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Annomauus. Vccnenyercs aerpaaalus K€CTKOCTHBIX XapaKTepPUCTUK r'MOKOro 3jeMeHTa KapKaca IlaHepa
JIeTaTeIbHOTO amIiapaTa. B xone skcriepyMeHTa KOHCOJIbHOMY M3TUOY ITOABEpTajics TMOKMIA 3JIEMEHT M3 KOM-
MO3UIMOHHOIO MaTepuaja C XXeCTKMM HarpykeHueM cBoOomHoro Topua. ITosydyeHbl 3HAUeHUSI OCTATOUHBIX
nedopManuii Ijisi KOHCTPYKIWI ¢ pa3sIMIHOM yKIIanKoi cioeB. OcraTouHble nedopMalini CBUACTEILCTBYIOT
0 Jerpajaly XXeCTKOCTHBIX XapaKTePUCTUK TMOKOTO 3JIEMEHTa, YTO, B CBOIO OUepe/ib, BIUSIET HA ITPOUYHOCTh
U JOJITOBEYHOCTb KOHCTPYKIIUM.
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Abstract

Layered composite materials (CM) are of a wide application range in the design of aircraft. These materials
advantage consists in the ability of changing the package physical characteristics by the reinforcement angle varying.
Physical properties degradation under various types of loading [ 1-4], which, in its turn, affects the aircraft strength,
should be accounted for while the aircraft structures design.

The presented article studies characteristics degradation of a composite material of different structure. The
hypothesis that transversal cracks leading to the physical characteristic degrading and residual deformation
appearance, occur in the composite material monolayer while loading is accepted. The issue of the transversal
cracks occurrence in the matrix structure of a composite material is being considered on a wide scale in [1-18].
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The article considers the samples from a woven organoplastic and unidirectional prepreg of carbon fiber-
reinforced plastic, with various stowing of 0 — 90 and 0 — 90 — =45 degrees, as well as with various geometric
characteristics.

The article presents the results of the experiment on composite panels cantilever bending under normal climatic
conditions. The samples were loaded by the forced displacements of the stop along the mounting axis with a step
of 2 mm, in the direction of the profile. Unloading and measurement of residual deformations of the uttermost
edge were performed after each loading step.

Stiffness characteristics degradation of the material is being determined in this article by residual deformations
measuring after the sample loading. A more accurate method of cracking detection in the CM matrix structure is
non-destructive testing with roentgenography methods application. The said method will allow detecting cracks
in the CM structure with normalized accuracy. The issue of non-destructive defects testing in composite materials
is being considered in [19-20].

The full-scale tests allowed establishing the presence of residual deformations in structurally similar flexible
elements of all types of cross-section. It was revealed that the stiffness properties degradation in the composite
material occurs at the cantilever bending of the sample.

Structurally, such flexible elements with reinforcement angles of 0 — 90 — £45 display the smallest increase
in residual deformations, compared to the samples, which reinforcement angle corresponds to 0.90 degrees. It
is associated with the fact that organoplastics are of a braided structure, and at reinforcement angles of 0 — 90
degrees half of the fibers are not beingincluded in the overall bending of the structure. The reinforcement angle
of 0 — 90 — %45 degrees herewith allows including all the fibers of woven organoplastics in the general bend and
reduce the package stiffness characteristics, which, in the aggregate, leads to the stresses drop in the monolayer
of the composite material package and, as the result, the least progression of stiffness characteristics degradation.

Keywords: properties degradation in composite materials, damages accumulation in the composite material
matrix, layered composites, transversal cracking in the composite material matrix
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Bgenenue

OOBEKTOM HCCeNOBaHUS SIBJISIIOTCS TUOKUE 3J1e-
MeHTH (I'D) u3 kommo3unrmonHoro Matepana (KM)
— 00BOI000Opa3ylolIMe AeTadu KapKaca IuiaHepa, Ko-
TOpBIE YCTAHABIMBAIOTCS IO 30HAM HABECKU MEXaHMU-
3alMU U SIBJISIIOTCS ITPOAOKEHUEM OOIIMBKY IIaHEepa.
I[ubkue smeMeHTH HEOOXOMMMBI [JIS CO3MAHMST 3aM-
KHYTOTO a3pOAMHAMUUYECKOI0 KOHTYpa (IepeKpbITUSI
3a30pOB MEXIy KapKacoM M MeXaHu3alueil) Ha Bcex
peXUMax OTKJIOHEHUST MEXaHU3aLl1H.

