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BJIMAHUE ®A30BOI'O COCTABA

1 KOMBUHAIIMA TEPMUYECKON OBPABOTKHA

HA TBEPJOCTb U TPUBOTEXHUYECKHUE XAPAKTEPUCTHKH
BBICOKOYTJIEPOJIUCTON KOMILIEKCHO-JJETUPOBAHHOM
MOAIIMUITHUKOBOM CTAJIA

I.C. Cesanvres', A.B. ﬂopomenkol, EH K0p0606a1

l®enepanpHOE TOCyJapCTBEHHOE YHUTAPHOE Ipeanpuatre «Bcepoccuilckuii HayqHO -UCCIe0BaTENbCKUI
HHCTHTYT aBHAIIMOHHBIX MaTepUaoB» HallMoHAIBEHOTO HCCIeI0BATENbCKOTO IeHTpa «KypuaToBCKHiT HHCTUTYT,
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Annomauusa. Vccneoosano enusinue (pazoeo20 cocmasa 8blCOK0Y21epOOUCHIOU KOMNIEKCHO-
J1e2UPOBAHHOU NOOWUNHUKOBOU CIANU HA MEePOOCHb U USHOCOCIMOUKOCIb 8 YCIIOBUAX CYX020
mpeHusi cKoavdicenus. Memooamu MazHumHo2o U peHmeeHOCMpPYKmMypHO20 aHAIU3A YCMAHOG-
JIeHO U3MeHeHue cooepaicanusi ocmamouno2o aycmenuma C 37 do 3 %. Ilokazano, umo maxcu-
manvras usnococmotikocms (2,15-10° mm®/(H-m)) oocmueaemes npu cooeprcarnuu 30-37 %
MemacmabuibHO20 ayCmeHuma, HeCMoOmpsi Ha CHudiceHHyo meepoocms (57 HRC). Yeenuuenue
oonu mapmencuma 0o 90-97 % nosviuwaem meepoocmv 0o 64 HRC, 00nako uHmeHcusHocmy
usHawuganus gospacmaem na 140 %.

Knwouegvie cnoga: evicokoyenepooucmas noOWUNHUKOBAS CMANb, UZHOCOCMOUKOCMb,
mpeHue, meepoocmb, MUKPOCIMPYKMYPA, KOIUHECE0 OCMAMOYHO20 AyCMeHuma

Jna yumuposanusa: Cepanpues ['.C., [lopomenko A.B., Kopo6osa E.H. Biusaue ¢a3oBoro cocraBa u KoM-
OuHanuit TepMUYECcKOil 00pabOTKH Ha TBEPAOCTh M TPUOOTEXHUYECKHE XapaKTEPUCTHKU BBICOKOYTJIEPOIH-
CTO# KOMILJIEKCHO-JICTUPOBAaHHO# moamunHukoBoi cranu // Tpyast BUAM. 2026. Ne 10 (164). C. 3-13.
URL.: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-3-13.

Scientific article

INFLUENCE OF PHASE COMPOSITION

AND HEAT TREATMENT COMBINATIONS

ON THE HARDNESS AND TRIBOLOGICAL CHARACTERISTICS
OF HIGH-CARBON COMPLEX-ALLOYED BEARING STEEL

G.S. Sevalnev?, A.V. Doroshenko?, E.N. Korobova!

Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institutey», Moscow, Russia; admin@viam.ru

Abstract. The influence of the phase composition of high-carbon complex-alloyed bearing
steel on its hardness and wear resistance under dry sliding friction conditions has been studied.
Using magnetic and X-ray diffraction analysis methods, the change in the residual austenite
content was determined to be in the range from 37 to 3 %. It is shown that the maximum wear
resistance (2,15-10° mm®/(N-m)) is achieved with a content of 30-37 % metastable austenite,
despite the reduced hardness (57 HRC). An increase in the proportion of martensite to 90-97 %
increases the hardness to 64 HRC; however, the wear rate increases by 140 %.

Keywords: high-carbon bearing steel, wear resistance, friction, hardness, microstructure,
amount of retained austenite

For citation: Sevalnev G.S., Doroshenko A.V., Korobova E.N. Influence of phase composition and heat
treatment combinations on the hardness and tribological characteristics of high-carbon complex-alloyed
bearing steel. Trudy VIAM, 2026, no. 10 (164), pp. 3-13. Available at: http://www.viam-works.ru. DOI:
10.18577/2307-6046-2026-0-10-3-13.
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Xaponpo4Hble CrnAaBbl U CTAAU

BBenenue

[MonmmnmHuuKy KayeHus SBISIOTCS OTBETCTBEHHBIMU JETATSIMHU MAIIMH U MEXaHH3MOB,
paboTaIIMX B YCIOBHUAX CIOKHOHAIPSHKEHHOTO cocTosiHUA [1-3]. OHM BO MHOTOM Ompeie-
JSIOT paboTOCTIOCOOHOCTh M HAJCKHOCTh M3Aenid. K ocoOeHHOCTAM paboThl MOAIIMITHUKOB
OTHOCSITCSI BBICOKHE JIOKaJIbHbIE HAarpy3KH, OIPENEISAIONINE TPeOOBaHMs K UX SKCILIyaTalu-
OHHBIM XapaKTEPUCTHKAM M CBOWCTBAM MaTEPHAJIOB ISl MX U3TOTOBJICHUS [4—7].

OCHOBHOHM XapaKTEPUCTHKOM, BIUAIONICH HA JOJITOBEYHOCTH PAOOTHI MOIIUITHUKOB,
SIBIISICTCS BBICOKOE CONPOTHBIICHHE KOHTAKTHBIM JIe()OpPMaLlMOHHBIM Harpy3kaM. KoHTakTHas
BBIHOCJIMBOCTD 3aBHCHUT OT YUCTOTHI METasJIa IO HEMETANTNYECKUM BKIIIOYSHHSIM, KapOUIHON
HEOIHOPOHOCTH, MUKPOCTPYKTYPBI, TBEPIOCTH U pa3MepHO# ctabuibHocTH [7-11].

Hpyrumu (hakTopamMu HaJeKHOCTH MOAIIUITHUKOB CUUTAIOTCSA KaYeCTBEHHBI MOHTAK,
MCIPaBHAsl CUCTEMA IOJa4yl CMAa304YHOI0 MaTepuala, MUHUMHU3alus NOoNajaHusl B 30HY TpH-
OokoHTakTa a0pa3uBHBIX yacTull. [Ipy HecoOMIOAEHUM ATUX YCIOBUN CHHMKAETCS TOUHOCTD
B3alMHOI'O PACIOJIOXKEHUS AeTalell UM NEepEeMELICHUM, YTO NMPUBOAUT K M3HAIIMBAHUIO IIO-
BEPXHOCTEM KaueHHUsl, YpE3MEPHBIM BUOpaALMsAM U, KaK CIEJICTBUE, pa3pyllIeHUI0. B cBs3u ¢
STUM OCHOBHBIMH TPEOOBAHUSMU, IPEIBIBISIEMBIMU K MOAMIMITHUKOBBIM CTaJISIM, SIBIISIFOTCS
BBICOKAsl TBEPJOCTh U M3HOCOCTOMKOCTH B COYETAHUU C BBICOKMM IPEAECIOM KOHTAKTHOM
BBIHOCIMBOCTH [7, 12].

C uenpio obecrieueHus] MEPEUUCICHHBIX TPEOOBAHUHN Isi U3TOTOBJICHUS TOAIINITHU-
KOB Kau€HHs MPUMEHSIOT BBICOKOYTIIEPOAUCThIE KOMILIEKCHO-JIETUPOBAHHBIE CTAId MapTEH-
CHUTHOTO KJIacca, CIIOCOOHBIE padOTaTh MPH BO3JCUCTBUHM BBHICOKHMX HHKIMYECKUX HArpy30K
Pa3IMYHOIO XapakTepa U IKCTpeMaabHO BbICOKUX TeMmeparyp (350-500 °C) 6e3 3HauuTeb-
HOro pazynpouneHusi [10]. Boicokas TBepAOCTh M TEMIOCTOMKOCTH BBICOKOYTIIEPOIMCTHIX
CTaJIell JOCTUTAIOTCS IIyTEM JIETMPOBAaHUSI OCHOBHBIMU KapOM1000pa3yloIUMU 31€MEHTAMH,
TaKUMHU KakK BOJb(pam, MOTUOIEH, XpOM, BaHAIUI, 00ECIIEUYMBAIOIIMMHI BTOPUYHYIO TBEp-
JIOCTh 3a cueT (hOPMHUPOBAHHS BHICOKOYTIIEPOIUCTOTO MApTEHCUTA MPU 3aKAJIKE U BbIICICHUS
U3 MapTeHCHUTA U MPEUMYIIECTBEHHO U3 OCTATOYHOI'O ayCTEHHUTa MEJIKOJIUCIEPCHBIX KapOu-
JIOB TIPU OTITYCKE CTaJH.

Onpenenstonmm 3tanoM GopMUPOBaHUS TPEOYeMOro CTPYKTYPHO-(Pa30BOro COCTOSIHUS
(MapTeHCHUTHasi MaTpUIIa C COJIepKaHUEM aycTeHUTa <5 %) B BHICOKOYTTIEPOANCTHIX MOIIIUITHHU-
KOBBIX CTaJIIX SIBIISIETCS TEPMHUYECKasl MPOMEXKYTOUHAsl TEXHOJIOTUYECKass M 3aKIIOYUTEIbHAs
yrpounsitorasi oopadotrku [13—16]. AycrenuTHas ¢aza BBICOKOYTJIEPOJAUCTHIX KOMIUIEKCHO-
JIETUPOBAHHBIX CTaled yCTOHYMBA U TOJIBKO B MPOLIECCE MHOTOKPATHOTO OTITYCKa MPH TeMIIepa-
type >500 °C unm npu npuUMEHEHHH OOpabOTKM XOJIO0A0M MEXIy OTIIyCKaMu IpeBpallaeTcs
B MApTEHCHUT C MOBbIIIEHHEM TBepAOCTH. OHAKO BBHICOKAsI KOHLEHTPALMsI YIJIepo/ia B CTaIN IIPU
00palboTKe XO0JI0JI0M NPUBOAUT K (POPMHUPOBAHUIO BHICOKOTO YPOBHS OCTATOYHBIX HANPSHKEHUH,
KOTOpbIE CHIDKAIOT TPUOOTEXHUUYECKHE XapaKTepHUCTHKU. C TOUKM 3peHHs YMEHBILEHUS BHYT-
PEHHUX HaIpsKEHUH MHOTOKPATHBIN OTITYCK BJISIETCS Oosiee OaronpusiTHBIM.

dopmMupoBaHUE BBHICOKOM TBEPJOCTH HE BCET/Ia MPUBOJAUT K MOJYYEHUIO MaKCUMallb-
HOW M3HOCOCTOMKOCTH, KOTOpasi TAaKXKe 3aBUCUT OT MapaMeTpOB MHKPOCTPYKTYphI MeTajuia
(IMCHepCHOCTH MapTEHCUTa, KOJIMYECTBa OCTaTOYHOTO ayCTEHUTa, KOJIMYecTBa U Mopdoo-
ruM kap6unos). Ha BbICOKHMIT ypoBEHb TPHUOOTEXHUYECKUX XAPAKTEPUCTUK BIHUSET HAIUYUE
OCTaTOYHOT'O ayCTEHUTa B MUKPOCTPYKType cTanu. Yem ero Oosblie, TeM MeHbIIEe KOdpQu-
LMEHT TPEHMSI U BBILLIE MU3HOCOCTOMKOCTh. DTO CBSI3aHO C TE€M, YTO ayCTEHMT IUIACTUYECKHU
nedopmupyercs U GopMUPYET BBICOKOE CONPOTHUBIIEHUE U3HaUBaHuo0. Ho npu yBennueHumn
KOJINYECTBA OCTATOYHOI'O ayCTEHUTA YXYAILIAeTCs pa3MepHas CTaOUIBHOCTh MOJIIMITHUKOB,
MIOCKOJIBKY B IIPOLIECCE IKCILIyaTal[My U3JEIMs IIPU BBICOKUX Harpy3kax BO3MOYXHO €ro Ipe-
BpallleHue B MapTEHCUT, COIPOBOXKIAIOIIEeCs] 00bEMHBIMU U3MEHEHUSIMHU.

B cBsI31 ¢ 3TUM KOJIMYECTBO OCTATOYHOI'O ayCTEHUTA B MUKPOCTPYKTYpPE MOALUIUITHUKOB
PETIIAMEHTHPYETCS. B 3aBUCUMOCTH OT KJIacCa TOYHOCTH M3JENHs. YBEINYEHUE COACPIKAHUSA

4 TPYAbl BUAM / TRUDY VIAM 10 (164) 2026



Xaponpo4Hble CNAABbl U CTAAU

ayCTEHUTHOM (pa3bl 11€71€c000pa3HO 0 MPEEIOB, IPU KOTOPHIX €ro MOJI0XKHUTEIbHOE BIUSHUE
Ha M3HOCOCTOMKOCTh HE NPHUBOJUT K MU3MEHEHMIO Pa3MEpOB IPELM3UOHHBIX NOJUIMITHUKOB
B IIPOLIECCE IKCILTYaTallUN U CHUYKEHUIO KOHTAKTHOM BBIHOCIMBOCTH.

Iesnp paboThl — UccaenoBaHUEe BIMSHUA (PAa30BOro cocraBa, (popMupyromerocs B pe-
3yJIbTaTe Pa3IUYHBIX KOMOWHAIIMI M 3TAlOB YINPOYHSIOUIEH TepMHUECKOW 00pabOTKH, Ha
TBEPJOCTh U TPUOOTEXHUUECKUE XAPAKTEPUCTHKH B YCIOBUSAX CYXOI'O TPEHMs CKOJIbKEHUS
BBICOKOYIVIEPOAUCTON KOMIUIEKCHO-JIETUPOBAHHON TEIJIOCTOMKON MOIIMITHUKOBOM CTaJIH.

MaTepna.}]LI H ME€TO/bI

B xauecTBe 00BEKTOB MCCIEAOBAHUS HCIOJIB30BAIN 00pa3Lbl U3 BHICOKOYTIIEPO-
JUCTOM KOMIUIEKCHO-JIETMPOBAHHOM TEIJIOCTOMKON MOJAIIMITHUKOBOM cTanu, paszpabdo-
tanHoil B HULl «Kypuatosckuil uncturyr» — BUAM [17, 18]. Cucrema nerupoBaHus
craau Fe—Cr—Mo—V-Nb—C nomonHUTeasHO COMEPKUT TYroIUIaBKHe KapOumaoo0pasyrolme
anemenTsl W u Ta. O6pa3siiel npeacrapisum coboit nucku @40 MM u TommuHON 10 MM.

Jlis oueHku BiusiHUSA (Da30BOro cocraBa M CTPYKTYPHBIX COCTaBISIIOLIUX Ha TBEp-
JIOCTh U TPUOOTEXHUUECKHUE XAPAKTEPUCTUKU 0Opaslibl U3 BBICOKOYIJIEPOIUCTON KOMILIEKC-
HO-JIETUPOBAHHOM TEIJIOCTOMKOM MOJIIMITHUKOBOM CTalM MOABEPraiu pa3InyHbIM KOMOUHA-
IUSIM YIIPOYHSIOIIEH TePMHUYECKON 00pabOTKH:

— 3aKalika U HU3KOTEeMIIEpaTypHBIH OTIYCK B TemmnepaTypHoMm uHTepBasie 150-250 °C
(pexum 0);

— 3aKalika, OJJHO- U MHOTOKPAaTHBINA OTIycK B TemnepaTypHoM uHTepBaie 500-600 °C ans
peanu3anuyu MexaHu3Ma JIMCIIePCUOHHOTO TBepACHHUS (PEKUMBI 1—5 ¢ KOJIMYECTBOM OTITYCKOB
1-5 cooTBETCTBEHHO);

— 3aKalika, 00paboTka xono070M npu temmeparype —75 °C, TpeXKpaTHBIH OTIYCK B TeMIIe-
patypHoM unTepaie 500-600 °C (pexum 5');

— 3aKalika, OTIycK B TemrepaTypHoM uHTepBaiie 500-600 °C, o6paboTka X0lI0A0M MpU
temriepatype —75 °C, ormyck B remneparypHom uateppaiie 500—-600 °C (pexum 5").

3akaliky MPOBOAMIIN C TEeMIEpaTyphl, 00eCIeunBaIOLIeii MpeeIbHO BO3MOKHOE pac-
TBOpPEHHE KapOU/IOB JIETHPYIOUIMX 3JIEMEHTOB B TBEPJAOM pacTBope. IIpoaomKuTenbHOCTh BbI-
JEP>KKU PACCUUTHIBAIIN U3 YCIOBUM (hopMHUpOBaHUS Ha 0Opas3iax JOMyCTUMOM IS MOAIIUITHU-
KOBOHM CTajli JAMCHEPCHOCTH MapTEHCUTA OT CKPBITOKPUCTAJUIMYECKOTO JI0 MEITKOUT0JIbYATOrO.
HuszkotemneparypHblii OTITYCK MOCIIE 3aKaJIKH MPOBOJIMIM JJISi CHATUS BHYTPEHHUX Harpsike-
HUM, 00pabOTKY XO0JI0I0M M OTITYCK /ISl peau3alyy JUCIEPCUOHHOTO TBEPACHUS — JJIsl CHUXKE-
HUSI KOJTMYECTBA OCTATOYHOT'O ayCTEHUTA U BhIICNIEHHSI CIIEIUATIbHBIX KapOUIOB.

