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AHAJII3 BUBHAYAJBHUX ®AKTOPIB TA KEPYBAHHSI
TPUMKICTIO CUCTEMU «ABIAIIIMHE CKJITHHSI»
HA OCHOBI HUIECITPSIMOBAHOI'O BUEOPY ITAPAMETPIB
AJITE3IMHOI O 3’€THAHHSI

Pestome. Cyuacre ckninHa KabiH ninomie aeisae coooro cKiaony cucmemy. Inmezspamugnoro enacmugicmio
cucmemu € ii Hecigna 30amHuicmv ma pecypc, AKi CKIAOHUM YUHOM 3Aedcamv Gi0 YUCIEHHUX napamempis
enemenmie niocucmem ma 36’A3Ki6 Mixc Humu. 36’430k niocucmem cuiogo2o 0OI0KA mMd 308HIULHBO2O
enekmpoobiepieHo20 uiapy 30ilUCHIOEMbCA A02e3IUHUM ULAPOM, AKUN MOXCHA BUOIMUMU 8 OKpeMYy niocucmemy.
Ilokaszano, wo yinecnpsamoganuii 6ubip napamempie adze3iliHo20 3’ €OHAHHA O03601AE€ Kepy8amu Kpailogum
epexkmom ma dcopcmkicmio cucmemu, U0 3HAYHOK MIpoIO SuUHaAuae HecieHy 30amuicme. Ha ocHosi
PO36’A3aHHSL NIHIUHUX Oughepenyitinux PigHsAHb OPY2020 NOPAOKY 3 NOCMIUHUMYU MA 3MIHHUMU KoeiyicHmamu,
OMPUMAHO HANPYIICEHHS 8 A02e3IUHOMY KOHMAKmMI 5K (DYHKYII0 2eoMempuyHux ma @Qi3uKo-MexaHiuHux
napamempis cucmemu. Ilokazano, wo 3amina nNOCMItIHO20 MOOYIA NPYACHOCHIT A02e3U8Y MOOYIeM NPYICHOCHI,
WO 3MIHIOEMBCSL NO O0BICUHT KOMNO3UYIL, NPU 30epedicenHi 3a2anbHOI HCOPCMKOCMI KOMNO3UYIL, MAKCUMATbHE
HAanpyoiCeHHs 3CY8y 6 Kpauosiil 30Hi KomMnozumy 3meHutyemocs 6 1,4 pasa y nopieHAHHI 3 MAKCUMATbHOIO
BENUYUHOIO YbO2O IHC HANPYIICEHHS OJIsL KOMUO3UYIL 3 NOCMIUHUM MOOYIeM npyscHocmi npoutapky. Ompumani
pe3yremamu 3aki1aoaroms OCHOBY 0/ KOHCMPYIOGAHHA CKIAOHOI cucmemu i3 JUCMOB020 CKAd, 3'€OHAHO20
a02e3U8oM 3 KepOBAHUMU HECIBHOI0 30aMHICMI0 MA peCyPCOM HA OCHOBI YiNeCnpsIMO8aAH020 UOOPY napamempis
cucmemu.

Knrwuoei cnoea: cxnaona cucmema, niocucmemu, CKIIHHA KabiHu nitoma, aozesiiiHe 3 €OHAHHS,
Kpatioguil eghexm, MoOyib NPYICHOCHI, OUpepenyianvHi pigHsIHHS, HECIBHA 30amHiCMb, pecypc.

Y. Rodichev, O. Shabetia

ANALYSIS OF THE DETERMINING FACTORS AND LOAD
CARRYING CAPACITY CONTROL FOR "AIRCRAFT GLAZING"
SYSTEM USING A PURPOSIVE CHOICE OF ADHESIVE JOINT
PARAMETERS

Summary. The modern electric heated cockpit glazing is a complex system. Integrative properties of the
system is its load carrying capacity and resources which in a complex manner dependent on many parameters of
the subsystems and relations between them. Contact between subsystems is adhesive layer, which can be
considered as a separate subsystem. Adhesive joints of load-carrying structures made of glass are characterized
by a significant concentration of stresses at the edge. The absence of sufficiently proven solutions on how to
reduce the edge effect restrains the development and use of adhesive joints. The parameters of electric heated
cockpit glazing system that determine the adhesive strength and stiffness of the joint are identified. The solution
of a linear differential equation of second order with constant coefficients allows obtaining shear stresses in
adhesive contact as a function of geometrical, physical and mechanical parameters of the system. A new
technical approach to control the stresses at the edge by directional change of the modulus of elasticity of
adhesive layer in the edge zone is justified. On the example of the calculation of model of adhesive joint
consisting of elements in the form of strips, joined by an adhesive layer, it is shown that the reduction of stress
concentration at the edge of the adhesive contact with simultaneous keeping of the overall high rigidity of joint
can be achieved by reducing the elastic modulus of adhesion layer next to the edge. The law of the elastic
modulus changes is proposed to choose as a "mirror image" to the distribution of shear stresses at the joint with
a constant elastic modulus of adhesive. Replacement of constant E,; by functional dependence E,=f (z) results in
the differential equation coefficient becoming variable. Numerical solution of this equation allows to obtain
shear stress distribution in the case of variable elastic modulus of interlayer: the maximum shear stress at the
edge of composite with variable elastic modulus of interlayer decreased in 1,4 times compared with one, where
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elastic modulus of interlayer is 1GPa, while the rigidity of composite is retained. The obtained results can be a
basis for purposeful choice of cockpit glazing parameters to improve its carrying capacity and resource.

