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OBIIAA XAPAKTEPUCTHKA PABOTBI

AKTyansHOCTH padoThl. B Hacrosimee BpeMs HAHOTEXHOJIOTHH BCE IIHMPE HC-
MOJIL3YIOTCS. B PA3JIMYHBIX TEXHOJOTMYECKUX IPOIEccaX XMMHYIECKOH M JIPYrHX OT-
pacineii npombInuieHHOCTH. OJJHUM U3 COBPEMEHHBIX HANPaBICHUH HAHOTEXHOJIOTHIX
SIBIISIETCS] IIPUMEHEHUE B IIPOMBIIUIEHHOCTH YIJIEPOIHBIX HAHOTPpYyOOK. OHM oOnafaor
PSIOM YHHUKAJIBHBIX CBOMCTB, KOTOPHIE TI03BOJIIIOT PEIIaTh MPOOIEeMbI, BOSHUKAIOIINE
TIPH TIPOU3BO/ICTBE TTOJMMEPHBIX KOMITO3UIMOHHBIX MaTtepranioB. Hanbomree nepcmex-
THUBHBIM METOJ/IOM YIIYYIICHUS HOJIMMEPHBIX KOMITO3UIMOHHBIX MAaTEPHAIIOB SBIISETCS
MX MOAM(UKAIYS YTIICPOIHEIMI HAHOCTPYKTYPHBIMU KOMITOHEHTAMH.

Buecenne yriepomHbIX HAHOTPYOOK B CTPYKTYPY KOMIIO3HUTA BIUSET HE TOJIBKO
Ha CTPYKTYpY M CBOMCTBa IOJMMEPHOTO CBS3YIOIIEro, HO M Ha KOMIIO3UIIMOHHBIHA
Marepuai B mesioM. Ha naHHBI MOMEHT OTCYTCTBYIOT HMPOMBIIIICHHBIC TEXHOJIOTUH
10 BHECEHHIO, PACTIPEIETICHHIO M CTAOMIN3AIMU JUCTIEPCUH YTTIEPOJHBIX HAHOTPYOOK
B TIOJIMMEPHBIX KOMIO3UTaX. BbIpaboTka 3(h(heKTUBHBIX METOIOB M OIpeAeicHHE
CTENEeHU UX BIUSHMUSA HAa KaUeCTBEHHBIC ITOKA3aTENM KOHEYHOTO MPOAYKTa, a TaKKe
pa3paboTKa amnmapaTypHO-TEXHOJIIOTHUECKHX CXEM SIBIISIETCS] aKTyalbHOM M MPHOPH-
TeTHOH 3amaueil. Pa3pabarsiBaeMble METOIbI, HECOMHEHHO, HAHAYT MIMPOKOE IpHMe-
HEHHUE B POU3BOJICTBE KOHCTPYKLMOHHBIX U (DYHKIMOHAIBHBIX ITOJUMEPHBIX KOMIIO-
3UIMOHHBIX MAaTEPHANIOB. Y MEHBIIIEHUE MACChI U3/IETIMS, BBI3BAHHOE YIYUILIEHHEM €ro
(HM3UKO-MEXaHUUECKHX XapaKTEPUCTHK, SIBIAETCS aKTyaldbHOM 3amaueil pecypcocOe-
pexeHusl B MPOMBIIIICHHBIX MacIITabax.

Pa6ora BBINONHANACE B COOTBETCTBUU C NPUOPUTETHBIM HAIMPABICHUEM Pa3-
BUTHUS HAYKH, TEXHOJOrMM U TexHuKku Poccuiickoit @enepaunn «MHaycTpus HaHO-
CHCTEM M MaTepuasioB», HCCIEAOBAHUS MOANEPKAHBI B paMKax Mporpamm «Yyact-
HHK MOJIOJC)KHOTO HAyYHO-HHHOBAIIMOHHOTO KOHKypca» («YV . M.H.M.K.»), 14 rog —
Tockonrpakt Ne 7343/10205 mo mpoekry 10205 or 28 nekabps 2009 roaa,
2-it rox —'ockortpakt Ne 868(/13989m0 npoekry 139890t 14 suBapst 2011roxa;
«CTAPT» Ha 2013r.

Lear padoTsl — pa3paboTKa METOJOB IMOBBIMICHHS (DU3UKO-MEXaHHIECKIX
XapaKTepPUCTUK MOJMMEPHBIX KOMIO3HUIMOHHEIX CBA3YIOIIUX IyTeM MOIu(UIHpO-
BaHUS CTPYKTYPHUPOBAHHBIM HAaHOYTJIEPOAOM; pa3pabOTKa COOTBETCTBYIOIINX TEX-
HOJIOTHYECKUX MPOLECCOB M MX ammapaTrypHOro ogopmieHHs. s TOCTIKECHHS
L[eTIM HEOOXOANMO PEIINTH CIIeTYIOIINe 3a[adm:

— TIIPOBEACHHUE KOMILIEKCHOIO aHalh3a COBPEMEHHOIO COCTOSIHMS BOIIPOCA
[0 METOJaM M CIoco0aM HaHOYTJIIEPOAHOTO MOAMU(HIIMPOBAHHS, BEIOOpA CBS3YIO-
IIEro ¥ MOAUGHUIUPYIOMHX 100aBOK, yJOBJICTBOPSIONINX COBPEMEHHBIM TSHACHIU-
SIM ¥ TpeOOBaHUSM IIPOMBIIUICHHOCTH;

— TeopeTHyecKoe 0OOCHOBaHUE MOBBIMCHUS (PU3NKO-MEXaHUUECKHUX Xapak-
TEPUCTHK MOJMMEPHBIX KOMIIO3UIHOHHBIX Marepuanos ([IKM) mpu ux o6beMHOM
MOAU(HUIUPOBAHIN MHOTOCIIONHBIMHI YTIIEpOAHBIME HaHOTPYOKamu (MYHT);

— OCYIIECTBUTH Pa3pabOTKy METOIOB BBEICHHUS, paclpeieNieH s U CTabuIn-
3auun HanococTtosiHuAd MYHT B IIKM c nenbio yny4ineHus UX XapakTepUCTHK;

—  BBINOJHHUTH Pa3paboTKy CTPYKTYPHON CXEMBI Mpolecca HAHOYTIEPOIHOTO
Moaudunuposanus I[TIKM, monmydenne onbITHRIX 00pa3IoB C yIIydIIEHHBIMI Xapak-
TEPUCTUKAMH;

— IPOBECTH BCECTOPOHHIOI  XapAKTEPH3ALMI0  (PU3HKO-MEXaHHUECKUX
CBOIMCTB HAHOMOJU(UIUPOBAHHOTO CBA3YIOIIETO U KOMIO3UTOB Ha €70 OCHOBE;



— pa3paboTaTh HEOOXOAMMOE anmaparypHoe oGopMIIeHHE NTPOLECCOB HAHO-
YTIIEPOJHOTO MOAU(DUITIPOBAHIS.

Hay4ynas HoBU3HA.

BrepBble npemnoxeH U Hay4HO 0OOCHOBaH KOMIUICKCHBIH (PU3MKO-XHMHYEC-
KUl MeTox Bo3AeicTBYS Ha NepepabaThiBaeMblii MaTeprall, BKIIOYAIOIIH MEXaHu-
YeCKHe IPOLECCH! MOJTOTOBKY CHIPhSt M BBEJCHHE HAHOYTIIEPOJHOTO HATIOIHHATENS
B BSI3KYIO MOJMMEPHYIO MaTpPUILy, C LEIbIO yIydIleHus! e€ MPOUYHOCTHBIX XapaKTe-
PHCTHK.

Pa3paborana TeXHONOTHS IOATOTOBKU CBHIPbSl NPH HOJyYEHHU TUCHEPCUH C
YIBTPAMHUKPOT€TePOTeHHBIMH JAaCTUIIAMH YTJIEPOJHOTO HaHOMAaTepHaja, OCHOBHBI-
MH CTaIMSAMHU KOTOPOH SIBIISIIOTCS: JUCIEPrHPOBAHUE B TPEXBAJIKOBOH MEIBHHUILE,
yIBTpa3ByKOBOE Bo3xeiicTBHE. PazpaboTaHHast TEXHOJIOTHS CTaHET OCHOBOM SHEPro-
U pecypcocOeperaroniero NpoMbIIIIEHHOTO IIPOU3BOJICTBA.

W3 sKcrieprMEeHTaNbHBIX JTAaHHBIX MOJTYYEeHBI PACUETHBIC 3aBHUCHMOCTH (hU3H-
KO-MEXaHMYECKUX CBOMCTB MOKCHIHON MAaTPHUIIBI B 3aBUCHUMOCTU OT XHMHUYECKOTO
BO3AEHCTBUS HAHOYTJIEPOAHOTO MaTepuaa U ero MoAu(UKaIui.

