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ONPEJEJIEHUE TEIINIO®PU3UNYECKHUX U OITUYECKUX XAPAKTEPUCTHUK
I'MBPUJAHBIX HOJIMMEPHBIX KOMITIO3UIUMOHHBIX MATEPUAJIOB

Areesa T.I'.
MI'TY um. H.D. baymana

Annomayun: B nacmosuyeii pabome npogedensl pacuemmo-3KCnepUMeHmanbHble UCCIe006aHUs N0 ONPeOeNeHUI0 Menao-
chusuueckux u onmuyeckux xapaxmepucmuk I'TIKM u comosvix 3anonnumeneii.
KuroueBsble c10Ba: rubpuaHble MOIMMEPHbIC KOMIO3ULMOHHBIE MAaTepUabl, TCILUIONPOBOAHOCTD, KOI(G(HUINEHT oTpasKe-

HUSI, KOODOUIHEHT H3ITyYCHHS.

Beengenne

Jlis  kpbila  cy6OpOUTaTbHOIO MHOIOPa30BOTO
KOCMHYECKOTO amnmapara TypucTudeckoro kimacca (MKA
TK) mepcrekTHBHBI THOPHIHBIE TONHMEPHBIE KOMIIO-
sunonHbie Marepuanst (ITIKM), kotopeie mo3Bonsior
OJHOBPEMEHHO MUHHMHU3UPOBATh Maccy M OOECHEYHTh
HEOOXO/IMMBIH ypOBEHb JIOJITOBEYHOCTH, HAJICKHOCTH U
9KOHOMHYECKOH 3 dEeKTHBHOCTH KOHCTpyKImu [1].
Iloner MKA TK mno cybopOurtanbHON TpaeKTopHu
IpejroaraeT BO3ACiCTBUE Ha HEro PajHallMOHHBIX U
KOHBEKTHBHBIX TEILUIOBBIX HOTOKOB, U, KaK CJICICTBHE,
BO3HMKHOBCHHE MOBBIIICHHBIX TEMIIEPATyp Ha €ro mo-
BepxHOCTH. [Ipn OLEHKE TeMIepaTypHOTO COCTOSHHS
kxoHcTpykuuu kpeuta MKA TK neobxoaumo pacrnona-
raTh CBEJCHMAMH O 3HAYCHHSX TEIUIOQU3NYECKUX
(T®X) U ONTHYCCKUX XapaKTEPHCTUK MPHMCHICMBIX
marepuanoB. Pabora mHOCBsIEHA TEOPETUYECKOMY H
JKCIIepUMEHTaIbHOMY onpenenenuto TOX u onrtude-
ckux xapakrepuctuk I'TIKM. K ogHoil M3 OCHOBHBIX
TemIoGH3MIECKHX XapaKTePUCTHK, HEOOXOIUMBIX MPH
MOJICIMPOBAHKH TEIIOBOTO pexknma kpeita MKA TK,
oTHOcHTCA  KOd(UIMEHT TeronpoBogHocTH. Kou-
CTpyKLHs Tpexcioiinoi oomuBku kpsuta MKA TK co-
crout u3 corosoro 3anonuuters (C3) u cnoe I'TIKM
(puc. 1), mO3TOMY HY)KHO ONpEAENHTh KOI()DHUIMECHTBI
TEIUIONPOBOAHOCTH KaK CaMOM COTOBOM MaHEIH, TaK U
MHOrocnoiHbIX 00muBok 13 I'TIKM.

Puc. 1. Bua TpexciioiiHoii KOHCTpYKIHMHE: 1 — MHOTOC/I0lHBIE
oommBku 13 I'TIKM; 2 — coToBasi naHe/b

Teoperuqeckoe omnpejaejeHde TerIoNpPOBOAHOCTH
COTOBOIO 3AIOJTHUTEJIsA.

Meronuka omnpejeneHus KodQGUIHeHTa Tero-
MPOBOJHOCTH COTOBBIX IIaHEeTeH ObLTa IpeIoKeHa
CeannoMm u Ilurrmanom [2]. OHa y4uTBIBaeT TO, 4TO
TeIUIoNepeada B COTOBONH KOHCTPYKLHHU MPOMCXOTHUT
BCJIEJCTBHE TEILIONPOBOAHOCTH MaTepuana COT, KOH-
BEKIMH BO3/lyXa, HAXOJAIIETOCS BHYTPH sYCCK, a TAKKe
TETUIOBOTO M3JIy4eHHsl OT CTEHOK sieek. [3]. B pabore

HCCIICZI0BANIOCH 5 BAPUAHTOB MATEPUAIOB COTOBOTO 3a-
nonautens (C3): amoMuHHEBBI cruiaB AMr-5, cranb
08X18H10, turanossiit crmas BT15, creknommactux
(CI1), yrnemnactuk (YII) n opranommacruk (OII), — ¢
rekcaroHajibHOi (hopmoit siueiiku (tabu. 1).

Ta6a. 1. HekoTopble reoMeTpuieckie H Temiopu3nyecKne xa-
pakTepucTukn C3 M3 pasIHYHbIX MATEPHAIOB

Mare- Teomerpu- XapaKkTepuCTHKH Ma- Xapakrepu-
puan YECKHE Xa- Tepuana C3 crukn C3
c3 pakrepH- o
;THKH C; ¢ o e e A
Anio- 0,02 900 230 0,04 | 65 | 227
MHHH-
eBbIil
cruiaB
AMr-5
Cramp 0,02 500 47 0,35 19 0,50
08X18
HI0 47
Tuta- 0,08 540 223 0,2 47 0,91
HOBBIH
cIuiaB
BTI15
CIt 0,12 810 0,4 0,5 26 0,07
vII 0,17 | 1500 1 0,85 29 0,13
or 0,06 | 1700 | 0,04 0,5 10 0,05
d — muametp sigeiiki C3, MM; 8 — TonmHa cTeHKH staeiiki C3,
MM; ¢,” — yaenbHas Teroemkocts C3, Jik/(krK); Dar > — KO-
(uument TennonposoanocTn Mateprana C3, Ji/(krK); € —
koo rumenT namydenns Mateprana C3; m® — moronnas Macca
C3, kr/m’; A% — kodpuument Tenmonpososoctn C3, Br/(m'K).

B pesynbrare mpoBeieHHOIO pacyera ObUIH MOIy-
YeHbl TEMIEpaTypHble 3aBHCHMOCTH KoddduimeHra
TEIUTONPOBOHOCTH COTOBBIX IaHEJIEH, N3TOTOBICHHBIX
W3 AJIOMWHHCBOTO W TUTAHOBOTO CIUIAaBOB, CTajlv, a
taxke CII, YII u OII (puc. 2).
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Puc. 2. TemnepaTypHbie 3aBHCHMOCTH KO3 puunenTa

Tenonp TH COTOBBIX ii, H3rOTOBJICHHBIX H3
AIIOMHHHEBOT0 H THTAHOBOIO CILIABOB, cTauH, a Takxke CIL YII n
on
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OKCNepHMEHTAIbLHOE ONpele/eHHe ONTHYeCKHX M
TeIIOQU3HYECKHX  XAPAKTEPHCTHK  MATEepHAJIOB
KpbLIa

B pabore wuccnenytorcst ciouctsie I'TIKM, co-
crosime u3 CIT n YII B 0OBEMHBIX COOTHOIICHHSX:
100/0; 75/25; 50/50; 25/75; 0/100.

Koobdumment orpakennst I'TIKM onpenensercs
no metoauke PJ] 134-0133-2005 «Marepuansl kocMu-
YECKOM TEXHUKH. MeTosbl U3MEpeHUH CIIEKTPaabHOIO
Ko3(dUIIeHTa OTpaXkeHNs U pacuera KoddduiueHta
MOIVIONICHUS COJHEYHOTO H3ITy4eHUs (A;) STaTOHHBIX
00pa3IoB CpaBHEHUs MaTepUalIoOB M MOKPHITHII», pa3-
pabGoTaHHOU M yTBepxkaeHHOW Ha npeanpustun OAO
«Kommnosur», 1. Kopones. IlpumensieMblii MeTon u3Me-
PEHUs HOCUT OTHOCHTEINIBHBIN XapakTep M Npearonara-
€T HCIIONB30BaHNe 00PA3I0B CPABHEHHS C U3BECTHBIMU
3HAYCHUSIME CIIEKTPAIbHOIO HaIpaBIICH-
Ho-nonycepuyeckoro  KodpdHIHMeHTa  OTpasKeHHUsL.
TIpuHIMI M3MEpeHHIl 3aKII04acTCsl B PETHCTPAllU Ha
CHeKTpOo(hOTOMETPE BEIMYHHBI OTHOIICHHS JBYX CBeE-
TOBBIX MOTOKOB B BBIJEJICHHOM CIEKTPAIbHOM JHara-
30He. B KkadectBe 00pasija CpaBHEHHs IPH H3MEPEHHU
koadduumenta orpaxeHus IudQy3HO-0TpAKAIOIINX
MaTepHaioB HCIOJb3YeTCs aTTECTOBAHHBIH 00pasel
SRS-99-020, m3rotoBneHHbIH M3 Marepuana «Spectra-
lon», ¢ macmopTU30BaHHBIMU 3HAYCHUAMH KOd(duLn-
€HTA OTPAKCHHS B CIICKTPAIBHOM auamnasone ot 0,25 1o
2,5 MkM. Ompenenenue Kod((GHUIMEHTa MOMIOMECHHS
conneunoro wm3nydenus I'TIKM mpoBomuTcs dmcneH-
HBIM METOJOM COIVIACHO OOIIMM MPHHIUIAM, IPUBE-
nenHbiM B cranaapre ASTM E 903-92.

Koobdumment nsnydenus TTIKM. [lnst ompene-
JeHusT KOO(p(OHUIMEHTAa OTPAKECHHUS B CHECKTPATBHOM
nuamnaszoHe oT 3 MkM 10 40 MKM mpuMeHseTcs: peduiek-
Tomerp uHOpakpacHbiii TPM-3, B ocHOBe paboThI KO-
TOPOTO JIGKHT METOJ U3MEPEHUsS HHTETPaIbHOTO KO-
s¢durenTa nosHoro aAuQAdy3HOro OTpaXKeHUst OT MC-
ClIeyeMOl MOBEPXHOCTH HENpPO3PadHbIX 00pa3IoB Ma-
TEPUAJIOB U IIOKPBITUH C HCIIOIB30BAaHUEM COOMpAIO-
IIEr0 3ePKAIBHOrO SIUIMICOMIA U HHTErPUPYIOIICH
chepsl. OGIyUeHne MOBEPXHOCTH 00pasia OCYyIIeCTB-
JISIeTCS. MOJYJIUPYEMBIM HCTOYHHKOM TETUIOBOTO H3ITy-
YEHHUsS C M3JIy4arebHOl CIOCOOHOCTBIO, ONU3KOU K
yepHOMY Tenty npu Temneparype 70 °C. Yron naneHus
cocrasiser 12 rpaJ. ¢ HOPMalblo K IIOBEPXHOCTH 00-
pasua.

B pe3sysnbrare 3KCHEPHMEHTA MOTyYCHbI 3HAYCHHUS
MOIVIOLIATEIFHOM U OTpakaTesbHOH cHocoOHOCTH HC-
cienyemblx I'TIKM B crieKTpe COJHEYHOTro U3JIy4eHHus, a
TaKKe M3ITydarenbHON crocobHoctn B MK-nnanazone
(Tabmn. 3).

Temnonposoanocts  I'TIKM B nomepeynoM
HanpapieHuy (AL), a TaKKe yJeNbHas TEIIOEMKOCTh
T'TIKM onpenensercss B 1uanasoHe Temreparyp ot 223
10 423 K npu momomm MeTojia JIa3epHoil BCIBIMIKU CO-
riacHo crangapry ASTM E1461-07 na oGopynoBanun

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

Laser Flash Apparatus LFA 457 MicroFlash. Pe3ynbra-
Thl M3MEpeHHil Kod((UIHEHTa TEILIONPOBOJHOCTH B
HOINEPEYHOM HAIIPaBICHNM, @ TaKXe YICIbHOH TeIio-
emkoctH o6pasios ['TIKM npuBezneHs! Ha pucyHKe 3.

Tabu. 2. Pesy1bTaTel onpeeeHHsl ONTHYECKHX XaPAKTEPHCTHK

O6veMHOE Ry As €
CoOTHOMIE- 200-2500 am 200-2500 um TPM-3
nne CIVVIT 3-40MKM
100/0 0,348 0,652 0,868
75/25 0,173 0,827 0,936
50/50 0,326 0,674 0,923
25/75 0,337 0,663 0,927
0/100 0,078 0,922 0,924
1,2
1
=08
]
0.6
m
=04
0,2
0

225 248 273 208 323 373 423
LK

Puc. 3. PesyabTaThl H3Mepenns Koddphuunenra
Tenonp TH B P HANPABJICHHH, 2 TAKIKE
yaeabHoii Tenmoemkoct I'TIKM

BoiBobI

B pesynbTare MPOBEIEHHs pacuer-
HO-3KCIIEPHMMEHTAJILHBIX MCCJIE/IOBAHUI  ONpE/IC/ICHBI:
TEMIIEPATYpPHbIC 3aBUCHMMOCTH TEMJIONPOBOJHOCTH CO-
TOBBIX 3aMOJHUTENEI U3 ATOMHHHEBOTO CIuaBa AMr-5,
cranu 08X18H10, turanosoro cruiaa BT15, CIT, VII u
OII; TemmepaTypHble 3aBHCHMOCTH IIOIEPEYHOIl Ter-
nonposogHoct I'TIKM, a Takke kodddurment orpa-
sxerns 1 mmyderns TTIKM. Tlomydennsie pesynbTaTsl
HCHOJIb3YIOTCS IPU MOJEIHPOBAHUHU TEIIOBOIO PeXKUMA
kpbuia MKA TK, u MOryT ObITh MOJIC3HBI IIPU MPOBE-
JICHMH aHAJIOTMYHBIX HCCIIC/IOBAHMIA.

1. Areesa T.I'., lynap D.H., Pe3unk C.B. Kommnekcnas meto-
JIMKA TPOEKTHPOBAHHS KOHCTPYKIIMH KPbIIa MHOTOPA30BOTO KOCMH-
4eCKOro  ammaparta.  IIepCHEKTMBHBIE  MPOEKThI  ABHAIMOH-
HO-KOCMHYECKHX H pakeTHO-KocMmumdeckux cuctem. 2010. Ne10. C. 3-8.

2. Swann R.T., Pittman C.M. Analysis of Effective Thermal
Conductivities of Honeycomb-Core and Corrugated-Core Sandwich
Panels. NASA Technical Note D-714. 1961.

3. AreeBa TTI., MuxaitmoBCcKuit K.B. Tennosoe
MPOEKTHPOBAHHE KOHCTPYKIIMH KPbIIa MHOTOPA30BOT0 KOCMHYECKOr0
anmapata TypuCTHYeCKOro kiacca. COOPHHK TE3HCOB JOKIAI0B H
coobuiennii XV MHHCKOTO MEKIyHapogHoro (hopyma mo Temmo- i
Mmaccoobmeny. 23-26 mas, 2016 T.
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A : npeoc pes ucern

7l CMPYKmMypol U Mexanuyeckux CBOUCME ANIOMUHUEBLX KOMNO3U-

YUOHHBIX MAMepuanos, NOIYYEeHHbIX MemoOOM KIACCUYecKoll NOPOUWKOBOL MEemaniypeut, ¢ 66e0eHUeM MATbIX KOMUYeCme
(0,01-0,15 %o06.) nanowacmuy oxcuonvix mamepuanos (Al,0s, ZrO,, SiO,, MgO).
Kniouegsie cnosa: anioMokoMnosumsi, HaHo4acmuybl, NOPOULKOBAS. MEMAIITYP2USl, NPOYHOCINb.

Beenenne

HaHOTeXHOIOTHU MO3BOJISIIOT CO3/aBAaTh MPOYHBIC
U JIETKOBECHBIC MAaTePUalibl, YCTOHUMBbIC K PA3IMYHBIM
arpeccHBHBIM BO3JeHCTBUAM. Biusuue HaHoyacTuil Ha
CTPYKTYpY U CBOICTBa MaTepraina 0OyCIOBICHO BBICO-
KO TOBEPXHOCTHOI sHeprueii. CymecTByeT orpoMHOE
KOJIMYECTBO PadoOT, TMOCBSAIIEHHBIX CO3AAHUIO KOMIIO-
3UIMOHHBIX MATEPHANIOB, YIPOYHEHHBIX Pa3IMYHBIMU
KOHLIEHTpaLusiMu HaHoyactull [1-10].

Jl1si KOCMOHABTHKM BBICOKOE 3HAYECHHE HMEIOT
JIETKWE W NPOYHBIC MaTepuabl I CO3J[aHus pasjny-
HBIX DJICMCHTOB JIETATeNbHBIX ammaparoB [11-15].
OTUMHN KadecTBaMH 00NaJaloT allFOMMHHEBBIC CILIABbI.
Bo muorux paboTtax uccnenoBaTend MPOBOJUIA pas-
paboTKy alIOMOKOMIIO3MTOB, COJEPIKAIIMX HAHOYa-
CTHIIbI Pa3IMYHON IPUPOJIBI B KOHIEHTPAIMUAX OT 1 %00.
u Oosee.

B Hacrosmieii paboTe NMPOBOIMIN HMCCIICIOBAHHUS
KOMIIO3UTOB C QJIFOMMHHEBOI MaTpHIEii, CO3AaHHBIX 1O
MOPOIIKOBOH TexHosoruu, copeprkamux ot 0,01 1o 0,15
%00. HAHOYACTHI] PA3IHYHBIX OKCUJIOB.

BHuMaHue K MajbiM KOHLEHTPALMSAM HAHOYACTHIL
OIUPANIOCh HA CJICTYIONINE TTOT0KCHUS:

- BBICOKAsI IIOBEPXHOCTHASI SHEPTUsl HAHOYACTHIL;

- Goyiee paBHOMEPHOE PACIPEACNICHHE MAlbIX KO-
JIMYECTB HAHOYACTHI] U MX JIe3arPernpOBAHUE BHYTPH
MAaTpHIIbI;

- BBICOKOE BJIMSIHME HAHOYACTHI[ HA CTPYKTYpYy U
CBOiiCTBa Mex(bazHbIX CIIOEB (mMatpu-
na-M®PC-nanouacruna).

Hanouacrtuiia, o6iaas BBICOKOH MOBEPXHOCTHOM
JHEprue, BHOCUT e€ B MaTepuan U MeX(asHbli Cloi,
BUsis Ha (DYHKUMOHAIbHBIE XapaKTEPUCTUKH KOMIIO-
31UTa B Ty WIM MHYIO CTOPOHY. B oTOM cBs3M JuIs Mc-
clIeoBaTels OT/ENIBHON MPobIeMOoil sBIseTCs ompejie-
JICHHE TIOPOTOB BIMSHHUS HAHOYACTHII HA MaTepHall H
MOMCK ONTUMAJIBHONW TEXHOJIOTHHU €ro MOJNYYCHHs B 3a-
BUCHMOCTH OT TpeOoBaHHil k Xapakrepuctukam. Ha puc.
1 mpejcraBieHa cxema HacjelOBaHMS CBOMCTB MaTe-

puajioM B 3aBUCUMOCTH OT COCTOSAHUS MC)K(]JEBH])IX
cnoés (MPC).

| Ha cocrostne M®Ceamsior: |

‘ MNapameTpel cnekasna |—| CBoiicTea WKXTbl |
IO e —

| CocTosHme MPC Bnuser Ha: |

nonsysectn |<—

| CKYIO IPOYHOCTL [«

Puc. 1. Cxema HAC/ICICTBEHHOCTH CBOIiCTE KOMIIO3HTOB.
CornacHo TIPEACTABJIICHUSAM  psila  HM3BCCTHBIX

‘amowoe no 2pauuEM
36peH UpaanUYHbIe JPPEKMS! EHYMPU IEPEH

‘ |
[ Semcoe o

CCKOpOCTL KOppo3um

PanwauvoHHylo CTOMKOCTb

Y4€HBIX O CTPYKTYpe U CBOHCTBax MexdazHoro cios B
TBEP/ABIX BEIIECTBAX HAHOYACTHIBI, 00J1a/1asi BHICOKOU
HOBEPXHOCTHOI SHEpruell 1 BHOCS M3MEHEHHUS B COCTaB
MaTpHIIBI, JaKe IPH OYeHb MajbIX KOHIECHTPALMAX Ha
ypore 0,001-0,01 %06. MOTyT KapAMHAIBHO U3MEHATh
XapakTepucTuku mMatepuana [16-18]. B tabn. 1 kparko
MOSICHACTCS BIIMSAHHE HAHOYACTHI] HA CBOIICTBa Mare-
pHaoB.

Ta6a. 1. Bausinue HAHOYACTHIL HA CBOICTBA MaTEPHAIOB B 3aBH-
CHMOCTH OT PACTIOJIO/KEHHSI.

HauouacTHIIbl BHYTPH 3epHa HanouacTuiel Ha rpaHuie
3epHa

Hsmenbualor 3epHO, He JaBas

MsmenbualoT cy03épHa BHYTpH

3epHa pacTu rpaHulaM, yBeJHYMBas
TPOYHOCTh.
Topmosar qnbdysnonnyio | TopMO3aT — momsyuecTh 1O

ToN3y4ecTh Yepe3 00bEM 3epHa | IpaHUIAM 3EPEH, BIABIHBASACH
B MaTpHIly ¥ MOBOPAauMBasch
NpH ABHKCHUH

[TpensaTCTBYIOT 3apOXKACHHUIO U
CHOCOOCTBYIOT — AaHHUIMIISLMI
BaKaHCHUM, IIOBBIIIAs CONPO-
THBJIGHHE  MOJN3Y4ECTH IO
rpaHuLam 3€peH

IpensrcTByiorT
TpEIHH
TloBbmaioT TpemmHoCToHKOCTE
3a CYET CIENKH pacXojsuiercs
TPELIMHBI, MPOXOAAIICH depe3
HAHOYACTHIL

YIPOUHEHHUIO

JKcnepuMeHT

B 3amauy paboThl BXOIHIIO CO3JaHHE AIFOMOKOM-
MO3HMTOB, YNPOYHEHHBIX J00aBKAMH HAHOYACTHI] OKCH-
JIOB METAJIOB. B IIMXTe HCIONB30BANNCH: B KaYeCTBE
MaTpHIbl — HOPOLIOK aTIOMUHHS CPEIHUM JHaMeTpoM 4
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mkMm (mapka ACJl-4, OO0 «CVYAJl»), B kauectBe
YHPOYHUTEIE — HAHOIOPOUIKM OKCHIA AJFOMUHHMS
(de,=60 um, Syn=27 Mz/l"), okcuzia tMpKoHus (de,=50 Hm,
Syn=32 M?/T), OKCHJIa MarHHs (depy=40 nm, Syn=37 M2/T)
i okcuna kpemuus (de,=5 um, Syn=350 M), s
JIETUPOBAHUS ATIOMHUHHS TIPUMEHSIN TMOPOIIOK MeH
(IIMY, OO0 «HIIIT «MnxycTpus»).

TeXHOJIOrHsI MPUIOTOBICHUS KOMIIO3HTOB 3aKJIIO-
Yajach B ClIeAyIolieM. B Hauane MOpOIIOK aFOMUHHS
MPOCEHBAJIM Yepe3 CHTO C s4Yeiikoil 14 Mkm, 3arem
CMEIIMBAJIA CO CIMPTOM B Tiportopumsx 1:3. ITocxe uero,
MOMEIIAN B YJIBbTPa3BYKOBYIO BaHHY, OJHOBPEMEHHO
nepeMennuBas CMeCh BEPXHENPUBOAHONW MEIIAJIKOH.
HaHOo4acTHIIBl AUCIEPIUPOBATN B YIBTPa3ByKe, IOCIE
4ero, JUCHEPCHIO T00AB/SUIN B Pa3MCIIMBAIOIIMIICS B
CIHpTE HOPOIIOK aiFoMuHKs. KonmdyecTBo HaHO106aBOK
BappupoBanu ot 0,01 mo 0,15 06.% IlepemerunBanue
qmnocs 10 muH. Cymka cycHeH3Wil Npoxoguia Ha
Bo3zyxe npu 60 °C B Tedenne 24 yacos. [lonyueHHyro
LIMXTY HpeccoBaiu B npecc-popmax npu aasnenun 400
MITa. 3ateM NpOU3BOIMIIN ClICKaHKe B HOpBaKyyMe IPpU
640 °C B Teuenne 120-180 MuH.

MuKpocTpyKTypy —00paslioB HcCIeoBaId Ha
CKaHHMpYIONIEeM 2JeKTpoHHOM Mukpockorne FEI Quanta
600 FEG.

Jl1s mpoBeleHHsT MEXaHMYECKHX HCIbITAaHUN Ha
pacTshKeHHEe M W3rMO NPHMEHSUIM CepBOTHIpaBIIHYC-
ckyto Mammny «LF-100KN» Walter +Bai 8 HUTY
«MUCuC» 1 yHHBEpCATbHYIO MaIlMHY JUIS MEXaHH4e-
cknx ucnbitannii TestSystems-BakOto B 'HI] ®I'VIT
«entp Kenapimay.

Pe3yabTaThl Hece10BaHUT
Ha puc.2 npencraBieHa MEHKPOCTPYKTypa obpasia

CHEYEHHOTO ATIOMUHHUSA ¢ T0OABKOM HAHOYACTHI OKCHIA
MarHusi.

Puc. 2. MukpocTpykTypa komno3ura Al-0,05MgO.

Ha puc. 3 moka3aHo BIUSHUE THUIA M KOJMYECTBA
HaHOYaCTUll OKCHUIOB Ha CpCI[HHﬁ pasmep  3€pHa
AIIOMHHKS B CIIEYEHHOM MaTepHale.
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Puc. 3. Binsinne THNA W KOHIEHTPAIHH HAHOYACTHI HA pa3Mep
3epHa aJIOMHHHSA.

BbuIM HOMTyYeHb! KCHEPUMEHTAIbHbIC 3aBUCHMO-
CTH TIpeieNa HPOYHOCTH O0Opa3IOB NPH MONEPEIHOM
I/I3FH6€ OT THUIa BBOlIHMOﬁ B TIOPOIIKOBYIO MIHUXTY
HAHOJMCIIEPCHOI 100aBKU U €& KOHLECHTPALUH, PHC. 4.

W3 uccreoBaHHbIX 00pa31oB HAGOIBIINI TIpe/el
npoYHOCTH Ha u3rub 265 MIla nMen aalOMUHHN, MO-
muuimpoBannbiii 0,1 %00. HaHOYACTHIl OKCHJAA LUP-
KOHHUSI. )Iﬂﬂ HCFI/IPOBaHHLIX METaJllaMU KOMIIO3UTOB
HAWBBICIIMK npenen npouHoctd Ha usrub 350 Mlla
nmen marepuai Al-4Cu ¢ 0,05 %06. HaHOYACTULl OKCH-
J1a aIOMHHUS, 9T0 1moduTH Ha 30% BbIIIE, YeM JUls Ma-
Tepuaa 6e3 HaHOYACTHIL.

Ha Jarpammax npezen MPOYHO-
CTH/KOHLICHTPALMsl HAHOYACTHI IIPHCYTCTBYIOT MAKCH-
MyMBI: Juist MaTpuisl amoMunust — 0,1 %006., wis mar-
putbl amomunnii-mens — 0,05 %06. HaHOwacTHI (pHC.
4).
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L[E@OPMUPOBAHME U PASPYLLIEHUE KOMMOSULIMOHHBIX MATEPUAIIOB U KOHCTPYKLIMA

Beimm TIOTYy4YCHBI OKCIIEPUMCHTAJIBHBIC
3aBHCUMOCTH IIpeJiela IIPOYHOCTH 00pasiuoB Ipu
PACTSHKCHMH OT THIA BBOJMMOM B IIOPOLIKOBYIO LIUXTY
HAHOJHMCIIEPCHOM T00aBKH 1 €€ KOHLEHTPALUU puc. 5
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Puc. 5. Ipeaen np TH HA PACTSIK a TOB ¢
matpuneii u3 A — Al, B - A+4Cu.
Jlns  marepuanoB  Oe3  yiermpyromieii  Menu,

OTMEHYECHO YBCIWYCHHE TIPOYHOCTH 110 CPABHCHHIO C
amoMuHEeM 0e3 HaHouacTHl B cpeaHem Ha 30-50%
(MakcumaibHoe 3Hadenne 165 MIla wis Al-0,1ZrO,). B
cllydae ¢ MeJbI0 YBEJIMYCHUE IIpejielia MPOYHOCTH IPU
pacTsbkeHMH  cocTaBmwio B cpegHeM  10-15%  mo
CPaBHGHHMIO C  KOMIO3MTOM  0€3  HAaHOYaCTHI
(makcuManbHoe 3HauyeHue 315 MIla ormeueno i
Al-4Cu+0,05A1,05). Bbicokasi IpOYHOCTH MOPOLIKOBBIX
Al-Cu  criaBoB ¢ HaHOpa3MEpHBIMH  J1I0OaBKaMHU
JIOCTUTa€TCsA, B TOM 4YHCJIC, 3a CUér TIOMy4CHHUS II1a-
ctuH4aThiX (a3 CuAl,.

Hcenedosanue vinonneno npu gunancogoii noo-
oepoicke  PODU 6 pamkax nayunozo npoexma Ne

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

16-38-00774 mon_a.

CHnucoK IuTepaTyphl

1. Kevorkijan, V.M. Aluminum composites for automotive ap-
plications: a global perspective / VIVL Kevorkijan// JOM; -19991-
Nell.- P. 54- 58.

2. Tang, F. The microstructure-processing-property relation-
ships in an A1 matrix composite system reinforced by Al-Cu-Fe alloy
particles / Thesis D.Ph. -lowa State University. - Ames, lowa. - 2004.

3. Kang Y.C., Chan S.L.-I. Tensile properties of nanometric
Al203 particulate-reinforced aluminum matrix composites// Materials
chemistry and physics, 85, 2004. P. 438-443.

4. Ma Z.Y., Tjong S.C., Li Y.L. et al. High temperature creep
behavior of nanometric Si3N4 particulate reinforced aluminium com-
posite.// Materials Science and Engineering, A225, 1997. —P. 125-134.

5. Mazahery A., Osfadshabani M. Investigation on mechanical
properties of nano-Al1203-reinforced aluminum matrix composites.//
Journal of Composite Materials, 45 (24), 2011. —P. 2579-2586.

6. Pomynep 3. Pasmepnbie >(dexTsr B HaHOMaTepuanax. —M.:
Texnochepa, 2010. -252 c.

7. Sliding, wear response of an Al - Cu alloy the influence of
SiC particle reinforcement and test parameters / Prasad B. K., Jha
AK., Modi O.P, Das S., Dasgupta R., Yegneswaran A.N. // J.Mater.
Sci. Lett.- 1998.-17, Ne 13, p. 1121-1123.

8. Hosking .F.M, Portillo F., Wunderlin R.. Mehrabian R.
Composites of aluminum alloys; fabrication and wear behaviour//
J Mater.Sci. -1982.- 17, Ne2. P.477-498.

9. Rohatgi P. Cast aluminum - matrix composites for automo-
tive applications// JOM. -1991. - 43, Ne4.- P.10-16.

10. Ohji T., Jeong Y.-K., Choa Y.-H., Niihara K. Strengtheing
and toughening mechanisms of ceramic nanocomposites.// Journal of
American Ceramic Society. — 1998. - Ne81. — P. 1453-1460.

11. KoctukoB B.M., BapenxoB A.H. CBepxBhmicOKOTEMIIE-
patypHble  KOMIO3MIHOHHBIE ~ MaTepHabl. M.:  Hurepmer
Mmxuunpunr, 2003. -560 c.

12. Texuonoruss NPOM3BOACTBA M3EIMH M HHTETPaTbHBIX
KOHCTPYKIIHii 13 KOMIO3MIMOHHBIX MaTePHasIOB B MAITMHOCTPOCHHUHL./
Hayunsie penakropst A.I'bparyxun, B.C.Boromo6os, O.C.Cupotku.
—M.: Totuka, 2003. -516 c.

13, Tlunorupyemas okcneaumums Ha Mape./ Tox  pen.
A.C.Koporeepa. —~M.: Poccuiickas akaaemus KOCMOHABTMKH HMEHH
K.2.IlnonxoBckoro, 2006. -320 c.

14. Amadano O.M., Anapee A.H., I'ymmn B.H. u ap.
Bammctideckne pakeTsl u pakeTsi-Hocutenn. —M.: JIpoda, 2004.
-512¢.

15. Sliney H.E. KoMnosuiuoHHbIC MaTepHajibl Ul IOIIMI-
HHKOB M YIUIOTHHTEJICil ra3oBbix TypOuH // CoBpeMEHHOE MaIIMHO-
crpoenne, 1991, Ne3, c. 175-201.

16. O6pasuos U.®., Jlypee C.A., Benos ILA. u ap. OcHOBBI
TEOpHH MEK(A3HOro cros. MexaHnKa KOMIO3UIHOHHBIX MAaTCPHAIOB
u KoHCTpyKimid, 2004, T. 10, Ne3, ¢. 596-612.

17. Taiipa C., Oraun P. Teopusi BBICOKOTEMIIEPATYPHOI MPOY-
HoCTH MaTepuano. —M.: Meramnyprus, 1986. -280 c.

18. Yysunbaees B.H. HepaBHoBecHbIC IpPaHHIBI 3EPEH B Me-
Taitax. Teopust u npunoxenns. —M.: DUIMATIINT, 2004. -304 c.



L[E@OPMUPOBAHME U PASPYLLIEHUE KOMMOSULIMOHHBIX MATEPUAIIOB U KOHCTPYKLIMA

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 .
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IIPU TEIVIOBOM HATPYKEHUU

Acranos A.H.""", “KaBoponox cn?

'MAM, Mockea, Pocenst; *]exxa1985@inbox.ru;
*UIPUM PAH, Mocksa, Poccus.

Memooura

Annomauusn: Pazpabomana u anpobup

yeckozo uccneoosanusn HIIC ¢ mHozocnoiinoi cucmeme

«nOONoJNCKA — HOKpblnue» npu ee menio6oM HAZpyHCeHUuu. Hper)fto.wcemm}l Mamemamuieckas Mooeis yuumovleaem useubnvie

dechoy ooycio u
p mu omHoc, cp

oil nosepxHocmu.

Kpususnsl KOHCmP_VKl(uGHHOﬁ CcmeHKu 6cneocmeue ee HEO[)HUPO()HOCWIU u Hecum-

Kniwouessie cnosa: vmnozocnoinas cucmema, noonodxcka, nokpeimue, mennoswie Hanpssxcernus, H/JC, uzeub.

Beenenne

Meuorue paGouyue napamerTpbl U KCIUTYaTallnOH-
HBIC XapaKTEPUCTUKU M3/CIHH B OCHOBHOM OMNpE/es-
HOTCA Q)HSI/IKO-XI/IMM‘ICCKI/IM COCTOSTHUEM ITOBEPXHOCT-
HOTO CJIOST MaT€pHaJIOB, U3 KOTOPBIX OHU HU3TrOTOBJICHBI.
Vcnonb3oBaHne OTHOPOAHBIX MO CTPYKTYpe Marepua-
JIOB B OOJIBIIMHCTBE CIy4acB SBISCTCS HEHOIYCTHMBIM
H3-32 HEBO3MOXKHOCTH OJIHOBPEMEHHOI'O YJIOBJIETBOpE-
HHA UMW MHOTOYHMCIICHHBIX, 3a49aCTYI0 ITPOTUBOPCYHUBLIX,
tpeboBanuii. [losTomy 1enecooOpa3HO NpUMEHEHHE
MarepuaioB ¢ (yHKIHOHAILHBIMH MHOTOCIOWHBIMU
3aIIUTHBIMH TIOKPBITHSMH, XHMUYECKUH M a3oBblit
COCTaB KOTOPBIX Ka4€CTBCHHO OTIMYAIOTCA OT aHaJIo-
TUYHBIX XapaKTEPUCTUK MaTepralia OCHOBBI.

HomenknarypHblii nepedeHb pa3pabOTaHHBIX K
HACTOAIIEMY BPEMEHHM CHEIHMAIbHBIX 3allUTHBIX II0-
](pLITI/Iﬁ W METOJOB HMX HAHECEHHUSA JOBOJIBHO IIHPOK.
IToxphITHS MMEIOT caMble Pa3HOOOpa3HBIE CBOMCTBA —
HM3HOCOCTOMKOCTh, KOPPO3HOHHYIO CTOMKOCTB, Kapo-
CTOMKOCTh, ~ TEPMOCTOMKOCTb,  3aJlaHHBIE  TEILIO-,
UEKTPO- U ONTHYECKHE CBOMCTBA U T.A. TeM He MeHee,
MHPOBBIC TOCTHIKCHHSA B obmacTu CO3maHus q)yHKHI/IO-
HAJIBHBIX TOKPBITUH OTCTAIOT OT BO3PACTAIOIIUX Tpe-
GoBaHMI Pa3pabOTUYMKOB IEPCIICKTHBHONW TEXHHUKH,
0COOCHHO B pakeTHO-KocMH4eckoii orpaciu [1]. ITo-
ITOMY HpHOpHTCTHOﬁ ABJISICTCA 3a1a4ya CO3JaHuA HOBBIX,
6omnee Y(GPEKTUBHBIX 3AIIUTHBIX MOKPBITHHA.

IIpu nepexoze 0T OCHOBHOIO (HECYILEro) MaTepu-
aJla K HACJIOGHHOMY HOKDPBITHIO HEH30€XKHO BO3HHKACT
CKa4YOK WM TPagHuCHT CBOﬁCTB, B YaCTHOCTH, KO3(bq)]/l—
HOUCHTa TEMIICPATypHOIo JINHEHHOTO pacmupeHus
(KTJIP), B pesynbrare 4ero B MHOTOCJIOWHOH cucreme
MOSBIAIOTCS HOCTOSIHHBIE (OCTAaTOYHbBIC, HABEICHHBIC)
WM BPEMEHHBIE (TEIUIOBbIC) HanpsykeHus. OHHU NPHBO-
JIAT K CHUKCHUIO anrewor—moﬁ TIPOYHOCTH CUCTUICHHA,
K YBEJIMYCHHUIO CKOPOCTH pa3pyLICHHs HOKPBITHH B
nporecce dKCILTyaTallui, 0COOEHHO B MECTaX ¢ MaJlbIM
pajMycoM 3aKpyIIeHHs HOBEpXHOCTeHl (Ha OCTpBIX
KpOMKax, 30HaX H3MCHCHHA TCOMCTPHI/I). an Hanps-
JKCHUSX CIKATHA, IPEBBIIIAIOIINX I[OHyCTHMBIﬁ npenen,
CJIOM IOKPBITHA OTCJIAUBAIOTCS JPYT OT JIpyra U OT OC-
HOBBI, a IIPU HANPSDKCHUAX PACTSHKCHHS B HUX BO3HH-
KaroT TpeuuHsl. [IosTomy, 3a peIKHMU MCKITIOUEHUAMH,
CJIEAYET NMPUHUMATh MEPbI, HAIIPABJIICHHBLIC HA CHUKE-
HHE HANpsHKeHUH B MHOTOCIONHBIX KOMIO3MIHUSAX.

Bwmecte ¢ Tem HaMpsKCHUA CKATHA TIPEATIOYTUTECIIBHEE
Hal'[pﬂ)KCHl/Iﬁ PACTSKCHHUSA C TOYKH 3PEHUSA CONPOTHB-
JICHUSI YCTAJIOCTHBIM WIIM TEPMOYCTAJIOCTHBIM paspy-
meHnsM. Kpome Toro, momapisioniee OOJNBIIMHCTBO
MaTepHaioB, HMCIOJIb3YyEeMbIX JUISl TOJyYEHHs Heopra-
HM‘ICCKI/IXI HOKpB]THﬁ, JAEMOHCTPHUPYIOT B YCIOBHAX
ckatust  Oosiee  BBICOKMH — YPOBEHb  MEXaHMYECKHX
CBOMCTB, 4eM IIPU PACTIKECHUH.

Bosbiioe BAMSHME OCTATOYHBIX HANPSKEHUH Ha
OKCIUTyaTallHOHHBIC CBOMCTBa I/I3J1€J'II/I]7[ C TOKPBITHAMHA
CBUJICTEILCTBYET O HEOOXOAMMOCTH CEPhE3HOr0 KOH-
TpPOJIS ITOTO MapameTpa kauectBa. bosee Toro, ero no-
THYHO HCIIOJb30BATh IIPH BBIOOPE HANpAaBICHHUI pa3pa-
GOTKHM HOBBIX MOKPBITHI, OCOOCHHO Ha PAHHHX CTAJIUAX
TIPUHATHA KOHCTPYKTOPCKHX pemeﬂnﬁ, B TOM 4YHCIE,
IIpU NPOEKTUPOBAHUY WJIM COBEPLIEHCTBOBAHUM CTPYK-
TYpbI MOKPHITHHA M NPOrHO3UPOBAHUM PAA X IKCILTY-
aTalMOHHBIX CBOMCTB. DTO MO3BOJIUT, C OIHON CTOPOHBI,
HaY4YHO MOJONTH K Pa3paboTKe apXUTEKTYPhl HOKPBITHI
(BbIOOPY XMMMUECKOTO M ()a30BOro cOCTaBa CIOEB, UX
KOJIMYECTBA M TOJIIMH), a C JPYroil — CyLIECTBEHHO
COKPAaTHTh KOJIMYECTBO SKCIEPUMEHTANIBHBIX HCCIEN0-
BaHMI M MCHBITAHWI, a, ClIEI0BAaTEIbHO, BpEMs M 3a-
TPaThl HA UX PEaNU3aLHIo.

Leablo Hacrosiuiel paboThl sBIISETCS pa3paboTka
METOJIMKH aHanuTHdyeckoro pacuera HJIC B cucteme
«IIOJUTOKKA — IMOKPBITHE)» ITPU TCIITIOBOM HArpyXCHUN U
ee anmpoOMpOBaHNE MPUMEHUTENIBHO K 3aJadaM paspa-
GOTKM (COBEPLICHCTBOBAHHS) APXUTEKTYpbl (DYHKIHO-
HaJIbHBIX 3aIUTHBIX MOKPBITHIL.

HOCTPOCHHC AHAJIMTHYECKON MOe/TH 321249

PaccmarpuBaercs 3aj1aua o HaIpsHKeH-
HO-1e()OPMHUPOBAHHOM COCTOSHUM MHOTOCJIOIHOM CH-
CTEMBI IOIOXKKA — TTOKPBITHEY, 00YCIOBICHHOM CTa-
LMOHAPHBIM ~ TEIUIOBBIM  mosieM. KoHcTpykumoHHas
CTEHKAa MOJICIMPYETCsS TOHKOH HEOJHOPOIHOMH IO TOJ-
IIMHE TUIACTHHOM, CPEJMHHAs MOBEPXHOCTh KOTOPOM
pacronoxkeHa B IIockocTd xOz , a IOBEPXHOCTH
y=x%c coboaubl oT BHemHHX cui. ITomaraercs, yro

TOPLECBBIC NTOBEPXHOCTH TUIACTUHBI TAKKCE CBOOOJIHBI OT

! Heopraumueckne — COCTOSIIME M3 HEOPraHMYECKHX COEMHEHMil
METAJUIOB, HAlNpUMEP, OKCH/OB, HHTPHIOB, OOPHIOB, KapOWIOB,
CHIMIMIOB M JIPYTMX  KePaMHYeCKHMX, OCCKMCIOPOJHBIX U
KEepaMorno00HbIX XMMHYECKHX COSIMHEHMIA.
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3akperieHni. Kaxaplii KOHEYHOH TONIIMHBI CIOH CH-
CTEMbI MPEeJCTABISETCS CIUIOIIHON GeCopUCTOil 0/1HO-
CBA3HOM cpenoil. HeolHOpoaHOCTh peanbHOM MHKpO-
CTPYKTYpBI ~ MaTepHanoB  cloeB  (rerepod)asHOCTb,
HaJIMYHEe BKIIIOYCHUH, NE(EKTOB M Mp.) YYHTHIBACTCS
OINOCPENOBAHO — Yepe3 MPHBEICHHbIC XapaKTePHCTUKU
HX CBOiCTB. MaTepHabl CI0EB — U30TPOIHBI H MOIYH-
HsoTes 3akony I'yka-/lroamens.

I'eomeTpHdeckne pa3Meps! IACTHHBI OyneM CUH-
TaTh TAKHUMH, YTO BJAJIU OT TOPLOB PEaln3yeTcs III0c-
KOE€ HAIpsKEHHOE COCTOSHUE M IMPUMEHHMBI I'UIIOTE3bI
Kupxroga. TemneparypHoe 11071¢ U3MEHAETCS TOIBKO 110
TOJILMHE TUIACTUHBl 7'(y) M HAXOAWTCS U3 peLICHHs

COOTBETCTBYIOLIEH 3a/[aull TEIUIONPOBOJHOCTH B OJHO-
MCPHOI‘/'I TIOCTAHOBKE C Y4CTOM KOHTAKTHBIX yCHOBI/Iﬁ Ha
TpaHULAX CIIOEB (PaBEHCTBO TEMIIEPATyp U TEIJIOBBIX
1oTOKOB). be3 CyllecTBEeHHON NOTPelIHOCTH MOXXHO
CUMTaTh, YTO B TAKOH IUIACTHHE HE BO3HHKHET Jedop-
MalUi CIOBUra & _ M KacaTelbHBIX HANpPSDKCHUH 7,
Takum 00pa3oM, OTIMYHBIMU OT HyJs OYAyT TOJBKO
KOMIIOHEHTHI TEH30pa HANPSUKEHNH o, U O, .

B nopasnsronem 60bIIMHCTBE OMyOINKOBAaHHBIX
pabot (Hanpumep, B [2-4]) noctpoeHHe NpUOIMKEHHBIX
aHanuTHueckux oueHok HJIC MHOrocinoiHbIX cHCTeM
«ITOJUTOKKA — TOKPBITHE» OCYIICCTBIIACTCSA B 6e3mo-
MCEHTHOM HpPl6J'[Pl)KCHHI/I. Takas MOJICIb HE YYHTBIBACT
M3rHOHYIO COCTaBIIAIONIYIO HAMPSKEHUH, 00yCIOBICH-
HYI0 W3MEHCHHMEM KPUBH3HBI CTCHKH BCIEJICTBHE ©e
HEOIHOPOHOCTH M HECHMMETPUYHOCTH OTHOCHTEIBHO
CpeI[I/IHHof/'I TIOBEPXHOCTH. H03TOMy MO/I€JIb HETIOJIHO
OTpakaeT PealbHBIA XapakTep PaclpeiCICHHs Hampsi-
JKEHHUH 110 TOJIIIMHE CJIOEB CTCHKH.

Vet usruba npu ONpeaeNeHNN TaHT CHIHAIbHBIX
TEIIJIOBBIX Hal'[pﬂ)KeHl/lﬁ MHOTOCJIOWHBIX CHCTEM TpoBe-
neH B padore [5]. OnHAKO NMOCTPOCHHBIE 37€Ch COOT-
HOLIEHHUS CIIPABEJIMBBI TOJILKO Ul HEOIHOPOJHON IO
TOJIIMHE CHCTEMBI C CHMMETPHYHBIM PaCIIONIOKECHHEM
CJIOEB OTHOCHTEIILHO €€ CPEIMHHOM MOBEPXHOCTH.

HW3BecTHO, YTO HEPABHOMEPHBI HArpeB ¢ 0OJb-
HUIMMU IpaIMCHTAMU TEMIEPATypbl BbI3bIBACT HU3MEHE-
HHUE YNPYrMX XapakTepUCTUK MaTepuaioB. B cBssu ¢
9TUM B (yHIaMeHTanbHON MoHorpadpuu [6] paccmart-
PHUBAETCA  TEPMOYIPYTOCTh HEOJHOPOIHBIX KPYTJIBIX
TUTACTUH IPU OCECUMMETPUYHOM TEMIIEPATYPHOM I10JIE
B caMoil oOwIeil MOCTAaHOBKE, KOIJa YYHTHIBACTCS HE
TONBKO M3MCHEHHE YNPYTHX CBOWCTB MaTepHaia IUIa-
CTHHBI TIO €€ TOJIIHWHE U paanycCy, HO W BIHUSHHC pac-
TsDKeHHst Ha u3ru6. BesycnoBHO, mpencraBiaeHHOE pe-
LIEHHE MOXKET ObITh aJalNTUPOBAHO VIS ONpPEIEICHUS
HJC ¢yHKIMOHAIBHO-TPAIMEHTHBIX MaTepHAJIOB C
HCIPEPBIBHBIM H3MEHCHUEM CBOWMCTB IO TOJIIIIUHE, a
TaKKE CJIOUCTBIX MAaTCPHAIOB ('mr[a ((CBHHBHWCﬁ)), B TOM
YUCIIe, MATEPUAIIOB C MTOKPLITHAMH), CBOMCTBA KOTOPBIX
OIMCBHIBAIOTCS Pa3phIBHBIMU (QYHKIHAMH 110 TOJIIUHE
creHkn. IIpyu 5TOM cam aBTOp He aKICHTHPOBAll BHH-
MaHHC Ha BO3MOJXHOCTAX NMPHUMCHCHHUA pa3pa6DTaHHOﬁ
MOJEJIN JIUISl PELIEHUs] MAaTEPUAIOBEAUECKUX 3a1a4.

Hamporus, B kanuransHoil MoHorpaduu [7] pac-
CMOTpeHa 4YacTHas MaTephaloBeqdyeckas 3agada o0
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ynpasiennn HJIC m cBoiicTBaMM TNOKpBITHH, MHOIY-
YEHHBIX METOJIOM IIa3MEHHOIO HAlbUICHUS B aTMO-
cdepe u Bakyyme. ABTOpOM ITyOOKO H3ydeHBI Mexa-
HHM3M M KHHETHKa 00pa30BaHMsI OCTATOYHBIX TETJIOBBIX
HANPsHKCHUH B CUCTEME «ITOZIOXKKA-TIOKPBITHEY C yue-
TOM MpoLIecca HapallMBaHus CJIOeB. 3ajaya onpeiee-
wug HJIC naHa B 1ocTaHOBKE, Y4YHTHIBAIOLIEH Kpome
TEIUIOBOTO  PACTSDKCHMSA-COKATUS  HEOAHOPOJHON 110
TOJIIIMHE MPSIMOYTOJIbHOM TJIACTHHBI, TAKXKE €€ TEIUIo-
BOM M3rud. OJIHAKO B BU/Y JIOCTATOYHONW I'POMO3IKOCTH
NPEVIOKEHHBIX  ONPECNAIONNX — COOTHOIICHUH U
CIIOXHOCTH MX aHAIHTUYECKOTO aHAIN3a OOJBIIMHCTBO
NPaKTHYECKUX PACUYETOB B YKAa3aHHOH paboTe mpose-
JICHO B NPEHEOPEeKEHNH BO3HMKAIOIIMM MOMEHTOM M
IPaMEHTOM TEMIEpaTypbl MO TOJIIMHE CUCTEMBI, T.€.
OmsTh-Taku Oe3 y4era M3rHOHOI cocraBisomei. Cam
aBTOP HA3bIBACT TAaKOW pacyeT IPEABAPUTEIBHBIM U
HKCHEPHMEHTATBHO MOATBEPHKIACT MPABOMEPHOCTH €TI0
ucrnonb3oBanus 11 d(GhekTuBHOro moadopa pexuma
HanblJICHUs, TPEeJICKA3aHusl YPOBHS HANpSUKEHUH U Xa-
pakTepa BO3MOXKHOIO Pa3pyIeHHUsl TOKPBITHIA.

Tem He MeHee, HaJOXKEHHE (CYNEpPIO3UIHS)
HAMpPSHKEHUIT OT YHCTO TEIUIOBHIX AedopMmaiuid, Je-
dopmanmii pacTsHKCHUS-CKATUS U M3rHOa IPUBOIUT K
3aMETHOMY MX IEpepacnpe/IC/iCcHHI0 M0  TOJIIHHE
CTEHKH. YPOBEHb M XapakKTep PacIpesieeHus] CyMMap-
HBIX HANpPSDKCHMIT B CJIOAX 3aBUCHT OT COYETAHMS
cBOMCTB MX MaTepuaios (mpexnae Beero, KTJIP) u tuna
KPHBH3HBI (BOIHYTOCTb, BBIIYKJIOCTb), IPHOOpPETacMOit
CPEMHHOM MOBEPXHOCTBIO CTCHKH B YCIOBHSAX M3rHOa.
IosToMy B HacTosmiel paboTe OMpeneNsiomue COoT-
somenust HJIC mosyueHs! ¢ y4eToM M3rHOHOU cOCTaB-
JIsTIoI e,

Wrak, OyzseM cuuTaTh, 4TO IOJNHBIC TaHTCHINANb-
HbIE TETIOBBIC HANIPSUKEHHS! B MHOTOCIIOWHOMN TIacTHHE
CKJIAZIbIBAIOTCS M3 TPEX COCTABIISIOIIHX

0,20 =0 =rrlaatl) e tx-(r-p)l
14

ITepBoe ciaraeMoe B KBAaApaTHBIX CKOOKax OTBe-
Yae€T YUCTO TEIJIOBBIM Z[Cq)OpMaL[]/lﬂM, BO3HHUKAIOIUM
IpH W3MEHEHHH TeMIepaTypsl Ha AT (y) BTOpOE ClIa-
raeMoe COOTBETCTBYeT Ae(opMalisiM TEILIOBOrO pac-
TSDKCHHS-CXKATUSL CPEJJMHHON MOBEPXHOCTH, a TPEThE —
JneopManysaM TEIUIOBOTO HM3rMOa Ha  PacCTOSHHU
(yf yo) OT CpeIMHHOI moBepxHOCTH. 31eck E , v,
a — mouynb ynpyroctd, kodddunment Ilyaccona,
KO3(h)HIMEHT TeMIIepaTypHOIo JIMHEHHOIro pacimpe-
HHUA MaTEpHaJIOB CJIOCB IIACTHHBI, KOTOPBIC B 06U.ICM
cinydae ABIAIOTCA (QYHKIMSAMH OT HEPEMEHHOH y H

TeKyILIero 3Ha4eHus temmeparypsl T(y) ; & — TaH-
reHipatbhas JeopMalus CPEeJMHHON OBEPXHOCTH;
K — KPMBH3HA CDEJMHHOH MOBEPXHOCTH (M3MEHEHHE
yrijia moBopoTa C€YCHH MO IPOAOJIBHBIM KOOpAHMHATAM
X WM z); Y, — PAacCTOSHHE 0 HEHTPaIbHON MOBEPX-
HOCTH IUIACTHHBI; AT(y)ZTr(T(y)—TD) — Pa3sHOCTh

MEXIy TeKyIMM 3HaueHHeM temmeparypsl T(y) u
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TeMIepaTypoil HeHaNpsKEHHOro coctosinusa 7Tj . 3HaK
«—» B MOCJICAHEM BBIPAKCHHH COOTBETCTBYCT HArpeBYy
CTEHKH, 3HAK «» — OXJIAXKIACHUIO.

BBeneM BMECTO HaNpsOKEHHI CTaTUYECKH SKBU-
BAJICHTHBIC WM PE3YIbTHPYIOIIHEC TaHICHIHAIBHbBIC
ycunus u HSFI/IGHIOLLII/IC MOMECHTBI:

N,=N.=N Iody,

M =M =M= [o-(y=y)dy.

OTCyTCTBUE 3aKPEIUICHHH TOPLEBLIX IIOBEPXHO-
CTel TIACTMHBI CBUJETEIBCTBYET O PABEHCTBE HYJIIO
Pe3yIBTUPYIOMINX YCHIINH ¥ MOMEHTOB. Y JIOBJIETBOPSIS
yenopuasM N =0 u M =0, momyunm:

M,-y,-N,
C—yg-A

e=——",

1 s> Vo=

A

-
N, :—J‘:»a-AT(y)dy,

c

E
M,=- :'Q'AT(}’)')’dy,

A:J-Ldy, B:J.LAydy, C:ji-yzdy.
7[171/ J1-v 7(\1—v

Pe3yJ’ll>TaTl>l pacyeTroB H UX aHAJIN3

Jlns mpoBelieHust cpaBHUTENBHBIX pacyeToB HJIC B
CHCTEME «TTOIJIOKKA — MOKPBITHEY TI0 0E3MOMEHTHOM 1
MPEAIOKEHHOH B paboTe MOJENM PacCMOTpeHa clie-
Jyroras 3aiada. CBoOOIHbBIH OT 3aKkperuienuid oopaser B
BHUJIC TOHKOH IBYXCIOWHOH IUIACTUHBI IOJBEPracTcst
TIABHOMY OXJIAXIEHHUIO ¢ TemnepaTypsl 1200°C BmioTs
10 20°C. Hecymmii cnoit obpasia TonmumHoit 1 MM BbI-
TIOJIHEH U3 IMOJUKPUCTATUIMYECKOr0 KapoIlpoO4YHOTrO HU-
keseBoro criaBa XKC6Y. Ha ero jmieByro oBepXHOCTh
HAaHECEHO CEepUIHOE )KapOCTOWKOE aTIOMHHHIHOE I0-
kpbitue u3 cruaBa CHI1-2 cucremsr Ni-20Cr-12A1-0,5Y
tonuuHoi 100 MkM. JlaHHOE HOKpBITHE IIMPOKO HC-
MOJIb3YETCs JUIS YBEIMYCHUS! KAPOCTOUKOCTH JIOIATOK
Typ6]/lH COBPEMEHHBIX aBHAIMOHHBIX FaSOTyp6I/IHHBIX
IlBHl"aTCJ'[Cﬁ, BBINOJIHCHHBIX M3 KapOTNPOYHBIX HHUKEIIC-
BBIX CIUIaBOB, B yactHocTH cepun JKC. TemnepatypHbie
3aBucuMoctd Moayist ynpyroctd u KTJIP matepuanos
cinoe B uHTepBanie 20+1200°C B3saTbl U3 paboTsl [4].
BleeM CUHTATh, YTO TEMIIEpATypa IOCTOSHHA IO TOJ-
mmae crenku T(y) =T = const .

PC3yJ’IBTaTI)I CPaBHHUTEJIBHBIX PACYCTOB TCIIJIOBBIX
HAINpsHKEHUH, BBIIOIHEHHBIX Ha 0aze mojernel 0e3 u ¢
ydeToM u3ruba, 4aCTUYHO HpeCTaBICHbI HAa puc. 1 U B
Tabm. 1.

BI/UI[HO, YTO HaYaJIbHOMY D3Tally OXJIaXKJICHHS CO-
OTBETCTBYCT MHTEHCUBHBIN poct PacTATHBAOIINX
Hanpmxennﬁ B IIOKPBITUH U CHKUMAIOUIMX B ITOIJIOKKE.
JlanpHeiilee OXJaXJICHHE NPHBOIUT K CMEHE 3HAKa
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HanpsokeHWit. YueT u3rnba NPUBOAUT K CHIDKCHHIO
YPOBHsI HANPsDKEHUH B IOKPBITUM M K YBEIMYEHUIO B
TIOJUTOMKKE.

250

o, MIla

Puc. 1. TemnepaTypHble 3aBHCHMOCTH TeIJIOBBIX HANPsKEHUiT Ha
rpaHHIe Pa3jie/a <IOLI0KKA-IOKPLITHE»: — — — IOKPBITHE,
—— noasiokKa; 1 — 6e3 ydera n3ruba, 2 — ¢ yuetom u3ruda.

Tab.a. 1. Pe3y1bTaThl CPABHHTEIBHBIX PACUETOB TEILIOBBIX
il HA rpaHMIe Pa3/ie/a KMOLIOKKA — HOKPBITHE».

Pacuer- Hanpsikenus B Hanpstkenns B
Hast NOKpbITHH, MITa nookke, MIla
moxens | 900°C_| 500°C | 20°C_| 900°C | 500°C | 20°C
besyuera | o 08 | 221,64 | -198.8 | -1071 | -22,16 | 19.88
u3ruba

Cyueton | g3 54 | 18035 | 167,78 | -3477 | -75.58 | 70,69
u3ruba

[Tomumo YTOYHEHHUSA YPOBHA Hanpsm(ennﬁ yuer
n3ruba TNPUBOAUT K CYHICCTBCHHOMY HW3MCHCHHIO Xa-
paKkTepa MX pacHpeeleHus [0 ToIuHe cTeHkH. IIpn
pacuere 1o Ge3MOMEHTHON MOJEIIH HAIPSHKCHHUS MOITy-
YaKOTCs MOCTOSIHHBIMH I10 TOJIIIMHE B NPEACIax Kax-
JA0ro Ciod CTCHKH. VYder usruba meHsieT KapTUHY HX
pacnpenenenus. HanpsokeHus MakCHMajbHBI y I'paHU-
IIbI pa3Jielia CI0eB U yOBIBAIOT IO Mepe YIANCHHUS OT Hee.
Ipu nepexoze yepe3 HEHTPaIbHYIO TMOBEPXHOCTh KOH-
CprKHHOHHOﬁ CTCHKH 3HaAK Hal'lpSDKCHI/Iﬁ MECHACTCA Ha
MPOTHBOIOIOKHBIN.

PaGota BblrosiHeHA IPU (UHAHCOBOM TOICPIKKE
PODU (xon npoekra 14-01-00890-a).
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Annortanus: [Ipeoc onvlm

ea nr)spewa)eyuu Ha ocHoee meH3oMempuu k()Hmeykl{uM usz

'p

P

NOTUMEPHBIX KOMNO3UYUOHHBIX Mamepuanoe (”KA/[) U antoOMUuHUeBblx Cniasos 6 yCi06UiX CIMEHO0BBIX UCTLIMAHUIL. ﬂaHbl PeKo-

Menoayuu no p 0 O 06 Ha

X KOHCMPYKYUu Ha OCHO6e COnocmdaeienus NOKa3aHutl 0amuuKos ¢ pesyitb-

mamamu deheKmockonuu u Gpakmoepapuyeckumu uccae008aHUAMuU.

Kinouessie cioBa: I[IKM, monumopune, menzomempus.

Beenenne

Vcnonp3oBaHnne mpu SKCIUTyaTaluy camoiéra OopTo-
BbIX cucteM MoHuTOopuHra (BCM) MOXKET B 3HAYHMTEIIb-
HOHl CTeneHM M3MEHHTh CYHIECCTBYIONIIME ITPHUHIUIIBI
obecriedeHnst pecypca aBHALMOHHOH KOHCTPYKIMH.
Buenpenne mnonoOHBIX TEXHMYECKHX PpELICHHMH, Kak
MPAaBUJIO, HPHBOAMT K YBEJIMYEHHIO SKOHOMUYECKOMH
9 (CKTUBHOCTH U MOBBIICHHIO OE30MAaCHOCTH IIPH
9KCILTyaTalluy CaMoJIeTa.

B Hacrosmiee Bpemsi y:Ke HM3rOTOBIEH LIENBIH psAx Te-
CTOBBIX OOPTOBBIX CHCTEM MOHMTOPHUHIA, IMO3BOJISIO-
mUX o0ecHeYnTh MOHHTOPHHI OTHACIBHBIX 30H KOH-
CTPYKILIMHU JieTaTesbHbIX ammaparoB (JIA) [1-3]. dus
KkoHTponst KoHCTpykumii n3 ITKM u meramma mupoko
HCIIONIb3YIOTCS JATUMKH, ONpPEENsIONne MapaMeTpsl
H/IC B oTHOCHTENBHO Mayioil 001acTH (TOYCUHbBIC JaT-
YHMKH), KOTOPbIE MOTYT OBITh Pa3MEILICHBI CHAPYXH H
BHYTPH OJJIeMeHTOB TiaHepa. Hambomee pacmpoctpa-
HEHHBIMU TOYEHBIMU JaTYMKAMH, HCIIONb3yeMBbIMH B
aBMAKOHCTPYKIMSAX, SBISIOTCS BOJIOKOHHO-ONTUYECKHE
(BOM) narunku u rtensopesuctopsl (TP). B maGopa-
TOPHBIX YCJIOBUSIX B CHIIy MHOXECTBa (paKTOPOB Mpea-
nouteHue oObiuHO otnaercs TP, omHako mpu pabote ¢
CEPUMHBIMU JK3EMIUIIPAMU CaMOJICTOB pa3paboTYUKU
HCIIONB3YIOT B ocHOBe cBoux cucreM BOJI. Takue cu-
CTEMBI SIBJISFOTCS OOJiee KOMITAKTHBIMH M JICTKUMH 32
CUET MEHBIIETO KOJTUYECTBA HIEMEHTOB.

OtpaboTKa METOIUKH ONpPEICNCHHs MOBPEXKACHUI MO-
KeT ObITh IPOBECHA B PAMKaX HATYPHBIX MCIBITAHHIL
KOHCTPYKIIMH JICTaTEIbHOTO ~anmapara ¢ MOMOIIBIO
aHaJIM3a JaHHBIX TEH30METPUH U 1e()EKTOCKOIIHH.

B Hacrosmieit pabore paccMaTpuBaeTcsi METOIMKA
orpe/esieHus OBPEXKICHHI 110 pe3yibTaTaM 00paboTKu
OKCHEPUMEHTABHBIX JaHHBIX, MOJIYYEHHBIX B BHJC
U3MEeHeHuH  aedopManmMii B MeCTax  YCTaHOBKH
TPOBOJIOYHEIX TP.

IIpu pabote ¢ TOYSUHBIMU JaTYMKAMHU [PEIBAPUTEIEHO
ompesensercs cxema ux 3G(QeKTUBHOrO pa3MeIIeHUs Ha
KOHCTPYKIMH. IToMCK BO3MOXHBIX MECT, KaK HPaBHIIO,
TIPOBOAMTCS Iy TEM aHajm3a HaNpsKEH-
Ho-zeopmupoBanHoro cocrosiuust (HJAC) koHCTpyk-
LMH ¥ MOMCKAa HauOoJiee HArPYKEHHBIX MECT, a TaKkKe
M0 pe3ynabTaTaM YCTAJOCTHBIX HCIBITAHUIH KOHCTPYK-
LI TOTO JKE THIA (AHAJIOra) C y4eTOM JaHHBIX Aedex-
Tockonuu. JlaHHBIE O MecTe, pa3Mepe M THUIIE ITOBpe-
JKICHUSL  MCIONIB3YIOTCS  JUIs  CO3JaHUs  KOHEY-
Ho-31eMeHTHBIX (KD) Mozeneil ¥ Mmociuenyonero ana-

JIM3a 30H, B KOTOPhIX npousonun usmenenns HJC [1].
OTH  30HBI SABISIIOTCSL TOTCHIMATBHBIMH — MECTaMU
HAKJIEHKH JaTYNKOB.

Tlpu 00paboTke MAHHBIX TEH30METPUH B padoTe HC-
TOJIb3YIOTCSI OTHOCHTEIIbHBIC IIpUpaIieH s JedopMariuii,
BBIUHCIIsIEMBIEe TTO (hopmyie (1):

=[2&.100< 4

1

&

omn

(O]
A - mapamerp, XapakTepU3yIOLIMH HAIM4He yCTa-
JIOCTHOTO HOBPEXJICHUsS B KOHCTPYKLMH, IoAOHpaeTcs
SKCIIEPUMEHTANbHO. A& — pa3sHOCTb IOKA3aHUH TeH-
30[[aTYMKa HPH TIEPBOH U MOCIEIHEH TEeH30MeTpUn
Ac=¢,—¢, i€l..n, n— KOIUYECTBO MPOBEIECHHBIX
TEH30METPHIl IIPH MCIIBITAHMSAX.

ﬂl’[ﬂ OmpeAcICHUs MECTa TMOABICHHUSA TIOBPEKICHUSA
BO3MOKHAa 00pabOTKa SKCIIEPUMEHTAJIbHBIX JaHHBIX C
Yy4YeTOM MX KIacTepHOi crpykrypsl. CyTh MeToja 3a-
KIIF0YaeTcs B Pa30MEHHH MacCHBa NAHHBIX HA TPYIITBI
(KOMI'IOHCHTBI CMECI/I), TIpUHAMas B pacyeT XapaKTEPHBIC
3HQYCHUSA HCCICAYCMBIX MApamMEeTPOB MW aANPHOPHYIO
unpopmanmio. [lis aHa3a MOJEIH CMECH UCCIICIyeT-
cs ciemyromas QyHKIHS MaKCHMAIbHOTO IPaBIOION0-
ous:

L 1w =log T/ 103 | @
e L=y S S = (BB}

pUBaeMBIX IIAPAMETPOB , g
CTBEHHBIX I1apaMETPOB, ONPEIEIAIONINX I10JI0XKEHHE
JIaTurKa (Pa3sMEPHOCTh BEKTOPA MOXKET OBITh Pa3IMIHON
oT 1-oi pi(e] 3-x KOMITOHEHT, B 3aBUCHMOCTH OT ITOCTa-
HOBKH 3a;[aqn), — OTHOCHTEJIbHBIN TIPUPOCT TOKa-

BEKTOp paccMar-

BEKTOp MPOCTPaH-

S()mu
sanuii TP (1), K — pasmepnocts f ,) m X — cTa-

TUCTUYECKUE NTapaMETPhI Ka)KI[Oﬁ KOMITOHEHTBI CMECH.
MonuTopuHr koHeTpykuuii u3 [IKM

Ilpu ucnbitanusx amementoB u3 [IKM MoHuTOpUHT
HPOBOJMIICS HA OSKCIICPUMEHTANBHONW YCTaHOBKE, CO-
crosmeil u3 12-n KaHAIBHOH CHCTEMBI HAarpyKeHHs U
CHCTEMBl H3MEPEHHUs, BKIIIOYAIOIIEH amnmaparypy s
[POBEJICHHSI TCH30METPHH U J1e(PEKTOCKOIUH.
TTonroToBka KOHCTPYKIIMH BKIIFOYana B cebs HaKIeHKy
TP, cormacHo nmpeaBapuTENILHO yTBEPKAEHHON cXeMe, a
TaK K€ HAHCCCHUEC PCITIaMCHTUPOBAHHBIX HOBpe)KI[CHI/II\/'I
— yaapos (puc. 1).
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Ha puc. 1 mokaszano B3aMMHOE PacroJIOKEHUE NaTYNKOB
(CHMHMM) U TOBPEXJICHHH (KPACHBIM), ONPEIEIEHHBIX C
MOMOIIBIO 1e)EKTOCKOINY, B OJHOH U3 Hamboiee Io-
BpC)I(IléHHLIX 30H BCpXHCI"‘I TIOBEPXHOCTH KOHCTPYKIHH
u3 [TKM.

‘11
H-pd 11

19
Hepa 12

Puc. 1. Cxema HAKJICHKH JaTYHKOB H Pe3yJbTaThI 1ePeKToCKo-
TIHUM TIPH MCTIBITAHUAX KOHCTPYKIMK u3 ITIKM

Ha xaxgoM sTame TEH30METpHs MPOBOAMIACH B Tepe-
PbIBaX LUKJIMYECKOr0 HArpy;KeHUs ¢ OCTaHOBKOH M 3a-
JIEPIKKOI MCIIBITATENIbHON YCTAHOBKM Ha ONMPEIENEHHBIX
3HAYEHUAX Harpys3ku. Pe3ynbTrarsl TEH30METpHH, Jie-
(hexToCcKONUM M BU3YaIBHOTO OCMOTPA HCHOIb30BATINCH
s KD-mozmenupoBaHus nm pacdyera 30H, B KOTOPBIX
npousonuu usmeHenus HJC.

OCHOBHOJ 1IeJTbI0 PAbOTHI SIBISIIOCH ONPE/ICTICHHE BO3-
MOJKHOCTH OOHApy)KEHUsI TMOBPEXKACHUH, BBI3BAHHBIX
LUKINYECKMM HArpy:KeHHEM, B JJIEMEHTaX KOHCTPYK-
it 13 TIKM ¢ nomouipio JJaHHBIX TEH30MeTpHu. DTa
3aj1a4a peragach ¢ HOMOIUIBIO OTCICKHBAHUSA KHHCTUKH
n3menenuss HJIC B kaxnoit otnensHoit Touke mo (1)
cpaBHeHMeM mnokasanuit TP mo pasnuyseiM 30Ham npu
Ppa3nu4HOM HapaboTKe.

= Knmacrep 1

e Kiacrep 2

3 4

(pan.)

Puc. 2. Micnoib30BaHne KJIACTEPHOT0 AHAJIN3A NIPH ONpe/ieJIeHHH
MeCTa MOBPEKICHUsS] KOHCTPYKIUMH

OrtH. n3menenue nedopmauyn Ae/e (%)

_ 2
Yroma

Jlpyroit BakHOW 3amadeil ObLIO oOmpenereHHE MecTa
YCTaJIOCTHOTO IIOBPEXICHUS C MOMOLIBIO KIACTEPHOIO
aHaM3a. DTO MCCIEIOBAaHHUE MPOBOIHIOCH C IIOMOIIBIO
HCCJICIOBaHUA HM3MCHCHUS TIOKa3aHUN Y Tpynm KoM-
nakTHO pacnonoxkeHHbIx TP. Onpenenénnas Takum 06-
pasoMm 30Ha u3MeneHuss HJIC onHO3HAYHO CBHIETENb-
CTByeT O HAJIMYMH OJHOTO MIIM HECKOIBKUX YCTalOCT-
HBIX TIOBPEKICHMH BOMM3M 000COOICHHOH TIpyIIIBI

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

naryukoB (puc. 1, 2). DtoT momxon sBusercs Oonee
HAJeKHBIM IIPY  OHPEJCICHUM IOBPEKICHUN KOH-
CTPYKIIMH, TaK KaK Ui aHaJIW3a MCIOJIb3yeTcs MOJTHAs
COBOKYITHOCTb OKCIIEPHMEHTANBHEIX JAHHBIX M MOTYT
OBITh MCKIIIOUEHBI JIOKHBIE PE3Y/IbTaThl, BHI3BAHHEIE
OTKJIOHEHHEM TOKa3aHuii emuuuvHoro TP, He cBs3aH-
HbIE C TIOSIBIICHHEM HOBPEXKICHHUIH.

Ilpu 06paboTKe SKCIEPUMEHTAIbHBIX JAHHBIX MO (2)
BBIABICHO 2 IPYNIbl JaTYMKOB (pHUC. 2): PacHoIOXKeH-
HBIE B 30HE MOBPEKACHUS (IIOKAa3aHbl CUHUM pHC. 1) U
PACIONIOKEHHBIC BIAIH OT IOBpexiaeHus. O6nacts, B
KOTOPOil pa3MeIleHbl JaT4UKH, OOBbEIUHEHHBIC B pe-
3ynbTaTe aHa/Ku3a B KaacTep 1, OHO3HAYHO JIOKAIU3yeT
30Hy, I7ie ObLTH BBISBICHBI YCTAIOCTHBIC MOBPEKACHUS
koHcTpykimu u3 [IKM (puc. 1).

MOHHTOpPlHF KOHCprKHHﬁ U3 AJJIOMHUHHEBBIX
CILIaBOB

DOneMeHTHl U3 aTIOMHHHEBBHIX CIUIABOB HCIIBITHIBATNCH
IpA OAHOOCHOM HAarpy>X€HWM WU CONPOBOXKAAIUCH I1€-
PHOANYECKON TEH30METpHEil U BU3yaJbHBIM OCMOTPOM
JUIA OLPEACIICHUs HaJIU4Yus YCTAJIOCTHBIX IIOBPEK/IC-
HHH.

Lenbio mccnenoBanus OBIIO OMPENENEHUE BO3MOXKHO-
CTH OOHApY)XEHUs MOBPEKACHUH MPU MHOr004aroBoM
paspyLICHUH C IIOMOLIbI0 TeHsoMeTpuu. OcoOeHHO
B&)XHOH NpEICTaBIsUIACh 3aJada HCCIICIOBAHUA 30HBI
U3MEHCHUA H)lC TIPU  MHO>XCCTBCHHBIX HCCKBO3HBIX
TpElIMHAX, TaK KaK JTOT ClIydail SBISETCS HEKOHTPO-
JICNIPUTOIHBIM B DKCIUTYaTalluu.

B xoze sKcrepuMeHTa pelnanach Takke 3ajiada 3abma-
TOBPEMCHHOI'O OTIPCACIICHUA HaJIWYUA B KOHCTPYKIHHA
YCTaJIOCTHOTO MHOTOOYAroBOro MOBPEKAeHHs (puc. 3),
TO €CThb MCCJIC[JOBAHUE BO3MOXKHOCTH HCIIOJIb30BAHUSA
MOHHUTOPHHIA COBMECTHO C IIPUHIUIIOM JKCILTyaTalllu
JIA 1o *uBy4ecTH, PerIIAMEHTHPOBAHHBIM JUIS JAHHOTO
THIIA KOHCTPYKIHUH 1O aBUAITHOHHBIM HOPpMaM.

I, Ne 35 (14), Asfe = 91%
100
<5
&
&
o
0 I e i ]
100
70 %

HapaGoTka (Thic. m. 11.)

Puc. 3. U3menenne xedopmanmii mosrydeHHoe MpH MOMOIIH
TEH30MeTPHH BOJIH3H MHOr004YAr0BOr0 PA3pyIeHusi IPH HCNbI-
TAHHH KOHCTPYKIHH U3 ATIOMHHHEBBIX CILIABOB

Jlist ananuza, 0000IICHNST PE3yNIbTAaTOB U OLPEICICHHs
BO3MOXKHOCTH MOHHTOPHHTA 3JIEMEHTOB KOHCTPYKIHI
W3 aJIIOMHUHHUEBBIX CINIABOB HMCIIOJIB30BaJIMCh JaHHBIC
TpeAIecTBYomuX (Gpakrorpaduuecknx UCCIea0BaH I
00pa3IoB TOro ke THIA M Pe3y/bTaThl aHANH3a OCTa-
TOYHOH TIPOYHOCTH O0Opa3OB C MHOTOOYarOBBIMU
YCTaJIOCTHBIMH TIOBPEXKICHUAMH [2].

B XOAE€ DKCIEPUMEHTa OblTa YCTaHOBJICHA 30HA H3MC-
nenust H/IC BOMM3M paBHOHArPYKEHHOTO psiia OTBEp-
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cTun TIPOAOJIBHOTO CThIKa dJ}O3CJ'Iﬂ)Ka. HpOTﬂ)KCHHOCTB
3TO 30HBI COOTBETCTBYET IIMPHHE 00pa3la, B TOM Me-
cTe, e OBLIM pa3MeIieHbl KOHIICHTPATOPBI, SBIISIONIH-
€Cs1 MCTOYHHUKOM MHOTOOYAaroBOIr0 paspylICHHS. Mak-
CUMAJIBHOEC PACCTOSIHUE, HA KOTOPOM ObLTH PasMELICHbI
JIaTYUKH, OT OIMMIKHETO psijia cBs3ei cocTaisio 30 MM.
OTH 3Ha4eHHS COOTBETCTBYIOT PAJHYCy UYyBCTBHTEIb-
HOCTH NOBPEKIACHUA BJI0Jb U IOMNEPEK 06p33[[8 OTHO-
CHUTCJIbHO MHOT'00YaroBOro MmoBpeXACHUSA U MOTYT OBITH
HUCIIOJIb30BAaHbl JUISA  OINPEACIICHUSA CXEMbl HaKJIEHKH
JIaTYHKOB HPYU IOCIICAYIOIMX SKCIEPHMEHTAX.

B pesyibTare 3KCIEpHMEHTa 110Ka3aHO, YTO HapaboTKa,
MPH  KOTOPOH MPOM3OILIO CYIIECTBEHHOE H3MEHEHHE
nokazauuii TP cocraBmsier or 70% mo 90% ot Bcero
KOJIMYECTBA LIMKJIOB JI0 Pa3pyIlEHHs KOHCTPYKLIMU.

3akJ04eHue

B pabore npejcTapieH:

— pe3ynbTaT OTpabOTKM MOHHTOPHHIA KOHCTPYKIMIA U3
TIMK npu HaTypHBIX pecypcHbIX HcnblTaHusx. IIpose-
JieHa anpobanust 06paboTKH Pe3yIbTaTOB SKCIICPUMEHTA
C TIOMOIIIBIO: TTOTOYEYHOTO CpaBHEHMUA Mokaszanuil TP n
TPYNIIOBOTO aHaJIN3a SKCIICPUMEHTAIIBHBIX TaHHBIX;

— aHaJIU3 MOHHUTOPHMHIA KOHCTPYKLUH U3 aJlOMHHHE-
BBIX CIUIABOB. DKCHEPHMEHTaJIbHO ONPENETICH PajIHyC
YYBCTBUTCIIBHOCTH YCTAJIOCTHOTO IOBPEXIACHHUSA TIPO-

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

JOJIBHOT'O CTBIKA U CTaaus IIpu Hapa60T1ce KOHCTPYKLHH,
Ha KOTOPOH BO3MOXKHO 3a()MKCHpOBAaTh HaIU4UE Je-
¢ekra ¢ momouisio TP.

HOJ’Iy‘ICHHB]C Ppe3ynpTaThl MOTYT CIIY’)KHTB OCHO-
BOit s coszmanust bCM n mepexoza Ha HKCIUTyaTalUIo
HECYLIHX JIEMEHTOB KOHCTpYKUuH JIA 1o COCTOsSHHUIO,
B 3HAYUTEIBHON CTENEHM MOBBICHB JKCILTyaTallMOHHbIC
XapaKTePUCTHKH COBPEMEHHOTO MacCa)KMPCKOTO CaMo-
JieTa, KaK U3 MeTajuioB, Tak u u3 [TKM.

1. Pisupati P. et al, Structural Health Monitoring (SHM). Enabling
Technology for paradigm shift in next generation Aircraft / Design
and Maintenance, 2011

2. Doebling S.W. et al, Damage Identification and Health Moni-
toring of Structural and Mechanical Systems from Changes in their
Vibration Characteristics / A Literature Review. Los Alamos National
Laboratory report LA-13070-MS, 1996

3. Sohn H., et al, A Review of Structural Health Monitoring Liter-
ature: 1996-2001 // Los Alamos National Laboratory Report ,
LA-13976-MS, 2003

4. Kahandawa G. C. Monitoring Damage in Advanced Composite
Structures Using Embedded Fibre Optic Sensors // A dissertation sub-
mitted for the award of doctor of philosophy —2012. C. 11-55

5. Hecrepenko I'. M., Kosnos A. I', Hecreperiko b. I'., Croiiia FO.
M. JKuBydecTh 3aKJIETNIOUHBIX CC it obmmBkH ¢ a //
TTpo6ieMbI MAIMHOCTPOCHHMS 1 HaJeKHOCTH MamnH — 2008. - Ne 4.- C.
111-116.
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MOJIEJTAPOBAHUE MPOYHOCTHBIX XAPAKTEPUCTUK AKTUBUPOBAHHOM
MOJIMTETPA®TOPITUJIEHOBOM MATPULIbI

Bepmazup K.B."", Benoyc E.A.2 Tosopys T.I1.2

'HTYY «KIIW», Kues, Ykpauna; “berladirkristina@yandex.ua;
2
“CymI'Y, Cymsl, YkpauHsa.
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xapaxkmepucmuxu ipagmop

K020 (PO6AHUS 3A68UCUMOCU npr)lmocmnoﬁ

ol puybL oM

p IPO6 MEeXHOoN02UYeCKo2co npoyecca ee MeXaHUu4ecKoll aK-

mueayuu. Buinonnen cmamucmuueckuii ananus pes

08 JKC

P u npou. Ha oyenka ao mu nocmpo-

ennott mamemamuyeckoit mooenu. Coenan 6pi600 06 ONMUMATLHOM MEXHON02UYECKOM pexcume uU32omoeieHusl NOIUMepHo2co

KoOMno3umuo2o mamepuaind.
106d: 7
K cnosa: paq
NPOYHOCMb NPU PA3PbIEE, NAPAMEMPbL.

opIMUIIEH, 1p

COBpEMCHHLIC TIOJIMMEPBI U KOMIIO3UIIMOHHBIC
Marepualibl Ha UX OCHOBE HIHMPOKO HCIIOJIB3YKOTCS B

MaIIUHOCTPOCHU N B Ka4yeCTBe MaTepuajos,
MPEBOCXOIAIINX o HEKOTOPBIM CBOMM
XapakTepUCTUKAM KOHCTPYKIIMOHHBIC CTaJIM U CIIJIaBBI.
Kak TIOKa3bIBACT TIpAKTHKA TIOJTMMEPHOTO
marepuanoBenenus [1-5], ¢usuko-mexanudeckue u
TPHOOTEXHHYECKUE CBOICTBA HOJIUMEPHBIX

KoMro3unronuslx MarepuanoB (ITKM) Ha ocHoBe
nonurerpapropstinena  (IITPD) 3aBuear kak ot
OT/AENbHBIX PEKHMOB TEXHOJIOTMYECKMX — ONepauuit
MOJIYYEHHs], TAK U OT UX COUYETaHHUs (B3auMOICHCTBYS).

Haunbonee npuemiiemoii B ciydae IIKM ¢
NT®D-marpuneit MIPEJICTABIIACTCS TEXHOJIOTUS
9HEPreTHYECKOro BO3JCHCTBUA HA €ro CTPYKTYpy H
CBOMCTBA NPOBEJICHUEM MEXaHMYECKOIl akTuBaLuu [6].

Ienbto paGoThl sABISECTCS H3yYeHHE IIpolecca
MEXaHUYECKON AKTUBAIUN IIT®D METOIaMHu
MaTeMaTH4eCKOro MOJCINPOBAHHUS U ONTHMHU3ALMH. Tak
HCCIIeJ0OBAaHUE 3aBHCHMOCTH MPOYHOCTHBIX
XapaKTePUCTHK MaTpHIbl OT HapaMeTpoB Hpolecca
AKTUBAIMM  BBHINOJHSAIM  METOJOM  OPTOTOHAJIBHOTO
TUIAaHUPOBAHMS SKCIIEpUMeHTa [7].

3agaya peranack ¢ IOMOLIBI IBYX(aKTOPHOTO
PErpeccOHHOrO aHalu3a, B pe3ysibTaTe KOTOPOro ObLIM

OIpeJIe/IeHbl  ONTUMAJbHbIE  YPOBHM ~ OCHOBHBIX
(hakTOpOB M MX B3aNMOZCHCTBHSL.
B kawectBe (yHKIMM OTKIMKa (mapamerpa

ONTUMH3ALNH) BEIOPAHA MEXaHUUECKAs XapAKTePHCTHKA
— IIPOYHOCTH NPH paspseise (o, MITa).

DaxropamMu TEXHOJIOTUYECKOTO nporecca
MEeXaHUYeCKOU AKTUBALMHA [ TOD-matpurst
BBICTYNAIN: X; - YHUCIO OOOPOTOB pabO¥MX OpraHoB
usmenpumTens (n, MuH '); X, - BpeMs akTHBauum (T,
MUH.).

Jlns 1ByX(aKTOPHOTO HSKCHEPHMEHTa ypaBHEHHE
perpeccuy paccMaTpHBaIoOCh B BUJIC:

2 2
V=buxotbxi*box:tbux,tbux, +bax, (1
rae b; - xoddduuueHt perpeccuu; xy — (GUKTHBHAS
HepeMEHHast; y — apamMeTp ONTHMH3ALMH.

C  menmpl0  COKpAllGHWMs  4YHCIa  OINBITOB
HCTIONIB30BAJICS KOMITO3HIIMOHHBIH (TTOCIEI0BaTEIbHBIIT)
wiaH [8].

OO1iee KOJMYECTBO OIBITOB paccUuTHIBAIOCH 110

mexanudeckas daki

'KOe MOOenup A

dopmyie [9]:
N =N, +2k+n, (2
):lJ'II/IHa «3BE3THOTO TJICYa» O ONIPEALCIIAIACHh UCXOAA
U3 COOTHOLLICHHSL:

3
; &)
B Tabm 1 MPE/ICTABICHBl  [ApPaMeTPBbl
TUIAaHAPOBAHUA SKCIIEPUMEHTA.
Tada. 1. 11 Ta.
[Tapamerpsl IiaHa 1D Tuna 2°
Konmgectso omnbitoB B Matpuiie (No) 4

KonnyecTBo HyseBbIX ToYEK (1g)
3Be3/HOE 1140

Konnuectso 38e3/1HbIX Touek (2k) 4
1
1

O6nactu GpaKTOPHOro MPOCTPAHCTBA IPUBEICHBI B
Tabm. 2.

Ta6a. 2. MaTpuua Bapbup dakropos.
®daxro-
Ko-
VpOBHU U HHTEPBAIIbI Pl
JioBoe
BAPbLHPOBAHILS X X
3HAYCHHE
1 2
BepxHuii ypoBeHb +1 000 9 7
Hynesoit yposenn 0 000 7 S
Huxnuit yposeHb -1 000 3 3
Hnreppan BapbupoBanus € 000 2 2

Ha ocHOBe cocTaBIeHHOM MaTPHLIBI IUIAHUPOBAHUS
SKCIICPUMCHTA BBIIONHEHBI DsJ| OMBITOB, PE3YJIBTATHI
KOTOPBIX TIO3BOJIMIH OIpPEACIUTh KO3(I)CI)HL[]/ICHTBI
COOTBeTCTBy}OLLICﬁ 3aBUCUMOCTH. ZLJ'[H HUCKITIOYCHUA
oIIMOOK HCIOJIb30BaHA PAHIOMU3ALKS IKCICPUMEHTOB
BO BPEMEHH.

Pesynbratom
COOTHOIIEHHE:

y=22,943 +2217x;+ 2,167x, -2,175xx;, +
+0,8435x,” - 7,9065x,° (4)

B pabote mpoBesieHa IPOBEPKA PE3yNIBTATOB OIIBI-
TOB HAa OJHOPOJHOCTh, HCCJIEOBAHA 3HAYMMOCTH KO-
BquJI/I[Il/lCHTOE MOJCIH, pPacCMOTpPEHA THUIIOTE3a 00
aJICKBaTHOCTH ﬂOHy'-leHHOﬁ MOJIC/IH, a TAKXKE BbIIOJIHECH
aHaNIM3 Mozeu Ha uH(popMatHBHOCTE. HekoTophie pe-
3yNBTaThl TAKOW PabOTHI MPEICTAaBICHBI B TA0M.3.

MOJCIIUPOBAHUSA CTaJIo
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Tab6.. 3. Pe3yIbTaThl CTATHCTHYECKOTO AHATH3A
MaTeMaTHYeCKOil MOIe/IH,

Ve 3Ha-
TTapameTpsl CTATHCTHYECKOTO aHATH3a
0003H. UYCHHE
2
2 Jlucniepeust BOCIPOU3BOAMMOCTH S v} 04616
e -
g § CpeiHeKBaIPaTHYECKOE OTKIOHCHHE S ) 4,154
o £ —
S | Yucmo cteneneii cBOGOIBI U1 HC- N 4
E I3 HEPCHH BOCTIPOH3BOANMOCTH
£
2
> g DKCMEepUMEHTATbHOE 3HAYCHHE o
ge P G| 02143
22 G—KkpuTepus
Z KputHueckoe 3HaueHHe .
& P! G 03518
2 G—xpuTepus
=]
é‘- YpoBeHb 3HAYUMOCTH o 0,05
OmHOPOIHOCTh JAHHBIX OJIHOPOJIHBIC
. 2
£ Jlucnepenst ajieKBaTHOCTH S. 1,8216
=
= DKCIePHMEHTAILHOE 3HAYCHHE e
S = (i F 3,95
°3 “KpUTEpHs.
Kpurnueckoe 3HaucHue F-kputepus
gg| P pHTep F 428
5= JUISL aJICKBaTHOCTH
= o
E g UYucno creneneit cBOOObI us £ 6
E] E AaJICKBAaTHOCTH
23
2= YpoBeHb 3HAYUMOCTH o 0,05
)
=3
= A}:leKBaTHOCTb MOJIeNIH aJICKBaTHa

Ha puc. 1 n300paskeHbl MOBEPXHOCTH OTKIIHKA (a) U
JTMHEKM  ypoBHsA (0) 3aBUCMMOCTH TPOYHOCTH TIPH
paspeiBe (0, MIIa) or wumcia 06OpOTOB pabGoumMx
OPraHoB H3MeNbunTeIs (1, MHH ') H BpEMEHH aKTHBAIIUH
[ TOD-matpus! (T, MUH.).

Taxum 00pa3oM, HPOBEJCHHBIC MCCIICIOBAHUS U
TOTyYeHHBIE 3aBHCHMOCTH TIO3BOJIAIOT TEOPETHUECKU
TpezicKa3aTh MPOYHOCTH TIpH paspeise [ITOD-maTpuisr
B 3aBHCHMOCTH OT TEXHOJOTHYECKHX XapaKTepPHUCTHK
nporecca MeXaHHUYECKOi akTHBAUUK (YUCI0 060pOTOB
pabounx OpraHOB M3MENBUMTEIIS, BPEMs AKTHBAIIMH).
Kpome »Toro, momydeHHas 3aBHCHMOCTB 3HAUCHHS
HOPOYHOCTH  IPH  PaspeiBe  OT  TEXHOJOTMYCCKHMX
mapaMeTpoB  Ipolecca  aKTUBALMU — MOXKET — ObITh
3ajI0)KCHA B AlIIOPMTM BBIOOpA TEXHOJIOTHMYECKOIO
pexuMa, O00ECTICYMBAIONIETO BBITYCK NPORYKIHH C
3aJaHHBIMM ~ Ka4eCTBEHHBIMU  MOKAa3aTeIAMH, U
JOCTHXKEHHH TIPH  OTOM OKCTPEMANBHOTO 3HAYCHHS
HEKOTOPOro Kpurepus 3pHeKTHBHOCTH.

Tabu1. 4. OnTHMAIbHbIE PeKUMbI PAGOTHI 000P;

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

20m)

o
00

S0 600 60 7000 750 B0 BS00 9000
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Puc. 1. IToBepxHocTh OTKJINKA (2) M JIUHUH YpoBHS (6)
3aBHCHMOCTH NIPOYHOCTH NPH paspbise (o, MIla)
MT®D-MaTPHIBI OT BeJAMUHHBI TAPAMETPOB (N, MUK - YHCI0
000pOTOB PabouMX OPTraHOB H3MEJILYNTEIISI; T, MHH - BPeMsi
AKTHBANKM).

1. Smith D.W., Tacono S.T., Iyer S.S. Handbook of fluoropolymer
science and technology. — Hoboken:Wiley, 2014. — 670 p.

2. Herpos J.A., ITytunnes B.IO., Tepenensckas O.A., Haymosa
AB. TexHoMOTHS H3TOTOBICHUA JICTAalei y3/lOB TpeHHS U3
TOMMMEPHBIX KOMIIO3HIMOHHBIX MatepuanoB // Becrunk HOYpI'Y.
Cepus «Mammnoctpoenne». — 2015. - T. 15, Ne 2. - C.13-19.

3. Venkateswarlu G., Sharada R., Bhagvanth Rao M. Polytetraflu-
oroethylene (PTFE) based composites // Journal of Chemical and
Pharmaceutical Research. —2014. — Volume 6, Issue 10. — pp. 508-517.

4. Budnik O.A., Sviderskii V.A., Budnik A.F., Berladir K.V.,
Rudenko P.V. Composite material for chemical and petrochemical
equipment friction assemblies // Chemical and Petroleum Engineering.
—2016. - Volume 52, Issue 1. — pp. 63-68.

5. Crpyk B.A., IlpernnkoB A K., Antonos A.C., Apneitunk C.B.,
OBYMHHHUKOB EB., Top6anepuy TH., lep6a B
MexXaHOXHMHYECKHE — aCTEKThl  TEXHONOTHH — (OPMHPOBAHMA M

KO aKT

npu NT®D-maTpunsb.
Tapaverp Mo- HBkcnepu-
JIeJb MCHT
TIpounocTs TpH  paspeise, 26,00 248
MITa 35 ’
Yucno o6oporto pa6oqlﬁx 9000 9000
OpraHoB U3MEJIBYUTEIISA N, MUH
Bpewms akTuBanuu T, MUH. 4,999 5

1y dropornacroBbix KommosutoB // M3eectuss HAH
benapycn. Cepust ®usnko-rexuuuecknx Hayk. — 2009. - Ne 3. — C.
28-35.

6. Budnik O.A., Budnik A.F., Sviderskiy V.A., Berladir K.V.,
Rudenko P.V. Structural conformation of polytetrafluoroethylene
composite material / Chemistry & Chemical Technology. — 2016. —
Vol. 10, No. 2. — pp. 241-246.

7. Hpeitnep H., Cmut I'. TIpuknagHoil perpecCHOHHBIN aHANH3 |
nepeso ¢ ari; mox pea. IO.IL Aanepa u B.I'. T'opckoro. — M. :
Crarucruka, 1973. —-392 c.

8. Taitnaqmu A.H., EdpemoBa C.A. Hcnons3oBanue Merona
KOMITO3HIHOHHOTO  TLIAHHPOBAHHS Ta UL C
TEXHOJIOTMYECKUX [POLECCOB: METOI. yKasaHus. — Boxrorpa:
Bonr['TY, 2008. — 16 c.

Xamxanos K.M. OCHOBBI IIAHHPOBAHHS SKCIIEPUMEHTA: METOJ. I0-
cobue. — Ynau-Via: BCI'VTY, 2001. — 50




L[E@OPMUPOBAHME U PASPYLLIEHUE KOMMOSULIMOHHBIX MATEPUAIIOB U KOHCTPYKLIMA

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

K ONPEJEJIEHUIO PASPYIIAIOIAX HATIPSI>KEHUM ITPUA BBHIPBIBE
3AKJIEIIOK U3 KOMITO3UIIMOHHOM OBIIMBKHU KPbLJIA

Bopogckas S1.C., T'ne6oBa M.A.", [puumn B.J., T'ycesa H.B.
®I'YIT «LIATW» , Kykoscknii, Pocens; “chipalaka@yandex.ru
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3akienku aub0 TmoTalHble OOJNTHI KaK IPaBHUIIO
HCIIONB3YIOTCS JUISL 3aKPEIUICHHs a3POJMHAMUYCCKUX
MOBEPXHOCTEH Ha JIETaTENIBHOM ammapare oT JCHCTBHS
Pa3psHKEHHOTO BO3AYLIHOTO ITOTOKA. le/[ TIPOEKTUPO-
BaHUM HECYIIMX DJIEMEHTOB KOHCTPYKUHMH CaMoOJeTa,
COCTOSIIIMX U3 OOIIMBKH, NPUKIENAHHOW K CTPUHIEp-
HOMy Habopy Im60 K MOJKaM HEpBIOp KphlIa M omepe-
HUs, HeOﬁXO}II/IMO 3HaTh BCJIHWYHHY paspynIaromux
yCHHI/Iﬁ, BO3HUKAIOILIMX IPU BBIPHIBE TOJIOBKU 3aKJICIKU
13 OOLIMBKU OT JEHCTBUSI adPOJMHAMUUYECKOro JlaBJie-
Hus (¢) Ha OOIIUBKY (pHC. 1).

O6umeka

\
Tlomka HepBIOPH

Baxnenxa
Puc. 1. Cxema 3aKJI€N0YHOTO Psijia KPeIIeHHs OOIMBKH K NOJIKe
HEpPBIOPbI.

B pabote npejularaeTcs pacuet-
HO-3KCIICPUMEHTAJIBHBII METOZ ONpENETICHHS YCHIIHI
BBIPBIBA KPCNEKHBIX DJIEMEHTOB H3 KOMHOSMLII/IOHHOﬁ
obmmBku. Ha TIEPBOM JTane B CIICHHAJIBHOM IIPUCIIO-
COOJICHHH B pe3ylbTare HCIBITAHUI T1OJTy4eHbl 3Have-
HHSI MAKCUMAaJIbHBIX YCHJIMH BBIPHIBA METAJUIMYECKOIO
6071Ta, MOZETUPYIOMIEr0 3aKIENKY, M3 KOMIIO3UTHOTO
oOpasiia nmpu NOCTOSHHOM 3HaueHuu paccrosiaus D. Ha
OCHOBE aHaJIM3a PE3y/IbTATOB UCIIBITAHUN 1 CPABHEHUEM
ux ¢ MKD - pacueroM mnpemioxeH aepopMarmoHHbIH
KPHUTEpHil ONpeJIeNICHNs yCUIINS BBIPhIBA KpEIexka, Ko-
TOprﬁ OBLJT HCTIOTB30BaH JUISA TIPOTHO3UMPOBAHUA Yy CUITUS
BBIPbIBA NPH MNEPEMEHHOM 3HAUEHUM paccTosHus D
MEKIY KPEIECKHBIMU DJIEMCHTAMMU.

MeToauka MCHBITAHUI

OOGBEKTOM HCIBITAaHHIl SIBISUINCH H3TOTOBICHHBIC
13 HOJIUMEPHOrO KOMIIO3MIMOHHOIO MaTephalia Iuia-
cTHHBI pasMepoM 320%40 MM C IPOCBEPICHHBIMH 10
HOPMAaJTH K X TUIOCKOCTH 3€HKOBAHHBIMH OTBEPCTHAMHU
JUIsl yCTaHOBKHM Kpenexa quamerpami (d) 6,35 u 7,94 mm
(Bcero 6 ImiIacTHH, MO 7 HCHBITBIBAEMBIX OTBEPCTUH B
Kax10if). HomHHanbHBIC TOJIIMHBI IUIACTHH (f) CO-
craBmsm 4,1, 4,92 u 6,56 MM. Martepuan kpenexa —
cTane: Moayas ympyroctu E=210I'Tla, koapdurment

P

APOYHOCIU, HANPAACEHUSA, IKCNePUMEH.

Ilyaccona v=0,3. PaccMOTpeHb! IIACTHHBI pa3IMYHOU
TOJIIUHBI, M3rOTOBJICHHBIC M3 KOMIIO3MIIMOHHOIO Ma-
Tepuaia ¢ ykiaukoii [+45°/0/90],, rae n=5, 6, 8. Ton-
muHa  MoHocnos  1=0,205 MM, MOZYNH YHNPYTOCTH
E=120T'Tla, E»p=FE;;=8I'lla, wmomynmu  cuBura
G,=5TTa, G;=G3=2,7TTla, v{,=0,45, v,3=v,3=0,02.
I'eoMeTpHYECKHE XapaKTePUCTUKU 00pasIoB M Kpernexa
HpeJIcTaBIeHbI B Ta0M. 1.

Taba. 1. Pasmepsbl 06pa3uos.

Ne nactu- Tonmuna Jlnametp JlnameTp ronoBKu
HBI obpasua, 7, Kperexa, My Kkpenexa, d, v
MM
1 4,1 6,35 10,54
2 4,1 7,94 13,35
3 4,92 6,35 10,54
4 4,92 7.94 13,35
5 6,56 6,35 10,54
6 6,56 7,94 13,35

}lﬂﬂ TIOATBEPIKACHUA OTCYTCTBHA BHYTPEHHHUX
TEXHOJIOTHYECKUX Ae(EKTOB Bce 00pasLibl Hepes HCIIbl-
TAHUAMH OBbUIH TOIBEPrHYTHI HEPa3pyLIAOIEMY KOH-
TPOJIIO.

WcnbiTanus TIPOBOAMIINCE Ha yHHBCpCaHBHOI‘;I
SHCKTpOMeXaHH‘ICCKOﬁ HCIIBITATEIbHON MaIlInHe
LFM-100 ofecrneduBaroiield TOYHOCTb  H3MEPEHUS
Harpysku +0,5 % oT Teky1eil BeIMYMHBI B CHIELNATbHOM
npucnocobiaennn. CxeMa IPHCIOCOONCHUs C yCTaHOB-
JICHHBIM B HEM KOMITO3HMIIMOHHBIM 06pa3u0M TpuUBEACHA
Ha puc. 2.

BepxHuii

Metannuyeckue KPOHLUTEMH

OnopE!

KOMNO3NLIMOHHBbIA

\\\\\\\\\ obpasell
Y

Crarmsatowmit

Gont Bont

Hwkrmia
KPOHWTENH

Puc. 2. Cxema npHcnocodenus 151 HCIBITAHHIA.

Komrio3uunonusiii  00paser; 3aKUMaeTcst MEXILy
JIByX CTaJIBHBIX OIIOp C TTOMOMIBIO CTSKHBIX 6OIITOB,
CBS3BIBAIOLIMX OTIOPBI C BEPXHUM W HWKXHHUM KPOH-
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mreiiHamMu. HuxkHUIT KPOHIITEHH KpenuTes B ruapo3a-
XBaT, a K BEPXHEMY NPUKIIAJbIBACTCS PACTATMBAIOIIAs
nprcHocobIeHue cuia P.

C yBenuueHueM Cuiibl P rojoBka 06oiTa, KOHTAK-
THPYIOIIAst C 3CHKOBAHHOI ITOBEPXHOCTBIO KOMIIO3HT-
Horo o0pasua, CHayajga MPOMHHAET KOMIIO3HT, a 3aTeM
MPOMCXOAUT MPOPBIB OTBepcTUsl. McnbiTanus npoBoiu-
JIMCh JIO MOJTHOTO MPOPBIBA OTBEPCTHSI TOJIOBKO# Goura.
Kaxzpiit o6pasely ucrbIThBasCs 7 pa3 (MO KOJTHYECTBY
3EHKOBAHHBIX OTBEPCTHUIA).

Pe3yabTaThl HCNIBITAHUT

C yBelaMyeHneM Harpys3ku paspyuieHue B oOpas-
[[aX HAYMHACTCS OT CMATHSA CIIOEB KOMIIO3HTa B 00IacTH
KOHTaKTa 3CHKOBKH OTBEPCTHS C TOJIOBKOW OonTa u
OKaH4YMBACTCs TIOJIHBIM ITPOPBIBOM OTBEPCTHS. Tunosas
auarpamma aedopmupoBanust orseperuit "P-Al", 3nech
P — mpuxnajgpiBaeMasi Harpyska, a Al — mnepeMerieHue
BEPXHEro KPOHIUTEHHA MPUCIIOCOOICHUS, TIPUBOAUTCS
Ha puc. 3.

sl 1, 3 57 2 4 6~ Howmep

obpa3ua

Harpysxa [kN]

o
000 100 200 00 400 500 500 740 HOD GO0 1080 1100 1200 1300 140t
Mosnuma [ mm]

Puc. 3. lnarpammer 1eopmuposanus " P-Al" oreepcTnii B 06-
pasuax

Xapakrep pa3pylLIeHHH IUIACTHH B 30HE OTBEp-
CTHH 110Ka3aH Ha puc. 4.

Puc. 4. TunoBble pa3pyiieHnsi 0TBePCTHIi B 06pa3nax
niactun Nel

Kak crnenyer u3 puc.4 paspyiieHue IUIACTHH
COIIPOBOXJIAETCSA 0OpPAa30BaHHEM YETHIPEX pPasIOMOB
HWKXHEIO0 MOHOCJIOA KOMITO3WTa C IOCTOSIHHBIM pPacro-
JIOXKCHUEM HX IO KOHTYPY OTBEPCTHSA, XapaKTCPHU3YyrO-
muMces yrmamu 6=0°, 90°, 180°, 270° 110 OTHOLIEHUIO K
ocu OX.

Jlns Bcex 00paslioB BBHIYMCIUINCH MEXKCIOCBBIE
HAIPSKEHHS 110 BBIPAKCHHUIO!
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_ b
T zdt s

Ty )
e P, — ycuiiue BbIpbIBa Kperneska u3 komrosuta, kH, d —
JIMaMETP LUIANKKA KpereKa, MM,  — TOJILIMHA KOMIIO3UTa,
MM.

B Tabm. 2 TPUBOAATCA 3HAYCHHS CHIIBI BBIPBIBA
kpenexa P, 1 BeTMUMHBI MEKCIOWHBIX HANPSHKEHHN MpU
BBIPBIBE KpEIeyka 13 KOMIO3UTHOM OOLIMBKH

Taoa. 2. 3 CHIIBI P Py u Be. Mek-
CIIOHHBIX i npu BBIP 3 THOIi
OOIIHBKH.

Homep d, L Py, Ty
TIACTHHBI MM MM «H MITa
1 4,1 10,54 6,77 47,16

2 4,1 13.35 9.39 51,58

3 4,92 10,54 9,23 53,43

4 4,92 13.35 12,79 58,68

5 6,56 10,54 14,44 63,14

6 6,56 13,35 18.64 64,26

Ha puc. 5 npuBeseHa 3aBHCHMOCTh MEKCIIOEBBIX
HAIPSDKCHUH, MIPU KOTOPBIX IPOUCXOAUT BBIPBIB Kpe-
rnexa U3 IUIACTUHBI, OT OTHOLICHWA IapameTrpa D x
TOJIIIMHE [UTACTUHBI £.

62.00
6100 — & d/t=0.35
000 —8—d/t=044
& 57.00
=
%% 55.00
] \,
E -
& s300 <
~
51.00
RS
49.00 ~
~
47.00 e

Puc. 5. 3aBHCHMOCTB MEKC/I0€BbIX HANPSIZKEHHIT OT Mapamerpa
Di/t.

Kak cienyer u3 puc. 5, BelMuMHa pa3pyiaronmx
MEKCIIOEBBIX HANPSUKEHHIl He SBIACTCS IMOCTOSHHOM
BeNMuMHOM. OHa 3aBUCHT KaK OT TapameTpa d/t, Tak u
OT BCJIMYHMHBI PACCTOAHUA MEKIAY 3aKJICTIKaMH D. C
YBEIIUYCHUEM BEJIMYUHbI D BenuuuMHA MEKCIOEBBIX
HaIpsDKCHUH 3HAYNTEIBHO YMEHBINACTCS.

Pacuer u anaiu3

Ilenb pacyera 3aKII04aIach B HOUCKE KPHTEPHUS,
HPEJICKa3bIBAIONIETO 3HAYCHHUS Pa3pyIIAIONHX MEXKC-
JIOEBBIX HATIPSKEHHIT TIPH BBIPBIBE TOJOBOK 3aKIIETIOK U3
OONIMBKH. ﬂﬂﬂ JAOCTUKCHUSA 3TOH eI Onpeaeisiioch
HaINpsHKEHHO-1e()OPMUPOBAHHOE COCTOSHUE B OOLIMBKE
NpU JICHCTBUM HA 3aKJIENKy pacTArMBaIOlIEil CHIIbL,
PaBHOW CHIIC BBIPBIBA 3aKJICNKH M3 OOIIMBKH, MOIY-
YEHHOW 13 OKCIEPUMEHTA.

Pacuer TIPOBEJICH B BBIYMCIIUTEIIBHOM KOMILICKCE
porpaMmm MSC.Marc[1]. Pacuernbie KOHEeY-
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HO-3NIeMenTHbIe Moaenu mist MSC.Marc Obiu CO31aHBI
B MSC.PATRAN s xpenexa aumamerpoM 6,35 MM u
7,94 MM ¥ BKJIIOYAJIH TIOCIOHHOE MOJICIMPOBAHUE KOM-
MO3HTA.

3ona o0Opa3ua B HANpaBICHUH OCH 3aKJICTIKH
MOJHOCTBIO 3aKPeIUIANach 3a HCKIIOYEHHEM 00IacTu
quamerpoM D=30 MM ¢ LIEHTpOM B oTBepcTHH. Harpys-
Ka, paBHas paspyLIAlOIIeMy YCHIIMIO BBIPHIBA 3aKJICTIOK
B OKCIEPHMEHTE, MPHKJIAIbIBAIACh K HIDKHEMY Ceue-
HHUIO 3aKJICTIKH.

TlockonbKy B 9KCIIEPUMEHTE Pa3pyLICHUE HA4YU-
HAJIOCh C HIDKHETO CJIOSl KOMIIO3UTa, BOJIOKHA B KOTOPOM
pacronaranuck noa yriaom 45° x ocu OX, 10 B Tabm. 3
MPHUBOIATCS 3HAUCHNUS TAHICHIMAIBHBIX AedopMarinii €

B oTtoM cioe. Tam ke TNPUBOAATCA 3HAYECHUS OTHOCH-

EBCP 4 s

g - o
TENBHBIX OWIMOOK F = T‘ 100% nedopmannii,
cp

BO3HHMKAIOIIMX IPH Pa3pylICHUH 0OpasioB, 10 CpaB-
HEHHIO C OCPEJHCHHBIMH 3HAYCHHAMHU (€o0y=0,688%)
JUISI BCEX UCIBITAHHBIX 06pa3u0B‘

Tao6a. 3. Cpeausist TaHr JIbHASE £ B cioe
NIACTHHBL
d=10,54 mm d=13,35 mm
Lz MM
k=) ]l' E=) y
4.1 6,62¢-3 -3,78 6,08¢-3 -11,63
492 | 7.23e¢-3 5,09 6,74¢-3 -2,03
6,56 | 7,67¢-3 11,48 6,94¢-3 0,87
Kak cnemyer u3 Tabn. 3 MakcHMajibHas OTHOCH-

TeabHas ommOKa (y) I BCeX HCHBITAHHBIX 00pasinoB
cocrassier ~11,5%. Ecian BEIOpOCHTH U3 paccMOTpeHHs
MMHUMAJIbHbIC ¥ MaKCHMaJbHbIC PE3yIbTaThl IO OIIpe-
JICJICHUIO 3HAYCHMH OMMOOK, KOTOpble MOTYT OBITH
CBSI3aHBl C HECOBEPIICHCTBOM TEXHOJIOTHH H3TOTOBIIE-
HHUS KOMIIO3HTHBIX O0pasloB, TO B OTOM CIydae II0-
IPEIIHOCTh COCTABUT ~5%.

Tlo 5Toii npUYMHe, I OLEHKU CHIIBI, BBIPHIBA-
JOIIleH 3aKJICNIKy M3 KOMIIO3HTa H MOCIETYIOIIEro ompe-
JIENIeHHs IO BBIPAKEHHUIO (1) MEXKCIOEBBIX HANPSKEHUH
MOXHO B KaueCTBE KPUTEPHs HCIONB30BaTh Aedopma-
LIMOHHBII KpUTEpHIi:

)

IJie € — pacueTHoe 3HauyeHue aedopManuii Ha KOHType
OTBEPCTHSL HIJKHETO CIIOSi KOMIIO3UTA, a Eg, — HPECIb-
HOe 3HaueHUe AedopMalyH, OIpenenseMoe >SKCIepH-
MEHTAJIBHO.

Hcnone3ys BelpaskeHne (2) Kak KpUTEpHil pas-
pyuieHust u, npuHUMas €g,=0,688%, pacuetom ompene-
JIHBI Pa3pyLIAONINe HArPY3KH [ 3aKICIOK, PacIio-

£0= Eqp,

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

JIOXKEHHBIX Ha paccTostnun D=20 u 40 MM Ipyr OT Jpyra,
[0 3HAYEHUSIM KOTOPBIX U BblpaxkeHuto (1) mosyueHst
KPHTHYCCKUC MEXKCIIOCBBIC HAIPSKCHHS, NIPHBCICHHbBIC
Ha puc. 6.

Kax cnegyer u3 rpadukoB, BeIMUHHA paspy-
MIAIOMIUX MEKCIOCBBIX HAMPSDKCHHII HE SBIACTCS I110-
CTOSIHHOH BEITMYNHOM.

2 0,
20 5 30 35 &
—e—d=10,54, =41 ——d=10,54, t=4.92
= =d=13 35, t=4.1
Puc. 6. paspy X MEKCI0eBhIX it mpu
TOJI0BOK IX 2IEMEHTOB H3 KOMIO3HTHOIi 06-

MIHBKH.

C yMEHBIIICHHEM PAacCTOAHUA D MEX]y 3aKIeIKaMu
MEKCJIOCBBIC HANPSHKEHUSA YBEIUYUBAOTCH. VBenuuu-
BACTCA OHU U NPU YBEJIIMYCHUU TOJIIUHBL ! KOMIIO3HUTA.
C yBenM4eHHEM PacCTOSHMS MeXy 3akienkamu D 0o-
nee 35 MM JJMaMeTp TOJIOBKHU 3aKJICIKH IIPAKTUYCCKH He
BJIMACT HA BEJIMYHUHY MCIKCIIOCBBIX Hal'[pﬂ)KeH]/lﬁ.

1. Volume B: Element Library// Marc 2013/ MSC.Software Cor-
poration. - U.S.A., 2013. - C. 71. - URL:
http://simcompanion.mscsoftware.com/infocenter/index?page=content
&id=DOC10339&cat=MARC_DOCUMENTATION&actp=LIST.

2. Puck A., Schurmann H. Failure analysis of FRP laminates by
means of physically based phenomenological models, Composites
Science and Technology, 1988.

3. T'puumn B, Tme6oBa M.A., Becnanos B.A., Touemok T.b.
VICCJ’IC}]OBH"HC KPHUTEPHUEB PaspylICHHUA KOMITO3HIIHOHHBIX 06pa3llOB Cc
KOHIEHTpaTopaMu llﬂnpﬂ)l(e""ﬁ Tpu C)KaTUH. «MexaHnKa KOMITO3H-
IIMOHHBIX MaTepHasoB U KOHCTpyKiwii», UTIPUM PAH, 2013, Tom 20,
Nel, c. 58-86.

4. Ipumnn B.ML, JI3106a A.C.,.lynapskos FO.U «IIpounocts n
YCTOHUYMBOCTH IIEMEHTOB M COSHHEHHI aBUALIHOHHBIX KOHCTPYKIHI
13 Komrosutos». M. ®U3MATIINUT, 2013, 272 c.
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9KCHEPUMEHTAJIbHOE UCCJIEJOBAHUEM KMHETUKHA ITPOLECCOB
CMAYHUBAHUA U PACTEKAHUA OJIMTOMEPHBIX CBSI3YIOINX HA
HNOBEPXHOCTH BOJIOKHUCTbIX HAIIOJIHUTEJIEHU

Bopoaymun A.C., Mansiuesa I'.B.

MI'TY um. H.D. baymana, Mocksa, Poccust
malyin@mail.ru

A

: npeoc pesy: IKCREpU.

X UCCTe008aHUL KUHEMUKU hpoyeccoe meveHus paiuiHblx

munos sicuokocmer u CEA3YIOUUX Yepes yznepo()ybte U OpeanuyecKue 60J10KHO. Vemanoenenvr snavenus npe()aum meKyyecku onst
PAaziudHblX nap cesa3yroujee-6010KHO U ()le(f()@fl(:’Hbl 3HaveHull l)a&ﬂ(?Hllﬁ, npu KOmopslx npoyeccovl NpOnumbvleaHus np()ucxodﬂm c

MAKCUMANbHOTU CKopocmblo.

Kurouegsie ci106a: 6010KHO, pedcumbl CMAuUBaHUA U PACMEKAHUA, PADOUUE HCUOKOCIU, CEA3YIOUjee.

Bgenenne

TpasMIMOHHBIC METO/IbI M3IOTOBJICHUS JIeTaslei 13
TOJIMMEPHBIX KOMITO3HIIMOHHBIX MaTepuainos (ITKM) mo
MPENpPeroBoil TEXHOJIOTHH TpyaoeMku. B mocneanee
BpeMst Bce OoJiee MUPOKOe PACTIPOCTPAHEHHE MOy YHIN
MeTozBl psiMoro (hopMOBaHHMS, HanpuMep, HHQY3HOH-
Hasg TPONMTKH moJ BakyymoMm — (Vacuum Infusion),
KoTOpasi He TpeOyeTcs MpeaBapuTEeIbHOE H3TOTOBICHHE
mpenpera, a TPOLECC HPONHUTHIBAHUA HAMOIHUTES
coBMellleH ¢ TpoueccoM (opmoBanus. OnHako, Hpu
HCIIOJIb30BAHMM DTOH TEXHOIOTHU HEBO3MOKHO Olle-
HHUTb Ka4yeCTBO KOMIIO3HTA HA MPOMEKYTOUHBIX Orepa-
LUAX U3roToBieHus. ONTUMU3ALUS TEXHOIOTHYECKOTO
pexuma uzrorosnennst [IKM B pesyibrare ynpasieHus
PEOJIOrMYECKMMH XapaKTePUCTUKAMU CHCTEMBI SIBJIACT-
csi HanboJiee SKOHOMHYHBIM ITyTEM COBEpIICHCTBOBA-
HHSl TEXHOJOTHYECKOTO TMPOLEecca M TMOBBIIICHUS Kaue-
crea [IKM [1, 2].

Ilenbio HacTosimeil paboOThI SBISETCS 0OOCHOBA-
HUSl PAlMOHAIBHBIX TEXHOJIOTHYECKUX PEKUMOB MPO-
1ecca MpONUTHIBAHMSL.

O0beKTBI U METO/IbI HCCIIEIOBAHUS

Hﬂﬂ UCCIEeN0BAHUA KUHETUKHU IMPOLIECCOB MPOIIU-
THIBAHUS BOJIOKHHCTBIX HAIMOIHUTEICH TIOJIMMEPHBIMA
CBA3YIOIIMMH B PEXKHMaX CMAuHBaHUA M (MIBTPALUU
Obina pa3paboTaHa M M3TOTOBIEHA CHENMAIbHAs yCTa-
HOBKa (HOBM3HA MOJTBEPXIEHA MATEHTOM Ha M300pe-
TEHHE).

Jlns  WccnenoBaHWA —KUHETUKU — KAaIMIUIAPHOTO
TIPOMMUATBIBAHUS BOJIOKOH OBLTH Bm6pam>1:
CpEAHCIIPOYHBIC OTCYCCTBCHHBIC YTICPOAHBIC
BosokHa (YB) wu gentel mapoxk BMH-4, JIV-3,
JIVII-0,1, Diyp-0,08I1 B MCXOIHOM COCTOSIHUM U 0Opa-
GotanHble SO-TIPOIEHTHON a30THOW KUCJIOTOH B Tede-
uue 0,25 + 6,0 g;

- BBICOKOIPOYHBIC YIJIepOjiHbIe BOJIOKHA AS-4 1
HTS ¢upmsr Caiitex (CILIA);

- OTEYECTBEHHOE apaMUJIHOE BOJIOKHO ApMOC.

B kadecTBe paboumX KHIKOCTEH HCIOTB30BATH:
-nnbyrundranar, -AMOKTHICEOALNHAT, - TIIHLEPHH;
SMOKCHAHBIE cBs3ytomme Mapok: DJIT-69H,
DH®B, 5/IT-10, Dran-Unxexkr-SL/M.

PesyibTaThl 1 006cy:K1eHHE

B pesynbrare nmpoBeAEHHBIX HCCIENOBAHMIT MPO-
LIECCOB TEUCHHUs JKHAKOCTEH uepes3 BOJIOKHA B PEKUME
CMayMBaHMS YCTAaHOBJCHBI 3HAYCHHS KPHUTHYCCKUX
JIaBICHUH, IPU KOTOPHIX JMHAMHYECKHH yron HaTeka-
HHS B ypaBHEHUH Y OIIOypHa, MpUHAMAaeT 3HaueHus 90°
(nepBoe kpuTHueckoe gaienue) U 180° (Bropoe Kpu-
THYeckoe). lcmonp3oBaHMEe KPUTHYECKHX JNABICHHUIM
[O3BOJIMIIO PACCYUTHIBATH CTATHYCCKHUE YIVIBI CMauH-
BaHUs BOJIOKOH 0€3 MX HEHOCPEICTBEHHOTO H3MEPEHUS.

W3ydeHne TeueHMs PA3IMYHBIX XKUIKOCTEH depes
BOJIOKHA B peXHMe (HIBTPALMM TOKa3alo, 4YTo BCE
M3y4CHHBIC JKUIKOCTH OTHOCATCS K OMHIaMOBCKHM
TBEPA00OPA3HBIM C OJJHUM IIPEAEIOM TEKy4eCTH (COOT-
BCTCTBCHHO C OJHHM TIPAaHHYHBIM CIOEM) y HPOCTBIX
JKMAKOCTEH M JBYMsI MpeieliaMi TeKy4decTH (COOTBET-
CTBEHHO C JBYMsI IPQaHHYHBIMH CIIOSIMH) Y SHOKCHIHBIX
CBA3YIOIIUX.

HccnenoBanue MpOYHOCTH HPU CABUIE IPAHMYHBIX
CIIOEB SMOKCHIHBIX CBS3YIOIIHX OT COIEPXKAHHsS BOJIO-
KOHITOKa3aJ10, 9T0 3P EKT— MepeKpHIBAHMS TPAHUYHBIX
CII0eB HacTymaeT mo poctwkernu 39 + 41 06.% Boio-
KOH JUIsl BHEIIIHUX TPaHUYHBIX cioeB 1 46,6 + 50 00.%
— JUIsl BHYTPEHHHX IPAHUYHBIX CJIOCB.

TIpo4YHOCTh BHYTPEHHHMX TIPAHHYHBIX CIIOEB CBS-
3yIOIIUX HApacTaeT [0 Mepe YBCIHYCHHS CTENCHU
HAIOJIHEHHs. Y CTAHOBJICHBI 3HAYCHHS NABICHUIH, TpU
KOTOPBIX OyZeT MPOMCXOAUTh Pa3pPyLICHUS BHYTPEHHE-
ro U BHCIIHErO I'DAHUYHBIX CJI0eB. J{JIsi SHOKCUIHOIO
CBA3YIOIIETO IIPH CTCHEHH HaIoNHeHHs 55-60 06.%
BOJIOKOH, TPAHUYHBIC CJIOM Pa3pyIIaeTcs MPH JIABICHH-
sx (100+450)-103 v/m2.

CHucok J1uTepaTyphl

1. Hemio6 B.A., Bopoaynun A.C.. KoGen JLIT., Masbiuiesa
I'B. Hccneiopanue MeXaHu3Ma CTPYKTYpOOOpa3oBaHus
CBA3YIONUIETO B 3aBHCHMOCTH OT MHKpopenbeda MOBEepXHOCTH
yraepoanoro Bosnokna // Kien. Tepmernku. Texuonoruu. 2016. Ne2.
C.19-23.

2. Mausimesa I'.B., I'yces C.A. VccnenoBanne BiusHUs
CETEBOTrO yrila TKaHel Ha KMHETHKY MpPOIECcca MPOMUTHIBAHUS TPH
dopmoBannn wmsgenmit u3  yrieruractukoB // Bee Marepmaibl.
DHImKnonemyeckuii cnpaBoynnk. 2016. Ne5. C.2-6.
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Beenenune

OO6nmacT MpUMEHEHUs MOIMMEPHBIX KOMIO3UIIU-
OHHBIX MAaTEePHAJIOB IOCTOSHHO pACIIUPSIOTCS U B
HACTOSICE BPEMsl OHU MCIOJIb3YIOTCS B aBHACTPOCHUH,
CYZIOCTPOCHHH, CTPOUTENBCTBE M JpP. OTpACisiX Mpo-
MbIIUIeHHOCTH. O4eHb GOJNBILIOE PACTIPOCTPAHEHUE TTO-
JIyYHJIM TIOJIMMEPHbIE KOMIIO3MLHOHHBIE MaTepHaa, B
KOTOPBIX B KayecTBE apMHPYIOIIEr0 MaTepuana Hc-
nonke3yeTcst TKaHb. Jl1s yno6cTBa (hopMOBaHHMS, BMECTO
OOBIYHBIX TKaHeil Bce GoJiee MIMPOKOE PacrpocTpaHe-
HHE MOTy4aloT MPedOpPMBI, KOTOPbHIC MPEACTABISIOT
c000i1 npeBapuTeIbHO MPOLIUTYIO 3aroTOBKY. OCHOB-
HOe BHHMMaHHMe, NIPH BHIOOpE TKaHW, yjensercs ux Qu-
3MKO-MEXaHHYECKUM U (HOpPMOOOPa3yIoNuM CBOICTBaM
M CYIIECTBYET OYEHb OTPAHHYCHHOE YHCIO paboT, B
KOTOPBIX PAaCCMATPUBAIOTCS PA3IMYHbIC KOHCTPYKTUB-
HbI€ CXeMbI IpoIuBKy [1, 2].

Ilenbio HacTosIIeH PabOTHI ABIACTCS MOJACITHPO-
BaHHE CXEMBbI POLINBKU TKAHEH U3 yIIIeIUIACTHKA.

OO0BbEeKTBHI H METOIBI HCCJIETOBAHUS

B kauyectBe 00BHEKTOB HCCIICO0BAHUA MCIIOJIb30Ba-
JIaCh MMIIOPTHAS OJJHOHAIPABJICHHAs YIIIEPOIHAs TKAHb
SAATITEXINDUSTRIAUC 350 u3 koTOpoil u3roras-
smuBaiu  npedopmy Tommmuoi 30 mMm.. PaccrosiHue
MEKIy CTeXKKAMU H3MEHSUI0Ch 0T 4 10 6MM. [IpormmBky
CJI0EB TKaHU MEXIy CO0O0M MPOBOAMIM OTEYECTBEHHON
HUTBIO ApMoc. IIpu npommBke BapbHpOBaach M TOJ-
LMHA HUTH, KOTOpas u3mensuiachk ot 0,5 100,8. Tlocie
TIPOLTMBKH, nped)opMa TponUThIBaJIaCh METOAOM Ba-
kyymHOU uH(py3un. B pabore ncnonb3oBanoch oreue-
crenHoe cssyomee DTAJ-MHXEKT-SL/M. Tlocie
OTBEPXK/ICHHS IIPOBOJMIM MEXaHUYECKHEe HCIBITAHHI
YIIICNIaCcTUKOB Ha H3FI/I6, PpacTsHKCHHE M CXKaThue, a
TAKKE BBIMOJIHSIN CTPYKTYPHBII aHAIN3 pa3pyILeHHbBIX
oOpasuoB. [l uccieoBaHUs MUKPOCTPYKTYPBI HC-
TOJIb30BAJICS AJICKTPOHHBII MUKpockon Fenom.

B pabore Takke NPOBOAMWIOCH MOJEIUPOBAHUE
JKCCTKOCTH YTJICIUIACTUKOB IPU JBYX CXEMaX YKIIaAKH
6e3 NPOIIMBKY U C NPOIIUBKOW. J[ysi pacueToB UCIIONb-
30Bajach MHporpamMma ydeOHas BepCHs HPOrPaMMbI
AltairOptiStruct, B KOTOpOW peaqn30BaHbl KOHEY-
HO-3JIEMCHTHBIE MOJCIIN 06pa3ua yrieniaactuka ¢
npouuBKoi U 6e3 Hee. Bee pacuers! mpoBeieHb! B -
HeHHOM CTaTHYecKOoi MoCTaHOBKE.

CTpyKTYpHBII aHAIN3 YTIETIIACTHKOB IIPOBOIMICS

20

C  HUCIONBb30BAHUEM  PEHTTEHOBCKOrO  ToMmorpada
SkyScan 1172. KOTOpBIii MO3BOJISACT BU3YaJIU3UPOBATH
CTPYKTYpY 0€3 JOMOTHHUTENRHOI ee 00paboTKH.

Pe3yabTaThl U 00Cy:K1eHUE

B pesynbrare npoBeaeHHBIX KCIEPUMEHTAIBHBIX
UCCIIeIOBaHNH YCTAHOBIICHO, YTO IPOIINBKA OKa3bIBACT
OYCHb HC3HAYHUTCIIBPHOC BIHMAHUC Ha TAKHC IPOYHOCT-
HBIC XapaKTEPUCTUKH, KaK MPEACT MPOYHOCTH TIPU pac-
TsOHKEHNHM U n3rube (OHM M3MEHSIOTCs He Oonee uyeM Ha
10%).

TIpoBesieHHBII CTPYKTYpPHBINH aHANU3 yriemiacTu-
KOB TIO3BOJIMII ONPEACIIUTD MOPUCTOCTD YTJICIITIACTUKOB
B 3aBUCHMOCTHA OT TEXHOJOIHMU MPOUIMBKHA TKaHeﬁ, a
TaKKe CTEHCHb IOBPEKICHUS TKAHH B IIPOLECCE HPO-
IIMBKK. YCTaHOBJICHO, TIPONIMBKA HE BIHMSCT HA BEIH-
YWHY IOPHUCTOCTH, OJHAKO OKa3bIBAaCT CYIICCTBECHHOC
BJIMSIHUC HA BCC XAPAKTCPUCTHKHU CTPYKTYPhI TKAHHOTO
HaIroJHUTEIIA.

TIpoBeieHHBIC DPE3YNBTAThl PACUCTOB IKECTKOCTU
OJTHOHATIPaBJICHHOTO H JBYHAIIPAaBICHHOTO KOMIIO3UTAC
BepTI/IKaJ'II:HOI\/'I HpOHJHBKOﬁ TIoKasajii, 4To II0 CpaBHE-
HUIO C HEIPOLIUTHIM KOMIIO3UTOM KECTKOCTh HA CABUT
MEHSACTCS HE3HAYUTEJIbHO U [IPOIIMBHBIC HUTH I10YTH HE
OKa3bIBAIOT BIUAHUA. IIpH HAKIOHHOMN NPOIIMBKE KOM-
no3uta ¢ yriom 30 rpaaycoB yBETMUYEHHE CIBHIOBOIT
JKeCTKOCTH coctaBisieT 10 20 % (mpu auaMerpe HUTH
npouBky 0,8MM u mare 4mm). [Ipu pacTsikeHUu TOH-
KHe HUTH IIOYTU HE OKa3bIBAIOT BIMAHHA Ha KECTKOCTh
makera. C POCTOM  TOJIIIMHBI TTPONIMBOYHBIX HUTEH
JKECTKOCTh HaA paCTsAKEHUE KOMIIO3UTAa MOXKET CHU-
JKaTbCs U3-3a KPUBU3HBI OCHOBHBIX BOJIOKOH, BHOCUMBIX
HPOIIMBHOM HUTHIO M MaJOr0 3HAYEHHS MOTYINS yIpy-
TOCTH CBSA3YIOLICTO HpOLUHBHOﬁ HHUTH TI0 CPaBHCHHUIO C
JKECTKOCTBKO OCHOBHBIX BOJIOKOH 4YTO IlCI‘;ICTBI/ITeJ'ILHO
NOATBEPKAACTCA  pe3yJibTaTaMH, IOJYYCHHbBIMU Ha
pa3pabOTaHHBIX B JaHHOM paboTe MOJEIX.

CrniucoK IuTepaTyphl

1. Hemo6 B.A. TIpuMeHeHHE MOITMMEPHBIX KOMITO3UIIHOH-
HBIX MaTepHaIOB B CYJIOCTPOCHHH JUisi PEMOHTa KOPaGeIbHBIX
HazcTpoek // PeMoHT, BoccTaHoBIeHHMe, MozxepHm3amms. 2013. NeS.
C.21-24.

2. Maneimesa I'B., T'yces C.A. HccnenoBaHue BIUSHUS
CCTEBOIO yIJia TKaHEH Ha KMHETHKY NPOLECCA MPONMTBIBAHMS IIPU
(hopMoBaHHH M3JIeNHii U3 yriemacTukoB // Bee mMaTepranbl. DHIMK-
Joneardeckuii cnpaBoynnk. 2016. Ne5. C.2-6.
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MPOTPAMMHBINA KOMILUIEKC ONTUMHU3ALIAN KOHCTPYKTUBHBIX
IMAPAMETPOB KOMIIO3UTHBIX KPBIJIBEB MAJIOI'O YAJIMHEHUSA

OM. T aray31, B.1. HHOTHI/IKOBZ, P.B. Iln0THHKOB®

! Hanmonansubiii aspokocmueckuii yunsepeuter uM. H.E. JKykoBckoro «XapbkOBCKHii aBHALHOHHbIA HHCTHTYT,
r. XapbKkoB, Ykpauna; fedor.gagauz@gmail.com
2 AO «IleHTpasibHbIH Hay4HO-HCCIIEOBATECKHI HHCTHTYT CIIEMHATEHOT0 MAIIHHOCTPOSHHS,
r. XoThKOBO, Poccust

Annomauus: Paspabomano npospammuoe obechevenue 015 NPOEKMUPOSAHIUA HECYUUX NOBEPXHOCTEN MAT02ADAPUNHBIX

KpblIbes U3 NONUMEPHBIX KOMF 1x P . 1p

puﬁomhl npOCPAMMHO20 obecneuenuss OCHO6aH Ha KoMOUHA-

YUOHHOM NO0X00€, COBMearoujeM MemoouK NPOEKMUPOBOHBIX PACYEMOE OMOETbHbIX KOHCIMPYKIMUBHBIX INEMEHINO0E ¢ NoGe-
POUHBIM pacyemom 6 nakeme KoHeuHo-semenmno2o ananusa konempykyuic COSMOS/M.

noau, KOMNO3

Knrouesvie cnosa: Kpblibs,

HO-mexHonocu4ecKue napamempel, MEmoO KOHEUHbIX 91EMEHMO8.

VYpoBeHb COBPEMEHHBIX TPEOOBAHMM, MPEIbABIS-
€MBIX TPH MPOCKTUPOBAHWHM PAKETHOH TEXHUKH, 00y-
CIIABIMBAET HEOOXOAMMOCTb HCIIONB30BAHUS KOMIIO3H-
TOB B KOHCTPYKIMSX GECIMIIOTHBIX JICTATE/IBHBIX allla-
paro (BITJTA). B 4acTHOCTH, COBPEMEHHBIC KOMIIOHO-
BoyHble cxembl BITJIA mpennonararoT yCTaHOBKY Ma-
J0orabapuTHBIX KPBUIbEB € JOCTATOYHO TOHKUMH IPO-
dumsimu (5...10%). DxkcIuTyarauus pakeT ¢ MeTauIye-
CKMMM KpPBUIbSIMH B 3TOM CIIyyae MOKET XapaKTeph30-
BaThCsl M30BITOYHBIMU WHEPLHOHHBIMU CHJIAMH, YTO B
CBOIO OuYepelb MNPHBOAMT K YCIOKHEHHIO CHCTEM
YIpaBJIEHHUs U PACKPBITHS U3 TPAHCIIOPTHOIO IOJIOXKE-
HUA. B cBsA3M ¢ 5THM, IPOEKTUPOBAHKE U U3TOTOBJICHHE
ManorabapuTHBIX KPBUIBEB M3 ITOJMMEPHBIX KOMIIO3H-
unonHbIX Marepuanos (ITKM) sBnsercst ocobeHHO ak-
TyaJbHbIM.

B nanHOM J0KJIaze ONHUCBHIBAIOTCS BO3MOMKHOCTH
MPOrpaMMHOIO KOMIUIEKCa, Pa3paboTaHHOIO KOJUICKTH-
BOM aBTOpPOB Ha OCHOBE KOMOWHALMOHHOTO MOAXOAA M
MaTeMaTH4eckoro obecreueHus (METOIMK U AJITOPHT-
MOB), onucanHoro B padore [1]. Mcnonb3oBanue Kom-
OGUHAIIMOHHOIO TIOJX0/@ B 3TOM Cllydae OOyCIIOBICHO
TEM, YTO ONpEJCICHHE KOHCTPYKTHBHBIX NapaMeTpOB
THIIOBBIX 2JIE€MEHTOB KpbUIA peanu3yercs Ha 0Oas3e Xo-
pomo oTpabOTaHHBIX METOAMK [2], OCHOBaHHBIX Ha
b depeHIranTbHOM, HHTErPaIbHOM WM aHAJIIOTOBOM
MPHHIMIAX HPOEKTUPOBAHUA W YUYHTBIBAIOLIIMX OCO-
OGeHHOCTH MX M3roToBieHus u cbopku u3 ITKM, a pac-
YeT XapaKTEePUCTHK HAMPSKEHHO-Ae(OPMUPOBAHHOTO
cocrosinust (HJIC) — Ha Gasze Meroa KOHEYHBIX dJie-
mentoB (MKD), mosBoistomiero Gosee JETaNbHO OIH-
carh peajbHbIC YCIOBUS HAarpyXKeHHs M CHJIOBOTO B3a-
HMMOJCHCTBUSI NIEMEHTOB KpbLIa MEXIy COOOW M Jaro-
11ero HanboJee 10CTOBEPHbBIE PE3yIbTaThl.

Anroput™ nporpamMMmHoro obecnedenus (puc. 1)
MpeaycMaTpHUBaeT BBOJ MCXOJHBIX JAHHBIX, MPEIBAPH-
TEJIBHOE ONpE/eICHNEe KOHCTPYKTHBHBIX IapaMeTPOB
JIOHXKEPOHHOTO KpPbUIA C HCIOJIb30BAHUEM HPOEKTUPO-
BOYHBIX METOJOB, 3aIlyCK MPOLEAYPhl HOPMHUPOBAHHS
CIENUaNIN3UPOBAHHON KOHEYHO-3]IEMEHTHOH MOJIEIH B
MporpaMMe KOHEYHO-DJIEMEHTHOTO aHallM3a M TocIe-
JYIOIMH MTepPalOHHBIM MPOLECC «pacyeT Ha IMpod-
HOCTb — U3MEHEHHE (KOPPEKILMs) IapaMeTpoB — pacyer

e P , le()?pa‘W.WHbll; KOMNJIEKC, KOHCMpPYKmue-

Ha MPOYHOCTHY.

@ BBoA, MCXOAHBIX AaHHBIX ]

pOEKTMpOBaH1e O6LUMBKN
1 NOHXepoHa

KoppekTupoBka
pesynbTaToB pacyera

(DMosepounbiii pacuet MK

AHanu3 pesynbTaToB
NOBEPOYHOro pacyera

@ BbiBoA pesynbtatoB

Puc.1. Biiok-cxema a/iropuTMa NpOeKTHPOBAHHS 3JIeMEHTOB
JIOH/KEPOHHOTO0 KPbIJIA MAJIOT0 YIIHHEHHst

PazpaGorannslii rpadmuecknii mHTEpdeHc mpo-
TPaMMHOTO KOMIIIeKca (puc. 2) mpemycMaTpuBaeT BBOJ
cienytomei HHOPMALUK C HCMOJIb30BAHUEM JHAJIO-
TOBBIX OKOH:
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Puc.2. TnaBHoe OKHO NPOrpaMMbl

- OCHOBHBIE TCOMETPHUYECKHE pasMepbl KpblIa C
yKa3aHueM Turna npoduis (TpeyrojbHblil, poMOOBHI-
HbIH, YeueBUIICOOPa3HbIHA WK TPareLHeBUIHbIE);

- GU3NKO-MEXaHMYECKHE  XapaKTePHCTHKH  HC-
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TIOIB3YEMBIX MATEPHUAJIOB C BO3MOXHOCTBHO BHCCCHHSA
ux B 6asy JaHHBIX, KOTOpas HACTPAUBAETCS M PEIAKTH-
pyeTcs MoJIb30BaTeNIeM;

- IpearnojaracMasi cxeMa OpHEHTAllMHd TJTIaBHBIX
nanpasnenuii [TIKM oOmmBku (BIoab pa3smaxa Kpblia
WM BJIOJIb NIEPEIHEH U 3a1Hel KPOMOK);

- cxema yknanaku I[TKM oGummBku (¢ BO3MOXKHO-
CTBIO €€ ONTUMH3AIINHN);

- Ipyrue OmiuH (KOHCTPYKTHBHBIE OTPaHHYCHUS,
MaKCUMAJIBHO JIONYCTUMbIM MpOrud, cpeaHuil pasmep
KOHEYHOT'O DJIEMEHTA H T.1L.).

JU1s IOBEpOYHOTO pacyeTa Kphlia B IIPOrPaAMMHOM
KOMIIJICKCE peali30BaHa Nnepeaaya UCXOAHBIX JaHHBIX U
PE3YILTAaTOB MPEABAPUTENLHOTO POEKTUPOBAHKS B I1a-
keT urxeHepHoro anannza COSMOS/M. Ilocrpoenue
KOHEYHO-3JIEMEHTHOH MOJIEH KpbUIa M MOCIIETyONIHi
pacyeT OCYHIECTBIACTCA B aBTOMAaTHUCCKOM PEXHUME U
6a3prCTCﬂ Ha HCIOJIb30BAHUH TIOCKUX 00O0JOUEUHBIX
annementoB tuna SHELLAL (uis mozpenupoBanus cio-
ucroro ITKM 0OLIMBKH, TTOJIOK U CTEHOK JIOHKEPOHA) U
00bEMHBIX KOHEYHBIX 3eMeHToB Thna SOLID (s
MOACITUPOBAHUA 3&HOHHI/ITCJ’[5{). 3aI[aHHafl Harpyska
TIPUKIAAbIBACTCSA B BUJE [ABJICHU, PACHPEACIICHHOIO
PaBHOMEPHO I10 Pa3Maxy KPbLIa M 10 TPANCLUCBUIHOMY
3aKOHY 110 XOpJIE C y4ETOM 3aJaHHOTO OTHOCHTEIBHOTO
TIOJIOKCHUS IIEHTPpA TaBJICHUS.

J11st HarIsTHOM OLICHKHU Pe3yJIbTaTOB ITOBEPOUYHOTO
pacdera mporpamMma aBTOMATHYECKH TI€HEPUPYeT OT-
JeNbHbIC (paiIbI-M300paKeHHss U MOMENaeT HX B JH-
PEKTOPHUIO € COXPAaHCHHBIM IIPOCKTOM. B kagectBe pe-
3YyJITaTOB  BBIBOAATCA  CICAYIOIIHE XaPAKTCPHUCTHKH
HAC:

- paclpesieieHHe  BEPTHKANBHBIX — [EPEMEIICHHIT
(porudoB) KpbLa;

- KOO(Q(UIHMEHT pa3pylIeHUs], TOTY4YeHHBIH 110
kputepuio Xuuia 1ist cinoucroro [TKM:

2 2 2
O 01:.05; 05 Tin:

MFIND =max| - 120 30, L \<p (1)
PR Fufy By Ry

T 0,075,719 > F1;. Foi Flpp — JIefiCTBYIOIINE HAampsi-
JKEHHS B [-OM CJIO€ M NpEIesbl TPOYHOCTH OJHOHA-
TPABJICHHOTO CJIOS1 COOTBETCTBEHHO.

C ydetom mpuHATOTO KpuTepus mpousocta (1),
k03 duUIMEHT 3amaca MPOYHOCTH KOMIIO3UTHBIX Hiie-
MEHTOB PAaCCUMTHIBACTCA 110 hopmyie

1

T @
N MFIND

Kosdpummentsr paszpymrennst (1) BeIBOmsATCS Kak
JUIS KpbLIa B 1eoM (puC. 3, a), Tak ¥ Ul OTIEIbHbIX
KOHCTPYKTHBHO-CHJIOBBIX DJIEMEHTOB (puc. 3, 0, B), 4T0O
JIaeT BO3MOXKHOCTB TIOJIb30BAaTEII0 BBIABUTH Hambonee
Hal"py)KEHHBIﬁ DJIEMEHT KOHCprKTHBHO-CHHOBOﬁ CXxe-
Mbl U NPHUHSATH pelieHHe 00 M3MEHEHHH IeoMeTpHye-
CKHX IIapaMeTPOB OTACIBHBIX CHIIOBBIX DJIEMEHTOB a,
npu HeoOxoxuMocTH, u cTpykTypsl ITIKM. B atom ciy-
Yya¢ B JMAJOTOBOM MEHIO TPOTPaMMBbI I0JIb30BATEICM
BBOJATCS OTKOPPEKTHPOBAHHBIEC 3HAYEHUS 11aPaMETPOB,

22

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

TIPOCKT C MU3MECHCHUSAMHU COXPAHACTCA U HOBCpO‘IHBIfI
pacuer MKD 3amyckaercst HOBTOPHO.

Jlis  oTnajku  pa3paboOTaHHOrO MPOrpaMMHOIO
obecrieueHust ObLTH TIPOBEACHBI MHOT'OYHMCIICHHBIC TIa-
PaMETPUYECKUE HUCCICAOBAHUA MO MPOCKTUPOBAHUIO U
pacyeTy KOMIIO3UTHBIX KPbUIBEB MaJIOrabapUTHBIX Jie-
TaTeNbHBIX aIlapaToB.

B

Puc.3. lpumep oTodpazkenust pesyibTaToB pacyera MKD

Jlns obnerdeHnst paboThl ¢ MPOTPaMMHBEIM KOM-
IUIEKCOM COCTABJICHO €ro OMMCAHHE M PEeKOMEH/ALMH,
KOTOpbIE MHTEIPHPOBAHBI B BUJIE (haiiia-CripaBKH.

1. TpoekTnpoBaHie MagorabapUTHBIX KPBLTBEB U3 KOMIO3HTOB
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MCIOJIb30BAHUE HOBOI'O METO/IA IPOBEPKU CTATUCTUYECKOM
OJHOPOJHOCTHU HA TPUMEPE PACHIPEJEJEHUS NIPOYHOCTH
BbBICOKOTEXHOJIOI'HYECKUX MATEPUAJIOB
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Beenenne

Mmuorue uccnenoBarey, IpUMEHsIONHE B CBOEH
MPAKTHKE CTATUCTHYECKME METOJBI, HNPEANOYMTAIOT
HCIIOJIb30BATh TPAJANIIHOHHBIC CTATHCTUYECKUE METO/IbI,
HECMOTPSI Ha TO, YTO B HACTOSILIEE BPEMsI HMEETCS allb-
TEpPHATHBA 110 YACTU MCIIOJIL30BAHUs HOBBIX BO3MONK-
HOCTEH, TaKMX KaK pa3Be/IOYHBII aHaIn3, BU3yaau3alus
JaHHBIX, pecOMIUIMHT [1]. DT0 oOBsCHACTCS psIoM
npuyuH. B uncne mpounx, 9T0 TO, YTO HOBBIE METOABI
4acTo He BKJIIOYEHbI B yueOHbIE KypChl YHHBEPCHTETOB
[0 CTATUCTUKE, TO, YTO OHU HE BOLLIM B OOJIBIIMHCTBO
KOMMEPUECKHX CTATHCTHYECKUX MakeToB. B pe3yibraTe
HCCNeI0BaTeM ¢ OOJIBIIOH HEOXOTOH OCBAMBAIOT JTH
METOJIBI.

OcTaHOBUMCS HAa NPUMEHEHHM OJHOH M3 5THX
HOBBIX TEXHOJIOTMii, @ UMEHHO pecomIunHra. OH, B OT-
JIMYUE OT JIPYTHX, BKJIIOYCH B TaKHE MAKeThl, Kak SAS,
SPSS u SyStat. On MOXeT ObITb TaKXKe peaau30BaH B
tabanuHbiX nporpammax, tuna Excel. Ilupokue Bo3-
MOKHOCTH JIJIi  PECOMIUIMHIA NPEIOCTABIACT  A3bIK
nporpamMmupoBanus R. Ilocnennuii Haxoautcs B OT-
KpBITOM A0cTyne B MHTepHeTe 1 001a1aeT OrpOMHBIMU
MPOrpaMMHBIMH  BO3MOXKHOCTAMM JUISl CTATHCTUKH —
MPOrpaMMbl JIONOJIHSIOTCS B BUE CKPUIITOB.

Knaccnueckue nporpamMMHbie HpOLEIypbl CpaB-
HHUBAIOT HAOIIOaEMble CTATUCTUKH C TEOPETHUECKHMHU
pacnpenenenusamu. Jis nmpUMeHeHUs HemapameTpuue-
CKMX METOJOB HEOOXOAMMBbI IOBTOPHBIC OIIBITHI.
PecommmHr — 5T0 HOBast METOAMKA, MOTOMY 4TO Clie-
Iyst eif Mbl 00s3aHbI BBIABHIaTh TUIOTE3B O TEOPETH-
YecKux pacrmpejeneHusx. bonee Toro, cratucrtuueckue
BBIBOJIBI JICTAIOTCS HAa OCHOBE MOBTOPSIOIIMXCS BBIOO-
POK Ha OCHOBE MCXOJHOIl BBIOOPKH. MOIIHBIH CTHMYII
JUISL PacrpOCTPAHEHHsl M BHEIPEHHS METOJO0B PECIM-
IUIMHTA — 9TO IIMPOKOE HCIOIb30BAHNE TIEPCOHATBHBIX
KOMIIBIOTEPOB B IIPAKTUKE HHIKEHEPHBIX HCCIIEIOBAHUI.
MeTo/bl PEeCIMILIMHIA MOMKHO Ha3BaTh YUCICHHBIMU
METO/IaMH B CTaTHCTHKE.

VCIIOBHO MOYKHO BBIJACNHTB YETBIPE TPYIIIBI Me-
TOZIOB PECOMIUIMHIA, KOTOpbIE MOSBUIMCH B pa3HbIE
rojibl ¥ UMEIOT pas3Hble 00JacTu npumeHeHus. Oxapak-
TEPH3yeM MX KPaTKO.

1.IlepecTanoBouHblil TecT. Briepebie ObuT mpen-
noxeH cdpom PobGeprom dumepom — ocHoOBaTenem
KJIACCHYECKOH TEOpUH CTaTUCTHYECKMX HCHbITaHui. B
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nocnencTBun, P. ®umep morepsn MHTEpEC K ITOMY
METOJIy, TaK KaK B €ro BpeMs elle He ObUI0 ObICTpoaeii-
CTBYIOLIMX KOMIBIOTEPOB Ul HTOI TPyH0eMKOil 3aia-
49U,

2. IlepenpoBepka. MeTos OLIEHKH aHAJTMTHYECKOM
MOJIEIM HAa OCHOBE HE3aBHCHMBIX CTaTHCTHYECKUX
nanHbIX. Mcexonunas BbiOopka nenutes Ha k wacteit. Ha
k-1 wuacTsx BbIOOPKHM TIPOM3BOIAMTCS OOy4eHHE, a
OCTAaBIIASCA YacTh UCTIONB3YEeTCs UL TECTHPOBAHUS.

3. JlxekHaii (Meton ckmagHoro Hoxa). Ipu wmc-
MOJIb30BAHMM DTOTO METOJA MOCIIEI0BATENBHO OTOpa-
ChIBAETCS 110 OJHOMY HAONIOACHMIO, M HPOU3BOIATCS
oreHKH. TloydeHHbIC Pe3yNbTaThl HCIIONB3YIOTCS IS
aHaJIN3a BapHaOeIbHOCTH.

4. Byrcrpen. Bcero oxma pocrymHas BbIOOpKa
(ciyyaii, JOCTATOYHO YacTO BCTPEYAIOIIMHCS B IpaK-
TUKE HAOJIOJCHUH M MCIBITAHUI) MOPOXKIACT MHOKeE-
CTBO TaK Ha3blBaeMbIX OyTcTpen-BbIOOpok. EcTh aH-
rMiicKas MAMOMa: BRITAUTH ceds 3a OyrcTpemn. byr-
CTpeH - 9TO PEMEIIOK [l HATATMBAaHUS OOTHHOK;
HO-PYCCKH: BBITAIUTh ceOs 3a Boiockl. Ha ocHOBaHMHM
(dopMupYOIIMXCS O ONpENeTICHHBIM IpaBHIaM OyT-
CTpEMN-BBIOOPOK JIETAIOTCS CTATHCTUYESCKUE BBIBOJIBI.

W3 mnepedncieHHBIX METOJOB Hamboiee coBpe-
MeHHbIH — OyrcTtpen. Ilo cBOMM BO3MOXKHOCTSM OH
IPEBOCXOJUT  NpOYMe TeM, 4YTO  obecredynBacT
HaMMEHbIIEe CMEIICHNE OLCHOK M JaeT 6ojee cocTos-
TenbHbIE pe3ynabTaThl. OOCYaNM 3a M MPOTHB HCIIONb-
30BaHUsI METOIOB PECOMILIUHIA.

CHIIbHBIC CTOPOHBI PECOMILIHHIA:

* Kiaccudeckue mnporemypsl OCHOBBIBAIOTCS Ha
TEOPETHUECKHX PACTIPEIEICHHAX, KaK Ul BBIOOPKH, TaK
W U TeHepalbHOW coBOKynHOcTH. Ho nornueckuit
Hepexof OT BHIOOPKH K MOIMYJISLUM YacTO COHPSDKCH C
JIOTIONIHUTENBHBIME TPYJHOCTAMH. B Tex cimywasx, Ko-
T7la CyIIECTBYIOT COMHEHHS HACUET TEOPETHUECKHX
paclpesieNieHnii, HCTONb30BaHHE MHPOLEAYP PECIM-
IUIMHTA SIBJISETCS XOPOLIEH allbTepHATUBOM.

* Pecommmnar npoct u nonsteH. He tpeOyercst
OCHOBATEJIBHBIX AKaJEMHYECKHX 3HaHWil. B cBs3um ¢
9TUM, XOPOII sl 00YUEeHHS CTYACHTOB.

* Ecnu juist kakoif-nubo CTaTUCTUKM elle He pas-
paboTaHbl TEOPETHUYECKHUE BBIPAXKCHHS IS AUCIICPCHH,
HPUMEHEHHE METO/I0B PECIMIUIMHIA MOXKET OKa3aThCs
€/IMHCTBEHHOH BO3MOXKHOCTBIO IOTYYHTh 3Ty OIICHKY.
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* [TpuMeHNUMBI K «GOJBIINM JAHHBIMY [2].

KpHTHKa METO/I0B PECIMILIHHTA:

¢ HexoTopble HCCIEOBATEIN YTBEPIKIAIOT, UTO
MPOCTBIC TOBEPHTEIbHBIC HHTEPBAIbI OyTCTpen Beeraa
HMEIOT cMeleHne. IIpu 5ToM HeoOGXOAMMO OTMETHTb,
YTO CMEIICHUE YMCHBIIACTCS C POCTOM YHCIa BBIOOPOK,
a TIPU COBPEMEHHBIX OBICTPOACHCTBUAX KOMIIBIOTEPOB
peanuzoBats 10000 BEIOOPOK OyTCTpern 5TO BOIPOC He-
CKOJIBKMX ceKyHA. Takke cMelleHHe MOXKeT ObITh
YCTpaHeHO IyTeM NMPHMEHEHHs Oojee CI0XKHOI mpore-
Jypbl OyTeTpena.

*Ecin naHHBIC «IIIOXM», TO OYTCTpern He B COCTO-
SHUM YIydmuTh oueHky. CIpaBeIIMBOCTH paau HAL0
OTMETUTh, YTO KIIACCHYECKUE METOJbl TaKkKe GECcCHIIb-
HBI B 3TOM CJTydae.

MoxHO ObLT0 OB TO(AHTA3UPOBATH HA TEMY TOTO,
yro ecan Cop PoGepr ®umep paspabartbiBaa CBOIO
Teoputo ANOVA B 3py KOMIIBIOTEPOB, €ro METOoj He
ObL1 OBl TaK NPHBS3aH K TEOPETUUECKHM pacrpesene-
HUsAM. HekoTopble HMccienoBaTenu CYuTarT, uyro Pu-
mep Obul ObI HE MPOTHB METOMOB PECOMIUIMHTA JUIS
MOJIyYeHHsl CTATUCTHUECKUX BbIBOOB. Tem Goiee sto
HMEHHO OH H300pe] MeTOJ PaHIOMH3alMH CTAaTHCTH-
YECKOT0 HKCIICPHMEHTA.

Pa3paGoTka MeTo1a M ero npuMeHeHHe

B HacTosmiell paboTe ommchIBaeTCA pa3paboTKa
NpUMEHEHHe METO/1a IIPOBEPKU OJHOPOAHOCTH BHIOOPOK
Ha ocHoBe OytcTpena. Panee [3] s aHAIOTMYHBIX BbI-
COKOTEXHOJIOTHYECKHX MaTepHaoB, MCIONb3YyEMbIX B
aBHaLMK, y)ke Oblla CHeNlaHa MOINBITKA TPUMEHEHHS
OyTcTpena Juisi OLEHKH JOBEPUTENIbHBIX HHTEPBAIOB
10% xBanTuis. IIpu 9TOM OnbIT npuMeHeHus OyTcTpen
K JTOi 3aj1aye OKasajics yJauyHbIM, YEMy CBHICTEIIb-
CTBYET yJIOBICTBOPHUTEILHOE COOTBETCTBHE PE3YIHbTATOB
TOJTyYeHHBIM paHee. [Ipu 5ToM MeToJ, OCHOBaHHBII Ha
OyTCTpen-MoeIMpOBaHNH, CBOOOJICH OT OrpaHUYCHHI
10 PACIpPeJICICHHIO, B CBSA3H C YeM OH MOXKET OKa3aThCst
6oJ1ee MePCIEKTHBHBIM.

Jlanee paccmaTtpuBaeTcs 3ajada IPOBEPKH OJHO-
poaHOCTH ABYX BBIOOpOK: 1) BeIOOpKA A cocTosiias u3
25 o0pa3uoB Marepuana U3 MSATH PYJIOHOB C HOMEpaMu
or Ne2 510 Ne6 u 2) BbiOOpKa B — cocrosimast U3 maTu
ob6pasnos pymona Nel. JIns mpoBepKH OJHOPOIHOCTH
paHee yxe OblI HNPUMEHEH HEMapaMeTPUYCCKHI
k-BbiGopounblii kputepuii Anngepcona-/lapiunra. Ha
ypoBHe 3HauumocTH 0,05 (BEpOATHOCTb OIIMOOYHOrO
OTKJIOHEHHs THIOTe3bl 5%) maptum A u B okasamncs
HEOHOPO/IHBI.

Takum 00pa3om, MOKHO CKa3aTb, YTO PACCMOT-
PEHHBII pUMep HOCHT METOJHYECKH XapakTep, NpH-
3BaHHBIN IPOJIEMOHCTPUPOBATH IPUMEHEHHE pa3pabo-
TaHHOTO METOJIa.

Mertoa OCHOBAaH Ha MOJEIMPOBAHUU OYTCTpeI C MpHU-
MCHEHHEM S3bIKa IIPOrpaMMHpoBaHus R M rpaduxu
Excel. CxeMaTH4HO METOJ NOSICHSACTCS Ha OJIOK-CXeMe,
Puc.1.

IlocnenoBarenbHOCTh JIEHCTBUIT TakoBa. Bmoxsrcs
naHHble 110 00sbIuei BeIOOpKe A, OIHOH U3 TeX IBYX,
OJITHOPOJIHOCTB KOTOPBIX IPE/ICTOMT IIPOBEPUTS. [l Hee

24

DFCMS-2016, UMALL PAH, Mocksa, Poccus, 18-20 okmsibps 2016 e.

OCYIIECTBISACTCS.  OyTCTPEN-MOZACIUPOBAHUE B Cpele
IporpaMMHpoBaHMs R ¢ moMompio — omepaTopa
SAMPLE. BaxHo yKka3aTh B 3TOM OINEpaTOpe napameTp
replace =TRUE, uTto o3Hauaer co3gaHue BBHIOOPOK ¢
BO3BPAIICHUEM, B COOTBETCTBUM C HPABUIOM CO3NAHMS
Oyrcrpen-Boibopok. Paszmep GyTcTpern-BoIGOPOK COOT-
BeTcTByeT pasmepy A. Ymcno OyTcTpen-BeIOOpPOK B
JTAHHOM citydae Ob110 npuHATo 100, uTo mpencTaBseTcs
JIOCTaTOYHbIM JUIst JaHHOM 3ajgaun. Kaxknmas Oyt-
CTpen-BbIOOpKa IPeobpa3yeTcs B BApUALMOHHBIN PsiJl.

Puc. 1. Biiok-cxema metoaa

Bocnonb3oBaBimucs KJIaCCUYECKUMH KpUTEPUAMU
MOXHO II0Ka3aTh, YTO PAcHpeeNeHnue MPOYHOCTU 00-
pa3LOB HE MPOTHBOPEYUT HOPMAIBHOMY 3aKOHY pac-
npeneneHus. XoTs pa3pabaTbiBacMblii METOX M Hera-
paMCTpl/quCKl/lI‘/’I, pinbs yﬂOGCTBa 06])2160TKI/I TIPUMEHACTCA
rpaduyecKoe MpeiCTaBIeHUe BBIOOPOK MyTEM HCIIOIb-
soBanus kBanTuin P=F(x)'— oGparnas ¢yHkims ot
HOpMalTbHOM (yHKIMHN pacnpeneneHus F(x):

F

dt

-

i
252

Flx g

1

oVZnd

Jlannubie B BHze nap (ciydaiiHas BeaMuMHA X;
kBaHTWIb Up) 3aHOCSTCS B TAOJIMILY JaHHBIX R.

Jlanee no 3HaYeHHAM KBaHTHJIEH /71 KaXJI0# ciyuaii-
HOH BEJIMYMHBI IPOYHOCTH X CTPOHUTCS BapHALMOHHBII
PsiJL BTOPOTo HOpsiJIKa, Tereps yxe Uit nocrpoerus 90%
noBepuTeNbHON obnactn s FAX). TIpu 100 Gyt-
CTpen-BbIOOpKaxX JIOBEpUTEIbHAs 00JIACTh OTrpaHHYeHa
3HAYCHUSIMH HHJEKCOB HIKHero Ne 5 u Bepxuero Ne 95.
Jlist IpoBepKU TUIoTe3bl 00 OAHOPOIHOCTH Ha rpaduk
HanocuTes Take F(X) - (GyHKIMA pacmipeneneHus
BeIOOpKH B. Ecnu oHa He momajgaer B JOBEPHTEIbHYIO
o6macts s FA(x), To rumoTesa oTBepraeTcs Ha ypoBHE
snaunmocti 90%. Heckonbko noxoxuil meron ObuI
IpPUMEHEH paHee HpU 00pabOTKe IIeH3ypUPOBAHHBIX
BBIOOPOK — TaM OCYIIECTBIISUIACH HOPMaJIbHAsK alpoK-
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cumanus pacnpenenenus F(x) [4]. Ha Puc.2 na nHop-
MalbHOI BEpOATHOCTHOH Oymare (10 BEPTHKaIM OTIO-
KCHBI KBAHTHWJIM HOPMAJIbHOT'O PaCIIpECIICHU Up, o
TOPU3OHTAIIM TIpeAe MpoYHocTH o0pasuos B MlIla) mo-
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KasaHa [oBepuTesbHas obmacth s FA(x), oGpasosan-
Has TATBIO OYTCTpen-BIOOpKaMH (OCTaIbHbIC BEIGOPKU
He TI0Ka3aHkI C IeNbI0 OOMbIIeH HATMISIHOCTH PUCYHKA)
¥ TodeuHas ouenka F(x).

2
1.5
1 BbibOpKa A
05 ====B1
—-===B2
o
0
=2 —===B3
-0.5 --a=Bl
1 ====B5
=fl— BbiGopHa B
-1.5
-2 T T T T T T |

2750 2800 2850 2900 2950 3000 3050 3100 3150 SigmaBMna

Puc.2 BoiGopounbie pacnpe/ieJieHus H IPHOIM3HTEILHAS J0OBEPHTEILHAS 001aCTh 1151 BBIGOPOK A M B HAa HOPMAJILHOI BEPOSITHOCTHOIH
Oymare (B1...B5 — 6yTcTpen-BbioopKu)

Buano, 4To mocnenHss He MNOMagaeT B J0BEPHU-
TENbHYIO 00J1aCTh, YTO MO3BOJISET OTBEPrHYTh THIIOTE3Y
00 0ZHOPOIHOCTH BHIOOPOK A 1 B.

BuiBoabI

Metozbl pecIMILIMHIa MOTYT OBITH C YCIHEXOM
TIPUMEHCHBI K aHAJIN3y CTaTUCTHYCCKUX pacnpe;{eneHHﬁ
TIPOYHOCTH BBICOKOTEXHOJIOTHYHBIX MaTCpPHaJIOB. Paz-
paboTaHHBIE METOJ Ha OCHOBE OyTCTpen MpOJAEMOH-
CTPHpPOBaJl CBOIO PabOTOCHOCOOHOCTH Ha HpUMEpe
aHaJIM3a OJHOPOJHOCTH BBIOOPOK (BBIOOPKHM HEOIHO-
POJZHEI).
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MPOEKTHBIN KOMITJIEKC ONITUMHU3ALIMU
KOHCTPYKTHBHO-TEXHOJIOTHYECKHX ITAPAMETPOB KOMIIO3UTHBIX
AT'PEI' ATOB PAKETHO-KOCMHWYECKOU TEXHUKH

B.E. Faﬁnaqyxl, A.B. KOHZ[paTLeB],B.B. KI/IpI/I‘IeHKOI, E.B. Peeruukopa’

! HarmonansHbiit aspokocmuuecknii yausepenteT uM. H.E. J)KykoBckoro «XapbKoBCKHii aBUALIMOHHBIN HHCTUTYT,
XapskoB, Ykpanna; kondratyev_a_v@mail.ru
? HoBokys3Herkuii nHCTHTYT (rmmnarm) DeaepanbHOro rocyapcTBEHHOr0 GI0KETHOTO 06Pa30BaTEIBHOTO
YUPEXKICHHUS BBICLIETO MpodeccHoHanbHoro oopasoanus «KeMepoBCKHil rOCY1apCTBEHHbIN YHHBEPCHTETY,
Hogoxkysnernk, Poccus

A qusn: Cunmesup npoeKmHblil KOMRAEKC sayuu KoHcmpy XHONO2UHECKUX NAPaMempos KoM-
nos IX uz0enuil p -KOCMUYECKOU MEXHUKU, NO360NAI0WUL Peutms 3a0aqy 000CHOBAHHO20 (C y4emom 6blOPaAHHO2O
Kpumepus s pexmusnocmu) 6b160pa KOHCMPYKYUOHHBIX MAMEPUANO8 U 63AUMOCEA3AHHbIX C HUM 3A0auU CUHME3A KOHCMPYK-
MUBHO-CUNOBOTI CXEMbI AZPe2amO8 U KOHCMPYKMUBHO-MEXHON0UYECKUX P il y3n06, demaneti u cc i ¢ yuemom
O2paHUNEHUTl CYUecmByoue20 yposHs ux npouzeoocmed. Kovniexce ucciedo8anuti u ux OCHOGHbIX pe3yIbmamos npedcmasnet 6
6ude ananuza X KOMNO: 1X azp 06 p -KOCMUYECKOU MEXHUKU.

Kuwwuesvie  cnosa:  pakemno-KocMuueckas — mexHuKka, — ONMUMU3AYUSA, — NPOCKMHbII — KOMNIEKC, — KOHCMPYKMue-

HO-MexXHOJ uiyecKue

D Ipbl, NONUMEP KOMRO! 1 P

B COBpeMEHHBIX YCIOBHAX BCE BO3pAaCTalolled Ui IITATHOrO QYHKIHMOHUPOBAHMS HM3MCIHIl B SKCILIY-
KOHKYPEHIIMM OCHOBHOM TEHJEHIMEH pasBUTHs PakeT- — aTalluu.
HO-KOCMHYECKOH OTpacin Ha JI0JITOCPOYHYIO MepCHeK- C 1enpl0 MaKCHMAJbHOTO TOBBIMICHUS d(dek-
TUBY SIBJISCTCS MOBBILICHHE d()(GeKkTHBHOCTH mpon3Bo-  tuBHOCTH arperatoB PKT u3 I[IKM c¢ yuerom cymie-
aumoii  paketHo-kocmuueckoil Texuukn (PKT), obma-  cTByromiero ypoBHs MX IpOU3BOACTBaA Obl1 pa3paboTan
Jaromieil psgoM 0COOCHHOCTEH, YTO BBIJIENSET €¢ B OT-  HPOEKTHBIH KOMIUIGKC peallM3allii  IPeUI0KEHHOMH
JICNBHBIA Kiace TeXHUKH. [ToMCK myTeil pelieHust 5To  KOHLECIHLHHK, IJe PelIaeTcs 3ajxada 00O0CHOBAHHOTO (C
nmpo0OieMbl TIPUBEN K TMOCTOSHHO HAPACTAIOUIEHl TEH-  y4eTOM yKa3aHHOTo Kputepus d(G(peKTHBHOCTH) BhIOOpa
JCHLMU MCIONb30BaHus B KOHCTpykumsx PKT momu-  matepuanos nis xoncrpykumii PKT u Bzanmocsszan-
MEpHBIX KOMIO3UIMOHHBIX MaTepuano (IIKM) ¢ Bo3-  Hble ¢ HUMH 3a/1a4i CHHTE3a KOHCTPYKTHBHO-CHJIOBBIX
pacraiolmuM 00BEMOM M YPOBHEM OTBETCTBEHHOCTH — CXEM (KCC) arperaToB u KOHCTPYKTHB-
m3genuii. OaHAKO peanus3auus STHX BO3MOKHOCTeH — Ho-TexHosnormueckux pemenuii (KTP) ysnos, neraneii u
CBsI3aHA C HEOOXOAMMOCTBIO PELICHUS Psiga NMPUHLH-  COCAMHEHHIl C y4eTOM OrpaHMYEHHH CYIIECTBYIOIIETO
MHUaTbHO BaXKHBIX 334 II0 00ECICUCHHs] KOHKYPEHTO-  yPOBHS MX HPOU3BOACTBA. BBHmy GoibLIOro pasHo00-
crocobHoctn m3znemuii PKT wu3 TIKM Ha mupoBom  pasust arperatoB PKT u mpeabsBisieMbIX K HUM TpeGo-
PBIHKE, OXBATBIBAIOIIMX KIFOUEBBIC ACTICKThl HAYYHBIX  BaHHI NPUMEHEHHE Pa3pabOTaHHOTO TPOEKTHOTO KOM-
OCHOB ONTHMAJILHOTO IIPOEKTUPOBAHNUS M U3TOTOBJICHHST  IUIEKCA ONTUMHU3ALMH HATpPAMYIO HeLeaecoodpasHo,
M3/leNnii ATOro Kjacca € y4eTOM CYIIECTBYIOLIETO — IOCKOJbKY €ro INpOorpaMMHasi peaau3alus B 9TOM ClIy-
YPOBHSI X IIPOU3BOJICTBA. yae OyleT 3HAYMTENBHO 3arpyiqHeHa. Ilostomy Tpeby-

Jloknag TMOCBAIICH WU3T0XKCHHUIO HEKOTOPHIX OC-  ©TCS JCKOMIIO3HIMS OOl 3ajaud  ONTHMAaJbHOTO
HOBHBIX PE3YJIbTATOB, TOJTYYEHHBIX K HACTOAIIEMY MO-  NPOCKTUPOBAHHUs paccMarpruBaeMbix 00bektoB PKT na
MEHTY BPEMEHH KOJUIEKTHBOM aBTOPOB. IIpeicTaBieHsl sl THIOBBIX, COOTBETCTBYIOUINX KOHKPETHOMY KJIAccy
OCHOBHbIC aCIIEKThl Pa3pabOTaHHOH KOHIEIIUK pPeald-  KOHCTPYKLHIA:

3al[M1 pallMOHAIBHOTO NpoeKTa co3anus usnenuit PKT - HECYIIMX OTCEKOB paker-Hocutenei (PH) —
n3 HKM, BKJ'I}O‘Ia}OU_Ief/‘I B ce0s IATh B3aMMOCBSI3aHHBIX TOJIOBHBIX OﬁTEKaTCJ’[Eﬁ, MEKCTYTICHHBIX OTCEKOB;
COCTaB/KOIIUX €ro XU3HCHHOI'0 LHUKJIA: CcOOCTBEHHO - OPEUU3UOHHBIX KOHCprKL[I/Iﬁ KOCMHYECKUX

MPOEKTHPOBAHKE, TEXHOJIOTHIO TPOU3BOJCTBA, dKCILTy-  ammaparoB (KA) — manesneii conneunsix Gatapeii (CB),
aTaIMIo, YKOJIOTHIO N 6E3011aCHOCTh NIPOM3BOJACTBEHHON  Pa3MepOCTabHIIBHBIX IIIAT(OPM, KOPITyCOB CITyTHUKOB.

JKHU3HEAEATEIBHOCTH. CYIHOCTh KOHILEHIHN COCTOMT B B noxmaze Ha mpumepe ronoBHoro Gmoka PH
CIIETYIOIIEM: KOCMHYECKOTO Ha3HAYCHUS TIOKa3aHo, 4TO

- B MHTErPUPOBAHHOM KOMIIBIOTEPHU3ALMU BCEr0  MHMHMMM3AIMS MacChl €ro KOHCTPYKLHMM olecreduia
JKH3HCHHOTO ILIHKJIA TIPOCKTUPYEMOTr0 00BEKTa; peann3anuio MOTeHIHAIbHBIX BO3MOXXHOCTEH CHHKEHUS

-B HaydyHO OOOCHOBAaHHOM IIPOTHO3MpOBaHMM  ee Oosee 4eM Ha 20% B KOHCTPYKTHMBHBIX 3JIEMEHTax
MpeZIeIbHO BO3MOXKHOTO TIOBBIIIEHUA d(Q(PEKTHBHOCTH  HPH  PETIAMEHTHPOBAHHOH Hecymedl CmocoOHOCTH
arperatoB PKT ¢ ydeToMm cymiecTByroumero ypoBHs ux  (IPOYHOCTH M YCTOHYMBOCTH) C YYETOM IPAKTHYECKH
MPOU3BOJICTBA; BCEro CIEKTpa BHENIHMX Bo3jeiicTBuii. IIpoBeneHHas

- BO BCKPBITUH COITyTCTBYIOIIMX CYLIECTBYIOIIEIO  ONTUMHU3AIMA KOHCTPYKTHBHBIX NapameTpoB cexunu Cb
YPOBHIO TNPOM3BOJACTBA arperaTtoB PKT TumoBbIx ae- paznwmoﬁ KCC TIO3BOJIAIIOT pacCcUUTBIBATH Ha
(EKTOB H YCTAHOBICHUH HX OTEHIMANBHOI ONACHOCTH  CHIKEHHE €€ OBEPXHOCTHOI Macch! 10 0,5 kr/m’.
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HUCCJIEJOBAHUME PA3PYHIEHHUSA CJIOUCTBIX KOMIIO3UTOB B BOJITOBBIX
COEJJMUHEHHUAX

Ipummn BAI/I.I’*, Tonenmrox T.B.z, Kosanenko H.A.?

'LIAT Y um. H.E. XKykosckoro, . XKykockuii, Pocenst, “gvi0641@gmail.com
2CuGHUA um. C.A. Yansiruna, . HoBocubupcek, Pocenst
3Hl"Ty, . HoBocubupck, Poccus.

Aunnomayusn: IIposedeno sxcnep oe uccn npounocmu 06pasyos 6ONMOE020 COCOUHEHUs. HA OCHOBE Y-
nennacmuxa muna KMKY u Torayca T700. Ha ocnoge modenu npozpeccupyiowezo pasp, dena pac oyenka
paspywaioujeri Hazpy3ku u muna paspyuieHus. 08yXCpesHvlx 60NMoGbIX COCOUHEHUT! 6 CIOUCIbIX KoMnosumax. Dggexmusrnocmo
UCNONB30BAHU MOOENU NPOPECCUPYIOUe20 paspyuenus O NPOSHOUPOSAHUs PA3PyULAlowjell HAZPY3KU U MUNd paspyuienis
06011M06020 COCOUHEHU NOOMBEPHCOCHA CPABHEHUEM PE3VIbIMANO8 YUCTEHHO20 UCCI008AHUs ¢ OAHHBIMU IKCHEPUMEHMA.

Kniouegvie cnosa: croucmvie kKoMnosumst, 601mogoe coeo; Kpumepuu pasp, , Oecpaday P

[Inpokoe HCHONB30BAHME KOMIIO3UIMOHHBIX Ma-  C)KATHH, pa3pyLICHHE BOJOKHA IPU PACTSDKCHHH U
TepuanoB (KM) B pa3iMyHbIX 1€MEHTaX KOHCTPYKLMH  CXKaTUM, OTPbIB MATpPHUIl OT BOJOKHA IIOCPEACTBOM
JIeNIaeT aKTyaJIbHBIM BOIPOC O PACYETHOM METOJE, CIIO-  CJIBUTA U PACCIOCHUE NPH PACTSKCHHH M CHKATHH.
COOHOM TPOTHO3MPOBATh TOBEJCHHE M pa3pylIeHHE OOHapyKeHHE OINpPEeEICHHOT0 BHAA Pa3pyLICHUs
DJICMCHTOB KOHCTPYKLIHH H3 KM. ﬂl’[ﬂ TIPOTHO3MUPOBaA- TpeanoaracT, 410 B obnactu TIOBPCIKJCHUA MaTCpHUall
HUSl IPOYHOCTH MEXAHMYECKHX COCJAMHEHMH CIOMCTBIX  HepecTaeT BOCIPUHUMATH COOTBETCTBYIOLLYIO HArpy3Ky
KM npemnoxeHsl pa3inyHble KPUTCPUU, OCHOBHBIC U3  HOJHOCTBIO HJIM YACTUYHO B 3aBHCHMOCTH OT HCIIOJb-
KOTOPHIX TIpHBOAATCA B paborax [1-5]. Kak mpaBmio, 30BaHHOTO NpaBHia JerpajalMd Marepuana. Mcmoms-
HCIIOJIB30BAHUEC DTUX KPUTEPHUEB IIPUBOAUT K KOHCEpP- 3YEMBbIC Ha MPAKTHKES IIpaBHJIa ACTpaAalvd ITOJTydCHBI
BAaTUBHBIM OLICHKaM MPOYHOCTHU COe,ElPIHeHPIP’I M HE MO3- OMIIUPUYECCKUM MYTEM U 3aKIOYAKOTCA B CHUKCHUU
BOJISIET IPOrHO3UPOBATH BUJ| pazpyuieHus KM. OINPEJICJICHHbIX CBOMCTB Marepuaia B IOBPEKICHHOMN

B pabote mpesmmaraercs Mojenb IIPOTPECCHPYIO-  OONAacTH B 3aBUCHMOCTH OT BHJA paspylleHus. B naH-
LICro paspymeHus KM, peann30BaHHasg B TpCXMEpHOﬁ HOHI pa60Te HCIIONIB30BAHbl  TIpaBUIa  JACTpajallvH,
MOCTAaHOBKE M BKJIKOYArKOIIas B cebst aHamm3 HATIPSKECH- TIPEIOKEHHBIC Tanom u ero xomreramMu [7]

HOIO COCTOSIHUSI, aHAJIM3 pa3pyLICHUH W Jerpajaluio Tlocne npoBejeHus Jerpajalid MEXaHMYECKHX
CBOJICTB MaTepuaja B 3aBHCHMOCTH OT OOHApY)KCHHOTO  CBOWCTB MarepHayia IPOBOJHUTCS MPOBEPKA HA MOTEPIO
BHJIa pa3pyLIEHHUS. Hecymieil CHoCOOHOCTH MCCIEIyeMOTO HIEMEHTa KOH-

Ha nepBom oTame pacuera HeoOXomuMoO pa3pabo- — CTpyKUHH. B ciydae eciam »1eMeHT KOHCTPYKLHH yTpa-
TaTb KOHEYHO-3J1eMeHTHYI0 Mojenb (KOM) GonroBoro  umuBaer CrnocoOHOCT HECTH HArpy3Ky, Hporpamma
COCIMHEHHS JUTS OIICHKH HaNpsDKEH-  OCTaHaBIMBaeTcs. B 0OpaTHOM ciydae NporpamMma
HO-716()OPMHUPOBAHHOTO COCTOSHHA. B HacTosmiel pa-  BO3BpamaeTCs Ha 3Tall pacyeTa HANPsSKEHHOIO COCTO-
0oTe WCMOIB30BaHA TpeXMEpHas KDM koHTakTHOTO STHUS DJIEMCHTA C yXYAIICHHBIMH CBOMCTBAMH Ha TEKYy-
B3aUMOZEIHCTBHS OOJITOBOIO COEIMHEHUSI C y4ETOM KO-  IIEM YPOBHE HarpyxeHus. BHOBb NmpoBOAWTCS aHaIu3
sd¢uimenta TpeHHs, CO3IaHHAs Ha OCHOBE KOHEY-  Ha HAIMYHe HOBBIX IIOBPEKJICHUH U, B Clydae HEOOXO-
Ho-371eMeHTHOro komiuiekca ANSYS. Crnon KM cmo-  aMMoCTH, mocnejyronas Aerpajaus CBOWCTB MaTepu-
JACITAPOBAHBI OTHOPOAHBIM OPTOTPOITHBIM MATEPHATIOM C ana. Hpoue}:{ypa Hepec‘{éTa Ha TCEKyIIEM YpOBHE
MEXaHMYECKUMHU XapaKTePUCTUKAMHU MOHOCIIOS, II0  HArpy3KM IPOJOJIKAETCA 10 TeX IOp, IMOKa HE IpeKpa-
TOJIIMHE MOHOCJIOS PAcCIIOJIOKEH OAUH KOHEYHBIN dIie- ACTCA HAKOILUICHUE HOBpe)K}léHHOFO Marepualia, nocjie
MEHT. Yol apMHPOBaHUs B YKJIAJKE 3aJ]aH C HCIOJIb30-  Yero ypoBEHb IIPHKIIAIBIBAEMOIl HArPy3KH MOBBIIIACTCS
BaHMEM JIOKAJIBHOH CHCTEMBI KOOpAWHAT, KOTOpas Ha SaHBHHBIﬁ mIar Harpy»XeHus W IIpouecaypa pacdera
OmpeAcIACT HaINPaBJICHHUE ocel OPTOTPOITHOTO MaTepu- Ha4YMHAETCs 3aHOBO. Pacyer ocTaHaBmuBaeTcss B MO-

ana. MEHT, KOIJa HCCIeyeMblii OOBEKT TepsieT HEeCyIIyio
ITociie mpoBeeHHsI pacdyeTa HA OCHOBE BCTPOGH-  CIIOCOOHOCTS.
Horo B ANSYS sa3bika nporpammuposanus APDL pas- JU1s KOHTPOJISI TIOTEPH HECYIeH COCOOHOCTH HC-

paboTaH MakpocC, KOTOPBIl MPOBOAUT aHAIIM3 pa3pyllie-  MOJb3YeTCs — AuarpaMMa  «Harpy3ka-TepeMeIeHHe)
HUM, NOpeacTaBiIAIOMNNE co00i NMPOBEpPKY HAa HAIM4YHMEe  KOHTPOJBHBIX TOYEK 00BEKTa, HOCTPOCHHAS HAa OCHOBE
MOBPEXKACHHUII 10 KPUTEpUsAM paspylleHHs. B mpen-  KoHEeYHO-31eMeHTHOro pacdera. Hamuume peskoro yse-
CTaBJICHHOM HCCJICJIOBAHNH JUIS aHANM3a PaspylIeHHH  JTMYCHHs NEepEMENICHHI NPpH HeM3MEHHOM Iare Harpy-
BBIOpaHbl Kputepun XammuHa[3] Uit 3a1a4n B 00bEM-  JKCHHSI CBHJETENIBCTBYET O TEpexofe K aKTHBHOH (aze
HOU mocraHoBke B ¢opme [6]. BeiOpaHHbIe KpUTepUM  HAKOIUICHUs IOBPEXKICHHH, YTO, KaK IPABUIIO, COIPO-
MO3BOJISIOT Pa3INYUTh CEMb BUIOB Pa3pyLICHHS BHYTPH  BOXKIACTCS IPHPOCTOM 30H, HOBPEXKICHHBIX 110 HAaHO0-
[AKeTa: PACTPECKHBAHUC MATPHIBI IIPH PACTSDKCHMH M JIee ONACHBIM KOMOMHAIMAM MEXaHH3MOB Pa3pyLICHHS
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(pa3pBIB BOJIOKHA, pacClIO€HME U OTPLIB MaTpullbl OT
BOJIOKHA), KOTOPBIH KOHTPOJIMPYETCS OTICIBHO.