Key words: Complex system, subsystems, cockpit glazing, adhesive joint, edge effect, elastic modulus,
differential equation, carrying capacity, resource.

Beryn. AgiariitHe CKIIIHHS CYYacHHX JITaKiB SIBJISIE COOOKO CKIamHy cuctemy. Lliit
chUcTeMi NIpUTaMaHHI Maibke Bcli BUIM ckiagHocTi [1] — dyHKuioHampHa (30epekeHHs
ONTHYHUX XapPaKTEPHUCTUK; OOIrpiB 3 METOI CKHUJIAHHS JIbOAY; CHCTEMa Ta ii eJleMeHTH
BUKOHYIOTh (YHKIIi 3aXHCTy eKimaxy BiJ] BIUIUBY pErYJSIpHUX Ta BHIIaJKOBUX
eKCTpeMaJIbHUX YMOB: IIepenaja THCKY, Temrmeparypa 3a Ooprom a0 -50°C, mexaHiuHe
HaBaHTAXEHHS, yJap NTaxW) KOHCTPYKTHBHA (CKIaJHa KOHCTPYKIIiS, €IeMEHTaMHU SKOi €
Imapy CKJIa Ta aJIre3uBY Pi3HOI TOBIMWHY, TA0APUTHHUX PO3MIpIB Ta KPUBUHU) i TEXHOJIOTiYHA
(B OCHOBY CHCTeMH NOKJIAJICHO CKJIAJHI TEXHOJIOTil BUTOTOBICHHS BUPOOY: BUPOOJICHHS
SKICHOTO cKJa, (hopMyBaHHS OJIOKIB, HaHECEHHS €JIEKTPOOOIrpiBHOrO IMapy Ta CHCTEMH
o0irpiBy, a TaKoXX CKJIaJHI TEXHOJIOTil, IO KepyloTh (YHKIIOHYBaHHSIM CUCTEMH
eeKkTpooOirpiBy. Crucrema «aBiariiiiHe CKIIIHHSI» CKIAJAEThCS 3 MiICHCTEMH 0araTomapoBOro
CHJIOBOTO OJIOKa 1 MiJICHCTEMH €JIeKTpooOIrpiBHOro mapy ckia. OCHOBOIO 000X MiJICHCTEM €
OaraTopyHKIIIOHATBHI anare3iifHi 3’e€HAHHS, SKi BIIPI3HAIOTHCS 3@ CBOEI KOHCTPYKINEO Ta
(b13UKO-MeXaHIUHUMH BIacTUBOCTAMU. CHIIOBUIl 010K (POPMYETHCSI Ha OCHOBI CKJIa TOBCTHX
HOMIHAQJIB Ta JKOPCTKUX TOJIMEPHUX aAre3iMHUX MPOINapKiB, KOPCTKICTh  SKHX
3a0e3mevyeThesl 3a PaxyHOK IMiJBHINCHHS MOJYJSl NMPY)KHOCTI Ta 3MEHINCHHS TOBIIUHH
anre3ifaux Tmapis. IlizcucreMa eeKTpOOOITPIBHOTO IMapy CKIATAETHCS 31 CKJIa TOHKOTO
HOMIHAQJIy MiJBHUINEHOI TEPMOCTIHKOCTI. 3B’S30K MIJICHCTEM 3IIHCHIOETHCS TMOJATIUBUAM
aAre3ifHIM TapoM ISl 3MEHIIECHHS TePMOMEXaHIYHUX HaNpyXeHb B €IEKTO00IrpiBHOMY
Iapi ckia, KA MOXKHA BUJUIATH B OKpemy miacuctemy (puc. 1). IlogatnuBicts aaresinoro
3’¢JHAHHS ~ 3a0e3IeUyeThCS KEPYBaHHSIM TEOMETPUYHUMH Ta  (PI3MKO-MEXaHIYHUMU
napameTpamH.
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Pucynok 1. lepapxiuHa CTpyKTypa CHCTEMU «aBialliitHe CkJIiHHA KabGiHM minoTa»

Figure 1. Hierarchical structure of "aircraft cockpit glazing"
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[HTerpaTHBHOIO BIACTHUBICTIO CUCTEMH € i1 HECIBHA 3/IaTHICTh Ta PeCypc, SAKi CKIaTHIUM
YUHOM 3aJIe)KaTh BiJ] YACIICHHUX IapaMeTpiB €JIEMEHTIB MiJCHCTEM Ta 3B SI3KiB MK HHMH.
CKIagHICTh KEpyBaHHS CHCTEMOIO «aBialliifHe CKIIHHS» MiIBUIIYETHCS  BHACIIOK
30UTBITICHHS PO3MIPIB €JIEMEHTIB CHCTEMH Ta ITiIBHINEHHS TEPMOCHIOBOTO HABAHTAKCHHS Ha
CUCTeMY 31 301TbIIEHHSM IIBUAKOCTEH Ta BUCOTH MOJIBOTIB, a TAKOXK MiABUINEHHSM BHUMOT JI0
HECIBHOI 3JaTHOCTI KOHCTPYKINI CKIIIHHS Ta HAOJMKEHHS HOTro JIO pecypcy MeTalleBHX
KOHCTPYKIIIH (DIO3eIIsIKy.