DKCIepUMEHTAIFHO U3y4eH HEeCTAI[MOHApHEIH mponece (U3NIeckoro Bo3eH-
CTBHSI YNBTPAa3BYKOM HAa CYCHEH3UIO, COAEPXKAIIyl0 MHOTOCTEHHBIC YIJIEepOIHEIE
HAHOTPYOKH.

IIpemnoxxeH © TEOpPETHUECKM OOOCHOBAH CIOCO0 yiIydIleHHs (HU3MKO-
MEXAHHUUYECKUX XapaKTEPUCTHK MOIUMEPHBIX KOMIIO3HIHOHHBIX MaTepHalloB Ha
OCHOBE JMAHOBBIX AMOKCHIHBIX CMOJI 33 CYET 00BEMHOTO MOJU(UIPOBAHNS MHO-
TOCIIOIHBIMH YTII€POAHBIMU HAaHOTPYOKamMu cepun «TayHuT».

IIpakTHYecKasi 3HAYMMOCTH PadOThI.

IToka3ana u 000CHOBaHA BO3MOXHOCTb HMPOMBIIUIEHHOTO MPOU3BOJACTBA Ha-
HOMOAN(UIMPOBAHHBIX MOJIMMEPHBIX KOMIIO3UIMOHHBIX MAaTEpHAIOB C YIydIlIeH-
HBIMH XapaKTEePUCTHKAMH.

Pa3paboran MeToJ BBEIEHUs, pacHpeleleHUss U CTaOWIH3aLUK JUCHepCuil
MHOTOCJIOWHBIX YTJIEPOJHBIX HAHOTPYOOK B CBS3YIOIIEM Ha OCHOBE JIHAHOBBIX
SMOKCUIHBIX CMOJL.

DKCIepUMEHTAIPHO YCTAaHOBJICHA TpedyeMast MaccoBasi JJOJIsi MHOTOCIOWHBIX
YTJIEPOJHBIX HAHOTPYOOK, BHOCHMBIX B MOKCHIHOE CBS3yIOIlee, oOecreynBaronias
3HAYUTENBHOE YIy4llleHHe (PU3UKO-MEXaHUYECKUX XapaKTEePUCTHK.

Tomy4ensr u wmccienoBaHbl 1a00OpaTOpHEIE O00Pa3Ibl HAHOMOANU(DHUPOBAHHOTO
CBSI3YIOILETO U IOJIMMEPHBIX KOMITO3UIOHHBIX MAaTCPHAIOB C YIIyYIICHHBIMH Xapak-
TepucTHKamMu. OU3NKO-MEXaHUUECKHE XapaKTePUCTUKU ([0 OTHOIICHUIO K M3TrHOaro-
MM Harpy3kam) csi3yromiero ymyumiich Ha 20...30%,npezesn IpoYHOCTH Ha CKa-
THE U TeMIIepaTypa TeIUIOCTOMKOCTH yBenmumuck Ha 70%,a paspymaromas Harpys-
Ka CTCKJIOIIACTHKA HAa OCHOBE HAHOMOJM(HIMPOBAHHOH SMOKCHUIHOW CMOJIBI — B
2-3 paza. YenapHOe 3IIEKTPOCONPOTUBIICHHE HAHOMOAU(DUIIMPOBAHHOTO SIOKCHI-
HOTO CBS3YIOILETO CHHM3WJIOCH 10 BenMuuHbBl 2,5 OM'M IpH HanoJHEHHH MHOTO-
CIIOWHBIMU yriepoaHbiMU HaHOTpyOKkaMu mapku «TAYHUT-M» nopsinka 6% mac.,
a ero TEeIUIONPOBOAHOCTE BO3pocna B 2 pa3a npu HanoiaHeHnn 10%wmac.

MonepHu3upoBaHa KOHCTPYKLUS YJIBTPAa3BYKOBOHM SYEHKHM I NMPOBEIEHUS
HETIPEPBIBHOTO TIpollecca AUCIEPTUPOBAHUS U pacHpeereHus yriIepoIHOro HaHO-
HAIOJIHUTEIIS B STIOKCHIHOM cBsizyroteM (mat. Ha [TM Ne 2443470).
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Anpo6anust pa6oTel. OCHOBHBIC MTOJIOXKCHUS IUCCEPTAIHOHHON pabOThI JOK-
JIaABIBAJINCh Ha CIEAYIOIMX KOH(EepeHUUsX, KOHKypcax u mkonax: || MexnyHa-
posiHas mpakTuueckas KoHdepeHIms «[IporpecCuBHbBIC TEXHOJIOTHU pa3BUTHUS»
(TamGos, 2005), Mexaynapoausiii ¢popym Rusnanotech-2008Mocksa, 2008),
Bcepoccuiickas mkona-ceMUHAap MOJOIBIX YUEHBIX U IpernojaaBateneil «DyHKIMO-
HaJIbHbIC M KOHCTPYKIMOHHBIC HaHOMaTepuans» (benropox, 2008), |Poccuiickuii
MOJIOJIC)KHBIN WHHOBANMOHHbIH KouBeHT (Mocksa, 2008), || Bcepoccuiickuii Moiio-
NexXHbIH MHHOBalMOHHBIH koHBeHT (Cankt-IlerepOypr, 2009), IXBceepoccuiickas
BBICTABKA HAYYHO-TEXHHYECKOro TBOpYecTBa Mosoaexu (Mocksa, 2009), Mexny-
HapoxHslii popym Rusnanotech-2009Mopcksa, 2009), |l Beepoccuiickas mmkosna-
CeMMHap JUISl CTYIEHTOB, aCIIMPAHTOB, MOJIOJBIX YUCHBIX 10 HampasieHuto «HaHo-
Mmarepuaip» (Ps3ans, 2009),Hayunas koH(epeHius «PasmepHbie 3G (EKTs B HAHO-
CTpyKTypax u mpoGiuembl HanotexHomoruii» (Tam6os, 2009), OKpy>KHOH HHHOBa-
uoHHbI koHBeHT ([y6na, 2009), I Beepoccuiickasi Hay4HO-HHHOBALMOHHAS MO-
nopexHas KoH(epeHnus «CoBpeMeHHbIe TBepAo(]a3Hbe TEXHOJOTUH: TEOpH,
[paKkTHKAa W MHHOBALMOHHBIA MeHemkMeHT» (Tam6os, 2010), Il Beepoccuiickas
HayYHO-WHHOBAIIMOHHAsT MOJIOAEXHass KoH(epeHus «CoBpeMeHHbIe TBeprodas-
HbIC TEXHOJOIHH: TEOpHs, NMPaKTHKa M MHHOBALMOHHBIN MeHemKMeHT» (Tam0o0B,
2011), XIX MexayHapoaHasi HaydHO-TeXHHUECKas KoHpepeHuus «KoHCTpyKmu 1
TEXHOJIOTHH TMOJNYYCHHS M3ICNUH M3 HEMEeTaInYeckux marepuainoB» (OGHHHCK,
2011), Russian Innovat®pcksa, 2011), IV BeepoccHiiCKnii MOJIOISKHBIH HHHO-
BalMOHHbINH KOHBeHT (MockBa, 2011).

My6éankanuu. MaTtepuaisl, U3JI0KEHHBIE B TUCCEPTAINN, HAILIH OTPaXKCHHE
B 10 omyOJIMKOBaHHBIX IIEYAaTHEIX PadOTaxX, B TOM 4YHCIe 3 CTaThbH B BEAYIIUX pe-
LEH3UPYEMbIX Hay9IHO-TeXHUIECKHX KypHAIaX, a TAKXKE 2 MaTeHTa.

CrykTypa u o0bem padorhl. [uccepranus usnoxena Ha 117 ctpanunax, co-
CTOMT U3 BBEJCHMs, 4 IJIaB, 3aKJIIOUCHHS M CIIHCKA UCIOJIb30BAHHBIX HCTOYHUKOB,
BKJIIOYAIOIIEro /2 HAMMEHOBAHUs, U NpuiioxeHus. PaboTa BkiroyaeT 73 pucyHKa U
14 tabmui.

OCHOBHOE COJEPXKXAHUE PABOTbI

Bo BBeaeHnum 1aHo OOOCHOBaHHWE aKTYaJIbHOCTH peIIaeMoil IpoOJIeMsl,
copMynMpoOBaHbI LEIb U 3a[a4d UCCIICOBAHMS, Hay4YHass HOBHM3HA, NIPAaKTHYECKas
LIEHHOCTh, CTPYKTYpa U 00beM JUcCepTaluOHHON paboThI.

