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The aim of the work is to develop a procedure of an experimental study related to the inelas-
tic behavior and failure process of a 3D reinforced composite material taking into account the
influence of interweaving schemes based on a combined use of optical methods analyzing strain
and temperature fields, as well as a method for recording acoustic emission signals.

Uniaxial tension tests were conducted for six groups of specimens which preforms were
made with the 3D weaving technology in six different ways of weaving. It is noted that the CFRP-
samples with the orthogonal and orthogonal conjoint weave scheme are characterized by high
values of maximum load compared to the samples with the interlayer reinforcement and layered
samples. The choice of the optimal parameters (subset and step) of the correlation processing of
digital images in the study of the PEP samples is illustrated taking into account the structural
features of the material. We carried out the analysis of changes in the cumulative energy of AE-
signals obtained by summing the values of the energy parameter and reflecting the intensity of
the accumulation of defects in the material during loading. It was found that the samples with the
orthogonal, orthogonal-combined weave scheme, as well as with pairwise interlayer reinforce-
ment, are characterized by a low damage accumulation rate in the material, the process of defect
initiation and propagation proceed uniformly. The samples with the pairwise interlayer combined
reinforcement with through interlayer reinforcement and layered samples are characterized by the
intensity of the crack formation in the material during loading.

The results of the analysis and quantitative comparison of parameters (maximum load, ulti-
mate elongation of samples, intensity of local heating of the material at the time of macrodestruc-
tion, the maximum value of the cumulative energy achieved at the time of failure, the number of
recorded emissions of the AE signal) were obtained for groups of the samples with different
weave patterns. It is shown that the multiparameter analysis of the experimental data allows se-
lection of a composite optimal properties during its development in accordance with the required
operating conditions.

© PNRPU

BBepeHue

(pacTpecKkMBaHHE MAaTpPHIIBI, PACCIOEHHE, Pa3phlB BOJIOKOH
U T.1.), pa3BUTHEM JIEQEKTHBIX CTPYKTYp U (OPMHPOBAHU-

B a3poKoCMHYECKO# MPOMBIIIICHHOCTH, MAIIHHOCTPO-
€HUH, aBUa- M CYIOCTPOCHUH, METAILTyPTHH U YHEPIreTHKE,
rae Matepual paboTaeT B CJIOXKHBIX YCIOBHAX BO3ACHCTBHS,
NPU HAIWYUK BUOpAIMil M BBICOKHX TEMIIEPaTyp, HUCIONb-
3YIOTCS MPOCTPAHCTBEHHO-APMUPOBAHHBIC KOMIIO3HLOH-
Hble Matepuansl [1-3]. B Hay4HO#l nuTepaType akTHBHO
MOJHMMAFOTCSI BOTIPOCHI, CBSI3aHHBIC C TEXHOJOTHYECKUMHE
ACMeKTaMH M3TOTOBIICHHS TPEXMEPHBIX TKaHEH C 3a/aHHBI-
MU cBoiicTBamu [2—4] u ux npumeHenueM. @opMupoBaHue
HAYYHO-TEXHUYECKOTO 3a/ea JUisi MPOSKTHPOBAHUS JIeTa-
nefl W 2J1eMEHTOB KOHCTpykuuit m3 3D-xommosutos [5-7]
TpeOyeT MpOBEACHHS KOMIUICKCHBIX 3KCICPHMEHTAIBHBIX
HCCIICIOBAHMIl BIMSIHUSL TUIIOB MEPEIUICTCHUS HA MEXaHH-
YECKHE W MPOYHOCTHBIC XaPAKTEPUCTHKH MPH CTATHICCKHUX
[8-13], uukmmueckux [14, 15] u qUHAMHYECKUX HATpyKe-
HusAX [16]. AKTHUBHO HCCIenyeTcss TEPMOMEXaHHYECKOe
MOBE/JICHUE B YCIOBHUSIX TIOHM)KCHHBIX U MOBBIIICHHBIX TEM-
neparyp [12, 17], npu TepMoBiakHOCTHOM craperuu [18].

B xone HarpyxeHus Ae(OpPMHUPOBAHHE KOMIIO3HTA CO-
NPOBOXKIAETCA MPOLECCaMH HAKOIUICHHS MOBPESKICHHUI
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em paspyiienus [19]. HeoHOpOIHOCTE IPOIECCOB HEYIIPY-
roro nehOpMUPOBaHUS U 0COOCHHOCTh CTPYKTYPBI MaTepH-
ama  OOyCJIOBIMBAIOT  HEOOXOAWMOCTh  NPHMEHEHUS
Pa3UYHBIX ONTHYECKUX METOJIOB IKCIIEPUMEHTAJIBLHOW Me-
XaHUKU C LENbI0 PETHCTPALMK ¥ HICHTU(DHUKALIMU 3aKOHO-
MEPHOCTEH MEXaHHMYECKOT0 MOBEICHHS U MEXaHU3MOB pas-
pyuernst 3D-koMIo3uTOB.

B nayuHo# nuTepaType HEOJHOKPATHO OTMEUaach BbI-
cokasi 3(p(EeKTHBHOCTh HMCHOJIB30BAHUS ONTHYECKHX METO-
JIOB 3KCIIEPUMEHTAIbHON MEXaHHKH COBMECTHO C METOJ[aMHU
Hepas3pyLIAIOIEro KOHTPOJIS YISl PEIIeHUs 3a/1a4 MEXaHUKH
KOMIIO3MLMOHHBIX MAaTepHAlOB M KOHCTpyKumit [15, 20—
25]. B 4acTHOCTH, IIUPOKOE MPUMEHEHHE HALUTH METOBI
Koppessiinn  1uppoBeix u3obpaxenuit [13, 20] u undpa-
KpacHo# Tepmorpaduu [15, 25], a Takke METOI aKycTHYE-
ckoit amuccum [26-29]. KomrmiekcHoe TpHUMEHEHHE
CPE/ICTB PErucTpalnuy 00eceyrBaeT HONMyUeHNE INPOKOTO
CIIEKTpa OMBITHBIX JAHHBIX B peskume in Situ [19].