Pecypc cucremn «aBiariiiHe CKIIIHHS» BH3HAYA€THCS 3HAYHOIO KUIBKICTIO (DakTOpiB.
Sxio pecype Bu3HAUMTH K QyHKIIIIO R, 1110 TOTpeOye MakcuMizallii, TO MOXKHA 3alucaTH

maxR =f (H;, h, 3;, E, E,, G, G, 6, 1, T, Py), (1)

ne H;, h, §; — TOBIIMHM IIapiB CHJIOBOTO OJIOKA, €JEKTPOOOIrpiBHOTO MMapy Ta ajare3iifHux
npomapkiB; E, E,, G, G, — MOIyNi MPYXKHOCTI CKJa Ta aare3iifHuX MpoImapkis; G; T, —
I'paHUIll MIITHOCTI €JIEMEHTIB CKJIIHHS Ta aare3idHuX mpomapkis; 7, P; — TeMIepaTypHi Ta
CHJIOBI ITapaMeTpy HaBaHTaXKCHHSI.

HeciBHa 31aTHICTE CHCTEMH, IO PO3TIISIAETHCS, OTPeOye BHJIUICHHS Ta PO3B’sI3aHHS
OKpeMHX 3aJiay, cepeJl SIKUX — 30epekeHHs a/ire3iiHo1 MIIIHOCTI Ta JKOPCTKOCTI CHCTEMH Ha
OCHOBI ONTHMAJILHOTO BHOOpPY NapaMeTpiB 3’€JHAHHSA. AHATI3 JITEPATYpPHUX JDKEpes
MoKasye, 10 JiaHi 100 JOCII/PKEHHS KpailoBOro eQexTy, a 0COOIMBO METO/IIB KEpyBaHHS
M e()eKTOM B are3iHuX 3’ €THAHHSAX, JTy)ke oOMexeHi [2, 3]. ITomepenaHi poOoTH MoKa3am
MOJKJIMBICTh KEpPYBaHHSI HANpYyXXeHO-Ie()OPMOBAHUM CTaHOM Yy KpaiOBHUX 30HAX JIJIs
CKJIOKepaMikH [4] Ta JJTaMiHOBaHUX €JIEMEHTIB apXiTEeKTYPHOTO CKIIIHHSA [S].

Metor po6oTH € BUIUICHHS Ta IJIECIPSIMOBAaHUN BHOIp BU3HAYAJIBHHUX IapaMeTpiB
aare3ifHOrO 3’€HAHHS «CUJIOBUH OJIOK — €J1eKTpoOOIrpiBHUM HIap», SIKI TO3BOJSATH KEpyBaTh
HECIBHOIO 3JIaTHICTIO Ta PECYPCOM CHUCTEMH.

AHaii3 yMOB eKCIUTyaTallii CHCTEeMH «aBialliiiHe CKJIIHHS» MOKa3ye, 1[0 HaBaHTAXCHHS
MepelacThCs BiJl CHIIOBOI YacTUHU OJIOKA JI0 €IeKTPOOOIrpIBHOTO 30BHINIHBOTO CKIIA Yepe3
aIre3ifiHU MPOIIApOK, Yy KpaoBUX OOJIACTSIX CIOCTEPIraeThCs 3HAYHA KOHIICHTpAIlis
HanpyxeHb. KpaiioBuii ehekT y TakoMy 3’ € THaHHI TPU3BOJIUTH JIO BiIIMApyBaHHS B KpaoBii
30HI, IMO W CHOCTEPIraeThCs IPU OOCTEIKEHHI €JIEMEHTIB CKJIIHHS, sKi Oymu 3HATI 3
eKCILTyaTartii.

Ile 3ymMOBWIO HEOOXIJHICTH JOCIIPKEHHS KpaloBOoro e(ekTy B KOHCTPYKIII, sKa
CKJIaJIAa€Thesl 31 CKISIHUX IUIACTHH Ta aiaresiifHoro mpomapky. Ha mpukianmi po3paxyHKY
MOJIeTi  QAre3iHOTO 3’€JIHAaHHS €JIEMEHTIB Yy BHUIVIAAI CMYT JIOCTIDKEHO BIUIUB
KOHCTPYKIIMHHX TTapaMeTpPiB Ta MOJIYJIS MIPYXKHOCTI 3’ € THAHHS Ha KpaHOBHH e(eKT.
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PucyHok 2. CxeMa HaBaHTa)XKeHHS alre3iifHoOro 3’eaHaHHA

