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MoAyrnb, yron casura gasbl
Mexay HanpshkeHnem u gedopma-
uunen, yron notepb, AMHaAMUYECKNI
MexaHU4ecknin aHanus (CBoncTBea),
HW3KOMOAYIbHbIE BA3KOYNpyrue
NnonMMepHble KOMMO3UTbI,
BGurapMoHmnyeckoe (ABYX4acTOTHOE)
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npeaBaputenbHasa ctatnyeckas
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yron caguvra HavanbHbIx a3

CraTbsi nocBsilLeHa pa3paboTke MHXEHEPHOro annapaTa, NO3BOSLWErO OLEHUTb
HanpsHkeHHO-AeOPMUPOBAHHOE COCTOSIHME BSA3KOYMPYrMX KOHCTPYKLUMIA B adPOKOCMMU-
YEeCKON TEeXHWKe B YCIOBMUSX AEeNCTBUS BUrapMOHMYECKMX (OBYXYACTOTHbIX) Harpysok.
B pamkax uccnepoBaHusi 6binu NnpoBeeHbl OAHOOCHbIE MOHOrapMoHuYeckne (ogHovac-
TOTHbIE) UCMbITAHWUSA BSI3KOYMPYroro HU3KOMOZYJIbHOro KOMMNo3uTa Ha NofMMEPHON OCHO-
Be MpW Pasnu4yHbiX 3HAYeHWsIX npedBapuTeNbHOM cTaTuyeckon pedopmauuu, yrna
cABWra HavanbHbIX a3 U OHOOCHble GUrapMoHUYeckue (OBYXHACTOTHbIE) UCMbITAHUS
Npv pasnUyHbIX 3HAYEHUSX YacTOT NEePBOW (HU3KOYACTOTHOM) U BTOPOW (BbICOKOYACTOT-
HOW) rapMoHuK. [Ins onucaHus NoBeAeHUsI BSA3KOYNPYroro martepuana npv rapMoHuye-
CKWUX Harpy>eHusix NpUMEHSINCS MEeTOoA KOMMMEKCHbIX moaynen. OnpegeneHsl AHaMu-
yeckne aedopmMaLMOHHbIE CBOMCTBA Marepuana C UCMonb3oBaHWeM pa3paboTaHHOM
MeToaukn. [laHHas mMeToauka MOo3BOSIsieT OMpefenuTb COCTaBnsoLne AMHAMUYECKUX
MoZynen u yrnbl NoTepb NepBoOW M BTOPON rapMoHuK. [ns u3yyeHus BMMSHUS 4acToT
BUrapMoOHMYECKOro Harpy>XeHusi Ha noBeJeHue BA3KOYNpyroro Matepuana Obino npea-
TIO)KEHO BBECTM OTHOCUTESbHbLIA YaCTOTHbIN dakTop. lNpeanoxeH meTon npeacraene-
HWSA pe3ynbTaToB 3KCNEPUMEHTA MPU FPaHUYHBIX 3HAYEHWUSX OTHOLLEHWS YacToT NepBOi
1 BTOPOW rapmoHuK. [aHHbIii noaxos No3BOSSIET ONpeaenuTb NoBeAeHNEe BSA3KOYNPYrux
MaTepuanoB Npu MOHOTapMOHWYECKUX Harpy>XeHusx B OUrapMOHMYECKON MOCTaHOBKE
3apayn. MocTpoeHbl 3aBUCMMOCTM COCTaBMSOWMX AMHAMUYECKOrO MOAYMA U yrna no-
TEepb MEepBON FApMOHUKM OT YacTOTbl 3TOW FAPMOHUKM, 3aBMCUMOCTU COCTAaBIISIHOLLMX
OMHaMUYECKOro MOAYNS U yrna notepb BTOPOV rapMOHWMKU OT OTHOLLEHWUSI 4acToT nep-
BOW 1 BTOPOW rapMOHUK. BbISIBNEHO, YTO M3MEHEHWe yrna cABura HadanbHbIX a3 npak-
TUYECKWN He OKa3blBaeT BIMSIHUSI HA NOBeAEHNE BA3KOYNpyrMx maTepuanos. Mpeanoxe-
Ha MaTemMaTuyeckas MoAenb, OMUCbIBaBLUAs MOBEAeHWe martepuana npu pasnuyHbiX
3HayeHusIX YacToT. lMokasaHo, YTO MpeanoxeHHas MoAdenb C OOCTAaTOYHON TOYHOCTbIO
Nno3BoNIsieT onucaTb NoBedeHne MaTepuana npu nobom oTHoweHun YacTtoT. MokasaHo,
4YTO BUrapMoHUYECKME UCMbITaHUS SBRSIOTCS Gonee NpeanovYTUTENbHLIMU AN onpeae-
TIeHUs1 3aBMCUMOCTEN AMHAMMYECKOro MoAynsi OT npeABapuTENbHON CTaTUYecKkon Ae-
dopmauun, YeM MOHOrapMOHMYecKkue WUCMbITaHWs NpU U3MEHEeHUW npeaBapuTesibHOM
cTaTnyeckon gedopmaumu.
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This work is devoted to the engineering unit development for stress-strain state as-
sesses of the viscoelastic structures in aerospace engineering under some biharmonic
(two-frequency) loads. Uniaxial monoharmonic (one-frequency) tests of low-modulus
viscoelastic polymer composite were conducted under different values of pre-static de-
formation and initial phase shift angle, as well as uniaxial biharmonic (two-frequency)
tests under different values of first (low-frequency) and second (high-frequency) harmon-
ics frequencies. The complex modulus method was used to describe the behavior of
viscoelastic material under harmonic loads. Material dynamic deformation properties
were determined by a specially developed method. The method allows determining the
dynamic modulus and loss angle of the first and the second harmonics. A relative fre-
quency factor was offered for the study of the effect of biharmonic load frequencies on
the behavior of viscoelastic material. The method of experiment results under boundary
values of frequencies ratio of the first and second harmonics was offered. This approach
allows us to determine the behavior of viscoelastic materials under monoharmonic loads
in the biharmonic formulation of the problem. Dependencies of the dynamic modulus and
the loss angle of the second harmonic on frequencies ratio of the first and second har-
monics were shown. It has been found that the initial phase shift change does not impact

viscoelastic materials behavior. A mathematical model describing material behavior un-
der different values of frequencies was proposed. This model allows us to describe, with
a sufficient accuracy, the material behavior under any frequencies ratio. Biharmonic tests
are more preferable for determining the dependence of the dynamic modulus on pre-
static deformation than monoharmonic tests under pre-static deformation changing.

© PNRPU

BBeneHue

Bsizkoynpyrue nogumMepHble KOMIIO3UThI IIUPOKO MCIOIb3YIOTCSI B COBPEMEHHON aBUAllM-
OHHOM U pakeTHOW TeXHMKE. JlaHHble MaTepualibl JOJKHBI BBIJIEPKUBATh HE TOJIBKO CTaTHUYE-
CKHe€, HO U BBICOKHE IMHAMUYECKHe Harpy3Ku, 001aaTh XOpOLIMMHU JeMI(UPYIOIIUMU CBOMCT-
Bamu. CTaThsl MOCBSIIEHA M3YUYCHHUIO BIUSHMSA CIOXKHBIX AMHAMUYECKUX (OMIrapMOHUYECKHX)
Harpy30K Ha IIOBEJCHHUE BA3KOYNIPYTUX HAIIOJHEHHBIX MOJIMMEPOB.

JUia onucaHusl TOBEJIEHUS BA3KOYIPYIoro marepuaja HCIOJIb3YIOTCS HHTErpajbHbIe
u tuddepeHaibHble ONepaTopsl, a Takke KOMIUIeKCHbIe Moaynu [1-3]. B ycrnoBusix aeicr-
BUS CTAllMOHAPHBIX TAPMOHMUYECKUX KoseOaHWH JUIsl ONUCAHUS Je(POPMALIMOHHBIX CBOMCTB BsI3-
KOYIIPYI'MX MaTepuasloB y100HO MCIIOJIb30BaTh KOMILUIEKCHbIE MoynH [1-5]. TloBenenue mare-
pHana B TAKOM CiIy4ae OMpeaeNseTcsl MMHAMHYCCKHM MOAyleM E i yrmom motepb ¢z. Ilpu
JNENUCTBUM OUrapMOHMYECKHX HArpy30K KOJIMYECTBO KOMIIOHEHT YBEJIMYMBAETCSA 10 YETBIPEX:

* ES ~ ~
E/, E, u @; , ¢y (MHICKCHI | 2 COOTBETCTBYIOT NEPBOi M BTOPOii rAPMOHUKAM).

