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C ucmosb30BaHUEM METOZa IIPOCBEUUBAIOIEl AUMPAKIVOHHON 3J€KTPOHHON MUKDPOCKOIUYU BHI-
IIOJTHEH KOJINYEeCTBEHHBIH aHaIN3 9BOJIONUH ()a30BOT0 COCTAaBa M TOHKOU CTPYKTYPHI II0 PaJUyCy CKPYT-
JIEHUA BBIKPYKKU TOJIOBKU Dejibca u3 3adBTeKTouAHOU ctanu J90XAD mocsie sKcmayaranuu Ha 3a-
6alikanbCKOH KesesHOU mopore. VcciemoBaHMA BBHINOJHEHBI Ha paccroaHuax 0 (BepxXHUIl CI0H KOH-
TaKTHOI ITOBEPXHOCTU KoJeco—Dpeibc), 2 u 10 mm. IIpoBeseH aHAIN3 TOHKOM CTPYKTYPHI, PA3MEPOB U
IJIOTHOCTYM pacHpenesieHns KapOUIHBIX YACTHUIl, CKAJAPHON M M30BITOUHOM IIJIOTHOCTU AWCJIOKAIIUI,
KPUBU3HBI KPYUYEHUA KPUCTAJJINUECKON PEIeTKN, aMIJINTYALl BHYTPEHHUX HamnpsokeHuii. Onpezese-
Hbl UICTOUYHUKHX BHYTPEHHUX Hanpameﬁnﬁ U BBIABJIEHBI ME€CTa 3apPOXKAeHUA MUKPOTPEIIH.

Kaniouesble caosa: 3a26mexmoudnas cmaab;, YeHmMpaaibHas OCb; BbIKDYICKA 20M06KU PeabCa;
MOPPONOZULeCKAs COCMABAAIOULAS; (A306bLil cocmas; OUCIOKAYUORHASL CYOCMPYKMYPa; 00seMHaAs QON;

naomuocms QUCAOKAYUIL; 6HYMPEHHUE HANDAHCCHUS.

Buumanue uccienosartesieii B obsactu (u-
3UKU U MaTepUaJOBeJeHUs CTalel B IOCaeaHee
BpeMs aKIeHTUPOBAHO HA aHAJIW3e IPUYNH U3-
HaAIIMBAHUSA PEJIbCOB U Aerpafallii UX CBOMCTB
mpu SKcIayaranmuu. V3-3a yBeauueHUs odbe-
Ma I'PY30BBIX U HMACCAKUPCKUX IIEePEBO3OK, MH-
TeHCUBHOCTU IABU)KEHHUS W CKOPOCTeil mpolJie-
Ma OTKasa pPeJbCOB M3-3a MB3HOCA U YCTaJIOCT-
HBIX IIOBPEMKAEHHUI BBLIXOAUT B Paspsn IIepPBO-
ouepenHBIX [1], pemreHre KOTOPOIl NMeeT BaK-
HOe HapOIHO-X03saHCcTBeHHOe 3HaueHue. Bompo-
Chbl CONMIPOTHUBJIEHUS YCTAJOCTU W M3HOCOCTOM-
KOCTH TIIIATEJbHO PacCMATPUBAIOTCS KaK B Ha-
VUYHBIX, TAK TEXHOJIOTUUYECKUX paspaboTkax [2—
9], MOCKOJMBKY MPOIlECChl PA3yNpPOUHEHU/yII-
POYHEHUSA MOBEPXHOCTH KATAHU PEJIHCOB MMe-
oT MHOTO(aKTOPHEIH xapakTep [10, 11]. B pa-
6oTax MOCJIEeZHUX ABYX NECATUIETUH OTMedYa-
eTCs, YTO IPHU AJIUTEIHHOU SKCILIyaTalliu B Ma-
TepraJie pPesbCcoB (hOPMUPYIOTCA 00 BLEMHBIE TPa-