Bepudukarmsi npuMeHUMOCTH U 3()(HEKTHBHOCTH
MOJIENIM MPOTPECCUPYIONIET0 Pa3pyIIeHns B HCCIEN0-
BaHUU MPOYHOCTHU OOTOBBIX COC}II/IHCHI/Iﬁ B CJIOUCTBIX
KM Bsinonusiack Ha o0pasuax, 3CKH3 KOTOPBIX TPHUBeE-
JIeH Ha puc. 1.

150

314

Puc.1. Ickns BosrTOBOTO

P

HepBaﬂ qacTh 061)33[{03 KOMITO3UTHBIX TIACTHH,
BKIIOYana 16 rpymm, BBIPE3aHHBIX U3 YIIEIIACTHKA
Tina KMKY, HapyKHbIC CI0M KOTOPBIX BBITOIHEHBI U3
crexnomactuka KMKC B Buje 3allIUTHBIX CJIOEB CBEp-
Xy ¥ cHU3y. Bropas yacTh 06pa3ioB Oblia H3roTOBICHA
U3 yDIEeIUIACTHKA Ha 0CHOBE MoHocos Torayca T700 n
BKJIIOYAJIAa YeThIpe rpymibl. Pazmepsl 00pas3ioB Bapbu-
poBaiuch B clexyrommx mpenenax: d=6-10 wmm,
t=2,2-4,9 MM, b=25,5-43,8 mm, h=12-24 mm. Konmue-
CTBO 00pa3I0B B Ka)kJ0M IPyIIIEe HE MPEBBIIIATO 3.

Merannuueckue MIACTUHBI B 00pa3nax ObLIH H3-
rotoBiieHb! U3 jucta J16T tonmmnoir 6 Mm. Bontsl,
HCIIONBb3yeMble B 00paslax, BBINOIHEHBI M3 BBICOKO-
npodHoii cramyi. HekoTopbie 00pa3ibl HCHIBITEIBAIMCH C
3aTSHKKOH TaeK. DKCIEPUMEHTHI IIPOBOAMINCH Ha HJIEK-
Tporuapasiuyeckoii Mammne UTM-100 ¢ HarpyxeHu-
€M I10 IIePEMEIICHUIO ITOKA CO CKOPOCTHIO 6 MM/MUH

Ilpn YMCIEHHOM MOJEIMPOBAHHH OONTOBOTO CO-
CAUMHCHUA MCII0JIb30BaAJIA 00BEeMHBIE BOCBMHY3JIOBBIC
KoHeuHble d1eMenTbl. O0umit Bugy KOM obpasua 601-
TOBOTO COCIAMHEHHs MpejcTaBieH Ha puc. 2. K Topuam
AIFOMUHMEBBIX IUIACTUH TPHKIIA/BIBAIN paclpe/elicH-
HYIO HATPy3Ky U OTPaHUYMBAJIM UX NIEPEMEIIEHHS BIOJIb
BEPTUKAIIBHOH OCH.

Ha puc. 3 mpoBoaurcs pacuer paspyuiaromeit
Harpysku i o6pasia rpynmsl I mpy cliemyromumx ma-
rax Harpyxenus AP: 4,8 krc, 12 krc, 24 xrc u 48 xrc.
CyliecTBeHHOE OTIMYUE B IPOTHO3HPYEMBIX BEIHYH-
Hax HaOIIofaeTcs MPH HCIOIb30BaHUH 1lIara Harpyxe-
Hust AP = 48 krc. Mcnonp3oBanue 1iara HarpyxeHus
MeHee 24 Krc SBISETCS HelenecooOpa3sHbIM C TOYKH
3peHnst BpeMEeHHbIX 3atpar. Mcxoas u3 aTux coobpaxe-
HUM, U JaJbHEHIIMX pacuyeToB ObUIO pELIeHO HC-
10J1b30BaTh LIAr HArpyxeHus AP = 24 krc.

Ha puc. 4 mpescTaBieHsl pacueTHBIE JHarpaMMBbI
«Harpy3ka-nepeMeneHnue» 1 AuarpaMMBel, IOJYYCHHBIC
MIPH MCTIBITAHUHM HEKOTOPBIX 0OPA3IOB BTOPOi TPYIIEL.
W3  SKCHEpUMEHTAIbHBIX  JMArPAMM  HMCKIIIOYCH
HayaJIbHbIH HENMHEHHBIN y4acTOK, OTpa)arouuii mpo-
1ecc BBIOOpa 3a30pOB B OONTOBOM COEMHEHHH U B 3a-
XBaTaxX UCIMBITATETLHON MAIIAHBI.

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

_ — 080", KMKCY
[ ]—cmoit 0", KMKYY
Il croit45, KMKYY
-ca0i-45T, KMKVY

[ —ca0i:90", KMKYY

Puc.2. KOM odpasua 60,1T0BOI0 coeiuHeHHst

1800 F mrc

1650

1500
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1200

1050
900

750
600
450

300
150 1

1, Mo

0 0102030405 06070803

Puc. 3 PacueTnas 1narpaMma «HarpysKa-nepeMenienmne» s
00pa3uos rpynnbi I NpH pasau4nbIX Warax HarpyKeHus

P, krc
2200 I B B L

. O6pasen3 | |
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|
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/
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0
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Puc. 4 inarpaMmbl «Harpy3Ka-nepemMenieHne» st BTopoii
rpynnsl 00pasuos
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ComocraBleHre MarpaMM IOKas3bIBaeT —CyIle-
CTBCHHOE€ pas3/in4yue B YyIJIaX HAKIOHA JKCIEPUMECH-
TaJbHbIX W YUCJICHHBIX KPUBBIX, YTO 00BsACHSETCS pas-
Huueil B moxammpoctd KOM GonTOBOro coeMHEHUs U
HCIIBITAaHHOTO 00pa3iia ¢ mpucrnocodnenueM. B skcre-
pHUMEHTE Tepenada Harpy3kn K oOpasily OCYIIECTBIIS-
J1achk 4epe3 JOINOJIHUTENIbHYIO IJIACTHHY, yCTaHOBJIEH-
HYI0 MEXIy aJIIOMUHMEBBIMU IUlacTHHaMHU (puc. 1).
KBM, npumensiemasi B pacuere, He BKJOYaia B ceOst
JOTIOJTHUTCIIBHYIO TIACTUHY W 6OJ'IT, HCIOJIB30BAHHBIC B
CTEH/ZIC MPU MCIHBbITAHUAX, C LEJIIbI0 YMEHBUICHUS BpE-
MEHHBIX 3aTpaT Ha pacuet. ITo 31oit npuunne obpaser ¢
MPHCIIOCOOICHNEM TIPE/ICTaBIsAeT coboii Gonee momar-
JIMBYIO CHCTEMY, Y€M OTACIBHO B3STHII 06])336[[, qTo
oTpaxkaetcs  Oomee  MOJIOroi  KPHUBOHW  «HArpys-
Ka-TepeMeleHHe», MOIYyYeHHOU B SKCIIEPUMEHTE.

Pesynbrarsl paGoTel [8] IMOKa3bIBalOT, YTO y4eT
BKJIaJIa KacaTeJIbHbIX HANPsUKEHUH NPH OLEHKE paspy-
HICHUS BOJOKHA MPH PACTAKCHUH, HCIIOIB3YEMOE B
KpuTepusix XaluHa, a IMEHHO,

2 2

Oy

S

t xy

Ox

X

Oy

S

Xz

>1

1)

NPHUBOAUT K KOHCEPBATHBHOH OIEHKE HMPOYHOCTH 60JI-
TOBOTO COEMHEHHs, TTOATOMY aBTOPAMH PEKOMEHI0Ba-
HO HCIOJIb30BAaHUE KPUTEPUS MAKCHMAIIbHBIX HAmpsi-
JKEHUI NPH OLIEHKE Pa3pbiBa BOJIOKHA:
o
Xt

B Beipaskennsix (1) u (2) Benmunna X, — 3HaueHHE
MPEIeNOB MPOYHOCTH MOHOCIIOS Ha pacTskeHue, a Sy,
S.. — Ha CIBUL

B Tabn.1 npuBeneHbl pe3yNbTaThl OLEHKH IIPOY-
HOCTH COEIMHEHHUS JUISI HEKOTOPBIX TPy 00pasloB ¢
HCIIONIb30BAHMEM KpUTepust XalluHa M KPUTEPHS Mak-
CHMaJIbHBIX HANpPSHKCHUI JUIS BBISIBJICHUS PaspbiBa BO-
sokHa. Kpurepuit MakcHMMallbHBIX HaNpsKeHUH naer
Gosiee BBICOKYIO OLICHKY pa3pyllaiolieil Harpy3KkH Io
cpaBHEHHIO ¢ KpuTepueM XammHa. BeiGop xputepus
MPAKTUYECKH HE BIMACT Ha pPE3yJbTaT pacueTHOH
OLIGHKHM IIPOYHOCTH COCJMHEHUs B Clydyae, Korja B
ykiaazke cion 0° cocraBisiior 50% (rpymmsl 06pasinoB
XII, XII Tabnuipsl ans oOpasua Ha OCHOBE yIVeTia-
ctuka KMKY). [lns Bcex ocTaibHbIX 00pa3sLoB n3Me-
HEHHE B PaCUeTHOMH OLICHKE JICKHT B npezenax 5-13%.

B menmom pesynsrarel Tabn. | 1OKa3bIBAIOT, YTO
BO3MOXKHO TPHUMEHEHHE MOJEIH IPOTrPECCHPYIONIETro
pa3pyIIeHHs ¢ UCTIONIB30BAHMEM U TOTO U JPYroro Kpu-
TepHs Ul paspylIeHUs BOJIOKHA IPU PACTSKEHHH, HO,
TaK KaK HCIOJb30BaHUE KpHTepHs XalliHa, B OCHOB-
HOM, JaeT KOHCEPBATHBHYIO OLICHKY, TO IJi pacyeTa
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Hecymieil cnocoOHOCTH GONTOBBIX COSIUHEHHUI B 3amac
BCE e ClleJlyeT BbIOMPATh JIaHHbIH KPUTEPHH.

OTAM4UTENbHOH 0COOEHHOCTBIO OLEHKH MPOYHO-
cTH OOJNITOBOTO COCAMHEHHS C MCTIONB30BAaHUEM MOJICIN
MPOTPECCHPYIOLIETO Pa3pyLICHUs SBJIACTCS BO3MOXK-
HOCTb MPOTHO3UPOBAHUS THIA Pa3pyLICHUs 0Opasua
(pa3peIB, CKOJ, CMATHE).

Taoa. 1
Ppacr, KTC 3, %
Py . -
Cpyrm: ocp .| Kpurepuii .| Kpurepuii
Y kre KpHTCpHI/l IMAKCHUMAaJIbHBI. KPHTCPH“ JIbHBIX|
Xamuna -7 Xammna o
Harps/KCHUH HanpsuKEeHUH
1 [1731 1560 1776 -9,9 2,6
I | 1987 1992 2136 03 7,5
V_[2266] 2136 2256 5,7 -0.4
VII_|1558 1560 1704 0,1 9.4
XII 2048 1824 1848 -10,9 -9.8
XIII [ 1250 1392 1392 11,4 11,4

OmnpezeneHue Mocie10BaTeIbHOCTH Pa3pyILIEeHHbBIX
ompe/eNIeHHBIM 00pa3oM MOHOCIOEB B 0o0paslie, Hoiy-
YEeHHOE B XOJIe MPOIEyphl pacueTa ¢ HCIOIb30BaHHEM
MOJIENIM  TIPOTPECCHPYIOIIETO Pa3pyIICHNs, B MOMEHT
MOTEpU Hecylleil CriocoOHOCTH MO3BOJISET MpeICKa3aTh
TUII paspylueHus oOpasua [9], 4yTo BaHO IPU NPOEK-
THPOBAaHHHU OTBETCTBECHHBIX COCIHHCHHIL.
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CIIMHOJAJBHBIN PACIIAJI PACTBOPA ITPU ®OPMUPOBAHUU
IBTEKTHYECKHUX KOMIIO3UTOB

I'ycpkoB ALIL
HUODTT PAH, Yepnoronoska, Poccust; guskov@issp.ac.ru;
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Annomauua: Ilokasano, kakum obpasom pacmeop

npu q
obnacmv cnunodansiozo pacnada. Cmpoumes (])mosaﬂ ()uazpcmwa Komopas Kkpome

26m

MUYECKUX KOMRO3UMOE MOJICem NOnacnb 6
u codep-

F 4

‘P

pay;

Jrcum OONOTHUMENLHYIO KOOPOUHAMY — 9 0 c

pacmeopa. Coznacrho maroi 0uaepmme npu ¢gpasoéom nepexode

pacmeop modncem npoxodumb uepes nOCNE008amMeNbHOCHb HECKOIbKUX cocmo;muu, 8KoYas ueycmoulm@ne HC”Oflbj’y}l noay-

YEHHYIO NOCIeA06amMenbHOCHb COCMOSHUL pacmeopa nocmpoei

u30 Koul 3a0ayu Ougysuu. Pezyrbmamom

npogedeHHozo aHanu3a s61semcs 00bACHEHUE HeCKONIbKUX 3Kcnepu MEeHMAailbHO Haﬁwodaewatx sA6NeHUll MacconepeHoca.
Kniwouesvie cnosa: PaLmeop, CRUHOOANbHBLL pama(), 96MEKmMuKa, IHepeUst CMeuleHuUs.

JUis  NOHMMaHMsA ~ CBOMCTB  3BTEKTHUYECKHX
KOMIIO3UTOB, ~ HEOOXOAMMO  3HATh INPUPOLY  HX
dopmupoBanmss. OpHako B HACTOSAIIEE  BPeMs

OOIICHIPUHSATAs TEOPUs BBTEKTHYECKUX KOMIIO3UTOB
XaHTta n JI)KCKCOHa BBI3BIBACT MHOXKECTBO BOIIPOCOB U
HE MOXKET J1aTh OTBE€TA Ha OCHOBHON BOMPOC, — KaKUMHA
MPOLECCAMH  ONpPEJENIAeTCs  3aBHCHMOCTb  IIepHOJA
9BTEKTHYECKOH CTPYKTYpbl OT CKOPOCTH IEpEeMEIICHHs
MexdasHoi TpaHMIBL JI0 CHX TOp HOSBIAIOTCS
HyGHHKaHI/H/I, B KOTOPBIX AUCKYTHPYETCSA 3TOT BOIIPOC
[1,2]. B pabote [3] Obu10 cienano mpeanoiokeHue, a B
[4,5] mokazaHO  SKCIEPUMEHTAJBbHO, YTO  IpU
dopmupoBaHIT 9BTEKTHYCCKUX KOMIIO3UTOB
TPOUCXOANT  CHMHOJANIBHBIN  pacmaj — pacTBOPOB.
Bo3Hukaer ecTeCTBEHHBI BONpOC, KakuM 00pazom
pacTBop npu KpUCTaIM3alUuKl nonajaer B
HEYCTOHUYMBYIO 00J1aCcTh, T.. B 00JIACTh CIIMHOIAIBHOTO
pacmana. Mcnome3yemble Juis  aHamu3a  (ha3zoBBIX
TIEPEXO0B PAaBHOBECHBIC CI)HSDBBIC JAuarpaMMbl HE Tar0T
OTBETa Ha 3TOT Bompoc. B pabore [3], ucnonssys s
MOCTPOCHHMS PABHOBECHOU (ha30BOM AMArpaMMbl MOJIEITb
JTOKaHBHO-KOH(I)H]'ypaL["OHHOFO B3a"MO}I€]7[CTBHSI
yacTHl, OblJa MOCTPOEHA OHBTEKTHUUECKas (hazoBast
quarpaMMma M B Hell NoMelnaiack rpaHuna o061acTu
TBEPJIOr0 HEYCTOMYMBOro pacTBopa — CIMHOAAb. M3
9TOr0 HOCTPOCHHMSI CIIEJyeT, YTO IpPU H3MEHEHHH
MapaMeTpoB PacTBOpPa, KOTOPOE MPOMCXOUT B TIPOLIECCe
(azoBoro nepexosa, pacTBOp MOKET MOMACTh B 001aCTh
CHMHOAAIBHOTO pacnazna. Ho nposectu B o01ieM ciryyae
aHaJlM3 YCIIOBUIi Iepexoja pacTBopa B HEyCTOHYMBOE
COCTOSIHME, a, TeM Oonee, MOCTPOMTH TPaHHILY
CHHHOHBJTLHOﬁ obmact B HacTosmee BpeMsa HE
TPEACTABJIACTCA BO3MOKHBIM. O[[HaKO, KaK IoKa3aiu
JanbpHeimme HCCIIEJIOBAHMS,
JIOKAJIbHO-KOHMHIYPAIllMOHHAs ~ MOJICNb  COJCPHKHUT
TapaMeTp, KOTOPbIH OJHO3HAUHO OIpEENsIeT TPaHUILY
CHMHOAAIBHOW o0sacTH. DTUM MapaMeTpoM SIBISETCS
SHEPrusi CMEIICHUS KOMIIOHEHT pacTBopa. Ha pucynke 1
B IIPOCTPAHCTBE KOHIEHTpalus (c)— temneparypa (T) —
sueprus cmemeHns (U) mocTpoeHa CMHOAab, KOTOpast
31€Ch TIPEACTABIISACT TIOBEPXHOCTbD. HOCTpOEHPIC
BBIITOJIHEHO npu 3HAYCHHUAX rapameTpos,
ucrosib3yeMpix B pabore [3]. Ha oroil auarpamme,
KOTOPYIO MOXHO Ha3BaTh, HalpuMep, 0OOOIIEHHOM,
JIMHUM  PaBHOBECUS d)as OTACJICHBI KOOp}Il/IHﬁTOﬁ
DHEPruu CMEIICHUS. Jluaun JIMKBAAYC HaXOAUTCA B
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TUIOCKOCTH  3HAQYCHHSA DHEPIrMH CMCEHICHUSA JKHIAKOTO
pactBopa — nuHUU bje; U fie;, a JIUHUM CONUIYC - B
TUIOCKOCTA 3HAYEHUA DHEPruun CMCHICHUS TBepﬂOﬁ
asel — unun bya, U fid,.

Suepria cweweni

i

Puc. 1. ®azoBas AHAarpaMma ¢ y4eToM H3MeHEeHHsI JHePIrHu
CMelIeHHs pacTBopa.
JlornuHo npeanonaokuTh, 4To B mpouecce (azoBoro
nepexoja  mapaMeTpbl  pacTBOpa  HU3MEHSAIOTCS
HenpepsIBHO. B TakoM cirydae npu pa3oBoM nepexoze ¢,
T, n U GyayT M3MEHAThCA 1O HEKOTOPOH TPaeKTOpHH,
KOTOpas HAYMHAETCS HA JIMHUM PAaBHOBECHS KUIKOH
a3kl ¥ 3aKAHYNMBACTCS HA JIMHUM PAaBHOBECHS TBEPJIOH.

Bosnukaet BONPOC, - KakKum 06pa30M B
TIOCTPOEHHBIX KOOpJAnHaTax MOXHO TIIoKasaThb
BO3MOXXHOCTh CYLIECTBOBAHUE HeyCTOI‘//I‘Il/IBOFO

COCTOSIHHSL PacTBOpa B mporecce (Ha3oBOro mepexoma.
OT0, HaNIpUMeEP, IPOCTO CACIATH I ACHMITOTHIECKOIO
PpeKUMa 3aKaJIKH. lICﬁCTBI/ITCJ'IBHO, B ACHUMIITOTUYECKOM
cryyae OECKOHEUHO OBICTPOH 3aKaIKH PACTBOP M3 TOYKH
Ha JIMHUU JIMKBUAYC, MPU MNOCTOAHHBIX 3HAYCHUAX
KOHIIGHTpallid M TeMIepaType  3aKaikd, IO
BEPTUKAIBHON TPAeKTOPUM IIONAJAeT HAa IUIOCKOCTh
TBEpI[Oﬁ (1)33])1. Ecmn KOHICHTPpANA pacTBopa
JIOCTATOYHO OJIM3KA K 9BTEKTUYECKON KOHLEHTPALUH, TO
pacTBOp MomnaaeT B 00J1acTh CIIMHOAANBHOTO pacnaza. B
Cllydyae M3BECTHOT'O CTAIlHOHAPHOTO KBAa3HPABHOBECHOIO
peXUMa KPHUCTANIM3allMK, KOHICHTpAlUs CKa4YKOM
H3MCHACTCA OT €€ 3HA4UCHHSA Ha JIMHUH JIMKBUAYC, 0
3HA4YCHUA HA JIMHUU COJUAYC. Ecnu cucrema Ipu 3TOM
HAXOJMUTCA B IUIOCKOCTH SHEPTHMU CMELICHHS >KHIKOIO
pacTBOpa, a 3aTeM MEPEXOAUT B TBEPJOE COCTOSHUE, TO

TpaeKTopus TpH TaKOW WHTEpIpeTalud OOXOAUT
00J1acTh HEYCTOIYMBOIO PaCTBOPA.

I/IHTyldTI/lBHO MOXHO IPEAIOJI0KNUTh, HYTO B
paBHOBECHH pacTBOp HE IIOMajaeT B  00J1acTh
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CIIMHOJANBHOTO pacnafa. Jlas HLTIOCTPAali|  9TOro
HPEANONIOKEH)s — 1ocTaBuM  ycioBue.  Ilycts B
PaBHOBECHOM — MeK(Da3sHOM  IepexoJe  IapameTpbl
CHCTEMBI H3MEHSIOTCS TAK, YTO MPH UX HPOMEXKYTOUHBIX
3HAYCHHSX PAaCTBOP HAXOAWTCS B PABHOBECHH C
TBEPIBIM PACTBOPOM. B 9TOM cirydae mnpu pasHbIX
TEMIIEpAaTypax TPACKTOPUH CHUCTEMbl IIOKa3aHbl Ha
pucyHke 2.

g
’11
11/
Kommertpaiis

Puc. 2. TpaekTopuH H3MeHeHHsl TIAPAMETPOB PacTBOPA.

B pacuerax mapameTpsl npeanosiaraauch JMHEHHO
3aBHCALIMMHM  OT SHEpruM cmemenus. M3 ycnosus
PaBHOBECHs MPOMEXKYTOUHOH (a3bl ¢ TBepioi dazoit
HaXoJuJ1I0Ch TIPOMEXKYTOTHOC 3HAYCHUEC SHEPTUn
cmemenus.  KpuBas | 9TO  ceyeHHe  IpaHMIbI
CIIMHOJAJIBHON 00JACTH IIOCKOCTBIO 3BTEKTHYECKOM
Temieparypbl. Kpusble 2 U 3 — TPaeKTOPUU CHCTEMbI
npu 9BTEKTUYECKON TeMIeparype. OHU HAYWHAIOTCS B
TOYKE HBTEKTHUUYECKON KOHLIEHTPaLUU JKHUIKOTO
pacTBOpa M 3aKAHYMBAIOTCA B TOYKAX DBTEKTHYECKOM
KOHIIGHTPAllMM ~ TBEPJIOro  pacTBopa. Ha pucynke
I’I306pa)KCHI>I TIPOCKIMHA TpaCKTOpI/[ﬁ CHUCTEMBI Ha
TUIOCKOCTh JBTEKTUYECKOU TEMIICPaTypPhI. TpaeKTopHu
12 1 13 310 TpaekTopuu BOIM3HM TeMIepaTypbl (pazoBoro
repexozia YUCThIX KOMIIOHEHT. OcTallbHbIe TPACKTOPHH

Il

I/

b
g4l
[

DHeprus cMemenus

TIOCTPOCHBI npu TIPOMEKYTOTHBIX 3HAYCHUAX
TEMIICPATypPhI. U3 PpHUCYHKa CJICAYCT, YTO IMOCTPOCHHBIC
TPacKTOPUM HE IEPEeCeKaloT TIpaHuily  obaacTu

CIIMHOJIAJIBHOT O pacnaja. Bee TpaekTopun HaxonsATCs Ha
TIOBEPXHOCTH, KOTOPas COCJMHSET JIMHUU PaBHOBECHS
JKHJIKOTO PAcTBOpPa C COOTBETCTBYIOIIMMH JIMHUAMU
paBHOBECHSI TBEPAOIrO PacTBOpa. DTa MOBEPXHOCTh HE
nepeceKaeT rpaHuLbl CIIMHOIAILHON 001acTH.

Ecin  moBepXHOCTh, MO KOTOPOH  IIPOXOJIAT
TPAaeKTOPUM CHUCTEMBI, TIEpPeceKaeT TIpaHHIly 007IacTh
CHMHOJAIBHOTO pacrazaa, To B koopauHartax (c,T,U)
noiy4aeM  JIMHHIO — [EPEeCEYCHUs  MOBEPXHOCTU
TPaeKTOPHH CHUCTEeMbl ¥ TPAHHIBl CIHMHOJIAIBHON
obnactu. IIpn M3MEHEHHH TapaMeTPOB CTALMOHAPHOTO
pexnMa cucteMa OyfeT HaXOMUThCS Ha TPACKTOPUSX,
KOTOpBIE IIPOXOAAT MO OTOW JHMHHMH. DTO KpHUBas
SIBIISICTCS. KPUBOI JUHAMUYECKOTO PABHOBECHS CUCTEMBI.
Tlpn anammse pesxuMoB (Ha3oBOTrO IIepexoja, KpHBas
JMHAMUYECKOTO PABHOBECHS AaHAJIOTHYHA KPHUBBIM
paBHOBecust Ga3. B oTauune ot nuHMIT paBHOBecHs 3Ta
KpuBas OyJeT BIMATH Ha pexxuM (a3oBOro mnepexona
TOJIIBKO B TOM CITy4ae, €CIIM PacTBOP MOINAajaeT B 001acTh
CTMHOMANBHOTO pacnana. Creys 1o TaKol TPaeKTOPHH,
MOJly4aeM HECKOJBKO COCTOSHHM, B KOTOPBIX MOXET
HAXOMUTBCSA DACTBOP, IPOXOMS MEXAY OKHAKOH U
TBeploii  (azoil. Ilepememiasich MeXIy  KUIKOI
ycroitunBoii dhazoii C u TBep0#i ycToiunBoi hazoii Cs
(puc.3), pacTtBOp TOCIE IKUIKOTO  YCTOIYMBOTO
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COCTOSIHHSI CTAHOBHUTCSI MeTacTabmibHbIM — (aza Cyy,
3aTeM pacTBOP CTAHOBUTCs HeycroitunBbiM — (asza Cy,
OCJIC HEYCTOWYMBOTO COCTOSIHHSI PacTBOp IOMNMajacT B
obmacte MeTacTabmibHOro coctosiHusi Csy, M TOJIBKO
1ocjae  ATOr0  COCTOSHHME — PacTBOpAa  CTAHOBHTCS
YCTOMYMBBIM TBEP/IbIM.

Cs Cys Cu C €,

=0 Sus Gn O B

Puc. 3. Cxema BO3MOKHOIH MOC/Ie10BATEILHOCTH COCTOSIHMI
pacTBopa npu (pa3oBoM nepexoje .

Takas cxema (ha30BOro Iepexoaa H3MEHsET
COBpPEMEHHbIC B3IVISIIbI Ha MEK(a3HbIi MaccomnepeHoc.
[IponemoHCTpUpYEM HEKOTOpBIE CIIEJCTBHS TaKOro
(daszoBoro mepexoJa Ha pPEUICHUH CTALMOHAPHOMN
nsorepMudeckoil 3axaun guddysun. s mocTaHoBKU
3aa4d PacCMOTPUM IPOEKLMHU KPUBBIX PAaBHOBECHS U
KPMBOW  JIMHAMUYECKOTO  PABHOBECHS HA  OJHY
H30TEPMHUUECKYIO MIOCKOCTh (puc. 4).

Temneparypa
-
=

Konuenrpauus

Puc. 4. PapnosecHasi pasoBasi 1HarpaMma ¢ KpuBoii
aunamuyeckoro paposecusi US-UL HeycroiiunBoro cocrosinus

pacTBopa.

Ha pucyHke 0003HAaueHbl TIDAHULBI  MEXIY
COCTOSIHHSIMH PacTBOPA. I'paHHILy Sy MEXKIY KUIKAM K
MeTacTabMIbHBIM PACTBOPOM MOXKHO HE PacCMaTPHBATh,
T.K. B TOUKE MEPeXoja MEXIy OTUMH COCTOSHUIMU
3HAQUCHUs [apaMeTPOB PAcTBOpa HE U3MEHSIOTCL. B
pesylbTaTe IoJiaraeM, 4TO 3aJada COICPIKUT TpU
¢dazoBeix mepexoma. 1. Ilepexox u3 ycToiumBOro
JKMJIKOTO COCTOSIHMSI B HEYCTOHYNBOE CO CTOPOHBI (ha3bl
Cyr. 2. Tlepexom wu3 HEyCTOHYMBOTO COCTOSIHHS B
Mmeracrabunbaoe co croponsl dasel Cys. 3. Tlepexon us
METacTabMIBHOTO COCTOSIHHSI B YCTOWYHMBOE TBEpHOE
cocrosinue. CumMrtaeM, 4TOo B 0OJIACTH CYIIECTBOBAHMS
Ka)KJOTO0  COCTOSIHHSL ~ PacTBOpa,  paclpeesieHHe
KOHIIGHTPALMM ~ KOMIIOHGHT B HeEil OMHMCBIBAaeTCS
OT/IENBHEIM ypaBHeHHEM AUGQY3HH M IIOCTOSHHBIMI
kodddurmentamu uddysun. IMomydaeMm cucremMy u3
YeTBIPeX JIMHCHHBIX YPABHEHHH C IOCTOSHHBIMU
kod(durenTamu: YpaBHEHUs. JUst JKHJIKOM,
HEYCTONYMBOI, MeTacTaOWIbHOW U TBepaoil (asbl.
Tlonaraem kosddurment muddysnn B TBepoii dase
paBHBIM Hym0. U1 ONMpeJeNneHus CeMH MOCTOSHHBIX
HHTCTPUPOBAHUS HYXXHO C(OPMYIHPOBATH PAHHYHBIC
ycnoBus. [lycts, Hampumep, Ha BHEIIHEH TIpaHuLe
cucTeMbl 8 (pHC. 3) BBIMOJHSIETCS H3BECTHOE YCIOBHE
baprona Ilpuma Cimxtepa, KoTopoe 10 CHX HOp
HCHONB3yeTes ULt (hopMyITHPOBKH 3aaad Juddysun [6].
Ha  ocTampHBIX  TpaHHLAX  CTaBATCA  yCIOBHE
MexdasHOro paBHOBECHsS U YCIOBUE COXPAaHCHHS
MacCOBOI'0 OTOKA.
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PaCCMOTpI/IM JiBa OKCIEPUMEHTAIBHO
HaONI0JaeMBIX pe3ylbTaTa, KOTOpbIE [aeT pPelICHHe
3amaun  udy3un, yduTHIBAIOIIEe  CIMHOJANBHBII
pacnan pactBopa. CHauana paccMoTpuM paboty [7], B
KOTOpOH OB HaleHbl aHATMTHYECKHE BHIPAKEHUS
JUIS 3aBUCUMOCTH TIEPHOJA IBTEKTUUECKOH CTPYKTYpbI
OT CKOPOCTH IepeMelIeHus Mexda3Hoil TpaHuIbl. ITH
BBIDAKEGHUA OBLIM HaiiIeHBl TpPU JBYX YCIOBHSAX,
KOTOpBIC, B paMKax H3BECTHBIX paGOT no MG)K('I)EBHOM}’
MacconepeHocy, BBI3BIBAIOT 0060CHOBaHHBIE
BO3paxkeHUs. IIepBbIM ycloBHeM sBIsieTCs: TpeGoBaHuUE,
qro  MeX(asHblii  KOIPOHIMEHT  pacrpeneseHus
cucteMsl Onm3ok Kk exmuHune. B [7] Obuto caemaHo
TNIPEAIIOIOKEHUE, YTO HpH‘—IHHOﬁ TAKOr0 3HAYCHUs
koddumenTa  pacrpeeieHus MOXKET  ObITh
MexdasHas agcopouus. OJHAKO HET SKCIIEPUMEHTOB, B
KOTOpBIX Obl HaOmionanach CBs3b  (POPMHUPOBAHHS
TIEPHOINYECKOM 9BTEKTUYECKOH CTPYKTYpPbI c
Mexdasnoii agcopOuueii. GasoBas quarpaMma pucyHka
4  ecTeCTBEHHBIM 00pa30M pemIaeT 3TOT BOIPOC.
CormacHo  ¢asoBoif  jguarpaMme ¢ KpPHBOM
JUHAMHUYECKOr O PpaBHOBECHS, KOBquJ]/ILII/ICHT
pacrpe/enenus Mex 1y HeyCTOHUHBOIl 1 TBepaoi (a3oit
MOJKeT NPHHUMATh 3HAYCHUS CKOJb YTOJHO ONM3KHE K
enunuie. B oroii ke pabore [7], 4TOOBI MOIY4HTH
HEyCTOHUMBYI0 MeX(a3HYI0 TI'PaHHII HPEJIoNarasock,
410 Kod(hUIMEHT pacnpeneseHus: He TOIbKO OIM30K K
enuHuIe, HO U Oomblue ee. JuHammdeckas daszoBas
JuarpaMMa  eCTeCTBCHHBIM  00pa3oM  OOBsCHsET
HEYCTOWYMBOCTh MEX(a3HOH T'PaHHIBI HPU JIFOOBIX
PaBHOBECHBIX 3HAUEHMAX MeX(a3Horo kodpdurnmenta
pacrpeneneHus. JTO CBSA3aHO C 3aBHCHMOCTBIO MEXIY
PaBHOBECHOI TeMIIepaTypoii (hazoBoro mnepexona u ero
PaBHOBECHOH KOHIIEHTpamueil. Mojens, Hcrob3yeMas
B [7], yUuTBIBa€T HEPABHOBECHOE COCTOSHUE PacTBOpa

mepex  MexasHoit  rpanuueil.  HeycroitunBocts
Mex(a3HOH TpaHUIBI  ONPEACIACTCS H3MEHEHHEM
KUHETUYECKOTO  HEPeOXNAXACHUS IPH  HW3MCHEHHU

TEMIIEpaTypbl U KOHICHTPALIMHA MC)KanSHOﬁ TpaHHIIbI.
Ecnmu pactBop He momanaeT B 0071acTh HEYCTOHYHBOIO
COCTOsIHMs, TO 3Ta 3aBUCUMOCTb ONMCHIBACTCS JIUHHEH
JmkBuayc. Ee HAKIIOH OTpUIIATEIeH OTHOCHTEIBHO OCH
KOHIeHTpaiuii. TT03TOMYy HM3MEHEHHE KHMHETHYECKOTO
MePeOXNaXKAeHNs. BeJeT K YCTOHYMBOCTH MeKpazHOM
rpanuiibl. O4eBHJIHO, YTO CIIMHOANb, KOTOpAast T0Ka3aHa
Ha PUCYHKE 4, MOXET HMETh MOJIOKUTCIBLHBIH yro
HaK/IoHa. DTO M ABJAETCA MPUUMHON HEyCTOHUMBOCTH
TpaHUIbI.

B saxmoueHumm  paccMOTpUM  3aBHCHMOCTh
pacnpesieieHisi KOHIGHTPAIMK KOMIIOHEHT B CHCTEME
€O CIIMHOJAIIBHBIM pacrazioM (puc. 5).

OTta 3aBUCHMOCTb SABJISICTCSl PEIICHMEM 3a/1adym
quddy3un  mpu  BBIIIEYNOMSHYTBIX — TDAHHYHBIX
YCIOBUAX U MOJECJIbHBIX 3HAYCHUAX IIapaMETPOB. Takas
3aBHCHMOCTh JIaeT IIepej]l TpaHuIel JKUIKOH (assl
9KCTPEMYMBI KOHIICHTPAIIHH. DKcTpemMym
KOHIICHTpanuu Ha6moz[anc5{ pu TIPOBEACHUN
9KCIIEPUMEHTOB 1O (POPMUPOBAHUIO HBTEKTHUECKUX
CTPYKTYD.
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C solid — black; C metastable — dlue;C
unstable — red;C liquid — green;

1
)
X

[ Cu

A

Concentration

C.
ot
“og000 00001
Coordinate

0.0002 0.0003

Puc. 5. Pacnpesesienue KOHUEHTPAUUH ¢ yUeTOM 001acTH
CNHHOAATLHOIO PACNA/A PACTBOPA.

Puc. 6. ITos10chI pacnpee/ieHnsi KOHIEHTPALHH B
YCTAHOBHBIIEMCS PeKHME KPHCTA/IH3AIHH BOJAHOI0 pacTBopa
KpacuTens.

Ha pucynke 6 nokasana ¢pororpadus ¢pparmenta kiumna,
B KOTOPOM CHAT IIPOLECC KPHCTALIM3ALUU BOJHOIO
pacTBopa Kpacutelsis. VI3MEHEHHe IBeTa pacTBOpa
TPOUCXOAUT TIPU M3MEHEHMH KOHIICHTPAllMM B HEM
kpacurens. Ha cauMke BuaHo, uTo mepen MexdasHoit
TrpaHULEdl C YCTOHYMBBIM pacTBOPOM, Ha KOTOPOU
HaOirofaercs  MakcUMyM  KOHHEHTpAauud  Cg,
TIepeMeEIaeTCs SIBHO BUJIMMBII MaKCHMyM
koHueHTpaunu C,,o. PaccMoTpeHHas 31ech Teopust

00BSICHACT HTO SBJICHUE.

PaboTa BBINONHEHA TIPH YaCTHYHON MOJICPIKKE
TpaHTaMu POOU 14-48-03587 u POOU
15-03-05415.pacnagom (puc. 5).

1. Haifeng Wang, Feng Liu, D.M. Herlach. Kinetics of tri-
ple-junctions in eutectic solidification: A sharp interface model. J.
Mater. Sci., 2015, v. 50, pp 176-188.

2. Oriane Senninger, Peter W. Voorhees, Eutectic growth in
two-phase multicomponent alloys. Acta Materialia 2016 v. 116, pp
308-320.

3. AILTycbkos, A.J1.Opios. Buiusinne Mex(asHoro
HEPABHOBECHOI'O CJIOS PACIiaBa Ha (JOPMUPOBAHHE IEPHOANYECKOM
IBTEKTHYECKOH CTpYKTyphl. Matepuanosenenue, 2009, Nel2, ctp. 2-6.

4. I'yceko ALIL, Hekpacosa JLIL, Epmos A.E., Korrenkosa
O.A. Pacmag pactBopa mepel MexdasHOW rpaHuuei  npu
HanpaBJIeHHON KpucTaum3aluu. Marepuanoseaenune, 2013, NelO,
crp. 10-15.

5. Guskov, L. Nekrasova. Decomposition of Solutions in Front of
the Interface Induced by Directional Crystallization. Journal of Crys-
tallization Process and Technology. 2013, 3, 170 - 174.

6. A.G. Ostrogorsky. Effective convection coefficient for porous
interface and solute segregation. Journal of Crystal Growth, 2012, v.
348, Issue 1, pp 97-105.

7. Alex Guskov, On Linear Analysis of the Movement of the In-
terface under Directed Crystallization. Advances in Chemical Engi-
neering and Science, 2014, 4, 103-119.
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HEJUHEWHAS 3AJAYA JIs1 KOMITO3UTHOM NJIACTUHBI C MEK®A3HOMN
TPEIMHOM /11 TAPMOHHUYECKOI'O MATEPHAJIA JUKOHA

JlomaHckas T.0."", Mamskos B.M.%, Manskosa }O.B.?

ICII6I'Y, Cankr-ITerep6ypr, Pocens; “tanyath57@gmail.com;
2CHGFY, Cankr-IlerepOypr, Poccus;
3CII6T'Y, Canxr-TlerepGypr, Pocers.

Aunomauusa: Pewena nnockas 3adava nenuneiHoll meopuu ynpyeocmu O.is HCOOHOPOOHOU MAACMUHbL C MelchasHoll
mpewunoii. Ilhacmuna obpazosana coedunenuem 06yx noiyniockocmeil. Mexanuueckue ceoticmea nonyniockocmeti Onucoled-
1omes Mooeivlo eapmoHuyecko2o mamepuana Jlocona. Hailoenvl 3Havenus HOMUHANbHBIX Hanpsadicenuil u nepemewjenuil. B ka-
uecmee npuMepa uccied08an Cayuail c80OOOHOU MpewuHsl 8 NIACMUHe Npu 3a0aHHbIX HANPAXCEHUAX Ha Oeckoneunocmu. M3
MOYHBIX Peuenuil ROCMPOeHAa ACUMNIMOMUKA HANPAJICEHUT 6 OKPECHOCMU KOHYA MPeujuHbl.

Kniouegvie cnosa: niockasa depopmayus, mesxcpasnas mpewuna, mamepuan J[ycona, Memoo KOMIIEKCHbIX QYHKYUIL.

O01He COOTHOLICHHS

ypaBHCHI/lﬂ PaBHOBECHA U YPABHCHHA COBMCCTHO-
cti pedopmanmit MIOCKOH 3agadd B KOMIUIEKCHOM
dopme umeror Buz [1]

(s, +is,), +i(s,, —ism)vz =0
()]
(gzz 7ig12)’v +i(g\| +ig:|)‘z =0,

rae s

i

KOMIIOHEHTBI TEH30pa HOMMHAJIbHBIX

HANpSDKEHUH, g — KOMIIOHEHTBI rpajuenta jgedopma-
i,j=12.

BBesieM KOMIUIGKCHBIC IEPEMEHHBIC OTYETHOH U
& +i&, mn

KOMIUIEKCHYI0 (DYHKIMIO HaNpsDKeHWil o =0, +i0,.

LMH,
Tekymell konpuryparmit  z = x, +ix,, ¢ =

Vpauenus (1) TOXKAECTBEHHO yIOBIETBOPSIOTCS, €CIH
MOJICTABUTD B HUX BBIPAKCHUS

. oo Oo 0o Oo
Sy HiS, =—————, §,, —isy =—+—,
oz 0z 0z 0Oz
(2
. o o¢ ) o o¢
+ig, =—+4—= 7, — =2 _22
gll lézl 02 62 ’ éZ_ lng 02 az

Kommnekcubie GyHkmmu ¢§(z,z) u o(z,z) HaxoaaTCs
W3 3aKOHA YIIPYTrOCTH U IPAHUYHBIX YCIIOBUH 3a1a4H1.

Jlns marepuana Jxona [2] 3akoH ynpyroctu B
KOMILIEKCHOM (hopme nmeeT Buz [1]

S“+i512:2/1|: F(I)ag 6;’ (Z€:|=
74 74
3
vp—isz.:Zu[ F(lﬁ—%—%}

rae [ — TepBBlii WHBApDHAHT TEH30pa KPATHOCTH
yaimnennii. @ynkuust F'(I) 3anana Beipaxenuem [1,

3,4]
8ubF'(I)=1+~1*>—16bc.

TlocrosiHEble b ¥ C ONPENEISIOTCS U3 YCIOBUH Iie-
pexoza HeJIMHEHHOTro 3aKoHa ynpyroctd (3) B 3aKOHBI
I'yka npu MasbIx JeopManmsix.

IMoncraBuB B (3) nHampspkenust (2), mpuaeM K
yPaBHEHHSAM

a—6+2y%—4y F' (1) 6{
0z 0z
99 202 .
0z oz
Haiinem noreHuuansl
— cz
o=(1-2ub)p(z)=2uy () -2p—,
¥'(2)

rae ¢(z), w(z)-—ananurudeckue GpyHKIHH OT z.

BBezieM BerioMoraTenbHy0 QyHKIHIO

29"(@)
?"°(2)

HowmuHasnbHble HANPSDKEHUs U Ae(OPMALHH BBIYUCINM
1o opmyiam

Q(z) =

-
)'/' ‘

5+ = (1= 2b)(2) 2;{ 2( -0 M}
¢z

97 (2)

=iy, = (- 2ub)g(2) 72{9@)%%}

P72
2008y —ig,) = @'(2) = (s, +isy,),

2p(gy, +igy) = ¢'(2) = (55, —isy).
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3agaua o mexdasHoii TpemuHe

PaccMOTpUM  HEOHOPOAHYIO TIIACTHHY € MEXK-
(asnoit TpenmHo. TpemmHa pacronokeHa Ha MPOMe-
KyTKe [—a,a] JIMHUM COMPSDKEHUS MOJYTIOCKOCTEH.
Ha GeckoHeunocTn (B mpuzeine IpH |z |— o0 ) 3amaHbl
HATIPSDKCHHS S, %s: (cBOM ISl KaXKJOH MOITYIIIOC-

koctn). bepera TperuHbl CBOOOIHbL:

N -
(5, =085,)" =0, (s =0sy)” =0, [x[<a (4)
Sco
2 w
SZ]
—_—
X.
200 2
i s
<— Sy Ko,V
e (-]
s S,
12 = 5 ) < T 12
>
100 S iy vy -
Si1 siy
<
5y ©
°n

Puc. 1. JIByXKOMIOHEHTHAs IIOCKOCTH ¢ MeKpa3HOii
TPEIHHOI.

BBenem ¢ynkunn A(z) m r(z) st BepxHed mo-
S,
CKHMMH BO BCeil INIOCKOCTH, HCKIII0Yast THHUIO pa3Jena,

h(z) = (1=2p,b,),(2) + 214, (2),

7(2) = b,y (2) - Q,(2).

JIYTUTOCKOCUTH KOTOpPBIC SBJIIFOTCA aHAJIUTHYC-

OyHKIMK 718 HUKHEH TMOMYMIOCKOCTH S; HOTy4HM

LUKIMYECKOH TIepPECTaHOBKOH HMHIAEKCOB 14>2 B
TIPaBbIX YacCTAX ITUX PABCHCTB.

I'panuynble ycioBus (4) NPUBOIIT K CHCTEME

ypaBHeHuii Pumana — T'miabbepra 11 (QyHKIui
h(z)ur(z):
h()-h ()=0, r'(@)+5r (1)=0, te(-a,a),

rae o > 0—mapamerp. Penienne ypaBHeHHI TAKOBO

h(z) = h(=), (r—
z+a)’

1
= R

Beraucimm KO3(1)(1)I/ILII/IGHTLI MHTCHCUBHOCTH HO-
MHWHAJIBbHBIX HaHpH}KCHHﬁ B OKPECTHOCTH KOHIIOB TpE-
MIUHBI

Dh)(z) = AX (2)(z ~ 2iafp),

A=K"(s5, —is).
z-a

K* =27 lim [(b7 =15 (s,, —is, ()] =

=z (1F2iB)27 (s, —is,),
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Tae 7=ux /a— 663paSM6pHa}[ TICpEMEHHAas Ha JIMHUKA

pasnena. Takue xe KO3(1)¢)PILII/ISHTI)I MUHTCHCUBHOCTH
HaNpsDKCHUH ObUIM TOJy4YeHbl B JIMHEIHOH 3amade o
MexdasHoii TpemmHa [5].

CkadoK TepeMeIleHni OeperoB TpPEIIMHBI Haxo-
JuTCs 1o opmyiie

Au, +m2)(7)— [¢7(T)] *7[401(7)]

j/i
Ai(=1)”
1)) (14 2b, (st = 1))
— _qu))(l+ 2b1 (4, — 4 ) 5
2w (=2ub)+u,(1-2ub) 7

Ioctpoum ACUMITOTHYECKUE paznoxkenus
HaNpsHKEHUH B OKPECTHOCTH IPABOI0 KOHLA TPELMHBI.

a+z

—A.J:(a

z

A1
1y (1420, (14

_ 1 (+2b, (24

b, =

i0
Tlonoxum z=a+re”. Pa3nokeHHs HOMHMHAIBHBIX
HAaNpsDKEHUH B OKPECTHOCTH KOHI@ TPEIIMHBI IIPH
7 — 0 Ju1s BepxHel NOJyIIOCKOCTH S, MMEIOT BUJ[

1+24,D j+
1+2b2(ﬂ1 7/42)

+0(J—)

sy, Fis, = h(oo)(luzMZ +

+d. \/—
. 1+2u4,D
n Ty = h(oo)[—Z/.tsz T

+ ]Jr
1425, (1, — 1
+ J_ +0(J’)

Hanpsbkenus U1 HWKHEH NOIYIUIOCKOCTH S, TOJIy-
YUM LUKJIMYECKOH MepecTaHOBKOW MHJEKCOB 14> 2 B
MpaBbIX YacTAX 3THX PaBEHCTB. Buaum, 4To HOMH-

HaJbHBIC HAINPsHKCHUS HMCEIOT 0COOEHHOCTH 1/\/; B
OKPECTHOCTH KOHIIA TPEIIUHBI IPU 7 —> 0.

Ucrunnsle nanpsokennst Kowm ¢, BbruCIsioTes
1o hopmyaam
%1(t11 +it12> SRTRE
2,1y —ily) = 8y —iSy,.
. 2 2 2 2
TOe 76 =+/8» + &5, %, =4/& +&5 — KpaTHOCTH

U3MEHEeHHs IUIolany. B ciydae miockoii nedopmanuu
KPaTHOCTU W3MEHEHHS TLIONIAN UMEIOT 0COOCHHOCTH B
OKPECTHOCTH KOHIIA TPEIIMHBI BUJA 1/-/r npu 7 — 0.

ACHMITOTHYECKHE PpasoKeHUA HUCTHHHBIX
Hanpspkennii Komm juist BepxHei mosyrmiockoctu S,

HUMCIOT BUI
. h(w)[ 1+24D ]
t, +it, =d, +——| 2u,M , + ————— r+
11 12 2 Yz 2 2 1+2b2(}l‘*ll.l2
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+dz(mzl‘2+mz[‘z)\/;+0(r)’
2,

()

G

_lz(pzfz+;2Ez)ﬁ+0(r)'
2V,

2

14+2,D
142b, (14 — 1)

ty, —ity, =1, +

)

[—Zysz +

Hanpskenust i HWKHEH IOJNYIJIOCKOCTH S| HOMy-

YUM LMKINYECKOU epecTaHOBKOH MHJIEKCOB 1<>2 B
MPAaBBIX YaCTAX THX PABEHCTB. BHAMM, 4TO MCTHHHbIE
HanpspkeHus Komm He MMeoT 0COGEHHOCTH y KOHIIOB
TPELIUHBL

BriBoab!

Jlns Mozienn rapMOHHYECKOro Marepuana JlkoHa
MOJyYeHO TOYHOE AHAIMTHYECKOE PELICHHe HEeNHHEeii-
HOI1 3371441 IS HEOIHOPO/IHOM ITACTHHBI ¢ MEK(Pa3HOM
TpeuHol. TT0CTPOCHBI ACUMIITOTHYECKUE PA3IIOKEHUS.

35

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

HOMMHAJIBHBIX Hal'lpil)KCH]/lﬁ U UCTUHHBIX Hanpm]cel-mﬁ
Komm B OKpecTHOCTH KOHIA TpelnuHbl. [1okasano, 4ro
HOMHHAJIbHBIE HANPSHKEHUS HMEIOT KOPHEBYIO 0COOEH-
HOCTB Yy KOHIOB TPCIIWHBI, HWCTHHHBIC HATIPSDHKCHUSA
Koum nHe mmerotr ocobennocrtu. [lepemenienus comep-
JKaT OCUWUIALMIO B OKPECTHOCTAX KOHIIOB TPEIIUHbI.
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HEKOTOPBIE PE3YJIBTATHI YACJIEHHBIX UCCJEJIOBAHUMN KPAEBBIX
IPPEKTOB B CJIOUCTBIX YIUIEIINIACTUKAX

JlynapbkoB FO.N.!, Jlepuenko E.A.", Jlumonns M.B.", IlleBucnko A.B.'
'OIVIT “LATI”, Kyxosckuii, Poccus; *dzuba@tsagi.ru

Aunomauus: B pabome npedcmasnenst pe3yibmamvt pacyemHulx Uccie0osanull cneyuguieckux ocobennocmeti oegop-
MUPOBAHUSL CTOUCBIX KOMIO3UIMOE U CEA3AHHbIE ¢ HUMU npoOnembl oyenku ux npounocmu. Ilokasawno, umo Kpaeevie s¢hdexmot,
603HUKAIOUjUE HA CB0OOOHBIX KPOMKAX KOHCMPYKYUIl U3 KOMRO3UMA, MO2ym Oblmb np 01l npexcoesp 020 e20 paccioe-
nusl. [Ipusedensi pes J; J; KUX UCCTEO! i kpaesvix dphexmos na mpexmepnvix KO mooenax. Ha npumepe
AIACIUHBL ¢ KPY2OGbIM OMEEPCIUEM, HASPYICEHHOU YUCTbIM COBULOM, ONUCAH MEXAHUZM 00PA306aHUs Kpaesblx 3(hdhexmos Ha
€60600HOM KoHmype omeepcmusl. Jlana oyenka eiusHUs CIpYKmypbl KOMAO3UY 020 Ha (y Hanp Hull pac-
cnoenus.

Knrwouegsvie cnosa: croucmoiii KoMnosum, MOHOCIOM, c60600Has KPOMKA, Kpaegoil dhghekm, paccioenue, npodHOCmb, Me-
moo koneunvix amemenmos (MKD).

COBPCMCHHQS{ CTpaTerus pasBUTHA aBUALTMOHHBIX

KOHCTpYKLMi [1] mpenronaraer mWMPOKOe HPUMEHEHHEe  HOIo MakeTa IPU ero OJAHOOCHOM HarpyxeHuu. [loka-
KOMIIO3UTOB B IEPBUYHOH (CHIOBOH) KOHCTPYKLMH  3aHO, YTO HCTOYHMKOM BO3HHKHOBCHHUS KpaeBbIX -
IUIaHepa JICTAaTeIBHOTO allapara: MaHeIn Kpbiia U Gro-  (DEeKTOB SABJISAIOTCS YCIOBHS COBMECTHOCTHU Je(opMariuii
3€JIsKa, a TAaK)KEC JIPYyrue 3JIEMCHTHI KapkKaca. B ocHoB- MOHOCJIOCB, IMPUBOAAIINEC K BOSHHUKHOBECHHIO 00BEMHO-
HOM JJIs1 DTUX ueneﬁ HUCTIONB3YIOTCS CIOUCTBIE KOMIIO- TO HAIIPSDKEHHOI'O0 COCTOSHUS Ha CBOﬁOHHOﬁ KpOMKE, C
3UTHI, BBIIIOJIHCHHBIC HA OCHOBE BBICOKOIIPOYHBIX YIJIE- 06pa3OBaHl/IeM HOPMaJIbHBIX pacc/lauBarolIuX Halps-
POIHBIX BOJIOKOH CO CBA3YIOIIMM M3 STIOKCHIHOM CMOJIBL.  KeHHUil (G7) U HANPSHKEHUH MONEPEYHOro CABUTA (Tyz).
JlebopmMupoBaHue CIOMCTBIX KOMIO3UTOB oOnanaer  Cxema 06pa3oBanus 9Toro sdpdexra rnokasana Ha puc. 1.
psaoM crienuHIecKuX OCOOSHHOCTEIl, KOTOpBIC Ciie- s
JlyeT Y4uTbIBaTh IPH OLeHKe ux npouHoctu. K yucmy V\
TaKUX OCOOCHHOCTEH OTHOCATCS KpaeBbie 3(MQeKTs, s
BO3HHKAIOIIHE HA CBOOOIHBIX KPOMKAX KOMIIO3UIIHOH- I ‘

HOTO TakeTa. B 1maHHOM ciydae mOX CBOOOTHBIMU . : i

KpPOMKaMH MOHUMAIOTCS TMOBEPXHOCTH, HOPMAJIbHBIC K Puc. 1. Cxema oGpa s¢dexra it kp
IUIOCKOCTH KOMIIO3MTA M HE UMCIOIINE KOHTAaKTa ¢ Apy-  IlomydeHHbIEe pe3ymbTaThl MO3BOIMIN OOBACHHUTH -
THMH YacTSMH KOHCTPYKLMH. IIpuMepoM MOryT ciy- (KT MPEekACBPEMEHHOTO PACCIOCHHS HATPYKEHHBIX
JKUTB TIPOTOJIBHBIC KPOMKH TaHeJaeH Wil KPOMKH TOPLIOB naHesnen IIpA UX UCIIBITAHUAX Ha CKAaTHE U J10-
CTPHHIEpPOB, HE KOHTAKTHPYIOIIME C OOMMBKONH. Bo-  CTaTOYHO XOPOIIO COIIACYIOTCS C MMEIOIIUMHMCS JKC-
npocam u3ydeHus: Takux 3GQeKToB MoCBAlIeHa J0CTa-  IePHUMEHTAIbHBIMU AaHHBIMH. B pabore [8], Ha ocHOBe
TOYHO OOLIMpHAs jiuTeparypa. 37ech, HPEXKIE BCEro, CPABHEHMsS PACUETHBIX M IKCIEPUMEHTAIBHBIX JAHHBIX
CIIeyeT OTMETUTh PaboTsl [2, 3, 4], B KOTOPBIX MpHBE-  TOKA3aHO, YTO BEJIMYMHA M PACIpPEIEICHHE HOPMaJlb-
JICHBI PE3YIbTAThl PACUYCTHO-OKCIICPUMEHTAIIBHBIX HC- HBIX pacciiauBaroImx HaprDl(CHl/lﬁ Ha CBO6OHHOﬁ
cieioBaHuil KpaeBbIX dQPEeKTOB Ha CBOOOAHBIX MPSIMO-  KPOMKE CYIIECTBEHHBIM 0Opa3oM 3aBHCAT OT MOCIENO-
JIMHEHHBIX ~KPOMKAaX KOMIIO3HTAa IIPH OJHOOCHOM  BAaTENbHOCTH YKJIAJKH MOHOCTOEB B KOMIIO3UIIMOHHOM
HarpyKeHWH W JaHbl NPUOMIDKCHHBIC METOIbI OLECHKH  HaKeTe.

HaNpsDKeHHi paccioeHnst. PaccMoTperre kpaeBbix 5¢- B mogasisromem yucie myOnuKanuil mo kpaesbiM 3¢-
(ekToB Ha CBOOOMHON KPOMKE OCIOXKHSCTCS TeM 00-  (DEeKTaM COIepKaTcs CBEICHHUS II0 HCCICIOBAHHUIO HX HA
CTOATEIILCTBOM, YTO HAIIPSIKEHUSA BOJIM3H Hee MOryT ﬂpﬂMOﬂHHCﬁHHX CB060}IHBIX KpOMKax KOMITO3HUIIHOH-
UMETh CHHTYIISAPHBIA XapakTep. DTO BBI3BIBACT ONpEJe-  HONO ITaKeTa, HAXOAANIETOCS B YCIOBHAX OJHOOCHOTO
JICHHBIC TPYAHOCTH IIPH OLICHKEC MAaKCHUMAJIbHBIX 3HA4C- PACTSKECHUS WA CIKATHUA. HyGJIPlKaLll/ll/l 110 OLICHKE Kpa-
HHil IeHCTBYIOIMX HAmpspkeHni. B gacTHOCTH, BOmpo-  eBBIX 3(Q()EKTOB Ha KPUBOJIMHEHHBIX KPOMKAX, B TOM
caM HCCIICOBAHUS CTEICHHM CHHIYISIPHOCTH pacCiaW-  4YHCIE HAa KOHType OTBEPCTHsA, NPAKTUYECKH OTCYT-
BAIONIMX HANPSHKCHNH Ha CBOOOMHBIX KPOMKAX KOMIIO-  CTBYIOT, XOTSI TIOHSTHO, YTO TOAO0HAs CUTyalllsi MOXKET
3HTa MOCBAIICHA padora [5]. BO3HMKaTh M TaM. Ha mpaktuke 3TO XapakTepHO s
COBPEMEHHOE COCTOSHUE PA3BUTUS BBIYMCIUTEIBHONH  CTEHOK JIOH)KEPOHOB M HEPBIOP, MMEIOIIHX Heperysisip-
TEXHUKU U MPOrPaMMHBIX CPEICTB, B YaCTHOCTH, KOM-  HOCTH B BHJE OTBepCTHil. Kak N3BECTHO, 3TH 1MEMEHTHI
riekcoB nporpamm MKD, naeT BO3MOKHOCTH BBINOJ- — ABHALIMOHHBIX KOHCTPYKIMIT paboTaloT —mpenmyle-
HATh HCCIICNOBAaHHSA KpaeBhIX 3(Q(CKTOB Ha OCHOBE CTBEHHO HAa CABUT M CHOPMHUPOBAHBI B OCHOBHOM M3
YHCICHHBIX METOOB C HCIIONB30BAHHEM MOAPOOHBIX — MAKETOB C OTHOCHUTEIBLHO BBICOKHM COJCPXKAHHEM MO-
TPEXMEpHBIX pacdeTHeIX Mofeneil. Hekotopsle pesynp-  HocioeB ¢ yknaakoi £45°.

TaThl TAKUX MCCIIC/I0BAHMI pUBEIeHb! B paboTax [6-8]. B pamkax JaHHOH paGoThl 3HAYMTENHLHOEC BHUMAHHE
Tak, B pabore [7] Ha OCHOBE KOHEYHO-3JIEMEHTHOIO  yIEICHO HCCICIOBAHUIO KPAaeBbIX 3((EKTOB, BO3HH-
MOJICTIMPOBAHNS.  PACCMOTPEHBI  KpaeBble AS((EKTHl,  KAONMIMX HAa KOHTYpE OTBEPCTHsS. PaccMOTpeHBI 0co-
BO3HHKAIOIIME HA CBOOOIHBIX KPOMKAX KOMIO3ULMOH-  OEHHOCTH Je(GOPMHPOBAHHS CIOUCTOIO KOMIIO3UTA

P " 3
uacpy s anun CITIR  sormmermmenens
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BONMM3M CBOOOMHOM KPOMKH TIpH JEHCTBMH CIBMIOBOI
Harpy3ku B IUIockocTH makera. CBOOOIHOI KPOMKOii B
JIAHHOM CJTydae SIBJISeTCS KPOMKa KPYTOBOTO OTBEPCTHSL.
B xadecTBe 00BEKTa MCCIIEOBAHMA PACCMATPHBANACh
KBajpaTHas KOMIIO3ULMOHHAs IUTACTHHA DPa3sMepoM
300x300 MM ¢ LEHTpaJbHBIM OTBEPCTHEM JHaMeTpa
50 MM, HarpyKeHHasi YUCTBIM CABUIOM. Mozjenuposa-
HHE IUTACTUHBI BBINOJHIOCH METOJOM KOHEUHBIX 3Jie-
MEHTOB C HCIOJIB30BaHUEM 3-D OPTOTPONHBIX KOHEHY-
HBIX JIEMEHTOB. PacueTHas ceTka MMela 3HAUMTENbHOE
CrylieHHe BOJIM3U KOHTYpa OTBEPCTUS JUIS BOCIIPOH3-
BEJICHHS BBICOKHX IDAJIMCHTOB HAIPSIKEHHOIO COCTOS-
HHSI, CBA3aHHBIX HE TOJBKO C HAIMYHEM OTBEPCTHS, HO U
¢ HannuueM KpaeBbX d(¢pekToB. C 3TOH LENblo Kax-
JIBIIE MOHOCIIOH BOJIM3M OTBEPCTHS MOJICIUPOBAJICS 6-10
KOHEYHBIMH 3JIMEHTAMH II0 TOJIIMHE. Bux koHeu-
HO-31eMeHTHO# Mozern (KOM) nokasau Ha puc. 2.

e
Puc. 2. KDM nuiacTHHBI € IEHTPAILHBIM 0TBEPCTHEM
[InractuHa Harpy’amach CABHTOBBIMU YCHJIHSMU HWH-
TEHCUBHOCTBIO T, PABHOMEPHO PACIIPEEICHHBIMU T10
ee tomune. KpaeBbie a()(peKThl OLEHHBAINCH B OTHO-
CHTEJIbHBIX BEJIMYMHAX KAK OTHOIIGHHME TOI MM MHOM
KOMIOHEHTBI TEH30pa HANPSHKCHHH K BEIMYMHE TTPUIIO-
JKEHHOTO HAampsbKeHHs To. PesynbraThl pacueToB mpes-
CTaBIEHbl B IMIMHAPUYECKON CHCTEME KOOPMHAT,
pacHoJIOKeHHO# B LieHTpe oTBepcTHs (cM. puc. 1). Me-
XaHU3M BO3BHUKHOBEHHSI KpaeBbIX A()eKroB BOIU3M
OTBEPCTHS B II€JIOM aHAJOTMYEH MEXaHM3My HX 00pa-
30BaHUs Ha TPSMOJMHEHHON KpOMKe. DTO yCIOBHS
COBMECTHOCTH Je()opMaIuii MOHOCTIOEB MaKeTa H yJ0-
BJICTBOPCHUE TIPAHUYHBIM YCIOBHSIM Ha CBOOOIHOI
KpoMmke oTBepcTus. OJJHAKO XapakTep peaan3aluu Kpa-
eporo ddexra B mIaHe 00Pa30BaHMs PacCIanBaONINX
HANpsUKeHUH Gz U Toz U UX 3HAUCHMIl CyIIECTBEHHO
pasMyaercs, 10 CPAaBHEHHIO C BAPUAHTOM IIPSMOJIH-
HeifHoit cBoOonHol kpomku. Ha puc. 3 mokaszano pac-
MPE/ICNICHHE PACCIANBAIOIINX HAMPSDKEHUH Gz M Toz
BJIOJIb KOHTYpa OTBEPCTHS I KOMIIO3UTA C YKJIaJKOH
[+45; -45].

0,

f

/

-180 -120

\/

\Y}

o5 i
I\
_/"{"\X/
N
N\

Puc. 3. Pacnpene/ieHne HaNpsiKeHHIl Toz U 6z BA0JIb KOHTYpa
OTBeEpCTHSI
HetpyaHo BuIeTh, 4YTO 3[€Ch ONPEACISIONIYIO
polb HAYMHAIOT WIpaTh HANPSDKEHHs IONEPEYHOro

I\ L\

03

o

/

J/
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CBHIA Tyz U BO3MOXKHOE paccioeHue OyleT IMpoucxo-
JIUTH 110 CIBHUTOBOM MOJIE MEXIY CIOSIMH C +45°
YKJIaKoi. B 4WacTHOCTH 3TO clexyeT W3 Xapakrepa
pactipeiCIICHUsT 3TUX HalTpSDKCHI/Iﬁ MO0 TOJIIIMHE TLI1a-
CTUHBI (CM. pHC. 4).

0,

& /1
Toz /
0,
0 Z,MM

NEEAN

0,

/

Puc.4 Pacnpenesienne HANPSKEHHIl Toz M0 TOJIIIMHE NAKeTa
PeanbHble MmakeThl KOMIO3UTa Hapsiay co +45 ciosmu,

KaK [PABUJIO, COJEPYKAT MOHOCIOM C OpHeHTauueii 0 u
90°. BBejieHHe TaKHX MOHOCIOEB B CTPYKTYpY MaKeTa
NPUHIUITHATIBHO BIUAET HA XapaKTep, BOSHUKAIOMNX Ha
CBOOOTHOI KPOMKE OTBEpCTHs, KpaeBhIX dddexros. Ha
puc. 5 u 6, 11 nakera ¢ ykiaaakoi [+45;-45; 0], noka-
3aHO PaCIpeeICHHE HAIPSHKSHUI Gz U Toz 10 KOHTYPY

OTBEPCTHUS U 110 TOJIIMHE IUIACTUHBI.
09

=]
=}

/ |1
/

KpUTH4ECK/E 3OHB!

[~V

Puc. 5. Pacnipe/iesienne HanpsizkeHuii Toz M 6 BI0JbL KOHTYPa 0T-
BepCTHS

N
/\

| —
—_—

4.8

. 02 or qu 08 / 10 12
° [ [ /

_

L

Puc. 6. Pacnipe/ie/ienne HANPSIZKEHHI M0 TOIIHHE NAKETA
HetpyaHo BuieTh, 4TO BBEICHUE B MAKET HYJIEBBIX MO-
HOCJIOEB CYILECTBEHHO MOBIHUSIO HA KpaeBbie 3 (eKThI.
HarpsbkeHust HornepeyHoro CJIBUIra Ty BO3POCIH 10 Be-
TMuuHbl 1.657), @ HOPMaJbHBIC HANPSHKCHHS Paccioe-
HuA 6z - 10 0.627. Kputnueckumn toukamu B cMbICiIe
BO3MOYKHOT'O PACCIOCHUSI CTAIM TOYKU C KOOPAMHATAMU
0=60° u -120", rue AeiiCTBYIOT MAKCHMAIbHbIE HAIIDS-
JKEHHs TIONePEYHOro C/IBUra, a HOpMaJlbHbIE HampsiKe-
HUSI PAcCIIOEHUS TaK)Ke MAKCHMaJbHbl M UMEIOT I10J10-
JKUTENIBHOE  3HA4YeHHE. VI3MEHMIOCh U MOJOXKEHHE
IUIOCKOCTH BO3MOYKHOTO PACCIOCHUS 110 TOJIMHE I1a-
keta. Tenepb 3Ta IUIOCKOCTb JIGKHUT MEXKIY CIOSMH C
-45" 1 0 yKaaKoit.

PacrionoxeHne HyJIEBBIX CIIOEB B TAKETE TAKKE OKa3bl-
BAaeT ONpeEJICNeHHOE BIUAHHE Ha KpaeBble S(QEeKTrI.
Pacuers! anst yknanok [+45;0;-45],, [0;+45; -45]; noka-
3aJIM, YTO U3MEHEHUE IOJIOKEHUS HYJIEBOrO CJIOS B Ia-
KeTe B OCHOBHOM CKa3blBAaeTCs Ha paclpejeleHUd
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Hanpﬂ)]cer[ﬁ BIOJIb KOHTypa OTBCpCTl/lﬂ 1 A0CTAaTOYHO
c11a00 BIMSIET Ha NX MAKCUMAJIbHBIC 3HAYCHHMSL.
OGparuMcs Temepb K OIGHKE HPOYHOCTH BapHaHTa
KOMITO3HIIMOHHOTO TMaKeTa ¢ yKIaakon [+45;-45; 0] u3
MOHOCIIOEB ¢ XapaKTepUCTUKAMH Marepuana
CYCOM977-2-IM. [ns naHHOW CTPYKTYpbl KOMIIO3H-
IIMOHHOTO IaKeTa IUIACTHHBI OLCHUM OIACHOCTh IIPEeX-
JICBPEMEHHOTO €r0 PacCIOCHUs 3a CYET KPaeBBIX A(-
('l)CKTOB. [l]'lﬂ OLICHKH MMPOYHOCTH KOMITO3UTA 6y}Z[CM uc-
nosp30Bath Kpurepui Xammuua-Porema [9]. B nannom
KPUTEPHH MPOYHOCTh BOJOKHA U MAaTPUIBI OLCHUBAIOT-
sl pa3JeNbHO.

ITpoyHOCTH BOJIOKHA ONpEAeNseTcs CIACAYIOUIMMHI CO-
OTHOLICHUSIMHU

2 2
] T2 .
=1 1pu 0;
[[‘ﬂn]j +[[le]] pH o>
2
( i ] =1 npu o;<0.
[o1]

HpO‘IHOCTL Marpuubl ONPEACIIACTCA COOTHOIUCHUAMMU:

( ]h{r‘z ]h:l npu o, >0;
[712]
( 253 712

2 2
[ep)

+ -1 —+
2[ry3] [o2-1 ri2]
VCoBHST MEKCIIONHOTO pacciioCHUs OIIPEHCIIAOTCSA CO-
OTHOIICHHEM:

2 2
7 T

2
N
( ] [[123] [713]

3necy oy, 0y, 03, T, Ty, 73 - ACHCTBYIOIIHE

%2
[022.]

[o2-]
2[ry3]

2
] =1 IOpU 0,<0.

I3
[o33:]

HAMPSKSHUS B MOHOCTOC, [0y,], [00,], [0y]s [fn]>
[7,]> [r,;] - TPENENbl NPOYHOCTH MaTepuaia MOHO-

CIIOSL.
Pacyer mmactunbl Ha 2D Mozenu (03=T,3=1;=0) naer
BEJIMYMHY JIOITyCKAaeMOro HANpPSHKCHHS Ha €€ KPOMKax
[7p]=115 MITa. OueHka MPOYHOCTH TIIACTHHBI B TPEX-
MEpHOM IMOCTAHOBKE 33/1auMl 110 YKa3aHHOMY KPUTEPHUIO
MPOYHOCTH, C YYETOM MAaKCHMAIIbHBIX 3HAYCHHI
HanpsbkeHui 0;=0.627) 1 123=1.657), KOCTHraemMbIx Ha
KOHTYpe OTBEPCTHUS, JAeT BEIMYHHY JIOIYCKaeMOro
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Hanpsokenus [7y]=55 MIla. Takum oGpasom, mist JaH-
HOIl CTPYKTYpbl KOMIIO3MLMOHHOIO IaKeTa BIIOJHE Be-
pOSITHA CUTYyallysl, KOTJ[a IepPBOHAYAIBHO OyneT Habmo-
JIaThCsl PACCIIOEHHE KOMIIO3UTA Y OTBEPCTHSA, W JHUIIb
3aTeM INPOM30MIET paspylIeHHe MIAcTHHBL. B naHHOM
cllydae ypoBeHb Pa3pyIlalONIMX HanpsbkeHuil Oyzer
HIDKE TIPEICKa3aHHOTO Ha JBYXMEPHOH MOJENH Ila-
CTHHBI.

KpaeBbie »(dextsl B KOMIO3HTAX peaIn3yloTcss B
BECbMa OrPAaHMYCHHOI 00MacTH CBOOOIHOW KPOMKH,
MO3TOMY B Hadale HpOLecca PacCIOCHHS OHU HE MOTYT
CYIIECTBEHHO OCIAONTh KOHCTPYKIMIO, HO CO3JAI0T
YCIIOBHSA IS Na7bHEHIIET0 POCTa 30HBI paccioeHus. B
TO K& BPEMs HOPMBI HPOYHOCTH ABHALMOHHBIX KOH-
CTPYKLHil HE JOIYCKAIOT HAPYIICHHs CILIOMIHOCTU Ma-
TepHala BILIOTh 0 MaKCHMAaJbHBIX SKCILTyaTallMOHHBIX
Harpysok, mostoMy (akT Haanums KpaeBbIX 3(ddexTon
Ha CBOOOJHBIX KPOMKAaX KOMIO3MTA AODKCH TIPUHH-
MaTbCsi BO BHUMAHHUE IIPH OLICHKE €ro IPOYHOCTH.
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BJIMSTHUE TEMITEPATYPBI HA CBOMCTBA MATEPHUAJIA KOMITIO3UTHbBIX
KOHCTPYKIIMHU

Jlymaenro A.A.", ymosa H.IT.

MAM (HUY), Mocksa, Poccus; *a_dudchenko@mail.ru

A

Ha MHO20CTIOUHYIO CIPYKIMYpPY KOMAO3UMHO20 Mamepuand npu

: Pacc. 17 5 L

OMKJIOHEHUU yenoe ymadxu 6 npoyecce u320moe61eHUsA. HOK(L’S‘(IHO, Ymo 6 pes

OMKJIOHEHUA, npueodﬂu;m} K UCKAMCeHUo (Z}Dprl.
K cnoea: ; P KOMRO:

PaccMOTpHM BIIHSHHE TEMIIEPaTypHOTO BO3ACHCTBHS Ha
MOBEICHHE KOHCTPYKLMH M3 KOMIO3MIMOHHBIX Mate-
puanoB. BHavane mpuBeneM mopsiok pacdera pedop-
Maluii B IMIMHAPUYECKOM CTEpIKHE NPH TeMIeparyp-
HOM Bo3zeiicTBun. PaccmoTpum BHawane (u3HuecKyio
MOJIeTb MHOTOCJIOHHOTO KOMITO3HIIMOHHOTO MaTepHaa,
TMOJIBEPKEHHOIO B pealbHOM KOHCTPYKIMH KaK CUJIOBBIM,
TaK TEMIIEPaTYPHBIM BO3ACHCTBHAM.
B cayuae miockoit 3ajmaun 3akoH I'yka s ofHOHa-
MPABJICHHOTO CJIOS 3aIUCBIBACTCA B OCSX OPTOTpOnHy 1
u 2 (puc.l) B Buze [1, 2].

& =0/E -0, [E, +ait; o)

& :O-Z/Ez My o-I/El tayt;

T2 = TIZ/GIZ >

e E,, E, u G, MOyl yIpyrocTd B HaNpaBJICHHUAX
1, 2 ¥ MOZyTs CABHMTA B IUIOCKOCTH CTOSI; [y, [, -
kodduunents Ilyaccona B MmIoCKOCTH CIIOEB, Xapak-
TepusyIollie U3MEHeHHe pa3Mepa obpasia o Harpas-
JieHusM | MM 2 TIpU PacTSiKEHUWM €ro B TIEPIICHINKY-
JIIPHOM HamnpaBlIEeHWM; @, W @, - TEMIEpaTypHble

KO3(GUIUEHTB! JTUHEHHOr0 PAacIIMpeHHs; ¢ — NpHpa-
IIEHNE TEMIIEPATyPHI.

= -~
(=23 Ti2

Puc. 1. Oanonanpapiienublii cioi

Ocwu koopauHatr 1 U 2 JeKaT B INIOCKOCTHU CIIOS, COBIIA-
JIAI0T C HAINPABICHHUSAMH, COOTBETCTBEHHO BJIOJb M IIO-
nepeK BOJIOKOH H SIBIISIOTCSL OCSIMU OPTOTPOINH, @ 0Ch 3
OPTOrOHAIBHO INIOCKOCTH aPMHPOBAHUS.
Coornonrenust (1) MOryT ObITh pa3perieHbl OTHO-

CHTEJIBHO HANPSDKEHUH 10 HanpasieHusM 1 u 2.

o, = E\(& + 1,6,) — E\ (o, + p,0,) 15

0, = Ey (&, + 11,6) = Ey (o, + 15,0, 1;

7, = Ghép,,

e E, = LZ/(l _/’muu) .

Ilﬂﬂ MHOT'OCJIOINHBIX KOMITO3UTHBIX TIPOU3BOJIBHBIX
CTPYKTYp (I)I/BWISCKI/IC COOTHOIICHHUS MaKpPOMEXaHUKHU B
00I1eM CiTydae aHH30TPOIIHH 3alMCHIBAIOTCS B BHC

T

coeue, ces 1l ¢ yenamu

111, y2nbl YKIaOKU, MeMnepamypHoe 6030eicmeue

£, +Bne, +Byy, —B,t:(2)
Ty = E}lgx + E}zgv +E33}/w _Exat-
3nech

k _ _ k
g = Zl:hrb;)q’ hy=h; | h, BI[) :leh,b;,, >

S|

k

k
>h. B,=Yhb, . pq=123:; (3
1

h=

|\ = E| cos’ @, +2E] 41}, sin® ¢, cos” ¢, +
+Elsin* g, + G, sin 2¢,;
=bi, = (E +Ei—4G},)sin" ¢, cos’ ¢, +
+E i), (sin* @, +cos’ @,);
=5, :[(E{ cos’ ¢, — E' sin’ (p,)—
7(51"//1’2 +2612)c052 (@]sin(p’. cos g, ;
b, = E/ sin* ¢, + 2] 41}, sin® g, cos” g, +
+E; cos’ g, + G}, sin’ 29,3
by, =bl, = [(E,‘ sin® ¢, — E; cos” ¢, ) -
7(1:7“1"/41’2 +2G{2)cosz {/J,]sin(p‘ cos g, ;
b, = (E| + Ey —2E] 1}, )sin’ @, cos® @, + G/, cos* 2, ;
b, = Fi(al + ) cos” g, + Fu(al + sa)sin’ g
b, = E} (o] + pya)sin® @, + Ex(at} + ithy e} ) cos” @, ;
by = Ej (@] + )~ Ey(e; + pyar)) Jsin g cosg,.
Pemmm cootHomienue (2) OTHOCUTENBHO Je-
dopmaruii
& =0 /E ~u,0,[E +1,1, /G, +atl;
&,=0,]E,~u, o JE +7 .1,  [G, +al;
Vo =00y, [Gy 0,00, |Gy +7, /G, +at.
4

3nece E ., E, u G - cpeaHue MOAYIH YIPYroCTd
IIaKeTa, OlpeJie/sIeMbIe U3 COOTHOIICHMUI:
E = E/(Ezzéss ’Ezzs);Ey = E/(Engss 75123)’
G, = E/(Engzz ’Elzz)

w » M, - CpeNHHE JUls maxkeTa KOdpQHUIMEHTBI
[Tyaccona, KOTOpbIE paBHbI:
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— BIZB33 _BuBzz — Blszz — BUBZJ .

N BHB.U - 31:3 ' " BzzBsz 73223 ’
Moy =M My =My - KOO (DULUCHTBI BIUSHUSA:
Mo =1y = 2220 Bl
' BuBzz - BlZ

— _ BIZBB — BuBzz
Moo =Moo = BuBz: ’Blzz
B= (BuBzz ’Blz: )333 + 2312313323 ’BnBzzs ’BzzBlzs >
a., a, a, OCPCIHCHHBIC TCMIICPATYPHLIC KO-

3¢ dHUIMECHTHI TakeTa:
Ba, = (B, B;, —B;)B” +(By;By; = B, By;) B, +
+(Blsza ’BzzBm)B

2
Ba,- = (Bmst _BIZB_”H )le + (BIIBKS _B|23 )BIZ +

+(BIZBU - B||323 ) B/! >
Baxy = (Blszz - Bzan)le + (BIZBH - Ban )Bzz +

*(Bw |Bzz - Blzz )Br3 .
Jlis cUMMeTpUYHOM ¥ OPTOTPOINHOH CTPYKTYpBI

cienyer

By =By =B,y =8, =B,=0.

t
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Torna dusnueckue coorHomeHus (2) u (4) NpUHUMAIOT
BHJ

o, =B +B,e, - B,t;
o, =B,¢, +Bzzg,\ = B,t;
Ty =D337y s

e, =0, /E —pn,0,[E +at;
§,=0,]E,~u,0 [E +at;
Vo =Ty / GU,.

Ero cpenHne XapakTepUCTHKH ITaKeTa CJIOEB B 3TOM
cllydae onpeaensioTes no GopMmynam

E‘:(Ellgzz_élzz)/gzz; E,\ :(EIEZZ_EIZZ)/EH;
G,=8By; wu,=8B, /Bu 5o ML= Blz/Bzz " (5)

a = leBzz _B1ZBIZ - BIZBII _BuBlz .
B,\B,, - Blz. ’ BB, — B|22

W3 cootnomenuii (3) u (5) BUAHO, YTO KOIDPUIHCHTHI

JUISL M30TPOIHBIX MaTEpHAJIOB, COAEpXKallue TemIepa-
TypHBIE COCTABIIAIONINE, HE I03BOJIAIOT OOHYIUTh &, M

x

a, . Ho juisi MHOrOCIOHHBIX CTPYKTYP € Pasin4HBIMH

HaNpaBJICHUSAMH YIJIOB YKJIAaAKH MOXHO TOOHTBCS Cy-
LIECTBCHHOIO YMCHBIICHHS BEIUYUHBI AeopManuii U
nepeMelleHuii B 2IeMEHTaX KOHCTPYKIUH.

Ecnu Ha KOHCTPYKIIMIO JEHCTBYIOT TOJBKO TeMIle-
patypHble Harpy3ku, TO JUIsl ONpeaeneHus aedopmarnnii
U NepeMEICHNI PelIeHHe 3aBUCUT OT TOrO: KOHCTPYK-
LMl SIBJIACTCS CTATUYECKH OINPEeNIMMON MM cTaTuye-
CKM HeomnpenennMoi. B mobom ciydae B 3a1ade HeoO-
XOZMMO HaiiTH 3HaYeHMs JeopMaluid, a 3aTeM U mepe-
Memienus. Bo MHorumx ciywasx perieHue 3aiaud st
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CIIOXKHOH KOHCTPYKIHMHU yNOOHEE MPOBOAUTH C HCIIONb-
30BaHHEM BapHALMOHHbIX IPUHIIUIIOB.
IlpoBenéM pacyéT mpH  JCHCTBUM  TEMIEPATyph
t=+100"C npn 3amaHHBIX KOdDUIMEHTAX TeMTepa-
TYPHOTO PacIIMPEHHUSL.

ITo usBectHbiM (opmynam [1] BbrUHCIsIEM KeCT-
KoCTH nakera cioes B, (p, ¢ = 1, 2, 3). Jlns nepsoii

CTPYKTYpbl 0€3 TEXHOJOTMYECKHX OTKJIOHEHHH IIpH
YKIIaJIKe CIIOCB CPEIHUE 3HAYCHHSI MOIYJICH YIpyroctu

BIO/Nb, IO OKPYXHOCTH W CHBHIA IUTAHTH pPaBHbI
E =17587,51  xrc/mv?, E, =859.65  xrc/mm’,
G, =874,15 xrc/mm’;

IKECTKOCTH PpaBHEI B, =67206,33 KI/MM;

B, =B, =2646,76 «xr/mm; B,, =3284,97 «xr/mm;
By, =3234,35 xr/mm; B, =-0,017 kr/mm
B, =0,08444 kr/mm * rpaj.

B sTOM citydae npu BO3IeHCTBUM TEMIIEPATyphl He
BO3HHKAIOT YIVIOBHIE JAedopmamun, T. €. 7, =0 u He

rpaz;

HPOUCXOAHUT 3aKPYUUBAHHE CTEPIKHSL.

TIpuBeneM mpuMep pacdera CIBHIa B IITAHTE IIH-
HHHZ[pH‘ICCKOﬁ q)OpMBI TIpY HapYIIECHUH YCJIOBHUS OPTO-
Tpormuu CTPyKTypbl. OG03HAYMM NPOAOJIBHYIO KOOPAHU-
HATHYIO OCb 4epes3 X, a OKPYXKHYIO BMECTO ) 0003HaYHM
yepes s. ITycTh MPOJOJIBHBIN CIION YIOXKEH ¢ OIIMOKOM

nox ymom ¢, =—1, 1Ba Apyrux ymia ymoxeHs! 6e3

oTK/IOHeHUH. Torma MOAYIM M JKECTKOCTH CTPYKTYpPbI

Oy/I1yT paBHBI:

MOJIYJIH YIIPYTOCTH BAOJIb, 110 OKPY)KHOCTH M CABHIa

wrranru pasust £, =17577,53 kre/mm?,

E, =859.47 xre/mv?, G, =876,907 xrc/vv?;
sKecTKoCTH paHbl By, = 67185,79 kr/mwm;

B, = B,, =2656,97 kr/mm; B,, =3285,1 kr/mm;

By, =3244,55 kr/mm; By = By, = 588,437 kr/mm;

B,, = B;, =58,424 xr/mm;

B, =—0,01705 kr/mm * rpaj;

B,, =0,08443 kr/mm * rpaz;

B, =-0,0005878 kr/mm * rpaz.

Ucnosns3ys npuBenéHHble GOPMYIIbI, HaXOAUM edop-

MalliH B CTEPIKHE:

&, =—0,0001321; &, =0,0026785; y,,

Tax xax

-0,0000903
gy, =7, » TO CMCIICHHE V,

CTEpIKHsI [IPH [IOBOPOTE OyeT paBHO
v, =1y, =1820y, =+0,165 Mm.

Ha Kpaw

Ecnu nepeBectu yroin cjgura B rpaychbl - (po , MUHYTBI -
Py ¥ CEKYHIBL - @, TO COOTBETCTBEHHO NOJIYYUM
¢’ =0,00517"; @, ==0,31045 mu;

@ =*18,63 cek.

B TaGnuie mpencTaBlIeHBl pe3ylbTaThl pacdeTa yIJoB
3aKpYy4YMBAHUA CTCPIKHA IIPH PA3HBIX BapHaHTaX OTKJIO-
HEHUs YKIAQAKH HAIpPaBJICHUSA BOJIOKOH OT 33.}:[3.HH017I
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BCJIMYMHBI 1 BAPUAHTE TOJIIHUH CIIOCB.

Tommuae! croes: 1.85, 0.925, 0.925 mm
Mopyan ynpyroctu cioes:
E, =19200, E, =850, G, =375,

iy, =0.243, 11, =0.01126,
a,=-6-107, a,=2.8-10"

E =19200, E, =0, G, =0,
My =0.243, 1, =0,
a,=—6-107, a,=2.8-107

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

Crpyk- ‘Yron mosopora 6 Cwmenienne
Typa Tewmneparypa Bo3eicTBs HIKHEH rpa-
MaTepM- _ 0 HUILBI
ana 1=¥100 CTepsKHs NpH
uee 1820
MM
—1°,14°,| 6°=2.7433-10" 8714310
-14° 0 =1.6460-10"" (vum)
6 =9.8761-107" (cex)
—2°.14°,| 6" =1.3027-107" 4.1379-10™"
~14° 0 =7.8160-10"" (vum)
0 =4.6896-10" (cex)
—1°,14°,| 6°=4.1743-107" 1.3259-10™"
_15° 6 =2.5046-10" (mun)
0 =1.5027-10" (cex)

Tomuuast cinoes: 3.56, 0.07, 0.07 Mmm
E =19200, E, =0, G, =0,

iy =0.243, g1, =0,
@, =-6-107, a,=2810"

Crpyk- ‘Yron mosopora 6 Cwmeenne
Typa TemrepaTypa BO3ICHCTBHS HIKHEH rpa-
Marepu- — 0 HHUILIBI CTCPIKHA
ama 1=7100 npu mHe 1820
MM
0°.14° 0% =0° 0
-14° 0 =0 (vun)
0 =0 (cex)
—1°.14°.| 6° =0.0052° 0.1644
-14° 6 =0.3105 (vun)
0 =18.6272 (cex)
29 14°| 8° =0.0103° 0.3265
-14° 0 =0.6168 (vun)
6 =37.008 (cex)
~1°.14° | 9° =0.0044° 0.1410
-15° 0 =0.2664 (Mun)
6 =15.9845 (cex)
Tomuuust crnoes: 3.56, 0.07, 0.07 mm
E, =19200, E, =850, G,, =375,
My =0.243, 1, =0.01126,
a, =-6107, @, =2.8:10"
Crpyx- Vroa mosopora +0 Tem- Cwmemenne
Typa neparypa Bo3IeHCTBIS HIKHET rpa-
Marepu- - 0 HHIIBI CTEPIKHA
ana t=7100 nipu e 1820
MM
0°.60° 9° =0" 0
-60° 0 =0 (Mum)
0 =0 (cex)
~1°.60°| 8°=0.0124° 0.3931
-58° 0 =0.7425 (vum)
0 =44.5512 (cex)

Tommuus! cinoes: 1.85, 0.925, 0.925

Crpyk- ‘Yron mosopora 6 CMeneHne HuK-
Typa Temrieparypa Bo3aeiicTBHS HEii TPaHnIIbl
Matepi- ——100° CTEpKHS TIPH
ana 1=7100 JumHe 1820 mm
—-1°,60°,| 0°=4.1928-10" 1.3318-10™"
_58° 0 =2.5156-10" (vum)

0 =1.5094-10" (cex)

CHnHCOK THTepaTyphbl

1. AHH30TpONHBIC NaHeaW — IUlockas 3ajada / A.A.J[ymnueHko,
A.H.Ennarsesckuii, C.A.JIypse, B.B.®upcanos. — M: U3n-s0 MAU,

1991.-96 c.

2. Bacwises B.B. Mexanuka KOHCTPYKIHMiT H3 KOMIIO3HIIMOHHBIX
MartepualioB. — M: Maumuocrpoenne, 1988. —272 c.
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AHAJIM3 HEJIMHEMHOT O MOBEJEHUS KOCOYTIOJbHO-APMHUPOBAHHBIX
YIVIEIVIACTUKOB C YYETOM U3MEHEHMWS OPUEHTALIMU BOJIOKOH

JlymaHckuit A.M,*, AmimoB MLA., Paguenko A.A.
UMAIII PAH, Mockga, Poccust; *alduman@rambler.ru

AHHﬂmﬂl{u}l.’ OZ{CHKII 3(1)[2’767(77!(1 nosopoma 6010KOH 6 npoyecce 00HOOCH020 PAacmsdCeHusl Kocoy2oabHO-apMupO8aHHblx

YeNennacmukos ocyujec C UCNONb30 coomnouenuil 0is. Onpeo: KoMF HJIC oo 7% 020
€105, CNPABeOIUBbIX KAK 6 JUHENHON, MAK U 6 iHotl o6nacmu degopmup . [lokazano, umo 6 nenureliHol ooaacmu
Odeghopmuposanusn yuem gakma u op UL BONOKOH NO. cyuyeci VMOUHUMb 6eNUHUHB HANPAICEHUT
cnos.
Kniouesvie cnosa: sonoxnucmoie komno. °p : jinoe deghopmuposanie, NOGOPON BONOKOH.
MexaHHUYeCKHe CBOWCTBA BOJIOKHHUCTBIX KOMIIO- s 1 s Vi,
3UIMOHHBIX MaTepUaoB B CyLIECTBEHHOH CTENEHH 3a- n= E, > P T E, > YTOJl YKJIA[Ki BOJIOKOH B TIpO

BHCAT OT YIJTIOB YKJIAJKHW BOJIOKOH, KOTOPBIC HM3MCHSA-
I0TCS B 1Iporiecce AeopMHUPOBaHUS, YTO OTPAKAETCS HA
komroHeHTax HJIC B ciosx. D10 siBiIeHHE HcCleI0Ba- l+e

JIOCh B pszie paboT, Ie HANpsHKCHHsS B CIOSX KOCO- tgd=tgd’ o 2)
YrOJbHO-aPMUPOBAHHBIX KOMIIO3MLIMOHHBIX MaTepHua- l+e,

JIOB B HEJIMHEWHOH obnactu nedopMupoBaHus onpeje-
JISUJIMCh C HMCIIOJIb30BAHMEM PA3JIMYHBIX I10/1X0/10B, B

uecce ,HC(i)OpMaLH/[I/I 6 OIIPEACIIAIICSI COOTHOILICHUEM

«
rie @ - yrox ykiaaku BOJOKOH B Hele(OpMHPOBAHHOM

YACTHOCTH, NPUMEHSITHCH MTCpaL[MOHHLIﬁ METO/L U KO- COCTOAHHH.
HEYHO-3JIEMEHTHas Mojenb obpasia [1], mozxens pas- G ML
BUTHS NOBPEXKIACHUH [2, 3], COCTaBHOM YacTbhi0 KOTOPOH
SBIIOTCS 9KCIIEPUMEHTAIIBHO OIpesessieMble QYHKIHI &0
MOBPEXKICHHI{, 3aKOH IUIACTHYECKOIO TEYECHUsS B CTe- \
neHHol popme [4]. 80
B nmanHoil paboTe mpumensiercss noaxon [5], xo-
TOpBIH 6€3 HCIO0JIb30BAHUS B IBHOM BHE 3aKOHOB ILja- 40
CTHYECKOTO TEUYCHHS M PasBHTUA HOBPEXKICHHH, cXe- \\\ / / /
MaTHYCCKHUX yl'lpOLHCHPIﬁ W JICJICHUA Ha YIpYrue U He- 20
yYOpyrue COCTaBJIAIOLIME ITO3BOJISICT H3YYUTh 3aKOHO- \ ﬂ
MEPHOCTH Je(OPMHPOBAHHS CIIOSI C YYECTOM H3MEHECHHS 0 > - o1 - — =
OpHUEHTALMU BOJIOKOH, IIPHYEM Ipe/ularaeMbie COOTHO- 2 : : : ’ x

menust uist komnonentoB HJIC ciost CIpaBeUIMBBI KaK Puc. 1. /Inarpamma gepopmMupoBanusi 06pasua 3 yriaeniacTuka
B JMHEHHOMN, TaK U B HENMHEiHOM oGmactn I(SQ)DPMI/I- KMY-4J1 ¢ ykaankoii £40° npn 01HO0CHOM PaCTSZKeHHH.

poBanus. B ciayuae 0THOOCHOTO PACTSIKEHUSI 3TH COOT- Ha puc. 2 NpHBe/IeHa 3aBHCHMOCTh MEK/Iy Kaca-
HOUIEHHS MMEIOT CIIE/y IOt BUJL TENBHBIMM HANPSKEHUAMU U Je(opManusaMy CIABUTa
OJHOHATIPABJIEHHOTO CJI0s, TOJYyY€HHas C HCII0JIb30Ba-

_ 2 .2
& =¢,c08 O+e sin g HueM dopmyi (1) u (2) n auarpammsl JepopMUpOBaHUS

& =& sin’ O+ g, cos’ 0 obpasia u3 yriuemwiacruka KMY-4J1 (puc. 1).
. T,,, MIla
7, =2(e, —&,)cos@sin 6 2
£ cos’ O+, sin*0-5,,0, ) 7
o, = >
Su - SIZ
0,=0,-0,
o, cos” 0+a, (sin® @ - cos” 67)
7, =—
12 .
2sinfcos @

rJe BEJMYUHBI PACTSATUBAONIETO HANPSKCHHS oy, Je- 40
dopmarmii 00pasa BAOTE OCH HATPYKEHHUS & U TIEp- 0025 =002 -0015 -001 -0005 7y,
TEeHAUKYJSIPHO K Hel €, COOTBETCTBYIOT DKCIICPUMEH- Puc. 2. lnarpaMma cIBUTa 0/IHOHANPABJICHHOIO CJIOS 00pa3ua u3

TaJIbHO onpeaeﬂeﬂﬂoij Juarpamme ued)opmmponaﬂm yriaenaactuka KMY-4J1 ¢ yderom (cruiomHast JuHust) u 6e3 yuera
(puc. 1), KOMITOHEHTBI MATPHIIBI TOAATIHBOCTH Sy i S (MYHKTHPHAS IMHUSI) M3MEHEHHs! OPHEHTALMH BOJIOKOH.
OIPEACIAOTCA Yepe3 MOAYJb YIPYroCTH CJIOSA BIOJIb

ponokna E, um  xodpdmument Ilyaccoma vy U3 puc. 2 BuaHO, 94TO IIpH OONMBIMX AedopMaImIX

MOBOPOT BOJOKOH NPHBOJUT K CYIIECTBEHHOMY Iepe-
pacrpeJie/IeHHI0 HaNpshKeHuid B cinosx. Biamsnue nsme-

42
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HEHMS yIJIa YKJIaJKN BOJIOKOH B Iporecce aehopMupo-
BaHUs HE 3HAYUTENIBHO MpH AedopManmsax CcjBHura
menbe 1%.

Ha puc. 3 moka3aHO W3MEHEHHE OPHUEHTAIMU BO-
JIOKOH B MPOLECCE HATrPYKEHUs, BBIYMCICHHOE C HC-
nosb3oBaHueM (Gopmylibl (2) Ha OCHOBE PE3yJbTATOB
HCHBITAaHUH NEPeKpPecTHO-apMUPOBAHHEIX 00pasIoB U3
yraeractuka T700SC/2500 mpu OZHOOCHOM pacTsi-
JKCHHHM C Pa3IUIHBIMH CKOPOCTIMH I[C(bOpMHpOEaHI/Iﬂ
[3]. Boabliee n3MeHeHHE YINIOB YKJIAJAKH BOJOKOH IPU
MEHBIIIeH CKOPOCTH Ae)OPMHUPOBAHHS BBI3BAHO IMOI3Y-
YeCThIO MaTepHaa.

&, rpan.

45

440

435

\
\
\s

Puc. 3. H3MeHeHHe YIII0B YKIAIAKH 00Pa3L0B H3 YIIEIACTHKA
T700SC/2500 npu pacrt ¢ pas. CKo-
pocrsivu epopmuposanus: 1-9,3x10% ¢, 2 - 9,3x10% ¢,
3-93x10°¢".

43.0

425

0 50 100 O, Mlla

COOTBETCTBYIOIIME JTHM yIJaM KacaTelbHbIC
HANpsDKEHUs  OHOHAINPABICHHOTO CJI0A  (CIUIONIHbIE
JIMHWUM) TIOKa3aHbl Ha pHC. 4, TJe MyHKTHPHOI JMHHUCH
Tpe/ICTaBIeHa 3aBHCUMOCTE, OTpeeneHHas 0e3 ydeTa
MOBOPOTa BOJOKOH. Kak BUIHO U3 pHUCYyHKA, IpU OOJIb-
mx JeopManuax 3HadeHus (HaKTHIECKHX KacaTellb-
HBIX HAIPSDKCHHH, ONMPE/ICICHHBIX C MCIOJIB30BaHHEM
(opmyabsl (2), CyLIECTBEHHO HMKE HAMPSIKEHUH, BbI-
YUCICHHBIX 03 yueTa M3MEHEHUsS OPHCHTAILUH BOJO-
KOH. Pasimuusi He 3HAYMTENBHBI NIPH JedOopMaIHsax
casura y,, <1%.

7y, MIla

-10.0

-20.0

-30.0

-40.0

-50.0

-60.0

0 50 100 O, Mlla
Puc. 4. 3aBHcHMOCTL KacaTelbHBIX HATIPSIZKEHHIT 0JHOHATIPAB-
JIEHHOTO ¢/1051 00pa3uoB u3 yrienaactuka T700SC/2500 npu oa-
HOOCHOM PACTSKEHHH ¢ PA3JTHYHBIMH CKOPOCTMH 1e()OPMHPO-
panus: 1-9,3x107 ¢, 2-9,3x10° ¢, 3-9,3x10° ¢,
Ilo wW3BeCTHBIM 3HAYCHUSIM HaHpﬂ)l(CHHﬁ u Je-
q)OpMaHHﬁ MOYKHO BBIYMCIIUTH KOMIIOHEHTBI JIOKAJILHOM
MaTpUllbl IOAATIMBOCTH, CYHTAasA, YTO MPUPALICHUSA
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HanpsokeHHuH U jeopmaumii csa3anbl JuHeitHo. Tak,
MIHOBEHHbIE 3HAUEHHs I0JATIMBOCTH, COOTBETCTBYIO-
el CIBUTY, OLICHMBAIOTCS Yepe3 NpPUpAIleHHs Kaca-
TEeNbHBIX HANPsHKeHWH 1 JedopManuii casura mno ¢op-
mye [5]

d
S, = 4%

(3)
dr,,

VI3McHeHHe 3HAYCHUil S, OJIHOHATIPABIICHHBIX
cnoes 00pasnos u3 yraemnactuka T700SC/2500 mpen-
CTaBJICHO HA PUC. 5, The I CPaBHEHHs ITyHKTHPHOM
JIMHUEH 10Ka3aHa 3aBUCHMOCTb MOJATINBOCTH OT pac-
TATUBAOIIETO HANPSDKEHHS TIPH CKOPOCTH JIe(opMUpo-
Banmst 9,3x10° ¢!, onpenenennas Ges ydera moBopota
BOJIOKOH.

red -1
S o6 MIIa

0.016

0.014

0.012

0.010

0.008

0.006

0.004

0.002 S

0

0 50 100 O, Ml

Puc. 5. 3aBHCHMOCTH IOIATAMBOCTH S, OHOHANIPABJIEHHOTO

cyi0st o0pasuoB u3 yraemiacriuka T700SC/2500 ot pacrsirusaro-

1Iero HanpsizKkeHHusi IPH Pas/IHYHBIX CKOPOCTAX nedprupoBalmﬁ:
1-9,3x10% ¢, 2-9,3x10° ¢, 3 -9,3x10° ¢,

VuureiBas BBILICU3JI0KECHHOE, MOXKHO 3aKJIIOUUTD,
4TO B HENMHEIiHOH obnacti mpu GoJbiimux Jedopma-
UMAX M3MEHEHHME OPMEHTAllMH BOJIOKOH B KOCOYTOJb-
HO-apMHPOBAHHBIX YTJICIUIACTHKAX TPHUBOAWAT K 3HAYH-
TEJILHOMY HEpepacIpe/ie/ICHHI0 HANPSUKSHUH B CIOSX.
Henoouenka (axra moBopoTa BOJIOKOH MOXET IPHUBE-
CTH K CYIIECTBEHHBIM OIIMOKaM IIPH OINPEICTCHHI
KOMITOHEHT Ha]’lpﬂ)l(eHHO-}Ie(bOle/lpOBaHHOTO COCTOA-
HUs B CIIOAX.

1. Wisnom M.R. The effect of fibre rotation in +45° tension tests
on measured shear properties / Composites. 1995. Vol. 26. P. 25-32

2. Herakovich C.T., Schroedter R.D., Gasser A., Guitard A.
Damage evolution in [+45]s laminates with fiber rotation // Composites
Science and Technology. 2000. Vol. 60. P. 2781- 2789

3. Ogihara S., Nakatani H. Modeling of mechanical response in
CFPR angle-ply laminates // Proc. of the 19" International Conference
on Composite Materials (ICCM19). Montreal, Canada. 2013. P.
7268-7276

4. Sun C.T., Zhu C. The effect of deformation-induced change of
fiber orientation on the non-linear behavior of polymeric composite
laminates // Composites Science and Technology. 2000. Vol. 60. P.
2337-2345

5. Jlymancknii A.M., AnmumoB M.A., Pamuenko A.A. Anamu3
HEJIMHEHHOr0 MOBEJICHUs KOMIIO3HTHOIO MaTtepyasa Mpu OJHOOCHOM
pactsixennn // Uudopmaruzarms u csssb. Ne 1 - 2013. - C.69-72
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YCTOMYHUBOCTH CTOMKU IIEHJIM HA CTEPKHSX U3 CILIABOB C
IAMATBIO ®OPMBI B PAMKAX HEJUHEWHOM TEOPUU NP ®A30BOM
MNPEBPAIIEHUU IO JEUCTBUEM IIOCTOSAHHOI'O HAIIPS’KEHUSA.
Jymanckuit CA'

WUITPUM PAH, Mocksa, Poccust; tstanislavdym@mail.ru;

5

Aunomauus: B pabome nposooumcs ucc.

nomepu yc

cmu cmotiku Lllennu na cmepxcnax us cniasos ¢

namsmoto opmer (CIID) npu npsivom u o6pamuom hazoeom npespaujeHuu noo delicmeuem ROCMOIHHOZ0 HanpsdiceHus. 3adaua
pewaemcs 6 06adicobl CE3HOL NOCMAHOGKE, HA2PY3KA MOJCen Gbinb HUKCUPOBAHHOT UL BAPLUPYEMOIL.
Kuwouegsie cosa: cniassl ¢ namsamuio oopyul, nomepsi yemouuusocmu, (hazosoe npespaiyexue.

Bgenenune

Amnanuzy ycroitunoct saementos u3 CII® mo-
cBsIieHbl pabotsl [1-6]. B [7] ycraHoBieHO, 4TO dIe-
MenThl 13 CII® BecbMa CKIOHHBI K TOTEPE YCTOHYHBO-
cTu B ciyuae, ecid (a3oBble M CTPYKTypHBIC IpeBpa-
LIEHUs B HUX TIPOUCXOMAT MOJ| IeHCTBUEM CHKMMAIOLINX
HanpsbkeHuil. [lokaszaHo, yTo ynpyruii aHaius norepu
YCTOWYMBOCTH JUIi TaKMX OJIEMEHTOB, JaXe ISt
HaMMEHBIINX (MAPTCHCHTHBIX) 3HAYCHHH YNPYTHX MO-
Jynei MOXKeT JaTh [l KPUTHYECKHX HArpy30K MHOTO-
KpaTHO 3aBbILICHHBIC pe3ynbTaTsl. Panee 3agaum o mo-
Tepe ycroiunBocTu saeMeHToB M3 CIID, BBI3BaHHOI
(a3oBEIMH TIepexofamMu, pemIaTNch B paMKax MOJCTH
JIMHEHHOTO 1eOPMHUPOBAHHS DTUX MATEPHATOB IIPU
(asoBeix npespamienusx [8-17]. Mckiouenne cocras-
nsroT myOmukanmn [18,19], B KOTOPBIX 3aa4d yCTOM-
YUBOCTH 7Sl CTEPXKHA M Kpyrinoi mmactuHku u3 CIId
pelIaauch B paMKax MOJEIN HEeIMHEHHOro aedopmu-
poBanust CIT® mpu (a3oBbIX M CTPYKTYPHBIX HpeBpa-
mennsax [18,20]. B atux mocieqHux paboTax Ipearo-
Jlaranoch 6e3 JOKHOro 0OO0CHOBAaHHS, YTO MEPEXoi B
CMEeKHYI0 (JOpMy PaBHOBECHS BCEIJa COMPOBOXKIACTCS
JIONOJIHUTEbHBIM CTPYKTYPHBIM Iiepexonom. Bo Bcex
YHOMSHYTBIX BbIIIE paboTax 3anada yCTOWYMBOCTH pe-
majgach B OJJHOKPATHO CBA3HOM MOCTaHOBKE.

B nanHoOit paboTe ObIIN MOTyUYEHb AHATUTHYECKUE
petenus 3amaun o6 ycroiunsoctu croiiku llennn Ha
crepkusix u3 CIID, npereprneBaroImx NpsiMoe WIN
obpatHoe (asoBoe TpeBpalieHHe MO JieiicTBHEM
cxuMaronieil Harpysku. IIpu pemeHu: HCmosib30Balcs
MeTos JMHeapu3auuu. PaccMarpuBanmach - IBaXbl
CBs3HAs IOCTAHOBKM IS CllydaeB (UKCHPOBAHHOH U
BapbuUpyeMoii  Harpysku. Mcrosb3zoBanuch I'HMIIOTE3bI

¢dukcupoBaHHOTO M Bapsupyemoro  daszoBoro u
CTPYKTYPHOTO  COCTOSIHHSI. Paccmotpensr  obe
BO3MOKHOCTH Jutst MHTEr paJIbHbIX byHximii
pacrnpeesieHus MHTEHCHUBHOCTH

MHKpPOHAIPSHKCHUH(COBITAIAIOIINE U HE COBITAIAIOIINE).
ITocraHoBka 3axaun

Croiika Ilennmn (puc. 1) mpencraBmsier u3 cebs
KECTKOE TBEPOE TeJI0, IPAMOYronbHOi hopmbl (L x b ),
MIAPHUPHO omepToe Ha aBa crepxkHs 3 CIID. CrepxHn
B CBOIO O4€pe/b MAPHUPHO 3aKPETICHBI Ha HEMOABIIK-
HOM OCHOBaHHMH. Ha BEpXHIOIO 4acTh TBEpIOro Teja
JICUCTBYET MOCTOsHHAs P . B HayalbHOM COCTOSHUU
(narpyska P = 0) crepyxuu He 1ehOPMHPOBAHBI U UX

JUIMHBI OJIMHAKOBBI: TTnomamn nornepey-

=5

F . CrepXHH HE «BBITYYHBAIOTCS» M HE IOBOPAYMBA-
I0TCSI, TO €CTh TOJBKO MPETEepHeBalOT OZHOOCHOE CiKa-
THe. JUIs reoMeTpUyYecKoro OMMCaHHs Npolecca BBO-
quTcs yron ¢ Mexay jAedcTBylomel Harpyskoi P ou
MPOAOJBHONH OCBI0 CHMMETpPUH Tena, JAedopManuu
crepikHel & u ¢ . Tak e paccMaTpHBalOTCS HAMpsi-

a=a,=a.

HOI'0 CEYCHUS TAKXKC CUUTAKOTCS PaBHBIMH F1

JKCHHS, BOSHUKAIOLINE B CTEPXKHAX O U O, .

IIpsimoe npespainenue

Bynem cumtaTh, 4TO MMEET MECTO MOTEPs yCTOMH-
YUBOCTH, €CJIM HOMUMO TPUBUAIBHOMH (IPSMOIHHEITHON)
(hopMbl paBHOBECHS MOSBISCTCS elIE OfHA (CMEKHAs),
MaJIo OTJIMYAIOIIAsCA OT MCXOmHOW. B pabore [1] skc-
MIePUMEHTAIBHO YCTaHOBJIEHO, YTO (ha30BbIC MpeBpa-
IIEHHUs MOTYT BBI3BATh MOTEPIO ycToiumBoctn. OOpas-
11bI, HE TEPABIINE YCTOHYMBOCTD N30TEPMHYECKH HU IIPH
TeMIiepaType ayCTeHHTHOTO, HH IIPH TEeMIIepaType Map-
TCHCUTHOTO COCTOSHHA, TEPAINA yCTOI‘/‘Il{"BOCTB non
JIeMCTBUEM TOW K€ HArpy3KH HPH MPSMOM MapTEHCHUT-
HOM TIpeBpallleHHH (TO K& BEpPHO M Il 0OpaTHOro).
MunnmanbHas CKMMalolas Harpyska, HPUBOJSAIIAs K
ToTepe YCTOIYMBOCTH, COCTaBIIsIa MEHee OJHOW Tpe-
TheH OT MHUHMMAaJIBHON Harpys3Ku I/I3OTCpMI/l‘ICCKOI‘;I mo-
TEPU YCTOMYUBOCTU. DTU PE3yJbTaThl OKA3bIBAIOT, YTO
IPU OLEHKE KPUTHYECCKOH CHIIBI HeJb3s II0JIb30BAThCS
YIOPYTUMH COOTHOLICHHSIMH, KOTOPBIC OBUIN ITIOJyYEHBI
eme Diinepom. Ilpuxomurcss CTpouTh HOBEIE, TOPA3I0

44



L[E@OPMUPOBAHME U PASPYLLIEHUE KOMMOSULIMOHHBIX MATEPUAIIOB U KOHCTPYKLIMA

0oJiee CI0KHBIC MOJCIH, YIUTBIBAIOIIHC HEJIMHEHHOCTh
oIpe/IeNAIoMX COOTHOEeHnH. PaccmMoTpenne Beercs
B paMKax TCOPHH MaJbIX Ae(opmarmii. 3agada ycToii-
YUBOCTH pEmIacTcs B J'Il/lHeapI/I30BaHHOﬁ TIOCTAaHOBKE.
IIpu uccnenoBanum yCTOMYMBOCTH MOKHO BapbUPOBATh
pa3iIMYHBIe TMApaMeTpbl Ui HANHUCAHMSA ypPaBHEHHMIH
BO3MyLICHHOr0 cocrosius. Jst GonpimucTBa CIID
TEPMOYTIPYTHil MAPTCHCUTHBII (ha30BbIi IIEPEX0] MOXKET
OBITH BBI3BaH HE TOJBKO OXJTAXKJICHUEM MIIM HarpeBom,
HO M M3MEHEHHeM HanpspkeHud. Tak Kak HanpshKeHus
IPH MEepexoie B CMEXKHYI0 (HOpMy PaBHOBECHS MEHS-
10TCs, TO OyneT MeHAThCS U Ha30BbIil COCTaB, IapaMeTp
KOTOPOTO JOJKEH BapbHUPOBAThCA. DTy TUMOTE3y Oynem
Ha3bIBATh KOHLEMIHMEH «BapbupyeMoro (a3oBoro co-
craBay (BOC). Murerpaibubie GyHKUUU pacnpesese-
HHMS MUKPOHANPSUKEHUH JUIsl pasiIM4YHBIX MaTepuaioB
(ch’[OBHﬁ) MOTYT COBIIAJaTh WJIH HE COBIIAAaTh. TOl"Jla
MOXXHO BBIABHUHYTb JABC THIIOTE3BI — BapBHpOBaHHLIﬁ
crpykrypHblii cocraB (BCC) u (puKcHpoBaHHBII CTPYK-
TypHblii coctas (PCC). Harpysky B mporecce rnepexoaa
B CMEXHyI0 (OpMY PaBHOBECHS MOXHO CUMTaTh (UK-
cupoBaHHOH. Torjza B MOMEHT MOTEPH YCTOWYMBOCTH
OIMH U3 CTEepXKHEH OyleT JOrpyKarbcsi U 3a CHeT STOro
OylIeT NPOMCXOIUTH JONONHUTENbHBIH (a3oBbId mepe-
xoj1. Bropoii crepikeHb OyleT ynpyro pasrpyxatbes U
JIOTIOTTHATENBHOTO (pa30BOTO MEpexo/a MPOMCXOUTh He
OyzeT. DTa KOHLEMLMS HOCUT Ha3BaHHE «(HUKCHPOBAH-
o Harpy3ku» (PH). Eciau Harpyska Bapbupyercs, To
CYIECTBYIOT Takue OECKOHEYHO Mallble ee BapualuH,
KOTOPBIC MPUBEAYT K JTOTIOJTHUTCIBHOMY (bazoBomy ne-
pexozty Bo BTOPOM cTepikHe. B pesynbrare aToro B 060mx
CTEPIKHSX OyIeT MPOHUCXOIUTH IOMOIHUTENIbHBIN (a-
30BBIM  Tepexof. DTO  KOHLEMIMA «BapbUpyeMOM
Harpy3kn» (BH). Temneparypy MOXKHO TaKXe CUHTATh
Kak BappHMPYEMBIM TaK U HC BAPbUPYEMBIM ITapaMETPOM.
®dazoBble U CTpyKTYpHBIe nepexoabl B CIID conpoBoxk-
JIAI0TCsl YHUKAIbHBIMU Teriodusnueckumu sddexramu
(BBIZICTICHHEM JIATCHTHOTO Terula (a3oBoro mepexona
TIpH TIPAMOM TIPEBPAMICHUH U TOIJIOMICHUEM TIPUMEPHO
TAKOTro K€ KOJIMYECTBA TeIia MpH OOpPAaTHOM IpeBpa-
LICHWH, OUCCUIIATUBHBIMU SBJICHUSAMU H le) Usme-
HSIOIIAACA TIPU TOM TEMIEparypa SIBIACTCA OIHHM M3
OCHOBHBIX TMapaMeTpoOB, YIPABJIAFOIINX (baSOBBIMH Te-
pexonamu. 3anaqa MOXKET CTABUTHCS B TPEX MOCTAHOB-
Kax — HECBfA3HasA, OAHOKPATHO CBsA3HAsA W JBaX/bl
cBs3Has. HecBs3Has mocTaHOBKA HE YUYUTHIBACT BIUSHHE
HanpsDKeHWI Ha mapamerp ¢asoBoro cocraBa. OpHo-
KpaTHO CBf3HAs TIOCTAaHOBKA YYWUTBIBACT BIIMAHHC
HanpsDKeHUs Ha mnapamerp ()a30BOro coCTaBa, HO HE
YUUTHIBACT BIMSHHME M3MECHEHHE (ha3oBOro COCTaBa Ha
TeMIepaTypy (JaTeHTHOE TeIIo). JIBa bl CBSA3HAS I110-
CTaHOBKa Y4YHWTBIBACT BCE€ TOXKE, 4YTO W OJAHOKPAaTHO
CBs3HAsA MMOCTAHOBKA U JIATCHTHOE TEILIO.

OOpaTHoe npeBpallenue

OO6patHoe npeBpaleHue (PaBHOMEPHBIH Harpes)
HAYMHACTCSI U3 MApTEHCHTHOH (a3l 10j JeHCTBHEM
MOCTOSIHHOW BHelIHed Harpys3ku P*. Tlepen Hauaiom
TIpEBpAIICHHUS TOYKA HAXOIUTCS HA KpMBDﬁ MapTEHCUT
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HOI HEynpyrocTH (puc. 2 — HeNpepbIBHAS JTUHUSA),eCIN

Harpyxkenue 10 P’ TPOM3BOIMIOCH U3 COCTOSTHHS
Xa0THYECKOr0 MapTEHCHTA, HIIH COOTBETCTBYET KPHBON
TIOJTYYCHHOIT TTPH TIPSIMOM NPEBPALLEHNH MOJ] ICHCTBUEM
MOCTOSIHHOTO HampspkeHus (puc. 2 —Touku). 3amaua
peliaercs B JBaX<Ibl CBA3HOM MOCTAHOBKE UL Pa3iIHy-
HBIX (YHKUMH pacupeeneHns MUKpPOHAPsHKeHUH. st
koHuenwyu ®H B MOMEHT MOTEPH yCTOWYMBOCTH OJMH
CTepIKeHb (IOTrpy’kaeMsblif) OyneT mpereprieBaTh JOMON-
HUTEJIBHOE CTPYKTYPHOE IpeBpalieHne, 0e3 JOMOIHH-
TenbHOro (a3oBoro, a BTOPOH (pasrpyaemblii) crep-
JKeHb OyJIeT NpeTepreBarb TOJNBKO JIONOIHHTEIBHOE
(azoBoe npesparenue. Ecim Harpyska BapbHpyeTcs, TO
BO3MOXKHBI TPH Ciydast: 1) 00a CTEpiKHS pasrpyxarTcs
— B 000HMX CTPEXHSAX HPOUCXOMUT IONOIHHTEILHOE
(hazoBoe mpeBpareHne, 2) 00a CTEPIKHS pasrpyKarTcs
— B 000MX CTPEKHSIX HPOMUCXOIHUT IOIMOIHUTEIBHOE
CTPYKTYpHOE TIpeBpalleHHe, 3) Clydyail aHaJOTMYHbII
®H (B 01HOM M3 CTEPXKHEH HPOUCXOIUT JIONOJIHU-
TeNbHBIH (pa30BbIii, a B JPYyroM JIOMOJHUTEIbHBIN
CTPYKTYpHBII mepexon). OyHKIMH pacHpeieleHNs
Mnxpgnlganpzmeﬂuﬁ CUNTAJINCh PA3THIHBIMA.
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MaJOCTH HE YYHTHIBAaeTCs); O - OCEBass KOMIIOHEHTa
HaNpsUKEHHS; g - 00ObeMHas J0JIst MAPTEHCHTHON (as3bl,
q,, - Ta 9acTh 9TOr0 00bemMa, KOTOpast B JAHHBII MOMEHT
HCIIBITBIBACT CTPYKTypHOE [PEBPALICHHE;
E(q).E, ,E, - monyns lOnra m ero 3Hauenus s
AyCTCHUTHOTO U MapTCHCHTHOrO (a30BBIX COCTOSHUIA;
A, A}, A7, 4S - TemuepaTyph! Havana 1 OKOHYaHHA 00-

patHOro (a3oBOro MpPEBPAallCHHs B HEHATPYKCHHOM
COCTOSIHMHM, TeMIIepaTypa OKOHYaHUs O0OpaTHOro mpe-
BpaIICHUA TIPU HATTMIHUC HEll'[pr)KCHI/lI‘//I M CKA4YCK 06’beM-
HOW IUIOTHOCTHM SHTPOIHMM IPU HEPEeXoae OT MapTeH-
CUTHOTO COCTOSIHMSI B ayCTEHUTHOE; Kk q,Cﬂ,a,AU - KO-

S(dUIMEHT TEMIONPOBOIHOCTH, TEIIOGMKOCTh  €JIH-
HHIIBI 00bEMa MPU MOCTOSHHOM HaNpsDKEHNH, K03 du-
LUEHT TEMIIEPATypPHOrO pAaCIIUpeHus M 00beMHas
IUTOTHOCTD JIATEHTHOTO Teria (ha3oBOro mepexosa.

PesyabTarhl

IIpoBezieHO MccleJoBaHHE YCTOMUMBOCTH CTOMKH
Ilenmu Ha crepxHax u3 CIID B HenmHeiHOM cydae.
TMomyueHbl aHATUTHYECKHE PELICHUSI COOTBETCTBYIOIIHE
pazmuunbiM Mozensiv CIID nis npsimoro u oGparHoro
(}azoBoro mpeBpanieHus.

YCTaHOBIICHO YTO MOTEPst yCTOHYUBOCTH HACTYTIAET
paHblIIe JUISl HArPY3KH KOTOpast BAPbHPYETCs — 9TO BEPHO
KaK Ui PSIMOTO, TaK M [ OOPaTHOrO IPEBPAICHUS.
Jlatentroe Teruio "memaer" dasoBomy (IpsmMomy) Iie-
pexoiy M MoTepsi yCTOWYMBOCTU HPHU €ro ydeTe HacTy-
maeT npu Oonblieil Harpyske, yem Oe3 ero ywera. Jlms
OMHAKOBBIX (DYHKLHII MHTErpajbHOTO PaCIpeACICHHS
MUKPOHANPSUKEHUH [0Teps. YCTOWYMBOCTH HACTYINaeT
NpH MeHbIIeil Harpyske (JUIs NPAMOTO NPEBPAIICHHs),
YeM JUISL Pa3NMYHBIX. B KOHIEMIMH BapbUpyeMO
Harpys3ku (s oOpaTHOTO MpPEeBpaIEeHUs) I OHpesie-
JICHHs] KPUTHYECKON Harpy3k, HeoOXoaumo Oparb
HaMMeHbllIee U3 peleHnid: 1) o6a cTepkHs pasrpyxa-
J0TC — B OOOMX CTPEXKHAX IIPOMCXOIUT JIOTIONHH-
TenbHOE (hazoBOe TpeBpaleHne, 2) 0ba CTepXKHsA pas-
IPYXalTCs — B 000HMX CTPEKHSIX MPOMCXOAUT OO~
HUTEIbHOE CTPYKTYPHOE IPEeBpaIleHHE.

IIpu MCIONB30BAaHUU BCEX NPHBEICHHBIX KOHIICII-
LU 3HAYEHHE HArpy3KH OKa3aloCh MEHBIIC MOIy4YCH-
HOTO JUISl CTOMKHM CTEPIKHEH TOJTHOCTBIO HAXOSIINXCS B
MapTEHCHTHOM  COCTOSHUH,  4TO  COOTBETCTBYET
HanMeHblIeMy 3HaueHnio moxyns Owra (E(1)=E,, ).

Tlpuuem Juis OOPAaTHOTO NPEBPAIICHUS KPUTHYECKAs
CHJTa OKA3aJ1ach BBILIE, YEM ISl TIPSIMOTO.
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TEXHOJIOI'MA NPOYHOCTHBIX UCHBITAHUA MATEPUAJIOB C YYETOM
OCOBEHHOCTEU JE®@OPMHUPOBAHMUA DJIEMEHTOB KOHCTPYKIIMH
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'p A ynpouy,

u ymo

MexXHOoN02Us NPOYHOCNHBIX ucnvimanuil Mamepuanos,

no3601A0WAA C NOMOWbIO MUNOBbIX OoHanMBO()Hle UcnbIMAamenbHblX Mawtun yace Ha cmaouu 7a60pam0prlx uccnedosanuil

P demanu yuecmo

it 6u0 e2o HJ[C 6 ouaze pasp,

u, ()0766 0 Npo4YHOCMb demanu npu eé keazu-

CmMamu4eCKomM HazpydceHuu Ha OCHO6e UCNONb306AHUS YPAGHEHUA npedeﬂbl-toza COCMOAHUA HUC(IP@HKG -Jlebedesa.
Knrouesvie cnosa: pacdem Ha npoYHOCmo, /taﬁopamopnbtu onpajeu, .wor)amposanue, npe()fmbnoe cocmosmue.

HpOCKTHLIE pacqéTm Ha TMPOYHOCTH BBICOKO-
Harpy)>XeHHbIX JeTaleil KOHCTPYKUMH TpeOyloT yuéra
BHIA  HaNPsHKEHHO-1e)OPMHUPOBAHHOTO  COCTOSHHS
(HAC) B Bo3MOkHOM ouare ux paspymienus [1 — 3]. B
4acTHOCTH, y4&€T BnusHus asyxocHoctn HJIC BaeH,
HaIlpuMep, IIPU OLEHKE IIPOYHOCTH TaKUX OTBETCTBEH-
HBIX DJIEMEHTOB JKEJIE3HOIOPOKHBIX BArOHOB, Kak 00-
KOBas pama, IIeIbHOKATaHOe JKeJIe3HOJOPOKHOE KOJIeco,
HHUCTEPHA, a TAK)KEC IIPOYHOCTH DJICMEHTOB KOHCprKLlHﬁ
B BUIC IUIACTHH W OﬁOHO‘{CK, M3rubacMbIX B PasHbIX
HAIpaBJICHUAX, NPU JEHCTBMHM HAa HHUX pa3HOHAIPAaB-
JICHHBIX BHCIIHMX CHJI HUIM TEMIIEPATYPHBIX HEpPEIajioB.
VkazaHHBIH y9ET MOXKET OCYIIECTBIATCS, KaK IIPaBHIIO,
nByms criocodamu. IlepBblit U3 HUX, NMpeICTaBICHHbIH
kputepusimu npouHoctu Ilucapenko-JleGenesa, Sr-
Ha-byxunckoro, Jlpykkepa-IIparepa u np. [3], ocHoBaH
Ha NpeABapUTEIIBHOM ONPEACICHUH TPOYHOCTHBIX Xa-
PAKTECPUCTUK MaTepuaia paCCManI/IBaSMOﬁ KOHCTPYK-
LMY, ONPENENIAEMBIX IyTEM KBAa3HUCTATUYECKOIO paspy-
ImeHnst 1abopaTopHBIX 00pasLoB ATOr0 MarepHaiga B
YCIIOBUSAX OZHOOCHOIO PACTSDKCHHS, CKAaTHA M YUCTOTO
ciBura (ONMpeeNieHus] 3HAUCHUIT Gy, Oy U T, COOTBET-
cTBeHHO). Bropoii (cMm., nanpumep, [4 — 7]) — orupaercst
Ha pe3ysbTarhl J1a0OPaTOPHBIX MCIBITAHUNA 00pa3LoB,
MMEIOIMX B oyare WX paspyuienus tot xe Bua HJIC,
YTO M B OYare BO3MOYKHOTO pa3pylIEHHs paccMaTpuBa-
€MOTO DJJIEMEHTA KOHCTPYKIIHUH. le/l OCYLICCTBICHUN
BTOPOTO CI0CO0a HCIOIb3YeTCs, KaK IPaBHIIO, CIICLH-
allbHasl MCIIBITAaTeIbHAs TEXHUKA C HECKOJIBKUMH CHIIO-
BBIMH IIPHBOJIAMH, CO3/IAIONIAs pPa3HOHAIPABICHHBIC
BO3/ICHCTBUSI Ha MCIIBITBIBAGMBINH OOpasel, 4To cylie-
CTBEHHO 3aTPYy[HSCT PEaIM3aLHI0 3TOro crocoba u
CHICPKHUBACT €r0 IPUMEHEHHE.

B nanHOi paboTe paccMaTpHBacTCs yHPOIICHHAS
M YTOYHCHHAS TCXHOJIOTHSA TPOYHOCTHBIX I/IC]'ILIT&HI/Iﬁ,
TIO3BOJIAIOIIAA C IMOMOIIBIO THIIOBBIX OJHOIIPHBOJIHBIX
HUCIBITATC/IbHBIX MAIlIWH YK€ Ha CTaguu J'IaGOpaTOprlX
UCCIIEIOBAHMI Marepuana JIeTald Y4ecTh DPealibHbI
Buy ero HJIC B ouare paspymienus. YTodHeHHE pacuéra
JAOCTUTAECTCA 3a CUéT MCHOJIb30BAHUS OKCTICPUMCH-
TalbHBIX JAHHBIX O PaspyIIeHuH J1abOopaTOpHOro 00-
pasia, HanpsykeHHOE COCTOSIHME KOTOPOro B MOMEHT
PpaspyLIeHNs] MOJICIHpPYET B paboueii 30He HaNPsHKEHHOE
COCTOSIHHE PeasbHOM JIeTaIH.

PaccmoTpum, st OnpenenéHHOCTH, KPUTEpHit
npounoctu Ilucapenko-JlebGenena, ucHoib3yeMblil npu
OIICHKE MPOYHOCTH KOHCTPYKIHI, M3TOTOBICHHBIX U3
M30TPOMHBIX MarepuanoB. COOTBETCTBYIONIEE YCIIOBHE,
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TIpA KOTOPOM HACTYNaeT KBAa3HCTATHYCCKOE paspymie-
HHE MaTepHala, COMPOBOKIAEMOE MOSBICHHEM TPEILHH
(YpaBHEHHUE IPEJIEIILHOTO COCTOSHUS ), HIMEET BUJ{
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wfa

1-a

rae

9

o=—",
O

core

6, +06,+0C

I = 1 2 3 3)
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Kputepnii (1) OTHOCHTCS K Tak Ha3bIBAEMBIM
00BEANHEHHBIM KPUTEPUAM MPOYHOCTH, TAaK KaK B HEM
00BEIMHEHBI C Pa3HYHBIMU BECOBBIMU MHOXHTCISIMU
JIBA CJIAraeMbIX, COOTBETCTBYIOIIMX Pa3pyLICHHIO Cpe-
30M (mepBoe ciaraemoe) u otpsiBoM. Kax mokasana [3]
9KCTEpPHMEHTaIbHASl TIPOBEPKA, TOYHOCTH PACCMATPH-
BaCMBIX KPHTEPHUEB B Psi€ CIyd4aeB HENOCTATOYHA IS
MH)KCHEPHOW MPAKTUKH. DTO O0OCTOSTEIbCTBO MOMKET
6bITh BBI3BaHO pasmmuneM Buga HJIC onenmBaemoro
anemMeHTa KoHcTpykunn u Bujga HJIC o6pasios, ucrbl-
TBIBAGMBIX JI0 Pa3pyIICHHs MPH ONPEJCICHUN BETHYNH
Gy e M T

Kputepuii ITucapenko-JleGeneBa OCHOBaH Ha T'H-
noTese, 3aKIIOYAOIIEiics B TOM, YTO BXOJAIIME B HETO
napameTpel o U A SBIAIOTCA KOHCTAHTAMH MaTepHaa,
He 3aBucsmuMu ot ypoBHs u Buaa HJIC B ouare pas-
pyleHus, 1 onpenessitorcs paseHcrsamu (2). Ero Tou-
HOCTh OTPaHHYUBACTCS TEM, YTO B YPAaBHEHHH IIpe-
nenbHOro coctostHua (1) B oOmem ciydae 3HauYCHHS
nmapameTpoB oL U 4 MOTYT ONpEJEIATbCA HE COOTHOLIe-
HusAMH (2), a Goyiee CIOKHBIM 00pa3oOM U 3aBHCETh OT
BeNUUMHBI /1, onpesiensieMoit paBeHcTBOM (3). B nanHOM
pabore, kak u B ciryuae kputepus ITucapenko-JleGenena,
COXPAHSIETCS HPE/NOI0KCHAE O HE3aBHCUMOCTH KpPH-
TepUaIbHbIX MapamMeTpoB o u A, Bxomsamwux B (1), or
BCJIMYMH WHTEHCUBHOCTH G; M IIEPBOTO IJIABHOTO
HaNpsDKCHHUS G| B BO3MOJKHOM OYare paspyIieHus, HO He
HCKITIOYAeTCsl HEKOTOpash 3aBHCHMOCTb JTHX IapameT-
poB ot BenuuuHbl /1. CootHomenue (1) paccmarpusa-
eTcsl TIPU ATOM Kak sMrmpudeckas dopmyna, kodbdu-
IMCHTBI KOTOPOHl ONpEeNsIoTcss HE COOTHOIICHUAMHU
(2), a o pesynbTaTaM paspymieHus J1adOpaTOPHBIX 00-
pasuoB, paboyast 30Ha KOTOPBIX XaPaKTEPU3yeTCs OIpe-
JenéHHbIM 3HaueHueM /7 [8]. Ypasuenue (1) npu takom
MOJIXO/IC SBIISICTCS aNNpOKCHMAaNUeil HCTHHHOTO ypaB-
HEHHSl TPEACNBbHOTO COCTOSHHUS, MOCTPOCHHON ISt
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KOHKPETHOTO (WJIM OTHOCHTENBHO Y3KOTO JHara3oHa
n3MeHeHHs) 3HadeHHs Kodddummenta /1. Coorser-
crBytomuii Bug HJIC onpezensercs KOHCTPYKTHBHBIMU
0COOCHHOCTSIMM HCIIBITAHHBIX 10 Pa3spylIcHUs 00pas-
II0B, a OYar WX Pa3pylICHUs JOJDKEH IIPH 3TOM Xapak-
TEpU30BaThCs 3HAaUeHWeM [I, coBmajaromuM  (Wan
OIM3KUM 10 BEJIMYMHE) CO 3HaueHueMm [/ ais ouara
BO3MOXKHOIO PaspylICHUs PEaJbHOIo 3JIEMEHTa pac-
CMaTpUBaEMOH KOHCTPYKIIUH.

TTo mpennaraeMoii TEXHONOTHH OTpEEICHIE 3Ha-
YEHUi JBYX MapaMeTpoB o ¥ A, BXOAALINX B ypaBHEHHE
(1), ocyuiecTBisieTcss MyTeM pas3pyLICHHs [BYX KOH-
CTPYKTHBHBIX BAapHAHTOB OOpa3lOB, OTINYAIOLIUXCS
JIpYT OT Jpyra pa3MepaMH M COOTBETCTBYIOIIMMH 3Ha-

1 2 nped 2 nped
1

YCHHUAMH BCIIMYHMH O " O; ,0

nped
) B

1 npeo
G,

MOMEHT Pa3pyIIeHNs, HO COBNAIAFOIINX (MIH OTH3KHX)
10 3Ha4eHuIo Kodddurmenta /7 B cBOMX paboYnX 30HAX.
B stoMm citydae ypaBaenus Buaa (1), cooTBeTCTBYyIOLIME
JIBYM BBIODaHHBIM KOHCTPYKTHBHBIM BapuUaHTaM, oOpa-
3ylOT CHCTEMYy [IBYX HEJIMHCHHBIX anreOpandecKux
YPaBHEHMI OTHOCHTEIBLHO HEM3BECTHBIX BETMUMH O U 4,
KOTOpast MOXET OBITh pEIleHa MEeTOIOM I[OCIeqoBa-
TeNbHBIX NPUOITKeHHI. BO3MOXKHOCTD U MOPSIIOK BbI-
60pa HEOOXOMMMBIX 00PA3IIOB NIPHBEICHO, HALIPUMED, B
pabore [9].
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Beenenne

OIHMM M3 Ba)KHEHIINX 3IE€MEHTOB KOHCTPYKIHH
JICTATCJIBHBIX amlraparta SBJIAIOTCA T'OJIOBHBIC aHTCHHBIC
O6TCKaTeJTI/I, KOTOpBIC B 3HAYUTETBHON CTETIeHU ompe-
JCIAKT a’pOAUHAMUYCCKUE XapPAKTECPUCTUKUA U TOY-
HOCTh HABEIEHMS Ha Liedb. K HUM HPeIbsBIIOT TH-
nngHble Uit JIA TpeGoBaHus MUHUMAJIbHONW MAacchl PH
obecrieyeHnH JIOCTATOYHOTO 3amaca INPOYHOCTH MU
HaJeKHOCTU. 3ajauell oOTexaTens sBiseTcs obecneue-
HHE 3alUTBl PaJMOTEXHUYECKOH ammapaTypsl OT Jeii-
CTBYIOIIMX TEIUIOBBIX M a3POJMHAMUYECKHX Harpy3okK.
C pa3sBuTHEM aBHAIIMOHHOH M PAKETHOW TEXHUKH MPO-
HCXOJUT IOCTOAHHOE YBEJINYCHUE CKOpOCTeﬁ U MaHEB-
penHoctH JIA, 4TO NPUBOJUT K YBEIUYCHHUIO A3POJIH-
HAMUYECKHX HAarpy30K U TEMIIEpaTypbl Ha IOBEPXHOCTU
marepuana [1]. Jlng nomuepixkanus paboTocrnocoOHOCTH
KOHCprKLlI/II\/’I npu MHHHUMYMEC MaccChl Tpe6yeTc;l
yMeHblIeHie KOod()(HUIMEHTOB 3amaca MPOYHOCTH W3-
nenuii. TIpenpsBistorcst Goiee KECTKHE YCIOBUS K Ma-
TepuanaM, TEXHOIOIMHM H3TOTOBIICHHUSA, ITIEPCOHANy, a
TaKke TpeOyeTcs pa3zBUTHE METOIOB HEPa3pyIIAIOIIEro
koHTposs. IlocienHee MO3BONISET pPELIMTH MPOOIEMbI
KOHTPOJISL M JaeT BO3MOXKHOCTb HauOoJiee MOJHO OLe-
HHTb IIPUTOTHOCTb M3JEIHSA JUIS JAIBHEHINEro HCIolb-
30BaHMs. B CBSI3U C BbINIECKAa3aHHBIM JaHHasA TeéMma fB-
JIETCS aKTyalbHOM.

O0bEeKTHI M METO/IbI MCCJIEIOBAHUS.

OObeKTaMu JaHHOTO HCCIIEOBAHUS  SIBJISIFOTCS
obrekatenu JIA u3 crekioruactuka. Jns cepuu oGre-
KaTeJiell ObLIIM MPOBEACHBI SKCHEepUMeHThI. Mcciemye-
MBI OGPaSCL[ YCTaHaBIIMBACTCA HaA CTCHA AJIA UCIbBITA-
HUM ¥ TepMETH3UPYETCs, 3aTeM, C MOMOIIBI0 BaKyyM-
HOr'0 Hacoca, CO3/J[aeTcsi pa3peskeHne, odecrednBaoee
TpebyeMyto pasHOCTb JaBieHuil. M3o0paxenue, npu-
BeJICHHOe Ha pHC.l, opMHpYyeTCcss MOCPEICTBOM Bpa-
HICHUSA MU3ACINS BMECTE CO CTOJIOM Ha MajibIe YIJIBI C
noyueHueM cHUMKOB (Gomee 2000), Takum oOpaszom,
rosyyasi Habop MpoekImii 06pasiia co BCcex CTOPOH.
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Puc.1. Tomorpamma cevenust u3aesns

M3mepenns npoBoumnck Ha BeicoTe 200 MM 1 250
MM OT HOCKa — B OMACHOIl 30He, NPU BO3AEHCTBHN Iie-
peniana pasienus Ha crenke 0,4 kre/cm2 u 0,8 Kre/em?.
VuuThiBas cxeMy HArpyXeHUs H3IeIUH, MOXHO IIpe]-
CTaBUTH OOTEKaTeNh B BUJIE TOHKOCTEHHOH 00ONOUKH C
MPUIOKEHHON K Hell pasHuuel naineHuit (puc.2). 3a-
nucas ypasHeHue Jlamaca (1) u ypaBHeHHe paBHOBeCHUS
OTCeYeHHOM vacTu obTekarens (2) MOXKHO MepeiTH K
3aMMCH HANPSDKCHUH 1 aedopMariuii:

Om G PO )
R, R, 6
— TS = I wR + 'J'rpwsgds: 0; )
Ty o; pi%l; f"1 , PR
m=F " VYETzms\ 2HLU'
oy o, pR; R, v
SRR S
E E ES 2R, 2
(u ctg & +w);

u = Ffcosf +ysinf;
w = fsinf —ncosh;
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Puc. 2. PacueTnas cxema obrekareist

PallHaIILHOS TIEPEMEIICHNUE MOKHO BBIPA3UTH UE€PE3
OKPYXHYI0 fiepopmanuio (3):
pR3 sind
pasmn?

=R, sind = L

Beipa3uB MOyl yHpyroctd moiydum (hopmyity
JUIS pacyera o paJualibHOMY IepeMelleHuo (4):
pRIsng ¢ Hy Wy
E=—T7T—Ilil-—>—2I:
iF VIR,

2 “4)

Ha nepBom srane peannsaiuu paboThl ObUTH IPH-
HATHI JIOMYIICHNS U IPOBEJICH PacyeT Ha OCHOBE BPY4-
HyIO H3MEPEHHBIX I1apaMeTpPOB, HYTO BHOCUT Cylile-
CTBEHHbIE NOTPEIIHOCTH. DKCIIEPUMEHTANIBHBIC TaHHBIE,
MaTeMaTHyecKas MOJEIb M e MapameTphl ObLIM HC-
MoNB30BaHBl  JUIT  pacuera B cucteMe  Wolfram
Mathematica, n Gbi1 BEI9ECIeH d(PHEKTUBHBIA MOTYIH
YHPYTOCTH JJIsl KaX10ro ciyuas. ITomydueHHble pe3yiib-
TaThl JUISl HATJIAHOCTH OBLIN 3aHECEHbI B TabI. 1.

Ta6u.1.Paccunrannbie 3HaUeHNs 3PPEeKTHBHBIX MOy el ynpy-
rocTu

DddexruBHbIil Moyb yipyroctd E, T'Tla
Ne P = 0,4 xrc/cm’ P = 0,8 krc/cm’
200 MM 250 MM 200 MM 250 MM
1 10.897 13.495 9.884 10.001
2 9.156 9.386 10.173 10.214
3 7.737 9.152 5.802 8.079
4 7.692 10.004 7.380 7.779
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AHELTH/BI/Ipyf{ HX MOJXHO IIPOCICOUTH YBCIMYICHHC
3Ha4eHuil dPeKTUBHOrO Moyist ynpyrocti E ot ce-
yenust 200 mm k 250 mm. Kpome Toro, nmpoucxoaur He-
Oosbioe cHmwkeHne E TIpH YBCJIWYCHHUH PAa3HOCTH JlaB-
neHuii B Ba pa3a. DKCIEPUMEHTAIBHO IIOTy4YCHHbIC
JIaHHbBIE TIPEICTABISAIT CcO00M YepHO-Oesbie HU300pa-
JKEHHs, B KOTOPHIX CTEICHb YEPHOTHI KAXKIOIO MHUKCEII
XapaKTepu3yeT INIOTHOCThE Marepuajia B lIaHHOﬁ TOYKE.
Tak kak ceueHHe HU3eusA HE MOXKET HMETh Cl)OpMy
P[ZleaJ'IbHOﬁ OKPYXHOCTH, U TOJIIIMHA CTEHKHA HE IIOCTO-
SIHHA, HE TPEJCTaBIsICTCS BO3MOXHBIM BBIIIOIHUTD U3-
MepeHUs I1apaMeTpPoB CEUYeHHs 0e3 HCIIOIb30BAHUS
CTIENMANBHOTO MPOTpaMMHOTO obecredenus. M3o6pa-
JKEHUSI — TOMOTpPaMMbl NPEIACTABIIAIOTCA B BHUAE MaT-
pHIbI, B KOTOPOM HOMEpa CTOJIOLOB U CTPOK IPeCTaB-
JAI0T cO0O0H KOOpAMHATHI TOYKHM B JIEKAPTOBOM IPO-
CTPAaHCTBE, a 3HAYCHHSA 3JIEMCHTOB MAaTPHIbI OMNpee-
JIIOT IJIOTHOCTH MaTepHraia 1o mKaje r‘pa}launﬁ ceporo
B ananasone ot 0 10 255. Ha ocHOBe BblllIe CKa3aHHOIO
ObUI0 pa3paboTaHoO MporpaMMHOe obecredeHue, B 3a-
JIaul KOTOPOTO BXOJUT aBTOMATHYECKOE BBIICICHHE U
pacrno3HaBaHue Ce‘ISHI/II\/'I, HaXOXJCHUC IICHTPOB BHYT-
PEHHMX M BHEIIHUX KOHTYPOB KaK (UIyp HPOU3BOJILHON
(hopMBI, BEIYHCIICHHE HX FEOMETPUUCCKHUX [1aPaMETPOB C
3a/IaHHBIM IITaTOM U CTEIICHBIO TOYHOCTH.

3aki04enne

nOquCHHLIE PE3YNIBTATHI TMO3BOJIAIOT ACIATH BBI-
BOJBI O BO3MOXKHOCTH HUCIIOJIb30BAHMA JAHHOTO METOa
JUISL MCCIIe/IOBaHusE pab0TOCIIOCOOHOCTH KOHCTPYKLIMH B
IEJIOM M TIPOTHO3MPOBATh BO3MOXKHYIO TOTEPIO yCTOM-
YUBOCTH U €€ XapakTep.

1. Pycun M.IO. IlpoektnpoBaHHe ToJIOBHBIX OOTeKaTelei
paKkeT M3 KePaMHYECKHMX H KOMIIO3HIIMOHHBIX MAaTepHalioB: yued.
nocobue — M.: U3x-8o MI'TY um. Baymana, 2005. - 64 c.

2. Jlunosues O.B. Pacuer M MpOeKTHPOBAHHE COCTABHBIX
obomoueunsix kouctpykumit / Pycun M.IO., Xammmaes A.C. —
O6uunck: MATD, 2003. - 76 ¢.
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npeocmasiena MemoouKa, no3eoNAIOUAs O Pe3VIbmamam UCnbIMAHUil KOCOY20NbHO-apMUpOSanslx 00pasyos onpeoensime
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Beenenue SHepruo pacmmpenus. OH sBiseTcs Oosee IONHBIM,
yem kputepuii Llas-Xumna, m crmocobeH pasznuyarh
Tpesiesibl MPOYHOCTH HAa CKAaTHe W pacTsbkeHue [2].
Takoke B MH)KEHEPHOU MPAKTUKE NPUMEHSIOTCS U IpyTHe
KPUTEpPHH.

B Hacrosiiee Bpemsi CyLIECTBYET Psili METOJOB OIpejie-
JICHHUs CIIBUTOBOM HPOYHOCTH KOMIIO3MIIOHHBIX MaTe-
puano. OJHAKO OHM He OOECIICUMBAIOT CO3/aHUE YH-
CTOTO CIBHra BO Beeil paboueii 3oue obpasua [1]. Tawoxe
CYLIECTBEHHOE BIMSHHE HA XapaKTePHCTHUKU Kommrosu-  Ipeaiaraemslii moaxon
LIMOHHOTO MaTrepHaja OKa3bIBAIOT TEXHOIOTHYECKHUE
(akTOphI, TIO3TOMY TaKOH MaTepHall CIeTyeT paccMar-
pHBaTh KaK CO3/1aBaeMblil OJHOBPEMEHHO C KOHCTPYK-
mueii [2]. CrnenoBarenbHO, XapaKTePHCTUKK MaTepuana
LesecooOpasHo onpeaesisTh Ha o0paslax, CXOAHbIX 110
METOJIy CO3/IaHHUs M YKIAaJKe ¢ KOHCTPYKIIHCH.

B Hacrosmeii pabote mpeanaraeTcs METOAMKA OMpese-
JICHUSI TIPOYHOCTH 0Opasla HpH CABHIC B IIOCKOCTH
CII0s IIPU MCIBITAHUAX IUIOCKUX 00PA3LIOB HA PacTsKe-
HHe-CKaTHe.

B Hacrosmieii pabote mpemaraeTcs IOAXOA OCHOBAH-
HBIN Ha CIICAYIOUIEM TIPEATIOIONKEHUN: TIPUA UCIIBITAHUN
KaXx10ro obpasia, mnepes ero paspylieHHeM BO3MOXKHO
OIIPEIC/IUTh HANPSKCHHO-1eOPMUPOBAHHOE COCTOSI-
HHMe MaTepuana B paboueil 30He oOpasma, M, COOTBET-
CTBCHHO, BBIYHCIIMTH HATIPSKCHUS B TIIABHBIX OCAX CIIOA.
Hanpﬂmeﬁvm B ITIAaBHBIX OCSAX CJIOs SABJIAIOTCS OﬂHOﬁ u3
TOYEK Ha IIOBEPXHOCTH Pa3pyILICHHs MaTepuana, KoTopas
OIIMCBHIBACTCS KPHTEpHEM pa3pylneHus. Tak, moBepx-
HOCTb paspylICHHUS B NPOCTPAHCTBE Hal'[pﬂ)KCHl/lﬁ pu
KpuTepun MPOYHOCTH HUCIIOJIb30BAHUN KPUTEPUS MAKCUMAJIbHBIX Haﬂpﬂ)l(eHl/Iﬁ
umeer (GopMmy mnapasUienenunena, a npu NPUMEHEHHH
kputepusi Has-Xumta — dopmy simmnconsa. VM3mensis
cXeMy apMHpOBaHHs 00pa3LOB, HANPABICHNE HATPY3KH,
MOXXHO TIOTYYHTB HECKOJIBKO TOYEK HA MOBEPXHOCTH
paspylueHns Marepuana. Jlanee, 3aaBIUINCh KPHTEPHEM
MPOYHOCTH, MOXKHO PEIINTh 3aJady ONTHMH3ALHH U
OIIPEJICNTUTh HEJIOCTAIOIINE ITapaMeTphl, a B JIAHHOM
CJrydae BBIYHCIIMTE MPOYHOCTH MaTepualia Ha CABUT B
IUIOCKOCTH €105, TakuM 00paszom, LeneBylo (yHKIHIO
MOKHO 3aI1MCaTh B CJIEAYIONIEM BUJE:

MexaHn3MBl pa3pylICHHs] MHOTOCIOWHBIX KOMIIO3UTOB
CYIIECTBEHHO OTIMYAIOTCS OT MEXaHU3MOB Pa3pyLICHHUS
MeTa/uioB. Bo BpeMs 9KCILTyaTaluy B HHX BO3HHKAIOT
Je(eKThbl, KOTOPbIC B JalIbHEHIIIEM BEIyT K PACCIOCHHIO
WM PAacTPECKUBAHHIO MATpPHIIBL. PaspymieHne KoMIo-
3UTa MOXET MPOUCXOAHMTH MOCTENCHHO, HAYNHAsS C I10-
TepU TePMETHYHOCTH WM HAYalbHOW CTaguu paspy-
IICHHUS, PACCIOCHHS, 3aTeM IIepexXois B 00macTb OOJb-
muX AedopManuii 1 3aKkaHYUBas HOTHBIM Pa3pyIICHHCM.
Taxke NIMEIOT MECTO MOIXO/IBI aHAIH3a MHKPOMEXaHUKH N
marepuana. CymecTByeT psaa  (HEeHOMEHOTOTHMYECKUX d)(Fl BT ELF, 7F]2)=

HOAXO/OB /IS OLCHKU IPEICIbHOr0 COCTOSHUS KOMIIO- _ 4o e 2 >
3UTa, WM TaK Ha3bIBAEMBIX KpUTEpHEB [2]. =(FFLFLELE L R) =) =0
COrIacHO KpUTEPHIO MakCHMallbHBIX Hanpsokennit ma- e F(F,F ,F, ,F,,
TepHall pa3pyliaeTcs, KOraa JOKaIbHOE HANMpPsDKCHHE B

OZHOM W3 IIABHBIX HAMPABICHHIl MPEBBINIACT [OPOT
HPOYHOCTH Marepuana. Kpurepuil MakcHMaibHOro
IVIABHOTO HANpSDKCHHS HE YYUTHIBACT B3aUMOCBS3EH
MEXIy pasINdHBIMU COCTABISIIOLIMME  HAMPSDKCHUS,
TIPH TOM OH yJHTBIBACT AHU3OTPONHMIO MaTepuana (mo-  posanus, F,” — NPOYHOCTb ClIOS HA PACTSHKEHHE 110~
pOrd IpPOYHOCTH B PA3IMYHBIX HAMPABICHHAX MOTYT
OTJIMYAThCS) M PA3INYKME CBOWCTB MaTepuana IpH Cxka-
THH U pacTsikeHuH. TakKe MIMPOKO NPUMEHSETCS KpU-  CJI0Sl Ha CKaTHe TOTEpPEK HampapieHus apMHPOBaHMS,
TepHil MaKCHMaNIbHBIX Aedopmaruii [2]. F1 , — MPOYHOCTB CIIOS HA C/IBHT.

Kpurepuii Has-Xuwia yduTeiBaeT dHEPru0 HopMous-
MEHEHHS — COCTaBIISIONIYI0 o0eil sHepruu nedopma-
UM, KoTopas no0yxnaeT n3MeHeHne Gopmel. Taxxe oH
VUHTBIBACT  B3aWMOCBSI3b MKy  KOMIOHCHTaMH
nanpspkennst. Kpurepnii Llas-By yuurtbiBaer nonxyio
SHEPruo Jehopmaryu: dSHepru0 HOPMOM3MEHEHUs U

F,)>1 - xpurepnii pas-
pymenns Matepuana (cios), F,* — npouocts ciios Ha

pacTsKeHHE BJIOJIb HANPABICHNS apMupoBanns, [, —

TIPOYHOCTB CJIOA Ha C)KaThe BJOJIb HAllPaBICHHUS apMH-

IePeK HAINpABICHUS apMUpOBaHus, I, — NpoYHOCTH

B wHacrosiieii pabote MPOYHOCTb BIOJb U MONEPEK
HalpaBJICHUs apMUPOBAaHMs ObLIa ONpEEICHa 110 pe-
3yJIpTaTaMm HCIIBITAaHUI OIHOHAIPABICHHBIX 06p83u03, a
TIPOYHOCTE CJIOS TIPHU CABUTE B INIOCKOCTH CIIOS OTIpE-
JENACTC M0 UCHBITAHUAM EPEKPECTHO apMUPOBAHHBIX
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06pasioB co cxemoil yknamku 0 .

JlaHHBIH anropuT™M OBLI IIPHMEHEH K pEe3ylbTaTaM Hc-
neiTanuii yrnenactuka bMM-3/3692 na ocHoBe pas-
HOIPOYHOI TKaHU 1 OMCMaICMMHIHOTO CBA3ytoLiero. 13
JIAaHHOTO Matepuana Oblla W3roToBieHA |4-cioiiHas
IUIACTUHA, BCE CIOU TKAHH B KOTOPOIl OBUIM OPHEHTH-
PpOBaHbI B OJTHOM HAIIPABJICHHH, 3aTEM U3 HEC OBLITN BBI-
pesanbl 00pasusl nog yraamu 0°, 90° u 45°. Takum 006-
pa3om ObLIH 1osyueHsl 06pasiisl ¢ ykiaakamu [0°], [90°]
U [+45°]. O6pa3iibl ObLIN UCTIBITAHBI Ha HCIIBITATEIBHON
MamHe Instron-7709, mis perucrpaunu JgedopMariuit
ucnons3oBangack Ttersocraniust CUUT-4. Ha kaxmsrit
oOpaser; ObUIO HAKJIEEHO 3 TEH30/aT4MKa: J[Ba B IIPO-
JI0JIbHOM HAIIPaBJICHWU U OJIMH B IIONIEPEYHOM.

ITo pesynbTaram ncnbITaHK 06pa3IoB ¢ ykinaakamu [0°]
u [90°] OblM ompereNeHkl IPOYHOCTH HA PACTSIKEHHE

BJOJb M IIONEPEK OCHOBBI TKAHU: FT = 800MIla,
}724»
MOCTOSIHHBIC ~ MaTepHaa:
v;,=0.04, G;,=6.5T'T1a.
IIpu ucnbiTanusx oOpasnoB ¢ ykiajakoi [+45°] mpou-
HOCTh BJONb ocu obOpasua cocrasiwia 200MITa. Tlpu
TIOMOIIM TEOPHH CIIOUCTHIX IIACTHH OBUIO ONMPEIEICHO
HAC cmos B ero miaBHelx ocsax: o;=106MIla,
6,=94MIla, 1,, = 100MITa.

TTockonbKy XapakTep paspylIeHHs] HE YYUTBIBAJICS, B

900MITa. Takxke ObUIM ONpEIEIEHbl YIpPyrue
E/=90I'Tla, E,=83Ila,
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KayecTBE KPUTEPHEB pa3pylICHHs ObLIM HPUMEHEHBI
KPUTEPUH MAKCUMAJbHBIX HANPSUKEHUH M KpUTepHid
Has-Xumwra. Tlpy MCHONBb30BAHMU KPUTEPUS MaKCH-
MaJbHBIX HAMpsHKEHHH MPOYHOCTH 0Opaslia Ha CABUT
cocrapuna [, =100 MIla. Ilpu npumenenun Kpure-

pus as-Xunna NPOYHOCTH IMPU CABUIC COCTABUIIA

F,= Lo ~ 99 MIla

2 2

1519
FF,

o,
F

S
B

1—

BriBoabl

TIpeioxkeH MeTOJ ONpeneNeHHs MPOYHOCTH YIIera-
CTHKa TIpU CABUIC B INIOCKOCTH CJIOSA, MOIYYCHBI pe-
3ynbTaTel [ yrieractuka bMU-3/3692, noxasano
YIOBJIETBOPUTEIILHOE COIIACUE PACUETHBIX U IKCIIEPHU-
MEHTAJIBHBIX JJAHHBIX

1. Mbrreios @., Pomuure P. Mup MaTepnanoB M TEXHOIOTHH.
Komnosutnpie  matepuanbl.  Mexannka #u  TexHomorma. M.
Texuochepa: 2004. - 408 C.

2. Kommnosuumonnsie marepuanst. Crpasounnk./ B.B.Bacuibes,
B.JI., Tporacos, B.B. Bomotun u ap. M.: Mammnoctpoenue: 1990. -
512C.
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MOJEJUPOBAHUE PA3PYIIEHUS TPEXCJIOMHOI'O CTEPIKHSI
TIPU PACTSIDKEHUH
KaromoB P.A., Myxamenoa I1.3.

Kas['ACY, Kazanb, Poccusi, kayumov(@rambler.ru.

Annomayusn: Paspabomana modens npoyecca pacmsicenus, mpexc: notinozo cmepoicua. Buympennuii cioit apmuposan no-

nepex ocu, a 6epXHuil U HUICHUI CIOU — 600Tb. 3a Kpumepuil p

D pA YCMOUYUEOCINU 6010KOH 6HYMPEH-

He20 CH0A. LI/[}Z éblyucieHus kpumultecxou HA2py3Ku UCNONb308ANIOCH KIACCUYECKOoe BblpadiceHue onsL coreamozo CMEPIHCHA 8
vnpyeau Lpé()@ Pacuem mooenu npoeot)umc}t MEMoOOM KOHEUHbIX 2NEeMEHMO8. ﬂpoee{)eH p}i() HUCTEHHBbIX IKCREPUMEHMO08 U no-
JIy4enbl 3agucumocmu pa3pymarou;eu Hazpy3Ku om pasiuvHsblx HHPG/WEMPOB

Knrouesvie cnosa: /\m()em, ycmouwusoamb 9Kcnep , KO

TpebGoBaHUAM BBICOKOM NPOYHOCTH U KECTKOCTH
OTBEYAIOT CJIOMCTHIC DJIEMEHThI KOHCTPYKIMI, B 4acT-
HOCTH, TPEXCJIOIHBIC IUIACTHHBI M CTEPXKHH, KOTOPBIC
MPUMEHSIOTCS TIPU M3TOTOBICHUH HECYILIMX JJIEMEHTOB
CaMOJIETOB, PA3IMYHOIO poja MaHenel, oOTekaresei,
TEIIO3AIUTHBIX SKPaHOB U T.11.

Haryphble = 5KCHEDHMMEHTBI ~ Ha  PacTsSKEHHE
MHOTOCIIONHBIX ~ CTEp;KHEH, TPOBEJEHHBIE TPYNIOi
uccienosareneil nox pykosoacrsom B.H. Ilaiimyminna,
HOKa3ay, 4YTo 0Opaslbl MHOINA Pa3pyLIAOTCs HE OT
paspbiBa, a oT paccioeHus. IIpuumHoil 3TOro MOMKET
OBITh MOTEPs YCTOMYMBOCTH BOJOKOH CHKATOIO CIIOSL.
PaccmoTpuM, Hampumep, TPEXCIOWHBIN CTEpXkKEHb, Kak
MOKa3aHo Ha puc. 1.

P
Puc. 1. Tpexciioiinblii cTepiKeHb.

Ilpu pacrTsokenun Brone oOpasna  BHYTPEHHHH
CIIOIf HCHBITHIBACT CKATHE, €CIIH ero Kod(GUIHEHT
ITyaccoHa MeHbIIIE, YeM Yy HapyXHBIX CJI0eB. B pesyis-
Tare 3TOTr0, OH MOXKET TOTCPATH yCTOI‘/‘I'{l/lEOCTB, 0oT4Yero
U MOXET HpOI/IBOI\/'[TI/I OTCJIOCHUE BHYTPEHHETO CJI0A OT
BHCUIHHUX.

B nannoit paGote Mopeqmpyercst HOTeps yCTOM-
YHBOCTH CPEJHEr0 CJIOA TPEXCIOMHOro CTEpXKHsA IpU
TIPOCTOM PACTSKCHHUHA. CpCIlHI/II‘;I CIIO UMeeT Tpeumy-
IIECTBEHHOE apPMHPOBAHUE MONEPEK OCH, a BEPXHUil U
HIDKHHIT CJIOM — BIIOJIb OCU KaK IOKa3aHo Ha puc. 1.
3aKOH yHpYTroCTH Ul OPTOTPOITHOTO Tejla MMEeT BUJL:

£ = —* _

Jlns 06o6uienHoro 3akoHa I'yka crpaBeUIMBbI COOTHO-
LICHUA:
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Ve Ve Y Yoo Ve Vy V)
E, E, E, E, E E,

Torna JUIs TUIOCKOTO J1e(OPMHPOBAHHOTO COCTOS-
nus (IAC) (em. puc.2) npu &, = const , cornacho (1) u
(2) MOXHO MOJYYHTH CICAYIOIIYIO 3aBHCHMOCTb IS
BEKTOpa HaNpPSUKESHMI:
{o}=[D]-{ej+{4d}-¢, .(3)

T T
0l =foroy). (8 ={ecs, ).
31ech «7%» 03HAYaeT ONepannio TPAHCTIOHUPOBAHNSL.
Matpuia KeCTKOCTHBIX XapaKTepHCTHK [D] s op-

torpomnHoro tena npu I1JIC umeer Bua:

4 _ _b
Dy Dy 0 ad—bc  ad—bc
c a
Dl=| Dy Dy 0 |=| —— ——— 0 | (4
D] 021 022 G ad —bc ad—bc
x 0 0 G

Xy

1 1
d=—(~1-v,.v,), b=—(Vy +V, vy,
E, E,
’ )

1 1
a :E—(lfvxz Vo) c:E—X(vyx V)2 Vo)

Bextop {4} B dopmyne (3) MOKHO pacmucaTh Kak:
bv,, +d-v,

ad —bc
CVytav,,

ad —bc

HOCTpOeHI/le MO/I€JTA OCHOBAHO Ha METOJE€ KOHECY-

HBIX JIeMeHTOB. B kauectBe mopobnactu Obu1 BeIOpaH
HIECTUY3JI0BOH TPEYTOIbHBIH KOHEUHBIH 3JIEMEHT BTO-
POTO MopsisIKa.
Cormacao TIPUHIHUITY J'larpaH)Ka, MOXHO MOIYy4YHTb
cllelytolee BhIpaKeHHe B MaTPU4HOIT hopme:

[o" toav = sUy" Py,
v

)= ©)

[ " (DYe+ {3 )av = sy Py (7)
Vv
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Puc.2. Moaenb pacTsikeHHs! TPEXCJI0HHOr0 CTepIKHS.
ypaBHCHI/IC PaBHOBECHA, C YYCTOM TOTO, YTO 3aJaC€TCA
TOJIBKO &, , MOXXHO 3alucaTb B ManPI‘{HOﬁ q)OpMC B

BHUJIE!
[KIU={P} ,(8)
rie [K] -mioGampHas Marpuma sxectkoctu, {U} -

BCEKTODP Y3JIOBBIX HCPGMCU.ICH]/H‘/‘I, {P} - BEKTOp BHECIITHUX
Y3JIOBBIX CHUJIL.

Kpurepuem  paspymieHus — cuMTaercs — II0Teps
yCTOﬁqHBOCTH BHYTPCHHETO CJIOSI B CTCPIKHE, KOTOPOC
MOKHO 3aImiucaTh B BUJEC!

cofe \vnutr
(o5 L)
Hﬂﬂ l'[pOCTOTbl l'lpl/lMeM, YTO BHEIIHUE CJIIOU OJAWHAKOBBI
110 MEXaHUYECKUM H TCOMETPUYCCKUM XapaKTECPUCTHU-

kaM. Toryia KpUTHYCCKOE HANPSHKCHHE MOKHO 3aIicaTh
B Buze [11]:

vautr vautr
B 20\ BT

<oy

Oip ,(10)
AVHMIV
vautr
e Ey - MOJyIb YIPYTOCTH BHYTPEHHEro CIIos,
k - noronsslii ko> unHEHT MOCTeJIH,

=c-h.
KO3q)q)HHHGHT TIOCTEJIN IPUHAT B BUAC COOTHOIICHUSA !
k=p-EX, (1)

e EYY - Momynb ymnpyroctu BHEIUHero ciosi, /3

Jmr — e 212, A

vnutr

-T1EePEBOIHON KOIPDHUIIHEHT.

Iloctpoennast Mozenb Oblla OTTECTHPOBaHA Ha
MOJEIbHBIX 33Ja4aX O PAaCTSOKCHHH HM30TPOITHOM
CIIJIONIHOM M TPEXCIIOiHOM nmonoc. I'paHNYHBIE yCIOBUS
ObIIN 3a/1aHbl, KaK MOKA3aHO Ha puc. 2.

TIpoBeaeHO CpaBHEHHE YHCICHHOTO PEIICHUS C
AHATUTHYCCKUM B KaXJOM Tecte. OTIMYNe pe3yiIbTaToB
cocramiio 1-2%.

Ha punc.3 mnpencraBneH rpaduk 3aBHCHMOCTH

)vnmr

HaNpSUKEHMs CKaTHA B cpesieM cioe (o) or

orHoutenus kodddurmenta ITyaccona BHEIIHEro ¢10s K
ko3 dunmenty ITyaccona cpenHero cnost V. / Vi -

Bunso, uto yem Goubiie v,

'ar IO CPABHEHHMIO C

)Wlulr

Vi » TEM Gorbite (o757 . Tam e TpHBEJICHBI

54

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

3HAYEHHs KPUTUUECKUX HANPsSKEHUM Tpt = -0.29 I'Ma,
Oxp2 = -0.41 I'lla , O3 =-0.58 [Tla N COOTBET-
cTBylomux  E,. . /E,mpr , MOJYYECHHbIX IIpu f=
0.0025.
1 15 2 25 3
0
T
-0.8 -
vnarfvnutr
- -EwWUrEna=h —— EvirEnar=10
== = EviutrEnar=20
Puc.3. 3aBHCHMMOCTL HANPSIKEHUS CKATHS (O_;m-)vnutr BHYT-
PpeHHero cjos 0T 0T K0hd ToB Iy cjloeB
Vnar /anutr

Kpome Toro, kak BuaHO u3 puc.3, yem Ooiblie
JKECTKOCTh CPEIHEr0 CJIOS TI0 OTHOIICHHIO K YKECTKOCTH
BHCITHUX CJIOEB, TEM GOJ'IBHJC HampsKCHUE CKATHA HC-
TIBITHIBAET BHYTPEHHMUH CTIOH U TeM caMbIM ObICTpee OH
MOXKET HOTePSTh YCTOHYMBOCTD.

Jlanee paspaboraHa METOAMKA OIPEICICHUS KO-
3¢ dUIMEHTa TTIOCTENH IIPH U3BECTHBIX T€OMETPHYECKUX
TapaMeTpax Ha OCHOBE AHAJIMTHYCCKOIO PCHICHUS IS
0asKy Ha yIpyromM OCHOBaHMH.

Ha ocHoBe comocTaBieHUsI YUCIEHHOTO M aHalH-
THYECKOTO pEeIIeHHil 11 mpornba Oamku Ha ympyrom
OCHOBAaHHUH, IMOJIyYEHBI 3aBHCUMOCTH i1 KOd(uuu-
€HTa MOCTEIN OT JKECTKOCTHBIX M I€OMETPUUYECKHX Xa-
PAKTEPHUCTHK CJIOEB CIEIYIONIEro BUIa

k=k( Py , Ear ). (12)
toar Enar

1. I'puromiok, .M., Yynkos ILII. K pacuery TpexcioiHbIX Iuia-
CTHH ¢ xkecTknM 3anonuurenem // U3s. AH CCCP. OTH. Mexannka i
MammHocTpoenne — 1964. - Nel. - C. 67-74.

2. KoGenes, B.H., Kosapcknii JLM., Tumodeer C.J. Pacuer
TpeXcloiHbIX KoHCTpyKuuii / CripaBounnk. M.: MammHocTpoeHue —
1984.-303 c..

3. Taiimymun, B.H., Bo6pos C.H. Kputnueckue Harpysku map-
HUPHO ONEPTBIX TPEXCIOHHBIX IIACTHH CHMMETPHUHOIO CTPOCHHS
TpH JIByCTOPOHHEM CIKATHH OJHOTO BHemrHero ciosi // M3s. BY3o0B,
ABuannoHHas TeXHUKA. — 1985, - Ne2. - C. 51-55.

4. Katomos, P.A. Kynpusnos B.H., Myxamenosa 11.3., Cyneiima-
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HUAX // MeXaHHKa KOMIIO3UIMOHHBIX MaTePHalIOB M KOHCTPYKLHIL. —
2007.- T.13. -Ne2. — C.165-173.

5. PaBorros, I0.H. Mexanuka jeopMupyeMoro Teepiioro teina /
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YCTOMYUBOCTH APKHU IMTPU JIOKAJTbHOM HATPYKEHUU

Karomon P.A.l’*, Tastokos B.®.2

'KTACY, Kazaus, Poccust; *kayumov@rambler.ru;

2K11>Y, Kazans, Poccus.

Annomayusn: paccmompena 3adaua 06 us2ube u ynpy2ux nepeckokax us 00H020 pagHo6echo20 cOCMOsHU 6 Opyeoe MoH-

KOCMEHHOU KOHCIMPYKYUU 6 U0e YuIuHOPUHeckoll Nanen, u3e

eHHOIU U3 KOMNO: 020

CPAHUYHBIX YCIOBUAX.

°p , MPU PAZIUYHBIX

Knroueswie cnosa: KOMRO3UYUOHHbIE Mamepuaisl, ycm()ﬁuusocmb.

HcenenyeM TOHKYIO YNPYrylo LMIMHIPUYECKYIO
[aHelb, HArPYKeHHYIO PACIPEAENICHHON M0 NpsMOi
JIMHUM TTOTIEPEYHOI HAarpy3KH P, KoTopas IPUIIOkKeHa Ha
paccTosHuM &, OT LeHTpa nanesu. PaccMorpum 3agauy
OIIpeIeNICHUs] 3aBUCUMOCTH OT TIONEPeYHON Harpy3ku P
nepemenieHuit W, V TpexcioiHol maHenu cuMMeTpud-
HOTO MO TOJIINHE CTPOCHUSL. JKectkocTHbIe Xa-
PAKTEPUCTUKM TaKOH IaHEeIM OIpeNessIoTCS COOTHO-
MIEHUSAMH :

2
D=2D,+Dr+231(hc+%)
B=2B,+B, B = Elhlz, B, = thfz

I-v; 1-v;
_ER _ER
C20-vh T 1200-v))

3nece f; — tonumwHa 000IOUKM, f — TONLWMHA 3a-

LOJIHMTENS TUNA NCHOIUIACTA, [, F, — HX MOy
¢

[Oura, V,,V,. - xoddppuumentst [yaccona.

YpaBHeHUs paBHOBecHs dieMeHTa (puc.l) maHenn
HMEIOT BHA:

,_b b .
T'-—N=0, NN+-T =0, G'-bN =0, (1)
r r

rae T — TaHreHuuanpHoe ycuiue, N — MonepeyHoe
yeuie, G — n3rubaroiini MOMEHT.

N
fe] GG
y
T+iT
N+d N
Puc. 1.
y‘ll/lTLIBaﬂ, uTo HayvajbHas KpuBHU3HA TIaHen

% =const , 13 ypaBHeHnii (1) moiy4nM ypaBHEHHE
0

paBHOBECHS B IEPEMELICHUAX

o

P b
W W fF—=0,(2)
Ty
e u*=-Th*/(Bh*) — GespasMepHOE MPONOTH-
HOE yCue, 2b — IMpUHa TTaHeNH.
B neBoii M mpaBOi (OTHOCHTENBHO TOUKH &

MPHIIOKEHUs HArpy3Ku P) 4acTsX MaHeIM HOpMallbHbIH
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nporud w UMeeT BUJ

W, =c¢ x+f(&), w,=b"-x+1(&),

b:{b.,bz:b37b4}r, c:{cl,cz,cl,q}r, A3)
. T, b§2
x={eos ug,sinul, &1 f(£) ===
0

B touke &, MMeeM yCIIOBUs paBEHCTBA HPOrU6OB,

YTJIOB TIOBOPOTA, MOMEHTOB U CKauKa Mepepe3bIBAIOIINX
CHJI CJI€BA M CIPABa OT TOUKH TIPUIOKESHUS HATPy3KH:

Wiee (éo) =W, (éto)’ W, (‘:to) = w:p (éo)’
Wi (&)=, (&) wi(&)=wy(&)-p,
e p=Pb*/D - 6e3pazMepHas HATPY3Ka.

“)

W3 (4) HaxX0MM CBSI3b MKy BEKTOpamMH ¢ u b:
c=b+f,(5)

. T
e f:%{—smyg‘o, cos péy, =t pé,}

Kosddurmenrer b, Haxomum wu3 ycnoBuid 3a-
KpeTUIeHHs KpaeB TIaHEeNH.

HcKOMBIM  ypaBHEHHEM, OTHOCHTENLHO Oe3pas-
MepHoOil Harpysku p = Pb’ /D u GespasMepHbIM ycu-
JMeM CxkKaTus L, Oy/leT yclIOBHE PaBEHCTBA B TOYKE
MPUIIOKEHHUST CHIIbI KACATeIbHBIX HMEPEMCIICHHIT V, BbI-
YHUCIICHHBIX 10 (hopMyJiaM JUis IIPABOM U JIEBOI YacTeit

< <
=g NE N [ Dz [ (o) e,
_ D
" = ke

v

(©)

(=) (E-1)+ jﬁwnpd.ffji(w,’,p ) de.
17 12
VYcaoBHe CTBIKOBKH B TOUKE TIPUJIOKCHHUS HArPYy3KH
(paBencteo nepememenns v, (&)-v,, (£)=0) maer
KBa/IPaTHOE ypaBHEHHE OTHOCHTENBHO p:
np’+yp+r=0.(7)
ypaBHenne (7) momydaeM  (yHKIHIO

3z
p = p(u) 3anasas pasurie sHauenns s u €| 0; >

Pemrast

TOJIy49HM COOTBETCTBYIOIINE 3HAYCHHS JUIS .
Cryuaii IIApHUPHOTO 3aKPeEIJIeHHs] KPOMOK.
rpaHH‘—IHBIC YCIOBHUA UMCIOT BUI:

. (1)=0, w,, (1)=0,

wh (=1) (=0

Jlns crmydas LEHTPaabHOTO TPUIIOKEHMS CHIIbI
&,=0 ko3 durmenTsr b, MMEIOT BUI:

(8
0w ®)
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2u 2u
©)
p pUu 2
b, =———, =- ——(2+u
o2t [p ru( ! )j
Ha puc.2 Mpe/ICTaBIeHa 3aBHCUMOCTb

p=p(w,), w,=w(0). B ominune OT H3BECTHBIX PaGOT
[1] 1 [2] 3aech nosty4eHo, 4TO KpUBast TEPIUT CKaYOK MO
W, Tpu p #0 u3 nonoxenus 1 B nonoxenue 2.

v P

Wy

Puc. 2.
Ha puc.3 mokazaHo HECKOJIBKO (OpM, KOTOpPBIC
MPUHUMAET LWIMHAPHYECcKas IaHelb NPU Nepexoje 13
nosiokeHus 1 B monoxexune 2.

¥+

—

Puc. 3.

Ha puc4 mpexncraBmensl  (GopMbl  TaHEeTH

y=y (5) JUISL Pa3IIMYHBIX 3HAYEHHUIT p:

1.34

-0.06
Puc. 4.

Curyyaii ;KecTKOIi 3a/1eJIKH KPOMOK.

B ciywae xecTKoi 3a/eJIKi KPOMOK TpaHMYHbIE
YCIOBUSA UMEIOT BU/:
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W (<1)=0, w,, (1)=0,

. (10
wh, (-1)=0, w,(1)=0. (10

res
ﬂﬂﬂ Cirydass TEHTPAJIbHOTO TIPHMIJIOKCHHUS CHIIBI
&,=0 ko3 duImenTsl b, MMEIOT BUI:

2
b = pl[—ctg,u+cosecy—2£%cosecy],

2u 0
P P

by=—L_ b =L, 1
= =3k an
b b

! fﬂl—p#—(pﬂfﬂzjctgﬂ

472 5 7 0 .

i

+pcosecy

Ha puc.5 mpexacraBiieHa 3aBUCHMMOCTH Harpyska
HepeMeleHns LEHTPaIbHON TOYKH HaHesH
(p=p(w,), w,=w(0)). B ommune ot ciydas map-
HUPHOTO 3aKpeIUIeHusi, KpUBas HE TEPHHUT CKadka I10
W, . 3necs p>0 Bcerma, T.e. MoOcie NPOXJIONBIBAHHS
IUTACTUHBI HEOOXOAMMO NPHKIAAbIBATE HArpy3Ky JUIS
TOro, 4TOOBI OHA HE BBIXJIONHYJa oOparHo. Ha puc.6
npecTaBlIeHb! OPMBI H30THYTOI IIacTiubl y = y (&)

JUISL Pa3IMYHBIX 3HAYCHUH P.

+ P
wU
Puc. 5.
Yt _
1.73 p=0
£
1.14 \ 1.74
Puc. 6.

B nanHoM citydae, BBHLY KECTKOCTH TPaHHYHBIX
yCHOBHf‘L PeATN3YyCeTCs TOJIBKO CHMMETPHUYHASA cpopma
TOTEPU YCTONUUBOCTH.

Paboma evinonnena npu nodoepyucke PODH, npoexm N

15-08-06018.
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MU3MEPEHUSA JE®@OPMALNU BHYTPU MATEPUAJIA HUTEHAMOTAHHBIX
BAJIJIOHOB B MPOIIECCE UX UCIIBITAHUI BHY TPEHHUM JABJIEHUEM C
HMCIOJB30BAHUEM ONTO-BOJTOKOHHBIX JIMHUI C BPAITOBCKUMMU
PEIIETKAMM

Koszenbckas C.O.

AO «[THUNCM», XotbkoBo, Poccus; tsniism@tsniism.ru;

AHHOMaUUA: NOKA3AHA BO3MOJICHOCMb USMED oegh

GHympuU °p X uzdenuii 6 npo-

yecce UX UCNLIMAHUIL C UCNONb306AHUE USMepUmMeNnbHbIX TuHull BHP.
Knrouesvie cnosa: oegpopmayus, nanpsicenno — degpopmuposanioe cocmosinue, Onmo — 60N0KOHHAs TUHUSA.

IlepcrieKTUBHBIM HANpaBIEHHEM B COBPEMEHHOM

TEXHHKE SABJIACTCS MCIOJIb30BAaHHE KOMIIO3UTHBIX MaTe-
PHAJIOB, B T.4. NOJMMEPHBIX KOMIO3HIMOHHBIX MaTepH-
a7oB, OOJANAIOIMX PSZAOM INPEHMYIIECTB Tepei Tpa-
JIMIUOHHBIMU MaTepualaMu — METaJUlaMu, 0COOEHHO B
ABUAKOCMUYECKUX OTpaACiIAX TEXHUKH, MAIIUHOCTPOEC-
HHM, JHEPreTMKM M Ap. Takue Marepuansl TpeOyroT
0c000ro MoaXo/a, HOBBIX PEIICHHIT P pazpaboTke n
CO31aHUH METOJO0B MU CPCACTB OLUCHKH HAICKHOCTH HUX
HKCIUTyaTali. DTO BBI3BAHO OOJBIIMM pa3HOOOpa3ueM
BHJIOB TaKUX MAaTePUANOB, CHEHH(MHUCCKUMH OCOOCH-
HOCTSIMM KOHCTPYKUMII M3 HHMX M TEXHOJOIMEH H3ro-
TOBJICHUA, CJ'ly'{aﬁHBIM HU3MEHCHUEM ('l)I/I3I/I-
KO-MEXaHUYECKUX U MPOYHOCTHBIX XapaKTECPUCTHUK,
GOJIBIIMM pa3sHOOOpasueM TUIOB [e(pEKTOB, BO3HHKA-
JOIMX B MPOLIECCE M3TOTOBJICHHMSI.
IToBBICHTB Ka4eCTBO KOHCTPYKIMI HEBO3MOXHO Oe3 J10-
CTOBepHOI\/’I OLICHKHW HMX HaIACKHOCTH. COOTBETCTBEHHO
HEBO3MO)KHA pa3paboTKa MEPOIPUSTHH U TEXHOJIOTHI
10 TIOBBIIICHUIO HAJEKHOCTU KOHCTPYKUMH. OnHnm u3
NPH3HAKOB HAJICKHOCTU KOHCTPYKIMI SBIISICTCS BEIH-
4pHa JeopManui KOHCTPYKIMH TI0 BCEMY NAKeTy Ma-
Tepuasa Ipy €€ HarpyKEHUH.