MexaHnyeckue XapakTepUCTHKHU MOJUMEPOB OOBIYHO CYIIECTBEHHO 3aBHUCSIT OT TeMIIepa-
Typbl IPOBEJICHUSI OTbITa M 4acTOThI HarpykeHus [1]. Kpome Toro, i1 HanmoJHEHHBIX MOJUME-
POB B YCIIOBUSIX JCHCTBHSI OJHOYACTOTHBIX HATPY30K TAKKE XapaKTepHbl HEKOTOPbIE HEMUHEH-
HbIe YPQPEKTHI, HAPUMEP OTJIMYME METIU TUCTepe3nca OT AUIMITHYECKON (OopMBbI, pazmsrye-
Hue Matepuana (3pdext Mammunza—IlaTpukeeBa), BiIMsAHHE aMIUATYIBI AedopMamun &g,
(@ddexr [siiHa) 1 MpeaBapuUTEIHHON CTATUYECKON JAePOopMalin €, HA TUHAMUYECKUE MOIYJIN
[6—13]. IIpu nByX4acCTOTHBIX Harpy3kax Take HaOIIOal0TCs CYIIECTBCHHBIC 3aBUCUMOCTH -
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HaMUYECKUX MOJAYJEH OT aMILTUTY ]l AeGopMaIliy MePBOil U BTOPOH TapMOHMK HarpykeHus [11,
14, 15].

I[J'IH HU3YUYCHUSA BJIIMAHUA HaCTOT 6I/IFapMOHI/I‘~I€CKOFO Harpy>KCHus Ha MOBCACHHUC BA3KOYII-
pyroro matepuaia ObUIO MPEJIOKEHO BBECTH OTHOCUTEIBHBIN YacTOTHBIN (akTop vi/v, [7, 14].
Tornma oTHoOIICHHE Vi/v; UMEET JBa MPEACTbHBIX 3HAYCHHUS: Vi/v, = 0 (4acToTa MepBOM rapMOHH-
ku v; paBHa 0, aMmmuuTyzaa nedopmanuu nepBoil TapMOHUKU €,, NpeoOpa3yercss B MpeABapH-

TENBHYIO0 CTATUYCCKYIO JIehOpPMAIIHIO E;) U Vi/v, = 1 (4acTOTHI TIEPBOW W BTOPOH TapMOHHK PaB-
HBI, Vi = V). U ipu vi/v, = 0, u ipu vi/v, = 1 AByX4YacTOTHAsI HAarpy3Ka mpeoopasyercs B OJHO-
YaCTOTHYIO.

[Tpu mogoOGHOM OMMCAaHWUU BS3KOYMPYTHX CBOMCTB MarepHalia BO3HHUKAET PsJi BOIPOCOB.
Kaxk ocymiecTBuTh nepexoa OT 0OJHOYACTOTHOT'O HArpPY’>KEHUS K JBYXYACTOTHOMY HArpy>XEHHUIO
IIpY TPAaHUYHBIX 3HaYeHUX Vi/v,? Kak onucaTh noBefieHre MaTepuaia npu OJIM3KOM 3HaYCHUH
gactoT (Hampumep, vi =1 ', v, = 0,9 I'm)? Kak onpenenuTs AMHAMUYECKHE CBOMCTBA TIPH HE-
[EJIOM OTHOIIIEHUHU YaCTOT FApMOHUK?

1. OnucaHue noBeAeHUs1 maTepuarna npyu ABYX4YaCcTOTHbIX Harpy3kax

CooTHollleHre HanpsbKeHUH U aedopMaldii pU CTallMOHAPHBIX FApMOHUYECKUX Kojeba-
HUSAX MO>XKHO 3alHcaTh B CIEAYIOIIEM BHUJIE:

o(t)= E'g sin2nvt +¢,), ()

E" =w/E'2 +E? , tang, =E%2,,

rae E' — neficTBUTeNbHAS YaCTh KOMIUIEKCHOTO MOJYJIsT; £”— MHUMAs 9acTh KOMIUIEKCHOTO MO-
OyJist; €, — aMIUTATyAa AedopMaIui; G, — aMIUTMTYAa HalpsDKeHUs, [ — BpPeMs, V — 9acToTa.
O6061mas cootHomienue (1) 11st MHOTO4acTOTHOT'O HATPY’KEHUs, 3aMUIIeM

m
o(t)= ZE;aal.sin(vait + Qg + (pgl.), 2)
i=1
rJe 7 — KOJINYECTBO FapMOHUK BO3JEHCTBUSA; Qg — YIOJI CABUTa HadanbHbIX (a3. Dopmyisl (1),
(2) moaxonAT 1Sl ONUCAHUS TMHEMHOIO BS3KOYIPYroro noseaeHust Marepuana. [Ipu Henunei-
HOM TIOBEJICHUHU (3aBUCUMOCTh JUHAMUYECKOIO MOJYJI OT MPEIBapUTEIBbHON CTATHYECKOH Je-
(dbopmanmu, aMIUIUTYb! eopMalMi) UCHOIb30BAHNE ypaBHEHUs (2) MPUBOAMUT K OTIMYUAM
peaJIbHOTO MOBEJEHUS MaTepuasia OT pacueTHoro. J[MHaMu4yeckue Harpysku, JEHCTBYOIIME Ha
(oHE KBa3UCTATUUECKUX, YACTO HE MPHUBOIAT K OOJBbIINUM JeQOopMaLusiM, HOITOMY CYLIECTBEH-
HBIX UCKa)KEHUH (POPMBI IETIN TUCTEpe3nca OT ALUIUNTHYECKON He mpoucxoaut [9]. Ucxons u3
STOTO BO3MOXXEH MPUEM TapMOHUYECKON nuHeapu3auuu [16] ITMHAMHUYECKOro Harpy>KeHUs
B OKPECTHOCTH HEKOTOPOT'O KBa3HUCTATHUECKOTO HArpyKEeHHUs.

DKCIIepUMEHTAIbHbIE HCCIIEAOBAaHUS IMOKa3bIBAIOT, YTO MPH CTAlMOHAPHBIX I'apMOHUYeE-
CKUX Harpy3kax B OKPECTHOCTH KaKUX-THOO MpeABAPUTEIbHBIX CTaTUUYECKUX Aedopmanuil 1is
JIAHHOTO THIA MATEPHAIOB HAGMIONAIOTCS PA3IMUHBIC 3HAYCHHS IHHAMHYECKOro MOXyis E
[7, 8, 11]. 3aBUCUMOCTh TUHAMHYECKOTO MOIYJS E "ot MIpeIBAPUTENIbHOM cTaTHYecKoi nedop-
MaIHH E; MOTYT OBITh OIMCAHBI TOJMHOMOM BTOPOM CTEICHM:

E'(e,) = Ag, + A, +4,. (3)
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Hanpumep, 11 pexxuma HarpyskeHust ¢ yactoroit 1 I'u u ammurynoit nedpopmaruu 1 % koad-
¢unuentsl A = 0,155; A, =-0,45; A3 =11,45.

[Tpennonoxum, 4To mpeaBapuTeNbHas cTaTHueckas nedopMmanus €, U3MEHSETCs BO Bpe-
MeHHu nepuoguuecku. Torma OyayT HaOmoaTbecsli M3MEHEHHUs AMHAMUYeckoro moayis E (7)
c nepuogoM 1/v. B ciiyuyae 0HOYacTOTHOrO (MOHOTapMOHMYECKOI'0) HArpy>KEHUs IpeaBapu-
TEeJIbHASI CTaTHUYecKasi nedopMalys €, UTPaeT PoJib MEepBOM (HU3KOYACTOTHOM) TaPMOHHUKH TIPH
OUrapMOHUYECKOM HArpy>KEHUU:

g, (1) =¢€,sIn2mv,t. “4)

(v *
Torna npu GUrapMOHNYECKHUX BO3JIEHCTBUAX 3HaUEHUE E, B 3aBUCHUMOCTH OT JeopMaLuu
2
g,(t) =¢,sin2mv,t OyleT u3MeHAThCS NOA00HBIM 00pa3oM, kak B GyHkuuu (3). IloncraBus (4)
B (3), momyyum

2 2

x A4 . Ag,, .
E,(t)= 4, + 1;“1 + A4, g, -Sin2mv t + %sm(%&vlt —0,5m). (5)
[Tpumem
* A€ R % A€
EZ(O) =4+ 12 “, Ez(l) =4,-€,, E2(2) - 12 -

Mexay HanpsoKeHUsMU U eopMalMsMU CYIIECTBYET 3ala3/blBaHue Ha BEIUYUHY Of,
M03TOMY 3alHuileM ypaBHEHHE (5) B BUIE

E,(t) = E;” + E;Vsin(2nv,t + ¢, ) + E;Vsin(2m2vt — 0,51+ ¢y, ). (6)

W3MmeHeHusMu yriia moTeph B 3aBHCHMOCTH OT IPEIBAPUTENBHON cTaTuueckoil aedopma-
IIUU & NMPU OJJHOUYACTOTHBIX BO3JCHCTBUIX mpeHeOperaem [11], ciaemoBaTelbHO, MOXKHO 3aITH-
catb @ (7) = const.