Takum 00pa3oM, aKTyalbHbIM HANPABICHUEM SBJISCTCS
pasBUTHE METOIOJIOTHH IPOBEJICHUS SKCIIEPUMEHTAIBHBIX
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WCCTIEOBAaHUN 3aKOHOMEPHOCTEH HEYIPYroro MOBEICHUS
U pa3pylIeHUs] TPOCTPAHCTBEHHO-apPMHUPOBAHHBIX KOMIIO-
3UIMOHHBIX MaTEPHAJIOB C YYETOM BIIMSIHHS CXEM IIeperuie-
TEHHs. BOJIOKOH Ha OCHOBE KOMIUIEKCHOTO HCIIOJIE30BaHHS
CPEICTB pEerucTpanuy 3BOJIIOLMHA HEOAHOPOIHBIX MOJIeH
neopManuii U Temreparyp, a TaKKe CHTHAJIOB aKyCTHYe-
CKOM AMHCCHH. DTOMY H TOCBSIICHA JaHHas padora.

1. MaTepMan n mMetToabl nccnenoBaHunsa

B kauecTBe Marepmana HCCIEIOBaHMS BBIOpaH IIpo-
CTPaHCTBEHHO-apMHUPOBAHHBIH YIIIEIUIACTHK C Pa3INYHBIMU
cxemamu apmupoBanust (Tabi. 1). IlpoBemeHa ceprst Mexa-
HUYECKNX HCITIBITAaHWH HAa OJHOOCHOE pacTshKEHHE 6 IpyImn
00pa3IoB-TIOJIOCOK, MPEPOPMBI  KOTOPBIX U3TOTOBJICHEI
C MMOMOIIbIO TeXHOJOTUU 3D-TkauecTBa LIECTHIO pa3iny-
HbIMH cniocobamu neperuietenust (A-F), a Takxke u3 ciou-
creix mpedopm (G) u crnoucThix npedop™, YCHICHHBIX
B TIOTIEPEYHOM HampaBjieHuu MetojoM mpomueku (H). Ho-
MHUHQJIbHas MIMPHHA U TOJIIMHA pabodeil YacTH COCTaBISUIIN
25 u 2,8 MM cOOTBETCTBEHHO. HarpyxeHue peanu3oBaHO Ha
YHUBEPCAJIBHOU  3JIEKTPOMEXAHUYECKOW HUCIBITATEIILHON
cucreme Instron 5882 (+ 100 xkH) no craugapry ASTM D
3039 co CcKOpOCTBIO TOABMXHOTO 3axBaTta 2 MM/MUH.
Harpy3ka peructpupoBanach AMHAMOMETPUYECKHM JIaTYH-
koM MorHocThio g0 100 kH ¢ TouHOCTBIO W3MepeHus
Harpy3ku 0,5 % oT n3mepsieMoi BETUIUHEI.

Tabmuma 1

I'pymnmsl KOMITO3UTHBIX 00Pa3LIOB-TIOIOCOK
C Pa3JINYHBIMU CXEMAMHU NEPEILIETCHUS

Table 1

Groups of composite specimens with different
weaving scheme

udp

obpasna Cxewmbl nieperiererus [IKM-o6pasiion

OproroHabHas

OproroHaibHas KOMOMHUPOBAHHAS

C nonapHO MeXCJIOHHBIM apMUPOBAHUEM

O |O|m|>

C momapHO MEXCIOHHBIM apPMHPOBAHUEM U TIPOIOIIb-
HBIM CIIOEM

C nomapHO MeXCIOHHBIM KOMOMHAPOBAHHBIM apMH-
poBaHHEM

Co CKBO3HBIM MEXCIOMHBIM apMHUPOBaHUEM

Croncteie 00pa3sibl

Crouctsle 00pasIibl, yCHICHHBIE B IONIEPEIHOM
HarpasJIieHnH MeTogoM npomuske Tufting

I (@M m

Jisg m3ydeHHus aKyCTHKO-OMHUCCHOHHOTO OTKIJIMKA HC-
cllelyeMbIX 00pasloB NpUMEHsUIaCh CHCTeMa JUIs PEeru-
CTpaIllii CUTHAJIOB aKycTH4ecKoi smuccuu (AD) AMSY-6.
JlaHHast cucteMa sSIBISIETCS MHOTOKAHATLHOW U COCTOUT M3 8
HapaielbHbIX MOJHOCTbI0 CHHXPOHU3UPOBAHHBIX U3MEpU-
TEJIBHBIX KaHAJIOB. AHAJIOTOBas MU3MEPUTENbHAs LeNb KaXkK-
JIOTO KaHala BKIOYAeT MbE30EKTPHUIECKHH maTuuk AD,
MPEAYCHINTENh, MPEIIPONEcCOop aKyCTHYECKOTO CHTrHaja,
PAacIoIOKEHHBIM B KOPITyCE CUCTEMBI, a TaKXe CIelHalu-
3UpOBaHHOE TporpaMMHoe obecreuenune Vallen Systeme.

B pa6ore ucnons3zoBano 2 matunka AE105A ¢ gacToTHBIM
nuanazoHoM 450-1150 kl'm, ycunurenun AD-cuUrHanoB
AEP4 ¢ koapdummentom ycunenus 34 nb. {ns peructpa-
UM CUTHAJIOB AD BBHIOpaH HENPEPHIBHBIN PEXHUM C OICH-
KO MCTUHHOW 3HEPIMHU M 3alKCBhI0 a0COJIOTHOIO BPEMEHHU
3anmucu. MeToanKa IPOBEJCHUSI HWCIBITAHWK BKIIOYasa
MOATOTOBUTEIBHBIH 3Tal, HA KOTOPOM OCYIIECTBISJIOCH
3aKpeluleHHe JaTYMKoB AD Ha MOBEpXHOCTH 00pas3loB
B paboueil 4acTh ¢ MOMOIIBI0 BHICOKOBAaKYyMHOW CHIIMKO-
HOBOI1 cMasku. Jlanmee mpon3BoamiIack kKaamnOpoBka AD-mart-
YMKOB C Hcmojib3oBanueM ucrounuka Cy-Hunbcena [3] u
(GYHKIIMHM aBTOMaTHYECKOW KalMOpPOBKH, 10 pe3yibTaram
KOTOPOH YCTaHABJIMBAJINCH TpeOyeMbIe mapaMeTpsl (J4acTo-
Ta AWCKPETH3alliH, BEIWYMHA MOpOra, mapameTpsl mudpo-
BBIX (MIIBTPOB, BPEMsI OTPaHUYUCHHUS JITUTEILHOCTH, BpeMe-
HU TIEPEBOOPYXKEHHUS) B IPOTPAMMHOM OOECIEUCHHUHU IS
peructpanun curHaioB AD. HeoOxommmo OTMETHTH, YTO
AD-nmaTunKy pa3MeInanuch Ha OOpaTHOW CTOpOHE oOpasIa
TaKUM 00pa3oM, 4TOObI X KpeIUIeHHEe He MONaalo B I0Jie
3pEHUs ONTHYECKUX CHCTEM, CheMKa KOTOPBIMH OCYILECTB-
JSIETCS C JINIEBOH CTOPOHBI.

