU 06'be.M :M,eTaJlJI a.

,L:LJI'H H q ,rrp.n6.e.r a JI.IHICJIIOK alI.J.IH U o.np'e)I. eJI!5I-e"I1051 IB blIp aJK eHiH eM: 1 =

= Cgt np , �,ne t np -,BpeMS! CBOQ.OJJJH'OrO !np.06era J(H'CJI.OKaUH'H Me}K,n'y C.O-

. 1

CeJ(IHIfMH .npemITCT1BiH�M'H. OObIq;H10 ,[ �

-V P

�,1O-4 7 1 10- 6
CM JI.JI5I P �

� 10 8 -;.-10 12
CM-

2
.

12. B03HUKHOBeHue AHCJlOKaQUH

lOOP 3;3'0 B a'H'He )tHrCJI'OK a Il!H U in pIOIH:CJXOJI.'H'T iB p-e3'y JI b TaTe M HIO'I"HX �fIlp H-

\fUH. B in"pf�'IJ.'elCJce Icp'Olp.M'H,pOIBaHiH'5.[ :KlpIH1C'TaJIJIa !.n:H,CJI,OIKaIJ.:H:H IM.OryT o.6.pa-
3 I UBaTblC5I IHa Inpa,HH.IJ.aX ,6JIIOIKO!B !np,H iHX l y palC'T3'H'H;H. ,L:Leu'C'I1BHTeJIbHoQ,

nOB'eJp:X.H'QlC'Tb lKipiHrC'Ta!JIJIa IC 1016paI3 I O:BaIB!lI.lH'M'HIC'5I ITalK'H;M '06pa:3,OM )l.HICJIO-

'KaIJ.'HI5I,M'H ,HMeeT IM'HO'}K.elCT1HO «.CTylneH'elK», :Ha IKfO'J'lo.pbI'e IM!Olry'T �n:p;HICTlpa-
I1Ba'Tb'C5I a"I101MbI iHI3 IpafCTBOlpa. 1I1103�OIM'Y 'OK'OIPOIC'Tb 'l)'QlCTa \Klp:HfeTaJIJIOIB ,e

J(J1ICJI.OIK a �H5I M'H H a H,ec.K'OJIbK'O nop 51J}JKrOIB !BbIllie IOK.Q plOIOTH IPiQlC'Ta K'p H-

CTaJIJIIOB ,600 '.l(HICJI'OIKaIJ.'HH, H ' e I CM 1
0i1p5I :Ha TtO q�O n'O'CJI'eLZIJHHe HMelOT

.MeHbllYIO IOo61cTBeHHYIO 13Heplf.HlO. B IOB51:3'H IC I3'tHIM iB "06bI'lJHbIX Y'CJIO:BH-
�x 13ap'0J(blllH, 'H"e H.M'eIOIIJ:He JI.H'CJ!,olKaIJ.:HH, 'He 'Y'c.neBaIOT IBbI.pa'C'f.H H,

CJI eJ{IOIB a'TeJIb'HO, JI. a2K,e IHICKytoCTBeH:HIQ :BbIlp a Ill.-eH.H bI e IM10HI0:KP,H'CT aJI JIbI

HM elO'T :M.H o�eC:TB'O IJ{H'CJI'OIK 8-IJ.'HH, e.CJI'H He [1 p'H,HHlM aTb 'OC 0 6 bIX 1M ep, H a-

n p aBJI eH'H bIX IK In,p e.,n.olT:B'P a Ill. eH'HIO :H X In ' 05I.B JI eHH5I.
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ICIK,UfIJI,eH'He. IB aIKa.HlCHH, IfIiQ�JJ. 1K10rrOlp blMH Ill'Ov::l'P a!3Y,M
' elB alOT1C5I IC'B'0t60JI.-

HbI,e lOT a'TOMiQIB ')'13,JIbI a'T,OIMHIOM Ip'elllI.e'DK.H, 'TaIKJK.e IM10DYT 16bITb iIIpiH
1 tI;H

' H0i1

iQ 6 p al3iQIB aIH'HI51 J!.'HlOJIIOIK a!IJ.:H:H . B Irr'p'OIIJ.'eoc e
.

iKIP;HIC T a JIJII1)3 aIJ.IHH iH !ll'QlCJI1e.rr.y-
1O,I11.leM JI. eq)rolP M alIJ.IH H [J'P'UH10XIQ1.n.,H T J{�P 0i6JI.e;H;H e KlpII1IC'T aJI JI a H a 16JI ' 0IK.H .H

3-ep'H8, K'O'TopbIe B 'CBOIO oq.epeJ(b 51BJl5IIOT'C'H H'CT'OQHH.K8MH J('H:�JI'OKa�HH.
):L;HIC.JI;OK alII:HIH ;M10InYIT '0I6 1 p a3 I O!B a TbIC I 5I .H ,B iUpD1lI.'elCiCe �llJI aIC'DH'q'eOKIO:H .n.-e-

cp'QlP�Mal�;H:H, 'llp.H'q.eM �HX HleTOq'HiHlK'Q,M .B 3T10M ICJI�,qae 1000.y,}KaT 'Ca��f:H )J.'HC-

JI'OK a!,�IH:H
- T a�K 'H a!3bIIB a e.Mble iHJC''DO'4'H.HlKiH :<P P aHIKa -IP1ItIJ. a. H a' 'P:HIC. 8,a

nOKa3ana JIH.HeMHa51 .rr.'H'CJIOKaIJ.H5I DD'. ana ,pa�orrOJIaraeTC51 B nJIOC-

KOCTH CKOJIb}l{e-HH5I. .B TOtIKaX D H D' �H'CJIOKanH5I �aK!p'enJIe!Ha. 3a-

KpellJIeHHe MO}l{eT 51BHTbC5I CJIe;r.CTB.HeM HaJIHtI'H51 B TOqKaX D H D'

'[

]) 0
n'

t /"
1

':"�T
o-L�_ � f)l

,

r

�

T

T '[

a 6 8 z

PHC. 8. CxeMa .nefiC'1BHH HCTO'lHHKa <I>paHKa-PH1l3

M-HO,prOUI:HbI'X B:K,JII01IJ,eH:H M, \II alC'THn 1B''DOIP,OH ICP a:3bI, Tpe.III.'HH, Irjp 3'HIH.�� Help e.n,

nepeCe'lJeHH51 .1I:nCJI.o'K8�'HH DD' J(UCJIOK8IJ.H5IM'H, nepeMemalOIII.H'M
i

H,C5I B

.lI. P yr1i1X JI:I/JI
' O!OKiO ' C'lI51'X IClKO JJ. b'}K eH'Hi51 .

1110 .n. l1I.'eMIC TBIUe!M IK alc a T eJI hH'OI110 oR a!fI I P
' 51I}KleHIH 5I JI:H!H eMiH a 51 tlI.�H\CJJI()J{ a ..

IJ.HIH ;Helll.'eT IOe\051 !KaIK 'Yllip\y�raH IH:H'Tb: 'OHa !BbIIf;H6aeTlCl51 iH ,np:UHHMaeT HEt.

neKOTo:pO:H 'C'Ta,lLHH cpOp'MY nOJIYOKpY)KHOCTH (pHC. 8,6). IlpH 3'DOM pa-

A.I1o/iC \�!p:H;B'HBHbI tITJHfCJI'OIKal�lfH UI.�QlCTH,raeT IM,H�HiHIMa.JIbHIOIDO \3IH3'qeHIHI51.

aJ�'eHH;M B.eJI;HIq:HiHY 'ClKaJIbIBa.IOIll.ero iHarrp5I,}KeHH51 't x , iHeo(6IxI0LlI.:HIMioro

JJ.JI51 t.lI.eHICTlBIH!51 :HIC�O!1I;H,HlKa <PiP aHKa- P:H)I.a. ,3H'epr:H51 J(HICJIfOlKaII.IH:H p a:B-

Ha: W � Gb 2
.

CIUJI a ;H a'T51�re.H�U51 �B bII�HY'nO M �lIJH'Cj]'OK allI:H H olnp e�eJI5I-e'I1C151 !fI10 i£PIO:P
-

l\IY JI,e

W Gb 2

p.�-�.-
,

r r

r.JJ. e r -

p a}l.IHlyJC !KIp H-B:HI3'H bI .

.TlpH r=l HMeeM: Pmax= Gb 2
ll.

rB:H,ell,H 10 10 ICH:JIY ,
�B bIifiH16 a lO'IlI.1)'1O tll.�HIC.JI'OK a LLHIO 'oor JI aICH'O <p'OIPIM Y-

JIe (16), M'O}K!HO Ha:HTH KaK: fmax=b'tmax. 3..Haq.eHHe Tmax onpe.rr.eJI,HM H3

YCJIO:BH5I fmax = P max ,
'tIT-O .rr.ae-T: Tmax

= Gb Il.
TaIKH!M 'o6;paI30!M, IKp'H.T:I1qeOK 1 0e IHalllp:51}K,elHHle J11C'1)0Iq;H;HlKa <ppa:HKa-

P HlJJ. a i3 aIB.H'CH'T lOT plollLa M.a'Tep:H aiJI a (X 3'P aIK'Tep�Hl3y,eM'0Ino B.eJIIHillH
-

HOM G), BeJIHqH:HbI BeKT,opa C�BHra b H J(JIHHbI JJJH,CJI'OK,al{HH l.
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,H13 np'HIB'eJJ.:H,HrOlf10 .palQIIeTa ICiI.e;:(tyeT, tql'DO .3'H3'Ile.HiH,e IK3'CaT'eJIbH ' OJ1Q

H allllp'51!}K)eHH'H ICTa'JlOlBiH'TC51 IM,alKIClHlM a.JI b'H bI M TlOI1lI. a
, J{iQln.n. a JlJHJCJI'OK aIJ.�H 51

np:H'H:H:M.areT ,£P,orp:MIY !fIlOIJII)'O\KP'YJKIHQlC'TH. ,[LaJIbiHeHIll,ee 'Y1B-eJIIHIQeH.ue JI.JII1-

HbI o)'tA.eIT lII)I.''f1H 'fIp:H -Ha[1lp'51�'eH'H'H, ;MeHbm'eM 'tmax, 'TalK lKa\K IP alLl;HYC
,K piH!BIH\3.H bI III e'T JIiH YiB-e..JI:Hlq.H'B aeT1C51. Jl{piH 13"I�OIM :H a YiIl a l CllK a x \QiylfH BI6JI:H'"

I3H T10�.eK 13a(K'P'elfI.JI,eHH51 JI�H,HeHHa.� J{'HICJI'O"KalIJ.:H51 �nepeXIOI.n.IH'T !B IB'HIH''PO'BI)'IO.
B,UHTOBbIe )I.IHCJIOKaIJ.'HH 06pa'3YlOT IClllH:paJI,H HO'K:pyr T'OqeK D 'H D'

(pH.C. 8,8). B 06JI3'C'TH ec' C-6JI,H}KalO.Ill:Ii , ec51 BHIHTOII}bIe .!I.H.CJI..oKaIJ.HH

n;p,omH'B'OfI'OJI'O}KIHOIDO B'HaIKa aH:HiHIDH;JI,H'P'YIOT H palona�alOT1051 Ha ;ltBe nJ1IC-

JI'OKaIJ.H-JI' -r,BHe'IlIIHIOIO Ii BIHYTpeHHlO1O (pH'c.8,z). Bu,ern'HH'H JI:HCJIUKaUHH

pacllIHp51eTcH .n.o rpaHHIJ. KpHCTaJIJIa H o6pa3yeT cTyneHbKY Ha ero

lloBepxHocTH. BHYTpeHH5151 AHCJIOKaIJ.H51 no.n. .n.eHcTBHeM KacaTe�bHoro

,HaII.p151}Ke.H;Hi51 'ClHOIBa }f13IrHI6,a 1 eT1051, 'H �npolIJ.'elOC In,0:BT;O\P51'e'T1C51. ',Q10IKa\33rHO,
qT10 ,HICTOltI;H;HIK:H <P�paHKa-'PHtlI.a IM:O?nYT 16brTb '.fIJI'OOKlHIM'H, inp'OIC\rtpaIHJC'T-
HeH'HbI;M'H ill ICHH'paJIblHtblM,H.

\P a'Crq,eT �Ha!TI;p'51JK'e-HIHH 'tmax, ;H,eo6xI0Ll(:H,M ' O'flO JLJI51 )I.eHJC'l1B'H51 lHICl1b�Hilf-

Ka ,<P\pa.HKa-iP;H\J(.a, �npIOIB'OI,lJJHlllCH QI6bI!tIH'O []IP'H !JI.lo;nYllle.H:H;H, Iq'})O SiHep-
r,H� i;lI;HiCJIOlKalIJ.;HH �3a;BiH,qH'T ''DUJIblKQ lOT ee �JI'HHbI :H Iq�o- M I 6CTa 3alKlp'�IIIJI'e-
HiHlH .n.;HICJIO!Ka�:HH lH\.U:eaJIblH10 IrHI6IK�Hle. IB \,r{eHIC'TB'HITeJIb'HO'C:TlH :}Ke ')'If-JIbI 1110-

'B10!pOTa JIiH'H'HiH JL,H'CJIIOIKaIJ..HIH ,B IM,elOT,aX '3aIKlp.enJI'eH'HIH 'MaJIbI 1-1 3aiBHfcHT

OT IKpiHIC'TaiJIJIH\Il'elC\K 1 0Ir.O 1C'I1I>'OeH:H51 ip-ellI.eTlK,H. 1I1013iT10\MlY n10lcme 'ol6:paI3 I OIBa-

HiHH ,nJfIC�;OiKar�HrO�H,HOiH In'eT'JI'H :BOIKlp:)'lr IMeJCTa 13a.K'p.en,JI.eHfH'51 '0�6jpaI3'Ye"nC'H
JJ.HlCJIOIKal�:HOIH.H,a51 �nle'TJI\H ,M,eHh'1l:J1IX p3l3,M'ep'0IB, fY,M'e'Hb\lllalO:l[(a51 I3lcpCP'eK-
'fH:BIHrylO I.lI. JIiH.HY iOJI'etn/YIO Ill..e H tJI.iHiCJI'OK aIltUH, IHlall')TICK a.eM10 H lHtC\'DOlqH'HIKIOrM.

.000'6 en.H'O .6nJIb\llI'oe 13B a;q eH:H,e :H�M elOT lnlHrCJI OIK alIJ.iHIOH'Hble iHICTlOlq'HHIKH,

IQ I 6p ar.3lYIO:r.u,;H'eCl51 nipiH )lJB'OHH'O:M iII'Olnelp,eqlHIOIM fClK10JIbj}K'elHH:H (10M. p;HIC.i5,z).
O

u u u

Tlpe3/0K rB:HHT'OIBIOU Lil.iHIClJIOIK 3'IJ.'H H, 1J]:eJpelli e)I:ll.HU :B !P el31)' JI biT aTe I,1JJB O'U:HI Of 0

'il'Oine!pel1J!H 1 0IDO iC\K10IJIMK,eH:HH IMI3 'IIJIOICKIQ/CTH I .B ,nJIIOOKIOICTb I I I, iH'BJIIH'e'V�H

H'C'I10'lliH!HiKIOM <PlpalHKa - P�H.n.a IB 8'110H n!JIIQlOK'OCT.H. 'H,o 1IOIlJIK'H 3.aIK.pell!JI'e-
H:H 51 -

1011lpe3K!H J(,HICJI.OIK alI.J.'HIH :B ;nJI'0IClK10IC'TlH tnOln,ep.etI.HOIDO IClKIOJI b:>KeH'H 51

I I ---. B 3T.OM CJIytIa,e nO)l.BH>K1HbI, a H.e aOC'OJIIOTlH'O >KeCTKHe, KaK 9T,0

npeJCll'OtJIa1ralJIOICb <p'paHIK'oM IH !PHIj:(tO:M. B ,p,e31)'JIbT,a'Te TalKOH :HIC''}10I1lHHK

.p a.3,pl)'1ll aeTlC51 '("IlOlIIlK:H .3 aIKlp.enJI;eH;H 51 .«,P alCJillOJII3 aIO
'
'PC5I» ) [1�OICJI e tOI6p 3'3.0-

�BaHIH51 ;HeCK,OJIbIK'UX. IneT'eJIb. �IHlCc7II0 IneTeJIb B3iB:HiC-H'T IO'T !OQlOT:HI0Ill1,e.HH51

'fI'OJIJBtH }K,HOIC"lIe,H JI,HICJI!OIK afl}.:HH B UJ!'O'OKIQlC'TH X I I I H II. EICJIH 9'tH n\O�
-

.BH>K:HIOIC'TH 1(�)J.:H'iHaIK,nBbI, 'PO lJ]HICJI,O TI'eTeJIb paiBlH!O jlJ"B\yM, eCJI1U illIOl[(;BiH>K-

HIOIC'Tb B InJI'OCIKIOC''rH ,I I I 60lJIbllle, 'fI0 tI'HICJIIO n,eTeJIb !MIO>Ke'T �OOTH-

raTb 2 1 0-30.

.B 'TIlplOn eooe .fIJI alC''I1Htq.eroKIOIH,lLe£p'OIpIM alII.H'H !B lP'e3iy JI b'T aTe JI..eHICTBiH.H
,HICTO/lI'H,HIKO'B <Plpa;HIKa--lP'H�a H llLP'Y'rHX ym'OIMHHI)'TbIIX iBbIllle In.pIHltI:HH
IfIJI-GTHO:CTb )(HICJI.Q:KaU;HIH 'YBeJIH.tIHIBaeTCH 'OT 1.0 6 -,110 8

cvw-
2

)(0 10 11
-

10 12
C.M-

2
.

13. nepeMe�eHHe AHCJlOKaQHH ,UPH ICKOJlb>KeHHH

:B ,K'PI1IOTaJIIJIIH'q.erC!K:'oH p'ell'eTIKe 'ol6bl'q'ao loyrnelcllByeT IH'e'ClKIOJIblKIQ: 'eHlC-

TeM !IIJI'OaK'OIcreH Ic;K'OJIb}Kie'HIHI51. IIloi3'POoMY JLHICJI'OK.alIJ.H'H, �BH.}KYI.u.IH'ecr51 no

p 313'H bI�M �n�lo.CKiOIC'T51,M' IOK'O� bIlK eH'I1IH, IMtOlpYT IB I 3 aHIM,H10 III ep.eIC-elK a TblC51. B

CBi5Il3iH iC a''tH:M, 'JIa[Ip'H�Merp, :.n.'HICJI'OIK3IIJ.iHH MN ICJIIY.}KH'T !nlp-enH'T1C'TBIHeM .n.JIH

'i!I;UCJI'OIKalIJ.'UH AR, :KIQi�OlpIOte !y�M:e.Hblla.eT .ee IClKIQlPOICTb (lp:HIC. 9).
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rCiHJIa !BI3a.HiMO(!LeHICJ'P13'Y.D51 III,ep.eCeKalOIII.fHXIC51 �HiOJI'OIKal�IHH 13,a I BHIC'HIT oOT

IBI�?m1IMH.o.H 10Ip'I1eHT3'IJ.,HH 'H'X �llJIlo.CJKiOICTeH IOK 1
0JIb}KeHI1'51, lB'elK'fI0P'OIB SIOp-

r�piCa H rC':fIelleH�H pal�.IlI.enJIeHIH!5I. EiCJIH- ;B.!3aIHiM ' OlneHIC'TlB'H'e ,CH.JIblHiOe (IH3-
rM,eHe'HUe 3.HeplrHH J(.nCJI'OIKa:IJ.'Ii:H 'B rpe3'YJIb'TaTe .!nepeCe:q'eiHIHl51

--- Gb 3
), .TO

'll:P'H B=CTp'eQ1e 'C MN �HCJIOKaI(HH AB H3I'H'OaeTC5I (:nOJI.O>KeHHe 1). I1P,H
,[LaJIbH,eH'lIl,eM )l!BilIDK'eH:H:H YflI3'C''fIK.H a .H at J('H\CIJIIOIKau.iH'H AB ICTaHO!BiHTiC51

A

t

M

af

2. J

N

PHC. 9. nOc.ne,lI.OBaTe.nbHbIe CT3,lI.HH ,lI.BH)I{eHHH ,lI.Hc.nOKau.HH AB

npH BCTpeqe ee c ,lI.Hc.noKau.HeH M N

ll,a'paJIJIeJIbHbI'MH IHanpaBJIeHHIO 'CJl.BH1ra (nOJIO}KeH'He' 2), T. e. Ha 3THX

'YqaICllK.ax .n;H'C�10IKarIJ.H'51 AB ICTaIHO!HHT1C'51 IB'I1.H''f10IBrOH, npUq,eM B
'
HaK,I1 JI.;UC-

JIIOIK a�;HI1 'H a Ylq a ' C'11K'e a 'H a 1 !P a 3JIIHiq'HbI. fLO '

3''f10:MIY IOH H 6Ytll'YT ilLB!ur a'TblC51

:HaB'CTpeqy .npyr Apyry (IUOJIO>KeHHe 3) H B T'OtI'Ke C'OBM,emeHH51 a.HHH-

rH.JI.np'YIOT. IB IP'el3IYIJIbTa'Te B'OtK'p'Y1r "rr:HICJI'OIKal�HIH MN HI3 !tJ:a,C:TIH lI(H!OJI10Ka-

Il;HiI1 AB 016p.al3'.yeTtc51 H'OIBa51 J1.HIC,JI'0IK3IJ..I15I !B IB'H:n.e {aeTJi:H. O'CTaJIbHa 5!

qaCTb '.rr.'H1CJIIO\Kal�IH.H AB. 'n,plo�'o;JI'}KaeT \OB'ne \)JjBiHI}K,eIHH,e.

:,[L:BH:)KlY:J.ll, a 1 51105I J(:H;CJI'OIK alIJ.'HIH q aIG'fIO iB bI.HYi}KJl:8H a ,np'Olp,e3 aTb IJ.-eJI bI H

«JIlec» )l.:WCJIIOIK3I�'HH, ;He JIe.}Ka'Ill.HIX B ,ee :IILlI'O'CIK1o.C'TH. IB IpeBYJIb'ta Te Ha

JI�H'HiI1;H- tlI.rHiCJI'OIK a IJ.HIH 'nOJ51 B.JI.5I-e TtC5I IMIHID/foO' 'H13[l'OiM'OB-lCiTJYlII'e'H l erK, 'H10ll\)'IC'K a -

IOIll.'HX 160JIb:ll,oe tK�OJII1llleC'P.BaO !B alK a'RlCHH ;H IBiHetZI.lp'e.HHbIIX a�nM!QiB.

IHeK10TQPbIe MieTaJIJIbI (HafI'p:H.M,e.p, �Ma.rr.b, ,aJIIO:M'H'H'HH, 910JIiO�O iH JIJp.) ,

00 6JI a).lI. a 10 ll1.H e IK!Y i 6\H 1 lJ!eOK 1 0H r,p aIH,e!IJ.'eH'Tp:H'pOIB a H.HiQ H ,p ell'e T1I{'QJH, IHIM.efO T

q.eTbl,pe ,ll�p'eIOeiKalO'IlI.;HX1C51 .lllJIiOIOK'o.C:T!H ,CII{'OJIb}l{eHH51. IB IKa;}l{',lI.IOHHf3 IHHX

p aIClfI'q.JIIQI}K-e'HbI .JI.IHCJI'OIK3IIJ.'H'H, K10'r01pbI,e ,M 1
0\I1YT 'll'e.p'elM'e:IlI.a'Tbl051

'.

\'f10JIbiKI0 B

CB,oeH 'fIJIIOC'Kr()ICT'H IC'K 1 0JIh')I{leHiHI51. .I1lp;� 'IIepeOeq'e:HIH.H J{;HICJIIOIKaII(H'H 10161pa3Y-
IO'DC51 'yI3'JIbI. B ,pe3JYJIb'Ta'Te B !M'eTaJIJI'e 'BOI3iH,HlKaeT oi6'be�M'Ha51 re-e'IlKa-

Ka!K :6bI }I{'ec��� 1�,alpIK3IC, :YIUIP'Olq
'

H'51IO
'

Ill.'HH M'e'TaJIJI,. ICiO '31�leHbl51,M'H ,U.JIIH-

.H'O-H �o 1,0- 5
CM. HaJIJ11q:He 'TaIK'oH ICeTIKH 'He IH '

OKJII01.£3r€lT, KIOrHeq!HIO, !c'Y-

�eC'T1Bf�B alHH 51
.

i'H iC aiM10IC'TtO\H TeJIblHbI'X Ill10JI,!BH\>K'H blX tl(.HlCJI'OK alI.J.IH H.

IIl'OlB.e,px.HoCTH pa3)1:eJIa
.

(f3ep.eH :H 6".1II01K , 0IB) TalK)Kle yiII,p!Olq'HI51IOT 'M'e-

T aJIJI, 'TaIK.]{ alK.
.

;H a S"I1H1X I)',q alCllK alx ICM.ell1.:eHiH 51 �He IBiOeJr1ZI. a 'M'O\nYT. IlliplOH T M

,Ll0 IK'O!HIlJ,.a. �H 016p al3rOB alTb 'Cryll eH blKfY . q eM . ,M eJH bI,llIie 'OJI10IKH IH l3,ep,H a, 'IleM

,60JIHlIle ,OYIll.'aC'TBl)Te'T 'B T,eJI.e �nO!BepIXHIOCTreH ipa3VJ.aeJIa IH "reM IBtbIIIlI,e o/PO-
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1\1'111. III �IIIIIINI')I{ p'nHH, HClOI6x ' 0lII.IH!MbIH )l{,JI!5I ,olc'yrneC1lBJIleHH� IClMle'Ill.eH'HH.
II p'II"11H il\( '.I III IIOICTh '1I10IBepX!HOIC'TeH p a:3llI:e.JIa .6JI!OiK ' O:B IMiHIOInO 610lJlbillI,e no-

11\ I"p' ,'\11101( '''lit' i'l P ;1I:IVt'l�JI a l3'e�p-e!I-i. IflI0'3T1Q1M'Y 'P aI3.Me;pbI \6JI:OK'O!B olKaJ3blB a lOT H.a

III"II''I'II'III( ''1'1. f),o.lIl )\111 ec llIJI1I5H-IH,e, IlIleM .p al3'M,epbI l3-eJpe'H. iC YIBleIDiHlq,eH;H,e-lVI

I'," 1./IIIIIIIII'�1 I' I( )11 ),II,CIIIiTlllpO:BIKe I6.JI'OiKOIB 'nlp.et1I.,eJI TeK,yqeCTH' YBeJI:H\1f,Ii!B a,ellc51,

I,ll" 1\:111\ ().II:II 'l'T;I,II,OIBISI"I'051 160JI'ee II1IP'OIlI;HbI!M;H ,6a:pbepa,M(ff JJ:JI I 5I [110llIJBH::tK-

111.1 \ ,11.rllll '.,/111111\ : l'II,:IIiL : J ;I�tle P')I{il{ H �nc.JIIOIK a'IJ.�HH ry . TIrOB'e:Pix'HIOIC'TH p aI31L( , eJI a

111'" "I( �./I, HT 11\ I( )I()IP: II: N) II: 1:11'1110 «rnop,HI3rO:I-I T aIJIblHbIiX», :p aOIIJOJIIOI}K'BHIHbI!X IBg�r.'OJIb
11.'1'111('11\1111''1'11 1(,1I\1(I.lIIIiIU"II'IIH, IJ'lP'YIII:JJ'I'IIP'O'HO!K (,pHIC. 10).

.

II
.. T

I II"r T T

0.

F 1-'--L-L-L-L-L
I

T ...

PIIC. 10. «rOpH30HTanbH8J1» rpynnHpoBK8 ABCnOK8ltHA

,11'yeTI, IHICTIO'IIIH:H!K tlI.:HiCJI'OIKalIJ.:HH F (H,a\TIlpiH,M'ep 'HIC1'OqIH;H\K <PpaHiKa--
1"111./1..:1) .1I:0PIQI)I{'J(aleT .n.'HICJI,O\K3'IJ.IHH. :Q,HH TIe:peM'eIll.alO'f105I B IllJH)CK'nCTH

II"HI( 111111Iil\'l�IIIIi5I. .EiCJIH I)I.;HICJIOIKaIIl'H!H O!JLlI ' Olf,O GUaIKa,])O 10iHH IOKalllJI:H'BaIOTC5I

V II 'I N \11 H I'nC'TiB:IiH P 'H Q H a IBice ,60JI blIII1lX Ip aIOC1'05I'H.HI51 x lllpl)"r OIT !lI.p yr a.

1110 'M'('IPC ,naKO!IIJIeHH'5I tJI.IHIOJI I OIKall1.':HH iHrOKal}K,eH'He p.ell'eT1KH j'IB,eJIHilI'H,Bae-r-
(',�I. IB IJ}C I 3YJIb

I

T,aTe IIIP,OiHICXiQtZ!..H'T �y.TIipOflIHerH'Hie �M,eT�JIJIa, T. e. rylPolBeHb Ha-

IIPH)KCUHH, He.0'6xro�'HMbIH J(JIH ,ne�opMaUHH TeJIa, ,nOBbIllaeT,05I. npH
III ',I{,( l'I'np:o H. !B 1 eJIIH!1I-H '

Hle iH a'fIlp 5I1}K.eH:HI5I III:P'O:HICXI()jJ(;J1: ' T /lllpOlprbI!B lII:HIOJI'OIK alUn iI

q(',pp�a ,llIp,e:fIl51'DC'TB,H5I. EiCJIH �ll.o .o6e IC"fJOlpOIHbI In'p,e)ni5I''PCTBIH� 'H,M ' elO"flC ' 5I ICIK'O-

'11.1 H � IIIHl5I tII.�H'C.JIOIK alIJ.:H H IC ;p al3H bIIM!H \3:H a\K 3.M
'

H, "J)O 10lH'H ,aiH'HHI�H.JInlpylO T n

II pOll (OC'C HaiqlIi'HaeT1C5I 'CHa'lJaJIa, a ,Ha IlltOlBep,X!H,OIC'TH 6JI,OIK 1 0iB :H ;3,epen 06-

p : U:JIY10 'fIC I 5I IC11YneHblK'H.. IIltpOlpbl:B IClK10!llIJIlelHH'H ,qejp'83 ,np,ell'5I"I1CT1BHJ5I .MIQr}K'e'T

HP,I'IIB,OJJ.'HTb TalK}Ke II{ r3atpOI}K�e'H:HIO iMIHIK,pIOlTlpeIQH.H.

Jl,p,H IBbIIXiQlL(e lII.:HICJI'OIK3'II.�HH ;H a IllIQlB-epX;H'QlCTb llI.-eQ)OIp1MiH'pl)',eM ' O\DO iTeJI a

ofj.pc1l3YIOTIC5I ,cTryn.e'Hb)KIH. I1P'H '3TIOM ry .nOBe:pXH
' OIC'f1H ,M'e'TaJIJI10IB !oYIII.e\CT-

I�YCT C'Bloeo\6pai3.HbFH 6alpbep H3 Be,IILelC'T,Ba C HeCOIB'eplllI,eHHbIM c'11p,oeiHH-
l'M ('Ha(IIrp�IiMep, iOlKHCJHIOH 'IIJIeH!K�H), ICK:BI03b IKOT!OpbIH lII.HrCJI'o.K.alIJ.If.H MiO-

'I' Y T 'n PIO X,OJIjUTb ,JIiH1llb !IIIQlCJI.e T1nno, IK alK IOHH '06 p.3I3 YIO'T ,OKIOlnJIleH�Hle o.n -

plVI:eJI'elHiHlOH lBeJIHlq'HHbI. I1,HTe:ac:uBHa5I :nIOJIH'pOIBIKa 'oCJIa , 6JI ' 5J.eT ;6�'pbep,
o('I1I1IMa51 qH'CJI!O .D;H'CJI'OIKalIJ..HH B OK 1 0IIIJI8UUU, !Ii Y,MeHhllaeT BeJIiHqHiHY YrI-

I) O'llH eHIi'51. 1I1'P'H III\JI alC'TH:q'eOKIQ H t1J. , ecp'Olp:M aU,HiH IMle T a.JIJI101B, n'p:e,nIC'T3IBJI'H �

10 lIl.iH x 100160 H 'n epeH alCbI III. eH.H bI e "tBerp'.n.bI'e p aic"f;B'0P bI, ,nploHlcX!O�;HT .p a'c-

na.rr. '3T,HX pacTBop,OB C 'BbIJI:eJIeH'H,e.M MeJIK.O.lI:Hcnep'CHbIX qaCTHII. n.o

II1JI 1 00KIOCT15IM CKIOJIb}K,eHH51. 3TH lla I CTHIII.bI, a Ta:KLK,e' cpa3bI, n:p,e,n,CTaBJI'H-

IOIII.:He 100l60H TIBe.p'.n.bIH'palC''f.BOp, ICBOiH'C''TIBa IK,O'TIOp�O\f'O IOTJI;H'qiHbI or

'CBOH'C'f.B IOOHOiB1HIQlJ10 rM,e'TaJIJIa, Y'IIIPO'qiH5IIOT e'f10, 6JII01�HlpY5I n.epeMeIII.e-
I-lM'e J}.HICJI'OIK a IIJ.;H H .
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Xa p aKT,e,p 11 p at3iM'etp BIK.JIIO'lJ'eHHH '0'n'peil('eJl
' 5lIO'T .oOmplQ-'f.HBJlelH\He Jl.!BlI-

)K,eHtHIO J(,H'CJl10IK aiU'H H. EICJI;H IB 'I1.JlOIOK'OCTH !OK,OJlbi>K'e;HH5I IP a\ClHOJl\()(>K!eH bI

OT!,lJ..eJlbHbI,e lJIY}K,ep.OJL"HbIe .a'.TOIMbI 1f,JI.H rpy:ninbI IRX, TalK qrpo n'OBetpxH'OCTlI
pa3.JI.eJla o TCYTC'TBYIOT, TO� .nUCJI'OKaI.{,HH MO>KeT rrpOHTIH CKIH03h 3TH iIIp.e-

II5ITCTBHH, M.aJlO H3rH6a5lCb -

OHa «rreperrOJI3aeT» HX rrpH cpaBHH-
TeJlbHO HIH!3IK 1 0iM Ylp:OIB:H'e 'Ha l np'H>K'elH:Hi5l. .EtCJI'H IBIK.JlIO'lj)eH,H'51 iHiM'elOT 'nlo-

BepXHOCTH p a3.n.eJla, T. e. 060c06J1e.HbI, TO .n.H,CJI'OKaI(HH CKB03b HHX

In:P'OHT�H . YJK;e He 'M101}KeT. B,M'eC'Te IC 'TeM tJI.Jl5I 'TOtrIO, III'TiO\6bI IOI6oM'r.H IIIipe-
TI5I t CT!BiHe BbIlll'e -HJI.H 'H'U}Kle, 'HI)',>KIH'O '3a'TpaTH'Tb !ZI.O'nOrJlHIHTe.JIb.HI)'IO /3IH,ep-
f'lH 10 JI.JlJ51 nep,eJxlOIJI. a 'B J(lpy-r:ne InJl,OC!K'OICTiH IC!Ko.JI b>K,eH:n51 . 3:H{�lp,r e 'tH!lI eOK'Ii

.lI.JI5I LUICJIOKau.HH OKa3bIBaeTCH 60JIee BbIro.n.HbIM ,o60rHYTb rrpenHTCT"
rB.HI5I :B JI.a.H.H'O:M 'nJIOIOKIQlC''rM ICJKOJIbi}!{leH'H5I ;HO ,Qlll'HICaH!HOH IY)K'e IClx,eMe

(pHIC. 9).
.

:8 pe3YJlhTa'Te Ma.KCH'MaJIbH'Oe OOll1pOTH'BJIerHHe ,lLBH>K.eHHIO .1I.li'CJIOKa-

U.HH HMeeT MeC-TO B ,IIpOMe>KYi'01J'HOM CJI'YlJae, Kor)J.a pa3'M.e:p BKJIIO'L{'elHHH

.He 'CJIH'll!KOM BeJlIH'K H He CJIH.llKOM M,aJI.

,KaiK i6bIJI'0 'OT,M,e'q.eH,Q:, Klpa'etHbI,e .lI.:HiCJIOIKal1JH:H 'BhU3bI!BalO'T IHldKaJKeHHe'

aTIO'MIHOH :p.ell'ellKiH TaK, '1J'T10 !B 'paJH:OHe :3IKICTipaln!JIOIOK 1 0ICTH !peJII
1 e'11Ka 10m3..

"fa, a 'n-OIA 'H,eM palcTHHryTa. iB,M,eCT.e IC T'e'M 3'D0!MbI .pa'CTB.Olp,e.H'HbIIX !B iM'e-

TaJIJIe npHMeceM MoryT. HlVIeTb pa3MepbI' MeHbllHe HJlH 60JIbllHe pa3Me-

p OIB a'DOMIOiB 'OICHIOIB!H,OfoO ,M!e'f.aJI\JI a 'H in 003''f1O!MIY TalK}K,e :R�C\K 3'>K a IOT KIP H-

CTaJl,JI;JIIlJ,eOKIYIO p'elllI,eI1K!Y. ,B 'P,eJ3YJIbTa'T,e :pell,e1iKa. 10IKaI3bIiBa'eTlCH IS alHlep-
reT:Hlq,eOKIH :He)Y'CT 1 0HIlJ.If.BI0IM �OOIC'fl015lH'HIH. 5,oJI'ee Y'C"TOHIl'HIBbIiM 'OQlC'TtO'51;HHe.\'f

OK,a3bI'BaeT'CH TaR-Oe, np'H KOTOP'OM aTOMbI np'HMeceH MeHbillHX pa3-

,l\:l.ep,OB IClKalnJlHIB'alO'f1C5I IB 3'OHe 'CLKa'TOIM p:ernellKH, a a"VOMbI i6nJIblIUHX

paI3 I M,ep.O'B -.B 1310lHe .p.a I CT5IIHlYT10M pell'eTK;H. IB 'p'e3Y'JlHTa'fle ,OK'OJIoD iZLHC-

JI-DIKalu.HH a''f:O'MbI In'p'H,M'e!ceH 016.pa3'Y1O'T !«iOI6JIaIKa». IIl(p\H iM3'JIbIX 'ClKO:PQ-
CT151'X Jl.e£p'QlPilviaIU'H!H, IOO!H!3!M '

epH.MbI'X 100 ICK'OlpOICTblO I.1I.'Hlcplcpl)'18H'H 'paCTHO-

.peHHbliX ,a TlOIM'OIB, ���,OKa\u.H5I In
'

elp'e!M'eIII..ae'flC5I IBM,eC'fIe iC IQI6JI alKrOlM Ii

«TaI11.,H'T» ol6JIalK 1 0 !B.M.eCTe C Cio'60M.

n p:H 60lJ1billiHIX ICIKOIP'OICTHX )J.e£p,OlpiM alll:li'H :lI:HlCiJIrOIKalnIf!H «BbIlpbIIB ae ;'-

C5I» 'Hl3 'Ql6JIaIKa ,H !.lI.aJlbll.e Inep'eM
' eIII.aeTlC5I :B'H'e Ielr,o. ,,lLJiH T'ono Q'fl06bI

iBbIH'llH !Hi3 0!6J1.aIKa, H.e016x'01,1J.'H'M ' O 13a
'

Tpa'THTb JJ.rOlnOJI'HHTeJlbHYIO f),Hep-

I;HIO, a J(JII5I 13''fI01DO ;HIY\}K'HO 'll,OIBbI,CHTb y:p'OB'eHb HalnlPH}I{iell'H5I. ;n.OlCJI'e 'f10-

ro IKa�K "lI:H'CJI,OIKaIIJ:H'HBbIlllJltH ;H13 ,OI6JIa:Ka 'H ,HalJaJIi()\Cb ,RX IfIHTeHCH.B.H'Oe

pa3MHO>KeHHe, HanpHLKeHHH, BbI3bIBalOIIlHe liX )J.BHLKeHHe, HeCKOJIbKO

YM
1 eHJ:jllIaIOTiC5I. TalK, !Ha {)1.HaIDpa.M,M.e Ipa,�:T5I>KeHHI5I iH.eKoTIOpbI'X 'M'eTa,JI-

JI:QlB 1Q16p a/3'YreTIC5I ,«!3)'\6» TeIKo/lJeiCT:H (lp,H1c. 11, a).

;31y6 TelK1)"1l ec TH III aiIII. e IBioeDO IH al6tJIlOllI. aerCH H a .lIJH alIlp a!MIM a!x IP aICTSI-

)KleH'H�51 '016p.aI31lI.'01B 'H'3 ,QlT,OI}KJI{,eH:HbIIX ,M eT aillJl'OiB IC ,a6o'eM'Hou..eHTtP'H PIO:B a H"

HOM Ky6HqeCKOH perneTKoH. Ho OH MO}l{eT 6bITh Ha )J.HarpaMMax pacTH-

.

)K eHI151 ,Ol6lp aI3UIQ!B !H IMleT a JlJIIOIB 'C :rp a!Hel(leHrTlp�H.p'OB aHHO H IWyJ6HilJ-eOK 0 fI

'pelleTK,oM nOCJI.e BBe,lI.eHHH rrp,HMeceH iHJIH -o6JIYlJeHHH HX '1JaCTHl(3'MH

C BbIIOOIKH,M'H BH.ep,r;HHIM:H.
Ha p'H'C. 11, 6 nOKa3a.Ha KpH�BaH yn'pOlJHeHHH, TH,HHlJHa51 )J.JIH rpa-

:Heu.eHTpHp'OB3!HHhIX Ky6HlJeCKHX M'OHOKpHCTaJIJI'OB. Y'llarCTiOK I lCOOTHeT-

ICT1B'yeT- 'C'Ta!lT:HH 'Ta)K IHar3br.Ba 1 e.M()\f10 JIelnroo/flo ICJK r OJIINK ' eH:I1JH, )'l1Ja
, c-'I1K:H I I H

I I I -1C'TallI.'H5FM Y1nlp , OIl'HeH'IfH JUO JIUHeMiH,oiMIY IH 'IIa i pa1601JI1HlfeOI{lQlMIY \3aK,Q..

tH aiM.
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11:1 ,P.HIC. 111, 8 'll;OIKa!3aHa ITHlll'H 1 IHa51 Kp�H!Bal51 )'1np,01IH,eHH'51 IllIOJI'HI�pH-
I I; I,/I,,'IlPleCJKHX iM.eraJI,JIOIB 'C 'IlpaaellI:e'H:T1PHp'OHa'H'Hlo,H IK'YI6IHlI])eClK 1 0M 'perneT-
I. I"',.

110 ;l1lpH!B�'eHHOID'o 10InM'CaH'H5I ICJIe:JI.'Y'eT, 'q'TO !OYIP.H'OCTb IllIpOlI.leCICa y:n-

1III'II/('IIH5I rrpH CKOJIb>KeHHM 3aKJIlOlJaeTCH B TOpM9>KeHMH ,lI.HCJIOKa-
" u

1/.1" I, C03,l(aHHH rrpellHTCTBHH ,l(JIH nepeMeIII.eHMH B rrponecce HX B3aM-

!VI I ),II.<'j:[CTBHH. 'B pe3YJIbTaTe B03paCTaeT ynpyroe HCKa>KeHHe KpHCTaJI-
,'11/ '/('CI<OM pelleTKM, YBeJIHlJHBaeTCH corrpOTMBJIeHMe ,l(e<}JopManMH Me-

1':I,1/Jla M YMeHbllaeTCH ero rrJIaCTHlJHOCTb. BMeCTe C .9THM M3MeHHIOT<;H,

u 1, 6 o

III

e e e

a 5 8

PUC. 11. ,l:(HarpaMMbl paCTSI>KeHHSJ:

a - C CSy(50M» TeKyqeCTH; 6 -

npH HaJIHIIHH JIerKoro CKOJlb>KeHHSI; 8 -

AJISI ()OJIb-

IlIHIICTBa nOJIHKpHCTaJIJIHqeCKHX MeTaJIJIOB

1\:1 J( H3"Bec-'f1HO, H JI.pyrHe MeXa(HHq.ee�Me Ii cp,H3'HK'O-X ' H'MHlJeCKHe .CBOM'C'fiBa

I\H�TaJIJIOB, HarrpMMep 3HalJHTeJIbHO B (3-5 pa3) B03paCTalOT paCTBO-

pI/. MOCTb B KHCJIOTaX, .9JIeKTpOCorrpOTMBJIeHHe (y HMKeJIH,l(O 8 %, Y
!\t10JIH6JI.eHa,.n.0 18 %

, y BOJIb<ppaMa,l(O 50 %
), HeCKOJIbKO (.no 0,5-

I,!") %) YMeHbllaeTC5I rrJIOTHOCTb.

f
.......--..

,Il'OIBbIlll'e'H'He IOUnp ' OTlM!BJIreHH5I .n.ecp:OP!M aU'H;H :H 'll:OH'HLK1eH'He illJIalC'TMLJ-

11'( )ICTH, 'OOllllP'QlB03Kw.a'e1M,b'� !H\3;M,eHJe:H'H-eM !)'llliOM
i

5l,HryTbI ' X IBbI[Il'e !cp:H\3IHIK'Q-
�'II M H' 1 -leOK:HX ICBrOMIC'1lB 'M'eT a JI,JIOIB, .H �HOleH T IH a:3:13 a.HiH e ylll p.OlJrH,e:H'H:51 'liJI. a

II ; HI< JI ell a M1e'Ta..nJI'Q:B.

Mi3/BeeTHO, IlJ'DO 'B InpIOIlI..eloee J1.ecp ' Olp.MaI.I!HIH ,M.OH'OK.p:HiCTa,JIJI,olB' itfHICTbIX

M (�T a JIrJIlQ1B ,H I! ep,eCbI III.,eH'H'bI x 'I1Be!p,JI.bI'X p aiC TBro,p,OIB )llP H JI.\p
' o6JI eHiH'H !KIP H-

('T8JIJIUQeeKOH pern.eTKH .Ra Y1n'OM5IIHYTbI,e Bbille .6J1'OKH ,HJlIH cpparMeHTbI
'II P0HrOXOJI.HT Ylllpyroe HCKa}K,eHHe pelleTKH.

MOCJle'AOBa'HU5I ,llOK.a'3brBaIOT, lJ'TO ,l(H'CJIOKaU:M'H, pac.ll'OJIO>KeHHbI'e
H IOMe.:>KHbI,X llJIOICKIOIC'T5IX ICJKrQJIb�-eHHt5l, ,qaiCTtO ,016pa,gyIO'T .«iBepT;HlKaJlb-

IlhlC» C-TeHKH (p'HC. 12), T. e. 'paonOJIaralOTiC5I B HeK,oTnpoM llJIOCKOCTlH,

1/(�p'l1eI-I.rr.MKYJl5lpH'OH MX IllJIOC'KO'CTH ,CKOJlb:>K,eHHH.

KaK OTMelJaJIOCb paHee, Ha,l( OCblO rriOJIO>KMTeJIbHOH KpaeBoH ,l(HcJiO-

r«(lI�HM pacrrOJlaraeTCH 06JIaCTb C>KaTHH, Ha.n OCI;>IO
- 06JIaCTh paCT5I>Ke-

1111 H. []IOe-T10M'Y, .eCJIH !IT.'Bre JI.H'CJl10KaU;UH Ip alC'll;OJI,O/LK'HTb .Q,LLHry Ill,O:,n JIJPIYlfiOif,
Tn '06JIaICTb IC>K�l"f'MH IH'H>KHeH J('H10JIiO)KaIJjHiM ,oOlBlla)1.:a ' ei IC '016J130C '

TblO pa-
1l''I''H}I{'eH'H'51 'iBep.x,aeM. IB pe3'YJlhTaTe .n6mH!e Ha,lllpH>K'eH'HH, a ICJI,eJJI:OIBa-

'l'PJI bI-IO, H 91HeprHH 3H£fqHTeJIbiHO YM,eHbllIaIOTCH. ,B OBH3.M. C .9TMM .n.HC-

JH)IKau.:HlH ,6ryJ{YT 'CTpetMHTblC5I l3aHH'Th InOJI,O)K,eH:H5I, 'uQtOTBe'I'CT1BI)TIOIl(H l e HX
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M'lilH1MiMaillbHlO:H 3'H'�p:r;H�H, T. Ie. ,oopaI3:O!BaTb ,CTeHlwy. TalK IB.03HHIKaeT n.o-

JIHrOHH3au.li5l: IIPH HeBbICOKOM HarpeBe CJIerKa .necpopMlipOBaHHoro
MeTaJIJIa ero neplBOHa'qaJIhHbI,e 3ep:Ha J(,eJlI5I'llC5I Ha o:O,JIe.e M'eJIIK'H'e, Ma-

JIO 'OTJIHqaIqIII.UeCH :n1o 'op,HeH'nHlp'OlBIK'e. 3'T.0 Icolnp,OHO>K�a!eT,051 Y.MreH}jll�-

HHeM MCKa>KeHHH B KpMCTaJIJlHqeCKOH
pellIeTKe 11 CH5ITMeM YlIpOlJHeHHH.

H3 OIIHcaHHbIX 51BJleHHH, Ha6J11O-

JI.aeMblx B npOLteCce nJlaCTHlJeCKOH

JI.e<}JopMaII.MM, HaH60JIee cYIII.eCTBeH-

HYID pOJlb HrpaeT npou.ecc CKlOJIb}Ke-

PHC. 12. CxeMa o6pa30BaHHH «BepTH-
''H,MH, JI.pyr,He 5I,BJIeHH5I .},IH�llb C'OnYTCT-

KaJIbHbIX» JJ.Hc.noKaltHOHHbIX CTeHOK 'BYIOT eMY. HMeHIHO' n.03TOMY HBJIeHHe

�'KOJIb>K'eHH'51 ,nOJl'O:>KeHO B O-CHO'BY BCeX

c-OBpeMeHHbIX £p-eH'OMeHOJIOrH'lJeCKHX TeOpHH" .nJI3-CTH'QHOCTH.. C'KOJIb}K,e-

H'Ue Ha6J1IO:LI.ae:J'lC5I npH JI.ecp'Op.ManH:M BCeX UIOJIHKp.HCTaJlJIH'qeCKHX H

!MO'HOKpMiCTaJIJI'H'qeCKHX TeJl. TIp.H 3TOM .CoMeIll..eH,He CJlOeB 'KpH'CTaJIJla

'np'OnCX'OJI:HT '6e3 .HapyrnelHH5I MX B3aMMHOM OpHe.HTaI.J.HH.

lI\a!K 'UT1M'e1laIJliQlCb, y :H��K)O\TrOpbIX ,Me'f.aJIJlOIB rHal6.JlIOJ{a r e'TIC5I HBJlreH'He

)1.!BO MIH'HlKlG:B a:HHi51 ill,P:H ,H 1f13IKIH'X TeM:n.etp a'1lYP ax. ifl,plH '.lrB:OM'H:HK,OIB aH.H!H O:II.
-

Ha 'lJa'CTb ,MiO'H10Klp:HIC'TaJIJla InOB 1 0pa
l lJ;HJ3.ale11051 .OTH,o,C'HTeJIbH'O )(;prylr,OM. ,B

pe3YJIbTaTe .9T0J10 C,l(BHralOIII.'HeC5I lJalCTM .C'TaHOB5I'TCH B. nOJI'O>KeHI1e,

SrBJl5I1OIII.'e�C5I 3'eplKaJ;IbHbI
I M OTip a>K,eH.ne;M .M'CXJOtlI..H'Olr,o (,pIMIC. 13). q.aJ.U.e

(
J

\

-L

-L

-L

a t5 8

PHC. 13. CTa.D.HH .D.BoAHHKoBaHHH:

a -

Ha1JaJIbHaH; 6 -

npOMe>KYT01JHaH; B -

3aBepllIalOlll.a5I

nc-eDO JJ.BOH'HiHIK:OIBaHH'e M.OIJK:HO IHa�6J1IO!,l(a'Tb IB 'CJIlyqae, IKIOIl.lI.a .n.ecpOpl\t&-
L(M:51 ,o.CYIII.'eC:TBJI:51leT�C'5I !C .60JI bIlll1MlM'H iOKIQIP,0ICT51IM'M. Y iH:eK'QlTiOlp bI,X .M eTa JI -

JIOB (HanpHMep, Me.n.H, JIaTYHH) ,l(BOMHHKM BbIHBJlHIOTC5I JlHllIb B pe-

3;Y'JI b''f.a'Te !I1!O,CJI'6JI.iQIB a �eJl bH;O .0IoY,III.tecTBJI eaH bI x il1JI a/C'lIHIQ , eaK 1 0M I.n. e cp 0 pM a
-

II.'HH H ,OT>K:Hlra. ;H,eK'QI"Popbre 'M-e'TaJlJIbI l11.IBlo,M,H'HIKI)'IOiT'C5I 'H rB npouee\:e
06bIIlJ"H.Olr i O IOK'OJIb}KreH1H:51 'lliP:H ICTaTHlqeOKIQ.M :H0I3I,l(eHICT'BH'H C!H.JI. B :l1poue":-
,ce 016 p ai310B aIHH 1 5I 1I.IBO H.HiHKIOIB IBeJIIH!q'HH a IOK a JIbI:B a lO'I11. ' er,o 'H an:p 51:>K eH H»

\cKa ' LJ:!K'QlOIOpaI3Ho Y,M'eHblli,a,e"flc5I ,HHOIf:JI.a :B ,2 ,H :6o.JI ' ee rpal3. ,lJ,ecp-o,pIMa'UMH
Jl: BlO H'H:HIK:OIB 3'H!UetM 'np�HIBOjJI.IH T IK InO I 5IIB.JI eH H IO ,6orJI bllII:H:X BHIYTp'eH H�H;X oR a -

I!p5l)KeHM,M 'H, 'CJIetl('QoBa'TeJIb.HlO, .OOt3'JI.a.eT CT1p')'lK'rypIY, 'ClKJI'OIHH'YlO iK xlpYI1-
I{'OM Y 'P aaplYllli eHIH IO.

,06J1 alCTb 'QlI.:B:Hlf101B iII'p:H �IB'OM H-HIKIOIB a,HH.M B:KJI IQIq a'eT ,6oJl bll,o,e q:H�CJF)

Kp::HJC'Ta!JI'JI'Qrp.al£pHI1I.eClK!HX UlJlrOIClK'OCTeH. AT'nMbI \B °Kal)KiI(iOH 'HJIIQlCKOICTH

npeTepneBalOT C,l(BHr Ha O,,7J,HO Ii TO >Ke paCCT051HHe IIO OTHOlleHHIO K

CJIOIO, JIe}KaIII.eMY HaiL HHM. Kor,l(a Ha60p .nBOMHHKYIOllI.HX ,l(MCJlOKau.MH

npoM,l(eT qepe3 BeCb 06'beM JI.BOHHHKa, pacnOJIO}KeHHbIH no o.n.HY CTO-
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pHil Y OTHOCHTeJIbIIO nJIOC-KO'CT,H CHMM'eTp,HH, np.Quec:� JI..BOHHHKOBa I H'H5I

I ;11(OnllHTC5I.

,B 'H a'II aJI,e 13 aIPIQI}KJI..eH�H 51 !JI.IBlo.M,H;H�K a T/p'el6yeT:C51 ,nlp.HJl'O)l{ HTb DO,JI blI.llree

11:1 II p5I>KeHHe, lJeM B rrpou.ecce ero pacrrpOCTpaHeHHH, rrO.9TOMY B KOHu.e

.! I, I \I() fl'HH:K10!B a:Hlt51 JI.IBOHH'H'KIYIOUl.ne (JI.rHICJI'OIK al�HIH 'P aI31f:OHI5I laT051 J1. 0 .OK10IP<)-
II '''f' l' fl, t5 JI'I'I13IK'HX IK .C!KiQ/pIOlCTH 3 BytK a IB :M'e 'f.aJIJIle, !B 'dB5l13:H IC 'lI 1 eM 'Bp,e M H,

:1;l'npa 1 q.eH;H,oe Ha 'OJ6paI310'Ba'H�H'e JI.IBOM'HIHIK'OtB, IHI3M'elP5le'T1C5I MIHIKlpJOiCelKy.H-

}I,; tlM:H.

iB ,nlp'OIlercc e ,UJI a,C;TH�1l eClKO.M iJI.'ecp'Olp,M alII:H:H IH al6JIIOI.1I. a IO''DCl5IH iIT.PIY r;H e

� II \ JI ' eHH5I. K. 'H.H M ,OTHlQteHTC:51HI3.riH!6 'n'p'QlClTfpaHIC'llBe.H,HIO H IKlprH1C T atJIJIlo!r!p a -

(1)IWlJleOKJOIM 'P'ell'eT1K�H !B pe3I)'JIb'Ta'Te ,BI3a:H,M:H'Q-M .n'OM,eX;H �ne,p'eM,eIII.aIOiIl.Hx-
l'H l.rfp'yr IOTH.OCHTeJlb'HrO JI.lp}yra (l:IalC''PeM IK'p'H'C'Ta.JI,Jl10IB lII.€I<p01pMIHptyeJM'or;o
TCJIa. ,K.IpIOM ' e TOlD 0

,
'B IilIP'OIIl.'elCiCe 'TIJla'C-'PHI1I'eiC:K10M JI.eI<p'OIP,MalIJ;H'H IMIOl>KeT

/I MeTb MeCTO Me>K'K'p'H'CTaJlJI.H'qeC'K,oe C-KOJIbLK,eHHe H .rr'OBopOT 3epeH.

H,3IB ' eC'THIO, �Il''PO no Irlpa!H�HI.J..aM 13ep'eH IK'p�H'CTaJIJIIQlrpalcp;HIIl,eClKa'51 !p'elll'eT-
I\: a 160Jlee IH10Ka>K'eHa 'H, 'c�,eJI.'OBarTeJIbHIO, 'Y'ntpO!l.!'HeHa .CH.JI,b'H'ee 'lIetM {B,HYT-

I) H IHiX. ,n'03T'Q!MIY n:p'H 'H:H'3IKHIX TeM'nelp a.'D)'1p ax ):('e£p'o�pIM ailJ.!H5I :npO,HiC!X:O/)l.HT
I'JIaIBHbI,M lo6pal3,QiM B.HYTfpiH IKqJ'HlCTa,JlJI'OIB. iC p'01C'110M '1ieM:n:epaT'YpbI '3a

C1leT ;M'�HblllIeM TepMiOlZI.:UHa,M.H!lJ'eCKIOM YIC''POMlJHlBiO'C'T'H 'uo\DpaiHrHIlJHbIX 30-H

MeTaJIJIa, BbI3BaHHbIX HCKa>KeHHOCTblO pemeTKH, rpaHHl{hI aepeH pa3-

YI1 I P,QlIIH 51 IO:'fiCi5l, Ip aI3'BHIBa 1 eT1C:H iM'eJKiKlp!HIC T a JlJIiH'1l eCK,Qle !a�OtJI b�leH'H'e, a

TalK.>Ke :np'OHICXI()J!.IH'T nO:HOrp'OT 3ep'e.H. .,[{e<p'OIp,MaU.:H;5! 13a \CllJet 9T'RX np'o-

l�edoOIB MIO>K1eT IOOICTalBHTb 310 :H 6o!JIee :ntploILL.eH"fooB tB'e.JI�H(qHIHbI ,016li.I.'ei1

)�e'cp'QlP\M a'U:H'H.

C nOMOIII.bIO TeopHH ,l(HCJIOKal(HH y,naeTcH 06"bHCHHTb CYIII.HOCTb
� TH X 51 BJI eHIHH IBiB e�,e.H�H e M 'n'OI�B H')K HbI X ,M-e}K/3,ep'eH'HbI,X J(H'CJI,OIK a,U:HH.

14. nep.el\lem:eHHe ,nHCJIOKaD-HH "PH AH�4JY3HH

HaBee-TH,O, 'lJT I O �H'cp'CP'Yi3nnHIHloe nep'e.M.eIII.:eHHoe a'POM'OIB :n;P'H Te.nJIO-

BbIX KOJle6aHH5IX IOJI.HHaKOBO B03MO>KHO B JIIOOOM H3 HanpaBJleHHM. Ho

nOCJI.e Toro, KaK B TeJIe rro,l( BJIH5IHHeM Tex HJIH HHbIX npHqHH B03HH-

KaeT ,Hal1,p'51:tKeHHO,e OOICT05l'HH,e, .rr.H-£pCPY,3H,51 ,H.JI'H 'Ca'M'O\,l:LH'cp'£p'Y'3!H5I .npl1-

o6lpeTaeT .Hal1p�:BJI.eHHbIH xa'paKTtep
- 'OHa 'Q;6J1.erII,aeT1051 B ,OJ[!H.OM .M3

HanparBJIeH.HM �H !3a"f1pIY!JI.H'51e''fICH B �PYTHiX. TaIK:H,M 101Qpa3 1

0IM, IB TBepLlI.bIX

p a '

CllB:OIp a x a TIQ:M bI 9JI eM'eHT a IC' .,6'OJI bllIH M ,p aiJI.'H)"C o.M 'n'e\peMeIll. a 1O''DC5I is
u

30HbI C .HaJIHlIHeM HanpH>KeHHH paCT5I>KeHH5I, a aTOMbI C MeHbllHM p.a-

II.HY'OOM
- 'B 3-DHbI, HaX ' OJ('51III.He'051 .n0JI. JI.eH'C'PBHeM H3'l1p5l}K'e.HHH IC}Ka-

r H'51 .

K!p'HiCT aJIJI,H'1l eOK a 51 p em e T1Ka .OK'OJI,O K P a eB 0 M iL'HICJI'OIK aU:UH ,110 IOtII:HY

C'fIOP'OHY 'OT 'llJI'o.C:K'QiC''f.H IOKOJIb>K'eHH5I .C>KaTa, a 'no Jl.'PyryIO paC'T5I I HI)TTa.

I10.9TOMY, B COOTBeTCTBHH C TOJIbKO qTO H3JIO>KeHHbIM, ,l(H<}J<}>Y3HOHHoe
rrB H>K,eH He 'Po:q elJH bI x lII.'e.cp aK'Po.B .IB fKIP,H'CT aJIJIU/lI eC!K'O M P e.llle'llK ' e ,llIP:H'O 0-

peTaeT -H3'npaBJleHHbIH !x.apa�K'T�p. :BaIKa,H'CHiH Y'CTp
' eMJI5IIOTC5I 'B 'n6J1aCT�

CLKaT'H.51, a'DOrMbI, ,paIOUOJI-Q,>K,eH'HbIe MeJKJI:Y ')'13JIaM
'

H,
- 'B palC-lliHp'eH'HYlO

/06JIaCTb.

Ba\Ka'H'CHH, 'lI:O�'Oll.etlLll'H'e IK 'JI.;H,CJIlOIK.aIlJ.:If.H, 'niOtn'al,QalOT 'H� KIPOMKY
HH>KHeM .n'OJIy'nJlOCJK'ne-TH H nClIe3aIO'T. nplH 3'TOM a''fIOoMbl In.o.JIynJIIO(�K'O-
CTIH ,3 an'OJI.H5IIO'T u'p,H6JI'H3H.B ll'ne051 IB a:KalH 'foH bI e 1)';3JI bI ;H, n on alII. 3'H 'iI a
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K'P,O'M1K'Y JI!}J)ll,HeM -llIOrJliy:nJl'O'CIK!OIC'TH IB alKa'H-C'HH, 1H10II,e3 a IOT. '«IP a\CTBOIp e-

H'He» u.enOrqlKH aTolMrOlB U1oJIY'nJl'OClK'O'OT;H IOQrOllBe'flCTlB'yeT IB�P'THlKa.JlbIH'O!vIY

'nepeMleUl..eH;HIO (<<�nelpeniOJlI3a'H:HIO») iKipaeiBrOM jtH'CJI,OIKatUIHiH 11113 tOBloeli

nJIOCKOCTH CKOJIb>KeHH5I B coce,nHIOIO, pacrrOJIO>KeHHYIO Ha,n HJIH no,l(

HeM. TaKHM 00pa30M, rreperrOJI3aHHe HarrpaBJIeHO rreprreH,l(HKYJI5IpHO
o

rrJI'OCKOCTH CKOJIb>KeHH5I, a He BbI3BaHO ,l(eHcTBHeM c,nBHralOIll.HX HarrR5I-
>KeHHM. 3TOT BH,l( )1.BH>KeHHH MO>KeT HaOJIIO,l(aTbCH TOJIbKO Y KpaeBbIX H

'CMI€llla'H.HbIX iJI..RCJI!OKaJIJ.!HM. ,q'HICTiO !BHIH'T'OIBbI'e JtHlCJIIOIKalUIH'H 'B IC�H5I13H IC OT-

C�'T1CTIB;H'eM Y ;H'JfX «JI"HlIliHeH» 'l1:oJI'YnJlIOOKIQ-OTH nep.eMleIll.a'TbiOH 'Tal�HIM QO-

p a.3:QIM He 'MIOlnYT.

'LLIH�£prcpyt3IH OHIH'oe :nepeM'eIll. eH ue J('H'CJI'OIK a1J.lHM 'C1a5l�3 au,o IC -ll'ep:e'HIOIOO M

'Ma1dCbI Beli.I.'elCTIBa IB :HalnpaIBJIieH'If.H, 'nepneH�llHIKlY.JI5IIP'HI0IM 'nJI,QlOKiQ:CTM

CKOIJIb>KeH,H5I. Illp�H (ClK'OJlb::>K.eH�H:H J('UCJI'OIK3'IJ.;HM nep.e;H'Olca Be.Ill.eC'T1Ba B

3T,OM HanpatB'JleHIH'H 'He np,OHlOXIOIJI.:HT .

In �p'el1'o.,;'I13 aHIH.e IYIClK'OP 51'e'T1C'51 3 a ell eT '016 p a/3 OiB 3IHIH!51 t1I;O\o aIBiOIlI,HbIX T'O-

q eqHbfX �i€l£p'eK!�OIB, K'O:�OIP bI e 'MIO rty'T 'TII05l1B'UTbe51 IB rr pOII.J.'eooe TIm alC'T1H(lI e-

CKOH ,l(�£p'OpMau.'HH, ,rro� ,l(eMcTBHeM p,a,l(H03'K'THBIHOro 'OOJIYlJeHHH H T. JI..

C :HO'BbI'llieHIHeiM 'DeM
i

l1.ep.a''n)'pbI .H:HTeHICH!BH'QiCTb n'epenO;JI!33'HIHH OblC'l1p'v
YB'e.JlIHtIIIHIB a'eT1C5I .

(LL�<p'£P\Y,3'HIQ H,HbI M !M e0{ aH.H13'M JI.1elCPIQP M alu.�IfH n:p'05l1B.JI'51'eT,cH IOH aM a.JI a !B

H aHI60Jlee 'H an 1
p'51JKe.H!HblX 'OIO'be!M ax TeJl a, [I!pe>K)J:e IBOeirO IB!OJI'HI3;H ,np a'HHl(

aepreH, 'H:allJlH;Ha'51 'C TelM:nepa''D)T'pbI, ,oolCTaiBJII5lIOIll.'eM 0,13-0,.5 iOIT aIOIOOtJIIOT-

iHOM T6M'ilrejpa'I'Yp.bI 'nJlaBJI ' eH'H5I iMeTailllJIa. 'O,CJ0I6eHH'O '3a ' M-e-THO .91'0 H;BJIe-

H:we TIjP;H '�e-M,n elp aTy.p.e, OJI!H'3IK'OM IK 'I'eM'ne\p a'T)T!p e ,nJl a!BJI eHIH5I. ,QP:H 3'�QlM

MeTaJiJIbI, Hie Tep5l51 CBO.H'CT.B rrJIa.CTH'lJHbIX TeJI, InpHoopeTaIOT CBOHCTBa

3MOP<PHbIX
- B5I3KHX TeJI, ,l(JIH KOTOpbIX corrpOTHBJIeHHe ,l(ecptopMaI.{HH

J1 ,nJI a/C''fIHIlJ'HOICTb -3 a1B'H,C�5lT IQlT 'OKOP'QlC'TH JI.et£P.op,M al(JH�H IH 'O'T ,rH\,ll,p OICTaTIf-

qeCKOrO �aBJIe:H'HH H He 33'BH:c.H'T OT C'T-eI1e1HIH .rr.e!cP'op M aIJ.U,H.

11 pH H'H3KHX TeMnep a TYP ax, T "'<'" 0,5 T ITJI, npou.ecc rreperrOJI3aHHH

'p-e3IKIO ,3a'M,elJijJIIHe'PC5I. B \.9;'DOIM 'oylIll.'eCTBeH'HOre IO'TJIIHiq:H'e nelpe:nO,JIi33'H'HH
OT C.KOJIb>KeH,HH )1.'H�CJI'OKau.HH, K,OTo.p.oe, KaK nOK3'3bI'BaIOT onbITbI, npo-

HCXOr,l(iHT J1 IIJIP;H TelM'l1e\p.a'ryp , e, p alB'HiOM rO,K.

,,lJ,::n£Plcp')'!3:H OH'HbI M Mlex aH:H/3.M VI. ecp'Otp M au.UH x a p aIK'Tejp-eH TeM, 111'0

�:p'HICTaJIJI:If!II'eClKJOe Hell1.'elCT1BO IM'OI>K'eT J('eJ£p'OIP'M,Hlp'nBatTb051 1600 (KaIK:H'X-

.,TlH160 tBHelllHIHIX In:piHI3HaIKI0IB Halpf)'1ll'e'HH5I 0I.n:H'0lp'0J(H
1 0ICTH U 'Ht3IM'e'HeHHH

� aIK,piOlCK
' OI1:HIlI eOKIH!X \p al3'M-ep OIB TeJI.a. .H:3 !H'3JIOI>K'eHH'OIflO ICJI e�leT, II'fO

}I'BJleHne !lIJH\£p!<lJIy!3:H'H n:p'e)J.:C'T aIBJI I 5I-eT ,ool6nH 'H.e I�OJIblKIO '1313 a HIM,HbI M {)j6M ' cH

'M,eCT3IMiH aT10IMO'B B !Kp
'

H ' OTa'JIill'HIQeC1K,Otfi :p
' ell'e11Ke, H'O -B Ip'51JJ.,e Ic.rnyrqaeB

5IBJI'51eTC'51 n 1
p:5fMbI'M HIX 'n�peH'OOQoM. A TOrMbI ))ljBiH}KYT1C5I 'no ICfXe!M'e, 100nl1-

C3'HHO H ;BbIllle, IB H a'np,aIBJleH;HHX, :ooQ:T1BeT1c"rtBiyIOIll.�HX 'OTplH�ua TieJIHHOI1\1 y

I1p al11JH-e'H'T!Y x HiM'HrqeClK'OIIIO [I'O'1ieHIlI.'H aJI a .

IlIP:H 'H aJI'H!lfH'H IBbI'ClOKIOM 'OKIOlp OC'T:H JI.;HICP£pY3iHtO:H;Hbrx inlp'OI.LeJOOO!B p a-

C'PHo:p'eH
i

H5I IH 'OiC3t>KIJL'eHH'51 .BO BPelM5I =TIJlaIC'THtlJ'eCK'OM �le<p,o-p,M aIJ.:H'H 'BbIiHB-

JI/51ellcr51 eIll.e 'TalK Hal3bI'BaeM'bIM ,paCTIBio.p'HO-,QlCalI(HTeJIbIHblH 'Mlex.a.H:H'3M

TIJIa:eTiHIIeOK'OM �'elcpopIMaI(H'H. rIp'll '3TOM np'OIH'CJXJOlQHT ObI ' C'l1P.bIM u;ep.e.H10C

aT'OMOIB 'otILH'OM Icpa:3bI 'Ha :Kp:HrC'TaJIJlbI .APIY1foOM l£Pa ' 3bI, q'�0 'MOI}K:eT ITIlpH'BO-

.,n'H'TbK .3a,JI-ellJ.HlBa!Hl1IO Halply!llI,e;HIHM 'npaHiH;l( !M1e>KIJ(IY '3 I

ep'HaM:H. 3'110 51iBJI ' e-

HHe BbI5IBJIHeTCH rrpH YCJIOBHH Me,l(JIeHHO rrpOTeKaIOIll.eH ,l(ecpopMaIJ.HH
B 3'OIHe BbIIOOIKHIX 'fIeMU'ep a''D)'p ,MH,ono,<p a/3 HbI x iCnJl aBOB.
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I [-O�1J. .rr.eH'CTB-HeM CHJlbI ,llO'BepIXIHOC'TH'OrO I:IaT5I>K.eHH5I HalJHHa�TC5J

'1\111 rpaUHH aTO'MOB B!,AOJIb rpaH'HI.( 3a ClJeT JI.H<P'CPY3'H;H. n,pH .9'T'OM Illp'O-

II (
.

.\ I( >lIJ.:HT !K alK 16 bliP aIC '

llBC?P
' eHH'e {)JI.H:OIDO �H p'OIC"f. 1lI.)P\yiDQDO 13 elP'H a . ,aecp eK-

11.1 ,[Jd'C'llBiO,p'51IO'lu:er.o.C;51 !3,ep,H.a 'TaIK,)K,e 'Jf,OIH�J3aIO'T, IH IlIiPiOIH'CX10W,;HT I3Ha'lJ,H"

I ('.III;IIbIrM IBOl3iBpaT. 3'f10 51 I BJlleJHue 'xa.p,aIK'fIeJp;H'O ,l(Jl5I \JI.IeJcp'Olp,Malll.'H'H .q!H)C'TbIX

iVI ('IT;IJI,JI,OB :H OVI.HI0Icpa3HbI'X .cnJIaB:OB. _'
.

}�aJIee, ilIPH IIJlaC'THlJeOKOH .necpopMaUJHH MeTaJIJI.OB, llpeJ}.CTaBJIH-
Ie) IllIH:X .aOOrQIM' In'eJpeCbIllI.eH'Hble T,Bep'.lI.bI'e Ip a'CTlB,OpbI, HallIp;H'M'elp IBbIIOOK'O-

II,POI(I�HblX 'H:�31K00Tnl)',�.eH�HbIX ICTalJI,eM, tII!pIOlHICXrQ:JI.�H'T 'paOlla\)1. .9T\HIX p.a-

e'TBopOB C BbI,l(eJIeHHeM MeJIKO,nHClIepCHhIX qaCTHl{ (B CJIytlae CTaJIH--:-

1\:1 p\6:HJI.OIB) .iliO IllJIIOIOI{jQlC'T5I!M 'OK'OJlb>K'e;HH5I. 3'TH tqaIClTH�bI SaITp'YtZl.IHHIOf
(' 1\,OIJIb>KeH:ae M �eM 'Ca'MbI'M :Y'll!P'OlJ'H

1 5IIOT .M'eTaJI,JI.

Y C T a H:O'BJI,eHO, 1ll'T0 'XIIfIM:lDlJ'eJOK1ne ICrOetIIJHH:eH;H 1 5I (IK a plO:HlAbI ) , $,af3 bl
,

1I'))(�I,lJ.IC'TaBJI5IIO�Ill.'He lOOl6OrM, TB:ep,l(bI'M paCl1BOp, O-TJIIH,q:HbIH ,OT \M3'T1p'Hl{bI,

'I H
·

clMa tylIlp'OflI H>51 IO'T iM'e'T a JlJI, ,llIO,OKOJl blKY !HX Illip HICY''DC11B'H
' e '6J1'OIK�H\P'Y e1

,111,/1 (l'CT:H'4'e'C:K'YIO ,J[.e!<p'Olp'Ma[(:HIO.
'

T'eOlp;�I51 JI.;HICJIOIK.aJIJJHM 'll'03IBIOJ:l-5IteT ,l(a'Tb .B'CeM 1.9'f:UM. 51!BJI,eHiH�5IlM .n.pH

II :uJ(JI'ene 16oJI ' e.e r JIIY'6b,K,o:e� llIeM S''PO 6bIJI ' 0 �o 'ee '1110i5l!B�.eH:H'51, '0i6'b5lICHe�

1111 c.

II rJlaBa

TeopHSI HanpS[)I{eHHH H Ae4JopMaQHH
�.

1. BeJIHlJHHbI, xapaKTepH3YIOID:He Ha':lPH�eHiIo'e'-
COCTOHHHe TeJIa

\r...." ....
...i....., J��:::-

.".

."

:�.\.. ...
� \"

...,

"''''''...1.\

()()blqHO TeXHHlJeCKHe MeTaJIJIbI COCTOHT H3" 60JlbllIoro' ,lJli"CJIa, '�pH�-4JI-
,/II'PIeCKHX 06pa'30BaHHM, T. e. HBJIHIOTCH � nOJIHKpHCTa'�JIHlle�KMMti. B

l )().JIbllHHCTBe CJIyqaeB pa3MepbI KpHCTaJIJIHTOB MaiJIbI n6, cpat3HeHHIO C

pa3MepaMH TeJIa (xapaKTepHblM pa3Mep He npeBbIlliaeT Q,Q!�O,l MM)
" IIanpaBJIeHH5I HX opHeHTaUHH pa3JIHIIHbI. B CB5I3H C .9THM} 1I0JlHKpH-
C'I'a.JIJIHqeCKHe TeJIa B 'nepBoM npH6JIH>KeHHH Be.rr.YT ce6H Ta� >Ke, KaK

'J'('./I a O.QHOpo.n.Hble H H30TpollHbIe. flo,l( O,l(HOP0,l(HbIMH TeJI3"MH ';'lIoHHMaIOT

'J':t KHe, cTpoeHHe H COCTaB KOTOpbIX O,l(HHaKOBbI B JII06bIX TOlJK'ax. 1130-

'l'pOnHbIe TeJI,a:, xap�KTepH3yIOTCH TeM, lJTO HX CBOHCTBa IIO.. B.ceM H�-
II paBJIeHHHM O,l(HHaKOBbI.

'

',,;,'.1

AHH30TponHbIe TeJIa OTJIHqalOTCH OT H30TponHbIX TeM, lJTO CBOMCT-

1\;,1 'TaKHX TeJI B Ka>K.rr.OH .n.aHHOH TOlJKe IIO pa3HbIM HalIpaBJIeHH5IM' pa3-
,JI/IllHbI. K aHH30TponHbIM TeJIaM OTHOCHTCH Bce pa3J1HlJHbIe KpHCTaJlJlHL
'J(�CKHe TeJIa, a CJIe,l(OBaTeJIbHO, H MeTaJIJIbI. XOTH aHH30TpOlIHIO IIOJIH-

1\ pHCTa.71JIHlleCKHX TeJI IIPH COOTBeTCTBYIOIll.eM pe>KMMe: o6pa6o�KH"
M.(»)I{�HO JI'erKO BbIHBHTb, HaJIH'lJHeM ee B TeOpiH-51X y,npyr,ocTH'H llJIaCTH1J-

IIOCTH .06bIIIHO npeHe6peraIOT, qTO 3HalJHTeJI.bHO ynpOIl(3"eT .9t�
TCOpHH.

B03bMeM CIIJIO�HOe, o.n.HopO,l(Hoe H 'H30TpOnHoe TeJlO npOH3BOJI'bH:OH:
<1>OpMbI, HaXO,l(H.�eeCH' no.n. ,,l(eHCTBHeM C:IiCTeMbl. CHJl'(pHC. 14, u.).; H

MhICJIeHHO paCCelJeM era nJIOC�OcTbIO'Ha JI.Be qac.TH.A H B:.,,'q,acTb�'B

)1..]



OT6poCHM. HanpaBJIeHHe ceKymeH nJIOCKOCTH 6Y,l(eM XapaKTepH30BaTb
--+

'BHellIHeH HOpMaJIbIO n. DYCTb dP -

paBH�,l(eHCTBYIOllI.aH B;eX CMJI,

.neHCTBYIOIII.HX Ha 3JIeMeHTapHOH nJIOma.n.Ke dF, BbIAeJIeHHOM B TIJIOC-

KOCTH CelIeHHH. Tor.n.a BeKTOp
--+-

p=dP/dF
- (15)

nOJlHOe Hanp5l>KeHHe Ha ,l(aHHOH nJI 0 Ill. a,l(Ke.

HanpH>KeHHH B TeJIe OY,l(eM xapaKTepH30BaTb HX npOeKlI.MHMH Ha

Koop.nHHaTHbIe OCH.
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,POC. '14. CeqeHHe TeJIa nJIOCKOCTblO (a),; 3JIeMeHTapHhiti OO"beM B npHMoyrOJIbHoi\ (6), U,HJIHHD,-

pHlIeCKoi\ (8) H C�epHlIeCKoi\ (2) CHCTeMax KOOPAOHaT

MbICJleHHbIe CelJeHH5I B TeJIe MO)KHO npOH3BO.n.HTb npOH3BOJIbHO.
ECJIH BbIOpaTb CHCTeMY ,l(eKapTOBbIX KOOp.n.HHaT, TO Y,l(06HO paCCeKaTb
TeJIO CelJeHH5IMH, nepneH!I.HKYJI5IpHbIMH K OCHM KOOp.n.MHaT, lITO H 6y.n.eM
.n.eJlaTb B ,l(aJIbHeHllIeM.

ECJIH CeqeHHe nepneH.n.HKYJIHpHO 'OCH X, TO npOeKlI.HH BeKTOpa
nOJIHOro Hanp51>KeHH5I Ha OCH KOOp.rr.HHaT :6y.n.YT ax" Txy, Txz (pHC. 14, 6).
BeJlHlJHHa a� 5IBJl5IeTC51 HOpMaJIbHOH COCT3BJI5IIOIlI.eH nOJIHOrO Hanp5l-
>KeHHH px" ,l(eHCTBYIOIII.erO Ha nJIOma.n.Ke, HOpMaJIbIO K KOTOpOH 51BJIH-

ervc5I OCb x. !B.eJIHq:HHbI 't xy ,
't xz npe.n.CTaBJI"HIOT C060H Ka'caTeJIblHble

COCTaBJI5IIOII{He nOJlHOrO HanpH>KeHMH px.
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1\ 1.1.l1,('.lI,I'lM 'CelJ'eHH5I'l\IH, nep'neH�HKY�BiP,HbIIM'H 'KOOp,nHIHaTHbIM nJloc�

I I II' I'H M, ()CCKOHelJHO MaJIbrH 06'beM' TeJIa B BHAe Ky6a HJlH rra paJlJIeJIe�

11111/1',/1,:1. 3aMeH5I5I ,l(eMCTBHe OToporneHHOM lJaCTH TeJIa COOTBeTCTBYIO'"

111,1/ M II CHJlaMH H Bblpa}KaH rrOCJIe.n.HHe Qepe3 rrpoeKl(HH HarrpH>KeHHH Ha

1'.lle »p./I,lIlIaTHble OCH, aHaJlOrHlJHO rrpe,l(bI,l(YlI(eMY TI0J1YlJHM cJle.n.YlOIIlY�
I II ("/'(' MY COCTaBJlHIOIIlHX rio OC5IM KOOp,l(HHaT IIOJlHbIX Harrp5l}KeHHH
"" IJ", pz (pHC. 14,6) Ha rrJIOma,l(Kax C HOpMaJIHMH x, y; z:

(:0I30KyrrHocTb .3THX ,l(eBHTH BeJlHlJHH HOCHT Ha3BaHHe TeH30pa
II :11'IHLIKeHHit

BC.JII111HHbI (Jx, -(Jy, (Jz rrpe.lI.CTaBJI5IIOT COOOH rrpOeKlI.HH Ha OCH np5I-
1\ It »yrOJIbHOH CHCTeMbI Koop,l(HHaT rrOJIHbIX HarrpH>KeHI1M px, py, pz�

IIt'j'/('TBYIOLQHX Ha COOTBeTcTByIOIII.HX rpaHHX .9JIeMeHTapHoro Kyoa-
lit' P MaJIbHbIe COCTaBJl5IIOIII.He rrOJlHbIX Harrp5l>KeHHH. OCTaJlbHble' lleCTb

IU ',/I IPII1H - KaCaTeJIbHbIe COCTaBJIHIOIII.He rrOJIHbIX Harip5I>KeHHH Ha

('()()'I'BeTCTBYIOniHX rrJIOllI.a.n.Kax. I1H.n.eKCbI rrpH 6YKBax (J 0003HalJaIOT

II :111 paBJIeHH5I HOpMaJIbHbIX HarrpH>KeHHM. BTopbIe 3Ha qKH npH OYKBax
I 0003HaqalOT HanpaBJIeHHe KaCaTeJIbHbIX HarrpH>KeHHM, a nepBbIe
'1I/:l'IKH -

HarrpaBJleHHe HOpMaJleH K COOTBeTCTBYIOIIlHM rrJlOCKOCTHM

I' :ll�cMaTp,HBaeMoro 3J1eMeHTap'HOr'o OO'b.eM.a.

BY,l(eM rrOCJIe.n.OBaTeJIbHO YMeHbllaTb peopa .9JIeMeHTapHoro Kyoa
'/';11(, l.ITOObI OHOOpaTHJICH B TOqKY. B TaKOM CJIyqae cOBoKynHocTb
I\()MllOHeHTOB TeH30pa Harrp5l}KeHHH oy.n.eT B caMOM OOllI.eM BH.n.e xa-.

paKTepH30BaTb Harrp51}KeHHOe COCTOHHHe B. ..lI.aHHOH TOlJKe TeJla.
.

I-Ia pHC. 14, 6 H300pa}KeHa CHCTeMa HarrpH>KeHHH, ,l(eMcTBYIOllI.IjX Ha

'l'pex nJIOCKOCT5IX BbI.n.eJIe'HHoro .9JIeMeHTapHoro OO'beMa. OO'beM orpa�
II IllfHBa el'CH .1l.eICTblO .nJI O'C!KO!CTrHlM,}I. CJI1e-

.

./lO'BaTeJIbH:O, Ha Bcex lle'CTH noaepx'H'o-
Y

f �

'I'T5IX ,lJ;efi1c'TByroT 18 e-ocTaB�H!IOIIIJ.HX Ha.-

dIp H:>KeH'HM, K'OTopbIe HBJI5IIO'nC5I BHelli'HH-

MH YAeJIb'HblMH CHJl3MH JIrO OTHO'llI€lH'HIO

I( paOCMa'T'pHBaeMOM')T O!O'beIM'Y.' Kp;oMe
111'HBepxH.oc'rHbIX CHJI, :Ha .9JIeMeI-iT '.rr.eHtCT-

BYIOT OIO'beM'Hble 'CHJlbI, np'on'OplI.HOHaJi:b-
J I hle MlalCloe Te.JI a ('H a'II'p H M,ep, ICHJIbI TB-

�

jl{C'C"rH). 3THM '

H -cHJI3MH 'B ,l(aJIb!H'eHillI.eM

0Y.1I.eM np'eHe I 6pe:raTb,- nOJlalraH, lJ1'iO OIHH

M aJIbI no 'opa'BHeRHIO C nOIBepxIHloCTHbI�H
('HJIaMH, BbI3bIBaIOIII.HMH ,l(ecpopMaII.HIO
T eJI a .

HalnplH(>KeHHrSI, 'BOI3'HH'K,a:IO;III.H,e B TeJI.e

.11001)1. .n..eHlC'TB'UeM B,Hell:H'HX 'CHJI,'. B o:omeM

cJIyqae p,a,3JIHlq'H:bI B pa3JIHlJHbIX ero TOlJ�

l(aX, T. e. OHH 51 BJI 51 lOTC5I <PYHKlI.HHMH

0 1: 1:
x xy xz

'\ 0' 1:
lI.r II yz
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PHC. 15. CxeMa" CHJI,
-

o(Spa3YJO�Hx
MOMeHT OTHOCHTeJIbHO.
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KQrO pJIJH'H aT. TIO'C�OJIHKY 'CP'eJI.a He'iltpepbIIBIHa, T�O .nplH nlepex'OlII.,e
iOT O!I:HOM fopaHH .9JIeM,eHTap:Horo Ky6a 'K '�Py,rOM C-OO'TBe-rCl'BYIO-

lilHe ,Halnp5l>KeHHH HenpepbI!BHO 'H,3M-etHHIO�CH H.a MaJl'YIO 'BeJIH'q'H'HY.

TI pe,l(nOJIO}KHM ,l(aJIee, lITO TeJlO HaXO.lI.HTC5I B paBHOBeCHH. Tor.n.a

.lLJlH Ka>K,l(oro ero .9JIeMeHTa Y,l(OBJleTBOp5lIOTC5I lleCTb YCJIOBHH paBHO-
BeCH5I CTaTHKH: CYMMa npOeKlI.HH Bcex CHJI Ha Ka)K,l(YIO H3 Tpex oceH

:�Oop.rr.HIHaT paBHa 'HYJIIO H CYM'Ma M,OMeHTOBBcex OHJI OTIHOtOH'TeJIbIH-D

Ka}KL(OH H3 oceH TaK>Ke paBHa HYJIIO.

B03bMeM, HanpHMep, CYMMY MOMeHTOB Bcex CHJI, ,l(eMCTBYIOIII.HX Ha

.9J1eMeHT TeJIa OTHOCHTeJlbHO 'OCM z. CxeMa ICHJI, .06pa3YIOIII.HX M'O-

MeHT OTHOCHTeJIbHO OCH z, npe.n.CTaBJIeHa Ha pHC. 15. OCT.aJIbHbIe CHJIbI,

He 06pa3YIOn.tHe MOMeHTa OTHOCHTeJIbHO OCH Z, Ha qepTe}Ke OTCYTCT-

BYIOT.

TIpHpaBHHBa51 CYMMY MOMeHTOB CHJI, OTHOCHTeJIbHO OCH Z HYJIIO,

nOJIyqaeM:

('t yX
+ d't

yx
) dxd ydz -

('t XY
+ d't

XY
) dxd ydz- (a

y
+ day) dx dz X

X
d x

_+� (a + d a ) dy d z
d y

- a 'dy dz
d Y

+ a dx dz
d x

=== 0, HJIH

2
x x

2
x

2 .Y2

dx

( 't�.'- 't ) dxd ydz+ ( d't - d 't ) dxd ydz- d a dx dz - +
yx xy

.

yx xy y 2

+ d a dy dz .d y.
0 �

x
2

.

OTopaCblBaH T'PH n.oCJI,e)1.HHx lJJleHa 3Toro paneH'cT,Ba KaK BeJI.nlI,HHbJ

MaJIbIe no cpaBHeHHIO C nepBbLM lIJIeHOM, 6y.n.eM HMeTb: '(yx-'Txy==O.

TIpHpaBHHBaH HYJIIO CYMMY MOMeHTOB CHJJ OTHOCHTeJIbHO .n.BYx

.n'PyrHx .oceM, nOJIYlI'HM aHaJIOrH'lJlHble COO'DHOllIeHHH. TaK'HM oop.a30'M,
.113 Tpex ypaBHeHHi1:

r

''t =='t 't ='t
.

't =='t
i xy yx'

",".:.
yz. zy' zx xz (16)

'.

u

CJIe.n.ye��,..\�T,O K.aCaTeJIbHbIe COCTa'BJI5IIOIII.He TeH3-0'p a Ha l l1pSLlKeHHH no-

napHO "paBlrbI.
- COOTHOlleHH5I (16) Bblpa}KaIOT 3aKOH B3aHMHOCTH

(napHp'cTH) 'KaCaTeJIbHbIX Hanp51}KeHHH.

�:l��'.::J�{��lle 6bIJIO nOJIYlIeHo. ,lJ'.eB5ITb BeJIHlJHH, npH nOMOI..I.{H KOTOpbIX

M-omHQ onHcaTb ,Han,p5l>Ke'HIHoe :COCT'05lHHe B -Ka)K)LOM TOlJ'Ke TeJIa: TpH

HOpMaJIbHbIe H lleCTb :KacaTeJIbHbIX COCTaBJI5IIOIII.HX Hanp5l>KeH�M.

nOCKOJlbKY KaCaTeJIbHbIe Hanp5lR<eHH5I nonapHo paBHbI, Hanp51}KeHHOe
COCT05lHHe npOH3BOJIbHOH TOlJKH TeJIa B caMOM 06III.eM BH.n.e MO>KeT

ObITb oxapaKTepH30BaHo lleCTbIO BeJ1HlIHHaMH: TpeMH KaCaTeJlbHbIMH H

TpeM5I HOpMaJIbHbIMH COCTaBJI5IIOllI.HrvIH HanpH>KeHH5I.

Ha,l( TeH30paMH MO>KHO npOH3BO)1.HTb orrepalI.HH CJIO>KeHHH H BbIlJH-

TaHHH. LLJIH 3Toro CKJIa.n.bIBalOT If.nIl "BbI:qHTaIOT cooTBeTcTByIOIII.He HX

KOMnOHeHTbI.
.

TeH30p T H MO>KHO npe,l(cTaBHTb KaK CYMMY 'lliapoBoro

TeH30pa HanpH>KeHHM T?H H'.n.eBHaTopa Hanp51>KeHHH D H : T H=

� TO�'+.DH.�'
.

.'.

"
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B Be,l(eM 0003HalJeHHe
1

Tor.n.a(Jcp==
- ((Jx+(Jy+(Jz) . MO>KHO HanH-

2

(' a Tb :

(Jcp 0 0 ax
-

(Jcp
't 'to

xy xz

,

J
'

--- 0
(Jcp 0 + 't (J -(J 't (17)II

.--

yx Y cp yz

0 0
(Jcp

't 't a
z

-

(Jcpzx zy

aTO COOTHOlleHHe rrpOHJlJIIOCTpHpoBaHo Ha pHC. 16, H3. KOToporo
c. lIe .rr.yeT, lJTO rnapoBoH TeH3'op Harrp5l}KeHHM xapaKTepH3yeT TaKoe

II an'pH>KeHHOe "COCT051HHe .9JIeMeHTa, rrpH KOTOpOM 6Y,l(eT rrpoHcxo.rr.HTb
'fOJIbKO H3MeHeHHe era 06'beMa. LLeBHaTop HarrpH>KeHHH xapaKTepH3yeT
II arrp5l>KeHHOe COCTOHHHe, rrpH KOTOpOM rrpoHcxo.rr.HT TOJlbKO H3MeHe-

JIBe cpOpMbI .9JIeMeHTapHoro 06'beMa.

6
cp 6 r

- 6
cp

6x
,

6y J--
/'

./

./

+

ucp

PHC. 16. CxeMa pa3JlO>KeHHH TeH30pa Hanp5DKeoHA H8 wapoBoA TeH30p H TeH30p-.lI.eBHaTOp

TIpH pelleHHH MHOrHX 3a.n.alJ. 06paOOTKH MeTaJInOB .n.aB�eHHeM

Yj�06HO rrOnb30BaTbCH l(HJIHH,l(pHqeCKOH CHCTeMOM KOOp.rr.HHaT p, 8, z.

I� 3TOM cJlYlJae H3 TeJla MeTo.n.OM CelJeHH"M BbI.n.eJI5IIOT .9JIeMeHTa pHbIH
()6'beM KJIHHOo6pa3HOM <pOPMbI, OrpaHHlJeHHOM qeTblpbM5I rrJIOCKOCT51MH

II ,l(BYMH l{HJIHH.n.pHlJeCKHMH rrOBepXHOCT5IM';H (pHC. 14, B). Pa.ccY}K.n.a5I
c'l1I anOrHlJHO rrpe,l(bI,l(YIII.e.MY, rrOJlYlJHM cOBoKyrrHocTb Be.TIHqHH, xa p,aK-

TCPH3YIOIII.HX HarrpH}KeHHOe COCT05lHHe B .n.aHHOM TOqKe TeJIa:

(J 't 't

P PB P z

't (J 't

Op 6 0 z (18)

't 't (J
ZP ZA Z

I J pH .9TOM 't
pO

==

't'ap; 't'a z
== 't'z�; 't'zp

==

't'pz. OlJeBH.rr.HO, qTO B UHJIHH.rrPH-
'I ('CKOfI CHCTeMe KOOp.n.HHaT MO>KHO 3anHCaTb COOTHOlleHHe, aHanOrlft-I-

IIOe BbIpa>KeHHIO (17).

2. BeJ"HlJUHbI, xapaKTepU3YIOID:Ue

ne4JopMau-ulO TeJIa

3aKpenHM
.

.9JIeMeHT OO'beMa CrrJIOlliHOro TeJIa TaK, qT06bI OH He

1\1 or rrepeMeIII.aTbC5I B rrpOCTp aHCTBe KaK a 6COJIIOTHO TBep.n.oe TeJIO.

'ror)1a nepeMemeHH51' JII06bIX TOqeK Oy.rr.YT 5IBJIHTbC5I CJIe.n.CTBHeM

\
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TOJIbKO Lle<pOpMaI.J.HH TeJIa. OepeMelI.J.eHHH TO�eK TeJIa 6YLLeM XapaKTe-

pH30BaTb npOeKI.J.HHMH BeKTOpa nepeMelI.J.eHHH Ha OCM KOOp,lI.HHaT.

nYCTb, HanpHMep, TO�Ka H3 nOJIOLKeHHH a nepeMeCTHJIaCb B nOJIO}KeHHe
---+

at (pHC. 17). OpOeKI.J.HH BeKTopa nepeMelI.J.eHHH aa t Ha OCH KOOp.rr. HHaT

L/

au
d

ily
LJ

rb'
I

c'

�

b

�

�

�

/J.

x d

g
dx

PHC. 17. BeKTOp nepeMem.eHHH Hero

npoeK�HH Ha OCH KOopnRHaT

PHC. 18. .u.e4>opMa�HSI rpaHH 3JIeMeHTapHoro
OO'beMa B 1IJ10CKOCTH xoy

0603HaqHM COOTBeTC)'BeHHO llJ v, 'W. 5y.rr.eM C1.JHTaTb, qTO' BbI,lI.eJIeHHbI1I

3JIeM:eHT dxdydz H-BJIHeTCH BeCbMa MaJIbIM Ky60M HJIH !napaJIJIeJIennne-
,lI.OM. B pe3YJIbTaTe ,lI.ecpOpMaUHM ,lI.JIHHa ero pe6ep H3MeH5IeTCH M yrJIbI

Me}K,lI.y pe6paMM 6y.rr.YT OTJIMqaTbCH OT npHMbIX-. LLJIHHa pe6ep, napaJI-
.neJIbHbIX OCM x, npM ,lI.e<popMaUMH M3MeHHeTCH Ha BeJIMqMHY du ==

===
au

d x. 'OTHoCMTeJIbHOe y,lI.JIMHeHMe B HanpaBJ1eHMH OCM x 6Y,lI.eT
ax

du
e xx

===

d x

. CooTBeTcTBeHHO OTHOCI1TeJ1bHble y,lI.JIHHeHMH B,lI.OJIb oceM

Y M Z 6Y,lI.YT: e
yy

'==' iJvjoy, e zz
==. awjoz.

OpHMOM yroJI Me}K,lI.y pe6paMM dx H dy (pHC. 18) 3JIeMeHTa M3Me-

OU iJv
HHeTCH npH .rr.e<popMaUMH Ha MaJIYIO BeJIMqMHY

- +-== e
XY

. LLJIH 6ec-
ay ax

KOHeqHO MaJIbIX ,lI.ecpopMaI.J.HiI 3TO H3MeHeHHe yrJIa HBJIHeTC5I C,lI.BMrOM.

AHaJIo.rHqHble COOTHOIIleHHH MO}KHO HanHcaTb M .rr.JIH C,lI.BHrOB B ,lI.pyrHx

KOOp,lI.HHaTHblx nJIOCKOCTHX. TaKHM 06pa30M, 6Y,lI.eM MMeTb CHCTeMY

ypaBHeHHM:
iJu av au )

e
xx

=

ax
; e

XY

=

ax
+

ay
;

ov
e

yy

==

a y

;

aw
e ==�.

zz
a z

'

aw av
e

yz

=

a y

+
a z

;

e =

au

+ �w �
zx

az ox

} (i 9)

J

O'pe.nill.OJIO>K,H'M . [5]-,. �TO' np,H.ne<p0pM.aI.J.HM O�:HOH 'H3 rpaHeH napaJI-

JIeJIenHne.na npOH30IIleJI c.nBHr Ha BeJIH�HHY Ij2 exy' TaK, 'liTO .rr.e<popMaUMH
OCYlI.J.eCTBJIHeTCH no Hanp,aBJIeHHIO OT OCH X � OCH Y (pHC. 19, a). ,[(0-
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"YCTHM Tene.p-b, qTO rpaHb napaJIJIeJIenHlne.rr.a .ne<pOpMIHpOBaJI3'Cb .Tal{,

'ITa C,LIJBMr oCYIlI..eCT'BJIHeTCH OT .oCM y KOCH X (pHIC. 19, 6), npH�eM Be-

'1IILJI1iHa 'C.ll:BHra pa'BHa 1/ 2 e
yx

.

.

O'q.eBH)I,HO, IITO BTOpOR CJIYIIaR JLe<pD:pMaI.J.HH MOLKIHO ITIOJIyqHTb 1M3

lIepBoro nOBopOTOM HCKaLKeHHOR rpaHH napaJIJIeJIenHne.rr.a KaK LKeCTKO-

1'0 TeJIa 'B-OKpyr T�K,H o. O�CIO.rr.a 'CJIeJLyeT,- qTO .rr.ecpopMal(HH c,rr:Bura B

OOOHX CJIyqaHX O,lI.MHaKOBbI.

y

tJ

:x

3

(J

o

PHC. 19. C)J.BHrH npH nOBopOTe rpaHH 3JIeMeHTapHoro 06"beMa

BOKpyr TOQKH 0

PaCCMaTpHBaH .rr.e<pOpMaI.J.HH COOTBeTCTBYIOlI.J.HX rpaHeR napaJIJIeJIe-
HHne,lI.a H B ,lI.pyrMx nJIOCKOCTHX, nOJIyqHM CJIe,lI.YIOIlI.He COOTHOIIleHM51:

(� == e
.

e = e
.

e = e
XLI yx' yz zy' zx xz. (20)

MbI npHIIlJIM K BbIBO.rr.y 0 TOM, �TO C.rr.BHrH nona pHO paBHbI. COOTHOIIle-

111-151 (20) Bblpa}KalOT 3aKOH B3aMMHOCTH (conpH}KeHHocTH) C,lI.BHrOB.

TaKMM 06pa30M, .rr.e<popMHpoBaHHoe COCTOHHHe TeJIa xapaKTepM3Y-
('TC51 cHMMeTpMqHbIM TeH3<?POM:

1 I
e -e-e

xx
2 xy 2

xz

I 1
- e e

yy
-'e

(21)2 yx 1 yz

I 1
-- e

2
e

zy
e

zz
2

zx

BeJIHqMHbI e xx , e
yy , e zz npe.rr.CTaBJIHIOT C060R OTHOCMTeJIbHbIe Y.lLJIM-

dlPIIHH p
l e6ep .9JI:eMe'HTapiHoro napaJIJIeJIe'll'HITIeJLa BTlOJTb .cOOTBeTCTBY-

IOIl(HX oceM KOOp.rr.MHaT, a BeJIH'lIHHbI exy� e zx , e
yz

-

c.rr.BHrM B nJIOCKOC-

'l'H x xoy, ZOX H YOZ.

OOCKOJIbKY C,lI.BMrH nonapHO paBH�, .ne�opMMpOBaHHoe COCTOHHMe

1\ caMOM 06ru.eM BH�e MO}K'eT 6bITb o,xapaKTepH30Ba:Ho IllecTblO BeJI.Hq,H-

II:IMH: TpeMH OTHOCMTeJIbHbIMH y.rr.JIH�eHHHMH H TpeMH c.nBHraMH.

B I.J.MJIHH.rr.pHqeCKOR CHCTeMe Koop.nHHaT OTHOCHTeJIbHbIe y.rr.JI�HeHH51
II <'JLBHrM xapaKTepM3YlOTCH CJIe.rr.YIOIIJ.MMH BbIpaLKeHMHMM:

au
t' ::,-=: -

.

1'1' a p

,
e =

au
+

ov _�
;

pO
p a 6 a p p

(22)
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e
66

-
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.

P d ()

ow au ow
e

-
·

e
-

- +
-

zz � a-;' z"p- iJz op.

L(ecpopiM'Hp'OBa'HH,oe C'OCl'OHHHe .9JIeMeHTap�Horo 001>eMa

lX,a P aKTep'H'3yeTcH �eH3-0p:OM

1 1
e -e-e

pp 2 pO 2 p z

(22)

(pH'C. 14, 8)

1
- e

2 OP
e

OO

1

2
e

oz
.

,

1

2

1
e

zp 2
e

zo �zz

.rr.JI5! KOToporo TaK }Ke, KaK H BbIIIIe, CnpaBe,lI.JIHB 3aKOH na pHOCTH C,lI.BH-

rOB.

TeH30p .rr.e<popMaI.J.HH, no.rr.06HO TeH30py HanpH}KeHI1H, MO}KHO npe.rr.-

'CTaBHTb KaK CYMM'Y ,IIIap.OHor,o TeH3'0pa �ecp.opMal(HH TOll. iH JJ.eBl1aTo.pa

.neQJ'opMaI.J.HH Dll.:
1 1

e -e _

2
e

xy

� e
xx cp 2

xz

1 I
o e 0 +

- e e -e - e
cp

2 yx yy cp 2 yz

1 I
e - e -e - e

2
zx

2 zy zz cp

r.rr.e ecp
= 1/3 .( e xx + e

yy + e zz ) -

Cpe.rr.H5IH OTHOCI1TeJIbHa51 .rr.e<p0pMa-
II.H 51 .

H3 .9TOH 3anHCI1 CJIe,lI.yeT, llTO mapOBa51 qaCTb TeH30pa .rr.e<POPM a u.11-f I

xapaKTepH3yeT H3MeHeHHe 06'beMa TeJIa, a .rr.eBMaTOpHa51 qaCTb - 113-

1.\1HeHHe ero <p0PMbI.
.

ECJIH pe6pa 3JIeMeHTapHoro napaJIJIeJIenHne.rr.a nOCTeneHHO YMeHb-

IlJaTb, TO MbI npH,lI.eM K nOHHTHIO .lI.e<pOpl\Il1pOBaHHoro COCTOHHI1H B OK-

peCTHOCTH .rr.aHHOH TOqKH TeJIa, no.rr.06HO TOMY, KaK paHee 6bIJIO BBe,lI.e-

HO nOHHTl1,e 0 .Hanp5!)K'elHHOM ,c-OCTOHHHH ,B .naIH�H-oH TOllKe TeJIa.

OOJIYlleHHbIe paBeHCTB'a cnpaBe.rr.JIHBbI TOJIbKO .rr.JIH CJIyqaH MaJIbIX

.rr.e<popMaI.J.HH. aTO 06CTOHTeJIbCTBO HaIIIJIO BblpaLKeHHe B TOM, lITO B CO-

OTHomeHHHX (21) He npI1HI1MaJIHCb BO BHI1MaHHe 6eCKOHellHO MaJIble

BeJIHllHHbI BbICIIIHX nopH.rr.KOB.

e
cp

o o

T=
l1.

(23)

o o e
cp

3. YpaBHeHHD ,COBMeCTHOCTH

Bblme 6bIJIO n.OKa3aHO, llTO nepeMelI.J.eHHe JIlO60M TOllKH CnJIOIIIHOrO

'I'eJIa onpe.rr.eJIHeTC5! TpeM5! <PYHK'I.J.HHMH: u, v, w. ,I:Le<popMaI.J.HH }Ke B

.rr.aHHoH TOllKe onpe.rr.eJIHIOTCH mecTb� <PYHKI.J.HHMH: e xx ,
. ey�, e zz , exy, e zx ,

e zy
.

lllecTb KOMnOHeHTOB ,1J.e<popMaI.J.HH HBJIHIOTCH <PYHKI.J.HeH Tpex BeJIH-

llHH: U, v, w.
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TaKHM 06pa30M, M,eLK,lI.Y KOMnOHeHTaMH ,lI.e<pOpMaI.J.HH ,lI.OJI}KHbI cy-

IIJ,eCTBOBaTb Onpe,lI.eJIeHHble 3aBHCHMOCTH.

4licJIO TaKHX .3aBHCHMOCTeM paBHO II1eCTH H OHH ,lI.eJIHTCH Ha ,lI.Be

rpynnbI. K .I rpynne' OTHOCHTC51 3aBHCHMOCTH Me}K,lI.y COCTaBJIHIOIII.HMH

JLC<pOpMaI.J.HH B O,lI.HOM nJIOCKOCTH.

B03bMeM,HanpHMep,,lI.e<p 0 pMaI.J.HH

OU 0 v

e -- e
-

xx

-

a X' yy

-

0 Y

H npO)J.H<p<pepeHI.J.HpyeM .rr.BaLK,lI.bI 06e �aCTH nepBOrO H3 3THX .paBeHCTB
no y, a BToporo ---: no x:

02e asu 02e. OS v'
xx

_

'

.. yy =

o y2
-

ax oy2' a x
2

ay ox 2
.

CKJIa.rr.bIBa5I 3TH paBeHCTBa nO�JIeHHO, nO.HyqHM

a 2
e

xx
a 2

e
yy _OS u

+
OS v

_ � [
� u a V

]oy2.
+

0 x
2

-

ax oy2 ayax
2

-

ax ay a y
+

d x
'

av au
HO e

XY

= -

+ -

.

ox ay

0 2
e

xx
a 2

e
yy

0 2

�xy
OO.9TOMY a y2

+
0 x

2
-

Ox ay
·

raKHM 06pa30M, eCJIH 3a,lI.aHbI ,lI.Be JIHHeMHbIe ,lI.e<popMallJIH B .rr.aH-

HOM nJIOCKOCTM, TO 3THM npe,lI.onpe,lI.eJIHeTCH 3Ha�eHHe yrJIa C,lI.BHra B

TOH }Ke nJIOCKOCTH:

5
'

[a
2 a 2

]
\

e
xx

e
yy

e
XY

= I

oy2'
+

ax 2 axay.

AHaJI.orHqHbIM 06pa30M MO:iKHO nOJIyqHTb ,lI.Be ,lI.pyrHe 3aBHCHMOCTH

nepBOM rpynnbI. Hx MOLKHO 3anHcaTb, He npOH3BO,lI.51 BblqHCJIeHHfI, nO.TIb-

3YHCb cnoc060M KpyroBoM nO,lI.CTaHoBKH.

HTaK, nOJIy�aeM TPH 3aBHCHMOCTH nepBOM rpynnbl:

a 2
e

xx
a 2

e
yy

0 2
e

xy
0 2

e
yy

0 2
e

zz
a 2

e
zy

a y2
+

O'X2
==

ax ay
;

0 Z2
-1--

a y2
=

OZ 0 y

a 2
e

zz
0 2

e
xx

iJ2 e
zx

a x
2 +

0 Z2
=

Ox az
. (24)

3aBHCHMOCTH II rpynnbI, T. e. 3aBHCHMOCTH Me�JJ.Y COCTaBJIHIOI.IJ.HMH

.ne<popMaI.J.HH B pa3Hblx nJIOc.KOCTHX [3,' c. 105], MO:iKHO nOJIyqHTb, npo-

BO,lI.5I nO,lI.06Hble npe06pa30BaHHH.
<l>H3HqeCKHM CMbICJI BbIBe,lI.eHHbIX ypaBHeHHM 3aKJIlOqaeTCH B CJIe-

,lI.YIOlI.J.eM. OYCTb TellO MbICJIeHHO pa36HTO ,lI.0 ,lI.e<popMa�HH Ha 3JIeMeH-

TapHbIe 06'beMbI. ECJIH Bce .rr.ecpopMaI.J.HH H C,lI.BHrM 3a,lI.aTb npOH3BOJIb-

HO, T. e. He npHHHTb BO BHH'MaHHe ypa:BHeH,H5I COBMetCTHM'OCTH, TO ,H3

JI.e<popMHpOBaHHbIX napaJIJIeJIenHne,lI.OB He Y,lI.aeTCH CJIO}KHTb CnJIOII1HO-

ro (HenpepbIBHoro) TeJI.a. Me}KJI.y .HHMH nOJIY�HM JIH60 nYCTOTbI, JIH.6c

pa3MepbI O,lI.HorO .rr.eQJOpMHpOBaHHoro .9JIeMeHTapHoro 06'beMa OKaLKYT-

C5I 60JlbIIIe pa3MepOB ,lI.pyrHx 06'beMOB�
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4. CBD3b Me}l{)J.Y )J.e4JopMal\HSlMH
H HanpSl}l{eHHDMH

B TeopHH ynpyrocTH H nJIaCTH�.HOCTH 3aBHCHMOCTb, CBH3bIBalOIlI.aH

.n.e<p0pMaI.J.HH - H HanpH}KeHHH, YCTaHOBJIeHa 9MnHpHqeCKHM nYTeM.

,I:LJIH peII1eHHH 3a,lI.a'll TeopHH ynpyrocTH HCnOJIb3YIOTCH cJIe,lI.YIOllI..He

33'B.HiCHM'OCTM 'M'eLK!JLY KOM!n:OH6H'TaMH TeH3'o:po'B .nelcpo.pMal(MH H Hanp5l-

:>K'elH'HH, ,BbI'p a>K,aIOIllHe 33!KO.H rYKa [3]:
.

1 1)
e

xx =E (ax-m (a y
+ a

z )]; e
xy

=

a "'Xy;

. 1 1
e

yy

=

�
[Gy-m(Gx+G z )); eyz=

�
't

yZ
;

Ie
zz

= - [a
z

- m (a y
+ ax)]; e

zx

==
-

'tzx.
EO}

DpM �nJIaCTHqeCKOH ,lI.ecpopMaII-HH CBH3b Me}K,lI.Y KOMnOHeHTaMH TeH-

30pOB .rr.ecpopMaIIJHH H 'HalnpHLKeHMH HMeeT< 60JIee CJIO>KHbIH BHA. E'CJIH

npeHe6peqb H3MeHeHHeM o.6'beMa OT ynpyroH ,lI.e<popMaI.J.HH, TO 3Ta

CBH3b MO}KeT 6bITb Bblpa}KeHa B TaKOM BH,lI.e [3]:

e == �
[ a - � ( a + a ) ]

.

e == � 't'
.

xx
E'

x
2 y z' xy 0' xy'

.

1

[
I

]
1

e -- a --

( a + a )
.

e ==-'t'.
yy

-

E' Y 2
x z' yz 0' yz'

e
zz

= '�, (G z -+ (Gy+G x )]; ezx;
- �, 'i

zx
.

B 3TMX cpopMYJIaX
E'

G'=

(25)

j (26)

)

(27)
2 (I +m')

TaK K3'K MbI np:H'HHJIH K031<pcptHI.J.'Her�'T DyaocoHa m' = 1/ 2 , TO

Gf ==

E'

3
'

r,lI.e £' -

MOJLYJIb nJIaCTHqHOCTH.

(28)

....

5. nJlOCKOe HanpD}I{eHHOe COCTOSlHHe

H nJlOCKaSl )J.e�opMal\HD

OYCTb JIMHeHHbIe pa3MepbI nOnepeqHOrO CeqeHMH TeJIa MHoro OOJIb-

�IIIe ero pa3M'ep,oB B,QOJIbOCH Z (pH'C. 20, 6) H no KOHTYPY TeJIa napaJI-

JIeJIbHO nJIOCKOCTM nOnepeqHOrO CeqeHHH npHJIOLKeHbI CMJIbI, paBHoMep-
HO pacnpe.neJIeHHble B,lI.OJIb OCH z. Tor,lI.a COCTaBJIHIOIlI.He TeH30pa Ha-

npH}KeHHH a z , Txz, 'tyz paBHbI HYJIIO Ha 06eHX CB060,lI.HbIX OT HarpY30K

nOBepxHocTHX TeJIa. MbI He ,lI.OnYCTHM :60JIbII10H 0II1M6KH, eCJIH npHMeM,
qTO (JzJ 'tyzJ 'txz paBHbI HYJIIO H BO BceM 06'beMe TeJI'a.

B.BH:LI.Y'TOr-O, 'q'TO HanpyaKH, npHJI'O:>KeHHbIe K KOHTYPY T,eJIa, 'paBHOMep-

HO pacnpe,lI.eJIeHbI no ero TOJIIIJ.HHe M pa3MepbI TeJIa B,lI.OJIb OCH Z MaJIbI,
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1\1 ()jI{HO npHHHTb, �TO OCTaJIbHble HanpHLKeHHH (ax.. a y , 'txy) He 3aBMC5IT

1)'1 I{Oop.rr.HHaTbI Z.. T. e. OCTalOTCH nOCTOHHHbIMH no BceR TOJIlI.J.MHe nJIac..'

l'IIIII{H. Pa3MepbI TeJIa B HanpaBJIeHHH OCH Z npH npHHHTbIX .rr.onYlIl.eHH-

H x I-IeCYlI.J.eCTBeHHbI, n03TOMY TOJIII.{HHY nJIaCTHHKH ,lI.JIH Y,lI.06CTBa pac-

q(�TOB 06bI�HO npHHHMalOT paBHOH e.rr.HHHI.J.e. OnHcaHHbIH xapaKTep pac-
II pc.rr.eJIeHHH HanpH}KeHHH Ha3bIBalOT nJI.oCKHM HanpHLKeHHbIM COCTOH-

IIlleM.

PaCCMOTpHM Tenepb Hanp5I}KeHHOe COCTOHHHe TeJIa, Y KOToporo

pa3MepbI B,lI.OJIb OCH ? MHoro 60JIbllIe pa3MepOB ero nonepe�Horo ce�e-

z

y
a

!I
o

POCo 20. CxeMbl IIJIOCKOJl.e4>opMMpoBaHHoro (a) 0 nJIOCKOHanpSl>KeHHOrO COCTOSlHHSI (6)

,HHH (pHiC. 2 1 0, a). TIYCTb ,no KOIHTYP'Y 'fIeJIO HarpYLK,eHo CHJIaMH, .paBHo-

Me.pHO pacnp,e,Z:leJI'eJHHblMH H.nOJIb OCM z H Inep.neH,lI.MIKYJIH'P'HbIMIM K ero

npO,lI.OJIbHOH OCH. B TaKOM; CJIyqae B Cpe,lI.HeH no .rr.JIMHe qaCTM TeJIa ne-

peMelI.J.eHHe Bcex era TOqeK npOMcxo.rr.HT B nJIOCKOCTHX, nepneH,lI.MKYJIHp-

I-IbIX. .rr.JIHHe TeJIa. aTO, 03Ha�aeT, qTO .n.Ba CMe>KHbIX CeqeHM51, ,lI.OCTaTOq-

1-10 y.rr.aJIeHHbIe OT KOH'I.J.OB, OCTalOTC51 nJIOCKHMI1 B TeqeHHe Bce-ro npo-

uecca ,lI.ecf>opMaI.J.HH. TI03TOMY onHcaHHbIM CJIyqaH Ii nOJIyqMJI Ha3BaHHe

OJIOCKOH .rr.e<popMaUHH. B CJIyqae nJIOCKOH .rr.e<popMaUHM pa3MepbI B Ha-

npaBJIeHMH OCH Z He HMelOT 3HaqeHH51. TI03TOMY npH perneHMH 3a.rr.aq 0

Ha:npH}KeHHOM CO/CTOH/HIH'H nJIOCKo.ne<popMHpnB3'H'Horo TeJIa pa.CCMaTp,M-

nalOT KaKOH-JIiI60 ero 3JIeMeHT, 3aKJIlOQeHHbIH Me}K.rr.y CMe}KHbIMM ceqe-

IIHHMH, paCCT05IHHe Me}K.rr.y KOTOpbIMH npHHHMalOT paBHbIM e,lI.HHHI.J.e.

H3 H3JIO}KeHHOrO cne.rr.yeT, �TO npH nJIOCKOH ,lI.e<popMaI.J.HH COCTaB-

J1HIOlIl.He BeKTopa nep'eMelI.J.eHMH U, v HBJIHIOTCH <PYHKUM51MM TOJIbKO KO-

op.rr.MHaT x, Y M He 3aBHCHT OT Koop.rr.HHaTbI Z, COCTaBJIHIOIlI.a5I w paBHa

nYJIIO. Tor.rr.a H3 ypaBHeHHH (19) nOJIyqaeM:

_ �
+

a w
_ O

.
_

au
+

a w
_ O

.

�
raw

e -
- e --

-
- e == - == o.

yz a z a y

,
zx

a z a x

' ZZ
a z

(29)

TI03TOMY Ha OCHOBaHMM BblpaLKeHI1H (25) HMeeM:

T:
yZ

= 0; T:
zx

= 0; a
z

- m (ax + a
y

) == o.

VI3 nlOCJIe.rr.Hero paBeHCTBa �.JIe.rr.yeT, qTO

a
z

== m (ax � ay). (10)
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ECJIH npHHHTb YCJIOBHe nOCT05IHCTBa 06'beMa, TO

1
a

z

=

2 (ax + a
y

). (31)

HOpMaJIblHbIe HanpHLKelHHH az H:M,eIOT Me.CT'O B uonepe-IIHbIX C1eIIeHH-

HX TeJIa H coxpaHHIOT .n.e<popMa[(HIO nJIOCKOH. ECJIH B,lI.OJIb OCII TeJIa

npHJIOLKeHbI paBHOMepHO pacnpe,lI.eJIeHHbIe paCT5IrHBalOlI.J.He HJIH C}KH-

MalOlIl.He CHJIbI, TO ,lI.e<popMaI.J.HH OCTaeTC5I nJIOCKOH. B 3TOM CJIYIIae nep-
Bble )J.Ba H3 COOTHOIIleHHH (29) OCTalOTC51 B CHJIe, a TpeTbe COOTHOIIle-

'HHe npH06peTaeT BH)J. e zz
= con st.

6. AH4J4JepeHII.HaJlbHble ypaBHeHHD paBHoBecHD
v

AJID nJIOCKOH 3aAalfH

BbI.rr.eJIHM H3 CnJIOIIlHOrO TeJIa MaJIbIH 06'beM B BH,lI.e npHMoyrOJIbHO-
ro napaJI.JIeJIennne:rr.a .co .CTopo'HaMH dx, dy, 1 (!PH'C. 2'1, a).

HanpHLKeHH51, KaK OTMeIIaJIOCbB 06lI.J.eM CJIy�ae, ,pa3JIH�HbI B pa3-
HbIX TOqKaX TeJIa, T. e. OHH HBJI51lOTCH <PYHKI.J.HHMH KOOp.rr.HHaT. OTclO.rr.a

'CJIe.rr.yeT, 'IIT'O eCJIH,HanpMMep, :Ha .JI,enOH ,rp,aHH eJIeMeHTa JI.'eH'cTByeT

'Ha�npH}KeHHe ax, TO Ha ,npaBOH rpaHH, O'VCTOHIlI.'eH OT Bee Ha paCCTOHHtHIH'

dx, JLeH'C'TiByeT IHalllp5!LKeHHe ax+da x . 3aJI.aIIa nJI'OC'KaH, n03ToM'y 'Haln.pH-

>KleHHH H'BJIHIO'f1CH <PY'HKI.J.HH'MH TOJIbKO K'Oop�IHHaT x, y. TIepexoJ( -aT JIe-

'BOH nJIOIIJ.a.nKH K np a!BOH 6Y.LI.e:M ,OCYIIJ.eCTBJIH'Tb T,aK, 'IIT06bI KOOpJ1:
'

HHa'Ta

y OCTaBaJIa.Cb HeH3M-eHHOH.

B TaKOM CJIyqae nepeMeHHOH 6y.rr.eT JIHIIIb KOOp.rr.HHaTa x. n03TOMY
a ax

dO' ==

a
dx.

.

x x

n pH 3TOM npHpaJ.I(eHHH HanpH:>KeHHH ay� 'txy H 'tyx TaK}Ke OKaLKYTCH

(PYHKI.J.HHMH TOJIbKO OLLHOH H3 KOo.p.rr.HHaT: x HJIH y.

nOJIaraH, qTO Te.JJO Haxo.rr.HTC5I B paBHOBeCHH, H npoeKTHpYH Bce

CHJIbI Ha OCH x, y, nOJIyqHM CJI,e,lI.YIOIIU1e. paBeHCTBa:

(ax + �:x dx) dy-axdy+ ('C xy
+ aa";Y dY) dX-'CXydx

= 0;

(a y
+ iJaIJ; dY) dx-aydx+( 'C

XY
+ aa":y dx) dY-'CXydy=O.

OTCIO.rr.a nOCJIe 3JIeM�HTapHbIX npe06pa30BaHHH 6y.rr.eM HMeTb:

aa
x

a't
XY

== o.
aa

y a"XY
= 0

ax
+

ay
,

ay
+

ax
.

3TH paBeHCTBa HOCHT Ha3BaHHe �H<p<pepeHI.J.HaJIbH�X ypaBHeHHH paB-
HOBeCHH .rr.JIH nJIOCKOH 3a.rr.aqH B npHMoyrOJIbHbIX KOOp,lI.HHaTax.

PaOC-M'OTPH'M Tenepb Y'CJIOB'HH paBHOBeC-H5!. .9JIeMeHTapH'O�O 06'beMa :B

I.J.HJIHH.rr.pH�eCKHx KOQp.rr.HHaTax .rr.JI51 CJIy�aH nJIOCKOH 3a.rr.aqH. Ha .pHC.

21, 6 nOKa3aHa CHCTeMa Hanp51LKeHHH, .rr.eHcTBYIOIlI.HX co CTOpOHbI OT-

'opoIIIeHHoH 'lIaCTH TeJIa Ha 3JIeMeHT 06'beMa, nonepe�Hoe CeqeHHe KO�

TQPo.ro npe!.l(,cTaBJI5IeT C-060H InJIOlI.J.aJ(KY abed H TOJIlI.J.H'Ha paBHa e.nHIHH-

n.e.

(32)
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I 6f/

0 7:rU
x-

lXf!
- d:r -

6x � 6 +
o6 x

x
o:r

iJ lxfj .

-
'[xy+ ox

dx
-

tJr.r!/
rIg +

O!/
d!/

w 06!1 0

ax

Y 6y +

oy
dy

-.. (fB

_____-r'
- )

6

�,08
�'

J �B
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dB
--

2

06

Gp1-T d P

OTpe
�

. 'fpe+ op
a/�

C

'P8��
d8 t78

IJ

06 0
O B

+- d8
dB

PHC. 21. HanpSI>KeHHSi Ha rpaHSlXj nnOCKoro 3J1eMeHTa B npSlMoyroJlb-
HOK (a) H �HJlHHnpHqeCKOA (6) CHCTeMax KOOPAHHaT

DpHHHMaH BO BHHMaHHe, �TO 3a.naqa nJIOCKaH H �TO npH nepexo.n.�

Me}K.lI.Y CMe}KHbIMH nOBepXHOCT51MH, OrpaHHqHBalOIU.MMM 3JIeMeHTapHbIM
06'beM, H3MeHHeTCH TOJIbKO O.lI.Ha H3 KOOP.lI.HHaT, H CYMMMPYH BCe YCM-

ClTJ.H5I, .lI.eHCTBYIOIIJ.He Ha 3JIeMeHT b6'beMa B pa.lI.HaJIbHOM HanpaBJIeHHl:f,

nOJIY�HM:

(
aa

) (
oa.

)
d6

crp+-.J:. (p+dp)de-cr pdS- .cr +
0

de dpsin--
\ ap

p 0 06 2

de

(
0';

)
dO d6

- a
o

d p .sin 2 + . 't'po +
0 �o de d p cos

2
-

't'po
d p cos

2
== 0 0
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OOCJIe npMBe,lI.eHHH nO,lI.06HbIX qJleHOB nOJIY�HM:

aa
p

G
p

d6dp+
op

dpd6 (p+dp)-2a
a

.dp sin

a (]
0 ..

d fJ a 't
FO

d 6
-

--a6
d 6 d P SIn

2 + a6
de d p cos

2
= o.

dfJ
--

2

. dfJ dfJ dfJ

nOJIaraH, �TO SIn - �
-, 'COS - � 1, 'npeHe6peraH 6eCKOHeqHO

2 2 2

MaJIbIMH ,BblCIlIHX nopH;llKOB IH eOKpaIl.{,aH MHO>K,HTeJIb dpd8, npHxo.rr.H'M K

ypaBHeHHIO:

a (]
p

a 't
pa

a
p
+ p

ap
-

aa' +
a fJ

== O.

TaKHM }Ke 06pa30M MO}KHO TIOJIY'lIHTb BTopoe ,lI.H <p<pepeHI.J.M aJIbHOe

ypaBHeHHe paBHOBeCHH ,lI.JIH 3JIeMeHTapHoro 06'beMa B I.J.HJIHH,lI.pHqeC-

KMX KOOp,lI.HHaTax. OKOHqaTeJIbHO TIOJIyqHM:

a (j
P + � 0 't

PO
(j

P

-

0'0
_ o. �

a (j
a

a 't
PO

2 't
pa

== 0
a.p p a fJ

+
p

-,

p a 6
+

a p
+

p'

· (33)

B 'c<pepHqeC�HX KOop.nH!HaTaX (-PH'C. 14, 2) n'pH HaJI'HqHIH ooe:nOH CHM-

MeT.pHM 'HanpH}KeHHH He 3aBH'CH'T OT KOOPJLHHaTbI <p H M,OLKHO npHH5ITb,

QTO C,lI.BI1rM ep<p
== e8cp ==D. B caMOM ,lI.eJIe, ,lI.u<p<pepeHII:HaJIbHble ypaB-

HeHHH paBHOBeCMH ,lI.JIH CJIyqa.51 oceBOH CHMMeTpI1M HanpH}KeHMH MO}KHO

HanMcaTb B TaKOM BH,lI.e:

a (j pIa 't
PO

1
'.

ap
+

P a 6
+

p
[(a

p

-

aa) + (a
p

-

a<p) + 't'pa ctg 6] = 0,

(34)
1 O(j a't 1

- �
+

PO
+ _ [2't' + 't' + (a - a ) cig 6] = O.

p a fJ a p p PO PO 8 q>

OTCIO,lI.a CJIe,lI.yeT, qTO eCJIH

(a
p

-

Gq» + 't'p8 ctg 6 == 0; 't'p�+ (aa
�

aq» ctg 6 == 0, (35)

TO ypaBHeHHH (34) CBO,lI.HTC51 K ypaBHeHHHM paBHOBeCH51 (33) B I.J.HJIHH-

,lI.pMqeCKOH CHCTeMe Koop,n:HHaT.

7. YCJlOBHD Ha KOHType )J.JID nJlOCKOH 3a)J.alfH

ECJIM TeJIO, nO,lI.BepralOlI.J.eeCH TIJIOCROH ,lI.e<p0pMau.HH, pa3,lI.eJIHTb Ha

MaJIble 06'beMbI, TO y caMOH nOBepXHOCTH nOJIy�alOTcH 06'beMbI, OTJIH'lI-

HhIe no <popMe OT Ky6a MJIH napaJIJIeJIenHne,lI.a (pMC. 22). 3TH KpaeBble
06'beMbI B CJIyqae nJIOCKOH ,lI.e<popMaI.J.HH npH6JIH}KeHHO npHHHTbI 3a

np1H3MbI, n'onepeIIHoe ceII'e.HMe KOTOpbIX npe.n.craBJIHeT e060H TpeyrOJlb-
HHK (�pH'C. 2.3, a). Ha HaKJIOHHYIO r.paHb dF np,H3MbI .neH,cTBYIOT BHelll-

IHM'e C'HJIbI, nOJL BJIHH!HHeM KOTO'PbIX Ha 3TOH rpaHH B03HHKaeT HalnpH-
-+

:>KleHHe pn C ,HanpaBJIeHHeM B 06Il.{e.M ICJIYIIae, OTJlM'qHOM OT HanpaBJIeHHH

HOpMaJIM n. Ha1npH:>KeHHH, .n , eH'cTIBYIOI11.Me Ha JLBYX JL.pyrM'x rpaH51X
np.H3MbI, M3-06pa}KeHb� Ha pac. 2G, a. C;OCTaBJIHIOIIJ.Iue BeKTopa HanpH-

)KeH,HH pn no 'OCHM KOopJLHIHaT 0603-HaIIHM IIepe3 px 1M py.
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PHC. 22. CxeMa K BLIBO.D.Y ypaBHeHHA COBMeCTHOCTH

6y

Ty�

y y
Ifa

PHC. 23. CHCTeMa CHJI, AenCTBYIO�HX Ha sneMeHTapHLIA 06'LeM Y nOBepxHocTH (a) H( BHYT-

pH Te.na (6) npH n.nocKoff Ae4>opMal.{HH "--- /

x
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OpoeKTHpyf.I Ha OCH KOOp,lI.HHaT BHellIHHe H BHYTpeHHHe CHJIbI,

.z;r.eMoC'TB'YlOrnylO .Ha 3JI,eMeHTapHYIO InpH3MY, H 'COKpamaH o6e qaCTM

yp3'BHelH'�H H-a dF, rrOJlyqH'M ,cJle..n.YlOrnHe ypaBHeH'H5!:

- /'..

I (36)
Px

=

ax cos (n, x) + "xy cos (n, y);
- -

P
y

=

"Xy cas (n, x) + a
y

cos (n, y).

- -

3.rr.eCb (n, x), (n, y) --

yrJIbI Me:iK,lJ.Y HOpMaJlblO n H OC5!MH x, y.3TH
u u

paBeHCTBa HOC5!T Ha3BaHHe YCJlOBHH Ha KOHType ,lJ.Jl5! nJIOCKOH 3a,lJ.aqH.

OHH BbIpa:iKalOT B 06rneM BH,lJ.e CB5!3b, KOTOpa5! cyrnecTByeT Me:iK,lI.Y

BHYTpeHHHMH H BHeIllHHMH CHJlaMH Ha rrOBepXHOCTH, OrpaHHqHBalOrneM
TeJIO, rrO,lJ.BeprHytoe rrJIocKoii ,lJ.ecpopMa�HH HJlH HcrrbITbIBalOlI(ee rrJloc-

Koe Harrp5!:iKeHHOe COCT05!HHe. .

8. HOpMaJIbHbIe H KaCaTeJIbl:l�Ie HanpSl}l{eHHSI
t.t _

Ha HaKJIOHHOH InJIow:a�Ke

<I>OPMYJlbI, rroJlyqeHHbIe B rrpe,lI.bI,lJ.yrneM naparpacpe, MO:iKHO npHMe-
HHTb He TOJlbKO .rr.JI5! Toro, qTo6bI YCTaHOBHTb.� ;CB5!3h. 'Me:iK.rr.y .BHelIIHHMH

Ii BHYTpeHHHMH CI1JIaMH. �TH <POPMYJIbI -M'O�.:HO HCrrOJIb30BaTb TaK:iKe

JI.Jl5! 1'or , o, tIT,06bI onpe.rr.eJIHTb �I:I,opMaJIbH,Oe H' K'aCa'TeJIbHOe Ha.np5!:>KeHM5!

Ha nJIOIII.a,lJ.Ke, rrpoxo.rr.f.I�eH HaKJIOHHO'� OC5!M KOOp.rr.HHaT, eCJIH M3BeCT-

HbI Harrp5!:iKeHH5! ax, a y , (Jz, Ha ,lJ.BYX ,lJ.pyrHx rrJlO�a,lI.Kax, napaJIJleJIb-
HbIX OC5!M KOop,lJ.HHaT x H y. "_

BbI.rr.eJlHM H3 CnJIOlIIHOrO TeJla KaKYIO-JIH60 TOqKY 0 H rrpOBe.rr.eM B

ee OKpeCTHOCTH ,lJ.Be B3aHMHO nepneH,lJ.HKYJlf.lpHbIe rrJIOIII.a.rr.KH OB HOC,

napaJIJIeJIbHbIe Koop.lI.HHaTHbIlVI rrJIOCKOCT5!M. llpOBe.rr.eM TaK}l{e HaKJIOH-

HYIO rrJlOrna.rr.KY, npoxo.rr.5!III.YIO qepe3 TOqKH B 'H C' (pHC. 23, 6). ECJIH

nOCJle.rr.OBaTeJIbHO YMeHblIIaTb pa3MepbI 3JIeMeHTa, TO B npe,lI.eJle Mbl

npM.rr.eM B TOqKY 0 TaK, qTO Hanp5!:iKeHHe Ha HaKJIOHHOM nJIOIII.a.rr.Ke BC

6Y,lJ.eT npe,lJ.CTaBJI5!Tb C060M Hanp5!:iKeHHe 'Ha nJIO�a.rr.Ke, npOBe.rr.eHHOM
qepe3 TOqKY 0 Ha.rr. HeKOTopbIM yrJIOM K OC5!M Koop.rr.HHaT. CaCTaBJIf.lIO-

III.He HanpH:iKeHH5! pn, .rr.eHCTBYlOrnero Ha HaKJIOHHOM �paHH BC, TaK )Ke

KaK H paHee, 0603HaqHM Qepe3 px H Pv. CJIe,lJ.yeT TOJIbKO HMeTb B BH,lJ.y,
qTO B paCCMaTpHBaeMOM CJIyqae BeKTOp. Hanp5!:iKeHH5I Hero COCTaBJI5!1O-

lI(He npe.rr.CTaBJIf.lIOT C060M. y)Ke He BHelIIHHe no OTHOllIeHHIO K TeJIY B

u.eJIOM, a BHYTpeHHHe CHJIbI, nOCKOJlbKY 3J1eMeHTapHa5! npH3Ma BbI.rr.e-

JleHa BHYTPH TeJIa.
.

. .�

.0603/HaqHM 'qepe3 a y:rOJI Me:>K',lJ.Y 'H,op'MaJIblO n H O'CblO x. Tor.rr.a, cor-

"TIaCHO cpopMYJIaM (36), COCTaBJl5!1OIII.He Hanp5!:iKeHH5! no, OC5!M KOOp,lI.H-
HaT 6Y,lJ.YT Bblpa)KaTbC5! B BH,lJ.e:

P == a _ cas a + 't' sin a;
x x xy

P
= 't' cas a + (J sin a;

y xy y

OQeBH,lJ.HO, qTO HOpMaJIbllaf.l H KaCaTeJIbHa5! COCTaBJIf.llOrnMe BeKTopa

Hanp5!:iKeHHf.I, .rr.eMcTBYlOrnero Ha nJlOrna.rr.Ke BC, 6y.rr.YT paBH'bI:

a
n

=

P
y

sin.a -� Px cos a; ,,== P cos. a � P , sin a,
n y

-

x .,
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I I O,lJ.CTa BJI 5151 CIO,lJ.a BeJlHIIHHbI Px H py, nOJlYIIH'M
/"

a
n

= (J
x

COS2 a + (J sin 2
a + 2 't' sin a cos a;

y . xy

" = 't'
( COS

2
a - sin 2

a ) + ( a - a ) sin a cos a
n xy .

y x } (37)

H nOCJIe HeCKOJlbKHX HeCJIO}KHbIX TpHrOHOMeTpHqeCKHX npeoopa30Ba-
HHH:

C1
x + a

y
a

x

- a
y

(J
n

=

2 +
2

cos 2 a + 't'xy sin 2 a;

(38)
a -C1

't' = -

x

2

y
sin 2 a + 't' cos 2 a.

n xy

9. .lI.H4J4JepeHL(HaJIbHbIe ypalJHeHHSI paBHoBecHSI
t.t

If YCJIOBHSI Ha IKoHType �JISI TpexMepHoH 3aAaI.JH

5Y,lJ.eM CqHTaTb, qTO TeJIO Haxo.rr.HTCH B paBHoBecHH. Tor.rr.a, corJIac-

HO YCJlOBH5!M CTaTHKH, cYMMa npOeKII.HH Ha OCH x, y, Z Bcex CHJI, .rr.eHCT-

BYIOInHX Ha 3J1eMeHT, paBHa HYJlIO. HanpHlVIep, Ha pHC. 24
..

nOKa3aHbI

tHCe 'CHJIbI, .rr.eirCTBYIOInIHe H a 3JI ' e-

MeHT, UpOeKII.H;H KOTOpbIX Ha OCb x l

OTJI.H'q�HbI ,OT HYJIH. 'C'Y'MMa rrpoeK-

�IHH 9THX C'HJI

", a't
yX

't'xy
-

Txy = d Txy
=

a y
d y;

"
.

' a 't
zx

't'xz
-

't'xz ==

-az
d z.

", ",

«(Jx - ax) d y d z + ('t'XY - '{Xy) dxdz +
" ,

+ ( 't'xz
- "xz) d x d y

== 0,
HO

'" aa
x

(Jx-ax==da x
=

ax
dx,

PHC. 24. CxeMa K BbIBO.n.y ypaBReHH:t
paBHOBec.HSI .n.nSl TpeXMepHoA sa.n.a1lH

AHaJIOrHqHbIe COOTHOllIeHH5! nOJlyqHM, npOeKTHpY5! BCe CHJlbI Ha OCH

y H Z. llpOH3BO,lJ.5! HeOOXO.rr.HMble nO,lI.CTaHOBKH H COKpaIII.eHHH, nOJIyqHM
TaKHe Tp:H .lLH<p'<pepeHII.HaJIbIHbIX YlpaBHeHHH pa.BHOBeCHH

a a
x

a ,;
xy

a 't
xz

.

a 't
yx

a a
y

a 't
yz

iJ x
+

ay
+

a z

= 0,
iJ x

+ a y
+ a z

== 0;

a,;
xz

a'r
yZ

a a
z

(39)
iJ x

+ a y' + az
= o.

ECJlH pa3,lJ.eJIHTb Bce .n.ecpopMHpyeMoe TeJlO npOH3BOJIbHOH cpOpMbI Ha

3JleMeHTapHbIe oeCKOHeqHO MaJIbIe OO'beMbI, TO y caMOH nOBepXHOCTH

nOJlyqaTC5! OO'beMbI, OTJIHqHbIe no cpopMe OT Kyoa HJIH napaJIJIeJlenH-
ne,lI.a. 3TH KpaeBble 06'beMbI lVIO}KHO npHH5!Tb 3a TeTpa3,lI.pbI. Ha HaK-

JIOH.HYIO rpaoHb dF TeTpa3J1Jpa (-p,HIC. 22) .rr.eH'cT'BYIOT HHellIHHe :CHJlbI, a

Ha OCTaJlbHbIe -

BHYTpeHHHe.
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OpoeKTHPY5! BCe CHJIbI Ha OCH KOOp,lJ.HHaT, n9 J1 YQHM:

- - -
1
{

J
(40)

- - -

Px
==

(Jx cas (n, x) + 'C
Xy

cos (n, y) + 't'xz cos (n, z);

Py
=

't'xu cos (n, x) + cry cos (n, y) + 'C
yz

cas (n, z);
/'-.. - -

Pz
=

't'xz cos (n, x) + 'C
yz

cos (n, y) + O'z cos (n, z).

3TH COOTHOllIeHH5! BbIp3}Ka1OT CB5!3b Me}K.rr.y BHYTpeHHHMH CMJI3MH
u

B03J1e nOBepXHOCTH, -orpaH'HqHBalOrneH T.BepAoe TeJ1'O, H BHellIlHHMH CH-

JI3MH, .rr.eHCTBYlOrnHMH Ha 3TOH nOBepXHOCTH.
AH3JIOTHqHbIM nYTeM MO)KHO nOJIyqHTb .rr.H<p<pepeHJJ.HaJIbHbIe ypaB-

HeHIHH pa.BIH'OBeCH5! ..n.JI5! ,T.peX'Me.pIHOH33,lJ.aQH B I.(HJI,HH.rr.pHlIeeKOH cnCTe-

Me KOop,lJ.HHaT:

oa
p

1 o't
po

o't
pz

a
p

- a
o .)

- + - + + -0
op p 06 oz p

-,

o't
po

loCJ
o

o't
pz 2't'po l

ap + p "(IT + az +
p

= O. f (41)

o 't
p z

1 01
0 z

-1-

0 a
z

't
p z Jap

-1-
P a {}

I

0 Z
+ p

== O.

10. fJIaBHbIe HanpH}I{eHHH

OYCTb B HeKoTopoH TOqKe- N CnJlOIliHOrO TeJIa no HeKoTopoMY H3-

rrp3BJIeHiHIO .rr.eHcTByeT IlloJrH91e 'HanpH}Ke.HHe pn (pHC. 25, a). OpO'Be.rr..eM
qepe3 .rr.aHHYIO TOqKY' TPH B3aHMHO nepneH,lJ.HKYJI5!pHbIe nJlOrna,l(KH,

HOpMaJl5IMH K KOTOpbIM 5!BJI5!1OT�5! OCH X, y, z.

i
� 6 //i\J / /

/// \
/'

/ \
\

/ Pn
\

\ 6 ,

\ / /'

/ / /

f/' /

\ /
\

Y\
x \ ,./

/

\ / If
/

-'

a

PHe. 25. CxeMa K onHcaHHIO HanpH>KeHHOrO COCTOHHHSI:

a - B npOH3BOJlbHO BbI6paHHoA j CHCTeMe KoopJJ.HHaT; 6 - B .rJlaBHblX OCHX
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BeKTOp Pn nOJIHOrO HanpH1KeHHH B TOtIKe MO>KHO npe,lJ.CTaBHTb B BH-
u

.n.e reOMeTpHqeCKOH CYMMbI TpeX BeKTOpOB px, py, pz M paCCMaTpHBaTb

nOCJIe.lI.HHe KaK nO.TIHble Hanp5!)KeHH5!, JI.eHCTBYIOIIJ.He Ha ynoMHHYTbIX

n.nOrna,lI.KaX. l\.a}KJI.bIH H3 BeKTOpOB px, py, pz nOJlHOrO HanpH}KeHHH Ha

,..1J,aHHOH nJIOIII.a.n.Ke eCTb reOMeTpHqeCKaH CYMMa ero npOeKII.HH Ha

OCH KOop,lJ.HHaT. O.lI.Ha H3 3THX npOeKII.HH eCTb HOpMaJIbHaH
COCTaBJIHIOIIJ.a51 nOJIHOrO Hanp5!}KeHH5! Ha nJIOIIJ.a.n.Ke, a ,lJ.Be ,lI.pyrHe-
KaCaTeJlb�HbIe c-OCTaBJIHlOrnlHe T.oro )K,e Halnp5!)KeHHH (OM., Ha,npHMe.p,

px Hero illpOeKII.HH O'x, 'txy, 't'xz Ha pHC. 2:5, a).

,lJ,onycTHM, qTO MbI H3MeH5!eM Han.paBJIeHHe oceH KOOpJI.HHaT H no-

JIO)KeHHe HOpMaJIbHbIX K HHM nJIOrna,lJ.OK TaK, qTO HanpaBJIeHHe OJI.HOH

,H3 DceH KOOp.lI.HHaT (HanpMIMep,' Nx) COBM1eIII..aeTCH C H�'npaBJIe.HHeM

BeKTopa nOJIHOrO Hanp5!}KeHH5! px Ha .n.aHHOH nJIOIIJ.aJI.Ke. B TaKOM CJIY-
qae Kaca-TeJlbHbIe COCTaBJl5!IOrnHe nOJIHOrO HanpH)KeHHH px, 0003HaqeH-

HbIe Ha qepTe:>Ke qepe3 LXY' LXZ, OOpaT5!TCH B HYJlb. Ho, COrJIaCHO 3aKO-

HY nap-nOCTH, Ka.ca T'eJIb'HbIe H alrrp H}KeHHH LXY
=

't'yx H LXZ
= LZX. T aKHM

o'6pa3'OM o6.paIII.aIOTC5! B IHYJIb H KaCaTeJlb'HbIe 'H3'rrp5!}K-e'HH5! LyX, LZX.

l)'OJIee CTp'oroe 06CJIe)J.OBa,HHe (e-M., HanplHMep, [3]) InoKa3blBaeT, liTO

npH 3TOM o6parn,alO'DCH B H'YJlb H 'OCTaJlblHbIe ..n.Ba "K'OM'nOHeHTa J'1eH3'Opa

Han.p5!}KeHHH: LYZ=LZY=.o. 113 3TO:rO CJIeJI.yeT, qTO nOJlIHbIe HanpH)KeHHH

Px, Py, pz B3aHM,HO nepne H .n. H1K YJI5!:pHbI.
TaKHM oopa30M, npH BbI6paHHOM HaMH cnocooe nOBopOTa oceM KO-

0p.lI.HHaT BeJI Hq.HH bI InOJlHbIX 'HanpH}KeHHM px,' py, pz OKa)KYTCH qHC-

JIeHHO paBHbI HX HOpMaJIbHbIM COCTaBJJHIOIII.HM, KOTopbIe .lI.JI5! 3Toro CJIY-

lIaH 0003Ha-qHM lIepe3 0'1, 0'2, 0'3 (p'HrC. 2'5, 6).
BeJI'HqUHbI 0'1, 0'2, 0'3 Ha30BeM rJI3'BHbIMH Han�p5!}KeHHHMH. Harrpa'B-

JIeHHH, no KOTOpbIM .lI.eHIC''DBYIO'T rJI3'BHbIe H.arrp5!}KeHH5!, Ha3bIBalOTCH

rJIaBHbIMH Hanpa'BJleHIHHMH HJIH rJIalBHbI'MH OCHMH TeH30pa HanipH)KeH-

Horo COCTOHHHH.

B !laJIbHeHlIIeM npHMeM, liTO 0'1 >-.0'2 >- 0'3.

B03bMeM Tenepb CHOBa HeKOTOpylO TOqKY N CnJIOlIIHOrO TeJIa H npOBe-

.n.eM qepe3 Hee rJiaBHbIe OCH 1, 2, 3.

B TOqKe N JI.eHcTByeT nOJIHOe Han!?5!)KeHHe pn. 3TO HanpH}KeHHe

MO)KHO BbIpa3HTb qepe3 ero COCTaBJl5!1OIII.He no rJIaBHbIM OCHM PI, P2, P3.

OpOBeJI.eM qepe3 TOqKY N HaKJIOHHYIO nJIOIIJ.aJI.KY C HOpMaJIblO n� IlpH-
MeHHH JI.JIH 3TOH nJIOIIJ.a,lI.KH cpOPMYJIbI (40), nOJIyqHM:

"" "" ""

PI
==

0'1 cos (n, 1); P2 == 0'2 cos (n, 2); P3 == 0'3 cos (n, 3).

MO}K'HO Hannca'Tb ,CJI,e.n.ylOII1.YIO CBH3b M,e:>KJI.Y .lI.JI'HHOH BeKTopa pn H.

ero InpOeKIl.HHMH:

Pn
= V pi + P� + P� = V ai COs

2 (n,'"!) + a� COs
2 (n. 2) + a�cos20, 3).

113 3Toro BbIpa)KeHH5!' CJIe,lJ.yeT, qTO npH H3MeHeHHH yrJIOB Me)KJI.Y HOp-
fvIaJIblO H rJIaBHbIMH OC5!MH, T. e. npH H3MeHeHHM HaKJIOHa nJIOIII.a.lI.KH�

113MeHHeTC5! BeJIHqHHa H HanpaBJIeHHe nOJIHOrO HanpH}KeHHH, .lI.eHCTBY-
IOl1J.erO B TDlIKe N Ha 3TOM rrJIoIII.a,!J.Ke.n:llpH .3'TOM K.QIHeII. paJ!.'Hy,ca-'BeK-
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Topa pn (>YJI.eT. OnHCbIBaTb HeKOTOpylO nOBepXHOCTb, BH,lJ. KOTOpOM onpe-

.aeJIHM H3 YCJIOBHH (40):
.

- - -

PI/a l
== cos (n, 1); P2/a2 == cos (n, 2); ps/a s

== cos (n, 3).

B03Be,lJ.eM B KBa.rr.paT npaBYIO H JIeBYIO qaCTH 3THX paBeHcTB H CJIO}KHlVJ

HX nOqJIeHHO. OOJIyqHM:

( :lJ +( :: Y+ (:: Y=1.
3TO -lnaBe!px;H'OCTb IHa ' np5liKeHHH HJIH !3JIJI,H 1 nCOHJI. ,Harrp5!}Ke.HHH
(puc. 26, 6). B OIlHcaHHOM CJI'yqae H3M,eHeHHe BeKTopa pn n.pOH'CXO.rr.H-

JIO 3a .CqeT H3'MeHeHH5! n'OJIO}KeHH5! 'flJIOrna,lJJKH.

1

/

If

PHC. 26. nOJIIJoe HanpsuKeHHe B TOtzKe Hera COCTaBJIHIOll{He no. OCHM (a) H SnJIHn-

COH)J. HarrpHmeHHA (6)

,lJ,onYCTHM Tenepb, qTO MbI H3MeHHe�I BeJlHqHHY BeKTOpa pn 3a CqeT

H3MeHeHH5! BeJlHqHHbI BHellIHHX HarpY30K Oe3 H3MeHeHH5! H X HanpaB-

"TJeHH�. OpH 3TOM COrJIaCHO cpOpMYJle Pn
= V p� + P� -1- P: 6Y,lJ.YT

H3MeH5! TbC5! H BeJIHqHHbI Pl� P2� P3.
........... ........... -

,lIaJIee PI = a1 cos (n, 1); P2
== a 2 cos (n, 2); P3 = as cos (n, 3).

�

OpH ,lJ.aHHOM yrJIe M:e}K,lJ.Y HOpMaJlblO n H ,rJIaBHbIMH OC5!MH 3TO (5y-
)LeT 03 l HatIaTb, qT,Q '6YJI.YT H3M , eH5ITbC5I nOJIYOCH 3J1JI'H l nCO HJI. a

,
T. e. BeJrH-

qHHbI fJIaBHbIX Hanp5!)KeHHH at, a2, 0'3. llOJIyqHM ceMeHCTBO 3JIJIHnCOH-

,lJ.OB, BCTaBJleHHbIX OJI.HH B ,lJ.pyrOH. ECJlH nOJIO}KeHHe B npOCTpaHCTBe
OCeM 3J1JIHIlCOH,lJ.OB OCTaeTC5! HeH3MeHHbIM, TO TaKoe HarpY}KeHHe Ha-

3bIBaeTC5! npOCTbIM. 3TO 6bIBaeT Bcer,lJ.a, Kor,lJ.a Bce HarpY3KH B03p�C_
TalOT npOnOpII.HOHaJIbHO O,lJ.HOMY oorneMY napaMeTpy, a HX HanpaBJIe-
HHe He H3MeHHeTC5!. ECJIH 3J1J1HnCOH,lJ. nOBepHeTC5!, TaKoe HarpY}KeHHe
Ha3bIBaeTC5! CJlO}KHbIM.

Pa3JIHqalOT .n.eBHTb cxeM rJIaBHbIX Hanp5!LKeHHH: .lI.Be JIHHeHHbIe,

TPH IlJIOCKHe H qeTbIpe OO'beMHbIe (pHC. 27,. a). OT cxeMbI rJIaBHbIX Ha-

np5!}KeHHH 3aBHC5!T MeXaHHqeCKHe CBoMcTBa (xpynKocTb H nJIaCTHq-
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1I0CTb) nO,lJ.BepraeMOrO <?Gpa60TKe TeJIa HerO conpOTHBJIeHHe .n.e<pop-
Ma�HH.

_

Ha OCHOBaHHH H3JIO}KeHHOro BbIllie Tenepb MO}KHO ,lJ.aTb HeCKOJIbKO

GOJIee IlIHpOKoe TOJIKOBaHHe rrOH5!THIO TeH30pa HanpH}KeHHH: TeH30p
u

nanp5!}KeHHH eCTb cOBoKynHocTb BeJIHIIHH, KOTopbIe xapaKTepH3YlOT

a

a

PHC. 27. OCHoBHhIe cxeMhI rnsBlfbIx HanpSJ>KeHHA (a) H rJIaBHbIX JJ.ec1>opMa�HA (6)

HanpH}KeHHOe COCT05!HHe B ,lJ.aHHOH TO"llKe TeJla no JIIO�60MY HanpaBJIe-

!HHIO. ITp,aq-eM KOMIUOHeHTbI TeH:3'opa ,npH nOBopOT.e K'Oop.n.H'Ha'T rrp.e06-

pa3YlOTC5! no onpe,lJ.eJleHHOMY 3aKOHY.

Ha nepBbIM B3rJI5!,lJ. MO}KeT nOKa3aTbCH, "liTO B IrJIaBHbIX OC5!X Hanp5!-'
}KeHHOe COCT05!HHe xapaKTepH3yeTC5! TOJIbKO TpeM5! BeJIHIIHHaMH: 0'1, 0'2,

0'3- O,lJ.HaKO TaKoe YTBep:>K,lJ.eHHe GbIJIO ObI HenpaBHJlbHbIM. ,[LeJlo B" TOM,
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qTO .lI.JIH nepeXO.lI.a K rJIaBHbIM OCHM HY>KHO 3HaTb HX HanpaBJIHlOrnH�

KOHYCbI. TaKHM OOpa30M, B rJIaBHbIX OCHX Harrp5!:>KeHHOe COCTOHHHe B

CaMOM 06III.eM BH.lI.e XapaKTepH3yeTC5! llleCTblO BeJIHqHHaMH TaK }Ke,

KaK 3TO HMeeT MeCTO H B rrpOH3BO&TIbHO BbIOpaHHbIX OC5!X. OTJIHqHe 3a-

K.TnOqaeTC5! B TOM, qTO B npOH3BOJIbHbIX OC5!X Hanp5!}KeHHOe COCTOHHHe

3a.n.aeTCH rneCTblO COCTaBJIHlOrnHMH HanpH}KeHH5!, a B rJlaBHbIX OC5!X-

TpeMH COCTaBJIHlOrnHMH Hanp.5!:>KeHHH. H TpeMH HanpaBJIHlOrnHMH KOCH-

HycaMI1.

Ilepexo,lJ. OT npOH3BOJIbHO BbIopaHHbIX oceR K rJIaBHbIM OC5!M B CJIY-
llae TpeXOCHoro HanpH:>KeHHOrO COCTOHHHH ocyrneCTBJI5!eTC5! npH nOMO-

I..UH cpOPMYJI (40). ,lJ,JIH cJIyqa5! nJIOCKOH 3a.rr.aqH TaKoR nepexo,lJ. y.rr.oo-.
Hee oCYIII.eCTBJIHTb npH nOMOIII.H cpOPMYJI (37) H (38). ,LLeJIae,TC5! 3TO

CJIe.rr.YIOIII.HM 06pa30M. BbIoepeM rJIaBHbIe OCM TaK, qTOObI OHH COBna.n.a-

JIH C HanpaBJIeHHeM oceH x� y. OpH 3TOM AX =

0'1; O'y
== 0'3; 'txy

= 0, 11

CPOPMYJIbI (37) npH06peTalOT BH.rr.:

(J
n

== 0'1 cos
2

(l + 0'3 sin 2
a;

a s
- a t

'Tn
= sin 2 (l.

2

IlpHpaBHHBa5! rrpaBbIe qaCTH 3THX CPOPMYJI H (37) HJIH (38)
TeM pa3perna5! nOJIyqeHHbI e paBeHcTBa, oY ,lJ.eM HMeTb:

ax+a y
1

V
9 2

0'
1 ,3

== -f- -

( 0' - 0' )
...

+ 4 't
2

-

2 x y xy
.

H 3a-

(42)

1 I. MaKCHMaJIbHbIe .KacaTeJIbHbIe HanpSl}l{eHHSI

BbIllie ObIJIO nOKa3aHO, qTO Ha 3JIeMeHTapHbIx nJIOma,lJ.KaX, I:I0P-
lVlaJIbHbIX K rJIaBHbIM OCHM, KaCaTeJIbHbIe HanpH)KeHHH paBHbI HYJIIO.
Ha Bcex OCTaJIbHbIX nJIOrna.rr.Kax KaCaTeJIbHbIe Hanp5!>KeHH5! OTJIHqHbI

OT HYJI.H. TIp'H 3TOM Ha 'lip ex B3aH'M'HO

rreprreH.il.HKYJIHpHbIX InJJOrna)1.,KaX, ,U.e-

JIHIII.H'X ;nOrrOJI3IM yr.OJI Me:>K!.rr.y rJIaBHbI-

MH ,nJIOCK,OCTH-MH Hanp5!:>Ke'HHOiI'0 coc-

TOHHHH, T. e. noJI. yr.noM n/4 IK HH'l\1,

KalCaTeJIbHble Hanp�H:>KeHHH rrp:Ho6.peTa-
101' ,MaK'CUMaJIbHYIO BeJIUq,UHY. IloKa-

}Ke-M 3TO.

tIl'pe)1.HoJI-Q}KH'M, qTO .rr.e<p0piMarJJ:HH
, fIlJIOCKaH. BbI..n.eJIHM U3 ,onJI.orn!HOr,O 'J'1eJI a

a
JIeMeHT B :rrp5I'M.oyrOJlbHbIR 13JIeMeHT (p'HC.. 28) ,Poco 28. npHMoyrOJIbHblA ;;7

rJIaBHbJX OCHX r,paHH KOTOpO,rO CO'BHfi,.rr. aIOT C rJlaBHbI-

'MH OCHMH 1,2 H TOJIIII.HHa paBHa eJ}.HHI1-

ll.e. Ha rpalH5!'X 3JIeMeHTa .n.eH'CTB'YIOT 'Harr:pH:>KeHHH 0'1, 0'2. C'OrJIaCH,O.

ypaBHeHIHIO (38), KaICaTeJIb'HOe HanpH}KeHHe Ha HaKJI'OHHOH .nJIOrna.n.Ke

A.B 'paBH'O:

z

A

()1
l...

6 2

o
8

a
x

- a
II

L = -

.

2

.

sin 2 (J. + L' COS 2 a.
n �

B fJIaBHbIX OCHX HMeeM: ax == 0'1; O'y
= 0'2; '{xy == o.
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13 rJIaHHbIX OCHX 1,2 KaCaTeJIbHOeHanp5!:>KeHHe 'tn 0603HaQHM lIepe3 't12.

Tor.rr.a nOJIYIIHM:

0'1-0'2 .

2't 12
= - Sin a.

2

OTCIOJ1a CJle,lJ.yeT, lITO' npH.. a
= '[[/4 KaCaTeJlbHOe HanpH:>KeHHe HMeeT

MaKCHMaJIbHOe 3HaIIeHne

CTI
-

0'2
't 12

= -

·

2

llpHHHMa5! BO BHHMaHHe, lITO KacaTeJIbHOe Hanp5!:>KeHHe npOH3BO-

.lI.HT B3aHMHbIH C,lJ.BHr TpeyrOJIbHbIX qaCTeH paCCMaTpHBaeMoro 3JIeMeH-

Ta, npHxo.n.HM K 'BbIBO.rr.y, lITO eCJIH, HanpH"Mep, iHa 'nOBepXiHOCTH, orpaHH-

QHBalOlI(eH qaCTb GABI' 't'12==
0'1

-

0'2
, TO Ha CMe}KHOH nOBepXHOCTH

2
.

DCB
0'1

-

0'2 T;r I 0'1. --- 0'2 IT
.

qaCTH '(12 ==

2
· .YITaK: 't 12

== .-

2
. �JI5! KpaTKOCTH

31HaKH «lnJlIO.C» H «MH'HY'C» B .rr.aJIb!HreHIlleM 6Y.lI.eM 0T'6p a.CbI,Ba Tb.

PaC-CMaTp.HBaH 3JIeM '

e'HT, rpaHH KOToporo napaJIJleJIbHbI BTOpOM ,H

TlpeTbeH rJIaIBH'OM O'CH, a TaK}Ke 3J1eMeHT, rpaHH KOT'oporo napaJIJIeJIbHbI
u u u

rreprBOH H TpeTbeH rJlaBH'OH 'OCH, .nOJIytlHM aHaJIqIlHlI'HbIe 'BbIpa:>KeHHH

J(JI5I .rr.BYX .rr.pyrHx MaKClH'MaJIbHbIX KaC3'TeJIb!HbIX Ha t np5!:>KeHHH.

DOJIee CTporoe HCCJle,l(OBaHHe nOKa3bIBaeT, lITO COOTHOllIeHH5! ,l(JIH

MaKCHMaJIbHbIX KaCaTeJIbHbIX Hanp5!}KeHHH

0'1
-

0'2 0'2
-

0'3 0'3
-

0'1
't'12 ==

.

't 23
=

.

't
31

==

222

OCTalOTCH CnpaBe,lJ.JIHBbIMH H ,lI.JI5! HaH60JIee o6mero CJIyqa5!: TpeXOCHO-
ro (06'beMHoro) Hanp5!}KeHHOrO COCT05!HH5!.

113 ypaBHe�HH (42) BbITeKaeT TaKOe:>Ke COOTHOllIeHHe ,lJ.JI5! HaH-

60JIblIIerO H3 MaKCHM aJlbHbIX KaCaTeJIbH bIX Hanp5!}KeHHH:

_

O'l-O'a
+

..../
(

CTx- O'y

)
2

2.'t
max

-

2
-

Y 2 + 't
XY

(43)

(44)

12. OKTaa�pH1JeCKHe HanpSl}l{e�HSI

ECJIH nJIOIII.a,lJ.Ka HaKJIOHeHa KO BceM TpeM rJIaBHbIM OCHM, TO OHa

npe,lJ.CTaBJI5!eT C060H o.rr.HY H3 nJIOCKOCTeM oKTa3,lJ.pa H ,lJ.JI5! Hee

- - -

1
cos (n, 1) == cos (n, 2) = cos (n, 3) =

-.1-
.

.
.

J' 3

ll03T'OMY, COrJIaCHO cpopMYJIaM (40):

0'1 . 0'2
. 0'3

PI ==

Jl3
' P2 ==

Y3
' P3

=

Y3
·

llpOeKII.HH BeKTopa nOJIHoto Hanp5!}KeHHH pn Ha HOpMaJIb npe,lJ.CTa-
BJI5!eT C060H HOpMaJlbHOe HanpH}KeHHe an Ha OKTa3,lJ.pHQeCKOH nJIOIII.a,n-

Ke (pHC. 29). BeKTop Pn eCTb. reOMeTpHQeCKa5! CYMMa ero, npoeKI.{HH.
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n pOeKII.H5! reOMeTpHqeCKOH CYMMbI paBHa CYMMe npOeKII.HH 'COCTaBJI5!-

IOInHX BeKTOpOB, n03TOMY nOJIYQHM:

- "" -

an
==

PI cos (n, 1) + P2 cos (n, 2)+ P3 cos (n,3)

1
HJIH an

==

3 (a 1 + a 2 + (
3 ).= a

cp
,

u

T. e. HOpMaJlbHOe HanpH}KeHHe Ha OKTa3,lJ.pHQeCKOH nJIOIna!lKe paBHO

Cpe,lJ.HeMY HanpH}KeHHIO ,lJ.JI5! ,lJ.aHHOH nJIOIII.a.rr.KH.

J

n

Pn

PHC. 29. nOJIHOe HanpSUKeHHe Hero

npOeKI.{HH Ha OKTa3JI.PHlIeCKo!t nJIOrnaJ{Ke

1

2

KaCaTeJIbHOe HanpH}KeHHe Ha OKTa3.npHQeCKOH nJIOma,lJ.Ke

V
2 2

t' =

P -a
n n n.

KBa.rr.paT MO,lJ.YJIH BeKTopa Pn paBeH CYMMe KBa,lJ.paTOB COCTaBJI5!-

IOInHX BeKTopa no OCHM KOOpJI.HHaT:

P�=( ;3 a1r+( ;3 a2r+( ;3 a3r=+<ai+a�+a�).
CJIe.rr.OBaTeJIbHO:

t'� = p2 - a
2

= � (ai + a� + O'�) - � (a 1 + a 2 + (
3 )2 =

n n
3 9

==
�

[ (0'1 - 0'2)2 + (0'2
� ( 3 )2 + (a 3

- ( 1 )21.
9

TaKHM oopa30M:

'C
n

= + V(a 1 -a 2 )2+ (a 2 -a
3 )2 + (a 3 -al)2.

Il pHHHMaH BO BHHMaHHe ypaBHeHHe (43),
>Ke:

. 2 .

v
2 2 3

't = -

t'12 + t'23 + t'31.
n

3

(45)

MO}KHO HanHcaTb TaR"

(46)

BbIpa)KeHH5! an H t'n HrpalOT Ba}KHYIO pOJIb B TeOpHH nJIaCTHQHOCTH.
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XapaKTepHOH O'e06eH'HOCTblO epeJI,.H,er,O 'Hanp5!}K.eH'H5! HBJIHe1'1C5!

TO, qTO BeJIHqHHa ero OCTaeTC5! HeH3MeHHOH HJIH HHaIJe HHBapHaHTHOH
IIPH nepexo.ne OT fJIaBHbIX oceM K npOH3BOJIbHbIM, TaK qTO

1 1
a == a = -

( 0'1 + 0'2 + 0'
3 ) == - ( a + a + O'

z ).
cp n

3 3
x y

(47)

BeJIHqHHa CpeJI.HerO Hanp51}KeHH5! 'CO 3HaKOM «MHHYC»

p == - �
(0'1 +. 0'2 -+ 1(3)

3
(48)

HOCHT Ha3BaHHe fH.npOCTaTHqeCKOfO Hanp5!�eHH5! HJIH cpe,l1.HefO .rr.aB-

JleHHH.

MO)KHO nOKa3aTb, qTO BeJIH1.IHHa OKra3.rr.pHqeCKlOfO KaCaTeJIbHOfO

Hanp5I)KeHH5! Tn TaK:>Ke OCTaeTCH HeH3MeHHOH B npoI.(ecce npeOOpa30-
BaHHH KOOPJI.HHaTHbIX OCeH:

'

1
1:

n

=

3 V(a 1 -a 2 )2+ (a 2 -a 3 )2 + (a 3 -al)2 =

1

V
2 2 2

)
"3 (ax

-

O'y)2 + (O'y
-

O'z)2 + (O' z

-

O'x)2 + 6 ('t Xy + 't
yz + 't zx . (49)

13. fJIaBHbIe �e4JopMaI1-H'H H OKTaa�pHl.JeCKHH
C�BHr

Y)Ke npH H3yqeHHH nIT. 1 H 2 HaCT05!IIJ.eH fJIaBbI JIerKO 3aMeTHTb

aH8JIOrHIO, KOTopaH cYIIJ.eCTByeT Me}K.ny TeOpH5!MH HanpH}KeHHH H .n.e-

<p O PM8I1-HH.
OO.rr.06HO HanpH>KeHHoMY COCTOHHHIO, .n.e<popMHpoBaHHoe C'OCT05!-

'Hue B caM'OM oorn.eM BHJI.e xapaKTepH
'

3yeTcH 'llIeC'TblO BeJIHqUHaM,H.

,Q.Ha.rOHaJIbHbIe KOM'UOHeHTbI ax, O'y, O'z TeH30pa 'Harrp5!}KeHMH npe,n:CTaB-

JIHIOT ,C:060H HOpMaJlbHbIe H8�n!p5!}K.eHH5!, 8 .OCTaJIbHbI,e (60KOBble) KOM-

nOHeHTbI - KaCaTeJIbHbIe Hanp5!}I{eHHH. ,lJ,HafOHaJIbHbIe KOMnOHeHTbI

e xx ,. eyy, ezz TeH3'opa JI.e�<p'op'MaI.(.HH npe)l.!CTa ' BJl5!IOT C060H OTIH-o'CH'TeJIb�HbIe

YJI.JIHHeHH5!, a OOKOBble KOMnOHeHTbI -

OTHOCHTeJIb�bIe C,lI.BHfH.

.l)'OKO'BbIe KO'MiHOHelHTbI 'TeH3-0p'OB 'Han.p5!':>KeHHH H ,Zi;ei<popMaI.(tHH no-

napHO paBlHbI.
�

B qeTBepTOM pa3JI.eJIe ObIJIO nOKa3aHO, qTO Me}K.ny KOMnOHeHTaMH

TeH30pa HanpH}KeHHH H ,l(ecpopMaI1-HH CYIll.eCTBYIOT 0.rr.H03HaqHbIe CBH3H.

KpoMe TOfO, KOMnOHeHTbI TeH30pa .rr.ecpopMaI1-HH npH H3MeHeHHH

HalnpaBJIeHHH oceH KO.op.rr.H!HaT np'eo6pa.3'YIOTC5! TaKHM :>Ke 06pa3'OM, KaK

H KOMnOHeHTbI TeH30pa HanpH}l{eHHH.' CJIe.n.OBaTeJIbHO, KaK H B Teop�H
u u ". .

.

Hanp5!)KeH;HH, MO}KHO HaHTH TPH B3aHMHO nepneH,lI.HKYJI5!pHbIe ,HanpaB.-

JIeHH5!, KOT�pbIe Ha3bI�aIOTC5! rnaBHbIMH OC5!MH .necpopMaI.(HH. _
B �JI.bC-

KOCTHX, nepneH,lI.HKYJI5!pHbIX fJIaBHbIM OC5!M, '
OTHOCHTeJlbHbIe C,lI.BHfH

paBHbI HYJIIO. .,lJ,ecpopMaI1-HH paCT5!}KeHH5! HJIH C}K8TH5! B H8npaaJIeHHH
r JlaBHbIX oceH :H83bI I B8IOTC5! fJI 81I3 1 HbIMH 'O'fiH'OClHTeJIbHbIIMM" J1.ecp-op-IWalI.'HH-
MH HJlH rrpOCTO rJI3'HHbI I MH .rr.e:<p,op,MaI1-UHMH. B .rr.8J1b1HeHlIIeM ,HX '6YJI.e!M
0603'H8qa-Tb eI, e2, e3, n.OJI8f85!, QT,O eI>e2>e3.'

.

.-

P83JIHQalOT TPH cxeMbI fJIaBHbIX .necpOpM3I1-HH; (CM.';' pHC. 2"7, 6)"..
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,l:LBe H3 HHX 51BJIHIOTC51 06'beMHbIMH II O,lI.Ha nJIOCKOM. B CJIY1Jae nJIOCKOH

CXeMbI, KaK ObIJ;IO OTMeqeHO - BblIIIe, B TpeTbeM HanpaBJIeHHH ,lI.e<pOpMa-
I..{HH OTCYTCTBYIOT. CXeMa rJIaBHbIX ,lI.e£pOpMau.HH OKa3blBaeT BJIHHHHe

.Ha nJIaCTH'qHOCTb M,aTepJlaJIa [1], TaK KaK, B C-OOTBeTCTBH,H C ,Han�paB-

JI'eHIHeM rJIa'BHbIX .n.ecpop'Man'I1H, .n.p'OH'CX'o;nHT <pOPMHp.oBa;HHe C'TPYKTypbI
'Ii pa3JIHq'Horo p-o.n.a AecpeKToB.

rJIaBHbIe (MaKCHMaJIbH.bIe) OTHOCIITeJIbHble C,lI.BHrH, B COOTBeTCTBHH

c rJIaBHblMIH KacaTe'JIblHblMII 'H3InpH}I{eH,HHMH, HIMelO'T Mec''!'o ,Ha Tpex _

B3aHMHO nepneH,lI.I1KYJI51pHbIX nlIOll{a,nKax, KOTopble ,lI.eJI�T. nOnOJIaM

yrJIbI Me}K,lI.Y rJIaBHbIMH nJIOCKOCTHMII ,lI.e<p0pManHH, T. e. no.lI. yrJIOM

n/4 K HIIM. OHH onpe,lI.�JI51IOTCH cpopMYJIaMI1

'\'12
= el

-

e2; '\'23 = e 2
- e 3 ; '\'31 = e 3

-

el. (50)

,LLe<popMHpOBaHHoe COCTOHHHe xapaKTepH3yeTcH 3JIJIHnCOH.lI.OM

,lI.e�,opManHM, n"OJIYOrCH KOTopor.o 1JII 1 CJIelH:HO paBHbI rJIa,BiHblM JI..ecpopMa-
I..{H5!M eI, e2, e3. KaK II B TeopHII HanpH}KeHHH, B rJIaBHbIX OC51X Y,lI.JIHHe-
HHe B HanpaBJIeHHH, HOpMaJIbHOM OKTa9.lI.pHqeCKOH nJIOll{a,lI.Ke, paBHo:'

1

en
= - (el + e2 + e 3 ) = e

c p
,

3
-

T. e. OHO paBHO cpe,lI.HeM rJIaBHOH ,lI.ecpopManHII. nO,lI.OOHO TOMY, KaK

3TO ObIJIO B Teop�� HanpH}KeHII
.

...
H, !1oJIyq,aeTCH H Bblpa}KeHHe .lI.JIH OKTa-

.
.

3JI.pHqeCKOrO C.lI.BHra:

'V n

= : V(el - e2)2 + (e2 - e s )2 + (cs - el)2

,\ 2

V
2 �. �

I1JIH "in
=

3 '\'12 + '\'23 + '\'31.

(51)

(52)

(53)

TaK' }l{e, KaK II B TeopHH HanpH}I{eHIIM, BeJIHIIHHbI en=ecp II VYn I1HBa-

pHaHTbI, T. e. 'OCTaIOTC$I IHeHaM8H.HbIM'H B np'Oneclce nepeX'O,lI.,a 01' rJIaB�

;HbIX 'oOeH K n:pOH"3BiOJIbH'O Bb16pa i H'HbIM, II Hao6op'OT.

III r naB a

OCHOBHbIe 3aKOHbl TeOpHH ynpyrocTH

H nnaCTH1JHOCTH

1. 0606I1\eHHbIH 3aKOH ynpyrocTH

CBH3b Me>K,ny JI.e<popMallHHMII H HanpH>KeHIIHMM B npe,lI.eJIax ynpyroH
30HbI BbIpa>KaeTCSI <}JopMYJIaMII (25).

.

B rJIaBHbIX OCHX 3TH <POPMYJI�I I1MeIOT BII,n:

1 1

el = -

(0'1 - m (0'2 + 0'3)]; e 2
= - [0'2 - m (01 + as)];

E E

1
e s

= - [as - m (0'1 + 0'2)]. (54)
. E
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II a OCHOBaHHH nepBbIX ,lI.BYX paBeHCTB MO}KHO 3anHcaTb:

c 1'.
-

0'2 E

( )
2

-

2 (1 + m)
e)

-

e2 ·

110, COrJIaCHO paBeHcTBaM (43) H (50):

fl.
-

0'2 .

E
G--- = 't 12 , el

- e 2
== '\'12; =

·

2 2(I+m)

AHaJIOrHqHble COOTHOIIIeHII5I cymeCTBYIOT H .rr.JIH ,lI.BYX ,lI.pyrHx Ka-

C(lTeJIbHbIX HanpH}KeHHM !1'C,lI.BHrOB. nO�TOMY
'1:

12
== G 1'12; 't 23

= G 1'23; 't 31
= G 1'31. (55)

COrJIaCHO pa BeHcTBaM (46 ) H (53):

2

V
2 2 2 2

V
2 2 .2

'(n
==

"3
't12 + 't23 + 't31; 1' n ='3 1'12 + 1'23 + 1'31-

OTCIO.rr.a Ha .0CHOBaHHII (55) nOJIyqaeM:

'tn
== G 1' n

' (56)

T. e. OKTa3.rr.pHqeCKOe KaCaTeJIbHOe Hanp5l}KeHHe np5lMO npOnOpI.{HO-
lIaJIbHO OKTa3,lI.pHQeCKOMY C,lI.BHry.

BBe,lI.eM CJIe,lI.YIOIll.He 0603HaQeHII5I:

3 3

°i -

Y2
't'n; e

i
=

2 V2(1 + m)
"in. (57)

OTCIO.rr.a:

J!2
'(==-0".;

n
3

t

2 Y2(1 + m)
v = e..
'In

3
t

Tor.rr.a Bblpa}KeHIIe (56) npHMeT BH,lI.:

'V2 E 2 Y 2

� O"i
=

2 (1 + m) 3 (m + 1) e
i

"JIM O"i
== E e

r (58)

3TO COOTHOllIeHHe Bblpa}l{aeT 0606meHHbIM 3aKOH ynpyroCTH.

Ha OCHOBaHHH paBeHCTB (45) II (52) MO}KHO 3anHcaTb:

0i
= �2 V (Ot- 0 2)2+(02- 0 3)2+(03- 0 t)2 ; (59)

Y2
e

i
=

2 (I + m)
V(et - e 2 )2 + (e2 - e�)2 + (e 3

� e;J.)2. (60)

BeJI'H'QJ1iH.y O"i Ha3'OBe-M 0606m.e'HHbI ' M Ha!n'pH}I{eHHeM, BeJ1I1lIM'HY ei-

06 o6m eHH 0 M '.rr. e<l>op M a I.{H eM_

B TaKOM cJIYQae 0606meHHbIM 3aKOH ynpyrocTH MO}KHO
.

t<l>OPMYJIH--
!J.oBaTb TaK: oo.o6lU.,eHIHoe Ha,np5l.}I{e I HIHe ,n,pSIIMo npon.opnMO;HaJIbIH.O 0606-

1I1.eHHOH .n.eI�OpMaI.{'HH. B.eJIH'IIiHiHbI O"i M ei \HlHor�a Ha3bIBalOT TaK}Ke H;H-

TeHCHBHOCT5IMH HanpH}KeHHH II .ne<poP!\1a'�HH.
.
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Bblpa}KeHH5I (59) II (60) 3anHcaHbI ,lI.JIfi TJIaBHbIX 'oceM.. ',[LJI5I npoH3-
BOJIbHbIX oceM KOop,lI.IfHaT o606meHHoe Hanp5l}KeHHe Ii 0006II.J.eHHafi

,lI.e<p0pMaI..{H5I 3anHCbIBaIOTC5I B CJIe.n.YIOIll,eM BH,lI.e-:

a
i

-

= � V (ax
- a

y
)2 + (a

y

-

a)2 + (a z

-

a)2 + 6 ('r;y + 'tZ z + ,;;x); (61)

-

y2"
V < )2 + ( '..)2 + ( )2" +

�

e
i

-

2 (1 + m)
e

XX

- e
yy

e
yy

- e
ZZ

e
ZZ

- e
XX

+-

3 2 2 2

+:-2 (e XY + e
yz + e zx ).

MHO}KIITeJIH B npaBblx qaCT5IX <POPMYJI (57), BbIpa}l{alO�HX 0606.;

nr.eHHble ,lI.e<p0pMaI..{HIO H Hanp5l}l{eHHe, no.rr.06paHbI TaK, lIT06bI B CJIY-

qae npOcTeHqIHX Hanp5l}KeHH,?Ix COCT05lHHH (O,lI.HOOCHOe paCT5I}KeHHe,

C}KaTMe, KpyqeHHe, H3rIl6) nOlIYtIHTb H3 3aKOHa (58) BbIpa}KeHHe 3aKO-

Ha rYKa B ero HaIl60JIee npocToM M Y,lI.O?HOM �JI5I 3KcnepIlMeHTaJIbHOH
npoBepKH BH,lI.e.

..BbInHIIIeM eme TaKIIe Ba'}KHble ,lI.JI5I nocJIe.n.YIOIII.ero COOTlIOIIIeHH5I.

Pa3Jf..eJIH!M nOIIJI:eIHH'O Inep'Boe II BTop'oe 'H3 paBe.H'C'T-B (55) Ha TpeTbe;

c yqeTOM paBeHCTB (43) H (50) 6Y,lI.eM HMeTb:

(62)

0"2
-

0"1 e2
-

el . 0"2
-

0"3 e2
-

e3

0"1
-

0"3 el
-

e3 0" I
-

0"3 el
-

e3

DocJIe CJIO}KeHH5I nOJIyqHM:

20"2-0"1-0"3

0"1
-

0"3

B'eJIHqHHbI

2 e2
-

el
-

e3

e)
-

e2

2 0"2
-

0"1
-

0"3 2 e2
-

el
-

e3

t-1(J
= II V.e

==

0"1
-

0"3 el
-

e2
(63)

Ha3bIBalOTC51 COOTBeTCTBeHHO nOKa3aTeJI5IMH BH,lI.a HanpH}KeHHOrO H ,lI.e-

<pOpMHpOBaHHoro COCT05lHHH. MbI BH,lI.HM, qTO 3TH nOKa3aTeJIH paBHbI,
T. e. P-(J

==

P-e.

P,aBeH.CTBO nOKa3aTeJIeM J.1.(J ,H J.1e 51.BJIHerC5I .CJIe.n.'�'TBHeM 0600Ip.eH-
H.aro 3a l K-OHa ym'p'y.rocTH. JIerK-O y6e�HTbC5I, qTO ll,OKa3aT.eJIH J.10' H f..te

paBHbI Me}l{,lI.Y coooH II B nJIaCTHqeCKOH 30He npM npocToM Harpy:tKeHHH.

2. 3aKoH H3MeHeHHH 06'beMa.

KOHellHbIe ,Ae4J 1

opMaL(HH

nY'CTb: napaJI.JIeJIenHlne� '06'beMo:M V =xyz IllO)LBepraeTC5I �le<popMa-
�HII, HanpaBJIeHHe rJIaBHbIX oceM KOTOpOH COBna:rr.aeT C HanpaBJIeHHH-

MH pe6ep napaJIjJeJIe:uII1ne.rr.a.

06'beM '3JIeMeHTa nOCJIe .lteq>op'ManI1H:
-

.....

�.
-

�

. .

v +!J,. V == X (1 + et) Y (1 +..6'2) z(l + e 3 ).
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J)aCKpbIBa51 CKo6KH H oT6paCbIBa51 qJIeHbl C npOH3BeJLeHrIHMH .rr.ecpop-
Mall.HH KaK BeJII11JHHbI MaJIble no cpaBHeHHIO C caMHMH .rr. e cpop Ma ll.H5IMH,:

fJOJIyqaeM:

V + 11 V = V (1 -!.. el + .e2 + e 3 ).

L\V

OTC�,Aa V
=

el + e 2 + e 3
.

3T'� Bblpa)KeHHe HOCHT Ha'3BaHHe 06'bMHOH .rr.e�opMall.HH.
CIKJIaJI.bIBa5l,nOqJIeHHO ,pa'BeHC:'nBa (154), 1n:�JIyqaeM

I-2m

el + e2 + e 3
=

E
(0'1 + 0'2 + 0'3),

H, npHHHMa51 BO BHMMaHHe <POPMYJI'bI (47) H (51), 6y.rr.eM HMeTb

E
a = e (65)

cp 1 - 2 IJ1
cp. �

.BeJIHtIHHa
E

Ha3bIBaeTC51 lVIo.rr.YJIeM 06'beMHOH :rr.e<popMall.HH, a
,

I-2m '.

Bblpa)KeHHe (65) HQCHT Ha3BaHHe 3aKOHa H3MeHeHH5I 06'beMa.

OnbITbI nOKa3bIBaIOT, qTO 3TIOT 3aKOH .cnpaBeJI.JIHB npH OqeHb BbICO-

KHX 3HatIeHH5IX cpe.rr.Hero Hanp5l}KeHH5I, 3HaqHTeJIbHO npeBblIIIalOIl.(HX

npe.rr.eJI 'ynpyrocTH MeTaJIJIa. B CBH3H C 3THM 3aKOH H3MeHeHH5I 06'beMa

£pOPMYJIHpyeTcH TaK: npH ynpyrHx H nJIaCTHqeCKMX .rr.e<popMa[(H5IX
TBep.n.oro TeJIa OTHOCHTeJIbHOe H3MeHeHHe 06'beMa 3JIeMe�Ta 3Toro Te�

JIa npHMO npOnOpll.HOHaJIbHO, cpe.rr.HeMY Hanp5l)KeHHIO, npHqeM MO.rr.YJIb

06'beMHOH .rr.ecpopMa�lIH OCTaeTC5I nOCT05lHHOH BeJIHqHHOH KaK B �pe.rr.e-

JIax, TaK H 3a npe.rr.eJIaMH ynpyroCTH.
ECJIH n peJ1.nOJIO}KHTb, qTO 11 V / V === O� .

TO nOJIyqH M:

el + e2 + e 3
= o. (66).

31'0 BbIpa}KeHHe Ha3bIBalOT YCJIOBHeM nOCT05lHCTBa 06'beMa. OHO Ha�O-

,l1,HTC51 B npOTHBOpetIHH C 3aKOHOM ynpyrorb H3MeHHH51 06'beMa, c<pop-
f\.IYJIHpOBaHHbIM Ha OCHOBaHHH OnbITHbIX JLaHHbIX.

TeM He MeHee YCJIOBHeM nOCT051HCTBa 06'beMa IlIHpOKO nOJIb3YIOTC�
npH pellIeHHH 3a.n.atI oopa60TKH MeTaJIJIOB ,naBJIeHHeM BBH.rr.y 3HaqH�

TeJIb!HbIX ynpOllI.e.H'HH, BHOOHMbIX 3THM ,no:nYI11.e-H1H , eM.

Y CJIOBHe nOCTOHHCTBa 06'beMa B BH.rr.e Bblpa}KeHH5I (66) cnpaBe.rr.JIH-
BO TOJIbKO .rr.JI51 MaJIbIX .rr.ecpopMalI.HH, npH KOTOpbIX nOCJIe.rr.HHe MaJIbI no

cpaBHeHHIO C 1, nOCKOJIbKY npH BbIBo.rr.e ero TaK )Ke, KaK H npH onpe.rr.e-
JIeHHH OTHOCHTeJIbHbIX .rr.ecpopMalI.HH, npeHe6peraJIH MaJIbIMH BeJIHqH�

HaMH BblCIIIero nop5l.rr.Ka. B cJIyqae 60JIbIIIHX .rr.e<popMall.HM BBO�HT JIO-

rapHcpMHqeCKHe COOTHOIIIeHH5I, xapaKTepH3YIOI.lJ.He .z:r.e<popManHH,. HCXO-

.rr.51 H3 CJIe.rr.YIOIl.(HX co06pa)KeHHii.
\,

DycTb HanpaBJIeHI151 rJIaBHbIX oceH .rr.ecpopMalI.HH COBna.rr.aIOT C Ha-

npaBJI.eHHnMIH pe,6ep x, y, z nap,aJlJIeJIenH'ne.rr.a. E'CJIH B InpolJ;ec.ce ..rr.e-

cpOpMall.HH pe6pa napaJIJIeJIenHne.rr.a H3MeH5IIOTC5I Ha �x, l1y, ,l1z,. .TO,

nOJIaraH �6'be'MHYIO .rr.e<popMall.HIO paBHoH HYJIIO, HMeeM:

. .:x+L\x y+L\y
.

z+L\z
== 1.

x y z
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J10r-apH<pMHpY5I, nOJIYIIMM:

In ( 1 + AxX ) + In ( 1 + Ll/ ) + In (1 + Az
Z

)
= o.

LLJI5I CJIyqa51 rJIaBHbIX oceM npHMeHHTeJIbHO K HaIIIHM 0603HaqeHH5IM

oy.n.eM HMeTb

�X .Ay .

�z
- == e 1 ,

- == e2,
- =e

3 . (67)
x y z

YqHTbIBa51 3TO, OKOHqaTeJIbHO

In (1 + e 1 ) + In (1 + e2) + In (1 -t- e 3 ) === '0.

BeJIHqHHbI

In (1 + el) == 81; In (1 + e 2 ) == 62; In (1 + e 3 ) == 8
3 (68)

Ha3bIBalOT JIOrapHcpMHqeCKHMH .rr.e<popMaI..{HSIMH.
TaKHM' 06pa30�:

61 + 8
2 -t 8

3
== o. (69)

,LLe<popMaI..{HH el, e2, e3 H B}, B2, B3 o.rr.H03HaqHO CB5I3aHbI paBeHCTBa-

MH' (68). n03TOMY npH pellIeHHH 3aJ1.atI MO}l{HO nOJIb30BaTbcH .n.ecpop-
MaI..{H5IMH KaK B BH.rr.e YCJIOBHH (66), TaK H B BH,lI.e (67), o.n.HaKO, eCJ:IH

JI.e<popMaI..{HH 6y.rr.YT 60JIbllIHMH (KoHeQHbIMH.), CJIe.rr.yeT nOJIb30BaTbC5I

paBeHcTBoM (69).
,

JIorapH<pMHtIeCKHe CPOPMYJIbI (68) ,lI.JI51 KOHeQHbIX 'JLecpopMaI..{�H Bbl-

Be.rr.eHbI B npeAnOJIO}KeHHH, QTO .rr.e<popMaI..{HH B .rr.aHHoM HanpaBJI,eHHH
pacnpe,neJI51IOTC5I paBHoMepHo, T. e. tITO Me:tK,lI.Y .CMeIl.(eHHHMH Ii KOOp-

JI.'HIHaT3IMH TOQeK 'CYI11.eCTByeT JIHHei1.HaH 3aBH'CHM'OCTb
- .,lI.e<popMa�HH

o.rr.HOpO.rr.HbI. TaKHM 06pa301vI, ,lI.JI51 BbItIHCJIeHM5I KOHeQHbIX O,lI.HOpO)1HbIX

.rr.e<popMau,HM MO}l{HO nOJIb30BaTbCH H <popMYJIaMH (67), H <popMYJIaMH
( 68) .

ECJIH KOHetIHbIe ,lI.e<popMaIl.HH HeO,lI.HOpO,lI.HbI, 3aBHCHMOCTb Me}l{JLY

CMeIl.(eHI1HMH H KOOp,lI.HHaTaMH HeJIHHeHHa, 11 .n.JIH 3Toro CJIyqaH cpop-
MYJIbI (68) HenpHrO,lI.HbI. B 60JIbllIHHCTBe npOI..{eccOB 06pa60TKH Me-

TaJIJIOB .rr.aBJIeHHeM .rr.ecpopMaIl.I1H HMeHHO HeO,lI.HOpO,lI.HbI. Ho <POp MYJI bI

(68) Bce :tKe MorYT 6bITb HCnOJIb30BaHbI, eCJIH TeJIO YCJIOBHO pa3.rr.e-
JIHTb Ha MaJIble 06'bel'vlbI TaK, tIT06bI B npe.rr.eJIax Ka}K.n.oro H3 HHX .n.e-

<popMaIl.HH B nepBoM npH6JIH:tKeHI1H MO:tKHO 6bIJIO CQI1TaTb OJLHOPO,rU-IbI-
MH. n pH eme 60JIee npI10JIH)KeHHbIX paCtIeTaX KOHetIHbIX ,lI.e<popMaIl.l1fI
B npOIl.eCcax oopa60TK� MeTanJIOB ,lI.aBJIeHHeM HeOJLHOpOJLHOCTbID' JLe-

<popMaIl.HH BOBce npeHe6peralOT H B KaQeCTBe BeJIHQHH, xapaKTepH3Y-
IOIltHX KOHeQHble .rr.e<popMaIl.I1H, HCnOJIb3YIOTKaK paBeHcTBa (67), TaK

Ii paBeHcTBa (68).

BeJIHtIHHY KOHeQHOH JIHHeHHOH .z;r.e<popMaIl.HH OTHOCHT K pa3Mepy
TeJIa .rr.o HJIH nOCJIe .rr.e<popMaIl.I1H, T. e.

, HanpHMep, OTHOCHTeJIbH'oe 113-

M.eHeHHe O)J;IHoro H3 pe6ep napaJIJIeJIenane.rr.a M-Q}I{HO Bblpa3liTb TaK:

/1 x Xo
-

Xl
' � X Xo

-

Xl
el == - = HJIM el = - =

Xo Xo Xl Xl
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}--10 H3MeHeHHe JLJIHHbI pe6pa MO:tKHO Bblpa3HTb H nO-JLpyrOMY:

1 (1 +
8. X

) I (
Xl

- � X

)
-- 1

.

(
Xo

)8== n - == n - n -

.

Xl Xl Xl

8. X.
Bce 3TH COOTHOllIeHHH MO:tKHo. Bblpa3HTb tIepe3 BeJIHqHHY ---.,

Xo

�X

el =

Xo
.

� x'

1--

Xo

E
.

In (
Xo

)
= In

(
1

)
.

xo-�x ;.
l_

�x

Xo I

8.x �x

Xl Xo
- � x

OpH MaJIbIX .rr.ecpopMar.tHHX pe3YJIbTaTbI BbIqHCJIeHHH ,lI.JIH .eI, e ;.' Ii 8

OTJIHqalOTCH He3HaqHTeJIbHO. ECJIH .n.ecpopMaIl.HH KOHeqHbI, BblqHCJIeHHH

npHBo.n.HT K -CYIl.(eCTBeHHO pa3JIMqHbIM pe3YJIbTaTaM. 06'bHC�HeTCH �TO

CJIe.n.YIOIltHM. B CJIYtIae MaJIbIX .ne<popMaIl.HH t1x MaJIO, n03TOMY Xo �

�Xl. BOCnOJIb30BaBllIHCb pa3JIO}l{eHHeM B pH.rr., nOJIyqHM

1 (
�x �x �x

E == n 1 + -

)
� - � - = el .

X Xl Xo

n pH 60JIbllIHX .rr.ecpopMau.H51X 3TH COOTHOllIeHHH Y}Ke Tep.H�T CHJIY, no-

TOMY qTO BeJIH1.):HHbI. �XIXI H �X/Xo Y:tKe He HBJI5IIOTCH .MaJIbIMH no cpaB-
HeHHIO 'C -e.rr.HHHIl.eH. BMe'cTe C TeM npH 60JIbIIIHX ,lI.ecpoprViau.HHX BeJIH-

qHHbI �X/Xl IH �X/Xo 3Haq'MTeJIbHO OTJIuqaIOTCH.

JIerKo y6eJLHTbCH B TOM, tITO 60JIee npaBHJIbHO BeJIHtIHHY OTHOCH-

TeJIbHOH .rr.ecpopMaIl.HH yqHTbIBaTb npH nOMOIl.(H CooTHollIeHHH (68),
TaK KaK 3TH COOTHOllIeHHH 06JIa.rr.a1OT CBOHCTBOM aJI..rr.MTHBHOCTH, B TO

BpeM51 KaK C09THOIIIeHHH �X/Xo 11 11M no.rr.06Hble TaKHM CBOHCTBOM He

06JIa.n.aIOT. BbIpa}KeHH51:

d V == V
d x

; d V == V c!JL. d V == V
d Z

(70)x
X

y
y"

Z
Z

npe,lI.CTaBJIHIOT C060'H BeJIHtIHHY 06'beMOB, CMemaeMbIX COOTBeTCTBeHHO

B,lI.OJIb oceii x, y, z.

,dx dx
B caMOM AeJIe 4 �lX == V - = x y z - == y z d x.

X X

3.rr.eCb npOH3Be,lI.eHHe. yz npe:n.CTaBJIHeT C'060H nOnepeqHOe CeqeHHe

TeJIa B nJIOCKOCTH, npqBe.rr.eHHOH nepneH.n.HKYJI51pHO OCM x, a dx - Be-

JIHqHHY MaJI'oro CMeIlteHMH, B.rr.OJIb OCH X. 003TOMY npOH3Be,lI.eHHe

yzdx - 06'beM TeJIa, CMeIl.(eHHOro no OCH X.

I1HTerpMpY5! ypaBHeHHe (70) B npe,lI.eJIax KOHetIHOH ,lI.ecpop, M.aIl.HM

nOJIyqMM:

V In � == V
x

; \'In � == V
y

; V In .!!... = V
z

. (71)
Xo .

Yo Zo

Ha,OOHo.BaHHiH y'CJIOBHH nOC'TOHIH'CTBa 06'beMa xoyO'zo
=

XI'YIZI M,O}l{.HO

3anHcaTb:

Jp �
+ In

Yo
+- In

Zo
� O.

Xl YI Zl
(72)
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Tenepb HeTpY,lI.HO y6e,LIJITbCH, qTO 06'beM TeJIa, CMeIIJ..eHHbIH B,lI.OJIb

OJLHOM 1I3 OCeM, paBeH CYMMe CMelI{eHHbIX 06'beMOB no ,lI.ByM ,lI.pyrHM

OCHM. ,LLeMcTBHTeJIbHO, YMHO}KaH paBeHCTBO (72) Ha BeJIHqHHY 06'beMa,

nOJIytIHM: V z
===- (V x + V y ).

npHBe,lI.eHHble COOTHOIIIeHHH llIHpOKO lICnOJIb3YIOTCH npH OCYIl.(eCT-
BJIeHHH paCqeTOB ,lI.e<popMa'I..{HH npH 06pa60TKe MeTaJIJIOB ,lI.aBJIeHHeM.

3. 3aKOH CKaJIbIBalOIIJ.eI'O HanpSI:>KeHHH.
YCJIOBHe nJiaCTH1.JHOCTH CeH-BeHaHa

B rJI. I 6bIJIH onMcaHbI HBJIeHH51, Ha6JIIO,lI.alOlI{HeCSI B npOll.eCce nJIa-

CTMII.eCKOH .rr.ecpop!Ma11-,HlI. KaK OTMeqaJIOCb,
.

np011-,eCC .C'KOJIb>KeHHH
-

C�BHra no

.

KpH,CTaJIJI.or.pa
'

cp'lfIIeCKH-M nJI'OCiK'OCTH-M .rr.OMUHHpyeT HaJJ.

.n.'pyrHMIH, y.nOMH:H'YTbIMH TaM ,n'poIleocaIM.H H, ICJIe�OBaTeJIblHO, 06YCJIOB-
JIH'BaeT B OCB.OBHOM nOBe.!LeH,Jl.e H Ba>K-

HeH'IIIHe CBOHCTBa TeJIa B ,np�:)ll.eece nJIa-

,CT,HII.eOK'OH ,lI.eQ;>opMa11-HH. B CBH3H C 3'f.J1M

n'OHH'THeM 0 c.n.BHrOBOM M,ex,aHH3Me nJIa-

CTHqeC KO M .n. e1cp'op M a U:UH ,nOJI.o >K eH 0 B

OClHOBY leOBpeM.eHHOM MaTeMaTH'qeCKOH

TeopUH ,nJIaCTH'tI,ROCT1H.

KaK nOKa3bIBalOT -onbITbI, OT opHeH-

THpOBKI1 ntlICCKOCTeM CKO�b>KeHHH no OT-

'HOIIIeHHIO K HanpaBJIeHHIO ,lI.eHCTBYlOII..(eM
CHJIbI 3aBHCHT conpOTHBJIeHlIe ,lI.e<popMa-
lJ.HH MeTaJIJIOB. flYCTb MOHOKpHCTaJIJI

nO,lI.BepraeTCH paCTH>KeH�lO CHJIOM P.

Tor.rr.a B ILJlOCKOCTH ero nonepeq'HOrO '.ce-

qeHHH Po (pMC. 30) ,lI.eHcTByeT HanpH}I{e-

HHe ao===Po/Fo.
�MCJIeHHO paCCeIIeM 06pa3eI..{ no 0,lI.-

HOM H3 InJI'O'cKoc'Tefi ,C-KOJIb>KelH.HH Fe H

,lI.eMCTBHe ero oT6pOIII�HHOM qaCTH 3aMe-
PHC. 30. HOpMaJIbHOe H Kaca- u

TeJlbHOe HanpH>KeHHe .B DJlOCKO- HHM ):(eHCTBHeM HanpH>KeHHH {Je, HanpaB-
CTH CKOJlb>KeHHH npH paCTH>Ke- JIeHHOrO B,lI.OJIb OCII paCTHrHBaeMOf'O 06-
HHH MOHOKpHCTaJIJIa:

pa3l(a.

n p-oeKTHpYH "BceCHJIbI Ha npO�OJIbHYIO ,OCb oO'6p a311-a, I:IOJIyqH'IvI:

(JvFo=aeFe, oTKy,):(a ae='eJ.oFo/Fe HJIIH O'e=I{JO sin a.

HanpH}KeHHe a e MO}KHO Bblpa3uTb npH nOMOIl.(H ,lI.BYX COCTaBJIHIO-

Ill.HX: HopMa.rIbHoH a H KaCaTeJIbHOH "C.

HanpaBJIeHHe C,lI.BHra, Bo06Il.(e rOBopH, He COBna,lI.aeT C HanpaBJIe-
HHeM nJIOCKOCTH CKOJIb}KeHH51. O,lI.HaKO Ha OCHOBaHHH MHOrOQHCJIeHHbIX

onbITOB YCTaHOBJIeHO, qTO yrJIbI a Ii 'B 6JIJ:l3KH no BeJIHtIHHe, TaK qTO

npH6JIH)KeHHO l\10}KHO nOJIO>KHTb a � I�. 113 pHC. 39 cJIe.n.yeT, qTO

Fe

.......,
"

Fo

6
0

(J == {J
e

cbs (90
0

-

a) == a
e

sin a =_7. a o sin 2
0:;

't == a
e

cos a = {Jo COS a sin a.
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H.opMaJIb'H.oe H3'np'51}1{eH,He a CTp.eMH'TC5I pas-op.BaTb MOH'D-KpH,CTaJIJI

'110 UJIOCoKOCrn 'CKOJIb'>KeHH5I Fe. .KacaTeJIb'HOe ('CKaJIbIBaIOIQee) HanpH-

il{eHHe 't CTpeMHTC5I npOH3BeCTH C,lI.BHr O,lI.HOH qaCTH MOHOKpHCTaJIJIa

(rr,HOC'HTe.JIblHO JI:P'yroH ,no IllJIOC-KOCTH ,CKOJIb}l{eHH5I Fe.

HaqHHa51 C meCTH,lI.eC5ITbIX rO,lI.OB nporn"TJoro CTOJIeTH5! npOH3Bo,nH-

.!IHCb MHorOqHCJIeHHble onbITbI, u.eJIblO KOTOpbIX 6bIJIM HCCJIe,lI.OBaHHe

JlpOI..{ecca paCT5I}I{eHH5I 06pa3I..{OB, H3rOTOBJIeHHbIX H3 HOHHbIX (N act,

I\gCI'H J{:p.) H M.e1'aJIJI.HtIeCKHX (Mg, Z.n, Cd, Al H ,lI.p.) MIQlHOKp,HICTaJI-

.1I0B. B pe3yJIbTaTe 3THX onbITOB 6bIJIO YCTaHOBJIeHO, qTO nOJIO}KeHHe II

xapaKTep KpHBOH, XapaK'1'epH3YIOIl.(eH CBH3b Me}l{.n.y Hanp5l>KeHHeM H

.n.ecpopMaIJ. HeH
,

B 3HaqH'TeJIbHOH CTeneHH 3aBHCHT 01' KpHCTaJIJIOrpacpH-
lleCKOH opHeHTHpOBKH (BeJIHlJHHbI yrJIa a) MOHOKpHCTaJIJIa. HanpHMep,
l1a pHC. 31, a npHBeJLeHa 3aBHCHMOCTb npe.rr.eJIa TeKyqeCTH MOHOKpIi-
CTaJIJIa Ka.n.M,HH OT BeJIHqH:HbI sina'cos�, 113., KOTOPO" CJIeJI.yeT, qTO npe-

.n.eJI...TeKyqeCTH HMeeT MHHHMaJIbHOe 3HaqeHHe npH yrJIe HaKJIOHa .nJIO-

6s, Mi-I/M2(r/MM2)
12

.

{f200}

8

(800)

4

( 'fOO)

200

(20)

\" 300

(30)

100

/10)
o 2-

00,1 0,3 0,5 o,J 0,1
d:::O sind cas p CX=90"

a

�J 0,4
sf neX cosj3

o

.J

OS
,

PUC. 31. 3aBHcHMoCTb npe,lI.eJIa TeKyqeCTH MOHoKpHCTaJIJIa Ka,lI.MHH (a), npe,lI.eJIa

TeKyqeCTH H CKaJIblBalOw.ero HanpH>KeHHSI Y BHCMYTa (6) OT KpHCTaJInOrpa�HqeCKOA
opHeHTHpoBKH:

1 -

npe.u.en Tel<.yqeCTH; 2 - CKanbIBalOw.ee HanpSl>KeHHe

CKOCTH CKOJIb}KeHHH KOCH paCT5I}KeHH5I, paBHOM nj4. Y HeKOTOpbIX

MOHOKpHCTaJIJIOB (KaK, HanpHMep, y KaAMH5I) npe.rr.eJI TeKyqeCTH B

3aBHCHMOCTH OT OpHeHTHpOBKH H3MeHHeTCH B 40 'pa3.
Ha OCHOBaHHH onbITOB no paCT5I}KeHHIO MOHoKpHCTaJIJIOB Heo.rr.HO-

Kpa1Ho npOH3BO,lI.HJIH TaKHe' paCqeTbI. B CPOPMYJIY (74) BMeCTO BeJIHqH-

HbI ao no.rr.CTaBJI5IJIH 3HaqeHHe npe,lI.eJIa TeKyqeCTH as H cooTBeTcTBYIO-

lIl.\Ie 3TOM'Y 3HaqeHH5I yrJI,oB a H �. n'p'H aTOM 06HapY}l{HJI,H, 1JTO

CJI.BnraJOIl.(ee Hanp51}KeHHe He 3aBHCHT OT opHeHTHpOBKH MOHOKpHCTaJI-
JIa. ,QJIH npHl'vlepa Ha pHC. 31, 6 nOKa3aHO

.

H3MeHeHHe c.rr.BHralOri.(er�
HanpH}I{eHHH H npe,[(eJIa TeKyqeCTH B 3aBHCHMOCTH OT opHeHTHpoBKH
1\10HOKpHCTaJIJIa BHCMYTa. ...

Ha OCHOBaHHH no.no6HbIX onbITOB 6bIJI CCPOPMYJIHpOBaH 3aROH

CKaJIbIBalOIl.(erO HanpH}KeHH5I ,lI;JIH MOHoKpHCTaJIJIOB, CYIl.(HOCTb KOTO-

poro 3aKJIIOqaeTCH B cJIe.n.YIOlI{eM: iI.naCTHlJeCKaH ,lI.ecpopMaI..{H5I MOHO-

J<pHCTaJIJIa HaQHHaeTC5I TOf.n.a, Kor.rr.a CKaJIbIBalOlI{ee Hanp5l}l{eHHe ,lI.0-

cTH�aeT HeKoTopor� onpe.rr.e�eHHoro (KpHTHQeCKoro), xapaKTepHor6
ILJI5I .rr.aHHoro BeI11.eCTBa B ,lI.aHHOM' COC,T05lHHH 3Haq,eHH5I. TaKHM o6pa-
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30M, eCJIH CKaJIbIBalOIl1.Me Hanp5I:IKeHI151 MeHbIlle KpHTHqeCKOrO, TO MO-

iHOKpHCTaJIJI .n.e<pOpMHpyeTC51 TOJIbKO ynpyro.

.OqeBH.n.HO, qTO MeXaHH3M CKOJIbLKeHH5I HMeeT ,lI.HCJIOKarl(HOHHYIO

npHpO,lI.Y. 3TO XOpOIIIO HJIJIIOCTpHpyeTc5I pHC. 32, Ha KOTOpOM, 51CHO

BHr)J.HbI .n.HcKpeTH-GcTb rrJIaCTH'qeCKOH .JI.'ecpop,MaI.(H'H H OTJI.eJlp,HbI,e .D.HCJlO-

Klll(HH, BbI5IBJIeHHbIe MeTo.n.OM 51MOK TpaBJIeHH5I B HX nJIOCKOCT5IX

CKOJIb)KeHH5I B Haq'aJIe npol(ecca .rr.e<popMal(HH.

.

H3"BeCTHO (r.TI. I), qTO nepBble nJIaCTI1qeCKH� C,lI.BHrH B MOHOKPH-

CTaJIJIe HaqHHaIOTC5I npl1 Harrp5l)KeHH5IX, KOTopble npHMepHo Ha .n.Ba

nopH?-Ka 'r\.,{eHbIlle npe,lI.e.rra TeKyqeCTH. DO,lI.06Horo pO,lI.a paCqeTbI, He-
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PHC. 32. 3apO>KJlaIO�HecSJ' .nHI-IHH CKo.nb}l{eHHH MOHOI<pHcTa.n.na KpeMHHCToro >KeJIC3a

(3% S i) npH 60QoC nu)J. HanpH>KeHHeM 45 M1-l/M2 (4,5 Kr/MM 2
). X7000

A

.

, -

CMOTp5l' H.t:! !HX 'npH6JIH}KeHHOCTb;' XOpOlllO nO,lI.TBep)K,lI.aIOTC5I. OnbITaMI1.

C pOCTOM BeJIHqHH Hanp5IllieHl1:H B npOI.J.eCCe

�

LI.aJI.bHeHIlleH ,lI.e<pOpMa-
II.HH rrOJIOCbI CKOJIb)KeHI15I BbI5IBJI5IIOTCH B BH,lI.e napaJIJIeJIbHbIX B3aHMHO

nepeCeKalOIl(HXC5I nO,lI. np5l.MbIM yrJIOM CnJIOIIIHbIX llITpI1XOB-CeMeHCTB.
PaCrrOJIO:tKeHHe CeMeHCTB JIHHI1H CKOJIb:tKeHH5I 3aBHCHT OT OpHeHTHpOB-
KH KpHCTaJIJIOrpa<pI1lJeCKHX nJIOCKOCTeH no OTHOllIeHI1IO KOCH paCT5I-

)KeHH5I. B npoueoce nJIaCTH'qe'CKO.H. .rr.e:cpOpMaUJ1.I1 nOJII1KpaCTaJIJlI1qeCKO-
ro TeJIa CH8 1 J:.aJIa LI.ecp'opM,I1PY.lOTC5I Te,' 3ep:Ha, Kp.I1'CTaJIJIOrpacpI1lJeCKa51
OpI1eHTHpOBKa KOT6pwx HaH60JIee 6JIarOnpH5ITHa no OTHOrneHl11O K

n.ei:IcTBYIOIl1.HM CHJIaM, T. e,. nJIOCKOCTI1 CKOJIbLKeHH5I KOTOpbIX pacnOJIO-
LKeHbI noLI. yrJIOM 'Jtf4 no OTHOIlleHHIO. K. .z:r:eHCTBYIOIl(eH CHJIe. 3TH ,lI.e-

<pOpMHpOBaHHble 3epHa B03,lI.ei1cTBYIOT Ha COCe,lI.HHe KpHCTaJIJIbI, npH-
qeM CHaqaJIa ,lI.ecpopMHpYIOTCH Te 3epHa, KpHCTaJIJIOrpa<pH1.IeCKa51 OPH-

eHTHpOBKa KOTOpbIX Bcer.n.a 6.1JHLKe K yrJIy 'Jtj4. 3aTeM ,lI.ecpop�HpYIOTCfI
3epHa C MeHee 6JIarOnpHflTHO opHeHTHpOBaHHOH perneTKOH. TaKHM

06pa30M, ,lI.e<popMa�HH nOCTerreHHO pacnpOCTpaHHeTC5I Ha BeCb 06'beM

nOJIHKpHCTaJIJIHqeCKOrO 06pa3u.a (pH,C. 33).

KpoMe JIHHHH .

CKOJIb:tKeHH51 B OT,lI.eJIbHbIX 3epHax '06pa3l(a, n05lBJI5I-

IOT'C5i eIl1.e LI.'Be 'CH'CTeMbI JIHHHM (Ino..aoc) CKOJIb>K'eHHH, paClIT-OJIO>KeHHbIX

noJI. yrJIOM,
-

6JIH3KHM K yrJIY nj4 no OTHOIlleHHIO K ,lI.eHcTBYIOIl1.eH CH-

74



JIe, H 06'pa3YIOIl('HX MeLK,lI.Y C060H yrJIbI, 6JI'H3KHe K np H'M bI/M. 3TH nOJIO-

CbI (JIHHHH) npOHH3bIBaIOT. BCIO TOJIIl1.Y 06pa3U� He3aBHCHMO OT

OpHeHTHpOBKH OT,lI.eJIbHbIX 3epeH. OHH HBJI5IIOTc.H pe3YJIbTaTOM CKOJIb-

)KeHH,5! rpynn 3epeH OTHOCHTeJIbHO JI.Pyr JI.pyra. DepBbIe JI'HH1!H CKOJIb-

:tKeHHH n05!BJIHIOTCH Tor,lI.a, KOr,lI.a npouecc nJIaCTHqeCKOH ,lI.e<pOpMaII.HH
TeJIa eIl1.e TOJIbKO HaqHHaeTCH. n pH 60JIbIIIH� ,lI.e<p0pMaUHHX nOJIOCbI

CKOJIb:>KeHHH CJIHBaIOTCH, nOBepXHOCTb 06pa3ua CTaHOBHTCH MaTOBOH �

o XapaKTepe JI.e'<popMaUHH no HH.M CYJI.HTb Y)Ke HeJIb3H.
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PHC. 33. KpeMHHCToe >KeJIe30 (3% Si) npH lOOO°C nocne Bbl,lI.ep>KKH no,lI. HanpsuKeHHeM
0"=8 MH./ltt 2

(0,8 KrIMltt
2

). X70

I1Me5J B BH,lI.Y, qTO HaqaJIO nJIaCTHqeCKOH .n.ecpOpMaUHH TeJIa XapaK-

TepH3yeTC5! nOHB.neHHeM nepBbIX nOJIOC CKOJIb)KeHH5!, paCCMOTpHM
CBH3b Me)K,lI.Y JIHHHHMH CKOJIb)KeHH5I H HaH60.rIbIIIHMH KaCaTeJIbHbIMH;

HanpH)KeHHHMH.

iB, fJI. II MbI nOJIyqHJlH cp-oPMYJIY (37) )I.JIH Qn.pe)J.eJleHHH KaCaTeJIb-

Horo HanpH)KeHHH Ha HaKJIOHHOH nJIOlI.{aJI.Ke:

T == T (cos
2

a - sin 2
a) + (a - a )" sin a cos a.

n xy y x

B CJIyqae paBHoMepHoro O,n:HOOCHoro paCT5!}KeHH5! 'txy=O; O'x=O'..
Kor.lla HacpHLKeHHe B ITJIOCKOCTH CKOJIb>KeHH5! .rr.ocTHrHeT KpHTHQeCKOii
BeJIHqHHbI, HOpMaJIbHOe HanpH}KeHHe.oKa)KeTCH paBHbIM O'y=O's-H Be-

JIHqHHa Tn 6YJI.eT paBHa
· 1

2Tn = CT
s sIn a cos a = - C1

s
sIn a..

2
. (75)

113 nOCJIeJI.Hero COOTHIOIIIeHHH CJIen.yeT, qTO KaCaTeJIbHOe HanpH}KeHHe
HMeeT MaKCHMaJIbHOe 3HaqeHHe B nJIOCKOCTH, pacnOJI'O>KeHHOH noJI.
yrJIOM n/4 IT� OTHOIIIeHHIO K CH paCTH>KeHHH:

as

't=Tmax�2. (76)
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TaKMM 06pa30M, B nJIOCKOCTM, np
' OXD.Q5II11.ei1 nOJI. yr,JIOM n/4, KaCaTe�TJb-

Hble Harrp5lJKeHM5I MaKCHMaJIbHbI, n03T0MY 3,lLeCb. rrpeJK,lLe BCerO M Ha-

illHHaeTC5I CKOJIbJKeHMe.

.nOJIOCbI CKOJIb}l{eHH5I BnepBble Ha6JIIO,lLaJIH M3BeCTHbIH PYCCKHH Me-

TaJIJIypr ,Q. K. qepHoB H HeMelLKHH yqeHbIH JIIO.rr.epc.
CooTHoIIIeHMH (75)., (76) rrOJIyqeHbI Ha OCHOBaHMM rrpe,lLrrOJIo*e-

HHH 0 TOM, qTO nJIaCTHqeCKMH C,lLBMr npOMcxoAHT OAHOBpeMeHHO no

BceH nJIOCKOCTM CKOJIb}l{eHHH. 3TO yrrpOIII.eHMe HaXO,lLMTCH B rrpoTMBope-
qMM C OCI-Io.BHbIM nOJIO}K.eH'HeM TeopMH .lI.M'CJIO,KalI.J.HH 0 JIOKaJIbHOCTM

rrJIaCTMqeCKOrO C,lI,BHra B rrpe,lI,eJIax H,lLpa ,lLMCJIOKaIl.HH. OHO MO}l{eT

6bITb pa3pellieHO MCrrOJIb30BaHHeM BeJIHqMHbI as, xapaKTepM3YIOI11.eif
CPH3;MKO-MeXaIHfHq,eeKHe CHOH,CTiBa 'TeJIa, M OrrpelleJIHeMOH H3 .onbITa. Ta-

KOM rro,lI,XO,lI, orrpaBlI.aH TeM, qTO B ,lLaHHOM CJIyqae MbI HMeeM ,lI,eJIO C

06'beMaMH MeTaJlJIa, MHoro '60JIbllHM!M paOCTOHHH5{ l\1e:>K.lI.Y LI.HCJIO-

KaIl.MHMM. 003TOMY C,lLBHr MO}l{HO CqMTaTb paBHOMepHbIM.

I1TaK, HaqaJIY' rrJIaCTHqeCKOH ,lLe<popMall.MM npM paCT5I)KeHHH nOJIH-

KpHCTaJIJIM4eCKHX 06pa3Il.OB OTBeqaeT COOTHOllleHHe (76). TaKHM o6pa-
30M" <pOpMy.rIMpOBKY 3aKOHa CKaJIbIBaIOIII.erO Harrp5l}l{eHM5I MO)KHO pac-

npOCTpaHHTb Ha CJIyqaH paCTHJKeHMH rrOJIHKpHCTaJIJIMqeCKorq MeTaJI-

JIa B TaKOM BH,lI,e: rrJIaCTMqeCKaH ,lLecpopMall.MH nOJIHKpMCTaJIJIHqeCKOrO
TeJIa rrpM paCTH}I{eHMM HaqHHaeTCH Tor.rr.a, KOr,lI,a CKaJIbIBalOmee HanpH-
}l{leHHe ,lLOCTMraeT HeKOl'OpOro rQ.npe.rr.eJIeHHOrO (i<:pHTHqeCKoro) xapaK-

Tepnoro .rr.JIH ,lLaHHOro IBemeCTBa B ,lLaHHOM rOCTOHHHH 3HaqeHMH. CP H3H-

qeCKOe COCTOHHHe BeI11.eCTBa onpe,lLeJIHeTCH TeMnepaTyp-OH, npM KOTOpOH

OCYIII.eCTBJIHeTCH ,lLecpopMaIl.MH, CKOpOCTblO .rr.e<popMaIl.HH H Harrp5l}l{eH-
I1bIM COCT05lHHeM TeJI a.

COOTHOllleHHe 't =

as
nOJIyqeHO Ha OCHOBaHHH orrbITOB B YCJIOBH-

-- o' 2

HX tnp'OCTeHlIIero HanpH)KeHM5I COCTOHHHH
-

O.rr.HooC'f!.oro pac-

T5IllieHM5I.

.

;B03HuKaeT Bonpoc: ,np'M KaKoM C-OOTHOlIIeHHH Melli.rr.y rJIaBHblMH

�HarrpH}i{eHM5IMM HaqHI-IaeTCH rrJIaCTMt.IeCKaH ,lLecpoprv1all.MH TeJIa, KOr,lLa

'Bce TpM rJ1a'BHblx' HarrpH}I{eHMH OTJIHqHbI OT Hy.hH?
-

. B, tJI. II 6bIJIO rrOK�3.aHO, LITO Ha IIJIQ IIJ.a.rr.K ax, pacrrOJIO}l{eHHbIX no,lI,

YTJIOM 'n/4" no Hanpa'BJIeHMIo. K rJIaBIHb�M 'OCHMTeH30pa HanpHllieHMH

JJ..eM:CTBYIOT MaKCMMaJIbHbIe KaCa�eJIbHble HanpH:>KeHH5I, onpe,rr..eJIHe-

MbIe paBeHCTBaMM (43). 113 3Ti1X paBeHCTB CJIeJI.yeT, qTO MaKCHMaJIb-

,Hb'le.. Ka�aTeJIbHble HarrpH>KeHMH .paBHbI nO"TIypa3HocTM fJIaBHbIX 'HOp-

;'M;aJIbHbIX HarrpH}I{eHHH, a Han60JIbllIee no BeJIHqMHe Ma�CMMaJIbHOe
��CaTeJIbHOe Ha.rrpH}I{eHMe orrpe,lLeJIHeTCH paBeHCTBOM

0'1
-

0'3
%13 ==

·

(. 2

.'
EI11.e B CeMM,lLeCHTblx TO,lLax rrpOIIIJIOro.. ,c;TOJI�THH TpeCK� H CeH-

13eHaH �bIC�a3aJI»�pe,lLnOJIO}KeHMe � TOM, qrO nl:IaCT�q��KaH .rr.ecpopMa-
'll.MH TeJIa, HaXO.lLHI11.erOCH B 06'beM.HOM HarrpH;JK�Ha.Q:M ;COCTOHHMH, HaqM-

HaeTCH TOr,lLa, KOr,lLa HaI160JIbllIee 113'; MaKcHM'aJIbHbiX .�acaTe.nbHbJX

�HqfIPH}I{eHHH ,lLOCTHraeT orrpe.rr.eJIeHHOrO, xapaKTepHoro <�JI;'H-: ,lLaHHOrO

.7.fj
..



BemeCTBa B ,lLaHHOM C.OCTOHHMM 3HaQeHHH, qMCJIeHHO paBHOrO nOJIOBM-

lie rrpe,lLeJIa TeKyqeCTM IIpM npOCTOM paCT51)KeHMM:

O'
s

0' I � 0'3 O'
s

'(13 =

2
MJIM

2

==

2"
'

oTKy�a a 1
- a

3
=..a

s
. (77)

3TO BbIpa}l{eHMe 3arrHcaHO .ll.JI51 rJIaBHbIX oceH. B npOM3BOJIbHbIX OC51X

ero MOJKHO rrOJIyqMTb C MCnOJIb30BaHMeM p aBeHCTBa (44). B03Be,lLH 06e

ero qaCTM B KBa,lLpaT, nOJIyqMM: (al - a 3 )2 == (ax
- a

y )2 + 4 't'';y, 11 Ha

OCHOBaHMH pa.BeH,cTBa (77) Y1CJIO,BMe rrJIaC'TMqIHOCTM .ll.JI51 CJIyqaH 'npo-
H3,BOJIbHbIX oceH 3arriMllieTCH B TaKOM BM.rr.e:

(ax-a y ) 2+4'(2xy --..: a
2

8 . (78)
MbI rrOJIYQMJIM COOTHOIIIeHMe, KOTopoe HOCMT Ha3BaHMe YCJIOBMH

I1JIaCTMqHOCTI1 MJIM ypaBH'eHMH CeH-BeHaHa. HeO,lLHOKpaTHaH npoBepKa

nOKa3aJIa, qTO ypaBHeHMH nllaCTMqHOCTM (77), (78) y,lLOBJIeTBOpMTeJIb-
'HO n.o.rr.TBepLK.rr.aeTCH onbITaMH TaK, qTiO In-pH 'CT:p.orOM nOC'TaIHOBKe .onbITa

pa3JIHqMe Me}l{,lI,y pe3YJIbTaTaMH paCqeTOB M orrbITHbIMM ,lLaHHbIMM JIe-

}l{HT B rrpe,lLeJIax 0-16 %. TeOpeTMqeCKHH aHaJIM;3 M orrbITHaH rrpoBepKa

nOKa3aJIM, qTO OTMeHeHHoe pacXOJK,lLe.HMe HBJIHeTCH pe3YJIbTaTOM Toro,

qTO ypaBHeHMe (78) He yqMTbIBaeT BJIMHHMH cpeAHero r..r:laBHoro

Harrp5l}l{eHHH.

HecMoTpH Ha HeKoTopoe KOJIHqeCTBeHfIoe pa3JIMqHe Me}l{,lI,y pe-

3YJIbTaTaMM paCqeTa M onbITa, TpeTbH TeopHH ppe,lI,eJIbHOrO COCTOHHMH

rr03BOJIMJIa pacrrpocTpaHIITb 3aKOH Ma�CMMaJIbHOrO CKaJIbIBalOlUero

HarrpH}I{eHMH.oT CJIyqaH O,lLHOOCHOro paCTH}I{�HMH Ha .CJIyqaH TpexocHo-
ro I-Iarrp'H}I{eHHOrO COCTOHHHH B TaKoH cpOPMYJIMpOBKe: rrJIaCTHQeCKaH

Ae�opMaUMH rrOJIMKpMCraJIJIMqeCKOrO TeJIa B cJIyqae o6�eMHoro H�-

rrpH}I{eHHOrO COCTOHHHH HaqMHaeTCH TOr,lLa, KOr,lLa HaM60JIbll1ee 113 MaK-

CMMaJIbHbIX CKaJIbIBalOI11.MX HarrpH}I{eHHH ,lI,OCTMraeT orrpe,lLeJIeHHOrO,
xapaKTepHoro �JIH .rr.aHHoro Bell.{eCTBa B ,lLaHHOM COCTOHHHM 3HaqeHMH,

4MCJIeHHO paBHoro rrOJIOBHHe npe,lLeJIa TeKyqeCTH npM npOCTOM paCT�-
)KeHHM.

BeJII1qMHa cp.BMraIOll.{er.o Hanp5l}l{eHMH npH �aHHOH TeMrrepaType H

CKOpOCTM JI.ecp,opM,aIH1IM on,pe,rr,'E�JI51eT'C5I BeJIMqHHOH H'opMaJIbHbIX Ha.npH-

}l{eHMH H cxeMOH HanpH}I{eH�OrO COCTOH"ijHH. ,[LeHcTBHTeJibHO:' �CcnH

0'1-0'3 _O's
a 1 >a 2 >a 3 H't'13 = <�,.

2 2

TO
0' 1

-

0'2
<

0'
s .

M '(12 == -

,

2 2

_

0'2- 0'3
<

as
't'23 -

-

.

2 2

Ha OCHOBaHHH 3aI{OHa CKaJIbIBalOI11.erO HarrpH}I{eHMH MO}l{HO YT-

Bep}l{,LLaTb, qTO npM HaJIMqMM aarrMcaHHbIX BbII.IJ;e COOTHOllieHUM TeJI0

nlIaCTMqeCKM .rr.e<pOpl\1HpOBaTbCH He 6Y.ll.eT H .ll.ecpopMaUMH 6YJLeT TOJIbKO

yrrpyrOH. Il03TOMY HaM60JIee XapaK.T:epHpI,M, -:: p'O�BMJ1.I1M'OMY,' .HBJIHeTCH

CJIyqaH, Ko,rlI.a -at ===-a2===-a3
:'

�d� f:' e. 'TeJIO rrOl1.BepraeTcH Bce-

CTopIDHHeMY paBHoMepHoMY C}KaTMIO. OpB 3TOM rrpaBble" qaCTM rrpe.rr.-

IIJeCTBYIOI11.HX BbIpaLKeHHH 06paI11.a1OTCH B' HYJIb. TaKI1Ivl 06pa30M, B

77



COCTOHHMM paBHOMepHOrO C}I{aTMH CKaJIbIBalOll.{He HarrpH}I{eHMH OT-

CyrCTBYIOT. B COCTOHHH.M, -6.JI:M,3KOM K 'paBHOMepHOMY C}I{aTHIO, OHM

MeHbIIIe CKaJIbIBalOI11.HX HarrpHLKeHMH, COOTBeTCTBYlOrnHX' npe.ll.eJIY TeKY-

II�CtM. 003TOMY nJIaCTHqeCKaH ,lLecpOpMaIl.MH Ii pa3pYIIIeHHe TeJIa rrpOM-

30HTM He MorYT. TeJIo 6y.rr.eT JIHIIIb yrrpyro YMeHbIIIaTb CBOH 06'beM.
r-

dTOT BbIBO,lL rrO,lLTB�p}l{,lLaeTCH orrbITaMM, B KOTOpbIX CrrJIOIIIHble MeTaJI-

JIHqeCKMe reJIa nO.ll.Bepra.JIHCb BceCTopOHHeMY paBHOMepHOMY C}I{aTMIO

rrpH OqeHb BbI�OKHX J],aBJIeHHHX.

4. 3HepreTH1JeCKOe YCJlOBHe ,nJlaCTH1JHOCTH

B HaqaJIe TeKYI11.erO CTOJIeTMH (1904) ry6ep'M MH3ec BbICKa3aJIM

clle.n.ylOIII.YIO rMnoTe3Y: nJIaCTHqeCKa51 .n.e<popMaIl.MH TeJIa HaqMHaeTC51

Tor.ll.a,_ KOr.ll.a Y.ll.eJIbHaH rrOTeHlI.HaJIbHa51 3HeprM51 H3MeHeHHH cpOpMbI
H�,eaJIbIHO rrJIaCTH'q.e'CK,oro TeJIa (iRe ,o6JIaJJ.alOI11.ero yrrpOqHeHH-eM)
,lLOCTHraeT onpe,lLeJIeHHOH B ,lLaHHbIX YCJIOBMHX BeJIHqHHbI, He 3aBMCH-

ll.{eH OT X�.paKTepa HarrpH}I{eHHOrO COCT05lHM5I TeJIa. 3Ta rMrrOTe3a -'6bI-

�:Ia C<POPMYJIHpOBaHa B rrpOll.eCce nOliCKOB 60JIee COBepIIIeHHoro YCJIO-

BHH, xapaKTepM3YIOI11.erO HaqaJIO rrJIaCTHqeCKOH ,lLecpopMall.MM, qeM YC-

JIOBHe nJI3tCTMq;H-DCTH CeH-,BeH30Ha.

.

OOTeHIl.HaJIbHaH 3HeprMH W yrrpyroH .rr.ecpopMall.MM 3JIeMeHTa 06'be-

Nra TeJIa npe.ll.CTaBJIHeT C060H CYMMY rrOTeHIUHaJIbHOH 3HeprMM M3MeHe-

Hl'�H 06'beMa H <pOpMbI TeJla, T. e.

W=W
o +W<1>'

I',lLe W0
-

rrOTeHIl.MaJIbHaH 3HeprMH H3MeHeHMH 06'beMa;
W <P

�
rrOTeHl(HaJIbHaH 3HeprH5I H3MeHeHH5I <pOpMbI,

OTKY}J;a W<1>
== W - Woo (79)

nOJIHaH y.rr.eJIbHaH rrOTeHlI.MaJIbHaH "3HeprHH 3JIeMeHTapHoro 06'beMa

W =
0'1 el + 0'2 e2 + 0'3 e3

2

I1JIM, rrpHHMMa51 BO BHMMaHHe paBeHCTBa (54):

W
I 2 2 2 .

=

2 £
(0"1 + 0"2 +. U3 -2 m (a1 a 2 +. a 2 a

3 +a 3
a 1 )]. (80)

nOTeHIl.HaJIbHaH 3HeprH5I ynpyroro H3J\1leHeHH51 06'beMa:

1 L\ V
W = - - a.o

2 V

Ha OCHOBaHHH paBeHcTB (47) H (64) 6Y.ll.eM HMeTh:

W
o

= �
(e 1 --t- e 2 + e 3 ) � (a 1 + a 2 + a

3 )
2 3

HJIH, npHHHMaH BQ BHHMaHHe (54),

I-2m
W

o
= (at + a 2 + a

s )2.
6£ (81)
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OOJI.CTaBJIHH ypaBHeHHH' (80) 1'1" (81) B BblpaLKeHHe' (79), rrOJIyqMM

Bblpa}l{eHHe .ll.JI51 Y,lLeJIbHOH nOTeHlI.HaJIbHo'H 3HeprHM ynpyroro M3MeHe-

HH5I <pOpMbI TeJIa:

WA.
=

1 + m

[(0'1 - 0'2)2 + (0'2 - 0'3)2 + (0'3 - 0'1)2]. (82)
'P 6£

B cJIyqae O.ll.HOOCHOro paCTH}I{eHHH nJIaCTHqeCKaH .n.e<popMall.MH
HaqHHaeTCH npH BeJIHqHHaX rJIaBHbIX HarrpH}I{eHHH, pa�HbIx al =0'8;

0'2==0-3=0. OTCIO.ll.a Ha OCHOBaHHM BblpaLKeHMH (82) HaH.ll.eM, qTO

W _

l+m --.2

Q>
-

3 E
CIs-

YqHTbIBa51, QTO Y.ll.eJIbHa51 nOTeHlI.HaJIbHaH 3Hepri1H H3MeHeHHH <pOpMbI
TeJIa He 3aBHCHT OT xapaKTepa HarrpH}I{eHHOrO COCTOHHHH, 'BeJIHqHHY
W<I> J(JIH TpeXOCHoro HarrpHLKeHHoro COC'f10HHMH MO}l{HO npHpaBH5ITb

B.eJIMqMHe Y,lLeJIbHOH QOTeHIl.HaJIbHOH 3HeprHM M3MeHeHHH TeJIa JI.JIH

O,lLHOOCHOro paCT5I}I{eHH51.

.n'pMpaBHMIBaH rrpa'Bble qaCTH ,HanucaHHbIX 'BbIllie paBeHC'TB, ,U,JTH

W<I> rrOJIyqMM

(0'1 -

0'2)2 + (0'2
- U g )2 + (0'3 - 0'1)2==2 a�. (83)

3TO BWpa}l{eHMe rrOJIyqMJIO HaMMeHoBaHHe 3HepreTHqeCKOrO YCJIOBMH
fiJI aCTHqHOCTM.

HTaK, y,lLeJIbHaH nOTeHlI.HaJIbHaH 3HeprMH M3MeHeHMH cpOpMbI M,lLe-

aJIbHO nJI3CTMqeCKOrO TeJIa 51BJIHeTC51 ,lLJIH ,lLaHHWX YCJIOBHH (CTeneHb
,lLe<popMall.�M, TeMrrepaTypa, CKOpOCTb ,lLe<popMall.MM) BeJIMqHHOH rrOCTO-

5IHHOH, He 3aBMCHll.{eH OT xapaKTepa HarrpH}I{eHHOrO COCTOHHHH.

B TaKOH <POPMYJIHpOBKe YCJIOBHe (83) CrrpaBeJI.JIHBO TOJIbKO JI.JIH

M,lI,eaJIbHO nJIaCT,HqeCKOrO T'eJIa. O.ll.Ha�O ,OOOTHOllIeHMe (83) M'OnOJIb3Y-
lOT M ,lJ..JI51 TeJI, 06JIa.ll.alOll.{HX YlnpO'qIHe!HHeM, C TeM, qT06bI OJI.:H03HaqHO

onpeJI..eJIMTb y,c.JI'OB.He, np,H, K'�T'Op-oM 'l!.aqH.HaeT'CH nJIaCTHqeCKa51 ;I,e'c1Jop-
Mall.M5I: ,rrJIaCTM'QeCKa51 .ILecpopMall.'HH HaQMHaeT'C5I

.

T'O rJI. a, KOf,lLa 3anac

cnOTeHlI.HaJIblHOH 3HeprHH TeJIa JI,OCTHraeT onp,ep.eJIeHHOM ,rr,JIH !l.aHHbIX
u u .

.

YCJIOBHH BeJIMQIHHbI, He 3aBM'C51ll1..eM OT xapaKTepa !Hanp5IllieHHOro CO-

C''f!0 H.H H 51 .

ECJI'H HanpH}I{eHM5I 0'2=0'3 HJIM 0'2=0'1, TO ypaBHeHMe (83) rrpHBO-

JI.HTC5I K BM.ll.Y: al-a3 == as.

3TO YCJIOBMe 6bIJIO rrOJIyqeHO paHee. OHO rrpe,lLCTaBJIHeT C060H yc.rro-
SMe rrJIaCTHqHOCTH COCTOHHHH CeH- BeHaHa.

OpM npOMeJKYTOqHOM 3HaqeHHM BeJIHqHHbI 0'2, paBHOH

0'1+0'3
0'

--

2
-

2
'

T. e. ,lI.JI51 'CJIyqaH nJIOCK.OH .ll.elcp,opManHH (83), ypaBHeH,He 3anUCbI,BaIOT

B cpopMe:

2

0'1
-

0'3 ==

V3
aS.
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DpM BCeX OCTaJIbHbIX rrpOMe)KYTOqHbIX 3HaqeHHHX 0"2 B rrpe,lLeJIaX M3-

MeHeHH5I Me}l{.rr.y at H 0"3 K03<p$HIl.MeHT TIepe,U. as M3MeHJleTCH B rrpe.rr.e-

JIax OT 1 .n.o -'/3
= 1, 155 no cJIe.n.YIOIl(eil 3aBMCMMOCTM:

� =

2
_

2

(84)

V 3 + lt� V 3 + It;

3TO COOTHOIIIeHHe .ll.JI51 K03<p<PHlI.MeHTa IP, yqHTbIB.alOI11.ero BJIMHHMe.

cpe,U.Hero rnaBHoro Harrp51)KeHHH Ha nepexo,lL B TIJIaCTMqeCKoe.COCTOH-

HMe, TIOJIyqeHO Ha OCHOBaHMM paBeHcTB (�3) H (83) H rrO,lLTBep}l{.rr.eHo
OTIbITaMH B. JIo,lLe M .z:r.pyrMx HC.CJIe,lLOBaTeJIeii

l
.

-

TaKHM 06pa30M, ypaBHeHMe (83) MO}l{HO 3aMeHMTb 60JIee rrpocTbIM�

a 1
-

as = �as' (85)

rrpH 3TOM

2

1,0 -< � -<:
y 3

= 1, 155.

B npOH3BOJIbHOii CMCTeMe Koqp,lLMHaT .ll.JIH CJIyqaH rrJIOCKOH ,U.e�op-

MaIl.H,M IfMeeM:

0'1 +0'2
a 3

=

2

O'xtO'y 2

2 H�=-.
V3

.

Tor.ll.a Ha OCHOBaHIMH paBeHcTBa (78) YCJIOBMe nJI3-CTHqHOCTM npM-

06pe'taeT BIM.ll.:

(ax
-

O'y)2+ 4 �y = : 0';. (86)

3TO YCJIOBMe, rrOJIyqeHHOe Ha OCH.qBaHHM 3Hepre'DMQeCKOH TeopMIM

npe,lLeJIbHOrO COCTOHHHH, OTJI�qaeTCH OT YCJIOB�H HaH60JIbIIIerO Kaca-

TeJIbHOrO HarrpH}I{eHM5I qMCJIeHHbIM MH"Q}I{MTeJIeM B npaBoH qaCTM pa-

�eHcTBa. 06a �TM YCJIOBMH MO}l{HO HanM.caTb B BM.ll.e O,lLHOro paBeHcTBa:

(ax - O"y)2 + 4 T;y == 4 k 2
, (87)

1 1
13 KOTOpOM k =

70's .n.JIH CJIYIIaH TeopMIM CeH-BeHaHa; k =

Y3
as }I.JIH

CJIyqaH 3Hepre�MqeCKOH TeopMM npe.rr.eJIbHOrO COCT05lHMH. 3H�preTHqe-
CKaH TeopHH npe.rr.eJIbHOrO COCTOHHMH JIyqlle OTBeqaeT onbITHbIM ,lLaH-

HbIM, QeM TeOpM5I CeH-BeHaHa. 06'bHCHHeTC5I 3TO TeM, qTO 3Hep ' reTUlJe-

CKa51 TeoplMH rrpe,rr,eJIbHOrO COCT05lHH5I yqHTbIBaeT BJI,MHHMe Cpe,lLHerO
rJIaBHOrO HarrpH}I{eHMH, KOToporo TeOpH51 CeH-:-BeHaHa BO BHMMaHHe He

npHHIMMaeT.

1 H a )J. aHA. nJIaCTHtJHoCTb H pa3'PymeHHe TBep)J.blx TeJI, T. 1. nep. c aHrJI. M.,
HJI, 1954. 648 c. C HJI.
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5. npH.6JIH}KeHHbIe YCJIOBHSI nJIa,CTHIJHOCTH

CJIe,n.YH E. n. Y.HKcony
1

, nepenHIlleM YCJIOBHe nJIaCTIMqHOCTM (87) B

TaKOM BlH.ll.e:

<J
x

�
<J

y
= + V 1 - ( ;u r .

Ha .pIMC. 34 rrocTpoeHa KpHBaH, .M3 paccMOTpeHM5I KOTOpOi1: CJIe.rr.yeT,
'1'

lITO npM H3.MeHeHMH OTHOIIIeHHH
xy

OT 'HYJIH .ll.0 ero MaK'CHMaJIbHOrO
k

1,0

0,8

PHC. 34. 3aBHCHMOCTb OTHOllIeHHSI

(J - (J
x Y

� 0,6
�

'-..

�
\:) 0,4

,2k

H Cpe,lI.HeH norpeWHOCTH OT, BeJIH1JHHbI T '

fl(
. .

xy

l-i

�

0]2

3HaQeHM5I, paBHOrO e.lU1HMII.e, OTHOIIIeHMe

�

o

o,z 0.4 0,6 0,8 a [Ik

a{J
:.

0,952

(J'
x

- (J'
y

IM3MeHHeTCH OT e,lI,M-
2

HMU,bI ..no HYJI5I.

BbIqHCJIMM Cpe,lLHIOIO norpelliHOCTb �, BQ3HMKalOI1J.YIO nplM MCnOJIb30-

�aHMM ypaBHeHIMH nJIaCT1MqHOCTH B rJIaBHbIX OCHX:

a-a==2k
x y

BMeCTO ypaBHeHMH (87) ,rr,JIH npOM3BOJIbHO Bw6paHH�x ocei1: KOOPJI.H-

�aT.

0603HaqMM

(88)

1:;U =m, r,lI.e O.<.m<;' 1,0. Tor,ll,a

!! ==

�. (m - .r V1- m2d m)
= --;- (m

-

; 11 1-m 2
+ � arscin m}

Ha puc. 34 nplMBe,lI,eHa 3aBM.CMMOCTb Cpe,lLHeH rrorpellIHocTM � OT Be-

JIMqHHbI m, nocTpoeHHaH Ha OCHOBaHHIM 3Toro ypaBHeHM5I. MO}l{HO 3a-

paHee 33.rr.aTbCH HeKoTO'poH ,lLOI1YCTHMOH cpe.rr.HeH norpelliHocTblO rrpH

MCnOJIb30BaHIHIH npM6JIM}I{eHHOrO ypaBHeHMH nJIaCT-HqHOCTM (Jx-(Jy
= 2k

BMeCTO TOqHorO ((Jx-ay)2+4't�y=4k2. nYCTb, Ha.npMMep, �=100/0, lITO

He BbIXO,lLMT 3a nlpelLeJIbI 16 0/0, M, CJIe.ll.OBaTeJIbHO, MeHbIIIe rrorpelliHo.

1 Y H K COB E. TI. I1H>KeHepHbIe MeTO,[(bI paCT.IeTa YCMJUIH npH o6pa6oTKe MeTaJI-

JIOB ,[(aBJIeHHeM.' M., Marnr.H3, 1955. 280 c. C HJI.

'
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. CTH, BHOOHMOH 3aMeHOH YCJIOBH51 nJI3'CTHqHO'CTIH no 3HepreTMqeCKOii
TeopMM npe.ll.eJIbHOrO OOCTOHHMH YCJI'OBM0M nJIaCTMqHOCTH MaKCMMaJIb..

HbIX CKaJIbIBalOrnMX HanpHLKeHHH. 113 pIMC. 34 BIM,U.HO, qTO npM m>0,7

CpeJI.H5IH norpelliHocTb YlKe 60JIhllIe 10 0
/ 0 ,

a a6COJIIOTHa51 norpelliHocTb

,lI.OCTHraeT 30 0
/ 0 . TaKMM 06pa30M, npH 3a,lLaHHOH Cpe.ll.HeH norpelliHocTM

, "'xY
"HMeeTCH onpe.ll.eJIeHHOe 3HaqeHMe

m==T'
.HaqHHa51 C KOToporo 60JIee

TJOqHbIH pe3YJIbTaT MOLKHO nOJIYlIHTb fIpM HCnOJIb30BaHHH YCJIOBMH nJIa-

CTIH'qHOCTM B <pop Me

·

ax
- a

y
== O. (89)

.'"

E'CJIM
xy

== 1, 3TO npH6JIIM>KeHHOe YCJIOBHe HBJIHeTCH TOlIHbIM.

k

TaKHM 06pa30M, TOqHOe YCJIOBHe IllJIaCTHlIHOCTM (87) MOLKHO 3aMe-

HHTb !l.BYM5I npH6JIM}I{eHHbIMM YCJIOBIMHMM (88) M (89).
rpaH:HII.Y npMMeHeHMH npIM6JIH}I{eHHbIX ypaBHeHIMH fIJIa CT1MqHOC'J)H

.MO}l{HO HaHTH M3 YCJIOBM51 'paBeHcTBa BeJIUIIM!H Cpe,lI.HeH norpelliHocTH,
0'

x

-

O'y
� M Ha .060HX YIIa.CTKa , x. 0603 1 Haq'MM rpaHaqHYIO TOIIKY Me}l{,lI.Y

2k

"'xy
3THMM yqaCTKaMM qepe3 mo. Tor.ll.a nplM O<-<m o npHM.eHH'Mo ypaB-

k

'"
xy

-

HeHMe (88), a nplH mo < - < 1- npMMeHMMo ypaBHeHHe (89).' Toq-
k

Ka a onpe,lLeJIHeTCH M3 CpeJI.HeMHTerpaJIbHOrO 3HaqeHMH Ha yqaCTKaX

(mo) H (l-mo):

1

(
mo

)
1

-

mo
-

5 11 1 - trl
2 d m == X

mo 1-mo
o

I

X {( 1 - mo) -

[ (1 -

mo)
-

L 11 1 - m
2 d m ]}.

OTCIO,rr,a nOJIyqMM, qTO mo=O,95. Cpe,U.HHH norpelliHocTb BeJIHqMHbI

O'x-O'y
6Y,lLeT COCT3BJIHTb 11 � 0, 18.

2k

TaKHM -o6paaoM, ,npM mo>{),9 1511.eJIeco06pa3IHo nOJIb3-0BaThCH YCJI,O-

BHeM (89). HalM60JIblla51 norpelliHocTb nip 1M nOJIb3'OBaHIMH nIPM6JIM}I{eH-
HbIMM yCJI�OIBHHMH (88) H (89) BMeCTO iTOqHOrO YCJIOBMH (87) 6Y.ll.eT npM

''''xy
0,7 <

-

< 0,95.
k

B .ll.a�bHeHIIIeM MbI 6Y.ll.eM llIMpOKO M-C'fIOJIb30BaTb npH6JIHLKeHHbIe
YCJIOBMH nJIaCTMqHOCTH BMeCTO TOqHOrO C yqeTOM npIMBe,ll.eHHbIX 3,U.eCb

co06p a}l{eHHH.

BBe,lLeM )J.aJIee 0603HaqeHHH:

2k=K,'J== + 1.
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Tor,lI,a paBeHcTBo (88) rrpHMeT BlM.ll.:

ax
- a

y
== 'J K. (90)

6. MHTepnpeTaQHSlKpHBOH ynp01JHeHHSI .MeTaJIJIOB

c n03M"-H" TeopHH J(HCJlOKaQHH

MexaHIM'qeCKlMe CBoHcTBa 60JIbIIIHHCTBa MeTaJIJIOB H CnJIaBOB xapaK-

Tepu3YIO''f1C5I KpHBbI'MiH 'ynp'Oq'HeHMH, He HMelOrnHMH HpK'O Bblpa)KeHHOM
nJIOI11.a,lLKH TeKyqeCTM IH «3y6a» TeKyqeCTH. TaKHe KpHBbIe XOPOllIO an-

Irr:pOK'CHMHPYIOT'CH -c-reneHHbIMIH <PYHKI.J.rMHMH, KOT,opbIe MO>KHO nOJIyq'MTb

C IMCnOJIb30BaHIHeM TeopMH �H'CJIOKau.HH.

Dpe.ll.IIOJIO}l{HM, qTO B KplMCTaJIJIe JIMHeHHbIe ,lI,MCJIOK'auHH pacnOJIO-
}l{eHbI napaJIJIeJIbHbIMIM p5l,lI,aMM. COrJIaCHO paBeHCTBY (11), BeJIMIIHHa

nJIaCTMqeCKOrO C,lLBMra paBHa:

'V
==

PA b I,

r,lLe pJJ.
---'

IIJIOTHOCTb Jl.IHCJIOKa'lI.MH;
b -

BeKTop 5lOprepca;
1- Cpe,lI,HMH nYTb IIp06era JI,M'CJIOKaI.J.HH.

,lJ,M.CJIOKall.HIM oKpY}l{eHbI OHJIOBbIM nOJIeM, Harrp5l}l{eHMe KOToporo

06paTHo 1np'OIIOpI.LHiOHaJIbHO 'cpe,lI,HeMY. paCCTOHHHIO Me>K,U.y ,ll.HCJIo.Kall.M-

HMM: 't' = Oblr.

BeJIWm:,Ha r = 1�2 ' If n03ToMY 7:=0 b -V PA . BOCnOJIb'30BaBlIIi11Cb BbIpa-
P A

LKeHMeM .ll.JIH nJIaCTMqeCKOrO C,lLBMra 1', noJiyq'MM:
t 1
- -

-.:=0(+)2
y2.

KaCaTeJIbH;bIe Hanp51JKeHH51 H C,lI,BMrH CBH3aHbI COOTHOllieHIH5IMIH:

0'1 � 0'3
T =

2
; '\'

= e 1
- e

3 .

B CJIYIIae O,ll.HOOCHOro paCT5I}I{eHM5I MO>KHO npHH51Tb a3
=

0; e3
= o.

T
0'1 0' -

or.ll.a T =

2
=

2' 1'=el =e, 1M Harrp51>KeHHe onpe,U.eJIMTC5I no

<POIpMYJIe:
t 1

a=20( � )2e
2

.

E 0'

Ho 0 =

2 (1 )

-

(l

.�

,r.zr.e e s
-

.zr.e<l>opMall.HfI, cooTBeTcTBYlOllI. afl

+m 2 +m)e s

IIpe.ll.eJIY TeKyqeCTH, T. e. npe.ll.eJI yrrpyroH ,l1.e<popMau.HH. D03TOMY
1 1

a=.[ ( 1 �Sm ) ( :e
s )2] ( :s )

2. (91)
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MHO}l{MTeJIb B KBa.ll.paTHbIX C'KOOKaX npaBOH qa,�T1H 3TOrO paBeHCTBa
M'OLKHO .MIHTepnp'e'T'H'p'OBaTb K.aK npe..ll.eJ1 TeKyqeCTM as. ,[{.eHCTBHTeJIbHO,
113 paBeH'CTBa (11) cJIe.rr.yeT, qTO 'Clpe!LH5IH ,lJ.JIHHa np06era ,U.MCJIOKall.MH

paBHa

1==
'Y

_

e

PII. b pJJ..b

C Y'lleTOM 3Toro 6YJI.eM MMeTb

1 1
�

as

(
b2 P II.

)
2

==
as

(
b2 P D.

)
2

.

1 + m 1 e
s

1 + m e
s

1

DOJIara51 B 3TOM paBeHcTBe ,U.JIH HaqaJIa rrJIaCTHqeCKOH .ll.ecpopMaIl.HH
e=es, IHMeeM:

1

as

(
b2 PD.

)
2

as b +-
-p; .

1 + m .e
s

l.

-

1 + m e
s

M

DpMHMMaH 06blqHbIe ,lLJIH .ll.e<popMHpyeMbIx MeTaJIJIMqeCKIMX TeJI 3Haqe-

HMe BeJIIHqMH: b=3.10- 8
CM; e s =2.10- 3

; p
= 10 10

1/cM
2

; m� 1/ 2 , rrOJIY-

qMM:

as e �
.-o2==a s

1 +m e
s

�,lI.

3 . 10-
8

p5 ==

as.

2(1++) \0-3

HTaK, paBeHcTBo (91) npH06peTaeT BM,U.:

1

a =

as ( ;J
2

·

AHa,JIOrMqHOe Bblpa}l{eHMe HeTpy.,lLHO nOJIyqMTb '1M npe,lXnOJIaraH, qTO

J(HCJIOKaIl.M,M BMHTOBbIe. TaKM,M ,o6pa30M, nOJIyqeHHbIe COOTHOIIIeHHH

Me}l{,lLy Hanp5l>KeHHHMM Ii ..u.ecpOlpMaIl.MHMM CnpaBe,lLJIIMBbI He TOJIbKO ,lLJIH

BH-HTOBbIX M KpaeBbIX, !HO M ,lLJIH CMeIIIaHHbI)X lI.MCJIOKaIl.HH, KOHeqHO,
, , .

npM YCJIOBMM, qTO MbIIMMeeM ,lLeJIO C MOHOKpIMCTaJIJIaMM, 'r,lLe MMeeTC5I

OTHOCMTeJIbHO 'He60JIbIIIoe. K0-!1MqeCTBO rpaHIM'lI. pa3,lLeJIa. 3TOT' rrapa60-
JIM'qeCKMH 3aKOH XOPOlliO nOllTBeD}I{,ILaeTC5I onbITaMM (pMe. 35).

DpOqHOCTb H rrJIaCT1MqHOCTb- nOJIMKp:McTaJIJIHqeCKHX TeJI CJIe,U.yeT

IpaccMaTpHBaTb KaK <PYHKIl.MIO MHODHX rrepeMeHHbIx, CB5I3aHHbIX C co-

CTaBOM 1M CTPYKTypOi1, 'a TaK}I{e 'CBH3aHHbIX C YCJIOBM5I'MM AecpopMMpo-
BaHIM5I. D03TOM'y B CJIyqae nOJIMKpM!CTaJIJIMqeCKOrO TeJIa CBH3"b Me}l{'u'Y

JI.e<popMall.HHMM H HarrpH}I{�HIMe.M MMeeT 60JIee CJIO}l{HbI"H BM.ll.,. qe¥ Y

MOH.OKpH,ctaJIJI'a: Tor,rr,a MbI Bnpane ,BarrHCa'Tb:

-

\)

a ==

as (
� )

n

.

e
s I

(92)

B 3TOM paBeHCTBe n - qMCJIeHHbIH K03cpcpM'1I.:MeHT, OrrpeLLeJIHeMbIH
-M3 onbITOB, a v = + ,1. 5Y,lI,eM nOJIaraTb, qTO K03<PcPMIl.HeHT n no a6co-
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JIIOTHOM BeJIMqHHe" MOLKeT 1H3MeHHTbCH B npe,n.eJIaX OT HYJI5I .rr.0 e,rr,HHMlI.bI.

1
Tor,lLa npH v=+l'MMeeM O�n<l; rrpH v=-l rrOJIyqMM n-

I
=

-.

n

3TH COOT!HOllIeHHH ,cooTBeT'cTBYI<;>T ,nBYM TUnMqHbIM cpopMaM CBH3M

Me}l{,lJ.Y Hanp5l}KeHHeM IH .ll.ecpOlpMaI.J.Heii rrplH paCTH}I{eHMM (pHC. 36, a, 6).

80

(800) 8
:.,

�160
15

�

1: (60D)
6 33

32

� 0 1
l....:
<

40
6- Z'-

(\,,/

� (400) . J

':t
X If

�

"\;)
..

20
\l 5

12 DO) 0 6

o z 4- 6 8 10

vrr. fO -*} CM
1

1Z 14

PIIC. 35. CBH3b Me>K,lI.Y nJIOTHOCTblO ,lI.HCJIOKaI.{HH p II .,lI.e4>opMHPYIOJlI.IIM Ha-

npf/>KeHHeM (J ,lI.JJSI KpHCTaJIJIC)B >KeJIe3a pa3HoH oplleHTan.lIl1:

1 - Fe 1; 2 - Fe8; 3 - Fe 10; 4 - Fe 13; 5 - Fe 32; 6 - Fe 33

nepBWH 'CJIyqaH TMrrMqeH ,lJ.JI51 nOJI�KpMCTaJIJIMqeCKMX MaTepMaJIOB �

OOJIbllIHX .ll.ecpOpMauJiH. BTOpOH CJIyqaH Ha6JIIO,rr,aeTC5I B HaqaJIbHOH

CTa.rr.MH .ll.ecpOpMall.M� MOHOKpHCTaJIJIMqeCKHX � HeKOTOpWX nOJIHKp�-
CTaJIJIHqeCK((lX TeJI (TaK Ha3biBaeMOe JIerKOe CKOJIb}l{eHHe). BMeCTe C

TeM B rrOCJIe.ll.ylOII.I.HX rJIaBaX 6y.rr.e'f nOKa3aHO, qTO BeJIMqMHa V MO}l{e.T

CJIY}l{,MTb M HeKMM «cJI,YIKe6HbIM» K03<PcpMIJ.MeHTOM, 3HaK KOTOpOH .

BbI-

O'HpaeTCH B rrpOll.eCCe Y.ll.OBJIeTBOpeHMH rpaHIMqHbIX YCJIOBMH npM coxpa-
HeHMIH BbInYKJIOH cpOpMbI KpMBOH ,lLecpOpMall.MH

-

Hanp5lLKeHHe.

6

v=-1

-,)=+1

�

/'

�� _.__.

a
e-

jJ

)PI

e:

"

PHC. 36. ,lJ.Be TllnlltIHbIe 4>OpMbI CBSl3H Me>K,lI.Y HanpH>KeHHSlMII J1 ,lI.e4>op-
Mau.HHMH:

a.- ).[.JI� OOJIblllHHCTBa no.nHKpHc'TaJInlltIeCKIIX MeTaJIJIOB nplI 60JIblllH'X

.D.�<l>opMau.HSlx; 6 -

.D.J.IH l:I.aqaJIbl:l0A CTa,lI.1I1I ,lI.e<popMau.IIH MOHOKpHCTaJIJIH-
qeCI\IIX

,
II . HeKOTopblX . nOJIHK.pH.CT�JI.JIH9��KH�.. Teo!!

.
- .
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.

7. 3aKoH CBS13H o606m.eHHoro .HanpSr>KeHHSI

C o609m.eHH�H ,lI.e4>opMa�HeH

YCJIOBI1H nJI3'c!"I1qHOCT,H, npI1BeJI.eHHbIe B�IlIIe (CM. n. 4 H 5), HBJIH-

fOTCH qa�TbIM ,cJIyq.a'eM 60JIee o6II.I.ero ;3aKOHa, onpe)J.eJIH�II.I.erO CBH3b

Me}K.rr.y HanpHLKeHI1HMI1 Ii .rr.ecpopMal�I1HMI1 KaK B ynpyroH, TaK 1M B nna-

CTHQeCKOH 30He. 3aKOH 3TOT CCPOPMYJII1lpOBaH Ha OCHOBaHII1H MHOrOIJ)I1C-

JIeHHbIX onbITHbIX JI.aHHbIx
l

. <l>qpMYJIUpOBKa ero TaKOBa: .o606II.I.eHHOe

-HanpHLKeHI1e, B03HHKalOI11.ee B TeJIe nplI1 JII060H .rr.ecpopMaUI1I1 (ynpyrolI
I1JI:H nJIaCTII1QeCKOH), .rr.JIH Ka)K)J.oro MaTepI1aJIa eCTb onpe.rr.eJIeHHaH

CPY.HKUHH ,o606IIl.,eHHOH J1.el<p'opMa�HIH, T. e. ai=<Di(ei).

IlycTb Ha OCHOBaHI1I1 orrbITHbIX .rr.aHHbIX nOJIYQeHa ,lLHarpaMMa II1C-

TI1HHbIX HarrpH}KeHIHH npI1 paCTHLKeHI1U )J.JIH )J.aHHoro MeTaJIJIa B orrpe-

lI,eJIeHHbIX YCJIOBHHX (pI1C. 37,a).

0-
L 0-

L

6S
Oi=tyJel

d.

a E'i
5 ei

().
L Oi

B . el
e

el

PIiC. 37. Pa3JIH1JHhle )J.HarpaMMhl, xapaKTepH3YIO�He CBH3b Me>K)J.Y Ha..

npH>KeHHHMH H )J.e4>opMa�HHMH

E'CJII" es
-

n1pe)J.eJI ynpyroH .lI.etPOpMa�HH, TO HMeeM:

npM e < e
s

a == Ee, r�e E = tg a -

Mo�y.nb ynpyrocTH;

np" e > e
s

a == 'tJ' (e) H,JUJ (J == £' e, rJ(e £' = tg � = ale = 11> (e)le.

I Ii JI b 10 III Ii H A. A. TIJIaCTHtlHOCTb. tJ. 1. M. - JI., rOCTeXH3.lI.aT, 194�: 376 c. C IVI.
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OrrbITbI nOKa3bIBaIOT, qTO ,lI.JIH .MeTaJIJIOB C Ky6 1MqeCKOH perneTKOH,
J:IaXO,lI.HIlIJMXCH B cTa6MJIbHOM (YCTOH'lIHBOM) COCTOHHMH, B qaCTHOCTM

,lI.JIH OTOLKLKeHHoro LKeJIe3a, CTaJIeH 24, 25, 30 xrCA, Y7, a TaKLKe ,lLJIH

aJIIOMMHIMH M Me,lLH, BeJIMqHHa E He 3aBMCMT OT xapaKTepa HarrpH>KeH-

Horo COCTOHHIMH, n03TOMY

�'E' =

i 1P (e)
=

1P (e l )
e e

i

OTKYJI.a ,M CJIe,lLy'eT, qTO

(Ji == ()) (ei) HJIH ai = £' ei . (93)

Boo6II.I.e rOBOpH,-' Ha OCHOBaHIMH OIIbITOB 3Ta CPYHKlI.MH MO)KeT 6bITb

3anMCaHa B pa3JIIH'1lHOH cpopMe. B qaCTHOCTM, ee MO)KHO annpOKCMMM-

pOBaTb M C nOMOII.I.blO 'CTeIIeHHOH CPYHK�MIM, nOJIyqeHHOH B rrpe,lLbI,lLymeM

naparpacpe HCXOJI.H M3 TeOpMH JI.HCJIOKaUHH:

(
e.

)
n'J

tJt ==

as e; , (94)

rJ(e ai, ei .OIIpe.rr.eJIHIO'PC,H BbIpa)KeHHH'M'H (61) M (!62). IlycTb v= + 1.

Tor,lLa II/pH O<n< I 3Ta t}>opMYJIa onHCbIBaeT CJIyqaH nJIaCTMqeCKOH ,lLe-

<popMa[(lMM C yrrpOqHeHMeM (pMC. 37,6). IIp'H n= 1 nOJIyqaeM

<1s
E(Ji == -

ei = ei,
e

s

T. e. 'CJIyqaH M,lLeaJIbHOH ynpyrOC'DM (pMC. 37,8). DpH n=O.MMeeM: ai=

=

qs, T. e. ICJIyqaH rMJ(eaJIbHOH rrJI3rCTHqH-C;}CTM (pHC. 37,2). H'Hor.rr.a 'HeJI'H-

HeHHbIH 3aKOH. (94) MOLKHO B CBOIO Oqepe,lI.b arrrrpo�ClMMMpoBaTb JIIHHeH-

H'bIM MJIM JI.BYMH oTpe3KaM.M np51MOH JIIHHHH. (nYHKTMp Ha P'MC. 37, 6).
B ,lLaJIbHepIl1eM .ll.JIH yrr:pOII.I.eHMH 3anHCH 3,�a,K v IIO,lL K.03cpCPMUMeHToM n

6Y,lLeM orrycKaTb, BBOJI.H ero JIMrnb B Tex cJiyqaHX, KOr,lI.a 3TO OKa>KeTC5I

Heo6xoJ(HMbIM (06bIqHO 'Ha '3aB�p;waioII.I.HX 'CTaJI.MHX paCqeTa HarrpH>Ke-

HI1H 1M JI.ecpopMalI.HH).
.

BMeCTe C TeM B IIpaBYIO qaCTb paBeHcTB� (94)' BBe.ll.eM MHOLKtHTeJIb

,,= + I 1M 6YJJ.eM 3anHCbIBaTb 3aKoH (94)
,.

B CJIe,lI.YlOmeM BM,lLe:

(fi =

vas ( :: r. (95)

B ,lLaJIbHeHrneM MOLKHO y6eJI.MTb-CH, qTO TaKaH 3arriMCb OqeHb y,lL06Ha
)J.JIH BbI60pa 3HaK� HanpHLKeHliH. n,pH' y,lLOBJIeTBOpeHMH rpaH t l1qHbIX yc-

tI'} 0 BI1H.

n p H Me ,po ,H,alIIHcaTb 1331I{1()\H IClB5I13'H ,Me:>K�Y 06016IIJ.8HHbIMH Han,p5lVKe'HH.eJM 11 .lI.e-

�-OlplM.aIll.HeH B <polpMe 1(:915) '.lI.JUI npOJI.OJIbH.QH IJIpOKa'TlKH t
:B-OrJIOlIeHHH H rIIp!eCCo.BaHH5I,

ynpyrHMIH .lI.ecpopMall.H5IMiR npeHe6peIIb.
'

,JJ.ecpopMHpoBaHHoe COCT05IHHe CIIHTaeM nJIOCKlHM, KaCaTeJIbHbIMH -Hanp5DKeHIHIMH
11 Ic,n'BiHJr3'MH np,ene6IperaeM. T-orJI.:a '('PHtC. B8)

O'p + <10

"'Cpa
=

"'0 2
=

"'zp
= 0; <1z =

2
: e

po
=

eo z
--:- e

zz
= O.

113 YCJIOBHH IIOCTOHIHCTBa 06'beM3 npH e zz
= 0 HMeeM eSB

= - e
pp

.
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HaOCHOBaHHH 3THX J10nYlll.eHHH ,H3 BblpallieHHH (61) H (62) nOJIyqaeM:

0'. =

1.

vg-
2

(0'
P

-

O'S); ei
=

2

V3
e

pp
.

2

B cJIyqae nJIOCKOH 'J1e�OpMau.HH «BbIHYlli,JI.eHHbIib> npeJ1eJI TeKyqeCTI1 K B

Y3
pa33

60JIbllIe rrpe.rr.eJIa TeKyqeC'I'1H npH JIHHeHHOM Hanp5lllieHHOM COCT05lHHiH t
T: e. K�=

2
=

Y3
O's. 3TOMY 3HaQeHHIO cooTBeTcTByeT «BbIHYlli,JI.eHHoe» 3.HaQeHHe npeJ1eJIa

, 2

ynpyroH .rr.e�op Mau.HH e
s

=

V3
e

s
. 3TO CJIe.z;r.yeT H3 n0J106H5I np5lMoyrOJIbHbIX

TpeyrOJIbHHKOB, rrocTpoeHHbIx Ha np5lMOH rYKa AJISI CJIyqaeB TpexocHoH H rrJIOCKOH

J1e�OpMau.HH. D03TOMY BblpaLKeHHe (95) npHHHMaeT BHJt:

(}p
--

(}o = '1/( ( e:; r.
B CJIyqae JIlpOKaTKH JI.yry, OrpaHHqH'BalOIll.YIO KOHTa.KTHYIO nOBepXHOCTb, 3aMeHHM

XOPJ10H. DplH 3TOM reOMeTp'HrLJeCKHe COOTHOllleHJH5I B oqare JI.e�OpMau.HH J1JI5I npo-

K3TKH, BOJIoqeHH5I 'H 'Dlpe'OCOB3HH5I .6YJI:YT 'COBnaJ1aTb. IlycTb H npou.ecce o6pa6oTKH

15"

�

PHC. 38. CxeMbl K. BblQHCJIeHHIO OTHOCHTeJlbHblX JJ.e4>opMaqH:H:
npH npOKaTKe, BOJlOQeHHH. npeCCOBaHHH
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9JIeMeHT TeJIa JJ.JIH:HOrH 'Aro IY,BeJII-FqUB:aeTCH JJ.O :BeJUllqH!HbI Ar (Ph'lt.. .3'8, a). OTHOCHTeJIb-

Hoe y.rr.JN1HeHiHe 3JIeMeHTa paBHO:

.e
pp

==

l1 r - l1 ro

.

l1 ro

l1r- (l1r-x) x

- -

A ro A ro

AHaJIOrHQHO JJ.ecpopMaU,H5I,
cpopMYJIe

l1ro-l1rs
e

s
==

A ro

COOTIBeTCTBYIOIll.a51 IIpe!ll.eJIY TeKYIIeCTH, OIIpe.rr. e JI11TC5I
/'

.

no

Xs

A ro

I1ICXJOJJ.H 113 Y�JIOB'HH IIIOC'TOHHCTiBa lo6'beM.a, IMOLKIHO 3a 1

IIHca.Tb ,('CM. pRC. 38, 6):

x

I ho + hs

) = (
h' + h

)
.

s \ 2
x

2
'

x ho + hs
--

Xs h' + h

3D.eC.b hs - BbICOTa nOJI-DCbI, cooTBeTcTBYIOlll.a� rpaH!Hll.e ynpyroH 11 nJIaCTHIIe-CKHx

30H.

JJ.aJIee npOH3BeJ1eM OqeBHJJ.Hoe Inpeo6pa30BaH'He:

x ho + ho - l1 hs
h- Ahx'+ h

-

2ho -l1 hs
2 h - l1 hx

-

Ahs
2--

ho_
h Ahx

2--
ho ho

Xs

DpeHe6peraH 'MaJIbIMH BeJI'HII.J1.HaM11 06lliaTMH
Ahs

ho

Ahx
H-,

ho
'lOJIYIIHM, lITO

x ho r a r
-------

- - -

Xs hs pap

3aKoH (95) OKQ.HqaTeJIbHO IIOJIyqaeM B :Bair.e:

(_
r

p )
n

.

.O'p-O'o=='J K (96)

IV rJIaBa

OnpeAeJIeHHe HanpHJKeHHH H Ae4JopMa�HH
u

8 ynpyroH 30He

1. OCHoBHbIe ypaBHeHHSI TeopHH ynpyrocTH
II MeTO)J.bI ux pellIe�HSI

.