Jl7si BBICOKOHATIOIHEHHBIX MOJMMEPHBIX Cpell, KaK MPaBUIIO, XapaKTEPHO Pa3IMYHOE CO-
MPOTUBJICHHUE TIPH pacTshKeHUU U cxatuu [17]. Ucxoas u3 3TOro B yCIOBUAX CUMMETPUYHOTO
ukiaa nedopmupoBanus (puc. 1) BO3MOXKHBI pa3iMyHbIC 3HAYCHUS TUHAMUYECKOTO MOJYJIS
NP PACTSHKEHUM U CKATUU (O] # — O2, €] = —€2).

0,03 © At o, MIla 0.3
Ty 5 N .

0.02 El / .( O, # —0, {02
’ E] — _EZ ’
0,01k & 10,1
05 0
~0.01f -0,1
0,022 02
-0,03L J-03

Puc. 1. OnuH UK 0THOYACTOTHOTO HATPYKEHUS
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AMIUIATY B! AepopMaiy U HaNpsDKEHUS, @ TAK)KE CpeiHee 3HAuUCHHE HaNpsKEHUs OIpe-
JIETISFOTCS C TOMOILBIO (hOpMYJT

5. :(Gl —Gzy’ o = (o, +02y’ : =(81 —82%.

I[anee onpeaciIinM ABC COCTABJIAIOIIUC JTUHAMUYICCKOIO MOJYJIA:

E*(O) = G/ , E*(l) = G% .
8[1 8(1

COOTBGTCTBGHHO, JTUHAMUYCCKUM MOAYJIb MPU MOHOTAapMOHHWYCCKUX HArpy3Kax 3alliiieM
B BUJC

E'(t)=E"” + EVsin(2nvt +¢;),

npy OMTapMOHUYECKUX HArpy3Kax
E ()=E+ El*(l)sin(valt +0p )

Taxum 06pa3oM MoBe/IeHHe MaTepUaa MpH JIBYXYACTOTHBIX HATPYKEHUSX MOKHO OMUCATH
* * 3k * *
cembio coctasmsomumu: E, "V, EV . E© EWE® ., ¢,,; NP1 0IHOYACTOTHBIX Ha-

IPYKEHUSAX — TPEMS COCTABJISAIOINUMHA: £ O g, QF.
2. MeTopuyeckue BOMNpoOCLI npoBeAeHNA ANHAMUYECKOro 3KkCnepuMeHTa

HexoTopbie MeToMuecKue acreKThl ObLIN 3aTPOHYTHI B padote [18]. DxcnepuMeHTa bHbIE
HCCIIEIOBAHUSI TPOBOJAWIINCh HA AJIEKTPOAMHAMHYECKOW UCIBITaTeNIbHOW cucteme Instron
ElectroPuls E10000 B LlenTpe skciepuMeHTaIbHON MeXaHUKU [lepMcKOoro HalMoOHAIBLHOTO HC-
CJIeIOBATENLCKOTO MOMUTEXHUYECKOro yHuBepcutera [19]. [lnst onmpeneneHus TUHAMUYECKHX
ne(GOpMaLMOHHBIX CBOMCTB MCIOJIB30BAJICS HU3KOMOIYJIBHBIA BA3KOYNPYTHil MaTepuanl MapKu
TI/I, u3 KOTOPOro GbLIM M3rOTOBIEHBI OOPA3IbI KPYIIOro cedeHns amamerpoM 36,5 mm
¥ BBICOTOH 39,57 MM (puc. 2). Beero 6bUI0 H3roToBiIeHO 8 006pa3ioB. JJaHHbIH MaTepual 06-
Ja/iaeT SIPKO BBIPAKEHHBIMU BA3KOYIIPYTUMU CBOMCTBAMHU.

- 35i0,5 - 7:0,2‘ 39, 5:1,5 N 410;1
i i
g ~
kY W oel3
Nl 4 —_—f——— - N N +N — 44 -
ey ] S| ™ ISP
a S
\ Y
a 9]

Puc. 2. Ueprex obpasiia (a) 1 MEeTaIUTMIeCKOW OCHACTKH (0), BBITOTHECHHBIX
B BUJIC «TPUOKa»
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OOpa3ipl MoABEPraluch TEPMOCTATUPOBAHMIO B TeMmmepaTypHoil kamepe Instron 3119
B TEUECHHUE 3 4acOB C LIE/IbI0 YCTAHOBJICHUS PAaBHOMEPHOI TeMIIEpaTyphl 110 BceMy 00beMy 00-
pasua. Ha u3roroBiaeHHbIX 00pa3ax MPOBOAMINCH OJHOOCHBIE JMHAMUYECKUE UCIBITAHUS 10
3aKOHY Ae(opMupoBaHUs BUIA

e(t) =g, sin2nv t+¢,, -sin(2nv2t+(pg2). (7)

[Tocne mpoBezeHUss UCTIBITAHUHN /IS pacdeTa Opajich JaHHbIE YCTaHOBHBILETOCS PEXHUMA
neOpMHUPOBaHUS, TAK KaK IKCIIEPUMEHTAIBHON CHCTEME HEOOXOIMMO BpeMsl I BBIXOZA CHT-
HaJla Ha 3a/laHHble 3HaYeHUs Je(hOopMallnu ;. Kpome Toro, Ha HauanbHOM 3Tane aedopmupo-
BaHUs HaOmonaeTcs pazmsaryeHue mMarepuana (3pdext Mannunza—Ilatpukeesa). OGbIYHO -
(deKT orpaHMYeH HECKOJBKMMHU MEPBBIMU IIMKJIAMHU HArpy>KEHUs, MOCIEe KOTOPBIX UM MOYKHO
npeneOpeus. [l nmpumepa Ha puc. 3 U 4 MPHUBEACHBI 3aBUCUMOCTH HANPsHKEHUH OT BPEMEHHU
JUIE OJHOYACTOTHOTO peKUMa HarpyxeHus ¢ yactotoi 1 I'm, ammumrtynoir nedopmarmu 1 %
u Temrepatypoit 30 °C u U1 ABYXYAaCTOTHOTO PeKMMa HarpyxeHws ¢ yacroramu 1/7 w1 I'm,
amuutynamu nedopmanuu 3 u 1 % u temneparypoit 30 °C. bbuto oTMeueHo, YTo Jisl OJHO-
YaCTOTHOM Harpy3ku 3(h(eKToM pa3MardeHus MOXKHO MpeHeOpeub Mmocie 5-ro 1uKia (Makcu-
MaJIbHbIE OTJIIMYMS MEXK]y ONpeAeIsieMbIMH BI3KOYIPYTUMH XapaKTePUCTUKAMHU Ui 5-T0 U 6-r0
LIMKJIOB HEe IpeBbIicvN | %), 115 IBYX4acTOTHOM Harpy3KH — 1ocie 3-ro HuKjia HU3KO4acToT-
HOW TapMOHUKH (MaKCHUMaJIbHBIE OTIINYHS MEX]Ty ONPEACIIeMBIMH BSI3KOYIIPYTHMHU XapaKTepH-
CTUKaMU JJis1 3-10 U 4-ro UKJIOB He peBbICHIH 2 %).

0.18 F o, MIa
0,08
-0,02 F
—0.12 }
fc
0,22 . : : ;
0 0.5 1:5 5.5 6
Puc. 3. 3aBUCUMOCTD HANPSKEHUS OT BPEMEHH TSI OJTHOYACTOTHOIO
HarpyKeHust
o. Mlla
04 |,
| |||| | [\ I'.'|| A ﬂl
0,2 N/, \ f n \\
A AL AL AL
:} | ’\ | |||P\ | Iﬂ l I|I 'ﬂl Al
V \| Vin V) {\I’ VIa [\
02 [ NU vf\ / \f A
04 } v \J / | \j V \‘
lc
0.6 - ' : : :
0 5 10 15 20 25

Puc. 4. 3aBucumMocTh HanpsKeHUs OT BPEMEHH IS ABYXYaCTOTHOTO
Harpy>XeHHUs
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Hy>XHO OTMETUTB, UTO 3a KaXJIblii LIMKJI HAarpy>KeHUsI MaTepuall BbIICISET TEII0, KOTOpOoe
uaeT Ha HarpeB oOpasiua. IloBelmieHre Temnepatypsl 00pasiia, B CBOIO O4Yepe/ib, CIIOCOOCTBYET
U3MEHCHHUIO 3HAYCHUH TUHAMUYECKOTO MOIYJISI U YIJia TIOTephb. MICXOs U3 3TOro TeMmeparyp-
Has Kamepa JI0JDKHA paboTaTh B MpoIecce HAarpyKeHUs. B pesyribrare Temno yHOCHUTCS C TI0-
BEpXHOCTH 0Opa3na. [lomumMo 3TOr0, Takke OBLIIO OTPaHUYECHO BPEMsI IIPOBECHHS SKCIIEPUMEH-
Ta (10 KOJIMYECTBY LIUKJIOB).