Figure 2. Scheme of loaded composite plate
J7ist MoZienbHOTO po3paxyHKy Oylia MpuiHsATa cXeMa, JIe piIBHOMIpHE 3yCHILIS po3TAry P
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MPUKIIAJICHE JIMIIE 70 KIHIIB IIEHTPaJbHOrO elleMeHTa Kommosuuii (puc. 2). 2H, h ta & —
TOBIIMHA IIapiB cKia 1 npomrapky. Jloxuaa komno3uuii 2/. [TouaTok koopauHaT oOpaHo B
cepelHii Toulli, SK Ile 300pa)keHO Ha PHUCYHKY. Bich Z — Bich NMO3I0BKXHBOI CHMETpil
komno3uuii. [Ipu po3p’si3anHi 3amaui Hamu OyNM MPOaHANI30BaHI JOTUYHI HANpyXXEeHHs Ha
MOBEpPXHI ajare3iifHoro KoHTakTy. BHaciimok cumeTpii po3risiaidl MOJIOBHHY KOMIIO3MIIIT
("ap Biccio Z).

Buxonsun 3 TOro, 1o eJeMEeHTH CHCTEMH 3HaXOISIThCs B piBHOBa3i, , Oepyun 10
yBary, o B momepeyHomy mnepepizi Z = 0 moruuni HampyxeHHs T = 0, orpumaemo [4]
JiHiiHEe qudepeHIiagbHe piBHSHHS APYroro NOpsSAKy 3 MOCTIHHUMU KoediieHTaMu st w(z)
— PI3HHISI BEJIMYMH OCHOBOTO 3MIIIEHHS [IEHTPA BarW 30BHIIIHBOI — 2 Ta BHYTPIIIHBOI — 1
CMY>KOK CKJIa.

2
d"w(z)
2
dz
Tyr k — koedimieHT, SKHHA 3aJeKHUTh BiJ MPYKHUX XapaKTEPUCTHK (KoedirieHTa

ITyaccona, monmyns FOHra cmyxok E;, E, Ta amresifinoro mpormapky FE,, a Takox BiJ
TCOMETPHYHUX ITApaMETPIB €JICMEHTIB KOMITO3HITIi.

—k*w(z)=0. )

E

o \EBEH Eh) 3)
Q)| 22+ H
E, E, El_

AHaTITHYHUN  PO3B’SI30K  w(z) piBHAHHA (2) Ta MOJAJbIIEe BHKOPHUCTAHHS
CHIBBIIHOIICHHS [4] MDK JOTHYHHMH HANPYXEHHSAMH Ta PI3HUICIO BEJIHYHH OCHOBOTO
3MIIIEHHS [IEHTpa Bark 30BHINTHBOI Ta BHYTPIITHBOI CMYXOK CKJIa, T03BOJISIE OTPAMATH

P E, sh kz

TF 5 nkl’ @
2FE c
"1+ pw)Hk| =21 AL
H Eai E2
ne Fy— Prmoma [OIIEPEYHOTO TIEPEPi3y BHYTPIIIHBOT CMYIKKH;

o, =—
! 7, ~HOPMaIIbHE HAIIPYHKEHHs B yMOBAX PO3TATY.
1

BuxopucrtoByroun piBHSHHS (3), (4), MpoaHATI30BaHO 3aJICKHICTh MK BiTHOICHHSIM
HaIpY>XCHHS 3CYyBY Ha TOBEpPXHI aJAre3iHOTO KOHTAKTy JIO HOMIHAJILHOTO HOPMAIBHOTO
Hanpy>XeHHs (B TOJATBIIIOMY HAa3WBAa€EMO BiJIHOCHUM HANPYKEHHSM 3CYBY T/G¢) Ta MayJIsIMA
IOnra ckia i aare3mBy, a TaKOX JOBXKAHU KOMIO3HIIT 2/ i TOBIUHY mapiB (2H, /1 9).

®opmyna (4) 103BOJNIIE OTPUMATH PO3MOJLUT HANpPYyKEHb 3CYBY Y3/IOBXK IOBEpXHI
aare3iifHoro KoHTakTy. OCHOBHI (pi3WYHI Ta T€OMETPUYHI MapaMeTpu eeMEHTIB aAre3iiHuX
3’€IHaHb, 1[0 aHATI3YIOThCS (PHUC. 2), HaBeJeHO B TabmuIli 1.