3aJ(aqa TeOpI1I1 yrrpyroCTI1 CBO)J.HT'CH K cOBMecTHofv1Y perneHI110 cJIe.rr.ylO-

Ill.HX :II5ITHaJI.II.aT'H ypa
' B-He i HI1H: Tp.ex ypaBHeHI1H CTaTI1KI1 (39), rneCTI1

reoMeTp'I1qeCK,I1X CooTHollIeHHH' (19), rneCT1I1 cpI13I1QeCKI1X ypaBHeHI1H
(25) .

IlocJIe IperneHI1H 3TOH CI1CTeMbI .rr.OJILKHbI 6bITb y.rr.oBJIeTBOpeHbI rDa-

HHqHbIe YCJIOBI1H (40).

CI1CTeMY ypaBHeHHH TeOpI1lI1 yrrpyroc'fH MOLKHO pernaTb TpeMH pa3-
.,T!ll1qHbIMH MeTp.rr.aMH.
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MeT 0 .rL n e p e M e II.I. e H 11 .H. B 3TOM .CJIyqae 3a OCHOBHI:>Ie HeH3-

BeCTHbIe rrpMHMMalOT rrepeMeII.I.eHIHH TOqeK ynpyroro TeJIa:

u = f] (X, y, z); V == f2 (X, y, z); w == f3 (X, y, z).

MeT 0 JI. C M JI. B 3TOM cJIyqae 3a -Q.CHOBHbIe HeM3BeCTHbIe rrpIMHM-

MalOT HarrpHLKeHMH:

ax=ft(x, y, z); Txy ==f4(X, y, z);

a
y

== f2 (X, y, z); Tyz
= fs (X, y, z);

a z
= 13 (X,. y, z); T zx

== f6 (X, y, z).

C M e'III a H H bI H MeT 0 JI.. B .9TOM 'CJIyqae 3a OCHOBHbIe HeM3BeCT-

HbIe rrpMHHMalOT 1M nepeMeII.I.eHHH, H HanpH}KeHHH.

2. nJIOCKaH 3a)J.alJa TeopHH ynpyrocTH

Ha OCHOBaHHH fM3JIO}KeHHOrp B rJIaBe II .lI.JI5I nJIOCKOH .rr.ecpopMauHH
IHMeeM:

e zz
== 0; e xz

== 0; e
yz .= 0; T xz

= Tyz
== 0; a z

= m (ax + a
y ).

Tl,p;M 3TOM CHCTeMa ypaBHeHMH TeoplHIM ynpyrocTM npMHHMaeT CJIe-

JJ. y IO II.I.H H B M JI. :

i) (J xi),; xy
i) t:

yx
a (J

y .

-+- ==0;-+- ==0; (97)
i) x i) y a x i) y.

au av 'a v au
e

-
.

e
-

.

e +
.

xx
-.

-, yy
-

-, xy
= -

-,
ax ay ax i)y

1
f!xx == -

[(1
-

m2) ax
- m (1 + m.) a

y ];
E

1
e

yy
== - [(1- m2) a

y
- m (1 + m) ax ];

E

2 (1 + m)
e

xy
==

Txy .

E

(98)

)

(99)

113 ypaBHeHMH Hepa3pbIBHOCTrM JI.ecpopMa'�HH OCTaeTCH OJI.HO:

a 2
e

xx
a 2

e
yy

a 2
e

xy

+
ay2 ax 2

axay
( 1 00)

l1.crroJIb3YH cpH3H'1le-CKIHe ypaBHeHHH (99) H ypaBHeHIMH paBHoBecMH

(97), rrOJIyqHM ypaBHeHHe COBMeCTHOCTIH (100) B TaKOM BIMJI.e:
.

.

i)2 C1
X

_ rn
2

a y2
-

a 2
C1

-m
x

ax 2

a 2
C1 a 2

C1 a 2
(J a 2

C1 i)2 (J
x

_ m
y

_ m
2 y

+
y

_ m2
y

_

a y2 a y2 a y2 a x 2 a x
2

a 2
C1 a 2

,; .

(
a2 (J i)2 (J

)
- m

2
x

= 2 (1 + m)
.xy

-

_( 1 +m.)
y

+
x

.

a x
2

a x i) y . a y2. a x
2
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OTCIO,lLa:

a 2 a 2

-(ax + a
y ) +'.- (ax + a

y )
- m

2

a x
2 a y2

X (9"x + .a
y ) == o.

a 2 a 2

- (ax -t-- a
y ) - m

2
- X

a x
2 a y2

"JIM (
� + �

) -(ax + a
y ) == O.

a x
2 a y2

.

a 2 a 2

Onepa�'HH
� +

- =

V
2

8x 2
ay2

'lOC1IT H�3BaHHe onepaTopa JIarrJIaca BToporo nOpH,lLKa Ha,lI. CPYHKIJ}IH-
\1M ax H ay MJIH rapMOHMqeCKOH onepa�IHH «Ha6JIa ,lLBa». TaKMM 06pa-
'iOM, nOJIyqMM: V

2

(ax+a y ) =0.

I1TaK, )J.JIH nJIOCKOH ,lI.e.cpopMaUM;H cOBoKynHocTb OCHOBHbIX YlpaBHe..

,))MH TeoplHH ynpyrocTM npHBO,lLMTCH K cJIe,lLYIO�HM TpeM ypaBHeHMHM:

O(J a-.: aC1 aT
� +

xy
=0.

y

+
xy

==0. n 2

( a + a ) ==0. ( 101 )
ax ay

,

ay ax
' v x y

B rJI. II 6bIJIO nOKa3aHO, 'qTO B 'cJIyqae rrJIOCKOrO HanpH)KeHHOrO co-

CTOHHHH KOMnOHeHTbI az=O, 'txz=O, 'tyz=,O. KpoMe Toro, ax, a
y , 't'xy He

3aBMCHT OT z. l1.cnoJIb3YH 3TH COOTHOllIeHIMH, HeTpY,lLHO nOKaaaTb [3],
qTQ H J(JIH nJIOCKOrO HanpH>KeHHOrO .COCTOHHMH cOBoKyrrHocTb OCHOBHbIX

ypaBHeHIMH TeopMH ynpyrocTIH BbIpa}Ka'eTcH paBeHcTBaM,M (101).
OCHoBHbIe ypaBHeHMH TeqpHM ynpyrocTM )J.JIH nJIOCKOH 3aJI.aQM B UH-

JII1H,lLp l l1qeCKOH OMCTeMe KOop.D:MHaT II1MelOT BH,lL [3]:

aO'p +� a'Cpa
+

O'p-O'o
� O;

a'Cpa +�
a

0'0
+

2'C
pa

=O;
a p" p a 6 pap' p a 6 p

.....

v
2

(a p + aa ) == O. ( 1 02)

3. �YHKl.\HSI HanpSl>KeHHH )J.JISI nnocKoH 3a)J.alJH

113 rrpe,lLbI,lLy�ero rraparpacpa CJIe,lLyeT, qTO pellIeHHe rrJIOCKOH 3a,lLa-'

qM B HarrpH}KeHMHX CBO,lL:HTCH K orrpe.ll.eJIeHII1IO B J(aHHOH 06JIaCTM Tpex

CPYHK'Il.MH ax, a
y , 'txy 1M3 T,pex ypaBHeHMH (101). 3a,lLaQy MO}KHO 3HaQI1-

TeJIbHO 06JIerqMTb, eCJIM BBeCTH B paccMoTpeHMe. TaK Ha3bIBaeMYlO

CPYHKUHIO HarrpHLKeHlI1H. IlycTb MMeeM ABe CPYHKlJ.IMIM: P (x, y) H Q (x, y).

113BecTHo, QTO eCJIM dP/dy=dQ/dx, TO BbIpa}KeHHe Pdx+Qdy HBJIHeT-

CH nOJIHbIM .n.IHcpcpelpeH�;HaJIOM HeKoTopoH CPYHKUHH A (x, y), T. e. dA =

= Pdx+.Qdy.
3arrMrlleM rrepBoe M3 ypaBHeHIMH paBHoBecMH (97) B cJIe,lLylOl.QeM

BI1)J.e:

_

a-r
XY

=

OC1
x

a y ax
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M'O>KHO rrpeJ(.nOJIO>KHTb, qTO 3JI.eCb-T xy =P; ax=Q.' CJleJI.OBaTeJIb!HO,

BbIpa>KeHHe
- 't;;1Jdx+a x dy - nOJIHbIM ,lJ.Hcp.cpepeHUHaJI HeKOTOpOH

oA oA

cpYHKIJ.tHIH A. Ho d A == - d x + -:-- d y, T. e. }J.JIH Harnero CJIyqaH
ox oy

.

oA oA
== Txy;

- == ax. (103)
ox oy

B03bMeM BTopoe ypaBHeH'He M3 'CHCTeMbI (97):
o <J

y
== _

0';
xy

oy ox

3JI.eCb ay=P; -'txy=IQ. A'HaJIOfH'lIHO rrpe,lLbI,lJ.YII.I.eMY Bblpa>KeHHe

aydx-'txydy eCTb nOJIHbIM ,lJ.Hcp'cpepeHl�HaJI He-KOTOpOM tPYHKl(:HM B (x, y).:.
oB oB :

Ho d B == - d x + - d y, T. e. JI.JIH 3Toro CJIyqaH
ox oy

.

oB
- = a

y ;
ox

oB
--

=Txy.'
oy

( 1 04)

YqHTbIBaH 'BbIlpa}KeHIHH (103), (104), MO}KHO .HaMTH

oA oB oA oB

Txy
== - - H Txy

== -

-, T. e. - ==
-.

ox oy ox oy

Terrepb Y}K.e Bdx+Ady eCTb nOJIHbIM AHcpcpepeHl(HaJI HeKoTopoM ,lLpyroH
CPYHKIl.HH <p (x, y), T. e.

.

dcp==Bdx+Ady, (105)

Ii n03TOMY B ==

0 cP
Ii A =+=

0 <p
.

ox oy
Ha rOCHOBaHHH ypaBHeHHM (103)

-

(105) Hl'4eeM:

a
-

02<p .

a
_

02<p .

T ._
_

oA oB
_

_

02<p
( 106 )x

-

0 y2
' Y

-

0 x
2

' xy
-

0 x 0 y 0 x 0 y

IloJI.ctaBHB Tenepb BbIpa)KeHIHe HanpH}KeHUM H3 BbIpaLKeHHH (106)
B-' .n.IHcp,cpepeHllHaJIbHbIe ypaBHeHH5! .paBHoBeC'HH (97), MbI y6eJI.HMCH, tITO

OHIH TOLK,lLeCTBeHHO y,lLoBJIeTBOpHIOTCH, T. e. CPYHKl(HH <P .n.eMcTBHTeJIbHO

cYI11.eCTByeT. TaK'HM o6pa30M, Bce HanpHLKeHHH BbIpa}KalOTCH C rro-

MOII.I.blO OJI.HOM CPYHK:UHH HarrlPHLKeHIHM <p.' OTMeTlHM O,lLHO H3 CBOMCTB

CPYHK'UHH HanpH)KeHHM: eCJIU <PI
-

CPYHKnGIH 'HarrpH}KeHHH JI.JIH ,lLaHHoH

3a,lLaqH, TO <PYHK�HH <p=r(pI+ax+by+c 'rrplH JII06bIX 3HaQeHHHX nOCTO-

HHHbIX a, b, c TaKLKe 6Y,lLeT <PYHKIl.HeM HanpHLKeHIHM ,lLJIH TOM}Ke 3a-

naqH.

,QJIH onpe.ll.eJIeHoHH CPYHKl(HIH <p 3anlHrn.eM ypaBHeHHe COBMeCTHOCTI1:

H rrpeo6p a3yeM CJIe,lLYIOIIlJHM o6p a30M:

'8 2
(.<1x+!a y ) ===0

0 2
0 2

ax 2
(o-y+o-X)+

ay
2 (o-X+O-y) = 0;

0 2
<J

(
02 <J iJ2 <J

)
.

02 <J
Y

+
x

+
y

+
x

== o.
o x

2 0 x
2 0 y2 0 y2
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113 y,paBHeH'I1H paB�OBeCI1H I1MeeM:

a C1
x

a
"xy .

a (J
y

a
"xy

-

,

a x a y a.y a x
,

a 2
(J a 2

't' a 2
(J

n03TOMY
y

- 2
xy

+
x

= o.
'ax 2

axay a y
2

\l1cnoJIb3YH <PYH��I11O Hanp5!:>KeH'HH, nOJIyqI1M:
a 4

q>
+ 2

a 4
q>

+
a 4

q>
= O. (107)

a x
4 a x

2 a 11 a y4

OTclOAa ( �+� ) [( �+ �
) q> ]

= 0
a x

2 a y2 a x
2 i) y2

.

H V
4

q>
= O. (108)

<I>YHK�;I1H HarrpHLKeHRH (CPYHKU1!1H 3pI1) YJJ.o6Ha npI1 perneHI1I1 3a,lLaq

J6paTHbIM II1JIII1 nOJIyo6paTHbIM MeTOJJ.OM: 3aJ(a'BaHcb cpYHKUI1eH HarrpH-

}KeH-HH, Y,lLOBJIeTBOpHIOI.IJ.eH TO.JIbKO OJI.HOMY ypaBHeHII110 (108), MOLKHO

6bITb YBepeHHbIM, qTO Bce ypaBHeHHH TeOpI1H ynpyroCTI1 y;iOBJIeTBOp5!-
lOTCH.

<I>YHKIl.HIO HanpH}KeHI1H
1

,- YJI.OBJIeTBOpHIOI11.YIO ypaBHeHHIO (108) ,lLJIH

CJIYQaH UII1JII1H.JI.pI1QeCKOH CI1'CTeMbI KoopJJ.I1HaT, MOLKHO rrOJIYQI1Tb C II1C-

nOJIb30BaHI1eM <POPMYJIbI nepexoJI.a OT npHMoyrOJIbHbIX KOOp,lLHHaT K

�I1JIII1H)lJp'I1QeCKII1M [3]: p2 =X
2

+y2; .e == arctg JL. BOJIee Kpa;KI1M rryTb
x

perneHI1H 3TOH 3a.n.aQI1 'CBO.n.HTCH K cJIe,lLylOI11.eMY.
E,cJII1 COBMeCTI1Tb OCb x C pa,lLHycoM-BeKTopoM p, TO BO Bcex TOqKaX

,

'

a 2 .

.")TOM OCM <J y
=

<Js (p�c. 39). DO.9TOMY BbIpa2KeHMe <J
y

=

a x�
"

rrpeo6pa-

sye'IlCH K BH.n.y
a 2

<p
0'0

=
·

a p2

Y paBHeHHH p3BHOBeCH5! B Il.HJIHH-

JI.pHqeCKHX �oop.n.HHaTax fCM. paBeH-
iCTBa (3 13)] rnepenHrneM 'CJIeJLYIOI11.I1M �
oopa30M:

.

a

ap
(p <J

p ) +

a

ap

( 1 09) y
�\\

�'"
/

/

a
't'p e

- a = o.
a e

a ,

a(J

(p2 't'p s) + p
a :

= o.

"

(110)
'"

"
"

"

ij

(111) x x

fn'OJI.CTaBJIHH BbI.p a)K'eHHe (109) B PHC. 39. CxeM8 K BhlBO.AY ypaBHeHHit

cp'OprMYJlY ypa'BHeHHH (111), ,no- �::ae.;:;ocTH
B �HJlHH.ApHqeCKHX KOOp-

i) a 3
<p a 3

q> a 2
<p a 2

<p
'JIytIMM: a;(p2't'ps)=-P ap2ao

=-P
op2ao

+
opao apao

a

(
a<p .

a 2
cp

)
-

ap 'aD
-

P
apaa

·

1 K.a u, A. M. TeopHH ynpyroCTH. 11311. JInI1, 1954. 179 C HJI.
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OTCIO.ll.a

2 .,.. _

a cp a 2

<p . 'T' _

_

1 a <p ! a 2
<p

p I1

p e-
a6

-p
apa6' I1pS-

p2 ao-p- ap60

TIOJ(CTaBJIHH ypaBHeHI1e (112) B paBeHCTBO "( 110), 6Y,lLeM HMeTb:

a 1 a 2
<p

+ � a 3<p 8 2
<p a

(
a <p 1 a 2

<p

)
.

ap
(pap )=p; a02 p apao2

+
a p

2

=

ap ap
+

P a62
'

( 112)

Tor,n.a

G
p .==

� �+ � a 2

<P
.

pap p2 a 6 2

11 Ta,K, C nOMO�blO CPYHKl(I1H <p MbI BbIBeJIH CJI,eJI.YIO�He BbIp3}KeHII1H

D.JIH HarrpHLKeHI1H B UI1JI-H,HJI.pHqeCKJfX KOOp,lLIHH3T3X:

1 a <p 1 a 2
<p .

a 2
q> a

(
1 a <p

)a
p

=

p ap
+

p2 a62'
a

o
=

--ap2; 't'p e = -

ap p a 0

·

( 113)

YqHTbIBaH, qTO CYMMa HOp'MaJIbHbIX H3npH}KeHHH rrpe,lLCTaBJIHeT CO-

60H EHBap'I1aHT (CM. rJI. II), JI.JIH .CJIYQ3H nJIOCKOH 33JI.3QII1 MOLKHO H3-

I1I1Ca Tb:

1 a <p 1 a 2
<p a 2

<p
a x +a y

=a
p +a o =p-2ap+p;- a0 2 +---ap2. (11"4)

B ICBH3 1 I1 C 3TI1M ..6I1rapMOHI1QeCKOe .y,paBHeHII1e v
4

q>=O B lI.HJIHH,lLpI1Qe-

CROM: CI1CTeMe KOOp,lLlHHa T np;I106peTaeT CJIeJI.YIO�HH BI1,lL:

( �-+��+�� )(
a2<p +��+�

a 2
<p

) ==o. (115)
a p2 pap p2 a 6 2 a p2 pap p2 a 6 2

4. Pacnpe)J.eJleHMe HanpH}I{eHMii,
cMMMeTpMIJHOe OTHOCMTeJIbHO OCM

B c�nYQae oceBOH cHMMeTpI1I1 KOMIIOHeHTbI H3npHLKeHI1H He 33B1I1CHT

OT yrJIa e (T. e. HBJIHIOTCH TOJIbKO <PYHKlI.II1eH pa)l.Hyca p), 3 K3ca-

TeJIbHOe HanpH}KeHI1e Tpe =0. npH 3TOM OCTaeTCH TOJIbKO O.n.HO YP3B-
HeHI1e CT3THKlH:

d<J
p I <Jp-<J e

T
== O.

dp p

Y:CJIOBHe COBMeCTHOCTI1 (115) MOLKHO nepenH'caTb B BI1JI.e

(
� +� �

) (
/

d2<P +� �
)

_ 0 (116)
d p2 p d p \ d p2 P d p

-

I1JIH

'd 4
q>

+ � d 3
q>

_ � d 2

q>
+ �

.

d q>
= .0.

d r
4

p d p3
./

p2 d p2 p3 d p
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YpaBHeHHe (117)
- JIII1HeHHOe OJI.HOpOJI.HOe JI.I1cpcpepeH[(IHaJIbHOe

ypaBHeHI1e qeTBepToro nopH.n.Ka THna 3HJIepa. OHO HMeeT qaCTHOe ,pe-

meHI1e' BI1.n.a cp= pn:-
'

d <p n-l d 2
<p

( 1 )
n-2.

----;tp=np
;

d;2=n
n- p ,

.

d 3
<p ,

n(n-I)(n-2)pn-3;
d 4

<p
==n(n-l)(n-2)(n-3)pn-4.

d p3 d p4

,OOJI.CTaBJIHH 3TrH 3HaqeHHH B ypaBHeHHe (117) IH np0I13Be.rLH COKpaIll.e-

'HHe Ha pn-4, IIOJIyqaeM CJIe.JI.,yIb�ee xapaKTepIH'cT�qeCKOe ypaBHeHHe:

n(n - I) (n- 2) (n- 3) + 2n(n- 1) (n - 2) -,n (n- 1),+ n = 0

HJIH.IIOCJIe npeo6pa30BaHHH: n
2

(n-2) (n-2) =0. KOpH'H 3Toro ypaB-

HeHHH: n1,2 ='0; n3,,*
= 2.

Y p-'HcpcpepeH�HaJIbHbIX y,paBHeHHH THIIa 3fIJIepa .rLBOHHOMY KOpHIO
n :eooTBeTIC"TBYIOT �Ba qaCTHbIX perneHII1H': pn; pn In p..' I)O.9TOMY ypaB-
HeHHe (117) HMeeT 1.IaCTHble pemeHHH: 1; In p; p2; p2ln p. 06I.lJJI1M LKe

perneHI1eM ypaBHeHHH (117) 6YJI.eT BbIpaLKeHII1e

q>=Alnp+Bp
2

1np+C.p2+.,D. (118)

KOM'noHeHTbI HaIIp5!}I{�HHH Ha OCHOBaHHIH BbIpaLKeHHH (114) 111

ypaBHeHHH (111.3) MO�'':'O HaHTH no CPop'MYJIaM:

Gp=� �==�'+B(1+21np)+2C; fJ��==
(}2<p

_

P (} P p2 (} p2

A
=fJ

p
-

2 +B(3+2Inp)+2C. (119)
p

KOHcTaHTbI A, B, C np" perneHI1H KOHKpe�HbIx 3aJI.aq onpe,lI.eJIHIOTCH C

yqeTOM. l\PaHHqHbIX YCJIOBHH.

n p 'H M e p 1. OnpeJ1eJI'HTb Hanp5DKeHiH5I B TOJICTOCTeHHOM II.HJIH"HJ1pe C HapYlli-
HbI,M }J.HaMeTpOM r H BHYTpeHHlHM lPaJ1HYCOM rB, nOJ1BepralOlI.{eMC5I IBHYTpeHHeMY paB-

HOMepHQ rpacnpeJ1eJIeHHOaMY J1aBJIeHHIO P (pHC. 40).
3aJ1atfY 6YJ1eM IpellIaTb B Hanp5lllieHH5IX.
113 YCJIOBH5I paBHOBeCH5I CJIe.u.yeT, 'IITO pa}J.HaJIbHOe Harrp5l:>KeHHe 'Ha BH'YTpeHHeH

.n.o:BepXHOCTtH :lI.HJIHHJI.;pa �plalB'HO
-

p, .a .na Hapy,>KJHOH -

.p'aDHO UYJIIO. T,aOOHIM .QIOp.a3 I OM,

'HMeeM .u.Ba rpa:HJHllHbIX YCJIOB'H5I:

P
= r (J =-

p
.

P =r '(1 = 0 ( 120 )-. B' p
,

'p
.

Ho nOCTOflHHhIX :HHTerp,HpoBaHHfI ,B cpopMYJIaX (119) 'HMeeTCH TpH. JI.orrY�THMt lITO

B=O. Tor}J.a nOJIYllHM:

A A
C1

p
=

_

2
+2C; C1e=--+2C. (121)

p p2

113 cpopMyn (121), 'HCnOJIb3'Y5I rpaHHIIHbIe y'CJIOBlf5l, 'HMeeM:

A A

-+2C--p.
-

+2C=0.
r

2
-

.

'

r
2

B

OTCIO.lI. a

A=-p'
r

2

B

r
2

-r
2

B

2C=-p
r; +r

2

r
2

-r
2

.

B
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nO,D,CTaBJIHH 3HaqeHHH KOHCTaHT B BbIpa>KeHH5I (121), nbJIyqHM:

0' ==-p
p

[l-(-;-n
ll-(*n

0'0
== -

P
[l+(f-rJ

[l-(i-n
( 122)

'c HCnOJIb30BaHHeM YlpaBHeHHH (122) Ha puc. 40 nocTpoeHbI 3nI6pbl Hanp5DKeHiHH B

CTeHKe
-

TOJICTOCTeHHoH Tpy6bI.

a
B r

PRC. 40. CxeMbl K peweHHIO S�-
.n.aqH 0 Hanp�>KeHH�X B TonCTO-

CTeHHOM �H.iIHH.n.pe:
a -

.9nlOpbI Hanp�>KeHHA B yn-
pyroA H nJIaCTHqeCKOA 06JIaCT�x:
6 - cxeMbI HanpSI>KeHHOro co�
CTO�HHH; 8 -

.9nlOpbl Hanp�>Ke-
HHA B ynpyroA SOHe H npH nOJI-

3Y1JeCTH;
-

- B ynpyroA 30He;
- - - B nJI3CTH1JeCKoii:; .

.

-. npH nOJI3Y1JeCTR

is 'p,a I C'CiM.a11P'H1BeMOH '3a.n:a:qe ObIJIO 'C.n.eJIaHO JI:OlnYll1.eHHe, Iqro KOH'CTa.HTa B =0..

ECJIH CqHTaTb H OTJI'HqHbIM OT HYJIH, TO nOJIyqHM .,D,pyroe perneHl1e, KOTOIpoe 6Y,D,eT
npeJJ.nOJIaraTb HaJIH"1JHe 'OCTaTOqHbIX HanpH)KeHHH B oceOHMMeTpUq.HOM TeJIe. H,ccJIe,D,O-
BaHHe 3TOro c.rryqaH ,6Y,D,eT npOBe,LLeHOB CJIe,D,YIOll1.eH rJIa'Be.

T.a!KHM lo'6pa i 30IM, Mbl nOJIy.qHJIH pe:lll-eHHe ooe I CHMMe'11pH1qHOH ;3a..u.aItJH B nanpSL>K-e-

HHRX. �Pelll'HM Te.nepb 3TY ->Ke 33',D,a:qy 'B lJ]'epeMeme'HlfHX.

K.a:K H BbIillle, .eqHT.aeM, IqToQ KO.MlnOHeHTbI 'TeH30p,a IHalnpSnKe'HIHH, -a .cJIe,D.OBaTeJIbHO,

JI nepeMellI.eHHH He 3aBHCHT OT yr JIa 8, a KaCaTeJIbHbIe .HanpH>KeHHSI 'T
p8

= o. ;3TO CJIe-

JJ.yeT H3 Y.CJIOBiHH CHMMeTpUH. CIH-CTeMa ypaBHeHHH 6y.n.eT HMeTb cJIe.n.YIOIIJ.HH B4H,D,:

d 0'
P

0'
P

-

0'0 U do. it
_

1

d p
+

p

== 0; eoo
=

p;
e

pp
"=

4 p
;

e
pp

-

E (O'p '-- m:o:o);
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1

eoo
==

E (0'0
- m O'p) ·

PelliaH .ZI.Ba nOCJIeJJ.'HHX 'ypaBHeHHH OTHOCJ1T�JIbHO 0"
P

IH O'e' n.OJIYilIHoM:

E

(e
pp

+ m eOO);' 0'0
==

E .

1" _ m
2

,

- (eoo + m e
pp ) ·

(J ==

p 1 - m
2

-HJIIH

<1
p

= l�ma ( �; +m ;) ; <10= l�m2 ( ; +m �; ). (123)

n'OJJ.CT3'BJIHH BbIlpa}KeHHSI (123) 'B ypaBHeHHe paBHoBecHH, nOJIYllH.M 06bIK'HOBeH-

Hoe JIHHeHrHOe .ZI.H<p<pepeHII.11'aJIbHOe Yipa/BHeHHe BTOpOro nOpSl.ZI.Ka THna 3MJIepa:

d 2
u 1 du u

+
- -

-
-

= O. (124)
d p2 P d P p2

Ero qaCTHbIe pellleHHH HMelOT BHJJ. U =Ipn. ,QaJIee:
d u

= n pn-l;
d2 u

-

dp dp2
-

== n (n-1) pn-l;c YlleTOM 3T1HX BbIpa>KeH.HH nOJIYllHM U3 (124) xapaKT�pHcTHtqecKoe

ypa-B'HeHHe:

n (n-1)+n-l==O HJIH n
2 -1=O.

OTclOJJ.a nl = + 1; .n2 � -1. 3THM .KOpHHM xa�paKTep'HcTHftlecKoro Y'pasHeHHSI COOTBeT-

I

CTBYIOT qaCTHbIe pellleHHH p H -.

p

06III.ee pellleHiHe 6Y.ZI.eT HMeTb 'CJIe.u:YIOIII.HH B'H,.ZI.:

B
u == A p +

-

. (125)
p

du B

Tor�a
-

== A-- . (126)-

d p p2

du
DQJJ.cTaBJIHH BbIpa}KeHHH .ZI.JISI U H

-

B BbIpa>KeHHe (123), nOJIYllHM cpo P,MYJIbI
dp

.lI.JI5I onpeJJ.eJIeHIHI HanpH>KeHHH:

<1
p

= l:"'m a [A(I-m)+ � (I-m)]; <10= I:'m a
X

X [A (I +m)- � (l-m)].
, l+m I-m

CqIHTaH, qTO A E = 2 C H B E -

A, MbI nplMJI.eM K <}Jop-
1 - m

2 1 - m
2

MYJIaM (121), nOCKOJIbKY KOHeqHbIH .pe3YJIbTaT, pa3YMeeTCH, He 3aBH-

CMT OT cnoco6a pemeHHH.

PemeHIHe 3a.n.aqH B nep.eMeIII.eHHHX co.n.eP}KIHT TOJIbKO' ,lI.Be KOHCTaH-

TbI. 3TO pemeHMe no.n.TBep}K,lI.aeT CnpaBe,lI.JIIHBOCTb c.n.eJIaHHOrO HaMH B

npe)1.bI.n.y�eM cJIyqae npe)J.nOJIO}KeHHR, COrJIaCHO KOTOPOMY B=O.

OpM lPemeHHM 3a.n.aq npoH3Bo,lI.MJIOCb HenocpeAcTBeHHoe .MHTerpH.po-
BaHIMe ypaBHeHMM TeoplHM ynpyrocTM, qTO HBJIH,eTCH npMMepaMIH npHMo-
fO MeTo.n.a .pe'meHMH.

( 127)
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5. nOJIyo6paTHbIH H o6paTHbIH MeTO)J.bI

peweHHSI 3a)J.aq

B cJIyqae pemeHMH 3a.n.aq TeoplHH ynpyrOC'f1M nOJIy06paTHbIM HJIM

06paTHbIM MeTo.n.aMM <PYHK�.MH HanpH}KeHMH (j) oITpe)1.eJIHeTCH HCXO.n.H

'M3 JIOrHqeCKMX ,co06pa}KeHIMH, npM6JIH}KeHHbIX pemeHMH IMJIH pe3YJIbTa-
TOB OITbITa C yqeTOM rpaHIMqHbIX YCJIOBMH. Ilpn y)1.aQHOM BbIQOpe OHa

y)1.0BJIeTBOpHeT 6HrapMOHIMQeCKOMY y.paBHeHMIO 1M, CJIe.n.OBaTeJIbHO, OC-

HOBHbIM ypaBHeHHHM TeopHH yn,pyrOC'f.H. B TaKOM CJIyqae pemeHMe B

mpe.n.eJIax npHHHTbIX J(onyrueHHH MO}KHO C-qMTaTb TOqHbI,M.

n p H'M e ,p 2. Onpe.rr.eJIHTb Hanp5DKe-HHH, B03HUKalOIIJ."He B TeJIe, HMeIOIIJ.eM cpop-
MY OHMMeTpH'1fHOfO KJIHHa, OT cocpe.n.OTOqeH'HOH 'OHJIbI, .D,ei1cTBYlOmeH H'a ero OCTp,He.

JJ..o:nY'CTHiM, qTO 19JI'eM-eHT C l(pH!C. i411) IHC'llbITbI-

BaeT npOCToe paJJ.HaJIbHOe C>KaTHe. TorJJ.a MO>KHO

npHHSlTb
p

o
,,;

c

PHC. 41. CxeMa K perneHHIO 3a-

.o;atJH 0 CHne, AeHcTBYIO�eA Ha

OCTpHe KJlHHa

(16 = 0; 1:p 6
= 0;

cos {}
(j =-kP

p
( 128)

p

f.n.e k - K03<j)<j)HIJ.HeHT nponopIJ.HOHaJIbHOCTM.

TaKoe npe.nnOJIO>KeHHe JIOfHqHO: npH e == 0,

r. e. Ha JIHHHH llI.eHCT1BHH 'CHJIbI .p, Ha;npH>KeHHe

(1
p

HMeeT !npH .D,3-HHOM p M.3:KiCH'M.aJIbHOe l3.HaqeHHe.

C YMeHbIIleHHeM p pa.D,HaJIbHOe HanpsDKeHHe B03-

pacTaeT no fHnep6onMqeCKOMY 3aKOHY. Tenepb
He06xo.n.HMO y6e.D,HTbCH B cnpaBe,D.JIHBOCTH npHHH-

TOfO npe.D,nOJIO}l{eHHH.

BbI6epeM <j)YHKIJ.HIO cp B BHJJ.e:

kP
m =

- 0 {} sin e.
'I'

2
I

,.,

BbI,pa}l{eHHH .D,JIH HanpH>KeHHH np'H 3TOM 3anHUlYTcH CJIe.u.YIOlI.{HM oopa30M.

1 a <p 1 a 2
<p k P cos e

(j =- -+-
---

P
pap p2 a p2 p

(j
_

a 2
<p

_ 0.' 't' = _

�
(
� a <p

'

)
= o.

6
-

a p2
-,

P 6 a p P,
a {}

OTCIOJI.a CJIe.LlyeT, llTO npe.n.TIOJIO>KeHHe (128) OKa3aJIOCb TOqHbIM: YCJIOBHe COB-

MeC'r.HOCTH IH ypaBHeHHH paBHoBecHH TO>K.D,eCTBeHHO Y JI.OBJIeT.BopeHbI. rpaH'HqHbIe yc-

JIOBHH, COrJIaCHO KOTOpbIM e =' + lCX, 't
p8

=0. <10
= 0, TaK>Ke y.n.oBJIeTBOpHIOTCH.

Tenepb HY>KHO iIlO.D,06paTb nOCTOHHHYIO k. 3TO MO}l{HO C.D,eJIaTb, HCXO,lI.H H3 yc-

JIOB'HH paBHoBecHH Me>K.D,Y BHeUlHeH C-HJIOH P H BHYTpeHHiHMH CHJIaMiH:

1 1

)
a

2 I ( e
-2

sin 2 e

j
-

a a

5
ra cos

2 e
P = 2 0'

P
cos fI p d fI =2 k P J p

p de = 2 k P

= k P (a + + sin 2 a) .

1

OTolOga k =

1
a + 2

sin 2 a

p cos e
H OKOHQaTeJIbHO <1

P
= -

(
1

)P a +
- sin 2 a

2
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6. HanpSl}l{eHHSI OT cocpe)J.oT01JeHHOH CHJlbI,

npHJlO}KeHH�H B T01JKe nOJly6ecKOHeQaoii nJlaCTHHKH

IloJIy6ecKoOHelIHYIO nJI3-CTHHKY nOJIYlIMM, pa3BepHYB rpaHIM KJIHHa

TaK, qTo6bI yroJI a 6bIJI paBeH n/2 (pnc. 42). Tor)1.a M3 BbIpaLKeHHH

(129) nOJIYlIHM:

(j
p

=== _

2 P CDS e

( I 30)
11: P

113 <POPMYJIbI (130) CJIe.nyeT, qTO nplM P =0, T. e. B TOqKe npIHJIO}Ke-
HHH OMJIbI, pa.n.MaJIbHble Han,pH}KeHMH paBHbI 6ecKoHelIHocTM. <DM3Mlle-

CKM 3T-O 03 t HaqaeT, qTO B )1.aIHHOH TOqlKe Han1pH}KeHHH CTOJIb BeJIM'KH, qTO

3.n.eCb MaTepMaJI .n.e<}JOpMIMpyeTcH nJIaCTMlIeCKM. B CBH3H C 3TMM .n.JIH

3TOH TOlIKM pemeHMe, nOJIyqeHHOe 1M3 ypaBHeHIMM TeopMH ynpyroCT.H,

p

a If

PRC. 42. CxeMa K perneHHIO 3a.u.a1JH 0 cocpeAOT01JeHHOA CHJIe, npHJIO>KeHHOH K nOJIy6ecKo-
He1JHoi\ nJIaCTHHKe:

a - CXeMbJ npH.lIO)l{eHH51 CH.!)hJ; 6 -

3nlOpbJ Hanp51>KeHHM B nJIaCTMHKe

HenpMro.n.HO. ,lI,JIH BCeX )1.pyrHx TOlIeK, KaK nOKa3bIBaeT OnbITHaH npo-

BepKa, ,II,alHHble paeqeT.a BnOJIHe eOOTBerCTBYIOT OnbIT!HbIM.

Ha OCHOBaHIHM cpo,pMYJIbI (130) MO}KHO C)1.eJIaTb Ba}KHbIH BbIBO.n., KO-

TOpbIH MbI 6y.n.eM HCnOJIb30BaTb B .n.aJIbHeHmeM. IlpoBe.n.eM lIepe3 TOqKY

npMJIO)KeHHH COCpe.ll.OTOIIeH-HOH CHJIbI OKPY}KHOCTb, .n.MaMeTp KOTOpOH

paBeH d. Tor.n.a Henocpe.nCTBeHHO Ha P'HC. 42 MO}KHO BMJI.eTb, lITO

cos 6 1

P
=

d' n03TOMY cpOpMYJIa (130) npHo6peTaeT BIH.lI.

2P

Op
= -

n d
(131

CJIeJ(OBaTeJIbHO, Ha JIIO'60H OKPY}K�HrOCTH, npOBe)1.eHHOH lIepe.3 TOlI,KY

np,HJIO>KeHMH cOCpe.ll.OTOY.IeHHOH CHJIbI, pa)J.IHaJIbHbIe HanpHLKe-H1HH coxpa-
HHIOT nOCTOHHHoe 3HalleHMe, onpe.ll.eJIHeMOe <POPMYJIOH (131).

HaH.n.eM Tenepb HanpH}KeHHH OT COCpe)1.0TOqeHHOH CHJIbI B nOJIy6e-
CKOHe'llHOH nJIaCTMHKe no ropH30HTaJIbHoMY CeqeHIMIO Ha rJIy6MHe
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X=xo (.pHIC. 4:3,a). ,Bblpe}KeM M3 !HJIa,CTMHKH npIM3,MY abc TalK, KaK nOKa-

3aHO Ha PM'CYHKe. llpH3Ma Haxo.n.HTCH .B COCTOHHMM ,npOCToro paJ(HaJIb-
Horo C}KaTHH, H n03TOMY B I.(.MJIMH.n.pMqeCKHX KOOp.n.HHaTax IHMeeM:

Op =1= 0; 00 =0; �PO .=0.

p

a c

Txy

6,r
a

x

p

y

t::)

Ioi

�.I

x

� Yo

p

/

Yo
p

\...

B
x

x

POCo 43. CxeMa K onpe.n.eJIeHHIO HanpH}KeHH:A a 0 l' OT cocpe.n.OT01JeHHOH CHJIb1 B npHMO-
x xy

yrOJIbHhJX KooPAHHa1ax (a). HanpH>KeHHAa . l' (6) H �mlOpLI paClJpeAeneHHH .HanpH>Ke-
y yx

HHH OT cocpeAOT01JeHHOil CRJlLI B nOJIy6ecKOHeQHOA nJIaCTHHKe (8)

Ha rpaHH ae C nJIOI.l.{a.n.blO dF .neif'CTBYIOT HanpH}KeHM'H O'x M .'txy.

rpaHb be IMMeeT 'nJIOI.l.{a.n.b dEco-s8. llpoeKTHPYH Bce CHJIbI Ha nCHX:iH y,

nOJIyqIMM:

-

ax d F + (Jp cos
2 e d F == 0;

.

- 't
xy

d F + cr
p

cos e'sin S d F = o.

o TCIO.n. a :

(Jx =

(Jp cos
2 6; 'tyx =(Jp COS G sin B. (132)

HaH.n.eM '.nanpH}KeHMH no. BepTMKaJIbHOM:Y" Ceqe.HIl1IO y= yo

(p'M'C. 43,6). llpoeKrnPYH CHJIbl'Ha' OC=H x 'M Y, '6y.n.eM
�

HMeTb::
.

.>:<:.'
,

.,.,

cry = a
p

sin 2
G; T

yx .

=

O'p cos e sin e..
. .. � (133)

H3 BTOpbIX paBeH,cTB. (132.) H, (133) �JIeJ(yeTJ qTQ 'txy .

. �yx.

1.00



OpHHHMaH BO BHHMaHHe BbIpa>KeHHe (130), nOJIyqlHM

2P
36

2P
6

.

26ax == �

COs; G
y

= - COS SIn ; Txy
=

np np

2P'
-== - - COs

2 0 sin 0.
np

IlpoH3Be.n.eM nepexo.n. K npHMoyrOJIbHbIM Koop.n.HHaTaM no <POp MY-

.lIaM ( pHC. 39) :

p==VX 2
+y2; cos6==�; sin6==JL.

p p

BbIpa}KeH111H JI,JIH Han.pH}KeHIHH (134) nplH 3TOM npH06peTalOT BH)J.:

2P x
3 2P xy2

Ox; == - -

; a
y

== - -

.

"'xu
==

11: (x
2

+ y2)2 11: (x
2

+ y2)2'
2 P x

2
Y

-
-

---;- (X2 + y2)2
" (135)

3nlOJpbI HanpH}KeHHH, nOCTpoeHHbIe C HCnOJIb'30BaHHeM 3aBHoHMocTeH

( 135), npHBe)1.eHbI Ha .p.H'C. 43,8.

( 134)

7. HanpSI.>KeHHSI npH C}I{aTHH U.HJ]HH�pa
B YCJlOBHSlX nJlOCKOH )J.e4>opMau.HH

IIp'H onpe.n.eJIeHHH HanpH}KeHHM, BbI3bIBaeMbIX cocpeJ(OTOqeHHOH CH-

JIOH P, npHJIO}KeHHOH B TOqKe A (pHC. 44), BOCnOJIb3yeMcH nOJIyqeH-
HbIM BblIIIe pe3YJIbTaTOM )LJIH nOJIynJIOCKOCTH, CqHTaH, qTO CHJIa P npH-
JIO}KeHa K rpaHIH�e nJIOCKOCTlM, npOXOAH1Il.efl qepe3 TOqKM A. Tor.n.a qe-

x

p
p

A

a
.0

p
p

PIIC. 44. CxeMa K paCqeTY lianpH>KeHHA' npH nJIOCKoM:' C>KaTHH �H��H)J.pOBl (a) . ,H 3nlO-

pa HanpH>KeHHA Ha ropH30HTaJIbHOM )J.HaMeTpe (6)
.

. '.
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pe3 TOqKy A npoxo.n.HT JIl1HMM paBHblx Hanp51}KeHHH, KOTopble npe)1.-

CTaBJIHIOT C060H OKPYLKHOCTH. B MX llMCJIe H OKPY}KHOCTb KOHTypa

,l1.MCKa, r�e
a

p ==-(2 PIT( d). AHaJIOrHllHO, OT CMJIbI p] nplMJIOLKeHHOH B

TOqKe B Ha OKPYLKHOCTM, .n.eHcTByeT HanpHLKeHMe: a
p

=
- (2P Ind) .

HaJIO}KeHl1e 3TMX ABYX CHJI .n.aeT HanPHLKeHMe B Cpe)1.HeH qaCT1M no-

JIOCbI M:eLK.n.y TO'llKaMIM A 1M B. B TOqKe M, Ha nJIOIll.a.n.Kax, ne.pneH.n.MKY-
u

' 2P
flJI51pHbIX P H Ph )1.eHCTBYIOT HanpH}KeHMH a

p
== a

p

===-

11: d

. PIH 3TOM no

BceMY KOHTYPY 6y.n.YT )1.eHCTBOBaTb C}KMMaIOIlI.Me HanlpH}KeH.MH. Ilo3To-

MY e-CJIM 1113 nOJIOCbI Bblpe3aTb .n.M'CK, TO )1.JIH Toro, qTo6bI OH HaXO)1.MJlCH
B paBHOBeCMM, Heo6xo.n.MMO no KOHTYPY .n.IHCKa npMJIO}KMTb CLKMMalO-

IlI.l1e HanpHLKeHMH IMHTeHCIMBHOCTblO -2P Ind. Ho B .n.eHcTBlMTeJIbHOCTl1

ero KOHTYP cBo6o.neH OT HanpH}KeH-HH. reM He MeHee .n.HCK Hax-o.n.'l1TCH

B paBHOBeCl1M 3a CqeT Toro, qTO peaJIbHOe HanpHLKeHHoe COCTOHHHe

)J.IMCKa OTJIHqaeTCH OT HanpH}KeHHOrO COCTOHHHe nOJIynJIOCKOCTM. Ilo-

.3TOIMY JI.JIH Toro, qTo6bI onpeJI.eJIMTb Ha!npHLKeHHoe COCTOHHHe ,lLMClKa,

CJIe,l(yeT HaJIOLKHTb Ha HanpHLKeHHoe COCTOHHMe nOJIOCbI OJI.HopO)1.HOe

BceCTopOH;Hee paCTHrHIBalOIII.ee HanpH}KeHMe HHTeHCHBlHO'CTblO 2P Inti.

TaKMM o6pa30M, .HanpHLKeHHe B' )1.aH-HOH TOqKe )1..HCKa MOLKHO nOJIY-
qHTb HaJIOLKeHH.eM HanpHLKeHMH, C03)1.aBaeMbIX ,cOCpe)1.0TOQeHHOH CMJIOH

B TOqKe A, HanpHLKeHHH OT TaKOH LKe CMJIbI, npHJIOLKeHHOH B TOqKe B,
u

a TaK}Ke HanpHLKeHIHH, nOJIyqeHHbIX OT BceCTopOHHero paCTHmeHHH.
PaCqeT HanpHLKeHIHH npOM3BOJI.MTCH no <P,opMYJIaM (135).

HanpH:>KeHHH no ropM30HTaJIbHOMY 1M BepTIMKaJIbHOMY .n.'MaMeTpaM
6 Y)1.YT IP a BHbl:

2P
(jx==- -

1t (r2 + y2)2

r
3 2P

11:

r
3 p

+-;
(r2 + y�)2 11: r

r
2

y P

+-
(r

2
+ y)2 11: r

2P r
2

y
CJ

y
= - -

:n: (r2 + y2)2

2P

:n:

HJI:H

ax = �
[ 1 -

4r 4

]
.

ay
== �

[ 1 _

4r3y�

] (136)
:n: r (r2 + y2)2

'

11: r (r2 + y2)2
·

BnlOpbI HanpH}KeH'l1H, nOCTpoeHHbIe C H.cnOJIb30BaHl1eM <POPMYJI (40),
npHBe)1.eHbI Ha PM'C. 44, B, 2.

8. CJlyqaH OTCYTCTBHH oceBoH cHMMeTp""

UP" UJlOCKOH )].eI)JopMau.HH

PerneHHe (119) ocecHMMeTpHllHOH 3a.n.aqM n03BOJIHeT nO)1.06paTb
4>YHK�HIO HanpH>KeHIMH H C ee nOMOIII.blO HanH,caTb BbI.paLKeHIHH .lI.JIH Ha-

npH}KeHIHH B CJIyqae, Kor.n.a oceBaH oHMMeTplHH OTCYTcTByeT.

llpe.n.nOJIO>KHM, qTO 3TH BbIpa}KeH;HH, nOMHMO qJIeHOB, 3aBMCHIII.l1X
OT p, .oo)]:ep)KaT HeKOTOp'YlO <PY'HK�'MIO f (8). OYCTb, Ha1npHMep,

iJ2 <p C 1

0'0 =

0 pll

= -

T
+ CII (3 + 2 In p) + C

3 + f (6).
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1IIIITerpnPYH )1:Ba}KJI.bl ,no p, nOJIYQMM ;OTCIOJI.a '<PYHKnHIO cp B Bl'Ln:e:

p2
cp

-� (C 1 + C 2 (2) In P -1- (C 3 + f (8)) 2. (137)

IlOIIbITaeMCH TOLK.n.eCTBeHHO y.n.oBJIeTBOpMTb 6 1MrapMOHMqeCKMC

ypaBHeHIMH (115).
I1cnOJIb3YH BbIpaLKeHMe (137), oy.n.eM 111MeTb:

iJ2 q>
+ � �

+
� a 2

q>
= _ � + 2 C 2 In p -t- 4 C 2 --1- C� + f (8) +

() p2 pap p2 a 62 p2

I. �� +2C 2 Inr+ 4C 2+ C 3+f(8)++ o�fj�fj)
= 4 C 2 In r + 6 C 2 + 2 C 3 + 2 f (8) + + o:ffj�fj) .

IIpiMH'HMaH BO BHMMaHHe 3TOT ,pe3YJIbTaT, H3 ypaBHeH1IH (115) HaH)1.eM

4C 2

+
4C 2

+ � a 2
+ (6)

+ � a 4
f(6)

=== 0
p2 p2 p� a 6 2 2 p2 a e 2

HJIM

.d
4

f ({})
+ 4

d2 f ( 6 )
== o.

d 6 4 d 6 2
( 138)

3TO JIMHeHHOe O,lLHopo.n.Hoe .n.M<p<pepeH�HaJIbHOe ypaBHeHMe qeTBepToro
II op H)1.Ka.

d 2
f (6)

0603HaqMM
d 6 2

== y. Tor.n.a YlPaBHeHMe (138) npMo6peTaeT BM1I.:

1 2

..

� � +4 y=O. Ero xapaKTeplliCTMlJeCKOe ypaBHeHiMe: n
2

+4=O. OTCIOAa

III =2i; n2=-2i

11-1, ,CJIe)1.0BaTeJIbHO: y= C' e
2 i e

+ c" e-
2 i e.

rio H3BeCTHbIM '<popMYJIaM 3iiJIepa .HMeeM:

e
2 i 9

== cos 2 6 + i si n 2 e; e-
2i 9

= cas 2 e - i si n 2 0'.

11 03';I'0 MY

Y
= (C' +C;)cas2e+i(C'-C")sin2e.

0603HaqaH C 4 =C'+C" H Cs=i(C'-C"), nOJIyqHM:

d�. f (6) .

!I
===

d 6 2

== C 4 cos 2 e + C 5 Sln 2 8.

OpOH3BOJIbHble <PYHK�IMIH HHTerpM.poBaHMH no p 3.n.eCb He BBO)1.MM,

TaK KaK MbI CTaBMM nepe.n. C060H 3a.n.aqy HCnOJIb30BaTb JII060e no.n.x-Q-

.L(HIUee HaM 3HaqeHHe <PYHK�HH q>, KOTOpbIM ObI y.n.OBJIeTBOpHJIOCb OM-

rapMOHMQeCKOe ypaB!HelHMe V 4

cp =0.

()TCIO.n.a

l (0) :::==;: - � (C 4 cos 2 a + C s sin 2 e) + C 6
a + C 7

. (139)
4
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Ha OCHOBaHiH1HYP'aBHeHHH (137)., M (139) <PYHKI.{HIO q> 3anHIIIeM B

TaKOM BHJI.e:

tp
== (C 1 + C 2 (2) In p + �

p2
- � (C 4 cos 2 e + C s sin 2 fJ) +

2 8

+
�2l} +

�2
p Q P .

2 2
( 140)

J1erKo nOKa3aTb, qTO 6MrapMOHM'qeCKOe ypaBHeHMe (115) TOLK.n.eCT-

BeHHO YJI.OBJIeTBOjJJHel'CH npH IMCnOJIb30BaHMM BbIpaLKeHMH (44), qTO

cBHAeTeJIbCTByeT 0 npaBMJIbHOCTH BbIqH'CJIeHUiL ,B pe3YJIbTaTe MOLKHO

6bITb YBepeHHbIM B TOM, qTO TOLK.n.eCTBeHHO y.n.OBJIeTB-OpHIOTCH 'Bce OC-

HOBHbIe ypaBHeHIHH nJIOCKOH 3a)1.atJ:H TeOp'MM ynpyrOCTIi, a <PYHKI.{IMH Q)

.n.eHCTBtMTeJIbHO HBJIHeTCH <PYHKI.{MeH HanpHLKeHMH.
BOc-nOJIb30BaBIIIMCb BbIpaLKeHMeM JJ.JIH <PYHKgMM q> (140), no <POPMY-

JIaM (114) onpe.n.eJIMM Tenepb BblpaLKeHIMH. .n.JIH HanpHLKeHIHH:

(fD=� acp +�
a 2

cp ='�+2C2Inp+2C2+C3+
)

.

pap p2 a 6 2
p2

�i
-

1

+ - (C 4 cos2 B + C 5 sin2 S) + C 6
G + C 7 ;

4
t

--

.�:"�?���-:;-;.7: �:::-..-'
l . .'. _" <�. �;:�.� ,._

°
0

=

�p�
=-

�1: +2C2Inp+4C2+C3-:; � (141)

.- �(C4cos2 e + Cssin 26) + C 6
S + C 7 ;

4

" 0=
- �

(
� �

)
= - � (C 4 sin2G + C 5 cos2S) -�.

P
ap p ae 4 2 J

113 pemeHHH (141) JIerKO nOJIyqHTb p\.lIIeHHe (119) OC�CMMMe'I1pl1q-
HOM 3a.n.aqIH. "�':'I-)

,OP'H HaJIMqMM oceBoH oHMMeTpHH HanipHLKeHIHH OT e He 3aBMCHT.

n03TOMY .n.onYCTHM, qTO C 4 =C S =C 6 =O. ,[LaJIee npHpaBHHeM npaBble
qaCTM paBeHCTB (119) IH (141):

A C

O'p
=

pi
+ B (1 + 2 In p) + 2 C =

p;- + 2 C 2 1n p + 2 C 2 + C
3 + C 7 ;

(fa
= -

A

2
-'I 8(3 + 2 In p)+ 2C � - � + 2 C 2 In p + 4C 2 + C a + C 7 .

p p2

CpaBHIMBa51 npaBbIe M JIeBbIe qaCTM, BH.n.MM, 'ITO

A = C 1 ; Bl== C 2 ; B +,2 C =.2 C 2 + C 3 + C 7 ; 3B + 2 C== 4 C 2 + .C S ,+C 7 .

,QJIH npoBepKM 3'anMIIIeM noc�eJ{HlHe JI.Ba' ypaI He�MH TaR:

2C = 2 C 2 + C3�+ C 7
� B; 2 C

.

4 C 2 + C 3 -t� C 7 -3B.

OplMpaBHMBaH npaBbIe qaCTM, 'nOJIyqIMM 'CHOBa B=C 2 . CJIe.n.oBaTeJIb-

H'O,
.

COOTHomeHMH Me}K)1.y KOHCTaHTaM'M. '�np.aBe.n.JIHBbI, :H MbI .n.eHcTBH-,
TeJIbHO M3 pemeHI1H (141) nOJIyqMJIH pemeHl1e (119).
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llJIH TOrO qT06bI nO.n.qepKHYTb 06I..UHOCTb 3TMX pemeHI1H, nepenlH-

IIIeM paBeH'CTBO (141) B TaKOM BM.n.e (:koHcTaHTbI npoHYMepoBaHbI 3a-

1I0BO) :

<J
p

== � + B (1 + 21n p) + 2C +
� x

p2 4

X (C 1 cas

�
6 + C 2 sin 2 0) + C 3 fJ;

I
0"0

== -

� + B (3 + 21n p) + 2 C - I

p t
- � (C 1 cos 2 0 + C 2 sin 2 6) + CgO; I

't:po

4

-+(C1sin 20-C 2 cos 2.6)- �3 . !
n p H M e p 3. OnpeJJ.eJIHib Hanp5DKeHJUI B u.eHTlpe .lI.HCKa, aaxo.JJ.5IllI.erOC51 noJJ.

n.eHcTBHeM JJ.BYX cocpeJJ.oTOqeHHbIX Hanp'Y30K. B u.eHTpe ,D,:HC'Ka (p = 0) Hanp5UKeHH5I
.He MorYT 6bITb 6eCfl{tOHe-qHO ;BeJIHKH. n03roMY OtJJH:TaeM, 'qTO A =13 =0. B.Mecre 'C TeM

:n:

C pOCTo.M yr..rIa e B npe,D,eJIax 0-
2 HanpH>KeHH5I a

P
MorYT TOJIbKO -YMeHbIllaTbC5I.

003TOMY CJIeJJ.YCT np'HHHTb C 2 =C 3 ==0. B pe3YJIbTaie cpOpM'YJIbI (142) nOJIyqaT BHJJ.:.

)

( 142)

C I C I

0' = 2 C +
-

cos 2 a. 0' 0
== 2 C -

-

cos 2 e. ,

P 4' 4

,lJ.onYCTHIM, qTO ,lJ..HCK HBJI5IeTC.H qaCTbIO nOJIy6ecKOHe1JHOH nJIOCKOCTH (nYHKTHT
(-Ia pHC. 45). 113 nYHKTa .6 H.3BeCTHO, lITO qepe3 TOGKY npiHJIO>KeHH5I C'HJIbI K IIoJI'y6ec
KOHeqHOH TIJIOCKOCTH npOXO.lI.HT KpyrH pa3-

HbIX KaCaTeJIbHbIX Hanp5l>KeHHH. MaKcH-

MaJIbHWe KaCaTeJIbH�e Hanp5l>KeHH5I BO

Bcex TOqKaX OKPY>KHOCTH JJ.HaMeTpOM
d

d' ==

2
r, npoxoJJ.51ll1.e-ti lIepe3 IJ.eHT'p .lI.H-

CKa 0 (pHC. 45), paBH�

P P

't'max =

:n: d'
+

:n: d'

2P

n d'

4P

:n:d

2P

:n:r

1I.aJIee BOCnOJIb3yeMcH paBeHCTBOM (44):

(
0'

P

-

0'6

)
2

2
_

2

2
+ 't'p 0

-

't'max .

npHHHMa51 BO BHHMaHHe B�pa>KeHHe

(143), nOJIY1JHM:

( �l r (cos
2 2 6 + sin 2 2 6) = ( :: r .

C I 2P
OrclO)J.a

-

== 'J
-

r)J.e 'J == :f: 1.
4 :rtr

'

C I .

'f
pO ==-4

sIn 26. (143)

p

l.

'tj

p

PHC. 45. CxeMall paCqeT HanpH>KeHHit
B �eHTpe .D.HCKa, C>KaTOrO .nBYMH cocpe.nOTO-

qeHHhJMH CHJlaMH

npH'HH'M;aH, !lITO '\'=-11, 6YUJ.eM H;MeTb CJIeJI.YIOIIJ.He IBblpal>K.eHHH Jl,JIH '.H3InpsroKe.HHH:

. 2P 2P 2P
0' =2C- cos26; O'o==2C+- cos26; 't" ==-sin26. (144)p

nr :n:r PO �r.

105



.1J.JI5I onpeJI.eJIeHH5I KOHCTaHTbI 2C BOCnOJIb3yeMlc5I cpOpMYJIaMH (136). CorJ1aoHo

3THM <pOpM'YJI30M, Ha rOpH30HT,aJIbHOM ,lI,HaMeTpe B �eHTpe .lI./HCKa (y=.o) Hanp5lmeHH5.I

6y JI.YT p'aBHbI:

3P
(j = (j = --

;
p x

3tr

p

<1y=O'a=-.
3tr

C yqeTOM 3Toro, np'HHHMa51 B cp'opoMYJIaX (144) e = 0, HaM,lI.eM KOHcTaHTY 2C =

P
.

=-�. B pe3YJIbTaTe Bblpa}KeHHH ,lI,JIH HanpH}KeHIHM (144) 6'Y,lI,YT H.MeTb CJIeJI.YIO-
3tr

IIJ.'H H IB HJI, :

P P 2P
<1 = -- (I +2 cos 26);. O'a = -

-

(1-2 cos 26); "
p

o
= -sin26. (145)

p
nr 3t r

u
nr

MbI npHIIIJIH K H3BeCTHOMY B TeOpHH ynpyrocTH pemeHHIO, KO-

TOpOe nOHa,lI.06HTC5I HaM B ,lI.aJIbHeHmeM.

9. KOHTaKTHaSi 3aAaqa fepu.a

rep[(, pem�HJI 3a,lI.�qy 0 BeJIHqHHe nJIOIl.{a,lI.KH KOHTaKTa ,lI.BYX [(HJIHHA-

pOB C na paJIJIeJIbHbIMH OC5IMH, CLKaTblX HeKoTopoH 'CHJIOH P (pHC. 46).
OnycKa5I nO,lI.p06Hble BbIKJIa,lI.KH, ,lI.a,lI..HM KpaTKoe H3JIO:>KeHIHe xo.rr.a pe-
meHH5I 3TOH 3a,lI.aqH

1
. B nYHKTe 2 6bIJIIH nOJIyqeHbI �H3HqeCKIHe ypaB-

HeHH51 (99) ,lI.JI51 nJIOCKOH .n.e�opMall.HH. B ,lI.aHHoH 3a,lI.aqe HCnOJIb3Y-

eTC5I .n.onYIl.{eHHe 0 npOCTOM pa.n.HaJIbHOM C}KaTHIH, n03ToMy a s =0. n,pu
3TOM ypaBHeH�5I (99) B �HJIMH,lI.pHqeCKHX Koop,lI.HHaTax npMo6�eTalOT
BH.n.:

_1-m
2

. m(l+m)
e

p p
- a

p ,
e

a a
= - a .

E E p

DpHH�Ma51 BOBHHM.aHHe COOTHOIIIeHH5I MeLK.n.y .n.e�opMa[(H51MH H

rrepeMem.eHH51M'H, Bblpa}Kae.Mble paBeHCTBaM;H (22), H BblpaLKeHH5I ,lI.JI5I

H�np51}KeHIHH (128), HaH,lI.eM

a u 2 (I - m
2

) p cos 6

p'p==
-- -

-;
ap nE p

e
aa

�
� a v

-1- � =

2 m (I + m) P cos 6

p a6 p 3tE

: 1 a u

+ � _ � _

_ o.epi G
=-

t p a6 ap p

(IHTe"tpHpY51 ypaBHeHHe (146) no p, 6Y,lI.eM HMeTb:,

u = -

2 (1 - m
2

) P
cos 6 In p + f (6).

3tE

(146)

( 147)
p

( 148)

(149)

Ilo.n.cTaBIHB' U B BbIpa}KeHHe (147) IH HHTerpH,pY5I ero, nOJIYQHM

v=
2m(l+m)P

sinS+
2 (I-m

2
)

s in61n p
-

S f (6)dO+Q)(p). (150)
3tE 3tE

J

1 B KHHJre H. 11. E e 3 y X 0 B a [3] nlpH-Be.n.eiHo 'pe.meHHe 8.Ha..nofH1JHOH 3a�a�H

.n.JHi ,nJIoCJ{.oro ;Hanp5DKeHHOI'O COCT05lHH� (O'z =0).
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vlcnoJIb3Y51 cpOPMYJIbI (149) H (150), oTI13eJI.eJIHM fee) HHTerpHpOBa-

11II1eM ypaBHeHHH (148):

f (8) = -

(I -m -2m2) P
8 sin 8 + Asin f) + B cas 0.; (151)

:rr.E

<p (p) = C p, (152)

r.n.e A.1 B, C - nocToHHHble HHTerpHpoBaHHH.

-.=,

�

- -
-.

,

2a .

J
a

J}/ 0"

01
P

l

� PIx)
/

/

/

/

/

/

A 1
/ X
/

I J, dx
/

r

a

'8

PIx}
...,I

H

tj

E:

, .�
�

-

2d

a

PHC. 46. CxeMbl K pellleHHIO 3a.n.atJH rep�a:

a -

conpHKOCHoneHHe LJ,HJIHHJJ.pOB ,lI.O JJ.e<tJopMa�HH; 6 - nOCJIe npHJIO>KeHHH CRJI; 8 -.KOfi'.

TaKTHbIe CMeu;.eHI1H; Z -

pacnpe.n.eJIeHHe HarpY3KH

<I>YHK�HH f (e) H <p (p) H,aXO,!lJiM IC !HonOJIb30Ba.HHeM r.pa.Hl1qHbI,X

YCJ10BHH:

1) npH e=o nepeMeII1-eHHe v=o (3T'0 .cpa3"y JI.aeT A �

C=O);

lOA;



2) npH paccToHHHH I OT Haqana KoopAHHaT nporH6a nOBepxHocTH

(fJ=rc/2) He npOH'CXO.n.HT. B pe3ynbTaTe .n.nH rrepeMeII1-eHIHH v nony-

qaeM cne.lI.YIOII1-ee ypaBHeHHe:

f}=-
2(I-m

2
)P In�- (l+m)P

. (153)
fiE h fiE

3Ae-Cb h -

paCCT051HHe OT KOHTaKTHoH nOBepxHoCTH, Ha KOTOpOM nepe-

MeII1-eHH.e v=O.

UHnHH.n.pbI .n.o .n.e�opMaI.l.lJ1"H conp'HKaCalOTC51 JIHllb no nHHHH.. na-

paJIJIenbHOH HX npo�onbHOH OCH. [J03TOMY (pIHC. 46,a)

Ri = b 2

+ (R 1
- b I )2;. R� = b 2

+ (R 2
-

b�)2.

OTCIO.n.a� npeHe6.pera51 ManbIMH Be.TIIH1JIHHaMH bi H b�, HaHAe�1

. b2 b 2

b I =-; b 2
=

·

2R I 2 R2

TaK;HM 061Pa-30M� paCCTOH'HHe Me>K.ny TOllKaMH Al if A2 .lI.O .n.e�opMa-
nHH paBHO:

. b 2 b 2

b i + b 2
= + = P b 2

,

2 Rl 2 R 2

r.n.e

1 1

� =

2 Rl
+

2 R 2

-

Rl + k 2

2 1<1 R 2

( 154 )

nOJI. )l.eHCTB'HeM .CHn' P ntHnHH.n.pbI 6y.n.YT yrrpyro .lI.'e�opMHpOBaTbC51, fI1X

OCH C6JIH35ITC51 (pHC. 46,6), H MbI MOLKeM 3aUHcaTb:

(b i + b 2 ) - 6 = -

. (VI + V 2 ); (VI.+ V2) == � -

(b i + b 2 );

V 1 +v 2 ==6-Pb
2

. (155)

BeJIHqMH�. .noBepxHocTH ..
KOHT3KTa I.J.MnHHJI.pOB, paBHaH 2a

(pMC. 46,6)" ;M ii-JI a no CpaB'HeHHIO C HX pa.lI.HycaMH. 003TOMY Ka}K.n.bIM
113 UHJIHH.n.POB.;M.O}KHO paCCMaTpHBaTb K3K nonynnocKoCTb H HaXO.lI.HTb

VI If V2 no �()pMYJIe (153).

KOHTa�THoe HanpH>KeHHe p'(x) Ha KOHTaKTHoH IIoBepxHocTM nep-e-
.

a
.

.

MeHHO. fIpM 3TOM S P (x)dx
'

P. TIo.n .neFIcTBMeM CMJIhI p.(x)dx,npu-
-a

J10>KeHHOH B HeK'OT01POH T,Q'lI i Ke x, T-OtIK8 A (pIHIC. 46,8) ,n'OJIY1JHT Bep-
TH.KaJIbHOe nepeMerueHHe, KOTopoe C Y1JeTOM '�OPMYJIbI (153) 6y�eT
paBH!O

2(1-mi) (b-x) 1 +m
d'Vl == -

P (X) d X In
'

.

-

1

P (x) d x =

-:'
.

11: E 1
.'

.

Rr. :rt E

-
- 2.(1-mlr� [ 'P(X) I�.(b.-x)d�x,+ ( , ..1

.

-=- lnRl ) R (X)dX ] '.
n. EI

...

.
. 2 (1 - mtl
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OT ,lI.aBJIeHHH Ha BCIO nOJIOcy TOqKa Al nOJIYlIHT BepTlHKaJIbHOe nepe-

Mem.eHHe:

2 (1-m
2

)

[
+a

(
1

) ]V I
=-

1 r p(x)ln-(b-x)dx+ -InRI P .

'it E 1
J 2(1 - ml)

-a

AHaJIOrHlIHO, TOllKa A 2 nepeMeC�HTCH no BepTHKaJIH Ha BeJIMlIHHY

2 ( 1 m
2

)

[
+a

(
1

)]v 2
== -

-

2

S P (x) In (b - x) d x +
- In R 2 P.

11: E 2 . 2(1 - m2)
-a

TaKllfM 06pa30M, paBeHCTBO (155) 'nlPHo6peTaeT BH,lI.:

2

(
1 - mi 1 - m�

)
+a

- - + S p (X) In (b -

x) d x
-

'it £1 E 2
-a

{
2 (I

- m�)

[
1

,

1
.

]
2 (1.

- m�)'" .

'

[
.

1

] }
- - n R I +

- In R2 X
nlE 2(I-ml)

. n£2 .2(1-m2)

.X P=�_pb2.

3aMeTHM, lITO qJIeH B tPHrypHbIX CKo6K8X 'JIeBOH lIaCTH paBeHCTBa If

B�JI'HqHHa {) B npaBOH 1I8CTH OT, b He 38BIHC51T. ,[LIHcpcpepeHlLlfPYH no b,

nOJIYllHM:

2

(
1 - mY 1 - m�

)
+

J
I

a

P (x)
-

+ dx== 2�bo.
'it £1 E 2 b - x

-a

( 156)

replL npe.n.nOJIaraJI, lITO KOHTaKTHOe HanpH*eHHe npOnOp�HOHaJIbHO

Op.n.IHHaTaM n'OJIynJIOCKOCTIf, nOCTpOeHHOH Ha .n.HaMeTpe, paBHOM 2d

(,p,HC. 46,z), T. e.

p (x) =

Pmax
11 a

2
- X

2
.

a

OpH 3TOM H3 YCJIOBIfH

+a
Pmax +a

S p(X) dx =

a S 11 a
2

- x
2 dx = p

-a -a

nOJIyqaeTC51, qTO pmax= 2P/1Ca.
.

,BbI'qHCJI5I5I IHIHTe.npaJI B ypaBHeHHH (l i 56), 6y.n.6M HMeTb:

+

S
a

P (x)
d X =

n Pmax

�-x a
-a

T or.rr.a y:paBHeHHe (156) C YlIeTOM Bblpa*eHIH51 (154) nplHo6peTaeT BH,1.(:

(
1 - m�

+
1 - m�

)
2

P�ax ==

Rl + R 2

E 1 £2 a Rl R 2
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2P

Ilo.n.cTaBJI51H B 3TO paBeHCTBO 3HaqeHHe pmax=
-

nOJIyq,HM:
:rta

V 4 Rl R2 P

(
1 - mi

a ==

3t (R I + /(2) El

-

1 - m�

) .

E 2

(157)

n p Jf M e p 4. BbIBecTH cpOPMYJIY J{JI5I onpe.n:eJIeHH5I KOHTaKTHOH nOBepxHocTH

npH npoKaTKe c yqeTOM yrrpyroro .cnJIIOIIJ.HBaIHH5I BaJIKOB. nYCTb npH npOKaTKe Ba-

-t

8
�

"J

X 1

1

Xo I

�

I

17
if

PHC. 47. CxeMhI 'K BblqHCJIeHHIO )I.JIHHbl KOHTaKTHOH: IIoBepxHocTH IIPH npoKaTKe:

a - B >KeCTKHX B2JIKaX; 6 - B ynpyrHx BaJIKaX

JIOK ;IIOJIyqaeT YIIiPYry.1O .n:€I<pOp,M:a�HID IO}K3'TH5I AR=BD (.pHC. 47). TOIrJ(a Irop1Hi30H:-

TaJIbHaH npoeKlI.M5I KOHTaKTHoM rroBepx,HocT1H paBHa

I = Xo + XI.

,BeJIMQIiHbI Xl H Xo InpHJ6JIH:>KeH!HO iIIpnpa'BiHHeM xop'}1.aM:

X = A B; Xo == B C.

113 rrO.ll.06H5I Tpeyr{)JIbHHKOB ABE H ABF HMeeM:

Ah

2 +ARAB

BE
-

BF

AB

XI
MnH

2 R

V 21? (
to.

2

h

+ to. R) = V l? to. h + 2 R to. R .

Xl
.

OTCIOJJ;a Xl =

BeJIH��H'Y 2RJ1.R HaXO.lU�M H3 nO,lI;06M5I TpeyrOJIbHiHKOB BCD H BC"E:

B D B C AR XO
- -

HJIM -

BC BE Xo 2R.

2

V
?

Tor.n:a. 2R8.R = X
o. CJIe.n:OBaTeJIbHO, Xl = R A h + x6 .
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TaKfl.M 0 6pa30M, JI. JIMHa KOHTaKT.J-IOH nOBepXHOCTiM paBHa

1= Xo + V R L\ h + x5 .

( 158)

-. r 4RIP
Xo =

JI n (1 + �: )

BeJI'MqrHiHY Xo onpeJI.eJIH-M no cpopMYJIe fepu.a (157). C
HHH nrpeo6pa 3yeM ee K TaKoM'Y BiHJI.Y:

.

I-m�

[ 1 +
(l-mi)

E 2 (1 - m�)

yqeTOM HalllHX 0603Ha;Qe-

�

]E 1

·

B HallleM cJIyqae pOJIb O.L(Horo H3 llHJI'HIHJJ.pOB BbInOJIH5IeT nOJIOoca, paJI.HYc KOT{)P-oft
R 2 MO)!{HO IIp'HHHTb

��KOHeqHO
60JIblUHM, a ee ynpYJ'OH J{e<PopMaU:HE�H .npeHe6pe%,

T. e. ()qHTaTb, qTO
-

== o. nOJIHOe .L(aIBJIeHHe Ha BaJIKH BbIpa3(fI.M 1.Jepe3 BeJIH1JiHHYE 1

Pcp CpeJI.Hero KOHT a.KTHOrO Hanp5DKeHH 5I: P=2xoPcp.

.

V
8 Xo Pcp R (1 ..:-

m
2

) 8 (1 -

m
2

)
TOf,l!a Xo ==

HJIH Xo =

.

P R.
:rt E 31 E" cp

ECJIH npHH5ITb m=O,3; £=21,6.10 4
MH/M2 (21,6-10 3

KF/MM2), TO nOJIYQHM

Pcp R
Pcp R

Xo ==

9,3.} 0 4 (pcp' Mfl/ M,?-); Xo
=

9500 (Pcp' KF /.MM,�). (159)

HTaK, JI.JIMHa KOHTaKTHoH nO.BepxHocTH npiH npOKaTKe Bblp'a}KaeTC5I <popMYJIaM-H.:

Pcp R
, I

(1=
9, 3.10 4 +

y
RL\h +

, I
(

Pcp R

)
2

+
V

R6.h + 9500
..

Pcp R

)
2

Pcp R
.

9,3.10 4
HJIH I ==

.

9500 +

(160 )

B nepBOH 1M3 3TIfX CPOPMYJI CpeJI.Hee KOHTaKTHoe Hanp5I}Ke'HHe HMeeT paaMeplHOCTb

Mfl/M2, a BO BT{)POH
- KF MM

2
; 1, R Ii 8h HMelOT Co.O'DBeTcTBYlOm:y1O lPa3MepHocTb.

10. nJIOCKaH 3a,ll.aqa TeopHH ynpyrocTH
H 83aHMO,ll.eHCTBHe ,lI.MCJIOKal.(HH

Done Hanp51JKeHHH KpaeBoH .n.HcnOKaI.J.HH B ynpyroH H30TponHoH
cpe.n.e onpe.ll.en51e-rC51 IH3 YipaBHeHH51 (108). <1>YHKlI.HIO Hanp51�eHHH,
y.n.OBJIeTBOpHIOlIJ.YIO 3TOMY ypaBHeHHIO, MO}KHO npHHHTb B TaKQ.M.' BH)J,e:

Gb --

<p
=

y 1n.(x2 + y2)
2

.

2:rt (1
- m)

Hcnonb3Y51 COOTHOlleHHe (10), nonyqHM:

G b y (3 X2 + y2) .
_

G b
(Jx =

,
a

y
-

2 :rt.(1 � m) (X2 + y2)2 23t (1
- m)

G b x (X2 - y2)
�xy

==

2 :rt (1 - m) (X2 + y2)2

Done Hanp51)KeHIHH OT BHHTOBOH .n.IHcnOKall.IHH MO}KHO onlHcaTb cne-

.n.YIOlIJ.HMH �YHK[(H51MH:
Gb y Gb

't'xz == - -

.

Tyz == -.

231 X2+y2 2n X
2

+y2

y (X2 � !f)

(x2 + y2)2

(161)

x

(162)
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� nOJI51pHbIX KOOp.n.HHaTaX Ha OCHOBe H3Be-CTHbIX COOTHOlleHHH

x �
p cos 8; y

==

p sin 6; x
2

+ y2 == p2

nOJIyqHM:
Gb

't'
-

Pa
-

2 3t

1

( 163)
p

H3 nOCJIe,lI.Hero y:paBHeH:IfH CJle.n.yeT, qTO nOJIe Hanp51LKeH(HH BI1HTOBOH

.n.HCJIOKall.HH Oce-CHMMeTpIHqHO. 3TonoHHTHo: BHHTOBaH .n.IHCJIOKalJ.lH5I He

HMeeT 3KCTpanJIOCKOCT1H H ee HeJIb35I CB5I3aTb C onpe.n.eJIeHHOH nJIOCKO-

CTblO CKOJIb}KeHH5!.

Ilpe.n.CTaBJIeHHbIe ypaBHeHH51 onHCbIBalOT HOJIe HanpHmeHHH, C03.n.a-

BaeMoe JI.HCJIOKa[(H51MH nIPH6JI'HLKeHHO.
LLeH'CTBHTeJIbHO, Hanp51LKeHIH51 nplH y.n.aJIeHHIH OT ,lI.H'CJIOKaI.J.HH YMeHb-

llaIOTCH, HO 06paIlI.a1OTC51 B HYJIb TOJIbKO npH 6eCKOHeqH'0 60JIbllOM

3HaqeHHIH p. KpH.CTaJIJI LKe HMeeT KOHeqHbIe pa'3MepbI, H n03TOMY Han-

np5ILKeHH5I, COrJIaCHO npHBe.n.eHHbIM ypaBHeH'H51M, Ha ero BHelliHe:H rro-

BepXHOCTH B ,HYJIb He 06palIJ.aIOT'C5I, qTO BbITeKaeT H'3 YCJIOBHH CTaTHKH.

B .n.pyroM KpaHHeM .CJIyqae, Kor.n.a p npH6JIH}KaeTC5I K HYJIIO, cor-

JIaCHO npIHBe.n.eHHbIM YlpaBHeHH51M, Hanp5ILKeHIH5I 06palIJ.a1OTC51 B 6eCKO-

HeqHOCTb, lITO TO}Ke HeBepHO. Ilo3TOMY 'HaIHMeHb'lli.HH pa.n.HYC '0, npH

KOTOpOM 3aBH'CHMOCT1H TeopH'H ynpyrocTH YLKe HeJIb35I HCnOJIb30BaTb,

npHHHMalOT paBHbIM .n.BYM-TpeM BeKTopaM BlOprepca. Ha 60JIbllHX

If y
2

/
/

/

/
/

.c: /
/

/ /

/ /

/ /

1 X 0 x

a 6

Poco 48. CxeMa K onpe.n.eneHHIO cHn B3aHMO.D.e�cTBIUI .D.HcnOKau,HA O,D,HOrO (a)
H pa3Hbix 3HaKOB (6)

paCCTOHHH51X M.eLKaTOMHYIO CpeJlY npHHHMalOT H3'OTpOllHOH H y.rrpyrOH.
3TOrO .n.OCTaTOqHO .n.JI51 OnHCaHIH5I B3aHMO,lI.eH'CTBH5I .n..HCJIOKa[(lHH, HaXO-

.n.51IlI.HXC5I 3a npe.n.eJIaMH 5I,lI.pa.

IlycTb B3a I HMO,lI.ei1.CTBYIOT ,lI.Be O,lI.HOHMeHHbIe )J.IHCJIOKall.HH (pHC.
4g,a). B 3'l'OM CJIY'1Jae 'H8 ,lI.I'I'CJlOKanHIO 2 .co CTOpOHbI ,lI.HCJI-OKaI.J.,HH 1

,lI.eH,cTByeT 'CHJIa

G b 2
X (x

2 -h 2
)

fx=bT: xy
=

2n(l-m) (x
2

+ h 2
)2

ECJIH .n.IHCJIOKaQHH JIe}KaT B O.ll.HOH nJIOCKOCTH CKOJIb}KeH'H51, TO h=O Ii

Ix =

Gb 2

.1- > 0,
2n (l-m) X
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T. e. f( x) eCTb CHJIa OTTaJIKHBaHH5I, H .n.HCJIOKaUIHH CTpeMHTC51 pa30H-
'fIHCb Ha B03MOLKHO 60JIb'lliHe paCCT051HH5I.

B 06II(eM cJIyqae h=l= O. IlpIH x>h .n.HCJIOKall.HH OTTaJIKHBalOTCHJ

(f<x»O). IIp'H x<h OHH npHT5IrHBalO'T ' C51 (f(x)<O). HaH-60JIee YCT-OHqH-
BOe nOJIO}KeHHe IHMeeM npH X=O, TaK KaK B 3TOM 'CJIy'qaeCHJIbI B3aH--

MO.n.eHCTBHH Me}K.n.y .n.HCJIOKaIJJ15IMH f( x) =0. B pe3YJIbTaTe ,lJ.HCJIOKa--

ll:HIH 06pa3'YIOT «BepTH'KaJIblHYIO» CTeHKY. 3TO npHBO)I:HT K OIn.H'CaIHHOMY'

B fJI. I 51BJIeHHIO nOJIfHrOHH3all.HH. Il PIH x= h CHJIbI B3aHMO,lI.eHcTBH.H

.n.HCJI'OKaI.J.HH TOJKe' paBHbI HYJIIO. 3TOT CJIyqaH cooTBeTcTByeT nOJIOLKe-

HHlO HeycTOHqHBOrO paBHOBeCH51. ECJIH B napaJIJIeJIbHbIX nJIOCKOCT51X

CKOJIb}KeH,H5I Haxo.n.51TC51 p3'3JIIHQHble KpaeBble .n.H.CJIOKaUHH (,pHC. 48,6),_
TO 3HaK CHJIbI ,B3aHIM;0;LeHCTBH5I MeH5IeTCH Ha 06pa1"HbIH:

. G b 2
X (X

2
- h 2

)
f(x) = -

2 n (1
- m) (X2 + h 2

)2
·

B 3TOM CJIyqae TaK}Ke IHMeeM .lI.Ba YCTOHQHBbIX nOJIO}KeHH51: np,H X=Ot

IH npH x= h. Ho Tenepb Y}Ke npH X> h .lI.IHCJIOKaI.J.HH npHTHDHBalOTC51 H�

npH x<.h OTTaJIKHBaIOTC5I.

a f(x)
H3 YCJIOBH51

= 0 MO}KHO HaHTIH MaKCHMaJIbHOe 3HaqeHHe-

ax

CHJIbI B3aHMo.n.eHCTB.lf5I .n.HCJIOKaI(HH:
Gb 2 1

fmax=
2n(1-m) 4h.

Kor.n.a BHeIIIHIHe 'CHJIbI 60JIblle fmax, OHIH B COCTOHHHH 'C.n.BHHYTb .lI.IHCJIO-

K3'I.J.HH OTHOOHTeJIbHO .npyr .D.Ipyra. TaKHM 06pa30M, fmax eCTb MaKCH-

MaJIbHa51 'CHJIa B3aHMHoro TopMOLKeHIH51 .n.HCJIOKall.HH.
ECJIH BHelliHee KaCaTeJIbHOe Harrp5I}KeH.He B rrJIOCKOCTH CKOJIb)KeHHH

MeHb'IIIe fmax, TO .n.BIHralOII(HeC51 B napaJIJIeJIbHbIX nJIOCKOCT51X HaBCTpe-

qy ,lJ.;Pyr .n.pyry .n.HCJIOKa[(HIH npOTHBOnOJlOLKHbIX 3HaKOB nplH x<h OCTa-

HaBJIHBaIOTC5I, T. e. OKa3bIBalOTC51 6JIOKHpOBaHHbIMIH .n.pyr .n.pyrOM. Ha-

KOIIJIeHHe TaKHX 6J10KHpOBaHHbIX .lI.HCJIOKa[(IHH npHBO.n.HT K MeCTHOMY-'

nepern6y nJIOCKOCTH CKOJIbmeHH5I H JIOKaJIbHOH nepeO!pHeHTall.IHIH KpHC-
TaJIJIIHlIeCKOH peIIIeTKH. YlIaCTKH TaKOrO TlHna 06HapYLKHBaIOTC5I KaK

MeTaJIJIOrpa�HlIeCKH, TaK .If 'peH'f/reHOrpa�IHQeCKH B cpOpMe TaK Ha3bIBa-

eMbIX nOJIOC JI.e'<pOpM,an,HI1, ,nO.IT,nC neperiH6a H C6-POCoOB.

V fJIaBa

Onpe.JJteJIeHHe HanpS[)I{eHHH H JJ.e€)JOpMaQHH
u

B nJIaCTHQeCKOH 30He

1. OCHOBHbIe ypaoHeHHH Teopnn MaJIblX

ynpyro-nJIaCTHqeCKHX ,lI.e4JopMaL\HH

HaCT05Ilqa5I rJIaBa nOCB5III(,eHa onH.caHHIO MeTO,lI.OB onpeJI.eJIeHHH Harr-

p5I}KeHHH H .lI.e�OpManHH B TeopHH :nJIaCTHlIHOCTH C TeM, qT06bI 3aTeM

HCnOJIb30BaTb HX np'HMeHHTeJIbHO K KOHKpeTHbIM npoueccaM o6pa60T-
KIH MeTaJIJIOB JI.aBJI.eHHeM.
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CTporoe pelleHHe 3a.n.aq Te.OpHH nJIaCTH4HOCTH CBO,[lIHTC5I K COBMe-

CTHOMY p.ern.eHHIO BoceMHaJI.n.aTH ypaBH�HHH: TpH ypa-B'HeHHH .CTaTI1KH

(39), rneCTb reOMeTpHqeCKHX CooTHQlleHHH (19), rneCTb <p'H3HqeCKHX
ypaBHeHHH (26), BbIlPa}KeH�e .n.JI51 0606II(eHHOrO Hanp51}KeHIH51 (61), BbI-

pa}KeHHe ,U.JI51 0606II(eHHOH ,lI.ecpopMall.HH (62), ypaBHeHHe, CB513bIBalO-

Il.{ee 0606II(eHHYIO .n.e�opMall.HIO C 0606II(eHHbIM HanpH}KeH,HeM (93).
[IocJIe pemeHH5I 3TOH CHCTeMbI .n.OJI}KHbI 6bITb y.n.oBJIeTBOpeHbI rpaHHq-
Hble YCJIOBlH51 (40).

IloJIyqHTb cTporoe pelleH'He BBHJI.Y 3HaqHTeJIbHbIX MaTelVla'flHqeC-KHX

T'PY,lI.HOCTeH npH cOBpeMeHHoM .COCT05IHHIH HaYKIH npaKTHqeCKH HeB03-

MO}KHO. Il03ToMY npH lPerneHHH 3a.n.aq Teop.HH nJIaCTHq�OCTH HCnOJIb3Y-

lOT .n.onYIl.{eHIH5I, ynpOlIJ.alOlIJ.He IHX pelleHHe. O.n.HO H3 TaKIHX .n.onYlIJ.eHHH
3aKJIIOqaeTCH B TOM, qTO 06'beMHa5I 3a.n.aqa TeOp-HH nJIaC'f1HqHOCTlH CBO-

,LLHTC51 K nJIOCKOH (JI.BYMepHa51 3a.n.aQa). OpH .n.PyroM ,lI.OrrYIT(eHHH HC-

nOJIb3YlOT rHnOTe3Y «rrJIOCKHX c-etqeHHH» (0,lLHOMepHa51 3a,lI.aqa).

2. nJlOCKaSl 3a,ll.a1Ja B npSlMoyroJlbHblX

KooPAHHaTax

B rJI. I 6bIJIO nOKa3aHO, qTO B cJIyqae nJIOCKOH ,lI.e�OpMall.HH Hanp51-

}KeHH51 He 3aBIHC5IT OT Koop.n.HHaTbI Z H Bce .n.e�opMalJ.lHH OCYII(eCTBJI51-

lOTC51 B nJIOCKOCT1H xoy. B CB5131H C 3'f1HM O,lI.HO H3 ,lI.Hcp�epe�lI.H�JIbHbIX
ypaBHeHHH ,p aBHOBeCH51 TO}K,lI.eCTBeHHO y.n.OBJI.eTBOp51eTCH, a ,lI.Ba Jl.JpyrHe
3HaqHTeJIbHO yrrpOII(alOTC51. BBe,lI.eM rrOH5ITHe 0 }KeCTKOM H.n.eaJIbHOM

nJIaCTHqHOM TeJIe; .n.JIH TaKoro TeJIa HaJIHqHeM ynpyrHx ,lI.ecpopMall.'H'}1
npeHe6peralOT H CqHTaIOT, qTO Hanp5l}KeHIH51 rro.n.OCTH:>KeHHH npeJLeJla

TeKyqeCTH He 3aBlH'C51T OT BeJIIHqlHHbI ,lI.�lcpopMall.HH. CHCTeMa ypaBHeHHH
.n.JIH CJIyqaH nJIOCKOH .n.e�opManH.H HMeeT CJIe,lI..yIOII.J.HH BH.n.:

a (J
x

a 't
xy

a (J
y

a 't

xy. 2
, + == 0, + = 0, (ax - a

y ) +
ax ay ay ax

+ 4 '{2 = 4k 2

xy
.

CHcTeMa ypaBHeHHH BKJIlOqaeT TPH HeH3BeCTHble- cpYHKI.I.Hn: (Jx ,

ay , '(xy. B pe3YJIbTaTe COBMeCTH.oro Ip.elleHIHH ypaBHeHHH rrJIOCKOH

3aJI.aqH MO}KHO HaHTH 3TH CPYHKlI.HIH, xapaKTeplH3YIOIl.{lMe Hanp51}KeHHOe
COCTOHHHe TeJIa. Bonpoc }Ke 0 ,lI.e�OpMall.H51X np'H TaKoI1 nOCTaHOBKe

3aJI.aQH OCTaeTC51 OTKpbITbIM.

Ilpo.n.Hcp�epeHll.:HpyeM rrepBoe ypaBHeHHe CH'CTeMbI (164) no y,

BTopoe no x 11 .BblqTeM O}1.HO 'ypaBHeHHe H3 .n.pyroro:
a 2 a 2

� a 2
't'

.

( 0- - a ) =
xy

_

xy

a x a y

x Y
a x

2 a y2
·

TlpeTbe H3 ypaBHe HI1H OHC TeMbI (164) 3anlHlleM cJIe.nYIOI.lI}HM 06pa30M:

(Jx
-

(Jy = + 21/ k 2
-

't';y.
T or.ll.a np�}1.bI.nYlIJ.ee Yip aBHeHIHe 6y.n.eT HMeTb BHJI.:

a 2

't'xy a 2

"Xy a 2

V= �- 2 k 2 _'(2
a x

2 a y2 a x a y
xy.

( 164)

a

( 165)
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Ec.n:H HanpaBJIeHHe rJIaBHbIX Oce" MaJIO OTJIll1qaeTCH OT HanpaBJIe-
HH51 npOH3BOJIbHO BbI6paHHbIX, TO, B COOTBeTCTBHH C (90), CHCTeMa

(164) .If ypaBHeHHe (165) npH06peTa�T BH,lr:

a a
x a't'xy

== 0
.

,

a a
y

a '(Xy

iJ x

+
iJ y iJ y

+
iJ x

= 0; ax
- a

y
= v K. ( 166)

a z
'C

xy

ax 2

a 2
't'

xy

a y2

== o. ( 167)

Il peJI.noJIo}K!1 M, .n.aJIee, qTO �CKOMa51 �YHKI(IH5I rxy npe.n.cTaBJI51eT
C060H npOH3Be.n.eHHe .n.BYx CPYHKlI.HH, O.ll.Ha H3 KOTOpbIX 3aBHCIHT TOJIbKO

OT x, a BTOp a51 OT y:

"xy
= Q) (x) <p (y) == cD cpo ( 168)

Ilo.n.cTaBJI5151 BbIpa}KeHIHe (168) B ypaBHeHHe (167), nOJIYllHM:

<1>" <p"__
--- 0

<I> q>

-

·

IlycTb TenflPb

<1>" <p"
- ==m

2 .

-- = -m
2

<I>
'

q>
, (169)

r.n.e m -

HeKOTOpa51 npOH3BOJIbHa51 IIOCT05IHHaH.

T aKHM 06pa30M, MbI 3aMeHHJIH ypaBHeHHe (167) B lIaCTHblX npoH3-

BO,lLHbIX CH'CTeMOH H3 .n.BYX 06bIKHoBeHHblx .n..H�cpepeHI.J.IHaJI'bHbIX ypaB-
HeHIHH BToporo rrop51.n.Ka THna 3HJIepa.

OepBoe 'M3 YiP aBHelHHH (16'9) 3anHlle-M B 'CJIe.ll.YIOIII..eM' BH�e:

Q)" -m
2 Q) =0.

Ero xapaKTepHCTHqeCKOe ypaBHeHIHe 6y,neT: n
2

--;m
2 =0.

OT,clO.n.a: nl=+m; n2=-m.

CJIeJI.OBaTeJIbHo: Q) =

cle
mx

+C2 e -mx.

AHaJIOrHqHO rrOJIyqHM: <p =Ae my +Be- my
.

f10JI.CTaBJI5151 BbIpa}KeHIH5I ,UJI51 Q) H <p B YlpaBHeHHe (168), HaH.n.eM, qTO

'(xy
= (c1e

mx

+ C2e-mx) (Ae
my

+ Be-my).

Oep!BbIe ABa H3 ypaBHeHHH CHCTeMbI

06pa30M:
a G

x

ax

(16'6) nepenHllIeM CJIeJI.YIOII(HM

a '(
xy .

a y
,

aay

ay

a 't'
:J(y

ax

C yqeTOM Bblpa}KeHHH ,nJIH '(xli nOCJIe HHTerpHpOBaHH5I nOJIYlIIfIM:

cry
= - (C 1 e

mx
-

C2 e-
mx

) (Ae
my

- Be-my) + f (x);

(Jx == - (Cl e
mx

- c 2 e-
mx

) (Ae
my

- Be-my) -f_. 11 (y).
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BblnHIlleM eIIl-e pa3 Bblpa)KeHH51 KOMnOHeHTOB TeH30pa HanpH}I{e-

HIHH:

(t
xy

== (CI e
mx

+ C2 e-
mx

) (Ae
my

_i._ Be-my);

(Jy
== -

(CI e
mx

-

C2 e-
mx

) (Ae
my

-- Be-my) + f (x); (170)

(Jx = -

(cle
mx

- C2e-mx) (Ae
my

- Be-my) + II (y).

OKOHQaTeJIbHO peIlleHIHe TIJIOC-KOH 3a,lI.aIIH TeopHH nJIaCTHIIHOCTH no-

JIyqHM,. eCJIIH Y,lI.oBJI,eTBOpIHM ypaBHeHHe nJlaCTHIIHOCTH. OO,lI.CTaBHB BbI-

_lpa�eHIHe (170) B IIOCJIe,lI.Hee ypaBHeHHe CHCTeMbI (166), 'HaH,lI.eM

/1 (y) - f (x) = 'J K,

O'TKY,lI.a .CJle,lI.y.eT, qTO

-J.bI. ,

003TOMY, B03BpaIIl-anCb K paBeHCTBaM (170), nOJIYIIHM peIlleHHe

;lI.JI51 CJIyqa51 H,lI.eaJIblHO .nJI3-CTlH'lI.e.CoKor,o TeJla B ,CJleJJ:YIOII:I.eM HH,lI.e:

�rxy
== (Cl e

mx

+ C� e-
mx

) (Ae
my

+ Be-my);

(
mx -mx

) (A
my

B
-my

) +,(J
y

== - C 1 e - C 2 e e - e c;

f I (y) H f (x) npe,lI.CTaBJI51IDT COOOM KOHCTaH-

(171)

(
mx -mx

) (A
my

B
-my

) K.(J x�==
-

CI e - C 2 e e - e + C + 'J .

'ECJIH ypaBHeHHe nJIaCTHIIH ' OCTH B351T10 B cpopMe (88), TO paBeHCTBa

{171) In:p,Hoop,eTaIOT BHJI.:

-

(
mx

+
-mx

) (A
- my

-f B
.

. -my

)
.

,rr
xy

==

Cl e C2 e e - e
,

(
mx -mx

) (A
my

B
-my

)JJ
y : �x

= -

Cl e -

C2 e e - e + c. } ( 172)

3. nJIOCKaH 3a.ll.aqa 8 ",HJIHH.lI.pHqe�KHX

KOOp.lI.HHaTaX

PaCCMOTpHM nJlOCKYIO 3a,lI.aIIY TeOpHH IIJlaCrnqHOCTIH B lI.HJIHH.n.pHIIe-

£KHX 'KOOpJI.HHaTaX B 'npe.n.nOJIO)KeHHH, qTO HanpaBJIeHHe rJlaBHbIX Oee"

MaJlO OTJlIHlIaeTC51 aT 'H3'IIlPaBJleHH51 n;pOH3BOJlbHO BbIopaHHbIX oceM KO-

.op,lI.HHa T.

B aTOM .cJlYlIae HeOoX-O,lI.HMO peIllHTb cHcTeMY Tpex ypaBHeHIHM: .LI.Ba

ypaBHeHHH CTaTHIIeCKOrO paBHOBeCH51 M YCJloB�e nJlaCTHIIHOCTH:

i:J (j
p

+
� i:J "p e

+
C1

p
-

0'6
=== o.

1 0 (j
a

+
a 't

p e

+
2 't

p 9
� o.

.0 p p 0 6 p

-,

p a 6 a p p

-,

l1p-O"a=vK. (173)

OepBoe H3 ypaBHeHHM CHCTeMbI (173) npHBe,lI.eM K BH,lI.Y:

a a 't
p e

- (p O"p ) -

O"a + = o.
op a6

HJIH C yqeTOM ,TIOCJlejlJHerO H3 YP3'BHeH'Hif rCtHICTeMbI ('173)
.a (j

a
+

a 't
p e

= o.\(1
op

,

ae

� 16,



OOCJIe ll.Hcp,cpepeHlIJHpOBaHH51 no e nOJIYIIHM:

a 2
(j

{)
_

_

a 2
't'

p e

Pap a 6 a 6 2

BTopoe H3 ypaBHeHHH CHCTeMbI (173) nOCJIe ,LQHcpcpepeH.u'H;pOBaHH51
lIO p II1PH BO.n.HTC51 K BH.n.y:

a 2
(j

6
a 2

't' pea 't'
p e

p
== - 0

2
- 3 p

a () a p
�

a p2 a p

OpHpaBHHBa51 npaBbIe lIaCTH nOCJIe,lI.HHX ,lI.BYX paBeHcTB, 6Y,lI.eM
IHMeTb

a 2

't'p e
a 2

't'p e
a 2

't'p9f}2 + 3 0 - = O.
t""

a p2
�

ap a 6 2
.

PemeHHe 3Toro ypaBHeHHH oy.n.eM IHCKaTb B BH.n.e npoH3Be.n.eHIHH

JI.BYX <PYHKll.HH, o.n.Ha H3 KOTOpbIX 3aBHClHT TOJIbKO -aT p, a APyraH
-

TOJIbKO OT e:

't
p e

== <D(p) cp (8) == <D cpo (174)

C yqeTOM 3Tor-a MO)KHO 3anHcaTb:

<1>" <1>' <p"
P
2_ + 30-- -=0

$
·

<I> <po
·

n YCTb

<p" .
<1>" (1)'

- -
-

-- m
2 .

0
2
-

+ 30- == m
2

(p
-

, �

Q)
I

(1)
, (1 75)

r.n.e m -

HeKoTopoe lIOCT051HHOe lIHCJIO.

nepBoe H3 3THX ypaBHeHHH nepenHmeM TaK: <p" - m
2

cp
= O.Ero pe..

meHHe 6y�eT HMeTb BHJ\: <p
= Ae

m 9

+ Be-
m 9

.

PemeHHe ypaBHeHH51 p2 <D" + 3 p <1>' - m
2 <1> == 0 6y){eM HCKaTb

B cp�pMe <1>=cpn. OTclO�a: <D'=cnpn-I; <D"==cn(n-1) pn-2.

nO.n.ctaBJI51H Bblpa2KeHiHSl <1>, <1>' H <1>" BO BTopoe ypaBHeHHe CIHCTe-

MbI (175), nOJlYII 'HM ero xapaKTepUCTHqeCKOe ypaBHeHHe: n2+2n-
-m

2
==O.OTCIOJI.a

n} = - 1 + VI + m
2

= a; n2
== - 1 - V 1 + m

2
= b. (176)

TaKHM oopa30M: <D=Cl pa +C2 pb.
OOJI.CTaBHB Bblipa)KeHHH CPYHKUHH cp H <1> B BbIpa}l{eH,He (174), Ha-

XOJI.HM:

Tp 8
= (Cl pa + c 2 pb) (Ae

m9

+ Be-
m

8). (1-77)

nepBoe H3 ypaBHeHHH 'CHCTeMbI (17"3) C yqeTOM Y'CJIOBHH lIJIaCTHq..

HOCTIH IH paBeHcTBa (177) lIpHo6peTaeT BH,n:

aC1
p a-I b-I me -me vK

== - m (c} p + C2 P ) (Ae - Be ) -

-.

ap p
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nOCJIe IHHTerpHpOBaHHH nOJlyqaeM:

er
p

= - m ( C�pa + cat ) (Ae
m °

- Be-
m

0) - \I KIn p + f (6). (178)

B03bMeM Tenepb BTopoe .n.HcpcpepeHI.J.lI1aJIbHOe ypaBHeHHe paBHoBe-
CH51 H3 CHCTeMbI (173) H l1epe.nHilleM ero CJle,rr:YlOIII.HlVI o6p aaOM:

acre a't'
8

== -

P
p

- 2 'r e.
aa ap

P

OpH.HHMaH BO BHHMaHIHe BbIpa}l{eHHe (177), HaXO,lI.HM:

acr

iJo

o
= -

(CI a pa + C2 bpb)(Ae
m °

+ Be-
m

0) - 2 (c i pa + Cpb) X

X (Ae
m 8

+ Be-
m

8) == - [C I (0: + 2) pa + C 2 (b + 2) pb] (Ae
m 8

+ Be-
m

8);,
113 CooTHoIlleHHH (176) MMeeM: a+2= m

2
/a; b+ 2==m 2 /2.

003TOMY
a cr

(
C P

a
c P

b

)
e

==-n1
2

I

+
2.

(Ae
m8

+Be-
m8

)
a a a b

.

er
o

= - m (
Cl

:a + C2t ) (Ae
mO

- Be-
mO

) + 11 (p).

Ha OCHOBaHIHH y;paBHeHMH (178) 1M (179) HMeeM:

a
p

- a
e

== - 'J K Inp + 1(6)
- II (p).

)

I
I

I
J

(179)

Y CJIOBHe IIJIaCTHIIHOCTH, KaK H3BeCTHO, 6bIJIO 3anHcaHO B BH,lI.e:

O'p
-

0'8 = 'J K.

OpHpaBHHBa51 npaBbIe qaCTH nOCJle,lI.HHX .n.BYX pa!BeHCTB, nOJlyqaeM:

- 'J K In p + f (6) - ft (p) = 'J K.

OTclO.n.a CJle.n.yeT, lITO f( B) = canst, 1M n03ToMY

11 (p) = - 'J K (lnp + 1) + c.

TaKMM o6pa30M, 'MMeeM cJle,lI.YIOIIl-YIO cH:-cTeMY .n.JI51 onpe,lI.eJleHIMH KOM-

nOHeHTOB TeH30pa Hanp51}KeHHH:

'rp 8
== (C I pa + C 2 'pb) (Ae

m 8

+ Be-
m

8);

Ier
p

=-m (:1 pa+ c; pb)(Aemo+Be-mo)_\lKlnp+c;

)

er
O =-m( c� pa+ �2 pb)(Ae-o_Be-

mo

)_

j-'JK(Inp+ l)+c.

3.rr.eCb, KaK 3'110 CJ!.eJI.yeT M3 paBeHC�B (176).;.

(180)

(181)

rrl== + Va(a+ 2) = + Vb (b'+ 2). (182)

ECJI'H Y'CJlOBHe nJlaCTHqHOCT1H npHHHTb B cpopMe (88)., T. e. <Tp-

-as =0,
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TO

t'p 8
= (C1 pa + C2pb) (Ae

m 8

+ Be-
m

8);

<Tp
=

<T6
= -

( C� pa + C� pb) (Ae
m e

-:- Be-
m

0) + C.

OpH HaJlHIIH'H .n.ecpOpMaIJ.lHOHHOrO ynpOIIHeHH51 Heo6xo,lI.HMO COBMe-

CTHO .HHTerpHpOBaTb ,lI.Ba .QIHcpcpepeHIJ.IHaJlbHbIxypaBHeHH51 paBHOBeCHH

C yqeTOM ypaBHeHH51, BbIlPa)KalOIIl-erO 3aKOH CB513H Me}K.n.y o606I11.eHHbI-

MH Ha'np51)KeHHeM IH .n.ecpOpMalI.HeH. ECJIH .ll.JI51 cJlYlIa51 BOJlOqeHIH5I, npec-

C=OnaHH51 IH ,IIp.OKaTKH IIPHHHTb 33KOH (9!6), T'O HCXOJ('HaH CnCTeMa ypaB-

HeHHH 6y.n.eT HMeTb BHA:

iJ (1p
+ �

iJ 't
p e

+
(1p

-

(16
= 0;

I

Op p a6

j (183)

p

iJ
(16

+
iJ

"p e

+
2 't

p e
= 0;

aB op pp

<Tp
-

<T6
= V K ( : r ( 184 )

P ellI,eHue 3TOH ,CH'CTeMbI ,oCYI11.eeTBJI51 eT,CH a'll aJIODHq'HO p eIll,eH'HIO 3 a-

.n.a qH J(JI51 H.n.eaJIbHO IIJIaCTHIIeCKOrO MaTepHaJla. qHTaTeJlIO peKOMeH.n.y-

eTC51 npo.n.eJIaTb COOTBeTCTBYIOIllJHe BbIKJla.ll.KH caMOCT051TeJIbHO' B 'no-

p51.n.Ke ynpa)KH.eHHH. B Ipe3YJlbTaTe BblqHCJIeHHH 6y.n.eT nOJlYIIeHO CJleLI.Y-

lOI11.ee pemeHHe:

Tp 8= (Cl pa + C2 pb) (Ae
m 8

+ Be-
m

8);

<Tp
= - m ( C� pa+ C; pb) (Ae

me
_ Be-me +

+ :
K

(--;- r + c; � (185)

<T
6

= - m ( C� pa + c� pb) (Ae
me

_ Be
-m

e) + v K X

X (+
-

1) ( --;- r + c.

J

E'CJI'H YCJlOBHe nJIaCTHIIHOCTH npHHHTb B <poJPMe up
-

a8 =0, TO B

pe3YJIbTaTe perneHHH 6y.n.eT nOJIyqeHa CHCTeMa ypaBHeHHH (183).

II P H M e p 1. TOJICTOCTeHHa'51 Tpy6a nO.lI.BepraeTC5I BHYTpeHHeMY paBHOMepHO

p:aorrpe.lJ.eJI€iH.HOMY .u.a:BJIeHHIO. (,PHJC. 4'0). Orrp.e.D:eJIHTb BeJIHItlHHY .lJ.aBJI:eHIUI P, rrpoH. iKO-

TOpOM BC5I 'CTeHKa Tpy6bI OKa:m.eTC5I B rrJIaCTHGeCKOM COCT05lHHH, iH nOCTpOHTbsnlOpbI
Hanp5l}KeHHH, B03HHxalOIIJ.HX B CTeHKe Tpy6bI.

B CJIYGae oceBOH C'HMMeTlpIUH "t
p8

=0 no Bcex TOGKaX nOnepeGH{)ro. CeGeHH5I CTeH-

KH Tpy6bI H Hanp5l}KeHH5I He 3aBHC5IT OT KOop�-HHaTbI e. TI03TOM'Y B £popMYJIaX (181)
CJIe.lI.yeT CGHTaTb A=B=O, Tor.na:

(J'
p

= - 'V K In p + c; (j B
= (j

p

-

,� K . (186)

LLaJIee, Ha HapY}KHOH rroBepxHocTH Tpy6bI, T. e. npH p=r, pa.lI.HaJIbHQe HarrpH-
}l{eHHe (j

p
= O. TIo3TOMY c = vKlnr H !paBeHcTBa (186) npH 'V = -1 nOJIYGaT CJIe.lI.YlO-

llJJHH B'H.lI.:

.

� = -In :' i = - (In : -I). (187)



BenH1JJHHa BHYTpeHHerO .n.aBJIeHH5I onpe.n.eJI5IeTC5I H3 YCJIOBH5I p=r n ; O"p =-p.

TaKHM o.6pa30M, BHYTpeHHee .n.aBJIeHHe, Heo6xo,D,HMOe ,D,JI5I nepeBO.n.a CTeHIKH Tpy6bI B

nJIaCTHIIeCKOe COCT05lHHe, .6y.n.eT paBiHO

r

p
= - K In -. (188)r

B

<1>OPMYJlbI (187) MO}KHO nOJIYIIHTb 11 JI.pynuM nYTeM, a HMeHHO BOCnOJIb30BaB-

IllI1Cb pe3'YJIbTaTOM peIlleHHH TIJI'OCKOH oceOHMMeT1j)H=lJHOH ynpyroH aa.n.aIIH.

n p H;M e p 2. PeIllHTb �npe.nbI,D,YW:YIO 3a..n.aqy, HOnOJIb3Y51 OCHOBHbIe Y'paBHeHHH!

TeopHH ynpyroc'r.H.
C,QHTaH B <popMYJIaX (119) -nOCT05lHYIO A paBHoH HYJIIO, nOJIYIIHM:

(J
p

= B (1 + 2 In p) + 2 c; GO = B (3 + 2 In p) + 2 c. lI8�}

l1onoJIb3yeM rlpa,HHIIHbIe YCJIOBH5I:

B (1+2Inr B )+2c=-p. B (1+2Inr)+2c=0.

01'clOJJ.a

B=+
p p (1 + 2 In r)

2c=-
r

21n
-

r
B

r

2ln
-

r
B

( 1 90)

TIo,nCTaBJIHH 3HaqeHHH KOHCTaHT B <POPMYJIY (189), nOJIYQHM

(J =-p
P

r

In
-

p

r

In
-

r
B

0"0
= -

p

r

In --1
p

r

In-
T

B

(191)

nJIaCTH'IeCKa51 .u.e£PopMau.HH oCYI.U.eCTBJI5IeTC5I npH YCJIOBHH:

(Jp-O"O='J K .

IHJIH 'Ha OCHOBaHHH BbIp.a.>KeHHH (191):

r r

In - In --1
p

+p
p

='JK.-p
T r

In- In -

r
B

r
B

OTCIO,na npH v=+1 onJI'yrqaeM £pOPMYJIY (188), a BbIpa}KeHH5I (191) CBO.u.51TC5I K BbI-

pa}KeH'H5IM (187).

TaKHM oopa30M, pe3YJIbTaTbI pemeHH51 ynpyroH 3a)I.aIIH MO)KHO H-C-

IIOJIb30BaTb nplH pemeHHH 3aJI.alI TeopHIH IIJlaCTHqHOCTH. ,QJI51 3Toro

HY}KHO <PYHKlI.HHMH, xapaKTep'H3YIOIIl-HMH HanpH}KeHHH B ynpyroH 30He,

TO)K.lI.eCTBeHHO y.n.oBJleTBoplHTb YlpaBHeHue nJlaCTHqHOCTH. B pe3yJlbTa-
Te OYAYT YAOBJleTBopeHbI ypaBHeHH51 paBHoBeCHH, YCJlOBH51 COBMeCi-

HOCTH .H YCJIOBH51 nJIaCTH,qjHOCTH, T. e. Bce ypaBHeJHHH, H,eO'OXOJI.HMble H

JI.OCTaTOqHble He TOJIbKO .n.JlH perneHH51 nJIOCKOH 3a.n.aqH ynpyrocTH, HO

11 nJIOCKOH 3a,lI.aqH .n.JI51 nJlaCTHIIeCKOrO TeJla.

C 3TOH TOIIK-H 3peH-H51 3a,lI.aqy TeoplHIH nJlaCTIHIIHOCTH MO)KHO pac-

CM8TpMBaTb KaK npe.lleJlbHbIH CJIYIIaH 3a.n.alI TeopHIH ynpyroCTH. B 3TOM

npeJI.eJlbHOM cJlyqae xapaKT�p Hanp51)KeHHOrO COCTOHHHH MO>KeT 3HaqH-

TeJIbHO OTJIaHqaTbCH OT xapaKTepa pacnpeJI.eJleHHH Hanp51)KeHHH B ynpy-
rOR 30He. 3TO xoporno HJlJlIOCTPHPYIOT 3nlOpbI Hanp51)KeHHH, np.HBe.n.eH-
HbIe Ha pHC. 49.

.
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rl'p M M e p 3. Ha nJIOCKOCTb,orpaHHtJ'HBalOI.U.YlO nOJIy-6ecKoHetJHoe TeJIO, JI,ewCT-

ByeT cocpeJI,OTOtIeHHaH CHJIa P. OnpeJI.eJIHTb rJIy.6aHY paonpocTpaHeHHH [lJIaCTHtJe-

CKOH \[(1e;<po;pMaQHH, eCJIU ITeJIO l()(6..n:aJ(,aeT HJJ.eaJIbHOH inJI,aCTIHItJ;HOCTblO, H nocTp.OHTb 3TIIO-

PY HanpH}KeHHH Ha JIHHHM 00 'HOJJ. TOtJ.KOH npIHJIO}KeHHH CHJIbI (pnc. 49).

p

o o 20 1,0 6p

}
lfiJeonblloR

nllOCmUI/1I0Cmb

j

Yl!pJ/cocmb

5

PRC. 49. OKP} n{HOCTH paBHblx HanpH>KeHHH. (a) H snropbl HanpH>KeHHA (6) B nOJIY-

npOCTpaHCTBe, B03HIIKaroIIJ.He no,ll. .neftcTBHeM cocpe.noTotJeHHoA HarpY3KH

B rJIaBe IV 6bIJIO nO:KaGaHO, qTO 'Ha JI1060H OKPY>KHOCT.H, npoBe.u.eHHoH 1..Iepe.3

TOqK'Y npHJIo>KeHHH cOCpeTOltIeHHOH CHJIbI K nOJIynJIOCKOCTH, pa..,lI:HaJIbHbIe iHanpH}Ke-

HHH 'CoxpaHHIOT nOCTOHHHOe3HatleHHe, onpe.n.eJHleMOe <poQpMYJIOH:

2P
G

p
= -

nd
·

3TO COOTHOUleHHe CnpaBe)I.JIIHBO H JI,JIH TotJeK OKP'Y>KHOCTeH, ,pa,onOJIO>KeHHbIX 'Ha Be.p-
TIHK3JIH 00 (pac. 49). LLOB'YCTHM, tlTO H

2
n p H}KeHHH (j

p
.lI.-OCTHraIOT BeJIHqHHbI «BblH'Y}I(-

JI,eHHoro�> npeJJ.eJIa TeKYtJeCTH K =

11-3
G

s
B TOq.Ke, COOTBeTCT.BYlOIIJ.eH .LI.H-3MeTPY 4k,

TorJ(a rJIYOHH3 pacnpOCTpaHe.HHH ,nJI3CT1HltleCKOW J(e<POP,M3I.Q1H onpe.n.eJI'HTCH KaK

2P
d k

= -

Jt K
· ECJIH, HalIItplfMep, 'K =J320 .MnfM

2
(32 Kr J.MM,2), cOcpeJI,{)TQ.lIeHH3H CH.na,

.rtp,HXIO:.nHI.U.3HCH IHa .lI.JI,UHY 'B '1 MM, P=1100 Mn �('1000 KF), TO !IIJIa I CT11,qeOKaH JI.€I<popM.a-
l1.HH pacnpOCTpaHHeTCH H3 rJIy6HHY 2 MM, npHtJeM, nOCKOJIbKY cp e.n. 3 06JIa.u.aeT

HJ(e3JIbHOH nJIa.CTHItJIHOCTblO, HanpH}KeHiHe '6YJI.eT OCTaBaTbC5I nOCTOHHHbI'M 11 paBHbIM

K BO BCeX TOqK3X OTpe3Ka Me>KJ(Y TOtJKOH npHJIO}KeHHH CHJIbI H TOtJlKOH COOTBeTCT-

BYlOIIJ.eH J(H3MeTpy dk. LL3JIee, no Mepe y.naJI�HH5I OT '3TOH TOqKH 'HanpH}KeH'He 6YJI,eT
6blCTpO YMeHb\lli3TbCH .B COOTB�!C�BnH IC 3�KOHOM G

p =-i('&P/nd) H 3.lI.ecb re,JI.O 6YJI.eT.

JJ.e<pOIpMIHpOBaTbCH TOJIbKO ynp'Yro, npHtJeM BeJIHqHH3 ynpyrHx J(ecp.opMa.IJ.IHH ,6Y.J;I.eT
6blCTpO YMeHblli.3TbCH ,B COOTBeTCTBH'H C YMeHbllieHHeM BeJIHtJHlIbI HanpHLKeHHw. I3bICT-

Ipoe InaJI,eHHe ;H3npH}KeHHH no Mepe YJlaJIeHHH OT TOtJKH 'npHJIO>KeHHH cocpeJ(OTOtJeHHOH'
H3rp'Y3KH -oO'bHCH5Ie'I'CH TeM, tJTO 3Ta H3rpY3Ka paonpeJ(eJIHeTC5I Ha Bee 60JIbIllYIO
nJIOI.U.aJ(b.

J(onYCTlHM. tJTO TeJIO HMeeT OrpaHH'tJeHHbIe .pa'3iMepbl H K 'HeMY np'HJIO}KeHa Ha-

rp'Y3Ka Ha OtJeHb He6oJIblliOH rnOBepXHO�TH. ECJl:H noJJ. JI.e.H'CTBHeM '3TOH rHarpY3KH, KO-

TOPYIO no CYIIJ.eCTBY MO}KHO p3CCM3TpHB3Tb K3K cocpe.nOTOlleHHYIO OHJIY, TeJIO JI.e'�'
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QJOp;MHpyeTcH nJIa'CTllqeCKH 'Ii .n.e£pOpMaII.H5I OXBaTbIBaeT BeCb ero OO'beM, TO onHcaH-

flaH HaMH !KapTH'Ha pacnpe.IleJIeHHH :HanpH>KeHH.H ,IIp'RHU,!HlHHaJIbHO !He H!3.MeHHT'CSI.

CJIe.l!;OBaTeJIbHO, HarpY3KH coCpeJI,OTOqeHHOrO xapaKTepa BbI3bI!B.aIOT HepaBHOMepHYIO

nJIaCTHqeCKYIO .n.eQJopMau.HIO. DJIaCTHqeCKaH JI,e<popMaII.HH HaHOOJIee (HHTeHCHBHa D

MeCTe np'HJIOLKeHlHH 'Harp'Y3KH H MIHHHMaJIbHa B TOlI.Kax, HaH60JIee y.n.aJIeHHbIX OT

lfIero. 3ro TIOJ(TBep}K.n.ae.reH 'MH'Of.OtIHCJIeHHbIM'H {)DbITa)M,H
-

3KClnepHMe'H'T.aJIbHbIMH JI,31H-

HbI!MH C nOMOI.U.blO OnTHqeCKOrO MeTOJ:La, onbITaMll no HCCJIeJI,OBaHlHIO JIHHHH TeIIeHH5I,

onbITaMH Ha peKp-aCTaJIJIH3a:u.'HIO IH T. rD.

4.. OCTaTOQHble HanpHJKeHHH

PHC. 50. PacnpeJJ.eJIeHHe pa3HO-
CTH OCTaTotJHblX HOpMaJIbHblX

HanpsuKeHHA, left (T). no ceqe-

HHIO CTaJIbHblX I.(HJIHHJJ.POB:

1- 38,2 (4); 2 - 19,6 (2);
9,,8 (1 )

OYCTb KpyrJlbIH BaJl, .n.JIHHa KOTqporo 3HaqUTeJIbHO npeBbIIllaeT )1,r11-

aMeTp, nOJI.BepraeTCH 06KaTKe pOJIIHKaM'H TaK, qT06bI eJI:HHHqHble 06-

>KaTH51 6bIJI'H He60JlblliHMH -

B npe.rr.eJlax JI.eC51TbIX .n.OJIeH npOlI.eHTa.

B TaKOM CJIyqae CHJlbI, .n.eHCTBYIOIIlHe Ha BaJl co CTOpOHbI pOJlHKOB, 6y-
JI.YT no CYIIleCTBY cocpe.n.oTOIIeHHbIMH. Tor.rr.a, B COOTBeTCTBHH C npHBe-

.n.eHHbIMH BbIIlle npHMepaMH, nJIaCTlHlIeCKaH .ll.ecpopMaIl.HH 6y.n.eT HaJ160-

JIee pa3HHTa B nep'HcpeplHHHoH lIaCTIH 3arOTOBKH. 3a CqeT Ipe3-KOrO cna-

.n.a Hanp51JKeHHH OT .coCpeJI.oTOqeHHbIX Harpy30K no M.epe nepeXOJI.a -aT

neplHcpepHH K lI.eHTpy nJIaCTHIIeCKa51 .ll.ecpopMaII.H51 6Y.ll.eT 6bICTpO YMeHb-
III a TbC5I.

ECJIH TaKHM 06pa30M 06pa60TaTb BaJI no BceMy nepIHMeTlPY, a 3a-

TeM npeKpaTHTb B03,lLeHCTBHe Ha Hero pOJIHKOB, TO ynoMHHYTble !BbIIlle

Hanp5l}l{eHIH5I cocpe.n.OTOqeHHOrO xapaKTepa OT BHeIllHHX CH.n: HCqe3HYT,

nOCKOJIbKY OHH ypaBHoBeIIIfHBalOTCH 3"DHMH BHelliH,HMH CHJIaMH H3 YCJIO-

BH5I paBHOBeCrI151. OnbITbI� o.rr.HaKO, nOKa3bIBaIOT, qTO nOCJIe CH5IT1HH Ha-

d -6 MH/112(K{/MH2)
rpY30K B MaTepHaJIe BaJIKa 6YJI.YT cymecT-

foo
B ,

BOBaTb \HeKOTOpbIe HanpH}I{eHH51, KOTopble

(20) rrOJIyqHJI'H HaHMeHOBaHHH OCTaTOIIHbIX.

100 3KcrrepHMeRTaJIbHOe onpeJ1.eJIeHHe Ra-

(10) npHJKeHHH B KpynHblx CTaJIbHbIX BaJlKaX,

o
ynpOqHeHHbIX nOBepXHOCTHOH 061<:aTKOM pO-

-.5"0 JIHKalVIII, nOKa3bIBaeT, qTO pa.ll.HaJIbHbIe Ha-

(-5)- 0 20 40 50 np51}I{eHHH no BC'eMY CeqeHHIO BaJlKa 5IBJlH-

(J. MM
IOTC51 paCT51rHBalOIII.HMH H 06paru.aIOTcH B

HYJlb Ha nOBepxHocTH B COOTBeTCTBHH C yc-
JIOBHHMH CTaTHKH. TaHreHll.HaJlbHble Hanp5l-
JKeHH51 OT paCT5IrHBalOI11.Hx B ll.eHTpaJIbHOM

3 -
-oOJIaCTH BaJIKa nepeXOJI.HT K C)K'HMaIOIILHM B

nepHcpepHHHOH H Ha KOHType npH06peTa-
lOT MaKCHMaJIbHOe 3HaIIeHHe

l
.

I-Ia pHC. 50 npHBe.n.eHbI KpHBble, nocTpoeHHble no .rr..aHHbIM 3THX onbI-

TOB, xapaKTepH3YIOIIl-He BeJlHII IHHY pa3HOCTIH HOpMaJIbHbIX Hanp51JKe-
HHM B pa3JIHqHbIX TOIIKaX nOnepeIIHOrO CeIIeHIH51 BaJlKa. KaK CJle.n.yeT H3

pIHC. 50, B .lI.eH'r.paJIbHOH qaCTH 3arOTOBKH pa3HocTb Hanp51JKeHHH HeBe-

JlHKa, a B caMOM lI.eHTJPe o6paIIlaeTcH B HYJlb. B HeKoTopoM npOMeJKy-

1 K 0 6!p ill H M. M., reo p r 'H e \B C K II H M. 13., "4 e iP e JI, 0 B C. B. O,cTa-

TOqHbIe HanpH}KeHHH B KpynHbIx 'BaJIKaX, ynpOqHeHHbIx pOJIHKaMH. Tpy.n.bI IJ.HI1I1T-
MAllI, BbIn. 49. MarnrH3, 1952.
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TOqHOM KOJIbueBOM CeqeHHH pa3HOCTb Hanp51JKeH'HM CHOBa 06paI11.aeTc5t"
B HYJlb, a 3aTeM HaIIHHaeT 6bICTpO B03paCTaTb, npH6JIHJKa5lCb K BeJlH-

1IIHHe npe.rr.eJIa TeKyq.eCTIH no Mepe nepexo.n.a K KOHTYPY CeqeHH51. OnH-

CaHHa51 3aKOHOMepHOCTb OTIIeTnHBO BWHBJIHeTC5I H npM aHaJIH3e APY-

rHx onbITOB.

C yqeTD'M 3Toro o-6CT05lTeJIbCTBa InpOH3Be.n.eM opH.eHTHpOBOq'HbIH
paCqeT 'BeJIHQHHbI OCTaTOqlHbIX HanpH)KeH'HH, B03HIHKalOI11.HIX B KrpyrJIOM

BaJI'e, B pe3YJlbTaTe era 06KaTKH :pOJlHKaMH.

CcpOPMYJIHPyeM Ha OCHOBaHHH Y'CJIOBlHH CTaTlHKH ij1 npHBeAeHHbIx
BbIIlle Ol1bITHbIX AaHHbIX rpaHHqHble YCJIOBH5I:

1. Ha KOHTYipe 3arOTOBKH pa.n.HaJIbHOe Hanp51JKeHHe paBHO HYJIIO;

npH p=r a
p =0.

2. OnbITbI nOKa3bIBaIOT, lITO B HeKoTopoM I1pOMeJKYTOlIHOM KOJIbu.e-

BOM CeIIeHH'H, KOTOPOMY cooTBeTcTByeT Ipa.n.HYC rB, pa3HocTb HanpHJKe-
HHH o6paIIl-aeTCH B HYJIb H ..n.aJIee BO BceH u.eH'TpaJlbHOH 30He 3Ta pa3-

HOCTb B 5-10 pa3 MeHbIlle, lIeM Ha n�pHcpepHH. 3TO ,llaeT B03MO}KHOCTb

nplH6JIHJKeHHO CIIIHTaTb JI.JlH BceH u.eHTpaJlbHOH 30HbI pa3HocTb' HanpH-

lKeHIHH paBHoH HYJIIO, a .n.Jl51 KOJlbu.eBoro CeqeHH51 npHH51Tb TOIIHOe yc-
nOBHe: TIPH p==r B Up -(J e =0.

3. BBH.n.y Toro, lITO .n.ecpopMHpoBaHHaH 3arOTOBKa HaXO.lI.HTC51 B yn-

,pyro-Hanp5lLKeHHoM COCT051HHH, MaK.CHMaJlbHOe 3HaqeHIHe. Hanp51>KeH'HH
Ha KOHType BaJIKa .n.OJIJKHO 6bITb MeHbIlle HC'DHHHOrO conpOTHBJIeHHH

JlecpopMau.,HH K. OJ('HaKO, 11 To6 bI npH.6JIH>K.eHIHo 0I.J.eH.HTb BeJI'H'l1HHY H

xapaKTep OCTaTOIIHbIX Hanp51JKeHHH, MO}KHO np:HH51Tb MaKCHMaJlbHOe

,3HaqeHHe pa3H'OCTH HanpHlKeHHH Ha .nOBepX'HOCTIH TeJla paBiHbIM K.

TorJI.a Ha OCHOBaHIHH onbITHbIX .n.aHHbIX TpeTbe IlpaH'HlIHoe YCJIOBHe

MO}l{HO HanHcaTb !B CJIeJI.YIOIIl-eM BHJI.e: npH p=r O"p
-

<Je == v K.

OKOHqaTeJIbHO nOJIyqHM cOBoKynHocTb rpaH'HIIHbIX YCJlOB'HH:'

p=r; p=r B ; pB=r; <Jp=O; O'p==aa; ae==-.vK. ( 192)

,.QJl5I pe.rne l HH51 .rr.aHHoH oc,ecHMMeTpH'lI
' HDH ynpyrOUJIaCTHqeCKOH 3a.nal1H

npuMeHHMbI cpOPMYJlbI (119). HCnOJIb3Y51 BTopoe H3 rpaHHIIHbIX YCJlO-

BHH, Haxo,rr,IHM: B=A/r;.
.

OpHHIHMa51 BO BHHMaHIHe 3TO COOTHOIIIeHHe IH HCnOJIb3Y51 nepBoe H

TpeTbe rpaH'HIIHOe YCJIOBHe, nOJlYl1HM:

A==- vK� vK
.

B .

2 [ 1 -

( :B YJ'
= -

2 [1
-

( :B yr
2 C ==-: _ �

+
v K In r

.

2 .

[1- ( '; n
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I10Jl.CTaBJlH51 3HaIIeHH51 KOHCTaHT B CPOPMYJIbI (119) 11 npHHHMa51 C

yqeT'OM M3 rpa!HH'qHbIX Y'CJIOBHH ,,2=+1, HaHJ(eM BbI,paLKeHHe .1LJIH .Han-

pH2KeHIHH:

I
}

OOCJleJI.HHH cpopMYJIa nOJlYIIeHa H3 YCJlOB'H51 nJIOCKOH .n.ecpopMalI.HIH:

a z
= m (a p + a

o ).

ECJlM nplHHHTb p=rBJ TO 6y.n.eM HMeTb:

0p

K

1
--

2

0'0

K

1
--

2

O'z
=m

K

2 In 7
-

[ ( � r
-

(-7 r J
[1

-

( :0 n
21n

�
-

[2
-

( 7 r
-

( -7 rJ .

[1
-

( :0 YJ
'

)

!, (193)

21n
r

p
-1 .

l-( rpO r

r

21n
-

r
BO'p _ Go

_

I
-----

K K 2

G
z

-==m

K

-I

I -

( r; r
r

2 In --

r
B

- 1 .

1 -

( :0 r
TaKHM 06pa30M, u.eHTpaJlbHa51' 30Ha' BaJIa 110JI.BepraeTC51 paCTHLKe-

HHIO OCTaTOIIHbIMH HanpHLKeHH51MIH, B03HHKalOIIl-HMH .B pe3YJIbTaTe 06-

KaTKH.

Ha pUC. 51 H306pa)KeHa 3nlOpa OCTaTOIIHbIX Hanp512KeHHH nocJle

06KaTKH. B 'paCIIeTaX npIHHHTO: rB/r=O,I, m=O,25. ECJIIH K03�cp'HlI.'HeHT
DyaccoHa m=O,5, T. e. npHHHMaeTC51 YCJIOBHe nOCT05lHCTBa 06neMa,
T'O 3 l nlO'pa .oceBbIX Hanp51}I{eHHH 'HM.eeT B.HJI., H3,o6pa}l{eHHbIH nYHKTHp'OM.

I1TaK, .H3 :pIMC. 51 cJIeJ(Y�.T, llTO B u.eHTpe 'Ceq'eHIHH .HanpH}I{eHH51

51BJI5IIOT,C5I paCiH:fHBalOIIl.HMH.' HapY}I{IHbIe CJI'OH 3arOTOBKHJ1.ecpopM'H-
P'YlO'T

' C51 no TOJIIll.'HIHe B :60JIbl11eH Mepe, 'qeM 'BHYT�leHHH-e. 3 a CqeT

YMelHblll'eHMH TOJIIII.HHbI 'nepHMeTp HapY}I{�bIX 'CJI'OeB 'cTpeMH''f1CH Boapa-

'CT,HM, ,CJIeJ('OBaTeJIbHO, OHM n0nbITbIB�IOT CTpeMJIeHHe K '01lpbIBY .or

CepJI.I.J.eBlH'HbI BaJI a. 3TOMY npen51�CTBYIOT CnJl-OIllIHOCTb TeJla.'

.Ilo3ToMy B03HHKalOT paCT51rHBalOIll.He' pa,lI.HaJIbHble Hanp51LKeHH51,

'MaKCHM,aJIbiHbIe B u:eHTp'e M paBHbIe 'HYJlIO H.a nepHcpepHH. TaHre'HU'H-
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aJIbHble Ha,npH)KeHHH ypaBHoBelllHBalOTCH paJI..HaJlblHbIMM, H 'OCeBble

Hanp51LK.eH'H51 ypaB'HOBelll.HBaIOTC51 Me)KJ1.Y COOOH.

PaCTHf1HBaIOIllJHe OCTaTOqHbIe Hanp512KeHH51 B OC-eBOH 30He MOrYT

HHOr.n.a .n.OCTHra Tb 3Ha1JHTeJlbHOH BeJlH1JIHHbI H npHBO.n.IHTb K lPa3pYllle-'

HHIO [(eHTpaJlbHOH 1JaCTH TeJIa. 3'f1H HanpH2KeHHH 51BJl51IOTC5I CJle,LLCTBH--

eM .HepaBHOMepHOH .n.ecpopMa[(HH no Ce1JeHHIO BaJla.

OocJle CH51THH HarpY30K Hanp5l)KeHH51 OT BHeIIIH'HX OHJI IHC1Je3aIOT,_

nOCKOJlbKY OHIM ypaBHoBeIllHBaIOTC5I BHeIIlHHMIH CHJlaMH. Hanp51}I{eHHH
OT HepaBHOMepHOH AecpopMa[(HH TaKLKe BW3BaHW BHeIllHHM� CHnaMH.

O.n.HaKO nOCJIe CH51TH51 .HarDV30K HanDH}KeHHH. CB513aHHble C HepaBHO-

MepHOCTblO .necpopMa[(HH, npo-

,lI.OJlLKaIOT B TeJle CYIIl-eCTBOBaTb.
I1MeHHO n03TOMY 3TH Hanp51)Ke-

HH51 .nOJIYlIHJIH H.HMeHOBaHHe OC-

TaTOqHbIX .HanpH}KeHHM. OCTa-

T01JHbIe Hanp51LKeHHH npoJI.OJI)Ka-

lOT 'CYI11.eCTBOBaTb nOCJIe CH51TH51

HarpY30K nOToMy, 1JTO 'OHH ypaB-
HOBeIllHBalOTCH MeLKAy COOOH. B

caMOM J(eJle, nOCJIe CH51TH51 Ha..

rpY30K ypaBHeHH51 paBHOBeCH51

CBOJI.51TCH K eAHHCTBeHHOMY:

O(jp
+

(jp-(jo =0.

ap p

Ilo,lI.cTaIBJl5151 clO.n.a BblpaLKeI-IHe

pa,lJ.HaJIbHOrO H TaHreH[(HaJIbHO-

fO HanpHLKeHHH 113 BbIpa)KeHHH
(.193), y6e)KJJ.ae�i'c5I B TOM, qTO

OHO TO)KJ(eCTBeHHO YAOBJleTBOp51- PHC. 51. 3nlOpbl OCTaTotJHblX HanpSDKeHHlf.
eTC51. Ho 3TO Ka.K pa3 H 51BJl51e'T- nocne OOKaTKH, r

B
1r =0.1. m =0.25 H 0,5

CH CBHAeTeJIbCTBOM TOrO cpaKTa,
1JTO 'OCTaTOqHble Hanp51LKeHHH ypaBHoBeIllHBaIOT'C51 B3aHMHO.

H3 npIHBe.n.eHHOrO 3.n.eCb OnHCaHIHH BH.n.HO, qTO B JI.aHHOM cJlyqae-
OCTaTOqHbIe Hanp5llKeHHH ypaBHoBeIll'HBaIOTCH B npe.n.eJlax BCerO TeJla

(HJIH 60JlbIllHX ero OO'beMOB) H 06JIa.n.aIOT opHeHTH;pO�KOH, CB513aHHOH'

C reOMeTpHqeCKHMH OqepTaHIH51M:M TeJla H xapaKTepOM ero oopaOOTKIH.,
TaKlIe OCTaTOqHbIe Hanp51LKeHHH nOJlyqHJIIH HaHMeHOBaHIHe OCT3TOqHbIX

Hanp51>KeH'HH nepBoro po.n.a. OOMHMO 3Toro, Ipa3J1H1JaIOT eI11.e OCTaTOq-

HbIe Hanp51LKeHH51 BToporo H TpeTbero po.n.a.
OCTaTOqHbIe Hanp51LKeHH51 BToporo pO,lI.a yp.aBHOBeIIIHBaIOTC5I B npe-

.rrenax OO'beMOB, COH3MeplHMhIX C pa3MepaMH 3epeH MeTaJlJla. OCTaTOq-.

HhIe Han/pH2KeH.JfH TpeTbero pOJI.a B3a I HMHo'ypaBHoBeIllHBaIOTC51 B 'npe-

!LeJIax HeeKOJIbKHX 51qeeK KpHCTaJIJIIHqeCKO"ii peIlleTKH.
113 onbITOB IH3BeCTHO, 1JTO paOOTa, 3aTpaqeHHa51 Ha nJIaCTHqeCKYW

.lI..etcpop:MaUHIO, nepeXOJ(M'T ,B Ten.1l0 IHe InOJIHOCTblO� a JIHlllb Ha 80-90 %
.

OCTaJIbHble 10-20% KaK .pa3 H OCTalOTC51 B'TeJle B BH.n.e 3HeprHH OC.

TaT01JHbIX Hanp5l)KeHHH. TeJlo, B KOTOpOM JI.eHcTBYIOT OCTaT01JHbIe' 'Han'

pH)KeHH51, MO)KHO paccMaTpHBaTb KaK HaXO.lI.51IIteeC51 noLI. B03LI.eHCTBIHeM

2-
r

2_.
r
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,lLJIHTeJIhHOH HarpY3KH. B pe3YJIbTaTe ee ,lI.eHCTBlH5! C Te1.IeH-HeM BpeMeHH
B03MOLKHa TIJIaCTIHqeCKa5! ,lI.ecpqpMaIJ.H5! H, CJIe,lI.OBaTeJIbHO, Kopo6JIeHMe
1M H3�eHeH'He pa3MepOB TeJIa, a TaK}Ke paCTpeCKHBaHHe.

KpOMe Toro, no,lI. BJIH5!HIHeM OCTaTOqHbIX Hanp5!LKeHHH YMeHbllaeT-
C5I CToi1KOCTb MeTaJIJIa npOTHB KOpp03 I HH, nJIaCTHqHOCTb H .YBeJIUqIHBa-
eTC5I conpOTHBJIeHHe ,lI.ecpopMaIJ.HH. OCTaTOQHble Hanp5!}KeHH5I MorYT

51'BH'TbC5! CJI-e)J,'CTBHreM 'He TOJIhKO nJla.CT,HqeCKOH o6pa6oTKIH TeJIa, HO H

HepaBHOMepHoro HarpeB3, OXJIaLK.lI.eHH5I, 3aKaJlKH, cpa30BbIX npeBpa-

IlI.eHIHI1 H T. n.

O'CTaT01.IiHble Hanp5!:tKeHH5! MO:tKHO c.BeCTH K MIHHHMYMY no.rr.60pOl\I
COOTBe1'CTBYlOIIJ.ero pe}KHMa nJIaCTHqeCKOH 'o6pa6oTKH, nOCJIe,lI.YlOIIl.eH

TepMo06pa6oTKOH IH MeXaHUqeCKH'Mlf B03,lLeH'CT,BHHMH (o6KaTKa, H T. n.),

xapaKTep KOTOpbIX 3aBHClHT OT KOHKpeTHbIX YCJIOBHH o6pa6oTKiH ,lI.aHHO-

r-o H3)J,eJIIH5!. HaH60JIee 3<p<peKTHBHbIM cnoco60M CH5ITH5! OCTaTOqHbIX

Hanp5!}KeHIHH 5!BJI5IeTC5I HarpeB. HanIP5!:tKeHM5! I Ii 11 po.rr.a CHIHMalOTC5!

qa-CTHqHO B npOIJ.eCce B03BpaTa H nOJIHOCTblO B npoIJ.ecce peKpHCTaJI-

JIH3aIJ.HH, a Hanp5ILKeHHf,I III pO.lI.a
- TOJIh-KO B npoIJ.ecce peKp'HCTaJIJIH-

3aUIHM.

BblQHCJIeHHe Ha
'

np5!:>K8HHH, BbI3bIHaeMblX )J,'HCJIOKaIJ.H5!MH, n03BOJIH-

eT ,lI.aTb HOBYlO TpaKToBKy TeopHH OCTaT01.IHbIX Hanp5!}KeHHH, TaK KaK

HMeHHO ,lI.HCJIOKaIJ.HIH 5!BJI5!1OTC5! rJIaBHbIM HX HCTOqHHKOM. TIpH 3TOM

nO-.HoBOMY CTaBHTC5I Bonpoc 0 KJIaCClH'<pHKa'IJ.II-IH BHYTpeHHIHx Hanp51-

}KeHHH.

Ha.npH}KeHH5! OT OJ1.HOH ,I(HrCJIOKaIJ.HH YMeHhllalO'T,C5! no 3aKOHY lip,
f,lI.e p

-

paCCT05!H'He OT 5I,lI.pa ,lI.HCJIOK3IJ.lIH. ECJIM no YCJlOB'H5IM nJIaCTH-

qeCKOH ,lI.ecpopMa�HlI B 60JlblleH no cpaBHeH'HIO C pa3MepaMH 3epHa

06JIaC'ftH HaKanJIMBaeTC51 1I136bI'TOK .rr.HCJlOKa�HH KaKoro-HH6Y,lI.b o.rr.Horo

3HaKa, TO nOJl5! OT,lI.eJIbHbIX ,lI.IHCJIOKaIJ.HH, HaKJIa,lI.bIBa5!Cb ,lI.Pyr Ha .ll.PY-

ra, C03,lI.aIOT nOJle ,lI.aJIbHO,lI.eI1CTBYlOIlI.HX Hanp5!}KeHHI1
- OCTa TOqHbIX

Hanp5!}KeHIMH I IPo,lI.a. E''CJlM nJIaCTHqeCKaH ,lI.ecpopMa�H5! HeO,lI.HOpO.ll.Ha
B npe)J,eJIax O)J,Horo HJIH HeCKOJIbKHX 3epeH, TO H paCCT05!HHe Me:tKJI.Y

rpynnaMH ,lI.HCJlOKaIJ.HH pa3JIHqHbIX 3HaKOB, a CJIe,lI.OBaTeJIbHO, 111 3cpcpeK-
THBHbIH pa3Mep nOJIH BHYTpeHHHX Harrp5ILKeHHH TaKLKe nOp5!,lI.Ka pa3Me-

pOB 3e.p'Ha, T. K. Ha 60JIblllHX .paCCT'05!HHHX HX .nOJIH Hanp5!)KeHHH nora-

llalOTC5! -

B03H-HKalOT HarrIP5I:tKeHH5I II pO,lI.a. HaKOHeIJ., nplH cOBeprneH-
HO HeO,lI.HOpO,lLHOH ,lI.ecpopMaIJ.H'H nOJIe Hanp5I}KeHHH OT !I.HCJIOKaIJ.HH 3cp-
<peKTIHBHO TOJIbKO Ha paCCT05!HH5I nOp5!,lI.Ka paCCT05!HHH Me}K,lI.Y .lI.HCJIO-

KaIJJI51M:Ji. TaK'He Hanp5!:>KeHH5! 3.KBMBaJIeHTHbI HanpH:>KeHHHM III pO,lLa.

5. PeweHHe 3a..lI.a1J C .HcnOJlb30BaHHeM
u

fHnOTe3b1 nJlOCKHX Ce1JeHHH

TI;pH pellieHIHIH MHorMX -sa,lI.aq o6pa6oTK-H MeTaJlJlOB ,lI.aBJleHHeM BBO-

.n5!TC5! eIIi.e 60JIbiliHe ynpOIIl.eHH5! no 'cp aBHeHHIO C TeMH, KOTopble 6bIJIH

onHcaHbI B npe,lI.bI,lI.Y�MX nYHKTax. ,[{JI5! IpellieHII15! 3THX 3a,lI.aq B KaqeCT-

Be O,lI.HOH H3 OCHOBHbIX rHnOTe3 IHCnOJIb3YIOT rHnOTe3Y nJIOCKHX ceqe-

HHH. COrJIaCHO 3TOH rnnOTe3e, nJIOC'KHe CeIIeHIH5!, npOBe,lI.eHHbIe qepe3
TeJlO .lI.O .lI.e<popMalJ,lHM, OCTaIOTC5! nJlOCKHMlI B TeqeHlI1e Bcero npOIJ.eCca

,lI.ecpopMaIJ.HH. COCe,lI.HHe CeqeHIH51 MorYT B npOIJ.eCce .1l.ecpopMaIJ.HM nepr-

126



MeU.I.aTbC5I MJIH nOBOpaqlMBaTbC5I OTHOCMTeJlbHO .rr.pyr ,lI.pyra, HO ,He HCKa-

iKalO''PCH, -OCTalO'PC5! nJIOCKHMM.

B I.J.HJIMH,lI.;plI11.IeCKOH CMCTeMe KOOp.rr.HHaT BMeCTO nJIOCKMX CeqeHIMH

HcnOJlb3YlOT napaJI'JleJlbHble KpMBOJlIMHeHHbIe CeqeHM5!. Ho 3TO He MeHR-

eT cymec1IBa rMnO'Te3bI, nOTOMY qTO B HanpaBJleHHH, nepneH,lI.H:KYJIHp-

IHOM OCM, ,CeqeHH5! 1'eJIa 'Bce )K.e OCT�lOT.c-H nJIOC"KH'MH. JIerK.O y6e.1l.HTbCH,

qTO aHaJIOrHqHOe nOJlOmeHHe

HMeeT MeCTO H B ccpepHqeC-
KOH CHCTeMe KOOp.rr. HHaT .

MbI yme 3HaeM H3 rJI. IV,

lITO eCJIH HCrrOJIb3YIOT rMnOTe-
u

3Y .TIJIOCK'HX CeqeHHH, TO ,nOJIa-

ralOT, 1.ITO KOMnOHeHTbI TeH30-

pa HarrpHmeHHM 33BHC5!T
u

TOJIbKO OT O.rr.HOM 113 KOOp-.rr. H -

HaT.

LLJIH pemeHIIH TaKHX 3a-

.rr.a1.I .lI.OCTaTOt.IHO HCnOJIb.30.

BaTb JIMllib O.lI.HO ypaBHeHHe

paBHOBeCHH, nCKJIlOqHB 113 p.a1c-

CMOTpeHHH ,ZI.Ba ,lI.pyrMX. I-Io

QHCJlO HeH3BeCTH�X paBHO

TpeM: ,ax, ay, 'txy. B KaqeCTBe

BToporo ypaBHeHHH HCnO�TIb-

3YlOT Y-CJlOBHe nJlaCTH1.IHOCTH.

TpeThe ypaBHeHHe 06blqHO

3aMeHHeTC5! COOTHomeHHeM

CBH3bI.BalOlllHM KaKOe-JIH60 H3

HOpMaJIbHbIX HanpHmeHI111 0

(a y I1JIH ax) 'C KarCaTeJIbHb�M'H

Hanp5!meHHHMH 'txy. B HeKO-

TOpbIX qaCTHbIx CJIyqaHX Ka..

CaTeJIbHOe HanpH)KeHMe CtIH-

TalOT paBHbIM HYJIlO. IlpH
3TOM ypaBHeHHH paBHOBeCHH
3anHCbIBalOTCH B ynpOllI.eHHOM

PIIC. 52. CxeMbl K BbIBO.ny ypaBHeHHfi paOHOBeCHH
BH.lI.e, qTO, p a3YM eeTCH, 31-1 a -

B npfIMoyrOJIbHOH (ll) H �HJIHH.npHqe�KOfi (6) CR-

TeJIbHO 06J1erQaeT H pelleHI1e
CTeMax KoopJJ.HHaT

caMoii 3a.rr.aqH.

TI05!CHMM Bce CKa3aHHOe nO.rr.p06Hee. TIYCTb MbI XOTMM pellHTb 3a-

.lI.aqy B np5!Mo.yroJlbHbIX KOOlP.rr.-HHaTaX 1M B npe.lI.nOJIO}KeHHH, qTO cnpa-

Be)J,JIHBa flHnOTe3a nJIOCKHX CeqeHMM TaK, qTO Hanp5!LKeHII1H 3aBHC51T

TOJIbKO OT KOOp.rr.HHaTbI X.

Ilpe.lI.noJIO}KeHHe 0 TOM, lITO ,Hanp5!LKeHH5! OT KOOp.rr.MHa'TbI Y He 3a-

BHC51T, paBHOClHJlbHO npe.rr.nOJIOLKeHHIO 0 TOM, qTO B.rr.OJIb OCH Y Hanp5!-
>KeHH5! nOCT05!HHbI. Yq�TbIBaH 3TO, cnpoeKTHpyeM Ha OCb x Bce CHJIbI,

JI.eMCTBYIOI.J1.IHe Ha BbI.rr.eJIeHHbIH H3 TeJla 3JIeMeHT (pH'C. 52) :

Ox h -

(ox + d (Jx) h - 2 '{xy d x == O.

lj 6lJ

Txy

6x

dx

6x +d.6 x x

�

o
_/

rX!l

x

a 6y

6� td6(1
...

./
(1

5
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n;p'H Be,lI.51 no,lI. 06 H bI e qJI eH bI, 3 a lIH III eM:

d Ox 2 "xy
+ =0.

dx h

J1erKo y6e,lI.HTbC5!, qTO ypaBHeHiHe (194) nOJIyqeHO B npe.lI.lIOJIOLKe-

�HHH, .qTO Ha '

lIp5!)I{.eHHH paB'HbI HX Cp'e,lI.'HHM 3Ha-q,eHHHM B Inpe,lI.eJIax H3-

MeHeHH51 KOOpJJ.'HiHaTbI y. ,Z::LeM,cTBHT-eJIbHO, 'BBeJJ.eM B pa.ccMoTpeHHoe

�pe,lI.Hee 3HaqeHHe Hanp5!LKeHlIH ax np-H y=h=const:
h

_ 1
2

ex
=h S (Jxdy.

h

2

( 1 94)

T or,lI.:a yp aBHeHIHe p aBHOB-eCH5!

a Ox

ax
+

a 't
xy

=0 lIpHo6peTaeT
ay

)3IH ,lI.

h h
- -

2 2

a'td 1

S (Jxdy +�. S- -

xy
d y

== 0
dx h

h
h

h ay
--

2 2

HJIH

d Ox

dx
+�

h

h

2

S d 'xy = o.

h

2

I1HTe�p'HPY5! ero, lIOJlyqHM

do
x 1

[ J+ -

{TxY)h
- (Txy) h

= O.
dx h - --

,2 2

YqHTbIBa5!, qTO t xy HeqeTHa5! <PYHKI.J.HH OT y, .lI.JIH KOTOpOM (tXY)h =

2

== - ('{xy) h' npHXO,lI.HM K ypaBHeHHIO
2

.d (J
x 2

+ -

(TxY)h == O.
dx h -

2

OnYCKa51 3,HaK qpe,lI.HeH BeJIUqHHbI H HH.lI.eKc h/2, lIOJIytIlHM ypaBHeHIHEf

(1'94). YpaBHeJHHe (1r94) JIerKO nOJIYQHTb IH ,H3 ,p,erneHHH (171), qT-O H

peKOMeH,lI.yeTc5I npO,lI.eJIaTb qlHTaTeJIlO B KaqeCTBe ynpa>KHeHH5!.

T'aKIHM o6pa30M, no cy�eCTBY BBO,lI.H'TC5I ,lI.Ony�eHHe 0 TOM, qTQ Ha

np5I.*eHH5! Ha nOBepXHOCT51X KOHTaKTa HHCTpYMeHTa C ,lI.ecpopMHpye
MbIM TeJlOM .paBHbI IHX Cpe,lI.HIHM no BbICOTe TeJIa 3HaqeHH5!M.

B pe3YJIbTaTe CHCTeMa ypaBHe.HHH, KOTOpylO nIP'HXO,lI.HTC51 pellaTb
BKJllOqaeT ynpo�eHHoe ypaBHeHHe paBHOBeCH51, .YCJIOBrHe nJIaCTHqHOCTH
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B ero npH6JI'H:>KeHHOH cpopMe 11 ypai3HeHHe CB5!3H Me)KJJ.Y HOIPMaJIbHbIIM.

H KaCaTeJlbHbIM Hanp5!LKeHHeM .Ha nOBepXHOC'T5!X KOHTaKTa:

do 2

d: +
h Txy

= 0; O'x
-

O'y
= 'J K HJUI O'x

-

O'y
= 0; Txy

= <1> (O'y). (195}

3a.nH'Cb YCJIO'BH5! �nJIaCTH;qIHOC'TH 6epeTic5! B npH!6JI'HJKe I HHOH cp,opMe
-

H;

BTIOJlHe onp aB,lI.aHO )J.JlH nIPHH5!TbIX ,lI.Ony�eH,HH. I1cnoJIb30BaH:He 60JIee

TOIIHOrO YCJIOBH5! Y'CJIO}KHHJIO 6bI perneHHe 3a,lI.aqH, He .YBeJIIHqHBaH

ITIp aKTH'qeOK.H TOtIIHOCTb.

Ha OCHOBaHHH onbITOB YCTaHOBJIeIio, qTO B 3aBHClfMOCTH OT YCJIO-

BlHM ,lI.ecpopMaI.J.IHH MorYT cy�ecTBoBaTb 'CJIe)I.YI0�ne .qeTbIpe' THna <PYHK-
I(HH, xapa�TepH3YIOIlIJHX CB5!3h MeLK,lI.Y KaCaTeJIbHbIMH H HOpMaJIbHbIMH

KOHTa�THbIMIH Hanp5!LKeHHHMIH
1

:

Txy
==

p. a
y ; '{xy

=-

p. K; Txy == K/2; '{xy
=

p. K
x

h
( 1 96)

B 3THX paBeHCTBax
I p.

-

K03cpcpHI.J.HeHT TpeHH5!, npe.lI.eJlhHOe 3HaIIe-

HHe KOToporo, B COOTBeTCTBMn C OCHOBHbIMH npe.lI.CTaBJleHHHMIH TeoplHH

I1JIaCTnq'HOCTH, paBHO J/ 2 K, h -, BbICOTa,lI.e1cpopMiHpy.eMor-o TeJI.a, X-

pareCTOHHHe paOCMaT1pHBaeM'OH TOqKH Ha nOBepXH.OCTH KOHTaKTa or

HaqaJla KOOp,lI.IHHaT.

ID P H M!e p 4. !Onpe.u.'eJIH:Tb 'Hanpsnm.eHIUI, .B-03HHIKalOII.J.He npH ,O>KaT-HH InOJIOCbl

Me:>K.lI.Y III.ep.o.x-O:Ba'TblMH InJIHT3'M:H, ec.rrH .Ha :no,BepxHolcTM iKOHTaKTa .lI.eMtcTBYIOT CHJIbI

TpeHH5I 'txy =lf1JO'y. .DoJIoca Cl1'M.MeTpHtJHa OTHOCHTeJIbHO' BepT1HKaJIbHOH OOH y,' yp.aB-
HeHH5I (195) JI.JIH .rr.aHiHoro CJI'yqa5I npHHlHMalOT B-H..rr.:

'.

dO'x 2

crx+T"xy=O; °x-O'y='JK; "xy=l1G y
.- ( 197)

C MCnOJIb30Ba-H'HeM BToporo IH TpeTbero IH3 3THX paBeHCTB ypaBHeHiHe paBHoBe..
CH5I 3anHIIIeTC5I BTaKOM BH.lI.e:

40y 2p.
+-

h
O'

y
=O

dx

MJIH

d 0
y

Oy

211

h
d x.

OTCIOJ(a:
2 fA.

lno
y
=-- x+lnc M oy=ce

h '

2 tJ..
-� x

h

(->'�
',-_

J )

jD'p.H x=lfi2 IHMee1M O'x =0 IH H3 ;Y'CJI'OIBIHH iIIJIa!.OTH;tIHOCTH 'Oy =-v;K, ,OT1KYJI.a CJIe..

.lI.yeT, tITO �y
- 'C>K'H M a IdlU.ee 'Hanp5I>KeHHe. D03TOM'Y .lI.OnYCTMM, tITO IV = + 1 M nOJIY-

2 J..t I

h2
tJHM (Jy=-K. TaKHM 06pa30M, KOHCTaHTa c=-Ke . DO.lI.ICTaBJI5I5I' 3TO 3HatJe-

HMe KOHCT3;HTbI B MCXO.lI.HOe ypaBHeHHe, MMe€.M

CJ
y

= - K e

2 I" -f- (-;-
-

-7)
.

1 Y H K COB E. n. HH>KeHepHaH TeopMH nJIaCTMtIHOCTH. M., MaIIIrM.lI., 1959 328 c.

C HJI.
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npH,f{tH-MaH BO BHH'MaHHe )J.Ba rrOCJIe)J.HMe paBeHCTBa .CMCTe-MbI (197), nOJIYlIIHM Ta-

1<He BbIpa>KeHH5I ;HalILp5I:>KeHHH [1pl1 'C:>KaT1H'M rnepoxoBaToH nOJIOCbl:

(J 2 (Jo
-.£

(
� - �

) 0 2 (Jo
�

(
� - �

)'�-- e
h 2 I. � - 1 - e

h 2 I.

K-, 'K-
,

"xy
2 I" �

.

( f
-

;
-

)
K

=:1: J1 e (198)

B IrrOCJIeJt,HeM paBeHfTlBe 3HaKM «rrJIlOc» iM M'MH'YC» YCJIOBHbI; OHM 03fHaQaIOT JIUrnb,

tITOHanpaBJIeHIHe ,Ka.caTeJIbHbIX HarrpH>KeHMH Ha rro-Be-pXIHOCTM KOHTaKTa CrrpaBa OT

OCH ClHMMeTpH'H CO.Brra)J.aeT .C rrOJIOmHTeJIbHbIM HarrpaBJIeHHeM OCH X, a CJIeBa OT OCM

CHMMeTpHH' 311H Hairrpa.BJIeHiHH npOT'HBOiIIOJI-Q:>KHbI.
1

E.CJIM OTHorneHHe )J.JIMHbI rrOJIOCbI K ee BbICOTe
-

< 1,
, h

2 (J.
�

(
� - �

) I

(
1

)e
h 21 � 1 +2 J1 h "'2

-

; ;

2 p.
�

(
� - �

) 1

(
I

)J.L e
h 2 1 �

J.t + 2 JA.2 h 2
- : � lt .

B 3TOM .CJIyqae ypaBHeHlHe (198) .rrpHo6!peT.aeT BHI)J.:

i(Jy

[ _h

i.

(2
1

__

x

l )] .

,

ax

y=- 1+2lt y=+2J1

TO .M.MeeM TIlpaBO Ha.rrHcaTb:

l

h (+- -;-) ;

"xy
K =:l:f.t. ( 199)

E'CJIH YCJIOBlHe rrJIaCT1M1tJHOCTH 6bIJIO 6bI .B3HTO B <popMe ,(Jx-'Oy =0, TO Mbl UbI

nOJlYtJHJlH:

i = i = - [I + 2 J1 � ( � - + )]; ";( =:l: f1 . (200)

:Bo3hMeM Tenepb 'nep:ooe H. ,TpeTbe' Ipa'B'eiHC-TiB.a ICHCTe.MbI 1(1100) -H l3anRrneM ,HX B

T.a.KOM BHJ{e:

i =-[1+2J1+ (+-+)]=_[1 +2J1

,;
xy

2 x I

K =:l:p.=:l:f.t l 2x
.

l

h (+-+)
1 x

2+/
1 x

2+T l
1

,[{orr'Y cKaH B 3HaMeHaTeJIe rrOCJIeD,H'HX COMIHp>KIHTeJIeR x=

2 rrOJIYtJHM:

.

a
y

{
1

[
1

(
X

)
2

] }y=- -1+2Jt h 4- T ;

Ox I

[ -4

1
_ ( �

l )
2

] .

,

K =-2Jt h

't
xy

2 x

K =:l:JtT

P.erneHHB �(tl99) H 1(001) MomHO .HaRTH, .H lfIerroCpe.IJ.lCflBeH.HO

MY (195)" CqMTaH 'B rrepBOM CJIyqae "XJl =1Jl.K, a BO BTOpOM

2x
1:

V

y

'

=

J.L K
�

J

(201 )

iHlH'Terp Iq)YB ICHlCTe-

/

1:3'{}



lla .pIlC.. 53 np'e.rr:CTaBJIeHbI 3rr lOp bI Harrp5DKeHHH, ,rrOCTpoeHHbIe C HCrrOJIb3on-3HH-

�iM yp,aBHeH'MH (1198), 1(11199),. 1(12011). ,H.a 19T,MfX errlOpax 5))OHO iBMI)J.'HO, iKaK l3aBHCBT X3-

paKTep 'M BeJIM'II'MHa Ha:rrp5DKe-HrMH OT rrplH.HHTOrO B paC'IIeTe 3a.KOHa T;peHHH.

;llPH Ip'eJllleHRH 13a)J.a;q ;B \IJ.HJIMHJJ.pHLIeCKoH ICMCT1e;Me lKoop�HHaT YIIJPow:eHHble ,ypaiB-

.JIeHH5I paBHOBeOM5I MO:>KHO IIIOJIY'II'HTb 'M3 Tex :>Ke rrpe.LIJrrOCbIJIOK, 'liTO H B CJIyq-ae npSl-

MoyrOJIbHoJi CMCTeMbI KOOpJl.iHHaT.

DpOeKTHP'YH BCe CHJ'!bI Ha 1HanpaBJIeHHe OCB P (CM. IpMC. 52, 6) 6YJI.e.M HMeTb:

a a

O'p pa
-

(O'p + d C1
p

) (p + d p). a - 2
"P 6

d peos 2
+ 2 C16 d p sin

'2?=
0..

PaCKpbI,BaH CKo6KH, rrpHBO.lI.5I rrO)J.o6HbIe qJIeHbl M npeHe6per.aH MaJIblMIM BblCllIero

nOp5I)J.Ka, rrOJIytIlHM "ypaBHeHM5I paBHoBecHH ,B 'y.npOI..U.eHHOM BR)J.e. To.r)J..a CHCTeMa

ypaB'HeHMH, KOTOPYIO npHXO,.lI.HTC5I pa3pellI8Tb B lJ.IMJI1iH)J.pHqeCKHX KoopJ(H'HaT3X, npH-
.nMMaeT 'B'MJJ.:

d 0'
P .

C1 -

C16 2
"p 6

dp
+

p

p
+

pa
- 0; O"f'-O"e= vK HJIH O"p-O"e=O; 't

p 0=
cD (O"e). (202)

,J1rCnOJIb3'OBaHHa5! TIplf pelleH.HH 33vU,aQ

1 H 2, n!pe�CTa'BJ15!eT C060H ynpOI11.eH-

IIYIO 3anHCb CJ1.CTeMbI ('202) H npe,lJJno-

JIaraeT, q'flO M,ep'H.rr..HaHaJIb!HbIe .ce-qeHHH

l(HJIHH.lI.pa B npoI.J.ec-ce JJ.e'cpop'MaIlHH
OCTaIOTCJI nJIOCKH'M�H.

ITIplH H3BecTHbIX rpaHH'q,HhIX I)'CJIO-

�3IH;5!X, rHC1l0JIb3Y5! ry HJIH HHIYIO If'HnO-

Te.3JY (ntZI.eaJIbH851 �nJIaCTH.q,HOCTb, OJIH-

3'OCTb HalnpaBJI�HH:H rJIaBHbIX' If

,JI,pOH
'

3BOJIhiHO Bbl:6paH:HbIx ,ocreii H T. III.), 'Bce:r.ZI.a M-OLK;H'O TO}l{)J.ocTBeH'Ho

y ILOBJIeTBOpHTb H ypaBH,eHHe nJIaCTIPIHOCTH.

TaK-HM o6pa30M, eCJIH rpaHHqHbIe YCJIOB:H5! TO:>K.rr.eCTBeHHO YJI.oBJIeT-

BOp5!IOT'C5! B .rr.aHHoH TOqKe IHJIH CeqeH'IitH, TO B 3TOH Toqke UJIH CeqeHHH

TO)K,lI.eCTBeHHO y.u.OBJIeTBOp5!IOT'CH BCe OCHOBHbIe y:paBH:eHHSI TeoplHfH
11.11 a CT1HqHOC'.TI1.

!n'piHBe�eHHbIe' .lI.aHHbI,e .lI.aKJT.
1

In,pet.ZI.,CTaB.,1eHHe 0 Tex ,lI.OCTaTOqHO rpy- ..2

6bIX .lI.ion:yI.l(eHH5!X, KOTopbIe 'H,MeIOT

MeCTO npH HCnOJIb30BaH:HH rH.nOTe3hI

IllJI ' OCiKH.X CeqeH,HH. PellleHHble .BbIll,e 3a-
"'-

..rr.aq,H 1 '.Ii _2 no onpe.n.eJIeHHIO HaTIp5!iKe-
I

HHM B TOJICTOCTeHHOM lI..HJI'HHJLpe, no.rr.-

l13ep;rHYTOl\iI BHYTpeHiHe'MY .rr.aBJIeHI1IO,

6IBJI'5!IOTC5! no cYIIJ..ecTBY :IIlpHMepoM pe-
lleHH5! 3�:AaqH B I.J.HJIHHJI.pH-qecK,Hx KO-

0p!il.H.HaTax Ha OCHOBe rnJnOTe3bI mJIOC-

KIHX CeqeHHIH. B ca:MOIM .lI.eJIe, ICHCTeii\Ia

ypaBHeHHM

d
O'p

+
<Jp

-

0'0
== 0

.

, O'p
-

Go
== 'i K

d p p.

!i'� �-3al<' ]27

o 1
t
l

-0,4 J

-{1,8

�

1

PHC. 53. 8nlOpLI HanpsuKeoRA. pac..
CIJHTaHHLIe no $opMynaM:
cn.nOlllHLIe - "no (198): mTPHXO-

BbIX - no
. (99): lllTpHx-nYHKTHP-

HbIe - no (201); P, =0,125; llh=2
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'6. 3aMeqaHHe 0 npH6JIH>KeHH.oM peWeHHH
nJlOCKOH 3a}J.aqH

-npHMeM <PYHKU:�nO Hanp5!}KeH'HH B CJle,lI.YIO�eM BM,lI.e:

I

(
mx -mx

) (A
my

B
-my

cq> == -

CI e - C 2 e e -- e ) +
m

2

+ 5 (l) (x) dx + 5<1\ (y) d y, (203)

r,ne

(l) (x). =

5 f (x) d x; (l)dy) =

S fdy) d y.

OTCIO)l.a:

o q>
== _ � (CI e

mx

+ c� e-
mx

) (Ae
my

- Be-my) + S I (x) d x;
ax m '

o q>
= _ � (C 1 e

mx

+ C 2 e-
mx

) (Ae
my

+ Be-my) + 5 11 (y) d y.
ay m

Y'qHTbIBa5! .CHC'TeM'Y (17:�.), .nOJIytIHM Y:>Ke ,HaBeC'THbIe M 1 3 nYHKTa 2

$PPMYJIbI (170):
I'

0 2

q>
(

mx -mx

) (A
my

+ B
-my

)
.

]
�xy

== - == CI e + C2 e e e,
oxay

.

02 m' 1

.{Jy "-
T

=-(CIemx-C2e-mx) (AemY-Be-
my

) + I (X); l (204)
o x

2 f

(}' x
==

0 2 m
T

= _ (CI e
mx

- C 2 e-
mx

) (Ae
my

- Be-my) + II (y)�
a y2 )

TIoLlcTaHOBKOH 3THX BbIpa}KeHMH B .lI.H1cpcpepeHI.J.IHaJlbHOe y,p3BHeHHe

paBHOBeCH5! (32) JIerKO y6e)J,HTbC5!, qTO OHH TO:>K,lI.eCTBeHHO y.n.=oBJIeTBO-

P5!IDTC51. I1cnOJIb3Y5! 'cpIH3-HlIeCKHe ypaBHeHIH5I (25), y6e,lI.HMC5!, lITO ypaB-
HeHHe ,COBMeCTH'OCTH (1'00) Bblpa:>K-eHH5!MH (204) TO:>K:1I.eCTBeHIH'O YJLOB-

,JIeTBOp5!Tb'C'51 He '6y;[(yr.
I13BecTHO, qTO CPYHKI.J.HH THna (203) ,He MorYT 6bITb lIHTerpaJIaMfH

rapJyIOHHqeCKOrO ypaBHeHH5!. CJIe,lI.OBaTeJIbHO, <PYHKI.J.H51 (203) He ,lI.aeT

TOQHOrO pellieHII151 nJIOCKOH 3a,lI.aqlM TeopHH ynpyroCTIH. MOLKHO nOKa-

33Th, O)l.HaKO, qTO pelleHHe (170) npe,lI.cTaBJI5!eT C060H npH6JIHLKeHHOe
pemeHHe nJIOCKOH ynpyroH 3a,lI.aIIH, .eCJIH IIPHHHTb, lITO 'C.lI.BHrH e

xy
Ma-

JIbI no cpaBHeHHlO C OTHOC:IfTeJIbHbIMH .rr.e<popMaIJJ1HMH e xx H e
yy .. IlpH

3TOM YCJIOBHH ypaBHeHl1e COBMeCTHOCTH (100) npHHHMaeT BH,lI.:

iJ2 �xx 0 2
e

yy ,

+ == o.
o y2 0 x

2

ECJiH npHH51Tb YCJIOBMe nOCT05!HCTBa 06'beMa, TO ,lI.JI5! nJlOCKOH .rr.e-

$opMaI.('HH (ezz=O) 'nOJIyqH'M exx=-e yy H ypaBHeHHe COBMeCTHOCTH

aanHIIleTCSI B BH,lI.'e:

i) 2
e

xx iJ2£xx
= o.

.iJ x
2 10 y2
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3TO ypaBHeHHe MO}KHO' pellHTb TaKHM :>Ke 06pa30M, lITO IH YlPaBHe-
HIH.e (167). B peaYJIbTaTe .no.JIyqa1M:

.

, ,

e xx
== (CI e

mx

+ C2 e-
mx

) (A,em
y

+ B'e-
my

) (205)

H H3 YCJIOBlH5! nOCT05!H'CTBa 0'6'beMa
, .

mx
'

mx my
,

my
e

yy
== -

(CI e + C2 e- ) (A'e + Be
-

). (206)

<PH3HqecKoe ypaBHeHHe: el>� =

� [O'x � m (O'y + 0'+,)] B CJIyqae nJIQ-

CKofI �e4>opMaiJ.HH H YCJiOBH5I nOCTOHHCTBa 06'heMa npHo6peraet BHA:
3

e xx
=

4 E
(ax -

cry) HJIH, rrpHHHMas,I BO BHHMaHHe paBeHcTBo (170):

3
e xx

=

4 E
[ft (y) - f (x)]. (207)

AHaJIODHIIHbIM nYTeM nOJIytllHM

e
yy

= -

4

3

£
[fl (y) -

f (x)].

'Ha OCHOBaHHJI ypafBHeHtHH (1205) H (1206) H313'THx,paBeHcT,B'CJIe.lI.yeT:

fl (y)
-

f (x) ==

4 E

(c; e
mx

+ c; e-
mx

) (A' emy + B' e-
my

). (208)
3

<l>YHKI.J.HH fl(Y) H f(x) onpe.lI.eJIHIOTC� H3 rpaHHqHbIX YCJIOBHH. Pac-

CMOTpHM TPH cJIyqa5l:

1) nycTb IlPaHIHII.Ha5! nOBepxHoCTb onpe.rr.eJI5!eT-CH BeJIHqHHaMH y=
=h/2 x=l. B TaKOM CJIyqae 1M3 ypaBHeHIH5! (208) CJIe.rr.yeT, qTO

11 (Y) = C�; f (x) = C s , '(209)
T. e. npe.rr.CTaBJI51IOT C060H KOHCTaHTbI;

2) nycTb y=h/2, npH 3TOM CPYHKI.J.HH !l(Y) =const=c � Ii

h h

4 E, , 111 - -m-

f (x) = c
3

-

3
(CI e

mx

+ C2 e-
mx

) (A' e
2

+ B
'

e 2); (210)

3) nycTb x===./, TOr.lI.a <PYHKI.{H5! f(x) =const=c3 H

11 (y) == c; + .4 E

(c� e
mx

+ c; e-
mx

) (A' emy + B
'

e-
my

). (211)
..

3

'.

TaKHM o6pa30M, eCJII1 'C.lI.BlHrH MaJIbI no CpaB-HeHHIO C OTHOCHTeJIb-

HbIMiH .rr.elcp'OprMa�H5!M:H B.lI:OJIb .oceil x, Y, TO enCTeMa (l7 i O) npejI..CTaBJIH-

eT C060H npH6JIH}KeHHOe pelleH;He nJlOCKOH yrrpyroH 3a.ZI.aIIH, eCJIIH .co6-

JllO.rr.alOTC5! COOTHOIIleH1I5! ('209) H (21'1). KOHC'TaHTbI, BXO,lI.HIIJ:He B 3TH

COOTHOlleHH5I, onp'e.rr.eJIHlOTC5! nOCJIe Toro, KaK CPY.HKII.HH f( x) (H f I (Y)
HaH.lI.eHW B pe3YJIbTaTe y.rr.OBJIeTBOpeHH5! rpaHHIIHWX YCJIOBHH no Han-

pHLKeHH5!M. Ko HC'Ta.H TbI MOLKHO HaHTH H HenOCpe.lI.CTBeHHO no 3a.rr.aH-

HbIM nejpeMe�eH�H5!M TOqeK rpaHHqHbIX nOBepxHo'cTei1.
I1TaK, paBeHCTBa. (170) npe.ZI.CTaIBJI5!IOT C060H .npH6JIHLKeHHOe . pelle-

I-IHe nJlOCKOH ynpyroH 3a.rr.aQH. ECJIH :MbI BOCnOJIb3yeMcH YCJIOBHeM nJIa-

CTHqHOCTH ax-ay=vK, TO 'noJlyqH'M H'aBeCTHoe 'YJKe HaM pell,eHue
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(171) nJlOCKOM 3a.lI.aIIH TeopHH I1JIaCTHqHOCTH. BYAeM C�HTaTb B paBeH-

CTBax (204) KOopJI.H!HaTY y p,aBlHoH JIIO:6oMY nOC'T051HH:OMY, 3Ha1J:eHIHIO,

HanpHMep y=h/2. Tor.na
)

I
I

t
I

)

JIerKo y6eJI.'H'ThC5!, qT.O TaKa5! OnepaI.J.H5! 3KBHBaJIeHTHa BiHeCelH'HIO 'B

nJIOcKYIO 3a.lI.aIIY .nonOJIHIHTeJIbHOH rnnOTe3bI
-

rHnOTe3bI nJIOCKHX ce-

qeHHH. ,LLeHcTBHTeJlbIHO, B03bMeM npH6J1H:>K;eJH!Hoe y'paBiHeH.He paBHoBe-

'CH5!, nOJIyqeHHOe iC HCnOJIb30BaHHeM '3TOH rHnOTe3bI:

d (Jx 2

+
-

�xy
= o.

dx h

mh mh

�xy
= (Cl e

mx

+ c 2 e-
mx

) (Ae
2

+ B e- 2
);

mh mh

CJ
y

==
- (Cl e

mx
-

C2 e-
mx

) (A e
2

- Be- 2
) + f (x);

mh mh
- --

(
mx -mx

) A
2

B
2

) +ax =.- cle -C2e e -

e c.

(212)

(213)

[1!pHH'HMa5! BO BHIHMaH.He CHCTeMY (212), nOJIyq-HM H3 ypaBHeHH5! (213)
mh mh mh mh

-m(Ae
2 _Be- 2

) +2 (A e
2

+Be-
2

) = o.
h

mh mh
- ._-

2 A e
2

+ Be
2

()TCJ:e,Qa m == -

mh mh
.

h - --

Ae2-Be 2

mh mh
- --

Ae 2
+Be

2

ECJIn mh mh
= 1,

- --

A e
2

- Be
2

HeHHIO paHHOBeCH5! (213).
paBHOBeCH5! B BHAe:

d Ox
+ m �xy

== 0,
dx

(214)

TO MbI npIHXO,lI:HM K npH6JIH}KeHHOMY ypaB-

3aMeTHM, qTO npH6JIHLK-eHHoe ypaBHeHHe
e

KOTopoe BbIBe;lI.eHO C -HCnOJIb30BaHHeM f:HnOTe3bI nJIOCKIHX '. CeIIeHIHH,.
MOLKHO nOJIyqHTb npH JII060M 3HaqeHHH y, JIlHllb :6bI OHO npe,lI.CTa BJIHJI 0

"

C060H KOHCTaHTY. OnncaHHbIe 'CB5!3H' O'TKpbIBalOT 60JIbIIIHe B03MOLKHOC-

TH ,lI.JI5! np1I6JIHLK.eHHoro perneH-H5! M-HorHX 3a,lI.alI TeOp,I:ifH ynpyrocTlH :Hi

nJIaCTHqHOCTH, npe,lI.'CTaBJI5!1O�IHX HHTejpeC ,lI.JI5! TeopHH o6pa6oTKH Me-

TaJIJIOB .naBJIeHHeM.

PaCCMOTpHM ,lI.Ba BaLKHbIX ,,lI.JI5! rrOCJIe,lI.yIQ�ero H3JIOLKeH:H5! BbIBO,lI.a..

1. TIplHHIHMa5! BO BH-HMaHHe Henpe-pblBHoCTb TeJIa, MOLKHO .lI.onyc-

T,HTb, qTO eCJIH ypa l B.HeHH51 T-eOP'H'H IIJIa.C'TH'1.IIHOCTH YJJ.OBJIe'THOp5!IOTC5! B

,lI.aHHOI1 TOqKe HJIIH M,HOLKeCTBe TpqeK, TO ypaBHeHH5! TeopHH nJlaCT-Hq-

IH'OCTH npI-f6JIHLKelH'HO YJLOBJIeTBOp5lIOTC5! .H B 'OKpe:CTH:OCTH' 3'TFIX TOqeK..

3TO .lI.aeT HaM npaBo, pemHB no B03MOLKHOC'TH TOqHO "3a,lI.a1.IY ,lI.Jl5! ,lI.aH-

HOI1 TOIIKH HJlH CeqeHH51, 3KCTpanOJIHIPOBaTb pe3YJIbTa.T :H' Ha COce,lI.H-He

TOqKH.
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2. PelleHH5I 3a,lI.aq C HCnDJIb3DBaHHeM DHnDTe3hI nJIOCKIHX CeqeHHH

HBJI5!1OTC51 TD1.IHbIMH B npe.lI.eJI.ax npI-f.H5!TbIX .rr.Dny�e-H-HH, eCJIH CBH3b

Me:tKLlY KaCaTeJIbHbIMH H HOpMaJIbHbIMH Hanp5!LKeHH5!MH Ha r,paHHqHbIX

rroBepXHDCT5!X BbI6paHa npaBHJlbHD.. B pe3YJIbTaTe pelleHH5! 3a,lI.aq, HC-

XO,lI.H H3 rHnOTe3bI nJIDCKHX CeqeHHH, 119JIyqaIOT .lI.DCTaTtDqHQ npaB,lI.DnO-

LLo6HbIM ::JaKDH pacnpe,lI.eJIeHH5! KOHTaKTHblX Hanp5!LKeHHH. O,lI.HaKD npH

YKa3aHHDM MeTD,lI.e pelleHH5! 3a,lI.aq 3aKDB pacnpe.lI.eJIeHHH BHYTpeHHHx

CHJI iOKa3bIBaeTC5! aHaJIOrHqHbIM 3aKDHY pacnpe,lI.eJIeHH5! CHJI Ha nD-

BepxHDcTH KDHTaKTa, lITO 5!BJIHeTC5! B p5!.lI.e CJIyqaeB Y:>Ke CJIHllKDM rpy-
ObIM ,lI.OnYIIJ.eHHeM.

BMecTe C TeM npH 3TOM nOJIyqaeTC5!, lITD cDoTBeTcTBYIO�He KDHTaK-

THble Hanp5!LKeHH5! OKa3bIBalOTCH paBHbIMH HX Cpe.lI.HHM no. BbICDTe ce-

qeHHH 3HaqeHH5!M. 3TO 06CT05!TeJ1bCTBO CJIe.rr.yeT H3 YCJIOBH5I craTHKH H

5!BJI5!eTC5! Ha,lI.eLKHDH rapaHTHeH npaBoMepHocTH HCnOJIb30BaHH51 rHno-

Te3bi nJIOCKHX CeqeJ:IHM ,QJI5! paC'IeTa KOHTaKTHbIX Hanp5!JKeHHH.
Ha DCH!OBaHHH H3JIDLKeHHDrD CTaHOBHTCH HCHbIM, qTD npH pelleHHH

3a.lI.aQ TeDIP'HH D6pa6oTKH MeTaJIJIOB .rr.aBJIeHHeM C ycnexoM MOLKHO HC-

nOJIb3DBaTb rHIIDTe3Y llJIDCKHX CeqeHHH .lI.JI5! OTbICKaHH5! MaTeMaTHqeC-

KDM CPDPMYJlHpDBKH 'CB5I3eH, xapaKTepH3YIOIIJ.HX Hanp5!LKeHH5I Ha KOH-

TaKTHbIX nDBepXHOCT5IX ,lI.e<pDpMHpyeMoro T�JIa ,C IHHcTpYMeHToM. 3aTeM
v

3TIH CB5!3H MD)KHD npHMeH5!Tb B KaqeCTBe rpaHHqHbIX YCJIOBHH AJISI on-

pe,lI.eJIeHHH Hanp5!LKeHIHH BHYTPH TeJIa,. H'CnDJIb3Y5! ,lI.HcpcpepeHI.J.HaJIbHble
ypaBHeHH5! IpaBHOBeCH5! ,lI.JI5! .lI.BYMepHbIx 3a,lI.a'I.

D!p IH M e IP 5. Onpe.lI.eJIHTb KOHTaKTHble' .Hanp5DKeHlHH npH .CJI.aBJIMBaHHlH ynpyroM
Ifi.OJIOCbI ,:>KOCT1KHMH Illi'TaIMlHaiM'H. ID-oJlI()'c.a H'MeeT )J.J1HHY fJ.J.

113 TeopMM ynpyrocTM 1M3BeCTHO 1[3], tJTO npH )J.aBJI'eHMIH nOJlOCbI ilia ynpyrylO

nOJIynJIOCKOCTb HOpMaJlbHOe KOHTaKTHoe Hanp5I:>KeHlMe paBHO:

O'y
=

p

n -V [2 - x
2

TaKHM o6pa30M, HaMoMeHbIlIee .HanpH:>KeHHe MMeeT MeCTO B 'IleHTlpe IlITaMna npM
x=o. DpM x== 1 iHanp5DKeHHe I(]y ,6eCKOHetIHO BeJIHKO. B .lI.eii'CT,BlHTeJIbHOCTH Hanp�>Ke-
HH5I Y KpaeB IlITaMna MMelOT KOHetIHYIO BeJIHllIMHY,. 'Tax KaK 3.lI.eCb no.lI. LlI,eiicTB'.MeM
60JIbllIHX Hanp5I:>KeHUH B03HHKalOT nJIaCT\MtIeCKHe JI.e<popMaIlH'M.

BocnOJIb3yeMC5I .lI.JIH pellIeHHH 3TOH ynp'Yro-nJlaCTHqeCKOH Ja.lI.at:J'H IpaBencTBaMIH

(170). DY.lI.eM CtJMTaTb, 'tJTO f(x)=fl(Y) =0. DpM 'M3MeHeHHM X ()T '0 .lI.O 1 HanpH:>Ke-
IRKH l(Jy TrOJlbKO IB0I3'pacT.aIOT. In09TOM'Y 1OJI ,

e.nyeT aIpe:.z:r:nOJlO}l{HTb, liTO C2=0. IHac HlH-

TepecYIOT TOJlbKO HanpH:>KeHH5I Ha nOBepxHocTM KOHTaKTa. D-03TOMY nplHMeM Y = h/2.
B 3TOM CJIYtIae paBeHcTBa (170) 'MMeIOT CJIeJtYIOIIJ.HH BM.lI.:

mh mh mh mh

"t
xy =Cl(Ae

2

+Be-T)t
lTlx

; (Jx=(Jy=-CI (A;2 -Be-T)e
mx

. (215)

\.

DOCKOJIbKY B TOtIKaX KOHTaKTa c yrJIaM"H llITaMna MeTaJIJI nepeXO.lI.HT B TIJlaCTM-

rqeaKoe 'COC'TOHHMe, 'T.O Ir,p,a:nRtIHble YCJI.oBHH l3aTIH!IlIYTcH lKaK x =1; ,(Jy
= ---,K; 'CXy

=

= + -K/f2. 'D:Q!9TO�MY

mh mh

K
oCl (Ae

T
+ Be- T) erne =

:!:""2 ;

mh mh

Cl (Ae
2

- Be- 2) erne = - K.

135



OT6paCbIBaH B nepBOM paBeHCTBe 3HaK nJ1IOC 11 .npOH3BO.ll.H n,'"'1JJ1eHHOe .lI.eJ1eHMe, no-

J1Y
' 1JaeM

mh mh

Ae
2

+ Be- 2
I

mh �h
=

T
H ,Ha OCHOB3-HHM cpOP,My.'1bI (214) m = l/h.

--

Ae
2

-.- Be
2

TaK'HM o6pa30M, BbI,pa}KeHMH .lI.JIH 'KOMHOHeHT B TeH30pe Ha,npH)KeHMM (216) 6y-

JI:YT IMMeTb BM.lI.:

'e
xY

I +(+-1) crx cry +(+-1)
=

-

e ;
-

=- =-e

K 2 K K

.MaKICHMaJIbHOe CKaJIbI'BalOIIl.ee Hanp5l}l{eHHe, ,C'orJI-aCHO 'Bblpa)Ke-

't' 't'xy
HHIO (44), paBHo.

- ==- Ha pHC. 54, a, 6 npHBe,l(eHbI 3nlOpbI
K K

KOHTaKTHblX Hanp5l)KeHHH .lI.JI5I .lI.BYX CJIyqaeB: l/h= 1 H l/h=2, nOCT-

r
xy _

T

/<.
-

/(

-1,0

0J =
6:);

k /(

a

. (216)

In
/(

0

<�
(

�: r

/( I<.

-1,0

l

6x

01.= 6% I<.

/( k.

l l

�

o

l

-10
J 8

(j.

Puc. 54. 9nlOpbl H3npSl>KeHHA, B03HHK31OI.IJ.HX npH C>K3THH nOJIOCbJ >KecTKHMH U1T3Mn3MH:

a-tjh=l; 6..-...ljh=29; 8-B nJI3CTH1JeCKOH 30He npHljh=l

poeHHble C HCnOJIb30BaHHeM CPOPMYJI (216). 3.lI.eCb}Ke nOKa3aHa no-
v .

JIoca ,B03-M.Q-}KIHbIX 31HaqeHHH KpHTHqerCKOf'iO CKaJIbIBalOI11.ero Hanp51-
}KeHH5I 'Ln/ K, npH KO'IIOpOM HaqHHaeTC5I .lI.BHLKeHHe .lI.MCJIOKau.HH:
(-CM. r JI. I), T. e. UJI aeTHlq e/CiK a51 ,J( etCP'OIP'M alII.H'51. I1!3 'p:HICJyHIK a ICJI.eI)I.\Y e T

,

1.I TO -TIiP:H 1 / h === \ 1, eCJI.H :B
.

TOfll:K a x (K'OH TalKTa C IJlr JI a,MIH ll'T alMlTIa IH03-H,MK-

JIH '3a:M'eTIHble ,nJIa,C'TH!q-eOK'He .lI.,ecp,o,pMaU.'H:H, lon�petU.'eJ[I5I'eMbI,e B,bI,H'Y,:/Kl)I.eH-
HbIfM np.eI)I.-eJIIOM TelK:YlqleiCTH K, TO ;Ii !BIO BioeH '[l,P'HIK'0IHTaIKT.H10H ()16JIa ' CTlf

M'OLK'H.O 'Ql6'H.aIPYLK:HTb ClJIe)J,bI J('B'H\)K,eH:H5I JI.IHlOJI.oIKal�HH n,o iIilX nJIOIClKrQrCT'5I.Ivl

C'K '

OJIb}K:eHH'51, IKalK GITO IOXreMa'THlqeClKH InOIKaI3a:H'O Ha .pWCY,HIK'e. npa
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l/h =:2 IE -ope.n..HeH llla'CT.H lITO IIJl1p:uHe \KOH raIK'f!H:oH .uO:Bep'x'HIOIC''DH iHa'np}I-
)KeHH5I Yl\1'eHbIIlaloT�51 'H -CTaHOB5ITC51 M.eHb'IIle CKaJIbIBaIOI11.HX !H�;np5l:>K.e-

HI1H Ln. L:(oB I I1:>Ke'HH-e .rr.UCJIIOKau.HH IUPOH,CXiO.n.HTb eme 'He MO:>KeT H no-

.3TOMY,3J(e:Cb B .npH'K'O!H'TaKTIH'OH '06JIa ' CTH 'CJIe.lI.bI IC"KOJIb:>K,eHH5I OTCYT-

C TBtY.IO'T. !3'T�O :X:OIP'OIlilO nOif(lllHep'}I{\)J. ale'f1051 ,Q;nbITa;MrH. rIIOl1LC'Ta�BJI'5II5I �B p e-

rn.e'Hne (12 1 16) Y'CJI,oBH.e nJI.a'CTULIHOCT,H O'X-'O'y= K, ITIOJTyqHM' fCM.
.pHIC. 54, 8)

.

"C
xy

_

I � ( i -I ) .

a
y

.!.-
( �-I

)
a

x
_

1. _ e
� ( ; -I )

-

- - e -'

h l .

-- \

K 2
'

K
== - e

, .K

7. TeopHSI inJlaCTH1.JeCKOrO Te1.JeHHSI

,Ha 'p:HIC. 5,5 1H!306Ipa l}KeHbI (Kp.I1�BbI'e, XapaIK'T€/piHI3IYlO.i.u.!J1.e 3alB:UC:I1 I M,QlCTb

\)THOCTHTeJIbIHOro y JI.JI i llHeH:H'51 In'p:H ,p a , CT5I}KeHH;H '016p aI3 ' lI!0'B 'Hi3 eTa.JI:H 0 r

Bp.eM'e!HH TI'p:H Ipa'3Hblx TeMlnelpaf�Y'Pax �(a) iH .H,alnp')'l3IKalx (6). 113 'Jipa-

$:HIK:OIB 'CJI,e)IJYleT, 1ll'T10 yuJ.JI.H He-Blue :H
_

iB O\.1I.'H\oM,:H B iLlP'YIJiOM ;CJI'Y1q a 51 x

p.areTeT IC Te1q'e'HH.eM IBlp,eM eHll. ,3T ' 0 5I!B;.neHIHe nOJIlyf'll:HJI'O H al31B a.HJ1.e nOJI-

3')'lq'eCTiH, a 'K'puBbIe, iIIOJI.t016Hble. H!3-D!6pa)K;eJH'HbI I M Ha :p:H!C. 155, -IKlp�H:BbIe

n,o.JII3}'1q:eC'TI1. 5!:BJI,eH:ue- ITI'OJI!�lyqe!C-T1H :H!M-eeT B3!)K1H ' Oe 13'Ha!q'e�lfle IB 'DeXHH-

Ke: ,01T xa\p alK'Te.p a iH BeJIIHrlfH,HbI InrOJIi3'Y'q.eCTI1 3a-B'-HIc/51
I
T .CpIOlK iCJI'Y,)K16bI 11

H all(ie)K,HOiCTb p.a/60'Tbf Ip al3JIiHIQHbI'X :M eX3'HH3
1

!\i'OB.

(..,)
(',)

�

'Cb �
.

{
�

�
�
�

..

I]
Bpe HIl

,

l

�s

t eel<'

8

....,

E

".. ......

1

\

t. ce K

e

PHC. 55. 3aBHcHMoCTb Y.D.JIHHeHHH npH paCTH>KeHHH 06pa3II.OB 1-13 CTaJIH OT BpeMeHH
UDH pa3HbiX TeMnepaTypax (a), .HarpY3Kax (6), xapaKTepHbIe yqaCTKH KPI-IBbIX nOJI3YQeCTH

{IPH HarpY>KeHHH (8) H nOC.TTp.DVJOJrrPu na'u'nv:\J(� (2)
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J, a:K 'CJI'el)I.lye-T :H,3 Ip H'C. 515, 8, lKipiHIB atH TI OJIi3)'1q,e;CT.H r.H M1e e'T T'p.H X ap a K-

Te!p.HbIX yqa.CTKa. Ha yqaCTKe I 'C'KOp.Q!CTb p3'3
I M,HOJK'e!HH51 .lI.,HrCJIOKau.HH

60JIblll.e ICtKrO!p'QlCTH HX a:HHIH�PHJI'HU.HIH, 'H 'nI013''P.OtMrY 'OB5I13b IMI8)K'.lI.'Y iBlp!eM,e-

HeM 'H Y'.lI.JI�nHeHH.e-M HeJIHlHeHHa. Y'qaCT'OK I I OOOTBe'TcTByeT ,np,ou.ec.cy

YCTaiHOBJIIB 1 ll.e-H:C-.51 nOJr3!}'1q
' eCTH, T. 'e. JIiH;H,eHiH,oH 13aIHHICH'M'QlCTlH

.

M,eoKJI.Y

'Bp:eMeHeM H YJI.JIHHeHueM. Ha yqaCTK,e III M,eJK�Y BpeM.eJHeM H JI.ecp.op-
'M al�H,eH 'CIH!OIB a iH'M,eeT \M!erC'l1O HeJI�H-HleH H a'H '3 a BiHIClHIM'OIC Tb -

':TI�P'OlH:CX'OtrI.:H'T

JIaBHH006pa3Hoe pa3'MHO}KeHHe .lI.HCJIOKau.HH ,C .nOCJIe.lI.YIOI.I.I.HM o6pa-
30BaHHeM TpeIll.H'H H pa3pYlleHHeM 06pa3�a. E'CJIH Ha yqaCTKe I I rCH5ITb

IH alrlPY , 3iKY ,
1':0 JI.IH a1np a!MIM a TI '

OJI'3')'\q!eCT.H n piH
' o6peT alerT .BJ1I)I., 'H!3!0\6,p a,�'e H -

HbIH 'Ha p;H!C. 5:5, 2.
-

TeOp"lf.sI nJIa'CT:HqeC\Koro TeqeHH51 B03HHKJIa,. iB qaC'THOCTH, B c.B5I3H

IC IJIleo6'x;0LL(:H'M:OIOTblO IK'OJlJIIq'eC'�B e'H HiO OIHHIC a Tb tfI1p'olIl:ec:c 1)"CTa.HrQlB:UBlll'eH-cH
'llOJIJ3l)'1q:eC"frH. KpO!M.e I1IO!I'D-, B nOICJI,eJI.;Hee B.p r eMi51 lee y'pa

l B;H,eHiH5I ,q.aIC1Y)

.HlCTI 1
0JIb3YIO'T l1I.JT5I p

l e1ll,eIHlH5I aal1I.a 1 q Te'O!p,H:H OJJI'a,C'T1HI1JHIOC'TH TalK JI,aSbIIBae-

1M bI:MiH" IB alp H al[('H'UHn bIIM�HM-eTOI.lI. a'M:H.

IB 'OOHO,BY TerOlp;H:H ,TIillaCT!Hlq'eOKrQlfoO Te'llleH;H'51 ITI:OJI'O:>K'eHbI \)"palB:H.eH:H'5I,
CB 5113 bIB a IOIIltH e :II a , np:51 :>KleH:HIH �H ICKIO pIOlCT:H l,rr:elcp'Olp,M a'�;HiH. Y,p a:B\He1H:H 51 'fleo-

l}lHiH [J;JIalC''f.HftI,e(C\KOlr,O merrI'eH:H51 <M'OI1)"T ,ObrTb '3a\IIiHIc.a�HbI aIHaJIIQ;rH\l1HO

Y!P aBH,eH�H'51'M ''T'eOip'H'H M aJIbIIX 'Y1nP'Y'f'D--ITIJI aICT;H�.eCKJI\X �ielcp'o.P'M aIllJHH.
,0603H.alq,HiM 1K101MITI'OiHe'H'TbI 'ClKIOp,QlC''f.H :C:M1e'.Ill..eH H\51 Iq aIC''DJiI[(.bI, iH a,x,oln5l-

mueofl B 'MrOMeH'T 1B.p,eM'eHH t B TO'q!Ke x, y, Z, TalK:

au av aw
u=-; v= -,. w=

at at' at

T'olrJI.a K:OIMITI10IH.e'HTbI :OK'OlpIOC'DH 'caiM'OH �ecpIQlPiMa.I(nH 3aln:Hllll)'ll1C5I TalK:

· a e
xx

a a u a a u a it
e xx

=- = -- == -- ==- H T.�.
iJt at ax ax at ax

B Teop,H'H TIJI.aeTuq-eOKO'ro Teq,eH'HH np:H!H'HMaIOT, qT'O: a) HalnpaB.JIe-
HH5I .fJIaBlHbIX rHa'TIp5lJK'eHHH H HaTIpa.BJIeHH51 eK,O'p,OCITeu rJIaBIHbIiX !Le<pOIp-
Mau.HH ,c-OB.TIa�aIOT; 6) IMaTepHaJI ;B 'TIJIaIC'TH'qe.eKOM COCT05l r HHIH HeC>KHMa-

eM; 'B) Ma/KCHMa.JIblHbIe KaCaTeJIb'Hble Ha i TIp5l:>Ke.H'H5I Inp'onopnH'OHaJIb.HbI

:CKO!P'OCTiH 'M,aKCHiMaJIblHbIX 'C�B'Hr'OB; r) .o606meHH'oe HaTI.pHJKeH;H'e eCTb

onp!eJI.eJIe I HHa5i CP'Y:HKIJ.'H5I 'CK'OP'OCTH .o606.Ill.,eHHOu .Ae!<p,opMaII!H'H.
..B:HH� In'OIJI:HoH ,arH aJI'OIrH:H IC Te'Olp,HreH 1M alJIbI'X \)'Inlply1rrO-!nJI aICT1Hll1 l eOKH x

.n ecplOlp;M all(H H, ,OIOHrO�B.H bile yp alB H,eH HI51 T,erOlp:uH rnJI a.CTlH'q,eCIKIOf-O 'Teq,eH
'

H5I

:BiKJIIOrqaIOT !B loe651: Tip�H YlpalBlH.eIH'H'51 'pa
'

B:H01BelC:H5I, llilerCTb Y'PaiB,He;HM�I,
'CIB 51i3 bIIB a 1O'lI.I.,HIX 'CiK'OlprOIC'rrH IC'MleIII. e1H�H 51 :CoO QI{ r Op,OICTI5I i M;H JL'ecp'olp:M al��H II,
III,eCTb ICP�H!3IHlq eC�HiX 'C-OrO'r.H'OIll.I,eH H H, 'CIB 51:3bIIB 3'10 Ill.;HIX H.aITI;pIR}K'e'HiH'51 00 IC'K 0-

pIOC'P5I\M H �etcp;OpIM all\'HH, B blp.a':>K,e HIH.e AJII5I '016016 IIJ.reJ:I,H'OIJiO H alnlp'51i)K:eH�H!51,

Bblipa:>KeHHe .lI.JI5I OKOpOCTH 0600III.eHIHOH J(e<popMau.HH, ypalB!HeHHe, OB5I-

3bIBalOI.I.I.ee o606lII.eHHOe HaTIpH}KeHHe IC r0606I.I.I.eHHoH fCKOpOCTblO

l(recplQiP'M a ' I..(HlI .

,B p
'

e3l)'JIbTa'Te IH:MieeM 'CJI,eJ('YIOI.I.I.'Y1O 'OOBrOIK\YinHIQlCTb YlpaiB.HieH�H Te.a.

p'HIH 'fIeqeHiH 51 :

a (J
x

a '"
xy

a '"
xz

+ + == O.
ax ay az"

a '"
xy

ax
+

a cry

iJy

a "'
y z

+ =0;
az

.
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a"C
zx

+
o"C

Zy
a (Jz

== 0; (21 7)
ax ay

+
az

au ou . au
; ]

e xx
==

.

e
xy

=

-t-
ax

,

ax- ay

iJv ow ail
+ (218)e

yy
==

ay
e xz

=

ay az

aw au
+

aw
e zz �

az
e zx

==

az ax

1

[1 ]
· 1

1
e xx

=

E"
ax

-2 (a y + a z � ; e
xy

=

�'txy;
1

[a y
-

+ (ax + a z )}
. 1

e
yy

=

E"
e

yz
=

G"

't yz; (219)

. 1

[1 ]
. 1 '

e zz
==

�
a z

-

2
(ax + a

y ) ; e zx
=- 't

zx ;
0"

V2 �

(Ji= V(ax-ay)2+(ay-az)2+(az-aX!)2+
...

2

(220)
. . . �

+6 ('t
2

+ 't
2

+ 't
2

.

)
.

xy yz zx ,

ei = -v:- -V (e xx
-- e

yy )2 + (e yy
- e zz )2 + (e zz

- e: x )+

J-+
. ..

. .-+

(221)
.2 '.2 .2

2 (e XY + e
yz + e zx ).

(J'i ==

'P (ei) HJ1I-1 ai == E" ei (222)

(223)
E"

IfJIH G" = -

.

3

B I..(.HJI H'H/,lI,'P!Hlq eOKIO H 'CHIC'TeM e iK'o.Qlp�'HH a T JI'OJIy,qiHM a H alJI'OlrHrq:H YIO

C:OIBrOIK\y'TIH'OCTb o/;p a'B'H,eH;HH.

B ICJIyqae MeJ(JIeiHIHIQIDO iH' Tl'p'Q'){tQJI)KH'T'eJIb\H'Q.1I0 Teq'eHH.H TIJI3'CTH'q'ec-

R.ono MaTeplHaJIa H3Jl'O�,eHHaH 'B 'TIpe;:LbIJ(YIII.HX 'llapanpa1cpax TeOpH5I

MaJIbIX y!np'YJio-InJIa'CT.H'q'eC-K'HX �rr..e<p'op.MaI.J.'H" TO:>K!J(ecTHeH,Ha Teop;HIH
IIJIalC'T:HiIledKIOIDO 1Ie1qeH:H:51. B qatC'TiH'OICTH, ,eCJI'H TeJI'O �!.ZI.eaJI�HIO [1JIa r crnq-

HO H J(ecpO'pMaI.J.IH5I llJI'OCKa51, TO npHlBeJI.eHHbIe y'paBHeHH5I C'Be.rr.Y'T'C5I K

Y�:>K.e H,3:BoeCTHbJ.M Ha;M y:pamn,eH:HI5I I M (1164).
In,plH JJH'HreH.H'OIM 3al�0IH\e C.B'H3'H IM,e:>KlIlY O!60l6III. r eHIH'oH ,rr,e<p1opM a!IJ.tuen

Ii BpeM:eJHeM (pHIC. 56, a) .CKOp,OCTb o60'6meHHoH ,lI:ei<p,opM,a�HrM He 3aBoH-

.CHT 'OT 'B!peMeHM (pH'C. 56, 6) Ii, B eOOT.B-eTCTBHIi ,c paBelH'C1'tBOM (222),
o6016I11..eHIH l oe nanp

' 5I::>K ' elHUe TalK}Kle He H/3IM�eH5Ie:TC51 .C 'Teq,eH,HleM iBlpeMe-
1-1 H (-p�H'C. 5.6, R) .

n p �H M e p 6. Orrpe.u.eJIHTb Hanp5DKeHHH B CTeHKe TOJICTOCTeHHOH Tpy6bI IIp'H

YCTaHoBHBIlIeHcH rrOJI3YQeCTH MaTepHaJIa (CM. pHC. 40 [3]). ,[{e$opMau.HH riJIOCKaH:

ezt. = o.
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,3a,,lla,qa -

QiCeCHlMM,eT.p.JiIlIH,aH, ilI091)OMY 'B!Ce H3np5DKeHJUI .H ..u.e<pOp,MalI.HH 3.lI..eCb.

H.BJIHIOTCH r JIaBHbIMH. CJIe,llOBaTeJIbHO:

au u

e
pp

=

ap;
ea8

=

p
;

au
e =-

PP a p

u

eaa
=

-

0

p

;p + e�6 + e�z = 0 HJIH

...

Y CJIOBHe oHeC:>KIHMaeMOCTH (,nOCTOHHCTB-a CeK'YHJI.HOrO 06'beMa):

au ,u
-

+
-

= o.
a p p

e.
L e. I v-

l

/
/

/'

/ /'-
.

/
/

-/

",'-

/

/
",

t, eel<.

o
t, c e I(

a B

-

t. eel(

PHC. 56. 3aBHcHMoCTb Me>KJJ.Y BpeMeHeM H o()o()l1.\eHHoD ,D.ecPopMa�HeA. CKOpOCTblO o6o(5l.U,eH-
HOit ,D.e<popMal1.HH H ot?o6l.U,eHHbfM HanpsDKeHueM

I1HTerpHPYH, nOJIyqae.M

au � p
� = -

-; In u = - In p + In c;
u p

c

u=-

p

TaKH-M 06pa30M:

au c

e =-=--;
PP a p p2

u c

eaa
=

-

= --'---
.

P p2

C yqeTOM 3THX COOTHOIlIeHHH o.606IlleHH.aH CKOp.OCTb JI.e<popMall.HH npHo6peTaeT
B HJI. :

Ii'

e,
=

'

-v; V (e
pp

- eOO)2 + (eOO - e
zz )2 + {e zz

- e
pp

)2 -

Y2
V

.

2
.

2
.

2 Y2
V

.

2
-

3
4eee+eeo+eee=

3
6e

ee
-

2

ya
eaa

=

,2

.V3"

c

p2

0606IlleHHoe HanpH:>KeHHe 3arrHillleTCH KaK

Y2 .

fJ,
=

2 V (fJp---:fJa)2+(fJa-fJz)2+(fJz-ap)2

'H lI1!pH YCJIiO:HHJHnJIOCKOH !.lI.�<P'OJ)iM3IJJJIH IIIpHo16per3eT ,CJIe..lJ.iYIOIIJ.HH 1BH:,lI.:

V3
(J,='J 2 (fJp-fJa) (225)
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B 3TOM P�B�HCTBe CJIe..u.yeT npJHHHTb v == -:-1 n-OTOMY, ttroa
p

...:.- C}KHMalOll.{ee Ha-

npH:>KeHHe, a �i. -

Bcer.u.a BeJIHllHHa nOJIO:>K1HTeJIbHaH. YpaBHeHHe paBHoBecHH

drJ
p

a
p

-

ao '..,
da

p

---ap-
+

p

= 0 ne.penlIIIIeM B RH.u.e P dP
= - (a

p

-

ao) H Ha OCHOB3'H'HiH

BbI'pa:>Ke'HJUI 1(005) 6:y�eM IHM,e'Tb

da
p

2

P
dp

=

Y3
a

i
. (226l

.

I1YCTb crt

.

cr
s ( :: )n-

3.u.eCb .as H e s
- IB3HTbIe H3 onbITOB .QP,H .u.aHHoH :CKOp.oCTlH .u.e<popMau.HH npe.u.eJI Te-

KYlleCTH H n:peJI.eJI 'YiDlpyroM .u.e<popMau.RH. Op'H1MeM ,,=":-1, Tor.u.a

I

(
e.

)
n

cr
i

= cr
s e: · (227)

OpH n = 1 MbI nOJIY1J:HM OTCIO.u.a o606meHHbIM 33KOH ynpyrocTH npH .u.aHHoH

CKOpOCru J1.e<popMau.HH, nplH n> 1 3aKOH HeJIHHeHHOro ynpOllHeHH5I nplH TOM :>Ke CKO-

pOCTH.

;113 ypa:BIHeHHH �(12i217) 'C Y1IIeTOM BbIp,3}KeHHH !(!2124) ,nOJIYllH/M

I

crt
= as ( y22

c 1

)
n

p2
.

e
s

0r6n3HaLJaH ps ( ;- � )
� .

=, A, HaH.n:eM cr. = A P
�

. 3 e
.

l .

s

y.paBHeHHe (226) npiHMe-T BH.u.:

2A _2 - I

da
p

=

Y3
p

n

dp.

B TaR-OM cJIYllae

OrCIO):(3 a =-

p

An

Y3
p

2

n

,+ CI. (228)

rpaHrHIIHbIe YCJIOB'HH:

p=r B ; (Jp=-P; p=r; rJ = 0;
p

An
n

-

p
= -

Y3
r

B

2
+ Cl ;

An
o = -

Y3

2

r
n

+ c.

I13 nOCJ1e.u.HHX .u.BYX ypaBHeHrHM ICJ1e.u.yeT, llTU

Y3 P
A =

-...

2 2

n (r�n - r- n )
c=

2

pr
n

2 2

(r�n _ r- n )

141



, nO,nCT3BJUUI B ypaBHeHHe (228) 3HaqeHHH KOHCTaHT, nOJIYIIHM

2

I

/
I

/
I

I-(-;-r
O'p=-p 2

I-(*r

(229 )

113 ypa.BHeHHH ,paBHOBeC-HH HMeeM:

da
p

0'0 =

O'p + P d p

2

OTKYAa 0'0
=

P 2

I+(-;-f (1- : )
(230 )

l- ( �)
n

.
r

B I

ll,pH n = 1 IpaBeHcTBa (229) .If (230) CBOJI.5ITC5I K perneHHIO ynpyroH 3aJI.allH 0

1HaJf4J1t}l{.eH.HHX B 'TOJI'Cl'OCreHIHOH TPy,6-e .(CM. ;rJI. .IV).

8. MeTO)l, xapaKTepHcTHK

B (),CH;()tB,e M.e'PQJI.a Xa'paK'Tep:HrC'THIK JIe:>KH'T l1:OH5IT!He 0 JIHHH5IX OK,OJIb'"

>KeHHSI. Bnlep�Bble III I
P,eJ(JI,OlLKe'H!H.e ,06 .H'enOJIH3'OBaH,H'H JI'HH'HH OK'OJIbJKe..

'HRSI �Jr-51. ,OIl:eHIKiH IHa!n:p'51>K,eHIHOlr'o C'DICT:05l'H'H'51 BbIClKal3aJI eIll.,e,LL. K.

1.IepHolB.
ECJIH H3 1 BeCTIHO Haln'p5l:>KeHHOe eOC'T05lHH-e B rJIa'BHbIX OC5IX, TO KOM-

fl:OIH,eHTbI 'Pe'H '

30pa HalnIP'5{o:>K;eH:HHM , 0:>KH , 0' HaHTH IB JI106,0H illlP
' 01H.3IHOJIhHQH

KOOl}>lU:H'Ha'TH'OH CHIC'TeJM'e. ,LLJI5I ErDQ.f10 'B-Q.on'OJIb3'ye:M'C5I <p'op,M.YJIaIM"H (38),
KoropbIle 'Y;cTaHa.BJI!HIHaIOTClB5I�3b Me:>K,){Y Hanp,51:>Ke.HH5I'M:H Ha nlJl.Oma/,lI,Ke

C ;Ho.p'MaJIblO H Ha , np5J)KeHIH5I!M.H B np,oH3B-OJIbH-GH CH,CTeM'e KOopJ(H'HaT x,

y, C KtO'rop'O" JlIJIIQ.llJ, aUIJK a Ol6.P al3IY e T yrlOJI cp:

ax + a
y

+
ax

- a
y

On = CDS 2 q-; + 't
xy

sin 2 <p;
2 2

0' - a

-en
= '-

x

2

y
sin 2 cP + 't

xy
cas 2 cpo

:n'YCTb ROBa'H K '

OOptu.;HIHaTHa
' 51 ,01Cb x '(.P!H'C. 57) oaCTalHJIReT 'YiDOJI cp

C OCblO 1. T.or�a, paccMa-npHiBaH 'OlCb x eCTb HOpMaJIb K IHaKJI'OiHHOH

nJIOIl{al.n!Ke AB, H'M;eeM JI.1J1151 nIOlCJI,�IH'eH

0'1 + O 2

Ox =

2

I

T

a l
- a 2

CDS 2 cpo
2

Ho
0'1 + 02

== (j.

2
'

01
-

a2

2

== 't
12 ,

nOI3
I

TOIM'Y (T x
== (J +'t 12 'C'OS 2<p.
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H'OIHalI ,OCb y\�ryJJ.eT naIKJI'OHe.Ha;K -OCH 1 Ha yrioJI cp+n/2. CJIe.noB.]-

T.e.JIb:H,O, 3aM.eH»51 B Inrp.e.lI.bI.n.YI11.elM ypaB.HeHHH cp Ha (cp+n/2), nOJIyq.HM
\

0'1 + 0'2 \, 0'1
-

0'2
2 2a

y
==

2

-

\.

2

cos <p; a
y

== a -

't12 COS cp.

TIOCKOJIbKY Tn

\

XXy, Hanp5l}KeHHe 't xy

6YJ(eT onpe.lI.eJI5ITbC5I no cpopMYJIe
L

. 0'1 --:- 0'2
't

xy
= - sin 2 cpo H.ITH 't

xy
==

2

= -

't12 sin 2 <po

Kor.lI.a HaqH.HaeTc5I nJIaCTHQeCKa}J: .n.e-

CPOpMaU.H5I, T'O KaCaTeJIbHOe Hanp5l}KeHHe

lt2=K. I1TaK, KOMnOHeHTbI TeH30pa Hanp51-

}KeHHH, 51BJI5IIOI11.,HeC.51 cpYiHKLLHeH yr JIa cp,

HMelOT CJIe.lI.YIOII{HH BH.lI.:

ax == a + k cos 2 <p; a
y

== a � k cos 2 cp; 't
xy

=

= k sin 2 cpo (231)

1

Puc.. 57. CxeMa K- DLlBO,ny ypaD-
HenuA (231)

3aM.eTH'M, lQTO Inlp'H cp=nj4 HM'ee!M 'txy=K ,H ax=ay=la.

TIYCTb TeJIO HaXIO.lI.HTCH B YCJIOBH5IX nJIOCKOH .lI.ecpOpMalI.HH. B03b-

MeM JIlo6ylO ero TOqKY a H OTJIO:>KH.M BeKTOp 'LI fJIaBHOrO KaCaTeJIb-

Horo Hanp5l}KeHH5I, HaqaJIO. KOToporo JIe}KHT B 3T10H TOQKe (pHC. 58,a).
TIepeH.lI.eM B HanpaBJIeHHH 3Toro BeKTopa K TOqKe a2, 6JIH3KOH K TOQ-

Ke at. OT TOqKH a2 OTJIIO:>KHM BeKTOp 'L2 rJIaBHOro KaCaTeJIbHODO Han-

p5l}KeHH5I B 3TOH TOqKe. Bo06me rOBOp5l, BeKTOp 'L2 6Y.lI.eT OTJIHqaTbCH

OT BeKTopa L2 H no BeJIHqHHe H no HanpaBJIeHHIO. B pe3YJIbTaTe n,o-

JIyqHM JIHHHIO al a2 a3 a4 . H T. A.

y
'{If.

........
........

o

)P-

x a A

o

PHC. 58. JIHHHH CKOJ.lb>KeHH5I (a) H HX ceMeAcTBa (6)

TIpHHHMa51 BO -BHHMaHHe YCJIOBUe napHOCTH KaCaTeJIbHbIIX Hanp5l-

}Kel-II1M,
.

MO}KHO OTJI!O:>KHTb OT TOqKH at BTOpOH BeKTOp 'L}, nepneH.lI.H-

KYJI5IpHbIH K paHee OTJI'O}KeHHOMY. 003TOMY aHaJIOrHqHbIM cnoco6oM
,

, , , ,

lVIO}KHO nocTpoHTb BTOpylO JIOMaHYIO JIHHHIO a
l

a
2

a
3

a
4

. . . H

T. )1.. B TOQKe a JIHHHH nepeceKalOTC5I nOJ( yrJI10M 90°. 3TH JIHHHH MO-

rYT 6bITb npO.lI.OJI:>KeHbI H no .lI.PyrylO CTOPOHY OT TOqKH ale
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,rlp�H H'eOlnp.aHH'q'eHHOM I06JI,H:tKeH'HH Toq.elK a JI'OMaIHbI,e /�TPH.H.H..H npeB-

pa'TR11051 B 1l1.JIa!BHbI,e I}{'P,H:BbI,e, KIOT,opble na!3bIIBalO�051 ''''�paeKTIQlPHRMl1
rJIaB'HbIX KaICa'TeJIbHbIX .Halll!p'51:>K

' eH'HH !HJIH JIHH.H5IlM!H ,�,i�JIb)KelHH5I. 113'

JII{)I6rOH 'T,O:qlKH T.eJIa :M'O:>K'HIQ. H,a1qaTb ,HOICTp'oeHHe AP'Y:DH;X JIH.HHH IClK,OJIb-
u

I

>Ke'HH5I. B .p,el3 r YJIbTaTe ,nOlJI1yqiH:M lK:plIIHOrJI:H'HeHHYIO oP:'f1Q)ftOIHaJIbHYIO 'ceT-

RY JI,H.H.H'H rC!K ' OJIbr}K'eH:H'51, '�O�TO\HlflIYIO 'H:3 .rlBy\X ,iC.8M,eH'CT'B (p:Hi C . 58, 6) .

,l::{..1151 Ipa'3:HbIIX Ha,llIp5l1}!{,e,HHbIx lC-oc'T1Q.51nHH 'Cie',llK'H '6iY�YT 'paI3JI:H,q'HbI, HO

BllOJI!He olnp'e.lI.e.JIeHHbi.

Ka.ca.TeJIbHbIe K JIHiHH5IM CKOJIb:>KeHH5I B JII060H T,OQKe 6Y�YT ,c-OB-

n a:I( aTb IC Han:p a!HJI e'H,HI51:M H r JI am HblX IK alc a T,eJI bHbI.X H alnp'51)K eHHH: iH ne.

y
y

�

, f

jJ

w,=w+J1/2 ('

x

a
x

-

PUC. 59. CxeMbl K BbIBOAY:

a - ypaBHeHHA JIHHHH CKOJIb>KeHHH; 6 - ypaBHeHHA (232); 8 -

ypaBHeHHA reHKH

pe'ceKaTb OCb X no-.lI. 'yrJIOM (i)' H (i)I
= (i)+n/2 (p,H.C. 5�, a). 3T/H yrJIbI

.6YJI.YT llJIaBIHO ',H';3M'elH5ITb-C5I rnpI1 nepe.xo�'e OT O)l.HOH TOqKH K .lI.:pyr-OH.
Hen I

Oqpe.rr. ' CTB,elHH'OU3 .p'HlCY.HK3 'CJIeJl.Iy,eT, q'TIO JL.JI5I loeM'eHIC'l1B JI'HH'HH

{.'KOJIb:>KeHH5I IfM,eeM:
3:JL == tg ill;

!!:JL == -

ctg ill.
.

dx dx

.3TH IYP alB.H'eH,H'51 nlp.eJ(IC'Ta:B�'51IOT (e060H .rr..Hcp/<pep.eHILHaJIb'HbI.e yp a�B-

HleHrH!51 JI HiH:HHIC!K'OIJI b')K eHH 51. T,alK }K,e !K aiR ,6 blJI.O .(1 p'O'HelII. en.o InlOlC l'p
' OeH H e

CellK'H JI'H.HHH 'OK I OJIb l )KelH'H5I, M!O:>K'H'O In ,

oC'T1p!OHTb OIPTOJiO'HaJIbH'Y1O 'c.eT!KY

TpaeKTlOpHH Ir.JIa:BiHbIX .HOIpIMaIJIbIHbIIX Ha,n'p5l}K,en,HH. 31iH 'T:paeKl10IpHH

O'YiJI.YT ne'peC€iKa'Tb JIHiH'HH 'CKOJIb!)Ke-H!H'51 IIl,OIJL y.rJI{)1M n/4 (In'Y,HIKTHlp Ha

p'M1C. .5-9, a), nOtCJK'OJIbKY rJIaB'HbIe KaICa'TeJIb'HbI,e IHalnlp'5J,:>K'eHH'51 na,n,pa!B-
JIe.HbI nOJ( )'ir .JI.OM 4:5

0

JK 'DJIa!BHbIM H'OP:M aJIb!HbI'M.

113 'P!H'C. ;59 C!.lIIelII.Y,e'T,. q 'nO Yl110JI cp x.a1p alK Te'p'W3 I
Y e T H alll p alBJI eH,}I e

r JI alB HbfX :H'OIP'M aJIbHbI:X :Halnlp 51)1{ etH �,H, a YlrOJI (i) xa(p aIK'Tep,H
I
3y

' e'T H a TI -

paIBJIe'H.He ,MaIK'CH'MaLlIb.HbIX IKaca'V�JIbHbIX IHaln,p.H:>K€:H'HH. 0I03''D0 I
M/y .3TH

Y r JIbI iOB 51/3 aH bI M'e:>K1.lI.ry 'C06.0H CJI'etlI.'ylO Ill.:UM:H a.aHHrC}I1MOICT5I:M'H: ill =

cp +
+1t/4; cp=ro-1t/4.

,n'O.n'CTatBJI5I'51 3HalqeH;H'51 yrJI'OB- !B IC'HlcT,eMY ,(2.17), n,04T.I 1yqIH:M:

Ox == a + k sin 2 ill; a
y

== a - k sin 2 0); 't
xy

== + k cos 2 ill. (232)

'O'q eH b 'B ai:>K H'O., 'q'l'O 3'T.H' B bI'p al)K eH'H 51 'n,OI)KJ(.e.C'TIB-eHn-G Y,QIQlBiJIie 'I1HO pl5llO T

YCJIIOB.HIO nJIalC'THlq.HIQICTH: (ax-ay)2+4T�y =4k 2
,

B q'e� JIerKIO y6e-

J(H'TbC5I (�.O,o;TIBe'TCT.B'YIO'Ill.eH tI'OlII.!�TaH'OIB,KIOH. :OlOI3TOIM'Y:B J(aJIbHe.Hllll'e�I,
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olnelp�HpY5I 3''V

�
H Bblpa}K,eH:UHMH, M'Or)K'H'O IH,cr&lIlOq'UTb 'HI3 ,paIOeM,OT;pe.HH-H

YOJIOIHHie .nJI.atC ,H'q!HIQrC'TH, .'HOIC\K10JIbIKY [JiOCJI.eI.D.,Hee 6,YtlI.:eT IY)I.'OIBJI,eTHOp H'Tb-

C!5I n-pJU JI 10\6 bIIX
.

�
alq elH.H 51

I

X ffi.
. ,

H a OiOHOIB-a.� H\� lB'bI1p aliK.elH'HH (2 1 32) y:p a'HHeH�H 51 p a!HH.GIBeCH'H (,3
1

2)
,lI.JI'51 n JI!QoClK'OH 3 a� a)�,H !rrp HIOIOp eTa lOT BH-.lI.:

�+ 2 k ( cos 2 0)

iJ'ffi

+ sin 2 0) �
)

== 0;
ax ax iJy

� - 2 k ( cos 20)
a ffi

- sin 2 O)� )
== o. (233)

ay iJy ax

YpaBIHeH:H5I (23'2) YA06.HO 3an'HeaTb B KpH'BOJIHHeHHOH CHCTervle

K O':>Pif.iH'H aT a, .B, eCJIH 3 a 3 1

T'Y CHfCT,eM:Y iIl'p'HH5I'Tb cel1Kry JI:H:HHH OKIO!JIb)Ke-

J-fH5I.Kal)K!LI.,al51 napa K'p'UaOJI'nHeH�HbIiX .K,QlOip�,H.HaT a, f3 ;Gmlp.arr.re.JI
' 5IeT' n'o-

JI'O )K'e.H.H'e 'fIOlllIK,H H a n'JI,OIc\K'QrCT'H.

Yp-aBHeHH5I: .0. (x, y) ===

0.0

-

eonst; � (x, y) == �o == const onpe.n.eJlHIOT
Ha rr�6eKoeTH nHHHH CKOJIb)KeHH5I.

31111 YrpaIBHelHH'51 tBbI!6H'P aIOT'C-51 TalK, q1'0I6bI li(epe l 3 Ka)K,JJ.YIO 'f10q'K'Y

!n.p'ox,Q)I.iHJI!Q TOnb!KIO 'no OllI.IH:o.H JIH'HHH re-e,M.eHCTBa a H �. B..lI.IOJIb n:H1HHH a

KlOOp..lI.HrHa:TbI {3 OIC'TalO'TICI5I :TII0IC'1'I05l,H'HbIM,H, a 'KOOPlII:HIHaT'bI a H:3MeH5IIOT-

C5I. B)l.rOJIb JIH.HHH � 1KIOOlP.lI..H�H.aTbI a HeH.3,M:eH,HbI, a Klo\OIpUJ.:HIHaTbI � Hi3.Me-

}l5I1OT1051 \II0J1.,Ot6HO TOIM'Y, Ka�K �3T'O H'MeeT :M,eC'DO 'B TI\p5lM'OY:JiOJIbiHIOH 'CH'C-

reM e K100lp JIJH'H aT.

Pa,onnJIiO!)K'H:M Ha1qaJI'O IKIQiQrplII.H.HaT 'CH.CTeMbI xy 'J3 np'OHl31BIOJIb'H'OH
TQlqlKe 0 nle!p eceq e:H HI5I .lI:Bo/ x JI'H.HH H 'OK-OJ! b)KleH H 51 (,p,HIC. 59, B) 'H H a.n-

paBI1M o.CH x, y no KaCaTeJIbHbIM x', .lJ' K .nepeCeKalOI11.eHIC5I B ,lLaHHOH
T,QlqlK,e lIT ape JI'H:H H H 'OK'OJ! blJK e'HHI5I. y,P aiBH,eH'H5I ( 23,2) H yp a B H eHH 51 p a B-

H r OBeC-l151 (2,33) npH 3T,OM ,b'CT a IOTCJI B 'CHJIe, TaK KaK npH fIX 'BbIHOJI.e

:H,a;nipalB.JIeHUe oceH ,npH'HHMaJI,ocb np'O:H3BO.JIb!HbIM.
,

IB 6eClKOaeQn-G MaJIOH OiK!p,eCTH'QlC'TH TlOIQIK,H 0 SJIeMeiHTbI JI.yr ICHlcTe-

MbI a, � Y!IOLK'H'O lC'trHT3'Tb !C'OB!naJ]'.alO'IIl.HM'H C 'KaICa'TeJIHH�IM'H, no IKOTO-

IPbIIM .HafIIlp a�BJI,eHbI ;H,OIBbIe 'OleH x, y, ,H, ,eJIe�laBaTev1b1H'O, :M'O)KHC>

,np HiH5ITb:

a a Q a
d x == d a; d y == d A

; - -

p
ax a� ay ap

YlroJI W Tenepb p.aB.eH HY.JIIO ,�,QlTJOM,Y, QTO ;KIQlOIp,J(�HHaTfHble 'D'CH ICrOB-

na.rI;alO'T !C iKa,ca'l'eJIblHbI'MH iK JI:H,H:HIHM CKIOJIbLKreHH5I. OoJLH,a!K!o aw/iJa,

a'w/i)� B IHYJIb '06paIIl.aThC5I He '6Y,lI.YT, TaK KaK yrOJI w ,H3:v1.eH5IeTC5I

B"n'OJIb KipUnOJIrH.H'eH:HbI'X KrQrO'pi.lI.H!Ha'r.HbIX HanpaIBJIelHHH. B ICiB5Ii3I1 .C 9TH \1

YIP alB:H.e:H:HH p f aB:HIQBieC:H5I (12:33) ifIlp:H.M:YT EHIA:

a (J

+ 2 k
a ffi

== 0;
a (J

_ 2 k � == 0
aa aa a� a�

iJ a
IUIH

----a;; (a + 2 kill) = 0;
aj3

(a
- 2 kill) = O. (234)

I1.H'Teflp-fIpIY5I 3T�H y'pa!B.H,eH,H5I IOOOTB'e"I1CTBeH'HO B)J:OJIb JI'H'H'HH a H �, no-

JIyqHM TaK na3bI I Bae:Mble ,HIHTer.paJIbI ypaB:H'eHHH nJIa'CTlH'qIHOCTH, K'OTO-

P bI e H 3:3 bI:B a lOT T aIK,)Kle H'H'�elI\P aJI a,M'H f,e.HlK 11 :

a + 2 k 0) = G (�); a - 2 k (0'== YJ (a). (235)
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nip OiH!3IBtOJI b.H bI e J<pY,H(KI�nH s' (B) H
1] ( a ) 'H�'eIOT IlltOIC'I'Ofl:HH�le BIH a '1 e-

H H51 TIlPIIi Jlep.eM'eIll..etH!H'H iB�OIJIb O)I.H 0 H H TO H )Ke JI:H:H'H Ii / C,K'OJI bOI{.eH'H H

eQlOT'Be'TIC'TIBe'H,H�O OHC'TretMbI a H caCT,eMbI B. . II
.

EICrJIH 16bI y'pa:BIH'e:HH51 JlH:H'HH ,CK ' OJIbLKielH'Hl5I a, B 6bIJIH 'H!3lBBC''f1HbI, T'J

HHTerpaJIbI r.eHK:H npe,lLCTaiBJlHJI'H 6bI o6lliJee .pf-IIleH;,fe nJIOCKOH 3aJI.a-

q H [IJI a!c lIHJq�HOIC'TH.

rIl'YCTb 'B 1'OIIlK e a H,eiKIO TO P,O,DO ''liMa � eHICTHY eT lap ej)I,�He-e 'H aITIlp!511)I{:e-
H ae <Y == <Ya H .JI'HIHH 51 QK!O JI b�.eH!aH In:p.OJX,OW-'H'T �1I e:p el3 3'TY !'fIO}qlKY n.ot1I. Y f-

a o

tJ

PHC. 60. CxeMbl K Ol:pe.u.eJIeHHIO yrJIa nOBopOTa JIHBHH CKOJIb}KeHHH (a), yrJIa Me)l{J].Y ,D.BY-

�H JlHHHHMH CKOJIb}KeHHH (6) H yrJIa Me>K,lJ.Y KaCaTeJlbHblMH K HHM (8)

JI,o.M Wa (pH'C. 60, a) K !OC'H x. IB: 'T01JJKe b JI')'ICTb H1M'e'eM 'COI0'1IB:etT1cTBeH!H!)

3Ha f q: ' eJH!H!51 (J'==,(J'b H ffi == Wb.

IIlo)IJcTaIBJI!51151 S'T1H JI.,aH!HbI,e, Ha1nlp;If.M.ep, B neplBoe 11,3 Ylpaff3IH
, eH]1H CHC-

T e M bI ( 2�3!5), ll'OJJI yrq'H M

<Ya + 2 k ffia = £ (�) = c; <Yb + 2 k illb = 6 (�) = c,

OTKYAa: <Ya+2kwa==<Yb+2kwb H aHaJIOrHQHO: (Ja-2kwa=(Jb-2kwb

HJI'H

<Ya
-

<Yb = - 2 k (w a
- illb); <Ya

-

<Yb = + 2 k (w a
- Wb).

3TH J1JB a YiP aIB.H eiHH51 'M'O)K.H�o. '3 aUH'ca Tb OIlI:H'OH 'Clip OK'D-H:

(Ja
-

<Yb === ::l: 2 k (w a
-

Wb ).

060'3:Hal1IlI'M: Wa-Wb==Wab. TOD.na

(Ja
-

<Yb = ::l: 2 k Wab,

( 236)

(237)

OTKy.u.a (Ja == <Yb ::l: 2 k ffiab.

J1.3 n'OICJIel,lJ..Helr-o y.palB'H,etH�H51 .c:JI'eJJ.y-eT, Q'T;O JI13.M'5HeH.ne 'QPetlLH.eflo Han-

p51)K,eHll'5! IIIp
J

O'HOJplI.('H 1 0IHalJIb!HO Y'f JIY iTIO:HopiOlTa JI.HH'HH 'CiKiOJI h)Ke'HIH 51
, InlpH-

qe:M 'K'09!cp'cpa�He:HT npo.wop�'H,oIHaJIb,H.o,c'TH :pas.e.H 2k.

T a KIH M -ol6.p al3tOiM, ,ftCJI:H l)'!p.a!B!H e'H H\5I JIIHH H'H ICJKIG-JI bOK.e�:Hl51 'H13 B.elC'TH bI,

TO 'H1H Terp a.JIbI Y p a:HHeJH.H H ,n'JI alc T:HIIl,HIO!C'TH �TIl0'3iBiOJI 51 lOT J},e:nKlO olnp etlI. e-

JI.HTb Op.e)J..H ee ,H alnlp 5l,)K eH'Hie IB JIIO!6 1 0lH TO,qlK,e a J1 I O HI3IBe!C TH OIM'Y 'Clp e)I.'H e-

M'Y H alltp 51\)Koe'H'H 10 B ,[{;pl)'lDO H T101JlK e .b.
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npO.lI.Ii�cpepeH�HpOBaB nepBOe 113 ypaBHeH;HH CI1CTeMbI (234) no

[3, .a' .B''f1op l oe �:o. la iH ,B bI ' q'T51 .niQiqJI.eH�H 0 B'Tlop.oe y.p aBiH,eH 11 e :H3 In.eptB,ofto

(1� ffi

nOJI'Y'I:HM: .

a a IIp
= O.

HIHTe-rpl1pyeM 3TO\y!pa
I

BHeHne CIHaqaJIa no (3, ,a nOTOIM no a:

�: = f (a); OJ =

S f (a) d a + � @.

nOI�O\JIblKIY f (a) -

n<p.OIH'3'BlOIJIbH al5I q.yHIK'I(H5I, T.O S f (a) d a =q> (IX) T02Ke

llIP'OrH!3tHOVIbiH al51 CPY.HIKI:QH.H H, 'CJI.ellI.'OIB alTeJI bH'O:

(0 ==

� (a) + 'I' (�).

B03bMeM K.aKHe-JII160 ,lI,Be JII1'HI1H 'OKOJlb)KeH.HH

B,lLQiJIb Ka�!,[(OH 1113 HlfX K10,op,rr:HHa'TbI f3 ll'OC'I105I'HHbI:

= const; n03TOMY 'l' (�') == const; 'l' (�") = const.

,06Q13:Halqlf.M y/:r.JIbI HaIKJI!OIHa KatCaTeJIbHbIX 00 JI.,Jl51 JI!H.H.HH .a' rq'e'pe3
00' H JI.JI51 JII1HHH a" qepe3 00" (pl1c. 160,6) .Ha OCHOBaHl111 (2;38):
00' =q>:(a) +'\P,((3'), 00" =ICP (Ia) +,p� ((3") .

'IO:n'P'M'�H;M YillQ.JI e :Me)KlIJ.Iy ,lJjBY�51 \K.a'caTeJib,HbI'M�I1' JI:HIH'HIHM.11 a'

H a" B TlOIlEKalX n:epeICeqe!H'HI5I MiX OJ(H,OH H TlOH )Ke 67rnHneH anCT8MbI (3. B

3'TI1X �Qlq;K�.x 3;HaqeHH'H 1K10IopllI.'ytHa'TbI ,a 16yu:r.YT 101,lJ,iHIHaKIOBbI. ,CJI,eiII:O'BaTeJIb-

HIO, .3:H aq eiH'H 51 q> (a) 16ry1.lI.'YT TIO )Kle 0 J('HIH a!KIQ!B bI\M:H :

e == 0)' - w" ==

Cf (a) + � (�') -

[<p (a) + � (�")] === const.

(238)

a' 11 a" (PI1'c. 60, 6).
�' === const; �"=

T aIKJ1!M 'oI6p,a�310lM, YlrlOJl e HM.eeT InOICTiO 51IHHIQ:e ,3H alqleH He. A;H aJI.OIr.H '-1-

HbIH pe3YJIbTaT In,OJIYQI1M JI.Jl51 JIIO�60H napbI JI,H'HHH JI1060PO AP'yropo

,c-eM,eH'C'TBa. HTaK, yr'OJI MeLK1.lI.Y KaCaTeJIb{HbI'MH K JI.;BYM JIHHI151'M CKOJlb-

>KeHH51 O.IT.IHO'fO 'c-eMeH,CT.Ba B TOQKaX nep,eCetIeHH51 I1X JIlnH'H51M�11 CKOJIb-

'}I{eH1151 ,lI,PYDOfrO c-eM'eH'CTBa OCT.ae1'C51 nOC'T05I'HIHbI,M Ha BceM nipOT51}I{eH.HH

3TI1X JII1HHH (pHC. 69,B).
� u u

ICITO IClBrOHIC'T1HO JI'H'H'HH 'CK!Q-JIbLK'eHH51 !H!31B-elCT.H.O ,lllO){ iHa3BaiHHe:M nep-
BOR 'TeOlP'eMbI reHIK'I1. ;Ba(/K,HlOre C'JI,eJ(!CTBH.e aT/OH 1'eOlp,eMbI: eCJlIH IceMei1:-

CTiBO' JIHIH.HH C'KOJIb>Ke'HH51 'c-OJI.'epLKIHT' XOT'51 6bI OJI.HY np51M'Y1O JIH.HHlO, 1'0

ono nOJl:H'OC'TblO 'OOC'TlOIH'T H3 [I!pr51'MbliX.
.JI�HtHI11H 'CKO:JIbl>KelHH51 IBbI'X.0)J.51'T Ha 'CJHOI60l1I.H'Y1O lOT H3IJ';P'Y:3IKH H KO!I-

TaK
'

'f1H'YlO nonepX;nOCTI1 .rr.-e=cp,opMHpy.eM.oro TeJla. Ha 'oB0'60.lI.H.QH, a TaK-

}I{,e Ha K'OHTaIK 1 T1H ' OH ,ll'OIBepX'H'OIC'TH /n'pH 'Q-TtC'Y'lIClIHHH C'HJI Tp.eHIi'51 iKalca-

Te.JIhHo.e !HaTIlpI51LK{�;H(l1e 'txy=O. O'TfCIOI)1.a '.TI 1 01JI')'1qaeM Ha QlCHnBa!HI1IH ,3aBH-

eMM'OC �eH (1.2312) iCill.elIJ.tylO Ill.:ne OOIOTH ' 0Ill'e-H:11I51:

3t 3t

�xy
== k cos 2 ill; 0 = k cos 2 ill; cos 2 ill == 0; 2 ill ==

2;
ill === ::l:

"4
·

TaIKH"M lo6pal3 I O:M, JI'H'HH,H ICK ' OJIbJKeIHI151 .o6el1x 'ceM.eH,C1lB ;neJp,eCe!KalOT

'CIJ31060J(;H'Y1O O'T Halr:p'Y3-OIK 'HJIiH 1{:OiH'TaIKT:HYlO ,nOIHe.p'XlH'OCT.H ,n'p:H IQI'DCY'PCT-
IBI1'H CHJI TpeHI151 n,oJJ. n'OCT051H'HblM y,r JlOM n/4 (Pl1 l c. 61 ,Ia). HanpHMe-p,
B3 ICJI!)"qae OI)IjHIOOICIHOIDO lp.aCT51ILK,eHH'51 JIiHHIH.H CiKOJIb)K'e!HHI51 n.ep,eeelKalOT

HJIDCKHH o6pa3e� no,lI, yrJIOM nf4 K ero 0011. .STOT pe3YJIbTaT BnOJIHe

.corJIacyeTC51 C J(aHIHblMI1, ,HOJIYQeHHbIM,H B rJI. 3 .0 OKaJlbI'BalOIll..HX Ha.

nip 51:}I{ eJH 1151iX.
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ECJIH TipelH!He Ha IIIOlBep:XH
' OIC'T5IIX K'OIH'TaIKTa !JI.,ecp,op.M,Hlpy'efo\f'o ,M.eTaJl-

JIa ,C IH:H'Cllp'YM'eH"f10M ,lLG-C'!;ara.eT ,Ma!K'CHMaiJIbH'OInO 3 Ha 1

q.eH'?'5! ,
1'10 lKa'ca-

reJlbHiQ.e HanpI51.}I{'e!HHe (!fa 'OiC'H'OIBaH,HH <pOpMryJl (,2.312) palBII;Ib 'txy=k. OT-

CIOJI.a: k cos 2 ill = k; cos 2 ill = 1; 0) = 0; 0)1
= O):t .� = -I- � ·

6,

rX a.

8

\

fJ

t5

PHC. 61. CxeMbl, nOHCHHIOI.IJ.He HanpaBJle-
HHe J1HHHli CKOJIb>KeHHH npH pa3HblX y�.!l0-
BHHX 'HarpY>KeHHH Tena:

a -

KOHTYP CBo6o)l.HblH: OT CHJI TpeHHH; 6-

MaKCHMaJl-bHble CH.nbl TpeHHH Ha KOHType:
B - Ha KOHType )l.eticT�yeT CHJl8 TpeHH5J

IB 3TO'M ,CJlIy\qae !K.OiH'TaKTHa'51 .niOBe,pX:H'01CTb 511BJI\ReT1e510IrHl6alOI11.,efl

.J.JI 51 {�)l.,H'OIf'O .c-eMeH,C'TB a IJI HH H H 'CKIOJI h)K eH!H 51, a JI,H H'H!H .lI.'p'Y,[OIro iC eMe�J .

CTiBa n.O\Il.X ' O'.lI.'5I'T IHeJpln'e'HI.lI.iHIKlym'51lpIH!O IK 3T'QiH .nOBe.p'XIHO'C'TH (!puc. 61,6).

',D!P'H .np'-QtMe)Kly"o'4HbI1X 3'Halq,e:H n51 x: IKOB TalK'TiH.Olr,o :K aiC aTeJI bHiQlr 0 H a-

np5I.)K,e,H'H51 yr JIbI ffi \OYUJJYT TIlp'H'016peTa�Tb In 1
pIOlM'eLK'Yl'O'q,Hble '3!Halq.eiHA!H

n

(p.HIC. 61,6): 0 < '(xy < k; + 7t/4 < ill < I
2

.

CJIaJI.,OtBaTMb'HO, iJI�H;HHH CK 1 0JIbOKeHH51 06JIa\,lI,alO'T oJl.el.1IJYIO'I11.HMiH ClHOH-

!C TB aM:H : 1) �lHHiH:H ICJK'OJI bLK-e HH.51 .H'�IIlp.ep bI'BiH bI; [2) 'OH,H o6p a '

3Y lOT J('B a

'Cc I M.eHlcl1Ba; .3) c.e:\1,eHCTIBa JIiI1iHHH 'CIK t O'Jlh l)KeIHHI51 !BI3aUM;H!O np''fiOlr'OiHalJlbHbI;

4) JI,HH�H.H 'ClKO'Jlb)Ke'H'U51_ nep,eCelKalO'T 'TIp aeiKTOlp'UH r..naIBHbI'X. HOP,M aJIbHbIX

Hanp51LKeHIHH no� yrJIOM n/4;5) yrO:JI M.e>K)J.y Ka,caTMblHbIM'H K ,IT.BYM
JIHIHH ' 5I.M 'C!KIOlJIbLK'BHIH51 .QJ(IHOlno IceM.eHIC"TBa .B '1'OIQiKa!X n'ejp.e!cellelHiHI5I 'l-I!X C

JlH,H'H5I;MH JI.ply:r;oro leeM,eH'C'TlBa 'OtC'TaeTlC51 n'OIC"TrOI5I:HHblM; 6) elCJIn ,oeMeH-

'CTB:O JIH'HHH ,OK'OoJIl}-LKeH.a51 'OO.lI.eP.)KIH'T 'X.0'1'51 6bI I()\JI.HIY ITp15l i Iy1YIO JIiM.H'HIO, TO

OHO nOJI�HOIC'TblO !COIC''fIOH'T W3 :np51IMbIX; 7) YlrJIbI !HaIKJIIO,Ha J1.H!HH,H OKOiJIh-

m.eHH'51 'TIIP'H 'BbIXIOI,lI"e Ha K\O!H(11)"p. .3a!B'H'CI5IT 'OT ,Be.JIIHIIJIHiHbI KalCa'TeJIbH'OrO

Hanp5l)Ke I HH5I
.

Ha 'KoHType H 'H3Me'H511O'fIC5I �B' nlpe)J.eJIax OT 0 )J.O n/2:
8 ) H3�M�eHeH:H-e ,op.e)J.H etf10 H'o-p M a� hH'O([lo- H alp;p 51JKeH H 51 nip H I,lI,IB'HI>Ke'H H Y1

\B JIJOUI b JI'HiH'H H OK'OJ! b)K,eH:H.51 TIlpiOITIlOlp IJ.:H O'H a JJ. hH,O )'Ir,JI Y ee In'OIBIO p'OT a.
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,B Ma'Te.M'�:'f1HlqeCIK'OH cpH.3HIKe paBpa i 6ora!HbI ;MeTtO;JI.'bI p'e1lleH'Hl51 y'paB-
'H,etH'HH TUna (!2:33)c n'OM'OI11.blO ypaBHe'H'HH X'apaK'Tep'HeTHK.

',LL.JI51 Ta'K'OH' CH'CTeMbI ypaBHeH,HH' Xap3!KTepH'C'THKH HM.eIOT ,CJIe.rr.ylO-

mHH 'HH�:

!)L= tgw H � = - ctgw.
ax

.

ax
(239}

3 'PH Y P as:H eH,H.51 nlp'etlI.!C'T aB'Jl51 lOT OO!60H �'B'e IOHIC'Te!M bI 'OP'T,OIDO,H,aJI blH bI X

IK'P.HBbI!X, nOJIl)'flI:HlBlll'H!X iHa l 31BaHHe JIHH�HH xaipaIKTep-Hlc'THIK. MbI fBln.n,HiM,.

IrI�O JIH:H,UH xa�p.aIK!TlepiHIC'r:HiK Ic.OlBina�aIOT 'C T1paeKT10IpH51iM'H rJIa�B'HbI(X Ka-

CaTeJlblHbI,X !HainiptHl>K,eHIHH IB .nJIO'ClKIOtlI.ecpOlp:M:apy.eIM'OM 'TeJIe, T. e. C ;:InHH-:
I5I.MH OKiQ\JIb>K'eH:HH. T.a!K'HlM Jo,6pa30M, ;q"P06bI HaHi:,H JlIHHHH 'OK,OJIb)Ke I HH51"

,lI,OCTaTOqHO onpe.n.eJlHTb xapaKTepHCTHKH ,lI,HcpcpepeHIJ.HaJIbHbIX ypaB--
HeH,HH nJIa I C"rH

' 4,eOKOIr.0 tpaBiH , 0IBeC-H51 (2
1

33). ,LLaJl.ee, }!,Me5I !)'ipaB!H'eHHe JIH-.'

IHHH CK'OJIb)K;eHH5I .HJI'H ,xapaK'Tep'H'C'TH'K,' MO>K1H.0 Qlnpe,lI,eJIHTb Hanp5I>Ke-
HH5I ,B JII060H TO,qIKe J(,e.q)'Op'M.HlplyeMI.olr.O TeJIa.

.

M.eT()j,[{IQ;M 'XaipaIK'Telp'H,C'f.HIK 'p,eIlIeH p1511J( Bai}KiHbI,X 3aJI.a,q. OiIT.iHaIK'o lllO-,

JIY14e:HHe Ipell,eH:HH ;B 3a�M'KHYTOH cpop,M,e IOIKa:3bIIBaeTC51 iBOI3,M:01>KIHbI,M-:

JIHllb .np.H Ha.JI'H'qIHH np-e,lI,:HO.rI'O>K-eHH51 06 OTCY-TCT'BHH TpeHH51 Ha no-,

'BepXHOCT51X K'OHTa'KT.a. DpH .HaJI.nll'HH nep:eM.etH'HbIX KaCaTeJlbHbIX Ha-

np51}K.eHHH '-npHM'eH5I-eT�C51 qH'C.JIeHIHOe ,H-HTenpH!p'OBaIH,He YP'a'BHeHHH'
xapaKTepH.cTHrK; In,pH 3TOM nOHC'K .o6IQer,o p-ell.eHHH 3aMeH511O'T ,Q:npe,lI.e-

JIeHHeM 'H,CKO'MbIX CPY!HKI.('HH 'E 'KoHeq'HOM q.H'CJIe Y3JI.Q-BbIX TQ-qeK TI:pn6-
JlH>K,eHHOH ceTKH xapaKTepH!C'T'H'K. iB. pe3YJIbTaT'e nOCJIe TpyJI..oeMIKHX

BbIqlHoCJIeHHH MO>KIH-D n.OCTp,OHTb r.pacpuK ,lI,Jl51 KaK,oro'-JlH60' KOHKpeT1HOf:O'

cJlyqa51 6e3 HO'JI'yqeHH51 HarJI'5I I ,lI,HbIX �aHHbIX 0 BJIH'51'HHH TOPO HJIH HHoro,

napal'vlerpa npoueoca 'H.a ,pa1onpe!I.eJleHHe Halnp51}K,eH'HH 'H lI.ecpopMaI.(HH.,
B 3T'OM OJI.'HIH n3 He,lI"OCTaTKOB H3JI'0}KelH'HOr,o MeT.OJLa.

O!.IT.'HaIK'l) HHIOI1,lI,a ,MI0'}KH10 InlQ'C'fIp,QlH'Tb JI�H'HH.H CIKOJIb>KeHHI51 6e'3 perrne-
HJD51 Ylp.alB'H,e.HHH xapaIKTep;nCTH!K, H'enOJI�3'Y51 JIalllb re()IM.e:Tp,HI4elcIKae'
oc06eHHOCTH ceTOK JIHHHH CKOJIb)KeHH51. IB caMOM .n.eJIe, B 06I11.eM-

,cC/TJyqae ,lI,.Jl I 5I nOlC'Tlp I OeHH5I :ceTKH JIHiHIHH OK'OJlbJKe!HiH51 MbI palCII10JIalraeM

ypaBHeHH5I'MH xapaKTepH,cTHK (!2,3'9) H rpaHHq;HbIMH YCJIOBH51l\IH.

B nJp'oC'TeH'lleM cJlyqae ,lJ.JI51 .C-�TKH np51M:OJI'HHeHHbI ' x JIHiHHH ,CK'OJIb>KeHH'5I,.

,BbIXO:,lI.5III.I:HX- 1H-3 OJI:HOH T-OIIK'H,H Q.pTior'O'HaJlbJHbIX HM OKpY>KHOeTeH yp aB-

IHeHH51 TIJlaCTH,qec-KOfrO paBlH.oBe.CHH (:23.3), a CJIe.n.DBa-reJIbHO, H ypa,BHe-.

HH51 Xap3lKTepnCT1H;K (239) a'BTOMaTH-qeIC.KlH YJ('oBJle'r.BOp51IOTlC5I. Ilo--

3'DOMY TaKHe CeTKH MorYT 6bITb n'ocTpoeHbI TOJIb'KO Ha OCHOBaHHif

rp aHHqHbIX YC"JIOBHH.

In p If iM e:p 7. IOnpeAeJIHTb �o.HTaIKTlllbIe IHa'npRI)KeHHSI, ;B03RRK31011Ule ;npH .BHe.n.-

,peHHH ITIJI.OCKoro illT.aiM!Ila iB !TIJI,aCTIHlqe:C.Koe 'IIOJI;Y,TIP'OiC'r.p,aHlCT,BO. 'TpeH'He Ha !TIO'BepXHOCTW

KOHTaKTa OTCYTCTByeT.
J3 AaHHOM CJI-yqae JIHHHH CKOJIb>KeHHfl B 'COOTBeTCTBHrH C HX CBOH'CT.B�.Mlij o6pa-

3YIOT nOJIe, COCTOHm.ee 1M3 Tpex 'paBHOBeJIHKiHX TpeyrOJIbHHKOB C BepIIlHHaMH A.. B elf

C H ABYX BeepHbIx nOJIeH Me>KJlY HIHMH, ODpaHHqeHHbIX JJ.yr�M'H AB 11 BC OKPY>KHO-'

cTeH (pH'C. 62).

Cpe.nlJ:lee HanpH>KeH.He Ha cBo6oAHOH ,TIOBepX'HOCTH .paBHo

C1
xb + C1

yb

2(Jb =
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!I1pH 3T'OM 'O'yb =0, ICJIfIA,OBaT.eJIbHO, O'b ='O'xb!f2. 113 'YCJIOBHSI TIJIaCTHtI1HOCTH {Jxb-

-to'yb =t2'Vk ��pH O'yb'=O ITIOJIyqaeM .{Jxb =f1:v,k. JTI03TOMY l(Jb �'Vlk.

,06p.a '
m.aSI.Cb II{ 'p.aIBeH'CT!BY '(237) , lHaH,lJ.eM tCpe,lJ.Hee HaiTIpH}KeHHe:B !Tt01JKe a:

�
a _

'J k::t:2 k CJ)ab. 11,cnOJIb3'YSI ypaBHeH'HSI .nJIaCTHGHOCTH IH BbIPa>KeHHe Cpe,lJ.HerO Ha-

.npSI>KeHHH, HMeeM: 0'1
-

0'2 = 'J k; {JI + {J2 = 20'.

CKJIaJI.bIBaH IH BbIqHTaH !TIOqJIeHHO 3TiH ypaBHeHHH, nOJIyq-HM

'0'1 = C1 + 'J-k; C12
"

0' - 'J k. (240)

B03bMeM rrepBYIO H3 CPOP'MYJI 'OHCTeMbI (240). ,LLJI'H Harnero CJfyqa.H 0'1 =IO'y H

�a =10', CJIeJ!.'OBaTeJIbHO, O'a =IO'y-vk.

x

PHC. 62. CxeMa K onpe.n.eJleHHIO HanpH>KeHHA npH BHe,u.peHHH Tynoro nyaHcoHa B nJl;t.

CTlilleCKYIO cpe,u.y

npHpaBHHeM JJ..Ba nOCJIe,lJ.HHX paBeHCTBa:

{J
y

- 'J k = 'V k :i: 2 k (Uab ,

I

1

).()TCIO.l\a C1
y

= 2 'I k (1 +

--:;- W-ab .

HanpH>KeHHe O'y -'C>KHMalOm.ee. TI03TOMY CJIe.u:yeT np-H-HHTb :\1=-1. Tor,lJ.a

�y
= -.2k �I ::f::'(Ua b). B:HaK '«MIHHy!c» IB ICKrOIO'Ke 'CJIe.ll.ye'T OT1tSpOCHTb, 'TaK lI<aK IIrQ Ijl1CJIOBHIO

3aJI.aqH !HanpH>KeHHH .O'y He .MO>KeT .6bITb MeHbrne 2K. CJIe,lJ.OBaTeJIbHO:

U
y

= - 2 k (I + CJ)ab). (241)

B IHallieM I/1pHMe,pe CiJab=nI2, III03TOMYC1 y
= - 2 k (1 + ; ) = 5,14 k = 2,57 K.

O.Ka3aJIOCb, liTO KOHTaKT.HO� HanpSI>KeHHe B 2,57 'pa3a 60JIbrne IH<CTHHHOro conpo-
1'HBJIeH'HSI ,lJ.ecpopMall.UH K, qTO SIBJISIeTCH pe3YJIbTaTOM ,lJ.eHCTBHSI BHeKOHTaKTHbIX 3qH.

TIO,lJ.p06Hee 3TOT Bonpoc :6YJI.eT OCBeII.J.BH B rJI,aBe VIII.

9. B�pHaQrHoHHbIe MeTOAbl

tC�H..JIbI, ITIlp�.nJIIOj)KeHlHble lOT H'H
'

'fIpl)l1M,eH.Ta K M,eTaJIJI'Y, T. e. alKmB.HbI�

CH1J1bI, npeOU1.0JI,elBalOT IB'HYT1peHIH:He ICliJlbI 'COlnlp:O''nH'BJIe.HIHH M,e�aJIJIa J(e-

\�'opMal�H:H, 'CHJlbI leOlnpO'T1H'BIJI-eH'H.H Tpe'I-lH51 Ii OHtJIbI looln '

p.OI'PH'BJI;eHHI51 CO

�C'fIOp!OIHbI IBiH'e:KIO'H'TaIK.T�H'bIX 30H, e,CJIH TaIKOBbI'e 'H�MleI011051.
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,n03TOMY no 3aKOHY coxpaHeHM51 3HeprMM pa60Ta A aKTMBHbIX CH.Jf

pa'BHa pa601'e Ap; .OMJI .eonp'OTlfBJIeHHH ,lI.'elcp'op'Ma�MM, .pa60Te A Tp CHJI.

TpeHM51 H pa60T , e A3 .CMJI conpO'TM'BJIeHMH B'HeKOIH'TaK'T'HbIX 30H:

A == A� + A
Tp -1- A3 . (242}

C n'0'3;M[[�,MH 3'llOiJiO l)"paIBHeHiJ151 paOCM'O'Tp'UM CJI'YllaH OC3IJ1JKM. 3JIe-

MeHTap.Ha51 ,pa6oTa aKTM'BIHbIX OMJI (pMIC. 63): dA ==(Jydxdh. 3JIeMeH-

TaplHa51 ,p'ar60Ta ,lI,ecp.opMa�H-M: dAp;==Kdxdh.

y

V!J

e �I�

x
...

6g

PHC. 63. CxeMa K MeTO,D.HKe paCqeTa HanpsDKeHHA, OCHOBaUHoA Ha

yqeTe pa60Tbi BHelllHHX H BHYTpeHHHX CHJI

.9J1'elMelHT ABCD IB il1lpn�e\Oce ,lI,-ecpOIPMaI�MM nepeMeI11.a.eT .o6'beM

ABEO Ha 'Be.JIH'q.M'HY ds, p.aBlHYIO H:3'MeH.eH,HlO pa3 1 Mepa 3JIeM.eHTa B 'Ha-

npaBJIeHMM OCM x. 3TO nepeMeI11.eHMe MOLKHO onpe,neJIMTb M3' YCJIOBH5t
, dhdx

n.OICT'Ot51!H'C'TlB a 0/6'beM a: d s ==
.

h

'CMJIa TpeHMH, JI:eH'cTBYIOI11.a'51 Ha 9JIeJM,e:HT ABCD 'OT .o6'beM.a ABEO...
x

paBHa S 't
xy

dx.

o

3JIeMeHTapHa51 pa60Ta eMJI TpeHM51

dA
Tp

= - 2 (f d't
xy

dx ) ds

.HJIM

dA
Tp

= -

: (J d't xy
dx ) dhdx.

Pa601Ta 'eMJI 'oolnp'O'TM'BJIeHM'51 HHe:KOHT3iKTHbIX 3iQ'H A 3 ==O.' Ha IOCHO-

BRHMM (242) BMeeM

CJ
y

d xdh = K dxdh -

1: (J d't
xy

dx ) dxdh
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11 JI 11

2
x.

<a
y

= + K -

h S "xydx. (243)
o

TI p H M e p 8. OnpeJI.eJIi:H:Tb ,�OHTaKTHoe Hanp5DKeHHe O(J y no ypa.BHeHIO (243), eCJIH

''txy =;JLK.

TIpH 'txY'=I�K ;y:p,aiBHeH,ne' (2413) .npHo6peTae� BHJJ,:

2
x

LOy=K-
�

K S dx.
h .

o

I1HTerpHP'Y5I H nCnOJIb3YH rpaHHqHbIe YCJIOBH5I: x = 1/2; -(J y
= -K, nOJIyqHM

11
Y

= - K [1 + 2: (+
-

x )] .

MbI nOJIyqHJ,lH Bblpa>KeHiHe (200) KOHTaKTHO'I'Q HanpH>KeHHH np,H nCa,lJ.Ke. dTOT

:pe3YJIbTRT 6YAeT nnHHTeH, eCJ1IH npoJ{HqJcpepeHl1JHpOBaTb paBeHcTBo (243). C yqeTOM

'ypaBHeH=H5I nJIaCTHqHOCTH IO'X-O'Y =rvK nOJIyqMM

-'da
x

2

.dx +T 't
Xy

= O.

T aiKHM' ol6p 3'3 1

0iM, M bI UIIQlJrYlqtHJI'H ym e H!3'B.eC'IiHIQle .H aM [I!P Hi6JI.H2K-eH -

IH o.e y p alB H.eiH'M,e p a B'H,OBieCH51. iCrJ},eJ(IOIB a:reJI bH 0, iP alOq e'r H all1'pi51'}K eH:H:H ,

'OCHIOIBa:HHbIH Ha yqeTe pa6 i OTbI B!HeIIJlH�HX H B3H'Y'DpeHIHIHX CMJI, 3IKB,H'B3-

JIe\HTeH p a 1 oQ,e'f1Y Ha!np51)KeHMH acx i
OJI.

' 5I H3 IpaICJClMr()!TtpeH'H51 Y!CJlOIHHH pa'B-
H ' OlBe I CH5I C"HJI, BI08lU.eHCTIBfYlOllI.lfX Ha TeJlIO.

BapHaQHrUHHble MeTOJI.bI onp'e)l.eJleHH51 YCHJIHH M �:ecp'o:pMaQIMH, n.o-

:.n.06HO 'pa'ClC:MiO'TpeHHoMIY Me'TOJI.i)' 'YlqeTa pa!60\T, 'QlOHIOBaHbI Ha 8IHepr.eTH-
1.:{.eICK ' O!M ,plpM!H'QHirre. BaIP,H3:Q'HOIH'HbI,e MeTolIJ.bI tZLalOT BI0\3IMO;)K;H 1 0C'Tb tTIlP'H-
o JI,HI>K.e!H1HI0Ino !oln p etD. eJI e:H:HI5I p alclnlp el,lI,eJI,eH�Hi51 H ain p 51 >KeIH:H H 'H VI. ecp'op.M a..

lIJ1H tHO r06'be:MI)' 'TeJIa, a TalK>Ke <plo-pMbI TeJIa .TI:OICJI.e'\II..ecpop;Ma:QiH'H :c yqe-
TO!M ee H-ep alB!H10IMlelp,H,OIC'TiH.

LL JI 51 :n'OIC'Ta'H'OIBIK'H B aplH aIQHiO'H:H bIIX ;3 a� aII CJrYj)I{lHT \B ''POIM aJl:H 'HIH10 M

,BMJI.,e iHa!1.I,aJIIO iB03:M,Q')KHbI'X H'3M,eHelH'HH :Halnp!5I , }KeHiH ' OlflO C.QC'f.0151.H'M51 (!Ha-
rq a.ma K aICJT!HUliHr51!H 0) 'HJI;H 'H alII aJI!O BOI3.M I OJR'H bIIX IHa3iM eJH eHIHH .n ecp'oplM Hip 0-

.n3lH,HOlf 0 IOOC'TIO H!H.Hi51 (IH aq aJI,O Jl.alrp a:H'}K a) [ 4-:-6] .

COrJlaCHO HaqaJlY B03MO}KHbIX H3MeHeHMH JI.e<popMMpoBaHHor.o co-

CT05IHH51, pa60Ta (3HeprH5I, MOIIJ.HOCTb) Bcex BHeIlIHMX H BHYTpeHHHx
(CHiJI IHa 'H0I3 I MIQl>K,HbI'X TI-ep,eJMleI11.eJH'H5F.X O!KIOrJItO, OOIC'1'05IHin51 IP alB'H'O,HeC'HH

p.aIB:Ha 'HYJlIO.
aT-O O'3iHaqaeT, qTO, eCJI.M U - .pa60Ta BtHYTlpeHHHX, A - pa60Ta

B H eJIll'HHX ,C HIJI, TO {)\K'Q;JI,O ,OOC'T,Qo51 H;H 51 'p a 'BiHIQlB eCM51 HlX .B ap,HaiQHIM p alBH hI: ';

nU==6A HJIH, qTO 'BapH'a�H5I .HeKoTopor,o CPY'HKIl!M'O'HaJIa W OKOJIO .co-

�TOHHH5I paBHOBeCH51 paBHa HYJlID:

.0 W == 0 U - 0 A == 0; 0 W == 0 (U
- A) === o.

3.,lI,eJCb IBalp:Ha l IJ.H5I pal60rTbI IBHeII1aI,HX .eHtJI

.0 A =

S S (Px 0 U + Pv 0 v + pz 0 w) d s,

(5)
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f.rr:e {jU, {jV, {jW -

,CM-ellI..e.HH51, OOBM.eC'THble C rpaHH'QHbIMH YCJIOBH5IMH;

S -. nOBepX'H'OCTb,' no K'OTOpOM np'HJI'O>KeHbI ,CHJlbI.

BapHa'�H5I p'aek),TbI BHYTp.e!HHHX CHJI:

o U == 0 ( S S S n d V ) ,

(v)

r,lI,e UOTeHI.J.H.aJI TI pa60TbI .lI.eJcp'qpMaQHH

TI == ax e xx + a
y

e
yy + . . . + tt

zx e zx . (244)

E'CJrH npHH5ITb Y'CJIOBHe nocTo5iH'C'TBa O'6'beMa, TO rt:OTeHQHaJI pa-

60'1' bI .J(,elcpo:p M a QH H 'up UB.n.lI!H'TiC51 K BH;AY

TI = ai ei . (245)

D03'T 1

0M'Y BapHa�H5I pa60TbI 'BHYT,p-eHHHX CRJI

ou= SSSai oe idV -,- 8 SSSO"ieidV.
.

(v) (v)

MHHHMYM nOJIHOM 3HeprHH ,lI,JI51 JI1060H CnJIOlliHOH cpeJI.bI COOTBeT-

oCTByeT ,,lI,�HicTa'HTreJIbH'OM cp.Qtp,Me paB'HOBeOH51.

,LlJI51 3Toro CJIyqa51: � \f -.-:.- � U - � A =-= 0

HJUf I') W = 0 (S S S O"i ei d V - A

)
== 0 .

\ (v)

3'1"0 YCJI,nBHe M'O>KIHO CPo-PMYJI,H.p,oBaTb 'TaK: JI.eH'cTHHTeJIb'Ha51 'cp.opMa
p.aBHOBe ' CH51 co06llI.aer nOJIHOH !p'a60Te J(ecpopMaI.J.H'H 3KcTpeMa.JIbH.oe
3HaqeHHe.

3aMeTHiM, qro nep'eMeI11.eHH51 Ha KOHTa.KTH'OH nOBepXH'OCJ'1H M'O>KHO

Bapb'H;pOBa'Tb T'OJlbK'O B,lJ,rOJIb Bee. E'CJlH me ,Ha HeKOTopOM nOBepxHOCTH
. 1

K
u

KacaT-eJlb'H�e Hanp5I>KeHne 't xy
==

2 '
T'O irrepeMellI. 8 H HH 'HeT, H n013TOMY'

BapHaltH'5I pa60TbI B-HelllHHX ICHJI {jA �o.

,B TaKOM c.nyqae np'Hx,np,HM K paBeH'CTBY

o (SSf O"i ei dV)
= 0,

(v)

T. e BeJIHqHHa CPYH:KQH-nHaJla

W = S S S O"i ei d V

(v)

(246)

(247)$

nOJlyqaeT 0K'cTpe.MaJIbH-oe 3HaqeH'He no epaBHeHHIO co BceMH er,o co-

c.eJI.HHMH 3HaQeHH51MH, 'COBMeCTHbIMH C YCJI'OBH51MH paBHoHecHR 11 3a-

,lXaH,HbIMH 'BHeII;lHHMH 'C'HJIa'MH..

Jl. M. K'aqaHOIB 1
,lI,OKa3aJI, QTO e-CJlH dei/dai > 0, '1'0 {j2W>0 'H, CJIs-'

J(O.BaTeJlbH'O, BeJlHqHHa W HMeeT MH-HHMYM. Ho HMeHHO Ta!KOH xapaK'-
i

I K 3 t.J 3 H.O B JI. M. MeX3HHIKa nJIa.CTHt.JeCKHX cpeJ{. focTexTeopeTM3,rr:3T, 1948..

215 c. C HJI.
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T�p 'CB513M Me>KJ(Y, o-606I11.eHHbIM'H JI.ecpOpM3I.(neiI M Hanp51LKeHHeM HMe-

,e'T M'e-C-T'O JI.Jl51 Me'TaJIJI'O'B. [lpH 8T'J,M n'OJIaraIOT, tIrO H3rpY3KH BCer.113

TOJIb'KrO BlQl3'p3CT3lOT H npOnOpII.M:OH'aJIbHbI OJI.H;OMY nap3Me'Tpy, T. e.

,qTO .HarpYLK-eHIi'e 51BJI5I-e'flC51 In,p.QtC'TbIM.

[JoYCTb TeJIO H aXOJI.'M'TiC51 B �CiOC'TOHHIfI1 HJLe3JIbH'OH nJI aC'THtIH'OCTH.

TIiplH 3TOM (Ji==(Js H CP'YHKI1.!HOHaJI (;24'7) npMol6pe'Taer BH,lI.

W = 0'5 S S S ei d V

(V)

V2
SSS

.

MJI.M W =

3
as V(e xx

- e
yy )2 + (e yy

- e zz )2 +
(v)

+ (e zz
- e xx )2 + � (e;y + e�z + e;x) d V.

2

3a�3iB e xxJ e
yy , ...,

e zx B 'BHJI.e HeK,oTopbIX rcpyiIK�HH, H3'np'HMe-p

13 ,B'MJI;e: exx== I Cmcpm (x, y, z) H T. J(., nO,lI,'CT3BM:B HX. B BapH3nH'OH'Ho'e
m

yp3BHeHHe, npOHHTerpHpOB3B pe3YJIbT3T no OOneMY H BapbHpYH no

�KIOl3cplcpMI.(H'eH'TaM Cm, nOJIYlJ,J1.M p51JI. ypaBHeHMH:
a w

== o.
a w

= 0
a w

= 0, ,..., ,

a Cl a C2 iJ Cm

11'3' K'O'TOpbIX HaH',lI,e'M CI, C2, ., Cm. TIo'CJIe,lI,HHe B CBOlO Ollepe)I.b 6y-
..U:YT H'eK'O''fI0pbIMH 'cpYH'K�M51MH napaM'eTp'OB, Onpe,lLeJI51lOI11.MX .np'o�ecc

JJ:ecp\Q;p'Ma�'M!H. Ta!KHM 06pa'3'OM, :BapHa�,HOIHHa51 33JI.a'1l3 'C.HOJI.H'T'CH K pe-

lueHHlO 06bIllH-DH 3a�all'H Ha 3'KiC'T'p'eMY!M CPYHK�HH K'OHellH'Or,O llIi'CJIa

ll'ep.eM,eH,HblX.
. [IpH m � 00 nOJI'yqHM TQ'tIiH,Oe 3Haq-e I HMe MiC'KOMbIX r<pYIHKIIlIH. TIP,H BbI-

.60;p.e BIM1I,a H qHiCJI3 'llJI,eH'OB iCPYIHK�HIH 'He CJIeJI.y,eT 33.6bIB3Tb 0 TQiM, qT'O

OiHM ,LLOJl>KHbI YJI.OBJI'e1'BOp51'Tb ypa'BH.eHH51M paBHO:BeCH51. TIpH C'Tpor'OM
u

p,elle.HHH Bap'HaltHfOHHbIX 3a)I.311 3TO CJIeJ(yeT H3 C3MOH MX unCT3,H '

OBKH,

HO CTpIOI�M'e pelleHM51 Bap.M'aI.(M.Q-H:HbIXI 3a,lI,311 H3T,aJI:KHIBaIO'TICH Ha 'Henp-eo-

JI.OJl'MiMbI,e nOKa orpaH'nq.eH"H51 MaT-e,M3'TMqeOK ' OrO Xap3K'Tep3. B'BH.1I.Y
3TO.rO BBrO,lI,51'T:C51 ynp'OllI..eH'HH, K<JTOpble n,pnBOJI.51T K HeOOOT:BeTlCTBH51M M,

'B qaC'1IHO�!TM, 'K .H3�PY,IlIIe-H:MlO Y'CJlOBMH pa�BH'OBe'OMH. n-oI9'T ' OMY, ll''POiObI

M36e)KaTb 01lIH6oK, CJIeJ(yeT, npOM3BOJIbHO 33}J.3B3H HeKOTOpbIe .H3 JI.e-

tPOP'M3ltHH, JI.'pyrae. nOJIyqH'Tb M3 Y'CJI'OHMH era'DHKM.