Marepuan OYTH MOJHOCTHIO BOCCTAHABJIMBAET CBOM MEXaHWYECKHUE CBOMCTBA B TEUCHHE
24 gacoB. Jlanee BO3MOKHO MCIOJIB30BaTh 0Opa3ell CHOBa, 0e3 CYIIECTBEHHBIX OTJIMYUI B pe-
3ynbratax. Ha puc. 5 mpezacraBieHsl AuarpaMMbl Harpy>keHus oOpasua 10 U mocie 24 yacos
BBIICPKKM JUI pEeKMMa HarpykeHus ¢ mapamerpamu vy = /11T v, = 1T g, =3 %;

€,, = 0,5 %. MakcumasnbHOE OTIINYKE JaHHBIX cOCTaBUIIO 2,8 %o.

04 o, Mlla

0,2

0.2

_(]-4 Il 'l 'l L 1
11 13 15 17 19 21

Puc. 5. 3aBUCHMOCTE HaIPSHKEHUS OT BPEMECHH
JUTS IByX9aCTOTHOTO HArPy>KEHUS

ITo ymomyanuto as onpezaeneHus nepemenienuii cucrema ElectroPuls ucnons3yer Berpo-
SHHbII aTUYMK NepeMeIleHH TpaBepchl. DTO 3HAUUT, YTO (PUKCHPYEMOE IaHHBIM IaTYMKOM
NepeMeIleHUe CKIIAbIBACTCS U3 PEaIbHOrO NMepeMEIIEeHUs Ha 00pasLe U, U MepeMELIeHUs CUC-
TeMbl U.. VIcXoast u3 3TOro nepes NpoBeIeHUEM HKCIIEPUMEHTAIBHBIX UCCIIE0BaHUI ObLT IIPO-
U3BEJICH 3aMep NEepeMEIleHUI 2JeMEHTOB HarpysKarolled CUCTEMbI (3aXBaTHBIX MPHCIIOCOOIe-
Hui). [{71s1 3TOro B 3aXBaTHBIX MPUCHIOCOOIEHUIX UcTibITaTenbHOM cucteMbl ElectroPuls E10000
ObuIa 3aKperyieHa CTallbHas IJIACTHHA TOJNIIMHON 12 MM C MUHUMAJIBHBIM 33a30pOM MEXIy 3a-
XBaTHBIMHU MPHUCIIOCOOICHUAMU. 3aTeM ObUTH MPOBEIECHBI UCIIBITAHUS HA PACTSIKEHUE U CHKATHE.
[TockonbKy paccTosiHME MEXIy 3axBaTaMH MaJlo 10 CPaBHEHHUIO C UX JJIMHOMW, yIJIMHEHHEM
IUTACTHHBI MOKHO IpeHeOpeub. COOTBETCTBEHHO, NepeMeIleH s, 3a()UKCUPOBAaHHbIE [0 BCTPO-
€HHOMY JIaTYMKY CHUCTEMBbI, U OyIyT MepeMEeLIeHUsMH 3JIEMEHTOB Harpy karollei cucremsl. 3a-
BUCHUMOCTb NE€PEMELIEHUs 3JIEMEHTOB CHUCTEMbI OT IMPUJIOKEHHOM HAarpy3KM MOXXHO OIUCATh
byHKIHEH BUIa

N =66,12u,.

I[JBI HaXO0XACHUA «MCTHHHBIX» nepeMemeHI/Iﬁ 06pa3ua HYXXHO U3 HepeMemeHHﬁ, (I)I/IKCI/I-
PYEMbIX HUCIIBITAaTEeIIbHOM CHUCTEMOM Uy, BBIYCCTh NEPCMCIICHUA HUCIIBITATEIbHON CHCTEMBI Uc
IIpU COOTBCTCTBYIOIIUX HAIrpy3Kax.
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3. MeToauka onpeagerneHnNa MmexaHn4eckmx CBOMCTB BA3KOYNpyrmx matepuanos,

npeactaBrieHne Ux B Buae KOMNieKCHbIX Mop,yneﬁ

[Tocne mpoBeneHNs ABYXYaCTOTHBIX MCIIBITAHUNA PE3yJIbTaThl SKCIICPUMEHTa (HAPSHKCHUS,
nedopmaiuy 1 T.11.) COXPAHSIIOTCS B BUAC SJIEKTPOHHBIX Ta0ymil (Tadut. 1).

Tab6mumna 1

PGSYJ'II)TaTI)I JUHAMHUYCCKOI'0 SKCIICPUMCHTA

Bpewms 1, ¢

Hedbopmanmn (€.¢);, Yo

Hanpspxenus 6, MITa

14

(Sax)l

01

[§)

(831()2

G2

In

&0

On

Jljig yyeTta *ECTKOCTH Harpy>Karoleil cucTeMbl HEOOXOAMMO OMNpPENEIUTh NepeMelIeHHUs,
buKcUpyeMble UCTIBITATETbHOU CUCTEMON

(u:nc )i = (831< )i L’
((&5x); — medopmaruu u3 Taou. 1);

HarpySKy
(Nalc)i = GiF;

NEpEMCIICHUS 3JICMCHTOB HCITBITATEILHOM CHCTEMBI

(u.); = %6,12(1\]3“)1';

CKHUCTHUHHBIC) MEPEMCIICHUS

(uuc)i = (uak)i - (uc)i;

Y

3arem nmocTpouM Tab. 2 aHAJIOTUYHO TaoI. 1.

«MCTUHHBIE» AeQopMaIiu

Tao0mmia 2

PGSYJIBTaTLI JAUHAMHUYCCKOI'O SKCIICPUMCHTA

Bpewmsi t;, ¢ Hedopmanmu g;, % Hanpsioxenus o;, MIla
hH €1 01
tn 8" cSl’l

Mexay coceqHHMH TOYKaMH 3HAYCHUW HaNpspKeHUH u aedopmaruii (Hampumep, € | €3),
B3ATBIX U3 Tabi. 2, mpoBeaeM oTpe3ku. COBOKYMHOCTh 3THUX OTPE3KOB MOYKHO OMMCATh (YyHK-

UM BUIA
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1=1)(&, —¢
( l)( i+l l)+8i: G(f):
lig —1 lin =1

(1=1,)(0;,, —0;) e

S(t ) = i
Jlanee naHHbIE DKCIEPHMEHTA pa30OUBAIOTCS HAa BpEMEHHBIE HHTEPBAIIBI Yepe3 KayKIblii I1e-
puon KoJieOanuii HepBOﬁ HU3KOYaCTOTHOU TrapMOHUKH 1/V1, " BBIACISACTCA HepBHﬁ HHU3KO4Yac-

TOTHBIA BpeMeHHOH uuTepBan [7,,—1,] (¢, =11, =1/v,+1,). B pesynprare Takoro pas-
OHMeHUS MOJTyYUM /1 UHTEPBAJIOB.
Kaxaplii HU3KOYaCTOTHBIM BPEMEHHOW MHTEPBAJI pa3iokuM B psag Dypre [20] ¢ moMolbro
hopmyn
pl

liv1
BO — Z 2v, J'{(t_tz)(gm —&;) +81} dr .

PO ‘ ti+] - ti

1

prl lit]
B — z 2v, I|:(t_ti)(81+l —€;) +8ij|COS(27IV11)dl‘ ’

PO ‘ ti+1 _ti

i

pl lit1
B — Z 2\/1 J‘[(f—l,-)(?:m —Si) +8ij|SiIl(2TEV1l)dl‘ :

0 ‘. ti+1 _ti

i

(0)
Ja() = BT + [B“)cos(znv]t) + B(z)sin(valt)]. (8)

Hainee ¢ momombso Gopmy

arctan(B(y )
B(2) 2 2 (0)
0, = . galz\/(Ba)) +(B(2)) , e, =B 4

2mv,

MOJIyYUM IICPBYHO HU3KOYACTOTHYIO 'apMOHUKY I10 Ile(bOpMaLH/I}IM

Ja(®) =g, +e,sin2nv,(f+¢,). )

ITocne aHaIOrUYHBIX HpCO6p830BaHI/II7I JJIs0 HaHpH)KCHI/Iﬁ BbIJICJIMM TICPBYHO HHU3KOYACTOT-
HYI0 'apMOHUKY I1O HAIMPSIKCHUAM

fs(t)=0,,+0, -sin2nv,(t+¢_)). (10)
AnmapaTHasi peajau3alys 3aKoHa HarpyKeHus 1o aedopMaiuu B 00IeM ciaydae mpe/nosia-
raeT Hajauuue yria ciasura ¢asel 2mv,@,., BCICACTBUE 3aMa3]bIBaHMs SKCIHEPUMEHTAILHOTO

obopynoBanus. IlpennoxenHas MeToauka OOpaOOTKM MO3BOJISIET YYUTHIBATh 3ara3/ibIBaHUE
9KCIIEPUMEHTAILHOIO 000pYyJ0BaHUsA. 3HaY€HUE €,, IPU CUMMETPUUYHOM LUKIE AePOPMUPO-

BaHUA OyJIeT CTPEMUTHCS K HYIIIO.
Takum o6pazom, AJis MEepBOM HU3KOYACTOTHONW FapMOHUKU MOKHO ONPEIECIUTh 3HAUYCHUS
COCTABJISIFOLIMX TMHAMHYECKOTO MOJIYJISl M YIJIa TOTEPh:

El*(o) = GV ’ El*(l) - G’V s Qg = 27V(@ — Oy)-
8{11 8(11
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C nomoI1ibi0 aHaJOTMYHBIX MPeoOpa3oBaHUi MOXKHO OIPEASIUTh 3HAUEHUS! COCTABIISIONINX TU-
HAaMHYECKOT0 MOJYJISl U yTJIa HOTEPh PU OJJHOYACTOTHBIX HArpy3Kax.