Mertannorpaduueckue ucciaea0BaHus CTPYKTYPhl IPOBOJAMUIN HA ONTUYECKOM MHKPO-
CKOIIe, OCHAILICHHOM ()OTOKaMepol U MpOorpaMMoi aHaIn3a U300pakeHUH, B COOTBETCTBUU C
I'OCT 8233-56 u 'OCT 5639-82 na metamnorpadpuueckux nuimgax, BbIpe3aHHbIX B IOTE-
PEYHOM HAINpaBJIEHUU MPOKATa MPYTKa, MOCie TpaBieHUus B 4%-HOM CIIMPTOBOM pPACTBOpE
HNO3 npu yBenuuenuu x100.

J171 KOTUYEeCTBEHHOM OLIEHKU CTPYKTYPHBIX COCTAaBIAOIMIUX a3 B 00beMe MaTepuana
U UX U3MEHEHUS B 3aBUCHMOCTH OT peXHMMa YIPOUYHSIOUIEH TepMuyeckoil 06paboTKu MpoBO-
VI MarHUTHBIN aHajdu3 ¢ M3MEpEeHHWeM HWHAYKLIUU HachlieHus rno meroxy lllTebneitna
U PEHTIe€HOCTPYKTYpHBIM aHanu3. s onpeneneHuss Joau MapTeHcuTa (MarHUTHOW (asbl)
U ayCTEHUTa MPOBOJWIM INepecueT MHIAYKLMHU HACBIIICHHUS MO METOAMKE, pa3paboTaHHOW B
HUL] «KypuaroBckuii tHCTUTYT» — BUAM. PeHTreHoBCKyI0 CheMKY Tl onpeseneHus hazo-
BOI'O COCTaBa BBIMOJHSIM HA JTUPPAKTOMETPE C BEPTUKAIBHO PACIIOIOKEHHBIM TOHHOMETPOM
BBICOKOTO pPa3pelIeHus] MOAYJIbHON KOHCTPYKIMH B MenHOM Kg-m3mydenuu. Pacmmdpoky
JT(paKTorpaMm MpoOBOIWIN ¢ IPUMEHEHUEM BCTPOSHHOTO IIPOrPaMMHOTO 00ECIIeUeHHUSI.

TBepaocts 00pasioB m3mMepsim 1o 1mkane Poksera B coorBerctBrn ¢ 'OCT 9013-59.
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Xaponpo4Hbie CNAQBbl U CTAAU

HccnenoBanust TpuOOTEXHUUECKUX XapaKTEPUCTUK 0Opa3IOB M3 TETUIOCTOMKOM IMOJI-
LIMITHUKOBOM CTaJIM IIPOBOAMIIN ITYTEM HCIIBITAHUS HA U3HAILMBAHUE B YCIOBUSAX CYXOIO Tpe-
HUS CKOJIBKEHUS C UCIIOJIb30BaHUEM TPHOOMETpa MO CXeMe «Iap—IUCK» MPH JIMHEHHON CKO-
POCTH CKOJIBKEHUSI OTHOCUTENBHO KoHTpTena 0,2 M/c u Harpy3ke Ha kKoHTpTeno 20 H. Kontp-
TEJIOM TIPU UCHBITAHHUSX SBJISUICS MAapuK P6 MM U3 OKCUAHOM KepaMuku ZrOz ¢ TBEpAOCTHIO
1400 HV. [lnuna tpeka ckoimxenus | cocraBuna 44 mm, myts Tpenus L pasen 500 m. Kosu-
YECTBEHHYIO OLIEHKY U3HOCOCTOMKOCTHU MPHU UCHBITAHUSAX HA M3HALIUBAHUE B YCIOBUSAX CYXO-
IO TPEHUS CKOJIbKEHHUSI OCYIIECTBIISUIM 10 MPUBEACHHOW MHTEHCUBHOCTH W3HAIIWBAHUS 00-
pasziia W (mm3/(H*m)), koTopyto paccuutbiBaiu mo ¢popmyie [19]

Ibh
W LF’
rae | — nnuHa Tpeka cKkolikkeHHs, MM; D — mupuHa JOpoKKM U3HOCa, MM; N — riyOuMHa TOPOKKU W3-
HOca, MM; L — myTh Tpenus, m; F — Harpyska, H.

Pe3yabTaThl M 00Cy:KI1€HUE

JInisi OLeHKHM BJIMSHHUS KOJHYECTBA OTIYCKOB B TemIieparypHoM wuHTepBaie 500—
600 °C Ha (opMupoBaHME MUKPOCTPYKTYpPbI IIPOBEACHBI MeTauIOrpapuuecKkue ucciieaoBa-
HUSI, pe3yJbTaThl KOTOPBIX MPEACTABICHBI HA puc. 1. 3akanka C MOCIeAYIONMM HU3KUM OT-
IIyCKOM B TemneparypHoM unrepsaie 150-250 °C, koTopblil He BIMsAET Ha U3MEHEHHUE KOJIU-
YecTBa MapTEHCHTA, NpUBeENa K (OPMHUPOBAHUIO CMEIIAHHOW AMCIEPCHOW MapTEHCHTHO-
ayCTEeHUTHOM CTpyKTyphl (puc. 1, a). B pabore [19] ycraHOBIEHO, YTO B CTPYKType CTalu
TarKke npucyTcTBYOT Kapouael Tuna NDbC, erupoBaHHbIe TaHTaJIOM. BBUIY BBICOKOTO CO-
JiepKaHus yriepoja B CTPyKType HaOIr01al0TCsl NepBUYHbIE KapOuabl BoJb(ppaMa U Xpoma ¢
pasnmuuHOi ctexuomerpueil. [lepBuunbie kKapOuapl HHOOMS W Boib(pama (GopMupyrOTCS B
npolecce KpUCTANIM3AIMK CIUTKA, a UX MOP(OJIOTrus U3MEHsIeTCs B X0/Ie ropsiueit negopma-
muu. Otnyck cranud B TemiepatrypHom uatepBaie 500-600 °C ot 1 mo 5 pa3 (puc. 1, 6—e)
IOPUBOAUT K YBEIMUYEHHIO JIOJM MapTeHCUTa B CTPYKType, CHIKEHHIO JOJIM ayCTCHHTa U
(GhOpMUPOBAHUIO METTKOAUCIIEPCHBIX KapOumoB tumna Cra3Ce.

Puc. 1. Mukpoctpyktypsl (x200) o6pasios u3 cranu cucrembl Fe—Cr—Mo-W-V-Nb—C mocie 3a-
KaJIK{ C TIOCIEYOIIUMHU HU3KUM (a) ¥ 1-5 Beicokumu (B nHTepBaie Temnepatyp 5S00—600 °C) otmyc-
Kamu (6—e)
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Xaponpo4Hble CNAABbl U CTAAU

JlaHHBIE CTPYKTYpHBIE U3MEHEHHS MOATBEPKIECHBI IBYMSI METOJaMU — MAarHUTHBIM
aHanmuzoMm (puc. 2) mo meroauke, paspadorannoir B HUI[ «KypyaToBCKUI MHCTUTYT» —
BUAM, u pentrenodaszoBbiM aHanu3oM (puc. 3). Ilo pe3ynpTraram MarHMTHOTO aHaIu3a
MIPU 3aKajKe ¢ MOCIeAYIOIUM HU3KUM OTITyckoM (pexkuM 0) B cTpykType Habmonaercs 63 %
MapteHcuTa U 37 % aycteHuTa. Beicokuil oTnyck B TemmeparypHoM auarna3zoHe 500-600 °C
YBEJIMYMBAET KOJINYECTBO aycTeHuTa 110 71 %, a npuMeHeHne MATUKPATHOIO OTIIYCKA IO03BO-
nsiet chopmupoBath 90 % mapreHcuTHON CTpYKTyphl. Ha mudpakrorpammax BbISBIIEHA aHA-
JIOTUYHAs 3aBUCUMOCTb — IIOCJIE€ 3aKaJKH IPUCYTCTBYET BBICOKAas MHTEHCUBHOCTb ITMKOB
ayCTEHHTA C TPAHEICHTPHUPOBAHHON KyOMUECKOM perieTkoil (YY), KoTopas Ipyu MOCIeAyIOmeM
BBICOKOM OTIYCKe cHikaercs. [locne nmsTukparHoro otmycka (puc. 3, 2) TaHHbIe TU(PpPaKIH-
OHHBIE ITUKH MPAKTHUECKU HE HAOII0Aat0TCS.

B CoztepskaHne MarHHTHO#T dassr B MHIYKIHs HAChIICHIS
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Puc. 2. 3aBucHMOCTH MHIIyKIIUM HACHIIIICHUS M COJICPYKAHUS MAarHUTHOM (ha3bl 00pa3IoB U3 CTaIH
cucremsl Fe—Cr—Mo-W-V-Nb-C ot koiuuecTBa OTIyCKOB B HHTEpBase Temmepatyp 500-600 °C
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Puc. 3. [udpakrorpammbl 00pasioB u3 cranu cucrembl Fe—Cr—-Mo-W-V-Nb-C nocie 3akanku

C MOCIIEAYIONMMH HU3KUM OTIycKoM (a) u 1 (6), 2 (8), 5 (¢) oTmyckamu B MHTEpBaJe TEMIEPATyp
500-600 °C
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Xaponpo4Hble CrnAaBbl U CTAAU

JlaHHasT TEHACHIMS YETKO MPOCIES)KUBACTCS B 3aBUCUMOCTU TBEPJOCTU OT TEPMHUYE-
ckoit o0pabotku (puc. 4). Ilocne 3akanku B aTMOC(HEpHON MeYn C 3alIMTHOW aTMocdepoit
TBEpOCTh 00pa3ioB coctaBisieT 56 HRC. Brinenenne kapounos Cr3Ce 1 yBeIM4eHHE 10U
MapTeHcuTa B cTpykrype 10 71 % mossimator TBepAocTs 10 60 HRC. HecmoTpst Ha TO uTO
[PH MSATUKPATHOM OTIyCKe (POpMUpPYETCs HAHOOJIbIee KOJIUYECTBO MAPTCHCUTA B CTPYKTY-
pe, Ipu JaHHO# 00pabOTKe TBEPAOCTh HE SBISCTCS MAKCUMAIILHOW. JTO CBA3aHO C YMCHBIIIE-
HUEM COJICpXKaHUs YTIIEpo/aa B TBEPAOM PAcTBOpPE M3-32a BBIACICHHUS KapOWJI0OB — BKJIAJ Map-
TEHCUTHOU CTPYKTYPHI B TBEPAOCTh CHIDKACTCS, & JUTUTEIbHBIC BBIIEPKKH MOTYT IPHBOIUTH
K KOAryJIsSiiuy KapOuaHou (a3sbl.
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Kommaecto OTIIyCKOB

Teepnocts HRC, en.

Puc. 4. 3aBUCUMOCTD TBepAOCTH 00pasioB u3 cranu cuctemsl Fe—Cr—-Mo-W-V-Nb-C ot kommue-
CTBa OTITyCKOB B HHTEpBaie Temnepatyp 500—600 °C

CoruiacHO JaHHBIM paboThl [19], mocBAIEHHOW KOHCTPYKIIMOHHBIM U KOPPO3HOHHO-
CTOWKHM CTaJlsIM pa3JMYHBIX KJIACCOB, NPU HM3HAIIMBAHWU B YCJIOBHAX CYXOTO TPECHHS
CKOJIB)KEHUS HaJIMYMEe ayCTECHUTA MOJIOKUTEIBHO CKa3bIBaeTCS Ha M3HOCOCTOMKOCTH 00pas-
1I0B. B 3aBHCHMMOCTH OT cTaOMJIBHOCTH ayCTEHUTHOM CTPYKTYpBI €ro BKJIaa B (pOpMHpOBa-
HUE U3HOCOCTOMKOCTH 3aKJII0YaeTcst JIMOO B MpeBpallleHud B MapTEHCUT (B Cllydyae MeTacTa-
OMJIBHOTO ayCTEHMTA), TMO0 B YIPOUYHEHUHU MPU MHTEHCUBHOM IIacTUYeCKOi aedopMmaiuu
(B cmydae cTaOMIBHOTO ayCTeHHTa). B paccMOTpeHHOW MOANIMITHUKOBOW CTaJIM BBICOKOE
COJlep)KaHWe YIriIepoaa W JJIEMEHTOB, PACIIMPSIONIMX OOJAcCTh CYIIECTBOBAHHS 0.-(a3bl,
NPUBOJUT K (POPMHPOBAHHIO METACTAOMIBHOTO ayCTEHHTA, YTO B MPOIECCE KOHTAKTHOTO
ne(OpMAIIMOHHOTO BO3/AEHCTBUS CIIOCOOCTBYET YIPOUYHEHHMIO MOBEPXHOCTH U MOBBILICHHIO
u3HOcocTOMKOCTH (pHC. 5, a). IIpu o6paboTke, BKIIOUAOLIEH 3aKalKy W HU3KUH OTIYCK,
MHTEHCHBHOCTH M3HANIMBAHUA MuHUManbHA (2,15-107° Mm%/(H-Mm)) 3a cuer >ddekra camo-
YIIPOYHEHUSI TOBEPXHOCTH MPHU KOHTAKTHOM B3aWMOJICWCTBUU oOpas3ia M KOHTpTena. YBe-
JMYEeHUE KOJIMYECTBA OTIYCKOB B TemreparypHoM wuHTepBaie 500-600 °C mnpuBoaut
K IIPaKTUYECKH JIMHEHHOMY BO3PAaCTAaHUIO MHTEHCUBHOCTH M3HAIIMBAHMUS U MMEET B3aMMO-
CBA3b C KOMMYECTBOM MAarHUTHOM (hasbl (puc. 5, 6). Kooddumuent nerepmunamuu R? momy-
YEHHOT'0 YPaBHEHHUS PErpeccuu i 3aBUCUMOCTHU COJIEPKAHUS MarHUTHOU (a3bl OT UHTEH-
CHBHOCTH M3HammMBaHusA cocTaBisger 0,978, 4To CBHUIAETENBCTBYET O BBICOKOM JIMHEHMHOMN
CBSI3M JIaHHBIX TTapaMeTpoB. HecMOTps Ha TO UTO yBeTUYECHHE KOJIMYECTBA OTITYCKOB /10 3—5
NPHUBOJIUT K o0OecrieueHnto BrIcokor TBepaocTH (62—63 HRC), MHTEeHCHBHOCTh M3HAIINBA-
Hus yBenuuuBaercs Ha 90-140 %. OTo cBg3aHO ¢ 0ojiee MHTEHCUBHBIM BBIKPAITUBAHUEM
MOBEPXHOCTH MPU U3HAIIMBAHUH.
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Puc. 5. 3aBrucuMOCTH MHTEHCHBHOCTH W3HAIIMBAaHUS 00pa3noB U3 ctainu cuctembl Fe—Cr—Mo-W-—
V-Nb-C ot xonuuectBa oTmyckoB B uHTepBaiie Temneparyp 500-600 °C (a) u conepkaHusi MarHUT-
HOU (a3l OT HHTEHCHBHOCTH M3HAIIUBAHUSA (6)

[Ipu 5TOM copepxkaHKe ayCTeHUTa Kak HEeMarHUTHOMU (ha3bl OKa3bIBaeT HEOHO3HAYHOE
BIIUSTHUE HA 3aBUCHUMOCTH KO3(PPUIIMEHTA CYXOT0 TPEHUsSI CKOJIbKEHUSI OT MyTH TpeHus. OT-
CYTCTBHE BBICOKOTO OTITycKa (pHC. 6) npu coaepkanuu aycteHuta 30 % MPUBOIUT K yCIIOXK-
HEHUIO IpoIliecca MPUPadOTKH ¥ MOCTOSHHOMY KOJieOaHWI0 3HaYeHHI K0d(DuImenTa TpeHus
(ot 0,55 no 0,65). IlepBuuHbIi BBICOKUN OTIYCK B TemmepaTypHoMm uHTepBaie 500-600 °C
VIIPOIIAET MPOIecC MPUPAOOTKH U CTAOWIM3UPYET 3HAYeHUS Kod(dduimeHTa TpeHUus B WH-
tepBasie ot 0,50 mo 0,55. [IpuMeHeHne BTOPOro OTIMYCKA BHI3BIBAET MOBTOPHYIO JECTA0MIN-
3aIUI0 TIpollecca TPEHUS, MPU ITOM TPEXKPATHBIA OTIYCK, TOMUMO CTaOMIIM3AIMK MpoIecca
TPEHUs, TO3BOJISAET CHHU3UTh KOd(UIMeHT TpeHus co cpenHero 3Hauenus 0,52 mo 0,44.
JlanbHeliee yBeTUYCHUE KPAaTHOCTH OTIYCKAa MPUBOAMUT K BO3pacTaHuio koddduimenra
TPEHHSI U YCIOKHEHUIO Mpoliecca MpupadOTKy.
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Puc. 6. 3aBucumoctn k03(pHUIEIEHTa CyXOr0 TPEHHS CKOIBKEHUS OT MyTH TPEHHUS TIPU HCITBITAHAN
Ha W3HaIIBaHue 00pa3ioB u3 craiu cucrembl Fe—Cr—Mo-W-V-Nb-C nocne Hu3koro otmycka (—)
ul(—),2(),3(),4(),5 () ornyckos B uuTepBaie temmeparyp 500-600 °C

Takoit xapakTep 3aBUCUMOCTH KO3((UIIMEHTA CyXOro TPEHHs CKOJBXEHUS OT MyTH
TPEHUSI MOKHO OOBSICHUTH CJIEAYIOIUM 00pazoM. [Ipu nepBuUHO 3aKkaike U HU3KOM OTITyC-
ke (pexxum 0) mpoucXoauT GUKcalus 3aKaJOYHOW CTPYKTYpbI C BHICOKOM JI0JIel ayCTEeHUTa,
KOTOPBII M3-32 pAaCTBOPEHHOT'O B HEM YIJIEpO/ia HAXOIUTCS B METACTaOMIIBHOM COCTOSIHUU U
MpEeTEepIIeBacT MpeBpalleHne B MapTeHCHT [12], 4To ycrnoxHseT nporecc npupadbotku. [Ipu
JBYKPATHOM M MOCJEAYIOMUX OTIYCKAaX MPOMCXOAUT OJTHOBPEMEHHO HECKOJIBKO MPOIIECCOB:
OTITyCK MapTEHCHUTA, KOTOPBIHA CHOPMHUPOBAH NMPU NPEAbIAYILEM OTIYCKE, OTIYCK MapTEHCUTA

TPYAbl BUAM / TRUDY VIAM 10 (164) 2026 9



Xaponpo4Hbie CNAQBbl U CTAAU

3aKaliKd, JeCTaOMIM3alus ayCTEHUTHOH CTPYKTYpPbl C MOCIECAYIOIUM IPEBpAIICHUEM
B MapTEHCUT U BhIJeNeHne kapouaoB tTuna Mez23Cs u3 TBepaoro pacrsopa. Bee 310 BhI3bIBa-
€T M3MEHEHHE (PUKIMOHHOTO B3AaMMOACHUCTBUS Tapbhl TPEeHUs «cranb—kepamuka ZrOz»
Y MPUHLIUITUHAIFHOE U3MEHEHHE NPUPAaOOTKH B X0/ KOHTAKTHO-Ie(POPMAIMOHHOTO B3aM-
MOJEHCTBHUS.