B sroit cBa3u Gounbliioe 3HaueHHe NpuodperaroT
Hepaspyllalomie METOAbl KOHTPOIS M JHAarHOCTHKU
TaKux KOHCprKLlPlf;I.

B HACTOALIEM JOKJIAAE NPEACTABICHBI PE3YJIbTAThI
HCCIIeI0BaHUs BO3MOXHOCTH ompeseneHus nedopma-
LMK BHYTPU I1aKeTa MaTepHajla HUTCHAMOTAHHBIX KOH-
CTPYKIM u3 KM c HCIIOIb30BaHUEM
ONTO-BOJIOKOHHBIX JIMHUH C 6p3FFOBCKI/IMl/l peuieTKaMu.

Bonokonnas Gparrosckas pemierka (BBP) — me-
proanyecKas CTPYKTypa, c(OpMUpOBAaHHAs B Cepille-
BHHE ONTHYECKOro BoJiokHa. BBP crocoOHa orpakarh
OMNPEACIICHHBIC JUTMHBI BOJIH CBE€TAa W INPOITYCKaTbh BCE
OCTaJIbHbIC.

Jlazep NEPUONYECKHI MochUIaeT B
OITO-BOJIOKOHHYIO JIMHUIO HECKOJIBKO JUIMH BOIH, BBP
OTpaxkaet OTNTUYECKHI CIIEKTp, KDTOpI:Iﬁ TIpA Harpy3Ka
Ha JeTallb 6y;[eT CABUTaTbCsl BIIPABO WX BJIEBO B 3aBU-
CHUMOCTH OT HampaBiieHust BoszedctBus. Ha stom
HPUHIIAIIE TOCTPOCHA CUCTEMA H3MEPEHNS JiehopMaIiii
B TOuKe pacnonoxenns BBP.

Llens HacTosiuel paboOTHI: HCCIENIOBAHHE BO3-
MOXHOCTH H OTpaGOTKa TEXHOJIOTUM HU3MEpPEHUs Je-
(dopMmanuy BHYyTpH MaTepuana HUTCHAMOTAHHBIX H3JIe-
JIMi B IIpolecce MX MCIBITAaHUH C MCIOJIb30BAHHEM

GPBFFOBCKI/IX PEUIETOK Ha OITO-BOJIOKOHHBIX JIMHUAX.
OOBEKTOM HCCIIeIoBaHus ABIsUICS Oamion u3 ITKM,
M3TOTOBJICHHBIH METOIOM MOKPOW HaMOTKH C METAaJLIH-
YECKHMM JICHHEPOM.

B mnpouecce usroronenust Oamiona (puc.l) B
pa3jan4HbIC CII0U ObLIM 3aJI0KEHBI OINTOBOJIOKOHHBIE
JIMHUH C OPAITOBCKHMH PEIETKAMU.

OnTo-

gonoko

Puc. 1 - ®oTorpadus nosepxHOCTH H3/1e/Ms B NPoLecce U3rOTOB-
JieHusi (HAMOTKH) € Y. ONITO-BO.

Ilocne  wusroroBnenus
BHYTPECHHUM JaBJICHHUEM:
- Pa3oBbIC HATPY3KH;
- HePHOJNYECKUE HATPy3KH;
- Harpy3KH JI0 Pa3pyLICHHs.

Ha pucynkax 2-4 npusenensl rpaduku aedopma-
LUH OT BPEMEHH B HEKOTOPBIX TOYKAX PACIIONONKCHHS
BEBP.

Ha pucynke 5 mpuseneHa ¢otorpadus Gammona
MOCIIE Pa3pyIICHHS.

OaITOHBI Harpyxajinicb

Sensor00

Dedopmwauna, mim/m

Bpen, st

Puc.2 -1 ) or B

JI07KeHHSI IHKIHYeCKOii HATPY3KH.




L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

Sensor10

2500

i

g

g

Dedopmauns, vKu/M

L

Bedopunwn, uky

Seniar00

AECLAARRESYTASISINREEE

B, crw

Puc.4-1 ¢ or

mecce paspyuIeHus H3TEIHs.

B 1po-
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HOHLLb! BMOTEHHBD 0NTOEOAD KO HH i AMHAE
(B MeTaAAMYeCKOA SaWATHOA OnaeTHe]

Puc. 5 — ®otorpadus uzneaus nocie papymenus

TakuM 00pa3oM, IOKa3aHA BO3MOXHOCTh H3MEPCHHS
Iqu)OpMaHI/I]/I BHYTPH MaTe€pHajla HUTCHAMOTAHHBIX W3-
HCHPIﬁ B IIponecce ux WCTIBITAHUN C UCTOJIb30BAHUEM
u3MepuTenbHbIX JinHUM BBP oTeuecTBeHHOro mpous-
BojicTBA. M3Mepenye nedopMaruy Ha pasiIMaHbIX CIOSAX
W3JeNMH JlaeT BO3MOXHOCTH ONpEIENHTh €ro Hamps-
JKEHHO-1e()OPMUPOBAHHOE ~ COCTOSHME M HAWTH
HaUTy4lIue KOHCTPYKTHUBHBIE U TEXHOJIOTHYECKHUE TIa-
pameTphl.
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METO/ KOHTPOJISI KAYECTBA BPOHEXKHJIETOB 10 AHAJIU3Y TEIJIOBBIX
IOJIEM

Kozensckas C.O.
AO «IJTHUHCM», XotbKkoBo, Poccus; tsniism@tsniism.ru;

Annomayus: Cywecmeyowue Memoost KOHMPONA Ka4ecmea OpoHeswx npespaod Ha 0OCHo&e onpedeens 2nyouHb npoH-
ranus cnapsaoa (I'TIC), nanpumep, 6 niacmunune 3a 6poHesoll npe2padoli uUMerm OOCMamo4Ho OOTLULYIO NOZPEUHOCTb U He
6cec0a npakmuyecku ocyujecmeumst.B pabome npeonaeaemes Hoviill Menoo OYeHKu Kavecmeda GPOHesbIX npespad Ha 0CHOGe

ananuza o KUX PAmypHLIX noaet,
cneyuanboe annapamioe u nPpoZpammioe obecneuenue.

wux npu ezaumooeiicmeuu I19 u 6ponesoir npecpadvl. Paspabomaro

Knwuesvie cnosa: ouaznocmuka kauecmea, Oponesas. npezpada, meMnepanypHoe noine, Ropaxcaloujuti nemMenm.

B cpezicTBax MHAMBUIYaIbHON OPOHEBOM 3ally-
TBl M 3aIIATHI PA3ITHYHBIX OOBEKTOB TEXHUKH IIMPOKOES
NPUMEHEHNE HAXOIAT IOJNMMEPHbIE MaTepuaibl, HC-
MoJIb3yeMble Kak B BHJE TKaHEH M3 BbICOKONPOYHBIX
BOJIOKOH Pa3JIMYHOM NPUpPOJBI (apaMUJIHBIX, CBEPXBbI-
COKOMOJIEKY/IIPHBIX TOJIMATHICHOBBIX), TaK M B BHAE
MOJTMMEPHBIX KOMITO3HIIMOHHBIX MaTepHaIoB Ha MX OC-
HoBe. [lpy B3aMMOIEHCTBUM MOPaXKAIOIIUX SIEMEHTOB
(IT1D) CcTPEKOBOro U apTUILICPUICKOTO OPYIKUSI C KOM-
HO3UTHBIMH OpOHEBBIMH TIpErpajaMd B MaTepHanax
Mperpaj OJJHOBPEMEHHO IMPOTEKAIOT BEChMa CIIOXKHBIC,
YacTO B3aHMOCBS3aHHBIE U B3aHMOOOYCIOBICHHbBIE,
IPOLIECCHI, B PE3yJIbTaTe KOTOPBIX MPOMCXOIHUT HOIIO-
LIeHUe KHHeTH4ecKon sHepruu I13.

CylecTByIoImye MEeTObl KOHTPOJS KauecTBa
OpOHEBBIX IIPErpaj Ha OCHOBE ONPEIENCHHS IITyOHHBI
nponukanus cHapsga (I'TIC), nanpumep, B MIacTUIMHE
3a OPOHEBOM HpPerpajioi, HMEIT JOCTATOYHO OGOJBIIYI0
MOTPELIHOCTD M HE BCEI/Ia OCYIIECTBUMBI IPAKTHYCCKH.

B pabote npeznaraercst HOBBIH METOJ OLICHKH Ka-
yecTBa OpOHEBBIX NpErpaj Ha OCHOBE aHAJIW3a JHHA-
MHYECKUX TEMIIEPATYPHBIX I10JICH, BO3HUKAIOMIHUX IPU
B3aumozeiicteuu 119 u GpoHeBOIt perpapl.

CxeMa HKCIIEPUMEHTa MO M3MEPEHHIO TETUIOBOTO
HoJIsl Iperpajsl nocie B3aumozeiicTsus ¢ 1D mpuse-
JleHa Ha puc. 1.

VeTpoicTBO I CTPeIbObI M3rOTOBICHO HA OCHO-
BE CTaHAAPTHON MeJKoKaanbepHoil BuHTOBKH. IIpH me-
peceyeHnH MOPAKAIOIIEr0 AJIEMEHTa IIePBOrO  ONTHU-
KO-2JIEKTPOHHOIO JaT4MKa TallMep HauMHaeT paboty, a
[P TIEPECEUEHHN BTOPOIO ONTUKO-3JIEKTPOHHOIO JaT-
YHKa TaifiMep BBIKIIOYACTCS. 3Hasl PACCTOSIHHE MEXKITY
JATYMKaMK M BpeMsi paboThl TaiiMepa, CKOPOCTh Topa-
JKAIOLIEr0 AJIEMEHTA PACCUUTBIBACTCSA IO M3BECTHOM
dopmyie.

Ilpy mpoBeeHMH DKCIIECPUMEHTANBHBIX HCCIIE-
JIOBaHMiT OpoHeBas Mperpaga 0OCTPeNHBaNach CO CKO-
poctamu ot 260 no 760 m/c cTaHAAPTHBIMH HMUTATO-
paMu OCKOJIKA - CTAJIbHBIMH IIAPUKAMU JHaMeTpoM 6,3
MM, umeromumu maccy 1,05 1. VM3amepenue TerioBbIx
nmosieif  MPOM3BOIMIIOCH  TEIUIOBU30POM  MapKu
«IPTHUC-2000», uuTepBanx ompoca Ajs KOTOPOTO CO-
craisit (1,0...1,5) ¢. B kadecrBe oObekra MccliienoBa-
HHSI MCIIOJIB30BAJICSA YCTHIPEXCIONHBIN ITaKeT U3 Gaiim-
CTUYECKOH TKAaHM HAa OCHOBE apaMMIHBIX BOJIOKOH
PYCAP. CymmapHasi MOBEpXHOCTHAS TIOTHOCTH TaKeTa
cocrassina 0,5 Kr/M>.
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Puc. 1. 1 - uccaenyemasi KoMNo3uTHasi GponeBasi nperpaaa, 2 —
CJI0H MJIACTH/IMHA, 3 — YCTPOIiCTBO M3MepeHHsi CKOPOCTH nopa-
JKAIONIEro YJIeMeHTa, 4-TeNJIOBH3HOHHAS CHCTeMa,

5 — ycrpoiicTBo 115l cTpeabObl, 6 — YCTPOHCTBO perucTpanumn
HAYaIa MoJeTa MOPAKAIONIero dIeMenTa, 7 — moje 0630pa Ten-
JIOBU3HOHHOH CHCTEMbI, 8 — MECTO COMPMKOCHOBEHMSI MOPAKAIO-
HIero JJeMeNTa W MOBEPXHOCTH KOMIIO3MTHOI GpoHeBoii mperpa-
Ibl, 9 - HANpaBjieHHe JBH/KEHHs NOpasKalomero iementa, 10 —
KOMIbIOTEPHAsI CHCTeMa.

Ha puc. 2 (a, 6) B oHaKkoBbIX Macuitabax Hnpu-
BEJICHBI XapaKTCPHBIC TEPMOIPAMMBI, HIUTIOCTPHPYIO-
M€ pacrpeieNieHHe TEMIIEPaTyphl 10 MOBEPXHOCTH
HCCIIeIyeMOro OPOHEBOrO MaKeTa [UIs HadalbHOM CKO-
pocru I19, paBHoii 365 m/c (puc. 2, a) u 496 m/c (puc. 2,
6).

0)
Puc. 2. Tepmorpammpl 06pasua U3 apaMUIHON TKAHH 10C/Ie BbI-
CTpeJia 10 HeMy CTAILHBIM IAPHKOM HAMETPOM 6,3 MM €O CKoO-
poctbio 365 m/c (a) u 496 m/c ()



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

Ha puc. 3 npuejeHa 3aBUCUMOCTb OTHOCHUTEIIb-
HOTO pa3Mepa 30HBI BOBJICYCHHS HHUTCH B IeGOpMHpO-
BaHHUE OT HAYAJILHOW CKOpOCTH 1'13, TIOTy4CHHAs IyTeM
00paboTKM TEPMOrpaMM.

£ .
Tl
PR
ol R Y
&
Puc. 3. TajbHAast Th OTHOCHTEJIbHOIO

pasMepa 30HbI BOBJIedeHHs B JeOPpMHPOBaHHE HHTeH apamui-
noii Tkann PYCAP ot nauanbnoii ckopoctn I

Kak BHIHO M3 pHCYHKa, pa3Mep 30HBI BOBICUCHHS
HUTEH B L[E('l)OpMPlpOBaHI/IG CHHXKACTCS C YBCIHYCHHUEM
ckopoctu [1D u B quanasone ckopocreii (450...550) m/c
JIOCTUra€T MUHUMAJIBHOI'O 3HAYCHUA.

Ha puc. 4 naHpl 3aBUCHMOCTH TlapameTpa Gaiy-
cTHYecKoi I((HEKTHBHOCTH HCCIEAYEMOTO MaTepuana
OT HauaIbHOM ckopocTn [1D, nomyyeHHbIE 10 METOIMKE,
OCHOBAaHHOI Ha M3MEPEHHHU PaOOThI CHIIBI COIPOTHUBIIC-
Hust BHenpeHus 11D B 3amperpajHyio cpemy, M TEIUIo-
BBIM METOJIOM - ITyTeM 00pabOTKH TEPMOTpamMM.

U3 puc. 4 BunHo, urto 3asucumoctd [, (V)

UMEIOT SIPKO BBIP@XCHHBIl CTaTHCTHYECKUH XapakTep B
unTepsaie ckopocrei I1D (260...600) m/c, momydeH-
HBIX TCIUIOBBIM METOJAO0M, CTATUCTUYCCKH 3HAYUMO HE
OTIIMYAKOTCST OT COOTBETCTBYIOIIUX 33.BP[CPIMOCTC]71, Io-
JIy4eHHBIX [0 METONY, B KOTOPOM HCIIONB3YeTCs 3alpe-
rpagHas cpefa. B OKpPeCTHOCTH HayalbHOH CKOPOCTH
113, paBHoii 500 m/c, oba MeTonma OOHAPYKHBAIOT
HaJM4YMe aHOMAJIbHO HU3KOW OaiumcTudeckoil spdex-
TUBHOCTH OPOHEBOIT perpajibl («OKHO MPO3PauHOCTH ).
Jlnsi OOBSCHEHMSI €r0 CYLICCTBOBAHMSA, I1O-BHIHMOMY,
HCOGXO}I"MO HCCIEeN0BaTh MCXaHUYECKHUEC XapaKTepH-
CTUKH (HpO‘IHOCTB n HO}IaTJ'[PlBOCTI)) apaMHUIHBIX TEK-
CTHJIBHBIX CTPYKTYp IpH IONEPEYHOM C)KaTUU JaBiie-
HHSIMH, YPOBEHb KOTOPBIX COOTBETCTBYET YPOBHIO 1aB-
J'[eHPIﬁ, BO3HUKAIOMKX TP JTUHAMHYECKOM KOHTAaKTE C
o

]

Puc. 4. TH TNapaMeTpoB
bannncTnyeckoii dpdexTnBHocTH apamuanoii Tkanun PYCAP ot
HavaabHO# ckopoctn I3, moay 10 MeToxy, y
HA H3MEPeHHH PaloThl CHIBI COMPOTHBIeHHS BHexapenus 119 B
3amperpaaHyi0 cpely (CHHHe KPHBbIE) H TEMJIOBBIM MeTOIOM
(kpacHasi KpuBasi)
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Ipu ckopoctsix I19, Gonbmmnx 600 m/c, TernoBoii
METOJ| TIOKa3hIBACT, YTO SHEProNoONIONIAoNas cnocoo-
HOCTh TEKCTHJIBHOW apaMHJHOIT OpOHEBOIl mperpasl
cTabuamM3upyercs 1 Kosiebnercs: 61u3u HEKOTOPOro T10-
CTOSIHHOTO ypoBHs. HanpoTus, MeTOi, MCIONB3YIOLMI
3amperpaaHylo cpeiy, yKasblBaeT Ha TEHJCHIMIO ee
BO3pACTaHMs C YBEIHYEHHEM ckopocTH I1D, 4To Moxker
CBHZCTENICTBOBATh O HAIMYMH JOMOJHHTEIBHBIX pe-
CYpCOB DHEpIONOIIOIIEHUS! ApaMUIHBIX MAaTepHaioB
MPU BBICOKUX CKOpOCTSX B3aumozeiictaus ¢ I19. Bel-
SICHCHHE HPUYMHBI TAKOTO PACXOXKIEHHS TpeOyeT mpo-
BEJICHUS JOTIOTHUTEIBHBIX HCCICIOBAHHH.

W3 conocrasnenus puc. 3 u 4 ciemyer, 4To dHep-
TONOIIONIAOIIAsE CIIOCOOHOCTh TEKCTHIIbHOI OpOHEBON
CTPYKTYphI 3aBUCHT OT 00beMa MaTepHala, BOBJICUCH-
HOTO B Ie)OPMHUPOBAHNE, U BO3PACTACT C YMCHBIICHHU-
em ckopoctu I1D. TIpu BBICOKHX CKOPOCTAX B3aHMO-
neiicteust 19 ¢ TekcTuibHONW OpoOHEBOM mperpajoii ee
BBICOKOIIPOYHbIE HUTH «HE YCIEBAIOT» HATSAHYTHCS IO
HCUYEpIaHHs UX HECyIleH CIIoCOOHOCTH Ha JI0CTAaTO4YHOM
JUIMHE M, B CBA3M C 9TUM, B MOTCHIHAIBHYIO YHEPTHIO
nedopManny HUTEH MepexonuT OTHOCUTEIBHO MEHbIIIAs,
YeM HPH MaJbIX CKOPOCTSX, J0JIs KMHETHYECKOH dHep-
rum 113,

Hannuue HMCHANAMOMIEro0 y4YacTKa 3aBHCHMOCTH

P (vy) npn manbix ckopoctsix 19 o6bscHseTCs TeM,

YTO Ha 3TOM yYacTKEC HE IPOMCXOIMT IPOOHTHUS IIpe-
rpajibl, M €10 MOIIONIAETCs BCS KMHETHYECKAsk SHEPrus
1D, yObIBatomas ¢ yMEHbBIICHHEM €r0 CKOPOCTH.
TennoBoit MeTox MO3BOJNWI IPOU3BECTH HEMO-
CpEJICTBEHHBIE HM3MEpPEHMs TEMIIepaTyphl Marepuana
OpoHeBoii Tperpajibl B 30He ee KoHTakra ¢ I19. Ha puc.
5 TIPUBEACHBI 3aBUCHMOCTH MAKCHMAJIbHOTO TIpHpalie-
HUSL TeMIIepaTypsl OpOHH OT HavalIbHOU ckopocTH [13.
W3  pucyHka  BHIHO, YTO  3aBHUCHMOCTb
(Vy) Takke MMeEeT CTATHCTHYECKHMH Xapakrep,

AT,

max
HUMes TeHJCHUUIO K BO3PACTAHUIO C POCTOM HavaIbHON
ckopoctu I1D. B okpectHOCTH CKOpocTH vV, = 520 m/c
HUMEET MECTO aHOMAJIbHO HH3KOC INPHPAIICHHUE TEMIIC-
parypsl.

K

aT,

Puc. 5 - P TaIbHAs 0y -
HOTO yBeJMYeHHs] TeMmepaTypbl apamuaHoii Tkann PYCAP ot
ckopoctn 119

TennoBH3HOHHBI METO B JIOTIONHEHAE K PE3Yilb-
TaTraM, IOJIYYCHHBIM II0 METOAY, OCHOBAaHHOMY Ha
onpezeneHun sHepruu [13, moriouraemoil 3amperpaz-
HOW CpeJI0if, MO3BOJIMII HOJYYUTh HAIVIJAHBIE KApPTHHBI
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M KOJIMYCCTBCHHBIC XAPAKTCPUCTHKH TEMIICPATYPHBIX
roJieil B 30Hax B3aumozeicTBus 6ponu ¢ I1D u oueHnTh
pa3Mepsl 3THX 30H IIPU Pa3aMYHBIX cKopocTsx I10.

HOJ’IyquHaﬂ TCIUIOBU3UOHHBIM METOJAOM 3aBHUCHU-
MOCTb DHEPruH, MOMIOIAeMO Mperpasoi, OT CKOPOCTH
I19 noarsepauia Hanuuue OOHAPYKEHHOIO APYTHMHU
METOJIaMU «OKHa IPO3PauYHOCTU» - MHTEpBajia CKOPO-
creit 19, B KOTOpOM OpOHEBBIE TIPErpajbl M3 apaMH-
HBIX MaTCpHUaJIOB MMCHOT aHOMAJIbHO HHU3KYHO SHEPro-
MOMIOMIAIOIILYIO CIIOCOOHOCTD.

PaccMoOTpeHHbI B JaHHOI paboTe MeToX Mpej-
CTaBJIACTCS MNEPCIEKTUBHBIM I MCCIIEOBaHHs IIPO-
nieccoB B3aumozeicTaus [19 ¢ OpoHEBBIME CTPYKTypa-
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MH H3 TOJHMEPHBIX MAaTePHAJOB, €r0 HCIIOIb30BAHHE
103BOJIUT YQPEKTHBHO HPOU3BOIUTH OTOOP MaTEPUAIOB
JUI1 OPOHEBBIX CTPYKTYp C LCJIBIO HOBBINICHHS HMX 3a-
IIMTHBIX CBOMCTB.

1. Xapuenko E.®., Epmonenko A.®. M3MeHeHHe HEpromo-
TJIONICHUS TCKCTHIBHBIX OpPOHEMATEPHAOB B 3aBUCHMOCTH OT CKO-
POCTH MOPaXKAIOIINX J1eMeHTOB// Bonpockl 060ponHoi TexHukn. Cep.
15. KoMmno3HiuHOHHbIC HEMETaUIMYECKHe MaTepuajbl B MAlIHHO-
crpoenn.- 2010. — Beim. 1(156) — 2(157).

2. Bynaaun O.H., Basunos B.II., A6pamosa E.B. TeruioBoii
KOHTpoIb. J{narHocTika GezonacHoctr. ITox obmieit penaximeii aka-
nemuka PAH Kimoesa B.B. - M.: U3narensckuii gom Crekrp, 2011,
171c.
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OHLEHKA IPEJEJIBHOTO PECYPCA U HAJEXKHOCTH ®YHKIIMOHUPOBAHMUSI JIEMEHTOB 1
KOHCTPYKLUM U3 IMMOJUMEPHBIX KOMIIO3ULIMOHHBIX MATEPUAJIOB HA OCHOBE
MNPOIrHOCTUYECKOI'O MOJEJIMPOBAHUSA

Kosenbckas C.0."", Mopososa T.10.
'AO «ITHUMCM», XoTbKoBO, Poccns; *tsniism@tsniism.ru;
*denepanbHOE TOCYIAPCTBEHHOE BIOKETHOE 06Pa30BaTEIbHOE YIPCKICHHE BBICIIETO MPO(ECCHOHATEHOTO 00pa-
30BaHus «MOCKOBCKHIi FOCY1apCTBEHHBIH TEXHUYECKHI YHUBEPCHTET PAJHOTEXHUKH, DIEKTPOHUKH M ABTOMATH-
km»(MUPDA)

A : IIp

51 HOOX00 K NPOHO3UPOBAHUIO NPEOETLHO20 PECypCd U HAOEICHOCU GYHKYUOHUPOBAHUS dle-

MeHnmos u Koucmpymmﬁ U3 NONUMEPHBIX KOMNOZUYUOHHBIX MAmepuanoe Hd OCHO8e nepCcneKmueHblX Memoouxk (3K.rl)oualou¢ux
2NeMeHmbl UCKYCCmBeHHo20 unmeniekma na 6ase MHC) u xpononozuyecko2o ananusa pesyismamos uchblmanuti, OuazHOCmuKu u

HepaspyuLanye20 KOHMpOos.

cnosa: 0

1p
HelpoHHble cemu, Hepaspyutalowuii KOHMpob.

IIpoGnema OLEHKM OSKCINUTyaTallMOHHOW YCTOHYM-
BOCTU M, COOTBETCTBEHHO OLEHKHM CPOKOB XPaHEHHs U
6e30MacHON IKCILTyaTallid OOBEKTOB U3 IIOIHMEPHBIX
KOMITO3UIIMOHHBIX MaTepuajoB (Hampumep, HECyIInX
CHIIOBBIX KOHCTpyKImii 13 IIKM) Bcerna Oblna oHOM U3
BaXKHBIX.

B nacrosimiee Bpems 5Ta 3ajaua IpOrHO3UPOBAHUS
B OCHOBHOM pELIAETCs HAa OCHOBE MCHBITAHMI M3/e/INid,
a TaKkKe JETANbHOTO M3YYECHHS 3aKOHOMEPHOCTeH (u-
3UKO-XMMUUYECKHX NPOLECCOB CTAPEHUs, MPOTEKAIOIINX
B IIKM 1 usmeHeHus: QPU3MKO-MEXaHUYECKUX XapaKTe-
PMCTHK WU3eNWi, U CO3JaHHsA Ha 3TOH 0a3e COOTBET-
CTBYIOIIMX METOJOB HCIBITAHWIH M MAaTeMaTHYCCKUX
MoJeNei MPOrHO3UPOBAHMSL.

B HacTosmiee Bpems CyLIECTBYIOT MOIXOIbI K
OLIGHKE HKCILTYaTallHOHHOM yCTOMYMBOCTH B M3/IEIMAX
13 NOJMMEPHBIX KOMIIO3UIIMOHHBIX MaTepUalloB.

ITepBblii, Hanbomee pacIpPOCTPAHEHHBIH MOIXOX
OCHOBAaH Ha HCIOJIb30BaHHU (HOPMAILHBIX AHAIOIUM.
Ha »stoM mnojxoje nocTpoeHa METOJOJIOrHs  Cylle-
CTBYIOIIUX YCKOpeHHBIX ucnbITanuii (YH). CyTs 3TOTO
METOJa TPOTHO3HPOBAHHS AKCILUTYaTAllMOHHOW YCTO¥i-
yuBocTH (DY) 3aKioyaeTcs B HKCTPANONISALNH JaHHBIX
YU Ha yclioBUs SKCILTyaTalu.

Bropoii moaxo/1, HECKOJIBKO peke NPUMEHsSeMbIi B
WHXKCHEPHOH NMpaKTHKe MPOTHO3UPOBAHMUS, 3aKIIIOYaeT-
sl B OKCTPATOJISALUN Ha JUTUTEIbHbIC CPOKH PE3YIIbTaTOB
OIBITHOTO HATYPHOTO CTAPeHHs, MOIYyYEHHBIX, Kak
NpaBUIoO, HPHM CPOKAX 3HAYUTEIBHO MEHBIIMX, YEM
CPOKH JKCITyaTallhu.

ITpu Bcex MOJOXKHUTEIBHBIX MOMEHTAX HEOCTaTKH
TaKMX TOAXOJ0B OUEBHIHBI: Ul MX Peaju3aluy Heoo-
XOMMbI u3Jeus (B T.4. JUIs PaspylIAlOIUX HCHbITa-
HHi), 00pasibl H3/IeNHii, KOTOphIe B MPOLECCE SKCILTY-
aTallM MOJKHO HCIIBITBIBATE, KPOME TOTO, IEHHOCTh Y1
CHJIBHO CHIDKAETCS, TAK KAaK CPOKM HCHBITAHMI MOTyT
ObITh JIOCTATOYHO OOJIBIIMMH.

Bce Ooibllice BHUMaHHE MPUBJIEKAET MOIXOI K IIOBBI-
MICHHIO JIOCTOBEPHOCTH OLIGHKM HAJICKHOCTH SKCILTya-
Taiuu (MPEfeNbHOr0 CPOKa IKCIUTyaTalMu) MyTeM I10-
CTPOEHHMSI IIPOrHOCTUYECKNUX Mozenel [1-4] Ha ocHoBe
MHOTO(QYHKIIMOHATBHBIX CHCTEM, HCIONB3YIOIINX CO-
OTBETCTBYIOIME BXOJHBIC JaHHbBIC, HAIPHUMEp, PE3yib-
TaThl HEPa3pyLIAIOIEro KOHTPOJs (MOHUTOPUHTA) 00b-

il pecypc, HAOEHCHOCHb IKCHIL
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UCKYCC unmesleKm, UCKyccmeeHHble

€KTOB.

IToctpoenue u pa3BuTHE MHOTO(YHKIIMOHATBHBIX
CHCTEM KOHTPOJIS CBS3aHO C Pa3pabOTKOi M BHEIPEHH-
€M MHOTOKOMITOHGHTHBIX MHOTOYPOBHEBBIX HH(pOpPMa-
LHOHHO-U3MEPUTEIIBHBIX KOMILIEKCOB [7].

Jlnst nosbiieHust 3GGEKTUBHOCTH TIPOrHOCTHYE-
CKHX Mojelell HeoOX0IMMO HeOOXOMMMO BBECTH B HUX
9JIEMEHTBI MCKYCCTBEHHOIO MHTEJUIEKTA, HallpuMep, Ha
OCHOBE HCKYCCTBEHHBIX HelponHbIX cereii (MHC) c
COXPAHEHHEM YAaCTHYHOTO Y4YacTus 4desoBeka. B stom
cilyyae JaHHas cucrema Oyaer crocofHa K camooOyue-
HMIO.

3ajaya TIPOTHO3MPOBAHMS MPENETBHOTO pecypca
9KCIUTyaTallid MOKeT ObITh c(OpPMYIMpOBAaHA KaK 3a-
Jadya arnmpoKCUManuy QyHKIMH MHOTHX NEPEMEHHBIX.
HeobxoquMo  MOCTPOUTH  HEKOTOPOE — OTOOpaKeHHe
H—> Y Takoe, 94TOOBI HA KaXKIBIi BO3ZMOKHBIN BXOIHOM
o0pa3, NpeaCTaBICHHBIH BEKTOPOM BXOJHBIX JAHHBIX
(H) ¢dopmupoBancs NpaBUIbHbINA BBIXOAHOH BEKTOP
nporHosa (¥).

Hcnosb30BaHHE MCKYCCTBEHHBIX HEHPOHHBIX Ce-
teit (MHC) B kauecTBe ammapara ajisi yCTaHOBJICHHS
3aBHCHMOCTH MEXKJy BXOIHBIMU JAHHBIMH U pe3yJbTa-
TaMU ITIPOTHO3a OOYCIIOBJICHO CIIOCOOHOCTAMH CETH K
napajielbHOW M pacrhpesiesieHHoi 00paboTkn HHpOp-
MalMy, YTO TO3BOJSET 3HAYMTEIBHO YBEIUYHMTH CKO-
pocTh pabOThl aArOPUTMA, BHECTH OIEMEHTbI HCKYC-
CTBEHHOTO MHTEIUICKTa U IOBBICHTH 3((EKTUBHOCTH
nporHo3a. IIpu sTom HelfpoceTeBoil MeTon MoAeanpo-
BaHUs HE TpeOyeT anmpHOPHOTO 3aJaHus BUA HCCIETy-
€MOii 3aBUCHMOCTH.

Takum 00pasoM, pabora MO IPOTHO3UPOBAHUIO
NPEIEIBHOTO pecypca M HAIEKHOCTH (yHKIMOHHPO-
BaHHUsA OJICMEHTOB M KOHCTPYKIMH W3 MOJNMEPHBIX
KOMIO3MIMOHHBIX HANpaBlIeHa Ha HCCIENOBAaHUS MU
pa3zpaboTKy METOZOB IOCTPOEHUs IIPOrHOCTHYECKUX
Mojiesieil Ha OCHOBE MCKYCCTBEHHOIO MHTEIUICKTa Ha
6a3e XPOHOJIOTMYECKOr0 aHaIN3a Pa3IMIHbIX (HAKTOPOB,
B T.4. PE3yJbTaTOB JUArHOCTUKM M KoHTpous. Hekoro-
pble IpeaBapUTENIbHbIC HCCIEIOBAHUS MO JaHHOMY BO-
Npocy U3JIOKeHsI B [8,9].

Tlpu pemieHnu 3ajauyl BBISBICHMA M yCTAHOBJICHHS
MPHUYNHHO-CIIEICTBEHHBIX CBS3CH, I1eIecO00pa3sHO HC-
MOJIb30BaTh a0MyKTUBHBIH METO[ (BBIBOJ NMPHYUHBI U3
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Habmonaemoro coobitust) [10] 1t oObsicHenns HabIIO-
J1aeMbIX (MJIM yCTQHOBJICHHBIX) (haKTOB.

IpakTHyecKas 3HAYMMOCTh CHCTEM aOIyKTHBHOTO
BBIBOJIA CJICYET M3 MHOTOYMCICHHBIX 3a1ad MPHHSITHS
peleHnii, Korja mpy HEKOTOPOM MHOXECTBE (JaKTOB M
COOTBETCTBYIOIIEIO ~ MpaBWUIA,  IOIYy4YeH  PE3yilb-
Tar-cnencteue. IIpy 3TOM MHOXKECTBO (DaKTOB, BBI-
3BABIINX ITO CJIEICTBUE, HEU3BECTHBI MJIN CTABSTCS T10]T
COMHEHHE.

B cBA3M ¢ 5THM, aKTyalbHOI sIBISeTCS 3a1ada I10-
CTPOCHHMS MOJEIH MPUHATHS 000CHOBAHHOTO PEIICHUS.
PesynbratroM paboThl JaHHBIX AITOPUTMOB SIBIISBIIACTCS
BBISIBJICHHE TIPUYMHHO — CIICJCTBEHHBIHBIX CBS3CH TeX-
HHYECKOHl CHCTEMbI, BOSHUKAIONIINX B HPOLECCE ee pa-
GOTBI (JeHCTBYA).

Jlns peanwsalliyi PacCMOTPEHHOTO METOHa IIpo-
THO3MPOBAHHS I1EJIECO0OPA3HO HCIIONB30BaTh CEHCOP-
HYI0 MHOTOSTYEHCTYI0 CHCTEMY MOHHUTOpHHTA [5,6].

BecrpoBo/Hble MHOTOSYEHCTBIE CUCTEMbI MOHUTO-
purra (BMCM) npeacTaBisiior coboii pacipeieaéHHbIe
CaMOOPraHM3YIONINXCA CHCTEMbl MOHUTODHHTA, CO-
CTOSIIIME M3 MHOXECTBA CEHCOPHBIX y310B. COBOKYyI-
HOCTb OOBEIMHEHHBIX MEXKIY CO0O0H MOCPEACTBOM CH-
CTEM CBSI3U CCHCOPHBIX Y3IIOB Juisi cOopa U 00paboTKI
MHQOPMAIMH C KOHTPOJIHMPYEMOIO HPOCTPAHCTBA IIPH-
HSTO Ha3bIBaTh CEHCOPHBIM IOJIEM WM 30HO YyBCTBH-
TEIBHOCTH JaTYHUKOB.

OcHoBHbIM oTMuneM BMCM sBisiercst croco6
OpraHM3alMK B3aUMONCHCTBHS MEXKIY JIEMEHTAMH CH-
cTeMbl. B Takux cHcTemMax mepeada MH(MOpMaLHN
MPOMCXOAUT HE HAMPSMYIO OT OJHOTO IEMEHTa K ApY-

romy (or Dy x D,), a uepes uenouxy TpaHsuTHBIX
alIeMenToB nocpemukos (D, D,, Ds,...,D;,...,D,)s
HaXOJAIINXCsA B 30HE JOCTYIHOCTH (RD ), KaK MoKa3a-

HO Ha puc. 1.

Puc. 1. BzaumoneiicTBre ycTpoiicTs B GecnpoBoaHbIxX
MHOTOSIY€HCTBIX CHCTEMAX MOHHTOPHHTA

63

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 .

Takum 06pa30M, npemaracTes moaxon K nporHo3supo-
BaHHIO IPEIENILHOTO pecypca M HAaIAEKHOCTH (ByHKIH-
OHMPOBAHHS SIEMCHTOB M KOHCTPYKIMH H3 IOJIHMMeEp-
HBIX KOMITO3HMIIMOHHBIX MAaTCpHaloB Ha OCHOBE IIEp-
CIICKTUBHBIX METOAUK (BKH}O‘I&IOLL[I/[X DJIEMEHTBI UCKYC-
cTBeHHOro uHTe/uiekra Ha 6aze MHC) u xpononoruye-
CKOTO aHAJIM3a PEe3yIbTaTOB HCIIBITAHNMH, JHArHOCTHKA U
HepaspyIla IoIero KOHTPOIIS.

Peanmsamus mpeanaraemMoro IOAX0Aa MO3BOIUT
C03/1aTb HOBO€ MOKOJICHUE METO/I0B HCIBITAHUI U Tpo-
THO3MPOBAHMS  SKCIUTyaTallMOHHOH —YCTOMYMBOCTH C
OIICHKOH IPEJIENIBHOT0 Pecypca SKCILTyaTallud dJIeMEH-
TOB U KOHCprKL[]/lﬁ 13 TIOJTMMEPHBIX KOMITO3HIITHOHHBIX
Mare€puaioB, YTO B KOHEYHOM CYETE [acCT JAOMOJIHHU-
TEJIbHYIO BO3MOXKHOCTbH IJIA BblpaGOTKl/l TPAKTHYCCKUX
PEKOMEH/AIMi TI0 TOATBEPXKJICHUIO HIIM IPOUICHUIO
T‘apaHTHﬁHBIX CPOKOB J3KCILTyaTaIlliH.
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OCOBEHHOCTH MEXKCJIOEBOI'O PA3ZPYIIEHUA KOMIIO3UTOB HA OCHOBE
TKAHBIX HATIOJITHUTEJIEN IO MOJIAM I U1 11

Kpsiios B.J.", Sixosres H.O.'., Iynsies AW, lypraxos C.B.", Tenumxuna E.C.2
'OIYIT «BUAM» I'HI[ Pd, Mocksa, Poccns; *krylov.vladimir@gmail.com;
MITY um. HD. Baymana, Mocksa, Poccusi.

Aunomanus: Onpedenenvi xap MUKU C Kol mpewuHocmotikocmu (ssazkocmu paspyuienust) IIKM ¢ apmu-
PYIOWUMU HANOTHUMENAMU PAZIUYHON (HOpMbL (PAGHONPOUHbIe, OOHOHANPAGNEHHbIE MKAHU, HC2YMbL) NPU PASPYULEHUL 8 YCI08U-
AX HOpMAnbHO20 ompwiéa (Moda 1) u nonepeunozo cosuea (mooa Il). Hccnedosanvl ocobennocmu (ppakmozpacpuu. Iokaszano,
umo ons IIKM ¢ apmupylowum nanoinumenem 6 uoe pasnonpounoii mxanu omnoutenue Guc/Gie (1,2 + 2,0) nuoice, uem ons
IIKM ¢ o 1p 01l YKIAOKOU apmup, 20 (2,3 = 3,7). IIpu smom nosepxnocmu paspywenus IIKM na
ocHoge mkanwix Hanonnumenei (BKY-39, EMH-3/3692) npu nazpyosicenuu obpasya 6 yciosusx 4ucmo2o ompeléa uiu 4ucmozo

nonepeuHo20 coBu2a uMelom 0codeHHoCm, Xapakmephvle 0N Mexanuzmog paspyutenus no I u Il mooe oonospemenno.

K cnoea: ’p
memood DCB, memoo ENF, ppakmoepacpusi.

TTomuMepHble  KOMIO3HIMOHHBIE — MaTepHasbl
(ITKM) mmpoKO NMPUMEHSIOT B Pa3INYHBIX OTPACIAX
MPOMBIIUICHHOCTH, B TOM YHCIE B ABHACTPOCHHUH IS
U3TOTOBJICHHS C1a00 U  CPeJHCHATPYKEHHBIX KOH-
cTpykimit. OpHOM M3 BakHbIX Xapakrepuctuk ITKM
SBJISIETCSI XapaKTEPUCTHKA TPEIIMHOCTOMKOCTH — MEX-
croeBast BA3KOCTb paspymenus (Gc). Ilpu kBammuduka-
LMM MAaTepUajIoB OIpPEIC/SIOT XapPAaKTePHUCTHKH Tpe-
muHOCcTOlKOoCTH 1o Moxam [ m 11 [1, 2].

B pamkax JaHHO# paGoThI MPOBEACHBI HCIIBITAHUS
ITKM «Tabm. 1»:

- Ha MEXKCIIOCBYIO BSI3KOCTb Pa3pyIICHUS B yCIIO-
BUsX oTphiBa (Moa I, meron DCB, ASTM D5528);

- Ha MEXKCIIOEBYIO BA3KOCTh Pa3pylleHHUs B yCIO-
BUAX monepeyHoro casura (moma II, meron ENF,
ASTM D7905).

VcnbiTanus MpoBOJMIN HAa YHUBEPCAIbHOM 3JIEK-
TPOJIMHAMHYECKON MCIBITATEIBHOW MammHe Instron
ElectroPuls E10000, wuccnemoBaHwe H3I0MOB — Ha
pacTpoBOM DIEKTPOHHOM MHKpockome Zeiss EVO
MA 10. Ha Bcex npHBEICHHBIX Jajnee MHKpO(poTorpa-
(busAX M310MOB HaIpaBIICHUE JIBIKCHUS MaruCTPaIbHOM
TPEIIMHBI — CHU3Y BBEPX.

ITo ompeneneHHbIM XapaKTEPUCTHKAM TPELIMHO-
croiikocTu 6610 paccuntano otHouienue Gye/Gic, Ko-
Topoe a1 ITIKM Ha ocHOBe TKaHBIX HAIOJIHUTENCH CO-
ctaBuio oT 1,24 10 2,02, a juis IIKM Ha ocHOBe KIyTOB
1 OJTHOHATPABJIEHHBIX TKaHel — ot 2,31 1o 3,69.

Taba. 1. MeskcesnoeBasi Ba3KocTh paspymennsi ITKM.

KOMRO: J 7%

Apmu-
§ pyrommii Gic *, Giic *,
Marepuat HAros- KK/ kIR Gne /Gie
HHTCIIb
BIIC-47/7781 PasHo- 0,88 1,26 1,5
BMI-3/3692 | npounsie | 0.29 0.54 1.8
BKY-39 TKaHH 0,97 1,82 1,9
BIIC-48/7781 | Forcher 1,06 2,15 2.1
BKY-25 Vrie- 0,38 0,92 2,4
pomHbIit
BKY-28 ryT 0,25 0,78 3,0
BKY-27n Onno- 0,28 0,86 3,0
Harpas-
BKVY-29 JIeHHAs, 0,68 2,42 35
TKaHb

* — MpHBE/ICHbI CPEHIE 3HAYCHHUS

, mpeuy plllul;I\UL'mb, Mmednccnoesas 6A3KOCMb paspyuleHus,

AHanmu3 (pakTorpamMm IOKasal 4To, Ha MOBEpX-
HOCTSIX paspyuienus crekiomnactukos BIIC-47/7781 n
BIIC-48/7781 mo moxe Il HabmiomaioTcest XapakTepHbIe
IUIs JTAaHHOW MOJbI Pa3pyLICHHs THIIOBbIE IpebHE00-
pasHble CTPYKTYpHI «pHC. 1, a», dopMHpoOBaHHE KOTO-
PBIX CBSI3aHO C BOSHMKHOBEHHEM IOJIOCTEHl MOJ yriioM
0KO0JI0 45° K IIIOCKOCTH MaruCTPalIbHOM TPELMHBI H3-3a
HANpPsHKEHUH CJBUIa B 30HE Mepe] MarucTpajibHOU
tpemmnHoil. IIpu paccioennn no mozxe 1 «puc. 1, 6»
HaOJI0aeTCsl XapaKTePHBIil JUISl TaHHOTO TUIMA paspy-
LICHUsS MEHee BBIPAXKEHHBIN penbed, 4eM MpH paccio-
enuu 1o moze I1.

Puc. 1. [loepxHOCTH pa3pylIeHus cTekjomnacTuka BIIC-47/7781
no moaam II (a) u I (0)

B toxe Bpems s psaa [IKM Ha ocHOBe TKaHbIX
HAIIOJHUTEJICH NPU pa3pyLIeHUH 110 YUCTOH Moje (1in
moza I, wim moza I1) B usnome HaGiI01al0TCsl 0COOCH-
HOCTH, XapakTepHble 114 MoJ I u II oqoBpemenno. Tak
y4acTku paspymenns BKY-39 no moge Il mo ocHose,
MPE/CTABICHHBIC PEILIMKAMHU YIIEPOJHBIX BOJOKOH B
HENpephIBHOH (a3e TepMOIIacTa, MPaKTHIECKH HE CO-
JiepKaT TPeOHeoOpa3HBIX CTPYKTYP B MEKBOJIOKOHHBIX
obmactsix. Jlas HOBEPXHOCTH pa3pyIICHHs IO YTKY
HAOIIOaeTCsl OTHOCHTENIBHO [JIAJAKHIl penbed, npu
9TOM BBISBJICHBI HEKOTOpPbIC (pakTorpapuyueckue 0co-
OGEHHOCTH, XapaKTepHbIe I MOABI I: OTClIanBaHue He-
MPEPLIBHON (ha3bl TEPMOITACTa OT SMOKCHAHBIX JOMeE-
HOB, OTCYTCTBHE HABOJIAKUBAHUS «PHC. 2».

TIpu nHarpyskenun yriemactiuka BMU-3/3692 no
moze Il Ha ydacTkax Hayanga JBI)KCHHS TPEIIHHBI IO
OCHOBE HaOJIOAIOTCS KaK IUIATO «PHC. 3», XapakTep-
HBIE JUIsL paspylueHus no moze I, Tak u rpeGHu, xapak-
TepHble st paspywenus no mozae II. Ha ywacrkax
OKOHYAHHS JBWKCHHSA TPEIIMHBI 10 OCHOBE TI'PEOHU
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MPAKTUYECKH OTCYTCTBYIOT. [Ipm HarpyxeHuum yr-
nerutactika BMU-3/3692 1o mozne I pacnpoctpanenue
TPEUIMHBI 110 KI'yTaM OCHOBBI HAYMHACTCS OJIHOBpE-
MeHHO 1o MexanusmaM I u I Moz, a 3akanumBaercs no
moze L.

Mopdosorust OBEpPXHOCTEH paspyLIeHHUs! 10 YTKY
npu paccnoeHuu 1o moxe I «puc. 4, a» u no moze I
«puc. 4, 6» BO MHOTOM CX0Xa, YTO MOXKET yKa3bIBaTh
Ha CXOXHH XapakTep pacHpoCTPaHEHUs TPEILIMH MO yT-
Ky HE3aBHCHMO OT CXEMbl HarpyskeHus odpasua.

Puc. 4. TloBepxHocTH paspymenns yrienjaactuka BMH-3/3692 no
YTKY npu paspymenusi no moaam II (a) n I (6)

TakuM oGpa3oM, BbIsBICHO, uTo Juist [TIKM Ha oc-
HOBe TKaHbIX HamonHuteneit (BKY-39, BMU-3/3692)
TIPU HATPYKEHUU B YCJIOBUAX YMCTHIX OTPBHIBA MU T10-
MEepeyHoro CJABUIa Ha IOBEPXHOCTU pa3pyLICHUs
HaOIIOJAI0TCA OCOOCHHOCTH, XapaKTepHbIC IS MeXa-
HU3MOB paspymenus no I u Il mMoje opHOBpeMeHHO.
BeposTHO, 5TO MPUBOIHUT K POCTY ONMpPEIEIIEMOro 3Ha-
YEHMSI MEXKCIOEBOH BA3KOCTH paspylieHus mo moze |
(3a cuer BKsaa MoJbI 1) M CHUKEHHIO — 3HAUCHUS JUIS
Mozl I (3a cuer Bkiama Mol 1), 4To oOycnaBinuBaer
Menbinue 3HadeHust otHomeHus Gyco/Gie ast ITKM nHa
ocHoBe TKaHell mo cpasHenuio ¢ [IKM Ha ocHOBe kry-
TOB U OITHOHAIIPABJICHHBIX TKAHEH.

PaGoTa BBINMONHEHA ¢ WCIOJIB30BaHHEM 000PYI0-
Banuss LIKIT «Kinumarnueckne wucneitanus OIVIT

«BUAM».
Puc. 2. lloepxHocTH paspymenus yriaenaacruka BKY-39 npu 1. Kpsuos B.J1., Sxosnes H.O., Kypranosa 10.A., Jlamos O.A.
paspyuienus no moze 11 MeskenoeBas  TPEIIMHOCTONKOCTh KOHCTPYKIHOHHBIX TIOJTHMEPHBIX

KOMIIO3HIMOHHBIX ~ MATCPHANOB //ABHAIMOHHBIC ~MaTepHaabl 1
Texnonoruu. 2016. 2016. Ne 1. C. 79-85
2. Slxosnes H.O., Jlynenko A.H., Aprembea M.B. Metomsl
p M i ) TOHKOCTH CIIOMCTBIX
Matepuanos // Bee maTepuaibl. DHIMKIONCINYCCKHI CHPABOYHHK.
Kommentapun k crangapram, TV, cepruduxaram. 2015. Ne 10. C.
7-14.

3. T'ynse AW, Sxosnes H.O., Kpsuio B, Iyprakos C.B.
MuUKpOMEXaHHKA Pa3pyLICHUs YIICIUIACTHKOB NPH PACCIOCHHH 110
mozxam I u I //Marepuanosenenue. 2016. Ne 2. C. 13-22.

o

Puc. 3. [loBepxHocTH paspyuienus yrieniactuka BMHU-3/3692
npH paspyuenus no moje I (cTpeskoii nokasanbl rpednm)
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COBPEMEHHBIE TEXHOJIOTYIM HEPA3SPYIIAFOIIETO KOHTPOJISI KOHCTPYKIIAN U3
MNOJIMMEPHBIX KOMITO3ULIMOHHbIX MATEPHAJIOB

KynekoB A.A., Bynamgun O.H.*, Kosennckas C.O.
AO «ITHUUCM», XotbKkoBo, Poccust; *tsniism@tsniism.ru;

A : Onucansi c mex:

P

euil Hepaspywiaroujeco KOHmpons u MEXHUYECKOU OUAZHOCTUKU KOHCMPYK-

Yuil U3 NOTUMEPHBIX KOMROZUYUOHHBIX Mamepuanos, paspabomannvie na 6ase AO LIHUHUCM, sxnouarowue smanvi: ucciedo-
8anus 00bEKMO8 KOHMPOIA, MOOENUPOBAHUE MEXHON0UI KOHMPOIA, PaspadomKka Memooos 0OHAPY*CeHUA U PACNO3HABAHUSA Oe-

hexmos, cozoanue memooos u cpeocme HK u T]], komnaekcuposanue

H6ombl onepamopos.

Knroueswie cnosa: memoow Hepaspyuanoujeco KOHmpois, noau.

[TpuBeneHs! pe3yabTaThl UCCICAOBAHHIN 110 CO3IAHHIO
HOBBIX TEXHOJIOTMI HEPa3pyLIAOIIEro KOHTPOJIS Ha 6aze
AO IHHUMCM u BO3MOXHOCTH HPHMEHEHHUS KOM-
IJIEKCHPOBAHUs PE3yNbTaTOB JUIS MOBBIIICHHS JIOCTO-
BEPHOCTH PE3y/IbTaTOB KOHTPOJIS M OLIEHKH HAaJeKHOCTU
KOHTPOJIUPYEMbIX H3/IEIHH.

TIpoBeeHHBIC HCCIIENOBAHNS TO3BOJILIN Pa3paboTaTh
CXeMy CO3/1aHHs M OTPaOOTKH TEXHOIOIMi Hepaspy-
IIAOMIETO KOHTPOIS.

IlepBbiit stan cosnanus texnonorun HK — unceneno-
BAaHUE PEANIbHBIX BHYTPCHHHX Ne(EKTOB B U3ACIUSIX MO
CIICIMAIBHO Pa3paboTaHHON METOIUKE.

JleranpHoe WccenoBaHHE Je(EKTOB 3aKI0YAIOCh B
aHann3e KOH(Uryparuu, THIoB Ae()eKTOB, NIyOUHBI UX
3aJleraHusi ¥ PacKphITUS, B PE3y/bTaTe 4ero ompesess-
I0TCSl 3TH MIAPaMETPBI, KOTOPhIE HAXOATCSA B OCHOBAHHU
paspabarbiBaeMbIx TexHOToruit HK.

Crnenyrommii 3tan — pa3paboTka METOIOB OOHapyXke-
HMS U Paclo3HaBaHus Je(eKTOB.

BaxxHocTh pelneHus 3Toro BOIpoca yCHIMBACTCS TEM,
4TO HapsAldy ¢ omnpeelieHueM (akra HaIM4Us WM OT-
CyTCTBHS Ie(EKTOB, JUIsl AHATHOCTUKH TOBEACHHUS KOH-
TPOJIUPYEMOTO H3/EINHS, UMEIOIIEro Ae(eKThl, B LITaT-
HOM DPEXMME HEOOXOIMMO OIPEJCIHTh OCHOBHBIC Xa-
PAKTEPUCTHKH HAiICHHBIX Je(EKTOB, YTO B YaCTHOM
CIlyyae TpeArnonaraeT peleHne 3aJadn pacrio3HaBaHUs
oOpa3oB. Dtoi mpobieMe MOCBSLIEHO J0CTAaTOYHO
Goubiioe KonmyecTBo padot. Hanpumep, st ITIKM nc-
CIIC/IOBAINCH ClICAYIOIMEe Hauboliee MHPOPMATUBHBIC
(o mpe/IBapUTENIBHBIM HCCIIEI0BAHNAM) TapaMeTph
n1eeKTOCKOHN:
1.CnekrpaibHble.

2. KenicrpanbHhsie.
3. B3auMoKoppeIsIOHHbIE.
4.ABTOpErpecCHOHHBIS(BXOIHAS.  TTOC/IEI0BATEILHOCTD

{Nn} ¥ BBIXOZHAs MOCNENOBATENBHOCTD {X,}, KOTOPEIE
HCHONb3YIOTCS JUISl MOJCIMPOBAHUS JAHHBIX, CBA3aHBI
JIMHEIHBIM Pa3HOCTHBIM YPaBHEHHEM).

5. TMapamerpsl 1eEKTOCKOINH, MOASIUPYEMOTO Psijia-
Mmu BonbTepa.

Onpenensiorcss XapakTepPHCTUKH, KOTOpbIE Iielie-
€000pa3HO MCIOJIB30BaTh B KAaueCTBE MH(POPMATHBHBIX
NPH TIPOBEJICHUH KOHTPOJISL.

IpoBesieHBI MCCTEOBAHNS PACIO3HABAHHA MaJlo-
pa3MepHBIX 1e(eKTOB B YCIOBHAX HEONpPEAEIeHHOCTH
ux (opMbl B mpolecce aBTOMATU3UPOBAHHOIO Hepas-
PyLIAIONIEro KOHTPOJIs.

HccnenoBan U pa3pabOTaH METOJ PAcIO3HABaHHsS 00-

MHC

dop oeo HK u o ayuu pa-
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paszoB n Knaccuukanuuu Ae(eKTOB B CIOXKHBIX KOH-
CTPYKLHMAX HAa OCHOBE METO/la BEKTOPHOIO KBAaHTOBA-
HUSA.

HccnenoBan MeTos 6€33TaJOHHOTO OMpPEJIEICHHUs T10-
POroOBOTO 3HAYEHHs CHIHAJA MPH aBTOMATH3UPOBAHHOM
HepaspylIalomeM KOHTpPoJe, B T.4. TECThl Ha OHMO-
JaNbHOCTh M JBYXDTallHas IIpOLEaypa ONpeaeieHHs
MOPOroBOro 3HadeHusi curHana. HeoOXoaMMbIM CBOIi-
CTBOM TeCTa Ha OMMOJAIIBHOCTH SIBIISICTCS HETapameT-
PUYHOCTD, T.€. €r0 HE3aBUCUMOCTb OT KOHKPETHOIO BH-
Jia pacHpele/icHUs KOTOPOMY IIOAYHMHSCTCS BBIOOpKA,
NPH 3TOM OT (YHKIMHU DPACIPEEICHNs 3a4acTylo Tpe-
OyeTcst TONBKO €€ CYIIECTBOBAHME M HENpPEPBIBHOCTb.
OmnpezeneH TeCT Ha OMMOJATBHOCTD Ul OJXHOMEPHBIX
JIaHHBIX.

PaccmoTpeHo BiMsAHME YPOBHs IIYMOB Ha BO3MOXK-
HOCTb OOHAPY)KCHHS AE(EKTOB ITOPOTOBBIM METOIOM.

[IpoBeneHbl HCCIENOBaHUS W pa3paboTaH METO.
OIpe/ie/ieHHss MHTEPBAJIOB M3MEpeHHil B Impolecce aB-
TOMATH3UPOBAHHOTO HEPa3pyLIAIOIIEro KOHTPOJIs M3-
JICTIH.

[ToxazaHo, 4TO ONTHUMANBHBIA HHTEPBA H3MEPEHHI
oInpe/eNnseTcs MyTeM PEIeHUs yPAaBHEHHUSI.

TMocne pemieHus OOIIUX BONPOCOB OOHAPYKEHHS U
pacro3HaBaHHs Je(EKTOB HACTYIAeT STall CO3JaHHS
TEXHOJIOTHIT OOHapyxeHus Ae(eKToB B Marepuanax u
KOHCTPYKIMSAX Pa3IMYHBIMU METOAAMH Hepaspyllaro-
1Iero KOHTpoJs. 37ech B HEPBYIO Ouyepelb PeLIaroTcs
3aj1a4d MOJICJIMPOBAHMS IIPOLIECCa KOHTPOIIs, Ompejie-
JICHHE ONTHMAJIBHBIX PEKUMOB OOHapYKEeHUs 1e(eKToB,
pazpaboTKa MpOrpaMMHO-aNapaTHBIX CPEACTB.

Jlns obecriedeHnss NPUMEHEHMsS YIBTPa3BYKOBOIO
KOHTpOJISl PEelIeHbl 3a7add MOJCIMPOBaHHsA IIporecca
BO30YX/ICHNS W PACIIPOCTPAHEHHS YIIPYTHX BOJH B IIH-
JMHAPUYECKOH 00O0JIOUKe MyTeM HCCIIEJOBAHUS MOJIO-
BOM CTPYKTYphl TOJS B CIOHCTOH cpeie Iuia-
CTHK-Pe3MHA Ha OCHOBE MOTCHIMAIOB, AedopMaruu U
HanpsHKEHHUs B CJIOSX, M Jlajiee, PellieHa 3ajiaua pacces-
HUS YNPYTHX BOJH Ha Je(eKTax THIA «HENPOKICH»
MEXy CIOAMHU IUIACTUKA U MEXKIY IUIACTHKOM M pe3H-
HOIOJOOHBIM TOKPBITUEM IyTeM BO30YKIEHHs ILia-
CTUHOYHBIX MOJI COCPEIOTOYCHHOH CHIIOMH, NPHIIOKEH-
HOIl K TIOBEPXHOCTH TUIACTHHBI. MccieloBaHUs MO3BO-
JIMIM  ONTHMH3HPOBATh TEXHOJIOTHIO IpOLecca KOH-
TPOJISL U ONPEICTNTD ONTUMAJIBHbIC TAPAMETPhI

YIABTPO3BYKOBOIO TPAKTa.

IIpoBesieHO  MOsIEIMPOBAaHKME TPOILIECCAa  TEIMIOBOrO
KOHTPOJISI MHOTOCIOWHBIX KoHCTpyKimii 13 [IKM. Dto
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MO3BOJIMIIO, BO-TIEPBBIX, ONTUMH3UPOBATH TEXHOJIOTH-
4eCKHe [apaMeTpbl KOHTPOJIS, BO-BTOPBIX, CO3AaTh Me-
TOIl «TEIUIOBOH TOMOrpadMm» Ha OCHOBE PEIICHHS
CTeIMATN3UPOBAHHBIX OOpAaTHBIX 3aJjau HECTalHOHap-
HOTO TIpolecca TEeIIONepeadd - ONpeAeNieHHe Ipo-
CTPaHCTBEHHBIX XapPAKTEPUCTHK IC(PEKTOB B H3ICIHIX
n3 IIKM, Ha OCHOBE TPEXMEpPHOIO MaTeMaTHYECKOIo
MOJIETIMPOBAHHSL.

AHAJOTMYHO TIPOBEJCHBI TEOPETHUECKHE MCCIIE0Ba-
HUSL PEHTTEHOBCKOTO, PaJHOBOIHOBOIO U roiorpadu-
4ECKOI'0 METOZI0B HEPa3PyILIAIOIIEro KOHTPOJIA.

TIpoBeneHHBIH KOMIUIEKC padOT MO3BOIMI CO3/aTh
KBAa3MONTUMAIIbHBIE TEXHUYCCKHE M HPOTPAMMHBIC
cpeicTBa M pa3padoTaTh TEXHOIOTMH (METOAMKH) He-
Pa3spyIIAIOIIEr0 KOHTPOJIS MAaTePUAlloB U KOHCTPYKIHIL
n3 ITKM CJI0XKHBIX TIPOCTPAHCTBEHHBIX (GOPM.

PaspaboTana M BHeJpeHa CIEIMATM3UPOBAHHAS aBTO-
MAaTH3UPOBAHHAS CHCTEMa KOHTPOJS Mallo M CpeHera-
GapUTHBIX H3ICIHI CI0KHOW (OPMBI MOBEPXHOCTH,
BKJIIOYAIOIIAsi aBTOMATU3UPOBAHHYIO MEXaHHYECKYIO
CHCTEMY KOHTPOJISI C KOMIBIOTEPHBIM YHPABICHHEM H
CreHanbHble MPOTPAMMHBIC CPEACTBA OOHAPYKECHUS 1
pacnio3HaBaHust 1e(EKTOB.

CucremMa OCYIIECTBISACT CKaHHMPOBAaHHE MOBEPXHOCTH
OGCCKOHTAKTHBIMH  YJIBTPa3BYKOBBIMH IIpeoOpa3oBare-
JSIMH ¢ (DOPMHPOBAHHEM MaTpHIbl HHYOPMALOHHOTO
napamerpa. [anee ciemyer o0paboTka pe3ynbTaTtoB
KOHTPOJISL ¥ POPMUPOBAHHE UTOTOBBIX JTOKYMCHTOB.

Tlox ympaBieHMEM MHKpPOIIPOLIECCOPHON CHCTEMBI
NpUeMHast U MepeIalolas aHTeHHbl CHHXPOHHO M CO-
OCHO CKaHHPYIOT C(HepUUECKYIO TIOBEPXHOCTh U3ICIHS.
B mporecce ckaHUpOBaHUs M3MepseTCss KOdDPULHEHT
ocJia0JIeHUsl CHTHAJIa, BEJIMYMHA KOTOPOTO 3aIUChIBACT-
cs B TAMATh KoMIbioTepa. 10 3aBepIICHHIO CKaHHPO-
BAaHUA TIOBEPXHOCTH (OpMHpyeTcss TpOoTOKon (Tolne)
ocna0leHnii BeJIMYMHBl PAAMOCUTHANIA M JEIAeTCs 3a-
KJIIOUCHHE O KA4eCTBE H3/IEIHs.

Jlns obecredeHHss PYYHOTO KOHTPOJNSL KpYyHMHOTrada-
PUTHBIX MHOTOCJIOHHBIX KOHCTpyKimi 13 ITKM paspa-
0oTaHa CrenuanbHas CHCTEMa OPUCHTALUU YIBTPa3By-
KOBBIX NpeoOpasoBareneil (IIOrpeuHoCTb COOCHOCTH He
Goiee 0,5 MM) ¢ pazOCBA3BI0 MEXTY OLIEPATOPAMU.

TexHUYeCKHEe W TPOTPAMMHBIC CPEJCTBA CHCTEMBI
OpUEHTALMK  YIbTPa3BYKOBBIX IpeoOpa3oBareneii B
HACTOsIIIEE BPeMs HPUMEHSIOTCS IPH Ae()EKTOCKOIMHI
KpynHorabaputHeix KoHcTpykuuid 3 [TKM B 1exoBbIX
YCIIOBHSX.

IIpobnema w3MepeHHs TONIIMHEI PE3NHOMOIOOHOTO
MOKPBITHS HA METAIUINYECKON (hopMe U Ha IOTUMEPHOI
HOIOKKE pEIIeHA MOCPEACTBOM CICLHAIbHOH MeTo-
JIMKM U aliiapaTypbl BUXPETOKOBOTO KOHTPOJIS.

Jlst Hepa3pyIIaloIero KOHTPOJIs ePCHEKTHBHBIX

KOHCTpyKIuii Marepuanos u3 [TKM paspabGoranst

HOBBIC METO[bl M CPEJCTBA HEPA3PyLIAIOUIET0 KOH-
TpOJIs.

VeraHOBKa yIbTpa3BykoBOH Tepmorpadum. Ee ormu-
YuTEIbHAS OCOOCHHOCTh — OOHAPYKEHHUE CIUIHYTHIX
JnedektoB B Marepuae. ITIpuHIumI 1eiCTBI OCHOBAH Ha
B030yxk/IcHHM Y3 BOJIH B Marepuaje M PErucTpaiun
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TEMIICPATYPHOTO TIOJIA, KOTOPOC BO3HHUKACT OT TPCHHUA
CTEHOK JIeheKTOB.

JUIs KOHTPOJISL CIOKHBIX KOHCTPYKIMH pa3paboTaH
MeToj Tosorpaduueckoii HHTepHEepOMETPUH C TEIJIo-
BBIM WJIM MEXaHWYECKUM CHUJIOBBIM HArpy>X€HHUEM KOH-
TPOJIUPYEMbIX U3JEIHN.

TIpoGiembl Ge30macHOCTH COCYI0B, PabOTAIOMINX O]
BHYTPEHHHUM JIaBJICHUEM 3aHUMAIOT 0co00e BaKHOE
MECTO. L[J'lﬂ JIMAaTHOCTHKH Ka4€CTBA TaKUX COCYIOB pas-
paboTaHa TEXHOJIOTHS, BKIIOYAIOIIAS MX HarpyKeHue
TEIUION BOIOM M PErHCTPALMIO TEMIICPATYPHOTO IO
noBepxHocTU. IIpH TakoM crocobe KOHTPOIS MHKPO-
JZ[CCI)CKTBI KOHCTPYKIUH MPOSBIIAIOTCA B BUAC TEMIICpa-
TypHBIX aHOMAJIUH.

3KCHepl/lMeHTbI 1 TEOPETUYECCKUE HCCIICNOBAHUA I10-
KasaJM, 4TO, HauMHas ¢ AaBleHus 5-10% oT Makcu-
MaJIbHO J10ITyCTHUMOTIO, TEIJIOBOM KOHTpPOJIb obecneun-
BAaeT JOCTOBEPHOE OOHApYXeHHE Ne(EeKTOB M UX HJICH-
TH(UKALHIO C MOTPEIIHOCTEIO He Gonee 15%.

Bonblioe KONMYECTBO 3a1ad OLEHKU HANEKHOCTU
sKcIutyatanuu koHerpykiuid u3 ITKM cpszano ¢ onpe-
JCICHUEM BHYTPEHHHX KOHLEHTPATOPOB HaHpH)KCHHﬁ B
marepuaine. Jljist oOHapyKeHHs: BHYTPEHHUX JIOKAIbHBIX
obnacTell KOHIIEHTPATOPOB HANPsDKCHUH paspaboTaH
METOJ, OCHOBaHHBI Ha PETHCTPAIUM TEMIEPATYPHBIX
Tonen TIOBEPXHOCTH MaTe€pHajla KOHCTPYKIHWH B TIPO-
Lecce ee MEXaHHYCCKOr0 HarpyKCHHs, 00pasyIoIIuxcs
BCJICACTBHUE BBIJCICHUS DHEPrUM IIPU MHUKpPOpaspylle-
HusIX cTpykrypbl [IKM. TepmorpamMmbl CIIOKHBIX KOH-
CprK[U/lI‘/‘I, TIOJTyYE€HHBIC B TIPOIIECCE UX MEXaHHUYIECKOTO
Harpy>xeHus, UMCIOT SAPKO BBIPAKCHHBIC TEMIICPATYypP-
HBIE AHOMAJIMM B MeCTax HapyIICHUs BHYTpPEHHEU
CTPYKTYPBL

TIpoBenieHHBIE HCCIIEOBAHUS TTOKA3aIH, YTO pa3pabo-
TAaHHBIM TCIJIOBBIM METOJOM BO3MOYKHO MPOBOAWUTH JH-
ArHOCTHKY KadecTBa CIOXKHBIX KOHCTpykuuid uz I[TKM
Ha OCHOBE ONpEACICHUA MECTOHAXO0XKICHUS BHYTPCH-
HHX KOHIICHTPAaTOPOB HANPSHKCHUS M HPOTHO3HPOBATH
TIPEACIIbHYIO BEIWYNHY HArpy>XCHHA, MO0 KOJTMYECTBO
UUKJIOB HArpy»XeHus HE JO0BOAsA WU3ACIUA N0 paspylie-
HUSL. DTO JaeT BO3MOXXHOCTb IPOTHO3UPOBAHHS pecypca
6e30macHoil SKCIuTyaTaimu KoHeTpykumidi u3 I[TKM B
Tpoliecce X peatbHOH IKCILTyaTaluH.

Eme omHON mepcrneKTHBHON 00JIACThIO MPUMEHEHUS
TEIUIOBOIO KOHTPOJIA SABJIACTCA AUArHOCTUKA TEXHUYE-
CKOTO COCTOSIHHS IUIOCKUX CTCKJIOIIACTHKOBBIX Harpe-
Bareneii (HOCT) Ha 0cHOBE ONepaTUBHON PErHCTpalin
W aHalM3a AWHAMWYCCKHUX TEMIICPATypPHBIX ToJeH 1o-
BEPXHOCTH.

JUIs THOBBIICHUS JOCTOBEPHOCTH PE3yJIbTaToOB KOH-
TPOJISL CIOXHBIX KoHcTpykimidi u3 TTKM paspabGorans
MaTEMaTHYCCKUE METOJbI KOMIUICKCHPOBAHUSA HH(bOp—
Manuy (MHOTOKaHAIIbHOTO HEPa3pyLIAOIIEro KOHTPOIS).
Hanuune MHOrHX METOI0B Hepas3pyLIAOIIEro KOHTPOJIS
HE CIIy4aiHO: OHO CBHJCTENIBCTBYET 00 OTCYTCTBHU
YHHUBEPCATbHBIX
METOIOB. Yacto TOIBKO paL{HOHaI[BHLIﬁ BBI60]) HUX KOM-
IUIEKCOB IO3BOJISIET JIOCTHYL TPeOyeMoro pesynbrara
NpH HepaspyuiaromeM koHTpoie. Ilox KoMIuIeKcupoBa-
nueM ycrpoiictB HK nonmumaercs ux o0beIuHEHHE B
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KOMILIEKCHYIO CHCTEMY, OCYLIECTBISIOLIYI0 COBMECT-
Hyto 00paborky wuHbOpManku U 00eCreYnBaIOLLYI0
HOBBIIICHHE JJOCTOBEPHOCTH, ITOMEXO3AIUIICHHOCTH U
HaJIe)KHOCTH.

Opuo 13 Hambosiee CHIBHBIX BIMSHUH Ha KayeCTBO
pe3yJibTaTOB JUArHOCTUKH OKa3bIBaACT KBaHl/ldJl/IKaLll/Iﬂ
CIICIMAIIICTOB, OCYIIECTBILIIOMIX KOHTPONIb. Ksamu-
(I)P[Kaulflﬂ CIICHaJIMCTOB obecrieunBaeTcss Kak MX CIie-
THATU3HPOBAHHBIM O6y‘{CHl/lCM, TaK W OIBITOM IPaKTH-
yeckoil pabotel. [TosToMy 0 KauectBe oOyueHus cre-
LMATICTOB MOXHO CYIUTh IO KAa4eCTBY BBIIOIHACMOI
UMH paGoThl, B T.4. O BEIMYUHE ITOIPENIHOCTH HONy-
HYaCeMBIX PE3YJIbTaTOB KOHTPOJIA.

AkTyanbHa 3a1a4a pa3paboTKu 0OBEKTUBHOW METOIH-
KM OLICHKH KauyecTBa paboThl U 00yueHUst ONepaTopoB —
CIICIMAJIICTOB HEPa3PyIIAONIEro KOHTPOIS 10 aHAIN3y
TIOTPEUIHOCTH TTOTYUYCHHBIX UMH PE3YJIETATOB KOHTPOJIA.

Jlns pemeHust 5THX 3a/1a4 pa3paboTaH M BHEAPEH CIie-
Lll/laJlebIﬁ METO/ TIOBBILICHUSA JTOCTOBEPHOCTH PE3Yilb-
TaTOB HEPa3pyLIAIONIEro KOHTPOJIA MyTeM ONTHMU3ALUN
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(yHKIMOHMPOBHHSA ~ OIEPATOPOB  HEPA3PYIIAIOIIETO
KOHTPOJISL HA OCHOBE METOZIOB CTATHCTHYECKOTO aHaiu-
3a ¥ ONITUMAJILHOTO YIIPABICHHS.

Bribpan 1 naeHTHQUIMPOBaH OOOONICHHBIH KpHTEpHit
OIEHKH KayecTBa yHPaBIeHHs MPOLECCOM HepaspylIaro-
LIEro  KOHTPOJs, TMO3BOJSIOMIMI  Ki1accupuuupoBars
CIIOCOObl yIpaBICHHS II0 CTENEHH HX «arpecCHBHO-
CTH» TI0 OTHONICHHIO K IPOIIECCY KOHTPOJIA B paMKax
pEIIEHHs UMH BONPOCOB, KaK OE30IaCHOTO ONepaThB-
HOTO YNPAaBICHHs, TAK U KA4eCTBA FOTOBOI MPOIYKIIMH.
DTO MO3BOJIACT OLCHWUTH KBAIM(UKAIMIO oreparopa u
NPUHATH YIPABJIAIONINE PENICHHS 110 MOBBINICHHUIO Ka-
YecTBa KOHTPOIA.

Bonee nonpoOHO paccMOTpeHHBIE BOIPOCHI M3JI0KEHbI
B pabore: bapbinun B.A., Bynagun O.H., Kynbkos A.A.
CoBpeMeHHBIE TEXHOJOTMH HEpa3pyINalolero KOH-
TPOJIs KOHCTPYKIMI U3 MOTMMEPHBIX KOMITO3HIIMOHHBIX
marepuanon. — M.: U1 «Cnexrpy, 2013.-243¢: ui. u us.
BKJL 16¢.
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TEHJIOBS)PI METOA U CPEACTBA JMAT'HOCTUKH HAJAEXKHOCTHU
KOHCTPYKIHAU U3 KOMIIO3UTHBIX MATEPUAJIOB B ITIPOLIECCE CHJIOBOT'O
HAT'PYKEHUS IO AHAJIU3Y TUHAMMWYECKUX TEMIIEPATYPHBIX ITOJIEU

KynpkoB A.A.', Bynanun O,H.l‘*, Kosenbekas C.O.!
'AO «ITHUUCM», XoTbkoBo, Poccns; *tsniism@tsniism.ru;

Alummauuﬂ: Puzpaﬁr)maua Memoouka meniogo2o Konmpois u OUALHOCMUKU MEXHUYECKO20 COCMOSHUSL CIIOJICHBIX npo-

CIMPAHCMBEHHBIX KOHCMPYKYUIl U3 KoMno3umHwlx mamepuanos (KM) na ocnose pezucmp unghop 0 QUHAMUYECKUX
PAMypHbIX NOJAX, 00YC X Ko 1y P06 Hanpsdicenuil (obpa MUKpopasp, i) 6 ycno-
BUAX CUTOBO20 HAZPYIICEHUS KOHMPOTUPYEMBIX UZOETUIL.
Kniouesgvie cnosa: ouaznocmura HadedlcHocmu, cunogoe nazpydicenue, pan) nons, KOMNo D

Jibl.

B Hacrosiiiee BpeMsi HMEET MECTO YCKOPEHHOE BHEI-  JIATh MECTa Pa3pyIICHMS M3JCIUH HE JOBOAS CaMHU U3-
peHHe MOJIMMEPHBIX KOMIO3HLMOHHBIX MAaTepHAIOB  JEJIHs 10 pa3pyllieHHs.

(ITIKM) B pasiudHble 00IACTH TEXHUKU: aBHALHs, KOC- O030p JHMTEPATYPHBIX MCTOYHUKOB HE I103BOJIMI
Moc, TpyOOIIPOBOIHBIC CHCTEMBI, PAKETOCTPOCHHE M T.II.  BBIABUTH TEXHOJOI'MH TEIUIOBOTO KOHTPOJIS C BBIXOIOM
IIpeumymectBa I[TKM mepen, Hampumep, TPaaMIMOH- Ha OIEHKY HAAEKHOCTH KOHCTpykmmi wu3 ITKM,
HBIMH METaJUIAMM 3aKJIIOYalOTCsl, B TOM 4YHCJIE, B BO3-  IPOTHOCTHKA KOTOPOTO JEIAeTCs HAa OCHOBE aHAIN3a
MOJKHOCTH ~CO3IaHUsl  CJIOKHBIX IPOCTPAHCTBEHHBIX  TEMIEPATYPHOIO MOJIs.

CTPYKTYp C ONTHMAaJbHBIM COOTHOIICHHEM Maccoraba- PazpaboTaHa MareMaTHYecKas MOJIEINb TEIUIOBBIIENE-
PHUTHBIX ¥ IPOYHOCTHBIX XapaKTePUCTUK (HATIPUMEp,  HHS IPHU OAHOPOIHOH KBA3MCTAaTHUCCKOH JedopMaliun
CeTyarblX KOHCTPYKLHMH) NPU OTHOCHTEILHO HM3KOH — KOMIIO3HLMOHHOTO MaTrepHaia — IpU HAKOIUICHHH IIO-
TPYIOEMKOCTH. BPEKJICHHI B MaTepHae.

IIpu npousBojcTBE U3JCIUN U3 MOJMMEPHBIX KOMIIO- HcenenoBanus Mokasajiu, 4To IPU MakpopaspylIeHUH
3UIMOHHBIX MarepuanoB (ITKM) akryaneHa mpobiema B HEOONBIIOM 00bEMe odara paspylICHHUs BBIICIACTCS B
BBIXOJIHOTO KOHTPOJISI KauecTBa. BaxHeiimel cocraB-  BHAe Tema ODHEPrus, 3amaceHHas B BHAE AHEPrUH
JISIOLIEH KayecTBa SIBJISACTCS MPOYHOCTh KOHCTPYKLHMM, — YIPYyroi aedopMainy BO BCEM HCHBITYeMOM o0pasiie.
KOTOpasi MeHee CTa0MIIbHA, 4eM MpPU HCIONb30BaHMM  PaspaboTaH Meton omnpejenceHus Kod(QOUIMEHTOB arl-
TPaJUIHOHHBIX OJJHOPOIHBIX MaTePHaIOB. DTO CBS3aHO  MPOKCUMAIMM AUATPaMMBbl 1e(pOpMUPOBAHHS.

C TeM, YTO KOMIO3HIIHOHHBIH MaTepuai CO3IaeTcsi Of- Ha ocHOBe TpOBE/IEHHBIX HCCIIEOBAHNH OCYIIECTB-
HOBPEMEHHO C KOHCTpYKIMEH, M Ha ero (u3u- JIGHO MOJEIHPOBAHHE HECTALMOHAPHBIX TEMIIEepaTyp-
KO-MEXaHMYECKHE XapaKTePUCTUKM OKa3blBAlOT BJMs-  HBIX 1osie B KoHCTpyKuusx u3 IIKM ¢ koHueHTparopa-
HHE MHOTOYHCIICHHBIE (AKTOPBI TEXHOJIOIMYECKOrO Xa- MU HANpSDKEHHH (MUKPOTPEIIMHAMHU) C Y4YeTOM KOH-
paKkTepa: pa3OpUEHTAlMs BOJOKOH, HEKAYeCTBEHHOE JIyKTUBHOIO TEIUIONEPEHOCA, KOHBEKTHBHOM TEIIOOT-
anmnpeTHpoBaHUe, MONAJaHUE YACTUYHO «3a00NBAHEH- a4l M C YYETOM TeruoBoro 3(@exra HaKOIICHHUs
HOTO» CBA3YIOIIETO, HEMOJHOE yNaJeHUE Iy3bIPbKOB  MUKPOIE(HEKTOB.

npu GOpMOBaHHMH ¥ T.I. YMCHBIICHHE BPEIHOTO BIUSA- Ha ocHoBe paspabGoTaHHON MOJEIN MPOBEIEHBI TEO-
HHSI TOZ00HBIX (DAKTOPOB COCTAaBISIET NPEAMET INPH-  PETHYECKHME HCCIIEOBAHUA MpOIecca JMAarHOCTHKH
CTaJIbHOTO BHUMAHMSI TEXHOJIOTOB, HO TOJHOCTBIO OHM  KoHcTpykumii u3 ITKM mpu nx paBHOoMepHOH nedop-
HHKOIa He ycTpaHsiorcs. CylIeCTBEHHO, YTO NpH Bbl-  Mauuu.  McciaenoBaHust — MO3BOIMIIM  ONPENEIHTD
XOIHOM KOHTPOJIC KauyecTBa BHJ TakuX Je(eKTOB M  HAMIy4lMe HHKCHEPHbIC PEIICHUs II0 IapameTpam
KOHKPETHBIC MEXaHM3MBl Da3pylICHHsA INPaKTUYECKH  HArpyXKCHHS M3JCIHIl H perucTpanun nHopMarmu.
MaJIOMHTEPECHBI, a O0Nee BaXKHO OIIEHUTH UX ONACHOCTh ITo pesynmbTaramM MpPOBEIEHHBIX MCCIIENOBaHHI pa3pa-
JULSL IPOYHOCTH KOHKPETHOTO HK3EMILIAPA H3AEIHS. Ooranbl TpeOOBaHMA K METOAMKE M IPOrpaMM-

B wHacrosmieil paGore paccMarpuBaeTCs METOJ KOH- — HO-amIapaTHBIM CPEICTBAM JAMArHOCTHKH TEXHUYECKOIrO
TPOJIsA, OCHOBAHHBII Ha M3MEPEHMH KOCBEHHBIX NPOSAB-  COCTOAHMS KOoHCTpyKumii 13 IIKM Ha ocHOBe TermioBoro
JICHUIT pa3pyIieHHi, MPOMCXOMANIMX HAa CTPYKTYPHOM  KOHTPOJS, Ha 6a3e KOTOPBIX MPOBEACHBI COOTBETCTBY-
YpoBHE Marepuana. Takue MHKPONMOBPEXKAEHHs MaTe-  IOIIME HCCIIENOBAHNUS.
puana He SBIAIOTCS HEIONMYCTHMbBIMM IIPU DKCILIyara-
LM KOHCTPYKIMH; U3BECTHO, YTO HX Ha4aJbHOE 00pa-
30BaHHE TMPOUCXOAUT MHPH YPOBHSAX HArpy3KH, B He- Jran 1 - ycraHoBieHue KOd(PHUUKEHTA TEIIOBOrO
CKOJIBKO Pa3 MEHBIINX NpenenbHbIX. C Apyroii CTOpoHsl, s¢ddekra Marepuana W3LENMs, IIyTeM IPOBEACHHUS
HAKOIUIEHHE ~ MHKPOIIOBPEKJIEHUH  COMPOBOKIAETCS  MIACHTU()HKALUMOHHBIX  OKCIIEPHMMEHTOB:  OJyYCHHE
BBIJICJICHAEM TEIUIA, YTO MO3BOJISICT OOHAPYXKHTh 30HBI,  juarpamMmbl Ae(pOPMUPOBAHMS U ONpeJENeHne HeoOpa-
B KOTOPBIX TH IIOBPEK/ICHUS HAKAIUIMBAIOTCSA HAMOOJIEE  TUMO PACCESHHOM JHEpruu; omnpenencHue KoddQuim-
MHTEHCHBHO. OTO JaeT BO3MOXHOCTb, BO-TIEPBEIX, €HTA TEIUIOBOrO S(QeKTa, XapakTepusyIolero 0
OmnpeNeNsaTh MeCTa KOHIEHTpalMH HANpsKeHHH (I0-  HeoGpaTHMMO pacCessHHOM SHEPrUu.

TEHLHMAIBHO OlacHble 005acTH), BO-BTOPBIX, OIpejie- ITan 2 - onpeeNeHH HOPMAILHOTO TEMIIEPaTypPHOTO

Metoaunka KOHTPOJISI BKJIIOYaeT TPH dTana.
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TI0JIs1, BO3HHUKAIOMICTO 3a CUCT TCIUIOBBIACICHUS MPU
CTaTHYEeCKOM  J1e(GOPMHPOBAHHU  KOHTPOIUPYEMOIo
3JIEMEHTa KOHCTPYKIHH C YYETOM PacCUHTaHHON KOH-
LEHTpalun Haﬂpﬂ)KCHHI‘;I. HOpMaJ'ILHOe TIOJIC YUHUTBIBACT
BHYTPEHHEC TEIUIOBLIACICHUE, KOHL[yKTP[BHLIﬁ TEILI10-
NEPEHOC B Marepvaje u TEIIIOOTBOIA C IOBEPXHOCTU B
OKpYKAOIIyl0 Cpely NPH HPOBEACHWH HUCIBITAHUH —
STaJIOHHOE TOJIe.

ITan 3 - Harpy)XeHHE KOHTPOIHMPYEMOIO KOHCTPYK-
THUBHOTO 3JI€MEHTa C MOCTOSIHHON CKOpOCThIO 10 50%
YPOBHsI IpefenbHOM Harpy3ku. OJHOBPEMEHHO ¢
HarpyKeHHEM U3MepseTCs TeMIepaTypHoe Ioje, KOTo-
pO€ CpaBHMBAETCS € JTANOHHBIM. Hamuune KOHLEHTpa-
TOPOB HANPSHKEHUI, HE MPEIYCMOTPEHHBIX MPOEKTOM,

YCTAHABJIMBACTCS 110 AHOMAJIUAM TEMIIEPATYPHOTO OIS,

KonuuecTBeHHasi OleHKa aHOMAIMH OINpEJeNsieTcs U3
3aBUCUMOCTHU TEMIICPATypbl OT ned)opmauun, Haﬁnen—
HOM Ha BTOPOM 2Tarle.

BbiBOaBI.

1. Pa3paGoTtana u BHeIpeHa METOAMKA M HPOrpaMM-
HO-aIapaTHbIe CPEJCTBA KOMIIBIOTEPHOIO TEILIOBOIO
KOHTPOJII W JHAarHOCTHKH TEXHUYECKOTO COCTOSHUA
CIIOXKHBIX NPOCTPAHCTBEHHBIX KOHCTPYKImii n3 I[TIKM nHa
OCHOBE perucrpauuy HHGOpMALUM O JAUHAMHYECKHX
TEMIIEPaTypHBIX IOJAX, OOYCIIOBICHHBIX HAJIMYHEM
KOHIIGHTPATOPOB HANpsUKeHHH (00pa3oBaHMEM MHUKpPO-
paspymienuii) ¢ 00paboTkoi MH(pOPMALUN CIEIHANb-
HBIMH Pa3pabOTAHHBIMU METOIAMH M TIPOrPaMMOH B
YCJIOBHSX CHJIOBOIO HArpy:K€HHs: KOHTPOIMPYEMBIX H3-
JIeTIIiA.

2. Ha ocHoBe TIPOBCACHHBIX TCOPETUYCCKUX MU IKCIIC-
PUMCEHTAIBHBIX HCCICAOBAHUAX pa3pa60TaH0 crenu-
albHOE AIrOPHUTMMYECKOE M HpOrpaMMHOE obecrede-
HHe, peliaioliee 3ajadyd OOHApyXeHHs AeEKTOB IO
pe3yIbTaTaM TeIIOBOIO KOHTPOJIS C HMCHOIb30BaHHEM

aJIrTOPUTMOB BEKTOPHOTO KBaHTOBaHUA "
CaMOOPraHU3yIOIUXCSI Kapr, METOZI0B
KOMIUICKCHpoBanus — uHbopMauy U 00paboTKu

MHOTOnapaMeTpoBoil nHpopmanuu. IIporpamma mnc-
TIOJIB3YET MHTCIIICKTYAJIBHBIC aJITrOPUTMBI, a TaKXKe
npocToii rpaduueckuii MHTEpdEHc T BO3MOKHOCTH
paboThl omepatopa 0e3 ero IpeABAPUTEIbHON IOro-
TOBKH.

3. Pa3paborana peosoruyeckass MaTeMaTH4ECKas
MOJielIb, OINHUCBHIBAIOIAs MPOLECcC 00pa3oBaHUSA
BHYTPCHHHUX TEIUIOBBIX HCTOYHUKOB B IOJTMMEPHOM
KOMIIO3UIIMOHHOM MaTepHaje B Mpolecce Hux
CUJIOBOTO HArpyKeHHs Ha OCHOBE IIpolecca
00pa3oBaHust MUKPOpa3pyLIeHUil 1 HopMUpoBaHHE
JIMHAMUYECKMX  TEMIIEPAaTYpHBIX  IOJeH  Ha
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MOBEPXHOCTH KOHCTPYKUHUM TEIIOBOIO KOHTPOJIS.
IIpu 5TOM noka3aHa XapakTepHOCTh HEOOPATUMOIO
paccesHus SHEPTUU IIPU CTATUUECKOM HArpyKEHUU
C  TOCTOSHHOH  CKOpocTblo  Jedopmanu,
CONPOBOKIaEMOe  TEIIOBEIM  sddexrom. s
pacdera  HEOOpaTUMO  PACCESHHON  SHEpruu
NpeUIoKeHa aNIpOKCUMAaIHs JIMarpaMmsl
OZHOOCHOT'O nehopMUPOBaHHS B BUJE
OKCIIOHCHLUAJIbHONH  (DYyHKLMM,  ONHUCHIBAIOILAS
YMEHBLICHUE MOJLYJIsl yIIPYTOCTH IpH AedopMarun
U aCHUMITOTHUYECKOE NMPHUOIMKEHHE KacaTeJIbHOro
MOJIyJIsl K TOCTOSIHHOM BEJTHUHHE.

4. Teopernyeckue MCCICIOBaHHs IIOKA3ald, 4YTO -
YCIIOBHAsI TeMIieparypa (OTHOIICHHE PACCEsSHHOH Hep-
THH K TC]'IJ'IOeMKOCTI/I) J0 Hayaia 06pa303aHm| Maru-
CTPAIBHON TPEIIMHBI JOCTUTAET OT 2 10 5,5 rpamycos.
Anunabarudeckas TeMmIeparypa, Y4UThIBAIOLIAS MOTEPU
9HEPTUM HA HAKOILUICHUE JIOKAJIBHBIX MUKPOIOBPEXKIC-
Huii, octuraer 1-2 rpamycoB, YTO BIOJHE MOXKET pe-
THCTPUPOBATHCA TCPMOFpaq}H‘{GCKOﬁ WA TCIIJIOBU3U-
OHHOM TEXHHUKOH, IIPH 3TOM IIPU OJHOPOJHOM IOJIE Jie-
(bopmanuii cTanus HaKOILICHUS MHUKPONE(EKTOB Xapak-
TEepHU3YeTCsl OJHOPOIHBIM 1O 00pas3Iy MoJeM TeMIiepa-
TYPBI.

- Ha CTaJM{ HAKOILUICHHs MUKPO/IeEKTOB U3 BCeii
HEoOpaTHMO PACCESIHHOW MEXaHMYECKOW SHEpruu
nopsiaka 40% uaer Ha HarpeB Matepuana, a 60% -
Ha paspylieHne (yBeIMYEHHE KOHILEHTpPAIUH
ne(eKTOB), TMPU 3TOM IOTEPU TEMIEPaTypbl Ha
TEIUIOOTa4y B OKPYXKAWOLIYI0  Cpeday  He
MPEBBIIIAIOT COTBIX J0JCH rpajyca.

- HEOAHOPOJHOCTb TOJS AedopMalMii MpH HATUYHK
KOHIICHTPATOpa HANPsKEHUS NPUBOAUT K HEPAaBHO-
MEpHOMY TCIUIOBBIICICHUIO B MaTepuane. Pasmmame
MeXIy aanabaTHYecKoll Temmepatypoil BOJIM3HM KOH-
LEHTpaTopa U (JOHOBBIM 3HAUCHHEM MPH KOdPDHIMEHTEe
KOHLIGHTpAlLMK, paBHOM 3, coctaBisier 1,5-2,5 rpamyca
npu ypoBHe gedopmanuu 50-60% 0T IpeaenbHOI.

- 3aBUCHUMOCTb aJMa0aTHYECKOM TeMIeparypbl OT Jie-
(opMaLu MMeeT XapakTep, ONU3KMi K KBaJApaTUIHOM
yHKIIMH.

5. IIpu3HaKK HAIMYUs KOHLEHTPATOPOB HAIPSIKCHUS B
H3JIeIMH B BHJE JOCTOBEPHO HICHTUDHIUPYEMBIX TEM-
neparypubix anomanuii (AT >1,5°) duxcupyrorcs npu
nedopmanun He 6onee 55% OT mpenenbHOll ¢ morpem-
HOCTBIO (£4%), 4TO MO3BOJISIET OLICHUBATH KAueCTBO
M3JIeIHs, He JOBOJIS ero JI0 Pa3pyIIeHHs.
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MOJEJIb KOMIIO3UTA C CACTEMOM JIEHTOYHBIX YCUJIEHUI
Kynapar A.M.

HarmoHabHblii YHHBEPCUTET BOJAHOIO X035{iCTBA M IIPUPOJIONOJIL30BaH s, I'. PoBHO, Ykpanna, Riyl@ua.fm.

Annomaulm: ”CL‘.'IE())/C’WICH Harlpﬂ.?l('(:'HH()’()é’(f)()p.wupl)KaHHOC COCMOsAHUE YNPYy2020 MAcCUea ¢ CUucmemaml HCeCmrKux j1eH-
MOYHBIX GKAIOUEHULI 6 ycnosusax npO()OfleU?O coeuza. HpoaHa.’lu;upogaHo GAUAHUE 83AUMOCBA3AHHOCMU U KOJU4Yecmea 6Klde-
Hull Ha npumepe ux KoMUHeapHo2o U napaiileibHoc0 pacnonodCeHUs. Boiuucnenst ckauxu Hanpﬂwceym? u K{)S([)d)ul{ueHVﬂbl UH-

meHcusHocmu Hanpﬂ)l('(:'HMl; 6 OKpeCmHOCmAX 6epuiuH BKIIOUEHUL, le(f()(

epaguxu i KoMRO3UMa.

P

Knrouesvie cnosa: ynpyzoe meio, npOl)OﬂhllbIﬁ Cd@ll(?, BKJIIOYeHUe, CKAYOK nanp}m/ceuuﬁ, Koydnj)uuuenm UHMEHCUBHOCMU

Bgenenue

DU3MKO-MEXaHUUECKUEe  CBOWCTBA  CTPYKTYp-
HO-HEOJHOPOAHBIX MAaTEPHallOB, B YaCTHOCTH apMHpPO-
BAaHHBIX, 3aBHCAT OT B3aHMOCBS3aHHOTO BIIHSHHS Xa-
PAKTEPHCTUK CO3JJAHHOI KOMIO3ULIMOHHON CTPYKTYPBI.
B ciiydae HEOOXOAMMOCTH MOBBIIIEHHBIX KECTKOCTHBIX
CBOICTB 3JIEMEHTBI apMaTypbl CBSI3BIBAIOT B CIHMHBII
Kapkac, 4To 00yCJIaB/IMBaeT PEICHHE HOBBIX 3a/1ad.

Tlpy M3y4eHHN HANPsHKEHHOTO COCTOSHHMS Telia
MIMPOKO HCTIONB3YEMOH MOJICIBIO SBISETCS aHTHILIOC-
kas geopMmauys YIpyroro Teiaa apMHPOBAHHOIO Hy-
JKEPOJHBIMU BKIIFOUeHHsIMH. CHCTeMaTHYecKue Hccie-
JIOBaHHS TAKHX MAcCHBOB CO CBS3aHHBIMH JKECTKHMU
BKJIIOUEHHAMH B OOMIEH MOCTAHOBKE IPECTaBIECHE B
paborax [1-3], rie Ha nmpuMepax KOJUIMHEAPHBIX M Ia-
PAJLICIBHOTO PACIOIOKEHHS JICHT IIPH HAarpy3Ke OJHO-
POJIHBIM TI0JIEM HAINpspKeHnit Ha GeckoHeuHocTH [1, 2] u
TIPH BBITSTHBAHUU TTIOTOHHBIMU CHJIAMH, TPHIIOKEHHbI-
MH HEMOCPEICTBEHHO K BKIIOYEHHAM [3], uccienoBaHo
BIMSAHHE  CBs3aHHOCTH.  OTHENBHO — PacCMOTPEHBI
HauOonee OmacHas OPHEHTAlUs OJHOPOIHOIO CHBHIa
JUISL AMAZbl TIPOM3BOJIBHO PACTIONIOKEHHBIX JEHT [4] u
TOHKOCTEHHBIX BBICOKOMOJYJBHBIX (DACOHHBIX MPOdhu-
neit [S]. AHanu3 pesyibTaTtoB 3THX paboT CBUJIETEIIb-
CTByeT O  3HAYUTCIBHOM  yIydmieHHH  (u3H-
KO-MEXaHUYECKHX CBOWCTB KOHCTPYKIIMH, B YaCTHOCTH
TIOBBIIICHHE MX JKECTKOCTH B PE3YJIbTAaTe CBSI3aHHOCTH
JlaXke OTAENbHBIX apMHUpYIoIuX 21eMentoB. Ho ¢ apy-
roif CTOPOHBI 5TO NPUBOJMUT K YBEIUYECHHIO KOHIEH-
TpalMK HaNpsKeHUH B MaccuBe, M CJIE0BATENIbHO K
BO3MOYKHOMY TIPEK/ICBPEMEHHOMY Pa3pyLICHUIO.

Ilenbto paboTsl sBisieTCs nccnenoBanue PpHekTon
CBS3aHHOCTU JICHTOYHOH apMarypbl Ha 3ajadax IIpo-
JIOJIBHOTO CJIBMIa YIPYroro Teja ¢ CHCTEMOH B3aMMO-
HEMO/IBUKHBIX BKIIOUEHHH.

IMocTaHoBKa U MHTerpajibHbIC YPABHEHHSI 321241

3

Paccmorpum  m3otporHoe Tenmo  (x, y,z) R,
ApPMHUPOBAHHOE CHCTEMOi IapasuieibHbIX OCCKOHEUHO
TOHKMX TYHHENBHBIX BKIIOYCHUH, HPOTHKCHHBIMU
B1osb ocH Z . CedeHHs! BKIIOYEHHI B INIOCKOCTH Xy —
9T0 oTpesku L, c¢ pasmepamu 2/, (k=1,N ). IIpu-
HHUMAaeEM, 4YTO BKIIHOUCHUS SBJIIAKOTCS abCOTIOTHO KECT-
KUMH M HAXOJATCS B UACATIbHO MEXAaHUYCCKOM KOHTAKTE
c MaTpuLei. HUccnenyercs HaIpsKEH-
HO-71e(OPMUPOBAHHOE COCTOSIHAC KOMIIO3MIIUH, BBI-
3BaHHOE OJHOPOJHBIM TIIOJIEM KacaTEIbHBIX HaIIpsKe-
HHIT Ha GECKOHEYHOCTH.

7

KpaeBast 3amaua antumiockoi nedopmarmu s
MaccuBa C B3aHMOHETOIBIDKHBIMH Hele(OopMHUpOBaH-
HBIMH BKJIIOUCHHAMHU nMeeT Bua [1]:

N
uViw=0, (x, y)eR? \kUlLk;

W0, (el k=N

os
ow w ow w»
=1 H—=—=173, (X, y)>®
ox oy

C JOMOJIHUTEIIbHBIMH YCIIOBUAMH OTCYTCTBUS B3aUMHBIX
MepeMelIeHH ¥ ITI00AIbHOTO PABHOBECHSI CHCTEMbI
CBSA3aHHBIX MEXTy COOOIl B e/IMHBIN KapKac BKIIOYCHHIL
COOTBETCTBEHHO:

Wi =W =0, (x,y)e L, Ly, J#k;

N 1
Y (5,01 (9)ds 0. M
k=1 Ly

3mech w=w(x, y) — Z -KOMIIOHEHTa BEKTOpa Tepe-

MEILCHHUS, L
2_A2)n 2 ~2]a2

Vi=0 /Ox +0 /Oy — omeparop Jlammaca, [7,.] —

CKayKu Ha]'lpﬂ)KCHHﬁ Ha BKIIIOYCHHUSAX, 71, S — HOPMaJIb U

— MOJyJb CIBHUTA MaTrepuajla MaTpuIlbl,

KacaTeJIbHAsl K KOHTYPY.

B ciyuae HecBsi3aHHBIX BKIIIOYEHUH BMECTO
ycnosuii (1) mpuHEMarOT:

J.[‘r”z]k(s)ds =0, k=LLN.
LA

Hcenenyem cuCTEMBbI PSMOJIMHENWHBIX BKIIOYE-
HHI{, HapaJUIeNbHBIX OCH abcIucc.

YucnoBsle pemeHnst chopMyTHPOBAHHEIX KPaeBhIX
3a7a4 CTPOMJIM METOJOM CHHTYJISIPHBIX MHTETPATBHBIX
YPaBHEHHUI € HCIOIB30BAHHEM aIrOPUTMa MEXaHHYe-
CKHX KBaJpartyp. 3a HaiJeHHbIMH (DYHKIMSIMH CKavyka
HAIPSDKSHUH BBIYUCIUIACH KOI(QOUIMEHTH HHTEHCUB-
Hoctu HampspkeHuit (KMH) B OKpecTHOCTSX BepIINH
BKJIFOUEHHH

=¥z, 14(x)

W yIOpyrue mepeMeIleHns KOMIIO3UIMUA OTHOCHTENBHO
Hayayua KOOpAWHAT: va(x, y): w(x, y)f W(O, 0).
PaccMoTpyM  yacTHble Cllydau  pacIoJIOKEHUS

BKJTIOUCHHMIH ¢ OIMHAKOBBIMH pasmepamu 2/, =21 .
CucTeMa KOJLTHHeAPHBIX BKIIOYEHHUi
Paccmotpum  cHCTeMy  NSTH  KOJUIMHEAPHBIX



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

BKJIIOUEHHMH, pa3MEIIEHHBIX MO OCH abcIucc Ha pac-
CTOSIHMH d JIpyT OT ApYra ¢ TeOMETPUYCCKHMH LICHTpa-
Mu (x,,0), x0=(k-3)d, k=15 (puc.1, N=5).
B3anmHoe pacrnonoxeHue BKIIOUEHHH OMUCHIBATU 0e3-
pasmepHbIM Tapametpom A =2//d . Pesynbratsl pac-

YETOB CPABHHUBAJIM C MOJTYYCHHBIMH IJIST ABYX M IS
onHoro BkiaroueHud [1] cormacHo cxemsl Ha puc. |
(N=2, N=1).

E0]

)| T2 21

]

71 —'_/ 7
dLy Ls

B2
2d+l

<—>‘

@

® 00

Puc. 1. Cxema pacno.

KOJL PHBIX BK.

3asucumoctu KNUH ot napamerpa cOMMmKeHus, Uist
CBA3aHHBIX M HECBA3aHHBIX JIGHT IIPE/CTaBICHBI Ha
puc. 2a, 26 COOTBETCTBEHHO.

ks
I \ N=2 @
3 .y
&“"“"‘-....
2
312 _—
0 —
—_— L —
: N T ==
- y P _
1s v N=2
) y/’
0 0,2 0,4 0,6 0.8 A

Puc. 2a. Koopd ThI HHT ii s cBAA-
3aHHBIX JICHT; CIUIOIIHbIC IMHHH —NPABBIE, 2 IITPUXOBbIE — JICBbIE
BepIIHHBI BKII0OYeHHii npu N =5, nynkrupupie - N=1n N=2.

™

K
o ®
L6 k=3 /
1.4
4Y 45
12
25
/
1
0 0,2 0.4 0,6 0.8 A

Puc. 26. K ThI HHT TH it nst He-
CBSI3AHHBIX JeHT. O603HaYeHHs COOTBETCTBYIOT Puc. 2a.

DddexT CBI3aHHOCTH XOPOLIO BUIHO HA rpadukax
OTHOCHTEIJIBHOTO IEPEMEIIeHHs] TOYEeK YIPYroro mac-
cuBa puc. 3a,36 s GIU3KO PACIOIOKEHHBIX BKIIIO-
YEHUH.
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Puc. 36. Tlepemenenns MaccHBa VISl HECBSI3AHHBIX JICHT.
CucreMa napajlieJbHbIX BKIIOYEHHi

PaccMoTpuM AT BKJIIOYEHMH € LIGHTpamMu
(0, y,(:), y,? =(k-3)d , k:l,75 PAcIIOIOKCHBI Ta-
pamnensHo ocu abcuuce (puc. 4). CmeleHue ToveK
MPOCTPAHCTBA NapajIe/IbHO IIOCKOCTH BBI3BAHO OJ-
HOPOJHBIM II0JIeM HANpPsKEHHH Ha OECKOHEYHOCTH
77 #0,75 =0 (puc.4). B oToM ciydae CBSI3aHHOCTh
JICHT SIBHO HE BIIMSIET Ha pelueHue 3anaqu [1, 4].

©

o

2

® V| N=5 s N=2 ®
Ls d Ly i
° T o U o
) T
X
@/0 L L °©
z 1
TR 77
€] @ @

Puc. 4. Cxema 3a/1a4u ISl NAPAJLIE/IbHBIX JICHT.

BCJ'IeZ[CTBl/IC CUMMETPUYHOCTU MCCJIEI0BAIIM TPpU
BEPXHUX BKIIIOYEHUs cOrjacHo cxembl puc. 4. C yBe-
JIMYEHUEM PacCTOsIHUA Mexay BKmodeHnsmu KHH
BO3pacTaeT (puc. 5) U B CHCTEME M3 MATH BKJIIOUYCHUH B
BEPIIMHAX KPAHHUX JICHT 110 CPABHEHHUIO C BHYTPEHHUMHU
sIBIsieTcsl Beerna OosbliuM. B cucreme M3 ABYX JIEHT
( N=2 ) VHTEHCHBHOCTb HANpPSHKEHUH B BepIUMHAX
Oouble IPOTUB MAaKCUMAJIbHBIX B CUCTEME H3 [ATH,
HaJIM4ie JOIONHUTENBHOH apMaTypsl B 3TOM Cilydae
pasrpykKaeT KOMIO3UIIHIO.
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+

k3
R N=2]
0, \‘
L k=5
ANV SN
0, ™ &\
T 2 3 4
Puc. 5. Kos¢ Thl HHT TH 7]

Ha puc. 6 TNPEACTAaBJICHbl OTHOCUTEIIBHBIC TICpe-

MCHICHHUS MaTPHUIBI IIPU (bHKCI/IpOBaHHOM pacCcToTHNN
Mexay nentamu (d =41).

7,
batteses
Poresttec!
L
sttt

Puc. 6. IlepemenieHust TOYEK yNpyroro Maccusa.

Hpn CMEIIECHMHU MACCHBa NapajuIeJIbHO INIOCKOCTU
xz (7" =0, 73 #0), mony4aeM CHCTeMy OAHOPOIHBIX
UHTETPANbHBIX YPAaBHCHUH C HEOTHOPOIHBIMH JIOIOJ-
HHUTCJIBHBIMHU YCIIOBUAMHU JUIST HETIOJABMIKHBIX BKITFOUC-
HUH.

C yBeaMueHHEM B3aUMHOIO PACCTOSHUS MEXIY
cBs3anHbIME BKIIoUeHHssMu KWH Bo3pacraer (puc. 7) u
B BEpUIMHAX Kpaﬁrmx BKJIFOUCHUH 110 CpaBHCHHIO C
BHYTPEHHUMH Bcerja Oouble.

ks \
@l k=5
1 N
IN=2 \\
3 47~
0O
- 1 2 3 4 A
Puc. 7. Koad ThI HHT ™ i

TIpeobanatomniee BIUSHUE KPAHUX JICHT HAa BO3-
MYIICHHS HATIPSHKEHHOTO COCTOSAHHUS CBHUIACTEIBCTBYET
rpaduK TNepeMelIeHHsl TOYeK YNPYroro MaccuBa
(puc. 8).
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Puc. 8. IepemeneHns ToYeK ynpyroro Maccusa.

JIs HecBsI3aHHBIX BKJIIOYCHHUH 3agada o BO3MY-
LICHUAX HMEET OXHUAAeMOE€ TPUBUAJIIBHOEC PELICHUC

[7):1 =0, k :E, a caMM BKJIFOYEHHs I10JIy4aroT Iie-
pemenieHne:  w(x, y,?) =" /) k-3)d , xe(-1, 1),
k=15.

BoiBobI

KomnosuiuoHnblii MaTepuas co CBSI3aHHOMH JIeH-
TOYHOM apMaTypoil CMOJIETMPOBAHO YIPYTOil cpestoit ¢
CHCTEMOM B3aMMOHETIOABHUKHBIX KECTKUX TYHHEJIBHBIX
yeunennii.  CdopmynupoBana KkpaeBas 3ajada  aH-
THILUIOCKON JiepOpMalul U30TPOIHOrO Tela € CHCTe-
Mamu HenedopMHUpyeMbIX BKIoueHUH. ITocTpoeHbl U
TIpOaHAJIM3UPOBAHBI YHMCICHHBIC PCHICHHUSA JUIA TATH
KOJUTMHCAPHBIX W TIapaJlJICTIbHBIX JICHTOYHBIX BKITIHOYC-
HUI B YCJIOBHSX OZHOPOJHOTO CIBHUra Ha OECKOHEYHO-
CTH.

YCTaHOBIEHO, YTO HANPSKEHHO-1e(OPMUPOBa-
HHO€ COCTOSIHHE€ KOMIIO3UIIMK U3 B3aUMOCBSI3aHHON
JICHTOYHOM apMaTypoil MMeeT CYIIECTBEHHbIC OTINYHS
10 CPABHEHHUIO CO CIIy4aeM Pa3JeICHHOT0 apMUPOBAHUS.
TIpoBeieHHBIE ~ HCCIEIOBAHUA  NAlOT  BO3MOXKHOCTH
TIpeACKa3bIBaTh W ONTHMH3UPOBATE MPOYHOCTHBIC H
IquJOpMaTPlBHBIC XapaKTEPUCTHKH KOMHO3I/IL[1/II‘//I C B3a-
HUMOHEIOABUKHBIMUA apMUPYIOIIUMHA YCUIICHUAMMU.
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AHAJIM3 CTABUJIbBHOCTH MPOYHOCTHBIX CBOMCTB COBPEMEHHBIX
YIVIEIINIACTHKOB

Jlucauenko H.F.l’*, ITonos A.Fl, Tagonuna U.B.2
'AO «OHIIIT «Texuomorus» um. A.T. Pomanmina, OGuuHCK, Poccns; *1isachenkong@technologiya.ru
UMAIL PAH, Mocksa, Pocensi;;

A : Ilpeoc pes;

JIy4eHHbIX npU 6XOOHOM KOHMPOLe 0OHOHAND 020 npenp

UCC1e006ans OOHOPOOHOCMU NPOYHOCIMHBIX U YRPY2UX XAPAKMEPUCTUK, NO-
HexPly.

Knwuesvie cnosa: KOMRO3UyuoHHble Mamepuansl, cmamucmuieckas aﬁpa&omk‘a, CmaﬁuﬂbH()(‘Wlb, ()()H()p()()HOCmb,

Benenne

Kak npaBuiio, npy OlieHKe KauecTBa BbIITYCKaeMbIX
MaTepHaioB, HOJPa3yMEBAIOTCS BBICOKHE DKCILTyaTa-
HMOHHBIC XAPAKTEPUCTHKU W HE MPHUIACTCSA 3HAUCHHUA
TaKOMY BaXXHOMY TIapaMeTpy, KaK H3MCHYHMBOCTH HIIH
HEOJHOPOJHOCTb CBOWCTB. MHOTOJICTHHI OIBIT aTTe-
cranuu KoHcrpykuuii u3 ITKM nokaseiBaer, 4To npo-
1iecc KOHTPOJIS KaueCTBa TOJDKEH MATH OJJHOBPEMEHHO B
JIBYX HAINPaBJICHUSAX: C OJHOH CTOPOHBI 3TO COOIIOACHHE
TpeOOBaHMUIT K XapaKTEPUCTUKAM, C IPYroil — KOHTPOJIb
M3MEHYMBOCTH. [lOBBILIEHHE KadyecTBa TIPOAYKIMH
MOJpa3yMeBaeT HE TOJBKO POCT, K IpUMEpy, Hpod-
HOCTHBIX XapaKTCPUCTUK MaTEpHaIa, HO U COXPaHCHHE
WJTHM TIOBBIIIICHUE CTAOMIBHOCTH MTOKa3aTeleil.

OOBIYHO TPH HPOBEICHUM BXOJHOTO KOHTPOJIS
TeKyIIeif TapTHH TIperpera U3 Hee CIydYaiHbIM 06pa3zoM
BBIOMPAETCA HECKOIBKO PYIOHOB, M3 KaXIOro pyJoHa
M3TOTABIIMBACTCS MAHENb, a U3 TIAHEIN B CBOIO 0YEpesb
BBIPE3aeTCsl HECKOJIBKO KOHTPOJIbHBIX 00pa3uoB. Takum
06pa3oM, 06pasiibl OAHOTrO PYJIOHA U3TOTOBJICHBI B O1-
HOM IMKJIe (pOpMOBAaHUS W3 HEOOJBIIOrO y4acTKa Ia-
HEJIK B KDpOTKI/Iﬁ TIPOMEXKYTOK BPEMCHH. N3menun-
BOCTb, HaOJII0aeMasi IPU UCIIBITAHUS TaKUX 00pasloB,
XapakTepusyeT T. H. IIOBTOPSEMOCTh — pa3bpoc 3Haue-
HHI XapaKTepUCTUKH TIPH MAKCUMAIBHO CXOXHX yCIIO-
BHUAX M3TOTOBJICHUS U WUCIIBITAHUA 06pa3u013. O)KPUI&CT-
Cs, 4YTO 3Ta U3MCHYHUBOCTD, 6y£ly‘ll/l HUXKE U3MCHYMBO-
cTH, HaOII0aeMON Ul pe3yJIbTaTOB HCIBITAHUI pa3-
JIMYHBIX PYJIOHOB (M3TOTOBJICHHBIX B PA3HBIX ILMKIAX
q)OpMOBaHI/lﬂ, pa3HbBIMH OIlI€paTOpaMH, B pasHOC BpCMﬂ),
TEM HE MEHEEC, BHOCUT OCHOBHOH BKJIaJl B ©3BMEHYUBOCTh
Bcero mporecca. Eciam Biax pasiuuus MeXIy pylio-
HaMU B OOIIYI0 M3MEHYHBOCTh OKa3bIBACTCS CTATHUCTH-
YecKH HE3HAYMMBIM, TO TNPOLECC M3TOTOBJICHUS M HC-
TbITAHUSA 06pasu013 MOYXHO CUHTaTh CT86I/IJ'II>HBIM, nim
BOCIIPOU3BOJAUMBIM.

Ha wsrorosnenue u ucnpitanue oopasuos u3 [IKM
OKa3bIBACT BIIMSHHUE OTPOMHOE KOIMYECTBO PA3IMUHBIX
(akTOpoOB, M Jaxke TIIATENbHEHIINM 00pa3oM KOHTPO-
JIMPYEMBIH TEXTIPOIIECC 3a4acTyI0 He MOXKET 00eceunTh
JKETaeMyl0 BOCHPOU3BOAUMOCTB. Jpyrumu cioBamu,
MPOIECC U3rOTOBJICHUS M MCIIbITaHHs 00pasiioB u3 ITIKM
OOBIYHO SBIIICTCSA B MEHBIICH MM OOJBIICH CTENCHU
HecTabmmbHbIM, U 3a4acTyro Haﬁn}oxlaeMaﬂ HECTa-
OUIBHOCTL TEM BBIILIE, YE€M BBILUIE IPOYHOCTHBIE U
yIpyrue nokasatenu Matepuaia. [IonbITKy noBbIIeHUS
CTaOMIBHOCTH IPOIECCOB, 3aBHCAIIMX OT OOJBIIOro
KOJIMYECTBA HE BCETJAa U3BECTHBIX MPUYUH, MOTYT IIPH-
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BECTH K CYIIGCTBEHHBIM (PMHAHCOBBIM 3arpaTaM. Ilo-
9TOMY, HECMOTPSA Ha TO, YTO C IHCIBIO BBIABICHHUSA H
YCTpaHEHHsI PUYMH, NMPUBOASAIINX K HECTAOMIBHOCTH,
ClIe/lyeT MOCTOSHHO KOHTPOJMPOBATH IPOLECC, aHAIH-
3UpYys BCE JIOCTYIHbIC KOJIMYECTBEHHBIC M aTPHOYTHB-
HbIE XapaKTEPUCTUKH, C HEOOIBIION 1oneil HecTabuib-
HocTn B obOmactu npousBojctBa [IKM npuxoaures
MHPHUTHCH.

W3BECTHO, YTO CTATHCTHYECKU OOOCHOBAHHBIC Xa-
PAKTEpUCTHKH MaTepHana (Hampumep, B-6asuc — 3Ha-
4eHne, KOTOPoe ¢ BEePOATHOCTBIO 95% mpeBsicuT 90%
3HAUYCHUH BCEH reHepalbHON COBOKYITHOCTH) 3aBHCST OT
[1apaMeTpoB BBIOOPKU, HAa OCHOBE KOTOPOW OHH pac-
cunrtanbl [1]. Kpome pa3mepa BBIOODKM W BHjaa ar-
NIPOKCHUMHUPYIOLIETO  PACHpPENENIEHHs  CYIIECTBEHHBIM
IapamMeTpoM SBJIAECTCS CTENEHb OJHOPOJHOCTH IOJY-
YEHHbIX JaHHBIX. [IpH pacuyere CTaTHCTUYECKH 0OOCHO-
BAaHHBIX XapaKTEPHCTHK MaTepuana OOHapyKeHHas He-
OHOPOAHOCTE MOXKET CYIIECTBEHHO ITOHHU3UTH BBIYHC-
JICHHBIC 3HA4YCHUA. CyI_L[eCTByeT HECKOJIBKO METOI0B
aHaJIn3a OJHOPOIHOCTH BEIOOPOK. BO3MOXKHBI cUTyanuu
«caboil  HEOJHOPOJHOCTH», KOIJAa 4YacTh KPUTCPHEB
YKa3bIBaeT Ha HEOJHOPOJHOCTh, HO €CTh U T€, KOTOphIe
JOIYCKaKT, 4YTO CTPYNIHPOBAHHBIC JaHHBIC MOXKHO
CYUTATh BHIOOPKAMHU U3 OJHON I€HEpaIbHOW COBOKYII-
HOCTH, T.€. CYUTATh OAHOPOAHBIMHU.

B Hacrosie#l paboTe MpoBe/IeH aHANN3 Pe3yIbTa-
TOB IIPOYHOCTHBIX HCTIBITAHUI BXOJTHOT'O KOHTPOJISA MATH
TMOCJICAHUX TMOCTAaBOK OJHOHAIPABJICHHOTO Iperpera
HexPly. Kaxxaas nocraBka Obuia npejicrasiesa ot 3 10 6
pynoHamu. Kaxas U3 4eThlpeX XapaKTepUCTHK — IIpe-
JIeJT IPOYHOCTH MPH PACTSHKEHUH (G), MOIYJIb YIPYTOCTH
npu pactspkernd (E), IpoyHOCTh MEKCIOMHOTO cBura
NP  HOPMAaJIbHOM Temmeparype (Ty) M IPOYHOCTh
MEKCIIOMHOTO CI[BUra IPH IOBBIICHHON TeMIepaType
(T120) — ompenensnach Mo HATH obpasam pynoHa. B
paboTe W3ydamach OJHOPOJIHOCTh  XapaKTEPHCTHK
BHYTPH KaXJO# M3 NOCTAaBOK, a TaK K€ MEXIy HUMH.
Jlnst BBIOOPOK Pa3HOl CTEHEHH HEOJHOPOIHOCTH CPaB-
HHBAJIMCh BEJIMYMHBI CTATHCTHYECKM OOOCHOBAHHBIX
3HAYCHMH C ydeToM U Oe3 ydeTa HEOJHOPOHOCTH.

Jliist onpesienienust CTeneHn 0JJHOPOIHOCTH TAaHHBIX
pykoBozacTBO [l] mpeuiaraer MCIOIb30BaTh Hemapa-
Merpuueckuii - k-BbIOOpOUHBIl  KpuTepuii  AHaepco-
Ha-/lapmunra [2]. CpaBrenue cratuctukn ADK ¢ kpu-
TUYECKUM 3HAYECHHUEM, ITOKa3bIBACT, SABIAIOTCA JaHHBIC
OJHOPOIHBIMU MM HEOAHOPOIHBIMH (CTPYKTYPUPO-
BaHHBIMM). Pacuer craTtMcTHYECKH OOOCHOBAHHBIX Xa-
PAKTEPUCTHK CTPYKTYPHPOBAHHBIX JIAHHBIX ISl He-
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OONBIINX BBIOOPOK 3aYacTyl0 JAeT HEyJOBICTBOPH-
TeJIbHO HU3KHE 3HAYCHUS U SIBJIACTCS ITapaMETPUUECKHM.
EcTh BO3MOXHOCTh HpeHEOpedh CTATHCTHYCCKM 3Ha-
YMMOM BapHalMei, MOCUNTaB €e HEe3HAYMMOH MpaKTH-
uyeckd. PexkomeHpamuu IO MPOBEICHUIO HKCIIEPTHOMH
oneHkH [ 1] KacaloTes cieyIomux Ciiy4aes:

- CpeJlHHE 3HAYCHHS OJIM3KH, HO CHIIBHO pa3iiMda-
FOTCS ANCTIEPCUH;

- HU3KUH K0d(Q(QUIHEHT BapHanuy o0be MHEHHOM
BBIOOPKH (HIKE 4%);

- Kod3QQUIMEHT BapHalMu OOBEIUHCHHOH BBI-
GOpKH HIDKE, 4eM MOXKET 00ECHeYHTh METOJ HCIIbITa-
HU.

B yka3aHHBIX cily4asx pe3ysibTaTOM SKCIEPTHON
OLICHKH MOXKET CTaTh PEIICHHE O MPAKTHYECKOH He3Ha-
YUMOCTH PACXOXKJCHUS MEXIy BBIOODKAMH, T.€. IIPH-
HATA OJMHOPOJHOCTh JIAHHBIX, OJIArONPHATHAS IS
JaNbHEHIIHNX PACUETOB.

Hamm Obuti IpeUIoKEHO ¥ apryMEHTHPOBAHO
MPUMEHCHUE JIONOJHUTENIBHBIX CTATUCTHYECKUX IIPO-
LeMyp, CIOCOOCTBYIOIIMX IPHHATHIO pENICHHA B
CIOPHBIX CUTYaIUsX.

JlucniepcMOHHBI  aHAM3. AJITOPUTM, IIpUBE-
JIeHHbIH B [1], 1O3BOJIAET paccUUTaTh KPUTHYECKHE
3HAYCHHUS HA HECKOJIBKUX 3aJlaHHBIX YPOBHSAX 3HAUMMO-
CTH M HE JIaeT BO3MOXKHOCTH BBIYMUCINT HAOIIOAaeMBbIi
YPOBEHb 3HAYUMOCTH KpuTepust AHaepcoHa-/lapiunra.
Hamnpotus, B nucnepcuonHom ananuze (ANOVA) BbI-
YUCIIAETCS P-ypOBEHb, HA KOTOPOM 3HAYMMO pas3inuue
MEXIy TpyNmnaMi AaHHBIX. B oTanmume oT KpuTepHs
Amnpepcona-/lapiuHra IUCTICPCHOHHBIH aHAIM3  SABIIS-
eTcsl MapaMeTPUUECKHM, TO €CTh UCXOAUT M3 HOpMallb-
HOCTH pacIpe/Ie/IcHus, I09TOMY OH 0oJiee MOIIHBIH, HO
MOXKET JaBaTh HENPABHJIBHBIH PE3yJbTaT, €CIU O0XKH-
JIaeMoe pacrpe/ieleHue He SBIACTCS HOPMAJIbHBIM.

KonTpoabnble kapTbl. B3aumuoe pacronosxeHus
CPEeJIHUX BEJIMYMH W KOHTPOJIbHBIX I'DAHHI[ Ha KOH-
TPOJIBHON KapTe MO3BOJISCT OLICHHTH CTCHCHb CTA0MIb-
HOCTH, a, CJIEOBATEIbHO, OJHOPOJHOCTH JAHHBIX.
Crexyer yuuThIBaTh, YTO PacyeT KOHTPOJIBHBIX TPAHMIIL,
TaK K€ KaK M JHUCIEPCHOHHBII aHAIM3, UCXOIUT M3
MPE/INONO0KEHHs HOPMAJIBHOCTH Pacpe/ieICHHs.

HopmasbHocTh pacnpenenenusi. Ecin o6benn-
HEeHHas BBIOOpKA SBIAETCS HOPMAIbHON Ha YPOBHE
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3HaYUMOCTH BbIte 50%, TO, Ha HALI B3IJIS, 3TO JOKHO
CTaTh ONpPEJEIISAIOMUM (HAaKTOPOM B MPHHITHH PEILCHUS
110 0OBEANHCHHIO BBIOOPOK B OJIHY COBOKYITHOCTb.

Pe3yabTaThl M HX 00CyKICHHE

['pynmupoBKa JaHHBIX JUISl H3YYECHHS OJJHOPOIHO-

CTH BO3MOKHA HECKOJIBKUMH CIIOCOOAMU:

- BCE IaHHbIC CIPYIIIMPOBAHbI 110 OCTABKaM;

- BCE JIaHHbIE CIPYIIIMPOBAHBI 110 PYJIOHAM;

- JIaHHBIC KaXKIOH MOCTaBKH CIPYNIIMPOBAHBI 1O
PYJIOHAM M PacCMaTPUBAIOTCS OTACTBHO.

I'pynnupoBka nmo mocraBKaM. Bbuto mokasaHo,
YTO II0CTABKM 3HAYMMO OTJIMYAIOTCS APYr OT Apyra Mo
BCEM YETHIPEM H3yYaeMbIM XapaKTEPHCTHKAM, YPOBEHb
3HAYMMOCTH (BEPOSTHOCTh TOTO, YTO JAHHBIC OIHO-
POJIHBI) MEHBILE OAHON JecsToil npoueHra. B oobenn-
HEHHOI COBOKYIHOCTH JAHHBIX HOPMAlbHOE pacrpe-
JienieHne HaOMIONaeTCsl U BCEX TPeX HPOYHOCTHBIX
XapaKTepuCTUK. PacripesienieHne MOyIIsl YIPYTOCTH He
SIBJIAICTCS. HOPMAJbHBIM, HO KOI((OHUIMEHT BapHaluu
BCEX 3HaYEHMi MOAyJIs cocTaBisieT Beero 3,5%. Huskoe
3HaueHHe Kod(duIMeHTa Bapuauu Juist MOLyJIsl YIpy-
rocTn HaGmromaercst Ui OOJNBIIMHCTBA MaTEPHANIOB U
NPUBOAUT K TOMY, 4TO Oa3WChl, PacCUMTAHHbBIC pa3-
JIMYHBIMM METOZAMHU (/11 OJHOPOJHBIX M HEOJHOPO.-
HBIX JaHHBIX), OTIHYAIOTCS HECYIECTBEHHO.

HecTabHIBHOCTh TIPOYHOCTHBIX CBOICTB MOMKHO
YBHZCTb HAIISTHO HAa KOHTPOJIBHBIX KapTax, MpecTaB-
JICHHBIX Ha puc. 1.

Kaxnas u3 nmatu touek rpaduka mnpencraBisieT
coboii cpelHee MO MOCTABKE 3HAUYCHHE COOTBETCTBYIO-
et xapakTepucTuki. CTaOUIBHBIN IIPOIIECC He TODKEH
BBIXOZINTh 3@ TPAHUIBI MyHKTUPHBIX KOPHUIOPOB, TIO-
CTPOCHHBIX 10 JAaHHBIM Pa30pOCOB BHYTPH IPYIIIL

HauGonee crabuiIbHbIC XapaKTEPUCTUKU COINIACHO
BCEM PAaCCMOTPEHHBIM KPHTEPUSIM — 3TO Ipejel Mpod-
HOCTH MEKCJIOHHOTO CIBHTa MPH HOPMAIBLHOW M TIpU
HOBBILICHHOH TemmepaTypax. OfHAKO MOTCHIUAIbHASL
npurognocts (C,) 3TuX mponeccos cocrasisger 0,41 u
0,50 COOTBETCTBEHHO, YTO SBIISETCS JJOCTATOYHO HU3KHM
TIOKa3aTeIeM KayecTBa.

1~ =) ~JC0 000 QO CRID D
B REOMNESHBOMN

~— =
=
o

Puc. 1. KOHTpo/IbHbIE KAPTHI /LISl AAHHBIX, CTPYNIHPOBAHHBIM 110 MOCTABKAM
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I'pynnupoBka mno pyJionam. PacyeTsl mokassl-
BAIOT, YTO CTAOMJBLHOCTH [AaHHBIX BHYTPHU IOCTaBOK
CYILECTBEHHO BBIIIE, YeM MexIy pysnoHamu. Ha puc. 2
MPUBEICHBI KOHTPOJIBHBIC KapThl IS MPE/eNa MpOvHO-
CTU TIPH PACTSHKCHHH (caMoil HecTaOWIBbHOM XapakTte-
pucTHKH) U npouHoctH casura rnpu 20°C (cTabuibHOM ¢

3300
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TOYKHM 3PEHUS] KOHTPOJIBHBIX KapT), KOHTPOJbHbBIE Tpa-
HULB! JUISL KOTOPBIX PACCYUTAHBI OTJIEIBHO IS KaX10M
nocraBkd. Homep mocTaBku ykazaH Ha BepXHEH ropu-
30HTANBHOI och. ToukH Ha rpaduKe OTPAKAIOT CPETHUE
3HAQYCHUS XAPAKTEPUCTUKU IS KAXKJAOrO0 M3 MCIIbITAH-
HBIX PYJIOHOB.
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Puc. 2. KoHTpoIbHBIE KAPThI 1151 AaHHBIX, CTPYNNHPOBAHHBIM 110 PYJIOHAM

B Tabn.1 mpuBeneHsl pe3ybTaThl aHATU3a OJHO-
poaHOCTH Ka)KI[Oﬁ N3 HYCTBIPEX XapaKTCPHUCTHUK IS
Ka)J10i U3 1sTH 1octaBok. [lirocom/MunycoM 0603Ha-
YeHa OJHOPOJHOCTH/HEOTHOPOIHOCTh II0 KAKIOMY U3
kputepueB: ADK - k-mapamerpudeckuii  KpHTEpHit
Amnnepcona-/lapnunra, P — nucnepcnonnsiit ananus, CV
— kood¢unuent Bapuanuu, KK — KOHTPOIbHBIC KapThL.
Kpome Toro, ais ciiydaeB HEOJAHOPOJHOCTH BBIYUCIIECH
HaOMI0IaeMBbIi YPOBEHb 3HAUMMOCTH THIIOTE3BI O HOp-
ManbHOCTH PAacIIpE/IEICHHUS.

Tab.. 1. Pe3y1bTaThl aHAJIN32 0AHOPOJIHOCTH

< E T2 Ti20
ADK ADK + ADK + ADK +
P- P+ P P+
Tas cv_
TOCTABKA | o 3004
KK -
ADK ADK + ADK + ADK
P P+ P P-
Bax cv+ cv-
fiocraska HOpM 32% Hopm 50%
KK
ADK ADK + ADK + ADK +
9as (—?\77 P+ P P+
TOCTABKA | o 704
KK
ADK — ADK — ADK — ADK +
P P P P
10a cv- Cv+ cv-
riocraska HopM 30% | HOpM 7% HopM 4%
KK KK KK +
ADK — ADK — ADK — ADK +
P o P P
la cv- CV+ cv -
riocTaska nopm 30% | nopm 0% | Hopm 10%
KK KK KK +
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DaKTOp «IIOCTAaBKa», a 10 CYTH «BPEMsD» OKa3bl-
BAaCT 3HAYMMOC BIIMSHHE HA 3HAYCHHE BCEX M3y4aeMbIX
XapaKTePUCTHK, HaOmofaeMasl HecTaOWIBHOCTh BO
BPEMEHH MPHBOAUT K HELEIeco00pa3sHOCTH 00beanHe-
HHSE OOJIBIIOrO KOJINYECTBA JAHHbIX.

Tlpenienn NMPOYHOCTH NPH PACTSHKCHHUH SBIISETCS
Haubonee HecTaOMIIBHON XapaKTepHcTHKOH. Pacuer
3HauCHUH 0a31MCOB B OOJIBIIMHCTBE CITy4aeB IPUXOANTCS
BBIMOJIHATE METOAMHU JIMCIEPCHOHHOrO aHaan3a (aHa-
JIM3 CTPYKTYyPUPOBAHHBIX [AHHBIX), 9TO 3HAYMMO MO-
HIDKACT BBIYHMCIICHHBIC 3HA4YCHUS. MOyNb yNpyrocTu
CTaOMIIBHO AEMOHCTPUPYET HU3KOE 3HaueHHue Kod(du-
LIMCHTA BapHALlM{, METOJ pacdyera 06a3MCOB B IIOAaB-
JIOIEeM OONBIIMHCTBE CIIyYaeB HE3HAUMMO BIIMSCT Ha
BBIYMCIICHHBIC 3Ha4YeHHs. IIPOYHOCTH MEXCIOHHOro
CIBUra KaK MPH HOPMaJbHOM Tak M HPU MOBBILICHHON
Temreparype sBiseTcss Hanboiee cTaOWIBHOM Xapak-
TEPUCTUKOI, OFHAKO MOTCHIMANbHAS HPUTOIHOCTH
nporiecca BXOJHOro KoHTpons Cp OKa3bIBacTCs J0CTa-
TOYHO HU3KOH (He BbIwe 0,5), 4TO XapaKTEepHO IS TAKUX
CYIIECTBEHHO aHM30TPOIHBIX MAaTEPHAIOB, KOTOPBIMU
SIBIISIIOTCS. KOMITO3HTBL.

1. Composite Materials Handbook — 17 (CMH-17). SAE Interna-
tional on behalf of CMH-17, Wichita State University, March 2012 —
Chapter 8 Statistical Methods

2. Scholz, F.W. and Stephens, M.A., “K-Sample Ander-
son-Darling Tests of Fit,” Journal of the American Statistical Associa-
tion, Vol. 82, 1987, pp. 918-924
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HUCCIEJOBAHUE YCTAJOCTHBIX XAPAKTEPUCTHK KOHCTPYKTHUBHbBIX
HEPET'YJSIPHOCTEM KPBIJIA MEPCIEKTUBHOI'O IMTACCAXKHUPCKOT'O
CAMOVJIETA U3 IKM

Jlyxpsauyk A.A., ITankoB A.B., Ceupckuii FO.A., Toxaps B.JI., Kamunun A.I'., banamos B.B.

TentpanbHblii asporuapoaunamudeckuii nactutyt um. H.E. XKykosckoro, XKykosckuit, Pocenst; an.luk@list.ru;

A : IIpeoc pes IKC! X UCCNe008anuill yCmanoCmnolx Xapakmepucmuk 0opasiyos
U3 NONUMEPHO20 KO: IHHOO D (HKM) €O C60DOOHBIM OmeepcmueM Ha OCHOGe 8aApUAHmMA Y2neniacmuka ons
KOHCMPYKYuil HeCyujux noeepxXHocmeti nepcr 1X iinepos. Ha ocnose nomyueHHbIX IKCnepuMeHmanbHulX OaHHbIX

nposedena eepugpurayus Memooa 0 ROYHEHUs PACYEMHBIX OYEHOK 0I208e4HOCMU OAHHO20 KOHYEHMPAmMopa npu Hepezyisp-
HOM 00HOOCHOM Hazpydscenuu. Paccmomperivl 0cobennocmu yemanocmuuix Xapakmepucmux u Mooeieti OYyeHku 001208e4HOCU
st Konempykyuii uz IIKM.

Knrouegvie cn06a: KoMnOuyuoHHble MAmMEPUaisl, NPOYHOCMb, YCMAIOCHb, UC) peayiapHoe U HepeylsApHO;
Hazpyvicenue, Kpueas ycmanocmu.

Beenenune HArpyXeHus &, ;

PaGoTa NpencTaBIsieT Pe3ylbTaThl HAYaToro He- S — TNOKasare/b  CTEINCHH, OLPEACIACTCA TP
JIaBHO IMKJIA MCCHCﬂOBaHMﬁ, TOCBSILIEHHOTO pa3p3.60T— CTaTUYCCKUX MCIIBITAHUAX Ha IPEACs] INPOYHOCTH MPpH
KE METOJI0B OLCHKHM YCTaJOCTHOM JIOJroBeUHOCTH oc- — PA3HBIX CKOPOCTAX HArPYKCHUA.

HOBHBIX  KOHCTPYKTHBHBIX HEPEry/IAPHOCTEH KPBUIA  YeramocTHBIE HCNBITAHMNSI, PErYIAPHOE HATYKEHHE
MAacCaKMPCKOTro camonéra u3rotoBneHuslx u3 [IKM. B

HACTOSIIIEe BPeMsi OBLIH IOIYYEeHBI PE3yNIbTAaThl UCHbI- YeTanocTHble HCNbITaHKs 00Pa3IoB CO CBOOOAHBIM
TaHWii U1 OJHOTO TUIA KOHIIEHTPATOPOB — €O CBOGOn- ~ OTBEPCTHEM TPOBOAMINCE npu peryisipHoM
HBIM OTBEPCTHEM B OOJIACTH CHKATHS NPH peryiaspHom u  HATPYKEHHU C Tpems KO3 uUMEHTAMH aCHMMETPHU:
HEPEry/ISPHOM HarpyKeHHH. R =20, -6, -1. McribiTanust NPOBOJAMIMCH € IOCTOSHHOM

C WCTIONB30BAHHEM STHX OKCTICDUMCHTATHBIX M PABHOH CKOPOCTBIO HArPYIKEHHS.
JIAHHBIX TIPOBE/ICHA BepH(HKALMS HECKOIBKIX MOJEIICH KPH‘E"IC YCTAIoCTH AMIIPOKCAMHPOBAIIMCE
OLIEHKH [IOJITOBEYHOCTH NPU HEPETYIAPHOM ycrajocr- — CTCHCHHOM 3aBUCUMOCTBIO B BUJE:
HOM HarpyxeHun. OJHa M3 KOTOPBIX OCHOBAaHA Ha HC- N _( ’ )’"“’ )
I0JIb30BaHNH KPUBBIX YCTAJIOCTH IIPH OTHYJICBOM LIUKIIC s
ckarust, MoauduuupoBanHol (opmymsl Opunra st
HPUBEJCHHUS ACHMMETPHYHBIX LHKIOB U THUIIOTE3bI JIH-
HeifHoro cymmupoBanusi nospexaennii (IJICIT). Bro-
pas Mozenb OCHOBaHA HAa 3aBHCHMOCTH CHIDKCHHS — K;
OCTATOYHOM MHPOYHOCTH OT YPOBHS IIEPEMCHHOr0 N M G — JOJIrOBEYHOCTD [0 PaspylICHUs U ACHCTBYIO-
HArpy»KeHHs HAKOILICHUE OBPEKACHHUI. e HANPSHKCHUS, C BKIIOYCHHEM B HHX TOYEK, COOT-
BETCTBYIOIMX CTAaTHYCCKOMY pa3pylICHHIO (JUIS HUX
npuHEManock N = 1) u 6e3 HUX. B HEKOTOPBIX ciydasx

B xoze uccienoBanuii riuaakux oopasuos u3 [IKM  anmpokcumanus 6e3 BKITIOYEHHS TOYEK, COOTBETCTBY-
(mosoca co CBOGOAHBIM OTBEPCTHEM C OTHOIICHHEM  IOLIMX CTaTUYECKOMY DPaspyIlEHHIO, IPUBOAMIA IIPaK-
IIMPUHBl K JMAMETPy OTBEPCTHsS pPaBHbI 6) ObUIO  THYCCKH K JIBYKPAaTHOMY M3MCHCHHIO HAKJIOHA KPMBOI
BBISABICHO  BIMSHAEC CKOPDOCTM  HArpy>KeHHs Ha  yCTaJIOCTH. TOYKM CTaTMYECKOH MPOYHOCTH HNPUBOJIM-
napamMeTpsl [POYHOCTH. B cBA3u, ¢ deM ObUM  JIHNCh K CKOPOCTH HArpy’KEHMsl COOTBETCTBYIOIIEH ycTa-
HPOBEJICHBI HKCIICPUMEHTAIBHBIC PA0OTBI 0 OLEHKE  JIOCTHBIM MCHBITAHMAM 110 (1).
3aBUCHMOCTH CTAaTHYECKOH IIPOYHOCTH OT CKOPOCTH HaxJIOHBI KPHBBIX yCTaTOCTH JUIS HCCIEIOBAHHBIX
Harpy’KeHus. bBbul0  momydeno, urto abcomorHoe  obpasmoB u3 IIKM nmexar B mpemenax 25+30, B
3HaueHWe TMpejesia MPOYHOCTH MPU  yBEIMYEHMH  OTIAMYME OT METalioB ¢ m=~4. OToT (akTop, mpH
CKOPOCTH HarpyKeHusi Ha 2 mopsika yBennmumsaercst — cnpasemnmusoctu  [JICII, npuBogur k ToMy, 4TO
npuGnu3nuTenbHO Ha 7.2%. DTy 3aBHCHMOCTh jajiee  JIOJArOBEYHOCTh B OCHOBHOM ONpEAE/sAeTCsl GOJbIIMMH
ANMPOKCHMHUPOBAIN C HCIONB30BAHMEM CTEICHHON  LMKJIAMH HarpyskeHus. Hanmpumep mis Tunosoro noséra

TAe o, — INpeaena NpOYHOCTH TIIPH CIKATHH,

m, — HaKJIOH KpHBOﬁ YCTAJIOCTH TIpU aCUMMETPHH

CKOpOCTh HATpY:KeHHs

3aBucumoctH [1]: MaccaKMPCKoOro camonéra aois uukia 3B3 cocrasmiser
AN 90% u Gonee oT o0LIEH MOBPEKAAEMOCTH MONETA, B TO

G, =0, J . 1) BpeMsl Kak Ui METAIMYECKUX KOHCTPYKLHUH OHa

G, coctapiser okono 50%. IIpu 3TO CTOMT OTMETUT U

3HAUMTeNbHO  OoJbllee  paccesHHe  yCTaTOCTHBIX
xapaktepucTuk [TKM.

Jliist cpaBHeHMs Ha pUCYHKE | IIPUBEICHBI JKCIIE-
G, ~— Hpeaen  MpOYHOCTH  IIpH  CKOPOCTH  ppmeHTaJIbHbIE JAaHHBIC JJIS BCEX TPEX aCUMMETpUl U
anNpOKCHMUPYIOLINE MX KPUBbIC yCTAIOCTH.

rae o, — Npeaen MNPOYHOCTH MPH CKOPOCTH

HarpyXeHus &, ;

7
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-1, Annpoke. Jl0aroReunaCTs, 1k N

1 1c
Puc. 1-
IHEHTOB

100 1000 10000 100000 1000000 10000000

215t TPEX Koddpu-
YIOlHe HX KPHBbIE ycTa-

TaJbHbIE

TPHH M

JIOCTH
IocTpoenne 0600menHoii KpuBOii ycrajocTu
TIpuBeseHre KPUBBIX yCTanocTn juis koddduim-
eHtoB acummerpur R =20, -6, -1 k eauHoit 06001IeH-
HOU KpI/IBof/’I TIPOBOAUIIOCH C TIOMOIIBIO MO}II/IQ)I/ILII/IPO-
BaHHOW 0000EHHON (Gopmyssl Omuura [2], koropas
JUIsL 06JIACTH CXKATHS [IPHHIMACT BHJL:

= 3)

x ~ i

e, = — aMIUTHTY/Ia HATIPSUKEHHH 1IMKTa;

G

mn M O, — MHUHAMAILHOE M MaKCHMAIbHOE 3HAYCHHE HampsiKe-
HU 1IMKJIA, COOTBETCTBEHHO;
K — IapameTp, 3aBUCAIIMI OT MaTepuana M HaNpsKEHHOTO COCTOs-

HUs B Mccnenyemoﬁ TOYKE;

0':;,,, — HanpspKeHWsl OTHYJEBOTO LMKJIA CHKATUs MPU R = —o0 9KBU-
BAJICHTHBIC T10 IMOBPEKIAEMOCTH pacCMaTpuBaeMOMY LHKIY C IIPOU3-
BOJIBHBIM R .

O000wwEHHasE KPUBasi YCTAIOCTH CTPOMJINCH Me-
TOJOM HAaMMEHBIINX KBaJpaToB IO 3aBHCHMOCTH (3),
NpH ATOM MapaMeTp & ONpPEICIsUICS MO YCIOBHIO
MakcuMyMa Kod(QuIMenTa JeTepMUHIPOBAHHOCTH R
STOM 3aBUCUMOCTH.

Ha pucyHke 2 mnpHBeJCHBI SKCIICPUMCHTAIbHBIC
3HAYCHHA (TOYKH), a TaK K¢ 0000IEHHAs KpHUBasi ycTa-
JIOCTH (HHHHﬂ). Ilo OpANHATE OTIIOKCHBI DKBUBAJICHT-
HBIE HANPSDKCHHs 110 3aBHCUMOCTH (3) IeJeHHble Ha
cpejiHee 3HAYCHHE CTaTHYECKOH IPOYHOCTH IPH CiKa-
THH.

O /0

Craruka

R=20

R=-6

.
.
* R=1

—Uepes cramuky.

HonroseuHocrs, unke!
200 } |

1 10
Puc. 2 — O600ménHas KPHBAsH YCTAIOCTH B 00/1ACTH CKATHS 115
00pa3uoB co CBOGOAHBIM OTBEPCTHEM

IMonyyennoe 3HaueHHMe mapameTpa Kk 0.927
CBUJIETEIbCTBYET O BJIMSHHM YCTAJIOCTHOM MOBPEXKIa-
€MOCTH B OCHOBHOM TOJIBKO OT MakCHMaJIbHOI'O 3Ha4e-

100 1000 10000 100000 1000000 10000000
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HHUs IUKJIQ HAarpyXeHus U MaJIOM BIIMSHHH CPEIHETO
3HAUEHUs LIUKJIA. DTO CIpaBeUIMBO, 110 KpallHell mepe,
JUIs  WCCICIOBAHHOTO  [MAla3oHa  acHMMETpHit
—o<R<-1.

HeperyusipHoe narpy:xenue

I/ICCHGHOBHHI/IG BIIASAHUS HEPETYISIPHOCTH Harpy-
JKEHUS IIPOBOAMIIOCH C UCTIOIB30BAHUEM JIBYX IIPOrPaMM
Harpy)XeHus — «BO3pacTaromein» M «yObIBaromein»,
nepBas U3 HUX CXEMAaTUYHO MPEICTaBICHA Ha PUCYHKE 3.
IIporpaMmbl cocraBieHsl U3 LUKI0B 3B3, noiayueHHbIX
HA OCHOBAHMH IIPOTHO3MPYEMOI B THUIIOBOM IHOJETE
HarpyKCHHOCTH KpblIa MEPCIECKTUBHOI'O I'PAXKIAHCKOT'O
camoJéra.

If

A
]

38 Crynens(8944)
e 5-12- Crynesss (1oL iy

5 CryneHs{20u)

c

Puc. 3 — Cxema «B03pacTalomeii» NporpaMMbl HATPYKEHHsI

B oaHOM 06110Ke, COOTBETCTBYIOIIEM MpPOrpaMMe
Harpysxenus, 60 000 nukioB. Pacuérnas 101roBeqHOCTH
00pasIoB C OTBEPCTHEM OT BO3/ICHCTBHS JaHHOrO 0JI0Ka
Harpy>KeHHs KpaiHe BBICOKAs, TIO3TOMY ISl OTy4eHHS
PpE3yJIbTATOB B NPUEMJIEMBIE CPOKH IIPH HCIIBITAHUAX
ucronb3oBancs KodpQuuueHt macmrTabupoBanus (0T
1.5 1o 2.0), Ha KOTOPBIN YMHOXKAIUCH BCE IKCTPEMYMBbI
NPOrpaMMbl Harpy >KEHUsI.

Ha pucynke 4 npuBesieHa 00OOIIEHHAs KpHBas
YCTanoCTH, OTIMCAaHHAas BBIIIC, U PE3YJIBTAThI WCTIBITAHUI
NMpU  HEPEryJIsApPHOM HapyKEHMHM TIPU  Pa3IMuHbIX
K09 HIHEHTAX MACIITAOUPOBAHHMSL.

el O

© Perynaphoe Harpywenme
——OB06EHHER KpHBaA (R=-20,-6,-1) 280
]

a

© HeperynapHoe Karpyxenve

A HPH, 0Bpasiiei € noBpeXAHAAMMA .

© HPH, "y6bisaiowan”

Ronroseanocts, wiwne!
1 10
Puc. 4 - O600ménHasi KPHBAsI YCTATIOCTH U Pe3YJIbTaThl
MCHBITAHUIL IPH HEPETryJISIPHOM HATPY/KEHHH

W3 pucynka 4 BHIHO, YTO DKCIIEPUMEHTAJIbHBIC
3HAYEHUs JOJIOBEYHOCTH IIPH HEPEryJsIpHOM Harpy-
JKEHUM HaXOJATCS JIeBee PACUETHBIX 3HAYCHHH MOJIy-
yaeMbIX ¢ ucnonszosanuem I'JICII B Buze:

i = =
zﬁfA,A 1.

i

TIpuuewm, cpesiHee 3HAYCHHE CYMMbI YCTalOCTHBIX
TIOBPEXKICHHI Il PUHATHIX 3a4ETHBIMH Pa3pyIIeHHI
o6pasos coctasuno 0.132, uto Xopormmo cormacyercs ¢
M3BECTHBIMH U3 JINTEPATYPHBIX HCTOYHHUKOB PEKOMEH-
JALHAME O TOM, YTO B OOJNILIIMHCTBE CIIy4aeB MOXKHO
MPUHUMATH B 3anac 3Hauenue 4 = 0.1 [3, 4].

100 1000 10000 100000 1000000 10000000

“)
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CpaBHelme MOAXO0A0B OIIEHKH 10JT0BEYHOCTH

Pacxoxzienne pacdyéra ¢ HKCIEPHMEHTOM, MOKa-
3aHHOC Ha PHCYHKE 4, BO MHOTOM OIPEAECISACTCS TeM,
4TO TJICIT nojpasymeBaeT HE3aBUCUMOCTb
MOBPEXKIAEMOCTH, BHOCUMYIO IHMKIAMH C Pa3IHYHbIM
YPOBHEM HArpy:KEHMsi, OT 3TOIO YPOBHSI M OTCYTCTBHE
BIIMSIHUSL HA MOBPEXKAAEMOCTb UCTOPHU Harpyxkenus. B
pesynbrare I'JICII He onuchIBaeT BAUSIHUSA 04EPEAHOCTH
BO3JICUCTBUSL HANPSUKCHUH PA3IMYHBIX YPOBHEH U
NPEINoNaraeT OJMHAKOBYIO CKOPOCTh —HAKOILUICHHS
TOBPEKACHUH TPH HANPSHKCHUH HEKOTO  3aJaHHOTO
YPOBHSL ~ HE3aBHCHMO OT TNpPEABbLAYLIeHl  HCTOpUM
Harpyxkenus. B To BpeMs  Kak  IIOKa3bIBaIOT
SKCIIEPUMEHTAJIbHBIC JIAHHbIC, HOPSJIOK IPHIOKEHHs
Harpy3ok Ha CaMoM JIeJie UIPaeT 3HaUMMYIO POJib M 4TO
CKOPOCTb HAKOIUICHHs TOBPEXKICHUH TNpU 3aJaHHOM
YPOBHE HANpPSHKCHHS MOXET 3aBHCETb OT HCTOPUM
HarpyKeHusl.

Ha pucynke 5 npuBeieHO CpaBHEHHE PACUETHBIX 1
9KCHEPHMEHTATBHBIX JaHHBIX C MCIIOJIb30BAaHUEM JIH-
HEWHOI M HEeNMHEWHOH 3aBUCHMOCTEH CHMKEHUS
OCTATOYHOH NPOYHOCTH OT YMCJIA LHUKJIOB HArpyKEHHs
[3,5]:

. v
n_, +n
G .=0.— o -0, )| = —1
e Yo o) |

— OCTaTo4YHas NIPOYHOCTh;

> 9

i
e o,
©, — HANPSDKEHUs], ACHCTBYIOIIHE Ha (-0 CTyNeHH,

paspylieHHe HAcTyNaeT IpH BbINOJHEHHH HEpaBEH-
CTBa: 6,, <o, ; v — SMIUpUYEcKas KOHCTaHTa B 0OIIEM

cilydae 3aBHCAIIAs OT YPOBHS HATPY/KEHHS o, . SHaUCHHE

v=1.0 COOTBETCTBYET IJIMHEHHOMY CHHKCHHIO OCTa-
TOYHON MpovHOCTH, [l «HEIMHEHHOW» 3aBUCHMOCTH
MPUHATO MHHHMAJIBHOE PEKOMEH/IOBAHHOE 3HA4YCHHE
V= 0.3;

n, — YUCIIO IMKJIOB COOTBETCTBYIOLIEE YPOBHIO OCTa-

TOYHOM TPOYHOCTH HA i — 1-OM ypOBHE o,,, TPH BO3-

it

JICHCTBUM HANpPSHKEHUH i -OT0 YPOBHS o, IO 3aBHCH-

)%

JlaHHBIC Ha PUCYHKE 5 IOKa3bIBAIOT, YTO MPHME-
HEHHE IIOAXOZA IO OLECHKE CHIKEHHS OCTATOYHOI
HPOYHOCTH IIPHBENA K JIy4YIIEeMy COOTBETCTBUIO pac-
YETHBIX M 3KCIEPHMCHTAJIBHBIX JaHHBIX, OCOOCHHO P
HCIOJIb30BAHUN HETMHEHHON 3aBUCHMOCTH (5) ¢ K0d-
¢unmenTom v =0.3. TIpu 3ToM BHE 3aBHCHMOCTH OT
3HAYEHHS V TIPOrpaMMa HarpyXeHUs C «BO3DACTaro-
Iei» MOC/IeI0BATENFHOCTEIO HAIPY30K HMEET MEHb-
IIYIO JOJNTOBEYHOCTD, YeM «yObIBarOmIas». JTO pasiiu-
YHe CTAHOBUTBCS 3aMETHBIM TOJbKO Ha Oaze o 1 +2
nosiétHeIX  65okoB (60 000 + 120 000 mprBeAEHHBIX
IIUKIOB) ¥ B OCHOBHOM OOBSCHACTCS YHOPSJOYCHHOM
CTPYKTYpoOii OJi0Ka HarpyeHus.. 3a C4&T 4ero, HampH-
Mep, Tpu BO3ICHCTBUM «yObIBaIOLIEi» MOCIEnOBa-
TEJIBHOCTH, €CIIH Pa3pyILIeHNe He IPOU30ILIO Ha IEPBOM
HKIie, To Oyzer otpaboran 6e3 pa3pyleHus Bech OJI0K,

GA - Un.r 1

MOCTH: n, =N, [
04 - Gr
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TaKk KaK Mapajule]bHO CO CHIKCHHEM OCTaTOYHOM
MPOYHOCTU IIPOMCXOJUT CHIDKCHHE M JCHCTBYIONIMX
Hanpspkernii. I[Tpu xonudectse 610k0B Gonbiie 10 1o-
BPEXKJAONIee BO3/IEHCTBHE NPOrpaMM C Pa3sIUYHBIM
MOPSIIKOM YePEIOBAHMS HANPSKEHUH CTAHOBUTBCS He-
CYLIECTBEHHBIM U KPUBBIE ISl 3aBUCUMOCTH (5) mpeod-
pasyloTCs B KpHBBIC, NPAKTUYECKH IapaUIelbHbIC 3a-
BHCHMOCTH, TIonry4gaemoit o I'JICTI.

Oea/Oc
©  HeperyrnpHoe Harpywenue
4 HPH, 06pasul ¢ nospexaeHMAMA
©  HPH, "y6oieatousan”

Ou
[lonroBeuHOCTb, LnKAbI
10 000 100 000 1000 000 10 000 000
Puc. 5 — CpaBHenue pe3ybTaTOB PACYETOB 10 PA3THYHBIM MO-
JeJIsIM ¢y P P i

3akJ/04eHue

Jlns 00pasioB co CBOOOAHBIM OTBEPCTUEM, CO-
IJaCHO TOJTYYeHHBIM pe3ylbTaTaM, Ipeel MPOYHOCTH
TIPH CXKATUH YBEIHYMBACTCS Ha 7.2% TIPU yBEIHYCHHN
CKOPOCTH HarpyeHus npumepHo B 300 pas.

TlokasaHa BO3MOXKHOCTH IMPHUMEHEHUs 0000LIEH-
HOIT (opmynbl OmuHra Juisi HocTpoeHus: 0000MEHHOM
KPUBOI{ yCTaIOCTH.

ITo pesymbraTam 00OpaGOTKM JAaHHBIX 110 HEpery-
JISIPHOMY HArpy>KEHHIO IOKA3aHO, YTO CPeAHES 3HAUCHUE
CYMMBbI YCTaJOCTHBIX NOBpexaAeHHi coctaBuio 0.132,
YTO XOPOWIO COTJACyeTcsl C W3BECTHBIMU M3 JIHTEpa-
TYPHBIX HCTOYHHKOB PEKOMCHIALUSIMH O TOM, 4YTO B
GOJIBIIMHCTBE CIy4acB MOXKHO NPHHMMATh B 3arac
3nayenne 4 = 0.1.

IIpuMeHeHHe 3aBHCHMOCTH CHIDKCHHS OCTaTOYHOM
MPOYHOCTH OT YCTAJIOCTHON HApaOOTKH JydIle OIHCHI-
BaeT IMOBEACHHE OOPa3LOB MPU HEPEryJIAPHOM HArpy-
sxkennn, dem [JICIT mpu 4 = 1.0, ogHako st e€ uc-
MOJIb30BAaHUsl HEOOXOJUMO IPOBEICHHE CIICLUAIBHO
CIJIAHMPOBAHHBIX JKCIEPUMEHTAIbHBIX HCCIIEH0BAHMI
Ha OOJIbIIIEM KOJIMYeCTBE 00Pa3IIoB.

1. Tpynmun IOJL «Ycranocts M JKHBY4eCTh THIIOBBIX MeCT
KOHCTPYKIMH W3 TOJMMEPHBIX KOMIIO3HIHMOHHBIX MATCpPHAJIOBY,
sKypHain TBD Ne6, 1999.

2. Bopotsés A.3., Ompkun b W., CreGenes B.H. u jp.
ConpoTHBIIEHHE  yCTAalOCTH DJIEMEHTOB  KOHCTPYKIIMHA. M.:
MammHoctpoenne, 1990. — 240 c.

3. Wahl, N.K., ‘Spectrum fatigue lifetime and residual strength for
fiberglass laminates’, Ph.D. Thesis, Montana State University, Bo-
zeman, 2001

4. Echtermeyer, A.T., Kensche, C., Bach, P., Poppen, M., Lilholt,
H., Andersen, S.I., Brendsted, P., ‘Method to predict fatigue lifetimes
of GRP wind turbine blades and comparison with experiments’, proc.
European Wind Energy Conference, Géteborg, Sweden, May 20-24,
1996, pp. 907-913

5. Wahl, N.K., Samborsky, D.D., Mandell, J.F., Cairns, D.,
‘Spectrum fatigue lifetime and residual strength for fiberglass lami-
nates in tension’, proc. ASME/ATAA Wind Energy Symposium, Reno,
Nevada, January 2001.
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CO3JAHUE BOJIOKHUCTBIX CTPYKTYP C MEPEMEHHOM KECTKOCTBIO 3A
CYET MPUMEHEHHUS KPUBOJIMHEWHBIX TPAEKTOPUI APMUPOBAHUS

MaaxoB A.B., [Tommnos AHS
HNMAII PAH, Mocksa, Poccust; *polilovan@mail.ru.

A A Memoo Moo

Komnc X J

: B pabome pacc.
10 K

KOl BOJIOKOH, C T ) cm

i

p PUATIOB C KPUB! oil yKnao-

A 6O3MOJICHBIM A0ANMUPOBANb CIPYKIMYPY apMUupOSanius K 2eoMempudeckum

HEOOHOPOOHOCMAM (0OMEepCmus, GbIMOYKY U M.0.), A MAKIICE NPOBOOUMCS AHANU3 HANPAICCHHO-0EPOPMUPOBAHHO20 COCMOAHUS

8 njiacmumnax, COCNAHHBIX U3 MAKUX CmMpyKmyp.

Kniouesvie cnosa: xomno

yknaoka eonokon, MKD, xonyenmpayusi nanpssicenul,

ananuz HJIC. "

B nocnenuue aecATnneTHs BOJOKHUCTBIE KOMIIO-
sutHble Matepuanbl (BKM): crekino-, yrme-, opra-
HO-TUIACTHKU MOIyYMJIM IIMPOKOE PaclnpocTpaHEHHE B
ABUAIMOHHON M a3POKOCMHYECKOH TEXHMKe Oiaroiapst
CBOMM YHMKAJIbHBIM YIPYTOINPOYHOCTHBIM CBOHCTBAM.
Opnako, peanu3oBath Bech mnoreHuuan BKM cran-
JAPTHBIMU  METOZIAMH IIPOGKTUPOBAHMS HE yJaercs
M3-3a pa3pyIIeHHs] BOJIOKOH NPH CO3IaHMH Y3JI0B Kper-
JICHHS TI0 TPaJUIMOHHBIM TeXHojorusM. IIpupona co-
371a€T KOMIO3UTHBIE CTPYKTYPBI, KOTOPbIE HAMIYYIIHM
00pa3oM aJanTHpPOBaHbl K BHELIHUM BO3JICHCTBHSAM.
Hanpumep, B JpeBecHHE IIPU COCAMHEHHH BETKH CO
CTBOJIOM BO3HHKAET KPHUBOJMHEHHAs CTPYKTypa apMH-
pOBaHMSI M BOJIOKHA MCKPUBISIOTCS B OKPECTHOCTH
cyuka. W3yuns omwiT Ilpuponsl u mepeiins oT craH-
JIApTHOM NPSMOJMHEHHON YKIIAJIKU BOJOKOH K KpPHBO-
JIMHEIHOH, MOXHO JIOCTHYb CEPbE3HOrO CHIKECHHUS Be-
ca, HanpHuMep, KocMUYeckux arnmapartos (KA).

B nmannoit pabore onMcaHO MPOEKTHPOBaHME
(dyHKIMOHAIBHO rpaaueHTHoro marepuana (PIM), c
MOMOIIBIO KOTOPOTO MOKHO CMOJICIHPOBAaTh HEOIHO-
POJIHYI0 KOMIO3HUTHYIO CTPYKTYPY € KPHBOJIHMHEIHBIM
apMupoBaHueM. TpaeKkTopuu BOJIOKOH B 3TOM MaTepH-
ajie pacroyaraloTcss BIOJIb MAKCUMAbHBIX IJIABHBIX
HanpsbkeHuit [1]. Jlamee MET0oJ0M KOHEUHBIX SJIEMEHTOB
Mozenupyercss PI'M, rae KaxaoMy 3JEMEHTY NpUCBa-
MBAIOTCS CBOM OPTOTPOITHBIC CBOMCTBA B JIOKAJIBHOM
CHCTeMe KOOPJMHAT, IPOJOJbHAS OCh B KOTOPBIX COB-
[aJiaeT ¢ HaIpaBJICHHEM BOJIOKHA, T.€. C HalpaBJICHUEM
HanOONBIIEr0 MAaKCHMAJIBHOIO HANpSKEHHS B HMCXON-
HOIi 3amave. [Ipn MosenMMpoOBaHNH MaTepuana KaxaoMmy
9JIEMEHTY IIPUCBAUBACTCS CBOS JIOKAIbHAas OOBEMHAsS
JI0JISL BOJIOKOH, KOTOpasi OIpPEIEISeTCs] PacCTOSHHEM
MEXly COCEIHMMM BOJIOKHaMu. JIokanbHble MeXaHHue-
CKHME CBOWCTBA MaTepHalla MEHSIOTCS C H3MCHCHHEM
00bEMHON 10111 BOJIOKOH. Takum o0paszoM, Moaenupy-
eTcsl AMCKPETHAs MOJIeJIb, B KOTOPOH yUUTBIBAaeTCS Kak
HanpaBJIcHHE BOJIOKOH, TaK M M3MEHEHHE PACCTOSHUS
Mexay HuMH. IIpomecc MonenupoBaHMA M pacyeTa
HANPSDKCHUH  ABIISIETCSl MTEPAllMOHHBIM, T.K. IOCTE
HA3HAYCHHs MEXaHMYECKHX CBOICTB KaXIOMY IIEMEH-
Ty CO3]1a€TCsl HOBasi CTPYKTYpa C COOTBETCTBYIOLINM €ii
HOBBIM TIOJIEM HampspKeHWH. MTepanoHHbIH Ipolecce
3aBeplIacTCs, KOrJa HANpsHKEHHOE COCTOSHUE MPAKTH-
YeCKU MepecTaéT U3MEHATHCS OT UTePALMH K HTepallu
[2].

Belieonucannbiif METOL MOJCIMPOBAHHS 1103BO-
JISIET PalMOHANIBHO aJaITHPOBATh TPACKTOPHH BOJIOKOH

80

K pa3jIMYHbIM T€OMETPUICCKUM HECOAHOPOIHOCTAM (OT-
BEpPCTHSI, BBITOYKH, OOJITOBBIC COCAMHEHHS W T.1I.), a
Taxoke K aeicTByronmm Ha KA Harpyskam, u paspyuie-
HHE BOJIOKOH MCKJIFOYAeTCs 61arofapst MX «OOTEKaHHIO»
OTBEPCTHUH.

D¢ dexruBHocts npumenennss GI'M Oputa mox-
TBEPIKJEHA KaK TEOPETUYECKHU, TaK U HKCIIEPUMEHTANIb-
HO. JII PaKTHYECKOI MPOBEPKH ObIITa CMOJIEITHPOBAHA
HEOJHOpPOAHAsA KOMIIO3WTHAS IJIAaCTHHA C OTBEPCTHEM,
KOTOpas 3aTeéM noJBseprajiaCb OTHOOCHOMY U OAHOPOMI-
HOI'O PACTSHKEHHIO. APMHUpPOBaHHE B 3TOW IIACTHHE
OBIJIO BBINOJIHEHO B COOTBETCTBHME C BBIIICYKA3aHHBIM
METOJIOM, U TPACKTOPHUH BOJIOKOH Ka4YE€CTBECHHO COBIIA-
Ja C¢ TPAaCKTOPHUSAMHU BOJIOKOH B JIPEBECHHE B OKPECT-
HOCTHM cyuka. Pacuerbl mokasanau, 4to KOd(GQUIMEHT
KOHIICHTPAIMH HANPSKEHUH B pacuere Ha BOJIOKHO, T.€.
K03 HUIMEHT meperpy3Ky BOJOKOH BO3PAacTaeT JIMIIb B
1,8 pa3a, uTO B TpH pa3a MEHbIIE, YeM JUIs KOMIIO3HT-
HOW CTPYKTYpBl C HPSIMOJMHEHHBIM apMHpPOBaHUEM
(puc. 1).

—
-0.13

",7'—
0.51 0.93

1.36
Puc. 1 KodygpuuuenT KOHIEHTPAUNH HANPSKEHHIT B HANpaBJie-
HHe BOJIOKHA /1Sl TTACTHHBI ¢ OTBEPCTHEM.

1.78

Tloxoxas pabora Obuta BbinonHeHa B [3], rue Bo-
JIOKHA YKJIaJbIBAIIMCh TAKXKE BJIOJIb HAMOOJBIIMX IJIaB-
HBIX HampspkeHuil. OJHAKO, M3MEHEHHE paCCTOSHHS
MEK/ly BOJOKHAMM He yuuThiBaiock. Ha puc. 2 u3 [3]
MOKa3aH BUJ paspylieHus 00pa3la, U BUIHO, YTO Tpe-
IMHA TIPOXOJMT 4Yepe3 MECTO HauOOoblIel KOHICH-
TpaLUU HATPSDKEHHIT, YTO COTNIACyeTcsi ¢ PacueTHBIMU
npeackazaHusMu.  Jis co3maHus  KPUBOJIMHEHHON
CTPYKTYpBI apMHUpOBaHusi B oOpasuax u3 [3] Obuia uc-
MOJIb30BAaHA TEXHOJIOTHS  aJalTUPOBAHHONW  yKJIaJIKU
BonokoH (tailored fibre placement). B xome napyrux
9KCHEPUMEHTOB [4] OBUIO BBISICHEHO, YTO MPOYHOCTH
IUIACTUHBI C OTBepCcTHEM U yknaakon [C/+45] na 50%
BBIIIE, YeM Y TaKOro e obpasua, HO C YKJIaJIKOi
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[+45/0]s, rne C — MOHOCIIO# ¢ KPUBOIMHEHHBIM apMH-
poBaruem (puc. 3). Euié Gonpiryio a3 ekTHBHOCTb OT
npumeHeHuss @I'M MOKHO J0CTHYB B y37aX COCIMHE-
HHSI KOMITO3UTHBIX U METAJUTHYCCKUX AeTaieH [5].

Puc. 2. Paspymenune niaactunel u3 ®I'M npu 01H00CHOM pacTs-
skenun [3].

Puc. 3. Ilnactuna ¢ otBepeTHeM [4]: a — ykiaaaka [£45/0], 6 —
yKaaaka [£45/0].
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Takum o6pazom, npumenenne ®I'M B KA no3sso-
JISIeT pealli30BaTh BECh HMOTCHIMAN KOMIO3UTHBIX Ma-
TEPUANIOB M CO3/1aBaTh PAIMOHAIBHBIC CTPYKTYPBI ap-
MHPOBaHHSI.

PaGora BbImonHEeHa NMpH (UHAHCOBOH MOAIEPIKKE
POOU (Ipant Ne 15-08-01472).

1. ManaxoB A.B., TTomunos A.H. Tloctpoenue TpaekTopuit
BOJIOKOH, OTMOAIONINX OTBEPCTHE, M MX CPABHEHHE CO CTPYKTYPOit
JpeBECHHBI B 30HE cyuka // [IpoGaeMbl MAIIMHOCTPOCHHS H HAJCHK-
HocTH MammH — 2013.- Ne 4. - C. 57-62.

2. Malakhov A.V., Polilov A.N. Design of composite struc-
tures reinforced curvilinear fibres using FEM // Composites Part A:
Applied Science and Manufacturing — 2016. - V. 87. - P. 23-28.

3. Spickenheuer A., Uhlig K., Gliesche K., Heinrich G. Ex-
perimental research on open-hole tensile specimens made of carbon
fibre reinforced plastics (CFRP) with an optimised curvilinear fibre
pattern // VIII International Conference on Science and Technology
of Composite Materials. San Sebastian, Spain. 2009.

4. Spickenheuer A., Bittrich L., Uhlig K., Richter E., Heinrich
G. A new software tool for design and simulation of variable-axial
composite parts // First International Symposium on Automated
Composite Manufacturing. Montreal, Canada. 2013.

5. Malakhov A.V., Polilov A.N. Design of joints of composite
members with curvilinear reinforcement structure // Proceedings of
ECCM16. Seville, Spain. 2014.
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AHAJIM3 HAINIPSIPKEHHOT'O COCTOSIHUSI KOMIIO3UTHOM MJIACTUHBI
C OJUIMIITUYECKUM OTBEPCTUEM AHAJIMTUYECKUMHA U YUCJIEHHBIMUA
METOJAMU

Mauskoe B.M., Manbkosa 10.B.", ITerpyxun P.P.
CII6T'Y, Canxt-TlerepGypr, Poccus; y.malkova@spbu.ru

A

: ITonyuenvi

"KO€ U YUCIEeHHOe PeuteHUs NIOCKON 3a0adu O HeOOHOPOOHOU NAACMUHbL, 0Opa30-

BAHHOU U3 08)7X no.ayn,wcxocmeﬁ U3 pasHsvlx Mamepuanos, ¢ MIURMU4ecKumM omeepcmuem 6 00HOII U3 no,vyn.wcxocmeﬁ. Ha 6ec-
KOHeuHoCcmu 3a0amsl NOCMOSIHHbLE HANpsMCeHUs, Ha KOHmype 3JIunca u3eecmua 6HeuH A Hazpy3Kda. ﬂ,’lﬂ HnocmpoeHus aHanumu-
HeCcKo2o peuteHus 3a0auU UCROTB30BAHBL MENMOObI KOMNIEKCHBIX nomeHyuanoe KO'ZDCOG(I—M_)/CXE."IMWGM"I“, KGH(i)Op,’\/IHle 0moo-
pawcenuu u cynepno3uyuu. ,ZZ'[}Z YUCTIeHHO pewteHUs NPUMEHAIIC naKkem FreeFem++.

Kn

cnoga: 1eod 0

Memoo KOHEUHbIX 21eMeHMO8.

Bgenenue

3a/ja4y TEOpUM YNPYroCTH JUIsi KOMIIO3UTHBIX Ma-
TEpHAJIOB C OTBEPCTHAMH M BKJIIOYCHUSAMH HMMEIOT
60IpIIIOE PAKTHYECKOE 3HAYCHHE JUIS PA3INYHBIX 00-
nacteil Haykn M TexHuku. [IpoGnemam orBepcTmii u
BKJIIOYEHUH B HEOJAHOPOJHYIO IUIOCKOCTh M IMOJYILIOC-
KOCTb IOCBSIIEHO MHOro pabor. Jlyist nosydeHus ana-
JIMTHYECKOr0 PEUICHHS BO MHOTHX W3 HHUX HCIIOJIb3Yy-
HTCA METO/JbI Cl)yHKLlPlf;I KOMIUICKCHOTO TIEPEMEHHOTO.
Takke IIHUPOKO HPUMEHSIOTCS PA3JINyYHbIe YHCICHHBIS
METOJbl PEelICHUH 3a1a4 O TPEIIMHAX, OTBEPCTHAX U
BKJIIOUCHHUSAX B HEOJHOPOMHBIX Marepuanax. O630p He-
KOTOPBIX pabOT MOCIECIHETO BPEMEHH IIPEJCTABICH B
cratbe [1].

IlocTanoBKa 3aga4n

PaccmarpuBaercst mactuHa S, cocTosias U3 Io-
JIyIUIOCKOCTeH S; M S,, BBIIOTHEHHBIX U3 Pa3HBIX MaTe-
puanoB. B JeKapTOBBIX KOOpAMHATAX (Xi,X;) JMHHA
x,=0 sIBISeTCS JIMHMEH pas3jena MOMyIUIOCKOCTer. -
JIMITUYECKOE OTBEPCTUE PACIIOJIOKEHO LEIMKOM B
HwkHel nosymiockoetu Sy, C aumncom L cBs3ana
npyras cuctema koopausar (&, &) (puc. 1).

loz l oz

Xz

S,

20

o3 Ton

10

oz U?E
sz

Puc. 1. HBVxKOMnuHeHTHaﬂ ILIOCKOCTDh € 0TBEPCTHEM

JU1s KOMILIEKCHBIX TIEPEMEHHBIX Z = X+ iX, & = &
+i&, umeer mecro 3aBucumocth z = &' — id, rae d —
PacCcTOsIHHE OT LEHTPA HJUTHIICA 0 OCH X).

Ha GeckoHEYHOCTH 3aJaHbl HANPSHKEHHUS U YIJIbI
[I0BOPOTA, CBOU JUIsl KAXKIOU MOJIYIIIOCKOCTH Sy, k=1,2.
Ha JIMHMHM COCAMHEHHS MOJIYIIOCKOCTEH HMEIOT MECTO
YCIOBHs HENIPEPBIBHOCTH Haﬂpﬂ)l(eﬂ]/lﬁ W TIPOU3BOJAHBIX
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NI0CKOCM®b, SA1unmuyeckoe omseepcmue, niockast J'a()llll MEmMoOd KOMIAEKCHbIX (llyHKl{MU

nepeMenieHui
[0y, —i0,,] (%)) =[0, —ic, T (), )
[+ )T () = [+ i1, T ().
Ha xoHTYype »/utHIIca 3a1aHa BHELIHSS HAIPy3Ka
[s,, +is5,, 1 (1) = p(0), ?2)

rje t — 3HayeHue koopauHathl & Ha L. dynkuums p()
HeNpephIBHA M yJIOBICTBOPSET yCIOBHIO I enbepa.

MeTo cynepno3uuuu

Pemienrie MCXOIHOM 3ajauMl CTPOMUTCS METOJOM
CyNeprno3uuuu [2] Kak cymMMa pelIeHHH JBYX 4aCTHBIX
3aJa4: TEPBOM SBJISETCS 3ajJa4ya Ul HEOJHOPOIHOU
IUIOCKOCTH CO CKayKaMH HAIpsDKEHUH U repeMenieHuit
Ha JIMHUM COEJIMHEHUS TOJYIIOCKOCTEeH, BTOPOH — 3a-
Java Ui OAHOPOTHOHM IUIOCKOCTH C DJUTMITHYECKHM
OTBEPCTHEM, HArPyKEHHOM Ha KOHType. Hampspkenus
Ha OECKOHEYHOCTH BO BTOpOIl 3aJaue OTCYTCIBYIOT. B
9TOM cily4ae rpaHuytbie yciosus (1), (2) MOKHO 3aru-
CaTh B BUJI€ CUCTEMbI ypaBHCHI/Iﬁ

[(0y —ioy),] =Ac(x), [ +iu)),] 3)
[(s,,, +is,),]" = p(t) = q(0).

Munekcamu 1 1 2 OTMEUEHBI pelleHHs! NepBOi U
BTOPOI#i yacTHBIX 3a/1a4, Ac(X;) 1 Au’(X;) — HCM3BECTHbIC
(yHKIME CKAauKOB HAMPKEHWH M TepeMeleHni Ha
JMHUK X,=0 nepBoii 3amaun, ¢(?) — HensBecTHasE (PYHK-
LSl HArPY3KH BTOPOH 3a/1a4K.

Jlns peleHus IepBoif 3a/jaun HCTIONb30BaH METOJ
noteHmmanos Komocosa-Mycxennmsumu [3]. Hamps-
JKCHHS M TIEPEMCHICHHMS 3alUCBIBAIOTCSA YEpPEe3 KOM-
[UICKCHBIE TOTEHIHMAIBI epBoii 3anaun Oy, Q, k =1,2,
KOTOpBIC, B CBOIO O4Yepelb, BBIPAKAIOTCS 4Yepe3 JBe
aHanuTHIeckue QyHKImH [4]

®,(z)= whD)+1(z) Q)= r@ -k g
Hy K, Ho + phK,

=),

4)
®,(z)= /’.17(Z)+Y(Z)Y Q)= V(Z)*/lz’(vh(l)’ zes,
1+ 1o, 1+ oK,
M= fmdx\ o),
v z
)

, T A
r(z) =" falar I " (X‘) dx, +r(®),
moc X =
MOCTOSIHHBIE /1(0), /(o) HAXOIATCS U3 YCIOBHUIA Ha Gec-
KOHEYHOCTH.

Ipu pemenun BTOPOI 3aJja4l HCIOIb3YETCS KOH-
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dopmHOE OTOOpaKeHHE IMIOCKOCTH C AIUTHIITHYECKUM

OTBEPCTHEM HA BHEIIHOCTh €AMHUYHOIO Kpyra & = o(()
-1 o

= R(¢+mC"). KoMIuiekcHbIe MOTEHIMANBI 3TOH 3a1aun

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

b1y BBIOTHEHBT pacueThl HaHp)DKCHHﬁ Ha JINHUHU
pazjena marepuaios (8) u Ha KoHType sumnca (9) npu
PACTSDKCHHHM TUIACTHHBI Ha OCCKOHEYHOCTH Gy = P,

ompeenstoTes B Buze [1] on'"=0,""=0,,". l'[yCTb Vi =V, =V, TOI/ia IPH TUIOCKOIT
(YD) = ffj'(ﬁ*w;r)d ngedopmanuy of; =—— - 5.
©)
_ L q(z)w (z) d B 1+m§ . —m? PaccmoTtpenst cneay}omne napameTpsl 3a1a4u: TI0JIyOCH
@ O¥O zj g Pl )+ o O simncaa=3,b=1(m=0.5); yrona=0"ua=90",d=

=
BuiBoa l/lllTel"paJ'leOFO ypaBHemm

Cucremy ypaBHeHud (3) 3anMiieM uyepe3 KOM-
TUICKCHBIC IMTOTCHIMAJIbI YaCTHBIX 3a1a4

o) A D r})zm
2 Q(H)+Y () e

Ao(x) = (D(§)+(D(C)“{

(M

2u0'(3) = kD) - D) - {’”(?

'(§)+‘I’(€)}

@,(2)+0,(3)+] 0,(2) - (F) - (2 =)D, () [ ¥ = p-gq.
Beryucinum  unterpansl tuna Komm (5) oT ckaykos
¢dynkimit (7), 3areM Haiinem moreHuuansl (4). IMTocne
nosictaHoBkU (yHKIMit (4), (6) B mocienHee ypaBHEHHE
(7), pelueHne UCXOIHOM 3a7a4n CBEAETCS K MHTErpajb-
HOMY ypaBHeHHI0 PpeirosibMa BTOPOro pojia s OHOM
HEHM3BECTHOH (YHKIINH ¢(?) Ha OKPYKHOCTH €ITMHUIHOTO
pamuyca

(g+g)+[alg+a D) -a,(z-7) ,(; ( &)+
=q(0)- p()+0.5(a); w;)-(),s((r22 —ol* —Zi(rl“)e @

o'§)

¢0'¢)’

Tae aj; da;— TOCTOAHHBIC, 3aBUCALIMAEC OT MapamMeTpoB
MaTepuaioB.

o(§)

g= ‘D(()J{ D)+ } e, e =

Pemenne HHTErpajibHOTO ypaBHEeHUs!

Pemenne YpaBHCHHUSA d)pCHT‘OJ'ILMa TIpE/ICTaBUM B
BHUJIC TPUTOHOMETPHUICCKOTO psAjia CDypbe

'()q(t)= aﬁZ(u b, t=e".

Otcrofia ¥ U3 COOTHOLICHMH (6) MOXy4MM BBIpa-
JKEHUS I KOMIUIEKCHBIX moTeHimanoB P(0) u ¥(0).
HewussectHbie KOBd)d)I/IL[I/ICHTLI PpasIokKeHUA OIpeacis-
I0TCs U3 UHTErPaJIbHOT0 YPABHEHUA C IOMOUIBIO METO1a
KOJUIOKAlMK. 3ajaya CBOAMTCS K PELICHHIO CHCTEMBbI
anreOpandeckuX ypaBHEHMH. JIns peanu3alu 3TOro
METO/Ia HamKcaHa nporpamma B cpeie MATLAB.