[Ipu mpoexTUpoBaHUU TUOKUX 3JIEMEHTOB CTOUT
YUUTBIBATh, YTO B XOJe 3KCILIyaTallMM JIETATeIbHOTO
anrapara IIPOUCXOOUT Aerpanainsl CTPYKTYPbl KOMIIO-
3ULIMOHHBIX KOHCTPYKIWi [ 1—4], mpuBoasias:

1) K yXyIIIeHUIO XXEeCTKOCTHBIX XapaKTePUCTUK
KOMIIO3UTHOI KOHCTPYKIIUU;

2) K MOSIBJIEHUIO OCTAaTOYHBIX AedopMaluii,
B pe3yJbTaTe KOTOpbIX oOpa3syercst 3a30p Mexay ['D
U MeXaHU3aluei;

3) K yMEHbILIEHUIO ITPOYHOCTH KOHCTPYKIMK 13 KM.

C0XHOCTh MOAEIUPOBAHUS Aerpagallii XKecCT-
KOCTHBIX CBOMCTB KoHCTpyKuuu n3 KM [5—7] 3a-
KJIIO9aeTCsI B TOM, YTO HEOOXOAMM OOJIbIIOI 0a3uc
HATYPHBIX UCMBITAHUN, KOTOPBI MO3BOJUT U3y4YaThb
noBeaeHre KM 1ipu pa3InyHbIX yIIaX apMUAPOBAHUS
Y pa3IMUHBIX BUJIAX HArPYKeHUS. AKTYaJIbHOCTb JaH-

HOIi pabOTHI COCTOUT B TOM, UTO ITPOBENEHBI HATYPHBIE
WCIIBITAHUS, B KOTOPBIX MCCleaoBaiach Aerpaaaius
JKECTKOCTHBIX XapaKTepUCTUK KOHCTPYKIK 13 KM ¢
Pa3IMYHBIMU YIJIaMU apMUPOBAHUSI.

B manHOIt cTaTbhe BBIABUTAETCS TUIIOTE3a O TOM,
YTO B MOHOCJIO€ KOMIIO3ULIMOHHOTO MaTepurasia mno-
SIBIISIIOTCSL MU pacTyT TMOIEepeYHble TPEIIMHBI, KOTO-
pble yXyAuamoT ero pusuveckue XapaKTepucTUKU.
B patGorax [8—16] paccmaTpuBaeTcsd BOIIPOC
0 BO3BHMKHOBEHUM TpaHCBepCadbHBIX TPEIIUH
B MaTpuuHoii ctpykrype KM, B padorax [17, 18] mpu-
Be/IeHbl HEKOTOpbIe 3KCTIepUMEHTAJIbHbIE JaHHBIE.
B GoabIInHCTBE U3BECTHBIX paOOT paccMaTpPpUBaAIOT-
cst oopasusl u3 KM ¢ mpocteiiinnM apMupoOBaHUEM
rmakeTa, MoaBepralorecs MIOCKOHATPSIKEHHOMY
nedbopMmupoBaHuto. B naHHoOil cTaThe paccMaTpu-
BalOTCS 00pas3Iibl, MAKeT KOTOPBIX COCTOUT U3 pa3-
JIMYHBIX BUJOB BOJIOKOH U KOTOPbIE UMEIOT CJIOKHYIO
CTPYKTYpPY apMupoBaHus. HarpyxeHue oOpas3ioB
COOTBETCTBYET KOHCOJIbHOMY U3THUOY.

Herpaganus XeCTKOCTHBIX XapaKTEPUCTUK MaTepy -
aja omnpenensieTcs myTeM 3aMepa OCTaTOYHbIX nedop-
Malluii Tocie HarpyxeHus oOpasua. boiee TouHbI
METOJ BBISIBJIEHUSI pacTPpeCKMBaHUSI B MAaTPUUYHOM
ctpyktype KM — Hepaspylalonimii KOHTpOJIb ¢ UC-
MOJIb30BaHMEM METOA0B peHTreHorpaduu. JJaHHbII
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METOJI TIO3BOJISIET BBISIBISATH TPEIIMHBI B CTPYKTYpE
KM ¢ HopMupoBaHHOI TOYHOCTBIO. B paboTax [19, 20]
paccMaTprBaeTCs BOIIPOC HEPA3PYLIAIOIIETO KOHTPOJIS
JIe(heKTOB B KOMITO3UMIIMOHHBIX MaTepuraax.