B nepBoii riaBe guccepTaliH BBIIOJIHEH NOUCK M aHAIM3 JIMTEPATyPHBIX
HCTOYHHMKOB O HaHOKOMIIO3MTHBIX IOJMMEPHBIX MaTepHallax: MOJIy4eHHUH, CBOHCT-
BaX W HPHUMEHCHHH, KOTOPBIH MPOBOAMICS IO BCeM 00JacTsM 3HaHHUN (OTpacisiM
HAayKd M TEXHHKH), IJIe BO3MOXHBI CO3aHUE U MCIIOJB30BaHHE 3THX MaTepUasioB.
B ananmntHueckoM 00630pe MPHUBOIATCS METOIOJIOTHYECKHE 0OOCHOBAHUS HCCIIE-
JIOBAaHUSI CBOMCTB M Pe3yJIbTaThl HCIOJIb30BAHUS HAHOKOMIIO3UTHBIX MaTEpHaJIOB
B pa3nn4HBIX obOnacTsax. Ha ocHOBe aHamu3a HayYHO-TEXHHYECKUX M ITATEHTHBIX
MCTOYHUKOB BBIOpaHbl HanboJiee NMePCIEeKTUBHbIE MaTepuala U METOIbl BBEACHHS
HaHOMOJMGHULUPYIOMEH NOOaBKM B OSIOKCHUIHYIO MAaTpHUILy Ul INPOBEACHHS
JaNbHEHIINX HMCCICIOBAaHUM M ONPE/IeNICHbl OCHOBHBIE 3Tallbl IPOBOAUMOIO HC-
CJICIOBaHMSI.



Bo BTOpoOii ri1aBe auccepTAlM HM3JI0XKEHO TEOPETHYECKOe OOOCHOBAHHE
BJIMSIHASL HAHOAWCIIEPCHBIX YacTHUIl Ha (PM3UKO-MEXaHHYECKHEe CBOMCTBA IOJIHMMEp-
HBIX MaTpHII.

IIporuo3upoBanue CBOKWCTB JUCIEPCHO-HANOIHEHHBIX KOMIIO3ULIMOHHBIX Ma-
tepuanioB (KM) siBisieTcst BeCbMa CIIOKHOM 3a1a4eil, Tak KaK OHH XapaKTepU3yITCst
KOMIUIEKCOM MEXaHMYECKHX CBOMCTB. DTO CB3aHO C HAJIIMYHEM Pa3IHYHBIX BHIOB
BKJIIOYCHHH U Ae(EKTOB, KOTOpPBIE MPELONPEIENAIOT PA3IUYHbIE MEXaHU3MbI pa3-
pyuenus. Emie Oonee crnoxHO# 3agadeil SBsieTcsl MIPOrHO3UPOBAHUE CBOMCTB KOM-
[IO3UTOB C HANIOJIHUTEIEM HAHOMETPOBOIO Juana3zoHa. PaccMOTpeH MeXaHU3M pas-
PYIICHUS] IHCIEPCHO-HAMOIHCHHON IOJIMMEPHONH MAaTpHIlbl, KOTOPHIH Hamboiee
4acTO BCTPEYaeTcsd B KOHCTPYKIUMOHHBIX KOMIIO3HLIMOHHBIX MaTepuanax. Bxiroue-
HUS TPEICTaBISIOT IPENSTCTBHE Ul JBIDKYyIIerocs: ¢ponra tpemuusl. [To mepe
TOTO, KaK 3TOT (PPOHT MporubaeTcss MEKAY KaXkAoW Mmapoi 4acTHUIl, ero JUIMHA yBe-
nmruuBaerca. CornacHo mozeny JleHra yBenuueHHas JUIMHA (GPOHTA TPEIUHBI MO-
KET JaBaTh CYIIECTBEHHBIH BKJIAJ B SHEPTHIO Pa3pyIIEHUs XPYNKOTO KOMIIO3HTHO-
ro MaTepHana ¢ JUCHEepPCHBIMH YacTHI[aMH. JlaHHast Mozels OblIa MpUMeHEeHa HaMH
Ha HaHoypoBHe. Ha pucynke 1 cxemaTH4yeck IOKa3aHa 4acTb (POHTA TPEIIHUHBI,
B3aUMOJICHCTBYIOILAS C PSJOM PACIOIOKEHHBIX Ha OAMHAKOBBIX PACCTOSHUAX HE-
OJIHOPOAHOCTEH U B OTCYTCTBMM UX. VICKpHUBICHHAs ITMHUS COOTBETCTBYET COCTOA-
HHIO, TIPEIIECTBYIONIEMY TPOPBIBY (POHTA, U MOCIERYIOMEMY paspyuenuto. Ilo-
clie TIPUIIOKEHHUS 3HAUUTEIBHOTO HANPSDKEHUs (QPOHT TPELIMHBI HAYMHACT MPOJIBHU-
raThCsi MEXAy KaKI0H mapoi BKIIOYEHUH, 00pa3ysl HOBbIE IIJIOIIAAN OBEPXHOCTEH
paspyIleHusi, YT0 MPUBOAUT K YBETHMUEHHIO IIHHBI (ppoHTa. UTOOBI 3TO Mpoucxoau-
JI0, TIPWJIOKEHHBIE CHJIBI JTOJDKHBI NIPOM3BECTH paboTy Ha oOpa3oBaHMEe HOBOW MO-
BEPXHOCTU pa3pyIICHHs W Ha yBEIWYCHHE UIMHBI (poHTa TpemuHbl. Ha ocHoBe
MIPEONIOKEHIH, YTO MeCTa 3aJepXKKH MPECTABISIOT COO0H B CEYEHHWH TPEIIUHE
Oe3pa3MepHbIe TOYKH M COCTOSHHME IPOPBIBA HACTYNAET, KOTAa (POHT TPELIMHEI
MEXly MECTaMu 33AePKKHU UMeeT TONYKPYyTriIyto (opMy. YMeEHbIIEHHE PACCTOSHHS
MEXAy 4YacTHUaMmu (MOBBILICHHE KOHILEHTPALMH) JOJDKHO CIOCOOCTBOBATH POCTY
sHeprum paspyuieHus. [Ipu cOnmkeHun MaTepuan npeacTaBiIseT co0oi CIIONIHYIO
cucteMy, (POHT TPEUIMHBI NEPECTACT B3aUMOICHCTBOBATH C OTACILHBIMYI YaCcTHIA-
MU U 3HEPrHs pa3pyLICHHUs yMEHBIIACTCS.

Bonbuioe BiusiHKUE Ha pacpoCTpaHEHHE TPELIMH OKa3bIBacT pa3Mep AUCIEpC-
HBIX BKIIIOUeHUH. C OHON CTOPOHBI, OoibIye YacThIb! A dexTHBHEE 3anepKuBa-
10T MPOJBIKEHUE TPELIHH, C APYTOH — YaCTUI[BI JUCHEPCHOTO HATIONHUTENS MOXKHO
paccMaTpuBaTh Kak Ae(pEKThl BHYTPH MaTpPHLBI M, CIIEI0BATEIbHO, HHULIUATOPHI
TPEIIMH U KOHIEHTPALUH HaNpsHKEHHH, BOHHKAIOIINX B MPOLECCE M3TOTOBICHUS

TpelwuHa /

Puc. 1. Cxema B3aumojeiicTBus
¢ponTa TpEIUHBI ¢
HEOXHOPOXHOCTSIMH, JINHEITHO
PAacno/IoKeHHBIMH HA PABHOM
PACCTOSIHUH APYT OT Apyra




WK Harpy)xeHus. MaTpuia 1 9acTUIBl MMEIOT Pa3inYHbIC TEPMHUYECKHE PacuInpe-
HUSI, YTO BBI3BIBACT BO3HUKHOBEHNE OCTATOYHBIX TEPMUUICCKUX HATIPSDKCHUI BHYTPU
M OKOJIO JHCIEPCHOM YacCTHIBI B MPOLIECCe OXJIAKACHHS HIDKE TEMIIePaTyphbl H3ro-
toineruss KM. Uem Gosbiue pa3mep 4acTULB, TeM GOJIbIIE HAIPSDKEHHBIE 30HBI KK
BHYTPH YacTHLBI, TaK M BOKPYT HEE H, CICHOBATENbHO — GOJIbIIEC HAKOIUICHHAS
sHeprus nedopMaryy, cBs3aHHas ¢ yacTuuei. Takoil moaxox o3Ha4yaer, 4To IpH
JIAHHBIX YCJIOBUSX PacTpecKHBaHUE OyIeT MPOHCXOAUTH TOJIBKO B TOM Cllydae, KO-
raa pasMmep 4actHi Oosblle KpuTHYeckoro. Kpurudeckuil pasmep ompenensercs
KPUTHYECKOIT SHEeprueil 00pa3oBaHusi HOBOM MOBEPXHOCTH.