JIns npakTHYECKHX 1ieel NpeacTaBsoT HHTEpPEC
HAIpsHKEHUS Ha JIMHUK pasjiena MarepuanoB. OHHU 1103-
BOJIAIOT OIICHUTh BJIMSHME OTBEPCTHS HAa HPOYHOCTH
COCIMHECHHS MaTEPHUAJIOB U BBIYHCIIAIOTCS 110 q)OpMyJ'lC
4K gy HEE) o ®)

+ K, H+ K,
DopMyIIbl HANPSHKEHUH Ha KOHTYpe OTBEPCTHSI UMEIOT
BUJT

Oy =10y =0y —ioy +

51 =2[0,(2)+ @, () + D)+ BQ) |,

) — ©)
g=e", w(é"):[w(()e “ +21d]e .

Pe3yJ’leaTH pacueToB

]] et _

1.5ud=3.5; vi=v,=0.3. Ha puc. 2, 3 noka3aHsl HOp-
ManbHbIe M KacaTelbHble HANpsHKCHWS Ha JIMHUU pas-
Jieia MaTepHaJIoB JUlsl OTHOIICHUS MOJYJIEil ynpyrocTn
W/ = 1/3 — crutomHast JIMHUSA, [o/[) =3 — MYHKTUPHASL.

-0.2

-0.4

0.6

08 L L L ,
-10 -5

Puc. 3. Hanpsikenns npu o=n/2, d=3.5
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Hanpspkenuss Ha rpadukax mpeinonaraiorcs oOespas-
MEpHBIMH (OTHECEHbI K BEJUYMHE p). B okpectHOCTH
TOYKH X]:() HOPMAJIbHBIC HATIPSDKCHUSA HWMCKOT MHHH-
MYM, BEJIAYWHA KOTOPOro 3aBUCUT OT OTHOLICHUSA MO-
Jlyieil ynpyrocTu MarepuasioB. YMEHbLICHHE Hamps-
JKEHHIl CBS3aHO C TEM, YTO JJUIMIIC BBHITATHBACTCS B
HaIpaBJICHUN OCH X; M CXKUMAETCsA B HAIIpaBIICHUH OCH
X1, 9TO BBI3BIBACT CKATHC MaTcpHajla B OKPECTHOCTH
orBeperusi. Korna oTBepeTHe pacmonokeHo J0CTaTOYHO
JIANeKo OT JIMHUM pasfella MaTepualoB, BEIHYMHA U
XapakTep paclpeneleHus HANpPsUKeHHil, B OCHOBHOM,
ONpPEJIENAIOTCA MOIYIEM YIPYTOCTH TONYIIOCKOCTH, B
KOTOPOM OHO pacroioxeHo. Ecim ke oTBepctHe pac-
MOJIOKEHO OJIN3KO K JIMHUH paszaeinna, TO HalpsKEHUsA
CYIIECTBEHHO 3aBUCAT OT MOJyJeil ynpyroctd obenx
HOJTYTITIOCKOCTEH.

Pemenue 3a/la4yM YUCJICHHBIM METOJ0M

TToMnMO aHATUTHYECKOTO pelIeHus, 3ahada Obuta
peleHa YHCIeHHBIM MeTo1oM B nakete FreeFem++. Do
HEKOMMEPUECKHUH IPOrpaMMHBbIH MaKeT, B KOTOPOM pe-
aIIM30BaH METOJ| KOHEYHBIX 3JIEMCHTOB. BBIMOIHEHBI
YHCJICHHBIC PAcYeThl HANpPSDKCHWI Ha JMHUM pasjena
MaTepuaioB U Ha KOHType siummca. PaccmaTpuBaiach
kBajpatHas wiactuHa 20x20. KonTyp smimnruyeckoro
OTBEpCTHsl M IPAHHIBI X; = +10 Mpenonaraiuch cBo-
GomHpIME OT HanpsbkeHmi. Ha rparmmax x, = +10 3a-
JIaHbl HAMPSDKEHUS Gy, = P, G = 0, HAa JIMHUM COEAMHE-
HUSL TIOJYIUIOCKOCTEH MMEIOT MECTO YCJIOBHSI HeIlpe-
PBIBHOCTH HAIIPSDKEHHIT M IePEMEIeHHIT.

Ha puc. 4 npexncraBieHsl rpadMKH OKPYKHBIX
HANpsDKCHNH Ha KOHTYPE DJUIMNTHYECKOTO OTBEPCTHS.
[MomynnacTunel caenansl u3 cTamd ¥ amomunus. Ecian
OTBEPCTHE HAXOJUTCS B AITIOMUHHEBOIl ILUIACTHHE, TO

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

HampsHKCHUSA OﬁOSHa‘ICHLI HyHKTPlpHOﬁ .Y'II/IHI/ICI\/'Ij acCiuB
CTajbHOM, TO crutomHoi. [Ipeanonaraercs, 4ro o = 0% d
=1.5.

G,

0 1 2 3 4 5
Puc. 4. Hanpsizkenns npu a=0, d=1.5

60

Vron 6 Haxoxures B ipomexyTke [0; 27] u u3Mepsiercs B
paamanax. Bun rpadukoB puc. 4 n BeJIMYHHA HAps-
JKEHUH COTJIACYIOTCA € TEM, YTO UMEEM B OI[HOpOIlHOﬁ
TJIOCKOCTH € JUTMITHYECKUM OTBepcTheM [3].

B 1enoM pesyibTaThl pacueToOB HANPSDKCHW MO aHa-
JIATUYECKOMY PEIICHHIO M YHCICHHBIM METOJOM OKa-
3aJHCh ONU3KUMH.

1. Malkov V.M., Malkova Yu.V. Deformation of bi-material plane with
elliptic hole// 2nd Intern. Conf. on Emission Electronics (ICEE). —
2014.-P. 1-5.

2. I'pexoB M.A. Ci1abo MCKpHBIICHHAs TPEIMHA OKOJIO IPAHHILBI
COC/IMHEHMS JIBYX pasiuuHbiX Matepuanos// Bectn. C.-Iletepd. yu-ra.
Cep. 1. Marematuka. Mexanuka. Acrpornomus. — 2008. — B, 1. — C.
93-101.

3. Mycxemuuuan H.M. HekoTopble 0CHOBHBIC 3ajaun MaTeMa-
THdecKoii Teopun ynpyroct. M.: Hayxka, 1966. 708 c.

4. Manbkosa FO.B. HekoTopele 3aaun uis IBYXKOMIOHEHTHOM
IIOCKOCTH € KPHBC i T CII6.:  HM3a-Bo
C.-Tlerep6. yn-ta, 2008. 160 c.
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ONTUMHU3BALNA PEXXKUMA OTBEPKAEHUSI ITPU U3IOTOBJIEHAN
BbICOKOKAYECTBEHHBIX U3JIEJIUU U3 TIOJIUMEPHbBIX
KOMITIO3ULIMOHHBIX MATEPUAJIOB

Maymnr ILIT.
MI'TY um. H.D.Baymana, pyaephyo@mail.ru

Annomayusn: Ilposedeno mooenuposanue npoyecca omsepoicoenus. Ilpusedenst pesyiomamsl meope-
MUYecKoll U SKCREPUMEHMANbHOU OYeHKU KOIUYeCmed meniombl, 6blOeNs1eMoll 8 npoyecce OmeepicOeHUs
Odemarneti u3 NOIUMEPHO2O KOMNO3UYUOHHO20 Mamepuand. Onpedenenbl OnmuManbHble YUKIbl OMBEPICOCHUs
npu nomowu npospammnozo obecnevenust Femap-Nastram. Ycmanosneno, umo yuem mennosvix sgpdexmos
n0360115€Mm He MONbKO COKPAMUMb NPOOOIACUMENLHOCTb NPOYECCa OMeepiIcOeHus, HO U obechedums pag-

HOMepHbIIl npo2pes demainell CLOICHOU 2eoMemPUIECKOll .

Knrouesvie cnosa: omsepocoenue, eubpuonviit [IKM, onmumuzayus

B coBpeMEHHOM MaIIMHOCTPOCHUH BCE
Oosplliee TIPUMEHEHHE MOJTy4aloT MOJMMEpPHbIe
KOMITO3UIIHOHHBIC MaTepHaIbl 6Iaroaps 1eaoMy
KOMIIJIEKCY YHHKaJIbHBIX MEXaHWYECKHX W TeEX-
HOJIOTUYECKHX cBOiCcTB [1, 2]. Bee Gonee mmpo-
KO€ TIPUMMEHEHHUE I0JIy4Yar0T IOJMMEPHBIE KOM-
MO3UTHI NIPU peMoHTEe [3, 4], MOCKOJIBKY OHM OT-
JIMYAIOTCS MHHHMAIBHOH Ce0EeCTOMMOCTBIO IO
PABHCHHUIO C NPYTUMH BHAAMH PEMOHTHBIX pa60T
U BBICOKUM Ka4€CTBOM.

Ilo TexHomorMK M3rOTOBJICHHUA, BCE I10-
JIMIMEPHBIC KOMITO3UIIMOHHBIE MAaTEpHAJIbl HA OC-
HOBE TEPMOPEAKTUBHOW MATPHLBI HPHHSATO IOJ-
pa3zienaTh Ha MaTepualbl XOJomHOro (T.e. Hpu
KOMHATHOW TeMIIepaType) M ropsdero (IpH Io-
BBINICHHBIX TEMIIEpaTypax) OTBepXkaeHHA [5].
PexxuMbl OTBEpXKICHHS ONPENCNAIOT pa3paboT-
YUKH MaTepUajoB, OJHAKO OHM JENAI0T 3To 6e3
ydeTa TeOMeTpHH M3eius 1 6e3 ydeTa BIMSHUS
HAaIOJIHUTEJIA.

Ilenblo naHHOH PaOOTHI SABIACTCS BKC-
nepuMEeHTalbHas M TeOpeTHYecKas OIeHKa Tel-
70BBIX A((PEKTOB B TpoIEcce OTBEPKACHHS
SMOKCHAHOIO TOJMMEPHOTO MaTepuaia, apMu-
POBAHHOIO YIJICPOJHBIM HAIMOJHUTEIEM H pas-
paboTKa Ha OCHOBAHHMH IIOJTyYEHHBIX Pe3yIbTaTOB
ONTUMAIIBHBIX TEXHOJIOTHYECKHX PEKUMOB.

IIpoBeeHO MOJENHPOBAHUS IIpoliecca
oTBepkaeHus. PaccmorpeHo cssyromee Araldite
LY8615+ XB 5173 u yrnepomuas TkaHb. [Ipn-
BEICHBI PE3YJIBTAThl TCOPETUYCCKOH U DKCIEPH-
MEHTAIBHON OLCHKH KOJIMYECTBA TEILIOTHI, BbI-
JeJISIEMO B IIpoLiecce OTBEPXKJICHUA JeTaleil u3
MOJTMMEPHOr0  KOMITO3UIIMOHHOTO ~ MaTephaa.
Omnpe/iesIeHbl ONTHMAIBHBIC IIHKIIbI OTBEPIKICHUS
(cKOpOCTb HAarpeBa M MPONOIDKUTEIBHOCTH BbI-
nepkkn). ONTHMHU3aIus IPOM3BOJMIACE C HC-
TONb30BAaHMEM  IIPOrPAMMHOTO  00ECIICUECHHUS
Femap-Nastram. YcTaHOBIEHO, 4TO y4eT Tem-
JI0BBIX 3((HEKTOB 1103BOIISIET HE TOJILKO COKPATUTh
MPOJODKUTEIBHOCTD MIPOLIECCa OTBEPHKIACHHS, HO
n obecreynTh PaBHOMEPHBI IpOrpes jaeraneit
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CIIOKHOW TeoMeTpudeckoi (opmbel 1O  Beei
TUIOIIAAN, U3rOTOBJICHHBIX W3 l"l/[6pl/I}lHl>IX MOJIU-
MEpHBIX KOMIIO3MIIMOHHBIX MaTepuanoB. Iloka-
3aHO, YTO TEMIepaTypa JOCTHraeT  3aJaHHON
(180°C) 3a Bpemst 8500 cek. YCTaHOBIEHO, 4TO
npu pa3pabOTaHHOM PEXUME OTBEpIKAEHUS 00-
Ppasel] IIOIHOCTBIO i PABHOMEPHO OTBEPIKIACTCS C
yuetoMm TeruioBoro addekra 3a Bpems 11430 cek.
3TO TIO3BOJIACT YMCHBIICHHUC BPEMS BBIICPIKKH
npu Temneparype 180 °C.

Temperature
453

437
a1

405

293

Time : 8430 s.

Puc.1. Pacnpenenenne TemmepaTypbl odpasua
pediexTopa 1o TomuHe IMM B MOMeHT Bpems 8430 cex

CTeneHb OTBEPKIACHHA
>

[ 2000 4000 6000 8000 10000

Bpems, cex

Puc.2. Crenennb oTBep:kIeHnsi o0pasua pe-
(arexTopa mo ToummHe 1IMM B MoMeHT Bpemenn 11430

12000
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CpaBHCHl/lC TEOPETUUCCKUX M DKCIEPU-
MEHTAJIbHBIX PE3YJIbTATOB I10Ka3ajo, 4YTO I10-
TPEIIHOCTh PAcYeTOB COCTaBiIseT He Gobiie 8%.
Ha npumepe 5MOKCHAHOTO CBSA3YIOLIETO MOKa3a-
HO, YTO ONTHUMAJBbHOIH CKOPOCTBIO HarpeBa SABIIs-
ercst 5°C/MUH, YTO TO3BOJISET COKOHOMUTD Goliee
1 yaca.

200

3
150 [~ J

ke
|
™

Tewmneparypa,
g

0 5000 10000 15000

Bpemst, cex
Puc.3. Pe3yibTaThl MOJIHPOBAHMS IPH
Harpese ¢ ckopocthbio 5°C/mun B Femap Nastran, (1)
3a it peskum oT (2) pexxnm
MojiesipoBanus 6e3 d¢dexra TenaoBbUIeaeHNs, (3)
PEKHM MOJCTHPOBAHHS € YHETOM TeNJIOBbI1e/IeHUsI

1. Hemo6 B.A.II 1o,

IX KOMIIO!

20000

MarepHalioB B CyJOCTPOCHHH Il peMOHTa KOpaGEHLHHX
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2013. Ne5. C.21-24.
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K BOITPOCY O HEJTUHENHOM YIIPYTOCTH ITPUA PACTSIXKEHUN
OJJHOHAITPABJIEHHOI'O YITIEIIJTACTHKA

Menbmasos A.®.", Iyraues M.C.
HNMAI PAH, Mocksa, Poccust; *amelshanov@mail.ru

Annomauua: Ilpeonodsicena memoouka onpeoeneHus UCUHHBIX HANp Huil u Oegop il npu uc) X Ha pac-
msioicenue 00HC X KoM 1x Jux u (VIO U30ZHYMOCMb.

I Z;
K cno6a: ooHoHanp i1 yeleniacmuk, Hanpsicenue, oegopmayus, u302Hymocns oopasya.

IIpu wucCHbITAHUAX HA PACTSHKEHHUE OJHOHAIPAB-
JICHHOTO YIVIEIUIacTHKAa OBbUIO OOHApY)KEHO, YTO JHa-
TpamMMa pacTskeHus HenuHeinas puc. 1. Ilpm stom
pasrpy3ka IoKaszala OTCYTCTBHE OCTATOYHBIX Jedop-
Marwii. Beuto 3amedeHo, 4To 0Gpasipbl B BUIE MONOCOK
BBIPE3aHHBIX M3 JIMCTOBOIO MaTepuaja CeyeHHEM
1,5x20 MM B HampaBlICHHH YKJIAIKH CJIErKa H30THYTHI.

:0,5-&-{11—

2

16000
Takum 00pa3oM, BCTana 3a/1a4a BBISICHUTB, SIBJISETCS JIN =
M3HAYalIbHAsE U30THYTOCTh 00pasla CIeICTBUEM MOSB- Z 15000
o o (=]
JIeHUsl HEJIMHEHHOW yNpYrocTd M Kak B JTOM Clydae )
ONpeeNsTh MCTHHHBIC XapaKTePUCTHKH CaMOro Mare- = 100
5
puana. % 13000
=n
=
7000 8 12000
- E
6000 =}
s 11000
5000
£ 10000
:; 4000 o 50 100 150 200 250
g Hanpsoxerne, x10 MITa
B~ 3000
]
=
2000 Puc. 2. 3aBHCHMOCTD 3HAYEHHSI MOJIYJIsl YIPYTOCTH OT HANPSIKe-
1000 HHUSsI IPH pacT o Ta. (Ox —
Hanpsi’keHHe NPH KOTOPOM MOAY/Ib CTAHOBHTCH MOYTH MOCTOSIH-
0 HbiM 1650 MITa npu moayae ynpyrocru 147,6 I'lla).
[] 0,005 0,01 0,015 0,02
Tedbopa
Aedpoparia Jleopmarmst Marepuana omnpezaensercs 1o ¢op-
Puc. 1. Tunuynas 1uarpaMma pact 0 .
¥ myse (3):
KOMIIO3HTA.
(3)
AHanm3 [uarpaMM M HaOJIOCHHS TOKAsbIBAIOT, e ly — HAYATBHAS JUTHHA JyTH.
YTO TPHU PACTSHKEHHH 00paslia OH BRIIPAMIACTCS U TIPU Teneph HEOOXOMMO ONPEEIHTh, KAK H3MEHSETCS
JOCTATOYHOM BEITMUMHE PACTSIKCHHs MPOTHO 00Pasia  \axcuManbHBIHA IPOTHO TIPH PACTKCHHUIL
CTAaHOBHUTCS NPAKTUYECKU HYIEBBIM, C ITOTO0 MOMEHTa Jlns 9TOTO 3ammumieM A B npupameHusx GpopMmyia

npupaienie nedopmanum Marepuana OygeT paBHO (4):
MpHUpPALIEHNI0  e(hOPMaLlU PErHCTPUPYEMOil IKCTEH- h=h -{1 .4_-\) )
=hy —

hp

30METPOM. DTOT MOMEHT MOKHO ONpPEACIHTH IO [Ha-

rpamMme Texyj_uni/i MOJAY/Ib — HAIPSHKECHUE PHC. 2, e YyuteiBas, 4to HM3rud o6pazua Tipousomies ot
MOJLYJIb CTAHOBHTCS TIOUTH MOCTOSHHBIM. NeHiCTBUSI BHYTPEHHNX HANpSDKCHHH NPH BBIpE3Ke 00-
Tereph 1A pEUICHHS 3aaud HEOOXOMMMO JETajbHO — Pasuia M3 JINCTA, MOKHO MPEAIONOKUTE Gopmyna (5):
omucaTh BeCh Mpouecc pacTsukeHus. [IpoBeneHHbIH 3a- hoy=0oF(EJ....), (5)

MeEp qJOpMLI 06]33.3[[3 nokasaj, 4To u3rud «ayra» Xopo- TAC O — MAaKCHUMaJIbHOC BHYTPCHHEC HAIIPSDKCHHUC TIPH
L0 ONUCHIBACTCS CHHYCOMAANBHOM (DYHKLHMEH ypaBHE-  BBIPE3KE M3 JIMCTa PABHOE paHee OIpeeIEHHOMY I10
nue (1): puc. 2, F(E,J....) - HekoTopas mapamerpuieckas (GpyHK-

h=hy sin%_ (1) 1wmsa. Tpu pacTsokeHHH Al MOXHO Takke 3amucarhb I10

rae h — nporu6, hy — MaKCHUMaJIbHBIH Ha4YaJIBHBIA TIPO- dopuyse (6):
ru6 1,55 MM), a — IMHA XOP/IbI, ©3MEPEHHAsH JaTYHKOM.
Tenepb MOXHO ONpEAENUTh Ayry «/» Ha Oa3e AaTuyuka
nedopmanmii (dxcTerHsomerpa) Gpopmyia (2): h=hy(1-o/0y) (7)
CiieyeT OTMETHUTB, 4TO 3TO BhIpakenue (7) Oonee

WM MeHee 00OCHOBaHHAsI THIOTE3a. 3ajiada MoKa elle

He ompeneneHa. J{is 3aBepuIeHUs HEOOXOAMMO OIpe-

JenuTh AehopMaLfio caMOro Marepuala, 4epe3 pacts-

Ah=cF(E,J....) (6)
Torna (4) npunumaet Buz Gopmyist (7):
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TUBAIOIME CHJIOBOE BO3ACHCTBHE B KAXKIOM CEYCHHH
n3oruytoro odpasua popmyna (8):

s =

(%) cos(Z) @

= IfEh ®) 0,018
E

rze y; — hpopmyina (9):

=
Torna JZ[CCIJOpMaI.lI/IH Oynet paBHa (opmyra (10)

|" r T rmhs ATET r_:r

g =ig icosu cos{ - )]}dx E
[05+05-cos(Z)] (10)

Hedopmans

Taxk Kak cos(mh/a)~1, To e HaxomuTCs 110 HopMmyIie o s0 100 150 200 250
(11)1 Hanpsmenue, x10 MITa
g = i’ (11) Puc. 4. UcTHHHAS M SKCIEPHMEHTAIBHAS {HArPaMMa IPH pac-
T I 0 Ta. 1 — necrunHas aedop-
Tpupasrusas (3) u (11) nony'{aeM (bopMyny 12 Mans, 2 — p ranbnas aed coBma ¢
— 1) == (12) PacyYeTHOI.

Ora (opMyna MO3BONISET ONPEICIUTH m06y10 e-
pemennyto. [lpexae Bcero, HEOOXOIUMO TNPOBEPUTH
runoresy (7). Y3 pucyHka 3 BUJIHO, YTO THIIOTE3a OUYCHb
XOpOIIO TOATBEPKIACTCS HA PUCYHKE 4 IOKa3aHa HC-
THHHas auarpaMma pacTsOKEHHS HCCIEAYyEeMOro mare-
puana U CpaBHEHUE 3KCHCpHMeHTaHLHOﬁ JuarpaMMmsl ¢
pacyeTHOM.

B 3akiroueHrn MOXKHO OTMETHUTh, YTO BUHOBHULICH
YIpPYToil HEIMHEHHOCTH SBISETCS W3HAYaIbHAs H30-
THyTOCTh o0Opasmna. CiemyeT OTMETHTb, YTO MAaKCH-
MaJibHast Z[e(bOpMa]_U/Iﬂ TIOKa3aHHasA AJaTYUKOM IquJOp-
Malu HECKOJIBKO 60J'lb].Lle, 4YeM MCTHHHOC 3HA4YCHHEC.
TIpakTH4eCKH MOYKHO PEKOMEH/IOBATD JUIS ONPE/ICIICHHS
HMCTHHHOTO MOJIYJISi yHPYTOCTH MarepHalia OmpeeisiTh
€ro 1mo yactu 3KCHCpHMCHTaJ'lI:HOI>’I JAuarpamMmbl Ha OT-
pe3ke OJIM3KOM K MPEIeIbHOMY 3HAYEHHIO TPOYHOCTH.

RS

[poruG, mm
s o
: =
“

0 50 100 150 200
Hanpsaenne, x10 MITa

Puc. 3. Th nporuda or npH pact
OTHOHANPABJIEHHOr0 KOMNO3UTA. 1 — rumoTe3a, 2 — pacyer.
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OLIEHKA 10ITYCTUMOCTHU NOBPEX/JIEHUI (DAMAGE TOLERANCE)
KOMITO3UTOB C METAJIJIMYECKOM U KEPAMUUECKOW MATPUIIEN

Muneiiko C.T.

Wucruryt dusuku tBeproro tena PAH, Yepnoronoska MockoBckoii 0611., Poccust

AHHOTAUMA: AHAIN3 JAHHBIX 110 BEJMYWHAM M3MEPEHHON TPEIMHOCTOMKOCTH K* M OTHOIICHUS On/0, BEIMYHH TIPOYHO-
cTi 00pasiia ¢ HaJpe30M U 6e3 OHOTO, MOIyUYEHHBIX B HCIIBITAHUSIX PA3HOOOPA3HBIX OKCHJI-MOJIMOICHOBBIX, HOPO-aIOMUHHUEBBIX,
OKCHJI-OKCH/IHBIX YIJIEPOA-KaOUA-KPEeMHUEBIX KOMIIO3HTOB YKAa3bIBACT HA CYIECTBOBAHHE JINHEITHOI KOPPEISLIHI MEXKLY STUMH
napamerpamu. BennunHa oy/o, MOXKET B HEKOTOPBIX CJIy4asiX MPEBbILIATH 1.

KitoueBble €J10Ba: TPEIIHHOCTONKOCTb, IyBCTBHTEIBHOCTh K HAAPE3Y, JOMYCTHMOCTD ITOBPEXKICHMUI, KOMIO3UTEI C Me-
TaJJINYECKOI MaTpuIel, KOMIIO3UTBI ¢ KEpaMHYeCKOi MaTpuIeit

Jlunelinas MexaHMKa pa3pylLIeHHs HE BCerja IpH-
MEHHMa JUIsl pacdeTa IpeaelbHbIX HAIPY30K IEMEHTOB
KOMITO3UTHBIX KOHCTPYKIIH, COIEpKAmKUX Ie(eKTHI.
[TooTOMYy M3MEpeHHast TeM WIIH HHBIM CHOCOOOM BEIH-
YUHA KPUTUYECKOTO KOd(P(HULHEHTa HHTEHCUBHOCTU
HanpsbkeHuid K* Juist JOCTaTto4HO TPEUMHHO-CTOMKUX
KOMITO3UTOB C METAaJUIMYECKOH M KepaMHYEeCKOH Mat-
pHILeii, MaKPOTPEIHA B KOTOPBIX MOXET F€HEePHPOBATh
Hepesl CBOMM KOHYMKOM CHIIBHO Pa3sBUTYIO 30HY paspy-
meHus (0030p COOTBETCTBYIOIIMX MEXaHU3MOB cM. B [1,
2], - MOXeT NPUMEHAThCS JIMIIb ISl CPABHUTEIbHOMN
OLICHKHM XapaKTePUCTHK KOMIO3HTOB. [l03TOMY HEKo-
TOpbIe aBTOPBI [, 4] — UCTIOMB3YIOT JUIst HTOM e OLEHKH
JIOMYCTUMOCTH TOBPEKICHUI H3MEPSIOT OTHOLICHHE
On/0, BEIIMYMH HPOYHOCTH 0oOpasia ¢ HaJpe3oM H 0e3
onoro. Heckoibko MHOI MOAXO0M K TOM K€ OLEHKE OC-
HOBaH Ha W3MEPEHHM IUIONIAAM TIOA KPHUBOH CH-

Macrocrack

(@)

Puc. 1. (a) O6pasen 11si H3MePeHHs KAKYIIEiicsl BeJIHYHHBI KPHTHYECKOIO KO

obpasua ¢ Hajapesom. (6) Cxema paspe3ku o6pasua, npeicrapieHHoro Ha Puc. 1a, na cy
0e3 Hajpe3a

Kaxymmiics kputnaecknit ko3pOHINEHT HHTCHCHBHO-
cTH HampspkeHnit K* ompezensncs B COOTBETCTBHH C

Jla-niepeMelieHne, MoJly4eHHON B UCIIbITaHuK o0pasia ¢
HajpesoM [4, 5].

B Hacrosimieil pabore, MOCTaBICHHON C IENBIO
YCTAaHOBJICHHS KOJMYECTBEHHBIX B3aMMOCBS3CH MEKITY
BenuuuHamMu K* U on/o,, KOMIIO3UTHBIH oOpasern pac-
CMaTpUBaeTCs B MEPBOM NPHOMMKECHHU KAK «4EPHBI
SIAK» 0e3 MUKPOCTPYKTYpbl. OpHrUHalIbHAs YacTh
paboThI BBIMOJIHCHA B AKCIICPUMEHTAX C KOMIIO3UTaMH
oKcuoHoe B0N10KHO - MoaubOenosas mampuya (tun OM)
U MOMUOOeHo80e BONOKHO - OKCUOHas mampuya (THI
MO). Komnosurs! tirna OM mnosny4yeHsl METOIOM BHYT-
peHHel Kpucralu3anun [°, 7], xommosuTEl THTA MO
TOJTYYeHBI MPOTUTKON paciiaBa OKCHAA IydKa MOJIUO-
1enoBoii nposonoku [*]. Kommosutasie 0Gpasis! moiy-
YaJMCh B BUJIC IUIACTHH TOJILIMHON W = 5 MM, HIUPUHON
h =15 mMm, 1 JumHOM ~ 65 MM (Puc. la). [innna Hajgpesa
c~1/2 h.

Ta HHT
3B IS 0

TH i 1 npe ™

TH 06pa3ua

YAIO;, mymmut-ZrO,, Al,O3-AlsY;0,-Ca,AlO,; Kxom-
no3utsl Tina MO umetot Matpuiy ALO;-AlsY;0),,
1.50

annpokcumanueil, pexomennoBanuoit ASTM-399 s T T T
u3MepeHus {(_IS B UCIIBITAHHSX HA TPEXTOUCUHBIH U3rNG: 125 23%; z g:?% e
3GLc™s  son )
B w {\EJ @® 100} p
e g 2
c c4 2 £y £y ¥ o75) <
v=[106-275-+13.66 (%) —23.98(5) +25.22(5) . o A
1 h ke “h' e ol o050k .g 30.’. ]
U PacCTOsHUE MEXTy omopamu L=60 Mm. DTo HCbITa- .
HHe AaéT TaKkKe HPOYHOCTh oy 0oOpasua ¢ Haape3OM. 025F ®
Jlanee oOpa3ipl pa3pesanich Kak nokasaHo Ha Puc. 16,
1 Cy6-00pa3sibl UCTIBITBIBATICE HA M3THO ISl Ompene- 0.00,5 pr %
JIEHUA TIPOYHOCTH 0, HCHAPE3aHHOTO 06pa3ua. Critical stress intensity factor / MPa.m"”
Pesynbrathel ucnbiTanuii npeacrasiens Ha Puc. 2 Puc. 2. Ot BeHIH np Tt 0GPA3A ¢ HATPE3OM 1

B KoopauHatax on/Go(K*). Kommosutsr TtHnma OM
BKJIIOYAIOT o0pasibl ¢ BonmokHamu  AlO3;-AlsY;0,,
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Bonbmioit pa3opoc maHHBIX TpeOyeT aHaian3a, BbI-
XOJIAIIEr0 33 PAMKH MOJIENIM «YEPHOro siiuka». Otme-
THM JIHIIIb, YTO Pa3dpOC YaCTUYHO CBS3aH C HaYaJIbHON
cTajueil pa3paboTKU HEKOTOPBIX BOJIOKOH. Tem He Me-
Hee, KOd(P(ULIHUEHT KOppeAlnH, BEIYUCICHHBIN 10 H3-
BecTHOH (hopmyie [Tupcona

Ellgx—ER s - E(="))
SDIK*)SD(s*)

|
i

=(K*,5) =

2

e s*= on/oy  E(X) ectb MaTeMaTHyeckoe OXHIaHHE
BenuuuHbI X, SD(X) — cTaHAapTHOE OTKIOHEHHE TOH XKe
BEJIMYUHBIL, - OKa3bIBACTCSI JOCTATOYHO BBICOKHM: 0.507
u 0.713, mis komnosutoB tinoB OM u MO, coorBet-
CTBEHHO.

T T T T T
175 |Hoover, V,=0.48, c/h= e
’ e 03 r=0.892
o 08
* 05
150 | T x 1
@)
o . M
5 *
EAEE] I 1
® = Mileiko et al., c/h=0.5, V0.3
1.00 - ° o+ 4
o
o
0.75 L L L L L
20 30 40 50 60

Critical stress intensity factor / MPa.m"?

Puc. 3. OTHOmIEHHE BeJIMYHH NPOYHOCTH 00pPa3ua ¢ HAAPe30M H
0 obpasua B TH OT H3Mep ii Be.

KPHTHYECKOro Koo st

60P03J'IIOMVHII’IEBI:IX KOMIIO3HTOB JKCIIEPHMEHTAJIbHBIX TaHHBIX
T'ysepa [10] m Muueiiko ¢ coasTopamu [9].

VIHTepecHO OTMETHTh, YTO paHee OIyOIHKOBAaH-
HbIe JaHHBIE, COZiepIKalllhe BEIHMYHHBl K* M HeoOXomu-
MYI0 HH(OPMALHIO JUTSl ONPEJICTICHUS OTHOMCHHS oN/0,
JUISL Pa3HOOOPA3HBIX KOMIIO3HTOB TAKIKE YKIIAIbIBAIOTCS
B Hal/IeHHYI0 Koppessiuuio. Hanpumep, ananus JaHHbIX
10 OGOpOANIOMUHHMIO, OITYOIMKOBAHHBIX IIPAKTUYECKH
onHoBpemenHo B Poccun u CIIA [9, 10], naér pesynb-
Tar, IpeZIcTaBIeHHbIH Ha Puc. 3.

Hekoropasi pasHuna Mexay JAByMsl COBOKYITHO-
CTSMM  SKCIICPUMEHTANBHBIX JaHHBIX OOBSCHIETCS,
BO-TIEPBBIX, TeM, 4To B pabore I'yBepa Bemmumna O* B
dopmyne (1) cooTBeTCTBYeT Cuile, MPU KOTOPOi OOHa-
PY’KMBAeTCs IepBasi HEPEryaipHOCTb Ha 3aBUCHMOCTH
CHJIBI OT NepeMeleHHUs], B TO BpeMs KaK B POCCHHCKUX
SKCIIEPHMEHTAX BEIMYMHA (O* COOTBETCTBYET MAKCH-
MyMy Ha YKa3aHHOH OSKCIIEPHMMEHTAJIbHON KpHBOM.
Bo-Bropbix, B Kkommosutax [yBepa HCIIONB30BaINCH
BOJIOKHA C OJHUMH M TEMH K€ XapaKTepHCTUKAMU
HPOYHOCTH, B paborax MUIEHKO ¢ COaBTOPaMH — BO-
JIOKHA HECKOJIBKHUX THIIOB MO XapaKTEePHCTHKaM IPOY-
Hocti. Koadurment koppensumu ajis 3THX JaHHBIX
pasen 0.892.
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3-Toueunblii H3rud — o6pasuos ¢ Haapesom. Boabmoii pazdpoc

BCJIMYHMH MPOYHOCTH 06PA3I0B € HAJPE30M ONPEIE/ISCTCS TeM,

YTO KOMIO3HTHI ObLIH NOJTyYeHbI ¢ HCIOIB30BAHHEM BOJOKOH ¢
PA3IHYHBIMH XaPAKTEPHCTHKAMHU IPouHoCTH [9].

BakHO MOAYEPKHYTh, YTO BEIHYMHBI OTHOIICHHS
on/o, > | He SBISIOTCS HEOXKUAAHHBIMHU; OHH (cM. Puc.
4) cyTb ClIe[ICTBHE YCTOHYMBOIO POCTa MAKPOTPELIHHBI
B KOMIIO3UTE C OOJIbIIOH OOBEMHOI JIONel XpyIKOro,
HEOTHOPOJIHOTO TI0 JUTHHE BOJIOKHA M HEYCTOWYMBOCTH
TPEIMHBI B OTHOPOJHO HArpykeHHOM obpasie [1].

OnyOinMKOBaHHbIE HEIABHO JIaHHbIE HCHbITAaHUI
OKCH-OKCHAHBIX pasznnyubix TunoB (U090 u W30),
Pa3INYAIOIINXCS COCTABOM M CTPYKTYpOi MaTpHibl [4]
Jal0T MHPOPMALMIO, KOTOPYIO MOXHO TaKiKe HpeicTa-
BUTb B KOOPJMHATAX on/0, - K* (Puc. 5).

Jaunbie wis C-SiC KOMIIO3UTOB, NPHBEAEHHbIC B
[11], Taxke COOTBETCTBYIOT YCTaHOBJEHHOH KOppejs-
LM, HAXO/SICh B HI)KHEH 4acTH PaCCMOTPEHHOTO BBILIE
unTepBana Bemmund K* (~5.4 MITa-m¥u'? (Fig. 4a B
[11])) u on/oy (0.25 — 0.365 nnsa ¢/h = 0.5 (Fig. 4b B
[11]).

0.8 T T
o
. -
0.7+ b
o °
L
>z °
© 06} b
.
o U090 as received
o W30 as received
0.5 - .

5 10

Critical stress intensity factor / MPa.m"?

Puc. 5. OTHoWmeHHE 6x/G, BeJIHYHH NPOYHOCTH 00pa3na ¢ Hajape-
30M H HCXOJHOro 06pa3ua B 3aBHCHMOCTH OT H3MEPEHHOii BeaH-
YHHBI KPHTHYECKOro Ko3(d ™ Ke-
HHii ISl IBYX THIOB OKCH-OKCHIHBIX KOMIO3HTOB. JKCHEpH-
MeHTaJIbHbIe JaHHbIe — 3 [4]. CBeTiIble TOUKH — 06pa3ubl B HC-
XOIHOM COCTOSIHHH, NOJIy-CBET/IbIe H TEMHBbIC — 00pa3ubl mocie
BbUIEPAKKH B Tedenne 50 yac npu remneparypax 1000 and 1200°C,
COOTBETCTBEHHO.

Ta MHT

W3noxkeHHOE MO3BOJISET C/ENaTh CICAYHOLINE

90



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

TJIABHBIC BBIBO/IbI:

1) CymectByer ymHeiiHas KOpPEISIUsS MEXKILY
H3MEPCHHBIMH BCIIMYUHaAMU KPUTHYIECKOTO
koo duIeHTa HMHTEHCUBHOCTH HampsbkeHuit K* u
YYBCTBUTEJIBHOCTM K  Hajpesy, OIpe/ICIICHHON
OTHOLIEHHEM  ON/G),  TIONYYCHHBIM  aHAIM30M
COOTBETCTBYIOIIUX AKCICPHUMEHTAIBHBIX JAaHHBIX
JuIst KOMITIO3UTOB c METAUINYECKOH |
KepaMH4ecKoi Marpuueil. Mutepsan Bennunn  K*,
B KOTOPOM HaOJII0IAeTCsl yKa3aHHash KOPPEIsius, - 5 -
50 MParm'?.  CoOTBeTCTBYIOWIMII MHTEPBAT BEIMUUH
orHommenus of on/oy: 0.5 - 1.5.

2) O6e XapaKTePUCTHKU JIOCTaTOYHO
XOpOIIO OIUCHIBAIOT YyBCTBUTEJILHOCTh
(HE4yBCTBHUTEIILHOCTD) TOBPEXKICHUSIM
KOMIIO3UTOB M MOTYT  CJIYXHTb  OLICHKOI
JIOIYCTUMOCTH noBpexxaeHui (damage tolerance).

3) Bosblune BETHYHHBI OTHOLICHHEM ON/0y,
MIPEBBIIIAIONINE B HEKOTOPBIX CIIydasx 1, sIBISIIOTCS

K

BayKHOM XapaKTepUCTUKOM BOJIOKHHMCTBIX
KOMITO3UTOB, 4YTO JIeJaeT HX NPUHLIHUINAIBHO
OTJIMYHBIMM ~ OT  METAIMYECKMX CIUIAaBOB M
KEPaMHUKH.

kokk

IpuBea¢HHBIC BBIIIC HOBBIC PE3Y/IBTAaThl MOIYYCHBI B
pamkax npoekra PH® 16-19-10624. Asrop Giarogapen
cBouM kosuteram, H.A Tpokonenko, H.M. HoBoxarckoi,
A.A. Komunny, A.Sl. Munkesnuy u B.A. Uymunuény,
AKTHBHO €My IIOMAraroIyM.
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PACYHETHAS OHEHKA )KECTKOCTHU HA U3I'b OBPA3LIA U3
KOMITO3UIIMOHHOI'O MATEPHAJIA C COTOBBIM HAITOJIHUTEJIEM

Muponosa H.U., Casonos B.I."
OI'VIT HHMUma, . Kopones, MockoBckas 0611., Poccns, 1ab5554 1 @tsniimash.ru

Annomayua: Paspabomana Konedno-sieMenmnas mMooens 00pasya ¢ y4emom Hauuyus Comoeo20 HANOIHUMEIs, pac-
cymampusaemes: ynpyeas 3adava. O6pasey 6 pacuemnotl Mooenu u32udaemes npu pasnudHbIx yCAoGUX HAPYIICEHUs, Npu JMOM
BBIYUCTACMCA NPOUD 6 PACUEMHBIX MOYKAX. YCN08UA HAZPYIICEHUS. U GLIYUCTCHHbIE SHAYCHUS NPO2UGOE CONOCMABTAIOMCA € U3-

BECMHBbIMU tj)opMyzza,wu, RONYYEeHHbIMU 6 meopuu conpo.

MPONHBIX Mamepuanoe. Ha ocroge conoc Onp 0,

P ona useuba cmepoicrell U3 00HOPOOHBIX, U30-

°sl OY€eHKU Bd)d)eKmué'Hle BHAUeHUTl JCeCMKOCU HA U32U0.

Knrouessie cnosa: KOMRNO3UYyuoHHblE J P

IIpu pacyerax 3a OCHOBY OBUIM B3STHI pa3sMepbl
00pasioB ¢ coTOBbIM HaroHuTenem: (200x78x18) mm.
B KauecTBe MCXOIHBIX JAHHBIX JUIS PACYCTHONH MOJEIN
OBbIIN TIPUHSATHI BETHMYNHBI, yKa3aHHbIe Huke. [Ipu co-
CTABICHUM  PACUETHBIX  MOJEIEH  HCHOIb30BAIUCH
IUIOCKUE KOHEUHBIE DJIEMEHTBI.

B pacuernHoil Mozmenu coTa MMeET CIEAYIONIME
pa3Mepsl: PacCTOSIHHE MEXIY MPOTHBOMOIOKHBIMU T1a-
pasIeNbHBIME CTOPOHAMHU PaBHO 3,3 MM (B HacTosee
BpeMsi IPOBEJICHbI PAcyeThl, KOIJa 3TOT pazMep U3Me-
pseTcs BIOJNb JUIMHBI 00pa3la), Haubobliee PaccTos-
HHE MEXTy BepIIMHAMH IIEeCTHYTOJbHHKAa paBHO 3,81
MM, a JUIMHA CTOpOHbI paBHa 1,905 MM (3TH pazmeps
IPUMEPHO COOTBETCTBYIOT pa3MepaM MPaBHILHOTO ILe-
CTUYTOJIbHUKA). YUMTHIBAs yKa3aHHbIC BBIIIC pa3Mepbl
1 MCTIONIB3Ys LEN0e YUCIO COT MO JUTMHE U MIMPUHE 00-
pasia, ObIIN MOCTPOEHBI PacUeTHBIC MOZEIH 00pasiua, y
KOTOPBIX JJIMHA cocTaBisieT npumepHo 201 mm, a mm-
puHa — 78 MM.

Beicora coT npuHsATa paBHOH 16 MM, TONIIMHA
crenku 0,1 MM; coTl 13 amomusus: E = 0,7x10"" Tla, "
=0,33; Tomuuna crenkyn obumBki 1,5 My E = 0,7x10"!
Ia, 4 = 0,22 (oOmmnBKaMK Ha3BaHBI /1Ba CJIOS MaTepUaa,
MEXy KOTOPBIMH pAcIoJIaraeTcsi COTOBBIH HAIOIHH-
TeJb; M3MEHEHHE JaBICHUS Ia30BOW Cpelibl B COTE MPH
J1e()OPMUPOBAHUM COT HE PACCMATPHUBAIIOCH).

Creyer 3aMeTUTh, YTO PAacueThl Ha OCHOBE ILJIOC-
KHX JIE€MEHTOB HMEIOT CBOM OcoOeHHOCTH. B wacTHO-
CTH, CPEJIM CBOMCTB 3JIEMEHTOB 3aaeTCsl TOJIIMHA dJIe-
MEHTA, HO KOT/Ia CTOUTCS TeOMETPUYECcKast MOZIeTb 00b-
€KTa HCCJIeJOBAHUs, 3Ta TONIIMHA CUMTAETCS PAaBHON
Hymo. B pesynsrare, ecim s MOIEIMPOBaHHS 00-
IIMBKH TIOCKUE 3JIEMEHTBI OyIyT CTOUTBCS B CPEIMH-
HOH TUIOCKOCTH OOIIMBKH, TO BBICOTAa COT OKaKETCS
Gosbiiie (hakTHYeCcKoi BbICOTHI. Ecnu 1 Mozxenuposa-
HUs OOLIMBKH IUIOCKHE DJIEMEHTBI OYIyT CTPOUTBCS B
30He (aKTHYECKOTO OKOHYAHHUS COT, TO OKaXeTCs, 4TO
TONIIMHA 00pa3la MeHbIIe (paKTHUECKOH TomumHbL B
JIAaHHOM CJTy4ae BIHSHUE YTUX PACUETHBIX (haKTOPOB He
HCCIIEYeTCsl, @ IPUHATO, YTO BBICOTA COT paBHA 16 MM.

3ajaua pemanach B yHpyroil mnocranoske. bbuio
COCTaBJICHO JBE pacueTHble Mojenu. Ilepas monens:
250 ThIC. TUIOCKHMX DJIEMEHTOB; B ATOIl MOJENH KaXKaast
CTOpPOHA IIECTHYTOIbHUKA (COTHI) JEIUIACh HA TPU Ya-
CTH; 10 BBICOTE coTa Jenuiach Ha 10 uacrteil; Bpems
CyeTa OJJHOTO BAPUAHTA COCTABJIACT OKOJIO 40 MHHYT.

Bropast moznenb: 50 ThIC. MIOCKHMX 3JIEMEHTOB; B

, COMOBDILIL

ceCmKoCmb Ha U32uo.

9TOM MOJIENN KaK/asi CTOPOHA IIECTUYTOJIHUKA (COTBI)
He JIeJMIaCh Ha YacTH; MO BBICOTE COTa JIeuIach Ha 6
yacTeif; BpeMs cyeTa OJHOr0 BapuaHTa COCTaBJIACT
OKOJIO 5 MUHYT.

[Ipu xoncompHOM H3rube 00e pacueTHbIe MOJICIH
M0Ka3aJld NPHUMEPHO OAMHAKOBbIE 3HAYEHUs Hporuda
Nnpu  OAMHAKOBOM momepeuynoit Harpyske 100 H.
OcranbHbIe BapHaHTBI Pacu€TOB MPOBEIACHBI TOJIBKO I
KOHEYHO-JIEMEHTHOU ~Mojenu, umeromeid 50  Teic.
TJIOCKHUX BJIEMEHTOB.

Ha puc.l mokazan ¢parMeHT yIJioBOil YacT Mo-
JIe]T COTOBOTO HATIOJTHHUTEIS.

iy \ \ \ A\
Puc.1. ®parMeHT yrii0Boii 4acTH MOjIeJIH COTOBOIO
HANOJHHTEJIS.

B rtabn.l ykazaHel pacueTHblE 3HAYEHUS KECTKO-
CTH Ha U3rub, BBHIYUCICHHBIC 110 Pe3yIbTaTaM pacdera
NPOruboB TP PA3IMYHBIX YCIOBHSX HArpyKeHHs 00-
Ppasios.

Tabu. 1. PacueTnble 3HAYEHHS KeCTKOCTH HA H3THO, BLIYHC/IEH-
HbIE 110 Pe3y/IbTATAM pacyeTa NPOruGoB NPH Pa3IHYHBIX YCJI0-
BHSIX HATPY/KEHHS 06Pa3LOB.

Homep cxembl Harpysxe- PacueTHoe 3HaueHNE
HUSA JKECTKOCTH HaA ]/131"1/16
ExI, Hxm
1 1048
11 1014
111 634
v 986

ITpumeuanns k Ta6m. 1.

1. Pacuer mo Qopmynam CONPOTUBICHUS MaTCPHAIIOB.
Benmuunna / Beruucisuiach, ydurtbiBas Qopmyis [1];
CUMTAJIOCh, YTO MaTepHall, CONPOTHBIAIOIIMICA pacTs-
JKEHHUIO M CHKATHIO, COCPEIOTOUEH B «TOHKUX» MOJIOCKAX,
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Pa3HCCCHHBIX IPYT OT JIpyra Ha 16 MM.
II. KoHcosbHbli u3rub:

PxL
= 1
/ 3xExI M
III. Tpextoueunslii u3ruo:
PxL’
[
48x Ex I
IV. «Yucrelit» n3rud:
PxI*xC
=
SxExI

CxeMBbl Harpy»eHHs 00pa31oB HOKa3aHbI Ha PHC.2;
dopmynbl i pacuera mporuda f MPUBEACHBI, HANPH-
mep, B [2]. B ciayuqae II f— 510 nporu6 konueBoii yactu
o6pasua; B cayuasx [l u IV f— 310 nporu6 B cpeaneit
yacTu obpasua; P — neiictByromas cuna, L u C — juHe-
€UHBIC pa3Mepsl (pHC.2).

B [3] ckazaHO, YTO COOTHOLICHUS MEXIY H3IHU-
0aromuM MOMEHTOM M W W3MEHEHHeM KpPHBH3HbI Ay
OCH CTEPXHS SIBISICTCS OCHOBHOW 3aBHCUMOCTBIO TEO-
pum u3ruba crepxxueii: Ay = M/B, rae B = E*[ — u3ru-
OHas )KECTKOCTb CTEP)KHS, £ — MOMyIb YHPYyrOCTH Ma-
Tepuana, / — MOMEHT HHEPLHHU IOIEPEYHOTO CEUCHMUSL.
JU1s ICHTOYHOM TIPY>KUHBI, CEYCHHE KOTOPOIl BBITAHYTO,
BMECTO MOJYIIS yIpYroctTH E cielyeT HOACTaBIATh Be-
maunny E/(1 — ,uz), rae u — xoadurmenr Iyaccona. B
JaHHOI pabore BiMsHME 3HadeHMH Kod(uumeHTa
ITyaccoHa He HCCIEIyeTCs, HO MOIYy4YCHO yTOYHCHHOE
BBIP)KEHHE I pacueTa Mporuda Ipy U3rube CTepiKHs.
JU1st TIOSTydeHHST YTOUHCHHBIX PELICHHUH, ypaBHEHUE TS
onpeseNneHus ynpyroif muaum suja [1]:

ExIxy" M)

[+

6b1I0 PeoGPa3OBaHO K CIIETYIOMEMY BUILY:
/2
ExIxy”:M(x)x[l+(y')2]3/

~ M (x)x 1+%><(y')2

@

Ha mepBOM 5Tare CUMTAOCh, UTO BETHUMHA (1)
Maja U rojarajgack B (2) paBHOW Hymo. M3 pereHus
ypaBHeHUs (2) HaXOAWIMCh (DYHKUMH: Y U y’; HalJCH-
Hast QyHKIMA )’ TIOJICTABJIANACH B TIPaBYIO YacTh BHIPA-
JKkeHust (2) M pemanoch yTouHeHHoe ypaBHenue. IToxo-
SKUH T0JIX0J1 MCHOJIb30BaH MU pacyerax B [4].

Pacuers o (2) mwist ciaydask KOHCOJIBHOTO M3ru6a
0Ka3aJIx, 4TO

2

I TARE:
fi=1 1+[L ,

I7ie f, BBIYUCIISIETCS 110 COOTHOLICHHO (1).

Pacuetsl o cootHomeHuo (3) (1 apyrum nomgoo-
HBIM COOTHOLICHUSIM) MOKA3aJii, YTO B PACCMOTPEHHBIX
CllydasiX pacyerhl 10 YTOYHEHHBIM COOTHOLICHUSM Jia-
10T nonpasky meHee 1 %.
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Puc.2. CxeMbl HArpy:KeHHst 00pa3IOB.

Onucanue ycJaoBHil «3aKpenieHusi» obpasua, ycio-
BMil NPHJIOKEHHsI HATPY30K K 00pasumy u Apyrux
0co0eHHOCTEl pacyeTHBIX CXeM.

I. B ucxonHom coctosiHum o0pasell pacrosiaraeTcst
TaK, YTO BEPXHSA M HIKHSSA TPaHUYHBIC TTOBEPXHOCTH
0o0ImMBOK 00pa3sia pacroyiaraloTcss B FOPU30HTAIBHBIX
miockocTsax. Ock X HampapieHa BIOJb IIHPUHBI 00-
pasua. Oce Y HanpasiieHa BIOJIb JIMHBI 00pasua. Ock Z
HaIpaBlieHa BJOJb TONIIMHBI 00pa3sua (T.e. BIOJIb BbI-
COTBHI COT).

1. Konconbuslii m3ru6. B sToM ciydae Ha ogHOM
Topue obpasia ms OOIIMBOK 3ampelieHbl NepeMere-
Hust Boab ocedl X, Y U Z; KpoMe TOro, 3amperieHbl
BpameHns Bokpyr ocu X. Ha mpyrom Topue obpasua
BJIOJIb OCH Z (BEPTUKAIBHO BHU3) Oblila NPUIOXKEHA CH-
na 100 H, pacnpenenennas no 14 Ttoukam (y3mam).
MakcuMasabHOe, BBIYMCICHHOE IepeMelleHne  ObuIo
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0,268 MM (Juisi pacyeTHOW MOJEH, COCTABICHHOW W3
250 ThIC. 2JIEMEHTOB, aHAJIOTHYHOE IIepeMelleHIe ObUIo
0,272 mm; B 3TOM cirydae L = 0,2013 wm).

III. Tpexroueunslit u3ru6. B atom ciayuae obpasen
pacronaraeTcs Ha JByX TOPH30HTAJIbHBIX OIOpax, pac-
crosHue mexay omnopamu 0,1419 m. Io cepenune 06-
pasia (Mexay oropamMu) Ha oOpaser JelcTByeT
Harpy3ka 1000 H, HanpaBineHHas BepTHKANbHO BHH3.
O6paseny pacronoKeH CHMMETPHYHO OTHOCHUTEIBHO
onop. Harpyska 1000 H pacnpenenena no 42 toukam
(y31am). B 30He omop, B y3lax, pacHONOKEHHBIX Ha
OJIHOI! JIMHUY, HANpPaBICHHON BIOJb IIMPHHBI 00pasIia,
3aMpentanych NepeMenleHns BIoas ocH Z (T.e. 1o Bep-
THKam). B 30He ofHOIT omopsl 3ampemanuch nepeme-
mieHust Baosib ocu Y (T.e. BIONb AIMHBL 0Opasua). B
TpeX TOYKAaX, PACIOJIOKEHHBIX OKOJO BEPTHKAIBHON
IUIOCKOCTH CHMMETPHH 00paslia, HalpaBJICHHON BJIONb
JUIMHBI  00pasiia, 3ampelaiuch MePeMEIIeHHs B0
ocu X (B aToMm cityyae L =0,1419 m ).

IV. Yucrelii u3ru6. B oToM cityuae Bo Bcex ceuve-
HUSIX pabodeil yacTu 0Opasua JeHCTBYeT OJMHAKOBBII
n3rubaromuii MomMeHT. OOpasen pacrnosaraeTcst Ha AByX
TOPH30HTANIBHBIX OIOPax, PaCCTOSHUE MEKIY KOTOPbI-
mu 0,1419 M. Oxolno ToproB o6pasia (3a oHopaMu) Ha
obpasen jeiictBytor Harpy3ku 1000 H, nampaieHHbie
BEPTUKAIEHO BHH3. OOpa3sen pacronokeH CHMMETpHY-
HO ortHOcuTensHO omop. Harpyska 1000 H pacnpene-
neHa 1o 42 rtoukam (ysnam). B 3ome omop, B y3nax,
PACIOIOKEHHBIX HAa OJHOW JIMHHMH, HAlpaBlICHHON
BJIOJIb LIMPHMHBI 00pa3sia, 3ampernagnuch IepeMeIeH s
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BI0JIb OCH Z (T.€. IO BepTHKaIH). B 30He 07HOIT OmopsI
3anpelainch nepeMelleHns Baoib ocu Y (T.e. BIOJIb
JUIMHBI 00pasma). B Tpex ToYKaX, pacIONOKEHHBIX
OKOJIO BEPTHMKANIBHOHN TJIOCKOCTH CHUMMETpHH 00pasia,
HANpaBICHHON BJOIb UIMHBI 00pasla, 3amperainch
nepeMenienus Baoab ocu X (B atom ciyyae L = 0,1419
M, C=0,02275 m).

3ak/0ueHne

Pacdetsl mokasann, 4To 3((EKTHBHBIC 3HAYCHUS
JKECTKOCTH Ha W3rH0 061[)2131_[0]3 H3 UCCIICAYEMBIX MaTe-
pHaNoB MOTyT OBITH 3aMETHO MEHBILE HX TEOpeTHYe-
CKUX 3Ha4eHUH (OHM MOTYT COCTAaBISTH I[PUMEPHO
60 %). st Gosee TOUYHBIX PAcyeToOB KOHCTPYKIMIT Ha
yCTOI‘;I‘—IP[BOCTB, CIIEYET SKCTIEPUMEHTAIBHO OMPEACIATH
9(¢deKTUBHBIC 3HAYCHUS JKECTKOCTH Ha M3rub 00pasLoB
W3 KOMIIO3MIIMOHHOI'0 Marepuaiga ¢ COTOBbIM HAIlOJIHU-
TeJeM.

1. ®eonocses B.M. ConpoTuBieHne MaTepuaioB. 7-0¢ H31., mepepad.
M.: Hayka, 1974, 560c.

2.06merexnnyecknii cnpasounuk. /E.A. Cropoxonos, B.II. 3akon-
nnkoB, A.b. TTakuuc u ap. Iox o6ur. pen. E.A. Cropoxonosa. 3-¢ u3.,
nepepab. u gor. M.: Mammnoctpoenne, 1989,512¢.

3.ITonomapes C.JI., Annpeesa JL.E. PacueT ynpyrux jneMeHTOB Ma-
muH 1 mpu6opos. M.: MammrocTpoenue, 1980, 326¢.

4.Cemnrn X.M., Illupazu K.X. Hccnenosanue mnonepednbix Konmeba-
HUil GaJKM Ha YNPyroM OCHOBAHHHM Ha OCHOBE HEITMHCHHOMH Teopun
MATOTO MOPSAAKA C HCHOIb30BAHHEM TOYHOTO BBIPAKEHHS IS KpH-
BusHbl Oankn. C.186-195. Tlpukmajsas MexaHuka M TeXHHYECKas
dusuxa (IIMTD).2014,Ne 6.
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YUYET BUJA HANIPSI’KEHHOI'O U IE®@OPMHUPOBAHHOI'O COCTOAHUSA ITPU
OINMMCAHUU JE®OPMUPOBAHUSA CIIVIABOB C NAMATBIO ®OPMbI

Muryctun 1.B.
WITPUM PAH, Mocksa, Poccus; lewis@nm.ru

Annomanus: Ilosedenue cniasos ¢ namsamoio Gopmsl NP pasHeIX BUOAX HAZPYICEHUS CYUJECMBEHHO OMaudaemcs. Jmo

yumeno 6 0606ujeHHOI MoOenu (azo80-cmpyKmypHo2o oedop

6uoa HAanpssiCeHHozo u

7%

D uepes P

Oeghopmuposannozo cocmosanus. Koppexmnocms modenu noxasana na npumepe pacuema pacmsaslicenus-cocamusi Cmepichs ¢

PeBepCoM Hazpy3Ku 60 6peMs NPAMo20 (azoeo2o nepexood.
Knrouegvie cnosa: cnnasel ¢ 0 hopmbl, cmpyK;

BiusiHue Buzja Harpy>KeHHsi Ha HOBEICHME CIUIa-
BOB ¢ mamsTbio (Gopmbl (CIID) BBISBICHO B psiae dKC-
nepuMenToB [1-2]. B wacTHOCTH, KpUBBIE MapTEHCHT-
HOH HEYNmpyrocTH TNpH TPOHOPIHOHATEHOM Harpyxe-
nun CII® cymecTBeHHO omIMyalOTCs Kak 1o abco-
JIIOTHBIM 3HAYEHUSAM HHTCHCHBHOCTH Je(hOpMaIHH, TaK
U 10 BUJy 3THX KPHBBIX. B CIydasx aKTHBHOTO pacTs-
JKEHHUS M CKaTHUSl XaOTHYECKOTO MAPTEHCHTAa MHTCHCHUB-
HOCTb HEyHpyrou (CTpyKTYpHOH) naedopmanuu mnpu
OOJIBILIOI MHTEHCUBHOCTH HAINPSDKCHUS Pa3IMyaeTes 10
nByX pa3. KpoMe Toro, B cilydae pacTskeHHs Habmona-
€TCsl TIOJOTUi yYacTOK, HATOMHHAIOLINI TUIOIIANKY Te-

Ky4€CTH, TOT1a KaK IPpH CKATHH HOI[O6HD]'0 y4JacTKa HET.

YacTi KPUBBIX PEBEPCUBHOIO U LUKIMYCCKOIO HArpy-
JKEHHsI, OTBEYAIONIUE IepeXofaM OT DPACTSHKEHHS K
CKATHIO M HA00OPOT, IMEIOT aHAJIOTUYHBIC Pa3Idus.
Heynpyroe nedopmuposanme CIID  moxer
HPOUCXOUTH KaK ITyTeM (a30BbIX MEPexo0B (IIPsIMOro
M3 ayCTeHUTAa B MapTEHCUT U OOpAaTHOrO), TaK U IyTeM
CTPYKTYPHOTO TIpeBpaIleHns (pa3JBOWHUKOBAHHSA U
TIepeOpHEHTAIINH CTPYKTYPHBIX obOpa3zoBaHuii
MapTeHCHTa), NpudYeM sBIeHHE Je(OpPMAIOHHOTO
YHOPOYHEHHS ~ XapaKTepHO TONBKO JUIL  BTOPOTO
mexanmsma [2].  Cymmaphas — (a3oBo-CTPyKTypHas
neopmanysi,  OTCUMTHIBAEMas OT  ayCTEHHTHOTO
COCTOSIHHS, paBHA
M =8,e,q+e"", del'=del" "+ de)
rae &, — nuHelHas gedopmanus o6beMHOro dddexta

npssmoro (azoBoro mepexona, ¢ — oOBeMHas OIS

MapTeHCUTa, O, — CAMHUYHBIA TEH30D, dgj’h' n ds

— IpupamieHust  aeBuaropa  (pazoBO—CTPYKTYPHOM
nedopmarmu  3a  cyer  (a3oBBIX  NEPEXOJ0B U
CTpYKTYypHOro mnpespauienus. s npsimoro dazoBoro
nepexoya [3]

d(;ﬁ"’:wydq, dg>0; qg=w(t), dt>0 (@)

Y- af @)+ @]

MM (UI/O'I-/-"FZ(O'[/)‘FGMEO
M) -Mp7 AS
K, -K -
2o~ e G
122 1~2

", o

i

rae oGo3HaeHsl o, O, — TEH30p, JEBHATOp

i
WHTCHCUBHOCTE HANIPSDKECHUA, Y U (/71 — MOHOTOHHO

Bospacratomme ot 0 10 1 marepuansubie pynkunu, 7'

P
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8U0 HANPANCEHH020 COCMOSHUA.

— aBcomornas Temneparypa, M! u M‘; — TemIepa-

Typhl HayaJla ¥ OKOHYAHHMS NPSMOTO Iepexosa B OTCyT-
CTBHH HaNpsDKCHHH, AS — pasHOCTh OOBEMHBIX
TUIOTHOCTEH SHTPONHWHK ayCTCHUTAa W MapTCHCUTA B HE-
Harpy>x€HHOM COCTOSHHH TIPH OTCUETHOU Temmeparype,
K,, K, u G,, G, — 3HaueHHs YTPOCHHOIO 00BEM-
HOI'0 MOAYJISL U MOAYJIA CABUIa B ayCTCHUTHOM U Map-
TEHCUTHOM  COCTOsIHMAX. 3MeHenue jedopmanun
MPOUCXONUT 33 CUCT 3aPOXKICHHSA M POCTA MAPTCHCHT-
HBIX 00pa3oBaHHil. DTH NPOIECCHl ONMCAHBI JBYMS
caraeMbIMH BelMuMHbl @, . CoGcTBennas jedpopma-
oys Tpynmkel OAHOBPEMCHHO 3apOAWBIIMXCS MapTCH-
CUTHBIX 00pa3oBaHuil (Oy/eM Ha3bIBaTh €€ MapTEHCUT-
HBIM 3JIEMEHTOM) OHpeeNseTcs JICHCTBYIOIUM B MO-
MEHT 3apOKJCHHs HampspkeHueM. ITosToMy mepBoe
cyraraéMoe COACPKHUT KaK MHOXKHUTEIIb MPEACIbHYIO HH-
TEHCHBHOCTh ()a30BO-CTPYKTYpHOH nedopmarmu o
COMIaCOBAHHYKO C TapaMETpOM BHAA HAMNPSIIKECHHOTO
cocrosHUA . IIpenmonaraercs, 4to pocT BCeX Map-
TEHCUTHBIX O00pa30BaHMN MPOUCXOAUT C OJMHAKOBOU
yaenbHoii ckopoctsio 0< f(g) <1/g. Obparubii ¢a-
30BBIif IIEPEX0J] ONUCBIBACTCS aHANOTHYHO (1) Kak cym-
Ma IIPOLECCOB HMCYC3HOBCHUSA W YMCHBIICHUSA oObema
MapTeHCHTHBIX 00pa3oBaHuil. B mpocreiiimem BapuanTe
YYUTBIBACTCA TOJIBKO BTOpOﬁ nponecc u

def"'= (" [9)dg [3]
CTpyKTypHOE IIpeBpalleHHe OJHOPOIHO YHPOU-
HEHHOIo 00BbeMa MapTeHCuTa (Ka)!(ﬂOFO MapTEHCUTHOI'O
3J'leMeHTa) OIIUCBIBACTCSA IO AaHAJIOTHHU C Teopneﬁ ia-

crudeckoro tedeHus [4] Gopmynamu
dz) =diS;. 0,(S)=[&"" /P (1)),

L
o, =8+

(2)

Ty
Z[eBnaTop HAIPsKEHUs CKJIAAbIBACTCA W3 AKTUBHOTO

HANPSDKEHUs S, ¥ OCTaTOYHOTO MUKPOHANPSDKEHNS

dry = g(o,.p1,)de}

T -

MaTepHaJ'IBHaS{ Cl)yHKL[PlS[ {pz CBsA3aHa C HM30TPOIMHBIM
YIPOYHEHHEM U MOHOTOHHO Bo3pacrtaet ot 0 10 1 ¢ po-
CTOM MHTEHCHBHOCTH aKTHBHOTO HamnpsbkeHus. Ilapa-
MCETPOM H30TPOITHOTO YNPOYHCHHUA SBIISICTCA MaKCH-
MaJIbHOC€ OTHOCHUTEJIBHOE 3HA4YC€HUE MHTCHCUBHOCTH
($ha30BO-CTPYKTYpHOI JieopMaliii paccMarpuBacMoro
o0beMa MapTCHCUTA 3a BCE BPEMs OT €Io 3apOXICHHS
J0 TEKYLIETO MOMCHTA. l'[pn 9TOM TIpEACIbHAsA WHTCH-
CHBHOCTH 0 B KaXJblii MOMEHT HpOIlecca COOTBET-
CTBYET BHULY J:[Cq]OpMI/IpOBaHHOFO COCTOSIHHA, XapaKTe-
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pu3yeMoMy mapaMeTpoM 4, . OIHCBHIBafOIIas TpaHC-
JIIMAOHHOC YIIPOYHCHHUE ITOJIOKHUTEIIBHO ONPEACICHHAA
MaTepHuajabHas CI)yHKLII/Iﬂ & 3aBHCUT OT MHTCHCHBHO-
CTH HAIPSKCHUS U MCHACTCA BMECTE C BUJOM HaIpsi-
JKEHHOI'0 COCTOSIHMSA.

JUts OCYIIECTBICHHS CTPYKTYPHOTO MPEBPAIICHHS
JIOJDKHBI BBHITIONHATBCS 1IBA YCJIOBHS aKTHBHOTO Harpy-
JKEHHs — BTOPOE PaBeHCTBO (hopMyrnbl (2) M HepaBeH-
crBo S;do; >0, KOTOpOE B Cilydac TOJBKO TPAHCIIsi-

ds, =0
dA >0 . KoMOMHHPOBAaHHOE YIPOYHCHHE ITPOUCXOIMT,

LMOHHOI'O YHIPOYHEHUS obecrieunBaeT

hs
xoria BenmamHa & /p(u,) MMeeT MakcHMambHOE
3HAQYCHHUE 3a BCIO UCTOPUIO U YBEIIMYMUBACTCA. VenoBue
2 é‘phsu

it/
phst
3 &

— (SR, 1S, >0, dp = Rydz

obecriednBaeT yKa3aHHbIH POCT, @ TAKKE BBIIOIHEHUE
dA >0 npu KOMOMHHPOBAHHOM YIPOYHEHUH.

B o6uem ciryuae npsiMoro ($hazoBoro mnepexoza o
JIGHCTBUEM MEHAIONIMXCS HANpPSKEHUI BHYTPH TIpejl-
CTaBUTENBHOTO 00beMa (HOPMUPYIOTCS MapTEHCHTHBIC
OIEMEHTBI C Pa3HBIMHA TIOBEPXHOCTAMH Harpy>XCHUS
[5-6]. Ilpm nanpHeiiieM HarpyXeHUH CTPYKTYypHOE
npeBpalieHue NPOUCXOIUT B HUX MO-Pa3HOMY, a B He-
KOTOPBIX MOJKET M He IpOMCXOAuTh. Jlyist pacuera mpu-
pamenus  (a3oBO-CTPYKTypHOH Jaedopmanuy  BCEro
MPE/ICTAaBUTEIBHOIO 00beMa 3a CYeT CTPYKTYPHOTO
NpEeBpalLleHUs] HY)KHO ONPEICIUTh IpPUpaLIeHus co0-
CTBEHHBIX Je(opMaIuii KaJI0ro MapTEeHCHTHOTO 3Jie-
MEHTa KaK JUIs OJTHOPOJHO YIIPOYHEHHOTo 00beMa Map-
TCHCHUTA, IJI YCTO HCIHOJIb3yCTCSA HCTOPHS HW3MCHCHHUS
HaTIpSKCHUS € 3BOH}OHHEﬁ ¢ , Ha4YWHasA C q:O , H
MIPOCYMMHUPOBATh HAWICHHBIC NPUPALICHHUS C Y4eTOM
00BEMHBIX J10J1€H BXOALIETO B 3TH JIEMEHTBI MapTCH-
cuTa B npejcraButensHoM oobeme CII®. Ilpenmonara-
C€TCs, YTO Ha4daJIbHAsl TOBEPXHOCTHL HArpy>KCHHS, 06pa—
3YIOLIAsCsA MpU 3apOKACHUN MAPTEHCUTHOIO 3JIEMEHTaA,
WJICHTHYHA IOBEPXHOCTH, IOJy4yaeMOH aKTHBHBIM
Harpy>kKeHHEM XaO0THYECKOI0 MapTeHCHTA HalpPsKEHUEM,
TIPONTOPIHUOHAIBHBIM ~ HAIIPSKEHUIO  3apOXKICHUA, 10
COOTBETCTBYIONLIEI MHTEHCUBHOCTH HEynpyroii aedop-
Maiuu (paBHOW MHTEHCHBHOCTH COOCTBEHHOI aedop-
MalMy 4acTH NPEICTaBUTEILHOrO 00beMa, 3aHIMaeMOi
57IEMEHTOM, IPU €TO0 3aPOXKICHNH).

I/ICHOHB3yCMBIe B MOJECIH MaT€pHaIbHBIC Cl)yHKI_U/II/I
MOYKHO MAEHTH(UIUPOBATH M0 KPUBBIM, HOIyYECHHBIM B
psilie TECTOBBIX YKCIIEPHMEHTOB.

Ha puc.] mnpuBeeHbl pe3ynbTaThl YHCIECHHOIO
pacuera nosenenust CIID ¢ oTHOMIEHHEM HpeenbHON
MHTEHCUBHOCTH  ()a30BO-CTPYKTYpHOH  jaedopmanuu
pacTsXKeHHs M CXKaTud p, =20 TpPU OJHOOCHOM
PACTAKEHUU [0 OIPEACIICHHOIO 3HAY€HUs HOPMHUPO-
BAHHOT'O HAIPSHKEHUS O'/UU C TIOCICAYIOIHUM CXKaTh-
eM (CIUIOLIHBbIE JIMHUM Ha BepxXHeM rpaduxe) u mpu
C)KaTuu [0 OIPEACIICHHOI0 3HA4YCHUsS HAIIPSIKEHUS C
OCIIEAYIOUIM PAaCTIKEHHEM (HIKHUH rpadux). &/p,

— HOpMHpOBaHHas (a30BO-CTPYKTypHas AedopMarius.
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MCXOHHBIM COCTOAHUEM Marepuaja SABJIACTCI XaOoTH4e-
ckuil MapreHcuT. IlyHKTHpHas KpuBas COOTBETCTBYET
€ro aKTUBHOMY PACTSKCHHIO M CKATHIO.

1
elp

+

0.5

-0.5

0/00

—

0.5

-0.5

-4 o/c

Puc. 1. P pact THE MAPTEHCHTA.

BriGpansl clieayionye MaTepuaibHble (yHKIHNT

2:(S)=D,(S,/0,). V,(x)=1-exp[~(f, )]
D,(6) = k() + oV () + (= = k) V(1) V3 ()

2do
G.(o)=[ " "
3g.(ol)
a, =3, p,=04, a,=10, B,=0.56, k=03
k=04, 4. =3, B,=05, 4.=2, B =0.05
e g,
Ecmu HCXOAHBIM COCTOSIHUEM Marepualia sBJIACTCA
AyCTCHUT, TO U3MECHCHUE HAarpy3Ku U TeMII€paTypbl MO-
JKET TIPUBECTH K OJAHOBPEMCHHOMY NPOTCKAaHUIO MPs-
Moro (a30BOro mepexoga M CTPYKTYPHOTO HpeBpaliie-
Hust.  PesynbraThl  pacuera  OHOOCHOTO — PAacTshKe-

Husi-cxkatus CIID ¢ ykazaHHBIMU BbIlIE€ MaTepHalIbHbI-
MU (QYHKIHSMH U JOTOIHHTEILHO

ol
P (o) =27 [exp(~x’[2)dx, p,=2p =0.08
0

:irBi‘cr/UU‘A’

OTBEYACT PACTSIKCHUIO, @ g CXKATHUIO.

F@=(q+2)", w(0)=(1-cosm)/2, 5,=150MIla



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

M7 =332K, M}=312K, AS=406250 x/(m’ -K)

HPUBEJICHBI Ha PHC.2.

100 200 300

4
600 T

100 200 300 400 500

Puc. 2. PeBepcBHOE pacTsiZKeHHe-C/KaTHe ayCTeHHTA.

CBepXy BHHU3 PACIOJIOKEHBI 3aBUCUMOCTH HOPMHPO-
BAHHOIO HAINPSDKCHUs, aOCONIOTHON TeMIepaTypbl U
HOPMHUPOBAHHOH ()a30BO-CTPYKTYpHOI AedopMaliui ot
BpeMenH (1ara). Kpusast 1 HipkHero rpaduka momydeHa
B paMKax IPEIOKEHHON MOJIENH, YYUTBIBAIOIICH pa3-
HOCOIIPOTHUBIIIEMOCTh M HEOJHOPOIHOE YHPOYHCHHE
npezcraBuTesibHoro oovema CIID. DazoBblii Tepexo]
3aKkaHuuBaercs npu o/c, =—0.72, mOdTOMY MapTeH-
CHTHBIC DJIEMEHTBI 3aPOXKIAIOTCSI KaK TIPU PacTATUBaro-
eM, TaK M MPH CKUMAIOIIEM HANpshKeHHH. B cxkaThix
MapTCHCHTHBIX 3JIE€MEHTaX CTPYKTYpPHOE HPEeBPAIICHHUE
HPOUCXOMNT, KaK IIPH aKTUBHOM CHKATHHU (BIOJIb ITyHK-
TUPHOIT KpuBoi Ha puc.l). B 3apoauBumxcst mpu pac-
TATHBAIONIEM HANpPSDKCHUH DJIEMEHTaX MOCIe CMEHBI
3HAKa HANPSHKEHHS CTPYKTYPHOE NpPEBpaIleHHe MPOHC-
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XOOUT CHa4dalla TOJIBKO C TPAHCIAIHOHHBIM YIIPOYHE-
HueM (TIPU 3TOM HX cOOCTBEHHas AedopMmarusi MeHsIeT-
cst ObIcTpee, a KacaTelbHBI MOIYIb HE 3aBHCUT OT
HaNpsDKEHHS 3aPOXKICHHSA JIEMEHTA), a 3aTeM C KOMOH-
HHPOBAHHBIM YNPOYHEHHEM, KaK Moka3zaHo Ha puc.l. ITo
Mepe pocTa MHTEHCUBHOCTH HANpsDKEHMs J0Js Map-
TEHCHTHBIX 3JIEMEHTOB, UCIIBITHIBAIOIINX CTPYKTypHOE
TpeBpameHue ¢ KOM6MHHpOBaHHBIM YIOPOYHEHHUEM,
YBEIUYINBACTCA, U Ile(bOpMaL[PlS{ BCCro MpEACTaBUTEIIb-
HOTO 00beMa H3MEHSIeTCs MEIJICHHOE.

Jlns cpaBHeHHs Ha HIDKHeM rpaduke puc.2 mpu-
BEJICHBI Pe3yIbTaThl pacuera 06e3 ydera CTPYKTYPHOTO
mpespanienus (KpuBas 2) M B pamKax Mojenen 0Oe3
ynpouHeHus (KpuBasi 3) U ¢ OAHOPOIHBIM YIIPOYHEHUEM
MpeCTaBUTeNIbHOrO o0beMa (kpuast 4) [6]. [lo cmenb
3HaKa HalpsHKeHUs KpuBble 1, 2, 4 COBNAAAIOT, TaK Kak
pu BBIGpaHHB]X MaTepHaIbHBIX ('l)yHK[[PlS{X MaKCH-
MaJIBHOTO 3HAYCHUSA HANPsHKCHUA HEAOCTATOYHO IS
Hayana CTPYKTYypPHOTO IPEBPALICHHs, a MOAETb 0e3
ynpouHeHus: (KpuBasi 3) JaeT 3aBbIIICHHBIC edopma-
1y, Kak BHIHO, B KOHIIE Ipoliecca IpH OOJBIIOM OT-
pHULIATEIbHOM HAIMPsKCHUN q)a?;OBD-CprKTypHaH ne-
(opmauust CTpeMUTCsE K TIPeeIbHOMY JUIsL COKATHS 3Ha-
YCHUIO —p_  TOJBKO B paMKax HpeIUTO)KCHHOﬁ MOJICIIH,

4TO CBHJCTEIBCTBYET O €¢ KOPPeKTHOCTH. JIpyrue mo-
JeNIM JIAI0T B Ipejiene U060 IMONOKUTEIbHYI0 aehop-
Maiuio (KpuBble 2, 3), 100 OTPHIATENBHYIO C HHTCH-
CHBHOCTBIO, 3HAYUTEIIBHO MPEBBIMIAIONICH TPeeIbHYI0
BeNMUUUHY (KpuBas 4).
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POBKU KPaesvlx 3aday mepMoMexanuxu Onis CRiagos ¢ namsAmvio opml, eKmovas 3adaqu yemotuueocmu. Qbcyscoaomes me-

MOObL peuteHs makux 3aoay.

Kntouesvie cnosa: Cniasel ¢ namameio (popmol, mepmoMexanukd, Kpaesvie 3a0ayi.

Beenenue

Crunasbl ¢ namstbio popmel (CIID) moryr cocro-
STh, MO KpaifHeill Mepe, U3 1IBYX (a3 (ayCTEHUTHOW M
mapreHcutHol s CIID Tuna HUKenInaa THTaHA), Me-
XaHUYECKHUE CBOMCTBA KOTOPBIX PA3IMYAIOTCS BEChMa
CYIIECTBEHHO. B orimune oT OObIYHBIX KOMIO3HUTOB,
CII® moryt KapAMHAIbHO MCHATH CBOW (ha30BbIil CO-
CTaB, a TaKKe€ OPHUEHTALMIO ME303JIEMEHTOB MapTeH-
CUTHOI (pa3bl MPH M3MEHEHHU TEMIEpaTypbl M Hamps-
JKEHHO - 1e(OpPMHPOBAHHOrO COCTOsHUs ((ha3oBble U
CTPYKTypHble nepexozabl). C apyroidl CTOPOHBI, 3TH
NPEBPAIICHUsT BEChbMa CYIIECTBEHHO M3MEHSIOT Jie-
(opmupoBaHHOe ¥ HampspkeHHoe coctosHne CIID n
€ro TeMmIepaTypHblii pexuMm. llepeuncieHHble Bblle
00CTOATENILCTBA CYLIECTBEHHO YCIIOKHSIIOT TOCTAHOBKU
M pelICHHE KPaeBBIX 3a/ay TEPMOMEXAHMKM JUIS dJie-
MmeHTOB n3 CIID.

B nannoii pabote NpUBOATCS Pa3iIMUHBIE MOCTA-
HOBKH (HECBSI3HAsI, CBA3HAS, )KECTKO — (pa30BO - CTPYyK-
TypHasi, JBa/Ibl CBA3HAsA) 3a1ad TEPMOMEXAHHUKH IS
crutaBoB ¢ mamATeio opmbl (CIID). Ommcansl Gpopmy-
JMPOBKH 3a]1a4 O MOTEPe YCTOHUYMBOCTU IJIEMEHTOB M3
CII®, Bbi3BaHHOI (Ha30BBIMU WIH CTPYKTYPHBIMHU IIpe-
BpalllCHUsAMH B 9THX Martepuanax. Paccmorpensl meTo-
JIbl PELICHUs HEKOTOPBIX TAKUX 3aJ1a4.

®opMyJIMPOBKH 3a/1a4

CgoiictBa CIId onuchHIBAIOTCS CHCTEMOM ompese-
JISIOLIMX COOTHOLICHWH MOJENN HenuHeitHoro nedop-
MHpPOBaHHsl 9TUX MaTepuanoB npu (a3oBbIX U CTPYK-
TYPHBIX NpeBpareHusx [1-3]:

1
q= 5(1 7cos(7zt)) (€))
M?-T w;0,'+Z(0,)+0,.&
(=——s ,M;’:M?_*_M(z)
M;-M; ’ AS,
_ A7 -T AT+ w,0,'tZ(0;)+ 0,8, 3)
A) - 4] AS,
2 _ 2 _
6Z(c,) = O-kk(KA KM)+ Oi (GA GM)
KAKM GAGM
ep=ep+el™, £0'=0,'12G), ¢, =0, /K (4)
1 g 1-¢ 1 _q l-g
G G, G, ' K(q) K, K,
gpll\/v
g”yhxl = 5,45, + g:h.wy, d g‘;)hxly: d g;m “d 85‘ Lo = i
q
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phy + st 3 O-fj' 1
d""‘v = a)”'dqv dg,] :Epl) 7qu¢2 (O-i)dal (5)

. . L
kqAT =C, T+Tao ,— (AUU + Oy + ;0 ')q— ©
= Ppd9,'(0,)0, 0
3nech ¢ - o0beMHast JI0JIsl MApTEHCUTHOW (hasbl, 3Ha-
YeHHs KOTOPOii ompejelisitorcs 3aBucuMoctsivu (1) u
(2) ns npamoro u (1) u (3) it obpaTHOro TEpPMO-
yupyroro ¢asosoro npespamenus; M M} A, A} -
TeMIepaTypsl Hayala M OKOHYAHHs (MHIEKCHI
f) mpamoro u obpatHoro (cumBonel M u A) Tep-

S "
Moynpyroro (ha3oBOro MpeBpalIeHUs] B OTCYTCTBHU
Hanpﬂmexuuﬁ, TE€ K€ BEJIWYUH C BEPXHUM HHJICKCOM
O COOTBETCTBYIOT HAIMuMIO HampspkeHuil; G,K -
MOJyIN CHBHTa M YTPOCHHBIH OOBEMHBI, 3HAYCHHS
9THX BEIMYMH C HIDKHUMH MHIekcamu M u A co-
OTBETCTBYIOT ayCTCHUTHOMY W MAPTCHCUTHOMY COCTO-
. e
s CHD; ¢,,67, ¢

dazoBo - crpykrypHas edopmari;

P rojiHasi, TemreparypHas M

0,0, - KOMIIO-

> @i
HCHTBI 1 MHTCHCUBHOCTH HaHpﬂ)l(CHHﬁ, HITPUXOM 06o-
3HAYArOTCS KOMIIOHCHTBI JE€BHATOPOB; IPHPAIICHHUC

nesuaropa (hazoBO-CTPYKTYpHOIl Aedopmannn dg‘j’h“"

CKJIA[IbIBACTCSl M3 CJIAraeMbIX, CBSI3aHHBIX CO CTPYK-
TYPHBIM TEPEX0NoM dg; ¥ ¢ (a30BbIM NPeBpAIIEHH-

em dg;’"', KOTOpbIe BbIUHCIIOTCS 10 (opmyne (5),

BEPXHMH MHJIEKC + COOTBETCTBYET HPSAMOMY, @ MUHYC -
obpaTtHOMy (a30BOMY MPEBPALICHHUIO, ¢, - YaCTb Map-
TEHCHUTa TIPEACTABUTECIIBHOTO 061=ema, HMCIIbIThIBAOIIASA
B PacCMaTpHBaeMbIii MOMEHT CTPYKTYPHOE NpeBpallle-
HUE, AJITOPUTM ONpPEICTICHUS 3TOI BEJIMYUHBI U3JI0KEH
B [2]; cooTHommenus 1uist eopMariii coiepiKaT Mare-
pUaJbHbIE TAPAMETPBL &), O , TPAKTYEMbIE KaK JIiH-
HeiiHas nedopmanus obbeMHOro S¢dexra peakuun
(ba3oBoro NpeBpaIieHnsl U MHTEHCUBHOCTh KPHCTalIO-
rpadudeckoii gepopmannn dazoBoro mepexosna; B T
K€ COOTHOULICHHS BXOIAT MaTepuajibHbIC (i)yHKLll/[l/l
[ (a‘ ),(pz(a‘), TpaKTyeMble Kak QYHKIMM pacrpesene-
HHUSI UHTCHCHUBHOCTH MI/IKPOHaHpﬂ)KCHl/Iﬁ B IpeACTaBu-
TeabHOM 00beMe CIID (ayCTeHHTHOE W MapTCHCHUTHOE
COCTOSIHUE COOTBETCTBEHHO); f(g) - MarepHaibHas
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(byHKIMSA OIpeIeNAoNnIas COOTHONIEHHE MEKTy BKIIa-
oM B JieopMaIMIO TIPOLIECCOB 3apOXKICHUS U Pa3BHU-
THSL MAPTEHCUTHBIX Me30d71eMenToB; k,,C ,a,AU,AS -

KO3 HIMEHT TeIIONPOBOIHOCTH, TEIUIOEMKOCTh IIPH
TOCTOSIHHOM HATpPSDKCHUH SAMHULBI 00beMa, Kod(du-
LUEHT TEMIIEPATypPHOTO PACIINPEHHUs, 00beMHasl ILIOT-
HOCTb SHTAJIBIIMK U SHTPOIHUHU (ha30BOr0 MEepexoia.
Onpenensromye ypaBHeHHS 11 (a3oBO - CTPYK-
TYPHBIX JleopManuii NpencTaBiIsAOT co0oif BechMa
CIIOKHBIC COOTHOIICHMSI B MPHUPAILICHUAX, KOTOPBIC, B
obuieM cityyae, He MOTYT OBbITh IIPOUHTErPUPOBAHBI (€3
3HaHUA IIyTH TepMOMeXaHW4Yeckoro Harpyxenus. Cy-
IIECTBYIOT, OJHAKO, WCKIIOYEHMSI M3 3TOTO BBIBOJA,
YCTaHOBJICHHbIE B PaMKaX IOJOXKEHHsS 00 aKTHBHBIX
mporeccax MponopUHOHAILHOr0 Harpyxeunus. Ilycrs B
paccMaTpuBaeMOM IIpOLlecCe KOMIIOHEHTBI JIeBHATOPA
HANpPsOKCHUH M3MEHSIOTCS HPONOPIMOHATBHO, OTCYT-
CTBYeT pasrpyska. [Ipeamonaraercs, 4to
4.=4. plo)=0.(0)=0l0) ()
Torma ypaBHeHMs B TpupameHusx (5) MoOryT ObITh
MPOMHTErPUPOBAHBI HE3aBUCHUMO OT IIyTH TepMOMeXa-
HHYECKOT0 Harpy)XCHUs, B Pe3yJIbTaTe Yero Moy4acTcst
clie/lyroliee KOHEYHOE COOTHONICHHE JUIS JeBHATOpa
($azoBo - cTpyKTYpHOI Aeopmarn
gPhst

3
i~ Popdo

0
: %w(a,“) e)

3 o'
=2 ppg—Lolo,)+
2 Ul i

¥(q.90) = exp If(é)dé va, qo)—f ©)

9
JIaHHBIC COOTHOIICHHS OTBCYAIOT HAYAIBHBIM yCIOBH-
SIM s”h”'(qo,o'”) &), mepsas Qopmyna (9) cooTseT-

ij
CTByeT HpsAMOMY, a BTOpas - oOpaTHOMy (hazoBOMy
npespanieHnio. Eciiu HayanbHble YCIOBUS TaKOBBI, YTO
BBITIOJIHAETCS PABEHCTBO

o’

0 =2 pua Zrolo?) 10)
:

TO MOJIyYEHHOE COOTHOIICHHE CYIIECTBEHHO YIpPOLIa-

eTCHA:

3 oy

&'== poa—plo)) (1)

Venosue (10) crpaBeuBo, B YaCTHOCTH, IS CIIydast
Tporiecca, MPOMCXOJIIET0 M3 TOJTHOCTBIO ayCTCHHT-
uoro cocrostausi CII®D, 1160 M3 COCTOSHHS TOITHOCTHIO
C/IBOMHMKOBAHHOT'O MapTeHCHTHOTO COCTOSIHHSI.
CTpyKTypa IOoTy4eHHbIX PEIICHHH 103BOJISCT 10Ka3aTh
crnenyromee nonoxenne. Ilycts  paccmarpuBaemblit
MPOIIECC COCTOUT M3 KOHEYHOTO YHCIIa ()ParMeHTOB, JUIst
KOTOPBIX XapaKTEpHO HPsAMOE WIM 0OpaTHOE HpeBpa-
LIEHHE, CONPOBOXKIAIOMINECS HIM HET CTPYKTYPHBIMU
nepexoiamu, U (1wi) GpparMeHTOB, Ha KOTOPBIX IPOUC-
XOJUT TOJBKO CTPYKTYPHBIH mepexo. [t HauanbHON
TOYKH TMEPBOrO MPOLECCa BBITOIHIETCS COOTHOLICHHE
(10), a ms Bcero mporecca B LEIOM - cHOpPMYIIUpPO-
BaHHbIC BbIlIE TPEOOBAHMS IIPONOPLUOHATLHOCTH H3-
MCHEHHMS JIEBHATOpa HANpPSIKCHMIA, OTCYTCTBHE pas3-
rpy3ku u paenctBa (7). Torma st Bcero mpouecca B
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nenoM OyzieT CIpaBeUTHBO OMPEIETSIONIee COOTHOLIE-
nue (11).

HaunbGonee orpaHMYHTeNnbHBIM M3 CHOPMYIHPO-
BaHHBIX BBIIIC YCIOBHil CHPABEUIMBOCTH 3aBHCHMOCTH
(9) siBasiercst BTopoe paBeHCTBO (7). MoXHO mokasaTh,
OJIHAKO, YTO B Psfie CIIy4aeB MOJIOKEHHE 00 aKTHBHBIX
mpoleccax HPONOPIMOHATBHOTO HArPYXKCHUS  CIIpa-
BE/UIMBO M IPH HEBBIIOJHEHHH 3TOr0 paBeHcTBa. Tak,
€CITM pedb MACT O MPSIMOM MPEBPALICHHN TIPH MOCTO-
SIHHOM 3Ha4YCHHH JICBUATOPA HANPSDKCHMUI, TO TpeOOBaTh
BBINOJIHCHUSI BTOPOTo paBeHCTBa (7) He HyXKHO, a B II0-
JIydCHHBIC BBIIIE KOHEYHBIC COOTHOIICHUS ClEIyeT
BMeCTO (yHKIMH (p(cr,) MOJCTABUTb @, (o‘i). Ecnu ke
pedb HET TOIbKO 00 00PaTHOM NPEBPAICHNH B CITydae
HAJIMYHS WK OTCYTCTBHSI CTPYKTYPHOTO Tepexoja Mpu
MPONOPLHOHAIEHOM U3MEHEHHH KOMIIOHEHT [JeBHATOPa
HAIpPSOKEHUI U OTCYTCTBUM PAsrpy3KH, JIMOO TONIBKO O
CTPYKTYPHOM HEpeXofie B TeX )Ke yCIOBHSAX, TO 37€Ch
Jaxe TIpU HapyIIeHWH BTOpPOro paBeHcTBa (7) Oyzer
crnpaBeanuBo peruenue (8) u nocaenyronme GopmyJbl, B
KOTOpbIe HEOOX0AMMO B KadectBe (yHKimn (o,
HCIIOJIB30BaTh (YHKIUIO qoz(cr‘). Tlepexox OT cooTHO-
mieHui B mpupameHnsx (5) K KOHCYHBIM ONMpPEaesIsiio-
ummM ypaBHeHusiM (8) win (11) cymiecTBeHHO ynporaer
MPOLECC PELICHUS KPACBBIX 3a/1a4.

IIpuBeneHHAs CHUCTEMa COCTOMT M3 TpeX TIPyII
cooTHommeHuit. Ypasuenus (1)-(3) cmyskar mnst onpee-
JICHUsI PacIpesesICHHs 10 MaTepHaly U U3MEHEHHS CO
BpeMeHeM Mapamerpa (a3oBOro cocraBa. YpaBHEHHS
(4), (5) onpenensioT HANPSDKEHHO - Je(OPMUPOBAHHOE
COCTOSIHHE. YpaBHEHHE sHepreTuyeckoro Oamanca (6)
CILYXKUT JUISL OIPECNICHUS PACIPSACICHHS 110 MaTepH-
ally M HM3MCHEHHs CO BpeMeHeM Temmeparypsl. Jlis
(bopMyTMPOBKM KPaeBBIX 3a1ad K CHCTEME OIpeiels-
JOIIMX COOTHOIIECHUHI J00aBIIAIOTCSA YpaBHEHUs PaBHO-
BecHs (IBIKCHH), YCIOBHS COBMECTHOCTH, IPaHUYIHbIC
U HAaYaJIbHbIC YCIOBHSL.

Jlerko Buzers, 4yro B oOLIEM cilydae 3TH TPU
IPYIITEI COOTHOIICHNH B CHIy MX CBA3aHHOCTH, HE MO-
IyT PacCMaTpHBATBCS HU MO OTACIBHOCTH, HH IMOCHe-
JOBAaTeNbHO, @ [OJDKHBI aHAIM3UPOBATHCS OZHOBpE-
MeHHO. TeM He MeHee, BO3MOXKHbBI HEKOTOPBIC YIPO-
LIEHHbIE TIOCTAHOBKM KpaeBbIX 3azau a1 CII®. B
YaCTHOCTH, €CliM B ypaBHeHHsX (2), (3) mpeneOpeun
BITMSIHHEM JCHCTBYIONINX HAIPSOKCHUN M HAKOIUICHHBIX
nedopmanii Ha XapakTepHble TemIeparypbl (Ha3oBbIX
MEePEXOIOB, a TAKXKe IUCCUMATUBHBIMU CIaracMbIMH U
TEPMOYNpPYToil CBA3HOCTBIO B COOTHOMEHMH (6), TO
TeMIepaTypHas 3ajada CBOJHUTCS K O00OOIICHHOMY
YPABHEHHIO TEILIONPOBOIHOCTH

kAT =C(TYT ,C(T) =C, + %AUsin(m) 12)

M\) T A\)
MMy A° A
PaTHOTO MPEBpAIICHUST COOTBETCTBCHHO. B JaHHOM
ciyyae TemiepaTtypHas 3agada (12) peuraercs HesaBH-
cuMo, mocie 4ero ompeznensercs o dopmyne (1) da-
30BBIH COCTAaB M Jlajiee HE3aBHCHMO )K€ C HCIIOJIb30Ba-

e (=————— JUISL TIPSIMOTO M 00-
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HHEeM ypaBHeHUil (4),(5) HaXoaUTCsA HANMPSDKEHHO - Jie-
(opmupoBanHoe cocTosiHue. Takas MOCTaHOBKA 3aa4l
ompeJeNsIeTcs KaK HeCBA3Has.

Bosmoxen BAapHaHT OHOKPATHO CBSI3HOM TIOCTa-
HOBKH, B paMKaX KOTOPOTO TEMIIEPATYPHBIH PEXKHM
CUMTACTCSl 3aJAHHBIM  (HAIIpUMeEp, MPEeaIoIaraeTcs
paBHOMEpHOE pacHpeJieicHHe TeMIIepaTyp 110 MaTepH-
ajly, 4TO COOTBETCTBYET BECbMa MEUJICHHBIM IIPOIEC-
cam). B atom ciyuae ypaBuenue (6) He pemaercs, a co-
otHowenust (1)-(5) paccmaTpuBarOTCsi COBMECTHO C
Y4ETOM BIIMSHHS NACHCTBYIOIIMX HANPSHKCHUH U HAKOI-
JIeHHBIX JeopManuii Ha mapameTp (HazoBOro cocrama.
Bosmoxken MLTCPH&THBHBIﬁ BApUAHT OJIHOKPATHO
CBSI3HOH 3a7aud, B paMKaX KOTOPOIO INPUHUMAETCS TH-
1oTe3a 0 PaBHOMEPHOM DACIPECICHHH II0 MaTepHaTy
3HAUCHUS APAMeTPa ¢ M €ro 3aJaHHOE U3MECHCHHE CO

BpEMEHEM (BO3pacTaHHE IIPH NMPSIMOM H yObIBaHHE IIPU
obpatHOM (ha3soBoM Tepexoze). B atom ciydae Ha mep-
BOM JTale pelaeTcs CBA3HAs 3a7aua IPH COBMECTHOM
UCnosb30BaHuM ypaBHeHui (1) - (5) u Bce Hen3BeCTHbIS
(HanpsokeHust, 1eopMalny, CMELICHNUs) HAXOIATCS KaK
(GyHKIME KOOpJMHAT M TapaMeTpa (a3oBoro cocraBa
q . Janee, ucxons u3z (1) onpenensiercs temieparypa

KaKk (YHKIUs TapameTpa ¢, HanpsDKCHUH U 1edopma-
LM, TaK)Ke 3aBUCSILINX OT ¢ :

M°—M°

T=M?7———Larccos(1-2¢) (13)
7

A - A
7'arccos(l —-2q) (14)
T

T=A5 -

3nech cootHomenue (13) cooTBercTByeT npsiMoMy, a
(14) - obpatHOMY npeBpammeHno. Takum 06pa3oM, 1o-
JydaeTcsi mapamerpuueckas popma pemieHus (Bce Hc-
KOMBIE BEJIMUMHBI BEIPAKEHBI Uepe3 mapaMerp ¢ ).

B ocoOslit kmacc ciemyeT BBIACTMTBH 3aiadd, pe-
maemple B paMKax 'KecTKO-(ha3oBO-CTPYKTYpHOro"
aHaM3a, KOrjJa MOXKHO IpeHeOpedb ynpyrumu aedop-
MallsIMH TI0 CPAaBHEHMIO C  (ha30BO-CTPYKTYPHBIMH.
JlaHHOE TIPEAIOJIOKEHNE TO3BOJISIET HE TOJIBKO CyIIe-
CTBEHHO YNPOCTHUTH HPOLEAYPY PELICHUs, HO U Ompe-
JICIIUTh HEKUE aHAJIOTU MpEleIbHBIX HArPY30K Ha dJie-
menTbl n3 CIID [4].

ITocTaHOBKY HayaJdbHO - KPaeBBIX 3a1ad TEPMO-
mexanuku ans CII®D, B paMkax KOTOPOH y4HTHIBAIOTCS
B CBSI3aHHOW (hopMe BCe ONPEAEIIOIINE COOTHOMICHUS
(1)-(6) MOXHO Ha3BaTh B/l CBS3aHHOW. 3jech

S

4.

5.

6.

. Moguan A.A., Hetont Co. Tepmo
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MOXKHO BBIJICJIUTH KJIACC CTATHYECKU OMPEIETHMBIX 3a-
Jad npy QUKCHPOBAHHBIX HAarpyskax. B sTom ciyuae
YPaBHEHHE SHEPreTHYECKOro OajaHca CyIIECTBEHHO
YIPOIIAETCS ¥ MOXKET B HEKOTOPBIX CITyYasX PelIaThes
HE3aBHCHUMO.

Oco0blit kinace npobuem it CIID cocrasisior
3aja4u ycrouuBocTu. B [5] skcnepumeHTanbHO ycra-
HOBJICHO, 4TO (ha30BbIC MPEBPAIICHUS MOTYT SBISATHCS
MPUYUHON MOTEPH yCTOHUMBOCTH di1eMeHToB u3 CIID.
B [6,7] chopmyaupoBaHbl pasiMyHble KOHLCHLNH, B
paMKax KOTOPBIX 9TO SIBICHUE MOXKET ObIThb aJeKBATHO
OIIMCaHO. DTO - KOHIENIMU (DUKCHPOBAHHOW WM Ba-
PBUPYEMOIi Harpy3KH, MOBCEMECTHOTO (ha30BOro mepe-
X0J1a, IOBCEMECTHOTO CTPYKTYPHOTO IPEBPALICHUS.
IIpuMeHeHne TaHHBIX KOHLEMIUI MMO3BOJISIET 10JTy4aTh
peleHus 3a/1a4 yCTOHUMBOCTH 1715 iieMeHToB n3 CIID,
COOTBETCTBYIOIIME HKCIIEPHMEHTAIBHBIM JIaHHBIM. B
JIOKJIaie TIPUBOIATCS PE3YNbTAThl PEIICHHS YNOMSHY-
TBIX BBILIE 3a71a4.

PaGora BbimonHeHa npu (uHaHCOBOM moepkke PODOU
(rpant Ne 14-01-00189_a).
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SKCHEPUMEHTAJIbHOE UCCJIENOBAHUE U TEOPETUYECKOE
MOJEJIUPOBAHUE B3AUMOJNENCTBUA ®A30BBIX U CTPYKTYPHBIX
JE®OPMALUU B CIVIABAX C HAMSATBIO ®OPMbI

Mosguan A.A. *, Kazapuna C.A., Cunbuenxo A.JL.
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Beenenue

VHUKaIIbHbIE CBOWCTBA CIUIABOB C IaMATbIO (op-
Mbl (CII®) cBsizaHbl ¢ NPOMCXOSIIMMH B OTHX Mare-
puanax (a3oBBIMH M CTPYKTYPHBIMH TPEBPAIICHHUIMH.
IMon ¢azoseivu npepamenusamu B CIIO tuna nukenu-
Jla TUTAHA TOHMMAETCs MPOMCXOMSLIMI MPH OXJIaXue-
HMM WX POCTE HANpPsHKCHWI MpsAMON mepexoj U3 Bbl-
COKOTEMIIEpaTypHOI ayCTeHHTHOH (a3bl ¢ KPHUCTAILIH-
4ecKol pemeTkoi Tuma B2 B HU3KOTEMIIEPATYpHYIO
MapTEHCUTHYIO C KPHUCTAIMYECKOW pEILEeTKOH THma
B19' w mpoucxoasiiee NpU HAarpeBe MM pasrpyske
obparHoe mnpespauenue. [1og cTpykTypHBIM HpeBpa-
IIEHHEM TIOHMMAETCs INPOMCXONAIIMI NpHU HM30TEepMH-
YeCKOM Harpy)KeHMH IEpeXojl, CBA3aHHBIH ¢ pa3Boii-
HHUKOBAaHHEM W TIEpPEOPUEHTANNEH MapTeHCHTa, MPHBO-
JUINHA K YBEJIMYECHUIO CTENEHH OPUEHTHPOBAHHOCTH
HM3KOCUMMETPUUHBIX MAapTEHCUTHBIX sueeK. DTO sB-
JICHHe 4YacTO MJCHTU(UIMpYeTCs KaK MapTeHCHTHAs
HEYTIPYTOCTb.

K nacrosmiemy BpeMeHH aepopMarMOHHBIE d(-
(exrbl (a3oBbIX U CTPYKTYpHBIX npeBpaiieHuii B CIID
JIOCTaTOYHO MOAPOOHO HCCIICHOBAHBI SKCIICPUMEHTANb-
Ho. HesiceH, onHako, BOIPOC O COOTHOMICHHWH Jedop-
Maluii MapTeHCUTHOW HEYNPYTOCTH M IMOJIHOTO TPSMO-
IO INpPEBpAIICHUs], COOTBETCTBYIOIUX OJHOMY M TOMY
JKe 3HAYEHUIO HanpspkeHus. IIpakTuueckn He uccneno-
BaHBI MPOLECCHl, B KOTOPBIX OJHOBPEMEHHO MIIM TIO-
CIIe/IOBAaTENIbHO Ha OJHOM M TOM K€ 00pasIie MpOHcXo-
JUIT Kak (ha3oBble, TAK U CTPYKTYPHBIE PEBPALLICHUSL.

B nanHoii pabore NpoOBEIEHO CpaBHEHUE MOJIY-
YEHHBIX AKCIICPUMEHTAILHO JHarpaMM MpsIMOro Ipe-
BpALIEHUs] U MapTeHCUTHOH Heynpyroctu. CoolmaroT-
Csl pe3ylbTaThl YKCIEPHMEHTAIbHBIX HCCICAOBAHHI, B
KOTOPBIX Ha HEPBOM JTare MPOBOJUIOCH MOIHOE MHpsi-
MO€ NpEBpAIICHHE MOJ ICHCTBHEM IIOCTOSHHBIX HIIM
MEHSIONIMXCS HaNpsUKEHUH, a Ha BTOPOM, HOCJE pas-
IPY3KH, OCYIIECTBIISIIOCH HATPYXKEHHE B PEXKHME Map-
TEHCUTHOH Heynpyroctu. Takum obpasom, uccienoBa-
J0Ch B3auMojelcTBie (asOBbIX U CTPYKTYyPHBIX MeXa-
H13MoB JiehopmupoBanust CIID.

06p2l3lll>l U METOAUKA NMPOBEACHUsA ONBITOB

OO6pasibl i NPOBENCHHS SKCHEPHMEHTa ObLIN
HM3TrOTOBJICHBI W3 TIPYTKa HHUKEIWJA TUTaHa IIPUMEPHO
paBHOATOMHOroO coctasa auamerpoM 4 mm. IIpyTok mo-
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Cclie ero mepeBoja B MOJHOCTBIO MapTEHCHTHOE COCTO-
STHUC TIOJABEprajicsa HpO]:[OJ'[BHOﬁ MHDFOHpOXOﬂHOﬁ Tpo-
KAaTKe 10 3HAUYCHHs CTENeHH JIorapuMUUecKou [e-
¢dopmanu -0.7. ToiirHa 3aroTOBOK MOCHE MPOKATKH
COCTaBJIsIa OKOJO 2 MM. 3aTeM, MOJTyYeHHBIC 3ar0TOB-
KM conumM(OBBIBAINCE MO OOKaM B paiioHe paboueii
YyacTH JUIs npuaaHus obpasity (GopMbl JBOHHOM jomaT-
KM C LIMPUHOU paboueil yacTh 2 MM M LIMPUHOU 3a-
XBaTHBIX Yacteil okono 6 mm. JmHa paGoueil wactu
coctapmsana 30 mm. ITocae m3rotoBieHus oOpasipl OT-

xuramuck npu Ttemmeparype T =450"C B teuenue 1
Yaca ¢ TIOCIIe/TyONIEM OXJIaXKICHUH BMECTE C TIEUBIO.

IMockoneky i nonaydeHust 6a30BOM auarpaMmbl
MOJHOTO MPSMOr0O IMpPEeBpalleHUst MOJ JACHCTBHEM I10-
CTOSIHHOTO HAIpSDKEHHs TPeOOBAIOCHh MCKIIIOYUTEIBHO
MATKOC Harpy»XC€HHE, TO BCC OIIBITEI NPOBOAMIMCH Ha
HCTIBITATETLHON YCTaHOBKE PBIYAXHOT'O THIA, B KOTO-
pOii  OCYLIECTBISCTCS HArpy)KeHue (GUKCHPOBAHHBIM
rpy3oM. Y UIMHEHHe o0paslia M3Mepsuloch IBYMs HH-
JyKIMOHHBIMH JIaTYMKaMH C TOYHOCTBIO HM3MEPEHHIt
0.001 mm. Takum 00pa3om, abCONIOTHAS HOTPENIHOCTh
MpH U3MEPEHUHM OTHOCUTENIBHOIO YUIMHEHHs He Ipe-
soimana 0.00004. ITepeBoa B HOJHOCTBIO ayCTEHUTHOE
COCTOSTHHE OCYIIECTBIISUICS C TIOMOIIBIO HarpeBa ImyTeM
TIPOIMyCKaHMUsA DICKTPUYCCKOTO TOKa 10 TEMIIEPaTyphl
170°C . Oxyax/eHue 0 KOMHATHOH TEMIEPATyphl,
HeO6XOIlPlMOC JUIA  TIPOBEACHHUSA MPAMOTO q)a3OBOFO
NpeBpalieHus, IMPOU3BOJUTCS IIyTeM yMEHbILICHUS
HANpsHKEHHUsT TOKa, IPOIycKaeMoro 1o obpasuy. Bes
YCTaHOBKAa HAXOJUTCSA B MOPO3MIBHOH KIMMAaTHYECKON
KaMmepe. OXJTa)KI[CHHC HIDKE KOMHATHOMN TEMIICpaTypbl
(10 —20"C') mpOM3BONUTCS TyTEM BKJIIOUEHUS PEXH-
Ma OXJIAXKICHUSA 3TOM KaMephI.

[lepen HarpyxeHHeM B pPEKHUME MapTEHCHUTHOM
HEYIPYTroCTH 00paslbl BbIACPKUBAIOTCS B MOPO3HIIb-
HOM KaMepe HIIH )KHIKOM a30Te JUIi TapaHTHPOBAHHOIO
nepeBo/ia B TIONHOCTBIO MAapTEHCUTHOE cocTostHME. Jla-
JIee MPOBOAUTCA CTYINIEHYATOC HATPYKCHHE C BBIACPK-
KOHM Ha KaXIO0# CTYNEHH Ipolecca, YTO CBSI3aHO ¢ KC-
MEePUMEHTANBHO OOHAPY)XeHHBIMUA B [1] peoHOMHBIMU
ceoiictBamu CII®. B yacTHOCTH, Ha KaIOH CTyNEHU
MATKOTO CTYIIEHYATOro0 Harpy>XeHus TIOCJIC CKadka
Harpy3ku HaOJI0IaeTcs 3aTyXaoLUMH POCT CTPYKTYp-
HBIX Je)OpMaluii MpH MOCTOSHHOM HAMPSUKEHUH U TI0-
CTOSIHHOH ~TeMmIiepaType, HAINIOMHHAIONIMI  sBICHHE
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OrpaHMYCHHON MON3yuecTH. Bbiaepkka Ha Kaxmgon
CTYIEHM IIPOLIECCa HArpy;KeHHs MPOJ0JIKatach 10 TeX
1op, KOrja 3aKaH4MBajJOCh HANPaBJICHHOE H3MEHEHHE
TMOKa3aHun JATYUKOB yJUTMHCHHUS. HpO}IOJ’[)KHTCJ'ILHOCTB
BBIICPIKKM 3aBUCEIA OT YPOBHA Hal'[p}l)KeHl/lﬁ U BCIU-
YMHBI MX CKauka M goxoawia 10 | gaca. Takum oGpa-
30M, TIOJly4aeMble B paboTe AMarpaMMbl COOTBETCTBYIOT
NpEeNCIibHO — MEJICHHBIM IIpOIeCCaM HarpyXeHHs.
VcTaHOBNEHO, 4TO MPH YyHPYroM Je(pOopMHUPOBAHNH 00-
pasuoB u3 CII® B MapTeHCUTHOM (a30BOM COCTOSIHHH
(pu pasrpy3Ke MM IIOBTOPHOM HArpyKEHHMH) peo-
HOMHBIE CBOHCTBA HE NPOSBIAIOTCH, T.€. UX HAIHYHE
XapakTepu3yeT HMEHHO IIPOIECC CTPYKTYPHOTO Je-
dopmupoBanust.  [lostomy OOHapykeHHE —SBICHUS
OrpaHUYCHHOI IMOJ3YyYEeCTH PaccMaTpUBAIOCh Kak JIO-
HOJIHHUTE/BHBIA TIPU3HAK HEpeXojia OT yHpYyroro Ipo-
Iiecca K HEYNpyroMmy B TIPOIIECce MATKOTO CTYNEHYaTo-
ro Harpyxenus CIID.

DKCNePHMEHTAIbHbIE Pe3y/IbTaThl

3KCHCpHMCHTaﬂLHO TIOTY4YCHBI AHATPAMMBI TIpC-
JIeIbHO — MEJUICHHOT'O Harpy)KeHusi 00pasIoB B pexnMe
MapTEHCHTHOH HEYNPYrocTH U JHarpaMMbl IIPSMOTO
TIPEBpAIICHUA TOT0 K€ MaTepHala. l'lo;( }IHanaMMOﬁ
OpAMOTO MIPEBPALICHUS ITOHUMACTCSA 3aBUCHUMOCTH J1€-
BHATOPHOIl  cocraBisiionieil  (a3oBoit  gedopmanin
HOJHOrO MPAMOIrO MPEBPAIIEHHs TOJ ACHCTBHEM II0-
CTOSIHHOTO HAIPsDKEHHsS OT BEIMYHHBI 3TOr0 HalpsbhKe-
HUs. HCO6XOL[]/IMDCTB TIOCTPOCHUA AUarpaMMbl HMEHHO
B JIeBHATOPHBIX KOMIIOHEHTaxX ae(opMaluy CBsi3aHa C
TEM OOCTOSITENILCTBOM, YTO HCIIONb3yeMbIe JUIS CPaB-
HeHus JedopMalMy MapTeHCHTHOH HEyNpyrocTH OT-
CUHUTBIBAIOTCA HC OT ayCTCHUTHOT'O COCTOSIHUA, a OT CO-
CTOSAAHUSA ITOJIHOCTBIO CHBOﬁHMKOBaHHOFO MapTeHCHUTa,
", MO3TOMY, COJCPKAT TOJBKO [ACBUATOPHLIC KOMIIO-
HeHThI Jedopmanmid. [l moaydeHus: oJHOil Tuarpam-
MBI IPSAMOTO TIPEBPAIICHHUs HCIIBITEIBANOCK OT 10 110 15
00pa3ioB (KaXkIblii — IS CBOETO 3HAYEHUs IMOCTOSH-
HOro HampspkeHust). V3 monydeHHsIX 3HaueHHii paso-
BOM jedpopMaluK BbIYMTANACH BEIWYMHA JIMHCHHON
nedopmanun 06beMHOro 3dhexTa peakiuu MPSIMOro
(ha3oBOTO MpEBpAILCHHS.

VYCTaHOB/IEHO, 4YTO JMAarpamMMbl MapTEHCHTHOI
HEYIPYToCTU M IPAMOro (a30BOroO IPEBPAILECHUs pa3-
JINYAIOTCS BEChbMa CYIIECTBEHHO. JlMarpaMMbl MapTeH-
CHUTHOM HEYNIPYrOCTH TIPH OJAHOOCHOM PACTSKECHHUHN
B/I0JIb HANPABJICHUS HPEIBAPUTEIBLHOM MPOKATKH MMe-
10T Gojee WIM MEHee SPKO BBIPAXKCHHBIH yYacTOK C
BECbMa HU3KHM YINPOYHEHUEM, HAIOMHHAIONIMH ILIO-
IIaaKy TEKY4ECTH. }ll/lal"paMMBI NPAMOTO TIPEBPAICHUSA
TAKOT0 Y4YacTKa HE HMCIOT. ZledJOpMaHHﬂ TIpsAMOTO
MIPEBPALIECHUs], COOTBETCTBYIOIIAs HEKOTOPOMY YPOBHIO
HaIpsDKCHHUI BCerja IpeBOCXOMHUT AedopMaIuio Map-
TEHCHTHOH HEYNPYTOCTH, COOTBETCTBYIOLIYIO TOMY e
ypoBHIO HanpskeHMH. C pOCTOM OT Hynls YpOBHS
HANPsDKEHUI pasHULA MEKIY AehopMaLisMi IPSIMOro
NpeBpalieHuss 1 MapTeHCUTHOM HeyNpyroctd CHayaia
PE3KO BO3pACTaeT OT HyJs JO HEKOTOPOiHl MaKCHMallb-
HOH BCJIMYUHBI, COOTBCTCTBy}OU_{Cﬁ HanpsHPKEHUI0 Hava-
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Ja «IUIOMAJKK TeKydyecTmy». Jlanee oTa pasHHMIIAa MOHO-
TOHHO COKpaIIaeTcst (BecbMa PEe3KO B paifoHe «ILUIo-
IMaJKA TeKy4ecTU» U YMEPEHHO II0CIIe ¢ 3aBEpPIICHHs).
OpHako Aake I CaMbIX BBICOKMX HANPSHKCHHH Je-
(opmaLys MOIHOTO MPSAMOTO MPEBPALIEHUs BCE JKE He-
CKOJIBKO IPEBOCXOAUT Ae()OpPMALNI0 MApPTEHCUTHON
Heynpyroctd. Ha OCHOBaHMM IIOJNYYEHHBIX SKCIEPH-
MEHTAJIBHBIX JIAHHBIX MOJKHO TIPEJIIOJIOKUTh, YTO TPH
YBEJIMYCHNN HANPSHKCHHH /10 AOCTATOYHO OOJBIINX
BCJMYMH KaK JCBUATOPHAs KOMIIOHEHTa JehopMmaruu
NpsIMOTO NPEBPAILCHUsA, TaK M AedopMamus MapTeH-
CUTHOH HEYyIPYrocTH CTPeMsATCs K OQHOM U TOM ke Be-
JIMYMHE, KOPPENHPYIOIEeH ¢ WHTEHCHBHOCTBIO KpPH-
crautorpaduyeckoii nedopmanun p,, hazoBoro mpe-
BpateHus st ganHoro CIId.

Tlosy4enHble SKCIIEPUMEHTAIBHbIC JaHHBIE BaXKHBI
I MAeHTU(HUKAIMKE MOJENH HelMHeHHoro aedopmu-
poBanust CIT® mpu (a3oBbIX M CTPYKTYPHBIX IpeBpa-
meHnsx [2-4]. Onpenensionue COOTHOLICHHUS ITOH
MOJICIIH COZIePKAT B MaTepUalbHbIe (GYHKIUH @ (a,)
u goz(o;), TpaKTyeMmble Kak (YHKIHH pacrpeaeleHus
HMHTCHCUBHOCTH MHKPOHAIPSDKEHNH B TNPEICTABUTEIb-
HOM oObeme CII®D (w1 aycTEHNTHOTO M MapTEHCUTHO-
rO COCTOSIHHSI COOTBETCTBEHHO). C Opyroil CTOPOHBI
YCTaHOBJICHO, YTO JMarpaMMa IIpSIMOIO HPEBPAIICHHS
CII® B paMKax 3TOH MOJIEIU C TOYHOCTHIO JIO MHOXH-
Tens p, coBmajgaer ¢ GyHKuueH ¢ (o‘), a Juarpamma
MapTCHCUTHON HEYNPYrOCTH C TOYHOCTBIO JIO TOTO XKE
MHOXHUTEIsL COBIAnaeT ¢ (yHKIHei q)z((r). Tomny-
YeHHBIC JKCIEPUMEHTAIbHBIC PE3yJIbTaThl CBHACTEINb-
CTBYIOT, IPEKJIC BCETO, O TOM, 4TO GYHKIMH ¢ U @,
pasnnuHbl (B paHHMH Bepcusax monenu [2,3] mpexmona-
rajuoch, 4T0 @, =@, ). Kpome toro, dopma skcrepu-
MCHTQJIBHO TIOAYYEHHBIX JHarpaMM (C TOCTOSHHBIM
3HAKOM BBIIYKJIOCTH )1 JUArpaMMbl HPSMOrO IIpe-
BpAIICHUS ¥ HAIMYMEM ILIOMIAIKU TEeKy4eCTI» U TOU-
KU nepern6a Ha JuarpaMMe MapTCHCHTHOW HEyHpPYyro-
CTH) HATAJIKUBACT HA MBICIb O TOM, 4TO (DYHKIHS ¢

COOTBETCTBYET pacmpesienienuio Jlammaca, a ¢, - pac-
npenenennio BeiiGymia. Cremyiomiee U3 dKCIEepHMEH-
TaJbHBIX JJAHHBIX HEPABEHCTBO

#(0)>0.(0) ()
HAKJIaJIbIBACT OIPE/ICICHHBIC OrPaHMYCHUS Ha Iapa-
METPBI ITHX PAcHpeIeieHnH, KOTOphIe JODKHBI 00s3a-
TeNbHO cobmoaatThes. [lonmydeHo cooTHOIIEHHE MEXTY
napaMerpamu pacnpezenenuii Jlamaca u BeiiOyoua,
BBINOJIHEHHE KOTOPOTO 00ECIEeUHBAeT CIPABEUTMBOCTh
HepaBeHcTBa (1) 11 BCeX 3HAYCHUH WHTCHCHBHOCTH
HanpsoKeHuid o, .

SKCHCPHMCHT&HBHO HCCICA0BAHBI JIBYXOTAIlHBIC
nporueccs! aedopmupoanus CIID, B KoTOpbIX Ha mep-
BOM 3TaIe IPOBOJUIOCH MOJIHOE HPSMOE MPEBPAICHHE
1oJ| IeHCTBHEM TIOCTOSHHBIX (IIepBas cepys OIBITOB) U
MCHARIMINXCA 3alaHHbIM 06pa30M (BTOpaS{ Cepus OIbI-
TOB) HANpSDKEHMIT, a Ha BTOPOM TOCHE Pasrpy3KH OCY-
LIECTBIIOCh H30TEPMUUYECKOE HATPYKEHHE B MapTCH-
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CHUTHOM ()a30BOM COCTOSHUM 0 DOCTATOYHO OONBLINX
3HAUCHUH HANpshHKeHHs (TaK Ha3bIBaeMas «JJOOPUCHTA-
sl MapTEHCHTa»). 1{ebi0 ONBITOB OBLIO HCCIEIOBA-
HHE B3aMMHOTO BIMSHUSA ()a30BBIX U CTPYKTYPHBIX Jie-
(hopmanmii, mocie10BaTeIbHO TeHEPUPYEMBIX HA OTHOM
U TOM e o0OpasLe.

Pe3ynbTaThl SKCIEPUMEHTOB [UI CIydasl I1OCTO-
SIHHBIX HANpsOKCHUH TP TIPSIMOM TPEBPAIEHUH TPH-
BeeHsl Ha puc. 1. Kpussie 1 n 9 sBisroTcs, cooTeT-
CTBEHHO, JMarpaMMaMy MapTEHCUTHON HEYNpyroctu (B
UCXOIHOM COCTOSHHM) U IIPSMOrO IIPEBPAILCHUS.
Kpusble 2-8 sBisAOTCA AnMarpaMMaMH JJOOPUEHTALUU
TocjIe MPSIMOTO TPEBPALIEHUS TIOJ ACHCTBUEM Hampsi-
skeHuii 25, 50, 75,100, 150, 200 u 300 MITa.

500

c
400
300 ‘
200
100
9 4 5/ % 7 8
0 T
0,00 0,02 0,04 0,06 0,08 g 010
Puc.1
YCTaHOBHeHO, YTO IMPEABAPUTEIIBHOE MPsAMOE

HpeBpalnieHre o0pasia CyIMIECTBEHHO H3MEHSACT [Ha-
rpamMMy MOCIEIYIOIIEr0 HArpyKEHHsl B PEXKHME Map-
TEHCUTHOH HEyNpyrocTu, MpuUBoOAs K AedopMalimoHHO-
My YIPOYHEHHIO MaTepHala [0 CPABHEHUIO C UCXOIHO
JIarpaMMOii MapTEHCHTHOH HEYNPYTOCTH HOJHOCTBIO
C/IBOMHMKOBAaHHOTO MapTeHcHTa. B 3Tom MoxHO ybe-
JMThCS, cABUHYB KpuBble NeNe 2-8 1o ropusonTamu B
HayaJo KOOPJMHAT U CpaBHUB MX ¢ auarpammoit 1. Co-
TIIacHo puc. 1 Bce quarpaMMbl JOOPHEHTAIMH C POCTOM
HaNpsDKEHUH BBIXOIAT Ha €IMHYI0 KDPHBYIO, KOTOpast
s o <200 MIla pacronokeHa HHXKE HCXOJHOU
JMarpaMMbl  MAapTEHCHTHOH  HEyNpyroct, a s
o >200 MIla npoXoAMT SKBHIMCTAHTHO 3TOM Jua-
TpaMMe HECKONBKO BbIIIC Hee. Bce KpHBHIE J00pHEH-
TaluyM MAapTEHCUTA IEPECcEKalOT MCXOJHYI0 AHarpaMMmy
NpsIMOro npeBpaiieHus (Kpusas 9), npuyeM TOYKa Ie-
pexona K Heylnpyromy Ie(OpMHPOBAHHUIO, BBIYUCICH-
Hasi TI0 JIONYCKy Ha ocTaTo4Hyto Aedopmarmio 0.2% Ha
Ka)K/10i M3 KPUBBIX JOOPHEHTALMH JICKHUT BBILIE Ha-
rpaMMBbl IpAMOro npesparienus. CienoBaTenabHo, Map-
TEHCHT, HOJIYYCHHBIH IPU MPSAMOM HPEBPALICHUH IMOJ
JeifiCTBUEM HANPSHKCHWS O HUMEeT  HaIpsDKEHHE
Hayaja Heynpyroro aehopMHUpPOBaHHS IPH HOCIELYIO-
IIeM HAarpy>XCHHH B PEKHME MapTEHCUTHOH HEYNpyro-
cTH 6oliee BHICOKOS,YeM O .
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ITpoBesieHBI OMBITBI IO JOOPUEHTALUN MApPTEHCH-
Ta, MOJyYCHHOTO IIPH HPEIBAPUTECILHOM IIPSMOM IIpe-
BpAICHNUH T0]] A€HCTBHEM MEHSIONIMXCS HANPSHKCHUH.
B wacTHOCTH, CpPaBHHBAIOTCSI HarpaMMBbl JOOPHEHTA-
UMM MapTeHCUTA, MOIYyYEHHOTO MPH TIOJTHOM MPSIMOM
MPEBPAIEHUN 1107 JCHCTBUEM HAIPSDKEHHS, KOTOPOe
JUISL TIepBOro oOpasia Bo3pacTajo OT 3HaueHHs 258
MIla no 3uauenust 405 MIla, a juist BToporo obpasua
MOHOTOHHO yOBIBano B Tex ke mpejenax. Okasanock,
YTO MNepBblii o0pasell B Hpolecce JOOPUEHTALMU Bes
ce0st ynpyro BIUIOTH 10 HanpsbkeHuit 450 MIla, Torma
Kak y Broporo orkioHenue 0.2% ot ynpyroro noseje-
Hus Habmomanock yxe mpu Hampsokerun 300 MIla.
OTH pe3yabTaThl SBISAIOTCS HPAMbBIM J0Ka3aTEIbCTBOM
MHKPOHEOJAHOPOAHOCTH ~ YIPOYHECHUS MAapTCHCHTHOMN
4yacTH TnpejcraBurenbHoro oobema CIID mocie mps-
MOTO TIPEBPANICHNS TPH yYMEHBIIAIOIIEMCS HampsiKe-
HHH.

Ha 5TOM MpeINONIOKEHHH OCHOBAaHA MPEICTaB-
sieHHass B [5,6] mMomubukaius paHee MPEIIOKEHHOM
Mozienu HenuueliHoro aedopmuposanus CII® npu da-
30BBIX M CTPYKTYPHBIX TIpespamienusx [1-3], xotopas
BO3MOJKHYIO HEOAHOPOAHOCTh ympounenus CIID ne
YUUTHIBAJIA.

B pamkax MoauQHIMPOBaHHOH MOJENH OBLTH pe-
LICHBI 3a/1a4H 0 JoopHeHTannu obpasua n3 CIIP nocie
€ro MpPEeABAPUTEIBHOIO MPSIMOrO MPEBPAILCHUS O[]
JeficTBUEM MOCTOSIHHOIO WM MOHOTOHHO YOBIBAIOLIEro
HanpsokeHus. IlodydeHHbIe Pe3ysbTaThl KayeCTBEHHO
COOTBETCTBYIOT M3JIO)KCHHBIM BBILIE JKCIICPUMEHTANIb-
HBIM JIAHHBIM.

Pa6ota Beimonnena npu GuHaHCOBOI noanepxkke PODU
(rpant Ne 14-01-00189_a).
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D®OPMHUPOBAHUE NIOBEPXHOCTH PA3PYIIEHUSA KJIEEBOI'O
9JACTOMEPHOI'O COEAUHEHMUSA ITPU CABUTE

Henosunmbix B.1.", Jlymanckuii AMZ, Pycun M.IO.!
' COHIIIT «Texmomnorus», OGHUHCK, Kamyxkckas 061., Poceus, info@technologiya.ru
MIMALL PAH, Mocksa, Poccns; *alduman@rambler.ru

A : B 3aKc PHOCIU NOBEPXHOCIU PAPYULEHUS DNACIMOMEPHO20 KI€e8020 COS Npu CO8U2e, 3aKI0-
ualowuecs 8 QopMuposanuu 0IHO0OPA3HO20 penbeda onpedenentol nepUOOUHHOCINY, NAPAMEMPbL KOMOPO20 3AUCIM OMm
cnosa. Ilep 8 KJIeeoM Cloe Onpeoelialich No cxeme npocmo2o cO8u2d U, NPeononazanocy, Ymo paspyuleHie
npoUCXo0uno 6 Hanp PNEHOUKYIAPHOM MAKC M M nep enuit. Tlonyuenvl evipaosicenus ons eeo-

Mempuu A4eliku NepuoOUIHOCMU NOGEPXHOCIU PA3PYULCHLA.
Kniouessie cnosa: npocmoii cosue, aniunc oegopmayuu, noepXHocms paspyutenus.

Moueﬂnposam{e KJIeeBOro cJjiost

1 £ 0
Hedopmarms kneeoro cios (KC) npu Gonbimx Fe Ox; “lo 1 ol ©)
0 01

neopManisax MOJCIMPOBAIACh C IIOMOIIBIO CXEMBI Ox
MPOCTOro cABUra, puc. 1. B cooTBeTcTBHM C 3aMaHHOM
CXEMOI 3JIEMEHT CJIOSl MpEJACTaBiIsieT co00i mpsiMo- .
YIOIBHUK, B KOTOPOM, B TIpOLCcce fe(opMALitH Tpo- B coorBercTBHH ¢ pue. 5 CIUHWYHBIA BEKTOp
HICXOJIMT NepeMellleHUe BepXHEil TPaHUIBl Cllos napai- /i =(cosg  sing O)I IIpH CIBHTE MEPEXONHUT B BEK-
JIEIBHO HETO/IBIKHON HibkHEH dacTi. CormacHo mpes-
JIOKEHHOI cxeMe mpsimoyrosibHoe ceuenne KC B mpo-
necce apduHHOrO MpeoOpazoBaHus CABHUIa IpeBpala-
ercs B mapajurenorpamMM. HeHM3MEHHOCTb BBICOTHI Ia-
payienorpaMmma 1 JJIMHBI €TO OCHOBBI CBHJICTCIIBCTBYIOT cosp+ k sin ]
0 KOHIPYHTHOCTH IUIOMmaIM BO Beex coctostHmsix KC u A Fi— sing i 3)
0 HECHKUMAEMOCTHU TePMETHKA COOTBETCTBEHHO.

OrnmcaHHas BbIlIE cXeMa Je(pOpMUPOBAHUS OIICAHA 0
B pabore [1], unciaennoe monempoanne KC Ha ocHOBE
KPEMHHIOPraHNYeCKUX TEPMETHKOB PACCMOTPEHO B [2].
[MoxpoOHbIil aHaIN3, TMOCBSIICHHBI TeOMETpUU c/iBura  POCTOM CABHIE OCYIICCTBIIACTCA MOBOPOT M yITHHECHUC

B yCIOBHSX GOIbIINX AedopManmii, npuseseH B [5,6]. ucxogHoro Bektopa. CoorHomenue (3) MOXKeT ObITh
HUCIIOJIb30BAHO JUIsA I[E€pecyeTa KOOpAWHAT TOYKH IIPpU

TPOCTOM CZIBHTE.

T Xapaxrep nedopmannu B cedennn KC moxeT ObITh
I OMHUCaH C MOMOIIBI0 HncoB aedopmarnu [3]. Ipo-
BeJIEM aHaJIU3 IPeoOPa30BaHKs OKPYKHOCTH BIIHCAHHOM
B KC npu nedopmarmu npocroro casura. OueBuIHO,

J

TOp 7', C TIOMOIIBIO TEH30pa IpajueHTa JehopMarun
[3], mpencTaBisrONLIEro CBA3b UCXOMHON M TEKYIIECH CH-
CTEM KOOpAUHAT

rae k=tg@ - Benmumna casura. OTMETHM, YTO TpH

n €] 4To B Iporecce AeopMali HCXOMHAs OKPYKHOCTh
P n’ | MpeBpalaeTcs B HJUIMIC. JITMHBI IIaBHBIX OCeil dyumnca
1 MOTYT OBbITh ONpE/EJIEHbI ¢ IOMOLIbIO BbipaxkeHus [1],
I
| MOJTyYEHHOT'0 IS OLICHKH KBaJpaTa JIHHbI €IMHIYHOTO
P ?1’ Xy BEKTOpa 71 ONPEJICICHHON UCXO/IHOH OpHEHTAINN
,

Puc. 1. Cxema neopmuposannsi KC npu npocrom casure. i k2
A:(k,w):l+7+ksin2(p7700s2(p 4)
JleopMupoBanue KiIeeBOro cJiost

Jlnst ynoGersa Bbipaxkenue (4) Moxer ObITh Ipeodpa-

[IpeoGpa3zoBanue KOOPAMHAT HCXOAHOH KOHpUry-
30BaHO CIICTYIOIIM 00pa3oM

paLHy, COOTBETCTBYIOIIEH CXeMe HPOCTOro CABHIra MO-

KeT ObITh OMHCAHO C MOMOIIBIO CIEIYIONMX COOTHO- P ©

wenni [1,4] A (k,(p):l+7+ +7sin(2¢—ﬂ) (5)
X, =x, +kx,
X) =X, (1) rme ﬁ:arctg(%).
X5 =X,

MakcuMaabHOE ¥ MHUHHUMAJIbHOE 3HAYEHMS KBaJIpaToB
Tpaauent tensopa pedopmaimu ompenensercs u3 — YWVIMHCHHH, ONPEICISACMBIC C TOMOIIBIO (5) u3 ycnosui
cooTHomrenunii (1) caemyromumM o6pa3oM U paBeH pasenctBa sin(2¢ - ) =11 paBHbI COOTBETCTBEHHO:
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2 )
2 k 2k
Aimaxmin = 1 R (6)
OTMETHM, YTO 0JyYeHHbIE 3HAYCHHS B3ANMHO OGDATHBI
SABJAIOTCS COOCTBEHHBIMH 3HAYCHUSIMA MATPHLIBI [Tpa-
Boro Tensopa Komm-Tpuna C=F'F

1 &k 0
C=F"F=|k kK+1 0
0 0 1

JlepopMupOBaHUE TIPOMCXOIUT TIO CXEMe, HpHBe-
JZ[CHHOﬁ Ha pwuc. 2, HCXOOHAast OKPYKHOCTHb BIIMCAHa B
TonuuHy caos. ITo Teopeme Koum o momsipaom pasio-
skeHnn [4-6] nedopmariisi MOXKeT OBITh TIpeJCTaBlICHA B
BHJIE TIOCIIe0BATENbHBIX JCHCTBUHA PaCTSKEHHS M II0-
Bopota: F=RU=VR,rne R - marpuua noBopoTa, a
U,V - Marpulbl pacTspKeHHUS.

Yron HakJIOHa TVIABHOM OCH JJUIHIICA, TP KOTOPOM
UMEET MECTO MAKCUMaJIbHOC 3HAYEHUE KpPAaTHOCTU
YAJIMHEHHUS, OIIPEACIIACTCA CIICAYOUINUM BbIPAXKEHUEM !

ga(k):%arctg%. (7)

Torza ypaBHeHue C-dJuIuIica npeacTasisier coooi
KBaIpaTHIHYI0 GQOpMY OHpeJIeNsIeMyI0 CIIeTyIOIHM
COOTHOWIEHHEM C;X,X, = p’,rae ¢, = DIIEMEHTBI MaT-

PpHULBL C, p - OECKOHEYHO MaJasi BeTMYMHA.

TMockonbky m3menenns reomerpun KC npoucxonst
B maockocti Ox, X, , OyleM paccMaTpHBaTh ABYMEPHYIO
3aj1a4y. OKPYKHOCTb B HEHAIIPSHKCHHOM CJI0€ TIPU
MPOCTOM C/BHI'C IEPEXOHUT B JLIHUIICHI, TJIABHBIC OCH
KOTOPBIX SBJISIOTCS COOCTBEHHBIMU BEKTOPAMH ITPABOTO
Tensopa Komm-I'puna. Ceayer oTMETUTS, 9TO BEIH-
YHMHBI COOCTBEHHBIX 3HAYCHUII B3aMHO OOpATHBIL, 4TO
OIPEACIIACT BBITATMBAHUE SJUIAIICA B HAIIPABICHUHA
GOJIBIIETO MO BEJINYMHE COOCTBEHHOTO BEKTOPA U CKa-
THE B HalpasJeHue Majoro. JlehopMupoBaHue mpouc-
XOJIUT 10 CXeMe, PUBEICHHOM Ha PHC. 2, HCXOHAS
OKPYKHOCTb BITHCAHA B TOJIIMHY CJIOSL.

Puc. 2. Cxema npeoGpa3oBaHusi OKPY:KHOCTH B YJLIHIIC PH NPO-
CTOM C/ABHIE IOC/Ie10BATEJILHO LISl 3HAYEHHIT k = 0, 1, 3 .

W3 puc. 2 BUIHO, YTO LEHTP DJUIMIICA CMEIACTCS
BIPaBO MapamiensHo ocl Ox, B CepeluHE KIEeBOro

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

CJIOS € POCTOM BEJIMYMHBI CIBUTA. LlCHTp DJIIUIICA UMECT
h h
CIIEYIOIME KOOPAMHATBI X, = (5 E(l + k)] . Ilpu

YBEJIUYCHUHU BEJIMYMHBI CABUIrA BJUIMIIC BBITATUBACTCS B
HaIpaBJIeHUH OOJIbIIEH OCH U PEIIAIOILYI0 POJIb B pa3-
pYIICHNHM HAYMHAIOT WIPaTh YCHIHS, HPOU3BOJSIINE
TaKHEC MCPEMCIICHUA.
Vpasuenne C-syurnca nocie npeoOpa3oBaHUi NPUHH-
v 2 2 2
MaeT cnefyrouwii Bux; (X, +kx,) +x; = p
OmnpejeeHne reoMeTpHYeCKUX NApaMeTPoOB
NOBEPXHOCTH Pa3pyLICHUs KJIeeBOro cIost

BeiTsiruBanue ssunca II0/ICKa3bIBACT BO3MOKHbBIC
my™d  (OPMHPOBAHMA  TOBEPXHOCTH  Pa3pyIICHMS.
IIpenmonaras, 4To paspymieHne OyneT NPOMCXOIUTh B
HaIpaBJICHUH, NEPICHANKYIAPHOM HAIIPABJICHHIO L[Cﬁ-
CTBUSL MAKCUMAJIBHOTO PACTSKEHUA MOKHO OCyIIe-
CTBUTH HPOTHO3 IIOBEPXHOCTH PA3PYIICHUS KJICEBOTO
crost.

MCXO}IS{ U3 I€OMETPUM IMOBEPXHOCTHU pa3pylICHUs,
MOYKHO ONPEAEIUTh AIUHY LIara paspylieHus U 4UCIO
BOJIH pa3pylIeHHs COOTBETCTBEHHO:

P N N ey /1*+/1L ;

* 7sin29/
L L (3)
n, :7:71,
R A=
2,

«

rae h - vacte tommuHbl KC ¢ BBIKIIIOYEHHBIMH U3
ydeTa IOrPaHHYHBIMH CIIOSMU, NMPHICTAIONMME K Cy0-
crpary, L - pmna KC, 6, - yron HanpapieHus JiBu-

4

JKEHNsl TPEWMHBI paBeH: 0, =6, +5 . CooTHOUICHUS

(8) mosyueHsl ¢ ydetoM TmoiyueHHoro B [1] coorHo-
1

HICHUS k:l—; YCTaHABIIMBAIOIIETO CBA3b MEXLY

BEJIMYUHOM c/1Bura 1 Koddduumenrom pactspkenus. Tam
TJI€ TOJIIMHA CJIOA MCHBIIE YHUCJIO BOJIH paspylICHHSA

yBeIMUMBAcTCA. Bompoc onpesencHus BEIMYUHBI /1
MOXeT OBITh NMPOBEJEH Ha OCHOBE AHAIIM3a DKCIEPH-
MEHTQJIbHBIX JAaHHBIX WIM HAa OCHOBE BH3YyalbHOTO
aHaJlM3a MOBEPXHOCTH paspylneHus. M3mepenune ainHbl
M BBICOTBI BOJIH MEPUOJMYHOCTH Pa3pyHICHHS BBIIOJ-
HEHO Ha OCHOBE JJaHHBIX U3 pHC. 3.

Pemas ypaBHeHne A, (k,(p) =1, MOXHO ONpe/ICTNTh
TPaHMIBI 30H DIUIMIICA, OTCNSIOMINE 00JacTH pacTs-
skeHust u cxkatus. OIUMH U3 YIJIOB ONPENEISIONHX 3Ty
rpaHuIly paBeH:

2
=—arctg—. 9
2 e ©)
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Puc. 3. DKcnepUMEHTAILHBII PACYET MEPHO/IA H YHC/IA BOJIH
paspyuieHus

Cuietyet OTMETHTb, YTO HOJOOHBII pe3ybTar Obll
TCOMETPHUYCCKH OIMCAH TIPH H3YYCHUH AATr€3HOHHBIX
CBOWCTB MaTpulbl B OJHOHAIIPABJICHHOM IIPU CIBUIE
MaTpullbl OTHOCUTENBHO BOJIOKHA [5]. Ilockoibky ne-
(dopManun B TaHHOM CITy4ae Majbl, YTOJI Pa3pyLICHHSL
coctapyser npuvepHo 45°, uTO SBISETCS UACTHBIM
CllyyaeM JaHHBIX, NPHMBEJCHHBIX B JaHHOH pabore.
I'eomerpuueckast nHTEpIpeTaLys MoKazaHa Ha puc. 4 u3
pa6orsi [5].

- :

AoHESIVE \
o S

ADHEREND, comprEssion Ry \
OR FIBER i

h \

> = >
LoADS BELOW ELASTIC LOADS BEYOND ELASTIC LOADS WELL BEYOND ELASTIC
(LiTs OF AGHESIE; CAPABILITY OF ADHESE:  CAPABILITY OF ADHESIVE:

NO HAGKLES HACKLES BEGIN TO FORM HACKLES SPREAD AND

EVENTUALLY LINK UP
Puc. 4. XapakTep paspynieHusi cBS3ylolero npu caBure
B/10J1b BOJIOKHA [5]

Ha puc. 4 mpencraBieHa 3aBHCHMOCTb yIjla pas-
pyLICHMs, MpEeACTaBIAIOMmAas COOOM  yrom Mexmy
HAIpaBJICHAEM PACHPOCTPAHCHHSI Pa3pbiBa M OTPUIA-
TCJIbHBIM HAIIPABJIICHUEM OCH a6CHI/ICC‘

85 T T T T

~N @
-]

24
=)

=2}
=]

Yron paspyeHns, rpap. 6,
o o
L5 {5

o
=]

i i L i
451 2 3 4 5 6

KpaTHoCTb YAMHEHNS, A
Puc. 4. PacueTHasi KpHBasi 3aBHCHMOCTH yIJ1a Pa3pyIIeHus oT
Npe/1eIbHOT0 3HAYEHHs] KPATHOCTH Y/UIHHEHHSI repMeTHKA

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

IpenensHoe 3HaUYEHHE HArPy3KH MOXET OBITH OMpejie-
JIeHO IyTeM pacuera d(QEKTHBHON IIOmanu paspy-
menns KC.

BoiBoab!

TIpoBeneH SKCIIEPUMEHTANBHBIN aHAIH3 MOBEPXHOCTH
paspymenns KC mpu ciBure o0pasioB KIeeBOro co-
CIUHECHUS, WU3rOTOBJICHHBIX HA OCHOBE erMHMﬁOpFa-
Huyeckoro repmerunka BUKCHHT. Ilomydenst coot-
HOIICHHS TI03BOJIAIONINE OOBACHUTH MEPHOAMIHOCTH
noBepxHocTH paspymenns KC. IlokasaHo, 4To 9mCcIO
BOJIH TIEPUOMYHOCTH MPOHOPIHMOHANIBHO TommuHe KC
U TIpe/eIbHOMY 3HA4CHHI0 KO3 HIMEHTA PaCTsHKCHHS
repMerrka. IIoka3aHO 4YTO pacyeTHble MapaMeTpsl I0-
BEPXHOCTH Pa3pyIICHHs M KOIMYECTBA BOJH COIJIACY-
I0TCA € DKCIIEPUMEHTOM.

VI3MeHeHNEe MOBEPXHOCTH Pa3pyIICHHsS MOXKET H3-
MEHUTBCS B YCIOBHAX IOBBIMICHHBIX TEMIEpaTyp, Mo-
CKOJIBKY MPOHM30MIET M3MEHEHHE IMpPECIbHOr0 3Haue-
HUSL yJUTHHeHHs repMeTuka. Hamuaue mop xapakTepHbIx
NpH IPOM3BOJCTBE I'€PMETUKA MOXKET U3MCHHUTH Kap-
tuHy nepememenuii B KC n tpebyer mpoBeseHns 10-
TOJHATEIBHBIX UCCIIEI0BAHUIL.
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AHAJIM3 YCJOBUI PABOTHI TUPABJIUYECKUX LIUJIUHAPOB HABECHOI'O
OBOPYJOBAHHUS C LEJbIO KJIACCUOPUKAIIMN XAPAKTEPHBIX
HNOBPEXKJEHUU PABOYEN NOBEPXHOCTHU HUJIMHAPOB

Huxonosa T.IO.*, Kerecora I'.C., Mutpodanosa E.A., CarutoB A.A.

o . . B .
Kasaxckuii arporexunyeckuii yuusepcuretr uM. C.Ceiidynnuna, Acrana, Kasaxcran, nitka82@list.ru;

A : B cmamve

PamMi nPOBOOUMBCS AHATU3 YCA06UL PADOMbl 2UOPOCINOEK HABECHO20 000PYO0SaHUs. Celb-

CKOXO3SUCMBEHHBIX MauwiuH, NpU4dUHbL OMKA306 zu()pocmoerc, a makxoice maccud)wcauuﬂ OCHOBHbIX ded)ekmos XapaxkmepHslx

OanHoMy muny 06opyoosanus..

Knrouesvie cnosa: 2uopoyununop, Hasecnoe 060pydosanue, npedeibHoe coCmositue, dehexmol

HauOobIuM BHEITHEM BO3JICHCTBHSM B HpoIec-
ce KCIUTyaTalii THAPOLMIMHIPOB HAaBECHOTO 000py-
JIOBaHUS TIOABEPTAOTCSA TMOBECPXHOCTH THIIB3BI (BHyT-
peHHee OTBEpCTHE), B TO BpeMsl KaK BHYTPEHHHE CIIOU
MeTa/lla TPAKTHYECKH HE HCIBITHIBAIOT HArpy3oK.
VIMEHHO BepXHHE CIIOHM IIPOTHBOCTOSAT H3HANIMBAHUIO,
KOppO3uH, TECIIIIOBOMY BO3}Z[CI>‘[CTBI/IIO U T.O.

Ananuz paboTel THAPOCTOCK IOKa3al, YTO HX
DJIEMEHTBI ABJIAKOTCA MOABUKHBIMU OTHOCHUTEIBHO JPYyT
JIpyra, MPHYEM 3a30pbl MEXJy HUMH yCTaHABJIMBAIOTCS
ucxonsa w3 HCO6XO}1HMOCTI/I COXpaHCHUs TOABHIKHBIX
NOCaJ0K B CONPSKEHUAX Iap «IIOPLICHb-UWINHIADP» U
«UITOK-BTYJIKa». U3-3a Hamuuus 3a30pOB B TaKHUX CO-
CIMHCHUSX, HECMOTPS Ha HaMdue QHIBTPOB OYUCTKH
])3.60‘{6]7] JKUJIKOCTH, B THAPOCHCTEMax HMECTCS IIpH-
CYTCTBHUC TBEPABIX HaCTHIl pasMepaMu 10 80 MKM, pa3-
PYyLIAOMUX IOBEPXHOCTh JJIEMEHTOB TI'MJIPOCTOEK IIy-
TEM pe3aHHs WIM LapalaHus C OTHEICHHEM MHUKpPO-
CTPYKKH.

Otn YacTUIBI MOTYT NOMAAaTh U3BHE B CMa3Ky Ha
TIOBEPXHOCTh TPEHHS, BO3HUKATh KaK IPOAYKTHI HM3HA-
IIHMBaHUA ,ElaHHOﬁ Iapbl WJIH SABIATBCA TBEPAbIMU
CTPYKTYPHBIMU COCTABIISIONIMMH MaTepyalia OJHOTO U3
COTIPSIZKEHHBIX 3JIEMEHTOB. HOBTOMy BO MHOTI'HX cCiy4a-
AX aﬁpaSI/lBHBIC YacTUIBI TIPH paﬁoTe COTIPSKCHUSA HE
MOTyT OBITh HOJHOCTBIO yrnaneHsl. Jlaxke nmpu xopouieit
GbrIBTpaMy Macia ¥ M30JAIUN HOBEPXHOCTH TPEHHS
HUMEIOTCS yCIOBHS TSl aOpa3suBHOTO M3HAIMBaHU [ 1].

Hannune B BO}IHO—M&CJ’IS{HOﬁ OMYJIbCUH MEXaHH-
YeCKHUX MpUMeCced, YacTUL MbUIM SBISIOTCS OCHOBHOM
MPUYMHON M3HOCA BHYTPEHHEH IOBEPXHOCTU IIMIJIMH-
npa.

W3noc KOHTAKTHPYIOIIUX paGOqu HOBCPXHOCTCﬁ
UWJIMHAPA Y IITOKA YCUJIMBACTCS HAJIMYMEM KOPPO3UU B
JKHAKOCTH W (PETTHHr-KOppo3uel («kopposueil Tpe-
HUS»).

BoccraHoBIeHHE SJIEMEHTOB THMAPOCTOCK MeXa-
HHM3UPOBAHHBIX Kpemeil B caydyae MX IMOBPEKACHUS HIN

oTKaza TpeOyeT Olpee/IeHHbIX 3aTpaT TPyaa U BPEMEHH.

Xapakrep (yHKIMOHAIBHBIX OTKa30B TMIPOCTOCK II0-
rpy3unka Ha Tpaktop MT3 BBHIy HOBpEXIEHHS HX
DIIEMEHTOB NIPUBEICHBI HA PUC. 1 .

O JI0TOBEYHOCTH M HECYIIeH CHOCOOHOCTH T'Hj-
POCTOCK CEIbCKOXO3SICTBEHHBIX MAILIMH MOXHO CYIHTh
10 TPEICTbHOMY COCTOSIHHIO MX DJICMEHTOB WIIH He-
YCTpaHUMOMY HApPYMICHUIO WX Cl)yHKLII/IOHaJ'[BHB]X Tna-
pPaMeTpoB, NP HACTYIUIEHHH KOTOPOTO OHU MEPECTaloT
YZIOBJIETBOPSITH 33laHHBIM TPEOOBAHMSAM KCILTyaTaLlH.

OTxass rEAPOCTOEK
HaEecHOTo 0GopyaOEaHmT
Hacocrommo
pHIEEEOH
ysex Mecto, e
IpoH30meT
> Vo — 0TKa3
1 BTYIEH
Harud mroxa
THApOCTOH-
Tuapo-
P K3 paspy-
cromka IIeHHE OT-
CEXITHH He .
2ep TIpnunnra EEpeTHEITO- | |
1 nanTerme 1 E03MOKHOTO JIOBEH IITO-
oTKaza Xa; Epposma
mToKa
Hedoprepo
BaHa
¢ mampasamo H Pasaytme »l
AR ETYIRI; HIHEApA;
pasayTae PASPEIE OT-
IFIHAIPA; BepCTmit
TMoBpeEAeH cTodEm;
oDpaTHEL HapyIIeHHe
EIamaH COOCHOCTE
EHYTpeHRDT
VTedwEa B
cTofiKe

Puc. 1. OTKa3pl rHAPOCTOCK

KpurepueM npesesbHOr0 COCTOSHUS IHAPOCTOEK
sieisieTcs [2]:

- M3rH0 WM TIOJIOMKA INTOKA, Pa3ayTHE T'MAPOLH-
JIHIIPA;

- M3HOC, 3a0OMHBI WJIM KOpPpO3Us DPabodHX IO-
BEPXHOCTEHl ITOKAa M IMIMH/PA, NPUBOJAIIME K IOpYe
YIUIOTHUTENBHBIX Y3JI0B M HEYCTPAHMMBIM INEpPEeTOKaM
paboueit KUAKOCTH.

Hactynienne npenenbHOro coCTOSHHUs Onpesens-
eTcs TpeMsl IPyIIaMH pa3pyLIeHHH 1 gedopmarimii:

- 1 rpynma - 3T0 paspymeHus u jaedopmaiuu,
BO3HHKAIOIIME 11071 BO3ACHCTBIEM CHIIOBBIX (DAKTOPOB;

- 2 rpynna - gedopManiy U pa3auuHbe BHbI 1e-
(bekToB, TOBpEKICHUI M Opaka, BOSHHUKAIOIUIMX IIPH
HU3KOM KaueCTBE MPOCKTUPOBAHHMS, H3IOTOBJICHHS
(TepMOOOPabOTKH) U HKCILTYaTALNH;

- 3 rpynna - aedopManuu, BOSHUKAIOUIUE BCIIC-
CTBUC IIOSBJICHUS HEIOIYCTUMBIX IEpEeMElICHUH Tpu
B3aMMOJICHCTBHH SJIEMEHTOB IMAPOCTOCK MEXIy co00i
U KOPPO3HH.

Ilepas u TpeThs rpynmel paspylieHuil un je-
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(hopmanuii, HECMOTPs HAa HAJIM4ME YIUIOTHEHUH B THI-
POCTO#Kax, COCOOCTBYIOT YMEHBILICHHUIO KECTKOCTH €€
3JICMEHTOB, MOSBICHHIO CIBHIOB B COCHMHCHHAX THI-
POCTOEK, KOTOPBIE BIIEKYT 3a CO0O0I TaKHe MOBPEKICHHS
KaK 3aJMpbl, PUCKH, U KaK CIIEACTBHE KOPPO3UIO IH-
JIMHAPOB T'HAPOCTOEK HABECHOrO 00OpYHOBaHMS PUC.2,
3,4.

Puc.2. PucKy HA BHYTPeHHel OBEPXHOCTH HMJIHHAPA
norpy3umka Ha tpakrop MT3

Puc. 3. Koppo3usi rujIpolM/IMHAPA POTOPHOIi KOCHJIKH HABECHOI
KPH-2,1

Puc.4. 3aaup npoao/bHBIi rHAPOUMIHHAPOB KyJILTHBATOPA
napecnoro KIIC-4

Bropasi rpymma jgedopManuil BbI3BIBACT HM3THOBI
IITOKOB, Je()OpMANNI0O THIIB3BI THAPOLMIMHIPA, pa3-
BaJIbIIOBKY OTBCpCTl/lﬁ TOJIOBOK IITOKOB THAPOCTOCK M
T.IL puc. 5.

Ilepeunciennble rpynmsl paspyuieHnii u aedop-
Malii CIIOCOOCTBYIOT CHIDKCHHIO HECYIeH CIoCOOHO-
CTH Bcel KOHCTPYKINH TH}IpOCTOﬁKIf[ W HE TTIO3BOJIAKOT
TIOJIHOCTBK HCIIOJIB30BaTh pa60tme CCUYCHHUA DJIEMCHTOB
3]

TloBpexIeHHs IEMEHTOB THAPOCTOCK HPUBOIAT K
HapylICHHIO ee PaboTOCIOCOOHOCTH, OT KOTOpOH B
3HAYUTEILHOW CTENCHH 3aBUCUT HaJIC)KHOCTL yIpaBJiC-
HUS BCEH MAIIMHOMN B LIEJIOM U BBIXOJ €€ U3 CTPOSL.

AHanmmu3  pe3yabratoB  JeeKTalMH  AIEMEHTOB

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

TUAPOCTOCK CEJIbCKOXO3SHCTBEHHBIX MaluH, I0CTy-
MUBLIMX B PEeMOHTHbIE Iexa 3aBopa KaplopMaui-M,
MO3BOJIMIIM BBISIBUTH BCE BHIBI Ne(EKTOB, IOCIe HX
9KCTLTyaTaIuH.

Puc. 5. JlepopmManun ruipounIHHApa

Ha puarpamMmax 1edeKTOB 3JIEMEHTOB THAPOCTOCK
norpy3unka Ha Tpakrop MT3 3a 2010 — 2015 rozs! o1-
paXKEHO CpeaHee B3BEIICHHOE KOIMYECTBO Ie(EKTOB
Kncq:a MPUXOSILIEEcs] Ha OIMH OJJIEMEHT i-T0 BH[A,
puc.6,7,8.

1
g 2
£2 5
g"’g
o
2
T 4
7

———————
0 0,1 0,2 03

7 — 3ab0MHa Ha IITOKE; 4 — PYCKa B Tpeelax J0ImycKa; 8 — Koppo3us
MITOKA; 5 — BMATHHA HA IITOKE; 9 — OTC/IaMBaHUE NOKPBITUA; 2 — H3rHO
mroka; 11- n3Hoc pe3bOb
Puc. 6. luarpaMmma KoIHPOBKH H HAHMeHOBaHMii 1edeKToB mTo-
KOB IM/IPOCTOEK NOrpy34yuKa Ha Tpaktop MT3 3a nepuox 2010 —
2015 roamt
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=
21
§zn —'—'
T
)
315
g
H]
215
=
2
13
0 0,05 0,1 0,15 0,2

13 — pricka M LIapanuHbl Ha 3epKajie HUIHHAPA; 18 — Koppo3us u-
nuHApa; 15 — pasayTue nuneapa cebiue 0,5 mm; 20 — nedopmarms
omnopsl; 21 — U3HOC rHe3]

Puc. 7. luarpaMma KoJAHPOBKH H HAHMEHOBaHMs Jle(heKTOB 1H-
JIMH/IPOB I'HIPOCTOEK MOrpy3unKka Ha Tpakrop MT3 3a nepuox
2010 — 2015 roant

HaHMeH 0BaHHE Bad ekTa

T I
L B S ]

0 0,05 0,1 0,15 02
23 — uznoc u aedopmartist pe3bobl; 24 — 3a00MHBI 10 KPOMKAM KaHa-
BOK, YIJIOTHUTETBHBIX KOJIEIl M MAHIKET; 26 — H3HOC HAMPaBIAIONIHX
JATYHHBIX MOACKOB
Puc. 8. /luarpaMma KoIHPOBKH H HAUMEHOBAHMS 1e()eKTOB
NOPHUIHSI M BTYJIKH FHIPOCTOEK MOrpy34nKa Ha TpakTop MT3 3a

nepuox 2010 — 2015 roasr

IpoananusupoBaB jauarpaMmbl  Je(eKToB die-
MEHTOB THJIPOCTOEK HOrpy3dnka Ha Tpakrop MT3,
MOXHO CJelaTh BBIBOJ, YTO OCHOBHBIMH Je(eKTaMu
ABJIIFOTCA

- PMCKH, KOPpPO3usl, pasayTue - y HUIMHAPOB (Kjeq
=0,414);
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- 3a00MHBI, PUCKH, BMSTHHBI, KOPPO3US — Y ILITO-
K08 (e = 0,292);

- mHoc M pnedopmanus pe3pObI, 3a00MHBI 1O
KPOMKaM KaHaBOK, YIZIOTHUTEJIBHBIX KOJICI] M MAaHIKET -
y nopuHeit u BTyn0K (K = 0,22...0,30).

JloBoiibHO  BbICOKHE KO3 duLHeHTsl  JedeKToB
3JIEMEHTOB THIPOCTOCK IIO3BOJIAIOT TOBOPHUTE, YTO OHU
He 0071a/Jaf0T JIOCTATOYHON CTENEHBIO HaJIC)KHOCTH.

[TockonbKy Tpouecc (yHKIIMOHMPOBAHUS THAPO-
CTOMKM IpejcTaBisier co0OH IMOC/Ie0BaTeIbHOCTh BO
BPEMCHH MHTEPBAJOB OC30TKa3HOH pPabOThHI, mepeme-
JKAEMBIX MHTEPBANAMU BOCCTAHOBIICHHUS, C TOYKU 3pe-
HHUS HaJEKHOCTH THAPOCTOIKA MOXET XapaKTeph30-
BATHCS CICAYIOLMMH KPUTSPUSME - CPSIHUM BPEMEHEM
6e30TKa3HON PabOThl U CPEHUM BPEMEHEM BOCCTAHOB-
JICHUS.

JloBONEHO BBICOKHE KO3(DOHIMEHTH 1e(eKTOB
9JIEMEHTOB TMAPOCTOEK HABECHOTO 00OPYAOBaHHS MO3-
BOJIAIOT FOBOPHUTH, YTO OHU HE 00JIAZAIOT 10CTATOUHOM
CTEIICHBIO HAaIeKHOCTH.

TTockonbKy Tponecc (QyHKIMOHMPOBAHUS THAPO-
CTOMKM TPEACTaBIACT COOOi MOCIEN0BATENBHOCTE BO
BPEMEHH HMHTEPBAIOB 0e30TKa3HOW paboThl, mepeme-
JKAEMBIX MHTEPBAJAMU BOCCTAHOBIICHHUS, C TOYKU 3pe-
HHSl HAaJEKHOCTH THIPOCTOHKAa MOXET XapaKTeph3o-
BaThCs CICAYIONNMHI KPUTEPUSIMH - CPETHUM BPEMEHEM
06e30TKa3HON PabOThl U CPEHUM BPEMEHEM BOCCTAHOB-
JICHUS.

TTpoBe/ICHHBII aHAJIN3 TI03BOJISICT YTBEPHKIATh, YTO
JUIsL 00ecrieyeHns HaleKHOIl paboThl HaBeCHOro 000-
PYZLOBAHUS CEJIbCKOXO3SIHCTBEHHBIX MAlIMH BO3HUKAET
HEOOXOMMOCTh MOBBILICHHS PAOOTOCIIOCOOHOCTH OC-
HOBHBIX IIOBEPXHOCTEH 3IE€MEHTOB 00OpYIOBaHHS U
TepecMOTpa CYIIECTBYIOMIEH TEXHOTOT MU H3TOTOBICHHS
OCHOBHOI1 €10 YaCTH - THAPOLMINHAPA.

1. Byme H.A. Tpenue, H3HOC M yCTaJOCTh B MalllMHaX. — M.:
Tpancnopr, 1987. - 223 c.

2. T'apkyno JI.H. TpuGorexunka. — M.: MammHocTpoeHue,
1985. — 424c.

3. Huxonosa T.IO., XKerecopa I'.C. AHamm3 mnpeueibHbIX
COCTOAHMI THAPOCTOCK MeXaHH3MpPOBAaHHBIX Kpemeil // Tpymer VI
MeX/TyHapOHast HayYHO-TIPAKTHYECKAs! KOH(epeHIHs «
MHHOBALIMM B TEXHOJIOI'MAX M OBPABOBAHHU» Benoso,
17-18 mas 2013, C. 383-386
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COBETCKHUE ITMOHEPBI IPOBHOI'O UHTEI'PO-AU®P®EPEHIIUPOBAHMUAL.
I. AHT'EPACUMOB. BUOTPA®USA

Hogoxenosa O.I".
MMAI PAH, Mocksa, Poccus; info-viniti@yandex.ru;

A : Huoice npeoc v ouozpagus cosemcrozo mexanuka A.H.Iepacumosa, 00nozo u3 unuyuamo-
P08 OPOOHO20 UCHUCTEHUSL 8 653KO-YNPY2OCM.
Knrouesvie cnosa: opoonas npouseoonas I epacumosa-Kanymo, 7] onep pbl, P03, nociedeticmeue u pe-

Jlakcayusi, Doxmapcxwl duccepmauwz

4
Aunexceii Hukudoposua TEPACUMOB
(1897 —1968)

T'epacumoB Anexceit Hukudoposuy poauics 24 mapra
1897 r. B cranuue Kouerosckast JloHCKO# oGsiactH, B
ceMbe MOCKOBCKOro Bpaua Hukudopa WnnaprnoHosuda
n nomoxo3siiku Bepsr CepreeBHsI I epacHMOBBIX.

B 1906 r. momren B NpUrOTOBUTENBHBIN KiIacc MOC-
KkoBckoii rumuazuu Ne 10, ¢ 7-ro kiiacca Ha4aa moMorarh
oTIy (POAMIMCH ellle JiBa OpaTa M cecTpa), aBasi 4acT-
HBIE YPOKH 110 MaTeMaTHKe U GpU3MKe.

B 1916 r. mocTynun Ha MaTeMaTHYeCKOE OTENEHHE
dusmara MI'Y, e u npoydmics 10 MOOWIM3ALME B
1919 r. no npodcorosnoii imuun B PKKa B xauecrse
PAI0BOTO.

OpnuoBpemenno B 1917-1918 rr. paboran npenojaa-
TeneM  (U3MKM M MaTeMaTMKU M 3aBy4eM LIKOIbI |
crynenu Ne 21 B r. Mockse.

B 1919-1922 rr. ciuyxun B psgax KpacHoit Apmun.
YuacTBOBaN B rpak1aHCKOit BoitHe Ha FOro-Boctounom
(¢ponte B cocraBe 56 IMBH3MH, MOCIE MOOWIH3ALMU
COCTOSLI Ha BOMHCKOM Y4&€Te B KaueCTBE 3allacHOro
MuHEpPa BTOpOil ouepenn BoeHHO-Mopckoro ¢uora.
Ot I'paxx1aHCKOM BOWHBI OCTAIINCH 000XKEHHOE JINIIO 1
MPUBBIYKA KYPHTb TPYOKY.

C 1922 r. nio maii 1930 r. paboran yuurenem GpU3HKH U
mareMaTuk B mkonax II crymenn 3amMockBopenkoro
paiiona . Mocksbl. C 1930 r. mo 1938 r. paGortan npe-
nozaBateneM (GH3MKM M TEPMOJMHAMUKHM Ha Kadenpe
(u3nkr MOCKOBCKOrO TEKCTUJIBHOTO HHCTHUTYTA, BO3-
riasisiemoit M.W. BacunbeBsiM. B 1932 r. ony6imko-
BaJl TIEpBYIO cTaThio «Teopus pbYaKHBIX BECOB C IO-
CTOSIHHOI1 4yBCTBUTEIBHOCTBIO» [1].

IlapamiensHo ¢ pabOTONH  IKCTEPHOM  yHHIICS B
I Mockosckom ['ocynapcTBeHHOM YHHBEpCHTETE Ha

(husnKo-MaTeMaTHYECKOM (daxynbrere, KOTOPBIH
okoHun1 B 1936 1. nmo crneunansHocty «IIpuknagnas
MareMaTuKay, 3alIUTHB JHUIUIOM | cTeneHu Ha Temy
«ITpUHIMIT COOTBETCTBUSI B TEOPUM JIMHCHHBIX Orepa-
TOpoB» (HayuHslit pykoBoautens M.1. ITpusanos)[2]. C
1937 r. mo 1940 r. cocTos1 3a04HMKOM B aCHUPAHTYpPE
HUMMM MI'Y, cpaBan 5K3aMeHBbl M3 IPOTrPaMMbl
KaHJIMIaTCKOr0 MUHMMYMa, paboTall HaJl aucceprarmeit
non pykosozacteom M.M. TlpuBanosa. OmyGiamkoBan
yeTbipe paboThl B sKypHaie «[IpukianHas MaTeMaTika 0
mexanuka» AH CCCP [3-6].

Tlo obcTosiTEILCTBAM KBAPTHPHOTO XapaKTepa ¢ EeHOU
Enenoii AnekceeBHoit KannHoii (AnekceeBoit) u ee 10-
4epelo oT nepBoro Opaxa Beponukoii ¢ 1938 mo 1940 r
ObLI BBIHYKICH yexath B r. Momkap-Ona. 3zech oH
paboran B Mapuiickom neauncruryre um. H.K. Kpyn-
CKOif 3aB. Kadenpoit MaTeMaTHKH. YHuTa Kypchl Teope-
THYECKOH MEXaHHKH, aCTPOHOMHH, TEOPHIO AHATHUTHU-
4ecKUX (YHKLHI, CIel. Kypchl aHallM3a, TEOPHUIO BEPO-
SITHOCTEIH.

IMocne poxxaennst nodepu Upunsl B 1940 . yxe BUeT-
BEPOM BEPHYJIHCh B MOCKBY, BOCCTAHOBUIIH MPOIHUCKY,
oOMmeHsB MajIeHpKyl0  KBapTupy Ha Mainoii Sku-
MaHKEe Ha HOPMaTHBHOE XWibe B YT10BOM nepeyike. C
1940 r. mo 1943 r.  A.H. paboran B MAU Ha kadenpe
¢uzuxu, ¢ okTsOps 1943r.- cHoBa B MTU, notieHTOM.
Hano ormeruts, uto A.H. TSDKEO mepeHOCHIT rojion B
BoeHHbIe rojpl. Crapias noub Beponuka pacckasbiBa-
J1a, KaK OHa coOHMpasa KPaluBy 10 MOCKOBCKHUM ITyCThI-
psAM, Kak jaBaja uepe3 yac MiajueHbkoi  Mpune
xJ1e0yIIKa ¢ HOrOTOK.

IMocne rubenun B 1940 r. Hayunoro pykoBomurens WM.
IIpusanosa, A.H. I'epacumoB B 1942 r. 3aKoHuMI
330YHO aCIHUPAHTYPY U IPEICTaBHII yXKe IO PyKOBOJI-
ctBoM B.B. CTenanoBa K 3aIuTe ANCCEPTALNIO HA TEMY:
«HexoTopble 3aja4 TEOPHUH YIPYrOCTH C y4ETOM IIO-
CIIE/ICHCTBUS U PEJIaKCALMU 110 JIMHEHHOMY 3aKoHy»[7],
a 8 mapta 1943 r. B HUM mexanuku MI'Y ee 3ammrui.
Surons 1943 r. A.H. Ob11 yTBEpIK/JICH B y4CHOM 3BaHHHI
nonenta MAU no xadenpe «Bbicias MmateMaTuKa.

B 1945 -1947rr. A.H. nenaet psij A0KJIaJ0B Ha KOH-
depenmmsax MTHU, Ha cemunapax Mexanuku B MI'Y u B
OTH AH CCCP 1o rorossiieicst JOKTOPCKOH Juccep-
Taun  «/Ipouszeoonsie OpoOHbIX NOPAOKOS U UX Npu-
MeHeHue K OUHAMUKE BOIOKHUCIBIX MAMEPUANOB.

B xapaxtepucruke ot 24 anpens 1947 r: «B HacTosiiee
BpPEMsl OH 3aHAT o(hOPMIICHHEM CBOECH JOKTOPCKO# Juc-
cepTanmuy Ha TeMy: «Mamemamuyeckue memoosi meo-
puu depopmayuu ynpyeo-eazkux meiy». 29 mast 1947 r.
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A.H. npemaer moxnman B Uuctutyre mexanukun MIY,
cnaer B xypHai [IMM 5 utonst 1947 r. crarbio «0606-
IICHHE JIMHCHHBIX 3aKOHOB Je(GOPMHUPOBAHUS M €ro
MpUMEHEHNE K 3a7adaM BHYTPEHHEro TpeHus»[8]. Ima
cmamos 0Ka3anach nNepeoil nybdauKayuei ¢ Mupoeoi
pamype, poii Op A NPOU3B00, uc-
NONb30641aCH O ORUCAHUA GA3KOYNPY2UX Mamepu-
anos.
B 1949 A.H. I'epacumoB nenmaer AOKJIaja U3BJICUCHHIT
U3 JIOKTOPCKOW auccepraumu Ha konbpepenunn MTU
«lIpumenenue npoussooHvix OpoOGHO20 NOPAOKA K Ou-
HaMUKe GbIMANCHO0 NOTAY.
B xapaxrepuctuke ot 30.06.1950 r.: «...A H. I'epacn-
MOB TOTOBHT JHCCEPTALMI0 HAa CTCHEHb JOKTOpa
dus.-mar. Hayk «/Ipumenenue npouszeoOHbIX OpoOOHO20
nopsoKa K OuHamuKe 8OIOKHUCIBIX MAMEPUAN08», KO-
TOpast JIOJKHA OBITh 3aKOHYEHa B Jekabpe 1950 r. Ox-
HOBPEMEHHO € 3THM COCTOMT (Oecnapmuiinbiil!) ciy-
miateaeM YH-Ta MapKcu3Ma-JIeHHHU3Ma  (2-0H rom)».
K coxanenuto, 22 utons 1950 r nocne npomoiKu-
TEJIbHOH OOJIE3HH yMHpaeT M BTOPOW Hay4HBIH PYKO-
BoaMTENb - BsiwecnaB Bacunbesnu  Cremanos. B MTH,
MI'V u OTH KpUTHKYIOT JOKTOPCKYIO JHCCEpPTaLHIO
T'epaciMoBa, He NPUHUMAIOT HCIIOJIB30BAHKS allliapaTa
npobuoro auddepenunposanns: «Kakas 0T 3TOro
MPaKTHIECKas T0b3a?»
A.H. T'epacumMOB HaXoAuUT MHOW OOBEKT I NpHUMe-
HEHUs CBOCH HJeH, HO U OIATh COBPEMCHHMKH €ro He
nonumator. Cratess «K pacyery MarHMTHbBIX moseit
MHOTOCJIONHOIf ~ KaTylIKW», CHaHHas B JKypHAIT
«OnextpudecTo» B 1950 T., mporexana B penakiuu 3
rojga M Tak u He Obl1a omyOIMKOBaHa.
TTociie yeThIpex nepepaboToK JUCCEPTAIHS TEPSET CBOIO
«1pobHOCTHY. B Xapakrepucrtuke ot 10 anpenst 1954 r.:
«... TOTOBUT QOKMOPCKYI0 OUCCEPMAyuIo N0 80NPOCAM
6bIMACUBAHUs, KOTOPYIO JO0JDKEH 3aKOHYHTh B JeKaOpe
1954 r.».
B xapaxrepucruke ot 18 nexabps 1954 r.: « JloueHr
I'epacumoB A.H. —xopommii nekrop u mnexaror. OH
yYMEeT MNpEernoAHOCHTb CTYJAEGHTAM MaTepHal Kypca B
JKMBOW M yBIIEKaTEIbHOH (hopMe, 4TO MOATBEpIKIaeTCs
OT3bIBAMU Ha CTCHOIPAMMBI €ro JIeKIuid. JIis ero jek-
Ui 0COOEHHO XapaKTePHbI TOYHOCTH (HOPMYITUPOBOK U
BBICOKMIT HAay4HBIl YpOBEHbY». 31eCh YyKe HE yNOMHHa-
eTci O JOKTOPCKOW [IHUCCEePTALlMH, 3a4epKHYyTa IO-
CIICIHSS CTPOKA «XapaKFepHeTHia ataBeBA3H-€3a-

, HO cCJic/laHa

]

HaJmICh «ist puspaka MI'Y».

B 1954 r. A.H. 'epacuMOB yCTpauBaeTcsi Ha MOJICTABKU
Ha dusdak MI'Y. K sTomy BpemeHu crapiuas J1o4b Be-
ponuka (Pona) yxe 3amyxeM 3a Asekcanapom Adana-
CBCBBIM, PabOTACT MOCJIE MEIUHCTUTYTA YUuTeNeM (hu-
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3MKM, MJIQJas BOCBMHKJIACCHHLA VpuHa okoHumIa
My3bIKaJlbHyI0 1Koy (cam Auekceit Huxudoposuy
HPEKPacHO HIpai Ha GOPTEHbIHO).

B 1956-1958 B xypuane « M3sectus AH CCCP, OTH
Anexceit HuxudopoBuu myOiamkyer ueTbipe — CTa-
TbU[9-12], B KOTOpPBIX y’KE€ HET HM CJIOBa O JPOOHOU
HPOU3BOHOM, JIHIIb HMPOCKAIB3BIBAIOT (passl 06 OT-
CYTCTBHH TOCIIEICHCTBHS B TEXHOJIIOTHYECKOM TIpoliecce
BBITSTHBAHHS BOJIOKOH.

B 1958 r. 23 mapta y Ponbl poxaiorcs Onu3Hensl —
Enena u Annpeit, KoTopble 110 CTONAM JeJia HOLIM Ha
Mmexmat. Ejena 3amuruia kanuaaTcKyo AMCCepTaluio,
a AHJipeii oclie aCIMpPaHTyPBI, IO CTOIIaM BTOPOTO Je/a
10 MATEPUHCKOI JIMHUM, KOHYUB KypChl OyXrajiTepos,
CHaYasja cran GAaHKMPOM, a MOC/IEC MOMOLIHUKOM MUHH-
cTpa (hMHAHCOB.

Anekceit HukngopoBnd Tak 1 HE 3alMTHI JOKTOPCKYIO
muccepramuio. On ymep B 1968 1. 14 mapra, a B ze-
kabpe TOro e Troja OT 3allylICHHOr0 paka ymepla
Enena AnexceeBHa, [Ba IIOCIEIHHE TOJa YXa)KHBaB-
Imasi 3a HapajJu30BaHHBIM MyxeM. IIpax uX HOKOHTCS B
34-m xomym6apun JJOHCKOTO MOHACTBIpS.

T'epacumoB A.H. Teopust pbr4akHbIX BECOB C TIOCTOSHHOI 4yB-
CTBUTEJILHOCTBIO // 32 PEKOHCTPYKLMIO — TEKCTHJIBHOH Mpo-
MBILIICHHOCTH-193210-Ne 7-C.22-28

Tepacumo A.H. IIpHHIMII COOTBETCTBHS B TCOPHH JIMHEIHBIX
oreparopos ///lumnom no cnen-tu «IIpuknajnHas MaTemMaTHKay,
Hayd. pyk. M. W. Ilpusanos. MI'Y, mexmar, 3/0.- 1936.-39 ctp.
Tepacumor A.H.  Tlpobnema ynpyroro rnocieieHcTBus u
BHyTpeHHee Tpenne// IIpukiajHas MaTeMaTHka M MEXaHHKa,
OTH- 1938. -1.-C.493-536.
I'epacumoB  A.H. IMucemo
OTH-1938.-1.11,.-8. 1,.-C.137
I'epacumon  A.H. O Teopun  1eho ynp:
ro-si3kux Tei1//[IMM, OTH,.-1938.- 1. .- B. 3 -C.379- 388
I'epacumoB A.H. K Bompocy 0 Maibix KomeGaHusx ympy-
ro-sskux Memopan// IMM-1939.-1.11.-B.4.-C.467-486.
I'epacumoB A.H. HekoTopbie 3a/1aui TEOPUH YIIPYTOCTH C yue-
TOM ficTBUS U P 1o vy 3aKoHy//
HHCCEPTBI[HS{ Ha CTCNCHb KaHjauaaTa (l)“BMKO-M'dTCMﬂTH'—lECKHX
Hayk. Mocksa, MI'Y-1942.- 45 ctp.

Tepacumor A.H. O6o0uienne IMHEHHBIX 3aKOHOB Ae)OPMHpPO-
BAHMA M €ro NPHMEHEHHE K 3ajadaM BHYTPEHHErO TpeHus//
TIMM, OTH- 1948.- XII,.-Ne3,.-C.251-260

T'epacumon A.H. Kuneruka nporecca BoitaruBanms. 1. Cramm-
onapusbii mponecc// Ussectms AH CCCP, OTH- 1956.-
12.-C.57-71.

10. TI'epacumor A.H. Kumerumka npomecca BeiTsarusanus. II.
Hecraupnonapneii npouecc// Mssectms AH CCCP, OTH-
1957.-Ne 5.- C.56-61

T'epacumor A.H. O CKOPOCTSIX BOJOKOH B TPOIECCE BBITATH-
Banus// Ussectus AH CCCP, OTH- 1958.-Ne 5.-C.100-103.
Tepacumor A.H. KpasucraumoHapHslii mpouecc paGoTI BbI-
TsokHOTO TpuGopa// Mssectms AH CCCP, OTH- 1958.-Ne
6.-C.118-119.

B pepakuuio//  TIMM,
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COBETCKHUE IIMOHEPBI IPOBHOI'O UHTEI'PO-JU®PEPEHIIMPOBAHUS.
II. M.M.PO30OBCKHUIA. OB30P PABOT

HoBoxenoBa O.I".
HWMAII PAH, Mocksa, Poccus; info-viniti@yandex.ru

Annomayus: [lan 0630p pabom cosemckozo mexanuka M.H.Pososckozo , 8 pamkax ypasnenuil B. Bonemeppa pe-

wasuie20 3a0adu ynpy20cmu ¢ nocieoelicmeuem, paspabomasuiezo MameMaTiKy I-gyuxyuii Pabomnosa, naweouiezo ux

C6513b (U IKCHOHEHYUATbHBIX (YYHKYUIl Gonee obuyeco uda ) ¢ yukyusmu Mummae-Jledpprepa.
Knioueguie cnosa: J-¢ynrkyuu Pabomnosa, dynryus Mummae-Jlepgpnepa, nocnedeiicmsue, nonsyuecms, pasHonoisy-

yecmos

(1906-1994)

Mouceii Mcaakosuu PosoBcknii pomuncs 12 oktaodps
1906 r. Oxonumn Gu3MKO-MaTeMaTHYECKHi (aKyIbTeT
JIHEenponeTpOBCKOr0 MHCTHTYTa HAPOAHOro oOpa3oBa-
HUsL (HbIHE JHENpONeTPOBCKMH HALMOHAIBHBIN YHU-
Bepcurer) B 1929 r. JI1060Bb K MaTeMaTUKE MPHBIIN
nekuun npodeccopa I'. A. I'py3uHIeBa, NpPOIIEAIIETo
cTakupoBky B ['érrunrene. B 1940 r. M.U. PozoBckuii
3alIUTI KaHJMIATCKY10 auccepranuto, ¢ 1959r. - nok-
Top ¢us.-mar. Hayk. C 1945 mo 1989 r. paboran 3aB.
Kapespoii MaTeMaTHKH B JIHEIIPONETPOBCKOM T'OPHOM
uHcTUTyTe. Ero paboThl pekoMeHI0BaNH K MEeYaTH aKa-
nemukn CJI. CobGones, A.JO. Wunumnuckuit, W.W.
Mycxemuusuny, I'H. CaBun.

