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CorytacHO pe3yJbraTaM MHOTOYHCJIEHHBIX KCIEPUMEHTOB, KOMIIO3HUIIMOHHbBIE MaTE€PUAJIbI
[IPU IUKJINIECKAX HArPYKEHUIX J1ePOPMHUPYIOTCS U Pa3PyIIAIOTCS BCJICICTBAE HAKOIIJIEHUS
nedeKToB pa3/MYHOil MpUpoabl. B pabore Ha OCHOBE 9THUX PE3YJILTATOB U C yYETOM KOH-
I[EIIIY PACCESTHHOTO IIOBPEXKJACHUS ¥ pa3pyIIeHHsI COOPMYJINPOBAH KPUTEPHIA yCTAIOCTHON
MPOYHOCTH ISl 9TUX MaTepuaJsioB. B obieil mocTaHOBKe KMHETUYIECKOE YPABHEHUE LI I1a-
paMeTpa MOBPEXKIEHHOCTH PacCMaTpPUBaJIOCh B paborax ['oBapma u Bokmuikoro. Coracuo
9TUM paboTaM MOBPEXKIEHHOCTH CHCTEMBI, B COOTBETCTBUY C IIPE/ICTABICHUSIMH CTATHCTH-
9eCcKOil (PU3MKY, IPOTEKAET CO CKOPOCTBHIO, 3aBUCAIINEH OT HEKOTOPBIX BHENIHHUX (DaKTOPOB
(Mexannueckux, HPU3NIECKNX, XUMUIECKAX U JIP.), & TAKXKE OT BEJIMYUHDBI HAKOILICHHON
MOBPEXKIEHHOCTH. PeasibHble Mareprajibl UMEIOT CIIyYaiHyI0 CTPYKTypPY, MO3TOMY Iapa-
METP CILIOIIHOCTY WJIN ITOBPEXKIEHOCTH SIBJISIETCSI CTATUCTUYIECKUM IIOKA3aTeseM, KOTOPbIi
MOXKET OBIThH 33JIaH C IIOMOIIBI0 HEKOTOPOI'0 KMHETUIECKOro ypaBHeHusa. O THOCUTEIbHOE U3~
MEHEHHE MOJYJIsl YIPYTOCTH B IIPOIECCe MUKINIECKUX HArPYKEHHU pacCMaTPUBAETCS B Ka-
9eCTBE MapaMeTpa CILIONIHOCTH (MOBpeKAeHHOCTH ). KpuTnaeckas BeTMInHa TOBPEXK ICHU I
NIPUHUMAETCS B KAYECTBE YCJIOBUsI PA3pyIIeHUsl U HA 9TOM OCHOBE (DOPMYJIMPYETCs KPUTE-
puit ycrasocTHO npodnocTu. KoHKpern3npoBaHbl KO3MMUIMEHTH KPUTEPHS U IOCTPOEHDI
KPUBbIE HAKOIIEHUs [TOBPEXKIEHNI 1 KpUBbIe ycrasoctu. Habromaercst xoporiee coryiacue
TEOPETUYECKNX KPUBBIX IOBPEXKIEHHOCTU U YCTAJIOCTH C PE3yJIbTaTaAMU COOTBETCTBYIOIIMX
OIIBITOB II0 YCTAJIOCTH CTEKJIOIIACTUKOB. TakmMm o6pa3oM, NpejiaraeMblil I10/IX0J, II03BO-
JISIeT MPOrHO3UPOBATDH YCTAJOCTHYIO IIPOYHOCTH KOMIIO3UIMOHHBIX MATEPHAJIOB HAa OCHOBE
OTHOCUTEJILHOI'O U3MEHEHUs MOJLYJIsl YIIPYTOCTHA B IIPOIECCE IUKJIMIECKUX HArPYKEHUIA.
Karouesvie ca06a: KOMIIO3UIMOHHBIE MAaTEPHUAJIbI, IUKINIECKIE HAIPYKEHHS, CIIOIIHOCTD,
HaKOIIJIEHUE TTOBPEXKJICHUI, IPUHIIAI SKBUBAJEHTHOCTU HAIPsi>KeHWH u jiedopMarinii, Mo-
aynb FOnra, sddexrusnoe Bpemsi, 3hPeKTUBHOE HANPsKEHHE, KPUTEPUH yCTATOCTHOM
MIPOYHOCTH.