Beicokas 1015t aycTeHHTa B HOIIUITHAKOBBIX CTAISAX IPUBOANUT K N3MEHEHHIO pa3Me-
POB TOALIMITHUKOB B TPOLECCE IKCIUTyaTallud, B CBS3U C 4eM HEOOXOAMMO MaKCHMAalbHO
CHHM3HTD €ro JIONI0 B 00beMe CTPYKTYPHl. D(H(HEKTUBHBIM METOIOM CHHKECHHUS JOJIH OCTaTO4-
HOTO ayCTEHHTA SBJIIETCSI 00paboTKa X0JIOIOM, TaK KaK TOYKa MapTEHCUTHOTO MPEBPAICHUS
IPU TaKOM COJCpP)KaHUM YTIIEpOJia, PACTBOPEHHOTO B MaTpHIlEC, HAXOAUTCS B O0JACTH OTpH-
[aTeJIbHBIX TeMIlepaTyp. B cBA3M ¢ 3TMM B paMKax JaHHOH pabOTHI MpoBeleHa 0O0paboTka
XOJIOIOM HEIOCPEICTBEHHO MOCIE 3aKaJIKH (PEKUM 5') M B IPOMEKYTKE MEXKY ONEPALUSIMU
BBICOKOT'O OTITyCKa (pexum 5").

CpaBHUTENBHBIN aHAIN3 PE3yIbTATOB METALIOrPahUIECKUX HCCIeIOBAaHUN MOKa3all,
YTO MUKPOCTPYKTypa 00pa3ioB 6e3 00pabOTKH X0JI0A0M U ¢ 00pabOTKOH XOJOJ0M TOCIe
3aKaJIKH UMEET HICHTUYHYI0 MOP(OJIOTHIO — MEJIKOIMCIEPCHBI MapTEeHCUT ¢ KapOuIamu

(puc. 7).

cranmu cucrembl Fe—Cr—-Mo-W-V-Nb-C, o6pabo-

Puc. 7. Mukpoctpykrypsl (x200) oOpa3sios u3
TaHHBIX 10 peskuMam 5 (a), 5’ (6) u 5" (s)

O0BemMHOE cozepkaHle MapTEHCUTA M ayCTEHUTA, MOJTYy4€HHOE METO/aMU PEHTIeHO-
CTPYKTYPHOTO aHaJIN3a, IPEACTaBICHO B TaOIHIIE.

Copep:xaHue MapTeHCUTHOI (00) M aycTEHUTHOI () (pa3bl, U3MepeHHOEe MEeTOJAMU MArHUTHOIO
U PEHTTeHOCTPYKTYPHOI'0 AHAJIN3a, U TBEPAOCTH CTAJIM NOCJ/Ie PA3JINYHOIl 00padoTKH

3HavyeHus mokasaTtenei 1y 00pa3oB nocsie 00paboTKU MO PEeKUMY
ITokazatenn
5 5/ 5”

Conepxxanue das a/y, %,
U3MEPEHHOE METOJIOM:

MarHUTHOTO aHaJIn3a 90/10 94/6 95/5

PEHTI€HOCTPYKTYPHOTO 93/7 96/4 97/3

aHaim3a
Teepmocts HRC, en. 63+1 64+1 64+1

Hecmotpst Ha Gounbliiee copepkaHue ayCTEHUTa B 00Opasiax, MOJYUYEHHBIX MO PEXKH-
My 5, UX MHTEHCUBHOCTb M3HamuBaHus Ha 30—40 % Beiie, yeM y 00pa3loB, MPOIIEIIINX
00paboOTKy X0JI0J0M Ha pa3IMYHbIX dTanax (puc. 8). ITO CBsI3aHO ¢ OOJBIIMM YIPOUYHECHHUEM
MapTEHCUTHOW CTPYKTYpPHI IIPHU 0OpabOTKE XOJOIOM M BO3MOXKHBIM IEpeCTapuBaHUEM TIPU
TEMIIEpaTypPHOM BO3/ICHCTBUU BO BPEMsi MHOTOKPATHOTO BBICOKOTO OTITYCKa.
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o »

SN

N

VHTEHCHBHOCTh M3HAIIMBAHMS
W-10%, mm3/(H ™)
w

[EEN

5 5 5"
Pexnm 00paborku
Puc. 8. IHTEHCUBHOCTh M3HAIIMBAaHMs 00pa3IoB u3 cranmu cucreMbl Fe—Cr-Mo-W-V-Nb-C,
00paboTaHHBIX TIO pexkuMam 5, 5 u 5"

3akauyeHus

Y CTaHOBIEHO, YTO IS BBICOKOYTJIEPOIUCTHIX KOMITJIEKCHO-IETMPOBAHHBIX TMOJIIIHI-
HUKOBBIX cTajnel cucteMbl Fe—Cr—Mo-W-V—-NDb-C B ycioBusiX CyXOoro TpeHHs CKOJIbXKCHHUS
HE BBIMOJHIETCS KJIaccuyeckas JIMHEWHas 3aBHUCHUMOCTh M3HOCOCTOMKOCTH OT TBEPAOCTH.
Hamaue B crpykrype ~30 % MeTacTabMIBHOTO OCTaTOYHOTO ayCTEHUTAa 00ECIeUYnBaeT MU-
HUMaIbHYI0 HHTEHCHBHOCTH M3HammBanus (2,15-10° mm%/(H M)) 3a cuer ero Tpubomoride-
CKOTO MPEBpAIEHUsS B MAPTEHCHUT Je(OpPMALIUU U CAMOYIIPOYHEHHUSI TOBEPXHOCTH.

[TokazaHo, YTO MHOTOKPATHBII BBICOKHIA OTIYCK (10 5 IIUKJIOB), HECMOTPS Ha (HopMHU-
poBanue 90 % mapreHncuta u goctuxenue teepaoctu 63 HRC, npuBoaut K yBenTu4eHHUIo UH-
TeHcuBHOCTU H3HammBanus Ha 90-140 % mo cpaBHEHUIO C 3aKaKOW U HU3KUM OTIYCKOM.
DTO CBSI3aHO CO CHIDKEHHEM 3amaca IUIACTHYHOCTH MOBEPXHOCTHOTO CJIOS M CKIOHHOCTBIO
K BBIKPAIIIMBAHUIO.

BrusiBiieHo, uro npuMeHeHHe oOpaOOTKH XOJOJAOM Ha PAa3JIMYHBIX ATarax TepMUYe-
CKOI 00pa0OTKH MO3BOJIIET CHU3UTH COJIEP )KaHUE OCTATOYHOTO aycTeHuTa 10 3—6 % u noBbI-
cuth TBepAocTh 10 64 HRC. HTeHCHBHOCTD M3HANIMBAHUS 00pa3IioB mociie 00paboTKU XO-
aogoM Ha 30—40 % MeHblIe, 4eM Mocjae MHOTOKPATHOTO OTIycka 0e3 MpUMEHEHHs X0Jo/a,
YTO 00YCIIOBJIEHO JOTIOJHUTEIBHBIM YIPOUYHEHHEM MapTEHCUTHOW MaTPHUIIHI.
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NCCIENJOBAHUE CTPYKTYPbI U CBONCTB
CBAPHBIX COEJJUHEHUU CUHTE3UPOBAHHBIX MATEPUAJIOB
HA OCHOBE HUKEJIA, KOBAJIBTA, TUTAHA U )KEJIE3A

E.C. Aqbanacz;esal, A.B. Ceupu()osl, M. TIanmenees', K.H. I[Tonoé*

!MenepanbHOe TOCYAapPCTBEHHOE YHUTAPHOE NpeAnpuaTre «Bcepoccuiickuil HayqHO-UCCNIe0BaATENbCKUI
MHCTUTYT aBHAIIMOHHBIX MarepHasioB» HalMoHAIBHOTO MCCIeI0BaTebCKOro HeHTpa «KypyaToBCKU HHCTHTYTY,
Mocksa, Poccust; admin@viam.ru

Annomavus. Ilpedcmasnenvl pe3yrbmamvl MEXHONO2UU AP2OHO-0Y2080U CEAPKU HCaPO-
NPOYHBIX CNIABOE HA HUKENEBOl, KOOANbMOBOU U MUMAHOBOL OCHOBAX, U320MOGIEHHbIX Memo-
oamu cenekmusHo20 Na3epHoeo cniaenenus. Paccmompenvl coeOuneHus CUHMEIUPOBAHHBIX
Mamepuanos 8 0OHOUMEHHBIX U PAZHOUMEHHBIX COUEMAHUAX C 0epOpMUPYeMbIMU CHAABAMU Ol
U320MOGNEHUSL U PEMOHMA DNIEMEHMO8 2a30mypounHvix ogueameneti cepuu 11/]. Ompabomansi
pedcumbl ceapku ona cniasos KX28M6, X15H5/[4b, BT6-11C u cemepoeentbix coeOuneHuil co
cmanvio 12X18HI0T. Ilpogeden ananuz MUKpoCmpyKmypsvl U MeXaHuyecKux Ceoucme nocie
nooeapox. Ycmanoeneno enuanue mepmuieckux YUKIo8 Ha NPOYHOCHb UUBOB.

Knrouesnle cnosa: cenexmugroe naseproe cniagieHue, 3Caponpounsle cniagul, 2a30nypouHHbL
osucamens, apeoHO-0y206ds C8apKa, MUKPOCMPYKMYPA, MexaHudeckue ceoucmed, no0eapka

na yumupoeanun: AdanaceeBa E.C., CeupupoB A.B., Ilantenees M./., IlonoB K.H. HccnenoBanue
CTPYKTYpPBI U CBOIMCTB CBAapHBIX COCIMHEHUI CHHTE3UPOBAHHBIX MAaTEpUajOB Ha OCHOBE HHUKEIs, KOOaNbTa,
tutaHa u xenesa // Tpyast BUAM. 2026. Ne 10 (164). C. 14-32. URL: http://www.viam-works.ru. DOI:
10.18577/2307-6046-2026-0-10-14-32.

Scientific article

RESEARCH OF THE STRUCTURE AND PROPERTIES
OF WELDED JOINTS OF SYNTHESIZED MATERIALS
BASED ON NICKEL, COBALT, TITANIUM AND IRON

E.S. Afanasyeva®, A.V. Sviridov!, M.D. Panteleev?, K.N. Popov*

Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institutey», Moscow, Russia; admin@viam.ru

Abstract. The article presents the results of argon-arc welding technology of heat-resistant
nickel, cobalt, and titanium based alloys, synthesized by selective laser melting. The study ad-
dresses similar and dissimilar joints of synthesized materials with wrought alloys used in manu-
facture and repair of hot-section components of PD series gas turbine engines. The welding
parameters were optimized for KKh28M6, Kh15N5D4B, VT6-PS alloys as well as for dissimilar
joints with steel 12Kh18N10T. The microstructure and mechanical properties after repair build-
up welding were analyzed. The effect of thermal cycles on welds strength was established.

Keywords: selective laser melting, heat-resistant alloys, gas turbine engine, argon-tungsten
arc welding, microstructure, mechanical properties, build-up welding
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BBenenue

XaporpouHsie CruiaBbl Ha HUKEJIEBOMH U KOOAJIbTOBOM OCHOBAaX SIBJISIFOTCS HE3aMEHH-
MBIMU MaTepuajaMH JJii MU3TrOTOBJIEHUS JIeTajeil TOpSYEro TpakTa aBUAIIMOHHBIX Ta30Typ-
ounnbix asurareneit (I'T/1), Takux kak jkapoBble TPYOBI, KOpITyca KaMep CTOpaHHs U IPYTHe
AJIEMEHTBI, padOTAIONINE B YCIOBUAX JUIMTENIbHOrO Bo3aeicTBus Ttemmneparyp 800—1000 °C.
TuTaHoBbIE CILIaBbl B CBOIO OYepelb IIUPOKO MPUMEHSIOTCA Ui U3TOTOBJICHUS JeTalieit
KOMITPECCOPOB HHU3KOIO JaBiieHUs (JIONATKH, IWCKH, AETadd CTaTopa), paCCUUTAHHBIX Ha
JUTUTENIbHYIO SKCIUTyaTaluio npu tremneparypax ot 350 no 450 °C [1].

B nocnenHue roapl agauTUBHBIE TEXHOJIOTMH, B YACTHOCTH CEJIEKTHUBHOE JIA3€pHOE
crutaBnienue (CJIC), neMOHCTPHUPYIOT OTPOMHBIN MOTSHIMA Il TIPOU3BOACTBA MOAOOHBIX
nperaneid ['TJI, 4TO MO3BONSET 3HAYMTEIBHO CHU3UTH CTOUMOCTb M COKPATUTh HPOU3BOJI-
cTBeHHbIN LMK [2]. [I[puMeHeHre agIuTUBHBIX TEXHOJIOTUI MO3BOJISIET TAKKE CHU3UThH XU-
MHUYECKYI0 M CTPYKTYPHYIO HEOJHOPOJHOCTH CIUIaBa, CYIIECTBEHHO COKpPAaTUTh TPyHO- U
sHepro3aTpathl [3]. AKTYalbHOCTh 3TOTO HANpaBICHUS MOATBEPKIACTCS MPAKTUYECKUMU
maramu. OObeAMHEHHAs JBUTATENIECTPOUTEIbHAS KOPIOpauus yxe cepTuduuuponana
nepsyto B Poccun aeranp [uist ropsiuelt 4acTU aBUAL[MOHHOTO JBUTATENsl, M3TOTOBJICHHYIO ajl-
JMTUBHBIM METOJIOM, — 3aBHXPUTEIIh KaMepbl cropanus asurarens [1/1-14 [4, 5].

OpHako MIMPOKOE BHEAPEHUE JeTajnei, N3rOTOBIECHHBIX MO aJAUTUBHBIM TEXHOJIOTH-
M, CIOEP>KUBACTCS WX TabapUTHBIMU OTPAHUYEHUSIMU, 3aBUCAIIUMHU OT BO3MOKHOCTEH 000-
pyZAOBaHUS, a TAaK)Ke€ HEOOXOAMMOCTHIO UX UHTETPALIUU B Y3JIbI C JETAISIMHU, U3TOTOBJICHHBIMU
TPaAUITMOHHBIMUA METOZaMH JepopManiu [6].

Pemenue stux 3amau tpedyeT pa3pabOTKH HAIEKHBIX TEXHOJOTHHA COCIMHEHUS CHH-
TE3UPOBAHHBIX JeTajeil Mexay coboil u aepopmupoBaHHbIMU nOTyhadpukaramu. /st aToro
MPUMEHSIOTCS] pa3IUYHbIE TEXHOJOTHUHU CBapKH IiaBieHueM. OHAKO CBapKa CHHTE3MPOBAH-
HBIX MAaTEpUAIIOB Ha HUKEIIEBOHM, KOOAIBTOBOM M TUTAHOBOH OCHOBAaX COIpPSIKEHA C PSIIOM
cnoxHoctel. [lonyuennsie Mmetogom CJIC maTepuanbl XapaKTepU3YIOTCSl HE TOJIBKO MEJKO-
3€PHUCTOCTBI0 M HEPABHOBECHOW CTPYKTYpOW, HO M TOBBIIIEHHOW T'a30HACHIIIEHHOCTHIO,
HAJIMYUEM TIOPUCTOCTU M BBICOKUX OCTAaTOYHBIX HampshkeHuit [3, 7]. Ot dakTopsl co3garoT
3HAYUTENbHbIE TPYJHOCTU MPH CBapKe: IJIaBJICHHE OCHOBHOTIO MaTepuaia MpOBOLUPYET MH-
TEHCUBHOE BbIIETICHHE Ta30B U (OPMUPOBAHME TIOpP B IIBE, a CaMU >KapOIMPOYHBIE CILIABbI
CKJIOHHBI K 00pa3oBaHUI0 Topsunx TpemuH [6]. [TosTomy A moydeHus Ka4eCTBEHHBIX CO-
€AMHEHUH HeOoOXOIMMO TNPUMEHEHHE TaKUX CIIOCOOOB CBapKH, KOTOpbIE OOECHEeYHUBAIOT
Haubozee 3¢ (HeKTUBHOE yAaJIeHHE PaCTBOPEHHBIX I'a30B I MUHUMHU3UPYIOT HEraTUBHOE Tep-
MUYECKOE BO3JEICTBHE.