KCrQLKaJl,eHI1lO, 3'Ta OnepaI.(H51 H3'TaJIrKMBae'I'CH H3 Cepbe3'Hble, 3 BO

MHOrHX CJIyqa5IX H Henpeo,li,OJlMMble T.pY.lI.'HOCTH.. B CB513M C 31':MM BaLKHO

BiCHKMH pa.3 TeM HJIM MHblM enoeo60M nOKa33Tb, HHTerpH'p'OB3
I HMlO K3-

K'MX n'p'HI6JI'MLKeHiHbIX y,pa:HHeHMH oC'T3TtHKH paB.HO�eH.HO JI.aH,HOe npU6JI.H-
)K,eH:HOe BapHaI.(HOH.Hoe pellIe'H'ne.

.,[LaJIee, BO H'3'6eLKaHHe OCJI'OLKH'e-HHH M:aTeM3'TUtI'eOKOrO xa1pa-KTepa He

CJle.zi:y.eT 6p3'Tb 6oJI,e-e -rpeX-qreTblp'ex n3 I

paMe-rp , oB. JIyqlle, 'BbI6paB
n 1 0J(XO,lI,5II11.He no KpaeBbIM YCJI

' OBH51M <PYHK�MH, orpaHHllHTbC51 ,lI,BYM51

IiapaM'er-parM'M. B 'TaKO'M CJIyqae O.lI.MH H3 HMX .HaXO.,lLMT!C51 H,3 rp3HMqHbIX

Y'CJI'OB'MH, a BT10pOH -'M'3 YICJI:OIBMH MH'HrMMY,Ma CPYHKIJ:M10HaJIa.

154



ECJI'I1 .Ha KOHTaKTiHOH nOBepXHOC'TU1 HMelOT MeCTO nepeMeIll.eHM51, TO'

3a.u.aqa 'OBO,lI,H1iC51 K OTblCKaHHlO M'H'HrH'MYMa TaKO'DO <PYHKQH-OHaJla:

W=S55 a l" d,l+ 55(Px u +p y V+P z w)ds.
(v) (5)

YllHTbIBa51, llTO nepeMeIll.eHHH Ha KOHTaKTH.OH nOBepXHOCTH MO>KHO.'

,Ba r

pbHpO,B3'Tb TOJIbK.O BJI:OJIb He-e, 113lCTb qJI,eHDIB B H'HTe.rpaJI'e no no.Bep-

X,HOCTH o6paIII.ae'f1c5I 'B HYJIb H <P'H;3IH'llec.KHH er'Q 'eMbI'CJI 3'aKJIlO,llaeTC51 B:

T'OM, q'TO OH 'Bblpa>KaeTpa'6oTY (eHep1rHlO), 3aT.paQUBaeMYlO Ha np.eo-

.u.OJIeH'He 'OHJI Tp�eHH51.
B .cJIlyqae TeopHH -TIJlaICTH'll.eClK,oro T-elleHH51 XrO.u. p,erneHHH 3aJ(allH.

aHaJI'OrH'lleJH 'TOJlbK'� qTO ,onH'ca,HHOMY ,lI,JI51 J(ecp'opMaQHOH'H:OH 1'e '

OpHH.

H,o B 31'OM CJIYllae OTblIC�HiBalOT MH:HHMYiM CPYHKQHOHaJIa, npe,lI,tCTaBJI51-'

lOIll.,ero .0060H M.OIll.HOC'Tb, 33'TpallH:BaeM'YlO Ha JI.ecptOpMa�HlO TeJIa, H

MOIll.HOCTb, 3aTpaq�HBaieM'YlO Ha TI'p,e-OJ('OJleHne conpOTHBJIeHHH KOHTaKT--

HODO Tp'e�H5I:

'Y = 555 ai ei d V + 5 5 (Px it + Py v + pz w) d s.

(v) (5)
-

,n p HIM e p 9. .PaOCqHTaTb 1K0131<Pt<p,HIlI.'HeHTbI l2J.oetQJ.opMa!IJ UT .-

H Icpe:,lJ.IHee /l{1Q;HTalKTHOe-

Ha'II,pSII)KeHHe nplH oca,lI.'Ke Ina.p,aJIJIe.JIelnHJne,na 1.

3,lJ.eCb MbI BnepBbIe BCTpe'tJaeMcSI C 000-

eMHoH
.

3a,lJ.8'tJeH nJIaCTHqHOCTH. COBMecTHM

HaqaJlO KOOp,lJ.HHaT C u.eHTpoM T5UKeCTH rra-

paJIJIeJIenHrre,lJ.a (pHC. 64) H BBH,lJ.Y CHMMeT-

va
pHH 0Y,lJ.eM paccMaTpHBaTb JIHllIb ,lJ.eQJopMa- 1
QHiO 1/8 qaCTH rrapaJlJIeJIenHne,lJ.a. ,

BBe,lJ.eM ,lJ.Onym.eHHe 0 TOM, qTO B npou.ec-

ce oca:JI.KH iQtOKOBbIe ICTOopO!HbI 'napaJIiJI�eJlbHbl.

I1YCTb cpe,lJ.HHSI CKOpOCTb OTHOCHTeJIbHOn

�e<popMau.HH no B�COTe napaJIJIeJIenHneAa oy- :

,lJ.eT:

y

e
yy

= -

2 vo

h

a

C'--..J

............

.t:::

z

"6/2

PHC. 64. CxeMbl K paClleTY npo�ecca-
OCa,lI.KH BapHa�HOHHbIM MeTO,D.OM

'f.u.e Vo
-

-OKO.pOCTb 106J1H1>KIfHHH 60 HIJ{,OB' npeloca.

B pe3YJlbTaTe OCa)1.K'H no BbICOTe npOHCXO,lJ.iHT YBeJI'HqeHHe none'peqHbIX pa3MepoB...
E'CJIH CKOpOCTb )1.eQJopM.aru.HH YllIlHipe'H'HSI mpH:HSI'Tb Ip.a:BHoH

. 2 Vo
e

zz
= A

h

TO ICKOpOCTb JlelQJop'MaIl1.HH I)TJI.JIHHeHH'H .6YJI.eT

. . 2 Vo
e

xx
= (1 - A)

-

.

h

3TO CJIe,lJ.yeT 'H3 YCJlOBiHH nO'CTOHHCTBa ,ceKYH,lJJHOro o6'beMa.

A.6COJIIOTHbI€ .3-HaqeHHH CKorpocTeH 6Y,lJ.'YT

2 Vo . 2 Vo
v = -

y; w = A -

z;

ho h
it = (1 - A)

2 Vo

h
x.

I 3Ta 3a,lJ.a'tJa ,B npH.Be;:J.eHHoM 3,lJ.eCb B'H,lJ.e perneHa A. K. f'pHropbeBbIM.
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npOH3BOJIbHbIe <}:>YHKl.tliH OT X� y� Z (nOHBJIHIOTCH B pe3YJIba'aTe HHTerpHlpOBaHHH
-aeJIll1qHH exx� e

1l1l IH e ZZ ) paBHbI IHYJIIO. 3TO CJIe.u.yeT H.3 YCJIOB-HH:

1/=0, V=O; Z=O, W=O; X=O; U=O.

MiQI..I1JHOCTb ,aXTHiB'HbIX CI1JI paBHa ICYIM'Me IMIOI..l{HOCTeii ICOnp,OTHBJI,e;HHH :MeraJIJIa �e-

q>OpMaIlI.HH 11 COIIIpOTHJBJIeHHH T.peIHHH:
.

N = N
JJ. + N TP; N

JJ.
= 5 5 S C1

i
e

i
d V.

(V)

(248)

,ei
= V; V

Y2

3

(e xx

- e yy )2 + (e yy
- e

zz )2 + (e zz
-' e

xx ) 2.

2 Vo 4 vo.. r-

y (2 - A)2 + (l + A)2 + (2 A-l)2 =
'

-

-

h
r 1 - A + A2 .

h Y3

1

NJ1. =

(Is
8

;npIHHH1M!�H Te.JIO HJI.ea�b:HrO 'llJI.aICT-HltJHbI-M ,(I(Ii ='(I8) , ,RMeeM:

I b h

Vo
222

h S- 5 S
V I - A + A2 d X d Y d z.

000

4

Y3

"nOCJIe 'HHTerp'HpoBaHHH iH no.nCTaHOHK'H npe.neJIOB:

1 Vo

-8 NJ1. =

(Is
2 Y3

lbh

h
Y "1 - A + A2 .

M'OI..l{HOCTb OHJI TpeHHH

.N
Tp

= 55 'rkVk dF .

(F)

npl1MeM "'k
= a as, r.ne .a - nOCTOHiHHbIH K03c}>cpUl.(l1eHT. OKOpOCTb nepeMeI..l{eHIHH qa-

CTJ1:l.( ,Ha rn OBepXHO CTlH KOHTaKTa (CM. iP'H'c. 64, 6)

V
2vo

�-Vk -= v; + v; =

h
Y A2 Z2 + (1 - A)2 x

2
.

TaK,J1,M .o6pa30M:

1 2 Vo

'8
N

Tp
= aa

s

h

b I

2 2

5 5
o o.

YA2Z2+ (1-A2) x
2 dx dz.

3TOT HHTerpaJI .MO>KHO B3HTb C nOMOI..l{bIO np'H6JI'H>KeHHOrO COOTHOIIIeHHH, HBJIH-

-IOIl1.eirOCH 'lIaCTHbIM 'CJIYlIaeM 'HepaBeHCTBa EYHHKOBCKoro:

.b

� �
b

,5 p (x) d x �

V (b
- a) 5 p2 (x) d x ·

.a a

LLJI5I ,Hall'eDO CJIYtIa5! H'M,eeM

b' I

22

5 5 VA2 Z2 + .(l
- A)2 x

2 d X d z

to 0
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f
b l

--

---�
.

-

J
b

4

1

I I [A2 Z 2'+(1-;-A)2 X 2]dXdZ =

o 0

hb� fA2 (
�

)
2

+ (I_A)2 (
�

) 2.-

81/3 � h h

TaKuM.o6pa3,oM:

�NTP=(XaS 2uo h�� I/ A2 (
l:-

) 2+(1_A)2 (
�\

)
2.

8 h 8¥3 V h h

M'JIl{IHOCTb aKTHBHbIX .C'HJI: N =;2pvol.
n'O,LlC'Ta'BJI5I5I 'Bblp a>KeHH5! N, N J1. H N Tp B (248)" nOJlytIHM:

:s
=

;3 [-V 1 - A + A2 + ; V N ( + l- ( 1 - A)2 ( + t j
BoC'nOJI)j3-0BaIBllH'cb Y'P aBHeHaeM aN jaA ='0, -HaHJI.eM BeJIMq'HHY

(

A=.-L�l+ 2

I
t

at
r

I-A+A2[ (I-A) (+f- A (+YJ )

V (1-A)2(+Y+ A2(+t j
· '(�49)

_

no 3TOMY paBeHCTBY .C nO'M.QIl{blO BblIIaCJIHTeJIbHOH 'MalllHHbI

«YpaJI-2» 6bIJIH. paCCQHTaHbI 3HaIIeHH5I I10Ka3aTeJIH YllHpeHHH A I1pH

pa3JIHIIHbIX 3HaIIeHH5IX BeJIHQHH a, llh, A
"

bjh H 110CTpOeHa HOMorpaMMa, I1pe.rr.- 1,0

'CTaBJIeHHa5I Ha pHC. 65.

Orrpe.rr.eJIHB BeJIHqHHY A, MO}KHO HaR-

TH pa3MepbI l1'apaJIJIeJIel1Hl1e.rr.a I10CJIe

JI.ecpopMaI..(HH. B caMOlVl .rr.eJIe, H3 YCJIO-
BH5! ,I10CT05IHCTBa 06'beMa cJI'e,lI.yeT, qTO

,eCJIIH oca.rr.Ka 110 'BbIlc.OT'e paHHa dhjh, TO

OTHOCHTeJIbHble H3MeHeHHH IllHpHHbI H

JI.c!lHHbI COOTBeTCTBeHHO paBHbI:

� = A
dh

; in.� == A In
ho

b h � �

b i
=

(
ho

)
A.

b == b (
�

)
A

.

b 0 hI'
1 0

hi
'

� === ( 1 - A ) �.
1 "h

'

�5
...", 2 It 6 :,.�; B 10

llh

PHC.
.

65. HOMorpaMMa ,lJ.JISI onpe,lJ.e-
JIeHHSI nOKa3aTeJISI nonepetlHoA ,lJ.e-

<l>opMaltHH A npH f...l.=O�3 -:- 0,5. l..{H$-
phi H3 KpHBbIX o(5"o3HaQalOT BeJIH-

1jHHbJ OTHollIeHHit b/h

In � == (I - A) In
ho

lo hI

� ===

(
�

)
l-A.

1- = 1 (
�

) l-A.
10 hI

' 1 0

hi
.

O'CTa ' e'f1CH BbIHCHH'Tb Bonpoc 0 TOtIH'OCTH p'ern.eH'H5!. LLonycTHM, qTO

MbI HMeeM ,lI.eJIO C KBa,lI.paTHbIM nOnepeqHbIM CeqeHHeM, Kor.rr.a .J === b. B
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3'1)OM CJIYIIae bjh=.l/h = 1 H nOKa3a'TeJIb A = 1/ 2 . ,[{JIH .9TOr,o cJIyqa51 t

1 I

npiiHH'B a=/l, MhI nOJIYQHM H3 y'pa.BHeHyIH (235): p/a s =J+
T t1-,;.

TaK'oH pe3YJIb'Ta'T nOJI'YIIa.e'f1C5! n'pH BbIIIH.CJI.eH'HH c'p,e.rr.'H,er,o �QHTaKT-

Horo Hanp5I}KeHH5I noeJIe COBMeCTHoro pelleHH5I yrrp0III.eHHbIX ypaBHe-
HHH paBH 1 0'BeCH5! H yrCJI-OBH5! UJIa'CTHII:HOCl"H JI.JI5! 'IrBa.rr.paTHbIX Ceq,eH-HM.

CJIe.rr.oBaTeJIbHO, P'H,oKOBaHHa5! on,epall;HH 'no '3a:M,eHe O�Horo H3 HHTer-

p-aJI'O,B c nOM,OIII.blO ,HepaneHiC"f1Ba 5'YH5I�KOIHcKoQro, 'n,o CIIa!CTblO, He BbI-

neJIa 3a.rr.aIIY 3a npe,lI:eJIbI TIOII;HOCTH, .o6Y'CJI'OBJI'eHHOii HaIIaJIb'H�ii no-

'CbIJI'KOH: .0 rH 1 nOT:e3e nJI'OClKHX JceIIeHHH:.

AHaJIOI'H'II'HO np'eJI.bI.rr.YI..U:eMY MO}K'HO nOJIYIIH'Tb Ba!pHaI.(HOHHbI'e ypaB-
HeHH5I H3 Ha'QaJIa IB03M 1 0}!(HblX 'H-3'MeHeHHH Han'p5I>KeHH'Or,o c-OCT'OHHHH.

LLJ1H 3Tora .rr.eH:CTBHTe�bHoe Hanp5I}KeHHOe COCT05IHHe cpaBHHBaeTC5I co

BC-e:M'H H03M'O>K;HbI,MH Ha:np5!LK.eH'HbIMH C-OC'T.05!HH5!MH, Y:.rlOBJIeT,BOp51lOmH-

M'H ypaBIHeH.H5IM .CTaTH'KH H Y.CJI'OHH5!,M 'Ha nOBepXIH'OC'�H.

,ny,CITb 06'heM H nOBep'X:HDiCTb )I.e<P'OpMHP'Ye'M'Or.O T:eJla OYJI.YT V H S.

H.a qaCTHn'oBepX!HOcT:H (SI) 33'.rr.aIHbI nOBepX'H'O'C1'HbI'e OHJIbI px, py, pz.

Ha JI.pyrOH: IIa'CTH nonepxnocT'H S 3a1}.aHbI nepeM.eI.J..I-eHH5!. C ' OC'T05!'HHIO

pa
I BH.oneCH5I TeJIa 'OTB'e:tialOr. K'OM'HoneH'TbI n,epeM,emeHH5! u, v, w.

,0 YC'Tb TeJI,O H axo�:HT:C5I B p a!BHLOneCH H nn JI. .neH'CTBH:e.M' 3 a.rr. aHHQ.H

'CH'CTeMbICH�. B TaKOM ,c�yqae Y�OBJIeTBOp5IIOTtC5! ypa-BHeHH5! paBH'OBe-
CH5I M Y-CJI.QrBH5I Ha n'oBepXHO'C-TH.

ICpa!BHHM Ha:'fI'P5!>K'�H:Hoe 'OOCTOHHne ax, . . .

J 'tzx, B03HH:KalOI..U.ee B

TeJI.e fI'O.rr. JI.:eH:'C'T\BH-e.M 3aJI.aHHOH C'H'C''f1eMbI C-H.JI .u nep'eM,eIII.eHHH 00 'HceAIH

,c-Me>KiHbI'MH Hanp5I}KeHHbIM-H 'c.OC1'05!H'H5I-MH: ax+6'ax,..., 'tzx+.�'tzx

n.pH 3TOM ,OHH YJ(OBJI.eTBOp5!IOT YP 3IBH.eHU5!M p'aBH'O'HeiCHH

� (ax + 0 ax ) +
a

('t Xy + 0 't
Xy ) +

�
('t xz + o.'t

xz ) == 0
ax ay az

H Y'CJIOB'HHM Ha nOBep'xnocTH

/\

Px + 0 px
==- (ax + 0 ax ) cos (n, x) + ('t xy + 0 't

Xy ) X

A /\

X cas (n,. y) + ('t xz +0 't
xz ) 'cos (n, z).

B 3TOM eJIyqae npHpaIII.eHH5I Harrp5!}KeHHH 6a x ,
. . .

,
6T zx H npHpaIIl.e-

HH5I BHellIHHX CH.}l: 6px, 6py, {)pz �06p a3YlOT YP aBHoneIIIHB alOI..U.YIO:C5I 'CH-

cTeMY. CJI.e.lI:OBaTeJIbHO, pa60Ta 3THX BHYTp'eHH'Hx H BHellIHHX C'HJI H3

BC5IKOM B03M,0}K-H-DM .lLJI5! TeJIa nepeMeIII.'eHIHH JI.OJI}KHa 06paT,HTbC51 B

HYJIb.

TIYC'Tb. Br03.MiO>KHbI,MH nepeMeI..U.eHH5!!MH 5IIBJI5!IOTC5I .rr.eH'cTiBHTeJIbHble
U

J
V

J
w. T,ofJI.a:

s S S (exxo ax + .. . + e 2X o 't zx ) dv + S S (u apx + vapy + w{3pz ):ds = O.

(v) (S1)-
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nYCTb BapHaII.HH Hanp5I}KeHH'Oro ,OOC'Ti05IHH5! TaK'OBbI, IITO

S S (u '0 Px -+- v '0 Py -+- w '0 pz ) d s = O.

(s d

3'�o paBHOC'HJIbH'O JI.OnYI..lleHHIO 0 TOM, IITO BHellHHe CHJIbI nOCT05IHHbI

HJIH IITO 'CHJIbI Tp'e.HH5! Ha n�BepXHOCTH K.OHTaIKTa H!M,eIOT npeJI.eJIbH'Oe
1

3Ha'q-eHH'e Txy
= -

K, Kor.lI:a B'3aHMIHble IClMeI..U. l eHIH5I HfHCTPY'MeHTa IH Me-
2

T aJIJI a 'OTCYflCTBYIOT.

Tor.rr.a nOJIYIIaeM BblpaLKeHHe Bap'HaI.(HH pa60TbI BHYTpeHHHX CHJI B

BHJI.e

'0 S S S (exx(Yx -+- .. · + ezx'tzx) d V = O.

(v)

TaKHM .o6paaOM, acx.oJI.5I H,3 HaqaJIa IB03M,O}KHbIX H3MeHeHHH Hanp5i":
)I{,eHHOno COCT05!HH5!, MbI CHOBa npHIlIJIH K .paneHlcTBaM (24'6) H (247).

E'CJIH Tenepb Bblpa3"HTb .rr:etPop.MaI.J.HH IIepe3 Hanp5ILKeH'H5!, TO H3 cp'op-
MYJIbI (226) MbI nOJIYIIHM BapHaI.J.H10HHble ypaBHeHH5I .rr.JI5I onpe.rr.eJIeHH5!

Hanp5I}KeHHit
Ha-qaJI'o B0-3M,0}K.HbIX H3M.eHeHHH ,Hain;p5!}K'e'HiH'OJ'lO 'c.OC''V05!IH:HH y'6e.nH-

TeJIbHO CBH.rr.eTeJIbCTByeT 0 He06xo�HMOCTH 3a6oTHTbC5! 06 y.rr.oBJIeTBO-

peHHH JLH'cpLcpep.eHI.J.H aJIbHbIX yp aBHeHHH: p aBH.OHeCH5I B XOJI..e pelleHI15I

'B 3'P H a I.J.H-OiH HO H 3 a.rr. a IIH.

OYCTb H3BeCTHbI Bblp a>K.eH'H5! JI.JI5! .Hanp5I}KeHHH: KaK tPYHKI.J.HH -KOOp-

AHHaT H HeK'OTopbIX HeH3BecrHbIX HaM IIaCJIeHHbIX napaMerprOB a, b,

C, . . .
,

rrOC'T05!'HHbIX B .rr.aHiHbIX YrCJIOBHHX, 'H-G 3aB,nCHll.{'HX .aT YCJI'OBHH

HarpY>K.eHH5I H y.rr.OBJI.eTHOp5IIOI..U.HX ypaBHeHH5! paBHOneOH5!. T.or.na 3TH

IHeH3'Be-eT'Hble q'H-CJI8HIHble napa'Me-rpbI M.orYT6bITb 'HaH:.ne'HbI 1H3 YCJIOBHH

MHIHHMYMa HeJI'H'IIHiHbI W. LLJI5! 3TrOno ,Heo6x'OJI.lHM 1 0 BbIHOJIH,HTb HHTerp'H-

pOBaHHe noo.6beMY H npHpaBH�Tb HYJIIO qaC'T,Hble np-OH3BOJI.Hble n.o

HeH3'ne-CTHbIM napaM.eTpaM:
a w

== o.
a w

== o.
a w

== o.
aa 'ab 'ac

P,ell35I eOBMe'CTH.O 3TY .CH'CTeMY y-paBH,e-HHH, HaH:JI..eM H'CKOMble na-

paMerpbI, n.oJ(craBHM HX B Bblpa>KeHH5! JI.JI5I Hanp5I}KeHHH: H nOJIYllHf\'1

OKOHIIaTeJIbHble 3HaqeHIH51 nOCJIe.rr.HHX.

lonl1CIO,K \JI,1111EIP.A.T:YPb'I

,I. If ry 6 II{ H H tC. 111. []J.y,aICTHIQ!eClKa51 J.r.e<po.p:MaiUi51 MeTaillJI'OB. 'T. II ,376 c. C IHJI.; 1'. II

4116 .c. 'c HJI.; .T. 'IIIiI 300 IC. C HJI.

2. H.o IB IH K 0 B 11. 11. ,l].ecpeKTbl KpHCTaJIJIHqeCKOH pellleTKH MeTaJIJIOB. M., «MeTaJI-

JIyprH5I», \1968. 11'88 IC. C 'MJI.
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<�BbI!cllu.a51 ,lllIKOJI.a», U\9i68. 15120 IC. C HJI.
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nJIACTHqECI(H" H3f"6, KPyqEHHE,

PACTSI)I(EHME H C)I(ATME

'-IACTb

VI r JI a B a

M3fH6 H KpY1JeHHe

1. qHCTblH H3fH6

llJIacTHqeC-KIHH H.3rH6 5IBJIHe"flC5I OJI.HOH: H3 OCHOBHbIX OnepaII.HH: np'OI.J.ec-

COB K'OBKH H llTaMHOBKH. H3.DH'6 -raK}Ke JIe}KHT B 'OCHOne .onepaI.J.HH,

H3BeC'T,HOH: HOJ( Ha3!BaHH'eM npaBK'H. 0p'OKa'-;Ka o.OJIbll=oro IIHCJIa' CJIJ>K-

HbIX no KOHlcp'ury'paI.J.HH H3.rr.eJIHH: npe,.Qc-raBJIHeT 'C060H KOM6HHalI.HlO H'3-

r116a C .rr.pyrHMH BHJ(aMH .rr.ecpopMaI.J.HH. 113rH6 HMeeT MeCTO fIpH cpop-
MOBKe JIeHTbI B Tpy6HYlO 3aroToBKY, H3 KOTOpOH H3rOTOBJI5IlOTC5I 3aTeM

cBapHble Tpy6bI. lllHpOKoe H Bce Bi03pacTalOIII.ee npHMeHeHHe IIJIaCTH-

qeCKHH: H3rH6 rronyqaeT B CB5I3H C OCBoeHHeM npOH3Bo.rr.cTBa rHYTwx

npo<pHJIeH Ha oeo6blx MHOrOKJIeTeBbIX CTaHa{(.

Ha pH'C. 66,a 'H306pa}K.eH c-rep}KeHb, nO.IT.neprHYTbIH: H3
1

I'H'6y CHJIa-

MH, ,o6pa3YIOI..U.HMH M'OMeHT M. flP'HH5ITO CqHTaTb, qT'O cpeJI.H5I5I lla.CTb

6py,ca nO)I:Bep.raeTrCH qaCT!oMY H3rtl'6y n,OTONlY, qTO 'H3rH6alOll.{:He MO-

MeHTbI B 3T'OH qa'CTH no �JIHHe 6py.ca nOCT05IHHbI.

.LLJI5I pelleHH5I 3aJI.aqH 0 qHCTOM H3f1H6e (CM. [I]) BOCnOJIb3yeMcH

O,rr:HHM H3 ypaBIHeHHH:' ..cTaTHKH: �M �rQ H pa.BeHCTBOM, Bblpa}KalOllI.HM
3aK\OH 'CB5I'3H' Me>K'.rr.y ,o606III.eHHbI'MH Hanp5I>KeHneM 'H .rr.ecp-opMalI.HeH: JI.JI5I

cJIyqa5I q'H'CTOrO H3rH6a:

( )
n

e
xx

Ox ==

as
-

.

e
s

(250)

113 '3TOPO OOOTHOll,eHH5! 'CJIe.rr.'yeT, qTO 3a.rr.aqa 0 IIH:CTOM H3rH.6e pelliaeT-

'C5! KaK OJI.H'O:M'epHa5I, T. e. �II'HTaIOT .rr.JIHHY 6pyca 3HallHTeJIbrHO 60,,1bwe

'er;o B bI CO T bI.

YpaBHeHHe CTaflHII.ec.Koro pa.BHOBeCH51 .rr.JI5I 6Pyca C nOnep€llHbI:\<f

CeqeHHeM ,np'OH-3'Bo.JIbJHOH cp'OpMbI nMeeT BHLL:

S GxydF=M. (251)
(F)

3JIeMeHT nJI,o.I..U.�.rr.H J(JI5I npHM.oyrOJIbHor.o .c-eIIeHH5I: dF === �dy.
.

O,603HaIIHM Qepe3 'H paJ(Hy.c H3ru6a neH:TpaJIhH.oro HOJIOKHa, JI.JISI

KOToporo rQTH.OCHT,eJIbHa5I .rr.ecpopMan'HH exx= O.
.

J60



.

)

113 p'nc. 6 1 6,b: CJI'e.ll.yeT, lI'T'O

( r +u) a-r a Y l1.
e xx

=
H H

_

== �,rrOTKYL{a dy ='H de xx-

'1:1 a r
li

.-.

T'aIKH:M .OOpa3;OM, d F == br HdeXX.

6(1

'i ;:.:.-:
-

'/!'

'\
..

8

PHC. 66. CxeMhl K peweHHIO 3a.lI.aQH 0 QHCTOM HsrH(5e: .

reOMeTpHlleCKHe COOTHoweHHSI. AJISI nepBOHallaJIhHO npHMoro (0) H KpHBoro. t6)' 6pyca;� 90-10-

pN HanpH�eHHH B KpHBOM 6pyce (8) npH HanHqHH ynpollHeHHH H HAeaJIbHOH nnaCTHIIHOCTH

(nYHKTBpHble JIHHHH) (r
B

=0,5 r)

JTpH:HHMa5! HO 'BHHMaHH.e paB'eH'C'TBO

(251) B CJI,e,lI:YIOll1.eM BHJI;e:.

I

M 2
'

b
', 2 as

S
n+l

d== fa
- e xx e xx ,

en
s 0

e
n + 2

e: (n + 2)
OTKYJ\a M = 2 b r; as

6 3aK. :121

(;250)" ILOJI,YIIHM ypa'B"He,HHe
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Cor JI aOHO p HC. 66,a, npe.rr.eJI y.rr\pyroii .rr.e.cp1op M aI.J.HlJi e s H OTHOCHTeJIb-

Hoe YJI.JIHHeHH-e L.B KpaH::HeM BOJlOKH.e paBHbI:

. hs h
e

-

H e=
s-

2 r H
2 'H

3,neCb h g
-

'BeJIHIIHa c.p'eJI:H,eii IIalCTH {>PY1ca no BbIOOTe, K'oTropaH nOll-

Beprae-rC5I TOJIb'KO ynpYDOH .necpO'PMa!I.(HH.
11:3 }'iCJIOBH5! -paB'enC'TBa HYJIb-M'OM,eH'Ta .c yq'eOVOM CPOPMYJIbI (250)

(CM. 'PHIC. 66) n,OJIYII'HIM:

(j b hn+2
M=

s

h� 2 (n + 2)

b h 2

( h

h

.S' )
n

.HJIH M =

as
2 (n + 2)

3.ne.Cb b, h -

llHpHHa Ii Bblioo-ra 6pYlca rrpHMoyrOJIb'HOr,O eeIIeHH5!;

,hs --:- BbIIC-DTa YiTIp'Y�OH neHTp aJIblH'OH 30HbI.

3Ta cpOp'MYJIa c,ooTBercTByeT 'CJIYIIalO H3rH.6a .nJIH MaTepHaJIa 6pyca,
OOJI a.rr.alOll1:elDO ynpOq'HeH'HeM.

E'ClI:H npHH5ITb n===.1 H paonpOrC''f1paHIH'Tb ynpyrylO 30HY Ha HCIO BbI-

C'O'TY 6pY'ca, T. e. CqH'Ta'Tb, II'TO hs===h, T,O nOJIYIIHM CJIyqaH ynpyr,oro H,3-

rH:6a 6py,ca:
bh 2

M =

as ·

6

npHHHMa5! n ===[0, 6YJ(,e.M HM,eTb CJIyqaH H'3rH6a 6pyca H3 H.neaJIbHO. nJIa-

CTHq.eCK.0f10 MaTepH?JIa:

bh 2

M=CJ .

s

4

Hanp5ILK i eHH5I npH H3fH6e o:np'eJI.eJI5IIOTC5! 3aBH'CH,MOiCrblO, BbI'TeKa-

JOII(eH: H3 ypaBHe'HH5I (!250):

(
2

h

Y

s )
n

.a}C = + as

(252)

2. npO�OJlbHbIii H3rH6

,B npo[(eCcax 'K'OBKH H llTaMnOBIKH lIlHpOK'O pa,cnjJOC'TpaHeHa ofre.pa-
nHH 'ocaJ('KH 'CJI:H'TK'OB H 3a'r0J'10BOK, BbllCOTa KOTOpbIX B H,eKO'f'OpbIX CJIY-
Qa5!X 3HaQHT:eJIbH.O npenOCX-OJI.HT P a3M,epbI HX n,on:ep'ellnoro eetIeHHjI.

H.anpH'Mep, :Ha -I'0PH3'OHTaJIbH,o-K'OBOqHbIX MallI�HHax oCYII(.eCT'BJI5!IOT

o:nepaI.J.HIO Bblica.rr.,K'H, npH K'01'�P'OH )I.JI'HH.a BbI'Ca>KHBaeMloro 'KOHI.J.a .3aro-

TOB�H B .2,5-3 p.a3a 60JIblII�e ee JI.H3-MeTpa. B 'CB5!3H C 3THM Heo6xo)I.H-

M'O,H'M,eTb .rr.aHHble ;0 BeJIHII'HHe M'OM.eHTa H KP'H'THII.eOKOH:CHJIbI, npH KJ-

TOpbIX nponcx,o.rr.HT n,OTep5I y,cToiiIIH'HOCTH 'OCaLKH-BaeM'OH 3a 1 fOTOHKH.

DpH p'elleHHIH 31'OH 3a.rr.aII:H 6y�eM npeHe6peraTb KaCaTeJIbHbIMH Ha-

.npHLK,eHHHM'H .H CIIrHTa'Tb, 'tIT'O 'T-oJIb�O K'OM'n�H.eHTa ax OTJIHQ,Ha or HY-

JIH. H!c.nOJIba'Y5! 3alKIOH (9S), H.M,e.e.M:

(
e

xx

)
n

(J s n

(1}C =

as
.

,

==

e
n

s

e xx .

.e
s
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O.60a:HarIIH.M

(J

�=E'
n

·

e
s

(253)

To'pJI.a aX=E'e�X' H CHJIa, Bb13blBalOIIta5! np-iQ,nOJIbHbI� H3'DH,f5 np'Ii"m�f.'

pHH,e f5.py:ca b=l, .6YAeT �aHHa (CM. p'H)C. 67,a): P=E'e�xh.. !,�:;

3Ta 'CMa 'BbI3bliBa!eT B 'CTepJK'H:e CJKIH:MaIOIItHe Ha:np5!JKeHHH.. �orJ1a!",.Ha�
u .

.

rrp5!JK.eHH5! .nOCT'HrHYT H,eK'OTlOp'DH 'K'PHT'HtJ'eC'KOH BeJIHi1I!H.HbI, ;CTep(
}I{'eHb .HaIIHHaeT H;3 l rH'Oa'Tb ' C5! TaK, IITO Ha BbI1nYKJlOH CT'op'OHe Hanp5!'}K'e�
HIH5! YMeHbllIa1O'JJC5!, a Ha B,orHY:DOH B'�3p.a'C'TaIOT (P'HiC. .67,6). I1s' yCjI'd-;
BH5! nOC]'10HHCTrBa CHJIbI P M,O>K'H'O 3a'HlilCaTb: : :

.

� �-; :-� � j.

1 1
0- a H h H

== - a B h B HJIH a H h H
= a B h B ,

2 2

',"

(254)'

. � t .' i

fJI.,e a H
�

:BreJIHII.HHa, 'H'a roo�opYIO:. YM'eHbIlIalO�C5! Ha-np5I>K'e.H:H5!' 'C:>K8THH

. Ha BblnY�KJI-oH .c�?.poHe� .

:\

(J'B
-

iBeJIH'IIHlHa, IH.a �OT'OpylO' Y'B-eJIH'q;HrBaIOTC'H HanpH}I{'eHH5! C}I{aTHSI

IH a HorHYTOH CT10!lJiOH'e,

.

,X ,

6;x = 6

� \� �

,

N

,

o

a

!I

"-

h h

hH:f 11
8

=

'2

h

5

PHC. 67. npO,lJ.OJIbRLJA HsrHCS:

a - cxeMa HarPY>KeHHH; 6 - cxeMa oanpSl>KesHA B ,lJ.ecl»opM8lV1A

i i /.

': >�-, ; ( � -:" �.

.

\

O'OrQ'3-Ha'tJ�HM O'THOCHTeJIbHbI,e .neq)OpMaUH'H KpaHHH-X B-OJI'OKOH Ha BbI-

nY'KJl�H H BIOrH'Y''I'�H rC'TOpO!HaX' cOOTB'eTlCTBeH'H,O e H H eB. T'OD.na

a 8
= e= E' = ( �H r E' ;

6* 3aK. 127

.

'. n,

(
hB

)
n

a B
= e B E =

T
£' . (255)-
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113 yrpaBHeHiHM (254) H (255) nOJlY'tJaeM

( h; r h H
= (�r h B , (256)

h

oTKy�a hH=lh B
=

2,>.T. 'e. _.H:eHTpaJIbHa5!' JI.HiHH5! np'O.lI.OJIbHrOrO H.3rH03

n'p'OX'O,ll.H'T nlO eep.e..n:HHe TOJI,lI{HHbI CT�p}K'H5! H TOr:Aa O"H=.aB
=

am, a cJle-

�OBaT'eJIb!HO,.

e R
= e B

=

em · (257)

n,p�H �'TOM HeJIHII-H'HY- JI.3l'H6alOmero M'OM'e,HTa npHOJIH}K,eHH'O M'O}KHO BbI-

pa'3UTb KaK

M = 2
bh am � l!.- = 2

bh 2

a .

2.2 3 2 12
m

\

Ha 'Oc.nOBaHWH 3aIHH'CH'M'OCTeH (1255) IH (12
'

57) nOJIYJII,HM:

M'=
b"'h 2

2 (
�

)
n

E' MJIH M ='

bh 3

�
(
�

)
n-l

E'. (258)�.

12 2.p 12 p 2 p

LLJI5I ynpOll1.eHHH 3Toro ypaBHeHHH KPHBYIO, Bblpa}KalOll1.YIO 3aKOH CB5I-

3'H M'e>KJI.Y Hanp5I>KeHH,eM H JI:�cp,opMaI.(neH 3a npe.ll.eJIOM T'eKyq;eCT'H, au-

npOiJ{iCaMH'pyeM IKa!ca-reJlbHOM KH'eii, nipOneJI.eHHOii Qep'e3 �OIIKY (e s , as)
(pac. 67, B). 9TO o3.HaIIaeT, QT,O.B Bblpa}KleHHJf (h/!2p)n-l np,HiH.HM'aeM

81== 1.. B ,pe3YJIb'Ta-re ypaBH'eHHle (258) np'lI'06peTa,eT :BHJI.:

M =

1 E'
,

.

(259)
P

bh 3

rwne 1= - - 'MrOM.eH'T HHep:I.J.HIH .n:p5!M:oy'roJIbHor.o Ce1J:eHH5!.
12

KrpH'HHaHY H3.or;Hyr-OI'O crepLKHH B MOMeHT nor-epH YCTOHII'H:BOCTH
npH

, 6JI'HLKeHHo Bblrpa3HM ,CJIeJI.;YlOmHM 'J6pa'3 r OM:

I y" .

"
-==- -y�

P
3

(1' + y')
2

M'OMleiH'T BH'ellIHeH OHJIbI palBeH M ==Py. noa'T'O-MY ypa�'HeHH'e (259)

npH'o6peT.a.eT BH�

.

P y = - lEy" HJIH y" + : /
y = O. (260)

3�o JI'HHetI'H,Oe O�HOp'OJI.H.oe ,lI.H:rcp'cpep,eH'I.J.HaJIbHOe yp a'BHeHH-e BTop-oro

nOp5!)lKa. Ero xa p aIKTe.pIHIC'TH:tIeCiKOe yp aBHeHMe: n
2
+ P.j E' 1== 0 HMeeT

KOpHH:
-

·

V
p

nl,� �
"

+ t

_�/ /
.

n'09�OMY 06I:I:( r ee
I

p.eIII,eHlf,e ypaB-H;e'Hi HSI ( :26.0) 6YJI.eT" CJIe,ll.YIOll1.H'M:

Y=.Ci sin {V � X}+C 2 COS (V ::/ x). (261)

t�4



Oepnoe rpaH'HqHOe YCJI10BHe: X==O; y

'

.0; CJIe.nOBaT'eJIbIHO, C2==O. BO'3-

BpaIIl.a5ItCb ,K yp aB,He HHIO (261), nOJIY"llHM

Y
=

Cl sin (-V :: 1 x).
O'TclO.na BblTeKaer, IITO .yrrpyra51' JIHHH5I H3-0rHYTofoo C'rep}KH5I 5!-BJIHerCSI

C.HlHyeoOHAOH. B'Top,oe rpalHHIIiH.oe YCJI.oB'ue x==l; y==O; III TaK KaK C2 He

M-D}Ke'r 6bI'Tb paB1HO HYJIIO, TO

sin (V 1; 1)= 0

"JIM V :1 I=m'lt.

O''DCIO .rr. a

p =

m2 n
2 E' I

.
.

1 2

3.rr.ecb m --! IIlaCJIO nOJI'H, Kor,opble M.orYT H03 i HHKHYTb B npol(eoce In,p.o.

,Z:{OJIbHOrO H3rH6a.

O-OT.eplO YCTOHIIH'B-OCTH HY>KHO O}KHJI.aTb npH HaHMeHbllIeM 3Ha
T

-Ie-

HaH KPHT:Hq,eCK10H CHJIbI, T. e. npH m==:l. TaKHM ,o6pa30'M:

Jt2 E' I
P �

. (262)
/2

B03BpallI.a5JICb K ypaBHeHHIO (253), JIerKO y6eJJ.HTbC5I, qTO neJIaqHHa

£' == ()� MeHbllIe MOJI.YJIH H-DpMaJIbHOH ynpyrocTH E. fl03TOMY y�-
e

s

TOHIIHB-OCTb CTep}KH5I B nJIaCTH"lIe'cK;oH. 3-DHe. MeHblle, qeM B ynpyroH.

3. lJHcToe KpyqeHHe

KpyqeHHe %Cn�JIb3yeTcH B KaIIecrBe TeXHOJIOrHqeOKOH onepanHH D

np'oI.J.e-c:cax :KOB'KH, llTaM,nrOBKH H np-oKaTIKH, HanpHM'e.p 'npH H3rOTOBJIe-

HH'H KOJIeHIIaTbIX BaJIOB, CnHpaJIbHbIX -cB-epJI :H JI.pyrHx H3JI.eJIHit

Onpe.rr.eJIHM BeJIHIIHHY MOMeHTa, BI003HHKalOIIl.ero rrpH rrJIaCTHqeCKOIVI

Kpyq,eHHiH. 0p'HMeM, IITO npH 'KpYIIeHHH KpyrJ10r,O opy.ca B HeM H03HH-

KalOT T-DJIb'K'O KaCaTeJIbHble Hanp5I}KeHHH, HanpaBJI.eHHble n'epne.H.nH'KY-

JI5!pHO :K paJI.HYCY. ,[{.onYICTHM TaK}K'e, qro pa.rr.HY'CbI B nJlOCKOCTH norre-

pe1J:HOrO CeqeHH5! rrpaKTHIIeCKH He H CK.P Ii BJI 5IIOTC5I, H rr03TOMY H3 Bcex

KOMTIOHeHTOB TeH30pa Hanp5I�eHHfI OTJIHqeH OT HYJI5! TOJIbKO 'tpe.

O.603'Ha 1 I'HM IIep'e3 <p .nOJIHbIH yr-OJI 3aKpYIIHBaHH5! Ha .rr.JIHH.e l, a IIe-

pe3 a -'OT,H:OCH'TeJI}jHbIH yr'OJI 33tKP'Y'q;H'Ba I HH5! (p,H'C. 68,�): a==<p/l. BbI-

,rr..eJIHM H3 paC'CMarpH'BaeM,orb .KpyrJI.or,o opy,ca I.J.HJIHHJ1.p paJl.UYOOM J1

.lJ.JIHH'OH di. T,orJI.a

p d <p
� e

p a,
HO d cp

== a d I. (263)
dl

Il'o3ToMY p d
, epee



Y'pa-BHeHH.e .paBH'OBeCH5I np'H Kpyqe,HHH (pHC. 68,6) HMeeT BH.n:

M= S 'C
p6 pdF.

(F)

,C Y1JeTOM .paBeHc'TBa (263) BeJIHtIHHa

dF=21tpdp=21t
e

p a

a
2

d e
p 9

.

a

Ii

.....,

"t;j

PHC. 68. CxeMbl K onpe.neJIeHHIO BeJlH1JHHbl c.nBHra e
Pe (a) H HanOSI>KeHHA

npH Kpy�eHHH (6)

CJIe}J:JBaTieJIbHO, 0003,HaqaH OTHOCHTeJIbHYIO JJ.e<pOpMaUHIO CJI.BHra
0-'

npM p =r, T. e.B KpaHHeM BOJI(�:&He q,epe3 e, nOJIyqHM

1

M = 2(1.: S 'C
p 6 e� q

d e
p 6 ·

o

331KOH eB5I3M MeLK.ny OOOOIll.eHHbIMH HanpHLKeH'HeM H .n.e<pOpMaj!HeH
HaH)J.eM 11.3 p a BeHe-rBa (94)

(
e

P 9

)
n

Tp 9
=

"'s
e

s

·

C yq,eTOM '3�Oro BblpaLKeHHH q}OpMYJIa .nJI5I onpe.neJIeHHSI. M10M,eH'Ta 3a-

nH IneTiCSI K alK

M -

2 11: "s

S
I

n+2
d _

2 11: "s

(
e

)
n

-
- e e

p 9
-

-

·

a
3 en P 9

.

a 3
e ( n + 3 )s 0

s

e
3

Ho e=,ur ,M es=urs, r)l.e rs- pa)I.HYC ynpyroro SlJlpa. Tor)l.a

M =

2 11:
'f r

S

(
.!-

)
n

n + 3
s

Ts

(264 )
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B YinpyroH 3'OHe n=l, rs==r H M
y

= � 7t" T s,3. ,I:(JIH lI,l(eaJIbHOrO TIJIa-
2

2 --

CTIrqeCK,Oro MaTep!MaJIa n=='O ,II
M nJI

==

3 1t't'S,3.

TaKnM O{>pa30.M, y C'T'ep}KHH M3 MJI.eaJIbHO nJIa'C'THqe-CKOrO MaT,epHa-
JIa 'M'OMeHT IKpyqeHHH B 1,.83 pa3a 60JIblle, qeM y ynpyroro CTep}K!H5I.

4. IJHCTbIH H3ru6 KpHBoro 6pyca

B npe,l(bI.AYIllHX nYH,KTax npHBe�eHo p'elleHHe Tpex npoC'TeHIllHx
O)LH,oM,epHblx aa,l(aq nJIa.C'TiHqeeKOrO M3rMoa M KpyqeHIIH. PaccM'oTpHM
Tene:pb JI:ByxIMe=pnyro 3aJ(a:qy H3rHoa.

In'p;H q,HIC'T'C)!M ,H3rH6e 6py,ca, ,J1IMelOI11.eDO IHaqaJIb.HYro K.pHB.H.3HY, Cq!H-

TaroT, qTO B c.p.e',lJJHeH ero qaCTH (Ie-M. pHIC. 66,6) HanpH}KeH'HHHe 3aBH-

CH,T OT K'oop\JljHHaTbI 8, a ua:np5I}K-e'HHe 't p8 paB'Ho HYJlIO no YCJIIOIB}IIO

oHMiMleTpH'H. TaKHM ,o6paa,oM, 3a,l(aqa C-nO,lL'HTC5I K OCeOM-M MeT.p MqH'OH,
T. e. JI.JIH J(aHIHor,o ,CJIyqaH K aa,l(a�e B' 'rJI.a'B!HbIIX OC'�X. B pe3YJIh-
TaTe JI.JIH paCTHHYTOH (BepXHeH) qaCTM 6Pyca He06xoJI.HMO npoBecTH
COBMeCTHoe perneHHe ypaBHeHHH paBHoBecHH H YCJIOBHH TIJIaCTHqHOC-

Tn C yqeTO'M ynpOqHeHHH (95). ECJIH TIPHH5ITb ,l(ecpopMa�HIO TIJIOC-

KOH, a MaTepHaJI HeCJKHMaeMbIM (CM. [2]), TO 6Y,l(eM 'MMeTb cHcTervIY

ypaBHeHMH

(J(JG; +
G

p

�
Go

= 0; <1p
-

<10
= '1K ( :I n. (265)

011CIOJ( a

O(jp
__

or

'YK

P
n-l .

n
'

r
H

'Y K r
n

(J
-

- - - + c.
P-

r
n

n
H

(266)

l1-cnOJIb3Y5I irpa.HH1.JHOe Y,CJI,OIBiUe )lJlIH lHap'Y}K1H10H nOI.IJ., Bre lpraroI11.eHCH

paCT5!}KieHHIO qaCTH �py'ca: p=r; Op =10,

nOlJly:q a eM

c ==

'Y K

(
.!-

) n.
n r

H

C yq'e'DOM 3T 1 0ro H3 Y1pa.B'HeHHH (2.6 1 6) C yqeTOM B'�OiPtQro palB-eiHfcTB3

CH'CTeMbI (265) I1PH 'H<P<" IBbIlB-et]:LeM Bblpa}K)elH'He JI.JI5! KO,Mn,QiHeH�OB

HOpMaJIbHbIX Han-p5I:tK.e'H,HH:

� = - � [ ( ;H r - ( :H rJ ; � = - { � [( ;H r - ( :H rJ -

-

( :I
n

} . (267)

B 3TMX pa'BeH,cTBax npH'HSITO '\7=-1, 'Ta'K KaK B BbI1nYKJI
I OH qaCTIH ,H3-

rI16ae.MIOH nOJI10CbI Ha.II'pH}KeH.HH as HBJIHro'1'IOH .paCT'HrH'BalOIII.'HMH, T. e.

1-1 M elOT InOJI,O}KH''I'eJII1.HbIH alHaK.
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,I:(.JI5I C'LK3'1I0H (IB ' OrHY''f10H) qalCTH 6py ca .H'eJ06X , 0I)J.H,M'O Iperu,HTb CJIeLD:Y-
10 III.YIO IC:UC'T1eiM'Y yp alB H.eHrHH :

aG
p

G
p

-

Go.
(

rH

)
n

a + = 0, · er
p

-

<10
= � K -

·

p p
-

p
(268)

OTICIO)J..a, HIClIlOJIH3 1

Y.H rp a HH ' 4IHoe YCJI'OIB.J1.e p
= r B; a

p
= 0 'Ii TIlpIHiH!H M a 51

\'=+1, nOCKOJIb'KY Ha BOIIHYTO'H qaC'TH 6Py'ca 'B -< P < r H , Hal1'pI5!)KC-
UHH Os 51 BJI51 1O'11CH C}K'H:M a lO'IIJJHiMiH , nOJIyqIM,M:

� = - : [ (-�: r- ( :" rJ ; � = -

{ � [( ;: r
-

( :" rJ +

+ ( :" r} · (269)

3 aM eT,J1.M
,

"41'0 Iim {
- 2-

[(
�

)
n

-

( � ) nl }
= In �

;
n�O n r H

r
n J 2

Iim {
_ �

[(
�

)
n

_

(
�'

)
n

]}
= -In �

.

n-+O
n r

B p
r

B

Il.o3TOMY BbIipa}K'e'HH5! .rr.JIH H3:l1lpH:}KeHHH IE 6pyce H3 H)J..eaJIb'HiO JIJIaCTH-

qeOKIOro M,aTepIHaJIa. 6YJJ.'YT HM.eTb 'CJI'e�YIOIll.,HH BHJI.:

,np'H r H �P-< r (.p.a I CT5IiHiYT aH 30H a )

G
p P Go P

- = In -. - = In .- + 1 ·

K r' K r
'

II1PH r n -<p-< r H (C}KaTaH. aOHa)
G

p p Go

(
.

p

K
= - In

--;::-; K
= -

In-;::-
+ 1) .

(270)

Pa,l(uyc 'H HeH'TpaJIbIH,OH JIH'HH,H ,HaH.rr.eM H3 Y.CJI.OBHH pa.BeHCTBa pa-

�H a.71 bIHbI X H all11P f!.}K'eH'H H, IOll1pleJ)J:erJI'HeM bIX In,o £}JiG p.M Y JI e ( 216-6 ) .Ii -(:26.8):

-

-� [( � r-l]=-+[( �: r-l]. (271 )

OTCIO.l(a r H
= lI r r B .

3TH 'COO1iHIOIrue!H:H,H MIOILKH,O 'HOiJI\yq'HTb rH H,3 'pa
I Be:HI01iBa (i270).

TaIKii;M '0I6paI30iM, IB IJI.'B!yXM'ep!HOH aal.lLal"4.e .u3r:H16a jpa�HI)T:C HeH
'

T1paJIb-
'Hor.o Ceq-eHHH 'He 'OOB:na�a.eT IC iIIlQ'JIIOB'HlHiQ,H T'O:JIIll.�HbI 6 l

pyica, u<:alK 3T!.�

M M'eeT M.eC'T10 II1lp:H :prell'e.HlH'H 'OOiO'f1ne T1C:TIBYIO,Ill. eH ,00000IHOM eplHIO H . 3 a� aiq.H.

,C H ' 0I110JIb
'

3,OIBalJ;'HBl\1 IOOIQl11HOlll'eJH'MH (267), ,(2 1 6'9) Ii (27;0) Ha

pHC. 66, 8 .nOCTpoeHbI 3.I1IO:PbI IHanpHLK,eH'MH .rr.JIH CJIyqaeB 'M3rHoa 6pyca,

l\1aTepHaJl KOTopor,o n6JIa,l(aeT YI1.P'Oq'HelHHeM, H )I.JISI 6py.ca H3 H.rr.eaJIbHO

TIJI aC"ll1IqeCK'ODO M'8'TepIMaJIa.
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VII fJlaBa

P aC.TSI:>KeHHe

1. )J.uarpaMMbI paCTSI:>KeHUSI

o )J.IH'OOCHio.e p 3iCT5II}KeiH'Hle IK aIR 'TeX'Hom:IOlr,H;�q,eC!K.a5I Oll1elP a'�HI5I 'HM.eeT .MerCTQ

:nplH nip alBIKe iOqle:Hb 'f1O'HK:HX JIiHICT 1 0lB H '11Ip:ecCOIB-aIH!HbI!X J))3,.rr. eJI!MH. 0JLH,aK'J

I1JI aC'liHlq 8CJK ' oe p a1C'rH}K e'H;H.e II1:o.JI'y
rl lIlJI,O ,HOiBIC-e1M 1 eC'TIHIOe p aICJII'p'O!C'f.p alHieH:H e

IKalK -Dl1I..UH .H13 .M,eT10J}.!OB 1\1e!xaJI!Hiq,eOKHiX HICiI1'bI
' TaIHHH, �no pe3!YJIb'Ta T.aM K,O-

TOlpiono 'CY,,ZI.H�T 10 :l1lpIO'lliH'OIC'T'H ,H I1JI aIClTHI1fH,OICT�H M.eT aJIJI OB.

113 'OIIbITOB Ha paCTHLK
' 6HH.e Ol1p e .rr.e.JIHIO'T neJIiH'qHHY HIC-rUHHOf'iO .Coon-

:P'O:T1HiBIJI'elH:H 51 I,ZI. ecpo:piM a:I.J.rH!H, K,OTOP bI.M H a;3 bIIB;a e1iCI5I UC!1iH!HHIOe oR all1lp fI,}K;e'-

Hue, Bt0'3!H'YIIKaI01Ill.ee n.p'H JI'H�H'eHHIOIM 'I1JIalC'1U�qerCiK'O,M :p.alC'T5I!}Kie!HIHIH. Ha OC-

HO'BalHH'H .rr.aH�HbIX Ill.OJIYlleH!HbIX IH:3 3THX O[1blT i

O'B, BbI'BO)l.SIT MaT.eMaTUqeG-

�KHle IBbIlp,aLKeHHH 13alKtOlHa ICiB5I13:H Me'}K1JLY 0I6016I.1..LeHHbl1\1iH :Ha:np'HiLK'e I HJ1ie;M Ii

JL'e<p-op,1\1-a;}�1JaeH .

M alIII1H.HbI JI.tJl5I 1\1,e!X alH:J1Iq eCKIH x rH'OI1'bI T a HIH H IH a 'p alC''n5!:}K,elH H e .rr. a 10 T

B03MOLKHOCTb 3arrHcaTb HH,DJiKaTopHYIO HJIH pa6oqylO ,l(HarpaMMY B

KOop..rr;HHaTax CYM'MapH,oe YCHJIH'e P -, a6:o0JIIO''f1HOe Y�JIIH'HeHIHe �l. rIa

p HIC. 6 1

9,u B !K all eIC'TIB e .II!PIH!M,elp.a H13.o6 P �}K'e:H a H!HJ(IH:K aTOIp'H aH JLH alI'lp aM -

1\1 a, x alp alKTeplH a l 5I JI.:JII5I Ip aIC1'H'}K elH!HH H:H31Kloy,r JI.e!P'OtlIJHrC''DQlH JOT aJIiI1.

.Il;p'H Y:JL,JI;HIHeH�IH, 'C1010'T1Boe''f1C'TiB1YlOiIll..eM TOqlK'e A, ol6paf3ie� Haq'H'H,aeT

[lJI 3tClT,HI1.f,eOK!H' \lI.-e<pIQ�p.M'H'p,Q!B aTblCH, TlOq,K,e B COOllB eT1C'TiB'Y elT Or6 p a300IB aIH'H e

rneHlKH .Ha ,paI60q-eH 'qaIC"DH '0i6(pai3�a, a '1101qlKe C -lpa!3'PYllle.HIH'e 0,6-

p a/3
I

ua.

IHa OIClHIOluaIH;H/H H'HtlI.,HIKa!T101P,H.OH JI.IHa,r;p,aM!MbI IC'T1p,()jHT J(,HalfpaMMI)' YIC-
JIOB HbIIX H alll!p f!,}K,eHIHH IB IKiOIO P')I}f.H a'T3'X )'1CJI O'BoH/OIe H aiIIlp 5I}K e'HHie - IOTH,O-

C.HTeJIbIH.oe yu:r.JIIH,Hie'HH.e (rp!HIC. 6'9,6).
Y CJIOIB,Hloe ,HaITI�pHi}K,e:Hlne �HOllHlOleH'TeJIblHIOe Yt11.JIIHH.e'H'He tBbllq�II{�illIHIO'TCH

11 0 cplOip,Miy JI a:M :

P 1 1
- /0 !1/

0'==-; e== =-,

Po /0 /0 J

r .lI.,e F 0
-

nJIlOlillJal.rr.b In 1

ol1ep.e
t q1HiOlDO OelqeH,H'H .0I6p.a:31�OB B 'H3'll,aJIe 'UCTIbI-

TaHHH; ,

to, II -

J(IJIHIHa 0!6pa131J,101B IZIJO H UOICJI,e p,a.CTtH'}K>etH,HH.

,LLiHa'npa:MiMI)' 'Y'CJI'DtB:HbIX ;HaIlip'5ILK!eHlHH ICT/pIOHT 'TalK'JKe XI B K'OIOiptl(�Ha-

Tax Y!CJI'OBlHOe ..Ha'llpH}KeHH.e O'-,CYLK.eHHie :nonepell!Hor:o rCeq,eHHH q===

Po --- P1
-

(.pHC. 6'9, 8), r.rr.e F 0 H F 1
-

llJIOII(a}J.b II,O'nepeq'H'OPO CeqeHM5J

Po .

06pa!3ua .rr.'O )J.'eq,.Qp'Ma�H'H H B KIQ!Hne ,l(aIH,H.OH Cra)JJM.H IIp,o�e6c,a paCTH'}K,e-

H'H 51. ,,I:(:H alrp a:M,MbI yrC;JIIOIB'HbI:X H,anlp'H}K elH H H O'M,HflI a IO'TCH OT H1Hf.rr.,HlK arnOlp-

H bIX 'T10JI blKlO M a,CllTial601M . Il!013 1'10 MY ;1\1 aIKICH.Mry.M !KlplIIHO H IH a o:LlI alIlP 30M -

Max Y'CJI'OB!HbIlX IHall1 l pl5IiLKe.'HHH 'OOQlTBeTC'llBy ' eT 'Ha1qaJIry :016pa I 30IBa:H.Hil

!UeHIK:H.

Y.CJI'OB'HOe IHalnpHLK.eH.He O'B npH KIO'I'OpOM Haq,HHa,e'I'CH oopaaOBalHHe
llleHIKiH, .Ha'3bIIBa,e'-:rCH' Il1lp Ie � .e JI 10,M n'p 0 Iq!H 0 IC T IH (1B.pe.M'e!HHl>IM 'OOITIP:)-

"fH:BJI.eH,H'eM ,paapbI'BY). YCJI;OBHOe Haill:pH}KeH:He O's, npH K'OTO'P'OM HaqH-
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HaeTICH n:JI,aC'T1Hlqe I CIKaH J{let<pOIPMa��HlH oI6Ipa!3na, lHal3bItB3Ie:rrCH J1 p e .rr. eo.

JI :0 1M T e IK ry.lq ,e IC 'T ,H. M:HblM'H IClJIIO'B 3'MIH, n:p eJI. eJI '�eK!)'\q.eClTH 1TI'PletlI.IC'T aB-

JIJlletT C 1 060H YOJIo()'BH'Oe Ha 1

UpH.}KeH:H 1 e, ICJOIOTBe'T'C1JBIYIOIII.,ee npaIH:HII.J.e' .M,e}K-

l1!.y )'In1pY'no H H nlJI a.C\l1Hlq etC\KiQtH B-O!H aM!H.

YICiJIIOIB.HOe H ainp:5I;}K eJHUe HIe HIBJIISIe'fiCH neHIC'llBIHTeJIbHbIIM H!alnp fI.}K eHr!-

eM IB Ma'TepiHaJIe, TalK lKaK 'Ha1f1PY13IKa 31J{elCb Q'TiHIQlCH'T1CH (I{ Haf4!aJIblH:OMY

p
B

6
I

6 8

6
5

LJl
0

lw l
a

6 6x

6
8 6lJ.L

6s 6s

8
qUi q eUJ.

2

Ox 6x

I.Jw.

,.

Uw.
6s

exx

c

�

\::>

gILL
jJ

q xx
o e w

+1

ex x

e

r.
..

PHC. 69,. ,lJ,HarpaMMLI paCTSI>KeHHSI:

a -

HH)J.HKaTopHaSl; 6 -

YCJlOBHLJX HanpSl>KeHHA nepBoro H 8 -

BToporo BH)J.OB;

iJ - HC1'HHHbIX H8npSl>KeHHA nepBoro H BToporo BH)J.OB; e - HCTHHHbIX HanpSl>Ke-
HHA nepBoro BlI)J.a H opHeHTHpOBOQHaSi npSlM8S1

'nonepeq,H'OMY 'C-eqeHHIO OOpa3l"la a=PjF o . npH MaJIbIX .rr.'ecp'OpMal"lH5IX
pa:3JIlHlq:H,e Me}K�\Y HalqaJIblH'O,fi ifIJI10III.a;L(blO CeqeHIHH 'O!6pa/3n.a F 0 H irIJI>Q-

III.aJ:(blO �nIOIIIleJpe1{IHOinO ,Ce;q,elH'HH Fx B :TI/p,O(l'leOOe .rr.e$'Op.MlanHiH lHetBeJIIH�K,a.

.B 'C'BHl3:H C eTHM 'nIQ1flp.elIllIHIQlC'Tb Me}K�'Y o/ICJ!,OIBH.bI.M iH !HIC1iHIH,HblM lHainp5I-

2KetH!UeM 'TalK'}Kle :H'e.BBJIIHlKa, ;H0I3!T!Q{M\y nple!)J.,eJI TelK')'Iq'eCTiH OI[[lJlel,lI.;eJIHIO r

II{ alK )'ICJI'OIBH10,e H alrr'p'H}K elH'Ue, Iq'TO YIIlp!O'lII. a e'T 'TI'OC'T,a:HIOIBIKY rOlnbI'T a. n p n

60JIb ' lltH'X JI.e\<piQlp M a�H.HiX lllunp.ell=H10\C'Tb 'CTaIH-QIBH:'DCH 'Y}K,e 31H a1q,UTeJIhHIOH.
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n n3''fIo;M�Y JI.JI'H 10Inp.eJJ. eJl'elHiH!H ,)JJeHiC'TIBHTeJlbHOH lB-eJI!Hf4H1HbI .H alIIlp HI}I{'eiHHH:

npH paCTH}KeHHM CTpOH� ,lI.MarpaMMbI HCT.H�HbIX HanpH�eHHH B KOOp-

.lI.iHIHaTaIX 'HICT!HIHHlOe iHaln1pH:>K'eH�He
- 10mHlorcH'TeJIbHIOe Y�JIIHiHeH.He 1l"!;JI;H HfC-

TH'H:HO-e !HaiUpi5!'}K'e'HiH'e
-

'CYJReHIHe 'll,eMIK.H (lp:H'C. 69,2, a). :lleiPiBalH H3
.

u

3T1!fX )(iHalr.p�rMM !HOICJUT nal3lBalH'ne �Halnp'aIM!MbI HICTH:HIHbIX Halrrlp'HLK'e'HiMH

n.epIBiQif\O .BMI.rr.a, a B''frOlpaSi
-

�HalrpaM:MbI IH!C'T1HIHHbIX �Halnlp'H'LKe:HIHH B'TO-

pOlliO ,BoHJ( a. T]OiH,HTHIQ q'T10 :Ha !KlP'HB bIIX HICT1H:HIH.�I1X :H alnpH,LK,eJHRH 'r.OItl.K a,

CO'O!'f1BeTfC'TBlYIOIII.aIH np,ev:r.eJIY .n;pOlq'HOICTH, Y:}K,e HIMlqeM �He. :nlpiH,M,e 1qa\1lMb'Ha.

IECJI;H IOq!H'TaTb, '"[l'flO �eq,IQ'PIM'a[JJRH Jpa16Orll'eH qalCTH 'OIO!paI3na .loCY,III.,eiCT-
IBJIIHe'TIOH 'paIB:H10IM,eplllJQ, TlO, .H'ClXIOlZI.H H'3 'YICJIOBiHH UIOCTiOH\HIC

'

T1Ba ol6'beMa,
JI enKlO TI!OJlyrqH'Tb:

Fx =
Fo 10

=

Fo 10
_

1 �o
10

1
' OTKY,Qa Fx ='

1 :0 .

ex 10 + tJ. I 0 e
xx 0 e

xx

B T8'�OM CJIyq,8'e H'CTH'HIH'Oe ,HanpH>l{teHH,e O'x ,un'p'e.neJ1He�CH KaK ,QT-

H DIll e;Hiue YICHiJIHH P ;K In'Jl OIIJ. ai)J.,H n'on e.P,etrH'OIDO ICreq eHiU5I F x '061p ai3'� a:

O'x=P/Fx.
:H.aIQ!HIH3'H IC MIOM'eHTa o16pa1310'BalH!HH Ill,eHIKlH .rr.'e!q,IOIp.M/a�MH par60lq�I1

QalCl1H 10I6paal'la 10Iay'I.I.I:eCllBJIIH'e'TIC'H :HepaIB.HIO!M,e!p�HIQ, H :n013'TOIM'Y nIPHIBI�eH-
Hble ,pa,BeHCT1Ba AJISI onpe,neJlelHHSI neJI.If1IIH:H Fx H O'x OY�YT He ,anpaBeJ(-
,,1 HlB bI.

A:Ha!JIHi3 31K!ClII i epIHM , eHTaJIb'HbI:X ,lJ.aIHHbI1X In1Q1Ka13bI'BaeT, 'q.ro Y :QIOJIb-

ll:HiH,C1lB a IM,eT aJI:JIIOIB :If ,c;nJI.�'BOIB 'KplHiB a 51 IHC�H;H'H'OIro ,Hlalnp'HJK1eH:M!H in'OIM e

III a q aU1 a ,o6p a�:OIB a!HHI5I Ill.eHIK,H lOOIBln:a.rr. aeT ,C IK alcaITe!JIb!H10H, n:pO'B ev:r.eHIH\O H

qep,e3 TiOqKY, 'CO.OTBeTCTBYlOmylO M'OMeHT.Y 'oopaaOBaHHSI ;lleH'KH. 3T,0

ro'OC'110 H'TeJI bCTiBiO J:( aeT BIOI3'MIOI)I{�HIOICTb, I3IK 1 0rp ainIOiJI.HlP'Y'H IK,alC a'TeJI b'HtyK).,
.n pIHl6,JI H)I{'elHIH:O IOrrIPIe!AeJI HITb 'IilC''PHRIH 0 e :H 3.rrlpiHI}K e HiH'e 11 iIIOICJI e :061p al3 1 01B a..

iJ-IH 51 Ill.eHIK.H.

H a 'p:H,C')'!HlK e 69,e 'Hl3!016;p 3:>K'e:H a JI.iH arnp,aMIM a H!CJJHIH'HbIX 'H aiII;pl5Ii>K.eHIHH
B (K10iOip .lCH,H a Tax HICTHHIHloe :H aln:p'H�,eHHle

- \Qi'frHOClH'TeJIblHIOe \yJJLJIIH�HeIH�H e.

1l e pe3 TOq;KY B, 'C-OOTB-eTC'frB'YIOI11.YIO M;OM'8HTY OOpa l 3-0BaHHH rn€n:K.H,

np'OB eJI.re:Ha oK alC aTeJI b:H 3tH IK IKlP'HlB10H iM-C'THIHHbI x H airrlp 5!-}K e1HHH. ,Il'C)lK a\3 a -

'HO [4 ], 'q'TfO lB-eJI1H/q,H.H bI o'Tlp.e3!K I OiB, IKIO!TO:p bI e 'QIT1C�K aeT K a\Ca�eJIbIH alH H a

uYJI:enOH 1M IK r O!HeiIIH6H Olpt1I.HIHaTaIX, T. e. ;npM exx=O 'H exx=ll, .C!OOTBeT-

CTBeH,H.O :paBlHbI O'B H 20'B. TaK,MM .OOP8'30:M, KaC3''I'eJIb!HaSi K K'PHBOft,
.H JIIH, �K aiK ellJ. e fiO!BiOlp HT

, Oip;H'e:H'TH�pIOIBIOIIIiH 3tH ;n plH.M 3IH .HlC'�HIHHbIIX III alnp H-

)K'e!H:HH, OTCeiKaeT Ha !H'YJI'elB'OIH 'OpJLH'Ha'Te 'OITipe:aOIK, ;qHICIJI,eJHHIO ,p1alBHblH
,

u u

:il'pl�'eJIIY nIp OqlHIOICTlH 1M IH a IKIOH eq�HOH OIPl11JHlH 3'Tle -

101'I1p:e3 1 01K, p aJBIHbIH

Y�B:QleHHiQ.M'Y ;TIlp,e.rr. eJIty IlltpOIl1IHOiCT1H.
IY P alBHletHH,e 'OIP,H eHTH PIO,BrO\q:H10H illp HIM.OH nepiB!OIDO BiH1){ a H,M'eeT /B.RA:

O'x=O'B!(l+e xx ) .

iH a OCHrOIB:a!H HiH lC!cpO!P MIY JIIHpiOlB aIH.HIOIDO 'B r JI. I I I '3 aIK!OIH a IClBH:3!H ,M!ew<:..

JJ.y o606I11.eHHbIM. HanpSl2KeHMeM H o606�eHHOH ,lI.eq>opMal'lHeH 3TO pa-
BCHCTBO .MO}KHO pacnpOCTpaHHTb Ha JIlO60e HanpSl>KeHHOe COCTOHHHe:

(Ji
= O'B'i( 1 +ei)'.

IB 'A aiH:HIO'M ICJIryqla e 'CB H!3l? M'e}Ki.ZI.� JI. e'cplQlp:M a II.-H'H M,H .H H aiII,p!H}K,eiHIM H'M,VI

a rr:TIlp'OIKC-HIM'HlplyeTiCiH JI:MIHleH HnH '<PYHIK([.'CH eM IT alK, 1.f'nO inplM 3TnM y:nP'Y'rH-
M'H ..neCP'OIP'M,alII.IHHMIH np!eH,e6peralO'T. EICJfH IB'TiQIP'QiH qJIelH :n�paIBIQH 'qalC'fn

3Toro paBe.HCTBa npHHHTb. paBHbIM HYJIIO, TO nOJIyqMM: 'O'i='O'Bo DpH
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f101p!5Iiq eM .rr:ecp,Op.M allI.�nH .TIiP'.eJI. eJI Jllp.OIqrHJOIC'TH n p Hl6JI,H13'H'TeJI bHIO p alB eH np e-

JI.eJIY TeKy,q.ecTH aB�'aS, nosT,oMy ai=aB�a8, T. e. MarepM.aJI M'O:lKJHO

C1.1iHlT aTb iHJ:(!e a JI b:HrO n,JI a,CT:Hq eC!K H M .

2. BJlHSlHUe XiHMHlJeCKOrO CO'CTaBa

" TeMnepaTypbI Ha ,conpOTHBJIeHHe

Ae(jJopMaL(HU U IDJlaCTHIJHOCTb

IIlp'e.n:eJIbI 'TelKlyiqe.CTH,. n:PlQrlfH:OIC'f.H, nCTIrH'HOe IOOIUp-o:r.UB'JI'elH!H-e J:(ecp'op-
'MaIl.HH, a TaK}Ke 'nJI30CTH'qH'OCTb 33!BUCHT OT XHMnqeCK,Or,o C'OCTaBa ;fj

'CT:P'YiK'TlypbI .M-e'Ta.JI.JIa. C 1 00IT!BeTCT1BI)'IOIll.:H 1 e J:(aHIHble .M-oI:tK,H10' 'HaHTH B

cnpalBOqHH'Ka HJIH HerrOCpeJI.CT,BeHHo H3 pe3YJIbTaTOB orrbITa. Ha OCHO-

.BaIHUH alHaJIH:3a 'onbI'THbIX .naHHbIIX .npe-JI.JIO'LKeHo MiH.oro '3M / rrHpnq'eC'KHx

'cpiOp'MYJI. HarrprHMep, ElKeJI'Y,H.lI. 'npe.1LJIO}KIMJI q"Op,MyJiy JI.JIH oIIIpe�eJI�'HH51

rrpel)J.leJIa T,eK'Y,qeCTH, '!{1O'To.p3iH ,HIMeeT 'CJIelILYIO;ll1.'HH lBiHJJ.:

as
= (14

- 0,01./) (1,4 + C + Mn + 0,3 Cr) .10-
1

Mfl/M,2 (KF/M,M,2),

r lI. e t -

TeMinlep a'D)"p a;

C, Mn, ICr -1c-OJI:e'p'}Ka!Hlue Y1rJIepI0llI.a, Ma.p;r;aH1l'la 'H XlplolMa, %.

TaKHe cpOPMYJIbI, pa3YMeeTCH, He yqHTbIBalOT Bcex cpaKTopOB, OT

lK'0lT10lpbliX 3amH,dH'T Inpiel)J.eJI TelKY1qeCT1H Halup'HIM,ep, BeJIiH1.f 1 HHI)' .np.el)IJ Ba iP'i1-
TeJIHHOH ,n'JIa t C'THI1.1'eiC!KIQIH llI:e'cpiO:p'M alu.'HIH, ICTtpl)')K'IIY\PbI IM,eTaJIJIa'.H tlI.p.

I,C 'pIOIC1iOIM ,rrlp'e!)I.IB ap!HTeJIbIHQ.M 'C'T;elI1e:HIH .11.e:cpiO!pIM a;�HIH ,H,p,e.LI.OO TeKY-
qeCJTH paiClieT .6bICllp , ee, Iq'e.M iIIipeJ(eJI iItp.aq'HIOICT1H, 'T. e. pa l 3JIIHlq,Ue Me}K)I.Y
JUfMIH YMeHb!ll1a'eTiCH. C;JIeJI.!0IBaTIe:JIbH1n, iB p'e!3IYJIHTa'Tie X:OJ])O�H:QH o6pa..
6'0'1IKifI �M.e'T a,JI,JI IC'T alHOIB:H'T1CH .M.e'Hee .nJI alC-TH'qHbIlM. YirrlpIOflI!HeHiUe, .M'exa-

rHH1aM -K'OTOp'ono 6bIJI Olrr!H'CalH B rJI. I, :Q,cI016eIH:H.o HIH'f.eHIOHIB:H10 nIPOIHICXQ-
JI..HT B Haf-qalJI'e :nIJIa'CTlU1.f ' elC!KrOH iJI.eIcpo'PMa1I.J.:H'H. TliP;H 16�'f.H'QICH''fIeJIb:H!O!M I)'IJIiJI'H-
III eHIH:H, p 3'B:H.QlM 50-16\0. %

.H 6oJIlee, ;M ex a:H!Hlq eOKlae 'crSIOH!CllB a .M,eT alI.,1 a

'H'3.M,eH'HIOT1CH IM{�!Hee ;HIHTeHI�H:B:HO. 3aT.eM InlpiH H'eK'O'flOip!OH 'HeJI!H,1.fiHIHe CTe-

nelHH )J.,eicpt01plM a�u.IH!H �n[pIOJ1lCXOJI.1H'T p a!3pIYll1!eH
1 ue.

,H alI1P'e
l B M;e TaJI.JI a, ocyu.1:e

I C'.T1BJI ' 5I'eIM'bI H IIIOICJI,e inJI a\e'I1If1q eClKID H J:(f�iCP op-

l\tlaII1jH!H, �aetT IBI0I3J\1 I OI}K:H'O/CTb ClH'OIBa nO:BbIIC:HTb ,enD nJIa,CTHlq!HIQlCTb I1

YIMeHbm!H'Tb iI1lp;OIqIHO,CTB. 3T10T :rrp'O'l'lleOC .Qloy�ercT;BJIHeTC5I B ,nJBe CTal,LLHH.

TI!P!H 'Ha!flpeHe ,C'TaJIIH, 'Ha'IIlp:H'M:ep, In,e:p'BaIH 'CTa�IHIH 3aIKaHqiHBae'flC'5I npa

'peMIHejpaTy,palx 4,OO-I5;000IC. B 3'I10M OTai.1IJH!H qa'CTitEq;HOe B'OOC'Ta:H'OIBJIe-

:Hue !MlexaIHIH'1.f.elaKIH�X .eHOrHIC11B rrIj)IOHIOX'Olll.:H.T 16e3 BIH.JI.IHMIOIf'O ;iji3.M.eH'eH'H5I

CTPYKTYPbI. OHa HOCHT Ha3BaHHe B03BpaTa, H H3MeHeHMe CBOHCTB

o60/'C'JI.OIBJI.eH 1 0 oC:H H''VueM H aIII1p'H}K,eHIH H, :Bi0l3iH\HlKlIlIH X iB 'P'eBY JI b'Ta'Te YU\P'Y-

ilOf\O IHICiKa}K'�HIHIH inpIO!C!TpaHICTBleiH:H'OH 'p,ern1e'nKH l\1.eTaiJIJI<3 tII,pn UIJIa,CTH-

II eJC!KOH )J. e!cplo p:M alIl.!H!H. :B T10tp alH 'CTaI)I.!H H R arqnlH ae-nCH inlp�H T1eM:II elp a'.'J1Y P e

550-6'5:O°'C. ,fl!p.H 3'TOM B iTIlpiOIU'eac;e. Hainp'e!B.a AID 6oJI,ee BbI,ClOIKiHX 'f.e!l\1-

'rr:epaT1}'1p :np.OIHldXo\JI.:HT ,nOIJI'HIOe lB'OIOCTa�HiOBJIeHllile .M.eXa!Hnl1.feC!K,H� 'H CPiH!3H-
'q eraK�H:X 'CB10HICT!B IC T alJIIH, oon,p,61B10iLK!.lI. a!e,M'oe T alK}K e 1H BIO'C!CT aiH:OIBJI,eHIUe�1

'Cl1P'YKJ11)'IpbI. O,rr:HlcaIH:H'Oe 5IIBJI'eIHH,e HIOrCHT Ha!3!BaIHlae !p,eK;p�H'C'TaJIJI;U3a�IHI!1.
B rrplUl'leclCe 'p 1 eK!p'H1CTaJI;JIIH!3 a)IlJH\H .llIOH:BJIiHIOTiCH Il.'e1H'TP bI IKjp'H!C'T-aJIIJI�H3 a-

lLHH, .H13 iK'OTOlp.bIIX 'BbllpaIC'TaIOT HOIBblle 3ep�Ha C iH,e:Ha'rrlpH}KeiI:H;Q'H pelliJeT-

;K'OH. Il,p=ol�eoc 1016pa!3 I OlBalH'Hi5I .Ii plOC-Ta 3ep'e!H HIP'0I.1I.!OIJI:JKa'eJTiC5I J:(IO 'Tex II'OPt

.nOIKa IBIH'y1lp.eHIH
i 5l5I nOITeH'�HaJIbIHaH 3:He.pT:HH TeJIa He np:H 1 016peTa-eT MH-
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HHMaJIbHO BQ;3MO}KHO.rO 3Ha'qeHHH. PeKpHCTaJIJIH!3a1'lH5I OCYI11.eCTB-
n5l-e''I10H 3a aq!eT 13HelplnHiH, HaIKlOOIJI,eHlHIOW' Me'TaJIJI;QIM IB InlplQl[(edoe -TIJia.C'TH-

qeClK'OH l11.elcp'opIMaln:M�M. DelH�1lPa.MjH HIBtJIHIOTlCH MeJIb!lIaHlll:He '06JIIOMIK�H 3.e-

'p eH, II1p'OIC'T'P a!HtC'TIBeHIH arH p'e!llI.eTlI�a IKlQlTO!P bI'X M aIJI:Qr nOK a;)K,e.H a. 3TIH 016-

JIrOMIKIH ICJn 1 0 1 co/6C''rBIYIOT H!HTeHrC!H:B�HIOIM'Y 106lp,aI310B-a�HIHIO ;H-QIBbIX '3oep'eH no-

'POM;Y, 11'f10 HIX :IIolBlep XIHiOIC'Tb ,nJBIMi>KleTIClH B ,C TlOP'O!H'Y 160JIblIlI,H'X ��IClK 3'>K'elHH Hi)
TalK KalK npiH .3TOiM 13�Hep:�H'H 'TeJIa Y:M'eJIbillae1l05I H HlCJKa'LKeH:HH !lJalc-TlftI�

HIO :HJIjH II10JI:HJOICTblO II1 I Crq,e.gaIOT..

IP.eKp'HICTaillJI�HI3 a:II.HH YOUJlIHB aelT nJI qICTltE1.f,eOK:Y1O '.rr.'elcp:op.M alIlHIO 3 a

'CQ,eT .n;-H�cpl£PIyJ3:If.H 'Ii 'CaIMIOlIIJH\cp.<PY3�H\H (I CoM . r JI.I ) . B p.eJ3
l

Y JIb'T a'T.e Ll\1'e T aJIn

CT�:HOHH�CH X!:aMlrnqeOKlH OOJl.e,e O!J1.HIOlp ' OIAHbIM. IB .nip'OII.eOce 'peKIP.HIC'Ta1JI-
Jf;H;3all(IfH IYJI.eJIb�HbIH :BIe'C M'e'TaiJIilla 'HleIOKIOJIblKO: 'ytBeJIIHlqIHIBa:el1C'H, qTO ICJBJI-

.n; erreJIb!CT1B'y.eT iOi6 .H'Oq'el3IH 1 0IBeH:Hl1 Y JI b;T.p,aIM�HIKJPIOlClK{)lllIH'1.f.eaKJwx 11P e'IItMIH �

B03H�KalOIII.IHX B npOII.e,cce ,l(ecpop'MaII.M-H ,M YMeHblleHMH nJIOTHOCTIi:

j(,H,CJ!,oxa'IJJHH.. ,3'lIM ,0!6ICTOIH'�.eJIbJcma 'c!n ' 0Io0'6CTS!)'IOT p.OIC'I1)' :UJlalc'tH/lI1H10CTH

11 Y,!\4Ie.HblleHHIO oo!rr/pIOI'r.HB JlIe:H HH
.

,l( e�'o'ptM a:u.!HIM.

,PaIOCMIU1;PIHiM 'Telnepb nl()1H'HITH,e t(O�p'H'q'eH :H 'XlOJIIO\J(H'OH J{.eI$,op.Ma1II.H.H..
B n,p{)lII-eaoe J('eiCP OplM aiII.IHlH rr P'OIHICX.oi){HT .nIB a nlP'O llHIBI0\fII0IJItOJKIHbI I

X rrtp:onec,;.
ca: lyJIIlpIO\1J1HeH�Hle H paI3YIlip!011.f:HelHil

l e. OT 'OOlO!T1Hlorne'HiHH ,CJK=OIPlolcTlei% 3'THX

JIJBi}T�X np'OI[( eoaOIB 3 aIBH'C'H'T IX alp a\KT1e.p JI:e<P'()(p!M.a\II.�H;H. E,CJIIH ,C)KOIP1otCTb yn-

p 01.IlH'eHIHH iBoeJIIHIK a no lap a!B:H.eHH-1O 100 IOK.olpIO!CTblO P a!3})'iTI.pIOItI:HeHIHIH, TO

ilI.'ecpO!p:M� 'II.HiH 'Oq'H!T aie-nCH IXJOJI101JL1H'OH. E'CJ.lH OJ{:OIpIOIC'Tb y:n;p I O)1l H'e/H Ii'H P alBH a

C'K'Oip'QlCTH IP a�3IynlpIQl1{IH'eHIHIH
-

1lI.lelC}>OIpIM aI;l11.H IDOIp HiQ a\5l. P,e31KtOH np aH:HlLI.bJ

l\'le}K\�Y rOlp:5IlqeH H 'XIOIJIIOtII:H'OW .n;1e<P,opMalII.:H,el1., B01016w..e ,I10iB i O\PH, Hie cYIIll.e-

Cl1B!yeT, TalK. IqTiO IB:013'MI01}K;HbI n:pIQ/M'e*¥�OIIl:H!bl-e 'CJI/YIqaIH.
'OllM'etq,eJHlH,Oie p a\3lJ1lH)q1H.e H,B JI!Sl'e'TIC�, OllIJH alroo, 'CJIIHJlllKIOIM 06:III.H.M. f10-

3'f\01MIY lJ.IeJI'ecIQioI6paI3H=O no IBIOI3!M;O\/K!HIOICTH YTOq;H'HTb TeMJIrepa!Ty,piHYIO
.

flp aiH,H.II.\Y .Mef)K;lI.!Y rop,srq,eH H XOilllOlllHro,w .n,e1cptOipiM al1'CH,eH. .

,MalKICiIiM aJI b:HIYIO 'fIeMlnelP a
l

11y1PY , nlp!M 1I�'OllOlp:OH yJAaeTlCH rOi6:H alpty!>K1H T�
u

'

'H'BJIlelHIH e Ip'e!Kpn'OTaiJI;JI!HI3 aII.�HIH ,M10!}K,HiO IH al31B a'Tb 'Tle!Mln'ep a'TJy,p'OH H a1.f an a

'p'etKp.HICT a,JIJIiH�3 all'CHIH. n PIH\6JIIHI}K\e-HIH 1 0 ee MIO}K:HIO OIIip,�eJIH Tb no q,:OlpIM Y-

JI.e A. A. l3,oq:Balpa:

Tp =,0,4 Tnn ,

r)J..e T
p

IH T fin
- alo-eOJIIO'T:HbI,e Te:M:n:eparypbI 'peKlPH1C'TalJlJI!HI3aU;HIH r!

!nJIaBJIeHMSI, o:K.

3,Ta cpOlp.l\1YJIa 51BJIHoeT!CH n�pHI6IJ1iH}K,eHJIIOHnOtTtOlMI)', QTlO OiHa He YrLI.H-
TbliBae'T IB;p,eMelHIH IBbIJI.,ep:>KfK�H IM'eTa'JIJIa n.p,H .rr.arHIH;OH 1ie1MIII i epa-'Ilype H 'CTe-

:{I'e:H:H nip eLllJB a:plu-r.eJI biH!OW ,l('e<POP'M aU:H1H. T,e:M He M.eH�ee IIIOB 51''tH , e 10 Te \1.-

,ne p ally:p,e H aiq a.JI a 'p etK'PIHICT aJIiJIIHG a[JJH!H nr0l3IBtO,JI'He T !BIB'e!C'TH T alK'oe YI'I'O l.l-

:HetH.He: XJOJIoQ�:H'D'H .n;'e!cpOIP.Ma�l'lneW 'Ha!3I:>IIBaeTIOH TalKa!H, 'K-DIT:OIpaH nlp!OHICX'O-
.n;H'T npM TeM�nep.aType HIH}K;e TeM,n�paTYlpbI .HaQaJIa ,peKpnCTaJIJIH3aII-HH;

flopH'1I'eif JI.e!<pop;M,an.H'eH H3'3bI,BaeT'CH TaKaH, K'OTopaSI .npOM'CX'O.lI.H'T np'FJ

1'�Mlnepa'Type Bblllie Te-M!nepaTypbI 'HalIaJIa peK,p'H'CTaJIJIH'3aUHH.

,Cy.III.eCTB'y,eT H .rr.py-raSI KlI3rCClHcpHIKaII.MH, npe.rr.JIO}KeHHaHC. H. ry6�
KH,HblM [4] (Ta6J1. I).

XOJIO,lJJHaH H rOp5lqaH .n.ecp'opMaII.HH IHaXO,l(5IT HaH60JIee .1lIRpooKoe

n P!H:M,e.H,eH;ue 'B n,p�OIl'leC'c alx .'OI6.p aJ{)!OI'flKjH M'eT amJI a )J. a BIJI.eJH:aeM. Hle;n,OU1\H a H

XOJIOIJI.;Ha,5I ,lLercpolp.MaIl.:(IHH IUC:II:OJIb'31Y,emoH inplH 'TalK Ha.3bIIBaeJl\1bIIX «T,eJlJIloM»
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r a 6 JI 11 1.( a 1

KnaccH�HKa�HH BUAOB Ae�opMa�HH B .3aBHCHMOCTH OT TeMnepaTYpY

BHJJ; �e<lJopMal.J,HH TeMnepaTypa npRSH8KH DRJI,a .ne4>opMa.I.'(HH

'XOJIOJtHaH � 0, 3 T
nJI !npO�eCCbI pa3ynpOtIHeHHH nOJIHOCTblO OT-

CYTCTBYIOT

lfenOJIHaH XOJIOnHaH 0,3-0,5 Tnn inpOHCXO.lI.HT tIaCTHtIHOe pa3ynpOtIHeHHe B

pe3YJlbTaTe B03BpaTa, BbI3BaHHoe pa30-

npeBoM H3-3a. BbIXO.lI.a TenJIa B npou.ecce

.n.e<!J0pMau. uH
'

lienOJIH8H rOpHQaH 0,5-0,7 T
nn

fOpHtIaH 0,7-0,9 T
nn

iPeKpHCTaJlJlH3aU;HH H pa3ynpOQ.HeHHe

npOHCXO.lI.HT He nOJIHOCTblO: HaAHtIHe pe-

KpHCTaJlJlH30BaHHOH H .n.e<popMHpOBaHHOH
CTPYKTypbl

:B pe3YJlbTaTe .lI.e<!JopManHH ynpOtIHeHHH
He npOHCXb.n.HT. 06pa3YlOTCH HOBbIe pe-

KpHCTaJlJIH30BaHHbIe iPaBHOOCHbIe 3epHa

n.piOKaTKe, nlp.e!ocom3:H.HH.M BOJl'Olt.le'H:H;H TP'YJLlI I O/Jleq"OIpiM;H.p!yleMbI:X CTIJIa-

'BIOB. n!prUM'eH:eH:H!e HeilliOOIIH:OH Iflo.p:Hlq'e.H JI.'elcp:OIp,Mal]]JHH H.ffiK ' eJI3:TeJIHH,)

IBJB'HtZI!y B ' 03,H!I1:KalOI.U;H:X n'p:H 3''DO:M .60JIbtll,HX H3:I1ipHi}K�e;HiHH B IM,eTaJIJI.e, !KO-

TopbI!e .M'OIJr.T rup:H
'

B-eC'1iH iK e'I10 Ip 3/3P'YIIIIe:HMIO.
TIHlnH'1.fIH aH J(lJIIH MleT aJI.JIIOB 3 31BIMICHM OCTb MreLKtD.ry B.e;JI'HQiHtH:OH 3 i ep,H a,

.TeM:nepa1lytp'OH IH ,CTe;l]e;HblO JJ.elcp:OIpIMall'lIH:H HI3 1 016p3:}K,elHa IHa pIIflC. 70. .n,pH
MaJIbI'X o-ueneHHX JI.eq,'Oip:Mall'l;lf.H (IOObFIIHIO IHe 60Jl-ee 8- i l\5 IO / o ) B,eJIjH{tfH,Ha

31�p,a3 :He 33IBH/c!H'T �OT IC'DeneHH �e<}J'OIpIM31[(IHH. STrO'T Ylq31C'TOIK .II.'H3Irp31MMbI
iIal3bIBaIDT n:QP.oDOf\1 p;elKpIH'CT3JIJIIH I 3arI(!H:H. C ,P'OIC'flOiM TeMlnep3�1J'IpbI Be-

JIHqMH3 nopora peKpHCTaJIJIH3al'lHH YMeHbllaeTcH. npH HeKoTopoH
fK:p�HTn11q eaR-O H lC'J1e1nreH'H ):Leq,'OIpIM 3!l(MiM, X3'P 3IK'Dep!H!OH )1.JI.H .rr.3IH:H'QlH �e)Mlne-

p al1ytp bI, 'B,eJIIHrQHiH 3 :3 ejP'H 3 Ip:e31K
' 0 IB03:P aCTa:eT, 1M 3 aTeM C .II. 3JIbll.eiim:a.M

.p'OCTOIM .,lLeqJOpM31l'l'H;H CH ' 0IB3 )'iM 1 e!HhII1ae'I10H. QT!CIO..l{3 CJ!,elZI.!ylelT B31}K;HbIH

'BbIIB 1 0.1L:, \,l{JIH :I1JOIJIlyq,OO:HIH IMleJI!K 1 013'ep!HiH\CTOH ICllpy,KrylPbI .MeT3JIJIa H:ea6IX-O-

,nH:MrO H,3 1 6er3Tb -K'P:H'THlq:elClKJHIX ,CTenelH,eH Jlrecp'o:p!Ma!n;HH.
,B!H'1.l( .K,piHIBrOH, 'CB\HI3blB 3 lO�eH IB e.n;H '

1fH;H'Y , !3Iep�H a '00 CJ1�e11eHblO .n eq,lop"
1M 3 I IJjHH, HB JI HeT1CH p 1 e3'Y JI bT3mOlM CiJI,e.rr.YIOll{MlX a6C!'DOH'1le:JIbC'r.B. ;llpiH M a-

JIbI X JI;ecp:OIpIM 3 1 ]]JHIH1X (1C'010 'nne'fiC llB1YIO�IItHX Inloplolny :peKIP.H CT,iJIJI;Hl3 31QH H)
',ll!OIC.JI,eaI;H H!H IIiP'OT-eiK aeT 'BH'YTP;H 3-ep'e!H, T aK 1.IT10 r.p 3iHiHil'lbI Mle>K!)I.iY a �p,H 3-

:M'H IHe '.H 31prY'1li 3 1O'T1C:H. .DrOl.31'flOlMI)' IHrenIOlcp'eJJI.:C1TiBleH:H'O� eOln pnIK:Q!CHIOIB'eiH 11 e

'C'OOeJJIJHUX ;K,pIHlCT3.JIJI.H
1

'}1nB 'H B33;HM�H3H nep
' e'CTpOHIK3 MIX p:ern.eT1KH .lI.JISl.

oop3aOBaHHH o6III.ero HOBore 3epH3 33TpY.1LHeHbI. B 3THX YCJIOBHHX
.'BeJIHQHH3 3epHa He 33BHCHT OT CTeneHH .1LecpopMaII-HM. KOr.1L3 cTeneHH

� ecp 1
o.pIM3'lI.'HH IP alBIHbI K piH'T!Hf4 I eC!KIHiM !H aIQH:H aerflCiH IM,eJKIKpIIflClTa.JlJI;H'Q elCIK 3 SI

Aecp'opM3l'lHSI, O,[IJH3 IKO QnCJIO .06JIOMOB 3epeH -l'leHTp�OB KpHCT3J1JIII-
<'3 aIJjH;H eIII.1e .HleB,eJ{IHIK!O. IB ICIB H'3

1
H 'C G'TIHIM qiH,C.JI'O BIH:Q!B b .0i6p a3 1 0S 3IBlll,HIX C SI

sepe:H TalK}Ke M3rJIO, H'O 3a'DO neJI:tEQ,HlH3 fIX 3:Ha\q;HrreJIHH3 (IKlp�HITHHetClKall
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HeJIiH1jjH'H a l3-ep;H a). OKJI;OIH:H:OIC'Tb K ip.oeTY 3 ejP!H 3 !OIO)TIOJIIO!BLJI'e'H 3 npIOHrCXoQ-

JI:5DII.."CHiM TIlP'H 3''DOIM Y:M:eHbllleHMle.M YP'OIB!HH n I O'PelHII.IJH3JIbiH'OH I9'Hieplr�.H B

'OOHl31H IC OOIKp3 1 I11. l eH'H'elM .np'otTH'}K'elHIHIOO'nH r.p3iH:HiIl 3e\p'elH IH HX .HIClK3JKeH-

HlOIC1':M. B .u.aJIblHeHffi'eM C PIOICTOiM ,necpO:p'Man:HiH tqHICJI/O neH\Tip'OIB KtpHC-

TaJIJIM33l'lHH npO.rr.OJILKaeT B03paCTaTb, 3 BeJIHqHHa 3epeH BCJIe��'f.BIIe
:B.33IHiM.HblX nOIM'ex niP H HX p'QlCTe ytM.elHbilli a , e'I1CH.

H3 rpiHIC. 7'0. .n-O:Kal3a:HIO, rqT:O ,np�H �3iHiHOH CTe!JleIH:H .ne$10IpM31l'l1H!H Be-

J1ff1I!HH3 3eJplH3 ys.eJI,Hlq
'

HBa.erpc5I C P'OIO-nOM T�Mln,e;p311YpbI. 061>I5l\C'IIH'ercSi

-"

D 0

'N\..

�
�

� 40
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�
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700 �,,�
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PHC. 70. ,l(HarpaMMa peKpHCTaJlJlH3a�HH MaJloyrJlepoAHCToA CTaJlH

3'�O �eM, Iq'I'O nplH BbIIOOKHX frelM.n i

ep3'Tl)'lp3lX :np.OIHlCX{)J(nT BbIpaIB!HIHIBaHMe

OpH=eH1'iHp'OB'�H BOeX �p:aCTaJIJI'HTOB, sa 'CtIeT q.ero MeJI'KIHe a-e,pHa .CJIH-

'BalOl'CH B OOJI,ee 'KpYUHble.

MH'OII:OqIHICJI'e:H'HbI,e .0'TIbI'TbI IThOIK3I3bIIB31OT, Il'nO' 'C pOO'nOiM TetM:II,ep3'T'YpbI
11C'11HHH'Qle conpOTHBJIetHIHe .rr.e<plopM3!IlHlH 'YiM'�Hbillae110H.. lB. ,C. K'YiP,HalKo.B
Y CT,aH'OBiHJI, 1fTO "C )liB eJTH'qleH,UeM 'T8M,nelp a11YP bI

_

IBloe B eJI'Hftl"HHbI, X3'P aK-
u

Tetp�H3yIOIIJ:Me np01fH i OCTHble 'CBOMrcrna M'eT3JIJIOB, YIMeHb'lIlalO'rc-SI n"a

3KCnOHeHl'lHaJIbHOMY 33KOHY:

K = Koe
n

(to-f), (272)

r.lI.e K If Ko -

:HeKoTop'oe 3iija'lletHIH.e ,c,onp,OTHiBJIGHH'H .lI.e'<p,opManHH npH

TeMlnepaTy�pax t H to, 'npnqeM to<t;
n - /KIOIHIC'T 3:H'T a.

().lIJHaiKJO .n;p�H rr.eM'n,ep3-nyp31X �3l3aBblx lll'pieJHpaIII.eH:HH HalOJlIO.lLaeTCH
,OK3 I QJK 1 010'IOrP a3 1 HbIH -P'GlClT iHJIH (-HH ' OrI'J{3) YM'elHb!ll'elH:H.e 'oolnp'Ol1HIBJIelHHH .n.e-

'$Op.M3,I(HiH (p'H'C. 7,1). POIC'T '06'HH'CfRH-e"f1CH TeM, "(fT10 B nIPIOIl'l{�!cc:e cpa30Bo-
ro IIrpeIB.paI11.e:H

'

IfH np:QlC'Tp31HIC11Brea-l�H3H petll,eTtKa M;e;T3JIJIrOlB ,aHJIb'�n H��
!K3JKae''f1CH: YIMeHb!ll.eH!He oonpIO'TH!BJI1eH;USI .rr.,ecp'O\pIM,al(:HM H 'COIOlTBe'I'CT-

B elHHbIH "PIQlCT In:JI aC'I1Hr4:iH 1 0IClT'H H:BJI'HIOTiCH p'e'3Y JIb'T 3T10M

.

�lJ:eHIC;T!BiHH ;H 31TI'p H-

>KeHHH BToporo pO.lI.a, B03HMKalOIII.MX "PH BbI.rr.eJIeHHIH cp33bI 60JIbllIerO

'Y�eJIb�HIODO '0I6'beMa (no 10T:H'0Ill'e1lfMIO lK jHICXOlLLHOH <i>a:3,e) B 'I1e.M:nep,3TYp.
\II DIM M,H Tep.B aJI e <p 313.QIB,ono 'llIP etB P 3 III.,eHiHlH.
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H3IB-elCTiHO,. Iq,TiO �n.p!H, HaJI'HlqrH'H XO'T5t 6bI H-e6orJIl>.rn:HX ,n!pIH'MeceH B oc-

'If.01B!HOIM �M,eTa.JIJle TalKLK'e !Ha!6JIIO,JI.a\eT1CH y!n!p��noe :HlaK,a)K'eIH�H,e K:pIH\CTaJI"
JI , or.p'a!cpiHllJeC1K!OH p'ern-e1lK'H, 'II1TO �BbI'3bI�Ba.eT ;rrOiBblrnelH:ne lc-o:nplQ'THIBJIe!HH�
� ecp,OJp'Ma[(�H'I1 iyI.eTl;1JlJI OB. Clon'pOTHlBJI,e;H'ne JI..ecp!Op'M a:[(iHIH 13

'

B aiq:H''fIeJIbH'O

'H03lpiaiC T a'e T, IK'OTJJ. a lllp!HIMieiOH iH aIXOIJI.H'f10H IB M1eJI!KOI,llH!Cln eplC!HOIM 'c!Ql0T1015I -

HH:H H, ,n'orllTH H.e 'QlKaI3bIIBaIOT B:JIIHH;HiHH, KniDJI.a OIHa 'HIMeeT �BiH[LI. 60JIee

KpynHblx 06pa30BaHHH. B

CB513H C 3THM 06CTOHTeJIb-

CTBOM B p51.lI.e CJIyqaeB npH
BbICOKHX TeMnepaTypax CO-

npOTHBJIeHHe JI.ecpopMa[(HH
HeCKOJIbKO YBeJIHqHB�eTCH
C pOCTOM ..TeMnepaTypbl.
06'b51CH51eTC51 3TO TeM, llTO

rrpH HH3KHX TeMnepaTypax

IJ.p.H-M.eCH 6bIJIH B K'OJlJI'OHJI.-.

IHOM .eOCT'OHIH,HIH, a npH Bbi-

.COKHX 'TeM,nepaTypax M'O-

JIe.KYJIbI npiHMeceH B pe-

3YJIbTaTe HHTeHCHBHoro

TenJIOBOrO ,lI.BHLKeHHH JI.HCP-
<PYH,lI.HPYIOT B MeTaJIJIe KaK

MeJIKO,lI.HCnepCHaH �cpa3a H

JfCKaLKalOT ,p-em-eT:KY.

nOBblmeHHe c.onpoTHB-
1000

';2�g JIeHIHI )J.e4>opMarUIH couPO-
I

BOLK,lI.aeTCH, KaK npaBHJlO,
'PHC. 71. 3aBI:ICHMOCTb npe,tl.ena npOqHOCTH yrnepo- HeKOTOpbIM

.

nOHH�eHHeM
JJ.HCTOA CTaJIH OT TeMnepaTyphl no ,AaHBhlM M. B.

Bpa�Koro H C. H. �paH�eBHqa: nJIa.CTUq'HOCTH H3-3a H'CK;a-

1-- 0,55% C; 2 -'0,45% C; 3 -

0,3°/�, C )KeHHH pemeTKH. Ho

YMeHbllIeHHe nJIaCTHqHOCTH

M'O}K.eT HBJ:I'TbC51 Ta-KLKe H pe3YJlbTaTOM nOHBJIeHHH B MeTaJIJIe xpyn-

K:HX HJIH JIenKOnJIaB:KHX 06pa30:B3IHiHH. Ha:npH'Mep, nJIaCTHllnOeTb CTaJIlJ

nOHHLKae'DCH B 'pe3YJIb'TaTe 06pa30!BaHHH xpynlKoH CPOCCPIH'JI.BOH 3BTeK-

TH'KH HJI'M JIenKornJIalBKiO'M Cep,HHCTOH 3IBTeKTH�KH. nepBaH H3 HHX 06yc-
J10BJIHBaeT ,HaJIHqHe TaK Ha3bI'BaeMOH XJI3!,lI.HOJIOMiKOCTH, a BTopaH-

Sf,BJIeHiHe KpaQHOJIO'M'�OCTH.
KaK 'OT1M,e;qaJIIQCb paiHee, 'C pOIC�OM T'elM.nelpalT1Y'pbI .nJIa'C'THlq!H!OICJTb Me-

TaJIJIa YBeJIHqHBaeTCH. OJI.HaKO eCJIM TeMnepaTypa HarpeBa llpe3Mep-
HO BeJIHKa, TO nJIaCTHqHOCTb CHOBa YMeHbllIaeTCH. CHJIbHOe nOHHLKe-

HHe nJIaCTHqHOCTH npH BWCOKHX TeMnepaTypax 06'bHCHHeTCH HBJIeHH-

�M neperpeBa
�

lIpe3MepHoro pOCTa 3epeH no.u. BJIHHHHeM BbICOKOH

-reMlnepaTypbl. B npou.ecc,e .naJIbH'eHIII'eI'O pOCTa TeMinep.aTY'pbI 'Ha'6JIIO-

JI,aeTCH Y2Ke nepeLKor MeTaJIJIa, npI1 KOTOpOM KHCJIOpO,n: B03,n:yxa JI.Hcp-

$Y,HJI.H.pyeT B M.e-T,aJIJIe, Bbl3blBaH enD O'KM;CJIeiH,He .no npaiH'MnaM 3e:P'e'H.
B pe3YJIbTaTe 3Toro npH He3HallHTeJIbHOM B03JI.eHCTBHH npOHCXOJI.I1T

pa3pyrneHHe MeTaJIJIa no rpaHH�aM OKHCJIeHHbIX yqaCTKOB.

TeMnepaTypHbIH 3aKOH H. C. KYPHaKOBa MOLKHO nOJIyqHTb, pernaH

ITJI;OCK/YID �lllIP'YrylO 3 au:r. al1I:Y . TII)'!C'Tb IHeip XIH'HoH 1)OIp-e[( � p')TIOK,a .np 51 M.O-

6
B1 Mil/ M2(xr/i1N

2

)

100

110)

.\,

JOO

(30)

200

(20)

600 800
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y.roJIblHOIrO .OeqleH:H'51 LK'eC'rKiQ 3al�'eJIa!H, a K HIH)K!HeM\Y mO'}Jl.'(Y -eno n!pHiJIJ-

�eHa 'CHJIa, Bbl3bI'BalOIIJ:a-H B er-o n'orrepeq!HOM -C-eqeHM'H 'Hanp51}K.eHHe O'x

('P)HIC. 7 2,a). ,LL-ecp!Olp:M al[(H!H ll'JIiO,OKa 51. K HiU}K'H eMIY �OP[('Y 6.p'Y'ca Irr'OJ].IB!u
-

lJ.-HT!CH Ten JI'D.
- T,eII.JI'OIBiD-H I]O'TlOIK p aB!HiQIM'epIH'O p a10ntp e/leJI elH no niQ'TI'elp ell-

HtotMY Oeq,eHHIO 6pyica H HiBJI\5I'elllCH YC\Ta!H()IBiH:BIIl,HMICH. TIlplH n;p,H!H151!TbIX

JI;onYI.IJ:.e.HHHX MO}KHO cq-H'TaTb, '111.0 T!eM!nepaTypa B Ka}KJJ;OM .nOtrr�'pe-q-
H{}1M ICeq.'elHH;H 6.ptylca IIiO'C"1'10 H!H:H a � T. e. :H,e 3 aIBIIIOH'T lOT KiO'OIPtlI.HIH a TbI Y H

JIHHeHHO YMeHblIlaeTCH npH nepexo�e OT- HHLKHero .TOp[(a K- BepXHeMY

(pIHlC. 7;2,6). E}T10 IC/B:H[�eTeJIbaT1BlyeT 0 rnnOT,e3,e m!JI()lClK�aX 'C-eqeHIHH iH, Ha..

.np'HM.ep, .�JI51 OeQ,eHH'51 y=o IplelIleH!Ue (170) ;MIOLKIHIO Ha J UHIC3'Tb !B �HHJJ.e:

'C�y = (Cl e
mx

+ C 2 e-
mx

) (A + B);

OX = - (Cl e
mx

- C 2 e-
mx

) (A
- B) + C

3 ;

Oy = -

(c 1 e
mx � c 2 e-

mx

) (A - B) + f (x).

KalK c-JI.e,lJ:yeT HI3 'P!H'C. 72,6, C, .p'QlC:'f10M x T'BM'nepaTY'pa YB1eJIIHqiHBaeT-

C�, n03'ToMY Han,pHLKeHHe Ox YMeHbIIIa-eTCH. OJlHaKO 'O'HO He MOLKeT

CT3
1

TI? 'DTpH[(aTeJIblHbIM. n.019'l'OMY �onY'C'f1nM, qT,O CI =0. ,LLaJIee n,plH-

M�M) q'TO npH JII060M 3IHalleH:MH y .�arrpHLK,eHHe O'y=O, T. e.

f (x) = (Ciemx -.C2 e

- mx

) (A'-B).

TaKHIM n6Ipa!3'OM, MbI np�HiX:oI)IjH'M K ClHlcT'�¥e:

�XIJ
==

C2 (A + B) e-
mx

; (Jx == C2 (A - B) e-
mx

+ C 3 . (273).

.91"0 pelUelHH.e Y�O'BJIeTBo:pH'eT 'np,HOJIHLK-eHHOMY ypaB:HeH.HIO paB'HOBe'CH51

do
x

2 2 A+B

�x +T Txy= 0, eCJIM m=T A-B
' (274)

1I1l0 'clB:HJ].e�eJIb(CTIB'Y.e'T IQ nlp,aIBJHJIbHOCIT.H p , elIleH;H51 (ICM. nl)'.HIJrT 6, rJI. V)"
IP a1cn.p'eJI. eJIlelHIUe TeM:nep alT!Y'P bI nlo LlLJIIHIH e .6.p')"c a B'bI'p a,LKa:e'TiCH Y1P 3'B-

H.eHIH,eM np51IM ' OH JI1HIHH'H

t=a+bx. (275)

l/lcnOJIb\3�YI51 rpa!HiHlqlHble y!M'OIBIH�51 x='O; f=lo; x= 1 H t=t l , nOJI!)'1QIH:M,
t 1

- t o
1)1'10 b == ; a=t o .

.

I

i-to
T a!K!H:M {)l6p aI3 I OIM, ,H�3 y.p.aBiH e:�i.UH (27,5) IM1eJJ.'Y'eT, iq'T!O x = l

.

t 1
-

to

H, COrJIaCHO CH'CTeMe ()273), HanpHLK�H'He

i - ie
-me

ax = C 2 (A-B) e
ii-to

+C 3 .

llpH'M.e.M C3=O. rpaHlf'1I'Hble Y'CJI'OBI1H JI.JIH 'On;peJ1:eJIeHHH KOHCTa!HT

6Y\J(YT CJIe.nYIO.IIJ:M,e' (iP.H:C. 7f2, 8): /=''/0; O'x=K o ; t=/I; O'x=K 1 . 3TH YICJIO-

!B }ifH � a lOT

C2 (A-B) =K o ; m = � In
Ko

.

l Kl
(276)

177



"

X
r

to 6x

C)

�

"'"
�

o

"'.: �

t, t. t

6

a o

PHC. 72. 3a.n.aQa 0 nOTOKe TenJla B paCTHrHBaeMOM dpyce:
a - cxeMa HarpY>KeHIHI; 6 -

pacnpe.ne.neHHe TeMnepaTYPhI no .nJIHHe: 8 - 3aBUCHMOCTb uc-

'CUHHoro HanpSl>KeHHSI OT TeMnepaTJPII

C'lI'HTaH ax paBHblM H'CT,HiHIHOMY c'Onp'OTlH'BJIeHHIO �ecpopManHH K np'H

TeMnepaType t, 6y�eM HMeTb:

to - t
I

Ko
n-

K=Koe
tl - to K I

(277)

3TO BbIpa}K'elH:H!e ;H elCiTb TelMlnepa!'PypIHbIH 3alKJ01H (12712) H. C. IKYiP:Ha-
iK'OIB a.

3. B03BpaT H peKpHCTaJlJIH3al..(HH
u u

C n03UQHH Teopnu AHCJIOKaQ'HU

.C. 11. lK�p:KlQlB ,C rOO TP'Y!lI.!HIiIK a M!H 1, !np'O'BOlnlH,JIiH ,OHbI'TbI Hap aIClTHJI{,e-

H,H,e, fB IKOTOlpbIIX HBIM€1J'5IJIH 1Bip,eMH 't rOIT 'M!QlM'e!HT.a 'II!PIHcJIiOI)KeHlIiIH 'HalI1pY3-
KH )IJO pal31j)bIlBaa6\pa I 3fQa, IHaI3!BaHiHIOle IHIMIH .lI.OIJI!DQlBelllHOICTblO, IIIP:H 'pa3-
JIUq'HbIX BeJIUlI,HIHaX .Hanp.SI}K,eHH'.SI C1 ,H TeM'nepa'Ty'pbI .

T. vI:ClnbITa\HHIO

nO.lI.BepraJICH IIIHpOKHH Kpyr Be�eCTB
-

MeTaJI.TIbI, CTeKJIa Ii

nJIaIC�MaIClc.bI (piHIC. 7'3). Ha IOfCH!OIB,a!HIH'H lQ!nbI�'f101B otHlH 'TI'OJI'yqHJIiH TalK'YlO
3 a:BIHICJHIMrOIC'Tb:

Q-Va

T = To e
K T

, (278)

r�e 'to� 10-. 13
eel\, -

KOHCTaHTa, q�CJIeHHO paBHaH nepHO.ny C06CTBeH-

'HbIX K,oJIe6aHHH aTtOMOB :B TBep,rr..OM TeJIe;

Q - HaqaJIbHbIH 3HepreTHlIeCKHH 6apbep HarrpH}KeHHOrO TeJIa, KO-

'TOpbIH paBeH 3;HeprHH" CBH3H a'T'O:M'OB B 'KpH'CTaJIJIlf1leCKOH pe-

riI.eTKe, r. e. TerrJIOT.e 'CY.OJIHM a I.JJH H, roKaJt!MOllb;

1 CM., Ha-npHMep, 0630p B. H. EeTexTIHHa «TeMnepaTYPHO-Bpe-MeHHaH 3aBHCH-

MOCTb npoG:iHocTH MeTaJIJIOB H CnJI-aBOiB». 113.l1.. JIeH'HH!I'pa�CKo.ro .lI.o'Ma HaYQHO-TeX-

H:HG:ecKoH nporrara.H.lI.bI. 19.65.
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v --

Be�HqHHa, MMelOIII.aH pa3l'viepHOCTb 06'beMa, TaK Ha3bIBaeMbIM

aKTHBa�HO-HHbIM 06'beM';
�

K - nOCTOHHHaH BOJIbI.IJvi'�IHa, 1,38. 1.0- 16 ap2/2p �O,l KF /MM 2 OiC �

� 1 MH/:M 2f1 C.

,Dep:enulueM ypa-BHeHne ('.278) B BiH.n'e:

(J = !L _

K T
In �

. (279)
.

V V '(0

TalKlIrM .I016pa�3rQiM, JI'OIra1p1HlcpM JI.!O,JIrOaeq:HOIC'T,H JI'H:HeH:H'O IOBH;3atH IC lHa!n.pH-

>KeHHeM npH paCTH}KeHHH (CM. PH'C. 73).

19r 18°C

o

6

4-

2

-2

-4-

o 20
I

(2)

40 50 80

lit) (6) (8)

I1H/M
2

(Kr/MM
2

)

100 120

(10) (12) (

PHC. 73. 3aBHCHMOCTb pa3phlBHoro. HanpH>KeHHH (j OT ,D.JlH-

TeJlbHOCTH HarpY3KH " npH KOMHaTHoA TeMnepaType:

1 -

nOJIHBHHHJIXJlOPH.u.; 2 - aJUOMHHHA (nOJlHKpHCTaJlJI); 3 -

oprCTeKJlO .(nOJIHMeTHJlMeTaKpHJlaT); 4 -

ltHHK (nOJlHKpHcTa..'1J1);
5 - L(e.JIJlYJlOH,lI.

AIKrT:HIBalI.JJHrQIHIHblH iOI6'b!eM V OBIH'3a'H IC lZL'HlC!JI'OIKal[(:H'OIHHOIH C'T:PY:KTYIP'OH
M1eT,aJIJIIO:B IH palB'e!H n'p:OIHI31BeJ(,fjHiHIO a1'O'M!HOIH In1JIIOIII.aI)JJH, rQlXIBal1{'elHlHOfl

e)JJH:H HqHbliM alK TlOM 'ClK'OJIb'JK,eHiHH, :H a Ip a 1 ocr'f101HIH.H 1 e, :BIK.JI lO!q alO'III.-ee, 110 q"H e-

nD 'aTOMOB, KOTopbIe jlBHLKYTCH BO BpeMH 'npo[(eCca CKOJIb}KeHHH. CJI,e-

.lI:O B;a TeJIblH-O, nilOrH3 1

BeJLelHH;e Vcr B YtpaBHeHHH (1278) eCTb ..pa6oTa, .npo-

�I1I31B-eJI.eiHiHa51 :n:P:HJIIOIlK,eHHbIiM IHarn.pH!LK
1 eIH,H'e.M iBlQ JBlpeMI51 etAH:H;HqIHOIf10 aKTa

C.KOJI b LK ellIH.5I .

,LLHCJI'OKaI.J.HH B .necpOpMMpoBaHHoM MeTaJIJIe o6pa3YIOT qacTYIO

'l�pex'MepHYIO ceTKY. ,DP'M JI!HH}K,eH.HiH 'OHH B3a!H'M'HO ne:p:eceK8IOTCH ,C npH-

TH>K,eHH,eM H OTTaJI'KHB.aIHHe.M. Pa'ClIeTbI. nOKa3blBalOT, 'Q"TO O'THomeHHe
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nOCT051'H'HOH D'OJIbI.lMaHa K aKT1HiBa UH'OHH.OMY

.

.o6'beMY V, B KO'TOpOM

np.QlHCXOJJ.HT TaKoenep.eCeq'eHHe, np'eJJ.IC-TaBJIHeT 00'60H 'B-eJIHqHiHY, Ha

MHOI'O nOp51JJ.KiQ.B MeHb'llYIO e)l.H:H,H[(bI. DO!3T:OMY ,B ypaBHe.HHH (279)
BToOpOH 'qJIe!H BoO MIHOToO pa3 'M.eHbIII.e nepHoro. B pe-3YJIbT�Te conpOTHB-

JIenne JJ.-ecpop'MaIJ.;HH MoeTaJIJIa 'Cpa'BHHTeJIbHO MaJIoO 3aBH'CH
'

T 'OT TeM'lle:pa-

TypbI B IllHP'OKOM HHTep'BaJIe ee H3MeHeHHH. Hanp'HMep, JKalp'onpoOtIlHOCTb
.

enJIalBa iH�nMOIHH.K 1-05 :l1iOllIT:H H.e Ba:HHIClH'T O,T T-eIMlnlepaTyphI, ([1!OIKa n,o-

'C JI ejJJ.!HI51:51 IHe IJ('OCTHrr.HeT 7'00
0

,C. iHlo ,6oJI blilliHIHICl1B'O IM'e� afJI!JIIOIB Bloe }K e �IO-.

C])e;neRHO TepHeT [J'PIOlq.HOICTb'H in'p'H ..

,60JIiee iHIHl3IKH!X T.e)M�nletpaTYpax.
r-JIaJB!H,a51 n'p'H,q,HHa 9

1

1'OIfiO 1H:BJI.e,HIHI5I B 'flOIM, lI'TIO 'flp,eXM.epIHaH c-eTIK'a )\'HC-

JIloJKaJIJ.iHH :TIlP:H Ha:rp'e!Boe T'ejp51eT IC'TaI6HJIhH'OIC'Tb: BleJIIH!qHIHa e-e SI!lleelK Ha-

qM,HaeT B03,paC'TaTb.

YCTaHO'BJI,eHO, qTO OKopoeTb B-03BpaTa, T. e. naJJ.eHue Halrrp51>KeRHH,

-c.B5I3aIHa ,00 C'KOpOCTblO p'OCTa 51'q'eeK .oeTKH .npHM'O np.orropU;:H,QlHaJIbHO

Ky6y npHJIOLKeHIHoro 'H3'I1:pHmeHH51.
,n;JI,aICTUq,etOK al5I i.ll:ecp!OlpMaIl.1JH 51 IQIK al3 bliB aeT lB,JI�HlH.HiUe, InpOtl1HIBI{))nOJIIQ>K-

'Hoe :Bi03:BIP a llY, ,H 'HI3:M,eJIblliaeT l'DpelXJMeplHlYIO !CeTlKIY tlIJHlCIJI'OIKallI.!H:H, �ntOl.n:IQ{)IH[J

TOMiY KaK tOIHa 'H'3MleJJlbfllaeT 13-e.pJIO. ,[L,eHICl1BII1TeJIbIH 1 0, IKa>Ktrr.aH OJ.:H'CJIOK3-

UH51 3 a .lI. e' pLKHBaeTC51, Ha'n'pH'M.ep, B 'MeCTax, rJJ.,e ceTKa H3MeJIbllena,

iBblirHl6aellC'51 M,e:>KI)I.lY 'TO'lIIK3!MIH 13 au<:p enJ[{lli'HI51
, .q,T!O iTIlp'HIB:OI)I..HT �K :Y:BeJ1Wqe-

H\}ilO lee !lI.JI'H.HbI." :3'TO nlpIOIHICX,OIJI.:H'T 18'0 M;HIOr!H!X iMeCTaX, q''PO' !11 n.p:HIBlOlllHT I{

YBeJIMqeHHIO cpeJJ.HeH nJIOTHOCTH JJ.HCJlO-

KaIJ.HH H H3MeJIbt:leHHIO ceTKH.

Dpl1 HeKOTopOH TeMnepaType HaqH-

HaeTC51 HOBbiM BHJJ. B03BpaTa
-

peKpHc-

TalIJIH3a[(HH. TpeXMepHaH ceTKa JJ.HCJlO-

KaIJ.HH B npo[(ecce nOCTeneHHoro pOCTa
ee 5ItIeeK BHe3anH;0 3aM'eH5IeTCH Ha DOJIee

PHC. 74. BsaHMHoe pacno.'10>KeHHe Itp)'ln'HbI!e B TeX Mf.C'TaX, fiJJ.'e 'q-epea nee

rpaHHllbI a B ,D.BYX cy63epHax OT-
n p o p c e r p aH HO 0 e Ha 0

HOCHTeJ1bHO HanpaBJleHHH rJIaBHbIX
a ,Ta T HIJ.a B ro 3 p ,

K -

HanpH>KeHHA Topoe MO:>KHO Ha3BaTb cy63epHOM. Ta-

KHM 06pa30M, B npor.(ecce peKpHCTaJIJlH-

3aUHH conpOTHBJIeHH'e JJ.ecpopMa�HH CHH>KaeTC51 33 CqeT BHe3anHoro

YK!P y J1jH e:HlHi51
, 151IBJII51 1O,I.IJ: erf101C51 lo.7IIeJJ.lc TBIH'8M iM'HTiP a '[(!HIH Iflp a:H�HII.J. 'oYi6:3 I

epe.H.

I1ccJIe,lJ.oBaHHH. nnKa3bIBalOT [.5], qTO HanpHLKeHHH iOT paCTHfHBaIO-

I.IJ:'eH HarpY3KH JJ.aLKe B npeJJ.eJIax ynpyrocTH BJiH5IIOT !Ha Irrp'onecc ,pe-K-

pH'CTaJIJIH'3a[(H,H. 3ToO ,BJI,HHHIHe 'npOH'BJIHeTCH B T'OM, tITO p.eKpM'CTaJIJIH-
3alJjHH IB Ip.alC'1151IrHlBaeiMbIiX ,o6!pa3 1 [(aiX IHaq,H:na.ellCH 'paHbiIll,e, q.eM IB 0l6 i pa3-

U. ax 600 n\p.HJI,OILK,eIHHo'H IH alf'plY31I{,H. rKplOIM e 1'101rO, p aICTHIf.MB a IOtUJHe Ha-

npHLKeH'HH C0'3JJ.a1OT n.peHMYIII.e,CTBeHHYIO opIHeHT3'IJ.HIO .3epeH H KpHC-

TaJI,JI!OIrp alcp.H!qeOK'HX InJIOICl.KlOiC'TeH IB iH�HIX. .p a'OCiM'OITIpiHIM I)'ICJIIOlBiH,e IM!H!f'pa-

[('aH rpalHIH�bI 3'eplHa, \}JaICnOJIiQlJK'eH!HIOH n,eplTI,e:HIJJ.:HIK/YIJ]H:P;H'O [':JIa:BiHl()MIY Ra-

rr.PH.LK'elHiH 10 ,0" 1 , 'B:0131�!HiK a IOIllJelMlY iB 'o6p a131[( e inlP,H .eDO '01lI.,HIOOCH!OIM .p aICTH-

}KeHH"H (p'HIC. 74). MHrpHPYlOmaH rp.aH:Hna ab pa3 1JJ.eJIHe'T .o6JIaCTH i H

j, B KOTOpbIX KpHCTaJIJIOrpa 1 cpHqec.KHe . HanpaB.rreHHH eOOTBeTCTB'eHIHO

palBiHbl i :H j. H�3 YIC!JII01BIH'51 rpa:BiH
1 0IBielC'J1!51 of =1C1{. Hlo i =1= j, CJIe�aBaTeJIb-

H:O! \MIO!Jl.�Y JI,H y;nip\)'\DOIC'T'H E H y�npy)nHe JI.ecp'OlP1M a;[(iHH e OI6JI,3ICTeH i H j He

palHHbI iMeLK�Y '00l60H, IT. Ie. Ei =FE{.iH ef+{. Han;pIH�eH,He O'f 'H a{ Ha

a

6:
J

�6,
- -l- -}

7J

80



III e p,e:M'e.IlI. eH�H 5IX, lorTB,eq aID Ill.!HIX 100'f.HIOICH TleJlblHbI M JI.'eqJlOpIM a:U:HiHIM e � H e { ,

C:OIO 'f:HeT1C'TB.e!HiH!O C'OIB ep,Ill a10 T p ar6o'flY
.2 .2

W
.

1
..

1 (j� .
1 1 a{L

= _ at. e
l

= - Wi == - ai e i = _

2
1 1

2 Ei' 2
I 1

2
'

Ej

OTCIO,[(a Wi/Wj == E!/Ei .

EICJIH, Halnlp'H'Mep, Ei>Ej, TO Wi<Wj.

n:po[(eiCC M,Urpa[(HH rpaHIHIJ.bI ab ,lI.OJI}I{'eH n0.n:q',HIHHTbCH Y.CJIOBHIO
HaHIM'e!HblueH pa

I 60\TbI, B IOOIOTBel1C'TBH;H IC \I{'OTOlpbIIM 9;Hep'ItH51 CoHICT.elMLI

npH
' o6peTaeT MHIHHMaJIbHOe 3HaqeHHe, Kor.rr.a Wi CTaHeT paBHa 'Wi. OT-

CIO.JJ,a ICJI'ell{iyeT, JIl'TIO eCJI'H Ei >.Ej, 'DO '06JI,aICTb i 16Yi.rr.eT .pai3\pa i C.Ta'Tbl051 33

CqeT OOJIac-TH j ..n'O Tex nop, n:OKa 3iHeprrH'H CH.CTeMbI' He npH06peTaeT
\lIRH'HIM aJIhHIQlflO 3:H a\q 1 elHH51.

,H a IOIOHIO!B alHHrH !H3J1!O)K'e,H:aor.o l5IftHrO, Q'110 1MB )1.IByJX a ap'OAbIllIleH i III j, B

P a H'OIH e IKor'JIOlp bI x .n:ecpIO(PIM'HIP'OB.3:HIH aH 1M a'Tp�HI[( a .HIM1ee:T 'OJJ:�HIH alK/OIBbI e y n-

pyr.H e �H,CJK ai}K'elHHI51, in1p:e.rr:rr,Qlq'TIH T,eJl b:H ee 6\)' �eT ;p alC'11H TiOT,
.

ry IKIQT!OIPIO f'lO

MO!,1J.'Y.JIb ')'1nIPY'fO I Cl1H 18 HarrlpaB.JIoeiHiH,H 'Pal�TH;>K-eH'H51 M:eHb\III'e.

4. nOC.JleAeHCTBHe H peJiaKCaI.(HH

'D,o.n.:BteP'DHeiM '016.pa3'e\[( �nJIa,oT'UqleOK'oIMIY pa ' C'P51LK ' elH;HIO iH np'H CTeneH}!

.rr.etcp,opM.aIJ..MH e, K'OTOP'OH .oooTBeT,cTB'yeT !H.alnpHLKeHH.e aI, aaKp'einHM 3a..

:>K'HiMbI IHIe:nbITa'DeJIb�HOH ;Ma1IIIiHIHbI, ,qTlOIObI IBeJIIIi'IlIH.H.a Irr.'ecp'olpIMaIU;H�H 100CTa-

Ba'JIaiCb riolC'1'Ol5I!H 1 HIQ:H : (lp.HiC. 7i5, a). q;epe3 H ' elK ' OT101pbIH fl:pIOM,e>KY'fIOiK Bpe-
M eHH ;MbI 'Ql6:H aipIYLK:HlM, �q'TO IB,eJI�Hlq'HIH,a IH am.p H>K'e,HIHI5I IYM'e'H b[1.JH'TIC51. .H a -

6JIIO�'eJHHH nI0IKa�3bIIBalO'T, IlITiO feKiQlP'OCTb 1II13!M'eH'elH:HIH Ha,nlpI51>KeHiHIH C T'eIle-

HHeM BpeM�HH 'YMeHbIIIaeTcH, a .caMa !BeJIHqHHa HanpHLKeHH51 aCHM.nTO-

TMqeCKH npH6JIH2KaeTCH K H'eKoTopoMy npe.neJIbHoMy 3HaqeHHIO. OnH-

e alHiHbIH !rr:pIQI�leCC YIM'e'Hbilli eHHH )H ain'pIH>K e:HIHH IC Teq,eHiH eM lB\p'elM,e;HiH up H

HeH3MeHHOH .necpopMaIJ.HM Ha3bIBaeTCH peJIaK:caIJ.Heii.
5IIBJI'eH�Hle ,p,e.JI aIKICal[(IUH .o16'biHIC:H�51IellC151 p a:3JI'H�'H6M IB tClKrO!}JiOICl1H P alcnpo-

'cl�pa;He:H,HH yrr.p')T)ftoii IH �n'JIalC'l1H\q'eCiKrOH JI.ecp'O!pM.a\[(;HH IB !M.e'T-aJIJI.a!.X: 113lBe-

.CTlHrO, Jq''JIO o/In.p1)':raIH A'ecp!O:pIMal[(:HH pae:np
'

Olc'Tlpa:HH'el1CJH :B ,1M,eTaJIJIe 00 CJKO-

'pOICTblO 131ByiKa, anJIaIC'TjHlqlelOKa� �lelcp'OIpIMaru.'n51 DQlpaI3�0/Me,[(JIe'H\Hee--

cra IClKIQPIQlCTblO, �0I6Y'CJI'OBJIleHIH-o[H IOK�O'P'QlCTblO iJJ:�B'HLK'eH:HH :HHIC''rpry!M'-eH'Ta I.

IB �nepBbIH M'QlMie;HT nlQlCJI'e [lIp:eJK�paIII.-e;HHI51 a.K'T'H:B:H'OH III;elcpOlpMal[(H:H (t=
� to) HarrpHLKeHH51 H.M.eIOT HaH60JIbIIIYlO ;BeJIHqH:HY, TaK KaK .nOJIH .rr.e-

cpop'Ma[(HH OTHOCIH'TeJIb'HO BeJIHIKa. lJepe3 inpOMe}K'YToK BpeMeHH t 1 B

C'BH3'H C nep,e'pa'c'llrpe.rr.eJIeHHeM ynpyroH H nJIa.cTH,qeCKOH LI.ecpo'pMaIJ.HI1

HanlpH}K,eHHH YMeHbIIIaIOTcH. 4epe3 npOMeLKYTOK BpeMel-I'H t 2 Ha.nrp5I-

LKeHHH YMeHbIIIaIOTCH" B elIJ.e 60JIbllIeH Mepe H T. JL. (pHC. 7 1 6, a).

,O,qe:!3;H\AHIO, 1f'll0 XIOI.L( qJ a1ooY}Klll'e:HiH H H'e :H,3\M.e.HH 1"C 51
, eCJI�H M bI 6y JI. e \1

epaIB'H'H:B.aTb .IHeJIH'1f,HrHY HanIP!51}KelHrHH n,piH paBHblx tOKIOIp'01C'T51'X JI.ecp,Op!Ma-

1
CKOpOCT:H pa-c.npOCTpaHeHHH rrOnepeqHbIX 'KoJIe6aHHH B yrrpyroH H n.na.CTHqeC-

v
.

1 (a 1 ( 0'
KOM .cpe)J.e 'COOTIBeTCTBeHHO rPaBHbI V ynp

=

V pH
V nJI

=

� p'
r.u.e 0, 0'-

\10.nYJIH CJI:BHra B ynpyroH M oIIJIaCTMqeCKOH 'CpellaX, p
-- rrJIOTHOCTb MaTep'HaJI3
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[(HH. PHC. 7,6, 6 iHar�HJI.HO .HJIJIIOC-Vp,Hpy.eT, qTO rrplH .rr.aiHiH-Dii BeJIHqHlHe

� ecp'OipiM a '[(iH:H IC 'YB eJIHIIl'eH�HIe:M IClK '

o.p ' OC'llH JI.,elcpropIM a[(iHiH H anp,H'}I{,eHHiH BID 3-

paiCTalOT. Ha \I1!pa
i BIOH /1IaIO'f.H :p!H'C')TjHIK,a nOIKa:3a1Ha '3a.HHiCHIM!OCTb n'p'e�'e.JIa

TeKy,q'elC'TH lOT IClK'OlpIOIC'DH Vl,ie<p01p'MaU;HIH: 'C ,ee ,p.QlCl"OM �n'p'e.rr.eJI TeKY'qeCTH

Y"BeJIHIII:HIBa r eTJCH. C!KOPIOICTb �ecpDip!Ma;UIH:H HIB.JIfIre'PC51 'OtzI.!HHIM :H13 In'alpaIMeT-

p'OIB, x,apaIKTep,Ht31Y1OIIJ:.HIX lC!oC'rOIHIHiH.e :Hemelc:rna. lI1!p.etneJI Te:K�YlqeCTiH �n\pe,n:-
CTa.B.JII5I eT ic�o6oQH <p:HHH,q,eIClKo/lO IKIOIl} CT3.HTY, xa p aIKTe.p�H:3'YIOIII.YIO lOB'OHICTB a

BeI.IJ:eCTBa. TaKHM 06pa30M, H'3 pHC. 76 CJIe.nyeT nOJIO)KeHHe, COrJIaCHO.

6 6

6 1

6 2

6
1

t.

6 2

. \ l1 l t
�,

a

() l

01

6s
lZ

Z1

ls

lS l, l2 l
I

t

5

PHC. 7.5. CxeMbl. nOHCHHIOIIJ.He flBJIeHHH:

a -

peJIaKcau.HH; 6 - nocJIe)J.ei:tcTBHH

KOTOp'OMy cpH.3HlIeCKHe CB'OHCTBa BeIII.eCTBa HBJIHIOTCH CPYHK[(HeH ero

OQlCTo.H�H.HH .

:nlp'H r01q'eHb IBbIIC:OIK10H leK:op'OIC'l1H InJIaICT:H.q,€!ClKa:H JJ:'elcpIOp!Mal[(IHIH He yc-
neBa.eT (pa:3:B:H:B.aT�CH. Ta:K'H'M oI6\paI30IM, [1jP�H IOqrelHb '6OrJIh'IIIIHX IOK.QlP

' OrCTlHX

.lJ:eI<p,QlPIM alI.J.iUH '0161p al3�eI( 'p aI3.P'Y1III a e'POH �py:nIKIO
- TI'OIIl!T.H 1600 n:p ej)JJB a p!H-

TeJIb;HbIX InJIa l C'l1Hrq'e!OKHX lnecp'O!p:Ma�iHH. PeJIaIK'Ca�'HH IHalrr:pH'}K.eIHIHH, T. e.

nepie:xrQl,n: rynprylr,o H �'e<plQ!p�M al[('H'H B n,JI alc THlq,elCIK\y1O , MO!LK'e'T HIM,eTb M e(C'T3

B rrex ICJIyq aiHIX, IKlQiflJ]: a \B .H aq aJI e JI.'ecp'olpIM aI[(.H'H niJI,alC1iHlIIeOKloe Teq elH 11 e

o'PayllCTBy'eT 'H iHal6.JI,JOI,n:aeTlClH 'f10IJIBIKIO Yrn.plY1raH lI:(eJ(jJ,OIpIMal[(IH:H.
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5IBJIeHHe peJIaKCaI.J.HH ,OCJIO}KHHeTCH pHAOM cpH3HlIeCKHX npOueCCOB,

np0'TeiKalOI.I.(rHX IE MeTatJIJI'e. �Hanp;HIM'e.p, eJCJI'H IE �l]pIO[[�eOCe iHa\r,p'Y'}KeH,HH
u u

TeM:n'ep a'11Y\P a :J3 bHil,e 'DOH, npiH lK'O�O:pIOiM H aq!HIH a'eT1C51 IP,eJlaKICal[(11151, 'nO p'e-
JI 3iKIC al[(HiH ry'ClKIOlp H1e.'DCH, 'lIOtCKIOJI b!K'Y H a�IIlp'H)K'elHH6I 'np!H Ip1eK.piHICT aJIJI:Hi3 a -

l.(HH B 60JIblIleH H,JIH ,MoeHbIIIeH Mepe eHHMaIOT.CH. PeJIaKcaU'HH Y=C-KOPH-
eTl051 13a ICqeT �HlcplcpY3:HiH [II IcaIM:Q�HlcplcpYJ3'HrH, ;B P'€l3YlJIbTa

' rpe 1KIQI1'O.pbIIX ll\PO-

HCXO,n:HT nepepacnpeAeJIeHUe HanpHLKeHHH. ,LLJIH YMeHbllIeHHH peJIaKCa-

lLH'H B IC'D!JIaIBbI BIBIO�51'T TalK'Hle IKOrM!J1!OIHelH'TbI, IKIO.mopble ,n'OC-JIe lC'oorBie-'r.C f-

6

6

-}

e to t, t'l t,cel<

a

:) 6S
.

e

6

V"o Vi Vj

V; M/CM

PHC. 76. CBH3b Me>K,u.y ,u.e4>opMau.HHMH H RanpH>KeHHHMH:

a - B pa3HbIe MOMeHTbJ BpeMeHH

.

(1 - B HaqaJle HarpY>KeHHH;
2 -

Qepe3 t 1 cete; 3 -

qepe3 t 2 cete); 6 -

npH pa3HbIx CKO-

pOCTHX ,u.e4>opMallHH
.

BYIOll.{eH TepIM,H'1I,eC'KOH ,o6pa-6oTKH �alOT MeJI'KOJ(nenep'C.Hble .Kap6H,n:'HbIe
cpa:3bI, ynp:aflIIH'511OIIJ:.ae M-eTa�JI.

IC ,51IB.JIeH'H,eM Ip
1 eJIa1KICal(iH,H T;eCHIO IClB.5I13a,HO 151IBJIeHHe :TIlO'CJI'e1lJ.leH'CTB:Hn.

'OipepBreM :B:He3arn!H ' O nfplO�'eJOC ;HaI1PYLK'elHHH 'TeJIa :B ,HeKO'T!OIpOH '1l01ll.Ke, KIQ-

TOPO" COOTfBeTcTBy,eT CTeneHb ,n:e.cpOpMaI.J.HH el (CM. pM-C. 715, 6), 1M OCT a-

HHM :Hallp:H}K'eH.H'e nIQlCT'OHIHHbI'M. i06,HalpryLK'HM, 111'100 IC Te1leHH.elM IBpeMen.H

J(ecpOpMa/[(iH51 6\Y�leT :B�03paleTa'Tb IC\H3'1Ia.JIa 16blCT,plO', ,a �nIO'D()IM Bloe !MelIlJIe.H-

HeM, CTpeMHCb K HeKOTopOMY TIpeJ(eJIbHoMy 3HaqeHHIO (CM. npaBYIO

IIalc.Tb 'p'HoC. 7S, 6). TalK'oe IHIBJIeiHlH'e lplocTa tn:e<p0lp:Matl.(HiH [JIPiH TIlOIC'DOHJI-

HOM HanpH2KeHHH HO'CHT Ha3BaHMe nOCJIe,n:eHcTBHH. 5I I BJIeHH,e n'OCJIe.rr.eHcT-
BH51 06'b51fOHHe1'lCH TeM, q1'O 3e.p,Ha, M,eHee 6JIaron.pH5I'TH'O paCnOJIOLKeHHbIe
II:O IO'f1HI()IIIl.elH:HIO IK J(eHICT:BIYIOllI.eH .palC'TH;nHIBalOIII.,e.H leHJIe (UJIH M.eH-e'e

nJIaC'fIH'llHbIe), nOJIYtIaT ,llOnOJlHH'T,eJIblHbIe HaJnpH>KeHHH pa'CTH}KeHHH, a
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6'oJIoee 'nJI.a!CTH'qIHbI'e � �OInlQ,JTH:n1'2JIbIHbI'e IH a np.5I,LK'e!HH51 IC}Ka'TH:5I. C ''DeI1e-

1H!H elM BP e'M'eHiH �nOJL BJI:HHH'ueM .p alC'1151!r.H\B a IO IIJJ1iX H anplH}J{ e!HiHH lOT ;BIH elll-

HeH le-aJIbI 'H -pa
' CT51IDH'BaIOIII.HiX llI:onO:JI!HiH'TeJIHHbI'X IHaTIlp.HLK,eH:UH;B tMelH,ee

IlJI.aCT.H'qHblX ,3'eplHalX nOIC!JI,eAHHie !6y!�YT :nJIaC'f.aqeOKrH \JLecplopIM:HIPOIB.aTb-
CJI. !Il\p�H �3,TiOM ry�)]pIYlraI51 �elcp'd;P,Malu:.n51 :B iHHX nepeX'OVJ.iH'T B IlJIaC'THIlI,ec-

KYIO, qTO If :npHBO,lLHT K POCTY OCTaTOllHOH AecpopMaI.J.HH npHnOCT051H-
"H'OH IHarp'Y3IK'e, T. Ie. K 51IB,JI,eHHIO nO ' CJIe,n:eH;CT1BH:51. EICJIIH }Ke AecpIOip:M,al[(.HIO

coxpaH�Tb 3a.naHHOH, TO' 6YJl.eT ,rrpOHcxo,n:HTb rra,n:eHHe HarpY3KH, T. 'e.

:p eJI alK'C a'Il.!H 51 .

qacTHbI M .CJIYllaeM 'nOCJIe.n.eHCTBHH 51BJIHeTC51 nOJI.3yqeCTb. B npouecce

'UOJI.3lYQ ec T.H TIIPiHiHOC'1'O:51'HH!OIM IH anrp 51:}K e:H H.H 'CJKrOP'OC Tb JL,ecpop:M aJ..I.IH:H 'T a K-

}Ke 'OC:Ta eT1C51 IllOIC'TlOIH'HIHIOH If!
j !CJI'ell(IOIB a T'eJI BH10, �e:cpiQ:p M aJ[(:H!H He iH,M eeT

nIp eJ)J:elJI a .

PeJIa!KCa[(HIO :MOLKHO paOC:MaTpHBaTb lKalK pe3YJIb'TaT nepeM:eIII.eHU51

.lI./HICJIOKa[(HH noJJ. ..neHCTBHeM OCTaTOlrHb�X HanpHLKeHIHH. OrpaHHlIeHMe
na.QeHHH IHanp'51LKeHHH np'H peJIaKCa[(�.H npOHCXO.lI.HT 3a CqeT nlp'Oq�HO('TH

TpeXMep HOM ICe'TKH .n.HCJIo.KaI.J.'H-H, np;H 'K'OTOpOH .n.aJIbHeHlI1ee ,.lI.BHLKeHMe

JI,HCJIOKa[(HH IHeBo,3:MOLKHO.

IIlocJIe,lLeHlcTB,He -

,n:,BHLKeHHe ,n:H,CJIOKa[(HH :B nOJIe nOCTOHHHblX

B!HeIIIIHHX y6bIBalOIII.H'X :HatnpH}KeHHH H YBeJI I Uq,H"BaIOIllHX!cH (3a Cq,eT

ynpOq'HeH:HI51 OT H3MeJlhqeHHH ceTKH) BHYTpeHHHx. ,DOJI3YQeCTb -

J],BH-

LKeHHe JI.HCJIOKa[('HH :np;H 3<}J<peKTiHBHOM pa3ynp-oqHeH'HH, K10rJI.a 'CKO-

pO'CTb ynpOq'HeH'H51 B pe3YJIbTa'Te H3'MeJIb'qeHHH JI:HCJIOKa[(HOHHOH ceTKH

palBHa 'OKOp'.OCTH pa3ynpOq'HeHH51 B pe3YJIb'TaTe aHHHrHJIIHI.J.rH;H J].HCJIOKa-

[(,H H .

,LLJI51 npO,51BJIeHH51 nQrCJIe,n:eH'cTBH� ;B .pa3JIHqHb1X epe.J],ax Tpe6yeTC5I
pa3JIHqHOe -BpeMH: J(OJIH ceKYH,n:bI, lIa , CbI, CYTKH, rOJ],bI HJIH BeKa, KaK

3TO 'HiMeeT MeCTO, Hanp,HMep, ,n:JIH CJIyqaeB nJIaCT'HqeCKOIIO TelleHHH

nJI�'CTOB 3eMHOH KOpbI.

5. C'KOpOCTb Aef}>opMaJ..{HH, ,np01JHOCTb
H nJla�CT�1JHOCTb

OTHoC'HTe{IbHOe y,n:JIHHeHHe 'npH paCTH:tKeHHH B JIIOQ.OH .naHIHbIH MO-

MeHT .n.ecpopMaI.J.HH ,BbIpaLKaeT'cH OOOTHorneHHeM: de xx =dl/l; rJ],e l-

J(JI:HHa 06pa3[(a B .n;a.HHbIH IMOMeH'T paCTH}KeHHH.

O'�HoCHTeJIb'HOH 'CKOpOCTblO .necpopMa[(H.H IHJI'H JI.JIH KpaTK.ocTIf npo-
CTO CKOpOCTblO ,n:ecpoPMaUHH Ha30'BeM npOH3BOJIb�HYIO OTHOCHTeJIbH�H1

.rr.ecpop:MaI.J.'H;H no BpeMeHH:

de
xx

e xx
=

dt

d I 1
HJIH e xx

== -

dt I

Ilpo�H3:Bo,n:HaH dl/dt - JI.HHeI1JHaH CKOpOCTb paCTH}KeH:HH: c=,dlldt. .

TaKHM ,o6pa3'�M, CKOpOCTb J1.e:cp'op,Ma�H'H MO}KHO BbIpaaHTb 'H TaK-HM

COOTHorneHHe.M: e xx

-

ejl.
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B 60JIbIIIMHrCTBe CJIYllaeB 'CK'OpIOCTb JI.ecpOpMaIJ.HH XapaKTepJI3YIOT ee

c-peJI.HHM 3HaqeH:HeM B np'o:Qec-ce paCTHLKeH'HH:

1 I.
U =

I S exx dx. (280)
o

3Ta CPopiMYJIa,H;MeeT 06�HH xapaK'1'ep 'H lVIO}KeT 6bI'Tb rrp'HMeHeHa }I.JIH

JIlO6o'no npo[(ecca o6pa6oTK1H MeTaJIJIOB. .rr.aBJIeH;He.M, eCJI'H n.o)J. BeilH-

tIHIHOH .llIIoHHMaTb pa6oqyIO JI.JIHHY 3-OIHbI JI.ecpopMaIJ.HH.
iB Ka'lIeCTBe npHMepa IBbI'Be.,QeMcpopMYJIY JI.JIH onpe,iJ.eJIeH'H-H !cpe.n-

HeH cKlOpocrn JI.ecpopMaIJ.H'H npH np.o.nOJIbHOH npoKaTKe (erM. pnc. .'3.8).
,L:LecpopMaIJ.HIO npH 'IIp,oKaTKe II1p,nMeM B JIora PHcp'M.HqeOK10M BH.ne:

.

1
ho

e xx
= n

h
·

x

dh
x

Tor,l(a d e xx
= -

hx

H CKOpOCTb JI.ecpopM'al(M'H
. de

xx
1 dh

x

e
-

=--
xx

-

d t hx d t

TaK KaK dx=cxdl, TO

dx dx . 1

dt=-�- H ex x
=

� c� hx

dh
x

dx
c B , (281 )

rJ(e CB
-

O,KpYLKHaH ,C�OpO,C'Tb BaJIKOB.

DOJI.CTaBJIHH 3HaqeHHe CKOpOCTH JI.ecpopMaIJ.HH B paBeHCTBO (280),
nOJIyq'HM:

1 I. C
B

lId hx c
B

ho d hx
u = -

S exx d X = - r -

-----:- d X = -

S1
0

1 d hx d X. 1
hi

hx

I1'HTerpHpYH H nO,ACTa.BJI\51H npe,l(eJIbI, 6YJI.eM H;MeTb:

_

C
B ho

U =

I
In

h;
· (282)

Pa3JIaraH BblpaLKeH'He JIOrap:HcpMa B p.H,ZI. H HCn i OJIb3YH' elio ncp:Bb1� ABa

qJIeHa, nOJIyqJ1,'M 'M3BeCTiHYIO CPOplMYJIY A. If. LLeJIHKOBa [8]:
c

B
A h

u ==

1 ho.
(283)

,DOCJIeJ(Hee BblpaLKei-IHe MOLKHO Ha.HTH ;Ii JI..pyrHM rrYTeM. CpeJ(HHH
CK.OP0:CTb JI.ecpnpMaIJ.H;H .paBHa U.= Bit. OTlHOC'I1TeJIbHaH KOHeq:HaH rJIaB-

Hal5I JI.ecpop'MaIJ.HH 'paBHa JI.JIH' CJIyqaH npOKaTKM B�8.h/ho. Bpe.MH npo-
'KaTKH paBHO JI.JI'HH,e oqara JI.ecpopMaIJ.'HH, .no.neJIeH'HOH Ha OKPYLKHYID

CKOpOCTb BaJIKOB t� llc B . If.cnOJIb3YH 3TH 'COOTHOlIleH'HH, JIerKO n,OJIy'q'I1Tp

CPOplMYJIY .(283). CJIeJI.yeT HMeTb B IBHJI.Y, qTO ;HCTHHHaH CK-0POCTb B ..naH-

HOH "DOllKe iOllara .necp,opMaI(H'H II'P;H n'pOKaTKe MO}KeT 3Ha.qHTeJIbHO 01'-

,nHLJaTbC,H OT OpeJI.IHeM n.Q ollary!
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OnbITbI nOKa3bIBaIOT, llTO npH J(e:cpOpMaq'HH B. X'OJIOJI.HO,M OOCT05IHJfM

rrpe.neJI npOq�HOCTH JMaJIO 3aBHC'HT OT 'CK'opaCTM ,H 3aMeTHO ,3aB'H'CHT OT

BeJIHqHHbI caMOH J(ecpopMaqHH. C pOCTOM TeMnepaTypbI BJIM5IHHe CKO-

pOCTH CTanOBHTC5I Bce 3Ha'q}ITeJIhHee, HO BeJIHqHHa C'TeneHH J(ecpopl\1a-
lLHH OKa3bIBaeT Bce MeHbILIee IBJI'H5I

'

H'He Ha' npo'qHOCTHbIe ,xapaKTepH'CTH-
KH. 3Ta ICB5I3b

. Me>KJ(Y TIPOq,H,OCTblO, 'TeMnepaTY'POH H CKOpOCTblO JI.ecpop-
MaLlUH '06'b51.CH�eT.cH TeM, qTO npH BbIC'OKOH CK.OpOCTH J{ecp , opM3qHH (:II{IM
nplH HH3�OH TeMnepaType) !HaRJIen CH'llMaeT,C5I JIHllIb qaC'THlIHO. ,KpOM.e
Toro, )l.JIH :HaqaJIa TeqeH;H,5I C 6'OJIbllIeM CKOpOCTblO Heo\6xQJJ.H:MO c.neJI3'"fb

nOJl!BH>KHOH 60JIbllIYIO ;lLOJIIO ,1J.HiCJIOKaqHH 1M COOOIr(HTb n.M 60JIbllIYIO

CKOp'OCTb. CJIeJ(OBaTeJIbHO, TeqeHJ1.e Haq�UHaeTC5I nplH 60JIbll'HX Hanp5I-

}KeHH�5IX, TaK KaKHa'qaJIb'HOe conpO'TH'BJIeHHe J(ecpopMaqHH B03paCTaeT.

OinbITbI l
(pH'C. 77) nOKa3bIIB31O'T, q'TO npH Te;MluepaTYlpax 200, 400 H

500�C Y MaJIoyrJIepOJLH,cTOM CTaJI�H B 'HeK10TopOM HHTepBaJIe ,C.K,opO-cTeH
rrpe.neJI npOqHOCTH YM,eHbllIaeTC5I C pOCTOM CKOpOCTH .ne<!>0pMaqHH. 3TO

5ImJIeH;He MOJKHO O,6'b5I.OHHTb CJI.e.nYIOIr(HM o6pa30M. IBJI.H:5IHHe CKOpOCTH

1I.ecpop.MaqHIfI Ha nJI3IC'THlIIHOCTb MeTaJIJIa 'B .naHHOM ,CJIyqae o:6YCJI 1 0BJIe-

HO O,lLHOBpeMeHHbIM IAeHlcTBHeM JI.BYX cpaKiTopoB, .BJI:H.5I,HHe K'OTOpbIX np5I-
MO npOTHBOrrOJIO>KHO: C Ip'OCTOM CKOpOC'TI1 .necpopMaq'HH nJIaCTHq,HOCTb

y.MeHblllaeT,C5I 3aCqeT ynpoq,HeHH5I. BMeCTe ,C TeM npH YBeJIH.qeHH;H CKO-

p'OCTH .necp.opMaqHH np'OH;CXO,n,HT Bce OOJIbIILHH .Har�peB 'MeTaJIJIa, B pe-.

3YJIbTaTe q.e:ro nJI3rCTIH'q,HOCTb MeT-aJIJIa n'OBbIIIIaeTCH 33 CqeT pa3BHTHH

.n Hr CPCPY3H.OHHbIX lTI;pO�eOCOB )l.eicpopMaqHH H pa3J'!npOllHeH'H5I. IlJIacTI:Iq-
iHOCTb MeTaJIJIa C ;P'OCTOM .rC'KOP'OC'TH M'OLKeT KaK ,nOBbIllIaTbC5I, TaK .Ii

nOlHHLKaTbC5I B 3aBHiCHM'OC'DH 'OT Toro, K3:K'OM .H3 Y'K3-3aIH'HbIX BblIII'e npo-

uecqoB OK3'3bIBaeT ,B JI.aHHbIX YICJIOBIH5IX o'6p.a6oTKH 60JIbllee BJIH5I,HHe.

,C.KOpOCTb .necpopMaq'HH npH paCT;5IJKeHHH :Ha iH-CnbITaTeJIbHbIX .Mal!ll1-

Hax HaxOlI.HTC5I B npe.neJIax 10- 5 -,10- 2
ceK-

1
. OnbITbI nOKa3bIBalOT t

qTO

.,-B ''TaR-OM I1:HTepIBaJIe OK:0P'OCTb .ne!cpop'Ma�HH OKa3bIBaer cpaBH,HTeJIhHO
MaJI:oe BJIH5IHHe Ha UCTHIHH.oe ounp'OTHBJI,eHHe .necp l opMaIl.HIH. I1,onblTa-

Hrl-I5I B HiHTepnaJIe H3;MeHeHM5I C-K'OpOCT-eH Jlecpop'M'3�HH 10- 5 -10- 2
ceK-

1

qaCT.O Ha3bIBalOT CTaTUqeeKHMrH. IB ;npoI.J.ec.cax .o6pa6oTKH M'eTaJIJIOB

'CK'OPOCT,H Jl;ecpopMaqHH 3Hat�)H'TeJIb'HO BbI'IIIe, qeM B n:p,oI.J.ecce CTaTUqe-

.CKHX M.elxaiHHqeCKHX MenbITaHHH. HanpHMe.p, I1IPH npOK3'TKe c-K'OPOCTb

lI.ecp'opMaI.J.HH 06brqHO JIeLKHT B Inp,e.neJIax 'OT 1 )1;0 3-00 ceK-
1

H HHor)l.a

.nOC'T,HraeT 1:200 ceK-
1

. OTCIO)La nOHBJI5IeTC5I neo6xo.nHM'OCTb yq:eTa B.JI:H-

HIHH5I o�OP'OC'TH )l.ecpop.MaI{HIH npH npiOBe.neH,HH pa3JIH'QHbIX ,p3 I CqeT.6.B,
'CB513aHHbIX C .0npe.neJI'elHUeM IHanp5ILK'eHHH H YCHJI,HH B np,o�eecax 0-6:-

!pao.oTKH MeT3JIJIOB .na'BJIe.HueM.

BJIiH5IHUe C:KOpOC''r.H :lI,ecpopMaqUH MOLKHO yqeOTb npH nOMOIr(H TaK

Ha3bIBaeMODO ,CKOpOCT:H0J10 KoacpcpHI(HeHTa, npe)l.CTaIBJI5IIOIII.ero C060H

OTHOllleHHe nCTHHHoro oonpOTHBJIeHH5I JI.ccpop,MalJ:HH npH JI.aHHoH CKO-

pOCTH Aecpop!\1aq!HH .K :HC'THHIHOMY ,conpOTHBJIeH�HIO npH C"KOpOCTH, .COOT-

Be'TCTBYIOIII.eH CTaTHqeCiKHfM HcnbIT3iHHH'M. .B KaqeCTBe O.nHOH IH3 BeJIH-

qUH, xapaKITepH3YIOIr('HX HCTHHHoe conplOTHBJIeHHe .necpopManMH, MO>KHO

B35ITb :npe.neJI npOq:H'OCTH. 'C'KOP'OC�HOH K03cp,cpHqHeHT onpe,AeJI5IeT.C5I C

1 A. H a 11. a M. nJIaCTMQHOCTb 1M pa3pyrneHMe TBep11.bIX TeJI. T. I. 11.11., 1954. 648 c.

C MJI.; T. 2. M., «MHP», 1969.' 863 c. C MJI.
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PRC. 77. 3aBHcHMoCTb npe)J.eJIa npotJHOCTH OT CKOPOCTH )J.e-
4>opMa�HH H TeMnepaTypli:

a -

MaJIoyrJIepOAHCTOA CT8�H: 6 - Me)J.H; 8 - aJIIOMHRHH
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HCnOJIb30BaHHeM yn'OM.5IHYTbIX ,BbIllie OnbITHbIX .z:r.aHHbIX Ha.naH H MeHn-
u

r

LKOHH3.

InpHMeM, qTO CK'OpOCTb J1.elcpOpMaQHiH B rrpOIJ.ecce ICTaTHqeCK�H'X HC-

nbI'TaHHH pa!B'Ha 10- 2 ceK,-I. B'35IB 3IHatIeHUe IrrpeJ[:eJI3 'np'Oll'H'OC'TH np/H
.lI.pyrHx, 60JIee BbICOKH-X CKOpOCT5IX JI.ecpOpM3IJ.HH H pa3.neJIiHB HX rHa 3Ha-

QeUH5I n'p'eJI.eJIa npo'1JHOCTH np,H 110- 2
CeK-

1
, rrOJIYQHM 3HarqeHH5I C"KOr O -

CT;Horo K03cpcpHTI.
'

HeHTa, -no K(�'rOpbIM JIerKO HOCTpOHTh .Kp;H'BbIe, xapaK-
TepH3YIOIIl.IHe 33B.HCMIMOCTb 'H :BeJIH1JHHY 3T.ono K09�<pHIJ.'He.HT3 OT 'CKO-

pOC'IlH .z:r.ecpop.MaIJ.'H!H (P:H'C. 78). 10. M. 1.JH:>K '

HKOB [6] nOK33aJI, 1JTO TIPH

n-v-----
-

7

8

Ii

5

4

J

2

1

10-
7

10-
1

1 10 10
2 ( 10:1

CKopocmb iJetpopNa4lLtl.

PHC. 78. KpHBhle CKOpOCTHhlX K034>4>HItUeHTo'B JUUI CTanH

npOKaTKe BJI'I1!5IHHe CKOpOCTH .necpOpMaIJ.HH np.05IBJI5IeTC5I iB 3H31J:HITeJIbHO

MeHbllIeH Mepe, q.el\1 npH paCT5ILKeH!HH. ,

,B HC'CJIe,,II,OB3H!H5IX [7] 6bIJIO OTMeqeHO, .1JTO conpOTH'BJIeH;He .z:r.ecpop-
M3IJ.iHH ,He onpe.neJI5Ie'IiCH IMrlHOBeHHblMiH 3H31JeHH5IMH TepM

' OM,eX3HHl'1:e..

rC!KHX 'nap3MeTpOB .z:r.ecp.o:p:M3UHH, 3 'B 3Ha1JHTeJIb'HOH Mepe 33IBH'CIHT OT

.B:CeH «HeT'OIp,HH» pa3'BHTIHJI �ecpopM3IJ.ijIH BO BpeMeH'H, Ha'1J=HH3H C M'O"

M'eJHT 3, KrOfl)!. 3 'CTP YKTYP 3 M'eT 3JIJI 3 .p 3BiH OBeC!H 3. Il'OJ3TO MY np H 'O,II,IH HX

H Tex LKe .9K'HH.B3JI ' eHT,HbIX (cpe)J..HHX) 3!H31JeHHHX CTeneHH H CKOP'OCTiH

JI.'ecpop'M3-IJ.HH c,onp'OTH=BJIeHH.e �e!cpop:M3I1HIH 'OYJI.eT pa3JIH1JHblM JJ.JI5I CJIY"

'qaeB n;POK3"f1KIH, OC3;I:KH pa'CTH>K.eHH5I ,H T. .z:r..

Pa.eCM3TpHB3H npou:eclC .necpopM3I�iUH KaK COBOKY 1 nH 1 0CTb ynp01J'He.
.IHH5I [H pa.3ynp.o-qHeH,H5I, A. H. UeJI-HKOB IH ,B. .A. DepCH5IHIJ.eB [8] npe.n-

.JIIO>KiHJI'H y.p 3RH eHiH e:

-A �

(J = 0'0 + E' � (1 - e
U

).
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rJ{e E' -

,MOJLYJIb y.np'OQ'HeHH5I;
A - K03cp<pHIJ.HeHT, Yq'H'TbIBalOIll.HH peJIaKcaILHIO;

U -

CKOpOCTb JI.ecpop' Ma IIJ HH ;

E
- CTeneHb .z:r.e-cp.oPfMan HH ;

ao
- Ha1.IaJIbHa5I iBeJIHqjHHa 'H,CThfHHOrO IconpOTHBJIeHH5I .rr.ecp-opMa-

�HH.

,3Ta cpopMYJIa Ka 1 IeCTBe.HHO npaB'H.JIbHO yqHTbI!BaeT BJIH5IHHe BalK-

HeHIlliHX cpaK'TopoB r'Op5IqeM JI..ecp,op,MaIJ.HH.
,npM pa.ccMoTpeH'ffH JI.ecpopMaIJ.'H:H iMOLK,!IO HC'nOJIb30naTb TJeopHIO Ha-

cne)lC'T.BeIjHOM cpe,lI:bI, npe,II,JI'OLKeHHYIO DOJIbllJMaHOM :H 'pa3=BH'TYIO BOJIb-

Tepa. B OCHOBe 3TOH TeopHH JIe>KHT npHHIJ.Hn cyinepn03H;IJ.'H'H .z:r.ecpop-
M3UHH. B 'CHJIY 3'Tor,o np'HIHIIJ1!na'. BJIH5IIHHe na Ae'cp.opMaI{HIO .Han,pHLKe-

HDB (J (1')', )1.e-H'C'TBYlOrnero 'B M'OM,eHT L, .He Ha pymaeTcH Ha '

I1pHLK.eH,U5I,MH,

lteiFCTBYlOlltH'MH B ,lI.Pyrne MOMeHTbI Bp'eMeHH. n,OOTO'MY .

t

£ (t) =

(J ('t')
+. f ({) (I

- 't) a ('t) d't, (284)
E .

o

r)le E (It)
� ,lI.e.cpOpM3'IJ.H5I, C03.JLaBaeMa5I Hanp5I>KeH'HeM a (l), ,lI.eH,cTByro-

ID.H'M J3 Te"KYIll.:HH M'OMeH'T BpeMeHH I, a no.,II, 3Ha.KOM HHTerpaJIa
-

co-

XpaH5IIOIII.aH1C5I �o' Te.KYIII.ero BpeMenH ,lI.OJI5I .z:r.ecpop MaIJ.HH, :BbI.3bIBalO-

m.aHC5I Hanp;5!LKeIf'HeM Q"i(L), .z:r.eHICT:BOBa.BIIH1.M IB !MOMeH'T 't' B 'TeQeHHe

BpeMeHH dL.
I

'M3 IH,3JIOLKeHHHoro CJIeJLyeT, 1.ITO HMeIOT05I JI.'Be np'HHIJ.HTI'ltaJIbHbIe
B03M.OLKHOCTH ,onpeJJ.eJIeHH5I eo'npOTH-BJIeH]15I JI.e-<popMa�HH: 1) H3 'OnbI'TOB

B YCJIo.HH5IX, 6J1H3KiHX K peaJIbHbIM npoIJ..eccaM o6pa6oTK'H )MeTaJlJlOB

.naBJIeHHeM; 2) 'H3 np,Q!cTof.O ,9.KcnepHMeH;Ta (Hanp'H!Mep, ,onbITOB :Ha pac-

TSI>KeHHe) C npJI!BJIeqeHHeM <pH3Hqe.CKiHX ypaBHeHHH JI.ecpopMHpyeMblx
c.pe.n H 'peOJI'Orl1QeCKlHX IMO,Z:leJIeH nOCJIe,,II,HHX. 113 peOJI'OnHQeCK:HX MO)I.eJIeH
1H3H 1 00JIee QaCTO IIbITaJI'UCb "HcnOJIb30BaTb y'pa.BH-e'HHe MaK,CBeJIJIa, KO-

Topoe YQH'TbI'BaeT .z:r.Ba 'BaLKHeHllIlHx CBOHCTBa peaJIbHbIX cpe.z:r.
-

ynpy-
rOCTb .M ,B5I3KOICTb. O,6III.a51 .z:r.e<plopMaIJ.H5I CHCTeMbI CKJIa�bIBaeTC5I [!'I3

JI.�tPopMa�HIH ynpy�or,o H BH3K'ODO .9JIeMelHTOB: e=ey+e B .

.

,Qecpop'M3QH5I ynpyrOJlO 3JIeMeHTa Oll:H'CbIBaeTCH 3aKOHQM 'fY,Ka, a

.cOllfP'OTH:BJIeHDe B5I3"KOro 3JIeMeH'Ta -

�aKOH9:M HblOTOHa �,JI5I B5I3...KOH
>K1iJtKOCTH:

(J

e = -. a = ,t e
_Y E'

,- B

MJID .B npHpaIII.eHH5IX 3a BpeM:5I lit:
,

dG
de

y
=

E
(285)

,CKJIa,lI.bIIBa5I 3TH BbI,pa>KeHlH5I H BrBe.n5I 0603HalIeHHe JlIE =7:, nOJlYQHM

ypaBHeH1He MaKCBeJIJIa JLJI5I B�3KJo-y'npy.roro TeJIa:

� = E ��.!!.-
· (286)

d.t d t
.

't'

:O.�HaKo ,lI.JI5I ,MeTaJIJIOB JIH.HeHHa5I 3aBHCHMOCTb conp,OTRBJI-e'H'HIH JLe-

�QlPMaIJ.H,H OT CKOpOCTH He COOTBeT1cT1ByeT .z:r.eHCTHHTeJIblHOICTH.
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M. A. 3aHKoB [9] npeJLJIO>K'HJI, OCHO'BbIBa5ICb Ha TepMO,l(:HHaMH1Je..
CKHX YCJIO�H5IX ,l(ecpop:M'Hp�OBaHHI5I, 'CJIe.lI:YIOIl.{YIO 3aB'HCHMOCTb:

a

(
e

)
a

�= eo
' (287)

r.1I.e a <''1 - nOKa3aTeJIb CK10pOCTiHOH 3aBHiCH!MOCTYI.

JIlerKo BHJI,e'Tb, '1JTO COOTHOllIeHHe \(287) np5IM'O .BbITeKaeT'H3 3a.KO-

Ha CB5I3H (2/2J2) Me>K�Y CKOpOCTblO Oo.06II(eH'H 1 0H ,l(ecpopMaI(.H!H H 0-600-

II(eHHbIM Hanp5I>KeH'HeM. ,l:LeH-cT'BHTeJIbHO, 113 ypa:BHeHH51 ('2122) MbI. no-

JIY1JHM

. .

(
G

)
n

- v

ei = e
s a:

-HJIIH, yqHTbI,BaH, lIT'O 'V= + I,. H Oln}TICKa5I er,o J(JIH K;paT,KOC'TH 3aUH'CH,- no-

JlY1J
'

H:M:

. .

(
(j.

)
n

ei == e
s G: · (288)

,LLJI5I TeXHOJIOrH1JeCKJHX pa.c
' 1JeTOB MO>KIHO 0606II(HTb MeXaHH1JecKYIO

MOJLeJIb ynpyro-B5I3KOrO Te-qeHH5I, np.e..lLnoJIara51, 1J110 ypaBHeH'He B.5I3KO-

ro EJJleMeHTa 'OTJII11JHO ,OT JIHHeHH'oro, xapaKTepHoro ,l(JI5I B5I3'KOH >K,H.lJ.e
KOC'IlH H 9TO ypaB-HeH'He 'MOLKiH'O 'n-pHH5ITb B, !BH.ne ,(288). n'p'H 3TOM npe.n-
nOJIOLK.eH'HiH JIerKO ,BbIBeCTH ypaBHeHiHe ,l(JISI ,CJIYlIai5I HeJI'H.HeH.HOTO yn-

PYDO-B:H3Koro TeJIa. ;Pa.cnOJIOLKHM 'ynpyrHH H B5I3.KHH 3JIe:MeHT nOCJIe.lLO-

!Ba'TeJlbH10. Tor,l(a nOJl!Ha5I ,l(ecpopMaI.J.
'
M5I BbIpa>KaeTC5I p'3.BeHCTBoM::

dG

dei.==.dey+deb. IIl,o-npe>KHeJMY de
y

===
--, B COOTBeTCTHHH IC paBeacT-

E

BOM (288)

deb = e
s ( :s r dt.

Tor,l(a

d a
i

·

(
G

i

)
n

dei = +. e - dt
E s

as

"JIM

dG
i

dt
=E

d e
i _

·

(
a

i

)
n

dt
-Ee

s

-

·

- as
(289)

aTO ypaB-HeH,He MO>K,HO 3an'ncaTb B o6�eM B,H,l(e:

rdcr _
de

- = E - - E cp (cri)
dt dt

' (290)

r..lLe <p (.ai) - «!>YHKQH5I, BR,l( KIO'frOlpOM 3aB'UCHT OT KOHKpeTHof'o crroco6a:

anp'OK'CH,M.30I1.'HH KJp'H'BOH IHa:np5I>K,eHHe
-

'oroOP'OCTb JLecpopMaI.J.'HH.
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. 6. BJIHSlHHe YJIbTpa3BYKoBbIX KOJIe6aHH"
u

Ha MeXaHHlJeCKHe :CBOHCTBa MeTaJIJIOB

Y npy'rHe KOJIe6aHH5I npeACTaBJlJ5IIOT C060H nepHo,llJI1JeCKOe H3;Mene-

HHe C-OC'TOHH,H5I ICpe,lLbI. K9/r,lLa 1JaC'POTa KOJIeOaHHM JIe>KH'T ,B npe.neJIax
OT 116 Ao 16 '000 B CeKY:H,lLY, TO ynpyrHe BOJIIHbI BOCn i

pHHHMaIOTC5I -KaK

3B)1iK. ECJIH 1JaCTOTa KOJle6aH'HM BblllIe 160.00, TO K'OJIe6aHH5I Ha3bIBa-

IOTC5I y.JlbTpa3BYiKOBbIMH. BepX'HHH npe,II.eJl qa'CTOT YJI,b'Tpa3:B)'1KOBbIX KO-

JIe-oaHrHH COO'r.BeT,cTBy.eT TenJIOBblM 'KoJIe6aHHH'M 3'"f\OM'O'B B TBe:P,lLbIX

TeJIaX, T. e. ,p-aBeH 110 13
2lf.

5IBJIeHHe pacnp'OCTpaH'eHHI5I KOJle6a'HHH ,B C1pe�e ,Ha3bIBae�C5I BtOJIHoiL

,[{£YM5I OCHO'BHbI'MH THna:MH ynpyrHx BOJIH 5IBJI5IIOTC5I npO,lLOJIbHble ,H no-

nepe1JHble. E'CJIH TpaeKTopUH 1Ja ' C'IlHIJ. ICpeJLbI m:apaJIJleJIbHa HanpaBJIeHHIO

pacnpO'CTpaHe.H'H5I BtOJI,HbI, TO TaKa5I !BOJIH3 Ha3blBaeTC5I np'O.1I.OJlbHOM.
ECJI;H LKe TpaeK'TlOp'HI5I 1.IaCTHq nepneH.lI:HKYJI5IpHa :HanpaBJIeHHIO BOJIHbI,

TO BOJIHa Ha3bIBaeTC5I n'Orrepe1JH'OH HJIH C,lI.BHrOBOH.
:B 'TeXlIH'Ke Ha.H'D.OJIee lIaCTO n'pH'M'eH5IIOT rrp'OJ('OJIbHbIe BOJI,HbI, T. K.

OH,H JIerKO reHepH'pYIOT1C5I, !06HapYLK!HBaIOTC5I 'H KOH.IJ.eHTpHpYIOTC5I B BH-

J(e rrY1J;Ka C ;He60JIhllHM yrJJ.OM paCX'OJK,lI.eHH5I. n'plH paonpOCTpalHeH.HH
BOJIlH npOHCXOJLHT nepeHO'C 3HeprHH 6e3 rrepeHoca BeIII.eCTBa, T3iK KaK

Ka}Kl,lI.a5I 'IJa'CT,HIJ.a KrQJIeOJIeT:C5IO�OJIO CBoer.o rrOJI'O}K'eHHH p aHH'OBeCHH.

OnbITbI nOKa3bI,BaIOT, 1J'TO nO,,U, B03.1I.enCTiBHeM YJIhT.pa3'BYKOBbIX KO-

JIe6aIH'HH Ha6JIIOJLaeT'C5I «aKYCTH1JeCKOe pa3pyweHue» Ii «aKy.CTH1JeCKOe

ynp01JHeH.He» lMeTaJI,JIOB [10]. IPa3ynpOQHeHHe Ha6JIIO,lLaeTCi51 B npoIJ.ec-
ce JI.ecpopiMaIJ.HH ,MeTaJIJIO:B npH HaJIH1JHH YJIbTpa3BYKo'BbIX K ' oJIe6aHRii

-H BbI:pa}KaeTC5I B ,ClHH}K,eHHH MtCTHHHO�O 'oorr'p'orHBJIeH�H5I npH ,lL3'HHOH Be-

JI;H1JHHe'JJ.ecpop'MaIJ.H;H. .3TO XrQ�P'OlliO HJIJIIOCTp:HpyeT pH.C. 79,a: Ha�O}KeHJ1e

YJIbTpa3BYKoBbIX KOJIe6aHHH np�H :Hanp5I>KeHJ15IX 'BbIllie np'eJI.eJIa TeKYI!e-

,CT-H ri'p'UBiOJLH'T ,K 'OHHLKeHIllO HC'THHHoro
'C�rrpO-THBJIeHHH .ll.ecp'opMaIJ.JfH

rrpHMepHo Ha 40 %
(\KpHBa5I 1). TIoCJIe'BJJII01JeHH5I KOJIe6aHHH HtCTHH-

Hoe Harrp5ILKeHHe npH ..II,aJlbHeHWeH ,lLecpopMaIJ.HH ;CH'OBa �OCTHraeT nep-
BOHa1JaJlbHOrO 3Ha-1.IeHH5I. TIpH B0'3o-6HOBJleHHIH KOJIe6aHHH COrrpO'foHBJle-
HHe, ,U,ecpopMaIJ.�HIH CHOBa YMeHbllIaeTC5I. ECJ1H BeCb nplOIJ.ecc palC'T5ILKeHr{5I

OCYIII.eCTBJI:5IeT'CH np'H ,HaJIH1JHH YJIbTpa3BYKOBbIX K , oJIe6aHHH, TO KpHBaH

Hanp5ILKeHHe
-

,lLecpopMaIJ.'H5I pa.cnOJlaraeTC5I 6JIH>Ke K 'O'CH a6cIJ.�u'2:C

(KpHiBa5I 2).
Onnca:HHoe 5IIBJIeI-I.He 5I:B.Jl5IeT05I pe3YJlbTaToM ,lI.eH,CTBIf5I JI.onOJIHH-

TeJl.b-HOH 3HeprHH YJIbTpa3BYKoBbIX KOJIe6aHHH, 'K'()TOpOe H:HTeHcHcp'Hl\H-
.pyeT 3ap ' O>KJLeHHe JI:HCJIOKaq:HH H HX c.KOJIb>KeH'He. B Te1JeH:He O,lI.HOrO

nOJIynepHO,lLa KOJleOaHHH nepeMeHHoe iHanp_5ILKeHHe YJIbTpaaBYKa CiKJI(J-

,lLbIBaeTC5I co IC'TaTH1JeCKHM, a iB TelIeHHe JLpyroro
- 'BbIQHTaeTC5I. B rrep-

BOM nOJIynepHO,lLe' cYMMapHoe ,Hanp5I>KeHHe 6Y,lLeT npeBbIllIaTb ero Be-

JI'H1JHHY, He06xo..II,HMYIO .,U,JIi5I ,lI.ecp:opMa'IJ.:uH B OObl1J'HbIX YCJI'OBH5IX. npH
3"fJOM 60JIbIIIee 1JH,CJI'O ..II"HtCJlOKaIJ.HH rrpeo,lI.OJle:BaeT npeII5I'TCTBH5I H BbI-

3bI.BaeT HH'TeHc:HBHYIO nJIaCTH1JecKYIO JI.ecpop.MaIJ.'HIO.
Y CTaHOBJIeHO, 1JTO rrpH Ha,lI.JIeLKaIII.eM nOJI.60pe MOIr(!HOCTH YJIbTpa-

3:BYKOBbIX KOJle6a.H,HH MO>KHO nOJIy'tIHTb 3aMeTHoe paayn'p01JHeHH.e ).:(a-

}Kley BbI,coKOnp,01JHbIX MaTep'HaJIOB: HepLKaBelOIr(eH CTaJIH, Oep,HJlJlH5I.
BbJI�cppaMa' H JLp. TIpH ,lI.OIC'THLKeHHH HeKoTcporo onpe,neJl.eHHoro .L1.JIH

:uaHHor,o MeTaJIJIa ypOB.HH aKycT'H1JeCKOH 3HeprHH nJlaCTH1JeCKaH )1.ecpop-
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MaUH5I 6Y,lLeT ocymeCTBJI,5IThC5I rrp;H KQ;M'HaTH'OH TeMrrepaTy.pe .AaLKe 6e3

npHJI 1 0LKeHH51 "BH�llI,HeH HarpY3K
'

H. jfl pH 3TOM M'OHOK'pHCTaJI.JlbI JI.ecpOpi\-lH-
PYIOTC5I JJ.,BOHHHKOBaUHeM, a nOJIH,KpHCTaJIJI"I{1JeCKHe TeJIa pa.apY.llIaIOTCH
no 'rpa.H:HIJ.aM 3epeH.

Ha pH-C. 79,6 nOKa3aHO, qT:O C pOICTOM 'HHTeHCH,BIHOCTH YJIbTpa3BYKo-
BbIX :KoJIe6aH ' HH Ha.np5ILKeHHe B npoIJ.ecce pa.cT5I>KeHH5I aJIIOM'HH'HSI

PHC. 79. B.nHSlHue YJlbTpa3BYKOBhIX Ko.ne()a..
HHA Ha CTaTHqeCKOe HanpSI>KeHHe' npH pac-
TSI>KeHHH:

a -

MOHOKpHCTaJIJI3 I1,HHKa (-- oe3 YJIb-

Tpa3BYK3; -�
- C YJIbTpa3BYKoM 800 .1C�t{);

6 - a.nIOMHHHSI npH pa3.nHqHOA HHTeHCHB-

HOCTH KOJI�OaHH:H; 8 -

MOHOKpHCT3JIJH\ I1,H:H-
Ka. C nepHO}J.H1JeCKHM BI<.nIOQeHHeM Y�bTpa-

3BYKa pa3.nH1JHoA. JIHTeHCHBHOCTH

6"MH/M2( r/CM
2

)

0,2
(200)

0,4

(400)

o Jf 2

a �%
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60
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(2)

o

�
i

.35

---�50-

20 60

5

100

e..ro

f

6"MH/M2(r/MM2)

l

J, '1

(JZO)

2,4
/240)

1,5
(160)

�8
(80)

o (J�5 ( � 0 e, %

8

Y:MeHbllIae'IlC5I H npH HH'TeHOHBHOCTH KOJle6aH;HH 50 BTfcM
2

,CTaT'HqeCKOe

Harrp5ILKeHHe OJI'H3KO B illY JlIO.

Y CTa:H10BJIeHO TaKLKe, 1JTlO YJIbTpa3.BYKOBbIe KOJIe6aHH5I 'M 'Har-peB
OKa.3bI'BaIOT IHa BeJIU1JHHY Harrp5ILKeHHH :H,lLeHTiH1JHOe BJI.Hi5IHHe. .Ho ,l(JIH

JLOCTiH>KeHH5I paBHo:ro 3cpcpeKTa npH n'pHMeHeH�HH YJIbTpa3BYKa Tpe6yeT-
C5I MeHbllee 'KOJI'HlIeJCTiHO 3HeprHH, lIe:M np,H' JHarpeBe. IlO-B�H,lL'HMOMY.
3�HeprH5I YJIbT'pa.3:BYKa .I1oJ'JIOIII.aeTC5I 'B OOJIbllIeHCTene:HH B 30Hax KPR-

CTaJI.JI'OB, HMelOJJ:LHX ,,II,ecpeKTbI: �HCJI'OKaIJ.HH, rpa.H;HqbI 3epeH �H T. H. 'R

nOlfT,H He no'rJI'OIII.aeTC5I ;B CBo60,lLHbIX OT .LI;ecpeKTOB 30Hax. TenJIOllaH

3'HeprH�, 01JeBH,lLH'O, p acnpe.rr.eJI5IeTC5I IT,O BceMY 06'beMY Kp'HCTaJIJIa.
OnbITbI rrOKa3bI,BaIOT, 1JTO ,HaJIOLKeH'He YJIbTpa3BYKOBbIX KOJle6aHJIH

3KTHIBH:3HpyeT npOIJ..eC-CbI rrOJI3Y1JeCTH H YCT3JIOC''I1HOrO pa3PYIlI�HH5I.npli

,lLelcpopMaIJ.H'H B OObI1JIHbIX YCJI
1 0BIH'5IX p3:3'BH'TH,e n.OJI.Q1c 'OK:OJIbLKe!HHH 'HatfR-

Hae'IlC5I 'B OT,lLeJlIJjHbIX, HaH60JIee 6JIaDonp:H5ITHO opHeHTMpOBaHHbIX 3ep-
Hax IH JIHllIb nOCTeiII'eH'H,Q. Ox,BaTblBaeT .BeCb .06'beM MeT.aJIJIa. in/pH JLe4>op-
'MaIJ.'HH C YJIb'Tpa3BYK

r OM nOJIOCbI CKOJIb:>KeHH5I 3apOLK,l(aIOTCH Cpa3Y B

60JIhllIOM 1JHCJIe 3epeH. nepexo� HOJIOC CK'OJIb:>KeHHI5I 1Jepe3 rpaHHIl.bI
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3epeH, Ka.K InpaBHJIO, He Ha6JIIO..naeTiC5I. HHor.na Q[�H ,.ll.aLKe '3alKaH1J'HBaIOT-

C5I, H.e ,,QOXI()JI,5I .no rpaHHq 3epeH. ,3TO nOJ(TBep}K.naeT ,BbI'BO,r( 06 aKTH,Ba-

IJ.'H'H JLiH,CJI,oKaIJ.:HH BCJI'e.ncTHHe nor JIOIII.eHH5I KOJIe6 aHHH.

IIp'H H!CCJIe.nOBaHHH 06pa3IJ.OB 'H3 TeXIHH1JeCKOro }KeJIe3a, pa3pYlleH-
HbIX noJI, JI,eHrCTBHeM YJIbTpa.3BYKOBbIX KOJle6a.HHH IC aMnJIHTy,n,OH Hanp5I-
LKeHHH 90-:11() MH/M2 (9-,l i 1 KrlMld

2
) 6bIJIo',o6HapY>KeHO, qTO JIIOKaJIb-

Hble yqaCTKH nOBepxHocTH .B6JIH!3H 30HbI pa-a-pY'lleHHH ,n.oKpbITbI OKHC-

H'OH nJleR-KoM. 3TO MOrJlO 'npOH3-0MTH .3a C1JeT CH)IbH-OrO pa30rpe'Ba Me-

TaJlJIa. 01lCIOJLa 'CJIe.nYe'T, 1JTO 'B pe3YJIbTaTe nOrJIOIII.eHH5I aKycTH-qec,KoH
3HeprHH .ll.H,CJI!OKanH5IMH H �pyrH-MiH CTPYKTYP,HbIM:H .ne<l>eKTaMH HOKPYI'
HHX nponcxG..ll.'HT Jl10KaJlb:HbIM �HarpeB MeTaJ1J1a. ,Il03TQMY )J,BHLKeHHe .,l(HC-
JIOKa�'HH iB 3T'HX MeCTax 06JIerqae�a5I, 1J'T0 B CB-OIO o1Jepe.nb 'CHII>KaeT 'Be 4

JlH1J:HHY Harrp5IllieHH5I, He06xo.nHMYIO JLJI:5I oCYIII.ecTBJIeH'HH )J,ecpopMaUHH.

:Ilp-o�ecc a.KTHBaI.(HH JI,'HCJI,OKaIJ.HH o6paTuM, T. e. OH np,OH-CXO.ll.HT
TOJIbJKiQ .lI.0 Tex nop, ITOIKa IHMeeTC5I npHToK YJIbTpa3BYKOB'OH .9HeprHH. KaK
TOJIbKO .nOJLarqa 3Hepr ' HH npeKpaTHTC5I, iBeJIHIll'HHa H,CTHHHoro ,conp,oTHB-
JI-eHH5I )l.ecpo-pMa�HH ;B03paC'TaeT. DOJlee 'Toro, Y>Ke I1O:CJIe npocToro

YJlbTpa3'By�oBoro -96JIY1JeHH5I !o6.HaPYLK'H,Bae�05I' y'np01JHeH.He, KOTopoe
6bIJIO Ha3BaHO 'BbIllie aKYICTH1JeCKHM.

AKycTHqeCKOe ynp01JHeH'He Ha6JIIO.naeTcH nOCJIe B03.lI.eHCTBH:5I YJIbT-

pa3
1 BYKOBbix BOJI'H IC ,LI.OICTa

i
TOlIH,O BblCo.KOH aMnJIHTYJI.GH Hanp5ILKeHHH.

,[(JI5I npHM:ep� Ha pHC. 79,8 n(pHBeJLeHa 'KpHrBa5I paCT5I)KeH.H5I .MtOHOKpH-
C'TaJlJIa IJ.HHKil. ,B T01JKe a 6bIJI'H BKJIIOQeHbI ,K!oJIe6a.HH�5I HHTeHCJiBH'OCTblO

5 8T/CM
2

. B pe3YJl'bTaTe 'npOHaOlllJIrO YMeHbIlleHHe H.cTH!HHOrO c-onpoTHB-
JIeHH5I JLecpopMaIJ.HH .no TO!l{,KH b. :Ha. Y1JaCTKe be JLecpop.l�1aIJ.'HIO OCYll�e-

CTBJI5IJI'H rrpH B03JLeH.C'THHH YJIbTpa.3By�a. nocJle OTKJlIO'1JeH.HH reHepa-

Topa Harrp5I:tKeH'He ICKa1JKOM B03pOCJJO JI.!Q TOq,KH ,h, a 3aTeM n-OCTeneHHO'

B03parcTa.JIO .II!O T01JKH e H AOCTHrJI'O YP'OB.H51, xapalKTepH.oro )l.Jl5I 06bI1JaO-

ro paCT5ILKe'HHIH. 3aTeM CHOBa 'B.KJII01JaJIH reHepaTOp IC ,60JIbllIeH HHTeH-

eUBH'OCTblO ,Ko'Jle6aH.HH (15 8T/CM). ,HanpH2Ke!HHe YMe:Hblll'HJIOCb 50JIee-

3;Ha1JHTeJIbHO (T01JKa f). ,Do,cJIe BbIKJII01JeHM5I re�epaT,op,a Hanp5ILKeHMe
He 'B'03BpaTHJIOCb Ha ypOBeHb, .COOTBeTCTBYlOllT:HH 06bP-U-tOMY paCT5I:tKe..
HHIO (�01JKa q), a JLOICTHrJIO 60Jlee 'BbICQKOrO 3Ha-qeH'H51 (T01JKa h). OT-

pe30K qh xapaKTepH3yeT y:npo'1J'HeHue 'HOJJ. .n:eHcTBHeM' Y.JIhTpa3BYK,oBbIX
KOJle6aH'HH. IlpH H;HTeHC'HBHOCTH ,�OJIe6aHHit 60JIee '2,5 8T/CM 'Ha6JIlOl1a-

JI'H eme 60Jlee 'HHTeHCHBHoe pa3ynp01J,HeHHe H noc.JIe.u.YIOIII.ee ynp01J,He-

HHe, xapaKTep!H3yeMoe OT'pe3.K'OM kl. .3cpcpeKT yrrp01JHeHHH ,Ha6J1IO.naeTC5I
H rrpH 03,BY1JHBaH'UH B ,HeHarpY}I(eHHOM ICOCT105IHH'H. CTeneHb YQ'p:01JHe-
HH5I 'B3TOM. CJIY'1Jae B03paCTaJIa C Y,B�JIHqe:HHeM 'Bpe:MeH'H O'3'BY-1fHaa.HH5I,.
aCH'M:n'fiOTH'1J,eOK-H npH6JIH>Ka5ICb. K HeKOTop'OMY np:e.neJIY, 'np,H KOTOp:OM

HaC'TyrraeT 'coeT05IHHe HatCbIIII.eH'H5I YJIbTpa3BYKoBOif 3HeprHeif.

Pe.3YJIbTaTbI ,onbITOB MOLKHO 06'b5I.CH'HTb C n03HIJ.H.M' TeopUH JI"HCJI,OKa-

�HH. ,IlpH npoXO>K,.neHHn Y�bTpaaBY�KoBbIX ,BOJIH MaJlOH 'HH'TeHcHBHoCTH

6YJLeT YBeJIH'1J i HBaTb r C5I aMirrJIHT,YJI.a" KrOJ1e5aH-HH .nH'CJI'OKaIJ.HH OK-OJIO no-

JIOLKeH,H5I paBHO'BeC'H5I. InpH 'BbICOKOH �HIHTeHC'H:B!HOCTH -Koc!Ie:5a ' HHM cre-

rreHb aKTHBa�HH J(HtCJIOK8rIJ.HH ,H 3apOLK.neHH5I H.OBbIX .ll.HCJIOKaIJ.HH J{IO-

CTHraeT BeJIH�HHbI, .nOCTaT01JHOH .nJIH HX .nBHLKeHH5I no nJlOCKOCT'H' 'CK'OJIb-

}l{eHIH5I. B Ipe-3YJIbT8re Booa-paiCTaeT ;nJI.OTiHIOCTb .nH'CJI'OKa�H'H, a 'CJIe.lI.'OBa-

TeJIbHO� 'o6pa3yeT'C5I 6!OJIbllee 1JHCJIO IJlQMex HX .nBH>KeHHIO H MeT3-JIJI yn-
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pOllH5IeTC5I. IflocJIe npeKpaI11.eHHH JLeHiCTHH5! YJIbTpa3.BYKa B MeT3JIJle

<pHKC'HpyeTlC5I nOJIyqeHHa5I JL
'

HCJIOKaU:nOHHa5I .CTpYKTypa. TaKHM o6pa-
30M, YJIbTpa3BYKOBYlO 3IHeprHlO 'MO>K:HO HCnOJlb30'BaTb KaK .3.cpcpeKT'EB-
HOe tpeLlCTBO .nOBblllIeHH5I rrpOlqHOCTH MeTaJlJIOB. 3TO cpeJLCTBO HMeeT

onpe,lLeJIeHHble npeHMYIII.eCTBa rrepeJL .rtecpop'MaI.J.HOHHbIM ynpOqHeHHeM
'Ii 3aKaJIKOH: pa3MepbI 'TeJIa B 'pe3YJIbTaTe ynpOqHeH'H51. He H3MeH51IOTC5I,

pa.oxoJI, 91Hepr,HH 'CH,HLKaeTCH, TeXHOJlOrnq.eOKHH np'OI.J.e,CC ynp'ornaeTtC5I.

7. BJIHSlHHe pa�HoaKTHBHbIX H3JIYIJeHHH
Ha npOIJHOCTb H nJIaCTHIJHOCTb

113 pHC. BO,a CJleJJ.yeT, qTO o6J1yqeHHe nOTOKOM HHTeHCHBiHOCTblO

10 18
HeUTpoHoBjC.M

2
nOBbIlllaeT npeJI.eJI TeKyqeCTH >KeJle3a Ha 9'0-100 %
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PHC. 80. B.nH�HHe o6.nYQeHHSI Ha, MeXaHHQeCKHe cBoAcTBa:

a -

MOHOKpHCTa.n.nOB qHCTOrO >KeJIe3a: 1 - OOJIyqeHHbIH: B nOTOKe

10 18
lleUTpOHOS/CM2; 2 - Heo6.nYQeHHbIA; 6 - MonH6.n.eH: 1 - o6nYQeH-

HbIA nOTOKOM 5.10 19
Me.n..neHHbIX HeUTpOHOB/CM2 npH 100°C; 2 - Heoo-

J1yqeHHblA

B pe3YJIbTaTe ,06JIyqeH'H.5I .Harrp5ILKeHHe 'B Ha.qaJIe �e-cpOpMaI.J.HH Y'BeJIH'qH-

Sae'TC5I, HO rro.CJIe y..nJIHHeHH5I Ha 15 °jo'06e I�p.H.Bble B npe.neJIax Taq'HOC�rH

onbITa .cOB'na,lLaIOT, 'T. e. BJIH5IH,He 'o6JIyqeHI15I IHa COnpOTH'BJleHHe .necpop-
MaI.J.HH Y'MeHbllaeTtC-5I IC pOCTOM npe)1.Bap'HTeJlbHOrO HaKJIerra.

Ha p�HC� 80,6 'np'HBMeHbI ::kp.HBble HCTHHHbIX HarrpH}KeHHH npH pac-

T,5I2KeHH.H '06\pa3�a H3 MOJl'H6.n.eHa 06JIyqeHHOrO nOTOKOM Me,U,JIeHHbJX
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HeH1'p'OHOB, H oopa.3I.J.a, He nO,ABepralOIlterOCH 06JIY1JeHHI0
1

. .H� paCCMO-

Tpe:HH5I .KpHBbIX 5IICHO, 1JTO 06JIY1JeHHe nOBbIlliaeT rrpOlIHOCT,Hble xapaK-

repH:CT.HKH IMeTaJlJlOB �H ,MaJIO 'BJI'H5IeT Ha nJI3JCTH'q,HOCTb.

Il pHBe..u.eHHble 3aBHCH'M,OCTH 5I,BJI5IIOT'05I .pe3YJlbTaT.OM ioro, lI'TO 'pa-

JLHOaKTH'BiHbIe H3JIY1JeHn5I «BblllI
' H6aIOT» aTOMbI '11.3 06bI1JHOlrO J(JI5I Heo6-

JIyqeHIHbIX oopa3nOB nOJI'O>K:eHHH paBiHOBe-CH5I, .o6pa3Y-5I «M�e>KY3eJlb:Hble»

aTOMbI H BaKaHCHH, 1JTO npOH3BOJL.HT ,lJ.rOnOJIHHTeJIbHOe ynpyroe 'HCKa>Ke-

'HHe aTOM'HOH IpeIIIe-r,KiH M'eTaJIJI'OB. TaKHM o'opa30M, HapYlleHH5I, .H03-

tHH:KalOll(He np'H 06JIY1.J:eHIUH 'MeTaJIJIOB, aHa�'lOrH1JHbI HaKJIeny npH XOJIOJL-

HOM 06pa6oTKe, OJLHaK!O JLeHCTBHe 06JIY1JeHH5I :He C'B5I3aHO C KaKH'M-JIH-

60 rr peH MYI11.eCT,BeHHbI'M KPH CT aJIJIorp acpHrqeCKHM H-arrp aBJleH'HeM.

fl pH o6J1YQeH'HH ICrrJIaBO'B ,MorYT B03H,HKa'Tb ,lLO'nOJIHHTeJIbHble 3cptpeK-
TbI -

y,c,KopeHHe 'cpa.30BbIX npeBpameHHH, CTapeHHe, n?5IBJIeHHe nOJI3Y1Je-

CTH n,pH nOHHLKeH,HbIX Ha l np5I>KeIHH5IX.

,3aMe1JeHO, 1JTO pa..lLHaI.J.HOHHOe ynpolllHeHHe HC1Je3aeT YLKe npH .cpa-B-
HHTeJIbHO H'eBbICOKOM \HarpeBe. 06JIY1JeHIHbIH 'MaTepHaJI nepeXO.lI:HT U3

xpynKofio �OCTI05IH'H5I B rrJIaCTH1JeCKOe np.H 60Jlee 'BbIOOKHX Te-MnepalY-

pax. BMeCTe C 'TeM 06pa.3YlOl1C5I CKOnJIeHH5I T,01Je-1JHbIX .1I.ecpeKTOB, nanpH-

Mep napbI CB5I3aHHbIX Me>Ky.3eJIb'HbIX 3'TQ,MOB HJIH 'BaKaH;C'HH, KOTOpbJe

Hrp alOT pOJIb 3ap.O,lLbI'llieH .lI.JI5I �OH,lLeHcaqHH 'CJIeJLYIOIII:HX ..lL,e.cpeKTO'B '.9TO-

ro THrra. ,.Qecpe.KTbI MorYT ,CKarrJI
'

HBaTbC5I Ha HMeIOIltHXC5I B Kp'HCTaJIJIaX

HeCOBepllIeHC'frBaX pellI,eTKH, HanpHMep y npHMeC-HbIX aTOMOB, Ha rpa-

HHuax 3epe.H H ;lI.HCJIOKaI.J.>H5IX.

8. AHH30TponHSI CBOHCTB TeKcTYPoBaHHbIx

MaTepHaJIOB

MeTaJIJlbI �H ICnJIaBbI B 3a�HlCHMOCT'H OT HaJI'H'q,H5I 06IlI.HX KpHCTaJIJIO-:

rpacp'HlJeCKHX ,HanpaBJIeHHH B OT,lLeJIhHbIX 3epHax MorYT 6bITb pa.3JLeJIe-,
HbI Ha H'3{)Tp.ouHble (IHeTeKcTYPO'I:3a(HHbIe), xa p a.KT1ep'H'3yeMbI,e XaO'TH'1Je-,

.CKH'M paCrrOJl'OLKeHHeM 3JIeMeHTOcB K'p'HCTaJIJlH1JeC:Ko� pemeTKH nlo BCe-MY

06'beMY TeJIa, H TeKJcrypo'BaHHble, B KOTOpbIX H'MelO'lIC5I o..lLIHO 'HJIH He-

C.KOJIbKO HanpaBJIeHflfH, 06IlI.HX JI.JI,5I .Bcero 06'beMa TeJla. !B OC/HOBe �JI�C-'

CH;cpHKaI.J.IHH JIe>KHT nOH5I'TH , e «TeKC'TypbI», no,l( .K'OTOpbIM InOJl.:pa-3YMeBa-.
eTCH 'OH'C'TeMa -np,e.UMYIlI.e-CTiBelHHbIX Kp'HCTaJlJIOrpacp.H1JeOKHX opHeHT:H-:

,P.OBO-K B Ma'TepHaJIe. I

IlpH 'o6pa60TKe MeTaJIJIOB ,lLaBJIeH.HeM rrpeH'MymOCTBeHHbIe op'HeHra�
UH'H OB5I3aHbI 'C MeXaIH'H-3MOM nJIaC'TH1JeCKOH }J.e<popMaI.J.HH MeTaJlJIa no

npe,lLnOlITHTeJIbHbI:M Kp,HrCTaJIJIO!rpacp.H1JeCKUM rrJIOCKOCT5IM H HarrpaBJle-:.
HH5I M.

TeKCTYPbI, .B03HH.KalOIlI.He nOCJIe Tep'Mff1IeCK'OH .o6pa6oTKH .rr.ecpopMH-:
p.OB3:HHbIX ;Ma-repHaJI-DB, H'a3-bIBaIOTCH TeK'CTypaM'H p.eKpH'CTaJIJIH3'aI.J.HH.;
TaKHe TeKtCTypbI 3aB'HC5IT rJIaBHbIM 06pa30M. 01;' XH�MH1IeCKOI�0 COCT�lBa,'
T�MnepaTYpHO-BpeMeHHorro H CKOpOC'T;Horo "peLKHM.OrB HarpeBa :H OXJIa}K..

.lLeH,H5I. ,.QO.BOJlbrHO 5IIOHO BblpaLKeiiHYIO '1eK'CTYPY MeTa:JIJIbI nOJIYQalOT npH'
33'CTbIBaIHIHH B Y.CJIOBH5IX. Ha'npaBJI.eH.HODO T-enJI'OOTBOJJ.a. JIuTble TeKCTypbI'

xapaKTepH3YIOTC5I 'pacnpe�eJleH�HeM HanpaBJIeHHH HaHJIer/llaHlleH Ten-

1 IM.a IK-JI H:H llI.. iMexaH}D1:IeCK'He cBoiroTBa Mer.aJIJI.OB. ilep.c aarJI. 1M. �MeTlaJIJIYP-
I['IUD>, 19166. 1431 C. C HJI.
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JIonepe,Z:Laq.H BJI.OJIb MaKCHIMaJIhHOrO TeMnepaTypHOrO rpa.JI..HeHTa. TeKc-

crY'PbI B03'H
i

HKaIOT 'H TI'PH MexaHH'qecKoH o.6pa60TKe MeTaJIJI:OiB.

JlpH:'-HaJI�HqH'l1 'TeKCTypbI B rMaTep'HaJIaX OJ{,HH3IKOBbIe KpnCTaJIJIOrpa-

cpHqeCKl1e OC'H 3epiHa 06JIa,Z:La1OT onpeJ(eJIeHHOM 'CH'MMeTp,HeM nplOlCTpaH-
CTIBeH.HOrO 'pacnpeJ(eJIeHa5I. B a3'BHCHMIOCTI1 OT 3TOH CH'M'MeTpHH TeKCTY-

'pbI pa3.JI.'eJI5IIO'T'C51 IHa TplM T'H:na
1

. K nepBOM-Y TMIny OTHOC51T a.KOl1aJIb-

HbIe TeKCTypbI, KOTO'pbIe .H:MeIOT O)J.,HO b6IIlee .l(JI5I BICeX 3epe.H nOJIHKp�H-
CTaJIJIa KpHCTaJIJIOrpacp,H1:IeCKOe Hanpa'BJIeHHe. TaKHe TeKCTypbI XapaK-

TepHbI .JI.JI5I H3J(eJIHH, nOJIyqeHHbIX iBOJIOqeHH'eM, :H n03TOMY MX qacto Ha..

3bIBaIOT «TeKcTy�paMM np'On.oJI'OKM». BTo-Phl-M' T;Hn,OM HBJIH.e�CH 'T'eKC'Typa

«K'OHYOHOr'O BOJIO,KIHa». 'OIC06eH.HOCTb 3''DOM TeKCTypbI IOOC'TOHT 'B TOM, T-ITO

OJ(HO H3 KpHCTaJIJIOrpa$'HqeCK'HX HanpaIBJIeH'HH pae:nOJIOLKeHO no :roo.HH-

qeCKOH nOBepX'HOCTH BOKpy,r OCH 06pa3I.J.a. ,K TpeTbeMY T.Hny rrp,H:Ha.JI.JIe-
}KaT TeKCTypbI, B KOTOpbIX CPHKC'H'PYIOTC5I )LEa HanpaBJIeH

1

H5I, KaK npa:BH-

JIO, COBnaj{alOIlI.He ,C opHeHTHpOBKOH J'JIaBHbIX J(ecpop'MaI.J.HH. ,3TH 'i'eI{-

CTYPbI xapaKTepHbI J1.JI5I 'H3J(eJfHH, nOJIY1.IeHHbIX nJIOCKOM npOKaTI<iOH,
BCJIe,lJJCT,B'He qero QH'H nOJIy'qHJIH IHa3Ba,HHe «'TeK'C'TY'P JI,H:CTa». JIloMHMO

nepeqHCJIeH,HbIX THnOB Te.KCTY'P, CYIIle.CT:BYIOT H .lI.pyrHe, KOTopbIe 06bIqHO

IKJIaOCHcpIHII.HPYIO;TC5I KaK npOMeLKYTOqHbIe Me.>KJI.Y TpeM5I OCHO'BHbI.l\flL

AHH3 r

OTip'OnH5I C'BOHCTB TeK'CTypO;BaHIHbIX 'MeTa�JIOB onpe)J.eJI5IeTC5I 'He-

OAHOpO,ll!HOCTblO HX 'CTPYKTYPbI H npeBaJI'HpYIOIIJ.H:MH ,OPHe.HT.UpOBKa:ViH.

Heo,rr,H,op.O,ZI}H.OCTb .C'-rPY:KTYIPbI 3,aBiH 1 0MT OT <p'OpMbI 3ep'eH H BKJIIO;qeHHH,.

Xap3'KTepa pa 1 cnpeJI.eJIeHH5I :BTOPHqHbIX cpa3, BH)J.a npeA,BapHTeJIb.HOH
'IIJIaiC'THqeCK'OH OQpa60TKH, T. e. 'OT Ta,K Ha3bIBaeMOM Mexa:HUq,eICK'OM

T-eKCT'YpbI.. MeXa,HHqeOKa51 T,eK,cTypa BIHeIllIHe np'05IB.m5l ' e''foC5I 06bIQiHO B

BHJJ.e BOJI,OKHH'CTo-rCTp,pq,eQHO.M 'CTPYKTY.pbI 1M np'M BbI'C'O��M OO:JI.ep>KaHH-H

BTOpbIIX cpa3 B Mera.JlJIe MO>KeT n,pIH.B.eC-TM K ,cyIII.eCT,BYIOIIJ.,eM aIHH3-0rpO-

,nUH ,M.exaIHHqeCKHX CBOHrCT'B. B qa,eTH'OCT:M, CTaJI�M 'C 60JIbllIMM KOJIHq.e-

CTBOM :HeMeTaJIJIH'q,eC-KHX B-KJlioqeHHM B n'one.peqiHOM Halnpa,BJIeHHH no

Q'J)HOlIIe!HHIO K ,OOM pa�T51}K'elHHH M10rYT HMeT{:» np,Oq.HOCTb Ha 30-4'0 0
/ 0

HHLK'e, QeM B ,npOJ(OJIbHOM.
HaJI'HqHe npeBaJI'apYIOIIJ..HX KpHcTa.JIJIOrpacpaqeCKHX OpHeH'I"HpOB-OE< B

u u

TIMeTaJIJI,e -np!HBOJ{,HT K CTaTH'C'TM'qecrooH 8!H,H3-0T:}lonHH CBonCTB. 'OCJI'eJ(-

H5I5I 06YCJIO:BJI'eJHa pa.3JIHq,H5IM'H ynpyro-nJIaCTHqeCK'HX H J(PyrHx �MexaHM-

qeCKHX M ,cpH3H'qeCK'MX xapaKTepHC'TH"K KpH'C'TaJIJI�'IB HanpaBJIeHH5I , X'C,OT-

JIH!qaIOI.I.lMM,H:C5I paCnOJI 1 0LKeHH!5I'MIH aT'OMOB perneT;KH. Il03T '

oMY pacnpe-.

AeJIeHHe ICBOHCT,B B pa3HbIX HanpaIBJIeHH5IX TeKcTypoBaHHoro ,MaTepHa.na

onpeJ(e?I5IeTC5I 'rH'noM, era TeK!cTy.p. npM ClHJIbHO BbIpaLKeHHoM Te�cType

8 I HH3:0T!p'On I H5I 'OBOHCTB n.OJIH'KpH,CTa.JlJIa npn6J1H}Ka:er'C51 K aHH3-0Tp-on,HH

M'oHoKpnCTaJIJIa. B KBa3iHaH'H30TponH'OM MaTe.pHaJIe C'BOM'CTBa ycpe)J..H5I-

'10T;C5I. ,B :'qaC1'tHOCTH, .B 'HeTeK'C'TypOBa'HHOM 06pa3�e CT:a.JlM l'IIOJJ.YJIb yn-

pyrocTH p-aBeH 2,10 Kfl/M2 (i2100iQ K:TIM:Jrt2) .no Hoex HanpaBJIeH'H5IX.

B :OT,.ll:eJIhHbIX LKe 3,eprHax n;peJJ.eJI "ynpy.DQiCTH H3MeHHeT05I OT 284 KH/J,.t 2

(2184000 KT/MM2) IB Ha1npaBJIeHHH [.11"1] p.o.1 1 32 KH/M2 (13.2010 KF/MM2) B

lHanpaBJIeHH�M [10IOJ..
.

'CTeneHb aHH30TpO'TIHH C'BOHICTB 'M.OHoKpHCTaJIJIOB 'onpeJ(eJI5IeTC5I TH-

nOM peIIIeTK�. Ha!npH'Mep, MeTaJIJIbI C reKCarOHaJIbHOH nJIO'nHoynaKO-.

1 ,K Y \!L'p H iB ll..e:B 111. n. TeK!CTY'pa IB IMeTaJIJIaX II CllJI,arBax.,M., (<iMeTaJIJIYPlr,IIH»,
'19165. 12912 c. C J1JI.
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BaHHrOM tf:nY) pemeTKOH, KaK npaBHJIO, 60JIee aHM,30'Tpon'HbI, 'qeM Me-

TaJIJIbI C Ky6'HlletCKOM perneTKOM. AH.HJiOTpOnHr51 TeKCTypOB3'HHOrO MaTe-

p'l1aJIa C npaKTHqeCKOM TOqKH 3peHI151 'MO}KeT OKa3a'TbC5I K'aK nOJIe3HOH,
TaK 11 BpeJ(H-OH. KJI3Ic.c=I1Q,eC;KHM np,HM,e:P'OM ne6JIarOnpH5ITHOr , 0 BJIH5IHH5I

TeK/CTypbI 51BJI�51eT:C5I 06pa.30BaHHe cpeClIOHOB n'pH rJIy60K 10H BblT5I}KKe

JIHCTOBbIX 'MaTepHaJIOB. In l OJIe3HOe BJIHHH'He TeKCTypbI /MO}KeT. npo5l-
BHTbC5I 'B YJIyqIIleHHH TeX'HOJIOnH1:IeCKOH nJIa,C'THqHOCTH MaTepHaJIa, B

Y'MeHbIIleH'HH conpOTH:BJIeHH.51 ){ecp'opMaIJ.HH npH 06pa60TKe ){aBJIe'H'He'M,

4B nOBbIIIleHHl1 3,KCnJIyaT3'IJ.HO,HHbIX xapa/KTepH'CTH'K .(lconprOTHBJIeHHe yc-

TaJIOCTH, KOpp-03HOIHH0i1 CTOH'KOCTH), a TaK:>Ke B YBeJI.H'qeH"lIH MeXaHUqe-

CKHX CBOHICTB (conpOTMBJIeHH5I Y'J(a PY 'M BHe.lJ.lpeH!HIO, npe)I.eJIa . TeKyqe-
CTH H npOqHOCTH, O'TH'OC'HTeJIbHOrO Y:J(JIHHeHHr5l) 1i YJIyqrneHHH :Ma,rHHT-

HbIX 'CBoii'CTB.

AHH.30TponM5I CIBOHCTB Te.K'CTYP'OBa.HHoru MaTepHaJIa JI.OJILK:Ha yqHTbI-

BaTb-C5I npil1 ero TeX.HOJIOrH�QeOKOM ,o6pa60TKe 11 npH IBbI60pe pacnOJIO-
LKeH'H5I TeKCTyplHOH OCH no OTHomeHHIO 'K J{eH,CTBYIOIIJ.H'M YCHJIH5I'M B

YCJIOBH5IX CJI'Y>K
1 6bI 3Toro MaTep'MaJIa. .DOJIbllOe npa;K'TH1:IeCKrQ'e 3-HaqeHl1e

I1MeIOT TeIKCTypOBaH:HbIe 'MarH:HT.HbIe MaTepHaJIbI. B HanpaBJIeHH'M TPYJ(-
H.oro HaMaI'!HH1:IHBaHH5I C'nOMiCT'Ba TeKcTYPoBaHHoH CTaJIH OKa3bIBalO'TCrH

60JIee HH.3K
'

H,M'H, qeM .B iH.3-0Tp.on'HOH CTaJIH. .TI03TO'MY np-H 'HCn I OJIb30Ba-

HH'H TeKrCTYPOBaHH10M CTaJI:H 60JIbll.oe 3,HaqeHHe MM:eeT OOBMemeHMe

MarHHTHoro nOT-OKa B 3JIeKTpHqeCKOM YC'TpOHCTBe IC :HanpaBJIeH'He'M
JIerqaH.IIlero ;Ha.MarHHilIHBaH:H5I 'B 3JIeMeHTax 'MarH'HTonpOB10J(a. !n1p'H on-

THMaJIbIH!OM HX OOqeTaHHH iB CTaJI:H MOLKeT 6bITb JLOCTHfrHYTO 3"Haql1-

TeJIbHOe YJIyqrneHHe TeXHHKO-3KOHOMUqeCKHX xapaKTepHCTHK :3JIeKTp,H-
qeCKOrO Y,CTp1oHCT,Ba: nOBbIIIlaeTC5I K. n.)1.. 'H CHHLKaeT,C5I ero Bec.

TeKJCTYPOBaH'HbIe 'MaTep'HaJIbI 06JIa.na1OT 60JIbIIl 1 0H 'KOpp03'HOH.H'OH
C'DOHKOCTblO B arpeCCHBHbIX tpe..1l.ax, npH.qeM B 3aBHCHM,OCTH OT TeKC-

TypbI ICTOH.KOC'Tb 'MaTep:HaJIa MO}KeT 6bI'Tb pa3JI'HqHOH.
Y CTaHOBJI,eHO, qT'O K03cpcpHIJ.HeHT TenJIOBOPO parCIIlI1peHH5I B 3aBH-

C.HMOCTH 0'1' HanpaBJIeHH5I MO}KeT pa3JIHqaTb-CH B :1,15-2,0 pa3a. K aHH-

30TponIHbIrM ICBOHCT:BaM OT.HOC!51TC5I TaK}Ke CJIeJ(YIOIIJ.He: JIH:HeHrHa51 C:tK}I-

r\1aeMOCTb, TeMnepaTypHbI'H 'K03cpcp'HILiHeHT TenJI'OBoro pacllHpeuHH,

TeMnep aTypHbIH K03cpcpHIJ.HeHT 3JIeKTpOnpoBoJ(HOCT!H, CKOpOrCTb .lI.I1CP-
QJY3HI1 H CaMO.lI.-HCPCPY3HH, CKOpOrCTb XH'M'H1:IeCKHX peaKIJ.'HH.

DOJIbIIlOH np06JI.eMoH, CB5I3aH'HOH C aHH30TponHeH CBOHCTB, 51BJI5IeT-

051 06pa6oTKa JI.aBJIeH'l1eM Te'KicTypoBaHHoro -MaTepHaL;'Ia, Tal{ KaK B

3aBHCHIM'OCTH lOT TeKrCTypbI JI.JI5I OJ(HOrO 'H TOro )Ke MaTepHaJIa .KOHTaKT-

Hble Harrp5l)Ke�H5I, pacnpe,UeJIeHH,e .lI..ecpOp;MaIJ.HH, y:npOqHeHHe H rrJIaC-

THq,HOCTb B npOIJ.eCCe 06pa60TKH MOrYT CJIJIbHO pa3JIH1:IaTbC5I.

9. Cnoco6bl nOBblIlleHHSI rnpOIJHOCTH
H nJlaCTHIJHOCTH

HaJI'HqHe .lI.ecpeK'f10B K'pHCTaJIJIHqeCKOH perneTKH 'B cpop-Me, J(HCJIO-

KaIJ.HH o'CJIa6JI5IeT 'MeTaJIJI, HO JBMeCTe IC Te.\1 KOr){a 3T,HX .11-ecpeKTo.B MHO-

ro, np'OHCXOJ(H'T ero ynp.OqHeHHe. TaKHM o6pa30M, J(JI'51 np'U,ILa I HH5I M'e-

TaJIJIaM BbICOK,OH np01fHoC'TH MOLKHO HCnOJIb3'OBaTb J(Ba cnoc06a: HJiM

CBOJI.HTb J(O M'HHHMYMa q.HrCJIO ){'H,CJIOLKaIJ.HH, 'HJIH, Hao6-op r oT, pe3K'0 ero

YBeJIl1qHBaTb (P:HC. 81).
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ECJIH 'MaJIaH IBeJIH'qHHa np'eJ(eJIa ynpyrocTH 06Y'CJIOBJIeHa HaJIl1qI1-

eM )I.'HCJIOK a IL'HH', I.TO 'B K'p,HICTaJI.JIaX C pa3Mepa:M'M, MeJHbIIlI1M i l1 06blqHbIX

p a3"Mep'OB ,lJ:I1iCJI.OK,aI.J.H:Q.HrHOM c-eTKH cI>p aHKa,OHI1 o6p a3-0BaThCH He M'O-

rYT M, CJIeJ(OBaTeJIb.HO, TaKHe KpHCTaJIJIbI ,.rr.OJILKHbI M.MeTb BbI,OOK i I1H npe-

J(eJI yn'pyrocTH. 3'1'10 cnpaBeJ(JI'HBO .lI.JI�H 'Bcex KpI1iCTaJI,JIOB, eCJI:H 'HX P a3-

Mep XOTH 6bl B OJI.HOM �H3"Me.p'eHI1H .np'H-6JII13I1TeJIbHO paBeH 1 .M'H'KPOHY-

onbITbI nOKa3bI'BaIOT, 1:ITO npOqH'OC'Tb

.

o'q.eHb MaJI.eHbKI1X 06;pa31J;OB

(T3'K Ha.3bIIBaeMbIX «YC-OB») nOqTI1 JI.'OCTHraeT Teo.peTl1rqeeKOM BeJIIl1ql1HbI.

3a nOCJIe.lI.H:l1e 10-15 JIeT I1.MeIO'VCH cy-

nr.eCTrBeHHbI,e -CJ(Bl1rH B YMeHblleHHl1

pa3pbIBa MeLKJ(Y TeOpeTl1qeCKOM 11 Tex-

Hl1qeO�OH fllPOqlHOCTblO IMeTaJIJIOB.

JIerHlpOBaH'HeM 'Ii .Tep'M'OMexaHHqe-
CKOM 06pa60TKoi1 MO}KHO YBeJIHqHTb

npOqHOCTb CT8JIM Ha 30-50 %
no cpaB-

HeH.HIO C np'OqnOCTblO InpH "Cr3'H)J.a.pTHbIX

peLKI1MaX 06pa60TKI1. 3TO npOHCXO.lI.HT 3a

.CqeT .e03�aHHH BbI,eOKOH nJIOTHOC"T'11 llI1'C-

JIOKaILHH H YBeJIHq
' eHH5I npen5lTCTBI1H .rr.JIH

HX .lI.BHLKeHHH. OJI.,HaKO IMCnOJIb30BaHI1e

I/llcno ot'tpt'l<moB MaTepHaJIO'B ,C .BbI'COKIOM nJIOTHOCTblO ,[LHC-

/(pllcmannlil/eCKotl pel11em/(u. JIoKaILHH B TeXH'H.qeCK'HX I.J.eJIHX 3aTpy)J,-

HI1TeJIb I HO, nOCK'OJIbKY npH onpe.rr.eJIeHHOHPHC. 81. 3aSHCHMOCTb npOQHOCTH

KpHCTaJlJta OT Qncna Aetl>eKToB BeJIHqUHe. HX nJI-DTHOCTI1 (IKpiHTl1qeC,KO}J)
B MeTaJIJIe B03HI1"KaIOT MHlKpOTpellI.HrHbl.

npOl13.BOJ(IH ap'MHpO:BaHHe MeTaJIJII11:IeCKOH Ma'TpHILbI BbI'OOKOnpOG-
HbIMH «YC3'MH», ,MO)K'HO nOJIyqaTb ROMn03'l1l.rHOHHble MaTep-HaJIbI BbIICO-

KOH npOtIHOCTlH
1

,
a ,11.3MeHHH 06'be'MHYIO .n'OJIIO BOJI'OK'OH (YCOB) -

nOJIY-
qaTb MaTep'l1aJIbI JC BapbHpyeMbIMH np-oqlHOCTHbIMH H llJIa-CTHqeCK-liMI1

CBOH:CTB3'M '
H. OJI.HO �r3 'He06xoJI.HMbIX H TPY.lI:HOBbinoJIH.I1'MbIX y'CJIOBHH

'npl1 B'BeJ(e1HUH «YCOB» B M8'Tpl111.Y
-

S'T-O 06eenetI,eHH:e HenOB'pelKJI,eHHO-

C'TH nonep,XJH'OCTH YOOB, TaK Ka/K I1X np'OtI'H'OCTb B 3HaqaTeJIbHOH e-rerre-

HM 3aBM0l1T '01' 'COC�OHH'H5I n'OBepX,H'OCTM. E.oJIb.llIUe T.p'y;iHOC"'f111 npH H3-

r,O'DOBJIeHI1'11 BOJIO'KHHC'TbIX KOMn03-HILHOHiHbIX MaTepHaJIOB nD-3HHKalOT

Ta.K)K.e np'l1 06eaneq'eHHH :pa.BHOMep'H'OfoO pacrrpe)J.eJIeHIH5I yrrp-Oq;HHIO-

I11.II1X nOJI'OK,OH no ,06'beMY ,MaTepHaJIa.

_ ,LLeJIO cynr.eCTBeH,HIQ ynpOCTI1TCH, eCJII1 BMeCTO «YICOB» !Hlen,OJIb30Sarb

TOH:KYlO npOBOJIO.KY H CeTI{iH :H.3 Bee. 3.T'O MO>KeT YJLe-lleBHTb MaTepHaJ!bI,
TalK :KaK nOJIy'qeH'He TOHKOH np'OBOJIiOKH

-

3aJ(atIa 60JIee JIenKaH, qeM

nOJIy'qeH'Me «YCOB». O.nHaKo J(JI!H JI.OC'TH}KeHHH 3'Haq!HTeJIbHOrO 3cpcpeKTa
ynpOqIHeHHHHe06xo.lI.H'M:0 nOJIyqeHUe np'O'B-OJI'OKIH C JI.l1aiM.eTpOM, COH3l\1e-

P'HMbI'M IC )I.'H3'M!eTpoM «Y'COB». M'OLKIHO OLK:I1�aTb, tI'TO np'H J(l1aMeTpe npo-
BOJIOKH MeHee -5 MK .npOqHOC'Tb KO\MH0311I.J..11:0HHbIX IMaTep'IiaJIOB 6YJI.eT
J('OCTaTo.tI'HO BbICOWOH.

inp'H C-03J(aH'HHM�TepHaJIIOB 'C J(Hc.KpeTlIbIM'H JBOJIoQ".J�HaM:H Heo6xo.1JJ1-
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I
«COBpeMeHHbIe KOMIT03HII.HOHHbIe, MaTepHaJlbI». TIo.n pe.n. BpaYTMaHa M P. Kpo-

Ka. TIep. c aHr JI. M., «MMP», 1970. 672 c. c HJI.
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MO npHHHMaTb BO BHHMaHHe TO 06CT05lTeJIbCTBO, -qTO MaTpHlr.a cnoc06-

Ha nepeJJ.aBaTb nOJIHYIO HarpY3!KY 'Ha BOJIOKHa B TOM CJIyqae, eCJIIH J(JIH-

Ha BOJI'OKHa [ 60JIbilie :HeKOTOpOH ,KpH'THqeCI{,OH J(JIH'HbI [H.

Hap5IJ(Y'c ynOM\5IIHYTbIM'H H.CKY'OCT,BeH,HbIM,H 'HOJIOKIHH!CTbIMH MaTepHa-

JlaMH MOLK,HO nOJIyqaTb BOJIOKHHCTble CT1PYKTypbI IE npOI.J.eCCe pOCTa

Kp:HC'TaJIJIOB, a Ta'K)Ke TepM'HqeC'KO.H o6pa6oTKOM MaTepl1aJIO,B C nOJIH-

M'OPcpHbIMH HJIH cpa30lBbIM'11 n!peBpanr.eH!H5I'M!H.
,AHaJIODOM BOJIOKHHICTbIX MaTep'HaJIo'B 5IBJI,5IIOTIC5I CTaJIH 'C cpeppHTHO-

MqlpTeHCHTHOH .CTPYK'TypOH; B )I.aIHHOM CJIyqare OTHOOMTeJIb'H0 'M5IrKa51

<p e pp:H'I1Ha51 MaTp�HI.J.a ;Ka'K 6bI ap'MiHpOBaHa BOJIOJ<:HaM-H IB BH.rr.e ,MapTeH-
CH'PHbIX 'HfJI. OJ(HaKO BbICOKa5I H'POq:HOCTb MapTeHCH'IlHbIX H/fJI 'MOLKeT

6bITb p.eaJI'H30'Ba i Ha B nOJIHOH Mepe 1'0JIbK�O B TOM CJIyqae, eCJIH npH

Ae<POp,MH!p.OBaHHH B05I Harpy.3Ka Boenp:H.HHMaeT,cH BO.T.IOKHaMH i(Map-
TeHICHTHbI'M-H HrJIaM'H), a MaTpHILa CJIYLK'HT JIHIIlb J(JI5I nepeJ(aq:H 9TOH

HarpY3K'H. 3Toro MO)KHO .n.OCTHfHYTb npH onpeJ(eJIeH:}IOM 3HaqeHHH

06'beM,HOH AOJIH BOJIOK'Ha H 10npeJ(eJIeHHOM OTHOIIleHH.H J{JIHHbI IBOJlOK'na

K erq J(Ha,MeTpy.

HaH60JIee 6JIaronp.H-5IT.HbIe YCJIOBH5I JI.JI5I cp '

OpMHp'OBaHH5I eCTeC,TBeH-

HOH ,BOJIOKH'HCTOif CTPYKTy,pbI CTaJIeH nOJIyqaIOTCH, iBep05I'TH'O, npH

naTeH'I'HpoBa.HHH npOBOJIOKH H M'HOfOKpaTHOH .ne$op'MaI.J.MM. nOJIyqa-
eMbIe B .rr.aHIHOM cJIyqae ILeMe'H'PHTHbIe BOJIQ;KHa KaK 6bI ap'MHpYIOT

<peppH'T. ,npOq'HOCTb TI'pOBOJIOKH np,H 3TQM qpe3BbIqaHHO BbIc.OKa -

.11.0

5000 MH/M2 (-500 KF/MM
2

). 'MapTeH'CHlIHbIe 'BOJIOKH� B 'MaJI10YfJIepO-

.1l.HCTot'I iCTaJI�H M,O)KHO nOJIyqaTb M C nOM'OIIl.blO Tep,MH'qeCKrOH 06pa6oT-
KH H nocJIeJ(YIOnr.eH J(ecpop'Man:HH.

E'OJIhllHe nepcneKTHBbI;B nOJIyqeHH'H 'M3TepHaJIO:B C 0006bIl\lH

CBOHCTBaMH OTKpbIBaIO'D05i:B pe3YJIbTaTe TI!pHMeHeHH5I 3BTeKTHqeCKUX

CTPYKTYP C 'TaK Ha3bIIBaeMbIM.H «K.OHTpOJI�HpyeMbI,MH» 3BTeKTtl1'Ka MH.

IlpH 3aTBepAeBaH:HH TaKHX 3'BTe:KTHK ,o6pa3yeTC5I CMeCb ,HanpaBJIeHHbiX
nJIaCTHH OJ('HOH <pa.3bI. Pe3KHH plOCT np01llHOCTH MaTepHaJIOB C HanpaB-
JIeHHOH 3.BTeKTHKOH 06YCJIOBJIeH Te'M, qTO BOJIOKtHHCTble Kp,H'CTaJI.JIbI,
BbIJJ.eJIeHHbIe H3 3BTeK'THKH, no ICBOH.M CBOHCTBaM O'Ka3bIBalO'TlC5I 6JII13-

KHM'H .K BbICOKo'n'p.oq-HbIM ycaM. TaK, npe,lI.eJI npOqHOCTM KpM'CTaJIJIOB

xpO'Ma, BbIJI.eJIe.HHbIX H3 3BTe'KTHKH Cu-Cr, p�ll�eH 7000 Mfl.lM
2

(700 KF /MM
2

), a 'KpHCTaJIJIOB AI3Ni, BbIJ{eJIeHHbIX H3 3BTe-KTHKH

A1 3 Ni-AI, 2800 MH/M2 .(2.80 KrIMM
2

).
BaLK,HbIM CBOHICTBOM BOJIOKHHCTbIX 3BTeKT.HlleCKiJiIX MaTepHaJIOB 51B-

JI.5IeTC5I HX cnoco6HoCTb cOXpa
l H5ITb 3BTeKTHqeCKYIO C'TPYKTYPY, a c.JIe-

AOBaTeJIbHO, 11 BbICOKYIO npOqH.oCTb npH 1'eMnepaTypax, 6JIH3KHX K

TeMnepaType nJIa:BJIeHH5I.

IlepcneKTHBHocTb 'HCnOJIb3-DBaHH5I B TeXHIHKe BOJIoOK'HHICTbIX 3.BTeK'-

THqeCKHX MaTepH'aJIOB ){HKTyeTiCi5I 'TaKLKe H TeM, qTO 3TH MaTepHallbI

MorYT 06JIaJ(aTb !He06bIqaHHblMl1 CBOH'CTBa'M'H. MOLKHO 'C03J(aTb MaTe-

pJiIaJI, K'OTOpbIH 6YJ(eT <peppOMaf,HHTlHbIM B OJ(HOM .HanpaBJIeH'HH H

aHTH<peppOMafHHTHbIH -/B ApyroM, npOBOJ(:HHKOM
- B OJ(IHO'M �a�paB-

JIeHHH, a H30JI5ITOpOM -:n .nPYfO'M M T. n.; iHMeIOTC5I J(a'HHbIe, q'DO J(JI5I

M.aTepHaJIa .C 3BTeKTHKO? Sb�In,Sb (I!lSb
�

M�'TpHILa) 3JIe�TpOCoonpo-
THBJIeHHe H TenJIOnpOBO.QHOCTb pa3JIJiIq�IOTC5I B HanpaBJIeHHH, BO,JIOKOH

H nepneH.lI.�HKYJI5IpHO BOJIrOKHaM B 10 pa3.
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10. Ol..\eH;Ka nJlaCTHIJHOCTH 'MeTaJlJlOB

O[(e-HKe BeJIHqH'HbI nJIaCTHttIIH'OCTH MeTaJIJIOB HJIH, KaK qaCTO POBO-

p5IT, ).(e<p,op'M�HpyeMocTH (Tex,HOJIOrHqeCKOHnJIaCTHflIHoCTM), T. e. BbI5IC-

HeHHIO BeJIH1.fH;HbI J(etpop:MaILHH, ,KOTOPYIO �B ICOCTr05IHHH 'llpeTepneBaTb
Me'TaJI,JIbI ):(0 pa3pYIIleHHI5I, nOC,B5Inr.erHa o6IllHpHa5I JIHTepaTypa. OJ(HaKo
nOKa enr.e He BbIpa6roTaH 06nr.enpH:H5ITbIH KpHTepHH J(JI5I KOJI'HqeCTBeH-

HOH 'OI.J.eHK.H ,nJIalCTH'q'HOCTH. CaCTeMaTHqeCKa51 pa3pa60T'Ka 3Toro Bon-

POC9 HaqaJIaCb nOJ( PY.KOBOJ(CTBOM C. H. fy6KHiHa [4\]. B OCH'OBY 6bIJIO

nOJIO)KeHO ,c006!paLKeHHe, qTrO J(JI5I -nJIaCTHq.HbIX B Y'CJI.OBH!5IX npocTei1-
llIHX HaTI!p5l}KeHIHbIx 'COCT05IHHH BemeCTiB KpHTepHeM HX J(ecpop'MHPY-
eMOCT'H CJIY>KHT Ta CTene'Hb JLecpopMaI.J.HI1, npH KOTOpOM npOHCxO!I.HT

pa3pYlleH!He TeJIa, XOT5I\ 6bI B HeKoT'opOH ero qaICTH.

,C. 11. Iry6KHH pe-KoMeHJJ.yeT OI.J.e.HRBaTb nJI�CTH1.IHOCTb KaK <PYHK-
I.J.HIO BeJIH'qIHH, 'xapaKTep!H3YIOIIJ.HX Hanp5I)KeHHOe COCT05IHH.e. Pa6cTbI

C. H. ,fy6KuHa 6bI.JI!H pa3BHTbI B JI.pyrHx HCCJIeJ(OBaHH5IX. CpeJ(H BIlX

OTMeTHM pa60TbI M. A. 3aHKoBa [9] If B. H. nep'eT5ITbK0
1

, CqHTaJonr.He,

llTO B KaqeCTBe KpHTepH5I nJIarCTHqHOC'TH CJIeJ(yeT 6paTb BeJIHqH'HY

n =

"in

n
-- , (291 )

r.1l.e 1'n
-

o.KTa3J('p!HqeCKHH CJ(BHr;

n �

inOKa3a'TeJIb Hanp5I)K,eH,H,oro 'COCTOHHIH5I B JJ.aH'HO'M .rrpOIl:e-cce

):(ecpop'M aI.J.l1H.
'

B 'KaqeCTBe ripH;Mepa KpaTKO OIIHilieM pe3yJIb'TaTbI IHOCJIeJI.OBaHM5I

ynoMHHYTbIX aBTopaMH qHCTbIX LK 1 eJIe310HUKeJIeBbIX CnJIaBOB Ha CKPY-

t °C
'

tIHBaHHe npH rOMOJIOrHqeCKHX TeMnepaTypax
#

T on/T nJI. KpUTep,HH nJI3'CTHtI.UOC'TH onpe.lI.e-

f+tJO
t

-

,JI5IJIH KaK II ==1'n ='1 ,'63- In (.1 +1'/:2), np.I1qe�I

T8. rOTH'O'CHTeJIbtHbIH CJ(BHr v==ndmll, r,ne d, 1-

J(HaMeTp H J(�HHa 06pa3ua; ,m - qHCJIO 060'::
a

POT'OB �o pa3:py'll,eHH5I; Ton-'Te-M,nepaTyp.a
onbITa; T nJI

-

TeMnepaTypa nJlaBJIeHHH 06-

pa3ILa. )ReJIe30. 'H HHKeJIb HeOrpaHHqeHHO pac-

TBOpHMbI B TBepJ(oM COCT05IHHH H npH 3aCTbI-

BaHHH 06pa3YIOT V-TBep.n.bIe pacTBopbI (pRC.
82, a).

-,

�JI5I TBep,nwx pacTBopoB. H3MeHeHHe

CBOHCTB B 3aBHCHMOCTH OT COCTaBa f..10LKHO

-06'b5ICHHTb H3MeHeHHeM 3HepreTHqeCKOrO

o
.

__�..,_ 0 ypOBH5I CnJI�Ba
3a CqeT J(e$�pMaI.J.HH npocT:

o paHcTBeHHoH perneTKH. qHCJIO HCKa}KeHHH
20 40 60 80100

peIII'eTKH npH n'OJIHOH B3aHMHoH paCTBopHMO-
Fe % fam.) Ni CTH KOMnOHeHTOB A H B nponopILHOaaJIbHO

PRC. 82. .ZI.HarpaMMLJ COCTO- np'OH'3Be)J;eHHIO KO!HlJ;eHTrp aILHH: 3THX .KOM'n.O}IeH-

���:K:ne:��CT�������
>Kene-

TOB. MOLKHO npeJI.nOJIOLKHTb, qTO C YBeJIHqe-

1200

.fl

1 n e peT 51 T b K 0 B. H., 33M K 0 B M. A., B Y JI b <p B. B. II .lI.p. DJlaCTII1iHOCTb

}KeJle30HHKeJleBbIX CITJl3BOB. H3BeCTHH BY30B. lIep.H3H MeT3J1J1yprHH, 1967, N2 8.

c. 82�85.
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HHeM q'fliCJIa H'C-Ka)K.eHIHM p,ell,eTKH np'OnOpn:H'OHaJIb'HO CHH}K,aIOTC5I nJIa-

CTH'l'eCKHe CBOHCTBa MeTaJlJIa. TorJ(a

Il AB
= (1- C B ) D A + CBD B + (0 (1 - C B ) C Bt (292)

r.rr.e fl A , flB, flAB-'KpIHTepHM nJIaCTHqfH'OC�H paCTBOpHT'eJI'5I, paCT.BO-

,p'elHHOrO Be.I11.eCTIBa ,H nOJIyqeH'HOr,O TBep.QoOro

paCTBopa CoOOT!Be'T'CTBeH!HO;

C B
-

'MO,,15I!pHa51 KOHIJ.eHl'paI{H5I paCTBOpeHHOrO 'l'.1e-

TaJIJIa;

(()
- K09cp$.HILHeHT npOnO,pI.\H'OHaJIbHOCTH.

ECJ111 C A
= C B

= 1/ 2 , TO HC'KaLKeHiHe 'pe.rneTKH 6Y.lL.eT HaH60JIbllHIM.

n
A + n

B
0>

Il03TOMY llAB = TI min 2
+ T

·

OTClOlI.a: w='4(tTI m in-rI cp ).
TIOJ(CT'aBJI5I5I 3TO ;BbIpa}KeHHe B ypa,BHeHH,e (292), nOJIyq'HM:

IlAB = D A + (4 llmin - 4 llcp + DB - llA) C B
- 4 (n min

.- Il
cp ) C�.

MOJ]51pHbIe KO:HIJ.eHTpa�HH JieIlHpYIOI..I.{'HX 3JIeMeH'TOB nepeCqH'TbIBa-
IOTrC5I Ha iBeCOBbIe 'CJleJI.YIO�HIM ,o6pa30M:

-L

C ==

m
B

---L
+

1�- q-

m
B mA

rJ(e mA, mB
- MOJIeKYJIHp.HbIH Bec KIOMllOHeHTOB.

LLJI�H }KeJIe30HH,KeJIeBbIX CnJIaBOB !mA�mB, n,03ToMY C=q. Tor�a

Il AB
= n A + (4 Il min

- 4 llcp + llB - IlA) q
- 4 (n min

- nc�) q2.
. ,

3Ta 3aBH;C'HM , OCTI> 'rro�TBep>KJ{a'er'CH OllbITlHbI'MH ,naHHbIMH_ (CM. 'pHC. 82,6) .

TaKHM o6pa30M, JI:HarpaMIMa COCTas - CBOMCTBa eOX'pa,H5IeT 3aKO-

HOMe'p'HOCTH, YCTaHOBJIeHHbIe H. C. IKYPHaKoB�IM J(JI5I nJIaCTHqeCKHX

xapaKTepHCTH,K. Kp'HBa5I ,KlpHTepH5I TIJIalCTHqHOCTH 51BJI5IeTC5I 3epKaJIb-
HbIM oTo6pa'LKeH'HeM KPH;BbIX, xapaKTepH3YlOInHX conpOTHBJIeHHe !le-

cp'op M aIJ.Ht1.

'f. A. CMHp,HOB-AJI151eB
l

H J(p. rrpeJ(JI'OLK'HJI'H c-q'HTaTb, qTO nJIaCTHIl-

HoOCTb 3aBHC'l1T 'OT BeJIHtIHHbI

0'1+<1 2 +0'3

<11

MO)KIHO nOKa3aTb, qTO KpHTepHH (2'91) 5I'BJI5IeTC5I qaCTHbIM CJIyqaeM

np-l1'BelI.eHHorO BbIIIle 'BblP aLKeHH5I. l1'cnoJIb3Y51 CB5IaH .Me)KJJ.Y Hanp;5I}Ke-

HH'HM'H :H JJ.e$,opMaIJ.-H5IMH, 3'TO�T KpHTepHH MO}KIHO BbI 1 pa3HTb qepe3 Be-

JI'HqHHbi )J.ecpop'Ma�HM. /TIocTpoeHHe IHa OCHOBa;HHIH OnbI1'HbIX J(aHHbIx

3aBHCH'MOICTH nJIaCTH'qHOCTH OT nOCJIe.1J:H,ero ,Kp:HTepiH5I )I.aeT B03MOLK-

HOCTb '3]�CTpanOJIH�pOBa'Tb p.e3YJIbTaTbI onbIT'OB, ,nOJIytIeHHbIx'B YCJI.OHH5IX

lI.aH'Hor.o onbITa IHa J(pyroe Hanp5I>K;eHHOe OOCT05IIHH'e. TIP'H 3TOM cJIeJ(Y-

. (293)

1 C 1M -Ii P oR 0 B - A JI 51 e 'B r. A., P'O 3 e H 6 e p r .B. M. TeOpH5J nJIaCTMQeCKHX

J�ecpoOpMau.HH M�TaJIJIOB. M. - JI., MamrH3, 1956� 367 'c. C HJI..
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e'T, pa3Y,MeeTC5I, onpeJ(eJIRTb JIOKaJIbHbIe BeJIUqHHbI J(ecpOpMaIL'HH, T. e.

6paTb IHX .3HatIeHHt5I TaM, rAe.3aMeqeHO nep.Hoe Ipa3pYIIleHHe. ,9TO 33-

KJIlOqeHHe .OCHOB.aHO Ha MHOrOqHCJIeH.HbIX onbITax, orrHcaHHbIX B. JI.

K10JIMOrOpOBbI,M [111').

11. Pa3pymeuue

JIl'poI.J.ecc pa3pYIIle.HH5I TeJIa np!H npoXOJL5IIIJ.eH B IHeM . H'HTe'HCHBHOH

nJIaiCTHqec'KoH J(e�cpopMaI.J.'HiH OOCTOHT H.3 HeCKOJIbKHX nOCJIeJ(oBaTeJIbIHbIX
C'Ta�HH. HanpH'Mep, npH nJIaCTH'qeCKOM paC'T5I:iKeHHH MOLK'HIO :BbI.1l.eJI'}fTb

qeTbI'pe 3Tana: 1) HaK'OnJIeHHe nop, 06pa3YIOI.I.J.!HXC5I B pe3YJIb'Tare
nJIaC'THqeCKOH .necpoprMaill.HH; 2) nOTep� YCTOHq'HBOCTH 'B oe-qeH�HH C

HaH60JIblleH K'OHI.J.eHTpaI.J.HeH nop H o6pa30BaHI1e B HeM llleHKIH; 3) HH-

TeHCH:BHbIM pOCT nop B 06JIaCTH 'lleM'K i
l1, HX 06'be.rr:MHeHne H -06pa30Ba-

IHHe .B.HYTpeiHHeH TpeIIJ.!HHbI; 4) palcnpocTp aHeHHe 3TOH TpeI..I.{HHbI K no-

BepxHocTH 06.pa3I.J.a H pa31I.eJIeH'He enO'Ha .n.'Be qaCTH. HanpaBJIeHHe poc:.
Ta TpeI11.HHbI rB ;Cp,e!I..HeM n.o:nepeq-Ho.e, 'HO ,B J('eH.c'TBH'TeJIbHOCT,H OHa J(BH-

}K,eTC5I 3Hr3aI'1006pa3HO TaK,. tJTOIHa 1 n,paBJI-6H 1 Ue Ka)K!AOrO ,¥.J3 C-Kaq,KOB HM.e-

eT HaKJI{)\H, paBHbIH npHMe-pHO n/4, K ,OCH pac-
T5ILKeHH5I. 3nlOpbI OCTaTOtIHbIX Hanp5l)Ke-
HHH HMelOT BHJ(, npHBeJI.eHHbI� Ha pHC. 83.

M3 pHcYHKa CJIeJ(yeT, qTO B 30He rneHKH B

�eHTpe 06pa3ILa HMeeT' lVr.eCTO BceCTopOHHee

6, MH/M
2

(Kr/MM2j

1200

{12oj

800

(80)

400

(40)

o 40 80

,0, onn paiJu!lca, ;to

h

PUC. 83. SnlOpbI OCTaTQ1JHbIX Ha-

npSI>KeHH:A, B03HHKalOI.IJ;HX B llleAKe

t>Gpa3u.a npH paCT�}KeHHH:

1 - a : 2 - "C : 3 - a ; 4 - afl
r max p u

PHC. 84. CxeM8 K pellleHHIO fPH<}>-
cpHTca

paCT5ILKeHHe, '31'0 H 06"b5ICH5IeT 3apOLKJ(eHHe nepBOH MaKpOCKOnHqeCKOM

TpeIIJ.HHbI HMeHl:IO B 3TOM MeCTe.

B fJI. I 6bIJIO nOKa3aHO, qro 'TeOpeTHqeCKaSI npO'qiIOCTb MeTaJIJIOB

13 COTHiH pa3 npeBblllaeT Ha6JIIOJ(aeMYIO �B JJ.eHrCTBHT'eJIbHOCTH. ,rpHcp-
cp:HTC nonbITaJIC5I 06'b5ICH'HTb 3TO pa3JIHqHe, On,Hpa5IICb Ha 3;Hep

' reTl1l1e-

CKrHe '0006!paLKeHH5I. Q,H npeJ(nOJIOLKHJI, qTlO B 'TeJIe H.MeIOTC5I 3a:pO,lLbI-
lleBbIe TpeIIJ.HIHbI, 'KOTopbI'e HaqHHalOT pacnpOICTpaH5I'TbC5I, KorJ(a 3TO

CTaH.OBHT05I 3'HepreTMqeCK,H BbITOJ{HbIl\1.

P aOc.MOTp'HM TeJIO, HaX 1 0J(51I..I.{eeC5I not( J(eH'cT;BHeM O){HOpo.QHoro
u

paCT5I'rHBalOme:Do ;Hanp5l}KeHH5I, H cpalBHHM ero 3Hep�HIO C '3.HeprHeH Ta-

Kor,o LKe TeJIa, oO,l:Lep}KaI..I.{er:o ;pa3pe3 100 cpeJ{H'H:M pa3.Mep,oM h (pnc.
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84). Pa3H,ocTb 3HeprHH W '3THX �BYX TeJI 6y.n.eT .COCT05lTb H3 JlBYX q.n:e-

HOB. '4J1eH Wn, yqHTbI!BalO1U.HH' YBeJ1Hq,eHHe nOTeHII.Ha.JIb'HOH 3HepnMH

BCJIeJJ.CTBHe nO�51BJIeHH5I HOBOH CB060J(HOH nOBepXH-OCT!H:
W11

= 2 'V 'TCh 2
/4,

r,[l'e l'
-

y.n.'eJIbHa5I nOBepXIH'OCTHa5I 9HeprH ' 5I, H 4.JIeH Wy, yqHTbIBaIOIII.IHH
YiMeHblleHHe ynpyro,iI 3,HeprHiH, 'ROTOpOe npOHCXOJ(HT '3a Cqe'T peJIaKCa-
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Teop'HH .r'pHcp'cpHTca XOPO,110 onpaBJ(blBa.eTC5I J(JI5I xpYUKoro pa3py-
IIleHH5I HenJIaCTHtl'HbIX MaTep'HaJIOB, HanpnI\Iep J(JI5I CTeKJIa np'H H�H3KOH

TeMnepaType. 3apOJ(bI'llieBbI'MIH TpeI..I.{H.HaMH B 3TOM CJIyqae HBJIIHIOTCH

IJ.apanH.HbI IHa 'BHeIIl'H.eH TIOBepX,H'OC'f1H. ,LLJIH nJIaCTHqlHbIX TeJI TeOpI151

rp'H'cpcp'H'TCa Herrp'MIMeHH'Ma, nOCKOJIbKY npH )J.'oIBOJIbHO 'HH3'KHX Han'pH}Ke-

HH5IX, xapaKTepHbIX ){JI5I nJIalCTHqelOK,Oro pa3pYlleHH5I, no 3TOH TeopHH

Tpe6yeTcI5I CYIIJ.eC'T,BOB3H'Me 60JIbIIlHX 3ap,oAbIIIleBbIX 'I1pemHH
-

JI.O "1 CM

H 6oJIee, qTO JIenpaBJI.onoJ(06'H ' O.
.

fTo cpop'Me Bce Tp'eIIJ.HHbI M'O>KH,O pa3
i .lleJIH'Tb Ha xpynI{lH�e, ;tIi'CJIO'Ka-

IJ.H-O!H.Hble H nOpbI. OTJIH'qlHe IIJIaCTHlqeCKOro. pa.3pY'lle'HH5I OT 'xpy.n:Koro
CB5I3aHIO npeLKJI.e ,B�ero C H3,MeHeHHeM CPOP'MbI TpeI..l.I1HHbI. XpynKa51 Tpe-

I..I.{HHa HBJI5IeTCfl: ynpyrHM pa.3pe30'M, coorr.BeT1CTBYlOmHM pa3'pbIBY ICB�-
3eH Me}KJ(Y KaKHIMH-JIH60 aT'OMHbIM!H nJIOCKO�51MH. B,eKTOp DlOprep-ca

u

TaKOH TpeIIJ.HHbI TIIOCJIe OH5I,!"H5I HarpY3K'H 3a'MK'HYT BHe 3aBH'CHM,OCTH OT

Toro, npOBeJ(eH JIH OH BioKpyr KpaH HJIH BOKpyr BceH TpeI..I.{iHHbI. ,LLHCJlO-
KaILHOHlHbIe TpeI..I.{HHbI 06pa3YIOTC5I npH CJIH5I

'

HHH ;HeJCKOJIb'I{'HX J(.H'CJIOKa-

.IJ.HH Q)J.IHroro 3HaKa, IHX BeKTOp 'DlOprepca .Bcer)J.a 'paBeH ICY,MMe BeKTopOB

DlOprepca CJIHBIIIHXC5I JI.:H'CJIOKaII.HH l(pHC. 85,a). HaKOH.eIJ., nopa
- no-

JIOCb BHYTPH MaTepHaJIa, KOTOpa5I HMeeT 3aM;KHYTbIH KOHTYP DlOp-
repca BOKpyr BceR TpemHHbI, HO paaOMKHYTbIH BOKpyr ee BepIlIHHbI.

IC'1JHTaeTr05I, q'TO B 'TIJIaICTtHqeCKOM TeJIe TpeI..I.{HHbI 3a pOLK,QaIOTC5I 'KaK

.rr.HCJIOKaI�H'OHHbIe. npeJI.ln'OJlO>KiHM, HanpH�M,e;p, qT'O JI.BH>K.eHH.e JJ.nCJIO'Ka�

IJ.H:H B TeJIe nlD KaKOH-JIH60 TIJ10CKOCTH 3a'TOp'MO>KeHQ IIpenH'TC'IiBlHeM.

Tor.na 'qepe3 HeKOTopoe BpeM5I OKOJIO npen5ITCTBH5I o6pa3yeTC5I JI.'HCJIO-

KaIJ.HoiH.Hoe CKOnJIeHHe l(pHC. 84,6), 51.BJI5IIOl.U.eee51 HCTOqH'HKOl\:1 60JIbllHX

BIHYTpeHHHx Hanp5ILKeHIHH, cnooo6HbIX nop0J(HTb TpeI..I.{HHY. Pa'CqeT Ha-

np5ILKeHHH nOKa3bIBaeT, qTtO HaH60JIee 3;Hep.reTHqeCKH BbIDO�HbIM 51B-

JI5IeTrC5I 3apO>KJ(eH;He TpeIIJ.HHbI B nJIOCKOCTH 'MaKCH'l'4aJIbHbIX paC''D5IrUBa-

1OllI.IHX Han!p5I>KerHHH, 'paCnOJIOLKerH'HoH HOJ( yrJIOM e =tl ,.19 pao

(70 zpaiJ) K TIJIiOCKOCTH CKo.JIbLKeHH5I. 3apoJ(HBllIaH,cH TaKH'M o6pa30M
-r.pell.{lHHa pacTe'T.no pa3Mep'oB, c-paBHuMbIX, C pa3!M

r

epa ' MH 'CKOnJIeHH5I.
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,apyroH cHoc06 OnHCaHH5I 3apOLK){e.H:HH 'TpeIIJ.H.HbI 110 3TOH MOAeJI.M

IMOLKeT 6bITb CB5I3a.H C paCC'MO'TpeH'HeM OT.n.eJIbHbIX ){HC' JIOKaI.J.HH (CM.

'pHIC. 84,6). .TIOJ( JI.eif,CTBHeM CKaJibI,BalOIIJ.erO Hanp5I}KeHH5I l' C'KOnJIeHHe

CLKHMaeT05I .n.O Tex nop, nOKa paOCT05IiHHe MeLKJI.Y ,ro.HOBHblM:H J(HCJIO-

Ka1LH5I'MH a 'He CTa!HeT paB.HblM Me}KaTOMHoMY paCC�05IHHIO b. CJI'HBa-

1OI..I.{'HeC5I ro.JIOBHbIe .1l.HCJI'O'KaI.J.MH 06pa3YlOT ,3a pO.D.bIlli TpeI11.H'I:IbI. Ha-

rrp5ILKeHH\5I B6.JIM3 I H 3'Voro 3a i pOJI.bIllia 'p.eJIaKcHpYIO'T II OTTaJIKHBaHHe

TpeTbeif J(HICJI-OKaI.J.HH :OT JlOJIOBHbIX YMe.HblllaeTC5I, B pe3YJIbTaTe qero

TpeTb5I ,Z:LHCJIOK3'I('H5I TaK)Ke «CB.aJI:HBaeTC5I» B -TpeIIJ.HHY, YBeJIHqHSa5I
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PHC. 85. CXeMIai o�pa30BaHHB Tpe�B8:

G - nOA KpaeBLIMH AHCJtOKaJ.{HBMH; 6 - OT CKOnJIellHSI )J.HCJIOKaJ.{HA y npenHTCTBHSI; 8 - OT

CKOJIb>K.eHHH B.D.OJIb - )J.BYX DJIOCKOCTeH A H B; 2 - OT CKOJ!b>KeHHH B)J.OJIb nJIOCKOCTH CKOJIb>Ke-

HHH npH H3rH6e Y npenHTCTBHB

ee. flocJIe '3'TOrO 1TpOI.J.eCC- nOBTOpH�TCH Ii B TpeI..I.{HHY «'CBaJI;HBaIOTO�»

4-51, 5-51 H T. .ll.. .ll.HCJIOKaI.J.HOHHble OKOnJIeHH:SI.

.

{J.03JlHee 6bIJIO npeJ(JIOLKe�O M,Horo J(pyrHx J(HCJIOKau.;UOIHHbIX

cxeM. Ha:npHMep C'KOJIbLKeHHe BJ('OJIb nJIOC.KOCTeH A H B (pH'C. 84,8)
n1p'H'BO.1l.HT 'K B03'HHKHOBeHHIO TpeIIJ.H.HbI h. ,IlJIOCKOCTH A H B IM.orYT
6bITb Jlp aHHI.J.aMH 3epeH, J{BOHHIH!KaMH HJIH npOCTO nJIOCKOCT5I,MH CKO.Tlb-

LKeHHrH. .Ha pHC. 84,2 .npHBe.neHa cxeMa, KOr.ll.a eKOJIbLKeHHe no nJIOC-

KOCTH P np!H.BoJJ.�HT np'H :if3rH6e K 'pa3pbIBY ,lJ.HCJIOKa�HOH;HOH .CTeHKH

AB H 3a pOLKJI.eHHIO TpeI..I.{HHbI h.

TIpH,BeJ(eH,Hble J(Ba .onHca.HH5I 3apoLKJ(eIIH5I Tpenr:l1HbI COOTBeTCTBY-
lOT 'J(aY,M 06bl1lHO H!PHMe.H!5IeMbIM .Kp�H'Tep'H5I'M: 3HepreTJifqeCKOMY H CH-

JIOBOMY. :CqHTaeTC5I, 'qTO 3TH KpHTepH'l1 3K'BHBaJIeHT.HbI, T. e. q'f.O 3a-

pOLKJ(eHHe TpeII.tH'HbI ,CTaH i OBHTC5I 3He-preTH'qeCK'H BbIrOJ(HbIM, Kor)J,a

Hanp5I}KeHH5I (j B KaKOH-JIHi60 o6.JIaICTH '(XOT5I 6bI H OqeHb MaJIoi1)
)(rOC'THraIOT npeJ(eJIa TeopeTH.qeCK-OH np'OqIHOCTH .aT. (B paceMOTpeHH'OM
BblllIe CJIyqae .3TOMY YCJIOBHIO CO-OTBeTcTByeT Y.CJIOBHe a=b.) iHanpH-
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Mep, ,Hanp5ILKeHHe ,B BepXYllIKe y,n1pyroH rpeII.{HHbI np-H pa,lJJHyce KPH-
BH3HbI ee iBe'pIIlHHbI r=b paHHO ,aT KaK pa3 npHh=h r ."\ Ho T01.IHble

paCqeTbI nOKa3bIBaIOT,qTO 3apOLK.n.eHHe .lI.H.CJIoOKaIJ.H,OH,HbIX Tpe�nH ICTa-

HOBHT05I 3HepreTHqeCKH BbIfO.1l.HbI,M npH a<aT. ,LLJI5I paccMoTpeH'HoH
BbIllIe -exeMbI nJ1OC'Koro OKOnJIe'HH5I 3TO 03HaqaeT, qTO .n.OCTaTOqIHO npI1-
6J1H3H'Tb J'OJIOBH�Ie J(HCJIOKaILHH CKOnJIeHH5I Ha .p aCCTO'5IHHe a> b

(TOqHee IHa a � 7 --IIOb), KaK HX 06'be,U:HHeHHe .CTaHOBHTC5I 3HepreTH-

qeC-K,H :BbIr'O,lJ.rHbIM. ,LLJIH 3Tor,o 06'beJJ.'HHeHH5I HaJJ..O n:peQ,II:OJI.eTb 'CH.JIbI

B38H'MHoro O'TTaJI'KH'BaHM5I, T. e. He-KOTOpbIH 3HepreTHQeOKHH 6a pbep.

TIOi.9TOMY '06'be)I.HHeHue )I.H'CJIOKar(HM BJ('OJIb JI:HIHHH 60JIbIIl'OH .LLJIHiHbI .0.1l.-

HOBpeMeHHo IHeH03MOLK�HO (6apbep npH '3TOM :6bIJI 6bI CJI:HIIIKOM BeJI'HK),
OHO 6y.n.e,T HiLTH B .n.'Ba 3Tana: (OHaqaJIa OJIJHa HB JI.HCJl'OiKaILI111

BbI,KHHeT Y3'KHH «5I3brq.OK» - )I.BOHH'OH nepeDH6 -: B ,HanpaBJIeHHH

K .lI!pyroH,' a 3aTeM 3T'OT nepern6 pa30HlI.eTC5I Ha IBCIO .n..,1JH-

HY )I.HICJIIO'KaIJ.HH. ,npH 'TaKOM �MexaHH3Me 3a pOLK)I.eHH5I 6a ' pbep ;3a ICtleT

9TTaJIKH,Ba.HHH JlUCJIOKaIJ.'HH HeBeJIHK �(1--2 88) H MOLKeT 6bITb npeo-

.n.OJI,eH 3a CQeT TenJIOBbIX 'cpJIY-KTyaILHH. ,TI03TOMY 3ap'OLKJ!.eHHe )I.H,CJIO-

Kai..('uoHHbIX Tpenr.H'H :MOLKeT npOHCXO)I.HTb Ha He60JIbllHX J(HCJIOKaI(H-

OHHbIX CKo.nJIeHH5IX '(20--4
10 ,ZI.IHCJIOKaILHM), J(JI5I TOp,M'OLKeHH ' 5I KOTOpbIX

){IOCTa1iOQHO ,He CJIHllKO'M MOIII.HbIX ;npen5IT.CTBHii.
E'CJIIH pa3pYlleHHIO npeJI.lle.CTByeT 3HaQHTeJIbHa5I nJI a CTH'Q eCK a51

J(ecpopMaIJ.H5I, TO JIH.HHH 'IC�OJIbLKe'HH5I paCnOJIOLKeHbI rYCTO
-

paCCT05I-
HH!5I :MeLKJJ.Y pa3JI:HQHbIM'H rpynnaMH J(H�110KaIJ.HH (HanpHIM'e.p 'MelK.il.Y
CKOnJIeHH5IMIH' J(HCJIOKa�HH npO'THBOnOJIO}K'HbIX 3HaKOB) .COCTaBJI5IIO'T

lO-5-1 ' 0-4 CM. n'03T'OMY B THlnH'tJ.H'OM ,CJI'YQa.e 3apOJ(HB.IlI8:HC5I TpeII.{HHa

J(OCTHraeT JIHH'HB OKOJIb?KeHH!51 C npOTH.BOnIOJIOLK,HbIIM.H no 3'HaKY .lI.HC-

JIOKaILH5IM'H, nOfJIOIII.a.eT HX IH 3aTY!TIJI5I ' e'TC5I, n.peBpaII.{aRCb . B nopy

(pHIC. 86,a). ,[LaJIbHeHllHH pOCT TaKOH 'TpeII.{HHbI IB03MOLKeH 3a -C-Qe'T 3a-

pO}K)I.eHH5I TpeII.{HH B6JIH3.H ,cynr.eCTBYIOII.{eH, 'liTO 'MO}KeT 6bI'Tb TOJIbK<;>

np'M YBeJIHQeHHH .KOHIJ.eH'TpaIJ.i1H nop BO BceM 06'beMe. HCKJIIOQeHfHe'iCO-

CTaBJI5IeT 'CJIY'QaH ){JI5I-' 06JIaCTH C 60J1bllHMH BHy�peHH:HM'H Hanp,H}Ke-

MYTHIMH, 3anOJIHeHHOH CKOnJIeHH5IMH JI.HCJIOKaIJ.HM OJI.HOrO 3HaKa, K'OTO-

J.!J. .L � .L ..1 1.1 1. .1.

T TTT a
T TTT

J.ll..L ..1

T T TT

£5

PHC. 86. 06p330B30He MHKPO-

Tpe�HH:

a - Me>K,lJ.Y ,lJ.BYMS1 J1HHHSlMH

CKOJIb>KeHHSI; 6 - OT COBMeCTHO-

ro ,lJ.eRcTBHS1 JIHHHA CKo.nbmeIlHS1

T T T T
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pble :M'OrrYT' «CB3tJIHBaTbCH» B 3ap.0,2I}I.BIllYIOCH TpeIII:HHY ;(pH!C. 86,6:),
u

.n.eHCTBHH HeCKonbKHX napannenbH�x
u

T. e. cnYlIaH KoonepaTHBHoro
JIHHHH CKonbLKeHHIH.

.

IB .pe3ynbTaTe i06'beJJ.H.HeH'HH 'MHKpoTpeIIl.HH o6pa3yeT\CH IMaKp,oTpe-

IIJ.'HIHa IBen'HlIHHOH h=,h r . EcnH .pa):lHYc KpRBH3HbI ee BepIllHHbI r=b

{pH'C. .87,a), TO HanplHLKeHHH B6n i H3H 3TOH BepIll\H,HbI .n.OCTHraIO'T TeOpe-

THqeeK'OH npOq'H'OCTH a�'CJT, H TpeIII.HHa B .naJIbHeMIlleM pa.3BHBaeT.CH

xpynKO. EcnH LKe r » b, TO a« aT (qTO 06blqHO H HM'eeT MeCTO B nJIa-

CTHqeCK'OH 06na.CTH), H TpeIIIJHHa pa�TeT Me,lLJIe-H'HO H CKallKOo6pa31-IO,

HHH�HHPYH B6JIH3H Bep�HHbI HOBbIe nHHHH CKonbLKeHHH, 3apO LK .n.aH

() 6

6 6

a

5

PHC. 87. CxeMbl 3apO>K,D.eHHH H pOCTa Tpe�HH 38 .ClIeT O.TphJBa (a) H cpe38 (6)

�

Ha IHOBbIX CK:OnJIeH'HHX 'MH'KpOTpeIII.HHbI H 06'be)l.'HHHHCb IC :HHMIH (pHC.
87,6). Pa3iP'YIlletHHe H'epeMbI'qKH M,eLK'JlY M.aKpo- H MH'Kp'OTpellI.HrHarMH
'M)O)l{eT npOHcx-o.n.HTb ;KaK lOT 'HOpMaJIbHbIX, TaK 1M OT KaCa'TenbHbIX H3'.

npHLKeHHH. ,COOTBeTCT.BeHH.O iMeHHeTOH HanpaiBJIeH'He paCnpOCTpaHeHHH

.MHKlpOTpeIII.HHbI ,0'l',HOeH'TenbiH.0 HanpaBneH'HH rnaBHOrO paCTH'fHBalO-

�er{� HanpHLKe-H'HH.
TaKHM 06pa.30M, 'HeCMOTpH !Ha pa3HOo6pa3He CXeM 'pa3pYIlleHH'H,

MOLKHO OTMeTHTb 06III.He ycnoBHH, He06xo.n.HMbIe .n.nH 3a p0}K,lleHHH

TpeIII.HHbI: HanHqHe CKOnneHHH .n.HCnOKa�HH, KOTOpble 6bI C03,lI.aBaJIH

60JIbIlIUe Hanp5ILKeHH5I .B 06JIaCTH M:HKpOCKOnHqeCKHX pa3'MepOB, Ha-

�H!q!He XO'DH 6bI IH'e60JIbIll.OH npeJ(Bap'HTenbHOH nnaCTHqeCKOM .ne<pop�.fa-
�H'H B 9THX.:06naCTHX. Heo6xo.ll.HMO, 11'TOObI pa3BHTHe 3TOH M:HKpOCKO-
J]"HqeeKH HeO:ll.'HOpO.lI.HOH nJIaCTHqeCKOH .lI.e<p'Op/Ma�HH 6bIJIO 6nOK'HpOBa-
HO JIIH60 .lI.pyrHlM�H :nOJIOCa'MH ,C;KOnbLKeHHH HJI'H ,lJJBOHIH'HKaMH, nlH60 rpa-

HHII,aMH 3epeH H.JIM .Hen.rr'ai�TH-qHblM'H ,BKnlOqeHHI5IIYI'H. .BJIOK'HI?OBKa npo-

�ecca CKOnbLK'eHHH MIOLKeT TaKLKe OCYIII.eCTBJIHTbCH nOnHMH HanpHLKe-
HHH B Me'Tanne.

C JIpaKTHqeCKOH TOq,KH 3peH'H5I pa3pyrneH'He HBJIiHeTOH x'pynK'HIM,
He331BHICHMO OT TOrO, Ka'KH,e HanpH}Ke'HHH eDO Bbl3:BanH -

H'OpMaJIbHble

HJIH Ka.CaTenbHbIe, nHIllb 6bI 3TO :pa3pyrneHHe npOH'CX'O,LLHnO np'H 'MaJIOH

BeJI'HqUHe !nJI3JCTHllJeCKOH .n.e<pOpMa�HH TaK, It.J:T06bI Te.HO XOTH 6bI npH-

6niH}K.eHIHO ,OOXpaHHJIO' .CHOH'CTBO JIHIHeH�HIOH y;npyr'OCTH Hnn'OTb )1.0 pa3-

'Pyrn.eH!H5I. O,lI.'HaKO OT .npaBHJIbHOI'O OTBeTa Ha BOnp.OC, KaKUe HanpH-

LKeHHH B OCHOBH'OM nOBnHHnH Ha pa3pYUIeHHe, 3aBI1CHT Opra.HH3a�HH
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�rXHOnOrHqeCKOrO npo�ecca o6pa60TKH MeTannOB .n.aBJIeHHeM, a TaK-

J'i{e onpe,lleJIeH.He YCJIOB'HH c:JIYLK,6bI H3.n.eJIHH. B 'CBH3'H .C '3TH1M B03'HHK-

JI� MaKpOC,KonHLIeCKaH TpaKTOBKa np06JIeMbI 'pa3pyrneHHH, 10CHOBono-

JI.d:LKHH,KtQ'l\1 KOTOpOH 6bIJI A. <I>. Hoq)rcpe.
'! H3BeCTHO, qTO ,nocne oRaLIaJIa !C.Konb:>KeHHtH CKaJIbIBalOIll.He HanpH-

)K�HHH B MOHOKpHCTaJIne npeBbIrnalOT CBoe KpHTHqeCKOe 3HaqeHH'e H

YB�JIHqHBaIOTCH C pOCTOM CTeneHH ,llecpopMa�HH 3a CqeT ynpOqHeHHH,

UpHqel\1 CBH3b CKaJIbIBalO�ero HanpH}KeHHH C HopManbHbIM 6Y,lleT BbI-

paLKaTbCH <popMynoH (CM. rn. III): 'C rv a sin a cosa, r.n.e ex
-

yron

\{pHCTaJInOrpa<pHqeCKOH opHeHTHpoBKH.

:Kor,lI.a 'CKa.nbIBalOIII.ee 'Harnp5ILKeHHe ,llOCTHraeT CBoero BT'OPOf<;>

Kp'HTHqeCKOrO 3HaqeHijH, :np,oH,cXO.n'HT pa3-pyrneH'He M'OHoKpHCTaJIJIa.
9T'0 iB'f10pOe 3.Ha-qeH'He'- 'KacaTeJIbHOrO HanpH}KeHHH .Ha3bIBalO'T IBH3KOH

npOqH,OCTblO H 0603-Haqa1OT LI.epe3 t: t=='ak sina:oos'a, r..rr.e ak -'HOp-
MaJIbHOe HanpH}KeHHe B 'M'OMeHT pa3pyrneH'H,H. .

TaKHlM o6pa30
r

M, BH3Kai51 npOqHOCTb eCTb lfeTIfHHoe KacaTenbHoe

Hanp5I}KeHHe B M-DMeHT pa3pyrneHHH. BH3Koe pa3pYlleHHe pa3BHBaeT-
CH C OTHOCHTeJIbH'O MaJIOH CKOpOCTblO. Il '

03ToMY TalKoMY pa3.pyrneHIHlO

npe,llrnecTByeT 3aMeTHaH nJIaCTHQeCKaH ,lle<popl\1:a�HH. Pa3pyrneHHe
npoH'CX'OJI.HT no ']'1eM LK.e KpHCTaJIn.orpa'£p.Hq,eOKHM nn'OC:KOCT,HM, no KOTO-

pbIM npOHC-XO,llHJIO CKOJIb}KeHH€.