[loncraBum Tenepb B BelpaxkeHus (9) u (10) BMecTo ¢ 3HAUE€HUS BpEMEHU f; U3 Tadi. 2
1 BbruTeM BhIpakeHus (9) u (10) u3 TaOIMYHBIX 3HAYECHWUW HANpsDKEHUH U nedopmariii cooT-
BETCTBEHHO ¢, — f,,(#,), ©,— f.,(¢,). B pe3yinpTare mpeioKeHHbIX IPeoOpa3OBaHUN MOKHO
MOJTYYHUTh 3HAYECHUS HANIPSDKEHUH U 1ehopMaIuii TOJIbKO OT BEICOKOYACTOTHON TapMOHHKH.

JlaHHBIC 3HAYCHUSI pa30MBAIOTCS HAa BHICOKOYACTOTHBIC BPEMEHHBIC WHTEPBAJIBI MIEPHOIOM
1/vo caemyromum crnocobom: [t —?,] — 1-ii BBHICOKOYACTOTHBIH BpPEMEHHON HMHTEpBal,

[tos1 — L] — 2-H, ..., [te0s; — gl — MOCJIe THUI (tK0=tp0; ta=1/vi+t; t,=1/v,+1,,

M T.JI. 10 TeX IO, MOKa /. =¢,; j + 1 — KOIMYECTBO BHICOKOYACTOTHBIX BPEMCHHBIX HHTCPBA-

JI0B). 3aTeM C MOMOIIBI0 aHAJIOTMYHBIX MpeoOpa3oBaHuil (8), ONMKMCAHHBIX BBILIE, MOXKHO OIpe-
JIeNTUTh 3aBUCUMOCTH JIJIsl KK 0I'0 BBICOKOYACTOTHOTO BPEMEHHOI'0 HHTEepBaa:

Jor (1) = €oSIN2Tv, (1 + @,y ), [for (1) = O SIN2TV, (2 + @5).

,HJ'I?[ KaXXZ10ro BBICOKOYAaCTOTHOI'O BPEMCHHOI'O HMHTEpBaja OMPCACIIAOTCA 3HAYCHUS CO-
CTaBJIOIUX JUHAMHUYCCKOI'0O MOAYJIA U YIJIa IIOTEPb

*

c
E, = ‘%29 Opy =271V, (Qgy — 0yy)

JUTSL BBICOKOYACTOTHOM rapMoHUKH (Tadm. 3).

Tabmuma 3
3HaveHHs AUHAMUYIECKOTO MOYJIS ¥ yIJiIa TIOTePh U1 BTOPOM TapPMOHUKH

Howmep BpemeH- B 6) BbICOKOYACTOTHBIH Bpe- | YTOJ OTEPh JuHammaecKkui
HOTO HHTEpBaa peMi I; 7, ¢ MEHHOM HHTepBa @py, TPAA. Momyns E,, MIla

1 0,5(1,0 +1,1) [teo — 1] (Pr2); (E; )1

2 0,5(t 011 +1:2) [feos1 — 2] (952), (E; )2

3 0,5(fc042 + 4i3) (012 —13] (©r2)s (E; )3

j +1 0>5(t;<0+j + tKj+1) |:t;<0+j - tkj+1 :| ((PEZ )J‘+1 (E2 )j+1

Tak kak 3HaYCHUS JMHAMUYECKOIO MOAYJIA U yIjia IOTCPb ONPCACTIAIOTCA AJII KOHKPCTHO-

ro MHTEpBaJa BPEMEHHU, TO OHU MPUCBAUBAIOTCS CPEIHEMY 3HAUEHHUIO BPEMEHU ti(”) 3TOr0 MH-
TepBaja.
Takum oOpa3om, B pesyibTare 00pabOTKHM monydaercs j + 1 3HaueHWe yria mnoTepb
U TMHAMUYECKOI0 MOJYJI BBICOKOYACTOTHOM T'aPMOHUKH. YTOII IIOTEPh P, (?) = const, Cleno-
BaTEJbHO,
Jj+l

Ppr = Z((PEZ )i
i=1

JlnHamMuYecKuii MOAYJTh BTOPOM TapMOHUKH XapaKTepu3yeTcsl ypaBHEeHUEM (6), TOAITOMY JIJIst
* sk *,
ONpeIeNIEHUs COCTaBISIOMNX E © gD E,® BOCIIOJIb3yeMCs TipeoOpazoBanusiMu Dyphe:
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(¢) c * N
pl lis] (t - ti( ))((E2 ),41 - (Ez )1)

c=>2v, | — +(E), |dr ),
PO tl_(c) ti+1 _ti
pl| (;_;@)((E*)A —(E*)<) |
1 i 270+l 27i %
c® :z 2v, '[ @@ +(E,); [cos(2mv,1)dt |,
PO he i1 L
pl| (,_;,(@)((E*)_ —(E*).) |
2 i 2/i+l1 27i * .
c? = ZO: 2v, (J.) T +(E,); [sin(2mv t)dt |,
P ,iﬁ' i+ i ]

o (B, -~ (B, |
c® = Z 2v, _[ f(c) 2_;) : )

po {0 i+l
1

+(E,), [cos(2m2v,t)dt |,

i () c * « _
cW = i 2V1tlj'1 (t_ti( ))((Ez)m _(Ez)i)

(©) _ (o)
PO e lig—t

+(E,), [sin(2n2v,t)dt |

C nmomorpio hopmyi

EO = \/(C<1))2 +(C(2))2, E® - \/(Ca))z +(C(4))2, E;(O):C(%

OTIPECIIAIOTCS 3HAYEHUS COCTABIISIFOIIMX JUHAMUYECKOTO MOIYJIS.

3areM BBIAEISETCS BTOPOW HU3KOYACTOTHBIM MHTEpBAJI, TPETHH U T.A. Beero B urore momy-
YyaeM 7 3HaYEHUH COCTaBJISIIOIIMX JAMHAMUUYECKOr0 MOAYJISl M yIJla IOTEPh AJIs IEPBOI HU3KOYacC-
TOTHOM M BTOPOU BBICOKOYACTOTHOM rapMOHHUK. J[aiiee onpenenstoTcs uX CpeaHUE 3HAYEHUSL.

['eomeTpus UCHOIB3yEMBIX 00pa3lIOB CYLIECTBEHHO BIMSAET Ha ONpEeiieMble BSI3KOYIIpY-
rHe XapaKTepUCTUKU BCIEACTBHE BOSHHUKHOBEHMSI CJIOKHOTO HEOJHOPOIHOTO BUAA HAIPSKEH-
HO-J1e()OPMUPOBAHHOTO COCTOSIHUS MIPU HATPYKEHUU (IIPU PACTSHKEHUU WU CKATHH TOPIIBI 00-
pasia, NpUKIEeHHbIE K METAJUIMYECKON OCHACTKE, He MOTyT CBOOOJHO IepeMeliaThcs B More-
peuHoM HanpasiaeHuH). [Toatomy /i onpenenenns «MCTUHHBIX» BA3KOYIPYTIHX XapaKTEPUCTUK
KOMIIO3UTa OBLJIM PELICHB COOTBETCTBYIOIIME ITWHAMHYECKHE OCECUMMETPHUYHBIC 3a/a4d Ha
pacTsbkeHue-cxaTue B mporpammHoM obecrieuennn ANSYS. B pacuerax mpuHUManmuch cle-
JIyIOIIHe XapaKTepPHCTHKH MaTepuaa rpudka (CTaib): TIOTHOCTS pe = 7800 Kr/M’; k03dduIH-
ent Ilyaccona p. = 0,3; momyns ynpyroctu E. =200 I'Tla. [{ns momuMepHOro KoMmo3urta Oblia
IPUHATA IOTHOCTB P, = 1720 xr/m’. TloctostHeTBO KO3(duIMenTa [lyaccoHa HAMONTHEHHBIX
MOJINMEPOB 4acTO HE MOATBEpXKAaeTcs 3KkcnepuMmeHTanbHo [6, 10, 21, 22]. Ucxons u3 storo,