AproHo-ayroBasi cBapka HeruiaBsmmmcs snextpoaoM (ApI3C) npencrasnser coboit
TEXHOJIOTHIO, KOTOpasi MO3BOJsAeT 3 (HEKTUBHO YIPABISTh TETUIOBIOKEHHEM, YTO BaXKHO IS
MUHUMU3ALUU TIEpPErpeBa U CHIKEHUS pHUCKa TpelmnHooOpa3oBanus. KirtoueBoe npeumyie-
CTBO METOJ]a — BO3MOKHOCTb JIETUPOBAHUS CBAPOYHOM BaHHBI Uyepe3 MPHUCAJOUYHYIO IIPOBOJIO-
Ky. OTO MO3BOJISIET MOIU(MUIIMPOBATH XUMHUUECKHI COCTaB METalljia IIBa JJIs [TOIaBIeHuUs 00-
pa3oBaHUs XPYNKUX (a3, KOMIIEHCHPOBATH BHITOPAHKE JIETUPYIOMINX JIEMEHTOB M MOBBIIIATH
CTOMKOCTh COCAMHEHUS K OOPa30BAHUIO TOPSYUX TPEIIMH. [ MUHUMHU3ALUU HUCXOTHON
MOPUCTOCTH M TOMOTEHH3alMU CTPYKTYPbl aJTUTUBHBIX 3arOTOBOK IEpe]l CBapKOW 4YacTo
NPUMEHSIIOT ropsiuee u3octarndeckoe npeccosanue (I'MIT) [8—13].

B cBs3u ¢ oTUM 1enb AaHHOM paboThl — pa3paboTKa TEXHOJOTUI aproHO-AyroBOM
CBapKHU CMHTE3WPOBAHHBIX >KapOMPOUYHBIX MATEPUATIOB B OJJHOMMEHHBIX U Pa3HOMMEHHBIX
COYETaHUSX MPUMEHUTENBHO K U3TOTOBJICHUIO U PEMOHTY 3JI€MEHTOB KaMepbl CrOPaHUs JIBU-
rareneit cepun [1/]. Peanu3zanus KOMIUIEKCHOTO MOAXO0/A, COYETAIOIIETO aJIUTUBHOE IIPOU3-
BOJICTBO U CBapKy, MMO3BOJIUT CHU3UTh TPYAOEMKOCTh U3TOTOBIEHUS y3710B Ha 20 % mpu 3Ha-
YUTEJbHOM TOBBIIIEHUH KO3 QUIeHTa nucnoip3oBanus metamia Ha 40 % 1o cpaBHEHUIO
C TPaIUIIUOHHBIMU TeXHOJOTUsIMU [ 14-17].
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MarepuaJjbl 1 MEeTOIbI

B kadectBe cBapuBaeMbIX MaTEpHUaIOB MCIOJIB30BAIM CHHTE3UPOBAHHBIE 3arOTOBKU,
nonydennsie Metogom CJIC, u3 cmnaBoB DI1648-TIC (puc. 1, a), BXK159-IIC (puc. 1, 6),
KX28M6, X15H5/14b, BT6-1IC, a takxe nepopMUpOBaHHBIN JTUCTOBOW mMonydadpukar u3
aycreHutHoi ctanu 12X18H10T. Bee cunTe3npoBaHHbIE 3aTOTOBKU M3TOTOBJIEHBI U3 METa-
JIOTIOPOIIKOBBIX KOMIO3UIIU, OJYyYEHHBIX METOJJOM Ia30BOM aTOMM3AINH, U TPOILIU Mpe/-
BapUTEIbHYIO 00pabOTKY JUISi TOMOTEHU3AIUNA CTPYKTYPHl U CHATHS BHYTPCHHHX HaIpsDKe-
Hui. Bugel tepmudeckoit 06padotku u npumenenne ['MII npencraBiaeHbl i CleayrOIIMX
CILJIaBOB:

CrmiaB Tepmudeckas o6paboTka

Ol1648 I'!II + cTapenue

BX159 To xe

KX28M6 Omxur

X15H514b
— J10 CBapKH JIBOMHOM OTXMUT + 3aKajka + cTapeHue
— IIOCJIE CBApKU 3akanka + crapeHue

0)

Puc. 1. BHelmHuii BU/] CHHTE3UPOBAHHBIX 3aroToBOK 13 ciuiaBoB DI1648-T1C (a) u BX159-TIC (6)

CBapky HpOBOAWIM Ha CHELHMAIU3UPOBAHHOM aBTOMAaTU3UPOBAHHOM KOMILUIEKCE
(puc. 2) Ha MOCTOSSHHOM TOKE MPSMOI MOJIIPHOCTH C UCIOJb30BAHHUEM COOTBETCTBYIOIIHX
MPUCATOUYHBIX MPOBOJIOK. TEXHOJIOTMUYECKHE apaMeTpbl CBApKH BapbUPOBAIH B CIEIYIOIINUX
Jiarna3oHax: cBapo4HbIid Tok 75—170 A, ckopocTh cBapku 8—20 M/4, pacxo]l 3allIUTHOTO Ta3a
8—12 n/muH. C 1eNbI0 MOJYYeHHUsI KaueCTBEHHOTO CBAPHOTO IIBA BHIOOP KOHKPETHHIX Mapa-
METPOB OCYIIECTBIISIIN JUISl KaXKA0H Mapbl CBApUBAEMbIX MaT€pPHAJIOB:

CaapuBaemblii MaTepual Mapka npucago4Hoi IPOBOIOKHU
KX28M6 bes mpucanku

X15H514b OI1659

BT6-TIC BTo6cs

OI1648-11C + 12X18H10T OI1533

BX159-TIC + 12X18H10T OlI1533

KX28M6 + 12X18H10T be3 npucanku

Bo Bcex akcmepuMeHTax B KayecTBE 3alIUTHOTO Tra3a MPUMEHSUIM aproH 0co0oi um-
ctotel (TOCT 10157-79). IloaBapKy BHITOJHSINA Ha TEX K€ PEKUMaX, YTO U OCHOBHOMH IIIOB,
C LIENIbIO OLICHKU BJIMSIHUS IOBTOPHOTO TEPMHUYECKOTO LIMKIJIA HA CTPYKTYPY M CBOMCTBA CBap-
HOT'O COEIMHEHHUS.

KommnekcHas oleHka KaduecTBa CBapHbIX COEJUMHEHUMN BKIIIOYAja CIEAYIOIIUE Me-
TO/JIBI:
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— Hepa3pyMAIUA BU3yaJIbHBI M U3MEPUTEIbHBIN KOHTPOJIb, @ TaKKe peHTreHorpadu-
yeckuid KOHTpob 1o ['OCT 7512—82 asist BeIABICHHSI BHYTPEHHUX IEPEKTOB;

— MEXaHUYECKHE UCIbITaHUs Ha cTaTuyeckoe pactsikenue o 'OCT 699666 nns onpene-
JeHUs TIpesena MPOYHOCTH (Op) M MCIBITAHUS HA CTAaTMYECKHH W3rub 10 yria wu3ruba
o = 180 rpagycoB 11 OLIEHKH TUIACTHYHOCTH;

— MeTtayiorpauyeckoe UCCIETOBAHUE MAKpPO- M MHKPOCTPYKTYPHI Ha ONTHYECKOM
Mukpockorne nocie tpasiaeHus mo 'OCT 5639—82 mist onenku Gopmbl 11Ba, pa3Mepa 3epHa
Y BBISIBJICHUS CTPYKTYPHBIX JE(QEKTOB.

Puc. 2. Texnonoruueckuit kommiexc KJAC-29 apromaTnueckoil aproHo-1yroBoi CBapKu

PesyabTaTel H 00cyxK1eHUe

JIy1st OLIEHKM KadecTBa MCXOJHBIX MAaTEpUAJIOB MPOBEJICH aHAIN3 CTPYKTYPhl U MeXa-
HUYECKHUX CBOMCTB CHHTE3MPOBAHHBIX 3aroToBok u3 cruiaBoB OI1648-11C, BXI159-I1C,
KX28M6, XI15H5/14b, BT6-IIC wu nedopmupoBanHoro mnonydabpukata wu3 cCTalu
12X18H10T. XuMuueckuil aHaiu3 MOKa3aJl, 4TO KOHLEHTPAUUU OCHOBHBIX JIETHPYIOLINX
AJIEMEHTOB U MIPUMECEH Y U3TOTOBJIICHHBIX 3arOTOBOK COOTBETCTBYIOT TPEOOBAHUSIM TEXHUYE-
CKHX YCJIOBHI. Pe3ynbpTaThl MeXxaHUYECKUX UCIbITaHUH 1pu TemiepaTtype 20 °C npexacrasie-
HBI B Ta0JIUIIE.

Mexannuyeckue cBOcTBa (CpeAHMe 3HAYEHUS]) CHHTe3HPOBAHHBIX 3ar0TOBOK
U gedopMupoBaHHOro noaygpadpukara u3 craau 12X18H10T

IIpenen npounocTu YcnoBHBIN Ipeaes OTHOCHTEIBHOE
Cruias MIPH PACTSKEHHH G TEKY4YECTH Go2 yanHerue d,, %
MIla

BT6-IIC 1093 1033 15
X15H5/14b 1570 1170 11
BIK159-T1C 1150 730 27
OI1648-11C 1083 685 26
KX28M6 1260 670 41
12X18H10T 585 260 45

AHanu3 pe3ynbTaToB MOKA3bIBAET, YTO BCE CHHTE3UPOBAHHBIC MaTEpHAalbl 00IaJal0T
BBICOKUM YPOBHEM INNTACTUYHOCTHU U MPOYHOCTHU, COMTOCTABUMBIM C IMOKA3aTCIIAMU }Ie(bOpMI/I-
pyeMbIx monydadbpukatoB. MUKPOCTPYKTYpPBI HCXOJIHBIX 3arOTOBOK (puC. 3—8) XapakTepu-
3YIOTCA OTCYTCTBUEM TPCUIWH, ITOp U HeCHHaBHeHHﬁ, BUIUMBIX HEBOOPYKCHHBIM I'JIa30M, YTO
CBUJICTENLCTBYET O BBICOKOM KauecTBe CHHTE3a U dPPEKTUBHOCTH MPEIBAPUTEITHHON TePMU-
yeckoit 06padbotku u ['UII.
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Puc. 7. MukpoctpykTypsl (@ — %100; 6 — X500) cHHTe3UpOBaHHBIX 3aroTOBOK U3 ciutaBa BT6-T1C
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Puc. 8. MukpoctpykTyps! (a — x100; 6 — x500) cHHTE3MpOBaHHBIX 3ar0TOBOK 13 ciniaBa KX28M6

Muxpoctpykrypa cruiaBa BXX159-11C xapakrepusyercss HamMYMeM TPEKOB OT MPOXOAa
JIa3€pHOrO Jiyya M MEJKOAUCIEPCHOU JNEHIPUTHOU CTpyKTypou, TunuyHou st CJIC-porecca
(puc. 3). Crpykrypa cmaa 211648-11C npencrasnsier co0oOi y-TBEpAbIA pacTBOP C MEJIKOIHC-
NEPCHBIMU BBIICTICHUAMHU YIpouHstoulen y'-¢pa3el ¢ xapakrepubivu s CJIC nomycdepuye-
CKUMH TpaHMIIaMU BaHH paciuiaBa (puc. 4). MHKpOCTpYKTypa CHHTE3UPOBAHHOIO CILIaBa
X15H5/14b xapakrepu3yercss HaTMYUEM MEJIKOJUCIIEPCHOIO MUI0Jb4aToOro MapTEHCUTA, 4TO
SIBJISICTCSL CJICJICTBHEM BBICOKOCKOpOCTHO# Kpucrammusauuu npu CJIC-npouecce (puc. 5).
Crpykrypa aedopmupoBanHoii cramu 12X18HI10T mpencrarmsier coboii omHO(a3HBIN
ayCTEHHUT C HAJIMYMEM JBOMHUKOB OTxkHra (puc. 6). Mukpoctpykrypa 00pa3LoB U3 ciuiaBa
BT6-IIC wumeer pa3opHEHTHPOBAHHYIO 0-(pa3y C HEYETKO BBIPAKEHHBIM [3-3€pHOM
(puc. 7). Mukpoctpykrypa cruiaBa KX28M6 nmMeer pa3HO3EpHHUCTYIO CTPYKTYPY TBEPIOTO
pactBopa ¢ obpazoBanuem ['LIK-nBoitHIKOB (puc. 8).

Hccnedosanue Mukpocmpykmypol C6apHbiX cO€OUHEHUT
[Tpu MetaiuiorpaguueckoM aHaiaM3e CBAPHBIX COCJAMHEHHM, BBITIOJIHEHHBIX aprOHO-
JyTOBOM CBapKO# W TIOJBApKOH, BBISABICHBI XapaKTCPHbIC W3MEHEHHS CTPYKTYPhI B 3aBUCH-
MOCTH OT KOJMYCCTBA PEMOHTHBIX LIUKJIOB.

Oonoumennsvie coeounenus KX28M6 + KX28M6

be3 moxBapok cBapHOe olHOMMEHHOE coeauHeHue cruiaBa KX28M6 xapakrepusyercs
BBIP2YKEHHOM KOJIOHHO-JICHPUTHON MOp(OJIOrneil 1mBa, HAIMYMEeM B 30HE TEPMUYECKOTO BIIHS-
HUs (3TB) yyacTkoB ¢ paBHOBEIMKUMH 3€pHAMH U JIOKAJIBHBIMU KPYITHBIMHU OJIOKaMH, a TaKKe
BBITSHYTHIMH IIHYPOBUIAHBIMA HEMETATIMYECKUMHU BKIIIOYEHUSIMU M MEJIKOIUCIIEPCHBIMHU Kap-
OUIHO-HUTPUIHBIMUA YacTUlaMu (puc. 9). Ilpu omHoOl moaBapke COXpaHseTCsl HampaBieHHas
JICH/IPUTHAs CTPYKTYypa 11Ba, HO B 3TB HaOmogaroTcs urioBarthle WM IJIaCTUHYAThIe 00pa3oBa-
Hud (puc. 10). JIBe ¥ Tpu MOABapKU MPHUBOJAT K MPOTPECCUBHOMY YKpYIHEHHUIO 3epHa B 3TB,
POCTY JUTMHBI ¥ KOHIICHTPAIIMH arperaToB HEMETALTMYECKUX (a3, 4TO TIOBBIIIAET PUCK 3aPOKIe-
HUSI TPEIIMH MPU LUKINYECKUX Harpy3kax (puc. 11 u 12). CBapHOE OTHOMMEHHOE COEIMHEHNE
criaBa KX28M6 nokasbiBaeT HauOOJIbLIYI0 YyBCTBUTENBHOCTh K MOABAPKAM, YTO 00YCIIOBIEHO
CKJIOHHOCTBIO JIaHHOTO CIJIaBa K CTPYKTYPHBIM IIPEBPALLCHUSAM IIPY IOBTOPHBIX HarpeBax.