Perucrpamysi 5BOJIIOUUM HEOJHOPOIHBIX TOJNEH Je-
¢dopmanuii peasMzoBaHa C HCIOJIb30BAHUEM OECKOHTAKT-
HOH TpexMepHOH nu(pOBON ONTHIECKONH CHCTEMBI aHAJH-
3a mosieil nepemenennii u neopmarmii Vic-3D (Correlat-
ed Solutions) [30, 31]. B manHOli paboTe HCIOIB30BaH
KOMIUTIEKT HH(POBHIX depHO-Oenmbix kKamep (Q-400) ¢ pas-
peumienueM 4.0 M u yactotot cbeMku 15 'l mpu noaHOM
pa3peuieHrd Kajapa. B cocraB BUAEOCHMCTEMBI MOMHMO
KaMep BXOJHUT CHCTEMa IOJCBETKH oOpaslia, Habop Ka-
TMOPOBOYHBIX TAaONHUI, OJOK CHHXPOHHM3AaLMU C KOHTPOJI-
nepom ucmsitarensHoi cuctemsr NI USB-6251 (National
Instruments). Iporpammuoe oGecmeuenne Vic-3D ocHo-
BaHO Ha METOJE KOppesiMU LU(PPOBBIX H300pa)keHUi
[19, 21, 30, 32], uto TpeOyeT HaHECEHHS KOHTPACTHOTO
MEJIKOJMCIIEPCHOTO ITOKPBITHS Ha MOBEPXHOCTh 0Opasia
nepea NpoBeneHHeM HcibiTanus. [lonroToBka moBepxHO-
CTH OCYWIECTBISICTCS IyTEeM HaHECEHHs OeJoH OCHOBEHI
Y COBOKYIMHOCTH YEpPHBIX TOUYEK C MOMOLIBIO a3P030JIbHOM
MaTOBOM aKpUJIOBOM KPACKH.

[Tpn BBIYHCIEHNH HEOJHOPOJHBIX IOJIEH MPOJOIBHBIX

Syy, IIonepeyHbIX €,, U CABUIOBLIX ,I[G(I)OpMaL[I/II/I Sxy nc-

NIOJIb30BaH TEH30P KOHEYHBIX Jedopmanuii B mpejcrasie-
1
Hun  Jlarpamxa: g; :E(ui'j +U;; +uk,iuk,j)' Ocy Oy

HampaBJIeHa BIOJHh 00pa3ia (BIOJIb OCH PACTSDKEHHSI), OCh
OX — meprneHANKYISIPHO OCH HArpyKEHUs B INIOCKOCTH 00-
pasia. IIpu moCTpOeHUH TuarpaMM Harpy>KeHHs UCIIOJIb30-
BaH JIOTIOJIHUTEIBHBIN MOAYJb MPOTPAMMHOTO 00eCTICUeHHS
BUCOCHCTEMBI «BHPTYAIBHBIA AKCTCH30METPY, HPUHIIHIT
JIEHCTBUS KOTOPOTO OCHOBAH HA OTCJIC)KMBAHUU B3aMMHOTO
CMEIIEHHUSI MEXIY ABYMsI TOYKaMHU MOBEPXHOCTH 00pas3IoB
B COOTBETCTBHU C PHUKIIA/IbIBaEMbIM ycriineM [9].
Peructpanus pa3BuTus TEMIEPATYpHBIX IHOJEH U UX
aHaJIM3 OCYNIECTBJBUINCH C ITOMOIIBI0 HH(paKpacHO! Ter-
noBu3uoHHOM cuctemMbl FLIR SC7700M, ocHamieHHO#
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KPT-getexTopoM (KaIMHUH-PTYTh-TEILIYP), C YACTOTOH CHEMKHU
25 T'u. Paspemenue xameps! cocraBisgeT 640x512 nukce-
net, ayBcTBUTENbHOCTE MeHee 0,025 °C.

Hcnonp30BaHNE HECKOIBKUX CHCTEM PETHUCTPALIH TPe-
OyeT CHHXpPOHHW3AalMM MHOTOIAapaMeTpHYeckoro coopa
OMBITHBIX JaHHBIX C TpoleccoM Harpyxenus. K koHTpoi-
JIepy WCTBITATEIBHOW CHCTEMBI IOAKIIIOYANCS 16-OMTHBIN
BeicokockopocTHOH ALIT-610x NI USB-6251, Ha koTophIi

BBIBOJISITCS CUTHAJIBI 110 HATPY3KE U MEPEMEIIECHHIO TPaBep-
col (10 BcTpoeHHOMY naruuky). K AIII-Omoky moacoenu-
astercst Bumeocucrema Vic-3D u terumosuszop Flir SC7700.
B nmanmHOi#1 paboTe CHHXpOHHM3AIMA CHCTEMBI PETHUCTpAINH
AD AMSY-6 ¥ wWCHBITATETBHON MAIUHBI peaIr30BaHa
C TIOMOIIbIO OJIOKA PErHCTpalii ¥ OOpPaOOTKU CHTHAJIOB
AD. CxeMaTHYeCKO€ PacIlOIOKEHHE HIIEMEHTOB 000pyHO-
BaHMS M CPE/ICTB PETHCTPALMK TPEJICTaBIEeHO Ha puc. 1.

