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O CTATBE AHHOTALMA
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Highly-filled polymer composites are widely used in critical structures in aerospace and
other industries. Such structures have to endure complex harmonic loadings. Thus it is
important to develop methods of experimental studies and determine deformation proper-
ties of highly-filled polymer materials, as well as computational methods for structures work-
ing in extreme conditions. The aim of this research is to develop methods of conducting the
dynamic experiment, determine viscoelastic parameters of highly-filled polymer composites
under stationary two-frequency loadings and find the mathematical model to calculate the
stress-strain state of viscoelastic aerospace structures. Linear and nonlinear integral repre-
sentations of stress and strain for mechanical behavior description of the viscoelastic mate-
rials are presented. The general description of a method to mathematically model the non-
linear viscoelastic behavior was accomplished by Volterra using an earlier representation
developed by Frechet (Volterra-Frechet integral series). By using the Volterra-Frechet inte-
gral series we presented the nonlinear mathematical model based on complex parameters

to describe the viscoelastic material behavior under stationary two-frequency loadings (un-
der various values of frequencies and amplitudes). This mathematical model was analyzed
and compared to an earlier model with some assumptions in linear dependencies of viscoe-
lastic parameters on strain amplitudes and without hysteresis loop distortions (harmonics
distortions) under deformation. We suggest using polynomials to describe the dependen-
cies of viscoelastic parameters on frequency and temperature by using the time-
temperature superposition. The two-frequency (dual-frequency) experiments to determine
these polynomials are conducted. After the experimental data has been processed, the
dependencies of the viscoelastic parameters on frequency and temperature are deter-
mined. These results allow developing an optimal experimental design, determining math-
ematical model constants and assessing the influence of the viscoelastic parameters on the
description accuracy of the material behavior under complex harmonic loadings.

© PNRPU

BBepeHue

AKTyaJIBHOCTL TEMBI 06ycn0BneHa HCIIOJIb30BAHHUECM BBICOKOHAIIOJIHCHHBIX IOJIMMCPHBIX
KOMITIO3UTOB B OTBECTCTBCHHBIX KOHCTPYKIUAX a3pOKOCMquCKOﬁ TCXHUKH U APYTUX OTPACIIAX
[1-3]; melicTBHEM CIIOKHBIX TAPMOHUUYECKHX HArpy30K Ha MOJ00HbIE KOHCTPYKIIMH BCIIEACTBUE
BCEBO3MOXKHBIX YAAPHBIX BO3ACHCTBHIA, TPAaHCIIOPTUPOBKH, MyJIbCalliii BHYTPUKAMEPHOTO JaB-
JeHus U T.1. [4, 5]; He0OXOIUMOCTBIO Pa3BUTHSI METOJIOB IKCIIEPUMEHTAIBHOTO HUCCIICIOBAHUS
H ONpCACIICHUA I[e(i)OpMaHI/IOHHI)IX CBOMWCTB MaTCpuaioB, a TaAKKC MCTOAOB pacd€Ta KOHCTPYK-
1UH, paboOTaIOUINX B SKCTPEMAJIBHBIX YCIOBHSIX.

B nenom pabota HampaBieHa Ha pa3padOTKy METOIUK MPOBEICHUS JUHAMHYECKOTO OIbITa,
OMpCACIICHUC BA3SKOYIIPYIUX MApaMETPOB BBICOKOHAIIOJIHCHHBIX MOJMMCEPHBIX KOMIIO3UTOB IIPpU
CTAI[MOHAPHBIX JBYXYAaCTOTHBIX BO3IAEHCTBUIX M MPOLEAYpPbl MAECHTU(UKALNNA HCIOIb3YyEMOU
MHOT0(aKTOPHOI MaTeMaTU4ecKOW MOJAENU JJIs OLICHKH HANpsSKEHHO-AePOPMUPOBAHHOTO CO-
CTOSIHUS BSI3KOYTIPYTUX KOHCTPYKIIHH a9pOKOCMUYECKOM TEXHUKH.

1. MaTemaTuyeckas MoAernb onMcaHUA NoBeAeHUs BA3KOYNpPYyrux matepuanos
Npu cTauMoOHapPHbIX ABYX4aCTOTHbIX Harpyskax

OnHuM u3 HanboJiee YHUBEPCANbHBIX JJIsl ONMCAHUSI IMHEWHBIX BA3KOYNPYTUX CBOMCTB 5B-
JsieTcsl crnoco0, OCHOBAaHHBIN Ha MPUMEHEHUH JIMHEHHBIX MHTErPalbHBIX yYpaBHeHUH bosibima-
Ha—BonbTeppa [6, 7]. B ciiydae 0JHOOCHOTO pacTsHKeHHUSI-CHKATHI MOKHO 3aIUCaTh

209



Yankin A.S., Bulbovich R.V., Slovikov S.V./ PNRPU Mechanics Bulletin 2 (2017) 208-225

0 de(1)

o(t)= [ E(t-1)—=—dx, (1)
2 dt

IZie T — BpeMsl, IPEAIISCTBYIOIIee MOMEHTY BpeMeHU HaOuroaeHus ¢, E(f) — GyHKuus penakca-

1y (po penakcanun). beckoHeuHbIl HUKHUM NIPEAes UHTErPUPOBAHUS MOAPAa3yMEBAET YUET

MIOJTHOM MCTOPUH Je(POPMHUPOBAHUSI.