S

Puc. 9. Mukpoctpykrypsl (X200) o6pasna ogHOMMEHHOTO cBapHOro coemunenus KX28 + KX28
0e3 ToJIBapKu: a — 30Ha CBAPHOTO I11Ba; 6 — 30HA TEPMUYECKOTO BIHSIHUS
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Puc. 10. Mukpoctpyktyps! (x200) 06pasiia ofHOMMEHHOTO cBapHOTO coenuHenns KX28 + KX28 ¢
OJIHO¥ MMO/IBAPKOI: @ — 30Ha CBAPHOTO I11Ba; 6 — 30HA TEPMUYECCKOTO BIUSHHS

Puc. 11. Mukpoctpyktypsl (x200) oOpa3siia oqHOMMEHHOTO cBapHOro coemuneHns KX28 + KX28
C IByMs NIOJIBApKaMU: ¢ — 30Ha CBAPHOTO MIBA; O — 30Ha TEPMHUUECKOTO BIUSHUS

Puc. 12. Mukpoctpyktypsl (x200) oOpa3siia oqHOMMEHHOTO cBapHOro coemuneHus KX28 + KX28
C TpeMs NOJBapKaMH: ¢ — 30Ha CBAPHOTO 1IBA; O — 30Ha TEPMHUUECKOTO BIUSHUS

Oonoumennvie coeounenus BT6-11C + BT6-11C

be3 nmoaBapok cBapHOe OJHOMMEHHOE coenuHeHHe criaBa BT6 umeer tpanchopmupo-
BaHHYIO [-MUKPOCTPYKTYPY C BBIPQKEHHOW JIAMEIUIAPHOW 0-(a30il BHYTPH prior-f-KOJOHUIA
(puc. 13). [Ipu omHOM TIOABApPKE COXPAHSIETCS JIaMeIUIIPHAS MOP(MOIIOTHSI, HO OTMEUEHBI YIaCTKH
KpYIHBIX prior-fB-3epeH (puc. 14). JIBe u Tpu moaBapku AEMOHCTPUPYIOT TEHICHIMIO K JIOKATh-
HOMY KOApCUHTY prior-f-3epeH M MOSIBJICHUIO BBITSIHYTBIX TPEKOB, YCHWJIMBAIOLIUX HEOTHOPOI-
HOCTb CTPYKTYpHI (puc. 15 u 16). Kaxaplii 70NOTHUTENbHBIN TEPMUYECKUI LIUKI MTOBBIIIAET
JIOKaJIbHYIO TBEPIOCTh M XPYNKOCTh (M3-32 UTOJbYATON O/0L'-CTPYKTYPBI), YBEITMUMBACT KOIUYE-
CTBO NOTEHUMAIBHBIX 04aroB MHULMHPOBaHU TpelH. HecMoTps Ha 31O, CBapHOE COeIMHEHNE
crtaBa BT6 mokaspiBaeT BBICOKYIO CTAOMIBHOCTh K PEMOHTHBIM IOJIBApKaM Oyiarojaps OTHO-
CUTEJIBHO BBICOKOM TEXHOJIOTMYHOCTH TUTAHOBBIX CIIJIABOB.

Puc. 13. Mukpoctpykrypsr (x200) 06pasiia 0JHOUMEHHOTO cBapHOro coenunenust BT6 + BT6 6e3
HOABAPKH: @ — 30HA CBAPHOTO IIBA; 6 — 30Ha TEPMUYECKOTO BIMSHHS
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7 ¥ {
Puc. 14. Muxkpoctpykrypsl (x200) oOpasia omHOMMEHHOTO cBapHOTo coemuneHus BT6 + BT6
C OJIHOI TOJBAPKOIA: @ — 30HA CBAPHOI'O IBA; 6 — 30HA TEPMHYECKOTO BIIUSHUS

Puc. 15. Mukpoctpykrypsl (x200) obpasiia ofHOMMEHHOTO cBapHOro coeautenus BT6 + BT6
C IByMSI TIOJIBApKaMHU: @ — 30Ha CBAPHOTO II1Ba; 6 — 30Ha TEPMUYIECKOTO BIFSTHHS

e — > : R — : Ui
Puc. 16. Mukpoctpykrypsl (x200) obpasiia ogHOMMEHHOTO cBapHOro coeautenus BT6 + BT6
C TpeMs TOJBapKaMHM: ¢ — 30Ha CBAPHOTO 111Ba; 6 — 30HA TEPMUYECKOTO BIIUSHUS

Oonoumennvie coeounenus X15H5/[45 + X15HS5/[4F

CBapHOe coenMHEHHE B OJHOMMEHHOM coueTanuu cruiaBa X15HS5/14b ¢ nposenen-
HBIM ITOJIHBIM TEPMHUECKHUM LIMKJIOM IIOCJIE CBAPKHU MOKA3bIBAET IPEUMYILIECTBEHHO UT0JIbYa-
TYI0 MapTEHCUTHYIO MUKPOCTPYKTYPY C HAIpaBJIEHHBIM POCTOM BBITSHYTBIX 3€pEH B 30HE
poBapa U ydyacTKaMM IepekpucTaman3anuu u otnycka B 3TB (puc. 17-24). Oxna noasapka
COXpaHSeT UTOJIbYaTyI0 MOPQOJIOTHIO, HO OTMEYAETCsl YCHIICHHE CKOIJICHHH HeMeTaJuInde-
ckux (a3 nmo rpanunam 3epet (puc. 18). Ilpu AByX M Tpex moaBapkax HpoOsBIIsETCs Mporpec-
cuBHOe m3MeHeHne mopdororuu B 3TB, a Takke pocT arperanuil OKCHUIHBIX BKIIOYCHHN
(puc. 19 u 20).

200) obpasma omHOMMEHHOTO CBapHOTO coennHennst X15HS5/[4b +
X15H5/14b nocne TepmMooOpabOTKH 0 CBapKu Oe3 MOJBapKU: a — 30Ha CBAPHOTO I11Ba; O — 30HA TEp-
MHYECKOTO BIUSIHUS

Puc. 17. MUKpOCTPYKTYpPHI
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Puc. 18. MuKpocTpyKTYpbI (200) 6a3ua OJTHOUMEHHOT'O CBapHro coenunenus X15HS5/146 +
X15H5/14b mocne TepMooOpabOTKH 10 CBApKH C OJHOM ITOABAPKOM: @ — 30Ha CBAPHOTO IIBa; 6 — 30HA

TEPMHUICCKOI'O BIUAHUA

Puc. 19. MHKpOCprKTpLI (x200) obpa3ua OTHOMMEHHOTO CBaporo coenunenus X15HS5/14b +
X15H5/14b mocie TepMooOpabOTKK O CBAapKH € ABYMs MOABAPKAMH. d — 30HA CBApHOIO IIBa; 6 —
30Ha TEPMUYECKOTO BIHSHHS

Puc. 20. Mukpoctpykrypsl (X200) obpa3ua omHOMMEHHOro cBapHOro coemunenus X15HS5/14b +
X15H514b nocne TepmooOpabOTKH 10 CBApKHU C TpeMsl OJBApKaMU. @ — 30Ha CBAPHOI'O 1IBA; O —
30Ha TEPMUYECKOTO BIHSHHS

= )y N

Puc. 21. Mukpoctpyktypsl (x200) oOpa3siia 01HOMMEHHOTO aHoro CO)II/IHeHI/ISI X15H514b +
X15H5/14b nocie cBapku 0e3 mojBapKu U TePMOOOPaOOTKHU: g — 30HA CBApHOTO IIBa; O — 30HA Tep-
MHYECKOTO BIIUSIHUS

Puc. 22. Mukpoctpyktypsl (x200) obpasiia 0MHOMMEHHOTO CBAPHOTO OI[I/IHCHI/IH X15H5/4b +
X15H5/14b mocinie cBapKu ¢ OAHOM MOJBAPKOM M TEPMOOOPAOOTKHU: @ — 30HA CBAPHOTO IIIBa; 6 — 30HA
TEPMUYECKOTO BIHSIHUS
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Puc. 23. MukpoctpykTypsl (X200) 06pasna ogHOMMEHHOTO cBapHOTO coeaunenus X15HS5/14b +
X15H5/14b nocne cBapku ¢ AByMs TIOJIBAPKaMH U TEPMOOOPAOOTKH: @ — 30Ha CBApHOTO I1Ba; O — 30HA
TEPMHUYECKOTO BIUSHUS

Puc. 24. Mukpoctpyktypst (x200) o6a3ua OJTHOMMEHHOTO CBapHoro coequHenusa X15HS5/14b +
X15H5/14b nocinie cBapku ¢ TpeMs MoIBapKaMu U TePMOOOPabOTKHU: @ — 30Ha CBApHOTO I1IBa; O — 30HA
TEPMUYECKOTO BIHSIHUS

e — 2o A,

Takum 06pa3oM, IpU MOJIHOM LUKJIE TEPMUYECKOH 00pabOTKH MOCIiie CBapKU CIUIaBa
X15H5/14b coxpansieTcss UroyibuaTasi MapTeHCUTHAsE MOP(OJIOTHS, OJJHAKO B 30HE IMpoBapa
HOSBIISIOTCS HAaIIpaBJIEHHbIE BHITSHYThIE 3€pHa, a B 3TB HaOmromaeTcst yacTuuHasi peKpucTa-
mu3anms. Kpome Toro, ¢ yBenmyeHueM KOJIMYECTBAa MOJBAPOK HAPACTAECT JOJS BBITSHYTHIX
OKCHIHO-IIIJIAKOBBIX BKJIIOYEHHUH U JOKaJbHOHN mopuctocT B 1miBe U 3TB. /lanHbIN BapuaHT
TepMUYEcKoil 00paboTKu obecrieunBaeT cTabuIbHbIE MEXaHUYECKHUE CBOMCTBA

Pasnoumennvie coeounenusn I11648-11C + 12X18HI0T
be3 nogsapok pasHonmeHHoe cBapHoe coequnenne O11648-11C + 12X18H10T nmeer 30-
HAJIBHYIO (ICHIPUTHYIO/CTONOYATYIO) CTPYKTYPY C JTUCIEPCHBIMU OKCHITHO-KapOMTHBIMU BKITFO-
yeHusMH (puc. 25). OnHa nozaBapka coxpaHseT (opMy IIBa, HO BbI3bIBaeT HOsBIEHUE Oolsee
KPYIHBIX JIOKAJIbHBIX 3€PEH U POCT YKcia AUCIEPCHBIX M arperMpOBaHHbBIX BKIIOUEHUH (puc. 26).
JIBe monBapku aaroT OoJiee BbIpa)kK€HHOE YKpyNHEHHe 3epHa B 3TB u yBenuueHue pazMepoB U
KOHIIEHTpALMU TPAaHWYHBIX KapOMIHBIX M OKCUAHBIX BKItoueHui (puc. 27). Tpu noasapku obec-
NIEYNBAIOT MAaKCUMAIBHBIN YPOBEHb HAKOIICHUS M YKpYITHEHUsT HeMetammdeckux ¢a3 B 3TB ¢
MOBBIIIEHHON TUIOTHOCTBIO arperaToB B/IOJb IPaHMILIbI iporutaBieHus (puc. 28). Kaxoe gomnorn-
HUTENBHOE M0/IBApHBaHKUE JOOABISET TEPMUUECKUE IIUKIIBI, CIIOCOOCTBYIOIINE MPOrPECCHBHOMY
YKPYIHEHHIO 3€pHA U arperauy BKIIOUEHH, YTO MOBBIIIAET PUCK MEXKPUCTAUTUTHOW KOPPO-

31U, TIO3TOMY 11€JIeCO00pa3HO MUHUMU3UPOBATh CYMMapHOE TETIIIOBIIOKEHHE.

Puc. 25. MukpocTpyKkTypbl 00pa3iia pa3HOMMEHHOro cBapHOro coeauHeHus OI1648-IIC +
12X18HI0T 06e3 momBapku: a — 30HA CBApHOTO IBA; O — 30HA TEPMUYECKOTO BIIUSHHS CTaH
12X18H10T; 6 — 30Ha TepMmuueckoro Bausaus criaBa I11648-11C
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Puc. 26. Mukpoctpykrypbl (x200) obpasiia pazHOUMEHHOTO cBapHOTO coequuenus DI1648-T1C +
12X18H10T ¢ omHoli moIBapKoOii: @ — 30HA CBApHOTO I1IBA; O — 30HA TEPMHUUYECKOTO BIMSHUS CTaNN
12X18H10T; 6 — 30Ha TepMuueckoro BiusHUA cruasa O11648-11C

84 __ s
Puc. 27. Muxkpoctpykrypst (x200) obpa3ua pazHOMMEHHOTo cBapHOro coeaunHenus DI1648-T1C +
12X18H10T ¢ nByms moaBapKaMH: ¢ — 30Ha CBApHOI'O IBa; O — 30Ha TEPMUUYECKOTO BIIMSHUS CTAJIN

12X18H10T; 6 — 30Ha Tepmudeckoro Bausaus criasa I11648-11C

Puc. 28. Mukpoctpykrypsl (*x200) oOpa3siia pa3HOMMEHHOTO CBApHOTO coennenns DI1648-TIC +
12X18H10T ¢ Tpemst mogBapkaMu: ¢ — 30Ha CBApPHOTO 1IIBa; O — 30HA TEPMUYECKOTO BIHMSHUS CTalId
12X18H10T; 6 — 30Ha Tepmuueckoro BiusHusA cruasa I11648-11C

Pasnoumennvie coeounenusn BXK159-11C + 12XI18HI0T

be3 noxgsapok pazHoumenHoe cBapHoe coequHenune BXK159-11C + 12X18H10T umeer
TUIIMYHYIO 30HAILHOCTB: 30Ha CBApPHOTO IIIBA C JCHIPUTHO-CTOIOYATOW CTPYKTYPOH, OIHK-
Hsas 3TB ¢ kpynHbiM 3epHOM, nanpHss 3TB u ocHoBHOM MeTamn (puc. 29). OnHa noaBapka
COXpaHseT HallpaBJIEHHOE 3aTBEpJeBaHME, HO HaOJIOJAeTCs IMOBBIINIEHHAs IUIOTHOCTH JIUC-
nepcHbIX BKiMoueHud (puc. 30). JIBe moaBapKu yCHIMBAIOT HAKOIJIEHUE BBITSHYTBIX OKCH]I-
HO-IIUTAKOBBIX I[EMIOYEK U KPYMHBIX BKIIIOUEHUHN, MECTAMH YBETUUYHMBAsI KOHIICHTPAIIUIO TTOP U
3epHOTpaHUYHbIX BbaeneHuil (puc. 31). Tpu moaBapku AEMOHCTPUPYIOT MaKCHMAalbHYIO
CTENEeHb HAKOIUIEHUS HEMETANINYECKUX arjioMepaToB, YTO MOBBIIIAET PUCK CHIDKEHUS MeXa-
HUYECKUX XapaKTEPUCTHK U KOPPO3HOHHOM CcTOMKOCTH (puc. 32).

%5

Puc. 29. Mukpoctpykrypsi (X200) obpasia pa3HonMeHoro cBapHoro coeaunenus BXK159-T1C +
12X18H10T 06e3 momBapku: @ — 30Ha CBApHOTO IMBa; 6 — 30HA TEPMHUYECKOTO BIUSHHUS CTalH
12X18H10T; 6 — 30Ha Tepmudeckoro BiugHus crutasa BXK159-11C
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Puc. 30. MukpoctpykTyps! (X200) obpasiia pazHonMeHHOTO cBapHOro coeanHenus BXK159-T1C +
12X18H10T ¢ omHoli moIBapKoOii: @ — 30HA CBAapHOTO IIBA; O — 30HA TEPMHUUYECKOTO BIMSHUS CTAIN
12X18H10T; 6 — 30Ha Tepmuueckoro BnugHus cruiasa BXK159-11C

Puc. 31. Muxpoctpykrypsl (x200) obpasia paonMHoro cBapHoro coenuaerns BXK159-T1C +
12X18H10T ¢ nByms moaBapKaMH: ¢ — 30Ha CBApHOI'O 1IBa; O — 30Ha TEPMUUYECKOTO BIIMSHUS CTAJIN
12X18H10T; 6 — 30Ha Tepmudeckoro BiusHUsA cruiaBa BXK159-11C

Puc. 32. Mukpoctpyktypsl (x200) obpasua capHoo pasHoumenHoro coenuHenus: BXK159-T1C +
12X18H10T ¢ Tpemst mogBapkaMu: ¢ — 30Ha CBApPHOTO IIIBA; O — 30HAa TEPMUUYECKOTO BIIMSHUS CTAJIN
12X18H10T; 6 — 30Ha Tepmudeckoro BimsHUs cruiaBa BXK159-11C

Pasnoumennvie coeounenus KX28M6 + 12X18HI10T

bes noxasapok coequnenne KX28M6 + 12X18H10T neMoHCTpHUpYyeT TUIMYHYIO TPEX-
30HHYIO CTPYKTYPY: KOJOHHO-IACHIPUTHBIN IIOB, OCHOBHOIN METaJll U JIOKAJIHHO Ipy003epHH-
ctyto 3TB (puc. 33). OgHa moaBapka COXpaHseT HAMPABICHHYIO JEHAPUTHYIO MOP(}OIOTHIO,
HO BBI3BIBAET MOSIBJIICHNE WUTJIOBATHIX/TIACTUHYATHIX npeBpaiieHuit B 3TB u yBenuuuBaer no-
JIO IIHYPOB M JTUCHEPCHBIX BbIAEICHUH 1Mo rpanunam 3epeH (puc. 34). /Ise u Tpu noaBapku
IPUBOJAT K NpOrpeccuBHOMY KoapcuHry 3TB, yBennueHno 1IuHbl 1 KOHIEHTPALUY IUIAKO-
00pa3HbIX CTPUHTEPOB M arperatoB OKCUIHBIX BKiItoueHui (puc. 35 u 36). JlononHUTENbHbIE
TEPMHUECKHUE IUKJIIBI MOTEHLIUAIBHO YXYIIIAl0T MEXaHUYECKHE XapaKTEPUCTUKU U MOBBIIIA-
IOT PUCK MEKKPUCTAJUIMTHON KOPPO3UH B 30HaX C KAPOUTHBIMU BBIJCTICHUSIMU.