Pezucmpanusn
noneit depopmayuit

DCD u/6
HQpoBbIe
Pezucmpanus ® KAMCDD]
cuznanoe A9
JlaTumk cuiibl Cucrema
TIOJICBETKH
[penycunurens I l obpasua
u
curraza A3 Pecucmpayun
noaeit memnepanyp
Jarunk AD 3
Jlatuuk AD |
ITpexycunnrens
Wudpaxpacuas
curhana AD q:(l;MeP})a
FLIR SC7700
brok
perucTpaLum
n 06paboTkH
curnanos AD UcnsiTatensaas | [1K Vic-3D | | IIK FLIR
cucrema
ITK AMSY-6 | Brok AL
Konrposiep Cunx )
Cunxponusayus HCIIBITATEIbHOM UHXpOHUZAYUA
CHCTEMBI

Puc. 1. CxemaTuueckoe PacroJIOKECHUE JICMEHTOB UCHBITATEIIBHOTO U U3MEPUTEIIBHOTO
060pyIIOBaHI/I$I npu MHOFOHapaMeTpPI‘ICCKOf’I perucTpanyu ONbITHBIX JaHHBIX

Fig. 1. Schema of the elements of testing and measuring equipment with multiparameter
registration of experimental data

2. OcobeHHOCTU 06pPabOTKN METOAOM Koppensauum
uMcpoBbIX N306pPaXKEHNUN NPUMEHUTENBLHO
K KOMNO3MLMOHHbLIM MaTepuanam

Ilpu KOppeAUOHHONW 00paboTke HUPPOBBIX (POTO-
rpadguii BBHIYMCICHUS BEKTOPOB CMEIIECHHH MPOU3BOJATCS
HE B KaXJOH OTIENIbHOM TOouke M300paxkeHHs (B IHKCeEIe),
aIyTeM IUCKPETH3alMu O0JacTH HCCIECAOBaHUS HA He-
OoublIMe JOKAIBHBIE IOA00IaCTH WM MOJIMHOXECTBA pa3-
mepom X x X mukceneid (Subset) [21, 30, 32]. Pasmep
TIOJIMHOXKECTBA OKa3bIBAaeT CYIIECTBEHHOE BJIMSIHUE HA TOY-
HOCTb KOPPEJSAIHOHHOTO aHaIN3a, Ha CTeNeHb JeTaIN3aluN
noJiel mepeMerieHnii 1 geopMalyii o MOBEPXHOCTH HC-
cieyeMoro o0ObeKTa, a TakXKe Ha pasMep KpaeBOW 30HBI,
BO3HMKAIOIIEH Ha Kpam HIM BOJHM3M KOHLEHTPAaTOPOB
HaTpsKeHUH (OTBEpCTHH, BKIIOYCHUH, TpemuH). BennunHa
miara (Step) 3ajaet paccTosiHUE B IIMKCEIISX MEXKLy TOUKaMHU
(LeHTpaJbHBIMU THKCENISIMH  [TOJJMHOYKECTBA), KOTOpPbIE
AHATM3UPYIOTCS B MIPOIECCe MaTeMaTHIECKOi 00paboTKH.

Bei6op Bemmumubl nopobmacta (X) u mara (AX)
OCYIIECTBIISICTCS. B COOTBETCTBHM C YCIOBHSMH IIPOM3BE-
JICHHOW CHEMKH, pe3yJbTaTaMH KaIHOPOBKU CTepeocUcTe-
MBI, @ TAK)KE B 3aBUCHMOCTH OT T'€OMETPHUYECKHUX TapaMeTpoB
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00BEKTa UCCIIEZIOBAHUSI M CTPYKTYPHBIX OCOOCHHOCTEH Mate-
puaina obpasua. B nporpaMmHaOM obecrieueHIN BUIEOCHCTEMBI
Vic-3D mpu yCTaHOBJICHUM COOTBETCTBHUSI M300PKEHUMA IS
Ka)K/IOTO MOJIMHOYKECTBA BBIYMCISIETCSI CTATUCTUYECKAsl JI0BE-
puTenbHas 00JacTh — JIOBEPUTENBHBIA HHTEPBAJl COOTBET-
ctBud (G ) B JAHHOM TOYKe M300paKeHUs (B MHKceIsx) [21,
30]. B Hay4HOIi JMTEpaType OTMEYACTCS, YTO pasMep MoJ00-
JIaCTH SIBIISIETCS JIOIYCTUMBIM, €CJIM CpelHee 3HadeHHe JoBe-
pUTENBHOTO MHTepBasia He npeBsimaer ¢ < 0,01 [5].

C menpio moabopa ONTHMAILHBIX MapaMeTpoB Koppe-
JSIIMOHHOM 00pabOTKM TMPUMEHHUTENFHO K KOMIIO3MI[HOH-
HBIM MarepuajiaM, OTIMYAIONIMMCS 3HAYUTEIbHBIMH TPaIH-
EHTaMH T10JIeH eopMaIiii 1 HEOAHOPOIHOCTBIO CTPYKTY-
PBI Ha ITOBEPXHOCTH, TIPOBE/ICHA CEpHs BBIYMCICHUH MOJeH
nepeMerieHni u aedopmanuii 11 OHOTO KaJpa Npu 3Ha-
YeHUsX nojobiact B mHTepBasie X =9..89 mnwmkceneil n
pu GQUKCHPOBAHHOM 3HaueHuM mara AX =5 misa obpasma
¢ «Ex»-tunom nepemiereHHss (C TMOMAPHO MEXKCIOMHBIM
KOMOMHUPOBAaHHBIM apMUpPOBaHUEM). Pe3ynbTarhl mpes-
CTaBJIEHEI B Ta0J. 2, TE MPUBEICHB MAKCHMAIBHEIE (O, ),

cpentue (G, ) © MUHUMaNbHbIE (G, ) 3HAYCHHS JOBEPH-

TEJILHOTO MHTEpBana, a N — KOJIMYECTBO TOUEK B 00OIacTu
UCCIIEI0BaHMUS.
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W3 mosydeHHBIX HAHHBIX CIIEAYeT, YTO MOH00IacTh
pasmepoMm 49x49 mnukceneil sABIsETCS ONTUMAIBHOM, IS
=0,0065, o,, =0,0109 u o, =0,0028. BsI-
OpaHHEBII pa3Mep Moa00IacTH 00IaIaeT JOCTATOUHOW YHU-
KaJTbHOCTBIO pacHpefeNIeHusT MUKCeNeld Ui BO3MOKHOCTH

HEC O\ ean

OCYIIECTBIICHUS] OJTHO3HAYHON MIACHTU(DHUKALIUH JIOKATBHBIX
obnacteit mo uzoOpaxkenuto. [Ipu MeHbIIEM pa3Mepe mapa-
Merpa X OTMEYaroTCS HEJOMYCTUMbIE 3HAUCHHUS JOBEPH-
TENLHOTO MHTEPBANa COOTBETCTBUSI.