ErCJI'H M'OHO'Kp'H,CTann opHeHTH,p,oBaH 'TaK, 1fTO ,a==n/2" ;n,OJIYQHM:
L = ao sina' cosa= O. OTclO.n.a no 3aKoHY CK3JIbIBalO.III.ero HanpHLKeHHH

CJIe,llyeT, q:rg nJIaCTHqeCKaH ,llecpopMall.HH MOHoKpHcTann'a npoHcxo-

J(HTb 'He 6YJJ.eT. H.Q ,Hop'ManbHoe Hanp,H)KeH'He, 'paCTHfHBaioIII.ee M.OHO"

KpHCTaJIn .p.o n.n:OCKOIC"DH CKOJIbLKeHHH (eM. r,JI. I I I), I1MeeT.CH H paBHO

_ "2 _ .2
JC

_

a - ao sin � --:- a o SlrJ � -.
a o .

�

O'T.clO.lI.a 'CJIe,lI.'yeT, qTO B Inpoll.ecce paC'THLKeHHH MOHOKpHC1'aJIJla"
B03HHKaeT IHOplMaJlbHOe paCTHf'HBalOI11.ee Hanp5JLKeHHe .ao H 'M'OHOK'p�1C-
TaJIJI ynpyro .necpopMHpyeTcl5I .no Tex nop, nOKa HanpHLKeHHe Go He AO-

'CTHflHeT -HeKOTOpoPO I{.pH'nHq.eCK:Oro 3,HaqeHHH aT, np,H k'OTOp.OM npn-

H3'OHJ(eT Ipa3pyrneHHe MOHOKp'HC'TaJIJIa 6e3 3aMe�HOH 'nJIaIC'TH1LIeCK!OH'

.lI. e <po p.'M a �H H.

H'op'MaJIbH.oe Ha.n:pH'LKeHHe aT, onpe,lI.enHIOI11.ee pa3pYll.eHHe 'M.OHO-

Kp'HC'TaJIJIa 6e3 3aMeTHOH npe.ll.iBapHTeJIbHOH nJIaC''DHqeCKOH .n.e<pop'�1a-
Il.HH, Ha3bIBaeTCH x'pynKoH :npOqHOCTblO, a pa3!pyrneHHe

-

XpynKHIM

pa3pYlleH'HeM HJIH «pa3pyrneH'HeM ,nYTeM O'f1pbI'Ba».

XpynKoe pa3pyrneH'He, KaK n'P�BHJIO, npOHCXOJ(HT no JJ.BY'M KPH-

CTaJIJI'OrpacpHqeCK!H'l\f> nJIOCKIOCTHM B OTJIHqHe OT .BiH3Koro. TaKHM o6pa-
30M, HaqaJI'O nJIa.CTHLIeCKOH J(ecpopMall.HH IM'OH'OKp'HCTacllJIa xapaKTepl1-

3ye1lC'H nepBbIM KpHT'HqeCKHM 3H'aqeHHeM CKa.rrbIBalOIII.erO IHan 1 pHLK-eHli51

LS H CBH3aHHbIM C jf.HM. npe.n.eJIOM 'TeKyrr.IeCTH ,as. HaqaJIo pa3pyrneHH5I

xapaKTep'H.3yeT'cH HnH BH3KOH np,Oq'HOCTblO -'B1'OpbI� rKpIH'THq-eC:KHM
3 1 HaqeHIH,eM CKaJIbFSalO-I11.eDO Hanp5l.LK,eHHH (BtH3'K i Oe pa3;py.rn.eHHe), ,l1nH

XPYIHK'OH np,OQiH'OCTbIO aT (x!pyn�oe pa3py.ll'e i HHe). BenHl1J,H'HbI 'C s , as, t,
aT ,eCTb cpH3UqeCKHe K'OHCTaHTbI, 3aBHCHI11.qI!e OT C.OCTOHHHH BeI11.eCTBa.

H3MeHHH TeMnepaTY'py, CKOpIOC'Tb, XHI\1HQeC'KIMH COC'TaB, Cipy.KTYPY
MaTepHana, .M,OLKH,O H3MeHHTb BeJIHQUHY �OHCTaHT, ,CooT!HorneHHe Me}K-
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0
I

JJ,Y HHMH !Ii H'OJIyqaTb 'TOT �HJIH HHOH XapaKTep pa3pyrneHHH. 'I1Meqe:fI-

HOe 06CT'OHTeJIbICT:BO XOpOIllO 'HJIJIIOC'Tp'HPYIO'T onbITbI ll. <P. H,ocp<p e
,

I B

K'OTOpbIX npOH.3BO:JLHJI-DCb pa.CTHLKeHHe 'MO'H(o.K�pH'CTaJIJI'OB KaMeH�bH
CO.TIH npH pa3 1 HbIX TeMnepaTypax. OH nO"K33aJI, 'qTO J(JIH M'OHO'KpHCTaJI-
JIo.B KaMeHHOH 'OOJIH CYIII.eCTByeT ,HeKOTopaH KpHTHqeCKaH TeMnep�TY-
pa Xp,y.nKOC'TH BbIIlle .KOTOpOH BeIII.eCTBO .necpOpM'HpyeTcH nJI a!CTI1 lle-

.CKH, a !HIHLKe npeTepneBaeT x:pyn.Koe pa3pYIlleH'He.
:

KpH'THqeCKalH 'TeMnepaTypa xpynKOCT.l1 Ha JJ,HaDpaMMe HanpHLKe-
HHe' -

TeMnepaTypa onpe.n.eJIHeTCH TOqKOH nepecell;eHHH KpHBbIX, H306-

pa}KalOIII.'HX3aBHCHMOICTb n:pe,l(eJIa TeK)rqeCTH (lcorrp'OT'HBJIeHHH cpe3Y)

6r

5 (

(5 ,
£5

o

LK A

Ts

t"

o.
a

PUC. 88. 3aBHCHMOCTb npe)J.eJla TeKyqeCTH H xpynKoA: npOllHOCTH Ka-

MeHHoA COJIH OT TeMnepaTYPbl no A. <1>. 110cl>cI>e (a) H BH.lI.OH3MeHeH-

BaR H. 11. .l1.aBH.lI.eHKOBbIM cxeMa 51. B. <l>pH.lI.MaHa, xapaKTepH3YIO-

�aR YCJlOBHe nepexo)J.a OT xpynKoro pa3pymeHHR K BR3KQMy (6)

1i xlpynKoH npOll:HOCTH COnpOTHIBJIeH'HH OTpbIB'y OT TeMneparypbI (pIlC.
88,a). napalMeTp «'TeM,nepaTypa» A. cI>. }1'O<p<pe H36paJI nOTOMY, lITO

.c ero nOM-OIII.blO IMOLKHO y'qeCTb BJIH'HHHe .n.pyrHx �BaLK'llbIX <paKTOP'OB,
o.npe,LLeJIHIOIJ.1-HX COCTOH'HHe

'.

Te�TIa: .BeJI!}IqH'HY, CKOpOCTb .JLe<piOpMa-
II.H'H :H T. n.

O,LLHaKO '3Ta .cxeMa He yqHTbIBaeT xa:paKTepa .HanpHLKeHHoro .CO-

CTOHHHH. H. H. ,QaiBHJLeHKOB H 51. .B. cI>pM,!;LMaH pa3BHJIH cxeMY H.ocpcpe
J(JI!H nOJIHKp'H,CTaJIJIH,qeOKOrO TeJIa, HaX'OJJ,HIII.erOCH B JIIo6oM Hanp5I-

JKeHH-OM COCTOHH!HH. iHa PH'C. .88 J
6 nO' ropH30HTaJIbHOH OC'H rOTJIO)KeHbI

HaH60JIbllHe KaCaTeJIbHbIe, a no 'BepTI1'KaJIbHOH - HaH60JIbllH'e HOp-

'MaJIbHbIe IHa:npHLKeHHH. Ka)KJJ,bIH JIyq IH306paLKaeT :KaKoH-HH6YJJ.bO,!I.HH
BH.n. HanpHLKeHHoro .,\.COC''DOHH!Hr�. CrJ.oco6 npHJIO)KeHHH HarpyaKH YllHTbI-
BaeTCH yrJIOM a, KOTOpbIH onpe,LLeJIHeTCH Ka'K: tga==icrj't.

(J

Hanp'HM.ep, .JLJIH 'O�HOOCHoro paCTH}KeHHH H HarH6a tg (J., ==

max
=

"max

=2, .n.JIH KpyqeHH5I' tga== 1. npH BcecTo.poHHeM pacTHLKeHHH .ziOJILK-
RbI B03HHKaTb y,LLJIHHeHHH 6e3 .n.eMCTBHH KaCaTeJIbHbIx Hanp5ILKeHHH H

tg a. =
(Jrnax

't'max
==00.
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COrJIarCHO CXeMe ,[LaBHJI..eHK'OBa, .lI.JIH TODD qT06bI npOH.3'OIllJI'O x,pyn-
K'O pa3�PY:IlleHHe, K3ICaTeJIbHOe HanpHLKeHHe )l.OJILK/HO ,LLOCTHqb HeKO-

TOp ro «nOp'OrOBOrO» 3HaqeHH5I Th H ,B IMaTepHaJIe o6pa3yeTcH Tpe-

III.H a.

I Y'CTb 1l0qKa A ;OTBeqaeT 'TOMY KpHTHqeCK.OMY HanpHLKeH'HIO Tk, npH
KOT prOM B !HaH6o�ee 6JIarOnpHHT'HO opHeHTII:p'OBaH:HO'M 3epHe nOHB-

JIHe pH :nepBaH Tpeiu.H;Ha · (.HO' 06pa3eu. ,B �eJIOM eIII.e H,e n,OJIyqaeT 3a-

Me'THpM nJIaCTHrqeCKOH .lI.e<popMau.'HH). 3TO 'HanplHLKeHHe ,H. iH. ,[LaBI1-

.rr.:eHK�B npe.n.JIOLKHJI YCJIOBHO Ha3BaTb «c.n.BHrOBbIM u:oplo.rOM». npH OT-

pbIBe'j IHOpMaJIblHOe 'HaTI;pHLK,eHH,e .lI.,OJI)KIHO JI;OCTllrH'YTb BeJI.H'qH:HbI aT, a

Kacaj'eJIbHOe ,llOJILKHO 6bITb He MeHbIlle Tk, HO MeHbIlle M3'KpO;OKonHT.Ie-

cKlorq npe.n.eJIa TeKyqeCTH 'ts'- qT06bI 'OTpbIB He 3aM'eHHJI'�H :nJIaCTHIJe-

CKOM �/.n.ecpopMaI.J.HeH. IlpoBe.n.eM JIyq or q 1

epe3 TOqKY nepeCeqeHHH JIH-

HHH aT H Lh II .lI.PYDOH JIyq 0)2 --'qep'e3 TOq:KY nepec'eq,eHHrH JIHHHH aT

C JIHIHH'eM 't s . 3TH-Mill JlB-YMH JIyqaMH BbI.neJIIHTIC5I 06JIa ' CTb XpYUKOPO c.o-

CTOHHHH ,rO,LL, .n.JIIH iKOTOpOM IcnpaBe.n.JIH.Ba cxeMa 110 CP!<Pe. LLeH;C'TBH-

TeJIbHO, BO J3cex CJIyqa5lX �KacaTe.n:bHoe HanpHLKeH'lIe 6'Y'.lI.eT' 60JIbllIe

'tk H 'M,eHbIlle 't s , a pa3;PYIlleHHe onpe.neJIHTCH HOpMaJIbHbIM Hanp5LlKe-

'HHeM aT (YCJIo.BH.e x!p-yinK'OJ'lO OTpbIBa).

,LLJIH 06JIa.CTH, JIe)KaIII.eM BBIIll,e JIyqa or (.HanpHMep, JIyq OB),
Bce 3,H�qeHHiH KaCaTeJIbHbIX Harrp5lLKeHHH npl1 nepeCeqeH�H"H JIHH!1H

aT PY,LLYT 'Me'Hb"ll'e «�CJI:BHrOBoro nop'ora» Lh, n03T'OMY JI.JI5I pa3py.lleHHH

Tpe6yeTIcH YBeJIHqeHHe HOpMaJIbHOrO 'HanpHLKeHH5I .lI.'O Tex n.9'p, nOKa

KaCaTeJI�HOe IHe A'OCTHDH'e'T 'th- CJIe.n.OBaTeJIbIHO, B 3TOl\1 CJIy,qae npoq-
HOCTb .6YJJ.eT 'Onpe.ll.eJIHTbC5I ,BeJIlMqH.HIOM y}Ke He HOp'MaJIblHbIX, a Kaca-

Te.rrbHbIX Hanp5I}KeH'HH '(X'O'n5I npHqHIHOM pa3:pYIlleHII5I no-npeLKHeMY

OCTaHYTClH 'HOpIMaJIbHbIe Hanp5lLKeHHH) _ .rpalH'Hu.a xpynKoro pa3pYUIe-
HHH H306pa3H'TCH B 3TO'M 'CJIy'qa-e ;np5lMOH AB. HalllpllMep, AJLH 'H3rH6a

(J

(JIyq OB tg:a=
�

=2) B MaTepHaJI"e ,CHaqaJIa B03HHKHeTH,opMaJIb-
. 't'max

HOe Han.pHLK.eHHe, pa!BHOe aT. H,o pa3pYIlleHIHH :He niPOH30H.lI.eT ,l(0 Tt 1 X

nop, nOKa KaCa'TeJIblHOe IHanpHLKeHHe He 6Y.ll.eT ipalBHO BeJI!HII.HiHe L/:.

:,QJI5I JII060ro HanpHLKeHHnro C'OCT05IHH5I, npHKOTOpOM CHaqaJIa .n.oc-

THrHeTC5I npe.ll.eJI TeKyqeCTH (LS) , MaTep'HaJI .6YAeT .lI.e<POP'MHpOBaTbCH
n.JIaCTHqeCKH.

.

TaKHM 06pa301M .Heo6x'OJI.HMbIMH YCJIOBHH1'rlH xpynK.oro pa3-pYlue-
HHH HBJIrHIO'TOH CJIe,LLYIOIII.J:ie: a

max >- aT; Lmax >- 'tk; Lmax < Ts ·

.Il,o-B;H.n.H'MOMY, nepexo.rr. lOT rOp�H30HTaJIbHOM rpaH.Hu.bI K BepTHKaJIb-
HOM' COBeprnaeTCH He MfrHOBeHHO, a iBO BpeMeHH, 'H :npHMOH yrOJI 33'I\Ie-

HHeTC5I ICOnp5IralOIII.'eM KpHBOH, H306paLKeHHOM' Ha pHC. 188, 6 nY1HKTH-

pOM. CPH3�HqeCKHM CMbICJI ee -

O.ll.HOBpeMeHHoe yqa.CTHe B .pa3pyme-
HHH 060HX :HHJJ.OB ;Hanp�HLKeH'HH. ,I:LaHHaH cxeMa 6bIJIa 3,Klcnep-HMeH-
TaJIbHO :n.O)l.'f.BepLK.n.eHa Ha 'M ' OJIH6.n.eHe, CTaJIH IX2-5105 11 BOJIb<ppaM:e.

TaKHM 06pa.30M, B onHcaHHOM 'cxeMe . npe.ll.nOJIaraeTCH, qTO xa..

paKTep pa3pYlleHHH 3aBUCHT 'OT BH.n.a IHarrpHLKeHHoro COCTOHH'HH.

.Q,I1bITaIMH YICTaHOBJIeHO, :qTO 3'KTbI IlJIaCTHqeeKOH .necpopMaU'FlH
npOHCXoO,LL5IT eI11.e B ynpYl10M '06.JIaCTH JI.HarpaMMbI paCTHLKeHH.H 11,

cCJIeJI.IOBaTeJIhHO, xpynKOMY -pa3pyweHHIO, KaK H B5I3.KOMY, npeJJ.weCT-

ByeT HeKOTOpa5I :nJIaCTHqeCKa'5I J(ecpop'MaU.HH. Pa3JIHqHe Me}K)l.y xpyn-

I:.�'S -. 2 r 9



KH'M � B5I3K'HM pa3pYllelH:HeM n'pOH:BJIHerC5I npe}K.n.e BCerO B pa3JIHq-
HOM ypOHHe nJIaCTHlleCKOH .n.:ecpOp'MaU:HH. B :CBH3H IC 3THM Tep'rAHH
«XpynKoe pa3pYlleHHe» 5IBJIl5IeTCH HeY.lI.aqHbIM, H'60 OH :npe.n.nOJIar.�eT,
LITO :pa3pyrn'e!HH'e .npOH'CX'O.ll.iH'T 6e3 nJIaCTHqe.CK'OH ,l(e1cp-opM,aIJ.'HIH. -fiJIH
ll'HCTO' TeXIHHq'e.CKHX u.eJIeH 3TOT Tep'MH:H yJ(06eH. I

.

I

I
I

I

:�2. Pa3pymeHne MeTaJlJlOB in TeXHOJlOrHH

,06i..u.He 3a.KOH ' OMepHOCTH npou.ecca :pa3pYll1eHH5I .'n03.BOJI:HIOT [nOCT-.
pOHTb TeXHOJIOrHIO TaK, 'qTo6bI H;3-6e}KaTb B03HHK\H'OBeH�H5I 6pa�a H

o6e-cneqHTb n.pH 3TOM Lf.OCTaTOrqIHO BbICOKYIO npOH3BO,LLHTeJIb]fIOCTb.

TIp'H nplO:KaTKe B KaqeCTBe O.ll.HOrO H3 065I3aTeJIbHbIX 3BeHbeB TeXHO-

JIOr.Hqe.CKoro npou.ecca HCnOJIb3YlOT OTIepa�HH JI'O'MKH H py6KH .3aro-

TOBKH 'Ha .n,peocax, a 'TaK)Ke pe3KH C nOMOIII.blO pa3JIHQlHbIX ;HOLKHIHl.

IH nHJI. B npou.eece 'cH060,LLHOH KOiBKH 'HeH36e2KiHO npHMeH5IIO'T onepa-

U.'HH 'py6KH pa3JIHllHbIIMH enoco6aM:H: py6Ka C 0,LLH10H, ,lLBYX, 'T1pex Ii

qeTblpex CTOP'OH, py6'Ka IC nOMOIII.blO .K.Ba,LL:paTOB. TIP'H 06'beMHOH IllTaM-

nOBKe C 3ayceHu.aJ\11H BCJIeJ( 3a onepau.'HeT1 ,c06CTBeHHO IllTa'MnOBKH

,CJI,eJI.yeT ornep alLHH ,06pe3.KH 3ayoeHIJ.a. TI'PH 6e3,06JI'OH'HOH IlITaMTIOBKe

IHOqTH BCer,LLa HMeeT MeCTO 'onepau.HiH 3aqnCT�H. B np-OlJ;eccax rllTaM-

'n.OBKH qaCTO H '

OnOJIb3YIOT TaKLKe c.nell.HaJIHHble ,oTpy=6Hble pyqbH.

Bce pa3,LLeJIHTeJIb.Hble .onepau.IHH .JIHCTOBOH IllT3'Mln'OBKH, !HX n:pOH3-

Bo.n.HTeJIbH'OCTb H KallJeCTBO MeTaJIJIa TeCHO IC.B5I3aHbI C npOu.eoCO'M pa3-:

PYlleHHIH. K qHCJIY 3THX onepaIJ.�HH OTHOCHTCH 'CJIe.ll.YIOIII.He:
o Tip e 3 K a

- nOJIHOe 'O'f,lI.eJIeHHe qaCTH 3arOTOBKH no He3aMKHY-

TOMY KIOH'TYPY.
,B bI P y 6.K a -

OTJ(eJIeHHe qaCTtH .3arOTOBKH no 3aM'KHYTOMY KOH-

TYPY B llTaM,ne, ,npHlleM OT,LLeJIeHHaH IH CMeIII.eHHaH B Ma'TpHIJ,Y qaCTb

3arO'TOB'KH H:BJIIHeTCH .lI.eTaJIblO HJIH IT'OJIy<pa6p:HKaToM ,lLJIH nOCJIe,LLYIO-

ru.eH lllTaMnOBKH, MeXaHHqeCKOH HJIH 'HJIOH 06p a60TKH.

I1 p 106 IH B K a
-

OTJI.'eJIeH'He q.aCTH 3arOTOBKH no 33'M.KJHYT'OMY KOH-

TYPY B lllTaMne, ,n'pHqeM OT.lI.eJIeHHaH -II CMeIII.eHHaH B 'MaTlpHu.y lIaC'Tb

3'arOTOBKH !5IiBJI5IeTCH OTX'O,LLOM :(nOJIyqeHHe oTBepcTHH).
H a ,LL p e 3 K a -

OT,LLeJIeHHe qaCTH 3arOTOBKH no He3aMKHYTO!vIY

KOHTYPY 6e3 iHapYlleHH5I C.BH3H .pa3.l1.eJIeHHbIX qalCTeH 3ar-OTOBKH ITO

,n:pyrHM y'qaCTKa'M Ko,HTy:pa. /

10 6 p e 3 K a -

'OTJ(eJIeHHe KpaeHOH qaCTH (npIHnYC-Ka) nOJIy<pa6PH-
KaTa, ,nOJIYlleHIHoro '<P'Op'M10H3'MeHrHIOIII.HMH onep au.H5IJM'H.

iBo Bcex nepellH'CJIeH,HbIx onepau.HHx nJIaCTHqeCKaH .n.e<popMaIU1H
pacnpocTpaHHeToH Ha BCIO TOJIIII.HHY ,3aroToHK'H, HO no H03MOLKIHOCTH

JIO'KaJI'H30iBaHa B .HanpaBJIeH!H'H, nep.neH.lI.HKYJIHpHO!Yl nOBepxHocTH

p a3.l1.eJI a.

3 a'll H C T K a -

OT):{eJIeHHe npHnyc,Ka eo OHHTHeM C'T:PYLKKH Ha

60KO'BbIX
.

nOiBepX,H-OCT5IX nOJIy<pa6PHKaTa, nOJIyqeHHOrO .Bblpy6KOH
HJIH ,npo6HBK;OH OT:BepC"DHIH. iB 3TOH onepau.uH J(e<pop'MaII:H5I eIII.e 60-

JIee JI'OKaJI'H.30BaIH3 'H6JIIH3'H p.e>KYll{ei1 �KpOl\tlKH H,HcTpYlMeHTa H ,ox�aTbI-
BaeT JIHIllb qaCTb TOJII11.Ii'HbI 3arO'T0�KH.

30lHa JJ.e<p0pMaII:HHB.pa3.n.eJIHTeJIbHbIx. .0najJau..HHx CXeMaTHqeCKH

nOKa3aHa pHJC. 85, a. TaKOH XapaK'Tep JIO'KaJ(H3all.HH .n.ecpop'MaIJ.IH1
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nOnTBep}K.lI.aeTGH onblTaM'H [3] H H3-XO.nHTOH B r00011BeToCTBHH ,C rrpHH'.

lJ.H�OM CeH,,:,BeHaHa 0 JIO'KaJIbHOCT.H .lI.eHCTBHiH B3aHMHo;-ypaBlH,oBellIH-

Ba�III.HXICH :BHeIllHHX HarpY3o.K. 'COrJIa.c-Ho 3TOMY npIH'HIJ.'H.ny, CTeneHb.

Hep�BHO'Mep.HocTH paanpe,L(eJIeHHIH 'Hanp51LKeHHH, BbI3BalHHaH .lI.eHCT-

,BHe� cocpeJ(loToqeHiHbIX CHJI, ObIICTpO y6blBaeT C YAaJIeHHeM O'T 06-

JI3'C'IiH npHJIO)KeHHH 3THX CHJI. 'n'03TOMY no Mepe YJI.aJIeHHH lOT Ka)K!I.OH
H3 Ipe)KYIII.iHX KpOMO'K Hepa.BHOMepHOCTb pa.cnpe.n.eJIeHHH .Hanp5I)Ke!IHH

YMeHjblllae'f.OH, HO 3aTO npOTHLKeHIHOCTb 30HbI nJIaC-lIH1.IeCKHX .lI.Ocpop'l\'Ia-
U:HH i',B 'HanpaBJIe:HHH, :nepne.H.lI.HKYJIHpHOIM nJIOCKOCTH, B03paCTaeT.

IB\; HaqaJIe 'npou.ecca pa3.n.eJIeHHH 'MaTepHaJJ.a nJIa l CTH'lIeCKalH )le-

<popMa�HH cocpe.n.OTaq�HBaeTCH Y peLKYIII..HX Kp.OM,OK, KOTopble BfHe):{-

pHIOT'CH Ha iHeK'01"OpylO rJIy6H'HY B MaTep,HaJI. 3aTeM 30HbI nJIa.C'TIH''lJe-

'CKHIX AecpopMau.HH nOCTe:neHH.O YBeJIIHq.HBaIOTCH, np,O):{BHraIOTCH K cep.e-

LLUHe TOJII11.IH,HbI Ino BbI'COT'e ,n.OJIOCbI ,H CMbIKalO'DCH. fI P,O,ZJ:OJI}KaIOlll.'ije
.c6JIM)KeHHe peLKYIII.He KpOMKH H.HCTpYl\1eHTa BbI!3bIBaIOT nJIaCTH-

qeCKYIO J(e<pop!MaU:HIO no BceH OCTaBllleHCH TOJIIII.H'He 3arOTOB-

KH, B pe3YJIbTaTe K'O'TOpOH npOHICXO,1l.:HT CMeI11.eHHe O.ll.HOH .ee qaCTH

OTHOOMTeJIblHO JlPyrOH. Ha 3aKJIlo:q-HTeJIbHOH CTa.J1.HH 3Toro C'MeIII.eHHH

HaIFHHaeTCH npou.ecc pa3-PY'1l.eHH5I; IB6JIH3H ()T peLKYIII.HX KpO�MOIK 06-

pa3YIOTC5I 1'1peI.I.{H.HbI, paonpoCTpalH5IIOIII.HeCH 'K cpe.n'Hei1: qaC'TH no BbI-

5
8

PHC. 89. Pa3AeJlHTenbHbie onepal.{HH:

a - cxeMa 01l8ra Aecl>opMal\HH (sawTpHxoBaHa nnaCTHqeCKaH o6nacTb); 6 -

onpeAeneHHe Be-

JIHqHHbI O'fHOCHTenbHoro 3a30pa; B -

pacnpOCTpaHeHHe TpeIU.HH npH ManOM 3a30pe

COTe "3arOTOBKH. B pe3YJIbTaT,� CJI.HtHH'HH TpeIII.MIH ,nrp'OHCX10.ll.HT pa3,lI.e-

JIeHHe 3arOTOBK;H Ha QaC1'1H.

EoCJI'H npHH5ITb, CJIe.n'Y'H iB. ITI. 'POMaHOB.OKoMyl., -qTO TpeIllJHHbI H�le-

lOT npHMOJIHHeMHYIO 06pa3YIOIII.YIO, TO BeJIHQHHY 3a.30pa Z, o6eCne1.IH-

BalOI11.YIO ICJIHH'H'He TpeIII..HH OT :peLKymHX KpOMOK, IMOLKH.O !HaRTH 'J13

COOTHOIIIeHH5I ,(pHIC.- 89, 6) :

z == (8 - h) tg �,

r,JJ.e S -

TOJII11.H,Ha 3aIfO'no'BK'H;

h - rJIy6HHa HHe.J1.peHH5I peLKYIII.eH Kp.OM'KH .n.o nOH'BJIeH'HIH Tpe-

III.HH;

B
-

yrOJI .HaKJIOHa TpeIIlHHbI K pe}KYIII.eH KpoM.Ke IMHcTpYMeHTa.

1 P 0 M a HOlE C K II:H B. n. CnpaBOllHIIK no XOJIOLlHO:H lllTaM-nOBKe. H3Ll. 5-e., JI.,

«MalllHHOCTpOeHlle», 1971. 782 c. C llJI.
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J13 OnbITQB :H3BeCTHO, q''PO B==0,.07-0,1 pa8 (4-6 rpa,l(.) "H YMehb-
llaeTC51 C y,BeJIHqe:H,HeM npOqHOCTH MaTepHaJIa 3arOTOBK'H. I

,f JIy6HiHa BHe.J1.peH'H5I HHcTpY'MeHTa ,l(0 :TIOHBJIeHHH TpeIll.�HbI

06blqHO ,Ha.xOJ(H'DCH.:8 np.e)1.eJIax h � 0,1-0,55 S, YBeJIiHqHBarHCb C

YBeJI'HqeHHeM nJIaCTHlIHOCTH 3arOTn�KI1. f
3a30p, .06eCneQHBalOIII.HH C\OBnaJ(leHHe (CJIHHHHe) TpeIII.HHbI, Ha3\bIBa-

lOT .onTHMaJIbHbIM. YMeHbllIeHHe 3a3'Opa n'.o ICpaBIHeH'HIO IC OnTHMaJib-

Hbl'M npHBO.J1.HT K TOMY, 'qTO TpeIII.YfHbI, pa3IBH:BalOIIl.HeC5I OT pe)KYlltHX
KpOMo.K, ,He ,BCTpeqaIOTCH 'H Ha ,nOBep.XHOCTH cpe3a nOHBJIHIO'TClH 3ayceH-'

�bI. YBeJIHqeHHe 3a3 1

0pa Ino 'Op,a.BHeHHIO C OnTHMaJIbHbI'M npH:BO,lJJHT K

POCTY IHaKJIOHa yrJIa B nOBepXHOCTH cpe33 Ii nCKaLKeHHIO CeqeHHH no.lI.

,LLeH'CTBHelM 'H3f1H6alOIII.ero MOMeHTa, B03HHKalOIll.erO OT HOpMaJIbHbIX

tCHJI,

.

np'liJIOLKeHHbI<C OT peLKYIII.HX 'KpOMo.K K ,3.arOTOBKe (pHIC. 89,.8)
In p'HMeM, qTO nio nO.BepXHOCTH, 'CO€J(HH51IOIII.eH pe:iKYlUHe KpOMKH

(pHC. 8'9, a), np!OiHCXO,LLHT qHCTbIH c.rr.:BHr (r JIaBHbIe OCH np'oxo,llHT :TIOLI.

yrJIO'M n}4 K 3TOH nOBepxHocT'H). IB 'T,aKOM .cJIyqae 3.l1.eCb OTJIHQHbI, 'OT

HYJIH TOJIb'KOiHanp5I)KeHH/5I LXY H JI:��'op:MaI.J,-H\H exy H, B OOOT'BeTCTBHH c

3aKOHOM (95):

"xy
=

"s ( e;; r
MOLK�HO n'pH'HHTb, '9:TO .lI.ecpopMaU:HH C.lI.,HHra -paHHa

S - (S - x) x

e x �
, 1/'.

S S

T.orJ(a yc,JIOB'He J(e<pop.Ma�'HH u pe3aHH5I 'CBO.ll.HTCH K ,CJIeJlYIOIll..eMY:

(
X

)
n

-(1

(
X

)
n

1
P = L (8 - x) Lxy =

"s L (8 - x)
- = -L L (8

- x)
-

-n,
S e

s
2

_

S e
s

r,LLe L -

):{JI:H,Ha JIHIHHH Ipe3aHIHH;
x -

r.J:Iy=6HHa BHe,lI.peH'H51 pe}KYIII.eH iKpOM�KH;
S -

TOJIIII.IHHa 3arOTO:BKIi.
..

np'H'HH'MaIH BO BHH.MaHIHe, qTO npeJ(eJI ynpyroH ;lI.ecp_opMa�HH e s

(1

CBH3aH C Ha,np!H}KeHHeM 3a,KOHOM ,rY'Ka: e
s

==
�

, nOJIyqJf"M
E

p = + (8 - x) ( ; r ( � r as L. (295)

BbIHC'HHM, npH KaKQM 3-HaqeHHH x YCHJIHe P .HfMeeT 'MaKOHMYM.

�Hcp<pepeH�H�pYH ypa,BHeHHe (2'9"5) no x H rrpH,paBH!HBaH pe3YJIbTaT HY-
JIIO, iHaXO.ll.H'M: x/8.=nl(n+,1).

TaKHM o6pa30M, n'OJIOLKeHHe 'MiaKCHMYMa Y.CHJIHH, He06xoJJ.H'Moro

.lI.JIH pa3,lI.eJIeH:fIH IMaTepHaJIa IHa qaCTH, 3a.BH-CHT OT .3aKOHa ynpOqHeHiI,H

Ma'Te.pHaJIa. :B CJIyq.ae 'H.lI.eaJIbHO nJIaCTH'QeCKOrO 'M3Tep'HaJIa (n==O)
'MaKcuMYM COB.na,LLaeT IC ,Ha'qaJIO� onepa�'HH. iB ICJIyqae, .ynpy,por,o 'Ma-

TepHaJIa '(n= 1) MaK,cHMYIM cOBn,a.n.aeT C TOQKOH, r,,lI.e x==S./2. IlpH
O-<n-<'1 !HMeeM CJIe,LLYIOIII.He npe,LLeJIbI npIH'MeHeHH:H x:

x 1

0-< -<-.
S 2
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\ ,H3 CPOPMYJIbI :(295) ,CJIe,[(yeT, qTO YCHJlHe npl-! pa3JleJIHTeJIbHOH
\

oqe-pal{HH 3aBHrCHT OT reOMeTpHQeCKHX napaJ\lIeTpOB, !MO.ll.YJIH y,npy-
rot-TiH Ii npelI.eJIa TeKyqeCTH IMaTepHaJIa.

\ ,H3JJOLKeHHbIM npH6JIHLK.eHHbIH aHaJIH.3 COOTBe'PcTByeT onbITHbIM

.n.aHHbIM. Ha pHC. 90 nOKa3aHO, qTO Y'CHJIHH pa3.l1.eJIHTe":lbHoH onepaI1.HH

XapaK'TepH3YIOTtC5I iKp:HBbI'MH, :HMelOIII.HMH MaKcH'MYM. BIHaqaJIe YCHJIHe

.P

t
!

PHC. 90. 3aBHcHMoCTb YCHJIHg pa3ACJIU-
TenbHofi Onepal{HH OT BeJIHqHHbl .nYTH
x pe>Ky�eik KpOMKH

-

s x

H3MeHHeTC5I CpaBHHTeJIbHO IMe.ll.JIeHHO (npe.n.BapHTeJIbHOe ,C)KaTHe), 3a-

TeM 6bICTpO YBeJIHq'H,BaeTC5I ,AO MaK:CH'MY'Ma 'H 33'TeM CI-IOBa pe3�K'O na-

,!I.aeT. npH .3a30pe Z, K.OTOpbII1 MeHbIlle OnTiHMaJIbHOrO, npon.ecc pe3a-
'H!HH HeY�TOH:q'HB, qTO H 06'b5l:ClHHeT 3HP3aDOo6paaHbIM- Xapa.KT�p Kp.H-

BOH 3 IHa pIH'C. 90.

VlllrJlaBa

C1KaTHe

1. TpeHHe Ha nOBepXHOCTH KOHTaKTa

HHCTPYMeHTa C MeTaJlJlOM

nJI3ICTHqeCK'Oe CLKaTHe H'MeeT lliHpOKoe npIHlM.eHeHHe KaK O.ll.lHa H3 oc-

Ho.BHbIX onepa\Il.HH o6p a60TKH MeTaJIJIOB ,[(aBJIe.HHeM. DOJ(aB.JIiHIOIII.ee
60JIbIllHHICTBO 'Onepall.HH npOll.eCCOB KOBK'M, rOp5IqeH 06'beMHOH:H JIHC-

TOBOH IllTaM,nO'BKH, npeCCOBaHHH, .npOKaTKH BKJIlOtIaeT B ce651 ,nJIaCT;H-

qeCK'Oe 'CLKaTH�. BaLKHeHllIeH 'oc06eHHOCTblO npOll.ecca 'CLKaTHH HBJIH-

eTCH .HaJIHqHe TpeHHH Ha n'OBepX'HOCTlHX KOH'TaKTa MeLK.n.y 'HHCTpYlVl.eH-
TOM H o6pa6aTbI:BaeMbIIM !MaTepiHaJIOM.

.

B 'KOHll.e XV .B. JIeoHap.ll.O J(a B:HIHqU C<P'OPMYJIHpOBa.rr ,CJIe.ll.YIO�nH
3aKOH Icyxoro 'TpeHIHH: CHJIa 'f1peHH5I nponopll.HOHaJIb.Ha �,op'MaJIbHOH
HarpY3'Ke H He 3aBHCHT OT :BeJIHq-HHbI BJIOma.ll.H onopH'OH nOBepXHOCTH.
3Ta 3aKOHOMepH.OCTb B .lI.aJIhHeHIlleM 6bIJI� .3a6bITa H BHo.Bb OTKpbITa
AMOHTOHOM B l699 r. H3yrqeHHeM TpeHHH 3aHHMaJIC5I M., B. JIOMOHO-

COB. B 17;81 r. KYJIOH BbI5IBHJI eIII.e O.ll.HY 3aKoHoMepHocTb: npH MaJILIX

3HaqeHHHX C.KOpOC'TH OTHOCHTeJIl?H'oro CKOJIbLKeHIi'H CHJIa TpeHHrH He-

CMa3aHHblX nOBepxHo,cTeM npaKTHqeCKH He 3aBHCHT OT 3TOHCKOpOCTH.
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.npH TpeHHH .Jl.BYX 'MeTaJI,JIlrqeCK:HX TeJI npOHCXOJ(51T iB M'HH1HaTIOpe
nOqTH BCe Te 5I:BJIeHHH, KOTOpbIe �MbI iHa6JIlO.lI.aeM npH 'HCCJIe.lI.OBaHHH

MeX.aHH4eC.K 1 HX CBOHICT;B 'MeTaJIJI'OB. .B npoll.ecce 'B33iHM.HOrO ,nepeMell�e-
HHH 'HHICTpYMeHTa H ,LLecpOpM'HpyeM,oro IMeTaJIJIa HX nOBepXIHOCTH

BCTynalOT B MeXaHHqeC-KOe 3a.I.J.errJIeHHe CBOHMH BbI,cTynaIMH. ,B .pe3y.Jlb-
TaTe Ha nO:BepXHOCTHX K'OHT�tKTa O,LLHO'BpeMeHHO OCYIII.eCTBJI'HeTOH yn-

Pyra5I .lI.ecp,op'M.au.HH, ITIJIaCTIHqeCKa5I ,lI.e-cpopMall.lHH H qaCTHq'HOe pa3py-
rneHHe '(HCTHlpaHHe, H3!H'OC). Ha'pHJI.Y C ;>TMMH MeLKJLY .oonp'HKacalOIII.H-
M'HICH TeJIaMH ,LLeH,CTBYIOT H OHJIbI MOJIeKYJIIHp,HOro ,cu.enJIeHIHIH.

!3aI{!OH eyxoro 'npeHHH Ky.JIOHa BbI 1

pa}KaeTC5I COOl1HOlleHHeM:

T ==

t1 P + F. (296)

3,LLeCb T - CHJIa TpeHHH;
P -

HOpMaJIbHOe .n,aBJIeH�He;

F -

'CHJIa MO,JIeKYJIH:pHoro Cll.enJIeHH5J;

1-1- K03<P<P H ll.;HeHT TpeH'HH.

CHJIbI MOJIeKYJI'HpHOro npHT:H}KeH'HH y6bIBalOT 06pa�HO nponop�Ho-
HaJIbHO ce.Jl.bMOH CTeneHH paccToHiHHH, O.ll.HaKO B .lI.eii'cTBHTeJIb.HOCTH 3a

CqeT rnepOX,Q;BaTOCTH 'TpYI11.'HXICH ,nOBepx,HocTei1: 1M OJIeKYJIHpHble CHJIbI

y6b�'BaIOT TIlpOnOpll.HOiHaJIbH'O KBa.ll.paTY H,JI'H Ky6y .cpe,aHer-o pac.C'T05I-
HHH. TIo fOCT '27.89-,59 'qI1C'TOTa o6pa;60TKH n.o BOCbM'OMY KJIaccy

COOTBeTCTBY�T ;BblC.OTe :B�IcTynoB .B 3,2 MK.At, qTO paBHo .lI.JIH LKeJIeaa

1'0 4
napaM,eTpaM aToMH=OH perneTKH a, a .lI.JIH qeTblpHaJI.ll.aTOrO KJIaCCa

6.,10 2
.

a*. TaKHM o6paao.l\l, 'M'OJIeKYJIIH.pHble CHJIbI B3aHMO..ll.eHICT,BHH npH

TpeHH:H .lI.OJILKHbI 6bITb :MaJIbI no cpaBHe-HHIO .c .npOqH,OCTblO Ha cpe3, I}I

H 06bItLHbIX YICJI(),BlHHX o6pa6oTKH MeTaJIJIOB .lI.aBJIeHHeM. npH,HH'Ma rb

HX 130 :BHHMaHHe HeI.J.eJIecoo6pa3IHo. ,nO'3'T'OMY 3aKOH IKYJI,oHa 'HCnOJIb3Y-
lOT B ynpOIII.eHHOM :BH,LLe, n,pe,JI}IO}KeHHOM AI\10HTOH'OM.

ECJIIH OTHeCTH ,eHJIY TpeH.HH H 'HOpMaJIbH'OrO .lI.a:BJIeHH5I.K e,lI.:H'H'HIJ.e

nJIOI11.a.,lI.H conpHKaCalOI11.HXC5I rHOBepx.HOCTeif, TO nOJIYlIMM ICOO'TIHOIlleHHe

BH):{a 't= flO', fJ('e 't H 0'
-

iKaCa�eJIhH'Oe H H'Op'MaJIbHOe Han:pH}KelHHiH Ha
..

nOBepXHOC'TIHX KOHTaKTa MeTaJIJIa ;H :HHCTpYMeHTa. ;KaK 6bIJIO 'OTMeqe-

HO, B npOll.ecce T.peHHH npOH,CXO.ll.H:T n.JIaC'TUqeCK3:H .lI.e<popMall.H5I H p a3-

Pyrne'HHe .Q'6pa6a'TbIBaeMoro .MeTaJIJIa lOT JLeH,CTBH5I KaCaTeJIbHbIX 'Ha-

J1pH)KeHHH. MaKC'H'MaJIbHaH iBeJIIHqH.Ha nOCJIeJ(!H'HX Onpe.ll.e.JIHeTC5I pa-
BeHCTBOM' 't== 1(/2, r,LLe K - HCTH,HHoe oonpoTH:BJIeHHe' .J1.e<pop!Ma�IHH npH

.lI.aHIHbIX y,CJIOBH'HX o6 I pa6oTK!H. TaK�HM 06pa30M, ;B '06bIQ'HbIX YCJIOBlHHX

0/6pa60TKH .lI.a'BJIeHHeM Y.lI.eJIbHa,H CHJIa TpeHHH He npeBOCXQAIHT nOJIO-

BHHbI HCTHHHO-rO conpOTHBJIeHlHH MeTaJIJIa Ae<popMa.�H!H.
,STO'TIOJI'OLKeHHe XOpOlllO ,nO.ll.TBepLK.lI.alOT CJIe.ll.YIOIII.'He pe-3YJIbTaTbI

onbITOB If. H. Enkl�cpaH'OBa
1

(Ta6JI. 2). .

Ka'K IBH.lI.IHO H3 3'TOH Ta6JI'Hll.bI, 'BeJI�HqIHHa ,OHJI TpeHHH H conpoTIfB-
JIeHH5I Icpe3Y B rrpe,lI.eJI.ax T'OqHOCTIH OnbI'TOB ICOHnaJI,alO'T. B ,p5l�e oco-

6bIX CJIyqaeB Bce-Ta'KH 't> K/2. .PaOC'MOTpH'M 3TH CJIyqal1.

*
M a K Y III '0 K E. M. MaT Y c e B M q A. C., C e B e p e .D. e H K 0 B. n. H .D.p. Te-

Ope'DMQeCKMe OCHOBbl KOBKM M rOpHqeM 06'beMHOH IllTaMnOBKM. MMHCK, «HaY:Ka M Tex-

HHKa», MHHCK, 1968. 407 c. C M.:I.

.

1 E'n M cp a H 0 'B f. H. ,L(AH C.C,CP, 1957, T. 114, c. 164.
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\ T a 6 JI II n a 2'

BenHqHH� CHJI� cyxoro TpeHHD H �onpoTHBneHHD cpe3Y AnD pa3nHQHMX
MeTannOB

MeTaJIJI

Y.n;eJIbHaH CHJIa

TpeHHH \
Conpo-

THBJIeHHe

cpe3y MeTaJIJI

Y�eJIbHaH CHJ1a

TpeHHH

Conpo-
THBJIeHHe

cpe3Y

MH./M2 (Kr/MM2) MH/M2 (Kr/MM
2

) .

So

Ph

Al

29 (2, 9)
29-33 (2,9-3,3)
77-83 (7,7-8,3)

33 (3,3)
30 (3,0)
80 (8; 0)

Cu

JIaTYHb
Fe

290--320(29-32)
490 (49)

630-660(63-66)

280 (28)
400 (40)
510 (51)

!1. KaK CJIe,lI.yeT H.3 paiBeHcTBa 1(296), 3TO COOTHOllleHHe c:npaBe,LLJI1I-

HO, 'HanpHMep, Kor):{a C'HJIa MOJIeKYJIHpH'oro cu.enJI�HHH H.MeeT 3HaqH-

TeJIbHYIO BeJIHqHHY. OJI,HaKO ,LLJI.H nrpou.ecC-OB o6pa6oTKH MeTaJIJIOB

JI,aBJIeHHeM 3TO He XapaK'TepHo.

2. npH rpy6blx IMeTO,lI.aX !H3'MepeH'HH .lI.eH'CT,BHTe.rrb!HaIH ,nO:BepXHOCTb
TeJIa npHMep.Ho paBHa KaLKYIII.eH,cH. O,lI.HaKO� npl1HHMaH BO BHHMaHHe

llepoxoBaTocTb, <paKT'HqeCKaH ITIJIO-
r

ru.aJ}.b lllJI�H<poBaHHoH H no.JIHpOBaH�
HOH nOBepxH,ocTH IB 2,5-5, a .H.HOr.ll.a

,lI.a)Ke B 10 pa3 60JIbIlle BIH,lI.HtMOH.
B 'CBH3H C 3TUM inJIoru.a;ll.b, Ha KO-

TOP'OH 'npoHcxo):{HT TpeHHe, <POp!MHPY-
eTCH nOCTe.neHHO. Ha 3TO�M 3Tane, XO-

TH :CHJIa TpeHHH 'H paCTeT np.anopu.Mo-
.

HaJIbHO HOpMaJIbHOH 'HarpY3:Ke, KO-
0

3CP <pHI.J.H eHT �nponopu.HoHaJIbHOCTH

J.-t
= tgCPI M.O)KeT 6blTb 60JIb'lUe 0,.5

(y'qa.CTOK BC Ha p;HC. 91). 3aTel\l,
Kor�a -BeJIHqHHa nnOIII.a�H TpeHHH

cTa6HJIH3HPyeTcH, 'Ko3q)'<pHI.J.HeHT npo-

nopu.HoHaJIbHOCTH eTa�OBHTC5I M.eHbIlle 0,5 H npe)J.cTa.BJIHeT C060H

.lI.eHCTBHTeJIbHbIH 'K03cpcpHu.HeHT TpeHHH (yqa�TIOK BC Ha p:H'C. 91).
3TH co06paLKeHHH f. H. EnncpaHOB :nO!JI.TBep>K,lLaeT .onbITHbIMH )J.aH-

HbI'MH (Ta6JI. 3).

8
c

�2

p

PHC. 91. CBH3b Me>K.ny CHJIoA TpeHHH H

.naBJIeHHeM no HOpMaJIH:

OA -

yqaCTOK ynpyro-nJIaCTHqeCKOrO

KOHTaKTa; BC - nJIaCTHqeCKOrO KOH-

TaKTa

Ta6JIlina 3

3aBHcHMOCTb Koa4>4>Hl.(HeHTOB TpeHHSI OT HopManbHoH HarpY3KH

AnD pa3nHIJHbIX MaTepHanOB

I(03€P4>HI.1.HeHT TpeHH5I

I
l(03€PcPHLI.HeHT TpeHH5I

MeTaJIJI

p. = tg <P1 P. = tg CP2 p.
= tg CP1 P. = tg CP2

0,55 0,07 Cu- 0,6,3 0,06
1 6-2 ° -JIaTYHb 0,75 0,03,

12-2 U 05 Fe 0,7 0,09, ,
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TaK!H'M '06pa30M, nplH $OpMH'p'OBaHHH TpeHH.H 3aKOH, y,cTaHOBJIeH-
HbIH

.

B CHOe ,Bp.eMH JI.eO/Ha1p.zr.,0 .na B.H;HqH, IniO-'BH)I,.I-fM,OMY, H.enpIHeM.JIe'M.
3. B COOT,B�TCTBHiH C OCHOiBHbIl\1H n-OJIOIKeHH51:M'H TeopHIH lIJIaCT}p-l-

HOCTH 'MOLKIHO. 'HanHCaTb

<11
-

a3 1 as
T =

f.1 at = =

f.1 at IfJIH f.1
= - - .-

.

2 2 2 al

IlIplH paBH'OiH.M,eHH'OH cxeM:e lHanp5ILK.eH.H,oro OOCT'05I,HHH, MH,HHMaJIb'HUe

rJI3'BHOe Ha:npH}KeHIH,e 0'3 <0, n03TOMY K03<p<PHILHeHT TpeH'H5I B 3TOM

.CJIyqae ,M'OLKeT .Q,Ka3aTbCH 60JIbllI,e nOJIOBH'HbI. 3TOT BbIHO,ZI. M,O}KHO 0600-

IltHTb.

.KaK 1l3.BeCT:HO, C P,OCTOM Hop'MaJIbHOrO KOHTaKTlHo.ro -HanpH>KeHHfI
Ka.caTeJIb�H-Oe HanrpH}KeHIHe YBeJI!H1JHBaeTCH.no 3Haq.eHIHH K/2 H .naJI�e
OCTaeTCH nOCTOH!HHbIM, H'Op'MaJIb'HOe}Ke :HanpH>KeHHe n1p<?,ZI.oJI>Kaet

paCTH. O'qeBH.LI,H'O, 1JT'O 3aBlH{�H'MOCTH BH!JLa T=fll(a s , i, e) .H a==f2.
.

(as, t, e) H'B�SIIO''VCH pa3JI.H'q'HbIMH. fIoaToMY 'Be�H'q'HIHa

_ � _

11 (as, t, e, u,...)
.

p.--
-

a 12 (as, t, e, u,...)

np'H HeKoTopbIX YCJIOBH'HX 'Ii MOLK,eT 'OKa3aTbCH OOJIbllIe 1/ 2 .

4. rlo-:B!H,ZI.HM'OMY, «KaLKYlI.{'HH'CH» 'K03<p<PHIJ.IHeHT 1':peHHH IMOLKeT

OKa3aTbC,H OOJIbllle 0,5 B pe3YJIHTaTe :HaJIHnaHHH 'MeTaJIJIa ,Ha HHCTPY-

fl\1eHT, n'ocKOJIbKY .npH 3TOM .nooaBOqIHaH 1JaCTb 3HepflHH TpeH'HH pa.cxo-

,rr,yeTiOH !Ha pa3 1 pYilieHIHe �HaJIHlnIlIHX qatC'THll.e I K MeTaJIJIa. n,o xa:paKTepy
,KO'HT3-KTa M-e}KAy ,lI.e<prOpMHpy,eMbIM M.eTaJIJIrOM H .HH'CTPYM.e'HTOM J':peHIHe

'M'O>KHO nOJI.pa3..rr.-eJI5ITb IRa 'CJI,e.lI.YIOIIJ.He TpH OC:HOBHbIe B.H,ZI.a.
.

!)K H.n K 0 C T H ,0 e T p e H H e HM,eeT MeCTO Tor.u.a, Kor.na BMe'CTO B33-

HMHoro TpeHHH MeTaJIJIH1.IeCKHX 'no.BepXHOCTeH (BHellI.Hero TpeHHH) npo-

HCXO!LHT BHYTpeH,Hee TpeH,He .B CJI,oe .LK,H.u.KOCTH Me>K,ZI.Y HHM.H. flPH 3TOM

SeJIIHlIH
'

Ha CHJIbI Tp,e!HHH 3aHH.CHT OT K03<p<PHI.I:HeHTa BH3KO,CTH LK'HJ(�

KOCTH. ,QaLKe 'OJI.HH M'OJIeKYJI!HpIHbIH oCJIOH C'Ma3KI1. YM�HbllaeT K03cp-
�nI.J.HelHT T!p,eIHHH -B ,!I.eCKOJIbK'O pa3, HO, yneJIH'qeHHe qlHCJIa 'CJI,neB He

rrp;H'BoO.lI..HT K 3-Ha q!HT'eJIb'H'OMY YMeHbllIeHHIO K03�<pICP'HI.J.He.HT a TP eHHH.

If.p a IH I1-1lJ H'O e T p Ie 'H.H e M'O}KH.O T,aK>Ke Ha3BaTb TpeHHeM 'C aLLeop6-
I.J.HOIHIHOH 'CM aaKOH, rn:p'H 3TOM T1pY,IIJ.,Ue-CH 'nOBepXrH 6CTH ,p a 3..D.'eJI.eHbl

OqeHb TOHK!HM CJIOeM ,OMa3KH (OAH,H :HJIH HeCK'OJIbKO MOJIeKYJIHpHhIX

CJIoeB).IB 3T1HX YCJIOBH,HX 'CJIqi1 CMa3,KH YLKe /He nO.AlIHH'HeTCH saKOHaM

fH,lI.p0,lI.H'HaMHK'H, a, B3aH,M.0.n,eH'CTBYH C TPYIIJ.:HMH.CH II'OBepXHOCTHIMH,
3a:B'H'CHT OT HX nplHpO,ZI.bI IH !COCTOHHH5I. ITI pH 3TOM a.n.,cop6HP'OB3!HHbIH
CJIO�I .CHJIb'Hee B33'H:Mo.u.efI,cTByeT C 'MeTaJIJIOM, lIeM LKH1L(KHH, H n i

03TOMY
ero CHOHCTBa 6JI'H}Ke K 'C.BOHCTBaIM 'TBep,ZI.orO TeJIa.

C y x ,0 ,e T p e H H e np.QiH!CX'O,ZI.HT B 'f'OM CJIyqae, K,Or,,ZI.a MeLK,ZI.Y TPy-

lll.'I1MH'CfI !n I OrBepxHOCT5IMH IIOJIH'OCTblO 'O'T,CY'TcTByeT TpeTbH '$a3a, cnoco6-

H a.5I BbIUOJIiHHTb .CM a30ilJ:HYIO <PYHK:u.�HIO.
flOBepXHOCTb 'T:Bep�0J:'10 TeJIa M'O}KeT 6bITb npll,3Ha.Ha <pH3HlIeClt: "1

4HCTOH ,(IO,BeH'HJIbHOH), eCJIIH Ha HeH OTCYTCTBYIOT HiHUP'O.lI.Hble aTO�"')Dl.

TaKYIO nOBepXH()CTb MO}K'HO nOJIY1.IHTb pa3pYlleHHeM TeJIa A.mH

HarpeBOM ero B BaKYYMe. B 106bIqHbIX y-cJIOBI1HX MeTa�lIJI IIOKpbIT 'CJIO-

eM ra30B, BO,lI.bI H nOJIHpHbIX MOJIeKYJI OpraHH1JeCKOrO BeIIJ.eCTBa KOTIO-
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pbIe a,lI.eOp6;HpYIO''DCH 'H3' cOJ(epLKamIHXCH B aTMOCQ?epe }KHpiHbIX 'MaCeJI

Ii .BO.n.bI i(pH'C. 92).
B rrpoILecce .o6paooTKH 'MeTaJIJIOB ,L(3iBJleHIHeM T'peHJ1e H'OCHT ClVle-

llaHHbIH xapaKTep. iB o6meM rCJIyqae, B O)I.HOlVI' IH TO:M }K'e npoI.J.ecce

o)I.HOBpeMeHrH'O ,MorYT }I,MeTb 'MeCTO >K;H,lI.,KOCTHoe, .[1pa!HH1.I
'

Hoe'H cyxoe

TpeHHe. DpHMepoM 51BJIHeTCH XOJIO,lI.HaH npoKaTKa C 60JIbllHMH CTerre-

HH:MH �e:<popMaltMH, HO, nO>KaJIyi1, HaH-

oOJIee TH,nH 1 IHbI!lVl .n.JIH ,npo.QeccoB 06pa..
60TK\H MeTaJIJIOB lILaBJIeHHe.M 51BJIrHer-C5I

rpa,HH'q,HOe TpeHHe.
ICIMa3Ka InpH'MeH51eTC'H 1,lI..JIH YMeHb-

meHIHH K03<p'<pHI.J.H.eHTa TpeHHH B npe-

u.ec-ce o6pa6-0'f.K'H 'lVleTaJIJIOB .n.aBJI�HHeM,
OT;BOJI.a Ten.ila,B03H,HKalOIIJ.erO TIPH }J.e-

cp-opMa�HH, Y'MeHbm.eHHH' pacxo!La 3Hep-

flHH, y'cTpa'HeHHH HaJIHnaHH5I o�paoaTbI-
BaeIYIOrO MeTaJIJIa sa nOBepx'HocTb

HHcTpYiMeHTa, YJIY1.ImeHH'H Ka-qeCTBa

(qIHCT'OTbI) nroBepxHocTH o6paoaTblBae-
Moro. 1\-1eTa�iJ.Ha H nOBblmeHH\5I :I1:3iHO.CO-

CTOHKG-CTM 1!I�CTpYMeHTa. 3a .CqeT pac-

KJI�UHHBaIOUlero JI.eH:cTBH5I CMa.3,KH CH.TIbI

TpeH/HH Y
' MeHblllaJOTC:5I H 'CTeneHb JI.ecpop�

MaiI.J.,HH MeTaJIJIa y,BeJIIHq-ltBaeT,C5I.

E'CJIH C'Ma3Ka 'HaXO,lI.HTCH B TBep,D;OM

COCTOHHMH, TO ee 3cpcp.eKTHiBHOCTb 3aBH-

CHT OT ;npOQ\HOCTHbIX alILre.3HOHHhIX

CBOH,CTB. 3cpcpeKTHBHOCTb }KHJI:KOH OMas-

KIH 3aB:HClH'T OT crro:coQ.H'OCTH 06pa'30Bbl-
�aTb B pe3'YJIbTaTe aJJ.cop6IJJlH Ha .no-

BepXHOCTH .o6pa6aTbIBaeMoro IMeTaJIJIa pa3M5IrqeHHbIH (nJIaC'THqJH'[(H-
po.B3'HHbIH) CJI'OH, 'C'HH>KalOIIJ.�HH CliJIbI TpeH'H5I. iB CBH.3:H C 3T/HM InpHpo�a

MeT.aJIJIa T3:K1Ke HMeeT CYIIJ.eCTBeH'Hoe �HaqeHHe, llOCKG-JIbKY.OT iHee 133-

BHrCHT ero 3',lI.'COPO'I.J.HOH;HO- �{:H'MHqec.K3IH afKTMBH.OCTb.

,CH,JIbI CI.J.enJIeHHH ,Me}K)I.Y 'M10JIeKYJIa'MH 'MaCJIa 11 MeTaJIJIa TeM 60JIb-

me, lIeM ,CHJIbHee 'nOBepXJHOC'THa'H aK''DHBIHOCTb MeTaJIJIa, T. e. ero cno-

OOD-HOCTb Y.lI.epLK'H'BaTb CMa3.KY. fl '

o3TOMY x-opomaH OMa3Ka ,lI.OJIlK'Ha

ObITb n,oBepXHOICTHO aKTHBH.QH. 3TiHM C'HOH'CT,BOM 06JIa.n.alO'T CrMa3-KH, .MO-

JIeKYJIbI KOTOpbIX HiMelOT B 'CBoeM CO'CTaBe 'TaK Ha.3bI.BaeMbIe rTI ' o'JI,5IpHhle

rpynnbI. MOJIeKYJIbI. CIMa3'KH npeL(CTaBJIHIOT eoG-OH BbIT51HY'Tble I.J.enOLIKH.

OiHH '«Cr(errJIHIOTCH» ,c nOBepXHOICTblO M.eTaJIJIa aKTHBHblMH ROHI.J.a'lVIH,

Ha KOTOpbIX paanOJIO>KeHbI nOJIHp:HbIe rpynnbI. ,QaJIee pa3'Mew.a1OTCH

y,rJIeBo.n.opO)I.HbIe IJ.en01.IKH, COCTOH�He H.3 rpyn'n CH 2 . MOJIeKYJIbI CMa3-

K!H :OOpa.3YIOT «�eTKY», ne'pneH)I.:HKYJI51pHYIO nOBepX:H!OC'TH MeTaJIJ1a

TaK, lI'TO ee M,eHee aKT,H:BHbIe ,KOHI.J.bI :HBJIHIDT!CH BHemHIHMH. IB IIIIp'OI.J.eCce

nepeMemeHHH TPYIIJ.'HXCH nOBepXH'O'CTeH 'MOJIeKYJIbI npOlIHO YJI.ep}l(H-
BalOTCH 3a 3IKTHBHbIe'KOHIJ.bI MeTaJIJIOM, B TO speM'H lKaK .MaJI!oaKTIIBHbIe

K'OHIJ.bI O�K.rrOH51IOTC51 'B CTOPOHY. .lI."BHLKeHHH, ,OT,pbIBaIOTCH H o6p aaYlOT

cMemaI<?I.l.{He.C5I CJI'OH, no KOTOpbIIM o,cYIIJ.eC'DBJIHeTCH OKOJIbLKeHHe.

<

PHC. 92. CTpoeHHe npHKoHTaKT-
HOM 30HhI:

1 - a,u.copoHpoBaHHhle CJJOH no-

JHIpHbIX MOJIeKY.n OpraHH1JeCKOrO

Bem.eCTBa (cMa3KH); 2 ---:' BOAhl;
3 -

ra30B; 4 -

OKHCJIOB; 5 - 30-

lIa .necl>opMHpoBaHHoro MeTaJIJla;

6 -

nepBH1JHaH OO'beMHaSl CTPYK-

Typa
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iK nrOBepXHOCTfHO aKTRBHblM BeIll.e.ct,B3M OTIHOCH'TC5I LKIHpHbIe KHiCJIO-

TbI: OJIeHHOBaH CltH�C'OOH, .CTea!pHrH.Q.BaH C17H35'CIOOiH, naJIbMHTH-

nO'BaH CI5'H�1)O',O'H HJIH COe,lI.HH.eHHe }K'HPiHbIX KHCJI'OT, n.pe,lI.CTaBJIHIO-
I11.He C060M MbIJIa

- C 1S H 31 tC,OONa, C I7 H 3S COO,K, HeKOTOpbIe COe.n.H-

HeHHH rJIHII.epH'H3, COe,Z:LHHeH1HH co CTeap'H:HOBOM KHCJI'UTOH -

CTeap,HH,

COe,lLHHeHHH -C naJIbMHTHHOBOH KHCJIOTOH -

naJIbMH'PHH H ,lI.p.

TOJIlllHHa c-Ma3nqaOrO CJIOH J(O�1])KHa ObITb 'COH-3'Mep'HM.a -co cpeL(...
HeM BbIICOTOM BblcTynoB H3 no.BepXHOC'THX oopa6aTbI;BaeMO.ro MeTaJIila

'M ;HHCTpYMeHTa.

\TIpH MaJI'bIX _HarpY3Kax IIOBepXHOCTHO aKTHBHbIe OM33KH Y'MeHbilialOT
H3HOC. ITIpH OOJIbIlIHX HarpY3Kax C p'OCTOIM nOCJIe,ZLHHX H3H ' OC YBeJIH1IH-
Bae'DC51. .3TO 06'bHI0HHeToC'H 'TeM, lITO In'pH 6.0JIbIlIHX Ha�PY3Kax nQBepx-
HOCTHO aKTHBrHbIe ,eMaaK'M npOHlHKaIOT B MJfKpOC"KonHqe-CK!He TpeIll.'HH�,

KOTopbIe 'Bcer,na HMelO1'1C:H ,B Me'TaJIJIe H qaCTMqHO 'HapY'IlIaIOT ero II.e-

JIOC'DH.OCTb, -q'TO np,H'BO,lI.'HT K YBeJIHlIe ' HHIO H3IH.QlCa.

CMa3Ka ,1I:OJILKiHa Y,lI.OBJIeTHOp5ITb CJIe,lI.YIOIIJ.MM OCHOBHbI,M Tpe60-
BaH!HH,M. .OHa ,lI.'OJI}KHa 06pa30BbIBa'Tb Ha nOBepXHOCTH KOHTaKTaHe-

BbI,lI.aBJIHBalOIIJ.'HeCH nJIeHK�H, npOqHO CBH3a.HHbIe C rMeTaJIJIOM, JIerKO

,TIOKpbIBaTb ero nOBepXHOCTb paBHO'MepH'bI'M no 'TJOJII..I.lH,He CJIOeM, 6bICT-

po H paBHOMepHO O�JIa)KAaTb 'o6:paoaTbIBaeMbIM MeTaJIJI. 'CMa3'Ka He

.ll.OJI}KHa BbI'3pI.B3Tb KOPP03'HIO rMleTaJIJIa, IH3l\1eHHTb OBoero CTpOeHH5I H

CBOHICTB B 'TeqeH'He ,lI.JIHTeJIbH'OrO BpeMeHM, co,.rr.ep>Ka'Tb BemeJCTB, BpeL(-
HbIX ,lI.JIH 3,lI.OpOBbH q�1]OB'eKa.

Han6 1 0JIee ynoTpe6HTeJIbHbIMIH C'MaB.Ka'M'H np'H oopaOOTKe MeTaJI-

JI,OB ,lI.aBJI.eIH.H,eM ,n.o KJIa.OCiH'<p-H:KaUH'H A. K. 4epTaBiClKHx
1 HBJIH.IOTCH:

13,M Y JI b.C M H MaC.JI 0 - B 0 iI. a, K'0T10P aH npe,lI.cTaBJIHeT CO,60H K3-

neJIbKH MaCJI3,_ IMeJIKO paCTIbIJIeHfHbIe B -Bo,lI.e. .OObIqHO B 3 1

MYJIbCHIO

iBBO,n'HT ew.e Ta'K H33bIBaeMbIH 3MYJIbr3TOp� K'OTOpbIH ,nQHHLK3eT no-

Be:PXHOCTH,oe HaTHLKeHHe IC:Mas.KIH :H o6pa3yeT H3 nOBepXHOC'f!HK3neJIeK
M3ICJIa BH,3.KYIO H np()lllIHYIO nJIeH.KY. 3MYJIbraTOpaMH CJIY)KaT HaTpMe-
Bble 'M KaJI.HeBbIe ,MbIJIa, 'T.. e. CJI10H LK}I'PHbIX KHCJI.OT HaXO,lI.HIll.HXCH B

qUCTOM BM,lI.e 'HJI'H B COe,lLHHe'HIHHX C r.JIHlI.epHH'OM B }K'IiBOTHblX H 'paCTH-

TeJIbHbIX MaCJIax. ,QJI,H ooeCrreqeHHH xopoilieH CMaa-KH MaCJIO ,nOJI>KHO

BbIIII.eJI'HTb-CH H3 3!MYJIb:c.UH ,Ha TIOBepXHocTb oopa6aT6IBaeM,oro MeTaJIJIa

UJIH 'HHcTpYMeHT3, o6pa3YH Ha HHX 3a OqeHb KOP'OTK,oe iBpe.MH pa.BIIO-

MepHYIO InJIeHKY IHeo6xo,lI.H'MOM TOJIIIJ.IHHbI. OXJIa}K,nalOIll.aH Icn'oco6HOCTb

3MYJIbCH!H np'I16.JIH3HTeJIbH'O Ha 1/3 Me'Hbll-e, qeM y BOAbI.

1M a C JI a 'P 3.C T 'H T e JI b H bI e ,H LK H BOT H bI e, .oO.lI.epLK3Ill.He LKHP-
HbIe ;KHiCJIOTbI, -KOT.opbIe .o6pa3YIOT IC 'o.K'HICJIa'M�H 'MeTaJIJIIOB ynoMHHYTbIe
BbIll.e .MbIJIa. .D.JIeHKa MbIJIa ,o6JIa,lI.aeT TIOBbIIlIeHHOH MeXaHHiqOCKOH

npo-qHOCTblO, nJIaCTH'lI.HOCTblO H .BbI,lI.epLKH,BaeT,no P�3pY!lleHHH 60..1Jb-

llHe .n.aBJIeHIHH'. B lKHBOTHbIX >KHpaX 60JIbille }KHpHbIX iKH.CJIOT, "llel\I B

P3!CTHT'eJIbHbIX. n'O!9T-QM'Y }KH'BOT1.HbIe }l{apbI 06JIa,lI.a1OT JI'YlJIlIMMH CMa-

300q'H bI'M H 'C-HOH;CTlHaM,H.

Mac JI a' C H 3 n.o JI H H T e JI 'H 1M H c.o,nep}l{3T B KaqeCT.H� Ha,nIOJJHH-

TeJIeH rpaQ?HT,. KpaXMaJI, }KeJIaTHHY, cepHbIH lI.BeT, qJOC'cpopHble, XJIOp-

_H bI eco e.1J:HIH,eH H5I, KaOJI H,H ( r JIiHIHY ), T a JI bK, 'CJI 10 A'''!( , Men, I.J.H H K 0 B bI e II

1 '4 e p TaB 'C K oM x A. K. TpeHHe II CMa3'Ka np'II o6pa.6oTKe ,MeT,aJIJIO,B JI.aBJIeHII-

e'M M. !MeT.aJIJIY:P'nI1J3�aT, ].955. 11716 c. C .IfJI.
.'
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CBiHHIJ.'O�bI'e 6e.JI,HJIa, JIHT'OneH (:K;paCKa H3 CM'eCH 'CepHHCTOrO 6arpH5I H

Ce:pIHH�CTOr,O [(IUH'Ka), MaJI�pHblH K�.eH, JIerKOnJI'�'BKHe 'MeTaJIJIbI, HaHO-

'CHMble Ha IIO.Bep'XrHOCTb M'eTaJIJIa 3JIeKTp,Q.JI.H-3'OM HJIH B.BO,lI.H'MbIe B

CMa3;KY B 'BH.n.-e ;ny,lI.pbI. Ha'HOJIIHrHTeJIH Y-BMHq'H,BalO'T T'OJII.U.H:H'Y C.H051

'C'Ma3KH, qTO npHHO!(HT K Y-MeIHbIlI.elIHlO 'qnCJIa TO:q'eK rHenOCp,e;,lJ:CTBeH-

H,Of'lO K'OHT3'KTa, CH,U>KeHiHlO ,CHJI Tp,eH'HH H YJIY1.IIlIelHHIO Kaqe�'TBa no-

B. e p XIH'OC'TH.

'K 0 IH'C H 'C T e ,H T IH bI -e .C 1M a 3 'K.H np'e,rr:CTaBJI5IIO'T eo60H 'CM'eCH

MHHepaJIoHbIX MaCeJI 'H BO,JI.bI, C,BH3aHHble HaTpHeBbIIMH, KaJIbIJ.HeBbIl\1H

HJI'H MarH:HeBbIIMH 'MbIJI3'MH, a TaK}Ke napacpHHOM, BOCKOM, T. e. BeI.U.eCT-

BaMH,. KOTopbIe 06eCneqH:BalOT nOBbIlleHHYIO B'H3KO-CTb, 'CMa3.KH. TH-

n
i

U1.IHbIM 'npeJJ;CTaBHTeJIeM TaKHX CMa30K r5IBJIHeTCH COJIMLI.OJI, npe,lLCTaB-

JI5IIOI.U.HH C060H' CMeCb. MIH\HepalIbHoro MaCJIa C 1.0-12.0 %
KaJIbIJ.HeBOrO

MbIJIa H Q�8% BO,QbI.

Y'CT3-H'oBJIeHO, lI�O HaJIOLKeHHe YJIbTpa3BYKa H3MeHHeT 3<pcpeKTHB-
HOCTh iOMa3KH i[IIO]. DpH 3TOM YJIyq'IlIaeTCH K'OHTaKT MeLK,ZI.Y cMaaKoil

11 IMeTaJIJIO'M, 3,Ha1fHTeJIb.HO 3'KTHBI1!3"HpyeTcH .JJ;eHcTBHe p'H.ll.a MHHepaJIb-
HbIX H opra:HH'qec.KHx MaICeJI. Y.JIbTpa.3By.KoBbIe KOJIe6aHHH Y:BeJIHlIHBa-
JOT 3HeprHIO rJl.e<PoPM(WPyeM6ro MeTaJIJIa, q"TO npHBO,ZI.HT K POCTY era

a)I.lOop6.IJ.:HO'HH ' OH 'H aAre3HOHIHOH cnoo06HOCTeH no 011H'OlleHHIO K C'Ma3-

-Ke.. Y.JIbTpa3BYK MO}KeT y,CkOpHTb XH'MH1.IeCKHe peaK'II.H.H Ha KOHT3KTHOM

nOBepXHOCTIt. 3a .CqeT 'pa3JI'HqHbIX n,n BeJIHqHHe y,npyrHx KOJIe6aHlfH

H.HCTp}'lMeHTa H MeTaJI.JIa Me}KJI.Y H,H,MH nepHOJI.HqeCKH C03JI.aeTCH P&3-

pHLKeHHe, rcnoco6.cT,BYlOniee 3acacbIBaHHIO CMa3.KH !H paBH:OMepHOMY
ee pacnpe,ZI.eJIeH'HIO no K'OHTaKT,HOH IHOBepXHOICTH. TaKYIO LKe 'CPYHKII.111O
BbIIIOJIHHIOT !H 'MH'Kp'OTp.eI.U.HHbI, nepHO,lI.HqeCKH 'H3MeHHIOI.U.IHe CBrOH pa3-

MelpbI no,ZI. B03:,lI.eHCTB-H.eM YJIbTpa3BYKOBbIX KO_JIe6a r HHH.

BMeCTe..c TeM nOA ;B03JJ;eH'CTBHeM YJIbTpa.3BYKa npOHCX�O,lI.IHT paCI.U.en-

JIeH.I1e .M , OJI'e'l{1YJI 'CM,3'3'KH.. 8TO .oc-06eH!H'0 3aM,eTlHO nprH nOBbI'lIleHHbIX TeM-

nepaTypax H 'CTeneHHX JI.ecp ,

op'M3-IJ..HH. TIp'H paCI.U.etllJIeHIHH IM.OJIeKYJI
yrMeHbllaeTCH BH3KOCTb H a,lI.c.op6QHUHHaH ..cnoc06HOC'Tb, a ICJIeJI,OBa-

Te�bH'O, H 3.cpcpeKTH,B.HOCTb 'CMa3KH. TaiKH,M 06pa30M, JI.JIH' Ka>K,ZI.OH OM33-

Kif JLOJI}Ke.H 6bITb Ilo.n.06paH onTH,MaJIbHbIM peLKHM YJIbTpa3IB)'JKOBbIX iKO-

JIe6aHHH.

IB nOCJIe)J.Hee BpeM5I Ha1.I.H,HaIOT IIpHMeHHTb CMa.3KH If B npOIJ.erCcax

r,OpHqeH 06pa60TKH IMeTaJIJI'OB )J.aBJIeH:HeM. ,8TO !Heo6xO.lI.HrMO npH 06-

pa60TK.e BbIoOKOnpOqHbIX Ma'TepHaJIOB. TaKHe 'MaTepHaJIbI C TPY,ZI.O'l\1

JJ.OJI..lI.aIOTCH nJIaC'DHQeCKOM 06pa60TK.e, H 3,lI.eCb �p:HXOJU1TCH np051BJIHTb

oC06yIO 3a6.oTY .0 TOM, 1.IT06bI 06eCneq'HTb 'paBIHOMepIHYIO .n.ecpopMa1l.I1IO
TeJIa no :B03MO}KH,OICT,H BO IBceM ero 06'beiMe H H36e}KaTb pa3py,IlIeHM51.
B Ka'tJeCTBe .eMa30K 'IIPH DOp,HqeH o'6paOOTKe 'MeTaJIJIOB 'Hcn'OJIb3YIOT no-

BapeHHYIO COJIb, HeKOTopble crpaBHHTeJIbHO JIerKOll.JIaBKHe MeTaJIJlbI,

CMeCH rpacp:HTa HJI!H LI.peBeCHbIX OnHJIOK C Ma3YTOM 'H CTeKJI5IHHbIe no-

pOlliKH. (OrrblTbI nOKa3bIBalO'T, IqTO npHIM(eHeHH.e B K3'lIeCTBe CMa3:K.H IPa.C-
nJIaB.JIeHHOrO OKO'HHoro CTeKJIa Y!MeHbiliaeT .n.alBJIeHtHe \Ha HH'CTpYMeHT
Ha � 40 °10 Ino c-paBHeHHIO C .n6pa60TKoH «'CY�HM»' HIHCTpYMeHTOM.

MbI paeCMOTpeJIH BJIJilHHHe CMa3KH 'Ha CHJIbI TpeHH5I. npHrBe,ZI.eM Te-

nepb ,ZI.3HHbIe 0 HJIHHHMH J(pyrHx OICHOBHbIX cpaKTopOB Ha K03CPCP'H'II.HeHT
TpeH'HH npH o6pa6oTKe MeTaJIJIOB JI.aBJIeHHeM.
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COCTrORHUenOBepXflOCTU UHCTpY:MeHTa
U o6pa6aTblBaeM020 M'aTepUaAa.

Y-CTaHOBJI-eaO, q'DO qeM iBbIllie KJIaCC q'HCTOTbI ,n'OBe.pXHOCTH HHCTPY-
MeHTa, TeM MeHblle K03'<PcpHII.HeHT TpeHHH (pHIC. 93,a).

TI pH XOJIO.lI.lH'OH npOKaTKe H� lK03<p<PHII.-HeHT TpeHH�H 3Haq,H'TeJIb!HOe

BJI'H5IHHe .OKa3blBaeT COCTOH:H'He nOBepXHOCTH 'I1HCTpY'MeHTa. iCOCT05IHUe

rrOBepX,HOCTH Ae<poPMHpyeMoro MeTaJIJIa 3aMeTHO .JIHllib B 'HaqaJI,e 06-

pa6oTK,H.'B rnploII.ecce nJIaCTMqeCKrOH ,necpopMa�HH lIHCTOTa .no'BepxHocTH
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PHC. 93. 3aBHCRMOCTH K034>4>H'�HeHTa Tpe...
HHH OT KJIaCCa qHCTOTbl conpHKacalOlltHXCH

nOBepXHOCTeR npH I1GO°C (a) -

HE:pOBHO-
cTeR OT BpeMeHH Bhl)J.ep>KKH, TeMnepaTyph!
H KJIaCCa t1HCTOTbl nOBepxHocTe.A nOJIOCbI

(6) - H K034>4>H�HeHTa TpeHHH OT TeMne-

paTypbl npH HarpeBe H o6pa6oTKe Ha 803-

Ayxe (1), B aprOHe (2) H B BaKYYMe (3) (8)

o6pa6aTbIBaeMoro MeTaJIJIa ,rrpH6JIHLKaeTCSI K q'HCTO'Te nOBepXHOCTH BaJI"

KOB, n.OC-KOJIhKY THep:.rr.OCTb nnBepXHOCT'H JilHCTpYMe!HTa BCer.n:a 'BbIllIe,

qeM T.BepJ('O�Tb 06pa6aTbIBaeM'Or,O MeTaJIJIa. B!MeCTe C TelM H3 onbI rOB

H3BeC�HO, "'qTO qeM BbIllIe TBep.rr.OCTb o6paoaTbIBaeM ' oro MeTaJIJIa II

BaJI:KQ;B, TeM iMeHbllle K03<p<PHI.J.HeH'T TpeHHH, X'OTH 3TO YMeHbllIeHHe Fie-

3H a q,UTeJIbHO.

'COCTOHHHe no BepXiH<?CTH. HH.CTp-YMeHTa ,B inp,o:u.ecce .n.ecpOp'M'Hpona-
HUH H.enpepbI,BHO IM3MeHHeTrCH. OTMeqalOT 'TPH x.a1paKTepHbIX nepH'O,lJ.a

H�MeHeHnH OOCTOHHHH n'OBepXHOCTH HIHCTp)'lMeHTa npH rOpHqeH 06-

pa6oT;Ke: HaqaJIbHbIH - nOICJIe IM,eXaHHqeCKOH ero 06pa6o'f,K'H, rrpoMe-

*YTO-qHbIH - nOCJIe npHpa60TKM .HH,CTpYMeHTa 1M :OCHOBHOH, HaH6o�iee

.lLJI}ITeJI�HbIH, - U'OCJIe oopa30BaHHH ceTKH pa3rapa. CeTKa pa3rapa

nOCTeneHHonep-eXO,ZJ.IHT B TpellJ.'H;HbI, KOTopble IHa rHeKOT'opOH rJIy6HHe OT

nOBepXHOCTH c-MbI.KalO11CH, H npOHCXJo.n..HT BbliKpallIH:BaHHe nOBepXHoeTH

H'HrCTpYMeHTa. :COOTHeTCTs-eH,HO .H3'MeHHeT,CH H K03<P<PH:u.ueHT 'f1peHHH,

KOTOpbIH H.MeeT MMIH,HMaJIbHOe '3-HalIeH'He Ha np'Ol\leLKYTOlIH-OH CTa)JJ1II

pa66T�I BaJI.K�:B.
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:Ha .p'H.c. .93,6 ,npHBe.neHa 3a.BHC'H,M'OCTb BblCOTbI Hep'oBHocTeH na no-

BepxlHOrCTM CTaJIbHbIX o6.pa3lI.OB npH HanpeBe OT :BpeM,eIHH BbI,l1.ep}KKH

reMnepa'TypbI H KJIa.oca lIH'C'f.OTbI. 113 paOCM.O'TpeH,HH K:pHBbIX c.JI.e.nyeT,

QTO .C IpOC''fJO'M T-eMnepaTypbI BeJIH'1.I I HHa HepOBHOCTefI ,Ha n'OBepX'HO'�TH
iMeTaJIJIa C'TpeM'HTC'H K ;HeKOTOpOMY 3'HalIeHHIO, JIeLKaIll.eMY ,B npeJ(eJlaX

ll5ITOrO KJIaCCa 1.IHICTOTbI. 3TO 06'CTiOHTeJIhCTBO CJIY}K'HT OCHOBalHHeM JJ.JIH

TOrO, qTo6bI, He .cHH3bI,BaTb BeJIHqHHY K03<p<PHu.,HeHTa 'f.peHHH C KJIaOCOM

LIHCTOTbI fHOBepXHOCTH o6pa6aTbIBaeMOIro MeTaJIJIa npH BbIOO:KIHX TeM>..

nepaTypax.
flo J(aHHblM M. M. rOpeHllITe-H'Ha, nelIHaH 'OKaJIHHa' 'o�6pa3yeTcH B

npou.ecce HarpeBa 1M H'M.eeT TOJIIll.HIHY 5---:'} 0 MM. Ha PY}I{'HbIH CJIOH

(OKOJIIO 2% ,no TOJIIIJ.HHe)' 'COCTOHT M3 Fe 2 03, CpeJI.HHH ICJIOH (OK,OJIO
40% no TOJIIIJ.HHe). npe,ncTaB.JIHe-r C060H Fe g 04 H IBHYTpeHHHH CJIOH

(ocTaJIbHbIe 58 %) - FeD. 4aC1;'b ne1.IH011. OKaJIH'HbI OTnaJl,aeT npH

TpaHcnOpTMpOB.Ke 'H, o6pa6,oTKe MeTaJIJIOB, ,n'PyraH e.e 1.Ia.CTb, ynJIOTHeH-
HaH B npOI.J.e-�ce o6pa60TKH, HMeeT TOJIIIJ.HHY 0,76-1,;5 MM. B03,l1.YllIHaH
OKaJI'HHa, nOHBJI,HIOlIl.aHCH .Ha nOBepXHOCTH _MeTaJIJIa nOCJIe Y,ZI.aJIeHHH
neqHOH 'OKaJIHHbI, ,HMeeT TOJIll{HHY 0,11-0,2 MM 'M 01.IeHb ,npOqHO Y,ZI.ep-

}K1H.BaeTC'H Ha MeTaJIJIe. 'K-03<P<PHlI.HeHT TpeH'HH npH o6pa6oTKe MeTaJIJIa

Ie B03,nYIliHOH OKaJIHHOH BbIllle, lJeM C ne1.IHoH.
.

:CHoHcTBa o6pa3YIOIIJ.eH,CH OKaJIHHbI B 3HaqHTeJIbHOH CTeneHH 3a-

BHC5IT OT XIJi'M'H'1.IeCK!oro COCTaBa :MeTaJIJIa. MOLKHO ,OK.3;33'Tb, qTO iBce

npHMec,M H 3JIeMeHTbI B IMeTaJI.JIe, nOHHLKaIOlItHe TieMnepaTY'py nJIaB.T1e-

H.HH 'OKaJIHHbI IHJIH cnoc06cTBYIOIu.He ee 'pa3'MHrqeHHIO, YMeHb'llaIOT KO-

3<p<pH1I-HeHT TpeHHH npH rOpH!lIeH o6'pa6oTKe 'MeTaJIJIOB ,naBJI.eHIHeM.

COCTOflHue o6pa6aTblBaeMo20 TeAa

u e20 c/Ju3UtteCKafl npupo8a

iK'oHTaKTHoe HanpHLKeHHe. YCTaHOBJIeHO, 1.I'TO B YICJ.IOBM-
fIX .o6pa6oT.K'H MeTaJIJIo.B ,naBJIeHHeM C YBeJI,H:1.IeHHeM ,naiBJIeH'HH Ha e!l.'H-

HUI.J.Y nO:BepXJHOC'TM TeJIa K03<p<PHlI.HeHT TpeHHH)'IM,eHblliaeTcH. TIo

JJ,aHHbI:M .onbI'TOB H. M. flaBJIOBa, np,H YBeJI�qeHHH ,ZI.aBJIeH!HH B 20 pa3

K'03<P<P'HIJ:HeHT TpeH.HH npH nip'oKaTKe Y,MeHbllaeTC'H B '.2-2,5 pa3a.

T elM n e p' a T Y Ip a. ,B npou..eece B3aHMI-IOrO InepeMell1.,eHHH nOBepx-
HOCTeH TPYIIJ.HXCH TeJI B ,p5I.ne CJIyqaeB Ha6JII04aeTCH 3Ha1.IHTeJIbHOe

BbIJ(eJIeH'He TenJIa. B 'MeCTax IHa!H61oJIee nJIOTHOrO KOHTaKTa TeM,nepaTY-

pa nOBepXHOCTH ,nOCTHraeT 500-JOOO°C H ,B IHeKOl'OpbIX CJIyqaHX

B03IMOLK
'

HO palCnJIaBJIeHHe MeTaJIJIa B 'MeCTax .Henocpe,nCTBeHHoro Ka-

:c'aHHH. TaK/HM 06pa30M, TeMn�epaTypa nOBepX'HOCTH TeJIa B CBH3 1 M C Ha-

JIH'qHeM Hep'OBHOCTeH pa3JIHqHa B pa3HbIX TOqK.ax KOHTaKTHOH nOBepx-

HOCTH iH Henpepbli�IHO H3MeHHeTCH no BpeMeHH. TeMnepaTYPHble
«BlcnbIllIKH» Ha no.BepXHO'CTH B OTJI,eJIbHbIX T01.IKaX np'O,ZI.OJILKaIO'TCH TbI-

CHq,HbIe HJI'H ,ZI.eCHTHTbICHq'HbIe ,nOJI,H ceKY:H)l.bI, B 'OT,Jl,eJIbHbIX T01.IKaX no-

BepXHOCTM TeM:nepaTypa nOJ(HHiMaeT1C'H BbIIlle TeM'nepaTy'pblpeKpHCTa.JI-

JIM3allMrH IMeTaJIJIa, npM '3TOM CHHMaeTCIH HaKJIen.

iKoJIH1.IeCT:BO .'TenJIa, BbI,ZI.eJIHIOI11.eeCH B pe3YJIbTaTe TpeHHH,. a TaK}Ke

3a CqeT JIepexo.u.a B TenJI10TY 3Hepr'IfH, 3aTpaqMBaeMOH Ha nJIaCTHT-le-

c-KYlO )I.e<p'op,MalI.H� BbIIGTyn:OBo.K�3bI.BaeTC� lIaC''f.OJIbKO 60.JIbllH'M, "(iTO
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MO}KeT H.3IMeHHTb MeXaHIHqeCKHe OBOH,CTBa .rr.ecpOpMMpyeMoro :MeTaJIJIa

BIO B'CeM ero 06'be:Me.
.

,Ha p'HC. 913,8 npHBe.n.eHa 3aBHcli"MOC'Tb K03<p<PHII-HeHTa TpeHHH OT

TeMnepaTY'pbI. 1M3 .paoC:MoTp-eHHH rpa<pH:Ka 'CJIe..n.yeT, qTO 'npH HeKOTO-

'POH TeMnepaType, xapaKTepHOH .L(JI'H KaLK.n.oro MeTa.JIJIa, K03<p<PHII-MeHT
TpeHH'H H:MeeT M3'KCHMaJIbHYIO BeJIMfllHHY. HaJIH'lIH-e lVlaKrCH.MYMa o6'b-

HCHHeTCH TeM, qTO .C pOIC1'10M TeMnepaTypbI Ha nOBepxHocTH 'MeTaJI,,1a

,nOCTeneHHO YBeJIIHqH;BaeTcH TOJIIll.H'Ha -cJIOH OK'H!CJI'OB, CBoHC''f.Ba KOT,OpbIX
H3'MeHHIOTCH npH H3MeHeHMH TeMnepaTyphI. C nOBbIIlIe.HHeM Te!Mnepa-

TYPbI TOJIIII:HIHa CJIOH 'OKHrCJIOB YBeJIH'q!MiBaeTcH, qrr-o npHBo,n:H'T K POCTY

KO.3<p<PHII.HeHTa TpeHrH5I. B 'ToqJ{e, cooT.BeTcTBYlOmeH MaK1CHiMYMY KPH-

HOH, 'HaqHHaeTCH pa3MHrqeHHe OKaJIHHbI. ,TIPH ,ZI.aJIbHeHllIe,M pOCTe

TeiMnepaTy.pbI K'03'<p<p'HII-HeHT TpeH�HH yi\1eHbllaeTCH lITO BbI3,BaHO YBe-

JIJ1i:qeHHeM nJIaCTH'q'HO-cTH rQ'Ka.JI.HHbI.

O,nHJCaH,�bIH MexaHH3M BJIHH:HHH TeMnepaT)'IpbI Ha CHJIbI TpeHUH

XOpOIliO IIO,ZI.TBep}K,ZI.aeTC'H lonbITaMH no onpe.ll.eJIeH!HIO K03<p<pHII.MeHTa
TpeH,H5I :B npOII.ecce npOKaTKH nOCJIe 'HarpeBa 'B !HeHTpaJIbHOH cpe,ne

(a'prOH) 'H B IBaKYYMe. ,fIPH Ha.'rpeBe H fnpOKaTKe B aprOHe BeJIHqHHa

K03<p<pH;I.J.HeH'Ta TpeHHH .B03!paCTaeT, a ,MaKOHMYM ero 1C\M'eIIJ.aeTCH B

C�OpO'HY 6 1 0JIee BbICOKOH TeMnepaTypbI no cpaBHeH'H1O co CJIyqaeM Ha-

rpeBa H np'OKaT-K!M :Ha H03J(yxe. TIpM HarpeBe H nplOKaTKe B BaKYYMe-

MaKCH'MYM ,Hc-qe3aeT, K03<p<pH'I.J.HeHT 'Tp-eHMH IMOHOTOHHO Y:BeJI'H'qIHBae1lC5I
C pOCTOM TeMIIepaTypbI, a ero a6COJIIOTH3.H BeJII1qHHa 60JIblle, 1.Jel\t1

npH npOKaTKe Ha H03.n.yxe 1M IB aprOHe. OTCYT,CTBHe MaKCH'MY'Ma .npH

n:p'OKaTKe B BaKYYIMe 06'bHiCH5IeTrOH OTCYTCT.BHeM IOKa.JIHHbI, a 60JIee

BbICOKoe 3HaqeH'He K'03'<p<PHII-HeHTa T.peH-HH .CBH3a:HO C TeM, qTO B BaKY-

YMe HC-qe3aeT Ie-JIOH «eCTeCTBeH'HOH» CMa3KH H3 MOJIeKYJI ra3a Ha no-

BepXH:OCTH TPYIIJ:HXCH TeJI.

.n1pH BblCOKHX TeMnepaTy.pax 06pa6oTKM HHor.n.a IH3I6JIIO.n.aeT,CH He.

KOTopoe TIOBblllieHIHe K03<p<pH:I.J.-HeHTa TpeHHH B CBH.3H -c !HaJIHna'HHeM

MeTaJIJIa Ha nOBepX;HOCTb pa6oqe,ro HHCTpYM.eHTa. H,aJIHII3iH'He Ha6JIIO-

,LLaeTiCH B TOM CJIYlqae, eCJI�H TeM:nepaTypa n'OBepXHOCTH HHCTpYMeHTa
6JIH'31Ka K TeMIIepaType ;o6pa6aTbIBaeM.oro MeTaJIJIa. TIpH 3TOM Ha He-

K'OTOpbIX yqaCTKaX n'OBepXHOCTeH KOIHTaKTa npOHlcxo,nH'T :npH'BapIHBa-
HHe MeTaJIJIa K H'HC'T1pYMeHTY. 8TH «Y3,JIbI CXBaTbI.BaHMH» OKa3bIBaIOT-

CH np01.LH
r

ee, 'qeM ICJI'OH !MeTaJIJIa, paanOJIOLKeHHble 'llQJl, :HHMH. IB pe3YJIb-
TaTe 'n.pH OTHIOCHTeJIbiHOiM JIepeMemeHHH nO:BepXJHOCT.H 06pa6aTbIiBae-
,Mor,o TeJIa If HHCTpYMeHTa nnCJIe,ZI.HHM «BbIpbIBaeT» KYCOqKH 1M3 IIO-

BepXHOCTHoro ICJI'OH IMeTaJIJIa. TIplH ,ZI.aJIb�HeHllleMB0'3,ZI.eH!C'TBHH Ha Me-

TaJIJI HaJIHnllI'He ;Ha IMHCTpYMeHT KYCO'qKH BbI3bIBalOT nop,qy 'nOBepX,HO-

CTH o6:pa6aTbIBael\1'OrO M.eTaJIJIa H HHCTpYM'eHTa. OnH'caiHHoe H,BJIeHHe

Ha6JIIO.n.aeT,CH 'M B rnpOI.J.eCce X'OJI'OJ(HOH ,n'JIaCTHlIOCKOH o6pa6o ' TKIM. 3.ZI.eCb

qaCT.HII-bI !MeTaJIJIa B «Y3.JIax CXBaTbIBa:H'M:H», IB03H'HKa�IIJ.H.X :B pe3YJIb-

TaTe B3aHMIH.oro ,C,ZI.B.Hra y'qaCTK,OB 'C IOBeHHJIbHblMH ,nOBepX'H'OCTHIMH

MeTaJIJIa M HHCTpYMeHTa, OKa3bIBaIOTC'H npOq;Hee pacnOJIO>KeHHbIX H'H-

LKe�aCTHII- 3a ,CqeT IHaKJIena.

X H 1\1 H 'q .e ,C 'K H H 'C 0 C T a IB ,M eTa JI JI a. Y'CT3IH'OBJIeHO, 'liTO KO-

,3<pCPHILH-eHT Tpe'H'HH npH ,06pa6oTKe .ZI.aBJIeHHeM yrJIepQ.n.HC'TbIX CTaJIeH

YM.eHbllaeTcH 'C 'P'OCTOM 'oo.n:epLKaHH5I yrJI,ep,o.ZI. a . 3'TO np'oH'CX10,lI.IH'T B CIHJIY
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113M ' eHeHH5I COCT05IHHH OKaJIHHbI 'H pOCTa ,ZI.aBJIeHUH. 0.0 TeM }Ke n'pHLIH-

HaM YMeHblllaeT,CH K03cpcpHI.J.�eHT TpeH'li'H Y TBep,ZI.bIX cTaJIefI no .cpaB-
HeHIHIO C .l\tI5IrKH!MH.

,C K 0 P ,0 C T b JJ. e1cp '0 p M a Ii H .H. K03cpcpHIl.:H l eHT TpeHHH npH MaJIbIOC

JI.aBJIeH'HHX YBeJIHqHBae11CH IC nOBbIllIeH1He:M CKOpOC'TH ,ZI.e<p'Op!MalI.HH, a

npH 60JIbllI I HX ,lI.aBJIeHHHX YMeHbllaeTC5I. TTp'I1 HeKOTopbIX Cpe,lI.IHHX
3HaqeHHHX ,lI.aBJIeHH'H 3aB-HCHMOCTb K03cpQ)I/II.J.'HeHTa TpeHHH OT CKOpO-
CTH xapaKTep'H3yeTcH K'PHBOH, ':HMeIOll1.eH I\f,aKCH,MY'M KOTOpbIH .c nOBbI-

lleHIHeM .n:aBJIeHHH OMeI.:QaeT.C.H :K HYJIe:BoOH -opAHHaTe. 3TOT <paKT MO)K-

H,O '06'b5IOH'HTb C�1Je,ZI.YIOIIJ.HM 06pa30M. KaK OTMeqaJIO,Cb, iB npOlI.ecce

TpeHHH ocymeCTBJIHeTCH ynpyraH .rr.e<l>'op!l\1aI.J.HH, .nJIaCTHqeCKaH ,.1I,e-

<p,opM.aU'HH -Ii pa3pYIlIe!Hue.

TI1pH MaJIbIX .,lI.3-BJIeHHHX Ha n,OBepX:HocTH K'OH'T.aKTa np,onCX,O,lI.,HT
n peH M Y lll.'e;CTHeHIH 0 np.o u:eCCbI nJI a ' C'TH1.I-eC'K!OH ,ZI.el<p'op M a I.J.HH IH.ep OBIH.O cTeH,
TaK KaK oonp'H'Ka'caIOTCH T'OJIb'K'O ,H-eK,oTopbIe qaCT,H BblCTy,nOB- nOB-e,px-

H.OCT'H. C'o:npOTH'BJIenne nJIaC'THqeCK'OH JLe�cp,op'MallJIH nOBbIllIaeT,CH C

YBeJI'HqeHUeM CK'OPOCT:H JJ.a�,opMaIJJ1IH, qTO np.uHOAH'T K P-OCTY KoaCPCP.H-
I.J.ueHTa TpeHHH.

fIpH 60JIb'IlIHX .,lI.a.BJIeHHHX no H3JI'0>KeHHbIM BblIIIe np'HqHHaM .UC-

THpa.HHe (H3HOC) YBeJIHIlJ:!HBaeTC.H. TI03TOl\rIY 3aKoHOMepHOCTH TpeH':HH
H,3'MeHHIOTCH: C pOCT'OM CKOpOCTH oonpOTHBJIeHHe pa3pYllIeH'H1O

YMeJHblliaeTCH, qTO BeJ1,eT K YMeHbIIIeHHIO K03cpCP-HI.J.HeHTa TpeH'HH. TIpH
aeK'OTo.pbIX npOMe}KYTOqHbIX BeJI'HqHHaX ,ZI.3BJIeHHH 3TH 'npOTHBOn'OJIO/K-
HO BJIH5IlOntHX ,lI.Ba cp3'KTOpa 06YCJI

I OBJIHBalOT nOHBJI.e.H'He MaKCHMYMa

Ha KPI:IBOH, xapaKTepH3YIOIIJ.eH 3aBHCHMOCTb K03<P<PHlI.HeHTa TpeHHH

OT CKOpOCTH J(e<popMaI.J.HH.
.

floHHTHO, qTO qeM 60JIblle 3:HaqeHHe ,ZI.aBJIeHHH -H TBep,ZI.OCTH no-

BepXH,nCTH TeJIa, TeM 6JIHLKe K HYJIeHOH op,ZI.HHaT.e pa.CIIOJIaraeTCH McaK-

�HMY'M. ,[La}Ke B HaH60JIee TH}KeJIO .HarpY)KeHHbIX nO,lI.lllHnHHKax 1\13-

llHIH :geJIHqIHHbI ,lI.aIBJIeHHH paBHbI 20--1410 MH./M2 (2-4 K2/MM
2

) ,
T. e.

OTHOCHTeJIbHO MaJIbI. B npou.ecce nJIaCTHqeCKOH 06pa60TKH 'MeTaJIJIOB

AaBJIeHHH OOblq.H;o HMelOT 60JIbIllYlO :BeJIHqHHY
-

,ZI.O 2000 MH/M2

(200 Kr /MlM2) H 60JI.ee. fl'09T,OM'Y Ko.3<p 1 (j>HI.J.H.eHT TpeHHH B 3THX YCJI-OBH-

HX IMOHOTOHHO YMeHbllaeTCH IC POCT,OM CKOpOCTH 'CKOJIb}KeH'H5I.

B .caMOM 06IIJ.eM BHJJ.e cymeC'TBO TpeHHH 3aKJIIOqaeTCH B npeBpa-
IIJ.eHHH MeXaHHqeCKOH 3HeprHH .J(BHLKeHHH B TenJIOTY. OpH 3TOM npo-
5IBJI51eTCH TeHJI.eHI(HH K 'BblpaB.HHBaHiHIO CKopocTeH ,lI.B'H>KeHHH T.eJI ne-

pe.rr.aqeH KOJIHqeCTBa ABHlKeHH5I mv. 'CHJIa TpeHHH BCer,ZI.a ,cTpeMHTc-H

33.Me,ZI.JII1Tb ,ZI.BH}KeHHe 60JIee 6bIlcTp,nro TeJIa H YCKOPHTb .n.B'H>KeHHe

60JIee Me.n:JIeHHoro. CHJIa TpeHHH, KaK H BCHKaH .ll.Pyra5I ICHJIa, HBJIHeT-

CH BeKTopoM. lTI03T I OMY Bonpoc 0 HanpaBJIeHHH CMJI TpeHHH pelliaeTC51
Ha OCHOBaHH'H CJIe.rr.YIOIIJ.HX co06pa}KeHHH [12].

ECJIH TeJIO A (pHC. 94,a) B nJIOCKOCTH, .nepneHJI.HKYJIHp'HOH HOp-
.

�

'MaJIbHoMY .ll.3:BJI,eH.HIO, nepeMeIIJ.aeTCH 00 OK.OpOCTblO U, a TeJID B.B '3TOH
�

nJIQlCKO�TH .IHeno.n.BHLKIHO, TO CHJIa TP.�HH'H T, JJ.eH'CT,BYIOIIJ.aH Ha TeJIO B,
�

'napaJIJIeJIbHa 'BeK'TOpy u. K Te.ny A 6y.n.eT npHJIO}KeHa CHJIa, paH�a� no

BeJIHqHHe T, HO IHMelOIIJ.aH ,n'pOTHBOn!OJIO�HOe HanpaBJIeHHe.
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IlpoeK�HH CMJIbI TpeHHH Ha JII060e HanpaBJIeHHe MO>KeT 6bITb Hai1-

JI.eH'a C nOM-OIll.blO KpyroBoH )I.Harpa,MIMbI, M306paLKeHHOH ;Ha pH.C. 94,6:

To = T CDS B,

r,l(e 8 -

yroJI. Me>K,lI.y narnpaBJIeH.HeM .CHJIbI Tp.eHHH 'H HanpaBJIelHHeM ee

npoeKI.J.'HH.

-�:�� (J,

.il

Q(!J ).�

If

",-. B

PUC. 94. HanpaBJleHHe' eRn TpeHRSI:I

a - 'KOr.D.a O.D.HO H3 Ten HenO.D.BH>KHO; 6 - B Kpyre TpeHHSI;' 8 - KOr,A8 Hanp8BJ1eHRSI ,ABR]KeHRSI
Ten He eOBna,A81OT

E'CJIH TeJIa A H B -nepeMeIll.aIOTCH B pa3JIHqHbIX Han'paBJIeHHHX, TO

HanpaBJIeHHe CHJIbI TpeHH'H MeLK,l{y 'COn:pH,KaCalOllI!H:M,M.CH TeJIaMH -na-

paJIJIeJIb'HO Han.pa.BJIeHMIO 'OTH.Q.C'HTeJIbHOr,O inepeMemeHMH. aTO 03I-Iaqa-
� ,--7

eT, qTO eCJIH TeJI.O A .M'M.eeT C'K'OP'OCTb U, TeJI'O B -

CKOP'OCTb V, TO
--7 � �

'

BeKTOp w = u-v eCTb BeKTOp CKOpOCTH nepeMemeHHH TeJIa A OTHOCH-

TeJIb'HO TeJIa B, IH ',HanpaBJIeH!He CM-

JIbI TpeHH5I !6Y\)I.e'T napaJIJIeJIbHO IBeK-

TOPYW.
Ha pMC. 94,8 ClnJIO III H'OH JI'H,HHeH

_

nOKa3aHbI rBe.KTOp CMJIbI TpeHiJf5I, ,lI.eH-

CTBYlOlnei% 'Ha TeJI10 B', 'M nYiHfKTHPOM-
Be.KT!OP CMJIbI TpeHHH, 'npHJIO}Ke'HHOH
K 'TeJIY A.

fly,cTb K HeKOT.oplOMY TeJIY npiMJIO-

>K.eHa' OHJIa Q (pH:C. 9.5). B peaYJIb'TaTe
PRC. 95. CxeM8, nOSlCHSlIOlI.\aH B08HUK- H03.neH'C'fIBMH 'CHJIbI Q Ha ,nOBepXrHOCTM
HOBeHHe CHn TpeHHH nOKOH H eRn Tpe-

.

HHH ,.D.BH>KeHHH KOH'TaK'Ta 'Te'JIa C a:nOpHOM �nJIOC'K,OCTblO

B03'HM:KaeT OMJIa TpeHHH T, npHJIo:m:eH-
BaH K TeJIY .CO .CTOP0I:IbI onopHOH nJIOC'KOCTM, pa1BiHaH n.b . .BeJIH1.IMHe H

npOTHBOnOJIOLKHaH nlo IHa.npaBJIeH�MIO CMJIe Q. ECJIH 'TeJIO a6'COJIIOTHO

"DHep.n.'oe, T,O :a npo�ec.ce 'YBeJIUqeHHH 'CMJIbI -aT 'HYJIH ;l0 H,eK,O'TOp.oro KPH-
THqeCKOrO 3'HaqeHMH 'TeJIO 6ry�eT OCra'BaTbcH HenOJI;BH>KHbIM, a 'CHJIa

TpeHH5I T 6YJI.'e'T pacTIIi 'C YBeJIH'q.e�He:M OHJIbI Q'. K,or.n.a CMJI-3 Q (a 'CJIe-

,lI.,oBaTeJIb:HiO, H .C:HJIa T) ,l{'O-CTHrHeT .H'eK:O'TOp.o:ro Kp.HTH,q'eeK,o'r,o 3,Ha1.Ie-

HHH, TeJIO HallJH'HaeT JlIBHraTbCH �no llJIOCKOCTH. flpH 3''}'10M B cJI'yqae

paHH,oM,ep'H.or,o J(BtMLK€lHHH 6y�eM cHMeTb: Q=T=IlP.
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113 1JI3JIOlKeHHOrO CJIeJI.yeT, nTO npUBe.D,eHHOe CQOTHOlleHHe !HMeeT

Mete-TO 'TOJIbK10 Tor�rr..a, 'KOr,lI.a 'np'OIMCXO,ZI.HT CKOJIb-LKeHHe. TIpM OT-CYTCT'BHK
CK/OJIb}Ke'HHH CiH.JIa TpeHHH T <JlP.

'TaiKH'M 06pa30M, CHJIbI TpeHH'H MO>KIHO ,pa.3,lI.eJIHTb Ha IC'H.JIbI 'DpeHI1H:

JIOKIOH H 'CHJIbI TpeHHH .lI.B"H>KeHCI1H
i (.CKOJIblli.eHHH) . B COOTBe'fiCllBiHH C'

3THIM K'03<P<P'H'I.J.MeHTbI TpeHHH IMO>KHO pa3JI,eJIMTb Ha K03<p<pH:II-HeHT:
TpeHiHH no.KOH H K03'<p'<p�HII.HeHT TpeHH'5! CKOJIb>KeHHH. flpH 3TOM K03cp-'

<pH�HeHT TpeHHH nOKOH BcerAa :MeHbIlie "K03<p<pH'I.J.He'HTa Tp-eHHH CKOJIb-'

LKeHHH. (K03<p<PHI.J.HeHT TpeHHH nOKOH M3MeHHeTCH �B npe,ZI.eJIax OT HYJI5E

,ZI.O CBoero npeAeJIbHOrO 3HaQeHIHH, paBHor.o KOE)'<p<pHJ..{iHeH'TY TpeHH5i

CK!OJI b'>KeH'HH:' .0 < Jln < J.1.

EICJIH CHJIa ,npMJIO}KeHa K y:npy,rOMY TeJIY, TO .np'H YBeJIHIlJe:HHH CHJlbI

TpeHHH 'OT HYJIH AO ICBoero npe,ZI.eJIb'H0J:'10 3-HaqeH'rH'H TeJI,O .u.ecp,opMHpyeT-
CH ynpyro (n'y.HK'nHP Ha 'PH'C. '95). E,CJIH nJIaCTHqeCKaH ,necpopMallJf51
TeJIa npoHcx,oAHT ;npH 3HaqeHHH CHJIbI TpeiHHH nOKOH T <f-tP, TO TeJIO B

n,poII-eCce Bi03!.lJ.eHic�BHH Ha Hero HarpY3KH 6y,neT J(e<pOpMHp-o,BaTbCH
1

TOJIbKO nJIaCTH,qeCKM.

Iflp!H.BeAeHHoe 'pa.3,ZI..eJIeHiHe CHJI TpeHHH 'Ha ICHJIbI TpeHHH nOK-OH H

CnJIbI T.peHHH JI.IBH}KeHHH c-ymeCTBeJHHO D.JIH nOHHM aIHH5I pHLlI.a HBJIe'HHH,
Ha

' 6JIIO,ZI.aeMbIX B np'oneoce Oca,ZLKH H np'OKaTKH.

HeCMOT-PH Ha J(JIHTeJIbHbIH CpOK (.3,.5 CTOJI.eTHH), npolle,n'lliHH crn

B:pe'M.erHM nepBbIx ll'OITIbl'rOK \HaY1.J\HO paapa60TaTb .Bon.p,OCbITeopHH Tpe-

HHH, 9Ta np06JIeMa (pa:3pa6oT3'Ha eIIJ.e rMaJIO BBM',ZI.Y ee CJIO}KHOCTH;. IIo-

3T l oMry Ha ,OCHo.BaHHH aIHa.JIH33" o:nbI'THbIX ,ZI.aH!HbIX .nOHB.lI ' HIOTCH ,Bce HO-'

Bble npe,nnOJIO>KeHHH no '06'bHCHeHHIO ,MexaHH3Ma 'I'peHHH�.: B 'pa6oTe
[il

l

l] npe,ZI.JIO>KeHO, HanpH'Mep, tBbIpa3H;Tb Y,ZI.e.JIbHYIO CHJIY .TpeHHH B .IBH-

,ZI.e <PYIHKII-HM:
-+ �

1: == f (<J, u) <J i
, (297)

-T

r,ne i - e.JLH:HH'q'HbIH BeKT,np -C.KOpO.CTH CtKOJIb>KeHHH HHcTpY(MeHTa no 'Me-

T aJIJIY;
U -

CKOpOCTb CKOJIbLK.eHH5I;

<J -IHOpMaJIbHOe KIOHT3iKTHOe Ha:npHLKeHHe.

TaKHIM o6pa30rM, 3,lI.eCb <PYHKII-HH ffa, u) BbIcTy,naeT B pOJIH «K03<l>-
<prHII.HeH'Ta TpeHHH». TaK;oH 'II,O,nXO,lI., no HarneMY MIHeHHIO, HBJIHe'I1CH

BeCbMa nJIO,JI.OTHOpHbIM.

2. CKOJIb:iKeHHe, TOpMO:iKeHHe H 3acToH

Ha nOBepxHocTH KOHTaKTa

IKalK H !ZI.HarpaM:MbI, nOJIyqaelMble .B npoII.ecce paC'TH:>KeHHH,. ,lI.Har-

paM,MbI, nOJIy'qaelMble npH IC}K3'THH, pa3(AeJI'HIOTCH Ha H:H,nH.KaTopHhle

,ZI.Ha'rpaMMbI, AHarpaMMbI YCJIOB-HbIX HainpHLKeHIHH H ,ZI.Harp3iMIMbI. iHCTMH-

HbIX 'HanpHLKeHHH (pHC. 96).

I TOM JI e HOB A. ,lI.. TeopHfl nJIaCTH1JeCKHX .u.e�opMal(HM MeTaJIJIOB. M., Marn-

rH3, 1951. 200 c. C HJI.
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113 pHC. 96,8 CJIe.QyeT, qTO TUnHqlHaH .D.I1arpaMIMa HCTH.HHbIX ,Hanp5I-
)KeHHH C}Ka'flH5I HJIaCTHqeCKHX MaTepHaJIOB ICOCTOHT H3 ABYX yqaCTKoB.
YqaCTOK oa cooTBeTCTB'yeT yrrpyroM ,l(ecpoOpMa�H.H, yqaCTOiK ac--

:rrJIaCTUqeCKOH ,lLe1cplopMaIJ.'HH. Krp,H'Ba5I ac B ,CBOIO Oqepe,lLb 'c-oc-
TOHT TaK>K,e H3 JI.BYX ,xapaKTeplHbIx yq.aCT:K'O'B: B np.e.QeJIax OT 'I'OqKH

.a .JI.O 'TiOqKH b yr10JI HalKJIOHa KpHBOM K OCH a6C�iHOC OTHOCHTeJIbHO He-

p
p

�I
c

p=L
Fa

P
fJ

=-

T fx

t5

tJh

ho

o

a o

1Jh

ho

tJh

PRC. 96. JI.HarpaMMbl C>KaTHSI:

a - HH.D.RKaTOpHaH; 6 -. ycnoBHblX; 8 - HCTHHHblX HanpSl>KeHHA

B.eJIHK, a y HeKOTopbIX IMeTaJIJIOB OH rrpHo6peTaeT OTpHIJ.aTeJIbHOe 3Ha-

:qeHHe. B TOqlKe b HaKJIOH KpH'BOM KOCH a6cU:H'cc Y1BeJIHqHBaeTCH IH KPI1-
.BaH H,lLeT IKPYTO BBepx.

ECJIH 'MaTepHaJI B ,lLaHHbIX YCJIOBH.5IX C}KaTHH OTHOCIHTeJIbHO nJIac-

Ta4eH, ToO ,lLa>Ke npH 60JIhmHX CTeneHHX AecpopMaIJ.'HH pa3pYll,HTb 06-

d

a

J

2

3

17

PRC. 97. nepexoA OT HannblBa K CKOnb>KeHHIO, 30H&I:

1- CKOnb>KeHHSI; 2 -

TOpMO>KeHHH; 3 - 3aCTOSi (a -

BHA C60KY. 6-

BH)). cBepxy)

pa3e� npaKTHlqeCKH He YJI.aeTC5I H ,oca.llKY npHX'O,lLHTCH npeKpaIll.aTb,

nOCKOJIb.KY )l.JI151 .D.aJIbtHeH.meDO B�eHM5I ,npOIJ.eoca Hie XBa'TaeT 'MOllt:HO-

CTH 060PY:AOBaHH51. MaTepHaJIbI IMeHee rrJIaCTlHqHbI,e Ha ronp.e)l.eJIeHHO'M
9Tane npou.ec1ca lQ.caJ1.KH pa.3.pymaIOTC5I (TOqKa c). .neper.H6 B TOqKe b

H.8KpHBOM 06YCJIOBJIeH SnH5IHHeM KOHTaKTHbIX' CH'JITpe�ij51.
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CJIeJI,Y5I A. <1>. r'OJlOBHHy
1

, npe�CTaBHIM, qTO.KpyrJIbIH II.HJIH-H",lLP .BbI-'

COTOH h .H Ipa,Z:lHy'oOrM r (pHC. 97) InOJI,BepraeTIC5I Oca,lL.Ke Ha ,B'eJIH'qHHY

dh. DpH 3TOM n:poHCx'OJI.HiT iflpHpaI11.eHHe JLBYX nOBepxHocTeH ,KOHTaKTa

dF H Y,MeHbllleHiHe 60K.OB'OH n.OBepXIHOCTiH dS, qTO 'M,O)KIH'O BbIpa-

3I1Tb KaK

d F == 21C (r + d r)2 - 2 1C �2; d S = 2 1t r Ii - 2 1C�{r -� d r) (h - d h)
I

HJIH ('npeHe6pe:ra5I BO BTOpOM 'CJIyq.ae 6eCKOHeqHO MaJIbIMH BbI,Cllero-

nop 5I .lI. Ka ): dF==4nrdr; dS==21trdh-Qnhdr.

ECJIiH dS � dE, TO npOHCX:O,lLUT HalnJIbIIB 60KOBOH nOBepx.'HOCTH HC1

KOHTaKTHYIO, ecJIH dS < dF, TO HanJIblB o.TCYTcTyeT :H HMeeT 'MeCTO

CKOJIb}KeHHe :Ha nOBepXlHOCT5IX K!OHTa.KTa.

C'KOJIb>KeHUe 6Y,lLeT ,HMeTb MteC''f:O TI!pH Y'CJIOBUH: dS--<' dF HJH1

rdh-hdr-<2rdr. 331nHllleIYI 'yrC.JIO'BHe .nOCT05IIHC'TBa 06'b.eMa 'l:i BH,lLe:

1tr2,h==1t(r+dr)2 (h-dh). DpeHe6pera5I 6eCKOHeQHO MaJIbIMH BbICllHX

.nop5I.z:LI�OB, iH'MeeM OTCIO',lLa:

dh r

dr=--.
2 h

n.O,lL.CTaBJI5ISI 3TO 31HaqeHHe dr B npe,lLbIJI.yn.r.ee paBeHCTHO, nOJIY4HM

h -< 2r==d.

CJIeJLOIBaTeJIhHO, 'eCJI.H BbIICOTa �HJIHHJLpa MeHblle ero .lI.HaMeTpa, TO

Hap
'

5I,lLY .c HanJIbIBOM 6YJI.eT npOHCX:O)l.H'Tb 'CKOJIb}KeHIHe Ha InOBepXHO-

CTSIX KOHTaKTa. 3''DOMY IMoMeHTY COOTBe'TCTByeT T04Ka nepe
1rH6a b Ha

KtPHBO.H C}KaTH5I.

D-oJryqeHHble 3 1 ,LLeCb .COOTHOlIIeJHH5I nO.lI.T:Bep}K,lLaIOTC5I onbI'tHbIMH

,lLaHHbIMH. ECJIH B35ITb 06p a3eIJ. .C J!.'ocTaTOq.H1O 60JIbllIHM OTHOllieHueM

BbICO'TbI K .lI.iHaMeTpy H nOBepxHOIcTb ero nepe,lL C)Ka'THeM ,noKpbITb paB-

HOtMep!HOH 'TOH.KOH TIJIeHJKOH OKH'CJI:O.B MJIH JIaKa, TO ,noc.JIe C>KaTH5I Ha

KOHTaKTHOH rrOBerpXJHOCTH JIer,KO OOHapY}KHTb TPH XOpOlliO pa3JIHqH-
IMble 06JIaCTH: IJ.eHTpaJIbHYIO q.aCTb, rJI.e nOKpbITHe OCTae'fiC5I IHenOBpe:iK-

J(eHHbIIM, inpOMe}KYTo'q'HYIO KOHII.eHTpIHltJeCKYIO 06JI3'CTb, r)l.e. nepBOHa-

IJaJIbH3'5I nOiBepXiHOCTb '4a.CTH;QHO nOBpeJK:)1.eHa, H 'nepHcpepHHHYIO KOH-

1I.eIHTpHqeC:KYIO qaCTb, r)1.,e nOKp�ITHe HiC4e3JI;0 H MeTaJIJI HMeeT 6JIeCT51-

LIl.YIO, 06HOBJIeHHYIO nOBepXHOCTb (.p:nc. 97).
O,qeBiH,lLHO, 'llTO B Il.eHTpaJIbHOH qaCTH' .KoHTaKTHoH nO:BepxHocTH 'CH-

.1IbI TpeHH5I ,6bIJIH 'MeHbllle C-HJI TpeHH51 C-K,OJIb}KeHH5I H ,He06paTI1Mble' lIe-

peMeI11.eHH51 M'eTaJIJIa OT.HOCHTeJIbHO HHcTpY!MeH'Ta OTCYTcTBOBaJI'H.
I�. D. YHKCOB Ha3BaJI 3TY IJ.eHTpaJIb:HYIO qaCTb30HOH HJIH yqaCTKOM 3a-

C'I'105I. ,Ha 3'DOM Y1qaCTKe HIMeIOT MeCTO .ne.peIVleI11.eHH5I, He npeBbIlIIaIOI11.He

neJIHqHHY nepeMeI11.eHHH B rrpe,lLeJIax ynpyroH 30HbI. B .nepI1cpepHlrHOH
lfaCTH ,MeTaJIJI HHTeHICHiBHO nepeMeI11.aJIC'5I OTHOOH'f1eJIbHO 'HHC'Tpy,MeH-'
Ta -

3TY 4aCTb Ha30Be.M yqaCTKOM 'CKOJIb}KeHBH. "B npOMe)K'Y'To'q'HOH
llaCTH 'CKOJIb}KeH.He 6bIJIO. MeHee HHTeHiCH.BHbIM. OHO nOCTeneHHO pa3-'
BHBaJIO'Cb -DiT 30HbI 3aCT05I K 30He eKOJIb}KeH'I15I, in,03TOiv1Y npOM'e}KYTOtI-

'IIYlO qaCTb ,MO}KHlO Ha.3BaTb y�acTKoM Top.MO)KeHIHH.. 3aMeqeHO, qTO

YlI aCTK,H C'KOJIb}KeHH5I'H TOpMO)KeHH,5I n05IBJISIIOTC5I JIHlllb nOCJIe Toro, KaK

BblCOTa UHJIH!HLlpa CTaIHOBHTC5I IMe:HhlIIe ero ,lL'HaMeTpa. 31'0 HaX,O,lLHTCH

1 rOJIOBHH A. cI>. TIpoKaTKa, lJ. I, CBep.D.JIOBCK-M.-J1., 1933. 135 c.
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13 CIOOTBeTCTBIHH C npH.Be,lLeHHbliM BbIllie paCqe�O'M. .O,nbITbI 'nO.Ka,.3bIBaIOT,

:qTO iB npoqecoe OCa)1.KH COOTiHOlIIeHHe Me}K)1.Y pa3Mepa , MH pa3JIHqHblX

yqaCTKOB Ha KOHT3"KT,HOH nOBepXHOICTH JHe.npepbIHHO H3,MeH5IeTC5I: C

pOCTOM CTeneH.H Jl.ecpOpMaII.HH BeJIHqiHHa yqaCTKOB 33-C'D05I H T'OpIMO>Ke-
HH5I Y'MeHblIIaeTC5I 3a c:qeT YBeJIH,qeHH5I yqaCTKOB !C�OJIb)KeHH5I. ,DPH

'OlIeHb 60JIblIIHX C'Terre:HHX .necpOpIMaI.J.IHH, KOr!1I.a BbICOTa 06pa3I.J.a 'CTa-

:H'o.BH'TCH ;MaJIa no 'cpaBHe'HHIO C pa3MepaMH ero nonepeq'HOrtO ICeqeH'HH,

yqaCTQ,K OKOJIb}KeHH'5I pacnpOCTpalH5IeTCSI Ha ,BlCIO KOHTaKTHYIO 'nOBepx-
IHOCTb.

3. YCJlOBMSI HaMMeHblllero :nepMMeTpa

H reOMeTpHQeCKOrO nOAo6HSI

113 lorrbI11HbIX )1.aHHbIX H3.BecT,HO, !lITO rrpH OCa.lJ.:Ke II.HJIM,HJI.POB pa3-
JIH'tJH.ono nonep.eqlHOr,O ,C-eqeH'Hr5I ono CTp!eM:UTC5I Inp'Ho'6p.eCTiH <P'OPMY
Kpyra, 'K0T10pbIH 'HiM.eeT ,HaHiMeHblII,HH nepHM.eTp' -H3 B-cex rrJI'OCK'HX cp!Hryp'

1
rrpM o.n.HHaKOBOH rrJIOI11.a.n.H. 3TO

llBJIeHHe nOJIyqMJIO HaHMeHOBaHHe

YCJI 1 0BH5I HaHMeHblIIero. nepHMeTpa,

KOToOp,oe .BbI3bliBaeTC5I KOHT a KTi}lbI-

M'H CHJJaMH TpeHM5I.

IlycTb CLKaTHIO nO)1.BepraeTcH

np5IMoyrOJIbHWA napaJIJIeJJerrHne,lL.

npH OCa,lLKe TeJIa 33 CqeT YMeHb-
rneHM5I BWCOTW ero norrenepeqHOe
Ceq'eHHe YBeJIHqMBaeTC5I, H CHJIbI

TpeHH5I HarrpaBJIeHbI rro HOpMaJIHM
K nepHMeTpy nonep,eq,HOrO 'Ceq,eHI15I

-� B CTOPOHY, 06paTHYIO HarrpaBJIe-
HHIO )1.BH}KeHH5I qaCTHIl MeTaJIJIa.

�e�OpMaI.J.H5I rrapaJIJIeJIenHrre.n.a

rrpM Oca)1.Ke 6bIJIa rro,npo6HO pac-

CMOTpeHa A. <P. rOJIOBHHbIM. CJIe..

PRC. 98. CxeMa K BhIBOAY YCJIOBRH Ra..
)1.Y5I eDO paccy:iK)1.eH'HSIM, B CHJIY

HMeHblIJerO nepHMeTpa: CMMMeTpHH paCCMOTpHM .n.e<pOpMa-
.a -

BRJJ. C{)OKY; 6 -

BBJJ. cBepxy I.J.HIO qeTBepTOH qaCTH rra paJIJI'eJIe-
nHne,na (pHC. 98).

B iHaqaJIe OCa,lLKH n'pH.paIll.eHHe 06'b,eMa np1H3.MbI no OC5IM x H Z 6y-
1

..neT: dV x
== bhdl, dV z

== -b 2 dh.
2

113 YCJIOBH5I nOCT05IH!CTiBa 06'beMa !CJI,e�yeT,

lJhdl + 1/2 b 2 dh.= 0, OTCIO�a
� == - �

l 2

113 YCJIOBH5I nOCT05IHCTB3 016'beMa )1.JI5I

:nap.aJIJIeJIenHlfIe.,Qa HMee.M:

--r--- ----,--

-t::

�
� I

a

\Y

dl
-Z-+-I

6

d'b "d 1 d h
------

b 1 h
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x

qTO ,dVx=-dV z , n03TOl\'IY
b dh

--

l h

O,lLHOH qeT,BepTOH qaCTH



DoO,lJ:CTaBJI.5IH clO.n.a Bblpa}KeHH.e dill, rrOJIy�qHM:

�==-
( 1- � �

)
dh

.

b 2 l h

,npHBe)l.,eHHble ypaBIHeHHSI CnpaIBe�JIH,BbI )l.JISI HallaJIb'HOH CTa.lIJHM

CLKa'TH(5I. 3aTeM npSIMoryrOJIbHrO'e 'Cell.eHHe nOCTen1eHH,O ,CTaHOB.HT!CSI 3.JI-

JIIMfIlTHlleCKMM. A. <1>. fOJIOBHIH nOKa3aJI, liTO )1.JI51 3JIJI!MnTHqeCKOr , o Ceqe-

HH5I Cn!pa.Be)(JIiMBbI COOTHOlIIeHHSI

�=_�
(
�

)
2

�. �= _

[ 1- �
(
�

)
2

] �.
[ 2 [ h' b 2 [ h

..QJI5I ,CeqeHHH, npOMe}KYTO,qHbIX 'Me}K)l.Y 3JIJIHHTH'lIeCKHIM H 'n.p5lIMoyrOJIb-

HbIM, 6YJI.YT HMeTb �MeCTO COOTHOlIIeHH51 BH)1.a

�== _�
(
�

)
n

�. � = _

[ -1- �
(
�

)
n

] �. (298)
1 2 [ h' b 2 l h

11.3 OrrbITHbIX )1.a'HHbIX 'CJI.e.n.yeT, QTO BeJIH!IlHHa n 3aBlMCHT !He TOJIbKO

OT HallaJIbHOH cpOpMbI nOnepeqHOrO CelleHH5I TeJIa H K03cpcpHII.HeHTa 06-

}Ka'TH5I rro BbIiC'OTe ho/hl' oRO H OT ,K i 03,cpcpHI.J.'HeHTa 1)peHHSI.
'.

TaK KaK
� </1 H n - ;nOJIO}KHTeJIbHOe 1IIHrCJIO, TO

l

d b d [
/1 db/I d l b l

>
[ 1

- > -.

5
- > f

- HJIH

b [' b · l b; 1;.
lo lo

TaKH'M 'o6pa30M: .blll i >bo/l o .

;OTCIOJI.a CTaHOBHTC5I 5I:CHbI'M, qTO B npOI.J.eCce 'OCa)l.KH OTHOlIIeHHe

CTOpOH nonepellHoro Ceq.eHH51 YBeJI'H!qHBaeTCo5I TaK, liTO OTHOlIIeHHe bll

CTpeMHTlC5I !K e.n.HHIH.I.J.e. 3TO 03'HaqaeT, 'll'TO np5IMoypOJIbHOe nOnepe'llHOe
CeqeHHe cTpeMHTcH B npOII.eece OCa�K'H n,pHo6.pecTH <p'O.pMY Kpyra. :TI'pH
HaJIHlIMH C'HJI TpeHiH'5I Ha nOBe.pXIH-OCT5IX KOHTaKTa 3Ta T'eH.lleHIIJH51 !Ha-

6.JIIO)l.aeTCISI )1.JISI TeJI, HrMeIOII.{HX JII06yIO' cpOpM'y rron,epeqHOrO celle'HIiH.

fIp1H.3'ToM ec.JIiH irrOnepeltHOe C-etIeH!He :H,MeeT BorHYTbIH rr'epHMeTp, TO

Ka>K)1.bIH H3 rrpOCTeHilIIHX 3JIeMeHTOB, COCTaiBJI5IIOlU.HX rronepellHoe ce-

qeHHe, ..necpopiMHPyeTC51 n.o YCJIo.BHIO HaHIMeHblIIero n.e.pH'MeTpa.

Y;CJIOBHe HaIH.MeHblII.ero neplH:MeTpa n03-BOJISI'eT .n:p'e)1.'yra)1.a'Tb xapaK-

Tep ,l(ecpopMan:HiH TeJI B .npou.recce rrJIa,C11HIl.eC-KOH o6pa6oTKH, liTO cy-

lI.J.eCT:BeHrHO .o6JIerQaeT 'paapa60T.KY TeXHOJIOrHlleCKHX rrpOI.J.eCCOB. 3a-

MeqeHO, 'qTO rrpH 'C>KaTHH TeJI, y ,KO'TOpbIX BbIICOTa .B ')J.Ba H 6oJI.ee pa3

npeBbIlliaeT ,lU1aMeTp, o6pa3y'e-TC5I T3IK 'Ha3blBaeMa51 «.lI.BOH�3'51 60I1II{a».

B inpo�e-Cice )1.aJIbHeHlIIero C}KaTHSI 3TH )l.Be 60QKH ICJIHBaIOTC5I 1M npH

HeKOTOpOH 'CTeneHH )1.ecpop'MaI.J.HH 06.pa3yeT05I iO)l.Ha '�OllKa. �npH CLKa-

THH TeJI, y KOTOpbIX .BbICOTa paBHa JIJHalMeTpy IHJIH IMeHblIIe .ero neJIH-

qHHbI, cpa3Y o6pa3yeTC5I "f.OJIbKO OJI:Ha 60QKa. 06LKaTHe, npM .KOTOP'OM
HaqlfHaeTCSI '06!pa3rO!BaHHe 60'q,KH, 'COOTBeTCT.ByeT 06LKaTHIO, npH KOTO-

pOIM y,CHJI.He C}KaTH5I HaqlH�HaeT pe3IKO B03paCTa'Tb, 'T. e. Kor.z:r.a h< d

06pa30BaHHe 601lKH 51BJISIeTC5I pe3YJIbTaTQM )l.eH.CTBHSI CHJI TpeHH5I.

TpeHHe o-6Y'CJIOBJIHIBaeT B03HH'KHOBeHHe CJIO}KH'O'M 06'beMHOH (Tpexoc-
HOH) cxeMbI Harrp�}KeHHOlro COCTO}lHH5I. Ha npeOAOJIeHHe CM TpeHM5I
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npHxo.n.HTC5I 3aTpa4HBaTb ,lLOnOJIHHTeJIbHYIO pa60TY, n-o,lL HX BJII1HHI1eM

B pH,lLe CJIyqaeB YCHJIHe JI.ecpOp'MaIJ.HH YBeJIH4HBaeTC5I B HeCKOJIbKO pa3

!nO CpaBHeHHIO C TeM, KOTOpOe 06YCJI i OBJIeHO HCTHHHbIM conpOTHBJIeHH-

eM M.eTaJIJIa .rr.ecpop,MaIJ.HH. OT xapaKTepa H BeJIH4I1HbI CHJI TpeHH5I 3aBH-

CHT H3HOC H KaqeCTBO rrOBepX'HOCTH H3,l1.eJIH5I. BMeCTe'c TeM pH.n. TeXHO-

"TJOrHqeCKHX rrpOIJ.eCCOB ,06pa6oTKH MeTaJIJIOB ,lLaBJIeHHeM HeIBo03MO>KHO

OCYI11.eCTBHTb, eCJIH CHJIbI TpeHH5I OTCyTCTBYIOT.

n'pOIJ.eCCbI 06pa30BaHHSI .604KH H H3MeHeHHe cpOpMbI rro,nepe\tlHOrO
Ce4eHH5I TeJIa B rrpoIJ.ecce oca.D.KH 'CBH,lLeTeJIbCTByIOT 0 HepaBHOMepHO--
CTH .rr.eCPOP,M3'IJ.HH rro eno 06'beMY. HepaBHOMepHa5I )l.e£pOpIM3rIJ.HSI He)Ke-

JIaTJeJIb'Ha, 'TaK 'KaK,cTpYK'Typa, a CJIe,IT:OBaTeJIblHO, H <p ' H3u4eC'K,ue CBOHCT-

Ba TeJIa nOCJIe JJ.ecpopMal�HH B pa3JIH4HbIX T04Kax .nOJIY4aIOT;C5I Ipa3JIHQ-

HbIMH. KpoMe TOTO, B pe3YJIbTaTe 'HepaBHOMepHOH .n.ecp'opMal1.HH Ha. 60-

K'OHOH nOBepXHOCTH TeJIa. M.orYT B'03HHKaTb TpeI11.HHbI .n.a}K.e np,H C>Ka-

THH )l.OBOJIbHO ITJIaCTH4HbIX MeTaJIJIOB. HepaBHoMepHocTb CTPYKTypbI. H

o6pa30BaHH.e TpeI11.I1H oc06eHHO He>KeJIaTeJIbHbI npH 06pa6oTKe BbICO-

KOnpOqHbIX MeTaJIJIOB H crrJIaBOB.

b ' OQK006pa3HocTb 'npH oca,lLKe BbIHy'>K,lLaeT Ha3Ha4aTb rrOBbIlIIeHHble

'npnnycKH IHa 3arO�OBKY. O,6pa3'YIOI11.'HeC5I 3-DHbI 3aTpY,l1.HeHHOH JI..ecp.op-
MaIJ.fIH, B KOTOpbIX CTenelHb ,lLecpop'MaIJ.I1H MHH'H!MaJIbHa, 3aC'TaBJIHIOT

Y:BeJIH4'UBaTb '06)KaT,He HJIiH y'cpeJJ.H.eHHYIO no 06'beMY CTeneHb ,lLeI£pOpMa-
I.I.HH.

n.pocp. A. CP. rOJIOBHH nOKa3aJI, .41'0' .Kor.n.a 'K03'£p<pHIJ.HeH.T TpeHHH

paBeH ;HYJIIO, TO H rrOKa3aTeJIb n IB cpopMYJIaX (298) paBeH HYJIIO. B

TaKOM 'CJIY4ae

db dl 1 dh
------

-
-

b I 2 h

I1HTerpHpY5I '3TO BblpaLKeHHe, nOJIYlIaeM:

�1 d b � 1

d I I �1 d h

j b
=

j 1
= -

2.� h
HJUl

b o lo ho

H J?� - !2.. - V
ho

b o

-

'0
-

hI.

Ig � == 19 � == � Ig
ho

b o '0 2 hI

OTCIO',lLa 'CJIeAyeT, 41'0 rrpH OT,CYTCTBHI1 TpeHH5I Ha nOBepXHOCT5IX
KOIHTaK'Ta TeJIO ',l1.ecpiopMIHpyeTC-51 TaK, 4TO OTIHOIll.eHHe Me>KJJ.Y .pa3Mepa-
MH nOrrepeQHOrO ,CeqeHH5I TeJIa OCTaeTCH �nOCT105IHHbI,M. STO. YCJIOBHe

cnpaBe,lLJIHBO ,l1.JI5I TeJI, 06JIa,lLalOI11.HX JII060H cpOpMOH nOnepeQHOro ce-

qeHlfH. OHO rrOJIY4HJIO HaHMeHOBaHHe YCJIOBI15I reOMeTpI1qeC'Koro 1110-

,l1.06HH.
B npOIJ..e1c-c-e ,0Ca,lL;K.H CHJIbI Tp.eHH5I nOJIrH.OCTbIO YC'TpaHHTb Hen03MO>K-

HO. TeM He MeHee, npH ,nOMOI11.H p5I,lLa npHeMOB MO}KHO CYI11.e.CTB€JHHO

YMeHbIIIHTI? HX BeJIH4HHY H TaKHM rrYTeM ,lL.06HTb'C5I 60JIee paBHOMepHOH
,lLecpopMaI..t:HH TeJIa. K 4.nCJIY T3'KHrX npHeM;OB OT\HOCHT'C5I: 1) .npUMeHe-
HHe H,HC'TpYM'eHTa 'C nOBepXH'OC'TbIO, .06pa60Ta!H!HOH Ino BbI.COKO-

MY KJIaccy 4H'CTOTbI; 2) npHMeHeHHe CMa3KH; 3) nO,lL6op Ha,lLJIe>KaI11.I1X

YC:JIOBHH ,l1.ecpopMaIJ.HH, onpeJJ.eJI5IIOI11.Hx C'OCTOSIHHe TeJIa: TeM,nepaTypbI�

C"KOpOCTH ,lLecpopMaIJ.HH H 06LKaTH:H; 4) OCa,lLKa Me>K,LI.y BbI'nY,KJIbIMH HJII1
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KOHHqeCKHMH 6oHKaMH; 5) npHMeHeHHe HerJIy60KHx KOHHqeCKHX HJIH

L(HJlHH.lI.pHqec-KHX BbITOqeK H3 Top:IJ.ax o6p36aTbIBaeMoro TeJIa, KOTO-

pble 3aIIOJIH5IIOTC5I oMa3KoH, TaK K3K MaJI35I lliHPHH3 6ypTa (0,.0'3-

O,4)d H H3JIHqHe CM331KH YMeHblli310T BeJIHqHHy CHJI TpeHH5I Ha ,noBepx-

BOCTH ero ,KOHTa'KT3 C '6oHKaMH; 6) HonO'JIb30B3IHHe rocppHpoBaHHblx
6'OHKOB JI.JI5I paCqJIeHeHHSI rrOJI5I CHJI TpeHH5I Ha 'nepBoH onepa'I.{HH npo-

L(eCC3 oca,l1.KH H HC!nOJIb310BaHHe rJIa.n:KHX 60HKOB IH3 BTOpOH; 7) rrpHMe-

HeHHe YJIbTpa3BYKa.

B. D. CeBep,neHIKo H B. B. KJIy60BHq H'OCJIe.llOB3JIH p3Cnpe,l1.eJIeHHe

.lI.ecpOpMa.L(HH Ino BbICOTe 06p33IJ.a npH OC32KHB3HHH B YJIbTpa3BYKoBOM

nOJIe C qaCTOTOH 23 K2l{. 'KaK CJIe,nyeT H3 pHC. 99, pacnpe,neJIeHHe .lI.e-

�

� -'0
��
��
��
��20
��

�

.
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o 4 B

JgOl.{bl
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12 0 IJ 8 12

J!/ If lIb/

6
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PHC. 99. Pacrrpe.neJIeHHe JJ.ecPopMau.HH no BblCOTe MeJJ.HbIX 0(Spa3-
U.OB nOCJIe o():>KaTHH:

a - B OObItlHblX YCJIOBHSIX; 6 - B YJIbTpa3BYKOROM nOJIe

cpopMaIJ.HH rro BbICOTe 06pa3IJ.OB rrOCJIe OCa.lI.KH B YJIbTp33BYKOBOM no-

JI,e npHM'O rrpOTHiHOnOJI'O}KIH�O pac.n'pe)J.'eJIeHHIO ,l1.e
1 cpop'M3U;HH B ,npoIJ..ecee

oca,l1.KH B 06blqHbIX YCJIOBHSIX.9TO MOLKHO 061>.5ICHHTb CYMMapHbIM BJIH5I-

HHeM HHepIJ.HOHHbIX CHJI, B03HHKaIOIll.HX B pe3YJIbT3Te ,l1.eHCTBH5I 60JIb-

IllHX Y-C-KopeHHH, TeMnepaTypbI, a Ta.K}Ke YMe'HbllieHHeM CHn TpeHHSI Ha

K.OIHTaKTlHbIX �nOBepXH'OC'THX. DpM 3TOM rrpIHM'�p'HO 'B 2 pa3a 'YMeHblllaeT-
C5I H BeJIHqHHa YCHJIH5I Oca,l1.KH. Do Mepe YBeJIHQe\HH5I HHTeHCHBHOCTH

YJIbTpa3BYKoBbIX KOJIeOaHHH CTeneHb HepaBHoMepHocTH JLe£pOpM3IJ.HH
YBeJ1HqHBaeTC5I. CJIe,l1.0BaTeJIbHO, HMeeTCSI npHHL(H!nHaJIbHa5I B03MOLK-

nOCTb JL06HTbC5I P3lBHOM.epHOH JLecp'opMaIJ.IHH, IBbI , 6.paB OnTHMaJIhHYIO

llacToTy yJIbTpa3BY;KOBbIX 'KOJIe6aHHH.
.

4. KpaeBaSi 3aAaqa C>KaTHSI

E. D. YHKCOByl H B. M. 3aBapIJ.eBOH B pe3YJIbT3Te OCTP'OYMHO H

cTporo nOCTaBJIeHHbIX onbITOB BrrepBble y.z:r.aJIOCb BbI5ICHHTb xapaKTep
H3MeHeHH5I Ha rroBepxHocTH KOHTaKTa He TOJIbKO HOp MaJIbHbIX, HO H

KaCaTeJIbHbIX Harrp5I}KeHHH C rrOMOI11.bIO rrOJI5IpH3aIJ.HOHHO-OnT�qeCKOrO
MeTo.rr.3.

OHH n:pIOH3HO,l1.H-JI.H OC3.D.KY rrJI'OCKI1X 'C'B}f:H�OBbIX' .06p 33QOiB IH 3 .npec-

1 Y H K COB E. TI. H,H}KeHepHbIe MeTOJ(bI paCGeTa npH ,o6pa6oTKe MeTaJIJIOB .z:r.30B-

.lIeHHeM. M., MallIrH3, 1955. 280 c. C HJI.
.

.
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6ce, HH)K'HI1I1 o.oeK KOTopor,o bIJI H3rOr-oBJIeH H3 OnTHq-eCKH 'qynoCTHI1-

TeJIb!HOrO MaTepH3JI3 11[M.-44 ,C rrp'e.1l.eJIOM np'onOpI-lH-OHaJJbH'OC'TH, paB-

'HbIM 4:9 MfilM
2

(4,-9 Kr /JvlM
2

). TIpe,lLeJI TeKyqeCTH qUCTOrO CBH!HIJ.a pa-

BeH 15- 120 Mfi/M2 (1,5- 12 KI /M.M
2

). aTO n03BOJIIHJI.O .np.OH'3BeC'TH nJIac-

rI1qeC-KYIO JJ..ecp,opMaIl.:HIO eBI1HIJ.'OBOrO o6pa3ua C rrr-OMOI11.bIO 60H'K3 '113

..np,03paqHOrO 'O:nTHiqeCK'H qy.nCTBHTeJIblHor.o MaTe:pHaJIa.

BeJIHqHHa CTeneHH .lI.ecpopMaIJ.HH B. rrpouecce orrbITOB H3,MeH5IJIa ' Cb B

npe,lLeJI3X OT 6 ,lLID 1;3 0/0. bbIJIH np.HH5ITbI Heo6xo,lL'HMble M-epbI JI.JI5I 'TOr-O,

'qTo.6bI CBHHIJ.OBbIH ,o6pa3eIJ. H OnTI1'qeCKH aKT,I1-BHa5I iTIJIlfT3 IHax,OJJ.HJIJ1.Cb'B

YC.JIOBH5IX rrJI'OCKOH )1.ecpop'MaUHH. B pe3YJIbTaTe OnbI!'OB orrpe.1I.eJI5IJIH,

tHOnOJIh3Y5I M'eTO,lLbI Teop'HH y,np'yr.OC'f:H, BeJIUqHIHY Hop'MaJIb'HbIX H Ka-

,CaTeJIbHbIX HarrpH:iKeHHH B pa3JIHqHbI:X TOq'KaX np03paqHOro 6oH'Ka, a

Ta'K}Ke Ha KOHTaKTHOH nOBepxHocTH.

OKa33JIOCb, liTO B 06I11.eM CJIYlIae 3onIOpa HOpM3JIbHbIX Hanp5I:>KeHI1H

(-PH'C. 100,a) COCTOHT H3 Tpex yqaCTKOB. H3 yqaCTKaX ab HOpMaJIbHOe

'Hanp5I:>KeHHe H3MeH5IeTC5I rro rrOKa3aTeJIbHoMy 3aKOHY, Ha yqaCTKa�
be - no JIHIHeH,HoMY 3aKOHY, Ha yqaCTKaX so - ,no na'pa60JIHqeeKoMY

3aKoHY.

'KaC3.TeJIbHOe Ha!np5I}KeHHe Ta"K}Ke HMeeT xapaKTepHble YlIacTKH. Ha

yqaCTKaX ab OHq B03pacT3eT rrpOnOpIJ.HOHan�Ho HopManbHoMy Harrp5I-

}KeHHIO: Txy==(Jy p..

Ha yqaCTKaX be KaCaTeJIbHble Harrp5I:>KeHI15I COXpaH5IIOT nOCT05IH'Hoe

3HaqeHHe, TalK qTO 3.lI.eCb

Txy
== !i = 1, 15 �

.

2 2

HaKOHe�, Ha yqaCTKaX oc K3CaTeJIbHOe IHarrp5ILKeHHe H3MeHHeTC5I no

JIHHeHHoMY 3aKoHy H 0'6paIll.aeTC5I B HYJIb Ha OCH CHrMMeTpHH. Ha OC-

HOBaHHI1 OnbI!HbIX .lI.aHHbI'X YCTaHOBJIeHO, qTO Ha 3TOM yqaCTKe

K x

"xy =

2 h
'

r,lLe h - BblCOTa nOJIOCbI.

YlIaC'IlKH ab, be, eo npe.z:r.cTaBJI5IIOT C060H COOTBeTCTBeHHO yqaCTKH

CKOJIb}KeHH5I, Top.MO}Ke
' HH5I H 3aCT05I. XapaKTep 3TIIOp H3,MeHHe�C5I B

3aBHCHMOCTH 'OT YCJIOBHH OCa)1.KH, BeJIHqHHbI 06}K3THSI, COOTHOlleHH5I

MeLK,lLy )1.JIHHIOH TeJIa Hero BbICOTOH H 'K03'cpcpHIJ.HeHTa TpeHH5I. B H�KO-

TOpbIX CJIyqa5IX OT.1I.eJIbHble yqaCTKH Ha KpHIBbIX MorYT OTCYT,CTHOBaTb.

MeTO.lI. cpOToynpyrocTH, 3 Bc.rrOCJIe,lI:CTBHH H cpOTOrrJIaCTHqHOCTH 6hIJI

pa3BHT H mHpOKO H30rrOJIb30BaH )1.JI5I H3YlleHHSI KOHTaKTHbIX Han'pH-
}KeH'HH rrtpH OCa,lL\Ke H B oco6eHHOCTH npH npOKaTKe ,TI. H. TIOJIYXI1HbIl'vI
Hero COTPY,lLHH!KaMH [;13].

(B npoIJ.ecce 06}KaTH5I B o6IIJ.eM cJIyqae ,Z:lecpopMaIJ.H5I Hep3BHoMepHa

nOToMY, qTO Hanp5I}KeHH5I YMeHbllaIOTC5I rro Mepe nepexo.rr.a OT KOHT3KT-

HbIX nOBepXH'OCTeH rK Cpe,lLHeH qaCTH Ino BbICOTe rrOJI�OCbI ('CM. p33.,ZJ.eJ1

TpeTMH, rJI. V). 4eM MeHbme OTHomeHH'e )1.JIMHbI �nOBepXHOCTH -KOHTaK-

Ta 1 K BblCOTe rrOJIOCbI h, TeM Bce 60JIee cOCpe,lLOTOlleHHbIH xapaKTep
HOC51T Harpys-KH H TeM 60JIee iHepaBHoMepHoH 'CTaHOBHTCSI Aecpop,M3UH5I.
B CB5I3H C 3THM BHellHHe CJIOH rrepelMeIlI.alOTCSI IB HanpaBJIeHHH, llep-
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neH,lLHiKYJI5IpHo,M HanpaBJIeHHIO C:>KaTHH, B 60JIblIIeH: Mepe, qeM BHYT'peH-

lIMe. BHelIIHHe 'CJIOH T5IHYT 3a C060H B!HYTpeHHHe, n03ToMy B HHX H03IHH-

KaIOT npO,lJ,OJIbHbIe Ha
'

np5I:>KeHH5I paCTSI}KeHH5I. KaK peal{jI.J.H5I no OTHO-

UleHHIO K HHM BO BHelllHHX qaCT5IX B03HH'KaIOT Hanp5I:>KeHHSI C:>KaTH5I

(pHC. 100,6).
-

-1

'TX I}
I<

''\

o c b a

h h r
xy

I<

f?

Xn X n

zlz l/2

a

PHC 1100. CxeMa KpaeBoif 3a.u.atlH C}J{aTHH nOJIOCbl C BHeKOHTaKTHblMH 30HaMI-r":

a - R3MeHeHHe KOHTaKTHhlX HanpH}I{eHHti no )J.JIHHe Tena; 6 - H3MeHeHHe npO)J.OJIbHbIX HanpH-
)KeRHfI no BbICOTe; 8 - H3MeHeHHC npO)J.OJlbHbIX HanpH}I{eHHft, eCJlH HCnOJlb30BaTb YCJlOBHe (j -

p

_ 0'0=") k B 30He npHJIHnaHHH

T1pUMeM, qTO B TOq.Ke (x==l/2; y==h�2) tHa l up5ILKeHHSI crx==.-n'K,

npHqeM 0 -<n' �1. npH n' =0 HMeeT MeCTO rHnOTe.3a nJIOCKHX Ceqe-

HHH, ,lLecpOpMaU,H5I paB:H10MepHa �no BbICOTe (<<HH3Ka5I» nOJIOca) H

<Jx=O. Dp.H n=='l,CYIlLecTiByeT MaKClI'MaJIbH3rSI 'HepaBHOMe.pHOC'Tb (<<BbI-
COK a 51» 'HOJI'OC a) .H ,cr x

== - K.

Y,CJIOB�e nJIa r CT1HqIHOCTH iB rJIaBlHbIX. OC5IX 3anH!lIIeTC5I B BH.lI.e crx
---

--,cry ==N K. TIpHHHMaSI 'V ==. +.1, nOJIyqHM cr
y

== - (n' +'1) K.

,0603HaqHM BeJIHqHHY n' + 1 =n 3 H Ha30BeM ee KO.3cpcpHI.J.HeHTOM
BHelIIHHX 3'OH. O'KOHqaTeJIbHO HMeelYI ,lLJI5I TOqKH (l/2, h/2)

{Jy
=== - n

3 K. (299)

3.lI.eCb n3 BbIcTynaeT KalK K03 I cpcpHI.J.HeHT �OpMbI, YlIHTbIBaIOll{HM BJIH-

5IHHe HHelIIHHX 30H Ha KOHTaKTHbIe HanpSI>KeHHSI npH OCa.lI.Ke.

'Bblpa}KeHH5I KOHTaKTHbIX Hanp5I:>KeHHH npH C}KaTHH JIerKO HaHTH

Ha OCHOBe rH'nOTe3bI ITJI,OCKHX CeqeHHH:, HCnOJIb3Y5I cHcTeMy ypaBHeHHH
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(195). BbIpa}KeHH5I )l.JI5I Hanp5I}KeHHH (198), nOJIyqeHHbIe ,l(JI5I yqaCT-
.KOB 'CKOJIbLKeHHSI ab, C yqeTo.M COOTHome!HM5I (299) rrpHMYT BH,l(:

. 2: (f-x) 1
'C

XY
= + n

3 K p. e; I

2 p..

(
1

)
2

: ( f
- X ) Ia

y
= - n

3 Ke
h 2"

-

x; a x
= K [1 - n

3 e ]. }

(300)

,LLJI5I yqaCTKOB TOp'MO}KeHH51 -I?c cH,cTeMy y'paBHeHMH (195) nepenH-
meM B BM,l(e:

d (J
x

2 n3. K

dx +T 'Cxy==O; O'x-O'y==vK; '(xy ,
+

.2
·

OTCIO.lI.a npH '(xy, B3SITo\M 'co 3Ha'KIOM MHHYC (rrOC'KOJIbKy Ha.rrpalBJIeHHe
ero .lleH'CTBH5I npOTHBOnOJIO>KHO HarrpaBJIeHHIO OCM x), nOJIyqHM:

.

n
3

K

O'y
=

h
x + c.

� Kn Kn
LLJI5I TOq:KH X==Xb HMeeM O'y ==

XY
= - �. TI03TOMY c=- �-

fA. 2p.. 2p..
n K

-
3 X

b
. I10JIara5I v�+l, ,l(JI5I y,qaCTKOB TOpMO}KeHH5I 6YJLeM HIMeTb

h .

n
3

K n
3

K

[
2 p-

]'C
XY

== +
2

; O'y==- 2p. l+�(xb-X); O'x=..O'y+K.(301)

,LLJI5I yqaCTKOB 3aCTOSI co, HOnOJIb3YSI CHCTeMY ypaBHeHMH

d (J
x

2 ,;
xy

n
3

K x

d-x
+

h
== 0; O'x

-

O'y
= v K; '(xy

= +
2 h (302)

.nPH LXY, B35ITOM .00 3H8'K'OM MHHYC, BbI'Be,l(.e'M CJIeJLYIOI11.,ee y:paBHeHHe:

x
2

O'
y

== n
3 K + c.

2 h 2 . (303)

113 YCJI,OBHSI 'HenpepbIiB'H'OCTH Hanp5ILKe I HMH cry B TOqK,e C CJIeJLyeT�
4"DO np'H X =Xc=.h npa:BbIe qaCTH COOTBeTCTBYIOI.Ile�O pa'BeHCTBa (:3-01)

11 (303) paBHbI. OTCIO.lI.a

n
3

K

[
I

2 p.

]
n3 K

C == -

2 fA.
1 --r- -;;- (x b

-

,h) -

2
.

[]OJL;CTaBI1B 3TO Bblpa}KeHHe B ypaBHeHHe (.3-02), "nOJIyqH/M:

a
y

=-

n;p.K [1+ 2: (Xb-h)]- �ah� (h
2

-X2), O'x ==

O'y + K;

n
3

'C
xy

== +

x

--

2 h. (304 )
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B TOIlKe b KacaTeJIbHble .Harrp5I}KeHH5I TXl! no paBeHcTBaM (300) H

(3
1

01) ,lLOJI>KHbI 6bITb paBHbI, In03TOMY

2p.

(
l

)
2p.

(
l

)h 2- xb n
3

K h 2- xb
,

- n
3 K po e = -

HJIH e ==

2 2�

OTCIO,lLa HaXO,lLHJM K'oopAHHaTY Xb:

xb l

+
In 2 p.

.

h 2h 2p.
(305)

C HCnOJIb30BaHI1eM. ypaBHeHHH (300) H (304) Ha pHC. 100 rrOCTpo-

€HbI 3.rrIOpbI .KOHTaK'I!HbIX Harrp5I}KeHHH. TI pHBe,l1.eHHoe perneHHe Ico.lI.ep-
}KHT rrpoTHBOpellHe, 3aKJIIOqalOI11.e�C5I B TOM, lITO ,l1.JI5I IBcex Y4aCTKOB yc-

JIOBHe TIJIaCTHqHOCTH B35ITO B cpopMe ax
- ay == K, T. e. B �npeArroJIO}Ke-

HHH, qTO KaCaTeJIbHOe Harrp5I}KeHHe MaJIO 'nO cpaBHeHHIO C HOpMaJIb-
HbIM. Me}K,lLY TeM Ha YllaCTKaX be OHO HMeeT MaKCHMaJIbHOe 3Ha1leHHe

(,;x y
= + � ) H yCJIOBHe IIJIaCTHIIHOC.TH B q>opiMe ax

- a
y =0 6bIJIO 6bI

3,lLeCb 60JIee n01.lI.XO.lI.HIlI.HM. Ho TOr,lLa MbI nOJIYIlMJIH 6bI pa3.pblB Halrrp5I-

>KeH.HH ax B T04Kax C. 'Crn:paBa 'OT OCH Y 3T'H HanpS[}K:e.HlHSI BHe3anHO

6bI YMeHbllaJIH ICBoe 3Ha1leHHe Ha BeJIH4HHy K, a CJleBa CHOBa YIBeJIH-

lII1BaJIHCb 6bI Ha TY }Ke BeJIHIlI1Hy (puc. 10.0). TaKHe CKa4KH He orrpaB-

lI.aHbI Ino e,MblCJIY 3a,l1.aIlH.

LLJISI Toro 'IITo6bI C,l1.eJIaTb 3a,l1.aQY 60JIee KoppeKTHOH, �pe,l1.CTaBJI5I-
eTCSI IJ..eJIeC006pa3HbIM Y4aCTOK 3aCT05I 06'be,lLHHHTb C YllaCTKOM TOpMO-
}KeHH5I B O,l1.HH, IHa3bIBa5I ero YllaCTKOM rrpHJIHITaHHSI H B COOTBeTCTBHH C

3THiM BBeC'rH H'OHoe 0603Ha4eHHe KIOop�'HHaTbI Xb=X n . TaKOH Ino,l1.x,o,lL

rrpaBOMepeH nOTOIMY, 4TO TeOpeTHlleCKH [14, c. 218] H 3KcrrepH,MeH-
TaJIbHO [5] �OKa3aHO, 4TO xapaKTep nepeMellteHH5I llaCTHIJ. MeTaJIJIa

OTHOCHTeJIbHO HHCTpYMeHTa Ha Y4aCTKax TOpMO)KeHHSI H 3aCTOSI 'H.lI.eH-

TH4eH.

Ha OOHOBaHHH MHOT04HCJIeH!HbIX OJIbITQB no Oca,l1.Ke YCTaHOBJleHO,

lITO KOHTaK'T.Hble Kaca-reJIb!Hble Halllp'SI>K.eHHH rrpH HeH3.M,eHH,OM OOCT05I-

HHI1 TPYIlI.HXIC5I :nOBepXHOCTeH 3a'BH-C"5IT He T'OJIb'KO OT BeJIHqHIHbI HOpMaJIb-

Horo .1l.aBJIeHHSI P, HO H OT BeJIHqHIHbI 'CKOp'OC'flH KoQIHT3'KT'HODO CMemetHH5I

11, T. e. IlTO BbIITOJIH5IeT1C5I 3aKOH (297). aTO !IT03BOJI5IeT nOH5ITb, rrOlleJMY

IIpOHCXO,l1.HT ,CHH}KeHHe BeJIH4HHbI .KacaTeJIbHblx Hanp5I:>KeHHH C YBeJIH-
IleHHeM HOpMaJIbHbIX .lI.aBJIeHHH Ha Y4acTKax KOHTa'KTa C 30HaMH rrpH-

el1HlnaHHSI. B 'KpHTHlleOKOM ce4eHHH T =0, nOTOMy IlTO rrpH 3TOM u=\O,
X ' OT5I .H.opMaJIbHOe K ' OHT3-KT1HOe nanpSI'}K'eHHe M3-WC.HMaJIbHO. MaJIbIM CM.e-

IlI.eHIH5I'M B 30He 3aCT05I coo�BeTcTBYIOT H MaJIble KaCaTeJIbHble Hanp51-

}KeHH5I. TaKHM o6pa30M, MOLK'HO rrpHH5ITb, 4TO B 30He InpHJIHnaHHSI
K

HMeeM Txy== =t
2

H, CJIe.n.OBaTeJIbHO, YCJIOBHe llJI3:CTHqIHOCTH ,lL1Q'JI}KHO

6bITb BbI6paHO IB BH,lLe ax
- a

y =0. �!1��
OKOHllaTeJIbHO H.MeeM CJIe.lI.YIOlltee perneHHe KpaeBOH 3a,l1.a4H CLKaTM5I

3 YCJIOBH5IX rrJID-CKIO'H P.e.cpOpM 3'IJ.HH:

30Ha CKOJIb}!{eHH5I ( . � � x � � )
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�
(

l... - X )ax h 2
-==-n

3
e ;

K

30Ha npHJIH!naHHH ( 0 -< x -< � )h
I

n
3

a
y

a
x

n
3

[==+-; -==:-==-- 1+-

2 K K 2p.

( 306)

"xy
K

2 p.

h (Xn- X )]; (307)

X
n _

I

+
In 2 p.

. ( 308)
h -2h' 2p.

H3 nOCJIeJI.HHX .paBeH'cTB 'CJIeJI.yeT, 1J:TO B 30He !]]pHJIHrraHHH HOpMaJlb-
IHbIe HanpHLK,e t H.H , 5I H3'M'e:HHIOT,CH n,o JIIHIH.eH.HOIMY38'K 1 0HY 11. pa3lHHu.a C p.e-

Ill.eHH.e'M n'p-H .HaJlHtIH'H ytIalCTKa 331CT-G5I .BbIpaLKaeTC5I nJl.o�a.nblO Tpey-
rOJIb'HH-Ka 1-2-3-4 Ha pH-C. 1 1 00,a. ,HainpHLKeHHe ax B To.qlKaX x=

=Xrr OKatrKOoOpa3Ho (a B JI.eHCTBHTeJIbHOCTH OqeHb ObItCT'pO) YBeJlHlIH-
'BaeTCH A'O 3Ha'lIeHHH ay, lITO, 'KaK YBHJ{HM n03LKe, HaXOJ(iH'T CBloe 10.01>-

5IlCHeHHe.

5. Hanps[,)K.enHoe COCTOSlHHe np.H C>KaTHH

PesYJIbTaThI peweHHH OJlJHIO'Mep'Hoif sa,na 1
[H, IIOJIy'qeH'HbIe B InpeJI.bI.rr.y-

Il{eM pa3,lI.eJIe., HcnoJlb3yeM Tenepb B KaqeCTBe KpaeBhIx Y'CJlOBHH: J(JI5I

peIlleHHH nJlOCKOH: (.rr.IByxMepHOH:) 3aJI.aqH 0 HanpH�eHHoM COCTOHHHH

!lPH CLKaTHH. Ha OCHOBaHHH nepBbIx J(BYX paBeHcTB (171) H COOTBeT-

CTBYIOIIJ.HX )1.ByX paBeHcTB (3.0.0) H3 !npeJ(bIJ(ymero nYHKTa nOJIyqHM

npH y=h/2
mh mh 2 p.

(
l

)
-

(C 1 e
mx

+ C 2 r
tnX

) (Ae
2 +Be- 2

)
= + naK p.eh "2-

x

;

-(c1e
tnX

-

c2 e

- m

j (Ae
� _Be- �h

)+c=_n a K e

2

: (1--x)

o TC IOJI. a :

2p.
-- x

C O
.

C O
.

e
-mx

= e
h

}==, =,

2 fA.

m== h (309)

p.l �l

C2 (Ae� + Be-I).) = + n
3 K p. e

h
; C2 (Ae� - Be- �)== � n

3 Ke'h. (310)

H.3 Co-OTiH'OIllteHIH.H (310) tn,oJl'Y.qaeM �'Ba BbIp-a:>K'eHH5I JI.JIH K'OHCTalHTbI C2:

C2 = +

p.l

ns K p. ell

AeP. + Be- p.
C 2

== -

p. l

n Ke
h

3

Ae� - Be- �
(311 )
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IlpHpaBHHBaH npaBbIe qaCTH 3THX IpaIBeHCTB, IrrOJIyqHM:

AeP. + Be- p.

p.
=

AeP. - Be- p.
(312)'

MbI npHlllJIH K 'BaLKIHOMY ,COOT'HOllleHUIO. .npO'CTG-H 'HOJ(CTa:nO'BK'OH JIer-

KO yoeJI.HTbC5I, qTO eCJIH COOTHOllleHHe (16) BbIllOJIHHeTCH, TO ,lLH'cplcpepeH-
Il.HaJIbHbIe ypaBHeHHH paBHOBe-CHH T-OLKJ!.eCTBeHHO YJI.OBneTBOpHIOTCH.
BMeCTe C TeM -KOHCTaHTbI A H B HBJIHIOTC5I InapaMeTpaMH, OT KOTOpbIX

3aHH'CHT BeJIHq'HHa 'H!){apaKT1e:p H3M.e.H.e,H.HIH HanpHLKeHHH no BbI,c.O'Te Te-

JIa. Ta'KH,M oopa30M, H3 eOOTHOlleHHH (312) ,CJleJI.yeT, qTO 'K03cpcpHUHeHT

Tp'eHHH HBJIr5I-eT1C5I 'TeM ,cYIll..ecTBeH'HbIM cpaKTop,oM, KOTOpbIH o,npe.lI.'eJlHeT

HanpHLKeHHoe COCTOHHHe npH 06pa6oTKe MeTaJlJlOB .lI.aBJleHHeM.

BbIpaLKeHHH .lI.JIsI HanpHLKeHHH C yqeTOM nOJlyqeHHbIX peaYJIbTaTOB
HMelOT BH.lI.:

2 p.

h

Txy
== + n 3 K 1.1 e

(f-x)

2: (1--x)
a

y
== -. n 3 Ke

2 IL

( �
_ x ),

h
a x

= -- n 3 K e

2p. 2p.
y

--

y

Ae
h

+ Be
h

Ael-'- + Be- I-'-

)

2p. 2p.

h
y

h
Y

Ae -Be

Ael.L - Be- I-'- t (313)

2p. 21.L

Ae
h

y
_ Be

-

h
y

AeP- - Be- p.
+ k.

KOHCTaHTbI A H B MO}KHO 'HaHTH ,.lI.BYM5I

MO:tKHOCTb
-

BOc.nOJIb30BaTbCH Y'CJIOBHetM

Han,p51}KeHHH B cepe.rr..HHe TeJIa .rro BbI'COTe:

a a
y

ay
== 0 npH Y

= o.

3T'O Y,CJIOIJ3H.e .aaeT A ==-B, H H3 C'HCTeMbI (1313) nOJIyqHM:

'C
xy

== -!_ u.. C() e
2: ( +

-

x) .

K
� � 't'1 ,

n
3

2 I.L

ax h

=-CP2 e .

n
3

K

cnoco6aM.H. ,IlepBaH
-

B03-

:MH.HHMY�Ma Hop.MaJIbHOrO

cry 2: ( � -xL
= -

CP2 e
n

3
K

I

l

(
- -x

) 1
\2

+_.
n

3

(314)

B 31"HX Bblpa}KeHH'HX

21-'- 2p.
-y

--

y

e
h

-e
h

CPt
=

el.L - e- p.

2p.
c11

h Y

ch p.

2p.
shT Y

sh p.

CP2
==

2p. 2p.
-

y
--

y

e
h

+e
h

el.L + e- I-'-

(315)

.2'37



C IHCn'OJIb30BaHHeM ,BblpaLKeH'HH (314) H (315) Ha pHC. 101, a 110-

cTpoeHbI 3ITIOpbI 'Hanp5I}KeHHH. 113 pHCYHKa CJIe.u.yeT, qTO H'opMaJIbHb!e

Hanp5I}K'elHH5I ay H ax .He3Haq'HTeJlbH , 0 .H8MeHHIOTCH no BbIC-GTe TeJIa.

.!3.!I
K

+y

-1
r.'

--r:- !:..El

a
K

-y

� !!.L L:J:,fj +y
K J<. /(

.�

-1

-1 +1

6
-y

�
I

�.--

J( K

PHC. 101. 8nropbl HanpR>Ke-
HUH no BblCOTe TeJIa npu

C>KaTUU nOJIOC C BHeKOH-

TaKTHblMH 30HaMH:

a - HH3KOH (8a / iJy=O
!.J

npH y=O); 6 - BbICOKOA

(d 't /iJy=O npH Y = 0);
xy

8 - HH3KOii npH J..t = 1,21

-0,56
+044

,

_8

,COOTHOllleHlle A = -B JlerKO nOJIY�HTb TaKLKe !H.3 Y.CJlOBH5I 'CIiM'MeT-

pIiH KaCaTeJIbHbIX HanpH:>KeHHH 'Lxy OTHOClHTeJIb!HO OCR X '(T. e. npH

y=O). E'CJIH KaCaTeJIb'HbIe HanpHLKeHHH 'MaJlbI ,no 'cpaBHeHHIO C IHOp-

MaJIHHbIMH, TO MO:>K.HO npHHHTb, �TO npH A =-B -B nepBOM npH6JI'H}K.e-
HHH cnpaBe.u.JIH,Ba rHnOTe3a nJl,OCKHX CeqeH'HH. TaK'HM .o6paaoM, pa.BeH-
CTBa (3

1

14) 'H (31�5) xapaKTepH3YlOT cJlyqaH .C:>K3THH HH3KIHX ,(rroHKHx)
ITOJlOC.

Opl1 A =-B ypaiBHeJHHe (.312) npHo6peTaeT BH)l.: J.!=thJ.!.
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TaKHM 06pa30M, eCJIH 0<p.<O,5 , .lI.Hcpcpepe,HUHaJlbHble y;paBHeHH5l

YJI:OBJIeTBOpHIOTCiH C x-oporneH ct:eneHblO n,pHOJlH:>KeHHH.

iBTopaH B ' 03MOLKHOCTb onpe.lI.eJIHTb KOH'C'TaHTbI A, B 3aKJIIO'qaeTC5r

B 'TO!M, q'DOObI BOOnOJIb3-0BaTbC'H YCJIOBHeM MHH'HMYMa KaCaTeJIHHb[X.

HanpHLKeHiHH:
a,;

xy
= 0 npH Y == o.

ay

3T:O YICJlOBHe .lI.aeT A ==B H ,MbI nOJIyqHM 'H3 CHCTeMbI (3!13) C'HOBa

paBeH-cTBa (314). O,.lI.HaKO B 3TH X paBeHCTBax

2� 21-'- 2�

e
h

y

+ e- h
Y ch

T
Y

�= %==
�p. + e- I-'- ch p.

2 p.
sh

� y

sh p.

l(aK H B npe..lI.bIJI.YI.I.J.eM ,cJlyqae, COOTHOllieHIHe A == 1) TaK}Ke CJle1I.yeT

�H3 YCJIIOB'liiH cnM�M'eTpHiH KaCaTeJIhHbIX HanpHLKeHHH LXY 01lHOCl1TeJIbHO

,oeH x (:P'HC. 1'01,6). H.o B ,cJlyqae A =-B Ha lOCH C-HMMeTpHH 6bIJIO

paBHO HYJIIO a6C-OJlIOTHOe 3-HaqeHHe KaCaTeJIb'HOrO HanpH}KeHHH

LXy=t yX . B'.CJIy,qae LKe A=B !Ha 'Oc.H CH'MM'eT1pHH B HYJlb -o6paI11.aeTCH

cpeJ(Hee 3Ha4eH'He ,KaCaTeJlbHOrO HanpH:>KeHH5I. l'aKH,M :o6-pa30M, Ha

npO.lI.OJIbHOH OCH OHiM,MeTpHH (x===O) KaCaTeJIbHbIe Ha.np'HLKeHl1H npe-

TepneBalOT pa3pbIB. B,MeCTe C TeM H.opMaJIbHbIe IHanpHLKeHHH 3Ha l II1-

TeJIbHO MeH5IIOTCH TaK, qTO B C'pe.lI.'HeH: qaCTiH no BbICOTe TeJIa C)K'HM3IO-

I11.He Ha:rrpH:>K'eHHH (Jy MHHHMaJlfjHbI, a paCT5IrH'BalOIlI.He (JxMaKc.HMaJIb-

H bI ( P 11 c. 1 0 1, 6).
():lHCaHHbIH xapaKTep Hanp.51)KeHHOrO COCT05IHHH ,B cpeJ(HeH qaCTH

no .BbI'c.oTe TeJla, xapaKTepH3yeMbIH 'HaJIHq:HeM IKaCaTeJIbHbIX Ha.npH)Ke-

H'HH:, 'OTHOC'HTeJlbHO JHe60JIbllHX nOnepeqHbIX C:>KHMalOI11.HX. H 3HaqH-

TeJlbHbIX npoJ(OJIbHbIX paC-T5IrRBalOI11.l1X HanpH}KeHHH ,MOLKeT np�HBo-

J(HTb .3JI.eCb K pa3pYlleHHIO, qTO 'H Ha6JIIO , AaeTcH B npaKTH.Ke npH oca.n.-'
Ke BbICOKHX .nOJIOC B npoI.J.ecce 'OrrepaI.J.HH BbIT5ILKKH (CM. n. 1 1

2), eCJlH

OHa npOBOJ(HT.CH ..HenpaB'HJIbHO. TaK'HM 06paaOM, ';paBeH'cTBa '(314) npH
HaJl'HqiHH CooTHolleHHH (316) xapaKTepH3YlOT ICJIyqaH CLKaTHH BbICO.-

KHX (TOJICTbIX) nOJl'oc. IlpH A ===B ypaBHeHI1e (312) �npH06peTaeT Bl1.lI.'

f.-t
= 'cthf.-t. r�p a1cpH:qec.Koe p erueHHe 3Toro yp aBIHeH'HH .aaeT f.-t ='1,.2,1.

ECJIH BOCnOJlb30BaTbCH .3TH'M 3HaqeHHeM f.-t H no paBeHcTBaM (314)
H (315) BblqHCJlHTb. HOpMaJIbHble HanpHLK,eHHH, TO MbI nOJIyql1M 3nlO-

pbI, H306paLKeHHble Ha pHC. 101, 8: B I.J.eHTpe ICeqeHHH (y=== 0) rrOJ1yqa-
IOT,CH CJIe.lI.YIOIll.'He 3-HaqeHHH Hop.MaJIbHbIX Harrp'HLKeHHH:
o-yjK=-O,:5J6; (Jx/K= +0,44.

B'OCnOJlb3yeM'cH Tenepb COOTHorneHHeM H3 nYHKTa 1:

1 0"3
e,= ----

\

2 20"1

B HarneM .CJIyqae cr. =.0,44 K IH (J3=0,/56. O'08TOMY

u=�
( I +

0,56

) =114.
'2 0 44

'

,

2 (J.. 2 P.
-

Y
--

Y

e
h

-e
h

e
P '

- e

-

p.

(316)
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;MbI nOJIyqHJIH 3'Haqe.HHe KOecptc}:>Hu'aeHT�/Tp-eHHH, OJIH3'K 1 0e K f.,t===! ,121,
"BbI,BeJLeHHOro H3 ypaBHeHHH (31;2) ,np!H A =B. TaKIHIM 'o6pa30M, npH

/

OeaJI.Ke BbICOKHX n,oJloc Hep aB:HOIMep:HOC'Tb 'HanpHLKeHHoro C,OC�OHHI15I

(H, CJIetlI.OBaTeJlbIIO, HepaBHOMep!Ho,cTb J(ec}:>,opMaI.J.HH) no CBoeMY no-

pHJ{KY 6bIJIa 6bI T3IK LKe BeJI!HKa, KaK H n:pH 'ocaJ(Ke IHH3K'HX nOJloe C

O'lIeHb 60JlbllIHMH K03cpcpHIJ.HeHTaM'H Tp.eHH5I, 3HaqHTeJIbHO ,npeBbIIllalO-

IIJ.IHMH ero .o6bIq,HYIO BeJlHqHHY f.,t-=O,5. Ho Ha KOHTa'KTHOH 'no.BepXHOCTH
MeTaJlJIa C HHcTpYMeH�oM K03c}:>,cpH.I.J.HeHTbI TpeHHH OOblqHO He -npeBbI-
llialOT BeJIHlIlHHY 0,5. 003TOMY eCJlH Ha KOHTaKTHOH nOBepXlH'OCTH HiMe-

IO'TCR y,qa.CTKH J..L
= 0,:5, ToO CXelMa iHanpHLKeHHor:o 'OOCTOHHHH 1H'3M.eHHeT-

C� T3iKHM 06pa.30M, KaK 3TO ,nOKa3aHO Ha p'HC. 101, 6.

MbI nOJIy.qHJlH p.elleHHe llJlH 30H CKOJIb:>KeH.HH. PeilleHIHe ,lJ.JI!H 30I-lbI

npHJI-H.naiH'HH :llOJIy-qHM H3 ,C'HCTeiMbI 1(3�14), npHiHIHMaH BO B'H:H�MaHl�e
Y'CWIOB.HH Ha rpaIHH:I.J.e 1MeLK.lI.Y 3'OHatM,H CKOJIbiKeHIHH H np'HJIHnaHHH.
BOCnOJIb-30naBIll'H'Cb pa3J1 I OLKeHHeM .B pIHJL, npeH.e6peraH 'MaJlbIMH BbIC-

ruer,o nOpH.lI.Ka H InpHHHMaH ;BO BHH�MaHIHe, qTO B TOq-Ke .nepeXO.lI.a OT

:.aOHbl 'CKOJIbLKeH!HH K 30He npHJIHnaHHH .H 1J.aJlee .B 3TOH 80He J.1= 1/ 2 , no-

.JIyq'HM nep.Boe 111.3 ipaBeHCTB (3�14) B CJI.eJJI.YIOIll..elM BHJI.e:

*'xy
1

==+-(1)

113 K
-

2
'1'1.

IBoc.uOJIb30BaBlll'H-Cb pa3JIOLKe'HHeM B .pHJI. H npeHe6peraH IMaJlbI,MH

!BbICllIeDO ,nOpH,lJJKa, 3anHIIleM B'TOp'Oe H3 paBeHcTB (314) KaK

(J
y

=== _

[ 1 + �
(
� - X ) ] CP2.

n
3

K h ,2

eTO paa.eH\CTSO npeo6pa3yeM, n,pH'H�HMa.H 'BO :BHH'MaIHtHe HaJH11IHe 30HbI

IIpHJIHnaHHH. LLJlH 3Tor,o 3aM.eHHIM 1,/f2 .Ha xrr. ,[{aJIee, ,npH x=X n

't
XY

K
0IiMeeM a == - - - -

f 03TO:MY
y

fl. 2p.
.

.

(J
y

= _ �
[ 1 + � (x n

- X) ] CP2.
,n3 K 2 p. h

npHIHHMaH BO BIHlHMaHHe, qTO B 30He IllpHJlHrra.HH.H O"x-,cry===O,'OK'OH-
1IJ: a TeJIbH'O ,nO_JIyrq'H:M:

-r:
xy

1 (J
y

(J
x

1

[
2 p.

]n
3

K

= + _

2
CPt; - == - 1 + - (X n

-

x) CP2. (317)
n

3
K n

3
K 2 p. h

3,neCb <p.}, <P2 onpeJI,eJl5IIOTCH paBeHcTBaM� (3/1;5) .lI.JlH TOHKHX nOJIOC

Ii pa�BeHCTBalM'H (3'16) JLJI,H TOJl:CTbIX.

6. 30Hbl 3aTPYAHeHHoii Ae£}>opMaQHH

Ha rpaHHIJ.aX \MeLKJLy 13'OHaMH C:K,OJIbLKe.HHH H tllpHJI�Hna'HH5I, B COOT-

¥3'e'DCTBH'H ,C ;paBeHcTBaMll (3 i OO) 'H (/301), H.opMaJIbHOe :HarrpHLK.eHHe cry
EbI!paLKaeTcH KaK

2p.

(
l

)
(In = - naKe

h 2- xn
..

an
= _

"xy
_

na K

p. 2 [J.
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Dp'HHHMaeM, qTO 3TH CBH'3f1 COX,paH5IIOT;C5I H .BHYTPH nOJlOCbI. l'or-
"\

�a �

2!J.

(
!- -

x ) \\ Kh 2
n

\.
n

3

an = - n
3 K e 'CP2; an --2. -

2 CPt .

p.

npMpaB!HHBa5I npaBble qaCTH 3TH X paBeH,CTB, .nOJlyqaM:

2: (-f-Xrr) 1
e CP2

= -

CPt.
2 p.

JIjorap'HcpM'HPY5I 'H npOM3BOJI:5I JI.pyrHe npOCTeHll,He npeoopa30BaHHH,
6Y.JLelM HMeTb:

X; =

2

1

h + 21p. Lin 2 f1 + In :: ]. (318)

3TO .BbIpaLK,eHHe ,rrpeJ(CTaBJIH-eT !C'OOOH ypaBHeHHe KpHBbIX, orpaHH-

tII11BalOI11.'HX r.paHI1UbI 30lHbI 3aTpYLlHeHHoH J(ecp'opMaI.J.HH.
Q)2

iOpH y=h.fi2 nOJlyq;HM In
�

== In 1== 0,11 paBeHcTBo (31
1

8) rrpHoo-

x I In 2 11-

peTaeT BHJ( (.3-08): � =

-

+
'

.

h 2h 2p.
B 3'TO:M ,cJlyqae .oHO onpeJ(eJI5IeT BeJlH'lIH.HY 3'O'HbI npMJIHnaHHH. EC.TIH

30Ha npH.JlHnaHHH OTCYTCT.ByeT, TO

� +
In 2 p.

= o.
2h 2p.

TalK'HM oopaBDM,
I

./
In 2 p.

eCJ1H -

�--.
- -- - 30HbI rrpMJ1HnaHH5I HeT,

2h 2p.

I In 2 u.

eCJIH - >- -

\
- 30Ha npHJIHnaHHH cyw.ecTByeT.

2h 21J.
\

113 paBe'HcTBa (308) ,CJI.e,AyeT, qT'O 30Ha n!pHJIH,naHMH ,pa,cnpocTpa-

IHHeTC5I IHa ,BCIO K'OHT3'KT,HYIO nOBepXHOC'Tb, eCJlH K09\<p<PHuneHT TpeHHH

HMee'T .ll'p,eJI.'eJlbHOe 3'Haq,eHH,e, pa:BIH-Oe -0,.5. iHa Ip;H1C. 102 ,C iH;onOJlb3.o.BaHH-

eM 3aBucHM'ocTe:H (13-18) nOCTp.oeHbI Kp'HBbIe, ,0rpaIHHq'H'BalOIlI.He 30HbI3a-

TPYAIH8HHOH .u.e<popiMaI.J.HH np.H C}KaTHH TeJl npH pa3J1Ij1qHbIX OTHOlue-

HIHHX ilh H K03cpcpH'I.J.HeHTax TpeHH5I. H3 pn:cYHKa CJIeJ(yeT, 'lITO .nPOTH-
>KeHIHOiCTb 30HbI UpHJIIHnaH'HH H OO'beM 30HbI 3aTpYJ(HeHHOH JI.ecpop,MaUJ1H
YBeJIH'qHBalOTCH C pOCTiOM BeJl.HqHH ilh H J.1.

HTaIK, rpaHHu,eH .30HbI 3aTpy,rr:HeHHOH J(ecpopMaI.J.H'H Ha nOBepXHO-
CTH KOHTaKTa HBJlHeTCH 30Ha np'HJlHnaiIH'H.

:Bbl'qIHCJl11M BeJlH'QHHY MaKCH!MaJIbHODO Ko.HTaKTHoro Hanp5I:>KeHHH no

<P'opMYJle (44).
.

o PiH Y
= .hl� B 3.0Hax CKJOJlb:>K.eHH5I ax-ay

= K, H B c.OOTBe'T ' CTB'Hl1 'C

Bblpa}Ke HM5I'MH (/3'14) (npH n 3
== 1)

f 4p.

(
t.

,

1
- - -

x)
't = I �2 + p.2 e

h 2
'.

(319)
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Ha yqaCTKaX npHJlHnalHH,H O"x-O"y=O, n)3 c.nOTBeTCTBHH C Bblpa:>KeHH5I-

,MH (317)

-c=V O + �2 = � .

C H.onO.Jlb30BaHHeM 3THX 3aBH.cHM,ocTeH Ha pH-c. 103 .nOCTlpoeHbI

3'nlO1pbI MatKCHMaJIbHbIX KaCaTeJlb'HbIX Ii IHOpMaJIhHbIX !HanpH:>KeHHM npH

PHC. 102. rpaHHu.bl 30H 3aTpy,rr,HeHHot\ .n.eclJoPMau.HH npH:

a-ljh=l; 6-ljh=2 (J-1J,=0.2; 2-1J,=0.25; 3-1J,=0,5)

HaJII1q'I1H 30HbI npHJIH , naiHH5I. O:H'H IHarJl5IJ(HO HJIJIIOCTiPHPYIOT cpH,3H4e-
CKI1H ,CMbICJI 3'O'HbI 3aT1PY.lI.HeHHOH JI.'6cp:opMaUHH: BO BCeX TOQKaX 3THX

3GB,- KaK H B 30He .npHJI'HlnaHHH, YCJlOBHe .nJIaCTIH'qIHOCTH 6YJ(eT HMeTb

(Jx + (Jy
BI1J[. O"X-IO"y=O. OpHiHHMaH 'BO BHIHMaHHe YCJIOBH.e O"z

==

4 ,TIlPH-

tc')

<::;:)...

.......

I

�
tc

�...
.

2Xn

l

PHC. 103. 3nropbl MaKCHMaJIbHblX Ka�aTeJIbHbiX H HOp-
MaJIbHhIX HanpII)KeHH� npM HaJIHqHH 30H 3aTpY,lI.HeHHo:A
n.ecJ)QPM3I{HH npn n

3
=1.ljh=4; J,1=0.); y=hj2



XOJUiM 'K .BbIBOJ(Y, qTO 3J(e,c6 ,PX=:(Jy=I(JZ. TalKHM 06pa30M, B 30'HaX 3a-

T'PY.lJ.:HeHHOH: J(e'cpOpMaI.J.HH HMeJ?T MeC:T'O 'HCeCTO'pOHtHHe 'CLKIHMalOllI.He

HOpMaJIblHbIe HalnpH:>K.eHHH ,H M}IHHMaJIbHO B03'M'O}KIHble KaCaTeJlbHble

Ha 1
npH:>KeHH5I. B pe3YJlbTaTe nJ1\aeTHqe.eKaH .lI.e,cp'OIpMaIJ.HH 3.lI.:eCb 3a-

TpYJI.'HeHa. 3'OHbI 3aTPY.lI.HeHiHOH .lI.eJcpOpMaI.J.IHH .rr.eH'CTBYIOT noqTH IKaK

)KeCTKHe KJlHHbH, BbI3bIBaH HepaBH'OMepHO.CTb JI.ecpOp'MaUHH .H B' OCTaJlb-

HbIX OO'b'eMaX. JllpH OT1CYT'CTBHH 30HbI 3aT'PY..lI.lHeH'HOH .lI.ecpOpMaII.H-H C:>Ka-

THe n'pOHCXOJI.HT 'pa'BHOM�P'HO, H B n.epBOM InpH'OJlHLKeHHH 'OYJl.eT cnpa-

Be,lI.JI,H-Ba-'fiHlnOTe3a -llJl.OCKHX 'CeqeHHH.

H3 H3J10}KeHHOf9 CJle.lI.Y�T, qT'O eCTeCTBeHHaH Dpa'HHII.a, pa3JJ.eJIHIO-

lQaH 'BbI'COKHe ;nnJI.OCbI OT HH3IKHX, 'orrpeLleJlH'eT,CH CYI11.e.CTBOBaHHeM 30H

:I1pHJIIi'naHHH H 'C-OOT\B-eTC1'BYIOII.I.tHX HM 30B 3aTPYJ('HelH
' HOH .u.ecpopMaI.J.HH.

TaKHM .o6pa3!OM, COOTH.O;llIeHHH (319) onpe.lI.e.JI�.IOT COOTBeT'CTBeHHO YC-

JIOBHe cYI{JJ.ecTBoBaH,HH ,pa3JI.Hq'HbIX BHJ(OB 'HanpH}KeH'HOro 'COCTOHHH5I

!I.JlH BbI-COKHX H HU3KJ1X 'nOJIOc.

7. BJ1HSlHHe BHelllHHX 30H

BeJl,HqHHY 'KOO:cpcp'HIJ.H.eHTa n 3 , K01"QPbIH xa ' palKTepIi3yeT IBJIHHHHe

BH.ellHHX 30tH, :HaHJ(eM H3 ,nqeBH.rr.Horo YCJI'OBHH .CTaTHqe'CKoro paBHOBe-
.CHH:

h

2

2 S Gxdy=O.
o

(314) H (316) HMeeM

h

f (e
2

� Y

- e

-

2

�L Y) d y + K f d y = 0 .

b 0

OTCIO.n.a n =

el� - e- fL

e

- 2 fL + (-+
-

: )
.

3 f1 IJ.

+
-po 2e' e -

BOOnOJlb30B30BIIIH,Cb 1'peMH qJleHaMH pa3JIO}KeHHH B pHJ( CPY'HKUHH e� H

e-�\ JIenKO n ,

oKa3aTb, qTO npH JIIOObIX 3HaqeHHHX J.1 B npeJl.eJIax B03-

MO:>KHOrO ero H3MeHeHHH (OT 0 )1.0 0,5) BeJIHqHHa

eP- - e

-

I-'-

P. � 2.
el-'-- e- P '-2

HJ YlpaBHe�HH
2 �L l

(
� _ �

)
n Ke

h 2 l

3

h

elJ. _ e- {J.

T3iKHM 06P3l3 ' OM, :noJlyqaeM:

na=2e-
2fL � (-+-+). ( 320)

Ha 'OCH.OBaHH:H Te-opeTHqeCK,HX ,e-006paLK,eH'HH, H3JIO}KeHHbIX

rrYIHKTe 2, ,H p,e3YJIbTaTOB onbITOB M-Q:>KiH.O npiUHHTb, qT,O npH l/h � 1

3cp.cpHI.J.HelHT n s =\I. 003TO'MY H3 y:paB'HelHH5I (;32:0) CJle.lI.'yeT:

2e

2fL (-+- : )
= 1 II �_�=� =

0,7

2 I 2p. 2p,

B

K'O-

(321 )
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Ta:KHM 06pa30M, .H3 YlpaBIHe
i HI1H (32 I ql)-" -Q.KOHqaTeJlbHO ,nOJIyq,HM

[
-0,7

h
n

3
= 2 e (322)

Ha ,p,H'C. 1.04 ,nnCTp'oeHbI 3aBIH'CHM'OC'TH �KO!3'<PCPHU:H-eHTa BtHeI1l,HHX

3Q;H (no '<po.pMYJle (32:2) H )1,JIH CpaB'He'HHH npH'Be�eHbI J(aH'HbIe A. H. De-
JIUKOBa H B. C. CMHpHoBa [18], a TaKLKe pe3YJIbTaTbI pac:q.e'f.OB no <pop-

n, MYJIe, nOJlY1J:eHHOH paHee C nOMoI.I.J.blO

2
'l

l
TeopHH pa3MepHocTeH 1[14].

\
-0,7 h

.

BepHeMCH K cpopMYJIe (320). H3 Hee

\ CJle.n.yeT, qTO npH Y:M:eHblleHHH x BeJlH-

\
i q.HHa n3 Y'MeHbll-ae-1)C5I. BbIH'C:HH'M, np'!1\ I

\
! KaKHX 3Ha1J:eHH5IX x npeKparn.aeTcH BJIHH-

\ HHe BHellIHHX 30H Ha HanpHLKeHHoe co-

CTOHHHe oqara ,Z:LecpopMaI.J.HH. B 3THX

TOqIKaX, -oqeBHtD.HO, n 3
= 1. O_peo6pa3yel\1

<POPMYJIY (321) CJleJ(YIOI11.HM o6pa30M:
x 1 0,35

----

I 2

1}5

.

'-

1,0
o 0,25 [7,5 0,75 1,0

!/h
PHC. 1104. 3aBHCHMOCTb K09qJ(}HIl.(H-
eHTa B.nHSIHUH BHelllHUX SOH OT OT-

HOIlleHHH [I h npH OcaJJ.Ke:

1-n
3

=21; 2-n
3 =2-V � ;

_

(
1

)
-0,4

n -
-

3
h

(323)
p.

C HCnOJIb30BaHHeM cpOPMYJlbI (320) C

YlI
' eTOM BbIpaLKeHHH (323) Ha pHC. 105

nocTpoeHbI KpHBbIe, xa paKTepH3YIOI.I.J.He
H3MelHeHHe n3 no JI.JlHHe nOJl,nCbI. KpuBbI,e
nOKa3bIBaIOT, lITO C YMeHbllleH-HeM K03<p-
<p'HlJ.tHeH'Ta Tp.eJHHH J.1 H BeJIaqH'Ha n3 yne-

JlHllHBaeTCH. OpH 3TOM. npaBaH BHeKOH-

TaKTHa5I 30lHa n'OCTeneHHO ne,pecTaeT .Q:Ka3bIiBaTb BJI,l1HHHe Ha HalrrpH-

LKe'HHoe .C-OCTOHIHHe oqara .u.ecp'opMaI.J.HH ,CJIeBa OT OCH 'OHMMeT,pHH, a JIe-

.BaH BHeKOHTaKTHaH 30iHa He OK33blB.aeT BJIHHHHH Ha '0 OJIaCTb, pac.no-

JIOLK-eH:HYIO enpaBa OT OCH CHMMeTp'H-H.

;O'PH J.1<O,\23 BH'elKOHTa'KTlHbIe 3-0HbI HaqHHalOT BJlHHTb He TOJIbKO

'Ha .Ha1lI!pHLKeH'H-oe ,COCTOHHHe oqalra Ae<pOtpMaI.J.HiH, :HIO H B3aHMHQ .u.pYlr

iIa J(lpyra. MIH-HHMaJIb!H'Oe C-OBMeCTHoe BJlHHHHe BHeIlllHHX 3'OH Ha HanpH-
LKeH'Hoe iOo-C:TOH'HHe oqara JI..e<popM3II.J.HH HMeeT MeCTO Ha 'er:o !OCH 'CHM-

MeTpHH.

I

-

0,9
.

-�o -�o

PRC. 105. H3MeHeHHe napaMeTpOB n
3

no ,lI..nUHe nOJI0ChI:

1- iIpu Il =0,1; 2 -

0�25; 3 - 0,5
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8. H3MeHeHHe KOHTaKTHblX HanpSf>KeHHH
no lUHpHHe nOJIOCbI

o. <P. H'BaHY�llKIi'H H B. H. ,LLop,QlIIIeHKo] InpOH3'B'eJl.H OllbITbI no -C-}Ka--

THIO CBHH�OBbIX nOJIOC J(JIHIHOH 140 MM ,oe3 )'1llHpeHHH B ,lllTaMlne (lpH.e..

10.6) C HiCinOJIb3-0BaIH'H-eM nHT.HaJI.I.J.aTH llTHCPTOBbIX Me.C.U..03. ,lJ,JIH rrHTH"

o'6pa3uoB HarpY3KH nOCJle)J.OBaTeJIb'H'O B03paCTaJlH. ITIocJIe oca.nKH BbI-

COTbI KaLK)J.'OH: H3 !HOJI'OC :ObIJI,H pa3JIHqHbI Ino ..u.JIHHe H KOJle'OaJlH,cb R.

npe.u.eJlax h�ax=4,'54-4,7; h min ===!4,31-4,63 MM.

6y, I1H/M
2

(Xr/MM
2

)

800

(BO)

600

(50)

400

(40)

200

{'Lo}

o

80 40 o 40 80

l MM
,

Poco .106. 8nlOpbl KOHTaKTHblX Hanp5DI<eHHH npo ocaJ],Ke

B 3aKpblTOM lllTaMne C MaJIblMO 06>KaTH5IMH

E).nID'pbI K,OHTaKT�HbIIX Han'pHLK.eH;HH JnpiH'BeJ1:eHbI Ha P'HIC. 106. IlpH�
MaJlbIX o.6LKaTH5IX (,o6pa3I.J.bI 1 'H 2) B ,epeJ(HeH 'qaCTH no llH'pHIHe no-

JIOCbI )J.ecpopMalJ.lHH ObIJIH ynpyirHMH H 31TIIQpa B 3TOM MeCTe HMeeT MH-'

'H,HMYM, xapaKTep'HbIH )I.JlH ynpyrHx 3a.u.aq ('CM. n. 6, 'fJI. V). C .pOCTOM
OO:>KaTH5I InJiaCTHqeCKaH )I.ecpopMaI.J.HH nOCTeneHHO paonpo.CTlpa'HHJla'Cb,
OT 'K:paeB oopa3'�a -K CpeJ(lHeH qaCTH H 'MHIH.HMY'M n'Cqe3aJl.

,[(aJlee, no Mepe pOCTa J(ecp,opMaI.J.HH 3'nlOlpa CTalHOBHJlaCb ,Bce oOJIee'

B bIln YKJI 0 H.

Pern.HM 3TY 3.u.aqy. )I.JlH 'CJIyqaH OCaJI.'KH ,00 ,CTen.e:HblO .rr.ercpop M3II.J.HH,.

paBH,oH .BeJlH'qIH:He ,ne.pex-o.n.a 'OT )'1npyr , oH AercpopMau.H,H :K nJI3-CTHqe,cKoH.

1 11 B a H Y III K II H n. cI>., ,[L 0 p 0 III e H iK 0 B. 11. «I13BecTIIH BY30B. 4epHaH Me-

T8..rr.rrypOOH», 1967, NQ 1., c. 98-103.
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flo.no.cy 6YJI.eM CqHTaTb TOHKOH (n 3
= 1) H H3 'CHCTeMbI (300) ,lJ..n5I

l '

-Kpat'ItHHX yqaCTKOB Xm�x<
-

(lpUC. 10.7) HMe-eM:

2

.,.,.

K e
2: ( �

-

x)
0' _

_

_ Ke
2: (-;-

-

x

)
,

.

"xy
== Pol ;

y

2p.

(
l

)
-<Jx=-Ke

h 2-
x

+K.

Ha!c HHTepe-cyIOT KOiHTaKTHbIe 'Halnp5ILKeHH5I, H In03TOMY perne'HHe

� 1710). ,lJ.JI5I ,lJ.ByxM'epHoH 3a,rr,aqH CBO.1I.HT'C5I IK pe.lleHH'IO o,rr,HoMepHoH 3a-

n.aqH:

..
'mx '-mx

t
xy

= CI e + C2 e ;

"mx "-mx
U

y
= -

(Cl e -

C2 e ) -t f (x) .;
"mx "-mx

ax==-(cle -C2e )+c,

r,lJ. e

�.; = C 1 (A e
m:

+ Be

- �h
); C2 = C 2 (A e

m:
+ Be

- m:
) .

c� =

Cl (Ae
m:

_ Be

- �h
); C; = C 2 (Ae

m:
_ Be- m:

) .

Ha C,PeJJ:H,HX yqa'CTKax (-0 <X-<:X m ) HaTIiP5I:>K.eHH5I TOJIbK.O B-03pa.CTaIOT.

flQl3T.oMY npHM'eM c;= c; =0 H :no.nyqeHH.oe pe1llleHHe npHo6peTaeT BHJ(:

,

mx
"

mx
"

mx

txy
= CI e 't

y
== -

Cl e + f (x); O'x == -

Cl e + c. (324)

n.p.H X=X m KaCaTeJIbHbIe .Hanp , 5I:>Ke i H.H5I, .no BbI'qUCJIeHHbIM ypaBHeHH5I'M

.(300) H (324), paBHbI MeLK.nyc060H:
2p.

(
1

), mX
m h 2"

-X
m

ICI e == K 'r e
.

OTClO.lI.a nOJIyqHM:

.c; = k p.; mX
m

= 2: ( �
-

Xm) .

113 InOCJIeJI.Her,O .P aBeH.CTBa .cJI.e,rr,yeT:

2 fJ. l l
,m == -; X

m

== - - X
m

HJIH X
m

== -

.

h 2 4
(325)

TalKHM r06-pa30M, B MOMeHT, KO f'I,rr, a InJIa'CTHqeCKa5I ,,lJ.ecpOlpMa�HH
..lI.Olltn:a ):LO 'ope.lI.H.eH: TOq'KH ,no ,,lJ.JIH'He TeJIa, MaKiCHMYM 3nIOpbI HanpH.LKe-
BIUi ,cOOTBeT,cTByeT qeTBepT,H ero ,rr,JIHHbI, qTO n'OJ(TBe,p:>K,rr,aeT'C5I OTIbIT-

,HbI:VPH J(aiHHbIMH ('ClVl. ,pHC. .1 06).

:IlpHpa'BIH'H'Ba51 npH X=X m Ha i np51:>Ke l HH51 O'y H O'x, 110 cp.opMYJIaM
{300) H (-32-6) Ino.nyqHM .CHOBa Ic-OOTHOIlI.eHHH H, <Kp-oMe Toro:

J (x) == 0 H C == K.
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OKOHqaTeJIbHO .rr.JI5I c.pe.lI.iHeH 'qaCTH ,nOJlOCbl 6y.rr.eM HMeTb:

2p. x
1:

xy h
=f.1e

K

2p. x

0')' h
-:==:-e

K

2 p. x

O'x h
- = -' e + 1 .

K
(326)�

OO.lI.CTaBJlHH B npH6JIH}KeHHOe ypaB-
HeHHe paBHOBeCHH

dO'x 2

d x
+ h Txy

== 0

Bblpa}KeHHH ax H LXy H3 ypaBHeHHH
(326), y6e.zr.HMcH, llTO OHO TO}K.rr.eCT-

BeHHO Y.lI.OBneTBopHeTCH. CJIe.lI.OBa-

TeJIbHO, MbI nOJIYllHJIH XOT5I H npH6J1H-
)K.eHHoe, HO !IIpa'BHJIbHOe :pern'eH'He.

C HCIIOJlb30BaHH.eM 3aBHcHMocTeH

(3126) .Ha piHC. 107 TIo.cT'p,oeHpI 3TIIOpbI,

KO'I'Opble cooTBeTcTBYIOT 3TIIOp'aM 1 H

2, nOJlYlleHHblM H3 OIIbITOB (pHC. 106).
C pOCTOM 06}KaTH5I MaKcHMYMbl Ha

3nIOpax 6y.rr.YT CMeIl1.aTbCH K HallaJlY

KOOP.lI.HHaT. Ha OCHOBaHHH OIIblTHblX PHC. 107. CxeMbl ::mlOp K pemeHHlO'

TT aHHbIX n. <1>. HB aHy rn KHHa H B.
T ,T

.

3a)I.atIH 06 OCa)I.Ke TOHKOH no..10CbI
I-J.. 1'1 C MaJIblMH 06>KaTHHMH

,QOpOrneHK10 M:O:>KIH'O npiH'HHTb:

X
m

=

(1
-

O,E 02 ) f, ,!'JJ:.e .OO)Kan!e 0-<10-< 0,02. Tlpn e=O,02 MaK,-

CHMYM 3nIOpbI OKaLKeTC51 B TOllKe x � 0, Hanp51}KeHH51 6Y.lI.YT onpe.lI.e-
JIHThC51 YJK,e cpopMiYJIaMH (:3100), QTO 6YD-eT COOTBe'TCTBOBaTb 3!nIOpe 5-

Ha pHC. 1,06.

�

9. nOJlHOe AaBJleHHe H cpeAHee

KOHTaKTHoe HanpSJ:>KeHHe

nOJIHOe .rr.aBneHHe H 'c.pe.lI.He-e 'KOHTatKTHoe Hanp51:>KeHHe npH C)Ka-,

THH BblqHCJI511OTC51 ICOOTBeTCTBeH'HO no cpopMYJIaM:

p = S (J
y

d F; P
= !!.....

,

(F)
F

r.lI.-e F -

nJIOI11.aJI.b KOHTal�T'Hoi% nOBepX'HOCTH.

KOHTaKTHble Hanp5I:>KeHHH cry 'H !HX cpeLlHee 3HaqeHHe P MO)K,HO'

n-pe.lI.'CTaBHTb KaK npOH3Be.rr.eHue

p
= K na nf, n

3 , (327)

r.zr.e na-K0I3\cpcpIHI.J.HeHT TIOiI,HOpa, yqHTbIBaIOI11.HH: BJIH�HH-e Tp,eHH51 .Ha�

:KO'HTaKTHbIX InOBepXHOCT5IX B np'OJI.OJIbHOM Han'paBJIeHHH;

nf3
-

K03tcpcpHI.I.HeHT, yqHTbIBaJOIll.,HH BJIH51HHe .cp.e.rr.iHero rJIa B'H.oro.

IHan ' p5I}K'eHH51, T. e. B YCJIOBH51X �nJI'Q.CKOH .rr.ecpop)1aI.I.HH-'
BJIH51H,H.e Tpe'HH51 B nOnepeqHOM 'Ha'npaBJIeHHH HJIH HHaqe rllIH-

'p H HbI n OJ! OCbI;

na -IKO.3cp,cpHI.J.HeHT BJI,H51.HH51 BIHernHHX 30H.
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B CEOID oq.e-pe;.lI.b HCTHIHHOe C-OInpOTHBJIeHHe .rr.-ecp'OpMaI.J.HH, on.pe.lI.eJI51-
I�M,Oe H3 .O:nbITOB Ha paCT51:>KeHHe (rJI. VII), Bblpa:>KaerCH CJIeJI.YIOI11.HlVI

o6pa30M:

.K =

nv n
H as' (328)

.rJI.e nv
- K03<pCPH�HeHT, yqHTbIBaIOIIJ.'HH BJIIH5l'HHe CJKOPOCLH .rr.etPoplVIa-

II.J.,UH;

n H
-

IK03!cpcpHI.J.He'HT, yqHTbIBaIO I I11.HH BJIH5I'HHe 'Ha'KJIena;

as
-

'nlpeJI..eJl TeJKyqeCTH MeTaJIJIa, nOJIYIIeH'HbIH H3 .o:nbITOB Ha

'CTaTUII.ec�oe IpaCT5II:>Ke'HHe.
.B ICJlyqae nJIOCK'OH J(�cp-opMa�HH nfj =11,15--5 Hero YJ1:06.HO BBe.CTIH

�B Bblp a:>KeHHe .lI.-JI5I .nCTIHIHHoro ,coln'p'0THBJIeiH.HH. nO:3TOMY .lI.JI5I UJlOCKOH

.rr.ecpopMaI.J.HH M,OLK'H.O n'pHH5ITb:

.P
== K ncr n

3 ; K =

nf3 nv n H as . (329)

TIepeHJI.eM K onpeJ(�JleHHIO KI0:3<p<PH�HeH'Ta rro.lI.TIopa; Ha OCHOBoaHH�H

�ypaBHeHHH (.306) H (a07) MOLK'HO aa'ILucaTb:

l

x 2 2p.

(
l-

)p=
na K

r [ I+�(Xn--X) ] dx+2naK S e
h 2-

x

dx.
� 0

h
x

IT

InOCJIe HIHTerpHp,oBaHH51, .n-O.lI.'CTaIHOBK.H ,n.peJ(.eJIOB H nlpHBe.rr.eHH5I ino..

)1.06HbIX .qJIeHOB InOJIyqHM cpeJ(Hee K'OHTaKTH,oe �Hanp5I:>Ke'HH'e B ,CJle.)J.'YIO-
IlI.eM ,BH.lI.e:

p p n3 h

{
X

h

n

( 1+f1
X

h

n

) + [ e2: H--Xn)_l ]} .

-K
=

T
=

p. l

�Il'plfHHMaH BO .BlHHMaHHe Bblrpa:>KeHHe (30.8), nOJIyqHM

1£2: (1-
-

Xn)
= /

I' (� � - :11 )
= e-

In 21'
.

(330)

.K03IcpcpIH�He.HT nO.1I.lnOpa n'peJ(lCTaBJI5IeT .e060H Cp'e.lI.Hee KOHTaIKT.HOe Ha-

.np5LIKeHUe, OTHe;CeH'H'Oe K ,BeJIH 1 1'HHe K .npH n 3 ===!I. TaK,HM '06Ipa30M, '6y-
JI.eM HMeTb:

h

[
Xn

(
Xn )

_ In 2 p.

]
xn 1 l In 2 p.

.na==;e h 1+P-h/ + e -I ; h ==T h +
2p.

. (331)

1113 .nJpHBeJI.eH'HbIX '<POPMYJI 'CJIeJI.yeT, IITO n a 5IBJl51eTiCH CPYUKI.J.HeH
.-.rr.BYX BeJIHqHH

- OTlHIOIlI'eHH51 ilh H K03lcp<p H I.J.He I HT'a TpeHHH J.t.!C H'C-

;TIOJIb30BaIHHeM 3aBH,oHMOICTeH (331) Ha IP'UC. 1,08 �n,oC1'Jpoe.Ha HOMorpaM-
Ma JI.JI5I ,onpe.rr.eJIeHH5I IK03 I cp<p'HUUe'HTa no.n:nopa InpH 'C)KaTHH. 11'3 fPHCY'H-

1<a CJIe.rr:y.eT, qTO B npe.rr.eJIaX .H3M.eHeH'H5I KO'.9cpcpH'I..I.HeHTa , Tpe;HH,H OT

.0',5 )I.O 0,.3 ero :BJIH51HH'e .Ha K03'<PcpHIJ..He:HT ,nO.lI.1no-pa IH.e-3HaQ'tlTeJIbHO.

n,pH ..rr.a.TlbHeH:lleM YMeHb'll'eHHH BeJIHqUHbI J.t ero .BJIH5I!H'He .6oJIee aaMeT-

'RO 'CKa3bIBaeTC51 Ha BeJIHq'HHe K0'3cp'cpHUHeHTa nO.lI.!nqpa H, CJleJ(OBaTeJIb-

.RO, Ha neJI'HqHHe KOIHTaKTHblX .Hanp51:>K.eH.HH ,H c)rMMap'HoM JI.aBJIeHHH

npH C:>KaTHH. C 3THM '06CTORTeJIbICTB'OM Heo6xo.lI.HMO 'CllHTarbCH ITI!pH

oCYllJ.e,cTB.n:eHHH TeXHOJIOrHqe'OKHX paCq'eT,oB.
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J1'T a'K, Koe cplcp H IJ.-H eHT .n O.lI.ln.np a ncr 11 K03 1 cp cp'H IJ.,H.eH T BJI'H 51tH U.5I B H ell --

HHX 30H 113 MO}KHO 'onpe,lleJIHTb TeopeTH.qeIOKH.

flepeHJI.e.M K p aOCM.OT.peHHIO CKOp-OCTHoro 'K03CP'CPHIJ.HelHTa nv. BJIH5J--

HHe C-KOp.OCTH M'O:>K:HO yqe.CTb UJIH Henoope�II,'CTBeHHO C nOMOIll.bIO KPH-

BbIX, Ino)I.d6HbIX TeM, .KOT,O,pble 6bIJI'H np'HBe.rr.eHbI Ha ,p,RIC. 77, HJIH 'npB.

'n,OMOIll.:H OKOIPOCTHbIX 'K0!3'cpcpHIJ.HiHT i OB n v , nOJlyqeHHbIX 'Ha OClHOBaHHft.

onblTHbIX .naHiHbIX (puc. 7,8).

2

n6

3

1

2 4 6 8 fO�

l/h

PRC. 108. 3aBHCHMOCTb K03«J>«J>HII.HeHTa nO,l(nopa n npH C>KaTHH OT BeJIHqHllbllj
(j

IB Inp0IJ.e,OCe .C:>KaTH5I, 'Boo6IlI.e rOB-OpH, nlpe.neJI T.eKy.qe.CTH H3MeH51-

eT,C5I IB KaiK'OH-TO CTeneHH H B !pe3YJlbTaTe HaKJIena. 3TO 5I.BJIeHHe o-CO-

6eHHO 3aMeTHO :npH IHHl3KOH TeMlnepaType H BbI'COIKOH .CKOtpOCTH .ne1cpOp--
MaIJ..HIH. .K,p'OM.e TOrO, .BeJIHq"H'Ha np,e,rr,eJIa TeKyqe'CTH paCTeT 'C n,OBblillIe-.

HHeM rH.rr.p.QlCTaTiHq'e'OKOrO (Qpe.lI.He!ro) Haln , p51:>KeHH51 C}KaTHH. 3aBHCH--

MOCTb 'H3IKJIena lOT ICTe:neHH \.lI.ecp'OlpMalIJ.HH MO;)KIH'O npH.6JIH)KeHHO yqerCTb,.

n.pH.HHB �'OHCTaIH'TY 'nJla.CTHqHOCTH 'H3MeHHIOIll.eH,C5I CpOCT'OM JI,ecpOpMa-
IJ.,UH .no JIH'HeH'HOMY aaKOHY.

JIHIHeHIia5I aaBH'CHM.OCTb 5IBJI51eTC51, ,pa3YMeeT'C5I, n-P'H
' 6JIH.}KeHHOH. E'e

M'O}K'H'O YTO'1J!HHTb, n,pHH51B, KaK peKOM'elHJI.yeT A. J1. DeJIHKOB, 'OCHOBbI-

Ba51Cb Ha OnbITaX B,pH.lI.}KMeHa, JlHHeHHYIO CB513b M'e!LK.lI.Y BeJIHqHHOH K
Ii

11 JI'OrapHlcpMOM K'03!cpcpHIJ.'HeHTa .QTH.OC'HTeJIbHOrO ,n6>KaTHH In � .HcIT.H'

hi

In �
. HaKOHeIJ., MO}K'HO 'npHIH5ITb ICTeneHIH-OH 3aKOH H3Me l HeHHH KOH.

h l

'CTaHTbI TIJlaICTH'IIHOCTH (CM.lfJl. 3).
,[{oIKa3aIH,ol, O,IT.lHaKO, IITO B cJIyqae ,C>KaTH5I MeTaJlJIa B XOJl.O.lI.HOM

1 C M H P H OIB B. c. �aBJIeHiHe MeTaJIJIa Ha \BaJIJ<1H []P'H- HaJIHllHH ynpOllHeHHR..

TpYJI.hi JIllH'. BhIn. 203, M. - JI., Marnru3, 1959, c. 5-24.

249



COCT05IHHH M,O:>K'HO inpHH5ITb H'CTIH'HlH:ue .COn'pOTHBJleH,He .u.ecpo.pMa�HH

paBHbli\tI Cp-e.n.HeMY a,pMcpMeTHll'eClK 1 0MY ero 3 1 HaqeHHIO JI.'O H n,OCJIe .ocaJ(-

KH 6e3 .pH'OKa B:HeCTH .60JIbllIYIO !no-rpellJ.H'OCTb. B TaKOM ICJIyqae -K03'cp-

<pHIJ.HeHT, yq,HTbI'BaIO
I I11.'HH BJlHHH'He HaKJlena, 6YJ(.eT paBeH:

n H
=

Ko + Kl
. (332)

2Ko

ITcPH ocaJ('Ke B rOp5IqeM 'COtCT05IHHH MO:>KIHO n,pHHHMaTb Ko=KI 11,

£JIeJ(OBaTeJIbHO, nH=�l.

10. Pa6oTa, 3aTpaIJHBaeMaSi Ha C>KaTHe,
u

H 3Hepr , HSI )].HCJIOKal.\HH

:p a60Ta ,CHJI C)KaTH5I BblqUCJI5Ie'T'C5I Ino OqeBH)I.'HoMY paBeH.cTBY:

dA-=-Pdh=-pFdh.
3'HaK MH'HYC B35IT Y'CJIOBHO nDT'OMY, qTO np'HpaI11.eHHe .BbI'eOTbI TeJla

)3 n pOII.e.cce 'oca.n.K,H .QT.p.HIJ.aTeJIbHo. Y M:H'O:>KaH qH.CJIHTeJIb H BIHaMeHa-

TeJlb 'npaBoH qaCTH paneHcTBa Ha h', MIOLKeM 3a
'

nHlcaTb:

dh
.dA = --

P v -

.

h
'

-r,ne V == P,h - 06'beM OCa:>KHBae-M'oro TeJIa.

hi
dh

OTClO,lI.a A = - V S Ph.
ho

( 333)

E'CJIH npH6JIH}KeHIHO 'CllHTaTb, qTO B .np.OIJ..e,oee C:>KaTHH J(aBJIeHHe

'MeTaJIJIa -Ha HHCTp'YMe.HT OCTae-r-CH JIOCTOHH'HbIM, TO

hid h ho
A = -

P V S h
EJJE A =

P F In
hi

ho

KaK 16bIJIO ,nOKa3a ' HO B rJI. 3,- BeJI'HqHHa

hi
d h h

.- V S
- == V In �

== V h
h hi

h n

.npe)lCTaBJI5IeT 'C060H cMellJ.eHIHbIH 06'beM.

TaKHM OOpa-30M, pa
' 60T"a :C}KaTH5I n.pe)I.,cTaBJI5IeT C060H npOH3Be,rr,e-

}IHe ,cMenieHHoro no BbI'COTe 'O'6'beM,a TeJla 'Ha CpeJlHee .naBJle'HHe C:>Ka-

THH. JIe1r'Ko in , oKa3aTb, qTO 13TOT BbI:BOJ( ,cnpaBe.n.JlHB JLJI5I JlI06oro :nlpo�

.uec.ca o6pa6oTIKH MeTaJIJI.OB .n.a.BJIeHHe'M', e.CJIH nOJ( BeJlHqHHOH In
ho

.

. (
hi

�nO!HHMaTb Ma:KCHMaJIb'HYIO rJIaB'HYIO .n.e'cpopMaIJ.HIO n,pH O-CYllJ.e'CTBJIeHHH
n p 0 I.{e c-c a .

Eo.nee TOqHOe .Bblpa}K,eH'He Ipa-60TbI .C}KaTH5I MIQ;mHO nOJIY1.IHTb nDJI.-

CTaBHB 'B cpOPMYJlY (333) BbIipa)l{eH,He QpeJ{lHero KOHTaKTHoro HanpH>Ke-
H.I15I :KaIK CPY:HIJ.HIO BbIICOTbI OCai:>K'HBaeM'OIro TeJIa.
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ECJIH 'n'pH C:>Ka-THH Ha 'nOBe'pX'HQ.CTH KOHTaKTa HMeeTc5t T,OJIbKO yqa.-

'CTOK CKOJIb:>KeHHH, TO 'Cp-eJr:Hee KOIHTaKTiHOe .Hanlp5I:>KeHHe, .oor JIaCHo.

y.paBHeHH'IO (3:32), 6y,rr,eT Bbllpa:>KaTbC5I CJIeD-YIOlUHM oi6paaoM:

n
3

h

P
=

fA.e

p. l

(e
h

-l).
V

11'3 YCJIOBH5I nOCT05IHCTBa 06'b,eMa CJIe.rr.yeT, qTO l -.-

bh
' n03TOMY'

K n
3

(
h2 P.h
-e

V fA.

\

1

)
.p==

Il p-OH3Be,rr,H ,pa!3JI'OLKe:HHe B pHJI

p.V

h2 fA. V
+ fA.2 V2

e ==1+ +...
h 2 2 h 4

H HCnOJIb3Y5I TPH qJIeHa 3Toro p5IJLa, nOJIyqHlVI:

-Kn ( 1 + )P -

3

2 h 2
'

h
'

A=-VKn a
{'I (1+ J1 V

)
dh

J \ 2 h 2 h'
ho

oTKy.n.a

ho 113 K V2 fA.
A == n

3 K V In - +
hI 4 (

1 1

)
---

hi h5.
(334 )

Pa:CCMaTpUBa5I 3TO .Bbllpa>KeH.He, y,6e:>K..n.aeM:c5I B TOlVI, qT,O .pa6oTa.
ncaJ(.KH TIpeJ(cTaBJI5IeT .C060H CYMMY 'pa6oT, 3aTpaqHBaeMblx Ha n,pe-

o.rr.OJIeHHe COTIPOT:uBJI'eH!H'5I MeTaJIJIa .rr.ecpopMaI.J.UH B J(aHHbIX YCJIOBU5IX.

(ITItP aBbIH qJlelH IP aBelHCTBa) H !H a InpeOLlOJIeHHe cO.TI.poTHBJIeHHH TpeHH5l:
Ha nOBepXIHOCT5IX .KOHTaIKTa .n.ecpopM'HpyeM.oro MeTaJlJIa H HHcTpYMeH"

Ta (BT'OpOH qJIeH :paBeHcTBa). T,peTbeH eOCTaBJI5IIOI11.eH pa60TbI JI..e--

cpopMaQH.H 5IBJl5IeT'C5I pa6oTa, 3aTpaqHBa-eMa5I Ha npeo.n.OJIeHHe .conpo-

THiBJIeHHH, ,BbI3bIBaeMblX BHelUHHMH qaCTHMH InOJlOCbI, KOTo.pa5I B pa.-.

BeHCT'B'e (3i34) yqIUTbIBaeT'C5I KO'3cpcp'HUHeHToM n3 0

O:6CY6I11.a5I, M,O}KIHO IOKa3aTb, qTO Ipa60TY ,.LI:ercpOtPMaUHH TeJIa npl1'

OCYIlI.eCTB.JIeHH'H JIIOI6oro npoI.J.e'c-ca o6pa6orKH MeTaJIJIOB D-aBJIeHHeM:.

MOl:tKHO ifIpe.n..cTaBHTb B BH.,lI.e CYMMbI pa6o'T, '3aT,paqUBaeMblx Ha npe-.

D)I.OJIeHHe HeTHHHor,o .c.on.poT'HBJIeHH5I MeTaJIJIa JI.e
cplopMaI.J..HH, H confpo--

THBJIe'HHH, .BbI3bIBaeMblX .CHJIaM'H 'Tip-eHH5I H BHeK'OHTaK'rHbIMH 30HaM.H.

'Bblpa:>Ke:HHe )LJI5I pa60TbI HJIaCTHqe.cKoH .rr.e'cpo.pMaI.J.HH A B Ql6'beM

TeJIa MO)KeT 6bITb ,TIOJIyqeHO H ,H3 ,rr,Uc.JIOKaU,HOHIHbIX il1ipe)J;CTaBJIeHHH.
Cor.n:a,cH.o .3THM rrpe.lI!CTaBJIeHH5I'M, BC5I Ipa60Ta B'HellIHeH C'HJIbI YXO,lI.HT-
Ha Y.BeJIHQeHHe TI'OTeHUHaJIhHOH 3HeprHH TeJIa Un Hero pa30rpeB Q:
A = Un+Q. OOTeHI.J.HaJIbHa5I 3HeprH5I TeJIa 3aTpaQHBaeTC5I Ha YBeJIH--
qeHHe qHCJIa y-qaCTKOB C HenpaBI1JIbHbIlVI pacnOJIO)KeHHeM aTOlVIOB, T. e
.

Ha YBeJIHq
HHe KOHI.J.eHTpaUHH .n.etPe-KTOB TeJIa. B iOCHOBHOM 3TI1MH JI.e-.
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eKTaMI1 51BJI5IlOTC5I ,lI.:aCJlO.Kar.r.HH. CO!rJIa:C.HO ,paBeHCTBY (5), 3He:prM51

}\,lI.Horo Ica'HTHMeTlpa ,lI.JIl1lHbI ,lI.H'CJIOIKar.r.H.H pa'HHa

..U
d

=

G b 2

In G b 2
.

4 n k To 2

HallOM'HHM, lJTO , -

pac.CTOHH'l1e, r.rr.e eIII.e HMelOTC5I :HaIIIpH}K:eHI151,

reiHep'HrpyeMbIe JI.I1CJIOK'a.
HeM; '0
-

pal,lI.HYC 51..LQpa ,lI.uCJIOKalT!HH; k= 1

,)J.JI5I HHHTOB-OM H k=== I-m )J.JI5I ,KpaeBtOM ,lJ.HCJIOKa
HH.

E'CJII1 B HalJaJIe llJIaCTHlJe'OKOM ,L(ecpop'Mar.r.HH nJIOTHOCTb ,L(HCIITJOKaI(tHH
,,6bIJIa po, a B ,KOHue

-

p, TO:

JJ n (p - Po) U
d

' == G b 2

(p
-

po) V,
2

,HJIH, eCJI'11 nJIaCTUlJ'e;CKa51 JI.ecpopMaUH5I 8 6bIJIa ,LL-DCTaTOtIH-D neJIHKa

(e>15 0/0), 1,0 'M.Q.}K'HO npe.He6pelJb po no cpaBHeJHHlO IC p H ClJHTa'Tb, lJT.O

"U n Gb 2

pV, (335)
2

f,LLe V -'06'beM ,lJ.ecpOlpM,H,pyeMOIro TeJIa.

B Te.npuM ,LLI1,CJIOKaI(tHH 3TY 3'HeprHlO 06bIlJH'O Ha3bIBalOT JIaTelHTHoH

.(3ana'ce'HIHOM HJIH -ll'OTeHrUHaJIbH-DM). lllpH ,lJ.BH}KeHHH JI.H,c.JIOKaUHM-
.llJIaCTHlJ'ecKoH AecpopMaUHH -
Ha HI1X JI.'eMcTByeT 'HcT,petIIHa51 CHJIa .co-

.TIlpoTHBJIeH,HH JI.HH}Ke.HHIO FTp=!(jTP b (Ha O,lI.HH. .caIHTHMeTp ,lJ.JIHHbI).
.BcJI'M ,LLHCJIOKall;I1H llrpOXO.lI.H'T nYTb I, TO rpal60Ta 3TOM CHJIbI ,paHHa (jTP bl.

TaK IKaK .CHJIa con pOTH:BJI eH,H5I, .oco6eH'H'O In'pH 60JIbllllHX .CKOPOCT5IX ,lJ.e-

:cpopMallJfH, HMeeT xapaKTep C'HJI'bI TpeH'U5I, TO BCH eTa pa60Ta eplexo-
,LLI1TB Te-nJIO. ll'P'H 06III.eH :IIJIOTIHOCTIH nO,lJ."BH)K'HbIX )J.uCJIOKaUHH pn BbI-

.rr.eJI.eHHe TenJIa, Ta:KHM 'o6pa30M, pa.BHO:

,-Q =

O'TP b 1 pn V

HJIH YlJI1TbIBaH, lJTO e=pn bl (CM. rJI. I):

.rQ ==

(jTP 8 V. (336)

:,C'HJIY cOnp
' OTH:BJIeHH5I (TpeH'H5I) j(BI1}KeHHIO JI.'H'CJI'OKaI(HM M!O}KIHO np'H-

.
paB'HRTb ll'PH 60JIbJlllHX CKOpOCT5IX ,lJ.ecpopMaIJ.rH'H MaKpOCKOnHlJeCKoMy
. np-e,LLeJIY TeKY'lJecT:H.

T.oT,LLa OKo.H'lJaTeJIbH'O nOJIYlJ'HM:

-A =

(+ Gb 2

p + aT 8) V. (337)

,C'pa
BHI1M 06alJJIeHa B ,3T/OM IpaBeHCT;Be. TH'llHlJ'HbIe 3-HalJeHRH .l1.JI5I

,.60JIbIlIIHX CTeneHeM ,LLecpopMar.r.I1'I1: E IO,;5, (jT =13-00 Mfl/M2 (130 Kr /MM2)
,:11 p=IIOI2 CM,-2, 'KpoMe 'noro, L
i30000 Mfl/1rt

2
(.3000'Kr/JU
2),

b i3 .iI0- 8
Mif{)/:M

2
(3.11'0-

7
KF/tMJrt2). ll'OI,LL;CTa-BJI5I5I 6TH 3IHa.lJeHH-51 B

ypaBHeHl1e (.337), nOJIY;lJHIM, IITO Urr 1:5 M8J1C/M
3

,
a Q=
150 M8J1C.!M;3,

-T. e. Urr
O,1 Q. TaK,oe eOO
HOlll'e.HHe MeJKJI.Y JIaTeHTI-I.oH 11 TenJI,oBoH

3 1 He,prHeM xapaKTep:HO H JLJI5I JIJPYIIHX 06}K3'TiH.j1 E H ,npyrl1x 3 1 HalJeHI1H

..(jTP, p, L H b (IHalnpH'Mep, II.eM 60JIbllle (jTP, TeM 60JIbille p, ,a -DTHOIlI-eHH.e
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Urr/Q oOXpaHHeTtCH). CJIe,LI:O'BaTeJIhH-o, .rr.JI51 rpy6bIx O�e.HOK M,O}KIH-G illne-

He6pe1:lb ,ne,pBbIM qJI'e.HOM H 3anl1CaTb

A�aT sV, (338)

n,p.H MaJIbIX C 'CDBlna,lI.aeT ,C nepBbIM 1:IJIeH'OM cp'OPMYJIbI (33
1

4), TaK 'KaK

h
€ � In �M aT �,K. ,LLJI5I n'OJI'HOrO coana)J.'eHH51 Heo6xo.AHMO Y1:IeCTb

hI

,60JIee i01:llHO 3aBHICI1MOCTb C 'H p, T. .e. BBeCT'H 3aHI1:CI1MOCTb ,necp,opMa-
�HI1 OT )'IfJIOB Me}K,lI.Y nJI.Q.CKOCT5IMH ;CKOJIb}K,eIHH5I H OCblO 'C}KaTH5I,

Y1:IeCTb H31MeHeHHe p, 111 aT B n.po�ecce ,lI.e,cplopMa�nM.
Ta'KI1M 06pa30M, H3 TeopHH ,lI.H'CJIOKa�I1H .CJIe,lI.yeT, 1:1 TO ,OC'HOBHa51

1:Ia ' CTb pa60TbI nJIaCTH1:IeCKOH JI.-e<p.QpMa�H'H. nepeXO)1.I1'T B Te'nJIOBY'1O

3IH.eprHIO. <I>OPMYJIbI pa60TbI, "nOJIY1:le ' H'HbI,e H3 Ma.KJPOCKo.UH1:Ie'OKHX IH

MHIKp OC'KOnU1:IeOKHX ,nD�XOJI.'OB, np 3'KTI11:1e.CKH iCOB'na,lI.alO'T.

11. Onepau.HH KOBKH

OlnepaI(iHIH K.OBKH H r , op5l;1:Iei1 06'beMiHOH lllTaM:nOBKH 'HMeIOT B ,cBoeM

O>C'HOBe nnaCTH1:IeCKOe O}KaTHe .HJIH .}Ke ,BKJII01:IalOT .er.o :KaK \9JI.eMeHT

TeX,HOJIOfrl1q.eOK,oro n,po�eeca. ,LLa,lI.HM KlpaT.KYIO xapaKTeJpHCTI1'KY TalKHX

olnepal(HH.
CB016oJI.Ha51 KOBIKa Ico.zr.ep}KHT onepa�HH ,oca,lJ.KH, BbIT5I}KKH, rH.6KH,

3aKpY1:IHB3'HH51, .nepeJI.a1:l.H, Ip)'l6KH H U'po.lllHBKH.

:0 'C a ,lJ. K 0 H Ha3bIBae1!C51 :KY3IHe1:l
I Ha51 QlnerpalI(H5I, B p'e.3YJIbTaTe KOTO-

,p,oH npoI1CXOA'HT YBeJII11:1eHHe 'nJIOIII.a.)J.H nonepe1:l:HOIr.0 ee1:leH;I151 3arOTO.B-

KI1 3a 'C1:I,eT YMeHb
'

llle'HI151 ee BbIc-OTbI 'npH C)KaTHH. O.ca,LL,KY ,o.cY'III.e'CTBJIH-

lOT TaK, 1:ITO -HOCJIe 'Ka}K,lI,Oro oq.�p'e,LLIHoro B03,lJ.el[CTBH51 (Y,lJ.apa, IHa)Ka-

TH51 60M:KaMH) Ha .sarOT'OBKY :D,Ha nOBOlpa1:l,H.BaeT'C51 B-OK;Pyr BepTHIKaJIb-
'HOM OCI1 Ha Her60JIbiliOH yrO'JI.

Cx.eMbI OOHOBIHbIX 'pa3IHOBI1L(iHOCTeM OCa,lJ.'KH IIIpHBe,lJ.eHbI Ha .pac.
1 09, a.

\B bI T 51 }K K a (In p'o T 51 }K 'K a)
-

'KY-3He1:l
' Ha51 .onepar.r.n51, B InplO-

ue,ece KOTOpOH YBeJIH'1:II1BaeT'C5I ,lJ.JIHIHa H'CX-o.,lJ.HOH 3arOTOBKH 11 yM.e.Hb-
'lliaeTC51 nJIOIII.a,LLb InOne'pe1:l.HOIro Ce1:leHH5I. O'Ha npHMeH5IeTC5I np.H H3:ro-

TOBJIe,HH-11 nOKOB-OK �c y,nJIH,H,eIHIHoH 'OCblO. :BbI'T5I'}K'KY M.O:lKIH'O npOlf3.B'o"

,ll.HTb, oCYlI(eCTBJIH'51 'noBopoT (Ka'H'ToHKY) 3arOTOBK!H' Ha 9O,rpa)J.. nOCJIe

Ka)KL(O.f\O y.,napa (p l l1c. 109,6, 1) I1JIH n-o BlI1IHTOHOM JIrHIHHH. D:pH BTO"

p.OM ,onoc.o.6e BbI'T51}K;KH 3arO�OBKY ,HenpepbIBHO no.Bopa1:lUBalOT Ha

1J: '

eTBepTb 'nOJIHOlrO o-60p:oTa, H noeJIe 1:Ie'TbIlpeX YJ];a pOB nO;LalOT Blnepe,lI.
Ha BeJIH'q.HHY nO,LLa1:lH 'TaK, 1:ITO n'OJIY1:laeT1C51 K3'K .6bI KOBKa no HH,HTOBOH

JIHIHHH (.P'H'C. 1 '

09, 6, 2). BbI'T5I}KiKY M,O}KIHO 'n'poH3BO)J.I1Tb B nJIOCKHX

(pnc. 109,8, 1) I1JIH Bblpe
i 3\HbIX 60HKax (pHIC. 109,-8, 2). K'OB-

KY no B'HHT'OBOH JII1HIHH ,n B BbIpe3 r HbIX 60HiKatX npiUMe:H5IIO'T
B ,cJIY1:lae 06pa60TKM BbICOKOJIeirHpOBaHH'bIx CTaJIeM BO 'H3-

Oe}Ka'HH.e dQpa3.osaIHH5I :paapYIIlIe'H.HH B �eHT!p.e OT ,paCT5I
l rI1BalOlI(l1x Ha-

np51}KeHHM ,npl1 He,lJ.OC'TaTOqIHOH .oHJIe 'YJLalp.oB.,[{JI.HIHa nOJI.a1:lH 1 )J.OJI}K-

Ha 6bI'Tb He MeHbllIIe BblCOTbI Y'CTyina �h' (p'H:C. 109, 8, 1), B npO'DH'BH'OM

CJIY1:la'e MeTaJIJI He OCa}KHBae'DC5I, a ICnOJI3aeT BHH3 TalK, lITO o-6pa3ye'Pc5I
3a}KH'M. 113 .npa!KTH'K'H H-8He '

CTtH.O, lITO ,nJI5I HOJIY1:leH'I1H rJIa,lI,KOM In.OBepx-
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PHC. 109. CxeMa onepa�H:A KOBKH:

a -

pa3HOBH.lI.HOCTH OCa.lI.KH (1 - 6e3 XBOCTOBHKa; 2 -

C XBOCTOBHKOM; 3 -

B nO.lI.KJIa.lI.HbIX KOJIb-

�ax; 4 - BbICa.lI.Ka); 6 -

.lI.Ba cnocooa BhlT5DKKH npH KOBKe (1
-

CJIHTKOB H KpyrJIblX 3af'OTOBOK;

2 -

cnel(HaJIbHblX CTaJlei%); 8 - BbIT5DKKa B nJlOCKHX (1) H Bblpe3Hblx (2) 60tiKax; z
-

pa3Ho-
BH.lI.HOCTH BbIT5DKKH; (1 -

C npHMeHeHHeM pacKaTKH; 2 -

Ha KOHH1JeCKo"A onpaBKe; 3 -

pa3.lI.aQa

(pacl<:3TK3) H3 onpaBT(e); a -

npOlUHBKa OTKpblT35I (1) H 3aKpbITa5I (2); e -

OIh::pai\H5I nepe.lI.31JH
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HOCTH Y nO�UBKH BeJTHlJHIHa -nOAaq.H 1 JJ.OJI)K'Ha tHaXOJJ.:MTbCH B nlpe.rr.eJIax

0,4-0,8 .llIl1pHIHbI !6o:fI'Ka b.

LlJI5I nOJIYlJeHH5I n'OK'Q.BOK Kpy;rJI'OIrO Ceqe.HH5I IKOBKY n,poH3BOJJ.HT
C'HaqaJIa «na .KBaLlpa'i». �B nOCJIe)J.HeM rne,pex1oJJ.e c6HBalOT yrJIbI, TaK

1JT'O 'OQpa3yeTiC5I MiH'oronpa ' HHa51 -3arOTOBfKa, H B InOCJIeJJ.,HeM nep'exoJLe

B .BbIp'eI3-HbIX 60H)KaX nOJIYlJalOT KpyrJIYlO 3aroToBKY. 3TO ,lJ.e.JlaeTC5I BO

113'6e}Ka.Hl1e o6pa3:oBa'HHH 60JIbIllOH YT5I}KKH IHa TOPUaX ('lJTO npHBoJJ.'HT.

K 06pa30Ba l HHlO .60JIblillHX OTX'OJI;OB MeTaJIJIa) H fpa3pY'IlH�I-IHH B ueHT-

,paJ]b.HOH qaCTH nO:KOBKH.

,CxeMbI OCH'OIBHbIX ,pa3HoB;H�HocTeM one.paII.H.H BbITH}KKH nOKa3a-

'RbI Ha p.HIC. 109,2.
'

D!p Olill H B K ,0 M (pH'C. 10.9,8) Ha3bIBaeT,c5i KY3
I Heq'HaH :onelpalI.:HSI, KO-

T.c>lpaH CJI'Y)KII1T JJ.JI5I IUOJIyq
, eHH5I oTBepcTHH ,.(1) I1JIH YJIy,6JIeJHHM (2) B

3 alrpTO B-Ka X. .p a 3 1 H 0 B H,lJ.IH OCT 51 M'11 'll po r.r. e c.c a n p Olli H,B'KH 51 BJI HlO 'rC5I :

1) rrpolllHBKa c ,TI'OBOP'OTOM .salr'OTOB.KH H -B03BpaToM npOIIllHBH5I'o6paTHo,
B ,pe3YJIbTaTe qero nOJIYlJae1'c5I yrJIY'6JIeJH'He, 3a-TeM 3aroToBKY .noBopa-
tIHBalOT .H npoH3BoJJ.51T nOBTopH'YlO TI,pOllllHBKY; TaKaH onepalUHH Ha3bI-

BaeTC5I npo6HBKoi1; 2) InpallIl1B'Ka Ha nOJJ.;KJIaJJ.�HOM KOJIbue C iTIPOXO!I.'OM
nOKOBKI1 Ha,CKB03b .OTIJI,o.lll'HbIM HJI:H ny'cTOTeJIbIM 'npOtIlIH.BHeM.

in e.p e JJ. a'lJ e M Ha3bIBael'C5I onepaUHH, np'H KOTOP'OH O,lJ.iHa 'lJalCTb

3a 1 rOTOBKH CM,el..I.{aeT,C5I no O'DHOllleJHHlO K JJ.,py:rOH ,C coxpaHeHHeM nayaJI-
JIeJIbHO"CTH HX oceM. ,Onepa.I(HSI TIpI1Me;H'H.eTC5I, 'Ha'np'HMep, n'pH KOBKe

K,OJIenlJaTbIX BaJIKOB no,lI. :npeccaM,H. Pa3HOBH)J.HOCTH 3TOH onepaUHI1
no.Ka3aHbI Ha pRC. 109,e. BTOpylO 113 'HHX Mn}KHO paCCIVlaTpHBaTb KaK

KOM,6HfHaUHlO H3 r,I16ac BbITH}KKOH.

r H 6 K 0 H Ha3blBaeTCH KY3'HelJ 1 Ha51 onepaI(HH, n,pH KOTOpOH 3arOTOB-

Ke .np'HJI.'ael'CH ,H30rHYT.a51 cpop'Ma .no 33'Aa r HiH'OMY KClHTYPY.
3 a:K ,p Y lJ'l1 B a H:11 e M Ha3bIBaeTIC5I onelpaUH5I, Inpl1 ,KOTOpOH OJJ.Ha

qalCTb 3arOTOBKH InOBOpaQ'HiBaeT:c5I no OTIH{y.llIeHHlO K ,lJ.;pyroH Ha HeKO-

T'OpbIM yrlOJI. 3aKpYQ'HBaiHHe lJa'CTO npHM'eJHHIDT lnp.H H3rOTOBJIeHHH KO-

JIeHlJaTbIX BaJIOB.

P y 61K 0 H .Ha3bIBaeTIC5I one.par.r.HH, B 'npoue'Crce KOTOpOH 3arOTOHKa

I1JIH ,CJII1TOK pa3lI.eJIHlOTCH 'Ha tIaC'DI1.

K,poMe paccMoTpeH.HbIx onepaUHM, .npHMeHHlOT p5lJI. BC'llOMOraT,eJIb-

HbIX: OTT5I}K:K'a XBOCTOBHKOB, 6fIJIJIe'THpOBaHHe .(T. e. 06}KaTHe r'paHeH
CJII1TKOB), HaMeT'Ka H nepe}K'HM MeTaJIJIa, 0'6pa30'BaHHe' yeTynoB

-

Bce

OHH HBJI5IIOTiCH B TOM HJI'H HHOM Mepe IKoM6HIHaUH5IMH 'HJIH lJaC'f1HbIlVIH

CJIYlJa5lMH OCHOBHbIX .onepar.r.Hit
113 np'H'Be,LleH'HOTO .o630pa ,cJIeJJ.yer, lJT'O .113JIO}KeHrHOM B AaHHoH 11

rrpeJJ.bIJJ.)'1I..I.{.HX Ir JIaBaX TeopHH .)J.oC'TaTOlJHO JJ.JI5I Taro, QTo6bI 'TI'pOBe'CTH

IpaClJeTbI JJ.ecp'opMar.r.HH, YCHJII1H, pa
, 60TbI, MOMeHTOB, MOI..I.{HOCTI1, Heo6-

XO.JJ.HMbIX JJ.JIH ocymeC''I'BJ1 eIH,I151 y;nOM5IHYTbIX Qin.e.paUHH .KOBK!I1. Orp a-

HHlJHM�51 HeCKOJIhKHMI1 061..I.{I1MH 3aMelJaHHHMI1 0 MeTOJJ.J1.Ke paClJeT'OB.

Dpl1 paClJeTe onepaLLHM ocaA'KH 'BblCOKHX 3arOTOBOK H ICJIHT'KOB .pe-

KOMeHJJ.yeTC5I HOCJIe onpeJJ.eJIe'H'H5I 'CYMMa'pHoro ,lJ.aBJIeHHH oca)J.KH n,po-

nepHTb no paBeHcTBY (262), IH:e 6Y,lJ.eT JIH ,nOTep51 YCTOHlJl1BOCTH HCJIeLL-
CTBHe n,poJJ.'OJIbHOrO H3 1 rH6a. BeJIHlJHiHY Y/lllHpeHHH 'UpH BbITH}KKe MOi)K-

'HO pa,c'ClJI1TaTb no HQ-MonpaMMe (pHC. 65) IH cO:oTBeTcTBYlOl..I.{HM paBelH-
ICTBaM IH3 rJI. V. Pa.ClJeT IIOKa3aTeJI5I yllIl1,peH

'

H5I A, npHBe,lJ.e.HIHbIH B
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JfJI. V, IHe YlIHTbIBaeT HaJIHlIl1H BHe,illHHX 30H. O,lI.IHaKO B OCHOBe ero JIe-

IKHT «,lI.BYX'CTOPOHHHH» rHnOTe3a nJIOOKHX c'elIe'HHH H n03TOMY .CJIe,lI.yeT

O}K.H:.n.aTb, lITO norpellllHOCTb, HHOCHMa51 TaKHM )J.onYIII.eH.HeM, IHe n'pe-

BbI'CHT 10-120 %
- TOlIlHOCTb BnOJIHe ,lI.OCTaT'OlIHaH ,lI.JI5I pacIIeTa .onepa-

�HH IKY3
I He1JHOH BbIT5I}K.KH.

:O:n'epaIJ.IHIO «lnepe,):(alI'H» MO}K:H'O paCClIIH'TbI'B3Tb, .KaK H one.par.r. HIO

BbIT5I}KIKH. ,QJIH onepa.U;I'LH: Irn6KH, 3a'KJpYlIHBaHH5I H py6KiH M,O}KiHO npH-

;MeIH5ITb IpaiBeH'C'T:Ba H3 rJIaB VI ,H VII, O)1.IHaKO 'C YlIeToM BJIH5I:HH5I 'CKO-

pOCTH H 'HaKJIelna Ha HIClIHIHIHOe 'c-oln'pOT!HIBJIeH'He .lI.e'cpo.pMar.r.H.H C'llOC0601\tI,
113JIO}Ke:HHbIM B pa3,LLeJIe X ,lI.aH!HOH rJIaBbI.

12. O'nepall.JIH 06'beMHOH lUTa'MnO'BKH

06'beM,HaH IIITaM'nOHKa lIaIIl.'e Hcer-o npO'I1'3!HO,lI.IH'TC5I B rop5llI.e'M coc-

T I 05l.HHH 11 BKJIIO'lIaeT B ce651 paecM'oTpeHHbIe B np'e,LLbI)J.YIII.eM naparpa-

cpe .onepaII..HH. Ho B 3TOM c.JIYlIae 'OHH 'npHo:6pe'TaIOT o:nlpe,lI..eJIe=HIHYlO

eneU,HcpHIKY B CBH3.H C 110nOJIb3,OBaH'l1eM lllTaMlnOB. lllTaMinbI npe,lI,CTaB-

JI5IIOT C060H I1 I H'c'npYMeHT, eO,LLep}KaIII.II1H nOJIO:CTb, B KOTOIpOR npoH'cxO-

AHT ,npH'HY,LLH'Te.JIbIHOe nepepaon,p'e,LLeJI.eHHe MeTaJIJIa 3aIPOTO:BKH ,LLJIH no-

JIYlI'eHHH 3a:;LLaHHbIX IcpOpMbI H KalIeC'1'Ba H I 3,lJ.eJIH5I. KOHC.T,pYK[(H5I IlITaM-

nOB BO MHorOM 3aBI1CI1T H'e TOJIb.KO O'T cpOpMbI nOKOBKH, H-D H OT KO-

BOlI'HbIX MexaHH3MOB, 'n.p:HMeHHeMbIX ,LLJI5I lllTaM:nOBKH.. ,DO\3TOMY lIaCTO

TeXIHOJIODl1lIeCKHe nlpoue.CCbI lllTaM.nOBKI1 .nOJLpa3',LLeJI5IIOT B COOTBeTCT-

BHH C KJIac-CHlcp=I1Kalr.r.l1eH HrCnOJIb3yeMbIx MallI'HIH: llI'TaMifi.OB:KtH Ha MOJIO-

Tax, npeocax H T. n.

:fTOJIOCTiH IlITaMIllOB IHa3blBalOT'CH PYlIbHMH. PYlIb'H .lI.JIH O�H'HaIKOBbIX

no 'HaHMeHOBa'H'HIO nOK'OBOK pa3JIHlIHOrO THlna O'TJIHlIaIOTrC5I n:o cpopMe.
f1p!11 3TOM n.po�eCiC TelIeHI151 M.eTaJIJIa B :lllTaMlnax pa3JIH'lIeH, lITO npH-

BO,LLHT K Ipa3JIHlIHlO B MaKpOCTpYK'Ty'pe H KalIe�CT'Be no-KOB-o.K. Il1TaMfTIOB-

.Ka B OTK!pblTbIX Illl'TaMlnaX n.pOH.a:BOJI.'I1TCH C 3ay'c.e'HI(eM :HJI'H 06JIOeM.

3ay , ceHeu BiHOCJIe,lI.'CTBI1H o6py6ae'Tc5I 11 51 I BJIHeTCH OTX'OJLOM, 'H'O ero Ha-

JIHlIHe BO M'HOTI1X CJIYlIaHX Heo6x�OJlHMO. ,n'pH IlllTaM!nOBKe .HaH6oJIee

1Ipy.u:HO 3anOJIIH5IIO'f!C5I )'Ir JIbI nOJIO:CTH IlITaMna. M.eTaJIJI 'C 60JIbllleH JIer-

KOC'TblO T'elIeT 'CHa,lIa'JIa B nOJIOCTb, npe,lJ.Ha3HalIeHHY
1 1O ,LLJI5I 3ayceHr.r.a.

D;pl1 C6JI'I1I}KeHHH IlITaM.llOB y.BeJIHllHBaeTCH COlnpOTHIBJIeHHe CHn TpeJHHH
-H 3ayceHI(bI 3aKpbIBa

i lOT BbIXO,LL H3 \PYlIb5l. n.pH 3TOM IIIpOHCX'O,LLHT OKOH-

lIaTeVIb'HOe 3a!nOJI!He'HHe BceR nOJIOtCTH IIITaM.na.

3anOJIHeHI1e 'PYlIbH MeTaJIJI,OM MOlliHO pa3,lI"eJI.I1Tb Ha lIeTbIpe ,CTa-

JLH'H, (IPUC. 1110., a). OnbITbI [,3] nOIKa3bIiBaIOT, lITO B .ne'pH'O,lJ...n01IIITaM-
.nOBKH .n.e:cp:oilMaUM5I .JIOKaJIH3'ye-nC5I B .ope,lI,!H€H lIa:CTM no ,BbI!COTe nO.KOB-

KIM B 06'beMe JII1'H300 1 6pa ' 3HOR cpOipMbI (pH.C. Il ' 0, a) �

lll'TaM'IJ:oBiKa B 3aKpblTbIX ,IlITaM:llaX IIpOH3BO,LLHTIC5I 'n�pa.KTHqeICKI1
6e3 o6JIo51 (ipnc. 11'0,6).

BbITH}K.Ka npH lllTaM.nOBIKe looYIII..e.CT.BJIHeTC5I B TaK Ha3bIBaeMbIX n!po-
TH}KHbIX ,PYlIb5lX (pnc. 1110,8), ,KoTopbIe M,ory'T 6bITb .OTK'pbITbIMM 'H

aaKrpbITbIMI1. B ,n'OCu1JeAHeM cnYlIae 3a C'qeT CTeOH5IIOIII.e!ro ,LL'eHICTB'I151 'C'Te-

iHQIK PYlIb51 BbITH:}K.,Ka n,poH,cXOJ(I1'T .6oJIee MHTeH.CHBiHO. AHaJIOrl1lIHOH

13TO:H: o:ne.par.r.uM H.BJI5IeT:CH onepa1lIJMH nO,lI,KaT;KH B -PY'lIbe, OTKpbITOM l!tJIH

3aK:pbITOM. D-o,lJ.iKa TKa COlllpOHO}K):(aeTIC5I YM'eHbiIlIeHHeM MJIH YBeJI'H:qle-
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fHl1eM nOne.pelJHbIX C-elJeHHH 3arOTOBK'H TI,POTH'B :nepBOHa'�3JIbHOrI0 ,p33-

'Mepa B p33 1 HbIX MeCT3X ee ,no JLJII1He (pMC. 110,2).
One.p3IlI151 BblC3,lI,KM (MecTHoH OCa,lI,'KH) lJaIII..e Bcero' oCYIIII.eCTiBJl5IeT-

C5I H3 6bI:CTtPOX'01J:HbIX 1�Q.pH30HTaJIbHO-KOBOlJHbIX MallJ.HHax, HM.elO l III. , I1X

(pa3'beM'HbIe IIlIT3M.TIbI, OOCT05lIII.He .H3 Tpex lJa'CTeH.

KaK l! B IIlpor.r.e,cce KOBKH, B lllTaMnax MO}KHO oCYIlleCTBJlHTb .one-

p3�HIO npOIlII1'HKH. Ee npl1lVleHHIO'T J(Jr51 !LecpopMa�J1.H 3ar-oToBOIK, Y KO-

T:OpbIX OTHOllleHHe BHY'TlpeHIH'ero ,lJ.HaMe-Tlpa 'YlrJly:6JIeHH5I K 'H3PY)KHOMY

djD>O;5 (,CM. pH'C. .10 1 9, 8, 2). B 3TOM 'c.JIy'qae, KaK Y1Ke OTMelJaJIOCb..

[J'p.OllllH'BlKY IHa.3blB3IOT 33KpbITOM. Dp'H Ta'KOM n'pOIlI,UB'Ke BbI'COTa 3aro-

TOB'KI1 YBeJll1lJHBaeT,CH TeM 60JIbllIe, lJeM 60Jlbille dID. Hal1MeHbIll'ee

Cpe,lI,Hee HanpH)KeHI1,e np'l1 rrpOllIl1lBKe COOTBeTcTByeT 'BeJIl1lJl1iHe, OTHO-

llII.eHH5I d/D=0,�5-0',,6. ,B 3aIHHCH'MOrCTH OT
. cpOpMbI pa/60QeH lJ.a'CTH

nyaHcoHa MeHHIOTCH xapaKTep TelJeHHH MeTaJIJla H BeJIMlJll1Ha Y!CHJlHfl

DtPOIllUBKI1. OnblTbI ,nOKa'3bI ' BaIOT, lJTO B HalJaJI.e .n�pOIle,cca YCI1J1H.e n.po-

Jlll.HBIKI1 . nyaH!COHOM 'C nJIOOKOH ,DOJI'OBKOM 60illblllIe, q.eM .rrp-H rrpOIIllI1-BKe

nya!HrCOHaMH C K'p'y.rJlOM H .KOHnlJeOKOH rOJlOBKaMH. Ha KQlHelJ'HO� CTa-

LI(HI1 npOlleeca iHa6J1IOJLaeTIC5I 06paTH3H 3a
i
BHCMMOCTb.

B lll'TaM:nax OCYIII.eCTBJlHIOT 1M one'palT;MIIO ,rH6KM, a TaK}Ke ,CBH3a'H-

iHbIe .C HeM olIIepar.r.�HH \nipa ' BKI1, lJeKa l HKI1, ,py.6KH 11 06pe3KH.
H3 113JI , 0}KeHHOrO CJIe,lI,yeT, IITO .one,par.r.MH 06'b'eM:HoH lllT3M;rrOBKH

Inpl1'HI�MnH.aJlbHO He OTJll1lJalOT1CH OT onepaUMH ICBo60,lI,IHOH !KOBKH, 11,

CJIeJI.OB3TeJIhHO, np'HeMbI pa'ClJeTa 3TI1X.' o.n'�paUHH a , H3J1Q1rHlJiHbI.

13. O,co6eHHocTH ,Il.e4>opMa�HH HMnYJIbCHbIMH

HarpY3KaMH

I1M:nYJIbOHbIe 'HalnpY3KH MorYT CO
'

3JLaBaTbC5I ,lI,eH'CTtBHeM IB3'pbIB'lJa-
TbIX ,Bel..I!eCT,B, 3H-eprHeM B3pblBa r,33'QlBbIX cMelceH, JI.3'BJIeHHeM He'KOT'O-

,PbIX 6blCTpO 'H:ana,p5l1OIII.HXIC5I ra30B, BbI,COKOBOJIbTHblM 3JIeKTpnlJe'CKHM

Ipa'3ipH,lI,IOM B lliil1,,lI,K.OCTH H M'OIII.HbIMH HMinYJIb:caMH M3rHI1TiHo:ro rrOJl5l.

I1M'nYJIbeHbIe HanpY3KH. l1!onoJlb3YIOT JI.JI5I .IllTaM;nOBKH 1M KOBKH pa;3-
JIHlJHbIX ,lI,'eTaJleM,' 3 TaK)Ke JLJI5I npQl6HBKH OTBep'CTHM B iHHX [3].

Ma,rH.HTHbIM MeTO)I.lllTaM'llIQBKH OCH'OBaH Ha MrH'OBeH'HOM pa!3pH,lI,e

tKOH.,lJ.eaC3TOpHOH 6aTa peH. Pa31pH)J. e-e OCYl..I!eCTBJlHeTCH lJepe3 I1H,lI,YK-

T.Op ('COJleHOJ1.LL), npl1 3TOM .B HeM 016pa
1

3yeTC5I HMnYlJIbCtHoe MarHI1TIHOe

[lOJle BbIICqKOH Ha,npH}KeHHOCT,H. 3TO 'MarHMTHoe nOJI'e ,UH,lI,yr.r.apyeT TOK

:nipoTHBOnOJIO)KH0f10 Han/paBJleHHH B MeTaJIJIl1lJeCKOH 3aroToBKe, nO.Me-

ll1.eHHOH B6JIH311 KOIHTyopa. H'H,lI,YKTI1'poBa I HHbIH B 3arOTOBKe TOK 06pa3Y-
eT ,C"Boe MarHHTHoe nOJIe, KOTopoe, B3aUMO,lI,eif,cTBYH C npJleM UH,lI,YK-'

To.pa, C03',lI,aeT CHJIbI, OTTaJl,KHBalOIII.He 3a 1
roToBKY OT HHJI.Y,KTlo,pa.

. DOL(

�eH'cTBMleM '3THX 'CI1JI 'M npiO,ncx.qJI.;HT JLe<p-OpMaIlHH 3ar ' OT 1 0BK!H, 3alnOJl-

.IH�I0111eH nOJI'OCTb IlllT3M:IIa (pHC: 1.1'I,a). MarHI1THbIH HM,rrYJlbC JLJIH'IlCH

20�30 MJf�CeK, 'C03.llaBaH MarHMT,Hoe ,lJ.aBJIeHHe. Ha �3TOM npHHI(.l1ne

(CKOH'CT'pYl1pOBaHbI HOBbIe THnbI BbI'COKOCKOPOCTHbIX MOJIOTo.B.

B03.pbI I BiHa51 illTaMnOBKa nOJlYQHJIa rrOK3 'npHMeHeHMe rJIaBHbIM 06-

iP 3'30M. ,lI,JIH H:3DOTOBJIeHI1H' KJpyJnHora 6a pll1'THbIX ;L(eTaJleM (.pl1'c. 111,6) .

Bp.eM5I ,[(eTOHalI.I1H B3pbIBlJa'TbIX BeIII.eC'DB COCTaBJI5IeT 20-30' MKceK, "a

B1peMH JJ.ecpo.p'M.ar.r.'uH 'MeTaJlJla J1lpHMe ' pao 'B 1100 pa3 60JIbllIe. D.o3TOMY
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rr.aBJIeHHe B3pblBa .co06III.aeT 3a:rOTOBKe B HallaJIbHbIH M'OMeHT ,KHIHeTH-

lleCKYIO 3'HeprHlO, IHe06xo,lJ.HMYIO )(IJI5I ,lJ.ecpOpMa1.T.HH H 3a i nOJIHeHHSI no-

JI.QiCTI1 MaT'pH[(bI. IIp'H 60JIb�lllHX ra , 6ap:HTaX MOm.HO HCnOJIb30Ba'Tb H Ha-

3eMIH'ble YCTpOHCTBa. iD'pl1 3TOM B CJIYlJae pa30BOIrO ncnOJIb30'BaHHH

MO!m�HO .B KalJe'C'DBe Ipe3epByapa npH'MeH5ITb .Ka'pTOHIHbIe 6aKH HJIH n.o-

JIH3'THJIeHOBbIe MelllIKH, a J(JI5I Ma'npHl[(bI Uan'OJIb ' 30BaTb ,lJ.6IlIe.BbIe MaTe-

p'HaJIbI
-

[(eMeHT, .fHHC, ,lJ.ame JI'e.,rr..

is KalJeCTBe "B3IpblB'llaTOrO BeIII.eCTBa npHMeH5IlOT TpOTHJI (Tp,UHHT-

pO'POJlYIOJI, Ton). 8T I 0 6p!H3a'H'THoe B3'pblB1JaT'Oe BemeCTBO HOpMaJIbH'OH

5

PHC. 111. Cne�HaJIbHble BHJI.hI WTaMOOBKH: a

a -

Maf'HHTO)].HHaMHIIeCKaH llITaMnOBKa (1- HHJI.YKTOP; 2 -

lllTaMn; 3 -

3arOTOBKa; 4 - OT-

lllTaMfIOBaHHafI )].eTaJfb); 6 -

YCTaHOBKa )].JIfI B3pbIBHOM lliTaMnO�KH (1 -

B3pblBIIaTOe Be�e-

CTBO; 2 -'

3arOTOBKa� 3 -

npH>KHMHOe KOJIbl.\O; 4 --

MaTpHu,a; 5 - KaHan AJIB BaKY}'MHposa-

HHB nOJIOCTH WTaMoa)

MOI.ItHo-CT:I1. CKOpOCTb J(e'TOH a[(UH TprOT!HJIa 700'0 Mj ceK. ,[{aBJIeHl1e noJI.-

B-o,rr.HOiro B3pblBa OKOJIO 13. , 10 3 MH/M2 (laOOOO Kr/CM
2

). rC:KopOCTb )J.e-

cpopMaIJ.I1H MeTaJIJIa InpH B31pblBe ,rr.Q.cT11raeT 1100 M/ceK.
COCT05lHHe MeTaJIJIa nOCJIe nlpI1JI-Q}KeHH5I y,rr.ap'HbIX nOJI,H OTJIHlJaeT'CH

P5l,rr.OM oco6eH'HocTeH no cpaBHe'HHllO C 'CO\CT05lIHHeM np!H 'CTaTHlJeOKOM

HatnpY)KeH,HH. HalnlpH'Me'p, Me'TaJIJI Y'II!pOlJ'H5IeT'C5I cpa'KTHlJeCKI1 J1..0 ITIpe-

)J.eJIbHOH BeJI'H'llHIHbI n,pH IHe3HalJHTeJIb\HbIX, H'Ho-r,lJ.a H.elJe3alOIII.e MaJIbIX

OCTaTOlJHbIX )J.e,cpo-pMaUH5Ix. llpH 3T i OM ,C-03,rr.ae'T.C'51 TOHKa'H CTPYK,Typa c

MaJIbIM pa3Me.poM 6JIOKOB, a nJI'O'DHOCTb )J.H'CJIOKa[(l1:H -)J.ocTHraeT Ha/H-

60JIBllleH Ha.6JIlO.,lJ.a:BlllleHIC5I B HaKJIenaHHbIX MeTaJIJIaX BeJIHlJH!HbI (J];o
101'2 CM-

2
), nOJIYlJaeM'OH n.pH CTaTHlJeCKOH JI.e'cpopMaIJ.-M11 Ha 100-.2,00 %

'

no OTH'OOHTeJIbH.oMY 'cJI.BHry. TaKHM OQ.pa30M B YCJIOBH!51X, BbICOKHX

,rr.aB.JIeHHH, K!or,lI,a ,lJ.ecpopMa'[(H5I 3a'TpYJQHeHa .3a ClJeT 06'b'eMHOro Hanp5l-
meH'Horo COCT'05lIHH5I, 'n-pH O)J.IHOH ,H TOM me 'CTe.rreHH OCTaTOlJHOH )J.ecpop-
iMal.tHH ynpOlJiHeHH.e 'CI1JIb'Hee, 'qeM npM 'O"flHOCH'TeJIHH'O CBo60JI.H'OM TIJIa-

CTI1I11e�CKOM 'TelJeHI1H. CT:pYKTy,pa M'eTaJIJIa, ,rr.ecpOlpM'HpyeMloro Y)J.ap:HOM
BOJIIHOH, HMeeT CJIe,lJ.YlOIII.l1e oc06eHH,oCT!I1: a) ;pa

'

3-BHTHe IC HallaJIb'HbIX

CTa,rr.HH ,lJ.ecpb-pMallTJHH M!H,Q;m.eCTBe.HIHoro OKOJIb}KeHHH, in.p-OH'CXO,lI,Hm:ero

npaK'THlJeOKI1 o�HOBpeMe.HHo no MHO:rI1M ,HenapaJIJI.eJIbHbIM ,TIJIOCKOCT5I!v1;-

6) 'rrep-exo.n K .HHTeHcHBH'OMY JJ::BOHH'HKOBaHl1 l lO, n'JIOTHOCTb KOToporo
He.o6bIllaHIHo BbI'COKa -

'paOCT05l l HHe Mem,,rr.y ,CQ.ceJI.HHMI1 ,L(BoHIHHKaM.H
COCT aBJIHIOT .Bcero 10- 4 ---110- 6

cJrt.

06HapY}KeHHbIe B .onbITax oc06eiHIHOCTH TPY,)(H,O 06'bH'CHHTb Ha Oc-

HOBaHHH rr , pe,LLCTaBJI.eHI1H '06 06bIII'H,OM ,lI"HCJIOKa[(UOHIH.OM :MeXHHH ' 3M.e

IIJI3-CTHlJe-CKOH )(ecp'o,pMa[(HM, OOHOBaHHOM Ha pa,6oTe M.CT-OtIIHH)KOB THIIa

9* 3aK. .127 259



$,paHKa
- P,H',lJ.a. ,B/peMH ,lJ.eH)CT:BH5I BbICtlKOtO ,lJ.aBJIeHH5I rrpH B3pbIBHOM

HalrpY}KeHI1.HC-OCTaBJIHeT Hcero 10- 7 -10- 9
CeK, H 3a 3TO KOpOTIKoe Bpe-

lW,5! :TIJIOTH'OCTb JIJI1CJIO'KaU.I1H B03paC'TaeT AO 10 12
CM-

2 /CeK.
B 3TOM CJIYlJae TI'P'H JI.OCTI1}KeHHH K3'CaTeJIb!HbIMI1 :HainpH}KeHHHMH

.BeJIHlJHH'bI TeOpeTU'lJeCK.OH TIpOlJ:HOC'TH Ha,lJ:I1HaeTC'51 HHTeHCHBHa.51 TIJIa-

'CT:H1JeCKaH JI.ecpOpMar.r.H5I 3a 'ClJeT .0,lJ.HQ-BpeM.eHHOrO CJJ:Bnra aTOMOB
u TA �

B,n'OJIb ,TIJI'OCR-DiCTeR C'KOJIb}KeH.HH. .YIHbI'M:H CJIO'BaMH� MeT,aJIJI Be,lJ.eT ceo51

TI'OLL06HO }KHLL'KOCTH.
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\1. :B ,e 3.y X 0 B :H. iH. O:CHO:BbI T,eOpHH rynpY1rOC'TH, .nJI8'C'T,HtflHO!CTH H inOJI.3Yll-e,CtTH.
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BOJlOIJeHHe

1. Cnoco6bI BOJIOlJeHHSI

BOJIOlJeHI1�M (pHC. 112) nOJIYlJalOT npOBOJIO'KY J(HaMeTp'OM lOT 0,002 MM

AO 6-8 MM, npYTK,H AHaMeTpoM JI.O 100 MM, rnpy6bI JI.HaMeTpoM OT

0,01 MM ,lJ.0 400 MM, .KBa,lJ.paTtHbIe, IJleICTH!r,paHHbIe, KaIIJIeBI1,n:.HbIe, IKO-

p,06lJaTbIe H JI.pyrHe n,pocpHJIH.
113 CJIHTKa ,lJ.HaM.eT.poM 4'0.0. MAt H .lI.JIHHOH 1 M nQCJIe .npoKaTKH H

nOCJIe,rr,YIOIII:eDO BOJlOlJeHH5I IIOJIYlJaeTC5I 162 KAt I1IpOBOJIOKM AHaMeTpoM
1 MM' HJIH 16200 KM npOHOJIOKH A,HaMeTlpOM 0,1 MM. DpH 3TOM nJI-Q-

III.aAb rrOBe,pXH.OCTH B03pa
i CTaeT B 4.10 3

'pa3a. B npoI(ecce BOJIO'lJeHHH

cYIII.eCTBeHHo 'H3MeHH'IOTC5I cprH'�HKO- MeXaHHlJeCKl1e 'CBOH'CTBa MeTaJI.JI a.

B lJaCTiHOcTH, BOJIOlJeHH.eM M'O}KHO JI.06H'TbrCH nOJIYlJeHHH ,HaJI.JIe:>KaIII.eH

TeKcTypbI 06pa6aTbIBaeMOIro MeTaJIJIa.

O'CH'OBHbIe 'c.noeo6bI B-OJIOlJ ' eH!H5I .C.llJI,OIll/HbIX TeJI CXeMaTHlJeCKH no-

�Ka3aHbI Ha pnc. 112. B.oJIOlJeH,He C 'll,POT,HBOHaT5I:>KeHHeM 2 npHMeHHIOT

JI.JI5I. YMeHb:llIe.HH5I TpeHI151 H no.BbI'IJle'HH5I CTOHKOCTH H'HCT.pYMeHTa, TaK

KaK npl1 3TOM YMeHbIllae'TCH JI.a.BJI-eHHe IH.a .HHCTpY'MeHT. B nOCJIe,J,Hee

BpeM5I 'CTaJII1 npHMeHHTb BOJIOlJeHHe ,C nrpHIHY.lLI1TeJIbHOH IIOAa'qeH CMa3-

KH B OlJar ,lJ.e'cpopMal�nH 3.' 3TO CYIII.eCT:BeHHO ,C'H,I1:>KaeT Y-CHJIHe BOJIOlJe-

IHHH H JI.aeT ':B'031\1110:>K 1 HOCTb YHeJI'I1!lJHTb BbIT5I}KKY. BOJI'OlJeHl1e C nOlI,orpe-

B01\11 5 HCnOJIb3YIOT B cJIYlJae 'HH3KOH nJIa.CTHQHOCTI1 o6pa6aTbIBaeMrOiro
MaTepHaJIa. Han'pHMe.p, BOJIbcppaM H MOJIH6,lJ.eH npH BOJIOlJeHH,H no,lJ.O-

rpeB3'IOT A'O 700--800°C. DpH BOJIOlJeHHI1 I(HHKOBOH qpOBOJIOKH ee

npe.lLBapHTeJIbHQ inoAor'peBalOT ,lJ.0 80-,g:O°C, nor,pY:>KaH 3arOTOBKY B

rOpHlJYIO BOJIY. B IlIpo�ecce HOJIOlJeHI151 TeMnepaTypa nipOBo.TIOKH YBe-
JIHlJHBaeTlC5I ,lJ.0 120-l50°,C. f1p'H 3TOH TeMnepaType UHHK .HMeeT BbICO-

.KYIO nJIaCTHlJHOCTb B .CBH3U ,C o6paaoBaHHeM MaK'CI1MaJIbHoro. J{'OLTIHlJe-

CTBa 'nJIOCKOCTeH CKOJIb}Ke,HH5I.

,R,o.rrOUPHue .Bo Bp3lIII.alOIII.eHCH BOJIOKe 6 H'HOr,LLa. npI1Me.HHIOT rJIaR-

HbIM 06.pa30M JI.JIH rrOJIYlJeHH5I ,paB-HOMepHOIro H3Hoca no ee nOBepxHo-
CTH. DepBOIHalJaJIbHO HaJI.e}K,LLbI, B03JIaraBIJl,HeC5I Ha CYIII.eCTBeJ.{,Hoe .CHH-

:>KeHHe K03 1 cpcpl1I.LHeHTa TrpelHI1H H Y1CI1JIH5I' BOJIOQeHH5I npH TaKOM cnoeo-

6e BOJIiO'lleHHR, ce6H He OrrpaB.lLaJIH. OKa3aJI I OCb, IITO LLJI5I nOJIyqeHHH

3cpcpeKTa BOJIOKY He06xOAI1MO Bparn.aTb CQ CK10pOCTblO B HeCKOJIbK'Q

�6J
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,lLeC5ITK'OB TbIC5Iq 06o.pOTOB B MH,HYTY, q'TO p'e3!KO YCJIO}K:H5IeT KO'HICTPYK-

ll!HIO BOJI01.IIHJIhHOIrO 'CTaHKa [.1]. O,lI.lHaK!O lrr'pH BOJIO'qeHUH THTalHoBoH

npOBOJIOKH 6bIJIO YCTaHOBJIe.HO, qTrO YJKe rrpH qHCJIe 060pOTOB BOJIOKH,

paHHoM 3300 B MH:HYTY,. YCHnHe BOJIOqeHH5I eOCTaBJI5IeT 25°/0 OT YCH-

JIH5I !TI:PH :BOJIOqeUHH B Heno,QBHJK'HYIO BOJIOKY [2]. O,PH' BOJIOqeHIHIH MeJK-

J1.Y ,pOJIHIKaMH 7 jHeo6xl0�HMoe )'IcHn.H'e H H3HOC HH,cTpY,MeHTa MeHblllle,

qeM rrp:H 06bltIHOM BOJIOqeUHH, HO KOHCTPYKQH5I BOJIDKH YCJI'O)K'H'51eToR.