Puc. 33. Mukpoctpykrypsr (x200) o6pasua pHOI/IMeHHOI‘O cBapHoro coeauHeHus KX28M6 +
12X18H10T 6e3 momBapok: ¢ — 30Ha CBAPHOTO IBA; O — 30Ha TEPMUYECKOTO BIUSHHS CTaU
12X18H10T; 6 — 30Ha TepMudeckoro BiugHus crutaa KX28M6
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Puc. 34. Mukpoctpyktypsl (x200) obpasia péSHOI;IMeOFO CBapHOO COC:HﬁHeHHH KX28M6 +
12X18H10T ¢ omHoli moIBapKoOii: @ — 30HA CBAapHOTO IIBA; O — 30HA TEPMHUUYECKOTO BIMSHUS CTAIN
12X18H10T; 6 — 30Ha TepMudeckoro BnusHus cruiapa KX28M6

Puc. 35. Mukpoctpykrypsr (x200) obpasua pHI/IMHHOFO cBapHoro coexuHenust KX28M6 +
12X18H10T ¢ nByms moaBapKaMH: ¢ — 30Ha CBApHOT'O 1IBA; O — 30Ha TEPMUUYECKOTO BIIMSHUS CTAJIN
12X18H10T; 6 — 30Ha TepMudeckoro BiusHus crutaa KX28M6

Puc. 36. MHKpOCprTprI (x200) obpasua pasznMeHHor CBapHOTO coez[HHeHi/m KX28M6 +
12X18H10T ¢ Tpemst mogBapkaMu: ¢ — 30Ha CBApPHOTO IIIBA; O — 30HAa TEPMUYECKOTO BIIHMSHUS CTAIN
12X18H10T; 6 — 30Ha Tepmuueckoro BausHus criaBa KX28M6

Mexanuueckue c60iicmea c6apHbviX cOCOUHEHU
Pesynbrathl onpeneneHuss MEXaHUYECKAX CBOWCTB OOPAa3IOB CBAapHBIX COCTUHEHUN
C pa3HbIM KOJIMYECTBOM MOoJBapokK mpu temmnepatype 20 °C mpeacraBieHbl B BUJe rpadude-
CKHX 3aBHCHMOCTeH Ha puc. 37-43. OcHoBHas TeHACHIIMS, HaOII0aeMast IJIsl BCEX MaTepHa-
JIOB, — C YBEJIMYEHHMEM KOJMYECTBA IOABAPOK IMpeled MPOYHOCTH CBAPHBIX COEAMHEHUN
B OOJIBIIIMHCTBE CIIy4aeB CHIDKAETCS, YTO yKa3blBae€T Ha HETaTHBHOE BO3JIEHCTBHE TepMUUe-
CKOTO IIMKJIa CBApKU Ha CTPYKTYPY METajljia B 30HE 1IBA M OKOJIOUIOBHOM 30HE.
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KommecTso TMoaABapOK

Puc. 37. BiusHue koauyecTBa MOJIBApOK HA MEXaHUYECKHE CBOMCTBA OJJTHOUMEHHOTO CBAPHOTO
coenqnuenust BT6-I1C + BT6-I1C
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Kommuectso nonsapok

Puc. 38. BiusHue koau4ecTBa MOJIBAPOK HA MEXaHUYECKHE CBONCTBA OJJTHOUMEHHOTO CBAPHOTO
coemuuenus X 15HS514b + X15H5/14b ¢ Tepmudeckoit 00paboTKOH 10 CBapKH
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Kommaectso TIoaABapOK
Puc. 39. BnusiHue kojqnyecTBa NOABAPOK HA MEXAHUYECKUE CBOMCTBA OJHOMMEHHOTO CBAPHOIO
coenunenust X15H514b + X15H5146 ¢ repmudeckoit 00paboTKOM TOCIIE CBapKU
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KommecTBo nonBapok
Puc. 40. Bausane xonmyecTBa MOoABAPOK Ha MCEXaHHNYCCKUC CBOMCTBa Pa3HOMMCHHOI'O CBApHOI'0

coequaeHns BXK159-T1C + 12X18H10T
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KomuectBo noasapok
Puc. 41. Bimsiarie kKoamdecTBa MOABAPOK HAa MEXAaHWYECKHE CBOWCTBA PA3HOMMEHHOTO CBApHOTO
coepunenus DI1648-TIC + 12X18H10T

TPYAbl BUAM / TRUDY VIAM 10 (164) 2026 27



Xaponpo4Hble CrnAaBbl U CTAAU

S 1400

E“ \

¢ 1200

=

S \\

2 1000

g \
= 800

2 600

:Qq T T 1

0 1 2 3
KonmuecTBo mogBapok

Puc. 42. Bausaue koaudecTBa MOIBApPOK Ha MEXaHUYECKHE CBOMCTBA 0JHOMMEHHOTO CBAPHOTO
coeanaennst KX28M6 + KX28M6
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Konmaectro roaABapoOK
Puc. 43. BnusiHie KOJIM4eCTBa MOABAPOK HA MEXAHUYECKUE CBOMCTBA PA3HOMMEHHOIO CBAPHOTO

coequuennss KX28M6 + 12X18H10T

IIpenen npounoctu o,, Mlla

Pe3ynbratel onpeneneHus npeeia NpoYHOCTU G CBAPHBIX COEIMHEHUN C pa3InYHbIM
KOJIMYECTBOM peMOHTHBIX moaBapok (0, 1, 2 u 3) npu temnepatype 20 °C npeacraBieHsl Ha
(puc. 37-43).

C yBenuueHueM 4YHciia MOJABAPOK MPOYHOCTH OOJBIIMHCTBA OJHOMMEHHBIX COEIUHE-
HUM cHMKaeTcs: HanOoublee — y crutaBa KX28M6, naumensiiee — y cruiasa BT6-TIC.

Pa3HonMeHHBIE COEIMHEHMS] BO BCeX cllydasx paspywmanuch no ctanu 12X18HIOT,
YTO MOJTBEPXkAAeT BBICOKYIO MpoyHOCTh 1Ba U 3TB. Koadduunent npounoctu — He MeHee
0,9 oT MeHEee MPOYHOTO MaTepuaa.

[lo pe3ynbTaraMm HUCMBITAHUNA YCTAHOBJIEHBI JOIYCTUMBIE MPEAEIbl PEMOHTONPUIOA-
Hoctu. Coenunenue craBa BT6-TIC nonmyckaet mo tpex monasapok. s crimaa X15HS/14b
IpU TepMUYECKOH 00paboTKe 0 CBapKU — He 0oJiee OJJHOM MOJBAPKH, IPH TEPMUUYECKON 00-
paboTke mocie CBapkH — J10 ABYyX monaBapok. Jns crmaBa KX28M6 monBapku HE peKOMEH-
nytorcs. s pasHommeHHbIX coequHeHnid KX28M6 + 12X18HI10T — mo aAByx moaBapok,
OI1648-TIC + 12X18HI10T u BX159-TIC + 12X18H10T — 1o Tpex moaBapox.

Takum 00pa3oM, pPEMOHTONPUTOJHOCTh CYHIECTBEHHO 3aBUCUT OT THIIA CILJIaBa.
Haubonee TexHomornyHsl ogHOMMEHHBIE Mapbl U3 cimiaBa BT6-TIC u pa3HoMMeHHbIE Tapbl
co cTanblo; criaB KX28M6 tpeOyeT UCKIIIOUeHHsI pEMOHTHBIX MO/IBapOK.

3akioueHus
B pesynbrare BbIOSHEHUS JaHHON paOOTHI pa3paboTaHbl U AKCIEPUMEHTAIBHO aIrpo-
OMpOBaHBI TEXHOJIOTUH aBTOMATHYECKOW aprOHO-AYTOBON CBapKH CHHTE3WPOBAHHBIX JKapO-
HpO‘IHBIX MaTepI/IaJ'IOB B OTHOMMCHHBIX U paSHOI/IMeHHI)IX COUYCTAaHUAX HpI/IMeHI/ITeJ'H)HO K U3-
TOTOBJICHUIO U PEMOHTY 3JIEMEHTOB Kamephl cropanus asurateneid cepuu I1/1. Ycranos-
JIEHO, YTO AJIA nonyquI/m KAa4C€CTBCHHBIX COC}II/IHGHI/II\/'I HCO6XOHI/IM KOMHHGKCHBIﬁ noaxon,
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BKJTIOYAIOIINI MpeaBapuTeNIbHYI0 00padoTky Marepuaia (I'MII), aganramuio pexuMoB cBap-
ku (ApI2C) u mocneayronyro TepMUIECKy0 00paboTKy.

[IpoBenensl oTpaboTKa M BBHIOOP TEXHOJIOTMYECKUX MapaMeTpOB aproHO-TyroBOn
CBapKH U MOABapKU CUHTE3UPOBAHHBIX MaTepuaaoB B ogHouMeHHbIX (KX28M6, X15HS5/14b,
BT6-TIIC) u pazHOMMEHHBIX coYeTaHHsIX ¢ AchopMupoBaHHBIM MaTepuanom (DI1648-11C +
12X18HI10T, BXK159-TI1C + 12X18H10T, KX28M6 + 12X18H10T). YcranoBneHs! 1uamaso-
Hbl I1apaMETPOB TEXHOJIOTMYECKUX PEXKUMOB aBTOMATHYECKOM aproHO-IAyroBOMl CBapKw,
oOecrieunBaromye (OPMHPOBAHNE KAYECTBEHHBIX CBApHBIX IIBOB. V3roTOBIIEHBI CBapHBIC
COEIMHEHMS, B TOM YHCJE C MOJBApKOM, BCEX YKa3aHHBIX COYETaHWIl. Bce M3roTroBieHHbIE
CBapHBIC COCAMHEHUS IOABEPTHYTHI HEpa3pyLIaloIeMy KOHTPOJIO pPEHTTeHOrpaduvyecKuM
METOJIOM, IO pe3yJibTaTaM KOTOPOro 1e(eKTOB HE BBISABICHO.

HccnenoBanre MUKPOCTPYKTYPBI CBAPHBIX COCTUHEHUH MOKA3allo, YTO 0TpabOTaHHBIE
PEKHUMBI aproOHO-AYTOBOM CBapku oOecrneurBaOT (OPMHUPOBAHHE KAaueCTBEHHOTO IIBa 0e3
TPEUINH, MOp U MPOYMX HEAOMYCTHUMBIX JAe(hekToB. Meramiorpaduueckuii aHaIn3 MoKasad,
YTO PEMOHTHBIE MOJIBAPKU NPUBOAAT K HEXKENATEIbHbIM CTPYKTYPHBIM U3MEHEHUSIM: YKPYIHE-
Huto 3epHa B 3TB u arperaiuy HEMETAUTUYECKUX BKIIIOUEHHM, YTO SIBIISIETCS MPEINOCHUIKON K
CHIDKEHUIO SKCIUTYyaTallMOHHBIX XapaKTEPUCTUK. Y CTAHOBJIEHO, YTO C YBEJIMUYEHUEM KOJIMYECTBA
MOABAPOK MPOUCXOJAT Mporpeccupyromuii poct 3epHa B 3TB u yBennueHne KOHIICHTPALUU
HEMETAUIMYECKUX BKIIFOUECHUH ISl BceX TUNOB coenuHenuil. Jls craBa X15HS/14b nmoareep-
JKJIeHa 11eJ1eco00pa3HOCTh MPOBEICHHS TIOTHON TepMHUYECKONH 00pabOTKH 10 CBAPOUYHBIX OIe-
paruii 11 noxydeHus 6oee OJHOPOIHOM U MPOYHON CTPYKTYPhI COETUHEHUS.

[IpoBeaeHbl MEXaHMUECKUE UCTIBITAHUSI CBAPHBIX COEUHEHUN B UCXOJHOM COCTOSIHUU
Y TI0CJIE MEPBOM, BTOPOM M TPEThEW PEMOHTHBIX MOJABapoK. [1o pe3ynpTraram UCIHBITAHWI Ha
CTaTMYECKOE PACTSKEHUE YCTAHOBIIEHO, YTO BCE OJIHOMMEHHBIE CBAapHbIE COECIUHEHUS B HC-
XOJTHOM COCTOSIHUM O0JIaZlal0T BBICOKMM YPOBHEM MPOYHOCTU: KOA(D(PUIHMEHT MPOYHOCTH
CBapHBIX IIBOB 0e3 peMoHTa cocTaBiseT He MeHee (0,9 OT IPOYHOCTH OCHOBHOT'O MaTepHara,
YTO TOJHOCTBIO YJIOBJIETBOPSIET TPEOOBAaHUAM TEXHUUYECKOro 3amaHus. i pa3sHOMMEHHBIX
COEIMHEHUI pa3pylIeHUE BO BCEX CIy4asx MPOUCXOJMUIIO IO MEHEE IMPOYHOMY MaTepuaily
(ctanp12X18H10T), uTo moATBEpkKIAET BBICOKYIO HECYIIYIO CIIOCOOHOCTh CBAapHOrO IIIBA U
3TB; xo3pGuIUEeHT TPOYHOCTH TaKUX COeAMHEHUU cocTaBigeT 0,9 oT HauMMeHee NMPOYHOro
OCHOBHOT'O MaTepuaia.

Ha ocHoBe rpaduueckux 3aBHCHMOCTEH Mpejena IPOYHOCTH Gs OT YHUCIA MOJIBAPOK
orpezesieHa PEMOHTONPUTOJHOCTh /ISl KaKJOro TUMa coequHeHus. CBapHOE COeIUHEHHUE
criaBa BT6-TIC nonmyckaer BBIIOJHEHHE 10 TPEX MOJBApOK Ojaronapst BICOKOW CTPYKTYp-
HOM cTaOMIBHOCTH TUTaHOBOTO ciutaBa. Jis crutaBa X15HS5/14b ycraHoBieHo, 4To TepMuye-
ckasi o0paboTKa J0 CBapKHM OTPAHMYMBAET YMCIO PEMOHTOB OJHOM IMOJBapKOW, TOrja Kak
TepMuyeckas o0paboTka rmocie cBapky MO3BOJISET BBIIOIHATH O JABYX moaBapok. CBapHoe
coenuHenue criaBa KX28M6 neMoHCTpupyeT HauOONbIIyI0 YyBCTBUTEIBHOCTh K TEpMUYE-
CKMM LIMKJIaM, TI0O3TOMY PEMOHTHBIE MOABAPKH JJIsl HEro He pekoMeHayrortcs. g pasHo-
UMEHHBIX COEAMHEHUH JONYCTHMOE KOJUYECTBO PEMOHTOB BapbUpPYyeTCA: COCIMHEHUE
KX28M6 + 12X18HI10T momyckaeT He Oojee ABYX IMOJBAapPOK, TOT/Ja KaK COEIMHEHUS
OI1648-TIC + 12X18HIO0T u BX159-TIC + 12X18HI0T coxpaHstoT paboTOCIOCOOHOCTD
nocie Tpex noaBapok. [lomydeHHble pe3ylbTaThl MO3BOJSAIOT CPOPMUPOBATH MPAKTUYECKUE
PEKOMEHIalliK 0 TOMYCTUMOMY YHCIy PEMOHTOB ISl KQXK/I0T0 THIIAa CBAPHOT'O y3I1a NP U3-
TOTOBJIEHMH U BOCCTaHOBJIEHUH AJIEMEHTOB KaMepbl cropanus asurareneit cepuu [1/1.

PazpaboTanHbIe TEXHOJIOTUU apPrOHO-TYTOBOM CBAapKH CHHTE3MPOBAHHBIX YKapOIpPOU-
HBIX MaTepHaJioB MO3BOJIAIOT 00ecnedyuTh (OPMUPOBAHUE KAueCTBEHHBIX, 0€37eEeKTHBIX
CBapHBIX COEAMHEHNI C BBICOKUMH MEXaHWUYECKUMH CBOMCTBAMH, PUTOAHBIX AJIS1 U3TOTOBJIEHUS
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Y PEMOHTa 3JIEMEHTOB Kamephbl cropanusa asurateneid cepuu 111, Onpenenensl A0MyCTUMBIE
Mpeesbl PEMOHTOIIPUTOTHOCTH JJIsi KQXKIOTO THIA COCIUHEHHS, YTO 00SCIIeUYMBACT BO3MOXK-
HOCTbh BOCCTaHOBJIEHUS pabOTOCIIOCOOHOCTH CBApHBIX Y3JI0B B YCIOBUSX IKCIUTyaTallH.