1. Beenenue. I[lepBrie UCCIEI0BAHAS IO YCTAIOCTA KOMIO3UIMOHHBIX MATEPUAJIOB
6buin BoinosHeHbl B 1964 r. Bosutepom [1]. B pa6ore [1] npeacraBiensl pe3ysabrarhbl IUK-
JITIECKOTO PACTSAMKEHUS IJIACTMACC, apMUPOBAHHBIX CTEKJIOBOJIOKHOM. C 3TOro BpemeHu
HAYAJIOCH UHTEHCUBHOE UCC/ICA0BAHNE YCTAJIOCTH KOMIIO3UTOB, KOTOPOE IPOIOJIKACTCS U
B Hacrosmee BpeMda. HaKoIIeH 3HaUUTeIbHBIH 00heM 3KCIIePUMEHTAIBHBIX JAHHBIX JJIsd
PA3JINYHBIX TUIIOB KOMIIO3UIIUOHHBIX MaTepraJioB [2—7]. CorsiacHO 9TuM HCCJIe10BaAHUSIM,
OCHOBHBIE TPOIECCH yCTATOCTHOTO PAa3pPyINEHNsl BHI3BAHBI HAKOTLIEHHEM MOBDEXKIEHHO-
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cru. [Ipu sTOM Mepa HOBpEXKJEHUsT ONPEIEIISIETCS PA3IMIHBIME IIPOIECCAMU JTerPaia-
M MaTepuaJia: pa3pyIleHne BOJIOKOH, PACCIOEHNE, PA3PYIIEHNE MATPHUIIBI, COBMECTHOE
pa3pyleHne MaTPUIIBl U BOJIOKOH, OTPBIBBI Ha TIOBEPXHOCTH Pa3/esia, MOBTOPHBIE BKJIIO-
qeHus. Jlo TOro Kak MpoM30#IeT MoJIHOE pa3pylieHne MaTepuaJia, MocjJe0BaTeIbHOCTh
YKa3aHHBIX IIOBPEXKJIEHUI MOYXKeT OBITH caMoil pa3HooOpa3Hoil. B oTyimune oT MeTaJLIoB,
JUI KOTOPBIX ODPA30BAHME W PA3BUTHE TPEIUH SBJISIOTCS OCHOBHBIMU MEXaHH3MAaMU,
OIIPEIEJIATONAMHA TOJITOBEYHOCTD MATEPHUAJIA, JIJIsi KOMIIO3UTOB 3T MEXaHU3MBI OIIpeie-
JISIFOTCsl KMHETUKON Pa3BUTHUsI MMOBPEXKIEHHOIO COCTOSIHUSI BILJIOTH JIO0 OKOHYATEBHOIO
paspymenusi. IIpu 9TOM, Kak MOKA3BIBAIOT OMBITHI [2], KpHBasi HAKOIJIEHHsI CYyMMAPHOMN
BEJIMYMHBI TIOBPEXKJICHUIT SBJISETCs BO3pacTalomeil (pyHKnueil BpeMenn (4uc/ia MUKJIOB
HAIPYZKeHUs) [0 MOMEHTa Makpopaspylienus. B nannoit pabore obparaercs BHUMAHIE
Ha BO3MOXKHOCTH OIHMCAHUS ITUX IMPOIECCOB U (DOPMYIUPOBKU KPUTEPHUS YCTAJIOCTHOMN
IPOYHOCTH METOJAaMU MEXAHUKH MaTepUajioB HA OCHOBE KOHIIECIIMH TOBPEXKICHHOCTH
[8-15].