Ha npakTrke OBIBAIOT Clilydad, KOTZa BSI3KOYIPYTHE KOHCTPYKIMH PabOTaloT B yCIOBUSX
CTAal[MOHAPHBIX TapMOHUYECKUX KoyieOaHuil. ONUCaHHBIC BBIIE COOTHOLICHHUS MEXAY Hamps-
KEHUAMHU U AepopManusIMi NPUMEHUMBI U MPH TaKUX YCIOBUAX dKcIutyaTanuu. OnHaKo mpu
OIMCAHNH MOBEACHUS BSI3KOYNPYroro Marepuaia yaoOHee HCIOJIb30BaTh KOMIUICKCHBIE Iapa-
MeTpsbl [5—8].

I[Tycts nanee nedopmManuy OT BpeMEHH U3MEHSIETCS 110 FAPMOHMYECKOMY 3aKOHY BHJIA

e(t)=g, -, (2)

rIe €, — aMIUIUTyaa aeopmaiuu; o — yriosas yactota. [loncrasum (2) B (1), B pe3ynbrate mo-
JTy4YuM

o(t)=ioe, j E(t-1)edr. (3)

—00

ITyrem 3ameHbI nepeMeHHOM £ — T = 1 (3) MOXKHO 3amucarth B BUIE

0
o(t)=—iwe, ~ei“”J.E(T])€im(fn)dT] . (4)

Bocnonbszyemest popmyont Ditnepa [9]
e = cosmn —isinmn (3)

u nepenuuieM (4) B popme
o(t)=¢,-€" oa_[ E(n)sin ondn + ioaj E(n)cosondn |. (6)
0 0

Hanee Oynem paccMaTpuBaTh TaKHe sApa PelaKcalluu, Ui KOTOPBIX MHTETpajbl U3 ypaB-
HeHus (6) cxonsaTcs (HanmpuMmep, SKCIOHEHIMAIbHOE SApo £ (n) = Ae™™ npu B > 0). Takum 06-

pa3oM, OrpaHUYEHUs, HAKJIaIbIBa€MbIe Ha si/pa, (PaKTUYECKH CBOIATCS K TOMY, YTO BCE TMOIY-
YEHHbIE ypaBHEHMs OyIyT CIpaBeAJUBBI JJI1 aCUMITOTUYECKH 3aTyXarolleld MOJENIN BA3KOYII-
pyroro aeopMUpoBaHMs IIPU G = const.

ITpumem

E’:mIE(n)sinmndn,
0

E"= mJ.E(n) cosmndn,
0

E=E'+iE", (7)
E'=E coso,, (8)
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E"=Esing,, 9)

E* — [E12+Eu2 ,

r
tang, = ? ,
rae E — KoMIUieKCHBIN napametp; £’ — AeficTBUTENbHAS YacTh KOMIUIEKCHOTO mapamertpa; £ —
*
MHHUMas 9aCTh KOMIUIEKCHOTO TTapaMeTpa, QOg; £ — BA3KOYIPYTHE MapaMeTphl.
Taxum oOpazom, (6) MOKHO 3amKcaTh B BUIE

o(t)=E-¢g, - (10)
[ToxcraBus (8) u (9) B (7) 1, BOCIOIB30BaBIIKCH (OpMyIIOii Difiepa, OIyduM
E=E¢". (11)
3arem nepenuiieM (10) ¢ yuerom (11):
o(t)=¢ E %), (12)

Hutepnperamnus (12) BaxkHa ¢ ¢pu3udeckoil Touku 3peHus. [Ipu cranimoHapHBIX TapMOHH-
YeCKUX KOJIeOaHusAX nedopManus 3amas3IblBaeT OT HANPSHKCHHUS Ha BEIMYHHY, ONpPEACIIIEMYIO
yIJIoM notepsb ¢z [7].

HamonHeHHbIM mONMMEpaM CBONCTBEHHO HEIWHEWHOE TOBEACHHE: OTJIMYHUE TETIH
rucTepesuca ot umnTuaeckon Gopmel [6, 10], pasmsryenne marepuana (3pdpext Manmun-
3a—IlatpukeeBa) [11, 12], Bnusnue ammautyasl aedopmanuu (3ddext IIditna) [12, 13]
U TIpEJIBAPUTEIHLHON CTAaTHYECKOH nedopManuy Ha ompenesieMble BI3KOYNpYTrHe XapaKTepH-
ctuku [14-16].

OOmiee onrcanue HEMMHEHHON MaTeMaTUYECKONH MOJIENIH BA3KOYIPYToro MOBEICHUS MaTe-
puasia ObuT0 moiyueHo BosbTeppa ¢ Hcnonb3oBaHUEM IpeacTaBieHUs, pazpadoranHoro dpe-
mie. YpaBHenue Bombreppa—®pemre [8, 17, 18] sBusercs obmelt Gopmoii 3anucu (Hu3nuecku
HEJIMHEWHBIX ONepaTOpPOB BSA3KOYNPYroi cpensl. s oIHOTO U3MEPEHUs €ro MOKHO 3aIucaTh
B CJIETyIOIIEM BH/IE:

t ot

o(t)= jEl (t—rl)ds(rl)—i-j IEZ (t—rl;t—rz)da(rl )de(t,) +

—00 —00

t t t

+[ [ [ B (et =100 — 1, ) de( de(r, )de(ty) +...+ (13)

—00 —00 —00

t t

+.[ j E (t—rl;...;t—rn)ds(rl)...da(rn)+...

BceneactBue TOro 4To 3aBHCHMOCTH BSI3KOYIPYTHX IMApaMETPOB OT MPEIBAPUTEILHON CTa-
TUYECKOH aedopMaiuu sl JaHHOTO THIA MaTEPUATIOB C TOCTATOYHON TOYHOCTHIO OIHCHIBA-
IOTCS TIOJINHOMaMU BTOpO#t crernienu [19], B nanpHeimemM OyneM OorpaHUYMBAThCS TOJIBKO Tep-
BBIMU TpeMmst wieHamu psifa (13).