*

IIOMHMO BapbUPOBAHUS «MCTUHHBIX» 3HAYCHHI TUHAMUYECKOro mMoayis E ., TpU ompenene-

uc?
HHUHU Hapr[)KCHHO-)IC(bOpMI/IpOBaHHOFO COCTOSIHHA TAKKE BapbHPOBAJINCH «MCTUHHBIC) 3HAYC-
*
Hud Kkodpdunuenra Ilyaccoma p,. (tabm. 4). Ha ocHOBe aHanM3a HaNpsKEHHO-
I[e(bOpMI/IPOBaHHOI‘O COCTOSAHUA OIIPCACIAINCh 3HAUCHUA TUHAMHWYCCKOI0 MOAYJIsA, COOTBETCT-
BYIOULIME SKCIIEPUMEHTAIILHOM CUTYalUU €ro (IMHAMUYECKOT0 MOAYJIs ) ONpPEeIICHUs
x N
E3K = 4
Fe
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rae F — wiomaap MonepevyHoro ceueHus oopasia; N — Harpy3ka, BO3HHUKaroIas mnpu jaehopMu-
poBaHHH 00pasIa.
HpI/I COIIOCTABJICHUU «UCTHUHHOI'0» U SKCIICPHUMECHTAJIbLHOI'O 3HAa4YCHUU JAUHAMHUYCCKOT'O MO-

JLyJIs1 Onpenensuics Kod(ppuuuentT koppektuposku K, = E. ./ E. (cM. TabL. 4).

3HavyeHus K03(pPUINEHTOB KOPPEKTUPOBKU JUHAMUYECKOTO MOJIYJIs

Tabmuua 4

0 Juaamuyeckuit monynb, MIla | Koaddumnment [lyaccona | KoaddurmenT KoppeKTHPOBKH
n/n E;c E:K M;c Kg
1 1 1,21 0,83
2 10 11,91 0,495 0,84
3 100 112,15 0,89
4 1 1,02 0,98
5 10 10,12 0,4 0,99
6 100 95,31 1,05
7 1 0,93 1,08
8 10 9,23 0,3 1,08
9 100 86,97 1,15

KON TOYHOCTBIO onKcaHa GyHKIUEeH Buaa

COCTaBJIAOMIUX TUHAMUYCCKOT'O MOY JIs.

JlanHbie U3 TaOI. 4 TOKA3bIBAIOT, YTO KOPPEKTHPOBOYHBIN KOXPPHUIHMEHT Ky 3aBUCHT OT
3HAUCHHUH TUHAMHUYECKOro Moxyis u koddduumenta [Tyaccona. /lanHas 3aBUCMMOCTB € BBICO-

K, =-325(u )" +1,3u,, +0,001E, +0,982.

* *
C ucnonp3oBaHMEM 3aBUCMMOCTH K, = f (EBK, Huc) OTpEACIISINCh «UCTUHHBIE) 3HAYCHUS

4. OcobeHHOCTM 0OpPabOTKM IKCNEePUMEHTaNbHbIX AAaHHbIX MPU FPAHUYHbIX
3Ha4YeHUAX OTHOLLUEHUS1 YacTOT OMrapMOHUYECKOro HarpyxeHusi

[Ipu oTHOMIEHNM YacToT vi/v, = 0 YacToTa MepBOi TapMOHUKH V| paBHa 0, aMIUTHTYa Jie-
(opManyy nepBoi rapMOHHMKH €, MPeoOpasyeTcs B MPEABAPUTENILHYIO CTATUYECKYIO aedop-

Manumo &y C moMornipio ypaBHeHUH (3)—(6) MOXKHO ONpPENeTuTh 3HAUYCHUS COCTABIISIONMINUX JIH-
HAMHYECKOTO MOJYJISl M yIIa IOTEPh B OMTapMOHUYECKOH MOCTAHOBKE 3a/Ia4H.
[Ipu oTHOWIEHUU YaCTOT V1/v; = | 4acTOTHI IEPBOM U BTOPOU rapMOHUK PaBHBIL, Vi = V; (O1-

HOYaCTOTHOE Harpy>Ke€HHe), IpU STOM MIPUHUMAEM, YTO @, = P,. OIHOYACTOTHYIO HArpy3Ky

MO>KHO TPECTAaBUTh B BUJIEC IBYXYAaCTOTHOM CIICTYIONTUM 00pa3oM:

€4(m SIN2TVE = €, SIN2TIVE + €, SIN(2TVE + P,y ).

JABa MPCACIIbHBIX 3HAUCHUS:
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c, (sa(n),t) =F (sa(n),t) “E(ny = E (sa(n),t)(aa1 +€,7)s

* *
Ga (Sal Dt) =E (801 ’t) ’ gal; Ga (8a2 J) =E (SaZ 7t) : 8(12 .
*
C YBCIIMUCHUCM aMIUIUTYAbI €, 3BHAUYCHUA TUHAMHWYCCKOI'O MOAYJIA E YMCHBIIAKTCA:
8al < 8a2 < Sa(n)’
CJIEA0OBATECIIBHO,
* * *
E (e,,t) > E (€,0:8) > E (g,,1),

al»

TOr1a MOXKHO IIPUHATDH
E"(e,1,0) = ki E ™ (£,9.) = kiky B (€, 0)s Ky > 15 Ky > 1,
G, (€,0) +0,(€,0.0) = k2E*(8a(n)9t)(k1801 T, )’

c, (sa(n) 1) #6,(€,,)+0,(€,:).

Janee npuHUMaeM AJis IEPBON TAPMOHUKHI
E (g,.) = E (1); 0,(e,4.0) =0 ,(1); E (€,.1)# E,(t); 0,(€40.) # G5 (1)
Tornma ns BTOpod rapMOHUKH
01a(1) =0, (6,0 ) =00 Ex) =)/ .
0) IpUMEM @, , =T, TOTAQ €,(,y = £, ~&,y-

ITocne aHamOrMUHBIX Hpeo6pa30BaHI/II71 nojaydacm
— . E’>k — Gaz (t)
Gaz (t) - Gal (t) _Ga (Sa(n) Dt)ﬁ z(t) - s 2‘
a

* _ 0 * —
DKCIEpUMEHT NOKa3bIBAET, 4T0 E,(¢) IpH ¢, =0 mpumepHo paBeH E,(f) IpH @y, =T
¥
Takum 00Opasom, @,, He OKa3bIBaeT CYLICCTBEHHOIO BIMSAHUS HA IMHAMUYCCKUE MOIYIH E, (1)
*
u E,(¢).

I[aHHLIi/JI IIOaXO0d ITO3BOJIACT OHpGI[eJ'II/ITI) 3HAUYCHUA JTUHAMHUYCCKOT'O MOI[}IJ'IH nu yrna HOTCpB
B OMTapMOHWYECKOW MTOCTAHOBKE 3a/1a4d TIPU OTHOIICHUH Vi/v, = 0 1 vi/vy = 1.

5. AkcnepuMmeHTanbHble UCCNefoBaHUs NOBeAEeHUSA BA3KOYNPYroro Marepuana
nNpu pas3fiM4YHOM COOTHOLLUEHUUN YACTOT BMrapMOHMYECKOro HarpXXeHus

[TpoBeneHbl 3KCIEpUMEHTAIbHBIE UCCIIEJOBAHUS MTOBEIEHHS BA3KOYIPYTroro MOJIMMEPHOTO
komno3uta Mapku [I/IM mpu pasnuyHOM COOTHOLIEHMH 4YacTOT (Tabi. 5) OGMrapMOHMYECKOIro
Harpy>kenus (7) npu temnepatype 30 °C.