B o0rieit mocTaHOBKE KMHETHYECKOE YpPaBHEHUWE JIIsl [MapaMeTpa TOBPEKIEHHOCTH
paccmaTpuBasioch B paborax [8, 9]. CorsacHo 3TuM paboTaM MOBPEXKIEHHOCTb CHCTEMBI,
B COOTBETCTBHU C TIPEJICTABICHUSIMA CTATUCTUIECKOM (DU3UKHU, TPOTEKAET CO CKOPOCTHIO,
3aBUCAIIEH OT HEKOTOPBIX BHEIMIHUX (baKTOPOB (MEXaHMYECKUX, (DU3MIECKUX, XUMUIe-
CKHUX U JIp.), & TAKKe OT BEJMYNHBI HAKOIJIEHHOH MOBpeK ieHHoCTH. [Ip1 paccMoTpeHnn
9TOI KOHIEIIUU UCXO/ISIT U3 CJIeIYONIUX OJI0XKeHu. PeasibHble MaTepruajbl UMEIOT CJIy-
YaflHyI0 CTPYKTYPY, II03TOMY IIaPAMETP CILIONIHOCTH ¢ (MU HapaMeTp HOBPEKIEHOCTH
w = 1 — 1)) gBisiercsd CTATHCTUYECKUM IIOKA3aTeJIeM, KOTODBIA MOXKeT ObITh 3aJaH €
MTOMOIIBIO HEKOTOPOTO KUHETHIECKOTO yPABHEHUS, 6A3UPYIOIMIErocs Ha JIBYX THIIOTE3aX:

dp dyp
= =—flo®), = =—flo().v. (1)

CoryiacHO TIe€pBOl TUIIOTE3e XPYTIKOE PAa3PyIIeHNe IPOTEKAET CO CKOPOCTHIO, 3aBUCSI-
1iedi TosbKo oT HanpsixkeHusi. COrsIacHO BTOPOIi MUIIOTe3e, U B COOTBETCTBUY C IIPEJICTAB-
JICHUSIMA CTATHCTUIECKOH (QU3UKH, CKOPOCTb XPYNKOIO PA3pYIICHHUs 3aBUCHT OT HAIIPSI-
JKEHUs ¥ BeJIMYNHbBI HAKOIUIEHHO! HoBpexkaeHHocTh. B ypasaennsx (1) o(t) — nanpsixke-
HUE, 3aBUCHINEe OT BpeMeHH T.

JanHast KOHIENMs Oblia NCIOIb30BaHa B paborax Kauanosa — PaGorrosa [11, 12]
U Ha ee OCHOBe C(HOPMYJINPOBAH KPUTEPHI XPYIIKOTO PA3PyIIeHUs] B YCJIOBHUIX BBICOKO-
TemiiepaTypHoil ossydectu. CorsiacHo 3TuM paboTaM BBOJUTCS IIAPAMETD CILJIONTHOCTH
¥ nim noBpexjaeroctu w (Y = 1 — w, dip = —dw), 3aBucsimuii or Bpemenu t. [Ipuyem
nmpu t = 0, w = 0, T.e. B HAYAJIBHOM COCTOSIHUHM, CHCTeMa He HoBpexzeHa. Cucrema
paspymaercs: npu yeaosun w = 1. Vcnonb3yercs: KuHeTndeckoe ypasHenue (1), npasast
9acTh KOTOPOTO 33J1aeTCsl B BHUJIE CTENEHHON 3aBUCHMOCTU OT BeJUYUHBI 3hHEeKTHBHO-
IO HAIPSIKEHUS U JIJIsl STOTO IIPOCTOrO ¢iIy4dasi (hOPMYIUPYeTCsi KpUTEpuii JINTebHON
[POYHOCTH.