IOpB BOJIo-qeHHH rrOJIbIX Ten 6e3 orrpaBKH 8 BO .H36eJKaHMe rrOTepH

Y'CT'OH'YH'BO'CTH C'TeHKH HJIH ,o6pbIBa Tpy6bI J1.e,cp,opiMaUiH5I 3a KaJK,Z:LbIH

n.poxoJ1. He ,Z:LOJI)KIHa n.peBbIlllaTb 30--"735 0
/0. E'CJIH BOJIOqeHIHe rrpoH3Bo-

,lLHT'C5I na J1.JIH.H.HOH orrpaBKe 10, TO ,Z:LOrrY'CTHMa C'TeneHb ,lJ.ecpnpMalll.HH
T,py.6bI JI.O 55,0/0. OJ1.IHa�o BCne)L 3a BOJIOqeHH'eM T.pe,6yeT'C5I ,Z:LOBOJIbHO

TrpYJ1.oeMKa51 onepaUH5I H3BJIeqeHH5I ,Z:LJIIH'H1HOH .orrlpaBKJH H3 Tpy6bI, qTO

orp3HH'tIHB3eT n,pHMeHeHHe 3Toro onoco'6a BOnOq'eHHH. BOJIOqeHHe 'Ra

KOpOTKOH O'TIpaBKe 9 IC AecpopMaQMeH H-a 35-40. %
3a O.lI.:HH rrpoxlo,A

51'BJI5IeT1C5I ,HaH60JIee ;paonp.oc-rpaHeHHbIM. BOJI'Oq'eHI1e Ha C�MOY'CTa.HaB-

JIHBaIOIll.eH�C5I (<<.rrJIaBalOIll.eH») on.paBKe 11- H'Crr'OJIb'3Y i IOT ,lI.n51 ,H3 I rOTOB-

neHIH5I ,Z:Ln,HIHHbIX Tlpy6 Cno 4\0'0-6 100 M) He-60JIbllllOro AHaM'eT,pa, K�TO-

pbIe MOJK,HO CMaTbIBaTb B 6YHTbI :H, ICJIe,Z:LOBaTeJIhHO, H.crrOJIb30BaTb ,Z:LJI5I

BOnOqeHI151 K.QM'rraKTHbIe CTaHKH C BOJIOqH�bIHbIMH 6apa6auaMH. HHOT-

)1.a HenOJIh3YlOT BOJIOq'eHHe q�pe3 )LBe BOJIOKH ,)1.JI5I nOBbLllIeHH5I 'CYMMa p'-
H'OH Be"T},I1qI1HbI �ecpopMaQHH "3a O,Z:LHIH !rr,poxo�.

P 33,Z:La qa rrplH BOJIOqeHHH 'TIP HMeH5IeT.C5I ,Z:LJI5I H3IfOTOBn'eHI151 TOH�KO-

CTeHHbIX Tpy6 60JIb'llIOrO )1.HaMeTpa, KaJIH i 6pOBKH TPy6 no BHYTpeHHeMY

,lLI1aMeTlpy, H3.fOTOBJIeH.H5I 6HMeTaJIJI'UlleCKHX Tpy6. Pa3,Z:Laqa MQ.JKe-T

ocymeCTBJI5ITbC5I ,C IpaCT5IllieHHeM IH C)KaTI1'eM T,py6bI. Pa3,Z:Laqa C paCT5I-
JKeH'HeM 12 np.HM-eHHeT1C5I )1.JI 1 5I TOHKOCTeHIHbIX Tpy6 C TOJIllJ..I1iHOH CTeIHKI1

1,5-2 MM IH ,Z:LHaMeTtpOM 20-:5.0 MM H 6oJIee. Pa3,Z:La , qa ,CO CJKaTHeM

T'Py6bI ��13} �rpI1MeH5IeTcfI' ,lI,JI5I' 'TOJICTOICTeHHbIX (60JIee 4 MM) B KOPOT-
KHX (He 60JIee 3-4 M) Tpy:6. '3a O,Z:L,HH rrprOxo,Z:L ,Z:LI1aMeTp TPy

' 6 YBeJIH-
QHBaeTC5I Ha 5�10 MM. P�t3,H'OHH,Z:QHOCT5IMH pa3..lLaqH C paCT5I)KeHI1.eM H

co Clli3THeM 51BJI5IIOTC5I 'C'OOT,BeTCTBYIOIll.H.e OInep3QI1H nHCTOBOH' IlITaM-

rrOBKH {14T. D'piH pa3,Z:Laqe C rpaCT5IJKeHHeM ,Z:LOrrY'CTHMoe 3a O,lI.H'H H,pO-

XO,lL YBeJIUQeHI1.e J1..HaM.e-T,pa nnpaHH'qeHO: B03MO)KeH OT.pbIB 3arOTOBKH

OT ,cpJIaHQa H31H 06pa30Ba'HHe rrpO)1.0JIbHbIX Tp,eIIl.HIH rro)1. ,lLeHCTBHel\1

TaHreHQI1aJIbHbIX paC'T5IlrUB3IOIllJHX Harrp5lllieHI1H. OpH 'pa3,Z:LatIe CO Cllia-

THeM .rr.ecpOpM3QI15I TO)Ke OrpaHHqeHa: B'03M-QlliHa nOTep51 YCTOHQH"BO-
'C'PH He,Z:Lecp,opM,I1p-y,eM'OH q,aC'TIH nepe,lL -onp3B�OH MJIM 0'6pa3'OBaHHe Tipe-

III.HH B HaI1
i 60nee ,lLecpopMHpOBa'HHOH 'tIaCTH.

.

YrrOM5I.HYTble i3,lLe-Cb cnoc06bI He H'CQep:rrbIBalO'T, KOHeq,HO, Bcero MHO.'

.f006pa3 I H5I TeXHOJIOfH'QeOKHX n,pOQeoeOB BOJI.OtIeHH5I, HanpI1Mep, If.C-

nOJIb3yeTc5I KOM,6HHalQHfI BOJIOq.elHH;5I B pOJIHKOBbIX H 06bIqHbIX BOJIO-

'K3X, .H3BeCTHbI MHOrOqH,CJIeHHbIe Icnoco6bI nonyqeHH5I rrOJIbIX HeKpy,r-
JIbIX TeJI, pa3JIHtIHbIX 'CeqeHHH. Y MeHblIIlHTb 'nJIOII(a,Z:Lb 'IIorrepeq:Horo ce-

qeHI151 MeTaJIJIH'qe.O�HX TeJI MOlliHO H ,npOCTbIM paCT5IJKeHI1eM.

Do..lL ,lL'eH'CTBueM CI1JIbI, rrp:HJIOJKeHHOH K rrepe,lL'HeMY KOHll.Y, 3 T3K�e

HOpMaJIbHbIX H KacaTenbHbIX Harrp5lllieHH'H, B03HHKalO l llJ.MX Ha KOHTaKT-

HOM IIOBepXHOCTI1, B -'3arOTQBKe' Q05lBJI5IIO'1'IC5I
.

paCTHrH'BalOllJ.He Harrp5l-
JKeH,I151 B.L(OJIb ee OCH .H C�HMalOllJ.He IHarrp5lllieHlIR B .TIJIOOKOCT;H rrone-
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peqlHOrO ,c.eqeHH5I. Ha i

rr'pHIJKeHH5I paHHOrO -3IHa:Ka CHIH)KaIOT COnpOTHB-
JIeHHe JI.ecpOpMaII.HH. aTO 06CT05lT'eJIhCTBO Ii 'BaKnen n6eone.qHBalOT

B03M'DJKHOCTb BOnOqeHH5I.

'Heo6xoi(HMOe y.CJIOBHe .u.n51 OCYllJ.�'C-TBJIeH'H5I u,p0II.eoca BOJIOqeHH5I

,c-o-CTOHT B TOM, qT'D Harrp5l}KeHHe ,paCT5I}KeHHH B 'BbI:lll,e�llIeM US .BOJIOKH

KOHII.e 'rrOJIOCbI, :KOTo.poe MbI YCJIOBHM'CH iHa 13bIBaTb Ha 1 rrp5lJK.eHIH,eM BOJIO-

'qeHH5I, )1.'OnJKH.Q 6'bITb MeH'bIIle, 'qeM npeJI:en Te;Ky-qeC'DH' MaTep'MaJIa 3Tor,O

KOHII.a, T. e. P<(j8. B npOTHBHOM cnyqae .6Y,lI.eT :npOH�CXOJI.HTb rrJIaCTHqe-

CKoe paCT5IJKeHHe BbIXOJI.51.IIlero KOHII.a, ,lI,let}:>OlpMa'II.H5I npH06peTaeT CO-

c-pe)J.OTOqeUHbIM xapaKTep, o6pa3y.eT'CH UIeifKa HJIIi ne'CKOJIbIK'O llleeK J1

h.pOH3-0MJI.eT 06pblB.
-Ollar JI.ecpopManHH 'fiPH .BOJIOqeHIHH BKJIlOqaeT B ce651 BHeKOHTaKT-

UYIO, 'KOHTa'KTHYIO H rrep-e.)J.IHIOIO BH.eKOHTaIKTHYIO 30HbI (Ha nepBOM 113

IpH'C. 11:2 cxeMaTH-qeCKH Orpa!HH'qe-HbI nYHKTH!PHOM JIHHHeM). Do,lI, )J.eH.cT';
BHeM KOHTaKT!HoM 30HbI BO BH-eKOHTaKTiHbIX 301Hax B03'H,H'KaJOT Hanp5I-
)KeHH5I H cooTBeTcTBYIOllJ.He HM JI.e.cpOpMa1lI.lHH. OHH )I.,OBonbHO 6bICTpO
YMenb!llla!IOTC5I rro 'Mepe y.)J.aneHH5I OT c.eqeU11M BXOJI.a H B�Ixo.lI.a. YllH-

TblBa51 IHe:n,p-epbIBHOICTb rrpoII.ecca BOnOqeH.HH, YMecTHo 3a)J.HIOIO BHeKOH-

TaKTHYIO 30HY Ha3'BaTb 30HOM B03,6Y)K,JI.eHH5I, a rrepeJI.HIOJO
- 30HOM

3aTyxaHH5I .BHeKO�HTaIKTHbIX ,Harrp5lllieHHM H JI.ecpo.pMaQHM.
H3yq,eH'H.e ,lLecp.op'MaII.HM M:eTO.lI:OM' KOOPJL11HaTlHOM ,ceTWH nOKa3bIBaer,

qTO rrplH' BOJIOqeHHH Ha1pH)J.y 'C )J.ecpO!pMaII.HeM paCT5IlllieHHH HMelOT MeCTO

C.lLBH'fM, T-eM 60JIee UHreH,CHBHbIe, qeM LLaJIbillIe 3JIeMeHrap,HbIe H4eHKH

paOrrOJIOlli,eHbI OT OCH 'rrpOr5llrHBaeMoro rrpYTKa (puc. 1 La).

(

PIIC. 113. CxeMa H3MeHeHHH KooPAHHaTHoft ceTKH npH BOnOlleHHH Kpyr-
noro npocl>HnH llepe3 KOHHllecKYIO BonoKY

2. <l>a!�10PbI, BJlUHlOlI{He Ha npoQecc .BOJIOqeHHH

'KpaTKO oxapaKTepH3yeM BnH5I:HHe 'OC=H'OBHbIX cpa:KTO'pOB Ha npOTe-
KaH11e npOII.ecca Bon.OqeH,HH H, irJI30BHbIM o6.pa30M, iHa y.CIi.JIHe H Han,plI-
llie:HHe BOJIOqeHlH5I.

M e x a !H Ii tI e IC K ,Ii e c .B -0 if 'C T B a MeTa JI JI a. M,HOrOqHICJI,e.HHble
ODhITbI D'OKa.ShI�BaIOT, 'qT.O .Me>K.ny Inpe�eJIIOM npOqH'OCT,H H YCHnH,eM BO-
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n.OqeHH5I TeXIHH:q.eCKHX MeTaJIn'OB CYIll.eCTiBy,eT 31HIHe:H:tH851 3aBHOHM'OC'Tb

('PH.C. 114,a).
C T P Y IK T YiP a MeT 8 n JI 8 . MeTaJIJIbI ,C 0)I..Hocpa3HOH CTPYiKTYP9 H

,H MHHIHMa31b\HbIM IK031H.q'eICTBOM IIpHM'e.ceH MOJKIHO IIo.nBepraTb BOnOqe-

HHIOC 0031b'llIHMH CTeiIIeH5IMH JI.ecpo.pMa'QHH 3a II'P0X-OJ( H M'H'HHManbHbIlVI

IIH'CJIOM OTlliHIf'OB MeJKJI.Y !HHMH. lliPH np,OqHX paBHbIX YCJIOBlHHX YCH31lHe
B0310qe�H1151 JI.n51 TaKHX MeTaJIJIOB MHHHMa31bH'O IIO ap8BHeHHIO C JI..pyrH-

MH ICTp')liKTYlpaMH, a K8qeCTBO nOBepX!HOCT'H BbIIIIIe.

.'C T e'rr eiH b JI. ecp .0 IP M 8 � ,H H. Q'pe3MepHO 60nbWIHe .BbITH}KKH IIPH

B0310q'eHHH HeJI.YT ,K :HapYllleHHIO YIC310BHH OCYIIJ.eCTBHM'OCTH IIpOII.eeCa

B0310qeH'HH p-<.as, T. e. K 06PbJ.B8M. llPH qpe3M
, epH.O 'M,a31bIX .o6JKaTH5IX

oqar .rLe-cpQPMaiII.HH aHaqHTenbHO y�opaqHBaeTICH, H8rlpY3KH 'IIpH06IpeTa-
lOT COCpe.rLOTOqeHHbIii xapaKTep IH ,lI,ecpopMaII.HIH no. Ceq,eHHIO 'CTe ' p)KH5I

CTaUOB5I'T1C5I KpaH:He HepaBHOM'epUbIMH. B p'e3ynb'T8Te KOHT8,KlIHbIe Ha-

n.p5lIllieH1151 'pe3 1 KO BoapaCTalOT, qTO IIipH,BO,lI,HT 'K 16bI I CTPOMY H3HOCY HH-

CT,pYM.eHTa. BMeJCTe 'C Te.M MeX8HMq.e'CKHe CBOM'CTB8 MeT8JIn8 no ceqe-

HHIO 3aMeTHO H3MeH5IIOTtC5l. ll;PH Y!BMH'q.eHHH. CT'e-neHH ,lI.ecpo,pM8aHH He-

paBiHOMepHOCTb YMeHb�llIaeT'C5I, II09TOMY KOHTaKT'HbIe na!IIp5lJKeHH5I J1,

C'B5I3aHHbIH C HHM H3:HOIC YMeHb'lllaIOT'C5I, a 'MeXaUHq,eClKHe 'cBoiicTB'a no

ceq.e I H111O TeJIa 'CTaHOBHTCH 60nee paBHOMep'HbIMH. M:H.orOqHC31eHHbIe

orrbITbI n'OKa3bIBaIOT,qTO 3aHHC'HMOCTH M.el}K,lI,Y 'YCHnHeM, a T8KJKe Ha-

rrp5lJKeHHe.M H JIorapHrcpM'OM BbIT5Illi-KH 631H3'KM 'K .JIHHeHHbIM

(,P11c. 114,6).
C.K.O P -0 ,C T b .rL e Icp '0 IP M a II. 'H -H. 113 MaTepHa31a IrJI. VII H3BeCTHO,

1.ITO C .pOCTOM CKIOpOCTH 06pa6oTKH co;IIpO�nBJIeHHe JI.ecpo.pM811:HH 'YBe-
JIHqHBaeTC5I. BMecTe C TeM B 'Y'C31,OBH5IX 'B0310lIeHH5I 'C pOCTOM CKOpOCTH

npo'HCXo.rLHT ,pa301rpeB M,eTanJIa H 'C31IOH CMa3K11 'CTaHOBHTC5I Bce 60nee

paBlHoMepHbIM. 'llP'H 3TOM K03:cpcp'HI1.'HeHT T,peHH5I YMeHblIll8eTcH. B pe-

3ynbTaTe C YBe31HqeHH.eM C"KOpOCTH H0310qeHH5I '.rLO 5 M/MUH Harrp5lJKe-
HHe HeOKOJIbKO B03.pacTaeT, a npH J1.a31b l HeHIIIleM pocTe 'C'KO'pOCTH OCTa-

eTCH rr.pHMepno 'I10.CT05lH'HbIM. (B 'Haqa31e rrpoQecca HaII.p5l:JKeHHe B0310-

qeH1151 .rLOCTHraeT HeKOToporo MaKcHM'y.Ma, a .3aTeM YM'eiHhillaeTC5I H CTa-

6HJIH3-H'PyeTc5I (pHC. 114,8). HaJIIHqMe MaK!CHMY'M8 o6Y'C31.oBJIeHO HHe.p-

IJ.HOHHbIMH C1131aMH :npH 3aXBaTe. npH IInaBH,OM :38XBaTe M8KCHManb-

Hoe Haqa31bHOe Ha '

IIp5l:>Ke-HHe BOJI-oqeHH5I 31H,llIb Ha 5-10 % 6031b'llIe Ha-

rrp5lllie;HH5I B y,cTaHoBHBIlI.eii,c5I CTa..n:HH, 'H.o�npIH �peaKOM 3aX'BaT-e OHO MO-

)KeT nDBblenTbC5I B 2-2,5 pa3a, qTO �npH.Be)J.e'T IK 06,pbIBaM. npH OqeHb

6031bIIIl11X 'CKOpOC-T5IX (35-4 i O MIceK 11 BbIlllIe) 'CHOBa MO:>KHO Ha031IO)J.aTb

pOCT YCH311151 B03101.IeHH5I C ,pOCTOM CKOpOCTH 3a .CqeT :Y,MeubIIleHHH B5I3-

KOCT11 CMa3KH (puc. 114,2).
T eiMITI.e p' a T'Y P a IB OtJI Olq lelH IM.IH. Te I

MlIIe!p8T1Y:pa- 'IIo,Be,px'H'OCT:HbIX
c.310eB npH B031.oqeH'UH In'OBbIIIlae-rCH no� BJIH5I I H-M,eM 'K:OHTaKTH.oro Tpe.HHH.
no -HCC31e.rLOB-a:H.1151M ,'E. lB. iDa31bMoBa, TeMlrrepaTypa Ha KOHTa�KTHoH IIO-

Be.pxHo-cTH BOJIOKH MOllieT ,AOCTHraTb i600°C, a HO .lI.8'HHbIM P. B. K.pa-
CM31bllJ.MKOBa '[3] ',!Lallie 7150�800°C (puc. 114, a). -B CB5I3H C 3THM 'II'PH
01.IeHb ,6031h1lIHX 'C'KOpOCT5IX BOJIOtIeHH5I MOllieT 'HacTyrraTb 51B31eHHe «(IIe-

IpeT5IlliK11»
-

-o6paaOBaHHe II0 ,OCH iII.pOTHrHBaeM.oro 'npYTKa IHa 'npIHMep-
HO paBHbI� paCCTOSI"HHHX 'BHYT,peHH'HX 'pa3pbIB-OB. M'O>KIHO 'IIp.e,!LIIOJIa-

raTb, lITO 'npH Ha31HqHH '60JIb�IIl:OIro' ne;p.ena,lI,a TeM'IIe.paTYP 'IIO Ceq,e'HHIO
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npYTKa pe3KO H3MeH5IeT'C5I XapaKTep llla,rr,p5lllieHHOrO COCT05lHI15I !Ha era

OCH .cpa3Y JKe ,rrOCJIe BbIXO,Z:La H3 KaHaJIa BOJIOKH. Hapy:tKHbIe 60JIee pa-

30rpeTbI1e ,cnOH 3a CqeT TerrJIOBOrO 'paOllIH'p-eHIH5I :OKa3bIBaIOT B-03,Z:LeHCT-

BHe Ha BHYTp.eHHHe, BbI3bIBa5I !rrOHBneHHe B QeHTpanbHOH '30He paJI.H-

aJIb1HbIX .H TaHreHQ.aaJIbHbIX paCT5If.HBalOIll.HX .Ha 1 II;p5lJK.eHH5I. B COqeTa-

HHI1 'C .paCT5IrHBalOIIJ.HMM Harr,pHlli.eHH5IMH OT YOH.m:HH .BOJI
I OqeHM5I C03-,Z:La-

eT'C5I «�eCTKa5l» ,cxeMa iHarrp5l;JK'eHHOro 'COCT05lHH5I, rrpHHO,Z:L5I i IIJ.a5I K pa3-

.pbIBaM. B pe3ynhTaTe .pa3pbIBa 'npOHCXOJ1.HT peJI3tKCaII.H5I Hanp5IJKeHHH,
UD nOCJIe,lJJHHe B npOII.eCce BOJIOqe�HH 'C'HOBa napaCTalOT, rrpOHcxo.rUiT

oq.epe.lLHOH pa31pbIB .H T. )J..

.

llP'H ,BOJIOqeHHH C nO,Z:(.OIrpeBOM 'HeB03MO}K:HO ,TIOJIyqMTb 60JIb!IIlHe BbI-

TH}KKI1, TaK iKa'K �rrpH '3TOM 3H.aqHTeJIbHO YMeHhIIlaeTCH .irrpOlIHOCTh BbI-

TtHlr.H.BaeM'OlrIO HI3 BOVIO'KH trre.pevI.IHef'O rKO'HI�a Ii YXYiJIJIIlaIIOTlo51 !YICJIIOBHH
'CMa3KH B oqalre JI.ecpnpMaII.H'Ii. aTO n'pHBO,Z:LHT K POCTY 'YCHnH5I BOJIOqe-

HI151 M '06pblBY 'IIepe.,Z:LHerO !KOHII.a. in03�-oMY iHe3 1 HaqUTeJIblHbIH no,Z:LO-

.r.p.eB npI1MeH5IeTC5I nUIIlb npM BOJI.OtIeHHH BblCOKorrp.OlI'HbIX MeTaJIJIOB-

M,OJIH6,Z:LeHa, BOJIB,cp.paMa, '6bICTpOlpeJKYIIl.eH CTaJIH H ,Z:Lp., He Tep5IIOIIJ.I1X

rrpH 3TOH TeM'rr,epaType crroco6HOCTH K 'y\npOlI'HeHHIO.
,0 pOT H B IO�H a T 51IJK e H!H .e. Dp-oTHiBoIHaT5FJKeJHue YMeHb'IIlae.T H-op-

'ManbHoe JI.aBneHH:e H-a Kop'rry.c -BOJI.OKH, I13IHOC KOTOpOH B pe3YJIb'TaTe
3'1'OrO YMeHbIIIlae�C5I. YM.eHblIIlaeTcH Ta!K}Ke nalrpeB BOJIOKH, TeM1nepa-

Typa MeTanJIa M nepena,Z:L TeM:nepaTYP Ino CeqeHHIO TeJIa, rrO,tLBe.pralO-

IIl.elr , Q-C5I BOJI,OqeHHIO. .BMe-cTe C 'TeM C PO'CTOM YOHJIH5I rrpoTHBOHaT5I:tKe-
HH5I HaqI1Ha51 C IHeKoTop.oM �pHTHlIeCK:OH ero Be,JIHqH,HbI YBeJIHqHBaeTC5I

H3'rrp5llli.eHHe M rr'OJI'HOe YCHJIHe BOJIOlIeHH5I. !Do3ToMY BeJIHqHHa Ha:np5I-
)KeHH5I rrpOTI1BOHaT5I�eHHH OrpaHHq:HBaeTcH 'He ,TOJIbKO !rrpe,Z:LeJIOM TeKY-
lIeCTH BXO,Z:L5IIIIl.ero B BOJI"OKY KOlllua rrOJIOCbI, iHO H :npOq'HOCTblO .BbIX ' o..rr.51-

IIJ.ero I1� BOJIOKM KO,HII.a .o6pa6aTbI
' Ba,eM-oro Tena.

T p e 'H Ii e H C M a 3 K a. PaHee 6bIJIO 'rr,OKa3aHO, 'qTO T,peHHe YBeJIM-
tI'M:BaeT 'Hep aBH.OM.ep'H,OCTb JJ:ecplop'MlaII.MIH no 'CelIeH!MIO �eJIa, IHa-np.5Illie-
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HI1e H YCIlJIHe B TIpO�eeCax ,o6pa6oT�H )1.aBJIeHHeM. llponeccy BOJI1I4e-

HI1151 'a'cer)La"tTIp'e.lIJilleCTrBYeT Olrrep'alU;H:H T�paIBJIeHHl5I Ii 3aqa '

CTlYIO .o�Ha H!3

OrrepaII.HH rrOKpbI'TH5I: OMe,lJ;HeHHe, OII.HH'KO.naHHe, 'cpOOt}:>aTHp'OBaHHe Ii ,lI,IP.

nOK.pbITH5I B HeKOTOpOH Mepe .06naJI.aIOT CMaaOqHbIM!H 'CBOH'CTBaMH,

Iljp,elIl�1XpaIH'5IIIOT MeTaJIJI OT 'HalJI
'
li!rraH.H5I IHa pa6oqYlIO rfIOIBe.P,XtHO,CTb IBO,JI,O-
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6 - HanpH>KeHHH BOnOqeHHH HarapTO-

�a)J.b' nOnepeqHOrO CeqeHHH )1.0 H nOCJIe BOJIOqeHHH); 8 - TO >Ke. OT CKOpOCTH BOnOllellHH npH

1f :>KHAKOCTHoro TpeHHH); iJ -

pacnpeA�neHHe TeMnepaTYPbI MeTanJIa B ollare �ecl>opMa�HH AnH-

BJIHHHHe yrJIa a Ha YCHnHe, BOJIotJeHHH npH 20% 06>KaTHSJ (1 -

XpoMoHHKenb; 2 - MOHenbMe-

HHe YCHJIHH BOnOqeHHH MeAHoii npOBOJIOKH (1- c5e3 HaJIO>KeHHH ynbTpa3BYKoBbiX Kone6aHHii;
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K'U, .cnOOO/6tCTtB)'lIOT Y-,lI,epJKaIHH10 IClM 1 a I 3 1 K!H 'R'a M'eTann'e, 11 ;CJIev:LOrBaTeJIbiHO,

rrOBbIllialOT ee arcpcpe:KTHBiHOCTb. .

�B nponeoce ,BOnOqeHH5I, KaK rrpaBHJIO', 'O,Z:LHOBpeMeHHO JI.eHCTBYJOT

pa3JI11qHbIe B11,l1.bI Tpe.H1151
-

-aT Irromycyx.oro JI.O JKH)J.KOCTHOlro. Ha .pHC.

114,2 'CXeMaTHq.eCKH TIo.Ka3aHa 3aBHClHMOCTb YCHJIH5I OT 'CKOpOCTH BOJIO-

1.Je'H,HI5I. 1113 pHIC!)'!HIKa 'CVIeJJ.yeT, .qT'O B 3,01He Irrepe.xo�a OT InpaIHHlq'I-I'OIrO.K

)!{'HJI.KOCTtHOMY T,peHHIO y.eHnHe "B,OnOqeHH5I 'MHHHMa.JIbHO. C YBeJIrrQeH11-

eM CKOpO'CTH iB aOHe )KHJI.KOCTHOIf.O TlpeHH5I Y'ClHJIHe paCTeT 3a Cq,eT rro-

BbI:llIeHH5I B5I3!KO CTH eM aaKH.

O,Z:LHOM H3 ;npHqHiH, JIHMHTHPYIOIIJ.HX YBeJIH'qeHHe CKop.OCTeH BOJIOqe-

HH5I, 51BJI5IeT!CH BblCOKaH -TteM'nepaTypa B �aOHe JI.ecpo,pM.aQHH, BeJIIHq'H'Ha

KOTOpOH M'OJKeT 6bITb Y'M'eHb'llIeHa OX'JIaJK,lI,eHHeM. Pe)l<JiM }KH,lJ.KOCTHO-

r-o r-peHH5I
-

'3.cpicpeKTHBIHbIH 'rrYTb y.BeJI.HQeHH5I CKOPO'CTH BOJI01.JeHH5I Ii.

OHHIJK'e,HH'51 KQi3lcpicpHIQIHelHTa 1'IpeHH'H. YICTaiHOBJIeH'O, :1JT ' O lItpM lliHJIjKOCTHOINI

TpeHHH K03cpcpHII.MeHT TlpeHHH J.t='O,I002 -:- 0,100'3, "B TO BpreMH K�lK ill!pfl

BOJI.OqeHHH Qepe3 aJIMa3HbIe H ;rro6e)J.HTOBble BOJIOKM J.t='O,.037 0,:06, a

qepe3 CTanbHbIe -0,1-0,12. ,Y'CJIOBH5I )KH,lJ.KOCTH-oro TpeHiH5I M,O)K.HO 'C03-.-

JI.aTb, Hcrronh3Y51 CrrenHaJIbHbIe HaCa,Z:LKH rrep.e,lI, BOnOqHJIbHOH cpHnbe.poH
(CM. pHC. lIQ,4) TalKa51 Tpy6Ka-IHaca)J.Ka crroc06cTByeT 3axBaTY CMa3-

K11. TI p11 .3TOM CHJIbI B5I-3KOCTH 'BbI3bIBalOT 60JIbilliOe IrHJI.'pocTaTHqeCKOe

JI.aBJIeHH'e Irrepe)J. BOJIOqHJIbHbIM KOJIbII.OM, -3a 'C1.JeT qero H 'C03.,Z:LaeTC5I pe-
,

)KH.M JKrH)J.KOCTHoro TpeHH5I. B _'KaqeCTBe CMa3KH H!pH 3TOM ;rrpHMeH5IlOT
.06bIQHO MbIJIbHbIM 'no,pollIOK, H,C'rrronh3-DBaH.H.e KOTOpOiro Irr03BOJI5IeT 3Ha-

1.JHTeJIbHO Y.MeHhrtIHTb JI.JIHHY Ha,ca,lI,KM no cpaBHeHHIO 'C JI.JIH;HOM ,HaCa,Z:L-

KH ,lI,n51 )KH,lI,KOH CMaaKH. TaKH"M o6pa30M, �OCHOBHoe y.cnoBHe C03.JI.aH115I

ru.np0)J.HHaMHq,eOKOr,o ,pe)KJHMa T.peHHH 3aKJIIOIIaeTC5I 'B TOM, qTo6bI C03-'

,Z:LaTb rrOCT05lHHbIH 'npHTOK. iCMa3KH B 3aaop Me)K,Z:LY 'BOJIOKOM H lVleTaJI-

nOM. E:CJIH rr.p'M .3TOM B BOJI'OKe e03JI.aeTC5I JI.aBJIeHHe cMa3'KH, paE-HOe eo-

np-oTMBJIeHHIO JI.ecpopMa'-"HH MeTaJIna, TO JKHJI.KO'CTHoe TpeHHe .6YJI.eT
oi6ecrre1.JeH o.

.B ,0 JI 0 q H.n b H bI M H H 'C T IP Y M e IH T. B'OJIOKIM H3r-DTOBJI5IJOTC5I H3

ICTanH, TBep,lI,bIX CrrJIaB'OB ,(lfl06eJI.HT H .ap.) ,H aJI'Ma3a. n06e,Z:LHT M aJIMa3

a

�

�

""')

-..:t

6 8

PRC 115. BonoKH:

a - CTanbHaSl KOHHqeCKaSl;

,r-,

( I

6 - n06eAHToBaH
.

KOHHqeCKaH; 8 -

pa)J.HanbHaSJ

3a.1I.eJIbIBaIOT B c;rreqHaJIbHbIe 060M'MbI.)B 3aBHCHMOCTH 'OT MaTepHana

KOHCTPYKTHBHa51 'tP.opMa pa
' 601.J,eM rrOB�pX;HOCTH BOJIOK 'He-c-KOJIbKO pa3-

nH1.JHa, HO BCe JKe HX M.O)KHO pa3l{-eJIHTb Ha ,Z:LBe rpyrr'I1bI: KO'HIMqeeKl1e v

.pa',lI"HaIJlbIHble (pIHIC. 1 1 1 1

5). n,p'MOJI:�HbIifi Irrpocp.HJlb IrooIH'Hl1leC'KrOH :BOJIQKH
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�OCTOHT H3 ,OJIe,Z:LYIOrll.HX yqa.CTKOB: BX'O,lJ.IHaH H BbIXOJI.Ha51 BO!pOHKH, pa-

60tIaH 'H 'KaJII1�'PYIOIII.a51 qaCTH. MelliJI..y HHMH H.MeIOTC5I :H , e60JIblIlHe ne-

.peXO)J.HbIe yqaCTKH. ,[{JIHija KaJIu6pYIOITler-O yqatCTKa neJKHT B II,pe,Z:LeJIaX

(n,2-'1,-5) d, r,Z:Le d- )1..HaMeTp H3,Z:LenHH IIOCJIe BOJIOqeHHH. ,LLJIH'Ha Ka-.

JIrHi6pl)'\lOllJ. er 'O y
' qaC'T1Ka ,B , c-elIl1I.a ;MaJI.a III'O 'cp'a,BlH'eIHH'1O 'C .lI.JIHIH'OiM pal6aqeii

qaCTH. .BBlHJI.Y MaJIOH BeJIHqHHbI -o6JKaTH5I B KaJIH.6pYIOIII.eii qacru BJIH5I-

HI1le n9CJIeJI.tHeH Ha YCHJIHe BOnOqeHH5I HeBeJIHKO. TI03TOMY qaCTO B H.pO-

n;e.ece paCqeTOB -Y'CHnH5I BOJI,Oq.eH.H5I :KaJIH6pYIOIIIl.YIO qa'CTb BOBce HC-

KJIIOqalOT H3 paCCM'OTpeHH5I 'HnH, ,CneJI.YH ;peK:OMeHJI.an;:HH ¥I. J1. 'llepJI a-

Ha, 'BBO�51T B paCqeT. «ITIp.I1Be)J..eHHbIH» yr,on ,Bon.Oq'eJH'H5I a' (CM. pI1'C.�

115,a)..
.

P a,lI,HaiJIbHbIe BOnOK!H HMelOT IIepeJI. KOHHqeOKHM-H TO II,p,eHMYIII.eCTBO,
.1.IT ' O HIX M.QllirHO H'CIIIOJIb310BaTb KaK ,Z:LJIH 60JIbIlIHX, TaK H )J.JI5I MaJIbIX'

06lliaTHM. OJ(iHaKO YCMJIH.e BOnOqeHH5I B pa,lI,HaJIbHbIX BOnOKaX Ha 15-

2'0 % .60JIb 1

1lI.e, lI'eM B _:Ko.HHqeCKHX, .H H3iHO'C BOn-oqHJIbHOrO KalHaJIa MeHee

paBHOMepeH, TaK lITO pa,Z:LHa:JIb'Ha51 BOJIUKa .6bICTpee BbIXO,lI,HT -11,3 CT,p05l.
B CB5IHH C 3THM pa.,Z:LHaJIbHbIe, BOJIOKH npHMeHHIOTIC5I 'CpaBHH'T,eJIbHO

.pe,Z:LKO.

npH ,YBeJIHqeHHH y,rJIa rKOIHY'C'HOCTH a pai60 r qeM :qalCTII HOJI.Q'KH ylBeJIH-
qHBaeT,C5I BeJIHq:H:Ha :CYMMapHOH C,Z:LBHlrOBOH ,Z:Le.cpopMan;HI1 (lpH'C. 113),
n0i3 p alCT aeT rCTein eHb }'IlljP'OllfH eH H!5I, lTI101BbJ\1lI allOT'C5I :KOHT alK fiB bI e H aln p 5I1}K.e-

HH5I, YXYJI!llIaIIOTCH YCJIOBHH T,peHHH. B'ce 3TO IIIpH"BOJI.HT K YBeJIHq,eHHIO'

YCI1JIH5I BOJI'OqeHH5I. .BMecTe ,C 'TeM C pOCTOM yr.JIa a YMeHblliaeTC5I Be-

JIHqnHa KOHTaKTHoM II.oBepxHocTH, 'no3TOMY YM,eHblllaeTlcH HOpMaJIb-

H'Qe .�aIBJIeIH'He IM'eTanilla ;Ha B.QJIOK!Y H, IKalK CJI'eJ('CTIBHe,..- YIC,H,JIIHe 'BOJIO-

qeHI151.

.B pe3ynhTaTe ,Z:LeHICTIBH5I 'npoTH'BOlnOJIOJKHbIX Q:>.aKT,opoB npH BO-

JIOq.eHHH T'OH'KHX U-3,Z:LeJIHH cYIII.eCTByeT .onTH.MaJIb'HbIM yron, KOTOPOMY

eooTBeT,cTByeT' MHUHMa ' JIbHa51 BeJIH'qHHa 'Y�HJIH5I (ua 1 IIp5llli.eH'H5I) BOJIO-

qeHH5I (CM� �pHC. 114, e). Y'cTaHOBJIe:HO, qTO 'IIPH 06JKaTHH i2{)�35 %
on-

THMaJIbHa51 BeJIHqUHa yrJIa a B n06e,Z:LHToHojf 'BOJIOKe ,paB'Ha 10,096-

0,1'05 pa8 (5,5-.6°). C YBeJIHqelHHeM 06)K.a�H5I OnTHMaJIbHbIH yr,OJI u:

paCTeT ,lI,.o .0,28 pa8 (116°), a B .CTaJIbiHbIX BOJIOKaX -,llO 0,'25 pa8 (2nO).
Y,roJI, MeHhlllHM 0,.07 pa8 (4°), 06bIqUO He nCIIOJIb3yeTC5I, TaK :KaK npa.
3TOM 3HaqI1TeJIb I H,0 YBeJIHqHBae1lC5I IIOBepX:HOCTb TpeHH5I.

Y JI b'T P a:3 BY K.Q B bI e IK on e'6 a iH IH H. HaJIOllieHHe ynbTpa-

3-BYKOBbIX KOJIe6aHHH Ha BOJIOKY KaK B 'HaIIp aBneHHH ,Z:L"BH}KeHH5I ,Z:Le1cpop-
M�Hp'yeMoro M.eTaJIJIa npH -BOJIOqeH:HI1, Ta'K H B nonep'e4HOM Hanp3'BJIe-

'HH,H 3aM.eTiHO CHH}KaeT YCI1JIHe BOJIOqeHH5I (pH'C. 114,aIC). MexaUH3M

BJIII151HH5I YJIbTlpa3BYKOBbIX Kone-6a1HHH Ha MeXaHHqetOKHe CBOHICTBa H

Y'CHJI.He BOJIOlleHHH aHaJIOrH'qeH OIIH-caHH.OMY B rJI. VII H VIII. OTMeTH.M'

nHIIIlb, qTO 'OJ1JHHM H3 BalliH'eHIIIlHx y.cnoBHM, Heo6xo,Z:LHMbIX JJ.n� oCYlll.e-
CTBJIeHH5I 3Icp.<pe'KTHBHoro npon;e,eca BOJIOqe.HH5I, HBJI5IeT!CH npeBbI'llleHHe'

CKOpOCTH 'KoJIe6aHHM .Ha)J. C�OpOCTblO BOJI.OqeH-H5I. 3TH' CK'OpOCTH JI..OJI}K-

HbI pa3.JIHqaTbCH He MeHee qeM B 2-3 ,pa3a. 3a'Meqe.Ho TaKllie, qTO

H , eIIOJIb30BaH,H.e 3HeprHH ynb'T:pa:3-BYKa ,oII.0,co6cTByeT .C03,lI,aH,HIO Y'CJIO-
BHH }KH,lI,KO,CTHoro TlpeHHH B npon;ecce BOJIOqeHH5I H YJIyq,llIeHHIO Kaqe-

'CTBa 'noB'epxHocTH H3,Z:LeJIHM.
OCT a T ,0 q H bI e IH a II p 51 }K e H H H II 'P �H ;B 0 JI -0 'q e H H H. flp,H
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BOJIDQeHHH nepIH(cpeJpHH'HbIe CJIOH nOJI.BepraIOT'C5I 60JIblIIHM JI.ecpOpMa-
II.H5I.M 'CJI.BHra B rr,pO�OJIbHOM HalnpaBneHHH, qe.M II.eHT,panb'HbIe. flocJIe,

BOJIOqeHH5I 13a eqeT )p.rr'Pyroro rrOCJIe,lI,eM'CTBH5I Hap)'1JKHbIe CJI.OH YKOpa-
'llHBaIOTC5I B 60nblIIeH 'CTeneHH, qeM n;eHTpaJIbHbIe. B pe3YJIbTaTe B

ueHT,paJIblHbIX CJI05lX B03HH.KaIOT OCTaTOqHbIe rrpO,Z:LOJIbHbIe Han'p5lJKeUIH5I

'C)KaTH5I, a B Ha'pYJKHbIX ,cn05lX
-

Hanp5lJK'e!HH5I paCT5IJK'eHH5I. OCTaT'Oq-

HbIe Hanp5l}KeHH5I B3a,HM'HO YlpaBHOBe.IIIHBalO'T,C5I. ¥IMeHiHO rr03TOMY OHH

11 CYIll.eCT;BYIOT .B TeJIe rrocJle CH5ITH5I B03,IT.eM'CTBH5I BlHelIIIHHX CHJI (CM.
rn. V). OnbITbI nOKa3bIBalOT [1], qTO OCTaTOqUbIe Hanp5lJKeHHH rrOCJIe

B=onOqeHHH xapa
I
KTepH-3YIOTiCH 3'rrlO,paM;H, IH'3o '

6paJKeHHbIMH IRa pHC.

1.t4, 3.

TIo)J. JI.eH'CTB'HeM TaHreHQHaJIbHbIX H o-eeB'bIX rrep.HcpepH'M:HbIX .paCT,H-

rHBalOlIII.HX OCTaTOqHbIX IHa!rrp5lIJKeHHH nocne BOJIO,qeH.H5I B MeTaJIJI'e.

HHor.rr.a B03iH11IKaJOT rrpOJI.OJIbHble H rrOrrepeqHbIe rrpeIII.HHbI.

.C Y'BenHqeHHeM JL,p.o6UOCTH JI.et}:>opMaII.HH rrp;H )J.aHIHOH CYl'.fMapHOH
BbIT5IJKKe crerreHb Hepa.BHOMepnOC'DH JI..e,cpopMaUH.H no Ceq.eHHIO npYTKa

u

B03 r

paeTaeT, H n03TOMY 'C YM'eHhIII.eHHeM eJLH,HHqHDH BbIT5IJKKH nCTaTo-q-

HbIe Halnp5lJK'e:HH5I TaKJKe "paCTYT 3a CqeT )'1nlPY 1 roro rrOCne,Z:LeHICTB1151.

3aM,eqaHO, OJ(HaK'O, qTO BOJIOq-eH,He C. 0'6JKaT11eM B nOCJIe,Z:LHeM npOXO,Z:Le,

IpaBiHoM 0,8--1,5 %, rr,pH,BO'LLHT K 'C-HHllieHHIO .oCTaTOq'HbIX Hanp5l}KeHHM.
A.eno B TOM, qTO 'lI'p.H MaJIbIX e)J.I1.HIHq:HbIX BbIT5I:JKKaX JI.elcpopMaUH5I 'CTa-

IH 1 0'B11TC5I CTOJIb HepaBHOMe.pHOH, qTO B03HUK3IOT- .lI.orrOJI;H11TeJIbHbIe 'rrpo-

,nOJIblHble Harrp5lJKeH1151 OJKaTH5I Ha InepHrcpepHIH H paCTHJKe'HHH B II.eHT-

paJIblHOH qa'CTH. Harrp5llli,eH.H.51 OT IHep3'BHOMe:p�HOH ,Z:L.ecpopManHH CyMMH-

PYIOTC5I c tHanp5l)KeHH5IMH OT BHe.IIIIHH:X; CHJI. Harr '

p5Illi,eHiHoe COC'T05lIHHe

CTanOBHl'C5I 60JIee O,lI:H'OpOJI.HbIM H OCTaTUlIIHbIe Hanp5lJKeUH5I YM.eHbIIIa-
IO'TCH.

Y\MeH,bIIIeH,He OICTaTlOIIlHrbIX :Ha 1 np5lJKelHII:IIM �'aI6JI,roOJ:a'eTr05l TaK}Ke H IB

Ip.e3YJIbTaTe 06KallKH 'npYTKOB p:ocne BOJI.OqeHHH 'C '06JKaTiHeM ,lI,D 1,5-
2 1 %'. B pe3ynbTaTe o6Ka'rKH, KaK ,6bIn l o .rrOKa3a.HO B rn. V, 3a ICq-eT IRe..

paBHOMepHOCTH .,lI,ecpopMan;HH rro ,CetIeHHIO B031HHKalOT Harr'p5lllieH.HH
fII'pOTH'HOnOJI'OlliIHOTO 3'HaKa. O'HH CYM:MrUPYIO'DC5I aJIr-e6paHq.eCKH 'C OC-

TaTOqHbIMH uarr,p5l}KeHH5I.MH, B03H.11KaIOIIIJHMH 'rr,pH BOJI'OqeHH,H, q'TO H

inp'HBOJL;H'T K Y,MeHhIIIeH'11JO BeJIHq11HbI H H3MeH.eHHIO XapaK'Tepa 3'nJOpbI
OCTaTOqHbIX IHarrp5lJK-eHHH (CM. IPUC. 114, 3).

3. KpaeBaSl 3anaqa BOJIOqeH,HSI

,[(JI5I t}:>OPMYJI,H,P'OBIKH KpaeBbIx Y'CJI"OBHH H i

ononb3yeM f1HrrOTe3Y rrJIO-

OKHX ,CeqeHHH (,PH'C. l1 i 6). n pH 3TOM B cnyqae rrnOCKOM ,lI,ecp,opMaQHJ1
ropaeBa51 aal(aqa OBOJI.HTiCH K COBMeCTHOMY 'p-e1IIIeHHIO ,rr,pl'r6JIH)KeHHo:ro
y,paBHeHHH .paBlHOBeCHH (ICM. rJI. V), YCJI,�O:aHH. :IIJIaCTHqHnCTlH .C ynpoq-
'HeHueM (96) H KYJIOHOBbIM 'CODTHOIIIIeHHeM MeJK,lI,Y iKacaTenblHbIM.H 11

HOpMaJIb'HbIMH KOHTaKT.HbIMH Harrp5lllieHH5IMH:

d a - a - a sp

+
p

+ 2
'd r P

�
-

p. as ·
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(
r

)
n

/�
= O;(Jp

-

(Jo
= vK --f- ; 't'p S

=
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ID,epBQe H3 '3THX ypaHHBHI1M 'Ha OCHOBaHHH ,lI,BYX ,lI,pynHx rrpHBO-

!J,HTC5I K BH,lLY

dd eJ; +
v

p

l(

(+ r -.

2

�ll [ a
p

-

v K (T r] + = 0

HJIH

d eJ
p +.� (1 + 6) ( � )

n

_

1'\ eJ
p

= 0,
dp p p . P

2,...
rJ(e f> = -

.

a

(340)

(341)

MbI rrOJIYIIIHJfH nH!HeHH'O,e Hie'O�H'Op'O,lI!H:oe ypaBHC'Hl1e n'eplD'OiliO nop5I�(l{fa..

�

PHC. 116. CxeMa K paCqeTY Hanp5I>KeHHH npH BOJIOqeHHH C HCnOJIb30BaHHeM f'HTIOTe-

3bI nJIOCKHX CeqeHHii

Pelll,eHHe eOOTBel'CTB'YIOllJ.'er'o 'O,IIJfOp'O:JJ.HOrO yp a:BIH,eH,H5I

da
p

-f> � =-0
dp P

6YJI..eT Ta'KI1M:

ffp
= C, p6 . (342)

HeOJJ.HopO,lLHOe ypaB-HeHHe (340) ,pelllHM, HCrrOJIb3YH MeT'O,lI, 'BapHa-
II.HH npOH3BOJIbHOH 'rrOCT05lHHOH B Y'paBHeHHH (342):
da de

d:
=

crp p6 + C 6 p6-1 .

C yqeTOM 3Toro YlpaBHeHI1e (340) rrpMMeT BlMJJ.:

� p6 + C 6 p6-1 +
v l(

(l + 6) (
�

)
(Z

- c f> p6-1 = 0
d p p p

HnH � = - 'J K (1 + f» r
n

p-
(6 + n + 1)

.

d
p_

OTCIO,[(a c- = 'J K
. 1 + fJ

(
�

)
n

p-6 + Ct.
fJ+n p

27]



n03TOMY,H:3 .(34.2)

er
p

= v K
1 + i)

(
�

)
n

+ c} p�.
�+n p

,

rpaHHIIHOe Y.CJIOBHe: B CeII.eHHH 'Bxo.na B BOJIOKY (p=r) IKOHTaKT-

floe HalnpSl}KeHHe (je =-K. InpH J3TOM BTopoe 11'13 paBeH'CTB (33H) n.pH
v= +-1 JI.aeT a

p
=0. :n08r-OMY H'3 'paBeHcTBa (343) TIOJIYIIHM

(343)

Cl�=- � ��� ; er
p

= K ��� [(f-r -(7tJ.
,n,pHHHMaSi IBO HHHMaHHe BTop.oe. H T,p'eTbe :H3 paBelH'cTB (339),

In,pH..lI.eM !K 'CJI.eJI.YlOIQ.HM BblpallieHHSI.M JI.JISI iHa'n,pSl*eHHH:

a

K
= � �: [(� r - ( f r] ; i

.

= � � � [( T r - (+ t] -

)

-(�r; (344)

�;t- =-� { �1: [(7r -(f-r]-(Tr}.
E,CJIH '3a B-eJIH

'

IIHHY K \n'pIH.HSlTb ,cpe)J.Hee '3iHaIIe-HHe :npe.ne.rra TeKyqe-

CTH In/pH ,BOJIOII.eHHH, 'T. e. 'CIIHTaTb K=O,'5 i(Ko+Kl), Ir.ne Ko H Kt-

npe.neJIbI T'eKYIIeCTH)1.0 H nOCJIe BOJIOIIeHHH, TO .B ,paBeHcTBax (344)
MOlKHO np'HH5ITb n=.O. TaKH'M o6,pa30M, cpopMaJIbHO 3ajI,aqa 6Y.lLeT

CBe,lI.eHa K :CJIYIIalO 'BOJIOIIeH.H5I JH.neaJIbHO ITIJIa.CTHlIeCKOrO MeTaJIJIa 'C

IH'CTJi'HHblM conpOTHBJIeHHeM .ne-cpopMaIQHH, ipaBHbIM K. IC yqeTOM 3Toro

3aMeqaHHSI, ,CqHTaSi n=O, H3 iTIOCJI.e,AHHX ipaBeHCTB ,n'OJI'YIIHM:

� = i)�l [l-(+t]; i = i)�l [l-(+tJ-l;

�;/ = -

� {
i)

�
I

[1 - ( f- t] - 1 } .

(345)

iBbI,palK'eHH5I (345) npe.ncTaBJI5IIOT ca60H 0606llJ.e 1 HHe 'IIOJIyqeHHbIX
B 'CBoe ,BipeM5I C. 11. ry6KHHbIM, 3aKCQ,M H 11� JI. iflepJIHHbIM 'c}>OPMYJI
,AJI5I oTIpe.neJIeH.H5I HaTIlp5llli'eHH5I BOJIOIIe:HHSI. IC H ' OIIOJIb30BaHHeM ypaB-
.HeHHM (344) 111 (3-45) Ha pH'C. 1,17 IIOCTpOe:HbI STIlOpbI Ha ' TIp5llKeHHH
BOJIOqeHI151. 113 ipaOCM'OTJpeHH5I anlOp ,CJIe.nyeT, qTO Ipa3JIHqH.e B BeJIH-

1.IH-He iHa!np5lllieHHM, ,pa
, CClIHTa I HHbIX .C yqeTOM H .oe3 yqeTa ynpOqHeHHH

rHaH , 6oJIee '3aMeTHO ,B Cpe.nHeH qalCTH TIO .LlJI.H'He OIIara )J:ecp,opMa�HH, B

.ceqeHlHH }Ke .BbIx.o.rr.a TaKoe pa3JIH'qHe HeBeJIHKO.

nlpH BOJIOqeHHH q.epe3 KpY'rJIYlO MaTpH�y AecpopM'a�H5I y}Ke IHe

'nJIOCKaH, a oeeCHMMeTp,HlIHa5l, H a.neCb 'YJI.06HO, In,poeKTHpY51 Hce 'CUJIbI
(-, u

Ha IHa:n.paBJI,eHHe BOJIOqe.HHH,BBeCTH He JIH(HeH,HbIe e.nHHH�bI, a 'e)JJHHI1-

UbI .nJI'QlllJ.a.n.H. ,l:{JISI oceCHMMeT.pHqHOH .nec}>opMa�H,H YCJIUBHe nJIaCTHq-

HOCTH 'C Y'TI,pOqIHeHHeM BblpalliaeTIC5I ,paneHcTBoM (79), 'Ky.na BM'e'CTO
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K BXO,QHT BeJIHlIIH'HbI (j8. HICnOJIb'3YH Te l)I{e irHllOTe3bI, 'nOJIYlIHM ',cne-re-
v v

MY ypaB-HeHHH KpaeBOM 3a}J.alIM 'BOJIOlI'eHMH !KpyrJIOlrO CTeplliH.5I:

d 0 (J - (J e 't

(
r

)
n

p
+2

p,
+2

pe
=0. (j -(j=V(j --

.

dp.' p ap'
pes

p
,

1'p e
== -'-

P. (jo ·

n pOBe}J.H aHaJIOrM1.JHbIe npe-

06pa30BaHHH, HaM}J.eM BbIpa)l{e�
HHH }J.nH HarrpH�eHHM B cnYIIae

ocecHMMeTpHlIHOrO BonOIIeHMH

MaTepHaJIa c ynpOlIHeHHeM:

) .

l == !2! [( � ) n._
Os [)+n p

- ( � r 6] ; ;; =

= ��� [(�r-
- ( � r 6] - (� r ;

't
p 0
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(1s
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o
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PHC. 117. 8nlOpb1 KOHTaKTHbIX

npH BOJIOqeHHH. npH HaJlHlIHH

r

(n=t/ s ) H npH n=O �=1,5;
r

1

HanpH>KeHHA
ynpOlIHeHHH

I..L =0,05; <X=

J =0,1 (6°): () =

2 I..L
..=1

<X

ID,PM n=O
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4. HanpS[)I{eHHOe COCTOSlHue npH BOJI01.JeHHH

113 o006p.allieHHM 'CiH:MM,erp'HM IHa 'OCH n.O}J.HepraeM'Or.O B-OJIOlIeHI1IO

npYTKa, T. e. npH 8 =0, Ka,CaTeJIb.HbIe HanpHllieHHH 'tpS===O. O'�ClO.1I.a
B perneHMH (185) nOJIYlIHM A ===-B. TorJI.a .perneHHe (185) npHMeT
B 11 Jt:
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= (Cd,a+ C2p b) shm6; m=-V a (a+2) =V b (b+2) . J
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B !3T11X YiP aBHeIH.}iHX C; ===A Cl; c� = A C2. ,LLJIH ynp'OllJ.eHH5I 3a,TIH,CH

IIlT,PHXIH Ha.1I. KOH.CTaHT3MH c;, c� onYllJ.,eHbI. 0'603HaqHM YPOJI pa6o-
lJero KOHyca BOJIOKH qepe3 ,a/2. Ha OCHOBalHHH T'peTbHX IpaBeHCTB H3.

tCHCTeM (344) H (346) HMeeM ,lJ.JIH T p8 npl! 8 = aj.2.

(Clpa + C2ph) sh �a
= - �K [( � :�

-

1) (�r
-

( ��� ) (�rJ'
3TO ypauH.eHHe ',e:npaBe,lJ..JIHBO nlplH JI106bIX 3HaQ.eHH5IX p. o 0:3TO MY'

MOlli'HO 3alnH,caTb ,lJ.Ba ypaBHeHHH:
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n; (349)
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11.3 TIOOJIe.1I. I HIH:X p'aiBeHlc�B n,OtfJI'yqaeM COOT�H'OllleH(HIH (349) H 'C yJqe-
TOM IHX ,H.OBble BblpallieHHH J(JIH �KOHCTaHT:
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D�pHpaBHHBaH npaBbIe qa\CTH BbIpallieHHM ,lJ.JIH KOHCTaHTbI Cl �H3- ypaB-
HeHiMH (350) H (351), nOJIYilJH'M:
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DpH.paBHHB,aH npaBbl'e 'lIa.CTH Bblpalli'elHHM )J)1H KOHCTaHTbI C2, nOJIY-

qaeM '3TO llie eOOTHorneHH'e:
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Ha OC:HOBaHHH 'COOTHOlrneHHM (349)
-

(353) H3 ,pern.eHIHH CHC'TeMbI

(34.8) nOJIY'lIHM CJIe�YIO,llJ.He BbIpallielHHH ,lLJIH ,HanpHlllieJHHH npH BOJIO-

qeH1111 :

chm 6

(353)
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(354)

E'CJIH Tenepb nOJ(,CTaBHTb BblpalLKe"HIHH (353) B JI.Hlcp/cpepeHJ{HaJIbHble
ypaBHelHHH IpaBHoneCHH (.33), TO IKa*,lLOe 113 :HHX 'CBOJ(.H'TICH!K c.OOTHO-

rneHHIO (135\2); HHbIM'H CJIOBaMH, ypa.BIHeHH5I paBHOBeC!H5I TOlli}J.eCTBeH-

HO Y�IOBJIeT;BOpHIOT'CH ,cpYHKn,HH'MH (354) H, ,CJIeJI.OBaT.eJIbH'O, ,pern.eUHH

(354) B 'n,pe}J.eJIax npIH'HHTbIX IfCXO}J.�HbIX. �onYllJ.eHHH SlBJIHIOTCH TOlI-

HbIMM. ;ECJIH B ./paBeH'CTB-aX (354) ,ClIHTaTb 'n=:O, TO, ne.peXO�H K npe-

..rr..eJIY, nOJIYlJHM:
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'B .perneHHH (34.8) BeJIHlIH:Ha m=V-a(a+Q)=.Vb(b+2), T. e. 13e-

JIH'lJ'HHbI a, b HiBJI5IIOTCH KOPIH5IM,H KBa}J.:pa'f1HIO'�o Y'paBHe'HIHH x2+2x�
-,m

2
=10. B HarneM 'CJIYlJae 'KOPiHH Xl

.

a=cS; x2=\b=-,n�
CIYMMa K,opHeH KB.a.�paTHOIro ypaBHeHHH paBHa ;KO.9replcpH�lfeHTY nlpH
HeH3Be.CTHOM B ne.pBOM CTeneHH'IC .o6paTIHbIM 3HaKOM, nO-.9TOMY cS-n===

===-2'HJIH n=rcS+l2.
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'B rJI. III MbI Y,CJJ.OBHJIH,Cb, lITOB 33:KOHe ynpOlIHeHHSI Ko-3Icp(l)Ji�HeHT
O<n� 1.

BM'ecTe C TeM BC1elMa B>- O. f1 1

0'3TOMly, 'OQH1'a.51, II'TO ,KpH'BtaH )'In:poIlIHe-
HJi1H BblnYKJIaH H ,ClJHTaH 'V = -1, nOJIytBiM

1
� === -" -:- 2.

n

(356)

3aMeTHM ,opaay, liTO TaK 'KaK � > OJ T'O 'iperneHHe JI,-eM'CTBHTeJIbHO
1

,lJ.JIH n <-.
2

PaBeH.crBo (35�6) ,noKa3bIBaeT, lIT'O pernelHHe 3a,lJ.a
T
.JIH B paccMaT-,

2'

pHBaeMOM BHAe Tpe6yeT HaJIHlIHH CBH3H Melli,lJ.Y napaMeTpaMH 6 == �
a

H K03\cplcpHnHe-H'1"OM ynp'OlIHeHHH n. OT'CIO.1I.a CJIe,lJ.yeT, 'liTO Y1rOJI BOJIOtIe-

;HHH a IH K I 03 I

cplcpHQHeH'T T;p,eH,I1H J..t (T'OlI'Hee, .C.O'OTHOIIIeHHe M.elli.1I.Y HHMH)
on'p.e�eJI5I\IOTCH cpH-3"HlIeCKHM 3aKOHOM

- 3aKOHOM ynpOlIHe l HHH. TaKHM

o,6pa30M, inapaMe-lIpbI BOJI'OlIHJIbHOlrO HHC'I1pYM,eHTa 'CJI,e,lJ.y.eT BbI6HpaTb.
,C YlIeTO-M 3aKOHa ynpollHeHHH. OTcTynJIeiHHe OT COOTHOrneH,H5I (356)
6YJI.eT npIHBO,lJ.H'Tb K Hapyrne-HHIO Y:CJIOBHM paBlHoBecHH, ,IlOCJIe,QCTBHH-

M'H 'lI'elro M-orYT' fOblTb rHa'p')'!IIIleHHIH 'll:p'oQe'oca B'OJI'OlI,e;HHIH.

n,p.elli-,Q.e Be-ero 13TH Ha.p)'lIII.eHHH npHBeJJ.YT iK nOBbI\IIIeHHIO Y'CHJIH5I

BOJIOlleHHH. TIp.H OlIeHb i60JIbrnHX OTKJIOHeHHHX OYJJ.YT npOHCXO,lJ.H'Tb

0'6pblBbI. T3'KHM 06pa3'OM, ,COOTH'orneHHe (35�6) 'COOTBeT'cTByeT MH'HIH-

MaJIbHOMY HanlpHllieHHIO BOJI I OlIeHHH. HHbIMH CJIOBaM:H, TIIpH ,lJ,aHHOM

QH13HlIeeK I OM -33'KOHe yn_p.OlIHe.HHH, onpe,lJ.eJIHeMOM BeJIHqHHOH n H KO-

'3cp'cpHUH.eH.'foOM T;pelH.HH. J..t, COOTHorn'eHHeM (356) onpe,lJ.eJI5IeTCH QlnTIH-

MaJIbHbIM yroJI BOJIOlIeHl1H la (eM. ;pa3,lI.. 2).
Ha ,pH/C. 11,8 -npHBe,lJ.eHbl 3nlOpbI, n-ocTpoeuHbIe 'C HC 1 nOJIb'30BaHH.eM

cp'OPMYJI (.355) H xapaKT
,

epH3YIOIU.Me .HBMe:HeHHe HanpH.llieHHH npH BO-

-

.c:::-

PHC. 118. H3111eHeHHe Hanp�-
>KeHH:A no CeqeHIUO

-

.npH BOJIOqe-

KKK B' CeqeBKH:'
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=1; m=I,73

-aOJ
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,
-

0,32

.JJ.OlleHHH. 'Il,plHHHMaH BO BH.HMa'HHe, lITO a6COJIIOT�HaH BeJIHIIHHa KaCa...

TeJIbHbIX H3'nlp5Iilli'eHHH BO Be-eX 'T'OIlKax ;KoHTy.pa npHM.epHO Ha n,opH-

,lJ.OK HHlli.eBeJIHlIHH HOpMaJIbHbIX:Ha,npHllieIHHM, MOlliHO KOH'CTaTH'po-

BaTb, lITO 06bIlIHO -npH BOJIOlIeHHH HepaBHOMepHOCTb =HanpHllieHHoro
C.OCTOHHHH H .necplopManHM IHeBeJI.HKa, TaK

ulITO B TI'e;PBOM 'nlpH
' 6JIIH)I{e--

HHM C:II.paBe,QJIH:Ba rHinOTe�3a :nJI'OCKHX CelI.eHHM.
'-J
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5. Y cUJlue U HanpS[)I{eHUe BOJlO1.JeHUSl

B cJIyqae 'TIJIOCiKaH .necp-opMaIIIJiH npH BOJIOqeHHH cTepllilHH '3JI.eMeHT

era TIJI,Olll.a.nM B nOrrepeqHOM ,ce'q.eHHfH BbIXO.Lla. Ir3 B-OJI-OKiM dF == r'de

(CM. IPUC. .116). IC yqeTOM 9Toro,. HCnOJIb3YH :ne1pBYlO H3 'cpapMY.,'I

(354); YICHJI.He BOJIOq,eHHH M-olli�HO Bblpa3HTb TalK:
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YM'HOlliHM H paa.neJIHM nepBbIM q,JIeH npaBOM qaCTH paBeHcTBa .nJISI

YCHJIH5I BOJIOq.etHHH Ha 'BeJI.H'qH'HY -a/2. 3aMeqaH ('CM. ,p,M.C. 116), qTO
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PUC. 119. HOMOrp8MM8 nJiB onpe-
JI.eJIenH� BanpB>KeBHB DOJlClleHH"

no cPopMyne (358)

Pac. 120. HOMorpaMM8 nJiH onpene.
JleHHH npeJI.eJIhHOrO K03cPcPHu.HeHTa
o(S>KaTHH npa DOJlOlleHHH
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M elC�lH n=O, TO

;
=

�

t
I

[ 1 -

( �: rJ · ( 358)

,C Hcn'OJIb'30BaHueM 'CPOpM'YJI1?I (358) Ha .pIHIC. 119, a nocTpoeHa

HOMorpaMMa ,QJIH onpe,QeJIelHHH HanpHlKe'HHH BOJI.OlJeHHH.

Y CTOHlJHBbIH (6e3 .06pbIBa) In:poQeoc BOJIOlI.eHHH B03MOlli.eH JIHIIIIb

n,pH YCJIOBHH, eCJI,H Han.pHllieHHe B BbIXo.,QHllJ.eM KOHll.e He npeBbl1IIIaeT

H'CTH-HHOrO c.onlpOTHBJI'eHHH ..neq}OpMaIJJHH M.eTa JIJIa, nO,QBeplralOlllJ.erOCH

BOJIOlle r HHlO. TIlpeA.eJIbHO
'\

B03MOlliHYlO BeJIHlI.JiHY .necp'opMa�HH 'nOJIY-

lIHM, eCJIH B cpopMYJIe (368) fn,pHMeM
L === 1. Tor.na
K

1

()

�=(�+1) . (359)
rl

113 npH"Be.neHHOM Ha 'PH'c. 1,20 'KpHBOH, norcTpoeHHoM no 3aBHCHMO-

CTiH (359), CJIeJLyeT, lITO IC 'P0CTOM napaMerpa � iIlpe.neJIbHOe 06)1{aTHe

n,pH BOJIOlJeHHH YM.eHblIIIaeTCH. 3T,O HBJI5IeTiCH CJIe.nCTBHeM COBMeCTHO-

ro BJIHHH,HH K03Icp,cpH'�H-e�Ta TpeHHH H cpaKTopa 'cp.OtPMbI OlIara .necpo.p-
Mall.HH a.

X rJlaBa

npeCCOBaHHe

1. Cnoco6bI npeccoBaHHSI

B 'n,pOl�ecce n.pe.ccoBaHHH M"eTaJIJI nOMeI.llaeTCH B 3aM'KIHYTYlO nOJIOCrb

KOHTeMHepa H BbI.naBJIHBaeTiCH H3 Bee lJetpe3 MaTp.H�Y. O'OHOBHbIMH

.c'noco6aMIH HBJIHlOrCH Inpe'CCOBaHH.e C npHMblM H o6paTH�IM HCrelJe-

H H,e'M. H 3 P H'C. 121, a CJI,e.n'YleT, 11"1'10 nlpH II peOOO'Ba'H HIH iC 'II'PH
-

MbIIM ,HCTeq.eHHeM HanpaBJIeHl1e .LI:BHlli'�H'HH :nyaH,ooHa, np.eeC-
i lllaM6bI H

BbIX'O)1.HIlI.ero H3 MaTpH.�bI .MeraJIJIa OOBTIa.nalOT. DpH np'eoeOBa:HH'H C

06p,a'THbIM .HCTelI ' eJHHeM OHM ..nBiH}KYT'CH B np.OTH!BOlnOJIO}K,H'OM Ha'TIpaBJI.e-

HH"H (pIHIC. .121, 6). HiH'OP.n.a :n-pec.coBa'HIHe ,C III,P'HMbIM H o'6pa
'

TH
' bI'M H1CTe-

1I.eIHIHeM C-OBMelll.alOT B O)J.-H'OM .onepall.,HH (p'nc. 1 1 21, B). TaK ,nocTynalOT

nplH :II'p.eibc0 BraH'H'H' TP'Y161601JIbIIIOrfiO .n'HraM,e'T'pa (100 MM H ,600Iee) . Ha P'H'AY

C !ll.pHMbIM H 06rpaTHbIM HCrelIeHHeM Hc.nOJIb3:YlOT ,cxeMbI npeccoBalHMH
C .60KOBbIM HCTelJeHHeM (pHIC. 121, 2). XapaKTep Te-lIeHHH MeTaJIJIa

n,pH 60KOBOMHCTelJ.eHHH 06eenelJHBaeT MHIHH'MaJIbHYlO pa3'HH�Y M.exa-

HHlJeCKHX 'CBOH,CTB H'3.neJIHH B .nonepelI.H'OM H n,pO�OJIbHOM HanpaBJIe-
HHHX. DpH 160KOHOM HCTelJeHUH IHa BepTHKaJIbHOM 'npe.cce M,O)l{HO no-

JIYlIHTb H3.neJIHH MaKICHMaJIbHO B03MO)l{HoI) .nJIH'HbI.

LLH3MeTp 3arOTOB'KrH (CJIHTKa) .KoJIe6JI.eTCH tOT 60 -.MM Ha MaJIbIX

Inp'eocax .no 1200 MM Ha 60JIblllH'X. DlpeocoBa'HHeM M'OlliHO nOJIYlIarb

H3,Q.eJIHH IIIUpOKOr-O ,corpTaMeHTa: n.PYTKH .nHaMeTpoM or 5 )1.0 2:00 MAt,

Tpy6bI .nHaMe'TpOM OT 1:8 .n:o ,3-80 MM ,C 'TOJIIIll.HHOM CTeHKH OT 1-.1,5 MAt

H 6oJIee, �caMbIe pa3HOo6pa3IHbIe npocpHJIH .H TaK IHa'3bIBaeMble naHe.

278



JIM -llllH.pQK f l1e (.rr.o 1,:5-2 M) H 'TOHKH'e n:pocpHJIH 'B BH.rr.e JI,HCTOB C

cpaC'oHHbIMII1 pe6paMIH -IBbI'cTI)"naIMH. Dp'e'oeoIBaHHeM M.OlliiHO HOJIyqnTb

'H3.1I.eJIH�, BOBce 'HJIH nOlITH He Tp.e6YlOIII.He )J.aJIbHeH:IIIeM o6pa6oTKH.
3TU 06CTOHTeJIbCTBO, a TaKllie B03MOlliHOCTb 6blcTporo nepexo)J.a OT

p.pOH3BO,IT,CTBa OJ(Horo H3)J.eJIHH K' ,n,poH3BOLLCTBY .rr.:p'yroro "npoC"ToM
'CMeHOH I1HCTpYMeHTa

.

(MaTpH�bI, HrJIbI, n,peccIIIaH , 6bI, :KoHTeHHepa)
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PHC. 121. CxeMhl npOl..(eCCOB npeCCOBaHH5I:

a - C np5IMhlM UCTeqeHHeM MeTaJIJIa; 6 - C np5IMblM HCTetJeHHeM T�YO; B - C oopaTlIblM HCTe-

qeHHeM npYTKOB; 2 - C 06paTHhiM HCTetJeHHeM TPYO; () - C COBMem.eHHblMH np5IMhlM H 06paT-
HhlM MeTO.D.aMH HCTeqeHHSf; e - C ()OKOBbIM HCTetIeHHeM B O.D.HH KaHaJI; 3IC - C 60KOBbiM HCTeqe-

HHeM B )J.Ba KaHaJIa; '3 -

)J.BYCTOPOHHHM OOKOBblM HCTetIeHHeM; U - C «PyoawKoii»

06YCJIaBJIHBalOT BbICOK,YlO 3'cp'cpeKTI1BHo.CTb n,po�etca n'peCCOBaHMH 11

ero Ma�eBp.eHHOCTb.
DOJIblllHM .nlpeHMYllJ.eC'TBOM npeC'COBaHHH HBJIHer-CH B03MOlliHOCTb

rrOJIyqeHHH npOcpMJIeM CJIOlliH'OM cpOpMbI, 'KOTOpbIe HeJIb3H nOJIyqaTb

npOKa'flKoit
.CXeMa ,BCe-CTOpOIHH'erO ClliaTHH, '3aTpY)J.HHlOllJ.a5I MelliK,pH'C'TaJIJI'Hqe-,

IC'KiH,e C)J.BHrH H pa3pYIIIeHH,e, 3HalI'UTeJIhH.O yneJIH'1:IHBaeT nJIa.CTH'llHOCTb

MeTaJIJIOB B np0ll.e.cce npe.OCOBaHH5I no .cpaBHeHHlO C )J.,pyrHMH T'eXHO-

JIOrHqe.CK.HMIH In.po�eccaM,H C .6oJIee «llie.CTKOM» cx.eMOM HanpH}KeHHOrO
.C-oCT05IHHH. D03TOMY .o6pa6oTKe n,peCCOBaHH.eM nO)J.lIalO'TCH .rr.a�llie

TPY)J.IH.o.rr.ecpopMHpyeMbIe MeTaJIJIbI H c-nJIaBbI, MaJIO llJIaCT T 11IHbIe B

HHbIX YCJIOBHHX. BMeCTe ,C TeM HaJIHqHe TpeX-OCHoro ClliaTHH npHBO-

,ZI.HT K B03HHKHOBeHHlO 60JIblllHX )J.aBJIeHHM B !npOI�eoce o6pa60TKH. Ilo-

Erf1D-MY rrp.H np'eOCOBa'HtHM paCXIO.1I. 3'Hep
' rHH Ha eJl'H'HH�y 06'beMa o6.pa-

oaTbIBaeMoro MeTaJIJIa .nOJIYlIaeT,C5I BeCbMa 60JIbiIlIHM.

279



IDlpeceOBaHH.e inpHMeH5IeTCH B OClHOBHOM ,lJ.JI5I 'll,P0I13BOACTBa H3,lI.e-
,

JIHM IH'3 �BeTHbIX Me'TaJIJIOB. Ha.H,6nJIb!IIIHH '06'beM IH
I

3 HX qHCJIa 3aH11-

Mal0T CJIe,lJ.YIOIII.He:"' Me�b iH e.e C,nJIa�BbI; aJIIOMHrHHH Hero C-nJIalBbI; HH-

KeJIb -H 'eIio .anJIaIBbI; :MaDHH'H Her:o IC!lllJIa'BbI; I{H:H'K H eIfIO 'C l nIJI 1 a I BbI; TIH''Jia'H

11 era cn.naBbI.

.IlOJI.BepraIOT TaK)I{e Hpe.tcoBaH.HIO B HeOOJIbllIHX KOJI,HtIeCTBaX 1i1.

CTaJIH, rJIaBHbIM .0'6paaOM JI.JI5I iIIpeOCOBaHHH Tpy6 'OnenHaJIblHOrO npo-
cpHJIH, ,no. Icpo.pMe OTJIHqalOIII.HXC5I OT 'Kpy.rJIbIX.

B n.OCJIe,lLHHe ,lLBa .1I.eC5ITHJIe�HSI B 'n'pOMbI'IlIJIeHHbIX YCJIOBH5IX BO

Bce BO'3paCTalOillJ.HX Ma.CIlITa,oax ,oCYIIleC'TBJIHIOT npeeOOBaHHe TYlfO-

TIJIa!]3IJ{iI1X MeTaJIJIOIB: MIOIJIHI6JI.e:Ha, B'OJI'bicppaMa, naHa,lI.H , 5I, i6ep!HJIJI!H'H, HH'O-

61151, TaHTaJIa H ,lJ.p.

;

:DpH IpaccM'oT,p'eH'HbIX BbIlllIecnnc-ooax 'npe.ccoBaIHHH B KOHTeM.He.pe
BcerLLa OCTaeTCH 'HeKoTopbIM 001>eM MeTaJIJIa, TaK Ha3bIBaeMbIH Inpec:-

OCTaTOK, HBJIHIO'llJ.HMCH OTXO)J.OM. ,QJIH nOBbI'llIeHHH BbIXn,lJ.a rO,A.Hor.o

npH npec.coBaHHH MeTaJIJI'OB, O,lI.HOP0J(,HbIX no. COC'TaBY, .eB060LLHbIX OT

60JIb:lllor,o qH'CJIa n.p.HMe.ceH H .OK,H.CJIOB, MOlliHO n,prHMeHHTb «Henpe,pblB-
H,oe» npeccoBaHH'e. B qaCTHOCTH, TaK n,peccYIIOT aJIIOM11HH'eBbIe H3,Qe-

JIHH. :DpeccoBaHHe BeJI:YT C 3aKpenJIeHHOH 'Ha nyaH'coHe n.peocllIaH , 60M.

fIocJIe .n!pe.ecoBaHHH Oqepe)J.HoM '3arOT!OBIKH npe.c.eocTaToK OT Bee OC-

TaeTCH B KOHT'eMHepe H B ero �nOJI:OC'Tb nO,lJ.aeTCSI :HOBbIM CJIHTOK. I1pec-
COBaHHe 'B030�rHOHJI5IeTIC5I, B Inpo�ecce er.o T'OpenCJIHTKa CBa,pfHBaeTCH
'C 'npeeCOCTa'fiKOM TaK, qTO Ha rOTOHOM .H'3J(eJI'H.H Me'CTO CBa'p.KH OOHa-

PY)KHTb n,paKTHqeCKH 'HeB03MOlliHO.
.

fIpH :n,peeCOBaHHH LLoporOCTOHIIlHX MaTepHaJIOB n.pHMeHHIO'T npec-
OOBaHHe '6e3 nlpeCCOCTaTKa. HanpHMep, nplH n-pe,c.COB3tHHH npYTKOB H'3

.oep.11JIJIHH M,elliLLY InpeCC'llIaH:IlI'OM H ICJIHT,KOM 3aKJIa)J.bIBaIOT npOKJIaLLKY
H3 r;pa1cpHTa. CJIHTOK BblnpeC.COBbIBa'IOT HB K'OH'TeMHe,pa IIOJIHOCTblO, a

r-pacpHTOBa5I 'npOKJIa,lJ.Ka ,OCTaeTrCH B KOHTeMHe,pe B KaqeCTBe npecc-
OCT a TiKa.

B BeKOTopbIX CJIyqaHX npe'CCOBaHHe 'OCYllJ.eCTBJIHIOT B Y'CJIOB.HHX

BaKYYMa, B (;pe)J.e HHepTHOIro 'ra3a, npH llieCTKO 33-LLaHHOM TeMlnepa-

Ty.pHOM rpa.1I.HeHTe. ,Il,pH .9TOM IH3'LLeJIHH MorYT OXJIaJk,lJ.aTbCH B .cpe,lJ.e

HHepTHoro ra3a HJIH .B HOLLe.

/B H3CTOHllJ.ee BipeMH HaH.6oJIblllIee. pa.enpnCTpaiHeHHe :nOJIyqHJII1

npeCCbI IC rHLLpaBJIH'q'eICKHM npHBO,lJ.'O:M: D!p�npHH11MaIOTCH ,nonbITKH

H.OIllOJIb ' 3 1 Q1BaTb ,ll�H. o!cY'II.LeC'TB/JI'eIH'HIH In;p'eIOC'OBaiHHISI eIH:e:prHIJO 'B3p'bI
' Ba.

B'ce ,60..n,ee lllIH,p;OKoe n:p'HMelH,eH'Hle ;H ' aX ' O,lJ.5{'T (n'p'o.�efCIC'bl !npie:C'CO'BaiH'HH
lliH',l(KO'C'Tb'lO H ra3'OM.

2. Oco6eHHocTH )J.e4>opMHpoBaHHoro COCTOSlHHSI

"PH npeCCOBaHHH

OnbITbI nO'Ka3bIBaIOT, qTO npH n!peCCOBaHHH IC n.pHMbIM HCTeqeHHeM

.rr.ecpopMaILHH COCpe.lI.OTOqHBalO�CH Y MaTipH�bI, T. e. Y BbIXOJLa H'3,

KOH'TeHHepa, e.CJIH K03Icp'cpH�HeHT TpeHH5I MeT3JIJIa ,0 CTeHIKH KOHTeMIHe-

Ipa HeBeJIH;K. ,06 .9TOM 'CBIH,lLeTeJIbCTByeT, HanpHM'elp, xapaKTep HCKalllie-

HHH KoopLLHHaTHoM IceTKH Ha Mep.H,lJ.UalHaJIbH'OM nJIOCKOCTM pa31>eMa
COCTaBHblX ,o6pa3�oB, nO,lJ.Bep-raeMbIx npec.coBaHHIO (,pHIC. 122� a').
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TIpH 60JIb'IllHX CHJIaX �peHH5I MeTaJIJIa 0 CTeHKH KOH'TeHiHepa :rrJIa.CTM-

qeCKaH .ne'cpopMan.HH \pacnpOCT:paHHeT'CH Ha Be.Cb .o6'be'M H HBJIHeTCH

Kpa:HlH.e 'HepaBHOM:epH.OM (pIH'C. 1�.2, 6).

,CTaJIbIHOH cT.ep)l{eHb 6bIJI BCTaBJIeH B JIaTY,HHbIM ,CJIHTOK TaK, qTO

npH II.peeCOBaHH.H TOpen. 'CTeplliHH pacnOJIaraJICH Y npe
l COllIaM l 6bI. .;DlpH

npe-CCOBaHHH C .60JIhlllMMH ICHJIaMH T\peHHH Me>K.ny CJIHlIKOM H CTeHKa-

v

MH KOHTeHHepa CTep)KeHb rOKa3a"TJ.CH pa-

aopBaHHbIM 'H er,o nepeJI.HHH qaCTb ylliJIa B

npYTOK (pHC. 123,a). lI.aJIee, no rrepHcpe-
pHH JIaTYHHoro CJIHTKa 6bIJIH BCTaBJIeHbI

npOHYMepOBaHHbIe CTaJIbHbIe IlITHcpTbI.

DpH npeCCOBaHHH lllTH<pTbI, pacrrOJIO-

llieHHwe HaHOOJIee .naJIeKO OT MaTpHn. w
,

BbIIliJIH H3 Hee rrepBbIMH. BMeCTe C TeM

qaCTHqHO H3MeHHJICH nOpH,l(OK EX pac-

rrOJIOllieH1I5I OTHOCHTeJIbHIO .npyr .npyra

(pHC. 123� 6).
B KOH�e npon.ecca npeCCOBaHHH Ha

3a.nIHeM TOp�OBO:H nOBepXHOCTH 3arOTOB-

KH 06pa3yeTcH yrJIy6JIeHHe B BHAe BO-

pOHKH, TaK Ha3bIBaeMaH rrpeccYTHLKKa
HJIH iII:peoeYTH)K)UHa (pHC. 1;24, a).

B rrpon.ecce npeccoBaHHH B yrJIax

KOHTe:HHepa, npHMbIKalOIlI.Hx K rrepe.nHe-

M'y TOPUOHO'MY cpe3Y, o6pa3YlOTcH TaK

Ha3bIBaeMble «MepTBbIe» 30HbI (pHC. 124, 6), r.ne rrepeMeIIl:eHHH IVleTaJI-

JIa.oTHoCHTeJIbHO KOHTeMHepa OTCYTCTBYlOT. KpHBaH, xapaKTepH3YIO-
lll.a.H 3a,BHcHMrO'CTb AaBJIeH'I15I IIpeCCOBa'HHH OT nepe,Melll.,eHHH nyaHooHa,
HMeeT Tp'H .xapaKTepHbIx yqaCTKa. Ha yqaCTKe 1 .naBJIeHHe B03pacTaeT,
Ha yqaCTKe 2 .naBJIeHHe YMeHblllaeTcH 11 Ha yqaCTK,e 3 CHOBa B03paCTa-
eT (pHC. 125, a).

rDpHBe.neHHoe .onH'caHHe rrpe.n'cTaBJIHeT C060H 0006llJ.eH'He 60JIb1lIO-

ro qH,CJIa onblTHbIX .naHHbIX, .Ha OClHOBaHHH KOTOpbIX M'OlK:HO nocT,poHTb
Mo.neJIb rrpoI..(ecca .1I.ecpopMaQHH np.H. npeocoBaHHH C npHMbIM HCTeq.e-

HHeM. 3TOT ,n,p'oQecc MOlliHO pa3,lLeJIHTb 'Ha ,CJIe.nYIOllJ.He TlPH CTa.nHIH:

1. Pa.cn,peccoBKa 'CJIHTKa B KOHTeMHe,p,e H 3anOJIHeHHe npeccye-
MbIM 'MeTaJIJIOM 'KalHaJIa MaTpHI�bI,;B 'IIpo�.e,oce KO�OpbIX .1I.aBJIeHHe

npecc-oBaHHH B03pacTaeT (yqa.CTOK 1 Ha pH.C. 12'5, a). 3TH H'BJIeHHH

rrpOHCX'O.nHT 3a .CqeT Toro, qTO J(,HaM,eT.p 'CJIHT1Ka Bcer.na IHa 2-,3 0
/ 0

M'eHb'llle JI.MaM.eT,pa .KoHTeMHepa,,lI.JIH o6JIerqeHIH5I B'Bo.na ICJIHTKa B IIO-

JIOCTb 'KOHTeMHetpa. TIpH B03.1I.eM'cTBH.H ,n'pe'cC'llIaH ' 6bI Ha CJIHTOK no-

CJIe.nHHM OCa>KHBae'flCH 'IIO BbIICOTe IHa 6-8 0
/ 0 11 3arrOJIHHeT KOHTeHHep,

qt-o 'conp.OB-Olli.naeTCH .pOCTOM .naBJI.eHHH.

2. ICTaJI.H5I, JIaM"HHap,Horo TeqeHHH, B rrpon.ecce K.oToporo ,lI.aBJIe-

HH.e IHa nyaH.c-oH YM'eHb!llIaeTCH (yqaCTrO'K 2 'Ha PH'C. 125, a). IB l3TOM

CTa.nH.H n,oBepxHo�Tb conpHKOClHoBeHHH .CJIIHTKa C KOHTeMHepoM IIOC'Te-

neHHO YMeHblllIaeTtC5I, YM.eHblllaeT.C5I H CYMMa pHoe .conpOTHBJIeHHe CMJI

'J)peHHH, C qeM eBSl3aHO YMeHbllIeHRe J{aBJIeHHSI IHa nyaHCooH.

a 5

PHC. 12m �e�opMHpoBaHHaH
Koop�HHaTHaH ceTK3 cnnaBa

JIC59-1 nocne npeCCOBaHIUI:

a. - 6e3 CMa3KH !{OHTeaHepa;
6 - co CMa3KoA KOHTetiHepa
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PHC. 123. ,necPopMaltlul naTYHHoro CJIHTKa npH TeMnepaType 750-780°C:

a - co CTaJIbHblM CTep:>KHeM; 6 - co CTaJIbHblMH BCTaBKaMH: I -.ao npeCCOBaHH5I: I I - no-

CJIe npecCOBaHH5I

3. !C T aJI.HH Ty'p'6/yJJI e'H!T'H:OIf10 Te 1.1 eH�H:H, B n plO lI.!elC-ce .KI01'fO'P'OH !IT- aIBIJI;e-

HHe 'Ha InyaH,c.oH 'CH'OBa B03pacTaeT (yqaCTOK 3 !Ha ,pH'C. .12;5, a).
.

O'qar JI.'ecpopMaLLHH B cra)J.HIH naMHHapHor,o Teq.eHHH cxeMaT.HqeCKH

MiO)K'HO np,e�cTaIBHTb Ta'K, 'KlaK 3To.. .nOKa.3aHO Ha pIHIC. 126, a.- 3 1 0HbI 1

y nJIOCKOCTH BbIXO,JI.a H3 'KoHTeH/Hepa npe,n.cTaB.JIHIOT C.0'60H 'ynpyrHe

30:HbI, no rpaH'HuaM K.OTOpbIX 'CKaTIJIHBalO'DCH 'qaCTH�bI C Hap'Y)KHOH
OKHC.JIeHH:oH TIoBepxIHocTH CJIHTKa, 'qT'O I}OJID)K'HTeJIbHO .CKa3bIBae'TC5I

Ha KaqeCTBe ,H;3JI.eJIHH, !HO InOBbI:waeT y,ClHJIHe Hlpec-coBaIHHH, o-C.06e.HHO

B K'OHIJ..e CTaJI.HHTyp6YJI.eHTHOiro TeqeHHH.

rpaHH�y ab .30HbI I M,O}KiHO HaHTH HCXO,llH IH'3 Y'CJIOBHH M.HHHM.YMa
3 1

Hep
1
rHH, 3aTpaqHBaeMOH 'Ha HX ,06pa30BaHHe [5]. K,pHBbIe ab npeJI."

CTaBJIHIOT C-060H 6pax1HcTOXpOHbI. ECJIH MaT,p,H�a HMeeT KOHHqeCKYIO

pa60qyIO qaCTb, TO, ,KaK 13TO peKOMeHJI.yeT H. JI. ill,epJIHH [5],. KpHBbIe
ab MOlli,no B nepBOM nIPH6JIH�eHHH npUHRTb '3a n,pHMbIe, HBJIHIt;Hll,He.CH
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PHC. 124. npeCCOCTaTOK C

npeCCYTSDKHHo1\, nOJl.yqeH-
HbIIi npH npeCCOBaHHH

npYTKa ,AHaMeTpOM 82,5 .M.M

H3 KOHTe1\Hepa 205 .I�t.M, oe3

CMa3KH. (MeJIbXHOP MH)KMlt

30-0.8-I) fa) H npeccoc-

TaTOK co CKanblBaHHeM no

nonepXHOCTH ynpyroA 30HM

npH npeCCOBaHHH MeAH co

CM83KOA (6)

Ii

t. .�.

�

J
::---:

. ..;l-��'�;\,:.,

�1 ��::&'�::�%��:*5:}St»:�.rm:&c-:>,�::'�;;::�;:��<f.Wm:�;Uii

pi/(

p

'"' -

YIJO flyaHcoHa
a

'20

/

//

15

10

,'j

o 0,5 1 Z 3

Xo8 fl!luHcoHa
�

If.

X/Z

PHC. 125. 3aBHCHMOCTb nonHoro ,lI.aBJIeHHSI npeCCOBaHHSI OT nYTH nyaHcoHa npH

npSlMOM (1) H oopaTHOM (If) HCTeqeHHHX (a) (1- pacnpeccoBKa; 2 -

naMHHapHoe

TeqeHHe; 3 - Typ6YJteHTHoe TeqeHHe) H Cpe,ll.HerO KOHTaKTHoro HanpSl>KeHHSI Ha

npeccwaA6e OT XOAa nyaHcoHa no AaHHbIM paCqeTa ({)=1/ 2 , 1\.=10) (6)
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np0,lJ,OJIlli.eHHeM -oo.pa.3Y'IOllI.eH pa60qeH .KOHHqeCKOH qaCTH MaTpHfI.I.bI.
y n,pec-C'waH'6bI �II-o OCH KOHTeHIHepa Ta'Kllie o6pa3yeTcSI 'Y'IIpyraSI, n-oq-

TH IHe,lJ,ecpOpMMpyeMaSI 3.QHa I I, pa3MepbI K,oTo.poH B II,pOl.{eCce npec-

'COBaHHSI nOCTeneHHO,H3M'eHSIlOTCSI �no BblCOTe H wlHpHHe H YM.eHb:Wa-
lOTCSI B 06'beMe (.HaII,pHMep, .no '06'beMa I I) . iDepe}KMMbI I I I, HHor)1,a

o6pa3YlO:llI.HeCSI "Ra i60KoHoH nOBepxHocTM CJIMTKa, cnoc06cTBYIOT 06-

,pa3'OBaHHIO ynpyroH 30IHbI I I. 3,oHa IV !npe,lJ,'cTaBJISIeT c060H 30'HY-

nJIa'cTHqecKoH JLecp,opMaII.HM, OTCIO,lJ,a oCYllI..ecTBJISIeTcSIo\ TeqeHHe MeTaJI-

JIa � MaTpHI.I.Y.

'CxeMa oqara ..aecpopMaQMM B CTa,lJ,'H'M T'yp6YJIeHTHor-0 TeqeHHSI IIPH-

Be,lJ,eHa IRa pHC. 12 i 6, 6. :B 3TOH CT3',lJ,HM II'O-"IIp-eJKHeMY II,p0JI.OJI>KaIOT CY-

rue.CTBOBaTb MepTBbIe 30HbI I. iI1peI1MYllI.e,CTBeuHoe, TeqeHHe qaCTH!-t

MeTaJIJI a H3 30HbI IV (pRC.
126,a) B MaTpH�Y B CTa,ILI1M

JIaMMHapHoro ,lJ,BH}KeHHSI npH-

BO,lJ.MT K TOMV, 1.11'10 3Ta 30Ha

nOCTeneHHO "YMeHbwaeTcSI. B

m CTa,lJ.HH Typ6YJIeHTHOro T,eqe-

/
HI1SI (pHC. 126, 6) nOSIBJISIeTCSI

06'beM V 2 ,
'B KOTOpOM oCYllI.e-

CTBJIHeTCH «BI1XpeBoe» ,ILBH-

b JKeHMe MeTaJIJIa no HanpaBJIe-

HHIO CTpeJIOK (pHC. 126, 6).
Kor,lJ.a 06'beM VI BbIT;eqeT,

Haql1HaeTCH HCTeqeHHe 06'b-

eMa V 2 . 3aMeIIeHo, qTO KOr,ILa

npeccwaH6a HaXO,llHTCH Ha

t5 paccToHHHH, paBHoM ,llHaMeT-

PY K'oHTeHHepa, <?T MaTpHII.bI,

IIaCTHII.W OKHCJIeHHOrO MeTaJI�

PHC. 126. CxeM3 oqara netjJopMal\HH B CTa.D.HSlX JIa MorYT nOna,lLaTb C nOBepx-
JIaMHHapHoro (a) H TYPoYJIeHTI-IOrO (6) TeqeHHH

HOCTH BO BHYTpeHHHe CnOH

_ npYTKa. llOHHTHO, qTO Ha CTa-

lU/IH Typ6YJIeHTHOrO TeqeHHH ynpyrHH 06'beM I I (pHC. 1.2.6, a) HCqe3a-

eT. Ero CMeHReT -o6paaYlOmeecH 6JIarOJI.apH B-HXpeBoMY Teq.eHHlO M,e-

TaJIJIa B 06'beMe V 2 BOpOHKo06pa3Hoe yrJIy6.rreHHe npeCCYTHlliHHbI \/'3.
I13 IIpHBe)1,eHHoro onHcaHHH CJIe,lJ,yeT, qTO, H3MeHHSI YCJIOBHH II!pe,c-

COBaHHH (YMeHbwaH K03cp'cpHI.I.He I HT TlpeHHH, Han,pH-Mep), lVIOlliHO YBe-
JIHqHTb CTaJJ,H'lO JIaMHHa.pHoro TeqeHHSI H, CHoeBpeMeHHO npeKpa'llI.aH

npOI.I.eCC IIp.eCCOBaHIHH, H36ellia'Tb CTa.,lJ,H.H Typ6YJIeHTHOro TeqeHHH. 0)1,-
HalKO npH 3TOM. BCer,lJ,a lReH36ellieH HeKOTopbIH npeoc-ocTaToK. ECJIH

,lJ,aillie He CllHTaThCH C 6paKOM H3,lJ,eJIHH (B03HHKalOllI.HM H3-3a nona-

lI,aHHH B I-tHX OKH'CJIeHHOro MeTaJIJIa C '60K.OBOH nOBepXHOCTH) H :npecc-

YTHlliHHOH, npOII.eec n,peCCOBaHHH n,pH,IL.eTC5I npeKpaTHTb !H3-3a HaJI-H-

qHH «M.epTBbIX» 30H, HaXO,ILHIl.{HXCH B OQtCTOHHHH BCeCTo.pOHHero Cllia-

THH, 6JIH3KOrO K paBHOMepHOM'Y. ll03TOMY npeccOCTaTOK npH npecco-

BaHH!l npHMbIM MeTO,lJ,OM ,lJ,OCTHraeT HHor,lJ,a '25% Beca npe�.cye.Moro
'CJIHTKa.

OnbITHbI'e" ,lJ,a�H�Ie n,oKa3bIBalOT, q'TO npH; ']]lpeC-c.oBaH.HIH C 06paTHbIM
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I1.CTe4eHl1eM ..1LecpOpMaI.JjI1R M,eTanna eoC!pe)J.'OT.Q!4I1Baer ' CH y M,aTp i l1II.bI, H

n.epeMellI.e,HI1R MeTan,JIa Ha 60nbllIeH tIaCTI1 KOHTaKTHOH n:>BepXHOCTH

OTCYTCTBYIOT. 06bI4HO rnpOTH)KeHHQ.CTb nJIaCTHlIeCKOH 30HbI COCTaB-

JIHeT OT .8,rr.0 15 %
)J.l1aMeTpa., KOHTeHHepa.

.CpaBHI1M xa.pa'KTep ..n:ocpopMaII.I1H Koop.rr.I1HaTHbIx ceTOK npH 06par-
HOM 111 npRMoM n,pecCOBaHHI1 (pHC. 122), a'raK)Ke Kpl1nbIe, xa paKrepH-

3YIOI1l.He 3alBI1CHMOCTb ,lI,aBneHI1H npe.ccoBaHI1H OT nYTI1 nY3lHCOHa (CM.
pH'C. 125). 113 paCCMo-npeHI1R pl1'c. 127 cJIe,lI,yer, tIro B ,lI,aHHOM CJIY4ae

J.;!j't1it�����$::lN.4. ##W ft:: :� S�:�� Ml%i�@
_,v

� ...

l� ,c.� = ::J

-

!
�f :��

�

�r�:. jA� ¥w
:�W::�:;::,:::J:'�::.::: :<:'::::�::::

i:Jr'" :r%:::;::::::jk�1. m
M � �

I� "W"'*- _ _Ph[
� I

t�_���£ ��_ �=-E.__...____ -=:-�

PIIC. 127. J13MeHeHMe KOOp,lI.HHaTHbIx ceTOK npH npeceoBaHHH C o6paTHbIM (a)
H np5IMbIM (6) HCTet.IeHMeM (npH npOt.IMX paBHblX YCJIOBHSlX)

np'a n'p'OtIHX palBIHbIX y'cn'O'B'H'RX 'n;p'l1 016p'aTHIOM Inipe'CiC-O'Ba�HI11}1111 MIMeeT

MeCTO JIaMHHa.pHOe Te4eHl1e, a npl1 n,pHMOM
-

Ty,p.6YJIe.HTIHoe. 113 p'I1
I C.

125 BI1,lI,HO, 4'T0 npH 06parHoM TIlpeCCOBaHJ1.11 cra.rr.I1R �arvl�'HapHorn re-

4eHHH np.o.rr.OJIlliI1Te.JIbH-ee ICOOTBe1'tCTBYIOIIII.eH 'CTa,lI,HI1 .npl1 'npRMoM

n,pec-COBa I HI1H. B MeCTe ,c T-eM npl1 o6paTIHoM npeOCOBaHl1 l 11 )J.aBJIeHl1e

IHe 3aBH-CHT OT InYTH inY3'H'OOHa '11 cpe)J.�HRR enD a-enl1
'

tII1'Ha MeHbIlIe, tIeM

npl1 npRMOM npe'C-COBaHI1H. �D,oCKo.JIbKY 'n'PH 06paTHOM nlpeCCOBaHI1H

,lI,ecpopMaII.HR .COCpe.rr.'OT041I1BaeTICR y Marpl1�bI, ro :npeCCYTRlliI1Ha OT-

C.yT;crayer, a MepTBbIe 3-0HbI MaJIbI. B .COOT,BerCTBI1:11 C 3T,I1'M Inpeccoc-

TaTOK 3,IT.eCb 3 1Ha4HTenbHO 'MeHb!llIe,. tIeM In.pH-' npRMOM npeC-COBaHI1}I

(,rr.o 5 0/0). 3a .ctIer ManOH BeJIl1tIl1HbI M'ep'TBbIX 3-0H HalpYlliHbIe ,lI,ecpeK-
T-bI CJII1TKa nOna,lI,alOT _

Ha nOBepXHOCTb 11 BHYTtpb 113)1.en11R C 60nHllIeH

JIerKOCTblO, .1.JeM npl1 n'pRMOM In,peccoBa.HI1I1, 11 Ka4eCTBO 1113.n:eJIHH

YXYJl.ll1aeTcH. fl03TOMY npeCCOBaHI:Ie C o6parHbIM H:CTe1.JeHHeM npHMe-
HHIOT B CJIY4ae, ec.JII1 K :3TOMY BbIHYllillaIOT He.rr.'OC'TaT01.JHa5I M0I11HOCTb

npeoca HJIM He60xo,rr.I1MOCTb nonY4eHH5I H3,rr.eJII1H 6o.JIhiliOH ,rr.nHHbl. O,rr.-.
1JaK'O 'npH 3TOM .Qco6eHHO TlI1.aTeJIbHO n.o.rr.rOTaBJIHBaIOT nOBepxHocrb
3arOTOBKII1.

3. �aKTopbI, BJIHSlIO�He Ha npo",ecc

npeccoBaHHSI

iD ,p e ,C C Y e M bI H MaT e p 11 a iJI Her 0 !cp a 3 0 .B 0 e 'C o,e T.O R H H e.

DpeccoBaHHe .cnnaBOB, HMe.IOllI.EX cpa30BbIe nlp.eBpaIIleH-MR B HIHTe.pBa.-
JIe Te.M:nepa'Ty,p,.ln'peC�OBaHYIR, conpO.BOlli)J.aeTC.R 113MeHeHI1eM xapaK-
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Tep"a TeqeHMSI. HaII.pHMep, Ha pHC. 128 ,nOKa3aHa IK'OOp,lJ.HHar!HaH cer-

Ka, nOJIyq.eHlHaH 'IIQlCJIe npeccoBaHMSI .Q�lpa3\ua .H3JIaTYHH JT59. 06pa3-
LLbI 1 H 2, o'T!IJpeeCOBaH,HbIe II'pH TeMIIepaType 780�C, H.MeIOT OT:HOCH-

TeJIbHO ,p aIBHOMep'HbIH xap aKrep MICTerqeHHH. O:6pa3Qbl' 3 H 4 OT-

IIpecc-oBa!HbI IIPM 7!215�C; HX TeqeHHe H�pa/BHoMepHo 'IIOTOM�,

*

PHC. 128. )J.e<»opMHpOBaHHaSI ceTKa J1aTYHH Jl59 nOCJIe npeCCOBa-
HHSI npH 780°C (1, 2) H 725°C (3, 4)

tIro np'H aTOM T.eMIII'epaType LJIa'TYH;b :6bIJIa IB ;JJ:By'x
1

cpa!3IHOM rCOCTOH-

.HHiH (a + �) . 1113 aTIOI�O In'pHIMep'a. ICiJIeJJ;yeT, tI'T,O n:p:eOCO'Ba:HHle

MeralJI!JIa, .OOCTlo.HllI.lero 'H3 )]JBYX 'CP 1 a'3, 'IIiPHIB10I,lJ.'HT K ..1L'OnOtJI'HI1-

TeJI�HblM HaIIp'SI}K.e;HHHlM:B 0i6'beM l e _3aff.Q:'POBKlH, IBbI/3B1aH'HbrM cpa3;QlBbI-
MH 'II,peBpalllI.eHHSIM.H, H II03TOM'y TeqeHHe B S�OM CJIyqae M,eHee paBH'O-

M'ep'H'O. TaKH.M 01 o.pa.3, OIM MIH'orocpa.3H 1 bI 1 e MeTa\JIJIbI JKeJIaTe'JIhH'O Inp,eoco-
BaTb B YCJIOBHSIX, ,KOr,lJ.a OHIH cocrOSIT .H3 KaKOM-TO 'O'.lJ.lHOM cpa3bI. 411-

CTbIe MeTaJIJIbI MO}K;HO IIpeclcO'Barb B iIIIHpOKOM HIHTepBaJIe H3MeHeHHH

TeMrIIepaTYP, ec.JIH B .3TOM HHTepBaJIe Q-HH He
-

MMelOT aJIJIOTpOIIHII.eCKHX

IIpeBp allI.'eHHM. D,p.HM.eCH B qnCTbIX MeTaJIJIa,X ,CH.JIbH.O CYllialOr HHTep-

BaJI reMnepaTYlp IIpeCOOBaIHHH. J{JIH y,C'raHOBiJIeHHSI HHT�pBaJIa 'I'eMIIe-

p aTYlp IIpe'CCOBalHHH .cnJIaBbI pa3JIHq;HbIX MeTaJIJIOB M'O}KHO pa3J1.eJIH'Tb
Ha CJIeJLYIOllI.He Tpl1 rpYIIIIbI: a) CIIJIaBbI, ,eQlCT05lI1l.He B THe,p,lJ.OM CO-

CrIQISIH'H'M .M3 J(BYX �H ,6oJIee cpa3, InplH 3"r.OM ;M:H'OI'J!.a np'HXoQ�HTla� 31HlaqlH-

TeJIb!HO nOHH}KaTb TeMnepaTYPY np'eOOOBaHHH IH3-'3a 06pa3'Q.BarHH£
3'B TeKT HIK C 'H�H 3IKrQ,M .Te'MlII\e p a'TIYP'o M II'JI alBIJI e'HIHlI; !6) 0 )LH'OPiO,lJ. H bIle, CIIJI a -

BbI
-

TBep,lJ.bIe paCTBopbI, C'OCTOHllI.He HI3 'O,lJ.HOM �a3bI, TeMJIIepaTY'p-
HbIM HHrepBa.JI :K'OTOpbIX lllRpe, q-eM B IIpe,lI.bIJI.YllI..eM CJIYIIae, HO 'Yllie,
qeM ,lJ,JISI. qnCTbIX MeraJIJI.OB; B) 'CIIJIaBbI C HHTepMeTaJIJIHIIeC:KMMH CO-

e,lJ,HHeHHHMH, II1p,eCCOBa
I HHe Kor,opbIX 'B03'MOlliHO TOJIbKO B Y3:KOM IHH-

repBaJIe TeMIIepaTY.p, .n,p.eHM�Y1llI.eC'rBeHHO BblCOKHX.

C T.e n e IH b � Ie cp O-;p 'M a II. H M. YICTaH.OBJIeHIO, 'qTO MeXaHUqe,eKHe

CBO�CTBa B II.eHTpe H Ha nOBepXHOCTH H3,lJ,eJIMH 3aBHCHT OT CTeneHH

,lJ.ecpopMaII.I1M B npOII.ecce npeCOOBaHMSI. HanpMMep, 1f3 .plfC. 129 CJIe-
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JtyeT, tITO 'npH CTeneHH .necpOpMaQHM ,ILO 20%' �p�,ILeJIbI n;pOq!HOC'TH Ha..

.pYlliHbIX .11 BHYT-peHHHx 3:Q'H npY'TKa .'U3 M.anHHHaJIIOM'HiHHenoro ,enJIaBa

DLLHHaKOBbI. OTH.ocHTeJIbHne cYllieHue HMeeT O,ILHHaKoBYIO BeJIIHqHHY

npH oOlliaTHH .no 35 0/ 0 . I10cJIe 3T , or,o C IpOCTOM 06lliaTMH 'p a3JIHqne Me-

xaHHIIeCKHX ,cBoH,cTB Ha nOBepxHocTM H B �eHTpe BO'3.pacTaeT, ,ILOCTH-

raH Ma-K'cHMYMa ,llJIH Inpe,ILeJIa npOqHOCTH np!H
u 06�aTHH B 60 0/0, 'a

.nJIH OT.HOCHTeJIbHOrO cymeHHH n,pH '67 0/0. ,LLaJIbHel1 l rnHI1 ,POCT 06lliaTHH

BbI3bIBaeT YMeHbrneHHe HepaBHOMepHO-

..CTM MeXaHHqeCKHX CBOHCTB, KOTopoe npn 6 B ,MH/M
2

{l<r/MM2)

'CTeneHH ,llecpopMaI(HM, paBHoH 92 0/0, CTa-

HOBHTCH npaKTHqeCKH paBHbIM HYJIIO.

31'OT np'HM'ep nOKa3bIBaeT, qTO ,ILJIH nOJIY-
JOO

.qeHHH H3,lleJIHH BbICOKoro KaqeCTBa, 00-
(JO)

.JIaLLalOIltHX p3'HHOMep,HbIMH M.exaHIUqeC-

KHMH CBoHcTBaMH no CeqeHHIO, CJIe,ILyeT
200

npHMeHHTb ,ILOCTaTOqHO 6'OJIblllHe BbITH}K:-
{20}

KH. OnbIT nOKa3bIBaeT, qTO ,llJIH 60JIb- 6
IIlHHCTBa MeTaJInOB npH npeCCOBaHMH H3

CJIMTKOB BbITHlliKa ,ILOJI}KHa 6bITb > 10-

15, a npH npeccoBa�HH H3 3arOTOBKH

>5.

DpH qpe3MepHo ManbIX 06lliaTHHX

.�ecpopMaI(HH JIOKaJIH3YlOTCH y nOBepx-

HOCTM npYTKa, M n03TOMY B npHBe,ILeH-

HOM Ha p'HC. 129 cJIyqae MexaHH1.IeCKHe

HcnbITaHHH Ha pacTHllieHHe 06pa3I.I.OB,

BbIpe3aHHbIx H3 npYTKa, He .naJIH pa3JIHtIHH B MexaHHIIeCKHX CBOMCTBax

npH MaJIbIX 06}KaTHHX. O,ILHaKO Bpe,ILHOe BJI'HHHHe MaJIbIX 06lliaTHH npo-

51BnHeTCH B nOHBJIeHHH Y nOBepXH'OCTH H3,ILeJIHH «060,llKa» KpynHoKpHC-
TaJIJIHqeCKOH CTPYKTypbI nOCJIe HX Me.nneHHoro OXJIa}K.neHHH HJIH OTlliH-

ra: HHTeHCHBHaH ,lI,.ecpopMaUHH Y nOBepXHOCTH H3.neJIHH npHBO,llHT 3,ILeCb

K JI.p'06JIeH'UIO KpHCTaJIJIHT'OB H .nOCJIe.nYIOII.J.reMY HX p'OCTY 'UP'H OTlliHre.

B,pe,IL qpe3Me.pHO MaJIbIX 06}KaTHH CKa3bIBa,eTCH .ew.e H B TOM, qTO .np l l1

HH3KHX TeMnepaTypax B H3,ILeJIHH B03 i HHKalOT OCTaT,OqHbIe paICTHrHBa-

IOllI.He HaTI'pH}KeHHH Ha nepHcpepHH npYTKa, KOTopbIe M-orYT npHBeCTH

3,ILeCb K nOHBJIeHHIO TpellI.HH.

T p e H Hen p e C C Y e M 0 rOM eTa JI JI a 0 C T e'H K H K ,0 H T e H-

.B e p a. B npe,ILbI,ILYllI.eM nYHKTe .6blJIO inOKa3aHO, lITO CH.JIbI TpeUHH HB-

JIHI01'CH ;pernalO:llI.HM IcpaKTopOM, onpe,ILeJIHIO'llI.HM xa.paKT,ep TeqeHHH, a

CJIe,ILOBaTe,JIbH10, H Hanp'HllieHH-oe c-OCTOHHHe 1!PH npeCCOBaHHH. Y CTa-

HOBJIeHO, qTO ,C POCT-OM' K03 1 cpcpnI.I.HeHTa TpeHHH Be.JIH.qHHa y.npyrHx 30H

y npeccrnaH6bI 11 B yrJIax KnHTeHHepa co 'CTOpOHbI, n:pOTHBOIIO.JIOlliHOH
npeccrnaH6e, B03paCTa 1 eT, qTO cnoc06cTByeT pa3BHTlIlO Ty.p6YJIeHTHOro
TeqeHHH. CMa3Ka Ha, 60KOBOH nOBepXHOCTH IIpeccyeMoH 3arOTOBKH

cII,oc06cTByeT JIaMHHa.pHOMY TeqeH11IO. CMa3Ka KO'HTeHHepa oc06eHHO

3aMeTHO B.JIHHeT iHa xapaKTep TelIeHHH IH Y,CHJIUe npeCCOBaBHH

(pHC. 127), X.oTH BBe,ILeHHe CMa3KH B nOJIOCTb KOHTeHH.epa CBH3aHO C

TeXHHqeCKHMH T'PY,ILHOCTHMM. Y CTaHO�JIeHO TaKllie, lITO IIpHMeH�HHe.

If, 'If

20

15

to

5

o

20 40 60 80 100

Fo-Ft 10001
f,

.

10

o

PHC. 129. I13'MeHe.HHe .npe,lI.eJIa

np-o-QHOCTH H OTHOCHTeJIhHOrO CY}Ke-

\lHH meHKH '\P npH paCTH:>KeHHH 00-

pa3I.(OB H3 CnJIaBa C 90% Maprall-

I.(a II ]0% aJIIOMHHHH nOCJIe npec-

COBaHHH C pa3HbIMH OO:>KaTIIHMH:

npoobI nOBepxHocTH
- - -

npOObI 113 Cepe)l.lIHbI npYTKa
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CMa3KH C'HHLKaeT Cp,e,n.Hee JI.aBJIeJH.He .Ha npecc:llIair6y (,lI.aBJIeHHe Te4e-

HHSI)np,H BbI)I.aBJIH"BaH:HM. 'CIIJIaBOB aJIIOMH'H-HSI, M.e,lI.H, 'l.\H;HKa B 2,.5-
5 pa3. KpoM,e 3Torro, 'CMa3Ka 3aMe,nJIHeT OXJIaLK�eHMe IIoBepxHocTH H

YMeHhllIae1' H3.HOC HH,cTpYMeHTa.
ICMa'3Ka IIpeocIllaH i 6bI Ha xapaKTep TeqeH�SI BJIHSIeT OT,pHl.\aTeJrbHo.

B STOM 'C'JIyqae TleqelHHe no nOBepXHOCTM 'n,peCC!llIaH6bI 06JI.erqaeTCH

H YBeJIHqHiBaeTICSI IIpeCCYTHLKHHa. ill,031'OMY TIOPl.\OBYIO IIonepXIHOCTp

II:peco�aH'6bI qa'CT'O ,lI.e.JIaIOT pM�cpJIeHoH. ')KIH,lI.KOH COCTaB.JIHIOllI.eH .CMa3-

KH 06bIqHO HBJIHeTICSI MallIHHHoe Ma'CJIO, a IHaIIo"JIHH'TeJI.eM -

rpacpHT.
D,pH IIpe-Oc.OBaHHM T'yr.onJIaBKHX Me'TaJIJIOB B :KaIIe-CTBe .CMa30qHbIX Ma-

T,epHaJIOB HCIIOJIb3YlOT ,CTeKJIO H ,lI.a}Ke TO'HKHe :IIpOKlJIa,lI.,KH H3 II"JIaCTHq-

HbIX MeTaJIJIOB -

aJI:IOMHIHI1SI !H Me,lI.H. LLJISI .pa'CqeTa YCHJIHSI II.pec.COBa-
HHM ,peKOMeH,lI.YIOTCH CJIe,lI.YIOlI{M.e 31HaqeHHSI K03Icpl<pMnHeHTa TpeHHH [6].

Me,Llb. . .

JlaTYHb Jl68 . .

JI62 (.no 725°C)
JI62 (cB. 725°C)
JIC59 (.no 700°C) .

JIC59 (> 700°C)

0,25
0,18
0,20
0,27
0,25

0,27

AJIIOMHHHH ..... 0, 28

AJIIOMHHHeBbIe cTIJI3BbI 0,35
MarHHH. . . . . . . 0,25
MarHHeBbIe CTIJI3BbI . 0,28
THTaH Hero cnJIaBbI

(>1000°C). 0,30
To >Ke (900°C) ... 0,40

,[LJIH IIOBblIlleHHH paBiHOMe.pHOCTH Te4eHHSI npe,llIIpHHHMaIOTCH IIO-

IIbITKH OCYllI.eCTBJIHTb npeCCO'BaHH,e BOBce 6e3 KOHTeH'H'ep a, 'IIO)J.aBaH

3arOTOBKY B MaTpHl.\Y C II-Q'M.OlU.blO ,3aXBaTOB. H:Hor,na n!pOH3BO,lI.HT npo-

l.\eCC IIIpeCCOBaHHH .C Ta'K Ha3bIBaeM,oH "«,Py.6a;IIIKOH» ('pIHIC. 12-1, iJ). II pH
3TOM ,lI.HaM'eTp IIIpeeeIllaH6bI ,lI.eJIalOT !Ha '2-3 MAt Me-Hb\llIe ,nHaMeTpa

IIOJIOCTH KOHTeHHepa. MeTaJIIJI ,c'pe3aeTCSI H BbI,lI.aBJIHBaeT'CH npec-cruaH-
60H, a «.py6aIll'Ka» B BH)I..e TOHKocTeHHoH 060.JIOII'KH OCTaeTCSI B .KOH-

TeHH'epe. Rice II'OBepXHOCTHbIe ,lI.ecpeKTbI 'CJIHT,Ka HJIH 3arOT,OB.KH OCTaIOT-

CH B Py6aIIIKe, KOTopaH Y,lI.aJIHe'DCH C IIipeCCOCTaTKOM, BeJIHqHHa KOTO-

p"oro B ,lI.aH;HOM CJI.yqae 'c.OCTaBJIHeT 8-\1!00/0.
IC BeJIHqHHOH K03cplcpHl.\HeHTa IH 'CHJI Tp�HHSI 'IIlpH 'II.pHM'OM MeTO,lI..e

npeCCOBaHHH 'CBH3aHO Bn'HSIiHHe ,llJIHHbI CJIH'TKa Ha YCHJIHe IIpeOCOBa-
HHSI.

CBH3b Melli,lI.y YCHJIHeM IIpeCCOBaHHH H ..D.JIH'HOH CJIHT:Ka, OTHecerHHOH

K ero .1I.'HaMeT,PY, xapaKTepH3yeT!CSI KipHBOH, HMelO"llI.,eH M'HIHHMYM. Ta-

KaH 3aBHCHM.OC'Tb 06YCJIOBJIeHa ,lJ,eHCTBHeM ,lI.BYX II,pOTHBOno.JIOr}K'HbIX

cpaKTopOB: 'C YMeHhllleH'HeM ,lI.JIHHbI YMeHblllIaeT-CSI IIOBepXIH.OCTb TlpeHHH

H, C.JIe,lJ,DBaTeJIb'HO, Y,CHJIMe npe.CCOBa,HMSI; B TO }Ke BpeMSI C YM.eHb'llIeHH-
e'M ,lI.JIMHbI CJIHTKa cxeMa B'CeCTOpOHHer,o C'}KaTHSI B nOJID-CTH :KOIHTeHHe-

Ipa OKa3bIBaeTCH Bce 60JIee BbIipa}KeHHOH, qTO npHBO,lJ,HT K POCT;Y y,OH-
JIHH IIpec.coBa'HHH. IT.pH o6ipaTHoM M"eTO,lI.e npec.coBaHMSI YCM.JIH,e npec-
COBaHHSI OT ,lJ,JIHHbI CJIH-TKa IHe 3aBM:CHT. OIIIbITbI :nOKa3bIBaIOT, qTO y,Be-
JIHq"eHHe Jl:JIMHbI CJIMTKa 'He H3:MeHSIeT xapa'KTep TeQeHIHSI. ITn3TOMY l.\e-

JIeCD-06pa3HO IIp-oH3'BOJI.HTb 'npeOCOBa'HHe CJIHTKOB Ma'KcHMaJIbHOH ,lI.JIH-

HbI, !e-CJIH T'O'JIbKO nOB'BOJISIeT .MOIllI.HOrCTb IIpeoca. IT pH 'IIp.eCCOB3'HH-H IIlpH-
MbI'M MeTO,lI.'OM J(JIMHa 'CJIMTIKa paBiHa 1,5-3 'H 'peLKe 5 ,lI.IHaMeTlpaM KOH-

TeHHepa.
T e MIIe.p a T y,p a. fIpM rOpHqeM II,peeOOBaHMH eo CMa3KOH c rrOBbI-

melHueM Te-M'IIep aTypbI" YMe'HbllIaeT'CH ,K03t$lcpHll.\HeHT TpeUHSI. 3TO CIIO-
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006CTBYIeT ipa3BHTHlO JIaMHHapHOrO TetI-eHHH H 6JIarrOnpHHTHO CKa3bIBa-

eTC5I Ha KatIe'CTBe H3-J::(eJIHH, eCJIIH iHe )I.OnY'CKaTb .nepeI1peBa Me1'aJI.JIa.

B CBH3'H C 3THM n,pH npe-CCOBaHHH qacTo I1CnO.JIb3YIOT nO,lJ,OrpeB KOi-I-

TeitHepa. n'OJLODpeB K.oHTeH!H�pa OKa3bIiBaeT 6na'DonpHHT1Hoe BJI.HHIHHe

He'nnCtpe,QCTBeHIHO, 'no.'CKO.JIb'KY npH OTCYllCT:BHH j3HatIHTeJIDHO�0 nepena-

J(a TeMrrepaTYP no CetIeHH110 Y BHYTlpeHHHX 'C.HoeB YMletHblllaeTCH TeH-

)I.eHlI.'HH K onepe}KeHHIO Ha'PYlliHbIX .CJIOeB. iB CBH3'11 IC '3THM YMeJHblIllaeT-

'CH BeJIH ' tII1IHa npeoeYTH}K'HHbI. !C P'OCTOM TeM'nepaTypbI 3:H3'tI ' HTeJIbHO

YM:eHb:llIaeTCH YOH,JlHe 'J]peOCOBaHHH. 3TO CBH'3a,H-Q C YM.eHbIlleHHe-M K04

etq),cpHII.HeHTa -TpeHMoH, :CTeneH'H He.p'a'BHOMepHOCTH ..1LecpopMaII.HH .H npe,lJ,e-
.JIa TeKYIIeCTH.

XapaKTe.p TetIeHHH MleTaJIJIa 'CYIll.eCTBeJHHO 3aBH"CHT OT ero TenJI'O-

npOBO,lJ,:nOCTH H TenJIOeMKOC'f1H. I13'BeCTHO, tITO H'3 ,Bcex np.OMbI:III-JIeHHbIX
MeTaJIJIOB 'Me,lJ,b o6JIa,lJ,aeT 'H3'H60JIee BbICOKOH TenJIOnpOB-O,lJ.iHOCTblO. He-

CM-QT;pH Ha �nO'TE;.pH TenJIa tIep , e3 CTe'HKH K'OHTeHHepa inoHepXHOC'f1HbIMH
CJIOHMH MeTaJIJIa, rBbICOKpH TenJIOnpOBO,lJ,HOCTb 06eCnetI'UBaeT 6bICTp,oe
BbIpaBHHBalHue TeM:ne.paTypbI Ino iCetIeHHIO M.eJI.iHOIrO CJIMTKa. n'031'0MY
n'pH npeocoBaHHH Me,lJ,H, KaK n,paBHJIO, Ha6JIIO,lJ,aeT.CH OTHOCHTleJIblHO

paB!HOMepH.oe IH'CTetIeH'l1e. TaK }Ke BJIHHeT -H TenJIOeMKocTb: .C ee nOBbI-

llIeHHeM ,y.BeJIH4UBaeTCH T,enJIO"BaH HHepII.HH, a 'CJIe.lI.oBaTeJIb'H.O, YMeHb-
IIlalOTCH TeMnepaTyp,HbIe nepena,lJ,bI H H'CTeIIeHHe CTaHOIBHTCH paBHo-

Me,pHee.
C K -0 ,p 'O.C T b ',lJ, e '<p 10 p' M a II. H H. DpH Inpec'c.oBaIHMM pa3JIUtIalOT

C�OpOCTb npecooBaH.HH vnp M 'CKOpOCTb HCTeqe'HHiH VHCT. CKO'p'OCTb npec-
COBaHHH paBHa CKOP'OCTiH ,lJ,'BHllieHHH inyaiH,coHa H 'npeCC'IllaH'6bI. C!KO-

pOCTb JHCTetIe'HHH iP aBHa CKopnCTH ,lJ,BHllieHHH H3,lJ,eJIHH, BbIXO,lJ,HIll.ero H3

MaTlpHI.I.bl. 113 'YCJIOBHH nOCTOHIHCTBa 06'be-Ma .eJIe,lJ,yeT, tIT-O O'THOIIlle'H:He

CKOipOC1"H npeceoBaHHH K CKOpOCTH H-CTetIeHHHpaBHo BbITHlliKe:
.

VIICT
== I,

.

V
np

IB'�pXHHH n,p,e,lJ,e,JI CKOp-oCTH HCTeIIeHHH npH n:peCCOBaHHH 3aBHCHT

OT npOtIHOCTHbIX -CBOH'CTB Me-TaJIJIa, a TaKme 'OT 06pa30BaHHH cneI�Hi<pIn:-
qeCKOr,o ..LLecpeKTa - «eJIOtIKH». B 'CBH.3H iC 19THM CKOpOCTb HC'TetIeHHH

,lJ,a'llie ,lJ,JI5I 0,lJ,HMX 'H Tex }Ke MeTaJIJIOB H3MeHMTCSJ. B IllIHpOKHX npe,lJ,eJIax.
B 'Ha.CTOHIll.ee BpeMH ,lJ,Hana30H 'OKopOCTeH !npeeeOBaHHH 'II.BeTlHbIX Me-

TaJInOB HaX'O,lJ,HT1CH B npe,lJ,eJIax ,oT'2. 1'0- 4
,lJ,10 i5 .,1 1 0- 1

M/ ceK, a ,lJ,JIH CKOpO-

cTeH HCTetIeHHH-OT 7.II0- 4
)I.0 25 MVCe.K. C'KOpOCTb ,lJ,e<po,pMal�HH BJIli-

Hei :Ha BenMtIHHY K03tcpl<pMII.HeHTa TlpeHHH H TeMTlepaTY'PY npH 'll,pecc-o-
BaHHH. n l

03TO'MY OT 'CKa-pOCTM lSaBHCHT xapaKTep TetI,etHMH MeTanJIa M

MeX'aHHtI,eCKHe 'CBoHlcTBa :H3,lJ,eJIHH nOCJIe npeCCOBaHHSI. C pOCTOM .CKO-

pOCTH TetIeHHe CiaHOBHT'CH 60JIee paBlHoMepHbIM. Donee paB'HOMep'HbI-
MH na- ,lJ,JIHIHe 'OKa3bIBaIOTCH M M,eXaHHtIeCKHe eBoH'cTBa H3,lJ,e.JIHH, 'no-

CKOJIbKY YMeHb!Illae'I'CH Ipa3'HOCTb TeM;nepaTYP no ',lJ,JIH.He.

111 p e.c,c O'B bI H 1M ,H ,CT 'P Y M 'e IH T. 'B npa.KTHKe HOnOJIb3YlOT T,pH
T;ana MaTp;HI.I.: KOHUtIeOK'He, C OJI.H.HM M JI.'BYMH .pa60tIHM.H KOHy'caMH,
n,nOCKHe -(II.H'JIHH,lJ"pH.tIeCKHe) H pa,lJ,HaJIb'HbIe. -:KOHHtIeCKHe MaTpIHII.bI C

O,lJ,HHM K10HY'CO'M (pl1c. 130, a) IlIHpOKO H.cnOJIb3YIOTCH B 'llipOMbI'llIJIeHHO-
'CTH [16]. I1pH npOtIHX ,paBlHbIx YCJIOBIHHX YCHJI'H,e n'peceoBaHHH tIepea
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KOHHq.eC-KYIO MaT,pHIl.Y MeHb'Ille, qeM B ,lJ,PY1fHX CJIyqaHX. C pOCTOM yrJIa
a .o6pa3)'1101u.eM KOHHqeCKOM MaTpHIl.bI YMeHbliliaeTCH nonepXHOCTb Tpe-
HHH H n03TOMY yCHJIHe npeceOBaHHH ,lJ,DJIlliHO YMeUblllaTbCH. J3MecTe

C TeM C pOCTOM yrJIa a YBeJIH4HBaeTCH CT,eneHb He,paBHOMepHOCTH ,lJ,e-

cpopMaIJ.'HH n,p'H npeC-COBaiHHH, ,paCTYT .nOIIOJIHaTeJIblHbIe C,lJ,BHrH H no-

CX 1

a

eX

....."" a

B

,)

__�""M'!'�_--'-:-

e

PHC. 130. MaTpHI.(bI C O)I.HMM KOHYCOM (a), C )I.BYMSI KOHycaMM (6), llJIOC-

Ka5I (6), pa)I.MaJIbHaSl (2)

9T,OMY YCHJIHe npeeCOBaHHH ,lJ,OJIlliHO nOBbUllaTbCH. TaKHM 06pa30M, cy-

llI.eCTByeT OnTHMaJIblHbIM yrOJI -o6pa3YIOllI.eM pa6oqero 'KoHyca MaT,pH-

I.I.bI. YCTa'HO'BJIeH10, qTO rOIITHMaJIblHbIM yrOJI JIelliHT '13 npe,lJ,eJIaX a==

===;60-1100°. 0'6bItIHO IIpHJI.ep}KHBaIOTC5I o.O.JIbIlIHX 3HaqeH!HIH: 9TOlro YlrJIa

C TteM, tITo6bI .0'6eCnetIM'Tb HaJIMqHe MepT'BbIX !30H 1M 9THM npeJ1.0TBpaTI1Tb

IIona.na'HHe B H3,lJ,eJIHe IHa.p.Y}K.HbIX 3arpH'3IHeHHbIX qaCTeM CnHTKa. ,I:LJIH
3TOrO HHOr,lJ,a n.pHMe:HHIOT MaTpHI�bI C JI.BOHHbIM KOHY.COM (,pHC. 130).
Dep'BbIM .KQiHY'C 'C at =11,00° KOHTaKTHpyeT C MepTBoM aOEOM H CJIYlliHT

LI,J,IH YJI.e,p,lliaHHH IIoBepxHocTHbIX JI.e'cpeKToB, a BTOp-oM KOHYC C a2 ===-80°
�

Be.JIHq'HHa KOToporo JIe}KHT.B npeLLeJIaX OII'ftHMaJIbIHbIX yr.JIOB, COqeTa-

eTCH C KaJIH6p'YIOllI.HM OqKOM MaTpMUbl. ,I:{JIHHY 'KaJIH6PYIOllI.erO ,nOHCKa

6epy'T 106bItIiH ' O ipaB'HOM 5:-18 .M.M, HO II.pH TH}KeJIO n'peocyeMbIx .c.nJIaBaX

_M KPYII'HbIX .H3.neJIHHX e.e .nOBOJI.HT ,lJ,0 2-5 MM C TeM, lITo6bI YBeJIHqHTb

CTOM.Kq'CTb MaTpHQbI, X'OTH ,C pOCTOM JI.JIHHbI nOHCKa H B03p'a,cTaeT YCH-

JI�ne 'npecooBaHHH. l103TOMY .06bIq,HO .B0'3,II.eplli.H:BalO'I'CH OT npHMeHeHH5r

IIJI.OCKHX :MaTpHIl. (puc. 130, 8).
O,lLHaKO npM H,aJIHtIMM nJIOCKHX MaT-pMIl. 06pa3YlOTCH 60JIbIIIHe Me.pT-

BbIe 30HbI, 3aJI.e,plliHBalOlII.H.e BbIXOJI. ,lJ,ecpeKTOB B J1.3JI.e.JIHe.' ll03TOMY B

Tex CJI'yqaHX, KOlr,lJ,a Tp.e6yeTcH nOJI.YQHTb OqeHb qHCTYIO II'OBepXHOCTb

H'3,lLeJIHH, n,p'HMeHHIO'T IIJIOCKY'1O MaTpHIl.Y.
Y'CHJIHe npH npeeCOBaHHH lIepe3 pa,lJ,HaJIb'HYIO MaT,pHIl.Y (pnc. '130,2)

IIpHMep'Ho Ha ,30'%
1

,60JIb'IIIe, tIeM n,pH npe:eeoBaHHH qepe3 KOHHtIlecKYIO.

H,ecM'OTp'H Ha 3TOT He,lJ,OICTaTOK pa,lJ,.H&JIbH'ble MaTp'H�bI Bce }Ke HHorLl3

rrp'HMeHHIOT .npH npe'CCO'B3'HHH MaTepHaJIOB, 06JIa,lJ,alOIl.{Hx .cnoc06Ho-

CTblO HaJIHJlalHHH Ha'MHcT,pYMeHT: aJIIOMHHHH, MarHHH H T. ill.
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qeM 60JIblIlle nepH'MeTp np'OQ?HJIH npH .naHH-DH ero 'n,JIOIIll.aLLH, TeM

60JIb.Ille YCH.JIHe npeC-COBaHMH, TaK KaK :B03'paCTalOT .con,pOTH:BJIeHHH

TpeHHH. IBMeCTe C'TeM C pOCT'OM n�pIH'MeTpa no -DTHOllIeHHlO K 'llJIOll.J.aLLli

npeccyeM-oro n,pocpHJIH B03,paCTaeT ,eonpOTHBJI,eHHe .ne,cpo.pMaI.I.HH B.BH.ny

pOCT� CKOpOCTH OXJIa}K.neHHH npeccyeMoro MeTaJIJIa. DpH n.peC-C-OBa-

HHH H3'.neJIHH co CJIOJK'H-DH KOHlcpHrypalQl1eM nO'nepeqHOrO CeqeJIHH He-

06XQ.)J.'HMO 06eCn;etIHTb 'OJI.HHaKnBY'lO BbITH}l{:KY 'Bcex ero ,3JI,eM'eHTOB. aTO

.n.OCTHraeT'CH H3M.eHeHMeM JI.JIHHbI KaJIH6p)'11Oll.J.er,o nOH,CKa H H3'MeHeHH,eM

pa.nH'yca Ce'II'eHHH Me}KJJ.Y pa'60qeM 11 ,KaJIH6pYlOll.J.eM qaCTHMH MaTpH�bI.
4eM TOHbillie CTleHKa TOM HJIH HH-GM tIac-'f1H !n,p,ocpH.JIH, TeM 60.JIbllIe p a.nH,Yc

3aK'pyrJ1eHHH H,' CJIe�OBaTeJIbHO, MeHbllIe .nJIHHa nOH'C-K�l. HCCJIeJI.OBa-

-HH.HMI1 YC'Ta'HDBJIeHO, q'T'O .CK'OPOCTH H'CTeqeHHH .n,ocTa'TOqIH'O BblpaBHHBa-

lOTICH, e'CJIH Ha Bcex :yqaeTKaX 'n,pocpnJIH OTHO[lleHHH KOHTaKT;HbIX no-

BepXHOCTeM ll'0\5fC'Ka 'K ,cooTBeT:cTB)'llOI.I.J:HM qaCTHM CeqeHHiH npocpHJI51

paBHbI M.Blli.ny.e06oM [,6].

,npec-coBbIM .J1HCT-pYMeHT pa.60TaeT B THllieJIbIX YCJIDBHHX n01'OMY,

qTO B cJIyqae rOpHqer,O rnpeccoBaHHH 92-94% BceM pa60TbI .necpOrpMa-
{{HH InpeBpall.J.aeTICH B TenJIO, .Bb13bIBaH nOBbIiIlleHHe TeM:ne.paTy,pbI B

Ollare .necpopMa�HH. D03TOMY ,C,1J,eJIaHbI nlonbIT'KH HCnDJIb30BaTb BO,II.04

OXJIalli.na,eMbIe MaT.pHII.bI. OillbITbI nOKa3aJIH, tITO BQ .H'3 1 6e}KaIHHe q.pe3-

Mep:Horo pOCTa YCHJIHH npeCCOBaHHH n-o.naqy B01.lLbI B 'MaTpHII.Y CJIe,1J,yeT

OC)'1ll1.eCTBtlTJHTb no HCTeqeHHIH H3 nqKa 'MaTpHUbI
.

yq_aCTKa H3)I.eJIHH ,llJIH-

HOM 0,.5-1,2 M. ,Do OK,OHqaHHH OnepaI.I.HH n.peocoBaHHH OXJIa}K.neHHe

OTKJI 10 q a e1' CH .

,B C.JIyqae 'npecooBaHHH Me.JIKHX H3.neJIHM H.enO.JIb"3YIOT MaTpH'II.bI C

HeeKOJIbKILVIH 'KaIHaJIaMIH. l..IHCJIO KaHaJIOB IH-I01r.na ,1J,OXO.nHT .no 30, H

OH'M' pacI10JIaralOTc.H .I-Ia 'paBHbIx paccToHHHHX no KQ.Hu.eHTpHIIeCKHM

OKPYlliHOCTHM. IDpH 3TOM BCJIe�CTBHe 3a..nep}K'KH B H.CTeqeHHH nOBepx-
HnCTHbIX qacreM c.JIH'TIKa InpYTKH H3 KaHaJIOB BHe:IlIHeM KOHII.etHTpHqe-
CKOM OKPYJKIHOCT1H BbIXO.nHT Kop.Oq.e !npYTKoB H3 KaHaJIOB Ha 'BHY'T,peH-
HeM OKP'Ylli'HOC�H. f1 pH npeCCOBaiHHH B M'H-orOKaIHaJIbHYIO MaT,pHU;Y �e-

$o.pMaII.HH 60JIee paBHOM,epHa, n.peCCYTH}KIIHa MeHbllIe, qeM In.pM rrpe.c-
C-O'BaH.HH 'B 'OJI;HOKa,HaJIbiHYlO ;MaTpH'II.Y.

Il pH IIpeCCOBaHHH T.py6 H'CnOJIb3YlOT!CH 'IIOJIbIe 'C.JIHT-KIH M IIyaH'COHbI
C HLJIaMI1. HrJIa .Bcer)1.a paC'IIOJIO}K'eHa B u'eHTpa.nbHOM qac.T.H CJIHTKa, H

aTO cnocn6cTByeT 60JIee paBHOMepHOMY TeqeHHlO, qeM IIPH npeceOBa-

l-II1I1.IIPYTJ{!OB. C ' OBMem-eU 1 J1re OrrepaI.I.HH np'OlllHBKH �eHT'paJIbHOrO OTBep-
.CTHH H BbI.naBJIHBaHH5I TPy6bI oc.Yll.J.e'CTBJIH!lOT TOJIbKO Ha IIJIaCTHqHbIX

CnJIaBaX aJIIO'M:HHHH, MaTHHH II MeJ(H. n,pH H3rOTOBJIeH'HH Tpy6 H3 TY-
rOnJIaBKHX MeTaJIJIOB 3TH QlIIepa'UHH nC)"ll.J.eCTB.JIHlOT 'paa.neJIbHO 'Ha pa3-
HbIX npeccax HIJI.H II.eHTpaJIbH'Oe OTBe'pCTue IIpe,II.Bap:HTeJIbH'O BbICB-epJIH-
B a lOT.

OnbITbI nOKa3blBalOT, qTO, np!HM,eHHH BOIrHYTYIO HJIH BbInYKJI!YIO no-

ne.pXHOCTb IIipeCC'IllaM6bI, MO}KHO .He'CKOJIbKO YMeHb!IIIH'Tb H.JIH YBeJIHqHTh

npeCCY'TH;}KHHY no cpaBlHe-HHIO co CJIyqaeM, KOrJI.a .npe'ccrnaM6a IIJI'OC-

RaH. O�HaKO BJIHHIHHe CP'OpMbI nrpeoeIllaM6bI Ha xapaKTep TeqeHH5I -C"Ka-

3bIBaeTC5I MaJIO. 'D'03TOMY npaKTHqeeKOe npH'MeHeHH,e nOJIyqHJIH TOJIb-

KO TIJIOC'KHe n.peccmaM,6bI.
B a K Y Y M H '3 a'll.J. H T H bI e C p e,1J, bI. B nOCJIe.nHHe ro.nbI IBce B
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IQ-OJIb I IlI'I1X Ma!C!IlITa ' 6ax OeYIll.eCTBJI5IeTiC5I npeCeOBaHMe TyrQlIIJIaHKI1X Me-.

TaJIJIo.B - MOJII16,lLelHa, HI106H5I, BOJIbcppalVla, TaiHTaJIa 11 HX CIIJIaIHo.B,.

TeMIIepaTypa nJIaBJI.eHH5I IKo.To.pbIX paBHa 24 ' OO-34.00
0

rC. 3TI1 enJIaBbI

-DKHCJI5IllOT'C'5I 11 ,HaCbI ' IlI.a;lOTC5I ra3aMII1; :B IIpOl(eece o.6pa6o.TKI1, IITO II'pH-

Ho.)J.'I1T K -CHH)KeUMIO HX nJIaCTMllHo.CTI1 BCJIe,rr..CT1Bl1e o.6pa3'OBaIHH5I xpyrr-

KI1X coe�I1�HeHI1H.

HaII,pl1Mep, HHo.6nH HaliHHaeT -DKI1'CJI5I'TbC5I y}Ke npl1 IHarlpeBe ,)1.'0

250�C. O'KI1'CJIbI H1106M5I o.6Ho.JIa�I1'BaIIOT 'CJII1TOK THe,pA'OM Ko.pKOH. I1 pn

no.BblIlI,eHIHbIX TeMnepaTy.pax HH0611H 'OKH-CJI5IeTIC5I Ha '60JIhlII.YIO rJIy6H-

BY. M-o.JII16)J.eH Halll1.Ha.eT OKI1.CJI5IThC5I 'n.p'l1 4100�C, a o.6pa3YIOIll.a5IC5I Ha

ero 'no.BepxHocTH TpeXo.KI1Cb Hall'HIHaeT M-Cnap5ITbCH rn,p-11 :SOO°C. TlpH
11150°'C ynpY1rocTb ,na!pa Tp,eXOKMCI1 MOJIH6,IT.eHa )J.OCTI1/raeT aTMoocpep-
Horo. )I.a'BJIeHH5I iJ1 H,p:H )J.e t cpo.pMal\HI1 M.o.JII1,6)J.eHa Ha B03JI.yxe o.6pa3yeTIcH
o.6-JIa ' Ko. )I{,eJITo.BaT,o.-'6eJIOIf-O )J.blMa. lll,o.HM}KelHl1e Kall;eCTBa M,eTan.JIa 3a

'ClleT .HaCbIIIJ.eHI1H ra3aM'M, nOTep5I MeTaJIJIa B OKI1'CJIaX, lc-o.o.6!pa)KeHH51
T.eX:Hn'KH :6'e3o.IIacHlo.cTH' Tpe6YlOT Co.3)J.3.HI15I YCJInBHH -,lLJI5I 3aiIIJ.MTbI Tyro-
nJIaIB'KHX M,eTaJIJIOB ,npH HarlpeBe H n6pa6oTKe JI.a.BJIe.Hl1eM. Ha 'TIpaKTH-
�e IIpl1'M'eH5IIOT CJIe)J..ylO'Ill.He Icnoc-o.6bI 3aIll.HTbI: 1) HarpeB B I1He]?,THo.H
HJII1 BooCTaHOHI1TeJIbHo.H aTM,oc<pepe, ,l(ecpopMaQHH IHa Bo.3,l(yxe, o.XJIa}l{-

J(eHH-e 'B I1HepT.Ho.H cpe,l(e; '2) Ha;rpeB B paCnJIaBe 'CTeKJIa II,pl1 TeM.nepa-

Type 1200-115 I 009C, rrp'H aTo.M nJIe-HKa 'CTeKJIa npe,l(-QxpaIH5I 1 eT o.T OKH-C-

JIe'HI1H In.pM Harpe.B-e M nepeHoce H3 -BaH.HbI K np-ec.cy, O,Z:(HaKo. B -IIpo�e.c-
ce InpeCeOBaHI15I -nJIeHKa paapY:IlIaeTC5I; 3) Halr,peB B BaKYYMHpoBaH-

,HbIX CTaJIhHbIX :H )J.p)'lrHx 060JIOlliKaX; 4) ;HaHe.celHl1le �MaJIM H,a 3aro.TOB.-

;KY 'B X'o.JIO,l('HOM COCTo.H,HMH H nOCJI'eJI.YIOIll.He 'HarpeB 11 'nlpec.coBaHl1e;

5) IHarpeB, IIOCJIe,l(YIOIIJ.ee rrpeOCOBa'Hl1e 11 .oXJIa)K�eHMe B 'Y:CJIQ-BHHX

13aKVYMa.

IDpH 3T'OM BaKY;Y'MHpoBa,HHIO IIOtLlBepraeTC5I TOJIbKO pa6nlla5I 30Ha.

rJIy611Ha BaKYY-Ma .LlQiCTHraeT 1,33.110-
6

H/M'2 (10-
4

M'M pT. CT.). ,DPIf
HalnpelB� IHI1.o.I6MI5I IB a p:rOlHe ,l(0 1600

o

;c H JI.'e'<p,oplMalliJHH Ha :BO!3lIIJyxe iKH'C-

JIOp-O,l( IIp'oHHKaeT B HH06HH 'Ha r JIy6HHY )1.0 3 , MM. DlpH -3T,OlVl co,rr,e.p,}Ka-
Hl1e iKI1'CJIo.p0,l(a IHa nOBepXHOCTH y:aeJIHliH'BaeTCH rrp'HMepHO B 3 pa.3a:

,C 0;02 )1;0 0,106 %. Dp:H HarpeBe .H JL.ecp,op'MaII.HH B BaKyy.M,e IHaCbIlll.-eHHe.

KIH!CJIOpO,l(-QM OTCY'1'C�B'yeTl. OIIbITbI nOKa3bIBaIOT, llTo. rrJI3:CTHllHOCTb Me-

TatJIJI,o.IB H 'C!nJIarBOIB IIIOIOJIe o,6pal601'lKH B ,BalKYYIMe CIY'lll.e.cT.He'HiHo -IIIlpH-

M-epH.o B 2 ipa3a -'Bo3IpacTaeT, a 'IIpOlilHOCTb HeCKOJIbKO (Ha 10-15%)
)"MeHbIlIaef1C5I.

4. KpaeBaSl 3a.Il.aQa npeCCOBaHI1S1

OIIbI'TbI, pe3YJIbT,aTbI :KOT'OpbIX 6bIJIH H3J1plli,eHbI B IIYiHKTax 2 Ii 3,
rroKa3bIBalOT, liTO B YlrJIax KO'HTefrHepa 06paaYlOTCH He)J.e.cpopMH�Pye-
MbIe -

«Mep''rBbIe» 30HbI. r.paHI1II.Y ab aTHX 30lH B nepHO!M npU6JIUllie-
HHH 6y,rr,e.M .CliHTlaTb npO,l('OJIllieHHe-M 06pa3YIOIll.ei1 pa60'1l,ero. KOHyca
MaTp-H'QbI (.pl1c. 131 ,a). B C'B5I.3H C 3T'H-M 'BBe',rr,eHo. n,OHHTHe 0. «e-CTeCTBeH-:

1

TIe'B3:Hep C. B., l('opHeeB H. H., CKyrapeB H. f. npeccoB8HHe
MeTaJIJIOB B BaKYYMe. B c6. «TexHO�7JOrHfI npeccoBoro 060Py.nOBaHHH». 113.n. BI1JIC,
19.67, c. 145.
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HOM» KOHy,c,e n.pe.eCOBaHH5I, OnpaHHlJe-HHD-M yrJIOM a/:2 H pa)J:uycaM-H r H

r h

'1. IlpH aTOM OTHOIIIIeHH.e
- == -

BbICTYTIaeT B KaqeCTBe 'K'OJIHlJeCTBeH-

rl hI

HOM_ Me,pbI �e<popM.an'l1l1 np.H ,np,eOCOBa'HH-I1. TaKHM ,o6pa3'OM, .paelieT Ha-

IIp5I)KeH'HM npeec.OBa'HI15I, eCJII1 H'OIIOJIb30BaTb rI1II , OTe3Y .IIJIOCKHX ceqe-

HI1H Ii nOJIa.raTb �e<popMa�111O IIJIOCKOM, CHO�HTC5I K 'COB'MeCTHOMY pe-

IIIeHl110 CHCTeMbI ypaBHeHHM (339). 3T-o ,perne
I HI1,e, KaK MbI y.6e,L{MJII1Cb,.

I1MeeT CJIe�YIOIQHH 'BH,L{:

1 -1- �

(
r

)
n

(jp
= 'J K - + C p6 .

6+n p

"

.t::::

-

..t:::

PHC. 131. CxeMbI I{ paCqeTY HanpH>KeHHii npH npeccoBaHHH:

J -

MaTpHJJ.a; 2 --

KOHTeI1Hep; 3 - npeccmaiioa

( 360):

x.
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K'OHCTa'HTY c ,HaH)J.,eM 113 rpaHl1llHOr-O YCJIOBI15I: np.H p
==

,} ,Hanp5I}KeHHe

O'e == -K, �or)J.a ,H3 YCJI.OBH5I TIJIa'C''f'Hll,HOCTH npl1 ,,== + 1 HMeeM (jp
= 0,

rrOJIYll,HM:

c=- �
1+�

l
/�

)
n.

,} �+n rl

!B03Bpallll.anCb K ypaBHeHHIO (360), 'HOJIY'tIl1l\1

� =

1 + 6

r( � \n
� ( � )

n

( � )
6

] .

K � + n p) r 1 r 1
(361 )

I-lenoJIb3Y5I BTopoe H TpeTbe paBeH'CTBa 113 'CI1'CTeMbI ypaBHeHHH (3-39),
6y..l(eM I1MeTb:

� =

[(
1 +�

-1 ) ( �\
)

n

_

1 +l)

(
�'

)
,n

(
1-

)
6

] ;
K � + n

\ p � + n rl rl

"Cpa
== [(

1 +�
-1 ) ( �'

)
\n

_

1 +�

( � )
n

( �\
)

6

J .

K
t.1 6 + n p 6 + n rl rl

.KaCaTeJIbHOe Hanp5I.)Ke
' Hl1e Ha nOBepxHocTH KOHTaKTa He MO}KeT

npeBOCXO.l(I1Tb nOJIOBI1Hbl I1C'fIH;HHOro COnpOTI1IBJIetHl15I ,lI,e<pQ.pMa�H�. C

YlleTOM Y'II,p01.fHeHH5I, rr03TOMY 'Bcer)J.a BeJIl1lll1lHa

'CpO � -

� (-;- r ·
, (364)

TaKI1M o6pa30M, Ha OCHOBaHl111 BbIpa:tKeHI1H (36-3) HM,eeM

(362 )

( 363)

[(
6 + 1

_ 1 ) (
�

)
n

_

� + 1

(
�_

)
n

(
l

)
6

] ,<
_ � (� )

n

.-p.
6 + n p � + n

. rl'l 2 \ p

OTCIO.l(a rrOCJIe npOCTbIX npeo6pa30BaHI1H rrQ.JIYQHM:

1

--L
< [ 1 _

(
2 (1

- 1

)
l) + n

]
6 + n

rl 2 1.1 6 + 1
( 365)

3TO C'OOTHIOIUeH'He orrpeJJ.eJI5IeT BeJII1Q-HHY KOOp"ILI1HaTbI p, IHaQHHa5I C

KOTOpOH P aC1.IeT ,KaCaTeJIbHOrO Hanp5IllieHH5I 'rrp0I13'HO�5IT no (.364).
o peocoBaHHe MeTaJIJIOB 06bIllHO rr,p,oH3BO,.l(5IT B rOp5IlleM COCTOHHHH.

TIo,3TOM.Y !M'OlliHO yn,pollH
l eHl1e He YQHTbIBaTb, T. e. CIIHTaTb n=O. B Ta-

KOM CJIyqae 11'3 ypaBtHeHI1H (361) H (362) rr'OJIY1.I.JtIM:

�
�

�
1

[ 1 - ( :1 t]; i
�

�
1

[1 - ( :1 t] - 1. (366)

K
�pe

== -

-.

2

KaCaTeJIbHOe 'HanpHlli:eHHe rrpl1 n=O 6YlI.eT orrpe.n.eJI5ITbC5I paBeHCT-
BaMH

"p 6

K
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Y'CJIOBl1 l

e, onpe.lI.eJI5IIOIll.ee rp-aHI1�Y M-OnOJIb30Ba ' HH5I Toro HJII1 .n.PY-

roro .113 3THIX �paBeHCTB, rrOJIYll'l1M 113 COOTHOIlleH.I1H (365) B BI1J(e:

p

[
2f1-1

.-- < -'1 -

rl 2 (1

1

6

]
6

6+1
(368)

OnbITbI nOKa3bIBaIOT, llTQ JIaMI1HapHOe TelleHHe CMeHHeTC5I Typ6y-.
JIe'HTiHbIM, eCJII1 CHJIbI TpeHHH npHo6peTaIOT 3'HallHTeJIbHYIO BeJIHll'HHY

(CM. nYHKT 2). M'OlliHO .l(OnycTHTb, llTO Ty.p6YJIeHTHOe TelleHl1e Halll1Ha-

eTC5I Tor,rr,a, Kor.l(a KO�<p<pI1�l1eHT TpeHH5I Ha nOBepxHocTI1 KOHTaKTa Me-

TaJIJIa C MaTp-HneH I1JIH B e-CTeCTBeHHOM KOHyce .l(OCTl1raeT CBoero MaK-

'CI1MaJIbHOro 3HaqeHI15I fl.=:1/2, a K3'CaTeJIbHOe Hanpl5IllieHI1e't'pe==-�.
2

,L(eiiCTBI1TeJIbHO, npl1 '3TOM nepeM.eHI.eHH5I MeTaJIJIa Y KOHTaKTHoH

nOBepXHoCTH ,6y,rr,YT 3aTpY.l(HeHbI, llTO 'npI1Be,lJ;eT K nepeMell.I.eHI1IO C

60JIblIlll1MH CKOpOCTHMH Tex 06'beMOB MeTaJIJIa�, KOTopbIe pacn,OJIO}KeHbI
.6JIl1llie KOCH npeccyeMoH 3arOTOBKH. DopH 3T'OM, HC'IIOJIb3YH paBe'HcTBa

(365) H (368), H'MeeM plrl === 1; I1IHbI\MI1 CJI-DIBa'MH, Ty,p'6YJIeJH'f1HOe Tell.e-

Hue OXBaTbIBaeT BeCb 06'beM MeTaJIJIa Yllie B caMOM HallaJIe n.peccoBa-
tHI1H T�i::(, LITO JIaMI1HapHa5I CTa.lI.H5I TelleHH5I nOJIHOCTbIO I1C,KJIIOllaeTC.H.

Hao60pOT, C YMe,Hb:IlleHHeM 11, KaK 3TO CJIe�yeT 113 '<P'OPMYJI (36.5) H

(368), 06JIaCTb JIaMHHapHoro TelleHH5I paOIllHp5IeTC5I, nOCTeneHHO ox-

na TbIBa5I Becb 06'beM MeTaJIJIa.

MOlliHO npI1H5ITb, llTO, BbIX'O.l(5I 113 eCTeCTBoeHHoro KOHyca (B \celle-

HH'H, npoXO.l(5IIlI.eM lle.pe3 TOllKY 0 Ha pHC. 131, a), M'eTaJIJI nOna.l(aeT B

nOJI.OCTb �I1JII1HJJ.pHll:ecKOIro KOHTeHHepa. 113 pl1c. 131,6 CJIe,rr,yeT, llTO B

3TOM ,cJIyqae cn,paBe.l(JII1BbI CJIe�YIOlll,He reoMeTpHlllecKHe COO'flHOIlIeHH5I:

h

P
= r + x; r � -;

a

h
r

-
1.

1- -,
a

(369)
p ,+x ,

+
x h

+
x

-= =- .-=- a-

rl '1 '1 rl hi hI
.

h
01'HOIIIeHHe

hi
=A n.pe.n:CTaBJHIeT C060H BbIT5DKKY npH npeCCOBa-

HI1H.

h
OTclO.na hI =

-,:-.
,L:{JIH Y.l(06CTBa paCqeTa iKOOpJI.I1HaTY X JIYllille OT-

HeCTI1 K .l(JIHH.e 1 pa6011,eii QaCTI1 KOHTeHHepa (pHC. 131, a).
1

,BBeJI.eM o603HalleHHe �fJ
=

h (06bIllHO 'r)
= 1,5-3). iB pe3YJIbTaTe

nOJIYllMM

:1
= A ( 1 + � ; ). (370)
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PIIC. 132. 8nropbl HanpsuKeHHit B MaTpH-

I�e, B COJIaCTH eCTeCTneHHoro KOHyca H B

IIOJlOCTH KOHTeAHepa npH npHMoM npecco-

naHHH:

II - no ,nnHHe; 6 - no BblCOTe npH naMH-

JlUpHOM TeqeHHH; 8 - no BblCOTe npH TYP-
r

(iYJIeHTHOM TeqeHHH B CeqeHHH
- =12

rl

a/2=0,707 pa,n (45°); J.t =0,177; 6 = 2�(=1/,
a

't£f
K

!!J.
K

6%

/(

1

o

:t

J
-8'1

1
-74

1

TaKHM IOi6paaOM, '<po.PM'Y'JIbI (366) '11 (367) �JI5I paClleTa HanpH,)Ke-
IH'I1H B Ma'Tp'M�e M'O)KiHO 0600IU.HTb 11 �JIH p-aCIIeTa HalnpH')KeHI1H B :rIOJIO-

CTH KOH.TeH'Hepa:

G� = G; =

�

�
1

[1 _).:6 (1 + � -7- r 1
� - � = �:l [1-).:6(1+ � +rJ-I;
_

't
p e

_

_
'txy

{
� + 1

l
-

6

(
l

a x

)
6

]
1.}

K K
=-[1

�
1-).:

1+�1 -IJ'.
't'p e

_

't'
xy

_

1

K -1(--2-

)

(371 )

Ha pliC. 132, a 'nlpH'Be.l(eHbI nocT,poeHHble C I1CnOJIb3-0Ba:HHeM ypaBHe-
HUH (366), (,368), (371) 9;TIIO'PbI :Han,p5IJKeH'I1H 'B MaTpl1'ne,: B 06JIaCTH

eCTeCTBeH'Horo KOHYlca 11 B nOJI'Q.CTH Bc.ero 'K'OHT�HIHepa. 113 paBeHcTB

(371) BbITeKaeT, llTO ine.pBbIH llJIeH B npaB'OH I1X llaCTIi .BbIcTynaer B

Ka'lleCTBe ,M'epbI .necp,op'ManHI1 ;TIP'1I npeOC'OBaIHH'I1,.a BTOp'DH ll.neH 'yq;H'i'bI-
BaeT BJIH5I,HHe CHJI T,peHI15I M.eTaJIJIa 0 'CTe:HKII KOHT,eHHepa. B' CJIYlJae
0/6pa'T1HOlr,O 'MeTOLll:a

'

ITI,pe'OCornaIH'IIIH M.OOK;H,O np'I1IHHTh, II'TO Ha YIIIaICTI�e 0 <:

-<.x<;'l nepeM.emeHue MeTaJIJIa OT1HOCIITeJIbH'O 'KoHTaKT,HoH 'noBe,p�H:o.CTI1
o"reYTcTByeT H, CJIe�OBaT,eJIbHO, x=O. D'o3ToMY ')J.JI5I npeccoBaHHSI 06-

paTHbIM M,eTO.l('OM 113 CPOpMIYJI (1371) 6y..l(,eM I1'MeTb:

� =

6 + I

[ 1 - )J) ]
. ay

_

� + 1

[ 0 J
'.

K 6 'l(- ()
1-/\ -1,

�y = _

[1 { �:
I

[I _).:6 J
-

I}; -cx� = - +.
(372)

11'3 aHaJIM.3a ypaBHeHI1H (372) CJIe)1..yeT, q'�o 'npH oopaTHoM nCTeIIe-

H.M11 Ha'npSLlK,eHI1H B .rrOJIOCTH 'Ko'HTeHHepa 'EO Bcex TOII:Kax no era .�JIH'He
'OCTalO�C5I ;nOCf\OH:HIHbI'M'I1, T. e. IHe a-aBHIC5I'T .OT K.O,opJJ:I1 I HaTbI x.. HaTIp5I-
)K,eHI1H B MaTpUn.e n,p'H 06paTH-DM H'CTelJeHI1'11 n-o ee ,l{JIHHe nepeMeHHbI
11 ,paccllHTbIIBaIOT'cH Ino <j)o.PMYJIaM (366) H (367).
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5. HanpHJKeHHOe COCTOHHHe npH npeccoBaHHH

BBHJJ.Y cp-opMaJIbHOH aHaJIOrHH Me)KJ(Y Icp-oPMYJI3MI1 (366) 11 (367)
]LJIH rrpeccOBaH,H5I H <popMYJIaMI1 (345) ,lI,JI5I BOJIOQeHI15I MbI MO)KeM He

npOH3BO.ll.51 Bbl'q.nCJIeHHH 3aIII1CaTb Ha OOHOBaH'M-H paBeHCTB (3?5) CJIe-

�nYIOIl{He BbIpa}KeHH5I, xapaKTepl13YIOIIJ.He :Han,pHlllieHHoe COCT05IHl1e Me-

T aJIJI a. IB 1M aTp'HIII:e IIIPH ,npeICCOIBaIH'HH�,

� =

{ �:
I

[I
-

'( :1 r]
- In 7 } <P2 + In -;-;

Go
. =J

�+l

[ 1- (
�

)
6

J
- In� } CP2+ In� -1;

K l ()
.

rl P P

_1:;/ =
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[1 {
�

�
I

[I -.( :1 tJ - I} <PI;

"t'
e

1
-

�
=

-2(f)1.

)

� (373)

I

J

3�eCb cpy.HKnI1H (f)I H (f)2 on,peJJ.eJI5IIOTC5I ypaBHeHH5IMI1 (363). 113

�pHC. 131, 6 H'CHO, QTO �JI5I nOJIOCTI1 KOH.TeHHe.pa

".,�R,ebi6�'�a5I aHaJIOrl1'lO, MbI MO}l{'eM 3anH'caTb JJ.JI5I nOJibcti1 K()iI-iteH-

H;��;�.i �-�pHHI1Ma5I B,O BHHMa l Hl1e BbIpallieHH5I (371) H (374):

jt . � f �tl [t-,,6(1+ .� ; rl+ln(l+ � +)}X)
X<P2x- 1n (l+ � f);

� = {
�

�
I

[I - ),6 (I + � 1- tJ +

+ In (I + � 1-) }<P2X - In (I + � 1-)
- I;
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{
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(
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J };Y
= -

[1
�.

. . 1 - ),6 1 +
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:::::z -

2 <PIx.

r r 1 I

,P .f + x x a x

1+- 1+---
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In" �'
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In(l+ � f).
.J j.J' '.:;:

298

-oJ

(374)

I

t
(375)

�

J.



B 3THX paBeHCTBax, 'no aHaJIOTHI1 C paBeHcTBaMH (363):

sh m B
x

ch m B
x

ma
x

sh
2

; CP2x
===

ma
x

ch
2

(376)(I> Ix
=

YrJIbI ax H ex oiTI,peJI.eJI5IlO�C5I Ha OOHOBaHHH iCJIe,rr,YlOll1.I1x coo.6pa-
iKeHl1it 11.3 pac. 1.31,6 cJI.eJI.-yeT, 'lJT'O B 'nOJIOCTI1 KOHTeH;Hepa Ha yqaCTKe

o <x<;l CYll1.,e.CTBYlOT 'CJIe!JI:YlOlIll.He reoMeTpHlIecKHe eOOTHQlUleHI15I:
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h
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21+- 1+--
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Ha pHIC. 132,6 npHBe)J.eRbI :3,nlO,pbI Han,pHllieHI1H 'npl1 npeCCOBaHHH,

nnCTp-oeHHbIe C�HlcnOJIb30BaHHeM CPOPMY.JI (373). Harrp5IllieHHOe CQ-

CT05IHll1e npH npeCCOBaHHI1 xapaKTe.pI13yeTC5I ,cxeMOH BceCTopOHHero
ClliaTH5I. HaJIl1lJl1e TaKOH cx.eMbI, KaK Yllie OTMelJaJIOCb, 06YCJIO'BJIHBaer
B03MOlliiHOCTb JI.e'cpopMaII.HH MeTaJIJIUqeCKHX MaTe.pl1aJIOB, IIJI�CTHlJHOCrb

K01' r

npbIX B YCJIOBI15IX JIuHeff:HOr,O Hanp5IllieHHOro C:QCT05IHI15I MaJIa. P a-

neHCTBa (373) H (37!5) 3anHcaHbI B npe,rr,'IIOJIOllie'HHI1, qTO HepaBHOM'e,p-
HOCTb HanpHllieHHoro COCT05IIHH5I IH ,rr,ecpopMalI.HH B nOJIOCTH 'KOHreH,He-

pa HeOlleHb BleJII1Ka (CM. pHC. -132,6). 3T'0 'COOTBeTCTB'yer CJIyqalO JIa-

MHHapHoro TeqeHI15I. DpeHe6pera5I JI-orapl1lcpMHqeCKI1'MI1 qJI-eHaMI1 B

(POpM-YJIaX (.3,7-3) 11 (37 15), 6YJI.-eM HMerb:
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MaTeMaTl1lJeC-KI1 TaKoe YlnpOIll.eHl1e rJ(OrrYCTI1M
' O nOTOM'Y, 'lJTO 3iHalJe-

Hl1e 'CPYHKIU'N1 <j)2x B np,e.n.-eJIax I13-M.e.H.eHH5I BeJIHlJ.I1'H.bI m8 .n-JI5I YCJIOBI1H
:rr l

peOCOBaHH5I Bcer.na '6JIH'3KO -K e.nI1HHlJ,e.
,

IB CJIYlJae Ty,p6YJIeHT;HOr , o T-elJeHH5I, B03HI1KaIO I Ill.ero -rr l pl1 .60JIb'lIIOM

KO!3 l cplcp l l1Ql1eJlT l e TpeHI15I H Ha 3-3'KJIIO'II.J1TeJIblHOM 3Tane np'eeCOBa I HH,5I,ICJIe-

..n.yeT O>KI1,rr,aTb B03IHHKJHOBeHI115I H'HOH cxeMbI Hanp5IllieHHOro C.OCTOHHI1H,

.x a,p.aIKT e PIHI3'YIlOIIll. e ' H)C5I 3H arqlHTeJI'btHbIIM Hi31M elH'elH nelM H aln,p 51llli.e'H If if Ino 0 1 60-

:eM'Y npeccyeM'ot.Do TeJIa. ,L:{JI5I onl1'Ca!HI15I TaKOTO :COCTOH'HH5I Y'MeCTHO

BOCnO.[Ib30BaThC5I YICJI'O:BHeM MHHI1MYMa KaC3'TeJIbHbIX Han,p5IllieHHH Ha

OCM 'CI1-MMeTpHtH TeJIa, T. e. npflH5ITb, lJTO dT pe/d8=O npH 8 =.().

ECJIIi I1CnOJIb30BaTb 3TO YCJI'OBHe, TO MbI InOJIYlJl1M B paBeH;CTBax

(181) 'C.OOTHOlII-eHl1e Melli'.ny K!OHCTa'HTaMH, c-oJLep)KaIll.I1MI1CH B cpYHK-
IJ.I1HX cp, B Ta'K'OM BMJJ.e: A == B.

.

:f1pOCJIe.lI.I1B X'OJ( BbIlJHCJIeHI1H, JIelDKO YCTaHOBI1Tb, llTO B 3TOM CJIYlJae
B paneHcTiBax (373) H (376) -CPY.HKII:HH cp -TI,pHMY'T BH�:

ch m Bx sh m 6x
(PIX

= ; (f)2x = (380)
ma

x

ch
2

ma
x

sh
2

B CelJeHHI1 X=IO, T. e. 'nlpl1 p===r 3 II\IO,PbI �Haln.pH}KeHI1H, nOCTlpoeH-

HbIe no 'CPOP'MYJI3'M (37'8) H (379) (puc. 132,8), .na.nYT HaM y.6e.nI1TeJIb-
HYIO KapTI1HY Han'p5I)K-eH�HO�O COCT05I!HI15I n,pH Typ6YJIe.HTH'O'M TelJeHHH:

B 3TOM ICJIYllae BOHHHKalOlIll.He no)J. �eHiCTBHeM BHeIlIHI1X CMJI rrpo.nOJIb"
IHbIe :Hanp5IllieH:I15I B IIJeHTpaJIbHOH 30He -3arOTO'BKH Ha-n,pOTI1'B MaTpHnbI
-8HaIIHTeJIblHO YMeHblIIaIOTC5I. B ipe3YJIbT3'Te 3,neCb 06JIePIIaIOT,CH rrepe-

Mem.e'HH5I MeTaJIJIa K MaTlpHne, lJ.e.M'Y Clrroc,o:6cTB'YIOT nonepelJ.HbIe H.anp5I-

)KieHI15I, iKOTo.pbIe K3'K .6bI BbIlli'!1'MaIOT Me'TaJIJI B np,OJI.OJIbHOM HalnpaB-
JIeHI1H. BMeCTe e TeM B :rrepH'cpepHHHbIX Qa i

CT5IX, T. e. 6JIH>Ke K CTeHKaM

l{OHTeH:Hepa, M.eTaJIJI HaX-O,l(I1T'C5I B C.O'CT-D5I'HMH TpeX'OCH'OfaO C}KaTM5I, lJTO

3aTpYJI.lH5IeT ero !nepeMeIIJ..eHH5I K MaTpl1ne H ;BbI3bIBaeT H03H;HKHOBeHue

TYP'6YJIeHTHOro TelleHI15I, .onncaHHODO B .nYHK'Te 2.

B 3a,KJIlO�lJeHl1e paccMoTpHIM Hanlp5I}K,eiHHOe le-aCTOHHne npl1 nlpecc-Q-
BaHHH o6rpaTHbIM MeTO)J.OM. OlnbITbI, pe3'YJIbTaTbI KOTOpblX 6bIJIH npl1-

Be.n1eH.bI B nYHKTe 2, 'oBH�eTeJIbCTHYIOT 0 TOM, 'lJTO 'B aTOM. CJIYIIae .ne-

<p,o.pMaII:1111 .c.ocpe.nOTOlJl1B-aIOTC5I B'6-JI:I1B'M MaTpHnbI H IITO nepeMeIQelHI15I
1M e'T aJIJI a OT'H.OC-H'TeJI blHID rr-OBe!pIXH OC'TM :K,OIHl'e'HiH e p a 11 M elIOr �M e,c1' 0 JI H:lII b

Ha IHe6'oJIblIlI{)lM lyrqac�Ke''fIa'Ki>K'e .0IK,OJIO IMaTpHIQbI. E'CJIM np.HIHI51�b ITIlpOTt5I-
lli'eHIH-DCTb 'TaKOr,O YlJaCTKa p,aBiHbIM pa'CICT05l'HHIO Me}KJ(Y �O'q-KaM'11 0 ,11

0 1 (pH>c. 131) .Ha OCM �OHTeHHepa, To.'B 'CJIYlJae o6pa�Hor,o TelJ,eH'H5I pac-

qeT Ha'np5I}K,eHHH CJIe�yeT :n,pQ:113�BaJI.MTb -no <popMYJIaM (373) HJIH yn-

p'OlI.{eHIHbIM cpopMYJIaM (137:8). 9THM BHIOCMTCH npe,rr"rrOJIOiKeHlIe, qTO B

06'beMe MeTaJIJIa Me)K.n'y nJIOCiK!OCTblO, �p-oXO�5IlI.{eH II,epe3 TOlJKIY 0, 11

n,pec-c
l llIau,6oH HMe.eTC5I ynpyraH aOHa, xapaKTepH3YlOlI.{aH'C5I o.nHopo)J.-

HbIM rr'OJIeM HepaBIH'oM,e,pHO�O BcecTopOlHH.ero 'C>KaTHH.

DOCTyrraH, Ka.K H B 'CJIYIIae pa,ocM'OTpeHH5I -rr,p:O/neeca BOJIO'QeHM5I Ha

OClHOBaHHH n'e.pB\OH HI3 CPOiPMYJI (375), rrOJIYlJMM CJIe,rr,YlO'II.{He BbIpallie-
!HJ1;5I ,QJISI lo;n�pe.ZI:eJIeHH5I !H!alrrp5I.>KeH'H5I Ha npreoclIIaH'Ge:

; = t\1
1

[1-).1\(1:+ � +YJ. (381)
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Ilpl1 :BbIQnCJIeIHHI1 Ope�HerO KOHT3'KTHO�O Hanp5I)KeHI15I Ha npeCC:III,alf6e
J(JI5I :CJIYlla5I rr,peC.c-OB3:HI15I 06pa'THbIM MeTOJ(OM .B cp.o.pM:YJIe (881) CJIe-

lJ..yeT npHiH5ITb x=O. Ha pac. 1�5,6 rrpI1BeJ(,eH.a KpH:Ba5I, xapaKTe!pI13'YIO-

.II(as(�aBI1CI1M'OCTb ,epe�:HeJPo �OHTaKTiHOrO .Hanp5I>KeHHH Ha ;npeccIIIaii
' 6e

OT nepeMeu,.{eHI1H nyaHC-DHa, n'ocTpoeHHaH no 33'BI10HMOCTI1 (,3 1 81). Pe-

3YJIb'TaTbI pacIIeTa Hn'OJlHe 'COOTBeTiCTiBYIOT KpI1BbIM, IIOJIyqeHHbIM H3

'OnbI'f.OB (ICM. nyrHKT 2), 11 nOKa3bIBalOT npeHMYlI(eCTBa 06ipaTHoro Me-

TOJJ.a npecCOiBalHI15I B 3 i HepreTHQeCKOM OTHOIIIeHHH no epaBlHelHl110 C

TIP 51 M bI'M.

6. r'H,lI.pOCTaTHIJeCKoe.M ra30Boe InpeccoBaHMe

[HJI.p ' OCTaTI1I11e l c:Koe ,npe1oooIBalHHe e!Ill.e 'HeIHIMeeT \lliH.pO/Kolrn n;puMeHe-
HH5I B npOMbIIIIIJIeH;HOCTil1, H-D, HeCOMIHeJHHO, 5I-BJI5IeTCH nepen.eKTH,BHbIM
TeXIHOJInrHQeCKI1M npOneeeoM. OTM'eTM-M ero OC,HOBHbIe ooo6eHHocTH.

!Il pl1 npeeCOBaHl111 >KeCTKM-M rryaHcoHoM :CMa.3Ka, IHaIHeCeHHa51 Ha

i5-DIKoOIBY11O nOIBepXIH'QiCT.b 11 13,aJI.IHHIH 'TopelQ .3alrOTOBlKH', OIKa:3bIBaeTICH B

3aMKHYToM -o6'beMe. B InrpoIJ.iecce !npeCCOBaHH5I CMa.3Ka C)KI1'Mae'flCH, llT'O

n '

pI1HO.l(HT K ,POCTY .l(aBJIeHH5I. iEcJII1 i3TO �aBJIeH:He CT3iHeT paBHbIM ,lLaB-

JIeHHIO I1,CTeQeHHH Inpelli.l(e, lleM 06'beM 'CMa3'KH Y'M'eHb'IllI1'TC5I H3'CT'OJIb-

KO, llTO nyaHcoH :KOCHe'f1CH 13a i r I OTOBiKH, TO 3arOT'OBKa He 6y�eT conpl1-
Kac-aTbC5I co iCTeH,KaMH KOHTieHHepa H nyaHeoHoM, a B Q.Qare l,lI,ecpOPM.a-
Il.I1H npl1 He.KO'TOpbIX 'Y'CJIOBI1HX B03"HHKaeT lli:H.l('KOCT1Hoe TpeHI1.e H e03,.l(a-

.rr.YT'C5I YCJIOBH5I, xa P 3'KTep'HbIe .JJ.JI5I rH,lI,pOrrpeCCOBaHH5I.

D,poQecc rl1J(.pon,pec-eOBaHI15I M-Q}KHO OC)'IIll.eCTBI1
I

Tb 6e3 npUMeHeHI15I

nyalHcoHa (.pRC. 133, a). TaKIiM !06pa30M, rH�pOCTaTJIlleCKOe npeccoBa-
HHe 3TO

-

npoQec-c BbI.l(aBJIH-BaHI15I M'eTaJIJIa H3 'KoHT,eHIHepa, npH KOTO-

pOM BIHe OQara ;l(ecpopMaQHH 3alrOTOBKa oKpYllieHa cpe.l(loii, rrep=eJJ.a'lO-
ll.I.eH 'Ha Hee .n.aBJIeHl1e, a B .0Qare .l(e<popM3'�HH Me>K.n.y 3aTOTOBKOH 11

MaTpHIlJ,ei1 cYIQecTByeT }KH,lI"KOCTHoe T,peHl1e. ,LLaBJIeHl1e npH rl1.l(,p.o-

rrpeceoBaHHH ,llOCTl1raeT 3000 MH/'M2
f (30 O!OO Kr / CM

2
) .

cI>opMa H pa3MepbI 3aroToBK'11 B

9TOM CJIyqae He onpe�eJIeHbI )Ke-

4

9

...

J)

h

7

8

a

PHC. 133. CxeMa rH,lI.pOCTaTHtIeCKOf'O npeCCOBaHH5I KOMnaKTHbIX TeJI (a) H nopHC-
TbIX (6):

1 -

nyaHcoH; 2 -

npeccmai-ioa; 3 -

ynJIOTHHTeJIbHOe KOJIb�O nyaHcoHa; 4 - KOHTeH-
Hep; 5 - pat501J:aH >KH,lI.KOCTb; 6 -

aaroToBKa; 7 -

MaTpH�a: 8 -

ynJIOTHHTeJIbHO�
KOJIb�O MaTpHlJ.bI; 9 -

onopHaH BTYJIKa MaTpHlJ.bI
.
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CTK,O C 1<P'OpMOH .H pa3MepaMH nOJIOCTH KO.HTeMHepa. D,oeToMY MaHeB-

pe-HIHOCTb B IrrpOlJ..ec.ce THJlp ' Onp-ec.COBaHH5I ro.pa3,1I.O IIIHpe, lleM nlpn

06bIqHOM n.peC-COBaHHH. KpoMe Toro., ,necpopMaII.HH KOHTeHHepa, nyaH-

COHa H MaTpHII.bI He BJIHHeT Ha npOII.eoc. MeTaJIJI HaXOJI.HT,CH 'no)1. BbI-

COKHM rH)1.pOCTaTH-qeCKHM ,lJ,aBJIeHHeM, qTO 3HaqHTeJIbH.O 'rr-DBbIIllaeT era

innaCTiH'lJ!HOCTb. B'MeCTe 'C TeM IHa 60JIbIII.eH QaCToH ITI'OBepXIHOCTH OQara

.rr.eq}OpMaII.HH CYIllI.eCTByeT lliH:,lJ,KOCTHOe TpeHHe, qTO o6e'CneqHBaeT HaH-

60JIbllIYIO ,paBHOMepHOCTb Ipacnpe,lJ,eJIeHHH ,lJ,e<pop.MaII.HH no CeqeHHIO.

3TO n03BOJIHoeT o6pa6aTblBaTb ,lJ,aB.JIe:HHeM naH.60JIee Tpy,nH.O,lJ,e<p0p-

MHpyeMbIe MaTepHaJIbl. rH,nponpeC-OOBaHHe ,naeT B03"MOlliIHOCTb JIerKO

o,oY1llI.e,CTBJI'HTb n,p!OIII.eIOC .H'CTelQeiHHH .C ,npOTHIB'OlLLaIBJIeIHHelM, qTO .npellI,OT-

BpallI.ae'T rrOH'BJIeHH-e TP.e1llI.HH Ha H3,lJ,eJIHH B MOMeHT BbIxo,na H3 MaT-

plf'II.bl.

DpH HaJIHqHH 06bIqHODO ,nJIH n,paKTHKH XOJIOJI.HOro n'pec.C-OBaHH.SI OT-

HOCHTeJIbHOrO pa,lI,HaJIbHo:ro 3a30pa Me}K,lI,Y 3arOTOB'KOH H KOHTeMHe-

pOM 2 %
H ,lJ,3'BneHIHJI1 2�OOO MH/M2 (2{JO Kr IMM

2
) .BenH1.IHHa oca,nKH 3a-

rOTOBKH paBHa 6,5 010. CJIe..QOBaTeJIbH0, npH npeccoBaHHH nya:acoHoM

pecypc .TIJIaCTHqHOCTH xpynKHx MeTaJIJIOB MO'llieT 6bI'Tb H 1 CnOJIb3.OBatH

Yllie Ha .CTa,lJ,'HH pacnpeccoBKH. ,D,pH rHJI.ponpec.C-DBaHHH one,pa,II.HSI pac-

npeocoBKH .OTCYTCTByeT, qTO YCT,p3!HHeT O,lJ,:HY H3 cYIlI.eCT,BeH.HbIx rrpH-
4H'H pa3pY

1 1lI'elHHH XPYllKHX MaTepHaJI.OB.

Yllie )1.0 HaqaJIa nJIaCTH'q.eC'KoM .1I:eicpopMaII.H'H MeTaJIJI n-p.H rH,lJ,pO-

npeccO'BaHHH OKa3bIBae'TCH ,no,n JI,eH,CTBHeM BbI!COKOTO rH,lJ,lpOCTaTHq-ecKO-

ro,naBJI;eHHH. B 3THX YCJIOBHHX MeXaHHQeeKHe CBoM,cTBa Me-TanJIOB 3a-

MeTHOH3MeHHIOTCfI: ,npe,QeJI TeKyqeCTH B03paCTaeT, 3HaqHTeJIbiHO HIH-

TeHCHBHee pa3BHBaeTcfI H npoII.ecc yrrpOQHeHI1f1.

iDIp'H fHJLpOlnpeoCiolHa'HHH' y,CHJIHe IBbI',lJ,aIBJIHIBaIHH.H .Ha 1.0-1'5 °10 IMetH'b-

me, qeM np�H 06bIqHOM npHMoM npeccoBaHHH co cMa3KoH, H Ha 20-

30 %
M'eHb�llIe, qeM npH npe'CCOB3iHHH 6e3 CMa3'KH. OiTIbITbI nOKa3bI'BaIOT,

lITO IfHJJ,p.onpeCCOBa'HHe :rr,pOTeKaeT B YCTa.HOBHBlIIeH'CH CTa,nHH npH no-

ICTOH'HIHOIM ,na'B.JIeIHH,H Ha in , peOCIlIIaHI6y, 'qTO H nOHIHTIH'O, e'CJI,H n,pHIHlflTb BO

BiHHMaHHe naJIHq;He }KH.,lI,K,OCTHoro TpeHHH B 3TOM npOII.ecce.
OnHcaHHbIH npOII.eCC rHApOntpeeCOBalHHH OCYllI.eCTBJIHeTCH ;npH KOM-

HaT-HOM TeM!nepaType. rC'OqeTa.HHe rrrp'eHM'YIIlI.eCTB B03,lJ,eHCTBHH BbICOKHX

rHJI.pOCTaTHq'eCKHX ,lJ,aBJIeHHM C npeHM'YIlI.eCT'BaMH rOpHqeH ,lJ,ecpopMa-
HH:H n03"BOJIHJIH .6bI HaM'Horo pac.lIIHpHTb HOMerHKJIaTYPY nJIa.CTH'4e'CKH

,lJ,e<pop'MHpyeMbIx MaTepHanOB 113 qHICJIa Tex, KOTopbIe ;nOKa TaKOH JI.e-

<pOipMaIl:HH He 'HO,lJ,:,n:alO'TCfI. B 'CBH3-H C 3THM npOBO,lJ,HJIHCb OIIbI'TbI no

rH.LLp-onp-eOCGB3HHIO, B KOTOpbIX HCno.JIb30BaJII1 paCnJIaBJIeHIHbIH MaTe-

pHaJI. 3TH onbITbI IHe ,lJ,aJIH nOKa .rrOJIOlli:HTeJIblHbIX pe3YJIbTaTO'B, HO no-

CJIYlliHJIH OCHOBaHH-eM ,l(JIH nOTIbITOK B npOl{ecce np'eCCOBaHHH H,arpe-
TbIX i3alrOTOBOK H'OnOJIb3-0BaTb B KaqeCT,Be «:>KH.,lJ,KOCTH'» ra3 :BbI'COKoro

JI.aBJIeHHH, T. e. 'OC)'111l.e.CTBH'Tb npOII.ecc raaon'peCCOBaHHH.

7. Onepal.(HH JIHCTOBOH WTaMnOB.KH,

CBS13aHHble C npeccoBa'HHeM

O,nepaII.H'H JI.HCT,oHoHlIITaMnoBKH pa3)I.eJIHIOT'C5I Ha ,pa3,J,en-HTeJIb-
Hble H cpOp'MoH3MeHfl1011l.He. Pa3:,lJ,eJIHT,eJIbHbIe onepau;HM ObIJIH oxapaK-

TepH30BaHbI B rJIaBe VII npH pac.cMoTpeHHli npouecca pa3pYIIIeH.HH.
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DbIJIO OTMeqeHO, qTO ,lI,JIH ycnelllHOf'O OCYIIleCTBneHI1H 3'THX Onepall.HH
Heo6xo,lI,I1Ma nOKaJIH3all.HH JI.e<popMa�HH B 30He ,lI,leM'CTBI1H HHCTpYMeHTa.

JIucToBaH lll'TaM'TIOBKa, KaK npaBHJIO, OCYllI.eCT,BJI5IeTCH C IIOMOllI.blO

,MaTp'HIUbIIH ulya!H'COIH3I (pHC. 134). ,LLJIH T'OIPO IqT'OI6bI HI316e,}KaTb JI 1 0IKanH!3a-

Il.I1H ',lI,e<p 0 pM3'Il.I1H, KOTo,paH B 3TOM cJIyqae' He:>K'eJIaTleJIblHa, 3a3'op M.elli-

flY MaTp' Hl ll.ei1 'H 'nyaHcoH-Q.M HCer,lI,a OCTaBJIHIOT He.CKOJIhKO 60JIblIllHM

TOnllI.I1HbI 3a , rOTOHKH, a pa,lI,HYlcbI 3aKpyrJIe-HHH pa60qeH qaCTH HH.CTPY-
MeHTa HaMrH-DJ10 60JIb'Ille ee TOnllI.,UHbI. 4HCTOBaH cpop M'OH-3'MeH5IIOllI.aH

a

I
u.

PHC. 134. OJIepa�HH JIHCTOBOH IlITaMnOBKH, CBH3aHHble C npeccoBaHHeM:

a - rH6Ka; 6, 8 - BbITH)KKa ()ea YTOHeHHH CTeHKH ()e3 npluKHM8 H C npH>KHMOM (2, a);
e - BbITH>KKa C YTOHeHHeM CTeHKH; � - oT6opTOBKa; 3 - 06>KHM; U - 4>opMoBKa

IllTaMlnOBKa :npe,nCTaBJI5IeT C060H npo�ec-c nOJryq.eHH5I nOJIbIX H3J1:eJIHM

H M'Olli'eT paeCMaTpH'Ba1'bC5I KaK pa3'HOHHJ(IHOCTb npeOCOBaHHH.
JIHCTOBOH IllTaMUO'BKOH :H3rO'T'OBJIHIOT TOHKOCTeHHbIe H3JI.eJIHH H3

P a3nHqHbIX MeTaJIJIDB H OnnaBOB TOJIllI.HHOH, He iIIpeBbfllIalO'llI.eH 0,.05-
4 MM.,' 06bIqHO 6e3 Har.peBa. B. inOCJIeJ(HH,e rOJ(bI CTaJIH TI,pHMeHH'Tb

lIITaMnOBKY ,lI,JIH H3rOTOBJIeHH5I H3:,lI,eJIHH H3 TOJICTbIX JIH'CTOB H nnHT

(JI,IHHII.I.a ,KOTJI{);B, pea'KTo,p'OIB H T. n.). fIpH 3TOM ,3a:r.OTOB'KH' ,nIP.elI{Bap'l1-
TenBHO HanpeBalOT. HarpeB npHMefIHIOT' H ripH IIllTaMnOBKe Manonna..

CTHqHbIX .cnnaBOB. K qHCJIY <pOpMOH3MeHHIOllI.HX o.nepaUHM JIHCTOBOH

lllTa'MTIOB}{H OTHOCH�CH CJIe,lI,'YIOllI.He (pHC. 134).
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,r H 61K a ('pHC. 134,a) - H3MeHeHHe KpH:B!H3HbI Cpe.lI!HHIHOH rr.OBepx-

HOCTH sarOTOB:KH. IOqar .1I.ecpopManUH B 3'OHe JI..eHCTBrH5I HH'�Tpy.MeHTa

OXBaTbIBaeT BCIO TOJI1llI.HHY 3alrOTOBKH TaK, lITO .n.e<popManHH nOCTeUelH-

HO YMeHblIllalOTCH .n.o yrrpyrHx B .rr'onepeIInOM HalTIpaBJIeHHH. 9Ta orre-

pa�H5I .6bIJIa pa'CCMOT'peHa B rJI. VI.

�BbITH}KKa '6e3 YTOIH.eIHiH5I 'CTe:HKH (p'ac. 1,34, 6-a)-

npenpa1llI.eHHe nJIOCKOH 3aro�oBKH B nOJIoe H3,neJIHe (HHOIrJI.a Ha3bI'Bae-

IMoe CIBe'pTlKIQ'H) HJIIH Y'BeJI�H1qeHH.e :BbI/COTbI InOJI10lfoO UOJII)'1<paI6p'H1KaTa nlpo-

THrHBalHHeM qepe3 MaTpHny C 'YM,eHb'llI,eHHe:M norrepeq'HbIx .pa3Me.poB 3a-

rOTOBKH, HO .6e3 npHHy,nHT'eJIbHOifoO ee YToHeHH5I. iBbITHlliKa 6e3 .TI'P'H}KH-

Ma (6, 8) np'OH;3BO,nH"'f1CH npH MaJIOH lll-IIpH:He 41JIaIH�a, T. e. npH MaJIOH

.paI3IHHI�e MeI)KL[I.Y JI.!HaIMeTipOM 3alrOTOIBKH� II l1.H'aIMeTpOIM MaTpHll.bI. B Inpo-

THBHOM CJIyqae ocyrneCTBJI5I,e'TCH BbIT5I}KKa C npH}KHM'OM (2, a).
�B bI 'T 51 }K :K a c.y T .0 H .e 'H HeM .C T e iH iK:H (;p.ac. 134, e)

-

YMeHb-

IIIeHHe BblCOTbI nOJIoro nOJIy<paOpH.KaTa 3a CqeT YM'eJHblIlleHHH TOt7IllI.H-

HbI e�o CTeHKH.

() T 6 '0 ,p T O.B -K a (p'HC. 134, OIC)
-

06pa30'BalHHe rOp'JIOBHH B.n.aBJIH-

BalHHeM B MaTpHny qaCTH 3arOTOBlKH C OJI:H,OnpeMeHHbIM YBeJIHqeHHeM

nepuMeTpa npeVJ.BapHTeJIbHO npo6HToro B 3arOTOBlKe oTBep.cTH5I.
o 6 ,}K.H M (pHIC. 134,3) -

'YM'eHblIlleHHe n,orrepeqlHOlrO CeqelHHH Kpae-

BOH qatCTH rr'OJIoro nOJIy'<pa'6puKaTa 3aTaJI'KHB3:HHeM lero B cY}KaIOIlI.YIO-
CH rronOCTb Ma�pHnw.

<1> 0 pIM'OIBIK a (,pHC. 134,u) -oI6pal3'0IBaHHe MeC'T!HbIX BbI'nYIKJIOICTeH
3a CqeT YM,eHb'll.leIHHH TOJIllI.H!HbI 3alrO:'fOBKH npH 'HeH3MeHH.bIX, ee Ha PY}I{-
HbIX pasM.epax.

P a 3 ,n a q a
-

'npOT5II"H'BaIHHe n'Ya'HeOHa B rrOJIy.1O �HJIH'H,n'pHtIeCKYIO

3aI�OTOBKY Ta'KHM 06pa30M, q-pO ee none.peqHble pa3MepbI YBeJIHIIH'Ba-
IOTCH. 3Ta onepanHH ,6bIJIa parCCMOT'peHa B irJI. IX.

'OPH paCqeTe Hanp5l:>KeHHH H JI.e<p'opManHH B onepanHHx JIH'CTOBOH

IllTaMITIOBKH 'paccMaTpHBaIO'T O�iH,oM'epHYIO 3a.n.at.J'Y. Ta'KHe ,pa.CqeTbI
MOlli'HO HaHTH B pa60Tax 1[7, 18]. HeKoTopbIe ,npHMepbI npHIBe,nlflHbI B

3a,naqHHIKe n,o .n.aH'HOMY KYpCY [111].

8. Oco6eHHocTH npeccoBaHHB

MeTaJlJlH1JeCKHX InopowKoB

O'CHOB'HbIMH TeXlHOJIOrH1.Jec.KHMH o:nep8'�HH!MH rropoluKOBOH MeTan-

JIyprHH H.BJIHIOT,CH ICJIeJI.YlOllI.He: npHrOTOBJIeHHe nopollIIKOB� rrOJIyqeHHe

nopioIllKOBOM IlllHXTbI, n:peCrCO'BalHHe H3 IIllHXTbI 3arO'T'OBOK, cneKaHH'e

JI.nH :rr,pH.,naHHH .TI1P,OqiH.OCTH -II Heo6xo,nHMbIX 41U3HKO-XHMH1.JeC'KHx
CBOH'CTB H3JI.eJIHHM H .HeKO'D0pble BHl1.bI JI,OnOJI'HIITeJIb'HOH o6paooTKH
(.KaJIH6p'OBKa, ,�eMeHTa�HH, a30THpoBaHHe, 3aKaJI'Ka, np.onHTKa H JJ.p.).
TeXIHOJIOrHH 'npoH3BoilcTBa H8,nenHM H3 ,MeTaJIJIHqec.KHX rrq,p:ollJiKOB no-

,ll:06Ha TeXHOJI-orHH KepaMHqeCKOrO npOH3
I

BO,ll:cTBa. ,0TclO,,na nOH'BHJICH

TepM'HH «.rrpoH3Bo.n.CTBO M'eTannoKepaMH!KH». MeTO!l1.aMH nop.ollIKoBOH
MeTaJIJIyp:rHH M,O}KHO ,nOJIyqaTb H3.n.eJIHH .no.qTH H3 Bcex H,3Be'CTHbIX Me-

TaJIJI,OB H .onJIaBO'B ,C 60JIblIlMM TeXiH.H'KO-13K ' OIH.OMH'qeeKHM 3Q:>'Q:>eKToM.
!B a:>K'HOH oc06eHHocTblO HBJIHe-T.CH nOJIyqeHHe 'M,eTaJIJIHqeCKHX H3",lLe-

JIHH C OC06bIM\H, 'He BCTpeqalOIII:H'MH-DH 'B npHp-oJI.e eBoHcTBaM.H: nOipH-
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'CTbIX (.C ,06'b.eMOM Inop ):(0 50 °10), TaK Ha3bIBaeMbIX «nceBj{OCIIJIaBOB»
-,

HepaBlHOBeCHbIX CHtC'TeM, KOTopbIe He MorYT' 6bITb �OJIyqe-HbI ,npyrHM'H

'H3Be-CT'HbI'MH B MeTaJIJIy'plrJ1H cnoeo6aMH, KOM6HHall.HH M'eTaJIJIOB C He-

M,eTaJIJIaMH. Oco60e pa3�BHT'He nopOIliKOBaH MeTaJIny!prH5I nOJIyqHJIa Bn

BTOpOH IIOJIOBH'He ITeKyrnero CTOJIe�HH np'H npOH3BO,lI,CTBe H3:,neJIHH H3.

TY'r.01TIJIaBK'HX MeTanJIOB.

IB 3a'BHICHMOCTH OT MeTo,na H3.rOTOBJI'eHHH qaCTH�bI MeTaJIJIHqe.C:K.Q-,

r-D n:op'OIlIIKa MorYT IH'M'eTb pa:3.MepbI OT JLOJI.eH M'HKp'OHa .,nOJI.onei'i'

MHJIJIHMeTpa. D03TOMY B 10M 3
cOJI,ep'}K'HTCH OT He-CKOJIbKHX M:H'JIJIHOHOB,

JI.O He-eKOJIbKHX TbICHq IqaC''f1Hll., a Hxy,neJIblHaH TInBepxH'OCTb
- OT ,lI,OJIeH�

KBalII.pa'TiHOIrO MeTp.a ,no ,n8C5I'T:KOB KBaJJ:paTHbIX MeT'pOB Ha O,lI,H;H npaMM

IIopOlliKa.

.cI>opMa q'aCTHll. 38HHC'HT ,OT ,cnoc.06a rH3�OTOBJIeH'HH H MQ.lli'eT .6bI'Tb-

C-<pepHq,eOK'OH, KaiTIJIeOOpa3 I HOH, ry6qa1'OH, TapeJIb
' Q,a'f10H, JJ:eHJI.ipUTiHOH'

OCKOJIOq'HOH, 'HOJI.OK:HHICTOH, JIeneCTIKOBOH 'H npe,nCT3'BJIHTb KOtM,6HHall.HIO.

3T'HX 410pM B eJ(HHH'll.e 06'beMa.

TexrH,OJIOrHflleOIrH-e ClBO'H'CTlBa H10p.oUll'KOIB xapa;KTepIHI3 I YIOTCH p'H�QlM Be-

JIH'qUH, a HMeHHO:

H a.c bI.II:H a SI 'M a C 'C a -

Mac.ca e,n.HHH'I}.bI 06'beMa CBo60iLHO na-

CbI 1 n aH'H.oro II OpO:llIlK a .

M a IC ,c a YT p 51 'C 'K H
-

.on.p.e)I..eJIHeT'C5I nOCJI,e YTp5l
' CKH OIIpe.n.eJIeH-

HOH 'HaBec.KH .no :OTIpeJJ:eJIeHHOPO 06'beMa. Macca YT,p'51.C.KH IHa 20-60 0
j();

60JIblIll,e HalcbI:nH-DH MaCCbI, a 06'beM COOTBeT'CTBeHHO MeHb'Ill.e.

n.o p .M IC T'O IC T b -

()inipeJI.eJIHe�TCSI OTHOIll'eH,HeM 06'beM a nop K 06'b-

eMY CBo6o,lI,HO IH.aCbIlnalHIHoro IIopoillKa

n
V

nop
0-

-

V
Hac

· (382)

OI6'beJM ,II'OP In P'eI)I.'CT aIBJI:H eT aol6oft p a 31H'OCTb NI e:tKny ,0I6'beIMO;M OBO-

OOJJ:'HO 'HaCbI'IIaHHoro IIopoIllKa H 06'beMOM :K'OMlnaiK'THOrO M.eTaJIJIa:

V
nop

= V Hac
- V M .

TaKHM 06pa3-DM, TIiOp'HC'TOCTb Bblipa}KaeT'CH KaK

n _

v
Hac

- V
M

V
M

0- �l-
V

nop
V

Hac

0603.HallaH IIJI'OTlHtOCTb nop,ollI'Ka H M.eTaJIJIa pHac H PM, �nOJIyqHM ,HX

Beca: P== VHacPHac; P= VMPM.

P

OTCIOJ(a no = 1 _

Hac

.

PM
(383)

!B.Be,neM TIOHHT'H'e 06 OT!HOCHTeJIbHOH II,JIOTiHOCTH KaK OT1HQlIlleHH�

06'beMa MeTaJIJIa .K 06'beMY ,cBo60,U:no H3 CbIII3'HHo.ro nopOIllKa:

0=
V

M P Hac

(384)-

V
Hac PM
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TIoc.ne,lI,HHe ,1I:Ba COOTHOIIIIeHI1H MO}KHO 0606II.I.HTb Ha. fIOP.OlllKH. Ii H3,lI,e-

JIH5I .HI06oH ITInO'TJ-I.OCTH:

n == 1 - �;
PM

fJ === .-L.
PM

..:t'....

TlOpHCTOCTb H O'JIHOCHTenbIHaH nJIOrHOCTb c.BH3aHbI COOTHOIlleHHeM:

n+B==l.
rl p.eCCOBaHl1e MeTanJIHq.eOKHX nopolltK:QB BKJIlOqaeT B ,ce6H cn,eJJ.Y-

]OII.I.He onepaill.HH: n!pHIJ10TOBJIeHHe l11HXTbI H.3 JIOpOlIll'KOB COOTBeTCT,BYIO-

:II.I.ero ,c.OC'TaBa; ,n03Hlp.OBKa H38-CbI'TI
'

Ka IIIIHXTbI B npeoC<popMbI; np,eeco-

BaHl1e H H3BneqeHHe 6pH'KeTa; eneKaHHe.

Ha pnc. 136,a npHBe)LeHa CXeMa O)J.tH'OCT'OpO,HiHepO npeCCOB3'H.HH.
B n.pOu.ecce np.e-CCOBaIHHH 'nOpOIllKa C YBeJIHq.eiHHeM ,lI,aBJIeHHH ero nnOT-

HOCTb B03paCTaeT. ,f1polI,ecc pOCTa nJIOTHOCTH COCTOHT no CYII.I.e�TBY H3

a

5

PRC. 135. CXE:Ma npecCOBaHH5I MeTaJIJIHtJeCKHX nopolllKoB:

a -

O,lI.1I0CTOpOHHee; 6 -

,lI.BYCTopOHHee; 8 - B OTKPblTYIO MaTpH�Y

.'Tpex 3TanOB. Ha nepnOM 3Tane np'OH'CXOJJ;HT B3aHMHOe nepeMeIII.eHHe

HaCTHll. H 3a
'

HOJIHeHHe nop. Ha BTOpOM 3Tane Ha6JIIO,lI,aeTCH' pa3pYIll.e-

IflHe «MOCTHK'OB» H «apoK», o6pa8yeMbIx qaCTHll.aM'H ,nop'OIllKa B npo-!I
u

ll.eece 'HX B3aHMo,neI1CTBH5I, 'npOHHiKHOBelHHe qa-CTlI1II. B MeJIKJHe nopbI,

,nepeMeIII.eH;He qaCTH'I�, �He:6JIarOnpHH�HO pacnonOlli'eHHbIX no Han.paB-

.�eHHIO :K ,n.ei1'C'TBH I IO CHJI, qaCTnqHOe «'C,lLHparHHe» OKHoC'HbIX nJIeHOK. Ha

TpeTbeM 3Tane ocyrne'CTBJIHe'f1CH nJIaCTHqe-CKaH ,rr.e<popMall.HH qaCTHill. 11

.pa3VY111H�.HHe HeKOT,opbIX H.3 HHX, a TaK}Ke IIIOq'TH nOJIHOe Y,lI,aneHHe
,OKI1CHbIX nJIeHOK H nOHBnelHHe CHJI '.M-elliaTOMHoro B3aHMO,lI,efrCTBHH.

Pe!3'K0i1 'fpa:HHIll.bI Me�:,lJ,.Y ne.pe.q'HiCJIe'H'HbIIMH Tp.eMI5I CTa,n.H6IIMH n1plQlII.eCca

--ppeCC-OBaHHH nopOIlJ'KOB, nO-BH,lI,HM.OMY, He ICYII.I.eCTByeT. 'lIeM ,nJIaCTHq-

�Hele MaTepHaJIbI, TeM ,paHbllle HaqH'Hae-rCH YinnOTHeHHe 3a CqeT ,,lI,e<pop-
Mau.I1H qaC'THll. H TeM MeHblllIee HX qH'CnO .no,nBepraeT'CH Ipa3pYIlleHHIO.

"Y,cTa:HOBneHO TaKllie, qTO C YMeHb�IlleHHeM CKOpOCTH npeCCOBaHHH .nJIOT-
,.,

HOCTb. opH.KeTOB 'BOs.pacTaeT.
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KpYlnHbIM He,LI:OCTaTKOM O,lJ,HOCTOpOHHero np.eOCOBaHH5I B 3aKpbITYlO'

MaTpHll.Y HiBJIHeTCH 3�HaqHTeJIbIHaH �He.pa'BHOMepH'OCTb nJIOTHOCTH no BbI-.

'COTe H nOnepeqHOMY eeqeHHIO 6.pH'KeTa, B03.HH.KalOllI.aH 3a :CqeT TOpMO-

.)K.eIHHH .rqa,C'TIHI� inp!H InepeMeJllI.elH.HH HX OTiHOCHTeJIbH'O'CTelHOIK MaTpHIll.bI UD,IT.,

JI.e.HICTlI;\HelM ICH� T!pelH.H5I. ;f1o IMepe lylJf:aJIelHH'H OT nlya'H;C'OHa H OT CTelHOIK

MaTpH'll.bI rTIJIOTHOCTb !npeccyeMOrfo 6pHKeTa YMeHbIIllaeTCH, ,oco6eHHO no,

ero BbIC-DTe. 3TO'T He,lJ,OCTaTOK qaC'THq'HO M'O}KH.O YCT,pa:HHTb, eCJIH npH-
MeHHTb ,nBY,CTopOHHee npeCOOBaHHe (pac. 135, 6). OJI.HaKO npH H3rQ-

'TOBneHHH .lI:OCTaT:Q.qHO 'BbI,COKHX .6p
'
HKeToB pa3'HOCTb B BeJIHqHHe n.nOT-

HOCTH no 06'beM.y O'CTaeTC5I 3HaqHTeJIb:HoH. CiYr11l.eCTHeHHoe YMe-Hb'IIIe--
HHe HepaB!HOMepHooTH IIJIOT:HOCTH 'no ,lJ,nUHe MnlliHO n-DJIYLIHTb n.pH,

npe-ec-oBaHHH B OTKiPbITYIO Mar-pHll.Y (pHC. 135,8), T. e. ,aCnOJIb3YH H3-'

Be'CTHbIe MeTOJI.bI npH,Moro HJI'H 06pa'DHOrO n'pec:cO'BaHHH. TaKoe npe.cco-
BaHH'e B nopoIll'KOBOH MeTaJIJIyprHH 'HOJIyq,HnO HaH'M.eHOBaHHe «MYH',Q-'

IWTyq;H,oro». DpH ��lTOM B nopoIll,KOBYIO IIllHXTY ,no:6aBJIHIOT OKOJIO 10°10
TaK Ha3blBaeM'Oro nJIaCTH'<pHKaTo.pa (!nap31<p'HH, KlpaXMaJI, .,lJ,e.KcTpHH Ii

T. !n.), HaJIUqHe KOToporo cn0006C'THyeT 'Cll.enneHHIO qaCTHll. 'H npe,lJ,o-.

xpaHHe-T H3,lJ,eJIHe OT ,pa3pY
1 llleHH5I HOCJIe BbIXD,lJ,a H3 MaT.pHll.bl. B npo-

ll.eoce IIIOCJIe)1.YIOllI.,eJ1o CneK8iHH:H IIJIaCTHt<p.HIKaT.op .nepeX'O�HT B ra3-D�

o6pa3Hoe COCT05l'HHe H y,nanHe'TCH ,H3 oTIIpe'ccoBaHHoro H3",lJ,eJIHH. Y,cTa-.

HOBnleHO, qTO npn !npec'coBaHHH nopolllKoB M'HHHMaJIhHoMY YCHJIHIIO.

TIlpelc,oolBa'HHIH COOTlHe1"CT,ByeT YlroJI :KOIHIYlca MaTpHlnbI IP.aBrHbIIM npH:Me.pIHD
Jt /4.

O�nTHMaJIbHbIe 'CKOpOCTH HCTeqeHHH H3 MaTpHll.bI npH MYHjJJluTyq,HOM.

n.pelocoBaiHHH HeBenHIK'H .H IP aB'HbI 5-'10 ,MM,I ceK. Tlp'H YIBe.JTHI'4:eIHHI1 CKO-

p'olcTeJM .n'opH;CTOtCTb HI3V1,eJIHH no 'Ce1qeHHIO n ,

onYlqaeT1CIH 'Hepa:BIHo�Mep'H'Oi1t.
qT,O npHBOJl.HT K He.paBHoMepHoM yca.lI!Ke H Kopo6neHHIO npH cne-Ka�HIHH..

OTM'eqeH:HbIe MeTO,lJ,bI npeocoBaHHH npH.eMJIeMbI ,lJ,JIH" n,OJIyqeHHH �3-

.ILe.JIHH cpaHHHTenbHo MaJI'OrO Be'ca H He60nbIllHx pa3MepoB nonepeq-

Horo .ceqeiHHH. IB T3:KHX H3',lJ,enHflX ,lJ,OnycTHMo HeKoTopoe Kone-6aHH,e'

rrn.oTHOCTH. rU,lJ,pOCTa1iHqeCKOe n,peecO'BaHHe (p.HC. 133, 6) n03'BOJIH,eT

rrOJIyqHTb 3arOTOBKH C paBHoMepHoH 06'beMHOH TIJIOTHOCTblO, a pa3-.

MepbI 3alrOTO'BKH npH 3TOM MorYT ,lJ,OCTHraTb 3HaqH'TenbHOM BenHqnHbI'

(,lJ,l1aM-eTp ,lJ,O 6.00 JUM, BbI'OOTa )1.0 1'2 1 00 M'JU). Il�pH rHLLp.ocT3THqe.CKOM'

InpeocoBaHHH nopolIllKoBaH ,Ill.HXTa nOMellI.aeTCfI B 3JIaCTHq'HYIO (pe3H-'
:I-IO'BYIO' HnH nJIaCTMaoc.oBYIO) :o60nOqKY C TOJIIlI.HHOM .eTeHKH 0,.1-
0,2 MM H nO,lLHepraeTiCH BCe.CTopoHHeMY C:>KaTHIO C nOMOllI.blO :>K'H,lL'KO-'

CTH (BOJl.bI, MaCJIa). f1epe,lJ, npeC-COB3'HHeM o60.JIOqKa BBOJI,'H'TCH B CTaJIb.-'

HYIO rHJIb3.y. ,LLaB.JI,eHHe lli'H,�K:nCTH 'C-03,QaeTCH C nOMOIlI.b11O Hacoca BbI-

COKoro ,lJ,a;BJIeHH5I HJIH 3a C'4:.eT B3pbJ.Ba Cnell.HaJIbHOrO 3apfl,lJ,a B lliH}l-

I{OCTH. B nocne,QH.ee BpeMH B KaqeCTBe .cpeJ(bI, 'c03,lJ,alO\11l.eH ,lLaBJIeHHe,

y'cnelliHO npHMeHflIOT :C}KaTbIe HiHepTHbIe ra3bl. H.e.JI.OCTaTKoM TaKoro

Me'TO,lJ,a HBnfleTCH TPY,lL:HOCTb B nonyqeHHH 3a,rr,aHHbIX pa3MepoB H XQ-

pOllli.eH nO'BepxHoC'TH H3'.lI:en.HM, qTO BbIHYlli',lJ,aeT npHMeHHTb nocne,rr,yIO-

lUYIO MeXalHH'qlecKYIO o6pa6oTKY npe-c.coBaHHoH 3alrOTOHKH.

�JIH H3r-OTOBneHHH Kpyn'HbIx H.3,lJ,eJIHM C paBlHoM.epHoM nJIOTHOCTbIO'

ne.p'eneKTHB'HbIM HBJIHeTCH BH6poyn.noTHeHHe Ha Clnell.HanbHbIX BH6pa-
lI.HOHHbIX CTeHJ(ax. OnopHbIe nJI'HTbI CTe:H,lJ,O'B :HMeIOT qaCToTY Kon.e.6a-

HHH, H'3=Mepfl'eMYIO IHeCK'OJIbKIHM"H ,lJ,eCHTK3'M-H repIJ.. CnellHaJIbHafl 'q)lnp-
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Ma 3arron.H5IeTCfI napaIlIKOBaH lllHXTOM H naMelI(aeTC5I Ha onapiHYIO

nJII1TY. HOCJIe,nOBaIHH5I B. M. 51Ma 1
IH ,lI,p. nOK83aJIH, qTO.B npOII.elcce

KaJIe6aHHH �apM8 6aJIblIll)'11O qaCTb BlpeM'eHH .«rrapHT» B BO'3JI.yxe, He ca-

npHK8
1

caHCb ,C o:nopHblM.H .nJIHTaMH. B pe3YJIbTaTe qaCTHII.bI .Ha.'H60nee

nJIO'1!HO ynaKOBbI'BalO'DCH. 9TaM'Y c!nOC06cTBy.eT HHeIll:H5IH CHJI8, rrpHna-
raeM8H qep.e3 a-epXIHIOIO nJIHTY 01' cne-II.'HaJIb!HOra npHlli.H:Ma H aCYllI.e-CT-

BJIHIOllI.aH npeCCOB3'HHe 6pH.KeT8 B cBoea6pa.3'HbIX Y:CJIOBHHX.

if1 , a UKOHqalHIHH npeoooa-8'HHH 3a OqeTY'TIlpyra�a .nOCJI.eJ(,eM'CTBHH np'OHC-

xa,nHT H3-MeHeHHe pa3MepOB naJIytIeHHara 6 I pUK.eTa. «PnCT» HJIH «y.caJI,-

\(8» npa,lI,o.JIlliaeT,CH ,nJIHTeJIbIHOe BpeM5I, B TeqeHHe" KaTop.oro pa.3MePbI

O,pH-KeTOB YMeHbl1ll81OTC5I 'no. 3KCnOHeHII.'H8JIblHOMY 3aKOHY. 06bIq'Ha H3-

MeHeHH,e .pa3"MepOB 6pH:KeTa no. .BbICO'Te He npeBbI'IllaeT 5-.6 %
,

a no.

TIaiTIepe-qHaMY ,Ceqe.HHIO 2-3%\. I1HOIrJ(8 HBJIeHHe )'Inpyroro naCJIe,neHlcT-
B'HH ,ca;npaBQ.}K',lI,aeTC5I Ba3!HH'KiHOBeHHeM 1IpelI(Hn. 3aMeqeHO, qTa '<p3iK-

TOpbI, YBeJIH'qH'BalO�He !npaq:HacTb 6pH.K l e'T I OB, YM,eH b!lll a lOT ynp:yroe

nocneJJ:eH'CTBHe, a Ta�}K'e qTa ynpyroe nocne�'eM'CTBHe YMeHhlIIaeTC5I C

paCTOM IlJIaCTn'qHOCTH q8CTH'� nopOIllKa. B 'npOII.e-cce cneKaHHH, CJIe,lI,Y-

lO'11l.HM 3a n'peCCOBaIHH,eM, npOH'CX,O,lI,'HT c�.enJIeHHe qa'CTHII. nopOIII.Ka, H3-

Me'HHeTCH <popMa nop, KaTopaH 'np'H
I 6JIHlliaeTCH K ccpepH'qeC-KOH. O,lI,-

'HOBpe-MeHiHa n'paH'CXOJI.HT «ycaJ(,Ka» HJIH «pOCT» H3,lI,enHH, ac-yllI.ecTBJIH-
6

u �

lOTC5I JI,eoap �HH ra3'aB, -oHfI'THe O,CTaTOq:HbIX HanpHllielHHH, OO,pa30Ba-

HHe TBep,lI,bIx pacTBopaB 'HJIH X.HMH.qetCKHX COe,lI,Hn,eH'HM, ,eCJIH 3TO o6yc-
u

-

JIO'B.JIeHa XHMHqe-CKH.M COCTaBOM nopolllKa H TeMnepaTYlpoH cneKaHHH.

C n03HII.'HM TepMoi,lI,HHaMHKH c:rreKaiHHe
-

9T , 0 rrpa�-ecc BOCCTaHaBJIe'HHH

aToMIHo-:KpI1'CTaJInH'4:e.cKoM CTiPYKT)"pbI qa,CTiHII. iH rrepeMellI.eHHH aTOMOB

'B !IJ.OJIOllieHH5I, B KaTopbIx cBo6o.lI:HaH 3'HeprHH CH'CTeMbI MHHH'MlaJIb!Ha.

TaKHM a6pa3aM, B OC'HOBe -cneKalHHfI JIelli'HT ,lI,H{P 1 <PY3HH, aCJIO}I(HHeMaH

,rr,pyrn-MH 51�BneHHHMH, na,npa6Ho pa:ecMaTpHBaeMblMH B pa6oTax, na-

CBH11l.eH!HbIX rr,opoIllKOBOH M,eTaJIJIyprHH [19].

9. PaC1JeT HanpSl}l{eHHH H )I.e4JopMal.(HH
npH npec;coBaHHH MeTaJlJlM1JeCKHX nopoUIKoB

,B alli:HeMIIllHM na p'aMeTpaM, xa,paKTepH3.YIOllI.HM H3,lI,-eJIHH, naJIyqae-
-MbIe H3 ;MeTanJI'H'qe.CKHX nopolIllK,aB, HBnHeTCH rrapHcTocTb. ID.o3TaMY
'rrOH,CKal\tI 3aKOH8 ynJIaTHeHHH nopHcTbIX TeJI nOCB5IiIlleHO ,n!OBaJIb'H'O MiRa;

.-rIa H'OCJIe)):'OB8IHHH. Op�HrH'HaJIbH.oe 'p'eIIIeH.ae '3aJI;8'lJ ' H, o606III.alOllJ,.ee 3TH

I1'C'CJIe,n.aBa I HH5I, rnp.eJJ.JI'O}KeHa H. H. UeJIeCHIHbIM*.
MeTaJIJIHqe.CKHe napOiliKH a6.JIa,naIOT ,lI,BYMH :Ba}KHeHIIIIH-MH CnelII.H-

.aJIHHbIMH CBOM'CTBaMH: ,nHCKpe'DHOCTblO H C':>KHMaeMOCTblO. f1 pe)J.CTaBHl\tI
.N KaKHX-TO 06'beKl'aB. Dy,cTb 31"H 06'beKTbI '06JI8)J:8IOT cnoco,6H,OCTblO

nc:qe3aTb, npHqeM Bepa5lTHOCTb H'Cqe.3 I H.OBeHHH JIIO'6olro 06'beKTa B H.H-

'Tep:BaJIe !H'3'M.eHe'HHH )J.8BJI,eHM5I dp ,e.CTb 001 dp. ,Q'Olny,eT:HM TaKllie, q'T.a

HM.eeTCH !HeKHH Mexa I HH3'M, n,paBO,lI,HllI.HM K ina5l.BneHHIO HOBbIX '06'beK-

I C M:H p H () B B. C. 51 M B. M. XapaKTep ,B3auMo.neHCTB'HH 'CJIOH cbIuyqerO Ma-

TepHaJIa C 9JIeMeHTaMH YCTaHoBKH npH BH,6paI.J.HO'HHoM yrrJIc)'THeHHH. eI>iH3HKa H X'HM.HH

. o6p.a6o
'

T-KH Mer-aJIJI,Q'B. tll9�l, W2 �l, c. ;1 120.
* C'M 'H P IH'O B .B. C., U e JI e C H.H -H. H. 0 cpopMYJIe ynJIOTHeH:H5I nop.HcTbIX

.Ten. I13Be-CTH5I AH CCCP, MeTaJIJIbI, 19.62, N2 2, c. 195.
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TOB 3T'OrO p'OJI.a. T,3'KOe nOflBJIeHHe M.OllieT ,o6y.cnO:Bnl1 i BaTbCfI n'H60

«pOlli,neHHeM» OT Yllie n,p,nCYTCTBYIOlI(HX 06'beKT:Q'B, JIH60 B03'HHKHOBe-

HaeM, HOBbIX 06'beKTOB BM,eCTO H'Cqe3alOllI.HX 'CTapbIX. :BepOH'THOCTb

«pOlli,IT,eHHH» HOBoro 06'beKTa OT C)'IllI.eCTBY'IOllI. e ro B HHTepBaJIe ,lLaB.JIe-

HHM .dp ,o603 i HaqHM qepe3 (1)2 dp, a KOJIHqeCTBO HOBOHBneHHbIX 06'beK-

'T'O'B, ;KoTopbIe IITOHBJIHIOTC5I BMeCTO «'nOfnOcIlIHx»,
-

q.epe3 n,

TalKHIM ,OI6paI301M, .B H'HTe,pIBaJIe M3/M.eIHeIlIHfI .J(atBJIe'HHM dp HMee:M .c.JIe-

.,nYIOIlI.e.e: dN -

n8M.eiH!eHH ' e qH,CJIa 06'b l

eKTOB; Nffi1dp - KOJI'H'qeerHO

HIC'4:e3'HYBIIIHX 06'beK1'OB; N :?ffi2dp - 'KonHqeCTBO 06'beKTOB, pOlli,neH-

HbIX or
,_

cyrneC'f1BylOllI.HX; N ffirndp -

KOJIH'qeC'TBO 06'beKTOB, BHOBb no-

HBHBIIlIHX,CfI 3a 31'10 "Bp'eMH.
III OlI.'B 8II:e M' HTO r:

d N == N ill
2 d p + N illi n d p

- N 0)1 d P

MJIM d N = N [0)2 + ill
I (n - 1)] d p.

OTCIO,l(a N == No e-
[00 2 +- 001 (n

- I)] p.

1-lI1C�1'0 HC'4:e3alOlI(HX 06'beKTOB npHHHMalOT npOnOpll.HOHanb'HbI:M 06-

lI(eMY QIlcny 06'beK'fJOB H BepoHTHoCTH .HClJe3HOBeJH!HH Ka}KJ]:oro H3 HHX.

:B 'npoll.e.cce ynJIOTHeHHH nopoIIIKaH.Cqe3alOlIII.HMH o6ieKT8'M'H HB-

JIfllOTCH .nOpbI, II03TOM'Y 'nopncTocTb H3MeHHeTC5I Cne,lI,YIO'IlI.HM o6pa30M:

n = no e-
[00 2 + 001 (n

- 1)]
p.

OqeBH,n'HO, qTO ffi2==0, TaK KaK HOBble nopbI MorYT nOHBJIflTbCH

TOJIbKO B pe3ynbTaTe .LLpQ
I 6.neHHH 'CTapbIX. Cne�OBaTeJIbHO,

0= n o e-
001 '(n-l)p. (385)

.BeJIUqHHa n onpei('eJIHeT KOJIHqeCTBO nOIP, nOHBHBlIllHX,CH BMeCTO

aCqe3!HY.BlIIHX B HHTep'BaJIe ,,n8:BJIeHHH dp.
y,paB'HeHHe (.385) n,o,nTHeplliJI.aeTcH MHOrOqHCneHHbIMH BKcn.epH-

Me.HTaMH. OHO nOJIyqeHO TaKllie TeOpeTHqeCKH pH,nOl\1 HCCJIe.f(OBaTeJIeH,

KOTopbIe HCnOJIb30BaJIH JI.PY1rHe npe,lI,�nOCbInKH [10].
119 paa.eHcTBa (383) cJI,e,lI,yeT, qTO Ba'lliHeM'IllHM napaM1eTp H3,lI,en'HH,

nOJIyqeHHOrO TIOpOIllKa
-

nopHcToCTb
-

on,pe.rr.enHeTcH BeJIHqUHOH ,[(a13-

JIeHH5I p ,Ha e,nIH'HHll.'y .nOBepXlHOCTH uyaHCO!Ha.

,QJIH ;nopHcToro TeJIa B ICOCTOH�HHH CBo6o,lL:H-OH HaCbInKH, no

B. B. C'OKOJIOHCKOMyl, OC:HOBHbIMH ypaHHeHHHMH TeopHH nJIaCTHQHO-

CT'H H'BnHI01'CH ypaBHeHHH ,paBHoBecHH H 3aKOH, orrpe,lLeJIH'IOllI.HM COOT-

:HOIIlleHHe M,e:>K,llY HanpHllieHHHMH, ,cooTBeTcTBYIOllI.'HH y'CJIOBHIO nnaCTHq-

iH.OCTH J(JIH K,OM'naKTH.oro TeJIa:

iJ ax a-c
X Y

+ = psina;
ax ay

a a a-c
xlJ

+
y

=

p cas a; 'r n
= (jn tg p+K. (386)

ay ax

3.1I.eCb p
-

yroJI TpeHHH ,Melli�Y tIaCTH�aMH;

K -

'K09cp41HI�HeHT Cll.enJIeHH5I;

'a -

yr,OJI Ha!KJIOiHa ,OCiH x K rOp!H'3.0HTY.

I C 0 K 0 JI 0 B C K M M B. B. CTaTH-Ka cblnyqeM Cpe,lJ.bI. cI>M3MaTrH3, 1960. 243 c.

C MJI.
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Pacnpe,lJ,eJIeHae pa3MepOB <pOpMbI MeTaJIJIHQeCKHX qaCTH� KaK re-

IHepaJIbHOM cOBoKynHocTH OnI1CbIBaeT'CH 3aKOHOM HOpMaJIbHOrO pac-

npeJI.eJIeHHH ray.cc,:!. f1'03TOMY 3KBHBaJIeHTHbIH pa3Mep qaCTHi� nopOIll-
Ka M.O!}K'H'Q OlnlpetZI.eJIHTb KaK Ic.peJJJHea p'H<pIMeTHlqe,CIK'oe Blce,x pa.3

'

MepOB, 'CO-

CTaIBJI,HllOlmHX .reIHep'aJIbIHYIIO eOIBO;WyinIH'OCT'b. E'CJI'H ,paClTI'OJIOOKeIHiHe IqaICTHIII.

B n;pOCTpaHCTBe paBIHOBepOHTHO, TO, ,lJ,allie eCJIH qaCTHII.bI HMelOT pa3-
JIHqHbIe ,pa3M'e.pbI H <POPMY no pa3JIHqHbIM HanpaBJIeHHHM, MO:>K�HO OlliH-

,rr,aTb, qTO Ha e,lJ,HrHHII.Y ,lJ,nH-HbI no JIIO"6oMY Hanpa'BJIeHHIO npHXO,lJ,HTCH

npHMep'HO o,nH=HaKOBOe KOnH'4:eeTBO qaCTHlI.. C yqeTOM 3T-OPO "<paKTa
C. E. BHHOrpa)I,OBbIM paCCMOTpeH Bonpoc 0 B03MO}KHOCTH npHMeHeHHH
K ,,lJ,H'CKepTIHbIM TeJIaM MeTO,lJ,OB peIlleHHH 3a,lLaQ YII,pyrocTM H nJIaCTHq-

HOCTH, pa3pa6oTaHHbIX LLJIH ClInOlII.HbIX TeJI
t

. ,l:LJIH 3Toro He06xO:,lLHMO
HM"eTb 'KpHTe;pHM, n03BOnfllOllI.HH OII.eHHBaTb n,pneMJIeMOCTb TaKHX Me-

TlO,lI 0 B.

ECJIH BbIJLeJIHTb H3 06'beMa TeJIa Ky6HK 'CO CTOpOHOM I, TO BHYTPH
ero OK3'llieTCH HeKOTopoe KOJIHqeCTBO tIa'CTHII. n.opOIIIKa. DpHHII'Ma51 I

J(Q.CTaT
'

OI1.J 1 HO 60JIblIllH'M, MOlli,H'Q' OqHTarTb, q'fiO BI3H'TbI,e CJI-YlqaH'HbIIM 0I6pa-
.30M npo6bI 6YJI,YT .MaJIO OTJIHqaTbCH ,lLpy,r OT ,lJ,pyra no Becy. DrPH
YMeHblIlle'HHH pe6pa Ky6HKa MbI nonyqHM B np-e,lJ,eJIe nnOTIHOCTb paBH'oH
rrnOTHOCTH KOM!naKTHOro MaTepHaJIa (Co6bITHe A) HJIH paBHoM HYJIIO

(C06blTHe B). CJIe,lLQrBaTenbHo, ,lLH'CiKpeTHocTb Cpe,lLbI 6Y.lLeT npOflBJIflTb-
CfI npH onpe,ILeneHHOM OTHOllIeHHH rcpe.,lJ,HelrO pa3Me:pa qaCTHII.bI K pac-

cMaTpHBaeMoMY 06'beMY. E,cnH HeKoTropbIH xapaKTepHbIH
- nHHeMHbIH

napaMeTp I BenHK no cpaBHeHH'1O co epe,ILHHM pa3MepoM qaCTHiII.bI, TO

'cpe,[(y MOlliHO paCCMa'DpHBaTb KaK HenpepbIBHYIO. Te BenHqHHbI, KOTO-

pbIe MbI B ,lJ,aJIblHeHlllieM paCCMaTpHBaeM, npeTepneBalOT, C O,lJ,HOH CTlO-

pOHbI, JIOKaJIbHbIe H3MeHeHHH, 3aBH'CHllI.He OT paenpe,lJ,eJIe,HHH qaCTHlI.,

a C J(,pyroM
- OOllI.He, KOT,opbIe MbI HaXO.LLHM H3 ypaBHeHHM, H QeM

60JIbIlle paCCMaTpH-BaeMbIH yqaCTOK, TeM 60JIb ' Ille CrJIa,lliHBaIOTCH 31'i1

nOKaJIb'HbIe BJIHflHHH.

ICpe,lJ,rHHH pa3Me.p qaCTH'II.bI d, H Ky6 eo CTOpOHOM I MOlliHO pa.eCMaT-

pllBaTb COCT05lIl(IIM 113 ( � r 9JJeMeHTapHbIX 51QeeK, QaCTb KOTOpbIX

npHXO,lJ,HTICH ,Ha qaCTHqKH nopOIllKa, a qaCTb
- ,Ha nOpbI. CornaCHO Teo-

pelMe JIa(nnaca, IITp:H JI.rQlC'T�TO;qIHrO 60JIbillIO,M l}{'OJIH'qeCTIHe H I 3M ' e ' p.e,HHIH Be-

,pOflTHOCTb TOrO, qTO OTKJI9HeHHe OT cpe,lJ,HefI 'TIJIOTHOCTH He npeBblCHT

0, onpe,Qe.nfleTCfI IIO <popM'yne:
a

2

Q
1

S e-t2 d t
,

==

V :-
.,,, at

f,ILe

mi
- n p

(Xi =

Y2npq

I C M H P iH 0 B B. C., TI a B JI 0 B H. H., B H 'H 0 r p a .n 0 B C. E. TI pHMeHeHHe

B.a.pHalIJ.-HOIHIHOro npiHHiI.J.Hlna .JI.aHrpaIQJa J{ ;3a!)J.a:qa.M o6p.aI60'TK-H !.Zta'BJIeHH8M M.eT,aJIJIIH!tJelc-

KHX nop'OlliKOB. Tpy.nbI JITIH HM. M. H. KaJIHHHHa. NQ 315. M., «MallIHHocTpoe-

HHe», 1970, c. 10.
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3,lI,eCb q
-

Bep05lTHOCTb nOHBneHHH "C06bITHfI A;

p
- BepoHT"HOC'Tb 'nOflBJIeHHH 'C06bITHH B;

n -

q-nCJIO HCnbIT3.HHM, B ,lLaH!HOM .cnyqae qHCJIO SJIeMeHTap-

�HbIX HqeeK;

.mi - qaCT:OTa InOHBJIeHHH COObITHH A.

B \npHMeHeHHH .K paCCMaTpHBaeMOMY 'CJIyqaIO
-

KOJIHqeCTB-O HlleeK

B Ky6H'Ke, 3anOJI'HeHHbIX "BellI.e-CTBOM. f1YCTb e -

BepOH�HOCTb 'TI,OHBJIe-

'HHH 'C06bITHH A, 'B J(3iHHOM .cnY1.Jae OTHOCHTeJIbHaH nJIOTHOCTb� Tor,lla

COOTBeTCTBeHHO ,HH}KHee H Be.pxHee OTKJIOHeHHH OT ,cpe'zlHeM nJIO�HOC-

TH 6y,n:YT paBHbI:

ml
= n e (1 + �); m 2

= n a (1 - �).

,l:Lanee, :nYCTb In =.1-8 -

BepoHTHoCTb nOHBJIeHH5I eoobITHH B,
T� e. OTHOCHTe-JIb:HaH 'I1\Op'H'CTOCTb. Tor,na

n6� nO�
al

= + ; a
2

= -

1/2n6n 1/2non

Q
1

S e
-t 2

d t = � Q _ Q
_

Q (
11 e 6

)
H =

1/-

a.

2
[ .(a t ) (a.)] -

·

n a 1 1/ 2 n e n

B TeOpHH BepOH�HOCTH C06WTH5I CqHTaIDTCH OqeHb pe,nKHMH, eCJIH

BepOH'1':HOCTb HX nOHBneHH5J <'0,01, qeMY ICOOTBeTcTByeT 3'HaqeHHe

a== 1,83. TorJI.a BepOHTHOCTb OTKJIOHeHHfI 60nblIllero 6 6Y,lI,eT O'4:eHb

peJ1.KHM HBne.HHeM. ,f103TOM'Y MO:>K'HO IHanncaTb:

nfj�
a = 1 83=

,
.

V2nOn

OTcIDAa � = 2,63 -. r n
.

V nO

I1TaKKaKn=l-eHn= (� r. TO

3

()
. 2,63. y l-;-6 (f)2. (387)

010 .3TaH '<PopMYJI.e MO}KiHO ou.eH'HTb ,rrorpeIllHQoCTb, npH perneHHM
3a,ZJ:aq TeopHIi ynpyrocTH H �rrJIaCTnq�HOCTH, B03HHKalOIltylO H3-3a �H-

'CK,peT,HOCTH cpe,nbI npH n:pHMeHeHHH MeTO,lLOB, pa3pa
'

6oTaHHbIx ,lI,JIH

He:npepbIHHbIX ,cpe-,n.

a pH,lI,e pa60T 'noKa.3aHo, qTO .,ZJ:JIH 'rrpeccO'BaHHSI MaTepHaJIOB C He-

3'HaqHTeJIbHbIMH nOTep5lMH Ha 60KOBoe TpelHHe enpaBe,l(JIHBa 3aBHCH-

MOCTb:

(
V

)
n .

P
x

=c
. v

'

s

r,lLe p
-

J(aBJIeHHe InpeecoBa.HHH;
V x

-

TeKYllI.HH 'OO'beM 'npeccyeMoro ;nopoIlIKa;
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V 8
- 06'beM nOpOillIKa, npH KOTo.pOM Ha1JH!HaeT'C� 'DJI3CTHQeCKaH

J(ecplopMaII.HR 1JaCTHU.

TIpH J(IOCTH)I{eHHH .o6'beMa, paBHOrO BeJIHlIHHe V 8 -' J(3BJleHHe npec-
eOBaHHH J(.OCTHraeT npeJ(eJIa TeKYlIeC'T'H, T. e. C=(j8.' DpH ,I(aJIbHeM-

lIIeM InpeCCOBaHH'H JI.aBJIeHHe 'npeBbIllIIaeT 3 1 H3'lIeHHe 1(j8.

DpH npeCOOB3'HHH B 3aKpbITYIO MaT.pHUY H3MeHSIeTCSI TOJIbKO BbI-

V
x hx

COTa n'pe-Ccy'eMOIro pe6pa, T. e. =
-. ,[{eJISI H YMIHO)l{aSI 'COlIera-

V
s hs

HHe BbICOT Ha !Ha1JaJIbHYIO 'BbI'Cory �npeocyeMO.fO nOpOiliKa ho, HMeeM:

P (
� �

) n==C HJIH p=C ( �, �'
)

n.
ho hs hx ho

h h
0'603-Ha1JHM � = e xx ;

�
=e�. 0600lI.{aSI 3TH .BeJIHQHHbI, 3anH l meM:

hx hs
exx=ei ; P=(ji ·

TaKHM 06pa30M, MbI npHllllJIH K .BbIpa)l{eHH'1O (42) 'H3 rJI. III:

(
e.

)
n

aj = as e:
·

HTaK, ,3aJI.allH 'TeopHH nJIaCTHqHOCTH ,nJIH :n.opH,cTor.o TeJIa .CB-OJ(HrCH, C

'norpeJIlLHocTbIO 6, ,onpe,I(eJISIeMOM paBeH,cTB'OM (387), K 113Be-Cl'HOM H3

,r.JI. V 'CHCTeMe ypaBHeHHM
a (1

x
a 1:

xy
a (1

y
a 1:

xy

(
e.

)
n

+
- o. +

-- O. a l
e

= (j s

es

l

ax ay
-,

ay ax

-

,

H aHaJIOqH,HOM eM CHCTeM.e B UHJIHIH�pH1JeCKHX Koop�HHaTax. ID03ToMY
Bce ypaBHeHHSI, 'nonY1J.eHHbIe.B ;nY!HKTax 4 H 5, c-n,paBe,I(JIHBbI C Ino-

rpeiliHOCTbIO {, H )I.JISI IpaC1JeTa napaM'eTpOB npo.u.ec-ca npeocoBaHHSI Me-

l'aJIJIH1JeCKHX InopOIliKOB.

IOfLI1JCOIK J1J111E i PtA T.Y,PhI

!1. in e p JI H'H ,H. JI., ,E p .M a :H 0 IK M. (3. TeopH5I !BOJIO.qIOOH5I. M., «MeTaJIJIyp:rH5I»,
\19711. i4!48 c. C HJI.

2. C e 'B e p..z:r. e H K 0 B. n., /K 1M JI 'K 'H IH B. n. OOHOBbI TeOp'MM H TeXHOJIOnHiM BOJIO-

'tJeHH5I npOBOJIO!KM HI3 THT,aHO�BbIX ClnJI3IBOB. MHHCK, .<<:HaYKa H !TeX'HtHIK,a», 119170.

1203 c. C HJI.

3. IK ,p a.c 'M JI b � H IK '0 IB IP. lB. ,JI.e<po:pM,aIll.IHOHHbIH Ha l I1pe.B .H In,pOH.JOO.z:r.HTeJIbHOCTb 'BO-

JIOqMJIb'H'OrO OOo.py.noBaHH5I. M., .<�Me'TaJIJIYiP'rH5I», 1970. /167 c. C HJI.

4. C e B e p .z:r. e -H K 0 B. n., K JI 'Y 16 0 B'M q B. ,B., C Ten a H e H K 0 A. B. nP.OIKaT-
K3 1M IBOOOqeHHe 'C 'YJIbT:paI3By.KOIM. lMH'H!CK, <<lH,aY,Ka H 'reXHH\K.a», 11970. .261 !C. C HJI.

6. In e'p JI IH IH IH. JI. TeopH5I InpecooB,aiHH5I 'MeTaJIJIOIB. M., .«MeT 3JIJIY plrH 51 »: 11972.

,344 c. IC .HJI.

6. )K 0 JI 0 6 0 B B. B., 3 Be p e IB r. H. n'peCCOBaHMe MeT3JIJIOB. M., «MeTaJIJIYP-
InH5I», 119r711. 41515 c. IC HJI.

7. C � 0 rp 0 )I{ e B M. B., nOlI 0 B E. A. TeO'plMH o6pa60TK'H MeT3JIJI{)B .z:r.aBJIeHHeM.

M., <<lM,aJIllHIHOCTpoeHHe», 1197;1. 14124 Ie. C HJI.

8. non 0 B E. A. OC-HOBbI TeopHM JIiHCTOBOH IlliT8MnOBKH. M., «MallIMHocTpoeHHe»,
1968. 'QI84 c. C HJI.

9. B 51 3 H H K 0 B H. <1>., E p M a K 0 B C. C. MeTaJIJIoKepaMHqeCKMe M3TepMaJIbI H

H13.neJIH5I. 1M., <�alliH'Hoc''r.poe-HHe», 11967. 122{4 c. C IIJI.

lO. )K.z:r. a HOB M q r. M. TeopiHH npec.COBaHHH .MeTaJIJI,HqecKHX nopOlliKOB. M., «Me-

TaJIJI'yp:rM5I», 11969. 1262 c. IC iHJI.

312



11. C 'M 'M P .n 0 B B. C. C;60P.UHK 3a.z:r.alI no 06pa6oTKe MeTaJIJIOB .lI.aBJIeHHeM» M.,

<<lMeT3JIJIY'PTI1H», 119713. 11.9\2 ,c. C .nJI.

12. 4 11 }K (Ii K 0 B 10. M. Teopl151 no.z:r.06H5I 11 MO,lI.eJIHpOB8HHe npOI.J.eCCOB 06pa60TKH
:Me1T.8JIJIOB .n.,a,BJIeHl1eM. 1M., .«MeT.aJlJIyp 1 r,H5I», :19710. 11:25 c. C HJI.

.fi3. G.M.H P 'H 0 IB lB. C., rip III If 0 .p be IB A. 'K., K a tp a 11I Y .H Ie IK H H fA. JJ.. H JlP. MeTO.l1.

1U0.lI.OOH5I 'B 'TeopHH III;pOKa:TKH. J1., K<IH.aYKa», :19711. /1178 c. 'C HJI.

14. 11. e JI IH II{ 0 IB A. H., r p :I1 illI K 0 B A. H. TeoplHH npOKaTKH. M., «MeT8JIJI'YprH5I»�
.19:70. 300 c. C HJI.

16. '3la H II{ {);B M. lA. Pe.}KHMbI �ecpl{),p:Ma�HH IH Y'CHJIH5I np.11 ,rOpSDtIeH 'npOlKaTKe. IC,BoepJI.-

JIOB'CK, M., MeTaJIUlyp
l

rH3JJ.aT, :1900. 3012 !C. C HJI.

16. K O,JI 'M 0 r 0 p ,0 B B. JI. HanpHLKeHlHH, .z:r.e4>o,pMalI:HiH, p3apymeHHe. M., «MeT3JI-

JIyprH5I», 1970. 230 c. C HJI.

17. T e T e.p H H n. K. TeolpHH nOnepelIHO-BHHTOBOH npoK3TKH. M., «MeTaJIJJyprHH»,
1971. 368 c. C HJI.

18. rS 0 :p .0 :1{ IlJ. iQ B B. iK., in 0 JI Y X iH H in. H. <PoTOnJIa'C'TH ' lIHOCTb. M., '<�eT'aJIJIy.prH5I»,
�1t9;69. 400 C. C HJI.

119. IC:M H p If{ 0 'B lB. IC. TenpH5I :npOlKaT.KH. 1M., i<<JMeTaJIJI'YiprH5I», 11967. \41610 'C. iC -HJI.

20. Tap HOB C K 'H M H. 5I., J1 e B a H -0 'B J1. H., n 0 K C e B 3 T K 111 -H M. A. K OH-

TaIKTHbI€ 'Ha�rrlp5l}KeHHH npH nJIa I CTH l lIe'CK'OH .n.eJ<PoPM.3rII-HH. M., <<lMeTaJI.JIyplrHH», 1966.

279 c. C 1i.rI.

21. P 0 M a H -0 B C K H H S. n. CnpaBoIIHHK no XOJIO.lI.HOH llITa.MnOBKe. M., «Ma.mIH-

H,o:C'I;pOeHl1e», 197/1-. 7188 IC. C IIJI,



XlrJIaBa

KpaeBaSi 3aAaqa nJIOCKOH npOKaTKH

t. YCJIOBHSI 3aXBaTa

nO,I( eCTe.CT:BeHHblM Y'CJIOBUe'M 3aXBaTa nO,Z:LpaaYM,eB3'eT'C5I TaK'Oe, npl1

KOTOpOM B MOMenT 3aXBaTa :CKOpOCTb ,nocTynaTeJIbHOrO ,Z:LBl1'llieHI1H

nonlOCbI Ha i6e'CKOIH,e1JHO ManylO BeJII11JHHY MeHbllIe If'OpI130HTanb:HOM
COCTaBn5IlOIIl.eH OKPYlli:HOi1 CKOpOCTI1 BaJIK-OB (IOOBna,Z:LalOIIl.I1M eo

CKOpOCTblO n.on,OCbI no nan!paBJIeHHIO) 11 'B 'npe.rr.eJIe HX MO}KHO C1JH-

TaTb paBHblMH. CxeMa CHn, ,Z:Lei1,cT,BYIOIIl.HX ,co CTOpOHbI BaJIKOB Ha no-

noeYB MOMeHT ee 'c-o:npHKOCHOBeHH5I 'C BanKaMI1, H3.o6palKeHa Ha

p.nc. 136, a. Dipe)1,noJI,araeT,c5I, 1JTO ,J,HaM'eTpbI .11 OK'pY}KHbIe CKOp.OCTI1

BaJIKOB ,OJI.11'HaKOBbI. 3axBaT '6Y,I(eT oCYlI.{ecTBJI,eH, eCJII1 rOpI130HT3JIb-
HbIe ,COCTaBn5IlO!III.11,e 'CUJI HOpMaJIbHOrO ,I(aBJIeHH5I'P 6YJI.YT MeHblllIe

11JI11 (B np-e!(eJIe) paBHbI rOpI130HTaJIb-HbIM C-OCTaBJISIlOIII.HM Tx CHJI

TpeHH5I: .2P x -<' 2Tx.
3aII11:rneM ,Z:LBa ;n,pncTblx HepaBe.HcTBa:

P sin a. ,< T cos a.; tg a. < [13;

P sin a. ,< P [13 cas a.; tg a. -< tg �3'

r.n.e J.t3 H B3 -: 'KO!3 i <pcpiHI.{HeHT 'TpeH'I1SI C'KOJIb}K,eHH5I M,e}K,I(Y 'M.eTaJI-

JIOM 11 IIOBepXHOCTblO BaJIKOB npH 3aXBa1'e H yroJl

T-peHH5I;
a

-

yrOJI :3aXBaT3.

YCJIOB11e eCTeCTBeHHoro 3aXBaTa BbI , rJI5I)1,11T cne.lI.ylOIII.11M 06-11TaK,

pa30M:

a -< �3' (388)

T. e. .n.n5I 'ocy.lI.{eCTBJIeH11SI 3aXBaTa 'Heooxo):(.HM.O, 1JTo6bI ,YlroJI 3aXBaTa

6bIJI M.eHblIIle yrJIa TpeHHSI. 113 IpH'C. 136, a B11)I;HO, !qTIO "np11 TaKOM CO-

OTHOIlIIeHH11 'CYIIJ.eCTByeT fOpH30HTaJIbHaSI C11JIa Rx=== T x- P
x, 'C no-

MOIIl.blO KOTOpOH H oCYlI.{ecTBJI5IeTCSI 3aXBaT.

110cJIe .aaXB-aTa MeTaJIJIa nepe.1(H11H KOHeu. .nOJI'OCbI 06)K11MaerC5I

BaJIKaM'H 11 BbIXOJI.HT .3a npeAeJIbI loqara JI.ecpopManHH, Ha1JHHaeTC5I

npou.ecc Y,CTaHoBHBIlI.eH'CSI 'npOKaTKH. ill pH 'aTOM paBHO,Z:LeM:CTBYlOIII.a5I
HOpMaJIbHbIX CHJI P !n,pHJIO}KeHa ,f)J.:e-TO B CpeJI.rHeH qaCTH JI.y.rH 3aXBaTa
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'B T01JKe, KOTOpOH 'OOOTBeTcTByeT yron () (pHC. 13:6, 6). iBBe,I(eM B pac-

cMo�peHHeBenl1qHHY

..p = �, (389)
a

KiOTOpYID Ha30BeM Ka.3,<p�<pHu.HeHToM T01JKH mpHnollieHHSI .paB'HO.lI.eH1CT-
B'YIOIII.eM HOpMaJIbHOIf-O .n.aBJIeiHHSI. Y,cTaH-DBneHO, 1JTO T01JKa npHJIOllie-
HH5I paBHO,Z:LeMcTBYIO:r.u.eM OTCTOHT OT OCH BaJIKOB H.eMHOlro )J.anbllle,

3.

a

u

r
r5

PHC. 136. CxeMbl K BbIBO.II.Y yc-

JIOBHH 3aXBaTa (a), YCTanOBHB-

werOCR .II.BIUKeHIHI (6) Ii onpe-

.neJIeHHlO nOBepXHOCTH npe.nBa-

pHTeJIbllorO CMHTH5! (8)

1JeM TOllKa HeHTpanbHOrO !Ce.1JeHMfI, B KO'fOpOH eHnbI T,peHH5I MeHs:nO'T

3HaK H, 'C.ne,I(OBaTenbH'O, paBlHbI HynlO. Pa3nH1JHe B 'TI,OnO}KeHHH 3TI1X

T01JeK ;npH 06lliaTHH B 80 0
/ 0

!

He npeBbI'rnaeT 5--1'0'%, a 'npH 06}1{aTHH

50 %
- 3--6 % *. Ho 3Toro OKa3bI'BaeTC5I ,Z:LOCTaT01JHbIM, QT06bI B TOll-

Ke npHnO:>K.eHH5I paBHO,Z:LeMcTBYlOI.IJ.eM HOpMa.JIbHOrO ,Z:LaBneHH5I CY1III.eCT-

BOBaJIH CHnbI 1Ip'eHH5I, COBna,Z:La'lOIIl.He C ,HanpaBneHHeM InpOKaTKH. Ec-

JIH B nepBOM 'TI'pH6nHllieHHH npHIH5ITb, 1JTO M.e}K.,Z:Ly HOpMaJIbHbIMH H Ka-

CaTenb'HbIMH C'HnaMH CYIII.eCTByeT 'COOTHorneHHe, o-n,pe,rr.eJISIeMOe 3aKO-

HOM ,cyxoro TJ1�HH5I, 1'10, aHaJIOrU1JHO np,e,IT,bI,Z:LYIII.eMY, nonY1JHMCne-

JI.YIOiIII.ee :C-OOTHOIrneHHe, xa p aKTepH3YlOIII.ee YCJl'OBHe y,cTaHoBHBlIIIei1'C5I
CTa,Z:LHH 'npOKaTKH:

tg � < p.; � � p,

*
K 0 p 0 JI e B A. A. HOBbIe HCCJIe,lJ,OBaHH5I ,lJ,e<!>opMalUIH MeTaJIJIa rrpH npOKaTKe.

TpY.lI.bI UHHHTMAIIl, iBbI.II. 53, MarnrH3, 1953.
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r.ne J.1 H �
-

K03cpcpHI1.HeHT TpeHHSI H y,rOJI TpelHHSI npH YCTaHOBHB-
'lIIeH'CSI 'npOKa'TKe.

E'cJII1 'B ;nep'BOM npH6JIHlli,eHHH 'TI ' pHH5ITb TaK:>Ke, liTO TOllKa 'npHJIO-

:>KeHHSIpaBHOJI.eMCTBYlOI.IJ.eM !HopMaJIb.HOrO ,Z:LaBne.HH5I HpHJIO:>KeHa B ce-

fpe,Z:LR-He 'yrJIa 3aX'BaTa, TO YCJIOBHe YCT3'HOBHBIIIeM'CSI CTa,Z:LHH inpOKaTKH

6Y:,Z:I:eT HMeTb B'H,u.:

a < 2 �. (390)

TIoCKOJIbKY J.1===tg�, TO HS C-OOT,HIOIII,eHHH (390) 'CJIe,u.yeT, liTO YCJIOBHSI

Y'CTaHOBHBlIIeM,CSI 'npOKa'TKH 3aBHCSIT OT BeJIHlIHHbI K03\CPlcpHl(He.HTa Tpe-

:HHSI, KOTOpbIH nO,Z:Lq"UHSIeTCSI 3aKOHOMepHOCTSIM, O'HHCaHHbIM B If-JI. 7, 11,

'CJIeAOBaTeJIb!HO, IH3MeHSIe'TCSI C H3MeneHHeM 'ycnoBHM npoKaTKH.

,I:(JISI onpe,Z:L:eJIeHHSI KO!3 I cpicpHI1.HeHTOB TpeHHSI npH npoKaTKe npe,Z:LJIo.,.
JK;eH'O 60JIbilliOe lIH'CJIO MeT'O.ll:OB. C.paBHeHHe nOKa3an l O, liTO 3TH MeTO-

J(bI ,Z:LalOT XOPOIIIIY,IO CXO,Z:LHMOCTb pe3YJIb'TaTOB, eCJIH OTHOIIIe.HHe �JIH-

RbI oqara .necpopMa�HH K cpeJ(HeH "BLICOTe er,o ilh > 4*� OnbITaMH

Y:CTaIHOBJI.eHO, :lITO KO�cpcp'HI1.HeHT Tpe-HHSI B YCTaHOBHBIIIeM.CSI .CTa,Z:LHH

TI.pOKaT"KH MeHb'IIIe, IIeM npH :3aXBaTe. :H,eCMOTpSI oRa 3TO, y,C.JIOBHSI ,I(JISI

ocylU.eCTBeJIeHH5I YCTaHOBHBIIIeHCSI 'CTa,Z:LHH r'OpSI1JeM 'np,OKaTKH 06bI1JH ' O

Bce llie 60JIee 6JIarOnpH5ITHbI, 1JeM JLJI5I 3aXBaTa.

llpH y.n.ape n'OJIOCbI 0 BanKH npOH'CXO,I(HT ICMSITHe IropH30HTaJIbHbIX

KpOM'OK ee nepe,Z:LHerO KO'Hua. KaK 'CJIe,Z:LyeT H3 'pHC. 1=36, B, IfOpH30H-
TaJIh-HaSI 'npOeKUI15I x nOBepxlHocTH nlpe,Z:LBapl1TeJIbiHOIrO ,CMSITHSI ,S MO-

:>KeT .6bITb onpe,Z:LeJIeHa H3 ,cJIe,Z:LYIOlU.l1x reOMeTpH1J.ecKux 'COoTHOIIII'eHHH

( p H'C. 1 3:6, B) :

x = 1 - [' = � D sin a - � D sin cp � � D (a -. cp) = � D 6.
2 2 2 2.

.BBOJ(5I B paOCM'Q1'IpeHHe 'CpeJlJHIOIO 'CKo.pOCTb n'OJIOCbI Ha Y1JaCTKe x�

KOTOPOMycooTBeTcTByeT npOMe:>KYToK BpeMeHH �t, nonyqHM:

X = � � t.
2

C HCnOJIb30BaHI1eM J(BYX nOCJIe,Z:L:HHx CooTHoIIIeHHM yroJI, ,COOTBeT-

CTBYIOIII.HM nJIoill.J.aJ('Ke CMSI'THSI, MIO:>KIHO HaMTH H3 .paBeuCTBa:

e =
Co � t

D

TaKII1'M 06pa3;OM, yr,oJI 'CMSITI1:5I npSIM'o lup,onopnnoHan'en CKOP'OCTH
rro.n.a1JH nOJI,ocbI, npoMelliYTKY BpeM'e-HH, 'B T61JeHl1e KroToporo npoHcxo-
,Z:LHT :CM5ITHe KpOMOK, H ,o6paTHO in ' pOnOpI1.HOHaJIe.H ,Z:LHaMer.py BaJIKOB.

PaC-qeTbI nOKa3bIBalOT, 1JT I O npH npoKaTKe cnHTKOB 'K'pyin,Hblx 'ceqeHHM

yroJI 'CM5ITH5I M'O:>K'e'T JLOCTH.raTb ,BeJIH'1JHH, JIe:>KalU.Hx B npe,Z:LeJIax OT O,Z:L-

H.Q!H 1Jen1BepT-H �o OUI.!HOH ITlpeTH' IYlrJIa ,3
'

aX!Ba I T,3-. ,OT'OIOlJI.a ICiJI8JIjy
, e I T, rQ1'!O HIO-

BbIII.I1eHHe 'CKOpOCTH nO,Z:Lall,H MeTaJIJIa 'B BaJIKH MO:>KeT 6bITb H'CnOJIb3 I O-

salH'O IB IKa1q,etCITIBe 'cpaIKTOlpa, I)'iBeJlIHltJrUHa'IOIII.,er.n :)'IrOrJI .3aocIBa'Ta, a o.met1l.olBa-

TeJIb'HO, H np-oH3BQ.,l(HTenb'HOCTb 'npoKaTHoro 'CTa!Ha 3a 'CqeT YBeJIH1Je-

*

TeOpH5I npOKaTKH. TIO.lI. pe.z:r.. A. TI. q e!K M 8 P e B a M. MeTaJIJIyprH3.lI.8T, 1962.
739 c. C HJI.
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HHSI BeJIHqHH '06lliaTHM. MaKCHManbHO JJ:OnYCTHMbIe yrJIbI 3aXB3T3, nc

J(.3IHIHbIIM A. 11. �eJI'HK'0IB3 [2], lXaiP3IK'fIepH!3YllOTlCIH Ic.JI,etLlYllOlIIl.HI�fH .Be-

nH:qHHaMH:

CJIyt.JaH npOKaTKH YrOJI 3aXBaTa, pav'
( rpaJ:O

XOJIO,lJ.HaH npoK8TKa CT3JIH H .n.pyrHx MeTaJIJIOB C no,n-

JKaTHeM BaJIKOB nOCJIe 3aXB3Ta:

co CMa3KOH H3 XOpOIllO llIJIH<poBaHHbIX BaJIKaX .0,05-0,07 (3-4)
6e3 CMa3KH Ha rpy6blx BaJIKaX . .0,09-0,14 (5-8)

rOp5lQa51 npoKaTKa:
CTaJIbHbIX JIHCTOB . . . . . . . . . . . . . .0,31-0,38 (18-22}
aJIIOMHHHH npH 350

c

C . . .
.

. . . . . . . .0,35-0 ,
38 (20-22)

HHKeJIH npH I 100
c

C H MeJIbXHOpa npH 950
c

C .. 0,38 (22)
JIaTYHH J162 H J168 npH 800

0

C . . .
. . . . .0,37-0,42 (21-24)

CT8JIbHbIX COpTOBbIX npo<pHJIeH . . . . . . . .0,38-0,42 (22-24)
Me.n.H npH 900

0

C .............. 0,47 (27)
CT3�bH�X npo<pHJIeH B BaJIKaX c HaCeQeHHOH pH�JIe-

HOM HJIH HaBapeHHoH nOBepxHocTblO . . . . . . .0,47-0,59 (27-34)

2. OnepeLKeHHe H OTCTaBaHHe

'CK'OpOCTb nocTynaTeJIbHOrO ,Z:LBH}KeHHSI KOHu.a IIOJIOCbI, BbIXO;1.HIIIl.e-

ro H3 BaJIK-OB, 60JIblIIe, lIeM ,OKpY}KHaSI CKOJpOCTb BaJIKOB. 3TO SI!BJIe-

HHe nOJIyqHJIO Ha3BalHHe ,onepe}KeHHSI. :CKOpOCTb 'llOcTynaTeJIb'HOro.

J(BI1}KeHI1SI K'oHu.a .nOJIOCbI, BXO,il.SIIIIl.ero B B3JIKH, MeHBllIe ropH30HTaJIb-

!HOM 'COCT8'BJISI 1 1OIIl.eM .OKPY}KHOM CKOpOCTH BaJIKOB. 3TO SIBJIeHHe 'nOJIY-

lIHJIO H33-BaHHe 'OTCT3Ba'HHSI.

.Onepelli�HHe H OT'CTaB3HH.e 5lBJISIIOTC51 pe3YJIbTaTOM OCa.,lI,KH nOJIO-

ICbI InQ 'BbIICOT-e IB InIP101u.e.oce, le,e ,n'p'OKaT1K1H1: 'UpH" IO\O}KaT,H'H' !nOJI'OCbI' IMeTaJIJI:

TI'epeMelI.{aeT"cSI C neKoTop'OM CKOpOCTblO BnpaBO H BJIeBO OT IHeMTpaJIb-'
Horo CelleHHSI N N (,pH'C. 137, a). B 30He onepe}KeHHSI If-OpH3:0HTaJIbH35l

.COCTaiBJISIIOIII.aSI 'OKIPYlliiHOH CK'OP'OCTH B3JIKOB 'CY'MM'HipyeT'cSI ,C 1'0pl1-

3'OIH'T alJI blH'OM IC OCT a:BJI�10Iil.'eM 'CK'OjP'QlC1'1H' [I'ep,eM.elI.{ eIHIH:SI !M elT a JIIJI aI, IBOl3IHI}I'-

K310 1II.{ero 'npH ero '06}K3THH no BbICOTe. l103TOMY B 30He o.nepellieHHH

Ha nOBepX'HOCTH 'KOHT3KTa .CKOp.OCTb M'eTaJIJI3 60JIhllIe C"KOpOCTH B3JI-

-KOB. !B 3-OIHe OTCTaB3HHSI H3 .r0!p-H30HTanbHOM C.OCTaBnSIlOiIII.eHOKpYlli-
HOCTH 'CKOpOCTH IB3JIKOB BbIQHT3eT'CSI ropH30HT3JIbH3SICOCT3BJISIlOlU.3a

'CKOpOCTH 'nocTyn3TenblHoro nepeMeIII.eHHSI MeT3JIna, 'B03HHKa'IOIIl.ero

npH ero '06}K3THH Ino BbIC'OTe; ,n03TOMY B 3-0He OTCTaBaHHSI na nOBepx-
H"OCTH KOHT3KT3 CKOpOCTb MeTaJIJI3 MeHblilie 'CKOpOCTR B3JIK'OB,

.Onep'ellieHHe H OTCTaB3HHe .np-H npOK3TKe B 3Ha1JHTeJIb!HOH Mepe'

O'npe,Z:L'eJISIlO'T X3paKTep pacn�pe,Z:LeneHHSI H BeJIH1JI1HY KOHTaKTHbIX Ha-

npSI}KeHHM, 3 T3Kllie BeJIHqH'HY YIlIHpeHHSI 'npH 'np.OK3TKe.BennQHHbI:
,0nep,ellieHHSI H OTCTaB3'HHSI Heo6xoJI.HMO onpe,Z:L'enSITb ,Z:LJISI npaBHJIb!HO-
ro IpaC1JeT3 'CKopOCTeM BXO,Z:L3 H BbIXO,Z:La nOJIOCbI H3 B3JIK ' OB HenpepbIB-
HOIro 'CTaHa, ,il.JISI Toro 1JTo6bI H36e}K3Tb 1Jpe3M'epHoro H3TSI}KeHHSI Hnn

06pa.30'B3HI1SI neTeJIb Me}K,Z:LY KneTSIMH .HenpepbIBH.oro "CT3H3. flocJIe.rr.-,
Hl1e MorYT npHBeCTI1 K H3 PYlIIeHHSIM T,eXHOn,OrH1JecKOrro npon:ecca,.
3B3PHSIM, 3 T3K}Ke K 06p330B3'HHlO ,Z:LecpeKTOB npOKaTbIB3eMorro I\1e-.

T3nJIa.



B.cneJ(CTBl1e Hep aBHOMepHOIrO '06lliaTH5I !no ..lI.JIHHe 01Jara JI.e'4>op-
-MaI.{HH IHeMTpaJIbHOe Ce1JeHHe CM.elI.{eHO OT CepeJ(HHbI ,I(yrH 3aXBaTa K

'-CetIeHHlO BbIXO,Z:La.

,ll:PH on,pe..rr.eJIeHI1H onepe}KeHH5I 6Y,Z:L,eM H'CXO,Z:LHTb H3 ,npe,Z:LITOJIOllie-
--HH5I, 1JTO fHnOTe3a nJIOCKHXCeqeUHM 'cnpaBe,Z:LJIHBa, T. e. r'OpH3-0HTaJIb-
:HbIe COCTaBnHIOIII.He BeKTopa 'CKOP'OCTH paBHOMepHO paenpe.ll.eJIeHbI no

:BbICOTe I10JH?CbI 11 30Ha npHJIHnaHHH OTCYTCTByeT. 3TH YCJIOBH5I npM-

To

I

i j
iN.

I
I

j
a

/0

x

PRC. 137. CxeMhI K BhIBOAY
.cl>oPMY 11:

a -

orrepe1KeHHH; 6 -

KpHTHtJ:e-
CKoro yrJIa; 8 -

onepe:>KelUl5I C

)iQeTOM HaTH1KeHHH

6JIH}KeHHO 'C06JIlO,I(alOTCSI np'H np'OKaTKe nHCT'OB H JIeHT. LLJISI 3Toro

cnY1Ja5I BeJIHlIHHa .onep.e:>KeHHSI ,np:e,Z:L'CTaBJISIeT HaH6onb 1 IIIHM' HHTep�c.
3aTIM'llle:M Y,CJIOBH'e nOCToSIIHCTBa IceKYIH,Z:L'HOTO 06'beMa, 'TI,POXO)J.SIllI.{ero

:n:PH npOKaTKe 1Jepe3 neMTpaJIbHOe 'Ce1JeHHe N N H .ceqeHH.e BbIXO,Z:L3,

'C1JH'Ta5I ,rr,ecp'opMaU.HlO nJIOCKOM (pac. 137, a), T. ,e. npHHHMaSI, qTO

,b
v

=== b I; hv C
v

=== hlci.
�B iHeHTpaJIbHOM Ce1JeHHI1 CKOJIh}KeHHSI MelliJI.Y nOBepXHOCTSIMH 'nOJIOCbI

'M BaJIKOB HeT, n03T 1

0MY 3.,Z:LeCb rop.H3"OHTanb
'

HaSI 'COCTaBJISIlOlI.{aSI 'CKO-

P'OCTM MeTanJIa H OKpY}K,Ha5I 'CKOpOCTb BanKOB CB5I3aHbI 'C-OOTHOIIIIe-

HHeM:

'C
v

=== c cas y,

T,Z:Le l'
-

yrOJI, COOTBeTCTBYlOIII.MH HeHTpaJIbHOMY 'Ce1JeHH'lO.

Y'C�TIOBl1e nOCT05I.HCTBa ceKYH,Z:LHoro 06'beMa 3anH'lIIeTCSI B CJIeJ(YlO-
IIJ.e�1 'BI1,Z:Le: hv C cos y

=== hIc!.

_

Cl
_

hvcosy
OTKy.ua

c hI
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Onepelli.eH,He S 6Y,Z:L.eM xapaKTepH3'O'BaTb Y;:LeJIbHOH pa3HOCTblO CKO-'

p'OCTI1 Cl IIOJIOCbI Bc-e-q,eHHH BbIX'O,I(a ,H OK:PYlliHOM C'KOP'OCTblO BaJIKOB C"

T. e. BeJI}I1J.HiHOM OTIHOC'HTeJIbHOM CKOpOCTH IIOJIOCbI H BaJ1KOB:

S =
CI--C

= �- 1. (391}
C c

h cos y

CJIeJ(oBaTenbHo S =
y

.- 1.

hI

A.6COJIIOTH'Oe 06}KaTHe nOJIOCbI Me}K,Z:LY HeHTpaJIbHbIM Ce1JeHHeM R

Ce1JeHHeM BbIxo.rr.a p3'BHO

I1hy = D (1 -cosy).

O�TlclOll(a IBbI\COITa ,n,OJI.()JCbI IB IHe'M'Tp alJI'blH.OM ,celq,eIHH"H

hy = hI + D (1 - cas y).

l103TOMY onepe}KeHHe MIO}KHO .BbI1JI1CJII1Tb IIO q>opMyne:

S =
[hl + D (1- cosy)] cosy

_ 1. (392)
h l

3TY rcp'opMYJIY (oHa BbIBe)1.eHa ,C. <l>HHKOM) Ha30BeM TOqHOH (B
npe,rr.eJIax Y'IIOMSIHYTbIX 'BbIIIIe ,rr.onYlI.{eHHH). nOCJIe npOCTeH'IIIHX rrpe-

o6pa3-C?�aHHM OHa IIpH06peTaeT BH.rr.:

8 = (I-cosy) ( � COSy-I}
,DpHHHMa5I BO BHHMaHHe, 1JTO

2 2

1 - cos Y � L. cos l'
= 1 - l

2
'

2
'

nOJIY1JHM

,\,2

[
D

(
)'2

) ]8=2 h:
1-

2
-1.

Dp,eH'e6pera5I qeT-BepJ'iOMCTeiIIeHblO '\' KaK BeJI.H1JHHOM MaJI-OM, nOJIy-
1JHM OT'CIOJ(a ICPOPMYJIY 3KenYH,Z:La:

S=L (
� -1 ) . (393)

2 hi

npH npoKaTKe JIHCTOB H JIeHT OTHOIIIeHHe D/hl IHa ,Z:LBa-TpH nop5I,Z:L-
IRa !OOJfblllJ;e Ino IqpaBIH.etHHlO.C e/JI.HIHHll:e'H. n'03TO�MY IMIO,}K'H'O !IIIOJI.Ij30iBarblO5I

H TaKoM npH6JIH}KeHHOM CPOPMYJIOM, 'H3BecTHoM B JIHTepaType KaK

cpopMYJIa ,[(pe3,Z:LeHa
- A. <1>. r,onoBHHa:

D
S = -1'2. (394)

2 h l
/

no 3TOM CP'opMYJIe 'CJIe,Z:LyeT, 1JTO OIIepe}KeHHe YBeJIH1JHBaeTC5I e

pOCTOM HeMTpaJIblHOrO yrJIa, ,Z:Ll1aMeT:pa BaJIKOB H 'C YMeHbIIIeHHeM 'BbI-

.COTbI IIOJIOCbI. MHOr01JHCJIeHHbIe HCCJIe,Z:LoBaHHSI IIoKa3bIBalOT, 1JTO Ka-.

'IIeC'TBeHHoe H KOJIHlqeCT'BeHIH'oe c.oBna',il.etHHe OlnbI1"HbIX .LI.aHHbIX Ii -pe-
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"3y.JIbTaTo.B pa ' C1JeTa no cpopMYJIaM (13.gQ) - (394) MO}KIHO npH3HaTb YJI.OB-

.neTBOpHTeJIHHbIM, .eCJIH pellb HJI.'eT 0 n.p.o'KaTK'e ,lI.OCTaTOII,HO TOHKI1X no-

,JIOC -H neHT, Y KOTOpbIX OTHOI.UeHHe ,lI.JIHIHbI O1Jara ,I(e<po.pMaUHH K ero

'�pleJLtHeH BblOOTe paBtHO 5-16 H 60nee.

3a '

nHilieM BblpallieHHe :9JIeMeHTap'Horo 06'beMa, .CMelI.{aeMOIro no

HanpaBneHHlO .n:pOKarKH cnpaBa OT HeHTpaJIbHOrlO 'Ce1JeHH5I, T. e. .B 30-

Hie onep eilli'eH HI5I, �K alK

.dV l y
= \/y �.

l

113 Y.CJIOBH5I nOCT05IHCTBa 06'beMa JI.JI5I cJIY1Ja5I nJIOCKOM AecpopMa-
�HH CJIe.LI.yeT:.

I dh
-----

I h

dh
'TaKHM 06pa30M dV lV

= - V
v

-.

h

OTIClO,lI.a

Vyln :: =

Vyln( hl+h�hy ) =Vyln(l +

B.ocrrOJIb30BaBIIIHcb p a 3JI OllieHHeM JIor a p I1,CP M a

�h

V roo../ 11 V

lvroo../ rv
.

hi

06:>KaTHe B 30He onepe}KeHH5I paBHO

D
2

!1 hy == D (1
- cos y) == D 2 sin 2 l =�.

2 2

TaKHM ,o6paaOM, 06'be.M, CMelI.{aeMbIM B 30He onepe}KeHH5I no Ha-

npaBJIeHHlO npoKarKH, ,on ' peJI.eJIHTC5I KaK

DV
2

VlV==V V
-.

2h i

V Dy2
OrclOAa -� == ( 395 )

V 2 hi
Y

� hy
'

)
.

hi

B P5I,I(, nOJIY1JHM:

.HJIH
Vi V

== s.
V

y

PaccMaT,pHBa5I .paBe.HcTBO (396), y6e}KJI.aeM'C5I B TOM, qTO OTHOIIIe-

iHl1e 'OO'beMa, 'CMelI.{aeMloro .no ,HanpaBJIeHHIO npOKaTKH, KO BceMY 060-

eMY ,B 30He .0nepellieHH5I 1JHCJIeHHO paBHo BenH1JHHe onepe}KeHH5I. 113

paBeHcTBa (13
1

95) cJIeJJ.yer, 1JTO OTHOIIIeHl1e pacTeT C pOCTOM JI.HaMeTpa

BaJIKOB, HeHTpaJIbHOrO Y1rJIa H ,C YMeHb'IIIeHHeM KOHe1J.HoM BbICOTbI no-

JI.OCbI nOToMY, 1Jro npH aT,0!Yl YBenH1JHBaerC5I 06'beM, CMeIII.aeMbIM no

J(JIHHe nOJIOCbI B 30He onepellieHH5I.