BHeuHue HampsDKEHHs, KOTOPBIE MOTYT OBITh HPHIOKEHBI K MaTepHaIy, He
JOJDKHBI TIPEBBIIIATE HPEAe MPOYHOCTH IS XPYIKHX MAaTEPHAIOB H PSS TEKY-
YeCTH U IUIACTHYHBIX. VICXO/S M3 9TOr0, MOXXET ObITh MPOBEICH aHAIN3 KPUTHUE-
CKHX Pa3MepoB BKIIOYeHHH (Up,), IPH KOTOPHIX B MaTepHaje MOI'YT HOSBUTHCS OT-
CIIOCHUS [0 TpaHULaM pasjeia ¢da3. B ciaydae HeoOpabOTaHHBIX aNIpeTHPYOIIMH
COCTaBaMH HAIIOJHHUTENCH ISl CTEKI000Pa3HOTO 3MOKCHAHOIO MOJMMepa KpUTHYC-
CKHil pa3Mep BKIIOUEHMH cOcTaBiseT O, = 3-107 mxm. IpuBeseHHOE 3HAYCHHE
9KBHBAJIEHTHOTO JHAMETPa HOCHT OLCHOYHBIH XapakTep, Tak Kak B KaXIOM KOH-
KPETHOM Cllydae JHaMeTp 3aBHCHT OT COCTOSIHHsS TPaHHLBI pa3fiena, JIOKaJbHOTO
HANPSDKCHHOTO COCTOSIHMSI, MEXaHHU3Ma 00pa3oBaHMsI OTPbIBA U APYTHX (aKTOPOB,
OJIHAKO €ro 3HaueHHe MOKAa3bIBACT, YTO IS HHULMHUPOBAHHS OTCIOCHHUS B HU3KOMO-
IyJABHBIX MaTPHIAX TPEOYIOTCS GONBIINE BKIIOYCHHS.

Taroke HeMaTOBa)XHOE 3HAYCHHE HMeeT IPGHEKT OPUCHTUPYIOLIETO BIMSIHUS
JIMCTIEPCHOTO HATIOJHUTENS Ha CBs3yrowee. [IpnueM OpreHTHPOBAHHE OCYIIECTBIIS-
€TCsI HEe TOJIBKO B aJCOPOUPOBAHHBIX MOJIEKYJIaX, HO U B MOJICKYJIaX, KOTOPbIE HEIO-
CPEICTBEHHO C HUMH CBSI3aHBI U B KOTOPBIX OPHEHTHPOBAHHE MPOUCKOJUT KaK OT-
KUK Ha OJiKHee B3auMojeicTBue. JJabHOACHCTBIE HE OIPaHUYNBACTCS BIMSHHU-
€M HOBEPXHOCTHBIX CHJIOBBIX I10JICil. Y CTAHOBJICHO, YTO MHKPOYCAI0UHbIC SIBJICHHUS,
Habmonaromuecs B npouecce Gopmuposanust noauMepHelx KM, Taxoke BBI3BIBAIOT
o0beMHOEe OpreHTHpoBaHue (puc. 2).

B rpaHHYHOM CJI0€ MPOUCXOIUT YBEINYCHHE CTEMEHH KPHCTAUIMYHOCTH 3a
CYET YMEHBILICHUS AONH MEKIIIOOYISIPHBIX aMOP(HBIX MPOCIoeK monumepa. Ilo-
9TOMY IUIOTHOCTB IIOJIUMEPA B CJIOE HOBBIIIACTCS B CPABHEHUH ¢ 00BbEMHOIT (ha3oil.

B rpaHHYHOM cJI0€ HAaOJIOAACTCS YHOPSA0YCHHE CTPYKTYpBI [IONKUMeEpa, B pe-
3yJbTaTe 4ero npossisercs sddekr opuenTarmu. He MeHee 3HaUUTEIbHBIM (haKTO-
pOM sBIISICTCSl HAIMUKE B 00beMe noaumepHoro KM mpocTpaHCTBEHHOro Kapkaca,
chOpPMHPOBAHHOTO M3 YACTHLl HANOIHHUTEIS, YCPEIYIOIMXCS CO CTPYKTYyPHUPOBaAH-

Puc. 2. CxemaTnueckoe
u3o0paskeHne Mmopgosoruu
TPAHHYHOIO CJIOSI TOJIUMepa
Y NOBEPXHOCTH YIJIEPOIHOI
HAHOTPYOKM:

1 —yrneponHast HaHOTpYOKa;

2 —aacopOupoBaHHBIH MUKPOCIIOH
nonuMepa; 3 — OpHeHTHPOBAHHEIH CIIOH
nonumMepa; 4 — nepexoAHbIi CIIoi
nonumMepa; 5 —nonuMep B 00beMHOI (ase




HOH (azoif Marpurpl. CoOGCTBEHHO Kapkac 00pa3yeTcst U3 TpaHHYHBIX CIIOEB MaTpH-
I, @ YACTUIIBI HATIOIHUTENS CITyXKaT UX HocuTensamMu. CTPyKTypa Takoro Kapkaca ¢
YCHUJIEHHOH Marpuiell OKas3bIBaeT CYIIECTBEHHOE BIMSHHE Ha  (U3HKO-
MEXaHUYECKHE XapaKTEPUCTUKU KOMIIO3UTa. BakHOe 3HaucHUE MMEET paBHOMEpP-
HOCTB paclIpefielieHns! aucrepcHoro Hamoiuutens B KM, xapaxrepu3syiomas ¢op-
MHPOBaHHE HEMPEPHIBHOTO YCHIIMBAIONIETO MPOCTPAHCTBEHHOTO KapKaca U3 4acTHIL
HAIOJHUTES, CBSI3aHHBIX CTPYKTYPHUPOBAHHBIMH MPOCIOWKaMHU MOJIUMEPA.

Takum 06pa3oM, B COOTBETCTBHH C BBINICYKa3aHHBIMH (hAKTOPAMH JUIS TIOJIY-
YEHHS ITOJIOXKUTENEHOTO 3()(eKTa MpH HANOJTHEHUH T'yCTOCETYAaThIX TEPMOPEaKTUB-
HBIX MOJHMMEPHBIX MaTPHILl KECTKMMH AUCIEPCHBIMH YacTHIAMU HEOOXOJMMO CO-
6II0/1aTh CIEAYIOLINE YCIOBHS:

— CTENeHb HAMOJIHEHHs JOIKHA HaXOIUThCA B ONTHMAIbHBIX MpeAenax, om-
pEleNeHHBIX pa3MEPOM YacTHUI];

— JKeJIaTeIbHO UCIIONb30BaTh YaCTHUIbl HAHOMETPOBOI'O JUAIA30HA,

— JMCIEPCHBIA HAIOJIHUTENb JOJDKEH 00IafaTh XOpomel aare3uei Kk Mare-
puay MaTpHLbl, IPEANOYTUTENILHO C XUMHUYECKON CBS3bI0 MEXKy HAIIOJHUTEIEM U
MaTpULEN.

Haunbonee nomHo nmpeabsIBIeHHBIM TPEOOBAHHAM YAOBIECTBOPSIOT YIIEPOAHBIE
HaHOTPYOKH. CyIIecTBEHHBIH BKJIA] B (PU3UKO-XMMHUYECKHE CBOICTBA BHOCAT IO-
BepxHocTHbIe aToMbl MYHT, oTHOCHTENbHOE KOJIMYECTBO KOTOPBIX IPU 3TUX pa3-
Mepax JacTHUIl 3HAYUTEIBHO yBEINUUBACTCS.

Takum 06pa3oM, HEOOXOAUMO HCCIEAOBATH BIMSHUE MApaMeTPOB HAaroJHe-
HUsl, NIPUPOABI JUCIEPCHBIX YAaCTUIl HA CTPYKTYPHBIC M3MEHEHUS B IOJIMMEPHOM
MaTrepHaie ¢ yIeTOM BCeX TUIIOTE3 «yCHIICHUS» QU3UKO-MEXaHHIECKHX XapaKTepH-
CTUK 310KcuaHOM Marpunpsl U ITKM, M3roTOBIECHHBIX ¢ IPUMEHEHHUEM HAaHOMOIU-
¢buupoBaHHOrO CBsI3yroniero. Ha ocHOBE M3T0KEHHBIX BBIIIE NMPEANOCHUIOK Tpen-
CTaBIISIETCS LIEIEeCO00Pa3HbIM:

— TIIPOBEACHHUE UCCIECIOBAHUS IPOLECCOB PACIpPEEICHUS AUCIEPCHBIX Yac-
THUL B IOJUMEPHOM CBSI3YIOLIEM;

— DOKCIICPHMEHTAIBHO HCCIEIO0BATh BIMSHHE MOIMGHUIUPOBAHUS MATPHUIBI
YTIIEpOJAHBIMHA HAHOYACTULIAMHU cepul «TayHUT»,

— pa3paboTKa TEXHOIOTHH BBEAEHMS YaCTHI] B STIOKCUIHOE CBS3YIOLIEE.

TpeThs ri1aBa NocBsIleHa SKCIEPHMEHTATBHBIM HCCIEA0BAHUAM BOIPOCOB
BBEJICHUS, PACIIPEAENICHUS U CTaOMIIN3AIUN JUCIEPCUH.