2. ITapameTp NOBPEXKIEHHOCTH (CIJIOLIHOCTH) KOMIIO3UIIMOHHBIX MATEPU-
asoB. [lasee npu hopMympoBKe KPUTEPHUs YCTAIOCTHON IIPOYHOCTH KOMITO3UITMOHHBIX
MaTepuaJjoB Ha OCHOBE KOHIEHIINU ITOBPEXKJIECHHOCTHU BOCIIOJIb3yeMcd IlapaMeTpaMH I10-
BPEXKJIEHHOCTH ¥ CIJIONIHOCTH, BBIPAXKEHHBIMHU Yepe3 OTHOIIEHHs MOJyJell yIpyrocTu
MOBPEKIEHHOIO W HEIIOBPEXKIEHHOTro MaTepuaJia. Jluarpamma HampsikeHne — jedpopMa-
Ut JIJIsE 9TUX MaTepPUaJIOB OJIiM3Ka K JIMHEHHOW C IpejiesibHOM Jedopmaliueil B mpejiesiax
AByX-Tpex nporeHToB. [losToMy B mepBOM MPUOIMKEHUN TSI STUX MATEPHAIOB MOXKHO
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HCIIOJIF30BATH MOJIEb YIPYToi cpefpl. lIpuHnMaeTcss IPUHIAIT SKBUBAJIEHTHBIX HAIPSI-
»KeHuit [15], corsiacHO KOTOPOMY KOMIIOHEHTBI T€H30Pa HAIIPSI?KEHU TIOBPEXKICHHOI cpe-
Jbl ONPEeAEJIAIOTCS Yepe3 KOMIIOHEHTHI TeH30Pa HallPsKeHNH HeNOBPeXK/IEHHOU Ccpesbl.
JJtst coydast IpOCTOr0 PACTSIZKEHUST TMeeM

O—wzl_w:E7 (2)

IJile 0 U 0, — COOTBETCTBEHHO, HAIIPSI?KEHUS HETIOBPEXKJIEHHOIN U TTOBPEXK/IEHHOI CpeJI.
Jlajiee IpUHUMAETCS IPUHIIATT SKBUBAJIEHTHOCTH J1e(POPMAIHii, COIJIACHO KOTOPOMY
nedopMaIus MOBPEXKIEHHON CPEIbl £p MPHU MPOCTOM PACTAXKEHUN BBIPAYKAETCST COOTHO-

IIeHUEM
o 1 o

=— - ep=— 3
1—-wk ’ E D ’ ( )
riae E, Ep — Mojiysn ynpyrocTs, COOTBETCTBEHHO, HEIIOBPEK IEHHOTO U TIOBPEKJIEHHOTO
MaTepHaJIa.
W13 coornomenuit (3) ciaegyer

€D

Ep Ep
—1-=2D 52D 4
w R (4)

Takum 06pa3oM, mapaMeTphl HOBPEKICHHOCTH M CILIOIIHOCTH BBIPAXKAIOTCA depe3
OTHOIIEHNE MOJYJIell yIPYrOCTH ITOBPEXKACHHON 1 HENOBPEeXKIeHHONH Cpeibl. ITH COOTHO-
IIEHUsT UCTIOJIB3YIOTCsT JTst MeTasuios [16, 17] u kommosuros [7, 18-20].

VuursiBas coorHomenus (4) 1 IPUHUMAsT KOHIIENIIUIO IOBPEXKIEHHOCTH, CDOPMYJIH-
PyeM KPUTEpHUil yCTAJIOCTH I KOMIIO3UTOB. BBemeM mouarne 3pHeKTUBHOIO HAIIPIKE-
HUSL 0 /1), TJIe 0, — AMILUIUTYIQ HAIPSI?KEHUS IUKJIA.

Kunernueckoe ypaBHeHue JjIs TapaMeTpa, MOBPEKICHHOCTH 3aJ1a/IUM B BHJIE

dyp Oaq "

YA Ze

=A%) )
rae A, n — IIOCTOSHHBIE.

Pemenne ypasaenust (5) npu HadagpHOM ycsaosun ¢ = 0, ¢ = 1 umeer Bug,
¢ =[1—(n+1)Ac"t] w1 (6)

C yuerom coornomenus t = N/ f, rne N — 9uciio IUKIIOB HArpy»KeHus, f — 4acTora
HATDY2KeHUs!, ypaBHeHne (6) MOXKHO 3allicaTh Yepe3 YNCJIO [UKJIOB HAIDY KeHUSI:

¢ =[1—(n+1)Ac" f'N] w1, (7)

Kpusas ¢ = Ep/E cornacao ¢dopmyse (7) ¥ ONBITHBIE TOUKH, IIOJIyYEHHbIE [IPH
[UKJINIECKOM HAIPY?KEHUM O0OpAa3I0B U3 OJHOHAIIPABJIEHHOTO CTEKJIOIIACTHKA COTJIACHO
pab6ote [20], mokasanbl Ha puc. 1. IIpu pacuerax IPUHSITHI CJIeAYIONME 3HAYEHNsT KOI(D-

dbunmenton: n =8, A =2,26-10726 [Ml_[ar8 [Tul, f =5 Ty, o, = 347 Mlla.