HanbHelimas pabora OyJaeT HampaBlieHa Ha OTPAOOTKY TEXHOJOTHYECKHX PEKHMOB
3JIEKTPOHHO-TTyYEBOM CBApKH CHHTE3UPOBAHHBIX MATEpPUAIOB, IOJYYEHUE KaueCTBEHHBIX
CBapHBIX coeuHeHui ¢ muHuManbHoi 3TB, a Takxke mpoBeneHHe UX BCECTOPOHHHUX HCCIIe-
JIOBAaHUU M HUCIIBITAHUM, BKJIIOYAsl OLEHKY JJIUTEIbHON MPOYHOCTH, YCTAIOCTHBIX XapaKTepu-
CTHK U KapOIPOUYHOCTH MPUMEHHUTEIBHO K YCIOBHUSAM JKCIUTyaTallU 3JIEMEHTOB KaMephl Cro-
panus asuratenei cepuu [1J1.
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®OPMUPOBAHHUE CTPYKTYPDI IIPU JIUTBE
1 TEPMAYECKOM OBPABOTKE
KAPOITPOYHOI'O HUKEJIEBOI'O CIIJIABA
C IOHW/KEHHBbIM COJAEPKAHUEM PEHUSA
JJISA TYPBUHHBIX JIOTATOK

O.H. Bumioukaﬂl, H.B. Hempymuﬂl, E.M. Bucux*, HA. Jlonckas*, B.B. Aédees*, A.B. Bocmpukogl

l®enepanbHoe rocyapcTBEHHOE YHUTAPHOE Mpeanpusatie «Bcepoccuiickuii HayuHO-HCCIeN0BaTeIbCKHIA
UHCTUTYT aBHAlIMOHHBIX MaTepuanoB» HalmoHaabHOro MccieoBaTesekoro neHrpa «KypdyaToBekuil ”HCTUTYTY,
Mocksa, Poccust; admin@viam.ru

Annomayua. J[nia Ho8020 yenepoocooepicaueco HcaponpouyHo20 HUKeNego2o CHiasd
BIKJI22, cooeparcawyeeo 2 % (no macce) Re, nonyuena peepeccuonnasn mooenv 05 nPOSHO3IUPOSA-
HUs GIUAHUSA MEXHON02UYECKUX Napamempos Iumbvs Ha pasmep 3epHd 6 NOIUKPUCATIUYECKUX
omnuskax. Hccneoosansl ocobennocmu opmupyrowenicss Cmpykmypul Chiaéa 6 NOIUKPUCTIALTU-
YeCcKUx U MOHOKPUCMAIIUYECKUX OMIUBKAX 00pA3y08 u MypOUHHBIX TIONAMOK NPU Jumve U mep-
Mmuyeckoll obpabomxe. Makpo- u MUKpOCmMpyKmypbvl Chiasd, cQopmMuposanuvle npu iumve u
mepmuyeckol obpabomke, obecneyusarom 0.8 NOIUKPUCMALTUYECKUX OMIUBOK NOBbIULEHHbIE
XapakmepucmuKu KpamkospemMeHHOU U OTUMenbHOl NPOYHOCU.

Knioueswie cnosa: yenepoocooepoicawue dcaponpounvie HuKenegvle Caasbl, PeHull, mexHo-
Jlo2udecKue napamempbl IUmbss, pasmep 3epHd, NOJUKPUCMATIUYECKUEe U MOHOKPUCMALIUYe-
CKUe omaueKu mypOouHHblX JIONAMOK, mepMuieckas oopabomka, Makpo- u MUKpoCmpyKmypa,
MexaHuyeckue ceolicmaa

Jast uurupoBanus: butionkas O.H., [lerpymun H.B., Bucuk E.M., Jlonckas H.A., Asaees B.B., Boctpu-
koB A.B. ®opMupoBaHHe CTPYKTYpbI NIPH JINThE M TEPMHUYECKOH 00pabOTKe KapONpPOYHOTO HHUKEIEBOTO
CIUIaBa C TIOHWKEHHBIM COJICp)KaHWEM PeHus s TypOuHHBIX ornaTok // Tpynst BUAM. 2026. Ne 10 (164).
C. 33-53. URL: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-33-53.

Scientific article

STRUCTURE FORMATION DURING CASTING
AND THERMAL TREATMENT

OF A NICKEL-BASED SUPERALLOY

WITH REDUCED RHENIUM CONTENT

FOR TURBINE BLADES

O.N. Bityutskaya®, N.V. Petrushin®, E.M. Visik', N.A. Lonskaya®, V.V. Avdeev', A.V. Vostrikov!

'Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institute», Moscow, Russia; admin@viam.ru

Abstract. A regression model has been developed for the new carbon-containing nickel-based
superalloy VZhL22 with 2 wt.% Re to predict the effect of casting process parameters on the grain
size in polycrystalline castings. The structure forming features of the alloy in polycrystalline and
single-crystal castings and turbine blades were investigated during casting and heat treatment. The
macro- and microstructures formed during casting and heat treatment provide enhanced short-term
strength and long-term strength creep characteristics for polycrystalline castings.

Keywords: carbon-containing nickel-based superalloys, rhenium, casting process parame-
ters, grain size, polycrystalline and single-crystal turbine blade castings, heat treatment, macro-
and microstructures, mechanical properties
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Beenenune

MHorue rojibl OCHOBHOM TEHACHLMEH B 00JaCTH Pa3BUTHSA JKaPOIPOUYHBIX HUKEIIEBBIX
cmaBoB (JKHC) sBnssioch MoBbIIIEHNE WX JKaPOTIPOYHOCTH 3a CUET JIETUPOBAHUS I0POTOCTO-
AUIMMA U IePUIUTHBIMU SJIEMEHTaMHU — PEHUEM U pyTeHueM. B pesynbraTe 1 TuThs jomna-
TOK Ta30BbIX TYpOWH MEPCIEKTHBHBIX aBUAIIMOHHBIX Ta30TypOuHHBIX apurareneit (I'T/[) Obl-
JM CO3JaHbl MOHOKPHUCTAJUTMUYECKUE PEHUN-PYyTeHHICOAepkKalllie HUKENEBbIE CILIaBbl MOKO-
aeununii IV (EPM-102, MC-NG, TMS-138, BXXM4), V (BXXM6, BXXMS8, TMS-162, TMS-196)
u VI (TMS-238, B)XM10) ¢ 6ecriperieieHTHBIM YPOBHEM Kkaporpounoctu [1-5].

B nacrosimee Bpemsi (hOKyc BHMMaHHMS HAIpaBieH HA IOBBIINICHHE SKOHOMHYHOCTH
npou3BojicTBa coBpeMeHHbIX ['T/l, B ToM uucie 3a cuer pa3padbotku HoBbIX KHC ¢ monm-
JKEHHBIM COJIepKAHHEM JOPOrOCTOSIIUX AePUIMUTHBIX 37eMeHTOoB. [lomMmuMo 3Toro, 3a mo-
CJIEZIHUE JIECSTUIICTHS, COTJIACHO JAHHBIM HAYYHO-TEXHHUYECKOW JIUTEpaTyphl, OAHON U3 CO-
BPEMEHHBIX TEHJACHLUN B 00nactu pazpadbotku nonarounbix JKHC sBisercsa co3nanue 6ornee
SKOHOMHUYHBIX CIUIAaBOB C TMOHWXEHHBIM COJEP>KAaHUEM PEHUs, U3 KOTOPBIX MOXHO OTIIUTh
TypOMHHBIC JIOMIATKU C PA3IMYHON POCTOBOM CTPYKTYPOU: KaK ¢ MOJIM- (PABHOOCHOH U CTOJIO-
YaTOM), TaK U ¢ MOHOKpHCTa/uTnueckoi [6—12]. Takoii cmaB, comepxamiuii 2 % (o macce)
Re u mpenHazHaueHHBIN A7 U3TOTOBJICHUS OTIMBOK TYPOMHHBIX JIOMATOK C Pa3iIMYHOU po-
CTOBOM CTPYKTYpOH, C MOMOIIBIO METOAa KOMIIbIOTEPHOTO KOHCTpyHupoBaHus [13] paspabo-
tan B HUL] «KypuaroBckuii unctutyt» — BUAM u nonyuun mapky BXJI22 [3, 14, 15].
XWMHYECKH COCTaB HEKOTOPHIX COBPEMEHHBIX CILIaBOB MPHUBE/CH B Ta0. 1.

Tabnuya 1
HoMuHaIbLHBIA XMMHYECKHI COCTAB MOJMKPUCTANIMYECKHX KAPOMPOYHBIX
HHUKEJIEBBIX CIJIABOB PABHOOCHOI KPHCTAJLJIN3AIHH

[TapameTprt
Crutas CozeprxaHue OCHOBHBIX JIETUPYIOIIUX 3JIEMEHTOB, % (110 Macce) (dazosoit
CcTaOWIBHOCTH
C Cr Ti Mo W Al Co Ta Re Hf AE (Md)y
BXKJI22 0,12 4,5 1,3 3,2 6,8 5,6 8,5 4,6 2,0 — 0 0,911
BXJI21 0,12 8,3 3,5 3,8 2,8 54 9,8 2,5 — — 0 0,933
CM681 0,11 54 1015] 05 8,5 5,7 9,3 6,2 30 | 16 | 0,12 | 0,899

[Mpumeuanne. Jannapie mia crmraBoB BXKJI22, BXXJI21 u CM681 mpencraBnensl corimacHo mateHtam Pd 2530932,
US 6632299 u P® 2434069 coorBerctBenHo. AE u (Md)y — mapametpst (ha30Boii CTaOMIBHOCTH, PACCYMTAHHBIE TT0 METO-
nam Gananca seruposanusi 1 New PHACOMP(Md) [13].

Hoctixenne koMiuiekca cBoicTB JKHC HanpsiMyro 3aBUCUT OT CTPYKTYPHOTO COCTOSTHUS —
¢azoBoro cocraBa, pa3mMepa 3epeH, OPUEHTUPOBKU U CTPOEHMS TPAaHMUI] 3€pPEH, pa3MEpPOB U MOp-
(onoruu nepBUYHBIX (0Opa3yIOIIMXCS B MPOLECCEe KPUCTALIM3ALMN) U BTOPUYHBIX (0Opasyro-
IIUXCS B Ipoliecce TepMUUECKOH 00pabOTKH) (pa30BBIX COCTABISIOMINX, CTEHNEHH JEHIPUTHON
Cerperaiyu JISTHpYomuX 31eMeHToB [16—18]. [ToaTromy BakHbIMM 3aauamMu, HapaBHE C pa3pa-
00TKOI cOoCTaBa HOBOTO CIUIABA, SIBIISIOTCS ONPEIENICHNE TEXHOIOTHYECKUX MapaMeTpoB (hopMu-
POBaHMsI ONTHUMAIBHOW CTPYKTYPhl U BBISBICHUE 3aBUCHMOCTEH CTPYKTYPHBIX XapaKTEpUCTUK
OTJIMBOK OT ITapaMETPOB PAaBHOOCHOH MJIM HAIIPABJIEHHON KPUCTAILIM3aLNH.

B pabote [19] noapoOHO onucaHbl BIUSHUE OCHOBHBIX TEXHOJIOTHYECKUX MTapaMeTPOB
JUTHSI METOJIOM HAIpPaBJIEHHOW KPUCTAJUIM3ALMM Ha BBIXOJ T'OAHBIX MOHOKPHCTAJUIMYECKHX
oTIIMBOK ¢ Kpuctautorpaduueckoin opueHtanueit (K['O) <001> u3 noBoro KHC mapku
BIKJI22 ¢ nmOHMXEHHBIM COAEpXKaHUEM PEHUS U JPYTHE CTPYKTYPHbBIE XapaKTEPUCTHUKH, Ta-
KM€ Kak yrioBoe oTkJIoHeHue akcnaibHOM KI'O <001> MoHOKpuCTaia crijiaBa OT IVIaBHOU
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OCH OTJIMBKH (0l<001>), YIJIOBas pa3OpHEHTAIHMs KPHCTAIIMTOB CIIaBa B OTJIMBKE (A0<001>),
paccTosiHue MEXAY OCSMH JICHAPUTOB IIEPBOTO MOpsiaKa (apaMeTp ACHIAPUTHON sSUEHKHU M),
o0beMHbIe 101 JTUTEUHBIX TIOP (Viop) M IBTEKTHUCCKHX BbIICICHHH Y'-Pa3bl (Vsr).

OCHOBHBIMU TIapaMETPaMHU MAKpPOCTPYKTYPbl IOJUKPUCTAIIMYECKUX OTIMBOK W3
KHC, nony4yaembIXx METOAOM PaBHOOCHOM KpHCTaNIM3AllUU, SBISIOTCA pa3Mep Makpo3epeH
U, KaK CIEACTBUE, TUIl MEXK3EPEHHBIX I'PaHMI], KOTOPbIE MOT'YT BJIUATH IOJOKUTEIBHO WIIU
OTPHULIATENILHO Ha CONPOTUBIICHUE JIUTOTO CIUIaBa IMJIACTHYECKON nedopMaluu, MOI3yd4ecTH U
paspyienuto [20-23], 3aBucsilee B 3HAUUTEIBHONW CTENIEHU OT MEePEOXJIKIACHHS paciuiaBa B
nporecce Kpuctaumsanuu [24—26]. Hanbosnbiiee BIUsSHUE HA CTENEHb MEPEOXIIAKICHUS
paciuiaBa MOT'YT OKa3bIBaTh TEMIIEPATyphl KEpaMUUecKOi (pOpMBI U pacijiaBa B IJIABHIBHOM
TUTJIE TIEpe]] 3aTUBKOM.

He wmenee cymecTBeHHOE BIMSHHE Ha IMporecc (GOpMHUPOBaHUS OJArONPUATHON
cTpykTyphl ook u3 JKHC, npenonpenenstomell ypoBeHb UX XapaKTEPUCTUK, OKA3bIBACT
Tepmuueckas oopadotka [27]. IlpaBuibpHO MOg0OpaHHBIE TApAMETPhl TEPMUYECKONH 00pabOTKH
(TemmepaTypa U MPOAOKUTENILHOCTH TOMOT'€HU3UPYIOLIET0 OTXKUTA, CKOPOCTh MOCIEIYIOIIETO
OXJIXK/ICHUS, TEMIIEpaTypa U BpeMs CTapeHHs) 00ECIeUynBaIOT JTOCTHKECHUE OIPEICIIEHHOTO
pasmepa 4acTull YIpouHstomen v -(ha3pl KyOOuaHOU (OpPMBI U UX TCEBIOPETYISPHOE pac-
npeAeicHue B MaTpPHIE Y-TBEpJAOTO pacTtBopa. Tak, MoHOkpucTamibl craBa CMSX-4
¢ yactuuamu y'-¢gassl pazmepom 0,5 MM, chopMUpPOBAHHBIMU MPU TEPMHYECKON 00pa-
00TKEe MO ONPEACICHHOMY PEXHMY, UMEIOT HAauOOJIbIIINE 3HAUCHUS Tpe/iesia IPOYHOCTU U
npezena TeKy4ecTH MPU PacTsKEHUU B MHTepBasie Temreparyp oT 20 mo 1200 °C [28].
[Tpu >TOoM oHUM U3 (QAKTOPOB, OOBICHSAIOMIMX BIUSHUE pa3Mepa U (POpMbI Y'-4yacTHI] Ha
COIPOTHUBJICHWE BBICOKOTEMIIEpATypHOUl mon3yuecTu MoHokpuctamwioB KHC, sBusercs
BennunHa y/y' -mucdura [29, 30].

BBuny U310KEHHOTO HENSIMH JaHHOU pabOThI SBISIOTCS:

— YCTaHOBJIEHUE 3aBUCUMOCTH pa3Mepa MaKpO3€peH B NOJUKPUCTAIUIMUECKUX OTIMBKAX U3
crutaBa BXKJI22 oT TexHOIOTMYECKUX MapaMeTpoB JHUThsI METOAOM PaBHOOCHOW KpHCTAILIHU-
3alluu;

— UCCIIEZIOBAHNE MUKPOCTPYKTYpPbI U CBOMCTB MaTepHalia MOJIMKPUCTAUINYECKUX OTIMBOK
u3 crutaBa BXKJI22 nmocrne pa3nuyHbIX 3TanoB TepMUYECKOl 00paboTKu;

— HCCJIE0BaHUEe MUKPOCTPYKTYphI MaTepuaa TypOMHHBIX JionaTtok u3 cruiaBa BXKJI22, mo-
Jy4E€HHBIX METOJIaMH PaBHOOCHOW M HANpaBlIeHHON (MOHOKPUCTAJUINYECKON ) KPUCTAIUTU3ALIUH.

Pabora Bemonnena mnpu mnomanepxkke KIT «Knumatuyeckue wucneiranusy HULL
«Kypuarosckuii uHCTUTYT» — BUAM.

Martepuajabl 1 METObI

Jlns npoBeneHUs HCCIENOBAaHUM HCIOJIB30BAIM IIMXTOBBIE 3arOTOBKM M3 CILJIaBa
BIKJI22, u3rotoBiieHHbIE 110 T€XHOJOTUMU BblIaBkU peHuiicoaepxkamux KHC [31]. Homu-
HaJBHBIN XUMHUUecKuil coctaB cruiaBa BXXJI22 npusenen B Tab. 1.

O06004KOBBIE KepaMHUeCKUuEe (POPMBI [UTSL JUThsI TOJUKPUCTAUTMYECKUX M MOHOKPH-
CTAJUTMUECKUX 00PAa3IloB U JIOTIATOK MOIYyYalid B COOTBETCTBUU C CEPHITHON TexHomorueH [16].