Taoauns 1
®Di3uyHi i reOMETPUYHI TTapaMeTPH €JIEMEHTIB aJAre31HUX 3’ €THaHb
., 3HavYeHHS TTapaMeTpiB
[TapameTpu eneMeHTIB 3’ € THAHHS .
€JIEMEHTIB 3’ € JHAHHS

Tosmuna ckisHoro mapy 1 (2H), Mm 12,6,2
ToBmuua cxisiHOTO 1Iapy 2 (h), MM 6,3,1
ToBmuHa aare3iHoro mapy (0), MM 4,1, 0.37,0.1, 0.01
JloB>KrUHA KOMITO3HIII1, MM 1000, 400, 200

69



BICHUK TEPHOIINIbCbKOIO HALIOHAJIBHOIO TEXHIYHOIO YHIBEPCUTETY. Ne3 (71) 2013

Monyns FOnra ckina E, I'Tla 70
Monyns FOnra aare3usy E,;, ['Tla 70, 10, 5, 1, 0.1, 0.01,

[Ipuknanu po3paxyHKOBOTO PO3MOJILTY BITHOCHUX JOTHYHUX HAIMpyXeHb T/c; ipu H =
h=6wmm; 6 = 0,37 mm; E,; = 1T'Tla muyis kommo3uiiiid pi3HOI TOBXKHUHU HaBeJleHO Ha puc. 3. Ak
BUILTUBAE 3 aHAN3Yy KpuBUX | — 3, MakcuMalbHa BeJIMYMHA BIIHOCHHUX JIOTUYHUX HAMPY>KEHb
HE 3aJIeKUTh BiJ JIOBXKHWHH 3 €THAHHS, a CTYHiHb JIOKami3alii HampyKeHb 3HAYHOIO MipOIO
OB’ s13aHa 3 JIOBKMHOIO KOMIIO3MIIil: B KOPOTKHX 3’ €THAHHSX 30HA, JIe TOTHYHI HApPYyKEeHHS
ICTOTHI 3a BENUYHMHOIO, TIOPIBHSHA 3 JOBXMHOK KOMIIO3WINil, B TOH dYac SK JUIsl JTOBTUX
3’€IHaHb 3HAYHI 32 BEJIMUMHOIO HAIIPY)KEHHS JIOKaTi30BaHi B KpaloBiii 30H1, a B IIEHTpaJIbHIH
YaCTHHI KOMITO3HUIIIT HAIIPYKEHHS 3CYBY IPAKTHYHO BiJCYTHI.

/04
0,18 ! Pucynoxk 3. Po3nozin BigHOCHHX
0,16 Harpy>XeHb 3CyBY B3IOBXK iHTepdeiicy ms
0,14 —Q KOMIIO3UTY
0.12 \ H=h==6mMm; 6=0,37um; E,=1TTla;

'0 ) 26: 1-1m, 2 -0,4Mm, 3 - 0,2Mm
0.08 2 — Figure 3. Distribution of relative
0.06 T |1 shear stresses lengthwise interface for
0,04 F\ composites with
0.02 H=h=6mm;é=0,37mm,;

’ 0 1= - MM E,=1GPaand 2/: 1 — Im,

0 100 200 300 400 500 600 2-04m,3-0.2m

Takox JOCHIJDKEHO 3aJeKHICTh KOHIEHTpAIil JOTHYHHX HAIMPYXKEHb BiJl MOIYJIS
MPYXKHOCTI are31HOTO MpoMmapKy. Po3paxyHKH MPOBEIEHO TSI KOMITIO3UIIT JTOBXKHHOO 1 M
(puc. 4,5). Moayns TpYyXKHOCTI aAre3iifHoro mpomapky FE, 3MIHIOBaBCSI B MeXaX BiJ
0,01TTIa no 70I'TIa. SIx moka3aHo Ha puc. 4, 3pocTaHHs MOy npyxkHocTi E,; Bin 0.01 I'Tla
o 1 I'Tla mpu3BouTE 10 301IBIICHHS NOTHYHHX HANpPYXeHb B 8,5 pa3za. Croctepiraerbes
TaKOX 3HAYHE 3POCTaHHS KOHIICHTpaIlil HampykeHb. KpalioBUH e(eKT JToKami3yeTbes B
obmacti 10 100 mm. binsg 80% anres3iiiHOTo MpOIIApKy B3arajii He HABAHTAKEHO JOTHYHUMHU
HaNpyKEHHSIMH. 3aCTOCYBaHHS QJre3UBIB 13 HU3BKOI JKOPCTKICTIO TMPU3BOJUTH JO OLIBIIT
PIBHOMIPHOTO PpO3IOJIUTy HaNpyXeHb, ajieé 1€ TaKOXX MPU3BOJUTH SIK JIO HE3aJ0BLIBHOTO
3’€JTHAHHS HECIBHUX CTPYKTYPHUX KOMITOHEHTIB KOMITO3UIIii, TaK 1 JO 3HMKEHHS MIITHOCTI Ta
JKOPCTKOCTI JIeTajIi 31 CKJIa B IILJIOMY.

t/0;
0,2 i
0,15
0,1
1
0,05
2 R
0’ . . ¥— | zmM
0 100 200 300 400 500

PucyHok 4. 3anexHicTb KOHLEHTpaLii BiTHOCHUX TOTUYHHX HaNpy)KeHb Bill MOIYJIS MPY>KHOCTI
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aAre3uBy Il KOMNO3ULT oBXUHOIO 2/ =1M, H = 6MM, h=6MM, o= 0.37mMm;
1-E,=1ITla, 2 - E,; =0,1T'TIa, 3 — E,; =0,01T'na

Figure 4. Dependence of edge shear stress concentration on elastic modulus of adhesive for a
composite plate with the length 1 m H = 6mm, 2 = 6mm, é = 0.37mm;
1-E,;=1GPA,2-E, =0,1GPa, 3 - E,; =0,01GPa

3pocranns moxyns lOnra aaresifiHoro mpomapky g0 10ITla mpusBoauts 10
3pocTaHHs KpaloBUX HampykeHb npuOam3Ho B 1,5 pasa. [lomanpme 30inbimeHHs Eg;
CIpHUYUHSE cTa0iTi3aIlil0 BeJIMYMH BITHOCHUX HAMpyKeHb 3¢yBY 10 piBHs 0.27... 0.3 (puc. 5).