B ciydae medicTBHs CTallMOHAPHBIX JBYXYACTOTHBIX KojeOaHMid aedopMaiui OT BpeMEHU
WU3MEHSFOTCSI IT0 TAPMOHUYIECKOMY 3aKOHY BHJIA

211



Yankin A.S., Bulbovich R.V., Slovikov S.V./ PNRPU Mechanics Bulletin 2 (2017) 208-225

iyt

e(t)=¢, " +¢, -,

(14)

rac HHICKC 1 COOTBECTCTBYCT HU3KOYaCTOTHOMU rapMOHHUKE; HHIACKC 2 — BBICOKOYACTOTHOM rap-

MOHUKE.

[Iponenaem peiicTBus, aHAIOTUYHBIE TeM, KOTOpble ObuiM caenaHbl panee (2)—(5). B pe-

3yJbTaTe BCEX MPeoOpa3oBaHUi MOIyIUM

G(t) = 8¢zlelmltE1/1 (o;7)+ 8ilelamllé‘z/l (0;7)+ 821‘31‘30&17?3/1 (0;7)+

i

t it T . . 2 2wt i@t T . .
+e "€ e E, ;(0;0,; 7))+, e e E, (0, ;0,;T) +

it 2 i2myt T . . it T .
+e "€ e E, (0,0, )+, E, ,(0,;T)+

2 2t T . 3 i3t .
te,,€ By, (0,;T) + g, By, (0,;T),

El(0;T)=0, JEI (m,)sino,n,dn,,
0

Ef(o;T) =0, IE1 (m,)coso N, dn,,
0
E(0;T) = Ejy(0;T)+ iEi(o;T),

Elr/z((")z;T) = szEl (ﬂl )sin wmldﬂ] >
0

Ef,(0,;T) = (DZIEI (m,)coso,n,dn,,
0
E1/2 (0,;7)= E/)(0,;T) + IE[,(0,;T),

E) (0,;T)= _(Dlzj.J.Ez (M;3M,) cos(o M, +®N,)dn,dn,,
00

E}y(0,:T) = o} [ [ E,(n;3n,)sin(on, +om,)dn,dn,,
00
E~2/1(0)1 ;T)=E; (0;T)+ iE] (0,;T),
E) (0,;T)= _(‘);J.J-Ez (n,sM,) cos(@,n, +®,n,)dn,dn,,
00

E},(0,;:7) =0} [ [ E,(n;3m,)sin(w,n, +,n,)dn,dn,,
00
Ez/z (0,;T)= E; ,(0,;T)+iE}}, (0,5 T),

E)s(0;0,5T) = _(’31(’32_”.E2 (m, ;nz)[cos((’)ml +,1,)+cos(m,n, +0)1n2):| dndn,,
00

Ej(0;0,5T) = o, wzijz (n, ;nz)[Sin(mlnl +o,M,) +sin(o,n; + wlnz)] dn,dn,
00
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(15)

(16)

(17)

(18)

(19)

(20)

1)

(22)

(23)

24)

(25)

(26)

(27)

(28)

(29)
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E,(0;0,;,T) = E)j3 (00,3 T) + iE; 5 (0;0,;7),

Ej (o;T)= _(D? E;(m;3m,5m,)sin(o ), + oM, +® n,)dn,dn,dn;,

S =38
S =y 8
S ey 8

Ej (o;T) = _(Df E;(n,;M,5m;) cos(wn, +© M, +®M,)dn,dn,dn,,

S X

|

~3/1((’315T):E;/l(wl;T)+iE;’/1(w1;T)a

S ey 8

Ejy(0,:7) = =03 [ [ [ By (ny3ma5my)sin(o,n, +o,n, +o,n,)dn,dnydn,,
00

O ) 8

Ej(0,:7) ==} [ [ [ B (ny3n,5m) cos(om, +o,m, +o,n,)dn,dn,dn,,
000

Es/z (0,;7) = Ej,(0,;T) +iE7, (0,5 7),

Ej3(0;0,5T) = _@fwzjij3 (n, ;nz;m)[sin(wzm +om, Fom;)+

000
+sin(on, +o,n, +on,)+sin(on, +on, +o,n,) |dn,dn,dn,,

00 00 00

Ejs(0;0,5T) = _wfwszIEs (M5M,5M;5) [COS(wml +om, +om;)+

000

+cos(@; M, +®,M, +©;) +cos(e M, +om, +o,n;) |dn,dn,dn;,

E3/3(0)1;032;T):E3'/3(0)1;®2;T)+l‘E;/3(C°1;(D2;T)’

Ej(0;0,3T) = —o, CO;IJ.IE3 (M, ;ﬂz;ns)[Sin(ﬂ)ml +O,M, +o,N;) +

000
+sin(®,1, +®"N, +©0,1;)+sin(o,n, +o,n, +(oln3)] dn,dn,dn;,

00 00 00

Ej(0;0,;T)=-o, ngj-jEs (m, ;ﬂz;ﬂs)[COS(wml +o,m,+o,n,;)+

000

+cos(@,M, + oM, +o,1,)+cos(w,n, +o.n, +on,) |dn,dn,dn,,
E3/4(0)1;o)2;T) =E) (0;0,;T)+ iE),(0,;0,;7T).