Ipagora Brimonnena B paMKax rocyJapCTBeHHOIo 3a-
naHus MuHHCTEDPCTBA HAYKU M BBICIIEro oOpasoBaHUs
Poccuiickoit @egepanuu (tema Ne FEMN-2023-0003).
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IUEHTHBIE CTPYKTYPhI, PE3KO IOBBIIIIAETCS MUK-
POTBEPIOCTD, B IOBEPXHOCTHEIX CJIOAX I'OJIOBKU
pasBUTHE MOJyYalOT IIPOIIECCHI, CIIOCOOCTBYIO-
e od0pasoBaHMUI0 6GeJI0oro CJI0si, BO3PACTAHUIO
IJIOTHOCTH OMCJIOKAI[UM, YMEHbIIIEHNIO0 00hbeM-
HOU mosu KapoumHoi ¢asel u T.4. [12—17]. 9t
1 Apyrue HeraTuBHBIE IIPOIIECChl, IIPUBOOAIIIMIE
K HEeoOXOIMMOCTU MU3BbATUSA PEJIbCOB AJA 3aMe-
HBI, YCYTYOJISIOTCA TIPU 9KCIIyaTaAllul B 9KCT-
peMaJbHBIX CAYyUYasX MaJbIX PaguyCcoB Kejes-
HOIOPOXKHBIX KPUBBIX, B YCJIOBUAX HUBKUX TEM-
mepaTyp, BBICOKMX HATPY30K Ha 0Chb. YacTUUHO
mpo0JieMa pellaeTcss MCIOJb30BaAHUEM PeIbCo-
BOH CTaJii C BBICOKUM COJep:KaHueM YIJIepo-
Ia, obecleunBaroleil MoJyJyeHne yIyuIlleHHOro
KOMILIEKCA MeXaHHYEeCKHX CBOMCTB pPeJIbCOB
[18—22].

B Poccuu ¢ 2018 r. npoussogsar guddepeH-
mupoBanHo 3axajgenubie 100-M peabchl u3 3a-
aBTeKTOUAHON cranu O90XAD kKareropuu
AT40011K noBBIIIIEHHON M3HOCOCTOMKOCTH U
KOHTaKTHOﬁ BBIHOCJIMBOCTH, IIPeJHa3HAUYECHHbIE
IJIs1 SKCILIyaTalliy Ha MPSAMBIX yYacTKaxX ’Ke-
JIE3HOOPOKHOT'0 IIYTH CO CKOPOCTAMMU IBUKE-




Hus go 200 KM/4Y 1 Ha KPUBBIX yUacTKaXxX Ke-
JIe3HOOPOIKHOTO MyTU 0e3 OTpPaHUUYEHUHN IO
TPY30HATIPSIKEeHHOCTH.

Jis penbcoB W3 MOIBTEKTOUIHON cTaau
BBIABJIEHBI CBA3U MEXKAY 3aKOHOMEPHOCTAMU
ImapaMeTpOB CTPYKTYPHO-(PAa30BBIX COCTOAHUN 1
IedeKTHON CTPYKTYPHI M YCIOBUAMHU SKCILIya-
Talliy, YCTAHOBJIEHHBIE BHICOKOMH(MOPMATUBHBI-
MU MeTofaMu (PpU3UIECKOT0 MaTepraoBeIeH U
[1, 10, 11]. 9To maso BO3MOKHOCTH BBLIABUTDH
IPUPOAY M MeXaHU3MBI Ierpajaliuy 1 U3HAIIH-
BaAHUSA PEJbCOB U OMPEIEUTh MPUUNHBI U3HA-
THUA UX U3 9KCILTyaTanuu. g peabcoB U3 3a-
9BTEKTOUAHBLIX CTajiell TaKue AAaHHbIe TIPaKTU-
YeCKU OTCYTCTBYIOT.

ITennio HacTosAIed pabOTHl ABIAETCA CPaB-
HUTEJbHBIN aHaAJU3 CTPYKTYPHO-(ha30BBIX CO-
CTOAHUN U Aed@eKTHON CTPYKTYPHI IO PA3HBIM
HaIpaBJIeHUSIM B FOJIOBKE PeJIbCOB U3 3a9BTEK-
TougHOU cramu I90XAD mocie sSKCIIyaTAIIUN
B CJIOJKHBIX YCJIOBUAX 3ab0aliKaJabCKOU KeJies-
HOIl moporu (IPONMyNIIeHHBLIA ToHHaX 234,7
MJIH. T OPYTTO).

MaTepuan u MeTOTHKA HMCCIETOBAHUI.
O0BeKTOM /IS MCCJIefOoBaHUs ObLIu AuddepeH-
IIMPOBAHHO 3aKajleHHBIE PeJbChl KaTeropuu
AT400MK m3 3a9BTEeKTOUAHOH CTAlu MapKu
J90XAD mpoussoactBa AO «Espaz 3CMEK»
mocJjie KCIJAyaTaluu B TAMKEJNBIX YCIOBUAX
(6osIBIlIOE KOJIMYECTBO IIOAHEMOB M CIIYCKOB,
KpPYyThie IOBOPOTHI) Ha 3abalikaJbCKOI yKeJes-
HOM mopore. OJIEMEeHTHBIN COCTaB MCCIeTyeMOi
penbcoBoii ctanru I90XAD, periaMeHTUPOBAH-
ueIit TOCT 5185—2013 u TV 24.10.75111-298-
057576.2017 P¥K]II, oo comep:KaHUI0O OCHOBHBIX
9JIEMEHTOB ObLI cJienmyromiuii, mac.%: C 0,92;
Si 0,40; Mn 1,0; Cr 0,3; V 0,14.