Tabumma 2

PesynbraThl KOppeNSIMOHHOW 00pabOTKU U300paKECHUSA
MIPH PA3ITUYHBIX 3HAYCHHUSAX MMOA00IaCTH U YUKCUPOBAHHOM
3HaueHuu mara AX =5

Table 2

Results of the digital image correlation with different size
of the subset and fixed step AX =5

X N Gmean Gmax Gmin

9 11463 0,0209 0,0785 0,0049
15 12187 0,0160 0,0789 0,0037
19 13995 0,0130 0,0760 0,0034
29 13403 0,0097 0,0360 0,0028
39 12791 0,0078 0,0208 0,0027
49 12187 0,0065 0,0109 0,0028
59 11591 0,0056 0,0099 0,0026
69 11003 0,0049 0,0078 0,0026
79 10423 0,0043 0,0068 0,0025
89 9851 0,0039 0,0058 0,0024

uia obpas3ma ¢ apMupoBaHMeM Tuma «E» mpu 3HaueHHAX
mrara B uHTepBaie AX =1...15 mukceneit u npu GuUKCUpO-

BaHHOM 3Ha4YeHNHU Moao0acTu 49x49 nukceneit (Tadm. 3).

Tabmuma 3

PesynpTarel KOppensaunoHHOH 00pabOTKH H300paskeHUs
NIPY pa3JINYHbIX 3HAYCHUSX I1ara 1 UKCUPOBAHHOM

3HayeHny nogodimactu X =49

Table 3

Results of the digital image correlation with different size

of step and fixed subset X =49

AX N cSmean cjmax cymin
1 304586 0,0065 0,0144 0,0028
3 33828 0,0065 0,0143 0,0028
5 12187 0,0065 0,0139 0,0028
7 6215 0,0065 0,0135 0,0028
9 3741 0,0065 0,0129 0,0028
11 2503 0,0065 0,0124 0,0028
13 1797 0,0065 0,0119 0,0028
15 1350 0,0065 0,0119 0,0030

Yem Mmensblre 3HaucHue mara (AX ), Tem Oosee gera-
JIM3MPOBAHHBIM TOJTYYaeTCs TOJie MmepeMeIneHuii u aedop-
Marui 3a CUET YBEJIHYECHUS KOJMYECTBA PACUETHBIX TOYEK
(N). B 1o xe Bpems 6oJpiioe yicio N MPUBOAUT K CyIIe-
CTBEHHOMY BO3PAaCTaHUIO BPEMEHU KOPPEIAHMOHHOTO aHa-
JHM3a B TPOTPAMMHOM OOECTICUeHHH BHICOCHCTEMBI. I1o
Mepe yBeaudeHus napamerpa AX TMPOUCXOAUT CriIakKHBa-
HHE HEOJHOPOTHOCTEH, HAOII0MAeTCS OCPEIHEHHE MAKCH-

Hanee HeoOxoauMo moaoOpaTh BemmduHy miara AX |
TIPH TIOMOIIH KOTOPOTO BapbHUPYETCS CTENCHb ACTANTH3AIUN
monei nepemeneHnii u nedopmanuii. C 3TOH HENbI0 Mpo-
BEJICHA KOPPENAIMOHHAsT 00pabOTKa OHOTO HM300paKeHHUS

MaJbHBIX U MHUHUMAJbHBIX BEJIMYUH, PETHCTPUPYEMBIX HA
MTOBEPXHOCTH 00pa3ia, pa3MBITHE CTPYKTYPHBIX OCOOCHHO-
cTell KOMITO3UIIMOHHOI'O Marepuaia U yBeJIUUYeHHE KpaeBou

obmacru (puc. 2).

348

4,62 4,90 3.98 3,70 3,22 3,55 3,28
13,56 3,83 13,17 13,00 12,88 12,72 13,00 12.80
2,50 275 2.36 2.30 2,27 222 2.45 232
1.44 1,68 1.55 1.60 1.66 1.73 1.89 1,83
0,38 0,60 0,74 0,90 1,06 1,23 1,34 1.35
AX =1 AX =3 AX =5 AX =7 AX =9 AX =11 AX =13 AX =15

Puc. 2. ®otorpapus nosepxHocTH 06pasia «E»-CTPYKTYPBI M HEOAHOPOIHBIE TIOJIS POJOMBHBIX Aeopmartiii ( €, )

NPU Pa3IMYHON BENUYUHE [I1ara 1 GUKCHPOBAHHOM pa3Mepe NoAMHOXKecTBa X =49

Fig. 2. The image of specimen surface with E-weaving structure and inhomogeneous fields of longitudinal strain (¢, )
at different step and fixed size of subset X =49
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[Ipu BEIOOpE ONTUMANTBEHOM BEMYMHEI IIara CTOWUT y4H-
THIBaTh 3aJ[ady MCCIIEAOBaHUs. B 4acTHOCTH, MpU HCHONB30-
BaHWHM BUJICOCHCTEMBI B KaUeCTBE «BHPTYaIbHOTO» KCTEH30-
Merpa wim TensonaTdrka [30] s ompeneneHus oOmux xa-
PAKTEPUCTHK MaTepuana CICAyeT BBIOMpATh  OOJIBIIIHE
3HaueHus mara. C IeNbI0 OICHKH CTPYKTYPHBIX OCOOCHHO-
cTell MaTepuana Ui M3Y4eHHUs MPOIECCOB BOSHUKHOBEHHS U

&y
2,06
11,52
0,98
0,44

AX =10 AX =15

AX =5

&y
2.30

>

1.90

>

1,00

B

0,61

»