HcnbiTanusM Ha CTOMKOCTh K M3rHOaromieil Harpyske IOJBEPININ CEpPUI0 00-
Pas3LoB ¢ pa3In4HBIM MPOLEHTHBIM conepxanueM MYHT. JlabopaTtopHsie 00pasiisl
MOJIBEPIIIMCH UCTIBITAHUIO HAa U3THO 10 TPEXTOUSUHOM CXEME.

B obnactu mainoro nporeHtHoro coxepxkanuss MYHT (0,01...1%wmac.) Ha-
OmrosfaeTcss HE3HAYHUTEIbHOS YBENMUCHUE (U3NKO-MEXAaHWYECKHX XapaKTepHCTHK,
KOTOPOE 3aMETHO CHMXKACTCA C YBEIMYCHUEM IIPOLIEHTHOI'O COAEP:KAHUS TBEPIOU
¢as3bl. McnbITaHns He MOKa3alu IPOrHO3UPYEMOTo MPUPOCTA IPOUHOCTH.

Meron MeXaHMYECKOTro MepeMEIINBAHUs YTIEPOJHBIX HAHOTPYOOK C BIOK-
CHIHOM CMOJIOH € IENbI0 YITydIIeHUs (U3UKO-MEXaHHUECKUX XapaKTePUCTUK OKa-
3ancst ManodpdexruBeH. s BEISBICHHS HPUYHH TaKOTO Pa3yHpOUYHSIONIETO Iei-
ctBUA Oblna m3ydeHa cycrneH3uss MYHT B amokcuaHOi HEOTBEp>KAEHHOH cMoie
MOCJIE epEMELINBAHUS.
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Bonbmas monst wacThIy nmpencTaBiseT co0oil arimoMeparsl, pa3Mephl KOTOPBIX
BBIXOJIST U3 HAHOIUAMA30Ha.

Arnomeparst MYHT sBistrorest nedexkramu CTpyKTypbl B KOHLIEHTpaTOpamMu
HaMpsHKEHUH, CTaB 3apOJIbILIIEM MAarHCTPAIbHON TPEUIMHBI. DTO BBI3BAJIO yMEHBIIIE-
HHE (HU3MKO-MEXaHUYECKHUX MOKa3aTeNel SMOKCHIHOW MaTPHLIBL.

Jnst MoanUIpOBaHUS SIIOKCUAHBIX CMOJI YIIEpPOAHBIMH HaHOTpyOKamu
TpebyeTcs Ie3HMHTErpanys arJioMepaToB M UX paBHOMEpHOE paclpeeieHne B 00b-
eMe MaTpHIIBL.

Hns nesunrerpamun MYHT ¢ coxpaHeHneM HUX CTPYKTYphl CYIIECTBYET He-
CKOJIBKO CIIOCO0OB, €Il MEHbIIIEe CI0co00B, KOTOPhIE MOKHO ObUIO ObI MacuITAOu-
poBaTh B MPOMBILIUIEHHOM Hpou3BojcTBe. Ha ocHOBe nuTepaTypHOro 0630pa HaMH
ObLTH BBIOPAHBI CIICAYIOLINE CIIOCOOBI:

— BBICOKOIHEPreTHUYECKOTO yJapa METIOIINX IIapoB U TPEHUS MEXTy Iuapa-
MH M CTCHKOM pa3MOJIbHOTO cTakaHa (IIapOBBIC MEJBHHIIBI);

— BO3JCHCTBUS PACTATHBAIOIINX, CKUMAIONIUX, CIBHTAIOMINX CHJ, IOBBI-
IICHHBIX TEMIIEPATYP U CTATHYECKOTO IEKTPHYECTBA (BAJIKOBBIC MEIbHHILIBI);

—  YJNBTPa3BYKOBOI'O BO3ACHCTBHS (YIbTPa3ByKOBBIC YCTAHOBKH).

B kauecTBe W3MeNBYAIOIIETO MHCTPYMEHTA HCIIOJIb30BaJach IIaHETapHAsS
mapoBasi MeJIbHHIA «IyJIbBepH3eTTe S5». I3MenpueHne MpoBOAMIOCH IIPH HECKOIIb-
KHX PeKHMaXx.

AHanu3 NMOTyYeHHBIX JAHHBIX MO3BOJISIET CAENATh BBIBOJ O TOM, YTO HAMIY4-
mee u3menpueHue aaet pexxkuMm B 300 06/mun B TedeHne 30 MUH M HAMOOJBIIHIA
MIPOLICHT BECOBOM 0N YaCTUI] HAXOIUTCSA B 1uana3one 4...45MkmM.

Tocne 06paboTKM MaTepuan MOJABEPIcs M3YYECHHIO B BBICOKOpPa3pEIIAIOLIEM
JIBYXJTy4eBOM 3JIEKTPOHHO-MHUKpOCKonudeckoM komiuiekce Neon 40,pyHkuuonu-
pytomeM Ha 6a3ze y4eOHO-MHHOBAIIHOHHOTO IeHTpa «HaHOTEeXHOIOTMH ¥ HAaHOMAaTe-
puans ipu TI'Y um. I'.P. [lepxxaBura. MYHT nocne 06paboTkn Ha miaHeTapHOM
MeJIbHUIIE NTPEACTABIEHEI Ha puc. 3, 4.

OO6paboTka B IUIAHETAPHOH MENBHHULIE JAeT YBEIMYCHHE AUCIHEPCHOCTH Yac-
THL, BBIPQKEHHOE B SKBHMBAJICHTHOM pa3Mepe, M3-3a arJIOMHPUPOBAHUSA U O0bEIU-
HEHHMS UX B INIOOYJIBI; TAaKXKe IPOUCXOIUT yMeHbleHue JmuHsl MYHT.

Puc. 3. COM-u3o6paxenne MYHT nocae Puc. 4. COM-n3o6paxenne MYHT mociie
00padoTKHN B TPEXBAIKOBOM MeJIbHHIE 00padoTKM B TPEXBAJIKOBOIi MeJIbHHIIE
(yBesmmuenme 3010°-kpaTHoe) (yBeanuenue 10°-kpaTHoe)
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Puc. 6. 3aBHCHMOCTB CTOHKOCTH HAHOMOAH (PHIMPOBAHHON MATPHIbI K H3rH0AIOLINM
Harpy3KaM 0T MacCOBOT'0 CO/IeP/KaHUS M BHAAa HATIOJIHATEIs

YMeHblIeHHE JUTHHBI TPYOOK MOXKET MOJOKHTENIBHO CKa3aThCs HA CTPYKTYpe
SMOKCUAHON MaTPHIBl BBHIY yBEIUUEHUS IIEHTPOB KPUCTAIUIM3AIMU A1 0Opa3oBa-
HUs obnacteii ¢ Gosee MIOTHON yMakoBKON MouieKys. OTHAaKO 3TO TaKKe MPUBEACT
K YMEHBILICHHIO IIOBEPXHOCTH CAMHUYHONW HAHOTPYOKH, YTO yMEHBILIUT I10KA3aTelb
CLICIUICHUS ¢ MAaTPULECH OTACIBHO B3ATOH TPyOKH M OyIeT NMpensTcTBOBaTh padoTe
TpyOKH KaK apMUPYIOIIET0 HAMOIHHUTENS, CIOCOOHOTO K JUCCUMALMK SHEPTHU Pa3-
pacratoreiicss TpemuHsl. Takke MOTpeOyIOTCsS NOMONHUTEIbHBIE 3aTPaThl SHEPTUN
JUIS IE3UHTET ALY TI100YI1 Ha OTAETIbHBIE HAHOTPYOKH.

Kak anbrepHatuBa, Obuta npepioxeHa tpexsankosas mMenbauia EXAKT 80E.
Pesynbrarel ucnelTaHuii npuBeneHsl Ha puc. 5. [lpu nmpoxoxaeHHn >3MOKCHIHON
CMOJIBI, COJIEpIKaIIEel yriepoaHble HAHOTPYOKH, B IPOCTPAHCTBE MEXIY BalKaMH Ha
MYVYHT peiictByer MHOTO (pakTOpoB. B CHily CABUTOBOTO TE€UEHHSI B MEKBAIKOBOM
3a30pe NMPOHMCXOUT Pa3feleHNe arioOMEPATOB U MPOMHUTKA HEPA3AEIUBIIMXCS arjo-
MEpaToOB 3MOKCUIHOM CMOJIOH, KOTOpas 3aMellaeT Iy3bIpbKHM BO31yXa. Martepuan
[IOJIBEpraeTcs MpEABAPUTEIbHON Jera3aluy, YTO HE MOKET HE OTPA3UTHCS MOJIOKH-
TENbHO HAa MEXAHUYECKUX CBOMCTBAaX KOHEUHOro npoaykra. CpenHss QUCHEpPCT-
Hocteb MYHT B smokcuaHo# cMoie nocie o0paboTKH Ha BaJKax OKa3ajlach paBHA
BEJIMYHMHE 3330pa, YMHOXEHHOH Ha kodddunuent 0,6.
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CycneH3uro TOJBEpraiy JUCIHEPIUPOBAHMIO B YIBTPa3BYKOBOH yCTaHOBKE
NJT100-6/4 Hato)KEHHBIM U NPSIMBIM JICHCTBHEM B Pa3JIMYHBIX 110 BS3KOCTH Cpelax C

o o — 2,
MHTCHCHBHOCTBIO II0JABOMMOI yi1bTpasBykoBoit sueprun W, . = 707 kH/ (M*c).