B cratbe [1], Ha KOTOpYIO CCBUIAJICS M M3 KOTOPOM
MHoroe mo3aumcTBoBan HO.H.PaGoTHOB B M3BECTHOM
ny6nukanuu «PaBHOBecue ympyroit cpeael ¢ mocie-
nelictBuem» [2], PO30BCKMM HOBTOPEHO pellieHue 3a-
JIauM O BBIHY)KJCHHBIX MONEPEYHbIX KOICOAHMAX HUTH,
paaMaIbHBIX KOJCOAHMSX MOJOH chepbl U H30TPOIHOM
MeMOpaHbl IPU HAIMYHH 10C1e0eliCmeus, TIOMydeHHOe
A.H. TepacumoBbimM[3]. Jlns 3amaun 0 KojeGaHHsIX
YIpYro-Bs3Koro crepxHs [4] nana kpuruka pador A.1O.
Wuumuckoro, A.P.Pxanunpina n A.H. T'epacumosa (co
CCBIIKAMH), OBTOPEHO aHaiauTUyeckoe pemenne A.H.
I'epacumoBa, a Takke paccMOTpeHa 3anada o Oaike,
Jexanieil Ha ynpyro-BsskoMm ocHoBanuu. B [5] ompe-
neneHa jedopManys JUIMHHOTO OJHOPOJHOTO IMIIMH-
JIPUYECKOTO TeNla B CIydyae HANpsHKEHMs C Tocieseii-
CTBHEM M HEPABHOMEPHO pACIpPEIEICHHOTO MOBBIIIE-
HUS TeMIIepaTypbl. ' paHUIIBI U3MECHEHHS TEMIICPATYpPbI
MPETIONAraf0TCs TAKHUMH, TIPH KOTOPBIX OTHOCHTEIBHOE

TEMIIEPaTypPHOE PACIIMPEHUE MPOMOPLHOHAILHO TEM-
neparyp 1 Ko3HUIMEHThI yIPyroro mocieaeiicTBus He
3aBHCAT OT TeMIepaTypbl. TOpLEBOH yaap JKECTKOTO
NPSIMOTO  KPYTOBOTO IJMJIMHAPA MOBEPXHOCTh CPEBI,
MEXaHHYECKHE CBOWCTBA KOTOPOWH MEHSIOTCS BO Bpe-
MEHH, H3y4eH myTeM peleHus HHTe-
rpo-nuddepenimansHoro ypasuenus Bosbsreppa [6].Ha
OCHOBE aHaJIN3a OIMyOIMKOBAHHBIX KPUBBHIX [7] momsy-
4eCTH W YPABHCHUH, HPUMEHSCMBIX IIPH H3y4YCHHH
nomyyecty u unpenakcaruu (H.X.Apyrionsua, I'.M.
Baprenesa, C. XKypkosa, A.Il. Bpounckoro, T.A. Kon-
TopoBoii, M.Omunra, }0.H. PaborHosa, I1.A. Pebunne-
pa), TpPEeUIOKEHO HWHTErpajJbHOe ypPAaBHEHHE, YYHThI-
BAIOLIEE 3aBUCHMOCTb BPEMEHM PEJIAKCALMH OT HAIpsi-
skeHus. OHO HCIIONB30BAHO JUIS M3YYCHUS KUHETUKU
PacHpoCTpaHeH s TPEIIMHEI B PA3IMIHBIX MaTepHaIax

t
Yoy =e——=[K@t.0)flo(0)dz .,
EO ty

riae t,-MOMEHT HarpyxeHus oOpasia, a IUlacTHdecKas
nedopmanys y(t) XapakTepu3yeT OTHOCHTENbHBIC pa3-
MepbI TPEIIUHBI, KOTOPHIC 3aBUCAT OT HANPSUKEHHS o U
koddpurmenta nocneneiicteus K(t,1), xapakrepusyro-
IEr0 MEXaHHYECKHEe CBOMCTBA Marepuaia, B KOTOPOM
pacmpoctpansiercst TpenHa. I[Ipn obo3HaueHun uepes
(- UCXOJHOE 3HAYEHHE [LIOMA/N MONEPEYHOr0 CeUCHUS
obpasia, S — IIoNIab, Ha KOTOPYIO TPEIIMHA ycIena
pacnpocTpaHuThes, Q — BHeNIHee pacTATHBAIOLIee
ycuiaMe, TOPUIOKEHHOE K  00pasily, IOJy4eHO
Q=qo(1-y), rae y=S/q..
(CpaBuure ¢ GpopMyJI0ii MOBPEXKIACHHOCTH ITydKa BOJIO-
KOH:

op=o[l-F(o)] ,
rae F(6)-n0us pa3pyiieHHbIX BOJIOKOH.)
B pabore [8] ompexenena pajauanbHas aedopmarus
noJioii  cdeprl, obGMamaroNeil KPUBOIMHEHHON aHH30-
Tponuel M ynpyrum mnocnezaeiicteueM. Henmneiinbie
UHTCTPAIbHBIC COOTHOIICHUS, YYHUTBHIBAIOIINE 3aBUCH-
MOCTb MIHOBEHHOTO MOJYJs YIPYTOCTH OT CTCHEHH
JeopManii WIM BPEeMs PENaKCallMi OT HANPsDKCHUS,
obobmensl B [9] Ha cayvail  mpocmpancmeennozo
HAnpAdICeHHO20 cOCMOsAHUA. Jns OMUCAHUs 3aBHCHMO-
CTH MTHOBEHHOTO MOJYJs YHPYIOCTH OT CTCHEHH Jie-
(dopManun TIPEIOKCHB HHTETPAIbHBIC YPAaBHEHHS |,
3aTICAHHBIE 6 CUMBOIUYECKOU (hopMe, KOHCTPYKTHBHO
HAMOMHHAIOIINE YPABHEHUs TEOPUH IUIACTHYECKOrO
Teyenus: Museca-UnpiomnHa. Y CTaHOBIEHO, YTO J10-
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CTaTO4YHOC YCJIOBHC JJIS d)aKTI/[‘{CC](OFO COBIAACHUA
Pe3yJIbTaTOB NPH PELICHUH OJHOW M TOU e 3aJaqu 1o
MPCUIOKEHHON TEOPHHU 110 TEOPUM IUIACTHYECKOrO Te-
YCHHs COCTOMT B TOM, BCC KOMIIOHCHTBI TE€H30pa J€-
(opmannii 1OWKHEI OBITH MPOHOPLHOHATBHEI OJZHOMY
o01eMy rapaMerpy, 3aBUCSILIEMY TOJIbKO OT BPEMEHH,
KOTODBIH ONpeJesieTcss ¢ MOMOIIBIO 3aJaHHOTO K03(-
¢dunmenTa penakcanuu. YKa3aHa BO3MOXHOCTh II0-
CTPOCHUS ypaBHEHMi, 000OIIAIOIMX YpaBHEHUs TEO-
pun nonsydectu PaGotHoBa. OrmnpejeneHbl MeCTHbIE
BO3MYIICHHS B TOJNYILIOCKOCTU HOJ ASHCTBHEM cocpe-
JIOTOYEHHOH CHJIBI, a TaKXKe PacCMOTpeHa aedopMarust
TIOJIOTO  mapa, HaXOMAMICTOCA TIOA BHYTPECHHHM H
BHemHUM JasieHueM. B [10] npeanoxen moixycumBo-
JIMYECKU  croco0  perieHust  uHTErpo-auddepenuu-
aNlbHBIX YPaBHEHHMI HACJICJCTBEHHON YNpPYrocTH, He
TPeOYIOIHMI TPEABAPUTEIBHOTO BBEACHHS CIICIIHAIIb-
HBIX (QyHKIHIA.

Ilpu  pemenun  3amaum  Komm  mi1s  uHTe-
rpo-audhepeHINaNnbHOr0  YPaBHEHUS C  Y4aCTHBIMU
TIPOU3BOJHBIMU B HEOTPAaHUUEHHOM rpocTpaHcTse [11]
BBEJICHA 9KCHOHEHYUANbHAS QYHKYUA OpOOHO20 NOPAO-
Ka gﬂ([), MIPOM3BOAHAS KOTOPOH MOXET OBITh TPH-

O/MMKCHHO BbIpaXKeHa uepe3 @yukuuio Mummae -
Jlepprepa E;(x), @ IMEHHO
de,(t) -
dt

1.DOkcnioneHnManbHas  QYHKIMSA APOOHOrO  Mopsiaka
£,(1) ABIACTCS PCIICHACM UHTErpo-1udGepeHIn- ab-

~q*Ey(kt”).

HOT'0 YpaBHEHHs NapaboINuecKoro THIIA
.2 [ o'u o'u ] ou
@ ==
2

ox} ox; ) ot
, K — unrerpanbueiii oneparop

A2
o'u

2
x5

0Ox;

ruedZ —

1+ K
Ky = j K(t-7)y(r)dr .

TlosydyeHo pelieHue, yIOBJICTBOPAIONIEE HayalbHOMY
YCIIOBHIO

u‘z:(): o(x,x5,x3)

(2”) —[f j [[e e D&, &, &)dE dé,dé da der,da
e
o' =al +a; +al
a(x=8) =a,(x; &)+ a,(x, = &) + oy (x; = &)
TIpu sTOM
g/j(t):e—a'“m“r — —u 2%t Z( l)m (mu)
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Xz( " m(m+1).. (m+v UjK (t—-1)"dr

rne K, (1—7)= j.KV,I(t—s)K(s—r)ds,

(v=23,...,),npnuem K, t-7)=K(t-1).

Eom K(t—-7)=a(t-1)""'0<f<la>0,

TOraa

K (—7)"!
rp)

e k =al'(f), nonyunm

0= 3 g s e

m=0

K, (t-1)= (v=123..),

vIC(vB+m+1)

e g =ao..

DKCMOHEHIMANBHYI0  (QYHKIMIO JIpOOHOrO  Mopsaka
MOJKHO HPHOJIIKEHHO TPEJCTABHTh OPAMHAPHBIMU Psi-
JIaMu:

D Manbix 3Hauennii q (S # 0)

f0=1-g oy K
PO AT gy
2) s MaJblX 3HaYeHMi k
S 1 mit”
e ()~ D" aem|
PO D

2. Jlns unTterpo-nud)pepeHInanbHOr0  ypaBHEHHUsT TH-
1epOoINYECcKOro TUIa

(Fu P o) _ou
ox]  ox; 6x3 o’

NpU 3aJIaHHBIX Ha4YaJIbHbIX YCIIOBUAX

Ou
s0= (%, %y,%5),—

“e at":

o =2 (X, %,,X5),

JUIS ciryydas

m

Kit-1)=>a,t-0)""0<p, <La,>0
u=l

r[onyquo‘

m”jcosam (a0 £, E)dEdE, dE da,dayda, +

u=

(2 )3

Com il Jjjs“;zw’ 1D (G s )G A dE d datyd e,
v3

B crmydyae ommcanns gepes O — ¢ynkiuu PaboTtHOBa
[12] mon3yuectu n penakcauuy MmycToTeN0r0 HHIHHIPA
GOMBLIOH JUIMHBI IIPH €ro GBICTPOM PaBHOMEPHOM Bpa-

v m(m+l)...(mev—=1)k"t""
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HICHUU OTHOCUTEJIBHO CBOEH oOcH YCTaHOBJICHO COOT-
HOLUICHUE

0= l-E )
e E.(-¢) = i(—l)” _¢"  — pyuxums Mummaz

T(np+1)

— Jlechpnepa.

TMokazano, uto mpu ¢ >1 BEepHAa AaNMpoOKCH-
Mauust E, (—¢)=~e % Tae y :(17(1)"“.
B crarbe [13] 3agmaua o KpydyeHMM IWIMHIpa IpU
60JTBIINX yraax KPYTKH B MOCTaHOBKE
A 1O . MmmHckoro pacecmotpena B D — ¢yHkimsax Pa-
0oTHOBa Ha OCHOBe pemieHust [9] , mpemiokeHa ar-
TIPOKCHMAIIHs OomepaTopa O TP BO3NCHCTBUM €ro Ha

enunuiyy. [IpoBemeHbl pacueTsl sl aMIOMHHHMEBBIX
CIUIABOB U Majoyriepoaucroi cranu. B [14] mpemwio-
JKEH CII0CO0 OIpeseNcHUs NapaMeTpoB IMON3ydecTH U
peiaKcanuu 1o SKCICPUMEHTAJIbHBIM KPHUBBIM TIPOCTO-
Tro ﬂOCHeﬂeﬁCTBHﬂ, TIOCTPOCHHBIX JJIS1  PA3JIMYHBIX
(ukcupoBaHHBIX MOMEHTOB BpemeHu. B [15] cBoiictBa

*
arperatoB J, - onepatopos 0G0GLICHBI Ha CIy4ail He-

OJIHOPO/JIHBIX W aHWU3O0TPOIIHLIX TEJI, pClIeHa 3ajia4a O
KPYYEHHH COCTAaBHOTO BaJa.

B mocnenyronmx paborax PosoBckoro M.U.
[16-27] mpu pacyerax HEU3MEHHO MCIIOIb30BAINCH D —
(dyukiuun PaboTHOBa — OT MIUIIOCTPALUMK [JOKA3bIBac-
MBIX TEOPEM JUIS CI0XKHOTO HAIPSHKEHHOI'O COCTOSHHS
AHM30TPOIHOTO Tefa J0 TEOPETUYECKHX BOTPOCOB Pa3-
HOIOJI3Y4YeCTH H PACIPOCTPAHEHHs BOJIH Ae(OopMAaLUH B
HEJIMHEeWHOH HaC/IeICTBEHHO-YIIPYTOii cpejie.

1. Pososckmit M. Ilpunoxenue uHTerpo-auddepeHnuanbHbx
YPaBHEHHi K HEKOTOPBIM IMHAMHYCCKUM 3a/[a4aM TEOPHH YIPYTOCTH
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A : Pacc.

p mest nonep

C60000HbLE KONEOAHUL MHO2OCTOUHO20 CMEPIICHA NPOU3B0TIbHO20 CeYeHUA,

U320MOBIEHHO20 U3 KOMNO3UYUOHHO20 Mamepuand. Mcnmwyemcx meopus CloUCmslx apMupo8aHHblx cpe(), 8 yacmuocmu,
0505M¢{EHHO1:I Ha ocHoeée npuHyuna Fa,\*lll.’lmeHa KOmOpbll; hpu pacdeme 31eMeHmoe6 KOHC‘mpyKlflll? U3z KOMRO3UYUOHHO20 Mame-

puaia RONY4umo )y

0e coenadenue ¢ onbimHbIMU OaHHbIMU. B kauecmee npumepa ucc7ez)yemc;l hno-

nepevHoe Konebanue K()Mﬂ(B’Ml{lIOHHOu KU\!anLLUpHOM Jlonamku 6 noie l[@HmpUﬁ(:’WCHle cua.
Knrouesvie cnosa: KOMRO3UyuoHHble Mamepuainsl, k0.'l€6(1l'tllﬂ, yacmoma.

3agaua pacyera cOOCTBEHHBIX 4acToT M (opM KO-
nebaHuii crepkHeil, 6aok, 3aKpyYeHHBIX pabodnx Jo-
IIATOK C TOYKHU 3PEHHs OJHOPOIHON TEOPHH PAacCMaTpH-
BaJIaChk B JIUTEPATYPEC HCOAHOKPATHO. OCHOBBI pacdera nu
METO/Ibl JIOCTATOYHO HOAPOOHO OmMCaHbl B padorax
Buneno K.b. u I'pammens P. [1], Xponuna J.B. [2],
Iloppa b. @.[3], buprepa M.A. [4] 1 MHOTUX ApYruxX
uccnenoareneid. KoneGaHus M BOJHBI B CIOWCTBIX U
KOMITO3UTHBIX TeJlax paccMoTpeHs! B padorax Cana C.T.
[5], bpexosckux JI.M. [6], Axenbaxa [x. [7] u Heko-
TOPBIX APYTHX, NMPHYEM 3/1€Ch HCIOJIB30BAIHCH COOT-
HOIICHUS P[3OTpOHHOI>‘[ JinIce aHHSOTpOl'lHOﬁ OJZ[HOpOJIHOﬁ
TEOPUI ynpyrocTu.

Hwmwxke wuccnenyroress konebaHHUS apMHPOBAHHBIX
CIIOMCTBIX cTepkHeil (puc.l). B memsix omnpeneneHus
0COOEHHOCTEH CIIOMCTHIX CTEpXKHEH, BBIACHEHHS POJH
HEKOTOPBIX €€ MapaMeTpoB PaccMaTpHBAIICh Haubonee
npoctbie (opmbl kosebanus. PaccmarpuBarorcs more-
pedHble KOJICOaHHs KOMIIPECCOPHOM JIONATKH U3 KOM-
HO3UIMOHHOTO MaTepHalia, HaXOIAIMXCS B IOJE IeH-
TPOOEKHBIX CHIL.

Puc. 1. Ay i CIIOHCTDIH

i hopMbIL.

CunTas MaTepHas Tela OPTOTPOIHBIM, JUIS H3rHO-
HBIX Hal'[pﬂ)KCHI/[ﬁ STHA COOTHOIICHUA MOXHO 3almucaTh B
Bujie [8]

i i i b 2
oL =cies;, ez =6 me—Gpp+ny+rgn” (1)

TIE ¢y = (A + 204" W'+ (A + 24" v cBOlicTBA M vV
06'BCMHOe COACpIKAaHUE MaTepuasa HAIOIHUTCIA U
MaTpulbl, 7, - Ha4YalbHBIH yrod 3aKpyTKH CTEPIKHS,
& 2 2,7 - nedopManus pacTsDKeHHUs, u3ruda u pac-
kpyTku. OrpaHuumBas MOCIEAYIOLIEe HCCICI0BaHNE
dhopmamu kosebaHuil, IUIMHBI BOJIH B KOTOPBIX 3aMETHO
HPEBOCXO/IAT XapaKTePHbIC CTPYKTYPHBIC pa3Mephl ap-
MHPOBAHHOT'O CJIOUCTOTO TEJIa, TIOJI0KUM,

116

= @.

rae vi(z,t) - HomepedHble CMEIICHUSI TOYEK i-r0 CIos
CTCPIKHA. l_lpn OTHX YCJIOBHAX BBIPAXKCHHUC ITPHHIHIIA
lamunsTOHA TIPUHUMACT BUA!

Ul
S[(w,—

K )di =0 3)
0

0o ‘

e BenmunEa w, = [ [[ohehidFdz = [ [[ e iidFdz,
0F 0F

P i .
K=Jp! (7 2av; o =S g s gy
|4

— IUIOTHOCTH MaTepuaia cios i. ITocie ncronb30BaHms
(1) u (2) mist w, MOXHO HOTYIHUTH

“4)

Vs
wy=—[1
=30
rjie BelMuMHa [, = [[efsy?dF (5), smusercst usn-
F

YECKMM MOMEHTOM HMHEPLMH, TO3BOJSIONIMM BECTH
pacueT Hpu HEPaBHOMEPHOM pACHpesieieHuH (usnye-
CKMX CBOMCTB KOMIOHEHTOB apPMHUPOBAHHOIO CJIOUCTOTO
TeNla B TONEPEUHBIX CEYCHMSX MPOM3BONLHONH (OPMBI.
ITonaras, 4To CyIIECTBYIOT TOJBKO NMEPUOIMYECKUE KO-
nebanns ¢ COOCTBEHHOH KPYyroBO# 4acToToi ®, Tpen-
cTaBUM v'(z,1) B BUAE v (z,t)=X(z)sinat (6). 3amaqy

[91,

JOIyCTHMBIC

Oynem Purna

X(z)= ZAnX»,(Z) (X
n=1

byuximn, A, - Heonpe/eneHHbIE MapaMeTpsl. B kade-

CTBE JIONMYCTHMBIX (QYHKIMH MOXHO BBIOpaTh COO-

CTBEHHBIE (PYHKIMHU CTEPKHS B BujE [9]:

peuiatb METOAOM rojiaras

me X,(z)

shk, —sink,
—— T (sin k,x — shk
et 1 cosk, OS]

5

X, (x)= ﬁ[clxk,,x —coskyx+

®)
YAOBJIECTBOPAOIIUX TPAHUYHBIM  YCJIOBUSAM  KOH-
COJIBHOI'O 3aKPCTIJICHHUS:

X, (0)=X,(0)=0; X3(1)=X;(1)=0. (9)
B (8)x= % , @ BOJHOBOE 4HCIIO K, YAOBIETBOpSIECT

XapaKTEPUCTHIECKOMY YPABHEHMIO [+ chk, cosk, =0 n
TPUHAMAET 3HA4YCHMS, JaHHbIe B Tabmuue 1, /
CTEPIKHS.

banounsle (GyHKUUH, SBISACH OPTOHOPMUPOBAH-

- IIMHA
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onpezeneHust coocTBeHHbIX dacToT (11) mMoxkHO mpen-
5 -

¢ 1, n=p; — 2 op=p; Lo Bk,
(I’ X, X pdz = {0, i ¢I; [ XpXhdz=1 74 P (10) CTaBUTb B BUJE: f,, = ot
0, n#p.
Ta6u. 2. 3HaUeHHe PACUETHBIX H IKCIIEPHMEHTATbHBIX
Tao.1. 1. 3Hauenne BOIHOBBIX YHCE]T COOCTBEHHBIX YACTOT BOJIHOBBIX UHCE]
Ne 1 2 3 n—ow Yacrora, rig 1 2 3 4 5
k 1.875 4.694 7.854 on—1 OkcnepumenTanphas | 121 | 765 | 2100 | - -
T” TTo dopmyne (12) 125 | 780 | 2181 | 4275 | 6966

Bapbsuposanne nnterpana (3), cogurcst k audde-
PCHIIMPOBAHUIO €r0 MO HEU3BECTHBIM Mapamerpam A,.
Iocne noxpcranosku (7) B (4) u (3) ¢ yuerom (8), (9) u
(10), muddepenmpoBanus Ho A, 1 HHTETPUPOBAHHS IO

Il = 4 2
t MOJKHO ITOJTYYHTh [—4 ZI Aykp 04, —20° p'F

n=

&z N
2 4,04,
1

n=

e F ”dF TUIOIIAaAb CIOUCTOIrO IONEPEYHOro ceve-
F

nus. Ilocne ynpomieHus npexblaylee BbIpaKeHHE

© .
npeoOpasyercst K BUIy X A,/1, k=20 p'Fr* 154, =0
n=1

Tax Kak B 9TOM ypaBHEHHH KO hULIHEHTbL An PpaBHBI
HYJIIO M TPOU3BONBHBI, TO HOJIYYHM CICTYIOIIHE BbI-
PAXKCHUA I KPYTOBBIX ((L)) N TEXHUYCCKUX (f;,) qacToT
CBOBOIHBIX KOJIEOaHMii:

2
1|1, k;

4
2 1y -
o = ] s

2z \ p'F ”?

P

a1

e I, ompenensercs Beipaxkennem (5). Ilo momy-
YEHHOH (hopMyse MOKHO IMOACYMTATh HH3IIHE COO-
CTBEHHBIC YaCTOThl APMUPOBAHHOTO CTEPXHS C MOCTO-
SIHHBIM 110 JUTMHE CEYCHHUEM TIPOM3BOJIBHOM QOPMBIL.

Bennuunna [, MO3BOJIAET y4ECTh HEPABHOMEPHOE
pacnpezneneHue GU3NICCKUX MapaMeTPOB KOMIIO3ULIU B
CIIONCTOM ceueHHH. I aBUALMOHHBIX MPodHIeit 3ToT
MHTErpajl MOKHO TIPOCYHUTATh ITOCIOIHO WM MOdJie-
mentHO Ha OBM [10]. Ecin marepuan crepikHst n30-
TPOMHBIL, TO u3 Beipaxenus (11) caeayer dpopmya Pa-
nes-Purna.

Kapum6aeBbiv T.JI. OBUIM TNPOBEICHBI SKCIEPH-
MEHTBI TI0 ONPEAENCHHIO COOCTBEHHBIX 4YacTOT ISt
CTEPIKHS IPSIMOYTOJIBHOTO CEUCHMS, H3TOTOBICHHOTO U3
CTCKJIOTKAaHH, MMEIOLIEro Ciefylomue (QU3HYecKue u
TeOMETPUYECKUE XapaKTePHCTHKH:

A'=0.119-10° MITa, #" =0.046-10° MTa,

1" =0.179-10° MITa, 1™ =0.0307 - 10° MITa,

pl=IS005, pt =502 V=06, V=04,
M M

(=0.12m, h=0.003m, b=0.03m.

Jlnst cpaBHEHHsI COOCTBEHHBIX 4YaCTOT CTCPXKHS C
JIAHHBIMH 3KCIIEPUMEHTOB MPOBE/ICH YUCIICHHBII aHAIN3
dopmynsr (11). JInst mMpOCTOTHI YHCIEHHOTO aHAIHM3a
paccMaTpUBaeTCs CTEPIKEHb MPSMOYTOIBHOTO CEUSHHs C
PaBHOMEPHBIM DACIPEICTICHUEM (U3NYECKUX CBOUCTB.
Torma mocie WHTErpUpoBaHHS (5) BBIpAKEHHE JUIS

0,

"7

Kak BumHO W3 TaGnuIbl 2, pacyeTHbIC 3HAYCHHSA
YacTOT NPEBbIIACT YKCHEepUMeHTanbHble Ha 3-5%. Ta-
KAM 00pa3oM, HCIOIb30BaHHE TEOPUM CIOUCTBIX ap-
MHUPOBAHHBIX Cpell, B 4aCTHOCTH, 00OOIIEHHOH Ha OC-
HOBE IPHHIMIA ['aMHIIBTOHA, IIPU pacdyeTe IEMEHTOB
KOHCTPYKIMH M3 KOMIIO3UIMOHHOIO MaTepHaja I03BO-
JS€T TIONMYYHTh YHOBJIETBOPUTENBHOE COBMAJCHHE C
ONBITHBIMH JaHHBIMH. PacuerHbie cootHomenus (11),
(12) ycraHaBiaMBalOT HEMNOCPEJICTBEHHYIO 3aBUCHMOCTh
COOCTBEHHBIX YaCTOT OT YHPYTHX M IMHAMUYECKHX Ia-
PaMeTpOB OT/EIBHBIX KOMIIOHEHTOB KOMIIO3HIMH H
TO3BOJIAIOT MYTEM HMX BBIOOpA YNpPaBJIATH BHOPAI[HMOH-
HBIMH XapaKTEPUCTUKAMH TEJIa.

B kadecTBe mnpuMepa IPHBOIATCS PE3OHAHCHBIC
JINarpaMMBbl Il KOMIIPECCOPHOM JIONATKK M3 Oopaio-
munus. Ha puc.2 n300paxeHa pe3oHaHCHas JAuarpamMma
JUISL OT TIEPBBIX NSATH TapMOHUK BO30YXIeHUs Ha pabo-
ynx pexumax n=0.75u n=1.

£ -
3750 phal =5
3500 +—2
3250
3000
2750 (=4 k,
2500 n=3 —=—1
2250 e
2000
1750 42 ey 3
1500 et
1250
1000 - —t=S
750 ——t =
500 =2
0 - >
] 0,25 05 0,75 11

Puc.2. — Pe3oHaHCHAsl 1HATPAMMA KOMIIPECCOPHOI JI0NATKH
13 GOPOATIOMHHHS LISl OTCTPOHKH OT NEPBBIX NSITH IapMOHHK
(1,2,3,4,5) BO3GyAIeHUs HA padounx pexkumax 72 =0.75u 71 =1.*
if pesnm ABTOKO.

JInst maHHOW KOMIPECCOpHOH Jomatku u3  6o-
pOAIIIOMUHUS, KaK BHIHO U3 pHUCYHKa (puc. 2), OT-
CTPOUKH MOTpedyeTcs OT YETBEPTOro M ISATOr0 rapMo-
HHK BO30y)KIeHHs Ha pabounx pexxumax n >0.75.

B Tabmuue 3 npuBeleHbI NEPBbIC ISTh FAPMOHHK
HEIOJBIKHBII M BpalaroIINecs KOMIIPECCOPHOM JIo-
TIaTKW PaBHOMEPHO TIO JUIMHE 3aKPYyYE€HHBIE Ha Yroj
79 =0,006 pad / mm 13 GOpoATIOMUHKS  JUTHHBI 140 MM 1
TIOTY4YCHBI TIATh COOCTBEHHBIX YaCTOT KOJeOaHUU (I/I3-

ruGHbIC B MIOCKOCTH MeHbIeii skectkoctn £/, kpy-

TunbHas f, ). Ha puc.3 npencrasiens y3n0Bble THHAN

nepBoil M3rHOHOM (OPMBI COOCTBEHHBIX YaCTOT KOJe-
OGaHuii 1pU 7 =1 HAa MOBEPXHOCTU KOMIIPECCOPHOM JI0-
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z

HaTKM CO CTOpOHBI KopwiTia. Ha puc.4 mpencraBieHs
y3JI0BbIe JUHHH BTOPOil (a - mepBas KPyTHIbHAs) U
TpeTheit (6 — M3rnOHO-KPYTHIIbHON) (HOPMBI COOCTBEH-
HBIX YacTOT KoJIeOaHWH HpU 7 =1 Ha TIOBEPXHOCTH
KOMIIPECCOPHOii JIONaTKK €O CTOPOHbI KopbITHa. Ha
pHC.5 TpesCcTaBICHBI Y37I0BBIC JIMHUM YETBEPTOi (a) n
170 (6) GOpMBI COBCTBEHHBIX HaCTOT KoneGaHuii nmpu
7 =1 Ha TOBEPXHOCTH KOMIPECCOPHON JIOMATKH CO
CTOPOHBI KOPBITHA.
Ta6:1.3. CobeTBeHHbIE YACTOTHI

E| 0| 0,25| 05| o,75| 1

s 426,07 | 430,38 | 443,03 | 463,42 | 490,33

210y, 1119,6 | 11209 | 11247 1131 1139,7

3| p| 17332 1736,9 | 1748,1 | 1766,6 | 17919

a) 0)
4 sl 3356,7 | 3359,8 | 33689 3384 | 34049 Puc.5. ¥3/10Bble IMHAH HA TIOBEPXHOCTH KOPbLITHA
S| | 350427| 3507,4 | 35172 | 35335 | 3556,1 TpuMeHeHHE CTEPIKHEBOI TEOPUH K CIOKHON MO-

JIe/H, KaKOBOW SIBIISIETCS KOMIIPECCOPHAsi JIOIATKa, MO-
Ka3bIBaeT, 4To GopMbI KosIeOaHni OyayT CMELIAHHBIMU U
HMEIOT ¥ U3THOHBIE, N KPYTHIBHBIC, U POTONBHEIC T1e-
pemelieHns oHOBpeMeHHO. [1oaToMy 0coObIii HHTEpEC
MpeZICTaB/IAET TOBEICHHE BTOPOM M3rMOHOH M mepBoit
KPYTWIBHOH HOpPM H3-3a BOSMOKHOCTU BOSHUKHOBEHHS
Ha  ONpENEeNeHHBIX  pabounmx  peXmMax  HM3ruo-
HO-KpyTHIIbHOTO (iartepa. Heobxomumo oTMeTHT, 4TO
BOIPOCHI IIPOrHO3UPOBaHMS BO3MOKHOCTH BO3HHUKHO-
BeHust (raTTepa BBIXOAAT 32 PAMKH JaHHOI paboOThI.
OjHaKo, UMeeTcsl Ope/eNIeHHbI (KT BOZHUKHOBE-
HHSI KOTOPOTO HEOOXOIMMO M30€kKaTh Ha 3Tale JCKH3-
HOTO MPOEKTHPOBaHHs jtonmaTku u3 KM.

1.B KB, T P. Texunuec -TTTIL,
1952, 1.2.-220 c.

2. Xpouun [JI.B. Teopusi u pacuer KoneGanuii B JIBUraTesx Jjie-
TaTelbHbIX anmnaparos.- M.: Mammuocrpoenne, 1970.

3. Bopo6ses [0.C., Ilopp b. ®. Teopus 3aKpydeHHBIX CTEPK-
neit. Kues: Hayk. Jlymka,1983. — 188 c.

z 4. buprep M.A. u ap. Pacyer Ha NpOYHOCTH J€Taseil MallvH.
CrnpaBounnk. M.: Maumunocrpoenne, 1993. 640 c.

5. Sun S.T., Achenbach J.D. Tim-harmonic trasverse and longi-
tudinal motions of a laminated plate. Nordwestern Univ.Struct. Mech
Lab. T.R. Ne63-1. Evenston. Illinois. 1969.

6. Bpexosckux JI.M. Bomnbl B cioucTsix cpenax. M.: Mzx. AH
CCCP. 1957, 520 c.

7. Axenbax JIx.J1. Kc M BOJIHBI - apMUPO-
BAaHHBIX KOMNO3uTax //B ku. Kommosuimonnsie Marepuanst. M.:Mup,
1978.-¢.354-400. nn.-(MexaHuKka KOMIO3HIIMOHHBIX MaTepPHaoB: T.2).

8. Hypumberos A.Y., Jlynaenko A.A. Jledopmarus ecTecTBeH-
HO-3aKpY4Y€HHBIX MHOTOCJIOHHBIX AHMU30TPOMHBIX JIONATOK aBHAIU-
OHHBIX JBuTaTeneii // OGOPOHHDIH KOMILIEKC-HAYYHO-TEXHHYECKOMY
nporpeccy Pocenn. Mocksa:  ®I'VIT «BUMM», 2015.-Ne2.-¢.46-54.

9. Meepony M.M. KoneGanus mpsMOyroabHON IIOCKOM Ita-
cTuHBL — JIUHAMHKA aBMAMOHHBIX ABHrarteneii. - M. Obopon-
ru3, 1952, Beim.8, ¢.149-208.

Puc.3. Y310Bble JIHHHA HA TOBEPXHOCTH KOPbITHA
(nepBasi u3rndnas)

a) 0)
Puc.4. Y310Bble IHHHH HA IOBEPXHOCTH KOPLITHA (2 — nepBasi
KpPYTHIIbHAS, 6 — H3THOHO-KPYTHIILHAS)
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Aunomavus: /s npsameix cmepacnedi cioucmoi cmpykmypul Ha ocnose mooenu C.I1. Tun cy M O 20
obocamusi, Uchonb3yemoil OJis Kaxcoo20 Cos, ROCMpPOeHbl 08d 8aAPUAHIMA 0OHOMEPHBIX YPAGHEHUIL, ONUCHIBAIOUJUX eeowempuue-
CKU U usuvecku  Henunelinoe depopmuposanue npu npous X nep X U Manvix Oegoy x. B ux ocnogy no-
JI09iCeHbl NPEONodICEHHbIE patee Henp )% co [IHOTI Meopul YNpy20Cmu, UCNOTb306aHUe KOMOPBIX He
npUBOOUM K NOSIGNEHUIO (IIOACHBIX» OUDYP OHHBIX P 1. Iepeviil 6ap co meyem CMHOT nOCManoeKke
3a0a4u, 6 COOMEEMCMEUL C KOMOPOIl 6 MOUYKAX CONPAICEHUS CNOEE 66COCHbl 6 PACCMOMPEHUE 8 KAYeCcmee HeU36eCnHblX KOH-
MaKkmmuvle HAnpsdICeUs, a 6Mopoll aApUAHI COOMEEMCMEYem nPeosapumenbHoMy YOO6IemeoPeHuIo KUHEMAMUYeCKUM YCao6u-
SIM CONPAACEHUS. CTIOEE NO NEePEMEUYeHUSIM.

Kniouesvie cnosa: npsmoii cmepoicens, cioucmas cmpykmypa, puueckas [IHOCHIb, NPOU3EONbHbIE NepeMe-
wenus, manvle oegopmayuu, mooens C.I1. Tumowenro, KOHmMakmmuvle HANPAICEHUS, KUHEMAMUIECKUE YCT06US CONPAICCHUS.

PaGora nocesiiena JanbHelIIeMy pa3sBUTHIO Bbl- ui :u[klnmylﬂ - |
MOJIHEHHBIX paHee uccienoBanuii [1-3]. YpaBHeHus Blg, 4+ lt W 1)
Npe/TaraeMbIX HIKE BAPUAHTOB TEOPHU INIABHBIM 00- sue “”‘Z[k](}ﬁ ety
PA30M MPEHA3HAUCHEI /T TOCTAHOBKH TEOMCTPHYECKH 1o /[0 Wl jepevemenns  Todek  CPEIMHHON

1 (QU3MYECKH HENMHEHHBIX 3a/ad MEXaHHKH MHOIO-
CIIOMHBIX CTep)KHEH M BBIABICHUS BCEX BO3MOMKHBIX
(GopM 1OTepH YCTOHUMBOCTH 5IIEMEHTOB CTPYKTyphl ~ HOPMAlTM BOKPYr ocH y , (yHKUMA y ONMCBIBAET
BOJIOKHHCTBIX KOMIIO3UTOB NPH CTAaTHYECKUX HCMBITA-  TIoMepedyHOE 00KATHE CTEPYKHA B HANPABICHAN Z . [Ipu
HUSIX TECT-00pPa3sLOB, MCIOJIb30BAHNE KOTOPBIX MO3BO-  MamblX JAe(OpMAlMAX H KOHEYHBIX MEPEMEIICHHAX H
JICT 3HAYUTEIBHO YTOUHMTL IOJYYEHHBIC PaHEC PE-  [OBOPOTaX B COOTBETCTBHM C mpencraBineHuem (1) st
3yIbTaThl [4]. [¥]
PaccmoTtpuBaeTcs mpsMO# cTep:keHb, COCTOSAIINH

IIIOCKOCTH BJIONbL OCel x M z, y, — yroia moBopoTa

ompesieieHHsl TAaHTEHIMANBHBIX Jeopmanuil &

e 9 k
ws M=N-1 cioés (pucyHoK), mpoctpamcta  AcdopMaumii  momepeusoro  obmatws £ m
k

xotopsix V! ormecemsr k  mapamerpmsammsM  momepewnmsix  ciBuros A9 ucnomesyiores
R =r[*]+z[k]m[‘] . My Sz Shy . TAe  COOTHOMICHMA, BhiBelcHHbe B paborax [6.7]. Tipn
0 UeanbHOM KOHTAKTE CJOEB OOOJOUYKH BBEICHHBIE B
= Xe +H[] — PpaauyC-BEKTOp TOYCK CPEAMHHOM  paccMOTpeHHME BEKTOpHI mepememenuii (1) B Toukax
BHYTPEHHHX TOBEPXHOCTEH CONPSIKEHUS CIIOEB JI0JIKHBI

TIOCKOCTH U[k] k -TO C1osi, IMEFOIIEro B HanpasJICHUN
YAOBJICTBOPATH YCIIOBUAM KHHEMAaTHYCCKOTO

- k ~
BEKTOpa CAMHIYHON HOpMAy m O}y ToMIHHY CONpPSDKCHHs,  KOTOpPble B CKasIpHOH  (opme
TNIPEACTaBUMBbI B BUIE

h, ; X — KOOpDIAMHATAa BJOJNb OCH CTEPXKHS Ha
[¥] P A P [ _ h[k] e h{ku )
HEKOTOPOil IUIOCKOCTH O , HPHHATOW B KadecTBe Oasbl #
apaMeTpH3aLuH. : .
. o . IUEA] :W[k]_'_%y[k]_‘ [k+1] h[k 1 m] 0; )
N-1)
gy — e — o =8 k=LN-2.
———————— 7y LS =i / BBoznsTcs B paccMOTpeHHe BHYTPEHHHE YCHIUSA U
\—3 e S —— —( MOMEHTEI
e e e e e Iy /2
Z il (K] _ [K] ] _ [K]
/L D T 7\.\7\ = Tos I [ dz M= I sz[k]dz[k] 3)
[ ————— /2 Rl
& NPHBEJICHHbIE K CPEIMHHBIM IUIOCKOCTSIM clioeB. B

COOTBETCTBHH C [3,4] THPOBOAMTCS JIEKOMIIO3HIHS

OrpaHu4uBIIMCL PACCMOTPEHHEM IUIOCKOM  3ajadu
o6onoukr Ha N —1 cl0eB , BBOIATCS B PACCMOTPEHHUE B

TEOPUH YIPYrOCTH, IS ONHCAHMS MEXaHHKH JAedop-
MHPOBAHHUS K&I0T0 [K]-T0 CIOS CTEPXKHS WMCHIONb3y- — TOYKAX IOBCPXHOCTEH COMPSIKCHNS °_<k)(k =N 72)
ercst kuHemarnyeckas Mofens tnna C.II. TuMOweEHKO  mosepxHOCTHBIE KOHTAaKTHbIE yermmst. Ecian 0603Ha4uTh
IyTeM MpPEICTaBICHHUs BEKTOPOB HepeMelleHHit ul uepes q[A] :q,[”e, +q£k]m BEKTOp ycuiuii,

B BUIC neiicTByiommii Ha k -plii cioii co cropomsr [k +1] -
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cnost, To Ha [k +1] -blit cnoii co cropomsr k -ro cmos

Oyzner neiicTBOBAaTh YCHINE, DPaBHOE —q[k] . Ecim
BEKTOpBI TepemenieHnii (1) He MOTUMHEHBI YCIOBUIM
conpspkeHust (2), TO BBEICHHBIE B PAcCMOTpEHHE
BHYTPEHHHE U BHECIIHUE CUJIbI JOJIKHbBI YIOBJIETBOPATH
BapHalIOHHOMY ypaBHEHMIO [5,6]

OI1-84-084,=0 4
rae OI1 — Bapuanus HOTCHIMAIBHOW SHEPTHH
nedopmaunn, 64 — Bapuanus pabOTBl  3aJaHHBIX
BHCUIHUX CHJI, SAq — Bapuauusa paﬁOTLI KOHTAKTHBIX

o u k
yCWJIMK B3aUMOJACUCTBUA q[] Ha COOTBETCTBYIOLIMX

MepeMEIICHUSX, BBIYHCIIsIEMast 110 (opMmylie
S ol =
= )
N2 h hI
_5 0l u[k]+ﬂ 1 _ et e e
L 2 o e
Iocne cranmapTHBIX IpeoOpa3oBanuii, HCX0s U3 (4), B
cuity MPOU3BOIBLHOCTH Bapuauui

sul'l, swll, syl 51 51, 5l

4(N-1) ypaBHCHWIl PaBHOBCCHS, CTPABEUIMBAS UL

BBIBC/ICHA CHCTEMaA

coyyas ManblX JedopManuii  IOpU  MPOM3BOJIBHBIX
HepEeMEIICHHSX, a TAKKe alreOpanuecKue ypaBHCHHS,

ABJIFOLIUECS KHMHEMaTHYCCKUMH YCIOBUAMH
k
CONPSIKEHUs CIIOEB u["] =0, p[ 1= =0, k=LN-2.
yr usa, ¢ meyuiue nf 0 1] Homy
yooe. ul conpadcenus cioee. Bpoaurcs B
paccMoTpenHe N BEKTOPOB nepeMeneHui
k k k
e )e, +wm; k=LN  Touex TPaHMYHbIX
TJIOCKOCTEH =— =
JIOCKOCTE! o hm/z,z[Ni‘] h[‘M]/Z s
BHYTPEHHUX  IIJIOCKOCTEH  CONpSKEHHsS — CIIOGB U
coctaBisiercss N —2  yclOBHIl CONpPSIKEHHS CIIOEB

CTCPKHS IO IEPEMECILICHUSAM B BUIC

(1) 4y (0 NCORNO)

M[A] _ ll : W[A] _ +w :
2 2 ©
) o LD 0
g g

B paccmarpuBaeMoM citydae BMeCTO (4) JIOKHO
BBITIOJIHATBECSL  BAPUALIMOHHOE YPABHEHHE TPUHIIMIA
BO3MOXHBIX Tepemerenuii dI1—-384 =0, ucxoms u3
KOTOPOTO TMOCJIe MPOBEIEHNs CTaHAAPTHBIX Ipeodpaso-
BaHUIl B CHJIy HPOM3BOJIBHOCTH BapHaIUid su™, 5wt

BeIBOIUTCS cucTeMa 2N  nudepeHunanbHbIX ypas-
HEHUH paBHOBECHs, CIIPaBEUIMBAsi TAKXKe Ul Cliydas
Maibix AedopMarmii mpr MPOH3BOJBHBIX IIEpeMelie-
HUSAX.

Marepuainst CloéB CTEPHKHS CUUTAOTCS
OpPTOTPOIHBIMH, IPUYEM OCH OPTOTPOIMHU COBIANAIOT C
OCsIMH BBIOpaHHOIT KoopjmHaT. JJIsi TaKoro Matepuasia

.~ k
KOMIIOHEHTBI ~ HAIPAKCHUN O'Ll; C KOMIOHCHTaAMH

ue(bopMauHﬁ CBSI3aHbI CI)]/BI/[‘ICCK]/IMI/[ 3aBUCUMOCTSIMH
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CIIEYIOIIETO BUJIA
oft = gllel) + gl o
ol = gllel 4 gl o) =Gl
MOACTAHOBKOW KOTOpPBIX B (hopmyns! (3) ycraHaBmu-
BaroTCA dmmqecxne 3aBUCUMOCTH MEKIY BBEACHHBIMH
B PACCMOTpPCHUE YCHIIMSMH, MOMCHTaMH M KMHEMAaTH-
YECCKHUMH COOTHOULICHHUAMM. JIJ'IS[ BOJIOKHUCTBIX KOMIIO-
3UTHBIX MaTE€PHAJIOB, U3TOTABINBACMBIX M3 YIJICICHTHI,
nepBble JBE 3aBUCHMOCTHU B (7) SBISIOTCS JIMHEHHBIMU
BIUIOTh JIO Da3pyLICHHs KOMIIO3HTA, TPEThsl 3aBUCH-
MOCTb B COOTBETCTBUM C pe3ylbTaTraMu padoTsl [7] siB-

.~ .~ . k
nseTcs HenuHelHol. B Helt momyns capura G1[3] 3a-
BHCHT OT YPOBHsI (YOPMHPYIOLIUXCS B CIO€ CABUTOBBIX

nedopmartuii 7[] U B 0OIIEM Cilydac MOXET ObITh

MpPEJICTaBlICHA B BHJE G[k] *G[k]( H) Bxopsie B

COOTHOLIEHHS 7
[e] L6 Lk

ynpyrue
yepe3 MOAYIU YIPYTroCTH El[k],Egk] u

XapaKTepPUCTHKH

811> 8135 85
KOO OUIHEHTBI ITyaccona
["] ga=#pa=1 3 L= ) BBIPKAIOTCSL 110 U3-

BECTHBIM (hopMyJIaM.

Pabota BemonHeHa mpy QHHAHCOBOW MOIIEPIKKE
POOU (mpoektsr Ne 16-38-60068, 15-01-05686,
15-41-02569).
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crepskaeit / TIMM. 2007. T.71. Ne 5. C. 855 - 893.

2. Haiimymmn B.H., Tionan W.IIL., Jlykaukun C.A., ®upcos
B.A. HccrnenoBanne KauecTBa HEIMHEHHBIX ypaBHEHHIl Teopuu
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2016. -C.143-145.

120



LE®OPMUPOBAHWE U PA3PYILIEHUE KOMIMOSULIMOHHbIX MATEPUAIOB Y KOHCTPYKLIMA
DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

AHAJIM3 CTAHJIAPTOB UCTIBITAHU KOMITO3UTHBIX MATEPHAJIOB U
HANPABJEHMS UX JTAJILHEWIIETO PAZBBUTHSA

Maitmymms B.H. ", Xonmoropos C.A.!, Makapos M.B.'2
' KHUTY-KAU, Kazaup, Poccust; © vpajmushin@mail.ru
2 KoV, Kazans, Poccus

Annomayus: B coomeemcmeuu ¢ cyuecmeyiouumMu MexcoyHapoOHsiMU U omedec M cm. p npoeedén
YUK UC) it no onpeo o YeCKUX XAPAK) MUK 08YX 81008 0OHOHANPABICHHO20 B0I0KHUCTNOZ0 KOMRO3ZUMA
Ha 0cHOGe YenepooHo2o eonokua. Hccnedosan 6uo ouazpamm Oeopmuposanus npu pacmsadicenuu i c. c X
mecm-06pasyoe 6 nanpasnenuu #45 ° ocnoswl. Bud ouazpamm Oedopmuposanus onpedenén makce omoenvho Ols CéA3yIoueo
XT-118 nymém pacmsicenus mecm-o0pazyos, us20mo61eHHbIX MOIbKO U3 00HO20 CEA3yIoue20. Mcxoos uz noayuenHbx pesyib-
mamos, NPoGedeH ananu3s CoOePICAMENbHOCHIU U KOPPEKMHOCIU UCRONb3YEMbIX CIAHOAPMOE UCHLIMAHU.

! UCH

Knrouesvie cnosa: KOMRO3UyuoHHusle ’L , Ch
YeuHblll uaeuﬁ, }’C’mOl?'-lllBOL’l’ﬂb.

Pe3yabTaThl HCHBITAHHI OTHOHATIPABICHHOTO BO-
JIOKHHCTOI0 KOMITIO3MTA MO CYyIEeCTBYIOIIUM CTaH-
aapram

IIpu TIPOYHOCTHOM aHaNM3e KOHCTPYKIHH W3
KOMIO3UTHBIX MatepuanoB (KM) wucronesyercs, Kak
TIpaBuio, ('l)eHOMGHOIlOl"I/I‘{CCKPIf/'I noaxod K OIMCAaHHUK
cBoiictB KM, cOIIacHO KOTOPOMY KOMIIO3HT paccMarpy-
BACTCA KaK YCIIOBHO OJHOPOMHBIN U, KAK MPABHIIO, aHU-
30TponHbIi MaTepuait. Ha 3T0i ocHOBe pa3pabarsIBaroTCs
COOTBETCTBYIOIIUE MATEMATHYCCKHUE MOJCIH, KOPPEKTHO
OIKCHIBAIOIIHE ero AedopMUpoBaHue U paspyienue. [Ta-
paMeTpbl TaKMX MOJENeH, KaK HPaBUIIO, OIPEICIIOTCS
UCXOSl M3 JIAHHBIX COOTBETCTBYIOIIMX SKCIICPHMEHTOB.
M3BecTHO CYLICCTBEHHOC BIMAHHE Ha MEXaHHYCCKHE
coiictBa KM TexHOMOrHYIeCKUX q)aKTOpOB TIpu U3ro-
TOBJICHUH M3/ICNIMH U DIEMEHTOB KOHCTpyKuuii. [TosTto-
My KM paccmarpuBaioT Kak Marepuall, co3/laBaeMblit
COBMECTHO C KOHCTPyKIHMeH, a MH]OpMarmio o ero
CBOMCTBAx TIOTy4alOT Ha OCHOBE PE3YIbTATOB HCIBITA-

v, MexaHuyeckue xapakmepucmuku, mpexmo-

HHIl TakuX “XapaKTepHBIX” 00pa3loB, KOTOpHIE OBI
azieKBaTHO oTpaxkanu cneruduky paborst KM B cocra-
BE pEalbHOW KOHCTPYKLUH. DTOMY TpeOOBaHHIO, KakK
NPABHIIO, YIOBJIETBOPSIIOT CTAaHIAPTHBIC IUIOCKHE 00pa3-
Lbl, M3TOTOBJICHHBIC HAJIO)KCHHEM OIPEICICHHOIO KO-
JIMYeCTBAa MOHOCIIOEB APYT Ha ApyTa.

B Tabi1.1 npuBeneHs! ocpesHEHHbIE yIIPyrue U
MIPOYHOCTHBIC XapaKTepUCTUKH YIVIEIIACTUKA,
Haii/IeHHbIe nmyTem NPOBE/ICHUS ucnbITaHui
TecT-00pa3LoB U3 OJHOHANpABIeHHON yrienentsl HSE
180 REM ¢ npsMOIMHEHHBIMU BOJIOKHAMH U CBS3YIO-
mero DAT-69HM [1]. Tect-o0pasipbl U3roTOBICHBl B
BHJIe OPYCHEB NPSIMOYTOIBHOTO HONEPEUHOTO CEUCHHMS C

ApMUpPOBAHUEM B HAIpaBICHUU OCU 1(0"). Hcnbl-

TaHMS Ha PACTSIKCHHE, CKATHE, TPEXTOUCUHBIH H3rHb 1
METOAMKH OINpPENIENICHUs X XapaKTePHUCTHK MPOYHOCTH
U YNPYTOCTH IOJHOCTBIO COOTBETCTBYIOT CYIIECTBYIO-
LIUM B HACTOSILEE BPEMsl CTaHIAPTaM.

Tabnuna
Ne HaumeHoBaHue onpejiensieMoil XapaKTepUCTHKU U 0003HaYeHUE 3HayeHue
1 Moynib yIpyrocTy Ipu PacTsKEHUH B HarpaeieHuu ocu 1, < E > 133 I'la
2 | Mojynb yIpyrocT# Npu pacTshkeHUU B HATPaBIeHU ocu 2, < E > 5,9 I'ma
3| Mozynb ynpyrocty npu cxxatuu B Hanpasienun ocu 1, < E; > 132 T'na
4 Kosddumment ITyaccona, HaifleHHBII IPU PACTSHKEHUH B HAIPABJICHUH ocH 1, <V, > 0,29
5 Kooduument Ilyaccona, COOTBETCTBYIOIIMII pacTsDKCHHMIO B HampasneHun ocu 2, | 0,0126
<vy, >=<E; ><v, >[<E >
6 Monyib ynpyroctu < Elu('z) >, HaliIeHHbIH py U3rude JIMHHBIX 00pa3LoB B IIIOCKOCTH 1-2 101,2 'ma
7 Monynb ynpyroctu < El’“(”) >, HalIGHHBIH MU U3rude JUTMHHBIX 00pa3loB B MIIOCKocTH 1-3 89,7 I'ma
8 Monyns ynpyroctu < E;Em >, HaliIeHHBI}H NpU M3ruOe JTHHHBIX 00Pa3LoB B MIOCKOCTH 2-3 7,31 I'ma
9 Monyins cisura < G, >, HallIeHHBIH IPH H3rHOe KOPOTKUX 00Pa3IIOB B IIOCKOCTH 1-2 1,12T'ma
10 | Monyss casura < G,, >, HaiiieHHblil npu n3ru6e KOPOTKUX 0GPA3LOB B IIOCKOCTH 1-3 1,31 I'ma
11| Monyns casura < G,, > , Haii/leHHbIH Ipu n3ruGe KOPOTKUX 06Pa3LOB B MIOCKOCTH 2-3 0,4 I'ma
12| Mpenen npouHoCTH NpU pacTsKeHUU B HANPaBIeHUK ocu 1, <o| > 2490MIla
13 | Mpenen mpouHOCTH NPH CATHU B HANpaBIeHuK ocu 1, <o > 459 Mlla
14 | TIpesien npounocT! <G} > NpH PaCTSHUKEHHH B HAIIPABICHUA OCH 2 17,2 MIla
15 [Ipenen npo4HOCTH IpU CKATHU < c;(,'z) > B HANpaBJICHUU OCH |, HaiieHHbINA 1pH H3rube 824 Mlla
JUINHHBIX 00pa3IoB B IIOcKocTH 1-2
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16 Ipenen MpoYHOCTH NpPU CKATHU <cs;f”) > B HalpaBICHUH OCH 1, HaiieHHBIH npu M3rubde 801 MIla
JUIMHHBIX 00pa3IoB B ILIOCKOCTH -3

17 | Npenen npouroctu npn cxarun <G;(’23) > B HANpaBJICHHH OCH 2, HallJICHHBIA NpH M3rude 41,9 MIla
JUIMHHBIX 00pa3loB B IUIOCKOCTH 2-3

18 | Ilpenen mpounoctn mpu casure <o, >, HaiiJeHHbli mpu u3rube KOpoTkux o6pasuos B | 65,1 MIla
iockocTu 1-2.

19 | Mpenen npounoct mpu casure <G, >, HalifeHHbI pu u3ruée KopoTkux obpasuos B | 53,6 MIla
wiockocTu 1-3

20 | Ilpenen NPOYHOCTH NPU CABUrE < G,, >, HaliJCHHbI 1pu n3rube Kopotkux obpasuos B | 54 Mlla
TUIOCKOCTH 2-3

IlpoBenss KPUTHYECKHIl aHAIN3 IIPEICTaBIICH-
HBIX PE3yNbTaToB, CIeIyeT OTMETHTh, 4TO Hambonee
JIOCTOBEPHBIMU W HAJIC)KHBIMHU SIBJIAKOTCA PE3YIbTAThI,
npuBeieHHble B cTpokax 1-5 u 12-14. U3 Hux 3Ha-
ueHust < E >, <E, >,<v, >, <o > N0Iy4eHsl
HUCHIBITAHUEM TOHKHX TECT—O6p33LlOB Ha PacTAKCHHUEC,
KOIJIa B 9KCIIEPUMEHTAX C OOJIBIIONH CTEHEHbIO TOYHO-
CTH HAaOJIOAeTCs IMHEHHbIN 3aKoH 1e(hOpPMUPOBaHHs, a
paspymieHne obpasna IPOMCXOIUT Pa3phIBOM BOJIOKOH

Kommo3nTa. 3HadeHus < E; >, <o, >, TOIy4eHbI

C)KaTHEeM TeCT-00pa3loB TONMKHOM 10MM ¢ HCIONB30-
BAHUEM CICIUANBHOIO IPHUCIIOCOOICHHS, B SKCICPH-
MEHTaX HaOII0NaeTCs COXpaHEeHHE JIMHEHOro 3aKoHa
nehOpMUpPOBaHUs B TIPOLECCE HATPYXKEHHs BIUIOTH JIO
paspyleHus o0pasloB, a caMO Pa3pyLICHHE MPOUCXO-
JAUT MEKCIIOMHBIM PpacCiIiOCHUEM.

3HayeHus, NPUBE/ICHHbIC B CTpoKax 6,7,8 u 15, 16,
17 OMNpEACIAOTCA HCIBITAHUEM HE TOHKHUX JUTHHHBIX
TecT-00pa3loB HA TPEXTOUYEUHBIH M3rH0 M U3 HUX 3Ha-
< E];(B) >,
TIPEATIONIOKECHUH O TOM, YTO KOMIIO3HUT SABIIACTCA pas-
HOMOAYJNIBHBIM MAaTE€PHAIOM, a q)PlKCI/IpyCMBIM napa-
METPOM BIUIOTbH JI0 Pa3pyLICHUs SBISETCS N3MEPsSeMblit
nporu6 cepefuHbl 00pasia. 3aMeTHM, YTO pa3pyLICHHE
Takux 00pasuoB npu u3rube B 1miockoctsax 1-2 u 1-3
TIPOUCXOIUT MEKCIIOHHBIM pacciIoeHueM, Ha4YMHaAI0-
IMMCS C UX KOHLIEBBIX ceqeﬂuﬁ, a HE pa3pbIBOM BOJIO-
KOH B CpeIHEM CedeHHH oOpasiua, T.e. (QHKCHpyeMble

- —(12] (13
3HAUCHHS HATPSLKCHUI <U|u( 's, <o

—(12 (23 o
YEHHUs. <E]u( )>, <E2( ) > maiienst B

> HE COo-

OTBETCTBYIOT MEXaHU3MY Pa3pylIeHHs 0Opasua.
3HayeHus, npuBeeHHbIe B cTpokax 9, 10, 11 u 18,
19, 20 onpenenstoTcss UCIBITAHUEM HE TOHKHX, HO KO-
POTKHX TeCT-00pa3IoB Ha TPEXTOUYCUHBIH H3ru0, HO PH
OTOM CYMTACTCSA, 4YTO HX paspymeHHe TIPOUCXOUT
MEKCIIOMHBIM PACCIIOCHUEM B OKPECTHOCTH CEepeaHMHbI
06pa3ua 13-3a JOCTHIKCHHUS IIOICPEYHBIX KacaTeJIbHbIX
HanpskeHud <oy, >, <0, > U <0, > Npeneib-
HbIX 3HaueHuid. [Ipu sTOM U1 ompeneneHus Mouysei

cupura <Gy, >, <G, >, <G, > wucnombsyercs

METOAMKA, OCHOBAaHHAsdA Ha COIIOCTaBJICHUU HPOFI/I6OB,
OIpEAC/IAEMbIX W3 DJKCOEPUMEHTAa U TEOPETUYECCKUM
IYTEM IIPU YUYETE IMOTNICPEYHBIX CJIBUTOB.

O HekJaccuveckoii popme noTepu ycroiiumBocTH M
pa3pylieHHH KOMIIO3HUTHBIX TeCT-00pa31oB B

YCJI0BHSIX TPEXTOYEYHOI0 mruda

B uukiie panee BoinonHeHHbIX pabot [2,3 u ap.]
ObUIO  NOKA3aHO, 4YTO IpPH MalbiX JehopMarusax
HCIIONb30BaHNE COOTHOIICHHIT KJIaCCHYECKOM
TCOMECTPHUICCKH HEJTMHEHHON TCOpHUHN YHOpyrocTu,
COCTaBJICHHBIX B KBaJIpaTUYHOM HpI/I6J'Il/DKCHl/Il/l u
CUMTAIONIMXCS BO BCEH HAYYHOI M yueOHOM IuTeparype
a0CONIOTHO KOPPEKTHBIMH, NPU HEKOTOPBIX BHIAX

HArPY)KCHHSI TNPHBOAUT K MOSBICHHIO «JIOXKHBIX»
Oudypkaunonueix pemenuid. s ciydas  Maibix
nedopmaruii Uit HMX  ObUI  HOCTPOCH

HENPOTUBOPECUMBBII BapHaHT, a TaKXE PACCMOTPEHBI
MPOCTEHIINE TIPUMEPbI €ro0 MPUMEHEHHs, CBSI3aHHbBIC C
pedyKumei  JBYMEpHOHl  HeIMHeHHOM 3a1a4n
nepOpMUpOBaHKs  TIOJOCHI B BHIE CTEPXKHA K
OJTHOMEPHBIM ~ YPaBHEHUSM M  IIOCIEAYIOIUM  HUX
HCIIOIb30BaHUEM JUIS BBISABICHHS BO3MOXHBIX PITY mpu
XapaKTepHbIX BHJIAX HarpykeHus. M3 momyueHHBIX
pe3ynsTaTtoB a0COIIOTHO HOBBIMHU OKa3aIUCh PE3Y/IbTAThI,
cBsi3aHHble ¢ ucciegoBanueM @ITY crepxHs npu ero
PaBHOMEPHOM C)KaTHM B IONEPEYHOM HAINpPABICHUH U
yuctoM casure [3]. Ommpasch Ha 3TH pe3yibTarhl,
paccMOTpeHa JIMHeapu30BaHHAS 331a4a O TPEXTOUCUHOM
u3rube TecT-00pasia MpsAMOYTOJIbHOrO IIONEPEYHOro
CEUCHHUs] U3  OJIHOHANPABJICHHOIO  BOJIOKHHCTOIO
KOMIIO3MTa, KOTOpBIH, ONHMpasch Ha  KOHIEBbIE
LUMIMHAPUYECKHE OIOPBI, MOABEPraeTCsl HArpyKEHHIO
Yyepe3 JKECTKUIl IITaMn LUIMHAPUYEeCKoil (opMbl B
cepenune obpasua cuioit P (puc.1).

B~

5

v
s
£ wtd
v 37
Piaad ccad
Puc.1
C menpl0  YTOYHEHHOTO OMMCAHUS —TIporecca

nedopmupoBanus 00pasia, ciemys MoITydeHHbIM paHee
pesymsTatam [2,3], ams Bektopa mepememenuii U

M (x, y,z)
MpejCTaBlIeHue 110 Moaeu TumoleHko ( /  — ToJNIUHA
obpasia)

U=Ue +We, = (u +z\;/)e1 +(W+Z(p)l.’3,
—-H/2<z<HJ2,

— IepeMEelIeHHs] TOYEK OCEBOM JIMHUHM B
HANpaBICHUM OCeH x,z; Y — Yroja IOBOPOTa MOIe-

HpOl/ISBOHLHOI‘//I TOYKH HUCHOJIB3YEeTCA

M

e u,w
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PEUHOrO0 CEUEHMs x =const BOKPYT OCH Yy ; ¢ —
(dyHKuMs nomepeyHoro o0OkaTHs B HAIPABICHUH OCH
z . B coorBerctBuu ¢ (1) u momyueHHbIMH paHee pe-
synbrataMi [2,3] KOMIOHEHTBI Jedopmanuii onpese-
JIIFOTCSL  OTHOMEPHBIMH  COOTHOUICHUSIMH, COCTaBJICH-
HBIMHU B HpI/I6J'[I/I)KeHPII/I

N =€ Tz, M =V tHI&s, nx:83:(p+\yz/2,
g =u, +w, /2, vy =w, (1+9)+y(l+u,), )

&=y, w0, &, =(1+0)e, +yy,.

Ecnu BBeCTH B paccMOTpeHHEe (U3HYCCKHE 3aBHCHMO-
cri

Q. =BHE, (&, +Vyz,), T.=BHE, (g, +V,&,),

BH’G O]

M,-=D|£B1’ 0. =HBGy,, S.= &3,

T
T0 cootHomeHusM (1) u (2) cOOTBETCTBYHOT ypas-
HEHUs paBHOBECUSA

0.,=0, O +X,=0, M} -N=0,

Se. =T +8=0,

“4)

e

0:=0,+0y. 0=0.(1+9)+0w, +M,0,,
My=M,+S.y, N =0 (1+u,)+Ty+S.v,, ()
Se=S_(l+@)+Mw,, T =T.+Qw +S.q..

}lﬂﬂ HCCJICIOBaHUA yCTOﬁ'{HBOCTPl paBHOBECHA
TecT-00pasua Mpyu ero TPeXTo4euHoM H3rube Ha OCHOBE
METOJa KOHEYHBIX CYMM B BapHaHTE WHTEIPUPYIOLIUX
MaTpHIl pa3paboTaH YHCICHHBI METON  PEHICHHS
ypaBHCHI/lI‘//I HEﬁTpaHBHOFO PpaBHOBECHS, TIOTYICHHBIX
nuHeapu3auuel ypaBHenuit (2) — (5) B OKpecTHOCTH
MOMEHTHOTO HaIpPSKEHHO-1e(OPMUPOBAHHOIO COCTO-
sHus. Ha ocHOBe pa3paGoTaHHOrO MeTola M CO3/aH-
HOTO TIPOrpaMMHOI'0 obecrieyeHust TIPOBEICHBI BBIYHC-
JINTCJIBHBIC OKCTICPUMCHTBI o MOACITHUPOBAHUIO
TPEXTOYEUHOro M3ruda TecT-o0pasiuoB, H3rOTOBJICH-
HBIX U3 yIJIeleHThl Ha ocHose npernpera HSE 180 REM
C NPAMOIMHEHHBIMH BOJOKHAMH. IIpH 4uCIIEHHOM pe-
LICHUU 3aa4u Ui KOopoTkuX (L =50.m) M JUTMHHBIX
(L =130mm) 00Opa3ioB 3a1aBajucCh YIpyrue Xapakre-
puctukn wmarepuana £ =131 I'Tla, E, =59 ITla,
v, =0,29, G,; =459 MIla, onpenenéHHble U3 SKCIIe-

PHMEHTOB Ha pacTsDKEHHE M ckartue. V3 Hux 3HaueHue
G, =459 MIla paBHO KPHUTHYECKOMY HANPSKCHHUIO
oceporo cxartus — o), =c,, =459 Mla, npu noctu-
JKEHHH KOTOPOTO HMPOUCXOMHUT pa3pylieHne odpasia mo
YHUCTO CABHUIOBOIl (hopme [4-6]. AHAIN3 NOTyYEHHBIX
Ppe3yibTaToB TIOKa3all, 410 paspyIeHue
TECT-00pa3loB M3 PAacCMAaTPHBAEMOrO KOMIIO3UTA HPH
MX MCIBITAHHAX HA TPEXTOUCUHBIH M3THO MPOMCXOMHUT
HE [0 NPUYMHE JOCTIXCHUS HANPSDKCHUH CHKATHS IIpe-
Jena INPOYHOCTM Ha Cxkathe (WIS YUTHHCHHBIX
TECT-00pa3loB) M MONEPEUHBIX KACATENBHBIX HAIps-
JKEHHH TMPEeNIoB MPOYHOCTU HaA CIBUT (JUIS KOPOTKUX
TeCT-00pa3LoB), a 110 NPUYUHE PeaM3alui HEKJIACCH-

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

YecKoH MOoYTH CABUIOBOH (HOPMEI MOTEPH YCTOHYMBO-
cru (PITY) tecr-o0pasiuoB MpU MX  IONEPEYHOM H3-
rube.

o MOAYyJIe CIBHI'a O/THOHAINPABJICHHOI'0 BOJIOKHH-
CTOr0 KOMIIO3UTA HA OCHOBE PACTHKECHHUS U CKATUHA
ClleHaJIbHbIX TeCT-Oﬁpa3HOB

MOZ[yJ'lb CIABHI'a BOJIOKHHUCTOI'O KOMIIO3UTHOTO Ma-
TepHala SBJISETCS OJHON M3 ero Ba)KHEHIIMX MeXaHH-
YECKHX XapaKTePUCTUK. B yCIIOBUAX CHKAaTHs KOMIIO3MTa
HanpsHPKCHUEM, HAIIPaBJICHHBIM BJIOJIb BOJIOKOH, KPUTH-
YECKOe 3HAYCHHE HANPSDKCHUS, COOTBETCTBYIOIIEE pea-
JIM3ALUK YUCTO CABUIOBOH (OPMBI IIOTEPU yCTOHUHMBO-
CTH, OKa3bIBAETCS PABHBIM MOJIYJIIO MONIEPEUHOTO CIBH-
ra [4-6 u ap.]. Ero npsiMoe ompeneneHne mo MeTOau-
KaM, UCIIOJIB3YEMBIM JUISI U30TPOIIHBIX MAaTepUaloB, I
KOMIIO3UTHOIO Marepuana HeBo3MoxkHO. ITosTomy st
€ro OINpE/IeNeHHs CYIIECTBYeT HECKOIbKO Kak oTede-
CTBEHHBIX, TaK M 3apyOexHbIX MeTomuK. OIHHM u3
Hanbosee MPOCTBIX CIOCOOOB €ro KOCBEHHOTO OMpesie-
JICHUA ABJIACTCSA METOAUKA, OCHOBAHHAsA HA PACTSKCHUU
WM CKAaTUX TECT-00Pa3LoB C yIIaMH YKIIaJKH BOJIOKOH
+45° 10 OTHOLIECHUIO K JIMHUU jAeicTBus cuibl [7-8]. B
COOTBETCTBUM C 3TOH METOAMKOW MPOBEAEH LMKI HC-
TBITAaHUH TI0 ONPEACIICHUIO MEXAaHUYICCKUX XapaKTepu-
CTHUK OTHOHAMPABJIECHHOTO BOJIOKHUCTOIO KOMIIO3UTA Ha
OCHOBE YIIEpPOJHOro BojokHa Mapku DJIVP-II u cBs-
sytomiero XT-118 (cMOJIBI XOJIOIHOTO OTBEPIKICHHS).
HccnenoBan BuA AarpaMm AeOpMHUPOBAHUS TaHHOTO
KOMIIO3UTa npu pacTsKEHUA CrieUaJIbHBIX
TeCT-00pasIoB BOb, HONEPEK U B HATIPABIEHUN +45°
OCHOBBI, C)KaTUU TeCT-06p33LlOB B/10JIb U B HallpasJie-
HuM 145° ocHoBbl. Buja quarpamm nedopmupoBamis
ONpeieNIéH TaKkkKe OTAENIBHO A cpsazyromero XT-118
HyTéM pacTsKCHUS Tec’r—o6pa3uos H3TOTOBJICHHBIX
TOJIBKO M3 OJHOI0 CBA3YIOLICIO. Pe3yanaTaMn HUCIIbI-
TAHUIl Ha pacTSHKEHHE SIBIISETCS ONPeIeIEHHBIN OCpe-
HEHHBI Momynmb ynpyroctu < E =E, >=104,73 I'Tla,

npezienl MPoyHOCTH <o, >=476,73 Mlla n xo>ddu-
mueHt Ilyaccoma <v,, >=0,34. IloctpoeHHbIE Ha-
rpaMMBbl PaCTSDKCHHMSI SIBIISIIOTCSL a0COMIOTHO JIMHEHHbI-
mu. IIpy pacTsDkeHHH TecT-00pa3IoB MOHEPEK BOJIOKOH
KOMIIO3HTa Hal/IeH OCPeJHEHHBI MOIY/b YIPYTOCTH
<E, =E,>=5,66 [Tla, w npenen NPOYHOCTH
<o, >=16,63 MIla. OnpejenéHublii NPH UCIbITA-
HHUAX 00pa3LOB M3 OJHOTO TOJIBKO CBS3YIOIIETO OCpPe.-
HEHHBII MOJYJIb yIPYroCTH paBeH < E; >=2,67 [la,
npeen npoyHocTH o, = 27,62 MIla, a HOCTPOCHHBIE
JIMarpaMMel SIBJISIOTCS TIOYTH JIMHEWHbIMU. HaiineHHsiit
OCPEINHEHHBIH MOJIYIIb TIPH CXKaTUM BJIOJb BOJOKOH CO-
crapuser < E; >=96,32 [la, npenen npo4HOCTH
<o, >=529,28 MIla.

Jlnst ycraHOBIICHUS (PU3MYCCKOI 3aBHCHMOCTH HC-
G, =G, (“/12)
9KCIICPUMEHTB! Ha PACTSHKCHHE M CHKATHE MPAMOYIOJb-
HBIX MEPEKPECTHO APMUPOBAHHBIX 00pPa3LOB C YIIIaMH

CJICAYyEeMOTOo Marepuaia TIPOBEJICHBI
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YKIQJKH BONOKOH o =+45" [0 OTHOWeHHMIO K
HarpaBieHuio JeifcTeust cuitbl. Ha puc.2a npescrapie-
Hel qmarpaMmbl G, (v, ), TIOCTPOCHHBIC B PE3yNbTaTe

00pabOTKM HKCIEPUMEHTANILHBIX JIAHHbIX, HPHBEICH-
HbIX Ha puc.26. ITo xapakTepy KpHBBIX BHIHO, YTO OHU
SIBIISIIOTCSL CHJIBHO HEJTMHEIHBIMH, @ YMEHBIICHHE MO-
JlyJs CIABHMIA IO MEPE YBEJIMYCHMS 7Y,, MPOMCXOIUT C
MOMEHTa Hadaia JepopMupoBanus. Takoe CHIKEHHE
MOJYJIsl CIBUTa MOXKET OBITh CBA3aHO TOJBKO C M3MEHE-
HHMEM CTPYKTYPbl KOMIIO3UTA Ja)Ke NPU MajbIX CIABHIO-
BBIX Jedopmanuii v, , CBA3AHHBIM C HEHNPEPHIBHOMH
CMeHOM (hOpM NOTEpU YCTONYMBOCTH BOJIOKOH M ITydKa
BOJIOKOH B YCJIOBMSX JCHCTBHMS Ha HHMX HOPMAJIbHBIX
TOTIEPEYHBIX HANPSUKEHNH COBMECTHO € KacaTelbHBIMU
HanpsuKeHUAMU. BHIHO Takoke, 4TO B yCIIOBUSIX CKaTHS

G (le)

pacriojlaracTcsi  BBILIC JUarpaMMbl, HOHy‘IeHHOﬁ B
YCIOBHUAX  PACTSIKCHHUSA.

o0pasuoB auarpamma J1eOpMHpOBaHHS

30001

2500+

0 0005 001 0015 002 0025 003 0035 004
T2

Puc.2a. Pactsizkenne (—e—), cikatue (—A—)

3agaya 0 TPEXTOUEYHOM H3rHbe KOMIO3UTHBIX
TecT-00pa31oB B reoMeTPHYeCKH H PH3HYECKH He-
JIMHeHHOH MocTaHOBKe

B pa3BUTHE ONMHMCAHHBIX BBINIC PE3YIBTATOB HC-
CIIe/IOBaHHIl PaCCMOTPEHA TeOMETPUYECKH 1 (PH3HIECKH
HEJTMHEeWHas 3ajgada o TpéXTO‘{S‘[HOM n3rube KOPOTKHX
" YIJIMHEHHBIX TeCT-06pa3HOB, H3TOTOBJICHHBIX W3 YI-
nenenTsl Ha ocHose npenpera HSE 180 REM ¢ npsimo-
JIMHEHHBIMH BOJIOKHAMH. AHAJIU3 PE3y/IbTaTOB HCIIBI-
TaHUH TAKOro0 KOMIIO3MTA, NPHBEICHHBIX B TabmHIe,
HOKa3plBaeT, dTO 3aBUCHMOCTH O, =0, (M) H
Gy, =0y(g;) (0,05, — COOTBETCTBEHHO, MPOIOJIb-
HBIC W TONEPEYHLIC HOPMAJIBHBIC HANPIKCHUA, l]eﬁ—
CTBYIOIIME B CTEPIKHE) SABIAIOTCS HPAKTUYECKH JIH-
HEHHBIMU, TOIJA KaK 3aBHCHMOCTh Gy = G,;(1;;)
(05, M;; — KacaTelbHOE HANPSIKCHHE B IIONEPEUHOM
HampaBlIeHUH U Je]opMaIus IIONEpPEeYHOTo CJBHTa),
onpefenéHHas TaKKe B Pe3ylbTare SKCIEPHMEHTOB,
SIBJISICTCS CHJILHO HEJTMHEIHOM.

Ilpu paccMaTprBaeMOM HArpy)KCHHH M 3aKPEIUICHHH
o0pasiia, Kak MOKa3bIBAIOT HKCIIEPUMEHTBI, JUIS JUITMH-
HBIX 06pa3u013 TIpH UX TIIOCKOM ITOTIEPEYHOM n3rube
MEXy MPUIOKEHHON cuioii P u mporuboM obpasua
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JINHEHHAsT 3aBHCHUMOCTh COXpaHsACTCs IPAKTUYCCKU
BIUIOTH JI0 Hadyajia IpoLecca ero pa3pylIeHHs, a st
KOPOTKMX 00pa3IoB Takas 3aBHCHMOCTb SIBISICTCA HeE-
nuHeHHOK. 3amada chopMyaMpoBaHa MCXOAS M3 COOT-
Howenuit (2) — (5). I'panuvHbIe yCIOBHMS Ha KOHIAX

CTEpXkKHS  33JaBalMCh B CIENYIONIEM  BUIE:
0.=0, M =0, S_.=0,w=0 npu
x=0 ; u=0 y=0 0 =P/2, S.=0 npu
x=L/2.

B COOTBETCTBHHU C YCTAHOBJICHHOI BbIle (hu3nye-
CKOHl 3aBHCHMOCTBIO G, = G(V,;)y,; usmdeckn He-

JIMHEHHBIMU B (3) SIBJISIOTCS COOTHOLICHMS JUISl yCHIIHS
Q. n momenta S_. B cBa3u ¢ 5THM M reomerpuye-

CKUMHU COOTHOLIEHUsIMU (2) ypaBHEHUS! paBHOBecust (4)
MpH KCIOJIB30BaHUK COOTHOIICHUH (5) OyayT coxep-
JKaTh B ceOe Kak Cbl/[3I/I'{GCKl/l, TAaK U r€OMECTPHUYCCKH HE-
JIMHEHHbIC CllaraeMble.

B coorBercTBHM € HUCIIOJIb3YEMBIM METOAOM KO-
HEYHBIX CyMM HCXOIHBIC yPaBHEHHS CBOZATCS K HHTE-
rpo-anredpandeckuM ypaBHEHHAM, HPOBOIUTCS HX all-
MPOKCHUMAIUs METONIOM KOJLToKaiuii o ysmam I'aycca u
Ha orpeske [0, L/2] — obnacté oOnpereneHus Heus-
BeCTHOM BekTop-Gyukuuu {dU(x,)} - BBOAMTCH He-

ceTka
Hcnons-

paBHOMEpHast
o, ={x, . 0<x, <x,<..<x

o <x,<L/2} .
3yeMBblii YHCIICHHBIH METOJ TMO3BOJACT BEChMa TOYHO
OMNHCaTh PELICHHs, UMEIOIHe OOJbIINE IPAAUEHTHI U3~
MCHEHHSI Ha BECbMa KOPOTKMX ydyacTkaX. Tak, Hampu-
Mep, U1 ONMCAaHUA HCKOMOH  BEKTOp-(QYHKIHH

{dU(x,)} Ha yka3aHHOM MHTEpBaje IPOU3BOIUTCS 3Ha-

YMTEJIILHOE  CTYIIGHME  CETKW:  MHTEepBal  OT
0<x<0.9(L/2) 6bu1 pazdur ua 100 ceuenwuii, B TO

Bpemst kak mHTepBan 0.9(L/2)<x<L/2 - ma 200

CEUYCHUIA.

Jlns paspentenust (GU3MUECKOH M TeOMETPUYECKOH
HEJMHEHHOCTH HCIIONb3yeTCs TPEUIOKEHHbIH B [9]
JIBYXCIOWHBIH UTCPALMOHHBIH IIPOLIECC ¢ OIyCKaHHEM
HEJMHEHHOCTH Ha HIKHUH clioii (Metox ITukapa) :

A AUV —dUM Yy + (A + A dUY = F,(6)

rne A" — nnueiinsii oneparop, Aj - uHenumeii-
HBIIl oneparop. HennueliHas 3aBUCHMOCTH MOMYIIS TO-
nepeyHoro casura G OT BEJNMYHMHBI CIBHIOBOH Jie-
dopmauun v, , TOIYYEHHOH  JKCIEPHMEHTAIIb-
HO-YHMCIICHHBIM METOJIOM, BXOIHMT B 33jady KaK 3aBH-
cumocts  oneparopos A", A" or dU™ | e

A", dU'”  — szanaunoe HauanbHOE NpPUOIMKEHHE,

T>0 — uTepalMOHHbIN mapamerp.

IIporpammuas peanusauust B cpene MatLAB
Pa3pabOTaHHOTO YMCIICHHOTO METofa pemieHus chop-
MyJIHPOBAHHON 3a/]a4n MO3BOJIMIIA TTyTeM TaOy/IAIUHI 1O
TapamMeTpy Harpy>XeHusi HCCIEI0BaTh yCTOI\/'I‘{PlBOCTB
paBHOBecHsI paccMaTpuBaeMoro tecr-odpasua. Urepa-
[MOHHBIA ~ mapaMeTp  NOAOHpAancs  SMIHPHYCCKH.
Hauansnoe npubmmkenne dU” 3anasanoch myme-
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BbIM. Bbrumcnennst cornacHo (6) HpOBOAMINCH 10 TeX
nop, MOKa HOPMa HEBA3KH HFf(A(“JrA;"’)dU””H

ocTaBanach Golblie 3a1aHHON TouHocTH £=5-10".

Tlpn uMcleHHOM pelIeHHH 3aJaud I KOPOTKHX
(L=50mm) u mmaHEBIX (L =130 MM) 00pa3suoB 3aixa-
BaJIUCh YIPYTM€ XapaKTEPUCTHKU PacCMaTrpuBacMoro
marepuana E, =131TTla, E, =59 TITla, v,;=0,29,
Onpe;[enéHHme M3 JKCIICPUMCHTOB Ha PACTSIKCHHUC H
cixKaTue.

Ha puc. 3 nokazaHa 3aBUCHMOCTb JIEHCTBYIO-
meil Harpysku P oT npornba B LEHTPAIbHOW TOYKE
Ganku. YCTaHOBIEGHO, YTO IIPH BEIMYMHE HArPy3KH,
paBHOW P =5.6kN, ¥ JOCTHKCHUH MOMYIS IOIeped-

HoOro cipura 3Hauenuss G, =450 Mlla urepauuoHHbIil

IpoIlecC TIEPECTaeT CXOAUThCsA. Takue 3HaYCHUs C
GOTBIION TOYHOCTBIO COIIACYIOTCA KaK C Pe3ynbTaTaMu
HKCIIEPUMEHTATBHBIX HMCCIIEJOBAHUH, TaK M pe3ysbra-
TaMH pEIIeHHs 3a7a4d B JIMHEApU30BAHHOI MOCTaHOB-
ke. C Lenblo0 MUIIOCTPAlMM Ha puc. 4 mnpHBeleHa
3aBHCHMOTb CJIBUTOBOH Jie)OpMain OT KOOPIHHATBI
X B MOMEHT notepu ycroiuusoctH. Ilomydyennsie
Ppe3y/IBTaThl TIOATBEPXKIAIOT CHOPMYITHPOBAHHBIH BBIIIE
BBIBOJL O TOM, YTO pa3pylIeHHE PacCMaTPUBAEMBIX
KOMIIO3UTOB MHPHM HX HCHBITAHUSAX HA TPEXTOUECUHbIH
m3rué  NPOWCXOMMT 1O  NpPUYMHE  peau3alui
HEKJIACCHYECKOH IOYTH C/IBUTOBOH (OPMBI TMOTEPH
ycroitunoctn  (PITY) B yCHOBHSX —MONEPEYHOTO

usruba.
6

5
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YUCJEHHOE UCCJIEJOBAHUE HANPA)KEHHO-JE®OPMUPOBAHHOI' O
COCTOSIHUA CJIOUCTOI'O KOMITIO3UTHOI'O TECT-OBPA3LA ITPHU
TPEXTOYEYHOM U3TUBE

[Maiimymmn B.H. 12* XosmMoropos CA., Maxapos M.B.'?
! KHUTY-KAM, Kazaub, Poccust; ~ vpajmushin@mail.ru
2 K®V, Kazanb, Poccus.

A yua: Ilposedeno uuci oe uccnedosanue HanpaNCEHHo-0eq) (H/IC) croucmozo kom-
NO3UMHO20 Mecn- oﬁpasua npu mpéxmoueuHom uzeube, OMEEUAIOUEM UIBECIMHBIM OMEYECIBEHHBIM U MENCOYHAPOOHBIM CIIAH-
0 uc Co meylowas 3a0aua cd)opuyﬂuposaﬁa 6 JUHElHOl NOCMAHOBKe HA OCHOBE odﬁouepﬁblx ypasie-
HUll, NOTYHEHHBIX PeOyKYuell UCXOOHBIX OBYMEPHBIX YPAGHEHUIl Meopuu ynpy2ocmu nymém npeocmagienus mecm-oopasya 6 6uoe
MHO20CTIOUHO20 CMEPIICHS. U ONUCAHUS MEXAHUKY dedopmuposanust Kadicooeo cnos no mooenu C.I1 Tumowenro. Yucnennoe pe-
wieHue 3a0aql, cHopMynuUpoOBaHHoll UcX00s U3 08YX NOCMPOEHHBIX sapuanmos OOHOMEPHbIX YPasHeHUll, HallOeHO Ha OCHOBe Me-

(POBaIH020 COC]

mooa KOHeuHbIX CYMM. Ooun uz UCNONB3YEMbBIX 6ap

co emcmeyem KOHMAKMHOU NOCMAHOBKe 3(1()(1’414 8

coomeemcmeuu ¢ Komopou 6 MOYKAX CONpAdNCEHUS Cll0e6 6(3608/1!7! 6 paccmompenue 8 Kaiecmee Heus6ecmHblX KOHMAakmibvle

HanpsiceHus, a %t co 0

MY V()()(f'l(’m(f()pe}ﬂﬂ(? KuHeMamuyeckum yciosusam conpsi-

meyem ny U
JIcens cnoee no nepawemeHu;w
Knroueguwie cnosa:

IlocTanoBKa 3agaun

PaccmarpuBaetcst TecT-o0pasell B BUJE CIIOHCTOrO
cTepkHst oOmiedt BbicoToi H , umHOW L m
TOIMMHAMH /iy, KaXk/IOTO CJOA, HAaXO[AUMHCA B

yenoBusxX TpéxtodedHoro msruda (puc.l). Harpyxenue
peanusyercs IyTEM IPHUIOKEHHU HAarpy3KHU B CEpeuHe
BEpXHEH TIpaHMYHOW IOBEPXHOCTH CTEPXKHS depes
JKECTKUI L[]/U'II/IH}IPI/I‘{ECKI/Iﬁ POIUK, HWKHASA TpaHUIHASA
TIOBEPXHOCTb CTCPIKHA onép'ra Ha KOHIICBBIC POJIMKH

TaKoi e GOpMBI.
c

| :
LA B
R
H F s
i X
T T T~
)T TS VAT
A1 P [Pl
U+ y U
o . !
=i i |
Puc.1
Jlisi  TOCTaHOBKM — COOTBETCTBYIOILEH — 3a1aun

TPEXTOYEUHOI0 M3ruba HUCIHONB3YIOTCS OJHOMEpHbIE
YpaBHEHHUs B JBYX BapHaHTaX, HOCTPOCHHbIC B paboTe
[1] st CIOUCTBIX CTEpIKHEH MyTEM HCIIONB30BAHMUSA JUIS
kaxzgoro cnost moxenn C.IL.Tumomenko ¢ y4érom
nonepeyHoro oOkarusi. IlepBblil BapuaHT ypaBHEHHMIT

MPEJICTABICH  CUCTEMOM 4(N 71) OJIHOMEPHBIX
ﬂn(b(})eper—mnanm—mx ypaBHCHI/[ﬁ PaBHOBECHS BU1a
fl[k] :Q[ ] +q[k] 0, ..
M

J s g @w rd =0,

k k. k] [k
ol ¢l lu“/+c[1 SO
S[k k]y[k C[k /¢] +C[A K]
M COOTBETCTBYCT KOHTAKTHOW TIOCTAaHOBKE 3agadi, B
COOTBETCTBUH C KOTOpOﬁ B TOYKax COl'lpSDKCHI/Iﬂ CJI0€B
BBCJICHbI B PAacCMOTPEHHUE B Ka‘ieCTBe HEHU3BECTHBIX

KonTaktHeie Hanpskerns gl n gl B (1) ), Wi

croucmolil cmepaiceHb, mpéxmouew:bn? u3eu6, Memoo KOHeUHbIX CYMM, JoKaiusayus nanp}z.wceum}.

— NEPEMCIICHHA TOYCK CPEANHHBIX TUTOCKOCTEH CIIOEB B

HanpasJICHUAX ocel x ® Z[k], Y[f] — YIIbl IOBOPO-

TOB HOPMalld BOKPYr OCH Y, (yHKIHH y[‘] OITHChI-

BAIOT TONepedHoe ofkatue [k]-ro cnos crepkHs B
k k k . se
HANpaBJIeHUH Z , C1[|]:D1[3]'C1[3] — KECTKOCTH CIIOEB.

Peurennst ypaBHeHuit (1) JOJDKHBI YIOBIETBOPSTH KH-
HEMaTHYEeCKUM YCIIOBHSAM COIPSKEHHS CIIOEB IO Iepe-
MEIICHUAM

h il
OB T O 2 B L W (%)
K 5 Vi 2 Te g
h
Hk]_W h[k _ k+| + [A2>I] y[A+l] 0; (2)
k=1,N-2.

ITpu ucnonp30BaHUKM  BTOPOI NOCTAHOBKHM 3a71auH,
COOTBETCTBYIOIICH MPEIBAPUTEILHOMY — YIOBIETBOpE-
HHUIO KMHEMAaTHYeCKHM YCJIOBHSM COIPSDKEHHUs CIOEB
Mo mepeMeIieHusam (2), BBOIATCS B paccMoTpenne N
BEKTOPOB nepeMeIeHnit

k k k
v( ) = u( )‘51 +w( )m; k=1,N TOYeK TrpaHUYHBIX IO-
BEpXHOCTEHl KpalfHMX CJIOEB M BCEX BHYTPEHHUX IO-
BEPXHOCTEH CONMPSDKEHHs CIIOEB, Y4TO MO3BONSET COCTa-
BUTH 3aBUCUMOCTH BHJIA

(k+1) k) Wi (k)

(
u[k] _ u +u ) W[k] _ +w )
2
. L) 0 . WD 0
! h ' h

¥] 1¥]
Ipu »tom paspemraromas cucrema 2N audpdepenuu-
AJIbHBIX YPaBHEHHI PaBHOBECHUs IPHMHUMAET BUJL

f‘(*) _ Q(’*) _ N(;‘) -0

J1 XX 1 ’

fz(k) - (k),x *T;(k) +X§“ =0, 3)

rae
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oY = o gl M M ot ol
= 5Ny = ’
2 By hy By By
bl ol gl gl () gl
oW O S Se e T L 5T
2 by hy oy
g Xty xl —
xO =23 T8 g N

2

Jlns oboux BapHaHTOB YpaBHEHMII TIpaHUYHBIC
ycnoBus QopmynupyroTes  ans cedeHus x=0 wu
x=L/2 BBuIe

Q=0 =0, 0" =0l =0,

M0 s = npu x=0;
¥ » Oxz
W =y ® =0, O™ 0,
m . mpu x=1L/2  (4)
—0 SH —
Y, =0,8:=0
npuaéM  mpu x =/  HOPMYIHUPYIOTCS  YCIOBHS

w =" =0, mosBonsroNME OMpENETHTL BENHYHHY
. B IPOLECCE PEHICHHS 3a/1a4H.

B pamkax npuHATOH CTENEHH TOYHOCTH ONHCAHHS
oJiell mepeMeleHnii AeiicTByomas Ha obpasell rore-
peuHast Harpyska X

(L/2-c¢/2)<x<(L/2+c/2) 3anana B BuIe
mx—L/2)
cos ————=

Ha HHTepBaje

<

Xi=-p,

Peakiyn onop
(1/2=c/2)<x<([/2+c/2)
HBIMH

Ha 0Tpe3Kax
CUMTAKOTCSI HEU3BECT-
nu 3aJaHHBIMH

n(x—1/2)
c

aﬂHpOKCHMaL{MCI‘;I BUa

X, =-p. cos , Toe p, — Hapamerp, KOTo-

phlit TpeOyeTcs OnpenesuThb.

Pemenns ypasuennii (1) u (3) HaiiieHbI YHCIICH-
HBIM METOAOM KOHCYHBIX CYMM. B cooTrBeTcTBHM ¢ HUM
uckoMsle auddepeHnnanbHple ypaBHEHNs MyTEM HHTe-
TPUPOBaHUs MO KOOPAMHATE X W YAOBJIETBOPECHUIO
TPaHUYHBIM YCIOBHAM (4) CBOAATCS K CHCTEME HHTe-
TPANbHBIX YPABHECHUH, CONEPXAIIUX HMHTErPabHbIC
oneparopsl THIa Bombreppa. ITyTéM HX 3aMeHBI KOHEY-
HO-CYMMapHBIMH aHaJIoraMu (HHTeTpMpyIOH.II/IMI/I mMar-
pHLIaMH), TIOCTPOCHHE KOTOPBIX MOIPOOHO M3IIOKEHO B
[2], ucxonHas 3amaya CBOAMTCS K CTAHAAPTHOW 3ajiade

Buga [A]{X}={F}, e {X}| — BexTop HensBecTHBIX
sajaun, {F} — Bextop Harpy3ku. UuclieHHas npolle-
Jypa (OPMUPOBAHUSI MATPHIL M PELICHUS CHCTEMBI all-
reGpaHyYecKuX YpaBHEHHI PeaM30Bana B cpe/ie MaKeTa
MATLAB.

Ha ocHOBe pa3paGOTaHHOTO METOfa MPOBEICHHI

YHCJICHHbIE 9KCIEPHMEHTBI npu Harpyske
L/2+c/2

Xjdx=2,4 kH. Pacuerbl IPOBOAWINCH JUIs
L/2-c/2
CTEepXKHS C BBICOTOM momnepedHoro ceuenust H =9,6 wm,
JuHOM L =170 MM M ynpyrumMM XapakTepHCTHKaMH,
COOTBETCTBYIOIIMM OJHOHAIPABICHHOMY BOJIOKHHCTO-
My xommosury HSE 180-REM: E =133 [Tla,

127

E, =591ITla, G,=45I1la, v,;=0,29. Ha orpe3ke
[0, L/2] Gbuia BBeleHA HepaBHOMEpHAsi CETKa CO Cry-
LICHUSIMH B 30HaX POJIMKOB, B OOMICH CIIOKHOCTH KOJH-
YECTBO Y3JI0B B HalpaBICHMH X cocTaBuiao n =600,
B HallpaBJIGHUU Z CTEp)KeHb pazOusaics Ha N =130
CII0EB.

Pe3ynbraTel UYHCIEHHBIX SKCHEPHMEHTOB IpHBE-
neHbl Ha puc. 2-4. CTOMT OTMETUTB, YTO B OKPECTHO-
craX x=/=5mm (B 30HC OIOPHOIO POJUKA HA HIK-
HEM CJI0€, CPeIMHHAs OBEPXHOCTh KOTOPOIO COOTBET-
crByer z,~0,04H ) u x=L/2=85 mum (B 30He
HArpy’>Karollero poJMKa Ha BEPXHEM CJIOE, CPEeAMHHAs
TIOBEPXHOCTH KOTOPOTO COOTBETCTBYeT z, = 0,96H )
HMEeT MECTO BBICOKAs CTCIHCHb JIOKAIM3ALMM Kaca-
TENBHBIX HANPsHKCHUH, 00yCIOBICHHAS 00XKAaTHEM CII0-
&B B TIonepeyHoM Hampasienun. Ha puc.2 npencrasne-
HO pAacIpeJieiCHHe KacaTelbHBIX HANPSHKCHUH ¢, 10
JUIHE 00pa3la Ha CPEAMHHOM TIOCKOCTH MEPBOTO CII0S
z, ~0,04H (-—-), Bepxuero cuos z, ~0,96H

(—) u cpemmero cnos z, =H/2 (— = — - =),
HaliIeHHBIX U3 PEIICHHS BTOPOTO BapHAHTA YPABHCHHIA.

60
40 E
P 20p 0y S
= i
= 5N
S Ok
20
0% 20 40 60 80 100
X, MM
Puc.2

Ha puc.3 rmoka3aHo pacrpezeneHue HarpshKeHUi

o0xkarusi ¢, TaKKe B HIKHEM, BEPXHEM M CPEIHEM
L/2+c/2

crosix. BugHO, 9TO BenwuMHaA CWIBI P = Xidx,
L/2-c/2

JICUCTBYIOIIEH Ha BEPXHUH CJIOH, paBHA IOJIOBUHE
l+c/2
BEJIMYHMHBI PEAKI[MH OIOPBl R = J Xidx.
1-c/2
PaCﬂpCﬂCHCHWC KacaTeJIbHBIX Hanpsm(enm“l q, o
KBaJpaTHYHOW mapabojie B HANpaBlIeHUH Z Ha
YIAlICHUd OT POJIMKOB IPAKTHYECKH COOTBETCTBYET
dopmyne  JKypaBckoro — KIacCH4eCKOH  TEOpHH
monepeyHoro u3ruda Gamok. B pesymbrate meiicTBus

Harpy3skn X, Ha HIKHUH cloil u X, Ha BepxXHHi
CJIOH MaKCHMallbHOE 3HAYEHHE ¢, YBEIMYMBACTCS M
CMEIIAETCs K CIIOK0, Ha KOTOPBI JEHCTBYET Harpyska.
Ha puc.4 npejcraBiieHo pacrpejielieHue KacaTelbHbIX
HanpsOKeHHH ¢, TIO BBICOTEe 00pasiia B CEYEHHAX
x,=[+03c (— — —), x,~L/2-03c ¢
x=L/4 (— — — ).

"
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Pabora BbImOTHEHA TIpH (UHAHCOBOH MOIEPKKE
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OMNPEJEJEHUE OCTATOYHBIX HAIIPSI)KEHUIA B KOMIIO3UIITHOHHBIX
MATEPHAJIAX C HOMOIIbBIO U3BMEPEHUA KOMIIOHEHT NEPEMEIIEHUU HA
KOHTYPE 30HAUPYIOLWEI'O OTBEPCTUA

[Tucapes B.C.", Eneonckuit C.1.
OI'VIT “TIAT ™, XKykoBckuii, Poccus; *VSP5335@mail.ru;

Anuomauuﬂ: ﬂpe()cmaeﬂeﬁl HOBBIT MEMoO onpe()weyu}t ocmamoyvHslx Hanpﬂou.'el-tmi 6 OpMOMPONHBIX NAACMUHAX, OCHO-

il Ha uzmep 1 X nep il MEMOOOM NEeKMPOHHOI cneKa-unmepghepomempuil. B kauecmee ucxoonoi un-
Gopmayuu ucnonvsyiomes (pauyenuir ¢ 1pa omeepcmusl 6 HanPagieHull 2AagHbIX OCMAMOUHbIX HANPANCEHUI.
Iloxaszano, wmo uckomvle COOMHOUICHUS, CEA3BIBAIOUUE IKCNEPUMEHMATbHBIE OAHHbLE C KOMNOHEHMAMU OCMAMOYHbIX HANPs-
Jrcenutl, npeoc m coboil eounc P KOpPEeKmHO cghopmynuposanioti 0opammuoil 3a0aqu.

Kniouessie cnosa: Ocmamounvie nanpsaicenus, opme
cnekn-unmepghepomempusi.

e °p , Memoo ceep omeepcmust, 21eKMpOHHAs

P

Beesnenue

COOTHOIICHUST  UIS  ONpPEJCICHUS  KOMIIOHCHT
TJIaBHBIX OCcTaTouHbIX Hanpspkennii (OH) o) u 0, umerot
creayrommuii Bug [2]:

Hcnonb3yemelii cioco6 onpeeneHns 0CTaTOYHbIX
HAIIPSDKEHUH OCHOBaH Ha aHanuTHYeckoM peuteHun C.I.
JIEXHULKOTO, KOTOPOE  OIKMCHIBAET  KOHLEHTPALMIO
HAIPSOKEHUH BJOJIb KOHTYPA LEHTPAIbHOIO OTBEPCTHSI B AU+ [1 _ VJJAV
HPSAMOYTOTBHON OPTOTPOIHON MIACTUHE TIPH €€ pacTs- £ k
xennn [1]. PaccmarpuBaercst ciydaif, kKorjga IiaBHble 2k | n* (kv {1 v j
OCH OCTAaTOYHBIX HANPSKCHUI COBMANAIOT C [IIABHBIMH k e
HAIPABJICHUSIMA aHU30TPONUHU. VICKOMbIE COOTHOLICHNS,

CBSI3BIBAIOIINE MCXOHBIE SKCIIEPUMEHTAIIHBIC [aHHbIE 5 nAv+k (;—szjA“ M

C KOMIOHEHTaMH OCTATOUHBIX HATPSKEHUil, NPECTaB- ol=0,=25— 7

NS0T co00I €IMHCTBEHHOE PELICHHE KOPPEKTHO cop- 21 Ef(k—vlz)(lfvﬂ)
MYJIMPOBaHHOH 0OpaTHOi 3amaun. KOMIIOHCHTBI Tiepe- k k

Me]lICHHﬁ Ha KOHTYPE KPYTOBOTO OTBEPCTHA H3MEpPI-

I0TCSl  METOAOM  cnekn-unteppepomerpun. Hammume  rtae E), E> — HanOONbIIMI ¥ HAUMEHBIIHH 110 BEJINYHHE
KapTUH HHTEP(EPCHIHOHHBIX I[0JIOC, Ka4eCTBO KOTO-  [VIABHBIC MOIYJIM  YINPYTOCTH  KOMIIO3HIMOHHOTO

PBIX JOCTaTOYHO BBICOKO JUIS HAASKHON MIeHTH(UKAa-  MaTepuana; vip, Vy; — Kodbduumentsr Ilyaccona
MM TIOPAJIKOB IOJOC HENOCPEICTBEHHO HAa KOHTYype  KOMIIO3HIMOHHOTO — MaTepuana; 2ry — JUaMeTp
OTBEPCTH, SIBIAETCSA SKCIIEPIMEHTAIHEIM OCHOBAHHEM  30HAMPYIONIEro OTBepcTus; Au M Av — npHparieHus
pa3pa60TaHH0r0 rnoaxonaa. JAnaMETpa 30HAUPYIOMIETO OTBEPCTHSA B HAIIPABICHHUH
TJIABHBIX ~ OCTATOYHBIX ~ HANPSUKEHHH o0 W 0y,

OCHOBHBIE COOTHOIEHHSI COOTBETCTBEHHO.
®dopmynsl (1) crporo  chpaBemsMBBI VIS

Cxema  NpsAMOYroibHOM  IacTuHel 1 ¢
30H/IMPYIOLIUM OTBEPCTHEM 2, KOTOpas HCIOJIB3YEeTCs
JUIs  onpeneNeHus Ko3(Q(OUIMEHTOB KOHIEHTPAIUU
neopmanmii mpu €€ pacTSUKEHMH B HANpPaBICHUM
HauOOoNBIIEro MOAY/A ympyroctu £), TmokazaHa Ha
puc.l. AmnHanoruyHas —cxema  HCHOJIB3yeTcss  Juls
OIpeJICIICHAS ko3 duImeHTOB KOHIICHTPAIIHI
HalpsDKeHUH TP PacTsHKEHMHM  IUIACTHHBI B
HANpaBJICHUU MOYJISl yIPYrocTu Es.

«KITACCHYECKOT0» H30TPOITHOTO Marepuana,
MEXaHUYECKHUE CBOMCTBA KOTOPOTO HE M3MEHSIOTCS IO
TOJIIIIHE IUIACTHHBL JTO 03HAYACT, YTO AJISl CIIOMCTOrO
OPTOTPOITHOT'O KOMIO3ULMOHHOTO MaTepuaa
cooTHOIeHHs (1) ONUCHIBAIOT HEKOTOPBIC 0000IICHHbIC
XapaKTePUCTHKH, KOTOPBIC B KOHTEKCTE JJAHHOI paboThI
HA3BIBAIOTCS OCTATOYHBIMU HANpsDKCHUsIMU. V3ydenue
pacrpeeneHuil pealbHbIX OCTATOYHbIX HANPSHKEHUH B
KaXIOM MOHOCIOe OyneT SBIATBCA —HPEIMETOM
JanbHeHMX uccaenosanuit. [Ipu aToM o4eBHaHO, YTO
omnpenenenne OH  cormacHo  cootHomenusam (1)
MPE/CTABIISIOT 3HAYNTENILHBIA HAYYHbIH M NPUKIAIHON
HHTEpeC.

aKcﬂepﬂMeHTaﬂbHLlﬁ nmoaxoa

BennunHbl npupaiieHuit JuaMeTpoB oTBepeTHs Au
u  Av, KOTOpble HEOOXOIMMBI JUIs  ONpEIENCHHs
KOMIIOHEHT ~ OCTATOYHBIX  HANPSDKEHMH  COIJIACHO
Puc. 1. Cxema onpejesienus Ko3ppuunenTon topmynam (1), oKCHEpHMEHTATbIO  OMPEACIIIOT

KOHUEHTpauuu fedopManuii Ha KOHTYpe CKBO3HOTO OTBEPCTHS B METOZOM  JIEKTPOHHON  creKiI-nHTephepomMeTpun.
OpPTOTPONHOIi MIacTHHE. Onruueckast cxema C ABYMS CUMMCETPUYIHBIMH
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HanpaBJICHUSAMU OCBELICHHUS 3 u HOPMAJIbHBIM  I10
OTHOLICHHIO K IUIOCKOH IOBEPXHOCTH  OOBEKTa
HaIpaBJICHAEM HAOJIFOIeHNS, onpeenseMbIM
TIOJIOKEHHEM BBICOKOpA3pelIaromiel Buieo Kamepsl 4,
nokaszana Ha puc.2. J[Ba M300pakeHHs HCCIIETyeMOro
Yy4acTKa IOBEPXHOCTHU, COOTBETCTBYIOLIIE HCXOAHOMY U
KOHEYHOMY MEXaHUYECKOMY COCTOSHHIO ILIACTHHEI 1 co
CKBO3HBIM OTBEPCTHEM 2, TIOCJICIOBATEIIbHO
PETHCTPHUPYIOT BHICOKOPA3PEIIAIONICH BUACO Kamepoii 4
M COXpaHsioT B  Buae  UUGPOBBIX  (ailios.
Busyanusanuio KapTHH HHTEPGEPEHIMOHHBIX II0JIOC
OCYNICCTBIIAIOT ~ MyTéM  LM(POBOTO  BHIYUTAHHS

COOTBETCTBYIOIINX H300PAKEHHIA.
1

3
Puc.2. Cxema uaTepdepoMeTpa 1Jisl ONpeaeeH st
KOMIIOHEHTbI l'lchMcl.llCHMﬁ U B HANIPABJICHHH MOAYJIS YIIPYIOCTH
E,.

Korma mpoekimsi HampaBieHHsI OCBEIICHHS Ha
IUIOCKYI0  TOBEPXHOCTb  HCCIEAyeMoro  o0bekra
COBIAJIAET C HANpaBiI€HUEM OCH X, TO KapTHHA
HUHTEPHEPCHIMOHHBIX 1oJsoc, COOTBETCTBYOIAs
TaHTCHIMAJIPHOH KOMIIOHEHTE MEepeMeleHni u B
HANPABICHUH MOJYNS YNPYrocTH £, OIMHCBIBAaeTCS
CclIe/ly 0IUM 00pazom:

u=N,—+_, @

2sin'¥

rae: N, =tl; £2; £3, ...— aOCOJIOTHBIC MOPSIKH
UHTEPOCPCHIIMOHHBIX TOJOC; A — JUIMHA  BOJHBI
JIa3epHOTO OCBellieHus; ¥ = 7w/4 — yrom Mexmy
HAKJIOHHBIM HAIPABJICHHEM OCBEIICHUS 1 HOPMaJbHBIM
K IIOBEPXHOCTH IUIOCKOrO OOBEKTa HarpaBlIeHHEM
HAOIIOICHYS. TaHreHuanbHyo KOMIIOHEHTY
MepeMeleHUs] V B HANPABICHUH MOJYJIsS YIpyroctu E,
OTPEIENSIOT AHATIOTHYHBIM c11ocoboM. OTHOBpEeMEHHOE
omnpe/ieneHne 00enx MIOCKHX KOMIIOHEHT MepeMeIleH it
u U v 00ecrieYnBaeTCsi BKIIOUYCHHEM JBYX ONTHYECKUX
CXeM B EUMHYI0  YCTaHOBKY. MaeHTudukarms
(u3nueckoro  3Haka ~ KOMIIOHGHT — TEpEeMCIICHHIt
MIPOBOJUTCS METOAOM PETUCTPALUK HHTEp(heporpaMm ¢
JIOTIOJIHUTENBHBIM ~ (DAa30BBIM ~ CABHIOM, HAIPaBJICHHE
KOTOPOTo 3aaéTcst U3BECTHBIM 00pa3om [3].

ITpuMep NpaKTHYeCKOro NPHMeHeHHs!

TpemiaraeMpiM — CrocoboM  TIPOBOAMIOCH
ompeJieNieHne OCTAaTOYHBIX HATPSUKEHHH B IPSAMOYTOIb-
Holt mnacTuHe pasmepamu 400x200x6 MM, H3TOTOBIEH-
HOif M3 OPTOTPONHOrO KOMIIO3MIMOHHOTO MaTepuana.

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

Hanpasnenne mMomyns ynpyroctu £, (x) u £, (v) cosna-
JIaeT C JUIMHHBIM M KOPOTKUM KpPaeM IUIACTHHBI, COOT-
BeTCTBEHHO. O6OOIIEHHbIE XapAaKTEPUCTHKI KECTKOCTH
TIakeTa W MapaMeTpbl aHU30TPOIIUH MaTepuaga UMCIOT
CIIEYIOIIME 3HAUECHUS:

E=69.2 I'lla, £,=30.5 I'Ta, G;,=21.9 I'T]a,
v12=0.58, v,,;=0.25, k=1.50, n=2.24.

3aueTHBII psJl U3 JIEBATH CKBO3HBIX OTBEPCTHI pacro-
JIOXKEH BJIONb JIMHUHU, KOTOpas COBIIJAaeT C HalpaBie-
HueM E, Ha paccrosiuud 150 MM oT mpaBoro kpas 00-
pasma (x = 50 mm, puc.l). PaccTosHne mexay cocen-
HUMU OTBEPCTUSAMU COCTABJIIET BEJIIMYMHY HE MEHEE
15-tm mMm. MCTOYHHKOM KOT€PEHTHOIO OCBEIICHUS
CITy’KMT MaJIOpa3MEepHbIH JMOJHBIA Jlazep ¢ JUIMHON
BOJIHBI A = 532 HM.

a o

Puc. 3. KapTunbl HHTepdepeHHOHHBIX 10J10C 115 TAHTeHIH-
AJIbHOIT KOMIIOHEHTHI # (2) 1 v (0)

KapTunsl uHTEp()EPEHIMOHHBIX I10JI0C, IIONYYeH-
HBIC B TOUKE ¢ KoopauHaTamu (x = 50 mm, y = 0), moka-
3aHbl Ha pl/lC.3, FOpI/BOHTaJ'[LHaS[ 0oCh CI/IMMeTpl/Il/l Ha
puc.3a u BepTUKAIbHAS OCh CUMMETPHUHU Ha puc.30 COB-
THaJaroT € INIaBHBIMU HAIIPaBJICHUAMHA aHU30TPOITUH E1 )48
E,, coorBerctBeHHO. HeoOXOIMMO OTMETHTH BBICOKOE
Ka4eCTBO IPEACTABJICHHBIX I/IHTCpCl)CpO]'paMM‘ To xe
CaMO€ OTHOCHUTCS KO BCEM KapTI/IHaM T10J10C, rlonyqu-
HBIX JUISl OCTalIbHBIX OTBepcTuid. Maentnduxauns du-
3MYECKOTO 3HaKa KOMIIOHGHT II€pEMCIICHHH CBHJe-
TEJBCTBYET, YTO IMAMETP OTBEPCTHS YBEIMUHBACTCS KaK
B HaMpaBJIeHUH OCH X (MOTYIb ympyroctu K, TaHTeH-
uMajgbHas KOMIIOHEHTA IepeMeLIeHUH u), Tak U B
HAIpaBICHUH OCH y (MOIY/Ib YIpyroctu E,, TaHICHIH-
aJIbHAas KOMIIOHEHTA IIepEeMEIeHH V).

[Mpupamenus auameTpoB oTBepcTHs Au u Av,
KOTOPBIC ABJIAKOTCA UCXOAHBIMU JKCIEPUMEHTAIbHBIMU
JaHHBIMH, OIPEACIAIOTCS CISAYIOMUM 00pa3oM Co-
miacHo opmyie (2).

Au=AN, — i pv—aN,—P— )

2sin¥ 2sin ¥
rae AN, u AN, npencraBisior coboi pasHocTH abco-
JIFOTHBIX TIOPSIIKOB IOJIOC, KOTOPBIC ITOJICYHTHIBAIOT Ha
onHoll mHTepdeporpaMMe MeXIy IBYMs Oa3MCHBIMU
TOYKaMH B HAIIPABJIICHUH TJIABHBIX OCTATOYHBIX HaIps-
JKEHUH 0] U 0,5, COOTBETCTBEHHO. JIBe Oa3ucHBIC TOUKU
OIPEJIEeNISAIOTCSA, KaK TOYKH HepecedeHus Auamerpa OT-
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BEpPCTUSI B COOTBETCTBYIOIIEM HANpPABICHUM IJIABHOTO
HaIpsHKCHHsT ¢ KOHTYpoM oTBeperus. Ha puc. 3a moka-
3aHbI JB€ OasucHbBIe TOYKU 1’ M 2', a TakKe cxema IojI-
cyeTa pasHOCTH aOCONIOTHBIX MOPSIKOB monoc AN, =
10,0. Ha puc. 36 nokasaHsl iBe Ga3ucHble Touku 3' 1 4', a
TAKKE CXeMa IOJICYeTa Pa3sHOCTH aOCOMIOTHBIX MOPSI/I-
koB nonoc AN, = 13,0. [Tonyuennsie 3HaueHus Au =10,0
u Av =13,0 nozcTaBs0T B GopMyIsl (3) U ONpenensoT
BEJIMYHHBI IIPUPAILEHHS AMaMeTpoB orBepeTus Au= 3,80
MKM, Av = 4,94 MKM, KOTOpbI€ COBMECTHO € BEJIMYMHAMU
0000IIEHHBIX MapaMeTPOB YHNPYTOCTH MOICTABIAIOT B
dopmyrs (1) ¥ ONpenesnsioT BEANYHHBI ITIABHBIX KOM-
= 73,4 Mlla,

o Ex
IIOHEHT OCTATOYHBIX HANpsKeHWil O, "

E
0,

7 = 61,4 MIla. Ocrarounble HANpPsKeHHs ObLIM
ompeseleHs! ené B BOCbMHU Todkax. IToiydeHHbIe Be-
JIMYMHBI BBIABIAIOT COBNAJCHHE MEXIy co0oif B mpe-
nenax 20-TH TPOIEHTOB KOMIOHEHTHI OCTaTOYHBIX
HAIpsDKeHUI o) ¥ B nipefenax 13-Tu npoLeHToB NIaBHOM
KOMITOHCHTBI OCTaTOYHBIX HAIPSDKCHHIl 0, IS Pa3HBIX
TOYEK IIOBEPXHOCTH 00pasla 1, 4To HOATBEPXKIAET BbI-
COKHE METPOJIOTHYECKHE XapaKTEPUCTHKH IIpesarae-
MOTO c11oco0a.

BenuuuHbl MOrpeHOCTei Onpeie/ieHusl IIaBHbIX
KOMIIOHGHT ~OCTATOYHBIX HAIPSDKCHHH OIICHHBAIOTCS
IyTeM BH3YyalM3allid 0Opa3loBBIX KapTHH HHTepde-
PEHIMOHHBIX MoJOoC. [l 3TOro HMCIONmb3yeTcs KBaj-
paTHYI0 OPTOTPOINHYIO IJIacTUHY pa3mepamu 80x80x6
MM C LCHTPAJIbHBIM CKBO3HBIM OTBEPCTHEM JHAMETPOM
2ry=2.5 MM U TaKyl K¢ IUIaCTHHY Oe3 OTBEpCTHS.
OG600ImEHHBIE TTapaMeTPhl YIPYrOCTH IIACTUHBI COOT-
BETCTBYIOT YKa3aHHBIM BbIlIE 3HAaYCHHsIM. UucieHHOE
MOJICINPOBAHUE IIOJCH TaHICHUUAIBHBIX KOMIOHEHT
HepeMelIeH Il Ha TIOBEPXHOCTH 00pa3iia MPOBOIHTCS Ha
ocHoBe mporpamMmHoro komruiekca MSC/NASTRAN.
Koneuno-snemenTHy10 ceTh coctont n3 20000 smemen-
toB Tuna QUAD 4. PacuerHble Benu4nsbl gedopmanmii
Ha KOHTYPe OTBEPCTHS IIPH ABYXOCHOM PACTSKCHHH
COBIIA/IAIOT C AHAJIOTHYHBIMH JaHHBIMH aHATHTUYECKUX
3aBHUCHMOCTEH B TIpeenax MATH MPOLEHTOB. Busyamu-
3a1s 00Pa3IOBbIX KAPTUH T0JI0C OCYIIECTBIISETCS ISt
BEJIMYUH KOMIIOHEHT OCTaTOYHBIX HAIpPSDKEHHId, COOT-
BETCTBYIOIMX TOUKE ¢ KoopauHaTamu x = 50 MM, y = 0,
cornacHo ypaBHenusM (1) u dopmyne (2). Ha puc.4a
406 noxa3aHbl 00pa3LOBbIE KAPTUHBI MHTEP(EPEHIIHOH-
HBIX [OJIOC JUIs TAHICHIHAIBHBIX KOMIOHEHT IepeMe-
LIEHUH © ¥ v cooTBETCTBeHHO. McKyccTBeHHbIE M300-
paxkeHus Ha puc. 4a u 46 MOIEIUPYIOT peabHbIC MH-
TepdeporpaMmel, TOKa3aHHBIE Ha puc. 3a u 30, cooT-
BETCTBCHHO.
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a 0
Puc. 4. KapTunbi 00pasnoBbIX HHTeP(epeHHHOHHDIX 11010,
TOJIy4eHHbIe ISt KOMIIOHEHThI # (a) n v (0)

OrieHka HOF‘pCH.IHOCTCﬂ OIPENCIICHNS TJIaBHBIX
KOMIIOHEHT OCTaTOYHBIX Hal'Ipﬂ)KCHl/lﬁ BBITCKACT U3
CPaBHEHMS IKCHEPUMEHTAILHO HOJIyYEHHBIX pa3sHOCTEH
TIOPAJIKOB I10JI0C B HAIIPABJICHUHW I[TIABHBIX OCTATOYHbBIX
Hal'[p)’[)KCHI/lf;I W aHAJIOTMYHBIX HaHHBIX, OTHOCALIUXCSA K
HCKYCCTBCHHBIM I/IHTCPCI)CPCHHHOHHBIM I/I306pa)KEHPI${M.
OTH mapaMeTpsl PaBHBI AN“E‘P =10,0; ANf“":B,O u
ANM"=10,0; AN N =12,0. Benuuunbi pasuocreii ab-

COJIFOTHBIX TIOPSJIKOB IOJIOC [T KOMITOHEHTBI MepeMe-
LICHUH U, TIOJTyYCHHBIC JABYMS CIIOCOOAMH, TTOJTHOCTHIO
coBmajgaloT. PasHuma B BeIMUMHAX pasHOCTEH abco-
JIIOTHBIX IOPAJAKOB I10JIOC JJId KOMIIOHEHTBI V COCTaB-
JISIET OJIHY TIOJIOCY.

BoiBobI

PazpaGoTan U BepHUGUIUPOBAH HOBBIH METOJ
onpeneneanss OH B oproTpomHeix minacturHax. OH
BKJIIOYACT CBEPJIICHHUE CKBO3HOTO OTBEPCTHSA M ITOCIIC-
JyIOIIHE M3MEPEHMsI NPUPALICHUH JUAMETPOB HTOTO
OTBEpPCTHs B HAIpPAaBICHUM IIABHBIX OCTaTOYHBIX
HANpsOKCHHH ~ METOJIOM  CIEKJI-MHTep)EepOMETpPHH.
(DOpMyJ'lBI, CBSA3BIBAIOIINME  HMCXOAHBIC OKCIICPUMEH-
TaJbHBIC JAaHHBIC C MCKOMBIMHU KOMIIOHCHTaMHU OCTa-
TOYHBIX HANPSHKEHUH, NPEACTABIAIOT COOOU eauH-
CTBEHHOE peIIeHHe KOPPEKTHO CHOpPMyIHpOBaHHOM
o0paTHOIi 3a1a4n.

1. Jlexunukuit C.I. Teopus ympyrocTd aHu3aTpOMHOro Tena. 2-€
usnanue. — M.: Hayka, 1977. — 416 c.

2. Pisarev VS, Eleonskiy SI, Chernov AV. Residual stress determina-
tion in orthotropic composite by displacement measurements near
through hole // Experimental mechanics — 2015. — Vol. 55. — N.7.
— pp. 1225-1238.

3. Pisarev VS, Odintsev IN, Apalkov AA, Chernov AV. Role of
high-quality interference fringe patterns for the residual stress deter-
mination by the hole-drilling method // Visualization of Mechanical
Processes. . Vol.1. DOI:
10.1615/VisMechProc.v1.i1.40
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MEXAHHUKA PACCEAAHHOI'O U 3AIIA31bIBAIOIIEI'O PA3PYIIEHUSA
BOJIOKHUCTBIX KOMIIO3UTOB

TTomumos A.H.

Wnctutyt mammuoBesieHns uM. A.A. braronpasosa PAH, Mocksa, Poccust; polilovan@mail.ru

Annomayua: [loknad nocesauén ananusy meHoeHyuil paseumusn pasiudHbIX meopuil NPOYHOCIU U MoOenell MexaHuKku paspyuie-

HUA BOJIOKHUCMBIX KOMHNO3UMOE C NOJIl

puy

HOCmMuU yeneniacmukos, yyumolearowjue.

Zs I

Memoobl OYeHKU YUKTUUECKOU J0N206eU-

- GJlUsAHUE HAKONIeHUA noepe.wcdeuuﬁ 6 mampuye Ha peanu3ayuio nPpoYHoOCmu 60J10KOH,
= KuHemu4eckue sasucumocmu napamempa VIOG]?GJK'[)(:’HHUCWIU om 3(17[17@707!1(6’7'102() HanpsisceHus u om ypoeHs mexyu;ez?

VlOBpEJIL’dEHHOCmU,'

- 9HepeemuuecKuill Kpumepuii pocma paccioenuti I pudpdpumea ¢ npumenenuem

3asucumocmu muna Hapuca;

- Kpuswvle ocmamounou HpouyHOCmU, NO3601ANOWUE OYEeHUBANb CyMMApHoe HeluHeliHoe HAaKOnIeHue VlUGpE}fC()EHlﬂ; npu

ON0YHOM UIU CTYHAUHOM HAPYIHCCHUU.

Knrwoueswie crosa: Komnos3um, yeneniacmuk, ycmanocmuas u onumenvas NPOYHOCMb, 3(77/(13()1)16’(11()1[4(:’6 paspyutenue, paccioe-

Hte, HAKONJIeHUe NOBPeCOeHUT

Benenue

HOI[ MEXaHUYCCKUMH TCOPUAMH (Kpl/lTepl/lﬂMl/l)
TNPOYHOCTH IMOHUMAKOT MOCTPOCHUE MPEAC/IbHBIX I10-
BEPXHOCTE B NPOCTPAHCTBE HAINPSHKEHUH. DTH KpUTe-
puH MOTYT OBITH YHCTO (PEHOMEHOJIOTHYECCKUMH, JIHOO
MOTYT YYWUTBIBaTh PA3JIMYHBIC MEXAaHW3MBbI HallpaBJICH-
HOTO pa3pymeHUs KOMIIO3UTOB (pazpl,m BOJIOKOH, pac-
LIEIUICHHE, PAcCiIOeHHe). DKCTPAOISALUS TAKOro poja
KPUTEPHEB Ha JUINTECIBHOC WIIH IHKIMYECKOE HArpy-
)KEHHE COCTOHMT B 3aMEHE IapaMeTpPoB KPHTEpPUEB Ha
('l)yH](L[PlOHaI[BI OT MCTOpPUM HArpyKe€Hus, B 4aCTHOCTH
Ha (YHKIMU OT BPEMEHU W/UIIH OT YHCIIA LUKIIOB.

Xots mpouecchl paspylleHUs eIUHbl M B3aUMO-
CBA3aHBI, HO JUIA METaVIOB MEXaHUKY pa3pyLICHHs
TIPUHATO Pa3aeiATh Ha MEXAaHHMKY HAKOIJICHHS ITIOBpE-
)K,EleHPlﬁ, MEXaHUKy poCTa TPEIMH, MOJACIN IIacTH-
94eCKOro Je(OPMUPOBAHUS M TEOPHH YCTOIYUBOCTH.

B BOJOKHHCTBIX KOMIIO3HTaX (THIIA YIJIEIUIACTH-
KOB) BO3HHKAeT emié Gomplee pasHOOOpasue Moenei,
KOTOpPO€ OIPEAE/IAEeTC HAIUYUEM PasjIMYHbIX KOM-
TMOHCHTOB ¥ COOTBETCTBYIOIIMX MEXaHHU3MOB paspyuie-
HHUSI: PAacTPECKHBAHUE NOIUMEPHOH MAaTpHIlbl, HAKOII-
JICHHE Pa3phIBOB BOJIOKOH, PACCIOCHHE, pacIieIIeHHe
TI0 TpaHHUIIC pas3aena. MHOTOJIeTHHE TOTBITKH TIepeHEe-
CEHHsI HAa KOMIIO3UTHBIC aBHUALMOHHLIC KOHCTPYKUHU
HOIXO/IOB, PAa3BUTHIX JUIS METAJUIOB, HE IIPHBEIH K
YOBJICTBOPUTENIBHBIM pE3yJIbTaTaM, U i1 0OOCHOBa-
HHUS METOAOB M HOPM OLICHKH LII/IKHI/I'{GCKOI\/'I JOJITOBEY-
HOCTHU HCO6XOHPIM CpaBHl/ITeHbeIﬁ AHAJIN3 Pa3JIUYHBIX
HOAXOJ0B U NPOBEJCHHE LIeJICHANPABICHHOH SKCIIEPH-
MEHTAJIBHON POBEPKH.

IIpoYHOCTH My4Ka BOJIOKOH

OJIMH U3 CEeKPeTOB NPOYHOCTH KOMIIO3UTOB CBSI3aH
C POJIBIO Marpulibl, © OH COCTOUT B BO3MOXHOCTH p€a-
JIM3ALHN BBICOKOi MPOYHOCTH 0e31e(eKTHBIX y4acTKOB
BOJIOKOH. CTEKIISIHHBIC, yIIICPOJHbIC, OOpHBIC U APYTHE
BOJIOKHA COJIEP)KaT pasidHble 1e(eKThl (TOBEPXHOCT-
Hble, BHYTPEHHHE), CIy4aiiHBIM 00pa3oM pacmpesne-
JICHHBIC T10 JUIMHE BOJOKOH. DTO 0OYCJIOBIMBAET OCO-
OblIif CTATHCTHYCCKMIl XapaKTep paclpeneIeHHs Mpod-
HOCTU BOJIOKOH M IIPHBOINT K HEOOXOIMMOCTH HCClie-

J0BaTb HE TOJIBKO CPEAHIOIO MPOYHOCTH BOJIOKOH, HO U

(byHKIHIO pacnpe/ieneHus mpoqHocTH [1].
IMpennonoxuM, 4rto B my4ke N BosokoH. C pocTom
TIPHI0KEHHOTO HAMPSKEHHUs Gy Pa3pyIIHIoch /(G,) BO-
JIOKOH. 3HAYMT, HArpy3ka paclpejesIiIach Ha OCTaB-
mecst N-n BOJIOKOH, U UCTHHHOE HAINPSKCHHE Ha BO-

JIOKHO G¢:

oo B O
1-n/N 1-P(o,)

W3 ycnosus makcumyma (1): dJO/dO'e:()

M

[oJIy4yaeM ypaBHEHHE, OHpEeNsIoNniee KPUTHYECKOEe

HanpsokeHHe O, : O'ep(O'é,)Zl—P(O'g) U Tpod-
HOCTb ITy4Ka:
o, zae(lfP(o;))‘ (2)
PeasnbHBIe OIIGHKM NPOYHOCTH Mydka 3(deKTus-
HOU JUTHHBI MOJKHO TOJIYYHTb, HAaNIpUMEp, A pacmnpe-

nenenus BeiiGyna:
a

P(o)=1-exp[-L, Gg L@
GZ=GZ(1—P(0§))=(L:7» ®)

Iie e — OCHOBAaHHME HATypaJbHBIX Jorapupmon. Koad-
(GUIMEHT peanM3aluy TPOYHOCTH BOJOKOH DPAacTéT ¢
yMeHbIIeHHEM d(DDEKTHBHOM JIMHBI L,.

Hmxe paccMOTpeHO BIMSHHE HOBPEKIACHHOCTH
MaTpHIbl Ha yBelnueHue >PQGEKTHBHON IIMHBI BOJIO-
KOH U Ha CHIDKCHHE HPOYHOCTH KOMIIO3HTA HPU JUTH-
TEIBHOM U IMKIIMYECKOM Harpyxenun [3,4].

Moztesib  3ama3IbIBAIOLIEr0 PA3PYLIEHUs] OXHOHA-
NpaBJeHHbIX KOMIIO3HTOB

Craruveckas IPOYHOCTH OJHOHAMPABJICHHBIX
KOMITO3UTOB Ha PACTSAKCHUC BOJIb BOJIOKOH OIPEICIIA-
€TCA B OCHOBHOM IIPOYHOCTBIO BOJIOKOH, KOTOpas cnabo
YYBCTBUTEJIbHA KO BPEMECHHU HArpyXKCHUA. OHHaKO B
YCIOBUAX NITATEIIBHOIO WK HUKIIMYECKOTO HAIPYKEHUS
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HUMCHHO HAaKOILUICHUE HOBpC)K}:[CHI/lﬁ B HOHHMCPHOﬁ
MaTpHIIe MOXET CYIIECTBEHHO BIIHATH HA 3aIa3/bIBarO-
mee paspyuwenue (delayed fracture). Jns MosiCHEHHS
9Toro ()EHOMEHa PacCMOTPUM MPOCTYIO KBAa3HCTPYK-
TYPHYIO MOJE€/Ib 3aras3AblBalolLIero paspymieHuss OQHO-
HAIIPaBJICHHOI'0 KOMIIO3MTa, B KOTOPOM TOJIbKO OJWH
KOMIIOHGHT — MaTpulld — YyBCTBHTEJICH KO BPEMEHH
(4nCITy IMKIIOB) HArpyKEHHs, a Pealn3alys IPOYHOCTH
BTOPOTO KOMIIOHCHTA — BOJIOKOH — JIMHEWHO 3aBHUCUT OT
CTCNEHU MOBPEKACHHOCTHA MaTPUILIbI :
o'(T)=0"(0)=[c"(0) =" () ](T) (6)

Jins (eHOMEHOIOTHYECKOTO MOAX0Aa J0CTaTOYHO
CUMTaTh, YTO YCIOBHE (W=() COOTBETCTBYET HETIOBpe-
JKJICHHOM MaTpHlie M CTaTHYecKoil mpouyHoctH o (0), a
ycioBue =/ CBS3aHO C TIOJNHBIM HApyIICHHEM
CIJIOIIHOCTH MAaTpUIlbl W C TIPEICIOM HHHTCHBHOﬁ
MPOYHOCTH o'(00). Jlmt @ MOKHO BBIOpaTh YIOOHYIO
anmnpoKCHMAaIuio, 00eCcreunBaloNLyIo pocT w ot () 1o 1 ¢
poctom T (tae T=lg(t/ty) wim maciurab IgN, t,t) — Bpems
HAarpyKeHHs ¥ eIMHUIA BPeMEHH, N — YHCIIO IIUKIIOB):
w=MT_ ™

1+MT

me M= 5 o 777 (%)
K % 6" (0)-0" ()
Toncrasinsast (7) B (6), noiayyaeM 3aBUCUMOCTb
BPEMEHH JI0 Pa3pylIeHHs OT NPHIOXKEHHBIX HaIpsike-
HU G:
7' (0)=c" (x)][o"(0)-0]

T= K[
[o=0"@)F

®)

Kunernueckoe YpaBHeHHE POCTa NMOBPEKICHHOCTH
MaTpuUbI

Ilo awanmorum ¢ KHHETHYECKUM YpaBHCHUEM
n

o

l-w
MYJIMPOBaTh KMHETHYECKOE YPaBHEHHE pOCTa IOBpE-
JKIEHHOCTH MaTPHIIbI

—\n

. (O-C' )

0 =-—" ©)

K,
U mocne uHTerpupoBanust (9) ¢ MoACTaHOBKOI B (6) mo-
JrydaeMm 11o100Hy10 (8) 3aBHCHMOCTB:

[o"(0)-0cllo" (0) o (o)1
[O'—U* (oo)]”

dow
10.H.PaGorHoBa E:C MOXKHO cop-

T =K, (10)

BapuaHT KHHETHYeCKOro ypaBHeHHs JJIsi apamer-
Pa NOBPEKACHHOCTH

ITapameTpoM TOBPEkKJECHHOCTH KOMIIO3UTOB
MOXKHO CUHTATh JIF00YI0 6e3pa3sMepHyI0 XapaKTepUCTUKY
MOBPEXKAECHHOTO COCTOSHUS CTPYKTYPBI, MEHSIOILYIOCS
(0T HyJIsl 0 €AMHHLBI) B IPOLECCE JUIMTEILHOIO MU
ycranoctHoro — paspymenus. JKenarenbHO — TOJBKO,
9TOOKI 3TOT MapaMeTp MMeNT HeKHil GU3HUeCKnii CMBICT

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

U MOT ObITh OLEHEH B HE3aBUCUMOM (DH3HMUECKOM HIIH
MEXaHHYEeCKOM SKCIICPUMEHTE.

TIpy IUKIMYECKOM HArpy)KeHHH C IOCTOSHHOM
AMIUTMTYZI0M 3a QHAJIOT TEKYIIEr0 BPEMEHH MOXKHO
TIPUHATHL OTHOLIIEHUE Texymero YHCJla HUKIIOB 1 K LUK~
JINYECKOHM JI0ArOBEYHOCTH N Ul JJAHHOTO PeKMMa MC-
nbITanuii: (=n/N. B HayanbHblii MOMEHT (=0, B MOMEHT
paspymenns (=1. Jins mapamerpa MOBPEXKIECHHOCTH ©
TIPUHUMAIOTCS aHAJIOTHYHBIC YCIIOBHA: 0.):0 ipu C:O n
o=1 npu (=1. [lanee npuHUMaeTcs npocTeias ruro-
Te3a O JMHEHHON 3aBHCUMOCTH CKOPOCTH POCTa Iapa-
MeTpa MOBPEKICHHOCTH OT TEKYIEro ypOBHS IOBpeE-
JKIEHHOCTH [4]:

@:Kw+k3 w(é’):M
d¢ expK —1
Ecin K>0 cormachHo (11) mpowmcxoamT BHauaie
MEIJICHHOE, a 3aTeéM — YCKOPSIOLIEeCs HAKOIICHHE
nospexaeHuit (puc. 1). Ilpu K<O — Hanpotus, rnpouc-
XOJMT HACBHIIICHHE: BHa4ajge — OBICTPOE HAKOIUICHHE
TIOBPEXICHH, a 3areM — 3amemneHHoe. Ilppm  K=0
ypaBuenue (11) BbIpOXKIAeTCs B NMPABHIO JIMHEHHOTO
CYMMHpOBaHHsI HOBPEXKACHUN: MapaMeTp IIOBPEKICH-
HOCTH (® TOXJICCTBEHHO NPEBPAILACTCS B HOPMUPOBAH-
Hoe yucno 1mkioB . Kpusas 3 Ha puc. 1 HanomuHaeT
XapaxkTep HapacTaHUA CyMMapHOI‘;I OHEPruM aKyCcTu4e-
CKOIf 9MHCCHH, YTO IO3BOJISIET CBsi3aTh AD ¢ HaKoILIe-
HHEM HOBPEKICHHI M HCIOJb30BaTh aHaiu3 AD Kak
cpencmg) JINarHOCTHKH KPUTHIECKHX COCTOSTHHI.

an

8
C=n/N
Puc. 1. BapuanTsl pocTa napaMerpa noBpesKIeHHOCTH @ ¢

POCTOM HOPMHPOBAHHOIO YHC/Ia HUKJIOB {:
1—K=0;2—K<0;3—K>0.

MeToa npeackasaHus 10AT0BEYHOCTH NPH 0J10YHOM
HUKJINYeCKOM HATPY:KeHHH

JIuneiinoe cyMMupoBaHHE MOBPEXACHUH HE JaET
BO3MOXKHOCTH YYECTb MHOPSIOK uepeloBaHus OJIOKOB
Harpyxenus. M3noxeHHass HiKe MOJENb OMHUpaeTcs
JUI HOROOHOTO ydeTa He HPOCTO Ha KpHBble Bénepa, a
Ha 3aBUCHUMOCTH (12) OCTaTOUHOMN MPOYHOCTH OT Hapa-
60TKH. DKCHepHMEHTalbHAs MPOLEAypa MPH ITOM Cy-
LIECTBEHHO YCIOKHACTCS, T.K. KPOME M3MEpEeHHs Ipe-
JIENIBHOTO YHCIIa IIUKJIOB, HEOOXOMMMO Ha Pa3HBIX 3Ta-
Max MCIBITAaHUs OINPENENATh OCTATOYHYIO IPOYHOCTb,
YTOOBI HOCTPOUTH KPUBBIE OCTATOUHON MPOYHOCTH, MO-
Ka3zaHHbIE Ha puC. 2.
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v>1
v=1
v<l

Puc. 2. Pa3uble BApHAHTHI KPHBOii 0CTATOYHOI NPOYHOCTH
6 (1) 111 32JaHHBIX CTATHYECKOii POYHOCTH & (0) 1 ypoBHS
npu X 6, i

IpencraBum cebe [5], urto ansg ABYX ypoBHeil
MPHIOKCHHBIX HANPSHKCHHH Haii[IeHbl J[BE KPUBBIC
0CTATOYHOW TPOYHOCTH, KOTOPHIEC AIPOKCUMHPOBAHBI
JABYMsI BBIDQKCHUAMU

o/ (n)=0"(0)~(c" (0)-0,)| 1
i

OHH yCTOBHO NOKa3aHbl HA pUC. 3 ydacTkamu 4B
— JUIs BBICOKOTO YpPOBHS HampsbkeHuit, 1 ACD — s
Gonee HU3KOro ypoBHs. OcTaTouHas HMPOYHOCTH OIpe-
JIeNsAeTCs HAKOIUIGHHBIMU TMOBPEKICHHSAMH, OITOMY
TIpH CMEHE PEKHUMOB YPOBCHB ITOBPEKIACHHOCTH, a 3HA-
YHUT - OCTATOYHAA TIPOYHOCTH COXPAHACTCA.

Ha puc. 3 npownocTpupoBaHO HarpyKeHue BHa-
Yajie IPU BBICOKOM YPOBHE HAIPSDKEHHS — Y4acTOK
AB, a 3areMm - nepexoz 1o y4actky BC k Goiee HU3KOMY
YPOBHIO Hal'[pﬂ)KCHHﬁ. Yucno LHUKIIOB TIpH TICPBOM
YpOBHE 0003HAYEHO #1;, @ IPU BTOPOM, Ha4HMHAS OT TOY-
ku C —n, Ho touka D Ha BTOpoii KpUBOU ompeenser
cornacHo (12) moaHOe YMCIIO IHUKIOB BTOPOTO PEKMMa
ny+n, KOTOPOE COOTBETCTBYET TIOBPEKICHHOCTH U
ocm‘goquoﬁ npoyHocTU BT. C 1 B.

G (1)
"

2

;i=1,2,..012)

Puc. 3. CxeMa olleHKH CyMMAapHOii 10J1roBe4HOCTH NPH Me-

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

pexojie OT GOJIBIIEr0 K MEHbIIEMY YPOBHI0 IHKJIHYECKHX HANPS-

JKEHHIT.
"3 paBeHcTBa OCTaTOYHBIX MPOYHOCTEN
Ur(nl)zo';(n/) HAXOJIUM:
. . /vy
o (0)-o,(n
[T @)

.
o (0) -S
Ternepb OCTATOYHYIO MPOYHOCTH MOCIE 71; IUKIOB

[IEPBOTO PEKNUMA U /1> LHKIOB BTOPOTO PEKUMA ClIEyeT
BBIUMCIIATH 110 hopmyne (12) ¢ 3ameHoi#t 1, Ha 1y +ny

a(n +n2):0'*(0)—(0'*(0)—0'2p) n’]:;nY (14)

I7aBHOE MPENMYIIECTBO H3JIOKEHHOTO TOJX0Aa
COCTOUT B TOM, YTO OH IIO3BOJISACT YYECTh BIIMSHUE T10-
CJIEI0BATEILHOCTH HIepexosia OT OJI0Ka OJHOTO YPOBHS K
OIIOKY Ipyroro ypoBHs. DTa HpoIeaypa MOXeT ObITh
pacrpocTpaHeHa Ha J11000e YiCsIo OJIOKOB M Ha JIH00YI0
HUX MOCJIEI0BATC/IIBHOCTS. Ilo CYTH, KOMIIBIOTEP MOKET
MOJIEIIUPOBATh JII000H CHEKTp HarpyxeHus, pasOuBas
€ro Ha HeoOXOIUMOE YUCIIO OJIIOKOB, B KOTOPBIX JHama-
30H HM3MEHEHHs aMILTHTYJ] OIpenessercss TpeOyemoit
TOYHOCTBIO.

2p

Paboma evinonnena npu unancogoil
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1. PaGornos FO.H. Mexanuka neopMupyeMOro TBEPOTO Tena.
M.: «Hayka», 2-e u31.,1988.- 712 c.
2. TTomnos A.H. 3KC|’ICpHMS"TaHhHﬂﬂ MECXaHHUKa KOMITO3MTOB.

VuebHoe mocobue M TEXHHYECKHX yHMBepcHTeToB. M.: M3a-BO
MI'TY nm. H.D.Baymana, 2015.- 375 c.

3. TomunoB  A.H. DTioasl MO0  MeXaHHKE KOMMO3HTOB. M.:
DOU3MATIINT, 2015. -320-c. — ISBN 978-5-9221-167-6.

4. O’Brien N.R. Characterization of delamination onset and
growth in a composite laminate// Damage in Composite Materials.
ASTM STP 775. K.L.Reifsnider, ed., American Society for Testing
and Materials, 1982, p. 140-167.

5. Schaff J.R., Davidson B.D. Life prediction methodology for
composite structures. Part 1. Constant amplitude and two-stress level
fatigue//Journal of Composite Materials.-1997.-vol. 31.-No. 2.- p.
128-157.



L[E®OPMUPOBAHME U PASPYLLEHUE KOMMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA
DFCMS-2016, UMALL PAH, Mocksa, Poccus, 18-20 okmsibps 2016 2.

AHAJIOTUS 3AJIAYU JIEOHAPJIO O BETBJIEHUH
C KOMITIO3UTHOM BAJIKOI KOHCTAPA

Homunos A.H., Tarycs HA."

. .
WucrutyT MammHoBeaenns uM. A.A. briaronpasosa PAH, Mocksa, Poccust; nikalet@mail.ru

Annomavusn: Ewé Jleonapoo oa Bunuu 6v110 3ameyeno, ymo cymmaphas niowjads 6emeell 8 Kajicoom nonepedHom cedenu
AONOHU COXPAHAEMCSL NPUMEPHO NOCMOAHHOU. M32ubHAs nOOAamau8ocnms noOOOHOU BemMEUCION (PPAKMATLHOU CIPYKMYPbl OKA3bl-
saemcs 6mpoe Gblute, 4eM y 00HOPOOHO20 CMEONd, YMo cnacaem 0epeco om 6empogoil Hazpysku. Cosep 0 auano. it pe-
3YIbMAm noyuaemcs Olia «uUoeabHoll» pasHonpouHoll baiku. B doknade paccmomp 3aKOHbI U P P06 NONEPEe o0
ceuenus KoOMRO3UMHOIU 6anku KOHCM3IPa, CoXpansioujeli NOCMOSHHYIO N10Wadb NONEPEYHO20 CeHeHus, U CROCOOb NOCIMPOCHUs.
PAYUOHATLHBIX MPAECKMOPUTL YKIAOKU 6ONOKOH.

Knroueguie cnosa: komnos il ynpyauti s pounuposanue, Kp iHOe apmuposanue, nooamiu-
60CHb, HPOYHOCHTD.

B cBoux 3amuckax Jleonapno na Bunum Bbickazan — cedenus. Ecau Ui HArISIHOCTH 3aMEHHTh BETPOBYIO
cnemyromuii moctynar: «CymMMa KBajpaToB IMAaMETPOB — HATPy3Ky KOHIIGBOH TOINEpedHON cuioit P, jerko
BETBEH TOCTOSTHHA J10 W TOCJIE BETBJICHHUA, U TIOOTOMY OLCHUTB, HACKOJIBKO IPHU 3TOM BO3paCTéT 1Tp01"l/l6 vz TIO
CyMMapHasl IUIOLa/ib CEYeHHs BETBEIl 1epeBa OIMHAKOBA  CPAaBHGHHIO C NPOTHOOM ¥; CTBOJA IOCTOSHHOTO

Ha JIF00OM YPOBHE H PaBHA ILIOIAH CTBOMAY. nuamerpa dy:
Takoe, Ha IepBbIi B3IJIAN, HEOYEBHIHOE YTBEp- pl1k 1k
2 2
JKJICHUE MOJKHO TOSICHUTH YHUCTO MEXAHHUCTHYECKH, €CIIH v, =E TI(L—x)' ¢Zx+TJ'(L—x) dep=
MIPE/ICTABUTh JPEBECHBIC KAMMWLIAPBI (BOJIOKHA) B BHIE 1o 24
U 3
HENpPepbIBHBIX TPYOOUEK, KOTOPbIE, HCXO/s OT KOPHEBOH — _ v [1 +H(N-1)(1-2) J; 1)
CHCTEMBI, «pa30eraroTcsky 110 BETBSM, HUIIE HE Ipephbl-
Basck. [109TOMy YMCII0 BOJIOKOH OCTAETCs MIOCTOSHHBIM, a P I 7rd,4 NL: A L
v =—; —= s A=—1
3HAYUT, WX CyMMapHas IUIOIIAab OWHAKOBA B JFOOOM 1 > 22
» MX_cymMap 3£, 64 L,

TOPH30HTAIBHOM CEYCHHH KPOHBI JepeBa. IT0, KOHEUHO,
oueHb rpyOasi MOJEIb: CIPYKTypa APEBECHHBI HECPaB-
HEHHO CIIO)KHEE, W NPU BETBICHHWH JIEPeBa «IIPABUIO
Jleonapno» BbINONHSETCS JHIIb MPUOMKEHHO [1], HO
MOJKHO T10Ka3aTh, KaKyl0 POJIb UIPAET BETBJICHHE B MO-
BBILICHUH MOJATIIMBOCTA KPOHBI, YTO CHACACT JIEPEBO OT
OIacHOM BETPOBOI HArpy3KH. HarpysKy.

TTOCKOJIbKY HAC HHTEPECYET AHATOTHS APEBECHHBI C Ecinu norpeGoBath NIpH BETBICHUU BBIIOJIHEHHE
BOJIOKHHCTBIMH KOMITO3HTAMH, @ JUT HUX MeXaHucTuue- Yo 1OBIA PABHONpPOUHOCTH, e PaBeHCTBA
CKH OGBACHACMOE COXPAHCHHE CyMMapHOH miomama — MAKCHMAIBHBIX HANPDKCHUA B KOPHEBOM CEHCHMH H
BETBAIICHCA CTPYKTYphl KAKETCS OUCBHIHBIM, B jamp-  OC/IC PASBCTBICHILE
HEHIINX OIEHKaX POCTa IOAATIMBOCTH MBI Oy/eM OIH- p— PL _ P (L_Ll) o)
paTbcst Ha MpaBWiIoO JICOHAPIO C KIACCHYECKHM TMOKa3a- ™} Nd; ’

TeJeM CTeleHH, paBHbIM JByM [2]. [Ipocreiimas moznenb
BETBJICHHs MOKa3aHa Ha puc. 1,a,0.

M3rubHast HoJaTiIMBOCTD «IEPEBa» PACTET C POCTOM
YUCla «BETBEW» M C YMCHBIICHHEM JUIHMHBI POBHOIO
ctBoma L, 9TO mMO3BONAET M30€XkaTh TI'yOMTETHEHOTO
BO3JCHCTBHH CHJIBHOTO BETpa: CTBON, YTOOBI HE
CIIOMAaThCsl, JOIKEH COTHYTBCSA, CHIDKAs BETPOBYIO

TO IMOJYYUM  CBA3b  JUIMHBI Ly no 04epeaHOro
Pa3BETBICHHUA C KPATHOCTBIO N 4KciIa HOBBIX «BETOK»:

3ajaua 0 BeTBJICHUH JepeBa IN(I-N)=1=1, = (1 4/”)4 3)

Pocr uyncna BeTBeil IPOMCXOAUT GIIMKE K BEPLIMHE,
YTO CJIE/lyeT U U3 HAIIMX [OBCEIHEBHBIX HAOMIOACHUH.

Penmmiv  mofo0HYI0 MNpelenpHYIO 3ajady Ul
«pa3MazaHHOro» (HELeIoro) uucna BeTBed N(x) ,
YBEIMYHMBAIONIETOCs OT OCHOBaHMA K BepmmHe. [t
MPOCTOTHl ~ MPUMEM  IIOIEPEYHOE CEYEeHHe CTBOJA
KBaJpaTHBIM (puc. 1,6) CO CTOPOHOI B KOPHEBOM CEUECHUH
d(0} . C yBennueHneM BBICOTBI CTBOJ BETBHTCH,
«pa3Ma3bIBasCh» HalogoOMe BeHuka. 13  ycioBus

a) -
Puc. 1. PasBerBasiiomasicsi KpoHa JepeBa — a) u eé Oanounas ~ COXPAHCHUS CyMMApHOM IUIOIIAAN BETBEN 50l =5 (x):

Mozaenb— 6). d(x):d(O)N %’
Mpencraum  cebe  mwwmmHap amuHOH L ¢ awu3 ycoBus paBHOHANPSKEHHOCTH THIIA (2):
JMaMeTpoM @; Ha TEPBOM ydacTke JUIMHOH Ly , N* (x) = d* (0)(1 7x,)—1 = /
KOTOPBI/f  IIEPEXO/IMT Ha BTOPOM ydactke B N L
O/IMHAKOBBIX  IMJIMHAPOB C  JMAMETpoM &y €
COXPaHGHMEM  CYMMAapHOH  ILIOIIAJM  IONEpPEHHOro

C‘II/ITaH, YTO BETBU PACHOJIOKUIIUCH B OOHWH P
(puc.1,0), HAXOIUM TEKyIlee YMCIIO BETBEH, TOJIIHHY,
IIMPHHY U MOMEHT MHEPIIUH OaJIKU:
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w(x)h(x)=Nd*(x)=d*(0); 4

—Kpyenoe cevenue |.
64 ]

Taxasi paBHOHATPSKEHHAS «KOHCTPYKITHSD
obnajiaeT BTpoe OoJbIIeit TOAATIIMBOCTBIO IPH
COXPAHEHUH CYMMAapHOI! IJIOLIA/IN CEUCHHS «BETBEH»:

Pl.(L_x)Z

N e

e V]_ - HpOFH6 CTCp)KHﬂ KBaﬂpaTHOm CCYeHHsI CO
croponoit d{(0) 6e3 BeTRICHNA.

«BeTBAIMECs» KOMIO3HTHBIC GATKH MOTYT GBITH
HCTIONB30BaHBl KaKk J((EKTHBHEIC YIPYTHE SMEMCHTHI,
HAnpuMep, Ul KOHCTPYKIHHA KOCMHYECKOro 0asupoBa-
HUsA, TI€ HET OrpaHUYCHUA 110 FaﬁapI/ITaM, M TaKue 3Jie-
MEHTBI M3 HH3KOMOJYJIBHOTO H BBICOKOMPOYHOIO CTEK-
JIOTLIACTHKA MOTYT JIaTh BHIMIPHIII 1O Macce 10 20 pas
TI0 CPAaBHCHHUIO CO CTAJIbHBIMHU aHaJIOTaMH.

Oc TH | NPOEKTHPOBAHUS
YIPYIHX 3J€MEHTOB B BHIe NPOQHINPOBAHHBIX 06a-
JIOK PAaBHOTO CONPOTHBJICHHSI

,Lﬁjdx“ =3y,

“E(0)) ©

JILHOT'O

PaccMOTpUM  KOHCONBHYIO — IPOQIIIMPOBaHHYIO
Ganky [4,5], pasMepbl ceueHus KOTOpOil: mmpnHa wix)
u Tomumua h(x) M3MEHAIOTCA TIO KOOpIMHATE X BIOMH
JUIMHBI L 110 CTENEHHbIM 3aKoHaM (puc.2):

w(x) = W(O)(l 7x/L)a 5

h(x)=h(0)(1-x/L)".
ITpu MpOEKTHOM pacyeTe YNpyTroro 3MeMeHTa HEOOXO0H-
MO Ui 3aJaHHBIX: MOIYIA yIPYrOCTH En TMPOYHOCTU
o maiitu pasMepsl KopHeoro cedenms w0} u #{0)
M 3aKOHbI UX HU3MCHCHUSA ((1 u B) JUIs1 OTHOBPEMEHHOT'O
BBIIIOJIHEHYS JIByX OCHOBHBIX (IIPOTUBOPEYMBBIX) TPeOO-
BaHmit: mo skectkoctH € =P/v m mo mpoduHOCTH
5B, xlf'f{""'h:] = Cpgx S0°

JIONONMHUTENEHOE YCIOBUE «PaBHOMPOYHOCTHY J1a-
et u3 (6):

(6)

a+2p=1. 7
TlocTosIHCTBO TUIOMIAMM CEUEHMs JUIsl Oalku KOH-
crapa o3HadaeT & + £ = 1.u M3 yCIOBHSA «PaBHONPOY-
Hoctu» (7): @ = -1, § =1 (puc.2).
IIporu6 v npodunupoBanHol Ganku moj Harpys-
Koii P BeIpaxkaeTcs yepe3 Kod(durmenT popMsl 1o mpo-
rHly &yt

2

G

R EETE RO

5= ®)
-2 -

I(x)= 1(0)(17%]w ’
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TpeGoBaHUe TOYHOTO BBINOIHEHHE YCIOBHIl IO
MPOYHOCTH ¥ MO JKECTKOCTH MO3BOJsAeT 3 (8) Haiith
pALMOHANBHBIC Pa3Mepbl KOPHEBOTO CEYCHUsT MPodun-
POBaHHO# OaKK1

*r2
h(o):&@ =hd,;
3EPm; ) (9)
27P. E W,
(0) = max =20,
»(0) 20°C°LS 6]

rae hy, Wy - pa3Mepbl CedeHHs IPSMOYTOJILHOM OalIKu,
YIIOBIICTBOPSIIOIIEH TEM K¢ TPEOOBAHUAM T10 TIPOYHOCTH
M KECTKOCTH.

Maccy m(L) npopuIMpoBaHHOTO JHCTa MOKHO
BBIPA3UTb 4Yepe3 MaccCy 7 IPSIMOYTOJILHOIO JIMCTA,
YMHOXKEHHYIO Ha KOd(GHIHEHT HOPMBI IO Macce J,:

L

m(L)= l‘pw(x)h(x)dx =my0,;

1 (10)
S, = s p- Mo P
" rarp P
TlozncraBus B (10) pasmepbl KOPHEBOIO CEUECHHs
(9), moTYYMM OKOHYATEIBHO:
9pP E 5, an
m(L)=pw(0)h(0)L5, =—F-mm= Ty
()= pr(0)h(0) 10, =22 2
B o -
me jr =4y - KOOQOUIMEHT CHIDKEHHS Macchl

'8,
npoUINPOBAHHOM OalK{ IO CPaBHEHHIO C IPSMO-
YTOJIbHOM.

U3 (11) BuaHO, 4To Macca GasIKi 3aBUCHT HE TOJIBKO
OT IUIOTHOCTH MaTepuaa @, HO M OT MOMYJIs YIPYrocTu
E. Mmenno 3T0T 2 QEKT JemaeT CTEeKNOMIaCTUK Hanbo-
nee 3deKTHBHBIM 1 MaTepHanoM IS yIpYTHX 3JIEMEH-
TOB, HANPUMEP, B ABTOMOOWMJIAX, TIOCKOJBKY CHIDKAETCS
HEMOJPECCOPEHHast Macca.

A Ttenepb - 00 07HOM HEOYEBHIHOH OCOOEHHOCTH
pacdyeToB Ha IIPOYHOCTH NPH 33JAHHON KECTKOCTH.
Kosdpuument chmwkenns macesl dx u3 (8) u (10) 3a-
THCHIBACTCS B BHIIC:

6‘2 = 1+a+f
nyer: &z =13, T.e. Ipu OZHOBPEMEHHOM BBIIIOJHEHUH
YCJIOBHH IO MPOYHOCTH U IO 3KeCTKOCTH Jtobast (!) pas-
HONpoyHas Oajika OKasbIBAaeTCs B 3 pasa jerde HpsmMo-
YTOIBHOM, WIM TIPH 3aJaHHOM Bece Oalka KOHCT3pa
HNMeeT BTpoe OONBIIYIO TOMATIMBOCTh. Takoil ke pe-
3yJbTar ObLT TIOJTyYCH BBIIIC JUIS «HACATIBHOTO)» BETBJIC-

U U3 ycnoBus pasHompouHoctH (7) cre-

Puc.2. CxemMa paBHONPOYHOI HAJIKH KOHCTIPA ¢ MOCTOSIHHOI 110~
A/1BI0 MONIEPEYHOro CeYeHus.

TpaeKTopuH BOJIOKOH B HajIKke KOHCTIpa

Jlnsa Hammydeid o dopme Galku KOHCTIpa CTPO-
TYI0 OJHOPOIHOCTh OOBEMHON JONM BOJIOKOH CIIOXKHO
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peann3oBaTh, KaK TEXHOJOTHYECKH, TaK M B Ipoliecce
KOMITBIOTEPHOT'O MOJCIHPOBAHMA, HO THIIOTE3a O IOCTO-
SIHHOW 0OBEMHOM J10J1e BOJIOKOH MO3BOJISET IPU pacyeTax
YUUTHIBaTh BIMSHHE HA d(QOEKTHBHBIA MOIYIb YIIPYro-
CTH TONBKO yIJa WX PasOpHEHTAIlMH. YYeT pealbHBIX
TPAEKTOpUii KPMBOJIMHEHHOTO apMHMpPOBaHMsA C TEpe-
MEHHBIMH YITIAMH PA30PHUCHTAIUN U C l/lSMCHﬂlO].LICﬁCﬂ oT
TOYKU K TOYKE OOBEMHOIl JI0JIeii BOJIOKOH MPE/ICTaBIIseT
CIIOKHYIO 3aj1auy KoMIbioTepHoro MK3-MoenupoBanus
[3]. YToOBb! yuecTs BiHsIHEE HA TPOTUO HE TOIBKO (HOPMBI
OaJlKM, HO M PA3OPUCHTALMH BOJOKOH, HANO0 TMPHHATH
HEKOTOPYIO MOJIeNb UX pacnpeneneHus. /s aHanurude-
CKOTO peIICHHs YHOOHO HCIONB30BaTh NPHHIMUI «Pas-
Mas3bIBaHHs», KOIia OT OECKOHEYHO TOHKOTO BOJNOKHA B
Ka&KJIOH TOYKE OCTaeTCs TONBKO €r0 HampasieHue. Tpa-
EKTOpUH TIPH 3TOM coriacyiores ¢ dopmoit Oaku (6) u
OIPEEIAIOTCS HAa4Ya bHBIMU KOOPJNHATAMU B KOPHEBOM
cevernnu y(0), zi0):

y(x)=r(0)(1-2")"
z(x) = z(O)(l —x')ﬂ :
X :%;a:—l;ﬂ:L
ITpoussonnbie 0T (yHkimii (12) paBHEI TaHTEHCaM
YIIOB @, M @7 HAKJIOHA TPACKTOPHUIl BOJIOKOH B ILIOC-
KOCTAX Xy U Xz (puc.3):

Vronn ¢ Mex1y OCcblo / 1 OCBbIO X OIpesensercs u3
O4YCBU/IHBIX COOTHOIICHUIA:

dy S (dzY
wgop=a; 4=| 2| 4| Z| =
“ [dx] [dx]

= cosp =

(12)

(14)

1
NVl
JloxanbHblii TIPOIONBHEIA MOTYIIb YIPYTOCTH MOXKHO
paccuuTars 10 ynpoueHHoit popmyie:
0

E,
E\(x,y,z,(p)zE{’cos"(af( ) (15)

DFCMS-2016, UMALL PAH, Mocksa, Poccus, 18-20 okmsibps 2016 2.

Puc.3. Yron HaK/I0HA BOJIOKHA K NPOI0JILHOI OCH.
Ipu u3rube Ui KaXAOIO CEYEHUS C pasMepamu
w(x), h(x) MOKHO paccuuTarh d3QGEKTUBHBINA MOIYIb

w2 hf2
E (x)w(x)i(x)=12 [ dy J (16)
—wf2 —~h/2
PacueTsl MO3BOIMIN YTOYHUTH (hOPMY PABHOIPOY-
HOU OaJIKH ¢ y4ETOM BIMSHUS Pa30PUEHTALMH Ha MOMY/Ib
W Ha TIPOYHOCTD. Manas Pa3sopuCHTANN OKa3bIBaCTCA HE
BPE/IHOM, a Jake MOJe3HOH n3-3a 3HAYUTENIBHOTO POCTa
conpotusieHust pacueruienuto. E€ ucnonszyer u Ipu-
porna, co3aBas B CTBOJC JePEeBa BHHTOBBIC TPACKTOPUU
YKJTA/IKH BOJIOKOH C pa3opHeHTamyiei mopsimka 3-5°.

(x.p.z2 2ar'z.

BriBoa

Co3nanne pa3sBETBIAIONMXCA WM TIPOGHUIMPO-
BAHHBIX (THUIIA KOHCTAPA) KOMIIO3UTHBIX CTPYKTYp upes-
BBIYAHHO 3((EKTHBHO 33 CYET BBHICOKON IIONATIMBOCTU
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30pPHUCHTAIIMH BOJIOKOH Ha JKECTKOCTh M NPOYHOCTH l'[qulMJ'alOB'dl"lle
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137



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

BJIMSAHUE HAHOMOAU®ULIUPOBAHUSA HA IPOYHOCTHBIE
XAPAKTEPUCTHKHN KOMIIO3UTA

IloprHoBa SLM.", Mariomegckuii H.B.

T'HIL P® AO «OHIIIT «Texuomnorusi» um. A.I'. Pomanmuay, r. O6uuHck Poccus; info@technologiya.ru.

Aunomauus: Ilpusedenvr pes uccneo:

i1 no npu.

2pamnyn MHO20CIOUHBIX YenepoOHbIX HAHOMPYOOK

(MVHT) 6 snokcuonom ceazyiowjem Osi NOay4eHus no.

Mu ceoticmeamu. B kauecmee modenvHo2o mamepuana Ovin 610paH

wueKy paxemvl nocumens «IIpomony.
K C106a: KOMNO:

Ilpu BBeseHMM HAHOMOAM(DHKATOPOB H3MEHS-
I0TCA MHOI'ME XapaKTEPUCTUKU IMOJIMMEPHBIX KOMIIO3U-
IIMOHHBIX MaTepuanoB. OCHOBHOM 3amaueil ymydIieHHs
SKCILTYaTaIllMOHHBIX CBOMCTB HANOJHEHHBIX MOJIMMEPOB
BCeraa OBLTO YBEIIMYEHUE HX IPOYHOCTH WU MOAYJIA
YIPYrOCTH.

Ipounocts HaHoMogubuumpoBanHbix [TKM
U3MEHACTCS CIOXKHBIM 00pa3oM B 3aBHCHMOCTH OT CO-
JICpIKaHUA 1 pasMepa YaCTHUI] HAITOJTHUTEIISA.

C npyroit cropons! npounocts ITKM ompene-
JIIETCSL CPEJAHECTATHCTHYCCKOM IIPOYHOCTBIO MydKa BO-
JIOKOH U €ro cojepkaHueM. Bospactanue mpenena Te-
Ky4eCTH MATpHIIbl U TIPOYHOCTH BOJIOKHA JIOJDKHO TIPH-
BOAUTH K IIOBBIIICHUID MPOYHOCTU APMHUPOBAHHOIO
mwiactuka. OJHAKO MPU yBEIMYEHUH HPOYHOCTH M MO-
JyJisl YIPYTOCTH MaTPHUIbI CO3JAOTCS YCIIOBUS JUIS PO-
CTa KOHIICHTPaTOPOB Hal'lpﬂ)KCHI/lﬁ, YTO BEACT K OXpyII-
YMBAHHUIO MaTtepuanga U poCTy €T0 YyBCTBHTCIBHOCTH K
nedexram. BeeaeHne HAHOMOIU(UKATOPOB IIPHBOIUT K
CHIDKCHUIO Je(pOPMUPYEMOCTH MATPHIIBI, YTO HPUBOIHUT
K ynyudiieHuto coiicts ITKM B nenom.

an/I HCIBITAHUAX Ha CXKAaTHE BIOJb OpHCHTa-
UUHA BOJIOKOH KOMIIO3UTHI pa3pylIatOTCsA BCIEACTBUE
MOTEPU YCTOMYMBOCTH BOJIOKOH U Pa3BUTHS CIABUIOBOM
Tpemunsl. Ecim paspyieHne He naeanbHO XpyHKoe U B
BEPHIMHE POCTa TPEHIMHBI YCIIEBACT PAa3BUTBHCA 3aMET-
Hast L[Cq)OpMaLlHﬂ, TO YACJIIbHAS DHEPTHA oﬁpazoBaHm[
HOBOIl NOBEPXHOCTH MHOIOKPAaTHO BO3pacTacT H3-3a
HAJIM4Us MHUKPOOPHEHTALMOHHBIX IPOLECCOB (yIpod-
HCHHE MOJMMEpa B BEPIIMHE TPEIIWHBI, JMCCHIIAIASL
9HEpPruu B BHUzE Temia). Ecim k ToMmy ke myTh pacrpo-
CTpaHEHUs] TPEIIMHBl HCKPUBICH, TO (haKTHUeCKas
MPOYHOCTH PA3PyIICHHs MHOTO OOJiblile, YeM OIpejie-
JsieMasi TeOMETpHel MONepedyHoro cedeHus oopasia, a,
CIIe/IOBAaTENIbHO, BO3PAcTaeT NpPOYHOCTh. TpemmuHa,
BCTPETHUBILIHCH C ‘{aCTHL[Cﬁ HaHOMOﬂHqJHKaTOpa, MOXKET
1100 00OTHYTH €€ M KaK CJIeJICTBHE HPOUCXOIUT HC-
KPHBIICHUE ITYTH TPCIIUHBI, TUOO TPEIIMHA IIPOXOXHT
gepe3 yacTuily ¢ Oojee BBICOKOH BHEprueil moBepx-
HOCTHOTO paspynieHus. B oboux ciydasx pesko BO3-
pacTaer yjenabHas SHEpPrus BHOBb OOpa30BaHHOU IO-
BEPXHOCTH paspylIeHHs, a, CJIENOBATENIbHO, U IPOY-
HocTh. IloBepxHOCTH HaHOMomM(pHKaTopa oOnagaeT
BBICOKOIl aJCOPOILMOHHOI crocoOHOCTBIO. DuKcarms
Ha II0OBEPXHOCTU 4YaCTUIIbl YaCTH CETMEHTOB MOJIEKY-
JSIPHOTO KITyOKa MPUBOAUT K JedopManuu KiyOka u
OpHEHTAllM  HE(UKCUPOBAHHBIX  CEIMEHTOB IO
HaTpaBJICHUIO OT YAaCTHIBI B 00beM TIoJImMepa. Bo3zuu-

X KO,

OHHbIX P 06 C NOBBLIUUEHHBIMU MEXAHUYECKU-
MUK €O CXeMOTl apmMup mooenupyroujei 06-

1e Mamepuaislt, HAHOMOOUPUYUPOBAHUE, MHO20CIOlIHbIE YelepoOHble MpYOK.

Kaer ynopﬂnoquHmﬁ, YaCTUYHO Opl/lCHTHPOBaHHLIﬁ
rpaHuyHblil  (MexdasHbIii) CII0il monMMepa ¢ IMOBbI-
MICHHOH MPOYHOCTBIO. DTO 3aMEUISCT POCT TPEIIMHEL,
NPHUBOASA K JIOTIONHHUTEIBHOMY 3HAYHTEIBHOMY DPOCTY
SHEPrUM BHOBb 00pasyeMoii mosepxHocTH [1].

Hccnenosanue  Gpu3NKO-MeXaHHYECKHX  CBOWCTB

HaHOMO}]Mq}ﬂH“pOBaHHIﬂX YrIemiacTukoB.

B kadectBe HaHOMOAM(UKATOPA IS SHOKCUJ-
HOTO CBSI3YIOIIETO OBUIM HCIIONB30BAHBI TPAHYIbl MHO-
TOCTEHHBIX YIVIEpOIHBIX HaHOTPYOOK (MYHT).

B onokcumnoe  ceasyromee OHDB TV
1-596-36-2005 BBOmmmch rpanynsl MYHT B konnue-
crBe 2, 3% wmacc. I'panynst MYHT BBoaMiMCh B CBSI-
3yloliee in situ B CMECHTEINb JUIS CBA3YIOIIETO HPU H3-
TOTOBJIEHNM mpenpera. V3 moanduuupoBaHHoro mpe-
npera ObUIM H3TOTOBJICHBI O0pa3lbl YIVICIUIACTHKA CO
cxemoii apmupoanus (0;£80;0).

M3BectHo, uto IIKM sBIAIOTCA HEOAHOPOA-
HBIMH M CYIIECTBEHHO aHH30TPOIHBIMH MaTepHalaMH.
Jliobas xonctpykuust u3 IIKM umeer Tombko CBOIO
MPUCYIIYI0 CXEMY apMUPOBAHUS &, CJIEIOBATEIBHO, U
COOTBETCTBYOIIHIT Habop YIPYTO-IPOYHOCTHBIX
CBOICTB. B NpOBEAEHHBIX AKCIEPUMEHTaX ObLIa BbI-
OpaHa cxema apMHUPOBAHHUS, MOJICTUPYIOIIAs CXEMY ap-
MHpOBaHHS pealbHbIX OOIIMBOK PaKeThl HOCUTEIS
«IIporon».

Bouta nposenena onenka BausHus MYHT Ha
BS3KOYNPYTU€ XapaKTePUCTHKH, TAKUE KAaK MOIYIb M
TaHIeHC yIVIa MEXaHUYEeCKUX I0TePh yIICILIaCTHKA.

B pabore npuMeHsuIM AMHAMUYECKUHA MeXaHH-
yeckuii anamm3 JIMA ¢ HCronb30BaHHEM JMHAMHYE-
CKOTO TPEXTOYEUHOro M3rnba B AmamaszoHe wactot 1-10
T’ st mecneioBaHMs 3aBUCUMOCTH MOJIYJISl M TAHTEHCA
yIlla MEXaHUYECKUX IOTePh YIIEIUIACTHKA OT TeMIepa-
TYpBL

Ha pucynkax | m 2 mpeacTaBicHBl 3aBUCH-
MOCTH MOJY/ISl M TaHICHCA MEXaHHYECKHX HOTEPb MO-
mudunmposanHoro MYHT u HemoaudHIMpOBaHHOTO
YIICIUIACTUKA OT TEeMIepaTypbl. M3 pHCYHKOB BHJHO,
YTO B MOJAM(UIMPOBAHHOM YIVIEIUIACTHKE HAaOIIOAaeTCs
YBEJIMYEHHE MHKa MOJIY/Is MOTePb, YTO MPHBOMUT K
CHIDKEHHIO BEPOSITHOCTH 00pa3oBaHMsi XPYNKOil Tpe-
IIMHBI B MaTPUILE, TAKUM 00pa3oM, HOBBIMIACTCS MPOY-
HOCTh U BSI3KOCTh pa3pylicHUs. V3BECTHO, YTO IIOBBHI-
mieHne Ae(OpMATUBHOCTH MATPHUIBl U CHIDKCHHE ee
XPYIKOCTU CHOCOOCTBYET peaji3alliil BBICOKHX YIPY-
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TONPOYHOCTHBIX CBOWCTB YIIEPOAHBIX HATIOJTHUTEIEH.
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Pucynok 1 - Temneparypnasi 3aBHCHMOCTb MOJYJIeii yIPYrocTn

(E') u noteps (E') yriaensacruka Ha ocHoBe casizyiomero JH®B,

moxuduuuposansoro MYHT
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Pucynok 2 - TemmepaTypHasi 3aBHCHMOCTb TAHIEHCA YI/Ia Mexa-
HHYECKHX NOTepPb YIIeIIACTHKA Ha ocHoBe cBsi3ylomero JHDB,
Moaupuuuposansoro MYHT

BbiBoabI:

1. Tloka3aHo, 4TO B MOJM(HUIMPOBAHHOM YyTJeIia-

CTHUKE Ha6JTIO}IaCTCﬂ YBEIWYCHHUE TIMKa MOZIYJIS TIO-
TEPb, YTO NMPHUBOJANUT K CHHIKCHHIO BEPOATHOCTH 06])6-
30BaHMs XPYNKOW TPELIMHBI B MAaTPULE B MECTE pas-
pbIBa BOJIOKHA M YBEJIMYMBACT BPEMEHHON HHTEpBal
MEXJLy Pa3pblBAMU COCCIHHUX BOJIOKOH, YTO IPUBOIHUT
K TOPMOXKEHHIO Ipoliecca paszpbiBa BolokoH B [IKM
TIpA €TO0 HarpyK€HHH, TaKUM 06pa30M, TIOBBIIIACTCSA
TIPOYHOCTH U BA3KOCTB PA3PYIICHUS.
2 VYcraHoBieHo, 4TO npu BBeaeHue rpanyn MYHT
HanOOJIBLINI TIPUPOCT MPOYHOCTHBIX CBOWUCTB OTMe-
YaeTcsl NPU HUCIBITAHHUSX apMHUPOBAHHOTO YyIJIeILIa-
CTHKA TP C)KaTUM B HANPABJICHUH apMHPOBAHUS.

.Bnacos C.B. OcHoBbI TexHOOTHH TIepepaboTkn miactmace/C.B.
Buracos, JL.b. Kaugsipus, B.H. Kynesues u ap.//M.: Xumust.-
2004.-600c
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INPOEKTHPOBAHUE U BbIbOP INAPAMETPOB TENJIO3AHIMTHOI'O 3KPAHA
BHYTPEHHEU ITOJIOCTH KEPAMHUYECKOI'O OFTEKATEJIA
Poros II.A.]’ 2 AntoHoB B.B., Typxun nK.?

' AO «OHIIII «TexHomorus», . OGHUHCK
2 MAU

Amwmaumz: B ooknade npu(32081151 omansl NPOEKMUPOBAHUA U YMOYHEHUSA KOHCMPYKYUU Menio3aufumno2o 3Kpanda,
npez)Ha;eHaveHHuw Ol CHUDICEHUS memnepamyp Ha 31eMeHmax 31€KmpOHHbIX Y3106, VCi X 60 6HYMp npo-
cmpancmee Kepamudeckoil 000104KU — 0OMeKameis 8bICOKOCKOPOCHHO20 020 p Mc doknada pac-
Kpbleaem ocHosaHue onst npuUMeHeHus oannozo IKpaua, ocobennocmu 6IUAHUA €20 r[)u3uko-<wexayul/em<ux ceoticme na Hecywyro
CnOCOGHOCMb BHEWHEl K(fp(L\lll‘l&’L’K[)lZ 06on0uKU U Mepbl N0 NOBbIUEHUIO HaoedcHocmu u 6e30mKazHoll p(lﬁ()mbl KOHCMpYKyuu
obmexamens yenom.

K cnoea: Key , ot obonouka, menno3auumHblil IKPaH, KOMROZUYUOHHBIL MAmMepuar, menioct-
Jlo60€e HazpyaiceHue, HanpANCeHUA, HAOICHOCHb

Beesnenue kepamukn HUACHT. TIpu 5TOM Temrneparypsl Ha BHYT-

IIpoGnema pocTa ypOBHS BO3IGHCTBHS adpOJU-  PEHHEH MOBEPXHOCTU OOONOYKH COCTABIAIOT HE MEHee
HAMMYECKUX HArpy30K Ha TojioBHble yacTh Oecrmnor- 400 °C, a Ha OoJbIIel YacTH pPEKHMMa IPEBBILIAIOT
HEIX JITATENbHEIX alapaToB B 4acTH yBenuuenus uH- 800 °C.
TCHCHBHOCTH HarpeBa, MaKCUMAJIBHBIX TeMIEpaTyp Ho- PacuerHplM myTeM ObUIO OIpPEIENCHO, YTO MPH
BEPXHOCTH M JUIUTCIBHOCTU PEXKHMOB PabOTHI, 3aKia-  3a[JaHHOM PACIOIOKEHHH JJICKTPOHHBIX YCTPOHCTB BO
JIBIBAEMBIX TpPU TPOCKTHPOBAHMM HOBBIX 00pa3IOB  BHYTPEHHEH IIONOCTH OOOJOYKH, TEMIEpPaTypa B HEKO-
ABHMALMOHHON TEXHWKH, NPUBOAUT K HEOOXOAMMOCTH  TOPBIX JIEMEHTaX MOXKeT jocturarh mopska 230 °C,
[OUCKAa HOBBIX TEXHHYECKHX PEIICHHUI, KOTOpbIE [O-  YTO 3HAYMTEIBHO IPEBBIIACT IPEICTaBICHHOE B Il
Morau Obl B KpaTyailiuii CpOK U ¢ MUHUMAJIBHBIMHU 3a-  JIOIlyCKaeMoe 3HaveHue. Teriornepesaya OT MpOrpeToit
TpaTaMH PelIuTh NpoOIeMy CO3/aHMs PabOTOCIOCO0-  BHYTPEHHEH IIOBEPXHOCTH OOONOYKH OCYIIECTBIACTCS
HBIX U3/ICIHH. 3a CYeT JYYMCTOTO PaJHAllMOHHOTO TEII000MEHa B 3a-

MKHYTOM 00BbeMe.
1. O0mee onucanue Y

2. PeanuzyemMasi KOHCTPYKIHS
Texunueckum 3amanueM (T3) Ha paspaborky ¥ pyrn

KepaMHMYEeCKOro OOTeKaTenst IepPCIeKTUBHOrO JeTa- Jlnst CHUDKeHHs! POrpeBa JIEKTPOHHOM armapa-
TenbHOTO anmnapara (JIA) GbLia 1ocTaBieHa 3aJa4a Co-  Typbl ObUIO IPEIOKEHO BHECTH B KOHCTPYKLHIO JI0-
31aHUs OOTeKaTess, KOTOPBIH MOKEH YIOBIETBOPSATh — IOJHMUTENBHBIM OJIE€MEHT - TEIUIO3AUIMTHBIH DKpaH
CIIEYIOIUM TPeOOBAHUSM: (T3D) u3 xomnozuonnoro Marepuana (KM). O6mmit

1) 3Bammra BHYTpeHHEW  paJauoamnmapatypbl  OT  BHJ{ y3Jla CTBIKOBKH KEPaMHYECKOH 000J04YKM M mepe-
TEIUIOCHJIOBOTO  BO3JICHCTBHS ~ HAOETaloMIero  XOJHOTO METaJUIMYECKOro INMAHIOyTa MPEICTABICH Ha
a3pOIMHAMHYECKOr0 TIOTOKa (TemmepaTypsl Ha puc. 1. Kak mOKa3bIBaIOT pacyeThl HANpsHKEH-
MOBEPXHOCTAX BHYTPEHHHX JJIEKTPOHHBIX y3710B  HO-AeopmupoBanHoro coctosuus (HIC) obrexareneit
He 10JuKHBI peBbimath 90 °C npu Temneparypax — 1M0J00HOH KOMIOHOBKM, HauOOJbLINE PACTATUBAIOLINE
Ha BHewlIHel nosepxHoctu nopsaka 1000 °C —  HanpsbkeHHs B KepaMUKe, KOTOpbIE ONPEACIISIOT Hecy-
1200 °C, naBnenuu mopsiaka 1,2-1,5 MIla 1 miylo crnocoOHOCTH BCeil KOHCTPYKIMH —OOTEKaTels,
CYMMapHOi JUTHTENbHOCTH pexknma OGosiee 500  BO3HMKAIOT HA YYAaCTKE CTHIKOBKM BHELIHEH 000I0UKH U

CCKyH}:[) BHYTPEHHETO METAJNINYECKOr'O MINTaHIoyTa.
2) OGOecreyeHue TrapaHTHPOBAHHOIO  COXPAHEHUS Inanroyr peanusyer paz0opHOE ILMHICYHOE
LEIOCTHOCTH KEPaMUYECKOro OOTeKaTelns Ha  COCAMHEHHE C OTBETHBIM OTCEKOM M OJHOBPEMEHHO SIB-
BCEM MPOTHKCHUH PEKNMa SKCILTyaTallun JeTCs Y3II0M, MEPENaoNUM Harpy3KH OT HOCOBOH 4a-
3) Oobecneuenue TpeOyeMbIX JIOITyCKOB no cru JIA Ha Bech ocTanbHON Kopryc. Breicokoammactuy-
MaccoBO-rabapuTHBIM XapaKTepUCTUKaM  HBIM aaresus (Hampumep, Kiel-repmeruk Y-2-28) npu-
oOTeKaTels. MEHsIeTCSl Ul COCJMHCHMS BHEIIHEH O0O0NOYKH U

BHennuii - a’popMHAMHUYECKUii KOHTYp Tpel-  BHyTpeHHHX wacreil (KM, meramia u T.1.) [2].
CTaBNsIeT COOOH 3aMKHYTYIO OCECHMMETPHUHYIO 000-
JIOYKY OKMBAJIbHOI'O THUIIA.

Kak 6bUIO yKa3aHO BBIIIE, MAKCHMAIIBHbBIC TEM-
HepaTypbl Ha BHEIIHEl MOBEPXHOCTU JOCTHTAIOT II0-
panka 1200 °C, 49To OJHO3HAYHO yKa3bIBAeT Ha HEOO-
XOAUMOCTh IIPUMEHEHHS KEPaMHUKHU B KAa4Y€CTBE Mare-
puana obrexaresns [1]. Ha neponauanbHOM sTarne mpo-
eKTHPOBaHNs GbLIO NPUHSATO PEIIEHUE O IPUMEHEHUH B Puc. 1. IcKH3 KOHCTPYKIHH H Y3/1a COQTHHEHHsI 000J109KH ¢
KauecTBE MaTepana oOONOYKH, oOecIeunBaroNIel He- OTBETHBIM OTCEKOM.

CyIIyI0 CIMOCOOHOCTh BCEH KOHCTPYKIMH, KBapIEBOi
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Jlns  obecriedeHHs TEMJIOBBIX PEKHUMOB  BO
BHYTPCHHEH TOJIOCTH M3/eNHs OBLIO HPUHSTO PELICHHE
00 HCII0IB30BaHNM B KauecTBe MaTtepuana T3D xomimo-
suonHoro Mmatepuana XA®PC (CTEKIOTEKCTONHT Ha
ocHoBe amomoxpomdocdarnoro cssyiomero [3]) ¢
pabounmu TeMIepaTypaMy MaTepyaia B AHarna3oHe oT —
(munyc) 60 °C o + 1200 °C. PacueTHbIM ITyTeM I10Ka-
3aHO, 4YTO TIPUMEHCHHUE JAHHOTO KOMIIO3WTa IIPH H3I0-
ToBneHun T30 HammydmmM 00pa3oM YIOBIETBOPSET
YCJIOBHMIO  HEHPEBBILICHUS  TEMIepaTrypold  Harpesa
3JIEKTPOHHOM anmnapatypbl 3a1aHHbIX T3 3HaYeHUH.

PacyeTHbIM IIyTe€M II0Ka3aHO, YTO HAa MOMEHT
OKOHYaHUA pEeXHUMa ABTOHOMHOM paﬁOTLI TIpOTpeB 110~
BepxHoctn 13D moxker pocrurath nopsiaka 900 °C
BCJICICTBUEC HUHTCHCHUBHOI'O paaguanoH-
HO-KOHBEKTHBHOTO TEIIIOOOMEHa C BHYTPEHHEH I10-
BCPXHOCTBIO KepaMH'{CCKOﬁ 060J'I0‘{KI/I, W JJaHHasA TEeM-
neparypa BXOOAUT B JHAIIa30H pa6o'mx TeMIeparyp
XADCa.