= AX =10 AX =15

8

pa3BuTHS NeEKTHBIX CTPYKTYp M Pa3pyLICHHS HEOOXOANMO
yCTaHaBNMBaTh Oonee KpynHbIi mar (AX ). Takum o6pazom,
UL pacCMOTPEHHON CXeMBI IeperieTeHms (Tam «E») ontu-
MaJbHBIM pa3MepoM Iara siBisieTcs AX =5, Tak Kak JaHHBIN
pa3Mep Imara I03BOJAET YUUTHIBATH CTPYKTYPHBIE OCOOCHHO-
CTH KOMIO3HIIMOHHOTO MaTepuaia ¥ B 3HAYUTENBHON CTEIICHH
COKpAILIaeT BPEMs pacyera Io CpaBHEHUIO ¢ AX < 5.

gy
3,40
2,73
2,06
1.39
0,72

= AX =10 AX =15

= AX =10 AX =15

gyy

2

Puc. 3. HeoqHOPOHBIE TIOJIS IPOIONIBHBIX JedopMalii pr GUKCHPOBAHHOM pa3Mepe MOJ00IACTH U Pa3INUHON BETMYMHE [I1ara
JUTSL PasHBIX CTPYKTYP KOMIIO3UIIMOHHBIX MaTepHaioB: co cxemamu apmuposanus G (a), F (6), C (6) u A (2)

Fig. 3. Inhomogeneous fields of longitudinal strain at fixed size of subset and different step for different weaving structures:
G (a), F (b), C (c) and A (d)

AHAOTMYHBIA TOA00P ONTUMAIILHBIX MapaMETPOB KOp-
persiuoHHON 00paboTKH (POBBIX M300pa’KEHNI BHITIOIHEH
quist Beex TTKI1-00pasioB ¢ paznmyHOl cXeMol NeperuieTeH s
B kauecTBe npumepa Ha puc. 3 NpeCTaBIeHbl HEOTHOPOIHBIE
TIOJIS TIPOJIOJTBHBIX JedopMaryii Ipu (UKCHPOBAHHOM pa3Me-
pe mojo0yiacTi M pa3iMYHOW BENWMYMHE Iara Uil pasHbIX
CTPYKTYp KOMITO3UIIMOHHOTO MaTepuara.

B cBs3M ¢ TeM 4TO mapaMmeTpsl YHCICHHOW 00paboTKm
n300pakeH OKAa3bIBAIOT CYNIECTBEHHOE BIMSHHE Ha pe-
3yJIBTaThl MOCTPOEHUs MOJIeH TnepeMenieHuid U nedopma-
Ui, TIPU TPEACTAaBICHUN PE3yJIbTAaTOB, IOJyYCHHBIX Ha
OCHOBE NIPUMEHEHHUSI METOa KOPPETSAIIK TU(PPOBBIX U300-
paKeHHH, CleAyeT yKa3blBaTh pa3Mep MOJMHOXECTBA, Be-
JMYHMHY I1ara, KOJMYEeCTBO TOUEK JUIS 00JIACTH HCCIIE0Ba-
Hus (Tabu. 4).
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Tabiuuua 4

OnTuMalIbHEIE TApaMeTPhl KOPPEISIMOHHOTO aHAIN3a
Jutst [TIKM-00pasIioB ¢ pa3iuIHbIMA CXeMaMHU TIepPETUICTCHUS

Table 4

Optimal parameters of digital image correlation
for composite specimens with different weaving structures

Iudp obpasua X AX N
A 43 5 20383
B 47 5 21985
C 55 5 13650
D 51 5 19529
E 49 5 10622
F 49 5 12548
G 55 5 18500
H 51 5 17914
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3. KomnnekcHbIn aHanus3 npoueccoB
AedopMUpoBaHMA B UCNbITAaHUSAX Ha pacTsikeHue
KOMMO3UTHbIX 00pa3LoB-NONOCOK

C 1eipl0 KOMIUIEKCHOTO aHaln3a MEXaHHM4YeCKOro Mo-
BEJICHUSI M BBIBJICHUs OCOOCHHOCTEW HEympyroro nedop-
MHUPOBaHHS, HAKOIUICHWS IOBPEXKICHUH W pa3pyLICHUs
KOMITO3UTHBIX O0pa3IOB-TIOJIOCOK pean30BaHa CEpHsl Me-
XaHUUYECKUX HCIBITAHUN Ha OJHOOCHOE PAcTsHKEHUE IpyIi-
Bl 00pas3IoB, MPEACTAaBICHHBIX B Ta0I. 4, ¢ HCIOIH30BaHH-
€M JIOTIOJHUTENBHBIX CPEINCTB peructpanun. IlposeneH
aHaJIM3 HEOJHOPOJHBIX ToJeil nedopmaluii 1 Temieparyp,
CHTHAJIOB aKyCTHYECKOH SMHCCHH B COOTBETCTBHHU C IPO-
1ieccoM HarpyskeHus. Ha puc. 4 npencraBieHbl AuarpaMmbl
JnedopMUpoBaHUs, KOTOPBIE SIBISIOTCS XapaKTEPHBIMHU IS
KaKI0# cxeMbl meperutereHus yraemiactiuka (A—H). TIKM-
oOpasupl ¢ oproroHanpHOW (A) W OPTOTOHAIBHO-
KoMOWHMpOoBaHHOM (B) cxemaMu meperieTeHus: OTINYAIOT-
Csl BBICOKMMH 3HAaUYEHHUSIMH INPeeIbHON Harpy3KH 10 CpaB-
HEHHUIO ¢ 00pasiaMu ¢ MexcioiHbM apmupoBanuem (C—F)
u cnoucthiMu obpasiamu (G, H).