WUccrnemoBanuck aBe mapTuu o0pasiios: A —
BIOJIb ITEHTPAJTLHON OCH CUMMETPUHU TTOBEPXHO-
CTU KaTaHuda U B — Mo pagmycy CKpyrJaeHus
TOJIOBKU peJsibca (BBIKPY:KKHU). Cxema, 00bsaCHA-
[oIasa MPUTOTOBJIEeHNE 00HEKTOB MCCIeI0BaHNA,
npuBeneHa Ha ¢ur. 1. U3yuanuch oopasiibl ooe-
UX MapTUil ¢ OAMHAKOBOTO PACCTOSHUSA OT IIO-
BEPXHOCTH KOHTaKTa KoJieco—peJbe (Ha ¢ur. 1
1 — BepxHUI CJION KOHTAKTHON ITOBEPXHOCTH;
2 u 3 — coorBercTBeHHO ciou 2 u 10 MM oT
TIOBEPXHOCTH).

WccnegoBanus mpoBOIUINCH METOAOM AU)-
PAKIIMOHHON IIPOCBEUMBAIOIIEl DJIEKTPOHHOMN
mMukpockonuu (IIOM) ma TOHKUX (QoabTax c
WCII0Jb30BaHNEM JJEKTPOHHOTO MUKPOCKOIIA
JEM-2100 (Jeol, AmoHust) mpu yCKOPSIOIIEM
Hanpsoxkennu 200 kB u pabouux yBelInUueHU-

@®ur. 1. Buz o6pasiia pesbca mocje IponyIeH-
HOrO TOHHaKa 234,7 MJH. T OPYTTO U cxema C
ykasaHueMm ciaoeB I —3 — ma paccrodanuu 0, 2 u
10 MM OT TOBEPXHOCTH II0 IEHTPAJILHON OCHU
(maptusa A) u 1Mo paguycy CKPYTJIeHUSA BBIKDPYK-
ku (maprus B)

AX B KoJoHHE MuKpockoma or 15000 go 500000
KpaTr. PoJabru I MPOCMOTPA B 3JI€KTPOHHOM
MUKPOCKOIIEe A0 ToaInuHbl ~200 HM roTOBUJINCH
¢ momoiInbio ycraHoBku JEOL Ion Slicer EM
09100IS (Amouus) [23—27]. Yucso KauecTBeH-
HO MPUTOTOBJIEHHBIX (POJIBI U3 PA3HBIX ydacT-
KOB peJjibca U MOMAJIeKAIUX MCCIeJOBAHUIO CO-
CTABJISJIO HE MeHee UeThIpeX B KaKIOl TOUKe.

IIpoBenena kaaccuduranusas MopgoJaormiec-
KMX TPU3HAKOB CTPYKTYDPHI, ompeneeH (aso-
BBIII COCTAaB M PACCUUTAHBI CJEAYIOIIME Tapa-
MeTPHI TOHKON CTPYKTYpPBI: 00bEeMHBIE MOJIU
MOPGOJIOTTYECKUX COCTaBIAIUX Py; Mecra
YCTaHOBJIEHHOM JIOKAJIN3aIuu KapouHoOU (assl
(memeHTHTA); CKaJAPHAsA p U U30BITOYHAA P,
(ps = p; — p_) IJIOTHOCTU AMCJOKAIUI; UBTrI6—
KpydYeHHe KPUCTAJLINYECKON PEeIIeTK! y; aMI-
JUTyIa BHYTPEHHUX HaUpsKeHU# o (o, — Ha-
Npsi’KeHUsA CABUTa, WU «Jieca», TUCIOKAIIUM,
co3aBaeMble MUCJIOKAIMOHHON CTPYKTYPOIi;
G, — NAJBHONENCTBYIOIINE, NN JIOKAIbHBIE, Ha-
MPAMKEeHN s, BOSHUKAOIIe B TeX MecTax Mare-
puaia, Toe IPUCYTCTBYeT M30BITOUHASA ILJIOT-
HOCTDH TUCJIOKAIIii).

Bce koamuecTBeHHBIE ITapaMeTPhl TOHKOM
CTPYKTYPHI OIpeAesieHbl B KasKIoW MopdoJo-
TMYECKOM COCTaBJSIONIEH CTAI U CTATUCTUYEC-
K1 obpaboranbl. MeToAMKa ompeneieHUA BCeX
KOJIMYECTBEHHBIX ITapaMeTPOB He OTJIMYAJIACH
OT OIIMCcaHHOM B pabore [28].