T/ Oy
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Pucynok 5. Kopensiuist Mi>k MAaKCMMaJIbHUM BiTHOCHUM HamNpyXXeHHsIM 3CyBY (B KpaiioBiii 30Hi)
Ta MOJIYJIEM TPY>KHOCTi aare3iifHOro MpoIapKy

Figure 5. Correlation between relative shear stress at the edge of composition and Young’s
modulus of adhesive interlayer

TakuMm unHOM, TIOKA3aHO, 1[0 KepyBaTH PIBHEM JOTHYHUX HANPY)XEHb B KpaloBil 30H1
B Mexkax 0.02 < 1/6, < 0.27 Ta KOHCTPYKIIIIHOIO MIIHICTIO aAre3ifHUX 3’€IHAHb 31 CKJa
MO’KHA, 3MIHIOIOYH MOAYJIh FOHTa anaresuBy B mexax 0,01...10 I'Tla.

PesyiapTarm aHamizy BIUIMBY TOBIIWHU IUIACTHH HA KOHIIGHTPAIIO JOTHYHOTO
Hampy>XeHHs HaBelAeHO Ha puc. 6. Jlmg pozaxyHky OyniM NpUNHATI Taki MmapameTpu
komnosuttii: £, = 11Tla, 0 = 0.37 mm, 7-500 mm, H = 6 mM. ToBIiHA /2 30BHIIITHBOTO IIAPY
ckia 2 mpuitmanacs 1 MM, 3 MM Ta 6 MM. MakcuMasbHa BeTMYHUHA JOTHYHOTO HAMPYKCHHS
Ha Kparo 3’€JHaHHS 3MEHIIach y 1,5 pasza, Koiu TOBIIMHA 3MEHIIHIACS 3 6 MM JI0 2 MM.
JloBxxmHA HampyXeHOo1 KpaiioBoi 30HM 3MeHmuiIacs 10 40 mMm. UuM MeHIme TOBIIMHA /1, TUM
MEHIIIe JOTUYHE HAMpy>KeHHs B KpaioBiil 30Hi.
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PucyHnok 6. Po3noinn TOTUYHUX HANPYKEHb Y 30Hi iHTepQelicy Ui pi3HUX TOBIIUH 30BHIIIHBOT
cknsgHol mnactunm 2: E,; = 1T'Ta, 6 = 0.37 mm, 1-500 MM, H=6 MM, 1-h =1 MM, 2-h =3 MM, 3-h = 6 MM
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Figure 6. Dependence of edge stress distribution on the thickness of glass layer 2:
E,=1GPa,=0.37 mm, /-500 mm, H =6 mm, 1-A =1 mm, 2-h =3 mm, 3-h = 6 mm

TakuM guHOM, CITOCIO 3MEHINIEHHS KOHIIEHTpAIlii HaIpy>KeHb 3CYBY B KpaloBiil 30HI
KOMITO3UTY — 3MEHIIEHHS JKOPCTKOCTI anresiitHoro mapy (puc. 7). OmHOYacHE 3HWKCHHS
moayist FOura E,; Big 1 I'Tla B 0,1 I'Tla i 30iabIeHHS] TOBIMUHY O aJIre3idiHOTO MPOIIApKy BiJl
0.37 MM 10 4 MM IPU3BOJUTH A0 3HMKEeHHS T/6; 10 0,02.

3 MeTOI0 3HWKEHHS KOHIIEHTpallii HampyXeHb Ha Kparo aAre3iHoro 3’e€JHaHHS 3
OJTHOYACHAM 30€peKEHHSM 3arajibHOI BHCOKOI JKOPCTKOCTI KOMITO3UTY 3alpOIIOHOBAHO
METOJIOM 3MEHIICHHS MOMIYJS TPYXKHOCTI B 30HI KpaiioBoro edekry. Sk mnpukian,
PO3TISHYTO 3aKOH 3MIiHU MOJYJS MPYKHOCTI B3JOBX JOBXKHUHU KOMIIO3UTY SIK JI3€pKajbHE
BiJI0OOpa)KeHHs 3aKOHY 3MiHU HAINpYXKeHb 3CyBY, KoiH E,; 3miHtoeTses Big 1 ['Tla go 0,01 I'Tla.