3. BeposiTHOCTHBIN MOAXO0/ NPH OLEHKe
PabtoTOCNOCOOHOCTH KepAMHKH

OCHOBHBIM MaTepHaJIOM, IPUMEHSIEMbIM B Kaue-
CTBE MaTepHasa JUlsl M3/IeINi, UCTIBITHIBAIOIINX JOJT0-
BPEMEHHOE BO3JCIICTBHE BBICOKMX TEMIEpaTyp B
arpecCHBHOI (B 4YacTHOCTH COJEpXallei KHUCIOpOa)
cpejie, ABIACTCA KepaMHUKa Pa3lIMYHBIX TUIOB. MIMEHHO
BHEIIHAS ~ KepamMuueckas 00oj0uka —obecreunBaeT
CTOMKOCTh KOHCTPYKLIMM OOTEKaTess MpPH COBOKYITHOM
BO3JCHCTBUM TEIUIOBBIX M CHIIOBBIX (DAKTOPOB M €ro
ILIEJIOCTHOCTh OIIpeseNsieTcss paboToCIIOCOOHOCTRIO Ke-
PaMHKH.

ITpoBepka MPOYHOCTH KEPAMHKH TPH KJIacCHUe-
CKOM IIOJXOJIe OCYILECTBIISCTCS IO TCOPUH Pa3PyLICHHUS,
COIVIACHO KOTOPOI OIIaCHOE COCTOSIHHE MaTepuana
HACTyIaeT B TOT MOMEHT, Korja Haubobliee 1o abco-
JIIOTHO# BEJIMYMHE HOPMAJILHOE HAMPSIKEHNE JT0CTUTAeT
OIIACHOrO 3Ha4YeHHs. JTa THIOTE3a HOCUT HAa3BaHHC
TEOpUH HAauOOJBIINX HOPMAJbHBIX HANPSKEHUH, WM
TIePBOIT TECOPHU POYHOCTH [4].

OCHOBHBIM KPHUTEPUEM TIPOBEPKU PabOTOCIIO-
coOHOCTH, B 00ILIEM Ciyyae, KOTJa Bce TPU IVIaBHBIX
HAIPSDKEHUS. Gy, G ¥ G3 HE PABHbI HYJIIO, [0 TOH Teo-
pHH, SBISCTCS YYCT 3HAYCHHS JIMIIb HaHOOJBIICIO pac-
TATHBAIONIErO MM HAHOONBIIETO CXKUMAIONIEr0 Harpsi-
JKeHUH. Benuuuna aByX JpYruX IIaBHBIX HANPsHKEHHN
HE MMEeT IIPU ITOM 3HAYUTEIBHOIO BIMSHUS HA IPOY-
HOCTh MaTepHaja, Ha JOCTI)KCHHE MM OIACHOTO COCTO-
STHUSL.

CraTucTHuecKHii MOX0/ K OLEHKE BEPOSITHOCTH
paspylIeHUs KePaMUKH KaK XPYIKOIO MarepHaia CBO-
JIMTCS K JBYM IpoOiieMaM: 3ajade o QyHKIMH pactpe-
JICNCHUs TI0Ka3aTeell POYHOCTH HOMHHAIBHO HJCH-
THYHBIX O0PA3IOB B HOMHHAIBHO WJICHTHYHBIX YCIIO-
BUAX M 3ajaye O BIMSHHM HA TIOKa3aTelqn XPYMKOH
HPOYHOCTH Pa3Mepa M3JCNIHs U HAIPSHKEHHOIO COCTO-
sHus [5].

CornacHO JIaHHBIX, HPEJCTaBICHHBIX B [6, 7, 8],
pacyeT BEpPOATHOCTH pa3pyLICHUs KEPAMHKH MOXKHO
HPOBECTH [PH BBIIOIHCHHUH CICAYIOIINX 0053aTeIbHBIX
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YCIIOBHIA:

1) 3apaHee ONpEIENCHHBIX CTATUYCCKMX IIapa-
MeTpax pachpe/eleHHs. TPOYHOCTH KEPaMHUYECKOTro
Mmarepuana o, g , M - XapaKTePUCTHUECKOI

min 0
TIPOYHOCTH O6pa3ua, MHUHUMAJIBHOC 3HAYECHHUE TTPOYHO-
CTH U MOIYIs Beﬁﬁyﬂﬂa, COOTBE€TCTBEHHO, ITyTEM HC-

TBITaHKs 00PA3LOB 00BEMOM /3

2) ompeneneHus HAIpPSHKEHHOTO COCTOSHUSL BO
BceM 00beMe Tella OT JISHCTBHS CUIIOBBIX HArPY30K;

3) Hamuuus 000CHOBAaHHBIX KPUTEPUEB TPOYHO-
CTH JUIS1 KOHKPETHOTO KEPaAaMHUYCCKOT0o MaTepHaa.

Jlns BBINOTHEHHS PELICHUS TI0 TIEPBOMY ITyHKTY
paspaboTaHa METONMKA U CO3JaHa IIPOrpamMMa oIpese-
JIGHUs HapaMeTpoB pacupeneneHus Beiibymra mo pe-
3yNbTaTaM MCIIBITaHUs 00pa3ioB [9].

B kauectBe TIPUHATOTO YUCJICHHOIO0 METOAA WH-
TErPUPOBAHUS YPABHEHUS BLIUUCICHUS BEPOSITHOCTH
paspyIieHUs IPHHAMACTCS TOT K€ TOJXOJ, YTO U HpU
pELIEHHH 3a/1a4 TETUIONPOBOJHOCTH U TEOPUH YIIPYTO-
CTH - METO/I KOHEYHbIX 3meMeHToB ANSYS (nmir. mo-
roop Ne 666537). YuutbiBasi, 4TO B IMPOrpPaMMHOM
KOMILIEKCE HCIONIb3yeTCsl KOHEUHO-IJIEMEHTHas —all-
MPOKCUMAIUS C JIMHEHHBIMU IUIOCKUMH WIN 00BEM-
HBIMH DJIEMEHTAMH, TO I BBIYHUCIICHUS HWHTETpaIa
HCIIOJNIb3YEeTCsl AHAJIOTUYHBIH KOHEUHBIH 3IE€MEHT. DTO
JIOIyLIIEHUE MO3BOJISICT 3allUcaTh MHTErpaJbHOE ypaB-
HEHHUE BEPOSATHOCTH paspylleHus uszemis P(c) B Buae
[10]:

"
P(o)=1-exp —”J O(X,9,2) = Oy dvdydz ),
Q 9y
BBIYMCIICHHUE KOTOPOro peaJn30BaHO B CO31aHHOM
Makpoce (MOAIporpamMMe) IMyTeM CyMMHpPOBAHHUS I10
3IIeMEHTapHBIM 00beMaM KOHEYHBIX 3JIEMEHTOB:

()-0m) | ),

O-/> - Umm

N
P (o)=1-exp —VLZAV[

=
rme AV, - o0beM i-ro KOHEYHOro snementa, Vo —

pabounii 00beM oOpasua, N - oblee KOIMYeCTBO KO-
HEYHbIX DIEMEHTOB B PACCMaTPUBAEMOii 00J1aCcTH;
(6,), = o, - OKBUBAICHTHOC HANPSIKCHHE B i-om

KOHEYHOM 3JICMEHTE.
4. HAC xepammuueckoii 000104KH

PagnansHoe TemmeparypHoe pacmmupeHne T33
BHOCHT CYIIECTBEHHBII BKIIajl B PAacHOp KepaMHIECKOH
000JI04KH, IPUBO/SL €€ B COCTOSIHUE, ONIM3KOE K HUcyep-
MAaHUI0 HEeCyIIeil CIOCOGHOCTH Kak MO Ipeaely Mpod-
HOCTH KaK Ha PacTsHKCHHME, TaK M IO BEPOATHOCTHOM
OLICHKE Pa3pyIICHHUs, CONIACHO (2).

Jlnsa oprorponHoro ciaoucroro marepuana KTJIP
rakera oIpeselsieTcsi B OCHOBHOM Hampasienun OXx

ArgBap-ArBig
# [11]. Kaxxznas u3 koHCTAHT Aj
311322_312

u By ompenensiercss uepe3 COBOKYITHOCTh CBOWCTB MO-
HocyoeB. TakuM 00pa3oM TOYHOE OMpeJeNeHNHe 3Have-
uuit KTJIP komnosuumonnoro marepuana XA®C mis
KaXJI0r0 M3rOTaBIMBAEMOIO Ha OINBITHOM CTaauu Mpo-
M3BOJICTBA U3IENUS HE NPEICTABIACTCS BO3MOXKHBIM 10

Kak:




L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

[PUYMHE BapUallMM BBIKIAIKH, CBOIMCTB MaTepuana U
HPOYHM HECOBEPIICHCTBAM.

TIpuHATO peElIeHHE O BBIYMCICHHH HHTETPaiib-
Horo KTJIP makera XA®C mocpencTBoM H3MEpEHHs
nepeMelleHn HapyKHOMH TTOBEPXHOCTH I0004YHOI yacTn
T3D npu ero cBOGOAHOM PACLIMPEHUH OT BO3ACHCTBHS
Temmeparypsl. CxXeMa H3MEPHTENBHOH YCTAHOBKH H
PACTIONOKEHMS IaTYMKOB TEPEMEICHHIT TpecTaBIeHa
Ha puc. 3. Ilo pesymsraram 3aMepoB mHepeMemIeHH
pacueTHbIM myTeM Obutk mosydeHb! 3HadeHus KTJIP
MarepHuajia Kaxioro omsiTHoro T3D B pajauaabHOM
HAIpaBJICHUHN, HCIOJIbB3ys KOTOPOE PACCUUTATh MAKCH-
MaJIbHbIC HANPSHKEHHS B KePAMHYECKOIT 000104Ke BCero
n3genus B cOope. PesynbraTrom psza MTEpalMOHHBIX
pacueToB OyIeT SBIATHCS COMOCTABICHHE PaJUaIbHBIX
nepemenieHnii  cBobogHoro T3D ¢ MpOrHO3MpyeMbIM
YPOBHEM MEPBBIX ITIABHBIX HAMPSUKECHUH B KEpaMHKe.

ety

Puc. 3 Cxema ycTaHOBKH H Pacrio.
HUH

Pesynbrarhl HCTIBITAHUH Psila U3AENNI TOKa3any,
4qTO Henecooﬁpammm SABJIIETCS KOHTPOJIb CyMMapHBIX
MepeMelIeHNH MOBEPXHOCTH Kak10ro otaensHoro T3D
M CPaBHEHHUE C 3apaHee OIPEIEJICHHBIM JIOIYCTUMBIM
3HayeHHEeM. PacyeTHBIM ITyTeM YCTaHOBICHO 3HA4CHHE
MaKCHMAaJIbHOTO ~JMaMETPAIbHOTO IIepEeMEIICHNs He
Gomee 500 MKM, KOTOpOE rapaHTUPYET OTCYTCTBHE B
30HE 3QJIEJIKH KePaMHUYeCKOW OOOJIOUKH pacTsrMBaio-
IIUX HANPHKCHUH, KOTOPBIC IPEBBINIAIN Obl YPOBEHb
19,7 MIla ([6]per = 25 MIla). ITpu 5ToM Ha BceM pe-
JKUMe DKCIUTyaTallid yPOBEHb O€30TKa3HOH paboThI
KBapLEBOW KEPaMUKH /U JJAHHOTO M3/IENUs HEe IPEBbI-
maet 0.95, 4yTo 1MO3BOJSIET YCTAHOBUTH IPEIEN OTKIIO-
HEHHUs M3MepsAeMOll BEIMUYMHBI JMAMETPAIbHBIX Iepe-
MelneHnit 10 550 MKM TIpH YCIOBHM OTCYTCTBHS BBI-
6pocoB BepositHocTn Hipke 0.9 (pesyabTaThl pacuera
npezcTaBieHs! B Tadmme 1).

JATYHKOB Tiep

Tabauua 1.
IMepememenust cBo- KTJIPy0-10°, oy, Pv
Goanoro T3, [MKMm] max [K] [MITa] (o)
376 3.5 19 0.97
441 4 19,7 0.96
484 4,5 20,1 0.95
538 5 20,7 0.92
592 5.5 213 0.87
646 6 22 0.8
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BbIBO/IbI

1. PacyeTHbIM IIyTeM OOOCHOBaHO IPHMCHEHHE B
KOHCTPYKIHHA BHyTpeHHEﬁ TIOJIOCTH KCpaMH‘{CCKOﬁ
TOJIOBHOH 4acTH OECIMIOTHOTO CBEPX3BYKOBOTO
JIETATEJIbHOI'O anrapara TEIJIO3alUTHOI O
KOMIIO3UI[HOHHOTO 3KpaHa, II03BOJIUBIIEIO CHU3UTH
TeMIeparypy Nporpesa BHYTPEHHEH anmaparypsl
Gonee yem Ha 150 °C (¢ 230°C g0 80°C).

2. OrpaboTaH mpoLEecC H3rOTOBICHUS KOHCTPYKLIHH
9KPaHa CJIOKHOW T€OMETPHHU M3 HECKOIBKHMX 4acTeit
Pa3HOPOJHBIX MaTePHAJIOB.

3. CormacHo wmopaenu cnaGeiimero 3BeHa (mo B.A.
Beiibymny) Teopum paspyleHuss XpyHKOro Tena
paccuMTaHbl IIapaMeTpsl BEPOSTHOCTH Oe30TKa3HOU
PaboThI BHEIIHEH KEPaMHYECKOI 000IOUKH.

4. PacyeTHBIM IyTeM TIOKa3aHa HEOOXOIMMOCTH

KOPPEKTUPOBKHA CI)I/BI/IKO-MCXEIHI/I‘{CCKI/IX CBOICTB
MaTepuana TeIUIO3AIMTHOTO OKpaHa B  IUIaHE
YBCJIMYCHHS  HAJICKHOCTH  PabOThl  BHEIIHCH
KepaMUIECKOif 060I0UKH.

5. Ha wMaketHeIX oOpasmax wm3zenuii B cOope
TIPOBEACHbBI TENJIONPOYHOCTHBIE HUCIIbITAHUSA,
HOJITBEPIMBILINC NPaBHIIBHOCTh BBIOOpa

KoHCTpyKIHK T33 1 paboToCrocoOHOCTh AHTEHHOTO
00Opy/ZOBaHMA 1O  PEXKHUMY  OKCILTyaTalllu
JUINTENNBHOCTBIO CBbIie 500 cexyH[

JIMTEPATYPA

[1] Amuaros O.M. Maentudukaims nporeccoB TeroooMeHa jera-
TenbHBIX anmaparoB. Mocksa, Mammnocrpoenne, 1979, 216 c.

[2] Pycun M.IO TIpoekTHpoBaHHE TOJOBHBIX OOTEKaTeIeH pakeT H3
KEPaMHYECKHX M KOMITO3UIIMOHHBIX MaTepuasnos. — M.: Usn-so MI'TY
um. H.D. Baymana, 2005. - 63 c.

[3] Crenanos ILA., Arpomenxo W.I., Crapoayduesa H.U, Ilyrkuna
O.B., MensuukoB JI.A. Pa3zpaGoTka BBICOKOTEMIIEPATYPHBIX KOMIIO-
SHIMOHHBIX MAaTEPHAJIOB TEIUIO3AUIMTHOTO M  Pa/IMOTEXHUYECKOTO
nasnadenns // IlepcnekruBHbie Marepuanbl. — 2010. - Nel0. — c.
17—21.

[4] IHanommukos H.H. u ap. PacueT MammHOCTPOMTENBHBIX KOH-
CTPYKIMii HA MPOYHOCTH U KECTKOCTh. M., MammnocTpoenue, 1981,
195¢.

[5] Mamommsiit A., By B. BepoATHOCTHBIE aCIIEKThl TPOSKTUPOBAHMUS
KepaMHYeCKHMX JeTaneil. DHepreTHYecKHE MallMHbI M yCTaHOBKH,
1977, N 4, c. 133-150.

[6] Wicbull W.A. A statistical theory of the strength of materials.
Proc.Roy. Swed. Ins.End.Res, 1939, N 151, p. 5-45.

[7] HakBopc B., Boncen I, TIpoekTnpoBanne KOHCTPYKIHiT U3 Kepa-
MHYECKHX MaTepHaIoB. JHEPreTHIECKNUE MAIMHBI M yCTaHOBKH, 1978,
N2, c. 72-81.

[8] Bonorun B.B. CraTncTHueckue METOIBI B CTPOUTEIBHONH MEXaHHU-
ke, M., Crpoiinznar, 1965, 279 c.

[9] Yacosckoii E.H., Kamenckas T.H. IIporpamma ompenencHus ma-
PaMETPOB CTATUCTHYECKOTO pacrpenenenus Beiibynna no pesymsra-
TaM HCIbITaHUs Kepamuuecknx obpasuos. Mug.Gion. ODATLN 13,
1984, Per.N 527.

[10] Kommuus J[lx. IloBpexkJacHME MarepHanoB B KOHCTPYKIHAX.
AHanm3, npeckasanue, npegoTepamieane. Mup, M., 1984, 524 c.

[11] Kapnio S1.C. IIpoekTHpoBaHHe AeTajieil U arperatoB M3 KOMIIO-
3utoB: yuyeOnuk / S1.C.Kapros. — X.:Har. aspokocm. yH-T «XapbK.
aBuail. uH-1», 2010. — 768 c.

142



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

CTPYKTYPA U CBOMCTBA KOMITIO3UTHBIX HOBEPXHOCTHbBIX CJIOEB C DId
Pycunos I1.0., baeqnosa XK. M.

OI'BOY BO «KybaHckuii rocyIapcTBEHHbINH TeXHOJIOTHYeCKUid yHIBepeuTeT», Kpacnonap, Poccust

Annomauusa: Paspabomana mexnono2us gopmuposanis komnosuyuu «cmanb — mamepuan ¢ 1P — evicokomemnepa-
MYPHBIT KePaAMUYecKuil USHOCOCMOUKUI CIOUY, 8bICOKOCKOPOCHIHBIM 2A30NIAMEHHbIM HANbLICHUEM 8 3AUUMHOL Cpede MexaHu-
uecku akmuguposannvix nopoutkog TiNiTa u ¢BN-Co-NiAl-Y. Onpedenenvi onmumanshvie napamempul oopabomku. IIposedervi
ucnotmanun cmanu 45 ¢ nogepxnocmuo-moougpuyuposannvimu ciosmu TiNila + cBN-Co-NiAl-Y 6 ycnogusx mmozoyuiosoi

ycmanocmu, nm)meepduﬂu noevluieHue npa)ma 6blHOCAUBOCMU

Beenenune. B cBs3U ¢ pacmmpeHHeM TEXHOIOTH-
YECKHUX BO3MOKHOCTEH TIPOU3BOJACTBA B IIOCJICTHHUE T'O-
JIbl B Ka4eCTBE HOBOTO Pe3epBa IOBBIEHUS  (yHKIH-
OHAJBHOW HAJEKHOCTH H3JENUI BCE 4Yalle paccMmar-
PMBAIOTCS MHOTOKOMIIOHCHTHBIC M MHOTOCIOIHBIC
CTPYKTYpBI, B T.4. CJIOMCTBIe HOKpBITH:A. MI3BecTHO, 4TO
MHUPOKHUM CIIEKTPOM q)yHK]_U/IOHaJ'IBHBIX BO3MOYKHOCTEH
00J1a/1a10T UHTEIUICKTyallbHbIe MaTepuaibl ¢ 3pdhexrom
namsiti Gopmel (DI1D). Vx ucnonb3oBanue mpu ¢op-
MHPOBaHHH CJIOMCTBIX KOMIIO3HIIMOHHBIX MOBEPXHOCT-
HBIX CIIOEB MOYKET OBITh BEChbMa TIPOAYKTUBHBIM, YTO
o0ecreynT  KOMILUIEKC — IIMPOKO  BOCTPEOOBAHHBIX
CBOMCTB: CBEPXYIPYIOCTb WM CBEPXdIaCTUYHOCTD,
U3HOCO- ¥ KOPPO3HOHHOCTOMKOCTb, — ITOBBIIICHHAS
JeMidHpyoIas CHOCOOHOCTh,  JONTOBEYHOCTB, Tpe-
LIMHOCTOMKOCTb, aJaNTUBHOCTD [ 1-7].

Iens nccnenoBanust - paspaboTka KOMITO3MIM-
OHHBIX MOBEPXHOCTHBIX CJIOCB Ha CTaJbHBIX M3ICIHIX
MaITWHOCTPOUTEIBHOTO HAa3HA4YCHUSA I paGo’rm B
YCIIOBHUAX CJIOKHOTO HHUKIMYCCKOTO HArpyXe€Hus C Io-
BBILICHHBIM KOMILJICKCOM DKCIUTyaTallMOHHBIX
CBOJCTB.

DopMHpOBaHHE KOMIIO3UTHBIX IOBEPXHOCTHBIX CIOEB
TPOU3BOJIMIIOCE TyTEM BBICOKOCKOPOCTHOTO Ta30ILia-
MEHHOI'0 HAIlbUICHUS MEXaHOAKTUBUPOBAHHLIX IOPOLI-
KOB Ha MOJepHU3MpoBaHHOH ycTaHoBke GLC-720 B Ba-
KyyMe (cpena aprona). B kauecTBe OCHOBBI HCIIONB30-
Bajack: cTaib 45. Mexanuueckas AKTHBALHUA TTOPOIIKOB
ocymecTBIseTcs B mapoBoit Menpruie AI'O-2V. 3a-
rpy3ka u 00paGOTKa IOPOIIKOB MPOM3BOAUTCS B
UHEpTHOH aTMocdepe (cpela aproua), co CIeAyOIMMI
rapamMeTpaMu: 4acToTa BpaiieHus 6apadana 1300 MuH
4acTOTa BpalieHns BoIa 950 MUH ', IMAMETp MapoB
6 MM, Bpems pabotel 15 mun. Ha Bropom sTamne npoBo-
JIUTCSL BBICOKOCKOPOCTHOE Ta30IIAMEHHOE HaIbUICHHE B
3aIUTHON aTtMocdepe (cpema aproHa) MeXaHUYECKH
AKTHBUPOBAHHBIX TIOPOIIKOB. B KamMepe MnpHu MOMOIIHA
BaKyyMHOTO HacoCa CO34acTCs BaKyyM, JaJie€ JTOT Ba-
KYyM 3allOJIHSTCS aproHOM M3 METaIN4ecKoro Gai-
noHa. K OCHOBHBIM TEXHOJIOTMYECCKHM IIapaMeTpaM
BBICOKOCKOPOCTHOTO Ta30IJAMEHHOTO HANbIICHHS OT-
HOcATCA: pacxon mnpomana 60-85 m/MuH, Kucrmopoxa
120-160 s1/mMuH, pacxoj MOPOLIKA U TPAHCIIOPTHPYIO-
mero rasa (apros), QUCTAaHUUS U YroJl HAIbUICHUS,
CKOPOCTbh TIePEMEIEHUs M I10/[a4a TOPEIKH, CKOPOCTh
BpamecHus HOKpLIBaCMOﬁ JICTaln. HNmMeHHO OHM ompe-
JIENSAIOT TAaKUE XapaKTEPUCTHKU TMOKPBITHSA KaK IMpodY-
HOCTb CLCIUICHHS C IIOJUIOXKKOM, KOTe3MOHHYIO IIpOY-
HOCTb, YPOBEHb OCTATOYHBIX HAIPSKECHHI, TIOPHCTOCTS,
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CTPYKT

Y TOJIIWHY HAIBIJICHHOI'O CJIOs.

a) 0)
[T Konuuectao, %
E= Cpeanuit pasmep sepra, i

Puc. 1. Hanopasmepnas crpyxrypa TiNiTa nomyuennoro BIH:
a) — x120000; T il 31eKTp p KHil KOH-
Tpact 6) — x150000; mukposnexTponorpamma ciost TiNiTa — B);
KOJIHYECTBEHHOE pacnpee/eHne pasMepa 3epeH M HX MPOUEHT-
Horo coaepxanus B nokpbitun  TiNiTa —r)

Croii TiNiTa nmeer Tommuny 0,9MM 1 HaHOCHIICS
Ha cranb 45. CTpyKTypa Cj10si JOCTAaTOYHO ILIOTHAs, €
pa3mepom 3epHa ot 100-200 um (puc. 1,a). I'panuua
pas/ieia Mex/Ly HOKPBITHEM U IIOJUIOKKON 0e3 BUIMMBIX
nedexros. [Ipy  MPOX0XKICHNM YaCTHIL TTIOPOIITKA Yepe3
ra30ILUIAMEHHYIO CTPYIO, OHHM HArpeBalOTCs U IPHU yaape
0 HOIJIOKKY 3aTBEPACBAIOT B BUAC AeHOPMHUPOBAHHBIX
JINCKOB, KOTOpbIC BUJHBI HA CHAMKAX M HMEIOT JHa-
metp 10-20MkM n TommmHy 0,8-2 MKM. XUMHYeCKHit
cocTaB ciost TiNiTa COCTaBIIAN
Ni-42,5%at.Ti-8,5%at.Ta.

Ha puc. Ir mpejicTaBieHO KOJIMYECTBEHHOE pac-
TpeJIeTieHHe pa3Mepa 3epeH M MX HPOIEHTHOrO cozep-
»KaHus B HokpeITHH TiNiTa.

IIpn xoMHaTHON Temmeparype OCHOBHBIE CTPYK-
TYpHBIE COCTaBIISIOLIKE TOBepXHOCTHOTO ci1osi TiNiTa —
MapreHcuTHas (aza B19' ¢ MOHOKIMHHOI pemeTkoii,
aycreHnTHasd B2-dasza ¢ xyOuueckoit pemerxoid, B -
(assr Ta, a Takke HAOMOAAETCA HEOONBINIOE KOMYECTBO
oxcuia tutana (TiO) menee 2% (puc. 2).
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6000

3000 B19' (TiNi)
4000
3000
2000 110) T Q@ITa gy ring
WOTa | )T \K (O
| B2(TIN ¥
B2 (TiNi) \
1000 O | ]| mo YA B2 (TiNi)
T
£ OO
100 e e S e e s a0

2-Theta - Seale
Puc. 2. Pentrenodasopslii anann3 cniasa TiNiTa, mocie Bbico-
THOTO Ia301L 0 HATIBLICHHS! B 3ALIMTHOMN aTMO-

cepe

IIpoBeneHHbIe HCCIICAOBAHHS HAIBUICHUS IIOPOLI-
Ka B MCXOJHOM COCTOSHHHU U IIOCJIC MEXaHOAKTHBAIIHK
HOKa3alM, YTO MpEIBApUTEIbHAS MEXaHOAKTHBAIHSL
MOPOLIKOB MO3BOJISICT CHU3UTH MOPHCTOCTH MOKPBITHIA
10 1% n obecreuuTb NPOYHOCTD CLEMICHHs MOKPBITHS
c ocHoBoit  s10 100-120MITa.

Bropoii cnoii  Si-Y-BN-C-Co-Ni;Al, koTopsIit
Hanocuiicss Ha cioif TiNiTa mmeer Tommmny 0,6 MM.
Xumnueckuii coctaB crosi Si-Y-BN-C-Co-NizAl, Bec.%,
6bL1 caepyromum: Si- 12;Y - 3; BN -20; C-5; Co - 5;
NiszAl-ocransHoe.

Pazmep YacTHUIL TOPOMIKA
¢BN20-Co10-NiAl65-Y5 cocrasmsin 20-30 mxm. Pas-
mep uactui nopouka cBN20-Col0-NiAl65-Y5 nocie
MEXaHUYECKON aKTUBAIMK B TedeHne 30 MUH COCTaBUI
1-10 MxM.

Ha puc. 3 mpencraBneHa peHTreHOTpaMMa CIOs
¢BN20Co10NiAl65YS mocie BBICOKOCKOPOCTHOTO Ta-
30IUTAMEHHOTO HANbUICHHWS B 3alllUTHOH TMOcdepe.
Crpykrypa coctout u3 ¢a3: NizAl ¢ kybuueckoii pe-
meTKol (MexmIockocTHoe paccrostaue 111), BN ¢ ky-
OHMYeCcKOii pereTkoi (MexIIockocTHoe paccrosinue 200,
220, 400), BN ¢ opropoMOu4ecKkoii pemeTkoi (Mex-
miockoctHoe paccrosinne 212, 720), Co ¢ rekcaro-
HaJBHON PeIIeTKOM (MEKIUIOCKOCTHOE paccTosHue 004),
AINiY ¢ rexcaroHajabHOH PENIeTKOH (MEXIIOCKOCTHOE
paccrosiume 320, 222), AI3NiY ¢ opropomGuueckoii
peLIeTKOMN. Penrrenorpamma ciost
c¢BN20Co10NiAl65YS, cooTBeTCTBYeT IuppaKkTorpam-
Me MOJMKPUCTATNYECKOro 00pasiia, NpeCTaBIsIoNIero
c000ii cepuio MUKOB Ha IUIABHOU JTMHUHU (hOHA.

AIBNiY
BN

20 40 60 80 100

Puc. 3. Pentrenodasonbiii anaaus ciosi cBN20Col10NiAI65YS,

nocie HOTO 301 0 HANBIJICHHSI B 32~
IHTHOI aTMochepe

P

Xumuueckuit cocTaB MA
c¢BN20Co10NiAl65YS npuBeneH B Tadu. 1.

TIOpo1Ka
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Tada. 1 Xumuyecknii coctas T p 0 1mop
¢BN20Co10NiAlI65Y5, Bec. %
Mapka B N Fe C C Co Ni Al Y
a
¢BN20Col0 10, 06 3, 0, 86 29, 31 35,
NiAI65Y5 82 95 2 57 1 391 60 12
3 2 8

Crpykrypa cnos c¢BN20ColONiAl65Y5 mocra-
TOYHO IUIOTHAsA, ¢ pasMepoM 3epHa ot 150-300 uMm (puc.
4,a-c). I'pannna pazzaena mexay cnoeM TiNiTa u cioem
cBN20Co10NiAI65YS 6e3 BuanMbIX — 1eeKTOB.

Puc. 4. Hanopa3smepnas ctpyktypa ¢cBN20Co10NiAl65Y5 nmoay-
YEHHOr0 Bbl p THBIM ra3ol. HanblUICHHEM B
3alMTHOI aTMocepe

Kak mokasan sKkcnepuMeHT, 1y o0pasios (cTaib
45+cmnas ¢ DI1D + BeICOKOTEMIIEPATYPHBIIT Kepamuye-
CKUI CIIOH), MCIBITAaHHBIX Ha MHOTOLMKIIOBYIO yCTa-
JIOCTh (M3rHO C BpalleHHeM) HaOII0aeTCsl IOBBILICHUE
JOJITOBEYHOCTH, a MOCJIC TMOBEPXHOCTHOTO MO}II/ICI)]/ILII/I—
poBaHUs KOMIIO3HLMOHHBIX MarepuanoB TiNiTa ¢ mo-
CIIeIyIOIIeH TepMOMEXaHHIEeCKoi 06paboTKoi (0TKHT +
MOBEPXHOCTHOE IUIaCTUYECKOe ae(OpMHPOBAHKE) BbI-
TIOJTHCHBI HCHBITAHWS HAa MHOTOIHMKIIOBYIO YCTAJIOCTh
npu u3rube ¢ BpaleHHEM, KOTOpbIe MOKA3ald CyIle-
CTBEHHOC IIOBBIIICHHUE OJI'OBEYHOCTH. Hpeuen BbI-
HOCJIMBOCTH KOMIIO3UTHOTO MaTepuana craiap 45 +
TiNiTa + ¢cBN-Co-NiAl-Y cocrasun 458 MIla ¢ moBbI-
LICHUEM TIpeJiesia BBIHOCIMBOCTH cTaimu 45 Ha 66,5%.

Mukpotseprocts ¢BN-Co-NiAl-Y ciost cocraBu-
na 18,3-18,5I'Tla.

TToBBIIICHHE TOITOBEYHOCTH 00pa3IoB C MOBEPX-
HOCTHBIM CJIOAMH Ha OCHOBE€ KOMIIO3UIIMOHHBIX MaTe-
puaoB 0OBACHAETCS KaK OCOOCHHOCTAMM PaspyLICHUs,
3aKIIOYAIOIIMMHUCA B TOPMOXCHHMH pa3pylleHHs Ha
TPaHUIIAX 3€PEH, NIPEISATCTBHH BETBICHHUIO U JIBHKCHHIO
TPEIHNH BCICACTBUC YIPOYHCHHUSA TPAHHI], TAK U IICEB-
JIOYIPYTOCTBIO MOBEPXHOCTHBIX CJIOEB, NMPUCYLIEH Ma-
Tepuanam ¢ DI1D. HakomieHHas NOBEPXHOCTHBIM CJIO-
eM Jedopmarus crocobHa BOCCTAHABIMBATBCA B IHPO-
necce UUKINYECKOW Pasrpy3KH M, TaKMM 00pa3oM, He
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HaKaruMBaTbCst B Marepuaie, 4ro IMOBBIIACT €ro A0J-
TOBEYHOCTE. IIpH 2TOM YaCTHYHO MOKET IPOUCXOIUTH
«3aneunBaHne» 00pa3oBaBIIMXCA JIe(EKTOB, CBOIi-
cTBeHHOE MatepuanaM ¢ DIID. MexaHusm «3aneqn-
BaHUA» 3AKJIKOYACTCSA B U3MCHCHUHU T10JIs1 HaHpﬂ)KCHI/Iﬁ
BOJIM3U MUKPOKOHLIEHTPATOPOB U B pe3yibTaTe Hpo-
MCXONUT OO COIacoBaHHas MEPEOPUCHTAIUS IjIa-
CTUH MapTEHCHTa HaNpsHKeHWs, 0o obpaTHOE TIpe-
BpaIICHUC U 3apPOXKIACHNUC MAPTCHCHUTA B HOBOM MECTE.
CTpyKTypa TeM caMbIM HO/CTPAaUBAETCs MO/ BHEIIHEE
BO3JICiiCTBHE, IPEIOTBPAIAs 3aPOXKICHHE TPEIIHH.

3ak/0ueHne

Paspa6orana TexHoxorus (GOpMHUPOBAHHS KOMIIO-
3UIMA «cTanb — Martepuan ¢ OIID — BeIcOKOTeMIIepa-
TYpHBI KepaMHYeCKMH H3HOCOCTOMKHMII CJ0ii», BBICO-
KOCKOPOCTHBIM Ta30IUIAMCHHBIM HAIBUICHHEM B 3a-
IIUTHOM Cpelle MEXaHMYEeCKH aKTHBHUPOBAHHBIX II0-
poukoB TiNiTa u ¢BN-Co-NiAl-Y. Onpenenens! on-
THMaJIbHBIE TIapaMeTphl 00pabOTKH, 00ECTeUHBAIONIIE
(hopMupoBaHHE MOBEPXHOCTHOTO CIIOS C Pa3MEpoM 3e-
pen 100-350 mm ¢ wmukporseppocthio  H,=18.3
+18,5 'Tla. Ha ocHOBEe KOMIUICKCHBIX PEHTI€HOCTPYK-
TYPHBIX W 9JICKTPOHHO-MHKPOCKOITHYECKHUX HCCIIe0-
BAaHMI BBIABICHBI 3aKOHOMEPHOCTH (HOPMUPOBAHUS
HAHOPa3MEPHOIO COCTOSHHUS KOMIIO3ULIUH.

Wcnpitanuss  cramu 45 ¢ [OBEPXHOCT-
HO-MOJM(pUIIPOBAHHBIMH CIIOSIMH TiNiTa +
¢BN-Co-NiAl-Y B ycnoBHAX MHOTOIMKJIOBOH yCTano-
CTH, MOATBEPNIIN MOBBIILICHUE TIPE/ea BEIHOCIUBOCTH
66,5%, uto oObsicHseTcs mposiBiaeHueM DIID B ycio-
BHAX HCIIBITAHMS ¥ IIOATBEPIKIACTCS Pe3ylbTaTaMu

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.
CTPYKTYPHOTO 1 (h)a30BOTO aHAIIH3A.

PaGoTa BBINIONHEHA B PaMKaX IOCYIapCTBEHHOTO 3ajia-
Husg Ne 9.555.2014/K mpm  (huHAHCOBOH TMOAACpIKKE
MumnncreperBa obpasoBanust U Hayku Poccuiickoii de-
nepauu 1 rpanra [Ipesuaenra Ne MK-5445.2016.8.

1. Kynbkos C.H. ®opmMupoBaHHEe MHKPO- U ME30CTPYKTYP B METaJI0-
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3AJIAYA O M3T'UBE KPUBOJMHENHON KOMIIO3UTHOM BAJIKHA

Pycnannes A.H., [lymanckuit A.M., AnnmoB A.M.
MMAII PAH. andreiruslantsev(@gmail.com

A : B nac eli pabome paccmomp

0 dechopmuposanue Kpusonunelinoil 6anku nod delicmeuem usubaouje-

20 MoOMeHma. Hpedﬂag/cenbl aHanumuyeckue sasucumocmu ‘Dadua/'lele U OKpPYIICHbBIX Hanpﬂa/cel-mﬁ om pal)ua.'lelel KOOP()UHQ-

06, u32UO;

ml, 2ec ipUYeckux nay 1p 1220

U MO0y ynpyeocmu Ol U30MPORHOLL U AHU30MPONHOL NO MO~

wune oanku. Ioxkazano Xopouwee coenacue .H(f)f(fdy le(f[)}'l()?f(.‘@HHbLWl{ 3asUCUMOCMAMU U pe3yTbmamamu paciema MEmooom Ko-

HEYHBbIX 2J1eMEeHMO086.

Kntouesvie cnosa: useu6, 6anka, HanpsaiceHHO-0ehopmuposanHoe cocmosmue.

Bgenenue

3a nocnennue 30 jeT oS IPUMEHEHUST KOMIIO-
3UIMOHHBIX MaTEPHANOB B ABHAIIHOHHBIX KOHCTPYKIMAX
3HAUUTENBHO BbIpocia. OOyCIOBICHO 9T0  MOTPeOHO-
CTBIO TOBBICUTH d(P(PEKTHBHOCTb ABUALMOHHOI TEXHH-
KH.

Bo3HHKaeT HEOOXONMMOCTh  CO3J[AHUA  KOH-
C’pr](].lﬂﬁ, TIOJTHOCTBHO COCTOSAIIMUX M3 KOMITO3UTHBIX
;[eTaﬂeﬁ. an UX TIPOCKTHPOBAHWH, BCICACTBUC HH3-
KOl MEXKCIIOEBOW MPOYHOCTH, BO3HHKAET Mpobiema
HPOrHO3UPOBAHUS POYHOCTHBIX XapPAKTEPHCTHK PajH-
albHBIX HepexojloB B KoHcTpykumu [1-4]. Jina ocy-
IIECTBIICHUA TIPOCKTHPOBAHUA HCO6XOJ1PIMO TIPOBECTH
UCCJIENOBAHNA PAIUATIBHBIX IIEPEXOA0B THUIIOBBIX 3JI€-
MEHTOB KOHCTPYKIHMU M3 KOMIIO3HIHOHHBIX MaTepua-
JIOB.

H3oTponHublii MaTepuas

PaccmoTpum  citydait  1e)OpMHUPOBAHMS  H30-
TPOITHOM 110 TOJIIMHE KPUBOJIHHEHHOI Oanku mox aei-
cTBHEM u3rubaromero MomeHra. PacuerHas cxema
npezcrasiesa Ha puc. 1. Ilpu aedopmupoBanuu, mo-
CKOJIBKY M3JICIHE¢ CHMMETPUYHO, MPOHMCXOIUT YMEHb-
meHne yria ® u yBenuueHHe KpuBM3HBI Oanku. Ilpn
9TOM BBOJUM JIONYIIEHHE, 4TO Oajka He Aedopmupyer-
Csl 10 TOJIIIMHE, CJIeJOBATeIbHO, 1 BCEX CIIOEB IPH-
pallieHue paJuyca KPUBU3HbI COCTaBHT dr.

Puc. 1: Pacuernas cxema

Haiinem nonoxeHue HEHTpanbHOW JIMHUM W3
YCJIOBHS HEM3MEHHOCTH ee JUTMHbI. O003HA4YMM MOJIO-
JKeHHE HeWTpalbHOU JIMHUH Kak 1. Torma

7,0 = (1, +dr )(©-dO)

Ipenebperas GeckoHeuHO MajibIMH Gonee BbI-

COKOTO TTOps/IKa MaJIOCTH, TIOJTYyIUM
n o ©
dr, d®
JUtiHA TIPOM3BOJIBHOTO CJIOS €  KOOPAMHATON
r=r1,+y 10 nedopmupoBanus pasHa [, = (7, +y)® ,

nocie nedopmupoBanus, COOTBETCTBEHHO,
I = (1, +dry + y)(©—-d®) . Oxpyxubie aedopmarun
TIpA 5TOM paBHBI

(-izho_y 0, 5)0
¢ I Lty © r)®

Bennuuna OKpyXKHBIX
ercs kak o, (r) = Eg,(r)

HanpsHKeHWH  Onpesiens-

IMockonbky Ha 0anKy AEHCTBYET TONBKO H3TH-

GarolHii MOMEHT, TO J-chr =0

7

Orcroma 1, =

WsruGarommii MOMEHT CBSI3aH C OKDYKHBIMU
HaNpsHKEHUAMH CIIEAYIOIIEH 3aBUCUMOCTBIO:

M=.[a(rdr=Ed6®

-
2
TlonoxkuTenbHOE HANpaBICHHE MOMEHTA Mpe/-
CTaBJIEHO Ha pHC. 2

1y (r,—=1)

M

Puc. 2: IlonoxuTeabHOE HANPABJICHHE H3THOAIONIEr0 MOMEHTA

PaccmoTpum paBHOBecHe dieMeHTa Oalku (puc.
3) OTHOCHTEILHO BEPTUKAIBHOI OCH.
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O+dO:

O / o;s’
O r//
_e

Puc. 3: PapHoBecHe dieMeHTa

BeprukaneHas COCTABIAIONIAsS OT OKPYXHBIX
o .0
HanpsoKeHuit paBHa —20,dr sin 5
Beprukanbhast cocraBisiomias 0T O, paBHA

. 0O
2|0, cosarda:72cr,rsm5, aor 0,+do,, co-

ce—ulo

€]

2
2J‘ (o, +do, )cosa(r+dryda =
OTBETCTBEHHO,

=2(o, +do,)(r+dr) sin%

CyMMl/lpyﬂ OTU COCTAaBJIAIOLIKE, IOJYy4YUM Clle-
nytowiee qudepeHiuaibHoe ypaBHeHe:
o, 40, o

r dr r
PenmB ypaBHEHHE, HAXOIMM 3aBHCHMOCTH JUIS
OKPY)KHBIX M PaUajIbHbIX HAMPSDKECHMUIA:
doe M

2 2 2

_(n=n)

7

In-2

%

doe hoh

rin-2
h

o, =401
® r
Ha puc. 4, 5 noka3zaHsl rpaguku pactpeieaeHust
OKPYKHBIX U PaNaIbHBIX HATpPSHKCHUI COOTBETCTBEH-
HO. 1} =8 MM, 1 = 10 mm, E =50 I'TTa, M = 50 H m.
ToukaMu TOKa3aHbl 3HAYCHHsI, TIOTYYCHHBIC TIPU pacue-
T€ METOIOM KOHEYHBIX SJICMECHTOB
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30

&0

40

20

g, MPa

85 95 10

=20

—40

-60

Puc. 4: P P, X j if mo TomMHe

H30TPONHOI fanKn

g, MPa >

0

2 25 9 95 10

T,mim

Puc. 5: Pacnipesesienne paguajibHbIX HANIPSIZKEHHIH 110 TOTIHHE
H30TPONHOI 6anKn

AHM30TpPONHBI MaTepHall

[IpuMeHNM TOT XK€ MOAXOM Ul Galku ¢ mepe-
MEHHBIM 10 TommuHe Moaynem. Ilycte E = E(r), a
pacrnpe/ieiiecHie OKPY)KHBIX Ae(opMaliii 1Mo TOJNIIHHE
MarepHaa UMeeT TOT JKe BUL.

OKpyKHbIE HAPSDKCHUS PpaBHBL
o.(r)=E(r)e,(r) . TlonoxeHne HEHTpanbHOH IMHUI

]Z.E(r)dr
ry=4—
jE0,
s

3aBUCHMOCTH Ul PaJUalbHBIX M OKPYXHBIX
HaNpsHKEHUH OyyT UMETh CIICAYIONIHIT BUA:
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doe

o j.Erdr—rojEdr

i

M

J-E(r)dr—r"_[‘dE(r) r
doe 7
o, =
e r
do 7
=__|1-2|E
[ @[ r) ()

Ha puc. 6 - 8 mnoka3aHbl rpaQuKy M3MECHEHHS
MOJLyJIsl, OKPYXHBIX M DaJHaJIbHBIX HANPSHKCHUH 110
TOJIIMHE OAJIKH COOTBETCTBEHHO. I = 8 MM, I, = 10 MM,
M 50 H m. Toukamu moka3zaHbl 3HA4Y€HUs, TOIY-
YEHHBIE [TPU PACUETE METOJIOM KOHEYHBIX JIEMEHTOB

7.2 107
6.x 107
5 x 104
4% 107
3% 10%°
2. 10%°
3 85 3 a5 10

Puc. 6: U3smenenne Moy.ist yIpyrocTH 1o ToJuuHe 6aaku

100
20
B0

40

g, MPa

35 95 10

rmim

-20

-40

-60

Puc. 7: P

pejieieHne OKpy

[iER N
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°
4
=
a, MPa
z
1
0
8 8.5 el 9.5 10
rammm

Puc. 8: Pacnipejiesiene pajiMajibHbIX HANPSIZKEHUT 110 TOJIIIMHE
[ENIN

BoiBoBI

IlpennoxeHa MoJelb, yCTaHABINBAONIAS 3aBH-
CHUMOCTB paJualbHBIX W OKPYXHBIX Hal'[pﬂ)KCH]/lﬁ oT
paIlHaJ'ILHOﬁ KOOpAMHATBI, T'€OMETPUYECKUX I1apaMmeT-
POB, U3rudaIOLIEro MOMEHTA U MOJYIS YIPYrOCTH JUIS
M30TPOITHON U aHU30TPOIHOI 10 TommmuuHe Ganku. ITo-
Ka3aHO XOpoIlee COIache MEXAy aHAINTHIECKHMMU
3aBHCUMOCTAMU U pE3yJIbTaTaMH, IMOJYYEHHBIMH METO-
JIOM KOHCYHBIX DJIEMEHTOB.

1.0lsson R. A survey of test methods for multiaxial and out-of plane
strength of composite laminates. Composites Science And Technology.
2011. No. 71. P. 773-783.

2.Charrier J.S., Laurin F., Carrere N., Mahdi S. Determination of the
out-of-plane tensile strength using four-point bending tests on laminated
L-angle specimens with different stacking sequences and total thick-
nesses. Composites: Part A. 2016. No. 81. P. 243-253

3.Weicheng Cui, Tao Liu, Jianxin Len, Rongbiao Ruo. Interlami-
nar tensile strength (ILTS) measurement of woven glass/polyester
laminates using four-point  curved beam specimen. Composites: Part A.
1996. No. 27. P. 1097-1105

4. Jlexnnukuii C.I. Anmszorponnsie mractunku. M.: OI'M3 Tocynap-
CTBEHHOE H3/IaTelIbCTBO TEXHHKO-TEXHHUYECKOH JuTeparypbl. 1947 —
355¢.
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AHAJIM3 AHM3O0TPOITMU MEXAHUYECKHUX CBOMCTB TKAHOI'O
YIUIEINIACTUKA C BUCMAJIEMUMUW/IHBIM CBA3YIOIIUM

Pycnannes AHM, Jlymanckuit AM."2, IloprHoBa am?
'MMALIII PAH, andreiruslantsev@gmail.com
IMITY o, H.D. baymana
*AO «OHIII «Texuonorusy um. A.I' Pomamrunay

Aunomauusn: B nacmosweii pabome npeoc pes3;

uc il Ha pacmadiceHue obpasyoe uz yeienna-

cmuxa BMH-3.3692 na ocnose pasnonpounoii mxanu u oucmaneumuonozo ceszyiowezo. Ha ocnose coommnowenuii nacneo-
CIMBEHHOU MEXAHUKU U meopuu CI0UCMbIX RAACMUH ROJYYEHbl 6bIPANCEHUA, OnUCblealoujue de(ﬁap,wauuu Mamepuana ¢ 3a0aHHOU

yma()lcm} 6 3A6UCUMOCIU OM UCMOPUU HACPYHCEHUA.

Kntwoueswie crosa: yeaeniacmuk, nOA3Y4ecms, meopus CI0UCMbIX NIACTUH.

Bgenenue

Vrnemiactuku — OAHM M3 Haubosee pacrpo-
CTpaHEHHBIX MaTepHalIoB, IPHMEHSAEMbIX B aBHALMOH-
HOH | paKCTHO—KOCMI/I‘{CCKOﬁ TEXHHUKE, OHU UMECIOT BbI-
COKHH yIlCJ'lI)HBII\/'I MOAYyIb W YACJIBHYH IIPOYHOCTH, HO
TAKK€ OHHU CYLICCTBEHHO AaHU30TPOINHbBI W HMEKT
CKJIOHHOCTh K PAaCTPECKUBAHMIO M HAKOILICHHIO IOBpE-
KneHnit. HekoTopblie TeXHOTOrHYecKre METOJbl TT03B0-
JISFOT PEIINTh HpOGJ’[CMy pacTpeCKnBaHus, B YaCTHOCTH,
pacnpocTpaHeHNe TPELIUH MOXET ObITh OIOKHPOBAHO,
eclii BICBOOOXK/ICHHE dHepruu jAedopmaruu He Oyner
CBA3aHO ¢ pacTpeckuBaHueM. OIMH U3 BapHAaHTOB Ta-
KOTo BBICBOGO)KZ(CHI/WI OHEPTrUM — TIPOSBIICHUE BPCMCH-
HEIX 9(peKToB.

B Hacrosieit pabore npeioxena MoJeib H0JI-
3y4eCTH  PaBHONPOYHOTO  TKAHOTO  yIICIUIACTHKA
BMMU-3/3692 ¢ GucManenMuIHON MaTpULeld IPH CABH-
TOBOM Harpy’K€HHWH B IUIOCKOCTH CII04.

B [1, 2] nokazano, yro HauboJiee 3HAYUTEIbHbIC
BpeMeHHBIC S3Q(EKTHI Y BOTOKHUCTBIX KOMITO3HIIMOHHBIX
MaTepHalioB NPOSIBISIOTCS TIPH CBUTOBOM HArpy»KEeHHH
B TJTIOCKOCTH CJIOS, B TO BPEMS KaK IPH HATPYKCHUH B
HaIpaBJICHUU U IMONEPEK apMHUPOBAHUS PEOJIOTUYECKUE
3¢ deKThI TPEHEOPEIKNMO MaJIbL.

B [3, 4] ucnonb3yroTcsi COOTHOLIECHHS Hacnell-
CTBEHHOH MEXaHUKH, HWMEIONIME CICAYOMMH BUI:

s:%(lJrK*) , tme K - Ampo TOm3yHecTH:
K'o(t) = jK(: —n)o(r)dr .
0

B kadecTBe sipa ION3Yy4ECTH MOLYT ObITb HC-
0JTB30BaHbl JPOOHO-3KCIIOHEHIMANbHAs (yHKIMs Pa-
GotHoBa, sapo Abens, psaabl [Iporm u ap. Hacnen-
CTBEHHBII MOJX0A sABIAETCS Hanbonee obmieit hopmoit
COOTHOLICHHIT MEXTy HAIPSUKCHHUSAMHU U Ae)OpMaLUIMU
IIPH TICPEMEHHBIX BO BPEMEHH Harpyskax. Taxoke HaH-
HBIl MOJXOJ] MO3BOJISIET MACHTH(OHUIMPOBATH PANl B3aH-
MOCBSI3aHHBIX (DYHKIHH, XapaKTepH3YIOMNX MaTepua.
Tak, BbIpaKCHHsS [ OIUCAHUS PEIAKCALUM MOXET
6wITh 3amicano kak o = E(1-R')e , tae R* — smpo pe-
JIaKCaInH, omnpesenseMoe u3
(1+K)(1-R")=1.

COOTHOIICHHUS

Onucanue IKCNIEPUMEHTA

OO6pasipl OblTH BBIpe3aHsl U3 14-CoiiHON mIia-

CTHHBI Cap’KEBOT0 IIICTCHUA. Bcee cion O6butn OpPHUCHTH-
pOBaHbl B OTHOM HAaIpaBICHHUH. O6pa3LIBI BBIPE3ATNCH
noxt yrmamu 0°, 30°, 45° u 90° k HampaBEHIIO OCHOBHI
tkanu. Kpussle nedopmupoBanus o6pasnoB ObLIH MHO-
JIydeHBI IIPH Harpy)XCHHHM Ha MCIBITATEIBHONW MalliHe
Instron-7709. O6pa31ibl Ka)kKI0T0 HANPABICHUS BBIPE3KH
HArpy»KaJlich CO CKOPOCTBIO, COOTBETCTBYIOLIECH KBa3H-
CTaTMYEeCKOMY HArpyXXCHHIO ¢ IHOCIeAyoleil pasrpys-
xoii. TlocieqHee HarpyeHHE NPOM3BOAMIOCH JIO Pa3-
pymenns. Ha kaxuslii oOpasent ObIIo HaKJIEeHO 3 TeH-
304aT4YHMKa: ABAa B IIPOJOJIBHOM HATIPABICHUW U OOWH B
nonepeyHoM.  Jleopmaru  perucTpUpOBaINCh [IPU
nomoty Tenzoctanuun CUUT-4.

OOGpasipl, BEIPE3aHHBIC BJONb OCHOBBI TKAaHH,
Harpyxanmch 10 Hanpspkenuit 220 MITa, 440MIla u 660
Mlla, ¢ nocnenyromeil pasrpy3Kkoii, a 3atem 10 paspy-
umieHus, kotopoe npousouwio npu 800MIla. O6pasupl,
BBIPE3aHHBIC MIOTICPEK OCHOBBI, HArPyXXalHch 10 75, 150,
300 n 450MIla, a 3atem no paspymenus (900MIla).
Juarpammer  nedopmupoBanus ONM3KH K JTHHEHHBIM,
YIpYrue XapaKTePUCTUKU IPAKTUYECKU HE 3aBUCST OT
YPOBHSI HAIPSHKCHUH M CKOPOCTH HArpyKeHHs. OTH
9KCTIEPUMEHTHl TIO3BOJIIIM  ONPECIHTh  CIETYIOIIHe
ynpyrue xapakrepuctuku cnos: £,=90ITIa, £,=83I'Tla,
v1,=0.04.

O6pasil, Beipesannbie moj yriom 30° k ocHoBe,
Harpyxamuch 10 100MIla u 150MIIa, a 3arem 1o pas-
pymenns (200MI1a). O6pasitel, BEIpe3aHHbIE HOM YIIOM
45°, marpyxamice 10 55, 110, 165MIla u 10 paspyme-
s (200MITa). Kpusbie nedopmupoBanus 3THX 00-
pasioB ONM3KH K JIMHEHHBIM IIPH HANPSHKCHUAX, HE
npesblmaromux 0.4 oT paspymaromux, ¥ CTaHOBATCS
HEJIMHEHHBIMM TIPH TOBBIIEHUN Harpy3ku. Bup ama-
rpamMMm c¢1a00 3aBHCHUT OT CKOPOCTH HArpyxeHus. bbui
ompesielieH MOAyIb CIBUTa B  IUIOCKOCTH  CIOS:
G,=6.5T'Tla.

Jlpyrue o0pasibl, BBIPE3aHHBIC MO YIIIOM 45°,
OBbUIN UCIBITAHBI HA TIOJI3y4Y€CTh. Ha TIPOTAKECHUU BCErO
9KCIEPUMEHTA PETUCTPUPOBANKUCH HPONOJBHBIC M II0-
nepeunsie aepopmarmu. O6pasibl ObLIH HArPYKEHBI 10
160 MIla 3a 15 cekyHn, 3aTeM B TeueHHE 2 4acOB MOJ-
JIePIKUBAIICS IAHHBII YPOBEHb HANpshKeHUM Oe3 BuIH-
MBIX [IPU3HAKOB pa3pylieHus: o0opasia. MakcumanbHble
3aperucTprupoBanHbie aedopmarnn coctaBuim 1.8%.

MaremaTHuyeckasi MoJeJIb

B [5]

TI0Ka3aHoO, 4YTO 3aBUCHUMOCTb MEXKIY
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HANpsHKSHUAMU U epOopManusiMH MOXKET ObITh Npen-
CTaBICHAa B BHUJE ONPEICISAIONIEI0 COOTHOMICHUS
Hacnexctsennoro tuna: Gy, = (1+ K )7, .
Vcrionp3ys BBIpaKEHUE I PE30JIBBEHTHI, ObLIO
MOTy4EeHO COOTHOIIEHHE [T HAMPsLKEHMH, BBIUHCTIAC-
MBIX 1O H3BECTHOH HCTOpPUM  Je(hOPMHPOBAHHSA:
g .
T = Glz(l_R )712 .
OnpeensoNnme COOTHOIEHHS IS CI0SI MOTYT
OBITh 3aIIMCAHBI B CIIEIyIONIeH MaTpUIHOii hopme:

El VZIEI 0
o l_Vlzvu 1_V|zvzw e
1 1
Y- RS N
P2 l_VleZI 1_V12V21 ¥,
2 0 0 G,(1-kR) | "
0 0 p*
0, =(G, =GR )z,
00 0
e G'={0 0 0| — marpuua, N03BOJIAIOMAS YIeCTh
0 0 1

s ekt nonzyuecru.
Marpuua KecTKOCTH MaKeTa ONpe/esaeTCs Kak:

G, =Gy~ GR", e Gg =TG\T" — marpuna xecTKo-

v

CTH makeTa 6e3 yueTa BpeMEHHBIX cBoiicTB, G =TGT"

- TOMpaBoYHAs MaTpuIa,
cos* 6 sin” @ —2sin@cos @

T=| sin’@ cos’ @ 25sin@cos -
sinfcosd —sinfcosf cos’ O—sin’ @

MaTpHIa mosopota, 6 =45,
Marpuily nofamMBOCTH MONy4YaeM oOpalieHreM
MaTpHIIBI HKECTKOCTHU:

~ -1 - )
S,=G," =[G (1-SLGR )| =(1-S3GR") [S51.
rie SU = Gg_’l .
Takum 06pa3oM, Mocie mpeoGpasoBanmii OKOH-
uarenbro uveem: S, = Odiag (1- AR (u-14))Q0"' S5, .

Onpenenﬂ}omne COOTHOILICHUA IJIs TMaKeTa 3a-

nucHIBAIOTCS B cienylomem sune: (1) =S, 0, (1), re
.
S’fy
OIUCHIBAIOIIAsA NCTOPHUIO HATPYIKCHUS.
VIOBIETBOPUTEILHOE COINIACHE MEXKIY Pacuer-
HBIMH H OKCTICPHMCHTAITBHBIMH JTaHHBIMH MOXKET OBITh
TONTYYeHO ~ TPH  MCTIONB30BAHMM  sAapa  Abens

— Marpuna TojaTIMBOCTH, o, (1) — dynKums,

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

ot
" T(+a)
omnpezeneH napameTp aapa o = —0.75 .

PacyeTHble M SKCTIEPHMEHTANIBHBIC KPUBBIE TIOJ-
3y4eCTH YIJICTIACTHKA, BBIPE3AHHOIO I10[ YITIOM 450,
MPEACTABICHbl HA PUCYHKE.

R(t) [5]. Munnmusaumeil HeBs3ku Obll

1500 2000 2500 3000
ts

0.015

& 001

=
oo,
s

0.005

3000

500

1500
ts

Puc. Pacuernas u P TaJbHAast

HUH 1 ii o6pasua or

dop P
Taxkum 06p330M, BBITIOJTHCH aHaJIM3 aHU30TPOTIMHA
MEXaHHYECKHX CBOWCTB TKAHOTO ymiemiacTuka ¢ HaHO-
MOIM(HUIUPOBAHHOI BHICOKOTEMIIEPATYPHON MaTPHLIEH.
TIpoBeneHBI KBa3UCTAaTHYCCKHE MCIBITAHUA 0OpasIoB,
BBIPE3AHHBIX 1101 PA3IMYHBIMH YITIAMH K OCHOBE TKAHH.
OmnpeneneHs! ynpyriue 1 NPOYHOCTHBIC XapaKTePHCTHKN
Marepuaja B IIPOJOJILHOM U ITOIEPEYHOM HAIIPABIICHUMU.
TIpoBeneHbI HCIBITAHHS HA MOJI3YYECTh I BBIABICHHS
peosornuecknx 3dbdekros. ITomydeHa Mozensb Hacuel-
CTBCHHOT'O THIIA, OIIPEACICHBI €€ MapaMETPHI. ITokazano
YAOBIETBOPUTEIIBHOE COINIACUE MEXKIY PaCUYE€THBIMU U
OKCIIEPUMEHTAIbHBIMU JaHHBIMU.

1.Kawai M., Masuko Y., Sagawa T. Off-axis tensile creep rupture of
unidirectional CFRP laminates at elevated temperature / Composites:
Part A, 2006, No.37 - pp. 257-269.

2.Sokolov E.A. The possibility of predicting the creep properties of the
laminate organoplastic unidirectional fiber reinforced materials // Me-
chanics of Composite Materials. 1980. Nel, pp 142-147.

3.Paborno IO.H., Tanepunk A.X., Crenanprue E.M. Hemuneiinas
nom3ydectsb crekiomnactika TC8/3-250 // Mexannka nommepos. 1971,
No3.-C.391-397.

4.Balevicius R., Marciukaitis G. Linear and Non-linear Creep models for
a multi-layered concrete composite // Archives of civil and mechanical
engineering 2013, No. 13, P. 472-490.

5.Tamyx B., Annepconc S, Aunckesnu K., fnconc 0., Kopcraapa 1.
Tlon3yuecTs W HAKOIICHHE IOBPEXK/ICHHIT B OPTOTPOITHOM KOMIIO3UTE
TPH LMKIIHYECKOM HArpy eHnn // MexaHnka KOMIO3UTHBIX MAaTCpHANIOB.
1998 1. 34. Ne 4. C. 447-460.
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CIIOCOB BE39TAJIOHHOI'O ONNPEJAEJIEHUSA JE®EKTOB ITPU OLIEHKE
KAYECTBA U3TOTOBJIEHUMSA U3EJUANA U3 KOMIO3UIIMOHHBIX
MATEPHUAJIOB

¥
Poikos A.H."
'AO «THUHCM», XotsKkoBO, Poccus; *tsniism@tsniism.ru;

Annomanusn:

OcHosHotl yenvio leOEE()(ZHMﬂ 0edJer<mocrconuu usoenuil us NOIUMEPHBIX KOMNO3UYUOHHBIX Mamepuanos

(IIKM) sgnsiemea evisignenue deghekmos muna Hapyuenuii CRioWHOCMY, HANPUMED PACCIOeHUs, HERPOKIeU, Mpeujunsl, UHO-

POOHbIE 6KIIOYeHUs U m.n. B doknade pacc

5 Memoo oe:

)20 HaxXoJICOeHUs dehekma no ananuzy uH@opma-

P

YUOHHO20 nois u3de.7uﬂ, HONYYEHHO20 6 pe3; 1epaspy

KO . Ananuz saxknouaemcs 6 obpabomke 2ucmo-

'P

2pamMMbl RO NO ONPEOeNeHHOMY an2OPUMMY ¢ ONpeoeneHue]M napamempos Kauecmea u30enus.
Knrouegvie cnosa: komMnosuyuonHvle Mamepuainsl, OyeHKa Kadecmesd, Hepaspyuaroujuil KOHmponb.

IlepcrieKTUBHBIM HANpaBICHUEM B COBPEMEHHOI
TEXHHUKE SIBIISICTCS MCIIONB30BAaHME KOMIIO3UTHBIX —Ma-
TEpHUATIOB, KaK METAJUTMYCCKHUX, TaK W MOJIUMEPHBIX,
00aJaloMuX PSJAOM HPEUMYILIECTB Mepe]l TPaJHiHOH-
HbIMU MarepuajiamMu, 0COOCHHO B aBHAKOCMHYECKHX
OTpac/IsiX TEXHHUKH, MAllMHOCTPOCHHH, SHEPIeTUKU M
ap.

[ToBeICHTE Ka4eCTBO KOHCprKL[I/Iﬁ HEBO3MOXKHO
0e3 JOCTOBEPHOM OLICHKH KPUTEPUEB KadecTBa Mare-
puanoB. COOTBETCTBCHHO HEBO3MOXKHA Pa3pabOTKa Me-
POTIPUATHI M TEXHONOTHIl 1O TOBBINIEHHIO KauyecTBa
KOHCTPYKIIUH.

3nech Ha HEepPBOE MECTO BBIXOAAT METOJbl Hepas-
PYLIAIOIEr0 KOHTPOJISA, OCHOBAHHBIE HA Pa3JIMYHBIX
(U3HYCCKHUX TPUHIMIIAX W METOIBI JOCTOBEPHOTO IS
pemaeMoii 3a1a4M 0OHApYKEHNs BHYTPEHHNX Hapylle-
HUI CIUIOIIHOCTH IO AHaJIN3y U3MEHEHUs PE3YJIbTATOB
B3aUMOJICHCTBHS (DM3UYECKHUX IOJICH C KOHTPOIHpYe-
MbIM MatepranoM. OHH IO3BOJAIOT OOBEKTHBHO OIIpe-
JIenATh (paKTHYECKOE COCTOSHNE KOHCTPYKIIUH, OIIEHHTh
HaJCKHOCTh MX SKCIUTyaTallMM W JaThb PEKOMCHIAITUN
110 €€ PEMOHTY WUJIM BOCCTAHOBJICHHUIO.

OO6muii HEZOCTATOK — IPAKTUYECKH BCEX CyIle-
CTBYIOIIIMX METOJIOB M CPEJICTB HEPA3PyIIAIOIIETr0 KOH-
TPOINS 3aKIIOYAeTCs B CIEAYIOIIEM: ONpEieeHHe Mo-
POrOBOr0 3HAUEHHs CHTHAla OCYLIECTBIAETCS MOCPE.-
CTBOM STaJIOHHOTO 00pa3sia ¢ STAJOHHBIM JIe(EKTOM.
OGHapykeHne Je(EKTHBIX YYaCTKOB OCYIIECTBIACTCS
TYTEM CPAaBHCHH CHUT'HAJIa MO MOBEPXHOCTH KOHTPOIH-
PyeMOro Matepuaia ¢ MOPOroBbIM 3HAYCHHEM CHIHANA.
DT0 npocToit U HafexHbIH MeToa. OaHaKo oH obJaaer
HPUHIUIHATIBHBIM HEJOCTATKOM: IIPAKTUYECKH HEBO3-
MOKHO HM3TOTOBUTH 3TAJIOHHBIC 06pa3um CO BCEMH Ba-
PpHAHTAMH XapaKTCPUCTHUK BHYTPCHHHUX IquJCKTOB, a
3HAUNUT, B Pe3yJbTaTe MPOHCXOJUT OOHApy)KEHHE He-
KOTOPOI0 «yCpeAHEHHOro» aedekra U ¢ GOIbIION Be-
POATHOCTBIO BO3MOXKEH MHPOIYCK ONACHBIX JC(PEKTOB.
Takoit METO HE YYHUTBHIBACT BIHUSIHHUA Cny!{ai/'mmx n3-
MEHEHUII CBOMCTB KOHTPOJIMPYEMBIX MaTepUalioB Ha
pe3yJIbTaThl KOHTPOJISA.

TTosTOMy Ha CEroJHSAIIHHMIl I€Hb HMeeTcs Io-
TpeOHOCT B CO3J@HMM  CIOCOOa  KOHTPOJNA  pe-
aAJIbHBIX KOHCprKHHﬁ U3 CIIOKHBIX MaTrepuaaoB, KOTO-
PBLIl MOXET NPUMEHSATHCS Ha IPAKTUKE Ul LIMPOKOIO
Kpyra OOBEKTOB C Pa3IMYHBIMH XapaKTCPHCTUKAMH H
H03BOJIACT OOHAPYKMBAaTh PA3JIHYHBIC TUITBI BHYTPEH-

151

HUX J1e(DeKTOB.

B cB3M C 3TUM aKTyalbHBIM BCTaeT BONPOC O
pa3paboTKe TaKoro aaropuTMa 0OpabOTKH Pe3ynbTaToB
neeKTOCKOIMHY, KOTOPBI Obl MO3BOIMI C 3aAaHHOU
BEPOSITHOCTBIO HE MPOIYCTUTh KPUTHYECKHE 1e(EeKThI B
ycinoBusiX — Oosbiioro  pasbpoca  MHGOPMAIMOHHOTO
CHTHAJIa OT M3/ENHA K H3CIHIO.

Oco0eHHO aKTyalbHO NPUMEHEHHE TaKOTro alro-
pHUTMa Ul KOHTPOJISI MaTepUaioB, UMEIOLIHUX OOJIbIION
Pa3dpoc XapaKTepHCTHK (OIpeeNseMbIX KaK pe3yibTar
BO3JICICTBUSL ¢ KOHTPOJNHMPYEMBIM MaTepHalloM pas-
JIMYHBIX CI)]/ISI/lquKHX Tonen — TEIJIOBBIX, aKyCTHYCCKHX,
PaaMOBOJIHOBBIX M T.II.), HAalpUMep, MHOTOCIOWHBIX
koHCTpyKimit u3 IIKM.

B o6miem Buje anroput™ 06e33TaJOHHOTO OIpesie-
nernus nedeKkTa MOKHO 3aIHCaTh CIETYIOIM 00pa3oM:
1) Anpuopy ONpeneNnsioT, 4To Oonblle MO BETUYUHE -
CUrHaJI Ha Z[e(beKTHOM Y4acTKe WM CUTrHAJI Ha Ka4e-
CTBEHHOM YYacTKe, IPUHMMAIOT UL ONPEICICHHOCTH,
YTO CHTHAJl Ha JIe()EKTHOM YYacTKe MEHbIIE II0 BEJH-
YMHC CUTHaJla Ha KaYC€CTBECHHOM yYacCTKE.

2) Bagator Pl u PYon 31ech PP — Bepost-
HOCTb JIOXKHOTO OOHapyskeHus aedekros, P, — Bepo-
ATHOCTB IPOITyCKa 1e()EKTOB.

ﬂaHHBIC BCJIIMYHHBI OTIPEICIIAIOTCA Tpe6OBaHI/IﬂMI/I

KOHTPOJISI: YTO MMEET IPUOPHUTET — OOHAPY)KEHHEe BCex
Je(peKTOB C BEPOATHON NepeOpPaKOBKON HIIH OTCYTCTBHE
nepeOpPaKkoBKH ¢ HEKOTOPOH BEPOSTHOCTBIO IIPOITyCKa
ne(heKTOB.
3) Usmepsior Bennunny curtana U'y,, B LEHTpe HH-
TepBaja, Ha KOTOPBIH IOnajaeT HauOoJibliee Koaude-
ctBO curHanoB jedekrHoro yuactka (Kp."), yaosie-
TBOPSFOIETO CIIETYONINM YCTOBHSAM:

U= U™, eci AK; >0 1 AK;y; <0.
4)Wsmepstior Benuunny curtana U, B LEHTpe UHTEp-
BaJa, HA KOTOPBIi IIOIAJaeT HAHOOJbIIEe KOIMYECTBO
CHTHAJOB Ka4eCTBCHHOro ydactka (K.x'), yaoBneTBo-
PAIOIIETO CIETYIOIINM yCIOBHAM:!

U e = US, eciu AK; >0 u AK;,, <0.

i - HOMep HHTEpBaJa U3MEPCHHSI.

5) M3mepsitor HOMep MHTepBajia (M), COOTBETCTBYIO-

mero BenmunHe 0,67 K, ' u Homep mHTepBama (n),

cootsercTByOmIEro 0,67 Koy

6) JIONONHUTENBHO U3MEPSIOT BEJIMYMHY CHIHAllAa B

nenrpe uHrepsana (m) - U, 1 B enTpe uuTepsana (n)
K

n-
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7) OmnpenenstoT CpepHeKBaJpaTHYHOC 3HAYCHHE pac-
TIPECIICHN CUTHAJIOB Ha IquJSKTHI)IX ydacTkax:
0, = W= U,
8) OmpenesioT CpeAHeKBaJApaTHYHOE 3HAYCHHE pac-
TIpEJICIICHAS] CUTHAJIOB Ha KAYECTBEHHBIX ~ y4acTKaX:
0x= Ulax = U
9) 3a/1a10T COOTHOLIECHHE MEXKY BelmuuuHamu: P, 1
P pons HATpuMED, P70 =% Ppon -
Bennuunna y onpenensiercs 3a1a4yaMy, CTOSALIUMH IIepe]|
TIPOBEICHUEM KOHTPOJIA: 00 BBISIBUTH BCE IICCI)CKTBI,
HO TIPU DTOM JIOMYCKAeTCs MepedpaKkoBKa, T.e. JIOKHOE
obHapyxeHue 1e()eKToB, JIMOO BBISIBUTH TOJIBKO SIBHBIC
Je(eKTh, HO HPU 3TOM IOITYCKaeTCs YacTHYHBIH Hpo-
IyCK JIe(heKTOB.
10) OmnpenensroT 4YUCICHHOE 3HAYCHHE IOPOrOBOTO
curnana  (U,ep) MyTeM pellieHHst ypaBHEHHs CIey-
0IM 00pa3oM:
_(-T—Urﬁ[u.r)z
208

Jlns oreHKH paboThl alropuT™Ma ObUI NPOBEICH
aHAIU3 TEPMOTPAMMBI, HOTY4YEHHOH METOIOM TEILIOBO-
ro KOHTposs. J[is AOCTHIKEHHs MOCTABICHHOM Lenn
HE0OXOMMO PELIUTh CIIEIYIOIIHE 3a/]a4u:

- IOCTPOMTh FUCTOrPaMMY TEILIOBOTO HOJIs 00pasIia;
-BBIOpATh THII paclpeselieHus, HauOolee aaeKBaTHO
OIMUCBIBAIOIICTO SKCTIEPUMCHTAIIBHYIO THCTOTPAMMY

- HaliTH IIapaMeTpbl BHIOPAHHOTO PacIIpeieNIeHNs;

- OLCHHUTH MAapaMeTpbl KaueCTBa HAa OCHOBAHUU MONY-
YEHHBIX JaHHBIX;

-pa3nenuTh Ae(EKT W KauecTBO C 3aJaHHBIM COOTHO-
LICHHEM BEPOSITHOCTEI.

Ha pucynke 1 mpexcrasieHa TepMorpamma Ipokara,
HUCIIONB3yeMas B KAYeCTBE MCXOIHBIX JTaHHBIX.

G B 0 3

Puc. 1. Mcxoquasi TepMOrpaMMa HEOJHOPOAHOCTH TEIIOBOTO OIS

I‘ncmrpamma TEIJIOBOI'O II0JIA MpEACTaBII€HA Ha
pHCyHKe 2.
AHann3 MOKa3bIBACT HAINYNE HECKOIBKHUX MaKCHUMYMOB
Ha TUCTOrpaMM€, OJHAKO Ha IIPAKTUKE MOXKHO pac-
CMaTpuBaTh JIMIIb JIBa Kpaﬁ}mx JICBBIX, TaK KakK I10CJIe-
JyIOIIIe TUKHU 3aBEJOMO MAJIbl U X IIOSIBIICHUE MOKHO
00BACHUTH HAJTMYMEM ITOMEX Ha TepPMOrpaMMme.
JIns HaXOXJIEeHUs MapaMeTpoB IEPBOIO HOPMAIbHOTO
pacnpeneneHus UCIO0JIb3yeTCs IIPOMEKYTOK OT HYJIA 10
nepBoro muka (pucynok 3). Ha pucynke 4 mnpencrasie-
HO aHAJIUTHYECKM HaiileHHOoe OMMOJanbHOE pacmpesie-

DFCMS-2016, UIMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 2.

JICHHWE TETJIOBOTO MOJIsA, TIpe/icTaBsioniee codoii cme-
MAHHYIO QYHKIMIO IBYX HOPMAIbHBIX PacTIpeaeIeH it

a0

W g 1 B E] 2 B

Puc. 2. Tuctorpamma pacnpe/ie/ieHHisi TeMIIePaTyphbl

———— [Ty

Puc. 3. Pa3ieiénnbie rucTOrpaMmel eeKTa 1 KauecTsa

Puc. 4. b
CKHM nyTeM

JIbHOE P 1OJIyYeHHOe AHAJIHTHYE-

Paznenenue nedexra u kayecrsa NPOUCXOAUT I10
HAXOXK/ICHHIO JIOKAIILHOIO MUHHMYMa, PacroNOKEHHOTO
MEXIy ABYMS MakcuMami. IIpn HaJIMuMu aHAJIMTHYC-
CKHX ITapaMeTpOB KauecTBa M jAedpeKrta, MOpOr HX pas-
JCICHUA MOXHO 3a7aTb BPYYHYIO JUIA TIOJIyYCHHS HE-
0OXO/IMMBIX XapaKTEPUCTHK KauecTBa U Je)eKTa.

B 3akiioyeHne MOXKHO OTMETHTb, YTO HCCIICI0Ba-
HHE NMPUMEHEHHs 0€33TaJOHHOTO METOa OOHAPYKCHHS
J1e(heKTOB MOKA3aJI0 BO3BMOKHOCTb €r0 MPUMEHEHHS IS
KOHTpPOJIL KadyeCcTBa B Cilydyae 6I/IMO}:[3J'II:HOCTI/I THUCTO-
rpaMMBbl pacrpesie/ieHusi CHrHana HHPOPMALMOHHOTO
TI0JISL KOHTPOJIUPYEMOTO M3/IIHSL.

JlanpHeiimas pabota COCTOMT B ampoOanum pas-
pa6OTaHHOFO MFOPI/ITMa I pa3J'[l/l‘lHLIX TUIIOB H3/1¢C-
s, B ToM umcie u3 IIKM, 1 BO3MOKHOCTH IIpUMEHe-
HHUS €r0 B CHCTEMax aBTOMATH3MPOBAHHOTO Hepaspy-
HIAOIIETO KOHTPOJIA IJI PCHICHUS 3a1a4 BBIJICICHUA
ne(eKTOB M pacyeTa UX IUToNaneH
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YJIbTPA3BYKOBO# KOHTPOJIb KPYITHOTABAPUTHBIX U3IEJIUN U3
KOMIIO3UIUOHHBIX MATEPUAJIOB

Poikos A.H."*
'AO «THUMCM», XotbKoBO, Poccus; A(tsniism@tsm'ism.ru;

A : B c

4 P

X YClHosusAx Hnaubonee nepcneKmuHbIMU ¢ MOYKU 3PEeHUsl NOBbIULEHUS ()ocmnsepuocmu pe-

3VI6Mamos nposoouMoll deheKkmocKonuu uz0enuil u CKOpoCMmuU ee NPOEedeHUs. ANAIMCA ASMOMAMUUPOSAHHbLE CUCTEMbL He-
paspywaiouje2o Konmpons. B dannoii pabome paccmampusaemes asmomamusuposanias CUCmemMa KOHmpons Kpynuozabapum-
HBIX YUTUHOPUYECKUX UB0ENUTl U3 KOMNOZUYUOHHBIX MAMEPUAIO8 C COOMBEMCMEYIOUUM NPOZPAMMHBIM obecnedenuem no oopa-

bomke pe3; 06 KOHMPOJISL U ONPeo

5 Sorh,
nnowaodeii deg

086.

Knrouesvie cnosa: KOMRO3UYUOHHblE Mamepuaisl, 06[1)8’0‘”06’(0”“}1, a(fmo.wamumpoealmbl17 KOHmMPpOITb.

B Hacrosiee BpeMst B pa3aMUHBIX OTPACIAX MPoO-
MBIIUICHHOCTH  (MAIIMHOCTPOCHUH,  ABHACTPOCHMHU,
SHEpreTHKe M Jp.) BOIPOC 00ECreueHns KauecTBa Bbl-
IyCKaeMoi TIPOIYKIINN ¥ €¢ KOHTPOJIS CTOMT 0COOEHHO
0CcTpo. DTO CBA3aHO, B NEPBYIO O4epe/lb, C TOCTOSHHO
BO3pacTaroluMHA Tpe6OBaHl/lﬂMl/l K TIOBBILICHUIO
HA/Ie)KHOCTH IIPH BO3PACTAIOMIUX HArpy3KaxX Ha W3IEIHs,
YTO BIICYET 33 COOOH y)KECTOUCHHE TEXHHYECKHX HOPM
Ha HaJIM4Yue Iqu)CKTOB ONPENCIICHHOr0 TUIIA B TOTOBOM
npomykuuu [1].

TloBbllieHne KayecTBa HPOXYKLMU 0Oe3 COOTBET-
CTBYIOIIETO Pa3BUTHS METOIOB M CPEICTB HEpaspyIa-
IOLICTO KOHTPOJIA W JAHAarHOCTHKHM B COBPEMEHHBIX
YCIOBHUAX MPAKTUYCCKHA HEBO3MOXKHO. HCPCHCKTHBHBIM
HarpaBJICHUEM B cospemeﬁﬂoﬁ TEXHUKE ABJISICTCA HC-
H0JTB30BAHNE TIOJIMMEPHBIX KOMITO3HIIMOHHBIX MaTepH-
anoB (ITKM), MMEIOIMX IIMPOKHE MEPCIEKTHBBI HC-
MOJTb30BAHKS U O0IAIAIONIHE PSAAOM MPEHMYIIECTB Ie-
pea TpaAULUMOHHBIMU MaT€pUaiaMu — METaJlllaMu, 0CO-
GCHHO B aBHAKOCMMYECKUX OTPACIAX TEXHHKH, TaK KAk
obecreynBa0T MUHUMAJIBHYIO Maccy KOHCTPYKIMH IIpH
3aTaHHOM 3HA4YCHHUHU ITPOYHOCTH, HE TOABEPIKCHBI KOP-
PO3HH U T.IL

Opuako Takue Marepuaibl TpeOyroT 0coGoro
HOJIX0/1a, HOBBIX PEIICHUM TP Pa3paboTKe M CO3TaHHI
METOJ0B W CPEACTB HX I[Cq)eKTOCKOHI/IPI. DTO BBI3BAHO
GoMbIIMM  Pa3HOOOpa3ueM BHIOB TaKHX MaTepHasoB,
crieuUYecKUMU  OCOOCHHOCTSAMU KOHCTPYKUMH U3
HHUX M TEXHOJIOTHEW H3rOTOBICHHsA, pa3opocoM ¢u3m-
KO-MEXaHUYCCKUX W TNPOYHOCTHBIX XapaKTECPHUCTHK,
GOJBIIMM pa3HOOOpa3sueM THUIOB Je(EKTOB, BO3HHKA-
IOLIMX B MPOLECCE U3TOTOBJICHUS U DKCIUTYaTalluu.

HauGonee nepcrneKTHBHBIME C TOYKH 3PEHUS IO-
BBINICHHS JOCTOBEPHOCTU DE3YJIBTaToOB IPOBOIMMOIL
Je(EeKTOCKONINY M3/IeNMH M CKOPOCTH €€ MPOBEICHHS
SIBIISIIOTCA  aBTOMATH3MPOBAHHBIE CHCTEMbI Hepaspy-
IIAIOMIETO KOHTpOI. B ciywae, ecim u3zmenue mpen-
cTaBisieT co0Oil Teno BpalleHHs, [eleco00pasHo IpH-
MCHCHHMC MCXAaHU3HWPOBAHHBIX CKAaHHPYIOIIMX CHCTEM
JUIT MaKCMMAJIBHO TIOJTHOTO TIPOBEACHHMS KOHTPOJIA IO
MOBEPXHOCTH. MeXaHU3UPOBAaHHbIE CKAHUPYIOIIHE CH-
CTEMbI M3BECTHBI M IIPHMEHSIOTCS B POMBIILICHHOCTH
JIOCTATOYHO JIABHO HA PA3NIMYHBIX NMPEANPHATHAX, TPH
9TOM MOTYT HCIOJB30BATbCA PA3JIMYHBIC CHCTEMBI
ynpasienus, cobopa u obpadorkn nndpopmaruu. Cucre-
Ma aBTOMATH3HPOBAHHOIO KOHTPOJIS MM AedeKkTocKona
xoHTpoust kadectBa (JIKK) pabGoraer crnemyrommm 06-

pasom.

‘VeranoBka ABTOMATHU3UPOBAHHOI0 CKaHUPOBAHUSA
IAIMHAPUYECKOH IMOBEPXHOCTH OCYIIECTBIACT Iepe-
MeleHne OOBEKTa KOHTPOIS OTHOCHTENBHO OECKOH-
TAaKTHBIX HHU3KOYACTOTHBIX JTaTYUKOB. )lJ'IH 3TOro CUCTE-
Ma CKaHMPOBaHWA BpallacT U3ACIUEC U OAHOBPEMEHHO
nepeMeniaeT ero BHOJNb oOpasyiomeil. B pesynsrare
3TOTO MPOUCXOMHUT CKAaHMPOBAaHHE 00BEKTa KOHTPOJIS 1O
MOBEPXHOCTH IO CUPaNbHOI TpaekTopuu. IIpeodpaso-
BaTeNI C YJIBTPA3BYKOBBIM HH3KOYACTOTHBIM Je(eKTo-
CKOIIOM OCYIUECTBISIOT KOHTPONIb CTEHKUM KOHTPOIH-
pyemoro m3zienus TeHeBbIM MertonoM. C BhIXoma ne-
(ekTocKona B peKMMe PeaTbHOrO BPEMEHH Yepes clie-
manu3upoBannbii untepdeiic (COM noprt, Ethernet
nopt u Jp.) Ha [IDBM c¢ npejiycTaHOBIEHHBIM COOT-
BETCTBYIOIMM IPOrPaMMHBIM OOCCIICYCHHEM Iepesia-
©TCsl CHTHANl YJIBTPa3BYKOBOTO KOHTPOJIA, OTOOpaskaro-
Uit COCTOSHNE 00BEKTA KOHTPOIS.

OJHOBPEMEHHO uepe3 OTAeNbHBIN MHTep(elc Ha
TI9BM ot jparyukoB BpallieHus nepenaercs uHpopma-
1M O KOOPJMHATAX KOHTPOIMPYEMOTO y4acTKa M3JCIIHs.
Taxum oOpa3som, njaeT HakomieHne HHGOPMAaIHUH O COo-
CTOSIHUM KOHTPOJIMPYEMOI'0 M3ACIHUA C yKa3aHUEM KO-
OpJMHAT YYacTKOB, [OJBEPIIIUXCS HEpa3pylIaroLeMy
KOHTPOIIIO.

[To oxoHuaHUM nponecca CKaHHPOBAaHUA TIPOU3-
BOIMTCA  00pabOTKa HAKOIIEHHOH MH(pOpPMALUU B CO-
OTBETCTBUHM C INPOrpaMMHBIM obecreyeHnuem, cOop u
XpaHEeHHe TNepBOHAYAIBLHON (MCXOIHOI) MH(pOpMAIMH,
BBISIBJICHUEC HCCI)CKTOB, OIPEZICTICHUE KOOPAUHAT U TLIO-
manel nedexroB, GopMHpOBAHME apXHBa PE3yNIBTATOB
KOHTpoIst. B pesyinsrare ¢opMupyercst mpoTokon pe-
3yIbTaTOB Ae(EKTOCKONHH U Je(heKTorpaMma H3JIeHs.

Ipu nposeneHUN 1e)EKTOCKONIMN HAa PA3IMYHBIX
TIPEATNIPUATHAX OJHOTO M TOTO K€ M3ACIHA JOCTATOYHO
YacTO BO3HUKAECT BOIIPOC COIIACOBAHMS I10JIy4aeMbIX
pe3y/bTaToB. DTO CBSI3aHO C TeM, YTO 00Opy1OBaHUE,
HCIONBb3yeMOe [T TPOBEJCHHS BXOIHOIO KOHTPOJIS
H3216JH/I]7], MOXKET OTJIMYATHCS KakK IO annapaTHoﬁ, TaKk U
no npor‘paMMHoﬁ YJacTH, BCJICACTBUE YE€TO MPUMCHSIOT-
Csl paslU4HbIe METOIAMKH IPOBEICHUS u3MepeHuil. B
TaKoM Cly4ae MHJICHTHYHOCTb pE3y/bTaroB nedekTo-
CKOIMH MCKITIOYEHA M [T HPEOJIONCHHMS 3TOH poOIeMbl
CymeCTBYOT 2 OCHOBHBIX MyTH PCHICHUSA:

1. OOGecrieyeHre  eIMHCTBA  alMapaTHBIX |
nporpaMMHbIX 4acteit ycraHoBku JIKK Ha Beex
3aMHTEPECOBAHHBIX MPEANPUATUAX.
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2. IIpoBenenne 1OMOIHUTEIBHBIX HCCIIEIOBAHUIA
1O ONpEIENCHNIO CTCNCHH PACXOXKICHUS PE3yIbTaToB
JIe(eKTOCKOIIMN JUIS BBIPAOOTKH PEKOMEHAAIMi 1o
CPaBHEHHUIO MOTy4aeMbIX 3HAUCHHIL.

TTockonbKy peanu3arusi mepBoro BapHaHTa pele-
HUSL B IIOJHOM O0beMe SIBISICTCS JOCTATOYHO TPYHO-
€MKOI1 M JIOpOrOCTOAIIIEH, a Pe3yIbTaTOM BTOPOTO MOTYT
OBITH HEJIOMYCTUMBIC Pa3OpOCHl PE3y/IBTATOB PA3IHY-
HBIX METOMHK, OoJiee MEePCIeKTUBHBIM MOJKHO CUMTATh
KOMOMHALIMOHHBIM BapuaHT C MOAEPHH3ALMeH mnpo-
IPaMMHOTO o0ecIedeHHsI U IPHMEHEHHeM Ooliee Co-
BPEMEHHBIX Y/IBTPA3BYKOBBIX I€(EKTOCKOIOB C yIpPaB-
nenneM ot IIDBM. B Takom cimydae, mpu co3gaHun
9((PEKTUBHBIX ~AITOPUTMOB 0OPabOTKH  PE3yNILTATOB
Je(EeKTOCKOINK U TOATBEPIKICHHS HX PE3yNIbTaToB C
Y/IOBJICTBOPUTEIBHOW TOYHOCTBIO, TMOSBISETCS BO3-
MOJKHOCTh OCHAIICHHs €IMHON CHCTeMOi cOopa u 00-
PpabOTKM JaHHBIX NMPH BO3MOXKHBIX PA3IHYUSX B CHCTE-
Me YHpaBJeHMs CKaHUPYIOLIEH CUCTEeMOH M ee amma-
paTHOi peanu3anuei.

Jns  co3manus  3(QEKTHBHOW — MPOrpaMMHOIT
cpenbl cOopa M 00pabOTKH JaHHBIX HEOOXOJUMO OTME-
THUTb BBIOJIHECHUE CICAYIOLINX YCIOBHIL:

- nporpammuoe obecrneuenue (I10) nommkno obec-
HeYMBaTh MHHHMMaJbHBIC TPeOOBAHMS K alIapaTHOI
yactu DBM;

- unrepdeiic 1O pomwkeH ObITh MHTYUTUBHO MO-
HATHBIM, C MHHHMMAJbHBIM KOJIIMYECTBOM BIIOXKCHHBIX
HOIMEHIO, IPOCT B HACTPOHKE;

- HapaMeTpbl HACTPOHKH THIA KOHTPOIMPYEMBIX
u3enuii JOMKHB 0OecreynBarh Kak omnpesencHue Gu-
3UYECKUX Pa3MepoB, Tak U GopMy Teia BpaleHus 00b-
€KTa KOHTPOJIS;

- IIO 10mKHO TO3BONATE MHTEPAKTHBHO PETYIIH-
poBaTh MapaMeTpsl 30HAMpYlomiero ummyiasca (31) ka-
Hajla KOHTPOJISL M 0TOOpa)KaTh B OTIAEIBHOM OKHE IPO-
IPaMMHO# Cpelibl B PEallbHOM BPEMEHH CHIHAI, IIPO-
MIeAIINH Yepe3 n3aenne;

- 3a70KEHBI AATOPHTMBI pacdeTa IUIOManel ne-
TEKTHPYeMbIX Je()eKTOB M MOTPEIIHOCTH ONpeaeIeHHs
pe3yabTaToB Ae(eKTOCKONNHU;

- I1O nomxHO obecreynBaTh CO3/[aHUE U BBIBOJ Ha
neyaTh MPOTOKOJIOB aHanmm3a jaedeKkTorpaMm B yTBEp-
JKJIGHHOM BHJIE U 1e(hpeKTOrpaMMbl OOBEKTOB KOHTPOJIS;

- HauMuMe pexuMa aHamuza (0e3 MOAKITIOYCHUS
anmaparHoii yactu k [I9BM) panee mosryueHHBIX Jie-
(ekTorpaMm JUIS BO3MOKHOCTH OTPabOTKM METOIMK
M3MEPEHNs C LENbIO MOTYYEHNs ONTHUMANBHEIX PE3ylib-
TaTOB KOHTPOJISL.

B COOTBETCTBUM C BBINICH3IIOKEHHBIM OOLIYIO
OIIOK-CXeMy ~ OpraHM3aluM  pabOoThl  IIPOrPaAMMHOTO
obecredeHns CHCTEMBbI aBTOMATH3HPOBAHHOTO KOHTPOJIS
MOXHO IIPCACTaBUTH B BHJC, MPEACTABICHHOM Ha PUC.
1.

OCHOBBIBasICh Ha HPUBEJECHHOM alrOpUTME pabo-
ThI, OBIIO Pa3paboOTaHO NPOrpaMMHOE OOECIICUeHHE IS
MPOBE/ICHHS] ABTOMATHU3UPOBAHHOH JIe(EKTOCKONHMU Ha
6aze ycranoBku JIKK ¥ HH3KOYaCTOTHOTO YIbTpasBy-
koBoro jedekrockona YC/I-60H. PaccMOTpHM OCHOB-
HBIE 3TaIlbl PabOTHI C IPOTPAMMOH.
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Puc.1. Biiok-cxeMa peskHMOB paboThI MPOrpaMMHOro odec-
CHCTEMbI ABTOMATH3HP '0 KOHTPOJIsl UHJIHHAPH-
YeCKHX H3/1elIuii.

Jlns paGoTel ¢ MpOrpaMMHBIM — OOecredeHueM
HEOOXOIMMO OTKPBITH OCHOBHOE OKHO MPOrPaMMBI U
JIOTIOJIHUTENIbHBIC HH(OPMAIMOHHBIC OKHA, OCHOBHBIMU
13 KOTOpBIX sBIsitoTcs «M3nemue», «Cxema u3nenus»,
«VY3 kanam, «B-ckan».

Hanuaue f[aHHBIX OKOH IO3BOJISIET IPOBOJUTH
HaYalbHYI0 HACTPONKY MapaMeTPOB HM3ICIHS, a TaKkKe
Pery/IupoBaTh i KOHTPOJIUPOBATH OCHOBHBIC [APaMeTPh
V3 nedekrockomna, noakmodeHHoro k [19BM. Buemr-
HUi{ BUJ] ITABHOTO OKHA IIPOrPaMMBbI C IIPHKPEIIICHHBI-
MU [JONOJHUTCIBHBIME HH(POPMALMOHHEIME OKHAMU
MPEICTaBIICH Ha puc. 2.

Jlns npoBezicHNs 1e(eKTOCKONNN M3/IeIHs Hepes
HadanoM paboThl IPOU3BOJUTCS BBOJ [APAMETPOB KOH-
TPOIUPYEMOTO M3ICNHS, TAKMX KaK: THIIL, HOPSIKOBBII
HOMeEp, HOMep YepTeska U HOPMATHBHOM JOKYMCHTAIUH.
Bce BBe/eHHBIE JTaHHBIE 0TOOpakaroTcst B okHe «M3ze-
me». BO3MOKHOCTH TPOrpaMMbl MO3BOJISAIOT HACTPau-
BaTh [apaMeTPbl TCOMETPHH Teja BPAIICHHS H3ICIINS,
MOJBEPraloNIerocsi KOHTPOJO, BKIIOYas (Gopmy, Jua-
METp H JUIUHY.

OO6mmue mapaMeTpbl HACTPOHKH PeXUMa KOHTPOJIS
npuBe/ieHsl Ha pHC. 3. BO3MOXHO mHpoBeieHHE KOH-
TPOJIS KAK METOJOM MPOXOXKICHHS, TAK H 9XO METOIOM.
ITapameTpsl OTCTYHOB OT Ha4aa ¥ KOHIA TOBEPXHOCTU
W3JeNHs TO3BOJAIOT 3a]aBaTh I'DAHMIIBI TEXHOIOTHYE-
CKHX 00JacTelf, He TIOABEPralOINXCS KOHTPOIIO.
Bxouenne pexnma APY 1o3BonseT aBTOMaTHYECKH
«pacTsaruBarb» Y3 CHrHaJ Ha BeCh AMANa3OH YCIOBHOTO
9KpaHa Jieekrockona (OKHO «Y3 KaHam).

Hactpoiiku mapaMeTpoB BpallleHUs W IepeMele-
HUSL M3/E/THST HPOUCXOUIT HE3aBUCHMO OT HPOIPAaMMBI
cOopa [aHHBIX, MEXaHH3UPOBAHHAS CHCTEMa OCY-
IIECTBIISICT BPAILCHUE KOHTPOIMPYEMOTO H3JIENHs, Of-
HOBPEMCHHO C BBITIOJIHCHHEM MPOJOILHOTO JIBHIKCHHS
YIBTPa3BYKOBBIX TpeoOpa3oBareneil, BBIMOIHSIA TaKUM
00pa3oM ckaHHpoBaHHE W3Zenus 1o crupand. Jledek-
TOCKOII, HAaXOMSCh IOJ| YIPABICHHEM IPOrPaMMBbI, BbI-
MOJIHSET U3MEPEHHMS C 33laHHON YacTOTON MOBTOPCHUH.
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Pe3yIbTaToM Ka)KIOr0 M3MEPEHHS CIIYXKUT MaKCHMAllb-
Hasl aMIUIUTyAa B 30HC KOHTPOJS, 3Ha4YCHHE KOTOPOit
HporpaMma HojIy4aer oT Je(eKTOCKOIA U COXPaHseT BO
BHYTPEHHEH HaMATH, GopMupys AedeKTorpamMmy KOH-
TPOJIS M3JCIHA.

Puc.2. Buemnuii BH IIABHOT0 0KHA POTrPAMMBI € 0C-
TOMOTaT OKHAMH.

KOHTPOMNbHLIA TECT

| Awanus | 3 |

MeTon KoHTpOna |TeHesoi > APY ™
OTCTYn OT HAYANA NOBEPXHOCTH, MM 0.00
0TCTYN OT KOHUA NOBEPXHOCTH, MM 0.00

MpoTaXeHHOCTE yuacTka, MM | 2000.00

Puc. 3. BHemnuii BUI 0KHA YCTAHOBKH NapaMeTPOB PekH-
Ma KOHTpOISI.

Jlisi npuBS3KM K KOOpIMHATAM M3/IeNHs, IIPO-
rpaMMa HCIONB3yeTCsl AaT4UK 00OpPOTOB JUIS CHHXPO-
HM3aIUN HavaJia 3alliCH KaXK10ro Kojblia crmpaid. Ipu
OTCYTCTBMM JAaTYUKOB Ha4dajla U OKOHYAHWUs KOHTPOIIA,
OIIEPAaTOpP MOXKET BPYYHYI0 HAYMHATL M 3aKaHYMBATh
3ammch Mo JumHe u3zenus. Ha pucynke 4 mpuBeneHo
M300paKeHHe pe3y/IbTaTa CKaHMPOBAHMS IIMITMHIpUYE-
CKOro wu3aenus TEHEBBIM METOAOM  YIIBTPa3ByKOBOI'O
KOHTPOJISI ¢ HAHECEHHOW KOOPJAMHATHON CETKOW M yKa-
3aHHEeM 00nacTeil ¢ pasIUYHBIMU yPOBHSMH CHTHAIA B
HPOLIEHTAX OT BBICOTHI 9KPaHa OKHa «Y3 KaHaI».

ITo OKOHYaHMM Tmpollecca CKAHMPOBAHHSA OCY-
LICCTBIIACTCSA aBTOMaTH3PIp0BaHHl:Il>i aHajai3 MaTpulbl
YJIBTPa3ByKOBOIO CHTHAJIa 110 MOBEPXHOCTU H3JENHUsA, C
BBIICJICHAECM CIUHMYHBIX NE(QEKTOB M IIOLCYETOM 00-
el TIomany e(eKToB.

Ananmusz TIPOBOAMTCA B COOTBETCTBHMH C YCTAaHOB-
JICHHBIM PEXHUMOM KOHTPOJS M BBIOPAaHHBIM YPOBHEM
nedexrHoctH. ToUKH ¢ aMILIMTYHOI CHUrHAia, IPEBBI-

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

ma}omeﬁ YPOBCHb IPH DSXO-MMITYJIBCHOM PEXKHUME H
TOYKM C aMIUIUTYJ0H MEHee ypOBHS IPH peau3aluu
MeTo/a IPOXOXKACHHUSL, IIPU3HAIOTCS Ae(eKTaMHU.

BbIGOp TIOPOrOBOTO 3HAYCHHS OCYIICCTBIISCTCS
TIOCPEACTBOM MPEABAPUTEILHOTO aHall3a OTACIbHBIX
30H IMIMHAPA Ha NMPEAMET BBISABICHHUSA BCIIMYMHBI pa3-
6poca yIbTPa3ByKOBOTO CHIHAjJa OTHOCHTEILHO Cpel-
Hero 3HadyeHust. L[enbio SIBISCTCS BHIOOP TAKOro 3Hade-
HUsI, KOTOPOE ObI MO3BOIMIO C MAKCHMAJIBHOI BEpOSIT-
HOCTBIO BBISABIISITH I[efl)eKTHLIC Y4YaCTKH U MPU 3TOM HE
PEeruCTpUpOBATh EIMHUYHBIE HIYMOBBIE BBIOPOCHI Kak
uH(OPMATHBHBIC.

Puc. 4. BHemnuii BH1 OKHA BBIBO/IA Pe3yJILTATOB CKAHHUPO-
BAHMSI H3/IeJIHS.

OCHOBHBIMH TIapaMETPaMH IIPH aHAIIM3E SBISIOT-
cst:

- IIOPOTOBOE 3HAYCHHE CHTHAIIA,

- paccTosHHE I OOBEIMHEHMS eIMHHYHBIX Jie-
(EeKTOB — MakCHMalbHOE DPAaCCTOSIHHE MEXIY IBYMS
€JIMHUYHBIME Je(eKTaMi (MUHUMAJIBHBIH JUCKPETHBIN
aNIeMEeHT Je(heKTOrpaMMbl), [IPH KOTOpoM 06a Jedekra
00BEAMHSIOTCS B OJIMH.

- rpaganus Je(eKToB Mo IUIOMAAN — MaKCHMallb-
Hasl IUIOLIAJb CAUHMYHOTO JIOKAIM30BAHHOIO Ae(eKTa,
NPH KOTOPOH OH HE PACCMATPHBACTCS KaK CYIICCTBEH-
HBII ¥ MHpOpMAIMA O HeM He BhIBoAUTCA. IIpu 3TOM
o0mmas TIomaab BCEX OOHAPYXKECHHBIX Ne(eKTOB (PHK-
CHpPYeTCsl TP BBIIOJHCHUH aHAM3a, 4 HPU HPOTOKO-
JIMPOBAHHH PE3Y/IBTATOB BBIBOAUTCS TOJBKO ILIOMIAb
YUTCHHBIX.

IpoBesieHne ceprn U3MEPCHHIT Ha Pa3iINYHbIX U3-
JEMMSX [HTMHIPHYECKOH (OPMBI € HCKYCCTBEHHBIMU
naeekTaMu U pa3INyAIoLIMMUCS MapaMeTpaMu paboTsl
MEXaHU3UPOBAHHONW CHCTEMbl CKAHMPOBAHMS IOITBEP-
TN OXKHUIAEMbIC PE3yNbTaThl 110 JCTEKTHPOBAHHIO U
OIIPEJIETICHHIO MECTOONIOKEHHUS 1e(EKTOB.

1. Bapwmun B.A., Bynagus O.H., Kynbkos A.A. CoBpeMeHHbIe
TEXHOJIOTHH HEPa3pyIIAIOMEero KOHTPOJIs U3 MOJMMEPHBIX KOMIO3H-
LHOHHBIX MaTepuanos.- M.: /1 «Crexrp», 2013.-243 c.
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AHAJIN3 HATIPSIP)KEHHO-JE®OPMUPOBAHHOT'O COCTOSIHUA SJIEMEHTOB
KOHCTPYKIMHU U3 CIIVIABOB C HAMATBIO ®OPMbI, PABOTAIOIIUX HA
KPYYEHUE

Caranos E.b.
MAMU, Mockga, Poccus; *saganoff@yandex.ru;

Allllﬂmlll.(llﬂ.' paﬁoma nocesaujena usyyeHuro

mepmomex
P

Yeckoll CEA3AHHOCIU  HA pesyibmamel  anaiusda

HANPAIICEHHO-0ePOPMUPOBAHNO20 COCIOHUSA 2NEMEHIN08 KOHCMPYKYULL U3 CRIAB08 ¢ NAMAMbIO (HopMbl, pabomarowux na Kkpy-
yenue. Paccvompenue nocmagnennoil 3a0auu 6e0emcs 8 pamkax MoOeiu HelUHelino20 0epopMUpOSaHUs CRIABO8 C NAMAMbIO
hopmbl npu Hazo6wIX U CMPYKIMYPHLIX NPEEPAUCHUSAX HA NPUMEPE ABNIEHUS C8EPXYNPY20CT.

Knrouegwie cnosa: cnnasei ¢

0 hopmel, kpy

O0mue non0KeHUs

Cpenn MHOTOYHCIICHHBIX TEXHUYECKHX
MPHIOKEHUH CIUIaBoB ¢ mamsaThio (opmbl (CIID) [1]
MIMPOKOE PACHPOCTPAHEHUE HAXOIAT YCTPOWCTBA, B
kortopbix CII® npuMeHsoTCs B KayecTBe 3JIEMEHTa,
pabotatomero Ha  Kpydenue. Cpemu  IOZOOHBIX
TPUITOKEHHI MOHO BBIJICITHTH ycTpoiicTa
TOTJIOIICHHUST M PACCEUBAHUS MEXAaHUYECKOW DHEPruH,
NPUMEHSEMbIE B YCTPOMCTBAaX CeHcMO-0e30MacHOCTH.
JlaHHBIC YCTpPOJCTBA HCIIONB3YIOT, XapaKTEpPHOE I
CII® sBnenue cBepxynpyroctu [1]. OHo 3akirodaercs
B HEIIMHEHHOM pocTe AeopMaliyii, 3a c4eT HaKOIUICHUS
Heynpyrux  (hazoBO-CTPYKTYpHBIX JedopMaiuii, Ipu
HPEBbILICHAN BHEIIHUMH MeXaHUYECKHUMU
HAIpPSUKCHHSAMH HEKOTOPOH BEIMYUHBI U HOCIICIYIOMEM
CHAITUE 3THX HEYNPYTHX Ae(opManuii mpu pasrpyske 10
Hyms. B Xozme mpouecca akTHBHOTO HarpykeHus B
TpyOke u3 CIID peanusyercss BbI3BAHHOE POCTOM

HaNpsOKeHWH  mpsiMoe  TepMoyrpyroe  (hasoBoe
MaprencutHoe mpespautenne (PIT), npu pasrpyske —
obpatHoe.

HauGonee parmonanbHoii (GopMoil snemenTta u3
CII®, pabotalomiero Ha  Kpy4eHHE  SIBISACTCS
TOHKOCTEHHas TpyOka. Tak, B ee IONEPEeYHOM CEeYCHUU
OTCYTCTBYET I'PaANCHT HANPSHKCHHI U TemnepaTypsl. B
obmem cimywae Temmeparypa Tpyoku wu3 CIId
U3MEHSICTCSL B MPOLIECCEe HArPYKEHUs/Pasrpy3KH H3-3a
BBIJIC/ICHUSA/TIOTNIONICHHS.  JIaTeHTHOro  Terna  @II,
JIACCUTIATHBHBIX ~ 3(GdeKToB W  TemmoobMeHa ¢
okpyKatomel cpenoit. Kpome sToro Ha Temmeparypsl
OII 3HauMTEIbHOE BIMSHUE OKA3bIBAIOT ACHCTBYHOLINE
HanpsokeHus u gedopmarun. Takas IOCTaHOBKA 3a1a4i
TPaKTyeTcss Kak MABaXIbl CBsA3aHHas. IlocTaHOBKa
3a7ayd, B KOTOPOIl HE YUMTHIBACTCS H3MEHEHHE
Temneparypsl  TpyOku wu3  CII® B mpouecce
HArpy>KEeHHUs/Pasrpy3Kd, HO YUHTBHIBAIOLIAS BIIHSHHE
HanpsbkeHWi Ha  XapakTepHble Temmeparypsl @I,
SBJIAETCS OJTHOKPATHO CBA3aHHOM.. B nanpneifmem s
KpaTKOCTH Oy/eM Ha3blBaThb JAaHHBIC MOCTABKH 3a1ay
mexanuku CI1® kak nepas u, BTopasi COOTBETCTBEHHO.
PaGoTa BbIIOIHEHA NPU (UHAHCOBOM COHCHCTBHU
PODU, mpoext Ne 14-01-00189

ITocTanoBka 3aJayum  KPYYeHHMs TOHKOCTEHHBIX
Tpydok u3 CII® B peskume cBepXynpyrocTa

, CBEPYXYNPY20Cb, MEPMOMEXAHUYCCKAS CE6A3AHHOCTb.

Ipu kpydennu Ttpybok m3 CIID npurmmaercs
MONOKEHHE 00 OTCYTCTBUM JEMIaHALMK CEYEHHs U
TUIOTE3a MIOCKMX CEYCHMH JUIs MOJHBIX JiedopMariuii.
PaccmoTpenue 3anaumM BeNETCS B LMIMHAPHYECKON
CHCTEME KOOpAMHAT 7,z,¢) B paMKaX MOJEIU
HenmuHelHoro nedopmuposanus CIID npu dazosbix n
CTPYKTYpHBIX mpeBpamenusx [2-5]. Ilpum kpyuenun
OTJMYHBIMH OT HyIs OydyT TOJBKO KacaTelbHble
HanpsokeHus 7., . B jpanbmefimem ans  Kpatkoctn

MHJIEKC 7. Oyner omyckartbes. Tak, KacaTeabHbIE
o 5

HaNIpsSKCHUS  CBS3aHbBl C ﬂCﬁCTBy}OIHHM KpyTAIIAM
MOMEHTOM Ha OCHOBE CJIEIYIOIIETO COOTHOLICHHUA !

r=M/27R’S5 (1)
3gecb M — BHemwHMH KpyTsamuid MomeHT, G —
Mogyiab caBura, R,§ — pagmyc  CpeIMHHON

MOBEPXHOCTH U TOJIIMHA TPYOKH COOTBETCTBEHHO.

Ilpn  pemieHnu  3a1a4d  HE  YYMTHIBAIOTCS
TEMIIepaTypHble U 00BbEeMHbIC JedopManum, TOraa Ha
ciydail  KpydeHUs TOJNHbIE jAe(opManuu  CHCTEMBbI
OIPEJIENIAIOTCS, KAK MPUBEICHO HIDKE:

y=pt sy @)
3aech y¢ — ynpyras aedopmarus:

7 =1/G(q), 1/G(q)=q/G, +(1-4)/G, (3)

Giu ayCTCHHTHON W

MapTEHCUTHOH ()a3hl COOTBETCTBEHHO, ¢ — IapaMeTp

rae MOAyJlb  CABUTra

¢azoBoro cocraBa (oObeMHas [0S MapTEHCHUTHOM

basbr).

IIpupamenue HEYIPYTuX nedopmariuii
BBIUHCIIACTCS HA OCHOBE CJIC/YIOIIETO yPAaBHEHHS:
dy™ =dy" +dyt (@)

IMpupamenue ha3oBbix Aehopmaimii ipu dg >0,
OIIPEaEISICTCS, KaK MPHBEICHO HIDKE:

dy" =\3w'dg ®)
o' =p, (1-af () F (N37)+ £ (a) ™ 133 (6)
Ipu dg<0:

dy" =Bodg, o =y"/\N3q (7

INpupamienue CTpyKTYpHBIX AedopManmii, Kak mpH
dg >0, tak u npu dg <0 omperensiercss Ha OCHOBE
CIIE/TyIOIIEro YPaBHEHNS:
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dy" =3p,qF, (S3r)dz  (8)
VYpaBuenne (8) mpaBomepHo npu dr>0 u

T2

T, » MHAYE dy" =0.
31ech o, — MHTEHCHMBHOCTH KpHCTaIorpadu-
nepopmamuu  pa3oBoro
FI(«EI),FZ(«EI) — (yHKUMM pacnpeieNneHus WH-
TCHCHBHOCTH MHKDOHAIPSDKCHHH B ayCTCHHTHOM N
MapTEeHCHTHOM COCTOSIHHH COOTBETCTBEHHO, IITPHX Y
(ysxkunn  F, oGosHauaer mpomssomHywo, f(gq) —
MarepuaibHas (yHKIUS, ONPEAISIoas BKIaL B IPH-
pauerue (asoBoil jedopMalin IPOLECCOB 3apOKIIe-
HHSI M PA3BUTHS MAPTCHCUTHBIX 3JIEMEHTOB.

Jinst ompezienenust mapamerpa (pa3oBoro cocraBa
HCTIONB3YeTCs IPHBEICHHBIN HIDKe OJIOK ypaBHEHHII:
q=(lfcos(7rt”))/2 ©)

t,=(M7-T)/(M!-M})) npu dg>0

YECKOI MPEBpaLICHNUS,

(10)

t,=(47 -T)/(4) - 4°) mpu dg<0  (11)

M7 =M" +3cw" / AS (12)
AT = A +Brw /AS (13)
3necy M, M ,, A, A, — Temmeparypbl Hauana u
OKOHYAHHs IPSIMOTro/00paTHOIO MapTEHCHTHOIO IIpe-
BpaIlleHus, BepXHUI MHIEKC ( COOTBETCTBYET CIIydaro
OTCYTCTBUS HANPSHKCHNH, O — HAJIMYHIO HANPSIKEHHH,
AS — ckayek 00beMHOI IIOTHOCTH SHTPOINUM IIPU IIe-
pexozie OT MapTEHCHTHOTO COCTOSIHHS K ayCTCHUTHOMY.
AkTyanpHas Temmeparypa TPYOKHM HaXOIMTCA U3
YpaBHEHHs JHepreTHdeckoro 6amanca [6-8], koTopoe B
o01ieM BHJE, TOCIE BBEACHHS B HEr0 ClIaraeMoro, CBsi-
3aHHOTO C KOHBEKTHBHBIM TEILIOOOMEHOM C OKpY»Karo-
el cpe1oif, uMeeT craeayromuii BUI:
. . . X
CcT 7(AU0 + w\/gz') G- p,qF, Br)3ri+
+h, AT/5=0

CKayeK O0BEMHOM MIOTHOCTH

(14)

3pecs AU, -
BHYTPEHHEH SHEPrHH MPH MEPEX0e OT MapTEHCHTHOIO
C_~ — TeIIoeMKOCTh

o

COCTOSIHUA K ayCTCHUTHOMY,
CIUHHUILIBI obbemMa TIpH TIOCTOSTHHOM HATIPSKCHUH, h)C -
koadduuuent Temwionepenaun, AT — pasHOCTb TeM-
nieparyp Mexay Tpyokoit u3 CII® u okpyskaromeii cpe-
Joii. Touka 0603HaYaeT NPOM3BOHYIO MO BPEMEHH.
VpaBuenus (1-14) mo3BoisIOT Mo 3aaHHOMY 3a-
KOHY U3MCHCHUA T ONpeacInTh Hamps»KeH-
HO-iepopMupoBanHoe coctosiHue TpyOoku uz CIID B
Hpolecce HArpy:KeHH/Pasrpy3Kd M IPEACTaBISIOT CO-
6oii nepByi0 mocraHoBKy 3ana4 Mexanuku CII® (aBa-
XKIIBI CBsI3aHHas). BTopasi moctaHoBKa He paccMarpHBa-
eT u3MeHeHne Temmeparypsl Tpyoku u3 CII® B mpo-
Lecce Harpy:KeHUs/pasrpy3Kku, HPU STOM ypaBHEHHE
(14) ue wucnomb3yercs. Temmeparypa TpyOKd paBHA
TemIeparype Okpyxarouieid cpeipl. B pamkax Tperbeit
MOJIeNH, TakKe He MCTonb3yeTcs ypaBHenue (14), Ho
coorHoutenus (12,13) n3amMeHs0TCs TaxK, 4To:
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M7 =M, 47 =4; (15)

Pe3yabrarbl

Ilpu pelieHuy NOCTaBICHHOH 3aa4d HCIOJIB30-
BaHbI CleyIomue Oe3pa3MepHbIe IePEeMEHHbIC U Mapa-
METpPBI MaT€pHaia, COOTBETCTBYIOIIINE CII® Ttuma paB-

HOATOMHOTO s = \/§T / O'u >
58 =(M)-M})ASo,', 1, =T/T,,, T, — Temme-

env > Lenv

HUKEIHIa TUTaHa:

patypa okpyskatomeii cpeasl. Oyukuus F, npezacras-

nseT  co00i  SKCIIOHEHIMANbHOE  paclpeselicHue
F, (\/51'):(1)1 (ﬁr/ao):lfexp(fs) , a Oynkums
F, - pacnpejeneHue Beiibymia,

£ () <0, (i )< 1-exp( )

B paborte

npurmvacres [ (q)=a, =0 , A=G,/G, =342 ,
Sy, =0,/G,=0.0046 , s, =0,/G, =0.0139
o =1mMm.

Ha pucynke 1 npuBeneHbl KpUBbIE CBEPXYIpPYro-
CTH s —y . 3/1eCh CIUIOIIHAS, IITPUXOBAS U ITyHKTUPHAS
TOHKHE JIMHHH COOTBETCTBYIOT MOJIEIIM HOMEp OJIMH, 3a
=343, 353
u 363 K coorserctBeHHO. IIpn 3TOM CKOpOCTH Harpy-
swennss A = 0.5 Mlla/c, koaddunpent rerioodMeHa
h,= 20 Br/(M*K). JKupHble JIMHUM COOTBETCTBYIOT

TOMW pa3HULIEH, 4TO MOXy4eHbl OHU It 7,

env

MOJIC/IM HOMEp JiBa (I/ISOTepMI/I'-IeCKaX 3a;[al{a) U UMCHOT
AHAJIOTUYHBIN TNOPAINOK PaCIIOIOKCHHUA.
3

s i

-7
o~

0 0.035 0.07 0.105 v 0.14

Puc.1. KpuBble cBepXynpyrocrtu.

W3 pucynka | BHMAHO, YTO y4YeT HPH PELICHUH
MOJHOTro o0beMa Tepmomexanuyeckux coiicts CIID, a
TAKKe TEIIOOOMEHa C OKpPY)KAlollel Ccpeoii, cyiie-
CTBEHHO MEHSIOT XapaKTep KPHUBBIX CBEPXYNpPYTOCTH.
Tak, oT™Me4aeTcs MOBBILICHNE BETHYUHBI Oe3pa3sMepHBIX
HaNpsDKEHUH S Ha MOMEHT OKOHYAHHs HPSMOTO Map-
TEHCUTHOTO npesparienus. Kpome storo, B cirydae He-
M30TEPMHUYECKOM 3a7auyll OTMEYaeTcs Hajludue OcTa-
TOYHBIX JedopMalmii MpU pasrpy3ke 10 Hyis. DT
OOBSICHSACTCS TEM, YTO B MPOIIECCE Pa3rpy3Ku TemIiepa-
Typa Tpy6oku u3 CIId nmamaer HuKe BeINUMHBL A‘/’ , UTO

BbI3BAHO IOIJIOIEHUEM JIaTeHTHOrO Teria PIT.
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Ha pucynke 2 mpuBesieHbl KpHBBIE CBEPXYNPYTo-
CTH, MOJYYCHHBIC TIPH HCHOIB30BAHUM MOJICTH HOMEp
OJMH. 31ech crulomHas guHus coorBercteyer A = 0.1
MIla/c, mrpuxoBas — A = 0.5 MIla/c, mynkrupHas —
A =1 MIla/c, mTpux-nyskrupHas — A = 2 MIla/c.
Mopenuposanue Bhimonueno npu A, = 20 Br/(M>K).
CritonHast JKMpHAs JTMHUS — PENICHHe aanabaTHIecKoi
3a7a4n TIpH OECKOHEYHO GOMBIION CKOPOCTH Harpyke-
HUSL
3
S

0 0.035 0.07 0.105
Puc. 2. Kpuble CBepXynpyrocru.

Y 0.14

Ha ocnoBanuu pucyHka 2 MOXKHO 3aKJIIOUHMTb, YTO
NOBbIIIEHHE A NPUBOAMT K POCTY § HAa MOMEHT
OKOHYAHHs TIPAMOr0 MapTEHCHUTHOIO INpPEBPAICHHS U
YMEHBIICHUIO OCTAaTOYHBIX (l)a3OBO—CprKTypHBIX ae-
(opmanmii, BcaeACTBUE CYLIECTBEHHOIO Harpesa Tpyo-
ku u3 CII® B nponecce Harpyxenus. [Ipu stom ciemny-
€T OTMETHTb, YTO B Clydyac aauabaTHUecKoil 3amadn
JICCHMAIMS  SHEpruM  (WIOMm@ab  TOA  KPUBOM
CBEPXYNpPYroCTH) MHHUMAIIbHA.

Ha pucynke 3 npuBeseHbl KpHUBbIE, HPEICTaBIIs-
1oImye coboii 3aBHCHMOCTH IapaMeTp (pa3oBOro cocrapa
q — Ge3pa3MepHBIl MapaMeTp TeMImeparypsl f, M pac-
OJIOXKEHBI COIVIACHO IIPABHJIY, YCTAHOBJICHHOMY JUISt
pUCYHKa 2. ﬂaHHBIe KPHUBBIC OTpa)KaroT H3MEHCHHE
Temneparypsl Tpyoku n3 CIId B npouecce nporekanus
B Heﬁ, BBI3BAHHOI'O POCTOM U CHATHEM MEXaHUYECKUX
HapsHKCHHH, psiMoro 1 ooparHoro PIT.
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ckoe 060c| Mozenu ro sedopmu-
POBaHMs CIUIABOB ¢ MaMATBI0 GOpMbI NPy (Ha30BBIX M CTPYKTYPHBIX
npespamenusx // Jleopmarus u paspyuienue Marepuanos — 2009. —
Ne§. - C.2-9.

7. Mosuan A.A., Kazapuna C.A. Matepnaibi ¢ maMaTbio Gopmbl
KaK OGBEKT MeXaHHKH [e(OpPMHPYEMOTO TBEPIOTO Tea: JKCTEpH-
MEHTaJIbHBIE MCCIIE/IOBAHMS, OTIPEIENAIONIHE COOTHOIIEHH!S, PEIleHHe
KpaeBbIX 3a/1a4 // Ousnueckas Mezomexanuka — 2012, — T.15. — Nel. —
C.105-116.

8. Caranos E.b. Pemenne gBax/ipl CBA3aHHON 3a1a4n KpyUeHHUS
TOHKOCTEHHBIX TPYOOK M3 CIUIaBa C MamsThio (GOPMBI B peKHME
cBepxynpyrocti // Mexannka KOMMO3HIMOHHBIX MaTepuaIoB M KOH-
crpykumii — 2015. — T. 21, Ned. — C. 549-563.
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YUCJIEHHAS ONTUMMU3ALMA U AHAJIN3 YYBCTBUTEJIbHOCTH
TEXHOJIOTMYECKHUX MAPAMETPOB NYJTPY3UH U3JAEJANA U3 TIKM

1% 2 1
CagonoB A.A.", CapatoB A.A.", bonnapuyk /[.A.
!CkonkoBekuit MHCTUTYT HAayKH M TeXHOJOrHH, Mocksa, Poccus; *a.safonov@skoltech.ru;
2000 «Jlatazsancy, Mocksa, Poccus;

Annomayua: Llenvio 0annoeo uccnedosanus A61aemes paspabomra Memooos o

u yuc. ananusza 4ye-

ocmu nap P06 npoyecca nyimpysuu, NPo2He

P

u ocmamoynvix depopmayuil 8 uzoenuu ¢ me-

M 6P na
Knioueguvie cn
Oechopmayuii 6o epemenu, Abaqus, pSeven..

ipumep pa u ux Ha cooup

Onucanne npouecca MOAeJIMPOBAHUS

Jlist Toro, 4ToOBI a€KBATHO OMKUCATh W3MEHEHHS,
HPOUCXOJIME B 3arOTOBKE B HpOLEcCe IyITPy3uH,
CJIEAYET IPUHUMATH BO BHUMAHUE CICAYIOIIHC SIBJICHUA
nepeaavdy Teria B KOMIIO3MIIMOHHOM MaTepHalie, XH-
MHYECKYH0 PEaKLUs OTBEPXKACHUS, BHYTPEHHEE BBICBO-
60X /ICHHE SHEPTUU B XOJI¢ XMMUUYCCKOI PEaKIiH, TeM-
HepaTypHble ¥ XUMHYECKUe AedopMariui BHYTPHU 3aro-
TOBKH, TEIJIOBOH M MEXaHWYECKHH KOHTaKT C TIOBEpX-
HOCTBIO npecc-(GOpMbl, H3MEHEHHs] TEPMUYECKUX U Me-
XaHHYECKUX CBOWCTB KOMIIO3UIIMOHHOT'0 MaTrepualia B
pesynbTaTe (ha3oBBIX HpeBpalleHHil B cMolie. Marema-
THYECKast MOZ€/Ib, YYHMTBIBAIOLIAsA MOaHHBIC SBICHHUA
ocHoBaHa Ha pabotax [1, 2, 3, 4] .

Mopuens peanusoBana B cpege ABAQUS ¢ nomo-
LIBI0 MEXaHU3Ma IOJIPOrpaMMBbI Nosk3oBatens [5,6]. B
BHJIy TOTO, YTO HPOIECCHI NOMMEPU3aIU B TepMOpe-
AKTUBHBIX KOMITIO3UIIHOHHBIX MaTEPUAJIOB IIPOUCXOIAT B
TEYCHUE UIMTEJIBHOIO II€puo/ia BPEMEHHU, UX MOJCIIU-
POBaHME OCYIIECTBISUIOCH C UCIIONB30BAHUEM HESBHOTO
pemarens ABAQUS Standard. YpaBHenus Terionpo-
BOJHOCTH pPCIIATIOCHE C TNOMOIIBIO CTAaHAAPTHBIX HH-
crpymentoB ABAQUS. Jlns uHTerpupoBaHus ypaBHe-
HUSI KHHETUKU OTBEPKJICHUSA HCIOIB30BAJICS HESBHBII
JIBYXCTYNEHYaThlii  Metoj Ditnepa — Komm.

Pe3ynbTaT MOJEIHPOBAHHUS — PACIPEC/ICHHE MepeMe-
LICHUII- IPEICTABIICH Ha puC. 1.

U, Magnitude

Puc. 1. P nosiei

p P

Ha pucynke puc.2. moka3ana ¢opma msemnepa mocie
OCTBIBaHMA. ﬂl’lﬂ HarJIsITHOCTH PEaIbHBIC TTEPEMCIICHUSA
yBenuueHsl B 20 pas.

AHanu3 BIMAHMS OCTATOUHBIX HANPSKCHUH M Jie-
¢dopmarmii B mIBemIepax  Ha CcOOMPAaEMOCTh KOH-
CTPYKIMHA MOCTa MPOBEACH TIPH MNOMOIIH IIPOrpamMm
Abaqus u Solidworks.

oea: nyimpy3us, ONMUMU3AYUSL MEXHON02UYECKUX
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Puc. 2. lehpopMupoBaHHbIii IIBeJLIEP MOC/I€ MOJUMEPH3AIHH B
(uabepe u ocThIBaHUS.

OnTUMHU3aNMsl W AHATH3 YYBCTBHUTEJIBLHOCTH TPO-
necca myJTpy3Hu

OCHOBHOW 3ajadyell ONTHMH3ALMH IapaMeTpoB
TEXHOJIOTHYECKOTO TIPOLECcca SIBIISETCS MAaKCHMH3ALSL
CKOPOCTH BBITSKKH C LEJIbIO MOBBINICHUS TIPOU3BOAU-
TEeIbHOCTH HPOLecca IPU COONIOCHHH OrPAaHHICHHIT 110
Temieparype, 1eGopMaIHy ¥ KauecTBY U3/ICIHL.

B xauectBe orpaaneHnﬁ, paccCMaTpuBACMBIX B
JAHHOM HCCIICOBAHUM, HCIIOJIB3YIOTCA IOMNEPEYHOC
HAlPSDKEHHE B M3rOTABIMBAEMOM Hpo(duie, MaKc-
ManbHas TeMIepaTypa MaTepuana U MHHUMAlbHas
CTENEeHb OTBEPIKJICHHS Ha BBIXOJE M3 (HOpMOOOpazyro-
mero 6roka (¢punbepsr). [lonepeunsie HANPsKEHUS U3-
MEPAKTCA B TOYKaX C MaKCUMaJbHbIMUA 3HAYCHUSMMU,
PAcCIIONOKCHHBIX HA BHYTPCHHUX M BHEITHUX CTOPOHAX
obsacti u3ruba. s KoHTposst aedopmarmu npoduis
UCIIOJIB3YETCA MaKCHMAaJTbHBII Yroia IpYXKUHHBIX [1€-
dopmarmii.

UccnenoBanye BBINOIHAIOCH, B JBa dTamna: JUuis
H3y4eHHs MOBEJCHHA MOJEIM W aHaNIN3a YyBCTBHTEIb-
HOCTH OBLT BLI6paH paBHOMepHBIﬁ TUTaH SKCIICPHUMEH-
TOB; [ noctpoenus ¢poura Ilapero B xoopauHaTax
CKOpOCTh / iehopManius penranach 3axada IBYXKpPUTe-
puanbHOi onruMusanuy. C IeNblo aBTOMATH3alMH HC-
CIIC/IOBAHMIT MOJIE/H B MPOrPaMMHOM TakeTe pSeven
ObLTa CO3/1aHa pacyeTHas LEIo4YKa ONTUMU3ALUU.

B kauecrse rapaMeTpoB ONTUMU3ALUUNA HUCIIOIb30-
BaJIUCh HaYaIbHAs TEMIIEPATyPa CMOJIBI, TEMIIEPATYPHI B
30Hax 1 u 2 (opmoobOpa3syromero Onoka U CKOPOCTh
BBITAKKHA. PaCCMaT‘pI/IBaCMBIC TEXHOJIOTUYICCKHUE T1apa-
METpPbI M MX OrpaHHYeHHUs npejcraBieHbl B Tabn. 1. Ha
CTa[MM IUIAHAPOBAHMS SKCIEPHMEHTA C MOMOIIBIO Me-
TOJIAa JIATUHCKOTO THMIIepKyOa OblIa IoMydeHa BhIOOpKa
u3 45 Touek. [t OLEHKM TOro, Kak BapHaLlMU PEe3yJib-
TAaTOB MOJEIA MOTYyT OBITH TNpUINIUCAHbl BapualysaM
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BXOJHBIX NAaHHBIX MOJEJIH, BBIIIOJHSICA aHalIu3 4yB-
CTBUTEJILHOCTH.

Tab.1. 1. TexHoI0rHYeCKHE NAPAMETPLI H OrPAHHUCHHSL.

Iapamerp HauasnsHoe Huxnsst Bepxusis Onucanne
3HAYCHHE rpaHuLa rpaHuLa
Havanbnas
Ty, °C 50 20 50 Temmnepa-
Typa Mare-
puana
Ty, °C 150 120 160 Temnepa-
Typa B 30H€
1
T, °C 190 150 190 Temnepa-
Typa B 30HE
2
U, mm/s 1.0 0.75 1.25 CxopocTh
BBITSKKH

Peann3oBaHHBIH anrOpUTM 00ECTIEYMBACT OIEHKY
JUIS PAHKUPOBAHUS XAPAKTEPUCTUK B MOPSJIKE UX 3HA-
YMMOCTH U IIO3BOJSACT HPUOIU3UTEIBHO OLEHHUTH CTe-
TICHb, B KOTOPOH JaHHas XapaKTEePHCTHKA ABJACTCA 00-
Jiee MIIM MEHee 3HaUMMOHi 110 CPaBHEHHIO C APYTHMH [7].
ITomyuennsle pe3yabTaThl MPeICTaBICHbI HA PUC.3.

sron »

. Temneparypa

SEefefeieis
freorege

e
s

Puc. 3. AHAIIM3 YYBCTBHTEILHOCTH: PEiiTHHIOBAsI OIlEHKA.

B xone paboTsl Obla MOCTPOEHA ANMPOKCHMAIH-
OHHasi MOJIeJIb, OCHOBAHHAs HA ayCCOBCKHX HPOLECCaX,
¢ MakCHMAJIbHOM CpeJHeKBaPaTHICCKOil ommbKoii (Ha
obyuatomieii BeiOopke), cocraistomeit 0,04. ITockosb-
Ky O}IHO]‘//I W3 3a71a9 ONTUMHU3ANNHA ABJISICTCA YMCHBIIICHHC
nedopmanmii, ObLIO BBINOJIHEHO HCCIEAOBAaHHE pac-
HpeJIe/ICHNs] 3HAUCHNH yIiia MPYXKUHHBIX JedopMaruit
110 IIPOCTPAHCTBY NAPaMETPOB.

Ha puc.4. npencrapiensl 3Ha4eHHs yrma jaedop-
Mauuu (B rpagycax) B koopauHatax T1 T2 mna pas-
JIMYHBIX 3HAYCHUH HA4aIbHON TeMIIePATyPhl U CKOPOCTH
BBITSDKKH.

MakcuManbHOE 3HAYEHHE YIIa MPYKUHHBIX Je-
(hopmanmii cocrasiser Beero 0,5°, Ipu 9TOM VIS TOYTH
HOJOBHHBI BO3MOKHBIX KOHMHIYpALNii 3TO 3HAYCHHE HE
npesbimaer 0,25°. TIockoIbKy yBEIHMYEHHE CKOPOCTH
BBITSDKKH HE IPHBOJINT K 3HAYUTEIBHBIM JIe(hOopMaIisM,
MOKHO 000CHOBAaHHO O’KHJATh, 4TO (poHT [laperto st
3a[a4l ONTHMH3ALMH 3aBUCHMOCTH yria JedopMariuit
OT CKOpOCTH OyZeT UMETh IIOCKHIA BUJI.

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.
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3HaYCHHs OrPaHHYCHUIT JUIsl 3a/1a49H ONTHMH3ALNI
TIPUBEJICHBI B Ta0I. 2.

Tab1. 2. 3HaueHHs] OTPAHHYCHHII.

OrpannueHne VYenosue Morupanus

Tmax, °C <190 IIpenorBpamienne  Tepmmye-
CKOil Jierpajiatnn

Crenenb  OTBep- >0,95 OGecredenne  Tpebyemoro

HKACHHS KayecTBa M3

Hanpsokenne  Ha <11 IlpenorBpamenne  pacrpec-

BHYTPEHHEH CTO- KHBAHHS

pone, MITa

Hanpsokenne  Ha <I1 Tpenotepamenne  pacTpec-

BHEIIHEH cTo- KHBAHHS

pone, MITa

AnmpokcUMalMoOHHAas MOJENb T03BONISAET BU3ya-
JIM3UPOBATh PA3JIAIHBIC obmacti HapynieHusi OrpaHu-
yenuit. O6nacTu Hapymenuit B koopaunarax T1 — T2
JUISl pa3IMYHbIX 3HAYCHMH HAvaibHOM TeMrepaTypbl U
CKOPOCTH BBITSKKH TIPEJICTABICHBI HA PHC.S.

o v

o tempenture vioisted
stress viokated

c

AAA
NN

AV MO

curestress olsted
cureterperature vioated
stressitemperature oiated

2

50

s0c

oS mm/s 1 125 mmps

Puc. 5. Oﬁ.zlacim HapyLIeHHsl OTPAHHYEHHIi.

Kak mokasbIBaeT HMcCIelOBaHHE, HAaXOXJCHUE
YJOBJICTBOPHTENBHBIX KOHOHIYpalnii BO3MOXHO, Of-
HaKo JIONyCTHMas o0IacTh SIBISAETCS BeChbMa HEOOINb-
woil. Dto o3nauaer, uto ¢pour I[lapero s 3amadun
OITHMU3ALHUU MOXET CTaTh BHIPOXKICHHBIM.

B xozme uccnenoBaHMs pelanach 3ajada IBYX-
](pHTepPIaJ'IBHOﬁ ONTUMM3ALUH. HCJ’[L}O ONTUMM3ALUU
SIBIIACTCS MUHUMH3ALIMS YIJIa HPYKUHHBIX Aedopmariuii
U MaKCHMHU3ALHs CKOPOCTH BBITSDKKU. [T pelreHus
3a/[a4ll NPUMEHSICS AITOPHTM MHOTOKPUTEPUAIIbHON
CypporaTHO# ONTUMH3ALUH (Multi-Objective
Surrogate-Based Optimization, MOSBO). Opmuoit u3

160




L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

OCHOBHBIX 0CO6CHHOCTCI7I peannszanun AJITrOpuT™Ma
MSBO B nakere pSeven [7] sBIseTCs BO3MOKHOCTh
BbIJICJICHUS BBIYUCIIUTECIIBHOI'O 61oz(>x<e'ra (qucna OILCHOK
Moiesn). B o6eit cinoxkHOCTH u1st HaX0KIeHHs ppoHTa
[Tapero Obut0 BbIMOMHEHO 80 OIEHOK, BKIOYas 45
HaA4YaJIbHBIX TOYEK JOaHHBIX. HDJ’[y‘[eHHLIC pe3yJ’lBTaTI)I
[PEJICTABIICHBI HA PUC. 6.
o

anss7

oue

o !
e ame ame 1w s Ay um 4, [ER I
Chopocrs BbmakKA (W/c)

Puc. 6. Pe3yabTaThl onTHMH3ALNH (YBEIHYCHHBI BH).

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

Oponr [lapeTo BBINISIUT MPAKTHYECKH BBIPOXK-
JCHHBIM I10 OTHOLICHUIO K IIOJIHOMY JHalla3oHy. Ilo-
CKOJIIBKY Bce IlapeTo-KoHQUTypamuu JIeMOHCTPHPYIOT
OYeHb Majble 3Ha4eHHs yria aedopMmanuii, 3ajada om-
TAMH3ALUNA TPAKTUYECKH CTAHOBUTCA OAHOKPUTEPHU-
anbHOI. CKOPOCTb BBITSHKKM OrPaHMYMBAETCS 3Haye-
HHSIMHM HAIPsDKCHHS, IIPU 9TOM MaKCHMalbHas IOIy-
YeHHas CKopocTh Ha 18 % mpeBbllIaeT HavyaIbHYIO
CKOPOCTb.

CpaBHeHMe HayaJbHOM U ONTHMAILHOU KOH(UIY-
pauuii (BKIOYas MAaKCUMAJIbHYIO CKOPOCTbH BBITSIKKH)
MpeJICTaBICHO B Ta0I. 3.

Taba. 3. Cy HAYAJIbHOI H ONTHMAJIbHOI KOHQHrypaHii.
ITapameTpsl # KpHTEPHH Hauanbaas koHduryparmms OnrumanbHas KOHGUIrypauus

T0, °C 50 44

Tl,°C 150 160

T2,°C 190 168

U, mm/c 1 1,18

Yroi npy:KMHHBIX Je(opmaltuii, rpaji. 0,24 0,13

OrpannyeHus

Tmax, °C 195 189

CTerneHb OTBEPIKICHUS 0,99 0,96
Hanpsikenne Ha BHyTpeHHeii cropone, MITa 11 11
Hanpspkenne Ha it cropone, MITa 9 8

3

Fp——

napaMeTpa, KeNThlil — HapylIeHNe OrpaHnYeHHIA, Cepblif — rpaHuilbl orpanuyenuii. CpaBHEHHE MOKA3bIBACT,

YTO 3HAYUTENILHOE YBEIMYECHHE CKOPOCTHU BBITSKKH OBUIO JOCTHUIHYTO NPH COOITIOICHHH TEMIIEPATYPHBIX OIpaHHYeHHii.

BbiBoIbI

BbI1 TIpecTaBieH METOJ YHCIEHHOTO ONTHMH3a-
OUM W aHaju3a YYBCTBUTEIBHOCTH IapaMe€TpOB IMPO-
necca mynaTpysun. Matemarudeckas MOJENb Ipolecca
ObLIa CO3/[aHa JUIsl ONMCAHUS PACIpPE/IC/ICHUs TeMIepa-
TYPHOTO TIOJIA, CTCICHHW OTBCPXKACHHUSA W HaIPSIKCH-
HO-I[C(iJOpMHpOBaHHOFO COCTOSTHUS B U3ACJTUU B TCUCHUE
rpouecca IyJITPy3uH, a TaKKe IS ONPENEIICHUs U3Me-
HeHus JeopManuii B u3zenuy (1ocie U3roTOBICHHS) C
TeyeHHeM BpeMeHH. IIpoBelIeH aHaNu3 BIHSAHHS TeX-
HOJIOTUYECKHX MPHUCHIOCOOICHUI Ha YroN HpyKHHHBIX
nedopManuii ¥ OLEHEHO BIMSHUE OCTATOYHBIX HAIps-
JKeHHil B M3JENUd Ha COOMPaeMOCTh KOHEYHOW KOH-
CTPYKIIHH.

}1}15{ YUCJIEHHOM ONTUMH3AIMKA W aHaIn3a YyB-
CTBHUTCIIBHOCTH MApPaMeTPOB Iponecca aBTOMATH3HUPO-
BAHHOU CXeMbl MOJEIMpOBaHMs Obuta paspaboTaHa B
pSeven DSX. B o0lueii ClI0)KHOCTH [UIsl HAXOXKACHHUS
¢dponra ITapero 6but0 BhIMONTHEHO 80 O1eHOK. B mrore
MaKCHUMaJIbHasl CKOPOCTh BBITSAIKKH, YAOBJICTBOPAIOIINX

BCEM OrpaHMYCHMSM, Ha 18 % mpeBbIIaeT HauaIbHYIO
CKOPOCTB.
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NPUMEHEHUE D®PEKTA BAYIHIUHTEPA IMPU JVIMTEJIbHOM XPAHEHUU B
HANPSIZKEHHOM COCTOSIHUA 3JIEMEHTOB KOHCTPYKIMI U3
BOJIOKHUCTbBIX NOJUMEPHBIX KOMIIO3ULIUOHHBIX MATEPUAJIOB
Castman C.H.M°
"MMALLI PAH, Mocksa, Poccusi; "MI'TY um. H.D. Baymana, Mocksa, Poccus; *S.Sayapin@rambler,ru.

Annomayua: Paccmompena npoonema 603mu Heoop X OCMAamouHbIX Oeghopmayuii, GOIHUKAIOWUX 6 dTe-
MeHmax KOHCmpPYKyuil u3 6010KHUCTbIX PHBIX KOMI 1xX op (BIIKM) nocne cusmus OnumensHoti u He-
IPEPLIGHOT OOHOHAND it Hagpysku. TIpusoosames npumepvl 603HUKHOGEHUR OCMAMOYHBIX Oedhopmayuil 6 KOCMUHECKUx

Kkoncmpykyuax uz BIIKM u noeblil cnocob onumenvno2o XpaneHus 6 HANPANCeHHOM COCMOAHUU ]IeMEeHIM08 KOHCMPYKYUil u3
BIIKM, paspabomanusliit Ha ocHoge npumenenus sdpekma baywuneepa.

cnosa: o€ Xp KOHCIMpYKYuil u3 yeneniacmuka noo Hazpy3skoii, ocmamounvle oegopmayui 6 ye-
Jeniacmuke, 3HaKOnepeMeHHas Hazpyska, dppexm baywuneepa 6 yenennacmuxe, CHUdICEHUE OCMAMOYHbIX deopmaruil.

Beenenue OHHM HaXOZATCS B HANpPSIKCHHO-A€(OPMHUPOBAHHOM CO-
CTOSIHUM, MOXKET ObITh JunTenbHbIM. Tak, Hanpumep, B
pabote [4] HpUBeIEHBI JaHHBIC, COIIACHO KOTOPHIM HPU
JUINTEILHOM XPAHEHHH B CBEPHYTOM HOJIOKEHHH ILIOC-
o KO  TpaMTOPHOKCHUIHOW HEPBIOPHI  TPOSBIAIOTCS
BBICOKOU CTCIIEHM TEXHOJIOIMYHOCTU U PEMOHTOIIPU-

ynpyroesaskue aedopmanuu, KOTopble 10 UCTeueHHn 7
TOJHOCTH, a TaKKe JPYTMM IpEeMMyIIecTBaM, HalOlmo-

CYTOK IIOCJI€ pa3BEPThbIBAHHS BOCCTAHABIMWBAIOTCSA Ha

aeTcs YCTOMYMBAs TEHICHIMS K MaKCUMaJbHOW 3a-
. Y HACHIL . 80%. AHaNOTHYHBIC HEOOpPATUMBIC OCTaTOYHBIC JIe-
MEHE METAIIMIECKMX KOHCTPYKIMI HA KOHCTPYKIIUK U3 DOPMALMH HMENH MECTO B YNDYTO Pa3BOpaiHBACMOM

BITKM. OcoGeHHO 3TO OTHOCHUTCS K HPHUMEHEHUIO
o M pednexrope u3 rpapurosnokcuaHoro BIIKM aHTeHHBI
BIIKM B aBHalMOHHON M KOCMHUYeCKO# TexHuke. I[Ipu . . .
5TOM, B OTIHMHE OT ABHALOHHBIX, OPOUTATBHBIE KOH- 1o L OOk CHETCMBE TDRS-1, cosnanmofi Qupwmoii
> N > op Boeing Satellite Systems (CIIA) (puc. 1, B). D1u nie-
CTPYKIMHA HE HMEIOT BO3MOXHOCTH JUIA NPOBEACHUA
dopmanun BXOAMIM B COCTaB CyMMAapHOTO 3HA4CHHS
PEMIaMEHTHBIX U PEMOHTHO-BOCCTAaHOBUTEIIBHBIX pa60'r -
CPEAHCKBAAPATHYCCKOIO  OTKIIOHCHHUA pa60qem no-

B IIpoliecCe MX AKCILTyaTauuu. B cBsi3u ¢ 3TUM Ipejb- .
. BepxHocTu peduiektopa or Teoperuyeckoil [5]. Takum
SIBIIIOTCS. BBICOKHE TPEOOBAaHHS K I'€OMETPHYECKON o
- o0pasoM, 3aJauya CHIDKCHMsS 3HAYCHUH HEOOPaTHMBIX
CTaOMIBHOCTH KOCMHYECKHX KOHCTPYKIMH B YCTOBHSAX .
YIPYTOBA3KMX OCTaTOYHBIX Je(opMalnii, BO3HHKAIO-

opbutanpHoro monera. OCOOEHHO 5TO OTHOCHTCA K o
X B 2JIeMeHTax KoHCTpykuwii u3 BIIKM mocne chs-
KPYIHOrabapuTHBIM KOCMHYECKAM KOHCTPYKLHMAM U3 o o o
THS JUIMTENBHOH M HENMpEephIBHOH OJHOHANpPaBIEHHON

BIIKM, dopmMoobpasyronme 3JIeMEHTbl KOTOPBIX B o
Harpy3Kku, sBiIsieTcsi akrTyanbHoW. Huke npusoputces

CJIO’KEHHOM TIOJIOKEHHUH 3a4aCTyr0 HaXOAATCS B HaIps- o " "
HOBBIH CIOCO0, HANpAaBICHHBIH HAa pEIICHUE IaHHON
JKEHHOM COCTOSTHMH. B Toxe BpeMs TIPH JJIUTCIIBHOM
3anaun [1, 2]
Xfﬁﬁl‘?&“@"’:"‘”’,

Enaronapx Gosiee BBICOKHM TI0 CPaBHCHUIO C MeE-
TaJUIaMH U UX CIUIaBaMH YACJIBbHBIMU TIPOYHOCTHBIMH W
JKE€CTKOCHBIMH XAPAKTCPHUCTHKAMH, HHU3KOU CTOUMOCTH,

xpaHeHnH (HOpMOOOPA3YIOIIHX IIEMEHTOB KOHCTPYK-

i u3 BIIKM nox Harpyskoif, mocie ee CHATHS (onprn)
HAOIII0AI0TCs HeOOPATHMBIE OCTAaTO4HbIC AedopMaIuy,
KOTOPBIC MPUBOAAT K CHHIKCHHIO FeOMeTquCCKOﬁ TOY-
HOCTH KOHCTPYKLMH B paboueM MOJIOKEHHU M YUHTbI-
BatoTcst B pacuerax [1, 2]. Tak, nanpumep, B paspaGo-
tanHoi  Qupmoii Lockheed Missiles and Space
Company (LMSC, CIIIA) 6a30Boii KOHIEMIMH pa3-
BCpTBIBaCMOﬁ pCGCpHOI‘;I KOHCTPYKIIHH KOCMHUYECKOH
anrteHnsl (Wrap-rib antenna concept), peduexrop 06-
pa3oBaH YIPYTHMH pajJHalbHBIMH pebpamu U3 rpadu-
TosnocuaHoro BITIKM ¢ mapaGommueckum mpoduiem,
ME3KTy KOTOPEIMH HATSAHYTO T'MOKOE PagrooTpaKaromee
cerenonotHo (puc. 1, a) [3]. KopueBoit uactbio pagu-
albHbIC pebpa KEeCTKO HPUKPEILICHBI K 0001y CTyIHIIE,
BOKPYT' KOTOPOH OHM CBOPAYMBAIOTCS B TPAHCIIOPTHOE
TIOJIOXKEHUE 1 Cl)HKCprIOTCH. an 9TOM pa3BEPTHIBAHHUE
pebep peduiekTopoB IMaMETPOM MeHee 25 METpoB Mpo-
HCXOIUT IOJ JICUCTBHEM YIPYrHX CHI JehOopMHpoO-
BaHHBIX peGep, a pedaekTopbl GOJBIIMX Pa3sMEpoB
CHAOKEHBI CIeMalbHBIMA TIPUBOAAMH CBEPTHIBAHUA
(pasBepthiBanus) pedep (puc. 1, 6). Ilpu sTom, mpome-
JKyTOK BPEMEHM MEXJy CBEepThIBAHHEM U pa3BepTbIBa-
HHEM TPaUTOSNOKCHIHBIX pebep peduiekTopa, Korma

" Mpuwoa ciépruan
. (pamcpTapares)

Puc. 1. Oumcauv;e €nocoda VIMTEJILHOr0 XPAHEHUsI KOHCTPYKIMI
u3 BIIKM B HANPSIZKEHHOM COCTOSIHHM

B OCHOBY crocoba MmosoxKeHa OJlHa u3 HpOCTef/‘I-
LIKX CTEKJIOAYBHBIX ONEpaluii — paBHOMEPHOE Bpallle-
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HHUC 3arOTOBKM B IUUIAMCHH TOPCIKH HWIH B IICYH,
MPENOTBPALIAIOIIEE CABUI MACChl Pa3sMATYEHHOIO CTEK-
na [6]. OnHako, B peayibHbIX 3JI€MEHTaX KOHCTPYKLUH
n3 BITKM npeoGpa3oBaTh OQHOHAIMPABICHHYIO HArPy3-
Ky, HallpumMep oT ﬂCﬁCTBI/Iﬂ CHJIBI TSAKECTH, B 3HAKOIIC-
PEMEHHYIO MyTeM OpraHM3alMH HX PaBHOMEPHOTO
BpAIllCHNUs, KaK MPABHIIO, HE HPEJCTABISCTCS BO3MOXK-
HBIM WM KpaiiHe 3arpyaHeHo. IToToMy JUIS perieHHs
naHHO#M mpoGnembl mpuMeHeH dddekt baymmHrepa,
3aKJTIOYAIOIIHICS B CHIDKCHHH MPEIETIOB MPOMOPLHO-
HaJIbHOCTH, YNPYTOCTU U TEKY4YECTH MATEPHUaIOB B pe-
3yJIGTATC M3MCHEHUsS 3HAaKa Harpy:KCHUs, €CJIM IepBO-
HayaJlbHas Harpy3Ka BbI3bIBaJIa HAJIMYHE ILIACTHYECKOM
nepopmamuu [7]. B Hactosmee Bpems >ddext ba-
yIIMHrepa OOHAapy:KeH HPAaKTUYECKH Y BCEX MCCIENo-
BAHHBIX KPUCTaJUIMYCCKUX TeJ, BKIIOYast TBEPABIC IO-
numepsl, BITIKM, a Taxke MeTano- yriepoIHOBOJIOK-
HHUCTBIC KOMIIO3HUTBI C TIOJMMCEPHBIM CBA3YIOIIUM W
CUUTACTCSI OAHOU U3 0COOCHHOCTEH e(hOPMUPOBAHHOTO
cocrostnusi  marepuasnos [8-12]. Cornacuno sddexry
Bayumnrepa, nocie npeaBapuTesbHOW Maiol ynpyroit
Hed)opmaunn TIPOTUBOMOJIO)KHOT'O 3HAKa, YMCEHBIIACTCSA

COTIPOTHUBJICHUE MaTepHajia TUTACTHYECKOM I[Cd)()pMaL[HI/I.

ITooToMy B KOHCTPYKUMSIX, KaK IPaBUIIO, UCKIIOYAIOT
LUKINYECKOe HArpyKeHHE B ILUIACTHYCCKOH OONIACTH.
Tem He MeHee, NPH MAJIOLMKIOBOH Harpyske ekt
BaymuHrepa MOYET OBITh TIPUMEHECH IJIs1 YMCHBIICHUSA
OCTaTOYHBIX JieopManuii B MOJOOHBIX KOHCTPYKLHUSIX
M3 YIVIEIIACTHKA ITyTEM IPEABAPUTEIILHOTO HarpyxKe-
HHSI ¢ 0OpaTHBIM 3HAKOM. IIpH 3TOM yIIeIIacTHK NMeeT
JIBa dTana IUIacTHYeckoil nedopmarmu. IlepBbrit — 3a
Ccyer BSHHNIOJCﬁCTBHﬂ JUCIIOKAlMM C BOJIOKHAMHM, KOT1a
peanbHblii dhdext BaymumHrepa MoxeT HaGIIOIATHCS
IpU TIOBTOPHBIX HCIIBITAHMSX HA pacTspkeHue. Bropoit
9Tal, CBA3AHHBI C PasphIBOM YIICPOIHBIX BOJIOKOH,
BO3HHMKAET TOCe JehopMalii COCTABIAIONMIEH OKOIO
0,6% ot o0reii.

PaccmoTpuM npuMep npuMeHeHus sddekra ba-
YUIMHTepa B MpeIaraéMoM CIoco0e CHMKEHHS OCTa-
TOYHBIX ned)opmaunﬁ B DJIEMCHTaX KOHCprKLH/Iﬁ n3
BITKM nocinie ux JUIMTEILHOTO XPaHEHUs! MOJ Harpys-
kot [1, 2]. Ha puc. 2 nzobpaxeHa 3BOJIOIUS KOHCOJIb-
Hoit Ganku u3 BITKM 10 1 mocne ee Harpy»XeHus Ipu
XpaHeHNH 0e3 NMPHMEHEHUsI PacCMaTPUBAEMOTO 3/1eCh
crnocoba (a) 1 TO ke, HO C HCIOJIb30BAHUEM yKa3aHHOTO
cniocoba xpanenus (0). Cyrb cnocoba 3akiouyaercs B
TOM, 9YTO NPEBAPHUTEIBHO Ha 00pa3lax-CBUICTEIAX U3
BIIKM omnpenenstor BennuuHy 3¢dexra Baymmurepa,
3aTEM B TIPOLECCC XPAHCHHUA MCHAIOT 3HAK HArpy3Kd Ha
[POTHBOIONIOXKHbIH, a BEJIMYUHBl HArPY3KH M HPOJIOII-
JKUTEIBHOCTh 0OOMX ITAllOB XPAHCHHs OLPEJICISIOT U3
COOTHOLICHHIA:

P. =P la, o, —aMmpu 7)=T5, (1)

T, = Tlow/Tem —eillnpu P1=P,, (2)

rae P;, P, - Harpy3ka Ha COOTBETCTBYIOIIMX STamax
xpanenus; T;, T, - IPOJOKHTEIBHOCTh COOTBETCTBY-
JONIMX DTAaNoOB XPAHEHUS; T/ (Zm — s} - BETHUMHA
sddexra Baymmurepa; = - Opegen ympyrocta o0-
pasua-ceujerens u3 BIIKM; @, - mpejen ynpyroctu
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TOTO XK€ DﬁpaSua-CBI/I}ICTCHZ TIpHU IPHUIIOKCHUU HArpys-
KU IPOTUBOIOJIOKHOIO 3HaKa.

a) 6)

ey

e S g8

Puc. 2.

Bes mpumenenns mpemiaraeMoro crocoba Oanka
u3 BIIKM 10 npuiioxeHus Harpy3kd HpH XpaHEHHH
cwioil P; 3aHmmaer monoxenue 1 (puc. 2, a), mox
Harpyskoii cuinoit Fy - monoxexue 2, mpu 3ToM Oanka
nehopMUpYyeTCst Ha BEIUYUHY My, 3aTeM I10CIIe CHSITHS
Harpys3kn 0ajka BOCCTaHABIMBAETCS B TEUCHHE BpeMe-
HHU J10 nonoxenus 3 (nporu6 paseH h;,). B npemara-
eMoM criocobe BenmunHa nporuda by Himke (puc. 2, 6).
Jlns storo Ha obpaste-cBuzerene Oanku u3 BITKM
ONpEENAIOT TPEAeN YNPYrOCTH Uy , 3aTeM o0pa-
3€I-CBUJICTENh IIO/(BEPIaloT BO3JCHCTBUIO HATpPy3KH
MIPOTUBOIIOJIOXKHOTO 3HAaKa, TOCJE YEero BHOBB OMpejie-
JISIOT TIpejiell yIpyrocT oy, Jlanee onpenensior Beiu-
unny ododexta Baymmmrepa o,/ (o, —ol). Tlepen
xpaHeHueM snemenT u3 BIIKM, Hanpumep, KOHCOJIb-
HyI0 OaJIKy HarpyXatoT ycunueMm Py, onpeaensieMbiM U3
cooTHomeHus: (1), NPOTHBONONOKHOIO 3HAKa, YeM
Harpy3ka P, Tpu XpaHCHHH B TEYCHHE BPEMCHH, PaB-
HOTO BpeMeHM XpaHeHus. IIpu sToM Ganka aedopmu-
pyertcst Ha BennuuHy A (puc. 2, 6, noioxenue 4). 3arem
KOHCOJIbHYIO OalIKy pasrpyKaloT, TIPU TOM B HEH BO3-
HUKAIOT OcTarouynsie aedopmauuu A; (monoxenue 5),
HAIpaBICHHbIC B IPOTHBOIOIOKHYIO CTOPOHY OT
HaNpaBJIeHUs HPEJCTOSIEeH HAarpy3KH NPU XPaHCHHH.
ITon neiicTBHeM Harpysku npu XpaneHuu Fp Oanka
neopMupyeTcsl B MPOTHBOIOIOKHYIO CTOPOHY Ha Be-
munHy A, (monokenne 6), a MOCHIe CHATUS HArpy3KH
BOCCTAHABJIMBACTCS 10 BEeIMYMHBI A; (monoxenue 7),
4TO HIDKE, 4eM 0e3 IPUMEHEHMs IIPEeaaraeMoro Cro-
coba xpanenus (A; < hy).

Ipennaraemslii cocod MOXHO TPUMEHHTH IS
cllydasi TIPUBEICHHOTO BBILIC M ONHCAHHOTO B padoTe
[4] cremyrommnm ob6pasom. Ilepexn xpaHeHueM IUIOCKOi
rpadUTOINOKCHIHON HEPBIOPHI MOJ HATPY3KOH, 3aKpy-
YEHHOH BOKpYr cTymuubl Ha 7 cyTok (73), ee 3aKkpy4u-
BAIOT BOKPYT CTYMHIbI B NPOTUBOIMOJIONKHOM HAIpaB-
JICHUH ¥ BBIICPXKUBAIOT B TEUCHHE BpeMeHH 7, ompe-
JIeJIIeMOT0 U3 COOTHOIICHHS (2).

JlpyruM TIpEMepoM NpPUMEHEHHsS CIocoba MOXKET
OBITH CITydaii, Koraa BeICOKOTOYHOE M3zenune n3 BITKM,
HaNpUMep 3aKpeIuIeHHas KOHCOJIBHO TPenU3HOHHAsS
cknafnas anteHHa u3 BITKM nomernena B HanpsikeH-
HOM COCTOSIHHH 11071 00TeKkaTenb pakeThl-HocuTens (PH)
(puc. 3, a) [1, 13]. Ilpu 5TOM CcneayeT OTMETUTH, YTO
LUK OT MOMEHTA TTOMEILEHUS U3JeNus MoJ 00TeKaTesb
PH 1o ee crapra MoxeT ObITh PaBeH HECKOJIBKMM Me-
csljaM, BKJIIOYas BpeMs KOHTPOJIBHBIX IIPOBEPOK, HPO-
BOAMMBIX JI0 «HakaTkm» oOrekarens PH Ha xocmmue-
ckuit anmapar (KA) ¢ anrtennoii (puc. 3, 6). B nanHom
npHUMepe M3-3a KOHCOJBHOTO PACHOIOKEHHUS OIHOp U3

163



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

BIIKM ¢oxansroro xonreitnepa (PK) nox neiicteuem
cunbl Tsokect OK M CBS3aHHOTO € HHUM CIIOXKCHHOTO
peduiekTopa aHTEHHBI B HUX BO3HHKAIOT BBICOKHE 3Ha-
YCHMS HAMpSDKEHUH, TNPUBOAAIIME K AedopMarmsaM
omnop u «yxomy» obmyuareneit @K u3 poxyca (puc. 3, B).
T.K. B TAKOM KOHCOJIbHOM MOJIOKSHUH HU3ICIIME MOXKET
HAXOIHUTHCS 10 HECKOJIBKUX MECSIEB, TO B Pe3yibTare
TOJI3YYECTH TOIMMEPHOTO MaTepuana, IMoclie BBIBOJA
U3ENns Ha OpPOHTY, B YCIOBUAX HEBECOMOCTH, 00Tyda-
TN HEe BEPHYTCS B TEOPETHUECKYIO TOUKY (okyca [1],
YTO HPUBEIET K CHIDKCHUIO PAJUOTCXHUYECKUX Xapak-
TEPUCTHK aHTEHHbI.

(o

=
] B) -7t
Z; Onopa ®K ) Z‘
i Teopernueckoe 1
! S nonoxenne GK ;

L N

O6rekarens PH 1")

Iepemeienue K nox
JeHCTBHEM CHIIBI THKECTH

[110CKOCTE CTHIKOBKH OCHOBANHA
aHTeHHBI ¢ mepexoanoii gepmoit KA

Puc. 3.

CHM3UTh BEIMYMHY OCTaTOYHBIX aedopmarmii
MOJKHO HPHUMEHHUB HpejaraeMslii crnoco6. ns storo
HpEe/IBApUTEILHO MepPell «HAKATKOW» oOTekaTens Ha
u3JeNe, KOHCOJNBHO 3aKPEIUICHHOE H3/eue ClexyeT
MOBEPHYTh Ha 180° BOKpYT TpoAoJibHONH oc OX U B
9TOM MOJIOKEHHU BBbIAEP)KATh B TeueHHe BpemeHu 1
(puc. 3, 6). IIpu 3TOM BpeMst HAXOKACHUS U3ACIUS 110]]
obrekateneM paBHO BpeMenH T». Tak, Hampumep, eciu
T, paBHO 3 Mecsinam, a BeanunHa s dexra baymmunrepa
paBHa 0,95, T0 7,=T,%0,95=3%0,95=2,85 mecsuam, T.e.
BO BpeMs IPOBEICHHUS] KOHTPOJIBHBIX POBEPOK H3/CIHS,
oHO Gysier noBepHyTo Ha 180° BOKpYT IPOI0/IBLHOI OCH
OX OTHOCHTEIBHO TIONOKCHHS, KOTOpOE H3/Ieiue
3aiimer mox oorekarenem PH.

B ciyuasx, Korga HPEHU3HOHHBIC M3JCIHS U3
BIIKM 1nox HanpspkeHHEM, BbI3BAHHBIM JIGHCTBHEM
CHIIBI TSDKECTH, B Tape aBTOpaMHM Ipeularaercs B Ipo-
Lecce XpaHeHWs W3JENUs IPOM3BOIUTH KAaHTOBaHHE
Tapsi Bvecte ¢ HuM Ha 180°. Tlpu 5ToM HanpsKenus B
M3JEIUM TOMEHSIOT 3HAK Ha IPOTUBONONOKHBIH. Kan-
TOBaHHE CIEIYeT NpoH3BoAuTh depe3 Bpems Ty ¢ Mo-
MEHTa yIaKOBKU M3/IeHs B Tape. JUIs TaHHOTO Cltydast
BBIPAOOTAHKI CIIEAYIONIHE OOIINE PEKOMEHIAIIMH:

® KOJMYECTBO IEPEHANPSUKEHNH IIPH XpaHEHUH
JIOJDKHO OBITh MMHUMAIBHBIM (T.K. HPOYHOCTH IPU
IMKINYECKO Harpy3Ke HIDKe, 4eM IIPH CTaTHUECKOM);

e Uil TIONydeHMs Oojnee HM3KUX  BEIMYHH
OCTAaTOYHBIX  AedopMmalmii  mocne  AIUTEIBHOrO
XPAHCHHSI CIELyeT yYHTHIBATH YCIOBUS XPaHCHUS, T.C.
Bpems I NPMHUMATh PaBHBIM BPEMEHH, IIPH KOTOPOM
U3JeNIMe XPAHUTCA B OIHMX U TEX XK€ YCIOBHIX
(BI@XXHOCTB, TEMIEpaTypa W T.JA.) U COOTBETCTBEHHO
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MepeHanpspkeHue  (M3MEHEHHME 3HaKa HArpy3kd Ha
MPOTUBOIOJIOKHbIA) HEOOXOIUMO IPOU3BOIAMUTH JUIS
KaKIbIX OIMHAKOBBIX YCIOBHH OTJENBHO, HAalpHMep:
T'=T,+ T, - BpeMsi HaxXOXJCHUA B XPaHHIIHIIE;

I =1+ - BpeMs HaXOXJICHHS HA OTKPHITOMH

ey

IUIOLIAAKE; i =

o
i

+T," - BpemMa HaxXoxKICHUs

u3zenus nox oorekarenem PH.

Takum o0pasom, TpeanaraeMelii HOBBIH CIOCOO
JUIMTEJIBHOTO XPAaHEHUS B HAIIPSXKEHHOM COCTOSAHUU
TPELM3UOHHBIX 3JIEMEHTOB KOHCTpykimid u3 BIIKM,
paspaboTaHHbIil Ha OCHOBe TpuMeHeHust ddpdekra ba-
YUIMHTEpA, MO3BOJUT CHU3UTH BCIIMYUHY HCO6paTl/IMBIX
0OCTaTO4HbIX JeOpMaLHil U3EIHI, POSBISAEMbIX I10-
clie CHATUS JUTHTENIBHON M HEHPEephIBHOH OJHOHAIpPAB-
JICHHOH Harpys3KH.
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OHEHKA MEXAHUYECKOI'O COCTOAHUA CJIOUCTBIX YIVIEINIACTUKOB B
IMPOLECCE HEYIIPYT'OI'O JE®@OPMHUPOBAHHUA U PAZPYIIEHHUA 11O
CTENEHU HENMMOBPEXKJEHHOCTU MATEPUAJIA, OTIPEJIEJTSIEMOW METOA0M
AKYCTUYECKOW YMUCCHUM. UHKEHEPHOE MPUJIOKEHUE.

Cesepos I1.b.
MMAII PAH, Mocksa, Poccus; alpinprom@yandex.ru

A : npeoc 7 IKChE] ! OUKA OleHKU HenospesicoeHHOCmU 00pasyos U3 MHO20-

C0UIHO20 yenenaacmuka, 6blpe3aHHblXx nO HanpasieHuo ymadxu B0JIOKOH, RO AKYCMUKO-3MUCCUOHHbIM (JmU&paJICC‘HlI}LW hpo-
yeccos Heynpy2oco Oed)Dp}lﬂ,{pO@aUM u paspyutenus npu KeasucmamuyecKkom u OSMopHO CMamu4ecKkomM pacmsAadicenuu.

Kntouesvie cnog: cioucmoie yerennacmuiu, Heynpyzoe 0egopmup , paspy , AKYCMUYECKas, IMUCCUSL, CIMeneHb
HenoapesrcOeHHocmu.
Mertozonorust  Heynpyroro aehopMHpOBaHHS ¥ e

pa3pyIieHHst TBEPABbIX TEJ U CPe B MPOLECCe UX IBO-
motun [ 1] Mo3BosIsAeT B MPHIOKEHUH K UCCIICIOBAHUAM
MOBE/ICHHST MHOTOCIIOMHBIX YIVICIUIACTUKOB B TIOJISX
MPHIOKCHHBIX YCHJINH KOHLENTYalbHO OOBEAUHATH

Hanprokenme 6x, Mlla
"
g

pasinyHble MPOOJNIEMHBIC ACTEeKThI, MPHUCYIIHE STOMY e
KJIacCy COBPEMEHHBIX MarepuanoB. Ha 6a3e CHHXpOH- PR——
HBIX ~ M3MEPCHHH  MEXaHMYECKHX M aKyCTH- Puc. 3. luarpamma eopMupoBanns o6pasua

KO-DMHUCCHOHHBIX XapaKTEPUCTUK IIPU KBazucCTarude- HHUHM  OTIPEACIIACTCA Mnrpaunef/i 30HBI MaKCHMaJIbHOU
CKOM M MOBTOPHO CTAaTHUYCCKOM PACTSKCHMM 0oOpaslioB  ae()OpPMALMOHHON aKTUBHOCTH U pa3pylleHus: 06pasua
U3 MHOTOCJIOIHOTO OJTHOHANPABICHHOTO YIIEMIACTHKA, 10 OTHOLICHUIO K M3MEPHTEIIO Je(OPMAIH — IKCTCH-
BBIPE3AHHBIX 0 HANPABICHUIO YKIIAJKM BOJIOKOH, TO-  30MeTpy. PasHuma (puc. 4) MeXmy onpenelIeHHbIM 00-
Ka3aHa BO3MOXKHOCTb OLEHKH CTEHEHH HENOBPEKIEH-  pa3oM MOJOOPaHHOM HACAIBHO yIPYToit o, = ¢(&x) [2]
HOCTU TaKHX MaTepHajIoB IO aKyCTHKO-OMHCCHOHHOMY o

0TOOPaXKEHHIO IPOIECCOB HX HEyHPYyroro aeopMHpo-
BaHMs U Pa3pyIIECHHUS.

PaGouas oGnacte 00pa3LoB crennansbHo (HopMH-
pOBaIach KOPCETHOM C 1IEJIBIO JIOKAIU3AIUY B HEH 30HbI .
JieopManiOHHON aKTUBHOCTH M paspymieHus. Kpasu- °
cTaTHYecKoe pacTskeHue (puc. 1) ogHoOro U3 00pasunoB s £

35
s
25
2
15
1

Hanpsxenue 6x, Mila

0001 0002 0003 0004 0005 0006

Redopmauna ex
Puc. 4. PasHuna Mesk1y HealbHO YIPYroii 1 pealibHoii 1na-
rpaMMam J1e(popMHPOBAHHSI

W peanbHOHl  auarpaMMamu AeOpMHPOBAaHHS — MO3-
BOJISICT OLICHUTD PACCESIHUE MEXaHUYECKOM SHEPTUU IIPU
pacTsbkeHHH 00pasua (puc. 5), U3MEHEHHEM TeMIepa-
TypbI KOTOPOT'O IIPH 3TOM MOKHO HpeHeOpeds. B naib-

0,0035

Puc. 1. Paspy il oBpasen u3 0 CJIOHCTOTO

N 5 0,003
YRIenIacTHKa §& .
[IPOBOJIMJIOCH € TIOCTOSIHHOM CKOPOCTBIO IepemMele- §§ 0002
HHs akTHBHOTO 3axBara 10 Mkm/cek (puc. 2). Jlns on- 5% oo
HOHaIl- §§ o
EF oows
12
z Sx=0,01t o
: o 0 4 s s 0 10
B oos Bpema t, cex
3 o Puc. 5. Paccesinnasi MexaHH4ecKasi JHEPIHsi HA eIHHHUILY 0GbemMa
§ 0a YIIenIacTHKa
£ . HEUIIeM IMONyYeHHBIH rpaguk OyleT MCIONb30BaH s
s, CpaBHEHHS C TPa(QUKOM HAKOILUICHHS SHEpruu AD HM-
e e e w My/IbCOB Ha 9Tamax Heymnpyroro aehpopMUpoOBaHHA U
Bpamn, cox

Puc. 2. Harpy:kenune 06pasua ¢ NoCTOAHHOI CKOPOCTHIO MepeMe- PaspyLICHHs 9TOrO ke 0Opasia.
IEHHs] AKTHBHOI'0 3aXBATA Jlis Mccie10BaHus.  HAKOILICHUS pacCessHHbIX U

PAaBICHHBIX OOpA3LOB, BBIPE3AaHHBIX M3 IUIMTHl [0  JIOKAJIM30BAHHBIX HOBPEXKICHUH MaTepraia BO BpEMCHH

HAIPaBICHUI0 MAKCUMAaJbHOM IPOYHOCTH, HAKIOH M UX PacmpeaeseHus 1o JUIMHEe o0pasia HCIoIb30BaIcs

JarpaMMel ieopMupoBaHus (pHC. 3) U Harpyxe- METOZl aKyCTHYeCKOH dMuccHH. Puc. 6 maeT BO3MOXK-
HOCTb YCIIOBHO NIPOCJICAUTH TPH TaIa HEYIPYToro Je-
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Kooppwara x ofpesua, win

Bpemn t, cex
Puc. 6. PazBuTHe npouecca paspyiienns 06pasua 1o ero JUiiHe Bo
BpeMeHH
hopmMupoBaHus M pazpyuieHus: 00pasiia, MEeXaHHYEeCKoe

TIOBEJICHHE KOTOPOTO PAaCCMOTPEHO BBIIE: KBa3HPaBHO-
MEpPHOE HAKOIUICHHE PACCESHHBIX MOBPEXKICHHH  BO
BpEMEHU U B o0beme Marepuana, JioKalu3auus He-
ynpyrux JedopManuii ¥ IIOBPEKICHUH B IIPOCTpaH-
CTBE€, JIOKAJIM3alust HOBpC)KHCHHﬁ BO BPEMEHH - KaTa-
cTpodudeckoe paspyurenue. Jlokanmsamus IOBpexe-
HUH B HNPOCTPAHCTBE MPUBOJUT K JIOKAIU3ALMU Pa3py-
LIEHUs BO BPEMEHM, MaTepuajl caM OpraHu3yeT CBOe
KPUTHYECKOE COCTOSHUE B TOJIC TPUIIOKEHHBIX Harpy-
30K. Makpopa3spylieHne Ha 3aBeplIaloNIel cTaaun
MOYKHO IPEICTABUTh B KAYECTBE KOHKYPEHTHOU GOpbOBI
[3] Mexay HeckoJbKMMH (B JaHHOM ciydyae JBYMsi)
MaKCUMAaJIbHO TOBPEKICHHBIMH JIOKAJbHBIMH 30HAMU
3a TpaBo O0Opa3OBaHMA MArMCTPAJBHOM TOMEpPEeYHON
Tpemuns! (puc. 7). Hanenennsle sHeprueit akycrude-
CKHE UMITYJIbChI

5 -

% socwr .

§ coewr

£

| -

2

§ oo

LY ™ ¢ VSO S
@  m e  m
P

Puc. 7. Pacnpenenenne yuepruii (E < 10 JIx) otaensusix A
HMIYJIbCOB 10 JJIHHE 06])83[(3
Gosree mpaBONORO0OHO, O CPABHEHUIO C UMITYILCAMU B
6utoBom cocrosiunu (0 — 1, HeT uMmynbca — €CTh),
BOCCO3/1AI0T PeajbHyI0 KapTUHY IIPOLECCOB HEYNPYToro
nehOpMUPOBAHUS, HAKOTUICHUS TMOBPEXKACHHN M pas-
pyLIEHUsT HampspKeHHOTo Marepuana. OcoOyro 3Ha4u-
MOCTb B aHAJIN3€ HAKOIICHHs TIOBPEKACHNI HMEIOT KaK
TPaJMIHOHHBIC IIPOLEYPbl CyMMHPOBAHUS BO BPEMEHU
KoimdyectBa AD HMITyIbCOB, TaK M Pa3BUBAEMOE B I10-
crejiHee BpeMsi CyMMHpOBaHHe nx sHepruil. Vicronesys
npouenypy QHIBTpALUM Ha PasiIMdHBIX SHEpreTude-
CKHX YPOBHSIX MOXKHO IOIYYHTb TPapuK HAKOIJICHUS
sHepruu AD UMITylIbcOB BO BpemeHH (puc. 8) Ha Goiee

rTyOOKOM MacIITaOHOM ypoBHE (YCIIOBHO, ME30ypPOBHE).

ConocraBieHne paCCeﬂHHDﬁ MEXaHHYEeCKOM

a0Ev08

308408

208408

1,08408

Svieprun A wnyncon 24, [k

008400
20 a0 0 80 100 120

Bpemn t, cex
Puc. 8. Hakonienue Heprun AD HMIY/IbCOB BO BPeMeHH
Ha Me30ypoBHe
SHEPTUM Ha €IMHHMIly o0beMa yIIemnacTHka (puc. 5) ¢

HAKOIJICHHEM Hepruu AD HMITYJIbCOB BO BPEMEHH Ha

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

Me30ypoBHE (pHC. 8) NMPEACTaBICHO B HOPMUPOBAHHOM
Buze Ha puc. 9. Panee npednonazanocs, 4to o npouec-
cax HEyIpyroro Je(hopMUPOBAHUS U Pa3pyIICHHS CIIO-

Bespaawepusii napaveTp
s

3 20 a0 ™ 20 w10
Bpemn t, cex
Puc. 9. Paccesitunasi MexaHH4ecKasi JHEPIrusi HA eIHHHILY
obbema yriensiactuka (1) M HaKonieHne sHeprun AD HMIYJIbCOB
BO BPeMeHH Ha Me30ypoBHe (2)

HCTBIX YIICIUIACTHKOB MOXKHO CYJUTH II0 JI0JIe pacce-
MBAEMOIl SHEpruM, cojepiKalieiicss B aKyCTHYECKHX
ummynbcax. CHHXPOHHOCTb B KaueCTBEHHOM IOBEJiE-
HUM KPUBOM paccessHus MEXaHHYECKOH dHEpPruu U KpH-
BOM HAaKOILICHHs SHEpruu AD uMIyibcoB [4] nodasiser
YBEPEHHOCTH B TOM, YTO MEXaHHYECKOE COCTOSHHE Ma-
Tepuasna, OLEHMBAEMOE KIACCHYECKUM CIOCOOOM MO
auarpamme 1ehOpMUPOBAHHUS, OIYCTHMO OLCHHBATH
0 aKyCTHKO-3MHCCHOHHBIM OTOOPaKCHHSIM IPOLECCOB
Heynpyroro eOpMHUPOBAHHMS U PA3PYIICHUS B JAHHOM
CITydae CIIOMCTHIX YTTIETIaCTUKOB.

WmxenepHoe NpUMEHEHHE OLIEHKH MEXaHHYeCKOro Co-
CTOSIHUSL KOHCTPYKIIMOHHBIX MaTEPHaJOB B XOIE 3KC-
IUTyaTalluy C Y4eTOM IIONYYCHHBIX IOBPEXICHUH 45,
PAcCCUNTAHHBIX 1O KPUBBIM HAKOIUICHHs SHeprum AD
HMITY/IbCOB, MOJKET 3aKJIIOYaThCs B ONPENENCHUH CTe-
MEHU HEMOBPEKJCHHOCTH MaTepHaga MCCIeLyeMOro
9]EMCHTa KOHCTPYKIUM B 3aBUCHMOCTH OT HCTOPHU
Harpyxenus (puc. 10 u puc. 11) n ero nHAMBHIYaTH
HBIX T'€OMETPHYECKHX OCOOEHHOCTEH — KOHLEHTpPaLHn
Hanpspkenuid (puc. 12 u puc. 13). MakcumanbHOe 3HA
YeHHEe CTCIICHH HEHOBPEXICHHOCTH, PABHOE CIHMHUIIE,
COOTBETCTBYET COCTOSHMIO OOpasia (3IeMeHTa, H3zie-
7Ms) 0 Hadana SKCIUTyaTalluy, a €6 MHHAMAbHOE 3Ha-
YeHHE, PABHOE HYIIIO, yKa3bIBAaeT HA IOJHOE HCYepra-
HHUE Hecylel crocoOHocTH. KpuBble HEMOBPEKICHHO-
CTH CTPOSATCS B 3aBUCHMOCTH OT OJ(HOTO U3 IIapaMeTPOB
9KCIUTyaTalluH, ONpeJeNIeMoro B KadecTBe Hambonee
BaXHOTO. B 1aHHOM cilydae TakuM NapameTpoM BbI-
CTYNaeT HOMUHAIBHOE HANPSDKCHHE Oy, HO IOIXO[
NPHHIUIHATFHO HE W3MEHSCTCs IIPH BBIOOpE mapamer-
POM BKCIUTyaTallud BPEMEHM HIJIM KOJIMYECTBA IIMKJIOB
Harpy»XeHus.

Hanpaxenwe Gx, M

Bpemn t, cex
Puc. 10. luarpaMmMbl Harpy:keHHsi KOPCETHBIX 06pPa310B
u (3) 6e3 KOHIEHTPATOPOB HANIPSKEHH T

1,2
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Crenext wenospengenoc

100 100 200

300

s0 a0

Hanprcenme 6x, MNla

Puc. 11. Cocrosinne kopcerHbix 06pa3uos (1), (2) u (3) 6e3 kon-
HEHTPATOPOB HANPSKEHHIT B 3aBHCHMOCTH OT YPOBHS HOMH-

HAJILHBIX i

Hanpsowenue 6%, Mila

s0 100 150 200

Bpemn t, cex
Puc. 12. /InarpaMMbl Harpy:keHHsi KOPCETHBIX 00Pa310B ¢ KOH-
LEHTPATOPaMH HANpsiKeHHi (¢ oqHNUM (4) M ABYMs (5) GoKOBBIMH

Crenens HenoopemesocTH

Hanpawenme 6x, Mila
Puc. 13. Cocrosinue KOpceTlll:lX 00pa3nos ¢ oxHnM (4) u aByms (5)
B TH OT YPOBHs

HaNpsiKeH i
BeiBoabl. MeTononorust Heynpyroro jeopMupo-
BaHUA U Pa3pyIIEHUs TBEP/BIX TeNl M CPel B Mpolecce
HX 9BOJIOLMH [1] MO3BOJISAET B MPHIOKEHUN K UCCIIEN0-

JIBHBIX

167

BaHUAM TIOBCIACHUSA MHOTOCJIONHBIX YITICTUIACTHKOB B
MOJIAX MPUIOKEHHBIX YCHJINI KOHIENTYalIbHO 00beIu-
HATH Pa3lM4Hble MPOOJIEMHBIC ACIEKTBI, IPUCYIIHE
9TOMy KJIaccy COBPEMEHHBIX MaTepHaioB. Bechma WH-
CI)OpMaTI/IBHBIM q)H3quCKI/IM METOAOM  SKCICPHUMEH-
TaJbHOTO HCCJIICIOBAHUSA HAKOIICHUS HOBpe)KIleHI/lﬁ
nokasaji cebsi aKyCTHKO-3MHCCHOHHBI METOJ, MO3BO-
JIMBIINH MPOJEMOHCTPHPOBATH BHICOKYIO CTEHEHb KOP-
pENSLMHM  MEXaHMYECKHX M  aKyCTHKO-3MHCCHOHHBIX
COOBITHH B JOCTATOYHO MaJIbIX HATPYXKAEMBIX 00BEKTaxX
W3 KOMIIO3UIIMOHHBIX MAaTEepUaJioB. CI/IHXPOHHOCT]: B
pacCesHMH MEXaHMYCCKOH SHEPrUM M CyMMHPOBAHHI
SHeprun AD MMITYJIbCOB T03BOJIACT OLICHHBATH CTETICHb
HCMOBPEKACHHOCTH  CIIOMCTBIX  YITICTUIACTHKOB o
AKYCTUKO-IMUCCHOHHBIM OTOOPAKEHHSIM IIPOLIECCOB UX
Heynpyroro 1e(hopMHPOBAHKS 1 Pa3pyLICHHs.