Pe3yabTaThl MCCIETOBAHUA M HX O0CYMK-
nenue. [IpoBeneHHbIe MCCIeIOBAHNA TOKA3aJIH,
yTo Ha paccTosguuu 10 MM OT TTOBEPXHOCTH IO
IEHTPAJILHOM OCU CTPYKTYypa CTaJM, KOTOpas IO
ma"HHBIM [1, 28] mpakTUYECKH COOTBETCTBYET
COCTOSTHUIO CTAJU IO 9KCILJIyaTaluu, MpeacTaB-
JIeHa TpeMsi MOP(OJOTUUECKUMU COCTABJIAIONTH-
MU: IJacTUHYATHIN mepaut (dpur. 2, a, ero
obbeMHasA 40Js1 B MaTepuasie 55% ), paspyIieH-
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Dur. 2. NUzobpaskenus (II9M) MopdoIOTHIECKUX COCTABISAIOIIUX CTPYKTYPHI BAOIb IEHTPATBLHOM OCH: ILJIa-
CTHUHYATHIH (a), paspylleHHbIH (6), hparMeHTUPOBAHHBIH (8) IIEPJIUT, cyO3epeHHas CTPyKTypa (2)

HbI nepaut (pur. 2, 6, oobemHasg qoas 25% ) u
dparmenTupoBaHHLIN epaurt (pur. 2, 8, 06BEM-
Hasg mpoas 20%). B cooTBeTcTBUU C HAHHBIMU
[28] BO Bcex MOPGOSIOTUUECKUX COCTABJIAIOIINX
TPUCYTCTBYIOT YACTUIILI IIEMEHTUTA, ITPUUEM BO
(parMeHTHPOBAHHOM TIEPJIUTE YACTHUIIHI IIeMeH-
TuTa (~5x15 HM) IPUCYTCTBYIOT U BHYTpH (hpar-
MEHTOB, B y3JIaX AUCJIOKAIIMOHHBIX CETOK.
HucioxkalnoHHas CTPYKTypa BO BCeX MOP-
(osoruyecKmUx COCTABAAIOIINX IIpeACTaBIeHAa
Jmb0 B BUE XaOTUUYECKU PACIIpeleIeHHbBIX THC-
JIOKAIui, b0 ceTuaToil cyOCTPYKTYypoii (cM.
dwur. 2). CaMbIM BLICOKUM 3HAUEHWEM CKaJIIp-
HOM mIoTHOCTH Auciokamuii p (~5-1010 cm~2)
o0saaeT MJIAaCTUHYATHIN MEePJIUT, CAMBIM HU3-
kuMm (~3-1010 cm~2) — (pparMeHTHpPOBAaHHBIH
nepauT. JuciaokamuoHHas CTPYKTypa BO BCeX
MOPMOJTOTUIECKUX COCTABJSAIONIUX IOJAPU30-
BaHAa, Ha UTO YKAa3bIBaeT HaJIWUYMe B HUX U3TUO-
HBIX SKCTUHKITMOHHBIX KOHTYpOB [28], ncrou-
HUKaMU KOTOPBIX SBJIAIOTCSA TPAHUIBI IEPJIUT-
HBIX KOJIOHWIH 1 (pparMeHTOB, a TaK’Ke IJIaCTH-
HBI IIeMEeHTUTAa BHYTPU KoJoHU. [[J1s n30BITOU-
HOU IJIOTHOCTH AVICJIOKAIIUH p,, PACCUNTAHHON
W3 IIUPUHBI SKCTUHKIIMOHHBIX KOHTYPOB [28]
B KaKJI0i MOP(}OJIOTUUEeCKOI cocTaBIIAONIe, a
TaKiKe B CPeSHEM II0 MaTepuajly, CIpaBeIJIUBO
HePaBeHCTBO p > p,. Takske OKa3ayIo0Ch, YTO CPEA-
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HAA aMIUINTYAa HAPSAXKEHUA cIBUTA O, (Haupsa-
JKeHUsI, CO3JJaBaeMble AUCIOKAIIMOHHOMN CTPYKTY-
poii) Gosbllle cpedHel aMIIUTYObl TaJIbLHOIEM-
CTBYIOIIUX (JIOKQJIbHBIX) HATIPAYKEHWIA G, CO3/1a-
BAaeMbIX M30BLITOUYHOM IJIOTHOCTBHIO AMCJIOKAIIMIA,
T.€. TAK)Ke BBINIOJIHAETCA YCJIOBUE G, > G . ITO
03HAYAET, UTO U3TN0—KpyUeHne KPUCTaLInIec-
KOH perreTKW MATPUIILI CTAJU CO3JaeTcs coo-
CTBEHHOI MWCJIOKAIIMOHHOU CTPYKTYPOH U HO-
CHUT YHMCTO ILJIACTUYECKUH XapaxTep.