O0beKT HCTIBITAHUS

Ha puc. 1 u 2 npencraBieHbl reOMETPUIECKUE
rmapaMeTphl 00pa3LoB, B Ta0JI. 1—4 — yIJIbl apMUpOBa-
HUS BOJJOKHA B KOHCTPYKTUBHO MOAO0OHBIX peaibHbIM
ruoKux ajaeMeHTax. O0pasibl U3TOTOBIEHBI U3 OJHO-
HaIpaBJIEHHOTO Tpernpera yriernjiacTuka u mpernpera
TKAHOTO OPTaHOIUIACTUKA C TIJIETEHOM CTPYKTYPOM.
XapaKTepUCTUKM MaTepuajIoB IIPUBEICHBI B Ta0M. 5.

Ilopsinok npoBeaeHus UCTLITAHUIA

KoHCTpyKTHBHO ITOAOOHBIE peaibHbIM TMOKME 2J1e-
MEHTBI MCTIBITHIBAIMCH IpyIrmnaMu 1o 5 mrt. O0pa3ubl
repen MpoBeneHueM HAaTYPHbBIX UCIIBITAHUM MOABEP-

BBIKJIQJIKH Marcpuaia 45

Croit 25

[JIUCh HepaspyllalolleMy KOHTPOJIO Ha OTCYTCTBUE
MexaHW4YecKuX rnoppexaeHuil. Ha puc. 3 npencrasieHa
cxema yIep:KaHus U HarpyxkeHusi oopasiios.

OO6pasupl niepsoro Tumna (miuHoi 100 Mm) Harpy-
KaJlMUCh MTPUHYAUTEIbHBIMUA MEPEMEILIEHUSIMU YIIOpa
Ay = 8§ MM BIOJIb YCTAHOBOYHOI OCH C LIAroM 2 MM,
o HarpasiaeHuio K npodwno. Ilocne kaxaoro mara
HarpykeHusl TPOU3BOAMIUCH pa3rpy3ka 1 3aMep ocTa-
TOYHBIX Ae(POpMaLIUECid.

O6pasibl BToporo tuna (muHoi 150 MMm) Harpy-
KaJIUCh TIPUHYAUTENbHBIMU TIEPEMENIEHUSIMU yIopa
Ay = 12 MM BIOJIb YCTAHOBOUHOI OCH C LIaroM 3 MM,
o HarpasiaeHuio K npodwno. Ilocne kaxaoro mara
HarpyXeHusl MpoU3BOAUINCH pas3rpy3Ka U 3aMep
OCTaTOYHBIX Jepopmaniveit kpaiiHeit KpoMKH 0Opaslia
10 KOOPIMHATE Yocr-

HatypHble vcnbITaHUsI IPOBOAUINUCH B HOPMaJlb-
HBIX KJIMMATUIECKUX YCTOBUSIX.

_&1 Hanpassiene BHIK/IAIKH MaTepHasa _ 45
> 45

)f;;'. ,,,,,, — I
150 i
X

Cnoit 25 :=\

(%)

Croit 1 ———————————

Puc. 1. l'eomeTpuueckue napamMeTpsl (MM) KOHCTPYKTUBHO
MOJOOHBIX peabHbIM THOKMX 3JIEMEHTOB
TEepPBOTO TUTIA

Puc. 2. 'eomeTpuyeckue napameTpbl (MM) KOHCTPYKTUBHO
MOJ0OHBIX peaibHbIM THOKHX 3JIEMEHTOB
BTOPOTO THUTA

Tabauya 1

Cxema apmupoBanus npu yrie yknaaku 0, 45, —45 u 90° KOHCTPYKTHBHO NOI00HOT0
peasibHOMY T'HOKOr0 3/IEMEHTA MEPBOro THNA

Ne ciost 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13
VYronyknanxku,© | 0 0 | 45 |—45| 0 | 90 | 45 |—45| 0 | 90 | 45 |—45]| 90
Marepuan* (0) vy O (0] (0] (0] (0] (0] (0) (0] (0] (0) y

Ne ciost 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25
Yronyknanku,® | —45| 45 | 90 | O | —45| 45 | 90 | O |—45]| 45 0 0
Marepuar® o o (0] (0} (0] (0] (0} o o (0] Yy | 0

* O — OpraHoIIACTUK, Y — YIVIETIACTHK.