1. Maxapos I1.B., Epemun M.O. Mozenb paspyiuieHust Xpynkux M
KBA3MXPYNKHX MaTepuasios u reocpesi // dusnueckas Me30MeXaHHKa.
-2013.-T. 16.- Ne 1. - C. 5-26.

2. PaGornoB FO.H. Mexanuka nedopMupyemoro TBeporo Tena. - M.:
Hayka. TmaBHas pemakius (H3HKO-MaTeMATHUCCKOH JIMTEPATypbI,
1979. - 744 c.

3. Cesepos ILB., Matsuenko 10.I, MBanos B.M., ITankoB A.B. He-
ynpyroe nehOpMUPOBAHHE U Pa3pyIICHHE CIOUCTHIX YIJICILIACTHKOB
NpH MEXAaHMYECKOM HArpyKCHHH Kak SBONIOLHOHHBII Ipouecce
HaxorieHus nospexkacHuit  // XI Beepoceniickuii chesq no ¢ynia-
MEHTaJIbHBIM MPOGIEMaM TEOPETHICCKON ¥ MPHKIAIHON MCXaHHKH. -
2015. - Kasans. - C. 3385-3388.

4. Cesepos I1.B. DBOMOLUMOHHEIH IIPOLIECC HAKOTUICHUS MOBPEXKICHUI
U TI0CJIC/IOBATE/ILHOCTD ITANOB PAa3PyILUCHIs CIOHCTOrO yIICIIACTHKA
C KOHIEHTPATOPAMH HAIPSKCHHIl IPH PACTAKCHHH BJIONb BOJIOKOH
/I Coopuuk marepuanos VI mexayHapoaHoi konpepenimn «Jledop-
Malus M paspylleHHe MaTepHaloB M HaHoMarepuainoBy». - 2015. -
Mocksa, UMET PAH. - C. 106-107.
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BJMAHUE ®UJIBTPAIIMOHHBIX NPOLIECCOB HA H/IC TOJICTOCTEHHBIX
HAMOTOYHBIX KOMITIO3UTOB

Ceprees A.10."", Typycos P.A.%, Kynepman A.M.
'0AO «Kowmmnoszut, r. Koposies, Poccus; “sergeevandrey89@gmail.com;
2OIr'BYH UX® um. H.H. Cemenosa (PAH), Mocksa, Poccus.

Annomayun: Hccnedyemesn usmenenue HJJC navomounozo komnosuma 6 npoyecce namomiu u mepmooopabomru. Jlns
onucanua npoyecca GuibMmpayuu dHUOKo20 CeA3VIOUje20 yepe3 B0I0KHUCMbIL HANOTHUMENb NPeONodCceHd MOOelb NOPUCHIO20
mena, cO6OKynHOCHIb NOP KOMOPO20 npedcmasnena 6 6uoe ouckoobpasnoil wenu. Ilonyuenst gbipasicenus, no3eonsiouue yuecn
snusAHUE uILMPayUY CEA3YIOWE20 HA IMane HAMOMKU U PA302pesa 00 MeMnepamypbl NOTUMEPU3AYUU CEA3YIOUIe20 8 KOMNO3U-
me. IIpusedeno cpastenie ocmamouHbix HANPANCEHUT 8 KOMRO3UMe, NOAYYEHHOM C UCHOTb30BAHUEM CEAZVIOUUX 20PAUE20 U XO-

J100H020 muna.
K cnosa: ¢

1P , OUCKOOOp

IMocranoBka 3axaun:

Iponecc noaydyeHHss HaAMOTOYHBIX KOMIIO3HTOB
OOBIYHO COCTOMT M3 CICAYIONIMX HTAaroB: HAMOTKU
MPONUTAHHOIO CBA3YIOMIUM apMUPYIOILIEro dJIEMEHTa,

pasorpeBa  monydabpukara 0  TEMIeEpaTypbl
HOJIMMEPH3allMH  CBS3YIOIIETO,  BBIICPKKH  IIPU
TeMreparype  MONMMEPH3ALHH,  OXJAKIACHHS 0

TEMIIEPATYPbl XPAaHEHHS U YJAJIIEHUS OIPAaBKH, €CIIH OTO
HeoOxoqumo. Ha cragum HaMOTKM apmarypsl Ha
OIPaBKy CO3/]aBaEMOE TOPMO3HBIM YCTPOICTBOM CTaHKa
PpacTATUBAIOIICE HAIIPSHKECHUE JICHTBI U¢* TIEPEXOaUT B
MPOMOPLHOHAIBHOE €My  CXKHMMAIOIIEe  KaKabli
npeplaymuii BUTOK Harnpsbkenue [1]. B pabore [2]
[PEJUIOKEHb!  BbIpakeHust,  onuckiBatomue  HJIC
HAaMOTOYHOT'O KOMIIO3HTa B MPOLECCE HAMOTKH HMCXOJS
13 PACCMOTPEHUS YIIPYTOro B3auMOJIEHCTBHS BUTKOB.
O/HAKO NPEIOKCHHBIC MOAXO/bl HE YYHTBIBAIOT
GUIBTPALMIO CBA3YIOLIEr0 IPM HAMOTKE U JAIOT
3aBBIIICHHbIC 3HAYCHHS HANIPSDKCHHH BHYTPH KOJBIIA 1O
CPaBHCHHUIO C SKCIHEPUMEHTOM. B HCﬁCTBHTCHBHOCTI/I
MEXYy BUTKaMHM apMHPYIOLIEro MaTepuajga HaXOAUTCs
CIIOIl  CBSI3YIOLIEr0 TOJLIMHON /1, BOCHPHHUMAIOLIHI
JIaBlIeHHe OT HHX. IIpy 3TOM apMHpYONIMH MaTepual
HUMEET MOPHUCTYIO CTPYKTYPY, CHOCOOHYIO MpPOITyCKaTh
casyroniee. Ilon neficTBueM nepenana nasineHuit Ao,
CO3JaHHBIX HAa BHUTKE, CBA3ylollee OyIeT MUTPHpPOBATh
M3 3aHMMAaeMOil MM paHee IO0J0CTH, 5TO IMPUBEAET K
YMCHBIICHHIO KOJIHYECTBA CBS3YIOMIEIO B KOMIIO3UTE,

YIIIOTHEHHUIO BUTKOB u MMaJICHUIO Hal'[pﬂ)l(eHP[ﬁ,
CO3/1aBaeMbIX HAMOTKO#H [3].

Jas OINUCAHUS npouecca (unpTpanun
CBS3YIOLIEr0  HPEJIOKEHAa  MOJECIb  HAMOTOYHOIO

KOMIIO3UTa Ha METAJUIMYecKoil ompaske 0, cocTosmero
U3 CTI05 CBA3YIOIIETO | TOMIMHOM § M CTI0A apMaTypsl 2
TOJNIIMHOH  (a-b), COBOKYHNHOCTb MOp  apMaTypsbl
MPEJICTaBUM B BHJIE JIMCKOOOPA3HOW ILIETM TOJIHHON
2h (puc. 1). JlanHasi MOJE/b YCIEIIHO TIPUMEHEHA JUIst
OITMCaHuA HBHCHHﬁ, BO3HHUKAIOIIHUX BO BPEMsI IBHIKCHUSA
('l)pDHTa TIOJIMMEpU3allil B HAMOTOYHOM TOJICTOCTCH-
HOM Komnosure [4].

Taxk kak onpaBka HEMPOHUIAEMA JUISl CBA3YIOLIETO,
TO (QUIBTpPAIMS NPOSABIACTCA TOIBKO B HOPMAIBHOM M
KacaT€JIbHOM HaIpaBJICHUAX LlHHHHI(pH‘lCCKOﬁ
MoBepXHOCTH KOHCTpykuuu. [locnennee xapakrepHO
JUIA  OTKPBITBIX  KpacB CBO60L[HO HaMaTbIBa€MOIro

HAs Wellb, NOPUCMOCTb, OCMAMOYHble HANPAICEHUS, MeH300amyuK.

KOMIIO3UTa, a B Cily4yae HAMOTKH Ha J1abOpaTOpHbIE
ompaBku (HIbTPAUUs B KAcaTeJIbHOM HAIPABICHHU
HEBO3MOMKHA ~ M3-33  YCTAHOBKHM  IPOMEXKYTOUYHBIX
JINCKOB, 00pa3yIoMIHX kKeao0 JIst HAMOTKH KOJIEIl.

Puc. 1. Mojesb GuabTPaUMH CBSI3YIOUIEr0 B HAMOTOYHOM
B TeKCTe)
Kak wM3BeCTHO, XMAKHMIl MOIMMEpP OTHOCHUTCS K
KJIaccy aHOMAJbHBIX (HEHBIOTOHOBCKHX) JKHIKOCTEH.
Opnako i omucaHus —mpouecca  (GHIbTPALUU
OrpaHMYMMCsl NPEJCTABICHUEM O CBA3YIOIIEM, KaK O
BA3KOH HEC)KMMAEMOM HKUIKOCTH.
Vpasuenns Haspe-CTokca B BeKTOpHOH (opme
umeroT Buz [5]:

Te Ha Ha

P -Vl = pF - grad(p) + 1V o

rae Vv’ - IaruiacuaH, p — JIaBJIeHHE, 0 — CKOPOCTb,
F - oObeMHbIE CHIBI, # - JMHAMHYECKAs BSA3KOCTb
CBA3YIOILETO, p - INIOTHOCTh CBA3YIOLIETO.

B cummy oceBoii cuMmmerpuu MogenH yno6HO
BBECTH TUIMHAPUICCKYHO CHUCTEMY KOOpAHWHAaT.
IIpumem CIIEAYIOLIHE JIOIYLIEHHUS TEUEHUE
CTallMOHAPHO, MPOUCXOIUT CTPOIO BJOJb KOOPIAWHATHI
7, TUIOTHOCTH M BSI3KOCTh CBS3YIOIIEIO ITOCTOSHHEI,
HCﬁCTBHeM HHCPUHOHHBIX COCTABJIAIOLINX W 00BEMHBIX
cun npenedperaem. Torna ypasuenue (1) 3anumercs B
BUJIE:

D5, ®
or r
, 0 198 1 & &
=ttt =
o’ roor 1t o o
[IpuBenem ypaBHeHHE HEPa3pHIBHOCTH:
10 0 (3)

10
T(PUV”)Jr;%(PUw)*éTZ(PUZ) =0

Bripaxenne (3) B CHTy TPHHATBIX JOMyIICHHH
3aIHUIIETCs B BUJIE!
o, @

v, =-r
or
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Wurerpuposanue (4) naet:

o, - G ®
r
13 (2) umeem:
0 o’v, 1 o6v, &, v (6)
717:“.[ ;T E—
or or r or 0oz r

IoxcranoBka (4) u (5) B (6) m mociemyiomiee
HUHTErPUPOBAHHUE 110 dZ JaeT:
op z*
v, (r,z)= Pz, Cz+C
- 2 3
or 2n
T'pannunbie ycinoBus 3anuiieM B Buje: L (+h)=0,
TOT /A JUI CKOPOCTH IOy YHM:

2 2
o= 2O
o 2n
TloxcraBus (5) B (7) u npouHTerpuposas 1o dr,

TIOTyYHM:
p(r)=C,-Inr+C,

rpaHI/IL[HI)Ie yCHOBI/Iﬂ 3allMuIlIEM B BUJE:
()|, =1, ()|, =p,
ITocme  MOACTAHOBKM  TPAaHWYHBIX  YCIIOBHI{
MOJTYYHM:

1
p(r) :T{(pl = py)lnr+ p,Inb—p, lna] (8)
1
9
Tloxcranoska (8) B (7) naert:

(Plfpo) 22— #] ©)

v,(r,z)=
2r-m-In| —
a

rjae h - IOJNOBHMHA TOJNIIMHBI IUCKOBOH miemu; b, a —
BHyT‘pCHHI/Iﬁ ¥ BHCIIHUI paanycbl HAMOTAaHHOTO BHUTKa
apMHUPYIOILETO MaTepuaa, 1 - TMHaMUUIECKas BA3KOCTh
CBSI3YIOLLETO; p;-po=Ap - mnepenaj NaBieHUIl Ha BbI-
OGpaHHOM y4acTKe, 7- IIePEMCHHBII panuyc.

Eciu  ToNmmHAa  apMHPYIONIETO  HAIOJIHUTENSA
A=b-a MHOTO MEHBIIIE paanyca HAMOTKH «a», T.C.
(b-a)<<a, 10 (9) MOKHO 3amUCaTh B BUJIE:

Ap-a-[z* =1

2-r-m-(b-a)

Pacxon cBs3yroniero yepes ANCKO0Opa3HyIO Ielb:
0- n-Ap-a 2n-Ap-a-h’

n-(b-a) 3n-(b-a)
CpenHsisi CKOPOCTDb uepe3 ceuenue b:

O_ A W _a Ap B

v, (r,z)=
12 -] dz=

Y TS T h-a) 6m atA (b-a) 6n
ConocTaBuM MOJTyYEHHOE BBIpaXKEHHE ¢ (opMmy-
noii Jlapcn, Torma BbIpakeHHe Ul Kod(hduIHeHTa
(UIbTpaLNK 3aTUIIETCS B BUJE:
n (10)
6:m
3anuimiemM ycloBHE PAaBEHCTBA PACcXoja CBA3YHO-
1ICTO Ha CCYCHUAX «a» U «b»:
727('&7'“‘]73 :£2nac
n-(b—a) dt
rae ds/dt —ckopocTh TageHus ypoBHS XKHIKOCTH B TI0-
noctu 1

k=

(11
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BBeneM ToHATHE KOS(QOHIHEHTa IOPHCTOCTU
n=V,/V=2h/c (rne V, — o6bem nop, V- 00beM marepu-
anta) ¥ mpomsseeM ynpomenns B (11), Toraa momyaum:

ds— Ap-hzn (12)
6n-(b-a)

3anumem 3akoH ['yka Juist OpTOTPONHOrO Tena B
Cllydae ILIOCKOIO HAIPSHKEHHOTO COCTOSHHUS:

dt

1 1
e, =—I(0,-v,0, e, =—
E(' ) E,

: g 3 (0,-v,,0,)

90
Cootnomenns Komm B mumMHAPHYECKHX KOOp-
JUMHAaTax:
& :d—U £, :E
"odr r
Ilps HAMOTKE BUTKOB KOMIIO3UTA MpeHEOpekKeM
BKJIQJIOM pPajHabHbIX HANPSOKCHUI B OKPYKHYIO Je-
(dopmanio, Torna u3 (13) u (14) Ha pagnyce b nomy-
UM

(14)

b-do,
AU =—*

v

(15)

IManenue ypoBHs )uaKocTH ds B (12) npunumaem
PaBHBIM YIIOTHEHHIO BUTKOB dU B BeIpaxkenun (15):
Ap-Ih’n _b-ds, (16)

6:m-(b—a) E,

[

us YCJIOBHS PAaBHOBECHUA BUTKA KOMIIO3UTa MOKHO
3aKJII0YNUTH, YTO Mepenazn JIaBJICHUH B CBA3YIOILIIEM pa-
BCH nepemnany I[aBHCHPIﬁ Ha BUTKE:

Ap= Ao, :,W an
IoxcraBum (17) B (16) u ¢ yuerom (10) nomyunm:
do, . k, nE (18)
a B

Pewas ypaBuenue (18), nonydum BbpakeHHE IS
ONpEeeIeHNs] MNaJCHUs HANPSDKEHUH IpU  HAMOTKe,
AHAJIOTUYHOE TOJTyYCeHHOMY aBTOpamMu B pabore [3].
IIpeioxeHHas MOAETb (DUIBTPALUH CBSI3YIOIIErO de-
pe3  AMCKoOOpasHyio Iieib I03BOIAET CTPYKTYPHO
OLCHUTb KO3 ULIHEHT BuilbTpaLun:

G, (b) =0, ()¢ (19)
Tae E -K, hn
= “’bz ¢ K,,:kd,-n=6'

31ech A - MOJOBHHA BBICOTHI JUCKOBOW INENH; b —
BHEIIHWH PaJyCc HAMOTaHHOI'O BUTKA apMHUPYIOIIEro
MaTeprana (IIpx HaMOTKe Oy/IeT IepeMEHHBIM), 77 - JH-
HAMUYECKasl BA3KOCTh CBS3YIOIIErO; 1 - KodhduimeHT
MOPUCTOCTH ~apMUPYIOLIEro MaTepuana; f- BpeMs
HAMOTKU.

Ha cramuu pasorpeBa CBA3YIOIIETO Tepenaj 1aB-
JICHUSI TIPU M3BECTHOM T10JIE TeMIepaTyp U3MEHHTCS Ha
Benuuuny Ap '=aAT-E, tae o - xoddduuueHt nunei-
HOrO pacIIMpeHus CBsA3yiomero; A7- pasHHLA MEXIY
TEeKyIeH TeMnepaTypoil ¥ TeMIepaTypoii HaMOTKH; £ -
MOJIyJIb YNPYTOCTH CBsi3yromiero. Pasorpes cassyrome-
TO COHPOBOXKIACTCS MaJCHHEM €ro BS3KOCTH, BCE 3TO
NpPUBENET K YBEIMYCHHUIO PACXOAA KUIKOLO CBS3YIO-
IIEro U3 3aHMMAaeMOil paHee TOJIOCTU M elle OobIIeMy
YIUIOTHEHHIO BUTKOB KOMITO3MTA:

(Ap+o-AT-E)-h-n

qu =22 20 2R Ry
6-(b-a)m

(20)

169



L[E®OPMUPOBAHUE U PASPYLLEHVE KOMITOSULIMOHHBIX MATEPUAITOB U KOHCTPYKLIMA

JKCIepPUMEHT:

Jns uccnenoanus HJIC HAMOTOYHOrO KOMIIO-
3UTa IPU HAMOTKE U Pa3orpeBe ObLIH HPOBEICHHI J1a00-
paTOpHbBIE UCHBITAHMS C MCTONB30BAaHHEM TEH30aT4H-
koB. OOpasupl JUIsi MCTBITAaHUH TIPEICTABISLIN cOOOM
OTPE3KU CTaJbHOM TPyObl AMAMETPOM 56 MM, TOJLIH-
HOM 3 MM M JUMHOH 75 MM. Ha BHEIIHIOI U BHYTpEH-
HIOIO TIOBEPXHOCTH TPYOBI B OKDYXKHOM HAIpaBICHHI
YCTaHABIMBAIN TEH30[aTYMKU ¢ 0a30BOi jutnHOM 10
MM. [l perucrpanuy MoKasaHWil TEH304AaTUYHKOB HC-
I10J1b30BaJIM MHOTOKaHaJIbHY0 Ten3octaniuio CUNT-3.
B kadecTBe apMarypbl HCIIOIB30Bald apaMHIHOE BO-
nokHo Pycap-C (nBe mutu mo 58,8 Tekc). B xozme mc-
cneioBaHuil OBIIO MPOBEJEHO JBA OMbBITA: B MEPBOM
HCIIOJIB30BANIM IIOKCHAMAHOBOE cBsiytoniee DJT-10 ¢
OTBEPAHUTENEM TOpAYCH TEXHOJIOTMU OTBEPXKICHUA —
TpudTaHonamuHoTHTaHatoM (TDAT) B Konmmuectse 10
Mmacc. %, B 9TOM CIly4yae HATSKCHHE HUTH ObLIO PaBHO
60 H,; BO BTOPOM — TOT € OJHUIOMEp CO CBS3YIOLIUM
XOJIOJHOW TEXHOJIOTHH OTBEPKICHHUS — MONHATHICHIIO-
miamuHOM (TIDITA) B konmuectBe 7,5 mace. %. 31ech
HaTsDKEHHE HUTH Npu HaMoTke cocTtasnsno 80 H. Ilepen
OKOHYAHHEM HAMOTKH IPH TOILINHE 000JIIOUKH OKOJIO 2
MM B CIPYKTYpY OpPraHOIUIACTHKA BKICHIH XpPO-
MeJIb-KOIIEJIEBYIO T€pMOIIapy, 4ToObI CIICIUTh 3a H3Me-
HEHHMEM TeMIIepaTypsl 00pasiia.

B xoz1e epBOro OMbITA MPOU3BOAIIN H3MEPEHIE
HOKa3aHHUIl TCH30JaTYNKOB B IIPOLECCE HAMOTKH HUTH
Ha ompaBKy. Ha puc. 2 npejcraBieHbl TeopeTUdecKasi,
MOJTyYeHHass € MCIIOJIb30BAHHEM BBIPKCHHIT TpHBeE-
JICHHBIX B paboTe [2], kpuBas M AKCIEPUMEHTAIBHO
MOJTyYEeHHBIE 3HAYCHUs TOKa3aHuil nedopmaruii TeH30-
JIATYMKOB, YCTAHOBJICHHBIX HA BHEIIHEM M BHYTPEHHEM
pamuycax TpyObl (OTMEUCHBI OETBIMH U 3aIITPHXOBAH-
HBIMH OKDYXKHOCTSIMH COOTBETCTBEHHO). Ecim mpexro-
JIOXKHUTb, YTO PACXOXKJICHUE TCOPUH C DKCICPUMCHTOM
CBSI3AHO TOJIBKO C (hpHIIBTpALMEH CBS3YIOLIEro, TO C MC-
nosib30BaHKeM BbIpakeHHs (19) MoxkHO momoOparh Ta-
Kol Kkod(pdHIMEHT GuIBTpalyy, 4YTO KpuBas OyneT
YAOBJICTBOPUTENBHO OIHUCHIBATE JKCICPUMEHT (KpHBas
2 na puc.2.). 3nech kod3GGuuneHT GpuIbTpaun oKasa-
cst paBHbIM K,;,=0,0065 w’/Hee.

£102 TonpMMa
0,24

el
0,167 4
2
a [ —1
0,081 20 —
5,MM
0o 0 06 12 18 24 30

Puc.2. led en Goup HA TIOBEPXHOCTH TPYOBI
B 3aBHCHMOCTH OT TOJIUHHBI HAMOTKH 8: 1- TeopeTHYeCKast
KpuBasi, 2- JKCNEePHMEHTA/IbHAS KpHBast

Jlanee MPOBOMMIN M3MEPEHHUS HATSHKCHHS KOM-
[03UTa Ha ONPaBKy B TEYCHHE Ipoliecca TepMooOpa-
Gorku. TemreparypHblii pPeXUM TepMOOOpabOTKH B
00oux cirydasx ObUI CIEIYIOIIMM: HAarpeB 10 TeMIepa-
Typsl 160 °C -2 yaca, BeiepIKKa IPH 3TOH TeMreparype
B TedyeHue 5 yacoB. Ha puc. 3 npezcraBieHs! okazaHus
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TEH304aT4YMKa, YCTAHOBJICHHOI'O Ha I'PAHUIIC OIIPAaBKH U
KOMITO3MTHOTO KOJIIbIIA B IPOIECCe TepMooOpaboTKH
o0pasia Ha OCHOBE CBSI3yIOILIETO TOPSYEro OTBEPIKIC-
Hus. Kak BuaHO M3 puc. 3, O OKOHYAaHMM Ipolecca
TepMOOOPaOOTKH HAONIOAeTCs NPAKTHYCCKH IIONHOE

HMCYEC3HOBCHUE OCTAaTOYHBIX Haﬂpﬂ)](eHHﬁ.
Tonps

wita €10°
15 1 0,0
101 004
L o
5 0,02 //}
! —
0 0 =
—T 3
51 -002 74
2 -0,04
o 1 7
-15 1 -0.06
20 1 00 2
25 1 010 o=
30 4 -0,1 T,
0 20 40 60 80 100 120 140 160
Puc. 3. lepop en Goup HA TIOBEPXHOCTH TPYOBI

TpH Harpese uﬁpama TOJIY4€HHOr0 ¢ HCIOJIb30BAHHEM
CBA3YIOLIET0 ropsiviero Tuna

Bo BTOpOM oOmbITE KOMIIO3HTHAS 000JI0YKA Ipef-
BapHTENIBHO BBIICPKUBAIACH TIpU Temmepatype +50°C B
MeYr B TEYEHUE § YacoB. A 3aTeM MOJBEPrayiach TOH xe,
YTO M B NpEAbIAyIIeM ombITe TepMooOpadorke. Kak
BUJIHO U3 IIPEJICTABJICHHBIX KPUBBIX, MaJCHUEC HaIpsi-
JKEHHIl COCTaBUIIO BCETro JIAIIb 3%.

oy
v £10
637 026
-68 -0.28
; e
| ——1 =)
731 030 = i
781 032 7 /
-83 -0.34 F
-88 0,36
-93 -0,38
o ! |
08 1 040 Fog
0 20 40 60 80 100 120 140 160

Puc. 4. JlepopMauuu £ 0 HATIPSZKEHHS G,pp HA MOBEPXHOCTH TPYOBI
NpH HATpeBe 06pPa3ua MOJYMEeHHOr0 ¢ HCOIb30BAHHEM
CBSI3YIOLIEro X0/10HOT0 THIA

TakuMm 00pa3oM, HPEIIOKEHHAs! MOJEIb KOMIIO-
3UTa C mexoo6pa31—10171 TICJIBIO TTIO3BOJISICT OXapaKTEpH-
30BaTh TCYCHHUE CBA3YIOLICIO CKBO3b IOPHUCTYIO apMa-
Typy U CBA3aTh 0COOEHHOCTH TEYEHHUS CBA3YIOLIET0 1
crpykrypy apmatypsl ¢ HIC HaMOTOYHOro KOMIO3MTA.

1. Ceprees A.IO., Typyco P.A., Bayposa H.W., Kynepman A.M.
Hanpskenus, BO3HMKAIONIME B MPOLECCE OTBEPIKICHHS KOMIIO3HTA,
HAMOTAHHOTO HA IHMIMHIPHYCCKYIO TIOBEPXHOCTH DJIEMEHTA BBIXJION-
HOII cucteMsl // MexaHiKa KOMIIO3UTHBIX MaTepHanoB — 2015.- Ne3.-
C. 1-16.

2. Typycos P.A., Mernos B.B. KonrunyainbHas TeOpHsi MEXaHHYCCKHX
SBJICHHUIT TIPH (PPOHTATEHOM OTBEPHK/ICHHH MOIMMEPOB H KOMIIO3HTOB
// BbICOKOMOJIEKY ISIpHBIE coeiMHeHHs.- 1994.- Ne3.- C. 54-63.

3. bonorun B.B., Boponnos A.H., Myp3saxanos P.X. AHanu3 Texso-
JIOPHYECKUX HANPSKCHHI B HAMOTOUHBIX H3/IC/IHSIX H3 KOMIIO3HTOB HA
MPOTSKEHHH BCEro MPOLecca H3roToByeH!s // MeXaHiKa KOMIIO3HT-
HBIX MaTepuanos.- 1980.-Ne3.- C. 500-508

4. Typycos P.A., Pyabxu A. KanmuisipHast MOJEIb TOJICTOCTEHHOIO
HAMOTOYHOrO LWIMHApPA // MeXaHHKa KOMIO3HTHBIX MaTepHasIoB.-
2014.- Nel.- C. 91-100.

5. Jloiiusackuit JLI'. MexaHuka >KUAKOCTH M rasa: Yu4e0. juis By-
30B.-M.: JIpoda.- 2003.-840 c.
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3KCIMEPUMEHTAJIbHOE ONPEJEJEHUE YACTOT CBOBOIHBIX KOJIEBAHU
OBOJIOYEK C MPUCOEJUHEHHOMW MACCOM

Cepérun C.B.",

Kocemsians A.B.', Kosun B.M.%, Xsocruxos A.C.!, Cricoes O.E.!,

BacunbeB A.C.z, Kacbsinosa E.A.

'®I'BOY BO «KHAI'TY », Komcomonbek-na-Amype, Pocenst; .

web site: http://sereginsv.ru;

IMuM JIBO PAH, Komcomonbck-na-Amype, Poccust
MY um. Ionom-Auneiixema, bupobumkan, Poccust.

A : Dkl

M Memooom onpeodener d(P@exm enusHUs NPUCOCOUHEHHOU MACCbl HA paCujenienHble

L(){CmBC'HHbl(f uacmomasl uqu[Hle KOneOanuil MoHKUxX Kpy2oeblx l{lL'lllH()pM’{(fLKll)C 000104€eK.
Knrouesvie cnosa: KD.'IEU[JHM, 060}10‘lka, anCOEouHeHHﬂE Macca

BBenenne

ToHKOCTeHHBIE ~ 000JIOYEYHBIE  KOHCTPYKLHMH
IIMPOKO HCIIONIBb3YIOTCS B aBHACTPOCHUH, CYIOCTPOCHHHI
U JpYrHMX OTpacisX IpPOMBIIUICHHOCTH. Takue
KOHCTPYKIIMHA XapaxkTepU3yroTCa HaJIM4YueM
JOMNOJIHUTEIIbHBIX macce, 06yCJ’IOBJ’IeHHbIX
KOHCTPYKTUBHOU Win IKCILTyaTalMOHHOMH
HEOOXOJUMOCTBIO, 4YTO HPUBOJUT K  YIBOCHHIO

M3ruOHOTO YaCTOTHOTO CHEKTPa.

B HacTosmee BpEMsSA PE3YJIbTAThl YHCICHHBIX
uccneuosauui& HE COIVIACyrTCA C AaHAJIMTUYECCKUMHU
BeiBOiaMH. B paGortax [1-10] moxazano, uto sddekr
CHIDKCHHUSI YacTOTBI 3aBHCHUT HE TOJNBKO OT BEIMYUHBI
l'IpHCOe}:[HHCHHOﬁ MAacChI, KaK 3TO MPHHATO CYHUTATHL B
Hacrosimiee Bpems [11], HO M OT reoMeTpuvecKux M

BOJIHOBBIX ~ mapamerpoB  oOosouku.  Hacrosumit
SKCHEPHMEHT  HampaBlieH Ha  YCTPAHGHME  OTHX
NIPOTUBOPEYHH.

MeToauka npoBeJeHUs JKCIEPHMEHTA

HCCJ’IeﬂOBaHI/IH TIPOBOAMIIUCHL Ha TPEX MOICIAX
WHINHAPUYECKHX oboodek. JIBe u3 Kotopbix (0Opaserr
Ne 1, 3) U3roTOBJICHBI U3 ANIOMHHHUS, a TPEeThs (0Opaser
Ne 2) — u3 cramu. O6paszenr Ne 1 mmeer criemyromue
I€OMETPUYECKHE  XapakTepucThku: R =0,07m
L/R=4; R/h=70, tne R — pagmyc, L — niuna,
h TomuuHa obonmouku. OOpazeny Ne 2
R=0,07m; L/R=3; R/h=140. O6pazen Ne 3
R=0135m; L/R=2; R/h=245.
00pa3LoB OIpe/e/cHa 110 UX XUMHYECKOMY COCTaBy C
UCIIONB30BAHMEM JICKAPTOBOTO SHEPrOAMCIEPCHOHHOTO
PEHITEHOBCKOTO  (JIyOPECLEHTHOTO  CHEKTPOMETpa
«NEX CG Rigaku»

ITo XUMHYECKOMY COCTaBy OIpPEIENCHO, YTO 00-
paser; Ne | M3rOTOBICH M3 alTIOMUHHEBOIO Je(opMu-
AMI1  ( E=0,7x10" Ia

Mapka cnnasa

pyemoro  ciuiaBa

p =2700 e/ m*
KOHCTPYKLIMOHHAs HM3KOJICTHMPOBAHHAS JUIl CBapHBIX
I2TH2M®PAIO  ( E=2x10" ITa

w1 =034); obpasery Ne 2 — cranb

KOHCTPYKLHMH ;
£ =7800 kel M 41 =0,33); obpaserr Ne3 — amromu-
A0 ( E=0,7x10" IIa

P =2700 ke/ M’ ; u=0,34).

HUM ~ TEeXHHYECKHM

>
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Mozenu 0607I04€K yCTaHABINBAINCH B CIICIHANIb-
HOM 32)KHMHOM IPHCIOCOOICHHH, HAa OJHOM M3 TOPIIOB
KOTOPBIX Peaan30BaHbl IPAHUYHBIC YCIOBHS, OMHM3KHE K
JKECTKOMY 3allEeMIICHHIO, a JIpyroi Toper cBoOOieH OT
3akperuieHnii. Ha cBoGOIHOM TOpIie KPEHMIICS aKcene-
pomerp BC 110, usmepsiionuii 4acToty KoneOaHWH 1
OJIHOBPEMEHHO BBITOIHSAIOMINI POJIb MPHCOSINHEHHON
maccel, M =347 2. —Macca akcelnepoMerpa.

l'lonyquHl,le Pe3yJabTaThbl H UX AHAJIU3

B pesynbsrare 20 3amepoB ObUTH OIpENENCHbI CPEIHHE
3HAYCHHUs HAMMCHBIICH 4YacTOThI KoJeOaHMi BCero
CIeKTpa s Tpex o0pasinoB. Pa3bpoc momxydeHHBIX
JTaHHBIX He npesbimact 3 %. s obpasma Ne 1 MeHbImas
U3 PaCIICIUICHHBIX 0e3pa3MepHBIX COOCTBEHHBIX 4acTOT
paBHa Q, =06 (Q, =4, /4,,1t0 4,
M3 PaCILEIUICHHBIX 4acTOT KonebaHuii 000I04YKu ¢ mpu-
COCIMHEHHON Maccoif, A, — yacrora KonebaHMii Hesa-

=05.

— MCHbIIAs

rpyeHHol o6omoukn). [l obpasma Ne 2 Q
Jlnst obpazua Ne3 Q| =0,4.

Taxum 00pa3oM MbI BUAUM, 4TO 3(EKT CHIDKSHHUS
MCHBILIEH 13 PaCHICTNICHHBIX CO6CTBCHHBIX qacCcTOT KO-
sebanHuii 000JI0UKH, HECYIIeH MPUCOCINHEHHYIO Maccy
3aBUCHT, KaK OT BEJIMYMHbBI MPHCOCIUHCHHOW MacChl,
TaK M OT I€OMETPUYECKHX M BOJIHOBBIX IapaMeTPOB
060)10"“(1/[. B T0 BpEMs, KaK B TPAAUITHOHHOM PCIICHUH
[7] >ddext cHuKeHNS YACTOTBI 3aBUCHUT TOJIBKO OT Be-
JINYHUHbI HpPlCOeﬂMHeHHOﬁ MaccChl.

BaaropapHocTn

PaGora BbIIOIHEHA TPH (QHHAHCOBON MOIICPKKE
PODU (rpant Ne 16-31-00045 mon_a)
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LMJTMHIPUYECKOH  00010uKOi Ha 4acToThl M (HOPMBI CBOOOIHBIX
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74-81.
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NEPCHEKTUBHBIE METO/IbI IIOJTYYEHUS U CBOMCTBA
IFETEPOMOAYJbHOU KOMIIO3UIMOHHON KEPAMUKHA B CUCTEME
SiAION-BN

Cmmpros KJL', Heenosa E.B.2, I'puropses E.I'.
'MCMAH, Yepnoronoska, Poccus, ‘kosm@ism.ac.ru;
HUSTY MU®U, Mocksa, Poccust,

A : B npeoci
MypHO2O cuHmesa u CRAapk:

20 C.

il pa60Te uccnedosansvl 3AKOHOMEpHOCmU camop

npocmp 1€20C5 BbICC

Kux komnozumos 6 cucmeme -SiAlION-BN. B pesynvmame sxcne-

PUMEHMATBHBIX UCCTe008aHUTl ObLIU GbIAGNEHbL d)akmopbz onpedensiiowjue ux niomuocme u gaszoswiii cocmas. Ionyuens 06-
Pasybl Kepamudeckux KOMRO3UMO8 ¢ PA3IUHbIM YPOGHeM niomHocmu u cooepocanuem BN u uccnedosanst ux npounocmuvie u
mpubomexnueckue Xapakmepucmuru, Cmoiikocms K mepmoyoapy.

Kntouesvie cnosa: kepamuxa, komnosum, cuanoust, Humpuo oopa, CBC, CIIC.

Bbicokasi TBEpJOCTh M IMPOYHOCTH, CTOMKOCTH K
H3HOCY U KOPPO3UH XapaKTepHbIE ISl CHAIOHOBOH Ke-
paMHKH O0OYCIOBIMBACT €€ IIMPOKOE MPUMCHEHHE B
PAa3IMYHBIX OONACTSAX TEXHHKH, HAYMHAS OT OTHEYIOp-
HBIX M3CNHIl M 10 MOAIIMIHUKOB M BBICOKONIPOYHOTO
MHCTPyMEHTa 1 MeTamnoobpaborku [1]. T'excaro-
HanpHelil BN oOnajgaer nmpekpacHbIMH DIEKTPOU30IIs-
LIMOHHBIMH XapPAaKTEPUCTUKAMH, BBICOKOH TEILIONpPO-
BOJIHOCTBIO, XUMHYECKH WHEPTEH M IPAKTHYECKH HE
CMauMBAeTCs pacIlaBaMi METAJUIOB M HEMETaJUIoB [2].
Ilpn BBegeHMH B COCTAaB KEPAMUYECKHX KOMIIO3UTOB
h-BN criocoGeH CyiiecTBEHHO MOBbILIATH HX CTOHKOCTh
K TepMoylapy U 00pabaThiBaeMOCTh OOBIYHBIM HH-
CTPYMEHTOM, CHIDKaTh KodbduimeHt tpeHus [3-5].
HauGonee mnepcrnekTHBHONW 001aCTbIO  MPUMEHEHUS
kommo3utoB f-Sis,Al,O,Ng,~BN sBisiercss usrorosie-
HHE KepaMHYeCKMX W3IeIMH i MEeTaulypruH, IIOA-
BEPrafoNINXCs IPU SKCILTyaTallil BO3IEHCTBHIO arpec-
CHBHBIX Cp€l M 3HAYUTEIBHBIX TEPMOMEXaHHYECKUX
HArpy3oK (pas/IuBHBIC U HarpeBaTeIbHbIC TPYObL, COILIA,
J103aTOpBI, KOJIBLEBBIC IMPEPHIBATENH, KOBIIM, THIJIH,
YeXJIBI JUI TePMOIIap, CEHCOPHbIE YPOBHEMEPHI U T.11.).
B npencraBnenHoil paboTe HcCieOBaHbl 2 TEpPCIHEK-
THBHBIX METO/d IOJIyYCHHUs JAaHHBIX KOMIIO3UTOB: Ca-
MOpACIPOCTPaHSIOLIUICs BBICOKOTEMIIEPATYPHbIN
cunte3 (CBC) npu BBICOKMX Ia30BBIX JIaBJIeHHsIX (10 150
MITIa) u cnapk-masmentoe crnekanue (CIIC) cmeceit u3
CBC-nopomkos f-Sis,Al,O,Ng_, 1 h-BN.

CBC mnoporukos B-Sis,AlL,O,Ng, u h-BN u coor-
BCTCTBYIOIIMX KOMIIO3UTOB ObLI OCHOBaH Ha B3aMMO-
neiictBun mopomkoB Si, Al u B ¢ a3otom B pexume
¢unpTpatmonnoro ropenus (PI). lnsa obecrneueHus
MAaKCHMAJIbHOH CTENEeHH KOHBEPCHH TOPIOYHX KOMIIO-
HEHT B COCTaB PEaKIMOHHBIX CMeceil BBOIMIICS emie
pasbaBHTeNb, B KauecTBE KOTOPOrO  IIPHMEHSIN
B-Sis.,Al,O,Ng ,, COOTBETCTBYIOIIMI TI0 AJIEMEHTHOMY
cocraBy wueneBoMy mnpoaykry, u BN. Peakumonnsie
CMeCH TOTOBHJIM B T€UeHHE 1—2 4acoB MpU CYXOM cMe-
LIEHUM B IIAPOBBIX MEJIBHULAX, OCHAIICHHBIX pa3-
MonpHO# QypruTypoii U3 SisN,. Ilpn mpamom CBC
KOMITIO3UTOB HCIOJb30BAJINCh 3arOTOBKH M3 PEaKIH-
OHHBIX ~CMecell ¢  OTHOCHTENBHOH  IUIOTHOCTBIO
0,62-0,64. CBC npoBoauin Ipu JaBlI€HUAX a30Ta 10
150 MIla B 4-X JIMTPOBOM pEaKTOpE, OCHAIIECHHBIM
KomrpeccopHoii ycranoBkoii. [Ipu CBC nopomkos st

CIEKaHHS HCXO/IHbIC PEaKIMOHHBIC CMECH TTOMEIIAINChH
B 2 JIMTPOBBIl PEaKTOp B COCTOSHUM HACBHIITHON ILIOT-
HocTH. [laBieHne a3ora npu cUHTE3e cocTaBisuio 8—10
MITa. CmecH JUlsl CHIEKaHHMsI M3 CHHTE3MPOBAHHBIX IO-
POIIKOB MPHIOTOBISUINCH HA BBICOKOCKOPOCTHOM TTa-
HETAapHOH MeNbHMIE CcO cTalnbHOH (ypHUTYpOil. B mx
COCTaB TAKKE BBOAMICS AKTHUBATOP CIEKAHUS — KOM-
Mepueckuii nopomok Y,0; (0-8 macc. %). CIIC npo-
BOJIMJIOCH Ha ycTaHoBKe Labox-625 mpu criemyrommx
TapaMeTpax: CKOpOCTh HarpeBa oOpasiia Maccoi OKoIo
0,5 rp. — 50 °C/muH, MakcuMaabHas TeMmmeparypa —
1550-1800 °C, BblgepiKa NpU MaKCUMAILHOW TeMIle-
parype — 5 MuH, npuwioxeHHas Harpyszka — 50 Mlla.
XapaKTepUCTHKH MOPOIIKOB JUISL CIIEKAHUS H3MEPSIINChH
JIa3epHBIM ~ AHAIM3aTOPOM pazmepa wactul Fritsch
Analysette 22 u aHaJIM3aTOPOM YJICIBbHOM MTOBEPXHOCTH
Sorbi-M. ®a30Bblii COCTaB TOJYyYECHHBIX KOMIIO3HTOB
HCCTeNIOBAId  HAa  PEHTICHOBCKOM  JIM(paKTOMeTpe
«/lpoH-3.0, a MHKPOCTPYKTYpY — Ha CKaHHUPYIOIIEM
anekTponHoM Mukpockorne «JEOL 6610Ly. ITnotHocTh
OIpeJie/sIach METOJIOM T'MAPOCTATHYECKOro B3BELIH-
BaHMs. V3ydeHHe MPOYHOCTHBIX XapaKTEPHCTHK (TIpe-
JIeNbl TIPOYHOCTH TIPU M3THOE M CHKATHUH) MPOBOHIHN C
TIOMOILLI0 MCIBITATENBHOM MamuHb! "Instron-5966" mo
METO/IMKAaM TPEXTOYeYHOro u3ruba, M3ruda TOHKOIO
JIUCKAa Ha KOJIBLICBOH ONOpE M OJHOOCHOIO CHKATHUSl.
O1EeHKy CTOHKOCTH KOMIIO3UTOB K TE€PMOYJIapy HpOH3-
BOJMIIM TIO U3MEPEHUI0 KPHTHYECKOTO TIepenajia TeM-
nepatyp AT, KOTOpBIii HarpeTbie 00pa3subl HcCIemye-
MOro Marepuana MOIIM BblAEpkKaTh 0e3 H3MEHEeHHs
CBOMX IIPOYHOCTHBIX XapaKTEPUCTHK IIPH 3aKajke B
npoTouHoi Boje. COOTBETCTBYIONIME AMArPaMMBI CO-
MPOTUBIISIEMOCTH TEePMUYECKUM TIOBPEKICHHUAM
(CTII-guarpamMmbl) CTPOMIIH 110 3aBHCHMOCTH OCTAaTOY-
HOM HPOYHOCTH HPU M3rube OT BEIUYMHBI Ilepernana
temmeparyp. MccienoBaHue TpHOOTEXHMYECKHX Xa-
PaKTepUCTUK (KOI(Q(PUIMEHTHI TPEHNS W M3HOCA) MPO-
BOJIMIIH TIPH HOPMAJIbHOI TeMIieparype B yCIOBHSX CY-
XOro KOHTaKTa Ha MITH(PTOAMUCKOBOM HCIBITATEIbHON
YCTaHOBKE.

H3-3a BBICOKOH TIUIOTHOCTH HCHOJB3yeMBIX IIPH
CBC 3arotoBok peanusoBath npouecc @I B nccneny-
€MBIX PEAKIMOHHBIX CHCTEMaX MOXKHO IPH JaBICHHAX
azora He Hike 30 MITa. U To1bKO NpH 1aBJICHUH OKOJIO
100 MITa @I nepexoauT B MOCIONHBIN CTAllMOHAPHBIH
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pexuM Hambosee ONArONpUATHBIM JUIS CHHTE3a MaTe-
puainos ¢ ogHopoaHoI ctpykTypoid. [Tpu CBC kepamuku
Ha OCHOBE BbICOKO3ameleHHbIX B-Sis,Al,O,Ng, (z>1)
Ha €€ CTPYKTYPY CHJIIBHOC BJIMSTHHC OKA3bIBACT TIPHUCYT-
CTBME PACIUZIABOB OKCHU0B U METAJIOB, IPUBOIAIIEE K
HEKOHTPOJIMUPYEMOH ycajke M 00pa30BaHUIO TPELIMH.
Bsenenne B cocraB ot 5 j10 15 macc. % 1o3BosieT 1o-
Jydath 00pasIpl ¢ OJHOPOAHON CTPYKTYPO TPH OHO-
BPEMEHHOM YMEHBIIICHUH HUX BHCIIHHUX FaﬁapHTOB. [Ta-
paMeTpbl PEaKIMOHHBIX CUCTEM, BIMSIOLIME HA 00BEM-
HYIO ycajKy, HCCIeIOBaINCh Ha MaTepuanax ¢ 10 macc.
% h-BN. YcraHoBII€HO, YTO HHTEHCHBHOCTH 00BEMHOI
YCagkh BO3PACTACT TIPAKTHYCCKH TIPONMOPHHUOHAIBHO
cozepxkanuio roprounx kommonent (Al, Si, B). K yse-
JHYeHHI0 00beMHOM yeaaku npu OI' Takke MpUBOAUT
YBEJIMYCHUE CTCHEHM 3aMEIICHMSl Z B 3JIEMEHTHOM
dopmyrae B-Sie,AlLO,Ng, U, COOTBETCTBEHHO, COIEp-
JKaHHs B UCX0aHOU cmecu Si0O,. BrIsiBieHa 3aBUCHMOCTh
HWHTEHCHBHOCTH OOBEMHOW YCAJKH OT JHaMerpa HC-
XofHOro obpasia. Okasagoch, 4TO CYIIECTBYIOT Kak
MHHHMAJIBHBIH, TaK ¥ MaKCHMalbHBIH IMaMETPhI, TIPH
KOTOpPBIX €€ BCIMYMHA HAYMHACT YMCHBIIATHCA, W o0ba
9T 3 dexTa MOKHO CBA3BIBATH C BIUSHUEM TEILIONO-
TEpb. st CHHTE3HPOBAHHBIX KOMIIO3UTOB
B-Sis3Al 701 7N63-BN  nccienoBamuch  cBoiicTBa U
q)yHK].lHOHaJ'IBHbIC XapaKTEPUCTHUKH. yCTaHOBHCHO, qTo
3aBUCUMOCTb UX IPOYHOCTH IIPU U3rHOE OT HOPUCTOCTH
XOpOIIO  OIKCBIBACTCS ~ W3BECTHOH  hopmyloii:
o=0yexp(-bP). 3HaucHHe mapameTpa 6, cocrasisier 240
MlIla. 3nayenne napamerpa b paBHO 4, YTO TONHOCTHIO
COIJIACyeTCs C €ro 3HAYCHHEM B AHAJIOTHYHON 3aBHCH-
MOCTH y PEaKLHOHHOCBA3aHHOrO Si3Ny. 3aBHCHMOCTB
npejieia IPOYHOCTH TP CHKATUH OT OTHOCHTEIBHOM
IUIOTHOCTH UMEET NPOCTOH JINHEHHBIN XapaKTep, T.e. OH
MOHOTOHHO Bo3pactaer oT 200 MIla y marepuaios ¢
OTHOCHTENBHOI oTHOCThIO 0,72-0,74 1o 350 Mlla y
MaTepHaIoB ¢ OTHOCUTENBLHON ioTHOCTHIO 0,87-0,89.
Amnamuz CTII-nuarpamMm rokasaj, 4To y KOMIIO3UTOB C
conepxanneM h-BN menee 15 macc. % BenuunHa KpH-
THUYECKOro mnepenaja Temneparyp AT momajaet B MH-
tepsan 500+550 °C, a ypoBeHb 0CTATOUHOI MPOYHOCTH
Ha u3ru0 mpu Ooliee BBICOKOM Iepernaje TeMmieparyp
cocrapsieT 40-50 MITa. Y KOMIIO3UTOB C BBICOKHM CO-
JCpIKaHUEM h-BN OHO3HAYHO OMNPEACINUTh BEIUYHUHY
AT ©buto 3aTpypHUTENbHO. TeM He MeHee, ypOBCHb
OCTAaTOYHOM MPOYHOCTH y HTHX MATEPUANIOB JaXe IpU
temneparypuoM nepenane 800 "C npumepro B 1,5 pasa
BBIIIC, YEM YPOBEHb OCTATOYHO IPOYHOCTH y KOMIIO-
3UTOB C MEHbIIMM cojepxanneM h-BN (puc. 1). 3Ha-
yeHue KodpduUMEHTa TpeHUs Yy  KOMIIO3UTOB
B-Sis3Al 70, 7Ng3-BN Haxogutes B npenenax 0,3+0,7.
Haunmenbiune abcomoTHbIe 3HAa4YeHHs Kod(duimenta
TPEHUs XapaKTePHBI Il KOMIIO3UTOB C BBICOKHM CO-
nepxannem h-BN (> 20 macc. %). OqHako BBICOKHIA
ypoBeHb cozepikanust h-BN  oxasbiBaeT HeraTHBHOE
BIMSHHE HA UX M3HOCOCTOMKOCTh. ONTHMAaNbHOE coue-
TaHHE TPUOOTEXHUYECKHX XapaKTEPUCTHK OOHAPYKUIN
kommnosutsl ¢ 10 macc. % h-BN. 3nauenne nx kosd-
¢uunenta tpenns cocrasiser 0,4+0,5, a koappurenta
msHoca — 7,4+9,8x10° mm*/mN u XOpOIIO COOTBET-
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CTBYET 3HaueHMsIM Kod(dunuenta uzHoca y 6omnee BbI-
COKOIUIOTHBIX KEPaMHMYECKUX MATEPHAllOB Ha OCHOBE
creuennoro f3-Sig,Al,O,Ng., (6,9%15X10’5 mm3/m~N) "
Ha OCHOBE TOPSYCTIPECCOBAHHOTO KomIo3uTa SizNy ¢ 10
mace. % h-BN (7,8x10° mm*/m-N) [6]. Curresupo-
BaHHbIE KOMIIO3UTHI X0OPOLIO 00padarsiBaiach TBEPIO-
CIUIaBHBIM PEXYIIUM HMHCTPyMEHTOM Ha ocHoBe WC.
HCKOTOPBIC W3 TOJTYYCHHBIX TaKHUM 06p8.30M H3I[CJ'II/I]7|
(comuia 1st pasIMBKU MeTanna ¥ GyTepOBOYHbIE TITHTEL)
MOKa3aHbl Ha pHC. 2.

G, MMa
150

100

50

0 200 400 600 800 1000 AT, °C
Puc. 1. CTII-qnarpamma kommosnta B-Siy3Al; ;01 ;Ng3—BN:
o - 10 mace. % BN, p,,,= 0,83-0,85;

o =23 mace. % BN, p,,=0,72-0,74.

Puc. 2. W3aennst u3 Komno3utos cucreme B-Siy3Al 707N 3—BN:
conuia sl Pa3JIHBKH MeTa/l1a u QyTepoBoYHbIe IIHTHI.

CuntesupoBannsie nopouku B-SisAION; u h-BN
He cofiepyKany MPUMECHBIX (a3 U UMeNH yAeTbHYIO 0-
Bepxuocts 1,3 M%/rp 1 9,8 MY/rp, coorsercraenno. Ilo-
clie TIPUTOTOBJICHUS B BBICOKOCKOPOCTHOW MENbHHIIE
cMeceil A CIeKaHus MX y/elbHas IMOBEPXHOCTh BO3-
pacrana npumepHo B 4-6 pas. Ilpu CIIC kepamuku u3
yuctoro B-SisAION; oTueT/IMBOE yBEINUEHHE CKOPOCTH
JIMHEHHOH ycaaku (OTHOLICHHE W3MEHCHHS BBICOTHI
o0pasia K HaualbHOW BBICOTE, C y4ETOM DACHIMPEHHS
rpadUTOBBIX MyaHCOHOB) Habmoanock okono 1400 °C,
YTO MOKET OBITh CBSI3aHO C 00pa30BaHHUEM JKHKO B-
TektHkH ¢ ydactieM SiO, u AL Oj, IpUCYTCTBYIOMINX HA
MOBEPXHOCTH CHHTE3HpOBaHHOro mnopomka. C yBemu-
YeHHEM MaKCHMaJbHOH TeMIIepaTyphl criekanus ¢ 1550
0 1800 °C oTrHOCHTENBHAS TIOTHOCTH CIICUYECHHBIX 00-
Pa3LoB MOCTENEHHO yBeauuuBaercs ot 75 10 87 %. Ilpu
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MaKcHMalbHOH Temneparype cnekanus 1750 °C u Bbime
B (ha30BOM COCTABE CIICUCHHOI KePAMUKH IIPUCYTCTBYET
Hekortopoe kostmdectBo AIN, 4To SBJIsSETCS CBHIETEIb-
CTBOM Da3lIOXKEHHs (JIMCCOLMAINH) CHATOHOBOH (a3bl.
D10 K€ MOATBEPIKIaeT HEKOTOPOE MOBBILICHHE Ia30BOT0O
JIaBJICHHS B KaMepe CIeKaHHs, HaOJlrojaeMoe HaulHas ¢
Temreparypsl 1600 °C u o0yciioBlieHHOE BBIOPOCOM
ra3000pa3HBIX IPOLYKTOB 3TOH Juccommarnmu. K m3me-
HEHHIO (a30BOTO COCTaBAa AMCCOIMAIMSA IIPHUBOIHT
TOJBKO B CHEKAEMBIX MAaTEpHAIaX € OTHOCUTEIBHOM
mioTHOCTBIO MeHee 87 %. Ilpu cnekanun Gosee rioT-
HBIX MaTepuanax, He MMEIOIIUX OTKPBITOH HOPUCTOCTH,
npornece paznoxenus P-SisAION; MonHOCTBIO MOAaB-
nsiercst. Beenenne Y,03; 3aMETHO yBETMYMBACT MHTCH-
cuBHOCTD criekanuu B-SisAION; npu Temmeparype Bbl-
me 1400 °C, T.e. nocie o0pa3oBaHUEM KUJIKOW IBTEK-
THKH C YYaCTHEM OKCHJIHBIX COCAMHEHHUH. JloCTIKeHHEe
TUIOTHOCTH OJIM3KOI K TEOPETHYECKOH BO3MOXKHO TIPH
nobaske 5 macc. % Y,0;3. Beenenne h-BN Taxke crmo-
cOOCTBYET MOITy4eHHIO G0JIee INIOTHBIX MATEPHAIOB IIPH
CIIC, HO MexaHM3M JICHCTBUs JaHHOTO COCJMHECHMS
apasercss ApyruM. h-BN ymydimaer npeccyemocTs crie-
KaeMbIX MOPOILIKOBBIX cMeceil. Cpasy mociie HaJlOKeHHs
nasnenus B 50 MIla npu 600 °C HauanbHas OTHOCH-
TelbHas IIIOTHOCTh KOMIakTa U3 cmeceii ¢ 30 mace. %
h-BN mnpessimaer 0,80, B To BpeMmsi Kak KOMIIAKTa M3
yucroro B-SisAION; ona Haxomutcs BOmm3u 0,60. Oxn-
HOBPEMEHHO, C MOBbILICHHEM cojepxkanus h-BN
YMEHBLIACTCS BKJIAJ B YIUIOTHGHHE IMPOLECCOB, CBS-
3aHHBIX 00Pa30BAHMEM JKHJIKON 3BTEKTHKH C y4acTHEM
okcuaHbIX coenuuennil. Ilpu conepxanmm 30 mace. %
h-BN Ha 3aBHCHMOCTSIX YIUIOTHEHHS OT TEMIIEPaTyphbl
HPAKTHYECKU HE OTMEYACTCs YBEINYCHUS UHTCHCHBHO-
¢ty cnekanuu npu poctmwxenun 1400 C u 3a cuer BBe-
JICHUs aKTHBaTopa crekanus Y,0;. B jmaHHOM ciydae
MEJIKHE YelryiiuaTble 4acTUIBl HECMAauHBAEMOTO OKCH-
nHbIMH  paciuiaBaMi h-BN mpakTHYeCKH MOIHOCTBIO
n3onupytoT yactuipl B-SisAION, apyr ot npyra. Ecre-
CTBEHHO, 4TO B II0JI00HBIX CHCTEMaX BKJIAJ IIPOIECCOB C
Y4acTHEM XKUAKOH (ha3bl B KOHCOTHMAALMIO MOXKET OBITh
CHJIBHO HuBenupoBaH. ¥ obpasuos ¢ 10 u 20 macc. %
h-BN mnpoueccsl, cBs3aHHble ¢ 00pa30BaHHEM KUIKOM
9BTEKTHUKH, TIPOSBISIOTCS CIIe JOCTaTOYHO OTYCTIMBO,
HO B OTIMYHE OT CNEKaHWs OOpa3loB M3 HYHCTOrO
B-SisAION; oTHOCHTENbHAS TNIOTHOCTH ONM3Kas K TEO-
pPETHYECKOI MOKeT ObITh JOCTHUIHyTa U 0e3 BBEICHUS
akTuBaTopa Y,0s. YpOoBEHb OTHOCUTEIBHOH MJIOTHOCTH
SIBIISIETCS ONPEIEIISIONIM TTapaMeTPOM JUIsl TIPOYHOCTH
TIpH N3THOE CTICYCHHBIX KOMIO3UTOB (puc. 3). Biansuue
ke copepskanus h-BN 1pu ero BappbupoBaHUH B COCTABE
kommnosura or 0 no 30 macc. % Ha NPOYHOCTHBIC Xa-
PAKTEPUCTHKH OTHOCUTEIILHO HEBEIMKO (pHC. 4).
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Puc. 4. 3aBHCHMOCTD NPOYHOCTH NPH H3rHOE KOMIIO3UTA
B-SisAION;-BN ot coaepxanust BN (py,,=0,95-0,98).
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DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

MNPOEKTHPOBAHHUE U PACYET HA ITIPOYHOCTb NAHEJIM OBLIUBKHU
YHHUBEPCAJIBHOI'O CHHACATEJIBHOI'O CPEJCTBA, PAGOTAIOLIEI'O B
9KCTPEMAJIBHBIX APKTHYECKHUX YCJIIOBUAX

Comsies }0.0.1, Jlypse CA., Jynuenko AAZ By3nuk B.M.2, Komrypuna AA?
"MITPMM PAH, Mocksa, Pocens; *yos@iam.ras.ru;
ZMAI/I, Mocksa, Poccust;
3®I'YII BUAM, Mocksa, Poceus;
*HI'TY um. P.E. Anexceesa, Hikuuit Hosropon, Poceus;

A : Ilpeoc MemoOUKa  aHATUMUYecko20 NPOEKMUPOSAHUA U  6blO0PA  ONMUMATLHOL  2eomempu
COHOBUY-NAHEN U3 CIEKIONIACIMUKA ¢ MENNOUS0IAYUOHHBIM 3ANOTHUMENEM U C HAPYICHBIM MEno: M HOKp
TIpoexmupyemas naneitb Modicem PUMEHAMbCS 6 Kadecmee 0OuuUKU CnacamenbHblx mpaHcnopmHblxX cpeocms, pabomaiuux 6
apkmuueckux ycnoguax. Jlis naii 020 6ap namenu nposoOUMCs NPOGEPOUHOE YUCTEHHOE MOOENUPOsa-
Hue, noomeepaicoaroujee pe3ybmanmbvl AHATUMUYECKUX PAcyemnos.

Knrouegvie cnosa: nanens obuusK, cnac 0e cpedcmeo, npo P pacuem Ha RPOYHOCMb, MENo3auUMa
Beenenne JIO3AIUTHOIO CJIOS I03BOJIAET MCIIOJIb30BaTh B Kaue-

CTBe KOHCTPYKIIMOHHOTO MaTepHajna IMaHeIH CTeKJIOo-
TUIACTUK C OTHOCHTEIBHO HM3KOH paboueii Temmepary-
poii. DTuM obecreunBaeTcss BBIMIPHINI MO Macce, IO
CPaBHECHUIO C aHAJIOTUYHBIMUA KOHCTPYKUUAMU U3 ME-
TaJlIa, KOTOpPbIe MOI'YT OBITh AJIbTEPHATHBHBIMU pellle-
HUSMM JUIS CO3/IaHMS HCCIIEAYEeMOro KIacca MallMH.
Jlpyrum  anbTEpHATHBHLIM BapUAaHTOM SBIISIETCS MC-
I0JIb30BAHUE BMECTO TEIUIO3ALIUTHOIO IMOKPBITHSA CH-
CTEMBI OpOLICHHs 3a00pTHOI BoJoi. B stoM cityuae
MOBEPXHOCTh MOJIMMEPHOH KOMIIO3UTHOH OOIIMBKU
MalllWHbl JIOJDKHA HENPEPBIBHO OMBIBATHCA BOHOﬁ BO
uzbexanue neperpesa. Henocratkom 3xech siBaseTcs
TpeOOBaHHE 10 BBICOKOH HAJEKHOCTU M CIOKHOCTU
TAaKOH CHCTEMBI OPOIICHHMS, B TOM YHCIIE B YCIOBHAX
JBVDKCHUA TI0 JIBY.

B Hacrosiiiee Bpemsi, B CBSI3H C PACHUINPEHHEM HC-
ClIeI0BaHUil U pa3pabOTOK Ha TEPPUTOPUSIX APKTHKH,
CBSI3AHHBIX, B TOM YHCJIE, C 3ajauaMy HedTe00bIBat0-
el oTpacnu, aKTyaabHOH ABJIsETCA pa3paboTka cria-
CaTeNbHBIX TPAHCIIOPTHBIX CPEJICTB, CMIOCOOHBIX (yHK-
LHMOHUPOBATh B HKCTpeMalbHbIX ycnoBusix Kpaiinero
Cesepa. IIpumensiemble MaTepHaabl U KOHCTPYKIHOH-
HBIE CXEMBI B TaKHX CHACATEbHBIX CHCTeMaX (IIUTHOT-
Kax, MIOTAxX, BE3AEX0aX U T.I1.) JODKHBI 00€CIeunBaTh
UX HAaJ@XKHYI0 pabOTy B YCIOBHSIX JUINTEILHOTO BO3-
JICHCTBHS  TIPEJICNIBHO  HU3KMX TEMIICPATYp, BBICOKOH
BIIQKHOCTH, MOPCKOH BOJIbI, HHTCHCUBHBIX MEXaHHUeE-
CKHX HArpy3oK, CBSI3aHHBIX C BBICOKOCKOPOCTHBIM
CIlyCKOM Ha BOZY WJIHM ¢ yxapamu o0 sien u T.11. Jlomnoi-
HUTENbHBIC TPEOOBAHMA K KOHCTPYKIHMH HaKJIajbIBa-
jotcst crienuduKoil cracaTebHbIX paboT, MPOBOAMMBIX
NPH YPE3BBIYAHHBIX CHTYAIMsX Ha HE(QTAHBIX IUIaT-
(dopmax: TpHMEHsAEMbIe  CracaTeNbHBIE  CPEACTBA
JIOJDKHBI 00ECHIeUNTh BEDKHBAHHE HKUIIAKA B yCIOBUAX
JIBIKCHHS B IATHE ropsiuiei nedpru.  IIpu sTom sxena-
TEJIBHO 00CCTIEUYHTh PEMOHTONPUIOHOCTh KOHCTPYK-
MK CTIACaTeIbHOrO CPEICTBA, TAK KaK CTOMMOCTH MpPH-
oOpeTeHns HOBOIl CMHMIIBI TEXHUKH SIBIACTCS JOCTa-
TOYHO BBICOKOM. Takyke MMeeT MeCTo OrpaHHyYeHHE Mo
Macce KOHCTPYKIMH, CBSI3AHHOE C OrPaHMYEHHOH BO3-
MOYHOCTBIO Pa3MEIIEHHS CMACATETbHBIX CPEJCTB HA Puc. 1. O6muii BUJ yHHBEPCAIbLHOI0 CNACATEILHOI0 CPEACTBA.
TPAHCHIOPTHPYIOMINX CyaaX U Ha GypOBBIX MIaThopMax.

3ayaueil HacTosell paboThI ABJIsCTCS pa3paboTka
M TECTHPOBAHUE METOJMKM HPOCKTHPOBAHMS MaHeseit PaccMaTpHBaeM COHABUY-IAHEIb, COCTOSIIYIO H3
OOIIMBKH CIACATENBHBIX CPE/ICTB, NPEAHA3HAYCHHBIX  jpyX HECYLMX CIOEB, PA3ICICHHBIX TOQPUPOBAHHBIM
1t paGoTBI B APKTHYECKHX YenoBusx. [IpuMep Takoro  saponmmrenem (puc. 2). BHyTpH MaHemu pacioioker
pa3padaThiBACMOr0  TPAHCIOPTHOTO CPEACTBA NP~ 1e/OM3ONISIMOHHBII BOMTOKHUCTEI marepuain. Bepxuss
craBieH Ha puc. 1. Mbl paccvarpuBaeM IIOCKYIO Ia- MOBEPXHOCTh TAHEM 3allMIIEHa TEeMIO3alUTHEIM T0-
HEJlb ¢ TOGPHPOBAHHBIM 3ATIONHUTENCM, BHYTPH KOTO-  kppityem Tommuuol. Hecyiue ciou i ro(pHupoBaHHbIA
POTO  PacrioiaraeTcs TEIVION30MMPYIOUM  BOJIOKHH-  sapojpuTelh  BHINONHACTCA M3  KOHCTPYKIHMOHHOIO
CThIH MaTepual, a CHapy)KH TNaHeNb 3aUMIIACTCA Tell-  CrekIOMIACTHKA HA OCHOBE TEPMOCTOMKOTO SMOKCHI-
JIO3AIIMTHBIM TOKPhITHEM. TaKas KOHCTPYKUUS NAHEIH  Horo CBA3YIOWIETO ¢ TeMIEpaTypoii aecTpykun 600 °C.
T03BOIACT  0GECHCUHTh  TCIUIO3AIUTY BHYTPCHHEIO  Tergo3alliTHOC NOKPHITHE BBIIONHSCTCS M3 aGsLi-
HPOCTPAHCTBA TPAHCIIOPTHOTO CPEACTBA M MCIOIB30-  OoHHOro CTEKIOILUIACTHKA C elue Ooliee BBICOKOH TemIe-
BaTh MAHE/b B KAYECTBE HECYLICrO DJIEMEHTA B YCIO-  parypoif sectpykin 1100 °C. DdeKTsl yHoca Macchi
BUSIX MHTCHCHBHOIO Harpea. Hanuuue BHEIHErO Te-  ppy nepoHayanbHOM NPOCKTHPOBAHMH MAHCMH HE

MeToauKka NpOEeKTHPOBAHUS
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YYHUTBIBAIOTCS. B kauectBe TCMIIOU30JIAIMHA HCTIOIb3Y-
©TCsl BOJIOKHHUCTBIM MaTepuall Ha OCHOBE MHHEpalIbHON
BaThbl.

| [
l‘ft
he
|
i1

2p
Puc. 2. Ilepuoanyeckuii 31eMeHT NaHe M ¢ roppHPOBAHHBIM 32-
TOJIHHTE/IeM ¢ TEeNJIOH30/IsIHel H BHEIIHHM TerJI03alHTHBIM
cioem.

ﬂpn TIPOBEICHUHN TIPOCKTHPOBAHHUSA W ONTHMH3aA-
IUHA TCOMETPHUH TNAHCITH HCJ’IGBOﬁ CI)yHKHI/ISﬁ ABJISICTCA
Macca CIAMHHIBI e IUIONAn, KOTOpas JOJDKHA OBITh
MUHHMaJIbHON. VICKOMBIMU NapaMeTpaMH HpPHHHMaeM
IIECTh F€OMETPUYECKHX XapaKTePUCTUK HaHeIu: {1, K,
t., ty dj p} (cM. puc. 2). Bee ocTanbHble pa3meph TaHe
MOTyT OBITh HaliIeHBI Uepe3 HTH napameTpsl. B xauectse
OrpaHUYCHUM NPY MOUCKE HCIHOJIL3YIOTCS TpeOOBaHUS
10 TEIUIO3allUTe, TEPMOCTOMKOCTH M NMPOYHOCTU. DTH
OrpaHHU4CHHUSA, HaKJIabIBACMBIC Ha XapaKTCPUCTHKH
naHenu, (HOpMyJIMPYIOTCS Ha OCHOBE 3a1aHHBIX YCIIOBHIA
MEXaHUYECKOI'0 U TEIUIOBOI'O HArpy>KE€HUs U C UCIIOJb-
30BaHUEM HM3BECTHBIX AHAIUTHYCCKHX DEIICHUH COOT-
BETCTBYIOIMX 3a]a4 TCIIOGU3UKH U CTPOHTEIBHOM
MECXaHUKH. HpI/I OLICHKE MPOYHOCTH Y4YHTBIBACTCA, YTO
paspyllIeHUE MaHEIH MOXKET INPOUCXOAUTH BCIIECACTBUE
MPEBBILEHHUS JOIYCTUMBIX 3HAYCHUH HaNpsHKEHUH B
CIIOSAX TIAHENH MM BCJIEJCTBHE OOIIEH M MECTHOH To-
TepU yCTDﬁqHBOCTH. O6BI‘{HO, JUIA  AHAJIOTHYHBIX
CSHI{BH'{-HHHCHCﬁ yciaoBue 10 O6H_leﬁ TIPOYHOCTH
MOKHO HE€ Y4YUTbhIBaTb, OJHAKO B paccMaTpruBacMOM
cllyyae BaKHOCThb y4eTa 3TOTO YCIOBHS ONpENEIACTCS
HAJIMYHEM CIa00T0 CII0S TETIO3aIUTHOTO MOKPBITHS.

PesyabTarhl

[To pesymbTaTaM pacyeTOB ONMPE/IC/ICHA OINTH-
MalJilbHasi TE€OMETpHUs MAaHEH, MO3BOJIAOIIAs YI0BJIE-
TBOPHTH BCeM C(OPMYJIMPOBAHHBIM TPEOOBAHUAM U
orpaHnyueHusIM (puc. 3).

Puc. 1. Haiiiennplii ONTHMAIBLHBIH BADHAHT reOMeTPHH NaHeTH

VcTaHOBNICHO, YTO B paMKax c(OpMy/IHPOBAHHON

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

KOHLCHINHU TEIUIO3AINUTEl KOHCTPYKINH, HCOﬁXOI[PlMO
HCIIONIB30BaTh MOKPHITHE JOCTATOYHO OONBLIONH TOI-
UIUHBL, YTO IIPUBOJAUT K 3HAYUTECIIbHOMY YBEIIMYCHUIO eé
Mmaccel. ONTHManbHbIH TOQPHPOBAHHBIH 3aIIONTHUTENH
obuagaer TpeyronbHOi GopMoii U GOJIBIION TONIMHON
CTEHOK, JUIs OOeCTedyeHHs NMPOYHOCTH TIPH YAAPHOM
HarpyxeHuu. [ HailJIeHHOro BapuaHTa HaHEIM IIpo-
BEJICHBl UYHCIICHHBIC PAacyeThl B cHUCTeMe Ansys, HOI-
TBEPIKIAFOIINE PE3YIbTaThl IPOSKTUPOBAHNUS (PHC. 4).

Puc. 1. HekoTopbie pe3yabTaThl
PpoBanus, a: TeMJIOBbIE PacyeThbl, 6: MOIIHPOBAHHE MECTHOI 10~
TepH YCTOHYMBOCTH.

THOTO

BobiBO/BI

Vcronb3ys aHaJINTHYECKHE METOJbI HPOEKTHUPO-
BaHUS MOXKHO B KOPOTKHE CPOKHM IIPOBOAUTH aHAIU3
GOHBUJOTO YHCJia BApUAHTOB Nr€OMETPHUHN KOHCTPYKIIUH U
0T6I/IpaTB HaI/I6OHCC TICPCIICKTUBHBIC M3 HHUX. B wnacro-
sumeii paGore u3 Gomee uem 10° BApHAHTOB reoMeTpUH
nmaHenu OOWIMBKU ObLI BBIOpAH OZMH Hambosiee ONTH-
MaJIbHBIH, ¥ Ha OCHOBE YMCIEHHOIO pacyera Obuia Io-
KazaHa ero yAOBJIETBOPUTENbHAs padoTa MOJ Harpys-
koit. OHaKo, 3amachl MO CTATHYECKOH HPOYHOCTH U
YCTOMYMBOCTH ISl HAMJICHHOM ONTHMAaJbHOI reoMer-
MU TIaHENM OKA3aJMCh 3aBBILICHBI M3-3a €& OOJIBLION
TOJIIMHBI, HEOOXOAMMOH I oOecredeHus: Termno3a-
IIUTBI BHYTPEHHETO MPOCTPAHCTBA MAIIMHBI. Hanuuue
TOJICTOI'O TEIUIO3AIIUTHOIO IMOKPBITHS, HeO6X0ﬂl/lMOF0
JUISL TEIUIO3AIUThl KOHCTPYKIMH, IPUBEIO K 3HAYH-
TEILHOMY YBEJIHUCHHIO TIOTOHHON Macchl. BO3MOXKHBIM
AJIBTCPHATHBHBIM BAPUAHTOM PCEIICHHA pacCMaTpUBaC-
MOU HpOoOIEeMBbI MOKET CTAaThU HCIOJIL30BAHHE CHCTEM
opolieHust 3a00pPTHOI BOJOH IOBEPXHOCTH MAalIMHBI
MpH  JBIKCHUU B ropsmed HepTH. DTO TO3BOJIUT
YMEHBIINUTL TOJIIWHY TEIUIO3ALUIUThI U CHU3UTH Maccy
0o0muBKK He MeHee yeM Ha 30%.
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DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

HCCJIEJOBAHUE CTOMKOCTH 3JIEMEHTOB JIA U3 KEPAMUYECKHUX
MATEPHAJIOB K YJIAPHBIM HATPY3KAM

Craposepos A.A.", Henosuuupix B.M, XamumaesA.C., ATtpomenko B.®.
I'HIL Pd AO «OHIIIT «Texuonorus» um. A.I'. Pomammna, r. O6uunck Poccust

i1 O i u3 KUX

A : Tp 3UPOGAHDL pe3 uc

r 72 086, U320m X no

MEXHON02UU X0N00HO20 WIUKEPHO0 UMb, NPU NPOBEOEHUU 2UOPOONPECCOBKU, UCHLIMANUL 00PA3Y08 HA U32UO, UCHLIMAHUL HA

yoap wiapurkom

cuoea:

IIpu BeIGOpe MaTepuasa st CO3AAHUS PAANO-
npo3pavnbix jgeraieii JIA ocoObIMH IPEHMYLIECTBAMU
HOJB3YeTC KepaMHKa, IOCKOJIbKY 00JIafaeT Cleiyro-
IIUMH CBOMCTBaMH:

- BBICOKHE MEXaHUUECKHE XapaKTEPHCTHKH;

- HU3Kasl TEILIOIPOBOIHOCTD;

- BBICOKAsl TEPMOCTOHKOCTS;

- BBICOKasl KOPPO3HOHHAs YCTOHYNBOCTE;

- CTaOMIBHOCTH JMAJIEKTPUUECKOI NpOHMIae-
MOCTH;

- OTHOCHTEJILHO HEBBICOKMil TAHTGHC yIja au-
SNEKTPHIECKHX HOTEPb.

OJHaKo KepaMHKa 00J1afaeT ¥ HEeJOCTaTKaMM:
XPYIKOCTb M HH3Kas TPEIMHOCTOHKOCTb, KOTOpas MO-
JKeT MPUBECTU K PA3PyIICHUIO IeTasIei.

JlaHHBIC CBOWCTBA KEpaMHKH HEOOXOIMMO
YUHTHIBaTh HE TOJNBKO IMPH SKCILTyaTallHH, HO M B IPO-
LIECCe U3TOTOBJICHHS JaHHBIX JeTaleH.

OreHKa CTOUKOCTU JieTalell U3 KepaMHYECKUX
MaTepHaoB K SKCILTyaTallMOHHBIM BO3JCHCTBHSAM HpPO-
U3BOUTCS HECKONBKMMH METOJaMU: TEILIOBBIMH K
TEIUIONPOYHOCTHBIMU ~ UCTBITAHUSIMH,  OTIPECCOBKOIA,
BHOpaIMel, CITyJaifHbIM y1apoM U T.1.

B nanHO#i paboTe NmpoaHaTU3UPOBAHBI MPOY-
HOCTHBIC XapPaKTEPUCTUKU JeTaleil M3 KepaMHUeCKUX
MaTepHasoB, H3TOTOBICHHBIX IO TEXHOJIOIMH XOJOA-
HOTO HIIMKEPHOTO JIUThsS, TI0 Pe3y/IbTaTaM MPOBEACHHU
CIIC/LYIOIIMX UCIIBITAHUIH:

- THAPOOIIPECCOBKA;

- HCTIBITaHUs 00Pa3I0B Ha H3THO;

- yZap IapuKoM.

Llens paGoTBl yTOYHHTH BIMSIHHE CTPYKTYpPBbI
MaTepHaoB Ha IIPOYHOCTHBIE XapAKTEPHCTHKH JeTaIel

1. MicnibITanus THIpOOIPECCOBKOM.

JlaHHBIE HCHBITAaHUS TPOBOAMWINCH ITyTEM CO-
3JaHMS. BHYTPH H3/1eIUsi M30BITOYHOTO [TaBJICHHS BOJBI
C IMOMOIIBI0 MHEBMOrHpoycuiantesas. OCoOeHHOCThIO
JIAHHBIX WCIBITAaHWH SBISETCA TO, YTO JABJICHUE HOJ-
HHUMAJoCh 1O KPHTHUYECKOTO, MPU KOTOPOM H3JeNHe
paspymanocs. VcnblTaHuS IPOBOAMINCE KaK Ha M3zie-
JMSIX U3 KBAapLEBON KepaMUKH, TaK U Ha U3JCIHAX U3
CTEKJIOKEPAMHUKU.

B pesynbTare HCHBITaHHI BBIABJICHO, YTO
YacTh HM3JENUH TNPH OTCYTCTBHH AE(EKTOB paspyIia-

Jiumoe, KOMRO3UYUOHHbLE Mamepuaibsl, 08(1)0[2/”1,{[7060””6, paspyuienue.

JIMCb, HE J0CTUras JaBJICHHUS,
YCTaHOBJICHHBIM HAIIPAKCHUSAM.

2. Ucribitanue o0pasios.

B xozme paboTel ObumH oOCnenoBaHBI Oonee
2000 craHmapTHBIX OOpA3LOB M3 CTEKIOKEPAMHKH.
Cnavana 00pa3ibl 00CIe0BaTNCh METOAMH Hepaspy-
MIAIONIEr0 KOHTPOIS Ha Haiuuuue aedekToB, 3aTeM
MPOBOMIINCH HCIIBITAHUS Ha TIPOYHOCTH IIpH U3rube.
BBIOOpOYHO NPOBOAMIICS PEHTIEHOCTPYKTYPHBIH aHa-
113 00pasLoB.

B xo/1e paGoThl GbUIO YCTAHOBIICHO, YTO OKOJIO
7% o00pa3sLoB, y KOTOPBIX IO pe3yibTaTaM Hepaspy-
MIAOIIETO KOHTPOJIA U PEHTTeHOCTPYKTYPHOTO aHAIN3a
He OBUTH BBISBICHBI HCQJCKTBI, HUMEIH TPOYHOCTH Ha
M3rub HIKE YCTAHOBJICHHBIX TPeOOBAHMUIL.

3. UcnbITaHus Ha yaap IapuKkoM.

MerToJ 3aKITF0YAeTCA B OIEHKE YCTOHYHMBOCTH
HUCTIBITYEMOI'0 U3JEJINA K yIapHOMY KOHTaKTHOMY BO3-
JEUCTBUIO. Yap HAHOCHUTCS M0 HOPMAIM K HOBEPXHO-
CTH M3/1eJUst 1IPU CBOOO/IHOM I1aJICHUH CTAIBHOIO 11apa
C 3aJJaHHOH BBICOTHI.

YCTOWUMBOCTE K yJIapHOMY — KOHTaKTHOMY
BO3/IEHCTBUIO OLEHUBAIOT MO KPUTUUYECKON BHICOTE Ma-
JIeHUsl MeTaJuIM4ecKoro mapa. Kpuruueckas BbicoTa —
MaKCHMallbHasl BHICOTA IaJICHUS IIapa, IIPH KOTOPOH He
BBISBIISICTCS TIOBPEKJCHUE H3/EIUA METOJIaMH Hepas-
PYLIAIOLIETO KOHTPOJISL.

Ilpu cpaBHEHMM KPUTHYECKHMX BBICOT JUISi
KBapIEBON KePaMHKH M CTCKIOKEPAMUKH OKa3aJoch,
YTO OHH COMOCTAaBUMBI. XOTs KBapueBas KepamuKka 3TO
amMop(HBII MaTepuan, a CTEKIOKepaMHMKa — IUIOTHO-
CIEUeHBIH MaTepHal ¢ MOIMKPHCTAJUIMYECKOH CTpyK-
TYpOii.

COOTBETCTBYIOLIETO

B xoae sTHX paboT YCTAHOBJIEHO, YTO HEKO-
TOpBIe AeTanu (0OpasIbl) MMEIOT HU3KHE MPOYHOCTHbIE
XapaKTepPUCTHKH, HECMOTPSI HA OTCYTCTBHE JE()EKTOB.
TIpHYUHBI HTOTO HE OPEICICHBIL.

1. Tusunckuii 10.E., Cysnansues E.JM. Kpapuesas kepamuka u
orueynopsl. Tom 1 TeopeTHueckie OCHOBBI H TEXHOIOTHUECKHE MPO-
necchl. 2005. 681c.

2. Cysnansue EJM. CuHTE3 BBICOKOTEPMOCTOWKHMX, PagHONpo-
3pauHbIX CTEKIOKEPAMHYECKHX MaTepHaloB H Pa3paboTKa TEXHONO-
THH H3TOTOBJICHHS HA UX OCHOBE OOTeKaTesieii JIeTaTesbHbIX armapa-
ToB. 2002. 32¢.

178



LE®OPMUPOBAHWE U PA3PYILIEHUE KOMIMOSULIMOHHbIX MATEPUAIOB Y KOHCTPYKLIMA
DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

B3AMMOCBS3b CTPOEHUS U MEXAHUYECKHAX CBOMCTB
TEKCTUJIBbHO-APMHUPOBAHHBIX KOMITIO3UIIMOHHBIX MATEPUAJIOB

x
Cromspos O.H."", Mensnnkos B.E.'
! Canxr-TletepGyprekmit mommTexmmaeckmii yansepcutet [letpa Bemikoro, Cankt-Ietep6ypr, Poccns;
*oleg.stolyarov(@rambler.ru.

AHHOTaul/lﬂ: Pacc,\mmpeubl B0NPOCHL, CEA3AHHbIE CO CMPOCHUEM apMUPYIOUUX MEKCMUIbHbIX NOJTOMeH U UX 63au-
MOCB513b ¢ MEXAHUHECKUMU CEOUCMEAMU KOHCMPYKYUOHHbBIX KOMNO3UMO6 HA UX OCHO6e. Ha npumepe KOMRnO3UYyuoOHHO20 mMame-
puana c ’p oil 1p v, apmup 020 OCHOBOBA3AHBbIM NOJOMHOM C npD'lODK,’EHHbl/\ill BblCOKONPOYHBIMU CIMEKIISIH-
HbIMU U yzacpu()Hbmu POsUHeAMU, NPOAHATUIUPOBAHA 63AUMOCEA3b CIMPOCHUA U ce0ticms. PLJ’ IKC X
UCCIEO0BaHUTI OMYEMAUBO NOKA3ATU CyujecmeeHHoe 6l1usAHue, Kak muna nepenjiemenusd, maxk u 6uoa ucnoxlbzyawoaa apmupyro-
we2o posurea, Ha MexaHu4eckue ceoticmea 05])(131403 KOMNO3UYUOHHBIX MAMEPUANOE.

Knrwoueswvie crosa: KOMRO3UYUOHHbLE Mamepuaisl, MeKCMulbHoe apmMuposearnue, MexaHuieckKue ceaﬁc'msa, cmpykmypa.

Beenenne

CaMbIM TIEpBBIM 3BEHOM B YKa3aHHOI IEMOYKE
CTOAT BOJIOKHA, MPEACTABIISIOINE CO00i rHOKHE TOHKHE
Tena OrPaHMYCHHOM JUIMHBI B HECKOJIBKO JECATKOB
MHILUIMMETPOB C MaJIbIMH IIOIEPEUHBIMH pazMepami [4].
OHM JIerKo  mepepadaThIBAlOTCS B Pa3HOOOPa3HYIO
npsoKy. BTOpBIM 271€MEHTOB B MEpapXUUYECKON HEermoyke
CTPOCHHUST BOJOKHHCTBIX MAaTCPUANIOB SIBISIIOTCS HHUTU
[4]. TexcrunbHble HHUTH, TaKXKe KaKk M BOJIOKHA,
XapaKTepU3yIOTCA MallbIMH ITOIEPEUHBIME Pa3MepaMH,
HO B OTIMYHE OT HUX HUMEIOT 3HAYHTEIBHYIO
HETIPEPBIBHYIO JUTMHY (COTHM WJIM TBICSYH METPOB).
Hutn Moryr ObIThb Kak »3JIEMEHTapHbIMM, TaK U
KOMIUICKCHBIMH. TaKKe OJHHM U3 OCHOBHBIX BHIOB
TEKCTHIBHBIX HUTEH SABIACTCS TpshKa, COCTOSAIIAS
HEMOCPEJICTBEHHO M3 BOJOKOH,  CKPEIUICHHBIX
OIPECICHHBIM CIIOCOOOM (HAIpUMeEp, CKPYUYUBAHHEM).
CreyIomyM 31eMEeHTOB B LIENIOYKE CTOAT TeKCTHIIbHbIC
TOJIOTHA, KOTOPBhIE BBIPAOATHIBAIOTCS HETOCPEICTBEHHO
U3 BOJOKOH W HuTel [S]. TexcTuibHble mOTOTHA
OXBAaTBIBAIOT LIMPOKMIl JUANA30H CTPYKTYp — TKAHBIX,
BSI3aHBIX, IUICTCHBIX, HETKAHBIX, 4 TAK)KE Pa3HOOOpa3HbIe
MHOTOOCHBIE M MHOTOCJIOHHBIC IIPOIIUTHIE MOJOTHA.
TeKCTHIIbHBIC MOJIOTHA MOTYT M3rOTABIMBATBCS KaK M3
MEepEeIVIeTeHHbIX ~ HEMpEephIBHBIX ~ HHUTEH  (TKaHble,
BsI3aHbIC, IUICTCHBIC), TaK M U3 OTHEIbHBIX BOJOKOH,
CKPEIUICHHBIX ~OIpEJCNICHHBIM CIIOcO00OM (HETKaHbIe
nonotHa). K = KOHEYHOMY  IPOAYKTYy — OTHOCSTCS
pa3HOOOpa3HbIe TEKCTUIBHBIC M3/CTHS, COCTOSIING H3
BOJIOKOH M HUTEH. A TaKke B COUYCTAHUH C ITOJIMMEPHON
WIM  MHHEPANbHON  MaTpuued —  TeKCTHIBHbIC
KOMIIO3UTHL. BappupoBaHue mapaMeTpoB Ipolecca Ha
moOOM W3 DTAaNoOB JAHHOM IEMOYKH MO3BOJISAET
BapbUPOBATH  CBOMCTBA HTOrOBOTO  KOMIO3MTa B
LIKPOKOM JIMAIa30He.

TIpuMeHeHHe TEKCTIIBHBIX IIONOTCH IS ap-
MHPOBAaHMSI KOHCTPYKLHOHHBIX KOMIIO3UTOB HAXOXHT
Bce OONBIIMII MHTEpEC B MOCIEIHUE HECKOIBKO JIeCs-
Tunetnii [1]. B ommuune OT AMCKPETHBIX M BOJIOKHHU-
CTBIX HAIMOJHUTEICH NMEHHO B TEKCTUIBHBIX ITOJIOTHAX
MOIyT OBITh IIMPOKO PEaTH30BAHbI CBOMCTBA BBICOKO-
HPOYHBIX U BHICOKOMOIYJIBHBIX HEHPEPHIBHBIX HUTCH U
POBHHIrOB. I'MOKOCTh TEXHONOTHIA, CBA3aHHBIX C Iepe-
paboOTKOH BONOKOH M HMTEH B IUIOCKME M IIPOCTpPaH-
CTBEHHBIC TCKCTUIILHBIC MOJIOTHA, II03BOJISIET CO3/1aBaTh
MPAKTUYECKH JII00bIe (OPMbI TEKCTHIIBHBIX CTPYKTYpP C
3apaHee 3aJaHHbIMH cBoilcTBaMu [2]. TeKcTHIIbHBIC
APMHPYIOLIHE CTPYKTYPBI IIHPOKO MPHMEHSOTCS IS
apMHPOBaHMS IIONTHMEPHBIX KoMIo3uToB. Hapsimy ¢ ap-
MHPOBAHHUEM IIONHMEPHBIX KOMIIO3HTOB B IOCICIHHE
JIBa JICCATUIICTHE HAIUTM MIHPOKOE IPUMEHEHHE M KOM-
MO3UIMOHHBIC MaTephallbl ¢ MHHEPAIbHON MaTpHIICH,
NPEACTaBIAIOmuUe OO0l COYeTaHne TEKCTHIBLHOTO ap-
MHUPYIOLIEr0 KapKaca M, HalpHMep, LEMEHTHOW Mar-
punbl. OGnacTh UX NPUMEHEHHsS MOXKET OBITh J0CTa-
TOYHO pa3HOOOpa3Ha, HaYMHAs OT PA3IMYHBIX APXHTCK-
TYPHBIX OCTOHHBIX JIEMEHTOB JI0 HECYIIHX JJICMEHTOB
KOHCTPYKIHH.

Ha coBpeMeHHOM ypOBHE PasBHTUS HayKH U
TEXHUKU TCH/CHIINN B IIPOM3BOJICTBE BOJIOKHHUCTHIX Ma-
TePUANIOB 3aKIIOYAIOTCS B PACIIMPEHHH OONACTH MX
[OPUMCHEHHSI OT BTOPOCTCNCHHBIX, T.¢. HE HECYLIUX
HArpy3Kd D3JIEMEHTOB, K IICPBOCTENCHHBIM HECYIIHM
KOHCTPYKIIMOHHBIM 3JIEMEHTaM. 3a CUET PEryInpOBaHUS
MapaMeTpoB MPOU3BOACTBEHHOTO MpOLEcca MPOU3BOI-
CTBa BBICOKONPOYHBIC BOJIOKHA W HUTH MOTYT OBITH ITe-
pepaboTaHbl B MOJOTHA, 00IaaroIIie HEOOXOIUMBIMU
cBoiicTBamu. IIpuyeM IpH HCIIONB30BAaHHU TEX XKe Ca-
MBIX BBICOKOIIPOYHBIX HHTEH CBOMCTBA MOTyYaeMBIX
MOJIOTEH MOTYT CYIIECTBEHHO BapbUPOBATBCS 3a CUET
U3MCHCHMSI TCXHOJIOTHS IIPOM3BOACTBA, IapaMeTpOB
mpolecca U BUIA IeperuieTeHus. TeKCTUIbHbIe CTPYK-
TYpHI ABJIAIOTCS JOCTAaTOYHO CIIOXKHBIMH B UX OpraHH- Kak ObIT0 CKa3aHO BBIIIE, CBOMCTBA TEKCTHIBHOTO
3aiMK. B OCHOBE JIEKMT MepapXuueckas OpPraHM3alMsi — KOMIIO3MTA ONPEACISIOTCS IIaBHBIM 00pPa3oM THIIOM
UX CTPYKTYpHI [3], KOTOpas MOXeT ObITh MPEACTABICHA  MEPEIUICTCHHS W MapaMeTPaMH  TEXHOJOTHYECKOrO
B BHJIE LICIIOYKH: npouecca. IIpofeMOHCTpUPYeM BIMSHHE CTPOCHHE

TEKCTHJIBHOTO apMHDYIOIIECr0 IIONOTHA HA CBOMCTBa
BOJIOKHO — HUTb — ITOJIOTHO — KOMITIO3UT  KOMIO3ULIMOHHOTO marepuana Ha npumepe

Bausinne BHAa NepelsieTeHHst Ha  CTPYKTYpYy
TEeKCTHILHOTO0 APMHUPYIOIIEro MoJI0THA
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OCHOBOBS3aHOTO T10JIOTHA, H3TOTOBJICHHOTO u3
CTCKJISIHHBIX U YIIIEPOJHBIX apMHUPYIOIIMX POBUHIOB. B
KayecTBe OCHOBBI [UIi Pa3pabOTKH IIOJOTEH ObUIN
BLI6paHI>I ABa OCHOBHBIX OCHOBOBSI3aHbIX
TNEPEIVICTCHUA: TPUKO W LECMOYKa. XapaKTep]/ICTI/IKI/I
nccleyeMbiX 00pasioB IpuBeieHbl B Tabuue 1.

B mepemieTeHUHM TPUKO HPOTSKKA IEPEKPHIBACT
NpoJIoNBHYI0 HUTH (puc.la). IlepemmereHue mnemodka
XapaKTepusyeTcs BCPTUKATBHBIM PacIoIOKCHUEM
TIPOTSKKHA. le/l OTOM HHUTHL COCIAMUHSAECT TOJIbKO B0JIb
BEPTUKAJILHOI OCH MPOJIOKeHHbIH HUuTH (puc. 16). Kak
BHIHO U3 pHCYHKa cIoco0 3apabOTKM HHUTH B
OCHOBOBSI3aHOE MOJIOTHO CHJBHO BIHMAET Kak Ha
TEOMETPHUIO CaMOii HUTH, TaK U HAa CTPYKTYPHI HOJIOTHA.

B meperuiereHMM TPUKO IIPOAOJBbHAS — MPOTSDKKA
HEPEKHIBIBACTCS Yepe3 BCIO HHUTb, NPUBOAS K
CYIIECTBEHHOMY PacCIIFOIIMBaHUIO APMUPYIOLINX

HHUTEH. le/l HCIIOJIb30BAHUM TICPCIUUICTCHUA LETIOYKa
MPOUCXOAUT 3aTSHKKA IPOBSA3BIBAIOIINX HUTEH BOKpPYT
OCHOBHBIX HHTEH. B pesyibraTe 4ero HUTh CHIIBHO
cy’KaeTcs M, KaK CICICTBUE, €¢ MaMETp CYIIECTBEHHO
YMEHBIIAeTCs. IMocnennee 00CTOATENIBCTBO
CYLICCTBEHHBIM 00pa30M CKa3bIBAaCTCS Ha pasMepe U
dopme stueiiku nosorHa [6].

Taobu. 1. XapakTepHCTHKH HCC/IelyeMbIX 00pa3ioB.

O6pasen MarepHa OCHOBHBIX MarepHai yTOUHBIX
(IPOJIOJIBHEIX) HUTEH (TonepeyHbIX) HUTEH
1 IlenouecToikuit
posuHr, 2400 Tekc IlenouecToiikmii
5 Vriaepo/iHblii pOBHHT, posuHr, 2400 Texc
1600 Texc, 24K
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B/ R NANVE
BB \BVE
RS Lo

e — o —

| ..
RFRER
|
A Llcn

| — — — —
0

Puc. 1. CTpoenne 0CHOBOBSI3aHOT0 10/10THA: (a) TPUKO H (6)
neno4Ka.

Iloka3anHbsle Ha puc. 1 ngBa BHIa MOJOTHA
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HapaOOTaHbl M3 OJHOW M TO K€ CTCK/ISIHHOH HHUTH
JmHelHou mnoTHocTeio 2400 Tekc. OmHako, Kak
OTYCTIIMBO BHIHO U3 IIPEACTABICHHBIX PHUCYHKOB
CTPYKTYpa TOJOTHA PA3JIHYHBI B KAXKJIOM M3 BAPHUAHTOB.
PaCHJ’IIOLL[CHHOCTL HUTU B IIOJIOTHE C HCpeHJ’lCTCHI/ICM
TPUKO HPUBOJUT K OOJiee BBICOKMM pe3yibTaTamM B
MEXaHHYECKUX XapAaKTePUCTHKaX 110 CPAaBHEHUIO C
POBHHI'OM KpYIJIOTO CCEYCHHSA 3a CHUCET OTCYTCTBUA
MCIKBOJIOKOHHOTO TpPEHHUA U 60J'II:H_ICﬁ KOHTaKTHOM
JUIMHBL (TIOBEPXHOCTH) poBuHra. C Jpyroif cTopoHb!
obpasyemasi ceTka o00JaJaeT IOCTATOYHO MAalbIMU
s9eiKaMy B JIONOJHEHHU KO BCEMy HEPEKPhIBACMBIMU
CEeTKOH U3 TIPOBA3BIBAIOIINX HHTCP’I, 4YTO MOXKET
MPUBECTH K MEHbIIEH IPOHNUIIAEMOCTH 11 MaTpullsl. B
TIEPEIUICTCHUE LICIIOYKa IIPOTAKKHU, pactiojiarasichb BA0JIb
BEPTHKAIBHONW OCH, OOTATHBAIOT IIPOJIOKCHHBIC HHUTH,
nmpuaaBas UM Kpyriyto (opmy u o0pasys Oomblume
KBAJPaTHBIC SUYEIKN, KaK BUIHO U3 pHC. 10.

Ha puc. 2 npencrapieHbl pacrio3HaHHbIE MOZEIH

MONEPeYHbIX ~ CEYCHMH  CTECKIAHHOTO POBHHIA B
OCHOBOBSI3aHOM TIOJIOTHE. JaHHBIE MOJENM HATJSIHO
JACMOHCTPHUPYIOT OTINYUA (bOpMLI TIOTIEPEYHOT O
CceuyeHuA npu HUCIIOJIb30BAHUA ABYX Pa3sIUYHBIX
neperieTeH .
2000 T T T

MKM

1000
4 0 1000 2000 3000 4000
a
2000 T T T T T
MKM
1000 - B
0 1 1 1
0 1000 2000 3000 4000
[

Puc. 2. [lonepeuHoe cTpoeHHe POBUHIA B OCHOBOBSI3aHOM
nosoTHe: (a) TpHKO u (6) Hemo4Ka.

Onpe}]eﬂenne MeXaHHYeCKUX CBOMCTB TEKCTHIBHBIX
KOMIIO3UTOB

JInst m3rotoBnaeHMs 00OpasloOB  HEMEHTHBIX
KOMITIO3HMTOB HCIIOJIb30BaJICsA MeﬂKOSepHI/ICTb[ﬁ GCTOH
(e OGomee 0,6 wmm). OOpasubl  TEKCTHIIb-

HO-apMHPOBAHHOT'O OCTOHA M3TOTABJIMBAINCH C ITOMO-
1IbI0 crienuanbHoi (Gopmel. [miHa oOpasisl cocTas-
na 270 mm, mupura 60 My, tonmuHa — 30 MM. Apmu-
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PYHoLIee MOJIOTHO PACHONIATAIIOCHh B PACTAHYTOM M CiKa-
TOM CJIOSIX Ha PAacCTOAHUU B 5 MM oT KaXJ10r0 Kpas
CUMMETPUYHO CPEeJIMHHOM IuiockoctH obpasua. Msro-
TOBJICHHBIE O00pa3Ibl KOMIIO3UTOB HCHBITHIBAIMCH Ha
YUCTBIH M3THO B Bo3pacTe 28 cyTok. Paccrosnue mexmy
KpallHUMHU OTIOpaMu cocTaBisiao 180 MM, MexTy cpen-
Humu 60 MM, ckopocts 1 mm/muH. ITo mosny4eHHbIM
JmarpaMMaM  ObUTa OIIpeeleHa BENHYMHA IIpesera
MPOYHOCTH HpHU U3rubde no hopmyie

1
rae M, - MakcuMasibHbIi n3rndarommit MomeHt, kHwm;
W, - 0ceBOit MOMEHT CONPOTUBIICHUS, M.

Pesynbrarsl MCIIbITAHUNA NPEACTaBIEHbl Ha pUC. 3.
)43 TIPUBEACHHBIX PE3YIbTaTOB BHJIHO, HYTO TIPEICIT
MPOYHOCTU TIPH M3rHOe 00pa3LoB pa3iMyueH H Cylie-
CTBEHHO 3aBHMCHUT KaK OT THIIA apMUPYIOIIEH HUTH, TaKk
1 0T BuJa neperuieTenus. [Ipn NCIoIb30BaHUU KaX10I0
THIIa apMUPYIONIEH HUTEH 0YEBHIHBIM IIPEUMYIICCTBOM
SBJIAIOTCA MOJOTHA C NEPCTUICTCHUEM TPHKO. HNmenHo B
HUX TOCTHUTIaCTCs 0oliee BBICOKAs TIPOYHOCThb IIPU U3TU-
Oe 3a cyeT MaKCUMAbHOW pean3alii CBOWCTB apMH-
pytomero posuHra. Ilepenada Harpysku uuer Oosee
BQ)QJCKTHBHO BCJICZICTBUE MEHBIICTO TPEHUSA MEKIY BO-
JIOKHaMU U OOJIbINEH KOHTAKTHON TIOBEPXHOCTBIO MEK-
1y marpuueid u poBuHrom. IlpouHocts npu usrube y
00pa3IoB HeperIeTeHNeM TPHKO BBINIE, YeM y 00pas-
LIOB C meperuieTenreM uenouka Ha 19,3% u 25,3% co-
OTBETCTBEHHO IS CTEKIISIHHBIX U YITIEPOIHBIX ITOJIOTEH.

5] T

= 0 [T Tpwko

= Uenouxa
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QO 12 | 4
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CTCK/IAHHBIH POBHHT YTTIEPOIHEIH POBHHT

Puc. 3. Ilpeaen npoyHocTH Npu usruoe.

Jlast TOro 4ToOBI OLEHUTH JOCTOBEPHOCTD IOy~
YEHHBIX Pe3y/IbTaToB, ObLI IPOBEIEH CTATUCTUYECKUIT
aHaIU3 JOCTOBEPHOCTH DPa3IM4YUil Pe3yIbTaTOB HCIbI-
TaHus mo t-xputepmio CreroneHTa. Pesynmerartel pac-
YeTOB MPEACTABICHBbI B Ta0muue 2. 3HAYMMOCTh OIpe-
nensutack Ha yposHe 0,05. M3 nosny4eHHbIX pesy/ibraToB
CIIEJYeT, 9TO MEXJLy CepHsAMH 00paslioB Ha OCHOBE II0-
JIOTEH C MepEeIUIeTEeHUAMH TPUKO M IIETOYKa M3 CTeK-
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JISHHBIX W YIJICPOAHBIX POBHHIOB CYIICCTBYIOT JOCTO-
BEPHO 3HAYUMBbIC pa3JIAYHUs.

Ta6a. 2. CTaTHCTHYECKHIi AHAIN3 J0CTOBEPHOCTH PasiIHyHii

MeKITY obpasuon

Tlapamerp Apmupyromuit Tpuko-1ienoyka
KOMIOHEHT

IMpenen npoy- | CTEKJSHHBIA  po- 0,0452

HOCTB NP H3rk0e | BUHI
YIIepoaHbIi  po- 0,0289
BHHI

BbiBoab1
Ha mnpumepe KOMHO3HTOB ¢  MHHEpaIbHOM

Ma’rpnucﬁ, APMHUPOBAHHBIX TCKCTUJIbHBIMHU IOJIOTHAMHA
W3 BBICOKOIIPOYHBIX CTCKIIAHHBIX U YITICPOJIHBIX HUTCH,
TIpoaHaJIM3NpOBaHa B3aMMOCBA3b CTPOCHHUA U CBOWCTB.

Pesynbrarthl  9KCIEPUMEHTAJbHBIX  MCCICIOBAHHMI
OTYETIIMBO I10Ka3aJii CYLUIECTBEHHOE BIIMSAHUE, KaK TUIlA
MeperuieTeHus, Tak W BHIA  HCIIOJNb3yeMOro
ApPMUPYIOLIETO POBHHIA, HAa MEXaHMYeCKHe CBOWCTBA
06pa3HOB HEMCHTHBIX KOMITO3UTOB.
IIpoeMOHCTpUPOBAHHOE — pas3iMyue B  3HAYCHHUSX

npejena MpoYHOCTH NpH M3rude 00pa3ioB KOMIO3HTOB
OOBACHACTCA  PA3IMUMEM  CTPOCHHS — apMHPYIOIIETo
nonotHa. Ilpn w3MeHeHne Tuma meperieTeHus Gopma
MOIEPEYHOr0  CEYEHMsl BAPLUPYETCs OT  IUIOCKOM
PACILTIOMIEHHOI /10 KpyrJIoii. pacrumomenHas (opma
MO3BOJIICT ~ MAKCHMANbHO — peajn30BaTh  CBOMCTBa
KOMTIO3MIIMOHHOTO ~ MaTepuana 3a cueT Oombmreit
KOHTAKTHOH JJIMHBI cedeHus. B ciyuae meperierenus
LernoYKa KOHTAKTHAs JUlMHA 00pasia CylIeCTBEHHO
MmenbIe. KpoMe TOro, B KpyIiiom HoIepeyHoM CeUeHNH
¢dumaMeHTHl  HaXo#AImMecs B CEpPeJMHHON  YacTh
cedeHuss He pabortaroT. JlaHHEIN (akT TpHBOANMT K
Gonee  HM3KMM  IPOYHOCTHBIM  XapaKTEPHCTHKAM
KOMIIO3UIMOHHOTO MaTepHaa.
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CTPYKTYPA U CBOMCTBA ALO; /TPA®EH KOMITO3UTA, TOJTYYEHHOIO
METO/J0OM IIJIASMEHHO-UCKPOBOI'O CIHEKAHUSA
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A 7 IIpeoc pes; uccneo: cmpykmypel u ceoticme nanokomnosuma Al,Oz/zpagpen, nony-
YEeHHO20 MemoOOM Cnap 0 c (CIIC). Ilokazano, ymo 0obaska epag do 2sec.% no360; Ha 2-3 no-
PAOKA NOBLICUNb USHOCOCMOUKOCMb U ANEKMPONPOGOOHOCHIb NO CPABHEHUIO € OObIYHBIM KOPYHOOM, ROTYHEHHOM MPAOUYUOHHbIM
cnexanuem.

Knrouesvie cnosa: KOpyH(), epa(i)eﬁ, CRAPK-N1azMeHHoe ChneKarue, HaHOKOMno3um, mpexue, UsHoc

Bgejenue 100

Co3nanne ynpovHEHHBIX TpadeHOM aTOMUHHUE-
Bbix KomnosutoB (I'/AI1203) B mociegHue romsl BbI-
3bIBACT HOBBINICHHBIH HHTEPEC MHOTHX HCCIeI0BaTeIeH
[1-4]. D10 CcBsA3aHO ¢ BO3MOYKHBIM TOBBIIICHUEM B HHX
HE TONBKO MEXaHMYECKHX M JIIEKTPHYECKHX CBOUCTB,
HO U 3HAUHUTEIBHOTrO (HAa HECKOJBKO MOPSJIKOB) yiyd- 7
LIEHUs U3HOCOCTOMKOCTH. B oTOM CBA3M Lenblo  pa- y
GOTHI SBIACTCS MCCICNOBAHHUE BIHSAHHSA COZICPKAHMS
rpageHa Ha CTPYKTYypy M TPUOOJIOTMYECKHE XapaKTe- °
PHUCTUKU - TPDEHUE U U3HOC. %CogepmaHue rpadena, %

ManTHACTH

(1]

3KCHepHMeHTaﬂbelﬂ MaTepHaJ U METOAbI

C uCcnonbp30BaHUEM METO/1a INTa3MEHHO-UCKPOBOTO
cnekanusi npu temmneparype 1500°C u Bbiaepxkke 10
MHH. ObUIH TIOJTy4eHbl HaHOKOMIIO3uTEl Al,O3 B hopme
ncka D15x1 MM ¢ BBICOKOH IIOTHOCTBIO M OHOPOHO
pacmpeielieHHbIM BHYTPH HaHOYeNTyiyaTeiM rpade-
HOM. MccrnenoBaHo BiMsIHME KOHIEHTpAaluu rpadeHa,
JIMCHEPrUPOBAHHOr0 10 2 Bec. % B HAHOKOMIIO3UT "o ) 15 23
MOKpPBIM YIIBTPa3BYKOBBIM METOIOM B DacTBOPHUTENE Coasparie rpadera, %
JIIMETHI(GTOPAMH HA OCOOEHHOCTH CTPYKTYpPBI B U3-

JoMme, KO3C[)C[)I/IL[]/ICHT TPCHUS 1 HM3HOCOCTOMKOCTD. Puc. 1. Bausinne rpadena Ha OTHOCHTEJIBHYIO IUIOTHOCTH (2) M
MHKPOTBEpPI0CTH (6) KOMIO3UTA

MuwnntrenancTh (A

IKCnepUMeHTAIbHbIE Pe3yIbTaThl

IoBeimenue comepxanus rpadeHa  CHMKaeT
IUIOTHOCTh KOMIIO3UTa (puc.la) M HE3HAUYUTENILHO IO-
BBINIACT MHUKPOTBEPAOCTh (puc.16) HAHOKOMIIO3HTA.
TunudHas CTPYyKTypa HaHOKOMIIO3HTA B H3JIOME IIOA-
TBEPKIAACT OTCYTCTBHUE IMOPUCTOCTH, HAJIMYHUE BHYTPU
3epeH miockux yactun I (puc.2a) m Hamuume ariaome-
paroB I' (puc.26). DHEproAMCIepCHOHHBIN aHAM3 B
CKaHHUPYIOIIEM MHKPOCKOIIE II0Ka3all, 4TO XHMUYECKHI
COCTaB arjoMepaToB COOTBETCTBYET TONbKO aTomaMm C.
Tonkuii aHanmu3 ¢ HPUMEHEHHEM HPOCBEUMBAIOIIEi
MHUKPOCKOIMH TI03BOJIUI YCTAHOBHTb, YTO 4acTHUBI I’
IPEHMYIIECTBEHHO ~ PACIONaraloTcs BHYTPH  3€peH
(puc.3a) 1 3aMETHO perke Ha UX TpaHuIax (puc.30).

a l 6

Puc.3. Hactuuel I' BHyTpH (2) 1 Ha rpanunax (6) sepen.

O6HapysKkeHo, uTo 100aBKa rpad)eHa B KOJINYECTBE

182



L[EO@OPMUPOBAHME U PASPYILEHUE KOMIMOSULIMOHHBIX MATEPUAIIOB Y KOHCTPYKLIMA

a0 2Bec. % B H‘dHOKepaMI/I'{CCKI/Iﬁ KOMITO3UT MO3BOJISICT
Ha 2-3 MmopsiaKa yMEHBIINTh U3HOC, IIPU 3TOM KOO H-
LUHUEHT TpeHUs, cinabo MECHAACH, MOXKET JOCTUIaTb MH-
HUManbHO#H BermmunHbl KTp = 0.42. DTOT pesynbrar
TIOATBEPIKAACTCSA MHKPOCKOIIMYECKHUM HCCIICA0OBAHUEM
JIOPOXKEK M3HOCA, KOTOPOE CBHACTENBCTBYET, YTO MIH-
pMHA JOPOXKKH M3HOCA Ha oOpasue ¢ 1% rpadena Ha
HOPANIOK MEHBIIE [0 CPABHECHHUIO ¢ 00OpasioM 6e3 rpa-
(ena.

Mexannyeckne CBOICTBA KOMIIO3MTA IOBBILIA-
CIOTCSL HE TOJBKO C BBeeHHEM rpadeHa, HO 0COOCHHO
3ametHo ¢ 3ameHoii CMK wucxonHoro mopoinka Ha
HaHOINOPOIIOK (Tadu1.1, puc.4).

Ta6a.1. M He CBOICTBA Ta
I 3HG Hv,
O6pasen poqnocn':/[rlx_[p'n nsrube, IlTa
4 Il
CMK ALO; (*) 200 20
CMK AL,03-0.5%I" 210 21
Hano ALO;-0.5%I 260 27

Ha npumepe monyns ynpyroctu E, usmepenHoro
[IpH HAaHOMHJIGHTUpPOBaHUM Juisl Kommnosuta ¢ 0.5% I,
OBIJIO MOKA3aHO, YTO pa3anuue B BennuuHe E it HaHo n
CMK komro3uta MakCHMaJIbHO B TIPUTTIOBEPXHOCTHBIX
CIOSX W TPAKTUYECKH Hcue3aeT B oObeme oOpasua
(puc.4). DTOT BBIBOJ OTHOCHTCS M K OTHOCHTEIBHOMN
ommOke wm3MepeHus E, KoTopas B HECKONBKO pa3
YMEHBIIACTCA B obBeMe 0 CpPaBHCHHIO C IOBEPXHO-
CTBIO.

/"" L

HAHO

CMK

Obiacoment o srtace, o

Puc.4. Bausinue riy0MHbI HAHOHHICHTHPOBAHUS HA MOAY.Ib E

Hccnenosanue MetonoM PamMaHOBCKON CIEKTPOCKONMU
noArBepanio, uto B npouecce CIIC komnakTupoBaHus
HOPOLIKOB aJUIOTPOIHas hopMa yriiepoia B BUJIE Ipa-
(ena coxpansiercs (puc.5). DTo MO3BONSACT YTBEPIKIATD,
YTO YHHMKAJIbHBIC CBOHCTBa KOMIIO3HUTA O6yCJ'lOBJ'[CH])I

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

0COOBIM ATOMAapHBIM CTPOCHHUEM BBOHHMOﬁ I[063.BKPI.

D G 2D

HaHO

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Raman shift, cm*

Puc.5. PamanoBckuii cniextp rpagena B nano u CMK komnosure.

Oco0blif MHTEpEC MNPEACTaBISAIOT PE3YJbTAThl HC-
CJICIOBAHUSI HIIEKTPONPOBOIUMOCTH KOMITO3UTA, KOTO-
polii 6e3 rpadeHa sBiseTcs AUANIeKTpuKkoM. Kak BHIHO
U3 PUC.6 DIEKTPOIPOBOJUMOCTh KOMIIO3UTA C TEMIIe-
parypoii ciabo pacrer, OJHAKO OHA IIPAKTHYECKH HE
3aBHCHT OT cojepikaHus rpadeHa. Mckmodenue co-
craBisieT uHTepBai temneparyp 700-1000 °C, B koto-
POM DIEKTPONPOBOIUMOCTb BO3PACTACT CKAUKOM, OCO-
OEHHO CHJILHO JUIsl KOMIIO3HUTA C rPpad)eHOM.

6,E-06

5,E06

4,606

3,606 —e—TpadeH 2%

J - KopyHa

2,E06

1,06

0,£400

0 500 1000 1500 2000
Puc.6. TemnepatypHas Th Ta ¢ rpad
u Ges.
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THUINOTE3A CYMMUPOBAHUS YCTAJIOCTHBIX IIOBPEKJIEHUI [TIPU
KBA3BUCJTYYAWHOM HATPYKEHUU DJIEMEHTOB KOMITO3UTHBIX
ABUAKOHCTPYKIMIA
Crpuxnyc B.E.

AO "AspoKommnosur", Mocksa, Poceus; v_strizhius@aerocomposit.ru

UHDIC

A : [na b PHBIX PACUEMO6 HA YCMANOCb NPU K6A3UCTYUAIIHOM HAZPYIICEHUL CTOUCTBIX KOM-
NO3UMO8, NPEOCMABIAIOWUX dNeMEHMbL NPOOOIBHO20 HABOPA KOMROUMHO20 KPblIA CAMONEmAa mpaHcnopmHoll Kame2oput,
NpeonodCcena CneyuanbHas 2Unome3a CyMMUpoanus yCmanocmusix nospedxcoenudi. Chopmupoeansl OCHOSHbIE NOTONCEHUs Me-
mooda pacvema ycmanocmnou 0071208e4HOCHU NOOOOHbIX 06 C UCNOTB30! npednodicennoti eunomesvl. Ilpedcmas-
JIeHbL NPUMepbl PAcenos, NOKA3aHO XOpoutee Cosnao 06 U IKC) X OGHHBLX.

Knrouesvie cnosa: croucmoie nonu

KUX pe3

P

, ycmanocmuas onlZOGe’-{HOC‘mb, CYMMUposaHue

KOoMnc
YCMANOCMHbIX NOBPENCOCHUI.

Beenenue

W3BecTHO, YTO BaKHEWIlee 3HAYCHUE IIPH HC-
0JTB30BAHNH MOJTMMEPHBIX KOMIIO3HIIMOHHBIX MaTepH-
anos (ITKM) npmoGpeTaeT BO3MOXKHOCTb YHPaBIEHUS
(usuko-mexanndyeckumMu xapakrepucrukamu [TIKM, B
TOM 4HCIIe XapaKTePHCTHKAMH CONPOTHBIICHHUS yCTalo0-
cri. O7HAaKO B HACTOSIIEE BPEMs IPAKTUYECKH OTCYT-
CTBYIOT HA/Ie)KHBIE PACUETHBIE METONIBI OIEHKHM TaKhX
XapPaKTePUCTHK, YTO SIBIIETCS CEPbE3HBIM IPEIsT-
crBueM Juis BHeapenuss [IKM B npou3BoncTBo aBua-
koHCTpyKImii. Ocobast mpobiema 3aKiIodaeTcss B OT-
CyTCTBHM TpPHEMIIEMOH JUIs pacueToB Ha yCTaloCTh
cnoucteix [IKM rHmoTessl cyMMHPOBaHHs yCTaloCT-
HBIX MOBPEKICHHIL.

OcobeHHO OoCTpo HpolieMa OTCYTCTBHS HPHEM-
JIeMOl THIIOTEe3bl CyMMHPOBAHHMS YCTAJIOCTHBIX MOBpeE-
JKIEHMH CTOMT MPM pacyeTax Ha yCTaJOCTh CIOMCTBIX
[IKM npu C/I0)KHOM HPOrpaMMHOM Harpy:KeHHH, UMH-
THPYIOIIEM PEANTHCTHYHOE TOJNICTHOE HarpyXeHHE die-

MEHTOB KOHCTPYKIIMH COBPEMEHHOTO camorneta. Taxoit-

BU TIPpOrpaMMHOTO Harpy>XCcHHSA TIPECTABIIICT,
HalpyMep, W3BECTHAs CTaHJAPTU30BAaHHAS KBa3HUCIy-
yaiiHas nporpamma  “TWIST”  (Transport WIng

Standard Test) [1], uMuTHpyIOIIas MOJIETHOE HArpyKe-
HHE KpbLIa CaMOJIeTa TPAHCIIOPTHOM KaTeropHu.

C 1enpl0 MOBBIIEHUS TOYHOCTU TOJOOHBIX pac-
YETOB O/ CAY4As KBAZUCTYHANHO20 HASPYHCEHUS OOHO-
ocHbIM  pacmsidcenuem-cocamuem  croucmuix  1IKM,

npedcmasnsiouux  neMenmpl  nPodOILHO20  HAGOPE-

KOMRO3UumHo2o Kpbvlia camoiema mpancnopmﬁoﬁ Ka-
mecopuu, NPEMIOKECHA CIEHHalIbHAasA T'UIIOTE3a CyMMU-
POBaHUs yCTAJIOCTHBIX r[ospe)x.ueﬂuﬂ.

HexoTopblie rHNOTe3bI CyMMHPOBAHHS YCTAJIOCTHBIX
noBpezkaenuii ciaoncteix KM

PaCCMOTpCHBI HEKOTOPBIC H3BCCTHBIC THUIIOTE3BI,
NPUMEHAEMBIE B HACTOALIEE BPEMA I OLEHOK CyM-

MHUPOBaHMUA YCTAJIOCTHBIX nospe)]c):[eﬂnﬁ TIpU MHOTO~*

CTYIIEHYaTOM M CII0KHOM HPOIPaMMHOM Harpy»eHHIX
croucteix TTKM:

runoresa [lanemrpena—Maiinepa;

runote3a Mapko-Crapku [2];

rurnotesa Xay u Oysna [3].

B tabun. 1 npescTaBieHbl OCHOBHBIC COOTHOIICHHS
HPEJICTABIEHHBIX TUIIOTES.
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B mnnane TIPAKTHYCCKOTO HMCIIOJIB30BAHUA TIPEI-
CTaBJICHHBIX THUIIOTE3 IIPU PACYECTHBIX OLCHKaX YyCTa-
JIOCTHOH JIOJITOBEYHOCTU IIPH KBAa3HCIy4YaiHOM IpO-
rpaMMHOM HarpyxeHun ciouctelx ITKM MoxHO oT™me-
THTb CIIeyIOIIee.

Tab. 1. OcHOBHBIE COOTHOIIEHHSI PACCMOTPEHHbIX THIOTE3 CyM-
MHPOBAHHS YCTAJTOCTHBIX MOBPeKIeHHi

I'unoresa cy O

D:Z%

q

TTanemrpena-Maiinepa

Mapxko-Crapkn

2
Xay u Oysna n;

N,

+ B U

D:i A

i

XO0pomo M3BECTHbl OCHOBHBIE JOCTOMHCTBA IMIIO-
te3pl  [lanemrpena-Maiinepa: 1pocToTa, OTCYTCTBHE
MOCTOSIHHBIX, YHUBEPCAIBHOCTD UL JIOOOTO BHAA MPO-
rpaMMHOro HarpyskeHus. OJHAaKO H3BECTHO, YTO pa3-
HHIA MEXJy Pe3yJIbTaTaMK pacyera ¢ UCIOJb30BaHUEM
runotespl Ilanemrpena-MaiiHepa M 3KCrepUMEHTAIb-
HBIMH JIaHHBIMH MOXeT cocTaBisth Oonee 300%, uto
ABHO Henpuemaemo Ons NPOeKMUpoBanus 31eMeHNos
A6UAKOHCMPYKYUIL.

OueBHIHBl  OCHOBHBIC JOCTOMHCTBA TMITOTE3BI
Mapxko-Ctapku: 3aBUCHMOCTb MOBPEKACHHOCTH OT
YPOBHSI HArpy’keHHs, BO3MOXKHOCTb Y4YeTa MCTOPHU
HArpy’>XeHUs1, 4YTO OCOOCHHO Ba)KHO NPH MHOTOCTYIICH-
YyaToM HarpykeHuu. Bmecre ¢ TeM, B OTEUECTBEHHBIX U
3apyOeKHBIX HCCIEIOBAHHUAX OTCYTCTBYIOT KaKHe-TM00
JaHHbIE O NMpUMeHeHuH runore3sl Mapko-Crapku npu
pacuerax Ha ycramocth ciouctsix [IKM npu kBa-
3UCITy4YalfHOM HarpyKeHUH.

B paGore [4] mpencraBieHbl TaHHBIE 00 yIOBIIE-
TBOPHUTENBHBIX PE3yJbTaTaX MPAKTHYECKOTO HMCIIONb30-
BaHMs COOTHOIIEHUs runore3sl Xay u OyeHa npu pac-
YETHBIX OLEHKAX YCTaJOCTHOH J0JITOBEYHOCTH JaMH-
HATOB M3 YIJICIJIACTHKA C MEXaHHYECKMM KPEHEXKOM,
MCTIBLITAHHBIX KBa3MCITy4aiHOi MIPOrpaMMoi
FALSTAFF (Fighter Aircraft Loading STAndard For
Fatigue). Takum 00pa3soM, MOXHO rOBOPUTH 00 orpe-
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JICJICHHBIX NIEPCICKTUBAX MCIIOJIB30BAHMS THITOTE3bI Xay
u OysHa NpH KBa3HCIy4ailHOM Harpy:KeHHH CIOMCTBIX
TIKM.
Ipennaraemas runoresa

ITo pesymbTaTaM  JETaJBHOIO  aHaIM3a M|
CHCLIHaJTBHOl\;l O6p360TKl/l 3KCHCpHMCHTaJ’lLHBIX JaHHBIX,
[peiCTaBieHHbIX B paborax [5-6], Moxer ObITh
IpEJUIOKCHA THIIOTE3a, B  ONPEICICHHOM CMBICIIEC
«CHHTE3MPYIOIIAsh» OT/ENbHbIE JTOCTOMHCTBA THIIOTE3,
l'IpCI[CTaBIICHHLIX BBILIEC.

OCHOBHbBIE IOJIOKEHUS ITIPEAIaraeMol TUIIOTE3b
HPEJICTABICHBI HIKE.
1. [Ilpeamonaraercs, 4TO KBa3zuCITy4yaitHOM
HarpyXcHHH, XapaKTepHOM TSt DJIEMECHTOB
MPOAOJIBLHOrO HabOpa Kpblla caMmojeTa TPAaHCHOPTHOM
kareropuu, st cinoucteix I[TKM co  cBoGOmHBIMU
OTBEPCTHAMH, PAOOTAIOMUMH B YCIOBHSX OIXHOOCHOTO

npu

PaACTIKCHUA-CKATHA, I Omoka Harpy3ok
KBa3UCITy4aiHOM MIPOrpaMmBbl CHPaBEINBO
COOTHOIIICHHE

¢
i

k K n
D,,, = ZD. :z A4,x N

i=l i=l i

> (D

171€ Djpjock — HAKOTIICHHOE YCTAIOCTHOE MOBPEXKICHHE 32
070K HAarpy3ok KBasuciydaifHol mporpammel; D; —
HAKOIUIGHHOE YCTAJIOCTHOE MOBPEKICHHE HA i-OM
YPOBHE HArpy»KeHHs IPOIpaMMBbl; 71; — KOJIMYECTBO
LIMKJIOB HA [-OM YPOBHE HarpyxeHus; N; — KOJIMYECTBO
IIMKJIOB JI0 paspylieHus paccmaTpuBaemoro ITKM na
i-OM ypOBHE HArpyXeHMs; k - KOIMYECTBO ypPOBHEH
HarpyeHus OJ0Ka Harpy3oK KBaszUCIy4allHOW Ipo-
TpaMMBbl; A; U ¢; - KOHCTAHTBl COOTHOILICHMS, 3HAYeHUs
KOMOPbIX 3A6UCAM OM YPOGHA HAPYICEHUs U muna
TTKM.

[Ipennonaraercsi, 4To 3HA4YEeHHs KOHCTAHT A; U ¢;
JIOJDKHBL  ONPEACNIATHCS € WUCIOJIb30BAHUEM HTEpalu-
OHHOM NpoLEIyphl, HANPABICHHON Ha INpPUBEICHHUEC B
COOTBETCTBUEC JKCIICPUMCHTAIBHBIX TaHHBIX M COOTHO-
menns (1).

2. Hakomiennoe MOBPEXKICHHUE B MOMEHT
YCTAJIOCTHOTO Pa3pyLICHHUS (IIOBPEKICHNU)

D= thk XDhImA =1,
e N, - YCTalocTHas JOJTOBEYHOCTH CJIOMCTOTO
IIKM B  KonM4ecTBE  OJNOKOB  IIPOrPaMMHOIO
HarpyKeHHSL.
Orcroza:

N,..=1/D,

block block *
3. VYcramoctHas jponroBedHocTh ciouctoro IIKM B
KOJIMYECTBE MOJIETOB OIPEALIIACTCA KaK
N,=N,,xNPB,
rae NPB - pasmep (B moserax) O10ka IporpaMMHBIX
Harpy30K KBa3HCJIy4ailHON MpOrpaMMmbl.
4. Ilpenmonaraercs, 4To CleLUalbHas TMIOTE3a, OC-
HOBHBIC TOJIOKCHUSI KOTOPOH TIPEJCTAaBICHBI BBIIIC,
OyJeT cripaBe/UTMBa HE TOJMbKO Juist cioucThix ITKM co
CBOﬁOHHbIMl/I OTBEPCTUAMH, HO W IJIs DJIEMEHTOB C
TeOMETPUYECKHMMH KOHLIEHTPATOPaMu JAPYroro TUIIA, a
TaKKe JUIS SJIEMEHTOB 0e3 KOHICHTPAIMHU HANPSHKCHUH.

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

TIpumep pacyera

Hmxke npuBeneH INpuMep pAcueTHOH OICHKH
YCTaJIOCTHOMN JI0TOBEYHOCTH OOPasIioB CO CBOOOIHBIM
otBepcTreM u3 yriernactuka T300/5208 [45/0/-45/90]s,
MPE/CTaBICHHbIX B padore [6], npu HarpyxeHuu Oi10-
KOM Harpy3oK CTaHIapTH30BaHHOH KBa3UCIy4aiHOI
nporpammsl “TWIST”.

B Tabn. 2 mpeacraBiaeHbl YpOBHM M TOBTOpSie-
MOCTb LIUKJINYECKUX HArPY30K ITON IPOrpaMMBblL.

Tabu. 2. YPOBHH H aAMILUTHTYbI HHKJIHYECKHX HATPY30K MPo-
rpammbl “TWIST”

KomnnuectBo 1uk-
‘YpoBeHb Harpy- Awmnmryna JI0B
JKCHUS HarpyxeHus HarpyxeHus
I 1,6x0, !
1 15%0, 2
11 1,3x o, 5
v LI5x0, 18
v 0,99%0, 52
VI 0.84%0, 152
vi 0,68x0, 800
VI 0,53x 0, 4170
IX 0,37x o, 34800
X 0,22x0, 358665
(0, =111 MIla - cpennee HaNpsKEHHE BO3YIIHOTO Tarna)

B Tabi. 3 npuBeieHbl 3HAYCHHS KOHCTAHT A; U ¢;
cooTHomeHust (1), TMOMyYCHHBIE C HCHOIb30BAHHEM
WUTEPaLMOHHOI TPOILEyphl, HAIPaBICHHOW Ha IIPUBE-
JICHME B COOTBETCTBHUEC BKCHCpI/IMCHTaﬂbHLIX JAHHBIX U
cootHouenus (1).

Tab.1. 3. 3Hayennst KOHCTAHT A; U ¢; cooTHOenus (1)

YpoBeHb 5.
HArpyKeHHst min A; C;
I -0,884 1,05 0,8
1 -0.85 1,05 0.8
111 -0,782 1,05 0,8
vV -0,731 1,05 0,8
A -0,6783 0.9 1,0
VI -0,6256 0.9 1.0
VII -0,5729 0.9 1,0
VI -0,5202 0,9 1,0
IX -0,4675 0,9 1,0
X -0,4156 0.9 1,0

Ha puc. 1 npencraBieHO CpaBHEHHE pacueTHBIX
3HAYEHHUI yCTaJOCTHBIX JOJITOBEYHOCTEH, MOTyYeHHBIX
¢ UcTonb30BaHMeM runotessl Xay-OysHa u mpesarae-
MOIf THIIOTE3bI, X HKCIIEPUMEHTAJIBHBIX JAHHBIX.

Ha puc. 2 mpeacTaBieHO CpaBHEHHE PaCYETHBIX
3HAYEHHUIl yCTaJOCTHBIX JOJIIOBEYHOCTEH, MOTy4eHHBIX
C UCTIONBb30BaHMEM runotessl IlaneMrpena-Maiinepa, n
9KCIEPHMEHTAIbHBIX JaHHBIX (IO JaHHBIM paboThI [6].
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Nt VX

e o et X X evesrsausn ncrens)

100000 Moners 1000000

Puc. 1. CpaBHeHHe PACYETHBIX H IKCIIEPHMEHTAIbHBIX
YCTAJIOCTHBIX 10JIF0BEYHOCTEl 00Pa31oB €O CBOOOIHBIMH OTBEpP-
crusiMu U3 yriaenaactuka T300/5208 [45/0/-45/90] »

JKeHuu nporpammoii “TWIST”

Il i |
P — wl_l_l

| LI

[T
LN

| RN
1000000

Onyueauyponsm Nk L

I

Onyue yposis ek VX [Te=r)
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OnyueiL Yoot Nk DX
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basoByi mexp
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100000

[ T
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Puc. 2. CpaBHenne pacueTHbIX (€ HCIOJb30BAaHHEM THIIO-
Te3bl IMaabmrp: Maii ) u TAJTBHBIX YCTATOCT-
HBIX J10JIFOBEYHOCTEii 00Pa3IoB co CBOGOIHBIMH OTBEPCTHIMH H3
yraennaactuka T300/5208 [45/0/-45/90] ,, npn HarpyeHun npo-
rpammoii “TWIST”

TTo pesynpraTaM aHauW3a JaHHBIX, IPEICTaBICH-
HBIX Ha puc. 1-2, MOJKHO CIeNIaTh PsIT BAKHBIX BBIBOZIOB.
1. MoXHO TIpU3HATh B LENOM YOOG1emMBOPUMEbHOIL
TOYHOCTb PACUCTHBIX OLEHOK YCTAIOCTHOU [OJIrOBed-
HOCTU PacCMaTpHBaeMbIX 00pa3IoB, MHONYYCHHYIO C
UCTIONB30BaHMEM THIIOTE3bl CYMMHpPOBAHHS ITOBPEXIE-
Hui Xay-OysHa, O7HaKO CJIeyeT OTMETHTh OTCYTCTBHE
B OCHOBHOM COOTHOIICHUH THIIOTE3bI SICHON 3aBHCUMO-
CTH BKJIaJa B CyMMapHYIO IOBPEKIAEMOCTh KBA3HCITy-
YaifHOro CIIEKTpa JHUCKPETHBIX HOBPEXKIAeMOCTEH OT
pa3IMUHBIX YpOBHEH Harpyxenus. I[looobuasn 3asucu-
MOCMb  NPUZHAEMCS MHOSUMU  UCCTIEO08AMETAMU  KAK
00Ha U3 2NAaGHbIX 0COOEHHOCMEN NPOYecca HAKONIeHUs
yemanocmu 6 cnoucmoix ITIKM.
2. PacueTHBIe ONEHKH YCTaJIOCTHOH IONTOBEYHOCTH
paccMaTpuBaeMbIX 00paslOB ¢ HMCIOIB30BAHUEM THIIO-
TE3bl JMHEHHOr0 CyMMHPOBAHHS YCTaJOCTHBIX MOBpE-
sknenuit Tlanbmrpena-Maiinepa okasaiau Henpuemiie-
MY0 TOYHOCTb PACUETHBIX OIIEHOK.

npu Harpy- 4
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MOoKHO TpU3HATH TIPHEMIIEMON TOYHOCTH pacyer-
HBIX OLICHOK YCTAJOCTHOI [OJIrOBEYHOCTH PAacCMaTpH-
BacMbIX 00pa3IoB, TMOJYYCHHYIO C HCIOIb30BAHHEM
TpeJTaraeMoii TUIIOTE3bl CyMMHPOBAHHS MOBPEKACHUI
u cHOpPMHUPOBAHHOTO METOJA pacyeTa Ha YCTaloCTb.
OjHAKO CIIeyeT OTMETUTh, YTO MOBBILICHHE TOYHOCTH
pacyeToB B 3HAYUTEIIBHOI CTENEHH JOCTHTHYTO 3a CYET
GOMBIIETO YHCIA MapaMeTpoB, HCIONB3YEMBIX B MPE/-
JoXKeHHOW runortese. CremyeT TakKe OTMETHTh HallH-
4pe B OCHOBHOM COOTHOLICHHHM IpE/JIaraeMoil rHIoTe-
3bl SICHOW 3aBHCHMOCTH BKJIaJa B CyMMAapHYyIO IOBpe-
JKIIAEMOCTh  KBa3UCIIYyYaiHOTO CIIEKTpa JHCKPETHBIX
MOBPEXKAAEMOCTEH OT Pa3IMYHBIX YPOBHEH Harpyxe-
HUSL.

TonmyueHHble  pe3yinbTaThl  PACUCTHBIX — OLICHOK
YCTAJIOCTHOM JIOJITOBEYHOCTH PaccMaTpuBaeMbIX 00-
Pa3loB TPHU Pa3HBIX YPOBHAX yCEUCHHs 0A30BOTO CIICK-
tpa nporpammbl “TWIST” momHOCTBIO MOATBEPHKIAIOT
BBIBOJIbI, C/IC/IAHHBIC paHee APYTUMH HCCIIeJOBATEeIIIMU
(B 4acTHOCTH, aBTOPOM padoTsl [6]):

YCTAJOCTHAsT JIOJTOBEYHOCTh cloucThix ITKM Gonee
YyBCTBHUTEJIbHA K YCEUCHHIO BBICOKUX HArPy30K, YeM K
YCEUEHHUIO MAJIbIX HATPY30K;

yCedeHHEe MaJbIX HArpy30K [O3BOJUT 3HAYUTEIBHO
COKpAaTHTh BpeMs HCIBITaHUH 0e3 Kakux-1ubo 3Ha4M-
TEJbHBIX M3MEHEHHH PE3Y/IbTaTOB HCIIBITAHUH.

OueBUIHO, YTO JUIs GOJee MIHPOKOTO MCIONb30Ba-
HUSI TpeIaraeMol TMIOTe3bl HEOOXOJMMO CO3IaHHe
CIelraIbHOM 0a3bl 3HAYEHUI KOHCTAHT A; U ¢; COOTHO-
mrerns (1) Uit pa3IMYHBIX CHEKTPOB KBA3HCITy4aifHOTO
MPOrPaMMHOTO HArpyKEHHSI M Pa3IMYHBIX JJIEMCHTOB
n3 IIKM. Ilpumepom HauanbHOH Bepcuu MogoOHoN Oa-
3bI MOT'YT CIIY’KHTb JJAHHBIE, [IPE/ICTaBJICHHbIC B Ta0. 3.
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OCOBEHHOCTHU ONPEJAEJIEHUSA TOJIIUHbI OJHOHAIIPABJIEHHOI'O CJ104]1 -
HOMWHAJBHOM W U3MEPEHHOM, BJIUSHUE DTUX OCOBEHHOCTEM HA
MPOTrHO3UPOBAHUE CBOMCTB CJIOMCTOIO KOMIIO3UTHOIO MATEPHUAJIA
Tauposa JLIL.", Cmepnos A.A.

MI'TY um. H.D. baymana, Mocksa, Poccust; *com-or@yandex.ru

Ammmauml: Xapakmepucmuku oduonanpamemmzo ClI0A, 6 MOM 4ucjie — moawuHa cios, AenAomcs UCXOOHBIMU OAHHbBL-

MU NPU RPOEKMUPOBAHUU U PACHEMAX KOHCIPYKYUL U3 KOMAC x op 6. Hzmep monuy CmpyKmyp, no Ko-
mMopbIM Mocym 6hlmb onpedeﬂeﬂm monujuHbsl oOmoenbHbIX clloes, eecomd Cyufecmeenno 3asucsm om Cz'ly’l(ll:lelx Konebanuii mex-
HONO2UYECKUX nap 1pos. Hcnonws npu paciemax u ananuse OAHHbIX IKCHey 08 HO, il Mo. 3a6u-
csiuyett om CmpyKmypHbIX nap 1DOG J D A j VAYHUUmMb COOMEemcmeue paciema u IKCnepumMeHma.

K C1064a: KoM ’p , MOMWUHA C1051, pacdem, dIKCnepuMenm, mexnono2us u3eomoeieHus.
ITocranoBka 3agauu M NOJACYIICHHBIX JIeHT (mpenpera). CoaepxkaHue BOJIO-

KOH B MpeIpere CTpeMsATcs 0becrednTs OIM3Koe K Or-
THMaJBHOMY, a TOJIIMHA TIPerpera U 3a1aeTcsi 0ObIMHO
MPOM3BOANTENIEM B Ka4eCTBE HOMMHAIIBHOH TOJIINHBI
CI1051.

HoMmuHanbHYO TOJIIIMHY CJ1058 MOKHO BBIYMCIIUTS,
€CJIM U3BECTHO KOJMYECTBO N JKI'YTOB WM HHUTEH (3ie-
MEHTOB HAIIOJHHUTENS) C MOTOHHOW IUIOTHOCTBIO Ty,
YIOXKEHHBIX B Mpernpere Ha eIuHHLE MHUPUHBL (B
HAIPABJICHUH, MEPIEHIUKYISIPHOM HAIPaBJICHUIO BO-
sokon). ITycts 0X — och KOOpJAMHAT, COBMAAIONIAs C
HAIpaBJICHHUEM BOJIOKOH B cjioe, ock 0Y - MepreHanky-
JSIpHA K HeH M JIGKUT B TUIOCKOCTH ciiost, 0Z - mepreH-
JUKYJSIpHA TUI0CKOCTH ciost. CyMMapHas Iuiommaip 1mo-
MEPeYHOro CEYEHUs! BOJOKOH S, OJHOr0 3JIeMEHTa
HAIOJHUTENA B IUIOCKOCTH YOZ paBHAa OTHOLICHUIO
TOTOHHOM TIOTHOCTH 3TOrO 3jeMeHTa T, K 00beMHOI
TUIOTHOCTH MaTepHaia HamoJHUTeNns p,. Ecmu cunmtath
00BeMHOE COJEP)KAHUE HATIOJIHHUTENS V, PaBHBIM OI-
THMaJBHOMY, TO COOTBETCTBYIOIIAsl 3TOMY V, CyMMap-
Has IUIOLAJb IONEPEYHOr0 CEYEHUS IPOMUTAHHOTO
CBSI3YIOIMM 3JIEMEHTa HaIlOJIHUTEIS:

XapaKTCpI/ICTI/IKI/I OJTHOHATIPABJIEHHOT'O CJIOS, B TOM
YHUCJIE — TOJIINHA, ABJIAKTCA UCXOAHBIMU JAHHBIMU IIPU
MPOCKTUPOBAHUU M pacyeTaX KOHCTPYKLMH M3 KOMIIO-
3UTHBIX MaTepuayioB. IIpesiesbl MPOYHOCTH, MOMIYJIN
YIPYTOCTH CIIOS ONPEIEIISIOTCS SKCIEPHMEHTATBHO TS
OTPE/ICICHHOMN TOMIIHBI ¢1051. OOBIYHO y 00pa3LoB Ayt
HCHBITAHUI MM DJIEMEHTOB KOHCTPYKIMH H3MepseTcs
o0w1ast TOJIMHA | JEIUTCS Ha KOIMYECTBO CIOEB — 3TO
u3MepeHHas ToimuHa cinosi. OHa uMeeT pasopockl,
CBSA3aHHBIC C KOJ'IC6aH]/l$[MPI TCXHOJIOTHYCCKUX Mapa-
METpOB (IPOLICHTHOTO CO/EPIKAHUSI CBS3YIOIIETO, KO-
JIMYECTBA MHUKPOIIOpP, CIyYalHbIMH MCKPHBICHUAMU
BOJIOKOH).

CyIecTBeHHOE BIMSHHE HAa TOJNIIMHY CIOSI OKa-
3BIBACT TCXHOJIOTHSA HM3rOTOBJICHHS KOHCTPYKIHH. THK,
IPU BBIKJIAAKE M3 IpENpera U IOoCIeIyIoleM IIpecco-
BaHHUHU CJIOM HE [EPECceKaroTCsi 0 TOJIIMHE, HMEIOT He-
3HAYUTENBHOE KOJMYECTBO MHKPOIIOP, YTO TO3BOJISICT
TIOJTYYHTh CJIOU TOMIUHO# okouto 0,1 mm. [Ipu HamoTKe,
IUIETCHUW OTHCJIbHBIC IIPAAU, KIYThl IIE€PECEKAIOTCH,
[103TOMY 00 OJIHOHAIPABJIECHHOM CJIO€ MOXKHO I'OBOPHUTH
C ONpENeNCHHOI JoJeil yCIOBHOCTH, OJHAKO MOJEIN g =i=L 1)
Marepuana, OCHOBaHHBIC Ha MOCIOHHOM aHanmuse [1, 2], v, PV,

" 3/7€eCh JAaKT BIIOJIHE yﬂOBHCTBOpHTCJ’ILHDC COOTBET-
CTBHE C OKCIIEPUMEHTOM.
Heo0X0qMMOCTh  COMOCTABNICHHST  XapaKTEPHCTHK

HpH KOJIMYECTBE N 3JIEMEHTOB HAIIOJIHUTEIS Ha
CIMHHULY LIUPUHBI CJI0A HOMHWHAJIbHAsA TOJIIIMHA CJIOA

HPOYHOCTH M )KECTKOCTH CIIOSl, PEaIN30BaHHBIX B CIIOSX pagra Tn
NpU PasHBIX CXEMaX apMHPOBAHHS, TIPUBOIUT K HEOO- h, =— 2)
XOAUMOCTHU HCIIOJIb30BAHUS TOJIIMUHBI CJIOS, HE 3aBHU- PV,
csmiei OT ciaydyalHBIX KoJIeOaHMH TEXHOJNOTHYECKUX Tak, Hanpumep, [UIst JKIyTa U3 yIrjeBOJOKOH C M0~

napametpoB. Takylo TOIIMHY Ha3BIBAIOT OGBIYHO HO- ~ TOHHOW IUIOTHOCTBIO 1020 Tekc M IUIOTHOCTBIO Mare-
MUHANBHON. Ee ONpeneNnsiorT 4acTo Kak CpeHio u3- — pHana BomokoH 1,81 r/eM’ HIOMIATL MOTEPEUHOro Ce-
MEpEHHYIO /ISl HauboJIee 3HAUMMBIX TP M3rOTOBJEHUN  UCHUS BOIOKOH B xkryre 0,564 mv’. Jlns oBbemHOro
peanbHOil KOHCTPYKIHMM cXeM apMupoBaHms. Opmako — POLECHTHOrO COJEPiKaHHs BOJOKOH 70%, THUIMYHOrO
Gonee TenecoobpasHO, Kak IMOKasbiBaeT HAm ompr AU yriemactuka, S, = 0,806 vy, Ecnin Ha mmpume
aHajM3a SKCICPUMEHTAIBHBIX JTaHHBIX, BBECTH pacyeT- 10 MM ymosxensr 2 Takux xryra, To h, = 0,16 M. Ho-
HOE 3HAYeHHe HOMUHAILHONW TOJIIMHBI CIOS Ul HO-  MHHAIbHAs TOJIIMHA KOMIIO3UTA C PA3INYHBIMU YTIaMU
MMHAIBHBIX 3HAYCHHMH OCHOBHBIX TEXHOJOrMYECKMX  YKJIAIKH BOJOKOH paBHa h,, ymHOMkeHHOH Ha Konmye-
napameTpoB. PaccMoTpuMm j1ajiee BapuaHThl BRIYUCICHUsT ~ CTBO CJIOCB.
TaKoii TOJIIMHBI ¥ MPEMMYIIECTBA €€ HCTIONb30BAHMS. Kak roka3bIBaeT ONbIT HCTIBITAHUH H3TOTOBICHHBIX
MpeccoBaHneM 00pa3loB, W3MEPEHHAs TOJIIMHA CJIOS
Hoyumannuan TOJUMHA TPH H3TOTOBJIEHMM KOM- o nyopanpasieHHbIx  00pasUoB GIM3KA K PACUETHOMH
TI03UTA BLIKIALKON H IpeccoBantem HOMUHAJIBHOM, a M3MEPEHHas TOJIIMHA CIOS KOMIIO-
OpHOHANPABIICHHBII CJI0W MpH BbIKIaaKe Gopmu-  3HTHOrO Marepuaga ¢ pasindHBIMH yIJaMu yKJIaJKH
pyercst U3 Npe/IBapUTEIbHO MPOIMUTAHHBIX CBA3YHIOLIUM BOJIOKOH HECKOJIbKO OTJIMYAETCSA KaK OT PACYETHOM HO-
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MPIHaJ'ILHOﬁ, TaK U OT I/I3MepCHHOl\/'I TOJIIIUHBI OAHOHA-
paBJieHHOro ¢Jios1. Kak npasuio, n3MepeHHas TOJIIHHA
Ha 3...5% Oonblle HOMHMHAIIBHOI, BEPOSTHEE BCEro,
n3-3a Oonee BBICOKOH MHKPOMOPHUCTOCTH KOMIIO3HTA C
PpasnuYHbIMU yFJ'IaMI/I y}cna;ucu CJIOEB I1I0 CPAaBHEHUIO C
OJIHOHATIPABJICHHBIM CJIOEM.

TIpu M3BECTHOI cXxeMe apMHUPOBAHHs XapaKTepH-
CTUKHM MHOTOCJIOWHOTO TakKeTa MOTyT GB]TL BBIYUCIICHBI
yepe3 xapakTepucTuku ciost [1]. CteneHb COOTBETCTBHS
pacyeTa W IKCIHEPUMEHTA 3aMETHO IOBBIIIACTCS, €CIN
HCIIOJIb30BaTh HOMHUHAJIBHOE 3HAYECHUE TOJIIMHBI CIIOS
JUISL BCEX PAacCMaTpHBAEMBIX CTPYKTYp IIPH OIpejerie-
HHUH DSKCIEPUMEHTATIbHBIX 3HAUCHUI MO}Z[yJ'lCI‘//I yapyro-
CTHU U NPEAETIOB IPOYHOCTH.

HoMuHanbHasi TOJMUIMHA NpH HM3roTOB/ICHUH KOM-
TMO3UTAa HAMOTKOI

HamoTKa MPOBOAUTCS MPOIMMTAHHBIMH CBS3YIOIIUM
5JIEMEHTaMH HANONHUTENs (KryTamu, HUTAMH). Tex-
HOJIOTMYECKMMHU MapaMeTpamMu IMPU HAMOTKE SABJIAKOTCSA:
yroa ¢ MEXAY HAIpaBJICHUEM BOJIOKOH B 3JJIEMCHTC
HAIOJHUTENS U NPOJ0JILHOU ocblo 0X CHUMMETpUH H3-
JIeNus, Mar HaMOTKH b (PacCTosHUE MEXIy IBYMS CO-
CEHUMH DJIEMCHTAMH HAIIOJIHUTEIII B HAIPaBJICHUH,
TICPIICHAUKYIIPHOM BOJ'IOKHaM) 1 TIOTOHHAasA IIOTHOCTh
JJIEMEHTA HATIONIHUTENS U 00bEeMHasi TUIOTHOCTh Marte-
puana Hanonnutens. ColepikaHue CBS3YIOLIEro II0ja-
raercsl ONM3KMM K ONTHMAaldbHOMY JUIA KaXIOTO THIIA
HAIlOJIHUTENSA, XOTA COACPKAHHUEC CBA3YIOLICTO NpH
HaMOTKE, KaK IIPaBUJIO, BBIIIE, YEM IIPU IIPECCOBAHUH.

IIpuHumn onpeziesieHuss HOMUHAIBHOW TOJIIMHBI
CIIOS B 1IEJIOM aHAJIOTHYCH HPEIbIIyIIEMy pa3zieily, HO
HaJ0 UMETh B BUY, UTO IIPH HAMOTKE 1Iar b MoxeT OBITh
Pa3IMYHBIM B CIIOAX C pasHbIMK yrnamu ¢. Ecim B ka-
YECTBE XapaKTEPUCTUKU MIIOTHOCTHU YKIIAIKU DJIEMEHTOB
HAIIOJIHUTEIA MCIOJIb30BaTh LIAr IIpyu HAMOTKE b, a He
KOJIMYECTBO N 3JIEMECHTOB HA CIMHUILY IIMPHHBI CIIOS,
Torma BMecTo (1) 1 HOMMHANBHOW TOJIIMHBI CIIOS
TIOTy4HM:

T 3)
p.v,-b

B Ka)710M BUHTOBOM CJIO€ IIPHCYTCTBYIOT BOJIOKHA
C yIJaMH @, TIepUOIUYECKH TIePECEKAIOINMHCS IPYT C
npyrom. IIpu ¢ = 90° (kosblieBasi HAMOTKA) Takue Iie-
PpeceUCHus OTCYTCTBYIOT, IIOOTOMY B TaKHX CJIOSX CO-
JIEPIKAHUE CBA3YIOLIET0 HECKOJIbKO HUXKE, YEM B BUH-
TOBBIX CJ10sX. IToCKONIbKY pasnuyus B COJEp:KaHHU
CBA3YIONIETO, KaK IIPaBHIIO, HEBEJIMKHM, UMM OOBIYHO
npeneOperatot. IIpy HEOOXOMMMOCTH MPOLEHTHOE CO-
JICPIKAHUEC BOJIOKOH MOXKET YTOYHATHCS C HCIOJIB30Ba-
HHeM (GparMeHTOB MaTepHalia ¢ KOJIbIIEBOW HAMOTKON U
€ BUHTOBOIl HAMOTKOIA: IIPH H3BECTHOM IlIare HAMOTKU U
KOJIMYECTBE CJIOEB HAMOTKH MOXKHO OTIPENIETUTH OOLIYIO0
JUTHHY LH DJIEMEHTOB HAIIOJIHUTEIA BO q)paFMCHTC,
TUIOLIA/Ib IIONEPEYHOTO CEYCHUs DJIIEMEHTOB — B COOT-
BercTBHM ¢ (1). 3aTeM HyXHO M3MEPHUTh (DaKTHUCCKHI
obbem dparmenTa V. Torma

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.
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OTKY/Ia ONIPEEIISETCS V.

W3mepeHHast cpeiHss TOJIINHA CIIOS, MOJTyYeHHas
JeJICHHEM M3MEPEHHON TOJIIMHBI M3/E/IUs Ha KOJIMYe-
CTBO CJIOCB C O{MHAKOBBIM HAIPABICHUEM BOJIOKOH, IPU
HAaMOTKe, KaK MpaBWio, OOJbIle HOMMHAJIBHOH Ha
5...10% w oxa3pIBaeTCA PA3NTMYHON 1S Pa3sHBIX CXEM
APMUPOBAHHUSL.

PaccmoTpuM B KauecTBe npumepa TpyOUaThlii 00-
pasell, H3rOTOBJICHHBIH HAMOTKOM U3 TOrO e XKIyTa
TUIONIAZIbIO TonepeyHoro ceuenus 0,564 MMZ, YTO U B
npuMepe npeaplyIero pasaena. [Ipu namorke obpasia
Ha ONpAaBKy auameTpoM 45 MM CHayana yJIOKeHbl 2
KOJIBLEBBIX CJIOS C IIAaroM 4 MM, 3aTeM — OJIMH BHHTOBOI
C yIJIlaMH MEXIy BOJIOKHAMH M TIPOIOJBHON OChIO 00-
pasua +20°, a 3aTeM — OIATh TAKHE XKe JBa KOJBIIEBBIX
c10s1, Kak aBa nepsbie. [Ipy HaMOTKE BUHTOBBIX CIIOCB
PACCTOSIHUE 1O OKPY>KHOCTU MEXKIY ABYMS COCEIHHMHU
KTyTaMH C OJHHM YIJOM YKIaAKd ObUIo 3 MM, a B
HaNpapJICHNH, TEPHEHANKYIIPHOM BOJOKHAM, — 3 cos
20°, r.e. 2,79 mm. Takasi CTpyKTypa 0OBIYHO 0003HaYa-
ercst 90°,/+20°/90°,.

Ipuaumas v, = 0,7 1d Bcex c€l0eB, B COOTBET-
CTBHH C (4) CyMMapHas HOMUHAJIbHAS TOJIINHA YETHIPEX
KOJIBLIEBBIX ci0eB paBHa 0,80 MM, a cymMMapHasi HOMH-
HaJbHas TOJIIMHA JIBYX BHHTOBBIX cioeB — 0,58 mwm,
MOSTOMY NpPHU OIPENETICHHH MOIYJel YIpYyrocTH M
MPEENOB TPOYHOCTH PACCMATPUBAEMYIO CTPYKTYPY
MIPEANOYTUTENIBHO 3a1aBaTh Kak 90° 40/(£20°)g.55/90° 40.
¢ CyMMapHOWH HOMMHAIBHOH TonumHON 1,38 Mm. Ilpu
OIIPE/ICICHUH XapaKTEePUCTHK CTPYKTYPhI Yepe3 Xapak-
TEPUCTHKH CJIOS MOXHO TakKKe HCIIONb30BaTh 0003HA-
yenue 90°,/(£20°),9/90°, T.K. TaM BaKHBI OTHOCH-
TEJbHBIC BEJMYMHBI TOJIIMH cloeB. Hammyumee coot-
BETCTBHE pacyeTa M DKCIEPHMEHTa HabIogaeTcss mpu
HCIIONB30BAHUM HOMHHAIBHBIX TOJNIIMH CIOEB U
CTPYKTYP, YYHTBIBAIOIIHX COZCP)KAHUE HAIMOIHHUTEIS B
Ka)XJIOM CJI0€.

HomunanabHast TOJIIMHA NPH H3rOTOBJICEHHH KOM-
MO3HUTA MJIeTEeHuEM

Jlns CTpyKTyp, M3rOTOBJICHHBIX IUIETEHHEM, Xa-
paKTepHa 3HAYMTENHHO MEHbLIAS IUIOTHOCTh YKJIAAKU
9JIEMEHTOB HATIONIHUTEIIS, YeM TIPH HAMOTKe. 3J1ech mo-
BTOPSIOIMICSA CTPYKTYPHBIH 3JIE€MEHT — CIIOH MOXKET
COCTOATH JIMOO M3 BUHTOBBHIX DIIEMEHTOB, YIOXKEHHBIX
ToJ| yraaMu £ K MPOJOIBHOM ocu m3zemus, oo u3
BUHTOBBIX U IIPOJOJLHBIX AJIEMEHTOB. DTOT CJI0ON 00pa-
3y€TCsl BO BPEMs OJIHOTO IIPOXOJia IUIETEHHs, BCE dJie-
MEHTHl HANOJHUTENA MEpEIUIeTaloTCd MEeXIy COOOi.
Mexzy coceTHUMH TIPOIONBLHBIMH JJIEMEHTAMH BCET/a
CYLIECTBYET PACCTOSIHME, 3HAYMTEILHO OOJblIEe IIH-
PMHBI DIIEMEHTA, MEXy COCEJHHMH BHHTOBBIMH BJI€-
MEHTaMH TOXK€, KaK IPaBHIIO, CYIIECTBYET PaCCTOSHHUE,
HO OHO MOJKET U3MEHATBCS B IIMPOKHUX Npesenax B 3a-
BHCHMOCTH OT 33/IaHHBIX TEXHOJIOIUYECKHX [1apaMETPOB
— KOJIMYECTBA 3JIEMEHTOB HAMOIHUTENS 110 OKPYKHOCTH
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u3aenus u yria ¢. OcOOEHHOCTBIO IIETEHBIX CTPYKTYP
SBJIICTCA  CIIE W TUICTCHHE CYXHMMH 3JIEMCHTAMH
HAIOJHUTEIIS € MOCIEeIYIOMEH IPOIUTKON CBI3YIOLIUM
noJ JaBieHHeM. J{Isl IUIETEHBIX CTPYKTYP XapaKTepHO
3HAYUTENIBHO MEHbIIICE 3HAYCHHE COIEPKAHHS BOJIOKOH,
4eM NpU HaAMOTKE M TpeccoBannn. OOpasyromuecs npu
NIETEHUH PACCTOAHUSA MEXKAY DJIEMEHTaMHU HalOJIHU-
TeNs YaCTUYHO 3aIllONIHSIOTCS CBS3YIOMIMM, YacTUYHO
OCTAIOTCS ITyCTHIMHU, HPUYEM ONPEICIHTh COAEPKAHHUE
CBA3YIOIIETO B KOHKPETHOH CTPYKTYpe JIO0CTaTOUHO
cnoxkHo. [ToaTOMy onpenesTh HOMUHAIBLHYIO TOJIHHY
1o dhopmyiaM, aHaIOruyHbM (2) 1 (3), Helb3sl, MOKHO
BBIYUCIIUTD TOJNBKO BEIMYHHBI hg,, XapaKTepH3YIOIIHe
COfiep)KaHWE  BOJIOKOH ~ CyXOro  (HEIpONHTaHHOTO)
HAIIOJIHUTEIA B YaCTH CJIOA C OJMHAKOBBIM HaIlpaBie-
HHEM BOJIOKOH:

L 5)
“ o b
3z(ec1) BCE BEJIMIHMHBI — TC XK€, YTO U B IPEABIAYIIHX
dopmynax. Dra ¢opmyna oramuaercs oT (3) TOIBKO
OTCYTCTBHMEM yueTa CBSI3YIOLIEro, HO, Kak u (3), mo3so-
JIIeT ONPEJICIHTh COOTHOIICHHS MEXIY COIepKaHHeM
BOJIOKOH Pa3HBIX HANpPAaBJICHW 1A PasHBIX CTPYKTYD,
YTO MO3BOJISICT CPAaBHUBATh MOJAYJIM YIIPYTOCTH W TIpE-
JI€JIbl IPOYHOCTH, PEAIM30BAHHLIC B MCCJICIOBAHHBIX
CTPYKTYpax BOJIOKHAMH Pa3HBIX HAIPaBICHUM.
I/I3Mep€HHa${ CpEIHsAs TOJIINHA CJIOs, TIOJTy4YCHHAs
JACJICHUEM H3MCpeHHOI‘/’I TOJIIIUHBI U3ACIUA HA KOJIA4YC-
CTBO HPOXOJOB IUICTEHHUS, CYLIECTBEHHO OOJIbIIE, YeM
cymMa hg, 1S BceX HampaBlIeHNH yKIIANKH, BXOIALIUX B
CIIOH, He TOJBKO U3-3a BKJIAJa CBA3YIOLIEro, HO U M3-3a
CIIO)KHOTO ~ TMEPEIUICTCHHs]  JICMEHTOB  HATIOJHHTEIS
(puc. 1).

Puc. 1. Tpumep CTPYKTYPbI, H3rOTOBJICHHOI IJIETEHHEM.

PaccMOTpUM B KadecTBE MpHUMEpa LMIMHAPHYC-
CKyl0 000J104Ky auameTpom 270 MM, U3rOTOBJICHHYIO
IUICTEHHEM JKTYTOB W3 YIJICBOJIOKOH C IUIOIIA/BIO I10-
nepeuHoro ceuenus BookoH B kryre 0,211 mm>. Tlpu
IUICTCHUH YJIOKCHBI JKI'YThI B IIPOIOIBHOM HAPABICHHI
U B HampaBieHuax +65°. lllar Mexmy NIpoaoIbHBIMI
skrytamu 13,25 MM, Mexty BUHTOBBIMU — 5,60 mm. [{iist
MPOJIOJIBHBIX KTYTOB hey = 0,016 MM, JUIsI BHHTOBBIX
Ka)kJ10ro U3 Hanpasienuii hg, = 0,038 mm. Torga cxema
apMHUpPOBAHUs YTOIH 00ONOUKH I MOCTIOHHOTrO aHamu3a
MoxeT ObTh 3amucaHa 0001¢/£65% 33 (MHIEKC OTHO-
CHUTCSI K K&KI0MY U3 BUHTOBBIX cj10€B). Ilockonbky mpu
HOCJIONHOM aHallM3¢ Ba)KHA OTHOCHTENIbHAs TOJIIHMHA,
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TO CXeMY apMUPOBAHHUS MOXKHO 3amucath: 0/+65° 3.

IIpy M3roTOBNEHNMM PACCMATPHBAEMON OOOTOUKH
MPOJOJIBHBIC XKIYThl UMEJH LIUPUHY pUMEpHO 1,5 MM,
a BUHTOBBIC — NMPUMEPHO 2 MM, YTO IIPH IUIOLIATH BO-
J10koH B xkryre 0,211 MM J1aeT TOJIIMHY TIPOJIOTBHBIX
xkryToB ~ 0,14 MM, a BuHTOBBIX ~ 0,10 MM. TTockombky
JKTYTBI TIEPECEKaloTCst mpH mieTeHuu (puc. 1), To ToI-
IIMHA CJIOsl, U3TOTOBJICHHOTO 33 OJUH HPOXO, H3MEHS-
sack oT 0 (B mpocBeTax Mexy JKryTamu) 10 ~ 3,4 MM.
O6om04ka H3roToieHa 3a 10 TaKuX NPOXOOB, IPHIEM
HayvaJIbHbIC TIOJIOKECHUSA JKI'yTOB CIABUTAIUCH 110
OKPYXHOCTH TaK, YTO BCE IPOCBETHI OKA3aJIUCh 3aKPbl-
ThI, @ 30HbI ¢ MAKCUMAJIbHONH 1 MUHMMAJIbHOI TONIIMHOM
OTACHBHBIX TIPOXOJ0B CABUTATIUCE TaK, YTO U3MCPCHHAA
TONIIMHA OOOJNIOUKH OKa3alach HW3MEHSIOIeics OT
2,35 MM 10 3,66 MM 1IpH cpeiHel H3MEPEHHOMN TOJIINHE
2,80 MM. MOXKHO OTMETHTh, YTO 30HBI C MaJlOl H
6OJIBIION TOMIMHOM HAXOAATCSA MO OKPYXKHOCTH 000-
JIOYKH Ha pacCTOSTHUH 2...5mMm. an/IBC}ICHHIﬂC JaHHBIC
TOBOPAT O TOM, 4YTO IPU IUICTECHUN CJ'IOFI, M3TrOTaBJIMBaA-
eMblil 32 OJIMH HPOXOJ, HE UMEET TAKOW NPaBUIILHOU
(bopMBI, KaK P HAMOTKE U, TeM OoJiee — IpU IIpecco-
BaHWHU.

[Ipu mocnoiiHOM aHanu3e XapaKkTEPUCTUKM ympy-
TOCTU CJIOSE U MHOTOCIIOWHOM CTPYKTYpPBI CBSI3aHBI H3-
BECTHBIMU COOTHOLICHHsAMU [1], obecreurBaroMu
XOpoIllee COOTBETCTBHE pacyeTa M SKCIEPHMEHTa IS
KOMIIO3UTOB, U3TOTOBJICHHBIX TIIPECCOBAHUEM ni
HaMOTKOH, 0COOCHHO — KaK y»Ke TOBOPUIIOCH paHee, pu
HUCIIOJIb30BAHMM HOMMHAJIbHBIX TOJIIIMH. HpuMeHeune
HX I CTPYKTYP, W3TOTOBJICHHBIX IUICTCHHUEM, TOXKE
TIOKAa3aJi0 BIIOJIHE YAOBJIETBOPUTCIBHBIC PE3YJIbTATHI
TIIpU 3allUCHA CXEM apMHUpPOBaHuA C Y4YE€TOM IUIOTHOCTH
YKIIQJIKK BOJIOKOH B pasHbIX HAIPaBJICHUAX © IS
CPENHUX HM3MEPEHHBIX TOJIIMH. OKCIEPUMEHTAIbHOE
ompesieieHHe MOJyJIel YpyrocTd n Kod(QpuiueHTon
ITyaccona ObLIO IPOBENEHO NPH PACTAKEHUU TIOTOCOK,
BbIpE3aHHBIX U3 o0onoyek auamerpom 270 MM B
HAITPaBJICHHU NPSIMOJIMHEITHOI 00pasyromeii.

3ak/04eHune

OO60CHOBAaHHOE, ONPE/ICICHHOE C YYeTOM OCOOCH-
HOCTEH CTPYKTYPBI KOMIIO3UTa 3HAYCHHUC HOMMHAJIBHOM
TOJIIUHBI CTPYKTYPHOT'O DJI€MEHTa, COOTBETCTBYIOIIErO
OJTHOMY U TOMY K€ HAIIPABJICHHUIO BOJIOKOH, II03BOJISAECT
YBEJIMYUTH TOYHOCTH PACUCTOB PEAbHBIX KOHCTPYKIIHI
1 CTCIICHb COOTBETCTBUA pacieTa U SKCIICPUMEHTA.

1. KomnosunuoHHsle MaTepuaisl: crpasounuk /B.B. Bacuises,
B.Jl. Tporacos, B.B. Bojorun u ap.; noj obuieii pejpakuuein B.B.
Bacuibesa, FO.M. Tapromnosnsckoro. — M: Mammsaocrpoenue, 1990. —
512¢.

2. Cmeppos AA., Tauposa  JLIIL. Wnentnduraums
XapaKTePHCTHK YNPYTOCTH W MPOYHOCTH OAHOHANPABICHHOIO CIIOS
MHOTOCIOHHBIX  YIJICIIACTHKOB — OCOOEHHOCTH pEan3aliiy  IpH
HCCIICA0BAHUMA BJIIMSIHUSA Ha"O}]OﬁaBOK // KOHCprKllHV[ u3
KOMITO3HIIMOHHBIX MaTephasioB — 2015, - Ne2.- C.52-58
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METO/I KOHEYHOTI'O CJIOS: BBIYMCJIEHUE MEKCJIOMHBIX HANIPSIAKEHUIA U
MOJAJIBHBIX COCTABJIAIOIMUX CKOPOCTH BICBOBOXXJIEHWS SHEPI'MU B
KOMIIO3UTHBIX OBPA3HAX C KPAEBBIMU PACCJIOEHUAMMU

*
Tumonun A.M.
P . .
Mocksa, Poccusi; altimonin@mail.ru.

A : C ucnons3o Memoda KOHEeUHO20 €105l NPOBEOeHbl Paciemvl 8 0OHOMEPHOU U 8 O8YMEPHOI NOCIMAHO8-
KaxX HanpAslceHHo-0eqhropMUpOBaHHO20 COCMOAHUA, GbIYUCTEHbL MEJICCIOUHbIC HANPAICEHUs U MOOANbHbIE COCMAGTAIOUUE CKO-
pocmu viceoboxcoenus suepeuu Gy, Gy u Gy 6 komnosumusix oopasyax ¢ kpaessimu paccioenuamu. Pacuem ceeden k pewte-

HUI0O Kpaesoil 3a0auul Ot «ACeCmKOl» Cucmemsl 00bIKHOBEHHBIX Oudpep X yp i, Komopas peutaemcs ycmoi-
quebLM uuciennvim memooom Lodynosa-I puzopenko. Ilpednoicenst cnocobol 6brvucienus MOOAIbHbIX COCMABIAIOWUX C UCHONb-
paciemuvix I MUKOBBIX HANPAdICEHUT! U nepeMewjenull 6 epuune paccioenus. Ilonyuenvt ananumuyeckue pe-

wieHus U Hoble eblpadicenust Oas noodamausocmu obpasyos u onsi Gy, Gy . dano cpasnenue ¢ cmanoapmom ASTM u ¢ pesyno-
mamamu, nOAYYEHHbIMU MEMOOOM BUPMYAILHO20 3AKPLIMUS MPEUSUHDL.

Kniouegvie cnosa: memoo koneunozo cnos, oopasey, paccioenue, HanpagiceHus Mejlcciolinble, NOOAmIU0Cmy, CKOpOCmy
6b1C60002ICOCHUS DHEP2UU, 3A0aUA KPAeEAsl, CUCTIEMA YPAGHEHUT! JICECMKASL.

Beesnenue YUMTBIBAIOIIHE NPOU3BOIHBIC OT HANPSUKEHUH Ha JIH-
LEBLIX IIOCKOCTAX BIUIOTH 10 BTOpOﬁ BKJIIOYHUTENILHO. B
paGorax [1-3] maHbl JBa TaKMX BapHaHTA JUHCHHOW M
TeOMETPUYECKH  HENMHEWHOH Momenn s Oan-
ku-nosocku. B pabote [4] moctpoena mopoOHas Mozenb,
OINKCHIBAIOLIAs [IBYMEPHYIO Je()OPMALUI0 aHU30TPOII-

B noknane mpeacTaBieHbl pe3ynbTaThl MPUMEHE-
HHUSI pa3pabOTaHHOTO aBTOPOM METOJa KOHEYHOTO CIIOS
(MKC) k aHanusy HanpspKkeHHO-Ie(hOPMUPOBAHHOTO
cocrostiusi (HIC) ¥ BBIYMCICHUIO MOJAJIBHBIX COCTaB-
JISIOIIUX CKOPOCTH BBICBOOOXKICHHS SHEPTHHU IIPH HC-

HOH IUIACTHHBI, COCTaBJICHHON u3 pas-
MBITAHUAX PACCIOCHHBIX KOMIIO3MTHBIX 00pa3LoB Ha

HO-OPUEHTHPOBAHHBIX OPTOTPOIHBIX CIIOEB.
OIpe/IeNIeHHe BA3KOCTH Pa3pylLIeHHs B COOTBETCTBUH C P

mozamu I, 1T u III. Cxembl uctbiTaHuii U pasmepbl 00- l
Pa3loB MOKa3aHbl Ha puc. | — puc. 3, COOTBETCTBEHHO.

2h
Bceraska
Croit 1
Croit 1 /
Y Py

L(xy)  Croii2
y P&y ‘%'\\\\\\\\\\\\\\\\7

Croii 2 A

Puc. 2. Mopa II: ofpasen 1t HCNIBLITAHMI .

Mozenb eOpMUPOBAHUS TPEACTABISAET COOOI
CUCTEMY ﬂHq)CbepeHHHaﬂBHBIX ypﬂBHCHHI"'I B YaCTHBIX

B cooTBeTcTBHUHM C Hpoucﬂypoﬁ MKC 06p33]_H>I NPOU3BOJIHBIX, YYHUTBHIBAIOLIYIO IIOIEPEYHbIE HOpMallb-
PasHENAIOTCA HA JBA CIIOA U B PACCMOTPEHME BEOIATCA  HPIE H CIBHIOBbIE HANIPSUKEHUS U JedopMaLuu, Jonos-
MEKCIIOHHbIC HATIPSKEHUs KOHTAKTHOTO B3aumojeil-  HCHHYIO BBIDZKCHHAMH JUIT TNCPEMCIICHUH B JOGOI
CTBHSE CIIOCB P(X,), 4(X,1)s L(x,y). BoiGupactcs mozien ~ TOUKE  CIIOA,  BIUTIOYAs JMUCBBIC [OBEPXHOCTH. U3
ﬂed)OpMMpOBaHm{ Ka)KJI0r0 CJ10s O] ﬂeﬁCTBHeM pH- ycnoBuu paBeHCTBA TepeMEeIICHU N KOHTaKTHBIC
JOKEHHBIX HArpy30K, peaKiyiii orop W MeKciojfiHprx ~ HAIPAKEHNS HA NOBEPXHOCTH Pasiena CI0eB BhIpaKa-
HaNPAKEHMIT. DTa MOJICIh OKHA MAKCHMATBHO Toyno  FOTCA YEPE3 paspeiiaronye (yHKIMH CHCTEMbI H TIOITy-
YUHTBIBATh PACTIPE]IC/ICHHE HATPSUKEHUIT Ha jnueppix — TAFOTCA JOTONHUTCILHBIC middepertmaTbHee ypas-
TUIOCKOCTSIX CJIOSL M JIOJDKHA BKJIIOYATH BBIPAKCHHUS JUIS HEHHUs JIsI MEXKCJIIOMHBIX KacaTeJIbHbIX gaﬂpﬂ)l(eﬂl/ll/L
MepeMEIIeHUH TOYEK TUX IIOCKOCTEH B 3aBHCHMOCTH 3“3 ypaBHeHus 100aB/IAI0TCS K OCHOBHOIH paspeniaio-
OT HampskeHHii Ha Hux. JUI 3TOr0 HeoOXOmMMO mc-  WCH CHCTEMe BMeCTe ¢ COOTBETCTBYIOUIMMH IDaHHd-
10J1b30BaTh GoJlee TOUHblE MOJENH AeopMUpoBaHus, ~ HPIMU YCTOBHAMH JUIS KACATEbHBIX HAMPSIKEHUH.

Puc. 1. Mona I: o6pasen 115 HCNBITAHHIA .
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Puc. 3. Mopa III: o6pasen a/1si HCIILITAHMIA.

PacdeT cBOAHUTCS K PEIICHUIO KPAeBOH 3a1a4ul JIst
CBA3aHHOU cucTeMbl AuddepeHInanbHEIX ypaBHEHHH B
YAaCTHBIX MPOM3BOJIHBIX, onuckiBatomiein HJIC oGoux
cioeB. Hannuune cpenu paspemaromnx GyHKUUA ObICT-
porepeMeHHbIX (DYHKIMIT — MEKCIONHBIX HANPSDKEHUH
M UX NPOU3BOAHBIX, KOTOPBIE PE3KO MEHANOTCA y BEP-
IIWHBI PACCIIOCHHU, IPUBOANUT K TOMY, YTO CUCTEMA SB-
JISIETCS «OKECTKOM». PelieHue KpaeBoil 3ajiauu BbINOJ-
HSACTCS YCTOMYHMBBIM YHCICHHBIM MeTojoM I'omyHo-
Ba-I"pUropeHKo, KOTOPKIil IPHMEHSETCS TI0CTIE CBEACHUS
JIByMEPHOH KpaeBoii 3a71a4u K OJTHOMEPHOIA.

Pacuer H/IC B 0iHOMepHOIi NOCTAaHOBKE

Jlns 1ByX paccMmatpuBaeMbIX ciiydaeB uiruba o0-
pasuos B coorBercTBuu ¢ Mojamu I u II (puc. 1, puc. 2)
OOIIEHPUHATEIM JIOMYIICHAEM SBIACTCS TPEIIIONIOXKE-
HHE, YTO PCHICHHUC 3aBHCHUT TOJIbKO OT DIlHOﬁ Koopau-
HATbl X, OTCUMTBLIBAEMON BJIOJNb NPOJOIBLHOH OCH.
[Ipennonaras, 4yTo NPUIOKEHHbIE HAIPY3KU U PEAKLUU
OIOp TMOPOBHY paclpeeNeHbl MEXITy CIOSAMH, M HC-
TIOJIB3Yys YCJIOBHA CHUMMETPHUH W AHTHCUMMETPHUH, pe-
LICHUE CBEACHO K KpaCBOI\/'I 3a/1a4e IJ1s1 CUCTEMBI 0OBIK-
HOBEHHbBIX u(depeHuanbHbIX YPaBHEHUI, OIHCHI-
patonieit H/IC ofHOTo U3 cI0€B NPH COOTBETCTBYIOIIMX
YCIIOBUSAX Ha Kpasx 00pasIia  Ha CThIKE CKPETUIEHHOTO 1
PACKPEIIEHHOTO YYaCTKOB.

Z[J'U[ OTHUX YaCTHBIX CJIy4acB TaKKE€ MOJIyYECHbI
QHATMTUYCCKUE PELICHHUS Pa3pellalouuX CHCTeM aud-
(epeHIMaNbHBIX YPABHEHNH M BBIPAXKEHHSA I BCEX
nmapamerpoB HJIC, momatimBocTel 0o0pasmoB u st
cKkopocTeit BbicBoOOsKaeHUs dHeprun G, Gy CpaBHeHHE
HOJTYYCHHBIX YHCICHHBIX M aHAJTUTHYCCKUX PEIICHUH C
M3BECTHBIMH JIaHHBIMU [5, 6] u crannaprom ASTM [7]
JIaCT OLCHKY CTCNCHHW YTOYHCHHSA PE3YyIbTAaTOB INPH HC-
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TIONB30BaHUH Pa3paboTaHHOrO moaxona [8].
Pacuer H/IC B AByMepHOIi mocTaHOBKe

IIpu mpoBeneHnH HCHBITAaHUH 0Opa3sLOB B BUIE
PacCIIOCHHOI MIaCTUHBI B COOTBETCTBUM ¢ Motoi 111 Tpu
YITIOBBIE TOYKH HArpy304HOIO  YeTBIPEXYrOJIbHHKA
boXLy 3aKperuieHbl OT BEPTHKAJIBHOTO CMCIICHHS, a B
YEeTBEpPTOU 3a7aHo mepemeuieHue wy (puc. 3). B stom
ciyuae napameTpbl HJ/IC cyiiecTBeHHO 3aBUCST OT JIBYX
KOOpPZHMHAT X U y. JIByMepHas KpaeBasi 331a4a CBOJIUTCS K
OHHOMCPHOﬁ C TIOMOIIBIO METOAA MPAMBIX. Hpoaonmcu
TIPAMBIC JIMHUH, ITAPAJUICJIBHBIE OCH X, C KOOpAWHATAMH
y,=iN,i=-1,N+1,A=b/N. Jlunuu y,, y, coBna-

JINHAA
YaCTHBIX

JIAIOT € KOHTYPHBIMH JIMHUSIMH  TUIACTHHBI,
Y_i» Yy — 3axontypHele. Ilocne 3ameHs

MPOU3BOIHBIX 0 ) PA3HOCTHBIMH BBIPAXCHUSIMHU Da3-
pemarommas CUCTeMa CBOAWTCSA K CBA3aHHOM CHCTeMe
OOBIKHOBEHHBIX AU((PEPeHINANbHBIX yPABHEHHH st
HCKOMBIX (GYHKIMH HAa JHHUSX. YPaBHEHHS IJs KOH-
TYPHBIX JIMHUH TTOJYHHAIOTCS TPAHUYHBIM YCIOBHAM Ha
CBOOOIHBIX TPOJIOJIBHBIX KPOMKAX IIACTHHBI.

Ha puc. 4 npexcraBieHsl pacrpejeneHus Hop-
MaJILHOTO HanpsuKeHus p.(x,y) (Mmoaa I) n kacaresbHOro
HarnpshkeHus ¢.(x,y) (Mona II) Ha cpeAMHHOI II0CKOCTH
00pas31oB, MOKa3aHHEIX Ha pHC. 1 u puc. 2. YcraHOBIE-
HO, 4TO s Moxbl Il BONM3M BepuIMHBI pacclOeHHs
TAaKKe MPUCYTCTBYIOT HE3HAYHTEIbHBIC 110 BEINYMHE
KacaTelbHbIC HANPSHKCHNUS 7.(X,)).

4. Ml

Puc. 4. P

it (moawr I, IT).

p

PacnipenieneHns KacaTelbHBIX HANMPSKEHUH ¢ (X)),
t.(x,y) B 0Opasue npu ucneiTanuu 1o moze 11 noxasans
Ha puc. 5. Pasmepsl obpasua [9], ykazanusie Ha puc.3,
pasubl: L =1.5d;a=L/2;b=3.5d;L, =1.25d;b, = 3d;
d =254 mm;h = 2.4 mm; cXema yKIIaJIKH CII0EB
|:0/ (J_r45)3 / (¥45)3 / 0] ; YOpyrHe XapaKTepHCTHKH

G400-800/R6376,
pacue-

OJIHOHAIIPABJICHHOTO  KOMITO3HUTa
TIPUHSTBIC npH
re: E, =1511Tla; E, = E, =8.97 I'Tla;
G, =G, =G,; =515ITa;v, =v, =v;, =0.325.

TIpu pelieHHd 3aJadyd METOJOM HPSMbIX KOJHYECTBO
JuHAIE N =56 ¥ 1ar ceTkH BBIOMPANCH TaK, YTOObI
CTOPOHBI HAarpy304HOTO YETHIPEXYyroJbHHUKA, Iapaj-
JICTIBHBIC OCH X, COBIIAJIM C JIMHUSAMH CCTKH. an STOM
6b1I0 NIpUHATO L) = L, TO €CTh yIJIOBbIC TOYKH YEThI-
PEXyrojibHUKa CMCIICHBI Ha

KpPOMKH  0o0pasua
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Puc. 5. Pacnpenesiennsi MeKCI0iHbIX Hanpsizkennii (moxa IIT).

Boruncienne MoIaIbHBIX COCTABJISIIONMINX CKOpoCcTH
BBICBOOOK/ICHHSI JHEPruu

CylecTBeHHOH 0COOCHHOCTBIO JJAHHOTO MOJXO0J1a
SIBJIACTCS TO, YTO NPH pacyeTe HEMOCPEICTBEHHO OIpe-
JISTAIOTCS HOPMAJIbHBIC U KAacaTellbHbIC HANPSHKEHHUS Ha
IUIOCKOCTH CKPEIUICHHUsI CIIOEB, BKJIIOYAsi UKOBbIE 3HA-
YeHUs B BEPIIMHE PACCIOCHHs, U COOTBETCTBYIOIIHE
nepeMelleHus TOUEK 3TOH MIOCKOCTH. DTO TO3BOJIAET
[8] onpenenuts 3nauenust G;, Gy u Gy, BBIYUCIAS UH-
Terpan MpsuHa 0e3 MCHONB30BaHMS TEXHMKHM BHPTY-
AJILHOT'O 3aKPBITUS TPEIHHbL. [IpH 5TOM BO3MOMKHBI JBa
croco0a BBIYMCICHHUS: TIEPBBIH MCIOIB3YeT pacyeTHbIC
3HAYEHMS TMKOBBIX HANPsHKEHMH M 3HAYEHUS Pa3pbIBOB
MepeMelIeHN B BEpIIMHE PAacCIOCHUs, BTOPOil Oasu-
pyeTcst Ha PACKPLITHM HEOUPENENCHHOCTH B BEpLIMHE
pacciIoeHus, UCIONIb3YeT HANPSHKEHUs U IPOU3BOIHbBIC
OT HaNPsHKEHUH U TIepeMeIeHHH.