DKCIepUMEHT IT0Ka3all, 9TO BPeMsI ONTHMAIBEHOTO BO3AEHCTBHS, C TOUKHU 3pe-
HUS TEXHUKO-DKOHOMHYECKUX IOKa3aTelel, cocTaBmwIo 6 MUH B Cpezie C BBEICOKOH
BSI3KOCTBIO. Tak ke Y3 criocoOCTByeT era3ali.

Boumm BeIIBICHBI 3()QEKTHBHBIE METOMBI AE3UHTErpaluy, KOTOpHIE OBLIO
IIPEJIOKEHO UCIIONB30BATh B CACAYIOMIEH 0CIEJ0BATEIbHOCTH

— o0paboTka cMecH Ha TPEXBaIKOBOH MENBHHIIE,

— BO3JCHCTBHE yIBTPa3ByKOM.

C nomolbio 3T0oro Habopa ornepauuii HaMH ObLIH TOJTy4eHbI JIabOpaTOpHbIE
o0pasipl it GU3HKO-MEXaHHYEeCKHX HCOBITaHuH. B kadecTBe Moanuuupyromeit
no6asku ucnons3osainck MYHT mapku «TAYHUT» u «TAYHUT-M» (puc. 6, 7).

N3-3a pazHOro koauuecTBEHHOro conaep:kaHus eanHuuHbix MYHT B «Tay-
HUT» U «TayHuT-M» MakcMMyM Ha rpadukax, MPUBEJCHHBIX BBIIIE, HACTYNAET
paHblIe y TOTO HANOJHMUTENs, I/Ie KOJIMYECTBEHHOE COZCp)KaHHE 4acTHL[ OOJbIIE;
COOTBETCTBEHHO U MaJIeHUE MPOYHOCTH HACTYMAET MPU MEHBIINX KOHLEHTPAIIUX.

3aBHCUMOCTH, NPEACTABICHHbIC Ha pUc. 5, 6, B MakCHMMaJbHbBIX JMaa3oHaxX
MIPOYHOCTHBIX XapaKTEPUCTHK C BBICOKOH CTENEHbIO TOUHOCTH aNMpPOKCUMHUPYIOTCS
B crenyromiue 3apucumoct (1 — 4):

— 3aBUCUMOCTh CTOHKOCTH HAHOMOJMGHIMPOBAHHOH MaTpHlbl K HM3rudaro-
LM Harpy3kam OT MaccoBOro cojepskanus HanouHutens anst MYHT «Taynur»

y = (L02+11550 - 2104 %> +11440¢C) /(1 +82x —151x% + 83%°) ; (1)
st MYHT «Tayaur-M»
y= 013+ 21540« - 312642 +16210¢3) /(1 +150x - 2202 +11&¢°);  (2)
— 3aBUCHMOCTb CTOWKOCTH HaHOMOIM(ULMPOBAHHON MATPHULBI K CHKHUMAIO-
LM Harpy3kam OT MaccoBOro cojepskanus HanogHutens aiust MYHT «Taynur»

y = 160+1590%) /(L +2x%° +3x); 3)
it MYHT «Taynur-M»
y = (148+347K% - 312642 - 2235) /(L +9x%® - 3x), (4)

rae y — paspyuiaromiasi Harpyska, MIla; x — conepxxanne MYHT, % (mac).
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0% 0,01%0,04%0,10%0,40%0,75% 1% 2% 3% 4% 6%

IIponenTHoe coaep a0daBKH, Yo

Puc. 7. 3aBUCHMMOCTD CTOHKOCTH HAHOMOAM(ULIHPOBAHHON MATPUIBI K CKUMAIOIIUM
HArpy3KaMm OT MacCOBOI0 COJAePKAHUSI M BU/IA HATIOJTHUTEIS
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Puc. 8. Biausinue 100aBKH HA
(pu3HKO-MeXaHHYeCKHe
XapaKTePUCTHKHU
KOHEYHOT'0 CBSI3YIOIIEro

C HOMOIIBIO NPEATIOKEHHBIX METOJOB OBLT M3TOTOBIEH s 00Opa3IoB C Iie-
JIBIO BBISBJICHHSI POJIM IOBEPXHOCTHO-akTHBHbIX BepemiecTB ([TAB) u MVYHT,
(YHKIMOHAIN30BaHHBIX KapOOKCHIBHBIMH TPYIIIAMH, JUISL OLEHKH paclpeerIeHus
U aJre3uy uX K SMOKCHIHOI Marpuue. [lonydeHHble qaHHbIe (pUC. 8) CBHICTENBCT-
BYIOT 0 TOM, 4TO ITAB yxynmmarorT (u3HKO-MEeXaHHYEeCKHE XapaKTePHUCTUKH CBS-
3yromero. MoxHO HPEJIIONIOKNTh, YTO OHHU OJIOKHPYIOT aKTUBHBIE IIEHTPHI HAHOYA-
CTHI] ¥ CO3AIOT a[re3HMOHHBIA CII0I Ha MOBEPXHOCTH HAHTPYOKH. Jlydiue pes3yiib-
TaThl MO (U3UKO-MEXaHWYECKHM XapaKTEPUCTHKAM ITOKa3ald (yHKIHOHAIU3HPO-
BanHbie MYHT B koHuentpamuu 0,5 % f1ac.) o oOueilt Macchl, 0JJHAKO TEXHOJIO-
TSl UX MPOU3BOJICTBA CeHYac HAXOAUTCS Ha JabOpaTOpHOM YpOBHE M UX cebecTou-
MocTh 3HauuTenbHO Bblmle MYHT cepun «Taynur». Ha OCHOBaHMU TEXHHKO-
9KOHOMHMYECKOTO OOOCHOBAaHHMS HAaMH PEKOMEHIYIOTCS JUIi IPHMCHEHHS B IIPO-
MbIIUIeHHBIX MacmTabax MYHT cepun «TayHuT».

Janee HanoTpyOKH, Ipomieqmmue oOpabOTKy Ha BaJKOBOM MeNBHHIE U B
YIBTPa3ByKOBOH yCTaHOBKE, MCCIE0BAINCh ¢ nomompio Metoga MK-cnekTpocko-
UM C LIEBIO ONPEACTICHU HAMYUSA XUMHUYECKHUX CBA3EH C DIOKCHIHOM MaTpULICH.
Ipoananu3upoBaB MOTyIeHHbIE AaHHBIE (prC. 9), MOXKHO CIeNaTh BHIBOX O TOM, YTO
UK-ciektp @ypse MVYHT, BHECEHHBIX B 3MOKCHIHYIO MaTpUIly, NPEICTaBISIET
coboii coBmemieHHble cekTpsl MYHT u snokcuaHON CMOJIBI, HO TaKKe MPHCYT-

-~ Bomiscs wens
a0 00 00 00 om0 1500

Puc. 9. UK-cnextp ®ypre MYHT, BBeAeHHBIX B 3MOKCHIHYIO MATPHILY
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CTBYET HOBBIH MUK B 00JIACTH BOJIHOBO-
ro uncia 2360,4To CBUIIETENBCTBYET 00
00pa3oBaHMM HOBBIX CBs3eil MexIy
MVYHT u mosexynamMu MaTpuLbl. Anre-
301, BHI3BaHHAS HAJMYNEM XUMHUYIECKOU
CBSI3M MEXIy HAIOJHHUTEIEM W MaTpH-
Le, sBmsieTcss Haubosee IpeIIoYTH-
TEJIBHOM, TaK Kak SIBJISICTCSl OJHOU U3
CaMbIX MPOYHBIX (OpM CBsI3H, Orarosa-
psl 4eMy MaTpuna CMOXET Iepepactpe-
JIeTIATh HATIPSDKEHUSI TI0 00BEMY H TIpe-
JIOTBPATUTh CBOE OTCJIOCHHE OT HAIoJI- i :
HUTEIA. Puc. 10. MYHT c¢ aacop0HpoBaHHBIM CJI0eM

UccnenoBanne  Hanomoaudu- 3MOKCH/IHOTO CBSI3YIOLIEro Ha CKoJIe Mmociie
LUPOBAHHOI'O CBS3YIOLIETO C IIOMO- HCHBITAHUH HA NPOHOCTH

IIbIO 3JIEKTPOHHOTO MHKPOCKOIA B

HauOoJbIIeH Mepe MOXKET JaTh BU3yalbHOE NpEACTaBlIcHUE 0 HaxoxaeHnn MYHT
B JTIOKCHAHON MaTpHIE U ee CTPyKType. VIcroap30BaHIe IEKTPOHHOTO MHKPOCKO-
Ia JaJI0 NPEJCTaBICHUE O MOBEPXHOCTH 00pa3lia, U3rOTOBIEHHOTO C HMCIOJb30Ba-
HHEM IpeUIOKeHHBIX METOJIOB BBeleHus u pacupenenenns. Ha pucynke 10 mpen-
craBiena oxunouynas MYHT ¢ ancopOupoBaHHBIM CIIOEM MOKCHIHOTO CBS3YIOLIE-
ro Ha cKoJsie oOpasLia 1ocie HCIBITaH!US Ha U3rU0, YTO TOBOPUT O HAIMYUH POYHOI
CBSI3HM HAIIOJHUTEIIS] U MATPHIIBL.