(396)
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;B 'CP'OPMYJIbI (3'92) �(395) BXOJLHT yroJI .onepe}KeHHSI ,\" COOTBeT-

cTByrOrrlHM HeMTpaJIbHoMY .celfeHHlO INN, SIBn5IIOIII.e¥YC5I. rpaHHueM
Me}K,ILY 30HaMH one,pellieHHSI ,H OTCTaBaHHSI. BeJI'l1l1I1HY 3Toro yrna
MOlliiHO 'HaMTH, YlIHTbIBaH y,cnoBHbIe paBHOBeCI1SI CI1JI. DpoeKTHPYSI Bce

CHnbI, npHJI'O}KeHHbIe OT BaJIKOB K npoKaTbI'BaeMoH. HOJIOCe (pHC.
137, 6), H3 O�b npOK3TKH H npHpaBHH.BaSI HX nYJllO, nOJIYlIHM:

� V a

.r p sin (j) r d (j) + .I p p. cos (j) r d (j)
-

S p p. cos (j) r d (j)
= 0

� 0 V

a V \a

HJIH - COS (j) I + p. sin (j) I
-

p. sin _(j) I
= O.

Q 0 v

OT'ClO,ILa nOCJI.e .npocTbIX npeo6pa30BaHHM n'OJIYlIHM H3BecTHYlO CPOPMY-
JIY H. M. ,0 a"B"TJOBa:

sin a 1 - cos a

SIn y
=

2 ?ft

3aMeH5I5I .3H:aIleHHe 'CHHYCOB yrJIaMH B pa,ILHanaX, UOJIYlIHM CJIeJ(YlO-
.,

!III.YlO npH6JIHllieHHY I lO .cpOPMYJIY:

Y===� ( l-
a

) . (397)
2 2J.;t

3aBli-CHMOCTb )'IrJIa onepellieHI1SI OT YlrJIa 3aXBaTa a xapaKTepH3Y-
eTC5I BbInYIKnOH K'pHIBOH. MaKCHMY,M 3TOM KpHBOM .nerKo HaMTlI1 H3

y,CJIOBMSI dyjda===().
3TO YCJIO'B'ue )l.aeT, 1JTO' MaKOI1MaJIbHOe 3IHa1JeHue. onepe}K'eJH'H5:I HM'eeT

M,ecT'o, K.orJI.a yr-OJI 3aXIBaTa paBeH KOr31cPcpiHr(neHTY 'fipeHH5I: a= f..t.

!LaJIee, -C'1J'HTaR '\' =0 H3 ypaBHeH'H5I (3H7), nOJIY1JHM 3.J1aQeHH5I yr JIOB

3axB3Ta, np-Ii KOTOpbIX onepellieHHe '06paiIII.aeTC5I B HYJIb: a ===0;

a=12J.t. .

PH.C. 1'38 H3IrJl5I,ILHO HJIJIlOCTpH'pyeT 3aBHCHM.OCTb yrJIa onepe}Ke-
.�HI1'5I -aT .K03cp'cpHl1.HeHTa TpeHHSI H yrJIa 3aXBaTa BO BceM H;HTepBaJIe HX

H3MeHeHH5I. IB npe,ILenax 0 -<.0. -< J.t OCYlI.{eCTBJI5IeT'CSI Y'CTaHOBHBlI.l1HH-
C5I np'0�ecc npOKaTKH 6e3 6YKCOBaHM5I. B

T

HHTepBane 1-1 < a. < 2 1-1 Ha6JIlO,ILaeTC5I
010

Yllie 1JaCTM�Hoe 6YKCOBaHMe MeTaRna B
�

BanKax. n pl1 a=2J.t, KOrJI.a yrOtH onepe-.
:>KeHH5I CTaHOBI1TC5I paBHbIM HynlO, oqar

0,05

JLecpopMaUHH BKnlO1JaeT TORbKO 30HY
'CKOJIb}KeHI15I

-

H3cTynaeT SIBneHHe non-,

Horo 6YKCOBaHH5I, IIPM KOTOpOM IIonoca

H.e nOJIy'qaeT nocTynaTenbHoro ,il.BHLKe- PHC. 138. 3aBHCHMOCTb yrJIa onepe-

HH5:I, XOT5I. BaJIKH H, B p aI.I.I.aIOTCSI.
>KeHHH OT yrJIa saXBaTa H K09el>-
4»HII.HeHTa TpeHHH

3anHlli'eM Tenepb yCJioBHe n ' OCT05IHCT-

Ba CeKYH,ILHbIX 06'beMOB npOKaTbIBaeMOM nOnOCbI �n5I Ce1JeHH5I BXO,il.a II

BbIXO,[(a: hoco"=,h1CI HJIH

hI
Co === C 1 -.

ho

o,J

0,1 0,2 0,3 0,'1 0,5
eX
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TaKMM 06pa30M, CKOpOCTb BXO,na nOJIOCbI B BaJIKH paBHa CKOpOCTH

BbIX'O,na nOn'OCbI H3 'BaJIKOB, JLeJIeHHOM na Koe4)1�H�H.eHT BbITSI>KKH, KO-

TOp'bI;R \JI.JIiH ICJIryllaH :1I\JI,OiCK'ori1 JIjet�IOIPIMaIIIJI1\H p,alBelH

), = �. (398)
hi

Tor.na Co = cI/A. (399)

OTcTaBaH'H.e II,PH npoKaTKe .6YJI..eM x-apaKTepH30BaTb paI3eHCTBoM:

co-c_ co
_ I

/

SOT== -

·

.

C C

Ha -OCHOBaIHH:H ypaBHeHHSI (399) .HMeeM:

SOT = � Cl
- 1.

A C

-Bo 11"3.paa-e
i HcTBa (391) ICJIeJ1yeT, liTO

� =S+ 1.
e

n ' 03TOMY

SOT=
8+1

-1 = �(S+ 1)-1
A ho

HJIH SOT =

( 1 -

�: ) (S + 1) - 1. ( 400)

l1c-cJIe,nIYH ypaBHeHH.e (399), MO>K,HO HaRTH, 'IITO OT'CTaB3'HHe YBe-

nH'lIHBaeT,CH IC pOCTOM .o6>KaTHH H YMeHI>llIeHH.eM ,onepe}l{.e.H.HSI.

STY 3aBH'CHMOC'Tb JIer�o nOHHTb, .paCCM�Tp'HBaH OTHOIllIeHHe o6'be-

Ma, 'CMeIIJ.aeMOf'O npoTH'B ,Ha,n,paBJIeH'HH 'npOKaT-KH, KO .Uc.eMY 06'b�MY
B 30He OTCTaB8:HHH [3, 'C. ,2 1

48].
[lOJIY'lI.eHHbIe 3a�'H'cHM'OCTH ,HaX'OJI.H'T,CH B' 'COOTBeTCTB-HH ,C O'lIbITHbI-

M,H ,naHIHbIMH. Ha pH-c. 1,39, a
l

npH'Be,neHa 38'BHCHMIOCTb onepe>KeHMH
OT ;:I:HaMeTpa 'BaJIKOB. :B DCHOBe 3TOM 3aBH'cHMOCTH JIe>KJH'T TOT �aKT.
lITiO IC Ip'OICTOIM lllHraIM'e1lP'a IBaJI1�()jB ''YIBeill.Hrq�IBaemC!H 1Q16'be!M, IOM,elw.aeMbIIj:r B.

Han,paBJIeHHH :lIpOKaT'KH, .:3�0 ,H npH"Bo,nHT K YBeJIHII.eUH'1O .onepemeHHH.
113 pHC. 13-9, 6 CJIe,nyeT, lI�O ,C YBeJI,H'lIeHHeM KOHetI'HOR T'OJIll1.H'Hbl

InOJJ.OCbI 'Oinepe>K'elHHe YM.eHbllIae"cSl. 31'0 H-BJIHe''f1CSI 'CJIeJI,CT,BH-eM yMeHb-

U!.eH'HH 'CMew.aeM'OfO no ,nJIHHe nOJIIOCbI 06'beMa MeTaJIJIa IIO -DTHOIllIe-

BHIO KO a-ceMY 06'beM'Y B ,30ne onepe>K'eHHSI. _

,Ha ,pH�. 139, 8 �pHBe,n'eHa 3aBH'CHM,OCTb
.

'OII,epe}l{e.HHH OT OTHOCH-

T��bH:OI�O 06maT�H.' Onepe}l{e.HHe YBeJI:H'tIHBaeT,CSI )1.0 onpe,neJIelHHOro

M.aKCH-MYMa H 3aTeM ,HatIHHaeT YMeHbllIaTbCH. ',D,pHHH'MaSl BO BHHMa-

H'He, tITO hI =h o -"11 r h, nepeIIH:llI.eM ypaB'HeHHe (395) B TaKOM BH!lI.e:

S =' VI',\, D "1
2

Dy2

V,\, 2 (ho - f1 h)
2 (

A h

)
.

J ho 1--

ho

( 401 )

�22
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PHC. 139. 3aBHcMMoCTb onepe>KeHHH OT ,lJ.HaMeTpa BaJlKOB (a), DblCOTY

nocne npOKaTKH (6), OTHOCMTeJIbHOrO 06>KaTHH (8), WHpHHbl nOJlOCbJ (a),

TeMnepaTypbJ H 06>KaTHH (0). nepe,lJ.Hero H 3 a,lJ.Hero. HaTH>KeIlHA (e)
.

OTCIDJI.a H.CHO, tIT,O C pOCTOM JIIHiHeH,HO'r,O ;H .011H'O'CHTeJIb!H'ODO o6:>Ka.;.

TH5I lYIBeJI!HtI,HBae'DCSI .OJ6'b'eM, 'CMeII�a'eMbIH .B IHanpaBJIeHHH ,npOKaTWH ,B

30,H-e o,nep,e:>K'eHIHH, B 'pe3YJIb'1;'aTe tIerO paCTeT o.nepe}l{eH:He. Dplll 3TOM,

eCJI�H yrOJI 3aX:B8'Ta U ,HaX'O)JjHT'CH iB ,n'pe,neJIaX ° <a<J.-t, TO IC pOCTOM
06lliaTHH (a CJIelLOBaT-eJIbHO, H yr�a a) YBeJIMlI'H'BaeTCH TaKllie H yrOJI

l' 'CoO r JI a OH 0 \�O P'M Y JI.e (;397) M, 3 H a"1l H'T, orre p.e:>K eiHH e.

�orJI.a 'CTene'Hb 06}1{a-nHH JlOC'f1H
'

ra i eT .neJIHlIJflHbI,ln'p,H ,KOTOp-OM IB

Aa,H!HbIX y'CJIOBHHX np'OKaTKH 'BbI.llOJIHHeT'CH IH.e.p.aBeH'CT,BO p.�o:�2p.,

.np'OIHrCXO.1I:HT ,n'pOrpeOOH.B:H'O IHapa'C'TalOIIJ.ee '6YKleOBa�HH-e, 'CBH3arHH ' Oe IC

11 * 3a '
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HaCTonbKO 6bICTpbIM YMeHbllIeHHeM yrna t', liTO pOCT 06LKaTJlH ero He

KOMneH'eMlpye-T. PeaYJIb'T3'TOM 51BJI5IeTCH YMeHbIll.eH,He onepeLK,eH(HH.
HaJI,HlI.Me Y'CTOHlI'HBoro ,6y.KOOBaIHiMH InO,l(TBepLK..naeT'CH 3 KOnep,H.MeH-

TaJIbIH'O. HaillpMoMep, li. M. ITIa:Bn:OB H: B. K. I).eJIOCeBH"lI}, q}OTO,ftpa'cpIH-
PYH ,llpol.('eCiC ,npOKaTKJI IHa,llJIeHKY 'C�OP'OCT!H'OH �H,H;OKaM'epbI,Y'CTa.HO-
BHJI!M, tITO np:H tH.eK'OTopbIX y'cnO:B1HHX . MO)l{.eT 'CYIIJ.eC11BOBaTb lB.nOJIHe

Y,C1'Oll'lI'I1Boe OT'CT3'BaIRH-e Illerpe.rr.:Hero 'KOHl.(a ,1l'OJI'OCbI ,OT B,aJIKOB,. 'T. e.

tI,8!C'1lM'lIiH'Oe 6y.�C.QBa:HiHe. IB :H.eKOT.o'pbIX 'CJIYtIaHX .BeJI.l1lJ,HIHa ero ,AOX'O.ll!HT

�o 4'0 %
.

Oinepe}l{eH.I1'e ,M.OJKJHO 'Ha6JIIOJI.aTb 1M ,llP,H n'pOKaTKe -B �H'ell'p(HBO)IJHbIX

BaJIKaX, e'CJI/H ,n'OJI:oca 3aT-aJI.KH"BaeTC5I (B..naB.JIM,BaeT'CH) B .naJIK'M HJIIH

'BbITHDH'Bale-'DC5IIH3 IH,HX.
,...---

Ha �p:H'C. 139,2 n:p'H.BeJI.eHa .3aHHICH,M I

OCTb Ollepe}l{'eH,HB lOT IlI,HPIH!HbI
nOJI'OCbI

2
. 13,,lLeCb LK.e ,llp;HBe,neHa .KpIH.BaH, xap,aKTepH3YIOIJ..{,aH ,aaBH'CH-.

M.OCTb JIMH.eHIHoro YllIlHpeHiHH 'OT IlIIHip:RHbI nOJI'O'CbI. 113 paIC:CMOTp'e,HlHH

pIH'C)'IHKa 'CJIe.rr.yeT, 111'0 B YICJI;OBH5IX JI.a.H�HOftO O:llbITa ,Oine'pe}l{eH,l1e .YBeJIiH-
tI'H.BaeTCH, a YIlI:M'peH,He YMeHbllIaeTCH ,B ,TI'p-eJI.eJIax ,HaMeH-eHIHH llIHp�H,HbI
nOJI'OCbI lOT O'"lleJHb -M.aJIbIX ee 3!Ha"LJeHHH JLO 415 MM. inplH JI.aJIb:H'eHIlIe-M

YBeJI.HtIeHIIl:H IlIIHplHIHbI n'OJIOCbI KaK YIlIIH'pe.HHe, TaK iH o.n.epelli,e:H,He O'CT,a-

IOT'CH ;nOCTOH�HIHbIIM,H. 3T.a 'B.3aIH,M'OCBH3b 51,BJIHeTC5I 'CJI'e�CTHHeM Y'CJIOBH5I
IJrOCT'OHHICTBa .o6'beM,a inplH .ll'pOK8'TKe.

Ha :PH!C. 139,d nO,Ka.3a;H ' O, lJTO ,ll'PIH 'p'OCTe 'TeMlnepaTy'pbI :lllp:OKaTKJI
'CTaJI,H OT 685 ..D.O 1185°C 'onep'ellie.HiHe YMeHbllI,aeTcH. :3'T0 'c'BH33.HO 'C

YM.eHbllIeHMeM K'Oi,9'cp'cp'Hl.(IHeHTa T'peIHIHH ,ll'P:H Illp,oKaTKe B 3TO,M IHHTepBa-

JI.e T'eM1llepaTY'P (CoM. ipH'C. 9.3, 8). 0.6pall1.aH'Cb K 'cp,opMYJle (3-97), y6e)l{-
,l(a'eM:CH ,B ''}10/M, 111'0 'c Y�MeHbllI'eHH.eM K03cpcp!Hl.(iH-eHTa Tp'e:H,HH J1..0JIH 06'be-

iMa, 'CMell1..aeM.oro ,HQ JI.JIIHiHe illO Hce,MY -o6'be.MY, .B ,3'OHe .one-p,e}KeH:HH

Y;MeJHbllI8'e'T'CH, IC lIeM ,H ;CB5I3a.H.O YMeHbllIeH,!1-e 100lle.p,elli
r eHH5I.

CTa,HbI JJ,JIH ll'p'o�aTKlH T'OIHKHX iH ,nJI,HH.HbIX .MeTaJIJIIHlI'eC'KHX JIooT

06bllJ'HO 'C,H.a6lliaIOTC5I enel.(IHaJIhHbI:MIH 'M,oT3JIKa,M'H,' O'T K'OT'OpbIX .K, ,lle-

pe..ILHe�MY H aa,JI!HeIMY ]�OHI(aIM .IIOJIOCbI ,llp,HKJIa.rr.bI;BalO�cH 'pacTHr,H.BalO-

IIJ.iHre Y'OH.JIHH Tl !H ,T o "cxeMaT1HlI!ercKM ;H306pa}l{.e.HHbIe .lRa p.H:C. 1-37,8. 113-

,P:H.C. 139,e 'cn-eJJ,yeT, lJT.O IC po:c'VnM ,llepe�Hero iHa'T5ILKeHIHH TI ,onepe}K.e-
:HHe YIBeJIiH'lI'H:Bael'CH, ,a 'C IP'OCTOM 3.a.1LHero IHaT5ILKeIHfHH To YMeHbllI.aeTcH

[2]. ,n'pIH:HIHIMaH :BO :BIHIH:Ma,Hae .p3'Be,H'CTBa (394), (395) iH (3-97), IllpHX-o-

..lLH.M K ,BblBOJJ,Y, 'liTO ,3.,neCb, KaK ,H 'BbIIlI:e, 'TaKaH .3aKOtHo�M'ep'H'OCTb HBnH-

eTCH :CJI.e)I;CTBMeM IH3IM,eHeH�HH ,13 ,c.OOTHOIll.elHHiH 'MeJKJI.Y .o6'b-eMa'M'H, OMe-

IIJ.-a.eMbI,MIM .no J1.JI:H'He "KO Bce,MY, ,06'beMYB S:OHe DlJara ,necpopMal.(IHIH.

KaK .OTM.ell.8-JIOCb, H3nO}l{reHIHaH 'BbIIlI'e 'TeOp,HH cnpa.a.e..nJI,H:Ba .,n',HH

llpOKaTKI1 HI13KHX (TOHKHX) nIOJIOC, Kor,na npHelVIJIeMa rHIIOTe3a IInoc-

KHX ,c-elleJH:HH. ,D'p'H ,llp.OKa'TKe :BbIiC'OKHX .llOJI'OC H.BJIeIH;ae 'OllepeLKeH,HH
3HalJ:HTeJIbHO 'OCJIOllirHH=eT,CH. 0,6 3TOM rCIBIHJI.,eTeJIbC'TBYIOT O:llbITbI

10. A. O.D.HHOKOBa 3
, IKOTOpbIH JI'CCJIe)1.0BaJI nOJIOLKeHUe K.pMTHlJeCKOrO

1 ,n a B JI 0 -B 11. Moo ,E e.JI 0 C e B H II B. .K. <d13BeCTflH BY3-DB. 4epHaH MeTaJ1JIY'P-'

rflH», 1961, NQ 10, c. 46-49.
2 naB JI 0 B 11. M. Teo:pH51 ;npoK,aTKfI H Q-CHOBbI nJI8CTfillecKoH J1.e<pOIpMallI,flw

MeTaJIJIOB. J1. - M. OHTI1. 1938. 515 c. C flJI.

3 O.JJ. Ii H 0 K 0 B 10. A. «113BecTHH BY30B. 4epHafl MeTaJIJIyprH5I»", NQ.- 2, 1965...

c. 87-92.
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CeqeH.lfH inp,M npOKaTKe Kpy,nlHbIX 'CJIIMTKOB. O.Ka$aJI,OCb, q'T'O JI.n,¥IIHa 3,0--

HbI o.nepe}KeHiH5I !HeOJ1.,HHaKOBa Ha Ip,a3HbIX rO,p,H30HTaJIb.HbIX ypOBHHX

n.o .BbI�C:OTe ITIO'JIOCbI. ,lXJI5I ,B.HYTp.eIHIHHX rCJIOeB (ce1pe.DJH. Ha ,BbI'COTbI) 3'OH8.
,

I

nnepe}KeH:HH 'pacTet H nplH h
<10,.2 ee .n.JI:H.Ha ,,!:{.alli,e ,I1lpeBOcXO.lIJ HT

.lI.JI'I1IHY oqara ,.n.e<l)Op:Ma�M.M, 'on.pe.JI:eJIHeMYlO 'q,HC''VO TeOMeTpi}iqeCKHM11

c.OOllHOIll.e.HHHM.I1 (p,H'C. 14.o,a). ,n plH 3'TtHX Y'CJIOBH5IX 'CKOP'OCTb 3-ajI:Hero

KOH�a OKaSblBaeT'C5I ,60JIbIll'e:ti 'CKOpOCT,H .BaJIKOB. -0 paKTHq,e.CWH 'CKO-

P'OCTb ,I1'OlJTM ,Bcero 'M.e�aJIJIa, 3a :aC'KJIlOlI'e.HlH'eM iHe60JIbllI ' HX 06'beMOB y

q.

3

1

6

PHC. 140. Cr-.lell1.eHHe HeHTpaJIbHOH nOBepxHocTH 3a npe.z:r.eJIbI oqara .z:r.e<pop-
T\-f a £I.MM:

Q _u

J10 OnblTaM 10. A. O.z:r.HHoKoBa; 6 -

.z:r.aHHbIe paCqeTa, no. paBeHcTBY (461).
h =260 AUt; h 1 =141J hUt; a=0,58 pao; D=667 .MM; l/h=l; J..t =0,321

(1, 2, 3 -

rpaHHI..(bI MMKpoc.z:r.BHroB; 4 - 30Ha oTcTaBaHH5I; 5 -,30Ha onepe-

)KeHM5I)

JIOBepX:HOCTeH KOHTa.KTa, 60JIbllIe C.KOp�OCT,M IBaJIKOB. .B03,MO*,HOCTb

CMe�eHH5I WP,HTHlI'e.CK'Or9 ,c.eqeH�HH 3a .npe.,lLeJIbI 3a.1LHeH .:rpaiHHI.J.bI (�lIa,ra

.ne<p'OpMa�IH'H ..eII.I;e 'B T'p,HJJ..�aTbIX ro..n.ax TeKYII.I;erO 'CTOJleT,MH ,np1e,.lLBMI.rteJI
A. CPo fOJIOBHH I

. �TaKoe CMell1.eHHe OH -o6'bRuH5IJI HenOOpe'u"C'DB'eHHblM
.n.eMeTBUeIM OMJI TpeH,MH, n'p'HJIOlliBHIHbIX ,eo 'CTOpOHbI BaJIKO:B ,K ,nOJIOce,

KOTopbIe 'CTp
' eM5ITC5I OOo6IIJ.HTb lJaCT,H�aM .B 'cp'e,U,:He:ti 'lJ3'CTM no BblCOTe

nOJIOoCbI 60JIbllIYlO .0KPYlliHYIO 'CKOpOCTb, lIeM !MIMeIOT c.a,MH BaJIK.H Ha

rrOBepXHoCTHX '�OHTaKTa.

3. YqaCTKH CKOJIb>KeHHH H npHJIHnaHHH

'Dp,H ,npoKa'TKe ,Ha .nO,BepXHOCT5IX -KOHTaKTa IHOJI'OCbI 1M :BaJIKOB 'CY-

ru.eCTBYIOT YlI,acTKH .'3a'C'�OH, TOp,MO)l{eHHH IH, ,CKOJIbllielHIMH. HaJI'HlJIHe

YlIaCTJ{OB ,c.KOJIbllieHH5I .n'OJI.11Beplli,lLaeT'C5I-._ Ha6JIIO..naeMbIM'H B ITIIp-OIl:eoce

rrp'OKa'I:K'}i 10nepellieHrl1:eM M OTCTaBraH,HeM. o lIeBH.JI.lH 0, 'lITO onep,ellieHHe
11 O�CTaBaH'He HeB03,M'Olli,HbI 6e3 :B3al1,M'HOro 'CKOJIbllieHI15I .MeTaJIJIa 1M

.BaJIKOB. H.anpaBJI-e.H'H'e 'CKOJIbllieHIMH B .30He OT.CT8'BaIH,M5I ,npOTIHBOTIOJIO-
)1{!I-IrO HanpaBJIeHHIO 'CKOnb)l{.eHHH B 30H.e ,a:TIep,e}K,eHH5I. Dlp'H !np-oKaTKe

C06JIIOJ(,a'eT'CH Y'CJIOBMe ,H.epa3pbIBlH'OC'T,H .TIpOKaTbIIBaeMo:ro ,MeTaJIJIa.

()TIClQ,,rr,a .CJI,e.n.yeT, lIT'O B .allare .rr:ecp-opM.a:U:HH IRa :I10nepXHOCTH KOHTaK-

1'a ,JJO.TI:>KerH 'CYII.I;'eCTBOB3'Tb ,He�oTopbI:ti Y1.Ia'C'ToOK, IHa ,KO:TOPOM ,CKOPO'CT,H

1 r 0 JI 0 B If H A. ct>.- ITpoKaTKa, II. II. CBep.lLJIOBOK - M. - J1. 1936. 235 c.
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TIOJIOCbI ;M BaJIKO:B O'JI,HHaK'OBbI, T. e. yqaeT,OK, r�e O�CYT,cTByeT 'C'KOJIb-

>KeJI'He.

113 O,llbI'�HbIX JI.a'HIHbIX IH3IBeCT,�'O, lI'foO InplM ,ll'pOKaTKe TOHroHX IIi llU1-

pOroHX .nOJIOC ( � >- 1; : >- 5) C xopolIIei'r: .CTeneJfblO .n-p'HOJIH)K'eH.H5J

O:llpaB){bI'BaeTCH fH;lloT'e3� nJIO,CKHIX cell,eHHM: JIIO,6oe' JIJI'OC'KOe )1..0 np'o-

:KaTKJI .c-e'll.eHHe nOJI'OCbI ore.,ae�CH III'OllT.H llJIOCKH.M H .II'OCJI'e IllpOKaTKH

CMe)KiHble ,CeqeHHiH llOlITH IHe JH'CKlp'H:BJIHIOTCH, a JI,H'llIb nepeM'ell1.alOTICH
u

OJlIH'O OTHOOHTeJIblHO J{pyro'r,o IC IB:03'pa
' C'TalOll1.eH ,CK'OPOCTbIO IT.O �.epe .Ille-

p.exo.n.a OT CelleHH5I BXO)I.a K. .ceq'e!H!HIO BbIx'o,n:a. T.aKHM o6paaoM, B 3T'O.M

CJIY.lIae 'CKrOlpOCTb .ll'epe:Me�eJIiHH lI,a!cm�' 'CTOJIb :MaJIO .IH3:M:e.HHeT'CH !HO

BbI'COTe; liTO ee M01KJHO ,ITpHIHHTb ,llOCTO�'H'HOH (pinc. 141,(l). 113 rH,HOTe-

PRC. 141. Ollar JJ.e4>opMa�HH H 3nlOphI CKopocTeA npH npoKaTKe:

a - HH3KHX nOJloc; 6 - aWCOKHX no.oo

3bI IIJIOCJK'HX Ceq,eHHH 'CJIeJ{yeT BbI!BOJI., qT.O Ha 'IT'OB-e,pXIHOCTSIX �OHTaKTa

..MeT,aJIJI,a 'C ,BaJIKaMH 'CY'lI(ejCTlBYIOT TOJIb.KO Y1J:a
' CTKJH !C.K'OJIb>K.eHIHH, .Ha3-

.BaJH.HbH� BbIllIe 30lHaMIH OTCT-aBaIHIHSI :H 'Qnepe}l{eH'HH. 11 JIIHllIb!B ,OJI:HOH

IDOq'Ke, lI'e-pe3 I{10'foOpylO .ll'P'OXOJJ:H'T .H1e:fI''r.p,aJIbHOe 'CelleH,He, OOOT'BeT'CTBY-

1OlI(,He 'C,KOp.OCTlH IBaJIKOB 1M MeTaJIJI,a, 'CO,BllaAaIOT. .TaroHe �OIllYp..{eH;HH,

n-oJIYlI,HIBllIMe 0600H:OB8:H,He .B ,pa60TaX .M. M. .[1 a BJIO:B a
, ,ll'03'BOJIHIOT

;nOJlYlI'MTb �o.CT8'TOll,HO ,np'OCTbIe ip.ellH�jHrHH aa):{a1J: .0 BeJIiMlIM:He !onepellie-

iHIHH, KO,HTaKllHbIX IHa,ll'pH}KeH'HH 11 'pSlJI.a JI.pynHX.

OAHaKO nplH Ill'pO.K,aTK,e IBbI'OO�HX 'n,OJIDC I'H.nOTe3a .llJI.OCKHX ,C,eqeHHH

B pSl,lI.e CJIyqaeB OKa3bIBaeTCH Y}Ke HeCOCTOHTeJIbHOH. [lO�'OOHO CJIY- .

lIIalO Cllia'1"HH ,BbI.'OOKlMX IllOJIOtC (OM. fJI. VIII), .Ha ,�o.HTlaKi'HbIX JIO'BepX-
IH'OC'TSiX IMeTaJIJIa .e BaJIK,a!M,H 'CYII(e,cTBYIOT yqaCT�}{'H ill'PMJIiH,lla,HHSI, IH

CK!OpOCTH llOC'Ty.naTeJIbHOrO nep:e.Mellle�H5I qaC'THl.( B pa3HbIx TOq,KaX

InoBbIJoqTe .ll'OJIO'CbI O):lIH:OI'O ICeq,eIfHH lHeoARHa�OBbI. MO}K!H'O np,H,HHTb,
q''f10 JIiMIlib B rH,efI'TpaJIb-H'OM Ce'tfeHH:H 'CKapO.CTb HO'JI'OCbI CN no BbI.COTe

,n'OCT.OHHHa. TorJI.a IH3 Y'CJI'OBtHH nO'CTOH:H'CLBa 'C-eKY,HJI.iH:O.r�O O'6'beMa CJIe-

,n:yeT, q.'Vo :B 3'OHe ,llpIHJI'HnaH,HH CJI�Ba 'aT \HeHTpaJIbHOr'O ICeq,eHMSI an 10-

pa CKopOCTeH 6Y.lleT HMeTb :MHHHM)'1M S cpe,n:HeH TOll'Ke OJ{HOI'O' 'H3 TO-

fiO >Ke Ce'1le'HIMH ,HO .BbIeOTe IHOJI'O'CbI,- ,a 'cnpaBa 'OT IlI l eHTpaJIblH:Of'O cell.e-

fH!HH -

M,aKOHMY,M ('plnc. 141,6). B oC'HJIY TOfO >Ke Y'CJIOB:HH illOCT,OHH-

CTiBa 06'beMa ,H.e.pa-BHoMepHocTb 'C.�Oip-o'cTeH ll'O BbI100Te ,IIOJIOCbI 6YJleT
�RMeTb JM'eCTO ,H B -30HaX 'CKOJIblli'eH:HH.

O,llIH'ca,HHbIH xapaKTep 'pac.n.pe,.lle-JIeH,HH 'CKOP'OC'TeH iH,allIeJI '060C:HO

BaRMe B TpYJI.ax A. <1>. rOJIiQ'BtI1IHa, 11. A. IC'o60JI'eBc I
KOIf.0, A.M. UeJIIH-

326



KjOBa [2] iM 6bIJI .II'o.1I:Bepn�y'T 9J5:�c,nep,I1lMeIHTaJIb;HOH IIIp,o.BepKe. P aOc'M!OT-

pHIM, 'Ha.n'piHM.ep, 'OlllbI'TbI If. 51. T,ap:HoBcKoro, B. D. JIHIIIKoBa, A. A.

OO!3JI:eeBa H B. H. Tpy6H'Ha 1. B 3THX OnbITaX !Me,IJ.;Hble H aJIlOM:HIHH.e-

BbI,e .o6p.a.anbI 6bIJI.H 'CBalpe.HbI .H3 JLBYX nOJIOIB'HIH 'I:a�HM '06pa3o.M, liTO

IllIHprH,Ifa .Ka}l{..nOH .nIOJI{�BH,HbI 'paB!HHJIa'Cb nOJI.OBM,H'e llI,Rp,H,HbI '06pa3�a.
C'peJlJHlOlO :lIalCTb .nOJI'OCbI ,no )J.JIiHlH'e IHe 'C:BapMBaJI!H M IH,a !Hee fl.epeJ{

rrp'OKaTKOH lHaHOiCIHJI'H .KoopJ(RHaTHYlO ,ceT'KY (pIHIC. 142,a). OT1HOIlleH,He
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PHC. 142. 06pa3II.hI "3 MeJJ." " a,mOMHHHH C BepTHKaJlhHOA KoopJJ.HHaTHO� ceTKoA (a) H KpHBhle

HapaCTalOll.{HX norapH�MHqeCKHX K034>�HI\HeHTOB OTHOCHTeJlbHOrO 06)1{aTH5I (6). AnH KOHT3KT-

Horo CJIOH:

J - B cepeAHHe IllHpHHbJ; 2 -

Y 60KOBOA .nOBepXHOCTH. AnSI CpeAHel'O no' BLJCOTe cnoSJ: 3 -..

cepeAHHe WHpHHbI; 4 -

Y OOKOBOA nOBepxHocTH

lII'HPH,HbI K oBbI'COre 06pa3D: ' OB ObIJI,Q B InJ�:euneJI'ax 'OT 2 ,LI:O 5. :n'p'Q.KaTKY
TI,P:OH3.B

' O"lLH.JI,H !Ha npiOKaT,H-D,M CTalHe .C )J.Ha:MeTp,o.M 'BaJlK'OB 210 M.M .lllptH

'CKOpOC''DH 0, t M/ce,1\. T,eM,nepaTypa ,nplH Inpo�aTKe ,aJIIOIMiHH!HSI (99,,8 °/0

AI) 6bIJIa p8'BHa 460-480
o

IC, Me�:H (9;8,8% Cu) 880-9iOOOiC. �orJJ.a
lIa'C'Tb ,0'6pa3'�a 'C �OO'p)(iH!H'3'llH;OH ;c-eTKOH 3 a.n0 JI.H-51J1a. 'Olla'r �e<p'OpMa"
IJ.HH, 'npOKaTKY OCTaHaBJIHBaJIH H .He,llOKaT H3.BJIeKaJIM iH3 BaJI.KOB..

�OH�bI .n'OJI'OCbI 'OTpe3aJIH ,H H'lIeHKH .KO'O'p�HIHaT.H'OH leeT�H ,H3IM'e;BSJJIIH
C �OII,HO-CTblO ,no '0,01 MM. BbIlI'H'CJIHH JI.JIH Ka}l{JI..OH SllIeHKH 'OT,HOJileHiH;e
BbI,OOTbI JI:O IH .nOCJIe ,n'p.OKaTRH, 'Onpe){eJIHJIH ;OOLKaTlUe ,B ,pa3JI'HlI.HbIX
TOIlKaX 'ollara JI.e<!J:OpM.anH,H.

113 pIH'C. 142,6 'CJIe,.nyeT, IITO JY 'CJIOeB', inp!HJI�ralOlI(iHX .K ,KOIHTaK1iHOH

iI1o.ae,pX'H;OCTH �03<P<l)H�H'eH'T O'f.H'OCHT�JlbHOrO 06}1{aTHH .no .�JIRHe. OIIa;..

ra .n�<p;O'pMan,H'H '(lOT -eeIIeHHH -BX'O)l.a K 'Ce'q.eHIHIO BbIX'OAa) H3MeH5Ie-�CH

C'JIeJI.YlOlI('HM o6p a3-0M: 'CHa lIaJI a OT1H'OOHTeJIbHOe I06}1{aTiHe B03'p aCT3'eT,

3aTeM !Ha IHe�OTo'pOM Y1J:a'CTKe IOllara Ae'<p.op.MaItHIH ;o.HO 'OC'Ta.e�C5I JI10-

CTOHIHIHbI,M, 1M ;HaKOHeu., .B 3.0H , e Ollar,a �e<pop;M.aI{rHMO'�OJIO
-

'Ceq�HHSI

BbIXOJI.a 'CHOBa 'paCTeT, .lI.'OCT,HraH 1I.a.H6oJIb'llI'eH BeJI.H1.I!H'HbI.B :cell.e'HHlH

BbIX'O,l(a. ,QJIiHHa YlIaC'TKOB, IHa �0T10pbIX 'O'PH'OCH'TeJIbH.oe 06)1{aT,He OC-

Tae'f1CH :nO!CTOHH.HblM, YMeHbllIaeTtCH ,np,H ne-p.eXO)I;e OT KOHTaKT,HbIX K

1
Tap HOB C K M M H. 51., TI '0 3 ,lI. e e B A. A., J1 fI III K 0 B B. B. ,lI.eQ:>opM8I.J.M5I Me-

T8JIJIa npH npoKaTKe. M., MeTaJIJIyprM3,lI.aT, 1956. 287 c. C MJI.
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epe,l(lHeH .....tI3'C'T'H n'o .BbIICoOTe .n'OJIO'CbL r.Op,H3-OIHTaJIbHbIe yq,a'C'TKH CO'OT-

'BeTCT.BYIOT JI.JIH�He 30:H bI -3-a 1fp Y J(IH,eIHHO H l�e<p'op.M a'�H,H, Inp:Mqle.M y KG H -

TaKlIHOH nOBepXH'OClIH 3Ta 3-0Ha .npe.)l:C'TaBJIHeT ,'C060H yqaCTOK .npMJI'H-
rra,H.H5I. ToqKa ,nepe.Ce1.IeH,HH Kp,HBbIX OOOTBeTcTByeT ,K'pIHT1aq

l

e.CKOMY
lc.eq,eHHIO. ,ABTOpbI Y'CTaHOBHJI;H ,naJI'ee, IITO ,np,HJI'H.naIHIHe ,M-MeeT ,M.e.CTO

,He TOJIbK'O B):LOJIb oqara ){ecp.opMa�HH, .HO !H .B Ino,nepeq.HOM ,H,arr'p.aBJIe-
III HIH.

Ha pH..rr.y IC paOOMOTpeHHblMIH ,OnbIT3'MIH, y6e.LLHTeJIbHO .�OKa3blBalO-

InHIM'H ,HaJIIHlJIHe 3.0HbI ,np'HJI,H.na,H:HH n'p,H on'p�.AeJI'eHIHbIX Y'CJI'OBH5IX,
IM3-BerCTHbI 'OnbI'TbI, .n,pOBe.rr.e.HHbIe IB M.HbIX Y:C.JIOBHHX, KOT.Q:pbIe rCBIHJ(e-

'TeJIbC'TBYIOT H.JI,H '0 ,ntOlJ''IlH :nOJIHOM OT'CYTICTBlHH 30HbI .npIHJIJ1.na.HIM5I, MJIIH

o HaJIUq'HIH YlJaiC"TKiOB, r,lI,e rrep�MelI(eHHH MeTaJIJIa OTHOCHTeJIbHO BaJI-

�OB 6bIJI'H OqeHb .MaJIbIMIH. H:a.rr'p'HIMep, Keny'c 1M KOKpO'�T [3, ,c. 219]
�Ha 'OCH'OBaH;MiH ICBOHX nnbITHbIX Jla'fl.HbIX ,nplHIllJIIH ,K BblB-o..rr.y 0 TOM, qT,O

e'CJI,H 3-0Ha npHJIMlrr3iHH5I ,H iH,M.eJI,a MeCTO y HeHTpaJIblHOftO .celJ-eH,HH, T.O

ee .rr.JI,H'Ha :H.e :npe.BbIIllaJIa l/so J(-JI'lf,HbI ..rr.ynH
.

KIOH:'f.aKTa. A. M. 'CaBqeH�ol

!fI'OCJIe,lI;OBaJI 'C.K,OJIbLKeHiH-e ,n,p,H npOKaTKe allOJIOC IC ,n'OM'Oll1.blO 3JIeKTpO-
}{OHTaKTHbIX OTMeTlJH,KOB nYTH.

fIpH 31'Q!M npMJIHinaHHH no ,lJ.y�e K8CaHH5I 06HapY}KeHO He 6bIJIO, HO'

:a6COJIlOllHbIe rr.epe
' MelI(eHH5I Ha YlJaCTKe OT 1/ 2 ,lJ.0 1/3 ,lI,JIHHbI ,lI,yrH ,lI,0 Bhl-

XO.ll5IlI(ero CeqeHH,5I COCTaBJIHJIH JIMllib .rr.eC5ITbIe ,nOJIIH MIHJIJIHMeTp a.

HTaK, Inp,H np'OKaTKe ,Ha ,nOIBepx.H,OCT5IX KOHT8'KTa iM,eTaJI.JIa 'C BaJI-

'Ka.M,H 'CYlI(e'CT'BYIOT YlJ:a'CT.roH 'CKOJIblli-eH;HH IH .npHJIM,rraHMH, ,oq'OTHOIIIe-

H'He 'MeLK.rr.y ,BeJIIH'lJ,HIH8:MH I�OTOpbIX 33'B'M'OHT 'OT y'CJIOBlHH .npOKaTKH. Ha

YlJ8-C'TKax 'CKrOJIblli'eH,HH .KacaTeJIb!HOe H :H'o.p:MaJIbH'Oe !HanpH)KeHHSI 'CB5I-

3a.HbI KYJI'OHOBbIM 'COOTHOIIIeHHeM.

YlJaiCTOK �np;I1JI;HrnaHH5f .B IC-BOIO OlJe.pe,nb !MO:tKIHO paOGMaTp.HBaTb ,CO-

C'T,OHll1.,H.M IH3 YlJ3ICTKOB TOP,MO'}K'e.HIMH !H .3a ' CT-OH. Ha yqaCTKaX TOP.M'O-
JKeHH 51 ,Kac aTeJIIY.HO e H an p Hlli.eH,H-e �OC'DH ra eT ICBoero M a K'C'H:M aJI b!H.or-o

3HaqeHH5I, lJH:CJIeH,HO p;a.BHoro ,HOJIOB.HIHe '!1oCT.H.H,HO.r.O .c.on '

p01lHBJI'eH,H5I

.lI.'ecpopMa�HH M-eTaJIJIa B Ka)l{)LOH .rr.aH.HOH TOlJ'Ke KOHTa�'IlH'OH \rtoBeptX-
HOC''nH. Ha y'lJa'CTKe '3,aCT05I K3'CaTe.JIhH-oe ,Ha.np5IllieHIHe .IIJIaBHO .H.3Me-

H5Ie1'CH .01' CIBoeDO ,MaKiC'M,MaJIb'HOr,o .3'HalJ.eHlHH .no ;HYJIH 'B IHeHT.paJIhH'OM
,ce lJ eJI,H H.

X,apaKTe'P ,nepeMe�eHHH IIa'CTIH� ;Me'TaJIJIa OTH.Oc.HT-eJIbrH'O :nOBepx-
'IHoeTH .BaJIK'OB IHa yqaCTKaX 3a.CTOH IH 'f10p,MaQ}KeBHH H..neH'TH'lJ.eH. OTJI,H-

1.lH.e 3.a.KJIlOlJae"f1CH JIrHIIIb :B T'PIM, 'lJTO Ha yqa'CTKax ,3a(�'T051 IC-M l ell1.'eHIHH

CTIOJIb IMaJIbI, lJ�O 'COIH3Me.P.:H.MbI n.o BeJIHlJ,H.He C y,npy-nuMfH J('ecpopMa-
IJ;'HHM,H. O;H;H IH3IM:eHHIO'TC5I OT ,HYJIH B iHeHTpaJIb!HOM ICeqeHIHH .1I.0 H.e.K'O-

Topor,o ,Ma�CH;MYIMa ,Ha rp,a.H.I1�ax 3'OIH 3aeTOH H T'OP,MOllie.HtHH, .npo-
JI:OJI}K,aH, 10)LHa�0, .B 30!H,e Top'MOLKeHlHH' O'CTaB8'TbCH Ma.JIbIM,H. 31i0 .110-

3BOJIHeT B ,.rr.aJIblHeHIlIIHX 'pa.ClJeT,aX IHanpHLK'eHIHH ,!1oCKJIlOlJHTb !H3 P ac-

'CMO'Tp.eHIHH Y'lJ,aICTK!H .aa-CT10H, 'tIT.O ;rrp1HBOJLHT K ,He�OTopOH ,( 06bIlJIHO

'H l e60JIbIll'OH) ,no�p eIII110CTH 2
.

1 C a: B II e H K 0 A. M. - «nJIaCTHlleCKafl II TepMHt.JeCKa5I 06pa6oTKa CT8JIH». M.,
MeTaJIJIypnH3,lI.8T, 1962. C>KMH, BbIn� 8}, c. 20-38.

2 C
-

M. CH. H8 CTp. 249.
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4. BHeKoHTaKTHaH ]l.el)JopMau,uH ;npu npoKaTKe

DO..n".neH'CT.BHeM iHa:npH}KeHIHH, 'B03HHKalOI.ILHX ,BO BlHeIllHHX lI.aCTHX

1l0JIOCbI, ,HOCJIeAHHe n'peTep,neBalOT J(IBa BHJ(a ,Aecp'opMal.(HH: 1) JIO-

KaJIbHbl'e .neCP'OP:M8.l.(RH, 'C'OI1-3.M'ep!RMble IC .o6'beM'o'M 3,epeH ,M,eTaJIJI,a, :He

cnnp,oBolli..naeMble 3aMeTIHbIM ,H3rMeH'elHaeM cpOp,MbI 'TeJI,a; 2) Jlelcp,op,Ma-'
[('HIM JI'OKaJIbIHorO xa'paKTep,a, (Co.np'OBO}K..naeMble .6oJIee ,HJIIH .Meaee 3Ha-'

I1HTeJIhHbIIM M3:M'e:HeHI1'eM CPOP,MbI. .,[(.ecpOlp.Mal.(,HH' ;n'ep,Bor'-o 'BH..na xapaK-'

TepHbI ILJ}�5I c.nYIIae'B n.pOKaTKH TOHIK'HX .ceIleHHH. ,[(ecpopMal.(HH BTO-'

poro BH){a 'CTaIHO.BHTCH 'OlI(YT,aMblM,H :npll1 ,IIP'OK3'TKe BbI,c.OKHX, KPYII-
'HbIX 'ceIl,e;HIHH. ,B ICOOTBel'CTBHIH IC xap,aKTep'OM Hanp5lLKeH:H

i oro ,c'oeTOH'"

:H'HH ,nJIaC'TII1I1eC:KaH ..necpopM,al.(HH .nn.1I. B03.,l(eHrC'TB.I1'eM ,BaJIK'OB pac.np0'"
.CTpaHHeT'CH rOT KOIHTaK1'HbIX In,oBepXH.OCTei1 K ,cp

, e,lLH.ei1 l.IaCTH ,no IBbI'CO-

Te II OCTeneHIHO. ,B :npaKTMII:eCKMX Y.CJIO'BlH5IX iIIipOKaTKa .6e3 'BbITHlli'KM

Ha6JIlO..naeTCH, 'HanplaMep, .n,p'H ,n'p.OKaTKe iCJIH60B B 'pe6pO,BOM KaJI'H6pe
Ha- 6JIIOM,H,Hre IH ,npH 06}KaT,l1iH ,KP'OM-OK JIIH'CTOBO:rO 'pa ' CK8'Ta .M'e}l{JI.Y

B�p;T,HKaJIbIHbIMIH 'BaJIKa.M,H. IfipH aTOM .rr.ecpop,Mal.(IH5I He:pa.BHOM'ep:Ha,
liTO xa'pa:KTep!H3yeT!CH ;nipRHYJ(.H'TeJIhHbI,M YIllIHp,e;HH-eM ,IIOJI'QlCbI Y KO.H-

TaKT!HbIX :II'OnepXrH:OCTeH TaK, liTO ee 60K'OBbI l e Kp'OMKH .n'p'!1-06peTalO'T
BODHYT'QiCTb.

nJIaC;TI1I1eCKH .necpopMHPyeT'C5I He TOJIbKO .M,eTaJIJI, pa,crrOJIO)l{eHHbIH
IHen,oepe,n.C'TBeH:HO noJI.. .n '

OBepXHOICT5I
' M,H KD.HTaKTa, ,H'O IH ,MeTaJIJI, Haxo-

JI..5lI.U:MHICH :BO BlHe.KOH'TaK'nHbIX 3 ' OHax. ElI(e B. E. rpY;M-r'p:>KJH�MaHJIO iH

X,oJIJI,eH6epr
i

'CIIIHTaJIH, limo ,IIlepe..n BXOJ(OM B 'BaJIKH o6p,a3yeTIC5I YTOJI-

lIIJeHHe nOJIOCbI. A. n. rpY,l(e:B H B. M. nOJIell1.YK
2

HC'CJIe.rr.,OBaJI'H BHC-

KOHTaK'fIHYlO .,llecpop,Mal.(,HIO .II.pH In.p-OKaT;Ke ,Ha rJIa..n�HX BaJIK-aX aa"lIJH'e-

DO 'KOHl.(a :nOJIOC leeIl-eHHeM 3 I OXi5'O MM H3 aJIIOMIH,HIHH, .Me){'H 'B XOJIO..n-

HO�M 'c.o.CTOHHl1iH :H !CTaJI,H ICT.3 ,n'pH 1 I OOO° , C. �Depe..n .BXOJ('OiM B BaJIKH 'no

Bcex 'CJIYlIaHx 'HMeJIa MeCTO �H,eOJ1.IHiHaK'OBaH .no IllIH-pHIHle ,BbI�COT.HaSi

. YTHlliKa. OIHa .)I:OCT,HrJI,a ;H.a I H6oJIbIll,eH Be.JI'HIIRHbI B 'c.HIMiMeTp'HIIiHO palc"
b

.nOJI.O}l{eHHbIX TO'IlKax u-, 6 .rrplH In'p'oKa'TK€ InOJI'OC IC O''f.HOIll.eIHtHeM � < 1
ho

H .B 'oe.peJ('H.He .no llI,HpHHe y n.oJIOC 'C 'OTH'OIll.eHiHeM
b o

> 1 (pac.
ho

143,a, 6) iH 'ToQJIb�O ;np,H ,OlleHb '60JIbllIMX 06LKaTlMHX IHa :ca,MbIX .Kpo.M-
Kax :nOJI'OCbI .Ha,6JIlO.lI.aJI ' OCb ,He6-0JIbIllo'e Y''f10JlIIl:eHIM'e..

Y'TH}I{Ka ,HOJIO,CbI Y'BeJI'HII'HBaeT'C5I IC YiM'eHbIlleHM'eM 'OT:HOIlI-eHHSI l/h
�M, IHa.npJH.M.ep, ,nlplH ljh=O,:27 IBiHeKOHT-aK1\H.aH �ecp�oP!Mral.(IMH ioocrr.aBJIH-eT

39,.3
0

10 OT 'CT-ene.HIH JI.ecp'o.p!Ma.�HiM IB ;BaJI:Kax.ClpaBtH.e,HHe pe3YJIbTaT'OB,

nOJIYII,e.H�HbIX .II'p.H .n'poKa.T�e '6e3 ICMa3KIH H 'co 'CMa31�oH, ,rrOKa3aJI'O, I1'TO

neJIIHIIHHa :CHJI 'TpeH,HH M.aJIO BJI,HH-e'T :Ha iB'eJIHII,HHY .BiH,eK'D.HT,aKTiHo.H ,Qe-

cp,op'Ma�HH IH 'lI'TO, 'CJI '

e.1I:OBaTeJIbHO, Y'TSI)K'Ka 51 I BJIHeT:CSI pe3YJlbTa'f10M
.Bo3JLeH'CTBrHH IHa .BlHe�OIHTaKTlHbIe 3'OHbI.IIOJIQoCbI TIOH ee -qaICTI", ,�oT.opa51
H aX;o..1I.H�CH ,M e}l{JI.Y 'B aJIKaMIH.

XapaKTep M3:MeHeHMH YT5I}K.KM no llIHpHHe aBT'opbI 06'bH'CHHlOT

aHaJIOT.H'eH IC H3D1160,M. lI3'BeC'TiH'o, lI'TO ,np,H ,H3rH6e "npHM.oy:rOJIbHOH

1
r.p Y M - riP )KIf 1M 8 M JI 0 B. E. np.oK8"TKa 'H K8JIH6poJ3Ka. OHTH. 1933.

2 If .p Y J1. e 'B IA. ,TI., In 0 JI e U.\-:Y iK B. M. B c6. '1<�nIPoKa Yonoe 'I1POH3,BO!JJ.CT;BO» l(iHq,M)
T. XXI. H3t,lI.-IBO «MeTaJIJIyprHH», .1965, c. 212.



nOJIOCbI ,ee .Hone:p:eq:Ho.e .ceqeHIHe ,ll ' pIHo6peTaeT ,}KeJIooqaTyIb <POP'MY 11

B IMeC'Te :H3I1H6a, IIOJIO;c.a Y'TOHHeT'CH -(pIHIC. 143). }Ke.no6q , aT:aH '<p'OIp,Ma
51BJISI'eTt�H .peaYJIbTaTO!M �eH'cTBHH. ll'P'O.AOJIb:HbIX 'pa,cTHDHIBalOllI.H:x' Ha-

fl'pHlli'eH.HH .BO 'B/HeIlIIH,liX CJI'OHX :nOJI'OCbI Ii 'C>KIHMalOlI(:HX no 'BrHYTp'eH-
IHHX. AHaJIOr,M'q,H'Oe 51B.neH,He :Ha6JIIOJ(aJI:ocb 6bI, eCJIIH 6bI ,llOJIO'Ca

He MMeJIa CIIJIOIIJ,HOCTH no ropM30HTa.JIbHOH OCH 'C11MM.eTpHM (.nYHKTJlp Ha

:prH'C. 143,8). H,o 'B CUJIY IHepa'3pbIBHOCTH llOJIOICa npiH
l o6peTaeT I<POPMY,

IlloKa3aHiHYIO Ha ipnc-YIHKe( OllJIOllIlHlbl!M'H JI'HIHHH'MH. TaKIH.M o6pa30'M, Y

iK!QD.MO.K ITI'OJIOCbI Bl031HHK81OT nlp0.,QOJIb:Hble !HalllpH:>Ke,H,HH pa:cTH}K.eHliH, a

. .B .opeJ(IHeH qa,CTH .llO IllIH.p,HIHe
-

iHa,ll'pSl:>KeHiHH C}K8�HSI.
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PRC. 143. THnRQHaSf '4>OPM8
sa,D,HeA rpaHH�bl KOHTaKTHoA

nQBepxHocTHH nOUepellHOrO
CelleHHH 'npH Bxo,ne:

a '- WHPOKOA nonOChI; 6 -

Y3KOA nOnOCbJ; 8 - cxeMa

aHanOrH" C H3rH6oM

:3a .�-qleT YT5I:>KKH :,lLJIiH:Ha «re.OMe'TpHqe'CKOr,O» Oq��a �ect>op,Ma�'H,H
Y'MeiHbllI.ae-1'CH. 13 �o YiM,eHbIII 8HH , e IM'O}KIHO IHaHT1H '.n:o .q}Op'My;r.e

/:d
'= 1-

.... I
_

A h
BH

-'1 V
1

f1h
'

r.lle An BH -. «O'O}K18TIHe» nlep�JI. -iBX.O�OM 'IB, B.aJI'roH;.

�h -

CY,M,Map�Hoe '06�aTH,e ,IIOJI'QlCbI.

( 402)
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Ha 'oaH:Q�Ba:HIH:H o.nbITOB a.Bl\OPbI ,ri'OCTpOHJI,H KP,HBYIO (pIH(�. 144),
.KoOT'Op.OH 'peKo,M-eH..nYIOT .nOJIb30BaTb ' CH �JIH yqe-Ta Y:MeHbllIeHIHSI- ..nJI,HlIbI

oqara JI.ecpop,Ma�H,H :np'H ,np'OK8'TK'e KlpYinlHbIx .ceq-eH!HH H'BoOOIIJ:e BO

B,cex tCJIy'qaHx,. KorJ(a 'OTiHOIII.eHiHe .Ilk :MaJIO.

.no onbIT1HbIiM ,.1I.a.HIHbI,M ,lL;p.yrHx IH'OCJIe.rr..o.BaTeJIeH�, Y'THLKKY TIIO BhI'QO-

Te ITI'OJI'OCbI J('O BXOj{a B ,BaJIKH .MIO)KJH'O 'Qnp�eJIIHTb H'O ,<!>'OPMY JI,e

6 h BH .

= 0,1 tg a hoe (403)

Ino JI.!8:HiHbI:M 'pH,n.a aBT.opOB, U'P'OTSI:>K,eH,HOCTb JLe<l>o.p,M,H'p'OBalH,HhIX
'B.He}{;OHTaKT!HbIX 3'9iH Y:BeJIH.qIHIBaeTC5I IC POCT'QM ,OO:>KarnH.H IH 'Y'M'eHbIlla-
e�CH 'C .y,BeJIHq'eH;H.eM IC�9'P'6C''DH ,np'o.Ka'TKJH. ,B,MeCTe IC TeM np

' OT5I>KeHe

H'OCTb 311HX .30H H3,Me.HHe�CH :H :n,o 'BbIiCOT,e. D,pH IMaJIbIX. 06LKa'IlHHX

,lLJIHHa HX Y �OHTaKTHbIX
. TIO'BepXHOCTeH !Jill �

.

60JIbllIe, 'qeM B CepetlJ.HHe BbICOTbI. C PO'CTOM
�

06)KaT-H5I 3'D0 pa3JIHII'He YM�HbIIIaeTC5I. 3K- 10

ClTIep,l11MeHTaJIbHO ,lLOKas,a!HO TaKllie, IITO r.TIY-
6'HHa pa.CTIpOCTpa\HeHHH IIJIaCTMqeCKOH .n.e-

12

cpOpMaI.lH.H ,C:>KaTHH no ,BbICOTe H npOT5I:>KeH- 8
.

y

HOCTb IBHeKOHTaKTHbfX 3:0H B 3H3'IIHTeJIb.HOH

.

CTeneHH 3,aBI'J.CHT OT lIIHP'HHbI pacKaTa.
*

Y.MeHblllIeHHe IlIMpHHbI IIOJIOCbI, K93$4JHl.(H-
eHTa TpeHI1H np'H npoKaTKe H yseJIHqeHHe 0 1 -Z J � 5

np'Oq'HOCTH .npoKaTbIBae-M'uro 1M eTaJIJI a ll,.,

YIMeHbiIIaI6T npO�OJIb.HYIO npOTH:>KeHHOCTb PRC. 144. YMeHhweHHe AnDRY.

B HeK H aK H Dp
KOHTaKTHoA nOBepXHOCTH 3a.

o T T; bIX 30'H. ( H 3TOM CO ,CT,OP'OHbI CqeT BblCOTHOA YT,SUKKH nps YBe-

BXO)J;HOrO ,Ceqe.HHSI HalnpH>KeHH5I fEO 'BiHeKOH- JIHqeHHH napaMeTpa �/h.
u

TaIKTlH'OH 30He ,n.oC''f.I1raIOT .np'e!){eJIa TeK'yq.e-
CTH. H'OCJI€t,lLO'BaHHe Haill;pSl}KeH'H'oro COCTOHHHSI npH inpOKaTKe BbICOKIIX

TeJI, 'C,OOTBeTlCT.BlOmaX! .CJlytI81O np'OK8TICH ,H8: -6JIIOMHIHre c ll:p�MleHe�tH.eM.
.,

v
.. .

MeT-QL(a OnTHqeOKH aKTHJBHbIX nOKpblTHH,'nOK838JIO, lITO �JI'HH.a: Qqar.a J(e-.

<!>,Op.Mal.(HH ,MO:>KeT B 4-5 pa3 npe-B�illaTb J(JIH'H'Y 01J:ar8 .ne$op'M:al.('HH, ec-

nM ero BbIq'HCJIHTb 'H.C/Xo;i.H R3 reoIMeTp:HIIe.CKHX COOTHOIII,e.H:MH [\4] 0

5. KOHTaJKTHbIe HanpD>KeHHD

H.a piH'C. 14'5 .IIp,HiBeJ('eHa ,cxielMa o,II'p'e,ne.n:eHIHH KOIHTaKTlHbIX lIIaID'pSl-
u

llie(HIHH nlp.H .np'OKa'frKe.
113 ,ng'H'BeJJ:eHiHIQ,r,o a!HaJI.H.3a 'CJIe;iyeT, .'1JTO JI-JISI onpe..neJI'eH:H5I �OH-

TaKTHbIX 'HanpH>KeHHH .Ha yqaCTKaX :CKOJIb}l{,eHHH .HeoOXO,lLH,MO co-

B'Me'C�H'O .peIIIHTb. Tp'H Y'P a BIH:eH'H 51 'Q�,CT�MbI (.202), .

B ',KO'TO'PiQH .B.M!eCTO

Y'CJIOBHH H.,QeaJIbHOH: nJIa'ClIUqIHOCTH. .B3S1l'O YCJI'OBHe .II,JJ.alC''DH1J:H.OC'r.H. C
,

yn'poII:HeHiHreM:

d
I1p

+
I1p

-

110
+

.2 't
p 9

= 0; O'p
_

0'0
= V K (

To

) n; Tp e= + P. 0'8 .

d p pap
-'

p

1 iK 0 'T. e:JI b!H:M IK -OIB lID; n.., in 0. '3 iI1. e eB A. A., :11 1J ,a H H n K.R ff Ao B. iBJItHRHH\e

Hep,a�BHOMep'HO(PO pacnpeJl.eJIelHHH 'TeM,nepaTYlphI [10 C>e1IelHHIO fTIOJIOChI ilia MOInIIIDCTb

«H3BecTH� . BY30B. qepHafl MeTaJIJI-yprH�», 1969, J\fg 6, ;c. 83-86.
,

.
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B fl;OCJIe,,lJJHeM 1MB .9"l"'tMX ypaHHeH:HH 31HaK iM,H�HY'C OTIH'OClHT'C5I K 3'�,i-i�
01'CT3'BaIHI1_51, .a 3H.aK ,IlJIIOIC K 3 I OH , e ,o,llep,e)KIe1HIHH.

Pac-c.M'OTpH'M XOA pellIeHlH5I .AJI5I 3 ' o'HbI OT'CTaBaIHH5I. DeptBoe H3

3THX ypasHeHHH 'C yqeTOM ABYX ApyrHx llpHMeT BHA:

d
(fO

+

'I K (1 - n)

(
�

)
n

+ � � = 0, (404)
dp p p p

(

r}!e � =

2 fJ.

a
( 405)

TaKHM o6.pa3 ,

oM, IMbI nOJIyq,MJIIH HeO):lJHOp'O,lJ.lHOe JI.MJI'eH:H:oe .lI.:H�<pe"

'r.eH�'HaJIb:HOe ypaBIHeH,He ll'e-pnOro IlOp5lJI.Ka. I1HT l

erpIHlpY51 IOOOTHeT'CT-

BYlOmee eMY O.lIJHOpO.lI:HO� ypaHH.eHHe

d (fo
+ i'> (fo

I

0,
dp p

,

. I

�

l.....�
"

(:)

�

(

l<.

(
r,Jn

l(lB ::'2 T;

Lpo =p 6
0

./

'60

...

lOT In

l

Zon

PHC. 145. CxeMa K paCqeTY
KOHTaKTHhlX HanpH>KeHHit npH
npOKaTKe
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ifIOJIyqHM

a
O

� Cp-6. (406)

H'eQJl1HOpOJI.iHOe YlpaB.He.H�J1.e p.ellIllfM :MeTO�OM .B-apHa�HI1 .npO'H.3HOJIb-
IHOM nOC'f105l I HIHIOM. ,[(,ony;cT.HM, qTO KOHCTaH'Ta ,C -IH.eK,oTopaH !CPY,HKUI1H
p. .Do..n.6ep,eM 3'TY CPY,HiKnHIO TalK, lIT-OObI 0'0 =.Cp-6 YJI.OBJI,eTBOpHJI'O

ypaBIHeH:HIO (404):
da dC

o
= _ p-6 _ C 6 p-6-1. (407)

d p d p

C ,11.cnOJIb3-0Ba;HlJ1eM IBblpaJKleHIHM (406), (407) y'p=3.BHeHHe (404)
.n'plH M.eT 'CJI e .n.YIOII�HH BfH){:

dC

p-6 + 'Y (1 _

n) Ji
(
�

)
n

= o.
dp p p

P
6

-1l

OTCIO.n;a C == - 'Y (1 -

n) K r� + Cl.
{)-n

nOJI:CTaBJI5I5I 3lHaqe.Hl1'e C .B ypaB.HeH,He (406), ,IIOJIyqH,M:

_ C -6
'V (1 "7 n)

K (
ro

)
n

<To --:- 1 P
- -

·

b.-n p

B loo�.eM rCJIyqae J{e<po,pIMa�H5I In'OJIO'CbI .no 'BbI,C'OTe IH-epa'B.HOMepiHa.

[J,p:onO.lI.51 TaKl1e, JKle p3l0CY}K)J.e.HIH�, KaK �H 'pa!Hee (pa3JI.'eJI 4, rJI. 8),
110JIyq,H.M :CJIe){YIOIIle-e ,Kp,aenoe Y'CJI'OBlUe J(JIH ,Ha.npH>KeH'H5I '0'0 : p=ro; 0'0

=

=-;n 3 K.

-3.lI:eCb IK'03'cp'cp;H�H.eHT BJI,HHIHIHH .B!HellIiHHX 3-0H n 3 .npe)l:CTlaBJIHeT '00-

6,OH ,K03'CPCPIHl{,H,eHT «y.npOqIHeHIHH cpOpMbI», B03IHHKalOlI(ero B .pe3YJIb-
TaTe !He:paB.HOM!epIHOM J(e<pop,MaliJHH tno ,BbIrOOTe ,n'OJI.OCbI ,np,l1 .nlpOKaT.Ke.
0603.Haq�HM .KOH:CTaIHTY :nJI3'CT1HQ!H ' OC'TH 'C yqeTOM IBJII1HrHIHH 'BuellI,H.HX

30H ,KaK:

( 408)

n 3 K = K3'. (409)

B JI.aJIblHeMllieM J(JIH y,np'CHI(elH,H5I 3a,n I H.CH aHaqOK n'pH neJI:HqHH'e Ka

6y..n.eM ro.nycKaTb, n03.B'pa�,aH,cb K 'COOTiHOIlI'eHIMIO (409) JI,HllIb B 'Tex

cJIYQa5lx, r.n.e aTO 'oy){eT IH,M,eTb nlp,HrH�H.n,Ha.JIhHOle 3'Haq'eH,He.
.

J1TaK, K'OH'CTaHTY HIHT-erpHp'OBaiB'HiSi C 1 HaM.n.eM ,H3 YCJIO�BHH: p=ro;

<Ta
== --K.

n'03�O:MY. 113 !BbIpa>KelH:HH (4.08) InOJIyqaeM:

fJ-I 6
C 1 =.- K roo

fJ-n

'[J'O,2:J::CTaBJI5I5I 3TO '3'H3'IIeHH l e Cl B BbI,pa>K.eH.He (408), 6y.rr.eM 'HM!eTb

a
\

1

[
.

(
r 0

)
6

(
r 0

)
n

]�
=-

f>-n (1'>-1) p +(I-n) p
·

AHaJIo.r,HqIH'O ,M.omH'O .npo,BeC'DH p
, ellI'elH,l1e J(JIH 3Q;HbI 'OIIepe>KeHII1H. KaK

H _:paiHee, 'V= +!1. r l pa I HH1J:Hoe y,CJI'OBH,e H.M.eeT "BHJI.:

{J
=

'1; <Ta
= - K ( �: r

( 410)
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B pe3Y JIbTaTe .llOJIyqRM:

.' 0'
B

1

[ (
R

)
6

(
To

)
n

(
TO

)
'1.

]� = -
.

(6 + 1) � - - (1 - n) -

.

K tJ + n Tl Tl P .

(411)

,B' 3'oHe 01lC'T£iBaIHH5I K3'CaTe.JIbHbIe iHa.np5l}KeHIH5I Ha,llpaBJI'elHbI B 'CTO-

IPOIHY, .npo'r.H'B!OIJ.OJI'O)KjHYio O'CH p (1CM., P,HIC. 145),- a- '13 ._3-0He o.Il'epe}KeiHIH5I
,I1X :HarrpaBJIeH.I151 Icoa:ll,a.n.aIOT. D03ToMY 'CJIeJI.yeT ,II.p,HIH5ITb ){JIH' 30HbI

O�CTa.BaIHIH5I 'tpe= -p.la o J, a JI.JI5I 30:HbI o.llep!e}K'e�,HH 't pe
� +p.la e I.

,[{JI5I 30H OT.crr.aBaIHIH5I :H O,llepe}K,eHIH5I .IlO,JIyq,H.M 'o00T:BeT,cTBeH:H'o:

't'p e
_

f.1

�-
-

tJ�n

't'p e
= +

f.1

K _

6 -f-- n

[(t> - 1) ( :0 r + (1 - n) ( '; rJ.

[ (
p

)
6

(
TO

)
n

(
r ()

)
n

](� + 1) -;:;. r;
- (1 - n) p

.

( 412)

.( 413)

B aOHe .npHJIHIIa!HIH5I,Ha yqaCT�aX T'OPiM'O}K-e.H'HH IHM.eeM:

1

(
TO

)
n

t'p e
= - - K -

.

2
\ P

( 414)

3�o MaKCH,M.aJIbH'O !H03,MO}KJHOe 3IHaqe.H:He ,Ka.caTeJIbrHOrO IHa.llpRLKe-
H,fI5I IHa ,IlIOBerpX:HoeT5IX K'OH'TaKTa. i[J,O'3TOMY YCJI,oBiH"e :IlJI3rCTIHq;HOCLH

:n p'l1'o6 peT aeT :BH.,n:

c1p- a a=O.

T,a.KJHIM,06paaOM, .H.e'b6xo.JI.:H!M!O 'P,ellIiHTb 'CJIeJI.YlOinYIO 'CIH'CTleMY yp,a.B-

HelH'HH:

dG
p .

+
<1p-.O'o

+
2't'pe .

== 0, a
p

- a
o

= 0;
dp' p ap

1

(
To

)
n

Tp 6
=

"2
'I K

p
·

9Ta .c:HicTeMa J}.er.KO 'enOJ1.'H'TC5I K .QJ(IHOM'Y ypaiB'HeHHIO:

d
Go � 'Y K

(
'

To

)
n

+ -:--
- == o�

'.

� p .k�
a p, p

HfH'Tel'p:H'PYH elra', n'OJIy'tJHiM:

0'0
= _.�

(
�

) �+ c.
an p

( 415)

r'palHHIIIHble Y'CJIO.BI1H IRMelOT IBH){:

p
== rOT; as

= a OT

F

=:-
K

[ (6 - 1) (
�

) �-r-
tJ-n �� 'OT

+ (1:�n) C �:T rl
p

=

ron;O'o � O'on =
-c-. .

K

[ (� + 1) : (.'

b+.n,

X c: r
- (1 - n) ( ;:n rl

r

.

)
6

on

X
Tl .-

( 4'16)
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\

3,lI.eCb rOT,' ron
-

i\OOpJI.,HIHaTbI IHa npalHl1llax ,30H IOTCTaB3'H'HH IH orrepe-
tKeHH5I. Y �OBJIeTIB'dpHH

}

3'IlliM y,CJIOB'HH;M, ,rrOJIY'IIH.M 'COOTBeT'CT.BeH:H'O:

C = O'OT +
'V K

(
�

) �; C = O'on + �
(
�

)
n

a n rOT a n
r

on

u

11 'OKOH.q aTeJIbHO !BbI'p a :>K'eH HH JI.JIH H alrrp H:>K eH 11 H:

(ja (JOT
_

1

[(
�

)
n

_

(
�

)
n

] ;
I.� = � _

.1

X
K K an p rOT.;J K K an

.-I

x [( ;:n r
-

( �; rJ · ( 41 7)

TaK Ka,K .Ha l rr:pH>K8HH.e (ja ,C:>K,H'MalOID:.ee �H no' aOCOJIIO'T!HO.MY 3.Ha-

qeH.HIO .nOJI>KIHO 'n03paCT,aTb K HeHT:p,aJIbH.OMY ,ceqeHIH10, T'O B :rre-pBO,M
,113 3THX Ylpa!BH'elHHH ,IIpHIH'H'f10 'V=-II, a BO B'T'OpIOM '\'=+1.

Ha rpa,HH�e 30H OTcTaBaHH5I H IrrpHJIlfrraHI151 HMeeM:

P.O'OT = �
(
�

)
n

2 rOT

HJIM i\�n [(�"-1) ( �: r + (l-n) (:; rJ
�

+( ;: r.
AHaJI-or,Hq,HbIe ICOO'DHOIII'e!HHH :M.O>KHIO 3.a.nrH'caTb IH ,IT.JIH lr.paHIH�bI 30H

O,l1ep'e}KeH,I1H IH .npIHJIRnaiHHH.
,

113 3THX COOTHOllIeHHH JIerKO rrOJIyqHTb paBeHCTBa ,lI)IH orrpe,lI.eJIe-
HlHH ,BblOOTbI ilia nparH:Ul{,aX pa3JI'Hq,HbIX 3'OH:

rOT

[ro

-

fJ

;;p'n

1

b - 1

]
6=-;

-

(l�
- n)

;

1

[
{)+'n

]
6+n

+ (1 - n)
r

on
=

2 It
(418)

�-'1 � + 1
·

E'CJIiH y.IIPOqHe.HHe OTCY'f1C'TByeT (n=O), TO IIlpHBe)):e.HiHbI'e :BbIIlI.e COOT-

:HOllIeH,HH rCBOJ:lHTCH K ICJI'eJ:lYIOIl{HM:

yqa.CTKH CKOJIb}Ke.H,HSI

� =-}[(�-I)( :o r+ 1]; TKo =- � X

X [(� - 1) ( :0 r + 1];

� = - T[(� + 1) ( � r - 1]; �
o.

= � X

X [(�+ 1) (:J 6-1];

)

( 419)

J

yq 8'CTKJH III p,HJI'Hlrr a.HHH

�=-� [ 1 + i>ln
l'oT

J
.

�

"po --�.
K 2f.1 p

,

K
-

2
'

(j 1-

[
p

]
"pO

1
-L = - - 1 + � In -;

K

=

2;K 2f.1 -�n

(420)
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Ceq,eHI1H, on pe.lI:eJIRIOIlI.He

llpHJIHnaHIH5I:

I

rpaHHUbI Me}K.lI.Y 30HaMI1 CKOJIb}l{eHHH 11

I

/
1

()

1

() {}
cf

-+1
2f.1

6+1

rOT {)-l Ton
--

To {)
rl

--1

2f.1

(421)

PaJJ: H'YC 'HeH 'TpanblH10rO 'CeIIeH.MH -oll.pe,lI,eJI5Ier,cH no CPopMYJI.e:

r n
= Vr OT .r on . ( 422)

cI>OP;MYJIbI (420) llOJIyqeHbI 'H3 CPOPMYJI (417) "ll'pe.neJl�HbIM Illepe-

XOJI.'OM, KOf.,lI,a BeJLH'q,HiHa n 'C'TpeM,I1TC5I K iHYJIIO. ElTH CPOPMYJIbI'IB He-

'CKOJIbKO IHiHIOH <plop�Me 6bIJI:H ,llOJIyq.eHbI :p3!Hee A. H. ll.eJIIMKOBbI'M H

E.. D� Y.HK!CoOBbI.M.

Pe3YJIhT'aTbI BbIqHCJIeHH:H no TeOpeTHQeCKI1M cp'opM'YJIaM 1l0,lI,THep-

}KJ(alO'f1C5I OllbITHblMI1 ..rr.3.HiHblMIM. jD pH 3TOM ,lI,JI5I lo.ll,p
'

e,lI,eJIe.HH5I .K'OH-

Ta K1IH bIX IH a:ll'p R }l{eHIHH M'O }K'HO IH'C,llO.JI b30 B aTb .1l'OJI 5I"p113 al{'UOHHO -.Oll'f1M-:

'1IeCKH:H IMeTO)J. !HJIII1 'IIITIHcp'T'OBbIe rvieC.lI.!03bI.
.

,BH,lI, 311lOpbI .HopMaJIbHbIX K,OHT3:KTHbIX HalllpR}I{eHHH 3aBHCHT OT

xapaKTepa IH3,M,e.H-eHH5I KaCaTeJIbHbIX IHallp5l}KeH'H:H :H 'CTe.ll.eH.I1. ,H'epaB-

HOrMe-PIH10CT,H JI.ecp'op�MaIljHlMllOJI,OCbI ll'O ee .BblCOTe 1M Illll1 l

p:H'He [15]..- TIpH

6, T,MH/N
2 (f((/MM2)

40

(4)

20

(2��

6,T,MH/M'l{Kr/I1M)
20

( Z)

o

6

�

9,6+d

o

21+d O,r,MH/M
2

{Kr/MM
2

)

a

(7,� MH/M
2

(Xr/J.fM
2

)

) 1t0

{4}
20

I'll

o

1� Ii + d

8

1'1.

8

I{.

o

2

17+d

2

PHC. 146. 3nlOpbI KOHTaKTHbIX HanpH>KeHl-u':i no OIiblTHbIM )J.aHHbIM:

a-i/h=0.5; 6-i/h =1,0; B-ilh =1,4; z-ilh =6,6; d-)J.ua-

MeTp lIITHq)Ta MeC)J.03hl
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l/h<O,.5 )l.ecplopManH5I ,11'0 BbIleOTe ,llOJIOCbI ,Hep,aBiHQ,M,epIH.a J1 IB �HaqaJI,e
\ u

�
G

�ynH 3aXBaTa !IlJI3'CTHQeC.KOH J(elf'opM."aI.lHIH B epe)J,!HeH qaC''DH ,ee ,MO-

meT 'Ho06Ille ,He 6bl'fb. B peaYJIbTaTe 'B03iHIHKalOIlIiHX npll1 3'TO'M ,llp'O-

JI:OJIbHbIX ;Hallp5llli,eH,H:H 'C)K3'TH5I, 0 K!OTOpbIX 6bIJIO CKa3alHO 'BbIIlI,e, MaK-

'CI1MYM K:OHTaK�HbIX IHa.np5l}Ke.H'HH Ha ,Il'OBepX:H'OC'TH KOHTaKTa paCllO-
JIar'aeT.CH y TOQKI1 BXOJ(a ,MeTaJIJIa !B 'BaJIKH (lpIHC. 146,a).

Iflp!11 'OTrHOIllelH:H'11 i/h � 1 cpaKT'op IHep.aBHoM-epH'OCTtH .necp'op,M.al.{,H.11
n.o BbI'coTe :1l'OQT:H ,ce651 !He ,11 p

' 051 BJIReT, 11 ;CMJIbI T,peH'H5I ;H,a ,Il-o.nepXJH.o-
,CT5IX 'KOHTa:KTa ;H ' e3IHaqIH'TeJIbHbI. D'o3ToMY 1M a WCH.MY.M iHa 3111lOp�X

'H'OPM3JIb.HbIX ,KOIHTaKT,HbIX :Ha:llp5l)KleHIH:H o TCYT.CTByeT, a ,K30CaTeJIb.HbIe

iHa.llp5l}KeIHI151 IHeneJI,I1:KJ11 ,H nJI,aB.H.O IH3.Me:H5IlOTC5I .110 JI.JI'HiHe .oq.ara J('e-

4>OpM.3'�:HIM (P'HC. 146,6). C YBeJIIHqeHl1eM IOTiHoOllieHIH5I i/h .BJIH5IIHIHe OMJI

TpeH'I151 Y'CiHJI,HBaeT'C5I-; B pe3y.JIbTaTe Qero IHa .9,11IO.p'e UO'pMaJIbHbIX Ha...

,UpH}K,eH,HH' :1l'05lBJI5Ie�CH iM.aK'cHMY,M (lpH'C. 146,8).
,0 pil1 .lI.'OCTaTOItHO 60JIbIll'OM OT.HOIlI.eHIHI1 i/h K:D.HTaKT:Hble IOHJIbI Tpe..

HI151 .HMeIOT 3rHaq'HTeJIb1HYIO IBeJIIl1q;HIHY ,11 Illepex.OJI. tHX OT .�'HrHH,MaJIbHor.o.
,K IMaKCHMaJIblHoMY '3!HallIe,H,HRM y :He:H'Tp.aJIbH'Or,o ICeqe,HIM5I .np,onCx.oJ('M'T'

,nOB.OJIbHO pe3�0. fIp'H .9T ' OM .Ho,pM.aJIb:HbIe iHa:llp5l}KeHH5I'B .He:HTpaJIb-.
'HOM ,C-eqeH'HIH )I.'OBOJIbiHO a.eJI,H.K1H :H 'TaKllie pe3K:0 Y,MeHbllIalO'�c5I .11'0 'Ha-.

llpaBJIe-HHIO K 'CeqeHIHHM .BXOJI.a 11 BbIxo..rr.a 'MeTaJIJIa (lpIHIC. 146,2). Ta-

Ka51 aa:KoH,oMepH.ocTb .CBrH..lI.eTeJIbCT,By.eT 0 IMaJIO':H Illp:oT5IllieHIHocT.J1 30!Hbl

.npHJIIH�naIHH5I,llipIH 60JIbIlI i O:H BeJI.HqlH.He OTH'OIlleHI1H ilh.

XII fJlaBa

HanpSl>KeHHOe COCTOSlHHe npH npOKaTKe

1. HanpSl}l{eHHOe COCTOSlHHe B 06'beMe,

OrpaHHlJeH'HoM nOBepxHocTSlMH KOHTaKTa_

C BaJIKaMH

E'YJI.:eM IHCXO.lI.I1Tb IH3 YICJI
1 0BH5I .M,HIHIH,MYMa ,HOp,MaJIhHbIX IHarrp5l}KeHHM

Ha C)CH nOJIOCbI. ,BOCllOJIb3yelVI-C5I peIlI.eHHeM (185), npHHHB npH '3TO'M

A =--B.

,[{JI5I 3,OHbI 'O'f1CTaB3rHIH5I, ,npHpaB!H'HBa51 ,llpaBbIe qaICT,H :nepBOPO ,113-

paBeH'C'TB (1'85) ',M paneH'cTBa (412) ,IJrplH 8 = a/2, ,IlOJIYQH.M:

(C1pa + C2p b) sh
m

2

a
= -

6�ft [(0
- 1) ( :0 r + (1- n) ( :0 rl

OT'CIO JI.a:

m a a () - I

(
'0

)
r,. C h

m a b
_

K
1 - n

(
ro

)
n

.

C 1 sh -

P
= - K p.

-

, . 2 S -

P
-

-

P.
-

.

2 {)-n p, 2 ()- n p
I

B ,CBOIO OqepeJIb 1M3 3TUX pa.aeH'C'T:B C-JIeJI.yeT, q'TO:

a -6 ('\

P
=

P ; a = --

0;
b -.n

bp
==

p ; :-
-

n; ( 423)
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1 r
n

-n 0
C 2

= - K p.. ,

fJ-n
h

ma,
s

-

2

/

/
I

� '
6

u-I 0
,C I

= -Kp.-
b'-n

h
ma

s
-

2

i

( 424)

.

-- a

"!1'CllOJIb3YH .BbI'p.aJKleiHIH,e JJ:JIH IpalCq-eT,a Ha.II'pHJKeH,I1S1 (16 ;ll'PIH 8 = -

[pa-
2

BelH.CTB a (410) 1M r!peTbe�o JI3 ,p a B'elH'CTiB (185)], III'OJIYII'H-M:

_ m (
Cl pa

+
C 2p

b

) ch
ma

+ K ( � _ 1 ) ( .!!.. )
n

+ C'=
a b 2 .n P

:J

= -

fJ �
n [(0

- 1) ( :0 t + (1 - n) ( :0 fl
'O�clO..Zla:

mC 1
ch

ma

pa =K
fJ-I

(
TO

) 6; C = 0;
a 2 fJ-;;.- n P

mC 2
ch

ma

pb == K
1-n

(
�

)
n

+ K (
�� _ 1 ) (

�

) n.
b 2 fJ - n p' n

, p

113 3TMX paBelHIC1'B rCHOBa 'MO}K,H!O :n'OJIyqIMTb COOT1H I OllIeHMSI

KpOMe T-Ol'O, yp.a.BI�eIHiHe ,fI.JIH C 1 H C 2 BBMJI.1e

C 1
= � K

fJ - 1 rg
m b-n ma

ch-
2

(42.3). 1M,

C2=� � K
1 - n r�

m n b-n ma

ch -

2

( 425)

IIp,upaB!HH'BaH ,np,a'BbIe 'qaC'f.H IBblpa>KeH:HH (4'24) 1M (425) �JIH K!OH-

C'Ta:HT C 1 , yqlMTblBaH, 11'1'0 1M3 YICJIO.BHH '(423) a � -6, IH,aitn�M:
.-

� ,6 � � ,6
Kp.

u -I 0
=� K

u
- I 0

fJ-n ma m fJ-n ma

sh - ch -

2 2

fJ ma

�HJIH p.
= - th ,-

. ( 426)
m 2

np,I1IPJaB,HIM.B-aH III'paBbIe lIa l CTH BbIpa>KeHIHH (424) H (42S) �JIH K!o.H-

.'CTaHT C tl H yq'MTbIBaH, lITO M3 y'CJIOIBM5I, b =

-n, n:O�yqHM H.3\BeCT-

'H'oe 'COOT!HiOIlI.eHHe (42
1

6). T,aKH'M 106pa30M,' .ll'pIH 'BbIlnOJIIHeH,HIH 'pa'HeHCT-
;Ba (426) KOHICTalHTbI C 1 1M C 2 , Bbl'pa>K.a,eMbIe IpaaeH'CTBa;MH (424) iii

J 42 i

5), O)J.HIHla KOB bI.

OIKOIHqaTeJIbHO ,lI,JIH 3 1 0HbI OTCTaBaHHH 6Y,lI,eM MiMeTb:

. � f.1

[ (
'0

)
6

(
'0

)
n

]..

KO
=-

fJ-n (0-1) p +(1-n) p <PI;

G
6

{
I

[ (
'0

)
6

(
'0

)
n

]-K
= -

fJ- n
(0 - 1) p

+ (1 - n) p
+

+ (-1;-
-

1) ( :0 r! <J>2 + (-1;-
- 1 ) ( :0 r;

)

( 427)

_� = � + (
'0

) n.
K. K

.

P I



3..AerCb:

shm 6

<PI
=

ma

sh..-
2

\
"

\
\

\ ch m 6

<P2 �
\

ma

ch -

2

( 428)

LL�Hcp<pep'e.HI{IH-aJIbHbIe Y'paiBrHeH,HH pa.BrHO;BeCHH 'G yqe-TQ,M BblpaJKe-
:H'HH (4'23) IH (426)' YJI:OBJI,eTIBOpHIOTCH 'TOLKJ{,eCTBelHIHO ,nplH .IIOJ(CTaIHOB-

Ke B iHIHX rHarrpH}KeHHH B BH)J.e .(42'7). CJI'e){OBaTeJIbH!o, 'pellieHIHe (427)
,

U

.HBJI�'eTC5I T'q'�:HbIIM 'B :ITp�,IT.eJIax IllpH,��'TbIX JJ,onYIn.eH,HH.

iC,O r JI aOH,6
'

YCJIO B HR M'
..

(4.23) :H'M,eeM a = -[,. :D,03'I'OMY .113 p 3:a-eHICTB a

( 182) ,ll 'OJIyqIH:M :

m = 1/0 (0 - 2). (429)

01'CIOAa iCJ1e.n:yeT, IJ1'O pemeHije (427) AeHCTBHTeJIbHO, eCJMf i'>=
2J.1

> 2
a

HJIH p.:;?--cx. 113 .M.3'Te.p�HaJIa np!eJ(bI..l(ymeH rJIaBbI .113:He'C1iHO, q'TO 3TO

COOTHOllIeHHe np:e,n:CTaBJI5IeT C0(50H YCJIOBHe eCTeCTBeHHOrO 3aXBaTa npH

np-OKaTKe. T.aKHM 06ipa30,M, pem.eH.He (427) JieH,c-rr.BHTeJIbHO .AJIH pe-
aJIbHO OCYIn!e.CTBrH,MbIX. Y'CJIIOBHM ;ll.pOKaTKH. B,Me.C'Te IC TeM B 'pellilelH;HH
(1,85) IH JIIH.B 'pe llI-eH,H H (4:27) , ,COrJI3'CiI:l'O p.aB'�!H'cTBY (182), �BeJI,Hq�H:Ha

m = Va-(a+2) = Vb (b+2), T. e� BeJIH�JfIHbI a, b 51BJI5IIOTC5I KOPHH-
MH WBaJI.paTHo:ro yparB-HeHH5I: x�+)2x-m2=O..

B pa'OOM3''f1p,ai3aeMoM ICJIyqae Xl � a=-[,; X2= b =-n. [J!OCKOJIb-

KY BeJlHql1,Ha [, > 2, Inp;11 I�OTO'PrQH BeJI,HIIHIHa in= V6 (6-2) rl1'M ' eeT se-

Ilt.eC'TBeiHIH,()e 3,Ha'qeH1i,e, Inp.e�cTa.BJIHeT C060H Y'CJI,oBHe aaXBaTa, TO ee

Y,M.eCTiHtO H'CrrOJI�3;q'BaTb JI.JIH YTOqIH.eiHtHH :BT'Op:ar,o KOpiHH .n pIH'Be,IT.e IH�'Oro

BbIllIe'K:BaJI.paT HOr,o y'paBHeHH ' 5I, KOTOpbJ.:H :paneH b=�I- Vl+m 2
=-n,

T. e. n= 1+ Vl+m 2
.

'[J 'pIH:HIR MaH iBO 'BHIHtM8iHlHe y.paBlHe,H.He (426), ;n'OJI)'1I'H,M.: n= 1 +

+ V(6-1)2=6. HIO;B rJI. V IMbJ YrCJIOBHJIH'Cb, :IITO 0 <n< 1-. [J03TO-

MY, eICJI.H .np;H,HHTb 06bIq.HbIH (BbI.n;Y.KJIbIH) BH,IT. �pHBOH y.rr.pOtIIH eJH,H 51 ,

Heo6x'O,IT.HM,O 'rrpH)H5ITb \7=-1.

o = �
. ( 430)-

n

....,

LLJIH 3'OHbI o,ll:epe}K,eHHH IMO}KiHO n'poBecTH' aH.aJI'O:I1HqHble p,a.CqeTbI..

<P'OP,MYJIbI ,n:JIH IHa.llpH}K�!H'HH IH��leIOT .B �'TOrM ,c-JIYII.ae Ta�oH iBIH.n:

�� =

� :n [(0 + 1) ( :1 r ( �: r - (1 - n) ( r; r ]'Pt;
a

6

{
.

1

[
.

if

(
P

)
fJ

(
To

)
n

(
To

)
n

]y=- �+n (0+1. 1 ) r; .T;
-(1--n) p

+

+ (�
-

1) ( :or } <P2 + (+
-

1) ( :0 r
0'

r
_

Go
(

To

)
n.

-](-Y+p.

)

( 431 }

)
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;B :rr p
'

OI1:erec.e .p,aCq,eT a IBbI 51'OH5IeT'C5I, q'TO B aOH e 'Oiryep e}KeHIMH a = 6;
�b

.

-no -B 'p.e3YJIbTaTe IOYJI.-eM IM,MeTb:

,

.m == 11 0 (0+2). (432)

TaKiI1'M .oop:a3'oM, 'B 3,OHe o.ll!epe}K'eHM5I YICJI'OBH5I a.aX.BaTa Inp-ol(eoc

:np.oKaTK,11 :He .JIHMHT,HPYIOT.

ICY,MMa. :K!Op�H.eH �BaJI:paTiHODO ypa.BIHeHM5I .paBH'a KoQ'3.<p'<p,M�IMe!HTY
.ri'P,H Hel13'nerC'llHOM B fuepnoH 'CTeneiHJM IC oo:paT,HbI'M 3IH,a.�OM. Ilo3'TOMY
U13 ypaBoH8HHR x

2
+.2x-m

2
=rO, K-OpHHMM KO'rQPOro S{!BJISJ;IOTiOH Xl

=

=a=6, x2===b=-n, inOJIyqlUM: �-n=-2 .HJII1 n=.�+'2.
.

\Il,pl1!HI1Ma51 'BO ,BiH'I1MaHIHe, qTO 0 < n < 1, .MbI �OJILKlHbI :rrP,HIH5ITb

Jf.,JIH «:BblrrYKJIOr,o» 3aK'OHa yrrp'Oq,H.eHI1H 'V = --.1. O,�OHlq,aTeJIbH-o 0Y.lI.eM
H,MeTb

1
-0 = - - 2.

n
( 433)

113 'OOoTIHollIeHHH (4,30) 1M (43�) 'CJIeJI.yeT, qTO 'BeJIll1q,I11H , a .napa,MeT-

pa 6 aaBlH'CHT OT BeJI,HqIHIHbI n; H.HblM;H 'CJIOBa,MII1, y'CJI'OB.HH IC'TaTtHlIeCK'O-

ro �paBH'oBe-eH5I OOH3bIBalOT IBbIOIHp3'Tb K:O:9<p'<pHIJJH'eH� Tp'eH,HH H yroJI'
3aX'B3'Ta .rrpH ,rrp

' OK3'TH!e IC yq1eTOM 3aKOiHa Yirr!p'OqIHe.H,MH.

Hanp5lLKe,HH5I In
'

piH 'n'p'OKaTK!e ObIJI,H qrr:pe..l(eJIe!HbI 'C IM=crr'OJIb30Ba!H,H-

€1M YCJI'OBI151 'MIH;H,H.MYM,a ;HOp,MaJIhHbIX IHanp5l}KeHHH ,H,a '000 ,rr,p�o.KaTbI�
BaeM'OH ,ll'OJI'OCbI. E'CJI.11 ;B K3'QeC'TBe H'CXO.lI:HOfoO .rrpII1IHHTb Y,CJIOBM,e :MII1IH�M-

"MYMa K3'CaTeJIb'HbIX iHa.np5l}KIe.HIHH .n,p'H 8 ===0, T. e. 'Cq:HTaTb, lITO A = B,
TO IMbI 'CHona ;rr'OJIyqIHiM ,p'ellIeJH.MH (427) 1M (431) ;C 'reM, O�!Ha;K'O, pa3-

.JIHIFUe.M, lITO B ,9'THX pellI'e!RI151X <P'Y!HK�HI1 'OT 8 oy .lI.YT �H�Me'Tb CJI!e..lI.YIO-
m,Me 3,HaQeHHH:

ch me sh me

tna

ch -

2

<P2
==

h
ma

s
-

2

. ( 434)<Fl==

. Dep.e:H..u.e.M Tenepb K 'Otnpe�eJIeHII1IO ,Ha.np5l}KeH,H;:H 'B 3'OIHe .rrp.HJIIH,na-
"1111151. 3.rr:e.Cb KaC3'T,eJIblHbIe ,Hanp5lJR ' eHIH5I. iH,a .noBe:pxHOC''DM K'OHTaKTa .rr.'o-

CT,I1ralOT enoero MaK!OH,M,aJIbHOrO .3IHa'QeHH5I, 1M ,U03TO;MY y,CJI'OB'He.
'fl.JI3:CTl1q,H ' OCTIH iI1lMeeT BH..n:: Op +'0'0 =10.

'CJIe�OBaTeJIb!HO, J(JIH '.Qn'pe�eJIe,HIHH ,Ha.rrpH}KeHMH B OO'beM.e ..nOJI'O-

CbI IHeOOXOJI.H'M.O nOCrr'OJIb3'OnaTbrtH <popMYJIaM!H' (l83), ,a 'B Kaqe'CTBe

f.p'aHMT.I:HbIX y'CJJOB.HM ,rr-piH!H5ITb <P'OP,MYJlbI (414) 1M (417):

."{ ==!S.-
(

'0

)
n.

a = a __ �
[(

ro

)
n

_

(
�

)
n

] (435)'po 2 P '0 OT
an. p rOT.

,CHaq.aJIa OY.�e.M 'CQ,HT3'Tb, lITO 'CTerr,eHb ,HepaB.Ho.MepIHOC1iH JI.e<pop-
Ma�HI1 nO BbI'COTle -'rr'01TIOCbI HeBeJIHKa, T. e. rrpHMeM y,CJIOBHe. MUHHMY-
.Ma iH,opM.aJIblHbIX IHa�rrpH}Ke:HII1H, ,H,a .rrpO.lI:OJIbHOH 'OOM .CJ1IM,M.eTpMIM, rJI.e 'B

. '9'�OM ,cJ!yqa,e 't p6
= o.

...

B <p'Op MY JIbI (43S) ,BXOJ1JM'TJIHllIb O)JJH!H ,rr'OKaaaTeJIb ,C'Terr,eIH;M -n.
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1103TOMY B CPop,MYJIaX (l'�0) MO}KHO CqHTaTb KOHCTaHTY C"l = U. "ror...

na ,UOJIYlIaeM:
m

't == C 2 pb sh.rn 6; an
== - - C 2 pb ch m 6 + C.

PO ' b
'

a

,[{JIH :uoBepXtH�o�T'eM K!OHTa.KTa (lll'p.H e ==

2 ) Ha.ll'p5l}K,eHIM5I, BbI-

(436), .0J(I1HaK!OBbI; 1l03TOMY

( 436)

paLKaeMble paBeHCTB3'MI1 (435) H

� C 2 pb sh �
a

= -

� ( '; r
m b m a K

[(
ro

)
n .

(
ro

)
n

]
- - C z p ch - + C == a - - - - -

.

b 2
OT

a n p rOT

O�CIOJJ.a 'CJIeJI.yeT pH.D. 'OOO'frH'OIlIe.HIHH:

b-= -no
b == _ n

.

C =!i
(
lL

)
n

-t- (j
.

p p, , .

riOT'
a n or

K'6' b Kro
C 2

= C 2
== - -

ma m ma

2sh -

an ch-
2 2

DpHpa.B:HH'BaH .1l:p'aBbI'e qa.CT'H ll'O'CJIe..lIJHHx paneHcTB IH :llipHiIiI1�Ma51 no

BHH�Ma!H,l1e, qTO b=--n, ,nOJIYII;HM:

�= 1
th

ma
.

2 ma 2 ",

COO'tHOIlI'e.HIHe (437) HBJIRe1'1C5I qaCTHbI,M 'CJIyqaeM paBeH'C'TBa

(426): ,npH J..t =.0,5 OHrH ICOBrllaJ(.aIOT. ,C'O'OTIH,ollI.eHH5I (426) 1M (4,37) H'B-

JI5IIOT'CH .CPyrHJ(a.M,eHTaJIbHbIM,H: ,e'CJI.11 OHH ICOOJIIO,J(alOT'C5I, T'O ..21J l1l cp4JepeH-
�l1aJIbtHbI'e ypaBH��H5I .paB!H'oBeOH5I TO}K�e�TBeHiHO YJI.!OBJIeTHOp5lIOTC5I

'If 'pellIeH'He 3a.lI:aqlH 51BJI5IeTCH TOqiHbI,M B .1lp.eJ(eJIax Ill'pHJIHTbIX .)I:OllY-

III.eHHH. O.KOiHq.aTeJIbH-D 'OYJI.,e,M H,MeTb .D.JIR yqaCTKa .aOHbI .,np'HJIIH'naIHrH5I,

f1pa.HlH'q,arnero 'C 3 i OH.OH 'O'I'CT3'BaH,HH:

\0 = -� ( :0 r fJJI; � = � = (f;T -

a

1

n [( :0 r - ( ;:T r1CV2. (438)

AHaJIOr,Hq,HO .D.JIH yqaCTKa 30HbI npHJIrHna!HHH, rpa:H,HqalI(,ero C 3-0-

IHIOH: 'o.llepe}KeH.HH, ;H.aH"lleM:

't'po =_+ (
�

) nCVl; �=�= (fon
_ �

[(
�

)
n

_

(
ro

)
n

] cp2. (439)
K p KKK a n r

on p

Dp'H !OTCyT'CTBHH Ylllp.Oq,HeHHH n=O. Hell.OJIb3YH IllpeJ(leJIblHbIH luep.ex.oJI.
M3 p aBeHClIB 1(427) H (431'), nOJIyqHM .CJIeJlYIOrn'l1e BbIp aLKeHH5I J(JI5I

paCqeTa HallpR}KleHHH B 30Hax OTCTaBa!HrM5I H orrepe}KeH'H5I:

[
..

( )
6

]
".t'p 8 fJ.' To,

K
== -

T (0 - 1)
P

+ 1 CPt;

.<J"o == _ { � [ (0 _ 1) ( 2- ) 6+ 1 ] + In � -1 } <p2+In
'0

- 1.
K () .

p p p'

';( = - {� [(0 - I) ( :0 r + I � + In :0 - I } CV2 + In :0

( 437)

)

( 440)-
"\\

.

I
"
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\0 = - � [(0+ 1) ( :1 y- 1] IJ>I;

. � =-{{-[(0+1)( :1 Y-l]+ln :0 �1}q>2+1 %:0 _1;

i = - { {- [(0 + 1) ( :1 r - 1 ] + ln
r

;
- 1 } <j)2 + In :0

,QJIH ,30HbI .npIHJI,Mna�HHH 'oy�eM iHiMeTb:

� P B_1 m.

(J
B

_

(J
P

_

>

(J
0'1'

_

<P2
In

rOT

l(
-

-

2 ",I, K
-

K
-

K . a p

(J
e

__

()'
p

_

(Jon <F2
1

p

K
-

K
-

K

-

�
n

'on

·

i
} ( 441 )

)

.

(442)

3�eCb 31HaIIeiHMH aOT IH crOIl .nOJIyqeHbI ;M3 IBbI'paJK,eHHH (440) H

(441), ,eCJIH iB :BbIpaJK'eJHIHHX J(JIH 0'0 'CllIHTaTb 'C'OOT'BeTCTueHIH.O p=' OT I�
P

= 'OlI.

C 'H'On'OJIb3 ' OBaIHiHeIM cpOp.MYJI (44.0) IH (441) �Ha 'P,HIC. 14-7 ,nocTpoe-
HbI 3lnlOpbI, x,a�pa:KTep:H.3YIOII.{;Me IH3:M.eHeHIHe IHalnpHJK.eHHH "n,o 'BbI!C'OTe

TeJI,a B 30.Hax 'OTCT,aBaH,M5I IH onep.eJK.eIHHH. 113 'pa'OCM'o�p�eIHH5I P,H�CY:H:Ka
'CJI-e,.nyeT, IITO s:nlOpbI Hanp5l}KeIH,MH .no BbI'COT,e TeJla, ,TI,OJIYIIeHIHbie li3

Y.CJIOBMH M'H�HM:YMa HOpMaJIbHbIX Hanp5llK-eHHH ({PI H <p2,onpeJI.eJIH-
IOTCH ipaa-eH'CTBa,MiH (428») 3'H3'QHTeJIb!HO OTJIHqalO'�CH- OT 3InlO,p, nOJIY-
qeHHbIX 'M3 Y'CJI'OBMH MMHMMY,Ma KaCaTeJIbHbIX Hanp5l}KeHHH [CPl H CP2

onpe.n.eJIHIO-'I'C5I'pa.a.e.nC'I1B3IM'H (4;34)].
'B nepB'9iM ICJIy.q:ae Ka,CaTeJIbHbI,e IHa.nip5lJK'eHHH IH.3,MeHHIO'TCH OT !MaK-

/
.

u
'

v-

'C,H!MY:Ma :H<} .KOIH'TaK�H!OH .n'OIBepXtHoCTH JI.O .HYJI5I B 'Cp'eJlJHeH q.aCTIH :n'o

'BbI'c.OTe oq-ar.a .,necpopMaT(.MH. H'D:l!1MaJIb.HbIe ,Haln'p5lJK.elHIHH YiM:elHbllI a IOT-

IC5I K cepe)IJM:H'e BbI'C'OTb! InOJI'OCbI ,H,e3,Ha' 1 IlHTeJIb:HO. fJ.oaToMY, ,np'M:H'H'MI,a51
,BO B;H;H,M,arH.H'e 'MaJIYIO BeJI'MIII�iHY Ka'CaTeJIbHbIX ,Ha,npHJK1eHHH ,no .'op.a'B-
IHeHHIO ,C :H.op,M-aJ1b!HbIfMIH, B 3TOM 'cJIY1.Ja.e ;B ,nep'B-OM .n1pHoJ,I,HJKelHH,M IM'O}l{-

H.O 'CqIHTaTb 'Cinpa'B'e,AJIH.BoH 'f,H:n'O'f.eay ,nJI'OcK!HX .eeIIeH'HH. Ta,KaH 3a�0-

'Ho.M.ep.Ho'C'Tb ,oTI'pa:a-eJI.JIIHB-a 'KaK .l(JIH 30,HbI OTCT,aBaiHH5I, Ta.K :H ){JI5I 30-

:HbI ,onepeJK.eH,H5I (p�IC. 147,a, 6). Bo ;HTOiP'OM ICJIyqa,e KalCaTeJIblHbIe Ha.-
tnp5lJKeHIH5I Ino 'BbI!eOT,e T,eJI,a iH3;Me,H5IIO'I'CH :MaJIO, a iHOpMaJIbHbIe ,l,Ia,n.p.g-
JKelHHH -

3!Ha'q;H'TeJII?:HO.

f1pH 3TOMKaK B 30He oT'cTaB8HH5I, TaK H B 30He onepeJKeHMH

IH.alnp5l)KeHIH5I a 8 Y,M,eHbmaIOTC5I npH :nlepexo�e iOT K'OHT,aK'nH'OH . JI.o-

:BepXIHOC�H K n.eHTpaJIb1HbI,M ,CJI'<?-H'M In'po,KaTbI'Bae,M10H In'OJIOCbI. I1;HT,eH-

'C'HBiH'OCTb 3Toro YIM'eHbme:H.HH YBeJIHq!1f.Ba,eT,CH .e ,p.OCTOIM jBeJI:H'll(H�HbI f>

(,pIH'C. 147,8, 2). CJKH,MalOIl{,H,e ,n'pOJlOJIHHbIe 'H;an'p�JKle:mHH G p y.Me.Hb-

maIOT,C5I )JJO IllY JI5I B InpO.MeJKYT'OqIH'O!M 'Ce"lleHIH;H, .nOJIOJK:eH:M,e K!OTop.oro

,CM'eIl{aeTc.51 K r,o p M3,o.HTaJIbHOH 'OCH 'CH,M,Me-�p,H:H IC 'p�OC'roM .BeJIIHrtI'HiHbI a,
a 3,aT-�M aT/ii ,Ha,n.p5lJK,eH:HH-, IH3.M'BHHIB 3IHaK, JI.OCT,H'raIOT MarooHIMaJIblHOrO

.
.

v

3�H,allea,H5I iH.a :npO.DJOJIbHOH 'O'CH 'OH,M!MeT:p:liJl .n'p,o�aTbIBaleMioH ,nOJIOCbI.

T,aKlHM oopa30M, B p.aIOCMaTp�H;BaeM'OM 'CJIyq-ae ,n'p'O�OJIbHbIe :HaITI,p5lJK.e-
'IHIHH :B IOpeJI!HeH q.a'CTH .no BbI'COT-e 51BJI5IIO'TC5I ,pa

i CT5Ir,HBalOIl.{H,M,H. 113-

BeC'DH'O, :qTO npH .n'po.KaT.Ke �PYlnfHbIX 'Ceq,eHIHH IC MaJIbIIM,H 'OO)K,aTHH'MIH'B

'p5lJ{e 'CJIYlla'eB. IHa6JIIO�aIOTIC5I ,ne-p:HO,DJH;IJe'CKH .n'OB'To:p'51IOIILHe:C5I B lopeJI.-
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HeM 'lJaCT1H .no BbIrOoT'e. :nOJIOCbI pa3pymeHH5I, 'TaK .Ha3bIBaeMbIe «'CKBO-_

pell , H-HbI». yla pa.C'C-MOTpeHiH.oro CJIe.nyer, tITO 'nOHBJIOO.He .3THX .necpeK-
T'OB 'CB5I3a:HO IC ,HaJIHtJ.HeM' ,npo,nOJIbHbIX 'paICT5IrHBalO�.I-fX HanpH>KeHIHH
B 'MeCTax MX o�pa30B�HMH.
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0,1- 0, 5 I<.

-0.5

JOHa onepeJlfeHllR

PRC. 147. MSMeHeHHe RanpH-
)KeHuA no' BLiCOTe Tena B

30H8X OTCTaBaHHH (a, 6) H

onepe>KeHRH (s, 2). 3nlOpbl
a, "6 nOJIyqeHhI U3 VCJIOBHH

MHHHMYMa HOpMaJIhHhlX Ha-

npH>KeHliA; snlOpbI 8, 2-
H3 YCJIOBHH MHHHMYMa Ka-

caTe.nhHhlX HanpH>KeHHA,
,ho/hl =1,645



ro

(IIe.MY 'COO'TBeT'C'TByeT HlepaBeH'CTBO p
>2,72 Ii OT,HOClHTeJIbHOe o6)Ka-

T,ne B >10,.63), TO IH �nonepelJ:HbIe IHa , np5lJK
' elHMH �Ha ,n i pO,,lJ.OJIbHOoJ1 -oeH HB-

JIHIO�C5I P aCTHflMBalOm:rH�MH. C'oq.e'TaIH,Me ,npo.,lJ;OJIbHbIX H ,no,nepeq,HbIX

:p.aCT5Ir,HBaIOII(HX ,HanpH.lKeHIMH .M-Q.lKeT .npMBeCT;M K 06:p.a3'OBaIH,HIO Tpe-

m:.Ii,H. O,,lJ.rH,aK!O B Y'CJI;OBIMHX H'OpM-aJIbIHOr,O jn.po�'eoca npOKaTKJH 'TaKoe

'COlJeTarHH,e iHaln'p5lJKe.H,HH 51:BJIHeT,CH �OBO,JIbHO pe,Z(KHM.
H a 'Oc.HOIB-aHIHM n.p M'Be.,lJ.eHIHbIX BbI III e <p OP,MY JI ,M 3'nlO'p IH alnp 51 )K,e;HHH

. (prH'C. 147) MO)K,H!O K'OiH'cTaT1H.p'0BaTb, qTD .no xapa.KT,epy iHanpH)KelHlHO--
ro :COCT05lH,liH .np'M ,n '

pOK3'TKe M,omHO BbI.,lJ.eJIMTb ',npoKaTKY 'T'OHKMX HO-

JIOC, .,lI,JIH ,KOTOpbIX -8. Ine.p.Bo.M InpH6JI.M}Ke!HIMIM ,coup 3'BeJ(JIMBa rMnOTe3a:

JIJI'OCKiMX 'c-elJe.HMH, M :lIpOKaTKY BbIIOOK,MX HOJI'OC, .l(JIH K'O�OpbIX 'pa'cnip:e-
)J.eJIeHHe ,Han'pH}K,eH:I1H 1M )(ecp'opMalI.'MH ,no BbI'OOT,e IHepa.BlHo,Mep'H'0.

Ha PMIC. 148 npMBe,lJ.eHbI 3nlOpbI HanpH}KeHMM, B03-HM-KalOll.lMX npfr

npOKaTI\e ,HM3KJMX HOJI'OC, ,KOf,lI,a 3-0Ha .np'MJIMH3IHHH 'OTCYTCTByeT. .113;
r.

.

r/I< �/2.
0,6

1:pe/K ci/2
cx/LJ.

0

,

-05
,

DC/4- 8=0

8/0
8=0
I

CX/4

ex / '2.

a
6
p /K

-1 Z
,

6'8 / f(

lor:) 19,9

8=0

- 06
1_

.......

-18
,

PIIC. 148. 3nlOpbl HanpH>KeHIIM npH npoKaTKe TOHI{lIX' nonoc:

hoE:: 18 AUl, hi =7 .MM, D =200 MM, a =0,246, jJ, =0, 15,0 =4,08

"'.,

paOCMOTpeHM5I '3TIIOp 51C.H'O, qTO Hanp5lJKeHMH y/BeJIMqHBaIOTCH O� BXO,[(-

.HOf'O iH BbIXO�'HOf'O 'c.e�'eHiHH K lHeM'Dp:aJIbHIOIMY. 113MeHeH,Me IH3inpH}K,e-

H'HH �no 'BbI'COT!e .npOKaTbI!Ba1eM'OM .nOJIO'CbI ,HaXOJI.;HTC5I B ,OOO'TBeT,CTBHH C

pHC. 147,a, 6. Ha pM-C. 147 H 148 npHBeJI.eHbI 3nlOpbI MaKCM'MaJIbHbIX

KaCaTeJIbHbIX HanpH)KeHMH 't', no,lL BJIM5IHMeM KOTOPI:>IX co6cTBeHHo M
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OCYIIleCT.BJIHeTCH ,nJI3ICTHlIeCKaH �ecpop,MalI.,HH. 3TrfI H3Jn,pH}KeHII1H 'o.npe-

J}.eJIHIOT'CH no cpopMYJl'e (44); IHa pIMIC. 147,a, 6 H 14.8 'noKa3aIH l o, lITO

.MaK'OM.MaJI.bIHbJ.e 'CKaJIbIBalOlIJ;;He 'HHiTI'pH}Kle,H'HH .cpaB.H'HT:eJIbHO -MaJIO ,M3-

'M,eHHIOT.CH ,no 06'beMY 'Ollara ,lI,ecplop.MalI.MIM. Dp.H 3TOIM BO Bcex TO'lI,Kax

C06JIIO.,lI,aeT'cH ,Heo6xlQ.,lI,H:M,oe .,lI,JIH .6Cym: e CTBJIelH,H'H' InJIaCTHII.eeK:OH .u.e-

CPO.p,M aI.ijMIM COO''I1HOllIeHHH 't >- � . B CBH3.M 'C Te.M, 'IIl'O !IlpM e = 0 't =

=,K/2, a nip-H e ==='a/2 1: > K/2, IHIHTeH'CI1'BHO'CTb inJIaC'DHIIe.cKOM .necpop-
,Mau.,MM B nOBepxHocTHbIX CJIOHX 6y-
,lI,eT - Bcer)J.a HeCKOJIhKo 60JIbllIeH,

qeM B 'QeHTpaJIbHbIX CJIO.51X .nOJIOCbI.

Ha pM'C. 149 ,M306paJKeHbI anlO-
0

pbI KOHTaKTHbIX .HopMaJIbHblX M

!MaKCI1MaJIbHbIX CKaJIblBalOIllMX Ha -

-0,5

np5l}KeHI1H., B03HH;KalOmMX 'npH npo-
,KaTKe BbIOOKI1X nOJIOC npM ,HaJI-l1lIMM -1, 'l

30H npI1JIMnaHM5I. KaK -H npM npo- -1,8
:KaTKe HM3KI1'X ,n'<?'noc, HOp.M3JIbHbIe

HanpH}KeHMH (jp :11 (j B' YBeJIMqMBa-'
\

IO'TC5I .no H anp a.BJI.eHMIO K !HeHTp aJIb-

HOMY 'ceIIeHMIO. I1pM aTOM Ha rpa-

HMI.(ax 30HbI npMJIMnaHI1H iHanpH)Ke- /

'\.T.l'"TXCT
O n C

-

Ka
TT KOo6 .

pa3HO (a .

'

.B
rr e T"x_

PHC. 149. 9P.IOPbI Hanp5DKeHHH npH npoKaT-
.aU'J.n.

,_
""1. I-'-.. n !{e t3bICOKHX nOJIoe, lio= 13 MM, h 1

= 7 MI.!,

CTBMTeJIbHOCTM IB Y3KOM nOJI,OCe 3Ha-
D=200 ,HM, a=O,246, IJ,=O,3, 6=2,45

qeHMH :KOOp,lI,MHaTbI p), )].OCTMraIOT

BeJII11.JI1HbI HanpH)KeH-MH <1e . 8TO .HBJIHeTCH pe3YJIbTaTOMnpMH5ITOH B

paCqeTaX 'CXeM.bI', ..cpI13MqeCKMH CMbI'CJI KOTOpOH 33'KJIIOIIaeTCH B ,M3Mene-

HMM 'COOT,HOllIeHI1H Me}K)J.Y HanpH}KeHMHMI1, Ka K TOJIh-KO CM.JIbI TpeHMH

Ha KOHTaKTHOH-nOBepXHOCTH )J.OCTI1DHYT CBOerOMaK'CMMaJIbH,Of.O 3Ha-

lJeHMH.

Ka'CaT,eJI biHbI e ,H 3:n , p H}KIe;HM 51 't
p e B -3'01-1 e npIH.JIMln a'HM 51 JI. OC '11M r a lOT

OB'oero IMaK'CrHMaJIbHO�O' 31HalIeHMH K/2 ,11 OCTalOTCH ,n.OCTOH.HHbIIM'M.

MaWc.M.MaJIb.Hble 'CKaJIbIBalOIIJ.ll1e .Han.pH}Ke:HMH 'B 301He n:pMJIIM.na.HMH

JIipeTepneBalOT xap.aKTeplHbIH <<In'pOBaJI>>, np'HiHI1.MaH iMIMIH,M,I'rlaJIbHO ,He-

06XIO.lI.:M�Moe JI.JIH !nJIaCTHlIeCKOM .n:e1cplopIM.alI.M.1:I 3HalJeHne, paBHoe K/2.

6f!/K

lOT =

14)0 In lon

2, 9 2,5

lo =

2."�"

2. OCTaTOlfHbIe HanpS[}I{eHUSI

Depenl1weM paBeHCTBa (440) )J.JIH 30HbI OTCTaBaHMH B

IIJ.eM BMJ(e:

�o = - � [ (0 - 1) ( :0 r + 1 ] !PI;

�o =_ + [(0 - 1)( :0 r + 1 ]!P2 (1 - "I))+(1--!P2) (In ;0 - 1);

; '= - {+ [(0-1) (:0 / + 1]-1 } !pdl- "1))+

+ (1 - CP2) In � + CP2 YJ.
P

CJI e,lI,Y 10-

'\

(443)

I
}
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B 3T,HX paBelH'CTBaX 1')
- 'qH'CJIeiHIHbIH KOI3cp l <p M 'IIJi-eHT, g.aB'H'C5I�IHH 'OT

nap3'MeT-p
' OB llP'OK3'TKH, 'Ollp'e�eJIeHH.e HeJIHqH;HbI KOTlOpOrO oy.neT -npIi-

ae.l(eHO iHH>K,e.

Jler.Ko y.o e,lI,R Tb'CH, qT,O Inep'BbIe IIJI,eHbI 'BbIp,aJKeIHHH )1..1151 ,HOP MaJIb-

IHbIX IHanpHJKeHHM Illp:e�CTa'BJI5IIOT .e060H ,Halllp5l}KeHIHH 'OT JleH'CTB.IiH

B.Heill.H'MX 'C'MJI .(.B. 'c.), .a ,nocJI'fJ1.YlOmiHe -IHall,pH}KeH'HH OT iHepaBIHo-

,M.ep.H,ocTH �e«pop,ManIHH� (IH. .n.)""
'B 'll,pOneoce .IIp'OK�rf.&H M;aT�e'p'HaJI IHaXo,lLHTICH B ..llJIac'nH'qeC�o.M 000-

CTOHHHiM, M 'CJIeJJ.oBaTeJIbHO, B JII060H TOq�Ke oqara .ne-cpopMa�MH .lI.on-

}KHO ;BbiillJOJIH5ITb ' CH Y'CJI,oBli,e !llJI.a i C'tMitJ:HO'C'T1H. ,B JI.a,HIH.orv.r ICJIyqae 3TO

H,MeeT !M'e-CTO; ,.neM'cTB'H'TeJIblHO, IH3 BbI'paJKleJHHH' (44,3) ,CJIe"ny'eT, 'qT'O

C� - � t.c = !pd1 -

'I); ( �. - � l .A

= (1 - !P2) + !P2 'I);

�-�= ( �-� ) + ( �-� ) =CP2(I-YJ)+
KKK K B.C K .K B.A

+ [( 1 - CP2) + CP2 yJ] = 1.

;D.QrcJIe o,cYIIJ.ecT:BJIeIH'M.H ,ll'p'Oneoca ,llp'oKaTKH B1Heill.HIHe CHJIbI He

.L(leH)CTBYIO'T IH iH.all'pH}K'e.H.MH lOT IH'HX IHICq , e3aIOT. 'Hall!p5l}K'eJHH5I, BbI3bIIB-a-

eMbI.e iHepaB.HIOMepIHOH �e«popMlanHeM, ,nep,eXO,l(HT B 'ocTa''DOqiHble. 3T,M

Ha.npHJK,eH;HH MOJKIHO nOJIy'qtHTb H3 ;BbIpa>KeHiHH (443):B ,cJI:eJJ.YIO'meM

BHJ(e:

� = (1 -!P2) (In �: -c- 1); i = (1 -!P2) In �: + % 'I). (444)

,113 DeOM'�'T!piH'tI'e.C�HX 'COOT,HOlli1eHHM ICJI.e.ny,eT, qro B 'cetJ:elHHIH BbIXO,lI,a

H:3 oqara ,lI,ecpop,Mal('H,H
� =

ho '

,H yrOJI e .B paBeiH'CTBax (42,S) IHJIIi

'1 h 1

(434) ,.nJIH CP2 'pa:BeH f) = a. .JL. B pe3YJIb'TaTe ,p-aB'8H'CT-BO (444) !ll,ptH-
h 1

o6peTaeT ,CJI.e"nYIO�HH BHJl:

i j (1-!P2)(ln � -1); i =(1-!p2)In :: +''1)%. (445)

'13 STIHX 'Bblp,aJKeiHIM5IX. ,koe'<l>«PH�;H�HT 't'} :H3M;eH5I.e'DCH OT ,HYJIH J1JO

e.LlHIHHnbI. D,p'H 1') ==-1 IH'M'ee.M ,ll'p'eJ(eJIbIHYIO BeJI,HqlH!HY :H.anpH}K!e;H,HH, BbI-

3bIIBaeMbIX !HepaBHoMepHoH JJ.eepopManHeH, KOTOpbIM' 6y.nYT C'OOTBeT-

'CTHiOBaTb ,ll'ocn'e 'uHHTIMH BIHellIlHMX IOHJI �Ma�CH,MaJI�HbIe rOCT-3'TOII,Hble Ha-

JIp5lJK 1 eH,H5I. DiP'H 1) ==OllOJIyq;HM ,llpe,.neJIblHYIO BeJIIH'q,HiHY IH'a'llpHJKeHiHH
-OT HHeill,H,I1X 'CIHJI, .lllp.M KOT'OpbIX IHa!ll'pHJK

' eJHIH5I, H03,H:HKalO�H.e .3a c'qeT

H l epaBH'6Mep.HoM .JI.eJeplop,M.anHM, 'paBJIbI IHYJIIO. 'D'ocJIe,,lJJHHH 'CJIYII,aH B03-

M'O}K,eH ,llPIH Ill'poKaTKe TOiHKMX .ll'OJIOC IC �OCTaT'Oq;HO 60JIbillrH.MiH oOJKa-

T,MH'MIM. D'p;H 3�OM .MeTaJIJI ,M,eJKJI.Y BaJI,K3!MH 1M ;BO, 'BHeK.o.HTa.K'nHbIX 30-

Hax OYJI.eT ,H'aX'O.1I.H'Tb'CH B :llJIacr'H'q'eCKD.M 'OOC'TOHIHiH.H. TIplH B,cex JI.pynMx
3H.a'QeHMHX 't'}, T. e. 'll:P-H 0 <1') < I, M,eTaJIJI '6YJleT ,HlaXOJ(HTblC5I B y.npy-
�OM 'OOCTO'51IHiH'H.

AIHaJI.orHq,HbIiM .oop.aS-OM ,llOJIy'qIHM 'COO'T:HO'lli'eJRue (445) �JI5I -3'OHbI

olll,epeJK.e;HH5I. }I!:3 ,paBeH,cTB (42i7) H, (431) IHaMJ(eM BbIpaJK.eHIHH fI.JIH
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O'CTaTOIIHbIX iHa.n�pHJK'eH.Iiii .nOCJI1e In,pOKaT-&H IMeTaJIJIa, o OJIaJ(a lOlI(erO

y,nrpOq,He.HIHeM:

(J
x

�

(
1

) (
ho

)
n. (J

x
1

(
ho

)
'

n

(
hO

)
n

K
= (1-%) n

- 1
Ii;

·

K /
(1-fP2) 11: Ii; +fP2 h;

'1).

113 3T.HX 'p3'BeH'CTB 'CJIeJ(y,eT, 'qTO 'C p'OC�OM 'CTeneHIH y:n'pOtIIHeH'H5I 'OC�

T3'TOq,Hble IH 31np H1K'e:HH5I ,no.CJIe III'pO!KaTKH ya:eJIHqH B a 101'C5I.

,B.e.71HIIH.HY K03cp'«pHIJ;�eHTa 1') HaH.Lle�M H3 Y,CJIOBH5I 'paBeHC'TBa HY-
.1110 ,CY'M,MbI In'poeK�HH ;H.a 'OCb IX ,Boex CHJI !B JIIO'OOM .n,onepeIIiHOM Ice-tIe-

IlI,UM o'opa3na:
h/2

2 S O'� dy = O.

o

E'CJIIH Inp'HHIH.MaTb J30 B.H,HIM3.HMe y,CJIOB.He ;MHIHHMYIM,a IHop,M.aJIbHbIX

Hanp'H>K,e:HIHH :n-o ,BbIIDOTe IIIOJIOCbI, T. e. JI:onY'CTHTb 'O'nHOOHTeJIb:HO p.aB-

HOMep'Hoe pa,cnpeJJ.eJIeHHe .Hanp5llKeHHH .no :BbICOTe (60JIbillHe oOJKa-

1'HH, TOiHKMe In'OJIOCbI), 'TOBeJI,H�,H;HY tp2 !H'e'OoxOJlH,MO oJIlpeJI.e.nHTb.no
cp'opMYJIe (42.8), H TOrJI.a rHa OOHO'B�IH:HH ypa

i BHeH,H5I (445) iH'Me-eM:

ho . ;

11
- In -

h 1 12 ht!2
h

j
"

Y h

j
'

I
ch m a. .-.:.. dy + In � d y ==. o.

ch
m a

0
hI hI

0

2

H,HTerp'H'pYH. 8TO Ylpa'B.HelHIMe IH InO�CTaBJI5IH :npe�eJIbI, ll'OJIyqH'M:

( "I] -In �
)

'

� th
m a

+ In � = o.
hi ma 2 hi

OTclO,Aa 'Y]
=

( 1 -

m a

cth
m a .

) In �. (446)
-

2 2 hi

H'C.nOJIb3Y51 .9TO BbIp,aJKeHtHe, iM.3 y�paB'HleH,HH .(4-4'5) .oy,neM iH:M,eTb:

(J
x

( 1
m a

th
m a

'

)
I

ho
-= -CP2-C

- n-.

K. 2 2 hI

E'CJIM ,H'CX'O�MTb' .M3 Y'CJIOB-H5I MiHIH,H;MY'Ma ,KaCaT�JIblHbIX 1H,a.np5llK'eiHHH
no BbIiCOTe ,n.o JIOCbI ,

,

T. e. .ZI.o,nY'C''f.HTb IH,ep3!BIHO,M'ep,H�oe paonpe�eJIe.HHe

HOpMaJIblHbIX liIan,p:51JKeHHH :n.o :BbIC'OTe ,(,MaJIble '06JKaTlH5I) BbIOOKOH In,o-

JIO'CbI, TO BeJI'H'q,HaIY CP2 ,H€o6x.o.ZI..a,Mo 'onpe]J.eJIHTb ,n,o cp'Oip'M'YJI€ (4,34),
:Ji�or.n.a IH a 'OQHO:BaiH�H (445) .M MeeiM:

ho �hl ht

11
- In -

"2
h

2
hI

S sh m a. JL d y + In �

S
d y

== o.

sh
m a

.

hI hi

2
00

HHTenprHpYH _H InO)I:C'T3:BJIHSl ,n'p'.eJI.eJIbI, IH,aiiAeM:

�h
ma

_ 1

( '1'] -.In !!!!..
)
� 2m a

+ In � = o.
hi ma

sh _ hi

2

"
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OTCIOAa 'Y]
== In �

( 1 _

ma

sh �

) . (447)
hI 2

ch
m.a

_ 1 .

2

rI'cnOJIb3YH BbIpa}K'e,HH,e (447), 1M3 y'p.aBHeHI1H (445) In'OJIY''LIM,M:

a
x ho

(
mash

m

2

a

)K
== In

hI
1 -

CP2
2 m a

.

ch
-

- 1
2

OKo.H'LIaTeJIbiHO MIM.ee.M ICJI'e,lI,YIOIIJ.ue BbJ:pallieH,MH JI.JIH 'onpe,,lI,eJIeHMH 'OC-

TaTO'LIIHbIX IHan,pHJK,eH,HM:
'llO:CJIe .llp-DKa'TKI1.H'H3KMX -,llOJIO-C

�==

( 1-

ch maf

)( In
hOt

_I )
. �==

( 1-
ma

chma f

) In�. (448)
K ma, h

'

K 2 ma h'
ch - I' sh - I

� 2

,ll'OCJIe Inp'OKaTKH BbI'COKJMX ,llOJI'OC:

(
sh m a

JL

) (
sh m a

h

y

)
h0'

Y h

(
ho

)
(j

x m a
-= 1- In--l . �== 1-- - In� (449)K

s h
m a

hI
'

K
.'

2
ch

m a

_I hI

2 2

H'C.HOJIb3Y:H p'aBe.H'cTBa (448) 'M (449), JI'erKO yoe..ll.MTbCH, 'LITO

nep'Bo.e rH.3 ,lJ.Hcpcp'epeH'lI"l1anb'HbIX y.paHH.e.H,I1H .paHHOBeCHH TO}K,ne'CTBe.H-

H 0 y.nO BJI'eTBO'p 51 e'rC5I, a B 1'Op oe !IT p MB OJ]JHTCH K :BM,lJ.Y: sh ( may / h) === o.

TaKI1M ,o6'Pa3'OM, �T'O;p-oe ypaBHeHIMe paBtHo.a-ecMH TO)K,aeCTBe'HHO

YJI:oBJI.e'TBOpHeTcH T'OJIbKO 'B n:e.HTpe 'Ceqe,H'MH. Ha.MOOJIbllIaH ,llorpellI:"
ma

IHO'CTb ,nOJIY'LIaeTCH :n'plH 3!Ha'LIe.HMH y===h/2. 3�ecb sh - =0. BenoM-
2

,�;H M, 'LI'TO

m a a
-. f

a 1/4 f.t2 ,..,
-VT

=

2 V 0 (0 -t- 2) ==

2 V (12+ 4
a

----.: (-12 + (-1 Cl.

OTICIO.,lI,a BM.,lLHO., ''LITO Inp,I1.....MaJIbIX ,3iiIaqeH,I1HX J.1 � a IMOLKrHO ,llpIH:HHTb:
shm .a/12 �O, T. e.' MO}K'HO CqMTaTb, qTO BTopoe ypa,BHeHMe paBtH'OBe-
'CMH YJI:OBneTBOpHeTrCH 'C .JI.OCT3'110'LIIH I OH TO'LIIHOCTblO ,M, 'CJIe.,lI,OBaTeJIbHO,

\

IHallie np,M6JII1}K-e.H,H,oe pellIeH'Me ,C'LIMT3'Tb IClllp:aBe,lJ.JIHBbIM.
Ha 'p,H'C. liSO IC 'l1enOJIb3-DBaIHIM.eM y'paBHeHHH (448), (4.49) ,llocl1poe-

,HbI 3llllOpbI' 'OCT3'TO'LI.HbIX ,Hall'pHJKe.H:I1H B nOJI:oce :no1cJI.e Ill'p.QiKaTK,M. 113

paoeM'OTp'eHMH 'P'Ji.CYiI-IKa 'CJIeJI.yeT, qTO ne}KeJIaTeJIblHO Inp'OIH3HOJlMTb

,npOKaTKY 'BbI'OOKMX H'OJI-D;C ,(: ,MaJIbIIMM OO}K-aTHH,MH. B 3TOM CJIYIIae
'HOCJIe :llpOKaTKM B InOJIOce 6Y,lI,YT ,cy'�'eeTHOHaTb 3!HaIIiHTeJIblHbJ.e n.o :Be-

.JIM'LIIMIHe 'OCTa'TO'LI'Hble HanpH}K.e.H'I1H, ,llpIHII-e.M "B Icpe,lI}HeiI ,ee 'IIaCT,M no

BbI'COTe 3'TM 'Ha.n:p'HJKeHIMH 6Y,lI,YT paCT!HflI1BalOI.U.MMH (pH'C. 1'50,a). D,pM
,n;pOK'aTwe TOIHKMX nOJI,OC ,,lI,ecp'opMalI.IMH 60JIe-e :paB.H'OMepiHa H 'OCTaTOII-

iHbI,e JIanpH}K'eH.MH (pIMIC. 1 '

50,6) .6YJI.YT 3!Ha'LI'MTeJIbiHO :MeHbllIe; qeM :n'p'H

'npoKaTKe .BbI!C'OKMX �nOJI'oc. H,o M B 3TO'M .cJIY''LI:ae 'B 'spe)1"H,eH IIaCTM .no
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BblOOT,e ,CY'lI(eeTBYIOT pa'CTHfMBalOIIJ.Me IHanpH}KelHIMH, O)J.HaKO IHX BeJII1-

IIM,Ha ne3,HaII;MTeJIbHa M OBIM ,He .npe,lJ:CTaBJIHIOT Onac.H'OC'TM ,lI,JIH IHOCJIe-

.D.YIOI.I.{,eM CJIY)K-6bI H3,lLeJIMH, M3f\OTOBJI
'

eH!HbIX .M3 np'OKaTaHHOH n'Otl1-0Cbl,

�
K

!!JL
.1<

6:r;
K

�
K

I

-05
1

.t:::

- 0. Oit
)

a t1

PHC. 150. 9nfOpbl OCTaT01lHbIX, Hanpfl>KeHHi\ nOCJIe npOKaTKH BblCOKHX (a) H HH3KHX
.

h �h
(6) DOJIOC, IJ,=O,3; 6=2, a � 0,3, m=V6(6+2)=2,84, m a/ 2- 0,427, In�=1/2,-=

. hI ho
=0,395

H3JIO'JKeHHbIl1 3,lI,eCb M.eTOJI. 'Onpe,lI,eJIeHI1H OCTaTOIIHbIX Hanp5I}KeHMI1'
M'O}K!HO 'npIH,M'eHIMTb ,npH aHa{.IM3e ,TIip'OQeeeOB 'C}KaTMH, BOJI'OIIeHIHH If

n'p eoco B a'l:tH5I.

3. 30HbI 3aTPYAHeHHOH Ae4>opMau.uu

Ha n.OHe-pXHOCT5IX KOHTaKTa IMeTaJIJIa C 'BaJIKaMH B TOIIKaX, 'COOT-

.BeT,C'TBYIOIIJ.I1X rp3'HMIJ.'e 'Me}K�Y 3o.HOM 'OTCT3'BaHMH 111 .npMnMrna.HHH,.
,M.MeeM- 'CJIe,lI,YIOIIJ.ee 'C0011HOIlIe.H-ue:

a OT
= -

��o = - 2�. ( r:: r (450}

BM.eCTe 'C Te:M, IOOrJIaleHO :<pop,MYJIaM ,lI,JIH onpe.D.eJIeHMH ,HOP MaJIb-'

IHbIX IHanpH}KeHHM (427), IMM'ee,M:

(JOT == -

1

[ (0
_ 1) (

�

)
6

+ (1 _ n) (
� )

n

] .

() - n rOT r
OT ,

iDpMMeM, qTO 'COOTHOllIeHMe (450) cnpaBe,n:JIMBO 11 BHYTpl1 Ollara

,lJ.ecp,op'MaIJJfM. Tor,lJ.a MO)KHO 3anM.caTb:

{
1

[ (0 _ 1) (
�

)
6

+ (1 _ n) (
�

)
r>

] _I- (
� _ 1 ) (

�

)
n

} (P2 _I_
f) - n P OT rOT n, POT

(
1

) (
,

)
n

K

(
r

)
n

+ --1 � =.:-.- �
CPl'

n POT 2 f.1
. POT

.

113 .3TOrO 'C09THOllIeHHH nOnYIII1.M' ypaBHeHMe ,l{JIH pa,lI,11yca KpHBOH,.

�BJIHIOIIJ.eH'CH rp3'H�u.eH IMe}K,lI,y 30HaMM .npMJIMnaHI1H 11 'OTCTaBaHMH, B

CJIe,l(YIOIIJ.eM BM,lJ.e

1

POT
_

[
(�- I) <P2

]
-6- n

--;-- {)-n I-n
·

o

2 l1
<PI +

n
(() - n -- � <P2)
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AHaJIOrliqHbIM OOpa30M 'HOJIyqHM ypaB,HeHMe rpaHliIJ;bI Me}K,lI,y 30HaMI1

npHJIlinaHM5I Ii 'onepeJKeHHH:

1

[
6 + n . 1 - n

]
�+n

v

P on
=

2 J.L
<PI +

n
(� + n - � CPI)

TI (� + 1) <P2

PaCqeTbI nOKa3bIBaIOT, qTO 6e3 OCOOOH 'nOrpeIliHOCTM 800 BTOpOM CJIara-

:eMO'M 3 I

Ha,MeHaTeJIH-"nep,Horo paBoeH'C'TSa ,H BoO B'TOpOM 'CJIaraeM'OM qH,CJIM-

TeJL5I .p,aBeH.CTiBa JI.JI5I POu./ro M'OJK'HIO n:pH;H5ITb MaKCH'MaJIbHOe 3/Hla'IJ-eHMe

,CPYHKU.HH CP2
= 1. B TaKOM ,c.rryqae .nOJIYIIHM:

i POT
=

[
.

(� - 1) <P2

T �.-n
'

o
CPI

- (1 -

n)
2,...,

1

J-
n;

Pon
--

TI [
�-n

2 ,..,
<PI + (1 --- n )

(�.+ 1) <P2

1

]�.
Pacq,eT'bI n'OKa3bI ' BaIOT TaK>Ke, q�O HaJIHrq:H'e Ylnp,OtI,H.eHHH MaJIO BJIM-

'51eT 'Ha 'noJiO}KeHH"e rpaHHIJ; 3-DHbI npHJIHna.HH5I. BYJI.eM CqHTaTb nQ9T(jM'Y
:B ,nO.CJIeAHHX .paBenCTBaX n===O. Tor.Lla nOJIyqHM:

'

1

, POT
=

[
(�- 1) CP2

]
+. Pon

= [ � <P1 + 1

]
6

'To � 1

'

TI (�+ 1) <P2 (451)
2 J.t

<PI
- ,

TIPH CPt =CP2= 13TH $Op,MYJIbI 'CB'OJI.HTCH K. paBeH'CTBaM (421).
.

HaMJI.€M '3 j Ha:q.eHH5I q>'YIH'KI.J:H'H CPH:H yrJIa 8 H , '-np.H .�OTQrPbItX. KpH,Bble

{451) 'nepec"eKaIOT'CH. ,[{JI5I '3T.oro npHpaBHHeM .npaBbIe lIaCTH paBeHCT1B

.(4.51) :

()

ro

�

2 <PI + 1

6 J.t -

= rl

(� + 1) <P2

(� -

1) CP2

()
-

<Pi
- 1

2....

OTCIOJI.a :HQCJIe npOCTbIX npeOOpa30BaHHH HaHJI.eM:

(�<P1r-l

(
To

)
� ,.

Tl
(�2 - 1)

q>H
=

:On.pe,neJIH'M :npHOJIHJKeHHbIe 3HaqeHI1H CPYHKIJ;MH CPl Ii CP2 )])I� CJI'yqaH

-rrpOK8TIKH BbICOKHX nOJIOc.

KaK ObIJIO OTMeIIeHO, .BeJIHIIMHa ma/2 BCer.Lla IMaJIa no cpaa.HeHMIO
.C e.lI.HHHIJ;eH. D:osTOMY H3 ypaB.HeHMH (4.34)" UOJIyqMM:

26

:�1�1; <P2�-.
a

( 452)
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TaKMM 06pa30M, B TOqKe rrepeCeqeHI1H .KpMBbIX (451) HMeeM:

_ � _

�/
"

( /),.'y
- I

<PH
_.-

�
.

a

(
ro

)r 1

(6
2

- 1)

( 453)

KpHBbIe
.

(451), 'nepeCeKalOIl{HeCH B ToqKe, onpe,I{eJI5IeMoi1 'paBeHCT�

BOM (453), OrpaHHIIHIBalOT 30HY 3aTPYAH�'HHOH .ne<}JopMaI.{HH. ,QeHcT-

BMTeJIbHO, rpaHHIJ;a 3-0H 3aTp'YJI.HeHHO�l JI.ecpopMaIJ;MM npH .npOKaTKe OTI-

pe,lI,eJIHeTC5I TOtIKaMH, tB 1<OTOpbIX pa3HOCTb HOpMaJIbHbIX HanpH)KeHMM

o6pamaeTC5I B 'HYJIb. Ha rHOBepXHocTM KOHTa�Ta H BHYTPH nOJIOCbI OHM

COOTBeT.CTBYIOT TOtIKaM, r)Le HOpMa.JIbHbIe HanpHlKeHMH ,Z:lOCTMraIOT 3Ha-

Q.8HMH (JOT .H (jon. 3',lI,e.Cb, C'OFJI-a'C!HO nlpeJ(bIJI:YIl{eIM'Y, H;MeeM

Op
-

0'0
= o.

OpHHH.MaH BO BHHMaHHe YCJIOBHe nJIOCKOH JJ.e�opMar(HH a
_

G
p

+ Go
.

z 2

I1MeeM JJ.JI5I 30HbI 3aTpY.LlHeHHOH .lI.ecpopMaI�MH cJIe,lI,YIOIII.ee paBe.�cTBo:

-0 =-0 =-.0'
p 0 z'

1 2 J 4- s

�
............

�

..t::

�

.............
�

-.t::::

a

1 J '4 5 6 7 8 9

�

-
.............:

.t::
t:J

�
............

.�

.t::::

0

PHC. ,un. 30HbI 3aTpi}'JI,HeH-Hot\ .neclJo-pMa:n:HH np" IIpOKaTKe ,( D =200 MM):

a -l/h =2, ho = 19,5. hI = 10,5 MM, a=0,3, !� l =30 MM; 6 -Ilk =5, ho =3,02 MM;

hI = 1,68 MM, a =0.12. 1 = 12 MM

'

N!! 2 3 4 5 6 7 8 9

P- 0,5 0..45 0,4 0,35 0,3 0,275 0,25 0,225 0,2

35.1



T. e. BCe HarrpH}KeHJlf51 HBJIHlOTCH Harrp5l}K,eHlfHMH C:>KaTH5I. B'MeCTe C

TeM B 30Hax 3aTPY�HeHHOH A'e<pOIP'Ma�lfH Ma�CHM.aJlbHble CKaJIbIBalO-

ll{ne Harr pH:>KeHH5I

-. f
(

(J - (J

)
2

1: =

V
p

2

0
+ 1:� e

=

1:p 0

HMelOT MHHHMaJIbH10 B03MOlliHoe ,lI,JIH oCYIlI.ecTBJIeHlfH rrJIaCTlf'lI�CKOH
JI.ecpop'MaQHH 3HaIIeHHe. HaJIHIIHe 3HaIIHTeJIbHbI.x H paBHbIx rro BeJIlf'lIHHe

HOpMaJIbHbIX HanpHllieHHH H MHHH'MaJIbHO B03MOlliHbIX ,lI,Jl5I nJI30CTH'lIec-

'Koro Te'lIeHHH CKaJIbIBaIOIIl..HX 'Harrp5l}KeHlfH H 06YCJIOBJIlfBaeT nOHBJIeHHe

30H ,38'TPYA'HeHHQ.H JI.ecp'opMaI(HH .rrpH npO'KaTKe. TaKlfM 06pa'30 '

M, pa-

BeHCTBa (451) :npe�CTaBJIRlOT C060H .ypaBHeHHH KpHBbIX, onHCbIBalO-

,IlI.HX ,30HbI3aTpy.n.,HeHHoH ,lI,ecpopMaIl.HH�
.

.

Ha -pHC. 151 IC HCrrOJIb30BaHHe�M 'ypaBHeHHH (451) .rrocTpoeHbI 30HbI

'3aTpY,lI.HeHHOH Aecpop MaQlfH JlJI5I pa3JIHIIHbIX -cJIY'lIaeB rrpOKaTKH. 113

pa.CCMOTpeHlf51 .pH'CYHKa CJIe,lI,yeT, lITO BeJIH'lIlfHa 30H npUJIHnaHHH H 3a-

TPY,U:HeHHOH ,lI,ecpopMaI(HH YBeJIH'lIHIBaeTC5I C pOCTOM K,oecpcpHQHeHTa
TpeHH5I H npH 1-1===0,5 ,30Ha irrplfJIHnaHHH pacrrpocTpaHHeTcH H'a BClO

K'OHTaKTH'YlO n.OBepXHOCTb, a 06'beM 30H 3aTpY,lI,HeHHOH ,lI,ecpopMaIl.HH
MaKClf,MaJIeH. iBMecTe .c TelM 'H3 pa.ccMoTpe.HlfH pM'C. 151 BH,lI,HO, llT,O C

POCT'OM OTHOIlIe'HHH ilh 06'beM 30H 3aTPY,lI,HeH'HOH .n.ecpopMaQHH. B03pa-
,CTaeT 'no OTH.oiu:eHlflO K 06'beMY O'lIara JlecpopMaQlflf.

4. HeHTpaJIbHOe celleHHe HOllar Jl,etjJopMaQHH

"HeHTpaJlbHOe 'ce'lIeHlfe HaH.n.eM H3 YC.J.IOBlf51 Toro, IITO B Ka}KAOH

'ern TO'lIKe HOp�MaJlbHbIe HarrpHJKeHH5I, BbIQHCJIHeMbIe TIO cp,op;MYJIaM ,lI,JIH

30H OT!CTaBaHlfH H ,orrepellieHlfH, o.n.HHaKOBbI. LLonYCTHM Ha nepBOM 3Ta-

TIe OTCYTCTBlfe 30HbI npHJIH'TIaHlfH� nplfpaBHlfBa'H npaBble 'lIaCTH paBeH-
.CTB (4'27) H (431), ,lI,JI5I 'HanpHJK�HHH (ja 'fIpH P

===

PH nOJI'YllHM:

.

1

r-(o _ 1) (
ro.....

)
6

+ (1 _ n) (
�

)
n

] =.

1

[ (0 + 1) (
i!!...

)
6

_

;�-n l PH PH . 6+n '1

- (l - n) ( ;: fl
TIoCJIe HeCJIO}KHbIX npeo6pa3'OBaHHH 6YAeM HM.eTb:

:

( � )
26

_

� I -n

( � )
6

( � )
-n

_

6-1

( 2 )
fJ-n

= o.

-

�'1 6 - n t) + 1'1 rl 6 + 1 rl

(
P

.

)
-n

(
r 'n

B :nOM ypaBHeHHH BeJIl�qHHbI r:
=

r: ). ='1.

� ( � )
2 6

_
_

26 1 - n

( � )
6

_

6 - 1

(
r

r

o

l )
6-n

= o.
rl 6 + 1 6 - n rl 6 + 1

:,OTClO.n.a 'CJle.n.yeT, lITO

Tor,lI,a

1

:: =.[ 6:1 � : + V( 6�1 � : r+ �.�� ( �: r-n]6, (454)
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T. e. C pOCTOM yrrpOQHeHH5I HeHTpaJIbHOe CeIIeHJ:I.e C,lI,BHraeTC5I B .CTOpO-

HY BbIXO�a H3 BaJIKOB.
.

.

npH n===O aT10 ypaBHe,HHe (454) CBO)I.HT,C5I K H�.�ecTHoMY 'COOTHOllle-

HHlO [2]:.
.

1

PH

[
1

-. f 1 6 - 1

(
r 0

)
6

]
6

-;;= <'1+1
+

V (<'1+1)2
+

<'1+1 -;;
·

11.3 ypaBtHeHH5I (454) H (455) .cJle,nyeT, lI'TO nOJIO}Ke'HHe He.HTpaJIb-
Horo ,CeQeHH5I rrpH ,OTCYTCTBHH 3 1 0HbI npHJIHrraHH5I (T. 'e. npH ,npOKaTKe

TOHKHX nOJIOc) He 3aBHCHT OT :KOOp,lI,HHaTbI 8, lITO BrrOJIHe YBH3bIBaeT'c5I
C peaJlH3yeMoH B 3TOM cJIYIIae n.pH npo'KaTKe rHnOTe30H nJIOeKHX ce-

lIeHHH. �

'O.rrpe.n.eJIHM Tenepb HeHTpaJIbHOe CeIIeHHe rrpH HaJIHIIHH 30H�I npH-
JIHnaHH5I. ,QJI5I cJIYQa5I 'rrpoKaTKH IBbICOKHX rrOJIO.c C Hcnonb30BaHHe'M p'a-
Beil'CTB (442) MOlliHO HanHcaTb:

".

"

(J
OT

't pol
K

--

KJ1
=-

2J1
({>1=-1.

,ST,O cn'eJI.yeT iHe T1oro. lITO JI.JIH !BbIC'OKHX nOJI'OC <PI � 1 'HO Bcex TOQKaX
,

.

(J
.

:.

no BbIiCOTe IIOJIOCbI, a IIPH rOT =POT f..t =0,6. AHaJIOrHlJiHo: ;n ..

-/I.

npH npHHHTbIX ,lI,OnymeHHHx cpOPMYJIbI ,lI,Jl5I HOpMaJIbHbIX HanpH}Ke.HHH
np H MYT BHA:

.

Go 1 P (J l' P

K
= - I -

a ({>2 In �; -L = - 1 - -

({>2 1n -

·

p K ,0
-

Pon

(455)

B HeHTpaJIbHOM CeIIeHHH HanpH1KeHH5I, orrpe,ne:rrHeMbIe no '3 Tl'DM'

cpop MY JIa M, ,lI,'OJI:>KHbI 6bITb o,nHHaKOBbI. OTClOJla .c'lIHTa5l, lITO P
===

PH, no-

JIYIIH'M:

1
POT

I
PH

n-= n-

PH Pon

"JIM PH
= V POT Pon · (456)

.H.a rrOBepX'Hioc�H ,n'OJIOCbI pOT=rOT, pon=r on M 4> , opMiYJIa (45'6). C,BO-

,lI,HTC5IK 'cpopMYJIe (422). PaCIIeTbI nOKa3bIBalOT, lITO ,rrOJIO}KeHM5I 'HeH�-
paJIbH.OrO CeIIeHH5I H npH IHaJlHIIHH yrrpO'llHeHH5I 'MaJIO ,3aBH,C5IT OT KOOp-
,llHHaTbI 8.

KaK H B npOlI.eCce 'C:>KaTH5I (CM. rJI. VIII), no,n. BbICO:KH�MH iUOJloca-

MH rrOApa3YMeBalOTC5I TaKHe, npH rrp'OKaT,Ke KOTOpbIX Ha rrOBepXHOCTM
KOHTaKTa ,cymecTByeT 30Ha npUJIHnaHHR, OrpaHHIIHIBalOI..I.la51 ,co. CTOpO-
HbI BaJlKOB 30Hy 3aTpY,lI,HeHHOH ,lI,ecpopMallHH. npOT5I}KeHHOCTb 30HbI

rrpHJIHrraHH5I Ii npHJIeralOIlI.HX K HHM 30H 3aTpy,n,HeHHOH Jlecp.op'MalI.HH
MOllieT H3MeHHTbC5I C H.3MeHeHMe!M rrapaMeTpOB npOlI.eCca npOKaTKH. K

HH3�HM rrOJIOCa;M OTHOC5ITC5I BCe Te 'rrOJIOCbI, .npH npOKaTKe 'KOTOPbIX Ha

rrOBepXHOCTH KOHTaKTa 'OTCYTCTByeT 30Ha npHJIHnaHH5I, a HMelOTC5I

JlHilib 30HbI OTCTaBaHH5I H orrepellieHH5I (YIIaCTKH OKOJIb:>KeH�51).

12 3aK, 127 ,
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¥I3 reOMeTplrqeCKIfX 'COOTHOIlleHHH oqata �ecpopMalI.HH (CM. pIfC.

14.5) CJIe,lI,.yeT, lITO

a
t

a

hOT = ho - 2 lOT tg 2;
h

on

= hi + 2 Ion g
2

·

H t
a .� h

o g 2
=

2 l'
n03TOIMY

�h �h

hOT = ho -

lOT I;
h

on

= hI + Ion I
'

HJIH

hOT lOT � h h
on Ion � h

�=1-1h;;; �=1+1�.
OTClOJ(a

lOT
= � ( 1-

hOT

)
.

Ion
=

1-8

(
hon

'-1 )
.

( 457 )
I 8 ho

'

I 8 hI
'

�h
rJ(e e =

-.

ho

KaK 'CJIe�yeT H3 pHC. 14.5, ,lI,.itIf'Ha g'OHbI npHJIHrraHH5I

n =1-(1 0 ;+ Ion)

H ee OTHOCMTeJIbHa51 JlJIH'Ha

� = 1 - ( � + � )I J I.

Ha OCHOBaHHH paBeH'CTB (457)

In 1

[
rOT

-

.

h
on

]-=- --(I-e) �

I 8 To hi

In 1
.

[
rOT r

on

]HJlH - = - - - (1
-

e)
-

.

I 8 '0 rl
.....

:vIa <P'O;P'M�YJI (4
1

21) ,CJIe�yeT, 'lI'T'O I1lpH J..t=O,S In=l, T. e. aOH.a np.MnH-
naHH5I pacnpOCTpaH5IeTC5I Ha BClO KOHTaKTHYlO 'noBepxHocTb. f1pM STOM

rrOJIOCbI C JII06bIM O�HOilieHIfeiM �JlHHbI O'lIara ,lJ,ecpopM3'lI.HH 'K BbI_COTe
5IBJI5IlOTC5I «BblCo.KM MH».

( 458)

rOT ron
npH -

<;: (1 - e) -

To '1
( 459)

30Ha 'rrpHJIHnaHH5I OT'CYTCTByeT H 3ToQ COOTBeTC''DByeT 'CJIYIIalO rrpo.KaTKM
«,HH3KHX» nonoc.

npe06pa3yeM BbIpallieHIf5I .riJl51 Hanp5I}Ke'HIf5I (je If3 paBeHcTB (440)
'M (441) ,lJ,JI5I 30H OTCTaBaHH5I H -onepe}KeHH5I CJIe,lI,YIOIIlHM o6pa.30M:

� = -

l\

�
1

( :0 r �
_ [+ CP2 + (In :0 - 1 ) CP2

- (In :0 � 1 ) J;

� =_ l\�l ( :J Ocp2+[+ CP2-(In :0 -1) cp2+(In :0 -1)].
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ECJIM Tenep'b B KBa,npaTHbIX ,cK,06Kax 'CIIMTaTb CPYHKlI.lflO qJ2= 1, T. e.

npHHHTb ee KpaMHee ,M aKCM MaJIbH'Oe 3HalJeHMe, TO COOTBeTCTBeHHO -nOJIY-

IIMM

a
o

1

[
,

(
TO

)
0

]y
= -

7) (0 - 1) P ({>2 + 1 ;

-

+ l (0 + 1) ( :1 r Cj)2
- 1].

0'0
y--

( 4'60)

ECJIM K r,9TMM Bblpa}KeHM5I.M �06aBMTb COOTHOIlIeHMe 'tpo=-J..t(je t
TO

6YJI.eM :MMeTb npM6JIMllieHH'oe peIlIeHMe 0 Hanp5l}KeHHOM COCT05l ' HMI1 npH

npOKaT'Ke, B lJe,M JlerKO y6e,U:HTbC5I: ,lI,HcpcpepeH[(HaJIbHble y-palBHeHl'HI
ma

paBHOBeCMH npH MaJIbIX
-

npH6JIHllieHHO y,nOBJIeTBOp5lIOTC5I.
2

,PaCCMOTpM:M Tenepb 'CJlYlJaH 'npOKaTKH C OTpHQaTeJlbHbIM o.nepe1Ke-

HHe.M, 0 K'OTOp'OM 6bIJlO ynoM5IHYTO IB 'n. 2 rJI. XI. B 3TOM OC060M CJIY-
'lIae npoKaTKH .CKOJIbJKeHHe -npaKTHlJeCKH HMeeT �MeCTO 'no BceH nOBepx-

H-OCTM 'wO:HTaKTa, BbI'COTa non'OCbI a,HallJHTeJIb'Ha, "T. e. 'o01K'aT'MHMaJIbI H B

cpeAHeH 'lIaCTH no BbICOTe nOJI.oebI HeH'TpaJIbHOe ,CelJ,eHHe HaXOJI.HTCH 3a

npe.u..eJIaMH O'lIara JlecpopMaQMH, npe�CTaBJI5I5I .0060H nOBepx,HocTb, nplf-

MepHo rlepneH�H:KynHpHYlO HanpaBJleHHlO npoKaTKH (pH�. 140, a).

,l(JIH peweHHB STOM aa,nalJH, CJIe,nOBaTeJIbHO, Heo6xo,nHMO B 30He

OTCTaBaHHH ,l(OnYCTMTb B03MO}KH.OCTb ,npH.MeHHM'OCTI1 rMnOTe3bI nJIo.cKlfX

CelJeHHH B cpeJJ.HeH IIaCT.H no BbIOOTe TeJIa, T. e. B Bblpa1KeHMH JlJI5I (jo
H3 paBeHcTB (460) npHHHTbCP2� 1.!B 30He o'nepe1KeHHH IBbIpallie'HHe

,lI,JI5I (j 8 ,He06xoJlH-MO B35ITb H3 yp aBHeHM5I (460) B npe,n.nOJIOJKeHHH, IITO

26

<pYHKnHH cp2� -. Ta:KH:M 06pa3'OM, nonYIIHM:
a

(0 - 1) ( ;: r + 1 = (0 + 1) ( :: r Cj)2
- 1.

(
P

)
26 1

(
P

)
6 (6 - 1)

(
r 0

)
&

OTCIO"a -!!. - � -

-

= 01-\

rl CP2 (6 + 1) rl CP2 (6 + 1) r 1

·

PeIlIeHHe 3Toro KBa,lI,paT Horo ypaBHeHH5I lfMeeT Blf,lI,:

()
6 1

V
.

� = +
1

+
(6-1)

(
ro

)
6

rl CP2(�+1)
cp�(�+1)2 CP2(�+I) �-;:;

·

C H-C'n'OJIb3,OBaIHHeM ypaBHeH.M5I (461) IHa ;pIfiC. 14;0,6 :HocTpoeHbI K'Plf-

BbIe, lf3 paocM'OTpeHlf5I KOTOpbIX CJle�yeT, 'lITO npH .nepeXO,lI,e OT KOH-

TaKTHOH 'nOBepXHOCTlf K CepeJlHHe nOJIOCbI 'no BblCOTe HeHTpaJIbHOe ce-

qeHHe CMeIIl.aeTC5I TaKH.M 06pa30'M, 'lITO BbIXO,lI,MT B KOHQe KOHQOB 3a

npe�enbI oqara �ecpopMal(HH.
,B CeqeHlfM Ha HeKOTopOM paCCT05IHHlf OT Bxo.u..a B O'lIar ,lI,ecpop Ma-

QHH nJIaCTH'lIeCKMe JLecp'op:MaQHH «,gaTyxalOT» H nOJIOca ,U.lBHJKe'f.C5I yllie
KaK JKeCTKOe TMO. IIloJlo}KeHHe 'CeqeHH5IMOlli,HO onpeJleJlHTb no BeJIH-

q�He yT5IlliKH 3a,lI,Hero :�OHlI.a (CM. ,n. 4 fJI. XI). CeqeHHe npoxO�HT TaM,

�,n.e YT�}K.Ka paBHa HynlO (nYHKTHpHa5I JIHHH5I Ha pH'C. 140, 6).

( 461 )
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5. BJlHSlHHe BHeWHHX 308

Ha PH'C. 152 npHlBe�eHa 3aBHCHMOCTb Cpe.ZI.HerO HOpMaJIbHOrO KOH-

TaKTHoro HanpH}KeHHH OT OTHOIlIeHH5I JI.JIHHbI O'lIara ,lI,ecpop-MaQHH K ero

BblCOTe !n,o .9KCnepHMeHTaJlbHbIM JI.aHHbIIM M. A. 3aHKoBa, r. C. HHKH-

THHa H 10. 11. 'CHHeJlbHHK'OBa, 11. 51. IlIaMeu.. AHaJIOrH'lIHbIe pe3YJIbTa-
TbI npHBO�51TC5I BO MHorHX JI.pyrHx pa60Tax.

p,l1tt/fr!2(Kr/MM2)
..;?

'\

/

..

Lj.�OO

( It 0)

40

{IJ }

30

Is)

- -

p,!;1H/M
2

fKrjMN
2

)

5�O

(�6)
I

50

( 6)

0,1/ I, 'l 2,0 o D;5
o

�o '}5
,

l/11a

1600

(160)
.

800

(80)

0,2
J

1,0
8

fJB .l/h

PHC. 152. 3aBHcHMoCTb cpe.D.�
Hero KOHTaKTHoro HanpsnKe-
HHH OT OTHOllIeHHH llh no

)J.aHHbIM:

a - M. A. 3aiiKoBa; 6 -

r. C. HHKHTHHa, 10. H. CH-

HeJIbHHKOBa; 8 - 51. B. IlIa-

Mel..{a

C-pe,lI,Hee ,lI,aBJIeHH.e npH npOKaTKe B 3aBHCHMOCTH OT OTHOIlIeHH5I

ilh XapaKTepH3yeTc5I BOrHYTOH .KpHBOH, MHHH,MYM oKOTOpOH 06bI'lIHO ,Ha-

l
XO�HTC5I B npeJI.eJIax 0,r5<-� 1,0.

h

POCT KOHTaKTHoro HanpHllieHHH C YBeJlUlJeHHeM OTHOIlIeHH5I ilh
on paBa OT TOIIKH IMHHHMYMa 06'b5lCH5IeTC5I 3HaIIHTeJIbHbIM BJIHHHHeM

CRJI Tp,eHH5I H� nOBepXH'oCTH KOHTaKTa, a TaKllie �eMCTBHeM B.HeIlIHHX

qaCTeH nonO-CbI, KOTOPo.e 51BJIHeT:C5I 'pe3YJIbTaTo.M HepaBHOMepHOH .ne-

(cp'opMa[(H.H 110 BbIOOTe no.JIOCbI (n. 5, rJI. XI). 3TO y6e,lI,HTeJIbHo' no,lI,-

TBeplli.lI..aeTC5I onbITaMM no. ;npo�aTKe I06pa3QOB.c BHeIlIHHMH 3'OHa:MH

H 6es HHX.
.

A. 11. [(eJIHKOB H ,B. lB. 'CMHpHOB [2] peKoMeH.lI.YlOT .nOJIyqeHHYlO Ha

oCHoBa,HHH 'onbIT,HbIX ,lI,aHHbIX 3aBHCH:MOCTb 'K-03cplcpH[(HeHTa, YQHTbIBalO-
ru.ero BJIR5I'HHe BHeIlIH,HX, 30H OT OTHOIlIeHH5I Ilh ,B CJIe,lI,YIOIIl..eM BHJI.e:

n
3

= (i/h)-O,4 .
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M. A. 3aHKoB [6] ,lI,OrrOJIHHJI 3TY 'cpopMyny, 'npe,lI,nO}KH� YIIlfTbIBaTb
BJIH5IHHe CKOpOCTH JI.ecpopMalI.HI1 H OTHOIlIeHH5I hID TdKHM 06pa30M:

n
3

= 0,6 i1-
0,00

( � r
0,25

( � )
- 0,4

.

A. K. rp'H,ropbeB H A. ,[t Kapa'lIYIH,CKHH [7], pa'C'oMaTpHBa51 YICJIO-

BM5I paB'HOH80M5I npOJI:OJIblHbIX H'3in�pi5l:>K.eH/HH B CeIIeH.JfM BbIX'OJI.a n.p.H

npOKaT'Ke BbI'COKOH nOJI'OCbI, n'OJIY'lIIHJI.H ,CJIe.n.ylOIlI.YIO cpop MY JI.Y:

h I
n

3

=== 1 + 0,656 - - 0,5 cth -.

I h

AHaJIOrHII,HYlO 3aBHcHMoCTb nonY'lIHJI Bo MOT� Y KOToporo .n 3 51Bn5l-

eTC5I CPYHKQHeH 'OTHOIlleHH5I ilh H yrJIa 3aXBaTa a. COMHHTeJlbHO, O,lI,Ha-

KO, llT06bI BnHHHHe B'HeIlIHHX 30H npM IMaJlbIX ,OTHOllleHH5IX i/k 6bIJI<?
CTOJIb BeJII1KO, KaK aTO 'CJIe.n.yeT H,3 np,HBe,lI,eHHbIX JI.aHHbIX.

,Ha OCHOBe 'rronOllieHHH 'TeopHH pa3Mep.HocTeH C npHBJlelIeHMeM H

orrbITHbIX JI.aHHbIX A. H. UeJlHKOBa M B. C. C:M'HpIHoBa aBTopoM pa60TbI
[3] nOJIYIIeHa ,CJIeJI.YIOIlI.a51 'cpopMYJIa AJI5I orrpe,lI,eJIeHH5I 'Koa.cpcpHlI.MeHTa

n3 B H.HTepBaJIe H
'

3
I

MeHeHH5I ' OTH'OIll.eHH5I O�i/h < 1:
'.

n=2- V
1

.

3 h
'

r.l(e h = ho-;h
1

Ii 1= V O,5 11 hD .

f1pH ilh >- 1 CJleJI.yeT npHHH'MaTb n3= 1.

KaK rOTMe'lIaJIOCb paHee, rrp.M rrpo'KaTKe BbICOKHX nOJIOC 3a ,C'lIeT He�

paBHoMepHocTM JI.ecpop:MaQHH B03HHKalOT .npOJI.OJIbHbIe' IHa.npH1KeHHSI

CJKaTH5I B BepxHeH. H HH:>KHeH 'lI3-CT5IX :rr9J10CbI 'rr'D BblCOTe, a B cpe.n.HeM
'lIaCTH -

Hanp5IllieHH5I paCT5I}KeHH5I. 113 ycnoBH5I paBHOBe�H� cne.u:yeT,
QTO

a

S O'p dB = 0.

o

,QJI5I onpeJI.eJIeHH5I KoacpcpHQHeHTa BJIH5IHH5I B'HeIlIHHX 30H ,npH .npo-
KaTKe IBbICOKH� 'rrOJIOC TO'lIH'oe 3-Ha'lIeHHe cpYHKQHH <P2 3a�eHHM ee 'rrpH-
6JIHllieHIHblMiH ,3IHaII,e:HHeM: f.P2=.28/a.

.

BbIeOKHenOJIOCbI rrpOKaTbIBalOT B rQP5l'lIeM 'COCT05IHHH. n03TOMY
,l(Orry.C'TH!M, 'lITO n=O, T.e. y.rrP'OTIIHleH:He M'eTaJIJIa 'O'f!C'YT'CTB'y,eT. Tor.na ilia

OCHOBaHHH BT'OpOrO paBenCTBa 'cnCTeMbI (440) HMeeM JlnH 30HbI OT-

CTaBaHH5I:

a a

"2 2
_ 2:3o { + [ (o-I) ( �O r+l ] +ln �

O
-'l } SBdB+ln �o Sd6=O."

"0" 0
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I1 I

HTerpHpY51 :H nepeXO,lI,H 'K nHHeHHbIM eJI.HHHlI.aM, 6YJI.eM H'MeTb:

.

ho
2 6 In

h

nao
=

ho

)
6

H

(
h

)
.

(6 - I) (� + I + 6 In h:
- I

JIerKo no.Ka3aTb, lITO

� =

p. �
2

8

8

, r.u.e h = {- (ho + hI)' ( 462)

n03TOMY

n
-

30- 12-e

(
1 2 - 8

) (
ho

)
P-

h �
1 2 - 8

(
ho

)J.t h 8

- 1

hJ1.
+ I + � h 8

In
h

H

- 1

1 2-8 ho
2 11

- In -

h 8
h

H

( 463)

PaOdMOTpeHHbIe BblIlie .onbITHble ,n,aHHbIe rrOKa3bIBalOT, lITO 'KO\3cp'cpH-
nHeHT BJIH5IHH5I BHeIlIHHX 30H 06bp.IHO JI.O'CTHraeT 3HaIIeHHH, paBHorO

e,Z:(HHH[(e njpH OTHOIlIe'HHH lih � 1. C , 'lIII1Ta51 n30 =:11, H'3 y.p aBIHeHHH (463)
HMeeM:

2-8 ho
2 11

- In-
8 h

H

2-E
= 1.

(
2 - 8

) (
ho

)
fJ.

"""E 2 - 8

(
ho

),

Ii ---;-
- 1

h
H

+ 1 + 11
8

In
h

H

- I

OTCIO,Qa JIOJIYlIH,M 3Ha'lIeHMe K03'cp<pHIJ:HeHTa 06)KaT'H5I B HeMTpaJIbHOM
Ce''lleU'HH, n;pn K10T'OP'OM nSJ

= 11 :

2-E
2-8 ho

J.t In
-

( :
H

O

)
P.-.-

-

;-8
h

H

+ 1.

11 --1
8

nao =

113 COOTHOllleHH5I ,(462) HMeeM J.t

2 -

8
= 0 �. ,[(aJIee, C'lIH'TaH

8 1

hH�'hl H B03BpaIlI.aHCb K ypaBHeHHIO (463), nOJIYIIHM

ho
2 i) In -

hI

h ho
'\ Ilh

6 -

In
-

I

h

hI
+ I + l) (In ::

- I ) + I

6--1
1

(6 - 1)

(464)
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3TO palBe.HCTBO yqHTbIBaeT BJIH5IHHe Bxo,n5lIIJ.er,Q B BaJIKH KOHI(a nOJIO-

CbI Ha H'ari,pHJKeHHOe 'COCT05lHHe. AHaJIOfHqHbIiM 06pa30M HaH.lI..eM ypaB-

neHHe, 'YIIHTbIBalOIII.ee BJIH5IHHe BbIXO�HIIJ.ero H3 Ba'n'KOB KOHI(a nOJIOChI�

h
2' f) In �

hI

IJh

(0 + 1)

h ho
f) - In �

1 hI

h
+1

f)- + 1
1

. ( 465)flst=

+6 (In �: -1)-1

n30=

113 pa.eCMOTpeHHH BbIpa}KeHHH (464) H (4.65) 'Cne.lI..yeT, lITO Koa(j)-
$HIlHeHTbI BnHHHH5I BHelllHHX 308 3aBHCHT OT cpaKTopoB 6, lIth H ho/h...

h i

ECJIU B q>opMYJIaX (4"64) H (465) "npHHHTb In �. = It TO ,n.onYlIHM:
hi

26

h

2" 0
I

+ 1

6l:.+1
1

l/h

.

,
n 3 1=

l/h
. ( 466)

(f)-I)

26

h

26--1
1

h
�--l

1

+1 (6+ 1 ) -1

h h
3HalIeHHe In -.JL == 1 cooTBeTcTByeT 'Koa<p<pHI(HeHTY 06}KaTHH � =

hI hI
Ah

=:::: 2,72 H OTHOCHTeJIhHOMY 06}1{aTMIO E = - = 0,63. TaKHe 06JKaTHH
ho

npH npoKaTKe BbICOKHX nOJIOC He npHM'eHHIOTCH, HO .lI..a:>Ke npH 9TOM ,no-

(nym,eHH"H MaK,CM:MaJIbHa,51 ,norpellliHOCTb niPM BbI'lI�HICJleHH�H B ypaalHeuMSIx

(466) npM BeJI"HqHHe l/h=0,5 He npeBbIllIaeT.. 6)5% no cpaBHeHHIO C

TOlIHbIMM .3HalIeHHHMH, BbIlIHCJI,eHHbIMH no paBeHcTBaM (464) H (465).
cDop,MynbI, (466) .nOJIYlIeHbI JI.JIH 30Hc.Konb:>KeHHH. 'OHM "cnpaBeJI.JIH-

BbI M ,nJIH 30HbI npHJIH'naHMH M B TOM 'CJIYlIae, eCJIM '3Ta 30Ha pacrrpOCT-

paHHeTCH Ha BC� �OHTaKTHYIO nOBepX'HOCTb. ,L:{"onOJIHHTenbHbIH aHaJIH3

I10K3i3bIBaeT, lITO TalKaH 3KCTpanOJI5II(HH aKBUBaJIeHTHa npe,UjI10JlO'llieiHMIO
00 OTC'YTCTBHH CKa'lIKa HanpH1KeHHH Op Ha rpaHHI(ax Me:>K.lI..Y 30HaMH

OTCTaBaHMH, onepellieHH5I H np.HJIH'naHMH.
COBMeCT.Hoe B.JIH�HMe nepe,lI,HerO H $a.llHero 'KOHQOB nOJIOCbI, Ha Ha- "-

npH}Ke'HHoe C"OCTOHHHe B oqare Ae<popMaI(HM �MOJKHO YlIeCTb C n'OMOI..I.lblO

.cpe.lI..Hero 3Ha'lIeHH5I KOS"cpcpHIIJleHTa BHeIlIHHX 30H:

n30 + n31
ns= ·

2
(467)

Ha pMC. 153 npHIBeJI.eHbI ,KpHBbIe, .nOCTpoeHHbIe c H.crrOJIb30BaHHeM

cpopM'yn (466)-.(467) H xapaKTepH3YIOIIJ.He' 3aBH-CH:MOCTb :K03<PCPHI(M-
eHTa BHeIlIHHX 30H OT napaMeTpoB ilk M 6. 113 paCCMOTpeHMH PH'CYHKa

CJIe.nyeT, qTO Ka31<pcp:M�HeHT n30, YIIH'TbIBalOIlI.iHH BJI:MHiH.H.e BX.OJ{HIll.'er,O B

BaJIKM KOHQa inOJIOCbI, ":llpH ,naH'HOM 'OTHOllleHHM llk 'YMeHblIIaeTC5I C pOC-
TOM BenH'lIHHbI 6, a K03"<p£pHI(HeHT n3h yqMTbIBalOIIlHH BJIH5IHMe BbIXO,lI,51-
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1,00,"
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0,2

PHC. 153. 3aBYCHMOCTb K03<b<bHlJ.HeHTa n3 OT Be.nWIHH {) Ii

l/h no <popMYJIaM:
a - (466) Ii 6 - (467);



flJO

2,0
/

'")

10 .

,

o

�

'�8

1}6

1,4
o

,
1

2 o

g

'02
, 0,4 0,6 08:

1
I /

'7}b

.\ 1. 0
,

8 � no pe3YJIbTaTaM orrblTOB (:rOqKH Ha KPHBbl'{)

IIl.ero 113 BaJlKOB KOHlla n0t110CbI,' C pOCTOIM 6 B03paCTaeT. BMeCTe ,c Te-1\I1

npe)I.eJIblHOe 3Ha'qeH1He K03cpcpHIJJleHTOB' n30.H n31 O�'HHaKOBO If .IIH!CJIeHHO

paBHO n3===2.
:

,CpaBHeHlIe cpe,lLHIHX '3iHa'lIeHHH K03cp'cpHI(UeHra n3 n,OKa3bIBaeT, .lITO

Y}K'e npH 6?:> 5 OHH n.epeCTalOT 3aBHceTb .OT 'napaM'eTpa �. 3To 1:1 ,no1;l�T-:
Hb: npH np-OKaT.Ke BblCOKHX nOJIOC iCilJIbI' TpeHHH Ha TIOBepXHOCT5IX.'.'*'P�;,�
TaKTa HeBeJlHKH H peilialOII(ee BJIHHHHe Ha Harrp5lllieHHOe COCT�:,�.�'I1y:
rr'OJIOCbI OKa3bIBaeT HepaBHOM�pH�CTb ee ,lI,elcpopMal{HHnO abICO'��. ;., ,'� ,':';):

A. ,Q. Kapa'lIYHC..KHH [7] .rr'p'OH3:�'0.lI.HJI I:'Op5l'lIYlO npoKaTKy .Ha! �i�'��
c �HaMeTpOM BaJIKOB 270 MM. 06pa3r(bI HMeJIH np�MoyrOJIbHOe' Ceqe:'"

HHe H 6bIJIH H.3rOTOBneHbI H3 ,CTaJIH ,08Kn. ;Ha 06pa3I(aX ,lI,eJIaJI.HCb Ha)J.-

pe3bI C 06pa30BaHHe.M KOpOTKOrO Y'lI3'CTKa 06pa3Qa .n.JIHHOH lo (pHC.
154, a). ,QJIHHY Lo 'no�6HpaJIH TaKoH, lIT06bI rrpH npoKaTKe npOHcxo,lI,H-

JIO TOqnOe 3arrOJIHeHHe 'Ollara ,lI,ecpopMaI(HH rrpH OTCYTCTBHH BHeKOH-

Ta'KTHbIX 30lH (pnc. 154, 6). OCI(HJInOrpaIMMbI 3HeprOCHJI'O�bIX rrap3'MeT-

pOB (.n.aBJIeHHH, KPYT5IIIlHX 'MOMeH�OIB) 'n03BOJI5IIOT orrpe,lI,eJlHTb OTHO-

rneHHe 'rrapaMeTpoB eCTeCTBeHHoro 'npoQecca H Tlpone.cca np'OKaTKH 6e3

BHeKOHTaKTHbIX 30H (pHC. 1,54, 8). 'OrrbITbI 'npOH.3BO,lI,HJIH, IlIHpOKO

BapbHp'YH napa
'

Me'J'1pbI l/ho, b 0 /h; f!hJho. K'p-OMe Toro, Ba:pHH'pOBaJIH T.eM-

nepaTYPY rrpOKaTKH, ,lI,JIH Toro,
t

'lIT06bI 3KcnepWMeHTaJIbHO, .BbIH-CHHTI:-

BJIH5I'H'He Y'CJlOBHH ,KOHTaKTH.oro TpeHH5I ,Ha I}{03cpCPHI(H.eH"Tn3. Pe3YJIbTa..
TbI onbITOB npe,n!CTaBneHbI TOlIKaMH Ha pH-C. 1,53, 8. CpaBHeHHe 3TH�

lI.aHHbIX 'C ;paC'lIeTHbIMH ,lI,aHHbIMH nOKa3bIBaeT YJlOBJIeTBOpHTeJIbHYro
CXO)J.HMOCTb.
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PRC. 154. 06pa3elt C nOnepeqHbIM Ha,npegOM (a), cxeMa. €ro npoKaT-
KH (6) H OCl.{HJIJIOrpaMMbl npOKaTKH (8)

. t1a. pl1C. 155 npl1Be�eHO 'pacnpe,LLeneHl1e HOpMaJI�HbIX HaIJp5lLKeHHH
DO' ,BbICOTe n'OnbCbI B 'CeqeH:aH Bxo,na B .IBaJl'KH 'npH 3HaqeHI1HX K03<P'<pH-
�HeHTa 'n3=== 1; 1,5 H 2. HeC�OTpH Ha HanHqHe 3HaIIHTeJIbHbIX '«nOJlnH-

paIOlI(HX». HanpHLK'eHHM a
p y nOBepXHOCTI1 KOHTaKTa rrpH ,ManbIX 3-Ha-

�eHHHX .'OTHOllIe.HH5I ljh, B n;eHTpaJIbHOM qaCTH .nonOCbI 'no BbICOTe .co-

Xpa;H5IIOTc�' 3Ha qHTeJIbHbIe npo,nOJIbHbIe pa.cTHrHBalOInHe l:Iarrp5lJKeHHH.

£0 £(1 6
8

6 p

/( K ff K

a 6"

PHC: 155.. 'H.3MeHeHHe HanpszeHHA no

BbrC,OTe,
_

,np" .

. npOKaTKe BblCOKHX nOJloc

npH:

a - n3 = i; 6 - 1,5; B - 2,0.(
e
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... 6. Hanps[)KeUUSI 80 '8HeWHHX qaCTSIX ,nOJIOCbl

DpH perneHl111 3a,lI,a�� HaqaJIO Koop,nH�aT.M .HanpaBJIeHHe OCH X 'Bbl-'�
6epeM TaK, KaK ,rrOKa3aHO Ha pHIC. 156. PerneHHe ynpyro-n.rra'CTHlleC-KOH
3a�a'1JiH 6y�eM npOiBO,lI,H"fb InpH'DJIHLKeHIHo, C'q'HTaH IC)J:BHrH. e xy MaJIbIM'H.

Ino.cpaBHeHHIO'c�e<plop!M:air:HHMiH exx � eyy. B pa3JI.eJI.e 6 rJI. V 6bIJIO'.no-'.

K3'3a�0, 'IITO .n,p'H .3TOM ycnoBHH pa:Be�HiCT:Ba ('170) :..1

"xy
= (C 1 em

x

+ C 2 e-
m

X) (A e
m

.

y

+ B e-:-
my

);.

a
y

= -

(C 1 em
x

- C 2 e-
m

X) (A em y
- Be-my) + f (x);

ax = - (C 1 em
x

- C 2 e-
m

X) (A em y� B e..:... my

) + 11 (Y)
. . .

. . ,

npe.lI.'CTaIBnHIOT 'CODOH npl1DJIMLKeHHOe pemeHH.e. yrrpyroH 3aAaqH, ec.J1M

BbI.rrOJIHHIOTCH COOTH.o.rneHI151 (209)- (211).

l l. l l
y

x

o

a

1 I

z

a

6

PRe. 156. CxeMa K paclIeTy HanpJl]J(eBRA 80 BuemHRx qaCTJlX nOJIOChi npH npo-
KaTKe:

a - B 3a,D.HeM KOHI{e: 6 -

B nepe,D.HeM

Ha BepXHeH H - HH}KHeif UOBepXHOCTH BHemHHX qaCTeH nOJI'OCbI HOp-
MaJIbHbIe :K 'HH�M Hanp5lLK.eHH5I paBHbI !HynlO. 3TO npHBO,nHT K rpaHHq.HO-

!My YCJIOBHIO: y===h/2; (jy=O, Ha OCHOBaHHH 'KOTOpOrO BTOpOe H3 :npH-

Be�eHHbIX paBeHCTB .naeT:

mh mh

f (X) = (C 1 e
mx

- C 2 e-
mx

) (A e
2

- B e- 2
);

11 MbI nOJIYllaeM:

f1y
= (C 1 e

mx

- C 2 e -mx) [(A em: - B e- "': )
-

(A e
my

_ Be-my)] .
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!LJIH CeIIeHHM BXO�a 11 BbIXO�a (x=l) 'CrrpaBe.u.nl1BO ycnoBHe nnaCTHII-

JHOCTH (jx-(jy===.vK, H3 KOTOpOro �JIH TOIIKH x=l; y=h/2 nOnYlIl1M

([J�=vK. TOf.u.a TpeTbe 113 paiBeHCTB CH'CTeMbI (170') �aeT:

ft(y)=vk+ (CIeml_C2e-ml)(A e� _Be- �h )=const
H, �e.lI.OBaTenbHO:

(
m I -ml ) ( �h '_ �h )

_

(Jx = C 1 e - C 2 e. ,Ae - Be

- (C 1 e
mx

- C 2 e-
mx ) (Ae my

�B e-
my ) + vK.

3aMeTJf.M, qTO .BbIpaLKeHHH f (x) H fl (y) HaXO�HTC5I B COOTBe'J'1CTBHI1

c YCJIOBHH,M.H f(209)
- (211) �

'

npH 'nepexo,lLe OT rpaHHq,HbIX ceIIeHHH' x===l B CTOPOHY nOnO)KHTeJIb-

Hor;o HanpaBJIeHI151 OCI1 X rHanp5l�eHI1H 'MorYT TonhKO YMeHbllIaTbcH,

:npHqeM

lim't
xy

= Iim a
y

= Iim ax = O.
x�� x�� x�oo

n03TOMY :6y�eM CIIHTaTb, liTO:

C 1
= 0;

-nil ( �h _

m

2

h

)- C 2 e A e - B e + 'Y K = o.

0603HaqHM C.�A=A', C 2 ,B=B' H ony,cTI1M IlITpHXH.
OKOHlIaTenbHO 'C H.cnO.rIb30BaHl1eM BbIpa>KeHI1M (170) 6Y,lI,eM I1,MeTb:

-mx my -my

�xy :- � (A e + Be);

-mx [( .�h - �h )
_

( my -my )]a
y

= - e'
.

A e - Be A e -.- Be;

-mx my -my

ax =-e (Ae �Be ).

:BKaqeCTB,e...rp2'HI1qHbIX YCJI0811H I1'Cno.Jlb3yeM..� paBeH,cTB,a (443),
npHHI1Ma51 B HI1X .K03cpcpHIJ:l1eHT 11

=== 1 H Benl1IIHHY P ==="1. aTO ipaBHO-

CI1JIbHO BBe,n;eHI1IO ,Qorry�eHHH 0 inpe:D.e.rrbH6M BeJII1'iJI1He
-

HanpH)KeHI1H,
BbI3bIBaeMbIX HepaBHOMepHOCTblO .u.ecpopMaIJ.I1H, KOTOpa51 cyIIJ.eCTByeT IB

ce t IeHH5IX' Bxo.,da
-

HBbIxo.u.a 13 M'OMeHT 'CH5iTI151 iHarpY30K ('CM. pa3�eJI 2

,na:HHoM ,rJIaBbI). .nepexo.D.51 OT" IJ.11,n}iH.lI.pHIIeC-KHx 'Koop�I1HaT 'K npHMoy-'
rOJIbHblM, 113 ypa13HeHHH (443) 6Y�Ie'M .HMeTb:

.
.

.

(
ho

)
�

"xy
= - K p. 'PI; a

y
= K (1 - 'P2) In

--,;:
� 1 ;

ax = K (1
-

CP2) In �
-1- K CP2. (469)

h l

K03;CPCP�IJ.l1eHT
.

m, BXO,lI,51IIJ.I1M. B CPYHK[(MI1 cp 1 H CP2 (434) ,
cor JIa CHO

nYHKTY �H3'C�05lmeH 'rlIaBbI, palBe.H m -':' 1/6 .(6�2), tn==.V6 (6+2).

(468)

3Q,�.



003TOMY B .KaIleCTBe BeJI l1qHHbI m �eJIeC006p a3HO n pHH5ITb

m = -} (V 0 (0 - 2 + -V 0 (0 + 2») =+( 0 -V 1 - � + 0 V 1 + � ) R!

1

[
.

1

) (
1

'

]
2

R!"2
0 (1

�

6""
+ 0 1 + T)

= 0 =

: (470)

.113 pHC. 145 51CHO, lITO B o,qare ,l(etpopMaI1.I1H ICYlI(eCTBYIOT CJIe�ylO-

�l1e COOTHOllIeHH5I:

.

e
y [} h a h [} Y

SIn = - � o. - �
P
- OTK Y ,l(a P

=' -

, n03TOM Y r.J = - a.

p

,

2 2' a h

DpMHI1Ma51 BO. BHIJ,M3-HHe ypaBHeHHe (47.0) 11 reoMeTpHIIecKHe .COOTH'O-

llIeHI151, MO)Ke:M 3arrl1'CaTb:

me =0 JL a=
2,... .JL. a =

2,...
y.

h a h h

TaKI1M. 06pa30M, rrpl1 nepexlo�e OT I1.l1nHH�pHqeeKHX 'KOOp,l(I1HaT K

npHMoyrOJIbHbIM 3aMeHa 6e3pa3MepHOM KOOpJl.I1HaTbI 8 paaMepHoM .KO-

u � u
2 t-t

op�H:HaTOM y ,npI1BO�HT K 3a;MeHe ue3pa3MepHOM BeJIH"IlHHbI m =

a

pasMep.floii BeJIlf1U1HOii m =

2

: . 3TO BbIpa2KeHHe COBIIa.ZJ.aeTC paBeH-

CTBOM (309), noJtYIIeHHbIM B rrp'oI1.ecce p.ellIeHM5I 3a.naIII1 0 Hanp5l}KeHHo�t
COCTOHHI1I1 npl1 C}KaTHI1. npHMeM, IITO _x

� ll. .H'cnon.b3Y51 nepnoe 11

TpeTbe paBeHcTBa CH'CTeM (468) .J1 (469), nOJIyqJf.M:

A emy + Be-my == - K f.L CPt e
ml

;

A emy - B r my = K [ (1 - CP2) In �: + CP2] e
ml

.

o TCIO.na

A e
my

== �
[
-

t.t CPt + (1 -CP2) In � +. CP2 ] e ml;
2 hI

Ae- my ==

K

[
_

t-'.�]
-"-

(1
- C(2) In� -

CP2 ] eml.
2 hI

TI6�'CTaB-JIHH 3HaqeHH5I '3TI1X '<PYHKI1.HM B BbIpaLKeHl1e (468),.c YIle-
TOM ypaBI-Ie-HI1H (47Q) 6Y,lI,eM I1MeTb:

. 1

(
X

)'(xy
2 [J.

- 1--

== -

p. CPt e
h 1

';
K

\

I

(ho ) 2�-(1--)
I

(Jx h

]
211.- 1--

K

= ( 1 -

CP2) In --,;- + CP2 e h. l. I
. 1 J

Ha pac�. 157 rrpl1Be.n.eHbI 3'HalJeH.M5I :MaKCHMaJIbHOr,o KaCaTeJIbHorO

H;anpH)Ke.HI151,. OTHeceHHoro K I1CTI1HHOMY conp:oTHBJIeHl110 ,lI,ecpopJ\iau.HH

(Jy

K
(471)
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B pa3JII1IIHbIX TOqKaX BHellIHerO ;KOHL(a nOJIOCbI ,npH npOKaTK'e. MaKcl1-

ManbHoe KacaTMbHoe ,Hanp5l}KeHHe, 'noIl BnHHHHeM KOToporo OCYIIJ.eCTB�
nHeTICH �ocpop MaL(H5I nonOCbI, BbIIIHCJIeHHOe no cpopMyne (44), onpe-'

�eJI5IeTCH cne.nYIOIIJ.H'M palBeH.c.TBoM:

't
= e

2 1'- -{;- (1 -1) -v i +(!-2 cp � .

K
(472)

113 pl1 i c. 1'57, a CJIe.nyeT, IIT10 npH nepexo.lLe OT CeqeH;HM .Bxo.na H BbI-

xO,Qa ;K. cepe,l(I1He oqara ,l(ecpopMaIJ.HH H3'np5l}KeHHH YMeHbllIalOTcH no

,

'ZjR

0,2

T n max

f/l(

In max

I(

B�oiJo '--l
I

1,5 2,0
a

2,5 3,0
Xli

1;5 '1.,0 1,0

X/I

l�5

o

PRC. 157. Ma'KcHMaJIbHble CKaJIbIBalOI..IJ.He Hanp5uKeHHH:

a -- B pa3JIHQHbIX T01JKaX no )J.JIHHe H BbtCOTe BHelllHHX KOHI1,OB. nOJIOCI)f

(lfh =3. fA. =0.5); 6 - Ha nOBepxHocTH nOJlOCId B P83J1RQHbIX TOQK8X no

ee ,D.JIHHe np" pa3HbIX OTHOllleHHHX lJh

3Kc.nOHeHIJ.HaJIbHoMy 3aKOHY, npl1IIeM I1X ,BenHIIHHbI Ha n'OBepXHOCTH 11

B Ope.lL,Heif qaC'TH no BbIlc-O'Te nOJIOCbl eOJIHLKaKYI'C5I. H'3 pHIC. li57,6 , cne-
e

.lLyeT, q-T,O M3'KCH'MaJIbHble 'C'KaJIbIBaIOIn:He ,H,anp,SI>K.eHHH B 3iHaqIHT l eJIbH'OH

CTeneHI1 3aBH'CHT OT OTHOllIeHHH .�.JII1HbI It Oqara �ecpOpMaL(HI1 K ero BbI-
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COTe h. C pOCTOM 3T'oro OTHOllIeHH5I CKaJIbIBalOIllHe �anp5lLKeHH5I

YMeHbllialOTCH OOJIee HHTeHCHB.HO.

PaCq'eTbI ,nOKa3bIBaIOT, qTO xa.pa,KTep KpI1BbIX, xapaKTepH3YIOIIJ.HX
MaK�CHMaJIb-HbIe CKaJIbIBalOmHe HanpH}KeHI1H 'TIPH npOKaTKe BbICOKHX 11

i HH3KHX nonoc, fB 06llI.eM aHaJI'Orl1qeH. ,Qn51 BbICOKI1X ,nOJIOC He06xoAHM'O

yqHTbIBaTb .BnHHHl1e ,BHellIHI1J( 30H, ICIIHTa5l, qTO B cpopMYJIaX (471) H

(47:2) BM-ec�o BeJIHlI.H'HbI K cp'H,ry:pHpyeT. BenH-qHiHa K 3
= 1fl 3K.

floJIytI,eH.HbIe ypaBiHeHlH5I ,QJIH -onpeLleJIeHIHH JI.eff.C'�BYIOIl{HX !Han:pH-

LKeHHM M'orYT ObITb HOUOJIb30-BaIHbI H JLJI5I .onpe,rr..eJI.eHHH rrpioT,HLK,eH'HocTH
30HbI BHeKOHTaKTHOM .nJI30CTI1IIe-CKOH �ecpopMaL(I1H nepeJI. BanKaIyII1. ,B

HaIIaJIe aTOM 30HbI ,HanpHLKeHH5I He �onLKHbI ObITb :MeHbllI!e BeJIHqHHbI,

He06xoJLHMOH JI.JIH 'He06paTI1MOrO nepe,lI,BI1}KeHI151 .D.I1CnOKaL(I1H. :B 3aBJI-
.

u

CHMOCTH OT opHe]:I'Tl1pOBKH 'CHCTeMbI eKOJIbLKeHI151 .n'o OTHOllIeHHIO K ,neJl-

CTBYIOInHIM HanpHllieHH5IM Benll1II'I1Ha rrOCJIe.lI.HHX, 'B C-QOTBellC''I!BHH 'c 3aKO-

HO�M lIlMI1�a, M02KeT H3MeHHTbC5I B onpe.neJIeHHbIX n'pe�enax, 06y.cnOB-
neHHbIX reOMeTpl1ei1 CKonbLKeHH-51. B II a CTHOG'TI1, �n51 KpeMHHCTO,rO }Ke-

ne3a '3TH rrpe�enbI onpe�eJI5IIOTC5I BeJIHqHH'OM, .KOTopaH paBHa 0,;0'4-

0,08 npe,lI,eJIa TeKyqeCTH B ycnOBM5IX 'rrJI'OCKOM JLecpopMaL(HI1. OTMeIIeH-

HbIe 'npe�eJIbI H3'MeHeHHH Hanp5lLKeHHH, OTHeceHHbIe 'K .npe,lI,_en'y TeKy-

qeCTI1, rrpI1He,rr,e.HbI ,Ha pH'C. 157. ToqKH nepeCeIIeHH5I KpHBbIX ,MaKCH-

ManbHbIX CKaJIbIBalOIllMX Hanp5l2KeHI1M 'C nI1HH5IMH 'rrpe,lLenbHbIX HanpH-

}KeHI1H, iKoTopbIe He06xo,lI,HMbI �nH �BI1LKeHI151 �HCJIOKaL(I1H, OrpaHI1III1.r
BalOT 06JIaCTb, r,lLe ICJIe�yeT O}KH�aTb nOHBneHl1e .nepBbIx nJIaCTI1IIeCKI1X

C�BHrOB; InpOI1CXO�HllI.I1X IB rrpoL(ecce 'rrepe!MellI.eH.H5I �I1CJIOKaL(I1H. Dpo-
T5ILKeHHOCTb3TOH: '06JIaCTI1 3-aBHCHT 'OT OTHOllIeHH5I. �nHHbI OIIarOB �e-

cpopMaL(HM K BbICOTe nOJIOCbI. O'Ha YMeHbllIaeTC5I C pOCTOM O'THOllIeHHH

l/h.

TI pl1Be.n.eHHbIe pe3Y nbTaTbI XOPOllI,O 'no�TBep}KJI._aIOTC5I orrbITaMI1 Bo

MOTa, KOTOpbIH npOBeJI 0611I�pHoe Hc-cn-e�oBaHl1e �ecpopMaL(1111 BHeKOH-

TaKTHbIX 30H npl1 npoKaTKe. PaOCMOTpHM B KalJeCrBe npl1Mepa OJLI1H M3

ero orrbITOIB. AJIIO'MI1HHeBaH 'UOJIOca (MapKI1 A99) -nOCJIe MeXaHHqeeKOM

06pa6oTKI1 ,noJ(Bepranacb oTLKHry npl1 TeMnepaType 500°,C -C BbI�ep}K-
KOH:' B TeIIeRHe 3 4,. :DpH 3TOM nOJIYIIMJIH :MeTanJI ,co Cpe�HI1M 'pa3Mep'oM

�epHa OKono 400 I)J.t.KM. DOCJIe OTLKHra 'CJIe.lI.OBaJIa 3neKTpOrrOnl1p
' OBKa 11

npoKaTKa. Ha pHC. 158 npHBe�eHa 'MHKpo.cpoTorpacpl151 BepxHeM no-

BepxHocTH He,lI.OKaTa. E'cJII1 eYJI.HTb 0 HanHIIMH nJIaCTMIIeCKI1X ,lI,ecpopMa-
IJ.HH ;no BI1�I1MbIM nonocaM 'CKOJIb:>KeHHH, 'TO (M02KHO 'CqI1TaTb, IITO B �aH-

HOM CJIYIIae ,lI,JIMHa «30HbI aaTyxaHI1H» rrpl16nl13MTenbHO paBHa. ,lI,JIHHe

oqara ,lLecpopMaL(HI1, BbIIIMcn\eHHOM H3 reOMeTpl1IIeeKI1X C006pa)KeHI1H.
B,o MOT B ,npoI.(ecce ,on-bITOB onpe,QenHn TaKLKe M-HKpocKonHIIe-cKI1M npe-
�en TeKYIIe,cTH aJIIOMHHHH. H,c-rronb3Y5I npl1eM, .0nJlCaHHbIM BbIllie (eM.
pHC. 157), OH .y6e�Hnc5I B 'CXOJI.HMOcTI1.-pe3ynbTaToB pacIIeTa .rro CPOPMY-

JIe (472) 11 onbITHbIX �aHHbIX.

IT p HBei{ elHHbIH: 'B .nY'H.KT-e 4 lonoooo 0 np eJL en e:HHH H eMTp a.JI blHIOIiO ce'1l e-

HHH COOTtB-eTcTByeT 06bIqHbIM ,npe�cTaBneHM5IIM 0 nJIaCTl1qe-eKOM �e-

<popMaL(HH C !MaKpOCKonHIIecKHx n03HL(I1M. DpH 3TD;M �ecpopMl1pyeMoe
TeJIO paocMaTpHBaeT!C5I KaK ,crrn'OlliHaH ,cpe�a, H '3JI€lMeHTapHbIe aKTbI

rrJIa'CTHqec.KOH �ecpopMaL(HH BO ,BHMMaHHe He npMHI1MaIOTC5I. Tenepb
H:MeeTC5I B03

'

M02KHOCTb -rrpOH3BeCTH YB5I3KY rrOJIYIIeHHbIX pe3YJIbTaTOB
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c npe�CTaBJIe'HHeM -0 rrp'OKaTKe KaK 0 npOI.(eoce, B KOTOpOM nJlaCTHqerC-

.K.a51 p.ecp9pM��H5I pa3BHBaeTC51 nepe� BXO,[(OM B. BanKH CHaqana B M,HK-

pOCkOnM;qeCKHX O�6'beMaX� InocTeneHHO OXBaTbIBa51 BeCb oqar �ecpopMa-
[(HH, H CoHOBa YMeHbmaeTC5I rrocn'e BbIxo,[(a H3 B'an'KOB.
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PHC. 158. MHKPOcP'OTorpacPH5I BepXHeA nOBepXHOCTH BHeKOHTaKTHoA 30HbI co CTOpOHbJ

BXO;I.a B BaJIKH, Xl00 npH h o =2,5 MM; ht=1,9 MM; bJh=I,59 MM; b o =IS MM; l'=

=4,8 MAt; l'll = 1,37:

a - 30Ha Y Bxo,n.a B BanKH;. 6 - Ha paccToSlHHH 1,5 MAt OT oqara: 1

.n.e<l>opMaQ.HH; 8 - Ha

paCCT05lHHH 3 MM

I1pH XOJIO�H'OH npOKaTKe nocne BbIXO�a ,MeTaJlJIa H3 BaJl.KOB B no-

note H05lBn.HIOTCH OCTaTOqHbIe Hanp5lLKeHH5I. \B p'eBYJlbTaTe ynplOqHeHHH

npe,[(eJI TeKyqeCTH YBeJI'HqHBaeTC51

.

H 3a CqeT 60JIbllIOH rrnOTHOCTH �HC-

nOKa[(HH Jl.BH>KeHHe JlX ,3aTpY�H5Ie:TCH. n03TO:�y npOTHLKeHHOCTb 30HpI
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«3aTyxaHH5I» nOCJIe BbIXO�a MeTaJIJIa 113 i3anKOB .nOJILKH3. 6bITb MeHbllIe,

qeM 'nepe� BXO�OM B 'Ba'n.KI1. 'JJ,n51 30H OTCTa�BaHMH 'H OnepeLKeHI151 M.O)KHO

OC'HOBbIBaTbCH .Ha npe�rr.OJIOLKeHI1I1 0 npH,Mel:l.I1.MOCTI1 .rl1nOTe3bI .rrJIOCKI1X

ceIIeHlfH iIepeii BXO,lI,O'M"'B oqar Aecpopi\1aL(HH '}{ nOCnle' BbIxo�a 113 HertO

TaM, r.rr.e JI:elcp,op'Mal.I:H'11 3a ' Ka,H'qUBaIOTC5I ,B 'OTJ(eJIbHbIX M.I1Kp.oo6'beMa,X,
T. e. Ha" rpaHI111.aX lVle)K,lI,Y y'rrpyrHMMH nna.C1'\H'q.eeK�H'MH 3-0HaIM:I1. ,I::(n51
TOTO 4T06bI onp.'e'.rr.eJI'I1Tb np3'HI1UY .pac�'1j'oC'�paiHeHH5I nnaCT'UIleCKOH .LLe-

!cp'opMaIi�H BO BX1QJ(Hl.lteM "B BaJIKH :M BbIX , OJI.'51In'eM 11(3 HIHX K'OHlI.ax H'OJIO;;'

CbI, Heo6xo.rr.HMO npOBe!(�TH n111H111O IIepe3 TOIIKH .nep:eceIIeHI151 K'PHBbIX, rro-

CTp.OelH'HbIX no ypaBIHeHI1IO (47.2), xapaKTepH3YlOIIlMX BeJIH'II'I1 I H.Y. MaK-

CaMaJIb'HbIX ,CKanbI.Bal0lll.I1X Hanp5lLKeHI1H Ha pa3HbIxypoBH5IX no BbICO-

T� nonOCbI c .rrp,H.1\tl0H xapaKTepM3yI6llI.eti BeJIMtIM,HY 'MI1Kp'OCKOTIMIIeCKO-

ro IIpe�ena TeKytiecTH. Ha pnc� 140, 6 rr'OKa3aHa 06nacTb, OrpaHI1IIHBa-

lOllI.a51 .rrJIaCTI1IIecKYIO �ecpop'MaILHlo rrpl1 npoKaTKe, pa3MepbI KOTOpOH

onpe�eneHbI 113 eTJ1X co06paLKeH.I1M. ,lJ,eHcTBHTeJIbHbIe pa3MepbI OIIara

,l(ecp'opMaIJ.HI1 npl1 npOKaTKe MHoro 60JIbllIe M cpop,Ma erO I 3.HaIII1T-eJIbHO

OTJIHIlaeTCfI 01' Toro Ollara, KOTOpbIH orrpe�eJI5IeTC5I IlI1CTO reOMeTpHIlec-

KH.MI1 eOOTHOIlleHI15IMI1. ,B COOTBeTCTBI1.H C .3THM B ,lI.eMCTBI1TeJIbHOCT,M

np'OTH)KeHHOCTb .30H orrepe}KeHI1H M OTCTa�aHH5I TaK)KerrpeBbIlliaeT

npeJI:nOJiaraeMYlO. .

Ha O'CHOBaHl1l1 113nOLKeI-l'HOr,o ,fvIO)K,HO c.rr.enaTb cne,lI.YIOllI.l1e BalliHble

BbIBO.rr.bI:

1. DOH5ITl1e 06 yrrpyroM �ecpop MaL(M,11 peaJIbHbIX 'KpI1CTaJInI1IIeCKHX
Ten 51BJI5IeTCH YCJIOBHbIM.. L(a)Ke 'npl1 OIleHb MaJIbIX HarpY3Kax, IHe BbI-

iBO�51IlI.I1X TeJIO B ll.eJI'OM 3a npe,lI.eJIbI ynpyroH ,lI,ecpopMaIJ.l1l1, B HeM Bcer-

,lI,a HMelOTCH JIOKaJIbHbIe 06'b-eMbI, I-IaXO,lI.HIlI.I1eCH .B, nnaCTMIIeCKOM 'CO-

CTOHHHH.

,2. TInaCTI1QeCKaH �ecpopMaIJ.I1H TeJIa He 06H3aTenbHO �OJI)KHa 'CO-

rrpOBOLK�aTbC5I H3MeHeHHeM MaKpOCKOrrl1IIeCKHX H ,l(a}Ke ,MI1KpOCKOnl1-
Il'eCKHX pa3MepOB aToro TeJIa. ITOCKOJIbKY B ,llaHHOM CJIYII.ae MeHHeTC5I

TOJIbK� cpopMa 'OT,lI.eJIbHbIX MMKp006'beMOB H '3TI1 113.MeHeHH5I pacnpe�e-
neHbI B TeJIe rrp0I13BOJIbHO, TO nOKanbHaH �ecpopMaL(I1H He rrpI1HOJI.I1T K

113MeHeHI11O cpOpMbI TeJIa KaK IJ.eJIoro.

3. IDpl1 JIOKanbHOM B03JI.eH.cTBI1,M CMJI (KoBKa .KpyrrHbIx .rrOKOBOK,

.rrpoKaTKa CJI5I60B Ha pe6po 11 T. n.) BeCb 06'beM 06pa6aTbIBaeMoro Te-.

JIa HJIH 60JIbIlla51 ero IIaCTb .MorYT OKa3aTbC5I B nJIa , CTI1IIeCK ' OM COCTOH-

H M 11..

4. �a}Ke B npOCTeMIllI1X CJIYIIaHx HarpY}KeHMH HanpH}KeHI1H B TeJIe

pac.rrpe�enHIOTC5I HepaBiHoMepHo. Cne.rr.oBaTeJIbH'O, pac-npe.n.eJIe;Hl1e �e-

<popMaIJ.HM TaK}Ke I:IepaBHO'Mep,Ho. ll'03TOMY rHnoTe3Y 'HJIOCKMX ,CeIIeHI1M,
IIa'CTO J:fCnonb3yeMYIO B npl1BeJI.eHHbIx pacIIeTax, MO)KHO pac-cMaTp.I1BaTb
KaK rrOJIe3HbI.M npl1eM OueHK.11 .HanpHLK'e.HHoro 'COCTOHHH5I TeJIa TOJIbKO

,lI,.JI5I 'CJIYIIaH ,lI,ecpop Mall.MI1 HI13KMX ,nonoe 11 onpe�eJIeHH5I �KOHTaKTHblX

Hanp5l)KeHMH. ,

H3n'0}KeHHbIM B Ha,CT05lIll.eM pa3.lI.eJIe. enoc06 pacIIeTa Harrp5l)KeHHH
BO BHeIIIHI1X qaCTHX nonlOCbI MOLKHO Hcnonb30BaTb TaKLKe ,lI.JIH pacIIeTa
n'pOll.eCCOB OCa,lI,fKI1 11 'BO.JIOIleIHI1H.
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7. HanpS[)KeHHOe COCTOSlH'ne

H o6pa30BaHne'TeKcTYPbI lupin ,iIpoKaTKe

'O,opa3.oBaHHe TeK'cT'ypbI Inp'H IIp'OKal'�e, KaK .M np.H nlOo.oM .rr.pyr,oM

BI1�e nJIaCTI1IIeCKOro 113MeHeHHH cpOPMbI, Ollpe�eJI5IeTC5I npeLK�e Be-ero

xapaKTep,oM 'Harrp5lLKeHHOro COCT05lHI151. MeTaJIJI ,npH 'ilpoxoLK.rr.eHHH no

oqary JJJe<p0p'MaL(HHn'O,l(BepraeTcH IB03,QeHcTBHIO Han'pHLKeHHH, BeJIHIIH-

Ha H HanpaBneHHe ,l(eHCTtBMH KOTOpbIX H3MeH5IIOTCH np.H 'ne.pexo,l(e OT

O�HOH: 30HbI oqara �e<pop,Mal(HH 'B J(pyrylO. Ha ,OCHOBaHH,H :upHBe,l(eH-

.H'bIX BbIllie pellIeHHH ,n
I OHBJI5IeTCH B03MO>KHOCTb aHanH3a TeKcTypbI npo-

KaTKI1.

PaocMoTpHM CHaqaJIa CJIyqaM npoKaTKH BbI,COK'OM .rrOJIOCbI, 'KOr,lla

Ha nOBepxHocTH K'OHTaKTa HMelO'TCH ,l(Be 30HbI ,CKOnb1KeHI151 (A, C),
Me}K�Y KOTOpblMH paC110JIaraeTCH 30Ha .rrp,HnH'naHH5I H 30Ha 3aTpy�-
HeHHOM �e<popMaI1.HH B (pHIC. 159,a).

H.ccne.nyeM Hanp5lLKeHIHOe COCTO�HHe 3ne.MeHTapHoro OO'beMa, nepe-
M'eIII.alOIIJ.'eDOCH In.o' T,p.ae

I
K1'o:pMiM a'b'd' e'. Ha yqaCTKe a'b' 3JIeM'eHTalp-

-HbLH OO'beM oy�eT nO,lLBepraTbCH B03�eMCTBMI9 B03paCTalOIIJ.HX no 3KC-

rrOHeHI1.HanhHoMY 3aKoHY H ,pa3JII1IIHbIX .rro 3HaKY' HopManbHbIX HanpH-
}K.eHHH H ,eOOTBeT'C1'lBYIO�HX H'M MaK'CI1Manb'HbIIX CKanbI'BaIO�HX Hanp5l-
)KeHII1H. B T.e� 'T10q,K3X, r)Je nOCJIe'�HH,e .lI:O�Tl1raIOT BeJIH'ql1!HbI KpHTHII;e-
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PMC. W9. TpaeKTopHSI .9.nc:MeHTapHoro 06'beMa B npOlJ,ecce

npOKa J J<li BbICOKHX (a) H HM3KMX nOJIOC (6)

CKOfiO CKaJIbI'BalOll(erO HarrpH)K.eHHH, ,H,eo6x ' O.lI.I1M'OrO ,QJIH nepeMeIII.eHI1H

.lI!H'CJIOKaQI1M (OM. :pHiC. 1,57), HaII,HIHaeTC5I llJIaCTH'IIleCKa51 .lI.e<p'opMalI. I1H

,11, .cn.e,lI"UBaTeJIb'H.O, cpOpM i l1poa-aHne JI.HCJIOKaT(H.OHHOH C'TPY:K'fiYPbI. f1.epeA
'Ceq,eHueM 'BX0JI.a MeTaJIna B BaJIKH ('f10II'Ka b') ,M opa

l
3Y }K'e 3a HHIM yp'o-

BeHb Harrp5lLKeH.HM nOBbIlliaeTC5I, IITO I1HTeHCl1cpl1I1.l1pyeT �p06neHHe 3e-

peH Ha OJIOKM, I1X B3al1MHbIe nOBopOTbI, 'KOTopbIe HaHOOJIee 3aMeTHO

nporpeCCMpYIOT ,Ha YIIaCTKe be 11 3HaIll1TeJIhHO H3.MeH5IIOT -BM� MHKpO-

CTPYKTypbI. :B 30He A, C cymecTByeT 3Haq.HTeJIbHa51 pa3HOCTb HtQ.p-
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MaJIbHbIX HallpH*eHHH. 'KaK CJIe�yeT 113 'MaTe.pHaJIa, M3n.0}KeHHOrO B

nYHKTe 1, 30HbI AI1 C xapa.KT.epI13YloTC5I o�HonMeHHoH cxeMOH no �JIiH.:.'

H'e IIIOOOCbI Jf 'pa3HoHMeHHoM ,cxeMOM ,Hanp5ILKeH.Horo COCT05lHI1H no ee

BbICO'Te. TIpl1 3TOM pa3H0I1MeHHa51 ,cxeMa B .cpeJI:HeH QaCTI1 TIO BblCOTe

OKa3bIBaeTC5I BeCbMa LKecTKoM, HanpH}KeHH5I HBn5lIOTC5I paeTHrl1lBalOml1-
MM. 8T'O 'I1'MeeT MeCTOBO Bcex TOIIKaX TpaeKTOpl1H b' d' e'. 3a .ceIIeHHeM

B.bIx'o.rr.a ;H,3 Ban'K'OB- I-IanpHlli.elHI1-51 T3'K2Ke YMeHbllIaIOTJCH; OC'TaTOIlHaH ,lI,e-

cp.op,MaU..HH 3�eCb He3HaqHTeJIbHa 11 cpOpMHp ' OBa.Hl1e TeKCTYP'bI llpeKpa-

IllaeTICH.
�

ill pH [}ep.eM
l e 1 IIJ.e I H'H'H 3JI i

elMeHTa,pH , ono OiO'beMa ITIID Tlpae'KT:opH'H abcde

3TO'T OO'be!M' Ha ylI:I,a1cmKe cd nlOlna)I.aeT B 3!OHY 33'r.p'YJIJHeIH'HoH .n.el<p0pIMa-
Il.HH B, r.ne ero 'Hanp5lLKeHHOe C-OCT05lHHe pe3KO H3MeHHe'T'C5I H :M,eTaJIJI

OK al3 bI'BlaeTiCH B OOCTrO.H'HH!H 'Blc-e'CTO'p'OIHIH,erOI C,}K aTH.SI. B g,OH.e C 3.JI e;M'e:H -

TalpH'bIM O!O'be'M, JI.!BHlraIOlltHH�CH In,o TpaeKTopMIH de, ClHOiBa O:Ka'3bIB3'eT'CH

B 'HalllpHLKelHH'OM eOC'POHIH,H.H, aH.an'OrH'q.HO'M HanlpH2KeH,HoM'Y -oOCTOHHHIO

B �3IOH.e A.
.

,Pa1ciC:MOT:pIH\M, JI.laJIee, CJIYIIaH: n!pO'KaI'I'1KH "f10HIK'OM !TIOJI,QlCbI, KOlflZla IHa

n'OBe1px'HOICTH
.

KtDlHTalKTa 3tOH'a 'lIlp:HJIIJf!na!HHSI H cooTiBeT'C'TBylO'IIJ.a , 51 eM 30Ha

3a-r.p'Y,lI,'HeHIHoH .lI.,ecp,opMalI.HH B'HYTP'H nOJIOCbI OT.c-YTCTBYIO'T. DnaCTUqe-

OKa51 JlJecpop!Ma(lI.'H.H, KI3'K H -B lltep'BloM tCJ1y.qa 1 e, 'Hla'q'H.HaeTlC.H e1III..e �n,epe!I.

BXrOJI.OIM M'eraJIJIa B BaJIKH H 33KaHIIIH:B3'eTCH. :1l'OCJI'e BbIxo�,a H:3 'HHX. ,L:La-
nee 3JI.e=M.eHTa-p,HbIM .00'beM Me2KJI..Y T'OItl I K3'MIH b 'IH e Itocne.lI:oBaTeJIbHO

[lOllla�aeT B 30H
'

bJ A -M C (p l l1/c. 1!S9,'o), H.alllplH.LK.eJHHoe eOICT!OH'H'Me B OIla.-

r,e JI:ecpo:p:MalL(iI1!H' X3IpaKT-epIH,3ry
i

eTlCH, 'Ka.K H B CJI'Y'qa.e 'll!p'OlKaTIK'11 BbI I COKI1,X
u u u

[J'OJIOIC, 'O.LI.HIQ'I1'M,e I H:H ' OM cxeMIOM ,no ,lI,JI'HHe nO!J101CbI H ,pla.3:HOI1Me
' HHOM cx,e-

M.OM no .ee .BbIrCO;Te. H,o 3TH CXleMbI BO :Blcex TloiqiKaX o�qlalra ,!I;ecp.op'MaIWMH
OXa:3bIBa.IO'T'C5I HelCbMa '«M'H:fiK!HMli1» -

'3
I Ha,IlHT,eJIbHbIX Ipa'C'r:5lIDHIBa'IOllI.MX

H a11llp,H;)K'e'HtH H !HMiI'..lI. e IH.e :H0I3 HiH'K (l,eT.

IC'p:a'BiHH'Ba.H Ha/ll�p5l/)KlelH:H'bIe c.OIC;TOtHIHH5I 3iJI€M
'

eIHTa P'H10DO OO'beMa IIp'H

llpOKaTKe BbICOKI1X 11 HH3KHX nOJItQ.c, HeTpY�HOllPH�TH 'K BbIBO�Y, qTO

)"CJI'OHI1.51 JI.JIH cpIOpIMiHpIOBaHH5I�'O,lI,IH'OP'O�IHOH no QO'be'MY rn'p'OKaTbI I BaeM'Q.I'O

,M1aTlepHa.JIa TeIKicTy.P'bI' o.on,ee OJI,aIDOlnp�Hr5ITIH:bl ,npH npOtK3'T;Ke HH:3!KHX TI'O-

"TJ'OC. 11i3 IOOtTIIOICTaIBJI'e'HtH.H HaITIp'5II)Ke I HHbIX CrQICT;05l'HHM 'CJI'eJI!y.eT Ta:K1Ke., qTO

IT1pIH'M
, eHeH'H,e BbIIC'OIK 1 0!3lcpICP'e'KIJ'1HIBIH

'

bIX .eM'a3 I OiK JlOJI,}KIHO YMelHblllI3'Tb p'a1c-

IceHIHH,e'TeK'CTy'pbI TIIO ,BbI'COTe ]]OJI,QlCbI.

!OIP l1'eH'T / H'pOIB!K a 3JI eM�eHT aplH OIro DlO'be M a olnp.e�eJIiH'T!C5I cy M M'\3 p'H bI:vI

9 1 cplcpeKTOIM OT BOI3�e.M'CTBM.H Halll1p'HJKe!H'HM B OIOJI3:CT.HX A, B, C. O'C!HOBr A

BlaH ,lI,ecp'op
I

MalnH5I QlCYll:.qeCITlBJIHeT'QH Hla yqalCTKax be 'H cd. Y'IIaicTinK de,
B ,paM'olHe. K10T,o.POIPO ,Qi62Kla(r l l1e ll'OJI'OIebI H.eI3:H3'Il'H'TenbHO, Bep

' 05lTH,0, He

O.Ka\3bIBa '

eT l3aM,eTlHOIr.o BJIHH'H'H.H Ha CP10PIyI!H,pOlBaHHe TlfiKtCTyplbI.

,CTelJI.e!Hb ,lI,.eMicTIBlI1H Ka:2Ki,lI,'OH CH'CT1e:MbI 3a
'

BlHICrHT rTI'p'H 3a�a.HtH\O/M CO-

oTH l orueiHl111 o:6JIaICTeM A, B, ClOT IlI0JI'OJK,elJlH5I CJI10.H TIO BbIiCOTe ,n:OJIOCbI.

q,eM .OJIH,2K.e 'CJI'OM K llnIHep�]H'OCfJ'1M, Te,M 160nblllI.e.e BJI'H.HHHe OH HIClJIbI'TbI-

Ba.eT OT �B03.rr.'eHlcT1B!H5I eH/C'f\eM'bI 3.0!H
'

bI B. H,aJIHlqlHe 3 1 0lHbI B
.

IHiBJI5I.e1icSI

OJLHOM H3 n'plJ1IIIUH BbIICIOIKOM HetO',lI,IH,OP'OIJI.IH'OCTH Ti�K!C�lpbI nlo BbIICOT-e Iro-

P Hlq,e;K aT a H�O'H ,nOJI'OC.bI. T e'KIcryptH a.H H eOlZI.IH'OlpOJI.'HIOCTb 'Y'Be,JI H,l):lH'Bae:Ttc,51
u

'C ,PIOICT'OM BbIIOOTbI 'll,onOlC'i>I H ll'pn XIOJI'O'JI.:H'OH np'QiKaTKe.

11'3 H'3JI O\lli.eH'H ariD CJI.e.rr.y,eff,' 'llTO tH a JI.'MfCJI OK a�l(H'OIHI}IYro CTp YKTY.P'y M

TeKCTYPY npOKaTaHHoro MeTaJIna HaHoonee 3H-aIIHTenbHoe BJIHHI-l'l1e
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OIKal3'bIBa!IOT 'CJIeLlIJy.IOIlI1.H.e cpaK'f'0pbI: 1) r:paHI1'qlHbI'e )'ICJI:QBlH5I: ,c-nCT05l.HHe

n1oBepx:HoC'TH pal6oII1I1IX 'Ba.nKOB M cp:opMa KaJIH16pOiB, CMla:3 1 K 1 a !BaJIKOB,

reM\nelpaTypa lIl,pnIKa'T'KIH; 2) r,e,oM,eTp'MH O"qalra JI.:ecp,opIMa�HH: OT'H'O!lUe-

'HiH,e. JI.JI'HIH'bI OrqalDa )I..ecp.o.p'MlaIUH!M K ero BbI I ClO1:e; 3) Kpl1'CTaJIJI-orp a1cpHrqe-
ClKa51 OpH

'

eH:'Iil1p'OIHKa H'CXOtIT.HDH 3�irQtT'OBiKH, qep'e,lI;OBaiHUe H'aIIpaBJIeHHH
IIIIpO"K a r;K)H, XIH MHlq.eeKIH H 'C OICT a'B M.eT aJIJI a.

H ' 3IM.eH.eHHe JI.H'CJI,QlroalnHOHH�OH 'CTP'Y,KTY'PbI H x'apalKTe'pa \C-KlOJIb')Ke-

(HH5I 'B.JIH5I,eT Ha Bce 'iiapaM.erpbI H'p'OIII.e
' eOO'B TIlpOKaTWH.

--r
H a npa 8neHLJ e, flpoxum/( u.

:.

PHC. 160. 113rH6 TeKcTypoBaHHbIx o6pa3�oB B nJIOCKOCTH

npOKaTKH

'OiIIbITbI B. L{. ,Z::{yp:HeBa II E. <1>. CIHJIb'HHIK'OHoi% [.8], _

B �OlrnpbIX npo-

!BO)I.IHJI alCb ro p'51
l

q a.5I H X10JI O�IH a.51 II'p�OK a TiK a 016 p a3!II. OIB M:3 K p e M'H:MICT'O H

CT'aJIH C pia.aJIHqHOH H'C{COlLlHOM T.eKICT)'lpOH, III'O!Ka3aJIH, lI;'fIO HaHI6o�l)llIe�

y1IIIHp.eHHe Ha , 6JIIOJlaeT'C5I Y 0!6pa
l

3!IJ.rOB, Te i

1{rCTyp&Ha51 nCb KOT10lp'pIX paiC\IIO-
JI.alraeTiC5I II.a MIX illJipHH,e. Me'Hee B'Ceif.O yJIIlIMp.5lIOT1C5I '0I6p,a3iu.bI 'C iIpo-
Jl.'OJIbHbIM p.a'OHOJI'O}l(leHHeM nCM_ [100]. Oi6pa�3III.bI C Bep'TiI1IKaJIb

I HOH T,eK-

ICT'Y'P'H:OH OICblO II'OJIY1JJHJI'H HeICKIOJIb'KIO 60JIblIIl.ee ymMpeiHH1e, q,eM 0I6pia3-
r[(:bI IC IIIp-O�.OJIblH'OH OCbllO.

06p.a31ItbI, Y K10�'np,bIx !Ha,npaBJIe'H'H.e rJIalB.HOH 1'etKtCTYP'H'O,H O'CH iHe

'COBlIIaJI.aer 'C 'HaIII'p'a�B.rrleHHeM TIlp'OKaTlKIH, nu IIlIHpHiHe JI:ecprOp'M'HP'YllO'fIC'H
HepaB'HOM.eptH'O. 3TO np'HBOJI.,HT.K TlOMY, lITO TI'p'OJ('OJIb�HaH.'QlCb K1a'K BXO-

)I.,5IIl.[lerO B ,Ba(JI'K!H, TalK. M B.bIX,OJI..HIIIlero HI3 H!HX 'K!o.HlII:OB IIIOJIOC'bI p'a'C'lInJIa�
If'ae''f I C5I II,OI.l(, H'e.KOT,op'bIlMIH yJrJIaMIM IIO OT�HOIIIle!H'If\lO K IIep'BOH,a,qaJIbHO-M'Y

HalnpaBJI'e�HHlO nptOIK'aTlKM. f1pH 3"DOM ,n'OJIOICa H:3IrHI6aerr t c5I B 'nJI'OOK'OIOTH

J]'P'OK a TlKIH. B,eJIll1i�'I1H'Y Hl31rHI6 a ,M:O }K!H 0 X a p,a K'T,e,pH3-0 B a �b Ylr JI'O M M e!}KlI(Y
.reOM!eTp'Hlq.eC'�HM�H OIC.5IMII1 yqla'C'TKQlB IIOJI'OCbI ,lI,0 BXOJI.a B BaJIKH H IInCiJIe

'BbIXOLQa H3 HHX (P'HIC. 160). f1 P a'K'T'H'qeCKH 01'lC'YTICTB'yeT H31rl1i6 ,016p i a3-

iUnB, Y K,orriopbIIX \HallI!paBJIe'H'He [l i OO] TIlpeI1IM'Y 1 lI1.,e'C'TBeHH ' o palC'IIOJI.Q)KeIH,O
.

BJI.!OJIb M IIIIO IIIl.I1pIHHe :3alf.OTO'BKIH. HaH'60JIblIIlII1.H H'arHi6 (JI.n 2:5 2paa.)
H a16JI'IC>[1I. a JI.C5I y 016 P a 31II. OiB, H,aIII'p!aBJI eiH H,e p

l eJ6p a 'K'yt6 a B IK OTO P!bIX c.o-

<;TaBJI5IJIO C OCblO npOKaTKI1 yrOJI B 30 rpa,lI,. 06pa3II.bI, BbIpe3aHiHbIe

:HO)I. �rJIO:M 60 ripaJI,. K HaIIIp,a'B.JI'elHHIO [iLOO], HM;eJIM H31f;H16 JI.10 10 r;p-aJI..
TI'oBbIIlI-eHHe Be:JI:J1

l

qII1HbI o,6}K,a1:HH .npHIHoJI,:HT K YHeJIH'q.et�'HIO H.3lfrn6a He-

JI.'OKarOB. Dpl1 JI.ecp i

op'MaQI1I1 .o6pa3Il;oB C TeK.eTYPHoH OCblO (011) [1.0.0]
Teq'e'HH.e MeT aJIJI a .H:P'05IBJI5Ie'T

i C5I rnp e I HM'Yll1.e'C'T'BeIHH 0 B iH a'IIp a'BJIelHHH

p.e6p r a K'yl6a. D ' o3TOtM
'

Y B TeX CJI'yqaSlX, K101I11I..,a TelKlCTYP'HaH OICb 3,arrOTOIB-

'KiH CnCTa,BJI,Her ,C Ha\II'pa;B.JI'eH'HetM TIlpOKaiT�H He:KOTopbfH YlrOJI, Ha'npaB-
JIeH�I1!e Te 1 q.e'H'H51 MeTaJI)Jjla 'B ,Q;qalre J('ecp,opMa!�H'H Hie .C\O'BIIIaJI.aer ',C O'CblO

IfIp'O'KaTlKH, 1.J'T0 .
H. IIpn'BD-,lI,'HT K H I 31DH I 6y TI'OJI,.o,C'bI 'B 'IIJIOC�OC.T,H np'OKa:'f!KH.
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YrOJI.TeK'CTyp:HODO 'OT'KJI'OneHH5I 1P OIIpe"lLeJIHeT051 yr.JIOM M,e}K.lI,y Ha-

�!.1paBJIeHH,51MIH nlp
l OKaTKIH H .fJIaiBlHOH JI:elcpOp'Maiu.H,eH H 1B 1 o.3pa i CTaeT C

'P'OCT:OM Ql6:2KaT,H5I.. f1 I

P'H 'HaIKJInH!H'QlM pla'ClnOJI,n�eHHH TeKiCTYlpH:OH IOIC'H,

rHJI'QiCKOCTb H,31rHI6a He 'o6B1na�laeT ,e. 'TIJIGlCR-OICTHIO np'OKa T'KIH. .B OJIyqa,e,

IHepa'BIH'OM'epH'Olro paICiIlp,etII.eJI:eiHH.H Te-KiCTY'P'pI B H'CX'OJI.IH10H 3a'DOTlOB'Ke IRa

H31D1116 nOJIOICbI r(){KaI3bIBla'eT BJI'HHHH,e 'COIOTIHOIIIl'eHHe OI6'be'M:OB MeTaJIJIa C
_ u u u

TOM 'HJI:H H�H'OH Op.H!etHTHP10B'KOH.

-npH npOKa�Ke yqal�T]�o;B, T;e�CTY'p'H:aH UICb K'OTlOlpbIX pa,Cln'OJI'o,>Ke.Ha
B,QOJIb 'BbIiOOTbI, - .rr.a'BJIeH'H'e H.a !BaJI,K'H M.e!Hblwe, q.eM rH a ryq,a'CTKax, IrJLe

le1{lCTYlp�Ra.H QlCb p,a'CIII10JI'OiLKeHa BiJI.-DJI'b llI'I1PHIH'bI .0I6p a3/U 1 a,. 3TIH p
' a'3!JIH-

.1liH5I OI6YICJI'QlBJI'eH '

bI oIQo6-eHIH 1 0CT5I ' MIH BI3 aHIMH OM Q:p.H,etH'T'Hp OB'K'H JI..eH,cTBY-
flUHX H,anp6l}K,eH,HH H CHlCrTeM CKOJIbliKeiH'HH "KpIJf!CTaJIJI'oB. n plH 'nploKa TlKe

06pa3II:OB c pe6poHoH TeK'cTYP,OH .HM.eIOTC5I 6JIar'OIIpI151"TiHO paC:IIDJIO-

.}K.eiHH'bI'e. )I.JIH IIp'OX ' OI2K,neHH5I JI.elcp:op'MaIIlJIH C'HICT.eMbI CK10JIbi)K,eHH.51.. ITplH
rrpo.KaT.Ke B IIIOIIepeqHOM HanpaBJI€HI1I1 Bce B03MO}KHbIe 'CHCTeMbI

.C�OJIb'}KeIH:HH 0p'H.eHT'Hp'QlB.aIHbI OJI.IH�H,alrooBo He6JIalrOnprHHTHO' n.o 01'lHOI1lI.e-

�H'HIO K JJ.eMlc'TBY 1 IOIltI1'M 'B Q:qalre JI:�I<popM'aIQHH 'HalnpJII}K.eHH,51
J M. f1 I 09TOM'Y

B .nep'BloM 1000y,qa,e Tpe6yeTlc5I MetHblllI.e Y1CHJI'H:H JI.JIr51 'o,cYll.QeOTBJI'eHHH ..n:e-

$ OplM alII:HH.

ICJIeJI.'OiBaTeJI.bIHo-, nlpH pasp'a
l 6OTIKe Te,XJH'OJIOIDHI1Ie=C.KHX pe)KH'M'QlB np1o-

�KaT!KlH TeK1CT'YP
' OB=aH!H'bIX Ma'TlepHlaJIo:B H i eo I 6x,OJIJHM'O yqlMTtpIIBaTfb ''ieK'CTYP-

Hoe c-rp1o eH;H,e 3 alftQtTio'B�QiK, .QlC 016 eiH H '0- eCJI'H P.le:qh H..D. eT. 0. iII,nJIyq'elHHH II.JI'OC-

'KOIro JI'pnKaTa. 'H.eKoTO'pbIe ;npHM.epbI :B03M ' OtLKHbIX H'CKaJKe'HHH IItP'OcpHJI5I
H.3-'3a TelKICTypIH'O[PO 'CTpIO�HiH,51 ,3alr'OTO�o.K nplMHetll.eiHbI Ha pHIC. 161. Ha":

.n pa:BJIeiHHe IIl'TpHX10BOK Hla PH'CY!HiKe c.oOT!He"flC-TIByer Ha r

np:a'B.JIelHl1lO pe-

ay JJ;brt'H.p YIOIIIJ.:eM JL€lcp'O'pIM alII.IHIH, 016)'1CJI'Q-BJI �HH�Oj% 'KprH(CT aJIiJI Olrlp aicp,HeM

------ -----
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PHC. 161. OTI<:JIOHeHUe JIHCTOB OT nJIocKofi <POpMbl H3-38 TeKCTypHoro BJ1HRHHH
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,CK'OJlb!}K,eH,I1H. f1 pH'He,z:r:eH'HbI,e Ha P'HICYHK!e H'ClKa)KJe!HH,H np'OcpHJI5I MOrYT

6bIT:b ICJI'e,lJ.lCTIBHleM .H.enpa'BHJIbIH'OH .iKaJIH
I 6

I p'OIBKH H ;HaCTp'OHlKH mp'QlKaT-
IHbIX �BaJIKIO�B, H�'paBHQlMlepIHIOCTH Ha:rp.e:Ba .M.eTaJIJIa, p.a3J1HQ'HR 'B )J..Ha-.

6
u u u

MeTpax :p'a! OqHX BaJI'KnB 'HJIH IHX Jl'HIHeHH�bIIX CKop:oC'TeH, ,p
i a3,H.o.H TOJI-

\1lI.M'HbI ,lID 'IUHipH'H.e IH'CXiO�!HOH aa:rOT'OBlK'H 'H T. �II. ()JI.IHaKO .06bI 1 qH.bIX M.ep,
:Heo I 6xIO)J.HMbIX ;,l(JIH )"CTpa

I H l eH=H.H, 13TIHX Jle<pleKT'O'B, 'M:Q;}I{'eT OKa!3aTHC5I H1e-

i,lLOICTar'OrqIH'O, ,eCJIH He III:P'H'H\HMaTb BO 'BIH,HMaH:H.e T,e!WcTy,pH:Olro BJIH5I I HHH

.H a 'T01qIH'OIC'Tb tlI'plOKaT a. T.eK'�TYP'HbIe H'ClKa�e'HIHH In!p��!tl> HJI.H MOiry!' 16i>ITb

ycrpa'HeH:bI .HJIH YMeHbiIIleH'bI 'npIH:M1eH.eIHH,e'M, ,aair'OTO'BOK: ICJ!.rQICTaT:OqHO
IBbI'COIK'OM .O)J.:HOpiOJIJH:OIC'T.blO TerocTypbI H iOOO'T'Be1'CTIBYilOlllHM IBbI r 6op ' O!M

:Ha1IIp'aBJIeHHR IlIp'Q.KaT� Ino' IOTlH,O;llIeHHllO K Te'KC'TypiHOH QrOH�

.

XIII rJIaBa

YUJ'HpeaHe

. ,

1. �aKTopbI, BJlHHIOII(He Ha' YWHpeuHe

H,3'BeC'T1HO, 1.ITio :BbI'T'SlI>KKa, "QlII'e'pemeHH,e 'H IK'OHTaK'fIH'oI,e H.a!np5l,}I{,eHI1'.H

YM.e'H'blllI allOTICH C IP'D'CT'QlM YIIIlIH P eH HR. In,p 8 B\MJIbIH.oe K'OJlHq ec T'B-eIH:Hoe BbI-

rpaJK.eHHe \3THrX "CB.5113eH 'ofcor6eHIHo Ba:>KHIO )I.JIH ,CJIyqa.eB ;II,pO'Ka-nKH )"3KHX
IIOJI'OIC iHa IrJI8�KOH' ,6Q1Q'Ke H ,,lI.JIH IIpOKa'TIK,M B 'KaJl'Hl6pax.

ITo Inp
, e:JlJIOQKe I HH.1O A. 'cI>. r-oJI'�)BH'Ha, �B KaltIelCTBe IIIOiKa3areJIH 'II.QlII.e-

,pe1q1HO.H JI.e<p,op'MalII:H'H Inp!H :lIp'OKa'TKe 'tIa'CTO IH I OnOJIb l

3YlOT OTHO!IIlleHH.e

.o6'beMa, ICMemaeM.OIPO 1110 !I1IIH'piHlH.e, IK IOI6'b, e'MY rCMleIItael\�OIM'Y. inn !HbI-'

.e-o T,e :

db b i

V- In
b b In �

- -

dh ho 1
V- In- In-

h hI 1)

B 3T'OM IpaBeIH'CTBe IIOKa3.aTeJIb .uouepeq'H-OH JI:ecPOpM8II:I1I1 A' 113!MeH5I-

.eT'C5I B Irrpe,lI;e.JI8X -OT 'HYJIH �O ,ellJjH'H,HlltbI.

ECJIH A =0, Tin K03cp,cpHlnMeH'T YIII,H.pelHH'H � = 1, T. e. )'1I1IIHp
' e'HIH.e IpaB�

IHiO HYJIIO H B,eCb 06'be:M, .cM.eII.J.aeMbIH no BbIIC'OTe, 'l1�eT TOJIhK'O Ha YBe-
1

,JI'H:q-e:HH.e JI.JI'H.HbI, H IIIIQl3T;OMY j�P'H A =0 IH-MeeM - = A.
.

1')

ECJIM A = I, T.O � =�
,

;T. e. 'B,elCb '0!6neM, CMelI1.aeMl p lH IIO BbI'cO"re,
1')

l1,lI,eT TOnh/K.O Ha YIIJMperHHe, n03TOMY IIp'H A =11 iJ1 ' MeeM A='I.

E'CIJIH A =11 /f2,,, �o K'OI3t<Ptl>,HlI{HelHT BbITSI,}I{'KJH Ip'8'B , eH IK03<pJcpIHIUHeIHTY
y!nmp.eHH.H':

�=A= V� ·

11'3 I CPOP'M'YJI'bI (147.3) 'cJI.e�Y'lOT IlIpocTble ICOOT"H'OIIlIe'H:HH:

� = - A �. In
b l

_ A In
Ao

b h.' b o Al

A=
dV

z

dV
y

8�
(473)

By

(474)
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b i
= b o ( :: r;

L\b=bo[ C�" t-l] ;

: : - �o " [ C � " t
- 1 ].

(475)

(476)

n plH ytMep'e'HIHbIX .oOOKaTHHx

In ( I + �t )
�b

A=
b o

""'-J

rv

In (I +
i\ h

)
�h

ho ho

�b b o
A. ( 477)JTKY,Aa

r-.J

r-.J

�h ho

IB.eJIHtI'HHY I1bj8h Ha3'OBeM 'TIOKa3aT1eJI,e'M ;ymHp'eHHH. E'MH A =

'

!const, TO ,C'OOTH'OtllIe.HHH (473) -:( 477) 3KBH'BaJI,e I H'fIHbI 'npeJIJTI10JIOJKe-

HI1IO, q'TO jlBcp,opIMa
1
II.I1M no .o6'beM'Y II'OJIIQ.CbI OiI.IHOPO)JJHbI. H,eoM l

oTp51 Ha

T,O !tI'TO 3''fIOT .InOKa3aTeJlb B.HnCHT !B ,oTIlp'e.rr.eJIe'HH,e' IllOITI1epe(II'HOH ):(.e,cpo.p-
,Ma'llHH \TIOfrp'ellll'HO'CTb, ')'IBeJIH!q'H

'

BarIOII(Y'IO.CH 'C P'OCTOrM .K09cp,cpHIIl!I1,eHTa
{)�6JKaTHH, ero ItIa'CTO H'aTIOJI�3YlOT 'IIP'H '016pa 1 6oTlKe gKldn'ep'HM.eH'TaJIb!HbIX
:..naHH'bIX !J(JIH KOJIHltIeCTBelHHoM ,QllI.'elHKH '33'HH l eHM'OCT!H 'yfIlIUp.e.HH'51 OT

1Ja3JIUqHbIrX ,q>.aKTop'o'B np'OKa'TIKH. Pa'ccM10TPM'M :B'JIHH'HHe 3T1iX .cpaKTo-
pOB ,Ha )'1IIIHp:eHHe.

0:6}K a THe. Ha ,p:H{�. 162, a TIpHH�eIi,a ;3a:BHOHM,OCTb nOlKa3aTeJIH

YllIH,p,eIHH5I OT, OTH OCHT,eJ.[b'H Olr, 0 ,ol6:}KaTH5I, IIIO \,U,aIHIHbIM H. M. f1aBJIo'Ba

H
. H. ,C. I1'BaHloBa. - OTIbITbI III'OKa'3bIBalOT, 'qTO 'KpH'Ba.H, xa

, paKTepH'3YlO-
IIJ.a51 3TY �3aB'I1CJ1iM'OCTb, HM'eeT M.aiK'c'H!MYM IIPH IHleKIOToplOH 'CTeTIeH'H .06-

>K a'TI15I. T a KaH :3 3'BWCH M'OICTb 51 BJl5I eT,C5I p e'3 YJlbT aTOM ICOB M eCTIH-Dff'O IBJIH-

HHH5I JLBYX :cpaKTop,oB, AeMICT.BYlO)IU.HX 'B IUP,OTHB'OIllIQJIO*.H'.bIX Ha!ITpa!B-
JIeHH.51X.

TTep!BbIM cpaKTo-p'O-M 51BJIHeT'C5I OTH.nCM"fIeJIbHo.e ol6.ma'T1ie. OqeBHJI.'H,O,
liTO IC elf 0 pIOC�OM '06'beM, C'MelIIJ..a'eM'bIH III 0' -1III'Hp'HIHe, IH, .CJIe.rr.'OBaTeJIblH'O,

YlIIHpe'HHe III pH .np.O'tI'HX IpaBHbIX Y'CJI'O'BH5IX B03paCTalOT.

B'T'O,PbI¥ .'cpaKTop'QrM 5IBJI5IeTC5I YMelHHllI,eHH,e 'OCeiBbIIX -omH'MalOIIJ.HX

'Hanp,5{.}K'elHHH, K'OTop'oe �TIpOH'CXOJ(HT 3a ,C.tIeT H3MelH'e-HH5I II'OJIO;m,eHH5I

p a'BH o.rr.'eH'�TBY'I()lIII.HX 'H'O'p M aJlbtRbI� H 'Ka'CaTeJIb.HbIX 'CIHJi 'cnp alBa H CJIe-

'Ba 'OT :HeMTp'a,JI'bIHOIro "celI l eHHH. ,C ;p-DI�T'OM ol6:}KaT'H,H \21.JIHHa llIOBepX'H'O-
C'TeH IKOHTa'KTa MeraJIJIa H 'BaJIronB 'YHeJIlfIllH'BaeTCH. InOaT'OMY paBIH'O-
J(eM'CTBYIOIU.a51 ,HOpMaJIb'H'bIX ..u.a!BJIe:HHH PI 'CJI e'B a .OT IH.eHTlpaJIbIHOlro 'ce,-

'qe.H,HH (p'H c. 162, 8) -DT,KJI O'H5I'e'1"c.H!BJI,eBIO OT ,IBepTH'KaJIH. CO'OT-BeTCTB.eH-

HO_ H3M.e'HSleT 'CBoe IIOJIIQmeHHe ,H 'Ka.caTeJIblHaH CHJIa TpeIHH� TI' IlIep--
ne H .JI: H KY,JIH,pIHa51 K 'C'MJIe Pt. Pa'BH-DJ(eH'CTBYIOIU.YlO RI 'CHJI PI H TI M.om-

HO' pa3JIOmHTb fHa IHep��-KaJIblHY.lO. H frO'PI1310'HT:aJIbHYIO COICTa'BJ15l1OIU.H,e.

n,ep'BaH. 11:3 ;HI1�, BbI.;3blBaeT H.alnpHme.HHH .CJKaTH.SI f!y ITIIO' B'bI'CO.T� '�lOJIO-

CbI, a 'BTopaH
�

'HanD'SI.>K,e'HHH lO>KaTHSI'" (jx j]aO ee J{JIHHe. .B'3'O'He 'OlIlep'e'"
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)KeHH5I CHCTeMa -CHJI aHaJIOrl1qHa, H,O CHJIbI HarrpaBJIeHbI B IIpOTI1BOHO-

n'Om\H'YIO CTOp.OHY (pHC. 1\6'2, 2). ,DIO Y.CJI'OBHHM p8lBHOBerC'H5I HMeeM:

Ql = Q2.
IC P{)tCT'OIM 'BeJIHlIH!H,bI ol6;maTH.H 'CHJIa PI n-p\O�OJl:>Ka-eT OTKJlOH,HThCH

BJleBO ,OT 'Bep'THKaJIH. In,p'H 81'OM 'CHJIa Ql 'H p,a'B'Ha� eM, HID- rnp;OTH'B,Q.tIO-
JIO}KHO HarrpaBneHHa51 CHJIa.. Q2 YMeHbIIlaIOTCH, 1.ITO 'rrpHBOJI.HT K YM�I:Ib-

L1l/LlI1
1,2 L1bjfJh

I, 'l.

0,8 0,8

0,4

0,4
o 0,4

a

0,8

f1h/ho

o 200 400 600

0' D,MM

P1 �),

NI

10
2

}

Q
N I

- 1 .

PUC. 162. 3aBHCHMOCTb nOKa3aTeJIH YIllupeHHH OT OTHOCHTeJIbHOrO

06>KaTHSI (a). AHaMeTpa BanKOD (6) H nO�CHSlIO�aH HX 'cxeMa JI.eiiCT-

BHH CHlI ClIeBa (8) H cnpasa (e) OT Hea,.panhHOrO CeqeHHJI

II1,e'HHIO 'Cm.HMalOIIJ.HX O'Ce.B'bIrX 'Ha:npHime.HHH (jx, BbI!3'Ba'HIHbI'X CHJIaMH

Qi- 'H Q2. ,C,JIei,lI,OHa TeJIb'H'O, ytM1eH:b!llIa'eTCH ICO[lP'OTIf.BJIeH'He :nep,eM.elIII.e-
HHlO M.maJI.JIa B !OCe�BD-M IHalIpaBJIe'HHH. ilOi9T'O!MY IBbIT,HI}!{'Ka YBe.JIH'qH�
BaeT'C5I, a ylIlIHp'eHH

l e YM.elHb:llIaeTiCH. .3TO ,c.JIetny.eT H3 YCJI,OB-HH 'II'OCT05l I H-

1
CT'Ba 'Ql6'beMa: -

=I'AP.
1)

rlp'H MaJIbIX ,BeJI;H'q'I1'HaX 'o:6oKaTHH 'lIpeoI6JIal11:a,eT BJI'HSIIHHelI1:epIBOifO
11'3 J('Byx ,paIOCM10i'fp'eH,HbIX cpaKl'o.p.O'B, a IIIPH 160JIbillIHX --

BTOporO. IB ,p'e-

3YJIbTaTe 'Kp'HBa5I, xapaKTepHI3'Y ' IOiIIJ.a.H 3a.BH'CH'M'OCTb III'QlKa3aTeJIH ylIIIH-

p,eHHH OT !BeJi'H,Q!HlIbI ol6.>KaT'HSI, ,H!M1e,eT M.aIK'CHMYM.

JL -H a ,M e T .p' 'B. a JI .K � B. 1113 'pHC. 162, 6 'CJIeJI.y,eT,., !1J'TO C )1!BeJI'I1
I Qe-
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HH.eM '.JJ::MaM,eTpa BaJIKOB nO'Ka,3aTeJIb Y'llIHpeHHH B!03paCTaeT
l

. 3TO

npOI1'CXO.JJ: I1T nOToMy,qTO IIpl1 npOq'HX paBHbIX YCJIOBH5IX, C 'pOCTOM ,lI,H-

aM,eT:p,a 'Ban�O:B- 'YBen'H-qH-BaeT,C5I JI.JIHHa oqalra. TIpH ',9f1Q;M iTI'o.HbJlIIla'IOT-

C5I .CHJIbI Tlp'elHH5I !Ha KOIH'TaWT1H
'

bIX {TIi_O'Be.PX;HOCTHX, IHa'llpa'BJIeIH,HbI,e K

'HeMTp aJIbHOM'Y 'CeqeHHIO (pr:HC. 1612, 8, 2). \8 'pe:BYJIbTaTe c01np'oTHBne-

Hl1e: IIepe- Me lll.eHI1IO M,eTaJIJIa B,lI,OJIb OCH IIOJI.OCbI YBeJIl1qHBaeTC5I, Ha-

'UP'51,}K-e-HH5I (jx pa'CTYT, BbIT.51,)l{,Ka' YM:eHb'IIlaeTCH H, KaK ICJIeJI:CTBHe :3TO-

'ro; ,YBeJIl1ltI:HBa�eTC5I 'Y11IIHipeHHe.
'

r ,e 0- 'M' ,e 'T p H 11.1 -e!C K H ,e IP a:3 M' ,e :p. bI Qo'I1{ a If a JL e Icp 0. P M .a III. H H �

O!IIbI'TbI nOK 3-3bI
'

B a.IOT ,
q'T'O ,CtQrO'TlH OlllIeHMH M e.>KJ(Y ,cp-e�H'H!M]-�. 31H a1q eH H.51-

M11 fB'bI'C,QoT'bI, IIIlH,P'HIHbI H JI.JIH'HbI ,oqalra JI..ecpopMa!II.HH 'OKa'3bIBaIOT Ha

yJIIlHpe:HH,e 3aMeTH,oe BJIHH'H,H,e. Hau,pHM.ep', IHa 'p�H'C. 16 1 3, a' ;rr:p'HHeJLreHbI

TH'IIHtI"H:bI,e 'Kp'H'BbIe, xa p.aIKTepH3YlOlII.He 3a'B'HICHMO'C'Tb. YIlll1peHI151 lOT 'llI'H-

.pH'H� IIIOJIOICbI InpH TIlp
I OIKa'TKe

2
. ,K.pH'Ba5l, H3.o6pa:me

i

HIHaH IRa -3TOM PH-

'CY.HK1e, 'HM'e'eT 'MaKtC.HM'YM�

...

,0

�

L1 bl L1 h

1,.0

D,5 ,

PHC. 163. 3aBHCHMCJCTb YlliH-

p�HHSI .np .u.aHl:ibIMOnbl1'a
(ll) H nOKa3aTeJui YliUipe-

HUH no )I.aHHbIM paClIeTa

(6
-

0,3; l/ho ':::=1) OT 'rIJIJ-

p'�H� nonocu (6)

, �-

�

o

o 10 2D 30

lo� MM

1 2 J It

bo/ho
a 5

/'

3 a,llHllieM BbI l

pa}K8HI151, xap aKTep.113YlOlI1.Ue OTHOCHTeJIbH:oe Y'1lI11:pe-

Ill-He H OT;H OC,HT:eJI,b!H,Oe 'Q6m a'TH,e:

�b b l
'

- b o �h ho - hI
--

.

,
-

b
o

b o ho ho

O'TCIOIJla

� b = (� -

1) b
o ; 8 h == (1 - YJ) ho;

�b

�h

(� - 1)

(1 - 11)

b o

ho

113 II!QlCJIe{lI.Hero BbIp.a.m,eHHH .51C'H I O, 'IfTO illlPH 'OIIpe\,l1.
' eJIeH'H'OH .BeJIH'tIH-

He 06}KaTH5I .r. pOCTOM llIHpUHbI .rrOJIOCbI IIOKa3aTeJIb YllIHpeHI151 \IIOBbI-

IIla-e-TiC5I. IBJIH5IH'H,eM' 3T.QIDO !reO'M'eTp'UtI.eCKOlrn cpaKTopa -Q161>HrCH5Ie-T '
C5I

xa paKTep .K'P'I1IBQ.H 3a�B!I1c.H�Mio.CTH \II!OKa.3a"f1eJI5I )'IllIHpeHHH -aT �llIHp-HHbI
IIOJ!,Q'CbI .CJIeBa OT TIOi1.FKH .MaKlCHM'YMa.

BMe'C'Te
�

C TeM C YBeJI'HlqeaUelM IllfHpHHbI n'OJI.Q'CbI Bo.3paCTalOT CI1JIbI

TipeIH�51, ,�eH'C'r.BYIIOIILHle ;Ha 'HO!HepXIHOCTH 'KO!HTa'KTa B 'TI,o:nep'etInOM Ha-

rtl p anJI e'HI1.I1. if1i�13TO M'Y JJ;ecp o.p M a,[lH5I :II OJ! nCbI 'TI,O 'CYIIJ. e'CTB Y :II P 1116JIH)}K a-

errC-H K lIIJIOCKO-H. TI'OIIIep'eq;H'bIe 'CHJI'!>I Tip,eHH5I IHa IIIaQBep�H!OCT5IX K,OHTaK-

1 q M }K'M K 0 B 10. M. TIpolKaTbIBaeMOCTb CTaJIM M CnJIaBOB. M., MeT8JIJIYPfM3.aaT,
1961. 451 C. C MJI.

'

2 n 0 JI Y X M H n. H., eI> e .a 0 COB H. M., K p y n M;H A. B. M., M .ap. «npOU.eCCbI

npOK8TKM». (MI1C'MC, NQ 40), M., MeTa,HJIYPfM3.aaT, 1962, C. 66-83.
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Ta IC YBe.JIUtIeHH,eM IlIIH'pH\HbI H<;:>JI.OCbI Bice :3aM,eTH,ee C:n:e,p.}K1H'Ba'lOT Y'lIIH-

peH:H-e. TaKHM Ql6pa ' 3 I OM, Xa.paKTep' Kp-H'BOH 3aa:H'CH'M:OCT;H iII I OKa3aTeJIH

)"lII,Hp,eH:I151 OT lIIHpHHbI IIT10JI'O'CbI \cnp aBa ,OT TOtIKH MaKCH!Mi}'Ma OTIIPeJl.e-
JIHe-r B ,O'C'HOB'HOM IKOHTa'KT1Hble 'C'HJIbI 'TpeHHSI.

ITIpH TIJIO!CiKOH JI.ecpopMaII.H'H BeJIl1'tIHHa JIHHeHHOro YIlIH'peHH5I �b

3a T01fKOH tMa!K'CHM'YMa, JI.OBOJIbIH-O 16bI I

CT!p:O ICTa:6HJlIH3Hp'y,e'flcH H np'H
.rr.a.JIhHeHillIeM 'Y:BeJIHqelHHIH IllIHPH-HbI 'OCTae'T1C5I 'J]OCT05l!H;Hoit Haw6oJIb-

11IIe'e Y'illHpeH.H.e .II'p'H holD <10,,05-:- 0,104 ICOOTBeTtC�Bye'T .pa!Be'H1Cmy 'KO-

.9cp�cp'HI[(H'elHT.OB JI..ecpoPMa'II.HH �B InploLlIJOJIb'HOM 'Jf ,no:n,elpe1JlHQM 'HalIIp'aBIJ1:ae-
HHHX. B :3i I QrM J}.elfKlO y'6eJI.HTb'CH !cJIeJ(;y,IOI.IJ.:H'M' oI6pa:3 i OM.

CIIHTa51 ,B YCJI10BHH 'IIOCTOHHCTBa 06n-eMa 1')�A-=!l :Koecp'<pHll.HeHT B'bI-

TH,m,KH Apa'BHbIM K'Oe.cplcp'H/II.HeHT)' Y'IIllHpeHHSI �, IMO�IH;O H8"HTH, ftlTtO:

,f1 p5l:M 1 bI\e, OTI'H'CbIBaeMbIe 13THM ypa�BIHeHHe'M, IIIlep'e'c,e'KaIOTlc.SI 'C K.PH-
HOM �b=f(bo) IB Tnll'Kax, .cooTBeTcTBY,IOInHx MaK1CHlMYMY yfllIHpeH'HH

(p'H'C. 1 '63, a).
Pa�BeH!cT�BY 'K ' O\3lcpcpHII.HeHTQ;B inp:O:D.O:JI.b'HOH ,H III.OIn.ep,eq:HoH JI.e�cpnpMa-

�HH COIOT!BeT'cWYeT O"I1HOIIH�JHHe b;
= 1" T. 'e. 1�Q131iPcl>HnHeHTbI ytWH peHHSI

H 'BbI'T'H.>KIKH p:a.HH'bI ,B' rCJI'yqae, IKOII1!(a J(JIH!H.a ,Qlqalra \.llecpOip'Mal�HH .nip'H-'
6JIH3HTeJIbHO paBHa ero IIlHp'l1He (pHC.
164). CornacHo onbITHbIM JI.aHHbIM, T01f-

Ka MaKcHMYMa Ha KpHBOH YIIlHpeHHH He

3aBHCHT OT CTeIIeHH 06maTI151, liTO npe.rr.-
CTaBJIHeTC5I BnonHe JIOrHqHbIM, C yq�to�

CYII.J.eCTBYIOIIJ.eHCB5I3H, BbITeKalOIIJ.e':ff H3

YCJIOBH5I nOCT05lHCTBa rO,6'b '

eMa:

B rn. VIII 6bIJIO nOKa3aHO� qTO IIPH

OCaJI.Ke na paJIJIeJIeIIHIIe,lI,a C np5lMoyrOJIb;'
HbIM nonepellHbIM CeqeHHeM 3TO CeqeHl1e

no,lI, JI.eHCT�HeM CHJI TpeHH5I cTpeMHTcH

'I npl1H5ITb CPOPMY Kpyra. B OCHOBe .9'I'oro

h / l HBJIeHI151 JIe}KHT :TOT cpaKT, qTO npH oca�-

Ke HaIIpH}KeHH5I ()x, ,lI,eHCTBYlOIIJ.He BJI.OJIb
PUC. 164. 3aBHCHMOCTb OTHOllIeHHSI

6
u

K034>4mIJ;UeHTOB BbITjJ>KKH H YIIIH-
OJIee JI.JIHHHOM OCI1 na paJIJIeJIenHne.rr.a,

penHSI OT OTHOIIIeHHSI HaqaJIbHOH
YBeJIHqHBaIOTC5I 6bICTpee, IIeM HanpHme-

1llHpHHbl KOHTaKTHO:H: nOBepXHOCTH K

ee ,nJIHHe HH5I (jz, �eHCTBYIOIIJ.He B�OJIb KOpOTKOH
OCH (pHC. 165, a). DO.9TOMY npoHcxo,nHT

BbITIyql1BaHHe CTOpOH H IIp5lMoyr i Q.JIbHOe CeqeHHe IIpeBpaIIJ.aeTC5I B .9JI-

TIHnTHtIeCKoe. P accMoTpHM T1eIIepb npo�ecc npoKaTKH.

,n-Y'C'Tb ,COOTHOlIIeHHe Me}K!JI.:Y reoMeTp'H'tI'eOKI1�MH pa3M�lpaIM.H ITI,OJI-Q-

CbI 'TaKJOBO, 1fT'O cpe:J(H5I5I �lIIH.pHlHa ,OtIalra �'ecpo:pMa.IUiH b MleH,blllie er,o

AJIHHbI 1 (pHIC. 1.65, 6). IloCKOJIHKY 'TI'pOIII:e,CC !npo-Ka'TjK\H 51IBJIH.eT'C5I YCTa-

'HQ.BHBIII1IHM'CH, a TaKl}l{.e TIOCKOJIb'KY C)'1W.ecTBY'lOT 'BHelII1'H'He K'O'HIII.bI no-

�b =

( V' �
�

1) boo

A/13

'24
,

2,0

" Z

0"
'

,

o '2
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JInC-bI, M1i>I He !6YJI.eM Ha16JIlIOJI.aTb CTpeMJIeHH5I IIIp,OeKl[(HH -OtIa\fa ,lI,e.cpop-
Ma

'

I.{I1H IIIp!I1IH5I1'b \cpOPMY 'Kp)'lra. 'O,JI.lHaKO Y'CJI'O�BlHe 'HaHMleH�II1e1ro ITI,epH-

M'eTp-a IIlp-05l!B1I1
' T'C5I IB JLalHHOM CJIY)tIae TalKl1lM .0'6pa:3'OM, IqTIQ. III'PH JI.aH'HIQlM

oi6.}KaTHI1, a6'beM, 'CMeJIIJ.,e.H'H'bIH IIIn '

11lIH,pHlHe, ,6YJI.eT 16nJIbillIe 'o/6'beMa,
.

A

cMellI1.eHHarO no )I.,JII1IH,e, T. e. -Q'T'HOIllI,eHIHe
- < 1.

B
E'CJIH III1'Hpl1lHa o=qalra JI.,ecpopMalI.{HH b 60JI,brllI ' e- elf-O JI.JIHIHbI 1 (pHC.

165, 8), TO -06'beM, CM.elI..U.aeMbIH 'II I O III1IHpHH.e, M.eHblIIl.e ,oI6'beMa, 'eM'e ' lI1.ae-

M,Or.O B JI.JII1'HY (
� > I ) . E'CJIH b �J, TO 06'beMbI, C'MelI(aeMbIe B LLJIH-

. f3 .

HY 11 illl1 '

pI1IHY, OJI.'HH3!KOIBbI. 3TOMY CJIyqalO Ha pH'C. 164 COOTBeT,c'DByeT

b'

a o 6
a

PHC. 165. npO,1I,OJlbHble H nOnepetIHbJe HanpH>KeHHH:

a -

npH OCa,1I,Ke napaJI,.1IeJlenHne,1I,a; 6 -

npH npOKaTKe C ,1I,JlHHHbJM OqarOM ,1I,ecjJopMa�HH�
B - C KOpOTKHM OqarOM ,1I,ecjJopMaU;HH

A
TO,qlKa

- = 1.11 1

3 :pa
'

OCM'OT'peHH5I 'KPIM'BlbI'X 51 I CIHO, 'lITO 'B lII!H;POKHX lOtI a-

f3

['ax ,QeiPopMalII,HH ( :0 <

"" l):C Y.B€JI'H1J,eHHeM .()IOOKaTHH ;)J.{}JIH ol(5'beMa,

cMeIl{�eMoro B llIHPHHY, B03pacTaeT, a B �nHHHbIX oqarax 3Ta �OJIH C

p'QiCTOM oI6ma '

TH5I YM.e l H,blllIa,eT1c.51. f1'oIH5IT'Hn, qTlO B KBa.,lI.Ip aTHbIX B 'TIIJI 8-

!He ;QltIalraX JI.ercpopMalnHII1 IOHa �He ,lI,OJI.>KHa J3a!BHOeT'b lOT OI6maT!HSI, 'tJ:TO 11

HJIJIIOICT,pHpyeT pl1'c. 1'65.

.0nHcaHIHYro 3a!KOIHOMepHocTb X'OP,OllliO )I:Q\IIOJIH5IIOT Oill.bITbI

TI. 11. IloJI:yxl1Ha H JI.p.l, KOTopble HCicn.e,lI,OBaJIH 3aBJ1aCiHMOiCTb cpeLLHe-

!f10 �OH'TaKT:H.oro Ha.IIP5li}K'elHHH 'IIp:H III!p'oKa'TKe OT III1HplHIHbI nOJI'o.CbI. KPH-
8a5l, xapaK'Te,pl1:3Y,IOIlI1.a51 'aT')' :3a!BH'CHlMOCTb, 'TI'p'e'T,ep:TI,e!Ba.eT xa'paKTep-
H'.DIH H ' 3,JIOM B TOtIKe, IrJ{e b o � l (.PH'C. 166, a).

:CXe!MbI, :rrpl1'Bre,lLeHH'bIe Ha :PH,C. 165, IIIOIKa:3bI'BaIOT, qTO ,c-p.eJI:HHH ,no

II1!HpHHe '4:aCT,b III.OJI'OCbI ,cTpeMHTC5I lII'OJIY,tI.HTb 6oJIblwylO 'BbITSlm'KY, q'eM

KpaM!HI1,e ,ee tIa'CTH. lBIH.eillHH.e- qa'CT1H TIOJIDICbI 'BbIpa:BlHiJ1BalO'T lB'bI'T5I.m'KY
uo [llH,pl1:He. Ilo3ToMY CpellL1HHH ItIaC'Tb ITI'OJIOCbI ICTpeMHTiC5I 'np;HIHYJI.H-
TeJIbH10 'pa

'

CT5IHYTb 'Kpa,HHHe. nOCJI8JI.H.He }K,e IC 1 0:IJ1pOTH'BJI5I
l lOTICH 3TOMY

npHHY[}I{JI.e'H�HIIO, 'OKa3'bI:Ba51 B.JI"H5IHI1.e Ha, ICpeaJ.lHlOlO qa,CTb. 18 ,pe,3YJIb'T8Te
B 'K.p8fttH'Hx tIaCTHtX IH03

'

HH:KalOT oc'eBbIe !HaITIpH,m'elHHH .pa.CT.H.m
,

eIHH5I, 8

B Cpe):LIHeM qaCTH
- oce:Bble IHa,llp5l,}Ke!HH5I ,C:>Ka'nH5I. TIOl3TOMY IIIPH nlpo�

KaTKe :a BaJIKaX, HMe,lOlIIlHX CTpOlf.O II.{HJIHHJI.p'HtIe,CKYlO cpOpM'Y, T.OJI!lI1.HHa

IIIOJI.OCbI Y Kp'OMO'K M,eHblllIe, :qeM B epeJI.IHeH ee ltIa'CTH. ITI pH ,601Jlb '

llI rHX

1 CM. CrH.
2

Ha CTp. 377.
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06}KaTHHX rrO,lI, JI.eH'CTBl1eM paCT5IrHBalOllI.HX Harrp5I}KeHHM HHOrJI.a Ha-

6JIIO)I.ae
'

TC5I Y'TH'}KKa IKpOMOK. n'OJIOCiDI H .n.aJKe HX pa3pyJlIIelHHe. YTH;)K-

Ka KpOMO:K I1J1H YMe.HblIIeHHe 1III1P!1HbI JIeHTbI B rrpOII.eOce 'IIp.OKaTKH

HaI6JIIOlII.ae�CH H IB CJIY1tIae TIPRJIOI}K.e!H:H.H'K '3a.JI.:H.eMY KOIHIII.Y lII'OillOCbI

pa,CT5IlrHBa,lO.ll.lH'X Y'CH.JTI1M, c0:3AalOIII.HX JI..OCTaTO'1.J'H,O ,60JIbilIIOe HaT5I-

)K.{�IH'H e.

llpH :rrp,Q-KaTKe !BbI.'COKI1IX CeqeHHH T3"K}K.e
u

np,OH'C XO .1I. H T .YTH:}K.Ka no-

JIOCbI no 11IIHp,H'He
l

. B 3T10M .CJIyrqa,e TI'pH'qH;HOH yr5l}K'KH H'BJI5I:eT'C5I He-

Pc pJ .t1lj/ HZ (Krj MM 2)

c=4Z.
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PHC. 166. 3aBHcMMoCTb Cpe)1.Hero KOHTaKTHoro HanpH>KeHHH no )1.aHHbIM onblTa (a) H

paCqeTa (6) (npH l/ho =2, € =0,3) OT WHpHHbJ nonochl

,p'a'BHOMeplHa51 JI.e!cp,npMal�/HH M,eraJIJIa no BbI'CiOTe, BeJIH.qIH'Ha IKOITOpOH
YBeJIl1qUBaeTC5I C jM'eHbllIeHueM J(JIJ1IHbI .oqara JI.ecP,opMaII.;H'I1. H,ep aB-

H{),Mep'HOrC'TJb ,JI.ecpop'Ma!II.HiJ1 .QJ6'b5lClH5I , e'T'CH c-ocpeJI.'OTOtIeHHlpI'M xapaKTe-
,

pOM rrrplH.JIaira,eMbIX :K \ll'OJIOCe rHalrp;YGiO'K, TI'p'H 'KOTOpbIX, Ka'K 16bI.JIO �nlo-

Ka3aHO .B fJI. 4 H 5, .H.ainpHiJKeRHH IRa [I,QlBepXIHOCT5IX �KIOIHraKTa .M:OI�YT

npH,n6peTaTb Oq.eH!b 160JlblII1 I

Y,1O IHeJIHlJ,HIH:Y, a TIO Mie:pe Y,lI,aJIeIHH5I OT

3TIJ1X rrO:BepXIHo'eTeH i6bI' CT 'P' O Y!M:eHblIIa11O'l'CH. ..Ilo3TOMY Y K,nHTaKTiHbIX

,rr:Q-BepIJeH'QrcTeH MeTaJIJI .rr.eCP'OPMH,p'y,eTC5I 'B 60JIblII1eH 'CTerreHH, 'qeM B

CpeJI.'HeH 'lIaC'T!H IHOJI'O'CbI n,o 'BbI'OOTe, KO'flOpaH rrpen5lTCTsy'eT BlblTHJKKe.

f1'0'.lI. ILe.H,cTBH e M In e p'H'cpe P,HMIH bIX ,CJI.oeB ,c'p'e.n:H5I5I 1.1 a CTb "II OJI QrCbI H!C1TIbI-

TblBaeT Ha , ITp.51!}Ke
i HH5I paC'T5IJKe:HH5I, qTO ,B'b13IbI'Ba.eT rr'05l I BJIeHH ' e YTSl}K'KH

D'O IlI'I1
'

p HIH e. ,K.p a HIH'H e '1.1' a ' C'T!11 ITI'O JI OrC.bI H'OHbITbI:B a IO'T H alrr'p 51))K,e'HH,H ,O}K a -

T;H5I. B 1II.e.JI'nM nOJIoca HM,eeT HeIK.ornp'ylO Cpe'JI.'HrlO:lO JlJIH/HY, �H 'Y111IHpe-
HHe KOHTaKTIHbIX 'CJIOe'B 51 t HJI5IerC.H �BbI'H'Yi}KlLI..elHH!bIM. BeJIiHtIHHa YlillH;pe-
HHH .3JI.e,C,b YHeJIH.tIll1!BaeTC5I iC Y:Me:HblllIelH!H.eM OTHO!II1elHHH llh. I1 pH YBe-
nHtI.elH'HH IOTlH i OllIIe'HH5I llh nalnpY3'KH 'CTa'HO'B5ITiC51 MeHe.e oocpeJI.'O''foOq'elH-
H'bI I MII1, a JI.e,cpopMalU:H�H p'ac:rr'peJI,eJI5IIOT'C5I rro BblCO're 60illee, paBH'OMep-
H'O. ,ll pH JI.aJIBH.eM1IlIeM YiBeJll1

i tIBHH'H .0TH'OI1lI.eIHII1,51 Ilk 6oKO'BbIe KpnM:KH
nOJl;OC.bI 'CTaH'O'B5I'T,C5I �BbI'rr'YKJI'pI!MI1.

.C x e M bI CT aT'H,ltI e IC:K 'Olro H JI. H iH a M-'H 'q,e C K nlI'o lH a r p Y JK e-

H. H H. IBeJI:HitIUHa H xa:paKTep H ' 3M.eHeHil151 yilII,H.peHRH TIIO !BbI'CO'Te :cetIe-

rHl151 )J;OJI}K'HbI C'Y1lI1.eCT'B'eHIH'O 3a.BH'ceTb OT HaJIHqlH5I CT8'THtI,e.C'KHX n J(H-

HaM,I1'tIe'CKIHX CH,JI. I,Ha!rrp'HM,ep, .npH BIH16palII.I1IQ1H�H'OM xapaKrepe IUpI1JI'a-
raeM'bIX ORJI, IHo.LQ6I1pa.H HaJI.JIe:}KalI.I.LH'M �o:6pla.3"OM qaCToTY 'KoJIe:6aIHH"H,

1
TeopHH npOKaTKJH KpynHblx CJIHTKOB, M., «MeTaJIJIYP�HH», 1968. 251 c. C HJI.

ABT.: A. TI. q e K Map e B, B. JI. naB JI 0 B, B. H. Me JI e 1lI K 0, B. A. To K ape B.
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MO)KIH,O JI.,06H '

TbC5I 'P:c:l:BIHOMep'HOM JJ:e1cplopMaiII.HiH IHOnOICbI n.o .BlbIIOOTe co

BCeMH 'BbITeiKaI0 1 lI1.H'M'H. D'TCIOJ(a ([JOJIO'mHT,eJIbHbIMIH II10CJIeJI.'CT'BHH!MtH '[9].
f1 pH Irrp'OKaTKe B ,KaJI.I1:6parX .CXeMa 'Halrpy.}Ke'HH5I !0'6pa,6aTbI'BaeM'o.�

.fIO 'MeTaJIJIa ',orrpeJI.eJI5I-eTC.H icp'O'p'M10M 'KaJIH!6pa Ii Inolrr'eperqIH,Olr.o- 'CetIeHHH

rr-oJIOC bI .