(30)

€1y

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

Anamis (15)~(42) mokasemBaer, uro E,,(o;7) u E,(0,;7), E,(o;T) u E(0,;T),
Opp(@37) 1 @y, (0,;7), EZ/I(O‘)I;T) u Ez/z(mz;T)= E;/I(O‘)I;T) 2! E;/z((”z;T)a Qo (@5T)
U Qpy(0,37), Ey(0;T) u By (0,,7), E;/l((’ol;T) 2! E;/z(mz;T)» Op3 (@) ¥ Qpy)y (0,57)

HUMCIOT OAHOTHUIIHBIC 3aBUCUMOCTHU COOTBETCTBEHHO.
[Tpumem K = o / w;. [lpu K = 1 1Byx4acToTHas Harpy3ka mpeo0pa3yercsi B OJJHOYaCTOTHYO Ha-

, Em (&, T)= El/z (& T), El*/l (;T)= El*/z (@ T), @py(3T) =g, (0;7),
Ey(03T) = By (0 T) =1/ 2B, (05 T), By (5 T) = Eyp (@3 T) =1/ 2E, (5 T),  @poy(0T) =

213



Yankin A.S., Bulbovich R.V., Slovikov S.V./ PNRPU Mechanics Bulletin 2 (2017) 208-225

= QP (0 T) =@y 5 (a3 T), E3/1 (o T)= Eyz (o T)=1/ 3E3/3 (& T)=1/ 3E3/4 (o T), E3*/1 (;T)=
= E:/z (7)) = 1/3E3*/3 (&, T)=1/ 3E3*/4 (;T), Qpan(;T) =@y (0, T) = Qs (0;T) = @y (0, 7).

[Ipu K = 0 gByxdacToTHasi Harpy3Ka npeoOpa3yeTcsi B OJJHOYACTOTHYIO HArpy3Ky ¢ Mpej-
BapUTEIBLHON CTaTHUECKOU nedopmarueit: €. = €,1, ®; = 0, 2 = ©. B ciyyae ecnmu K €[0;1],

TO Em((‘)l;T) u E2/3(0)2;T)a E;/S((’OI;T) 2! E;/3(0)2;T)a Ppys(@3T) 1 @pys(@,57), E3/3(0)1;T)
2! E3/3((‘)2;T): E;/3(0)1;T) u E3*/3(0325T)a Pp33(0T) 1 Qpys(0,57T), E3/4((‘)1;T) u E3/4((‘)2;T)’
E (0T u E,(0,;T), Opau(0;T) 1 @y, (0,;T) UMEIOT OTHOTHITHBIE 3aBUCHMOCTH COOT-

BETCTBEHHO, KOTOPBIE CIIBUHYTHI OTHOCUTENILHO APYT ApyTa B MOJIYJIOrapu(pMHUUECKUX KOOPIH-

HaTax Ha BennuuHy lg K u Ha BenmuumHy 0,51g K OTHOCHUTEIBHO E~2/1((x)1 ;T) n Ez/z (o,;7),
E;/l((ﬂl ;T) n E;/z (O)z;T), (PE2/1(0)1 ;T) n ©ro (O)z;T), E3/1 ((J)l ;T) n E'3/2 (Q)Z;T)’ E;/l (O)l :T)
nu E;/Z(COZ;T)a (PE3/] ((/01 ,T) n (PE3/2(0)2;T), E3/1(O)1 ,T) u E3/2(0)2;T), E3*/1((D1 ,T) u E_:/Z(('Oz;T))
Q3 (@) 1 @©py),(0,;7) COOTBETCTBEHHO.

B kauecTBe (QYHKIMM pelakcallud MOXHO HCIOJb30BaTh Pa3IWYHbIE 3aBUCUMOCTHU
[8, 20]. Omnako omnpeneneHre PyHKIHUH pellaKCallU MO Pe3ybTaTaM TapMOHUYECKUX HCITbI-
TaHUHU JOCTATOYHO CJIIOKHBINA U TPYILOEMKHUHU MPOLECC, 3aBUCALLIUN OT yCIOBUHN DKCIIEPUMEHTA.
C npyroil cTOpOHbI, BA3KOYIPYIHE MapaMeTpbl MOTYT ObITh OINpPEAEIIEHBI B YCIOBUSAX CIIOXK-
HBIX BO3JCHCTBUN, OMU3KUX K IKCILTyaTallMOHHBIM, HAPUMEp, IMyTEM PErUCTPALMH 3aBUCH-
MOCTEH HanpspkeHH u nedopmaruii B 00pasile, HCIBITHIBAIONIEM rapMOHHYECKOe nehopMHu-
pOBaHME BUJIA

e(t)=¢, -sin2nvt+g,, -sin(2nv,t+¢,), (43)

rae v —4acrora (v = o / 2m); Qg — yroJl CIBUra HadaibHbIX (pa3. 3aBUCUMOCTH BA3KOYIPYTUX
MapaMeTpoB OT YACTOTHI M TEMIIEPaTyphl MOTYT OBITH OMUCAHBI MOTHMHOMAaMU. [lomuHOMHAIE-
HbIE MOJIEJIU JOCTaTOYHO IPOCTHI B MPAKTUYECKOM IpuMeHeHuu. Onucanue oObekTa ¢ IOMO-
b0 TAKUX MOJIEJIEH JIETKO YTOYHUTh, TOBBICUB CTEINIEHb MOJTUHOMA.