ITo mepe pubIMIKEeHUSA K IOBEPXHOCTH 00-
pasiia MaTepuaJl IpeTeplieBaeT IJIaCTUUYECKYIO
medopMaInio: IPOUCXONAT paspyllieHue ILac-
THHYATOTO TEePJINTa, COBEPIIIeHCTBOBaHMe (hpar-
MEHTHUPOBAHHOM CTPYKTYPHI 1 paspylleHue Ie-
menTuTa. CRaNIgIpHasd U U30BITOUHAA TJIOTHOC-
T TUCJOKAIINI BO BceX MOPGOJIOTUUECKUX CO-
CTABJISIONIUX YBEJINUYNBAIOTCA IPU COXPaHEHUNU
HEPaBeHCTB P > P, U G, > GC.

Onmako HauboJIbIlINe N3MeHeHusa (He TOJIb-
KO KOJIMUeCTBeHHBIE, HO U KaueCcTBeHHEIE) IIPO-
UCXOOAT B MOBEPXHOCTHOM CJIO€, TZle CTPYKTY-
pa mpeacTaBJeHA He TPeMs, a YeThIPbMsA MOD-
(hoornuecKkuMu cocTaBasgOIIUMEU. B ux uncie
miaactuHYaTeiit (15% ), paspymrerusiit (40%),
parmenTupoBanusiii (10% ) mepauT u HOBasd
(cybsepennas) cTpykTypa (35% ; cm. ur. 2, 2).
O6pasoBanue Cy03epeHHOII CTPYKTYPBI 00bsicC-




dDur. 3. Uzobpakenus (II9OM) mophosornuecKnx COCTABISIOIINX CTPYKTYPHI BAOJH PAafuyca CKPYTJIeHUS
TOJIOBKHY peJibca (BBIKPYIKKU): IIJIaCTUHYATEIN (a), paspyIeHHsblii (6), pparMeHTUPOBAHHBIH (8) IIepPJIUT, Cy03epeH-

Hasd CTPYKTypa (2)

HSeTcsS TeM, UTO B pes3yJbTaTe WHTEeHCUBHOI
IJIaCTUYEeCKOH medopMaluu B ITOBEPXHOCTHOM
cJ0e pesibca IPOMS3OIIIO0 COBEPIIEeHCTBOBAHUE
(parMeHTHPOBaHHOI CYOCTPYKTYPHI: BhICOKAS
IIJIOTHOCTDH MWCJOKAIIUH TIpuUBeJsia K 6ojiee WH-
TEHCUBHOMY O0OpPa30BAHMIO HOBBLIX AUCJIOKAI[M-
OHHBIX CTEHOK KaK BI0JIb, TAK U MOIEepeK (par-
MEHTOB, UTO BBI3BAJO M3MeJbueHue (pparMeH-
TOB, HO B TO K€ BpeMs I'PAaHUIILI (DPArMeHTOB
OKasaJnch 0ojiee YeTKUMU U peskumu. Ilepaut-
Hble KOJOHHUHU PaspyIlIUInch, 00pasoBajuCh
M30TPOIHBbIe (PAaBHOOCHBIE), J1O0 OGJIU3KUE K
HuUM (parmenTel. Takum obpasom, ¢dparmeH-
TUPOBAaHHASA CTPYKTypa IPeBpaTuIach B HOBYIO
CTPYKTYPY — cyb3epeHnyio. CpegHuii pasmep
cy03epen cocrasiaser 150 um. Buyrpu cyb6se-
peH pasmepoMm Ooibiite 100 HM TpPUCYTCTBYET
IUCJIOKAIIMOHHASA CyOCTPYKTypa, 6ojiee MeaKue
cy03epHa ABJIAIOTCA Oe3aMCIOKaIMOHHBIME. 110
rpaHuIlaM U B CTBIKAX BCeX Cy03epeH, a TaKiKe
BHYTPH KPYIHBIX Cy03epeH IIPHUCYTCTBYIOT B
HeOOJBIINX KOJUYECTBAX YACTUIBI I[EMEHTHTA.