1/c PucyHok 7. KepyBaHHs kpailoBuMu
018 ] Harnpy>XeHHAMH 3CyBY 3a PaxyHOK 3MiHA
0,16 - KOPCTKOCTI ajre3ifiHoro mpouapky:
0,14 ! 1- Eai =1 FHa, 6=0.37 MM,
01 1 2 — E,; = 1T'Ta; § =4mm abo E,; =0, 1TTla,

01 6=0.37mm™m (E,; /6 ~const), 3 — E,; =0, 1TTIa, 6 =4MMm

o Figure 7. Shear stress control by the

change of adhesive layer rigidity:

004 ‘ ) . 1-E, =1GPa, 6=0.37mm,
002 - - 2 -E, =1GPa, 6 =4mm or E,; = 0, 1GPa,
0m g 3 6=0.37mm (E,;/6 ~const), 3 — E,; = 0,1GPa,

0 100 200 300 400 500 Z,MM O =4mm

0,06

3amina mocTiitHOro 3Ha4YeHHs E, QyHKIIOHAIBHOIO 3allexkHICTIO E,=f (7) MpU3BOIUTH
70 Toro, mo koeginieHT k (3) crae 3miHHMM. Tomy piBHSHHS (2) NEpPEeTBOPIOETHCS B
nudepeHIiagbHe PiIBHSIHHS JPYTroro HOPsAKY 31 3MIHHUM Koe(illieHTOM
d’*w(z)
dz’
UucenpHe poO3B’si3aHHS [BOTO piBHAHHA MeTogoM Pynre-Kyrra B cepenopmmi C
JIO3BOJIIE OTpUMATH W(Z) 1 PO3MOMAUT HANMpPYXEeHb 3CYBY Y BHITQJIKy 3MIHHOTO MOy
Mpy>HOCTI mpomapky. Ha puc. 8 mpoaeMoHCTpoBaHO, IO TNpH 30epekeHHi 3arajabHOI
KOPCTKOCTI KOMITO3HIII MaKCHMaJIbHE HANpPYKCHHS 3CyBY B KpaWoBili 30HI KOMITO3UTY 3a
paxyHOK 3acTyBaHHS aJre3iifHOro MpoImapKy 3i 3MIHHAM MOJYJEM TpPYKHOCTI BIaocs
3MEHIHTH B 1,4 pa3za y MOpiBHSHHI 3 MAKCHMATBHOIO BEJTMUUHOIO IIHOTO K HANPYKESHHS IS
KOMITO3UIIIT 3 MOCTIHHUM MOJIyJieM mpyxkHocTi mpornapky 1 ['Tla.

—k*(z2)w(z)=0. (5)
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Pucynok 8. KepyBaHHs KOHLIEHTpALli€l0 HANPyKEHb 3MiHOIO MOIYJIA PYKHOCTI aAre3uBy
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Figure 8. Shear stress control by replacement of adhesion modulus of elasticity

MoxyTe OyTH 3alpOoNOHOBaHI TaKOX JEsKi IHII CIIOCOOM 3MEHIIEHHS KpailoBOro
edeKTy 3a paXyHOK 3MiHH MOJIYJISI IPYKHOCTI IPOIIAPKY, 30KpeMa, MOKHA MPUIYCTHTH, 110
3MiHa MOJIYJISl IPY>KHOCTI MO3Ke Bi/I0OYBaTHCS CTYIIHYACTO: BiJl HU3bKUX 3HAU€Hb Ha KPako JI0
BHUCOKHX B CEpEIHIN YaCTHHI KOMITO3HIIIi.

BucnoBkn. Ilokazano, mo cyuyacHe aBialliifHe CKIJIIHHSI € CKJIAQJHOIO CHUCTEMOIO Ta
MpoaHati3oBaHO (aKTOpH, IO BU3HAYAIOTH pecypc Ta HECIBHY 3JaTHICTH IIi€l CHUCTEMH.
Busnaueno Habip reoMeTpuuHUX Ta (PI3MKO-MEXaHIUHUX MapaMmeTpiB, L0 XapaKTepHU3YIOTh
€JIEMEHTH CHUCTEMHM Ta 3B’S30K MDK IUMH €JIEMEHTaMU 1 BH3HAYAIOTh JKOPCTKICTH Ta
anre3iifHy MIIHICTh 3 €JIHaHHS CHJIOBHH OJOK — eJekTooOirpiBHe ckio. CkiajeHo Ta
AaHAJIITUYHO PO3B’S3aHO JIiHIAHE nu(epeHIiiiHe piBHSHHS pIBHOBArd JAPYroro MOPSAKY 3
NOCTIHHUMH KoedillieHTaMH, sSIKe JJ03BOJIsIE OTPHUMATH HANPYXKEHHS B aAre3ifHOMY KOHTaKTi
K (PYHKIIIO TEOMETPUYHUX Ta (Pi3MKO-MEXaHIYHUX TMapaMmeTpiB cucTeMH. Bukonano anami3
Ta BHU3HAUEHO, IO MiHIMaJbHA KOHIICHTpAIlsl KpalOBUX HAIPYKEeHb XapaKTepHa s
3’€JIHaHHP 3 OUTBII HU3BKUMHU 3HAYCHHSAMH MOy s FOHTa 1 O1JIBIIIOIO TOBIITUHOO aAre31iHOTO
npomapky. HaromicTh, Taki KOMIIO3HINH MarOTh HA3bKI 3HAYCHHS MIITHOCTI M JKOPCTKOCTI Ta
HEJIOCTAaTHIO HECIBHY 3/IaTHICTh IPU MEXaHIYHOMY 1 TEIJIOBOMY HaBaHTaxxeHHi. llokasaHo,
10 KOMITO3UIiSl 3 BUCOKOIO MIIHICTIO MOKe OyTH peaji3oBaHa 3 BUKOPUCTAHHSIM YKOPCTKUX
MaTepialiiB JUIs anaresiitHoro mpormapky. OjHaK, HaJMipHA KOHIIEHTpAIlis 1 BUCOKHN piBEHb
KpailoBUX MaKCHMaJbHHX HANpPYKEHb y I[bOMY BHIIQJKy IMPHU3BEAC 10 PYWHYBAHHS IUX
KOMITO3UITiA. 3 1€l X TpPWYUHHU 30UTBIIEHHS JOBXKHHU aJre3ifHOro KOHTAKTy HE €
e(EeKTHBHHUM CITOCOOOM JTsI 301TBITICHHSI HECIBHOT 3/TaTHOCTI.