P,
xH B
4
52 A
/cD ||
]
2 //‘ll
/H | E
cHl ¥
0
0.0 2.5 5.0 7.5 U, MM

> > > 3

Puc. 4. [lnarpaMmbl HarpyXeHHsI 00pa3IOB-TIOJIOCOK
YIJIETIACTHKA C Pa3THYHBIMU cxeMamu meperuierenns (A—H)

Fig. 4. Loading diagrams of CFRP-specimens
with different weaving structures (A-H)

B Hay4HOU JuTEpaType HEOJHOKPATHO OTMEYalach BbI-
cokast 3 GeKTHBHOCTh NIPUMEHEHUS METOJa aKyCTHYECKOil
OMHUCCHU TIPU M3YYEHHH 3aKOHOMEPHOCTEH HAaKOILICHUsI
MOBPEXKICHUI 1 pa3BUTHUS Ie()EKTOB B CTPYKTYPHO-HEOIHO-
poaHbIX Matepuanax [22, 26-29]. B kauectBe mH(bOpMa-
THUBHBIX MapaMeTPOB aKyCTHUECKON IMHCCHUH MPUMEHSETCS
sHepretuyeckuii napamerp (E, B%c) u uucno 3apeructpupo-
). 3Ha-

YeHHE DHEPreTHUECKOTO MmapamMeTpa BBIYUCIAETCS 1o (op-

BaHHBIX AD-cuUTHANOB 3a Bpems peructpanuu (N

CyMM

T
myne E = IU 2(t)dt, rme U(t) — amexTpuueckoe Hampsike-
0

HHE CUTHajla Ha BBIXOJIE NpeoOpa3oBaresisi aKyCTHYECKOM
smuccun [26]. B naHHO# paboTe pacCMOTPEHO M3MCHEHHUE
kymynatuBHoW sHeprun (KD) AD-curranos, moiaydaeMoi
MyTeM CyMMHPOBaHMsI 3HAU€HHH HSHEPreTHYEcKOro mapa-
METpa M OTPAKAIOIeH MHTEHCHUBHOCTh HAKOIUICHUS Jedek-
TOB B MaTepuaie B Iporecce Harpyxenus. Ha puc. 5 mpo-

WUTIOCTPUPOBAHBI BpeMEHHBbIe 3aBUCUMOcTH KD mis 00-
pas3IoB yIIICIUTACTHKA C PA3IMYHBIMUA CXEMaMH TeperieTe-
uus (A—H).

K510,

B 7 E
7
F
6.8 //

3

- W

0.0 ///

0 80 160 240 t, C

Puc. 5. BpeMeHHBIE 3aBUCHMOCTH KYMYJIATUBHON SHEPTHH
Ut 06PA3IOB C Pa3IMIHBIMKU CXEMaMH MEPEIIETEHHS
kommosuta (A—H)

Fig. 5. Time curves of cumulative energy for specimens
with different weaving structures (A-H)

O06pa3sisl ¢ opToroHansHOH (A), OpTOroHAIFHO-KOMOU-
HupoBaHHOW (B) cxemamu mepermereHus, a Takxke ¢ MO-
napHo MexcnoiueiM apmupoBanueM (C u D) umeror
MCHBIINI HaKJIOH KPUBBIX (CM. pHC. 5), 4TO XapakTepusyer
HHU3KYIO0 CKOPOCTh HAKOTUICHHS MTOBPEKACHUH B MaTepHae.
ITpouecc MHUIMHUPOBAHMSA M PACIPOCTPAHEHUS NEPEKTOB
IpoTeKaeT paBHOMepHO. HeobxoanmMo oTMETHTh, 9TO yBe-
JUYEHHE HAKJIOHA KPUBOM Ha PHUC.5 CBUAETENBCTBYET
0 BBICOKOHM aKTHBHOCTH TIpOIIeCCa HAKOIUICHHS IOBPEXJIe-
HUH B Matepuaie, obpaselrl «Tpemur». Tak, o0pasusl ¢ mo-
MapHO MEXCIIOWHBIM KOMOMHHPOBAHHBIM apMupoBaHueM E,
CO CKBO3HBIM MEXCIIOWHBIM apMupoBaHuem F, cioucteie
o6pasipl G U cioncteie 00pasibl, yCHUIICHHBIE B IOTIEPEY-
HOM HalpaBJeHuH H, OTINYaroTCsi HHTEHCHBHOCTBIO (op-
MHUPOBaHHMS TPELIVH B MaTepHaJIe B IIPOLIECCE HATPYKEHUSL.

JlononHutenbHas WHGOPMAIMd O 3aKOHOMEPHOCTSX
HaKOIUICHHS MOBPEXKICHUH B MPOCTPAHCTBEHHO-apPMUPOBAH-
HOM YIJICTIACTHKE TIPH OJJHOOCHOM PAaCTSDKEHHH MOJTy4YEHBI
C UCIIOJIb30BaHMEM MeToJla HMH(paKpacHOil Tepmorpadum.
IIpoBeneH aHanM3 3BOJIOIMU HEOJHOPOAHBIX TOJIEH TeMIIe-
paryp, HOJTydeHbI JaHHbBIE O Pa3BUTHH JE(HEKTHBIX CTPYKTYP
B KOMIIO3UIIMOHHOM MaTepHaye B 3aBHCUMOCTU OT CXEMBI
neperiereHns. C LeNbi0 OIEHKH HHTEHCHBHOCTH TIPOIIECCOB
HAKOIUICHHsI MOBPEXIEHUH PacCMOTPEHBI 3aBUCUMOCTH W3-
MEHEHHs1 MaKCHMajbHOH TemmepaTypbl AT OT BpeMeHH
ucnbiTanus. Bennunaa AT monydeHa myTeM BbIYATaHHS
MEpBOHAYAIFHOTO KaJ[pa, CHATOTO C IIOMOIIBIO TEIIOBH30DA,
n3 nocnenyronmx. Ha puc. 6 npuBeaeHs! MOMy4YeHHBIE Bpe-
MEHHBIE 3aBUCUMOCTA AT ~t.

BcenenctBue  NOKaNbHBIX — pa3pylIEHUl  3JIEMEHTOB
CTPYKTYPbl KOMITO3HIIMOHHOTO MaTepuayia (pa3pbIB BOJIO-
KOH, OTCJIOEHHE W pACTPECKHWBAHHE MAaTPHUIIBI, Pa3BHUTHE
MaKpOCKOIIMYECKOH  TPEUIMHBI) HaOJIo#aeTcss  Pe3Kui
HarpeB MaTepuaja B MECT€ BO3HHKHOBEHHS IedeKTa, Ha
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KPHUBOM M3MEHEHHs Temreparypsl (cM. puc. 6) hopmupyer-
Csl BEPTHUKAJBbHBIN CKAuYOK HA KPUBOH. AHANH3UPYS KOJIHYC-
CTBO MOAOOHBIX CKAYKOB U X aMILUIUTY/Y, MOXXHO OLICHHUTH
WHTEHCUBHOCTh TpOIECcCa HAKOIUICHHS TMOBPEXKICHUN U

AT,

(3]

(hopMupoBaHHs MaKkpopaspymeHus oopas3nos. Heodxoanmo
OTMETHTB, YTO 00pa3IBl CO CXOXKEN CXEMOM TeperuIeTeHuUs!
(AuB,CuDb, EuF, GuH) wurocTpipyroT aHATOTHYHBIH
BUI KpUBBIX AT ~t (puc. 6, a—2).