Taxoke Obuio u3ydeno BiaussHue MYHT Ha TemnonmpoBOAHOCTH 3MOKCHIHOM
Martpuipl. [ToBBIICHNE TEIIONPOBOJHOCTH MOJIMMEPHBIX KOMIIO3HIIMOHHBIX Mare-
pHAOB SIBISIETCS aKTyaJIbHOM 3a1a4yell B aBUALIMOHHON U adpOKOCMUYECKOi obiac-
1six. Buecenne 10% MVYHT B 2 pa3a yBenu4miio TErIONPOBOAHOCTD AIOKCHUAHOMN
Mmarpuusl (puc. 11).

B n1abopaTopHOii ycTaHOBKE Il OIPEAENICHHS 3JIEKTPUUECKOTO COIPOTHBIIE-
HUS HAaHOMOAM(HIIMPOBAHHOM SMOKCHIHOM MAaTPHUIBI MCHOJB30BAJICS U3MEPUTENb
conporusneHus «Tepaommerp E6-13A». PesysbTarTsl HCClIeJOBAHHIN MTPEICTABICHBI
Ha puc. 12.

R,OMM >725¢10° >7,05x10°
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0,05 SFVETMORVETUO[VETMOHVET VHTw  HVET O[+VET S[VHT VHT
0% % 4% 6% W A% 6%

0,02

TennonposoAHoCTS, BT/(M*K)

YHT poixmbiit YHT nnombiit ap-22 3[1-22+10%YHT Cocras 06pasia

Puc. 11. Tenaonposoanocts MYHT, Puc. 12. YaenbHoe cONpOTHBIIEHNUS B 3a-
3MOKCH/IHOI CMOJIBI M SMIOKCH/IHON CMOJIBI, BHCHMOCTH OT 100aBKH H ee
cogepxameit MYHT coziep:kanus, % mac.
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IMo maHHBIM pacdera Ha OJHY YIIICPOI-
HYI0O HaHOTPYOKy B HaHOMOAU(HIPOBAH-
HOW MarpuIe, conepkameii 2% mac. MYHT,
MPUXOJUTCS 00BEM JMOKCHUIHOTO MOJMMEpPa
0,5:10%° m® (puc. 13) mpu X mHEeaTbHOM

E pacrpe/eIeHuH.
% Ipennonaraercs, 4To yriepogHble Ha-
HOTpPYOKH, SIBJISIOIIMECS IIPOBOIHUKOM dJIEK-
TpUYECTBa, 00Pa3ylOT 3aMKHYTHIH IIPOCTpaH-
CTBEHHBIH KapKac, KOTOPBII BEICTpaMBaETCS
Ha TPaHHIEe MAaKPOMOJIEKYJI SIIOKCUIHOM cMo-
80 1 JBl B IIpoIecce ee MOJMMEpU3aluH, 4To U
Puc. 13. Cpexnnii 00bem MIPUAET JIEKTPOIPOBOJSIINE CBOICTBA Ma-
JMOKCHIHOI CMOJIBI, IpUXOAsieiics ~ TEPHUAIy, IPH 3TOM PEKOMEHIYETCs HCIIOJb-

Ha OIHY HAHOTPYOKY 30Bath KTAYHUT-M».

B 2% cBsi3yioueM TemmneparypHblii K03GdHUIMEHT COmpo-

THBJICHUS SIOKCHUIHOIO IIOJMMEpPa MOXKHO
BapbUPOBATh KOJINYECTBOM BHOCHMBIX YIJIEPOJHBIX HAHOTPYOOK. [l 3MOKCHUAHOM
Matpuisl, coxepxamei 0,5% §rac.) MYHT, o = 8,2:10° °C™%, uro cBoiicrBenHo
JUTA MeTaiioB, a ams 2% (vac.) o = —3,2:10% °C™, uro mpucyute momynpoBogHK-
KaM.

T'otoBble 00pasIBbl MOABEPITINCH ONPENENICHIIO BPEMEHH OCKIEHHS TBEPHOU
¢dpakiy B 3aBHCHMOCTH OT YCIOBHH XpaHeHUs. OOpasibl, NPUTOTOBJIECHHBIE MO
NIPEIO’KEHHOW TEXHOJIOTUH, BBICTAaNBAINCh B TeUeHHE 8 MECAIEB M COXPAHIIM yC-
TOWYMBOCTh AUCTIEPCHOM (ha3bl. Takxke roToBble 00pa3ubl HOABEPIIHCH ONPEACTICHHIO
BPEMEHU OCAXICHUs TBEPIOH (PaKUUM B 3aBUCUMOCTH OT TEMIIEPATypbl XpaHEHHS.
VYcraHoBieHO, YTO XpaHeHue B TedeHue 8 mecsieB npu temmeparype 15...35 € Bos-
MOkHO. He nomyckaercss HarpeB BO BpeMsl XpaHEHHS M INEPEBO3KH BBIIIE YeM Ha
100 € B teuyenne 3—44acoB, a TakKe KpaTKOBpeMeHHbIH Harpes cBbiiie 120 T.

YerBepTas rjaBa IIOCBAIICHA pa3paboTKe ammapaTypHO-TEXHOJIOTHYECKOTO
odopmIIeHHS TIpoliecca HAaHOYTIIEPOIHOTO MOJU(DUIINPOBAHHS U alpoOaIiy B yCiIo-
BUSIX PeaJbHOTO IPOM3BOACTBA. Pa3paboTaHa NMpUHIMNHUATIBGHAS CXEMa ammaparyp-
HOTO O0(OPMJICHUS TIPOU3BOACTBA HAHOMOANU(DHUITMPOBAHHEBIX CBA3YIOIIUX HAa OCHOBE
snokcuaHbIX cMmol (puc. 14). Ucxoansie kommoreHTsl 0.1 —MVYHT u 9.4 —smok-
CHJIHAs CMOJIA WJIM OTBEPAUTEIb JUISl IIPEIBAPUTEIBHOTO IIEPEMEIIMBAHUS IOAI0TCS
n3 OynkepoB b1 u b2 BecoBbiM no3aropam /11 u 06beMHbIM 103aTtopom J[2 cooTBert-
CTBEHHO B JIONIACTHOM CMECUTENb IEPUOAMIECKOTO JCHCTBHA.

IIpenBapuTenbHO CMEIIAaHHBIE WHIPEIUEHTHI, depe3 00beMHbIH mo3arop [I3,
MIOMaJal0T HEMOCPEICTBEHHO Ha BaJKoBYI0 MamuHy BM, rae B npomecce o6padort-
KH MEX]y BaJKaMH ¢ MHHHMAJIBHBIM 3a30pOM 3 MKM IIPOHMCXOIHT AUCIEPTHPOBa-
HHE W PaBHOMEPHOE pAacIpeleeHHe HAIOJIHUTENS B CBSA3YIOIIEM, MOCIE HMPOIYKT
9.5.1 noctynaer B ycTpOWCTBO [uisi 00pabOTKM JKMAKUX Cpel, e MoJBepraercs
BO3/ICICTBHUIO YJIBTPa3ByKa, MOCIE Yero nocrynaer B b4 Ha xpaHeHue.