YucenbHe po3B’s3aHHA JIIHIKHOTO JU(EPEeHIIHHOro piBHSHHS JPyroro MOPsAKY 31
3MIHHUMH KoeQillieHTaMH, OTPHUMAHOTO JJisl 3alpOTOHOBAHOTO «I3€PKATLHOTO» 3aKOHY
3MIHH TI0 JIOBKHHI KOMITO3HITII MOJYJIS TMPYXKHOCTI aare3ifHOro mpoImapKy IoKas3ayo, 10
JIOKaJIbHE 3HWKSHHS MOJYJIS MPYKHOCTI B KpaloBill 30HI KOMITO3HMINII 31 CKJIOMaTepialiB 3
aIre3ifHIM TPOIAPKOM JI03BOJISIE 30€PErTH BHUCOKY KOPCTKICTh KOMIO3HINI Ta OJHOYACHO
3MEHIIMTH KOHIICHTPAIIiI0 HAMIPY)KEeHb 3CYBY, IO 3a0e3Mevye MIlHICTh 3UeTUICHHS JIEMEHTIB
KOMIIO3HTY. Pe3ynpTaToM 3acTOCyBaHHS TAKOTO MiJAXOJy € IiJBUINEHHS OTOPY pyWHYBaHHIO
Ta HECIBHOI 3JaTHOCTI KOMIIO3WIlii. BW3HAaueHO TeHICHIT Ta BUAUICHO HANPSMKH, IO
TapaHTYIOTh HAJIC)KHY HECIBHY 3JIaTHICTH Ta PECypC CHCTEMH «aBialliifHe CKJIIHHS» Ha OCHOBI
IIJIECTIPSIMOBAHOTO BHOOPY MpaMeTpiB aAre3iHoro 3’ €IHaHHS 3 ypaXyBaHHSIM KOHIICHTpAITil
HaIpy>XeHb Y KpaiioBiit 30H1. OTpuMaHi pe3yIbTaTh 3aKJIaJIal0Th OCHOBY JIJIST KOHCTPYFOBAHHS
CKJIaHOI CHCTEMH i3 JIMCTOBOTO CKJa, 3 €JJHAHOTO aAre3WBOM, 3 ONTHMi30BaHOi 3a
rapaMeTpaM¥ MIITHOCTI ¥ JKOPCTKOCTI.

Conclusions. It is shown that the modern electric heated cockpit glazing is a complex
system. The factors that determine the load carrying capacity and resource of this system are
analyzed.

Geometrical, physical and mechanical parameters of the system that characterize
elements of the system and relationship between these elements and determine the adhesive
strength and stiffness of the joint are identified.

The solution of a linear differential equation of second order with constant coefficients
allows obtaining shear stresses in adhesive contact as a function of geometrical, physical and
mechanical parameters of the system.

Analysis shows that minimal concentration of the edge stress is the characteristic for
joints with the lower values of Young’s modulus and increased thickness of adhesive layer.
But low strength and rigidity of these joints leads to insufficient load-bearing behavior under
mechanical and thermal loading. Compositions with high strength can be realised using the
strong and rigid adhesive materials. However, the excess concentration and high level of
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maximal edge stress will lead to fracture of these compositions. Inreasing of the length of
rigid joints is not the effective way for carrying capacity increasing for this reason.

Replacement of constant E,; by functional dependence E,; = f (z) leads to differential
equation of second order with variable coefficients. Its solution shows that the decrease in the
elastic modulus of the adhesive interlayer in the edge region allows retaining enough regidity
to ensure carrying capacity of joint and decreasing in shear stress concetration to provide
adhesive strength of composite.

The following tendencies may be useful to guarantee appropriate carrying capacity of
this structures taking into account shear stress concentration near the joint edge. The obtained
results can be a basis for purposeful choice of cockpit glazing parameters to improve its
carrying capacity and resource.
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