C nmomouibl0 ONMMCAaHHOM BBIIE METOAMKH OINPENEISUINCh 3HAYEHUS] COCTABIISIIOIIMX JAUHA-
MHUYECKUX MOAYJel u yrioB noreph (tadm. 6, puc. 6, 7). Homepa pexumMoB HarpykeHus u3
Tabi. 6 COOTBETCTBYIOT HOMEpPAM PEKUMOB HarpyKeHus u3 Taoin. 5.
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Tabmumna 5
[TapameTpsr HarpyKeHHs 00pa3IoB
Yacrora rapMonuk, ['m | AMiututya aedopmaruu rapMoHuK, %o
Howmep pexuma HarpyxeHus
V1/V2 A %) Sal 8(12
1 0
2 0,01
3 0,02
4 0,05
5 1/11
6 0,1
7 1/8
3 1/7 ! 3 !
9 1/6
10 0,2
11 1/4
12 1/3
13 0,5
14 1
Tabauia 6
3HaueHusl AMHAMUYECKUX J1e(hOpMallMOHHBIX CBOMCTB MaTepuaia
Howmep pexrma HarpyxeHust E;‘(O) ’ E;(l), E;‘(2) ’ Prrs E1*(O) ; E1*(l)a Oris
MIla MIla MITIa rpani. MIIa MIla rpan
1 12,15 —-1,35 0,70 17,87 — - -
2 11,82 -1,35 0,73 18,28 4,44 —0,43 17,72
3 11,68 -1,29 0,79 18,50 5,39 —0,46 18,38
4 11,38 -1,32 0,80 18,69 5,91 —-0,49 18,31
5 11,09 | -1,35 0,88 19,14 6,53 —0,50 18,41
6 11,57 | -1,40 0,87 18,9 6,93 —0,53 18,6
7 11,10 —1,40 0,87 19,24 6,95 —-0,49 18,60
8 11,10 | 1,31 0,83 19,72 7,11 0,53 18,82
9 10,88 | -1,32 0,90 19,46 7,22 0,51 18,51
10 11,38 | -1,49 0,93 19,83 7,62 —0,55 18,90
11 10,84 —1,38 0,81 19,97 7,72 —-0,53 18,61
12 10,89 -1,33 0,62 19,72 8,21 —0,61 18,81
13 10,33 | -1,20 0,34 19,23 9,08 —0,68 18,74
14 9,20 -1,16 0 17,9 10,69 | 0,74 17,9

Taxoke ObTM IMPOBEAEHBl OUTAPMOHUYECKHE HCIBITAHUS, aHATIOTMYHbIE UCIBITAHUAM, Pe-
3yJbTaThl KOTOPBIX OTpaskeHbl B Ta01. 5, npu v, paBHoii 0,1 I'm u 10 I'n. Pe3ynbsratsl uccneno-

BaHMsI IIPEJICTABIICHbI HA pUC. 7.

E'” MIMaq19 _3

E" MIa

o

(g, TPa 22

Puc. 6. 3aBUCMMOCTH KOMITOHEHT El* ©) (a); E 1* ) (6) u @, () oT norapudma yacTotTsl 1g(v;)

286




Hnxun A.C. / Becmuux I[ITHUITY. Mexanuxa 4 (2015) 273-292

3 2 -1 0 >
lg(v,/1n) | ' ; 00 i _s
* = — 1 _],‘ : o o
= —= - #;'.._-.—]__5 » * 0.5
A " S - i) !g(v1fv2) 0
EY MMal2s -3 -2
a 9]
£ MIa 719 Op,» TPAA 423

. 21

~Jis ¢ M =419

-_-—I_—.—-'-.-.\ o {17
9

L {15
’ T — s 113

lg (/1) . . . PR ) . 1
-3 -2 -1 0 -3 2 -1 0

Al0Tu m]y 010y

6 4

Puc. 7. 3aBUCUMOCTH KOMIIOHEHT E;(O) (a); E ;(l) (0); E;(z) (6) 1 @, (2) oT morapudma OTHOMIEHHS

*
gacToT 1g(v1/v,) Ipy pa3auyHbIX 3HAYEHUSIX YaCTOTHI v, ( AKCIIEpUMEHTAJIbHbIe AaHHbIE IpH 1g(vi/v,) =
= —3 COOTBETCTBYIOT OJJHOUYACTOTHOMY PEKUMY HATPYyKEHHS C BAPLUPOBAHUEM NPEABAPUTEILHON
cTarndeckor Aedopmanuu (Tadir. S, pexuM HarpykeHus 1))

Ananmms OKCIICPUMCHTAJIBHBIX JAHHBIX IMOKAa3bIBACT, YTO OTHOIICHUC YaCTOT V]/ VvV, IIpaKTHU4C-

*, *| i
CKM HE OKa3bIBacT BIIMSHMUSA Ha KOMIIOHCHTBI Ez(l) , Ez(z) pu vi/v; <0,2 u Ez(o) pu vi/v; < 0,02.

MakcumanbHOE OTJIMYHME 3HAYCHHWH yria MOTepb (g NPH BapbupoBaHuM 1g(vi/v;) cocTaBmIM
10% mpu v» = 1 I'my, 7% npu v, = 0,1 I'my, 7% npu v, = 10 I'm. MoXHO NpUHATH
Qp(Vi/Vy) =0 Ez(l). Cratuueckas aedopmaliysi NpaKTUYECKU HE OKa3bIBAeT BJIMSHUS HA yTOJ

TOTEPh, CIEI0BATENBHO, ¢ ,(0) = @4,(1). YacToTa v, Takke CyMIECTBEHHO BIIMSET HA COCTAB-

* *i * o
JIAIO1IME EZ(O), Ez(l) R Ez(z) , @y, . JlaHHBIE 3aBUCUMOCTH MOXKHO OIIMCATh IOJMHOMAMM BTOPOU
CTEIICHU:

E,"V = alg*v, +a,lgv, +a;; (11)
bhlg*v, +b,lgv, +b;; \% <0,2,
EO = : 1)
— lgL -(blg*v, +b,lgv, +b,); V €(0,2;1];
1g0,2 v, V2

alg’v, +c,lgv, +ci; \%2 <0,02,

EY =100 oy 2(1-¢,), v (13)
g Ly 2 e e, ((¢lg?y, oy lev, ), V/ e (0,02;1];
(lg20,02 s v, 1g0,02 gv2 4 ( e V2T & 8Vs 3) v, ( ]

O = MgV, + flgv, + £ (14)
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Taxxe OBLIO YCTAaHOBJICHO, YTO 4YacCTOTa Vv, HC OKa3bIBACT CYHICCTBCHHOI'O BJIMSIHHUA Ha

) # *
KOMITOHCHTBI HU3KOYaCTOTHOU 'ApMOHHUKHN El (0), El(l), Qpy, a4aCToTa v; CYIECTBCHHO BJIIUACT

Ha EI*(O)’ El*(l)ﬁ Ppy

E'" =d|lg’v, +d,lgv, +d,, (15)
El*(l) =¢ lgzv1 +e,lgv, +e;, (16)
Pry :fllgzvl+f21gvl+/f3' (17)

3aBUCUMOCTH, NPUBEJCHHBIE BBIIIE, XapaKTEPHbI TOJIBKO JJISl UCCIEJOBAHHOIO JUarna3oHa
yacToT. [Ipu pacmmpenun auanasoHa 4yacToT (HampuMmep, ¢ UCIOIb30BaHUEM IPUHLIUIIA TEMIIe-
paTypHO-BPEMEHHOMN aHaJIOTHH) IaHHBIE 3aBUCUMOCTH MOTYT CTaTh 00Jiee CII0KHBIMHU.

Crnenyer OTMETHUTb, YTO CTaTUYECKHUE UCHBITAHUA (CM. Tabid. 5, pexxuM HarpyxkeHus Ne 1)
CJIOJKHBI /ISl SKCHIepuMeHTaTopa. st Toro 4yToObl OnpeAeauTh 3aBUCUMOCTb JTUHAMHYECKOTO
MOJYJISl OT CTaTHYECKOH nedopmannu, HeOOXOAMMO MPOBECTH KaK MUHUMYM TPH HCIBITAHHS.
Marepuan nouTH NOJHOCThIO BOCCTAHABIMBAET CBOM CBOMCTBA Yepe3 24 yaca 1oJjie MpoBEICHUS
UCIIBITAaHUH, TIOSTOMY HEJIb3s MCIIOJIb30BaTh OJUH 00pa3el] HECKOJIBKO pa3 B TeueHue aHs. Kpo-
M€ TOrO, Ha BEJIMYMHBI JUHAMUUYECKOTO MOAYJIS TAK)KE BIMSET CKOPOCTh BBIXOJA HA 3aJaHHBIN
ypoBeHb craTuyeckod aedopmarnun. C Ipyroil CTOpPOHBI, TOCTAaTOYHO MPOBECTH BCErO OJUH
JIByXYaCTOTHBIA 3KCIIEPUMEHT, UYTOOBI ONpEAEIUTh 3aBUCUMOCTh JUHAMHYECKOIO MOAYJS OT
cTaTuueckoi aeopmarmu. HuskouyactoTHas rapMOHUKA B IaHHOM CIIy4ae — aHAJIOI CTaThye-
CKOH aedopmaiy, a BBICOKOYACTOTHAsI TADMOHUKA — aHAJOT MOHOTapMOHHYECKON Harpy3KH.
CKOpOCTh BBIXO/Ia Ha 3a/laHHBI YPOBEHb CTAaTUYECKOH nedopmaruu OyAeT OonpenensaTbes am-
IUTATYJIOW U YaCTOTON HU3KOYACTOTHOM rapMOHUKHU. Takum 0Opazom, OUrapMOHHYECKUE UCTIbI-
TaHUs ABIIAIOTCS O0Jiee MPEANOYTUTEIbHBIMU JIS1 ONPEICIICHUS 3aBUCUMOCTEN TMHAMUYECKOTO
MOJYJISl OT MPEBAPUTEIHHON CTATUYECKON JAedhopMaIiiu.