Ha puc. 6 crumomrHoit JuHHEH MOKa3aHbI pacrpe-
JlelleHus BOJIb (DPOHTA PACCIOCHHS] MOJATBHBIX CO-
craBisiomux Gy u Gy B 00pasie HIpU UCIBITAHUAX O
moye II1. KpuBbie ¢ poMGaMyl OKa3bIBalOT Pe3yJIbTaThl
KOHEYHO-3JIEMECHTHOTO pacyera, MoNyuYeHHbIC B paboTe
[9] ¢ ucronb30BaHNEM TEXHMKH BUPTYaIbHOIO 3aKpPbl-
THS TPELIUHBI.

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.
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Puc. 6. Pacnipenesnenns Gy u Gy (vona I1T).

ITomydeHHBIE pe3y/IbTaThl IIO3BOJIAIOT —CHEIATh
BBIBOZL 00 3()()eKTUBHOCTH NPE/CTABICHHOrO B padoTe
moaxoma, ocHoBanHoro Ha MKC, mist BBIYHCICHUS
MEKCIIOMHBIX Haﬂpﬂ)KeHl/[ﬁ B CJIOMCTBIX KOMIIO3HUTaX
NPH HAJIMYMH PACCIOCHHIl C HMOCIEAYIOIMM PacueToM
MOJAJIBHBIX COCTABJIAIOIIMX CKOPOCTH BBICBOOOXKICHHS
OHEPTrUH IJIs1 OIICHKH PA3BUTHA TPCIHH.
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HOBASA YTOUHEHHAS TEOPUSA OPTOTPOIIHBIX OBOJIOYEK U EE
NPUMEHEHHME B METOJIE KOHEYHOI'O CJ104

*
Tumonun A.M.
Mocksa, Poccus; ‘altimonin@mail.ru.

A : llocmpoen meopui op p

1X 0007104eK, Y

sbie HanpsviceHus u deghoy U u3

u cosueo-

ouyetl nonep. )2

Ha2PY30K HA TUYEELIX NOBEPXHOCHAX 6NIONTL 00 6MOPOIl NPOU3BOOHOI.

Vpasnenus meopuu ucnonv3osansl 6 Kauecmee Mooenu 0eghopmMuposanus clos 6 memooe Koneunozo cios. Ilposedena oyenka
MOYHOCMU NOTYHACMBIX PE3YIbMAMO8 U NPUEEOeHbl NPUMEPLL UCRONB306AHUS NPU PACYEMAX KOHCMPYKMUBHBIX 1eMEHMOE ¢
Oepexmamu: 1) ananus HanpsdceHHo-0ehopMUPOBAHHO20 COCMOSHUA 6 PACCIOCHHOU 30He PAOUYCHO20 CKPY2IeHUs KOMRO3UM-
HO20 cmpunzepa, blMUCAeHe MOOATbHBIX COCMAGIAIOUUX CKOPOCMU GbICB0BONCOCHUS IHEP2UL 6 3AGUCUMOCIIU OM PA3MEPOs
paccioenus, onpeoenenue ycaosuil cmadunuzayuy mpewunsl, 2) paciem noo oetcmeuem 0agieHus O8YXCI0UHOU OPMOmpOnHol

naacmutsl ¢ 10KAAbHbIM paspe3om 00HO20 COAL.

Kniwouessie cnosa: memoo koneunozo cios, meopust ymc

niacmuna, cmp P KOMRO3UMHBLL, 0eghekm, CKopocmb

8b1C60O0IICOCHUS JHepauu, 3adaua Kpaesas, cucmema ypasHeHmZ HCeCmKas.

Bgenenue. MeTo KOHEYHOI 0 CJI051

Jloknax TMOCBALIEH — JAajbHEHIIeMYy — Pa3sBUTUIO
Mmerona koueunoro ciosi (MKC) Ha 3agaum pacdera
CIIONUCTBIX 000JI04CK ¢ JedeKTaMH B BUJIE PACCIOCHUI 1
paspesos cioeB. MKC nipe/uiosken B padorax [1-3], rae
OH HCHOJIb30BaH TUIst aHaIM3a
HanpsbkenHo-iedopmuposannoro cocrosnus  (HIC),
MEKCIIOMHBIX ~HANpPSDKEHHIl, OOJNBLINX IIPOrHOOB U
YCTOHYMBOCTH KOHCTPYKTHBHBIX SJICMCHTOB B BHJIC
OaNKH-TIONOCKH CO CIOSAMU Pa3HOW JUTMHBI, NMEIOIIeH
JIOKaJIbHBIE  paccioeHusi. B pabGore [4]  meton
pacIpocTpaHeH Ha JBYMEpHbIC 3aJaud H3ruba u
Kpy4eHUs IUIaCTHH C pacciioeHusiMu. B paGore [5]
METOJl  WCTOJB30BAICS Ul TOJYYCHHS  TOYHBIX
YUC/ICHHBIX M aHAIMTUYECKHX PEIICHUH U MOCTPOCHHUS
BBIDOKEHUI U1l  NOAATIMBOCTEH M CKOpocTei
BBICBOOOXICHHS. SHEPTHH B JBYX BHJAX MCIBITAHHI
00pa3sIoB Ha BSI3KOCTb Pa3pyLICHNU.

B coorBerctBum ¢ mpomenypoii  MKC [1]
MHOT'OCJIOIHBIN TTAKeT pa3ielseTcst Ha OTAe/bHbIC CI0U
U B PACCMOTPEHHE BBOIATCS MEKCIIOHHBIC HALIPSHKCHUS.
Janee BBIOMpaeTCs (cTpouTest) MOJIeITb
neopmupoBanust  cinosi.  OCHOBHBIE TpeOOBaHHSA K
MOJENIM, KOTOpbIE SIBISIOTCS — KIFOYCBBIMH  JUIS
JlanbHeero [IPUMEHEHHUS, cieyolue: 1)
UCITIONb3yeMble COOTHOMICHHS JIOJKHBI MAaKCHMAJIbHO
TOYHO ONHUCBIBATh pPAaCHpesielieHNe HOPMAIbHBIX M
KacaTe/bHBIX HANPSKCHNH Ha JMLEBBIX MOBEPXHOCTIX
C y4eToM HX IIPOM3BOJHBIX, BKIIOYas BTOPYIO
IPOU3BOAHYIO OT KacaTeIbHOTO HANPSHKCHHS; 2)
BBIDAKEHUs JUI  TIEPEeMEIICHMH TOYeK JIMIEBBIX
MOBEPXHOCTEH JOIDKHBI COJAEPKATh HANPSUKCHUS Ha
9TUX [OBEPXHOCTSAX M UX InpousBoiuble. [lpu
BBINOJIHCHUM ~ STUX  TPeOOBAaHMI  MEXKCIIOHHBIC
HANpsDKEHHS  BBIPAKAIOTCS  4epe3  pa3pelarolme
(yHKIME ~ 3a7a4d W3 YCIIOBHIl  COBMECTHOCTH
nepeMeleHui CIoeB u hopmynupyrorcs
JIONONIHUTENbHbIe U epeHIanbHble YPaBHEHUS I
MEXKCIOMHBIX ~ KacaTeJdbHbIX  HanpshkeHud.  DTu
ypaBHEHHUs JOOABIAIOTCA K OCHOBHOHM paspernaromeit
CHCTEME BMECTE C COOTBETCTBYIOLIMMH TI'DAaHUYHBIMU
yCIHOBHSAMH. B wrore moiydaercst cBsi3aHHas CHCTEMa
JmddepeHmanbHbIX ypaBHEHHIt OTHOCHTEIIEHO

OCHOBHBIX pa3peINarolX (YHKIHH, ONUCHIBAIONINX
HJIC kaxmoro cios, M JOMOJHHTEIbHBIX (YHKIHH —
MEKCIIOMHEIX KacaTebHBIX HaNpsKeHuid. Jlobasnenue B
cucteMy ObICTPONEPEMEHHBIX (DYHKLHMH — KacaTeIbHOro
HAIpPSHKEHUsS U ero IPOM3BOJHON IPUBOJUT K TOMY, YTO
cHCTeMa CTAHOBHMTCS (OKECTKO». Pemienne kpaepoii
3a1a4 TSt HDHy'{CHHOﬁ CUCTEMBI TIPOBOJUTCS
yCTOﬁ‘IHBLIM YUCJICHHBIM METOA0OM
ToxynoBa—I'puropenko, KOTOpbIH HPUMEHATCS MOCTe
CBEJICHUS IByMEPHOIf 3a]1auH K OJJTHOMEPHOH.

‘YpaBHeHHs YTOUHEHHOIi TeopuH 000/1049eK

VpaBHeHHs ~ Teopur ~ 000JIOYEK,  KOTOpBIE
HCIIONB3YeTCS. B KAa4eCTBE MOACIN AehOPMHUPOBAHMS
ClIOSL U YAOBJICTBOPSIOT YKA3aHHBIM TPEOOBAHHUSM,
MONy4YeHBl W3 COOTHOIICHUH TEOPUM  YIPYTOCTH
OPTOTPOITHOT'O TeNA, HPHU CIETYIOIINX HPEJIONOKEHHAX
O 3aBHCHMOCTH HAaNpsUKCHHH O, M TepeMelleHui

u,v,w 0OT HOl'[CpC‘IHOﬁ KOOpJAHWHATHI Z:

a,+a,z co-¢—(,‘|z+czz2
on = 13 =
I+kyz 1+k,z
2
_dy+dz e teztez
2= > 23 7
1+kz 1+kz
2 3
+gz+g,z27 +g;z
_&t&21T8, & . 0, =h,+bz,

T8 (T kz) (14 k)
u=uy+az+ By, v ozt B2 +y,20,
w=w, +a;z+ Bz +yz +6,2%
3neck kOd(hOUIMEHTH NPH Z SBIAIOTCA (QYHKIHAMH,
3aBHCAIIIMY OT HHTErPAILHBIX XapAKTEPUCTHK TEH30pa
HAIPSHKCHHIT — IOTOHHBIX YCHIIHT 1 MOMEHTOB, CPEJTHUX
0 TOJIIIMHE TIEPEMEIICHHI U TIOBOPOTOB, HArpy30K Ha
JIMIEBBIX  TMOBEPXHOCTAX,  (U3MKO-MEXAHHYECKUX
XapaKTEPHCTHK M TCOMETPUH 000IOUKH; K, — TJIaBHBIC

KPHBU3HBI CPEIMHHOI TTOBEPXHOCTH.

IlonyuenHass cucremMa ypaBHEHMM Y4YUTBIBAeT
HOIEPEYHbIC HOPMAJIbHbIC U C/IBUTOBBIC HANPSKCHUS U
nepopmamuu m BKModaeT 13 guddepeHnmanbHBIX
ypaBHEHMIi B 4YAaCTHBIX TNpom3BojHbIX. CucTema
JIOTIOJIHEHA TPEMsl BBIPAKCHUSAMH JUIs TIepPeMeLeHHMiIt
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TOYEK JIMIEBHIX TOBEPXHOCTEH 060m0uku. {15 yacTHOTO
ClTyyasi OPTOTPOIHBIX IJIACTHH YPaBHEHHS COBIIANAIOT C
paHee MOJy4eHHBIMH B paboTe [4].

TecroBblii npumep. OueHKa TOYHOCTH

OLICHKB. TOYHOCTH  PE3YyJIbTATOB  NPUMCHCHHUSA
[OJIyYEHHbIX  COOTHOLUCHUH  YTOYHEHHOW  TEeOopuUu
0060I104eK TIPOBOJMIIACH HA HPHUMEpe M3rHba KpaeBoit
CHIOW M MOMEHTOM TIONYKOJNbIA KOMIIO3HTHOTO
obpaslja, HCMONB3yeMOTO B OKCIEPUMEHTaX I
omnpeeneHus nonepeyHoi npounoctu [6]. Iloaykonso
OTHOCHTCS. K  KJIaccy  TOJCTBIX  OOOJNOYEK €
cootHomenneM /R =0.32 . Tounoe pacmpesenenue
paauanbHBIX HaHpH)KCHPII‘;I B CpeaHeM CCUCHUU
nojiykosblua [7] mpuBeneHo Ha puc. | crutomiHoi
nuHuell. KpuBbIME ¢ poMOGaMy IIOKa3aHBI Pe3yJIbTAThl
pacdera: cneBa — 0e3 pa3jieleHMs CTCHKH Ha CJIOM,
CIpaBa — IpU pa3ACJICHUH CTCHKH HA TPH CJIOA.

w 0y, MIla 2 0, MIa

2 24 26 8 n 21 1 2

7, MM ¥, MM

Puc. 1. PajqnajibHble HANPSIKEHHSs .

BI/I}:[HO, YTO C YBEJIMYCHHUEM YHCJIA CJIIOEB PEIICHNE
npubnmKaeTcs K TOYHOMY. AHAIOTHYHBIM 00paszom
U3MCHSIOTCS M KacaTelbHbIC HAPSHKCHUS.

Anamu3 HJIC KoMNo3MTHOTO CTPHHTEPA ¢ TPELIHHOM

CymectenHoii ocobennoctbio MKC siBisiercs To,
YTO TPU pacyeTe HENOCPEACTBEHHO OINpPEeNIOTCsS
MEKCIIOMHBIC — HANpPSDKCHHS,  BKIIOYAs — [THKOBBIC
3HAYCHUs B BEPIIMHE PACCIOCHHS, H COOTBETCTBYIOIIHNE
HIePEMEIICHHs] TOYCK JIMIEBBIX IMOBEPXHOCTEH CIIOCB.
DT0 MO3BOJISIET CPABHUTEINIBHO JICTKO B KOHCTPYKIHAX C
MHOKECTBCHHBIMH PACCIOCHHSMH BBIYHCIIATH 3HAYCHUS
MOJAJIHBIX COCTAaBJIIONINX CKOPOCTH BBICBOOOXKICHHUS
sHeprun G, Gy v Gy 10 PacyeTHbIM 3HAYCHUSIM
HaNpsHKCHUH 1 nepeMenieHnii [5].

B kauecTBe mpuMepa TpHBEAEM PE3yJbTAThl
aHanu3a Uit L-0o0pa3HOro KOMIO3UTHOTO CTpUHIEpa ¢
TPCLIMHON B paJMyCHOM CKpyrieHuu (puc. 2). Pasmepsi
TPEIIMHBI OMPEJIENAIOTCA JBYyMs NapaMeTpaMu a,, a, .
Kpait BepTHKalbHOH CTEHKM CTPUHIEpa CMELIeH B
TOPU30HTAILHOM HANPABICHAN HA BEMUuHy W= 1ym .

Beruncnennsie 3HaueHuss G; Gy MCIOIB30BAINCH IS

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

OLCHKH BO3MOKHOCTH pa3BuTHA TPELINHBL B
COOTBETCTBHH C KpUTepueM crabuibHoct Q <1, re
G Y (6,Y
Q=L | +| =L, a=8=],
GI( G[IC

Gy =0.19 Kfoc / s%, G, =0.46 Ko / .

w

—

' ’ ' A
b’...“.
Puc. 2. L—cTpuHrep ¢ TpemmHoii.

Ha puc. 3 mnokasaHbl JIMHMH II€pECEUeHHs
KPUTEPHAJIBHBIX ~ HOBEPXHOCTEH Q u @
MOCTPOCHHBIX Ui BepmmH Tpemuuel C; u C, , ¢
CHHHI/I‘IHOﬁ TIJIOCKOCTBIO (CI'UIOU_IHBIC J'II/IHHH) n JIMHUA
HX B3aMMHOTI'O TIEPECCUCHU (LUTpI/IXOBaSI).

e o 1 15 2 25 3 18
a,, MM

Puc. 3. Ob6aacTi pocTa M cTaOHILHOCTH TPEIIHHBI.

TpelmHaa ¢ pasmMepamMu 13 00JIACTH, HPHIEralomeit
K Ha4Jary KOOpAWHAT, HC PACTCT IIpH 33.]13.HHOI‘//I Harpyske.
Bonee moapoGHOe  wucciemoBaHue — CTAOMIBHOCTH
TPCIMHBI TPOBEICHO Ha OCHOBE aHaNW3a oOiacTeit
pocta 1 yObIBaHUS KPHTEPHAIBHBIX QYHKIMI Q; , O, .

Ionepeunblii N3rud NIacTUHLI ¢ AedexToM

JIpyrum npEMepoM IPUMEHEHHs IOTy4YEHHBIX
ypaBHEHHU yTOUHEHHOW Teopun sBisiercs pacuer HIAC
JIBYXCJIONHHOI OpPTOTPOIHON IIacTUHBl € JeheKToM
(puc. 4). TlnacThHa IIAPHUPHO ONEpTa MO KOHTYpY,
BEPXHMH CJIOH Harpy)xeH PaBHOMEDHBIM JaBIICHUEM.
Huxunii  cnoli uMeeT JIOKalbHBIH  CHMMETPUYHBII
paspes. Ha puc. 4 crpaBa nokasaHo pacnpezelieHue Ha

MOJIOBMHE JUIMHBI IUIACTUHBI HOTOHHOTO  YCHIIHS
N, (x, y) B HIWkHeM cioe. Ha puc. 5 nassl
pacnopeneeHus MEXKCITOMHBIX KacaTeIbHBIX
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HaNpsKEHUH q(x,y) u t(x,y) , JICHCTBYIOIIMX B

HANpaBJIeHUU OCeil X U ), COOTBETCTBEHHO.

o
5

X, MM

Puc. 4. Tlnactuna ¢ paspesom. Pacnipenenenne yeniaus N, .

TlpencraBieHHbIC  Pe3yibTaThl  HOKA3bIBAIOT
s dexTrBHOCTH HCIIOJIb30BAHUS ypaBHEHHI
MOCTPOCHHOI YTOYHEHHOH TeopuM 000NOUeK TNpu
anannze H/IC 1 Me)KCIOMHBIX HANIPSKEHUH B DJIeMEHTax
KOHCTPYKLMH W3 KOMIIO3UTHBIX MAaTepHajoB, B TOM
Yyclie IPU HAJMYNK B HUX JIGEKTOB B BHIE PACCIOCHHIT
U Pa3pe3oB CIIOEB.

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

Puc. 5. Pacnipe/iesienne KacaTe/lbHbIX HATIPSIZKEHHIA .
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UCCIEJOBAHUE CTATUYECKOM IMPOYHOCTHU KOMITO3UTHOM JIOITACTH
BEPTOJIETA
@ouT, JlymaHcKuit AM.23, Pycnanuen AHZ?
'TexuHCcKnMit aBHAKOCMUUECKHI YHUBEPCHTET,
IMITY um. H.D. Baymana, andreiruslantsev@gmail.com

SUMALIII PAH.

Annomayun: B nacmosweii pabome 6vi1 661n01HEN PACien CMAamuiecKkoll nPOYHOCIU KOMRO3umHnol aonacmu eepmonema. Pac-
uem bInONHANCA 6 npozpammiom komnnekce ANSYS 6es ynpowenus cmpykmypuor demanu. Bvina paspabomana npozpamma 0 pacuema

npoYHocmu KOHCmpyKI,{UI; Jonacmu, Ons PA3IUYHbIX Mamepuanlos UCNOIb306AHbl pas Kp P

: Hashin, Hoffman u

PP,

von Mises. Bausnue aapodw-lwwuuecch CUl U CUTTBI MANCECMU He YHUMBbIEANOCh, Pe3VIbmambl ROTYYEeHbl 015 MAKCUMANbHOT CKopocmu

epauwjenust 6uHmd. HDKQ3HI!0, YUMo KOHCMPYKYUA JORACmu Cc

‘meyem npeo M mpedi M

Kntoueswie crnosa: KU,M"()JMl{uUHHblﬁ Mamepuain, 1onacms, cmamuieckas npoYHoOCnb.

Beengenne

KoMII03UTHBIE JIONACTH MMEIOT BBIIAIOIIMECS yCTa-
JIOCTHBIC XapaKTEPUCTUKM, HU3KYIO UYBCTBUTEIBHOCTb K
MOBPEKACHHSIM, BBICOKYIO JKECTKOCTb M HPEBOCXOIAT
METAJUIMYECKUE JIOMACTH KaK 110 MEXaHHYECKUM Xapak-
TEPUCTHKAM, TaK U 10 TEXHOJOTHYHOCTH HPOU3BOJICTBA,
OJIHAKO OTpEJIETICHUE MPOYHOCTHBIX XapaKTEPHCTUK SB-
JISIeTCST CIIOKHOM 3a1aueii [1].

B nacrosiuiee Bpems IPOYHOCTH JIOHACTEH ompene-
JeTCsl KaK aHAIMTUYECKUMH METONAMH, TaK U METOIOM
KOHeuHbIX 27eMeHToB (MKD). Pacyer aHanMTHUECKHUMH
METOJAMU TPYAOEMOK M CIOXKEH, B TO Bpems kak MKD
MO3BOJISIET PELINTH 3Ty IPOOIEMy, MOMydast JOCTATOYHO
TOYHOE pElICHHE, MOATOMY B pabore mpumensiercs MKD.
BcernencTeue cloXHON KOHCTPYKIIMM JIOTIACTH, JUIS YCKO-
peHMS pacueTa NMPUMEHSIOT Pa3IMYHbIC YHPOIIEHUS MO-

Puc. 1. TeomeTpuueckas MojieJih

JIeTH, Y9TO MOXKET TPUBECTH K HECOOTBETCTBHIO BBIYHC-
JICHHBIX XapPaKTEPUCTHK peabHbIM [2-4].

B Hacrosmelt paboTe OblTa CO3/@aHA TeOMETpHYE-
CKas MOJieNb JIonacTu 0e3 yNpOIIECHHMH, 3aTeM ITIpH Mo-
Mo nporpammuoro kommiekca ANSYS u APDL 6bin
HPOBEJICH PacdyeT U MOIy4CHbI JUAarpaMMbl pacrpesele-
HUSI HalPsDKEHHI PH MAaKCUMAaJIbHOM 4acTOTEe BPAILCHUS
BHHTA.

MoneaupoBanue

JlnmHa nonactu cocrapiseT 5280mMM, HauOosbIas
xopaa — 255Mm, jnnHa BTyAkH potopa — 590Mm. Ha
JuinHe  664-4211MM  MCHONIBb30BAaH  a>POJMHAMUYECKUI
npoduns OA212MK, Ha junHe 4746-5280Mm — OA208,
Ha yyactke 4211-4746MM npUMeHEH JTUHEHHBII TIepexo.
3D mozens u CTPYKTypa JI0NAcTH TI0Ka3aHkl Ha puc 1-3.

CTeknonIacTHK

(a) Z=50mm
Hocosoi obTexarems

O6mmBKa Tlena

Torxepos
(b) Z=835mm

Topenon 2

IIeHTp MacCHl CedeHHs

(c) Z=4746 mm

Puc. 2. Ceyennsi jjonactu

Hocoeo# ofTerarens

TopcHoH 1

Topcuor 2

CTeKI0HOTOKOHHAA

Tena 1

OfmmBKa

Puc. 3. BHyTpeHHsisi CTPYKTypa JIONacTH
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OCHOBHBIC YaCTH JIOTIACTH BBITIOIHEHBI U3 KOMITO3HUILIH-
OHHBIX MaTepUajoB, TAKKE HCIIOJIL3YCTCSA KECTKas I0-
JIAypeTaHoBas IreHa HU3KOH TUIOTHOCTH KaK 3aroJHHUTEIh

Tadanna 1. MaTepuajibl H cXeMbl AaDMHPOBAHHS JIONACTH

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 .

B LIGHTPAJIBHOM YacTH. Marepuaiisl, KOJIHYECTBO CJIOEB U
OpHEHTAIUsI BOJIOKOH IIpe/ICTaBlIeHb! B Tadmuue 1.

Marepuan Pacnionoxenue Z / mm Yron 0 /° Kogueetso Croit
CJIOCB
CI1759/3234 0-5280 (0,90) 2 1,2
CII 759/3234 0-400 (+45) 1 3
CIT 759/3234 0-300 (+45) 1 4
CI1 759/3234 0-200 (+45) 1 5
Obumsra VITT300/914 0-870 (245) 1 6
VI T300/914 0-770 (+45) 1 7
VII T300/914 0-5280 (+45) 3 8,9,10
CIT 759/3234 0-5280 (&£45) 2 11,12
CITE/913 800-5280 0 6 1,2,5,6,9, 10
Jlonzxepon VI T300/913 800-5280 0 4 3,4,7,8
Toponon 1 CI1759/3234 0-5280 (*45) 3 1,3,5
VII T300/914 0-5280 (&£45) 2 2,4
Topcon 2 VI T300/914 400-600 and 500-4211 (+45) 4 1,2.3,4

3amac MPOYHOCTH ONpEIENsICS KaK OTHOLICHHE Ipe-
JIeNIbHBIX HanpspKeHUH K JedictByronmM. [Tockoibky B
KOHCTPYKIMH TPHUMEHCHBI Pa3IMYHbIC MaTepuasbl, He-

Ta6auua 2 Kpurepun paspymenus

BO3MOXKHO MCIIOJIb30BaTh OJIMH KpUTepH paspylueHus B
Tabnuie 2 IPEeACTaBICHB HUCIIONb30BAHHBIC KPUTEPUN
PpaspymIeHHs.

Crpykrypa

Kpurepuu paspynieHns

CTeKIOBOIOKOHHAS

[IaBHas Ganka Kputepnii Xammna: [ X

2 2
@} +[@j {@]21
t Slz Sl}

OOmMBKa, JTOHKEPOH,

TOpCHOH 1, TOpcHOH 2 Kpurepuii Xodppmana:

2
on—

XX,

2 2
%1%, , O | On

Yy, S

XX, _ Y-,
Gn+
XX YY

“te tTc

0y, 21

. Kputepwuit
HocoBoii o0Tekarens, purep

HOJTMyPETaHOBBIH 3a-

2

(0'11 — 0y )h + (0'22 - 0'33)2

Museca:

+(o'” 70‘33)2 +6(‘7'122 +o7, +O'123) 51

TIOJTHATEITb

2
20,

Pacuer

HomuHanbHas 4acToTa BpAIlEHHsS POTOpPAa COCTABISIET
34.0 c'], MakcuMaibHas — 37.5 ¢’ Pacuer TIPOBOAMIICS
JUISL MaKCUMAaJIbHOM 4acTOThI BpalleHHs. AdpOIHHAMH-
YecKHe CHJIBI M CHJIA TSDKECTH B pacyeTe He y4HThIBAIIKCH,
TIOCKOJIBKY OHHM 3HAYUTCIbHO MCHBIIC HCHTpOGC)KHOf;[
CHJIBI.

Pesynbrar pacuera nepeMenieHuil NokasaH Ha puc. 5.
OT KOpHS 10 KOHIIA JOHACTU HEePEeMEIIeHHE HOCTEeHHO
YBEIUYHABACTCA. K KOpHeBof/‘l YacTH JIONACTH MPHIIOKEHO
TPaHUYHOC YCJIOBHE B BHJC 3aJICJIKHM, MAKCUMAJIBHOC TIC-
pemernenue cocraBuiio 20.768 M.

PacueTHble 3HAYCHUs HANPSDKCHUH MOKa3aHbI HAa PHUC.
6-8. MoXHO BHJIETh, 4TO KOPHEBAs YacTh JIOIMACTH HECET
OOnBIIyI0 HArpy3Ky, 4eM JApyrue CTpykTyphl. Hampsxe-
HHE MNOCTCNEHHO YMCHBIIACTCA OT KOPHS JIONMACTH K KOH-

1y. ITepexosHblii cCerMeHT MeX/1y JIOHKEPOHOM U 3ajiHel
6aJIKoii MMeeT MaKCUMAJIbHYI0 KOHIICHTPAIIMIO HaIpshKe-
HHI, 4aCThb COCAMHECHHS MEXIy OOIIMBKONH M CHIIOBOM
CTPYKTYpoil TOKe HMeeT OONbIIyI0 KOHIEHTPALHIO
HaINpsHKeHUH. 3HaueHust 3amaca MPOYHOCTH JUIS KaX0ro
5IeMEHTa N0Ka3aHbl B Ta0I. 3

BoiBoapbl

Jlna pacyera MPOYHOCTH KOMIIO3UTHOM JIOMAcTH Bep-
ToNeTa ObUI MPUMEHEH METOJ KOHEUHBIX JIEMEHTOB. BbI-
JIM TIONYYEHBl paclpese/ieHue IepeMelleHnii 1 Harmpsi-
skeHud. Pacripeniesienue HanpshkeHUil HeJMHEHHO, B pal-
OHE CTYNHIIBI KOHCTPYKIHS IIOZ(BEpPraeTcsi OONbIIOMY
TpajiMeHTy HaNpsKeHUH

[TpoYHOCTH JIOMACTH COOTBETCTBYET MPEABSBISIEMbIM
TpeOOBAHUSIM.
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Puc.7 Hanpsizkenusi mo Musecy B I1aBHOii fajike

Ta6auua 3. 3anac NPOUHOCTH J1EMEHTOB JI0NACTH

Puc.6 DkBHBAJIEHTHBIC HANIPSIZKEHHs B JI0NACTH M0 Musecy

T
HOTHL SOLUTION

AN

am 2 2010
fseree

_m—
. EEET

E A GE i
1nsmion _ss7mi0e s2smics

Puc.9 Hanpsizkennst mo Musecy B 061HBKe

JlonxepoH
Cnoit 1 2 3 4 5 6 7 8 9 10
3anac npo4YHOCTH 6.0 6.1 6.2 6.5 6.7 6.8 7.1 7.1 6.4 6.2
OO0mmBKa
Croii 1 2 3 4 5 6 7 8 9 10 11 12
3anac npo4YHOCTH 8.6 8.8 9.1 9.4 9.8 3.0 3.1 3.0 2.8 2.6 7.2 6.7
Topcuow 1 Topcuon 2
Croit 1 2 3 4 5 1 2 3 4
3arac npo4YHOCTH 9.7 3.3 9.8 3.7 9.8 4.0 4.1 4.1 4.1
CTeKJI0BOJIOKOHHAsI IVIaBHas Oaika
3arac IpoYHOCTH 4.6
Yang Naibin, Ni Xianping. Helicopeter composite structure design evolution with damage growth and signal processing [J]. Journal of
[M]. Beijing : National defense industry press, 2008,11: 57-59 Sound and Vibration, 2005, 283(3-5): 821-851.
Wang Fei. Composite blade structural damage tolerance properties of 4. Peretz P. Friedmann, Bryan Glaz, Rafael Palacios. A moderate

helicopter [D]. Beijing: Beijing University of Aeronautics and
Astronautics, 2008.
Niranjan Roy, Ranjan Ganguli. Helicopter rotor blade frequency
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deflection composite helicopter rotor blade model with an improved
cross sectional analysis [J]. International Journal of Solids and
Structures, 2009, 46: 2186-2200.
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OB DKBUBAJEHTHOCTH NOPUCTOM CPEJbI U HEOJHOPOJHOM
KJIACCUYECKOW CPEJBI

Xapuenko K.JI.

! MockoBcknmit ABHATIHOHHBTiT HHucrutyT, Mocksa, Pocenst; work.air. fly@gmail.com.

A : [loxa:

A, 4Mo 015 cpeod ¢ NOTAMU JOKATUZ0BAHHBIX DeeKmos, CBOLICMEA KOMOPLIX 8 paMKax Mooenel
muna Munonuna onpedensiomesi 36omoyuell noneti 0e(hekmos, ¢
onuCKIBamMs Mamepual, NOSpedcoeHHblil de(hekmamu Kak (QYHKYUOHANbHO - 2paod op ¢ nep

mpaxkmoeka, noseoiAruad
Mu no

'p P

KOOpOuHamam ceolicmeamil, MOOeIUpyemslil 8 PaMKAx KAaccuyeckoll meopuu ynpy2ocmu.
Kniouesvie cnosa: nons deghekmos, macuimadnvie dhghexmol, 2paduenmuas meopus ynpy2ocmu, MoOeib NOPUCOCIIU.

Beenenne

B pabore ycraHaBIHMBaeTCS SKBHBAJICHTHOCTH
TPAKTOBKH OJHOPOJHBIX CPE€A C MOJISAMH IlC(l)CKTOB u
Cpel ¢ MepeMEeHHbIMU CBOMCTBAMH - (DYHKIIMOHATBHBIX
cpejl, OLMCBHIBAGMBIX B PaMKaX KJIACCHYECKOW TEOpHU
ynpyroctd. MCTOpHYECKM MOJENH Cpei ¢ TMOISAMA
ne(eKkToB, HayadM  CBOE  pa3BUTHE  Omaromaps
opuruHanabHeIM padotam [1-3]. B mpoTnBononoxHoCTs
KJIACCUYECKOH TEOpUM yNpyrocTd, Ui KOTOpOH B
OIPE/ICAIONINX yPAaBHEHHSX HE NPUHHMAIOTCS BO
BHUMaHHE KaKHe-IN0O MaciTaOHbIe napameTpel, 3TH
TCOpHUHN }_qu)opmam/m BKJTIOYarOT TTapaMeTpbl
Pa3sMEPHOCTH [UTHHBI, XU IO3TOMY BIIOJIHE MOAXOMIAT IS
MOJICIUPOBaHK MaciuTabHbIX 3¢dexToB. B craThsx,
OIMCHIBAIOIIMX BAPHAIMOHHBIC MO CPEJ C MOIAMI
Ile(i)CKTOB Y I'paIM€HTHBIC TCOPUH YIIPYTOCTH, CTPOATCA
KOPPEKTHBIE MOJENIM Cpel € MHKPOCTPYKTYpOId,
omnpe/eisieMble TEH30pOM CBOOOIHBIX Jedopmanuii, u
obGobmarormye u3BecTHbIC Moaen Mummaa, Koccepa n
Anpo-KysmmHckoro [4-6]. B paborax [7-9] noxazano
YTO MOJACIISIM C HCCbCKTaMl/l MOJKHO J1aTh DKBUBAJICHTHYIO
TPAKTOBKY KakK MOJIENHU C IEPEMEHHbIMH CBOicTBamMu. B
JIaHHOM paboTe IOKa3bIBaeTCsA, 4YTO JEe(EeKTHOCTD,
CBSA3aHHAs C IOPUCTOCTBIO, IPUBOJUT K HEOOXOAUMOCTH
yuera TOTIPAaBOK d)yHKLII/IOHaJ'[])HO-l'pa}Il/[eHTHLIX
XapaKTepUCTHK MpHU OLeHKe A(PEKTUBHBIX CBOICTB
MOBPEKICHHBIX IIOPAMHU CPEJL.

DKBHUBAJICHTHOCTh ~ MojeJieli  cpex ¢
Je(eKTOB U KJIACCHYeCKOi Mo/e/IH

nmoJIIMHu

PaCCMOTpI/IM BapHAllTMOHHYIO IOCTAHOBKY TEOPHH
cpen Munanuna [4].  [lomaraem, 4Tto MMEIOT MecTO
paciiipeHHble cootHoweHus Koy, onpezaesstonye

TEH30p JUCTOPCUH di/. 10 BEKTOPY HENpEepbIBHBIX

d;=0R |ox, =R, n

JIUCTOpCHit

nepememeﬂm“d 4yTo s

TEH30pa BBITIOJTHAROTCA OAHOPOAHBIC

dyy Oy =0 3necw

-3, ijk

yclioBUs TTankoBuua

d; =7, +(1/3)66,

Kponexkepa.

CrieoBaTenbHO, 10 TEH30pY AUCTOPCHU MOKHO
OJIHO3HAYHO ~BOCCTAHOBHTH BEKTOp  IepeMeIICHHIi,
ucronb3ys opmysr Yezapo. Ecnim B cpene mmerorcst
nosist 1e)eKToB, TO HApsAy C TEH30POM CTECHEHHBIX
JUCTOpeHii  Ie)OPMALIMOHHOE  COCTOSHHME  CPe/Ibl

e &, - TeHsop

OIIPENCIACTCA TaKXKE HENPEPBIBHBIM TEH30pOM
cBOOOHBIX tucTOpCHit Dy, KOTOPbIi HE CBA3aH € MojeM
HepeMelIeHH I, T.e. OTpaKaeT HaJIMIKe MoJel 1eeKToB.

Jns CBOOOTHBIX JcTopenit HMEIT MECTO
HEOAHOPOAHBIE  YCJIOBUS HaHKOBI/I‘Ia, B KOTOPBIX
HEOAHOPOAHOCTh omnpeAesaeTcs IIJIOTHOCTBIO
Jciokanuit [4-6].

TIpennomaraercs, 410 apameTpsl
paCCManHBaSMOﬁ KUHEMaTH4eCKOM MOJCIN
000011eHHOH ne(eKTHON Ccpebl dv’ > ABIAIOTCS
HENpepbIBHBIMU U AU(GEPEHINPYEMBIMU |, T10ITOMY,
MOT'yT OBITh apryMeHTaMu (byHKIMOHANA,

UCTIONB3YFOIIETrocs NPH BapUAIMOHHON (HOPMyITHPOBKE
Mozenu. 3anmumeM QyHKimoHan Jlarpamxka i TeopHu
nedexTHbIX cpen [6-8]:

L=4-|[[ v,,,.D,, D,,)dV (1)
U, = ¥ (Cpradyd,, +2(C, d,D,,, +

ijmn mn

+Cp.D,D,, +Cyy Dy D, )

ijmn mn ijkimn = ij k

v
3nece A - paGora BHemmHMX oObemubiX cun P,

pacrpesieNieHHbIX B 00beme ynpyroro tema Vo,

F
TIOBEPXHOCTHBIX CHUJII P

;  3a/laHHBIX Ha MOBEPXHOCTH

Tena F ma TICPEMCIICHUAX R, UV - INIOTHOCThH

cri -

fjmn TCH30pPbI MOZYJICH

MTOTCHIINATLHOMN DHEPruu,

YIPYTOCTH, CPEIH KOTOPBIX cl TEH30p MOJyieil

ijmn

YOPYrOCTH — HEMOBPEXAEHHOH  jAedeKTamMm  Cpespl,

12 . Y
CWM - TEH30p MOJy/JeH YNPYrocTH, ONHCHIBAIOIINI
HePEKPECTHBIC ¢ dexTsr, CBA3aHHbIE c

B3aUMOBJIMSHIEM TIOJICH CTECHEHHBIX z[e(bopMaHmi u

cBOOOIHBIX JehopMaril. C2 - Temso Moyseit
it acgopmanmy, L., P ay.

YIPYTOCTH yCJIOBHOM MOBPEXKACHHON CPEIbl € TIOJNEM
CBOOOIHBIX nedopmarnnii,

CF'I = QP 5 5

ijmn mn

+,u”q(5 5 +90, 5/m) p.q=1,2,

im in

TEH30p rpajueHTHBIX MoJtyJIeid,

ijkmnl
XapaKTepU3yIomuit MacmiTabHble
CBSI3aHHBIC C yICTOM CBO60}1HBIX }ZlI/ICTOpCI/Iﬁ

dusnyeckue  COOTHOLIEHMS — PaccMaTpHBAEMON
cpefibl ¢ mojieM Je(eKTOB MOJHOCTBIO ONpPEIEAIOTCS
cooTHOIIEHUsMH I'prHa:

a¢dexTsl,
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o,.:aUV/ad‘.._(c“ d, +C2 D )

ijmn jjmn
21 22
- aU /aD (Cx/mn mn Cx/m/len) (2)
m:/k =ou, / aD[/’,I« Cykmn/Dnm.l
Maremariueckas ~ MOJEOb  PACCMATpPHBAEMOil
06OGIICHHOH  CPEBl  MOMHOCTBIO  OMpPEICIISETCS

CIIETYIOIIMM BapUAIIMOHHBIM PABEHCTBOM:
sL=|[[ W(e,,+BOR,
+(my, , —s,)0D;1dV + (3)
+fp AR ~0yn, 18R, —myn, 5D, }dF =0
IlpuBeneM BapHALMOHHYIO TOCTAaHOBKY (3) K
BAapUALMOHHON IOCTAaHOBKE KJIACCHYECKOW YIPYrocTh
[8,9]. Ilonaraem, 4ro noss nepeMenieHuit 1 JUCTOpCHit

SBISIIOTCSL PCIICHUSIMH KpaeBoii 3ajgaun. Ileperuiem
narpatxuat (1) ¢ yuetom (2) B ciieyrommeM Buje:

LA—HUR+

D[/JdV —EC']EJ.)(m[/knk

My k ) :
(€]
‘f/dV

Bropoe ciaraemoe B 00bEMHOM HHTETrpaJic PABHO HYIIIO.

COOTBETCTBEHHO, M TOBEPXHOCTHBIH HHTErpan B (4)
PaBeH HYII0 B CHJIy HEKJIACCUYECKMX TIPAHHYHBIX

ycnoBuii B ypaBHeHHH (3) (m ik )5D =0. Taxkum

obpasom, noTeHUuaibHas dHeprust B (5) mprobperaer
KJIaCCHYCCKHI BUIL:

1

L=4 7“ o,R AV )

Or™MeTnM, 4TO BRIpaXKeHHUE (5) SBISETCA HCKOMBIM

ycnoBueM. B (5) mone mepemernenuii onpenensercs

KpaeBoil 3afadei (3), a /Ul TeH30pa HANPSKCHH (ot

BBITOJTHSIETCS 00001eHHBIIT 3aKkoH ['yka (2).
Beerna MOXKHO —ONIpENEUTh TEH30pPHOE  IOJIE

MOJATINBOCTEH TaK, 4TOOBI BBINOJIHSIOCH
COOTHOIIICHHE:

(R, +R,)/2=E; o ©

VuuteiBas  (6)  yBUAMM, YTO  INIOTHOCTb

MOTEHIMAIBHOU 3Hepruu (5) nprobperaer BU SHEPrUu
KJIACCHYECKOU Heouﬂopouﬂoﬁ cpebl:

L=a= Il e,

CBopaunBasi paBeHCTBO (6) ¢ Jjj, HONYUHM:
={1/K)o, (8)
VuureiBas (8), 1 ¢uznyeckue cooTHomeEHHs (2)

MOXKHO OINpPEACNIUTh MEPEeMEHHbIH MOIylIb O0OBEMHOIO
CKATUSL Yepe3 U3BECTHOE PEIlICHUE KpaeBoﬁ 3anaun (3).

o = (27 +32471)5,

Ot AV @)

Umeem (CHY

mn

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.
1 11 11
Oy :(2,u +34 )RM
11 12
=K R/«,k +K°D,
Orcrona  HaiizieM A()QEKTHBHBIH MOIYNIb 0ObEMHOI

zlecpopMaunn
K=0, /R, =K"+K*(D,, /R,

e K™ =Qu +34™), p,g=1,2
CBopaunBas paBeHCTBO (6) ¢ 5 . TIOJTy4YUM:

=(/6) (., /2+a),/2-0"

JsJ ab

+(24"” +34°)D,, =

/3) (10)

I/Icnom,sys{ HepBEIe M3 COOTHOWIEHMH (2), u hopmyIbl
(10), momy4um ciemyioliee ypaBHEHHE IS MOJLYIS
CIIBUTa SKBHBAJICHTHOH KJIACCUYECKOH CpeJIbl:

G:,u” +,u12\/(:8ubﬂab)/(7ab7ab) an

e J,, - AeBMATOp CTECHEHHBIX JedoMalimii, ﬂah-

JIeBHATOP CBOOOIHBIX Je(hopMarimii.

TakuM  00pa3oM, OJHO3HAYHO  OINpEIETICHBI
TIepeMeHHbIC M0 KOoOpAWHaTaM Momynu casura (11) m
00beMHOro cxxatus (9) SKBUBAICHTHOH HEOIHOPOAHOM
Knaccu4eckoir  cpembl.  IlepeMeHHOCTb — HMX MO
KOOPJIMHATAM ~ OIIPEAEIISICTCSl TOSAMU  [ePeMEIIeHHIT

. 2
Ri ¥ HCECOBMCCTHBIX JIMCTOPCHUH DU , KOTOpBIC

HAXOJATCS KaK pelleHne KpaeBoii 3anaun (4).
Paccmotpum BbipaskeHue (5), KOTOpOE HOIY4EHO
HEMOCPEICTBCHHO n3 (yHKIMOHana Jlarpamka st

Mojenmn ¢ moisaMHM  gedekTo. B jaHHOM
ciydae 5Evmn =0, Tak KaKk 10 ONpEIENCHUIO
semwrmmet D, /R w o N(BuBu) ! (VY )

SABJISIIOTCA U3BECTHBIMU W MX BapHhallud pPaBHBI HYIIIO.
Cneaoaa‘renbﬂo, MOJKHO 3aITiCarh:

sL=[[[ (o,,+F )oRAV +
=§p (B -on)0RdF =0

Cren0BaTebHO, BApPUALIMOHHOE YPAaBHEHHE TEOPHUHU
U30TPOIHBIX OJHOPOJIHBIX CpeJ| C HOMAMH Je(heKToB
TIPUBOANATCSA K BUy BapuHallMOHHOIO ypPaBHCHHUSA
KJIACCUYECKOU ynpyroctu pinivs
(hyHKIMOHATBHO-TPAIUEHTHOM Cpe/ibl, IePEMEHHBIE TI0
KOOpJIMHATAM  CBOMCTBA ~ KOTOPOH  ONpENEISIOTCS
pCIICHUSIMHU KpaeBoii 3anaun (4).
Mogenb HOPHCTOCTH

B kauectBe wactHoro ciyuas obmeii teopun CCL{
PacCMOTPUM  «KJIACCHYECKYIO»  cpely  MuHmMHa.
JlarpamxuaH 3Toi TEOPUH UMEET BHIL:

L:A—lm (C}r.DyD,, +2C2, DD}, +

ijmn

(12)

2 2 2 2 P2
+ CW,D D, +CuDj i Dy
(13)

Kunemarndeckue runoTesst HOpHCTOﬁ CpeIbI:

)dv

200



L[E@OPMUPOBAHME U PASPYLLIEHUE KOMMOSULIMOHHBIX MATEPUAIIOB U KOHCTPYKLIMA

DL=R; D}=65,/3 0#R,,

Jlarpamkuan npuoGpeTaeT BUI:

=4 Wﬂj iR,
2(1<‘251.,)R1.,/.9+1<2299+
+(K”136,)0,0,)dv
VpaBuenus Diinepa:
CinnR,,;, +K70,+P =0
K220, -K?0-K"R,, =0

IMToBTopuM paccykieHus, IPUBEICHHBIC paHee,
MOIy4UM BBIpOXKCHHS Ul J(GEKTHBHBIX MOIyNeiH
SKBHBAJICHTHOIH M30TPOIHOM Cpelbl, pacCMaTpHBacMOit

(14)

+

n m

(15)

i (16)

ke ok

Kak (yHKIMOHATBHO-T PaIMCHTHBII Matepua.
ITpeoGpa3syem narpatmkuat (15) k Bumy:
_ 1 11 12
L—Afg.m ([CI R, +K665,]
1
'Ri«j}dV_E.m {[K"R ,+K”?0- (7

~K*120,,10dV 7%@5 (KZ120,n,)0dV

Craraemoe BO BTOpOif CTPOKE COJEP)KHT JICBYIO YacTh
4eTBEepTOro ypaBHeHHs Oifnepa (16), mosTomMy 3TO
cnaraeMoe paBHO Hymo. Craraemoe B TpeTbeil CTpoke
COJICPIKUT MPOM3BEICHUE JICBBIX yacTe

AJIBTCPHATUBHBIX HCKJIACCUYCCKUX I'PAHUYHBIX yCJ'IOBP[ﬁ,

TIO3TOMY Ha BCEH TIOBEPXHOCTHA B 3TOM HMHTETPAJIC OAUH
M3 COMHOXKHTENEeH 00S3aTeIbHO PaBeH HYNIO M, Kak
CJIC/ICTBUE, PABEH HYJIIO U TIOBEPXHOCTHBIN HHTErpall.
Taxum 00pa3oM, J1arpaHKUaH CBOIUTCS K BHIY:

L:A—%J‘” (ClLR,, + K 8,R )dV (13)

jjmn
BblpakeHHe B CKOOKax wHMeeT (GU3HYESCKUH CMBICI
KJITaCCUYCCKUX Hal'[pﬂ)KeHHﬁ W TO3BOJIACT TIOTYYHTH
COOTHOLICHHSI, ONMPEACISIOUINE TEH30p MOAATINBOCTEH

s¢dekTuBHOil cpenpl  (6), e TOX o, cnenyer
TIOHUMATh BBIPAKEHUE!
11 12
Oy = Cjmi R + K00, 19

U3 storo BBIpa)KeHHﬂ MOXHO OIPEACIUTL TCH30pP

MOJATIINBOCTEH E

iivg B pesynbrare

UCTIONB3Ys
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omeparuio cBepTkn ypasuenus (6), (19) ¢ dy, momyuum:
12 512
5 O [ .u KK
Cro TR
Kk
(20)
_(2ﬂ11+/111)12 ARk,k
(¢}
Kk
Mcronb3ys  CBEPTKY € ONEpPaTopoM JMBEPTEHIMH
(6,0, /2+6,0,,12-05,6,,/3) noxasbisaem, uro

9 deKTHBHBII MOIY/Ib CIBUra I HOPHCTOH CpEibl
0CTa&TCsl HEU3MEHHBIM.

Takum 06pasoM Moyib 00bEMHOTO ckaths K
SBIACTCS CYMMOH IIOCTOSHHOIO 10 KOOPAMHATaM
TIOBPEKJICHHOTO TIOpaMH MOIYJISA 00BEMHOTO  CHKATHS
TUIIOC  NIEpEMEHHass 110  KOOpAMHATaM TpaJuCHTHas
HOIPaBKa.

BoiBo/bI

IMonyueHnbie COOTHOLICHUS TIO3BOJISIIOT o
HAKOIUICHHOW TOBPEXKICHHOCTH 3a CYeT Ae(eKTOB
OmNpeneNuTh  MEPEMEHHBIH  Momymb  (hdeKTHBHOI
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KPUTEPUU PASPYIIEHUS, YYUTBIBAIOIIME UCTOPUIO JIE®@OPMHUPOBAHUA,
1 MOJEJIMPOBAHUE KPUBLIX JJIMTEJIbHOU NPOYHOCTHU

Xoxmos A.B.
HUU mexanuku MI'Y umenn M.B. Jlomonocosa, Mocksa, Mocksa, Poccust; *andrey-khokhlov@ya.ru;

Annomanusn:Ilocmpoenst u uccnedo6ansl 06a cemelicmea Kpumepues paspyulenus npu 00HOOCHOM HAZpPydlCeHui,
poocmeennbix Oeopmayuonnomy kpumepuio (AKP), no yuumeisarowux ucmopuio pocma oegpopmayuu. Kasxcooe uz nux
obpasyem wikany Kpumepues, Henpepbi6Ho U MOHOMOHHO 3a6UCAWUX om napamempa, ekiodaiowyio [JKP kak npedenvHuiil
cayuail. Kpumepuu nepeozo éuda écezoa daiom bonvutee spemsa paspyutenus, vem [JKP, émopozo — menvutee. B covemanuu
€ PasHbIMU ONPeOeAIOUUMU COOMHOUEHUAMU EbI6EOCHbL U UCCI006AHbL YPAGHEHUS KPUBHIX ONUMENbHOT NPOYHOCTU.

Knrouegsie cnoea: 6a3k0ynpyonnacmuyHoCb, NON3Y4echib, NOGPEICOEHHOCTb, ONUMENbHAS NPOYHOCHTb

HanéxHoe MoIenupoBaHHE KPUBBIX UIMTEIbHOMN
npounoctn (KAIT) marepuana WM dJieMEHTa KOH-
CTPYKIIMH IO pe3yJbTaTaM MCIBITaHHI Ha MOJI3y4ecTh
NPH BBICOKUX HANPSHKEHUAX HEOOXOANUMO, B YaCTHOCTH,
JUIS OLIEHKH CpOKa O0e30MacHOil SKCIUTyaTaluu Ipu
HM3KUX HANPSDKCHUSX, KOIJa BpeMs pa3pyLICHUs
CIIMIITKOM BEJIHKO, YTOOBI MOXHO OBLIO MOJNYYHTH JKC-
HEePHMEHTaIbHYI0 HHPOPMAIIHIO O HEM.

JIas MOzenMpOBAaHMS M TPOTHO3HPOBAHHS [UIH-
TENbHOM IPOYHOCTH MATEPHATIOB K BbIOPaHHOMY (I1O-
CTpOCHHOMY) ompezeisionemMy cootHourerno (OC)
HeoOXoauMo 106aBuTh Kputepuii paspymenus (KP),
3aJAIOIMIT MOMEHT pa3pylIeHHs f, 1O JOCTUKCHHIO

KPUTHYECKNX 3HAYCHMUH HEKOTOPBIX MEp TMOBPEKIEH-
HOCTH (CKaNspHOM, BEKTOPHOH Wian TensopHoi [1,2]).
KenarensHo, uto6bt KP u OC Xxopoiio B3auMoJeii-
CTBOBAJIU, TO €CTh II03BOJISUIM BHIBECTH yPaBHEHHE TEO-
pernueckoit KAIT ¢ = f(o) wm o=F(t) (t -
BpEeMs paspylIeHUs NPH JaHHOM YPOBHE HAIPSKCHHS
o, ynkiuun f(x) u F(¢) Moryr ObITh, HaIpUMep,
MHTETpajlaMi 3aBHCAIINMH OT IIapaMeTpOB M MaTepH-
anpueiX Qynkiuit OC), aHAIUTHYECKH HCCTIEN0BaTh B
0011eM BUJIe 3aBUCUMOCTb €€ CBOMCTB OT MaTepHaIbHbIX
¢dyukuumit 1 napamerpos OC u KP u ykasars orpanu-
YeHHs Ha HHUX, OOECIeUMBAIOIIHE COBIAJCHHE Kaue-
CTBeHHBIX cBoicTB Teopernyeckux K/IT ¢ temnu, xo-
Topble Habmoal0TCs y oKcnepumenTanbHeix KT

Ota (uzpeanbHas) HpOrpaMma M pealn3oBaHa B
naHHoi pabote u [3-7]: moctpoenst KP 1 onpoGoBaHb
BO B3auMoJelcTBiu ¢ TuHEHHBIM OC BA3KOYNPYTroCTH,
OC nenuneitHolt Teopun HacnencTseHHoctu H0.H. Pa-
60THOBA, HenmHeHHbIM OC BSI3KOYHPYToO- INIACTUYHOCTH
Tuna Makcemuia U JiByms Henuueitnsimu OC, nipejio-
JKEHHBIMH W HCCIIe0BaHHBIMU B [3,4] (kKaxkmoe u3 me-
peuncienHslX HeauHeHHbIX OC COACPXKHUT 1BE Marte-
puabHbIe (YHKIHM OJHOrO apryMeHTa B OZHOOCHOM
cilyyae M HECKOJbKO rapamerpos). Ot OC HarenaeHbl
Ha OIMCAaHHE KOMIUICKCA OCHOBHBIX MEXaHMYECKUX
9((HEKTOB, THINHMYHBIX U BA3KOYNPYrOIUIACTHYHBIX
MaTepuanoB, 00JIaJaoMuX HACIEICTBEHHOCTBIO U BbI-
Pa)KEHHOI 4yBCTBUTEIBHOCTBIO K CKOPOCTH AedOpMH-
poBaHus (IOJIMMEPBI, TBEPIOE TOILUIMBO, achanbrode-
TOH, KOMIIO3HTBI, TCHbI, THTAHOBBIC M ATIOMHHHEBBIC
CIJIaBbl, YIIEPOAHbIE U KEPAMUUECKHE MaTepHAIIbI TIPU
BBICOKHX TEMIIEpPaTypax, CBA3KU, CYXOXKWIMS U APYTHe
OGUOIOrNYeCKHe TKAHU U T.I1.).
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B [5] npeuioxkeHsl 1 UCCiIe10BaHbI /1B CeMelCTBa
CKAJLIPHBIX KPUTEPHEB PA3pyIICHUS IIPH MOHOTOHHOM
OJIHOOCHOM JIe()OPMUPOBAHNH, POJICTBEHHBIX Jedop-
MalMOHHOMY KpuTepuio paspymenus (JIKP moctymu-
pyeT, 4YTO pa3pylIEHHE IPOMCXOAUT B TOT MOMEHT
t=t., xorma pedopmaumus &(f) AOCTHraeT KpUTHYE-
CKOTO 3HAUCHUS: &(L)=é&., TJE & — MOCTOAHHAS MM
£.=&, o, k>0 ), HO YUUTBIBAIOIIUX HCTOPHUIO
HapacTaHus aedopMaluu (M 3aBUCUMOCTb KPUTHYECKOH
nedopMalid OT HANpPsDKEHHs W Temmneparypsl). Mx
CTPOCHHE MOTHBHPOBAHO JKCJIAHUEM HMETh apceHal
6osee YyTKMX M JOIyCKaONMX peryampoBky KP, mos-
BOJIIOIIMX MAKCUMAJIbHO TOYHO OIMCHIBATH JKCIIEPU-
menTanbuble K/ pasnuuHbix MatepuanoB (WiaM sie-
MEHTOB KOHCTPYKI[Mi1) M y4HTHIBAIOIIMX HH(OpPMAIHIO,
KoTopoii mpenebperaer nedopmarmonnsii KP (JIKP).
Llenecoo6pasno nocrpouts KP, o6obmatonme JKP, HO
YUHTHIBAIOIIME UCTOPHIO HapacTaHus nepopmarn, KP,
3aBHCAIIME OT XapaKTEPUCTHK KPHUBOH IOJ3yvecTH
&(1) . Bep OHa XpaHUT HHTErpajIbHYI0 HHGOPMALHIO 00

YCIOBUAX pasBHTUA JIe(OpMaIMH U IPOIeccax, IPUBO-
JIAIMX K PaspylIeHHIO: O TeMIepaType, YpOBHE
HANpsDKEHUs, BEIMYHHE M MOMEHTAaX JOTPY3KH MpH
CTYIICHYaTOM HArPy>KEHHH, CKOPOCTH IIOJI3Y4YeCTH,
HAKOIUICHUM JIMCJIOKALMH, DPasBUTUM MHKPOTPELIMH,
yMeHbIIeHHH S()(EKTHBHOW  IUIONIAMH, KOPPO3MH,
mipdy3un BomOpoaa M JAPYTHX arpecCHBHBIX Ta30B,
CHJIBHO BIIMSIOIINX HA JUTUTENIBHYIO TIPOYHOCTD M T.II.
IMoctpoennbie KP  o6o6mator JIKP mno aBym
HaIpaBJICHHSM: BMECTO JeGOpMali B HUX HCIIONb3Y-
eTcs Apyras Mepa IOBPEKISHHOCTH (f), CBSI3aHHAs C

&(f) MHTErpalbHBIM OLEPATOPOM, a KPUTHYECKOE 3Ha-
YCHHUE @. =&, MOXKET OBITh Kak KOHCTaHTOﬂ, TaKk H

BEJIMYMHOM, 3aBUCSIICH OT HAIPHKCHUS, TEMIIEPATyPhI
M TapaMeTpa BUA HANPSHKEHHOTO COCTOSAHUS & ):

ot)=¢e., e =¢/T.Ec", k=0  (10)

,o' ¢ k20 co-

CrerneHHasi 3aBUCUMOCTh &,

riacyercsl ¢ JJAaHHBIMH MHOTOYHCIIeHHBIX (10) ombiToB,
KOTOpPBIC TTOKa3bIBAKOT, YTO C POCTOM HATIPSDKEHHUA 11€-
(bopmanms paspymeHus &, , Kak NpaBuIio, He yObIBaeT.
B kauectBe MEp HOBpC)KL[éHHOCTl/I TpeuiaraeTcsa mc-
M0JIb30BaTh /IBa CEMEHCTBA CPEAHHUX 3HaueHui nedop-
MalluH 3a Bpems [, 3aBUCALIMX OT mapamerpa u >0 :
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w=&l)= [f‘j\g(r) I dr] , (1n

0=28,1)=e0)+v,()1, (>0 (12)

N 1Vu
rae v, (t):= [z" I\g’(r)\“ er — cpejHee 3HAYCHUE
0

CKOpOCTH Je(opMaIim.

B ocnose KP (10),(12) nexur umest onpeneacHust
cpeaHeil aedopMarmy yepes CpeHIo CKOpoCcTh V(1)
Ha orpeske [0,7]. IenecooOpa3HOCTb HCIIOIB30BAHUS
kputepust (10),(12) cBsizana emé u ¢ TeM, 4TO OH
obobmuraer u Gopmanuzyer sMnupuueckuii Gaxr [8]: B
HUCIBITAHUAX Ha IOJ3Y4YECTh I Pa3HbIX MAaTEPUAIOB
MPOU3BE/ICHHE [, HA CKOPOCTH YCTAHOBHBIICHCS MOJ-
3y4eCcTH Vv — BCJIHWYHHA IOCTOSIHHAA, HE 3aBHUCALIAA
(umu  cmabo  3aBHCAIIAsA) OT YPOBHA HANPSKEHHS:
vt, = const . MoxHo 00006muTh 310 HabmioJeHHE Ha
HEYCTAaHOBMBIIYIOCS ~IIOJ3ydYecTh, 3aMEHMB V  Ha
CPEJIHIOI0 CKOPOCTb TTONI3YYeCTH Ha HHTEpPBAIe BPEMEHH
or 0 no . u nobasuB B (12) cmaraemoe &(0), obec-
TICYUBAIOILICE YYyBCTBHTCIBHOCTH KP x wnHavyanbHOM
MTHOBEHHOH AedopMarum.

JleranbHoe aHanutuyeckoe uccnenosanue KP (10),
(11) u (10),(12) npm M106BIX 3HAYCHHUSAX MATEPHATIBHBIX
apaMeTpoB [5] M03BOIMIO OOHAPYKUTH PSIIT MOIE3HBIX
CBOﬁCTB, TIOATBEPKAAIOIMNX UX MMPUTOTHOCTE IS OIMH-
caHMs Pa3pylIeHHs Pa3IMYHbIX MAaTepUalOB IpPU I0JI-
3y4eCTH U NPOTHO3MPOBAHUS JUIMTEIBHON HMPOYHOCTH
MaTepHaIOB HIIH JIEMEHTOB KOHCTPYKITUH.

JlokasaHo, 9TO [Is JIF0OOT0 HEeYOBIBAOIIETO MPo-
necca Jedopmanun  £(1) cnpasednusvl  ciedyioujue
ymeepoicoenus [5]:

1) cpemume &,(f), u>0,u £/(f), u>1, Bo3pac-
TalT ¢ TI0 K HOTOMY MX MOXKHO HCIIOJIb30BaTh KaK Mepy
HOBpC)K}IéHHOCTH B KP JUIT MOHOTOHHBIX IIPOIIECCOB
neopmupoBanust  (TpeOoBaHME BO3pacTaHus (1)
(opmanu3yeT mNpeacTaBIeHHE O TOM, YTO IPOLECCHI
paspylueHus ¥ HapacTaHus Ae(opMalMi MOJI3Yy4YeCTH,
TECHO CBSI3aHHbIC OOLIMMH CTPYKTYPHBIMH MEXaHH3-
MaMH, MOJOXHTEIbHO KOPPEeIUpOBaHbI, 'COHAIpaBiie-
Hb1'");

2) ckopoctu pocta mopexacHHocreit (11) u (12)
BbIpaXKatoTcst GopMyJIamMu:

&0 =5, (e 15,0)" 1],
£, (0=, (0u " [u=1+ 0 v, ()],

(13 HUX MOXKHO BBIBECTH KMHETHUECKHE YPABHEHUS JUIS
(t) npu noxxmouennn KP k mekoropomy OC);

3) cemeiictBa dyukimit £, (f) u &,(f) HenpepbIBHbI
1 BO3PACTAIOT 110 rapameTpy u > 0 ;

4) nnst Beex t>0 £, (t)<e(t) npu mobom u>0 u
E,()>e(t) mpu u>1;

5) &,(t)—>&(t) npu u—>oo, t.e. KP (10),(11) npu
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JOCTaTOYHO GOJBLIOM u JaST 3HAYeHHe f, , CKOJIb
yroauo onmskoe k JIKP;

6) nmpu u=1 &(t)=e&(t), t>0, nu KP (10),(12)
coBragaet ¢ JIKP.

DT CBOMCTBA TOKA3BIBAIOT, uTO Kpumepuu (10)
,(11) obpazyrom MOHOMOHHYIO U HENPEPbIBHYIO UIKATY
Kpumepues (MOHOTOHHO M HEHPEPHIBHO 3aBHUCAIIUX OT
napamerpa u >0 ), 6onee msrkux, yem JIKP, Ho ckoib
YrOZHO Mo OTJIMYAIONIMXCS OT HEro HpU OOIBIIMX
snadeHusx u , a KP (10),(12) ¢ u>1 - mkamy Kpu-
Tepues, 6oiee xéctkux, uem AKP u sxmouvaiowyio IKP
Kak npedenvuwiii cayuait npu u=1. KP cemeiicmea
(10),(11) npu ecex u>0 oaiom 6onvuee épems pas-
pywenus, uvem JKP, a KP (10),(12) npu u>1 —
MeHbuee, IPUIEM OMKIOHEHUE MOJNCHO COCNAmb CKOIb
Y200HO Manbim 3a CYET BEIOOpA 3HAUECHNMI MapameTpa u
y Kpas mwkansl (u#—>c0 wm u=1). DTO CBOHCTBO
OYeHb IOJIE3HO s Oosiee aKKypaTHOH HAaCTPONKM Mo-
JIeN Ha MMEIOLINECS HKCHEePHMEHTAIbHbIC JaHHBIC O
3aBUCHMOCTH BPEMCHH Pa3pyLICHUs OT YPOBHs Hampsi-
JKEHHS, TEMIICPaTyphl M JAPYTHX (aKTOPOB: €CIU STH
JIaHHBIE HE YyJOBIETBOpHTENbHO ommchkiBaeT JIKP, To
MOXHO BbIOpaTh Oonee moaxomsumii KP u3 mocrpoeH-
ueix cemeiicts (10),(11) mwm (10),(12), miaBHO U Mo-
HOTOHHO M3MEHSIS 3HAUYCHHUE U .

Iapametrp u B (11) mrpaer pons perynsTopa
3HAYUMOCTH TIO3AHeHmell (Ommkaiimel Kk Tekymemy
MOMEHTY BPEMCHH ) UCTOPHUH: 4eM OoibmIe u , TeM
Oonbmii Bkiajx B mHTerpan (11) BHOCAT OGosblune
3HaueHns &(7), T.e. 3HaUeHUs AeGopMalii B MOMEHTBI
7, ONM3KHME K BEepXHEMy MpeJielly MHTETpUPOBAHUS !
(&(r) npennonaraercs neyobiBaroreit). KP (10), (11) u
(10), (12) (pu u ~ 1) OpHEHTHPOBAHbI, IPEKIE BCETO
Ha MaTepHajbl, KOTOpble 00NaIaf0T JTHTEIBHON IaMs-
TBIO, B TOM CMBICIIC, YTO OHH IIOMHSAT BCIO HCTOPHIO
nedopMaiyy, HaunHas ¢ MOMeHTa =0 .

JIns MOJIEMPOBAHHS Pa3pyLICHUs MaTepuaoB C
3aTyXaromel MaMAThIO U OTPaHWYEHHON TTyOMHOM ma-
MSATH (TIOJIHOCTBIO 3a0BIBAIONINX HAYAIBHYIO HCTOPHIO),
MOJKHO BBECTH B OINPECICHHS HHTEIPAIbHBIX CPEIHUX
(11) m (12) TMONOKUTETBHBIE BECOBBIC MHOKHTEIH,
MOHOTOHHO 3aBHCSAIIUE OT 7 , INOO 3aMEHHUTh OTPE30K
unterpuposanus [0;¢] Ha [6f;¢], roe 6 €[0;1), T.e.
BBIOpPATh B KayecTBE MEPbl HOBPEXKAEHHOCTU CPEJHIOIO
nedopmarnio Ha otpeske [6f;¢], >0

1u

()=, ,(O)=| (t-00)" jg(r)“dr (13)

o

roe u>0, 6e[0;1). Herpyauo nokasars, uto
g, ()= .(1), (t) < &(t) mpu 6 € (0;1),

&,,(t) Bospacraer o 6 W u

£(N<é,

u ¢, ,(t)—>e(t) npu
0 — 1, 1.e. mxana KP (10),(13) Tawoke conepxut JAKP B
MpeJenbHOM Cllydae M Bcerga Haér Oosblnee Bpemst
paspymenusi. Beenenne mapamerpa ¢ B Mepy moBpe-
JKIEHHOCTH TMO3BOJISAET OCYIIECTBIATH elé Goiee TOH-
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kyto Hactpoiiky K/IT Ha skcrepuMeHTanbHbIC JaHHbIC
110 cpaBHEHUIO ¢ (12), U JaET AOMOIHUTEIEHYIO CTCIICHb
cBOOOMBI I Y4ETA MX 3aBUCHMOCTH OT TEMIIEPATyphl
UM MHEIX (HaKTOPOB (BOJOPOIHOTO, PaJHAIMOHHOTO,
TEIUIOBOTO OXPYMYHBAHHS METAIOB,  MAacIITabHOTO
sbdexra [1] u T.11.).

TToctpoennsie KP onpoGoBaHbl BO B3aUMOJCH-
crBun ¢ JmHeiiHbiM OC Bsiskoynpyroctd, OC Henu-
HeifHol Teopun HacnenctBenHoctn O.H. PaGotHoBa,
HenuHeWHbIM OC  BSI3KOYNpPYro- IUIACTUYHOCTH THIA
Makcseiuia 1 apymsi HenuHeitHsiMu OC, npeuioxeH-
HBIMM M UCCIIEZIOBaHHBIMU B [3,4]: IpH NPOU3BOJIBHBIX
MaTepHaNbHBIX (YHKIHAX M MapaMeTpax BBIBEACHBI
ypaBHeHus KpuBbix noszydectu u KJII1 u ananutnueckn
HCCIIe0BaHbl UX OOIIMEe KAaueCTBCHHBIC CBOMCTBA, BbI-
TEKaloNUe M3 OOIIMX OrPaHMYCHMH, HAJOXCHHBIX Ha
MatepuanbHele GyHKImH 1 mapameTpsl OC. JlokasaHo,
yto B couetanuu ¢ JJKP nmm ¢ mo6eim n3 KP cemeiicts
(10),(11), (10),(12) nuu (10), (13), Bce nepeyncieHHble
OC npusonar k Teoperndeckum KJIII, obnanarounmm
TakUMH )K€ Ka4eCTBCHHBIMU CBOICTBAMH, 4TO H TH-
nuuHble dKcnepumenTansusie KIT Bsskoynpyrormia-
CTHYCCKHX MATePHAIOB. A UIMECHHO: JaHHBIC HCIIBITAHHIT
nokaseiBatot, yro KJII # = f(o) Bcerma yObIBaioT,

t(o) >+ wpu o —>o,, e o,>0 — mopor

nomydecty, u t,(0) > 0 mpu o — o, L npexena
MTHOBEHHOU NPOYHOCTH O, . VIMEHHO TakuMmu TOJy-
yatotess U Teopernueckue KJIIT npu HaifieHHbIX orpa-
HUYCHHUSAX HAa MaTepranbHble QyHKIMH 1 mapametps OC
n KP. [lns MHOrMX MaTepHanoB PeriucTpUpyeMble 3Ha-
YEeHHS f, XOpOIIO ANMpPOKCUMHUPYIOTCS (10 KpaiHei
Mepe, B AMana3oHe J0CTATOYHO OOJBLINX HANPSIKEHUI)
CTerneHHON (QYHKIMEH ¢ OTPHLATENIbHBIM [10Ka3aTelIeM:
t.=co’, 0>0,>0, a<0, ce(0;1),

WIN JBYMSI CTCNICHHBIMH (GYHKIMSMH C DPa3IHYHBIMI
nokasaTelsaMu B HHTepBanax (o,,0,) u (0,,0,). B
koopauHatax Int, — Ino Takme KIII npexcrasistorcest
OTPE3KOM MPAMOi JMHUM C OTPHLATENIBHBIM YIJIOBBIM
K03 (HHUITMEHTOM MM JIBYX3BEHHOH JoMaHOi. Taxumn
MOKHO caenath Teoperndeckue KT npu Haanexamem
BbIOOpE MaTepHabHBIX (yHKLHI (HarmpuMep, B Cllyuae
JIMHeHHoro uHrerpanbHoro OC BSA3KOYNPYrocTH HaJlo
B3Th  ke[0;1) u QyHKuMIO MON3ydecTH BHAA

T(t)=ct”, ae(0;l), ¢>0).
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Takum 00pa3zoM, MOKa3aHO, YTO IPEUIOKEHHBIC
KPUTEPHU paspyllieHus B codeTanuu ¢ pasubiMua OC
MO3BOJLSIIOT  ajiekBaTHO onuckiBath KJIT mmpokoro
KJ1acca BSI3KOYMPYTOIUIACTHYECKUX MaTephuanoB M Mpo-
THO3UPOBATh JUTUTEIIbHYIO IIPOYHOCTH MPH TOI3YYECTH.

MOKHO OKHIATh, YTO BCIEACTBHE MPUMEHEHHUS
MPOLEAYPbl yCpEeAHEHHS AedopMaIiy, OKa3bIBArOIIeH
criaxusatomee Bosaericreue, KP u3 cemeiicts (10),(11)
, (10),(12), (10),(13) okaxyrcs Gonee yCTOIYMBBIMH,
yem JIKP, 10 OTHOLICHHIO K pa3opocy XapakTepHCTUK
00pasIoB U3 OJHOrO U TOTO JKe MaTepuala, T.e. pa3dpoc
KPUTUYECKOM BEIMYUHBl @, Il MEP MOBPEKIAEHHOCTH

(11), (12) unu (13) B ombITax Ha pa3pyLICHUE OKAXKETCS
menbiue, yem i JIKP (korma @, coBmagaer ¢ mpe-
JeNbHOM Aedopmariueii).

Coznanne apceHala KpUTEPHEB pa3pyIICHHs, XO-
pomo COrJIaCOBAHHBIX C PAIOM ONPEACIIAIONINX COOT-
HOLIEHUN U MNO3BOJIAIOIMX aHAJIMTHYCCKOE HCCJIe10Ba-
nue ypasHeHuit KJIIT B obmieM BHze, UX HACTPOHKY 3a
cuér mapamerpoB, m3MeHsrommx KJIIT m3BecTHBIM (B
pesyibTaTte aHaiu3za) oOpa3oM, M TONYYEHHE TOYHBIX
nBycroponHux oneHok mis K/II, moposkmaemoro ne-
dopmaumonssiv KP, rosne3ust it 06paboTKu pesylib-
TaToB McnbiTanuil n Mozxenuposanus KAIT u nis npo-
THO3UPOBAHUA I[J'II/ITEJ'[BH()f;I TIPOYHOCTH BA3KOYNPYTO-
TUIACTUYECKUX MaTEepUaJIOB.

1. Jlokowenro A.M. Tlon3ydectb M JUIMTENIbHAs IIPOYHOCTh METall-
J10B. M.: ®usmatiut, 2016. — 504 ¢.

2. Maxymos H.A. JlepopMalimoHHbIC KPUTEPHN Pa3pPyLICHAsS U pac-
YT JIEMEHTOB KOHCTPYKIMIA Ha Mpo4yHOCTh. M.: MammHocTpoeHue,
1981.-272c.

3. Xoxnoe A.B. Onpezensiioniee COOTHOIICHHE Ul PEOIIOTHYECKHX
MPOLECCOB: CBOMCTBA TEOPETHUYECKHX KPUBBIX MON3YHECTH M MOJe-
nupoBanue 3aryxanus namsti // Ussectust PAH. MTT. 2007. Ne 2. C.
147-166.

4. Xoxnoe A.B. Onpezensiioniee COOTHOIICHUE Ui PEOIOTHYECKHX
HPOLIECCOB C U3BECTHON MCTOpHei Harpy:kenus. Kpusbie monsydectn
u jumtenbHoii npounoctu // M3s. PAH. MTT. 2008. Ne 2. C. 140-160.
5. Xoxnoe A.B. Kpurepuu paspyuieHHs NpH IOJN3YYECTH, YUHThI-
BAIOLIME UCTOPHIO Je()OPMUPOBAHUS, ¥ MOJICIMPOBAHUE JUINTEILHON
npounoctu // U3. PAH. MTT. 2009. Ne 4. C.121-135.

6. Xoxnos A.B. OOume cBOiicTBA KPHBBIX TOJ3Y4ECTH M JUINTEIb-
HOH MPOYHOCTH, TMOPOXKIAEMBIX HETMHEHHOH Teopueil HaciencTBeH-
nocrn FO.H. PaGornosa. Otuér o HUP Ne 5288. HUM mexanukn
MI'V. 2015.. - 74 c.

7. Xoxnos A.B. CoiicTBa HenMHEIHOH MOJEIN BA3KOYHpPYrora-
CTHYHOCTH THIa MakcBemia ¢ JBYMSI MaTr€pHaibHbIMU ll)yIlKllHﬂMV[ //
Becrunk MI'Y. Cep.1. Maremaruka, mexanuka. 2016, Ne6 (B neuarn).
8. Pabomnos FO.H. TlonsydecTh 3JIEMEHTOB KOHCTPYKUHiL. M.:
Hayxka, 1966. - 752 c.
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MOBBIIIEHUE MEKCJIOEBOI1 NPOYHOCTHU KOMITO3UIIHOHHOT'O
MATEPHAJIA C HCTIOJIb30BAHUEM CIEIUAJIBLHBIX APMUPYIOIINX
YACTHI]

Yapksuanu P. B." , Komapos B.A., ITaBnoB A.A.

Camapekuii yansepenter, Camapa, Pocens; “oneram@yandex.ru;

A : Pacc.

1p

puanos (IIKM). IIpusoosimes 0630p cyujecmsylouux cnocobos ynpouHenus KOMRO3UYUOHHbIX op

A npoﬁvawa NOBbIUEHUST MEICCTOEBOL hpoyHOCMU NOAUMEPHBIX KOMRO3ZUYUOHHbBIX Mame-

. IIpeo. A HO-

bl cnocod dononnumenshozo apmuposanus IIKM. Dxcnepumenmansho ucciedyemes: s¢hhpekmugHocny paspabomannozo cno-

coba YNPOYHEHUS.

)

Kniouegsie cnosa: komnosum, npepopma, aoeesus, pacc.

CroucTble KOMMO3MIIMOHHBIE MaTephanbsl Ha OC-
HOBE CMOJI U TEXHHYECKHUX TKaHel 00J1a/lal0T BEICOKUMU
MPOYHOCTHBIMU  XapPAKTEPUCTUKAMHM B COYCTAHUH C
HU3KOH IUIOTHOCTBIO. [103TOMY OHM SIBISIOTCS OIHUMHU
N3 CaMBIX MEPCHEKTUBHBIX KOHCTPYKIMOHHBIX MaTepH-
anoB [1]. B pa3nuuHbIX OTPACIAX TEXHUKH OHH HAXOJIAT
Bce Oospluee npumenenue. OJHAKO KOMIIO3HULIMOHHBIC
MarepHalibl 00J1alal0T HEJO0CTATKOM: HHU3KON MeXcIoe-
BOI MpouHOCTHIO. ITo 3TOH mMpHUUMHE OHM TIOXO BOC-
MPUHUMAIOT YAAPHbIE U KOHTAKTHBIE HArpy3KH [2].

CyliecTByeT MHOXKECTBO — CIIOCOOOB  TTOBBILICHHUS

MEXKCIIOCBOI TIPOYHOCTH KOMIIO3UIIMOHHBIX MaTCPHUAJIOB.

Hx MoxHO Knaccn(bnunposa”rb Ha J1Ba OCHOBHBIX THIIA:
1. VYBenuueHHE MPOYHOCTHU CBSA3YIOLIETO.
2. TpascBepcaibHOE apMUPOBAHKE MIPE(HOPMBI.

TlepBblii crioco6 crocobeH CyLIeCTBEHHO MOBBICHTH
MEXaHHYECKHEe XapaKTepUCTUKU Kommosurta. OnHaxo,
3a4acTyo ero >(QeKTHBHOCTH HexocTaTouHo. Kpome
TOr0, IIOBBIIICHUE XAPAKTEPUCTUK CBA3YIOLIEr0 HE
IPOTUBOPEYUT IIPUMEHEHUIO BTOPOrO TUIIA YIIPOYHEHHUS
U MOXXET NIPHMEHSATHCS COBMECTHO C HHM.

CylecTByeT MHOXECTBO TEXHOJIOTHH, OCYIIECTB-
JIAIOUIUX 3TOT Crocod TeM WM HHBIM O6p2130M. Nx
MOKHO pa3/IeJINTh HAa YETHIPE OCHOBHBIX IPYIIIIBI:

1. cmuBaHue,

2. créranue,

3. mpexaBaputenbHas 00pabOTKa UIIaMy,
4. mpeaBapuUTENbHOE HAHECCHUE BOPCA.

Kaskplii u3 9THX Cr10co6oB o0ajgaer CBOUMHU Ipe-
UMyIIecTBaMH M HejocTarkamy. CIIMBaHUE M CTEraHHE
HpeJICTaBIAeT COOON COEIMHEHNE HECKONBKUX CIOEB
npedopMBl  OCPEICTBOM HETPEPBIBHEIX HHUTEH [3].
Hurn MOI'YT M3rOTaBJIMBATHCA M3 PAa3IWYHBIX MaTepua-
10B. OT MX NPOYHOCTH M INIOTHOCTH IPOIIMBKU 3aBH-
CHT MEXCJIOeBas NMPOYHOCTh JAMHHATa. OTH CIOCOOBI
0cTatoyHo AP HEKTUBHBI, HO 00IAAAIT PSAIAOM HEIO-
CTATKOB: B HUTSIX IIOCJIC CLIMBAaHHUA OGPHSyCTCﬂ ocCra-
TOYHOE HANpsDKCHHE. B pesyibraTe HaTSKCHHUS CIIU-
BAIOIICH HUTH 00pa3yeTcss MHOXKECTBO CKJIAZIOK BEpX-
HETO M HIKHero coéB. [Ipu BBoze nria co3aér Hewxe-
JlaTebHble OOKATUSI BOJIOKOH OCHOBHOTO marepuana,
pacTalKuBas UX B CTOPOHBI. Bcé 9T0 mpHBOIHUT K CHU-
JKEHHIO MEXaHMYECKHX CBOICTBA JIAMHMHATA B ILIOCKO-
CTH CIIOEB.

IpenBapurenbHas 00paboTKa UIIAMH 3aKIIIOUAETCS B
MPOKAJIBIBAHUSX MPedOpMbl UIIAMH C 3a3yOpHHAMU
(puc. 1)[4]. B mpouecce Takoil 00paGOTKH YaCTHYHO

» apMuf » A3t

0OpBIBAIOTCS HEMPEPBIBHBIEC BOJIOKHA CIIOEB, H CO3MAET-
Csl JIaMUHAT C I[IONEPEYHO OPUEHTUPOBAHHBIMU BOJIOK-
HamH (puc. 2).

Puc. 2. O6paGoTaHHBIii MAKET CII0EB

Ipencrapnennblii Nporecc SABISAETCS BBICOKOIPOM3BO-
nutenbHbIM. OJIHAKO M3-3a Pa3pyLICHUs BOJIOKOH B OT-
JIENBHBIX CJIOSIX, CBOMCTBAa MaTepuana B ILIOCKOCTH
PE3KO CHIDKAIOTCS.

I[IpenBapuTensHOEe HAHECEHHE BOPCA MCHONB3yeTCsS B
TEKCTHJILHOW, aBTOMOOWIIBHOM M JPYrHX OTpacisx
npowmbiieHHocTH. CyTh JJAHHOTO Crocoba 3aKioda-
€TCs B PaBHOMEPHOM HaHECCHUM KOPOTKHX BOJIOKOH Ha
TIOBEPXHOCTh MaTephaa C HCHOIb30BAHUEM KIIEEBOTO
cnost (puc. 3). BopcuHKM UMEIOT Maiyio JUIMHY (<2MM)
M IPEICTABISAIOT co00ii ToHKHE (0KONO 20HM) IMIHMH-
JpudecKue BOJOKHA. B pesynbrare Takoii oGpaboTku
TIOTYy4acTCs MsATKast TCKCTypa.

| A falling flock fibre

~ Adheasive coating

Base material

Puc. 3. Hanecenne Bopca
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DTa TEXHOJOTUs TO3BOJISIET COXPaHUTh LEIOCTHOCTDH
CTPYKTYPbI HATEH CaMOii TKaHH, Y4TO HO3BOJSACT IIPOM3-
BOJMTh DPAacKpoil M yKIanKy Marepuaia B JIHOObIC
npecc-popmel. HemocTaTkom sBIseTCS CyIIECTBEHHOE
YBEIMYEHUE TOJLMHBI MOHOCJIOS, YTO HETAaTUBHO CKa-
3bIBACTCS Ha BECOBOIT a(exTuBHOCTH KOHCTPYKIMH. K
TOMY 3Ke, KJleeBas IUIEHKA CHIDKAeT IIPOIHUTHIBAEMOCTh
npeopMBI U BIUACT HA CBOKMCTBA CBSA3YIOIIETO.

B nabopatopuy KOMIO3MIIMOHHBIX MaTe€pHAIOB M KOH-
crpykuuit HUM-202 Camapckoro yHUBEpCHTETa paspa-
60TaH HOBBIH CIOCOO MOBBINICHHS MEXKCIOCBOH IPOY-
HOCTH TIOJTMMEPHBIX KOMIIO3MIIMOHHBIX MaTepHanoB. OH
OCHOBBIBAETCS Ha BHEJIPEHUU CIICIMANBHBIX apMHUpPY-
IOIIUX YaCTHI] B MEXKCJIOEBOE IPOCTPAHCTBO. DTO MO3-
BOJISICT HPOU3BOIUTH YNPOYHEHHE B 30HAX CrHOOB U
TPYAHONOCTYIHBIX ~MECTaXx HENOCPEJCTBEHHO IpH
yKnaake mpedopMbl B OCHACTKY JBOMHON KPHUBU3HBL
Emgé oanum npenMymiecTBOM JIAHHOTO crocoba sBis-
€TCd TO, YTO OH HE TpeGyeT IIPUMEHEHUSA 1OPOTOCTOA-
mero oOOpYHOBaHMS WM CYIIECTBEHHBIX 3aTpar IIpH
BHEJIPEHHH B TIPOM3BOJICTBO.

ViipouHeHne MeXCI0eBbIX cBs3eil ciaonctbix ITKM mo-
CPEICTBOM HAHECEHMs apMUPYIOIIMX YaCTHUL[ Ha KakK-
Il CIIOH TKAaHM IMO3BOJISIET COXPAHMTh LIEIOCTHOCTH
CTPYKTYPBl HATEH caMoil TKaHH. DTO, B CBOIO Ouepenp,
TIO3BOJIACT COXPAaHUTH TIPOYHOCTH KOMITO3MIIMOHHOI'O
MaTepuana B IIIOCKOCTH YKIAIKU CIOEB.

Ouenka >(exkTuBHOCTH crocoba yrnpodHeHus Oblia
HIPOBEJICHA TIOCPEJCTBOM CEPHHU HCIIBITAaHMH 00pasioB
TIKM Ha packpelTHe TpelrHbl. ba3oBbIM JIOKyMEHTOM,
Ha OCHOBE KOTOpOro Oblna pa3paboTaHa MporpamMma
9KCIICPUMEHTA, BHIOPAHbI [apaMeTpbl 00pPa3LOB U IPo-
BeleHa 00pa0OTKa pe3y/IbTaTOB UCIBITAHMi, SBIACTCS
craugapr ASTM D 5528-01 [5]. Buemmnuit Bux u oc-
HOBHBIC pa3sMEpbI 06pa3u03 pan b WCTIBITAHUN TTOKA3aHbI
Ha puc. 4. VIX mmpuHa coctapisia 25 M.

xNeeBoe coefliete

®/ ammomvesas gomsra
2 /’7777

1580

Puc. 4. KoncTpyknusi u pa3mepbl 06pasiuoB st HCNBITAHUI HA
PACKpbITHE TPEIHHbI

DTOT BMJ MCHBITaHHUI ObLI BBIOpaH, B CBS3M C BAXKHO-
cThiO ompeneneHus conpotusisemoctn ITKM paccio-
eHni0 1o mepBoit Mozie. CylnecTBEeHHas 4acTh paspy-
IIEHNH KOHCTPYKIMH M3 KOMIIO3HTOB IIPOMCXOAMT MO
HPUYMHE HECIIOCOOHOCTH MarepHala COMPOTHBIATHCS
BHEIUIOCKOCTHBIM HAIPSUKCHHSM pacTshkeHus. Turmd-
HBIM TIPMMEPOM BO3HMKHOBEHHS TaKOTO HANpPsKEH-
HO-71e(h)OPMUPOBAHHOTO  COCTOSIHHS SIBISICTCSL  M3THO
anemenTta koucrpykuuu u3 I[IKM B mecrte cruba cinoés

(puc. 5).

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

Puc. 5. L-o6pa3nas 6a1Kka B HCILITATeJIbHOI 0CHACTKE H
paspyuienne B crube

Wsrorosnenue 00pa3LoB MPOU3BOIMIOCH METOIOM Ba-
KyymHO#l uHdy3uu. IIpedopma cocrosia u3 30 cioé
crexnoTkann T-10, koTopas MpOMHTHIBANACE B Jallb-
HEHIem SMOKCHIHBIM CBS3YHOLIUM Sicomin
SR8100/SD8824. Mexay 15-m u 16-m crnosimu (11010~
BHUHA TOJIIHMHBI [1aKeTa) OblLIa yJIOXKEHA aFOMHHHEBAs
donbra, obpaboTaHHas CHENHAIBHBIM AHTHAJIC3HOH-
HBIM cocTaBoM. CIioif (honbru B KOHCTPYKLMU 0Opasua
urpaetr ponb jgedekra (Tpeumnsl) B namuHate. EE pas-
MepBbI COOMIONAIOTCS OYCHb TOYHO. DTO HEOOXOAUMO IIst
JIOCTOBEPHOCTH JaHHBIX, ITIONYYaeMbIX B Xoje oOpa-
GOTKHM PE3yIbTaTOB HCTIBITAHUMN.

Hccnenosanack 3pheKTHBHOCTE yHPOUHEHHS MEKCIIO-
€BBIX CBsi3eil MaTepuana BHEAPCHHEM JBYX THIIOB ap-
MHPYIOIIMX YaCTHIl: KOPOTKHMX CTEKIISHHBIX BOJOKOH
(puc. 6, a) U yacTul, M3roToBICHHBIX M3 ITKM Ha oc-
HOBE OJHOHANPABJICHHBIX YTOJBHBIX BOJIOKOH (pl/lC. 6,

Puc. 6. ApMupyiomme 4acTHubI
(2 — cTekJIsIHbIC BOJIOKHA, § — YIJIENJIACTHKOBbIE CTEPAHH)

llJ'lS{ TIPOBEJICHHS DKCIIEPUMEHTA HCIOJIB30Balach yHH-
BepcalibHas CEepBOrMAPABINYECKasi MAlIMHA MPOU3BOJ-
crBa kommanuun MTS ¢ parymkom cuwist MTS
661.20F-03 1 1aTuyvkoM HepeMelleHni HarpyKaroIero
mmHApa. Kperienne u Harpyxenue oOpasIoB B 3a-
XBarax HCHLITETGHBHOﬁ MallWHBI II0Ka3aHO Ha pI/IC. 7

Puc. 7. ermle!me H HCNBITAHHE 06]’33“3 B 3axBaTax
MCNBITATETLHONH MAIHHBI
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IIpu 06paboTKe pe3ynbTaToB MCHBITAHUI JUIA KaXKI0TrO
Marepuaa ONpeieSUIICh YeIbHAs SHEPrus 0CBOOOXK-
nenust ynpyrux jgedopmaunii G M MakcUMajbHOE
YCHIIHE PACKPBITHS TPCIIHHBI P, THIIOBBIC Tpaduku
Harpy>KeHHs 00pa3IIoB MOKa3aHkI Ha pHC. 8.

046 -+ B o -
0.14 I 6,, 1
Lo i
= 01
@
S o008 /
3 a4
0.06 /
0.04 a
0.02 /A H
% 2 T

4 6 8
Mepenewiers, mm

Puc. 8. Harpy:kenue o6pa3suos (a — ucxoanwlii maTepuai, 6 —
MaTepHaJjl AapMHPOBAHHBIH KOPOTKHMH BOJIOKHAMH, B —

MaTepHaJj apMHp il yraennacr IMH CT )

CpaBHeHMe cpeHuX 3HaueHuil Gic ¥ P, pejcTaBie-
HO Ha THCTOrpaMMax (puc. 9).

2500 2121
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& 1500 1296
<
F3
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(51000
500 1
o
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160
122
140 113 3
120
T 100
w80 4
60
40
20 5
o
a 6 8

[
Puc. 9. Pe3yibTaThl HCHBITAHMIT (2 — HCXOHBII MaTepua, 6 —
MaTepHall, apMHPOBAHHBII KOPOTKHMH BOJIOKHAMM, B —
Marepuall, i yraennact IMH CT )

DFCMS-2016, UMALLI PAH, Mocksa, Poccusi, 18-20 okmsbps 2016 e.

BoiBoabl

Pa3paboTaHHbII METOI YHPOYHEHHMS MOKa3aJ CBOIO 3¢-
qJCKTI/IBHOCTL. ApMHpOBaHI/IC CTCKJITHHBIMH BOJIOKHAMM
TOBBICHJIO YETbHYIO YHEPTHI0 OCBOOOKACHUS YIPYTUX
nedopmanmii Ha 14%, a MakcHMaibHOE YCHIHE Ha
7,96%. ApmupoBaHHE KOPOTKHMH YIVICIIACTUKOBBIMH
CTepXKHAMH OKa3ajoch Oonee >PQGEeKTHBHBIM H yBEIH-
4quio cpepHue 3HaueHust Gie Ha 26,5%, a 3HaueHus P,
Ha 40,7%. D10 00bsCHIETCS TeM, YTO rHOKHe U I0jaT-
JIMBBIC BOJIOKHA HE CIIOCOOHBI IIPOHHMKATh B IPOCTPaH-
CTBO cJ1051 TKaHK. TakuM 06pa3oM, OHM apMUPYIOT JUIIb
MEXKCIIOEBbIE OOBEMBI CBA3YIOIIETO, B TO BpeMs, Kak
IPOYHOCTb COCAMHCHUSA MOHOCJIOEB 3aBUCUT U OT HUX
CBS3H C MEXCIOCBBIMH 00bEMaMu cMonbl. i cosza-
HHSl TaKoil CBA3M HEOOXOMMMBI YACTHUIIBI, CIIOCOOHBIE
MPOHHUKATh BO BHYTPEHHHE 00BEMBI MOHOCTIOS. MOKHO
3aK/IIOYUTh, YTO APMHUPYIOMKUE DBJIIEMEHTbI JOJIKHBI
MPECTABIATh M3 ce0s TOHKHE, KOPOTKUE, KECTKHE
CTEPIKHU.

[TnanrupyeTcs IPOBECTH MCCIEIOBAHMS HA ONPE/IENCHNE
ONTUMAJIBHBIX TEXHOJIOIMYECKUX IapaMeTpoOB HOTOr0
crocoba apMHUPOBaHMs, METOA HAHECCHMS YACTUIl Ha
MOBEPXHOCTh TKAHM M MX BIIMAHHE HAa MEXaHHYECKHE
CBOICTBA MaTepHala B TNIOCKOCTH CIIOEB.
I/ICCJ’IeﬂOBaHI/Iﬂ TMIPOBEJIEHBI B paMKaX BbIIOJIHEHUSA I'OC-
YAAPCTBEHHOT'O 3aaHust 110 npoekTy Ne2978.

Bacuise, B.B. Kommnosuuuonnsle Marepuais:  CHpaBOYHHK
[Texct]/B.B. Bacunses, B.JI. IIporracos, B.B. bonorun u ap.; ITox
obur. Pex. B.B. Bacuisera, IO.M. Tapuonomsckoro. — M.:
Mammnoctpoenne, 1990 — 512 ¢.; wi.

Savage, GM., Enhancing the exploitation and efficiency of fibre
reinforced composite structures by improvement of interlaminar frac-
ture toughness // Engineering Failure Analysis, Volume 13, Issue 2,
March 2006, Pages 198-209.

Dransfield K., Baillie C., Mai Y-W., Improving the delamination
resistance of CFRP by stitching — a review // Composites Science and
Technology, Volume 50, Issue 3, 1994, Pages 305-317.

Carti¢ D.D.R., Dell’'Anno G., Poulin E., Partidge I.K.. 3D reinforce-
ment of stiffener-to-skin T-Joints by Z-pinning and tufting. Engineer-
ing Fracture Mechanics Volume 73, Issue 16, November 2006, Pages
2532-2540.

305-317ASTM Test Method D 5528-01, “Standard Test Method For
Mode I Interlaminar Fracture Toughness of Unidirectional Fi-
ber-Reinforced Polymer Matrix Composites,” Annual Book of ASTM
Standards, vol. 15.03, American Society for Testing and Materials,
March 2001, west Conshohocken, PA, USA. 1608 p.
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OPAMEHTAIHUOHHOE PASPYHIEHHUE KOMIIO3UTHBIX BAJIJIOHOB JIJIA
I'A30OMOTOPHOI'O TOIIVIUBA B IIPUCYTCTBUU JEPEKTOB BHYTPEHHEI'O
METAJITMYECKOT'O JJEWHEPA

Sxoenesa C.I1.", Maxaposa C.H.
U®DTIIC CO PAH, Skytck, Pocens;” spyakovleva@yandex.ru

. ] )
Annomauusn: Hccneoosansl npupooa u nputuisl 08yX Clyuaes npexcoesp

MEMALIOKOMNOZUMHBIX OAIIOHO8 OISl A8MOMOOUTHO20

d 20
) Kamacmpoguueckozo pasp

ockonkos. Bi

(Komnpumup ) NPUPOOHO20 2a3a), KOMOPbLE NPOUOULTU
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o, umo pasp 6annono6 6vLI0 CMUMYTUPO6A-
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€051, 6000POOHOI dezpadayuelr), 00Ycio 0

opa: HO MexaHusmy ycmanocmu.

Knrouesvie cnoea: 2azomoniugHulii Memanioniacmukoslil 6(147.‘70/1, OcCKollb4amoe  paspyuienue, 4][70’("1001/02”08"’!“}(0,

ycmanocmHble mpeujutsl

BBenenne

B cBMBM ¢ mepeBOsOM  aBTOMOOHMIBHOTO
TPAHCIIOPTA HA ANBTEPHATHBHOE MOTOPHOE TOIUIUBO M
OTMCUYAIOIIMMHUCS  CIIy4asiMH ~ aBapHIfHBIX ~Pa3pLIBOB
razoromiiBHbiX  OawionoB (I'TB), B ToM 4mcie
YCTAaHOBJICHHBIX ~HA  IACCAXHPCKOM  TPAHCIIOPTE,
aKTyaJbHO BBISIBJICHHE IPHYUH OSTUX Pa3pyIICHMU.
IToMuMO  DKCTEPTHON  3HAYMMOCTH,  IOJyYaeMble
JJAHHBIC BaXKHbl [UI I[OBBICHUS HANEKHOCTH U
paborocriocooHoctt I'TB B pasmuyHBIX  YCIOBHAX
SKCILTyaTallui (B YACTHOCTH, B JOCTATOYHO IHMPOKOM
JIMANa30He TEMIepaTyp OKpY’Kaloliero Bosayxa). Lleas
paboThl — BBIABICHHE METOAAMH (DPAKTONMATHOCTHKH
HOpUPOIbl M INPHYMH  BHE3AIIHOIO  OCKOJBYaTOro
paspylIeHHs. [BYX METa/UIOKOMIIO3UTHBIX OayIOHOB
BA-97-20-322/1470 IS TIPUPOJTHOTO
KOMIIPUMHPOBAHHOTO TOIIMBHOTO rasa,
HPOU3OLICAIINX B 3UMHEE U JICTHEE BPEMsL.

O0BbeKTHI, METOAbI HCCIEOBAHMS U anmaparypa

Baytonsr Mapku BA-97-20-322/1470 cocrosT u3
BHYTPEHHETO METaJNIMYECKOrO JIeHHEpa W CHJIOBOH
000JIOUKH BOKPYT €ro IMJIHHIPHYECKOH oOeuaiik,
[OJTy4yaeMOi  I[OC/IeIOBAaTeIbHOM ~ HAMOTKOM — HUTEH
CTEKJIOPOBUHTA C HPOINTKOH SMOKCHIHBIM CBSA3YIOIIIM.
O6a osnementa I'TB 10/KHBI BOCIPUHUMATh HArpy3Ky
Kak €JUHOEe 1IleJ0e, a B aBapuilHBIX cCiyyasx
paspylIaTbCs OJHOBPEMEHHO, IOJIHOCTBIO Peau3yst
COBMECTHYI0 ~ IpPOYHOCTh. Kpome TOro, IUIOTHO
HPUIICTAlONIee  CTEKJIOIMOKCHAHOE —IIOKPHITHE, Kak
TIpaBuIo, HUCKITIOYacT OCKOJIbYAaThIC paspymeHus
neiiHepoB. B cBA3M ¢ 9THM, MeTaHHE OCKOJKOB IpU
paspbIBe paccMaTpUBaEMbIX OaNIOHOB CBHICTEIbCTBYET
0 TIOTepe MPOYHOCTH CUIOBOH O00ONOYKH H ee
JIOKAJIHOTO CIIETUIGHUS C METAJUTHYECKOH Ha MOMEHT
OKOHYATEILHOTO PaspyIIeHUs

Ilpu oskcmepTuse  paspylieHHl  TEXHHYECKHX
O00BEKTOB OJHMMH M3 OCHOBHBIX SBIIIOTCS METOJBI
(PaKTOMMArHOCTUKY, TO3BOJISIONINE BBISBHTH OYarw,
TIPUPOY, TOCIIEI0BATEIBHOCTh TIPOLIECCOB
paspylieHus, ero OCOOCHHOCTH M IPUYHHBI BO
B3aUMOCBS3H CO CTPYKTYPOH, CBOICTBAMH MaTepuaa 1
¢ y4eToM ycloBHii skcrutyararmu [ 1, 2].

Jns ompeneneHns XMMHYECKOTO COCTaBa MeTaslIa
neiiHepa Mcnonb3oBaH crekTpomeTp «Foundry-master
UVR». Meramnorpadudeckie u  (akrorpadudeckue

HCCIIeI0BaHus IPOBeeHb! Ha mpubopax “Neophot-327,
Anpramu  IICO745-T, “Stemi  2000C”, JEOL
JSM-6480LV. HcnbiTaHust Ha pacTsKEHUE BBIIOJIHEHBI
NMpH  KOMHATHOH TeMmrepaType Ha HCIBITATeIbHON
mammne «Zwick/Roell Z600».

Paspymenne I'TB, npousoienuiee B 3uMHee BpeMsi

ABapuiiHbIH OCKOJIbYATBIH paspbiB I'Tb
rpousoles B HouHoe Bpems 3umoit 2013 r. yepes 9 uac
mocie 3ampaBKu  (IIPOM3BOJMIIACH IIPH  TeMIepaType
HapyxkHOro  Bo3zmyxa —33°C) W NOCTaHOBKH
TpaHCIOpTHOro cpexacTsa (aBrodyc JIMA3) B Teruibiit
rapax, HaXOJUIIHIICS OT MECTa 3alPaBKU Ha PACCTOSHUU
~ 2 kM. Bpems napabortku Gamiona 30 mec(cpeaHuii
CpoK CHy)KﬁB] METaJJIOIIIIaCTUKOBBIX TOIIJTMBHBIX
GamtoHoB — 15 net (He MeHee 15 ThIC. 3a1IPaBOK ra3om)),
IUIAaHOBOE OCBUACTEIILCTBOBAHUE IIPOBOANUIIOCH 3a 2 mec
JI0 TIPOMCIIECTBHSL.

TIpu paspeiBe oOpasoBanuch 4 pparMeHTa BepXHEH

yacTh JeiiHepa (puc. 1, a) W TpaKTHYECKH
HeieopMUPOBAHHBIH ({parment HIDKHEH,
COXPaHMBIIHMH IUIACTHKOBYIO 00mmMBKY (puc. 1, 6).
JledopMHPOBAaHHOCTH (parMeHTOB GatoHa

CBUJIETENILCTBYET O JIOCTWKEHHWM B HEM JABIICHUH,
MPEBBIIAIONIMX pacyeTHble. [TOBEPXHOCTH H3I0OMOB
THIIMYHA JUIS  BSI3KOrO  paspylleHus — MaroBas,
BOJIOKHHCTas], C OOKOBBIMH CKOCAMHU H CBOHCTBCHHBIMU
BA3KMM H3JI0MaM JIETUPOBAHHBIX CTajel HEUETKUMU
pyOLaMH B CTPOYECHHBIMH HEPOBHOCTSIMH.

Puc. 1. O6muii BHA GpparMeHToB paspyuIHBIIerocs jeiinepa:
a — OCKOJIKH Bepxnei/l HacTH; 6 — HHZKHSISL 4ACTh.

CunTaeTcs, 4TO NpHpAIICHHE JUaMeTpa OamioHa
Gomee wem Ha 2,5% XapakTepH3yeT TEXHHYECKOE
COCTOSHHE ~ CTEKJIOIUIACTUKOBOH  00OJIOYKM  Tepen
paspyiieHreM. 3amMepsl Jaiu 3Ha4YeHne MAKCUMAJIbHOTO
npupaneHus auamerpa 1,8 ey, uro cocrasisier 5,6 % ot
HA4aJIbHOTO UaMeTpa U Goliee 4eM BJBOEC HPEBBIIIACT
KPUTHYECKOE. DTO TOATBEPKAACT, YTO B MOMEHT
paspylieHus CHioBas 000JOYKa YK€ HE BBIMOIHSIA
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cBOUX (YHKIMIT (Ha y4acTKe pa3pyIICHUs IPAaKTHUSCKU
OTCYTCTBOBaJa), M BCIO HAarpy3Ky INpHHAI Ha ceOs
MeTajl.

Ha BHyTpeHHeli mnoBepxHOcTH OajuioHa Cyle-
CTBEHHBIX KOPPO3HOHHBIX Ae()EKTOB THIIA A3BUH M pa-
KOBHH He OOHapy)xeHo. TpeluHbl B 00/1aCTH BEHTHILL
TaKke oTcyTcTBYIOT. Ha ockonke IV B HemocpencTsen-
HOM OJIM30CTH K M3JIOMY BBISIBICHO MPOTSHKEHHOE Me-
xanuueckoe nospexzaenue (IIMIT) pasmepom o 130x7
MM HEOYEBHJHOTO mnpoucxoxiaeHus (puc. 2 ).OHO He
MOTJIO BO3HHKHYTH B MPOIIECCE DKCIUTyaTalluu MIIA IMPU
paspylieHny JieliHepa, 4TO TMOATBEPKAAETCS CIELYIO-
meit ero ocobenHoctsro: [IMIT cocrour u3 aByx ua-
CTHYHO HAKJIAJBIBAIONIMXCS APYT Ha JIPyra IIOBPExJe-
HUH JUIMHON =~ 68 M 62 MM C Pa3INuHON IIMPUHOH U ¢
Pa3IUIHBIM  HAKJIOHOM K TOBEPXHOCTH neﬁHepa. B
MOJIB3Y J0IKCIUTYyaTAlIMOHHOrO npoucxoxaenus [TMIT

VT

Puc. 2. Yuacrok ¢pparmenta IV ¢ IIMII (otmeueno
BePTHKAILHBIMH cTpeakamu). YT - yerasocTHas Tpemmna.

CBUJETEIBCTBYET eIlie OAUH (HaKT — HANUHE YIACTKOB C
I[BETAMU TMOOEKANOCTH. MHKPOTBEPIOCTh MeTallla B
HUX TioBbImIeHa 10 4310 Mlla no cpaBHeHuio ¢ 2595
Mlla nns HENoBPEXJIECHHOTO MeTallla, YTO BBI3BAHO
[IPUCYTCTBUEM CTPYKTYp 3aKaJKd. XapakTepHbIH BHJ
noBepxHoctd [IMII, oOycioBieHHBI — HapylICHHEM
LEJTOCTHOCTH  JIAKOKPACOYHOTO  TOKPBITH ~ OaiioHa,
MO3BOJISICT OMNPEJIENIHTh JTO MOBPEKICHUE Kak 00aup
(omucaHHblil 1eeKT, BEPOSTHO, MOXKET IPEACTABISTH
c000ii HOBPEXKICHNE HHCTPYMEHTOM THUIIA «OOITapKu»).

TIMII 3HauuTeIbHO OCIA0MIO CTEHKY JeifHepa: B
MOMEHT OKOHYATEJIbHOIO pa3pyIieHHs (TO €CTh Npu
OTCYTCTBMM HapYXHOH 000JIOYKM) B JaHHOM MecTe
Harpy»eHue NPUILIOCh HA KOHCTPYKLHIO C TOJILIMHON
cTeHkH MeHee 30% oT pacyeTHOI.

I'TB MCHBITBIBAIOT MHOTOKpATHBIE IMKJINYECKHE
HArpy3Ku BBICOKHM JaBICHHEM IIPU 3alpaBKe Ta3oM;
KpPOME TOro, IEPeMEHHbIe Harpy3KH BO3ZHUKAIOT IIpU
JIBIKGHMH  TpaHcropTa. IloaTtoMy pacnpocTpaHeHHOM
HPUYKMHOH pa3pylleHns OaaIOHOB SBISIETCSA YCTaIOCTh
Meramia. Kak WM3BECTHO, Makpo- M MHKPOCTPOCHHE
YCTAJIOCTHBIX H3JIOMOB OOBIYHO MMEET XapaKTepHbIN
BHJ, OOYCIOBICHHBIH NHMKIMYCCKAM IPOIBIKCHUEM
TpeIMH C 00pa3oBaHUEM YCTAIOCTHBIX JIMHUH N
60po310K. MIMEHHO TakHe OCOOSHHOCTH BBISBICHBI B
penbede uznoma, rpannyamero ¢ [IMIT (puc. 3).

Puc. 3. Yuacrok nosepxnoctu YT (a) u ee Mukpoctpoenue (6)
Wcxons wu3 seimensnoxenHoro, IIMIT cnenyer

DFCMS-2016, UMALL PAH, Mocksa, Poccus, 18-20 okmsibps 2016 2.

paccMaTpUBaTh KaK KOHIICHTPATOP HANPSUKCHHI U Kak
04YaroByl0 30HY 00pa30BaHHs YCTaJOCTHBIX TPEIIHH
(To4HEe, — TPEIIMH MAJIONUKIOBOH ycTanocTH). [Tomumo
KOHLCHTpauu HaHpﬂ)KeHP[ﬁ, HETaTUBHOEC  BIIMSHUEC
TIMIT Ha oOWmy0 HPOYHOCTH OaIoHa CBA3aHO C
JIOKAJIbHBIM HApyLICHHEM MOHOIHMTHOCTH COCIHHEHHS
MeTaJlIa U IIAaCTHKOBOH 000NOUKH.

Paspymenne I'Th, npousoienuee B jieTHee BpeMst

JlanHbIii ciTydail aBapuHHOTO OCKONBYATOTO pa3-
peiBa I'TH npousoren gerom 2013 r. npu xapkoi 1o-
roze (1o +32°C) Taxke BCKOpE IOCIE 3alpPaBKU Ta30M.
Bayuton Beimymien B asrycre 2009 r., mpober Tpanc-
nopTHOro cpenctaa (aBTodyc JInA3) Ha MOMEHT B3pbIBa
coctaBui 296 000 xv. OcBuaETENBCTBOBAHUE IPOBO-
Jmnock 3a 10 mec 1o npouciecTBus.

Ilpu paspsiBe neitHepa o6pasoBannck 4 GparmenTa
(omuH OBLT yTEpsiH BCIIEACTBUE METaHUs). BeHTHIbHAsS
YacTh C CHJIbHOAE()OPMUPOBAHHBIM, BBIBEPHYTBIM Ha
180°, HO OKOHYATEITHHO HE OTICTHBIIMMCS Y4acTKOM
HIDKHEH I0JIOBMHBI JieiiHepa, NokaszaHa Ha puc. 4, a.
OcHOBHasg 4acTh 3TOr0 (pparMeHTa, COXPAHHBIIETO
[UIACTUKOBYIO 000JIOUKY, IPAKTHYECKU HE JehOpMUpO-
BaHa. dparMeHTh! HIDKHEH YacTu JieliHepa (puc. 4, 6, 8)
npeTeprieiy 3HAYUTENbHYI0  Je(OopMAaIHIO.

Puc. 4. O6mmii BUA GpparMeHToB paspymuBLIerocs Jeiinepa: a -
BepXHsisl BEHTHIbHAS 4aCTh; 6, 6 - 1Ba PPArMeHTa HHKHElH YacTH.

ITo pesynbTaTam HcciaenoBaHHi, OCHOBHas (u3u-
KO-XUMHYECKash TIPHYMHA MPEKICBPEMEHHOTO pPas3py-
HICHHs JieiiHepa — MHTCHCHBHOE 00€3yIIepOKUBaHHE
MeTaJlla BHyTPEHHEH MOBEPXHOCTH BCIIEACTBUE MOCTO-
SIHHOTO KOHTAaKTa C BOJOPOJCOJEpIKAILLH Cpeou.
VcnoBueM  npoOTEKaHMS  BOJOPOJHOM  Jerpajanuu
CTPYKTYpBI IIPH HOPMAaJbHBIX TEMIICPATypax SBIACTCS
HaJIMIMC 3HAYUTCIBHBIX PACTATHBAFOIINX Haﬂpﬂ)l(eHI/[ﬁ
[3]; nMeHHO TakMe HANpSDKEHMSI CO3MAIOTCS B CTEHKE
JeliHepa 10 JICMCTBHEM BBICOKOrO JaBieHus. Bo-
J0poJ, Homajas B CTalb, PEarHpyeT C LIEMEHTUTOM,
pasnaras ero Ha xeinie3o u metad: Fe;C+2H,—3Fe+CH,.
O0e3yrnepoXXUBaHNe TOJATBEPKAACTCS COACPIKAHUEM
yraepona (0,27% mnporus  0,36%), ocobeHHOCTAMU
CTPYKTYPBI M 3HAYEHUSMU MUKPOTBEPAOCTH (pHUC. 5, a)
y HOBEPXHOCTH M B IICHTPAIBHBIX 30HaX CTEHKH. I'y-
OnHa 00e3yTJIepOKEHHOTro CIOsl coCTaBIieT ~6,7% or
TOJIIIHUHBI CTECHKH MTPH 01Ty CKa€MBIX HOPMATHBAMH 5%.

Bonoponnas nerpajauusi CTpyKTYpbl C IOsIBIIe-
HUeM 1op (puc. 5, 6) U pacTpeckuBanuii (puc. 5, 6, 2)
00ycIIoBIIa KOHIIGHTPAIIHIO HANPSDKCHHI M 3apoXie-
HHE YCTAJIOCTHBIX TPEIIUH. HOpHCTOCTL TIPOCJICIKHUBA-
ercs ¥ Ha u3JIoMax (puc. 5, 0).

Heo0xomuMo Takke OTMETHTb, YTO Ha HAPY>KHOHU
TIOBEPXHOCTH JicifHepa ObLIH BBISBICHBI HECKOJIBKO JI0-
OKCIUTYaTallHOHHBIX MEXaHHUYCCKHUX nonpemueHm}i, B
TOM YHCJIE TpelUIuHa
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Puc. 5. MEKpOCTPYKTYpa MeTa/l1a y BHyTPeHHeii oBepXHOCTH
CTEeHKH JieiiHepa H ero MHKpPOTBepPAOCTh (a); 01HA H3
MHOKeCTBEHHBIX 0P B MeTajlie (6); pacTpecKHBanne
BHYTPEHHeli IOBEPXHOCTH CTEHKH JieiiHepa (6, 2) H OTMeYeHHas
crpeakoii YT, i Kopp i (0).

Ilnockoctu A L B.

Onmucanue npomuecca pa3pyunieHust 6a/1lJI0HOB.

Jleiineps! GaioHOB BbINMONHEHBI U3 cTam 30XMA
C MEJIKOJUCIICPCHON TPOOCTO-COPOUTHON CTPYKTYPOId,
coveTalomeil OCTaTOYHO BBICOKYIO TIPOYHOCTH C
XOPOLIUM YPOBHEM IUTACTUYHOCTH H YIAPHOH BA3KOCTH.
CrocobHocTh K miactuyeckoit  pedopmannu  (I1/1)
SIBIISICTCS. BKHBIM (DAKTOPOM, OMPEJICIISIONIUM PECype
METAVIOKOHCTPYKIMIT MPH HAJIMYUH KOHI[GHTPATOPOB
HanpsbkeHnil. Ha navaneHoM otane I1J] mpoucxoaut
MOBBIIIEHHE IIPOYHOCTHBIX CBOHCTB MeTajlla B 00JacTu
KOHLIEHTPATOpa. COOTBETCTBEHHO, npHpaleHie
HanpsHKEHUH HA 5TOM y4acTKe KOMIICHCHPYETCS 3a CUET
YIPOYHEHMSI METAJIIA; B ATOM Cllyuyae Je()opMHUpOBaHUE
nporekaer ycroitunso. Korja Bo3MOXKHOCTH MaTepuana
K YHPOYHEHHIO MCYEPIbIBAIOTCS, YPOBEHb YIPOYHEHHS
CTAHOBHTCS HEJIOCTATOYHBIM [l HEHTpanu3aluu pocra
HaNpsDKCHUH, CBS3aHHOTO C HM3MeHeHHeM (opmbl. B
pesynbTaTe TepsieTcs YCTOWYMBBLIA XapakTep Hpolecca

I3 u HayMHaeTCs nedopmupoBanie c
HEKOHTPOJIHpPYeMoil  ckopocThio. Kpome Toro, mms
Havajia JIABUHHOT'O paspymieHus HeO6XO}Z[I/IMO

noJapacTaHue TPEIMH [0 HEKOTOPBIX MPEACIbHBIX
pa3MepoB.

VpoBeHP  MEXaHHMYECKHX  CBOICTB  MeTallla
NeiiHepoB, HECMOTpPs Ha JIOKAJIBbHBIC MOPaKEHHSA
TPEUIMHAMHU  YCTaJIOCTH M BOJOPOIHON KOPpO3HEH,
obecrieyns1 LEJIOCTHOCTh OaIOHOB 10 JOCTH)KEHMS
KPUTHYECKOTO YPOBHs HampshkeHWi. B ompeneneHHbIi
MOMEHT OBBIIIICHHE JJABICHHS BCIICACTBUE PACIIHPEHUS
rasa B Oa/IoHax (B TEMJIOM rapaxke B OJHOM Ciydae, n
mpu  JKapKoil  moroge — B JIPYroM) OKa3ajaoch
KPUTUYECKMM U IIPUBEJIO K Ha4yally 3HA4YUTEJIbHbIX
nedopmanmii  (BcIydMBaHMIO) JieifHepa B MecTax
KOHICHTpAIun Hal'[pﬂ)KeHHﬁ, TIpEKIC BCETO B 30HAX
YCTaJIOCTHBIX TPEIHH.

Bosuukaronme npu 1edhopMUpOBAHUK  JiciHepa
HANpPsDKEHUS IepelaBalliCh HA CTEKJIOILIACTHKOBYIO
obonouky. Ilpu SKcruTyaTanmu B TaKHX Marepuajax
TIPOUCXOUT HaKOIIJICHHUE HOBpC)}(I{eHl/II‘//I, 00BIYHO
HAYMHAIOMINXCS C OOpbIBa BOJOKOH apMHPYIOLIETO
CTCKJIOPOBUHTA, YTO BBI3BIBACT IIEPErPy3Ky COCEIHUX
BOJIOKOH M OTJCJICHHEC MATpHIEI OT BOJOKHA B
OKPECTHOCTH ~ pa3peiBa. IIIOTHOCTH pa3peIBOB  CO
BpEeMEHEeM BO3pacTaeT, JOCTUrasi BEeIMYKUH, IPU KOTOPBIX
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HaYMHACTCS B3aUMOICICTBHE OBPEXKICHHBIX 0071acTel;
CKOpPOCTb HMX HAaKOIUICHHSA YBCIIMYUBACTCA, TPHUBOAA K
NYUICHUID  CTEKJIOBOJIOKHA, CHWKCHHUI IIPOYHOCTH
apMupylonieil 000J04KH, €e OTCIOCHHUIO OT MeTalia U
MEXaHUYECKOH HeCTaOMITBHOCTH BCCH KOHCTPYKIHH [4].

I/ICXOI[ﬂ W13 BBINICTIPUBEICHHBIX O6LT_[]/IX TIOJIOKCHUI
o MEXaHu3Max JAerpaaanuu KOMITO3UILIMOHHBIX
MarepuaioB M C YYeTroM Creuu(UKd pa3pylieHHs
METAJUIMYCCKUX ~ KOHCTPYKIMIf, Hadyano JIaBHHHOIO
paspynieHHss OalZIOHOB 3aBHCENO OT CIOCOOHOCTH
MeTajla JIeHepa K TulacTHuecKkoil pedopmarmu Oe3
MOTepU €e YCTOWYMBOIO XapakTepa U OT CKOPOCTH

JECTPYKIIMMA BHCIIHEH OOOJIOUKHM, —CHCPKHBAIOIICH
pacmmmpeHue neiiHepa, OOyclaBIHMBas IPH  3TOM
HaKOIIJICHHUE yl'[pyl"Of/‘I SHEPTrUn B CUCTEME

«ielHep—cuIoBast 000JI04Kay.
B Moment, korza jeiiHep M cuiioBas 000J0uYKa
nepectaiu ObITh EIMHONW KOHCTPYKIHEH, COBMECTHO

BOCTIPUHUMAIOIIEH  JeficTBME  HArpy3o0K, — Hadajucs
3aKTIOUMTENBHBIA  3Tall  paspylieHHs, Ha KOTOPOM
CTEKJIOIUIACTUK B MeCTaX  BCIOYYHMBaHMSA  YyXkKe

NPAKTUIECKH OTCYTCTBOBAJI, M BCIO HAarPy3Ky NPHMHSAI HA
cebs MeTasl NeiiHepa. B 3THX yclIoBHAX B HEM, TIOMHUMO
CYIIECTBYHOIINX TpEInH, TIOABUIIHUCH HOBBIC;
JIaBMHOOOPA3HOE PACIPOCTPAHEHUE U CIUSHUE TPEUIUH
nepeBesio  MpPoLecC B CTaauI0  OJHOMOMEHTHOrO
OCKOJILYaTOro paspyLieHus 6asIoHoB c
BBICBOOOXKIEHHEM ~OONBIIOTO  3amaca HaKOIUIEHHOMN
ymnpyroii sHepruu (B3pbia). PparmMmenTupoBaHue (4HCIO
OCKOJIKOB, UX BEJIMYMHA U KOH(MHIYpAIlHs) 3aBHCUT OT
pasnuuMii B NPOYHOCTH METalla HA Pa3HBIX y4acTKax,
HEOJHOPOHOCTEH u MHKPONOBPEKICHHH,
ONpesIeAONIMX MeCTa JIOKanu3auun aedopmaruu 1
MOCNETYIOMIEr0 Pa3PyLICHUS.

3akJ/04eHue

PaccmotpenHsle  ciiydan  (parMeHTalMOHHBIX
paspymennii  I'Th, comnpoBoxiaromuxcst MeTaHHEM
OCKOJIKOB, ObLTH CTUMYJIMPOBaHBI
JO3KCIUTyaTalMOHHBIMUA MEXaHUYCCKUMH u
CTPYKTYPHBIMH ~ HOBPEXKICHHSMH  METaUIHIECKOrO
neifHepa. IToMHMO OYEBHJHOTO BBIBOJA O BaXHOCTH
TIOBBIMICHHUSA TIPEATIPUATHEM-U3TOTOBUTEIIEM Ka4yeCTBa
TpoLenyp J1eheKTOCKOINYECKOro KOHTpOJI,
0060CHOBAaHHO BO3HHKAET BOIPOC O PUCKAX, CBSA3aHHBIX C
yXyZAIIEHHEeM HaJEKHOCTH MeTaulomiacTukossix I'Th
MOCJIE MX TEXHHUYCCKOro OCBHJACTCIBCTBOBAHHA. l'[pn
TIPOBEACHUH THAPABIMYCCKUX HCTIBITAHUN BO3MOXKHO,
HaIpUMep, AOpa3pyLIeHHe OCIabICHHBIX B IIpOLEcce
9KCIULyaTallud BOJIOKOH CTEKJIOKOMIIO3UTHOM CHIIOBOM

obosouku, JHO0  ycyryOieHHe — MOBPEKIACHHOCTH
MeTaiia JeiHepa.
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ACCOUNTING SAFETY CRITERIA IN COMPOSITE STRUCTURES BY THE
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Summary. The investigations of composite materials and structures presents recent developments and state-of-the-art
achievements in the science and technology in Aerospace. This report discusses a morphological approach for innovative engi-
neering systems with composite materials. The proposed method is based on cluster analysis and set theory, set of rules and en-
gineering implementations that maximise the potential product level with accounting survivability and safety criteria.
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The investigation of composite materials and
structures is of high technical and economic importance
and results in state-of-the-art achievements in the sci-
ence and technology.

To systematically identify engineering solutions
during the conceptual design stage a structural synthesis
of the problem is performed in a first step. This search
for the rational structure of an Engineering System (ES)
fosters the attainment of compromise levels for a num-
ber of criteria. A target function by search does not cor-
respond to the main requirements of the theoretical
method for optimization, because it is discontinuous or
cannot always be determined; it exists in operator nota-
tion; it is not based on analytical expressions; it is not
differentiable, not unimodal, not separable, and not ad-
ditive. It is impossible to build a hyper surface of target
function and to predict their change on an increment of
variables [1].

For structural synthesis of an ES intuitive (Brain-
storming, Mind Mapping, TRIZ, synektik etc.) and dis-
cursive (morphological analysis, cause-and-effect dia-
gram, Osborn-Checklists etc.) techniques can be used.
The most common method among the discursive tech-
niques is morphological analysis (MA) with creation
morphological matrix (MM).

Morphology Analysis was developed by Fritz
Zwicky — a Swiss astrophysicist based at the California
Institute of Technology (Caltech). Researchers applied
morphological analysis to astronomical studies and the
development of rocket propulsion systems. As a prob-
lem-structuring and problem-solving technique, MA
was designed for multi-dimensional, non-quantifiable
problems where causal modelling and simulation do not
function well, or at all (Ritchey, 1998).

MA has been applied by a number of researchers
in the fields of engineering science [2-4]. The morpho-
logical approach is widely used in Germany. The Soci-
ety of German Engineers has developed two sets of
rules for engineers: VDI 2222, “Design methods: me-
thodical development of engineering principles” [5],
and VDI 2221, “Design methods of technical systems

and products” [6], in which it is recommended to use
the morphological approaches to find new ES. These
guidelines focus on design aspect (e.g. mechanic, elec-
tric) of ES.

Using the MA as a holistic approach allows to find
systematically solutions of arbitrary engineering prob-
lems. The required general synthesis process consists of
the following stages: After ES decomposition and anal-
ysis, a MM is formed and the morphological set of solu-
tions Xy is specified [7]:

X = {Xmi, i=1,n }
where
- X, is the i-th variant of ES
- nis the morphological number of ES variants.
Power of the morphological set, i.c.,

[Xu=n

In the next step the set of rational variants Xy by

means of criteria tables are selected:
{Xp}<={Xu}

Each variant of rational ES Xg;, Xga,... Xy, IS as-
sessed. Variant estimation Uj, U,, ... U,, depends on
the criterion ki, ky, ... k;, on point scoring of option X,
X12,... Xipand weight coefficients criteria wy, wa, ..., W;
(Fig.1).

X R1 X R2 X R3 X mn
K | X1 [ X2 | Xea | o | Xan | Wy
Ko | Xor | Xap | Xa3 | oo [ Xon | W
Ky | Xar | Xap | Xa3 | o [Xan [ Wa
ki | xi Xo | X o | Xin | W
U, | Us | Us U,

Fig.1 Variants estimation
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Specific information tables introduced in the following
stage can include safety criteria of systems. Safety is
considered as a complex property, assessed the func-
tional S (t). This property includes durability D (t), re-
source E (t), reliability P (t), protection H (t), surviva-
bility L (t) and risk R (t) [8]:

S(t) = { D), E(), P(t), H(0), L(0), R(D) }

Property risk R (t) is subdivided into individual,
technical, environmental, social and economic risks.

The area of solution studies is narrowed to several
clusters, which are further investigated. To increase the
information value a subset of the convergence variants
Xgi i generated, i.e. variants having a maximum esti-
mation for each criterion indicating the “best” or “per-
fect” variant of the Xy, i.e., an ES with an expected
maximum potential. To compare different variants, a
solutions space is constructed positioning the ES with
characteristic properties for selected variants (Fig.2).
The desired ES X* is found in the set of variants Xy
comparing ES, the best variants are determined, from
which a summary table is made, in which after all ex-
tracts the set of acceptable ES remains.

convergence variants

reference variants

g clusters

Fig 2. Clusters and variants in the solutions space

By means of the MA method the analysis and
synthesis of advanced re-entry vehicles with thermal
protection and structure based on composite materials
(Fig.3) has been performed [9]. The synthesis results in
a simple, cost-effective design of a re-entry system,
providing sufficient aerodynamic and aerothermody-
namic behavior during the critical re-entry phase and
allowing the vehicle touch-down in the predefined
landing area.

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.
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[

Fig 3. Clusters Re-entry vehicles variants in the solutions space

Conclusion

The structural synthesis using the MA method is a
powerful research methodology in various fields of
knowledge.

This report discusses a morphological approach for
innovative engineering systems with composite materi-
als. The proposed method is based on cluster analysis
and set theory, set of rules and engineering implementa-
tions that maximise the potential product level with ac-
counting survivability and safety criteria.

A major aim of the MA method is the expansion of
a number of rational variants, clustering and efficient
selection for the solution space synthesis, in order to in-
crease innovative solutions.
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PREDICTION OF DURABILITY OF COMPOSITE STRUCTURES RELATED TO
TIME-DEPENDENT BEHAVIOR OF POLYMERIC MATRIX: MONITORING
TIME-DEPENDENT PROPERTIES USING ARTIFICIAL NEURAL NETWORKS

A. Aulova, E. Govekar, I. Emri

(Faculty of Mechanical Engineering, University of Ljubljana, Ljubljana, Slovenia)

Abstract: Durability of composites depends, among others, on the time- and temperature-dependent properties of
polymeric matrix. This work proposes application of artificial neural networks for monitoring time-dependent mechanical
properties of complex polymeric structures. It demonstrates the efficiency of the tool on example of reconstruction of a segment of
relaxation modulus from the tensile data obtained by application of non-standard constant strain rate excitation using classical
Radial Basis Function Neural Network. Compared to the proved and efficient fitting technique neural network showed good

generalization and robustness.

Keywords: neural networks, polymers, health monitoring, relaxation modulus, radial basis function neural network

Introduction

The durability of polymeric structures depends on the
properties of fibers, where mechanisms such as
delamination, pull-out and fiber fracture are governing
their durability. On the other hand, properties of a
polymeric material matrix have an instrumental role in
durability of composite structures. Therefore, the time-
and temperature-dependent nature of polymer matrix has
to be considered and monitored closely during the
composites use and exploitation.

Existing structures health monitoring systems that are
based on various physical principles (acoustics [1],
optics [2], strain measurements [3], etc.) were developed
for materials (metals) with elasto-plastic properties. They
detect responses of a structure mainly related to its
geometrical changes (cracks). These approaches fail
when applied to composite structures where time-, and
temperature-dependent properties of polymeric matrix
may change orders of magnitude when a structure is
subjected, say, to temperatures of the upper layers of
atmosphere compared to conditions at the sea level
altitude.

We are proposing to use neural network approach for
separating time- and temperature-dependent effects from
cracks appearance in the response of a dynamically
loaded composite structure. The current paper presents
the first step of this approach, to assure applicability of
neural networks for this use

Problem statement

In order to detect changes of mechanical properties that
happen due to temperature changes based on a structure’s
response one should solve an inverse problem, which
becomes ill-posed in presence of experimental and/or
computational error. Such ill-posed problems can be
solved by regularization techniques, such as Tikhonov
regularization [4], or by fitting methods [5, 6].
Unfortunately none of those is applicable for real-time
monitoring of complex structure, firstly due to large
computational times, and secondly due to required
assumption of geometry. Regularization methods are
computationally very demanding and need to be
embedded into FEM software packages, while
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application of the fitting methods is impossible for
complex geometries. Whereas, the neural networks (NN)
do not have such restrictions. Trained on a complex
composite structure in variable environmental and
loading conditions NN will be capable to recognize and
separate changes in polymer based structure response
caused by a short term temperature change from those
caused by cracks appearance.

This paper demonstrates abilities of the Radial Basis
Function Neural Network (RBFN) to solve the ill-posed
inverse problem present in obtaining relaxation modulus
segments from the constant strain-rate tensile test data.
The results are compared to the “exponential fitting”
technique [6], which has been proven to be effective in
solving these kind of problems. This particular example
was chosen as a study case, since the closed-form
solution for the direct problem is known and training data
could be generated artificially.

Both methods are validated for robustness (noise
resistance) and RBFN is also validated for generalization
capabilities (i.e., to predict responses that were not used
during training).

Theoretical background and training data

Constitutive relation between strain excitation &(f) and
stress response o(f) in relaxation process of a
time-dependent material under uniaxial stress state is
given as:

g(z)=jE(t—s>%ds M

Here E(7) is a time-dependent relaxation modulus and it
is a material function of interest, strain excitation is
represented by &(f) and the stress response by of(f).
Equation (1) represents a convolution integral equation
that has an analytical solution only for “standard” types
of excitations.

For the constant strain rate excitation, the closed-form
solution is known [6]. It was used to generate training
data for artificial neural network, which consists of
vectors of strain €, stress @, time t and corresponding to
them the vector of relaxation modulus E.

The data generation procedure is schematically shown in
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Figure 1. Mechanical properties of different materials
were mimicked by generating 13 mechanical relaxation
spectra with different widths, using a Gaussian
distribution:

(o s
exp -
H(t)= JG\/E Li=L..N . (2)
Where H{(7) are magnitudes of individual spectrum
lines; 7; are the corresponding response times; 4 is a mean
value of distribution, which determines spectrum
location, and was taken to be 0; N =49 is the selected
number of spectrum lines, and i is the corresponding
running number of a specific spectrum line; and o is a
standard deviation of the Gaussian distribution, which
determines the width of a spectrum, and was varied
from 0.4 to 1.6 with a step of 0.1. In all cases spectrum
lines were equally distributed along the logarithmic time
scale log (7;) with the step 0.5 within the
logarithmic-time window [—12,12]. Spectrum lines for
each spectrum were normalized according to:
h, =% i=1,..,N. 3)
> H

=

J

All together 13 different relaxation spectra for o5€[0.4,
1.6] with step 0.1 were generated. Seven of the

Excitation
) eft)=kt
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generated materials were used for training and 6 for the
validation of the RBFN generalization capability.

Using the generated spectra one can calculate the
corresponding relaxation functions E(), using:

N=49

E@)=E,+(E,~E,) Y. h,..e’f, )

where E;~0.IMPa and E,=100MPa are the equilibrium
and the glassy relaxation moduli, respectively. Different
relaxation moduli E(7) were calculated as segments
corresponding to the time interval from 0 to 50 seconds.
The number of datum points representing £(¢) within the
selected time interval was chosen to be n=10, 50 and 100,
respectively.
In the next step the stress response o(¢) of the material
was calculated from the constitutive equation (1), by
using selected £(¢), and constant strain-rate excitation,
e(t)y=x-t, (5)
where x is a constant strain rate and was taken to be 0.1,
according to ISO 527. In this case equation (1) with
incorporation of the equation (4) and after integration
becomes:

o(t)=k-Eyt+x-(E, —Eo)ih/_r{l,e’%, j ©
p)

NN input training data

|
|
|
|
l . 2|
| _ H
| Material model Target training data g
| Relaxation spectra  os, &% oo doon of Relaxation modulus 2 }
. £
| hi(t) hi(T) =5, +(&, ’Eu)i”r o E ‘
| 06=0.4 06=1.6 L I NN
\
| \
I logT’ logT’ ‘
| - ,
| a(t)=k-1-E,+k (Eyfl:'(,)ih,r,(lf{A) —_ J
=
d |
| Material response |
I oft) |
| NN input training data
| | Ec=0.1Mpa
| : E4=1000MPa
N=49
| Note: the total number of generated sets is 13, 7
t were used for training and 6 for validation I
- - - a

Figure 1. Scheme of training data generation
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Table 1. Gener performance of RBFN and exp: ial fitting
RBFN (training) RBFN (validation) Expt?n?ntzal Fit Exp{one-nnaI Fit
(training data) (validation data)
Number of | Number of Spread . MSE, | Ryps, %  MSE,  Rygs,%  MSE, | Ryps,% = MSE,  Rygs, %
data points | neurons MPa’ MPa’ MPa’ MPa’
10 4 13 1 1.0310% | 100  5.12:10* 100 | 1042 | 584 9396 606
50 5 10 8331071 100 26107 100 7.88 95.52 8.24 97.71
100 5 14 843107 979 27107 100 1.91 99.15 2.05 100

Radial Basis Function design and validation

The following mapping of data was used: (¢, 6) 2> (E),
where datasets with 10, 50 and 100 data points were
applied. RBFN with Gaussian activation function was
created using the standard MATLAB function newrb,
which within training procedures iteratively increases
the number of neurons in the network in order to satisfy
the error criteria which was defined to be 0.001.
Optimal spread of the RBFN was chosen by
minimization of the mean squared error MSE and
maximization of the parameter Rj¢s , which was
determined as percentage of the number of used datum
points that contained more than 5% relative error.
Generalization capability of the obtained topologies
were validated in respect to the 6 data sets that were not
used for training, the obtained results are presented in
Table 1. Validation of the RBFN robustness was done
on 13 data sets (both, training and validation) with
added 1, 5 and 10% relative random noise. The
validation results are shown in Fig.2.

Results and Discussion

The investigation showed that RBFN of different
topologies is capable of solving the stated problem, and
it demonstrated very good generalization and robustness
properties.

According to both evaluation criteria, RBFN showed
better performance than the exponential fitting for the
largest data set, i.e., 100 data points, see Fig. 2(i).
According to the R s criteria RBFN is better than the
exponential fitting for all data sets and all noise levels,
Fig. 2(ii). RBFN’s MSE decreases with the increasing
number of datum points, and at 100 it overpasses
exponential fitting. Hence, for a large number of datum
points, i.e. N =103, RBFN surpasses the exponential
fitting for both evaluation criteria cases.

The presented work shows that artificial neural
networks are capable of solving inverse problems with
efficiency comparable and even better than one of the
best fitting methods. However, it is still need to be
proved that networks can detect temperature-induced
changes in responses of a structure. Moreover, it is
important to note that within the discussed application
of neural networks for real-time polymer structure
monitoring, they will not implicitly solve such problems
but will have to “filter out” the effects of relatively fast
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change of temperature in the response of a composite
structure, to allow application of the existing monitoring
tools.

i) )10 datapoints ,b)50 data points ¢) 100 data points
10 10 10
7 7

10

error in the input data, [%]
Figure 2. Results of robustness evaluation: (i) MSE (the lower is
better) and (ii) Ry.¢s (the lower is better) of RBFN and exponential
fitting
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CTPYKTYPHBI CUHTE3 TEXHOJIOT Uil IOJYYEHUS TOHKUX IUVIEHOK HA
BEHTUJIbHBIX METAJVIAX METOJOM MUKPOAYI'OBOI'O OKCUAUPOBAHUSA
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" MockoBcKuit aBHAIMOHHBIH MHCTHTYT, HAIMOHABHBII HCCIIE/I0BATENbCKII YHUBEPCUTET
? HalmoHa b HbIH HCCIIE/I0BATENHCKHIT yHuBepcuteT « MOM»
? MenepaiibHOE TOCYIAPCTBEHHOE GIOIKETHOE yupeskeHue Hayki MHCTUTYT MamiHoBetenns uM. A.A. Braroupa-
BoBa Poccuiickoit akagemun nayk (MMAILL PAH)
rdl@mail.ru

A Pacc. 7 5 CMpYKmyp

ocmu onepay; P
nomowu psoa noc1edosamenbHbIX npoyeoyp.

, cp

i cunmes mexXHUYecKux peutenuil yemanosok Mukpooy206020 OKCuoUpo-
6aHUs N5 MOHKUX NAEHOK, OCHOBAHHDII HA MOPHONOUHECKUX MENOOAX.
u 0mbopa MHOIICECMEA PAYUOHATLHBIX 6APUAHINOE MEXHUYECKUX peuteHutl npu

Paspabomannuiii noOxo0 3akaouaemcs 8 nociedo-

Kniouessie cnosa: cmpykmypuvlii cunmes, moHKue nieHKu, MUKPOOY2060€ OKCUOUPOBAHUE.

OIlHI/IM u3 HCpCHCKTl/lBHLIX METOI0B HOEer-
HOCTHOTO YIPOYHEHHS JETalle, M03BOJLIOIMM (Hop-
MHUPOBaTh Ha IIOBEPXHOCTU MPUHIHUIIAAIIBHO HOBBIC
BBICOKOKaUECTBEHHBIE IIOKDBITHS C BBICOKOH H3HOCO-
CTOMKOCTBIO U TIPOYHOCTRIO CICTICHUS K OCHOBC SBJIS-
ercs MeToj MHKpoxyrosoro oxcuauposanus (MJ1O).
CyTh MeTona 3aKirodaeTcss B (OPMHPOBAHMM HA II0-
BEPXHOCTH JETAIH B YCIOBHAX BO3ICHCTBUS MHKDPOIY-
TOBBIX pPa3psa0B BBICOKOMPOYHOTO HM3HOCOCTOHWKOTO
nokpbitis (MIO-NOKpBITHS), COCTOSIIEro, HarpuMmep,
U3  aQJIIOMUHUEBBIX CIUIABOB, MNPEUMYUICCTBEHHO U3
a-ALO; (KOpyHIa), M JPYIHX OKHCIOB alIOMHHHSL.
M3-3a CIOKHOCTH TPOTEKAIONIMX (PU3MKO-XHMHYCCKUX
Tponeccos CYWIECTBYIOT Pa3JIMYHBIC BAPHAHTBI pe-
anuzaunn MJ1O-nokpeitus. B ¢Bs3M ¢ 3TUM BO3HHMKaeT
HEOOXOIMMOCTh HCCIICIOBATh MHOMKECTBO IOIXOJIOB,
cxeM ycTaHoBOK it MJIO n momcka paroHaIbHBIX
TEXHOJIOTHA. OCO6SHHOCTB}O MHKPOAYTOBOTO OKCHIM-
pOBaHus SBISETCS TO, YTO Mporecce GOpMUPOBAHUS T10-
KPBITUSL OCYILECTBIISIETCS MO/ IeHCTBUEM IOBEPXHOCT-
HBIX MHKPOpPa3psA/OB, OKA3bIBAIONIMX BEChbMa CyIIe-
CTBEHHOE U crienudHIecKkoe (TepMHYECKOe, MIa3MOXH-
MHYECKOe M JIp.) BO3AEHCTBHE Ha (hopMHpYIOLIeecs Io-
KpPBITHE W DICKTPOIMT. B pesyibrare 5TOro cocraB U
CTPYKTYpa IOJy4aeMbIX OKCUJHBIX CIOEB CYIIECTBEHHO
OTJIMYAKTCA, a CBOWCTBA 3HAYMTEJIBHO BBILIEC B CpaBHE-
HHUHU C O6bl'{HBIMI/I AHOJAHBIMH TIJICHKaAMH. ):lpyl"]/lMl/l 1o-
JIOKUTEJIbHBIMU OTJIMYUTEIIbHBIMUA 4Y€pPTaMU Iponecca
MJIO sBISIOTCS €ro 3KOJOIMYHOCTh, OTHOCHUTENbHAS
YHHBEPCAIFHOCTb, @ TAKXKE OTCYTCTBHE HEOOXOTUMOCTH
TLHaTCHBHOﬁ npe}:{BapHTeanoﬁ TIOATOTOBKH O6pa6aTLI—
BaeMOW IOBEPXHOCTH B Hauyale TEXHOJIOTMYECKOH ILie-
noyku [9].

IIporiecc MJIO cOCTOMT M3 IOCIEAOBATEIBHO
TIPOTCKAIOLINX HECKOJIBKUX CTa)Z[Plﬁ. Brauane TIPOUCXO0-
auT  (OPMHPOBAHHE IMINICKTPHYECKOH IUICHKH B
Ge3bICKPOBOM PEXHME, LPU FTOM MEXaHH3M Ipolecca
aHAJIOTUYEH TPAJHIIMOHHOMY aHOAMPOBAHUIO METAJIOB
B BOJHBIX JIEKTPOJIMTAX. B MCKpOBOM pexume Ha Io-
BCPXHOCTH TIPOUCXOAUT PABHOMCPHOC CBEYCHHUC MEII-

KHUX IMEPEMEIAIOIINXCA UCKP, B MUKPOIYTOBOM — II€pe-
MelieHre 6ojiee KPYIHBIX JKEITO- KPAaCHBIX Paspsios, a
IpU JTyrOBOM PEXKUME IPOMCXOAUT YaCTHYHOE Paspy-
1eHue NOKpeITUH. [IpuunHel nepexona oT OJHOW cTa-
JIMU TIPOIIecca OKCHAMPOBAHHS K JIPYTOi OOBSCHSAIOTCS
HM3MEHEHUsAMH B 00iact 00bEMHOro 3apsiia B CTPYK-
Type HOKDPBITHS ¥ H3MCHCHUSMH JICKTPHYCCKHX U TeH-
JIOBBIX ITAPaMETPOB OCYIIECTBICHHS MUKPOIUIA3MEHHBIX
pa3psaaosB. K ocHoBHBIM TIpU3HaKaM, O6CCHC‘{I/IE3IOHIPIM
TexHonornyeckuii nporecc MJIO OTHOCAT peKMMBI
(hopMupoBaHUs TOKPBITHIA, HoApasesitomuecs 1o [1]:
1. DHEpreTuuecKuM apamerpam:

o N3menenuro SJICKTPUYCCKUX BECIIUYUH (HOTeH-
HHO—MCTqueCKHﬁ i FaﬂBBaHOCTaTHqCCKPIﬁ);
. HOHﬂpHOCTI/l TIPUII0KEHHOTO HaIpsKEHUs

(QHOZHBIM, KaTOIHbINH, AHOIHO-KATOIHBIM, LIMK-
JIMPOBAHKUE PEKUMOB PA3IUYHON TOJISAPHOCTU C

ray3amHu);

. COOTHOUJCHI/UI KaTOTHBIX W aHOJAHBIX PEKUMOB,
a TaKKe 1ay3 MeX1y HUMH;

. Crnoco0y QopmupoBanus paspsiga  (MSTKHid,
MSTKO-XKECTKUH, JKECTKO-MATKUH, KECTKUH) H
T

2. [IpuMeHsAeMBIM  DJICKTPOIHTAM:

. Hcnonws3oBanuio yncia KOMITOHCHTOB,

. Xumnueckoil mpupoje (CHIMKaTHO-IIENOYHbIE,

KUCIIbIE U T.JL.).
3. VIpaBiIeHHIO IPOLecCaMH HAHECEHHS:
. 10 YacTOTHOMY PEryJIMPOBAaHHIO IPOLECCOB U

BO3MOYKHOM 27IEMEHTHOH Oase;

. 110 YIPaBJICHUIO [IPOLECCAMH.
4. Marepuaiy uisi HAHECCHUS — BEHTHIIBHBIC METaJlIbI
U CIUIaBbL, TPaduT U T.1.

JIas CTPYKTYpHOTO CHHTE3a YCTaHOBOK M TEXHO-
noruii OblTa coCTaBleHa MOpQONOTrHYecKas TadmuIa
(puc. 1). Kaxnomy mopdosioruyeckoMy Hpu3HaKy co-
OTBETCTBYET BO3MOXHasl aIbTEPHATUBA. AJIBTEPHATHBBI
5TO BO3MOXKHBIC PEANH3aIH MWCIONHEHHS KaXI0To
NpU3HAKa, HE3aBUCHMEIE IPYT OT Apyra [2].
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AneTepHaTuea 1
Pexum
SNeKTponMT Kucnbii
Marepuan BeHTUNbHBIE Me
YNpasneHWe Npouet Het
Pexum Markuit
AR Pexum AP AKP
SNEeKTPONMT

YacToTHoe perynupt Het Ecte

AK He perynupyetca

AneTepHaTuea 2
MoTeHunoMeTpuyeck [aNbBaHOCTATMHECK
CHUANKATHO-LLENOYH ANKOMAHETHBIR
padmr
TupucTCpEl

MArKo-KecTKMi

COHOKOMAOHEHTHBIH [IBYXKOMNOHEHTHBIR TPEXKOMNOHEHTHEIM MHOMOKOMNOHEHTHBI

AJK =1

AnsTepHaTWBa 3 AnekTepHaTuea 4

CTaneHele cnnasel
IGBT
HecTKo-MArKKi HecTruit

NAKP

AK =1

(A — Anoaublii pesxum, K — katoaumlii pesxxum, P- pesum, IT - naysa)

Puc. 1. Mopdo.

MormHocTh MOPQOIOTHYECKOTO MHOKECTBA PaB-
Ha 20736 BapuaHTOB. B nampHeiimem st JaHHOM 3a-
naun ObLT BBIOpaH psii 0OOCHOBAHHBIX KPUTEPHEB, Xa-
PAKTEPU3YIOLMX KOHCTPYKTHBHBIC M IKOHOMHYECKHE
nokasarein TP Jlanee skcrepTHBIM IMyTeM Has3Hada-
10TCs BeCOBBIE KO3 HIMEHTH! Ha 6a3e MeTo/a MPHITH-
ChIBaHUs 0AJI0B, MMEIOIIErO MPEUMYILECTBO B BEIOOPE
cBOOOIBI JIEUCTBUI MeEpei METOJaMH PAHKHUPOBAHMS.
BecoBble OIEHKM 3HAYCHUH KPUTEPHEB HOPMHUPYIOTCS
k enunnne. Kaxnas ansrepnarupa u3 MT onennpaercs
Gamwtamu (ot 1 10 9) MO CTeneHn COOTBETCTBHS KakKI0-
My kputeputo. B MT  rtarke 3aHOCSTCS [JBEHAILATh
onopHbIX (M3BecTHBIX) BapuantoB TP. Beumn crexepu-
poBaHbl 1648 BapMaHTOB METOZOM CllydaifHOro repe-
60opa 1 0TOOPAHO MHOXECTBO PAIMOHANBHBIX BapHaH-
TOB C MaKCHMAJbHBIMH OLEHKAMU C MOCIeIyIOIen
Kkiacrepusauueil. boun BrocneacTBuu BbIOpaHbI He-
CKOJIBKO KJIACTEPOB, M Cpend Hux kiactep Ne 9 (pucy-
HOK 4) ¢ Hanbonee BBICOKUMH orieHKamu. Crennduye-
CKOI 0COOEHHOCTBIO OMOPHBIX BApHAHTOB M OONBIIHMH-
CTBa BapHAHTOB [AHHOTO KIacTepa SIBJISICTCS YIpaBlie-
HHE INPOTCKAIOMIMH TEXHOJOTMYECKHMHU IIPOLECcCaMu
IPY TIOMOIIY  OMIIOIAPHBIX TPAH3HCTOPOB C H30JIUPO-
BanHbIM 3atBopoM (IGBT - Insulated-Gate Bipolar
Transistor), 4To BeJeT K PACLIMPEHHIO BO3MOXKHOCTH
ynpasieHust 1 koutpois [11,12]. Jlanuble BapuaHTbI
OTIMYAIOTCS OT APYTHMX ONOPHBIX BAPHAHTOB — H300pe-
TeHHI GosIee BEICOKMMHU XapaKTepUCTHKaMH (puc. 2).

MateHt PO N2 2068037

TP

3asBKa Ha u30bpeTeHne
P® 2004105642

MNateHt PO N 2010041

\HETEHT P® N 2073751 (npototun)

pubix TP B Mopdo.
penrenuii

Puc. 2. Pacno. nosie

Tabauna (

T popma)

B wutore 6but0 BBIOpano TP sBistomieecs: Kom-
OuHaumeil U3 BapuaHTOB Kiactepa. TP Xapaxrepusy-
eTCsl IMPOKUMH BO3MOJKHOCTSIMH YHPABIICHUS MPOLIEC-
camy, B 4aCTHOCTH, Ha IEPBOHAYAIBLHOM JTalle Peau-
3yeTcsl TOJNBKO AHOMHBIA PEXHM, KOTOPBIH MO3BOISACT
OBICTPO HApPACTHTh KEPAMHYECKOE MOKPBITHE, B Jallb-
HEHIIeM OCYIIECTBISIETCSl  aHOAHO-KATOMHBINH  PEKUM
HAHECEHHS C YACTOTHBIM PEryTHPOBAHUEM IPH TOMOLII
IGBT TpaH3uCTOPOB, YNpaBiseMbIX MHUKPOKOHTpOJLIC-
pom. [l BEIOPAaHHOTO TEXHHYECKOTO PEINEHHs CO3/[aHa
9KcrepuMeHTabHas ycranoBka MJIO (puc. 3) ¢ mm-
POKHMHU BO3MOXXHOCTSAMHU PETYJIHPOBAHUS XapaKTepH-
CTHK HPOIECCOB (II0 TOKY, HANPSHKCHHUIO, YaCTOTHBIM
XapaKTePUCTHKAM ¥ COOTHOIICHNUS aHOIHOH M KaTOTHOI
COCTABJISIOIINX).

Puc. 3. DkcnepuMeHTAIbHAS YCTAHOBKA

3akiouenne

IMpennaraemselii MOAX0A aeT YTOUHEHHE W yINO-
psLIOueHUE CTPYKTYpU3aLUK peraemMoii 3axadu. [1oBbI-
IIaeTCsl CTEHEHb OOOCHOBAHHOCTH IPUHMMAEMBIX pe-
meHui. IIpoananu3npoBaB MHOXECTBO pelIeHHH, yna-
€TCA CYy3UTh 00BeM ]’lH('l)OpMaLII/IPl JUIST TIDUHATHSA CTIC-
UHUATACTOM OKOHYATEJIIbHOTO PEUICHUSA.

TIpuMeHNTENBHO IS IPOLIECCa MUKPOILYTOBOIO
OKCHIMPOBAHUS JOCTUTHYTHI CIEIyIOIIUe HpenMyle-
crBa [3,4]:

. BO3MOXHOCTb HAHCCCHHSA TIOKPBITHA Ha
CIIOKHONPO(DUIbHBIE H3/ENUs, BHYTpPEH-
HHE TIOBEPXHOCTH U CKPBIThIE OJIOCTH;
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TOJTyYeHHE MOKPBITHIT TommuuHO# oT 0,05 -
0,2 mm g0 0,3 - 0,8 MM ¢ aaresueit,
COMOCTABUMOM ¢ MPOYHOCTBIO Marepuasia

TIOJVTOKKH;
BO3MO)KHOCTh ~ TIOJIHOIl ~ aBTOMaTH3aINU
mpouecca  caMoro  mpouecca  MHKpO-

JIyrOBOTO OKCHIMPOBAHMUS;
LIMPOKHE BO3MOXXHOCTH PEryJIUpOBaHUS

CKOPOCTH nporecca (o TOKY,
HampsOKCHUIO0, YaCTOTHBIM — XAPAKTCPHUC-
THUKaM n COOTHOLICHUS aHOZ[HOﬁ u

KaTO/IHOI COCTABIISIOLINX).
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OINPEJEJEHUE TEOMETPUUYECKUX PASMEPOB OBPA3IIA,
OBECIIEYMBAIOIINX PABHOMEPHOE PACITPEJEJEHUE KACATEJIBHBIX
HAIPSI)KEHUM ITPU CABUTE C YKJIAJIKOM CJIOEB £45°

o 1% 1
Martromesckuiit H.B." ", [TortoB A.T'.

'AO «OHIII «Texuonorus»» um. A.I'. Pomammna., O6HIHCK, Pocens; *nikola30120bninsk@yandex.ru;

A : Moy

COBU206bIX HANPANCEHUT! U dedopmayuti MemoOom KoHeunwvix snemenmos (K3) u on-

MUYECKUM MEeMOOOM NO3601UNU ONPEOETUmMb ONMUMATbHBII OUANA30H OMHOUIEHUs ONUHbL PAbOYell Yacmu nIACmunbl K ee -
pune u gopmy paouyca ckpyanenus 6vipesd, npu Komopwlx 6 paboueil 301e 0dpasya HabaOaemcs pagHomeproe pacnpeoenenue

COBU206LIX HANPAICCHUIL.

Kniouesvie cnosa: cosuz 6 niockocmu Jucma, cosuU2o8bIE Hanpsidicenus u ded)op,wauuu, Memoo KOHeUHbIX 271eMeHmos, on-

muveckuil Mem(](), KOMRO3UYUOHHbLE MAMepUabl.

Jlis MHOTMX M371eNuii aBHALMOHHON M KOocMM4Ye-
CKOMf TeXHHMKH C/BHIOBBIC HAIPSKCHHUS, MOI'YT OKa3bl-
BaTh CYLICCTBCHHOE BIMSHUE HA HECYIIYI0 CIOCO0-
HOCTb 1 OBITh IPUYNHOH pa3pyIneHus KoHCTpyKnuiil. He
CIly4aifHO, B TEXHUUYECKHE TPEOOBAHMS K TIPOLECCY M3-
TOTOBIICHUS COBPEMCHHBIX ~KOMIIO3HLHOHHBIX ~ KOH-
CTPYKLWMii, Bce 4allle, BKIIFOYAIOTCS IIOKA3aTeIn IIpod-
HOCTM M Moxyns cxasura.  IIo3TOMy KOppEKTHOE
OTIpE/ICNICHHE XapaKTEPUCTHK CIBUTA B IIOCKOCTU JIH-
CTa MpeJCTaBIseT co00H BaKHOE TPUKIANHOE 3HadYe-
HHe.

MexaHHYeCKHE HCIBITAHHUS Ha CABHT 00pa3loB
M3 TONMMEPHBIX  KOMIO3HIMOHHBIX — MaTepuaioB
(ITKM), B 4aCTHOCTH BBICOKOMOJYJBHBIX M BBICOKO-
MPOYHBIX YITICIUIACTHKOB, MMEIOT PsJ OCOOCHHOCTEI,
KOTOpBIC BIIMAIOT Ha BHIOOP METOJA UCIIBITAHUM, CIIO-
coba MPUIOKEHUsT HAarpy3ku (GopMbl M pasMepoB 00-
pasuos. B mepsyro odepesb 9T0 CBA3aHO C CyIIECTBEH-
HOH aHM30TPONHMEH CBOKCTB MaTepuana ¥ HaJIuIMEM
MEKCIIOMHBIX HANpPsHKEHUH. AHM30TPOIIMS CBOWCTB U
0COOCHHOCTH CTPOCHHS CIIOMCTHIX IUIACTHKOB 00Y-
CIIaBIMBAIOT YBEJIMYEHUE YUCIIA TIPOYHOCTHBIX M yHpPYy-
TMX XapaKTePUCTHK M NPUBOIAT K NOBBILICHHOW 4yB-
CTBUTEIBLHOCTU MaTepuaja 00pa3LoB K pasIMyHOro poaa
KOHI[CHTPAIIMAM HAIPSKCHHIL.

Jlns onpezeneHust MOAYJeH M TPOYHOCTH TNPH
C/IBHTE B INIOCKOCTH TIACTHHBI CIIOMCTBIX KOMITO3HTOB,
APMUPOBAHHBIX BBICOKOIIPOYHBIMH M BBICOKOMOJLYJIb-
HBIMH BOJIOKHAMH, CYILECTBYET ropasio OObIIe CTaH-
naptoB (ASTM, EN, TOCT u apyrux) , 4em JUist HCIIbI-
TaHWil TIPU APYTUX BHAAX Harpyxenus. OIHON U3 MpH-
YHMH TaKOTO Pa3HOOOpa3us sBJISETCS HATUYKUE OOJIBIIOro
YHCIa PA3IMYHBIX TUIOB CIABHIOBOTO HATPY:KCHHS.
TonbKO NPH HCIBITAHUAX 0OpPa3LOB HA CHBHT B ILIOC-
KOCTH JINCTA M3BECTHBI CIICTYIOIINE BHBI HATPYKCHHS:
JIMarOHAJIbHBIN CIABUT IUTACTHHBI B LIAPHUPHOM YETHI-
pex3BeHHuke [1,2], mepekammBaHue IUIACTHHBI OTHO-
CHUTEJBHO y3KOH 1osochi[3, 4, 5],  cusur obpasua ¢ V-
obpasHoii kaHaBKo# [3, 6], pacTsukeHHEe aHM30TPOITHON
monockl U aApyrue. ONbIT 9KCHEPUMEHTAIBHOTO OIpe-
nenenus xapakrepuctuk [IKM npu ciBure nokassiBaer,
4TO pa3sHOOOpasHe METOMOB U CTAHAAPTOB HE BCEraa
ABIIACTCS TOJOXKHUTEIBHEIM (akTOpoM.  PesynbTaTh
HCIIBITAHHI, BBIOJHEHHBIX 110 Pa3IMYHBIM CTaHIAPTaM,
Ha TIPaKTHKEe, KAaK MPaBUJIO, HE COOTBETCTBYIOT IPYT

JIpYTy, 4TO 3aTPyJAHSET aHAIM3 CBOICTB MaTepuana W
BBI3BIBACT HPOOJIEMbI HPU HPOCKTUPOBAHHH M IIPOY-
HOCTHBIX pacyeTax KOMIIO3UTHBIX KOHCTPYKIHAL. B Toxe
BpEMsl, TIPAKTHYECKH OTCYTCTBYIOT PabOThI, B KOTOPBIX
KOMIUICKCHO OLIEHUBAIOTCS JOCTOMHCTBA M HEIOCTATKU
Pa3IMYHBIX METOJOB MCIBITAHHIT Ha CABHUT 00PA3LIOB U3
YIJICIUIACTUKOB M COOTHOCSATCS PE3yIbTaThl HCIIBITAHUM,
BBIIOJIHEHHBIX 110 Pa3/IMYHbIM CTAaHAAPTAM.

OfHa W3 TIaBHBIX TPYJHOCTEH B pa3paboTKe Me-
TOJIOB UCHBITAHUIT APMUPOBAHHBIX IJIACTHKOB Ha CIBUT
— obecrieueHne B 00pa3Lax COCTOSHUS YHCTOrO CIBHU-
ra, JUIs KOTOPOTO JOCTaTOYHO TOYHO MPHMEHHMBI Me-
TO/BI 0OpabOTKH Pe3ysIbTaToOB SKCIepuMeHTa. Mero-
JIMKa MCTIBITAHUH HA CIBUT CIOMCTBIX aHM3O0TPOITHBIX
IUIACTUKOB M OPHEHTALMH JEHCTBYIOUNX YCHIHI OT-
HOCHTEIIbHO OCeH CUMMETPUM MaTepHaja M TeOMeTpH-
YECKHX Pa3sMepoB 00OPa3IOB, NPEXKIEC BCETO, TONIIMHEL
Kpome Toro B pabore [1] ormewaercsi OTCyTCTBHE
YHUBEPCAIbHBIX METO/OB JKCIEPUMEHTAIBHOTO OIHO-
BPEMEHHOIO ONPENECICHHUST YHPYIUX MHOCTOSIHHBIX U
HPOYHOCTH TIPH C/IBUTE.

B psine uccrnenoBanuii, B ToM uncie [7], ormeva-
€TCsl, YTO CYLIECTBYIOIIHE HA CErOAHAIIHUH JEHb Me-
TOIBI HUCIBITAHWH CIOUCTBIX KOMIIO3UTOB HE BCeraa
CIIOCOOHBI  00ECIICUHTh JIOCTOBEPHOCTh PE3Y/IBTATOB
OTPE/ICNICHHS] TPOYHOCTHBIX M YNPYTUX CIBUTOBBIX Xa-
PAKTEPHCTUK MaTepHANIOB Ui 0Opa3IoB, apMHUPOBAH-
HBIX TIE€PEMEXKAIOIMMHUCS HIEMEHTAPHBIMU CIOSMH HOJ
yriiaMu £45° B INIOCKOCTH C/IBUTa.

Ilpn mnpoBeleHMH WUCIBITAHWA 00pa3loB W3
YTJICTIIACTHKOB CO CXEMOW apMupoBaHMs +45° mpu
CIBUre B IUIOCKOCTH JIUCTAa JQXK€ C HCIOJIB30BAHHEM
CTaH/IApTOB  HeoO0XoaMMma  OCOOCHHO  TIIATEJIbHAS
npopaboTKa ~ BO3MOXKHOCTM M 0OOCHOBAHHOCTH
MPUMEHEHNUS CTaHIapTH30BAHHOTO METOJIA JUIsl JTAaHHOTO
THIIA MaTepHala, CXeMbl apMUPOBAHUS M TOJIIMHBI
KOMIIO3UI[MOHHOTO MAKETa.

B paboTe mHpoBeieH pPacyeTHbIH M JKCIEPUMEH-
TanbHblid anamu3 HJIC 06pasnoB 10 TpeXpelsibCcoBOi
cxeme HarpyxkeHust «Rail Shear» mpu ucmbITaHMM Ha
CIBUI BBICOKOMOJY/IBHOTO YIVICIUIACTHKA CO CXEMOit
apMupoBaHus +45

—T'OCTP 50578-93«Marepuabl KOMIO3HUIIMOHHBIC
MOJTMMEPHBIC,« METO MCHBbITAHHS Ha CABHI Tepeka-
[IMBAHUEM [UIACTHHBIM,
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— D4255 D4255M-15B «Test Method for In-Plane
Shear Properties of Polymer Matrix Composite
Materials by the Rail Shear Method».

Ha ocnoBanumn PACUCTHBIX W SKCIICPUMCEHTAIBHBIX
HCCHCﬂOBaHHﬁ U IIOJIy4Y€HHBIX JHarpamMm pacnpenene-
HUM HANpsOKEHUH Ope/iesieHbl PalOHAIbHBIE TeOMeT-
pudecKne mapaMeTpsl 00pasios. TloaydeHbl 3aBUCHMO-
CTH PaclpesieieHHe CABHIOBBIX HANpsDKEHHH H Jiedop-
Manuu ¢ y4€TOM U3MCHCHHS IJIMHBI U ITUPUHBL pa6o‘{el71
30HBI O0pasla M HaJIM4YUEM BBIPE3OB C PasIMYHBIMU
panmycamu.

B nporecce HarpyxeHus 00pasoB ONTHYECKUM
meToziom uccnenosanock HJC o6pasios ¢ pasmepam,
BBIIIOJIHCHHBIMM B COOTBETCTBUM C HUMECIOLIAMHUCA
CTaHAapTaMH, U 00paslbl ¢ M3MCHCHHBIMU I€OMETpPH-

YECKHMH pa3MepaMu.

AHanM3 NPOBEIEHHBIX MCCIIEOBAHNUH M HCIBITa-
HUH TIOKa3aJl, 4YTO BJIMSHUE KOHLEHTPATOPOB HaIPsKe-
HMHl W pacnpeelieHHe KacaTelbHbIX HaNpsKeHM 3a-
BUCHT OT (hOpMBI M pa3zmepa padoueil yacTH obOpasua.
TloyueHHbIe 3HAYCHUs CIABHTOBBIX HANPSHKCHUH M Jie-
opmanmii MeroroM KoHewHbIX dnemMeHToB (KD) 1 on-
TUYECKUM METOAOM IIO3BOJIMIINA OIPENEIUTh ONTH-
MaJIbHBIil JHAa30H OTHOLICHUS JUTHHBI pabodell 4acTu
IUIACTHHBI K ee IHpHHE U (opMy pajuyca CKPYIICHHS
BBIPE3a, IIPH KOTOPHIX B paboueli 30He oOpasia Habmo-
JAeTCS  PABHOMEPHOE  PACMPECICHHE  CIBUIOBBIX
Hanpsuxenuit (puc. 1 u 2).

Puc.1. P: CABHIOBBIX j1ed) il T,y Onpe/IeSIHHbIX

metozom KD B pacuerHom nakere MSC/Nastran.

DFCMS-2016, UMALLI PAH, Mockea, Poccusi, 18-20 okmsbps 2016 e.

Puc.2.

Pacnpenenenne cABUroBbIX jAedopmaumii Ty
onpeeIeHHbIX ONTHYECKHM METOIOM B POTPAMHOM  KOMILIEKCe
VIC-3D

JUist ompeneneHuss MOLY/Is YIPYrOCTH U Ipenesa
HPOYHOCTH BBICOKOMOJIYJIBHBIX YIVICILIACTHKOB CO CXe-
MOit apMHUPOBaHHMS +45° NIPH C/IBUTE B TIOCKOCTH JIHCTa
npeuiokeH oOpasen; B (Gopme TpAMOYroNbHOM Iima-
CTUHBI C 3allUTHBIMU Hakianakamu. Pabouas uacth
HAXOJUTCS MEK/IY CHMMETPUYHO PAaCIOIOKCHHBIMU Ha
IPOTHBOIONOKHBIX ~ CTOPOHAX IUIACTHHBI ~ BBIPE30B
U-o6pasnoit dopmsl, paanyc R kakaoro Belpesa co-
craBnsgeT 5-10 MM BKITIOUHTENBHO, TIPH 3TOM pasMephl
paboueii 30HbI BBIOMPAIOTCS U3 COOTHOLICHUS:

1/b = 5-10,

rae | — nnmna paboueit 30HI,

b — mupuna paGouyeii 30HsI,

a B LeHTpe oOpasua HepreHUKYISIPHO JIMHUM IIPUIIO-
JKCHHS! HArPy3KH BBITIOIHCHBI CKBO3HBIC OTBEPCTHSI.

Tlpetaraemas reomeTpust 0Opasiia MO3BOJIAET 10-
CTHYb TIPU HCHBITAHUAX PABHOMEPHOTO HAMPAKCH-
HO-1e(hOPMHUPOBAHHOTO COCTOSIHKS B €ro paboueii uacTu,
obecIeynTh MAKCHMAIIBHOE CHIDKCHUE YPOBHS KOHIICH-
TPaTOPOB HANPSIKEHHH, YTO JTaeT BO3MOXKHOCTB ITOBBI-
CUTh TOYHOCTH W JOCTOBEPHOCTH OINPEACIICHUSA NPOY-
HOCTHBIX XapaKTEPUCTUK COBPEMEHHBIX BBICOKOMO-
Jy/BHBIX YITICIUTACTUKOB.

1. Taprononbckuii FO. M., Kunnne T. . MeTozbl cTaTHYeCcKHX
HCTIBITAHHiT QDMHH POBAHHBIX IIACTHKOB. - 3-¢ H311., mepepal. u oM.
- M.: Xumwus, 1981.-272, 148-153 c.

2.I'OCT 24778-81 Meton onpesie/cHus IPOYHOCTH MPU CABUTC
B rockocTtH aucta. (1981 r.)

3. Donald F. Adams, Leif A. Carlsson, R. Byron Pipes. Experi-
mental Characterization of Advanced Composite Materials/Two-Rail
Shear Test Method (ASTM D 4255). By CRC Press LLC 200 3.
pp.106-110.  pp.111-115.

4. ASTMDA4255D4255M-15B «Test Method for In-Plane Shear
Properties of Polymer Matrix Composite Materials by the Rail Shear
Method. (2015 1)

5. TOCT P 50578-93 Marepuaibl KOMIO3HIHOHHbIC MOJIH-
MepHEIe. MeTO/l MCIIBITAHHS HA CJIBUT IEPEKALIMBAHUEM IUIACTHHEI.
(1993 ).

6. ASTMD5379 D5379M-12 Test Method for Shear Properties of
Composite Materials by the V-Notched Beam Method.

7. Bert, C. W., and Guess, T. R. Mechanical Behavior of Car-
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3KCHNEPUMEHTAJIBHOE UCCJIIEJOBAHUEM KUHETUKHA MNPOLIECCOB CMAYUBAHUSA
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Karomos P.A., Myxamenosa 1.3.

YCTOMYUBOCTH APKH ITPY JIOKAJIBHOM HATPYKEHUH
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OCOBEHHOCTH MEKCJOEBOI'O PABPYIIEHUSI KOMITIO3UTOB HA OCHOBE TKAHBIX
HAINIOJIHUTEJIENA IO MOIAM I M IT

Kpsuios B./1., SIxosaes H.O., I'ynses A.U., Illypraxos C.B., Tenumxkuna E.C.
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MATEPHAJIOB

Maynr I1.I1.

K BOIIPOCY O HEJTMHEMHOM YIIPYTOCTH ITPU PACTSIKEHUU
OJHOHAIIPABJIEHHOT' O YITIEIIVIACTUHKA

Menbimanos A.®., [Tyraue M.C.

OIEHKA JOITYCTUMOCTH IMMOBPEXIEHUI (DAMAGE TOLERANCE) KOMITO3UTOB C
METAJUIMYECKOW 1 KEPAMUYECKOW MATPULIENA

Muueiixko C.T.
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YYET BUJIA HANIPSIZKEHHOT'O U JE®@OPMUPOBAHHOI'O COCTOSIHUS ITPA
OIIMCAHUU JE®OPMUPOBAHUS CIINIABOB C TAMSITBIO ®OPMBbI

Mumryctun W.B.

KPAEBBIE 3AJIAYY TEPMOMEXAHUKMU /U151 CIIJIABOB C TIAMSIThIO ®OPMbI

Moguan A.A., Mammxun A.E.

9KCHEPUMEHTAJIBHOE UCCJIIEJOBAHUE U TEOPETUYECKOE MOJAEJINPOBAHUE
B3AMMOEACTBHUS ®A30BBIX U CTPYKTYPHBIX JJE®@OPMAIIMIA B CILJIABAX C
MAMSITBIO ®OPMBbI

Mosguan A.A., Kazapuna C.A., Cunbuenko A.JL
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Henosuunsix B.U., Jlymanckuii A.M., Pycun M.1O.
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COBETCKHME MMOHEPHI IPOBHOI'O UHTET PO-IU®PEPEHIIUPOBAHWSI.
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KOJIEBAHHMSI KOMITIPECCOPHOM JIOITATKH M3 KOMIIO3UIIMOHHBIX MATEPHAJIOB B
TOJIE HEHTPOBEXKHBIX CUJI

Hypumb6eros A.Y., Jlynuenko A.A.
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HAITPABJIEHUSI UX JTAJTBHEMIIEIO PA3BUTHS

Taiimymms B.H., Xoamoropos C.A., Makapos M.B.

YUCJEHHOE UCCJIEJJOBAHUE HAMPSIKEHHO-AE®OPMUPOBAHHOI'O COCTOSIHUSA
CJIOUCTOI'0 KOMITO3UTHOT'O TECT-OBPA3IIA ITPU TPEXTOYEYHOM U3T'MBE
Taiimymus B.H., Xoamoropos C.A., Makapos M.B.

ONPEJEJEHUE OCTATOYHbIX HAIIPSIP)KEHHUIT B KOMITIO3UIIMUOHHBIX MATEPHAJIAX
C MOMOIIBIO M3MEPEHHS KOMIIOHEHT NEPEMEINEHU HA KOHTYPE
30HAWPYIOIETO OTBEPCTHSL

Iucapes B.C., Eneonckuii C.U.

MEXAHUKA PACCESIHHOTI'O U 3ATTA3/IbIBAIOLIIET'O PABPYHIEHUS BOJTIOKHUCTBIX
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Tonunos A.H., Tarycs H.A.

BJIUSIHUE HAHOMOIU®UIUPOBAHUSA HA TIMPOYHOCTHBIE XAPAKTEPUCTUKH
KOMITIO3UTA

IToptrosa f.M., Martomesckuit H.B.

IMMPOEKTUPOBAHUE U BbIEOP TIAPAMETPOB TENJIO3ALIUTHOI'O DKPAHA
BHYTPEHHEMH IMOJOCTU KEPAMUYECKOI'O OBTEKATEJISI

Poros /I.A., Antonos B.B., Typkun 1.K.

CTPYKTYPA 1 CBOMCTBA KOMITIO3UTHBIX IIOBEPXHOCTHBIX CJIOEB C I1®
Pycunos I1.0., brenxosa JXK.M.

3AZJAYA O U3T'MBE KPUBOJTUHEMHOW KOMITO3UTHOM BAJIKU

Pycnanues A.H., lymanckuii A.M., Anumos A.M.

AHAJIM3 AHU30TPOIIAN MEXAHUYECKHX CBOMCTB TKAHOI'O VIVIEILIACTHUKA C
BUCMAJIEUMUIHBIM CBSI3YIOLIUM

Pycnanues A.H., lymanckuii A.M., [ToprHosa S1.M.
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CIIOCOB BE33TAJIOHHOI'O ONNPEJAEJIEHUS JTE®EKTOB ITPU OLIEHKE KAYUECTBA
M3rOTOBJEHUS U3IEJINI U3 KOMIIO3UIMOHHBIX MATEPUAJIOB

PeikoB A.H.

VJIBTPA3BYKOBOM KOHTPOJIb KPYITHOTABAPUTHBIX U3AEJTAIA U3
KOMITO3ULIMOHHBIX MATEPHUAJIOB

PrikoB A.H.

AHAJIN3 HATPSI’)KEHHO-AE®@OPMHUPOBAHHOI'O COCTOSIHUS DJIEMEHTOB
KOHCTPYKIIUI U3 CILIABOB C ITAMSITBIO ®OPMbI, PABOTAIOII[UX HA KPYUEHHUE
Caranos E.b.

YUCJIEHHASA OIITUMU3ALUA U AHAJIU3 YYBCTBUTEJIbHOCTHU TEXHOJIOI'MYECKHUX
MAPAMETPOB ITYJITPY3UH U3IEJIUI U3 IKM

Cadono A.A., CaparoB A.A., bonnapuyx JI.A.

NPUMEHEHHUE S®PEKTA BAYILIUHI'EPA TTPU JJIMTEJIbBHOM XPAHEHUHU B
HANPSIZKEHHOM COCTOSIHUU JIEMEHTOB KOHCTPYKIJ,I/IF[ U3 BOJIOKHUCTBIX
MOJIMMEPHBIX KOMIIO3UIIUOHHBIX MATEPHUAJIOB

Casmun C.H.

OLEHKA MEXAHUYECKOT'O COCTOSIHUSI CJIOUCTBIX YITIEIIJIACTUKOB B
MPOLECCE HEYIIPYTOI'O JE®OPMUPOBAHMUS U PABPYIIEHUS 110 CTEINEHU
HENOBPEKJIEHHOCTH MATEPUAJIA, ONPEJIEJISSEMOM METOIOM AKYCTUYECKOM
SMUCCHUU. TH)KEHEPHOE ITPUJIOKEHHUE.

Cesepos I1.b.

BJIIMAAHUE ®UJIBTPALIMOHHBIX NPOLIECCOB HA HAC TOJICTOCTEHHBIX
HAMOTOYHbIX KOMIIO3UTOB

Ceprees A 1O., Typycos P.A., Kynepman A.M.

3KCIEPUMEHTAJIBHOE OIPEJAEJEHUAE YACTOT CBOBOJIHBIX KOJIEBAHUIA
OBOJIOYEK C IPUCOEAMHEHHOM MACCOM1

Cepérun C.B., Kocmbinun A.B., Kosun B.M., XBocrtukoB A.C., Ceicoes O.E., Bacuises A.C., KacbsiHo-
Ba E.A.

NEPCIEKTUBHBIE METO/IbI ITIOJIYYEHUS 1 CBOMCTBA TETEPOMO/YJIbHOM
KOMITO3UIIAOHHOW KEPAMUKH B CHCTEME SIALON-BN

Cwmupuos K.JI., Hedenosa E.B., I'puropses E.I.

MPOEKTUPOBAHUE U PACYHET HA ITIPOYHOCTH [TAHEJIN OBLLINBKHU
YHUBEPCAJIBHOI'O CITACATEJIBHOI'O CPEJCTBA, PABOTAIOLIIEI'O B
9KCTPEMAJIbBHBIX APKTHYECKHUX YCJIOBUSIX

Cousies 10.0., Jlypse C.A., lynuenxo A.A., By3uuk B.M., Kourypuna A.A.

UCCJIEJOBAHUE CTOMKOCTH JIEMEHTOB JIA U3 KEPAMUYECKHX MATEPUAJIOB K
VIAPHBIM HAT'PY3KAM

Craposepos A.A., HenoBunneix B.1, XamunaeBA.C., Atpomenko B.®.

B3AMMOCBS3b CTPOEHUS 1 MEXAHUYECKHX CBOMCTB
TEKCTUJIbHO-APMUPOBAHHBIX KOMITIO3ULIMUOHHBIX MATEPUAJIOB

Crosspos O.H., Menbuukos B.E.

CTPYKTYPA U CBOMCTBA AL203 /TPA®EH KOMITO3HUTA, IOJTYYEHHOITO METOJOM
MJIABSMEHHO-UCKPOBOI'O CIIEKAHUS

Cronsipos B.B., Mucouenko A.A., I'puropses E.I'., XKonuun A.IN, Kisiukuna E.A.

TUMOTE3A CYMMUPOBAHUSA YCTAJIOCTHBIX IMMOBPEKIEHUN ITPU
KBA3HUCJIYYAMHOM HATPYKEHUAM SJIEMEHTOB KOMITO3ATHBIX
ABUAKOHCTPYKIIAN

Crpuxuyc B.E.

OCOBEHHOCTH ONIPEAEJEHUSA TOJNIMHbI OAHOHAITPABJIEHHOI'O CJIOSI -
HOMMHAJIbHOM ¥ U3MEPEHHO, BJIUSTHAE 3TUX OCOBEHHOCTEN HA
IPOTHO3UPOBAHHUE CBOMCTB CJIOMCTOI'O KOMIIO3UTHOIO MATEPHAJIA
Tauposa JLII., Cmepros A.A.

METOJ KOHEYHOI'O CJI10s1: BBIYUCJIEHUE MEKCJIOMHBIX HAIIPSIKEHUI U
MOJAJIBHBIX COCTABJIAIOIIUX CKOPOCTHU BbICBOBOXKXJAEHUSA DHEPT'UU B
KOMITO3UTHBIX OBPA3IIAX C KPAEBBIMU PACCJIOEHUSIMUA

Tumonux A.M.

HOBASI YTOUHEHHAS TEOPUS OPTOTPOITHBIX OBOJIOYEK U EE IPUMEHEHUE B
METOJE KOHEYHOI'O CJ105

Tumonun A.M.
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MCCJIEJJOBAHUE CTATUYECKON MPOYHOCTHA KOMIIO3UTHOM JIOTACTH
BEPTOJIETA

®su I, lymanckuit A.M., Pycnannes A H.

OB 3KBUBAJIEHTHOCTH IOPUCTOM CPEJBI 1 HEOJHOPOIHOMN KJIACCHYECKOMN
CPEJIbI

Xapuenko K.JI.

KPUTEPUU PABPYUIEHUS, YUYUTBIBAIOIIUE UCTOPUIO JEPOPMUPOBAHUS, U
MOJEJIMPOBAHUE KPUBBIX JJIMTEJILHOM IIPOYHOCTH

Xoxios A.B.

TMOBBIIIEHUE MEKCJIOEBOM ITIPOYHOCTH KOMITO3UIIUOHHOI'O MATEPHAJIA C
NCIIOJIb30BAHUEM CIHIELIUAJIBHBIX APMUPYIOLUX YACTHUL]

Yapksuanu P.B., Komapos B.A., [TaBioB A.A.

DOPAMEHTALHMOHHOE PA3PYIHIEHUE KOMITO3UTHBIX BAJIJIOHOB JUISL
TA3OMOTOPHOTI'O TOIIJIUBA B ITIPUCYTCTBUU JE®EKTOB BHYTPEHHET'O
METAJLJIMYECKOI'O JIEHHEPA

Slkosnesa C.I1., Maxaposa C.H.

ACCOUNTING SAFETY CRITERIA IN COMPOSITE STRUCTURES BY THE STRUCTURAL
SYNTHESIS OF COMPLEX ENGINEERING SYSTEMS DURING CONCEPTUAL DESIGN
Bardenhagen A., Rakov D.

PREDICTION OF DURABILITY OF COMPOSITE STRUCTURES RELATED TO
TIME-DEPENDENT BEHAVIOR OF POLYMERIC MATRIX: MONITORING
TIME-DEPENDENT PROPERTIES USING ARTIFICIAL NEURAL NETWORKS

Aulova A., Govekar E., Emri 1.

CTPYKTYPHBIA CUHTE3 TEXHOJIOT MM IMMOJTYUYEHUS TOHKUX IJIEHOK HA
BEHTUWJIBHBIX METAJIVIAX METOIOM MUKPOJYTI'OBOI'O OKCH/IUPOBAHU S
Kiumuenko b.M., Ileueiikuna M.A., Pakos /I.JI., Cyxopykos P.IO.
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