l/lA Bonkos
JLA. IrymHOB

- BBEAEHUE
B KOHTUHYAJIBHYIO
" MEXAHUKY ‘
' [MOBPE>XXK IEHHOWU

- CPEADI




N.A. Bonkos
JILA. IrymHOB

BBE IEHUE
B KOHTUHYAJIbHYIO
MEXAHUKY
NMOBPEXX AIEHHOM
CPEZDbI

MOCKBA
SUIMATIUT®
2017



YIK 539.3
BBK 22.251
B67

Boakos U.A., Urymuos Jl. A. BBeneHHe B KOHTHHYaJbHYI0 MEXaHHKY
nospexaenHod cpenst. — M.: DUIMATJINT, 2017. — 304 c¢. + 8 ¢. uB. BRI, —
ISBN 978-5-9221-1725-8.

B MOHOI‘paqﬁ)HH paccMaTpHBaTCs OCHOBHble MEXaHHW3MBI Aerpajalli Ha4daJlb-
HBIX TPOYHOCTHBIX CBOMCTB KOHCTPYKLMOHHEIX MAaTepHa/IOB (MeTalIoB M MX CIJIa-
BOB) [PH PA3NM4HBIX (KBA3UCTATHYECKHX M NMHAMHUYECKHX) PeXKHMaX TEPMOCHJO-
Boro Harpyxenus. CpopMynupoBaHbl OCHOBHEIE TIOHSTHS H IOJICXKEHHS MeXaHHKH
noepexenHol cpensl (MIIC). [IpennioxeH oIHH H3 BO3MOXKHBIX BAPHAHTOB MO-
nesau MIIC. O6cyxnaercss npobaema, cBf3aHHAs ¢ HAXOXKICHWEM MaTepHaldbHBIX
napaMeTpoB M CKaJIAPHBIX (GYHKUUH pasBUTbIX Mofeneit MIIC.

MeTonoM YHCIEHHOTO MOLEIHPOBAHHUS HCCAEAYIOTCA MPOLUECCh BA3KOMIACTHYE-
CKOro ne()OPMHpOBAHHUS M paspylIeHHs KOHCTPYKLHOHHBIX chaaBos. Ocoboe BHH-
MaHHe yjaeJseTcss BOMPOCaM MOZEeJHPOBAHMA CJOMHBIX MpOLUEeCcoB AedopMHpOBa-
HHUS, CONPOBOXAAIUIMXCSA BpallleHHeM [JIABHBIX MJIOUIAA0K TeH30DPOB HamnpsaXeHHH
n gedopmauni. [pencrapienbl peayabTaThl YHCIEHHOTO MOAEIHPOBAHHA NPOLECCOB
BSI3KOMJI2CTHUECKOTO Ae(hOPMUPOBAHKS H Pa3PYILEHHs JIEMEHTOB M Y3J0B HEeCYIIHX
KOHCTPYKUMH B psille MPUKJIAAHBIX 3aa4.

MoHorpadus npencrtasiser UHTepeC AMS WHPOKOrO Kpyra HayyHBIX PabOTHH-
KOB, MHXKEHEepOB, aCNHPAHTOB U CriellaiuCcTOB B 06JaCTH MeXaHWKH JedopMmupye-

MOro TBepaoro reJa.

Peumensenrs:

L.T.H., npogeccop, akagemuk PAH ’EM. Mumenkos |,
A.¢.-M.H., npodeccop 4. B. Tapraxosckud

© PUSMATIINUT, 2017
ISBN 978-5-9221-1725-8 © W.A. Bosxkos, JI. A. Urymuos, 2017



OI'JIABJIEHHE

MpemucmoBre . . . .. . . o
BBEIEHUE 5. £ 5 0« 8 8 % w0 8 8 s o v msh o o x s s B e ox s §E e 5 E G A

[1aBa |. OcHOBHble MeXaHH3MBbI Aerpajaliiyl KOHCTPYKLHOHHBIX Ma-
TepuaaoB (METAMJIOB M MX CIIABOB) . . . . . . . . . .. .. .........
1.1, OBLIHE MONOKEHUA « .« o v o v vt v e e e e e
1.2. YeTa0CTHOR PABPYIUEHME « . . . . . o o it i
1.2.1. MajIoUUKIOBAS YCTAMOCTD . . . v v v oot e e e e e
1.2.2. MHOTOLHKJIOBAS YCTAMOCTD o« v v v v v oo vt e e e e e

1.3, IAuTeNBHAST MPOYHOCTD . o o v v v v v et e it e e
1.4. B3aumMHOe BAMsHHE MaJOLUMKJIOBOH YCTaMOCTH W AJUTENBHOH Tpoy-

1.5. TepMOUUKIIHUECKAST YCTAMOCTD © o o v ¢ o ot oo oo e e e e
1.6. liHaMuyecKoe OTKONbHOE PA3PYLIEHHE . . . . o o oot ot e