Tabauya 2

Cxema apMupoBanus npu yrie ykiaaaku 0, 90° KOHCTPYKTHBHO MOA00HOTO
peasibHOMY T'HOKOT0 3/IeMEHTA TEPBOro THIA

Ne ciost 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13
VYronyknanxku,° | 0 45 | —45| 0 90 | 45 |—45| 0 | 90 | 45 | —45] 90
Marepuan® (0} Yy | O 0} o o (0] o 0] (0] (0} o y

Ne ciost 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25
Yronyxknanku,® | —45| 45 | 90 | O | —45| 45 | 90 | O | —45| 45 0 0
Marepuan* (0] (0] (0] (0] (0] (0] (0] (0] (0] (0] y (0]

* ) — OpraHOIUIACTUK, Y — YIJIETIIACTUK.
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Tabauya 3
Cxema apMupoBanus npu yrie ykaaaku 0, 45, —45, 90° KOHCTPYKTUBHO
N0J00HOTO0 PeajbHOMY 'HOKOr0 3JIeMEHTa BTOPOro THIA
Ne cios 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13
Vronyknankm,° [ 0 0 45 | —-45] 0 90 | 45 |45 O 90 | 45 | —45| 90
Marepuan* (0] vy (0] O (0] (0] O (0] (0] (0) (0] (0] y
Ne cnost 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25
Yronyknanku,® | —45] 45 | 90 | O | —45] 45 | 90 | O |—-45]| 45 0 0
Marepuan*® 0} o O (0] (0] o (0] (0} 0] o y o
* O — OpraHoIIaACTUK, Y — YIJICTIACTHK.
Tabauya 4
Cxema apmupoBanus npu yriie ykiaaaku 0, 90° KOHCTPYKTHBHO OZ0OHOTO
peasibHOMY THOKOT0 3/IEMEHTA BTOPOro THIA
Ne cios 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13
Yronyxnanku,® | 0 0 19| 0 90 | 0 | 90 | O 90 | 0 | 90 0 |90
Marepuan* o y (0} 0] o (0} o o (0] (0} 0] (¢ v
Ne cnos 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25
Yronyknaaku,° | 0 90 | 0 | 90 0 19 | O 90 | 0 | 90 | O 0
Marepuar* (0) (0] (0] (0] (0) (0] (0] (0] (0] (0] v (0)
* ) — OpraHoOIUIaCTUK, Y — YIJIETIJIACTUK.
Tabauuya 5
Du3nyecKne XapaKTepucTHKH MoHOCa0s KM
Marepuan | E;, krc/Mm? | E,, kre/mm? | Gp,, KIC/MM2 Ugz Mozzm}jamm
Opranur 3200 3200 1200 0,12 0,12
Yrermnactuk 12000 870 970 0,3 0,14

Pe3yasraTbl HCTIBITAHUI

Ha puc. 4 u 5 mokazaHa 3aBUCUMOCTb JI€UCTBYIOIIEH
CUJIBI B YIIOpE OT MepeMelIeHUsT caMoro ynopa (Mm)
B oOpasuax nepsoro (aauHoi 100 MM) U BTOpOTO
(mnmuHo#t 150 MM) TUIIa KOHCTPYKTUBHO TMOAOOHOTO
peaTbHOMY THOKOTO 3JIeMEHTA.

[Tpucnocodnenne s uenbITaHuii

YeranoBouHas ocb

X
I'no6ansnas CK

Ipucnocobnenne s HCMBITAHHIT

Puc. 3. CxeMa UCTIBITATEIBHOTO CTEHIA

ZKecTKocTHbIE XapaKTepUCTUKN 00pa3110B U3 KOM-
MO3UIIMOHHOIO MaTepualia ¢ yrjiom apmupoBaHus 0,
90° BbIlIE MO CPAaBHEHUIO ¢ 0Opa3LaMu TON Xe TOoJ-
IIMHbBI, YTOJ apMUPOBAHUS KOTOPBIX COOTBETCTBYET
0, —45, 45, 90°.