B cyb63epenHoOl CTPYKType U BO (DparMeHTHU-
POBAHHOM TIEPJIUTE U30LITOUHAS JIOTHOCTD THC-
JIOKanu# p, IpeBbICHUIA BeIWYUHY p (py > p).
9To TIpPUBEJIO K TOJHON aHHUTUJIAIUU TUCJIO-
KaIuil pasHoro 3HaKa BHYTPU KaKJIOTO OTAENb-
HOTO cy03epHa u )parMeHTa, HO IIPU COXpaHe-

HUU uU30BITOYHOM IIJIOTHOCTU JUCJIOKAI[WIA.
BHyTpenHue HaUpa:KeHUs, 00yCIOBJIEeHHBIE B
9TOM cCJIy4Yae 3apAKeHHOU IMCIOKAIMOHHON
CTPYKTYPO#, COCTABUIN: G, < G, = Oy + Gy
ITO 03HAUYAET, UTO XapaKTep M3rmba—KpydeHus
KpHUCTAJINYEeCKOH pelieTKu o-(hasbl B 9TUX
MOPQDOJOTUUECKUX COCTABJAIOIIUX YIPYTOILia-
CTUYECKUIi, IT0ATOMY B 9THX y4acTKaxX MaTepHu-
ajla MOTYT BO3HUKATh MUKPOTPEIUHEI.

Kpome Toro, B T0BepXHOCTHOM CJIOE B yUaCT-
KaXxX cy03epeHHOU CTPYKTYPhI 00HAPYKEeHBI OT-
IeJIbHO PACIIOJIOKeHHbIe YIPYTO HalpaKeHHbIe
yacTuIlsl memenTura (~150 M), KOTOphIe Tak-
JKe MOTYT IIPUBOAUTH K BO3SHUKHOBEHUIO MUK-
POTpeIuH.

ITo paguycy cKpyTrJieHns BLIKPYKKHU TOJIOB-
KU pejbca B OTJIMYUE OT IeHTPAJIbLHOM OCU CUM-
MeTpuu Ha paccrosHuu 10 MM CTpPyKTypa co-
JEPKUT yIKe YeTbIpe MOP(OJIOTUUECKIe COCTaB-
JA0INe, B UX YWCJe: IJIACTUHYATHIN MEepPJIUT
(¢ur. 3, a, 35%), paspyieHusit nepaut (dur. 3,
0, 25%), dhparmMeHTHPOBAaHHEIH mepautT (dur. 3.
8, 35%), cybsepeHHasd cTPyKTypa (dur. 3, 2, 5%).
W3 cpaBuenus ¢ur. 2 u 3 ciaenyer, 4To Kaue-
CTBEHHO 3TH MOPMOJOTHUUECKUE COCTABISIOIIE
mono0ubl. OgHAKO HaInuMe Cy03epeHHOMi CTPYK-
TYpHI, O0JIee BBICOKVe BHAUEHUA P, Py, a TAKKe
G, U G,, MEHbIIUI pasmMep (PpParMeHTOB CBUJE-
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®ur. 4. VIsMeHeHUA IapaMeTPOB TOHKON CTPYKTYDPHI OT PACCTOAHUS 0 TIOBEPXHOCTH II0 IeHTPaJIbHOM ocu (a,
6, 0) u paguycy cKkpyrienus (0, 2, €) BRIKPYKKHU I'OJIOBKM KaTaHUA: d, 0 — CKaJAPHAA P ¥ U3OBITOYHASA p, ILIOT-
HOCTM OMCJIOKAaIui; 6, 2 — aMIUINTyja BHYTPeHHUX II0JIelt HanpsAKeHuil caBura ¢,; d, € — aMILIUTYAa BHYTPEeH-

HUX MaJIbHONEHCTBYIOINX HANPAKEHUN G, U €e COCTaBJIAIIINX (ynpyroit Oyn

TeJILCTBYIOT O 0oJiee HANIPAKEHHOH CTPYKType
IO CPaBHEHUIO C MAaTePHAaJIOM IeHTPATIbLHOM OCK
CUMMEeTPUH.

ITo mepe mpuOAMKEHUA K ITOBEPXHOCTHOMY
CJI0I0 OTMEeYaloTCsA paspyllieHue MepJauTa U co-
BePIIIeHCTBOBaHWE CY03epPeHHOM CTPYKTYPHI, U
B IMIOBEPXHOCTHOM CJIOE €€ JIOJIsI COCTABJISAET YoKe
70% . X0Ts MJIOTHOCTH AUCJIOKAIIUI p IO Mepe
MPUOJMIKEHNS K ITOBEPXHOCTHOMY CJIOIO YBeJIH-
YuBaeTCs, ee 3HAUeHUe B Cy03epeHHOM CTPYK-
Type OCTaeTCs BCe BpeMs HNPaKTHUYEeCKHU HA IIO0-
PAOOK MeHbIIle, YeM B APYruxX MopdoJioruuec-
KHX COCTaBJSIONINX CTPYKTYPHI. A TaK Kak
o0 beMHas N0 Cy03epeHHOoM CTPYKTYPHI TTOCTO-
SAHHO BO3pAacCTaeT, cpelHee MO MaTepuaay 3Ha-
YeHUE p YMEHBIIIaeTCs.