JMO}K'HO 'CtII1TaTb, qTO np:H npO'KaT'Ke B 'KaJIH i 6pax C BbI\nYKJIbIM

<lIepHM'e-r,po-M 'Cpe,)JJH5I5I .neJIHtIHiHa IrrOKa3a'TeJI5I Y'IUHpeHH.51 YMeHblllIaeTCH,
a 'B KaJII116pax C BOIf1HYTbI!M nepHMeTp'OM ya.eJIH'tI

r H'BaeTC5I' no- ,cpaBlH.e..
H,HIIO CO rCJIyqaeM ,n'pOKaT'KH IHa IrJIai,l:CKOM :601.Jl�e. BMeiC'Tie IC TeM 'Cpe.rr.H5IH
,BeJIHqHIHa rr'OKa'3aTeJIH YIIIIHp.eHHH y 'nOJI,OIC ;Ka'K IC ;BbIln!y.K�T.nDIM, Ta,K H ,C

:BOIrH'YTbIIM nepHM,eTp'aMH InpH 'n'pOlKaTKe 'Ha IrJIaJI,K.oM 160 ' qKe :60JIb!llIe HX

.3 I Ha 1 tI.eJH'Hll, 'qeM Jnp'H IrripioKaTKe Inp,51M
,

oytrOJI.blHbIX Irr-OJIO'c.

,K '0 '3 ICP ,q) H III. H e 'H T T P .e ,H H 51. .H a ,p.H c. 167, a !rr'p H'B:e)I. eiH a 3 8B I1'CH ..

MIQiCTb YII1HpeIHH� (O'�H.e'eeIHHOlro IK J(HaMeTpy 'BaJIKOB) OT BeJIH;tIHIHbI 0,6..
}Ka'THH .rrPH pa3HbIx K03cpcpl1II.l1e'HTax TpeHHH no ,lI,.aHHbIM 3116eJIH [3].
11:3 paCCMOTpeHH5I 'KpH'B'OM 'CJIeJI.1yeT, qT,D in pH .o6maTH5IrX, IpaBlHbIX IM,eHee

3.3 010, C plOCTO'M KOI3'cp'cpH"II.HeHTa Tpe I H'H5I YII1H,peHHe YM'e'H.bIII1aeT'�,H, a

rrpl1 06}KaTI1HX .6oJIee 83 0
10 YII1HpeiHHe - C pOCTOM K03cpcpHII.HeHTa rrpeHI1H

YBen I1'Il 11 B ae TICH.

!BOOrrOJIb3yeMlc5I ytCJIOBHeM HaHM.eH,blllielfrO !nep'H'MeT'pa. TIP;H OCaJI.Ke

rrapanJIeJIennrreJI.a c nOBblIIleHHeM KO-3cpcpIH�'l1eIHTa TpeHH5I Harrp5I}KeHHe

ax, JI.,eM'CT'B'y.IOIIIJ.ee BUIJOJIb J(JIH!H'H OM ,ern crop.oHbI, p alCTer 16bI,cTp,ee p OCT a

Hanp5l}KeHH� (jz, ,lI.eii'CTBYI01lI1.ero � Irrone.p1e"qHOM HarrpaBJIeHHH (pHC.

165). I1HbIMH 'CJIOBaMU, �B )(JI'HHHbI� {)qalrax \lI.e<p0pMaI.{HH ( � < 1)
oornp'OTHBJleHHe CHJI Tpe

I HH5I 'B,lLOJIb IHa:rr'paBJIe
I HH5I rrpOKa'TKH i6YiJ(.eT Y'Be-

JJUtIl1'BaThC.H �6pI(�Tp'ee, !tIeM :c-nn,p'OTI1BJI.e:HHe ICHJI TpeHH5I, J(eM'cT'BYIOII.I.lI1X
B HarrpaBJIeHHH, eMy neprreH,lI.I1'KynHpHoM. .B pe3YJIhTaTe B JI.JIHHH-bIX

�lJ/ JJ, %
A

1,0
Jl =0,'

1,2 0,4

0,6
0,3

tJ,6

0 0,2 0,"
0,2

D l \.. 'f

a
t111/ h cp

6' 0
0 / ho

PHC. 167. 3aBHCHMOCTh YlIIHpeHHSI, OTHeceHHoro K ,U.HaMeTPY BalIKOB OT

06}1{aTHH (hI D =0,02, blh =3) no .n.aHHbIM onblTa (a) H nOKa3aTeJHI

YWBpeHBSI OT WHpHHhI nOlIOCbl (€ =0,3; ilh =2) no )l.aHHbIM paCqeTa (6)

oqalrax JI.,e.cpOpMalI.{HH 'c .,p.QrCTO'M' K03lcp:cpl1��l1e'HTa Tp.eHH5I ytllIHpeHHe Y;Be-

11 H'tI HB aeT'C5I.

EiCJIH 11IIH;P HE a .01JalI'a )(e4>op M aI.{HH IOOJIb!lIIeeW )(JIHIHbI (-7- > 1 -

oqalr JI..ecpOPIMalII.HH IIIlHP'OKHM), TO IC pO'CT,o.M KO�cp,cpH\II.HelHTa 'TpeHH5I C'-O-

IIIpOTI1BJI'eHHe T,p,e'HHIO !B InOlrrep'elJlH10M IH.a,np aBJI.elHHIi p-alCTeT �6bICTpeet
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qeM 'COIIPO'THB.JI.eHHe 'Tpe'HHIO �B llpIO�O:JIbtHOM �HanpaBJIeHHH, H YrIIIHpeHHe

Y M,etHblIll a eT'C5I.

:B IIIep'BOM Ill!PHIOJIHllielHHH M'O}K'HO IIIp:HIH.51Tb, I1lTO tllpH llpO\KaTKe B

-KaJIHI6-p=aX npocpHJIeH III'p'OCTeHtIll,eH 'cpOpMbI ,OlllalfH JI.e1cpopMa'[(HH .Q'TIHO-

C5I''fIC5I K )1..JIHIHIHbIM. f1lpH \np'OKaT,K,e JIH'CT.OB H JIeH'T IOllairH lILelcpopiMa'[(HH,
KaK IIpa:HHJIO, 6bIiBalOT III HpOKH:M:H. B nOCJIe)J,HeM CJIYllae J(ecp,opMaUrU5I

npH/OJIR}K?e'PC5I K IIIJIOClKIOH, H yJIIIHpeHHle MaJI'O. fI i 03'T0 1
MY rlla ' CTO npH p'a!c-

qeTaX iAecpO,pMal[(HH JIHIC']'iOB H .neH'T YIIllupeHH'e IIIpH'HHMa'lO"T palB'HbIM

,HY.JIlO .

H3 H3:JIOLKe
'

HIH-QIf-n CJI.e,lLy.eT, llT.O Btce rcpaKT'Op!bI, 'BJIHH.IQlI1JH'� IHa BeJIH-

llHHY K'03'cp,cpHI.(HeHTa Tp.eH�51, H3MeH5IIOT H BeJIIi''IlHHY YIIIHperHH5I. P ac-

CMiOTpHM BaLK'HeHlIllHe H3 ..9T1HJX 'cpaK'TOp'OB, .n,pHHHMa51 :BO �BIHHMa'HHe �CO-
,,lL e plLK aH H e 'nYH!KT a :1 If JI. VI I I.

IC O,C T -0 51 IH H e 'n ,0 �B ,e p x IH '0 ,C 'T' H H IH C''f: ,p Y!M ,e 'H 'T a ,H .0 16. P' a .6 a-

T hI �B a e M Olf.'O T e JI a. IC YJIytFIll'elHH.eM IKa1qerCTBa 06palOOTiKH ,BaJI'K,OB H

IIOJI'O'CbI 'llOI<:a,3aTeJIb YIIIHp.eJHHH 16y,n:eT YMeH.blIllaTbCH JI.JI5I ):LJIHIHIH'bIX .olla-

r-O'B ,n:ecp,op'Mai[(HH H YHeJIH'llHBa'T,bC5I J(JI5I IlllHpOKI1X ()l1Ia,:rQlB J(e<popiMa,�HH.
I1pH ST'OM BJIH5I'HHe KJIa'OCa llH'C'TOTbI ll.onepX'HOCTH 'nO-!lOCbI ('QlcoI6eHHO
:np,H IDOp'51ll

l eH IlllpOKa7iKe) M,eHbIll,e, lleM KJIa'Cea 'llH'CTOTbI IllIO'Be:pXHO'C'TH
BaJIKO:B.

:K,o H T a K'TH 0 e IH ala P' 51'LK elH H ,e. C POCTO'M ,liOpMaJI.bIHOlr,o KOIH-

�aKT1H�Olro lflanp5l/LK'elH'H.51 'Koacp,cpl1l[(HeHT 'T.p'eIHH5I 'YMe'HbilIIa.eTC5I. 'f110:3TOMY
.C p'OCTD-M .K.O'HTaK'T'HOlf'O Ha 1

llp5l1LK'e 1 HH5I IllOKa!3aTeJlb ytilll1pelHH5I YM'e'HbillIa-

,e�c5I .1I.JI.51 ,lLJIHIHIHbIX H P aCTe'T )LJI.sr IIllHp'OKRX oqal:rotB �ecp,oprMal�HH.
. T e M III �e;p a T Y P a III ,p 0 KaT K H. 3a!BHlcHMOrCTb IKIOl3tcpcpH�HeHTa

,
u

TpeHH5I OT 'T.eMln.ep.a'TyplbI .Q'lliH'CblB-a,eTiC5I 'KpHBOH 'C (MaK!CH'MYMD'M

(puc. 93,8). 003TOMY IIOKa3aTeJIb YllIHpeHH5I npH TeMll'epaType, COOT-

BeTC'TBY,IOll1.eM MaK,cHMYMY 'KoacpcpHlnHe!H'T:a Tp'eHHH, IAJI.51 ',lLJIH!HIH'bIX 'Olla-

)frOB .1I.ecpop:Mal[(HH 6y,n:.eT HM.eTb IMaKOHM'YM, a tILJI5I' IIIHP'OKHJX' 01lalf-nB ,lL'e-

,cpopMal[(HH
-

MHIHI1:M)TlM.

3TO llOJI,OLK.eHiHe XiQlp'OIll'O iUJIJIIO'C'ftpnpy,eT .pe3YJIb'TaTbI 'OlllbI''f10B. KaK

.CJI.etJLyeT H;3 pHC)'IH.Ka 1168,a, '3a'BH,CiHMO'CTb llOKa:3a'T,eJI5I YIIIIH'P'eJHH.51 OT

TeMfIIe;paTypbI xa.pa I K'TepH i 3
1

y.eT'CHI KpH'BOH IC 'p
' e3K!0 �BbIpaLKeliHbIM' Ma�CH-

'MY-MOM .rrPH 60JIbIlll1X BeJI,H i1 fHHax n6llia'fiHH (i6{) H 70 0/0) H KIPH'BOM, HMe-

IOIIIl.eH IMHIHHMYM Ill'P'H 1006.LKaTH5IX, pa'BIHbIX 30 %
. rK:pH:Bli>l'e IC MaK,cH'MYM'OM

'cooTBeT,cT'BYIO'T )J"JIH'HH'bIM nllalraM tlI.-ecp,opM1a:I.(HH. ](.PH:Ba.51 C M,H'HHMY-

,M.QM
-

'Ko.p'OTKOM'Y 'Ollalry ,lL,ecp,op'Mar[(HH.
C K 0 P -odC'T b lIT P 10:K a �;K H. 1f10:CKOJIb.KY IC 'P'OC'TOM CK'OpOCTH iIIP'O-

KaTKI1 IKOI3:cpcpHl[(H'e'HT TpelH'H5I 'Y'Me'H,b!IllaeT'C5I, TO InOKa3aT ' eJIb )'IIllHp,eHHH

npH 3TOM oy,n:eT YMeHbIllaTbC5I AJI5I ,nJIHH.HbI,X ,OllarOB ,necpop MaUHH 11

YBeJIHqH'BaTbC5I )1)151 K10pOTKHX.

iC 1M a 3"K a. q.eM B'bIlrne KalleCT
1
BO 'CMa3.KH, T-eM M.eIHBllIe KI0:3IcpcpHIUH-

.eH'T 'T.p,el�I151, IIIU3TO-MY TeM Me'HblIll,e In'O;Ka3a'l'eJIb )'1IllHpe
I HH5I ,lL:JI5I JI.JIHIH'HbIIX

01lalrO'B .,lLeq)iOp'MalJ.�HH H IO'OJIb'llIe l11.JI5I �IllH,pOKHX rQ'qalr.OB ,lLe ' cpopMal[(I1H..
H a K JI e;ll M.e T a JI JI a. IC 'P'OC'T'OoM 'TBe'p,lLOCTH !npOIKaTbIBaeM'Olro .Me-

T aJI,JI a H 'II <?'Be p XH'Q:CTH !B a JI K DB K'Oi3I<pI<!) HI[(H eHT T p'eH H5I YM.eH BIll a eTCH.

,il,03T '

OMY IIIOKa3aTeJIb :yiIIIHp'e I HH5I YM,e'HblIllae"flC5I .1I.JI5I ,lI.JIHIHIHbIX Olllalf-OB

�e<popMal[(HH H 'YiBeJIUllH'BaeT;C5I )J.JIH IIllHp'OKHX.
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C T P Y K T Y P 'a 1M eTa JI JI 3'. Qn'pITlHble ,n:aIHH'ble [3] '!no.Ka!3bI:Ba.IOT,

IITO CTpYKTypa MeTaJIJIa 3aMe'r.HO BnHHeT Ha nOKa3aTeJIb YIlIHpeHH5I. 0,lI.-

HaK'O 'BbIHBH'Tb 3aKO'HoM.e:pH'Y.1O IC'B5I'3b .MeLKJI.Y xapaIKiT1e.P'OM CTPYKTypbI 11

'n'OKa.3aTeJIeM )T1IIIHpe!HH5I 'H a QlCHOBalHHH i3'tHX .onbI'fiO'B !He -YJLaer
1 c5I.

PHC. 168. 3aBHCHMOCTb nOKa3aTeJIH

YWlfpeHHSI OT TeMnepaTYPbl npH

npOKaTKe:

a - CTaJ1H 30 npH pa3Hb1x OTHocn-

1 eJIbHblX 06>KaTHHX; 6 - CTaJIeit C

pa3JIHt}HbIM CO)I.ep>KaHHeM xpoMa

(1 - 0,1 % 'C; 2 - 1,03% C; 16,7% Cr;

3 - I�05% C, 0,5 Cr; 4 -'O,2% Ca
12% Cr; 5 - 0,22% C; 17,5% .Cr;
2% Ni; 6-0.09% C; 13% Cr; 7-

0,04% C� 18% Cr)

tJb

t1h .5

(1,84

{l80.
,

0,76

Ab 0,72
/JIJ

[,=70%a

1,8 0,68

1,6

1,�
0,54

1,2 0,50

1,0
.

'1

.0,56
0,0

�

0..6
.

0,52,

dOO 900 1000 t,°C 880 .950 lUiJO tOe
I

'X H M H 'II 'e IC K H M IC O.C T a.B. OT .XHMHlI.e'CK'O!rO c-ocraBa 3a'BHCHT .co-

rCTa'B O.KaJII1:HbI :H ee IC'BoH,cTBa, 'T. ie. J{rQl3�£pq),Ji�nHetHT 'Tp,eHH.5I H, KaK ICJIe,11.-:'
,cT'BH'e, )'IIlIHp.eIHHe. H i 3'BeCTlHO, 'HanpHMep, II'TO XP,OMOIHHKeJIeBbI.e H IXprO-

u

MHC'TbI€' IC'TaJIH 'I1PH IHa!rpeBe ,n'oKpblBa'IOTiCH ICJIOeM 'C'YXOI1 MaJIOlnJ1aCTH'tI-

HooH OIKaJIHHrbI, a O.KaJIHHa IHa In.Q:uepxiHOC'TH3a,roT,O'uuK H3 HH3KoyrrJI'epo-
u u u

JI.HCT.OH 'CraJIH, 'coJI.epLKaIIl.eH II'O'BbI'lII'eH!HbIH IIrp'OII.e'HT IcepbI, BeCbil\1a IIJIa-

CTHIIHa' H ,n:allie oOJIa,lI,aeT }KH,n:KoTeKYIIecTblO.
H3BecTHo TaKLKe, .tIT,O XpoMOIHHKeJIe'Bble H IK,peM'HH'CTbIe .craJIH y\lllH-

p5IIOTC5I B 'YCJIO'BH5IX COpTOBOH IIIpoKaTKH 16oJIb'llIe, a 19TH ;}R'e 'CTaJIH c

nOBbIIlJeHHblM CO,lLepLKaHHeM cepbI YllIl1p5IIOTC5I M'eHbIlle, IIeM yrJIepOi,lLH-

:erbIe ICraJIH. Ha pH-C. 168,6 IIIpHHetLI.eHbI JI.p)'1rHe xa p a KTepiHbIe n.pHMepbI.

LLJI5I Y'CJIO'BHM COpTOBOM 'npo.K3'TKH B KaIIeCT'Be IHaH ' 6oJIee lo/6IIJ.er,o npa-
BHJIa MO}K.HO CCPOPMYJIHpOBarb cJIe,lLYIO.IIl.ee: Blce ,lLOOaBKH B CraJIH, no-

BbI l llIalOIIl.l1e TeMIIIep a'TYPY pa3MHrII
l eHI15I H InJIaBJIe-HH5I .OKa.JII1H'pI, Y'HeJII1-

IIHBaIOT yrIlIHp.eHHe, a J(06aBKH, nOHHLKalOl.Il.He 3'TY TeM'nepaTYPY, YMeIHb-
:Ill a lOT )'IIll H.pe H 11 e.
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IBiMelCre IC 'r-eM XHMHtI.eCKHH. ���GTa'B M,eTaJIJIa, IHeC,O�'HeHIHO,. JI.OJI.LKeH

BJIHHTb !Ha YIIIHpe.H:He He TOJIb'KO llepe3 OKaJIHHY, H.O .H !H'enOcp'e,lLCTBeHHlO.

BbHICHHTb CTe�eHb 3Toro BJIH5IHH5I. M>OlliHO C 'nOMOIIlblO npoBe;lleHHH

O'IIbITO'B ri-o IIp'OKaTKe Ha 'B03JI.yx,e, B HeMTpaJ1bHbIX .c-p.e�ax, a TaK)I{e

B BaK'YYM'e.

3aJ!..3'lla 016 YllliupelHHH .!rrpH rIIpoKaTKe Inp.HHaVJ.JIe>KHT K llH'CJIY 'Tex,

'CTpOlroe p'elIlleHH,e IKOT'OpbIX MleTO,lLaMH 'c'oBpeMeHHOHT'eo.pHH nJIa ' CTH4-

HOCTH 'HOKa HeB-0'3M'OILKIHO. ,l:L'eH,cT'BHTleJIbIH1o,. e-ra 3a,lL,alla 5I
'

BJI.He'flCH Tpex-

MepH.oM. (0/6'beM!HoH). PerneHH,e -raKQ.M �3a;ILarllH, .KaK MbI �BH.,lL'eJIH B 'rJI. V,
CBO)I,HT'C5I K IOOBMeC'TIHoMY .pellI.eHH,1O 18 ry,pa'BlHetHHH C 1 � HeH3B'e I CTIHbI:MI1

H YtLLOBJI.eTHop,eHHIO ICOOTHe'flCTBYIOIl{HX Irpa'HHll'H'DIX Y'C�O:B.HM. 1f1-oJIYlla,lO-
'IIl.a5IC5I rB InpOIli.'eIOCe 'p'�llIleIH.i1H 'c,oBoKyn'HocT'b ,)I,H,cp.q>e.peHtllHaJIblHbIx: ypaB-

HeHHH :B 'lla'CTHbIX �np'OH31B'OJI.IHbIIX He InO)l,l(aeT'CH ,pellIelHHIO .1I.a�LK.eqHICJIeIH-

iHbIMH Me"-rO)I.aM,H C IIIiOMOIIUblO 3.LLBM. II0!3TOMY IIIP-H npOHe.1LeIH:HH're-op:e-
TH'lleCKI1X .p,eiue'HI1H i3aJ(a'lIH .0'6 )'111IHp.eHHH rrpHHHMaloT neJIbIM 'p5IrA :pa3-
.JI HqlH bIX YII P'(}IU �.HHH.

B KaqeCTBe n.pIHMe:pa -TalKoro ,y,npOlI(eHiHOro nO,lLXO,lLa M'OlliHO np'HBe-

,CTH TeopHIO «IIIapaJIJIeJI-eIIHne;ILH.o'ro CLKaTH5I» A. <1>. r'OJIOBH'Ha.

A. ,<1>. rOJI-OBHH �nlp.HM'eIHI1JI 8-ry -reopH:1O IK Y'CJI'O'BH,H,M np.,oKaT'KH, pa3,lL.e-
JIHB OlIar .r.r.e.cpopMaUHH Ha �Be 30HbI «cTpe.MJIeHH5I :K YIIIHpeHHIO» (OHH
nOKa3aHbl Ha p'RC. 1'(5) H ',lL�Be 3 1 0HbI «c-rpeMJIeHI15I ,K BbIT5IlliKe».

A. H. l..leJIH.KoB H isaTe.M A. ¥I. r'pHIIlI.KOB, IH,e1cM,oTp'H ,H.'a. Y:CJIOB'HO'CTb lLLe-

JI.eIHHH.IHa TaKHe "3'OHbI, )T.C'II,e1IlIHo iIIpHMe'HHJIH.:3TY .H:1I.e,1O .1I.JI'H InpH
I 6JIHLKelH-

HIOt�O p,a
, Cll.eTa YIIIHp.e!HH5I. [1].

'K llHCJIY "npH I 6JIHllie'HHbIX 'T,eop.eTHlleCKHX peillIeHHM MOVK'HO ,OTH,eCTH

TaKLKe pellIeH.HH, IIOJIYlleHlHbIe napHa'II.H-QIHIHbIM M,er;OJI:oM
1

. H3BecTHo

TaKJI{,e 'OKOJIO 140 3�'nH.pH'lleCKHX 1<P'OPMyJI ,lI,JI5I '(jln;p.eJ(leJIeIHHSI )'IIlIHp'eIHHH
2

.

Pe3YJIb'TaTbI pa,c'lleTa no :3TI1M ,<p'Op.My.JIaM ICIIp'a'B..eJI.JIH�BbI JIHlllib )1.JI.H T,ex

Y'CJI.aBHM, 'B KOTnpblJX OIHH ,6pIJII1 nOJIYlleIH'bI.
HM.elO']'!C5I H InOJIY3MIIIHp.HllerCIKH.e .pellI,eHH,5I :3a,J!.a

'

llH '06 YIIIIHpeHHH.

B TalKHX p.e
1 rqeHH.5IX, Hcrr'Q.Jlb.3YH 'T 1

80p'eTHll,e'C"KI1.e Inple,lLlnOCbIJIKH, �IIOJIYlla-
-. JOT npHI6.JIHUKe'HHbI:H 'p'e3YJIb'Ta'T, \K'OTOP'bIH KaII.eCTBe'HHO OTpai}KaeT 3a-

BH'CHMO'CTb YIIIHpe I HiH5I OT OOHOBHbIX cpaKT,o:prOB IIlpOneerca np'OKaTKH. Ko-
JIH ' ll,e ' CT.B'eHIH.oe eOOTBe''fIC'TBH.e p'eaYJIbT'3TO'B paOll,eTa IC onbITlHbIMH JI.aIH�H'bI-

MH ocyrneCTBJISle�CSl c :nOMOInblO BBe,lleHH5I 'K03tP<p'HII.H.eHTOB, rrOJIYlleHHbIX
H3 3KOnep'HM.eHT aJIbHbIX .LLaHHbIX.

.K llH'CJIY TaKHX pellIeHHH OTHO,CHTC5I H MeTO,lI" OC!HOBaHHbIM Ha Te.OpHH

;pa3MepHOCTeM [13].
A'HaJIH , 3 nOKa3bI'B'aeT, '1I'T0 "C IUOM'OllI1.bIO 'Te-OpHH pa�3MIe-p'HOICTe:H MOi}K-

HO 'nOJIYllH'Tb 160JIBIlIHH'CTBO H3 H3
I

Be'CTlH'pIX 3MiIIHp:HlleCKHIX !<P'OP'MYJI ,lLJI5I

pa'Cllera YllIHp'e:HH5I. ;fIpH :3TO:M 'BbI.5I�Bn.5IleTC5I nOJIIHOTa B'HO,lLHMbIX pa'3-
JIHq,I-IbI'MH aBTopaM'H ,lLOnYIIl.eH!HM 11 rpaHHUbI npHMeHI1MOCTH QJOPMYLTJ.
TaKHM r06pa3'OM, MO}KIH'O ,IIOJIY'llHT,b, IHa�IIpHMep, Icpo.pMYJIY ..C. M.. ry ' 6-

1 CM. Hanp. Tap HOB C:K M M H. 51. n 0 3 .n. e e B A. A., r a H a r 0
-

O. A. M .np.

TeopHH o6pa6oTKH MeTaJIJIOB .naBJIeHJleM. MeTaJIJIyprM3.naT. 1963. 672 c. C MJI.

2
C'BO.rr.K'Y CPO:P,MYJI MO}KHO 'HaHl'H B 'CTaTbe: C M M ,p HOB B.' C., r p M r 0 P b-

e B A. K., J1 Y I-I eBB. A. - «06pa6ol'Ka MeTaJIJIOB .naBJIeHHeM»., (JI.nH, BbIn. 243),
J1. IMallllrH3, .1,965. ,c. '69-7,8.
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;KI1IHa [3], InpHMe!HMMYIO tnJIH .LLJIM'H'HbIX 011a!I'OI� JI..e<pop MalII.HH. .3Ta '<pOP-
MY JI a .M M'e'eT 'CJI e,J1.YIOIllHir 13R)I.:

npM
� <= I � =

b o

( 1-t- �
)( f-L

If �h D _��.
) ;

ho t! h ho ho
V

ho ho 2 ho

npH
b o

�l
�b

=

( I+� )( f1 V6h �_��
) .

ho � h ho ho ho 2 ho
.

HI1)K.e M3JIalraeTiC5I :B IH8CK ' OJlhKrO Y'npOIIl.eIHHO:H TpalKTOBKe npM:6JIH-
)I{.eHIHbIH MeT-oJ( ,pa

' C'l1eTa, O'ClHOBaH'HbIH Ha ,np'HMeHe I HI1H '«JJ:BYCTOp.OH'HeH»
,rMHOTe3:bI !n�'OClKHX .c,el1'e'HH:H, H inpeJI.n'OILl{,e!HIHbIH A. K. r'pHlfoOp'beB'bIl\f

[!l!O]. ,n,pl1 .3"fOiM npe,alnOJIalraeT'C5I, !l1TO .ne<p'opMalIJ.HH 'O){H'op,()l�Ha ,no

crna'BlHbIM 'OC5IM, T. e. �BbIlnYl1.H'Ba'HH'e 160KOBbIX ICT-OpOH n'OJIOCbI 'npH 'IIPO-
KaT.Ke 'OTCY1'CTByeT.

2. KHHeMaTHlJeCKHe YCJlOBHSI

npoQecca npoKaTKH C YWHpeHHeM

06031HalIMM alOCOJIIOTHYIO 'BeJII1'l1MHY CKOpOCTH �BX'O,l.(a nOJIOCbI B 'Ol1ar

.rr.ecpopMalI.(HH vo*. T'OIfJ(a IfOP'H:3.oHTaJlbHaH KOMIllOHeHTa 'CKOP'OCTH B

rrp:O'H'3'BOJIb
'

H 1 0M �elq.eIHHH 011alra JJ:e:cpop'MalII.HH (.pHC. 169,a) p'a'B!Ha:

��
)V x

= -

. (478
hb

n'p,HMeM'rCOO'T'HOIIlI€IHH'e MeLK',lLY C.KOp.OCTbIO JI.ecpopMalIJ.HH .B inOnepel1-

HOM M �HepT'MKaJIblH,oM 'HalnpaBJIe I MH5IX nOCTOHHHbIM ,no ol1alry JI.ef<p'Op-
eMalII.MM

A= -

.

Bz
( 4 79).

By

113 'cpOpMynbI (478) IHa 'Q.OHOBaIH.MM paBeH.CTBa (475) ICJIe.rr.yeT, 'liTO

(
ho

)
I-A

v�
= - V o

h
. (480)

KOMnOHeHTbI BeKTopa CKOp'OCTM no .OC5IM KOOp,lI,HHaT (C.M. rn. y)
.ZI..JI.51 y�pol1II:eHM.H J(anblHeHlIIef!o Hi3JIOLKe ' HH.H ,01Q.o3Ha l1HM IK3'K: u= V x ; v =

=V
y ; W=,V z .

J{ a.JI ee,Hicn Oill.h3y.eM KH;H,e M a THl1eClKI1 e IC'OO'T1H om e'H HH:

dUx dU
y

dV
z

Cx ==
.

; 8y
= ; 8z = -.

ax dY az

H'CnOJIb3YrH ypaBIHeHHe
. (480), HeT:py.JIJHO IHafI'TM, 'lITO

. dUx av
x

dh dUx

(
ho

)
l-A

1

Ex == = - ·

; = V
o (1 - A) -.

ax ah dx ah h h

( 481 )

*
IB :pa!3JI.eJIax 12-4 COCTa;BJI5IIOIl.{He ;B'eIKTOlpa CKOpOCTII nepeMeI.I.J.eHH5I .Qa'C1UfrI.J.

MeTaJIJIa 0603HaQalOTCH 6YKBaM'H v C COOTBeT'C�BYlOI.I.J.IIMH 'HH.neKcaMH, a COCTaBJIHlO-

I.llHe 'T'eHI30.p.a C;K.OpOCT,1I .zr.ecpap:Mal1.lHH - 6YKBalMH e:.
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"'-

�

,.c:,

""

�

r o

(l

r1

a � ro

L1Vf

TX(J

L1 v(l

'[Kl

5'

6
0

6{J

".,..

.�
'7.

Ii

PHC. 169. Oqar .ne<}JopMaQ.HH npH npOKaTKe (a), cxeMa KOHTaKTHblX CHJI H CKopocTeA
(6), cxeMa JJ.eRcTBYIOIIJ.HX HanpSI>KeHHR (8)

D08TOMY

�x = (1 -:- A)
Vo

h (
h O

I-A
d h

h ) dx
' ( 482)

Y:qHTblBaH Y'CJlD:BUe IIlOCl'OHIH.CT'Ba 'eeK)'IHlllJHOlro 016'beMa

c� + E� + �t == 0 ( 483)

If IC'OOT'HOlllieHIf.e (479), 'C:K10p.Q'CTb ,Ql6>KaTI1H M'OOKIJI.O 'BbIP a3lfTb KaK

Ey
== -

EX

I-A
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TOIf.JJ.a IHa OCH-QBa'HHH 'BbIpal}K,eHHM (4i82) H (47'9) H ax O,lLH M

� = _ �

(
ho

)
l-A

d h
.

( 485 )Y
h h h'

� = A.� (
ho

)
l-A

d h
. ( 486 )z

h h dx

K'OMIIIOHeH'TbI 'HeKTopa .CKOiP'OCTR v
y ..H V z HaMJLeM H.HTerpHpoBa'HHeM

BTop'oro H TpeTbefo ypaBHeHHM CHCTeMbI (481) IIPH YCJIOBH5IX: vy=O
llPH y=O; vz=1O npH Z=IO.

HiH'Terp H p OBaHH..e ,lLa eT ,cJI,e,lLY,IOIII.He ,p e3Y JIbT a TbI:

V
y

= _

Vo ( ho

)
I-A

d h
.

h \ h
Y

dx
'

Vo

(
ho

)
I-A

Z
d h

.V z
=' A

h h dx

(487)

(488)

MbI BHJ(HM, .tIT,O OT Y 3aBHCHT TOJIbKO KOMIIIOHeHTa V
y ; IBbIpaLKeHHe

.lI.JIH c.ocTaBJI5IIIOIIl.eM V
y 'Ha lII'OUepX!HOCTH KOHTaKTa :nOJIytIHM IIPH y===.h/2.

CKOp.o.CTb ){BH;LKelHHH M'eTaJIJIa 'B.1I..OJIb tn}'lrH :3aX�BaTa 'QlIIpe)I.eJI5Ie'TC5I
[10 CPopMYJI'e (pHIC. li69, a):

V,p
=== 11 v; + v Z (489)

I1JIH TaKHMH COOTH'orneHHH'M'H:

V
y

V
x

v,p
= -

sin..p cos ..p
. (490)

n.O JIIO.6oH H3 <p'OP'MYJI (48'9)-1(49 , 0) npH y=h=h/2:H I1})HHH,M.a5I-Bo.BIHH-
MatH H e, .tI'T;O

d h
= 2 t 'I'"

d x
g 'r' (491)

BbIQH,CJII1M

(
ho

)
l-A

1

v,p
= -

i')o
-

h cos ..p

- ,CIKOP'OC'Tb OT'�O'CHT'eJIblH-olr'o :CMetIII..e'H.HIH

BaJIIKa 'pa'BHa:

� V-q,
=

V,p
-

VB ;

� v'I)J
=

V'I)J
-

VB = VB
- V

o (

(492)

MeTaJIJIa (fIO III OHe,p XIH'QiC'T If

ho

)
I"'TA 1

h cos 11'

H3 BTI()lDO ,BbIpa.>K,e'HHH H'CKJIIOrqHM vo. IB 'He:H'TipaJIb'H'QiM C,etIe'HHH, T. e.

IIPH h=h H , ICKOpOCTb 'OTtHOCH'TeJIblHOlrO 'CMerneHHH pa'BHa IHYJIIO. ,n.o-

3TQ-MY, ,CQHTa5I ,B y.p'aBHeIHHH ,(149.3) �v,p =10, !HaitneM:

V
o

= VB ( �: Y-
A

cas 'l\JH .

(493)

( 494)

1:3 '"
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,C;KOpOCTb OT,HOC�T,eJIb'H'OIrO InOnep,eq'H'OIro cMetrn.eHHH paB'H3

� V z
= Vz

- 0 = V z ·

TaKH.M 'oI6pa30M, iH.a 'OOH'OBaHHH �BbIpamelHHH (488), (491). t

(495) 'II,OJlY'llaeM:'

� v1l>
= VB [ I _

(
!to

)
l-A

cos'I'o

] ;
h cos 11'

(495)

(49,3.)
-

VB

(
hH

)
l-A

tg'i'
�vz =A- - z COS'l'8 .

h h 'I'
tg-

2

h=pa H npHIHHB 'cos 'l'H� COS 'I'� 1;,C '
llH'TarSI hH=I'H!a;

\II' \II'
t g

- = -

'nOJI Y 'llHM

2 2
'

11 v1]1
= VB [1

-

( rp" ) I-A] ; 11 V z
= 2 A

tg. 'I' = W

Vb

(
TH

)
l-A

-- Z.

P P
(496)

no 3THM Bblpa:>KeHH5I!M J(JI5I C'OCTaBJIHlOrnHX OIIpe�eJIHeTCH BeKTOp
u

ICK10p'OCTH .OTH.OCiHTeJIbHOnO CM'erneHHIH .B IIJIOC:�OC1'IH, KaCa'TeJIbHOH KllO-

uepX'HOCT H BaJIKO'H (' CM. pHC. 1'69,6):

� Vk = -V � v� + � v; . (497)

if10JIYll,e'HHbIe 'B'bIpaLK,eHH5I xa p aK'TepH'3'YIOT lKH'H,eMaTHIKY np'Oiueoca H

,cO/Aepma'T JI.iBe IHeH3'Ue'C'TIH'pIe BeJIHllH'HbI: A H 'H. ,3TH :HenHtIHIHbl :H.e MorYT

rObITb rQlII:p,e.n.eJI'elHbI '6ea IIIpHBlJI,elle
' HHH' JlOII'OJIIHH'T,e'JI.bIHbIX ypaBH.eIHHH. Ta-

KHMH ypaBlH'eHHSlMH H'BJI5IIO''fICJI '}TIP aBIHeHHH 'CTiaTHll,eCK!OIrO 'pa�HH()JBeCH5J
11 CPH!311'lle'CKH,e y'paBlHeHHSI 'C'Bjli3H :MffiKJl:Y 'Ha'npH>KeHHHMH M rCKQPo.CT5IMH

,n:e'cpo.pMa1nH:H. /BeJIH '

llHUY 'H .M'OI}KIH'O l6-bIJIO' H He 'BB'O,n:HTb, 'R'O TOIr)1a BM,e-

'CTO r H 16bIJIa lObI IHeH3'Be ' C'TIHO:H CKOP'OCTb :BIX.O,Aa MeTaJIJIa .B -'OtIalF JI.'e.cp'op-
MaU:H'H.

3. CTaTHlJeCKHe YCJlOBHH npH npoKaTKe C ym'H'peHue'M

:B OCHOBe 'npe,n:nOJIOLKeHHH 00 O.lI.HOpO,n:HOCTI1 ,n:ecpopManHI1 n,o Bbl-

'OOTe H !IlIHpM'He JIe,LKH;T «.A,BY-CTOpD'HIH'HH» IrHIJ.OT , e3a :nJIOCKHX ICell.e'HHH.

3JIeMeHT TeJIa (pIMC. 1169,8) ,lI,0 M .nOCJIe ,n:ecpopManHH npO,lJ.OJILKaeT 6bTTb

orp'a i HHlleHHbIM JI.BYMH napaMiH 'IIapaJIJI.eJIbHbIX lIIJIOcK,oCTefI, H,opMaJI5IMH

K 'KOTOpbIM 51'BJIH.IO-rCH 'OCH.Z H p.

,J(a'caTeJlbIH'bIMH ua'npSlLKeHHHMH "C p z ='t z p Inlp.eHelOp;erae-M. B 3TO�1

'CJIYllae !BT'Op'Oe .1I. H lcp'cp.epeHI[(l1aJlblH.ne y.p'a'B'HelHH.e CHCT.eMbI .(41). TO*,lLe-

'CT'Be'H'H.O Y,AoBJIeTBOpJle''fICJI, a lII,epBOe H Tp.e'Tbe, y,cp,e.lIJHSlH' IHaIIp5lLKe
l HIHI

B,lLOJIb KOop,lL'IIHaTbI 8, CJIeJLyeT nepBIIHcaTb IB CJIeJI.YlOrneM BHJI.e.:

a a a

222

S
oap

de +- S � o't'p9 de +- fa p P 06 t.

000

O'p
-

0'0

P

d a = 0;
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a a

2 2

\
a CI

z

d e + S �
a 't'p 8

de = 0

'0
a z

0
p a B

HJIH

a 0p

ap

a a a

2 2 T

r 1

s
o -

<J'8 1

S.I
d 6 + - d..

p E +
p

6

I
.

d e = 0;
o

p
0 0

a a

2 2

a Oz r 1

S
/

, de + .- d't z 8
=== o.

az
va p

0

1.f1P'OHIHTerpnpyeM Ino 8:

a ao
p

a <1p-0'8
1

2
+ _

2
+ -{('e p e)

e _

a
-

('t p 8)8=0] = 0;
a p p p -2.

a a Oz 1

2
+ � {('t z 8)s= �

-

('t z 8)8 =�] === o.
dz p 2 2

TI pHIHHM a5I

('t p e)e =��
=

"=p 0
== 'tk P ('t z 8)8=0

= 0;
2

.

(-c z e) a
= 't

z 8
=

'tk z ('t z e)s=o
=== 0,

8=2"

rr'OJIYllHM IC Yll
' eTOM 'BBe.lI..eHHbIX oI6013�Halle'HI1H 11'3

1

B-eCTlH:!>Ie y,paB'HelHMH

paBHOBeCI1H B �MJIMHJ(pMlleC-KHX Koop,n:MHaTax:

d 0
p

a
p

-

08 2 or
k P

a a
z

2 't
k z

+ + == 0; + === o.
ap p pex az pa

BeKTopbI y,n:leJIbHOH CMJIbI TpeHMH 'th Ha .n.OBepXHocTH KOHTaKTa Ha-

npa'BJletHbI :np
r OTI1'HOinOJIOlliHO �BeKTOpy 'OTtHOCH1'eJIblH'OfO 'CMellle!HHH 6.Vh

(pHC. 169, 6). Pa3JIa!faH BeKTop CMJlbI TpeHMH no )(BYM HanpaBJIe.HH-
H'M ---:

lIO .oCM Z M no Ka'CaTeJIblH!OH K OKPYLKHOCTM BaJIK'OB, nOJIYll'H-M;

tJ. V
z

L\ V
p

'tk z
=

'tk ; 'tk P
==

'tk

-V L\ v; + L\ v� -V L\ v; + v;

C'llHTaeM, 'IITO 'HeJIMllHIHbI nep'e�Hero M 3a,lLH'eJro 'HaTHLKe'HMH 113B-eCTIHbI�

p
=

r6 (Jp
== (Jo; P

=== '1; a
p

=

(J1.

Ha ,60K'0'B:.oIX Irp'a!HSlOC .Ollalra .lI.ecp.o.pMa:QMM IH.opMaJI.bIHbIe 'K nO'BepX'HOCTH
IH aiTI p HILKeHH.H p aBHbI HYJI!IQ:

{1z = 0 np" z = : = b; ( r; r
389



8THX 'CTaTHlleCKHX YCJIOBHH ,n:QrCTaT ' Oll'HO .AJIH HlHTelrpHpOBa'HHH ypaB-

H.e'HHM paBH'OBe'CH5I H Onp
' e.L(eJIe I HI1H !HeJI.l1llHIHbI PH, 8CJIH Hi3'Be i CTeH nOKa-

3aTenb InU-IIepellIHOH JI.ecpOpMa'n HI1 .

Heo�6x'OJI,I1MO, -DJI.'HaKO, OlrOBOpHTibOH, tITO YCJIO'BH5I O'p =iO'l n,pH

p=rl H O'p =;aoIIIpH p=ro .0J(!H'Q'Bp.eMeHH.O T-OllUO 'BbI,n'OJIIHHTb IH.eH03M'Of}K-

HO. if1'OI3TOMY np'HMeM ICTaTH'1l'e ' CK'oe YCJIOBH,e 'Ha Bx'o,n:e 'B orllalr .A'e,cp'op-
Mal�I1H �B I1HT;elr,p a.JIbIHOH 'cp.op'Me:

b
o

2

:0 S (Jp d z = O.

o

ECJIH 'HbIinOJIIHHTb TOllHO 'CTaTHq.e'C'Koe YiCJIOBHe IHa ,BX'OJI.e B ,Ollalr JI.e--

$ lpMal[(HH (p=ro), �o \npHUI.eTCSI :B YrC'p,e)):!HeHIHrOH !cpop-Me .3a,n:3'BaTb y'c-
JI UBl1,e IH a .BbIX'OJI. e (p = r 1) .

JB InHJI.HIHJI.pHll.eOKHIX IK'OOP.AHiHaTax :II'OKa.3aTe.J!,b nOII r epell'HO:H ,n:e<pop-
Mal[(HI113aIIH'IUeTtC5I B ,CJI,e,n:Y;lOrneM' �BH,lI.e:

A --

--
-

.

Ez
.

EO

°i
TIpl1'HHMa.H IE-O B'HHMaHHe, !tITO, c.orJla'CHO $O,pMYJI,e (93), E' =

.

ei

JH IcpeJ{IH.ee. Ha'n'p,H,}KeHHe a = � (ax + a
y + a z ), nOJIYllHM H3'<P0PMYJI

3.

(�64) :

2 0i . 2

�p
- .0' = -

'----:-- e
pp ; a

o
- a = -

3 e. 3 e.
l l

0. 2
l

eoo .; O'z
- a == -

3

o
i

.

.

e.
l

e zz .

Pa3JI:eJII1M Tpe'Tbe YlpaBlHeHue 3T'0:H .CII1CTeMbI Ha B'DOp-o.e 11 C YlleTOM

np,H'H5ITbIX B 3THX ,p.a3�eJIaX 0003,HaQeHHH, n'OJI'Y
' llHM

'(1 - 0
z

.

Ez
-- A-

.

-ay
- C1

Ep

OTCIOJI.a 'II-DJIYllI1M y,c,peJI.IH'e'HIHbIH lITO lB!p!'crOTe IIOKaaaTeJIb )'IIIIHpeHH5I:

A=-
20z- 0p

-

00

20
0

-

0p
-

Oz

B'03bMeM Te:nepb Y,CJIOBHe nJIaCTH'IIIHOCTH B cpo.pMe

01 -

0'3
= � as ,

�=
2

11 3 + p.�

lrJI.e K031<pcpHI[(HetHT, YllHTbI
' BaIOInHH BJlHHIHH,e cpeJI.nero IHanpH.LKe:HH5I

C'OlrJIa'C'HO IcpopMYJIe (84), pa:Be'H

2

1I3-tJ-�
e

0'2,
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B !3TY cpOplMYJIY .BXOJ(5IT �.e:JIH'llI1IHbI, onpeu:I.eJI5IeMbIe paBeHCTBaMH

( 6,3) :

2 <11- 0'1
-

0'3 2 e2 - e1- e3
P"O' =

.

11 t-'-e
=

.

b,1� lt�� <11
-

0'3 el
-

eS

nY'CTb .nOKa3aT.eJIb 1ll00nepeIIHOH JI.e<p0p'Mall:.t,HH A >.� (iITPH 3mM

2
. .

8 81.
·

a} �IO'Z), TorJ(a A = - -!- = -

---:-
H 6}

= - A 6
3 .

8
0 83

113 Y'CJI'OBH.H iIJ.OC'rO.HH'CTBa C.eK}'iH,n!H'Or,o .QlO1>eMa

D.o!3TOMY !np'HHHMa1eM, t{'TO

A-I 2
\t.e=3 H�=\

A+l V3+tJ-2.
e

'CJIe.J(yeT 82=-81- 8 3-

l+A

11311 l-A+A2

1
ECJIH A L

2 (rrpl1 3TOM 0'1 � O'p ), TO, �IIp.O'BeJ(5I aHaJIOfHllHbIe BbIKJIaJI.KH�

6y"neM ,HM.eTb:

3A:
R

2.-A
t-'-e = H t-'

=

2-A
L

V311 l-A+A2

·

TaIKI1.M 06pa30M, K03<p<PUII.1He'HT J1o,ne HMeeT ABa 3.HaIIeHHH. B KaIIe-

'CTBe !BeJIH'llHIH.bI Ha�npH-)I{eIHHSI 0'1 IBbII6HpalOT HaHMelHbllIee H3 J(BYX .g'H,a-
u u

qelHHH !Hanp.H,}K'eHHH: '0' p Ii O'z.

4. CHcTeMa ypaBHeHHH ,lI.JID paClJeTa ymHpeHHD

npH npoKaTKe H ee pemeHHe

3alnH!llIeM '06IIlYIO cHlcTeMY ypa'BiHeHHM 'C yqeTOM ,peaYJIb'TaTO'B, III-o.,,;

JIYll.elHIH bIX �B in. :2 Jf ,3:

G(1p
+

(1p-(1o
+

2'tk

dp p pa

11 v
p

V I1v;+ L\v�

_ 0
.

-

,

1
j,

( 498)d O'z.
+

2Tk
=0;

pa V L\v;+L\v�

11 V
z

dZ

(1 + A) O's 1 )

0'0
= O'z +" npl1 A> -; I

-Y3Yl - A+A2 2'

} (499)
(2 - A) (J

s
1

JO'a
=

O'p + npl1 A<

yg-Yl - A + A2 2

- - -

A =
O'p

-

0'0
- 2 O'z

- - -

20' -0' -- <1
6 p z

/). V
p

= Vb [1
-

( :H Y-A] ; /). V z
= 2 A

. :b (

(500)

r H

Y-A; (501)
P
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'tk =

1-1 a
o npH p. a

o
-<

Os

1Y3

; I
(502)

Os Os
'tk =

Jl3"
npH p. a

o >
Y3

b = b
o ( :0 ) I-A. (503)

Y,c,pe)J.'HeHH.e 'Ha'npH}K,e'HI1H np'OI1BHO,AI1TCH n'o H3"BeC-TlHbIM CP-opMYJIaM:
b

C1
p

=

5 S
rt 0

s(

O'p
d p d z

r

)
A

o

dp
p

If T. A. (504 )

rt

PellIeHl1e 3TOM CI1CTeMbI ypaBHeHI1M MO}KJHO oCYlI(eC'DBI1Tb nll1llIb B

'qII1Cn.eHHoH cpopMe C HCnOJIb30BaHHeM 3l{BM. ilpe06pa3yeM ypaBHe..

lHne K 6e3pa3MepHoMY BI1,lI,Y. 3a OCHOBHbIe e,lI,I1HI1�bI np l l1Hl1'MaeM ,lI,nH

. Os u u

HanIP5l>KeHHH
-

JI3
' I.lI.JIH .nHHeHHbIX pa3"MepoB '0 11 .lI.JIH C:KopOCTeH VB.

n,plH 3TOM, Hanp l l1Mep, BTopoe 113 ypaBHeHHH paBHOBeCI1H npHMeT )3I11,lI,:

'C
k

2'

O's /J l 3

p

.0 ( as ;�3)
+

o (�)

A V
z

== o.

ro

-v Av�+Av�

Tor,na

0' z

l(JUI Kpa1'KOCTH 0603Ha1JHM
a /V-

=

as; -c:-
= Z H T. A.

s 3 ro

ao
z

2'C
k

/1v
z

02
+

pa 11

= 0 Ii T. A.

Av
2

+ A v2
z p

Cne.ll.YIOIIlI1M llIar-OM 51BJIHeTC5I npe06pa3 c OBaHHe rrOJIYlIeHHbIX ypaB-
HeHll1M K KOHelIHo-pa3HOCTHOM cpopMe C Y'lJeTOM 'Poro, lITO )I.nH pelIIeHI1H
STOM -c11'CTeMbI I1'Cn'OJIb3yeTIC:51 M.eToJ( oeTOK. ilp'l1 3"TiOM Ha ro-pH3

1 0HTaJIb-

HYIO nlPOeKI.I.ll11O OlIara ,lI,ecpopMa'�11111 HaKJIa,lI,blBaeTC5I ceTKa (pl1c. 170)
c pa3HbIMI1 Benn�I1HacMll1paCCT05lHII1H M.e>KJLY Y3naMI1 no p (�p) 11

Z (�z). Kp'l1BOnl1.HeMHbIM KOHTYP 60KOBOH nOBepxHoC'TI1 annp0J{lCII1MI1-

pye-T,C5I cTyneH'lIaTbIM KOHTypOM, npOBe,lI,eHHbIM Qepe3 Y3nbI ceTKIH, Hal1-

60nee 6n.l13KI1e .K 3TOMY KpI1B ' OJIHHeHHoMY KOHTYPY.

KOOp,lI,II1HaTbI Y3JIa CeTKI1 xalpaKTep�3YIOTC5I ,lI,BJ'iM5I q'I1CnaMI1 i 111 jJ
OTClIII1TbIBaeMbIM-M OT Haqana KOOp,lI,n.HaT no Z H p.4n,cno Y3nOB, Ipac-

nOJIO>KeHHbIX no lli l l1p11 H'e, HeO,lI,I1HaKOBO Ii 3a'BI10l1T OT Benl1'ql1HbI p.

3anl111IeM, Hanpl1Mep, BTop.oe ypaBHeHHe paBHOBeCI1H B KOHelIHblX pa3-

HOCTHX:

a
1 + I. /

_ ai. j
z z

/1z

2 'C
i

. /
k

a pi, j

A V
z i j

1/- 2 2
y A V

z i / + A v
p i j
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rpaH'HIlHbIe ycnoBll1H .6Y.ll.YT HMeTb BII1.l1.:
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PHC. 170. CeTKa ,ll.JIH HHTerpHpoBaHHH ypaBHeHHA paBHoBecHH ,ll.JIH npo�ecca npOKaTKH

BenHlll1HbI KOHellHbIX npl1palI(eHl1H KOopJ(II1HaT onpe,lI,eJIHIOTCH no cpop-
MynaM:

A
X

_

_

'1
-

'0 . A hI
U. ,u.Z=-,

n n

f,lI,e n -

BbI6paHHoe I(en-oe III1CnO, onpe)I.enHIOlI(ee BeJIHtIl1HY mara no

X.M z;

m
j
-

"3HaqeHl1e i )I.JI5I Y3JIOB CeTKI1, Hal1:60nee 6JIIH3KO JIe>KaIIJ.MX

'K 60K.OHOM,Y K10H'TaKTY, 3a)I.aH.H;OM'Y ypa'B1HeH'HeM (:5'03).
PemeHHe 3a,lI,aQH 0 npoKaTKe C yml1 l peH'l1eM CBOJ(II1'rC5I K opraH'H3a-.

U I I1H ,lI,BYX HTepa'I(110HHbIX np-o�eccoB 110 lIapaMeTpaM A H 'H. AJi'ro-

p l l1TM pemeHI151 ,lI,On>KeH rrpe1I.YCMaTpl1BaTb 3a,lI,aHl1e rrepBOHaIIanbHbIX
'3HalleH:J1H A 11 'H.B IIpeJLenax: O<A <il; 'O<'B<'t.

3aTeM rrpl1 BbI6 1paHHbIx 3Ha'IJeHH5IX rrejpeMeHHbIX A H 'a np0I13BO-

.lI. J I1TCH II1HTeDpnpOBaHl1e ypaBHeH.HH .paBHoa-eCI151 (498). n.p11 3TOM HC-

nOJIb3YIOTC5I ycn-oBI151 nJIaCTlHqHOCTH (499) ,lJ.JIH onpe,lJ.eJIeHI151 HaI1psr-

>KeHH5I a
o

. iB pe3ynbTaTe HHTerpHpOBaHHH onpe,lI,eJIHIOTCH elllOpbI

Harrp 5l� e HH H, n� KOTOpblM paeCqHTbIBalOl'C5I Cpe,lI,HH�e 3HaqeHI1H HanpR>Ke-

HI1H Up, Uo , U
z C I1cnonb30BaHI1eM <}>'opMyn (504). np.l1 I1HTerpl1 l po-

RaHll1l11 ypaBHeHI1H paBHOBeCI151 B KalleCTBe rpaHIHqHbIX ycnoBI1H rrpI1H5I-
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TbI ycnoBII151 Ha CB060JI..HOH 60KOBOM rrOBepXHOCT111 11 B rrJIOCKOCTH BbIXO-

Lla MeTaJIJIa H3 Oqa.ra JI.ecpOpMa:I(I1 I I1. Hanp5l>KeHH5I B rrJIOCKOCTI1 �XOJI.a

B 10IIar JlecpOpMallIJHl11 ,orr!peJI.eJI5n0T10H -B !p,e3YJIbTa'Te IH'HTelI1pIH'POB3H!HH

ypaBHeH-M'M paBHOBeCIH5I rr,OCJIeJ(lOBaTeJIbHbIM nepeXO,lI,OM OT O,lI,H'OrO Y3-

JIa 51lleHKI1 K JI.p'yrOMY HallHH351 OT nJIOCKOCT1H BbIXO)J.a. n'03TOMY B 06-

ll(eM cnyqae HarrpR>KeHIHH Ha B'XO,lI,e 6Y�YT OTnl1qaTbC5I OT rrpHH5ITOH
Benll1qMHbI 3a,lI,HerO HaTR>KeHH5I (rro)J.rropa) (jo. 3TO OTJIl1'qll1e 51Bn5leTC5I

KpHTepl1eM rrpaBI1JIbHOCTH 3a,lI,aHI151 napaMeTpa 'H.

npl13HaKOM npaBMJIbHOCTH BbI60pa 'rrapalVleTpa A 51BJI5IeTC5I COBrra-

"TI.eH-Me C Tpe6yeMoH TOqHOCTblO 3aJ(aHHoro 3HalleHII151 A C rrOJIyqeHHbI,M

no cpopMyne (500). npl1 HeBblrrOnHeH-M11 XOT5I 6bI O�Horo 113 3'DI1X ycno-
BII1H 3HaqeHI151 A If r H ,lI,OJI>KHbI 6bITb 1113MeHeHbI 1M rrOCJIe,lI,OBaTenb!HbIe

np116JII1>KeHI1H ,lJ,OJI>KHbI npOJLOJI>KaTbC5I ,lI,0 BbIIIOnHeHH5I 0'60HX Tpe60-
naHIHH.

B KaqeCTBe HYJIeBOrO rrp.116JlH>KeHIH5I ,lI,JIH KOOp�-MHaT KpIHTH'tIeCKOrO
c.eQeH;HR .BbI6pa ' H-D .cneJl.YIDIII.ee 3H,all , eHil1e: 'H =O,i25 (ro-rl) . LLJI5I BbIqH-

<CJI.eHII151 HYJIeBOrO rrp I 116nl1>KeHI151 rrOKa3aTen51 rrOrrepeqHOH ,lI,ecpo.pMaI(11111
ilCrrOJI i b30Banl1 <}>o.PMYJIY

A =
'0

-

'1
,

_.

('0 - '1) + b
cp

rJJ,e b
cp

= + (b o + b I ) = �o [1 + C � B f ] ·

B . pe3YJIbTaTe cp'DlPMyna HyneBoro rrp'H:6JII1>KeHII1H IIIOKa3aTen51 rro-

nepeqHOH ,lI,ecpop'Mai�11111 'IfM.eeT BIJ1,lI,:

A �
'0

-

'1
(505)

b o A

·

To -'1 +
2

[1 +(1��)- ]

,Qn5I BbIllHCneH.HR rrapaMeTpa A rro 3TOH cpopMyne Heo6xo,lI,I1MO npo-

BeCTI1 BC"rrOMoraTeJIbHble I1Tepa'�'HII1 TIO A HaqHHa5l, iHarrpl1Mep, C A =

=0,5. Ha pl1c. 171 rrpHBeJI.eHa cx.eMa opraHH3aI(HI1 HTepaI(HOHHbIX

l(IHKnOB. f1po'I(.ecc rrOCJIe,lI,OBaTenbHbIX rrIP-I1!6JI'H>KeHI1H BeJIl1q.I1H A 11 r H

nOCTpoeH cne�YlOllll1M o6lpasoM.
Ha nep!BOM 3Tarre (p'nc. 171,a) rrpH rrocToHHHOM 3HaqeHHI1 nOKa-

3aT l enR norrlepe'tJHoH ,i(el(llop'MaIlH:H A n,p.OI1CXIQJ1.HT H ' 3'MeH'elHI1'e BeJII1'q,I1IHbI

f H .u.o BblnOnHeHI151 I1paH.I1'IJHOTO YCJIOBI151 Ha BXOJLe C HeKoTopoH rpy60H
o�e,HK;oH �:(jOl:

rap e
- :a o I --< 0 (jOI.

noene ,lI,OCTH>KeHII151 3a,Z:LaHHOH TOqHOCTI-J l)(jOl rrp0I13BO,lI,I1TC5I rrpo-

BepKa rrpaBHJIbH'OCT.11 3a,ltaHII1H rrOKa3aTenH A. LLn51 3Toro BbIqHeJIHeTCH

BeJI:nql1lHa An+1 no q)OpMYJI'e (1500) H cpaBHIHBaeTC5I co 31HaqeHHel'vT

An. P'a3HOCTb A n+'1 -AI xapaKTepH3yeT TOQHOCTb 3a,lI,aHH5I BeJI.Hql1-

H:bI A. Ecnu Tpe6yeMa5.I TOT.JHOCTb l) A He )1.oC'rn'fHYTa, TO 3a,lI,aeTCR HO-

Boe �HalleHne BenIJf'qHHbI A I� pa.ocMOTlpeHHbIH BbIme rrpOI(eCC B0300HOB-
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Pile. '171. CxeMa opraHH3a�HH Ii'TepaIglORBYX
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;nPH"peUIEmHH sa.n.8'E
06 YWHpeHHIf npH npOKaTKe



JI5IeTCH. B KaqeCTBe CJIe.ll.YIOll.\erO npH'6nif>KeHI151 npI1HM-MaeTC5I Cpe,lI,Hee

apl1'cpMeTI111ec-KOe 3HaqeHHe 3a,lI,aHHOH BeJII1IIHHbI A 11 rrOnYIIeHHOH: 113

.ypaBH-eHI151 (28):

A
' An+l+An

n+1
=

2

ilpH OJI.HOBpeMeHHoM JI.OCTH>KeHIHH Tpe6yeM'OH TOqH'OCTIH 110 A 11

rpy60H TOqHOC'f111 110 rH� KOH'I)pOnl1pyeMoH .C IIOMOlI(blO BeJIH'IIII1:HbI l)(jOl
nOpHJLOK IIOCne,lI,OBaTenbHblx IIpH6nl1>KeHI1H 113MeH5IeTC5I (lpl1c. 171,6).
n p l l1 'nOCT05lHHOM 3HaIIeHII1H r H IIp0I13BOJI.I1TCH H'3MeHeHIJ1-e nOKa

'

3a Ten51

A TaK }I{,e, KaK 3'1"0 6bIJIO O,II:H,ca I HO BbIllI!e. rIPH ,lI,'OCTI1>KelHII1I1 TO'qIHO-

CTH � A npOBepHeT'CH BbInOnHeH.J1e rpaHll1QHOrO Y.CJIOBI151 Ha BXOJI.e
.

B

Ollar )I.eq>o/pMall;1111 ,lI,JI5I' 3a)I.a:HHOrO rHo

EcnH Tpe6yeMoe Dp3'HI1'IIHoe ycnoBlHe .He BbInOnH5IeTC5I, TO Benl1IIMHa
r H H3MeH5IeTCH H CHOBa np0I13BOJI.51TC5I II1HTepaU,I1 I H no A )I.O )I.OCT.H>Ke�'I1H

Tpe6yeMoH TOqHOCTI1 � A.

ilp.ou.ecc BTop'oro 3Tana BbIlll1CneHll1H IIOBTOp5leTC5I .no O)I.HOBpe-
MeHHoro BblnOnHeH.J151 rpaHH'qHOrO ycnoBI151 C TJpe6yeMoH nOBbIllIeHHOH

T'OIIHOCTblO l)U O l.J1 nonyqeHI151 npe>K.HeH TOIIHOCTI1 6A.

113nO>KeHHOe BbIllie qepe)I.OBaHl1e nop5lJI.�a I1TepaU,II1H 06e.ClIeq.HBaeT

.)1.0CTlI1}1{eHl1e JIlO60H Hanepe.n 3aJI.aHHOH TOqHOCT1H no 060l1M napaMeT-

paM.
A. K. rpHf'OpbeB TlI(aTenbHO Ipaapa

' 60Tan 11 'peanH3-0BaJI pellieHll1e

3a,lI,atJH 0 npoKaTKe C YllIl1peHl1eM B np5lMoy!rOJIbHbIX Koop.u.-HHaTaX

,[ 10], o6maH cxeMa KOTOpOH 6bIJIa C I1cnOJIb30BaHI1eM I(I1JIHH,lI,p'l1qeCKI1X

KOOpJI.I1HaT KpaTKo IH3JIO>KeHa BbIllie.

nIPorpaM'M'HpoBaHl1e 3a)I.aIIIH 0 IIpOKaTKe IIpO BO .ll.ll1JIOCb ,lI,JI5I 3UBM
YP AJI -2 '11 53CM-2. B COOTBeTCTBHI1 C onHcaHHbIM BbIllIe aJI�ropH'TMOM

OJI10K-CXeMa rrporpaMMbI [10, c. 132] BKJIIO'qaeT B ce651 C-OBOKYIIHOCT"b
KOMaH}J. Tpex HI1)I.OB:

I. KOMaH)1.bI .lI.JI5I CtJeTa no cpopM'YnaM, Harrpl1Mep no cpopMYJIe 't'k =

= p.<1 y I1JIII1 no <}>.qp MY JI e (-505).
2. KO:MaHJI.bI )1.nH peaJIH3aI(H'H pa3IBeTlBnHIOlI(HXC5I nporpaMM. Ha-

'np�'Me.p:

'tk
=

p. a
y ,

eCJIH p. f1y -<

G
s

Jig-

G
s

G
s

'tll =

Jf3"
'

ecJlH f1 0'
y >

Jf3"

3. KOMaH,lI,bI ,lI,n51 peanlH3alI(11111 [(IH.KJIl1tIeCKHX I1pOrpaMM. B ,llaH'HOM

CJI�YIIae �I1KJI.HIIeCKI1.e npoDpaM1MbI peaJIH'3YlOTCH 1'aK, tITO B HIHX q'HCJIO

nHKJIOB sapa.Hee HeHSBeCTHO, OHO 3aBHCHT OT II,poMe�YTOqHbIX pe3YJIb-

TaTOB BbIIIHCJIeHHH H onpe)I.eJIHeTCH YCJI'OBIHeM ,Z:lOCTH>KeHH5I sa.u.a.HHoH

TOIIHOC�H.

Ha OCHOBaHIMH QIHcneHHoro IpemeHIHH A. K. rp'l1rOpbeB IIOCTpOOlJI

KpHBbIe, xapa.KTep'H3YIOIIJ.l1e SaBI1CHMOCTb ymHpeHM5I OT OCHOBHbIX rra-

paMeTpoB nponecca II l pOKaTKH. np.H'Be,neM H,eC-KOJIbKO np:H;MepoB.
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PHC. 172. HOMorpaMMbJ .n,JIH onpe.u.eJJeHHH nOKagaTeJJH nOnepeQHOH
JI.eq)QpMa�HH:
a - 3aBHCHMOCTb OT OTHOCHTeJJMlbJX lliHpHHbJ nOJJOCbJ H OO>KaTHH

(Il =0,3; l/ho =1); 6 - 3aBHCHMOCTb OT OTHOllieHH� Ilho H l,,/ho
npH Il =0,3
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113 paCCMOTpeHll1R Kp.HBbIX Ha pl1c. 163,6 cne,lJ.yeT, IlTO C 113MeHeHI1-

eM IlIll1p'HHbI nOJIOCbI. rrlP l 11 rrepexo.n.e OT 'Y3Koro oqara .lLecpopMaI(11111 K

Ul I I1P'OKOMY rrp'OI1Cx.O�I1T KallJeCTBeH.Hoe H3MeHeHI1e xa.paKTepa BnH5IHI151

K03<PCPI1:Ql1eHTa TpeHI1R, IITO BrrOJIH.e cornacyeT.CH C orrbITHbIMI1 JLaHHbI-

MI1 (CM. PI1.C. 163,a) 11 TeOpe'f.Hqec.roH'MH 'rrp eJI.CTa BJIeH II151M 111. Ha pl1Ca

166",6 rrp l l1Be.u.eHa KpI1BaR, xapaKTepH3'YIOIIJ.a51 Bnl1RH l1e llIHp ' I1HbI rrOJIOCbI

Pcp -V 3

boJho Ha cpe,lJ.Hee KOHTaKTHoe HanlP5lLKeHII1e rro ,lI,aHHbIM pac-
G

s

qeTa. llpl1 YBeJIl1tIeHHI1 IlIHpl1HbI rronOCbI cpe}J.Hee KOHTaKTHoe HarrpR-

}KeHIHe YBenl1"1l 1I1BaeTC5I, HO rrpH HeKoTopOM 3Ha1leHI1H bo/ho 06pa3Y-
eTCH TOqKa H3n-OMa, KOTopaR II1MeeTC5:I 11 npH 3KCnepl1MeHTanbHOM HC-

cne.n.OBaHHII1 3TOH 3aKOHOMepH'OC'fI11 (p l l1.C. 166,a).
.

fliPOBe,lI,eHHbIe pa.CqeTbI rrOKa3anl1, qTO T'OIl'Ka 113JIOMa eO.QTBeTcTByeT

pa BeH CT BY .rrOJLrrl1lpalOIIJ.UX HarrpH>KeHI1H 11 pa:3MepOB oqa.ra JLecpopiMaQl111

«jx = (jz bo�l). 113 p l l1"c. 1-66,6 'CJIe,lI,yeT, IITO YBeJII1QeHll1e IlIHpl1HbI
rrOJIOCbI MO>KeT npl1BeCTI1 K rrOBbIllieH1111O cpe,lI,Hero KOHTaKTHoro Han,pR-
>K.eHI151 'B HeCKonbKO 'pa3. CJIe,lI,OBaTeJIbHO, rrp l l1MeHeHIHe cpopMyn, BbI-

BeJLeHHbIX .n.JI5I rrJIOCKOH ,lI,e.cpopMa
'

l(ll1l1, MO>KeT rrpl1BeCTH K 3HaqHTeJIb-

HbIM OllIH6KaM B paC'lleTe .u.3:BJIeHI1H rr.p11 rrpOKaTKe Y3KHX rronoc. BMe-

CT C TeM HerrOcpe,lI,CTBeHHo caMO YllIl1peHl1e MO}KeT OKa3bIBaTb Bnl151-

HrHe Ha JLaBneHl1e TonbKO q�pe3 K03c}:>.cpIH'QIHeHT J1o.n.e �, rr09TOMY 113Me-

HeHHe rrOKa3aTeJIH A MOllieT H3MeHHTb .cpe,lI,Hee KOHTaKTHoe HanpH}KeHHe
n I1lIIb �B In'p eJI. en ax 1:5 °/0 .

Ta'Kl1lM 06.pa30M, TeOpeTl1qeCKOe p.ellIeHl1e TpexMepHoH 3a,lI,aql1 n1po-
KaTKII1 C YllIHpeHl1eM, '6a3HpYIOlI(eH!C'H Ha rrpH!6nl1>KeHHOH rl1rrOTe3e rrno-

CKI1X Ce!1JeHHH, n03BonReT nonyq ' I1Tb KaqeCTBe-HHYIO 111 KOnHqeCTBeHH'Y1O
-

OQeH.KY 3Toro cnO>KHOrO 51BneHII151 n1pOI(ecca npOKaTKII1.

Ha pHC. 172 rrpl1Be.LleHbI HOMorpaMMbI JI.JI5I onpe,lI,eneHHH nOKa3aTe-

nH rrOnepeqHOH ,lI,ecpopMaI(I1H, nOC'f1pOeHHbIe C uC'rrOJIb30Ba'Hl1eM paCqeT-
HbIX ,lI,aHHbIX.

'

XIV r JI a Ba

-

Aa�JIeHHe Ha BaJIKH H MOMeHT npOl(aTKH

1. AaBJIeHHe Ha BaJI:KHH :cpe)J.Hee

KOHTaKTHoe HanpH>KeHHe

,IJ,aBJIeHl1e Ha BanKI1 onpe.u.enHeT Hanp5l>KeHHOe COCTOHHl1e H xapaKTep

.n.ecpopMa:II.1111 MeTanJia B BaJIKax. C .naBJIeHIHeM Ha BaJIKI1 CBH3aHbI orre-

pe>KeHll1e, ymMpeHl1e, ycnoBI151 3aXBaTa, BenlHqll1Ha 11 KOOp,lI,I1HaTa TOIIKIH

npHJIO}KeH'H5I paBHO,lI,eHcTBYIOlI(eii ,lI,aBJI"eHI151, MOMeHT, MOIIJ.HOCTb, Ipac-

XO,LL 3Heprl111 11 TOqHOCTb rrpOKaTKI1. OT Benl1"ql1HbI 1M xapaKTepa pacrrpe-

.!LeJIeHI151 ,LLaBJIeHI1H no .!Lyre 3aXBaTa 3aBHCI1T H3HOC BaJIKOB, CpOK tl1X

CJIY>K6bI. __>.. .." �:_'
"
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HarrOMHII1M, qTO Cpe.ll.Hee KOHTaKTHOe HOpMa..JIb�ge HanpH>KeHHe
eCTb OTHOmeHl1e CYMMapHOrO .naBn"eHII1H K rrpOeKI�11111 nJIOmaJLH Oqara

LI.ecpOpMa�1111 Ha rOpl130HTanbHYIO nnOCKOCTb:

p. p

P=p= hI
·

KaK H IpaHee (CM. rn. VIII), Cpe,lI,Hee ,lI,aBneH'l1e Ha aaJIKH IIPU npo:-
KaTKe -c YllIl1peH'HeM II'peJ(cTaBIH'M B B-11.n.e:

P = K na n� n3, (506)

r,lI,e I1C'fII1HHOe COnpOTI1BJI.eHHe 'Me�aJIJIa ,lI,ecp.oPMa'I(l1 l l1 onpe)1.eJI5IeTC5I no

cp op M"Y JI �: ;:,}:.i�1J

K = nv n H as. (507)

nepeMJLeM K ,orrpe.neJIeHI1IO K03cpcpl1I(ll1eHTOB, BXOJJ.51InI1X B <POPMYJIbJ
(5016) H (\5-07). CHaqana orrpe,lI,enl1M K03cpcpHl�I1'eHT nO)JJrropa n(J. nOJI-

Hoe ,lI,3i3neHl1e Ha BaJIKI1 rrpl1 rrpOKaTKe (P) paBHO CYMMe ,lI,aBneHI1H
'B 30H"aX orrepe>KeHII1H (Pon)� OTCTaBaH-HH (POT) H rrplHJIHrraHI151 (P rr ):

P=Pon+POT+Pn.

Ha OCHOBaHI1M IpaBeHCTB (419) 11 (420) rrOJIYtJ1HM:

r r

on () n

p= � S[(0-t 1 ) (:J -l]d p +
K

S (1 + 0 In

r: n )d P +
2f.t

r 1
r

OIl

r

OT ro

)6 + l]d
p ,

+
K

S ( 1 + 0 In :OT ) d p +
K

5 [(0-1) (
'0

2p, () p
r r

n OT

3,neCb:
r

on
"

() ()

S [(0+ 1)(�)
-

l]d p =ron[( r;; )
-

1];
'1

5'[(0-1)( :0 )6 + t]dp=r O T [( ;� )6 -

1];
r

OT

r r
H �

S (1 + 0 In
r :n ) d p + S ,( 1 + 0 In

r

;T ) d p
= rOT

-

r 0" -+-

r

on
r

H

+ (3 (r on + rOT
- 2 r n ) + 0 r H In

r
2

H
= rOT

- r on -l-

ron.r OT

+ () (11 r OT
- 11 rOIl )2.
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B nOCn e,lI,HeM BbI ' pa>KeHIHI1, COrJIaCHO cpOpMYJIe (422), npI1HHTO, qTO

r
H

== �,r rOT r orr.

OKOHqaTeJIbHO ,lI,JIH OrrpeAeJIeHHH Ben.HqlHHbI rrOJIHOro ,lI,aBJIeHI151 Ha

BaJIKH Oe3 .YIIeTa BJII151HH5I BHellIHI1X 30H .H llil1plHHbI rrOnOCbl MO>KHO 3a-

rrl1CaTb cne,lI,YIOIII.YIO cp'OPMYJIY:

P = K {
r

�T [( :: t -

1] + r; [ C ;; t -

1] +

+ �[(rOT - rorr) + 0 (v rOT
- �/ ron )2) } .

2J..L

CpeJ1.Hee KOHTaKTHOe Harrp5l>KeHUe 111 K03cpcp l l1I(l1eHT rrO,lI,rrOpa onpe-

,lI,en5lIOTC5I M3 npOCTbIX COOTHOlIIeHHH:

P =

p
-

P
·

n
-

p

hi 11'
(J-

K

3JLeCb l- JLJI'I1Ha oqara JLe<pOpMai�11111 rrpl1 rrpOKaTKe. ,Qanee YJL06HO rre-

peMTIM OT I(l1n.HHJL,p l l1qeCKI1'X KOOjp,lI,.H.HaT K rrp5IMoyrOJIbHbIM.

f1pI1HH
'
Ma51 BO BHHM3HI1e reOMeTlpl1qeCKHe :COOTHOllieHIHH

1 =
Ah. h h h h

, 0
== r 0 ex; OT

== rOT ex; on
= r on ex; 1

== r 1 ex,
a

rronyq l l1M

no = -& { h�T [( h:: r
-

1] + h�n [( h:; - 1 ) ] +

+ � [(hOT - h on ) + 0 (y h OT -1/ h on )2) } . (508)
2p.

EcnH H3 TIOBepXHocTH KOHT3KT3 30HbI rrpl1JIl1naHI151 HeT, TO h orr
===

=hOT=h llJ H !paa-eHCTBO (3) rrp'I1BOJI.HTC5I K BHAY

n(J=
h

H

AhfJ [( :: t+( � Y-2].
BbIpa l 3UM OTH'Olli'eHl1e ho/hH 'q i ep.e3 hl/h H , Inpl1;HUMa51 BO BIHI1MaHl1e pa-

a-e.HCTBO HOpMaJIbHbIX 'KOHTaK'DHbIX IHa!np5l}K'eHHH 'B HeHTpanbHOM ce-

Q.eHHI1:

h
6 2

( t-)
=

6 � 1 [(0 + 1) ( �: )
-

2].
TI03TOMY

no= l!h�6h�1) (�: )[( �: Y 1],

1].

.

2 (1 - 8)

(
hH

) [(
hH

)
6

HJIH n(J=
- -

8 (i> - 1) hI hI

B .rrOCJIe;r.'He.M ,paB-eH'CTBe B =i�h/ho - ,OT1HOeHTeJIbH.Oe '06}K8'Tl1e.

(509)
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OT.HOllIeHHe hH/h l Bblqll1.CnHIOT 110 cpOjpMYJIe (455), KOTOpa51 l10cne He-

CJIO>KHhIX npeoo'pasoBaHHH rrpUHHIMaeT BMn:

1

�
-. f 6 2

+ 1 1
0

h H
_

t 1 +
V

1 +
(1 + 8)6

)
. (510}

hi

-

l 6+ 1

C 'HCI10JIb30BaHI1eM ypaBHeHI1H (509) 1M (510) Ha p l I1C. 173 nocTpoe--

Ha HOMor.paMMa .lI.nR onpe,lI,eJIeH.H5I K0'3'cp'cpl1'I(ll1eHTa 110,lI,110pa h (J I1pl1 Ha-

JIl1ql1l1 CKOnbJKeHI151 Ha 110BepXHOCT5IX KOHTaKTa MeTanna c BaJIKaM��

Pcp, �.fOO%
1,1$ Gs ho 50 45 40 J5 JO 25 22,5 20

6

5

fO'

'7,5

15

4

12 S'
,

J

2
7,5'

5

2,5

28 0'
1

" 8 12 16 2420

PHC. 173. HOMorpaMMa JJ.JUI onpe.D.eJlellHH K03Q>Q>HL1.HeHTa n = pIl, 15 a npH
a s

JlaJIH'qH.H TOJIbKO 30H CKOJIh>KeHHH

E:cnll1 K03cp.q)1111�l1eHT TpeHI151 1.1 =0,5, TO npl1JIl1l1aHl1e paCl1pOCl paHSI-
eTCH Ha BCIO .KOHTaKTHYIO 110B�pXHOCTb. np l l1 3TOM hOT=ho� h on =h 1 , ii'

paBenCTHO 1('508) :l1p:uo6peTaeT :BH�:

6
'

r

n(J = 1 + -

(1 - -V 1 - E)2. (511 ).
e

Y!p.aBH,eHl1e (511), KaK '110Ka3aHIO :B [,3, c. 301], C He60JIbiliOH llO-

rpelIllHocTblO M,O}K:HO ,U0I10nb3:0BaTb ,lI,n51 ,BblqH,CneH.H5I na 11 B iCJIyqae,.

KODJI,a :Ha l1'OBepX'H
' OCTI1 KOHTaKTa 'CYIIL,eerBYlOT y'qaCTKI1 ,npl1nl1!l1arHI1H

11 YQa'C'TKI1 'C'Konb}KeHI1iH.

B rJI. XII 6bIJIO 110JIyqeHO ypaa-HeHl1e (458) ]LJI5I onpe,[(eneHI151 ,lI,JIII1--

HbI 30HbI I1p I I1JIll1l1aHIH5I, KOTopoe c yqeTOM paa-eB:CTB (451) I1p� <Pl=<P2= 1.

npl1MeT TaKOH HHJI.:

�n =+ [( *� 1 )f
- (1-e) ( �++/ )� J (512)
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llpHpaBHHBa51 neBYIO IIaCTb Ya:>aBHeHIHH (512) HYJIIO, HaHJI.eM YCJIO-

BHe, rrpH KOTOpOM 30Ha rr ' pHJIHnaHH5IIHCIIe3aeT. llOJI'YIIHM:

(
{)

)
2

_ 1 _

{)2 - 1

i
2.11.

-

(1 _8)6
·

OTCIOJI.a ycnoBHe, rrpH KOTOpOM 30HbI rrpHnI1naHH5I HeT, 6Y,l(eT HMeTb

:cne,l(YIO�HH BIH�:

�(-1<
{)

=B. (513)

2 V (�2-=-E� 6 + 1

.PaCCMOTp'HIM pa3JIHIIHbIe BapIHaHTbI:

't1<. B -

cYll{eCTBYIOT TOJIbKO YIIaCTKH CK'OJIb:>KeHHH;

t-t> B -

cYll{eCTBYIOT YIIaCTKH CKOJIb:>KeHIHH H npHnHnaHHH;
1

,(-1.= 2
-

CYll{ecTByeT TOJIbKO Y.IIaCTOK npH.n l l1'rraH.HH.

110 HOMOIlpaMMe, rrpHBe.neHHOH Ha pH.C. 174 1M rrOC'DpOeHHOM C HC-

nOnb30BaHIHeM cpopMynbI (513), MO:>KHO Y.CTaHOBI1Tb, nplM KaKHX ycno-

.B'H5IX ,Ha KOHTaKTHOH rrOBepXHOCTH CYIIJ;eCTByeT 30Ha npHJIHnaHH5I.

A

0,5

0,4

6=[)

�1

5 10 15 20 25 If

PHC. 174. HOMorpaMMa KpHTepHH B

(
B =

V

6

2
6 2 - I

.

6
\ (-I-E)

cy�ecTBoBaHHe yqaCTKOB CKOJIb:>KeHHH If npHJIHnaHHs:!

+ 1 )'
/

OnpeAeJI�no�ero
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2. YljeT BJIHSlHHSI WHpHHbI nOJIOCbI,

BHeWHHX 30H, CKOpOCTH H HaKJIena

BJII15I�I1e .cpe)J.IHerO f JIa:BiH'ODO fH:anpHLKeHHH 'Ha -aeJIHQ]1HY 'l{oOHTaKT-

Boro Han.p5l}KeHIH5I onpe.nenH1M, HCnOJIb3Y5I nOJIOLKeHIHe TeopHH pa3Mep-
HocTeH.

D:pHMeM aa ,QiC'HIOBHble e]LHHHII.bI .H-3MepeHMH IOH'CT'eMbI ,CI1 no fOCT

9867-61. B 3TOH CHCTeMe n 1pHMeH5IIOTC5I Tp'H OCHOBHbIX He"3aBHCHMbIX.

e,lI,(HHHII.bI HaMepeH,I1H: .nnHHa B M.eTjpaX, Macca B KIHJIOrpaMMax, BpeM5I

B ceK'YH,lI,ax.

KpoMe 3THX He3aBHClHMbIX BenHIIHH, B HaYQHbIX IHCCJIe.nOBaHIH5IX

rrpIH'MeH5IeTC5I MHOLKeCTBO rrpOH3BO.ll!HbIX Ben'I1QHH H.3MepeH.H5I, KOTopbIe

HBJI5IIOTC5I HeKoTopbIMH KOM6'HHaU,H5IMI1 OCHOBHbIX, onpe.n.en5l51 TeM ca-

MbIM HX pa3Mep.HocTb.
P aaM1epH,oC'Tb rrpOli:3'BO,lI,HOH IBen,UqH;HbI ,H3'Mep,eHH5I 'MO}K.eT 6bITb

rrpe�lI.'cTaBJIeHa :B .BH)J.e IC'Te!neH'HlOro OJ(IHOqJI.eHa 'H I

3 'OC!H'OBHbIX e,ILHHHll.. iI-Ie

�rrpHHO,lI,5I 'CTp0f'10f'O ,I(OK33aTeJIbCTiBa �3T0f'10 :nonO}KeH�H5I .1I.a)J.HM JI.Hlllb He-

KOTOIPbIe H3 npOlH3BO,I(HbIX e,lI,HHHU, IH3MepeHM5I, HaH ' 6onee IIaCTO Hcrronb-

3yeMwx .nn51 aHan�3a rrpOII.eCCOB o6pa6oTK� MeTannOB .naBJIeH�eM

(Ta6JI. 4).

T a 6 JI ,H I.J. 8 4

E.lI.HHIU.J.bl H3MepeHHH, HcnoJlb3yeMbie .lI.JlH aHaJlH3a npOu.eCCOB

o6pa6oTKH MeTaJlJlOB .lI.aBJleHHeM

XapaKTepHC-
THKa

0603-

Ha1Je-

HHe

E�HHH�W H3MepeHHH
CM (CGS)

XapaKTepHC-.
0603-

THKa
Haqe-

HHe

E�HHH�� H3MepeHHH
CM (cas)

c

,

HJIa H H (KF. MjceK
2

) nJ10�aJ!b ro M
2

(M
2

)
HOpMaJ1bHOe (J HIM

2
(KFjMoceK) 06'beM V M

3
(.u

3
)

Hanp5l>KeHlIe CKOpOCTb c M' ceK (M. ceK)
KaCaTeJ1bHOe " HI.u

2
(KF j.u. ceK

2
) YCKOpeHHe g MlceK

2
(MlceK

2
)

Hanp5l>KeHlIe TIJ10THOCTb " KzIM
3

(Z/CM,3)

YpaBHeHHe, OHHCbIBalOIIJ;ee KaKOH-JIH60 rrpOII.eCC o6pa6oTKIH MeTan-

nOB .rr.aBJIeHHeM, Ka.K M BC5IKOe cpH3'HQeCKOe ypaBHeH.He, M.O}KHO rr:pe.n-
.CTaBHTb TaK, QTo6bI Bee ero IIJIeHbI Bblpa}KanHCb rrpH rrOMOII1JH O,lI,HOH

CHCTeMbI e.1I.HHIHII. H3MepeHIH5I. Tor.n.a Bce IIneHbI 'TaKoro ypaBHeHIH5I 6y-

.nYT IHMeTb O)LIHHaKOBYIO Ipa3MepHocTb, T. e. 6y.n.YT O)J.HOpO.1I.H!>IMH. Yc-

nOBl1e o.nHOpO)LHOCTH 'cnpaBe)J.JIHBO )J.n51 Bcex cp'H3HQeCKHX 3aKoHoMep-
HocTeH, B TOM lIHCJIe 1M .nn51 Tex, BHA KOTOpbIX eII1.e HeH3BeCTeH. Cne-

,lI;OBaTeJIbHO, .eCJIH �3 06n.r.ecpIH3HQeCKtHX C006pa:>KeHHH H C rrOMOlI(blO 3K-

crrepHMeHTa BbI5IBn.eHbI cpa,KTopbI, onpe,lI.en5IIOll1JHe .1I.aHH1YIO 3aKOHOMep-

HOCTb, TO KOH.K,peTHbIH BH)J. ee MO:>KeT 6bITb orrpe.nen.eH C rrOMOlI(blO

aHanH3a pa3MepHocTei1.
MeTOlI. TeopH'11 pa3Mep'HOCTeH YKa3bIBaeT JIOrH'IIeCKMe nYTH llpyrrnH-

pOBKH 'cpaKTopOB B oc06ble 6e3pa3MepHbIe KOMnJIeK'CbI, 3a CIIeT BBe.ne-

I-IIH5I KOTOpbIX ,pe3YJIbTaTbI )J.aHHOTO 3KcrrepHMeHTa MOLKHO 0606IIJ.HTb

,lI,JI5I u.en'OH rpyrrrrbI rr'O)J.o6HbIX 51BneH.HH. .3TOT MeTO� oco6eHHO none3eH,
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:'KOr.LI.a HeT MaTeMaTtHqeCKOH H.HTepnpeTaiIQH'H 51BneHHH IHnH MaTeMaTtI1-

qeCKOe pellIeHHe 3aTpy.u.HeHO. DpaBHJIbHoCTb cpoprMynbI, BbIBeJleH-HOH Ha

{)CHOBaHHH TeOpH'H pa3MepHOCTeH, KaK H BbIBO.n BC'HKOH cpOPMYJIbI, or-

paHHQeHa rrpaBHJibHoCTblO H rr-onHOTOH CAenaHHbIX 'rr'pH ee BbIBO,lI.e rrpeA-

'nOJIO}KeHHH, HO ecnH HCxo.nHble npe.u.nOCbIJIKH OcpOPMYJIHpOBaHbI C .u.o-

uCTaTOqHOH :nOJI'H;OTOH, TO IBbliBO)I.bI TeOipHH pa3Mep.HOCJ'1eH '6YJI.YT, 6e3YC-
�JIOBHO, rrpaBHJIbHbIMH.

IIp'l1 Hcrronb30BaHIHIH TeopHIH pa3
1

MepHOCTeH .u.n51 pelIleHH5I nOCTaB-

JIeHHOH 3a)lalI i H .06bI'qH'0 C'TaBHT JI.lBe celpHH O,rrbl1'OB. f1epBa51 ,cepHH-

iQH13HqeCKHe orrbITbI .nJI51 BbIHBneHIH5I cpaKTopOB, BJIH5IIOlI(HX Ha 51BneHHe.

BTopa51 cepH-51
-

.u.n51 onpe.u.eneH!H5I lIHCneHHoro 3HarqeHIH5I rrapaMeTjpOB,

DrrpeJI.en5l1OlI(HX npoIJ.eec. IlpoBepKa cpopMyn, rrOJIyqeHHblX .Ha OCHQBe

'reop'H'H pa3MepHocTei1 .1I.On:>KHa rrp0I13Bo.n I I1TbCH opaBHeHHeM C .naHHbI-

M'I1 OI1bITOB, rrpOBe)Le.HHbIX B ycnOBH5IX, OTJIHqalOIl{HXCH OT Tex, .nn51 KO-

�TOpbIX OHH BbIBe.neHbI.

IlpH rrpo.q'HX paBHbIX ycnoBH5IX KIOHTaKTHoe Harrp5l:>KeHHe rrpH nIp 0-

-KaTKe eCTb <PYH:KlJ.IH5I HOpMaJIb.HOrO Harrp5l:>KeHH5I (J'= Kna ng, KaCaTeJIb-

Horo Harrp5l:>KeHIH5I 't', .u.eHCTBYIOll{erO B HarrpaBneHHH lIlHplHHbI nono-

.cbI, c06C�BeIHHo IIIIH'pHHbI ,n-aJIOCbI b H BbI'COTbI IHOJIOCbI h: p =f fa, 't, b, It).

IIp-e.ncTaBHM npaBYIO IIaCTb 3Toro Bblpa:>KeHI151 B BH.lI.e CTerreHHoro

-MHOrOIIJIeHa:

n

� A
an

b
Cn

h
d f

P
= a n't n

-'
n ,

1

:a nesylO KaK CYMMY npe.neJIa TeKYIIeCTH as H HeKOToporo .n06aBOqHO-
I u u

ro qJIena a,. H'MelOll{ero pa3Mep.H!OCTb Han.p5l:>KeHHH, KOTOpbIH xalPaK-

Tepl13yeT npeBbIIlleHIHe HCTHHHoro Harr , p5l:>KeHIH5I Ha.n rrpe.u.eJIOM TeKyqe-

CTIH 3a CqeT BJI,HHHH5I ynOM5I'HYTbIX BbI'llie cpaKTopoB. B COOTBeTCTBHl11 C

3'fJHM B rrpaBoH lIaCTlI1 rrOCne.lLHerO paBeHCTBa orpaHHIIH
l

MC5I .ZI:BYMH nep-

�bIMH qJIeH8MI1:

2

,

�
a C d f

..a + a' =

�
An a

n b n h n
't

n
.

1

113 paBeHcTBa pa3MepHocTeH rrlpaBoH H neBoH qaCTeH

H

(
H

)
C d

(
H

)
'

n

..---- == - )J.tn)J.t n
-

,M2.u 2
.u

2

a + f -2 a + C + d - 2 f

.

HJIH HM
2

= Ii,
n n

At
n n n n

CJIeJI.yeT, qTO 1 =a n +f n ;1 -2=-.2a n +C n +,d n -2f n ·

'11'3 3TOH C'I1CTeMbI .nBY� ypaBHeHHH nOJIIYIIHM:

. an = 1 - f n; d n
= C n .

B Ta.KOM CJI'YIIae:
2

,p= �An (J�-Inb�nh-�n -:;f
n

1
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2 f �

HnH

:5
�

� An ( ;5 )
n

( :
.

)
n

.

OTHOlIleHHe KacaTenbHoro Harr.p5l)KeHIH5I K npe.neny TeKYIIeCTH npe.u."

CTaBJI5IeT C060M K03cpcpIH'II.HeHT TpeHH5I
� =

p." a OTHOlIleHl1e �==

as as
=

nf3 'K03cpcpHII.'HeJH'T, YII,I1TblBalOlI(MH 'BJIHHHHe ,opeJI.!Her,o r naBHor,o IHa-

'npH)K.eHH51; ,n03�OM'Y

nil
=

:5
= 1 + :�

= Al t-t
dl

( : t + A 2 t-t

d2

( : t . (514)

K03cpcpH'II.HeHT nf3 -H3MeH5IeTC5I, KaK H3BeCTHO H3 rn. 3, B cne�ylO-

IllJHX rrpe.u.enax: 1,0<nf3 <1,155. CJIYIIalO rrnOCKOH .ne.cpopMaII.HIH co-

OTBeTcTByeT nf3
= 1,155. CnYIIalO, KOr.ZI.a .necpopMa'II.H5I .HMeeT MeCTO B

'Ha,npaBneHM'H !BiCeX 'Tp'ex rJIaBHbIX ,oe-eM, ,e-OOTBeJ'1CTByeT nf3
= 1. Oqe-

BIM.lI.HO: lim nf3
= 1; b/h � 0..

113 paBeHcTBa (514) CJIe.lI.yeT, lITO 3TO B03MO}KHO nHlIIb rrlP'H ycno-

BiHH, ecnH O}1.lHH M3 lIJIeHOB ero npaBoH IIaCTH (HarrpHMep, nepBbIfI)
qHCneHHO paBeH e,lI.HHH,II.e, T. e. nplH ycnoBHIH: d 1 =0; hI =0; Al = 1. 3TH

3HaIIeHHH K03cpcpH.II.HeHTOB nerKO nOJIyq,HTb TaK)Ke IH rrOqneHHbI'M cpaB-

HeHMeM npaBOH 11 JIeBOH qaCTeH paBeHCTBa. Cne.noBaTeJIbHO:

nil
= 1 + A 2 t-t

d2

( : r .

Ha OCHOBaHHH onbITOB MO)KHO rr,pIH.H5ITb: A 2
= 1/3; d 2

= 1; b 2
== 1.

OKOHqaTenbHo

nil
= 1 + �

·

: . (515)

B 3TOM 'paBeHcTBe b, h -

ap,e,lLHH'e IIII'HpHIHa H Bblc.OTa !rrOJIOCbI npH Inpo-

KaTKe:

b =
bo+ht

2

h =

ho + h l

2

Orra:>e.n.eJI:MM rrpe.u.enbHYIO BeJIIHIIHHY OTHOlIIeHM5I blh, npM KOTOpOM

paBeHcTBo (515) elIJ.e .cnpaBe,nJIIHBo.
CIIIHTaH

,..., b
1 + - - = 1 155

3 h
' ,

b 0,465
nOJIyqMM

- =

h fA.

I1T3JK:

b �
�

0 465 Jt b )

npH 0 � _I
<

'

np
= 1 + - · -; Ih f1 3 h

}
npH : :;;. O.�5 till = 1,155 =

;3 '

J
{ 516)'
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113 3THX paBeHCTB Cne.nyeT, IITO npH p. =0 .necpOpMaII.H5I CTaHOBIHT-

C5I nnOCKOH nHIIlb npH 6eCK!OHeIIHO 60nblIIOM OTHOllieHIHH blh. D,p'H p.
�

=0,1 .n.ecpOpMa.QH5I CTaHOBHTC5I nnocKoH npH blh=4,65 � 5. Kor.u.a :m:e

K03cpcpH'II.HeHT TpeHIH5I paBeH CBoeM'Y npe.n.enbHOMY 3HaQeHHIO � =0,5,
TO blh=0,93 � 1.

K03:cpcp'HII.'HeHT BJIH5IHH5I BHelIIHIHX 30H onpeJLeJI5IeTC5I ITO cpop'MYJIaM,
npHBe.n.eHHbIM IB n. V rJI. XII HJIH '110 HOMorpaMMe (pHC. 153).

Co06pa}KeHH5I no nOBOJI.Y onpe.n.eneHIH5I K03cpcpHu.HeHToB, YQHTbIBa-

1OlI(I1X BJIH5IHHe CKO.pOC'fIH H HaKnena, .naHbI B n. 9 rn. VIII.

n p IH M e p. PaCClIlHTaTb .z:r.aBJIeHHe MeTaJIJIa Ha IBaJIKH np'H XOJIO.nHOH npOKaTKe
JIeHTbI H.3 M,aJIoylH1Iepo.nHcTOM iCTaJIH. ITIpe:.lI.'eJI reKy,qeCTH CTaJIJI J(O IITpOK,al11KH Us =

460 Mfl!M2 (45 KF!MM2) :H nOCJIe npOKaTKH .0- 8 =.620 Mfl!M2 (61 KF!MM
2

). TOJImHHa"
JIe.HTbI .no H nOCJIe npOKaTKH: ho = 3 MM J1 hI = 2 MM. IlliHp'HHa JIeHTbI b o � b I

= 100 MM.

K03cpcpnu,.HeHT TpeHHSI nplH npOKaTKe .J!
= 0, 15, JL'HaMeTp BaJIKOB D = 200 MM. CKO-

� ho + hi
pO'C'Tb npOKa"nKH c=;3 M!ceK. .C;Petrr.HHH BbllCOTa h=

2
=Q,5 M'M. o THOilleHHe

�
=
�

= 40 >
0,465

=

0,465
= 3 I

h 2,5 J.1 0,15
'

CJIe.z:r.OBaTeJIbHO, B .naHHOM CJIyqae JLecpopMaIl.HH nJIOCKaSI: nf3
= 1,155.

,lJ,JIHHa Ollara .necpopMaIl.'I1iH npIH6JIH>KeHHO (6e3 YlIeTa ynpyro.ro CnJIlOmHBaHH5I

BaJ1KoB ) paBHa

I ';::t, V 0
,

5 6. h D ';::t, -V 0
,

5 . 1 . 200 = 1 0 .MM.

I 10
OTHOllIeI-IIHe

-

= = 4> 1. Ilo.3ToMY .K03cpcpHIl..HetHT, YIIHTbIBalOmH H
h 2,5

11 h 3-2

BJIHSIHHe BHellIHHx 30JI, n 3
= 1. OTHOCHTeJIbHOe 06}1{aTlHe npiH n.pOKaTKe h

=

3=o .:..

= 0,333. CKOpOCTb JI.ecpopMaIl.'I1'H ;n,p'H npoKaTKe, COrJIaCHO cpopMYJIe (277):

c 11 h 3000
u =

-
. - .0,333 � 100 ceK-

1
.

:

I ho 10

CK.OpOCTHOM Ko.9cpcpHQHeHT (eM. pac. 12, fJI. 7): nv
= 1,07. K03cp<PHIJ.iHeHT, YII!HTbIBa-

IOmuH BJI'HSIHBe Ha'KJIena, onpe.neJIHM no paBeHCTB'Y (332):

Ko+Kl o-s+o-s 460+620
n H

=

2Ko
=

20-
s

1
=

2.460
=1,18.

I1cTHHrHoe conpOTHBJIeI-{'He .necpopMaIl.IHiH MeTaJIJIa n:PIM npo.Ka.TKe:

K =

nf3' nv n H
0-

s
=. 1

,
155 . 1 ,07 . 1

,
18 (J

s
= 1 ,45 0-; = 1 ,45.460 =

= 665 MH,!.M
2

(65 KF / .M.M
2

) .

BbISICHHrM, iHMeerC5I JIH Ha KOHTalKTHbIX nOBepX,HOCTfIX 30Ha npHJUlnaHHH. Ilpe.n-
BapHTeJIbHO' YTOIIHIHM .ll.JIIHHY OtIara .necp'opMaI.J.IH'H, BbIq'HCJIHB ee M�TO.nOM nOCJIe.z:r.OBa-

TeJIbHbIX np'H6JI'H)KeHHH no cpopMYJIaM (158). Y.z:r.o6Hee, OJJ..HaKO, 'BOCnOJIb30BaTbCH;

npH6JI'H)KeHHOM cpOPMYJIOM, nOJI'YlIeHHoH �H3 cpOPMYJIbI (158), BbIBOJl. 'KOTo-pOH .z:r.aH B

rJI. XI C60pH'HKa 3a\ll.alI no HaCTOSImeMY KYpCY 1[11]:

l = 0
,

1 I .10-
4

K R + V L\ h R + (0, 11 � 10-
4

K R)2 = 0', 11 . 10-
4

. 665.0, 1 +

+ �/1.10-3 .0,1 + (0,11.10-
4

.665.0,1)2 =:0,73.10-3+ 10,25.10-
3

�

';::t, 11 .10-
3

.M = 11 MM.
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TaKIIM o6.pa3 I oM, B .lI.aHHOM .CJIYlIae ynpyroe 'CnJIIOIII.IHBaHiHe BaJIKOB YBeJItHti:HBaeT

.lI.JIHHY Ollara .lI.ecpopMan:UH Ha 1 .MM, :HJIH 10 °/0 no cpaBHeHHIO C TOM .lI.JIHHOH OIIa-ra

.lI.ecpopMaIJ.HIH, -KOTOpa5J nOJI'Yqa.eTC5I ,Ha OCHOBaHiI1lH reoMeTp'HlIeq{'Hx OTHOllIeHHH. YrOJI

6. h 1 2 fA. 2. 0,15
3aXBaTa a=tga=

-

=
--

= 0,091. napaMeTp () =
-

= = 3,3.
. 1 11 a 0,04

,[{aJ1ee no HOMonpaMMe (pH'C. 174) nOJIYlIaeM B =0,25. T3'K'HM oopa30M, 1J1=

p
=0,15<0,25; CJIeJl,OBaTeJIbHO, no MOHO'rpa'MMe ,(pHC. '173) !nOJIYIIHM:

K
= n

Cl "

=11,4'0. IOpe)J.'Hee IKOHTaIKT.HOe Hanp�)I{eHHe p=n(j K= 1,40 . 665=930 Mfl/M2 (93
KF /MM

2
). IloJIHoe .l{aBJIeHHe Ha BaJIKII

p =

P b.l = 930.100.10,87 = 1010 Kit ('" 100 T).

3. MOMeHT IH ,MOW.HOCTb npH npoKaTKe

Ha rJIaAKO,H 60IJKe

MOMeHT M.nB Ha BaJIY �BMraTeJI'5I n,pOKaTHoro CTaHa MO}KHO rrpe�-
CTaBlRTb B BH�e CYMMbI IIeTblpex COCTaBnHIOIIJ;MX:

M
AB

= M
np

+ M
Tp

+ Mx.x 1- M�HH

r�e M
rrp

- MOMeHT npOKaTKIR, T'. e. MOMeHT, He06xoJ1.lHMbIM .nJIH rrpeo-

J;I.'OJIeIHHH ,oorrp.OTH'BJleH;HH JI.e�4>opMau.H-I1 MeTaJIJl'a;
M

Tp
-

IMOMeHT, He06xo�H'MblH ,nJIH npeOJ(OJIeHH5I COnpOTtHBJIeH.HH
CHn TpeHIH5I, B03HHKalOll{HX B nOJ(IIII1UHHKaX rq:>OKaT.HOrO
"CTaHa BO BpeMH .lI.ecplopMallHH rrOJIOCbI BaJIKaMH;

Mx.x -

M'OMeHT, He06xo)IJHMbIH �JIH n'peOJI,OJIeHIM5I COnpOTlHBJIeHHH
CRJI TpeH'HH BO BpeMH XOJIOCTOro xo�a CTaHa;

M,n;HH - JI.HHaMIMqeCK.MH MOMeHT, T. e. MOMeH'T, Heo6xoJQHMbIH JI.n51

rrpeo.n.OJleHH5I 'CHn H.HepII.M;H, .eCJI'H :BpaI..II.eHH,e "BaJIKO,B ocy-

lI(,eCTBn5l'eT051 iHep aB!HIOMep.HO.

MO'MeHT TpeHH5I M Tp He BKJIIOIIaeT B ce651 MOMeHT XOJIOCTOrO xo.na

Mx.x rrOTOMY, lITO B rrp'ou.ecce paeIIeTa y�o6Hee 3'fJM COCTaBn5l1OIl{He M'O-

MeHTa .lI.BHraTen51 BbIIIHCJI5ITb pa3,lI.eJIbHO.
MOMeHT rrpOKaTKH M rrp .lI.JIH rrlPOCTeHllIero cnYIIa51 rrpOKaTKH BbIqIHC-

,,15IeTCH cneAYlOlI(IHM 06pa30M. ,Z:::LlHaMeTp rrpOKaTHbIX BaJIKOB B .paCCMaT-

pHBaeMOM cn'yqae OJI.MHaKOB, OKpY:>KHbIe CKOpOCTlH BanKOB paBHbI,
ITJIaCTHIIHOCTb rrOJIOCbI BO Bcex ee TOIIKax B OqaTe �ecpopMau.'HH MO:>KHO

eq'HTaTb rrOCT05lHH.OH HJIH H3MeH5IIOll{eH'C5I CI1MIMeTpMIIH
' O OTHOCHTenbHO

OOH rrpOKaTKI1. Il03TOMY 3aKOH pacrrpe,lI,eJIeHH5I .n.aBJIeHIH51 rro ,lLyre 3ax-

Ba'Ta 'Bepx'H.er,o "H H,Hlli:H'eDO BaJIK,Q:B oJI.I1'HaKoB. f1 I

U3TOMY 'K'o.opJI.HHaTbI TO-

qeK rrpIHnO:>KeHH5I paBHO,lLeHCTBYIOlI(I1X .n:aBneHHH P, ,lLeHCTBYIOI.IJ:HX co

CTOpOHbI BepxHero H HH:>KHerO BaJIKOB Ha MeTanJI, OJI.HHaKoBbI (pl1c.
175). EcnH, KpoMe 3THK CHn, Ha MeTaJin 60JIb'lIIe H'HKaKIHX CHJI He .neH-

cTByeT, a ,lLBH:>KeHHe rrOJIOCbI paBHOMepHO, TO paBI-IO,lLeHCTBYIOlI(He ,lLOJI:>K-

HbI' ObITb ;P8'B'HbI 'Melli'.llY 'C060H. Kp'oMe TOTO, .113 Y;CJIOBH5I ,paBiH'OBe-eH51

CJIe�yeT, qTO !OHII1 JI.On:>KHbI 6bITb HarrpaBneHbI rro O,lLHOH rrp5lMOH HaBCT-

peqy .n.pyr ..n.Pyry H paCnOJ10:>KeHbI B nnOCKOCTI1, napaJIJIeJIbHOH TOM, KO-

Top.a51 rrpOXo.lI.HT "'gepe3 OCII1 npOKaTHblx BanKOB.

.

Ho MeTanJI, Haxo.n5lIII.HHC5I B oqare .necpopMa�I1H, OKa3bIBaeT Ha

..BaJIKH TO :>Ke ,lLei'IcTBHe, qTO 1M BaJiKH Ha MeTanJI (pHC. 175,6).
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Ha OCHOBaHl111 IH3JIO:>KeHHOrO MOMeHT, Heo6xo.n. I H'MbIH .nJI5I BpaIl{eHHH
060HX BaJIK'OB, MO:>KHO onpe.neJIHTb KaK

Mop =2R a

HJIH M
np

= P D sin 0,

r.n.e G, 6- llJIe'110 Ii yr.OJI, cooTBeTcTBYIOIl.{I1e TOqKe n.pIHJIO}KeHH5I paB-
/H OJI:eH-cTB YIOlI( eM;

D -

.1I.Ha'M€'Tp 'BaJIKO:B.

a

I

--!- -

P,

-t--
PI

5

PHC. 1'15. ,lI.eacTBHe BaJIKOB Ha MeTaJIJI (a) H MeTaJIJIa Ha BaJiKH (6)
(Yf'OJI npHJlO}l{eHHSI CHnhI P paBeH (»

K03CP.qH11�MeHT IIOnO:>KeHH5I paB.HO.neHCTBYIOlI(eH .naBJIeHH5I MeTanna

'Ra BaJIKH 0603HatIHM .rCJIejJ.YIOIl.{H'M '0�6pa310M: ,p='al,l';::::;"fJ./a. �B -raK'O'M

CJI.yqae

Mnp=2l'l'VO,5�hD. (517}

O. 51. MeJIbHHqYK [7] rrpOBeJI 061II IHpHoe iHCCJIe�OBaHHe 3aBHCHMO-

CTH K03{pcpIHU,IHeHTa rrOnO:>KeHH5I paBHo.neHCTBYIOIl{eH OT pa3JIIHqHbIX

cpaKTopOB rrpH rrpOKaTKe CTaJIH, CBHHII.a, aJIIOM'HHH5I H. THTaHa Ha CTa-

Hax 110, 210, 250 .H rr,pH rr'pOKaTKe cnlHTKOB THrra KJI-14, 10-14,5 Ha

6JIIOMHHre-CJI5I i 6H,Hre 1150 4eperrOBe'l(KOrO 3aBo�a. f1plM rrpOKaTKe Ha

6JIIOMIHHre-,cJI5I6MHTe 1150 K03cpcpIHiII.HeHT 'P YMeHblIIaeTC5I C YMeHbrne-
HIHeM TOnlI('H'HbI .paCKaTa H He 3aBHCHT OT CKOpOCTH npOKaTKH B rrpe.ne-
"lax ee H3MeHeHM5I OT 0,.5 ,lI.O 4 MiceK. O.lI.HaKO K03cp'<PHQMeHT rrOJIO}Ke-

HJ:H5I paBHOJLeiicTBYIOll{eii 3aBHCHT OT XIHMH'lleCKOrO COCTaBa M TeMnepa-

TypbI rrpOKaTKlI, YMeHblIIaeTC5I C pOCTOM co.nep:>Ka HIH 51 yrnepo.n:a H

y.nen i H'qI1 1 BaeTiC5I I C IPOCT'OM TeM,nepaTy'pbI rro 13aKOHY: '\lJ=IO,16+0,,0002.I 7t.

KO,91cp.cp'HII.HeHT p aBHo.neHcTBYIOlI(eH .naBneHH5I l\ieTanna Ha BanKH

MO}KeT IH3MeH5ITbC5I B ,lI,OBOJIbHOlIIlHpOKOM HHTepBaJIe: OT 0,65 JI.O 0,25.

f1lpl1 3TOM BenHqHHa ero YBeJIHq'MBaeTC5I npl1 YBen.H'l!eHI1IM TOJIlI(HHbI no-

40B



JIOCbI ,ILO II.pOKaTKIM, TeMIIepaTypbI npOKaTKH, K03<pqn1ff.IHeHTa KOHTaKT-

Horo TpeHHH, yrna 3aXBaTa .IIpH nOCTOHHHOM 06}KaTHH H YMeHbllIaeTCH

rrpll1 YBen ' H1.JeHHIH KaTalOIIJ;ero �HaMeTpa BaJIKOB, co.n.ep:>KaHI151 yrJIepo-

Aa B 'CTaJII1, OTHOOHTenbHoro 06}KaTHH npH rrOCT05l.HHOM yrne 3ax.BaTa.

Y CTaHOBJIeHO .naJIee, IITO K03cpcpMu,HeHT IIOn'O:>KeHIH5I paBHOJ1.eHCTB'Y-
IOIIJ.eH .naBneHI151 He 3aBHOHT OT lIlHpHHbI nonOCbI, a TaK}Ke OTHOCI1Te.lIb-

Horo 06}KaTH5I H y.rna 3aXBaTa npH npOKaTKe nOJIOC OJl.lHHaKOBoii MC-

XO.nHOH Ton�HHbI B IHHTejpBane H3 1 MeHeHMH OTHOOHTenbHoro OO}KaTH5I

OT 5 AO 50 %
AJI5I CTanlH H CBI1'Hn,a H OT 5 AO 40 %

J1.JI5I aJIIOMHHM5I 111

THTaHa. Ha pHC. 176 npHBe�eHbI HeKoT,opbIe .pe3ynbTaTbI IHCCnerrOR;:IHHH

o. 51. MenbHHqYKa.
K03cpcpH'�HeHT IIOJIO:>KeHIH5I paBHo�eHcTBYIOIIJ;eH MO:>KHO orrpe.1I.eJlHTb

Ii TeOpeT1HQeCKIH, iHcrronb3Y,Sl .1I.n51 3Toro cpopMynbI, rrOJIYQeHHbIe B npe-

JI.bI,IL'YlI(:HX napa:rpaicpaoc. ,CIIIoc.n6 ,orr.pe�en'eIHil1iH 'BbIT,eKaeT :H3 O'q,eHH.lI:HOrO

rrOnO:>KeHH5I, corna'CHO KOTOPOMY KOOp.lI.'HHaTa TOqKH rrpIHnO}KeHH5I lPaB-

HOAeH.cTBYIOlI(eii cooTBeTcTByeT U.eHTpy T5I}KeCTH 3IIIOpbI J1.aBJIeHHH Ha

KOHTaKTHblX rroBepXHOCT5IX MeTanJIa C BaJIKaMH.

MOMeHT J1.06aBOQHbIX CHn ''fIpeHIH5I M Tp npeJ1.cTaBJI5IeT C060H CYMMY

MOM,eHTa, Heo6xo,[(HMoro J1.JI5I npeoJ1.0JIeHH5I COIIpOTHBJIeHHH TpeHHH
B IIOJLIIIHrrHHKax BanKOB npOKaTHOTO CTaHa, .M MOMeHTa, Heo6xo.1I.HMOrO

,lI,JI5I rrpeo,QOJIeHH5I eOrr'pOTI1BneHIHH CHJI TpeHIH5I B rrelpeJ1.aTOQHbIX Mexa-

HH3'Max CTaHa.

MOMeHT, iIeo6xo.ZI.HMbIH �n51 npeO.ZI.-OJIeHH5I COIIpOTHBJIe.H I1iHCHJI Tpe-

HIHH B nO�'IlI'HnHII1KaX BanKOB 'craHa, paBeH:

M - P !£ fTPI

- q
2

'

r,Q.e q
-

QHCJIO BaJIKOB;

P -

,ILaBneHHe MeTaJIJIa iHa 'BaJI'KH;

d -

JI.HaMeTp llI,eeK rrpOKa'THbIX iBanK,oB;

f -

;K03cpcpHII.HeHT TpeH.HH 'B iHoAIIIH,rriH:uKax.

MOMeHT CI1JI 'PpeHI151 B rrepeJ1.aTOQHOM MexaHH3Me, rrpHB.e,lI,eHHbIH K

BaJIY J1.BlHraTeJI5I, onpe,lI,eJI,MTC5I KaK

M === (
�

_ 1 ) Mnp�
M

Tp

TP2 f) t'

rJ1.e "1J
- K09cpcp l1 lI.:l1eHT IIOJIe3HOrO AeHcTBlH5I rrepe.1I.aQ'H OT LLBIHra TeJIH

K BaJIKaM;

i -

.nepe'.n.8'r-OQ'Ho-e 'QH'CJIO OT ,IL1B'Hra-T,eJIH :K 'BaJIKa'M;

M
rrp

- MO'MeHT 'np'OKaT'KH;
M TP

- MOMeHT cll!n TpeHI1H B rrOAlIIlHrrHHKax BaJIKOB, npHBe,lLerl-

HbIX K nOCJIe.lI.HMIM. �

06lI(HH MOMeHT, 3aTpaQHBaeMbIH Ha npe.oAoneHHe CHJI TpeHII151, npH-

Be.n.eHHbIH K BaJIY J1.BIHraTen5l, 6YJ1.eT TaKIMM:

M
np

t
M = �TPI + ( � - 1 )Tp t f) 1]

M
TPt + M

HJIH M
Tp

==

t
TP2

·

4G9
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PRC. 176. 3aBHcHMoCTb K03clJclJHI.\HeHTa nne'la paBHo,tJ.eAcTBY.IO�eA OT pa3-

JIHqHbIX napaMeTpoB npoKaTKH CTaJIH:

a - OT bo/uho (cTaH 250, D/h =9JO; t =1100°C); 6 - OT DJ 2h o (cTaH 1150,

CJIHTOK 08KD; t=l;250-1150°C); 8-0't l/h J (cTaH 110, CTaJIb CT.3, Rlho=

=3,3; t = 1200°C)

CYMMap'HbIH MOMeHT XOJIOCTOrO xo.na, npHBe.neHHbIM K BaJIY AB'Hra-

TeJI5I, Tpe
'

6YIOll{HHC5I .u.n51 Bpall{eHH5I n .n.eTaJIei1, paBeH:

n a f n
d

n

Mx.x =

�
1

2 in
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r )L,e (j -

M acca :,lI,aiHIHOH JJ,eTaJIH;

f n
---. KO'3 I cp4H1Il.!HeHT TpeHH5I 'B nOJUIIWrrHHKa.x;

,diJ. -'JI.HaMeTp u.arrcp;
in -;

.nep'eJI.a'r-OqH'oe. 'lIMCJID ,Me}K:JJ.Y JI.BHraT'eJI'eM :H .1I.aiHHDH '.lL.eTanblO.

,[LHHaMHqeCKIHH MOMeHT M,n;HH ,B03HIHKaeT nHlIIb B cn:yqae HepaBHD-

IMepHDrD Bpall{eHHH BaJIKOB. TID3T.DMY rrp'H DrrpeJI.eJIeHI1H MOMeHTa .lI.BM-

raTen51 .lLJI5I npOKaTHDro CTaHa �HHaMHqeCKHH MOMeHT yqlHTbIBalOT npM

paCqeTe 'peBepCIHBHbIX CTaHOB C qaCTD rr,DBTDp5l1OlI(HMC5I pe}KIHMOM pa3-
rDHa H TOpMD}KeHHH BaJIKDB, a TaK}Ke rrlPIH paCqeTe cTaHDB, I1pl1 HaJIIH-

qlHH rrpHBOJI.DB C MaX'DBH'KaMH H B HeKDTopbIX .lI.pyrHx cJIyqa5lx, KDf,lI.a

HepaJB'HoM.epH,ocTb iHpalI(.eHH5I :BaJIK'OB �OCTaT'Oq!HO -3aMeT'Ha:

M = I
d (1). GD2 dn

[ajJc] =

GD2 dn

AHH d t 38 4 d t 375 dt
'

,

r.lLe I -

MOMeHT IHiHepu.MM ;npalI(alOlI(HX,CH ,qaCTeH rCTaHa;

,(0
-

yrJI.DBa51 'eKop'ocTb;
t ---:- .BlpeM ' 5I;

G -

MaClca BpalI(aIOIIJ.MXC5I IIacTeH CTaHa;

D -

npIHBe.neHHbIH .lI.MaMeTlp IHHeplJ.lHH Bpall{alOlI(IHXC5I IIacTeH

CTaHa;

n -

qUCnD 060PDTDB �BHraTeJIH B IM'HHYTY.

B ,cJIyq'ae 'ycKop'eHMH M;n;HH H!M'eer 3!H'aK :nJIlOiC, IrrpH TOpMID}KeH.H,H .lLH-

HaMJlqeCKHH MDMeHT DTpHII.aTeJIeH.

O'rrpeJI.enIHB BeJIHIIHHY MDMeHTDB .nBIHraTeJI5I BO BpeM5I npDXD.lI.a Me-

TaJIna �Melli�\Y 'BanK.aMIM H IHD IBp.eMH IrraY'3, M'OlliIHO :HaH'TH M,OIl.{'HOCTb

JI.BHraTen51 B npDu.ecce TIpDKaTKIH H BO Bpe:M5I rraY3 nO' .popMyne: M =

= M;n;D w.

Dpl1 BblqHCJIeHIHI1 MDll{HOCTH n.pHBOJI.a CT8'Ha rrpHxO.1I.HTC5I yqMTbI-

BaTb crrDoo6HO'CTb JI.BHraTen51 K rrepel'pY3Ke, rrpDBep5lTb erD Ha HaI)peB.

ECJIH eCTb MaXDBlMK 'MJIM Jl:py.ftHe T5I}KeJIbIe Bpall{alOlI(IHeC5I qaC'DH, CD3.na-

IOlI(He 3HallJHTenbHbIH JI.IHHaMHqeCKHH MOMeHT, TO' CTpD5IT rpacpHK M.3Me-

HeHH5I MDIIJ.HDCTH HJIII1 MDMeHTa rrpDKaTKH BD BpeMeHM
- TaK Ha3bIBae.-

MYIO Ha i

rpY'3DqHYIO JI.HarpaMMY.
Orr'HcaHIHe IHcrrDnb3yeMoH rrpH 3TOM MeTDJI.HroH BbIXD,lLHT 3a paMKM

H3'CTOHlI(eH KHl1rH M �aIHD .B crreu.l1anb'HbIX PYKOBQI.lI.CTBax [12].
PaCqeT 3HeprDcHnoBblx rralpaMeT,pDB rrp'DKaTKM MO}K'H,D OCYll{eCTB-

JI5ITb H .n.pyrHMIH MeTo.naMH, HarrpHMep nO' paCXDJLY pa6'DTbI, MCnDJIb3Y51
OTIbITHbIe JI,aHHbIe, xapaKTepH3YIOlI(He 3aBHOHMOCTb paCXO,lLa 3HeprHH
Ha TOHHY rrpoKaTa DT y�JIHIHeHH5I. OTII1CaHiHe H KpHTHqeOKYIO D�eHKY

3TI1X MeTDJI.OB MD}KHO HaHTH B KHHrax [2, 5, l i 2, 13].

4. AaBJIeHHe MeTaJIJIa Ha BaJIKH

"PH \�po�aTKe B KaJIH6pax

,[(JIH npOH3Bo.nCTBa .paCOHHoro n.pOKaTa rrpHMeH5IIOT BanroH, Ha pa-

60QeH IIaCTH Ka}K�DrO M3 KOTDIPbIX .neJIalOT Bpe3bI rro DKPY}KHDCTH. 3TH

Bpe3bI H.OC5IT Ha3BaHIHe pYIIbeB. f1pocBeT, 06pa3.DBaHHbIH .nBYMH pyqb5l-

!vIH B rrJIDCKDCTH, rrpOBeJI.eHHDH qepe3 OCH rrpDKaTHbIX BanKDB, KDTOpbIH
B rrpou.ecce npDKaTKa 3arrDJIH5IeTC5I MeTaJInOM, Ha3bIBaeTC5I KaJIH

'

6pDM.
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TIpocpHneM Ha3bIBaeTC5I nOnepellHOe CelleHIHe nonOCbI. npOcplHJIb 6nlH30K

no cpopMe K KanII1'6IPY, HO BBH.n.y He3anOJIHeHH5I (a HHor)J.a IH nepenOJI-

HeHH5I) KanH6pa TOllHOr-O HX COBna)J.eHH5I, K8'K npaBHno, He 6bIBaeT.

B,ce npocpl1JIH M'O}KIHO pa3JI,eJII1Tb Ha ,lI}Be rpynnbI.

n p 0 C T bI e, KOTopble HMelOT BbInYKnbIH nepHMeTp: KBaJI,paTHble,

KpyrJIbIe, np5lMoyrOJIbHble, llIeCTH.yrOJIbHbIe, OBaJIbHbIe H IHM nOJI,06HbIe.
cI> JI a:H 1l.,eB bI e, I�OTopbI.e HMelOT BOr.HYTbIH nepH:M.e'Pp H 60JIee ;C-JIOlli-

HYIO KOHCPIH.rYlp a ll.l1lO: J(BYTaBpOBbIe 6aJIKH, llIBeJInepbI, penbCbI H )I.IPY-

DHe, COCT05lIIl.l1e 06bPIHO H3 Tpex 3JIeMeHTOB, pacrrOJIOJKe.HHbIX nOJ( He-

KOTOpbIM yrJI.OM �p.yr K �pyry.

,C'Ylll.eCT'By.eT elll..e rpynna !nlp
I O'<pHJIei1, 3aH'I1 , MaIOIII.HX np'OMe)KYT.Oq'Hble

nOnO}KeHI151 Me}KJI,Y npOCTbIMIH H <pnaHneBbIMH, HanpHMep yrJIOBbIe.

3T!11 �np.()IcpHJIH no.oeo6eHHOCT5IM In;p.OKa'TKH H xa;paKTepy JI,'ecp.opMall.lfIl1
MOJKHO OTHeCTH K nlpOCTbIM npO<pHJI5IM. HII1}Ke MbI paCCMOTpHM TOJIbKO

CJIyqaH npOKaTKH npOCTbIX npocplHJIeH.
¥I3 onbITHbIX �aHHbIX CJIe�yeT, IITO BeJIHIII1Ha KOHTaKTHoro HanpH-

}KeHH5I B 3.HaqI1TeJIb'HOH CTeneHH 3aBH0l1T OT cxeMbI Hanp5lJKeHHOrO COC-

T05lHH5I 06'beMOB, npHMbIKalO'�HX K JI,aHHOMY YIIaCTKY KOHTaKTHOH no-

BepXHOCTlI1. BMeCTe C TeM pacnpeJI,eJIeHHe Harrp5lJKeHI1H B�OJIb JI,yrH

KOHTaKTa ':ropa3JI:0 16nH)Ke K ipaBH'OM'epIHOMY, 'qe'M 13r-oro MOlli.HO '6bIJIO

OlliHlI.aTb [13].
¥ICCJIeJI,OBaHll1e (CM. [5]) paenpeJI,eJIeHI151 HOpMaJIbHbIX KOHTaKTHbIX

Harrpfllli�eHI1H np'l1 np'oKa'I1Ke B 'KaJIl16pax ICI1CTeM OBaJI -

'KBa.n.paT,

OBaJI-Kpy'r, OBaJI-OBaJI, pOM'6-KBaJI,paT nOKa3aJIO; qTO KOHTaKTHbIe

Hanpfl}KeHII151 pacnpeJI,eJIeHbI no 1lI11'pHHe KaJII16.poB TaKHM 06pa30M,
qTO II1MelOT MaKCI1MaJIbHYIO BeJIHIII1H'Y B Tex 'CeIIeHI151X, rJI,e MeTaJIJI rrpe-

TeprreBaeT Hal160JIbIllee a6}K,aTIHe (pIHC. 177).
BMecTe C TeM BJIHHHl1e 3aIll.eMJIeHII1H nOJIOCbI, Hanpl1'Mep, B Hll.{I1Q-

HbIX KaJI'116.pax Ha cpe,lI,Hee JI,aBJIeHl1e nlpOKaTKI1 HeBeJII1KO: OHO YBeJIH-

t.JI1BaeTC5I 110 cpaBHeHll110 C .n.aBJIeHl1eM npl1 I1pOKaTKe Ha rJIa�KOH 60qKe

tJ�,I1H/M2(Kr/MM�
210

{2t}

l90 -

(9)
_

6 N1 MH/N
2

(Kr/MM
2

)

2/10

(2'; )

120

(1'l)

o

II.

PHC. 177. Pacnpe,lI.eneHHe HOpMaJIbHhlX KOHTaKTHhlX HanpSI}KeHH� no ,lI.JIH-

He 01Jara ,lJ.eclJopMar(HH npH npOKaTKe CTaJIJ.f:

a -

KBa,lI.paTa B OBaJIe; 6 - OBaJIa B KBa,lJ.paTe

TOJIblKO Ha 10-15 %
,

Q'f10 Henoc-pe.n..CTBe:HIH,O CJIeJI,yeT 11 113 yp aBHeHI1H

I1JI aCTI1QHOCTI1.

B iOOpTaMeHTe �np'OKaTbIBaeMbIX :11�3JI,eJII1H ,C'OBeTC'KOr.O IC'0103a 'HaCQI1-
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TbIBaeTCH OK:OJIO 100.0 npocpI1JIei1. Dpl1 3TOM IIHCJIO HX 1I3 rO,lI,a B ro,n:

YB-eJIH;q , I1 I BaeTcH. ID,03ToMY .pa�110HaJIb!HbIM HtBJIHeTCH IllocTpoeH'H'e .0 6 lIl.eH.

TeOpI1: I :H, 6a311PYlOmeHcH Ha 3aKOHax no�o6IHH, npl1MeHI1TeJIbHO K �eJIbIM

llPynnaM II1JIII1 KJIaCCaM npoKaTbIBaeMblx npocpl1JIeH. 3TO n03BOJIHJIO 6bl

cpaBHHTeJIbHO npocTo oCYIIleCTBJIHTb KaK pacIIeTbI JI,e<pop'Ma.�HH 11 YCI1'--

JII1H, TaK 1M HaJ(JIe}KamHH MaTeMa'flI1IIeCKHH aHaJIH3 np0I(eCCa npOKaTKn�
B KaJII1'6pax. T aKoH aHaJIIH3 oco6eHHo BaJKeH' B CBH311 IC Heo6xo,lI,II1MO�
CTblO HCIIOJIb30BaTb ero pe3YJIbTaTbI JI,JIH aBToM3TH3a�I1H npoKaTHbIx

CTaH.OB.

OCHoBHaH IMJI,e51 TaKoro MeTOJI,a 6bIJIa BbICKa3aHa eIll.e B 1936 r-..

A. cI>. rOJIOBI1HbIM 1
, KOTOpbIH BBeJI nOHHTHe 0 Ta'K Ha3bIBaeMblX COOT-

BeTCTBeHHbIX nOJI"ocax, COrJIaCHO KOTOPOMY nOJIoca <pacoHHoro CeqeHI1H

11 nOJIoca C rrpHMoyrOJIbHbIM 'ceqeHHeM Ha3bIBalOTCH COOTBeTCTBeHHbIMI1�

eCJII1 nJIOI.l.\aJ(IH H OTHOII.IeHll1e CXOJI,CTBeHHbIX oceM (CTOpOH II1X nonepeq-

Horo ,CeqeHHH) paBHbI. Pa30BbeM 3Ty HJI,elO C n0311�HH TeOpl1H no,lI,O-

6'11 H.

f10JI,06HbIMI1 YCJIOBI151:MI1 JI,ecpqpMaI(1111 Ha3bIBalOTCH TaKl1e, nplH KO-

TOpbIX YJI,OBJIeTBOpeHbI YCJIOBII1H reoMeTpHt.JecKoro, <p1113l1IIeCKoro 11 Me-

XaHI1QeCKOrO nOJI,061151 [14, 15].
reoMeTp l l1QeCKH nOJI,06HbIMII1 Ha3bIBalOTCH TaKl1e TeJIa, OTHOIlleH�l1e'

xapaKTepHbIX rrnOIIl3JI,eH 'ceIIeHIHH KOTOpbIX paBHO KBa,lI,paTY OTHOllIe-

HI1H I1X JII1HeMHbIX pa3Mep'OB, a OTHOII.IeHHe 06'beMOB paBHO Ky-6y OTHO-

II.IeHI1H .I1X JIHHeHHbIX pa3MepOB:

P' v'
--a

2
- -a

3

P"

-

,

V"

-
·

3aMeTI1M, qTO eCJIH xapaKTepHbIe nJIOI.l.\aJ(H Ce 1 IeHI1H, a TaKllie 06'b-

eMbI TeJI OJI,I1HaKOBbI, TO

P' V'
-=1 -=1

P"
'

V"

P
'
= F

"

v
,
-

- V
"

H, CJIeJ(OBaTeJIbHO: , ,

T. e. Ipa3MepbI MO,lI,eJIII1 11 HaTy.pa COBnaJ(aIOT.

DOHHTHO, IITO BBI1,lI,Y pa3JII1q l l1H reoMeTplHqeCKOH <pOpMbI COOTBeTCT-

BeHHblX nOJIOC MOlliHO rOBopl1Tb JIH"II.Ib 06 I1X np116JIl1llieHHOf\1 reOMeT-

pHqeCKOM rro�o611�.

DycTb MbI HMeeM .HeKOTOpbIH cpacoHHbIH npocp l l1JIb 11 ero Tpe6yeTC5r
npeo6pa30BaTb K npocpl1JIIO npHMoyrOJIbHOH cpOpMb� (pYlc. 178).

BBe,lI,eM CJIeJI,YIOI.I.\lHe 0'603HaQeHIH5I:
b

h, b, a ==

H
'

(1) -

BbICOT3, IllHPHH3, OTHOIlICIIHC IIIHIHlllbl 1\ BI,IC()-

Te H rrJIOI.l.\a,lI,b <1>acolIlloI'O IIj)O(PHJI5J;
-

Te }Ke neJI1J1IHIIbI ,lI,JI5I COOTBeTCTBeHHoro rrpflIvro--hc' bc' a
c

=

b
c

, mc
hc

yrOJIbI-IOrO npocpl1JIH.

1 r 0 JI 0 B H H A. <1>. npOKaTKa. KaJIH6pOBKa, tI. II 1.

1936. 220 c.

11"1" 1 '11111" \\ .II
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Pa3MepbI COOTBeTCTBeHHbIX npocpl1JIeii CBfl3aHbI Melli.n.y C060R <pop-
MYJIaMH, BbITeKalOIll. I I1MI1 :H3 I1X onpe.n.eJIeHI1H:

.bc==ahc; m=hcbc.

OTKy�a:

hc = -v : ; b
c

= a hc' (518)

.(::"

.."
,�

QJ
..c::

.+.We ,.
,II

Ie
-- -

- -

l

a 5

PHC. 178. <1>acoHHbln H cooTBeTcTBeHHblA eMY npHMoyroJlhHbIA npOcPHJlH

Y!CJIOBl1e nOCTOHH'CTBa 06'beMa .n.JI5I COOTBeTCTBeHHOR npHMoyrOJIb-

.HOR nOJIOCbI MOJKHO Ha'nlH'CaTb B CJIe.n.YIOI.I.\e.M BIH.n.e:

hIe b
le lie

-.- -=1

ho c
b

o c 10 c

.HJIH 'YJ c � c A.c = 1.

,LLJIH nOJI'OC cpaeOHHoro CeIIeHI151 y'CJIOBll1e nOCTOHHCTBa 06'beMa no

.cpopMe MOJKeT TOIIHO COBna.n.aTb C 3anl1CaHHbIM BblIlle a1JIH OTJIIHQ'aTbcH

OT Hero IIH<;JIeHHbIMI1 MHOJK.HTeJIHMI1, 3aBI1CHI.I.\I1MI1 OT cpOpMbI rronepelI-

HbIX CeIIeHll1H IlOJIOCbI �O H nOCJIe npOKaTKI1. Hanp ' I1Mep, npll1 npOKaTKe

p oM'611IIeCKOrO CeIIeHI1H B pOM6 111IIeCKOe 3TOT 'M.HOlliI1TeJIb p aBeH 1, a

npll1 npoKaTKe KBa�paTa B 3JIJII1
'

nC -V 7t/ 2.

3'fJH K03cp'cpl1 l I(l1eHTbI yrtIHTbIBalOT pa3JII1III1e B 3HaQeHHHX BbICOTbI H

Illl1.p l l1HbI np,ocp I I1JIH. no ero CeIIeHI1IO, H n03TOMY II1X YMecTHo Ha3bIBaTb

K03<p'cpl1I(ll1eHTaMI1 npe06pa30BaHH!H CeIIeHI1H. Tor.n.a YCJIOBlI1e nOCTOHH-

CTBa 06'beMa MO}KHO 3a'nHcaTb B TaKOM .BI1J(e:

'V2�!!!.-�=1 (519)
ho b o 10

:HJIH 'V
� j � � =: 1 (520)

� ho Ii b o 10
'

npHIIeM

V
2

== j
�

j �.

-414 .
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P 3'BeHCTBO (62.0) fM:O>KiH.O 'nep'e:nnCa'Tb 'TaK:

"I}�A= 1, (522)

r,lI,e K03cpcpl1 l I(ll1eHTbI lI.e<l>opMa'l(II1'H nOJIDCbI lPaBHbI:

h b I

'1j ='\'
11 � ; � =

'\'11 b: ; A =

,:
· (523)

B Ipa'BeHcTBax (5'19)-1(823) 1', V'1]' Vp
-

KOScpq)lIII.."lllleHTbI npeoopa30-
BaHHH CeqeHI1H no nJIOIll.a�l1, 'no. BblCOTe H no Illl1pl1He.

,QJIH nOJIOC cpacoHHo�O CeqeHIHH H.anHIlleM CJIeJI.YIOII."lee COOTHDmeHl1e:

_

al
_

bilh i
_

b i ho
m-------.

ao bo/ho b o hI

Ha DCHOBaHI1H pa
l 6DTbI [18] HMeeM

m =
"'1] �.

,

Y� 11

DTKY,lI.a � = m
Y�

"I}.

Y'll

C yqeTOM 3Toro OOOTHomeHHH ycnoBMe nOCTDHHCTBa o6�eMa npH-

06peTaei DBA:

m � YJ2A== 1,
"

'1]
.

1

oTKYAa, YJ
==

·

V m A �II
,LLJIH CODTBeTCTBeHHbIX nOJIOC 3an lBllIeM pH.lI. COOTHomeHHfI:

at c
b

1 cl hie I. c ho c

m
e

=-== =--;

ao c
b

o cl ho c
b

o c
h

t c

m
-

�e . R
m

·

e
-

, t' e
=

c YJ c '

11e

m
c "I}� A = 1;. YJ c

=

1
.

JI me 'Ae

HMe51 B BlH�Y, IITO OTHOllIeHHe oceM Y COOTBeTCTBeHHbIX nOJIOC O�I1-

Ha'KOBO, 'y6e}K�aeTICH 'B T'OM, IqT,O m=m c .,

,LLaJIee, BbITHJKKH Y COOTBeTCTBeHHbIX nOJIOC OJI,I1HaKOBbI no onpeJI,e-

JIeH11110. f103TOMY .lI.JIH TorD, IIT06bI KD3cpcpl1I(111eHTbI JI,ecpopMaIlI1I1 COOT-

ReTCTBeHHbIX nDJIOC no. BblCOTe 6bIJIII1 O�MHaKOBbI, Heo6xo)I.HMO, IIT06bl

BbInOJIH�JIOCb YCJIOBl1e

(524}

(525)

'Y�===V'1]=V, (526)

qTO CJIeJI,yeT 113 .cpaBHeHI151 CooTHoIlleHHH (524) 1M (525). TorJI,a 113

Y'CJI,OBI151 'nOCTOHIHCT;Ba .o6'beMa IHeM.eJI,JIeH'HtO 6YJI,eT 'CJIeJI.'OBaTb 111 pa-

BeHCTBD n,pI1BeJI,eHHbIX" K03cp.cpIUIll1eHTOB .n:e<l>opMaI(I1M COOTBeTCTBeHHbIX
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TIOJI'OC .no 1l1'Hp11He. OnbITbI, n'pOBe.neHiHbI� �:'H' I,\...,�:�I!.!!E'Q�!!�� ?!.� ,�l!,�t!=!�:���..�.
.,I:{aBI1JIh6 eK'O'B�t ��1, :,lI;OKa3aJII1, 'lI'T-O 'OOOTHOllIelHl1e (520) JI.JIH IfIpOCTbIX

1::J.����--���""Ifi�'1j

:n po cp I1JI,en iCO 6JIIO.rr.aeTcfI.

HTaK, nOCKOJIbKY K03cp'cpl1'l(ll1eHTbI npeo6pa30BaH:lIH CeIIeHI1H Y COOT-

BeTCTBeHHbIX rrOJIOC no Illl1pl1He 111 BbICOTe O�I1HaKOBbI, TO K03<P'cpl1�l1-
eHTbI IHX JI,ecpopMa�11111 no BbIeOTe, Illl1pHHe 1M JI,JI'MHe TaKllie OJI,I1HaKOBbI,

T. e.

ho ell 1 ho

.hI C

=

lle =�'
=

V h l

'

b
1c

b 1

b
= �e = � =

'V b
; Ae = A.

o C . 0

(527)

3'fJ11 I1CXOJI,HbIe COOTHOIlleHI1H �alOT B03M'O}KHOCTb ,lI,aJIee ,lI.OKa3a Tb

:[3, c. ,3-44], lITO �JIH ,eOOTBeTCTBeH'HbIX Inpo<pHJIeM OJI.HHaKO'BbI '06'beMbI,

3aKJIIOIIeHHbIe B npe�eJIax Ollara .n.ecpopMaI(l1l1; 06'beMbI, CMeIII.eI:iHbIe no

JI.JIHHe, BbICOTe H IlIll1pl1He OIIa.ra .n.ecpopMaI(l1l1; ceKYH,lI..Hble 06'beMbI,

,cpe.lI.H HH JI,JI'MHa, '1lIII1pl1Ha H nJIOIIlaJI,b roplH30HTaJIbHOH npOeKI(HIH .OIIa-ra

.JI,ecpoIPMa'I(I1I1; onepeJKeHll1e 111 OTCTaBaHne; OTH-DmeHHe nJIOma�H KOH-

'TaKTHoH nOBepxHocTH K 06'be.MY oqalra �ecpopMal�HI1. HaKoHeI(, OTHO-

llieHIHH nOJI.HbIX nOBepxHocTeH K 06'beMY OIIara ,lI.ecpopMaI(HI1 paBHbI B

nepBoM npIH6JIl1llieH'HH. HTaK, reOMeTpl1IIeCKOe nOJI,06 111e JI,JI5I eOOTBeT-

CTBeHHblX nOJIOC C06JIIOJI,aeTCH C xopoIlleH CTeneHblO npJi'6JII1JKeHHH.

PaccMoTpHM CJIeJJ.YIOII!He ycnoBHH cpl13HIIeCKOrO nO.lI.06JiH TeJI npJi

;I1X rrJIaCTHt.JecKoH JI.ecpopMaI(I1a1:
1. CpaBHIHBaeMbIe TeJIa J(OJIJKHbI HMeTb o�HHaKoBbIM XIH'MH.qeCKIHH

.COCTaB 11 CT'PYKTYPY B CXOJI,CTBeHHbIX Tot.JKax. 3T'0 YCJIOBHe TIP y.n H 0

(OcYIll.ecTBHMo npl1 HaJII1IIl111 pa3HII1'I(bI B 06'beMaX HaTypbI 111 MOJI,eJIH, n.o-

CKOJIbKY BOCnp0l13BeCTI1 OJI,I1HaKoBYIO .CTPYKTY.PY B 06pa3I(ax pa3Horo

06'beMa 6e3 npl1MeHeHIHH Cne�l1aJIhHbIX np l l1eMOB (HanpI1Mep, 3JIeKTpO-

lliJIaKOBOro rrepenJIaBa) HeB03MOlliHO. Ho rrlPH HaJIll1III1H O)J.I1HaKOBbIX

;06'beMOB IH KOHTaKTHbIX nOBepxHocTeH MOJI,eJIII1 H HaTy.pbI 3TH YCJIOBI15I

:M.O}l{H'Q- rrpl1HHTb np'M6JII1JKeH'H0 C06JIIO�aeMbIMH.
2. f1poI(ec.c JI,e.cpOpMa'�1H11 'MOJI,eJIII1 11 HaTypbI JI,OJI:>KeH ,lI.JIII1TbCH OJI,I1-

'RaKOBoe BpeMH, T. e. 't'=idem. 3TO Tpe60BaHHe CBH'3aHO C TeM, qTO

'MOJI,eJIb 11 .HaTypa jJ.OJIlliHbI HaXOJI,I1TbCH B OJI,II1HaKOBbIX YCJIOBHHX C TeM,

'QTo6bI cpH311t.JecKHe 111 cp I 113HKO-XHMHIIeCKl1e npOI(eC-CbI, I1MelOI.I.\IHe MeCT-D

'BO BpeMH rrJIaCTl1qeCKOH .lI.ecp'opMa�HH, rrpOIllJIH B oJI,HHaKoBoH Mepe.
3. B KalliJI,bIl1 JI,aHHbIH MOMeHT, ,oTBeqalOIll.HH O�HOM H TOM >Ke BeJII1-

�IIHHe OTH'OClHTeJIbHOM JI,ecpqpMau,1111 OT Hat.JaJIa nJIaCrnqeCKOM o6pa60T-
KH TeJI, TeMnepaTypbI MO,lI.eJIH IH HaTypbI B JII06bIX COOTBeTCTBeHHbIX IHX

TDIIKaX ,.lI.'OJIlliHbI ObITb o,lI.HHaKoBbI. npH 3TOM 6YJI,eT o6ecnet.JeHo OJI,HO

11 TO )Ke COnpOTI1BJIeHll1e JI,ecpopMaI(HIJi MO,lI.eJII1 11 .HaTypbI. 3TO YCJIOBll1e

'o6eCrreIIHBaeTCH, eCJIH 't'=idem. O,lI.HaK.O Tpe60BaHHe O,IT,HHaKOBoro

:BpeMeHIH .rr.ecpopMaQHH paBHOCiHJIbHO YCJIOBlHIO O,lI,I1HaKOBbIX. OTHOCI1TeJIb-

�HbIX iC'Kop'OC'TeM !l:'ecpO'pMaU'H'H 'lVI0JI,eJIH H HaT'YpbI, 'T. e. c= id,em. IB '00-

llI,ervI .CJIYIIae npH pa3HbIX Ipa3Mepax M.OJI,enIH H HaTypbI YCJIOBiH5I t=

.= idem H C = idem IHia'XOJ(flTCH 'B .'TIPOTH"B'OPe1IHiH lI.pyr IC ,rr,PyI'OM.

I C M H P II 0 B B. C., r p H r 0 p be B A. K., .lJ 8 B H .n b t) e �_,Q�.B H. X. .lI.e<1JoDM8-
'I.J.I15I MeT8.n.na B pOM6HllecKHx M OBaJIbHblX KaiiH6p�i ix. --�N(';'<-'�--«MeTaJi.nyprH5I», 1967
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B. Jl. ,LLYPHeB nOKa�aJI [8] ,.
IITO eCJIH npH npoKaTKe C06JIIO,lI,aeTC5I

YCJIOBl:Ie reOMeTpl1QeCKOrO nO�0'611151 1M CXOJ(CTBeHHbIe ,pa3MepbI COOTBeT-

CTBeHHbIX nOJIDC O�I1HaKOBbI, TO npH 3TOM CpeJI,HH5I CKOpOCTb 1M )J.JII1Ha

np06era ,LQI1CJIOKai(I1H (CM. rJI� I) B HI1X o,lLlI1HaKOBbI. B Ipe3Y�bTaTe. y

COOTBeTCTBeHHbIX nOJI'OC ,npH JI,aHHOM Xll1MI1IIeCKOM C-OCTaBe Bce cp-M3I1KO-
XI1M.H.QeCKl1e npOI(eCCbI B lViaTepMaJIe 6YJ(YT npOTeKaTb C paBHbIMIH CKO-

pOCT5IMII1. n.o paC'lleTaM B.. )1. ,LLYPHeBa, ;C-OrJIa<;HO KOTOpbIM npl1 npo-
KaTKe OTO}{(llieHHoro }KeJI'e3a C TOJIml1HbI 0,5 JI,O 0,35 MM B BaJIKax JI,11-

aMeTpoM 100 MM npll1 CKOpOCTI1 npOKaTKI1 1 MiceK, qp��HH5I CKOpOCTb
111 JI,JII1Ha npo6era JI,I1CJI'OKall.II1H paBHbI C'OOTBeTCTBeHHO 5,3 cMlc"eK 11

1,7 MKM. CpeJI,HHH JI.JI-MHa npo6era npl16JIiH311T'eJIbHO cooTBeTcTByeT
cpe�HeMY pa3Mepy 6JI'OK�, KOTOpbIH B .u.aHHOM cJIYllae OI(eHII1BaeTC5I

BeJIl1lll1HOH 2 MKM. B cJIYllae COOTBeTCTBeH'HbIX nOJI,OC npl1BeJI,eHHbIe

p a3M'epbI M.Q'JI,eJII1.111 HaTypbI .eOBnaJ(aIOT 11 Hce nep'ellHCJIeHHbIe 'BbIIIle

T.pe6oBaIHI1H -'cp.H3'I1'QeCKOrO IHoJ( ' o6I1 i H ,np116JIl1lli,eHHO -c.orJI3-cYIO'T ' CH.

E,cJII1 TeJIa reOMeTp l l1lleCKI1 nOJI,06HbI, 'TO YCJIOBII151 I1X MeXaH-MlleCKO-

ro n-oJI,06HfI C�OJI,HTCH K TOMY, llT06bI B CJI'Yllae aHaJIOrl1'llHOrO no xa-

paKTepy CTaTl1lleCKo:ro HarpYJKeHI1H BHeIllHI1Ml11 CI1JIaMI1 P 11 JI,aBJIeHII1H-

MI1 p, :jHalleHII1H 3TI1X BeJII11l-HH y HaTypbI 11 y MOJI,eJIIH '6bIJII1 paBHbI Melli-

JJ.Y C060H P / F = idem MJII1 p
=== ideln.

XapaKTep CTaTl1lleCKOrO HarpyJKeHH5I y cpacoHHoH 11 npHMoyrOJIbHOH
COOTBeTCTBeHHbIX nOJIOC ipa3JIl1lleH, n03ToMY TOllHOe C06JIIOJI,eHll1e YCJIq-

BI1H MeXaHl1lleCKOrO nOJI,06H�H B JI,aHHOM CJIYllae HeB03MOJKHO.

CJIeJI,yeT IJIMeTb B. BI1J(Y, IITO npOBeJI,eHHbIe BbIllIe paCCYJKJI,eHI1H OT-

HOCHJIll1Cb K cooTBeTcTBeHHoH npHM.oyrOJIbHOH nOJIOce, KOTopafl npeJI,-

CTalBJIHeT C060H He�oTopbIH paClleT'HbIH 3KBI1BaJI.eHT cpacoHHoro npo-

cpI1JIH. B03HI1KaeT Bonpoc, B KaKOH Mepe �TOT paClleTHbIH" 3KBI1BaJIeHT

COOTBeTcTByeT JI,eHCTBII1TeJIbHbIM YCJIOBI1HM np'OKaTKI1 n,pHM.oyrOJIbHOH
nOJIOCbI Ha rJIaJI,KOH 60QKe. OnbITbI H. H. naBJIOBa. [3, c. 346] nOKa-

3aJII1, IITO nOBepXHOC'D.11 KOHTaKTa npHMoyrOJIbHbIX nOJI,OC OTJIll1llaJII1Cb

no BeJIHlll1He DT nOB�pxHocTeH KOHT3KTa cpacoHHwx nOJIOC C BaJIK3MH

B 60JIbIllYlO CTOPOHY.

3TO '06'bHCH5IeTCH CJIeJI.YIOIIlI1MH np'Hll'HHaMH.

p aBeHCTBO 'K03cp<pI1�l1eHTOB J(e<popMaQHH .npH npoKaTKe <pacoHH�IX
nOJIOC H COOTBeTCT!BeHHbIX IJi.M paClleTHbIX, KaK 6bIJIO nOKa3aHO BbIIlle,

BblTeKaeT :113 YCJIOBHH InOCTOHIHCTBa .06.beMal1 H3TOTo�aKTa.1l�TO 06'b-

eMbI, 3aKJIIOlleHHbIe B npeJI,eJIa{C 01lalra J(e.cpopMa'�I1I1, 11 06'beMbI, CMeIl{a-

ervIbIe no BbICOTe, Illl1pl1He 11 J(JII1.He, y TaKI1X nOJIOC OJI,I1HaKOBbI. XapaK-

Te.p JI,eHCTBYIOll.{-HX B KaJII1"6pax H £Ia rJIaJI,KOH 601lKe CI1JI B .lI.aHHOM

,CJI'y'qae 'He 'y�llI1TbI:BaeT�H, nOC�'OJIb'KY ,peIIb HJI,eT '0 Inp-OCTOM nepe.Cll-e-Te

re.OMeTlpl1lleCKII1X pa3MepOB nOJIOC JI,O 111 nOCJIe npOKaTKH no <popMYJIaM
_(;5:18) npeo6pa I 3,oBaH.I1H',Cell:e'H:I1H.

Dpl1 npaKTl1lleCKOM oCY'IIleCTBJIeHI1 I I1 npOKaTKIH cpacoHHoH n'OJIOCbI B

KaJIH.6pax 11 nIPHMO)lirOJIbHOH nOJIOCbI, HCX10JI,HbIe pa3MepbI KOTOpOH paB-

�bI COOTB�TcTBeHHbIM Ha rJIaJI,KOH 601lI<e, B03HI1KaeT CI1CTeMa CHn, 3a-

BIHC5IIl{aH OT p'a3-MepOB 11 cpOpMbI KaJI'116pa IH nOJIOCbI Ii OT CTeneHH 3a-

nOJIHeHI1H KaJIiH6lpa. HHbIMl11 CJIOBaMH, HeCOOTBeTCTBl1e K03cpcpHIJ.HeHTOB
,lI,ecp'opMal(I1H B JI,aHHOM CJIYllae 06YCJIOBJIeH,O pa3JII11l-HeM B CTaTHlleCKOH

14(0,5) 3a'K. :127 . 417



C.J1CTeMe CI1JI, np I I1JIOJKeHHbIx. co CTOp;OHbI KaJIIH6pa K nOJIOCe cpa�OHHOrO
npocpl1JI5I 111 CO CTOpOHbI 60IIKI1 BaJIKOB K nOJIOCe np5IMoyrOJIbHOrO npo-

CPHJI5I.
3TO lPa3JII1II 1I1e M'OJKHO 'yqeCTb npll1 nOMOI.l.\I1 3Mnl1p.HIIeCKRX , nonpa-

BOQHbIX K03cpcpHI(l1eHT I OB YlIIII1peHIH5I [3, c. 353]. B pe3YJIbTaTe K03cpcpl1-
�l1eHTbI AecpopMaI(HI1 cpacoHHoro npocpl1JI5I B KaJII16pe 11 npHMoyrOJIbHO-

ro Ha rJIaJI.KOH 60IIKe 6YJI.YT O�I1HaKOBbI, T. e. OHH 6YJlYT COOTBeTCTBeH-

HbIMH.

OJI.HaKO nonpaBKa Ha YllIll1peHll1e Ba}KHa )I.JIH paCIIeTa JI,ecpop.Ma�ll.l1l1
nOJIOCbI, a �e paCIIeTa J(aBJIeHII1H Ha BaJIKII1. ECJII1 pa3MepbI nOJIOCbI �AO 11

nOCJIe npOKaTKH H.3IBeCTHbI, TO paCIIeT JI,aBJIeHHH .6YJI,eT JI,OCTaTOQHO TOII-

HbIM 111 6e3 BBeJI,eHI1H nonlpaBK'11 Ha YllIl1peHne. 3TO CJIeJI.yeT 113 MHoro-

1II1CJIeHHbIX 'orrbITOB, KOTopbIe rrOKa3bIBaIOT, IITO xapaKTep CTaTI1QeCKOrO

Ha.rpYJKeHII1H OKa3bIBaeT cJIa60e BJIII151H.Me Ha BeJII1-II 1I1HY Ope,lI,HerO JI,aB-

JI.8HI1H npl1 inp.OKaTKe Icpa'OOH.HbIX nOJI:oc: p � pc. iO:6'b5l:OHIHeTC5I BT'O -reM,

lITO rr,pl1 rr.pOKaTKe cpa/COHHbIX ,nOJIOC, B 3JIeMeHTax CeIIeHll1H nOJIOCbI,

HMelOIll.HX 06lliame, OTJIHIIHOe OT cpe.JI,HerO, B036YlliJI,aIOTCH ,lI.OrrOJIHH-

TeJIbHO oceBbIe ClliIHMalO!I.I.\He Ha.npH}KeHH'51 B 30Hax UOBbIIl1eHHoro. '06-

lliaT1HH 111 paCT5Ilrl1BalOI.I.\ll1e Hanp5IJKeHI1f1 B 30I-Iax nOHl1llieHHOro o6)Ka TH5I

( + 0';) BCJIeJI,CTBl1e oJI,II1HaKOBoH .D.JIH 'Bcero CeIIeHI15I BbIT5IlliKI1. ,[LorroJI-

HI1TeJIbHbIe Hanp5lLKeHI1H, B eOOTBeTCTBI1H ,C ypaBHeHll1eM nJIaCTI1IIHOCTI1,

YBeJI.MIII1BaIOT II1JII1 YMeHb'Il1aIOT KOHTaKTHbIe Harrp5lllieHI1H B 3TOM ceqe-

HHII1: 0'0
= K + «jp + 0';). OCeBf>Ie .HanpHJKeHH5I a� B3aIHf\1HO y'paB-

HOBeIl1IHBaIOTC5I, T. e. I1X aJI ' re6paI1IIecKa.51 CYMMa no BceMY CeIIeHll110 no-

JIOCbI paBHa HYJIIO. D03ToMY Ha cpe�Hee )J.aBJIeHl1e npOKaTK.11 3TI1 ,lI.0-

nOJI'HII1TeJIbHbIe Ha.npHJKeHH5I BJII1HHI1H He OKa3bIIBalOT [6].
HTaK, MOlliHO npl1HHTb, lITO CpeJI,Hl1e JI,aBJIeHI151 npll1 npOK;aTKe COOT-

BeTCTBeHHbIX nOJIOC OJI,I1HaKOBbI. BrviecTe ,C TeM BbIllle 6bIJIO nOKa3aHO,

1I1'0 iIJIOll.{aJI,.M KOHTaKTHbIX rroBepxHocTeH ,y ,COOTBeTCTBeHHbIX nOJIOC

OJI,II1HaKOBbI. CJIe,lI,O�aTeJIbHO, CYMMapHoe JI,3'BJIeHHe Ha BaJIKl11 COOTBeT-

'CTBe:HiHbIX irrOJI'o.c TaKllie OJI,H'HaKOHO: P=pF=PcFc'='Pc.
OTCIOJI,a CJIe,lI,yeT, lITO 111 Ipa60Ta npOKaTKI1, 3aT1paIII1BaeMaH Ha JI,e-

cp,op.MaIJ.HIO 'C'OOT'Be�CTB.eHHbIX nOJI'OC, O)1.I1HaKOBa: A =Ac.
3TO CJIeAyeT H3 Toro, IITO K03.cp:cpI1Ql1eHTbI �ecpopMa�l1l1, 06'beMbI,

33KJIIOqeHHbIe B nlpeJI,eJIax OIIara JI.ecpopMaI(lMll1, 11 JI,aBJIeHI1f1 npn npo-

KaTKe COOTBeTCTBeHHbIX nOJIOC OJI,I1HaKOBbI:

A =

p v: In)... ===

Pc V
c

In Ac = Ac.

i
/

HTaK, pa3JIH'II 111e B xap,aKTepe CTa�'l1IIeCKOro HarpYJKeHll1H He BHOCI1T

CYI.l.\eCTBeHHo:ro pa3JII1III1H MelliJI,y BeJIll1III1HaMl11 CpeJI,HI1X 11 CYMMapHbIX

JI,aBJIeHI1:H, a TaKJKe pa60T npOKaTKI1 COOTBeTCTBeHHbIX rrOJIOc.

Bce H3nOllieHHoe JI,aeT HaM rrpaBO rrp0I13BOJI,I1Tb paCtIeTbI JI,aBJIeHI1H

°Ha BaJIKII1, p.a60Tbi, MOMeHTa 1M MOIll.HOCTI1 rr.p'OKaTKI1, npOCTbIX rrpocp l l1-

JIeH, HCnOJIb3Y51 ,U:OCTaTOIIHO 060CHOBaHHbIH C n-0311�I1H TeOpl1H rrOJI,0611H
U

'

MeTOJI, COOT!BeTCTBeHHOH nOJIOCbI.
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XV r JI a B a

Oco6bIe cJlyqaH npOKaTKH

1. npoKaTKa MHOf«?CJIOHHbIX \MeTaJIJIOB

PaccrvIOTp l l1M OCHOBHbIe np06JIeMbI rrp0I13BO}LCTBa MHOrOCJIOHHbIX Me-

raJIoI10B Ha npl1Mepe npOKaTKI1 (pl1c. 179).

nepe.u. npoKaTK.oH nOBepxHocTH JIHCT,OB nOJ(BepralOT TmaTeJIbHOH

OQI1CTKe ,lI,JI5I Taro, QTo6bI 06JIerlln'Tb npOI(eCC CXBaTbIBaHtMH
- B3aI1M-

Horo' c�'enJIeHI1H MeTaJIJIOB. CXBaTbIBaHIHe, KaK I1p,aBII1JI�O, OCYIIl.eCTBJI5I-

eTC5I B nepBbIX nponYCKax. Dpe,lI.JIOllieHbI "MHOrOllHCJIeHHbIe DI1nOTe3bI

a 5

')

PHC. 179. Cnocoobl npOJ<aTlul ,ZI.BYXCJIOHHblX H 'rpeXCJIOiiHbIX MeTaJIJIOB

CXBaTbIBalHHH
-

peKp I1"CTaJIJII1:3 a l(H'OtI'H aH, ,lL'I1'CPCPY3UOHHaH, nJIeHOllHa5l�

3HepreTl1lleCKaH, ,lI.I1CJIOKa.QI10HHaH. !\a}K,lI.aH 113 3TI1X rl1nOTe3, B3HTa51

B OT,lI.eJIbHOC'fJH, He �aeT YJ(OBJIeTBQPHTeJIbHOrO 06'b5lCHeHI151 Bcexoco-

6eHHOCTeH BeCbMa CJIOlliHOrO HBJIeHII1H, CXBaTbIBaHII1H. C03J(aHl1e Y,lI.OB�

JIeTHOp ' I1TeJIbHOH TeOp11 1 11 JIeJKI1T, n'O-BH,lI.II1MOM;Y, Ha nYTH CI1HTe3a pa3-

JII1QHbIX rl1nOTe3. O:,lI.HaKO MO}KHO YTBepJK,lI.aTb, llTO Ha MeXaHI1QeCKHe

eBOHCTBa 611MeTaJIJII1lleeKI1X 'COe,lLI1HeHHH 60JIbIllOe BJIHHHl1e' OKa3bIBa-

lOT TIIP0l(eCCbI ,lI.II1CP:CPY311.H B nepeXO,lI.HOH 30He. ,[L111:cpcpY3110HHbIe npOl(ec-
CbI rvlorYT YBeJII11l 1l1BaTb I1JIII1 YMeHbIllaTb npOllHOCTb COe,lI.I1HeHI1H.

Kp,aT.KO oxapaKTepl13yeM OCHOBHbIe cpaKTopbI, BJII1HIOIIl.lHe Ha CXBa-

TbIBaHHe MeTaJIJIOB, 111 HeKOTopbIe oco6eHH'OCTI1 IIOCJIe.rr.YIOIIl.eH npo-
Ka TJ5:I1.

T 0 JI IIl. H H a 0 K H C H 0 H n JI e H K:I1�
I

B rJIaBe 8 6bIJIO nOKa3aHO,

llTO Ha nOBepXHOCTI1 MeTaJIJIOB 'BCer,lI.a cyfuecTByeT nJIeHKa OKI1CJIOB?

a,lI.COp6HpoBaHHbIx ra3-0B 111 OpraHI1'IIeCKI1X BeIIl.eCTB. OHII1 3aTpY,lI.HHIOT

CXBaTbIBaHl1e IH B pfl,lI.e .CJIYllaeB .rr.eJIalOT ero HeB03MO>KHbIM. Y ,lI.aJIeHI1�

OKII1CHOH rrJIeHKH OCJIOlliHfleTCH Tef\1, llTO nOCJIe Y,lI.aJIeHI151 OHa 6bICTp.Q
.o6pa3yeTcH ,H -nP'OllH'O Y',lI,ep){{HiBae.T'OH Ha rrOBepX'HOCTI1. HanpI1Me.p, ,OKH'C-

HaH rrJIeHKa Ha llieJIe3e IB TelleHl1e 1 MUfl ,lI,OCTl1ra�T TOJIIIl.IHHbI" 2,0 flM
o 0

(20A), a llepe3 IIac paBHa 24A� 'lleM 60JIee xpyrrKaH nOBepxHOCTHa5l'

'OKHCHa51 :TIJleHKa (T. e. 'yef\1 '6onbIll,e OTHOlll,eH'He TiBepJI..OCTH 'OK,nCJIa 'K

TBep,lI.OCTH MeTaJIJIa), TeM JIerlle npOHcxO,lI,II1T ee. pa3pYIlleHI1e B TIpoI(ec�

ce npo��TKH, TeM. ,�-e�I;>Q.I.e ;q6.*aTHe, HeqoxQJJ,HMoe .u.JIH o6pa30BaHI1H

14*.(0,5) 3aK. 127 419



n.pO'tiHbIX MeTaJIJIl1lleCKI1X CBH3eH MelliJI,Y CJIOHMII1 MeTaJIJIOB. B KalleCT-

Be xlpynKoH nJIeHKI1 MOllieT CJIYJKIHTb TOHKI1H HaKJIenaHHbLH nOB�pXHOCT-
HbIH CJI'OH MeTaJIJIa, 6JIa;rOnpHHTHO BJII1f1IOI.I.\II1H Ha CXBaTpIBaHl1e.

.C Ten e.H b JI, e.q>.o p M a I( 11111. H3BeCTHO, IITO JI,JIH CXBaTbIBaHH5I He-

06XO,lI:I1M'0 nepBOHallaJIhHOe cC-OBM.eCT'HIOe 06lliaTHe MeTaJIJI'OB 'C HeKO'TO-

pbIM CJI,BHrOM MeTaJIJIa no nOBepXHOCTHM KOHTaKTa, B npo�etce KOTO-

p.oro pa3pYIllalO'TCH OKl1lCJIbI 11 .rI:pyrl1e ,BeIIJ.eC'TBa 'Ha 3THX ,nOBepXHOCTHX,

1M

.

HHOrJla 'OH-H CTaH'OBHTCH nOIIT.M IOBeHII1JIbHbIMH. OnpeJI,eJIeHHafl BeJII1-

llHHa 'CJI,Bl1ra .rrOBepXHOCTHbIX CJIOeB CYIIJ.eCTByeT npaKTl1lleCKH BcetJI,a,

nOCKOJIbKY ,Me?CaHl1lleCK'He CBOHCTBa npOKaTbIBaeMbIX MeTaJIJI,OB, K,aK

npaBI1JIO,- pa3JII1tI'HbI 111 Ha nOBep.XHOCTI1 BCerJI,a CYIIleCTBYIOT CI1JIbI Tpe-

HI1f1.

,LLJIH pa3HbIX MHOTOCJIOHHbIX MeTaJIJIOB BeJIll1lll1Ha nepBOHaqaJIbHO-
ro 06lliaTI151, Heo6xoJI,HMOrO JI,JI,H CXBaTbIBaHII151, H3MeHHeTCH B Illl1pOKI1X

npeJI,eJIax
- ot 8 ,U.O 80 %. AHaJII113 onbITHbIX JI,aHHbIX, a TaKJKe Teope-

Tl1lleCKHe BbIBOJI,bI nOKa3bIBaIOT, llTO JI,JIH. oCYI.I.\eCTBJIeHI1H CXBaTbf.BaHII1f1

Tex II1JIH HHbIX MeTaJIJIOB Heo6xoJI,I1M'O HeKoTop,oe MI1HI1�aJIbH,Oe KOH-

TaKTHoe HanpHJKeHl1e. OJI,HO 11 TO }Ke KOHTaKTHoe HanpHllieHll1e npi1
JI,aHHOM 06JKaTI111 MO>KHO nOJIYQ I I1Tb, H3MeHHH TOJIIIJ.HHY COe,lLII1HfleMbIX

CJIOeB, 'COOTHOIlleHll1e MeJKJI,Y TOJIIIJ.I1HaMI1 CJIOeB, JI,l1aMe'f1p BaJIKOB, CI1JIbI

KOHTaKTHoro TjpeHI1H H JI,P'Y\rl1e cpaKTOpbI. E'CJII1 31'111 cpaKTopbI HeI13MeH-

HbI, �O�TaKTH.oe HanpHllieHIHe 6YJI,eT 3aBI1CeTb TOJIbKO -aT BeJIHqll1HbI 06-

}Ka TI151.

B nepBoM rrpoxo.rr.e JI,0 Tex nap, rr.OKa CXBaTbIBaHl1e eIll.e He npo-

tH30IllJIO, BeJIl1lll1Ha 06>KaTI1f1 CJIOeB pa3JIl1llHa,- npOI1CXOJI,I1T CABtl1r
-

«'cnOJI3aIHI1.e» 'O.lI.lH,oro 'CJIOH iC Jr.,pyr,oro. B JI,aJIhHeHllIHX Inp.ox'o.rr.ax Ta!Klli'e

HMeeT MeCTO HepalBHOMepB:aH JI,ecpopM8'QI151 CJIOeB. CTeneHb HepaBHO-

MepHOCTI1 3aBlHCI1T OT' COOTH.OIlleHI1H conpOTIHBJIeHI1H JI,e.cpOIPMaQHII1 npo�

KarbIBaeMbIX MeTaJIJIOB, COOTHOllleHI1H TOJII.I.\HHbI CJIOeB, B3al1MHOrO

pa'CnOJIOllieHI1H !CJIOeB H napaMeTpOB 01lara .rr.ecpopMa�I1IH. B CB5I3H 'C

31'111M llaCTO n,pl1 npOKaTKe MHOrOCJIOHHbIX nOJIOC Ha6JIIOJI,aeTCfI H3rH'6.

H3DI16 npeJI,OTBpaI.l.\alOT rrOJI,.60pOM napaMeTpOB 01lara ,lI,ecpopMaIJ..J1H IH

C rrOMOIll.blO npOBOJI,;OK. Pe3YJIbTaTOM flBJIHeTCH B03HI1KHOBeHI1e JI,orrOJI-

Hll1TeJIbHbIX HanlP5lllieHI1H 'OT HepaBHOMepH'O� JI,ecpopMa.�I1I1, nepeXOJI,H-

IIJ.HX nOCJIe npOKaTKI1 B OCTaTOllHbIe, KOTopbIe MorYT YMeHhIll ' I1Tb CpOK

CJIYlli6bI 11:3,lI;eJII1H 113 MHOrOCJIO'HHOTO MeTaJIJIa.

COO THO Ille H 11 e T -0 JI IIlI1 H bI C JI 0 e 'B iB n a K e T e. Y CT a -

HOBJIeHO, llTO npl1 Hell13MeHHOH _.TOJIIl{IHHe OCHOBHoro CJIOH C YBeJII1Qe-

HHeM TOJIII.{IHHbI rrOKpbITI1H n 1pOllHOCTb COe,IT,HHeHI1H MeTaJIJI:OB YMeHbIlla-

eTCH, eCJII1 rrpOlll1e YCJIOBII15I npOKaTK'11 OCTaIOTC5I HeI13MeHHbIMI1. E>TO

06'bflCHHeTCH YMeHbIlleHHervI BeJIHlll1HbI KOHTaKTHbIX HanpHllieHI1H Ha

:!10Bep'XiH-DCTH ooe.u.HHHeMbIX ,CJIOeB. TOJI�JfHa nJI�;Kl1iPYIO.IIJ.er,o 'CJIO� np.11

npOKaTKe 3aBI1'CI1T OT rro-CJIe,lI,YIO,IIJ.ero I1CrrOJIb3'6BaHIHH MHO'rOCJIOHH.oro

.Me'T8JI.JIa .J1 MOJKeT COCTaBJI5ITb OT 1 JI,O 50 %
TOJIlI(I1HbI naKeTa.�.

T e M rr e p a ,T'YIP a. f1,POllHO'CTb c-rr.enJIeHHH. CJIOeB YBeJIIH'qIHBaeTcH C

YBeJIl1lleHHeM TeMnepaTypbI, TaK KaK np� HanpeBe nJIaCTl1llHOCTb Me-

TaJIJlOB pacTeT H Y1BeJIl1lll1'BaeTCH BJIIHHHll1e JI,I1CPCPY3HOH'HbIX npOQeCCOB

Ha cXBaTbIBaH'l1e MeTaJIJIOB. OJI,HaK'O C pOCTOM TeMrrepaTypbI YCKopfleT-

C5I"CKOP ' OC'Tb oKifcJIeHHH Me'TaJIJIOB: nOHBJIfllOTCfI OKI1CHbIe nJIeHKH, no-
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flBJI5IeTC5I OnaCH,OCTb B03HHKHOBeHII151 xpynK'l1x I1HTepMeTaJIJII1JI,OB 11 JIer-

KOnJIaBKI1X 3BTeKTI1K, IITO YXY.DJl1aeT 'CXBaTbIBaHl1e. TaKI1M 06Ipa30l\1, y

KalliJI,OH napbI ,MeTaJIJIOB CYIIl.eCTByeT CBOH Klp l l1Tll1lleCKa51 TeMnepaTypa

HarpeBa, npeBbIIllaTb KOTOpylO He CJIe�yeT. 3Ta TeMnepaTY'pa 3aBI1CHT

OT 60JIbIllOrO III1CJIa cpaKTopOB 11 06bIIIHO, COCTaBJIHeT 0,7 -0,8 a6co-

JIIOTHOH TeMnepaTypbI nJIaBJIeHI1H cO�I1HHeMbIx MeTaJIJIOB.

C 'DC TaB 0 K P Y JK a 10 IIl. e HC p e JI. bI. CXBaTbIBaHl1e OCYll.{eCTB-
JIHeT,CH Hal1JIYIIIllI1M '061pa'30M B YCJIOBI1HX BaKYYMa 11 B HeHTpaJIpHbIX
cpe.rr.ax. :f-Ia l l1MeHee 6JIarOn 1p l l151THbI YCJIOBI1H JI,JIH CXBaTbIBaHI151 11 nOCJIe-

JI,YIOll.{eH npOKaTKI1 Ha B03JI,yxe, TaK IITO pH� MHOrOCJIOHHbIX MeTaJIJIo.B,

B KOMn03I1f(1111O Ko.TOpbIX .BXOJI,HT MeTaJIJIbI, o.6JIaJi,alOIIl. IMe BbICOKOH x�/
MI1IIecKoH aKTlI1BHo.CTblO (HanpI1Mep, TI1TaH), npoKaTbIBaTb Ha B03JI,Y-

xe HeB03MO}KHO. B HacTOHIll.ee
_

BpeM5I Illl1pOKo. np'aKTI1KYIOT I1CnOJIb3o.-

BaHl1e Cne�l1aJIbHbIX BaKYYMl1poBaHHbIx naKeT.OB: MHOrOCJIOHHble 3aro-

TOBKH nOCJIe Co.O'fBeTcTBYIOIll.eii 0IIHCTKII1 YKJIaJI,bIBaIOTcH B CTaJIbHbIe

cBa,pHbIe 060JIOIIK'I1; C nO�OlI(blO BqKYYM"Ho.rO Hacoca B HI1X
_ C03JI,ae:rC5I

pa.3lPHllieHl1e 133-266 H/M2 (1-2 MM pT. CT.), no.CJIe tIeTO Tp'y6Ka, lIe-

pe3 K'OTOPYIO np-oH3BOJI,UJIOCb :pa3pIH:m:eHne, '3aBapl1:B3.eT,C5I. f1paKTI1Ka
TIOKa3aJIa TeXHII1Ko.-9KOHOMl1lleCKYIO �eJIeC006pa3HOCTb I1CnOJIb3o.BaHMH

raKI1X BaKYYMl1p.o.BaHHbIX naKeTOB JI,�H npOKaTa .pHJI,a 6I1MeTaJIJIOB.

o p O.M e}K y T 0 II H bI e nip o..C JI 0. H K H nplH npOKaTKe MHo.rOCJIOH-

HbIX MeTaJIJIOB HCno.JIb3YlOTCH JI,o.BOJIbHO :rIaICTo.. Hx BBo.JI,51T. MelliJI,Y OC-

HOBHbIM 11 rrJIaKl1pYIOIIl.II1M CJIOfll\111 MeTaJIJIOB �JIH npeJI,.oxpaHeHI1H o.T

JKI1CJIeHI1H nOBepXHo.CTeH COeJI,II1HfleMbIX ,MeTaJIJIOB, ,[LJIH II1CKJIlOlleHI1H

HenOCpeJI,CTBeHHoro KOHTaKTa MelliJI,y MeTaJIJIaMI1, npl1 Ko.TOp-oM B03HII1-

KalOT HellieJIaTeJIbHble I1HTepMeTaJIJIl1lleCKHe COeJI,II1HeHI1H 11 Ka.p611JI,Hble
BKJIlOlleHI1H, JI,JIH C03;:LaHII151 BH3Koro 11 npOllHOrO nepeXO,lI.HOrO CJI"OH, �JIH

06JIerlleHI1H coeJI,I1HeHIHH pa3HOlpo.JI,HbIX MeTaJIJIOB, llTo. co.rrlpOBOlliJI,aeTCH

yivteHbIlleHHeM KOHTaKTHbIX HanpH:lKeHHH 11, CJIeJI,OBaTeJIbHO, YMeHbllIe-

Hll1eM 06lliaTI1H, He06xo.AI1MOro. JI,JiH CXBaTbIBaHHH. f1p.OCJIo.HKH MO)KHO

Ha'HOCI1Tb HanJIaBJIeHll1eM, 3JIeKTpOJII130M, 3aJII1BKo.H, YKJIaJI,bIBaTb B BH-

JI,e TOHKI1X JIll1CTo.B MJIII1 cpo.JIbrl1 Melli.n.y co.eJI,I1HHeMbIMI1 M'eTaJIJIaMI1.

IBo MHODI1X CJIYlIaHX 6e3. npOCJIOeK HeBo.3Mo.}KHo. no.JIYIIl1Tb MHo.ro-

CJIOHHbIe MeTaJIJIbI YJI,OBJIeTBo.pI1TeJIbHo.rO KaIIeCTBa. HanpHMep, npOlI-

Ho.e co.e,lI,HHeHIHe B 611MeTaJIJIe TI1TaH--CTaJIb (.crrJIaB BTO-l H CT. 3)
6e3 :n,pOCJIOeK InOJI"YIIHTb :HeB03M'OLKHlo.. Harro.JIb3-0Ba l HIHe .lI.BOH,H'OH npo-

KJIa)J.KI1 113 cpo.JIbrl1, HHKeJI5I 111 IBaHa,lI,I1H rro.3Bo.�HeT no.JIY1I 1I1Tb JI,OCTaTo.lI-

HO npo.llHOe co.eJI,MHeHl1e TlI1TaHa co CTaJIblO, eCJIH np-OKaTKa nlpo.HICXo..?J.HT
B BaKYYM'l1lpOBaHHbIX naKeTax. f1,oCJIeJI,YIOIIl.HH o.TJKHr YJIYIIIllaeT 'CBo.HCT-

Ba rro.JIYlleHHo.ro. 6HMeTaJIJIa. f1piH 3To.M npo.CJIOHKa BaHa',lI,I1H npeBpa-

ll.{aeTCH B Co.e.IJ.HHeHll1e' CiHCTeMbI V-Ti-r\i, a npo.CJI'o.HKa HHKeJIH - B

co.eJI,IMHeHMe. CHCTeMbI F'e-l\i- V -:- Ti nepeMeHHbIX COCTaBo.B. BeJIHIII1Ha

nepeXIOJI,HOH 3'OHbI M.elliJI,:Y "TI1Ta'H"OM 11 fCTaJiblO COCTa'BJIHeT' 40---160 MJ(M,.

3Ta 3o.Ha o.6JIaJI,aeT rrpOllH,OCTblO 11 nJIaCTlHllHOCTblO, KOTopbIe He YCTV-

nalOT npOllHOCTH H nJIaCTI1t.JHOCTH 'fIHTaHa H CTaJIII1.



.

2. HanpH}KeHHOe COCTOHHHe

"PH npOKaT1Ke MHOrOCJ10HHbIX MeTaJ1JIOB

PaCCMOTpHM H3'rrp5l>KeHHOe COCT05lHHe n,p'H IlIpOKaTKe TpeX'CJIOHHO-
ro MeTaJIJIa (plI1c. 179,8). D,pH'MeM, qTO HapY>KHbIe CJIOH T HMelOT 60-

JIee BbICOKoe HCTHHHoe' COnpOTtHBJIeHHe ,ILecpopMaQI1/11 KT} qeM BHYTpeH-
HHH :CJIOH M, COnpOTtHBJIeHl1e .rr.ecpopMaQ'HH KOTopor,o paBHO KM.

rlpa)flH.Qa Me)K,ILY 'CJI,OHMI1 .orr , pe,ILeJI5IeTC5I yrJIOM G.I/2.
B COO'PBeTCTBI1 I I1 C 'CPOPMYJI3MH (477), ,ILJI5I HapY)KHbIX CJIOeB MeTaJI-

JIa (CPI>CP;; CP2>CP�) B 30He OTCTaBaHI15I 6Y,ILeM HMeTb:
-
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AHaJIOr'Hq'HbI,e 'C-OOTIHOIlleHH5I MO}K'H,O '3anncaTb H ]I,JI5I '3'OHbI 'onepe-

LKeHH5I.

YCJIOBIH5I HenpepbIBHOCTI1 Hanp5I>KeHHH '.Ha rpaHI1Qe BHeillHero 111

BHYTveHHiero 'BbIpa}KalO'TC5I lB CJI,eJLYlOIlI.eM 'B11]I,e:

(528)

, , '(pOT
_

'(pOM. GOT
==

(JOM G
pT

=
apM

<PI =

<PI; <P2'= <P2 ;
K

T . KM K
T KM K

T KM

JIerKo y6e,ILIHTbC5I, qTO a6COJIlOTHbIe 3H,aqeHH5I. Harrp5I>KeHHH-.6Y,LLYT
nenpepblBHbI, eCJIH KT ==,KM.' B npOTI1;B'HOM 'CJIytIae (InpH K.T +- KM) Harr-

'p5I)KeHI15I i6Y,lI,YT II1peTeprreBaTb pa3pbIB, H eCJIH MaKCHMaJIbHbIe Kaca-

TeJIbHble Harrp5lLKeHH5I 'f OKa>KYTC5I TaKH,MH, qTO

K
T

-K
M KM

T=
'2

"

>2'

TO 6YJJ.eT rrpOH'CXOjJ;HTb B3a I HMHbIMC,lI,BHr -

CnOJI3aHHe CJIOeB. KaK 6bI-

JIO OTMeqeaO B rrpe.rr.bI,ILYlI(eM rrYHKTe, TaKOM 'C,ILBHr rrOJIe3eH B nepBOM

rrpOXO,LLe, TaK KaK crroeo6cTByeT 'CXBaTbIB3'HIHlO CJIOeB.
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OOCJIe CXBaTbIBaHH5J B npOl..{ecce np'OKaTKH o6pa3yervc51 nepeXO,ILHbIH
CJIOH TOJIlI(HHOM 20-160 MKM. TOJIlI(IHHa 3Toro CJI05J MaJIa no cpaBHe-
HIHIO .C TOJIlI(HHOH npoKaTbIBaeM'oro naKeTa, H pa3pbIB Hanp5JLKeHHH
3,ILeCb MO)KHO HHTepnpeTl1pOBaTb KaK OlleHb 6bICTIPbIM .nepexo,LL HCTtHH-

Horo
-

conpOTIHBJIeHH5J ,ILecpopMaQHI1' ,OT BeJ1IHIIHHbI KM K BeJIHIIH'He KT.

BMetTe C TeM, nOCKOJIbKY B nepeXO,ILHOM CJIoe np0l130IIIJIa B3alIMHa5J

LLHCPCPY3 1115J Nr-eTaJIJIOB, TO XOT5J no TOJIlI(HHe 3Toro CJI05J I1CTHHHoe con-

p'0TIHBJIeHHe ineJPeM eH,HO, H;O :B Ka)KJ!:OM 113 .ero '�Oll-eK .c.o6JIIO,ILaeTIC5J ICO-

OTHOlIIeHl1e: KT=KM. D03TOMY MaKCHMaJIbHOe KaCaTeJIbHOe Hanp5J)Ke-
.,

K -K
HHe 't == T.

2

M
== 0, :M COBMeCTHa5J

n�OKaTKa pa3HopoAHbIX CJIoen

6e3 HX pa3pbIBa no nJIOCKOCTH KOHTaKTa CTaHOBIHTC5I B03MO)KHOH.

.� Dpol13BeJJ.eM Ten�pb oQeHKY BeJIHlll1HbI OCTaTOIIHbIX Han.p5J)KeHII1H,
B03HHKalOIl..(II1X nlpH npoKaTKe MHOrOCJIOHHbIX MeTaJIJIOB.

,113 ,MaTepHaJIa rJI. XI I H3BecTHo, lITO rrOCJIe npOKaTKH Hanp5J)KeHH5J
OT ijHellIHIHX OMJI HClle3a1OT, a Hanp5J)KeHH5J OT HepaBH'OMepHOH JJ.ecpop-
MaQHH nepeXO,lI,51T B OCTaTOIIH�e. DpH 3TOM pa3HOCTb HOpMaJIbHbIX

Hanp5J)KeHII1H 'CTaHOBI1TC5J MeHblIIe BeJIHllll1HbI HicTHHHoro .conpOTHBJIeHI15J

AecpqpMaQIHH K.
..

DOLL BeJIHIIIHHOH K MbI YCJIOBHMC5J nOHHMaTb I1CTI1HHOe COnpO'fJHBJIe-
Hll1e MeTaJIJIa nOCJIe n'poKaTKH. B TaKOM CJIYllae MO}KHO !BOCnOJIb30-

BaTbC5J <popMYJIaMH (444):

i, = (1
- (jJJ(In :: - 1); i = (1 - (jJ2) In �: + 'Ij(jJ2° (530)

I

(J
Y T

(
ho \

== (1 - CP2) In -.J - 1 J;
K

T hi}
E

T .

.,+ 'Y] CP2 + v - a.
T T.

K
T

DpH npoKaTKe MHOfoOCJIOHHbIX MeTaJIJIOB K03<PCPHQl1eHT TenJIOBOrO

J1HH'eHHoro paC'IllIHpeH.HfICJIOeB B '06lI(eM CJIYllae pa3JIUqeH. Ho CJIOI1

CKpenJIeHbI Me}KJJ.Y C06,OH. D03TOMY B npol..{ecce oXJIa)K)J.eHH5J 3a CIIeT

HepaBHOM�pHOH yca,ILK(H B03HIHKalOT )J,onOJIHHTeJIbHble TeMnepaTypHbIe

Hanp5J}KeHH5J, BeJIHIIHHa KOTOpbIX no JIlO6oM'Y !I13 K,oQlp,ILHHaTHbIx Han-

paBJI,eHH'H paB/Ha.E!aT, rJJ.e E MOJI.YJIb IHOpMaJIbHOH iy.np.Y�OC'DH npH TeM-

nep 3'TY:P e T; 'a ---< K'0I3'CPiCP.11 U H eJH!T JI HIH eH'H 0 foO 'p a C'Ill l l1'p eH Ii 51.

CllHTa5J, qTO BbICOTa 61I1MeTaJIJII1'1leCKOfoO JIHCTa MHoro MeHbille era

LLJIHHbI, 6Y,ILe.M npeH-e6peraTb H3'MeHeH'HeM ero pa3Mep.oB IIO �BbI'coTe,

T. e. nplI1MeM, lITO OTHOCHTeJIbHOe H"3MeHeHHe BbICOTbI e y� =0. D03TOMY
,ILJI'5J Ipac.CMaTpI1BaeMOH 3a,ILaq(H- H3 CPOPMYJI (444) IIOJIYlll1M COOTBeTCT-

BeHH'O .lI.JI5J .HapY)KH�IX IH IBH'YTpeHHI1X CJIOeB ICJIe,ILYIOlI(l1e BbIlpa)KeHI15J:

(J
x T ho

- == (1 - CP2) In - +
K

T hi
.

. (531) .

G
y M

(
h o

)
= (1 -

CP2) In - - 1 ;.

KM hi

E

+ 'Y] CP2 + v �
aM T.

KM

(J
X M ho

== (1 - CP2) In - +
KM . .h l

( 532)
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B 3THX paBeHCTBax v = + 1. 3,HaK' BbI6HpaeTcH C y�eToM BeJIlI1qHHbI

K03<PCPI1QHeHTa JIHHeMHOr,o paClIIl1peHH5I. ECJIH, HanpHMep, K09!cp:cpHQHeHT
aT y HapY)KHbIX CJIOeB MeHblIIe, qeM Y BHYTpeHHHX, TO B rrpoQecce

yca,ILKIH rrpl1 OXJIa)K,I(eH'I111 ,HapY}KHbIe CJIOH OKa)KYTC5I C)KaTbIMIH (qeMY
COOTBeTcTBy,eT 'V = -1), a 'HH'YTlpeHHUe

-

,p aCTH,HYTbIMI1 (,lI,JI'51 IHI1X 'V ==

=+1).

BeJIl1l1ll1HY K'03'cPcpIH'QHeHTa 'YJ HaMJJ.eM �"3 YCJIOBH5I, COrJIaiCHO KOTO-.

!pOMY C'YM�Ma npOeKQHH Bcex. BHYTpeHHIHx ClHJI Ha -oCb x paBHa HYJIIO.
3arrHCbIBa5I BbIpa>KeHH5I ,ILJI5I rrpO,lI,OJIbHbIX Harrp5IJKeHIH:U, B HeCKOJIbKO

rrpeo6pa30rnaHHO"M BI1,ILe 6YJJ.eM I1.MeTb:

h 1
h 1 ht

2
h

2' 2

( 'YJ- 1n �
) KT S <p2 d y+K T

ln f S dy+�ETaTT S dy+
h l

h'
1

_h'
,

h'
- -

2 2 2

h' h' h'

22:2

+ ( 'YJ-ln� ) KM S <P2dY+KMIn� S dy+�EMaMTS dy=O.
h l 0 hi. 0 0

DpHIHI1Ma5I BO B'HH.MaIHHe, qT9 3Ha i KH TeMnepaTy.piHbIX Ha'rrp5I}KeH;HH B

HapY)KHOM If BHYTpeHHeM CJI05lX pa3JIHIIHbI H qTO B :Ka}K,ILOH TOqKe ne-

pexo)J.H,oro CJI051 EMaM=ETa,T, ICYMMY H'HTerpaJIOB, cO,ILep}KaIll.l1x '3T,11

BeJIl1q.liiHbI, rrOJIO}K!UM !p aBHOR :HY JIIC.

u

'

u

,[(aJIee Ipa.CCMOTP'HM ,HHTepeCHbIH CJIyqaH, Kor.z:r..a npOKaTKa
u

rrpOH3BO-

.z:r.HTC5I C M�JIbIMI1 06}KaTHHMH, qTO 'rrpHBOJJ.HT K 3HaIIHTeJIbH'OH HepaB-

IHOMep:HOCTI1 .necp,opMaUHH. 'B TaK,OM CJIyLIa,e <P2 'OI�pe,lI,leJI,HM no CPOPMY-

ne (434). T orJI.�

(
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)
h
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h l .
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S shma
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sh-
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2
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s dy+
h l

T
.h l

h'

)

+ (f)-In �) KM

ma

sh-
2

h' h'

I
.

I
I
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(533)
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S sh �
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0

m a h'
_

m a \, h'
_

m a � m a'
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3aMeTHM, qTO
-- -..-- --
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,

.

hi' 2 2 hi 2 a 2'

c yqeTOM 3Tor.o 6y.neM HM-eTb

�
2

Y h
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m a m a'

)S shma - dy=� ch _

2
-ch _
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;
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2
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�
h'

"'2

J shma L dy= �
( Ch

m a
'

- 1 ) ;
o hi ma 2

h'

2

j
�

h'

dy=- .

o 2

Do.rr.cT3"BtHB 3Hal1IeHH5I 'I1HTep;raJIOB B ypaB�eHIHe (533) If np0I13Be.lI.5I

npeo6.p aaOBaHH5I, nOJIyqlHM cJIe,l(YIOlI(ee Bbllpa)KeHl1e )].JI5I onpe.rr.eJIeHIH5I

K09cp'cpH:r�HeHTa 'YJ:

'YJ= I_
ma

2 K
T

KM

m a

[
K

(
a'

)
a'

]sh � ----2... 1 -
-

+-
2 KM a a,

_

(
'

m a m a'

)
m a'

ch --ch +ch --1
222

1 n
ho

.

h l

(534 )

ECJIH npHH5ITb KT===KM, TO cp,a3.y nOJIYIIHM paBeH'cTBO (447), qTO

cBI1,lI,eTeJIbCTByeT 0- npaBHJIbHOCTH BbIqH'CJIeHHH.
.

Ha p'uc. l80 .np'H'Be)].eHbI3,nlOpbI 'OCTaT'Oq!HbIX Hanp5I)KeHHH 'nOCJI.e

npOKaTKH no cxeMe, npIHBe,ILeHHOH Ha pIHC. 179,8 ,ILJI5I o.rr.Horo H3 KOHK-

6 XT

/(T

UXN 6 XM
.---

Kr 1,25 KN

()
!IN _�
K T -�25KM

T

o

PHC. 180. 8nlOpbl OCTaTOtIHbIX HanpH>KeHHft noc.ne npoKaTKH (no cxeM�

179, 8) Tpexc.nO�HoA Me-ra.nJIHtIeCKOA nO.1Ioc,bJ: .

a -

HanpSl>KeHHSI B Ka>Kp.OM CJIoe OTHeceHbI K ero npe)J.eny TeKyqeCTH; 6-

a6COJI101'HOe 3HaqeHHe HanpH>KeHHA, 6 hJh o =0,395; In � =0,5; J.,t =0)3;
. hi

a =10,3; a' /a -:- 0,75; 6 =2; m V 6 (6+2) =2,84; kMlkT
.

1,25

P'eTHbIX CJIYII3'eB, ;nOCTp,OeH.HbJ.e 'C H'CnOJI.b30BaH,He¥ Icp-op M'YJI (i531) ,

(532), (1534). ITI!pH a'�OM 'CQI1'TaeM, IIITO :�03cp:q)Hl{neH'TbI TeMnepaTypnof-o

paCIIIHpeH.IfH 'CJIOeB O,l(lfHaK;OBbI. 113 paCCMOTjpeHH5I pl1CYHKa CJIe,lI,yeT,

425



4TO eCJIH B Ka)K,lI,OM CJI'Oe Hanp5I)KeHHe pa3)J.eJIHTb Ha, 3H3'4eHHe npeJJ.e.
Jla TeKY4e-CTtI1 CJI05I, TO C06JIIO,LLaeTC5I HenpepbIBHOCTb Hanp5I)K.eHIHH
(pHC. 180). ElcJII1 6paTb a6COJIlOTHbIe 3HaIIeHIH5I Hanp5I)KeH'I1H (-CM. pl1c.

180), TO �a r.paHI1Qe CJIOeB M 111 T n-DJIY4aeTC5I \pa3pbI'E. O,ILHaKO M3'Be-

CTHO, 4TO ce4eHHe h=h' ,pacnOJIO)KeH.O B nepeXO,LLHOM CJIoe MaJIOH TOJI-

I.I.{IHHbI ,no cpaBHeHl110 C TOJIIl..lH�OH nOJIOCbI hI H pa3pbIB Hanp5I)KeHI1H
3,lI,ecb cpH3H4eCKH OnpaB,LLaH. D03TOMY cpopMYJIaMH (531), (532) 11

(534) MO}KHO nOJIb30BaTbC5I ,LLJI5I paC4eTa OCTa'J'104HbIX Harrp5I)KeHIHH B

OCHOBHbIX C.TI05IX. AHaJIOrHqHbIM 06pa30M MO)KHO paCC411TaTb OCTaT04-'

HbIe Hanp5I)KeHIH5I ,ILJI5I JLPYIlI1X CJIY4aeB npOKaTKI1 MHOrOCJIOHHbIX Me-

T aJIJI OB.

3. npoKaTKa B 'BaKYYMe H HeHTpaJ1b'HbIX cpe.nax

D,poH3BO,ILCTBO '4I1'CTbIX, B oco6eHHOCTlH TyrOnJIaBKHX MeTaJIJI'oB, ocy-

l..l(eCTBJI5IIOT cneKaHHeM, HHJI.YKQHOHHOH 11 ,ILyroBoH nJIa'BKOH B BaKYYMe
H II1He.pTHbIx cpe,ILax, 30HHOH 04HCTKOH B BaKYYMe, 3JIeKTlPOHHOJIYQeBOH
nJIaBKOH B BaKYYMe H ,ILPy,rHMH cnoco6aMI1. DOJIyqeHHbIe '111 OqHlI(eH-

HbIe B BaKYYMe MeTaJIJIbI JKeJIaTeJIbHO nO.lI.BeprHYTb ,ILaJIbHeHlIIeH nJIac-

TI14,eCKO:H o6pa6o'flKe TaK}Ke :B "B3'KYYMe I1JIH lHeHTpaJIbHbIX .cpe.ILax ,(aip-
rOH, reJIII1H H ,ILp.). 3TO Oc.06eHHO OTHOOHTC5I K npOH.3BO,ILCTBY 1I3.ILeJIHH,

KOTopbIe B JI.aJIbHeHllIeM ,IL'OJI)KHbI pa60TaTb 'B YCJIOBI15IX 'BaKYYMa
�

B pa3JII1qHbIX rrp 11,6 Orp ax, B KOCMoce 11 nO,LL06HbIX YCJIOBH5IX. CJIe,ILyeT
HMeTb B BI1,LLy 0'6lI(ee ,rrOJIO)KeHll1e 0 TOM, IITO MaTelpHaJIbI, KOTOpbIM

npe,IL'CTOI1T pa60TaTb" B Y.CJIOBH5IX BaKYYMa, ,ILOJIlliHbI 6bITb, KaK npaBH-

JIO, 111 H3,rOTOBJIeHbI B BaKYYMe; B npOTll1BHOM CJIyrqae HeJIb35I rapaH'TH"

pOBaTb Ha,lI,e)KHOCTb pa60TbI H3rOTOBJIeHHbIX H3 HI1X Y'CTpOHCTB.' YCTa-

HOBJIeHO, qTO HeKOTopbIe MaTepHaJIbI (Hanp l l1,Mep MOJIH6,ILeH), O,ILHa)K,LLbI

06e3ra)KeHH'bIe nporpeBOM B BaKYYMe, B .lI.aJIbHeHilleM He nOrJIOlI(aIOT

ra3bI npl1 HaXO)K,ILeHHI1 Ha B03,ILyxe. Hanpl1Mep, nplH nOBTopHOM H�BbI-

COR-OM HarpeBe MOJII16,ILeHa BbI,ILeJI5IJII1Cb ra3bI B 06'beMe, COOT'BeTCTBYIO"

ll1.eM MOHOM'OJIeKYJI5IpHOMY CJIOIO nOBepXHOCTI1 a,ILCOp6QI1H. 9TO CBOHCT-

BO npH,LLaeT o6pa6oTKe 'B BaKYYMe oco6ylO QeHHOCTb.
.

I13BecTHbI CJIe.rr.YIOIUl1e co:qeTaHH5I np.oneCCOB HarpeBa II nJIHCTH'lJe-

CI<OH o6pa60TKH MeTaJIJIOB:

YC.'10BH5I HarpeBa .

Yc.nOBH5I ,lI,e<l>op-
Mau.HH Ii OXJIa}l{-

neHH5I
,/

B03JJ.YX . . . . . . .

fa303a�HTHaH cpe�a
« »

»

B03�YX c

»

. fa303aI.IJ.HTHa51

cpe�a

B031,lYX
. . . fa303aI.IJ.HTHa51

cpe.n a

BaKYYM

BaKYYM .

»

Y)Ke paHHHe onbITbI (1953-1954 rr.) nOKa3anH, qTO :npl1 oopa6oT-
Ke MOJIH6,ILeH� 11 BOJIb'cppa'Ma rrpH 2000°.C no nepBoMY BapHaHT'Y rrOTe-

pH Ha OKUCJIeHHe IB ,ILeC5ITKH pa3 In'pe'BbIlliaIOT l]OTepH Ha OKHICJIeHI1:e npl1

0'6pa6oTKe er.o Ino TpeTbeMY ..Bap�H�'HTY.
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n pO�eCCbI B3aI1MO,ILeH'CTBH5I MeTaJIJIOB C ra3aiMI1 06'be,ILHH5IIOT He-

JClKOJIb'KO 'qaC11HbIX npOIl.eCCOB, .B TOM ql1CJIe a,ILOOp6QI1IO, .paCTBopeHHe 11

,ILHq)CPY3HIO- .ra3a' B MeTaJIJIe, 3apO)K,ILetHl1e 11 pOCT rrpO.ILY'K'TOB peaKQHI1,

rrp'OQeeCb( rrep:eHoca aTOMoB M,eTaJIJIa 11 ra3a Iq.epe3 iTIJIeHKY ;rrpOJLYKTOB

peaK�HI1, H'cnapeH'He rrpO,ILYKTOB pea
'

KQI1I1 H .T. ,TI. J1IO,60i1 H3 3TI1X qaCT-

HbIX 'npOII.eCClOB ,MO)KeT onpe,ILeJI5ITb CKOpOCTb CYMMapHoro, rrpoQec.ca-
3TO 3aBl1CHT OT aBOWCTB MeTaJIJIa 11 yCJIOBHH 06pa6oTKH (TeMrrepaTy'pbI
tM.eTaJIJIa, ,ILaIBJIeHI15I ra3a, BpeMeHI1 pea'KQI1I1, COCT05IMH5I ll'OBepXI-IOrC'TI1,

COCTaBa OrrJIaBa H ,ILP'y,rHx cpaKTopOB).
B TIpou.eoce HarpeBa H rOp5IqeH ITIJIaCTHIQeCKOH .n.ecpopMaQH.H MeTaJI-

JIOB B B3IKYYIMe MO)KeT ;rrpOI1CX
' O,ILHTb 'KaK )J.era3aQH5I, TaK 11 'rrOfJIOIIleHHe

ra30B.

LLJI5I BbI5ICHeHH5I !O'rrTHMa�bHbIX' YCJIOBI1H npOKaTKI1 MeTaJIJIOB B Ba-

!KyYMe p5I,IL YQeHbIX [1,6] Cql1TalOT B03MO)KHbIIM 11 1 0rr'OJIb30BaTb H3BeCT-

Hble TepMo.nHHaMHQeC'Kl1e ,ILaI-n-Ible OTI+OCHTeJIhHO YCTOHqH!BOCTI1 O'KHC-

JIOB H AP'yrl1x XHMI1QeCKHx cOe,ILI1HeHI1H ra30B C :MeTaJIJI3"'MI1.

:Kpl1TepHeM Tepl\tIO,lI,I1HaMHQeCKOH YCTOHqHBOCTI1 OKHCJIa 5IBJI51eTCH ero

yrrpyr,ocTb ,IL.I1:CCOQ,HaI1.HI1. l1eilOJIb I

3Y5I' rrOJIO}KeHlH5I -XHM;I1'Q-eCKOH 'Tep,MO-

.rr.I1Ha l\tlI1KH, MO}KHO paCCQHTaTb yrrpyrocTb ,ILI1CCOQl1aQHI1 OKI1CJIOB p5IJLa

'4MCTbIX MeTa.JIJIOB _ 11 cO'rrOCTaBI1Tb HX C ,rrapQHaJIbHbIMH ,ILaBJIeHI15I ' MI1 ra-

3 1 0B (B BaK'YYIMe. Paeq.eTbI rrOKa3aJIH, QTO .rr.JI5I TaK'HX MeTaJIJIOB,' KaK

HOJIb'cppaM, .MOJIH6,ILeH, �J1IKeJIb H Me.nb, MO}KHO rr '

OJIY'QI1Tb 3 I I-Ia t QeHI15I

rrapII.HaJIbHOrO .naBJIeHH5I KHCJIOpO,ILa, paBHoro yrrpyrocTH ,ILllCCOII.Ha-

I.J:HI1 ,cooTBeTcTBYI9IIlero OKH'CJIa, H TeM caMbIIM npe,ILoTBpaTHTb XHMH-

qeCKOe B3aI1 I MO,ILeHCTBH.e .MeTaJIJIa ,C ra30M Ha :noBepxHocTH 'pa3,ILeJIa

,lI,BYX cpa3. ,[L.JI5I .rr.PyrHX MeTaJIJIOB, HarnpHiMep ,ILJI5I Hl106H5I, TaHTaJIa,

II.Hp'KOHH5I, THTaHa H xpoMa, paBHoBeoHC?e COCT05IHl1e TIPH o6pa6oT'Ke HX

.rr.aBJIeiIl1eM -B .BaIKYYMe 11 IB HHepTHbIx op.e.rr.ax npaKTH'qeCKH He)J!OCTI1}KH-

:MO 11, CJIe)J.OBaTeJlbHO, H.MeeTC5I TepMo)J.I1HaMI1
'

qeCKaH Bep05IT�HOCTb OKHC-

JIeHH5I.

Teop.eTuQee.KHe 'paCQeTbI, JLalOIII.He' B03MO)KHO:CTb orrpe,ILeJIHTb Ha-

rrpalBJIeHHe xI1MH'QeeKHX peaKUHH Ha OOHiOBaHHH H3MelHeHH5I H306apHo-
H30TepMHTIeiCKOrO n,OTeH,�l1aJIa, Ha rrpaKTH'Ke �rrpl1ro,ILHbI TOJIb'KO ,rrpH ,lI,0-

CTaT01.IHO BblCOKI1X' ,ILaBJIeHI15IX. 0 pH HH3KI1x .rr.aBJIeHI1'5IX Ha IlltpOIl;eOCbI
B3aHiMO,lI,eHCTBH5I MeTaJIJIOB C ra33:M'H OKa3bIBaeT 60JIblllOe BJIH5IHl1e aA-

.eop6UH5I.
.

Kp,oMe TOTO, T.epM'O�nHaMI1'qeeKUe :paC1IeTbI He 'YIQI1TbI�BaIOT KHHeTI1-

IKY lilIp-oQeeca. ID,o!3'l'oM'Y TaKue .pa.CqeTbI 'CJI.eJI,yeT �paocMaTpnBa'Tb K3'K

opaeHTHpOBOQHbIe, .nalOllJ.il1.e B03MO}KHOCTb opaB;H�HTeJIbiHOH ogeHKI1
no:ae,ILeHI15I pa

'

3JIHLIHbIX ,MeTaJI.JIOB B IB3'KYYMe.
fa3bI irrpl1 1B3aI1Mo.rr.eHcTBHH .e. MeTaJ1:JIa

'

MH He TOJIbKO 06pa3
'

YIOT XI1-

MI1QeeKl1,e C-Oe,ILHHeHH5I, HO H paCTBop'5IIOTCH B HHX C 06pa30BaHHeM
TBep.rr.bIX paCTBOpO'B. Harrpl1Mep, .paCTBopHfMOCTb ,ILByxaTOM'HbI'X ra30B B

THTaHe rrpH BaKYYMe 0,28 Mfl/ht
2

(2,1.1 Or- 2
M.M pT. CT.) paBHa 2,5' flfl/Jvt?

(l;87.10-
7

.MIM pT. ,CT.), a .rrpH BaKYYM,e 2,=8 Hfl/i.M2 (Q,1 .\10- 7
MJvt

pT. CT.)
-

T'OJIhKO 2,5 MKfl/.M2 (1,87.,10:-
4

MM pT. CT.). 113 3TOfJO �rrpHMe-
pa CJIe.rr.yeT, qTO paCTBopMMOCTb ra30B B THTaHe npH HH3KOM BaKYYMe
HaHeCKOJIb'KO nOp5I.lI:KO!B BbIlIIe, q,eM. Inpl1 BbI'COKOM. OTCIO,lI,a 5IOHO, qTO

.npH. 06pa60TKe TeXHI14eCKI1X MeTaJI,JIOB B IBblCO'KOM BaKYYMe B03MO}KHa
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,lI,era3aUJ151 IMeTanJIa, a npl1. o6pa60TKe oro060 III1CTbIX 'MeTanJIOB B03-

MO}KHO H3'cbIlI(eHHe ,nOCJI.e,n:HHiX ra3aMH.

B BalKyy.Me HJIH HeHTpaJIbHOH ape,lI,e 3a c:qeT YMeHbIlleHH5I IIapa.H-

aJIb:HbIX JI.3'BJIeHHH aKTI1:BHbIX TaaOB 'YMeHbillaeT'05I TOJIlI(UHa H ,H3M.eH5I-

IOT,C5I CPH3 ' I1KO-XM'MHrq'eiCKHe CBOHCTBa rrJIeHKH .Ha IIOBepX,HrO�TIf 06pa6a-
TblBaeM.o:ro TeJIa. 'DpH IIIOHH)KelHHH rrapUHaJIb'HbIIX ')J.3IBJI-eHH-H HI1}Ke

}r(rrlpyrocTH ,lI,Hc.COQl1aI1.HI1 ,lI,aHHbIX Coe,ILHHeHHH rrOBepXHOCTb MeTaJIJI a 0

lVIO)KeT iBOB'Ce OCB060)K)J.aTbCH OT llJIeH'OK.

DO:IHM,lLH.MoMY, BbI',l(eJIeHl1e ra30B np'OHCXO)J.HT ,lI,OCTaTOIIiH.O Me,lI,.JI8H-

HO. '0.6 3TOM CBH,lI,eTeJIbCTBYCT TOT cpaI\T, qTO BO IBpeM5I ,

rrp
r OKaTKI1 Ha-

6JII0,lI,aeTC5I )J.on'OJIHHTeJIbHOe BbI)J.eJIeHHe ra30B H3 MeTaJIJI a. 0 pH 3TOM

C YBeJIl1'1JeHH.e.M BeJIHQH'HbI 06}RaTH5I YBeJIl1qHBaeT1CJI. KOJIH1.J:eCTBO BbI,lI.e-

JI5IIOIII:HXC5I 'raaOB. Ha 3TO KOJIH'qeCTBO JBJIH5IeT H3MeHeH'l1e COCT05IH'HH

M'eTaJIJIa npl1 ,lI,ecpopManHH: .B3aHMo)J.eMcTBHe ,lI.HCJIOKanHH c npHMecH-

MH, 1B03HHKHOIBeHHe IIIJI10CIKOCTeH CKOJIb}KeHI15I, HOBbIX r.paHHn 3epelH,
6JI'OKOB 11 BC:KpbITHe nOBepxHocTeH, B pe3YJIbTaTe '1lef1O 06pa:3YIOT'C5I ny-

TH ,ILJI5I 60JIee nerKoH JI.H£p'CPY3.HH.
H3BecTHbI JI3'60p3'TOpHbIe 11 rr,oJIy:n'poMbIIIIJIeHHble YlcTaH'OBKI1 JlJI5I

npoKaTKH MeTaJIJIOB CJIe.rr.YIOIIl.HX THIIOB:

1. repMeTH:3HpoBaHHble OTAeJIeHH5I, B KOTOpbI'X paCrrOJIOllieHbI oc-

HOB'Hoe IH, 'Bcn'OM,oraTeJIb'HOe 'o60.pIY,lI,OB3:HH,e 'CTaHa H I06CJIY}KI1:BalOllI.H H

IIep'OOHaJI Ipa60TaeT B OC06bIX c'KacpaH)J.pax.
/2. YCTaHO"BKH, r,ILe !B IB3"KYYMHOH KaMepe pa�MelI(eHa TOJIb'KO pa60-

qa51 KJIeTb :npoKaTHoro CTaHa.

3. Y,cTaHoBiKH, rJLe B BaKYYMHoH KaMepe paOIIOJIO)K.eHbI TOJIbKO pa-
6bQHe B aJI,KH.

TpeTHH THn Y'CTaH�BOK npe,ILtIIOIITI1TeJIbHee BBH,ILy MeHbIllI1X TpyAHO..
'CTeH IIO ,nO,IL,ILeplliaHI1IO B3'KYYiMa. O,lI,rHH If Te }R,e y,cTaIHoBKH O,6bJ:QHO HC-

nOJIb3YlOT ,)J.JI5I !np'OK3'TK'H 'B 'BaKYYMe H ,neHTpaJIbtH(bIX epe.nax. 'D.pou:eccbI
a,lI,iCOp6QI1I1, KOHp,eHcaQuH H )J.ecop6U-HI1, HrpalOIl..lHe cYlI(eCTBeHHYIO

pOJIb IIPH IIpoKaTKe B BaKYYMe, 3aBI1CHT OT B3aHMO,ILeHCTBI15I 06pa3I.La H

CTeHOK KaMep OTKaqHBaeMbIX CHCT'eM C MOJIeKYJIaMH OCTaTOqHbIX ra30B.

ft
Bce orrHcaHHbIe 06CT05ITeJIbcT'Ba B

032
3HaQl1TeJIbH'OH 'CT,eneHI1 ,BJIHHIOT Ha CPH-

,

3HKrQ-XHMHIIeCKl1e H MeXaHHqeCKl1,e

CBoHcTBa MeTaJIJIOB, YCJIOBI1H B3aI1MO-

,lI,eHcTBHH HHcTpYMeHTa 11 MeTaJIJIa, Ha

HanpH}ReHHOe COCTOHHHe H xapaKTep

,lI,ecpopMaQ'HH nOCJI!e,lI,Hero.

;Ha ,pUC. 181 H306pa}KeHa ,3aBI1-

CHMOC)'b K03cp<pl1nHeHTa TpeH'HH OT

1100' 1200 TeMrrepaTypbI rrpl1 npOKaTKe n l1 pKO-

Toe
HH5I. 3Ta 3aBHCHMOCTb npH,npOKaTKe
UHpKOHH5I Ha B03,ILyxe xapaKTepH3Y-

eTC5I 06�qHOH )J.JI5I TaKoro CJIyqa5I

KpHBOH C MaKCHMYMOM, 06�51CHeHHe

KOTOPOMY ,lI,aHO B rJI. VIII. DpH npo-

KaTK'e B BaKYYMe 0,133 MflfM
2

(1.10-
2

MM pT. CT.) KpI1!B.a5I HiMeeT MHHHMyrvl

0,24

0,1
0

6

80.0 900

PHC. 181. 3aBHCIIMOCTb K09cPcP II IJ.IIeHTa

TpeHH5J npIl npOKaTKe IJ.IIpKOHIISI OT

TeMnepaTypbI Ha B03JI.yxe II B YCJIOBI1-

SIX BaKYYMa:

1 - H3 B03JI.yxe; 2 - B B3KYYMe 1,33.

.10- 4 n/M.2 (1.10-
2 M.M. pT. CT.); 3 - B

BaKYYMe 1,33.10-
6 n/KM. 2 (1.10-

4 .MJl-t

pT. CT.)
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CJI-e'Ba OT 'MH'HHMYMa tlI;p05IBJI5IerCH p'OJIb 'MOJIe I KY.JI5IrpHOnO H3aI1M.o.rr.eH-

CT,BI1I5I OTHOOI1TeJIb l HO iql1eTbIX 'B 'YICJI'OBI1HX iBaKYYMa IrrOBepXIHOCTeH.

CilpaBa OT .M:HHI1MY'Ma IrrpOiUCXOJLI1T 06paaOBa ' H,He Bce 6,oJIee TOJI'CTOH

P aC"fipeCKHBalOmeH HJI,eHKH, 'C03,lI,alOI.I.leH IC-MeIllaHHbJ.H IKOHTaKT. 11 pl1

npoKaTKe B ,60JIee rJIy6oK I oM ;BaKYYM.e.l,a'3 MKfl/�2 (1:10-
4

MM pT. cr:) .

IK03 i £!>.q)H'QHeHT Tp'eiHH5I ,C pOCT-OM TeMrrepaTy'pbI M,OHO''POH'HO YMeHbillaeT-
C5I B 'CB5I311 iC H3rMeHeHll1eM iCBOHiCTB OKUCHOH .IIJIeHKH InpH 'OTHOCI1TeJIbHO

BbI,c-OKOM 'BaKYYMle.

113 rJI. VIII H3BeCTHO TaKLKe, lITO npH ll'poKaTKe Ha B03,lI,yxe IKO-

3cp'cpuQl1eHT TpeHH5I YMeHbllIaeT'c.5I C YBeJIH'qeHHeM C'KO�pOCTH rrpoKaTKH.

DpH npOKaTKe B BaKYYMe K03cp.qJI1Ul1eHT Tp.eHH5I, Hao60poT, HeJOKOJIbKO

YBeJIUqI1Bae'I'c5!
< "C pOCT-OM ,OK,OpOCTH. ,9TO MO)KHO '06'b5IOHH'Tb '�'eM, 'QT,O

'IIPH YBeJIHqeHHM eKOp'OCTI1 Te!M:rrepaTY'pa rroBepxHocTHbIX CJIOeiB MeTaJI-

JIa IIOBbIIllaeTC5I H IB 30He KOHTaKTa YBeJIHQI1BaeTCH CXBaTbIBaHl1e QI1CTbIX

IIoBepxHocTeH MeTaJIJIa H BanKOB. IBbI5IBJIeHO, qTO cpeJJ.HHH K03:CP'cpHI..{H-
eHT TlpeHI15I ,nplH .II.p'oKaT'Ke 'CTaJII1 B IB3.KYYM.e 1,3-3./10-

6
fl/M2 (!10-

4
MM

pT. CT.) Ha 20-,25 %
BbIlIIe, IIeM Irrpl1 rrp'oKarr.Ke Ha B03,lI,yxe. B CB5I3H

C pOCTOM .K03cp!cpHI1.HeHTa T,peHMH cpe,lI,Hee KOHT3iKTHOe Hanp5I)KeHl1e npH

npoKaTKe B B3"KYYMe BbIlIIe, IIeM �rrpl1 npoKaTKe :Ha B03.lI.yxe.
113 onbITHbIX ,ILaHHJ?IX.'H3

I BeCTHO T3tK}Ke, IITO B, YCJIOBH5IX BaKYYMa C

POCTOM' K03cp'cpHUHeHTa Tpe.HH5IOIrrepe)K'�Hl1e YMeHbillaeTC5I, qTO rr�pOTI1-

BOpeqHT, Ha rrepBbIH B3rJIHJJ., 06bIqHbIM rrpe,lI,CTaBJIeHH5IM 0 rrpHpO,ILe one-

peLKeHH5I (CM. rJI. XI). 9TO 5IBJIeHl1e MO)KHO 06'b5ICHHTb pa3BHTH.eM 30-

lIbI IIlpI1JIH'naHH.5I, 3a CqeT .qero y.MetHbllIaeTC5I 30Ha orrepe)KeHH5I.

Oco�eHHOCTblO YIIIHpeHHH npH IIpOKaTKe B BaKY'Y,M.e HBJI5IeTC5I TO,

IITID YIII-lI!peHHe rrpOI1ICXO.lI.I1T 3a ICQeT BbIIIyqHBaHI15I 60KOBblX K'pOMOK

BOJIOCbI, TaK lJIa3bIBaeMoro 60qK'Oo6pa30;BaHH5I. D,pu 06}K.aTH5IX ,lI;0

25--3d %
3TOT BH,lI, YIIIHpeHH5I 5IBJI5IeTC5I e,ILHHCTIBeHHbIM. YIlll1peHI15I,

paaBHBalOlI(erOC-H 3a c.QeT CKOJIb)K.eHHH rMeTaJIJIa B norrepeqaOM Harr'-

paBJIeHHI1 TIO K,OHTaKTHOH nOBepXHOCTH, IIPH n,p'OKaT'K'e B BaKY'YIMe He

. npOHCXO,lf.HT. DpH 06}KaTH5IX 60JIee 30% III05IBJI5IeTC5I YlliupeHl1e 3a

CqeT rrepexo,lI.a IMeTaJI�a 'C 60KOBbIX rpaHeH Ha KOHTaKTHYIO nOBepx-
HOCTb.

B CHJIY OC06�IX YCJI10BHH, KOTopbIe c03.naIOTC5r npH BbICOK,oTe:Mlrrep-a-
TYPHOH o6pa60TKe ,ILaBJIeHl1eM :B Baroyy,Me (rrpaKTHQeClKOe OTCYTCTlBHe

OKHCHbIX IIJIeHOK, 'BbIc.OKue TeM�rrepaTypbI, 160JIbillHe IKOHTaKTIHbIe IHanp,5I-

}K'eIHI15I 'f:! ICHJIbI TpeHH5I), InOBbI'IIIa.eT'C5I IpOJIb 'CHJI 'MOJI.eKYJI5I:prHO�O B3aH-

MOJLeH,cTBH5I H I003)J.aIOTCH 6JIa�orrpI15I'�tIbIe 'YCJI'OBI1;5I JI.JI5I 06pa30BaH'H5I
MeTanJIH1.IeeKOH CB5I3H Me}K,ILy rrpoKaTbIBaeMoH rrOJIOCOH H BaJIKaMI1,

np'05IBJI.eHl1eM qero 5IBn5IellC5I HaJIHrra!HHe ;MeTaJIJIa Ha BaJI.KH. HaJIl1rra-

HHe pe3Ko 'noHHlliaeTcT,oMKOCTb BaJIl{!OB� iBbI3bIBaeT He06xo,ILH.MOCTb I1X

QaCTblX nepeBaJIOK 11 rr,epelIIJIHcpoBOK H He In03BOJI5IeT nOJIyqaTb H3,ILe-

JIHe c BbIOO'KHM IKaqeCTBD.M noa-epXHOCTI1. Y'CTaHOBJIe,HO, IITO' HaHMeHb-

llla5I IC"KJIOHHOCTb K IHaJIMirraHl110 HM,eeT !MeCT,O Irrp;11 rr:p'oK3TIKe B MeTaJI-

JI'QlKepaMHQeCKHX �BaJIKaX, ia TaK}Ke B IBaJIa,X IH3 ICTaJIHMapTenC-I1TIHO-

iKap6H.nHoro KJIaeca.

B pe3YJIbTaTe rrpOKaTKH B BaKYY,Me H 3alI(I1THbIX 'cp.e,lI,ax 'II'POQHOC'Tb
Ii nJIaCTHqHOCTb p5I.lI.a MeTaJIJIOB YBeJIUQHiBaIOTC5I Ino' cpaBHeHHIO C TeMH

4Ke xapaKTepHCTHKaMH IIOCJIe npOKaTKU Ha �IO'3J(yxe (pHC. 182). 9TO
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06CT'05ITeJIb!CTBO IB p5I,IL-e 'CJIygaeB H:BJIIHeTC5I .Oq.eHbBa}KHbIM J(JI5I. nOCJIe-

,ILYIOll1.ei1 pa60TbI 113.IT.eJII1H, H3rOTOBJIeHHbIX H3 BaKYYMHoro np'OKaTa.

Y 'Me'I'aJIJIOB, HanpeTbIX H np'OK3'TaHHbIX IB BarKYY,Me, cTpy.KTy�pa '60-

nee pap'C(oMepHa5I H KpynHo3ep:HHCT3"5I, qeM npl1 HarpeBe H n'poKaTKe

600
� (60)

�

�
500"-
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PHC. 182. npe,neJI npOtII-IOCTH (a) H OTHOCHTeJIbHOe Y.lI.JIHHeHHe l) (6) npH -rac-

T5DKeHHH IIH06H5I nOCJIe ero npOI<aTKH npH 1000°C Ha B03,nyxei (KpHBble 1)' JI

B BaKYYMe 1,33'10-
4

H./.A-L2 (1.10-
2

MM pT. CT.) (KpHBble 2)

Ha B03,ILyxe. B03MO)KHO,qTO .3TO 5IBJI5IeTCH CJIe�CT1BHe:M OqHC''fIKH MeTaJI-

JIa no IBHYTpeHHHM :rpaHHQaM (nOBepXHOCT5IM pa3,lI,eJIa) H HeCKOJIbKO

M.eHbIlleH �KOP'OCTblO dXJIaLK,ILeHH5I B B3'KYY.Me.

4. npoKaTKa MeTaJIJ1H1JeCKHX nopolllK98

Elite 13 1/84.3 r. If. :5ec-ceMep, '!nponYlcKa5I ,6p'OrH3IQrBbIH ,nop-oIll.oK qe,pe3

BaJIKI1, llOJIyql1JI KYCKH npoKaTaHHoH JIeHTbI. O,ILHaKO TOJIbKO qepe3

100 JIe:r npo.KaTlKa nopolliKoB a.nepBbIe 'll'OJIyqHJIa npaKTl1lQeCKOe rrpl1Me-

He,HHe.

DpH ,npoKaTK,e MeTaJIJIHIIeCKHX nopoIllKoB npoH'cXO,ILHT CYllleCTBeH�
Hoe M3 i MeHeHI1e CIBOHCTB iMaTepl1aJIa, aHaJIOrH'q'HOe H3MeHeHHlO arperaT-

Horo OOC-T;05IIHH5I 'Bel.I.{,eCTBa: npeBpal.I.{eHHe ,CbInyqerO TeJIa B TBep,ILIOe

nopHCToe, 06JIa,lI,alOlllee HeKOTopOH y'll py.rOCTblO II npOqHOCTblO.
'

DpoKaTKy MeTaJIJIHqeCKHx nopOIllKOB 06brqH,O OCyru.eCTBJI5IlOT B

.rr.BYXlBaJI'KO-BO.M npOKaTHOM CTaHe, OCM BaJI1KOB ,KOToporo, KaK .npaBHJIO,

paCnOJIOLK,eIHbI B rOpl130HTaJIbHOH IllJIOC'KOCTI1 H pe)Ke B BepTI1KaJIbHOH
(pI1C. 183,a) 6). T16.IT.a:�a llOpo�.uKa B IBaJIKH H perYJIHpOBaHl1e ero ce-

KYH,ILHO'ro p 3'cxo,ILa OCYIll.eCTBJI5IIOTC5I C nOMOlI(blO 6YHKepoIB, Illl16elpOB H

.n03HPYIOll1.I1X YCTPOH'CTB pa3HoH KOHCTPYKQHH. DpoKaTKy 'nopOIllKa
'06bI ' qIHO ,np-oI1.3-BO,I(5IT M.e}K,I(y BblcTy,nalOl.I.{l1MH 'qaCTi5IMH IBaJIKa, :K'OTopble
OXBaTbIBalOT CT�lIKI1 6Y:HKepa (pl1c. 183,8). DocJIe n'poKaTKH HJII1 one-

KaHI1H nOJIY1.IaeTC5I nOpl1CTa5I JIeHTa. ECJIH HY)KHa JIeHTa 6e3 nop, TO .f10-

CJIe IClleKaHI15I Illp.Ol1aBo.n'H�rC5I nOBTo,piHoe ynJIOT'HeHue, npoKaTKa 11 ene-

KaHHe.

Y T JI O,M ill O.IT. a 'q IH nopO'IllIKla lao IH,a3bI:BaeTC5I yDoiI, ,o.llpe,Q.eJIHIO-

ll1.HH yp,oBeHb llopOIllKa MJI.11 'OeqeH'He H, OTceKaeM'oe )I.'03UPYIOI1l:HMI1

yc-rpOH'CTBaMI1 '(IPI1 I C. 1 1 83,a). 'TIPH :,IL'.oCTH)K.eHHI1' 'onp-e,lI,eJIeHHOH JLJIH

KaLK..QODO nopOIllKa :BeJIHqH1HbI yrJIa \aO TOJlI.I.{UHa 11 ':llcJ10THOC'Tb npOKa'ya
.aaJIee YLKe !He '3a'BUCHT 'OT yrJIa n.o�aII:I1.
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,Y r JI 0 M ,n IP '0 IK a T K'M :Ha3bI,BaeTC5J Y�OJI arrp, JI.JIII1,ua .,ILyrl1 IKOTOp'O-

�O 'CJIY}K.HT 'OOHOBaHueM 13 i rrlOpbI KOHTaKTHbIX ..Hanp51}KeHHH. 'YTJIY Inp,o-

KaTKH OTBeqaeT CeqeHl1e Ih
rrp , 'OTJI.eJI5J101.I.{ee 30HY no.rr.aQI1 \nOpOIIIKa ,OT

30.HbI ynJIO'TiHeiHH5J. ,0-0 ,lI,JII1'H,e JI.yrH yrJIa 'npOKaTKH !Ha6JIIO,ILaIOTC5J or:"

CTaBaHl1e H ,onepe}Ke'HHe. l=lal1lH.Ha5J IC yrJI'a .arrp npOI1'CX;O,ILHT 1I1'3M.eHeHHe

IlJ10"rHOCTI1 .OT IH3Cbl l nH'OH 'MaCCbI yrp5JCKiH .nop-OIIIKa ,lI,-O nJI'OTHO:CTH CbI-

p O'� �TJ eHTbI.

I I
I

PIIC. 183. OCHoBllbie CXeMLJ

npoKaTKII MeTannIlQeCKIIX

nopolllI<OB:

a -. BepTIIKanblIa5l; 6 - ro-

pH30HTaJIbHaH; 8 - B3aiuvl-

Hoe nOnO>KeHIIe BaJIKOB. Oyfl.

Kepa H nopolllKa:

1 - oYHKep; 2 - HanpaBJIHIO-

llT,IIe; 3 -

BaJIKII; 4 -

nopo-

lllOI<; 5 - CTeHKH
{}

Y r JI 0 M C n p e 'C IC 0 B bI B a H If 51 ac H'a3bIBaeTC5J yrOJI, c-OOTHeTfCTBY-

IOI.I.{HM CeqeHl110 Ipa3,I(eJIa �e)K,ILY cbI,niyqH!M H cnpeCCOBc:l'HHbIM BaJIKaMH
.

iMaTepH�JIOM :B 30He ynJIOTHeHH5J.
Y r JI 0 M Y n P y r 0 roc }K a T 11 51 B a JI iK 0 B ay Ha3bIBaeTC5J yrOJI,

xapaKTepH3YIOlI(I1H YBeJII1:QeHHe 30HbI AecpopMa.QHIf 3a CqeT ynpyroH
.n:ecp '

opMaQHI1 BaJIKOB npl1 npOKaTKe.

HaKOHeQ, nOKa3aHHbIH Ha pHC. 183 yroJI '\' npe,lI,cTaBJI5JeT C060H

yroJi HeHTp aJIbHOTO CeqeHH5J Me)K,ILy 30HaMH' orrepe}K.eHH5J 11 OTCTaBa �

H115J. .Dpl1 npoKaTKe nopolliKoB rrpOHCxo.lI.I1T H3MeiIeHHe HX nJIOCKOCTH.

D03ToMY BMeCTO YCJIOBH5J rrOCT05JHCTBa 06'beMa 3,ILeCb ,lI,eHCT!BI1TeJIbHO

YCJIOBHe nOCT05JHCTBa MaCCbI: iMacca MeTaJIJIOKe.paMI1.QeCKOrO npoKaTa

paBHa Ma'cce nopoIIIKa, He.06xo,ILI1MOH ,ILJI5J ero !J'OJIyqeHH5J:

h
np

b o 10 Py
== h

n bIll PJI'
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r�e h
np ,

b o , 10 -, 06'beM nopOillKa n.epe� 30HOH .necpoPMaril1l1;
hJ[ bIt 11 - 06'beM nOCJIe ,npOXO}K�eHI1R 30H�I �e<pop/Ma�I1H;

Py II pJ[- nJI.OT'H'OCTb IIop'OlliKa B 'Ce-qe:HI1I1 ,HaqaJIa 30.HbI �ecP'Oip-
Mau,l1l1, pa:BHaH HaCbIIIHOH ,Mac�e yrpHcKI1 nopOIII'Ka, 11

nJI'OTHOCTb JIeHTbI.

113 3Toro �paBeH:cTB,a 'CJIe.nyeT:

h
np

bJI /1 pJI

�
=

b o t; Py
.

OTHOIIIeHl1e TOJIlI(I1HbI IIopOlliKa B HaqaJIe 30HbI �e<pOp!Ma�I1H hnpK TOJI-

lllH!He. np'OKaTa �hJI Ha3bIBaeT.CH- K03:�<pHIll1-eHTOM ,cnp.eOOOBbIIBaIHI1IH Zc:

h
np

Ec
=

Ii;:
·

O'DHOIIIeH'He 11/10 - K03<P<PI1�l1eHT BbIT5I}KiK,H.

OTHOllIeHHe � == Z

Py

Ha3bI'BaeTCH IK'03'cp<p-M�l1eHTOM YIIJIOTHeHI1H.
ECJII1 n,pl1HHTb, qTO YlliMpeHl1e OTCY�CTBy.eT (bl/b o , 1), TO 113 ypaB-

,HeHHH (535) nOJIyql1 I M, IITO K03<p<pI1I�l1eHT BbI'TH}KK;H paBeH

( 5,35)

(536).

(537)

Zc
}\=-;

Z

113 reOMeT'pnqec.KHX COOTiHOIIIeHHM OIIara �e<pOpMa�I1H I1MeeM

2 D
h = h + an p

-'.

np JI
h

JI

OT'ClO..rr.a K03'cPCPI1�.If"eHT' 'CIIpeOc.OBblBaHHH 'OIIlpe..rr.eJIUTCH K'aK

a�p D

Zc
= 1 +

2 h.
J[

(538)!

(539)

I1CIIOJIb3YH 3�Cn"epI1MeHTaJIbHble �aHHbIe 0 TOJI1I(I1He, TIJIOTHOCTI1

J10pOlliKa 11 JIeHTbI 11 yrJIe npOKaTKI1, MO}KHO no. paBeH,cTBaM (537)-
(539)

.

paCeql1TaTb K03<p"<pH�l1eHT BbITHlli'KI1. PaeqeTbI nOKa3bI!B'alOT, lIJ'fIO

K03:cp<pHll.l1eHT BbITH}KKI1 'IIpl1 113
1 M,eHeHHI1 3a3 1

opa !Me}K�y BaJI'K'aMI1 11

nJI"OTHOCTH npoKaTa OCTaeTCH �JIH �aHHoro MaTepl1aJIa nOCT,OHHHbIIM. B

3TOM 3aKJIlOqaeTCH O,l{HO 113 CYIIJ.eCTBeHHbIX OTJII1QI1H npOKaTKI1 MeTaJIJII1-

rqeCKHX I10pOlliKOB OT npOKaTKI1 KOMnaKTHbIX MaTepl1aJI9B, ;r�e YBeJIH-

Q�Hl1e 06)Ka�I1H III-O BbI'COTe JIeHTbI npl1'Bo.nHT K YBeJ1H'Q,eHI1IO BbITHLK'KH.

Ilo H,CCJIe�OBaHI1HM' H. H. IlaBJIolBa 1, paCII,OVlO}KeHHe nopoIII'Ka B

6YH'Kepe 11 B 3a30pe Me}K.ny BaJI.KaMI1 xapaKTepl13
i

yeTcH .nBY:M5I 30Ha:MH.
"

B nepBOH 30He-30He cbIIIYQeCTH oCYIIJ.eCTBJIHeTCH BepTI1KaJIbHOe nepe-
MelI(eHl1e nopOIII�a BHH3 nolI. JleHCTBHeM 'CHJI TH2Ke�TI1. ,Bo BTOpOH 30-

He
-

30He' YIIJI.OTHeHHH o..rr.HOBpeMeHHoe IIepeM,eIIJ.eHl1e. B BepTI1KaJIbHOM
H ropH30HTaJIbHOM HarIIpaBJIeHHHX. 3,[(eCb n:pOHCXO.nI1T YIIJIOTHeHl1e no-

,p'OIIIKa IIOlI. ..rr.eH'CTBI1,eM .BaJIKOB. KH'HOC'beMIKOM 'CO 'CKOpOCTblO 24 IKa,[(pa

1 C M H P H ,0 'B lB. ,C., iTI 8 IB JI 0 ,B ,H. 'H. .IT13IH:}Ke'HHe ,nopOllIKa "npH Bep'T,H!I{.aJIblHOH
npoK8TKe. )'PY.lI.bI JIOH. N2 260. H3.lI.. JIOH., 1965, c. 18-21.
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'B ICeKYHAy 6bIJIO 3a'<pI1'K'CHpOBaHO 6oJI,ee 100 cpa3 l1.BI1}KeHI15I IIopOllI'Ka,

H'MelOlI(erO IIOCJIofu-IYlO 3aCbIII.KY. n p'oKaTKY np0I13Bo,[(I1J111 Ha CTaHec

l1.l1aMeTpoM B0.JIKOB 450 MM, "OKOp,OCTb BpaIIJ.eHHH KOftOpbIX 'CaCTaBJI5I-

JIa 12 MM/Ce.K. :CpaB.H.eHIfe �KI1IH'OKa,II,p'OB (p'If;C. 184) ,nOKa3bIBaeT, IITO ,B

HaQaJIbHoi1 CTa,[(HI1 �BI1}KeHI15I nopolllKa ero BepTHKaJIbHa5I C'KOpOCTb

HepaBHoMepHa. JII1HI1I1 paBHbIx C'KopocTei1: npI1B.e�eHbI Ha pl1c. 185,a.

�

".. -l .

\ '

I'
� ,."'\,.,.Itl� "

.m

���. �

�,
'

11

om

u

.
'

. Il1

� '

II

J

�l ',.... 1

BaROI<. Banol<.

n .r
o

PHC. 184. KHHOKa,lJ.phl c�eMKH npo�ecca ABH>KeHBSI nopomK8 npB npoK8TKe:

a -.lI.O npOKaTKH; 6 -

'Iepe3 4 ceK; B -

Qepe3 10 ceK. CocTaB nopOlliKa 67,4% Fe:
15,6% FeO U % Fe20s
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PHC. 185. JIHIiHH paBHblX CKopocTef1 npH ABH>KeHHH nopolliKa npH npoKaTKe:

a - H3 OCHOBaHHH aHaJlH3a KHHOKa.lI.pOB; 6 - Ha OClIOBaHHH' Ha6J1IO.lI.eHHA 3a nepe-

Me�eHHeM CBHH�OBbIX mapHKOB B nopOlliKe Ifl7l

O,[(HaKO tB Ha!lJa.JIe 3o.HbI y,nJIOTHeHI15I HaCTy,naeT BbIpaBHI1Ba ' Hl1e CKOPOC-
TeH IB rOpl130HTaJIbHOH nJIOCKOCTH.

IC.OrJI3aC'H'O 'OITbITaM ,f. A. IBII1IH'Oppa�OBa i[-17], B'p�III.aIDIIJ.neOR BaJIIKI1

CHJIaMI1 TpeHI15I yBJIeKaIOT HaXOJ(HIII.HeC5I Y nOBepxHocTeH BaJIIKIOB 'IIac-

THIlbI nopOllIKa 11 TpaHcn'opTHpYIOT ero B 30Hy cnpeccoBbIBaHHH co OKO-
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pOCTblO, IIpeBbIllialOlI(eH 'CKOpOCTb IIaCTI1� B Cpe,[(Hei1: qaCTI1 6YHKepa.
D:p'H 3TOM 'CK'OP'OC'Tb ,He-eX 'qlaC'TI1� In.o,pOllItKa 8Haql1TeJIbHO l'4eiHibllI:e OKPY)K-

HOM CKOpOCTH BaJIKOB. Y6blJIb IIIopOIliKa B HH}KHeH IIaCTH 6YHKepa y

KOHTaKTHbIX nOBepxHocTe:i1 nOIIOJIH5IeTC5I qaCTH�aMI1, OIIYCKalO'lI(I1,MI1CH

:BepTI1IKaJIbHO IB,[(OJIb CTeHOK 6YHKepa. .Do3TOMY ropH3
I OHTaJIb'HbIe fCJIOI1

'nopOIlIKa, onY'CKanCb, H:3r'116aIOTCH .BbInYKJI'OCTbIO 'BBep,x ,H ,3aTeM npeB-

paIIJ.aIOTC5I B neTJIIO TaK, IITO pacnOJIaralOIIJ.a5ICR B �eHTpe IIaCTb neTJIH

3alHI1MaeT nopH30HTaJIbH ' Oe nOJIO}KeHHe (pl1c. 185). Pe3YJIbTaTbI onl1-

caHHbIX IOIIbITOB n03BOJI5IIOT c,[(eJIaTb BbIIBO� 0 B03MO}KHOCTH 'npI1MeHe-
HI1H .nJI5I 3 ' OHbI ynJI ' OT-HeHI15I rl1.nO'I'e3bI ,nJI I OCKI1X 'eeqeHI1M. :,B M.eCTe C TeM

OIIbITbI nOKa3bIBaIOT, QTO Ha 60JIbllIeH QaCTH KOJ:ITa'KTa IC BaJIKalMI1 ClKO-

pOCTb IIaCTI1;� no,pOIll,Ka 3HaIII1TeJIbHO MeHbllIe OK'PY}K:HOH CKOpOCTI1 BaJI-

KOB H JII1Illb Ha OQeHb He60JIbllIoM. YIIaCTKe 3a HeHTpaJIbHbIM CeIIeHl1eM

pa3BI1'BaeTC5I nponecc onepe}KeHHH.

OnbITbI 11 paClQeTbI nOKa3bIlBaIOT, IITO eCJIH reoM,eTpH'qeC'Kl1e Illapa-

MeTpbI nponecca rrpoKaTKH O,[(I1HaKOBbI, TO npl1 IIpOKaTKe MeTaJIJII1Qec-

'KHX n,opOIllKOB OTCTaBaHl1e B HeCKOJIKO pa3 60JIbIlle, qeM n'pl1 npOKaT-
.Ke ,KOMtIIa'KTHbIX MeTaJIJIOB. B COOTBeT'CTBI1I1 'C 3THIM onep,e}KeHl1e npl1

npO:KaTKe M;eTaJIJIUII'eCKHX nopOilllKOB ,[(a}Ke npH np'OKaTKe TOHKI1X JIeHT

Bcer.n:a HeBeJIH'KO - OT ,[(eCRTbIX ,[(OJIeM n'po�eHTa �O 1-'2 0/0.

B npo�ecce IIpoKaTKH H3 HOp nop'OIliKa B Han '

paBJIeHI1H, B'CTpeQHOM

HanpaBJIeHHIO ero nO�aqH, BbI}KHMaeTC5I B03,[(YX. npH npOKaTKe nopOIlI-
KOB 'C IIaCTI1�aMI1 pa3MepOM 60JIee 50 MKM 3T.0 He OKa3bIBaeT 3aMeTHo"ro

,BJI:I15IHH5I .

H,o Inpl1 TIp'OKaTlKe T'OHKHX no.p'OIlllK.OB 'HX �bInYQeCTb, !IIJI'OTIHOCTb

H TIpOqHOCTb CblpbIX JIeH'T YMeHbllIaIOTC5I. ECJII1 IIpOKaTKa np0I1'3BO.nI1TC5I

B aTM'Q.ocpep,e ira ' 3'OB (BO..u.'OPO.n, 'yrJI'eKl1iC-JIbIH Ira3, a3 ' OT, aprOH 11 JLP.),
TO 3TI1 napaMeTpbI y'MeHbllIaIOTC5I C YBeJII1IIeHl1eM B5I3KOCTI1 ra3a. npl1
npOKaTKe B BaKYYMe npOqHOCTb, nJI'O'T.HOCTb 11 TOJIIIlHHa JIeHT BbIllIe,

rqeM npl1 np'OKaTKe B aTMoc<i>epe.
TOJIIII.HHa npOKaTa Bcer�a 60JIbille nepBOHaIIaJIbHO yCTaHOBJIeHHOrO

paCTBopa. BanKOB. n i
pl1 3TOM 3aBHCI11MOCTb TOJIlI(UHbI JIe�HTbI OT IBeJII1'III1-

HbI 3a30pa .M�}KAy lBaJIIKaMH onHCbIBaeTCR JIHHeMHOH <P'YHK�I1��, 'qTO

CBH�eTeJIbCTByeT OT ,!:OM, IITO 3TO HBJI5IeTC5I CJIe�CTBHeM ynpyrHX .ne-

cpopMa�HH BaJIKOB, 'CTaiHJI1H ;H .npyrHx JJ.eTaJIeM 'CT3'Hta.

TOJIIIJ.HHa H ,n.JIOTHOCTb nopHICTbIX JIeHT H3 nopom.KOB 3aBH'C-5IT npl1

npOQI1X paBHbI� )"CJIOBI15IX OT paCTBopa BaJIKOB, Illl1pHHbI npOKaTa 11

yp
I OBH5I Inop'Q.IllKa B 30H.e JLe<popMaIlH'I1. TOJIIIJ.HHa npOKaTa YBeJII1Tl1I1Ba-

eTC5I C YBeJIl1IIeHHeM Illl1pHHbI JIeHTbI 113-3a nOBbIllIeHHH 061I1ero .naB-

JIeHI15I Ha BaJIKH H YBeJIH'IIeHHR YIIpy.rI1X �e<piopMa�I1H KJIeTH. n.JIOTHOCTb

n'p.OKaTa Y'M,eHbllI'aeT'CH ,npH Y'M,eHblllelH'UH K.031<p'<p'I1.nl1eHTa 'crrpeOOOBbI:Ba-
H

HH5I z=

h n

H YBeJIHqeHHH TOJIlII.HHbI JIeHTbI h n . Ho nptr .D.OCTHJKeHHH

.onp,e.neJI,eH'H.oro JI.JIH �KaLK.n.or,o nopOllItKa yr.JIa nO)J.a'qH 'ao H'CX'O,[(Ha5I. 'T'QJI-

lI.{HHa H nopOIliKOBOM IllI1XTbI (CM. pHC. 183) YLKe He BJIH5IeT Ha 'nJIOT-

HOCTb .JIeHTbI. B' pe3YJIbTaTe BepXHHM IIpe�eJI TOJIII.{HHbI JIeHTbI, nOJIY-

qae.MOH npOlKaTlKOH 113 !nopOIlI'KOB, orpaHH'qeH. ,[{aLKe Ha ICTaHax C rOIIeHb

60JIbIlIH.M )I.HaMeTp'OM BaJIKOB (.no 900 MAt) TOJIIIJ.I1Ha JIeHTbI He npe-
BbImaeT 10-12 .MM.
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ECJII1 rUpI1H'5ITb K)03<pcpH�UeHT BbIT5ILKKI1 A== 1, TO H3 ypaBHeHI15I

(.5a'8) 'CJI,e,[(yeT, qTO K03<p:<l)I'n�l1leHT CIIipec.OOBbIBa l HI1H Zc 'paa-eH IK0!3<PCPI1-

ll.l1eHTY Y:IIJIOTHeHI1R Z I1J111

H
=J2..

hJI PH

113 3TOrO ypaBHeHH5I MO}KHO OII,pe.llenHTb fIJIOTHOCTb JIeHTbI, eCJIH 3a-

,lI.aHbI K03�<pl1nHe.HT cnpeCCOBbIBaHI1H H HaCbInHaR .MaCCa n'Op'OillKa.
P aCn!pe,lI.eJIeHl1e nJI'OTHOiCTH .np'OKaTa no �JII1He oqa1ra JLe<popMainl1l1

MO:tKHO nOJIyqHTb Ha OCHOBaHHI1 aHaJII13a 3nIOp ,KOHTaKTHbIX HaIIp'5I}Ke-
.HHH H �alH;HbIX, 'nOJIryqaeMbIX paCIIe'f101M no

�pa'BHeHI1IO
i (1540).

3nIOpbI KOH'TaKTHbIX 'Ha,rrp5L}K.eHHH \B 30-
P

He �e<p'opMa;�HI1 Inpl1 n'plOKaTKe MeTa.JIJIIPle-

'CKI1!X IIIOpOIliKOB iHe3:Ha1.1I1TeJIbHO OTJIl1qalOT-

CI5I OT 3nlOp npH 'npOKaTKe KOMlnalKTHbIX 'Me-

TaJIJIOB (pll1'c. 186, a).
IB HaqaJIe 30HbI �e<pop.Ma�'H.M InJI'OTHOCTb

nopollI;Ka 'np'I1�MepHo paB'Ha nJIOTHOCTI1 YT-

pncKH 'py, a B TOqKe IMaKlc'I1M:yMa
- inJI'OTHO-

,CTI1 JIelHrrbI pn. '3TOH =BeJIHqHIHbI .ITJIOTiH.OCTb

AOCTl1raeT B HeHTpaJIblHOM Ceq.eHI1:H, T. .e. .npH

MaKIC�MaJIbHIOM K'OHTaIKTIH.OM :HaIIip5ILKetHH'I1, q

nOCJI.e Iller , o B 3 ' OHe 'OnepeLKeHI1H '11 YlIIpyror,o

C2*aTH5I 'BaJIK'OB IOC'TaeTCJR TIOCTOH,HIHOH.

K'PI1
'

BYIO '11,3MeHeHHH InJIOTHOCTH (P'H,C.
186,6) MO>KIHO pa31I.eJIHTb Ha T,PH yqa.CT,Ka:

YICKop.eHHoro ynJi,oTHeHH5I (I), 3a I MellI.JIeHHO-

ro ynnoTiHeH,1151" (I I) H IHOCT05IHHOM mJIOTHO- '.

CTI1 (I I I). rpaHI1�eH Me:tK�y Y1I3'CTKalVll1
I 11 I I 5IBJI5I ' eTCH TOII'Ka IIIeperl1!6a Ha KpH.l:30M
YIIIJIOTHeHH5I.

;Ha O;CHOBaHH'H paCqeTHbIX H OIIbITHblX

.II. a H HbI X 'M.3 B eCTHO, llT'O .B eJI'11 q 11 H a 1M 3tK,C'I1-

MaJIbH'Oro KOHTaKTHO'ro :Han!p5I*eH'I15I Ha JJ.Y"
re 3aXBaTa onpe.neJI5IeT

I 05I InJIIOTHOCTbIO H

MaJI'Q 3aBI1.CI1T OT TOJIlIll1iHbI MeTaJIJIOKepaMHIIecrK'ono npOKaTa. 01'CIO,lla

MO:tK'HO c..rr.eJIaTb BbIBO,lI., IITO 1H'3 i MeiHeHl1e BeJIHIII1HbI 06LKaTI15I IIP aKTI1IIeC-

KI1 He BJII15IeT Ha BeJIHIII1HY MaKCI1MaJIbHOrO KOHTaKTHoro Hanp5ILKeHH5I.
P a'OqeT KOHTa,KTHbIX Hanp5I2KeHHM IIpl1 npOKaTKe MeTaJIJIH,qeCKI1X

nopOIliKOB C norpeIiiH'OCTblO {) MO:tKHO 'n'p'0113BO�HTb no paBeHCTBaM,

npH:Be,[(elHlHbIM �B rJI. XI. .O:60"'H,oB,aHI1.e 3TOM'y '6bIJI r O �aH-O B IT. 9. rJI. X.

(540)

a

I IIID.

1

5

PHC. 186. 8nlOpa KOHTaKTHhIX

HanpsDKeHHA (a) H KpHBaH H3-

MeHeHHH nJIOTHOCTH (6) B oqa-

re Aecl>CipMa�HH npH npOKaTKe
M eTaJIJIHqeCKHX nopOIUKOB

5. npOKaTKa B YJlbTpa3BYKOBOM nOJle '[9]

YJIbTpa3BYKoBbIe KOJIe,6aHI1R IMOLKHO nO�BO�HTb K BaJI'KaIM H.JIH

npoK'aTbIIBaeM,oH nOJIoe-e. Y CTaHOBJIeHO, qTO nepBbIM CTI ' oc06 60JIee 3cp-
<peKTHIBeH. TIpl1 �IIIOABO,lI.e IKoJIe6aiHI1H K 601l1KaM BaJIKOB HM MOLKHO coo6-

lI(I1Tb IJIpO,lI.OJIbHbIe, ,paAHaJIbHbIe I1JII1 KPYTI1JIbHbIe KOJIe6aHH'5I. ,L{JIH'Ha
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BOJIHbI ,[(OJIlli'Ha 6bITb pe3'OHaHCHOH:, T. e. 'KpaTHOH: U.eJIOMy ql1CJIY nOJIY-

BOJIH, ,lU1a MeT,p BaJIKa ..rr.OJI:tKeH 6bITb 3HaqHTeJIbHO MeHbIlle AJII1,HbI BOJI-

HbI 11 nepeXO,lI. :OT 60qKI1K llIeHKe nJIaIBHbIIM. TI'PH nO,[(BO�e K BaJIIK3aM-

p a..rr.,l1aJIbHbItX KOJIe6aIHHH 'n'OCJIe..rr.'HHe nepl10�l1'q'eCKI1 H3MeJHHIOT CHDM l1.H-.

3iM.eTp. Dp ' oKa'f1Ka MO:tKeT OCYIIJ.eCTBJIHTbCR JIu60 B «!nYQHOCTI1», JIH60

B Y3JIe YJIbTpa3BYKOBbIX KOJIe6aHI1H (pl1c. 187).

2

2

t5

PHC. 187. CxeMa npoKaTKH B nYlIHOCTH (a) H Y3JIe (6) npO)J.OJIhHhIX YJIbTpa3BYKOBhIX

Kone6aHHii: "

.

'

1 -

BaJIKH; 2 - npeo6pa30BaTeJIH npo)J.OJIbHhIX Kone6aHHii; 3 -

npoKaTblBaeMaR

nOJIoca

113 OnbITHbIX �aHHbIX CJIeAyeT, QTO YJIbpa3BYKOBbIe KOJIe6aHH5I YXY,lI.-

II1aIOT YCJI
1 0BI15I 3aXBaTa 3a C'IIeT OHH:tK.eHI15I K031<p'<pH,nl1eHTa TpeHI15I.

D03"TOMY �JI5I 06eCneIIeHI15I eCTeCT'BeHHOnO 3aXBaTa BKJIIO'Q,eHl1e YJIbTpa-

3BYKOBOTO reHepaTOpa CJIe.n:yeT rrp0113
i

BO,lI.I1Tb TOTIIaC :tKe BCJIe� 3a no-

,[(3'QeM nOJIOCbI IE BaJI.KI1. ,

O'CH!OBtHbIe '3aK'OrHoMep.HOCTH inpO�e.c;ca paeCM'OT'P;H'M Ha npl1'Mepe npo-

'KallKI1 C npO,lI.OJIbHbIMH YJIbTpa3BY'KOBbI I MI1 ,KoJIe6aHI15I I MI1 BaJIKOB. TIo

'CpaBHeHHIO .c 'npOIKaTKo"H B '06bI'IIIHbIX 'Y,CJIOBI15IX IHaJI'O:tKeHiMe YJIbTrpa3IBY-

,Ka BbI3bIB'aeT H3 1 MeHeHI1e 'Harrp5I:tKeH.HOrO COiCT05IHI15I IB OQare ,[(e.cp'OpMa-
�HI1. B �rrepBOIM CJIYQae 'CI1JIbI TpeHI15I no llIHpl1He oqa:ra ,[(e<plopMa�1111
!HarrpaBJIeHbI' 'K BepTI1KaJIbHOH OCI1 CHMMeTpl1H nOJIOCbI (lpI1C. 188,a).
Bo BTOpOM CJIYIIae KOJIe6aHI15I Ban,KOIB B npOTI1Bo<pa3e C03,[(aIOT'KOH-

TaKTHbIe ,KaCaTeJIbHbie 'Han\pHLKeHI15I, Ha!npaB.JIeHHbIe Ha Ka:tK,lI.OH KO!H-

T3'KTHOH nOBepXIHOCTH TOJlbKO ,B O,[(Hy CTOPOHY, HO TaK, IITO Ha :nP,OTH-

BOrrO�O:tKHbIX n,OBepXHO'CT5IX OIHI1 Bcer,[(a ,rr,ei1:cTBYIOT B npOTHBaOnOJIO:tK-

HbIe CTOpOHbI (pHC. 188,6). Dpl1 3TOM rKaCaTeJIbHbIe Harrp5I:tKeHl1fI CTa-

H r OB5I'f1C5I aKTHBHbliMI1, OHI1 en , oc06cTBYIOT Ae<pop'Ma�1111 nOJIOCbI, QTO

npl1Bo,[(HT K YMeHbllIeHI1IO HOpMaJIbHblX 'KOHTaKTHbIX Ha.n , p5I'}Ke
' HI1H 11

l1.aBJIeHH5I rrpoKaTKH. YMeHbllIeHHe ,lI.aBJIeHI15I 06ycJlOBJIeHO TaK}Ke HC-

Qe8HOBeHI1eM 30HbI npHJII1:rraHI15I 11 )'IMeHbUIeHl1eM CHJI KOHTaKTH-oro Tpe-
HHH B H3inpaBJIeHHH rrpOKaTKI1 3a eQeT 113MeHeHH5I HarrpaBJIeHI1H BeK-
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Topa CHJI TpeHI15I B IKa}K,lI.OH TOtIKe K:OHTa'KTHOH nOBepX;HOCTI1. KaCaTeJIb-
HbJ.e Hanp5ILK,eH:I1R n.D 'Mepe �ep.exlo�a OT KOHTaKTHbIxn'OBepX'H'OCTeH K

'cpe�HeH -qaCTI1 no BbICOTe In'OJIOCbI YMeHbIllaIOl'C-5I. n '

O.3TOMY npl1 O..IT.H:Ha-

KOBOH aMnJIUTy.n:e. KOJIe6aHI1H 3qHpeK:TI1BHOCTb OT B03�eHCTBH5I YJIbTpa-

3BY'Ka 'C Y.Be.Jll1
l tI.eHHeM TOJIIIJ.HrHbI nOJI.OCbI TaK}I{e 6Y..IT.YT YM,eHbIllaTbCR.
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PHC. 188. CxeMbl .n.eiicTBHH HOpMaJIbHhIX H KaCaTeJIbHblX KOHTaKTHbIX Ha-

ri�Hlh�CllHH:
a -- B 06bJ'1IHbJX YCJIOBHHX; 6 - c npO.lI.OJIbHbIMH YJIbTpa3BYKOBbIMH KOJIe6a-

fIlUIJ\'H
__n j

li3 p'I1C. '189,a CJIeJI:yeT, tI'l'O ',lJ:aBJIe I Hll1e IHa ,BaJIKH .npl1 iII'pOKaTKe 'C

YJIbTpa3BYKOBbIMI1 KOJIe6aHHRMI1 Y,MeHbIllaeTC5I C pOCTOM aM nJI11 TY,lI.bi
KOJIe6aHI1H. Ha 3TOM }Ke pl1CYHrKe HaHec-eHbI Kpl1Bble KO:3<p I <p'Hn H eHTa

n p , ,xapaIKTepU3YIOIIJ.erO ICTeneHb 113M , eHeHI1H )1.aB.JI,eHI1R 'n.pH npOKaTKe IC

YJIbTpa3BYKOM Py no opaBHeHHIO C npoKaTKoi1 ,6e3 YJIbTpa3BYKa P () :

P6- P
n =

Y
. 100 % .

P
P6

li3 pHC. 189 CJIe,[(yeT, qTO c 'YBeJIHIIeHHeM 06}K�TI1H Kpl1Ba5I CTene-

HH CHI1}KeHI15I YCHJII15I ,lI.e<popManI1H np nepex'o�HT q:epe3 MaKcl1MYM np"

06LKaTHti OKOJIO 15 010. HaJII1IIHe Ma'KcHM)'IMa 06Y'CJIOBJIeHO .n.eH'CTBl1eM

,lI.BYX <pa�T,opoB: B03paCTalOllI.l1x C pOCTOM 06}KaTH5I KOHTaXTlHbIX Kaca-

TeJIblHbIx Hanp5ILKeHHH, 06JIertIaIOIII.HX ,lI.e<p0pMa�HIO 11 CHI1}KaIOIIl.HX'

.n:aBJIeHHe Ha BaJIKH, H .IPOCTOM K03<p'cpl1nHeHTa TpeHI1R, n'OBbIIllalOIIJ.ero

�aIBJIeHHe Ha BaJI:KH. TaKaH Tp3'KTOBKa nO,lI.TB�pLK,lI.aeTC5I 3aBHCHMOC-

TblO OT .o6}KaTI15I -onepe}K.eHI15I (pl1c. 189,6) 11 Koo<pi<pHnHeHTa TpeHH5I

(pHC. 189,8) InpH pa3.HbIX aMII.JII1TYAax KOJIe6aHHH. Dpl1 Ma.JIbIX o6}Ka-

TH5IX C YJIbTpa3BYKoBbIMH KOJIe6aHH5I,MH onepe}l{eHHe nOJIytIaeTC5I OT-

pH'naTeJIhHbIIM, TaK IITO C pOC'fIOM aMnJII1TY�bI B03pacTaeT ero a6COJIIOT-

Ha5I BeJIHtII1Ha. C pOCTOM 06}KaTI15I one'p-e}KeHHe nepeXIO�I1T 113 OTpl1-

na'TeJIbHOM o.6JIaCTH B nOJI:OLKH.TeJIblHYIO H npl1 ,06}1{aTI1RX Ha 25-40 0 1f)

npeBbIIllaeT BeJIl1'tIl1HY onepe}KeHI15I illPH 'npoKaT.Ke 6e3 YJIbTpa3BYKa..
CooTBeTcTBeHHo onepe}l{eHI1IO H3MeHH.eTC5I H K03<p<Pl1nl1eHT TpeHI15I.
Onl1CaH.Hoe RBJIeHl1e 06ytCJIOBJleHO H3MeHeHHeM KOHTa'KTHbIX YC.JIOBHiL
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npH. ,MaJIbIX 06:tKaTH5IX OKHc-Ha5I nJIeHKa Ha nOBepXHOCTI1 nOJIOCbI ellI.e
He pa3pYllIeHa, IMHKpOCXBaTblBaHl1e OTCYTCTtByeT H no.n: ,[(eHCllBl1eM

YJIbTpa3BYK ' OBbIX KOJIe6a�I1H BaJI,KOB BCJleJl.'CTBl1e 113MeHeHH5I Ha'IIpaBJIe-
HH5I BeKTopa 'OTHOCI1TeJIbH i OH 'CKOpOCTI1 11 CI1JIbI TpeHI1H II'POl1 r CX!O,[(I1T
CHH:tKeHHe K03:<p'cpHnl1eHT'a TpeHI15I. C .YBeJIHqeHHe-M 06}KaTI1H pa3BI1Ba-

.. eTC5I npon;ecc CXBaTbIBaHH5I BCJIe,[lCTBl1e pa3pYllIeHH5I OIIH'caHIHOH nJIeH-

KH. 3T-OT nponec-c HHTeHCI1I<pl1nHpyeTC5I 'C Y�eJIMqeHHeM aMnJII1TY�bI KO-

s

P, MH'10
3

{ T)
2D

Z'I
12

1[,4)
"

n,%
15 0

{1,6} /1/ 4
0,2

8 I
2

10,8) I -12 0,1
I

20 40 G, % 0 20 40 &, � 0 20 .40 c, "0

a 0 8

PHC. 189. M3MeHeHHe .lI.aBneHHH Ha BanKH P H K03cPqnn�HeHTa 3cP<}:>�KTHBHOCTH
11. (a), onepe>KeHHH (6) H K03<}:><}:>Hl(HeHTa TpeHH5I (8) no.D. .nefICTBlteM YjibTpa':my.,
KOBhJX Kone6aHHA (1- 6e3 ynbTpa3BYKa; 2-4 -

npH UanO}KeHHH YJIbTpa3BYKo-
BblX Kone6aHHA C aMnnHTY.lI.oA 0,006; 0,0085; 0,013 .MAt cooTBeTcTBeHHo)

JIepaHHH. npl1 OpLKaTH5IX 40% w60JIee IBeJIHIII1'Ha HX CTOJIb 3HaQWTeJIb-

Ha, IITO pa3BHBaeTCH I1IHTeHCl1
l

BHee C'Konb:tKeHl1e MeTaJIJIa n.o nOBepXHO-

CTI1 ;BaJIKOB, np!o�ec-c ICXBaTbIBaHHH 3aMeJJ.JI:5IeT,C5I 11 'Kloe'<pcp:HnaeHT Tpe-

HI15I nOHI1:lliaeTC5I.

L{aJIee onbITbI IIOKa3bI!BalOT, IIT'O npl1 HaJIq:tKeHI1I1 YJIbTpa3BYKOBbIX
KOJIe6aHI1H nOBbIllIaeTCH 3'<p<peKTI1BHOCTb ,[(ei1cTBI15I CMa'3KH, a TaK:tKe

KJI�I.CC 'tJI1CTOTbI n,oBepxIH,oCTH nOJI'OCbI. IITocJIe,lI.Hee 5I:BJI5IeTCR 'CJIe,[(CTBI1-

e� YMeHbllIeH,H5I .K'03Icp/<pl1nl1eHTa Tp'eH'I15I 11 'cr.JIalliI1Ba'HI1R IHleplo.BHlocTeM
Ha .noJIoce no,ZI. ,lI.eH'CTBl1eM n.p0Jl.OJIbHbIX KOJIe6a:HI1H BaJIKOB.

.C POCTQ/M OKpY:tKHOH CKOpOCTI1 BaJIKlOB IIpH npOKa'DKe B YJIbTpa3BY-

KOBOM :nOJIe �aBJIeHl1e Ha BaJIKH YBeJII1III1BaeTCH, HO Bcer.n:a OCT a eT'C5I

3H3'III1TeJIbIHO .Me:HbllIe )J.aBJIeHI15I Ha BaJIKI1 IIpl1 IIpOKaTKe 6e3 YJIb'Dpa-

3ByKa.

3aKOHOMepHOCTI1 npOKa'f1KI1 C 'paJl.HanbHbI!MH YJIbTpa3BYK01BbIMI1 'KO-

JIe6aHI15IMH B 06III.eM aHaJIOrl1QHbI TeM, KOTopbIe Ha6JIIO,lI.aIOTC5I npl1

lI.aJII1QI1H npO�OJIbHbIX I\OJIe6aHHH. 'OCH'OBHbIM <paKTOpOM, BbI3bIBalOlI(HM

CH.H:tKeHl1e ,lLaBJI.eHI15I IIlpOKaTKI1, RBJI5IeTC5I YMe-HbllIeHl1e KOHT3:KT.HOrO

TpeHH5I no� JI.eHCTBI1e-M pa�HaJIbHbIX YJIbT,pa3BY�OBbIX K.oJIe6aHI1H BaJI-

K:OB.

YMeHbllIeHHIO �aBJIeHI1H .Ra BaJIIKI1 cnoC'06cTByeT TaK:tKe )'iMeHbllIe-

Hl1e CTaTI1QeCKOrO npe,lLeJIa TeKYQeCTI1 (CM. .II. 6, fJI. VI I), YMeHbllIeHl1e

ynpyroro rnpo.rH.6a H .IC'n-!1IOIIJ.I1BaIHI15I BaJIKOB.
'
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I1cnOJIb301BaHHe YJIbTpa3BYKOBbIX KOJIe6aHI1H npl1 rrpOKaTKe elI(e

He HallIJIO llI'I1!'OKOrO .n,pHMeHeHI1:5I B .np OM bI lllJI.eHH ° crl1. 'O..rr.IHaKO 'He

nO�JIeLKHT COMHeHHIO, qTO npOneccaM TaKoro po!(a ,npI1Ha,lI.JIe:tKHT
60JIbllIOe 6Y�YIIJ.ee.

6. 6eCCJlHTKOBaH npOKaTKa
1

I1�e5I 6eCCJIHTKOBOH npo.KaTKI1. MeTaJIJI.oB---:npOn;ecca, COB MeIIJ.aIO-

III.eflo �I1Tbe C Ae<p0RMa�l1eH nOJIOCbI' B BaJIKaX, 6bIJIa BbIOKa3aHa eIIJ.e B

1848 r. f. DecceMeploM. O�HaKo 3T,O rrpe,lI.JIO:tKeHl1e 6blJIO peaJIH30BaH
I o

.JIHllIb B InOCJIe,[(HHe rO,lI.bI 'nOKa Inpl1 np0l13Bo,[(cTBe nBeTHbIX MeTaJIJIOB.

3a nOCJI,e,[('HIHe 1:0 JI.eT IHaMe'TJ1.JIH-Cb �Ba IH'anpaBJIeH;HR 'B ,pa3BI1''f;HH
6e l OCJIHTKOIBOH npoKaTKH: 1) nponecc c nO�BO�OM LKI1J(KOf.O MeTaJIJI3

CHH3y B BaHHY, pacnOJIO:tKeH.HYIO B rOpl130HTaJIbHOH nJIOCK,OCTI1 npo-

KaTKI1; 2) 'nponecc .c nIO�_BOJ(OM :tK11,[(Koro IMeTaJIJIa C60KY B n3:HHY,

paenOJIOLKeHHYIO B BepTI1,KaJIbH
r OM HJIOCWOCTI1 npoKaTKH. B npHHnnne

06a nponecca paBH'OneHHbI.
Ha pl1

'

c. 190 npHBe�eHa :npH'H'nl1'nHaJIbHaH cxeMa paCn'OJIOLKeHI1H

060Py,[(oBaHI1R H pacnpe�eJIeHH5I TeMrrepaTYP B arperaTe 6eOCJlHl'KOBOH

npoKaTKH JI�HT 113 aJIIOMl1,HHeBbIX arrJIaBOB Ha JIeHHHrpa�CKOM 3aBo..ne

no o6pa60TKe nlBeTHbIX ;MeTaJIJIOB. Pa60'IIHe BaJIKH I1MelOT ,lI.l1a l MeTp
500 H !(JIUHY '60IIKH 1200 MM. Ha YICTaiIf.OBlKe IH3r'OT-OBJ15IIOT aJIIOMlI'HHe-

BYIO JIeHTY TOJI'III.I1HOH 6-,g MAt, 1lI111pl11HOH 1000 MM B PYJIOHaX MaccoM

lOT �JI5I nOCJIe,lI.YIOIIJ.eH npOKaTKI1 60JIee 'DOH'KOH JIeHTbI H <pfOJIbrl1. CIKO-

plOCTb BlpaIIJ.eIHI15I BaJIKOB .MO:tKeT 113MeH5ITbC5I B npe..neJIax OT 0, 1 �o

'=» 800
o

75B
D

C 720

t'j' 600
C::t,'
::::t)

� 400
t:S

�

� 200
�

�

748
"'" 700-

.JOO
�ltOO
�

JOO-

\

�
- ngmb t1ema.ll/lO

"t:A

I 2 3 4

PIIC. 190 npHH�HnHaJIbHaSl cxeMa 6eCCJIHTKOBOii npoKaTKH aJIIOMHUIIeBoA JIeHThl'

1 3TOT pa3,lI.eJI Hanu,caH no. Ma:replfa.n:aM K8IH,lI.H,lI.aTCKOM JI.'HCCepTaI.J.HH ;I.H'peKTo!pa
JIeHHHrpa.z:r..CKoro 3aBo.z:r.a .no 06pa60TKe I.J.BeTHbIx MeTaJIJIOB <1>. T. MaJIeHKa.

439



2 MIMuH. MOIIJ.HOCTb npl1BO,lI.a KJIeTI1 H :M'OTaJIOK paBHa OOOTBeTCTBeHHO

150 11 15 KBT. HaTH)KeHl1e JIeHTbI OT 0 AO 30 KH (OT 0 ,lI.0,3 T). f1p0I13-
-BOJI:HTeJIHHOCTb IC'TaHa 'npl1 III upnH'e .JIeHTbI 0,-5 M eOCTa.BJI5IeT 0,.5 Till.

DeCCJII1TKO�aH rrpOKaTKa npe�CTaBJIHeT c060� COBOK�rrHOCTb TpeX

OCHOBHbIX rrponeCiCOB: rH..lI:pO,[(I1HaMl1qeCKOrO, npOI1CX
' O,l{HIIlerO rrpH BXIO-

.u.e }KH,[(KO:rO MeTaJIJIa B BaJIIKI1-KpH'CTaJIJIH3aTOpbI, 3aTBepJI.eBaHHH .:>KH,l{-

'K'oro MeTaJIJIa H ,IT,e<poprMa;�HH MeTaJIJIa. B.ce 3TI1 npo�eCCbI npOI1CXOJ(HT.

1 19°

19°

18°

16°

26°

32°

40
0

51°

....

19°

19°

17°

16°

17°

19°

22°

31°

1,.0°

�8°

55
0

60
0

PHC. 191. 30HbI KpaCT8JIJIH3a-
nUH H Aecl>opMa�HH npu «Sec-
�JIHTKOBOA npOK8rKe

PHC. 192. 0pHeHTHpOBKa
M8KPOCTPYKTYPhi He}I.OK8T8

.neRTH

B 3:0He, 6rpaHI1QeH'HOH ,[(BHLKYllI.I1M'I1CH rrOB-epXfHOCTHMH BaJiKOB, rro.CJIe,l{O-

BaTeJIbHO 11 B3al1MHO HaKJIa,lI.bIBaHCb �pyr Ha Jlpyra.
H a pHC. 191 ,nOKa3aHa 30Ha Z Kpl1CTaJIJII13anl111 H �e<popManl1l1 npl1

6eOCJII1T,KOBO� rrpoKaTKe. 30Ha Z, npOCTHpaIOIII.aRC5I OT Haca,lI.KH �o oce-

BOM nJIIOCKOCTH BaJI](lOIB, BKJIIOIIaeT B ce6H cJIe.n:YIOlIll1e Tpl1 'YIIacTKa:

?I
- 30Ha 01lBO�a TenJIOTbI neperpeBa;

ZII - 30Ha 3aTBep�eBaHHH MeTanJIa, QaCTl1'QHO BKJIIOIIalOIIJ.aH B ce6H

'30HY 'OTBo..n:a TerrJI.OTbI neperpeBa;

2111
- 30Ha ,[(eqJ'OpManI1H :MeTaJIJIa.