[Tnaba 2. OcHOBHbIe NOHATHUA ¥ MONOMEHNUA MeXaHHWKM NOBPEXKICHHOM
cpenet (MIIC). . . . . .. . .. .
2.1, O6LIHe MOAOMKEHHA . o o v v vttt e e e e
2.2. OCHOBHBIE THITOTE3BL . . . . . oot vt v ittt et
2.3. TloHATHS MOBPEMACHHOM CPEABL . . . v v vt vttt et
2.4. Tenzop ckopocrel gedopMaLMii B NOBPEXIEHHOH Cpefe . . . . . . . . ..
2.5. TeH30phl CPEIHHUX M HCTHHHBIX HampskeHWH. TeH3op ocnabieHus. . . .

2.6. OcHoBHBIe pa3speluaoliliie YpaBHeHHS MeXaHUKU MOBPEXKAEHHON CPefbl.
[TocraHoBKa KpaeBbIX 3a1ay C HadalbHBIMH YCJOBUAMH . . . . . . . ...

[raBa 3. YpaBHeHHS COCTOSIHUSI BA3KOYMPYTrOMJIACTHUECKHX CpeJ € HO-
BPEKAEGHMAMI . . . . . . o oottt
3.1. TpeboBaHUA K MATEMATHUECKUM MOLEJSAM . . . . o . . . v oo it e .
3.2. Onpezensioiive COOTHOLIEHHS BSI3KOTIIACTHYECKOTO LeQOPMHPOBAHHA
KOHCTPYKLHOHHEIX MaTepHaIoB (MeTalN0B U HX CTAABOB). . . . . . . . .

3.3. BapraHThl 3BOJIIOLIMOHHBIX YPaBHEHHUH HAKOMNJEHUS MOBpeKAeHHH . . . .
3.4. KpuTepu# NPOYHOCTH MOBPEXAEHHOTO MaTepHata . . . . . . . .. ... ..
3.5. nrerprposanne onpenensiiolinx cootHowenust MIIC . . .. .. ... ..

TnaBa 4. JKcrnepuMeHTAIbHO-TEOPETHYECKME METOAUKHU OMNpeaeeHHs
MaTepHaJibHbIX MapaMeTpOB M CKaJfAPHbIX (PYHKLMI Mogeell Mexa-
HHMKM TIOBpeXJeHHOM cpenbl. bazoBble akcnepumMeHTbl. . . . . . . . . .

4.1. OnpeneneHne MaTepHasbHbIX MapaMeTPOB H CKANAPHBIX (DYHKUHMH MO-
LU TePMOBAZKOIMIACTHYHOCTH . o o oo v v ot oo et e
4.2. OnpefeneHde MaTepUalbHLIX NAPaMETPOR 3IBOJIOUMOHHBIX ypPaBHeHUH
HAKOTJIEHHS TOBPEKICHUE. . o . o v vt e
4.3. IxcneprMeHTa bHOE O00PYAOBAHME . . . . . . o .o oot
4.4, Texnonoruveckue 0co6eHHOCTH H3rOTOBJAEHHUS J1aBOPATOPHBIX 00PA3LOB

18
18
26
27
33
36

43
46
o1

54
54
59
63
65
66

71

75
75

78
86
93
93

95
95
108

123
131



4 Ozrasaenue

4.5. CratucTrHyeckasi 06paboTKa pe3yJbTaToB HCIBITaHHH . . . . . . . . . . .. 133
4.6. DKCIePUMEHTANBHBIE HCCHEMOBAHHMSA . . . o . - . .o oo oo 134

[nasa 5. OueHka 10CTOBEPHOCTH MaTeMaTHYECKHX MOJe/lel MeXaHHKH
NoBpPeKIeHHON Cpelbl MPH CTATHYECKMX M JHHAMUUYECKHX pexumax

TEPMOMEXAHMUYECKOTO HATPYMEHHH . . . . . . .. .. .. ... ... ... 153
5.1. UncaeHHbIH aHaNM3 BJMSIHUA cpegHell JleopMallH Ha YCTaJOCTHYH
AOJTOBEUHOCTD METAMIIOB . . o v v v v e e et et e e 154
5.2. HenuHeiiHoe CyMMHPOBaHHe MOBPEXACHHH NPH BJ0YHBIX LHKJIHYECKHX
PEXMUMAX HATPYIKEHHS . . . . . . oottt e 161
5.3. UucseHHOe HCCe0BaHHE BAUSHNSA BUAA TPAEKTOPHUH Ae(HOPMHPOBAHHA
Ha YCTaJOCTHYIO JOATOBEUHOCTb METAMOB . . . . . v v v v v v s oo v 170