[IpencraBisieT UHTEpPEC TaKKe MPOBEACHUE MCIBITAHUN MPU HELETIOM OTHOILIEHUH YacTOT
vi/V2 ¢ IOCHEIYIOIUM CPaBHEHUEM PE3YJIbTaTOB IKCIEPUMEHTA (Gy) C pe3yJIbTaTaMH, paccyu-
TaHHBIMHU T10 TIpeUIOKEeHHBIM 3aBHCUMOCTSIM (11)—~(17) (o). [y 3TOro ObUIM TIPOBENIEHBI /1BA
JKCIIepUMEHTa: 1IpH vi/v, = 1/4,25 (puc. 8) u npu vi/v, = 0,9 (puc. 9) (koraa 3HaY€HUS 4aCTOT
TapMOHUK OJIM3KU APYT K APYry, HaOMIOAAeTCs MEePUOAMYECKOe YBEJIWYCHHE M YMEHBIICHHE
aMIUIUTYIbl — OWMEHUE), OCTANbHBIE MapaMeTpPhl HArPYKEHHsI COOTBETCTBYIOT Mapamerpam M3
tabu. 5 mpu temmeparype 30 °C.

ag. Mlla
0.5 r

03 F
0.1
=01 F
-03 F
-0.5

0,7 . . : . y 1, ¢
40 42 44 46 48

— Oy = O

N
(=1

Puc. 8. 3aBucUMOCTD HAMPSKEHUS OT BPEMEHH MTPOBECHUS UCTIBITAHUS
TIPH OTHOIIIEHUHU YacToT Vi/v, = 1/4,25
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[Tpu vi/v, = 1/4,25 makcumanbHbIE OTIUYHS MEXKAY G, U Gy COCTaBISAIOT 5,9 %. Ilpu
vi/va = 0,9 MakcUMalIbHBIE OTJIMYUSI MEXKIY G, M Gy COCTaBIAIOT 6,8 %. [Tomumo 3Toro, Obun
MPOBEACHBI IKCIIEPUMEHTANILHBIC MCCIICIOBAHUS TIPU PA3IMYHBIX 3HAUYCHMSIX yTJia CABUTA Ha-
YaJabHBIX (a3 Qg. AHAIN3 PE3yIbTAaTOB IOKA3all, YTO H3MEHEHUE (g MPAKTHYECKH HE OKa3bIBa-
€T BJIMSHUS Ha ONpe/essieMble XapaKTepUCTUKHU (COCTABISIONINE JMHAMUYECKUX MOJTYJIeH U yT-
JIbI TIOTEPB ).

o. Mlla

0,6 ¢

0.4

0.2

0 F

02 |
04 F
06 }
0.8 L L 1 1 y I, C

40 42 44 46 438 50
— Oy — O

Puc. 9. 3aBUCHMOCTD HAIPSKEHHSI OT BPEMEHH TIPOBEICHUS HCTIBITAHMS
IIPH OTHOIIICHUU YacToT vi/v, = 0,9

3aknryeHue

B xozne paboThl 3aTpOHYTHl HEKOTOPBIE METOIUYECKIE BOIMPOCH IPOBEACHUS KCIICPUMEH-
TaJIbHBIX MCCIEIOBAaHUN MPH CTAL[MOHAPHBIX T'APMOHMUYECKUX HArpys3kax, OMHcaHa METOAMKA
oTpeieNIeHUs] AMHAMUYECKUX J1e(hOpMaIIMOHHBIX CBOMCTB (B BHI€ KOMIUIEKCHBIX MOJYJICH) BS3-
KOYNPYTHX MaTepHajoB MPU ABYXYACTOTHBIX HArpy3Kax, IPOBEIEHBI IKCIIEPUMEHTAILHBIC UC-
CIICIOBAHUS MOBEACHUSI HU3KOMOIYJIBHOTO BS3KOYNPYTOTo IOJIMMEPHOTO KOMIIO3HMTa TpH Ou-
TrapMOHMYECKUX (JIBYXUaCTOTHBIX) HArPYXCHUSIX U MOHOTaPMOHUYECKUX (OJHOYACTOTHBIX) Ha-
rpy’keHusX. B pamkax 01HOUaCTOTHOIO Harpy>K€HUs pealn30BbIBATIMCH PEKUMBI C U3MEHEHUEM
MIPEIBAPUTEIILHON CTaTHUECKON eopMalvy 1 yria CIBUra HavalbHBIX (a3. B pamkax Ourap-
MOHHUYECKOTO HArpy»XCHHUsI PEaTM30BBIBAIMCH PEKUMBI C H3MEHEHHUEM YacTOT TEepBOM (HU3KO-
YaCTOTHOW) M BTOPOM (BBICOKOYACTOTHOM) rapMoHUK. 1o pe3ynpTaTaM HCIBITAHUN B COOTBET-
CTBHU C TIPEIUIOKEHHOW MOJEIBIO ONMMCAHUS BA3KOYIPYTOro MOBEACHHS MaTepuaia omnpeels-
JMCh COCTABJIAIOLINE TUHAMUYECKUX MOJAYJIEH U YIJIbl IOTEPb.

[TpeioskeHa METOMKA TPEACTABICHUS PE3yJIbTaTOB AKCIIEPUMEHTA NPU TPAHUYHBIX 3HA-
YEHUSX OTHOIICHUS YacTOT MEPBOM M BTOPOM TrapMOHUK Vvi/v; = 0 u vi/v, = 1, a Takke npu Jiro-
OOM HELEeJIOM OTHOIICHWU YacTOT. JJaHHBIN MMOIXO/ MO3BOJISIET ONPEACTUTh 3HAYCHUS JUHAMH-
YEeCKOTo MOAYJIS U yIJia TOTePh B OUTapMOHMYECKOM MOCTAHOBKE 3aIa4H.

AHanu3 pe3ysibTaTOB MPOBEACHHBIX SKCIEPUMEHTAJIbHBIX HCCIEIOBAaHUN TMOKa3aj, 4TO
N3MECHEHHE OTHOIICHMS YacTOT Vi/v; NMPAKTUYECKH HE OKa3bIBACT BIMSHMSA HA KOMIIOHEHTHI
E ;(l), E;(Z) npu vi/vy < 0,2; E;(O) npu vi/v, < 0,02 1 Ha yron noreps @p,. Mi3MeHeHue 4acToThl

* EY *
VvV, CYIIECTBCHHO BJIMSICT HA Ez(l), E2(2) , Ez(o), @y, HO HEC OKa3bIBACT CYIICCTBCHHOT'O BJIMSHUS
Ha KOMIIOHEHTBHI HH3KOYaCTOTHOM TapMOHHUKHN E:(O), El*(l), Qg YacrtoTa V1 CYHICCTBCHHO

* #
BJIMACT Ha E1 (0), El (1), (O R brumm MMPpEAJIOKCHBI 3aBUCUMOCTH, OIIHMCHIBABIINEC IMOBCACHHUEC Ma-
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Tepuana Ipu pa3IUYHbIX 3HAYCHUSAX YacTOT MepBoi U BTopoi rapmoHuk. IlokazaHo, uro Gurap-
MOHUYECKHE UCIIBITAaHUSI SIBJIAIOTCS 00JIee MPeOYTUTEIbHBIMU JIJIsl ONIPECIICHUS 3aBUCUMOCTEN
JMHAMHYECKOT0 MOAYJI OT MpeBapUTEIbHOM CTaTUYECKOM nedopMaly, YeM OJHOYACTOTHbIE
UCTIBITAaHHS TIPU BapbUPOBAHUU TIPEIBAPUTEIHHON cTaTndeckor aedopmanuu. YTon ciaBura Ha-

qanbHbIX (a3 @,, MPAKTUICCKU HE OKa3bIBACT BIMSHMS HA MOBEJICHUC BS3KOYIPYTOro MaTepua-

na.

B nanpHeiieM He0OX0IUMO TIPOBEICHUE UCTIHITAHUI B ITUPOKOM JHAIa30He TeMIIeparyp,
pa3zpaboTka MHOTO(AKTOPHOW MaTEMaTHUYECKOH MOJICIIH, ONMCHIBAIOIICH 3aBHCHMOCTH BSI3KO-
YOPYTHUX XapaKTEPUCTUK (COCTABIISIOMINUX AMHAMUYECKUX MOJYJIEH U YIJIOB MOTEPh) OT pa3iny-
HBIX MMapamMeTpoB (aMIUIUTYAbI JedOopMallid U YacTOThI) U YCIOBUH (TeMIepaTypa) Harpysxe-
HUs, ompeneneHne Kod(h( UIMEHTOB STOW MOJAETH, TUCIEPCHUU TOBTOPSIEMOCTH PE3yIbTaTOB
AKCIIEPUMEHTA, a TAK)KE NMPOBEPKA aJJEKBATHOCTH MOJIEIIN.

Pabota BeimonHeHa npu ¢puHancoBoi noaaepxkke POOU (rpant 13-01-96003 p ypan a).
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