Jnist onmcaHusl TIOBEICHUS BA3KOYNPYTOro MaTepualia Ipy Pa3IMYHbIX 3HAYCHUSX TEMIIe-
paTypbl MOXET OBITh MCIOJb30BaHA TEMIIEPATypPHO-BPEMEHHAs aHAJIOTUS (CYNEepHo3UlIus, K-
BUBAJICHTHOCTH) [21-24] (B ciayyae cTallMOHApHBIX TAPMOHUYECKUX BO3/IEUCTBUI €€ MOXKHO Ha-
3BaTh TEMIIEPATypPHO-4aCTOTHOM aHAJOTHE), Ha3bIBaeMasi TaKKe THIOTE30H O TEPMOPEOJIOTH-
4ecKu TpocToM noBeAcHnr. CyTh JAaHHOTO MPHUHIIUIA 3aKII0YAeTCS B TOM, YTO BS3KOYIPYTHE
XapaKTepUCTUKU ((QYyHKIUHU pellakcalliy U IMOJI3YyYECTH, KOMIUIEKCHbIE MapaMeTpbl) B IMOJIYJIO-
rapuMUYecKuX KoopanHaTax (JiorapuhM BpEMEHH WU YaCTOTHI) MPU PA3IUIHBIX MTOCTOSTHHBIX
TEMIIEpaTypax 4acTO MMEIOT OJIMHAKOBYIO (POPMY KPHBBIX, HO CIBHUHYTbl OTHOCHUTEIBHO JIPYT
Ipyra o jorapudmuueckoi mkane adbcuucc. Eciau, npuHsB ogHy U3 TemmepaTyp 3a Temiepa-
Typy NPHUBEIEHUS, CIBUTOM TI0 JIOTapU(PMHUECKON HIKAJIE MOKHO CMECTHTh BCE KPUBBIE B OJIHY
0€3 CyLIECTBEeHHBIX MOTPEIIHOCTEH, TOTja BO3MOKHO HCIOJIb30BaHUE JAHHOTO MpuHIMNa. Be-
JMYUHBI CIIBUTA OIMCHIBAIOTCS (DYHKIMEH TemIepaTypHO-BPEMEHHOTO CMEIICHHS. 3HA4YeHUs
BA3KOYIIPYTUX MapaMeTPOB MOTYT ObITh ONpeesieHbl C OMOIIbIO peodpazoBanuii Pypre aHa-
JOTUYHO pabotam [25, 26].

B ycnoBusix nercTBusl ABYX4YacCTOTHBIX HArpy3ok (43) 3aBucumocTtb (15) MoxeT ObITh 3a-
MHUCaHa B CIEAYIOIIEM BUJIE:
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o(t)=¢,E, (v;;T)sin2nv,t + @, ) + € E,), (v, T)sin(2nv 1) sin(2mv t + ¢, ) +
+&) By, (v,;T)sin(2nv,t) sin(2nv ) sin(2av t + @, ) +
+£,,€,,E, 5 (v, ;v,; T)sin(2nv,t) sin(2mv f + P, +Ppys)+
+621€,0 B3 (V5 V55 T) Sy, 1) SIn(27ev f + @ 5 ) SN2, + 9, ) +
+€ 180,55, (V1 3V, T)SIn27y 1) SN2Vt + @, + @y, ) SIN2TV, 1 + ¢, ) + “4)
+8a2E1*/2 (v,;T)sin(2mv,t + o, + Qpyp)t
+82,E,, (v, T)SinQ2nv,t + ¢, ) Sin2av,f + ¢,y +9,) +
+&,Ey), (Vo3 T)SIn27v,t + @, ) sin(21v,t + @, ) Sin2mv,t + @y, +¢,).
Tociie pacKpbITHs CKOGOK TOTYUHUM
o(t)=e,E, (v,;;T)sinnv,t +¢,,,) —0,5¢5 By, (v, T)sin(2n2v t + ¢, +0,57) +
+0,5¢2, E, (V3 T) cos(@ ) — 0,25 E; (v, T)sin(2m3v,t + @, ) +
+0,5¢2 E, (v,;T)SIn2nv t + @y, ) + 0,25 EL (v T)SinQ2av t — @) —

-0,5¢ & ,E, ;(v,;V,;T)sin (2”(\’1 V)@, + 9y +0, Sn) +
+0,5¢ €, E, (V5,5 T) sin(2n(vl V=@, =Py + 0,5n) —~
—0,2562 8, E5 (v, 3V T)sin (2m(2v, +V,)t +0, + @) +
+0,25¢% € ,E,,(v,;v,;T)sin (211(2\/1 V=, + Py ) +
+0,25¢2 € ,E, 1 (v,;v,; T)sin (2nv2t + O, + Py 5 ) +
+0,25¢% € ,E,,(v,;v,;T)sin (Zchzt +Q, — Py ) —
~0,25¢ .2, E,,,(v,;V,;T)sin (271(2\/2 +V)E20, + @y ) +
+0,25¢ &2, E, ,(v,;v,;T) sin(2ﬂ:(2v2 —VE+20, + @y ) +
+0,25¢ 162, E5,4 (V3 V55 T)sin (27v,f + @, ) + 0,256 162, By, (V5 v, T)sin (27v,E — @, ) +
+a»:azE1*/2 (vy;T)sin(2mv,t + 0, + @) —0, 5822E;/2 (vy;T)sin(2n2v ¢ + 20, + Qg +0, Sm)+ )
+0,5¢2,E, ,(v,;T) cos(Q 5 ) — 0,25¢2 E; , (v, T)sin(2n3v,t + 30, + Q)+
+0,5¢2 E; , (v,; T)sin(2mv ¢ + ©, +Pp3y)+0, 25¢2E;,(v,; T)sin(2nv,t + Q, = Pps)-

Takum 06pa3om, MoBeieHNE MaTepraa MpH JIByX4YaCTOTHBIX Harpy3Kax OIUCBIBAETCS JIBE-
HaJaTbI0 FTaPMOHHUKAMU.