5.4. DKCrepUMEHTaNbHO-TROPETUURCKOE  HCC/Ie0BaHHe  INIPOLeCCcOB  Ha-
KOIJIEHHS] YCTAJOCTHBIX [OBPEXAeHHH B KOHCTDYKLHOHHBIX CTaffx
npd GJ0YHOM MAJIOLUKJIOBOM HArpyXKeHHH (CpaBHEHHe C MOJeJbIo
J.L. Chaboche [108, 109]) . « + s s s s s 5 s mmms v s 58 wmw v ugs sy 180
5.5. OueHKa pecypCHBIX XapaKTePUCTHK KOHCTPYKIHOHHBIX CTajledl IpH Me-
XaHH3MaX HCYEPIAHHA Pecypca, COYeTALUIUX YCTAJ0CTh H N0J3yYecTh
MATEDHATIA ;.5 s ¢ 1 6 3 B2 ¢ 5 § 8 6 FAME § £ 15 A BmE g 5570 mpmmn g 188
5.6. Unc/eHHOe WCCeoBaHHe MPOLECCoB Ae(OPMUPOBAHHS W Da3pyLIeHHS
YKapOTIPOUHLIX CMIJIABOB MPH LMKIMUECKOM TeDMOMEXaHHUECKOM Harpy-
PKEHUMM w2 0 5 5 5 B e, £ 553 $EE £ 5 6555 MEE 155 6 6 @M § 855588 196
5.7. Ukc/ieHHBIM aHa/M3 CJOXKHOIO [JIaCTMHYECKOro  Ae(OPMHUPOBAHHS
W HaKOTJIEHHS! YCTaJOCTHBIX TMOBPeXAEHUH B XKapONPOYHBIX CHJAaBax

NpH KOMOHHUPOBAHHOM TEPMOMEXaHHYECKOM HarpyxeHuH. . .. ... .. 204
5.8. UnciieHHOe HCCe0BAaHHE OTKOJBHOIO Da3pylleHHs NPH ILJIOCKOM CO-
VOAPEHHH MAACTHH. © o o oo v vt vi i it e e e e e e e e e e e 214

[nasa 6. HekoTopble pe3ynbrarbl YHCJIEHHOTO MOZEJMPOBAHMS YCTa-
JOCTHOM JOJTrOBEYHOCTH 3/JE€MEHTOB M Y3JI0B HECYWIMX KOHCTPYKIMA 235

6.1. OOUIME MOMOMEHUMS . . . o o v v et v e e e et e e e 235
6.2. UncneHHbIH aHAMH3 HaMpsKEHHOTO COCTOAHHA NOJOCH C KDYIVIBIM OT-
BEPCTHEM MpPH MaJIOLMKJIOBOM HarPYyXeHHH . . . . . . . .o ovv v o .. 237
6.3. Pacuer myiacTHHBI ¢ UeHTPAJbHOH M KOCOM TPEUIMHAMHK [PH LIWKJHYe-
CKOM YNpyromjactiieckom feOPMUPOBAHHH MaTepHana . . . .. .. .. 245
6.4. OLeHKa yCTaJOCTHOH [0JTOBEYHOCTH KOMNAKTHOro ofpasiia ¢ 3aTyn-
JIEHHBIM BBIPE30M MpPH GOYHOM LIMK/IHYECKOM HarPyXeHuH. .. ... .. 253
6.5. Monenuposanuie Tpoliecca HAKOTJIEHHS NOBPeXIEHUH Marepuana mo-
BEPXHOCTH TPYOBI [IPA TEPMOMYJIBCALHAK . . o o v v v v v oo e e oo o 257

6.6. MccnenoBaHue yCTanOCTHOH JIOJTOBEYHOCTH KOMMNakTHoro ofpasila
C KOHIEHTPATOPaMH [IPH TePMOLMKJIHYECKOM HarpyKeHHH B YCJAOBHAX

HEOJHOPOIHOTO HATIPAMKEHHOTO COCTOSAHMA . . . . . . . o v oo e . 264
Tnasa 7. Meroguueckoe ofecrieueHme M amnnapaTHbie CpeacTBa AMa-

THOCTHKM PaspylieHu# OTBETCTBEHHBIX WHIKeHepHbIX 06bekTOB . . . 279

7.1, AKYCTHUECKAST IMUCCHA . .+ o v v oo v e it e i e e 279

7.2. CpelcTBa onpefeneHHs TOMONOIMM H TeOMeTPHH TpeXMephbiX Tedexros 286

7.3. CpencTBa onpeneieHHs OBPEXKAECHHOCTH MaTepuana . . . . . .. ... .. 286

BAKITIOUEHHE . . . . oot e et e e e e 289

CIHCOK JTATEPATYPBL & s 5 v & & 6608 ¢ 55 5 6 b a®E £ 5 55 5 GwE § 55 55 6 5850 291