3. ®opMyIMpPOBKA KPUTEPHUS yCTAJIOCTHON IMPOYHOCTH KOMIIO3UIIMOHHBIX
MaTepuaJios. IIpuanmas yciosue paspymenns N = Ny, ¢ = 0, u3 (7) HoaydnM cieny-
IOIMWIT KPUTEPUN yCTAJIOCTH:

(n+1)A°
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og Ny = (8)
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Puc. 1. Kpusasi moBpexxeHHOCTH coriiacHO dopmyste (7) U ONBITHBIE
TOYKH, IOJIyu€HHBbIE IPU IUKINIECKOM HArPy>KE€HHU OOpa3loB U3 OJHOHA-
IIPABJIEHHOT'O CTEKJIOIUIACTHKA COITIacHO pabote [20].

B peasibHBIX yCIOBHSIX B MOMEHT Da3pyINEHHsI BeJUUIMHA IIapaMeTpa IOBPEXK/IEH-
HOCTH (COIJIACHO PHC. 1) He JOCTUraeT HyJIeBOrO 3HadeHUs. PaspylieHne HACTYHAeT IIPU
HEKOTOPOIl Kpurnieckoil Bejimuuue ¢ = .. [Ipunumas B (7) ycsaoBue paspyuieHus B
Buge N = Ny, ¢ = ¢, (¢ # 0), mostyauM ciiefyomuii KpuTepuil yCTaIoCTH:

n o (17¢f+1)f
UaNf—m. (9)

B aBoitubix norapudmuteckux Koopaunarax [go, —lgN; kpurepuu (8) u (9) BbIpa-
JKAIOTCA B BUJIE IPSAMOI JIMHAY, UTO COTJIACYETCS ¢ PE3YIbTATAMEI MHOTOYMCIEHHBIX OIbI-
TOB Ha YCTaJIOCTh, HAIIPUMED sl 00PA3I0B U3 yIJIeIIacTUKa U CTEKJIoIIacTuka |5, 6].

Kpusas ycramoctu cornacHo Kputeprio (9) u 9KCIepUMEHTAJbHBIE TOUKH JIsl OJI-
HOHAIIPABJICHHOI'O yIJIeIIacTuKa corsiacHo pabore [20] upezcrasiensr Ha puc. 2. Ilpu

pacuerax IPHUHSTHI ClIeIylolyue 3HadeHus Koddpdummenros: n = 8, A = 2,26 -
1026 [MIIa]~® [[n], f =5 I'n, 9. = 0,6.

4. 3akaroueHue. Pe3yibrarsl 0030pHBIX UCCIEIOBAHUN yCTATOCTH KOMITO3UIIMOH-
HBIX MaTEPHUAJIOB ITOKA3BIBAIOT, YTO B IIPOIECCE JJINTEIBHOIO IIUKIMIECKOTO HArDy KEeHUsT
9THX MaTEPUAJIOB, B YACTHOCTH CTEKJIOIJIACTUKOB U yIJIEILIACTUKOB, OCHOBHBIM MEXaHU3-
MOM 1e(DOPMUPOBAHUSI U PA3PYIIEHNs MOXKHO CUNTATH PA3JIMIHOIO POJIA TOBPEXK IEHMUSI,
KOTOPBIE OMUCHIBAIOTCST C MTOMOIIBIO MapaMerpa MOBPEXKICHHOCTH, KHHETHIECKOE YPaB-
HEHEE JIJIs KOTOPOro Pa3paboTaHO METOJAMHU MEXaHWKU PACCESHHOTO MOBPEXKJICHUS W
paspyuienus. [lapaMeTp HOBPeKIEHHOCTH (CILIOMIHOCTH) OUPEIEJISeTCsl OTHOCATEIbHBIM
U3MEHEHUEM MOJLYJIsl YIIPYTOCTH B IIPOIlecce MUKINIEeCKUX HarpyKeHuit. B kauecTBe ycio-
BUSI pa3pyllleHns] PACCMATPUBAETCS KPUTUIECKAs BEJIMUYNHA, TOBPEXKIEHUI U Ha, 9TOI OC-
HoBe POPMyIUPYETCs KPUTEPUil yCTAJIOCTHON mpounocTu. Konkperusnposausl Koahdu-
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Puc. 2. Kpusasi ycTasocTn cornacHo Kpurepuio (9) M 9KCIepHMeHTAIb-
HBbIE TOUKH JIJIs OJHOHAIPABJIEHHOTO yTIJIeIIaCTHKA CorIacHo pabore [20].