B pesynbrare, Obuin pa3paOoTaHbl MOJIMHOMHUAIbHBIE 3aBUCHMOCTH BSI3KOYNPYTUX Mapa-
METPOB OT TEMIIEPATYPbI U YACTOTHI:

* ' v\l
E=byy+b,1gv, +...+b,, (lgvl) ) (46)
% ' v\l
Eyy =byo +by1gv, +...+ by, (lg Vz) ’ (47)
' v \n2
Qpin = by + by Ig v+ 4 by (lg V1) > (48)
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' ' \"2

Opiia = byg + by 1gvy +. 4 by (1sz) > (49)

% ' \n3

Eyy = by +by1gv i +...+ by, 5 (lgv1) ’ (50)
* ' v \"3

Eyp =byo+by1gv, +..4 by, (lgvz) ’ (51)
' \n4

©pap = byo +byy 1g v, +..4 by, (lgV1 ) ’ (52)
' v \n4

©pan = byjg + by 18V, +.4 by (lg Vz) ’ (53)

* n " 13
Em=(1+b5/1ng+...+b5/,75(ng)5)(2b3/0+2b3/11gv2+...+2b3/n3(1gv2) ) (54)

Oras = (14 by 12K +.4 by, (I K)"6)(b4/0 by, lgvs +.+ by, (1gV5)" ) . (55
Ej =byy+b,lgv+..tb,,, (Igv,)", (56)
Ej,=byo+bylgvy+.tby,, (1gv))" (57)
Pran = by + by Ig Vi +ot by (1gV)) (58)
s = byo + b 12V, +ot by (12V3) " (59)

£

n9 " v\n7
Eyy=(1+0,,1gK +.+b,,, (1K) )(3b7/0+3b7,11gv2+...+3b7,n7(lgv2) ) (60)

nl0 " v\ 18
Pr3s = (1 +bygy 18 K +...4 by (ng) )(bs/o +bg, 1g v, .+ by (lg Vz) ) > (61)

s

nll " o\
E3/4:(1+b1mng+...+b“/n“(ng) )(3b7/0+3b7/11gv2+...+3b7/n7(1g\/2) ), (62)

'

nl2 ' \n8
Cr3a = (1 +hp, 18K+ by, (ng) )(bg/o +by gV, ..+ by (lg Vz) )a (63)

lgv, =lgv, +lga, , (64)

lgv, =lgv, +lga,, (65)

lga, =by +by, T+t by,,,T", (66)

lgv, =lgv, +1ga, +0,51gK , (67)

rae nl, ..., n13 — cTeneHu MOIUHOMOB, by, ..., b1, «.., D13m13 — KOIPPUIUESHTHI TOJTUHOMOB.

KonmdectBo KO((GUIIMEHTOB, WX 3HAYCHHUS W CTEIIEHU TOJIMHOMOB OIPENEISIIOTCS dKCIEepH-
MEHTaJbHO. [lociie BhISBICHUS MOJUHOMHUAIBHBIX 3aBUCUMOCTEH (46)—(67) HeoOXoauMo pa3pa-
00TaTh ONTUMAJBHBIN IJIAH SKCIEPUMEHTAIBHBIX MCCIEAOBAHUI C MCIOJB30BaHUEM allapara
TEOPHH TUIAHUPOBAHMS HKCIEPUMEHTOB U HA OCHOBE IMPEUIOKEHHOIO IUIaHa UACHTU(HUIMPO-
BaTh K03 dunmentsr (46)—(67). [locne maHHON mpoueaypsl BOSMOXKHO OLIEHUTH BIIUSTHHE pas-
JIMYHBIX BA3KOYIPYTUX MAapaMeTPOB Ha TOYHOCTh ONMMCAHHUS MOBEJCHUS MaTepuaja U B ciiydae
UX HE3HAYUTEIBHOCTH NpeHeOpedb UMHU.
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B Goinee pannux pabdotax [19, 26, 27] Opl1a npeyioxkeHa MaTeMaTHIECKas MOJIEIb OIKCa-
HUS TTOBEJICHUS BSA3KOYIIPYTOro MaTepuaia Mpu ABYX4acCTOTHBIX HArpy3Kax:

o(t)=e,E, (vi;T)+e, B (visT)sin(2nv, + @, ) +€2, Ey, (visT)sin(2nvit + ¢y, ) +
+€,8,,E, (vl;vz;T)sin(2nv1t)sin(2nv2t+(pg +(pE23)+
+ 82,8, E5; (V3 V53 T)sin (2m2v 2 +0,5m) sin (27v,1 + @, + @y )+ (68)
+e,&E, (vl;vz;T)sin(valt)sin(2n2v2t +20, + Py + 0,5n)+
+€,E,, (V)3 T)sin(21v,t + @y, )+ 62, Eyy (Vo3 T)sin (27v,0 + 9, ),

JUISE KOTOPO# OBLJIO TPUHSATO JIOMYIICHUE, YTO TUHAMHYCCKUE HArpy3KH, JCHCTBYIOMUE HA QOoHE
KBa3WCTATHUECKUX, HE MPHUBOIAT K OOJIBIINM AePOpMALIUsAM, TTOITOMY CYIICCTBEHHBIX MCKaXKe-
HUI METIIU TUCTEpE3Hca OT AIUIUINTUYECKON (POPMBI HE MPOUCXOAUT. MIcX0as U3 3TOro Mpu OJIHO-
U JIBYXYaCTOTHOM HarpyXeHHUSX JOMOJIHUTENIBHBIX 4acToT (2vy, 3vi, 2v,, 3v;), IOMUMO OCHOBHBIX
V1 ¥ v, HEe BO3HUKaeT. [Ipu 3TOM ocTaeTcsi CylIeCTBEHHOM 3aBUCUMOCTD BS3KOYNPYTUX MMapaMmeT-
POB OT aMIUIUTY A AePopMaIiK €, U €,. B padorax [19, 28] maHHbIe 3aBUCHUMOCTH OBLIH OIHCA-
HBI JIMHEHHBIMU (QYyHKIUSAMH. OTCYTCTBUE JOIMOJIHUTEIBHBIX YaCTOT HE MO3BOJISIET YYECTh pas-
JIUYHOE COIMPOTUBIICHUE MPHU PACTSIKEHUHN U CxKATHH. JlJIs1 yueTa pa3HOCONPOTUBIIIEMOCTH MaTe-
puaina ObUT BBEJCH JOTOJIHUTEIBHBIN TapaMeTp E KOTOPBIN CMENIaeT HAPSKEHUSI B CTOPOHY
OosblIero conpoTusieHus (B o0mactb cxkatus) [26]. Kpome Toro, npu craimoHapHbIX rapMOHH-
YEeCKUX Harpy3kax Jjisl JJaHHOTO THIa MaTepHaliOB HAOJIONAIOTCS 3aBUCHMOCTH BSI3KOYIPYTHUX
napaMeTpoB OT IpeJBapUTeNbHON cTaTudeckoil aegopmanuu [19, 29]. B cBs3u ¢ aTuM B cinyyae
I[BquaCTOTHI)IX BO3JIEHUCTBUI HOSBIISTIOTCS IOIOJIHUTEILHEIE FapMOHI/IKI/I (mapameTpbl E*23, E*33,
E 34). 3HAUCHHUSIMU TTapamMeTpa E'34B (68) npeneOperaem. [pu g,1 > €, E'y HpeHe6pe>1<HMo Mall,
a TIpH €, < €, OTCYTCTBHE MapameTpa E 34 KOMIIEHCUPOBAJIIOCh N3MEHEHUSAMU E 10-