Ha ocHoBaHUM pe3yJbTaTOB NPOBEIEHHBIX
WCCIeIOBAHNM pacCUUTAHO U3MEeHEeHNe CPeTHUX
M0 MaTepuajy KOJUUYECTBEHHBIX IIapaMeTpPOB
TOHKOU CTPYKTYpPHI (dur. 4).

Kax crnenyer us ¢ur. 4, a, 6, npu npudIu-
JKEeHUUM K IMOBEPXHOCTH BeJIWYMHA CKAJISIPHOMK
MJIOTHOCTHU AUCJOKanuii Ha ydyactke 10—2 MM
cabo BospacTaeT IJA IMEeHTPaJIbHOH OCH U OC-
TaeTcs MOCTOSHHOM AJA BHIKPY:KKU. Koamue-
CTBEHHbIE 3HAUEHUA P TUX 00Pa3IOB OKAa3bI-
BaioTcA comocTaBuMbIMu. Ha yuactke 2—0 MM
p yObIBaeT B 000MX HAIPaBJIEHUAX: cjaabo 1o
IMEeHTPaJIbHON OCHM UM WHTEHCHUBHO II0 Paguycy
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p ¥ TIACTHYECKOR G )
CKPYIVIEHUS BBIKPYMKKH. ITO MOXKHO O0BACHUTDH
TeM, UTO B IIOBEPXHOCTHOM CJIO€ BBIKPY:KKU HaA
00BEMHYIO TOJII0 CY63epeHHOM CTPYKTYPHI, CO-
CTOSAIIEeH M3 MEeJKMX IMPaKTUUeCKu O0e3quco-
KaIlMOHHBIX cyb3epeH, nmpuxogurcd n0 70% , Tor-
Ia KaK Ha IIOBEePXHOCTHU TOJIOBKU IO IIEHTPAJb-
HOIT ocu oO0beMHas oA cybsepeH ~35%, mpu
9TOM cy0O3epHa MMeEIOT OOJBIIHWI pasMep U CO-
Iep:KaT nuciaokanuu. IlosTomy Ha mMoBepXHOC-
TH BBIKPYKKHU BEJIMUYNHA P CYIECTBEHHO MEHb-
1I1e, YeM Ha MOBEPXHOCTH II0 I[eHTPAIbHOMA OCH.
M36bITOYHAA HJIOTHOCTH AWCJIOKAIUU P,
IIpY NPUOJMKEHUN K HOBEPXHOCTH HA ydacT-
ke 10—2 MM caabo Bo3pacTaeT s ABYX Ha-
IpaBJeHUH ¢ OMMHAKOBOI CKOopocThio. Ha yua-
ctke 2—0 MM BesmumHA P, BO3paACTaeT M IIPU-
O0nukaercs K 3HaueHuio p (dbur. 4, a) a4 meH-
TPaJIbHOM OCH, a /IS paguyca CKPYTJIEHUSA BBIK-
PYKKH YMEHBIIIAeTCs, MPUOINIKASICH K BeJINUN-
He p Ha IIOBEPXHOCTHU, I'Jle UX 3HAUEHUs COBIIA-
maiot (¢ur. 4, 6). 9TO CBUAETEILCTBYET O TOM,
YTO BCE AUCJIOKAINU SABJISAIOTCA M30BLITOUHBIMMU.
ITockoyIbKY TOBEEeHMEe aMILIUTY bl BHYTPEH-
HUX HaIPS:KeHUH G,, CO3[aBaeMbIX JUCIOKAIIN-
OHHOII CTPYKTYpPOIi, OIIpesiesisgeTcsa BeJIMUNHON p,
To u usmeHernue 6, = f(X) (pur. 4, 6, 2) 6yzer
moxo6HO M3MeHeHMIO p = f(X), mpuueM ayia 060-
WX HAIpaBJIeHWH (0 IEHTPAJBHOU OCU U Pagu-
yCy CKPYTJIeHUA BBIKPYKKH TOJOBKU PEJIbCOB).