IIUEHTHI KPUTEPHS U JJAHO CPABHEHHE C Pe3yJIbTaTaMH OIBITOB M0 YCTAJOCTH CTEKJIOILIa~
ctukoB. [locTpoeHa KpuBasi HAKOTIJIEHUSI TIOBPEXKJICHNH B 3aBUCUMOCTH OT UHCJIa ITUKJIOB
Harpy2KeHus JJIs 3aJJAaHHOrO yPOBHS Hamnpsikenusi. Habromaercs xoporiee coriacue Teo-
PEeTUYECKNX KPUBBIX NOBPEXKJIEHHOCTU U YCTAJIOCTU C PE3yIbTaTaMU COOTBETCTBYIOMIUX
OTIBITOB JIJIsI OJHOHAIIPABJIEHHOI'O YIJIEIIaCTHKA. TakuM 00pasoM, ImpeiaraeMblii oaxoT,
II03BOJISIET TIPOTHO3UPOBATH YCTAJIOCTHYIO TPOYHOCTh KOMIIO3UIIMOHHBIX MaTepHaJIOB HA
OCHOBE OTHOCUTEJIbHOTO U3MEHEHUS MO/IyJIsl YIPYTOCTHU B IIPOIleCcCe NMUKJINYECKNX Harpy-
JKEeHUIA.
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According to numerous studies of different types of composite materials was found that
the main processes of fatigue fracture in these materials are caused by the accumulation
of damage. The measure of damage is determined by various degradation processes of the
material: the fibers fracture, delamination, destruction of the matrix, the joint destruction
of the matrix and fibers, separation on the interface, re-inclusion. The sequence of these
damages can be various up to full fracture of a material. Unlike metals, for which the for-
mation and development of cracks are the main mechanisms that determine the durability
of the material, for composite materials, these mechanisms are determined by the kinetics
of the development of the damaged state until the final fracture. The cumulative damage
accumulation curve is an increasing function of the time (number of loading cycles) until the
moment of macro-fracture. In the general formulation of the kinetic equation for the dam-
age parameter was considered in the works of Howard and Bokshitsky. According to these
works, the damage of the system, in accordance with the conception of statistical physics,
proceeds at a rate that depends on some external factors (mechanical, physical, chemical,
etc.), as well as the value of the accumulated damage. Since that the real materials have a
random structure, therefore, the continuity or damage parameter is a statistical index. This
index can defined using a kinetic equation, the right part of which is given in the form of a
power dependence on the value of the effective stress. The given conception was used in the
works of Kachanov-Rabotnov and on its basis, the criterion of brittle fracture under high-
temperature creep was formulated. In this paper, the damage conception is used to describe
the damage processes of composite materials and the formulation of the fatigue strength
criterion. The relative changes of the elasticity modulus in the process of cyclic loadings is
considered as a continuity (damage) parameter. The critical value of damages is accepted
as a fracture condition and on this basis the criterion of fatigue strength is formulated. The
coefficients of the criterion are concretized and damage accumulation curves and fatigue
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curves are plotted. A good agreement between the theoretical damage and fatigue curves
with the results of the corresponding experiments on the fatigue of carbon fiber plastics is
observed.

Keywords: composite materials, cyclic loadings, continuity, damage accumulation, the prin-
ciple of stresses and strains equivalence, Young’s modulus, effective time, effective stress,
fatigue fracture criterion.
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