JlomymieHus o JIMHEWHOW 3aBHUCHMOCTH BSI3KOYNPYTUX MapaMeTpoB OT aMIUTHTYA Aedop-
MaIiuu U 00 OTCYTCTBUU MCKAKEHUH METIIM TUCTEPE3nca, a TakKe MPeHeOpekeHrne mapaMeTpoM
E'y MOTYT OBITH HE XapaKTEePHBI JUIsl APYTUX MaTtepuanoB. Tak, HapuMep, €clu B pe3ysibTare
uccienoBaHusl OyayT HaONIOAATbCA CYIIECTBEHHbIE HCKaXeHHs (OpMbl HETIU THUCTepe3uca,
MozeNb (68) HE CMOXET 3TO yuecTb. B 3TOM cMbIciie Maremarnueckas Mojiens (44), mpeacTas-
JIEHHas B TAaHHOM CTaThe, 00Jiee MPEANOYTUTENbHA K UCTIOIB30BAHHUIO.

PestoMupys, ckaxkem, 4TO IJIsl MCCIEAYEMOTO THUIIA BS3KOYIPYTHMX MaTepuajoB B TOW WIH
WHOUW CTEeTNeHN HAOII0JAeTCsl HEIMHEHHOE TIOBEJCHHE, a TaKKe Pa3IMYyHOe COMPOTUBIICHUE pac-
TSOKCHUIO U CKaTuio (pazHoconpotusisieMocTs) [30]. TloBegeHue Takux maTepHalioB MPH IBYX-
YAaCTOTHBIX HAarpy3Kax MOXET OBITh OMKUCAaHO BOCEMHAIATHIO BSI3KOYNPYTMMHU IapamMeTpamu

x x « * x « « x
En, Eon, Esny E o,y E 35, E 3y E v, E 22, E 30, QE11, QE21, QB3 OE23, PE33, PE3 4, PEIR, PE22
©p32- B citydae ecnu HenmmHeliHbIe 3G (EKThl U Pa3HOCOIIPOTUBIIAEMOCTh HE CYIIECTBEHHbI, 3HaUe-

* * * * *
HUS apaMeTpoB E 1, £ 31, E 253, E 33, E 34, E 22, E 30, OE21, OE3/1, QE23, QE335 QE3/45 PE22, PE3L
OYLyT CTPEMHUTBCS K HYJIIO.

2. 3KcnepumeHTaanble nccecnenoBaHus

DKcniepuMeHTanbHbIe uccienoBanus Oblu mpoBeaeHbl B LIKIT «LlenTp skcnepumeHTaib-
Hoi Mexanuku [IHUIIY» Ha 2eKkTpoJMHaMHUYECKOW HCHBITATENBHOM cucTeme Instron
ElectroPuls E10000 ¢ ucnons3oBanueM TemneparypHoit kamepsl Instron 3119. B ucnsitanusx
MCTOJIb30BAJICS BHICOKOHAMOIHEHHBIH 351actomep Mapku «I1/I1» (mMuTaTOp TBEpAOTO TOIUIMBA,
HHWMU nonumepHbIX MaTepuanos, I. [lepms) [27].
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Bsskoynpyrue napameTpsl Matepuaia ONpeessiiiiuch JUIsl YyCTaHOBUBLIETOCsS pexXuma Je-
¢dbopmupoBaHus (Iocie BbIXOJAa HA 3a/laHHBIA PEXXUM HUCIBITATENIbHON cucTeMbl). [l peanusa-
U1 U30TEPMUYECKOT0 Harpy>KeHUs oOpasla TeMIiepaTrypHas kKamepa paboTaja B TEYEHHUE BCETO
BPEMEHH NPOBEICHMS IKCIEPUMEHTOB. J[11 yMeHbIlIeHUsI BIUSHUS pa3orpeBa odpasla Ha oI-
penensieMble MapamMeTpbl BpeMs MPOBEIEHUSI IKCIIEPUMEHTA ObLJI0O OIPAaHUYEHO O KOJIMYECTBY
IIUKJIOB (B 3aBUCUMOCTH OT BHJIa BO3JICHCTBH) [27].