0
0 70 140 210 Lc
6
AT,
°C
2
1
G
N
0 H
0 70 140

Puc. 6. BpeMeHHBIE 3aBHCHMOCTH H3MEHEHHUSI MAKCHMAIIBHOM TeMITepaTyphl It 00pasIioB ¢ Pa3IHIHBIMU cXeMaMu meperuierenus (A—H)

Fig. 6. The time curves of the maximum temperature change for specimens with different weaving structures (A-H)

[IpencraBnsger WHTEpeC H3YYCHHE MEXaHH3MOB He-
yIpyroro JneOpMHUpOBaHHS W Pa3pyLICHUS B 3aBHCUMO-
CTH OT CXEMBI apMHPOBAHUS KOMIO3UIIMOHHOTO MaTepHa-
ma. JIns BU3yalu3aldd MECT JIOKATBHOTO pa3orpeBa Ha
noBepxHocTH obOpasnoB-nojocok (A—H) B mporecce onHo-
OCHOTO PAaCTSDKEHHS IPEACTaBICHbl KapTHHBI MOJEH TeM-
nepatyp 1, °C, moilydyeHHbIE MyTEeM «CYMMHUPOBAHHS»
C MIOMOMIBIO JIOTIOJTHUTENBHOTO MOJIYJS TPOTPaMMHOIO
obecmeuenusi TerutoBuzopa ResearchlR Max. ®yskuust
«CYMMHUPOBaHHUS» OCYIIECTBISICTCS IyTEM IPHCBAWBAHUS
MaKCHMaJIbHOTO 3HAYCHHUS TEMIIEpaTypbl A JaHHOTO
MTUKCEJIsl Ha ONpEeJIe]IeHHOM BPEMEHHOM MHTEpBaJe, TAaKUM
00pa3oM OCYIIECTBISCTCS «3aIIOMHUHAHHE» MECT JIOKAJb-
HOTO pa3orpeBa MarepHuaja B IpOIecce HarpyXeHHUs.
Ha puc. 6 B xauecTBe mpumepa NPHUBEICHBI IOTy4YECHHbIE
KapTHUHBI IIOJIEM TeMIepaTryp IJid OPpTOTOHAJIbHOM CXEMBI
nepemieTerHus (cM. puc. 6, @), s 00pa3noB ¢ MOTApHO
MEXKCIIOMHBIM apMUpOBaHueM (CM. puc. 6, 6) U ¢ MomapHO
MEXCIIOMHBIM KOMOWHHPOBAaHHBIM apMHPOBAHHEM (CM.
puc. 6, 6), mst coucToro obpasia (cMm. puc. 6, 2).

C 1enbro NpoBeIeHUs KaueCTBEHHOTO M KOJIMYECTBEH-
HOTO CpaBHEHMs OMBITHBIX JaHHBIX, [OJYYEHHBIX IS
rpynm o0pas3IoB ¢ pa3IHdHON CXEMOH MeperuIeTeHus Mpo-
BEJICH MHOTONapaMeTPUYeCKUi aHalNu3 MEXaHWYECKUX |
MPOYHOCTHBIX XapaKTepHCTHK (Tabin. 5) Ha OCHOBEe WHC-
MOJb30BaHUSl  JIETIECTKOBOM (cmaitmep-
JTUarpaMMBI).

auarpamMmmbl
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Tabmuma 5

ITapameTps! A7 aHaIKU3a 00PA3LIOB C PA3IUYHBIMU
cXeMaMH IeperIeTeHHUS

Table 5

Parameters for analysis of specimens with different
weaving structures

IHH(bp P xkH | U MM ATmaX ' NCyMM ! Kamax '1075 '
obpasma | ™’ e °C ell. B%c

A 6,46 8,75 21,42 31325 2,94

B 6,92 8,48 2511 26902 5,40

C 3,98 6,17 24,12 30970 4,07

D 4,75 6,82 23,33 27814 3,91

E 3,49 6,13 23,75 | 32100 9,41

F 3,10 5,65 26,03 | 34220 8,40

G 2,18 4,33 23,96 14512 9,57

H 2,31 4,54 25,09 15748 7,26

Paccmotpena mpenenbHas Harpyska P

max 2

kH, npe-
JienbHOe yanuHeHue obpasma (U MM), pa3orpeB MaTe-
oc),

MaKCHUMaJIbHasA BCIIMYHHA KyMyHS[TPIBHOﬁ OHEPTUHU, TOCTUT-

max *
puana B MOMEHT MakpopaspyuieHus obpasma (AT, ,
HyTas B MOMeHT paspymenus ( KD, -107°, B?c), a Takke
YUCIIO 3aperHCTPUPOBAHHBIX BBIOPOCOB curHama AD
(N

TCIBbHBIX BCIIMYNHAX.

ey » €11.). 3HAUECHUS HA PHC. 7 TIPEJICTABIEHB! B OTHOCH-
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r
Neyan AT

Puc. 7. MHOrOomapameTpudeckuii aHaIN3 BIUSHAS CXEM
neperuiereHns (A—H) KOMITO3UTHBIX 00pa3OB-TI0JIOCOK

Fig. 7. Multiparameter analysis of the effect of the weave
structure (A—H) of composite specimens

MOXHO OTMETHUTh, YTO OOpa3IBl CO CXOXKEH CTPYKTY-
poii rpymmupyrotcs. Hampumep, o0pasiibl CO CIOUCTOMH
cTpykTypoit G m H oTnmuaroTcss HHU3KHMH 3HAYCHUSIMH
Npe/ieNIbHON HAarpy3KH M OTHOCHTENBHO HEOOJBIIUM YHC-
aom N

cymm *

OO0pa3upl ¢ OPTOrOHAIBHBIM TEpeIUIeTeHHEM A

u B xapaxrepn3yroTcst BHICOKOH HMPOYHOCTBIO, OOJBIIMNMHU

sHavenuamu KO, u N Ha ocHoBe MHOrOMmapameTpu-

cymm "
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