3aBUCUMOCTH AaMIJUTYILI BHYTPEHHUX
IaJdbHOAENCTBYIONINX HANPAKEHUN OT PaccTo-
SAHUS 0 IOBEPXHOCTH KaTaHWA OJA Pa3HBIX
HaTpaBJIeHU# mpejcraBjeHa Ha ¢ur. 4, 0, e.
s meaTpanbHoi ocu (pur. 4, J) Ha yUuacTKe
10—2 MM BesJMUYMHA G, OCTAETCA IPAKTUIEC-
KU IIOCTOSHHOMU, IpUYEM AJIA [MEeHTPAJIbHON ocu
Ha 9TOM Y4acCTKe G, = Gy, & Oy, = 0. Ha yuacr-
ke 2—0 MM 6, = G, + Oy, IPUUEM Gy, Pac-
TeT c1abo, a G, UHTEHCUBHO NPUOJIMIKaeTCA K
c,- U TeM He MeHee, B IIOBEPXHOCTHOM CJIO€
OCTAeTCH Gpy > Oyppe

Ha paccrosauu 10 MM OT TOBEPXHOCTH BBHIK-
PYXKHU II0 PagAyCy CKPYTJIEHUSA G, = Oypy, + Oppe
Ha yuactrke 10—2 MM 3Hauenue G, cnabo BO3-
pacraer, a Ha yuyacTke 2—0 MM CKOPOCTHL ee
pocTa yBesqmuuBaeTca pesko. Ha Bcem yuact-
ke 10—0 MM o, caabo yOwIBaeT (dur. 4, e).
Y:xe Ha paccrogauu 10 MM o pagmuycy CKpyr-
JIeHUS] BBIKDY?KKHU [IPUCYTCTBYET Gy, KOTOPas
HE3HAUNTEJbHO YBEJIUUYMBAETCA HA YUYACTKeE
10—2 MM, ocraBasAck MeHbIlle G ,. Ha yuacr-
ke 2—0 MM CKOPOCThH yBelIMUYeHUs Gy, PE3KO
BO3PACTaeT ¥ Ha IOBEPXHOCTU 3HAYEHWE Oy,
IIOYTH Ha MOPAJOK 00JIbIIle BEJINYUHEI G ;. ITO
MOJKeT CTaTh NPUUYUHOH IMOSBJIEHUA MHUKPO-
TPEeInH.

BeiBoasl. 1. CTpyKTypa pebCoOB IIOCJIE K-
CTPEMAJBbHON SKCILIyaTalluU B YCJIOBUAX 3abaii-
KaJbCKON KeJe3HOU JOPOTHU IIpeICTaBJIeHA TPe-
Ms MOP(MOJOTUYECKUMHU COCTABJIAIONMMHA (I11a-
CTUHYATHIN, Pa3pyIIeHHbIN, ()parMeHTUPOBaH-
HBIN TIEePJIUT), 00beMHAA NOJIS KOTOPHIX MEHA-
eTcsA B 3aBUCUMOCTH OT PACCTOSAHUA IO IIOBEP-
XHOCTH IO I[EHTPAJbHOU ocH ToJioBKu. IIo pa-
IUYCY CKPYTJIeHUS BBIKPYKKH B CTPYKType
MOTIOJTHUTENBbHO IIPUCYTCTBYeT cy03epeHHas
CTPYKTYpA.

2. 9KcnayaTamus pesbca IMIpUBesa K yIpy-
TOMY HMCKaKeHUWI0 KPUCTAJIINUECKOH peleTKu
MATPHUIIBI 1 BOBHUKHOBEHUIO BHYTPEHHUX Ha-
IpAXKEHUN B CTPYKTYpPE peabcoBoii cranu. IIpo-
BelleH KOJMUYECTBEHHBLIN aHAJIU3 W3MEHEHU:d
CKAJAPHON M M30BLITOUHOI IJIOTHOCTEH AMCJIO-
Kanuii, aMIIUTY bl BHYTPEHHUX HAOPAKEHUN
M0 Pa3HBIM HAIPABJIEHUSAM T'OJIOBKU PEJIHCOB.

3. BuisiBieHBI (husnUyecKre IPUUUHEI Pa3Ho-
ro xXapaKTepa IIOBeleHUs YIPYTuX U ILJIacTU-
YeCKUX COCTABJSAIONINX HAIPSIKEeHUHN B IMOBep-
XHOCTHBIX CJIOSX IO IEeHTPAJbLHOM OcU W pagu-
yCy CKPYTJIEHUS BBIKDPY:KKHU peJjbca.

Bripaskaem 6;1aroapHOCTh KaH. TeXH. HAYK
E.B. IloreBomy 3a mpemocTaBJIeHHBIE 00pasIlbl,
mokT. ¢us.-mat. Hayk M.IO. JIuToBuenko 3a

IIOMOIIb B IIPOBEIEHUN 3JIEKTPOHHO-MUKPOCKO-
MMUYECKUX MCCJIENOBAHUI U JUCKYCCUMU, & TAKIKe
10.®. sanoBy 3a o0Cy:KoeHNe Pe3yIbTaTOB.
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