Jlumutupyroueit craauei, ¢ TOUKUM 3pEHUs KauyecTBa U KOJIMYECTBA IOJIydae-
MOTO MPOAYKTA, ABIAETCS cTaaus o0padboTku Y 3. B pamkax 3amaun anmapaTypHOTro
odopmieHns Obuta pa3paboTaHa M TPEIIOKEHA MKEKIMOHHAS YIbTPa3ByKOBas
MIPOTOYHAs sYelKa ¢ OTpakaTeleM, CIIOCOOHBIM M3MEHSTh YToJ HAKJIOHA C IEJBI0
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rapaHTHPOBAHHOTO M MAaKCHMAaJbHO ((EKTUBHOTO BO3JICHCTBHS Ha Cpeny, Haxo-
ISIIYIOCs B 3ToM 3a3ope (puc. 15), Tak Kak CBOWCTBa CyCNEH3WH, COIEpIKaIlei
MVHT, u3meHsAoTCs 10 Mepe NPOXOXKASHHsS B 3a30p€ MEXKIY M3JIydaTesieM U OTpa-
xateseM. [laHHas pa3paboTKa MO3BOJISIET JIETKO MacIITaOUpOBATh IMPEUIOKEHHYIO
CXEeMy B IIPOMBILICHHOM IIPOU3BOACTBE. JlaHHas pa3paboTKa JIErko HHTErpupyercs
B yXKe (QYHKIMOHHPYIOIINE TEXHOJIOTHYEecKHe cxeMbl mpomsBoacrBa KM. Takxke
MOXKHO HCIIOJNB30BAaTh METOJ] MOJM(HUKAIMN SHOKCHIHOTO CBS3YIOLIETO 3a CUeT
BBEJICHUS B NPEKYpPCOPH! KOHIIGHTpaTa HAHOMOAM(HKATOpA HAa CTAJUHM CMEIICHHS
KOMIIOHEHTOB, YTO ITO3BOJIAT MaKCUMAIBHO YIPOCTHTH YCOBEPIICHCTBOBAHHE yXKe
(GYHKIMOHHMPYIOIIMX TEXHOJIOTHYECKHX cXeM mpoussocTa [TIKM.

Hcnonb3oBaHre HAHOMOJU(DULMPOBAHHOTO CBSA3YIOLIETO B CTEKJIOILIACTUKAX I10-
3BOJIMJIO YBEJIMYHMTB CTOMKOCTB K M3rHOaroliell Harpyske B 8 pa3 ¢ COXpaHEHHEM JPYTUX
xapakrepuctrk (coBmectHo ¢ BITIA «Tpansac», r. Caukr-IlerepOypr) (puc. 16).
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—_——— 351
Puc. 14. CTpyKTypHasi cxeMa MPOHU3BOJICTBA Puc. 15. YerpoiicTBo 1/t 00padoTkn
HAHOMOAM(HUIMPOBAHHOIO CBSA3YIOIIEr0 JKMIKHX CPest
147
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" 12 I
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Puc. 16. Pe3y/1bTaThl HCHBITAHUN CTEKJIOILUIACTHKOB HA M3rU0

15



CoBmecTHO ¢ «Ka3aHCKUM HayYHO-HCCIIEJOBATEILCKUM HHCTHTYTOM aBHAIU-
OHHOH TeXHUKH» U «Ka3aHCKUM TOCYapCTBEHHBIM TEXHUUCCKAM yYHHBEPCHTETOM
nccienoBaHa 3()(GEKTUBHOCTh IPHUMEHEHNS! HAHOTPYOOK B KadeCTBE CTPYKTYPHBIX
HaHomouGukaropoB KM Ha ocHoBe nosmmepHbix Oymar Nomex®u Kevlar®:

— JIOCTHTHYTO TIOBBINIeHHe npodyHocTn KM Ha ocHOBe MOMMMEpHBIX Oymar
Nomex®wu Kevlar®Bs 4 u 2 paza COOTBETCTBEHHO;

— pa3paboTaHbl 1ab0OpaTOpPHBIE PErJIaMEHTHl AC3UHTETPAlUU HAHOTPYOOK B
pacTBOpax M CYCHEH3HUSX CBA3YIOIIUX COCTABOB;

— OoIpoOOBaHEI TEXHOJIOTHYECKHE CXEMBI COBMENIEHHST HAHOMOJU(pUIIMPOBaH-
HBIX CBSI3YIOLIMX COCTaBOB ¢ moyiiMepHbIMU Oymaramu Nomex®wu Kevlar® (momy-
YEHHUE IIPEHPEroB).

CoBmectHo ¢ OOO «HayyHO-TEXHOJOIMYECKUI HCIBITATCIIBHBI LEHTP
AnAT>K-/lyOHa» ObUIH U3rOTOBIEHB! 00pa3Lbl MyITPY3UOHHBIX Npodiel n ycra-
HOBIICHO, 4T0 MHOTOCHOMHHBIe MYHT mO3BOJNSIOT perynupoBarh CTpyKTypooOpaso-
BaHME IOJIMMEPHON MAaTpUIBl M TE€M CaMbIM YIPaBIATh Pa3sMepOCTAOMIBHOCTHIO
MYJITPY3UOHHBIX Npoduield, obecneunBas BHICOKYIO MPOU3BOAUTEIBHOCTh U Tpe-
OyeMblil ypOBeHb Ka4ecTBa.

Coemectro ¢ HITO «Hogerii [TpoekT», r. MockBa Obu1 pa3paboTaH u anpoou-
POBaH METOJ apMUPOBAHMS CEPJCYHNKA U3 MTAPAaMUIHOTO BOJIOKHA ISl YITydIIEHUS
MPOYHOCTHBIX XapaKTEPUCTHK GMKOMIIOHCHTHOM poBOIOKH (puc. 17).

CEpASUHIIK IS HaHOKOMTOSNTHORG
uaTepuana

AnomnHnsean oSonouka

Puc. 17. BUKOMIOHEHTHASI IPOBOJIOKA KAJIKOH»
OCHOBHBIE BbIBOJbI U PE3YJIbTATBI PABOTbI

HayuHo 000CHOBaHO M 3KCIEPUMEHTANBHO MOATBEPXKICHO PELICHHE 3alaqn
HOBBILICHUS (PU3UKO-MEXaHUUECKHX XaPAKTEPUCTHK SIOKCHIHOTO CBA3YIOLIEro 3a
CYeT BBEJCHUSI MHOTOCIIOMHBIX YIIEPOAHBIX HAHOTPYOOK cepun «TayHUT-M>».

OcyuecTBiaeHa pa3padoTka METOJOB M PEKUMOB BBEACHUS, PACHIPEICICHUS U
crabunm3anun aucrepenu B [TIKM ¢ 1ienbio yimydnieHus HX XapaKTepHCTHK.

HccnenoBano BiusiHHE BBIOPAHHBIX TEXHOJIOTHMYECKHX PEKUMOB HA (H3HMKO-
MEXaHUYECKHUE XapaKTEPUCTUKU KOHEYHOI'O MPOAYKTa: MOLIHOCTb yIbTPa3ByKOBOI'O

Boszeiicteus  7(10° H/ (M*c), Bpems Bosmeiicteus 300 ¢; 4HCIO IPOXOIOB 2, B
3a30pe MeXTy BaIKaMH HA TPEXBANKOBOH Menbamue 5-10° w.

HccnenoBans! (U3MKO-MEXaHMYECKHE XapaKTEPUCTHKH HAHOMOIH(UIHPO-
BAaHHOTO CBSI3YIOIIEr0 M KOMIIO3UTOB Ha €T0 OCHOBE, II0OKAa3aHO YTO IIpejiel IPOYHO-
ctr Ha u3ru6 Bo3zpoc Ha 20...30%,mpenen MpOYHOCTH HA CXKATHE U TEIUIOCTOM-
kocTh — Ha /0%, pa3pymaronias Harpy3ka CTEKJIOIUIACTHKA Ha OCHOBE HAaHOMOJU-
(UIUPOBAHHON SHOKCHIHON CMOJBI — B 2—3 pa3a. YAeNbHOE 3JICKTPOCOIPOTHBIIE-
HHE HAaHOMOJU(UIIMPOBAHHOTO SIOKCHAHOTO CBS3YIOMIET0 CHU3MWIOCH 10 2,5 OMM
npu HanosHeHnn 6% mac. MYHT, a ero TemionpoBoAHOCTH BO3pocia B 2 pasa IpH
BHeceHun 10%mac.
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Pazpaborana cTpykTypHas cxema Ipoliecca HaHOYTJIEPOAHOTO MOAU(MUIUPO-
BaHMSI KOMITO3HI[OHHBIX MAaTEpPHAIOB MHOTOCIONHBIMH YTJICPOJHBIMH HAaHOTpPYO-
KaMH, TOJIydeHBb! JJabopaTopHbIe 00pa3lbl HAHOMOAWMGHIMPOBAHHON 3MOKCHIHOH
MAaTpHLBI U KOMIIO3UTOB Ha €€ OCHOBE.

IIpenioixkena KOHCTPYKIMs IPOTOYHOIO YIBTPAa3BYKOBOIO YCTPOMCTBA MOIL-
HOCTBIO 2 KBT 111 06paboTKM KUIAKHUX CpeJl M SMOKCHIHOM MaTPHIIBL.

OCHOBHBIE PE3YJIbTATBI JUCCEPTALIUU OITYBJINKOBAHBI
B CJEAYIOIUX PABOTAX
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