Ha puc. 6 u 7 mokasaHa 3aBUCUMOCTb 00pa-
30BaHUSI OCTaTOUYHBIX MepeMelleHUN Yocr (MM) OT
JNIEMCTBYIOILIETO HAarpyXXeHus B BUIE MEpEeMelleHUA
yrnopa Ay (MM).

V o0pa3suoB ¢ yriom apmupoBaHusi 0, —45, 45,
90° HaMMEHBIIUK MPUPOCT OCTATOUYHBIX Mepe-
MEIIEHUN Voor (MM) IO CpaBHEHUIO C oOpa3uaMu
¢ yriioMm apmupoBanus 0, 90°.

BriBoapl

[IpoBeneHbI cTaTUYECKNE UCITBITAHUSI KOHCOIHHOTO
M3rnba KOHCTPYKTUBHO MOAOOHBIX peaTbHbIM THOKUX
2JIEMEHTOB C Pa3IMYHBIMU yIJIaMU apMHUPOBaHUS.
B xome ucrnbiTaHUl OBLIM TTOJIydYeHbl OCTATOUHBIE
nedopMaly, CBUASTEIbCTBYIONINE O Aerpagaluu
CTPYKTYphl KOHCTpYKIIMK 13 KM. B cBolo ouepenb,
nerpagauus cTpykrypbl KM IpuBOOUT K MageHUIO
MpeaeTbHBIX XapaKTEPUCTUK, UTO OTPULIATENIBHO CKa-
3bIBAETCS Ha IMPOYHOCTU U JOJITOBEYHOCTU JIeTaTe b~
HOTO arrapara.
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Puc. 4. 3aBucumocTsb neiicTByolieit cuibl B yrope F (Kre)
OT nepeMeleHn yropa Ay (MM) B KOHCTPYKTHBHO
MOOO0OHOM peaJlbHOMY THOKOM 3JIEMEHTE ITepBOIi
rpynmnsl (inHoi 100 MmMm)

14 Obpasum O
Yoo, MM (o) Q 0,90°
32 O6pasun
(o] 0,45,45,90"
1
08
06 E
04
8
Ay, mm
5 Y
g A\~
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Puc. 6. 3aBUCMMOCTb OCTaTOYHBIX MTEPEMEILEHUI Vo, (MM)
OT MIPWJIOXKEHHOM HAarpy3Ku Ay B BUIE
repemMelieHuit ynopa (MM) B o6pasiiax rnepBoit
rpymisl (mrHo# 100 M)

KoHCTpyKTHBHO 110100HbIE peajbHbIM TMOKHUE 2J1e-
MEHTHI ¢ yriaMu yKitanku 0, 90° umeror 6osiee BEICOKMIA
MOJIYJIb YIIPYTOCTU TIaKeTa, B CpaBHEHUH ¢ 00pa3laMH,
yroJl apMUPOBaHUsl KOTOpbIX cocTapiisieT 0, +45, 90°.

HatypHble ucnbITaHUsI MO3BOJUIM OOPHAPYKUTh
HaJIM4YMe OCTaTOUYHBIX Je(hOpMaLii B KOHCTPYKTUBHO
MOAOOHBIX peallbHbIM TMOKUX 3JIEMEHTaX BCeX TUIIOB
CEUYEHMUSI, YTO TOBOPUT O Jierpafallii CTPYKTYpPbl KOH-
crpykuuu 13 KM 1nipu KOHCOILHOM U3ruoe.

KoHcTpyKTMBHO MOg00OHbIE peaibHbIM THOKUE
BJIEMEHTHI ¢ yriiamu apMupoBaHus 0, =45, 90° umeror
HanMMEHBIINN NPUPOCT OCTATOUHBIX AedopMalnii
U, KaK clie[ICTBUe, OoJiee NOJTOBEUHYIO U MPOYHYIO
KOHCTPYKIIMIO 10 CPaBHEHUIO C 0Opa3liaMu, Yyroj ap-
MUpoBaHus KOTopbix 0, 90°.
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nepemMelieHuit yopa (MM) B oopasiax
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