30Ha �e<popMaUHH MeTaJIJIa, KaK npH 06bIQHOM npokaTKe, MO}KeT

BKJIIOQaTb B ce6H 30HbI OTCTaBaiHHR, onepe:tKeHI1H H npHJIl1rraHI1H. YCJI'O-

BHH npOKaTKH npH BXO,lI.e. 'KpHCTaJIJIH3YIOIIJ.erOCH MeTaJIJIa B 30Hy ,lI.e-

<popMa�HI1 3Ha'QI1TeJIbHO OTJI'HIIaIOTCH OT YCJIOBHH 06bIQHO� npO'KaT,KH:
BMeCTO "3.a,[(Hero «:tKeCTK,oro» KOHna B Ban'KI1 iniQ�aeTCH :>K11�\KHH .MeTaJIJI.

POJIb 'BX'O,l{5IllI.ero KOHna BbInOJI'HHIOT !Bce 60JIee YTOJIlI(alOIIJ.l1eCH KOPOq-
KH MeTaJIJIa, 3aTBep,lI.eBaIOIIlHe Ha OXJIa:tKJlaeMOH nOBepXHOCTH lBaJIKOB.

B 9TOM OTHOIIIeHI1H 6eC-CJII1T.KiOBaH npOKaTKa HanOMI1HaeT npoIl.ecc ifIP'O-
KaTKH MeTaJlJIl1

l

IIeCKI1X nop'OIII'KOB: pOJIb 3aTBep�eBaIOIIJ.HX KOpOQeK I1lr-

!paIOT HapY}KHbIe CJlOH nopOIIIKa, YB.JIeKaeMbIe CHJIa,MI1 TpeHHH B 30HY
.n e<p,op.M'a �H 11.

TeM'rrepaTypa 3aKpHCTaJIJIH30BaBIIIerOCH MeTaJIJIa n,pH ,BxoAe B 0.6-
.

JIaCTb np'O/KaTKH 6JII13Ka K TeM.nepaType KpHCTaJIJIH3a�HH'. CJIOH y .KOH-
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TaK11HbIX IIIO�BepXHOCTeH C BaJIKaiMH HMelOT ,MeHbllIYIO TeMIIepaTYPY,.,

60JIbllIYIO IIpOlIHOCTb 11 MeHbllIYIO nJIa'CTl1lIHOCTb, lIeM �eHTpaJIbHbIe. B,

e.B5I3H !C {3TI1M IHa.H60JIbIIIYIO 'CKOp'OCTh HMelOT CJI-DI1, 'HaXOJI.HIII.I1.eCR B

KIOHTaKTe C BaJIKaMI1 Ii Hal1,MeHbIlIYIO
-

'Cpe,lI.Hl1e CJIOI1. lIo npe�Bapl1-

TeJIbHbIM �aHHblM, n'pl1 6e '

CCnI1TKOBOH npoKaTKe Ha 'noBepXHOCTI1 BaJI-

]{OB HMeIOTC5I TOJIh-KO 30HbI onepe:tKeHI1H H n.pI1JII1;IIaHI15I, a 30Ha OTCTa-

BalHI1H OTCYTcTByeT. 3TO IHo,[(TBepLK,lI.aeTCR MaKp'O'CTiPY'KTYPOH HeJl.OKa-

TOB. Y CTaHOBJIeHO, lITO IB HaIIaJIbHbIH MOMeHT pO'CTa cTOJI6IIaTbIe KpI1C-

TaJIJIbI Opl1eHTHpYIOTiC5I 'rtepneH�I1J{YJI5IpHO K nOBepXHOCTH KpH'CTaJIJIH-

3anl1l1, T. e .IIpl1Mepno no,[( yr.JIOM 0,85-1,19 paa� (50-7.0°) K BepTH-
KaJII1. Do Mepe nepeMellI.eHI15I JIeHTbI yrOJI Opl1eHTa�1111 cToJI6�aTbIx

KpHCTaJIJIQB .nOJILKeH 6bIJI 6bI YBeJIH'III1'BaTbC5I B 'COOTHeTCTBI1I1 C opHeH-

TanHeH nOBepXHOCTI1 BaJIiKa, Ha K'OTOpO:i1 pacTeT KpHCTaJIJI. B ,lI.eMc'TBI1-

reJIbHOCTH :tKe TaKoro 5IBJIeHI15I He Ha6JIIO,lI.aeT'C5I.' 3T'O 06'bHCHHeTCH

TeM, lIT,O B 30He ZIII, cn.e HMeIOTC5I O�HOBpeMeHHO 11 T:'Bep.n:a5I 11 :tKH.n:Ka5I

cpa3bI, iIIP,OI1 I CX.O,[(I1T �e<popMaQI15I .paCTYIIJ.HX IKpHCT'aJIJIOB. 118-3a ;pa3tHH-

U,bI TeM'nepaTYP rCpe,[(HHe eJIOl'! JMeTaJIJIa 3HalI'HTeJIbHO JllJIaCTH'gHee CJIO-

eB y nOBepXHOCTH Ba:JlKOB. n03TOMY KOHTaKTl1pY�IIJ.l1e C nOBepXHOCT5I-
MI1 BaJI(KOB CJIOI1 l'4eTaJIJIa OCTalOTCH He'HO.rr:BI1}KHbIMI1 OTHOCI1TeJIbHO

naCJIe,lLHI1X B'IIJIOTb ,lI.OHeMTpaJIbHOr,O CeIIeHI1R. B pe3YJrbTaTe no Mepe

npO,lJJBI1LKeH;H5I JIHCTa 'K BbIX'O�y H3 BaJI'KOB Kpl1'C'TaJIJII1TbI BbITRrI1IBaIOT-

C5I H 113MeH5IIOT rOpHeHTaT(l1lO, y,MeHbllIaR yrOJI HaKJIena K BepTHKaJII1 C

0,85-1,19 paa
'

(50-70 cpaa'.) B HaIIa.JIe. 30HbI I I .n:o 0,25-0',5.9 pad
(15-35 zpad.) B HeHTpaJIbHOM ceIIeHHH. 3aTeM yroJI HaKJI,OHa KpHCTaJI-
JIHTOB K BepTI1KaJIH HeCKOJIbKO YBeJI'I1III1BaeTC5I 3a CIIeT oinepellieHI15L
no opHeHTaIl1111 KpHCTaJIJlI1TOB B He,[(OKaTe 11 JIHCTe MO:tKHO np116JI11311-
TeJIbHO oIIpe,lI.eJIHTb IIOJIO:tKeHl1e HeHTpaJIbHQro CelIeHI15I.3TOMY CelIeHl110

cO'oTBeTcTByeT Hal1lMeHbllIHH ,yroJI H3IKJI ' OHa KpHCTaJIJItOB K BepT I1 IKaJIH..

Ha pl1C. 192 H306pa:tK.eHa .cxe-Ma Opl1eHTa�I1H Kp-M'CTaJIJIIiTOB B He-

J1,OKaTe aJIlO,MI1HH5I M3ipKI1 A5, :Jl0JIY'lleH,HoM npH cJIe,[(YIOllI.Hx YCJIOBH5IX:

,l(l1aMeTp BaJIiKOIB 510 MM, 1lII1pl1Ha JIH'CTa 600 MM, TOJIIIJ.HHa JIHCTa 8 MM,

TeMIIepaTypa MeTaJIJIa B 'paenpe�eJIHTeJIe 670°C, paCCT05IHHe �T H'OCK3

paoIIpe.n: e JII1TeJlH ,[(0 lOCH BaJIKOB �O MM. CY,[(5I no opHeHTa�I1H KpH�CTaJI-

JIHTOB, HeHTp aJIbHOe celIe.Hl1e HaXO,lI..I1TC5I TaiM, p,[(e .K'pnCTaJIJIHTbI p.ac-
IIOJI.OllieHbI no,[( 'yr.JI'OM '0;2S paa (1:6°), 'T. e. .Ha 'P ae=CTOHHI1If. 12 .MM OT

'IIJIO'CKOCTI1 ,BbI,xo,[(a IH3 IBaJIK'OB. YflOJI HeHTpaJIb�Ho:rO CelIeHH5I 0,045 pao
(2°40'), a Yf10JI 3aXBaTa A===.0,205 paa (12°). B KalIeCTBe npHMepa Ha

pl1c. 193 npl1:Be):leHa MaiKpocTPYKTy'pa aJIIO'MHHHeBOH JIeHTbI, 'nOJIYIIeH-
HOH Ha yCTaHOBKe .6eCCJIH'DKOBOH npOKaTKI1 3aBo�a no o6pa60TKe
'UB�THblX .MeTaJIJI,OB ;B JIeHHHrpa�e.

OT:MeTI1IM iHeKoTopbIe CBH3H MeLK�y OCHOBHbIMI1 napa\MeTpaMI1 6ec-

CJII1TKO'BOM npoKaTKH. �CTaHOBJIeHO, lITO C p'OCTOM eKopOCTH npOKaTKlf

TeMlrrepaT-ypa n:o,[(aBaeMoro B BaJI:KH LKI1)J.Koro MeTaJIJIa JI.;OJI}I{Ha COOT-

BeTCTBeHHO 'rrOHH:tKaTbCH (pHIC. 194,a), COOTBeTCTBeHHO CHH:>KaeTCH 11:

TeMlnelpaTypa !BaJI/KOB (pI1c. 194,6). (: YBeJIHllJeHl1eM CKOpOCTH ,nJIHHa'

30HbI

.

KpH'CTaJIJII13anl1H YBeJII1'llHlBaerCR (pl1c. 194,8), lITO inpI1BO�HT,

oIIe�H�HOt K YMeHbllIeHHIO cpe�Hero KOHTaKTHoro HaIIpHLKeHI15I c pot..:.
TOM 'CK!Orp

i OCT'11 npOKaTIKH (pHIC. 194,2). 3Ta t3aBI1ICH-MOCTb np5IM'o npOTI1-
BOIIOJI'O>K'Ha TOH, ,KOTOpa5I Ha6JIIO�aeTC5I ,.npH' 06bI4Ho'M np'oKaTKe.
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PUC. 193. MaKpocTPYKTypa aJIIOMHH�eBoA neHThI, nOJIyqeHHOA Ha yCTa-

HOBKe BTIJI npu CKOpOCTU npoKa'TKu 0,7
-

.M/.MUH, Ii TOJIw.uHe 8,5 .MM.

X340

roc
,

250

150

50

16 8 10 12 14

1,0
C, MM/CeX

� If

� (",0)
'�

� 38
�

(J,B)c-.,

�
36:t:,

�
(J, 6)...

t:

'\:)
J4

80
(3,4)

40 50 50 70 80

C, MM/MUH

a

T, °C

710
j (

690

570:

10 12 1'1

C, MM/MUH
a

a,MM

30.

20

10

50 � 60 70

C, MM/MU.H

8

PUC. 194. 3aBUCUMOCTb pa3JIU1IHbIX napaMeTpOB. OT CK�pOCTU npoKaTKu:

a -

TEMnepaTypbl MeTaJIJIa; 6 -

TeMnepaTypbl BaJIKOB; 8 -

)J.JIUHbl 30Hbl

KpUCTaJI,UI:tB IJ.HII (M -

paCCTOHHlfe OT BaJIKa .ZI.O Ha�a)J.KIf); z
-

cpe)J.Hero

KOHTaKTHoro Hanp5I>KeHHH

K 1'97n r. B Ml1pe HaCIII1TbIBanOCb ,lI,0 190 arperaTOB 6eeCJII1TKOBOH

;npOKaTKI1, :II.pe,lI,Ha3HaIIeHHbIX, rnaBHbIM 06pa30M ,lI,JIH o'6pa60TKI1 aJIIO-

MI1Hl1eBbIX eTIJIaBOB. CTlpOI1TeJIbCTBO HX QP0.lI.OJI}KaeTCH Bce YCK10PHIO-

1ll.I1M:HCH Te.MII aMI1. ,OIHO .o6Y.CJIo.BJIeHO 'BblCOKI1MH TeXJ-IHE:O-l3KOHOMH'Q,eC-

KHMI1 ,nOKa3aTeJI5IMI1 TIpoI.(ecca 6e�CJII1TKOBOH IIpOKaTKH: .MaJIbIe IIOTe-

'pH MeTaJIJIa IB OTXO�bI, BbI'COKa51 \IIPOH3BO)I.I1TeJ1bHOCTb 11 .n.p. BMeCTe IC

TeM TIpl1 OCBOeHI1H npoQecca 6eCCJII1��OBOH,'TIpOKaTKH B03HHKaeT pH�

Cepbe3Hb�X $aTlpY.lI.HeHI1H, lJ'OC:KO�b!I}y .Op�<?B.H.ble 3a:��,H9MepiHOCT�.,. 3TOrO

npou.ecca ellle H,e,l{OeTa�?1JHO H3YQeHbI.
.
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HapHAY C Onl1CaHHbIM orrocO.60\M 6eCCJIHT.KOBOH rrpOKaTKH 'HaIIlJIJI

llI!H'p.QtKOe rrpl1MeHeHHe O:oo6ble JIHTeH'H,O-rrp'OKaT1HbI'e 'MallI,HHbI JI.JI;HnpO-

H3BOACTBa aJIlOMI1Hl1eBOH 'rrpOBOJIJOKH�KaTaHKI1. B CTaAH'11 O'CBOeHH'H

Ha�OJI.HTjCH nlpO:KaTKa KaTaHKH 113 Me,lI,I1,' Me,l(HbIx CrrJIaBOB H CTanH. B

AaJIbHeHIIleM 6eCCnI1T!KOBaH 'npOIKa'TKa 6YJI.eT pa3!BH.BaTb'CH YCKOp5l1O-

lUHMH'CH Tell'vl!rraMI1. OTlClO,lI,a B03HI1KaeT Heo6xo,lI,I1MOCTb Y'CKOpeH'HOrO

pa3BI1THH ee TeOp1111 Ha OClHOIBe COOTBeTCTBYIOIll.I1X 3KCrrepl1.MeHTanbHbIX

HCCneAOBaHHiL

'OnI1iGOK .JI.l111EiPik'DYiPI>I

11. � e JI H iK'() B A. '11. O,C:HI()Bbl 'Te'OpJUi .n,pOKa'f.KH. 'M., <�eTaJIJIy!p:r,HH», J9.65. 247 c.

C HJI.

2. U e JI M K 0 B A. 11., r p 1M 1lI oK 0 B A. 11. TeOp'H5I npOKaTKM. M., «MeTaJIJIyprH5I»,
19711. �6:O c. C HJI.

3. IC:M 'H p' H ,0 IB :B. !C. T'eOpH5I npoKallKH. M., «,Me'T8JIJIy:prM5I», il9,67. 4160 IC. C HJI.

4. Bop O.H u.,o B B. 1(., D 0 JI Y X 'M IH D. 11. <PoTOnJIa.cTMq.HOCTb. M., «MeTaJIJIYP-
IrH5I», 119169. '400 c. C -MJI.

5. q e K Map e B A. D., H e cp e .lJ, -0 B A. 11., H M Ii<:.o JI a e -B B. A. TeOpM5I npO.lJ,OJIb;
HOM ,nlp-OKaTtKIM. ,X.a,pb.K'O:B, ,KIHJfJ}I{IHOe IH3.LL8TeJIb

'

CTBO, !1!9i6!5. 2/112 :c. C HJI.

.'

6. 38M iK 0 B M. A. Peoo:,HJMbI :ne<Po/p'Ma[J,H-H H ycMJIHH 'npH ro�p5J:l1leH npOKai1'Ke.' OB,ep.n-
1

JIOBClK, MeT , aJI'JIyprM3JI..8 T, :19 1 60. 300 IC. C ,HJI.
-'.

7. IC M M P HOB 'B. iC., ,f.p M TO .p b e 'B A., K., IK a ,p a q y H 'C K IH M ,A. It .H LltP. Mero.lt

mo:.u.o I 6H5I B TeopHlH npOK,3'TfKH. .J1., «H8YKa», 119711. 17i8 c. C IMJI.
, ;.

8. C M 11 iP HOB B. C., LL Y P H eBB. LL. TeKcTypo06pa30BaHMe MeTaJIJIOB npn npo�
1K8 TRe. M., «JMer-aJIJIYlprHH», 1197il. 254 c� C HJI.

.
.

9 . C e ,B e ,p ,.lJ, e H KO B. D., K JI Y -6 0 B M q. B. B., C Ten a H e H K 0 A. B. f1 P OKa Tl

K8 M iBOJIOllle.HHe C YJIb'Tp8:3BYIK.oM. ,MaHICK, <�H.8'YJ{.a H 'I'eXHHK8», 11970. .261' c.' c �HJI�

10. C M 1M P HOB B. C., r p 11 r 0 p b e B A. K. DpHMeHeHMe 3�BM .lJ,JIH p8CqeT.�'

In8.p3'MeTpOB InpOK8'TlKM, M., «Me'T8JIJIYprH5I», ,1.191710. 1.2130 c. C HJI.
..

_ .

11. C M IH P HOB B. C. C60pHHK ,3a,LLaq no 06pa60TKe MeTaJIJIOB LLaBJIe.HHeM, M.',.'
«MeT8JIJIY'PTMH», 119713. H92 c. C 'HJI.

',: -'
-

.

12. U e JI 1M K -0 B A. H. TeopMH paClleTa YCMJIMM B npOK8THbIX CTaHax. M., MeT�aJI-
JIyp,rH.3.lJ"aT, 1-9612.!4!94 c. C MJI.

.

.

_

'

13. C e B e 'p..lJ, e ,H J{ 0 B. D. OCHOBbI TeoplMIH npoKaTKH. MHHCK, «H8Y.K8 'M TeXHl'(K'8»,.
;1969. I2i4i2 IC. !C 'HJI.

.
:-

\114. If Y 16 ,K H:H C. H. ,TI..naCTHlleCK,85I JI.�cp.o'p.M8U.M5I .MeTaJIJIO:B. T. I. 376 IC. 'C .HJI.; T� 11.:'.

4(16 IC. 'C .HJI.; 'T. lII. 306 ce. IC HJI.

..
15. q Ii }I{ Ii K 0 B 10. M. TeOpli5I no.n.06M5I M Mo.n.eJIlipOB8Hli5I npoI.J.eCCoB 06P860Tiof

IMeT,8JIJIOB !.lI.aiBJIe.HH'eM. ,M., I«MeT8JIJIyprM5I», ,l971(). 1l2!5 c. Ie HJI.

16. IK ,p Y n H.H ,A. lB., C 0 JI.O B b.e.B B. 51. 'InJI8CTHtIe-CK851 (.ne£po,pjM.a�H5I TY1r'OnJl3'BK.HX"

MeT.8.JIJI'OiB, 1M., <<JMeT8..nJIyp�rH5I», 10711. 3150 .c. C 'RJI.

17. B Ii H 0 r p a .n 0 B f. A., C e M e HOB 10. H., KaT p Y C O. A. HAp. TIpoKaTIKa Me-

TaJIJIUIIeCKHX nopOllIKOB. M., «MeTaJIJIyprHH», 1969. 382 ,c. C 'HJI.
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nOnEPEQHO-BHHTOBASI npOKATKA

"IACTb

XVI rn a B a

flOnepeQHaH npOKaTKa

J. KOHTaKTHaH nOBepXHOCTb H 06>KaTHe
u

np" nOnepe1JHOH npOKaTKe

nOrrepeqHa51 npOKaTK3 JIe}KI1T B OCHOBe np10u.ecca npOlllHBKI1
-

rJIaB-

HOH TeXHOJIOrHqeC�OH onepaQHI1 COBpeMeHHoro crroc06a nOpI13BO,lI,CTBa

6eCIIIOBHblX TPy6. B InOCJIe,lI,Hl1e rO,lI,bI OCBoeHa rrepHO,lI,I1:QeCKaH DOpHQa51
Ii XOJIO,lI,HaH rrOnepeqHO-BHHTOBaH npOKaTKa IliapOB, llleCTepeH, 3arOTO-

BOK no,lI, IIITaMnOB'KY pa3JII1qHbIX ,lI,eTaJIeH M'amHHOCTpOeHI1H, pe6pH.CTbIX
Tpy6 If .npyrHx 113,lI,eJII1H

1
. OCBoeHHe HOBbIX 11 ,lI,aJIbHeHmee ,COBepmeHCT-

BOBaHHe CYllI.eCTBylOIII.HX TeXIIIOJIOrH,qeOKHx npOQeCCOB, B oco6eHHOCTH

;n�pOII.eCCOB np-011'3/Bo.n:CTBa 6e.CIII ' 0,BHbIX Tpy6HbIX 'H3,lI,eJII1H, ,OOHOBaiHHbIX

Ha nonepeq'HOH. npO\KaT,Ke, np'O.llon}KaeTCH Bee yCKOpHIOIII.I1 I MHC5I TeM-

naMH. 3TO 06YICJIOBJII1BaeT Heo6xo,lI,'HIMOCTb. ,lI,anblHeHmero 113yqeHHH no-

nepetlHOH npOKaT,KI1 11 pa3\BHTHH ee TeOpI1H.

B nelpBOM npH6JII1}KeHI1I1 nOnepeqHYlO InpOKaTKY MOLKHO ynO,lI"n6I1Tb
'KOBKe U.HJII1IH.lI.pa no 06pa3YlOIII.eH, KOr,l(a nOCJIe Ka}K)J.oro y)J.apa OH no-

BOpa'QHIBaeTCH 'Ha MaJIbIH yron, T. e. 'nOnepeQHOH KOBKe (CM. PI1.c. 19:5,
a, 6). YMeHbIIIeHl1e pa,lI,Hyca 3arOTOBKI1 3a nOJIOBHHY ee o6opoTa
paBH'O:

Ar=(R- VR2_b
,2

)+(r- Vr2-b
'2

).
.

.

-; .�.�'. ;� ,,: j .1> :.: I :.
.

.

D d
trJ{e R= - -

pa,lI,HYc BanlKa; r= - +- t! r- pa.nHY'c 3aTOTO/B'KH.
2 2

3TO ypaBHeHHe ,MO}KHO 3arIIM-CaTb B I1HOM 'BH.rr.e:

Ar=R[I- V I-( � r]+r [1- V I- (� r l
BeJIHqJfHbI b'IR H b'lr Bcer.n.a 3HatIJf'TeJIbHO MeJHbme e,lI,HHI1IQbI.

I CM. HanpHMep, C M H P HOB B. C., A JI eKe 8 H JJ. P Q B B. n., B 8 C H JI b q H-

I{ 0 B M. B. HAp. nOnepeQHa5I npOK8TKa B M8mHHOCTpoeHUH. M. - JI. M8mrH3, 1957.
375 c. C HJI.; B 8 -c 1M JI b Q H K 0 B M. B., B 0 JI K 0 B M. M. 119nepeQHo-BoJiHTOB85I npo-
KaTKa ,H3AeJIHH C BHHTOBOif nOBepxHocTblO. M., «MalIIHHOCTpOeH'He», 1 968. 140 c. C HJI.
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PMC. 195. C.XU\Jbl K BbIBOJI.Y cpOPMYJI JI.JIH onpeJI.eJIeHHH lllHpHHbl KOHTaKTHoi1: nOBepxHo-

CTH I!1)H nor.epetIHOH KOBKe (a), npOKaTKe (6). a TaK>Ke npe)J.eJIbHoi1: lllHpHHbl nOBepx-

HOC'FH' KOHTahTa 11 OO>KaTJUI (8)

.BOCTI0JIb30BaBIlIHCb pa3JIOllieHHe.M B p5l.lI., rrOJIyqH,M:

r

(
bl

)
'2 1

(
b'

)
2

:-a f b
'

)
2

V
1-

Ii
� 1 -

2 Ii; 'y
1- (-;-

� I
1

--

2 (
� \2 .

r J

f1pHHI1M aH 3TO BO BHHM aHl1e,I1MeeM:

b
'

= -V
2Rr A

= V
Dl1rd+2D (I1r)2

�

(
dl1r

.

R+r
ur

D+d+2I1r
�

d
·

1+-
D

(541 )

E'CJIH rrpOK'aTiHble BaJIIKI1 ,3aMeHI1Tb -nnI1TaMH, TIO 'OT'H'OllIeHHe 'dj D CJI.e;I.Y-

eT C'qHTaTb 'pa'BHbIM HynlO. Tor,lI,a

b' = 11 � r d HJTH � =

11 ;
d

'

r,lI,e E=b. r/d- 06lliaTHe 3arOTOIB-KH 3a rrOJIOBHHY ee 060pOTa B BaJIKax.

T'aKtoe 06}KaTHe B /,lI,aJIbHeHIIleM 6y.neM H�3bIBaTb e.lI.I1Hl1qHbIIM.

B rrp'OIleOCe 'npOKa'TKI1 3arOTOBKa IIpno6p.eTaeT OBa'JIbHOCTb, 3a eqer

qerOIIll1pHIHa K'OHITaKTHOH ;rrO:Bepx 1 HOCTI1 H03.paCTaeT )1;0 ,BeJI,HqfIHbI

b==� b
'

TaK, KaK 3TO .rrOKa3aHO Ha pJ1iC. 195, 6 rrYHKTl1pOM.

.f103TOMY MO}KHO 33'IIHCaTb; liTO

�=w"l;;
I V c'.

d
( 54'2)

K03'cpqlunH.eHT '1' YllHTbIBaeT rrpHpaIII.8HHe IIlHp'l1lHbI KOHT3'K'DHOH IHO-

BepXHOCTI1 BCJIe..n'CTBHe 0'BaJIH3an:HH ,Ce'lIeHI1H.
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C.HJIbI 'TpeHHH P p., rrpHJIOllieHHbIe co CTOpOHbI BaJIKOB K 3arOTOBKe

(pl1c. 195,8).. 06pa3ylOT 'MOMeHT M 1 ==P f1 a, KOTOpbIH BbI3bIIBaeT BpaIII.e-

Hl1e 3aDOTOBKH. ,

HO'pManbHbIe CI1JIbI P C03J[.alOT MOMeHT M 2 ===Pc.. KOTOpbIH HarrlpaB-

JI.eH 'B 'CT'OrpOHY, rrpoTH-BOrrOJIO}K;HYIO HarrpaBJIeH�1O 'BpaIII.eHI151 3arOTO;B-

KI1. BpaIIleHHe 3arOTOB;KH B BaJI'KaX npeK'paIII.aeTCH B TOM CJIyqae, Kor.u.a

M 1
= M 2 HJIH P. a = c. (543)

P a,lI,11 y:rrpolllelHH5I BbIBO,lI,OB ,lI,yry 19 3aMeHH'M XOp,U.OH 11 'upuMeM, qTO

'CI1JIbI P ,rrpHnO}K,eHbI K 3anOTOBKe \B Cepe,lI,I1He 3TI1X xOp,U..

0603Halla51 ,lI,nl1Hy XOp,lI,bI lIepe3 s.. MO}KHO BbIpa311Tb rrnello -CJIe,lI,YlO-

I�HM '06pa3-0M: c=s+dsina. LlaJIee, 113 lIepTe}Ka (pnc. 195) cJIe,n:yeT,

liTO a===d cosa.. flo.lLCTaBnHH 3HalleHHH c 11 a B paBeH.cTBo (543), I1-Me-

eM: sjd= p. cos Cl-sin Cl.

J1ellKo BH,lI,eTb, rqTO

sin a = � ; CDS a =

V 1 -

( � r

003TOMY : = f1 V 1 -

( � y
- ; ·

s

OTKy�a - =

D

fA.

V (1 + � r + �2 ( � Y.
K031<p'cpl1�HeHT TpeHI1H BCer,lLa MeHbIIle rrOnOBI1HbI, n03ToMY BTOpOH

IIJI8H IrroJ[. paJI.I1KaJI ' OM Bcer.n.a Man rro cp aBHeHHlO C II.epBbIM. o TClO.n. a

rrpH6JIH)KeHHO npeJI.eJIbH.oe OTHOIlleHHe IIll1pHHbI KOHTaKTHOH nJIOIII.a.n.KI1

IK ,lI,.HaM,eTipy '3ar ' OTO'BKH 6YJ(eT IpaBHO: sId � Jl (1 +-d/D).
f1 pHHH'MaH BO BHI1MaHl1e OIBaJII13a.u,HlO, 3a ClIeT KOTOpOH IIlHpl1Ha

KOHT3IKTHIOi1: nOBepxHocTH B-03paCTaeT ,lI,0 BeJIH-IIH.HbI b === � s � �� b
'

,

MO}K'HO 3a�nI1CaTb:

b "I' fJ.

d� d
· (544)

1+-
D

Ha O'CHO'BaHHH y,paBJIeHHH (542) 11 (544) nOJIYlll1!M

"I' fJ.
-V

-

d
= � Enp ·

I+Lf

OTClO,lI,a rrpe,lI.eJIbHbIe e,lLI1HHlIHble 06}KaTI1H

E
np

=

(
fA.

d )
2.

.1+1)
. d

fJ.pHHH,MaH p.
=== 0, 15 H CIII1TaH, liTO - ===0, H3 IIOCJIeJ[.Hero paBeH'CTBa

D

'HaMJ(eM: E
np ===10,0225 I1JII1 2�25

%
.

TaKI1M 'o6pa30M, ,o6LKaTI1e 3a rrOJIOBI1Hy o6opoTa npH 'IIOnep.eIlHpH
nploKaTKe HeBeJIHKO.
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2. JI.ecjJopMHpoBaHHoe H HanpH:>KeHHOe COCTOHHHe

B Ha1JaJlbHblH MOMeHT npoKaTKH

KarK CJIe)J.yeT H3 rrpeJI.bI.lI:YIIlero napaTpacpa, HarpY3:KH npH norre-

pellHoH npoKaTKe ,HOCHT �rrOqTI1 .oocpe.n.oTolleHHbIH xapaKTep. TI03TOMY
.necpopMaT(HH lITO celleHHlO 3aroToBKH HepaBHoMepHa. B nepBbIH MOM-eHT

rrpHJIO}KeHHH ,CHJI OT BaJIKOB, rr'�Ka 3arOTOBKa TOJIblKO HallHHaeT OBoe

a-paI.I(aTenbHoe .n.BI1}KeHl1e, IMO}KHO Bocnonb30BaTb'CH 'pe3ynbTaToM pe-

rneHI1H rrnocKoff 3aJI.aqH. (CM. rn. IV) 0 HarpY}KeHHI1 I(MJIHH,.rr.pa rr'D 06-

pa3YlOIIleH )J.BYMH cocpe.n. o TOlleHHbIMH CHJIaMH (CM. pl1c. 196,a) . Corn a-

CHO 3TOMy perneHHlO, ,HanpH}KeHI1H B I(eHTpe .n.HCK� 'BbIpa}KalOTICH TaM

paB�HCTBaMI1 (14:5). DOJIyqeI-IHOe perneHHe .n.OJI}KHO y�oBneTBOp5lTb

ypaBHeHHlO :rrnaCTI1I1HOCTH a
p + 0'0

== v K. TIoCJIe.n.Hee ypaBHeHl1e 51B-

JI5IeTCH T01.IHbIM' .n.JIH TOrOCeqeHI151; r.n.e HarrpaBJIeHHH r naBHbIX 11 npoH3-
BonbHO BbI6paH'HbIx DceM COBlna)J.aIOT, T. e. JlJIH CeqeHH5I"r.n.e 6===0. f1o-

3TOMY'C YlIeToM paBeH'cTB (14-5) HMeeM:

4P
(J -a ===--=vK

p.O
3tr

.

P K
OTclO-.n.a -= -v - f1 pl1HI1MaH

3tT 4 j

P 'K
-==-

v === -1, rronYlll1M

3tr 4'
(545)

H paBeHCTBa (145) rrpn06peTalOT BH.n.:

(j
p

= - !5.-
(1 + 2 cos 2 e); (j = _!i (1

- 2 cos 6);
4 0 4

T = _!i sin 2 e.
PO 2

( 546)

OTClO.na cJIe.n.yer, qTO HarrpHLKeHHH OT BHernHHX CHJI B u.eHTpe .n.HC-

Ka no JII1HI1I1 JI.eMcTBHH 3TI1X CI1JI, T. e. rrp.H e === 0, 11 MelOT cne.n.YlOIIlHe
3Ha l leHI1H:

3 1
a

p

= -

4
K; (Jo

=

4
K; Tp 0

== O. (547)

3TI1MH 3HalleHHHMI1 BOCnOJIb3ye.MCH B KalleCTBe rpaHHlIHbIX YCJIOBHH
,Z:LJIH onpe.neJIeHI1H HanpHllieHHff .OT BHellIHHX CHn :B I(eHTpe 3arOTOIHKI1

rrpl1lrrOrrepeqHOH npO\KaTiKe.

,l:LnH orrpe.neJIeHI151 rpaHl1qHbll{ YCJIOBHH Ha KIQ!HType 3ar0'f10B'KH HC-

,IJ.OJIb3yeM yrrpOIll.eHHYlO IcxeMY -rrorrepell'HoM np'OKa'TKH, H!306pallieHHYIO
Ha pl1c. 196,6. Ka'K CJIe.n.yeT 113 pl1

'

CYHKa, paCCMaTpl1BaeTCH cJIYlIaff rrpo-
KaTKH ,Me}K.n.y BaJIKalYlH OlleHb .6onbrnoro pa.n.l1yca.

113 orrbITHbIX .n.aHHbIX* 113BeC'DHO, 'liTO Me}K.n.y 3arOTO'BKOH H BaJIKarvfM

CYIlI.eCTByeT CKOJIb}KeHHe, 30Ha onepe}KeHI1H npaKTl1l1ec-KI1 OTCYTCTByeT
11 Ha rrOBepXLHOCTI1 IK:OHTaKTa H,MeeT'CH JIHllib 30Ha OTCTaBaHHH. D03TOMY

* 0 c a .rr. q 11 if B. 51., TI a B JI 0 B H. M., f e T Ii 51 H. f. Ii .rr.p....J:- «06pa6oTKa Me-

Ta-!1 JI D.B .rr.8aJIeHHeM». H3.rr.. M3J1, 1965. (MHCHC If -M3H. C16. NQ 61. q. 1), c. 71-7�.
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HOpMaJIbHOe H K30CaTeJIbHOe .KOHTaKTHbIe Ha:rrp5lllieHI151 YBeJIl1qI1BalOTC5I
OT TOQKI1 A npl1 Bxo.ne 'K TOQKe B npl1 IBbIXO.n.e 113 'BaJIKOB, KaK 3TO no-

Ka3aHO Ha pl1c. 196, 6.

PRC. 196. CxeMbl K paCqeTY HanpH>KeHHi% npH no-

nepeqHOH npOKaTI<e:

a - C:>KaTHe .u.HCKa cocpe.u.OTotJeHHblMH CHJIaMH

(ynpyrHi% cep.u.eqHHK pa.u.HYCOM r

k
H nJIaCTHqe-

CKaH 060JIotJKa); 6 -

reOMeTpHqeCKHe COOTHOllIe-

HUSI B snlOplal KOHT8KTBialX HanpSl>KeHHA

Vy

,QnH OnpeJI.eJIeHI1H KOHTa'KTHbIX Harrp5l}KeHHH 6y.n.eM HCrrOJIb30BaTb

rl1UOTe3Y ,nJIOC'KHX 'CeqeHHH, T. e. H'CnOJIb3yeM CI1CTeMY ypaBHeHI1H
(195), KOTopaH J(JIH .n.aHHoro CJIY'QaH [I'pI1MeT BH.n.:

d (J
x

"
xy .

dx
+2 2r =O, ax-ay=vK; Txy=f1(Jy.

B pe3YJIbTaTe HHTerpHpOBaHHH nOJIyqHIM:

--Lx
r 1

O'y
= + c e

DpI1H'I1MaH BO B'HHMaHl1e rpaHl1'qHOe YCJIOBHe, CorJIaCHO KOTOPOMY npH .

a
y

= -K, nony:qH.M

�

(
�- X )r 1 2

ay=-Ke.
.
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113 pHC. 196,6 CJIe.n.yeT, 'qTO

�
.

'0 sin �; x:.=:, sin (
l_ a ) ;

222

ro
=

rl
r==

Tl

CDS ( �
- 0 )

b 'Y

(
V e

\
D03TOMY

- == 'I tg -; x = 'I tg - -

)222

'Y
cos

-

2

H, CJIe,lI.OBaTeJIbHO

� (+
- x )

=

� rtg �
- tg ( �

-

e)}
BBH.n.y MaJI'OH 'HeJI'l1 l qllHbI 'yrJIOB MO}KeM 3arrucaTb

u = -Ke
P . e

y

11 rrpl1H5ITb a
y

== a
p , 't'xy='t'pe.

CJIe.nOBaTeJIbHO, Ha rrOBepxHOCTH KOHTaKTa (p=r) HMeeM:

K
tJ.e . L"' tJ. e

(548)a
p

= - e
, 't'p e

== -

f1.l\ e .

KaCaTeJIb'HbIe Harrp5l}KeHI151 B u.eHTpe .n.HCKa He .n.OJI}KHbI 6bITb 6ec-

KOHe'llHO BMI1KH. DOl3TOIMy IB paBeHCTBax (181) epa3y ,nOnO}KHM C2==O.

TOf,na OHI1 rrpl106peTalOT BH.n.:
\

't'p e
== C 1 pa CPt;

} (549)
up

= - c; pa <P2
- 'JK In p + c; ae = -c; pa CP2-'J K(ln p+ 1)+c ,

r.n.e

<PI == A em
e

+ B e

-

me; <P2
== A em

e
_ B e

-

me;
,

mCl
Cl == - -

.

a
(550)

B rr. 2 fJI. XII Ha rrpHMepe rrpOJI:OJIbHOH rrpOKaTKH 6bIJIO rrOKa3aHO,

QTO perneHl1e (181) 11, 'CJIe.n.oBaTenh;Ho, perneHHe (549) MO}KHO TpaKTo"

BaTb KaK 'COBoKynHocTb HanpH}KeHHH OT BHernHHx CI1JI 11 OT HepaBHo"

MepHOCTI1 .n.ecpopMau.HH. 3arrl111IeM perneHl1e (549) B CJIeJI.ylOIIleM BH.n.e:

.

C
b

en
.

't
p e

==

I P 't'1,

,

a

}
a

p
= C 1 P <P2 + C - 'J KI h p + c' + 'J K 'l1. <P2;

,

. (551)
0'0

== Cl pa <P2 + C - 'J K (1
- 'l1) �''J Kcln,p. + c' - v K 'l1 (1 - CP2).

Ka'K 11 B cJI'yqae trrpo.lI:onbHoH rrpoKaTKH, paBeHcTBa (551) MO}KHO TpaK'"
TO'BaTb Ka:K c.OBoKyrr,HocTb ,HatrrpHLKeHHH OT 'BHe.rnH:HX .�HJI (,B. C.) H Ha-

rrpH}KeHI1H, BbI3BaHHbIlX H�paBHoMepHoH .n.e<tJo'pMaI(HeH (H. ,Q.):

't':e
c

= CI pa <PI; a�'C == C; pa.<P2 + c; Os.C .=C; pa (P2'+'C'�'J :K(1 - '1]); (552)

a�,A
== -v K In p+c' + v K 'l1. <1'2; (Je.�

= -vK In p+c' -vI( 'l1( 1-<P2). (553)
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npOBe.JIJI HeCJIO}KHbIe rrpe06pa30BaHI1H, �rrq.n.06HbIe rrpOBeAeHHbIIM B

rn. 12, nOJIy.qI1M:

a:'
C

- a�'c == vI( (1 - 'Y1); a�'� - ae'� == v K�.

OTclO.n.a CJIe.nyeT, liTO

(a:'
c

- as. C) + (a�'� - as.
A

) == V K,

T. e, a
p

-

as
= V K,

(554)

( 555)

r.n.e 0 <"'1< 1.

KaK ICJIe.n.yeT 113 paBeHcTB (854), rrpH 11 =0 ,pa3'H.OCTb 'Harrp5l}Ke�

HHH, CBH3aH,HbIx HepaBHoMepHoH .n.ecpopMalI:HeH, OTCYTcTByeT 11 'cyme-

cTByeT TOJIbKO pa3HOCTb H3Inp5l}KeHI1H OT BHemHHX Cl1n, BeJIl1l1HHa KO-

TO'POH p'3'BHa vK. ;31'0 .c-aoTBeT;cT,ByeT CJIyqaIO, :K,or.n.a ,HaupH}KeHI1H ;OT

Hepa�HOMep.HOcT-11 .necpopMa:I(HI1 rrpl1 rrpOKaTKe He B03IHH.KalOT.

Inpl1 'Y1=== 1 HMeeT MeCTO .n.pyroH KpaHHI1H CJIYllati: 113 paBeHCTB

(554) CJIe.n.yeT, IIT'O pa3'HocTb HarrpH}KeHI1H OT BHemHI1X CHn paHHa HY-

,,'lIO, 11 ,cYII.J.eCTByeT TonbKO pa3HocTb Ha:rrpH}K,eHHH lOT HepaBHOMepH
' OCTI1

.n.ecpopMallHI1, tpaB!H'aH vK� 3TO OOOTBeTcTByeT C-JIyqalO, KOf.n.a HarrpH}Ke-

HHH OT BHemHI1X CHn HClIe3n
'

l1 rrOCJIe rrpeK
i

paIll.eHI151 HarpY}KeHHH, a Harr-

p5l)KeHHH, BbI3BaHHbIe HepaBHOMepHOH .n.ecpopMaI(l1ei1:, n'peBpaTI1JII1Cb IB

OCTa TOlJ,HbIe.

f1,PI1 0 < 'Y1< 1 CYIII.eCTBYlOT OJ(Hoa-peMeHHO H Ha.rrp5l}KeHI1H OT

BHemHHX Cl1n, 11 Harrp5l}KeHI1H OT HepaBHOMepHOCTI1 .n.ecpopMaI(HH 11 ye-

n.OBBe IrrnaCTI1'IIH , OCTI1 I1M.eeT 06bIlIHbIH tBHA (5-55). iTI'P'H .rrp'O,1J:OJIb'H'OH
rrpOKa'nKe 3,HalleHI1H i1 6bInl1 rro,1J:06paHbI TaK, qTO IB paOCMOTpeH'HbIX

.n.BYX KlpaHHHx CJIY1.J:aHX -OHH H.MeJIH .KaiK pa3' o6paTHYlO BeJIH'IIHHY. ,l:LJI5I

CJIY'1.J:a51 rriOrrepellHoH np'OKaTKI1 3alrrH'Cb B <pop Me (553) 11 (554) ynploII.J.a-
eT perneHl1e.

CHaqaJIa onp , eJI.eJII1.M tHanp:51}KeHI1H 'OT BH'em.HI1X tC'I1JI P, -olll1TaH HX c.o-

cpe.n.oTOqeHHbIMI1 B TOIl�Kax (p ===-(0 === (. 6 ===0) (pl1c. 196, a). Tor.n.a 113

YCJIOBl151 aCHMMeTpHH KaCaTeJIbHoro Hanp5l}KeHHH B TOqKe rrpHJIO}KeHI15J

cocpe.n.OTOlleHHOH CHnbI (CM. pl1c. 43) ;rrOJIyqaeM t'p8 ==='0. .DpH 3TIOM

nep,Bo.e 113 ipaBeHrCTB (;55:0) JI.aeT: A + B =0, T. e. B =-A. C yqeTOM

3Toro BTopoe H3 pa'BeHCTB (550) rrpl1 1 06peTaeT BH..n. CP2 ===A -B ===.2A.

He cY}KaH 06IllHOCTI1 pemeHH5I, .n.orryeTI1M, liTO 2A === 1. B pe3YJIbTaTe

nOJIY1.J:H,M H3 ypaBHeHI1i1: (552):
B. C

'

a B C
'

a

a
p

== Cl P + c; O's. == Cl P + C - V K (1
- 'Y1). ,(556)

f1'pI1HI1MaH BO BHHMaHI1.e paIBeH.CTBa (.547) 11 (548), npH e ===0 .n.!lH Ha-

rr'pH}KeHI1H O"p HaH.n.eM ,CJIe.n.YlOIII.l1e rpaHl1l1HbIe yCJIOBI1H:

p= 0; p= r; <1p
= -

3: ; (Jp
= - K.

Tor�a InepBOe H3 paBeHCTB (556) JLaeT:

3K , K
Q' � -; C

1
=

---a
·

4 4r
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COrJIaCHtO YlpaBHeHHlO (547), B u.eHTpe 3arO'fiOBKH ,lLOJIlliHO y,lI,OBJIeT-

BOpHTb'CH elI{e O)J.HO YCJIOBl1e: p
=== o. 11crronb3yeM 3TO Y'CJIOBl1e ,lI,JI5I

Toro, lIT06bI orrpe.neJII1Tb BeJIl1l1l1HY 'l1. n pH P === 0 C YlIeTOM 3Ha1.Ie'HI151
3K

�OHCTaHTbI c===-
-

BTo.poe H3 paBeHCTB (556) JI.aeT:
4

K 3K
-== - -

- 'Y ]« 1 -

"" ) .

4 .4

1
OrclO�a YJ

== 1 +
'--

.

'V

fTpH v === + 1 .TIOJIYlIaeM 'l1
=== 2, rrpH 'Y === -1 OKa3bIBaeTCH, 'liTO

'l1 =/0. OT6paCbIlBa51 rrpOTI1BOpellaII.J.ee CMbICJIy 3a,lI,alll1 3Ha 1qeHHe 'l1 ==='2,

rrpl1XOAI1TCH rrpl1HHTb 'Y === -1 11 'l1,=O.

06pamaHcb CHOBa K paBeHCTBaM (S56), rrOJIYlIaeM:

(}'�.C
___

1

[ (
�

)
a

]
.

--._-_ +3,
K 4 a (j�C = _ + [( -; r + 3 ] + 1. (557)

, 113 :rrYHKTa I 113BeCTHO, qTO npl1 iTIOrrepell'HoH !npoKaTKe YTOJI 8 Bce-

r,lI,a .MaJI. DO'3TOMy IHarrp5l}KeHHH rrpH 8 === 0 H 8=V 6YJ1.YT MaJIO OT-

JIl1qaTbC5I MelliJI.y .C060H. ,3TO ,lI,aeT BO'3:MO}KHOCTb, rrpHHI1Ma51 BO BHHMa-

HHe rpaHHQHble YCJIOBI151 (1548), o606IIl.I1Tb pemeHHe (557) rrpH H3MeHe-

HHI1 Y/f'JIa 8 B ITIpe.rr.eJIax 0 <8<1' B T3IKOM BH,lI,e:

(j�C =-+e!,e [(-;- r +3) (j�c =_+e�e[( : r+ 3J+1. (558)

E'CJII1 pa]LI1Yc 3arOTOBKI1 BeJII1K, TO HarrpH}K�'HHH OT BHemHHX CHJI

B ee I(eHTpe MO}KHO irr'Pl1iHHTb paBHbIMI1 HYJIlO. 3TOMy KpaHHeMY CJlYIIalO

6Y,lI,eT COOTBeTCT1BOBaTb BeJIHlIl1Ha 'l1 === 1. T,or,lI,a 'paBeHcTBa (S56) rro-

nyqHM B BRAe:

B.C B.C , a

+a
p

=== as == c p c.

Ha OCHOBaHl111 ypaBHeHI1H (547) 11 (548) H3 YCJIOBHH

(559)

fJ =. 0; p= 0;
B.C

0aa == ; p
= r; a:'

C

=-K

H ypaB�eHI1H (19) 6YAeM I1/MeTb CneJLYlOIIl.ee paBencTBo:

,.,.B.C _ ,.,.B.C _ K (
L

)
a

vp
-

va
-

-

,

r
(560)

If o606III.aH ero Ha HHTepBan 0 <8-<. V:

a
B . C

_ ,.,.B.C _ K
� e

(
L,

)
.a

p
-

va
-

- e ·

-

r

..,

(5Gl)

Ha PH'C. 197 'rrpI1B.e.lleHbI 3rrlopbI HarrpH}KeHHH, rrocTpoeHHble
rrOJIb30BaHHeM cpOPMYJI (558) 11 (561).

C I1C-
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O,rrpe,lLenH'M Tenepb BenHlIHIHy 06}KaTHH, 'CO<YrBeTCTBYIOIUYIO Haqany

rrna,CTHqeCKOH .necpOp,Ma[(HH B [(eHTpe 3a.roTIOBKH....,.:-Il pH nonepe'lIH'OH

npO:KaTKe Har'pY3'Ka rr;pHKJla,lLbIBaeTCH K Teny Ha ':TIJI;OIl(.aJI!Ke IllHpHHOH b

(pHC. 196,6). npH ,lLnl1He ,[(HnI1H,lLpa, p3'BHOH e,lLHHI1�e, 6y,n:eM HMeTb

P=pb.

CornacHo paBeH'cTBY (545), ,lLecpopMa[(H5I pacnpocTpaHHeTcH ,lLO

�eHTpa celleHHH, Kor,na

�= pb =Ji
,.;r 4

'

3tr

f,lLe p
-

,c:p.e,lL'Hee 'K.OHTaKTH,oe !HanpHLKeHHe. iITo9TOMY:
b 1t K b ,.; K

- = - - HJIH - === � -

. (562)
r� r p d 8 p

IB rn. VIII IMbI IrrpHIHHJlI1 J(nH nJlOCKIOH ,lLe.cpopMa�HH, liTO cpelLHee

'KOHTaKliHoe IHarrpHLK,eHHe paBHO: p =n(J n3K.

6 p

p

6
0

fJ

o

p

6
p

= 6 R

o

"

PUC. 197. 3 11ICpbl HanpH>KeHHM:, B03HHKllIHX OT .neM:CTBHH BuellIHHX CHn

npH C:iI<C1TJiH .nHCKa cocpe.nOTOtJeHHbIMH CHnaMH H paCCqHTaHHbIx:
a - no c}>opMYJIe (557); 6 - no cl>opMYJIaM: (560), a=0,125

BBI1,lLy COCpe,lLOT-OllleHHOrO XapaKTepa Ha:rpY3KH OTHOlIleH�e. lIlHpl1HbI

iKOHTa.K1'HOH IrrOBepXH'OCTH K ,n:HaMeTpy rrpH nOrrepellHOH npOKaT'Ke 6y-
JI.eT BenH'qHHIOH ManOH. I1109TOMY ,MO}KHO rrpeHe6pellb BJIHHHHe-M'TpeHHH
Ha ,rr,OBepXHOCTHX KOHTa:KTa H 'ClII1TaTb na = 1.

Cne.u..OBaT,enbIHO: p=ln 3 K. :DoeroMY, ;OOrJIa'ClHO !qJOp'M'YJIe ,(IS62),
b 1t

- = -

H o6LKaTI1e 'no )l.HaMeTpy C YlleToM cpOp\MYJlbI (542) paBHo
d 8n3

e=( 8�,p r
452
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'OTCIO,lI,a Cne)1.yeT, liTO ;OOLKaTHe, KOT,opoe COOTBeTcTByeT H3iqaJIY

rrnaCTl1'qeCKOH ,lI,ecp.ap.Maf(HH B [(eHTpe c.elleHHH, npl1 n.onepeqHOH rrpo-

KaTKe YMeHblilaeTCH C pOCTOM ,Koacpq>H[(HeH'TOB � 11 n3.

ITo j(aHHbI,M A. n. qeKMalpeBa 11 B. 11. BHObI!, �Hpl1IHa K'OHTaIK1IHOH

rrOBepx.HOCTI1, arrpe,lLenHeMaH oe3 YlleTa OBaJIH3a[(HH, a Ta'KLKe nepeKJOca

BaJlKOIB 11 CMelI(eH"I1H .OCH IrrpOIlIHBKH, npH KOCOR nprOKaTKe OTJIHqaeT'CH

OT orrpeJLeneHHbIX no TeOpeTH,qe.cKHM cpop,MynaM .B 1,3-1,6 pa3a. ECJIH

,lLnH cnY,lIaH n.onepeq'HoH IIpOKaTKI1 IrrpHHHTb � = 1,4, TO 06}KaTHe 'no

JLHaMeTpy, npH KOTOpOIM nnaCTH'lIe-eKaH ,lLecpopMa l 1\I1H 1IIlp.OHH.KaeT ,DJO

[(eHTpa CeqeHHH, .paBHO

E'--'
P ,08

(564)�

n
2

·

3

BbIlile MbI IIpHHHJIH na = 1. 3TOMY cooTBeTcTByeT 3HalleHHe � = 1.

Cor-JIaCHO ,lLaHHbI,M yrroMHIHYTbIX BbIlile orrbITOB, !Il'PH inorrep,ellHOH npo-

KaTKe HMeeT MeCTO lupl0C'KaJlb3bIBaHl1e 3arOTOBKH OTHOCHTeJIbHO BaJl'K!OB

Ta'K, qT'O Ha nOBepXHOCTH 'KOHTaKTa CYlI(eCTByeT TOJlbKO 30Ha OTCTaBa-

HI1H. 06paIll.aH'Cb K HOlMorpaMMe (C:M. pHC. !.53,a), y,6eLK)Lae-MCH, 'liTO

fIpH � = 1 K03 I cp'cpHr[(J1.eHT n30===n3 ,lLnH 3Toro CJIY.1Ja51 paBeH 2. IIpH
n3==2 nonyqae-M H3 cpopMynbI (.564), qTO E �'2°/o.

TaKYlO LKe BeJIHqHHY ,o6LKaTHH JLnH ,lL3rHHOrO 'CJIYllaH nonYlqHJI 11

.B. A. JIYHeB
2

IHa 'OOHOBaiHHH '6oJIee CTporor.o '06CJIeJ(,oBaHI1H .H c,paBH.e-

HH5I pe3ynbTaToB y/npyroii 3aJ(allH H 3a)I.a1JH 0 KacaHHH IlITaM'na !ITO 06-

pa3YIOIII.eH rrnaCTHlIeCKorlO )1.HCKa. Pe3ynbTaTbI TeOpeTH'lI,eCKHX p3'C'qeTOB
B. A. JIYHeB epaBHHJI C pe3YJIbTaTaMH orrbITO'B npl1 rrpoKaTKe 06pa3[(OB,
COCTaBneHHbIX H3 KOH[(e,HTpH'lIeCKHX [(l1nHH,lLpOB, nnlOTHO BCTaBneHHbIX

,lLpyr B .Apyra, 11 nonyql1JI KpI1BYIO, xapaKTepH3YIOlI(YIO pacnpocTpa.He-
Hl1e nna�CTHqe.C:KOH ,lLecpopMa[(I1H rro CeqeHHIO 3arOTOB'KH (pHIC. 198).

C. ¥I. OpnoB H B.B. IllBeHKHH, OCaLKI1Ba51 CBHH[(OBble 06pa3[(bI,
cnaHHHbIe crrn'aBOM By,n:a H3 HeCKOnbKI1X qacTeii IIPH HaJIHqHH KOOp,lLH-
Ha'THOH ceTKH no nHHHI1 pa3'beMa, YCTaHoBun.H, qTO nJIaCTHqeCKaH ,lI,e-

CPOPIM3:[(HH 3aTyxaeT OT 'IlepH'cpepHMHbIX 'K [(eHTpaJlbHbIM cnOHM, ecnl1

e,lLH-HHqHbIe 06LKaTHH He nlpeBbIlilalOT 4 °/0. IlpH OOJIee BblCO-KI1X 06LKa-

TI1HX MaKCHManbHaH .n.ecpopMa[(HH nepeMeIII.aeTC5I B [(eHTpaJIbHble 'cnol1,

11 npl1 eJLI1HHqHOM 06}KaTI1H, BeJIl1qHHa KOToporo oonee 18-20 0/0, ,lLe-

$opMaQHH .MI1IHI1ManbHa IB IrrepH'cpepI1HHbIXCJlO5lX H 'M3!KCHManbHa ,B

l{eHTpe CeqeHI1H. OlrrbITbI B. II. CeBepJI.eHKO 11 B. A. KaJIeJI.H'Ha I, npOBe-
,lLeHHbIe Ha CBHHI[(OBbIX 06pa3[(aX rro TOM LKe MeTo,n:HIKe, nOKa3anH, liTO

y6bIBaH�e ,lLecpopMa[(HH K .[(,e.HTpy CeqeHHH Ha.onIO,lJ.aeTCH npH eJI.HHH'q-

IHbI'X '06)KaTHHX ,lLO 8 %. .H. A. EcpHM'OB
2

, IHaOJlIO,lLa51 :npH .K'OBKe "H:3MelHe-
HHe pa3lMepoB. KiO�II.eHTpHlIecKHx OKPYLKHoCTeJ1, HaHeceHHblX Ha TOIpu.e

0'6pa3 1 [(a, YCTa.HOBI1JI, 1JTO 0!1HcbIBae.Moe HBneHl1e HMeeT MeCTO InpH e,lLl1-

Hl1qI=lbIX 06}KaTI1HX JI.O 3 °/0 � 11. A. Q)oMH1qeB BeJlHIlIRHY TaKoro npe,lLeJlb-
Hono e,lLUHHl{aODO 06LKaTHH orrpe,neJIHeT B 5 °/0 [I].

I q e K M a' p e B A. n., E H 6 a B. H. KHHBMaTHllecKHe H OHJIOBbIe ycJIOBM5I .u.eH-
CTBH5I OInp.3"BKH KOCOiBaJIKOBo:rO npOJil'HB'HOIrO 'CTaBa. G6. ,«TeXiHHQe'OKMH ,n,porpec,c B

Tpy6HOM npOH3Bo.u.CTBe». M., «MeTaJIJIyprHH», 1965. c. 107-132; .

.

2 JI y H eBB. A. -«06pa6oTKa MeTaJIJIOB .u.aBJIeHHeM» JI., MarnrH3, 1964. (Tpy-
AbI JInH, C6. NQ 238), c. 47-55

.
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Ta'KHM 06pa3 1 0M, HeOMOTpH IHa HeKOTOpOe pa3-JIHlIHe B JI.aHH-bIX pa3-

JIl1qHbIX HCCne,lLOBaHHH, MO}KHO YTBep}K,lLaTb, liTO npH ;nOnepeqHOH H KO-

COH npoKaTKe, ,Kor,lLa 06}KaTHH HeBenHKH, n'pOHCxO,lLHT y6bIBaHHe I1H-

TeHCJ1.BHOC'TH nn'3:CTHqeoKrOH )1.ecpIO;pMa�HH rOT nep:H-cpep'HHHbIX rC.JIOeB K

[(eHTpy .Ceq,eHI1H 3a CqeT 'ManOH BeJIHqHHbI e)1.H.HH!qHbIX OQ-}KaTHH.

ECJII1 n.JI3'CTH.qeOKa51 ,lLecpopIMa[(HH He pacnp'OCTpaHHnaCb ,lL0 [(eHTpa

CeqeHI1H, TO B l[(eHTpe Ha OCHOBaHHI1 p'aBeHcTB (546) MO}KHO rr '

pl1HHTb

cne)I.YIOlI(He BbIpa}K,eHI1H ,lLnH pac:qeTa HanpH}KeHHH:

(j = - n !5.-. (1 + 2 cos 2 6); (j = - n !5.-. (1
- 2 cos 26), (565)

p 4' e 4

r.z:r..e Koe:cpcpH[(HeHT n H.3M.e.HHeTCH 'B rrpe,lLenax OT !HYJIH )1.,0 eJ(HHH[(bI 13

3aIBHCHIMOCTI1 OT BenH:qHHbI BHelI1HeH HatrpY3KH HJIH, q'TiO TO }Ke -caM;oe,

06)KaTHH.

rBenHqHHy n MO}KHO HaHTH Ha OCHOBaHHH paBeH.cTB (169) II (565)
113 np'OCTor,o eOOTHOllIeHHH

� (1 + 2 cos 2 6) = n !5.-. (I + 2 cos 2 e).
1tr 4

d

OTCIO,lLa n = 4 Plre r K, HO P � pb II r ==

2
.

6 p b b
I103TOM Y n = - - - = 2 55 n -

n K d '3d

H Ha OCHOBaHHI1 ypaBHeHHH (542)

n=2,55n3�-V� (566)

3. Ae4JopMHpoBaHHoe H IHanpSr>KeHHOe COCTOSlHHe

B Y.CTaHOBHBllleHCSI CTa�HIH �npOKaTKH

nOCJIe pH,lLa nOCJIe,lLOBaTeJIbHbIxe,lLI1HH.lIHbIX ,06}KaTHH B 3arOTOBKe

B031HHKaIOT HanpH}KeHHH, BbI3BaHHbIe HepaBHOMepHOCTbIO .rr.ecpopMa[(HH
no ",lLHaMeTpy .,noJJ. ,lLeH'C'TBueM ,COCpe,lL'OTOqeHIHbIX IHa�PY3'OK 'OT 'B:HeIlIIH.HX

cl1n. B'He BanKOB Ha KOHType 3arOTOBKH, T. e. npl1 r ===r, KacaTenbHoe

Han'pH}KeHHe Tp8 ===0. Tor.n:a, eornatHo rrepBO!My palBeHCTBY CH!CTeMbI

(549), C yqeTOM COOTHOllIe'HI1H (55.0) nonYlIHM

CI r
a

(A em
6

+ B e-
m

8) = o.

O'I'CIO,lLa cneJI.yeT, qTO A=B===O, T. e. <PI
=

cp�
== o.

,B TaK.OM CJIYlIae iB �06'beMaX i3-apOTOBK r l1, He 'nOJI.UepraIOII.{I1X,C5IHenO-

rCpe,lLCTBeHH'OMY.' :B03JteH'C'DBHIO BaJrK'OB, COrJIa.CH'O paBeHC'TBaM 1(:553),
,6Y,lLeM H.MeTb

(j�.A
.

_ v K In p + c'; cre.
A

= - v k In p + C' - v K�.

H a 'CBOo.O,lLHr()M OT iii a rp yaoK n oBep XH'OCTI1. 3 a rOT'OBrOK, T. Ie. np'l1 p
= "

pa,lLl1anbHble Ha'IfpH}KeHHH (jp =0. T-or,lLa rr.bcToHIHH'YIO c' HaHirr.e-M Ka,K

c' = v KIn.'
.'

-

454



(J :.]J;= In �
;

r

11 n'pH v === +�l rronyqaeM

O'H .]J;

8
= In � -

YJ.
K r

(567)

E,CJlH npHHHTb, qTO � 30Hax 3anOTOBKH, Haxo.n.HlI(HXCH BHe Ban'KOB,

HanpH}KeHI1H OT BHellIHI1X cl1n HeT, TO cne.n.yeT rrpl1HHTb "fJ _

1. 3TO 03"

:Hallae'T, tITO HanpH}KeHHH ;OT HepaBHOM.e'p'HOCTH ,lLecp'opMa[(:�H 'BHe 'BaJ1-

KOB 9K�HBaneHTHbI iOCTaT.orllHbIM IH OHH ,OKa3bI,BalOTCH ,paBiHbIMH

O'p
r

0'9
r

K
� In -'-;

K-
= In - - 1.

r. r

,B 30HaX .no.n. BanK3.MH O,lLHOBpeMeHHo ,lLeH,cTBYlOT HanpH}KeHHH H OT

BHeIllHHX Cl1n, 11 'OT Hepa'BHOMepHOCTH ,lLecpopMarU,HH. ¥Ix CYMMa rrpe,lL-
CTalB-JIHeT C060H pa60QH,e HarrpH}KeHHH. Ho B T3'K.OM cnyqae, KaK 6bIno

rrOKa3aHO B npe)I.bIJlYlI(e.M nYH.KTe, ,cne,lLyeT npl1HHTb "fJ === O. Tor,lLa ,lLnH

30H no� Ban,KaIMH, cornaCHO 'paBeHCTBaM (558) H (567), IrrpI1 'YJ===O 110...

ny:qaeM

0' I

[
'

r

)
a

]
r

-L = - - etJ.
8 I - + 3 + In -.-

K 4 \ a r
'

(j
9

1
tJ. 8

[(
r

)
a

]
r

- = - - e - + 3 + In - + 1.
K 4 r r'

�9 = - � e�9 [( : r + 3 J.

(568)

)

} (569)

J

Docne Toro KaK 3arOTOBKa nOJlyqHT HeKOTopoe qHCJlO e,lI,HHHqH�X

06}KaTHH, HarrpH}KeHHH, Bl03HI1KaIOlI(He 3a CqeT HepaBHoMep'Hoi1: ,l(ecpop-
.Mau;11H, B r(eHTpe CeqeHHH 3HaqHTeJlbHO B03paCTYT H Han

'

pH}KeHI1HMI1 OT

.BHeIllHM1C CHJI 3,lLeCb MO}KHO -npeHeOpeqb. .Tor.na, Ha OCHOBaHHH. pa-

:BeH,CTB (i561) H (568), IHa.npH}KeHIH'Oe 'COC'T/OHrHH-e 'M'O}KH,O 'oxapaKTepH3-0-
BaTb .cneJI.YIOlI(HMH cpopMYJIaMH:

O'p IJ. 8

(
r

)
a r 0'

9 tJ. 8

(
r

)
a r

-l(
= e'

r + In
p; K

= - e
r + In

p
- 1;

;t = -

p. e�
9

(+- r · (570)

B npHBe,lLeHHbIX BbIllie paBeHcTBax OCTaeTC5I nel131HeCTHOH BenH'qHHa

a. ,Onpe.LLeJIUM ee, 'npH'paBHHiB 'rrpa.BbI,e 'qaC'PH BbIpa}KeHHH (i549) 'C y.qe-

TOM !COOTlHOIllelHH-H (550) H (;5 170) ,lL.Jl5I HarrpH}KeH1IH (jp :

Cl m a

(A
m 8 D

- m 8

)
.

K 1 K(
r

)
a

p.. 8
- -

p e .,-,� p -

.v n p + c = -

._
e +

a . r

+ K In r - K In p.

CpaBHI1Ba5l' n'paBY'IO H Jle'BYIO qaCTH, nonyqHM Y}Ke H3BeCTHbIe HaM

HbIpa}KeHH5I KOHCTaHT:

2 A Cl m K.. B = O. c =K In (; v === + 1,
a

_.

;.ci"
' , ,
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11 rKpOMe TOro : m =

11. BCn'OMJ1iHaH, lITO, 'OOrJlaOHO paBeHCTBY (182):
a = - 1 + Vl+m2,

fJ.
2

fJ.
2

fiOJIYIIHM a= -1 + VI + p.2� -1 + 1
+� =2.

Ha pl1C. 1.99 IC H.cnOnb3-0Ba'HHeM YP aB!HeHI1H (i858) ,IH (1567) nOCTpoe-

HbI 3nlOpbI HarrpH}KeHHH OT BHelI1HHX CHn (crrJlOIlIHbIe .JII1HHI1),' OT He-

paBHoMepHocTH ,lLecpopMaT(HH H cYMIMapHblx 7HanpH}KeHHH B 30Hax Ha,lL

BanKaMH, n'ocTpoeHHble C Hcnonb30BaHHeM ypaBHeHI1H ,(568) H. (569).
3 1

rrIOpbI H'3'np5l}KeHHH (jz nocTpoeHbI C YlleTOM YCJl i OBI1H (jz
=

�O,5 «jp + (ja ) n.JIOCK'OH ,lI,ecpopIMa[(l1l1.
,QJIH 30H BHe .BaJI�OB HarrpH}KeHHH OT HepaBHoMepHoH ,lLecpopM3.[(HI1,

onpe.nenH-eMbIe paBeHCTBa\MH (568), HBnHIOTCH H pa601lHMH, ,nOC'KOJlbKY

rK/r npHH5ITO, lITO 3,lLeCb HanpH}KeHHH OT BHeIlI-

1 0 HI1X CRn OTCYTCTBYIOT.
,

B03HI1KHOBeHHe HanpH}KeHHOrO COCT05l-

HHH, xapaKTepl13yeMoro 3nIOpaMI1, npHBe-

,lLeHHbIMH Ha pHC. 199, 106'bHCHHeTcH cne,lLY-

IOlI(HM o6pa30M.
11 p e.,lLC'T a'Bl1 M 3 a rOTOBKY -COCT a BneHHO i1

J1I:3 _J?H.rr.a iBCTa-BneHHbIX JI.'Pyr B JI.pyra KOH-

[(eHTpalleCKI1X rronbIX Ul1nHH,lLpOB H cep,lLelI-
HHKa. Ka}K,lLbIH HapY}KHbIH [(l1nHH,lLp no,lI,-

BepraeTC5I npoKaTroe Ha BHYTpeHHeM, .KaK

Ha orrpaBKe.3a ClIeT Toro, lITO na:n'pH}KeHI15I
I,D 2,0 OT BHe'-!1'HHX CHn HMeIOT Ha ne.p.Hcpepl1l1 MaK-

l
,

1'0
-

cHMan9HYIO. .Benl1.QI1IHY, HapYLKHbIe �Hnl1!H-)1.pbI

PHC. 198� 3aBHCHMOCTb pa)I.Hyca ,lLecpOpM'l1:pyi6T.CH rro TOnlI(l1rHe ICTeH�111 !6oJlee
r

K
ynpyroi:i 30HLI OT CTeneHH HHTeHOI1BiHO rro 'cpaBHeiHHIO 'C .BHYT.pe'HHI1MH,

06>KaTHSI H )I.l1aMeTpY:'HapY}K!HbIX [f}In.HH)J;pOB 'Bo3pa-
CTaeT 60JIbllle, QeM ,lLl1aMeTp BHYTpeHHHx,

T. e. rrpoI1ICXO,lLHT paeCnal1'BaHHe. TaRoE: rrpo�ecc ,lLeH,CTBHTenbH'O l1iMeeT

MeCTO npl1 YCJIOBHH OTCYTCTBHH CBH311 Me}K,lI,Y [(HJII1H,lLpaMH
I

.

\

'B peanbHoM rrpo[(ecce npOKaTKI1 paCCJIaI1BaHI151 MeTaJIJIa He Ha6JIIO-

JI.aIOTCH H'3-:3a IHaJI.H'IIHH OHJIOlI1'HOCTH. O)I}HaK'O ,CTlpeM.neHHeK .paccnaH-

BaHHIO y 'c.rrnOlllH'O�O Tena ,cyIII..eCTByeT. iITo3TOMY B 06JI30CTHX Tena,

'KOTopbIe !He rrO)I.Bep}KeHbI .rr.eHCTBHIO .C}KI1MalOIl1.I1X HarrpH}KeHI1H, :B03-

'HHKalOT IHanpH}KeHHH ipaCTH}KeHI1H iB :p
'

a,lLl1aJIbHOM IHarrpaBJIeHHH. ,Kor,rr.a
3TI1 06'beMbI OKa3bIBaIOT'C5I B ccpepe ,lI,eHCTBH5I C}K:I1,M alOlI(HX , Han'pH}Ke-

HHH OT BanK'OB, TO pa,lLHaJIbHbIe HairrpH}KeHH'H C}KaTHH OT CHn, rrpl1no-

}KeHHbIX CO CTOpOHbI ,BanKOB, CYM,MH.PYIOTC5I 'C pa.lI:l1aJIbHbIMH H3irrpH}Ke-
HI1HMH paCTH)Ke'HHH, pnc. 199,6). 0,0 YCJIOBHHM paHHOBeOHH pa,11.Hanb-

HbIe paCTHrI1 I BaIOlI(He Ha!rrp5l}KeHHH, :B03HI1IKaIOll1.l1e 'H3-'3a lHepaBHOMepHOH
,lLecpopMaUH'I1, paBHbI HYJlIO Ha -KOHType .3arOT'0B1KH H YBeJI,HlI;HBaIOTC5I

npH rrepeXO,lLe K ee. UeHTpy .BtCJle�ICTBHe .HepaB!Hlo�e:p�0J10 paerrpe,lI,eJIe-
HI1H OCTaTOlI\HOH ,lLecpopMa[(I1H rro norrepelI,HOMY CeqeHHIO.

0,5

o

0,8

..

( 571 )

1 C M H P HOB B. C. TIonepetI'H8H npoK8TK8. M. - C'Bep�oBcK, MamrH3� 1948.

195c. C UJI.
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C 'pOCTOM 'lll1Cna e,L(I1HHllHbIX 06}KaTI1H., T. e. CYMMapaO,ro 06}I{aTH51

<TIO .lI.l1aMeTpy, pa,lI,l1anbHbIe Harrp5l}KeHI151 -aT HepaBH'OMepHOH ,L(ecpopMa-

�HI1 B03paCTalOT 11 B He.KOT,OpbIH IMOMeHT 06pa60T'KH c,!,aHOBHTC51 B

I.(eHTpe 3arOTOBKI1 60JlbllIe C}Kl1MalOIl1.HX HanpH}KeHI1H, BbI3bIBaeMbIX

BHelI1HI1MI1 CH-JIaMH.

,[LeHrCTBYIOlI(l1e B npo�,ecce o6pa60TKI1 pa60lJ:He HarrpH}KeHI151 (pHC.

199) HBnHIOT,c.H anre-6pal1QeCKOH ,CYMMOH IHanpHllieHI1H rOT BHelllHI1X

'Cl1n 11 HanpH}KeHI1H OT Hepa'BHOMepHOH .lI.e<p0pIMa�HI1.

ViJ/K

a

6z/K

B

PHC. 199. 8nlOpbl HOpMaJIbHbIX H8npH>K.eHHH npH YCT8HoBHBllIei:\cH nOGepeqHoA npoKaT-
Ke no JIHHHH .n.e:tkTBHH npHJIO>K.eHHblX H,arpyaoK:

a - OT BHellIHHX CHJI; 6 - OT HepaBHoMepHoA .n.e<l>opMaI.{HH; 8 - CYMMapHble E =1,6%;
r

k
=0,25; a=O,125; f1.=O,5

TaKH'M OOpa30M, .nOCJI.e HeK'OTOpOrO 06}KaTHH rro .lI.H3rMeTpy B oceBOH

30He 3arO�OBKI1 B03HI1KaIOT pa,L(Han.bHbIe paCTH.rI1BaIOlI(H.e HarrpH}KeHI151,

HeCMOTpH Ha_ HanHllHe .C}KHMaIOlI(HX HarrpH}KeHHH OT ,L(eHCTBI1H BanKIOB.

B 3aBI11CI1MOCTH 'OT Ha 1 rrpaBJIeHI1H IBbI6paHHOH 3neMeHTa pHOH nno-

llI.a,lI,KH BenHIlHHa paCT5IrH'BaIOlI(I1X HanpH}KeHHH B �eHTpe ,pa3J1I111Ha.

3neM'eHT3IpHOe KOnbl.{IO Ha YllaCTKe, HaXO)J.HlI(eM'CH no,L( Herrocpe,L(CT-
BeHHbIM B03.lI.eHCTBHeM BanKOB, rronyqaeT HeKOTopoe 06)KaTHe. EcnH 6bI

QaCTl1l1.bI '06}KHMaeMO'fO yqa'CTKa 'He ObIJI'H 'CBH33rHbI IC 'llaCTH�aMI1 'OC-
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TaJlbHOM qaCTH TeJla, TO 3TOT 3neMeHT CB060.lI.HO 6bI Y,lLJlJIH5InCH. BBH�

,lLy CnnOII1HOCTH MeTaJIna Y.lI.nHHeHHIO n'p.errHTCTBYIOT HeOO}KHi'MaeMble

qaCTI1 3J1eMeHTapH , 0r-0 'KOnb[(a. n03T'OMy oceBaH 'qaCTb Tena HcrrbITbI'Ba-

eT paCT5IrHBalOIII.He TaHreH�[(HaJlbHble HanpH}KeHHH, a :nepHcpepHMHaH
q3lCTb - C}KI1MalOIIJ.He TaHI�eH[(HaJIbHble -Ha!npH}KeHHH. nOCKonbKY Ha-

PY}KHbIe 'KOnb[(a rronYlIalOT OOJIbllIYIO OCa,lLKY '110 TOnIII.HHe, lIeM BHYT-

peHHHe, T'O C}KHMalOlI(He TaHreH[(HaJIbHble Hanp5l}KeHHH M3-KCHlManbHbI

Ha rrepH�cpepHH Te.JIa, a paCT5IrHlBalO'III.He Ta:H�eH[(HanbHbIe ,HanpH'}Ke I HH5I

B03HH'KalOlI(He OT BIHellIHHX CHJI (pH'C. 199,a), aJIreOpaHlIeCKH C)rMMHPY-
IOTCH C HarrpH}KeHHHiMI1 OT HepaBH'OMepHOCTH ,lLecpopM3I[(HH (pHC. 199,

6) H 3nlOpa pa60QHX Ha1npH}KeHHM npHo6peTaeT BI1.n:, H300pa}KeH.HbIM
Ha pRC. 199,8.

Pa'cKaTKa 'nepH,cpepHHHbIX IK'OH[(eH'-rp:HlIec.KHx 'CJIOeB BbI�ablBaeT !H3Me-

HeHne !He �onbKO HX J(H.a'MeTpa, IHIQ H ,lLJIliIHbI. ,I1e;Pli'cpep;HMIHbIe CJI'OH rrpl1

rrp{)KaTKe 06}KHMaIOTCH no Ton III.H He, H BHellIHHM ,lLHaMeTp 3arOTO!BKH

YMeHbllIaeTC5I. n03T-OMY AJlHHa nepHlcpepHHHbIX KOH\[(eHTpl1qeClKHX CJIO-

eB YBeJlHlIHBaeTC5I H, cne,lLOBaTeJlbHO, HapY}KHaH lIaCTb 3arOTOBKH YBe-

nH'qH.BaeT CBOIO ,lLJlHHY rro 'cpaHHeHHIO 'C nep,BQHa-qanbH'OM. H'a ' H'60nbIll.ee

)'MeHbIlleHHe TOJlIII.HHbI 'nonYlIalOT InepJ1lcpepHHHble KOnb[(a. Cne,lLOBa-

TeJlbHO, HaH60nblIlYIO BbITH}KKy 3arOTOBKa nOJIyqaeT no ,KOHTY'PY.C
,lI,PyroM CTOpIOHbI, ecnH paJI.HaJIbHble paCTH:rHBalOIIJ.He HanpH}KeHHH' I1Me-

lOT B oceBOM qaCTH 3a.rOTOBKH, .n:OCTaTOqHO OOJIb'llIYio BeJIH'lIH.HY, TO no,lI.

HX ,lLeM'CTBHeM 3ne�eHTapHbIe [(H.JIHH)I.PbI B DceHOM' 30He MorYT YTOJI-

III.aTbC5I. YTOnlI(eHHe oceBbIX 3J1eMeHTapHbIX [(HJlHHJI.pOB MO}KeT .n'po-

I1CXO,lLHTb 3a c'qeT ICOl{lpalI(eHHH HX ,lLnJ1:HbI
-

YT5:I}K,KH B oceBOM H3'npaB-
neHI1H.

I1epl1cpep,I1HHaH 'qa'CTb Tena, \3Hep
, rHrq,HO Y,lLJIHHHIOIl1.aHCH BJI..onb OC.I1,

r;HIHeT 3a '0060M ,CTpeMHIII.YIOCH YIKIQ.POTHTbCH IcepJl[(eBH'H1Y. I1o'CJI.eJ(HH5I

co'rrpOTHBn5le'TCH 'B03JleMiCTIBHIO rrep;HicplepHH!H.QH i30HbI, Ii InO!3TOMY 'B 'oee-

HOM .3-DHe .B03IHHKaIOT 'oeeBbIe IpaCT5IrH,BalOlI(He IHanp5l}KeHH5I. 11 KaK pe-

aK�Ii'H' TIOOTH.OIlI8HHIO IK STI1'M narrpH}KeHHHM, 'B nelpHlcpep;HHHOM -3.QHe

B03!HHKaIOT ,oceBble C}KHM.alOIIJ.,ne IH,an,pH}K.eHHH. ,O,c.eBbIe Ha,n.pH}Ke.HHH

'OT ,lLeMICT;BH5I BHelll,HHX 'CHJI (p!HC. 199,a) aJIreOpaH:qeCKH 'CYMMH'PYIOTC.51
C tHanpH}K.e'HHHMH OT HepaBHOMep,HOCTH ,lLecp'opMa[(:H'H (pHC. 199,6) TaK,

qT,O J31rrlOpa 'pa60QHX IHanpH}K'eHHM np,H.06peTaeT BH,lL, Hao6pa}KeH.HbIH
Ha ,p,nc. 199,8.

HTa.K, B HeKoTopbIH MOMeHT 06pa60TKH B oceBoH 30He 3arOTOBKH

MeTan.JI OKa3bIBaeTCH B COCTOHIHHH BcecTopoHHero HepaBHoMepHloro

paCTH}KeHHH. H3 cpopMyn (568)�(670) CJIe.n:yeT, 'qTO B [(eHTpe 3a�r-0-

TOBKH (r.n:e p ===0) HopMaJlbHbIe HanpH}KeHHH npHoopeTalOT 6ecKo-

HeqHO oonbIllYIO BenH'qHHY. TOqKa p ===0 npe,lLCTaBJlHeT C060M oc06yIO
T'OqIKY, IHanl1'qHe KOT'OP'OH 106YICJ1'OBn'elH I 0 IBbl6-0pOM IH3'lIaJla [(HnI1 I HJI.pnQ , ec-

KOM CI1:CTeMbI KOOp,ILI1IHaT B [(eH'fipe KpyroBoro CeqeHH5I. B ,lLeHCTBHTenb-
HbI!X ycnoBI1Hx 6eCKOHeqHO OOJlbllIHe HanpH}KeHI151 B [(eHTpe 'celleHHH

He pean-H3YIOTC5I nOTOMY, liTO, KaK TonbKO pa60qHe HanpH}KeHHH .n:ocTHr-

HYT HeKoTop'oro ypOBHH .B n.OKanbHbIX .MHKp006'beMaX, HallRHaeTCH

npo[(ecc IlJIaCTH'qeCKOro TeqeHI1H, 33'KaHlIHBalOlI(HMCH pa3pYllleHHeM, 0,

qaM 6Y,lLeT CKa3a.HO :rrO,lLp06Hee ,B 'CJle,lLYIOIIJ.eM nYHKTe. B CBH3H C 3THM

,lLaJI.HMnpH6J1H}KeHHOe perneHHe 0 pacnpe.n:eneHHH HarrpH}KeHHH npH no-
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nepeQHOH rrpOKaTKe, HCKJlIOlIalOlI(ee 'CYlI(eCTBOBaHHe HanpH}KeHI1H 6ec-

KOHerqHIO 160JIblll i OH BenH'q;H.HbI ,B �'eHT'pe 'CeqeH:HH .3arOToBKH.

lBbIlile 6bIno n ' OKa3aHO, qTO :nPH ManbIX e,lLHHl1qHbIX 06}KaTHHX .nna-

CTI1'QeOKaH ,lLecpopMa�HH He npo.HHKaeT ,lL0 �eHTpa CeqeHH5I. B TaKOM

cnYQae rro'rrep.e'tJ)HOe CeqeHI1.e '3ar-OT'OBKH M.O}KIHO ,rrpe,IT:CTaIBHTb ,eOCT.OHlI(HM

113 nJlaCTHqeCKOH 060nOllKH H ynpyroro cep,lLeqHHKa, pa,lLI1Yc 'KOToporo
06031Haq'I1'M IlIepe3 rk (pHIC. 19.6,a). IB rrnaCTHqeCKQ-H 10o.onOqKe 'B03!H!I1IKa-

lOT Ha:rrpH}KeHHH, KOTopbIe onH�CbIBaIOTCH cpop.MynaMI1 (568) -1(570),
npH 3TOM CnpaBe,lLnHBO YICJIOBHe rrnaCTI1'QHOCTH B BH,lLe (5'55). B ynpy-
rOM cep,lLellHH'Ke pa3HOCTb H3rrrpH}KeHHH (jp

-

(ja < 'J K, H ,lLJlH orrpe-

�eJIeHH,H Harrp5l}K,eHHH �;OJl}K,HbI 16bITb npHBnelleHbI y,paBtHeHI1H TeopHH

yrrpyroCTI1. PemeHHe nO,lL06HOH yrrpyro-nnaCTHt.IeCKOH 3a,lLaQI1 rrpHBe,lLe-
HOB [3].'

5Y,lLeM pemaTb 3a,lLalIY 10 pacrr1peJI..eJleHHH HanpH}KeHHH npH Irro'ne-

peQiIOH npoKaTKe, npHHHIB ,lLnH yrrpyroH 30HbI npHOnH}KeHHbIH 3aKOH:

O'p
-

(ja
-� K pI 'k.

PemaH 3TO ypaBHeHHe COBMeCTHO C ypalBHeHHeM paBHoBecHH

o
(Jp (Jp

-

(Ja

ap'+ p
=.0,

nOJIYQHM (j = - K --L + c.'
p r

k

r

n '

pI1HHB rpaHHlIHbIe ycnoBHH: p=rk ; (jp =K In--,
rk

BbITeKaIOlI(ee .H3 paBe\HcTB (568), nloJlY�I1M ,lLJlH 30H BHe BaJIKOB B Ylrr-

pyroM cep,lLellHHKe (0 -<.p-<.rk )

� == In � - �
+ 1; � = In !- - 2 �

+ 1. (572)K
� � K � �

iB T30K'OM cnYIQae JI.JlH y,rrpyroJ'IO Cep,lLe'lI I HH.Ka B 30HaX Ha,lL BaJIKaMI1

Ha OCHOBaHHH ypaBHeHHH (561) H (572) nonYllH.M:

� == _etJ.
6

( � )
a

_ �
+ in � + 1;

(Ja
_ etJ.

s

(
�

r )
a

_

K r r
k r

k K

p r
- 2 - + In -

+ 1.
rk rk

(573)

C Hcrronb30BaHHeM paBeHcTB (573) Ha pac. 199 rrocTpoeHbI ,lLnH npH-

:Mepa 3nI-opbI HanpH}KeHHH d
p (Ha pHcYHKe cooTBeTcTBYIOIII.He 3'rrlOpbI

3alIlTpHxoBaHbI). 31rrIOpbI HanpH.}KeHHH (js Ii (jz HMeIOT a.HanOrI1QHbIH

Xap3'KTep. TitKHIM o6pa3 i oM, pacTHrHBaIOIII.He HopManbHbIe HarrpH}KeHHH
B �eHrpaJIbHOH TOQ.Ke HMelOT 6onhllIYIO, HO Bce }Ke KOHeQHYIO Benl1 i QH-

ijY. P a3HOCTb HanpH}KeHHH B 3TOH TOtIlKe paBHa HynIO. I1103TOMY MaK-

(J -0'

CHManbHbIe CKanbIBaIOIII.He IHanpH}KeHHH 't' =
p

2

a
=== o. 3TOT pe-

3YJIbTaT Icne.n.yeT :paccMaTpl1BaTb KaK npH'6JII1)KeHH.e, crrpaBe.JJ.nH'Boe rrpH
l\1anbIX OO}KaTliHx.
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Ha OCHOBaHl111 ypaBHeHHH (565) !I1MeeM pa3HocTb HarrpH}Ke!{HH OT

ILeH'CTBiI1.H 'BIHelll'HHiX uHn, n:p:11 e = 0

(jp
-

(ja
= nK.

..

fIip
i

l1!HI1!M3!H BO :B:H:aMa'HH:e pa:BelHC'llBrO (15 1 66)" IIIIOVIIY1l.HIM IC{JH�tlI.YIO�Ill.ee

B bl'p,a}K'eHiI1 e In,..lIIH !M alK ' el1 M a.JI b:H bIIX OK a JI bIIB a IO lI(.UX !H 3inp 51 }KleH:H H :

't' (J �(J -

K
=

p

2

a
= 1,275 n

3 � -V 6.

e I1cnOnb30-BalHH,eM p3'Be!HCTlBa (34) :npl1 n3 =:2 H 11' =11,4 Ha puc.

200 TIIOICT,p'Oe:H a IKIPlI!B 3151, '11i3 :1) arClOM:OT1p.eHI1 51 IKIOTOlp�OH .cn e�'yeT, -q.'J)0 I}{.alc a -

T,eJlblHbI.e IHaIllpH}KelH:I'F.H B \neH''ftp'e ICeq,efH'H:H :M.aJIbI Irr;p:11 'Oq.e;Hb lMaJlbIX 10'6-

MaTHHX H ,lI.OCTHraIOT nOJIOBHHbI HCTHHHoro corrpOTHBJIeHHH, .KOr,lI.a 06-

}K a1111 e ;l1..0'C'Tl1lra e l' TI!p'e,n.'eJl �HOfH :B eJl.Hlll:I1IH bI
, P alBiHIOH 2 °/0 .

Ha pHC. 201 npe,n:cTaBneHbI 3nIOpbI

HopManbHbIx HarrpH)KeHHH npH npoKaTKe_

11 ,lI.Ba (H3 MHorHX B03MO}KHbIX) BapHaH-

Ta H3MeHeHHH no non,epeqHoMY CeqeHHIO

3arOTOBKH xpynKoH npOqHOCTH (CM. rn.

r/K

0,4

D,'l

o 0,5 1,0 2,0

t, j/o

PHC. 200. 3aBHCHMOCTb MaKCHMaJIbHOrO

CKaJIblBalO�ero Hanpfl.>KeHHjI OT o6>Ka-

THSI

(574)

PHC. �Ol. 8nlOpbl HOpMaJIbHblX Ha-

npsr>KeHHA H BapHaHTbI (1, 2) H3Me-

HeHHSI conpOTHBJIeHHSI OTPblBY nO

nOnepe1JHoMY CeqeHHIO 3arOTOBKH

VII), KOTopaH B rrpHMeHeHHM K n '

o..nI1KpHCTannHqeCKHM TenaM nonYlll1na
HaHMeHblilHe conpOTHBneHHH OTPbIBY. Ecnl1 conpOTHBneHHe OTPbIBY 113-

MeHHeTCH no rronepellHOMY celleHHIO cor naCHO KpHBOH 1, TO ,lI.eHCTBYIO-
I.I.I.;He IHa'npHi}K'eH'I1 I H ,lI.'OC'1iHlraIO'T ,3:Har4e!HH5I .oOlnp:OTJf;B.Jl1elHlH\H 'OTPbI\BY IB 'HeKO-

TOp!OlM np'QIMe.}K!Y''f10ttHrO!M IKIO.JIbII:eBrOM 'c-eq'elHH'H 'illpem)J..e! '1leM IHa IQlC�H. B

3T10M !CJI(yqae p al3p'YlIl.eHrue ill 1 P'O:HlOX{)IJ1jHT �no :3
'

TIOIMIY IKO'nblII:eB,OIM�Y Ice"lfe-

HI1IO :H lOOP aI3 I

Y 1 e'TCH IKIOJlb[(elB.3\H �nIQIJI'OrcTb. T 31K 1 0H IXa!p:aIK'Tep ,p aI3p'�lll'eHJ1'H

Hal6JIlOI)1.aeTICH JI.�o;BIQ,JlblHO qa l C''f10 �IlIpiH TItpOIKaTK'e Ic.IIe[(ll1aJIb)HbIX cTa.JI,efI

(6blCT,p.ope}KYlI(,HX H HM rrOJ1:06HbIOC), JlIO-paJIIOM'I1HHH, a:p.M�KO-}Ke.Jle.3a 11

pe}Ke
- a,nlO!M!I1!HHH.

(E\CJII1 ;J1i3�M'eIHeIHl1e IOQln'P'OTiH:HJH�iHJ1!H 'OTIPbI\BY �II\O IlIonep.e
r
qH'OIM'Y 'ceqe-

nll1IO iBbIpa)Kael1CH fKlpHBOH 2, 1':0 ,lI.eH!C'TtB�YIOU1..ae iHaln;pIH\lKe\H:UH �'OIC:THra-

lOT 3HaqeHHH Icon,p-oTHBJleHHH 'OTpblBY B [(eHTpe rrone.pell l HOlr l OCeqeHI1H

3 a;r'O'l1O:B!K'11 n;p e)K�e, =q eM B ,,l{)P!YifiHX TOJqIK aiX. T'OiI1II.,a IIlon'OCTb ;BrClKlp bI B a -'

eTICH B QeHTpe. STOT 'BH,lI, pa'3 l p:YllIeHH5I 'HMeeT M.eCTO npH 'np'O'KaTKe



6 on b l lIJI1.HC''DB a IH,11r3iK l

oy:rn'epOIJI.;I1
I
CTbI ' X 11 cp,eJI..H ey;r n.elpIO�;l1lC TbI!X ICT a n e'H

,

OB UH � a iI1 � pry,ru,x ,TIIOI)J.OI6H bI X M aTep'UaJI'OiB.
B KaIQeCT!He IMeip .60Pbl6bI IC oI6pa�310!BaIH:Ue\M {K,OnbI{aBOIH nOJIIOCTi!

M,O)KHO p.eK'OMeHJI.-OBaTb Mep,onp;H;HTHH, 06e.OITelll1'BaIOlI(l1e TIOnYQeHHe

BIOI3iMIO)KiHO 16o.nee 'QI)JJHlOlpOlZI.iH01f10 :Il'O ,c,elleHHIO ICJIH'llKa Me''f.aniJIa, ,a T3.K-

me JIlp'I1M
' elHeJHiue lK '

Olp
I O'f.KI1X IOlqalrOiB ;lJ.6CP'QlPIM.a\Q'H:I1, 60JIb�IllII1IX €I,LLiH:H:J1IQHbIX

'Ii IMaJIbIX ClYIM�MalpIHbI{X oI6}K'aT.I1H.

.Onl1!C3'HIH ble :B bIllIJoe .p e3'Y Jib T aTbI 6 bIJI H IIIOJIIYlq,e:HbI M 51 TI p'eJ( enbHr� �'J

cJI�yq.a;51 :II:JI'QlOK,oH ,LL ecp!OIplM,al�:HiH jJ.JIIH:H!H ' 0f10 �K!p'y.frn:olno loe q.elHH:5I . .,lJ P'Y1rH �1

npeJ(eJIbHbIM CJ1YlIaeM HBJIHeTCH cJIyqa:H nJI,OCKoro HaITp5I)KeHHOrO co-

CTOHHHH KOr,LLa npoKaTKe nO,lJ.BepraeTC5I TOHKaH KpyrnaH ITJlaCTHHKa-lI1aH-

oa. n pH 3TOM HMeeM 'IlJIOCKOe HanpH}KeHHOe COCTOHHHe (CM. r JI. 2) H oce-

Bloe H,anpH)K'e'Hl1e 'pa:BIHO !HlynIO 'B'O !BlOeM 'OI6'BeMe nJIaICTl1iHIK:I1. ITI'O!3T.QlMY
MajKlal1lMan�Hble IOKaJIbIlBaIOII.{iH'e :Ha,ITp'H)K,eH:I1 I H, 5IIBJI'HIOlI(I1e\C5I :TIOnypa3-
.HOICTbIO :HIQPiMaJIb!HbIIX, IE ll.'e!H'Tlple lCe1.1eHH:5I ,lI.IOC'THraIOIT n'O,JI,OIB'HlHbI TI'p'e.rr.e-
n,a 'ftelK:yti erC;TlH YI)Kle :IT\P:H '01.I'elHb 1M anbI x ,06}K 3'TH HJX. B �nlplo�,eoee .n:plO\Ka T-

KH �B II. e'H'TP e IC erqleiHUH 'ITJI arc THill elOK a 51 \JI:eJCP'OP:M a,�iR5I IliOlC''fte,IT eH'H'O �n.p,H-

O,OpeT3reT 13IHalG:'H''ftenb!H'YIO :HelJI!l1lqH;HY!H 13aKaIH'1.f:I1;BaeT1CH p,aap'YlI1.eHil1e\�d
O'T K3ICaTe,JIb:HbIX H'3:npIH)K'elH,HH.

IE'cniH '�o.JIlI(.H:HIY �nJl,3tCTHHIK'H inIOIC'Ten'eHHIO Y:B,eJlIUq:I11BaTb, '110 MbI ne-.

peHi,LLeiM lOT :nJIrQlOK'0If10 IHa'IT'p'H'}K.eH;H/ono IC:OC''f1015lIHHH IK nniOOKIO:H 'JI.ecpl.OIp\Ma-
LI.H!llIH IB 'OOOTBie'l1CT:B,I1:H 'C �3TiHlM -lOT pa3:PY;lI1!elH'HIH lOT IKalC'3'TeJIbIHbI!X Ha..

n.p 5f}K eH H:H II{ 'P a I 3lpl)'llI1'e
' H:111O O!T HDlplM a JI hHbI X H,aTIip'5{l)Kle

I H,H H.

4. AHCJIOKaQHoHHbIH MexaHH3M )1.ef!J0pMaI..{H'H
u

H ,pa3pYllleHHH npH ,nOnepelJHOH ,npoKaTKe

OUHlcaiH:He IHa'illpH.}K'eHH�OIDO ICiOIC''ft015.lIHHH ,H lZI.eicp:QP'M a'l:(,HH .1l,p:H �I1OrTIe-

pellHoH np,oKaTKe, npHBe,LLeHHOe B ,npe,LLbI,LLYlI(eM na parpacpe, HOCHno

M aiKlpOIOKJOn:I1'1.! l eCK H:H IX ap 31K'T1ep . ,lJ, alD.!H;M i3'I'IQMIY n!p,oll:( eoey 'Tp a.K'fIOB K y C

M'HlKlp/oC!KIQ:niHlq'eOK:H X In0l3iH.�'I1':H, ip,al3lp 310 1 0 T a:H'HlYIO B. IB . IC'a�loiB HlltKJOIB bI �II

IT 0.,LL 'P YKIOIHOI,lJJC''f.BDM a:B 'flOp a JH a . 'OCHIOB alHiH.11 IMIH r OlfaOqll1lCJI,eiHHbIlX .11. T1II. a-

Tenb:HO 'll!OCTa:BJIeIHIHbIIX 9\KIC'n'ep�HIMeH!�OiBl. !D. lB. ICaLIT..OB!H;HIK'OIB \H,alqa..rr c

.HIOOJIetnIOBa:HIH:H ITIJlIOTiHIOtC''f.H anIOIM,H'H'I1'eBbI.X 'o6:pal3;�'OIB !J(l0 'H nlOCJIe iTI'Olne-

peq,H-DH npoKaTKH nOT'OMY, 1tIT-0 nnO'TH'Q-CTb MeTann,o,B Ii .oITJI'aBOB HBJlH-

eTlC'H OLlJjH'OH il1\3 ;BaI1KiH'e:H�lI1�HIX Icp.H3"I1'1:f'eJCK
I

I1!X XalpaIKTlep,HICT:HJK, 33:BiI11CRlI(.HX

OT ,cpa3.0BrOIflO :H 'C'Tpry1K'IlY.p�HIO!f!O' -c.OCT!OHH:H:H :M'3'T.ep.HaJIa IH 'OT np:H,cx'O)l.H�

I�II1IX 'B :HeJM ill!p'e:BpalI(elHI1:H. H,ocn'.etII.olBa;HI1IO J6bIJIH iTI ' oL2IJBep,I1HY'TbI 'O\6pa3-
�bI H3' anIOMHHHH MapKH A99 (f'OCT 11(069-64*) ,LLHaMeTpo� 2.0 MM

'H ;lJ.JI,I1�H'O H 415. MM.

IK a:� 'OTIM'eq aJI!QrCb, nJIOIT:HlOICTb ,o6p a3I�IOlB 100np'elJte�HJIiH ;AO \H :TIlocn e

np,OKaTKH. OnbITbI 'nOKa3aJlH, qTO nPH BbI.rr.ep}KK'e OTO}K}KeHHbIX 06pa.3-
�OB 'Ha 'BrO�3JI..yxe 6eJ3 IH3!DP'Y

'

3lKH aJIIOIM'HIH'UH IC T'eqeiH�H,eM :BlpeMeH:11 TIPH-

06peTaeT MaKCH:ManbHYIO n.JIOTHOCTb, T. e. npOJ1.CXO,LLHT 3aneql1BaHI1e

,LLe\cpelK'f10B. 1I1'OICJle TalK10H !BbIJ(eJpJKIK:Ii Inp:11 nO!ITejpe'l:f:H,O:H .n 1 p'QK3''f'Ke 'npro-

'l!ICXOI,ll:I1'T JI.aJIb:He:HIlI1,ee 6bI I

CT:p
l oe IB0'3Ip

'

a\C'TaIHUe ep'eIJ(lH,eH "nnO ' T,HlQlCT.11 JI.O

1 B JI a ]l. II M'I1 P 0 B B. 11., C a JI. 0 B HIM K 0 B E. B., C M II P HOB. B. C. ¥IccJIe-

.n,OBalHlHe paapymeoHIIH aJIIOM'HHtiH ;110.1-1 nonepellHoH npoKaTKe MeTO]l.D'M J13MepeHH5I

llJIOTHOCTII. <I>XOM, 1971
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:I\1aIK'C,HJMaJIb:H'OH :TIlp.11 ,06}KaTI1'HJC �o '2,2
%

,
a 3aTeM IC I)'IB

' eJIiHq'elHll1eJM :06-

)KaTHH 'BbIllie 3,6-4 °10 0Pel)1JHHH TIJI'O'THQlCTb pe3Kl0 )"M:eHblllIa'eT1cH (.p:HC.

20,2) 11 :npIO:I1ICXtOlZI.'I1'T 'p a'3 P'Y'IlI'e.H'He lI.'e!HT1p aJI bHO.H I.J: a'Cl!11 ot6p a;3\Q a. :n.p I.i

.

e,ltM:HIMi1.J.H bIlX ,Or6}K 3'TYDH'X 10,,1-0,4 °10 IK p:HTiH'q eaK'oe '0I6}K'3'1111 e �11!3 MeJHHeTl(�H

Oq,e:Hb :He3;H,aq'I1'f1eJIb:HO 11 .I11MeeT :M'HHiUM 3-JIblH'YIO IBeJIil1q:l1J1iY. 1f1 l
p:11 e�n..

Hl1qHbIX ,062KaTH5IX >10,4 °/0 IKlp'I1TH'qeCKOe 06}KaTl1e B03pa,cTae'T C YBeJII1-

p, ijL'IIJ�

I2,59 900

8.50

f! ma�

o

2,69 750

550

, u.cx

2,59 5JO

? 3

0

[,r

15

13

11

9

7

O,Z 0,4 0,6 0,8 1,0 1,7

£ iJUHuC/Hoe OOJKaf!1u e l, eyo

5

4 5 6l I ,i
.0 erpopMil lJ, 11 II

PHC. 202. 113MeHeHHe nJIOT-

HOCTH (a) H KpHTH1JeCKOrO
001KaTH5I (6) npH nonepeq-
HoA npOKaTKe aJIJOMHRHeBblX

06pa3�oB. OT1KHr oopa3�oB
npH 500°C (0) H 600°C (. ).
3a KpHTHIJeCKOe OO>KaTHe

(::� ) npHH5ITO cYMMapHoe

OO>KaTHe, npH KOTOpOM JJ.e-

<l>eKT nJIOTHOCTH (L\p ) pa-

BeH 10- 3 2/CM 3

qeHHeM e,lJ.I1IHI1'Q,HbIX. ,f1:pl1 e)J.I1IH:UqHbIX ,06)l{.aTH5IX <0,11
%

KPI1TI1Qe.CKoe
06}KaTl1e TaK}Ke B03paCTaeT 11 Ha6JIIO,lJ.aeTCH OTCJIaHBaHl1e MaTepl1ana C

HapY}KHOH TIOBepXHOCTI1 06pa3�a.
YIC'TaiHIOIBJIe:H'O, QTiO il13iM,eJHeHI1e 'TIJI'OT.H ' OIC'T11 TI�p.� 1l!0ITI ' e:p'6I.J:IHIOH ITIp'OIKa T-

,K.e IHIM.eeT IK.p:I1'Tn/lI'eaKIYIO �He..rrHilI'H'HY, 1K100T101p aH tTIpil1 �ll1aIM'el1p'e 10I6(p,a3�a
20 MM JIe}K:I1T 'B ,TI!pe,lLeJI3IX '(11-2) . 10- 3

21cM
3

. 3'f10 'OOO'TIBernCT1BY
l eT TI10-

pe 06'beMOM (1-2) · 1-0- 2
CM

3
C pa3MepOM 0,IXO,1X'2 CM. JIoKaJIb-

!H'oe KpI1TH'QeCKOe 113.MelH,eH,l1e TIJIOTH ' OC'TI1 HMeeT 'eIlI:e ,60JIbIll.ee ;3iHaQe-

H He. B IUTIUICbI'B.alelM bI X !y'CJI'OIBIH:HiX
.

�1113!M'e:H e!H.I1 e ,TI!JI'011HOIC:'f.H )J.IOIC'Tl1lf a.e T
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Kp.HTHIIeCKOH nenHIIHHbI npH CYMMapHOM ,o6}KaTHH 06pa.3ua no �HaMeT-

py 5,6-16 %
B salB:nOHM10IC'TIH OT eaI:H;HUqIHbIiX 0I6llia THH.

EcnH BeJIH:qHIHa nJIOTHOCTH MeHbIIle KpHTHqeOKOH, TO nocne npeK-

p aIll:e!HHH I TIip'OII.,eOCa In:pIOKaTKiH ,H 13bI�e;p'llilK.H o6p a3II.'OiB IlIa B , 03)J.yxe

nplnH'CX'OiD.�HT 3 a.JIleq:HIB alH'H e o6-p ai3IQ!B a�BIIILHIXIOH iL'ecp elK'POIB. E/cn:H � en:M\lfH -

H-a .H,3IM{�iHeHIHH illJIIOT:HrOIC'T.H nlpeBbI�IIlaeT IKIPiH'TH!l{'elOK')'IO, 'DO :B l{'eHTp.e 3a-

rOTO�KH 06pa3yeTcH nonOCTb, KOTopaH He HCqe3aeT C TeqeHHeM Bpe-
'MeHiH. If1P:H UJ,IQlC'Ta'TOfIl;HIO ,60JIb!IIl'Q.H .BeJI;nq'HH.e 'Ha1Ja"JJ.bIH'OH ITIlOJJ.OICTH rr'01I.

.n-eH'CllBH'eM IQlCT3'TorQIHbIX Ha1np'H}I{eHiHH .nHa nplOll('OJllli,aeT p3'3:B:H'BaTbCH

nOCJIe In,pOKaTK.H H M'O:>KeT '«'II.p'opaCTH» ,n..o 'TOPII:Q;B-OH nOBe;pXH'OCTH, qTO

TI'OLIT.'TB e,p lli;D. a lOT p eH!'Dpe:Hor p aiMIM bI I06:P a!31IJ.IO!B (p:HJc. 2'0;3).
J]P:H iJ{ ' OIMiH3''fiHIOH T.eiM'nep'aryp.e \ClK,QlP'OICTb r3aJI.eq�HlBaIHiH:H )J.:ecp'�K'TlO:B H8

38'BUCHT 'OT pa3M,e,poB H onpe.neJIHe'f1CH TonbK,O. T.eM rrpHp'OCTOM K.OJIH-
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PUC. 203. PeHTrCHorpaMMa o6paSI(OB nocJle nOnepetlHoit npOKa�KH npH

HSMeHeHHH nJIOTHOCTH, 2/C.W 2
:

-3 -3
a - 10-1; 6 - 2,7.10-

8
; 8 - 16.10 ; 2 - 31;7.10

'q.eCTBa )J.'elcpeKT'OB, IKOT.OpbIH IH'Men MeCTO 'B np'Ol�e.CCe IIna.CTHlIeCKOH JI.e-

<p'OpManHH.
iC10r JI aIClH!O np eJ(�B a\p�H'TeJIb'H bIM p aOq eT a!M, lIT.:H'CJ!'OIK alII.UO n:n a'H 1C'T.P')'1KT'Y-

pa, 06pa3YIOIII.aHCfI B ycn,olBHHX nOnepeqHOH npOT{C11�I{H, OflOC.06cTlByeT

3a:p'O}K)J.eHHIO IIOp, .HO .u.JIH H.X ,9:<p<p.eK'I1HBH'OrO ipO'CTa IIIc06x'O.ll.HMa IHe-

'60JIbliiafl nJIaCTH�eCKaH �ecpOp'M,aII.HH (," 10ft)) B M,e.CTe 13ap'O:>K�elHH5I

nopbI, 'T. e. B II.eH'Ilpe ,o6pa3'II.a.
,[{aJIe-e 6bIJla HCICJI'e.ll.'OBaiHa }(UCJIOT{t1I(I'({)IIUaH 'CTPYKTy:pa aJIIOM'H!HHe-

BbIX 06pa3l{OB .no H IIOCJlC JI()II(,P(�IJIIOrl npOKaTKH B pa3nHqH.bIX ycno-
B H-5IiX. "II,JIH BbIHBJI elI-IIH'f( V�'III("'II()II\: 1'1 U'I fI 6 bIJI HlC1Iionb3 1 0B alH !M'eTrOtll: H�M 0K

"p a!Hn'e:H1H:H, JI'HIH'H i:1 I('II{IUJII) il{ ('II I H H, OTI'1iH:tl-eCiK alH iH 3�'eKT.pIO!HiH a'H M'H\K'pO-
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ICKOITI!H'51. ,3T!O :H r aCJIeJ}.O:Ba:Hl1!e n031HOJIHJIO ,nOC'T1pOIH'Tb 'CJI,e,[LlYIOr.u:yIO ,MiO�,eJIl:

II,;I'FCJI\OIK a'�:nOiH:H:nDO 1M ex a'HHI3 M'a :TI'P:I1 !lltOITI ep el1\H,OH In.p!OK a l1K'e.

Ha ,pHIC. 2,Q4,a .H'3ro.6pa�ie!HIO 'Oi,[L!HO �H3 IM,epH1I.IHOHanb:HbIX tOeqeH:�H 3.3-

rOTOBKH. B npoII.eCCe ,[LecpOpMaUI1H MeTanna, B 06'beMaX, Y.lI.aneH�bIX OT

TOPIl.OB He 60JIee t.IeM Ha paCCT05lHI1e 1-1,5 d, 3<}J<}JeKTHJ3HbIe KpaeBbIe

l

1-1,5 d
..

l

a

l

5

I II

PUC. 21:)4. CxeMa ,lJ.BH>KeHHH KpaeBhlX ,lJ.IICnOKanHA B ot)'beMaX
,lJ.JIHHOA 1-1.5 d (a) H nonOChl CKOnb>KeHHH Ha 60KOBOA nOBepx-
HOCTII (6)

1I.I1CJIOKaIl.H'H
1

OJ(HOrO 3HaKa ,[LBHJKYTC5I no CBOHM JII1HH5IM CKOnb>KeHHH
u

no,[L IHeKOTOrpbIM 'Y'rnOM IK T'OPIIOBOH nonepXHOCTH, a JI.H'CJIOKaI.{I1H ,[Lpyroro
3:HaKa. -.K i601K ' OBrOH :nO!He.p!)('HO'CTH 3a.T10'TlOlBIKH .ilIO :H.aITI,paIBneHHIO ICTpe-

JI{)lK. H a p,HIC. 2 1 05 Hlp'H:Hel.lI.'elHbI JI H:HH'H IOKIO JIbl}K eHiHI5I IC JlHICn'QI{ a 'Il.,H 5IIM H ��

npI01J1JOnb.HOM Ice:qeHHH '0I6p'a'3I.{a- TIIP'H ,6onbIIl ' oM YBeJIiHq'eJH'HH. JI:HIHH.H

dft�'
..

,",.-."'
.

ho'"; .

<..'

.'

PHC. 205. JIHH"" CKOJIb>KeHHH B npO,lJ.OnbHOM CeqeHHH 06pa3I..{a, npH 60JIbllIOM YBe-
.nHlleHHH. BH)!Hbl HMKH TpaBJIeHHH B. MeCTax BhlXO,D;a ,D;HCJIOKaI..{HA (CYMMapHoe 06-

>KaTHe €1:: =1.4%. e,D;HHH'IHble 06>KaTHH €=O,8%)

I non. «3��eKTtUBHbIMH» .lI.llc.nOKaIl.HHMil1 nOHHMalOT npHMOJIHHe:HHbIe .nHCJIOKallHH,
�JIHHa iKOT,o.pbIX ,cpaBHHMa c Ip,a3MepaMII 06pa3I.J..a, ){BR>KY-l1.{erOCH 'B{JJ.OJIb IIJpeHMYll{eCT-
BeHHbIX HanpaBJIeH.HH ,QBH:>KeHHH ,peaJIbHbIX ..L('HCJIOKalliHM (T. e. IB,QOJIb JIHHHH Te'lleHH5I)
H C03�aIOll{HX Te :>Ke .neH'CTBYIOII.J.He HanpH}I{eH.I1H, 'liTO H peaJIbHbIe ,ZJ:HCJIOKaI.J.UH.
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PRC. 206. JIHHBB TeqeRHSI:

a - B nOnepeqHOM CeqeHHH o6paal{a (€� =9,1 %, €,=O,20f0) -

M8KpOCKOnH'IecKaB KapTBRa�

{) - cxeMa ,ABH>KeHRSI )I.HCJIOKau.HA npH YBeJIHlIeHHH )I.HaMeTpa OTBepcTBSI; 8 -

npH OOJIbllleM

YBeJIHlleHHH
-

BH)I.Ha KO"lbu.eBaH ,lI.HCJIOKau.HOHHaSi CTpYKTypa

"

PHC. 207. CxeMa, nOSlCHSlIOI.I.J.aH C,tI.BP.TH B npO,tl.OJIbHOM HanpaBJIeHHH

UpH rrOBopOTe aarOTOBKH H8 yroJI d e

16 3aK. 127 465



'OKIOoJIb}KeHI1.H .6bIJII1 IBbIIH!BJIe.H-bI !M,eTO)I.IQIM HiMIOIK l1P aIBJI.eHI1'H. fllpll1 inlO'JIiUO,M

.o60Ipo'Te 3 alrlOTiQlBIK 11 �B,OI3!H:I1!K a IOT IKIQ�HHq eaKiue 'I101B eprxnoc 1111 'OK/OJI b)K'f�IH:11 H,

II p'ei,lJJCT alBJIH IOIIlI1 e aO\60H IB \M I1IK'P'OIM aCID T a!6e 'aoB/oIK�)'InHiQICTb ,610,JIbllI,ODO

:q HlCJI an,ep'ec-eK a IOIIll1XIC51 IrrJIOIClK!O/C'TeM ICIKOJI b}K eHil1IH, ol6p a/3YIO llI.I1IX IKO!H:I1-

:q.eOKiHH: MIHOIliOinp aiHHiMiK. �B lp,eJ3
J

YJIbTaTle BblXIOlZI.a 1)J.I1'CJIiQ;Kar(:I1H ,Ha l'nOlP[J,O-

B'YIO Ino:ne.p'XiHIQIC'Tb \OIHa �CTaHnBI1TCH HOIPHIY1'OH, a Ha '60lK'O!BlOH 'nIOlBepx-
HOICTH '0I6pa3(�a IHOICJI,e 13JleK'TpI0IrrIOn'l1ip{)IBI�I1.H Trp3'BJI'eH:HH Bil1JI.eH pHD.
IJ.a p aJIJI'eJIblHbI,X JIil1:H:I1H, _TI'ep!neHw,H!K')' JI:HIP,HbIlX inp'ollI:OJIBHOH 10lCI1 10I6:p-a3.J..I.a.
3TiH JI HH.I1;11 iTI'p'e)I.IC Ta'BJI HIO T 'OO\6rOH ICTYUelHb\K 11, 10I6p 3;3101B aIBIlI:I1-eC5I n!plI
B bI\X'OJ(le IH a 6'0IKiOIB\YIO 'nlQ;HepiXHIOICTb IK.p a,eBbIX �,�eJIIOK a�;I1H .JIlp 11 JJ.iHI1tR< e-

Hil1�11 Ino 'CO,QlTHeTrCTBYIO'Ill.:H:M IKIOIRH,qeClKUM nOIB-ep.XHIQIC'I1HIM IClK I OJIb}K,e;H:I1JI

(p:H'C. -2.04, 6, YllacT10K I I) .

.::).]'10'1' InpOlneoc J(lo)n,OJI:H'He11CH J(IBil1}KeH:I1'elM IBHJf1'OIBbIX .rcI1,c.JI'oIKa\�ynl

B){OJIb OCB, KOTopoe TaK}Ke npl1BoJ(HT K C.lI.Bl1faM B rrpoJ(OJIbHOM_ HanpaB-

neHI1H. ;Ha ;PH'C. -206, a 'npI1Be)I..eHbI nl1iH:1111 TeqeHI1H IB .non�peq,H'OM ceqe-

H.1111 1Q16paI3f�a, ;np'oIKa
'
TaHiH0f'10 'np:11 layMiMap;HIOIM '016}Ka'THil1 81:

=== 9, 1 010 'II

.eJI.I1,HiJ1;q-HOIM ol6,}KaTI1I1 e=\0,;2 io lo, a :H'a :Pil1'C. �'06, 6 TIlOKaI33:H y.qa'CT,Q.K

KOJIb�eBOH J(HCJIOKa�110HHOH: CTPYKTYPbI, 06pa30BaHHOH: BI1HTOBbIMI1

J(,I1CJIOKanH5IMI1 IIpl1 ,60nbIIleM Y.BeJIl1qeH.I1I1.

I

113 M a''fIep 11 a JI a r JI. I iHI31B ec 'I1HrO, Iq'TiO :n'p:11 JI a JIiH;LI:I1:11 !B:I1�H'J'10�BI0 H )l:(;I1Ic.,'])0"

Ka�11'11 iHalIIp aBJIeHiJ1.e IQJ(:B:HIT'a 001B'natII.aeT IC iHa;np aBJIleH;J1oe!M IDlCM ',lI,:I1;CJF)-

K a�;l1il1. ,fl!03T 1 01MIY nlp,11 'UOIBiOlpcOTle 3 aTO 1'OIBIK;11 :B :B aJI,K ax '11:3 :nIOJI,Olli e:HI1 H a

B rrOJIOJKeHl1e 6 (Pl1c. 207) Ha yrOJI de rrpOI1CXO)I.HT CJ(BHr B rrpo-

J('O.JIhH10M !Ha\npaIBJIeHI1'I1, K!p-aC'PHbIH :HeJK'Ji0P'Y iDlOp:r.ep'ca b. IBeJIl1lq:I1'H3

CJ(IBI1'fa iMaIKICYfMa.JIblHa .Ha nep:I1i<p'ep'l1iH. 'fl'0!3T!OIMY n 1 p.11 [}OrJIHIOIM- rO\60'plore
3af ' OTiOBKH !H'a 'Top�e ,o6pa3yeTcH llallIe06/pa3.HaH 'BOf1HYTO'CTb. JCKOp'OCTb
'C.lI.:B:l1lra :B 'np,OJ(IO'JIb�H{)!M HaiUpaBJIelH11H iOY'MIM�l1lpy.eTlcl5I \00 'CIKIOlp'QlCTblO lB.pa-

Ill. elHiH'fI '3 airO:J'10IBIK'H. B p e3iY JIb'TaTe H3 R.enOIClp eJ(IC'TB eH:H10 H 6,JI�11'31Q1C'1I11 0 r

T'O,P'�OIB 3alf:OT,OIBiK:11 C!JI'eI)J.bI 3'TI1'X 'CJ(:BI1I\D'B )J,IOJI>KIHbI IlpIOHIBJI'H'TbCH lIra 60-

KOBOH: ee rroBepxHocTH B BI1J(e JIII1HI1H: CKOJIbJKeHI1H, p acnOJIO}KeHHbIX

rroJ( HeKoTopbIM yrJIOM K npoJ(OJIbHOH: OCI1 06pa3�a, KaK Ha yqaCTKe 1

pUC. 204, 6. CYllI.eCTBOBaHl1eyqaCTKOB I 11 I I rrOJ(TBeplliJ(aeTC5I on bIT a-

MI1, 113 pe3ynbTaToB KOTOpbIX CJIeJ(yeT, qTO KOJIHqeCTBO rrOrrepeqHbIX

nOJI-OC 'CKOJIbllienHH Ha 'Q.OK.OBOH nOBepX,HOCTI1 Y'MeHbIIl'ae1'CH C YBeJIH-

'qeHl1eM .paOC'1'OH,H;I1:H lOT T'Op�OB 3af'OT.OBKH ('PI1'c. 208).
B npeJ(bIJ(YllI.eM rrYHKTe 6bIJIO OTMeqeHO, qTO MaKOHMaJIbHbIe CKa-

-JIbIBaIOllJ.,l1e Ha.npHlli-eHI151 11 ,eOOTHeTCTBYIOIll.aH 11M nJIaCTl1'qeOKaH J(e-

<ptOpIMa'IlHH IC Ip'QlCTiOlM r06}Ka'THH ,paC'np'oC'Tpa:UHIO''DOH iOT nlepl1!�'eipjHH K

lI. eH T!p-Y 3 aII!OTlOiBIK:I1. B IOOIQlllHe'nC'TBil1:11 IC .9 TI1IM 11 \KIO,H:l1'q eCK�I1,e [l,OiB1e1plX,H'OC TH

CKOJIbJKeHI1H C pOCTOM 06JKaTI1H pacnpOCTpaH5IIOTCH OT rrepl1cpepHI1 K

Il.'elH'T,py. KIOIfJI.a ITIlOIB'ep'XIH 1 0CTI1 3a�MIKH!Yl'OH Ha IQIC'11 SaII!OT!D:BIK:H, �aJIbHeii-

lIlHH BbIX,O,IT. )I.I1'CJ10Ka�I1H IRa T'OP�OBYIO �no.BepXIH'OCTb 38'TlpYJIJH'HeTCH.

JLI1CJIOKa�HI1 3aTOpMalli11Ba1OTCfI, 06pa3yeTcH 6apbep, HanOMHHalO-

ll�I1H 6a pbep KOTpeJIna (CM. pl1C. 85, 8 f JI. VI I), HO .lI.I1CJIOKaIlI1I1 p ac-

nOJIOllieHbI ,He Ha J(BYX IIepeCeKalOIII.H�)CH nJI.OCKOCTHX, a iHa K,o.H-Hll'ec-

KOH: nOBepXHOC'n11 (pl1c. 204, a).

1(0HHqecKYIO nOBepxHocTb, 06pa30BaHHYIO OJ(HOH: JII1Hl1eH: CKOJIb-

}KeHI1H (lpl1 l c. Q()9, a), IM,OI}K:HtO Iillp'eJ(lcTa;B'uTb lKalK !IIrOiBep!XH!oIC'Tb, .OOICTiOH-

UJ.:YIO ]13 n )I.iJ1oc.JII0IKaiQI1-0HlHblX tneTeJIb C B'eKTiOp'OIM DIO�plrep'ca b H I£l'e:pe-
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PHC. '208. JIHHHH CKOJIb>KeIIHH H8 60KOBOA nOBepxHocTH aJIIOMHHHeBoro o6pa3u.a:

a-y Top�a; (21: =1,4%, E=0,8%); 6-Ha paCCTOHHHH 9.M.M OT Topu.a (E1: =7,1%, E=

=0,4%). 8neKTpOnOJIHpOBKa B TeqeHHe 10 MUH H nOCJIe,lI.YlOlII,ee TpaBJIeHHe B 5%-HOM BO,lI.HOM

pacTBope HF (cTpeJIKOH YI<a3aHa OCb o6pa3�a O-Z)

���
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hI

1J ,

a

.. b 1
b 2
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!

I
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I t
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III .

'-�--11.6e
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8

PRC. �09. .KoHHqeCKaH nOBepxHocTb CI<OJIb>KeHHH (a) II cxeMbl,

nOHCHHIOlII,He B03HHKHOBeHHe oceBhIX H pa,lI.HaJIbHblX HanpH>KeuHii
(6, 8)

.
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M'e!HlHbIrM paf,lJ.ll1yJoOIM p, BbJ.3bIIBaIOIII.HX Hanp,H,}K.e.Hil1,e {J. If(a '

lliLlI.'YIO H3 Ta..

K:H.X n!e'J'te.JIb IMIO}KiHIO !I1.p'eJ.1I.ICTaIBI1Tb lKalK CYMMIY J(iBY.x flleTeJIb C IB l

eiKJ'tOlpaMI1

BIOp,:repica b i if b 2 ,(lp;H'C. 20'9, 6). JBeK'1Io l p BlOlpir,etplCa hI HaIIIlpa:BJIeH
B.,rr..OJI b OIC.H Z, a IB eK T'QlP b 2 IH ain:p a Bn,e:H [lID p alJI.iI'I\Yoy p. H an'piH}K eH'WH

a hI a b 2
COIOITB'e"DC''DHeHJHO p.a:HHbI (J = (j =

z
2 n K rl

P 2 n K r2

('OM. TJI. I) LH HlBJI:HIO'TlCH paCllHIIIH:BaIOIII.I1
I Mil1 (1pHIC. 209, B). GYJI.H no

pa
' CnIOJI!O}KeH

'
111O JH:I,H

i I1H IC!K ' OJ.lblli 1 eJH:I1H �Ha 1601�0IBO'H !�iO\B�epX;HOICTI1 lo6pa.3Qa
,11 !B rM'ep,l1 iJ(I1!OHaJIbHOIM loeq.e:H�1111 3aJDQJ-r;OBIKII1, I)'IDOrJI a 6:JI:113'OIK IK lB,eJI'I1fl.('I1He

n/4. :Il!p�H JI. 1 0CTH}K'eJH
'

11'11 lHeiKiOITOiPID'H IlJIIO'l1H,OICT:11 JI.;I1ICJIOIK/ai�II1'H B,H'Y'T1pl1 K'J-

H)'1c.a ('P:I1;C. ,2i07, a) y ,eno �eplIIlI1!H'bI IC lHa:I1:60IJIblllIeH iHepIO'HTH.OICTbIO
,lJ.'OrJ!}K;HO \II PI0;U310H'T11 p a3

I

pty1IIl
' eHil1 l e 111 :Of6p.al3iOlB a'TbeH n10p a.

10 ' 0 ,cxeMe KIO''f1p'erJIna ILLnH Sa!pODK,II:eH:HIH 'r.p'e:lllM:H il'p
'
l1 Ha)npH}K,eH:I1H

2,50-eOO Mfl/M2 (25-130 KF/MM2) T;p:e6:y.ellC:H 20-30 JLI1ICJIIOiKa'nI1H. B

.p 3tClc!M,3''f.p:I1IB aeMIOIM ICJIIYl.£ 31e 13 a '01.1 e'T «}K,eC'llKfOH» ICXtBM bI H a'IIlp Hr}KleH.HOlnJ

'cnCl'05l'HHH :3TO KOJIl1'qeCTBO rOY.lI.eT MeHbIIle. 3'a�prO,lJ.I1'BllIa5l'CH nopa

CJ1YJKil1'T iMeC'TO:M 1C'1)OKa lZI.�H'CJI'OKai�I1M, T. e. 10B'Oe0161P aI3�HOH T,op,n,OBoii
IHOlaepx.HIO'CTblO iL(.JIIH ')'IqalCllKa 'o6:pa3�a, 'pa'OUOrJIIO}KeH;H'ODO naJIblIIlle IlQ

OCH. Dpl1 paCKpbITI1H nopbI HanpHllieHHH paCTH}KeHI1H HCqe3alOT Ii

.onl1'CaHHbIH Irr.p.one.oc B-03,o6HOBJI5I,eTCH. TaK nOH.BJIHeT.CH 'PH..lI. :nepnOJI.I1-

1.IeCKI1 rrOBTOpHIOII{I1XCH nop. 06pa30BaBIlll1eC5I rropbI paCTYT 3a ClleT

.n.aJIbHeHIIleH TIJIaCTI11.IeCKOH ,lJ.ecpopMa�1111 H 06'be,lJJI1HHIOTCH, 06p a3YH

rrOJIOCTb B,lJ.OJIb OCH 3arOTOBKI1.

COrJIaCHO <popMYJIe (561), BeJIHlIHHa ( � r eP-
e

npe):(cTaBJI5IeT C060H

HanpH}KeHI151 OT )I.eHJcT!BH5I BHelIIHHX 'CHJI, eCJI,H e,lLI1HII1QIHbIe 06lliaTHH

')I:OCTaT'OQH.O :MaJIbI. IB'OCnOJIb3yeM,cH 3THM BbIpa)l{,eHHeM JI.JIH 1"oro, qTIQ-

�6bI .HaHTI1 -rpa I HI1UY 3-0HbI 3aT1PYJIJHeHHOH .n.ecpopManl1ll1. IB irn. XI I OT-

M.eqannCb, qT'O B !3'OHe 3a'Tp'YJI.,HeH'HoH ,lJ.ecpQPMa�1111 IC}I{I1MalOIlI.l1e

IHOpMaJIbtHbIle iHanp5lllieHI1,H 'QHCJIeHH,O .paBHbI Melli,lJ.Y ,on60H, a MaK'CH-

MaJIbHbIe rKaCaTeJIbHbIe .HanpH:>KeHHH, 'B 'OOOTBeTCTBHI1 'C '£p'OPMYJIOH
(44), I1M,eIOT .MH'HHMaJIb.H,O B03MOlliaHYIO .n.JI5I 'OCYIlI.eCTBJIe\HI1H :TIJIaCTI1-

QeOKOH JI.'elcp.QpMa�H'11 IBeJI'l1qHHY, KIOTopaH 'paBHa 't= 'Cpe. r�paHH�Y 3-0HbI

!3aT;PY.!I.'HeH'HoH )I.ecp'O-pMa�HH HaH.lI.eM 113 YCJIOBI1,H:

erp 0'6 0'2

/(=7(=7(=-1.

p
-

- -8

r

a

-p.e

VI + p.2 - 1

¥'CJI,OB I1 l e 11r3 YiP a B:H eJH:M-H (,561) nO,JI!YQ;I1'M :

- 2 -.!.
p.

n.p 111H'I1IM a:5I 8'0 B:Hil1 M aiH'l1'e 3'110

(Joe

==e �e (575)

IC InenOJIb:30:B3iHl1eiM y;paIBHe:H'H.H (:57.5) Ha p'I1IC. 210 [lIOfCT!pOe,tHbI I!{)PH-
B bIle. o.rp aH H'1.J: I1:B a 10 lI( ne 1310 H bI (3 3'�py JI!H elH;HO H Jl.'ecp,opM al�'l1il1 tlJ.JI'H IOllIJH'O:I',Q

113 CJIYQaeB rrOnepeqHOH rrpOKaTKI1. KJII1H006p a3HbIe 06'beMbI 30H,

n.ecpopMa�I1H KOTOpbIX 3aTpY,lJ.HeHa BceCTOpOHHI1MH C}KHMalOIII.I1MI1 HOp-
1M a.JIblHbI;MI1 :HanpHlli

' eIHI1HMI1, :BH.etII.'PHIO'f1C'51 IB [1I01)J.aTJIHIBYIO, OIOJIee 'nJIac-

TH1.J:HYID Ma'ooy O�C'TaJIb.H'OH Qa'CTI1 3afiOl'OBIK'I1. n\piH 3'110M B:BiHJI.Y CiQC�pe-
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�OTIOq'eH H,OrO x a'p. arK re:p a H 3inplY:30IK H a Hl6oJI.ee �HIH'TeH'CI1IBiHIO ..rr. eq}Olp'MJi-.
PYIOTICH I06'beMbI, p a'CfUOJIiQ'}K,e;Hr.Hble M'elli'.rr.y 310 ' HaIM,11 3a:rPYJIJUeH1HOH .rr.e-

cpopMa�1111 H nI1IHI1HM:H 'CKO'JIb}K'eHJI5I 1, 2 :11 3, 4. \0'0 'Mepe y.rr.aJI,eHI1H .aT

HI1X l1iH'Te:HC:I1IB:HOICTb �ecpopMa�II1:11 IYM,eHbIIllae'f1CIH, TaK IK3IK IHaIIlp�Y:3Ka

pacnpe.rr.eJIHeTCH Ha Bce 60nb�

IlIYIO nJI OIlI.a.rr.b.

3Ta MO,lLeJIb )I.ecpopMaUHH X-o-

pOIllO no.rr.TBep}KAaeTCH onbITaMII

H KOClBeHHO nOJIyqeHHblM 113 pac-

qeTa nOJIeM nH'HI1H C I KOJIb}KeIH1I5I

.lI.JI5I nOrrepeqHOH KOBKH [3].
PacCM 1

0Tpl1M Tenepb .lLecpop-
Ma�I1IO 11 Hanp5lllieH'HOe IOOCTIOH-

HHe B .c-p.e.rr.HeH 'qaCTH :n,o AJII1He

3arOTOIBK,H, YJI.aJIeHHOH OT Tnp-

�OB Ha paecro,HH:l1e 1-1,:5d. Bbl'.

.rr.e,JIHM JII1'HI1I1 ICKOJIb:>KeHHH 1, 2,

OrpaHHqHBalOIlI.H'e OOJIaCTb HaH-

60�ee HHTeHCHBHoro TeqeHH5I

OKOJIO 30HW 3aTpY,lI.HeHHOH ,lI.e-

cpopMaQHJI (pl1c. 211 ,a). Pac-
v

CMOTpHlVl B3aI1Mo.u.eHCTBHe ,lI.BYX

.nI1CJIOKanHH ,lJ,BH}KYlI(HXCH no

HanDaBneHHIO 3THx JIHHI1H. PHC. 210. 30HbI 3aTpy,o;HeHHoA Aec})opMaI..{HH

,OYC.LTb BeKTOp BlOprepca Kalli-
np

�.25%)nepeqHOA
npOKaTKe (J..t =0,5, E=

)I.OH 113 HHX paBeH b.

JIII1.HH!H !OKrOJI b}K.eH:I1H 'TIle1p'e!OeJK a IO
r

TtC5I �nIOlL( 'Y,r JIIOIM 11: /12, .H ;:tI1 I CJIIOIK anl}ll()

c .�'eK'T'OIprOM BlOplf'e.plc.a b IMIO}K.H!O .np'eIJJ:CT3:B.HTb;B B'l1llte nBY,X .n
' I1'CJliOKa co

I

a

\ � � �
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PHC. 211. CxeMbI, nO}ICH5IIOll�He B03HHKHOBeHHe paCT5IrHBalOlII,Hx Hanp5DKeHHti ()
e
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II.JlH 'C BelK"rOrpaMI1 BIO'p1f'eplca b i
= b 2

=
Y2

b (,pJIIC. 2111,6). ICYM.-
2

MapHoe JI.'eHCTBl1e )I.HcnoKa�I[H b l H b 2 6Y)I.eT aHaJIOrUqHO )I.eHCTBI1IO 10,lJ.-

HOM )I.I1CJI'OKa�HH C BeKTopoM DlOprepca b. Tor,lJ.a ,lJ.Be ,lJ.I1CnOKa�1111 B

MeCTe nepeCeqeHI1H JII1HHM CKOJIb}KeH'HH MOJKHO llpe,lJ.CTaBHTb KaK COBO-

KYtTI.HIOICTb 'q,e'TbIip'BX ',lJ.UCnOIKalI;HH IC !B-eiK'TrO:P alMn IB JOIplreplc a b 1 :11 b 2

(p
l

l1 l c. ,2.09,8). IB :TIprO!lI.,eooe 'TIIPrQIK aT1KiH ill'P!11 'TIIUBOlpO!J'1e IHa YIIIOJI d-8 6YI)I.yr
!TI'O'HBIJIIH'Tb!CH [110 ,�Ble JJ..I1ICJIrOKa�:H;11 Ha KIOIHr.tax iKa'lli\JI.bTIX !lI.'BYIX JIn;HHH

ClKlOJIbllieHH'H C lB'eiK'1)OPO!M DIOlpiPep'ca b 1 H b 2 . B,CHIK:J1H pa3 TIP'11 []OIBIOP-O-
Te IHa yr.OJI d e AI1'CJIOKa�I1.11 'C IBeKT,op'OM BlOp,rep.ca b 2 aIHH.l1riI1JIH'pyIOT
�HJI:H 'Ql6;p al3YlOT If(J1iCJI!OKall.'I1

I OHiHbIH )J.11'TIIQ�b IC 6bIIC'T1pOI 1)'16bI:B alOIIIJHIM (H a

:paOCTOHiHlHHX !TII0'pJ1tlIJKa arflO'MIHbIX) IlliOJIeM H.aTIlplH.LKea-inM, a �11!CJIIOKalI1.,}rH

C B,eK''nopO'M b l !npJI1 �TIrQ�llHIOIM IQ6 1

0piOT I e 133!ftO''fID:BIKI1 10/6.pa3\YIOT n'HI.r.I I1 !H)I:p'I1-

qeOKYIO 1l0BepX!HOCTb C pa,lJ.I1YCOM Pb. H.HbIMI1 CJIOBaMH, MbI IlOJIY'IlH!VI

lKpYlr H!3 JI.:l1iCJI'UKal��I1H C iBleKT10p10lM !BlOplf,ep'ca hI H pa)I.'l1l)"oO\M Pb

(P:H!c. .2 Ll,2), looJI.lep'}Kallll:I1M IlliOJI,e Ipa,cTHI�I1BalOrnlH,x !Ha!TI,p5lJKeH'I1H, HMe-

IOI.O:,ee 1610!JII>IIlYIO 'np'O'TH'}K'eJHlIFOCTb. ;Ha:310IBeM :ello 13I<p1<pe\KTMlB,HbI:M IK'P'Y'PO�f
J('H'CJ!IOIK arnl1H. ;B:HY'TP 113TIOf'0 IK'pyr a IBl03iH ' HlK,a eT p alCllHlflH;B alO rn'ee IH aillp 51-

JKeHHe 0'0 .

TalK-HiM olopal3 r OM, 'HeCM10Tlp:H IHa :Ha.JI:I1I1.fl1,e B.H{�IIlIHIHiX IC:>K'I1MalO,lI(HX

CHJI, HIPI1,JIIQJ}K'eJH:HblX IO'T !HaJI'K'OB, IHaTIlpH.lli,elH;I151 :B ICeqelH11'11 ,0i6pa3!�a IT110,il

.u.I1ICJI'OK3!�'HleH IOyi,l('YT 'parC'THIr:I1;BaIOIlJ:I1MI1, a ,HaJJ. JI.l1iCJI ' OK3'lLl1oeH - .e}KH-

M a IOrn:HiMiH. ,3T10T i� aIK'T IMHIQI�I1M 11 IHIC!CJI'eI,nIOB a 'f1eJI'H!Mil1 IHe 'yq'I1TbIlB a ellCH.

O.n;H,H 'Cll'HTalO'T, 1q-'f10 le'C:J!:H lITO IKaIKtO/MI)'-'1'IO Ha!llpalBJI 1 eH'111O )I.;eHICTBIJIOT
IC)l{H1MalOIII..l1e IB'HellIiHHe IHalnpY;3rKI1, l'fIO ITIID :B'oeM'Y rCeQ'eJH'111O 06\p.a31�a g

)I. 31HH'Q:M H a!TIlp a!BJI'eJH:I1:H OI)'lll!YT )I.leM'cTBrOIB aTb IH aITIlpIH}K,e;H,HH iC}Ka 1'1151, qT 0

'H'e 'ClOO'l1Be'DCTBly'eT l)I.,eHIC'TB:H-r.eJIb HIO!C'TI1. JJ:p'YI�H'e J(lOrrYIClK a lOT IOYIlI.leC'T1B:)-
\B a.H:ne ,)I.IO'll'OIJJ.H:I1''fieJI b'HblX iH a�Il.p!H.lli'e.HiI1 H 'P alCT H:}KleH;I1:H B IIJeH'Tp,e 1016lp a3 II a,

BbII31BalHHblX iH,ep.aIBlH1nM'epIHIO'CTblO �eI<pfOlp,MaQ'HIH, iHIO ITI'pH IC)'IM,MHlpIO!Ba\H'HM

JI.OII1lQJI;H:I1 I J'1eJIb.HbI , X IHalnpIH}K-eH'HH ;H Ha'TIlpH}KeH:I1H lOT lJl.eHIC'TBI1IH �B�HeIIliHJI x

'C'HJI .TIrO..T.Iy,q a lOT IH aTllp Hl2Kle�'I1;H 'C'JK a'TI1 51 iB!)I.iOJI b JI I1;H:HiH 1.l1..eMrC T.HI1'H !H alnp y 3-

:KI1 O'T B.aJIIKIOIB ;11 ,H3ITIp'H}K'elHiI1H 'paICTSI}KleH:WH �H,lJ.'OJIb JIjB'Y!X lZI.'P'Y 1rI1X

OlceM [�2].
,B 'TI1ep!BbIH MIOIM-e.HT tTa�KIQ'e IHOJIIQr}K'eHiH,e .6IYJI.eT ITIlpa'B'I1IJIbHbfM, T. e. TI')

cyrneCl1BY .pa
'

OCMaTp:I1B3'e'f1CH ICJIlyqaH IC}K3'TH:H 'QI1JIiH,HJLp,a looIClp'e�OT'OqeH-
tHbIlM:H 'CHJIaIM'H : (,CM. ,TII)';H1KT .2). IHIO ry}K'e ITIIOICJIle ,OJ(IJIlOlflO ol6opioTa a.aro-

'T'OBIKiH IH 1 e0l6x ' oJJ-iHMIO 'y
rl fl1TblBa

'

Tb I,lJ.O:TI'OJI,HI1'TeJIblHbIe iHaITI'pH.}K;eHHH iB �eHT-

p'e, !BI013H1LKIIIl:H ' e lOT lBicex JU1ICJIrOIKa'l.I;I1H !«.3<Pi<P,elKTI1;B.HIOflO» IKJp'Ylfa. ,DP;11
a''f10IM B Ip.e3lY JIb Ta T,eHe6on bIIllorrO '"4iI1IGJI a ejLI1IH;l1'q,HbI x ,0\6}K a TI1 H ICY M.M a.p-

!HbIre IHalnp,H}K:eHIHH !B QeH'1ip.e ,3alf10'T10B!K�11 IOIKa}KI)''f1CH 'parC'T:Hr.HIBalOllJ.'I1MIi

Aa}Ke n,o IHan�pa:HJI'eH;111O Jll1iHiI1H Ll( l eH'C'TB'M.51 :HHleIIl.H'Jl\X ICI1,JI.

Dp'l1 Y;BeJIl1qeHI1:11 lC'l'eiTIeHH eJ!.iHHiH,q:HbJ:X '0I6}K.a T:I1H IPJI3IC'TI1'II'eClK3'H ,n..e-

<pop,Ma�I.{I1H TI'p'OIHMlKaeT JI.rO .�eH'Tpa, n'I1 I HiI1I1 'CKlOJIb.}KeH'I1:H lOT Inp'OTI1IB'Oan.o-

JIOlli,HbIX 1iOJq,eK 16101KIO!BlOH :TIOB , epXfHO'C'TI1 !TI 1 ep'elCeJKalO'l1eH. 'D'pil1 3T10iM B

�eH"np'e :3aTIOT;Q'B'KH 'I1 l eqe3alO'T 100pl1etH'T,l1plOBaHiHbI,e IUaTI!pH}K'eiH'HIH, a :OCT3-

IO'f1CH ''f10JIblK10 ,ne,p'e'M-eHHbIe M:HIK'p
I

OHaITIpH}KerHI1:H ,OT 1J(;I1ICJI'D!Ka�I1H pa3-

.J.IbIX '3,Ha!K'Q.B. ,B aTOM ICJIryq,ae .,lJ..J1.CJIIOIKa'IJjI1H 'n:p'OTH:HOTIOJIIOlli,H'orIO i3lHalKa,

,lI.BI1}KYTCH K �eHTpy no JII1HI1HM CKOJIbJKeHI1H 1, 2 11 3, 4 (CM.

P'I1IC. 210). B Q€!H'Tp.e (331f10TiOiBIKI1 'o.H,H atHH:nr:UJII1'pYIOT, ,o6pa3YH ITI,O IM'ep�
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e-e IHpaIll..eHiH:5I IB\Ce ,HlOiBbIe a"nOMIHble IHJIiQ!CK'OCT.I1, no IK'OTiOpbl.M IllIOtzI. �eH-
ICTB HeM M.alKIC11 M aJI biHblX IOK a.JI bI!B a lO'IlI.;11 x H aln:p'H'}K'elH;11 H IQlcY,III.lec TB!JI Hle1'C,H

'CKOJIb:iKeHiI1'e OICTanbiHbIIX )I:I1ICJIO'Kal�'I1H, T. Ie. :11\.A'eT Y}K'e np.o[!:eoc, [I1O'.lI.IOl6-
HbIH O,6bI;q,HIOH Olca:.lIJKe.

5. BJIHHHHe Ba>KHeUllIHX 4JaKTopoB
Ha ne4JopMal..(HIO IH pa3pYllIeHHe.

iH a piHC. 2� 112 tWPiH;B e.u..eH bI IKJP:I1:13 bI,e, x ap alK'Te'p H,31}T1O'Il(iH)e '3 alBlf;CHIM,OCTb

BbITHlliJ{11 :3.aIDOTlOBIK:H ,no \KIO!H:TY�P'Y :H lOCH IB 13aIB;I1IC'MIM 1 0'C'tH IOiT IOTtHlOIllIleH'HH

,AJIiH'HbI IK \Jtua.lyreTlPY Inlp:H 'niOiC'fIOH!HHbIiX lo6}Ka'THJIX, iIIlOCTlp'OeH,HbI'e 'C H'C-

no.JIbl30BaHI1etM IOnbIT!HblX inaH,HbIX. .1f3 IP:l1lcly.HiKa !CJI'eJI.\y,e'T, fl1ro H'P,11 OT-

H�OllI,eHI1:HX 10/d o <3 TIIO OIC'I1 !Bpall(etH'I151 Ha6JIIOI.n:!ae'flCH o/TH}KlKa, a UP"
'OTHIOIllIleH'HH\X L/d>3- y1)I.JIrHHe.Hil1'e. JDp:11 \QlT.HiCMII,eH:H:H lo/d o =3 iZI.�'I1IHa

3arOTOBKI1 OCTaeTC5I HeM3MeHHOH npH JII060M 06JKaTI111 .ZI.O Tex nop,

1

1,02

1,00

tJ,5%

0,98
o 2 J .4

10
< 3

a 10
-

3

���
J

�.i-.-.
->

do

fi-=- � .

-t
. 69 .W

1 5
10

do

If

PHC. 212. 3aBHCHMOC1b BbITR>KKH no KOHTYPY H no OCH 3arOTOBKH

OT OTHOllleHHH ee ,nJIHHbl K ,nHaMeTPY:

a -

,naHHble onbiTOB; 6 -

nOHCHHIOm.�H cxeM a

IIO-Ka iHa .ee 100CI1 IHle 1B1C!Kp I OeTiCH 'TIIOJI.QlC'Tb. ,Onrl1'CalHHIOe H:B,JIeH'Ue X3!pa�KTe-

pl13yeT
i c.H 'CXeM'OH, ,113.o6pa}K"e.H i H-DH Hap"I1

I C. 2l2,6. 3TH lonbITbI 'nOIKa3bI-

B a lOT, 'q TO Inp:11 1O'T:HiOllI"eHltl1 Lo/ do ="3 a:lelcp.olplM alII:I1.51 iH a .elcn :3,alf/OToQIBiKH

cTaHrOlB:I1'TIOH 'TI.JI'OClKIOH. 11-3 Ip l e13YJIbTa'VOIE 'QillbI1IOiB 'TaIK}Ke 'C-JI'euI.'YreT, l-I''DO

npl1paIlI.eHl1e .ZI.JIHHbI no OCH 3arOTOBKH npH OTHOlIIeHl111 Lo/d o >3 HB-
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JIReTCR pe3ynbTaToM 06pa30BaHH5I nYCTOT Ha ee OCH H paCTRJKeHHR
3arOTOBKH IIO OCH Z IIO,lI, ,lI,eHCT,BHeM llIallI.pR}I{eHHH az.

5IIBJI,eHiH.e tYTR}K/K;H. eCTb .p ' e'3 I

Y nb'Ta'T rOOiB)M,8CTHIOlfrO IBloI3�leHiC'TB:Hi51 00-

c'pej(rQoTlOq.etHiHbIX IHa!I1p'YI30IK :H ;CHJI KlOiH'TalK'TH'O['IO 'TpeH'HR IHa 331f10 I TlOIBlK'Y,
()r6'b1eM 1K10TiOP'OH !B ,nlplou:e1ooe J1.eI<prOpMal�'H;H ,H,e 'H13:M'eH'R'e�CH. ;PaIOTIIOJIO-

}I{.eHH.aR ry '1I0'P
' lI.IQoB :II r ep:w<p ep:HHIH,al51 Iq aiC'Tb 3 amo T1O:BIK!H B 13 1 0'H e :no(1I. iB a Jl-

KaMH, He BCTpeIIaR 3HaqHTenbI:IbIX COlIpOTI1BneHHH TpeHI1H, I1MeeT B03-

M'O}KiHIOICTb IC1)OJIb .H;HTeHrCI1!BIHIOIDO o/I,1I.JIH;H
'

eH'HR, IITO �IOJI.}KIHa ITIlOITIOJIiHRTh-

'CH lMeTaJIJI;Q:M 011:3 !OtcrelBlQlH qa'CT;H.

MeXaHH3M 3TOrO' CJIO}l{HOrO RBJIeHHR 3aKnlOIIaeTCR B TOM, LITO

.n.WCJI10IK a'�,H:H 100000iH'O!rrO 31H alK a JI.:B:H'}KIY'TlCH K !6 r OIK.OB,OH 'TI'o.Be.pIXH'OIC'T�H, IOl6p a -

3YR .Ha HeH CTY;IIeH'bKH H npHBO,lI,51 K YJI.JIHrHeH,HIO 3TOH TIOBep.XtHOCTH.

.rt�cnOKagHH ,lI,pyroro 3HaKa �BHJKYTCR K TOPlI.OBbIM IIOBepXHOCTHwI

aaID0'f10IBIK;H, 'OI6pa!3 r

YR .Bla ,HleH 'C"PY,II'eHblKIH «IQiTlplH1�a'J)eJIb.HIQnO '3IHaIKa», .IITO

TI;P'HlB'O}{'H'TIK Y'f.RLKJ{'e rQtceBOH !3rOIHbI. lB. B. :Ca!JI.O;B:HIHlKJOIB 1 t}I.aI6JIK¥laJl YB.e-

JIHI1.I'eiHlHe 'Y'THlliIKiH aJIIO.M:HIH:H,eBbI�X io!61paI3:u:01B iB .Tteq,eJH;H,e Q-13 :J(lHei1 [110IC-

JIe !nipIOKallKH: -3i)l:eCb TIIPiQ..R:BJI'RIOT 'Oe651 0'PiH'eHTHlp'OIBa:HIHbI1e rOIC'Ta'TIO\1I,HbIe

;H.atlI'pR}I{.eHIHI5I IllejplBiOlnO po.na, BbII3bnBae�M:bI'e Irp'Y'TIllIaiM�H �'HiCJIIOIKal�'HH O,n-

iHlOif'O '31H aiK a .

In.piH ITI'OIIlep,fjq:HIOH IJlp'OIKa'T1K r e \3 a ICq:eT Ip 1 aI3B:H''IlH'R ly:np')'lftO H IH Inn arC TH
-

q'eOKrOH JI. e\<P10IPiMa1lI.'HIH !B ,QlOeB'OH Iq alCTH (3 alfiOITOBIK!H ITIlp,DH:CX10tl(H'T p asp y-

m,eHiHre. ,n 1
0i3'T10MY :CJI'eJI.yeT 'O}K:H�aTb 3aIK ' OIHIOM'epIHiOiDO 1H\3IMeHeHIH:R IBeJIH-

IfH,H, xa,paIK'Tlep�H'3'Y101II.'HX lee !neOM l

eT1p:HfQeClKH'e ;p 1 al3.MepbI B IHa , TIp.aiBJI'6HH'H

OrCIH, 'TIIPiH 'OI6lli31T:H:H IIIIO J(/HaIMeTp'y ;BlO IB.p'e'MH 'lIlpIOiKa'l1KH. IOi6pa3101BaHIH�
'nOJI'OCTH "n.OJI>K/HO BlHeCTH IH'3M.eHeHH,e �B 3TH '3aKOH.Q-Mep.H'OC'TH .B IC'BR3H C

n,e.peXIO�OM ,OT nJIa'CTH'qec-K'OH ,necpQPMaU;HH K ipa3PYllIeHHIO IB IOCeB-OM

!f/( If a
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'

I
o .
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PHC. 213. 3aBHCHMOCTb BbITH>KKH, 3arOTOBKH r.o !<OHTYPY H OCII H 113-

MeHeHHH 06'heMa nOJIOCTH OT 06}1{aTHH. CTaJIb C 0,16% C npH 1060r.C

.1 .OM. JOH'OOKY IHa CT'p. 461.
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qaCTH 3arOTOBKH. 3TO :nOJIOllieH.He xoporno I1nnIOCTp.npyeTcR .onbITfHbIMCI1

.naHIHbIMH, nOJIyqeH'HbIMH npH :rrpOKaTIKe 'CTaJIbHbIX IlHJIH,HJ(P'OB 'n'pH

TeMrrepaTy,pe 1I060°C. TIpoKaTKY npOH-3B'0)J.HJIH IHa CTaHe iC J(HaMe'f1p'OM

IBaniKtOB 400 .M.M (pac. 213).
.

DIP'H lo6lli3'1iH:H, Ipa:BIH,oIM 7,715%, �HaI6JIIOJJ.aeT1Ci51 Ip'e31KIHH :nep'enHI6 iK.pH-

BbI:X, xla p alK'Tep:�3'Y1OlI(:l1x3aHlfIcHrM'OIC'Tb IBbITR.lliIKI1 :3alnOTrOIB,K'H ,O'T 'C''De:rre-

H,M ,0I6JKal1H'R Ino IKO:HTYiPlY :11 ,nln OIOH. H.a 'Dpalql�K,e ,Ha;Heee:Ha K'P'H!BaJH;

iXarpaKTe-p:H:3YIOIlI.aR H3MeHeHHe y,n.eJIblH'OH BeJI'H'qHIHbI rr'OJI'OCT:H Vn/V o .

.100 %
B 3aBHCHMOCTI1 OT CTeneHH 061KaTHH, KOTopaR rrOKa3bIBaeT, lITO

np.H 06}Ka'TJ1.H IHa 7,7,5
%

:B iocea-oH aOHe '3'aro-
0;%

TOBK!H InpOHICXO.l(HT pa3!pyrneH'He.
C pOCTOM .oopa:3.0BaBlIIeHCR 'HOJIOCTII 16,0

npOI1CXOJ('HT pe3Koe H3IM'eHeHIHe HalnpaBJIe-
HHR KPIHBbLX, Xapa'KTepH3YIOlI(HiX BbITrHlliJ{'Y 12,0

3ar,OTOBKH no 'K,O:HTYPY H no OCH. CJIe,n'OBa-

TeJIbHO, Ha6JIIOJLeHHe 3a H3'M,e'HeHH,eM pa3"

MepOB '3arOTO'B!KH rrp:H IrrplOKaTKe ,naeT

B03MOllilHOCTb lonpeJI;en'HTb IKipHT,H'q-eCKoe 06- "0

)Ka'THe, T. e. 'o6lliaTHe, npH K'OTnp.OM

HaqHIHaeT-c.H 'pa3PYllIeHHe loep.l(�eB-H'HbI B

pa3JIHq.HbIX Y'CJI'OBI1HX np'OKaTKH.

HarrpH'Mep, Ha p.H'C. 214 npHfBe.l(e'Ha 3aBH-

CU�MOCTb K P HTHqeiCKOrO 06}KaTHR n p lH TI' p O-
PUC. 214. 3aBHCJlMOCTb KPHTH-

n
qeCKOrO OO>KaTJlH OT OTHOllIeHHH

KaTKe .3alrOTOBOK H3 CBHJHu.a H CTaJIH OT ,lI..nHHbI 3arOTOBKH K ,lI.HaMeTPY

OTHOllI.eH.J1R ,nJIIIHbI 3arOTOBKH K )l.HaMeTpy.

3T� 3aBHCHMOCTb TIOCTpOeHa rro 3KcrrepHMeHTaJIbHbIM :)1"aHHbIM. 113

paCCMOTpeHHH rpa<pHKa CJI!e.rr.yeT, qTO C YBeJIHqeHHeM ,nnHHbI 3arOTOB-

KH KpHTHqeCKOe 06lliaTHe YMeHblIIaeTCH. DpH 3TOM HaIIMHaH C OTHO-

rneHI1H ,nnHHbI K ,lJ,HaMeTpy 3ar0'f10BKH, paBHoro .l(BYM, KpHTHIIeCKOe o6�

lliaTHe MaJIO MeHHeTCR rrpH ,naJIbHeHllIeM B03paCTaHHH .lI.JIHHbI 3aro-

TOBKH.

O'nbI'TbI :TIIOK:a
I

3bIrBaIOT, tITlO B IC'OOlT:Be'PCTHHIH 'C IKP.HITHlq.eOKlHM IOI6!)Ka '
TH-

e.M iH31MeHRel1ClI :H xaplalKTep pa31p)lirneHII1IR. IY \I{'OPO'l1KHX (b o /d o <13)
ICB:H-H �'OIBbIiX IH iCT aJI b'HbIX 13 alnOTIOIBIOIK p a�3pYIJlI!eHH,e Ha!q:HIH aeTlCR ITIlpleJKl,lJ,e
\HeerO .B Icep eJJ.'HH'e :H 'nIOC'Terr eiH:HO Ip aloniP'Q:cTlp,aIHHIO'DCH IK TIOpl� aM. 3TO

'Q;6'bHOHHeTlOR 'T.eIM, 'q'TO :B 'Cp,e..nIHei1 qlalCT:H 13a l I!OTIOiBlKIH 'rrlO ,ee I,lJ,JI�HHe pa(c-

THlfiHB.alOilI('H'e IHalnpRlli'e:H:I1'H :B 'OCeB:OH 310lHe IHM'elO'T H3!H!6oJIbmI)'IO !BeJIH-

q'H.HY, a �HX Ipa3
l H,0lcTb - :H,aII1IM 1 e'Hb\1lI1)'1O, IH HalTIp:Rlli'eiHHIR IB 191'1o.H IOI6JIa ' CTJf

J(rOC'IlHra lOT :3;Hla i t..( eH:HIH 'IOOnpIQlTHIBJI f e1HiHR O'Tp bI;BJY.
OT,M!eq eiH H:O e IOI6C'TIO'R'TeJI blCTBiO RIB\JI HeTC5I p el3'Y JI b'T a 'fI0 M TlOll1o., q''f10 B

'C p'�IH ell rq aICT.H :no J(,JI:H:ne 3 a1fO I T,O'BKH p alClKa'llKa IB T aiH!neH'�:H aJIb:HIOIM H,a-

np a:BJIIe:H�H'H H tC'TeineHb H.ep a:B!H'OIM,e,p.H10CTH JI.e<pIQPjMial�:HiH [JIO rCelI,eiHlHIO

3H3Iq'HTenhHO 6IoJIl>.rn,e, HeM y ee TO'p'�fOIB.
13'1'10 ,u6ry , cn'OIBJIeJHO '<P'Op,M)'JI'nH iKIOHTaiK'TtHbIiX .rr'OIBep,XiHOIC'TeH :H ICHJIa-

,M'H Tp-e:H:H:H. IDiolBepXIHIOCTH IKIQ;HTaIK!Ta lBblTR.HI)TTbI Bll(fo'nb 'OICH ,3alr i O''DOBIKI1.

H 'OT CHnbI TpeHHR, JLeH,C'TIBYIOlI(H.e no ,nn'HHe nOBepXIHOCTeH K'OHTaKTa,

60illblrne, q.eM OHJIbI TP eHHiR, neH1C'TB()'IOlI('He IE [Jrnnep.eqH10M II ainp alBJIe-

H:HII1. .B OOOT,BeTCTBH.H C 3THM J}.,eHICTHHre Jl,Ql,nTI'HpalOllI:HX O'CeiBbIX C.IiJI

np'OH:B.JIHeTC'H ,.60JlblllJe B Cpe,lJ,HeH l.I3'CT:H no ,lJ,JIHII-Ie 3a i f.O'DOBIK'H, qe,M y ee

T OIP Il.O'B.

8,0

N 1.0 2,0 3,0
10

tlo



,,[La-JIee, 10lTIbITbI TIlO1Ka I 3bIIBalO'T, l-I'Tro. B CIB'H.H�'o.BbI,X H 1C''l1anbHbIX '3aro-

TQlBIKaiX, Y !KO'IlOpbI:X J(JI:H!Ha ;B Yflp:H III 6oJI,ee tpal3a III'p 1 e:BbI'il.I3'eT �HaIMeTtp,

p,a3pIY'IIleH�J1.e �II:pIO'HICXIOlniHIT :B IB:H)J.e 'QiTl,n,eJIbHblX «lpaIKIOIHHIH», rK.alK 8'D0 Icxe-

I\rl.a'TiH'lI r eClK:H [l1Q.K a3-aHrO iH a p:HIC. 2! 112.

,1113yq eH:H e 1610JI blllIlor.o II{ 0 JI'lf:q'eCTB a ICT a JI b H bI X H ICJBIHiHI�'OiB bI X 13 aiDO'f\!)-

BIQIK, �pa�3'pe3aHIHbI!X 'TIra 'M'epI1Ln:H
'

OHianbiH,OM,Y IOeq.eH:HIO IIIIQrCJIieIIIiplolKaTK:H,

nOKa3bIBaeT, lITO. B ,nnHHHbIX o.6pa3�ax paKo.BHHbI BCKpbIBalOTCR Ha

p a.OC"'IlOHIHlfR x, Iq:HlOJIe.HiHIO Ip a:BH bI x 1-! 1 ,5 tn:H.aIM eT1p a lOT 'TIOrpl[(rOB B a'f1O'Tlo.B-

KH H ,npyr OT JI.pyra, a B Ko.pOTKHX
- B cepe,nHHe 3aro.TOBKH.

01CIO,na cne,nyeT, IITO B ,lI.nHHHbIX 3aro.To.BKax Ha paCCTo.RHHRX,

paBHbIX 1-1,5 ,lI.HaMeTpaM o.T To.PlI.o.B, pa3HocTb Ho.pManbHbIx,HaIIpH-
llielHIHH IC'TaH.Q.B:H'fiCH iH.e610JII�IIIIOH, a rcaMa ;HeJI:Hq:RH.a IH!aIII'pRlli:eH.HH, Ha'-

qUHa'H ,C '3'l1o.H ,npaH'H.[(bI �B !ap'�!H-e:H Jt.IalC'TH 3alrO'D.0IB 1 0IK, IM:aJI,o. 'H'3.MleH:5Ie'r-

CH HrO �,nJI.H:He. IB TI'OnHIQ-M 'OOO'T;B,erC'TB'H:H IC 13"DHM :HaiXJo�H'DaR 381BHICH"

.l\iI'QiCTb !K,P:H'THlq,eCJro01flo rO,6llia THH .0'1' LZLJIHHbI 13.a!DO'DOB.KlH �(lp:HIC. 12\1'4). Kor-

,na OTHOlllI'e!H:ue 10/d o <\2, �HIM,eeT Mecro /3,H 1 a:Q.HTeJIbiHaH .pa�3H'0IC'Tb :Ha;TIlp.H-
lli'eH;HH .II,O .lI.JIiHH'e '3 a!DO!'flOIBK H, !KOTiOP a:H :II'OC'Tre:TIreH,Hro. YM eH blllI ae'J'1CR C

.p OiCTIOM ICTeneH�H 1016 }K,a'THIR. iB I3'TlG-M ICJIYlq a e Tlp.e6y.e'DCH lOP aIB:H:HWJIb HO

6.0JIljllIaR IQlCai,lJ.!Kla 11,0 �HaIMel1plY, IqTOl6bI rOlOYIIlI.eC'TiBH'Tb paap'YlllIle1HH , e 'B

101C'eJBIOH 131Q.Hle '3aIDO'fiO'BIKH. ,H.anpIHM'erp, ,nJIH IClBiHiHr�OBlonn ,o6paI31�a IC 'OT-

HOlllI,eHaeM 10Id o ===O,5 IKp:H.THl1JeOKOe 1016lli,aTHe 'p.aB�Ho 117%. IC y.B'�JI�H'1!e-
H.HeM JI.JIiH,HbI lI<rplH'THtq,eOK10e \016:>K3'THle YIM'eHljlI.Ilare'DCR lH y IC!HHIH:IJ.IOIBOIPl>

O'6p3'3,�a c IOTHIOlllI,eH:neM 10/d o ===:2,O �atB:Ho. [Ilp:lf.MepiHlo to,,5°/. 0 .

EICJI'H IOTfH=OlllI,eH:H,e 10/d o >i2, JI.n'HHa np.aIK'TH.q'eCKiH HIe BJIiRR'eT H:a Be-

nHI1..£:H.HIY IKP:H'T:H'qeClKJOlno '0i6lli l 3'TH'R. ICJIeJI.IOIBa'TeJIb:Ho., ICX'8Ma'f.Hlq,eOKH 'TIlpIO-

�eClc Ipa3ipl)"llIeH'H\R ,MrQ.lliHIO IUTIilfiCaTb ICn1el,nYIO'lI(H,M ro6pal3 r OM.

KOIrtlJ..a t1I.,e:H ' CTBlYIOII.lH.e 'H,aIII!pHlli'eH�HH n,ne-JI
' w60 IB IOp'euI.:H,eH !IIa'CTiH 3a-

ro.lIO!BIKH ,lJJOC'tH\raIOT :3:Ha'q'eH�H'R, IpaB!HIOlnO lOQlJ]P'OI'f.HIBIJI'elH:H'5I IOTipbIIBY, B

3'TIOIM ,M,eCT,e '06Ip!aI3'Y,eTlCR Ipa!KrOIBH�Ha. 3Ta 'paIKtUBiH.H.a tIi1IlP , aeT 'plo.JIb rpa-

HaUbI ,nJIR ,npyrHx qaCTe:H 3aro.To.BKH H Ha paCCTo.RHHH 1-1,5 ,nHaMer-

pa lo.T .Hee 'CHOBa npo.HICXoOJI.IHT .pa3pYIII.eH:He.

8'T10T iTI'P0u;eec Il11.lI.eT ,naillb:llI,e, 'IIIOIKa :H'e IOl6plal3!)'leTruI IP,H)( P,31l<JOiBlfH,
paICTIIOnIOlli!erHiH'bIX �Ha IpaiOC'DOR:H'UH 1-1,iS 1,n:HaIM'e'I1pa 13alrO'T'0IBIK:H t1JJpty1r to r

)1 pl)'ira . P,aIKrOIB'H:HbI ;p1alC'ry'T :BI)J.IOill b O;eH 13 arDO 'J'1nBIKiH IH 1016'beJJI:HH'RID TlCR, 10,6-

pa3YR ol6IIJ.')'1O rIIOJIIOIC'Tb. .y 'f1Otp11IJ01B \p.ai3:H 1 oC'Tb IHaIIIp'RJK'ell-tHH iHaH!6on.e-e

3Ha
l

qlHTeJIbHa :H ,pal3pl)'!llIeH,H l e IIIp'OHICXrOI)J.:HT 'II,013\J1:iHee. IKa'oa'TeJIb:HbI'e Ha-

'n'p:Rlli,e:HHR :B 3'TIOM M1eeTe :BbI!3bIB:aIOT '3IHal1I;I1''f1eJIb '

H'YIO n:JIa.C'tHiq'erOKIYIO

)(et<p;op:M.allI.'HIO. IB !QlCe'BIOH r3,OH,e JI.'e<plolp,Mal�!HI5I l3-aKla:HIIlHlBa.e1lC5I !BH!3rKH�f

p aI3'P!)'111I.eH:ae!M, ITIlp'Hq'e!M [IprO!� eoc Ip a!3 I
p}'\llI r e!H.UR YClKOP'R el1CR ,p a1cII,p'0IC'TlP a -

IHRIOIIJ.H'M,HtCR H:3 'Op,e,lJ.rHei1 'qaCTH .3arOTo.B'KH TipeIll.HIHaMH. 113 Q:IIbITHbIX

�,aH;HblX CJIeJ{y,eT, 'q'TlO, ,H.eOMIO'TpR ;RIa ;Br03iMIQllliIHbI l e rOTICryTI'JIielHHR, tOITI�Ii-
u

'Ca.H:HaIH 3aIK'OHOMepIHrQ;C'Tb IB ,paI3p'YllIreHH.H 'QrCeBiOH '3'O:HbI BbIpa}l{le.Ha JI.!O!C-

T a Tr01q,H10 q e'IiKrO.

KaK Cne)(yeT H3 pHC. 2,14, KpHTHqeCKo.e OO}l{aTHe npH npoKaTKe

IKO!pIO'mH.x ICJHHIHI�'O!BbIX ,3Ia!Do.TOHOIK 16rQ.JI.ee 'q,eM B 3,0 p.a\3 ITItp,elBbIlllIaeT IKJp:H-

THqeCKOe o6lliaTHe IIPH IIpo.KaTKe ,lI.nHHHbIX. Pe3YJIbTaTbI CIIeUHaJIbHo.

no.CTaBneHHbIX OIIbITo.B IIOKa3bIBaIOT, IITo. IIPH npoKaTKe OIIeHb Ko.pO-r-

KHX 3arOTOBo.K KpHTHIIeCKHe o.6lliaTHR BCer,lI.a I1MelOT 3HaqHTeJIbHYlO

BenHqHHY, a pa3pYlIIeHHe npH 3TOM HOCHT BR3KHH xapaKTep.
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H3JIrOlli l eH:HI3'R B 'TIlYiHlKT,e 4 �H'CJIOKa�laOIH.Ha51 :MIOJ{eJIb pa13plYIllIeHH5I
"

O'IlHOeHJIaCb �K npoIJ..eocy rronepeq!HOH np
' OKal'KH )I:OCT8'l\Oq:HO JI.nHHHbIX

3an01lO!BOIK (1/d>12-7'3). .Ha rOlCiHIOB,alH:HIH IOn'bI'T1HbI!X Jl.aHHbI,X IM'Olli,HrQ- IBbI-

'CKa'3a'Tb ICJIeJI.YIOIII:ee 'YTlBepJKI)J.'e!HiH-e: IIIlplH IlIep"eX:o�e lOT III,prOlK3'TlKH JI"JIiH;H-

J-IbIX l3ta\DOT1O:B'O!K IK 'II1pOIK,3'TlKe .6\o:ne:e K r OPOl1K;HX B !J..I.leHTp'e ,CeqleHHR 6y,neT
'I1M'eTb �MeJCT'O 'llOCTene!HIHblH III'elpeXIOllI. OT IOX.eMbI '1ipeX:QlCH.0f10 Ipa.CTR.llie-

:H'l1i51, ;BbI\3IBaH.HIODO JI.:HrCJI'0IKaIU'H10HIHbI,M'H ITI'OJIHMiH IHalnrp'Hlli,eH,HH, iK iCXeI\1e

.z:I:BiYXtQlOH OIf:O .p alc T51,lli t e!H:H:5I. 3 1

110 :B bI31B-a HID Y'MieHb'llI eHiH eM Ip all{H'Yrca 3/cp-
cp1eJKT:H'B.H'OPO -Klp'YI�a (T. e. Y.M'eHbllJ:eJH;aeM :HeJI,�qiHiH IHa 1 np'5!'lli'eH:HH ao) iQ r

BenHqHHW PB Ha rpaHHuax cpe,nHeH H Kpa�HHX qacTeA 3arOTOBKH

(To e. Ha paccToRHHH 1,0-1,5 d OT TOp�OB) ,no HYJIR Ha .9THX Top�ax.

'B:M eC'Te :c 'TeJM In1lJiH np'OlK a 1iKle /Krop,O'11KIHX �3 alnOTOBIOIK B 1�'e'H'Tlpe oeq e-

n.H'51 .6y,nYT IYM.eHb\llIaTbC5I Ipa:cllR:�H;BalOllI.He Harnlp:511llilelH:HR a
p ,H az, n.Q-

CK:OJIhKY In,p:H 3'1l0M Y .'1l0pi�10IBbIX ,ope3 1 01B .HIe IMOIIJ'T Ip , ai31B 1 H:Bl3'TblC
i 51 3:HarqH-

Tenb:Hble IIIO !B:eJIHlq;HHe :HanpRlli.eHiHR !OT JI.:H'CJI'OIKa!IJ.�HHHl3-3a IMalJI'OH ,nJIH-

iH bI i3 a!f10TOBiK:H.

iHIHbI'MiH CJI'01B'3iMiH, np'H rylM'eHbm'e'HiHH llI.JI�I1IHbI aaIDO'DO!BIK:H IHa!TI'pHlli.e-
H.I1i51 lOT J(HICJIIOIK!aU;HH !Hall!:H.HaIOT tyIM:eHhllIa'TbCR 6bIICTlp.ee, !q,e'M II:O 33'KO""

.H'Y l/r, In,ne r -

p.arOC'f:ORIH!He rOT lOCH JIjHiCJIOKa,u'aH. ,D ' OI3"DOIM!y B K'O-p'OT....
Kilf,X 3 a flO T:OBIK a x J( anbHIO.lIJeHIC'TBYIO'IllH e ,niOJI'H rOpIH.eH T:ap'OIB alHIHbIX iH anip H'-:J

}K,eHHM 'OT ,naCJIOKa�H'OHIHoro 'K.p'yra ,pa,n:Hyc.OM PB !H'CIQ.e3a.IOT.

:V13 Ip:HIC. Q.1 J 5 ICJI.e}lI.y,eT, .q'f10 iCKJI'OH�HiQtC'Tb (J{ rp.ar3lptyIIl , elH:HIO U!P:H [lJpO
Ka'llK.e B T,p,eXBaJI.KO\BIOM I�TaIHle C'HJIb'.HiQ- Y!MeHbrnae'I'CR llIrO 'opa:BtH'elHrHIO C,)

CJIyqaeM npOKaTKH B JI..BYXBanKOBO'M 'CT3IHe. ,Q,6'b5l ' c.HReTC5I :9'TO TeM,qT'O

npiH Y,BaeJI aqleURH 'q:HICJI.a B aJIiKrOB 'H alnp'RJK>e.HH'Qte C'QlC'1iOR�H:H'e B III P eJI:-eJI e

.n ep!ex,o):(iH'T \K .palB:HIQIM'ep.H�.o p alan.p'e� eJI.e:HH10M'Y :II!O \60 KIO'BO H :nrOIB epXH'OC-
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PHC. 215. 3aBHCHMOCTh BbIT5DKKH 3arOTOBKH no KOHTYPY H

OCH OT 06>KaTH5I npH npOKaTKe Ha ABYXBa.nICOBOM (cn.nOIll-
HbIe .TlHHHI1) H TpeXBaJIKOBOM (nYHKTHpHble JIHHHH) CTa-

Hax )J,JIH CTa.nH C 0,16% C n'pH 100'JoC (d,) =37,5 AtM, lo=
=26 .MM)
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T.H .,naBJI'eHHIO. ,9-r0- Y1MeH�llIa'eT Ip,aCTHT':H:B1alOlI(iH-e ;HalnpH!lli'eH:I�R B pal)J.H-
aJIb'HJOM �H Ta!Hlr,eH'IJ.;HaJIblH'OM H,anlpaBJI'eHiHHIX, '3a ,C\q,eT 'q1e\DO �e<pOlpIMI3I�;HH
oCYlI(.eC'TBnRe'llC'H ,6.e I 3 Ip,aI3lpY111I,eH;HIR. ;DI0I3 '

T1nM'Y 6bIJIiH :nlp�eJLlI,p�HIHHTbI nlD-

II1bI'l1K H Inp�H,M eH ' eH i l1'R 'TP eXIB a JI�K:O BbI X iC'T aiHIOIB JI,JI 51 'UP'O\llIIHlBIKiH 'T.p'y',n:HrO �e-

<porPIM'UPYelMblX !cnJI1aBIOIB, (aKJIiQiH�HbIX IK paI3pyJllI'e.H:HIO JI.aLKe :np:H H.aJI:H-

'q}I1H IH'e610JIljllI�HIX 'paICTHlr:HBalOIIJ.HX .Ha:nipR}I{reH:HH ![ 4].
P,e3y.JIb'T , a TbI n1p:HJHeJ(,eH'HbIIX 'OlpbI'fJOB nIO\KaI3bI,BaIO'T, fIITO �nip�11 'nrO!n'ep:et{.

H:OH ,n!piOiK'a''f.Ke rona1CH'QrC'Tb ,paI3Ip}'1III{�JHIH;H 'B looeBO'H 'aO:He YrM'eHbiillae'fJC5I,
eCJrH '3a'Tlp'WJ.:HHe'I'CR 'Ta.HlreH�HanhHa'51 'paIClK'3'l1K i a :H ,o6,JI;e/!lIaleTlCH HlC'Teqe-

H.ae MreT aJIn a B jQiOelBIQ.M ;H anpia:BJI eJH;H!H. ,3T-ODO ,MIOlliIH'O �0I6:HTblC5I [I!p'HIM'e-
He.H�HleM looOT.B-e'PCT1BI)'IOIIJ.eH IK.aJI:HI6p,OIBIKH :Ba.JIIKOIB, a 'TaKllie :H-aTRi}I{'eJH:H-

U U U U

eM, '003llI.aiB 1 a.eMbIrM !BHemIH'eH 'pa.CT1.HiDHiBalO'IIJ.eH IOHJI!OH, In.p!HJIIQ,}I{.eHIH0U

BJIJOJIb iQlCH ,3alDOTrOBIKtH. in.p'H 3To.M .pal1l.If.YrC «Si<p1cpeK'T:HIB;HiOlr:o» IKlprylfa ,niHIC-

nlQlKal��HH y.M 1 eHblIIa r e'l1CR OIJO !HYJItR IH np'O'HICX-O.1LiIfT �e<pIQP\Mlall��H5I '6'e3 :pa3-

P'YIIlelH H H.

,BJI;HR.HIH e p aI3JIiHIt{;HbIX IcpalKTOprOIB IH a iK'P:H''IlH;q-eClK'oe lo6lli a THe .� nIp J-

u..eoc a x ,KiOiBIK:H IK!p�lr JI'bIlX 'TeJI, :no:nep ' e'1.J:HtQ Ii nlplolK 3'TK!H, rIIrone'p eq,HIQ -� HtH T-O-

HOH 'nprOiKa!TiKiH iH :np:oIIIl:HlBIKiH tn!o lJ(:aHiHbIIM 'on'eI.1JHaillblHbIix lo:nbITOB M 33-

B{)i.lI.'Cl{'O H �np'OK aT1K�H nlp
, e.1L.C'Ta I BJI , eH 1 0 .B "f1a I 6JI. 15.

Ta6JIHna 5

3aBHCHMOCTb KpHTHQeCKOrO 06*aTHH OT OCHOBHblX t»aKTopoB "pou.ecca

o6pa6oTKH

DonepetJHaH npOKaTKa
DonepetJHO-BHHTOBaH

<I>aKTop (npe,nnona.
KOBKa

npOKaTKa
B TpeXBaJl-raeTCH, tJTO B npo-

Q,ecce H3MeHeHHH
K pyr JIbIX

B BaJIKaX
KOBbIX

B03paCTaeT)
Ten

Ha r JIa�Ko:fi
Ha KaJIJI- B KOHH.

C BHHTO-
CTaHax

60tJKe 6pOBaHHbIX qeCKHX
BbIMH

BaJIKaK BaJIKaX
KaJIH6paMH I

E�HHHqHOe 06>KaTHe Y BeJIH- Y BeJIHt:IH. YBeJIHt:IH. YBeJIHt:IH- YBeJIHqH- Y aeJIHqH-

qHBaeTC5I BaeTC5I BaeTC5I BaeTC5I BaeTC5I BaeTC5I

,l{JlHHa Oqara ,necpop- YMeHh- YMeHh- YMeHh- YMeHh- YMeHh- YMeHh-

MaUHH WaeTC5I WaeTC5I WaeTC5I WaeTC5I WaeTC5I wa eTC5I

OTHOWeHHe l(HaMeT- » » » » » »

pa SarOTOBKH K

lJ.HaMeTPY BaJIKOB

IlHCJlO BaJlKOB, Y BeJIHt:IH. YBeJlHt:IH- Y BeJIHqII- Y BeJIHt:IH- Y BeJIHqH-

yqaCTBYIOInHX B ,n:e. BaeTC5I BaeTCH BaeTC5I BaeTC5I BaeTC5I

4>opManHH
l

TeMnepaTypa YBeJIH- npH HaJIHqHH KOpOTKHX Ot:IarOB AecpOpManHH
QHBaeTC5I YBeJIHQHBaeTC5I, npH HaJIHt:IHH AJIHHHWX OqarOB

AecpOpManHH YMeHhWaeTC5I

IlHCJIO nO,1!OrpeBOB » YBeJIHQH- Y BeJIHt:IH. YBeJIHt:IH. Y BeJIHQH- YBeJIHqH-

BaeTC5I BaeTC5I BaeTC5I BaeTC5I BaeTC5I

CKOpOCTh necpOpMa- YMeHh- YMeHh. YMeHh- YMeHb- YMeHh- YMeHh.

nHB WaeTC5I
WaeTC5I WaeTC5I maeTC5I wa eTC5I WaeTC5I

HaT5I>KeHHe 2
»

Y BeJIHQH- YBeJIHt:IH. YBeJlHqH- Y BeJIHqH- Y BeJIHqH-

BaeTC5I BaeTC5I BaeTC5I BaeTC5I BaeTC5I

I YBeJIHtJJllBaeTCH npH nepexoAe OT nnOCKHX ()OAKOB K Bhlpe3HhlM.
2

npH Qpe3MepHOM HaTSI>KeHHH H3MeHHeTC5I xapaKTep 06pa3y!O�eAcH rrOJIOCTH.
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II< alK 'CJIe,lI,I)"eT iU3 'T a6 JIU�bI, ,3 alaMtCH MOIC'Tb 1M elli.LI.1Y "p a3JI:H
'

l:I.H bIIM'M /cp a K -

T10p,aM:H 'M iKP;M'THII-leiOKiM'M '016lli3'TI1eM 'B p
' a3J.I:aqIHbI.X rrip:O'�eC'calx 'OJI.IHiHaK'�-

B a . H ai6JI IO.D. a elM bIle i01lC'T'Y,TIJI:elHUH 'OI6'bjH�uH 51 10 'DC'H :H'HI/lIJHlB,HI.lI:Y aJI b-H bI M:a

oc06eIHiHO�THMH 3TiMX TIpO�e.C.COB. DO'3TOM'Y ,lI,JIH Kalli',lI,Oro '11"3 HHX cy-

Il( eCT'B'Y e'T' ICBiOH .LI..I1'CJI OIK at(M10'l-IIHbI H ,MleiX aiH,HI3!M JI.'elcp'ap.Mlal�IH:H.

XVII rnaBa

KocaSi (BHHTOBaSl) npOKaTKa

1. KHHeMaTHIJeCKHe YCJIOBHB npo�ecca
..

u

BHHToBoH,npoKaTKH

Ha pHC. 2)16 TIOKa3aHa cxeMa paorron'ollieHHR IBanlKOIB B CTaHax C

60qKOo6pa3HbIMH, ,lI,HCKOBbIMH H rpH60BHJI.HbIMI1 BanKaMH [1]. He-

'CM 1 0'Tp.51 ,Ha 'OYlI(etC''I1HeHiHbI
' e IO-TJI'Hlq!I1H B cplOlpM,e ,HIHIC'I1P'Y,M r eHTa, nlp:H'H'U'HII

TeXHIOJI:ODHq,eOKOfiO ITIplQ�eeCa
-

nOTI.e.p , eq;H 1 0-IBoIf.H''DOiBa51 !JIlplOlKaTIKa IOC'TH-

eTCH H eH'3 M eH'H bDM. 0 JI.iHH a':roOB bl-MIl

HBnRIOTCR TaK}I{e H OOHOBHbIe reo-

MeTp'H,qearoHe eOOT1HOllielHIHR B Dqare

.rr.ecpop'MaUHH. 3110 o6rcToRTeJIbCTBO

n'03'BOJIHeT paiocMoTpeTb DOH OB H'bIe

3aKOH I

OMepH
1 0CTH rrpnu.ec.ca Ha rrpH- -?-__

Mepe np'OllIH'B'KH B CTa'Hax C 60qKO" �
06pa3

1 HbJ!M'H Ban�KaM:H.
.

n. K. TeTep'HIH [4] nOJIYII-MJT

OJI eJI.YIOlI( ee nplH 6n l Hlli eHIH oe YCJI OHI1 e

3aXBaTa B CT3iHaX B'UHTOB'OH npo-
KaTKH:

...

b -V ,...,2 - sin 2
at cos

2

f3
cr< d

1+-
D

PIIC. 216. CxeMa pacnOJIO>KeHHSI Ba.nKOB

npolllHBHhlX CTaHOB C t5oQKo06pa3HhlMH (1) .

rpH60BHAHhlMH (2) H AHCKOBhIMH (3) BaJI-

KaMH

fJ{.e al -1)'!nOJI \HaIKJI10IHa or6.par3'Y1OIIJ..eiI .KIOIHY'Oa IBaJIlKa IK Ielr-O lOCH Ha

yrq.aIC1lK)e SaXB3''fIa, K ' 01l0pbIH HIOC'HfT IHa31BaiHiH'e iK'OHYlea rrp.o-

IlIH:B/J(H;

f3
-

YIf10JI 'nl())):{rallliH, T. e. Y'DOJI ,HalKJIIOIH'a 'DieH Ba\JIlK:a ,K \Q!CIH np'OlKaT-
u u

IK�H, 'C'o;Blna�alOIIJ.eH IC ,orCblO 3alI:0'1'OIBIKiH, :TI.lotl(a�:aeMIQlH :B BaJIK.H.

3'T10 IBbI,p,a}l{eH:H,e rO!rrp,e)J.'eJIIHeT ''YICJIIOIBiae' 'CJB'0I6Iov:tH i ODO IB\P alIIleiHHIH 3'al�O.

TOIBIKiH �H 'O�H'O'Bp"eMreHH:O -yln,OBn1e'TB10:pR'eT fyICJIIO-B:HHM e.e IQlOe:BlOinO iB'TR([,;H-

BaHHR. Yron nOJI.aqH HeBenHK, rr03TOMY MO}l{HO npHHRTb COS � � 1.

T'O!I1lLa nOJIo/qjfi:M

b
:;

-./ 2 2

_� �
r ,...,

- sin at

d �
�

d
�,

1+-
D

(576)
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,DIPH al ==='0 eTa IcplOpiM'YJIa Inpe)I-'C'TarB,n:HeT .C06'OH Ylcn,olBlfie (1544)
ocy.�eCTjB:fEMrOCTiH .Bp

1 aIIJ:BH:HI5I 3a�fiOTlo;BKH .B B.aJIIKaQC .B ICJI'Y:lIa.e [JIO'neperq-
nOM nlp'nK.aTiK�H :H a Ir JI aJ(IK'oH 6o:qIK,e. J13 ;CPIO'p,M'Y JIbI '(.576 ) lc.n,�yeT ,

q TIQ

3aX'Ba T Y.JIyqlllIae'fiCR IC �P'OCTOIM IK,013'CP'cp;H!U:li'elH'Ta l1p'eRHR H YIM'eJHb[ll.e:HH-

eM iK'O-HYICHIOC'TlH �BaJIIKa. 'llPHIH:H.MaH :B,O IBIH,HM:aH:H,e, qT,O sinal � tgal, a

II
=== tg�3 rrpH at === �3, nonyqaeM ycnoBHe eCTeCTBeHHoro 3aXBaTa rrpo-

,lIIOJI biHrO M np:OIK a'T1K'H (iaM . n. 1 II' JI . I I) .

IBbIlpalli.enae ('576) .oTI;p.e,n,eJ.lRleT ry'c.nIO!B;He 'T3'K H:a3bIBae.M,o:no Inep-
:BH1J\H,O!DO 13a:XBa'Ta. !B 'M'OIMreHT, �KrOIn.u.a IHIQlOOIK :onp,a\BiKiH K'Q'CHeTiCR �leHT-

panhHloH 'TlOI1.IKiH ''Dop�a ,3alr , orr.OB!KH, JI.OJIlli,H'O IBblrr,OJI.HHTbCH oloJIee }KeCT-

K'O e y'c.n1QiB.H e 1B'T,QP:Hlq:HOIIlO 3!a XB aT a [ 4] .

.KaK 'CJIe�Y'eT HI3 IP/I1lC. �217, ,Ban,K:H ,np'olllIiHlBH,OfIO ICTalHa pa=C!TI'O�iOlli'�"
.H bI IUO !O'THiOIIll eH'11 10 IK IQlCH 'TI'P'OIK a T,K.H TIl0lZI. y.r JIIO-M �, BeJI:H'qrH:H a IK'O'TiOP'O r.o

e
./

A

o

A

o

�

PHC. 217. CxeMa K onpe,lI.eJIeHHIO oceBoit: H TaHreHUHaJIbHOM: CKOPOC-

'reM: BaJIKa

06bI1.IIHO ,He TI1p-eBbIlillaeT 0,1-0,.1:5 paa : (6-9°) 11 JIiH,llIb tB Ip.eJI..'J{'Hx ICJrY-
II aHX )I-'OCTHlf1a , eT 0,.2)5 P aa ( 1-5

0

). IOK PYlliiH aR IOK10PIOC'Tb IK alli.)I-'O H T10q!K}I
u

Ha :nO-Bepx'H'oIC'nH iKIQtH'TaIKTa :BanKIQiB IC 3anOTlOBr.K'OH paB!H.a

nDn
c==-.

60

MeTaJIn IB S'TlOH ,lli,e ''J'10q,K ' e �-BrHllie'fleH 00 IOK I OIP
I OCTb1O

C == "I) C
P.

.., (577)

f]Le 11
-

\K'OBrcp:cpHU,l1eHT ICK,OJIbJK.eH:HR.

.IlpM 11 > 1 ,M.e'PaJIJI 'orr,ep'e1KaeT !BanIKIH, a :np'H 11 <,1 .M'eTan,n OT-

'CTaeT OT BanKOB. CrocTaBJIHIOlI(He CKOpOCTH BaJIKa B HarrpaBJIe:HHH,

lllapaJI,JIeJIbH'QlM lOCH 00 3a'I'OT'OIBIKH, iH:B HlanpaBJIeH:H,H, ,TH�;p,ne,H�HiKY-

JIHPH!OM o.eH, O'YJI.YT (P'HIC. 217):

Co
== c sin p;

c
T

= C cos �,

(578)

(579)
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Melli;,lI,'Y aalnnT10:BrK,OH H 113 aJI K aM:H HIM eeT 1M eC"J'10 IHeiKIOTrOlplOe np,OOK,aJIb-
3bIlBa I

HiM'e, iK10'Top,oe Y'IITeM K'OI3,cplcp�HiUHeH'Ta.M.H TaIHIDelH�H(aJIb:H'OifiO l1T H

ooeHOIPO 110 CKIOJIb:>K'eHiRR.

:B 'TalKIQ.M ICJI'yq.ae IOK10plOtCTH TIrO
I

C'Tyrra1"eJIb.H 1 0IDQ..H 'Hp,a1ru.a'TeJIbHOrl)

,IT.HHlli'elHH 51 13 arrO'T'UBIK:H 16Y,lI,'Y'T IOOQlTlBte T1C'TB eHiH'O .p alHHbI.

C
O . M

=

'1]0 Co =

'1]0 C sin �,

c = "/') C = "'n C cos
R.

T . M
.

'T T
.

'1' P ·

( 580)

(581)

K'03<pq}H1�jUeHTbI OKrOnbllie.H�M51 ICB�5I!3!aIHbI M.ellitlI.Y 1001610"

eM, BbITeJ KalOllI(HrM .J1'3 CP'OPIMYJIbI (p;H,C. 218):

V
2 2

Cpo.
= C O . M + CT,M

rOOIO''f.HIO\IlI eH Ii -

(582)

H �IOIP,M IYJI (1577), t580) H (15'81):

"'fJ
== V '1]� sin 2

� + 'lJ; Cos
2

� · (583)

,nrp:H ITI,oITI1ep.eqiH,OH Inp ' OIK3'TKe � =0, :TI '

OI3'TOiMI)' 11 =l1T; np:H 11IP'Oln IOJIb -

HOM rrpOKaTKe �==n/2, H TOr,lI.a 1) ==110.

HarrpaBneHHe CKOpOCTH nepeMeru.eHHR MeTaJIJIa 3aBliCHT OT COOT-

H Olli eH;H 51 .K'O!3/cp\cpiHl�aelH'T'nB JOCelBIOIDO IH 'T aiHreH:�!waJIblHI01f10 rClKIO� b.:>K eHIH:51.

J113 ,P:HIC. '2i118, a TaK'lli,e :HI3 CPIOPM'YJI (;5 1 80), I (15!8\1 ) iCJI'e��yeT, rq'I'O

C fJo

tg � == � = - tg �.
I.L

C
T . M fJ.r

06bIqHO l1o<l1T' rr03TOMY {3M<I(3 (pHC. 218,6).

113 cpopMyn (577), (582) Ii (583) CJIe,lI.yeT, 1.ITO B Tex cnyqaRX,

KOr,lI.a 11 >1, a6conlOTHa51 CKOpOCTb MeT ann a MOllieT 6bITb ,lI.aLKe

60JIb[ll.e OIK.PYlli;HIOM. ClKiOpOC"PH BlaJIlKa.

Can
Co

CT.N
c

rl1
c

n

a
c

T
t5

c

PRC. 218. CooTHoweHHe Me>K.D.Y CKOpOCT5IMH B oceBOM H TanrCH-

�HanbHOM HanpaBneHHHx:

a -

MeTanna; 6 - MeTaJIJIa H BanKOB. eCJIH P>f3
J.t

B ll'OCJIe:.JJ:iH,H,e I,DOI,lI.bI lHa:q�HHaIOT BiXrO,rr;HTb IB y,noT.pe6JI'eHiHe �peXB-aJI-
u

'K'O BbI e IC'T,a'HbI, Y KIO''fIOIp bI X lII'eHiK'H B aJIIKIO!B oln I1Jp.a IO"DC51 H a nrOJ(IllI�HIIIHH
-

KH, Ip,a;eniOJIIOlli"eHiHbIle 1II'0I,lI. �rr,JIlo.M 2,.04 pa8 (.1;2'.0°) JI.lp)'1r II{ �PYlry. OnbI-

TbI 'nOKa3bIBalOT 9 .qT.O oceHoe .ClK'Onb}KeH'He B TpeX'BaJIKOHOM CTaHe
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M.eHblllle, 'qeJM IB JI.:BI)hXIBa.JIK'O!B'OIM, Ha 20-60 %
,

a pa.CX10llI. BIH'ep:rH.A
MeHbillI.e iB 1 ,r5-,1,8 p,a.3a. E)-TO O\6'BRIClHHeTeR JIl)'iq;lllHIMiH Y'CJ!IOB;HHM'rl

u

saxBaTa, YMeHblll1eJHHeM IcorrpO'THBJleH,HH TpeHI1H 1B T3iHreHI.lHanb r HOM

H a:TIlp a.BnleH'lI�H BIB,HUJ.'Y o'PC'Y'fIC'nHHH JI�lf.HeeK.

IllP:H lIT.IOeTaTlQlqjHIQ. 60,JIb(Ill;HIX OI61K3T:H:HX :J].epe)J. \H'OICKIOM 'OiTIpaBiKH
n plQ.llIHlBlKla B TP eiXIB aJIIKOB'OM IC'DaiH'e !HOJ. eT !C on ep elli,e,H;aeM. H:a1TIip,H.M,e.p,
TI,p:H 106'lli aTIH,H !B [J,erp'elli.RM,e .1 �51 %

'H ll'ep e.,n H!OClK;OiM Orrrip a BIK�H 11 0/ 0

K,()j3\CPlcp:H'�HreH'T 10iceBiOiDO 'OKIO.JI b1KeHIH R 6 bI.JI p.a:HeH 1 ,.01-1 ,107, a TIlp'H
-

Mep.H,o TIP:H T,ex llie o16lliaT'HRX B :nIBIYXlBaJIIK'OB'OiM CTa!He 0,9.

IfJJP'Q-llIH;BIKY MIO(}KH'O ,pa3
r,neJIIH'Tb Iflla 'llp'H 'CTai,n,HIH: 1) Ha�TI'OJIIHeHHie M'e-

Ta.JIJIIOM rOqalra llI:ecplo.p,M.alu'uH, IKroTop'oe np'OI,n'OJllliaeTIC'H lOT MIOM.eIH'Ta

OO'TIlp:H:K
I OCHIQ:BeH:H5I l3a�f10TtOrB'K�H IC 'BraJIKaiM'H lIT.iO H1aqaJIa IBbI I X , 0lD.8 II"O''DO:B'OH.

PHJIb'3 bI ; 12) rCT aJI.JHIH IYICTalHOIBIIf.B III,enOICH :nIJ)lo�'eec a ; 3 ) 'QlCB'0160-lli�eH:H e

MeTaJIJI'OM o;qalra A,ecp i
opM.aiJJ.'I1 I H.

MH'0f101.IHICJI,eH,Hble IOTIbITbI nOKla3blB alO'T, rq'TO I)'IC'TlOHlqJ1lBbIH I11prOI�eoc

IIp!O\IlN�BIKH iMlQllli,eT lIItprQlH'CXOJI.:aTb J{.aIK npiH 10r'DCYT'C'1iB:HiH, TalK tH np:H Ha-

JIHi1.I'HIH iHefrnpaJIbiH'OirO IOe'1I'eHHH, :nelp'TI�eHI.rr:HIKYJI:5JipHIO\IlO OICH Bai�O'f:O!BIKM.

B'M!eiCTe IC 'TieM :H:MeeTCR iHeH'TpaJIbH10e leeq'elHine, Kl0'Do,p1oe )J:eJIil1T Olqar

.J.e\CP'OIP�Ma��H:M :TIIO 'eirrO tlI.n'H'H,e :H.a \310HbI iOCeBIO!fiO 'O'�CTa'Bla:HHH iJ1 'orrep.ellie-

HHR. -.'4aIIJ.e, o,nHaKO, rrpOllIl1BKa rrpOHCXO,lI.HT nHllIb npl1 HanHqHH 30-

H bI OloetBrorrO OTCT a.B a:H:H H.

.nlP.H IOK'OJIb}KeH'UH B Ta.Hfr'eH:�:HlaJIbH,OiM !H3iTIlpa:BJIeHilfil1 MlorYT o6.pa-
30iBbIIBa'Tb I OH 10i,QiH10 IMJfH �'B.a H.eH1;paJIblHbIX "OeqeHH:H.H IOQlO'T;He'DC'TIBoeHHO

o',n.Ha !HJIiH �lB-e 310'HbI Oinepe,}l{'eH:HR .rrpH IBOCO�le '11 BbIXIOllI.'e J113 IQqara

}J.ecpopMa�HH (pIHC. 2-19). '4 a IIJ.e, O,lI.HaKO, Ha6JIIO,naeTcR o,nHa 3a,nH5IR

30H.a 'nnepelli,eH'H:R iOOirJIaIDH'O 3nlO:pe A. OI6bl'q:HIO ,nJI\H:Ha S'IlQ.H 30HbI

P a:B!H,a 0,.2-0,4 1()'T �JI�lf.HbI Of1.Ialfa JJ.e<p10pMia!U'MI1 I B KOIH'Yloe ,np I O[Jj,I1IB.KH.

CIKtOJIbllieH:Hle B TaiHlneH'I(J1.aJIb:HiOM Ha:npa'BJI'eHH:H 06YICJIrQlBneHI0 �B'y-

MR nlp.aq'H:Ha.M:H. O):(!H:OH iH'3 [Jp.HIlIH:H 6rB.JIHe�CR 1I31M,eHeHae rIlO !lLJIHH,e

rCOO1iHrQlIII,e:H,HH 'M!elliJI.1Y �:HaIMe'Dp'O�M IBiaJI,KIOIB 3aI110'flOBIKH, ,KlO'TlOpOe 10r6yc-
JIO!BJIleH'O :KIQiH'Y'CH:OIC'TblO :B aJIiKOIB. IB''Do.p.a R :TItp:Uq aH 8 - ITIJI a:CTH(1{.e I CJK a 51

,necpopMagHH, rrpOHcxo,nRIIJ.aR 3a CqeT TaHreHlI.HanbHOH paCKaTKH Me-

T a JI,JI.a. '06 bI!1IIHO .KI0!3ICP'CPiHi�H eHT 'Ta:H!peH:U:H anbH I 01110 iCK'OJIh)KreH,HIH 'H3'M e-

H'5I'e'1iCH B )J;OB'OJIHH10 Y3IK.HX :lJIpel,lI.eJIalx: l1T =!O,;80+;1 ,.05.
OceBoe CKonbllieHHe, KaK H TaHreHUHaJIbHOe, TaKllie RBJIReTCH

�CJI'eJI.ICT'B;HeM ,T'eOMeT:p.H'q'e:C!K'oDO $ alKTIOp a 'Ii TIJI'aICT,H'q'eOKIO H in ecpiop M ar�;H 11.

;H a OIOH'Q:B a�H�aH a:H aJI,H'3 a 'TeO i
p,eTI1:q r eOJ{]HX H StK 1 cnep:H,M i eH'f1aJIb!HblX

}1.a�H;HbIIX, Inpione,rr.,eHHbIx B -K1H,HIDe [5], M'OJK.HIQ IpeK'oMeH,n�oIBa'Tb ICJI'e)I.'YIO-

lI(ae ;Bblpa�lli.eHHR JI,JIIR IOTIp,e,n,eJI.eH:I1H iKI0'3icplqn'I1�H:eH'Ta IOOeiBIOfiO ICKIOJIb)Ke.�

H.H:H Uf a B bIX1o,n.e r'I1JI b3 bI 11113 IBla JIIKIO'B :

(
d

3

)
En

"/]0
= 1 - 0,1 1 + -

-,
D

n f.ta
(584)

r)Le d 3
-

.lI..Ha,MeTlp aanQlT!OB:K;H;

Drr -

;lLHalM'eTp !BanIK.a B nep;elliHiM'e;

Err
-

CY:M'M.a.pHlne 06 lli aT.H,e B rr ep.e.}K H,M'e;

B -

y;rOJI n'o�alq-H;

ll- !K'O!3\cpl<pH'�iueHT ''f.p'eH.HH 'TI)prOIKla'TbIIB aeM!OH /3aIDOT,Q;B!KII1 10 :Ban,KH.
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11:3 Y'CJI,O!BHH fi I O\C'T'051H'CllBa oeK'YHI�HblX 06'beM'OB HMleeM

F
H

1
r -c '-c
""O.M

-

H

F
-

Ii

�
'

H

r.11.e co.M,F -ICKIO:p,OCTb ,H IIJI'OIIJ.alZI.b 'rr I 0IILep.e l 1.I:H;0)1l0 ,c.eq.eHH:5I B JI.aIHiH'oi%

T101ll K'e;

C H , PH -

CKOP'OCTb H rrnOIIJ..a)I.b, 'OOO'TBeTC'TBYIOllI.a.51 )I.HaMeTpy IBan-

K'Q.B B 'CeqeHHH, .npOX'O)I.RlI(eM -q,epe3 HOCOK ,onpaBKM;

A.H - B bIT RJKJ<:-a, 000 1IB , e'DCT1B'YIO,IIJ. a 51 '3'I1nMI)' c-eq e\HIH 10;

:rtn

D
.

R
C

H
=

"f'jo
-

H
sin p.

60

.Eren:H TO'p e� KlnH!U a ionp a:BIKH 'COB'll aJL a.eT :C :TI,e,p,elli1I1iMI0 M IB aJIIK'Q.B, T)

I£H===)1,rr; CKOpOCTb rrocTynaTeJIbHOrO )I.BH}I{eHHR, KOTOpylO HHaqe Ha-

3bIBalOT 'CKrOp'OCTblO rrO)I.alqH, '6Y)I.eT !paBHa

1t n
.

F
H

85)C
x

= C
O . M '1Jo

60
DR sin � F

· (5

War rro.naqH S paBeH rrpOH3Be)I.eHHIO CKOpOCTM nO,lI,aqM Co. M Ha

.B.peM51 -o.nHoro nO�Y'n60p.QTa 3aDOT.OBKH 't =160/2n 3 , f]Le .n3
-

'qHICJI,O 060-

P'OTOB ,3arOT.oBKH..

n i O!3TOIMY

c

S =

O.M

30. (586)
n

3

'4:HICJ}IO 06 I OIP'0''fIOB 3aif10TClB!KH' B M,HIH'Y'TY M10JroH,O o!n;pet.n"eJI.I1Tb 113

p aBIe/HCTEa

1t n :n: n
3

'YJ T 60
D cos � =

60 d,

B IK;Q:'DOIpIOIM JIeBa51 ql3-CTb -

BbI'pa}l{eH,ne IOOIC'Ta\BJIHIOIIJ..eli .QKlPY.lli,H.OH
CK�OrpIOICr:H 'BaJIK'OIB, ,nep'rreHUI.H/KYJIHpIHOH ,OCH 13.a r DO''DOlBIK,H -

cp10pMi)'JIa
(1578), a rrpaBa51 q3-CTb

-

'BbIpa}K,eHae .OroPY}KH'OH .CKOP'OCT:H .3aroT.oB'KH�

OTCIO)I.a
D

ns
=

'YJ T d
n cos �. (587)

3

,Op.aHiH!MaR ;BIO iB!HH'MaH:He �yp.a:B;HleHjH'R (685) JI :(687), :TI '

OJllY1q:I1;M M:3

�BbIpallieHH51 (1586): �

1)0 D
H

F
H

d a

8=3,14 -. -. -. -tg�. (588)
1)T D F 2

IC KHlHeM.aTHIKloH ;'II'O'uep,eqIHO-BHfHTlOB'OH TI'PIQIK3'1iKH TeCH'O IC:BJI3aHR

CK10lpiOCTb JI.eJcp!OlpiMaU.-UH InpiH TIIjJ.OITIlHIBKe. .C'OrJI1alCIH10 ;n..5 [,JI. VII, IQ'TH{)-

CMTenbHaR CKOpOCTb JI.e$opMa�HH B nlO6oM CeqeHHH KOHyca rrpollIHB-
2c

�KH IBbrpalliaercR 'cnell1:YlOmH� '0I6pa!3 l oM: U x
= �

TIlp:Htq'eM aepr:H-
d

iK a JI bH a R C'OC''f1aIHJI 51 10 llI.;3'H C Z OKIOpiO)C TH n10!.ll alq H C x !p a:B!H a : C
z
= ex tg al.

2 C
x tgal

D03TOMY U
X

=

d (589)
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O'npe.ll.eJIMlVI ep.e.ll.'HIOIO 'CKOP'OCTb ,11,ec}:>OplVlal(I1H B KloHyce npOlll.MB-

K H. IIlIQ Icp:Olp'MY,JI'e (5'85) 'OK10p!OC'TiH «nOiA aq 11 II pH iB x,oj,Qe B B a.JIIK:11 H nip H

B bI XIQI.lI.le HI3 KIQlH'yc.a npIOllll.H1BIK111 p aB.H bI :

C x 3
=

"1]0

11:n

D sin � (
dH

) 2; CXH =

"I/o

:n: n

D
H

sin R.
60

n
d 60

p

s

DOj3TOiMY 'Op.eJ(,HRiR IBeJII1/1.fI1IHa ICK'OP'OC'TI1 [IIO.ll.ai1.IU \B \KOIH¥,Oe np:oIII.JI1IBKH
o np'el.ll.'eJI:RerncH KlalK

C
P

= �
"I/o

:n: n

D
H

sin � [ 1 + (
� \

2

Jc
2 60 d )

·

S J

C
u

d ds + d
n

;p e�IH:11 H }J.IM aM eTp 3 a\f10 'f10:B 1 KI1 B K10'Hy'oe rriplOlllliMBIKI1 p a:HeJH =

2

.H a 'QlCHIOB aiHIf,H p 3'B eHICTlB-a (1589) 11 III,OCJI,e!.lI.,H.H1X JLB!y!X CrOOTH!OIllI:eHH if

Cpe.ll.HHR CKOpOCTb .lI.ecpopMal(1111 B KOHyce rrpOllll1BKI1 6y�eT BbIpa-
>KJa TbiCR cpIO.p,MIY JIIO if :

2
11: n D

H
.

A tU =

"1]0-
- SIn p g al

60 d
3

1 +(�r
d

l+�
d

3

,[L!U3'M ' eTipbI 3aln0'f10IB'KI1 lII.p:H BX,O.ll.e !B BaJI!KH 'Ii IB K'OIHl(,e KloHy'ca .nrpo-
IlIHlBKI1 ,MaJIIO IO'TJIHQ,aIO'lICR. OQI1 '

Ta5l, d 3 � d H , nO.JIY1q:l1iM n,oCJIeJI:HIOIO <pIOp-
MYJI'Y B T3IKlOtM BIH\J1.e:

n n D
H .

u t
= 2 "1]0 60

- SIn � tg ale (590)
d

s

OrrrpeJI. eJIM M 'Op,e.ll.HIO IO 'OK'O.pIOCTb .lI..e<p'OIP;M' a!IJ:H 11 B -K'OH!)"ce p a.CK a'TlK H .

3J(ieCb, a:HaJI , OTI1:q,HIO BbI:pal}l{!elHI1IO ('589), iH:M.eaeiM .lI.JIR \K'a}l{�oit: 'IIO'qIK:H no-

HBp�.H'OC'TM KIGHT 3IK'T a

u =

C
x tg U2

(591)
x

t
x

r .lI.,e t x
-

TOJIilI(I1:H a CTe:HIKI1 n�plOlllllHB ae.MIQ it: r.M.JIb3 bI.

COrJIaCHO <popMYJIe (585), CKOpOCTI1 rrO.ll.aQI1 rrpl1 BXO.ll.e B 'KOHYC

p'a.dK a TKI1 '11 TI,pIM 13 bI XIO.ll. e 11!3 H er,o p alBiH bI :

11: n

D
·

A
11: n

D
.

A PH
CXH="l]o

-

H
SIn p; Cxr="l]o- HSlnp-.

60 60 Pr

Cpe.ll.HRR BeJIMQI1Ha CKOpOCT'.H orrpe.ll.eJII1TC5I KaK

1 11: n

D
·

A

(1 +
PH \

C
cp

=

2
"1]0

60
H

SIn p F).
IClpe.ll.H101O T10JIIItI1H'Y JC'�elHK,11 rl1JIbl3bI H alH.AeM CJI'�YIOIIJ.J1jM 10I6p aI3'0!vl:

d
H

(
2 t r

)2
+ tf' 1 +

d
t

dH H d H

(
2 t r

)cp

=

2'

=

2 2
�

4
1 +

[d s

'

r,llie tI' -

Cp,e.ll.JHRR 'f10JI'lI(HHa CTeHlKlI1. I!M.JIh3bI.
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Ha 'OCHOBaHI1I1 BbIpaJKeHI1R (591)
B KOHyce pacK3TK11 6YJLeT paBHa

F

l+�
Ff'

2 t
f'

1+-
d

3

CpeJLH5I5I CKOpOCTb �e�opMa�HH

iC 'HCIJ.OJIB3,OB a:H:11 eM B bIp a.}K,eH 11 H ( 590) 11 ( 59.2) novryrq1H.M
HHe CpeJLHeH CKOpOCTH .lI.e�OpMa�1111 rrpl1 rrpOllll1BKe B TaKOM

F

1+�
Ff'

2 tf'

1+-
d

s

F

l+�
Fr

2 tf'
1+-

d
3

� n
D

H

U 2
"= 2 "1]0

- - sin � tg 0:2
60 d

3

� n DIi ·

A
U =

"1]0
60 d

SIn p

s

tg 0:
1 + tg C<2

sin p
MJIH U =

"1]0 VB
d

3

tg 0:1 + tg a2

(592)

iBbIp a>Ke-

BI1JLe:

(593)

(594)

Onpe.lI.eJII1B no <popMYJIaM (593) H (594) Cpe.ll.H101O CKOpOCTb .lI.e�OpMa-
1l)111 B O{l1'alle .lI.{�I<p,op,Ma�.H'I1, ,M'O}KIHIO H1aH'IiH 3Haq'eHI1'R onOTBe�e'I1B1)'IOlI(Hx

CKOpOCTHbIX K03��I1�l1eHToB nv CM. n. 5, rJI. VII).

2. nJIOll\a.II.b uOBepxHocTH 'KOHTaKTa

3arOTOBKH C BaJIKaM'H 'UpH ,UpowHB:Ke

n.p�11 .np'OI11I:I1:B!K'e H 3 OIIIlp 3'BK e 0
1
1.1 air .lI..el�lQlp,M aI.LH.H MIQ }K:H'O P al3l)I.leJIli Tb

H3 'C.JIe.)J.YIOlI(IH'e qeTbIp.e 80lHbI (pl1 l c. 1219): I - BiOIHa n'p'oK'aTK:H CIIJIrOIlI-

H-DH 3arO''f!0,BIKI1 M,e>K..lI.Y ,l(:BY;M.H BaJIK3'M'I1; I I - 3.OiHa paCKaTI{11 Ha �H-

'h

PHC. 219. CxeMa oqara .n.ecl>opMaI{HH npH npollIHBKe H B03MO>KHb1e 3TIIO-

pbl T8Hf'eHl\Ha.TIbHOrO CKOJIb>KeHHH

411;11 H1.1I:p.nq
l eCK 1 0 H 'IIO:B!ep:X!HOCTH HIOOKla Innp 3IB!KI1; I I I - I3'O,a3 p a!OK a TK II

Me}K(JJ.'Y B3JIiKaMH H 6.OIKIQIHOH �nOlB'epXiHIQiC'TbIO orr,paBiKIH; IV - SIOHa 06-

lKaTKH 111 'orop!)"rJI
' e!H'I1R Irl1JIbl3bI. K31K BI1.lI.HIO IIf:3 pI1IC)T;HKa, BIOIHbI I, I I H

qaCTb 30HbI III �o nepeJKMMa B3JIKOB o6pa3YlOT BXO.lI.HOH KOHYC, I1Ha-
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qe Ha3bIBaeMbIl1 KOHYCOM rrpOllII1BKI1. .OCTaJIbHaR qaCTb 30HbI II I 11 30.-,

HbI IV oopa3yeT BbIXO,lJ.HOM KOHYC, HHaIIe Ha3bIBaeMbIH KOHYC01\I

paC,K3''DKI1.

,l:LJIR paC1.JeTOB rrponecca KOCOH rrpoKaTKH 11, B qaCTHOCTI1, rrpOllll1BKI1
HreOlo X'O�.l1iM:O '3H 3'Tb :p al3'M , ep bI IOl! air a �,lJ.'e.cp'op,M:alnl1 H : e;f1O �,JI'HHY, !II r l1lp J1HY

rr'one.pXJHocTeH 'K,OHTaKTa 'g.arO'TOBKI1 C 'BaJIKaM.H H ,onpaB�KoH, pa.CCT'OR-

(HHe Me}J{,lJ.Y 'OCbIO 'rrpOllII1BKH 11 :BaJIIKaMH.

OOlI(a51 ,lJ.JII1Ha KOHTaKTHoH rroBepXHOCTJI 1 paBHa cYMMe ,lJ.JII1H II BO

BXO,lJ.HOM KOHyce (KoHyce rrpeccoBKH) H BMXO,lJ.HOM KOHyce � (KoHyce
paCKaTKI1); 6e3 yqeTa nepeKoca BaJIKOB 3TH ,lJ.JII1HbI paBHbI (ClVI.
pl1c. 219)

rs -'n
11 =

,

tgo 1
(595)

'I-Tn
1 2

=

tga2
' (596 )

r,lJ.e at, a2
-

yrOJI BXO,lJ.HOrO 11 BbIXO,lJ.HorO KOHYCOB 11 BaJIKOB;

'3, 'r, 'rr
-

pa,lJ.I1YCbI 3arOTOBKH H rMnb3bI H rrOnOBI1Ha paCCTORHI151

MeLK,lJ.Y BaJIKaMI1 B rrep e}J{11 Me.

PaC1.JeTbI nOKa3bIBaIOT, qTO BeJIUqHHbI -II U l2, BbIql1CJIeHHbIe no pa-
BeHCTBaM (595) H (596), Ha 9-12% rrpeBbIlllaIOT ,lJ.JII1HY BXO,lJ.HOrO 11

BbIXO,lJ.HorO KOHYCOB, eCJII1 yqeCTb yrOJI nepeKoca BaJIKOB � [5]. Pac-

CMOTpl1M np0l13BOJIbHOe CeqeHl1e 1-1 3arOTOBKI1 B KOHyce npollIHBKIi

(pl1c. 220). 3a rrOJIOBI1HY 060poTa B BaJIKaX 3arOTOBKa rrepeMeCTI1TCH
Ha BeJIHqHHY mara nO,lJ.a1.JH S H 3aHMeT rrOnOLKeHl1e 2-2. npl1 3TOl\J

np01130H,lJ.eT o6LKaTHe Ha BeJII1QI1HY d, = '1
-

'2
= S tg al.

--r--
I l!

2 2

-/f-� ,

b

�

----+-
PHC. 220. Oqar .u.ecPopM a I{HH npH npoKaTKe Ha npollIHBHOM CTaHe
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IlpHHI1MaH BO BHI1MaHl1e BbIpa>KeHl1e (588), rrOJIyqHM

l\r=3,14!h....
DH

.f-.� tg�tgal. (597)
't')T D H 2

1I1l1pHHa KOHTaKHoM nOBepXHOCTIM B CeqeHHI1 2-2, cornaCHO cpop-
MYJIaM (541), 6 y�eT paBHa

b V
dAr

-

1 + diD
·

PaCqeTbI no 3TOM cpopMYJIe �alOT 3aHI1}J{eHHbIe 3HaqeHI151, TaK KaK

npH 3TOM He YIIMTbIBaeTC5I OBaJIH3al(I1R CeqeHI1R. f103TOMY �JIH pacqe-
TOB IlIl1pMHbI KOHTaKTHOH nOBepXHOCTH JIyqllIe BOCnOJIb30BaTbC5I cpop-
MYJIOH (5 42):

b = 'I' VL\rd, (598)

B KOTOpOH, COrJIaCH'O orrbITHbIIM �aH.HbIMl, K03cpcpl1l(l1eHT OBacJ1bHQCTH

MOJKHO paCCIIJlTaTb no cJIe,lJ.YIOlI(ei1 cpopMYJIe:

'IjJ = 0,715 ( 'ljJm
- 1 ) �

-

'ljJo. (599)

B 3TOH <popMYJIe x -

TeKYlI(aR KOOp.ll.I1HaTa, T. e. paCCTORHl1e OT HY-

JIeBOr,O -CeqeHHR, rrp'oBeJ(e.HHoT10 'qepe3 'ne;p,e>KI1M ;BaJIKOB, ,lJ.-D .lI.3iHHOr , O;

11 -

�JIHHa KOHyca npOIlIHBKH, onpe,lJ.en5leMa51 no <popMYJIe (595);
'I'm = 1, 11 -:- 1

,
1 3; 'Po = 1,08 -:- 1 ,09

K03<P<PJI�JleHT OBaJIbHOCTH B KOHyce pacKaTKM MOJKHO npHHI1�IaTb:

'i'= 1,7-:-2

PaCCMOTpl1M np0l13BOJIbHOe CeqeHHe 1-1 3arOTOBKI1 B KOHyce pac-
KaTKM (pHC. 220). 3a nOJIOBJlHY 060poTa 3arOTOBKH B BaJIKaX OHO nepe-

MeCTI1TrCR iHa BeJIHql1HY'llIara nO,lJ.a'lJl1 B nOJI ' OLKeH.l1e 2-2. T,oJIlI(,!1IHa 'CTeH-

KM 3a CqeT 06JKaTH5I BaJIKaMJI Ha onpaBKe YMeHbIIIHTcR Ha BeJIl1qHHY
, , "

l1., =

'1
-

'1
-

('2
-

r2) IIJIB L\ = (r2 -

'1)
-

('2
- '1).

Ho, KaK CJIe,lJ.yeT Jl3 pJlc. 220:
, ,

'2
-

'1 = S tg Cl
2 ; '2

-

'1 = S tg cp.

CJIe�OBaTeJIbHO:

J1 , = S (tg cp
- tg (.(2), (600)

r�e cp
-

yrOJI KOHyca OnpaBKI1.
EcnH Tenepb BOCnOJIb30BaTbCR paBeHCTBOM (598), TO, KaK H BbIllIe,

l\tIO}J{HO onpe,lJ.eJIHTb IlIHpl1HY KOHTaKTHOM nOBepXHOCTH B KOHyce pac-
KaTKH. O,lJ.HaKO .9TOT paCqeT ,lJ.aCT 3aHJI�eHHbIe 3HaqeHI1H llIl1pl1HbI KOH-

TaKTHOH nOBepXHOCTH. 3aHI1JKeHHe 51BJI5IeTCR pe3ynbTaTOM'Toro, qTO Ha

60JIbIlleM qaCTH KOHyca paCKaTKI1 MeJK.lI.Y BaJIKOM H onpaBKOH npOKaT'-
Ke nO,lJ.BepraeTCR cpaBHHTe,JIbHO TOHKOCTeHHoe nOJIoe TeJIO. f103TOMY
ocymeCTBJIReTCR nO.ll.rl16 CTeHKI1 K BaJIKY, OOYCJlOBJIeHHbIH TaHreHIJ.I1-

1
K a 3 a K e B H q r. c. - «06pa6oTKa MeTaJIJIOB .naBJIeHIHeM». J1., «MaIlIuHo-

CTpoeI-IHe», 1965. (TPY.lI.bI J1ilH. C6. .NI� 243), c. 157-166.
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aJibHbIM nO,lI,rrOpOM, KOTOpbIH J{ TOMY JKe Ha 60JIbIlleH qaCTI1 ,lI,JII1HbI KO-

"yca paeKaTKH !lOnOnHReTC5I CTeCH5IIOIII-I1M ,lI,eHCTBl1eM JII1HeeK. B pe-

3ynbTaTe npOI1CXO,lI,MT YTOJIlI(eHl1e CTeHKH rl1JIb3bI (pHC. 221), 3a CqeT

IIero B03pacTaeT Benl1III1Ha 06}KaTI151 3a nOJIOBI1HY o60poTa. f10 ,lI,aHHbIM

pa60TbI [5], e,lI,I1HHIIHOe 06JKaTI1e BCJIeJ1.CTBl1e YTOJIlJ:(eHH5I CTeHKI1 YBe-
JIl1ql1BaeTCR npl1MepHO B 1,3-1,8 pa3a. f103TOMY ,lI,JIR paCqeTa IlIHpl1HbI
KOHTaKTHOH nOBepxHocTM 06JKaTl1e, paccIIHTaHHoe no <}JopMyne (600),
CJIe,lI,yeT YBeJIHqHTb B 1,5 pa3a, T. e. rrpl1H5ITb llTO L\.r= 1,5 S (tg <p

- tg (
2 ).

Tor,lI,a C yqeTOM paBeHcTBa (588) nOJIYIII1M

110 D
H

1 d

6.r = 1,5'lt
1h. v. � 2 tg�(tg<p-tga2). (601)

3aMeTI1M, qTO IIll1pl1Ha KOHTaKTHOH nOBepXHOCTH 6Y,lI,eT YBenl1qH-
BaTbC5I 11 3a CqeT OBaJII13aQMI1 CeqeHHR. 3TO YBenl1qeHl1e MOJKHO yqeCTb

C nOMOlI(bIO K03cpcpl1QI1eHTa OBaJIbHOCTH, onpe,lI,enReMOro no <}JopMYJIe
(599), eCJII1 B HeH BeJI.I1III1

I

HY 11 3aMeH'HTb

BeJI!l1qII1 I HOH 1 2 OII'peJ(eJI5Ie.MOH no <}JOp.MY-
ne (596).

,B!BHJ(Y Toro, q'TO IllIl1p'I1Ha 'KOHTaK'TH,oH

rroBepXHOCTI1 113,M.eHI5IeTC5I no ,nJIHHe oqara

�ecpop'Mal(:I1I1, ero pa36111BaIOT Ha m Y'IIaCT-
KOB napaJIJI.eJIbHbIMI1 CeqeHHR:MI1, OTCTOR-

UJ.HIMI1 i.lLpyr OT ..n.pyra Ha paCC1'1O:51'HM:11 �l.. H

.L(JI R K a}J{)1. Q rlo 113 H I1X .no .cp.o:p MY JI aM ( 5.99) ,

(5-97) M (i6'OI) ,orr,p.e)1.eJIRIOT BeJIH'QI1HY b.

06Ill.YIO IIJI.OIll.a,lI,b !Ko.HTaKTtHOH ,fi'OBep,XH,OCTH

'nO,lI,'Cll'I1TblBaIOT no cp,o.pMyne
PHC. 221. nOnepe1JHblH cpe3 m
rHJIb3b1 C YTOJI�eHlfeM CTeHKH

F _

_

I
bn + b

n + 1
Ha Bxo,ne B O1Jar .lI.ecPopMa�HH.

2
81.

CTpeJIKOA nOKa38HO HanpaBJIe-
HHe Bpa�eHHfI 3af'OTOBKH n=2

(602)

3. ,nel)JopMHpoBaHHoe H HanpSl)l{eHHOe 'COCTOSlHHe

".pH InpoIDHBKe

Cpe,lI,Hl1e QaCTHbIe 06JKaTH5I B KOHyce npOllIl1BKI1 HaXO,lI,RTC5I B npe-

,lI,eJIax 0,5-1,2
%

,
a KOJII1QeCTBO l(I1KJIOB B MI1HYTY paBHo OT 5 ,lI,0 20 [6].

f10 ,lI,pyrl1M ,lI,aHHbIM (MOCKoBcKoro I1HcTHTYTa CTanl1 H CnJIaBoB), cpelI.-
Hl1e QaCTHbIe 06JKaTI1R B KOHyce npOllIl1BKI1 HaXO,lI,RTCR B rrpe,lI,eJIax 0,5-
5 0/ 0 ,

IHI1}KHI1H II,peJI.'eJI ,OTH,OCI1TiCH K 06bI ' q'HO npl1.MeHReMbIM YCI1JII151M .rro-

.n.aQI1 0,14-0,17 paa (8-10 rpa,lI,.), a BepXHI1H - K 0,44-0,5 .paa
(25-30 rp a,lI,.) .

B CBR311 C ManbIMH BeJII1QI1HaMH 06}KaTI1H 11 yrJIOB rrepeKoca BaJIKOB

HanpR}KeHHOe COCT05lHI1e B KOHyce npOIllI1BKI1 onpe�eJIReT npol(ecc no-

nepeQHOH rrpOKaTKI1. f1 pl1 O,lI,MHaKOBOM ,lI,l1aMeTpe BaJIKOB ,lI,aBJIeHHe

JIHHeeK Ha 3arOTOB
'

KY He3HallII1Te;nb1HO. 003TOMY B'03,lI,eHICTBHeM Ha 3a-

rOT'OB!KY iHanpaBJI5IIOIll.I1X n'HHee.K :B KOiHy;ce npOIlII1.BKI1 npeHe6peraIOT.
.Pacc:MoTpI1IM CeQeHl1e 1 -1 B K'oHyce npollIH:BKI1 (CM. PH'C. 220).

,l:{onycTI1M, QTO 3arOTOBKa COBepIIlI1JIa oeCKOHeQHO MaJIbIH nOBopoT.

Tor,lI,a B 30Hax, nO,lI,BepraIOlI(I1XC5I HerrOCpe,lI,CTBeHHoMY B03,lI,eHCTBI1IO

BaJIKOB, ,B03HMKaIOT pa,lI,HaJIbHbIe Hanp5l>KeHI151 CLKaTH5I, KOTopbIe I1Me.
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lOT MaKCHMaJIbHYIO BeJIl1llI1HY, COOTBeTCTBYIOlI(YIO ,lI,aBneHI1lO, Ha no-

BepXHOCTRX KOHTaKTa.

f1pl1 nepeXO,lLe OT 'HOBepXH.OCTI1 KIOHTaKTa K �.eHTPY CelleHM.H pa.ll.l1-
aJIbHble C}KI1MaIOlI(l1e Hanp5l)KeHI151 YMeHblliaIOTCR, TaK KaK OHM pac-

'npe,lJ.eJIeHbI no ,60JIbllI,eH nJIom a,lJ.!H. B 'llaCTHX :3aDOT'OB:KI1, He no,rr..BepraIO-

Il..{HXC5I HenOcpe,lJ.CTBeHHOMY B03,lJ.eHCTBI1IO BaJIKOB, no,lI, .lLeHCTB.l1eM
BHeIIIHI1X CI1J1 B03HI1KalOT pa,lJ.HaJIbHbIe HanpHJKeHI1R" Benl1lll1Ha 11 3HaK

KOTOpbIX 113MeHRlOTC5I B 3aBI1CHMOCTI1 OT nOJIO}KeHI1H paCCMaTpI1BaeMO-
frO .Me;pl1.l1.l1aJIbHOfoO .ce1.JeHI1R. "TaKM'M .o6,pa3'0M, IHa 1np5l}KeHM5I C}I{aTI1R

HMelOT MaKCI1M.aJIbHYIO BeJIHllliHY Y nOBepXHOCTH KOHTaKTa.

Kor.rr.a 3arOTOBKa nOCJIe.rr.OBaTeJIbHO COBepmaeT O.rr.I1H, ,lI,Ba H 60JIee

o'60P'OT l o.B B :BaJI'Kax, ce-q.eHH.e 1-1 ,nepeMelI(a.e-rCR B nOJIO}KeHl1e 2-2 J1

T. ,lJ.. npH1.JeM MeJK,lJ.Y KOHl1lleCKHMI1 nOBepxHocTRMH BaJIKOB oCYIll.eCTBJI5I-

eTC5I OOJKaTHe 3arOTOBKH no ,lJ.l1aMeTpy. BBH,lJ.Y MaJIOH III 11 pl1 HbI KOH-

TaKTHoH nOBepxHocTH HarpY3KH, npHJIO}KeHHbIe co CTOpOHbI BanKOB K

3arOTOBKe, HOCRT cOCpe,lJ.OTOlleHHbIH xa paKTep. f103TOMY nepl1cpepl1M-
HbIe cnOIi 3arOTOBKH 06>KHMaIOTCR no TOJIlI(I1He B 60JIbilieH CTeneHJf,

qeM �eHTpaJIbHbIe H CTpeM5ITC5I oTopBaTbcR OT l(eHTpanbHoH 30HbI. B

CI1JIY YCJIOBI1R CnJIOIliHOCTI1 TaKoro OTCJIal1BaHI1R npOH30HTH He MO}J{eT.

n03TOMY B 3arOTOBKe B03HHKalOT B3aHMHO ypaBHOBeIIII1BalOIll.MeCR

pa,lJ.l1aJIbHbIe Hanp5l)KeHI1R, KOTopbIe, TaKI1M 06pa30M, 51BJI5IIOTC5I pe-

3ynbTaToM HepaBHOMepHOM �ecpopMa�1111 no ceIIeHHIO.

B npo�ecce 06}KaTHR Bpa�alOlI(eHCR 3arOTOBKI1 pa,lJ.l1aJIbHbIe pac-

TRrl1BalOIl(l1e HanpRJKeHH5I, B03HHKalOlI(He B 30Hax, He nO,lJ.BepraIOlI(I1X-
CR HenOCpe,lJ.CTBeHHOMY B03,lJ.eHCTBHIO BaJIKOB HeKOToporo Ce1.JeHI151 nn,

He ycneBalOT peJIaKCl1pOBaTb npH KpaTKOBpeMeHHOM npe6bIBaHMI1. B 30-

Hax no,lJ. BanKaMH.

HanpR>KeHI1R, onpe,lJ.eJIRIOIl(He npOl(eCC ,lJ.ecpopMal(HI1, RBJIRlOTC5I CYM-

MIOH HanpiRJK{�IHII1H 'OT J(eH'CTBI151 BHelllHI1X OI1JI H Han,pR)KeHHH OT 'He-

paBHOMepHOCTI1 ,lJ.ecpopMa�HH Ii ,lJ.JIR nOnepellHOrO CeIIeHI1R nn 11306pa-
JKaIOTC5I .9nlOpaMH Ha pHC. 189. I1cnonb3YR pe3YJIbTaTbI, npl1Be,lJ.eHHbIe
B rJI. XVI, nOJIYIIHM ,lJ.JI5I CelleHHR nn 3nlOpbI TaHreHl(l1aJIbHbIX H oceBbIX

Hanp5lJKeHI1H, H306paJKeHHbIe Ha pl1cYHKe (187).
OnbITbI nOKa3bIBaIOT, llTO B 30He npOIIII1BKI1 HanpaBJI5IIOlI(He JIHHeH-

KH HJII1 pOJII1KH OKa3bIBalOT He3HallJ'1TeJIbHbIe B03,lJ.eHCTBI151 Ha 3arOTOB-

KY.

"

TaKI1M 06pa30M, xapaKTep Hanp5lJKeHHOrO COCTORHH5I B 30He npo-
IIIHBKH npHH�HnHaJIbHO He 6Y,lJ.eT OTJIHIIaTbCR OT xapaKT'epa pacnpe,zxe-
neHHR HanpRJKeHI1H npH nOnepellHOH npOKaTKe.

OnpaBKa, npHMeHReMaR npH npOIIIHBKe, OKa3bIBaeT BeCbMa cnO>K-

Hoe BJII1RHl1e Ha CKJIOHHOCTb MeTaJIJIa K pa3pYIIIeHHIO. HocOK onpaBKH
,lJ.aBHT Ha MeTaJIJI, YMeHbIIIaeT HepaBHoMepHocTb ,lJ.ecpopMa�1111 no 06'b-

eMY 3arOTOBKH, YMeHbIIIaeT BeJIHllHHY paCT5IrHBalOIl(l1x HanpR}KeHI1H B

oceBOM 30He H YBeJIH1.JliB�eT HX pa3HocTb. BOKoBaR nOBepxHocTb on-

paBKH 3a CIIeT ,lJ.eHCTBH5I CHJI TpeHI151 Ha nOBepXHOCT5IX KOHTaKTa C Me-

1'aJIJIOM npenRTcTByeT TelleHHIO MeTanna B. oceBOM HanpaBJIeHI1H Ha ne-

pl1 l cpepl1M, YBeJIl1llH'BaeT HepaB'HOMepIH'QCTb ]I"elcp l

opMaQI1I1 no. 06neMY 3a-

rOTOBKI1 H, CJIe,lJ.OBaTeJIbHO, YBeJIMllHBaeT p aCT5IrHBalOIII-l1e Hanp5lllieHI15J
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11 MX pa3HOCTb B OCeBOM 30He. TaKI1M 06pa30M, �On}KHa CymecTBoBaTb

OnTI1ManbHaR <pOpMa OnpaBKH, npl1 KOTOpOM CKJIOHHOCTb K pa3pYllIe-
HI1IO MI1HHMaJIbHa. 3TO nO�TBep}K,lJ.aeTCR onbITaMI1 [1], cornaCHO KOTO-

pbIM onpaBKa H onTHMa.JlbHOe OTHOllIeHHe ,lJ.JII1HbIOnpaBKH K ee ,lJ.l1aMeT-

PY JIe>KaT B npe,lJ.eJIax 1,5-:-.2.

BHeIlIHl1e, HenpepbIBHo M3MeHRIOIl(l1eCR no )J.JIHHe KOH1(bI Zo 11 Zl 3a-

rOTOBKI1�rI1JIb3bI (pl1c. 220) YMeHbllIalOT CTeneHb HepaBHoMepHOCTI1 ,lJ.e-

cpopMa1(HH no ee CeqeHI1IO. f109TOMY npl1 HaJIl1ql111 -Heo6pa6aTbIBaeMbIx
BaJIKaMI1 KOH1(OB BeJIHql1Ha pacTRrHBalOI.U.l1x HanpRJKeHHH B oceBoH

30He MeHbllle, a pa3HocTb I1X 60nbllIe no cpaBHeHI1IO C TeM CJIyqaeM,

KOr,lI,a KOH1(bI Zo 11 Zl OTCYTCTBYIOT. B COOTBeTCTBI1H C 3TI1M BCKpbITl1e
nOJIOCTI1 B nepBoM cJIyqae 6Y,lI,eT npOI1CxO,lJ.I1Tb npH 60nbIIll1x 06}J{aTI1-

RX, qeM BO BTOpOM.
Bnl151Hl1e KOH1(OB 3arOTOBKI1 XOpOillO HJIJIIOCTpl1pyeTc5I npM npoKaT-

Ke 3arOTOBKI1 H3 CTaJII1 IX18HIOT B rHnb3Y (pl1c.222) [6]. Ha BHY-

TpeHHeH nOBepXHOCTI1 rHnb3bI HMelOTCH KOpOTKl1e yqaCTKI1 C TpelI(HHa-

MI1, pacnOJIOJKeHHbIMI1 He,lI,aJIeKO OT nepe,lJ.Hero H 3a,lJ.HerO KOH�OB rl1JIb-

3bI. TaKoe paCnOJIOllieHl1e TpeIl(I1H MOJKHO 06'b5lCHI1Tb Cne,lJ.YIOlI(I1M 06-

pa30M. Kor,lI,a npOllIl1BKa TOJIbKO HaQHHaeTC5I, ,lJ.nl1Ha oqara ,lJ.ecpopMa-
1(1111 no cpaBHeHl110 C ,lJ.l1aMeTpOM eme MaJIa 11 B oceBOH 30He CYIll.eCTBY-
eT 3Haql1TenbHaH pa3HocTb HanpRJKeHHH, a BeJIl1ql1Ha paCTRrI1BaIOIll.I1X

HarrpR}KeHMH Mana. Do Mepe 3anOJIHeHHR KOHyca npOllIl1BKH <pOpMl1py-
eTC5I �<3cpcpeKTI1BHbIH» Kpyr ,lJ.HCJIOKaQI1H (CM. rJI. XVI), B pe3YJIbTaTe
l.Iero nOBbIllIaeTCR Benl1ql1Ha paCT5IrHBalOlI(l1x HanpRJKeHI1H B QeHTpe

3arOTOBKH, no,lJ. ,lJ.eHCTBl1eM KOTOpWX npOI1Cxo,lJ.I1T 06pa30BaHI1e MaKpo-

nop, CJII1RHl1e I1X B KpynHbIe nopbI 11 TpelI(I1HbI. f10cne 3anOnHeHI151 KO-

Hyca rrpOIIlI1BKI1 HaqHHaeTC5I YCTaHoBHBIIlI1HCR npo�ecc np" HaJII1IIIIH

BHellIHI1X He06pa6aTbIBaeMbIx BaJIKaMH KOH1(OB 3arOTOBKII. 3TH KOHI.(bI

YMeHbllIalOT CTeneHb HepaBHOMepHOCTI1 11 .lI.ecpopMa1(1111 no CeqeHI1IO.

f103TOMY pa,lI,MYC 3<pcpeKTHBHoro Kpyra ,lJ.I1CJIOKaQI1H M BeJIl1qMHa pac-

T5IrI1BaIOIll.I1X HanpRJKeHI1H B HeM YMeHbllIalOTCR 11 npOllIl1BKa npOMCXO-

.lI..I1T (6e3 HapYllleHI1R ICrrJIOlIlH'OCTM. B -331KJIIO'qI1TeJIbHbIH IHeyeTaHoBHB-

�I1HCH rrepMO,lI, rrpOKaTKH 3a.ll.HI1H He06pa6aTWBaeMWH BaJIKaMH KOHeQ

3arOTOBKH I1Cqe3aeT, oqar JI.ecpopMa1(I1M CHOBa YMeHbllIaeTC5I 11 H3MeHe-

IHMe xa.paKTepa ,HarrpR}J{eHHor.o -oOCT'ORH;I1R ,rrp'OI1'CX ' OJ(HT;B .o6paTH I OM

rrOp5l,lJ.Ke, BbI3bIBaR TOT JKe KOHeqHbIH 3<pcpeKT: BHYTpeHHl1e pa3pYllIe-
HI151 Ha HeKOTopOM yqaCTKe no ,lJ.JII1He irHnb3bI He.ll.aneKO OT ee 3a,lLHerO

KOHQa.

Ha :puc. ,2 1 2,2 :BM".lI.'HO TaKlli.e rr.po,nOJIbHOe ipaCCJIOeHHe 'B CTeHKe, 'KOT.O-

p'oe npe,lI,CTaBJIHeT C060H KOJIbQeBYIO TpeII.LI1:HY B rrJIOCKO.CTH, neprreI-!-

,lJ.I1KYJI5IpHOH nOnepeqHoMY CeqeHI1IO rl1nb3bI. 0 npl1ql1HaX KonbQeBoro

pa3pYllIeHI151, K KOTOPOM-y KaK pa3 oc06eHHo CKnOHHbI cneQHanbHbIe

CTanl1, 6bIno CKa3aHO B rJI. XVI. HaJIl1qMe pa3pYllIeHI151 B HerrOCpe,lI,CT-
BeHHOH 6nl130CTI1 K yqaCTKaM, napaJI"TJenbHbIM 06lI(MM TpeIll.I1HaM,
BnonHe corJIacyeTc5I C npl1Be.ll.eHHbIM 06'b5lCHeHl1eM.

f1po1(ecc, npoI1CXO,lI,5IlI(I1H B 30He paCKaTKI1, MO}J{HO paccMaTpHBaTb
B rrnOCKOCTI1, nepneH,lJ.I1Kyn5lpHoH OCM 3arOTOBKI1, KaK cBoe06pa3HYlO
npOKaTKY 6eCKOHeqHOH KOJIb'QeBOH nonOCbI Me}K.lI.Y TpeMR BaJI.KaMI1, r,lJ.e

pOJIb O,lI,Horo H3 BaJIKOB BbInOJIH5IeT onpaBKa.
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B 30He paCKaTKI1 Ha rrpou.ecc ,lI,ecpOpMaQI1I1 CymecTBeHHOe BJIH5IHl1e

OKa3bIBalOT HanpaBJIRIOIII-l1e JII1HeHKM, KOTopbIe B 3Haql1TenbHOH Mepe
Onpe,lJ.eJIRIOT COOTHOllIeHl1e MeJK,lJ.Y 06'beMaMI1 MeTaJIna, CMemaeMbIMI1 B

oceBOM .H TaHreHl(HaJIbHOM HarrpaBneHI151X npl1 paCKaTKe 06pa3Y IO meH-
CSI rH.lIb3bI Me}J{.lI.Y BanKaMH Ha onpaBKe. ,l:{eHcTBHTenbHO, cor naCHO

onbITHbIM ,lJ.aHHbIM (CM., Harrpl1Mep, [5]), .lI.aBJIeHl1e MeTanJIa Ha 'fITJMHeH-

KY B KOHyce paOKaTKJH 06bI1.JHO

JIeJKHT B nrpe,lleJIax OT 0,3 !LO

0,4 ,lJ.a!BJIeHlI1R Ha BaJI�H.

TalKHIM o6pa30M, B 3'OHe

pa'OKaTK'11 rrpol(eoc onpe,lJ.enReT-
C5I 5I'BneHH'RIM-I1, rrO,lJ.06HblMIH rrp 0-

u

.llonb'HOH rr'p'oKaTKe.

I1Ta'K, rrepeKOIc Ba.ilKOB .M

CiBH3aHiHoe .C IHI1M .nce-Hoe rre-

peMelI(eHll1e BHOC5IT 3JI.eMeHTbI

rrpO.lJ.'OJIb
' H-Di1 rrpoKaTK'M B 30HY PHC. 222. Oopa30BaHHe oceBoro H KOJIbl{eBOro

rrpOllIll1iB�11 H 3JIeMeHTbI rrorre- pa3pYllleHHA npH nepexo.n.e OT HeYCTaHOBHBllle-

pelJlHOM npOKaTKI,1 B 301HY pac..
rOC5I K YCTaHOBHBIlI€'MYC5I npOl{eccy

KaTK,H.

f1 pH rrpOllII1BKe CJIe,lJ.yeT pa3JII1qaTb rrpOl(eCc pa3pymeHI151 nepe,lI,

HOCKOM OnpaBKH H npoQeCC 06pa30BaHI1R l(eHTpanbHOrO OTBepCTM5I,

<pOpMyeMoro OnpaBKOM, KOTOpbIM npe,lI,CTaBnReT C060M npOl(eCC nnac-

THIIeCKOH �e<popMal(I1H, a He pa3pyrneHI151.

f1 pH OCYIIleCTBJIeHl111 HOpMaJIbHOrO rrpOl(eCca npOml1BKH .lI.nH o6ec-

neqeHHR npO,lJ.YK�I1H BbICOKoro KaqeCTBa (OTCYTCTBHe rrneH Ha BHYTpeH-
HeH rrOBepXHOCTH Tpy6) npol(ecc Be,lJ.YT TaK, QTo6bI pa3pYllIeHI1e rrepe,zx
HOCKOM OrrpaBKI1 OTCYTCTBOBaJIO 11 rrpOI1CXO,lI,l1n nl111Ib O,lI,I1H npOQecc
I1JIaCTI1QeCKOrO TeQeHI151 MeTaJIna BOKpyr OrrpaBKI1. OrraCHbIM B 3TOM

CJIYQae 51BJI5IeTC5I He BCRKoe pa3pymeHMe rrepe.ll. HOCKOM orrpaBKM, a JIC1-

BI1H006pa3Hoe, CB5I3aHHOe C n.HaCTI1QeCKI1M pOCTOM QeHTpaJIbHOH nOpbI.

HaIIaJIbHbIH }Ke 3Tan pa3pyII1eHI151 (�p,<1 0- 3
2/CM

3
) ,lLaeT MI1KpOrrOpbI,

KOTopbIe, KaK 6bIno nOKa3aHO B rr. 4 rJI. XVI, MorYT 3aneQI1BaTbC5I MnM

rro,lJ. BJII151HHeM TeMrrepaTypbI (BbI,lJ.ep}J{Ka Ha B03!lyxe), MJII1 npM Cllia-

THH B rrpol(ecce pacKaTKH Me}K.lI.Y orrpaBKoH 11 BankaMI1. 003TOlVlY, rro-

BI1,lJ.I1MOMY, MeJIKl1e nopbI (�p < 10- 3
2/CM

3
) He orraCHbI, TaK KaK OHH

6YLLYT «3aneQI1BaTbC5I» Ha orrpaBKe.
.

ITo onbITHbIM ,lJ.aHHbIM, KpI1TH1.JeCKOe 06}J{aTMe rrpl1 npOKaTKe 6e3

OnpaBKI1 HeCKOtlTJbKO MeHbIlle, QeM Kpl1TI1QeCKOe 06)KaTHe rrpM rrpOlI1HB-

Ke 3arOTOBOK Ha onpaBKe, IITO HaXO,lJ.HTCR B nonHOM COOTBeTCTBl111 C

113nOJKeHHOH BbIllie TeOpl1eH. C 113MeHeHI1eM K03cpcpl1QI1eHTa BbIT5I}J{KM

OHO 113MeHReTC5I He3HaQI1TeJIbHO. 3TO n03BOn5leT pe3ynbTaTbI orrbITOB

KOCOH rrpOKaTKM 6e3 onpJlBKI1 Hcnonb30BaTb ,lJ.JI5I aHa.Tll13a rrpou.ecca

npOIlIHBKI1.

3aBI1CI1MOCTb KpMTI1QeCKOrO 06}J{aTI151 rrpM KOCOH npOKaTKe OT $aK-
TOpOB rrpOKaTKH aHanOrl1QHa TOH, KOTOpa51 Ha6nlO.lI.aeTC5I rrpH JlOnepe'lT-

HOH rrpOKaTKe' (CM. Ta6n. 4).
¥l3 113JIO)KeHHOrO BbIme CTaHOBMTC5I OQeBH,lI,HbIM, 'lITO llHCJIOI\C1 HIIOII-

HbIe MeXaHM3-MbI JI.ecp '

opMal(1111 B IK'OHyce n,p-OIIlHBKH npH Koeoi'I '1 'I)()]\ HT-

- --

-

---

-=- ...:-=.

nepeiJHl1 f1

/(oHeu,

JaoHuil

KOHell,

"IHD



Ke H B Oqare .rr.ecpOpMa�1111 .npH ,nnrrepeq'HOH npOKaTKe 3iHaJI,OrI1Q,HbI

(n. 4 rJI. XV:!). ,[LnCJI.oKaII.HOIHHbIH 'Mex'aHH3M JI.ec}:>:opMa�I1:H n.p,11 pac:Ka-

Toe Ha onpaBKe 'CT3'Ha Kloe'oM -np'OKaTrKH a�HaJIOr,MqeH .lI.HjCJIOKa�I1'oH'H'OMY

MeXaHI13MY B Ollare JI.ecp,op.MaU;HH npl1 ,np:Q,IT,OJIbHOH 'npoKaTKe (n. 16

rJI. XII).

4. ,QaBneHHe Ha BanKH npomHBHoro CTaHa

Ha pRc.223 npl1Be.n.eHbI 3rrlOpbI HOpMaJIbHbIX HarrpR}KeHI1H Ha rro-

BepXHOCT5IX KOHTaKTa BanKOB C rrpoKaTbIBaeMbIM MeTaJInOM
l

. 113 pac-

CMOTpeHI1R 3nlOp cne.n.yeT, qTO npH rrorrepellHOH BI1HTOBOH npOKaTKe pac-

Harrp5lJKeHHH xapaKTepl13yeTcR KynoJIo06pa3-
iHbIMH fKJpl1BbIMH IC 'MaK'CHMYM.OM

OKOJIO BX'OJI,a 'MeTaJIJIa 'BBanIKH. ,3T,O

nn3BOJI,ReT 'BbJ.CKa.3aTb YTBe.plli.ll.e-

,Hl1e, 'llT'O Ha 'noa-ep,XH.OCTH K.OHTaKTa,

n,o KpaHIH.eH Mepe B 3'OHe nlp I OllIiI1BK.I1,

I1MeeT .M.eCTO T.OJIbKO 3.0Ha 'OTCTal1-

B3iHI1R. OnbITbI .nOKa3anl1, 'qTO .C YBe-

JII111eHl1eM ,OTH.OC-HTenbHoro ,o6)Ka-'

TI151 H OTH.orneHI1R bID HOpMaJIbH.oe

IKOHT a KT1Hoe IH arrp R }J{eHI1.e YM eHb-

III a e'f1CR.

113 pRC. 224, a CJIe.ll.yeT qTO B;

ycnoBI1Rx orrbITa, pe3YJIbTaTbI KO-,
I\OIlTaKTHblX

Toporo rrpHBe.n.eHw, 'BeJIHqRHa MaK-

npe.ll.eneHl1e KOHTaKTHbIX

::---...

1 JOO (30)
�
�
� 200(20)
�

�
�

100(10)
.

�

PIlC. 223. 3nlOpa HopManbHhlx
HaV f1 5DKeHHfi npH npOllIHBKe

IN�1 iN!? 2 IN�J

P. MH/112 fl<rjMM
2

)

J50

(35)

200

(20)

;:;--.
�

�
l....:
�
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�"

!::i
�

�
�

�
�

�
�

JOO

(10)

o

L D,lcex
0.011 eel<.

IN�4 \N�5 \N�6 \N�7

l

PHC. 224. Pacnpe.n.eJIeHHe KOHTaKTHhlX H8npH>KeHHA B oqare JJ.e4>opM8I{HH npH npollIHBKe

1 0 c a .a q H if B. 51 -

«DpOu.eCCbI npOKaTKH». M., MeTaJlJlyprH3.aaT, 1962..-

(MHCHC. C6. NQ 40), c. 338-342.
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CHMaJIbHbIX KIOHTaKTHbIX 'Hanp:R}J{eHI1H no ,lJ.!IH,He loqara ,lLecpopMaII.I1H
OCTa-eTC5I nOCTORHHOH. B Y,CJIOBI1RX ,lLpyrolfoo !onbITa (pH;C. !224) .KOH-

TaKTHble 'Hanp5l)KEJH.I1R YMeHb'llIaIOTC5I OT 'neape}J{H.Ma IK BbIX,O,lJ.Y 113 .BaJI-

K.OB. B 30He II'pOIllI1 I BKI1 Bn'I1HHl1e HeKOHTaKTHbIX 30H npl1MepHO COOT-

BeTC'I1ByeT Bnl151IHHIO CHn TpeHI1R il1 reo.MeT.pl111eC.K , oro cpaKTopa, arrpe-
,lLenReM-oro OT1HOllIeHHeM IlI'H.pI1HbI IIJIOI.I.la,lL11 KOIHTalKTa K TOJIIll.il1He

CTeH'KI1 rl1JIh3bI.

HanHql1e neperH60B, rOpl130HTaJIbHbIX rrnOlI(a�OK 11 BTOpbIX MaKCl1..

MYMOB Ha 3:rrIOpax B KOHy.ce paCKaTKI1 (pH:C. 224) RIBJI5IeTC5I pe3ynb-
TaTOM H03HI1'KaIOIll.I1X np,l1 iIIpOKaTKe rl1nb3 Y'f10nlI(eHI1H CTeHKH

(pHC. 2'2'1).
Ha pl1c. 225, a rrpl1Be,lJ.eHa 3aBI1CHMOCTb Cpe,lJ.HHx KOHTaKTHbIX Ha-

npR>KeHHM OT OKPY>KHOH CKOpOCTI1 BanKOB [5]. 06palI(aIOT Ha ce6R

BHHMaHl1e BbICOKl1e 3HaIIeHI1R KOHTaKTHbIX HanpRJKeHHH, ,lJ.OXO,lL5IlI(l1e

nOqTH )1.0 '250 Mfl/M2 (;20 K2/M1M 2
) npl1 TeMrrepaType 'rrpOKaTKH, I 200°C.

flv

2,0

1,8

1,2

-.-

� HH!M
2

{/(r/MN2j

JOO

qtJ
f20}
100

(10)

1,6

1,4

D o,J8 0, 7" 1, 1 t, 1;6 1, 82 D �J8 0,7'1 1,1 1,48 1,8-1

0, MiceK
t5a

PHC. 225. 3aBHcHMoCTb cpe,lI.HerO KOHTaKTHoro HanpSI:H<eHHH (a) H CKO-

pOCTHOf'O K03cPcPH�HeHTa (6) OT OKPY}I{HOH: CKOpOCTH BaJIKOB. Yf'JIepo.ZI.HcTaH
CTaJIb npH 1160-1180°C

HaKOHe�, 113 MHOrOql1CJIeHHbIX OnbITOB 113BeCTHO, IITO C pOCTOlVI
OCeBOrO CKOnbJKeHHR ,lJ.aBneHHe Ha BanKI1 YMeHbllIaeTC5I. 3TO 5IBn5leTC5I

pe3yn,bTaTOM YMeHbllIeHI151 e,lJ.I1HHQHbIX 06JKaTI1H.

TaKI1M OOpa30M, BaJKHeHllIl1MH cpaKTOpaMI1, BnI1RIOlI(HMI1 Ha Benl1-

Q'I1HY ,lJ.aBJIeHI1R :npl1 rrOnepeqHO-BI1HTOBOH npOKaTK'e, RBJIRIOTC5I BeJI:I1'ql1-

Ha e,lJ.HHI1QHOrO 06>KaTI1R, Hanl1Ql1e BHellIHI1X 30H, CKOpOCTb npOKaTKI1 H

CB5I3aHHaR C HeH CKOp'OCTb ,llecpOpMarQI1I1 lVIeTaJIna. 'C yqeTOM rrpH.Be,lLeH-
HbIX ,lJ.aHHbIX paCCMOTpHM 3a,lJ.aQy 06 orrpe,lI,eJIe�1111 ,lJ.aBneHI151 Ha BanKI1

npOIllI1BHOrO CTaHa.

KaK 11 rrpH npO,lJ.OnbHOH npOKaTKe, Cpe,lJ.Hee KOHTaKTHoe Harrp5lllie-
HHe B ,lJ.aHHOM cnYQae pa)3HO p=ncr n3 n 3 n v<1S.

B 30He rrpOllIl1BKI1 OTHOllIeHl1e IIll1pHHbI KOHTaKTHOH rrOBepXHOCJ'11 K

�l1aMeTpy 3arOTOBKI1 BCer,lLa MHoro MeHbllie e,lJ.�HI1l(bI (06bJ1iHO 0,05-:-

0,2). B 30He paCKaTKI1 OTHOllIeHl1e IIIHpl1HbI KOHTaKTHOH nOBepXHOCTH_
K TOnlI(I1He CTeHKI1 rl1nb3bI COCTaBnReT ,lJ.eC5ITbIe ,lLonl1 e,lI,I1HHQbI Y HOC-

Ka orrpalBKI1 11 He npeBbIliiaeT e,lJ.HHHQbI y ee Kan116pYIOlI(eM Qa.CTI1. Ta-

KI1,M 06:pa30M, COOTHOllIeHl1e Me}K,lJ.Y reOM-eTpI1QeCKHMI1 pa3MepaM:H rrpo-

KaTbIBaeMoro TeJIa TaKOBo, QTO CHJIbI TpeHHR Ha KOHTaKTHOH nOBepx-
HOCTI1 HeBenHKH 11, Cne,lJ.OBaTeJIbHO, K03�<t>I1l(l1eHT IIO,lI,rrOpa ncr B CJIYllae

npOllIl1BKI1 MOJKHO rrpl1H5ITb paBHbIM e,lLHHHQe.
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BBH,lI,Y Toro, 1.JTO BbITfllliKa, npHXO,lI,RlI(aRCR Ha nOnOBI1HY 060pOTa
npOIlIHBaeMOH: 3arOTOBKI1 B BanKax, HeBenHKa, ,lI,ecpopMaUHIO MO}KHO

npl16nHmeHHO npl1HHTb nnOCKOH. TOf,lI,a In3= 1,155. ,LLJISI YCJIOBHH npo-

IlII1BKI1, np0I13BO,lI,5IlI(eHCH B rOp,R1.JeM COCT05lHHH, n H
=== 1.

KaK 6bIno OTMeqeHO B pa3�ene 1 rJI. XVII, B KOHyce npollIHBKH Ha

nOBepXHOCTI1 KOHTaKTa 3arOTOBKI1 ,C Ban.KaMH B TaHreHnHaJIbHOM Ha-

npaBJIeHI1H cYlI(eCTBYIOT 30HbI CKonbmeHH5I. flpH 3TOM B O,lI,HOM H TOM

me nonepeIIHOM Ce1.JeHHH BCer,lI,a CYlI(eCTByeT nl160 TonbKO SOHa onepe-

JK.eHI15I, COCTaBn5l1OlI(aH He 60nee 20-40% OT �nl1HbI KOHyca npOIlII1B-

KI1, nH60 SOHa OTCTaBaHH5I. A TaK KaK B KOHyce npOIlIHBKH npo�ecc

onpeJI.eJIHeTCH 3aKO'HOMepHOCT5IMI1 nOnepe1.JHOH: np'OKaTKH, TO .Ha OCHO-

BaHHH MaTepHana, H3nO}KeHHOrO B n. 2 rJI. 16, He06xo,lI,I1MO npHH5ITb.

n3=2. 3TO cne�yeT H 113 HOMorpaMM (CM. pHC. 153). flOCKOJIbKY MbI

npl1HRJIH na = 1, TO 3TOMY COOTBeTcTByeT 6 === 1, H H3 ynoM5IHYTOH HO-

MorpaMMbI MbI nOJIY1.JaeM n3=2. fl03TOMY H B KOHyce pacKaTK.H MbI

,lI,OJIlliHbI TO}Ke npHH5ITb n3=2. HaKOHeQ, ,lI,n51 Y1.JeTa BnI1RHH5I CKOpOCTI1
Ha p'uc. 2'2-5, 6, ;no .naHHbIM 'P3160TbI [15], 'nocTpoeHa KpHBaH. CKOpO.CTHO-
1'0 K03£pcpl1:Ql1eHTa nv.

TaKHM 06pa30M, �nR ycnoBHH npOIlIHBKI1 MO>KHO sanHcaTb

p =

na nv 1,55 as
= 2 nv K === K'. (603)

flpl1 OKPY}KHbIX CKOpOCTHX BanKOB, npHMeH5IeMbIX B HaCTORIIlee

BpeM5I npH npoIlIHBKe, CKOpOCTHO�I K03cpcpHQHeHT nv � 2. TaKI1M 06pa-
30M: p=K'===2.2K=4K.

E'cn.11 Y1.JeCTb 'BeJI.H:1.JI1HY I1 ' CTI1HHOrO HanpR*eHHfI npH CTaTI1IIeC-

KOM paCTR}KeHHH, TO 60nbllI3R Benl11.JHHa Cpe,lI,HerO KOHTaKTHoro HanpR-
>KeHI151 npH npOIlIHBKe (pHC. 225, a) Yllie He BbI3bIBaeT y,lI,I1BneHI1R.

IPaCC1.JHTaB BeJIH'1.JI1HY 'Cp'e,lI,HerO KOHTaKTHoro Hanp5l*eH'I1H nO cp'Op-
Myne (�03) H Benl11.JI1HY KOHTaKTHOH nOBepXHOCTI1 no cpopMyne (602)�
onpe.ll.eJIHM 3aTeM ,lI,aBJIeHHe MeTaJIna Ha BaJIKI1 KaK P === pF.

5. ,naBJleHHe Ha onpaBKY npolUHBHoro CTaHa

YCTaHoBneHo [5], 1.JTO Cpe,lLHee ,lI,aBneHHe Ha HOCOK onpaBKH, CYM-

MapHoe �aBneHHe Ha onpaBKY, a TaKme 3aTpa1.JHBaeMaR pa60Ta Ii

BpeMR npOIlIHBKI1 HMelOT MI1HHMYM npl1 HeKOTopOM OnTI1ManbHOM 06-

}KaTHH nepe,lI, HOCKOM onpaBKH. PaCCMOTpl1M 3a�aqy paC1.JeTa ,lLaBneHH5I

Ha onpaBKY C yqeTOM 3Toro nOnOllieHI1R.

BBH�y Manoro yrna nepeKoca BanKOB 11 ManbIX e,lI,HHI11.JHbIX o6>Ka-

THH HanpHJKeHH5I B KOHyce npollIHBKH 6Y�YT He3Ha1.JI1TenbHO OTJIH-

qaTbCH OT HanpHllieHHM npl1 nOnepe1.JHOH: npOKaTKe B y,cnOBJ1.flX nnOCKOH

AecpopMaQI1H. B TaKOM cnY1.Jae Hanp5l>KeHH5I, �eHcTBYIOlI(l1e B HanpaB-
JIeHl111 OCH 3arOTOBKH, 6Y,lI,YT paBHbI nonYCYMMe pa�HaJIbHbIX H TaHreH-

1
IJ.HanbHbIx: (jz

=

2
(a

p
+ 0'0).

OTBne1.JeMCR CHaqaJIa OT peanbHbIX YCJIOBI1H: npOllIl1BKI1 H npe,lI,CTa-
BHM ce6e, 1.JTO B HenO,lI,BJf>KHYIO 3arOTOBKY H3qHI-IaeT npl1HYllI1TellbHO

BHe.ll.pHTbCH HOCo.K OnpaBKI1. ,UnR onpe,lI,eJIeHHH Hanp5I:>KeHHtI, B03HH-
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K31OlI(I1X npl1 3TOM B QeHTpe 3arOTOBKI1, MOMHO BOCnOnb30BaTbCR

(J 1

<popMYJIaMH (546), Ha OCHOBaHHI1 KOTOpbIX MbI nOJIY1.JHM:
K

Z
= -

4
.

TaKoR JKe pesYJIbTaT AalOT <POp MYJIbI (558), eCJIH CIIHTaTb, 1.JTO

8
- 0 H P

- o "'�)- -

· .......�i

Onpe�eJIHM Tenepb Cpe)lHee KOHTaKTHoe Hanp5l>KeHHe, KOTopoe
B03HHKJIO 6bI, eCJII1 6bI onpaBKa nonHOCTblO B;He�pRnacb B HenO�BI1}K-

HYIO aaroToBKY. ,LLnH 3Toro Bocnonb3yeMC5I paBeHCTBaMI1 (29). Ha HX

OCHOBaHHH oceBoe HanpR)KeHHe paBHo

C1
z

= � etJ.o [( � )
a

+ 3 ] + � + In �. (604)
Kj 4 r 2 p

Onpe,lI,eJIHM CHaqana oceBoe )laBneHHe Q Ha OnpaBKY:

r r
'V on
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'V on
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J
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(
ron

)
a

+ � ] .

a+2 r 2

BBI1�Y ManOCTH BenHqHH f.l, l' H npHHHMa51 BO BHHMaHl1e, qTO

06bI1.JHO He MeHbllIe 0,7, MbI MOJKeM HanHcaTb

ron
-

r

-

J..L
2
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C Y1.JeTOM 3THX COOTHOllIeHHH nonyqHM

�= [ 1 _

e2/-tfi

]
'�n

.

K J.1 2

flpHHHM3R BO BHHMaHl1e, qTO Cpe,lI.Hee KOHTaKTHoe HanpR>KeHHe Ha

OnpaBKe paBHO

q =,�
2

'

1tr
on

-

9
_

_

_

1

[1 _

e
2 J.t3't_ 1

]OKOH1.JaTenbHO 6y�eM I1MeTb
K 2 11: J.1

.

ECJIH CY�I1Tb no pl1c. 225, TO BenH1.JI1Ha CKOpOCTHoro K03cpcpl1QI1eHTa
B .lI.Hana30He OKPY>KHbIX CKop'OCTeH Ban'KOIB, 06bIQHO nCnOJIb3yeMbIx

npH npOIlIHBKe, nO-BH�I1MOMY, paBHa nv � 2. BMecTe C TeM MbI y6e,lI,H-
nHCb B pa3.rr.eJIe 2, 1.JTO BeJIH1.JI1Ha n 3 ===2. CJIe�OBaTenbHo, nOJIY1.JaeM

K = 2.2K' == 4K',

r,lI.e K = 1,1550"8' T. e. HCTHHHoe conpoTHBneHHe MeTanna B ycnoBI1Hx
nnocKoH �ecpopMa�HH npH CTaTH1.JeCKOM HarpY>KeHI1H.

C yqeTOM 3Toro paC1.JeT no npoBe�eHHoH BbIllie cpopMyne �nR cpe,lI,-
Hero KOHTaKTHoro HanpH>KeHI1R Ha onpaBKe �aeT CJIe,lI,YIOIIJ.l1e pe3Y"TIb-
T a TbI:

11=0; 1.1==0,25; 1.1=0,50; q=-3,36K'; q=-9,04K';

q =
-:- 27,6K'.

OTCIO�a CJIe�yeT, IITO ecnl1 3arOTOBKI1 HenO,lI,BH>KHbI, TO nocne Ha-

qanbHOTO npOHI1KHOBeHHR onpaBKH B QeHTpaJIbHYIO 1.JaCTb 3arOTOBKH

ee .rr.anbHeHllIee' BHe�peHl1e OKa3anOCb 6bI HeOCYlI(eCTBI1MbIM, ecnl1 6bI

pe1.Jb IlIJIa 06 H3rOTQBneHHH ,lI,OCTaT01.JHO �nHHHbIX n'OJIbIX Ten, KaKOBbI-

MH 51BnHIOTCH npOllIl1TbIe rHnb3bI.

B �eHCTBI1TeJIbHOCTH >Ke B ycnoBHHX npOllIl1BKH 3arOTOBKa, npelli,lI,e
1.JeM ee TopeQ BOH�eT B KOHTaKT C onpaBKOH, npOH,lI,eT 3Ha1.JHTenbHYlO
1.JaCTb KOHyca 3aXBaTa. 3�eCb B pe3YJIbTaTe p5l,lI,a He60JIbllII1X e,lI,HHI11.J-

HbIX 06>K3THH B HeH B03HI1KHYT ,lI,OnOnHHTenbHbIe HanpR>KeHI1R OT He-

paBH'OMepH'OCTH .zr..ecpopManI1H. ,QJI5I 3'TOrO CJIyqa51 rHanp5l}l{eHI1H az ,6y-

LlYT onpe,LleJI5ITbC5I -113 'cp'OPMYJI {'570).
,lJ,JIH oceBoro HanpR>KeHI1R C I1cnonb30BaHHeM 3TI1X cpOPMYJI nOJIY-

III1M

C1
z fJ,a

(
p

)
a r 1

y=-e r + In
p -T.

33rOTOBKa COnpl1KaCaeTcR C onpaBKOH nHllIb Ha Y1.JaCTKe, COOTBeT-

CTBYIOIIJ.eM yrny V (pl1c. 220). fl03TOMY oceBoe ,LlaBJIeHHe Ha onpaBKY

onpe,lI,eJIHTCR H3 paBeHcTBa

v r

on .

V r

on
'V r

on

K

Q
= -2 5 5 e/-t8 ( 7 )

a

pdpde+2 SSP In
'

p
dpde- .\ 5 pdpde.

o 0 0 0 0 0
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I1HTerp:l1pYR ero nO 8 11 MeHH5I 3HaK Y nOrapl1cpMa, nonY1.JI1M

Q eJ.t 'V - I
- ==-2
K �
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HCnOnb3Y51 pe3ynbTaTbI BbI1.JHCneHHH, nOnY1.JI1M Cne,lI,YlOlI(He Bblpa-
llieH.I151 ,l(JIR 'oceBoro )J.aBneHI1H Ha On,paIBKY:
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BBI1,lI,y ManOCTH yrJIa V H BeJII11.J:I1HbI f.l MO>KeM HanHcaTb:

eJ.t 'V - 1 1 + fA. '\'
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Tor�a c yqeTOM COOTHOllIeHHH (606) H3 ypaBHeHHR (607) nonY1.JI1M
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2 np e.rr.cTa Bn5leT C060H npl16nl1}KeHHOe

BbIpaJKeHHe npoeK'QHH nnOlI(a�H KOHTaKTa onpaBKH C MeTaJInOM Ha

nJIOCKOCTb, nepneH)J:I1KynRpHYlO OCH npOIlIHBKI1. TaKl1x n.JIolI(a�eSH J1.Be.

fl03TOMY Cpe,lI,Hee «JIo6o�_oe» KOHTaKTHoe Hanp5l>KeHHe H3 onpaBKe

paBHO q===Q/2F on .

.Dp ' l1 3T,OM 113 ypaBue.HHH (6.07) :11 (6'08), OT6p80CbIB8H 3'HaK MHHYC

,lI,nR ynpOlI(eHl1fI 3anHCH, nOJIyqaeM
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EcnH �nR onpe�eneHHR KOHTaKTHoro HanpR*eHHR Ha onpaBKe
Hcnonb30BaTb ,paBeHCTBa (604), TO C nOMOlI(blO paC1.JeTa, 3H3nOrM1.JHOrO

npHBe,lI,eHHOMY, MbI CHOBa nOJIY1.JHM paBeHcTBa (610). 3TOT pe3ynbTaT

cBH,lI,eTenbcTByeT 0 npaBHnbHocTM C,lI,enaHHOro BbIllie �onYlI(eHHR; B

�eHTpe CeqeHHR 3arOTOBKH B YCT3HoBHBllIeMcR npo�ecce nOnepe1.JHO-
BHHTOBOH npoKaTKH H3'npHllieHHR OT BHeIllHMX CMJI MoQ}KHO He Y1.JHTbI-

BaTb.

BBM,lI,Y Toro, IITO OTHOllIeHHe TOnlI(MHbI CTeHKI1 rHJIb3bI t r K pa,lI,liYCY

onpaBKH MeHbllIe e,lI,HHHQbI, MOllieM HanHcaTb:
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fl03TOMY H3 (609) nonyqHM

3-�1-2�.
K don

(611 )

OTHOllIeHHe TOnIIJ.HHbI CTeHKH rHJIb3bI K �l1aMeTpy onpaBKH 06bI1.JHO

ne>KI1T B-npe�enax O,I<t r ld orr <0,4.
Tor,lI,a Cpe,lI,Hee oceBoe KOHTaKTHoe HanpH>KeHHe Ha �npaBKe paBHO:

q=== (0,2--:-0,8)K.
.

Ha OCHOBaHHH onbITHbIX ,lI,aHHbIX A. n. '4e.KM3'peB 11 B. 11. DH6a [5]
YCTaHOBHnH� 1.JTO cpe�Hee KOHTaKTHoe HanpRJKeHHe Ha HOCKe OnpaBKI1

MeHbllIe BenHIIJlHbI HCTHHHoro conpOTHBneHH5I �ecpopMa�HH MeTaJIJI3.

O.6bI1.JHO OHO paBHO q=== (0,6-:-0,8)0"8' a HanpR}KeHl1e B QeHTpe TOPUa
HOCKa onpaBKH: q= (0,2 -:-0,4) as.

EcnH H3BeCTHO cpe�Hee �aBneHHe Ha onpaBKY, TO CYMMapHoe oce-

Boe ,[(aBneHHe Ha on�paBKY onpe,lI,enReTCH no cpopMyne
J

Q =

2
q don bon · (612)

TOnlI(I1Ha CTeHKH rHnb3� H �HaMeTp onpaBKH Bcer,lI,a H3BeCTH� H3

T3iK Ha3bIBaeMOH Ta6n.HQbI n'pOKaTKH. BenM1.JHHa HCTHHHoro conpOTHB-

JIeHHR �ecpopMaQHH BbI1.JHCn5leTC5I no paBeHcTBY (603).
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