[Ipu ompeneneHnu BA3KOYNPYTHX MapaMeTpOB MaTepHalla YYUTHIBAJIACh JKECTKOCTh 3Je-
MEHTOB 3KCIIEPUMEHTAIbHON YCTAaHOBKU BCJIEACTBUE TOrO, YTO NEpeMeIleHUs], (GUKCUpyeMble
UCIIOJIb3YEMBIM JITaTUMKOM, CKJIQJBIBAIOTCS U3 NEpeMelleHni o0pa3ia 1 nepeMeleHUH 2J1eMeH-
TOB ATOM cucTeMbI [27].

Jlnst mofo0HBIX MaTepualioB XapaKTepHa PA3HOCOMPOTHBISIEMOCTb, TOITOMY IIEPEMEIICHUS
AIIEMEHTOB CHUCTEMBI IIPU CXKaTHX 00pasiia OoJiblie, YeM NpH ero pactsokeHud. C MOHIKEHHEM TeM-
IIEpaTypbl ONbITA U YBEIIMUEHUEM YaCTOTHI Harpy>KEHUsI IEPEMELLIEHNS 3JIEMEHTOB IKCIIEPUMEHTAIIb-
HOIl CHCTeMBI U, CIIeI0BaTeNIbHO, UCKAKEHHUE 33/1aBaeMOr0 CUTHaJla CTAaHOBATCA cyliecTBeHHee. [lo-
3TOMY, IPH HEOOXOIMMOCTH BHOCHJIUCH KOPPEKTUPOBKH B 3aKOH JIe(hOpMHUPOBaHHs 00pasLia.

HyxHo Taxke OTMETHTb, YTO I€OMETPUsl 00PA3LOB CYLIECTBEHHO BIIMSET HA OIpPE/E/sieMble
BA3KOYIPYIUE MapaMeTpbl, TaK Kak MPH Harpy»eHUHM B 0Opa3lie BO3HUKAET CI0KHOE HEOJHOPO-
HOE€ HampsHKEHHO-e(POPMUPOBAHHOE cocTosiHUE. i yueTra BIMSIHUS F€OMETPUYECKOro Qaxropa
Ha OIpe/eNsieMble MapaMeTphbl ObLIM pPEIIeHbl AUHAMHUYECKUE OCECUMMETPUYHBIC 33/1a4d B IIPO-
rpaMmMHOM obecrieueHn ANSY'S, KOTOpbIe COOTBETCTBYIOT SKCIEPHUMEHTaNIbHOM cuTyauuu. B pe-
3yJbTaTe ObUIM ONpeieNIeHbl MOoNpaBoyYHble K03 duuneHTs [27]. Ba3koynpyrue napamerpsl Mate-
pHualia onpeeIsINCh C UCIIOBb30BaHUEM peoOpazoBanust Oypre anamoruyHo padoram [25-27].

Kak yxe ormeuanocs, Uisl OMCaHUs 3aBUCUMOCTHU BA3KOYIPYTUX MMapaMeTpOB OT YacCTOThI
HArpy>XeHHUsI U TEMIIePaTypbl ONbITa OBUTM UCTIONB30BaHbI MOTUHOMBI (46)—(67). ns onpenerne-
HUS 9THX MMOJMHOMHUAIBHBIX 3aBUCUMOCTEH OBUIH MPOBENEHBI SKCIIEPUMEHTAIBLHBIE UCCIIEI0BA-
HUs (Tabauia), pe3yabTaThl KOTOPBIX MPEACTaBIeHbI Ha puc. 1-11.

[nan sKcriepUMEHTaIbHBIX UCCIETOBAHMI
The experimental design

AMmuTy Al feopManiu YacToTbl Temneparypa
€a1, Yo €a1, Y0 Vi V2 T, T, T3 T T
0,1 1
3 3 0.01 0.1 50 30 3 -20 -50
30, Ey,(v)), MIa

E,(v,), MITa

tof lg(v)), T
S lg(v,). T
O 2 2 2 2 5
-6 —4 -2 0 2 4

* *
*E °Ey,

Puc. 1. 3aBucumocTu napaMetpos E *1/1, E *1/2
OT 4acTOTHI Ipu Temiiepatype 3 °C
Fig. 1. The dependences of parameters E*m, E'\p
on frequency at the temperature of (7= 3 °C)
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30 ®z1n(vy), TPaL
25t @p15(v,), TPAK

ot lg(v)), I'n
. lg(vl)) FII.

6 -4 -2 0 2 4

® Qi ® Q1

Puc. 2. 3aBucuMocTH mapaMeTpoB Pgi/1, Pri
OT 4acTOTHI IpH Temiiepatype 3 °C
Fig. 2. The dependences of parameters Qgy/1, Og1/2
on frequency at the temperature of (7= 3 °C)

—6 —4 -2 0 2 4
lg(vl)9 FH
lg(v2)9 FH

—-100
-120

E,\(v)), MIla
E,)(v,), MITa

* *
.E2/1 .EZ/Z

Puc. 3. 3aBucumocTtu napameTpoB £ *2/1, E *2/2
OT 4acTOTHI Ipu Temrepatype 3 °C
Fig. 3. The dependences of parameters £ s Eon
on frequency at the temperature of (7= 3 °C)

: Eys(v,), MITa

Puc. 4. 3aBucumocTu napamerpa £ *2/3
OT YacCTOTHI V, TIpH Temmepatype 3 °C
Fig. 4. The dependences of parameter £ *2/3
on frequency at the temperature of (7= 3 °C)
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40 ¢ Prn(v1), TPaK

Pp2(v2), TPANL

30

20t <

10} >

0 [ lg(vl)a FH
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Fig. 5. The dependences of parameters @1, Pr2
on frequency at the temperature of (7= 3 °C)
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Fig. 6. The dependences of parameter @z/3
on frequency at the temperature of (7= 3 °C)
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Fig. 7. The dependences of parameters £ *3/1, E *3/2
on frequency at the temperature of (7= 3 °C)
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