[Tonukpucramiueckue OTIMBKYA U3rOTaBINBAIN METOJOM PaBHOOCHOW KPHCTAJLIU3a-
IIMU Ha NMPOMBINUIEHHOW BakyyMHOH ycTaHoBke YIIII®-Y myrem cBoGOIHOI 3amuBKM pac-
TIaBa MeTajula U3 MIABUILHOTO TUTJISL B HATPETYIO JI0 33/1aHHOM TeMIepaTypbl 000JI0YKOBYIO
Kepamuueckyto (opmy (puc. 1, a), yCTaHOBIEHHYIO B MEYH MPEABAPUTEIHHOTO IMOJ0TpEeBa
dopm. Temmeparypy pacriaBa B TUIABHJIBHOM THTJIE W3MEPSUITM TEPMOMAPOU MOTPYKEHUS,
TEMIEpaTypy HarpeBaresei neun nogorpeBa Gopm (BEpxXHsS U HIKHSISI 30HBI) — CTallMOHAP-
HbIMH TepMoriapami. [locie ka0 MIaBKy MOoTyqaad OJIOK OTJIMBOK, COCTOSIIIHIA U3 IEBSATH
ITHHPUYECKUX 00pa3IoB tuaMeTpoM 16 MM u amuHoi ~70 MM (puc. 1, 6).
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o B, B
Puc. 1. JIutetinas o6omoukoBast kepamudeckas ¢popMa (a) 1 OJI0K MOTUKPHUCTATUIMIECKUX OTIIHBOK
00pasmoB (6) n3 craa BXKJ122

3anuBKy KepaMHuYecKuX (HOpM IPOBOIWIN MO PA3IUYHBIM TEXHOJIOTMYECKHM Iapa-
MeTpaM PaBHOOCHOW KPHCTaJUIM3AlMM, BAPbUPOBAHUE KOTOPBIX OCYIIECTBISIIM B COOTBET-
CTBHHU C MaTpHUIICH IU1aHa moyHoro (akropHoro skcnepumMenta (IIOD) tuma 2" + 1 [32], rae
N — KOJMYECTBO MEPEMEHHBIX (PAKTOPOB (TEXHOJIOTHYECKHE MapaMeTphl JUThs). B kauecTBe
TEXHOJIOTHYECKHUX MapaMeTPOB JIUThsl BHIOpAHBI TEMIEPATYpPhl KepaMHuecKor (HOpMbI mepes
3aMBKOH Tpopw M PACIUIaBa B IUIABUIBHOM THIJIC TIEpE] 3aJIMBKON B KepaMuieckue (HOopMbl
Tian (N =2). OT™METHM, YTO B 3THUX 3KCIIEPUMEHTAaX paciuiaB Mepe]] 3aJMBKOH IMOIBEpraics
NeperpeBy OTHOCUTEIBHO TEMIIEPaTyphl JUKBUIYC A0 TEMIIEpPaTyphl, HE MPEBBILIAIONICH 3Ha-
YeHHS, KOTOPOE, COTIIACHO JaHHBIM padot [33, 34], cymiecTBEHHO OBl TOBIHUSIIO MPH MOCIIE-
IYIOIEM OXJIAXACHUH Ha TEMIepaTypy Hadalla KpUCTaJUIM3alluK paciijiaBa U, COOTBETCTBEH-
HO, Ha IUCIIEPCHOCTh CTPYKTYPHBIX COCTABJISIIOIIMX B 3aTBEPAEBILEH OTIUBKE CIUIaBA.

[IpunsATHIE B SKCHIEpUMEHTAX YPOBHHU U MHTEPBAJIbl BApbUPOBAHUS TIEPEMEHHBIX (aK-
TOpoB mpu nuThe ciaBa BXKJI22 meTonom paBHOOCHOW KPHUCTAJUIM3AIMU MPEACTABICHBI
B Ta01I. 2.

Tabruya 2
YPpoBHM U HHTEPBAJIHI BAPbHPOBAHNS MEePEMEHHBIX TEXHOJOTHYECKHX MAPAMETPOB JIUTHS
MPH PABHOOCHO KPUCTAILTH3AIHM

HarypanbHble 3HaueHUs TapaMeTpoB Konp! mapamerpos

YpoBHU = =

Tipopw °C Tan, °C X X,

Cpennuit 900 1530 0 0
Hwxunit 850 1480 -1 -1
Bepxunit 950 1580 +1 +1
WuTepBan BapprpoBaHus 50 50 0,5 0,5

CuMBOIBI X; U X, (TaOI. 2) MpencTaBisioT COO00i KOJOBbIC 3HAUCHUS TTAPAMETPOB JIH-

ThA: TEMIEpaTyp KepaMmuuyeckoil (opmbl nepen 3amuBKOM Tpopw U pacIliaBa B IUIABHIIBHOM
TUTJIE TIepe]l 3aIUBKOM B Kepamuueckue (GopMbl 5. COOTBETCTBEHHO. Ilepecuer HaTypaiib-
HBIX 3HAYCHUH TapaMeTPOB B KOJIbI OCYIIECTBIISUIN 10 dopmyie [35]
~ X — Xy
X =——", 1)
AX;
Tae Xi — q)aKTI/ILIeCKOC 3HaYeHue I-To nmapaMeTpa B OIBITE; Xoi — 3HAYCHUC i-ro nmapamMeTpa B OIIBITC Ha

cpeiHeM ypoBHE; AXj — HHTEpBaJl BapbHUPOBaHMUS I-TO TapameTpa.
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B kauectBe (pyHKUMH OTK/IMKAa Y BbIOpaHa OCHOBHAas CTPYKTypHas XapaKTepHUCTUKa
MOJUKPUCTAIUIMYECKON OTJIMBKH, IOJIYyYaeMOW METOJOM PAaBHOOCHOM KpUCTAILIM3AUUU, —
pa3Mep MaKpo3epeH, XapaKTepU3yeMblil CPEAHUM TUAMETPOM Csep.

Marpuna II®D tuma 2" + 1, ucmons30BaHHAs JUISI UCCICTOBAHUS BIUSHHS TEXHOJIO-
TMYECKUX MapaMeTpOB PAaBHOOCHOW Kpuctaiunzanuu criaBa BXKJI22 na pazmep makposzepeH
B OTJIUBKE, mpuBeeHa B Ta0d. 3. [lomyueHHBIE pe3yabTaThl SKCIIEPUMEHTOB alllPOKCUMUPO-
BaJI PErPECCHOHHBIM YpaBHEHHEM (MOJIENIBIO0) Bra [36]

4 4

y=by+ > bx + > bixx,, )
i=1 I<i<j

rae Y — QyHKIMs OTKIMKa (pa3Mep MakpO3epeH); Xi, Xj — 3HAYCHHUSI TEXHOIOTMYECKUX [TapaMeTPOB JIThS; Do,

bi, bij — K03 GHUIHEHTHI perPecCHOHHOTO YpaBHEHUS (MOIENN).

Tabnuya 3
MaTpuua miaHa 3kcnepuMeHTa U pa3Mepbl MaKpo3epeH (cpeaHue 3HAYEHUS)
B NOJMKPHUCTALINYECKUX OTJIHBKAX 00pa3LoB

Y CIOBHBIH HOMED Ilnan B KOzax Pasmep MakposepeH
onbITa (IUIaBKH) X; (Topws °C) X, (T, °C) (bynkums otkimka) y(d,,,, v)
1 -1 -1 1,75
2 -1 +1 6,03
3 +1 -1 1,61
4 +1 +1 543
5 0 0 2,74
Jucnepens BOCHPOM3BOANMOCTH 2 0,106

Omnpenenenne pa3Mepa Makpo3epeH (quamerp 3epeH Osep) B CTPYKTYpe MaTepHraia JIu-
TBIX OTJIMBOK OOpa3lOB MPOBOJMIN HA MUKPONLIM(AX METOIOM ONTUYECKON KOJINYECTBEH-
HOM MeTaiorpaduu MocpeCTBOM CheMKH M300paxeHuit nudpoBoi kamepoit. [lonydyeHnnsie
N300paKeHNsI W JAHHBIE JUISI KOJMYECTBEHHOTO aHanmn3a oOpabaThiBalM C MOMOIIBIO IIPO-
rpaMMHOTO obecrieuenus [37].

[Tonukpucrannuyeckue OTIMBKY 00pa3oB U TYpOMHHBIX pabOurX JIONATOK U3 CILJIaBa
BXJI22 nnis uccrnenoBaHus MUKPOCTPYKTYPBI MOCTE JTUThSI U TEPMUYECKOH 00paboTKH, Me-
XaHUYECKUX CBOWMCTB IMpPH PACTSLKEHUU U UTUTENIBHOM MPOYHOCTU M3rOTaBIMBAIU 110 TEXHO-
JIOTMYECKUM TapaMeTpam JINThs, BBIOPaHHBIM Ha OCHOBE aHaJHM3a PErPECCHOHHOIO ypaBHE-
HUS, TIOJIYYeHHOTO B JaHHOM padore.

MoHOKpUCTaJUTMYECKHE OTIUBKU TYpPOMHHBIX pabouux jonatok u3 cruaBa BIKJI22
3ananHoi akcuanbHOM KI'O <001> momyyanu MeToJ0M HamnpaBiIe€HHOW KpUCTAJIIM3allUuu B
aBTOMATH3UPOBAHHOM MPOMBIIIJICHHON YCTaHOBKE IO TEXHOJOTHYECKUM MapaMeTpaM JIUTbs,
BbIOpaHHBIM Ha OCHOBE aHAJIN3a PETPECCUOHHBIX YPABHEHMM, TOJIy4eHHBIX B padore [19].

MHUKpPOCTPYKTYpy CIUIaBa B OTJIMBKax OOpa3lOB M JIONATOK HCCIIEAOBAIM HA CKaHM-
pYIOIIEM 3JIEKTPOHHOM MHUKpocKore. JIOkanbHBIN 3J1€MEHTHBIHN cocTaB ciijiaBa u (a3 onpeze-
JSUTM METOAOM 3JIEKTPOHHO-30HJOBOIO MHMKPOAHAJIN3a B CKAHMPYIOIEM 3JIEKTPOHHOM MUK-
POCKOIIE C MPUMEHEHUEM YHEPrOUCIIEPCUOHHOTO crieKTpoMeTpa. OObeKTaMU HCCle0BaHUN
CIIY’KWJIM MUKPOIUTH(]BI, TPUTOTOBJICHHBIE U3 JUTHIX U TEPMUUYECKH 00paOOTaHHBIX OTIMBOK
u3 crutaBa BXJI22. Koaddurmentsr cerperamuun Ky st I-X JIETHPYIONIMX 3JIEMEHTOB pac-
CUMTHIBAJIM HA OCHOBE JJAHHBIX, IIOJYYEHHBIX METOJIOM JIEKTPOHHO-30HI0BOI0 MUKpOaHaJIN-
3a, 1o dopmyse [30]

Ke) = N(Caint)/ Conni)™, (3)
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rae Cungiyy Conn) — KOHICHTPAIMU I-TO JJIEMEHTa B Y/Y'-MaTpHIE MEXKACHIPUTHBIX HPOCTPAHCTB H
oceil JCHIPUTOB mepBoro mopsiaka coorBeTcTBeHHO; M ==+1. Ecimu Cyui) > Conni), TOTHA M = +1,
Keiiy = Coun/Conny > 1 u cerperammst cuntaetcs «mpsimMoin». Ecmu Cy iy < Conn), TOrIZA M =—1,
Keiiy = —(Conniiy/Cuniy) < —1 u cerperanus cuuTaeTcss «0OpaTHONY.

ITeproabl KPUCTAUTMYECKMX PEIIECTOK Y- W Y'-Pa3 ompeaessiidi Mpd KOMHATHOM
TEeMIIEpaType METOJOM pPEHTTCHOCTPYKTYPHOIO aHaiu3a, Y/y'-MUCHUT paccUUTBHIBAIU TI0
dopmyne [38]

Aa = (ay—ay)lay, 4)

TA€ ay, dy — IEPUOABI KPUCTAIUTNIECKON PEIIETKH Y-TBEPAOr0 pacTBopa u y'-(ha3bl COOTBETCTBEHHO.

HccnenoBanne MHUKPOCTPYKTYpPbI OTJIMBOK JIOMATOK MPOBOAWMIM Ha MHUKpouutHdax
(GbparMeHTOB, BBIPE3aHHBIX M3 IEpa JIOMATKHU 1O CCUCHUIO MEPIEHAUKYISIPHO OCH JIOMATKU U
U3 3aMKOBOM 4acTH JIOMATKH.

HcnpiTanus roagkux MUIAHAPUYCCKUX OOpas3IoB (IMaMeTp 5 MM, pacdeTHas IJIMHA
25 mMm) u3 cmnaBa BXKJI22 nHa pacTspkenue mnpoBogwiu mpu Temmneparype 20 °C mo
I'OCT 1497-2023, Ha ymTenpHy0 MPoyHOCTh — pu Temneparypax 900, 1000 u 1050 °C mo
I'OCT 10145-81 (0o6pa3ubl 6e3 3alUTHOTO MOKPBITHUSA).

MakpocTpyKTypy OTJIIMBOK 0Opa3IOB M JIOMATOK IOCIIE PE3KH M XUMHUYECKOTO TpaBJIe-
HUS aHAJIM3UPOBAIIA TyTEM BU3YalIbHOI'O OCMOTpPA B ONTHYECKOM MHUKPOCKOIIE.

VYrinosoe orkinonenne KI'O <001> MoHOKpuHCTa/uIa OTJIIMBOK JIOMATOK 0l<001> OT OCH Z
JIOTIATOK U PA30pHUEHTAIUI0 CyO3epeH MOHOKPHUCTANIMYECKOW CTPYKTYPBI A0<0o1> JIOMATOK
OTIPEICIISIIM METOJIOM PEHTTEHOCTPYKTYPHOT'O aHAIM3a C MOMOIIBI0 PEHTICHOIU(PAKITUOH-
HOM yctanoBkH U miporpamMmbl «KPOCy [39, 40].

TemnepaTypsl (a3oBbIX MPEBpAICHUI B CIIJIaBe MPH HArpeBe OMPEIeIsiu METOJIOM
muddepeHIMATEHOTO TEPMUYECKOTO aHal3a Ha oOpas3iax auameTrpoM 4 MM U BBICOTOU
1,5 mm.

Pe3yabTarsl U 00CyKICHTE
Pecpeccuonnas moodenv pazmepa mMaxKpo3epeH 6 NOAUKPUCIATIUYECKOU OMIUBKE

B Tabn. 3 mpencraBieHsl pe3ynbTaThl OMpeneieH s pa3Mepa (AnaMerpa) Makpo3epeH,
YCPEIHEHHBIE 10 TPEM IMOJUKPUCTATUIMUYECKUM OTJIMBKaM oOpa3ioB u3 cruiaBa BXKJI22 nns
KaKIOW U3 MATU TUIABOK, OTJIMTHIX IO BRIOPAHHBIM TEXHOJOTHYECKUM MapaMeTpaM paBHOOC-
HOTO JINThS B COOTBETCTBHH ¢ rmaHom I1dD 22 + 1.

TunuaHas MakpocTpyKTypa (pUcC. 2) 3TUX OTIUBOK 00pa3loB (MOMEpPEeYyHOE CEYCHHE,
nuametp 16 MM, mrmHa 70 MM) TIpe/ICcTaBlIeHa MaKpO3epHAMU, CPEIHUN pa3Mep KOTOPHIX B
OTBITaxX OT IJIABKH K IJIaBKEe M3MEHseTcsl B MHTepBaie ot 1,61 (mmaBka 3) 1o 6,03 MM (TiaB-
Ka 2) ¢ AUCTIepCHei BOCIPOU3BOIUMOCTH CPETHUX 3HAUCHUN XapaKTEePUCTUKU S 0,065.

VY cnoBHBI HOMED OIbITA (TUIABKH)

Puc. 2. MakpoCTpyKTyphl MOJMKPUCTAIUIMYECKUX OTIUBOK OOPAa3IoB (TOMEPEYHOE CEYCHUE) W3
cmiaBa BXKJI22, momydeHHBIX IO pa3IMIHBIM TEXHOJIIOTHUECKUM TapaMeTpaM PaBHOOCHOW KpHUCTAII-
JIA3aluu
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Cratuctudeckyro 00pabOTKy MOJYYEHHBIX pe3yiabTaToB (Talin. 3), BKIIOYAIOIIYIO
pacuer kodddunmenror perpeccun bo, bi, bij Mmogenu (2), nucnepcuii BOCIpOU3BOANMOCTH

CPEAHUX BKCIECPHUMCHTAJIbHBIX 3HAYCHHI pasMepa MaKpO3€PEH B OIBITAX S:ocnp(y) U BBIYHC-

2 KPUTHYCCKOI'0 3HAYCHUSA OOBCPUTCIIBHOI'O

JIEHHBIX 3Ha4Y€HUH KOOQHHUIMEHTOB Monenu S?,

untepBana Abj mpu goBepurenbHO# BepositHocTH Py = 0,95 (ypoBens 3uaunmoctr o = 0,05)
JUTsE KO3 PUIIMEHTOB MOJEIH, BBIMOIHUIA B COOTBETCTBUU C aJITOPUTMOM U MO (GopMyiiam,
MpUBEJICHHBIM B paboTax [19, 41]. B pe3ynbrare pacuera s MOAEIN y(d. sep? Mm) TIOTTYYEHBI
creayromme nganneie: bo = 3,51, by = —0,15, b, = 1,62, b = —0,09, %y = 0,106,
s, =0,027, Abi =0,294.

Onmun u3 ko3hdurmentor perpeccun (D12) okaszajcs CTATUCTHYECKH HE3HAYMMBIM,
npu 5ToM Kodddriment by mpuHEMa sHagiMbM. [IpoBepky Moenn Y (d. sep ! vm) Ha ajiek-

BATHOCTH BBINIOJIHSUIA B TOUKaX IUIaHa-mMaTpuilbl (Tabia. 2) ¢ moMomibio kputepust Ouiepa F
Jtst ypoBHsi 3Haaumocty o = 0,05, Berauciisist gucnepento aneksaraoctu S2 - [41]. Paccuunran-

Has Benn4yrHa F-Kputepus st MOJenu He MpeBblaia TAOJIUIHOTO KPUTUIECKOTO 3HAYCHUS
Fip (U151 3a1aHHO#M JOBEpUTEIbHOM BeposTHOCTH Py = 0,95).

Takum 00pa3zoM, ¢ 1OBEPUTEIBLHOW BEPOATHOCTHIO 95 % mosydeHHas MoJenb aieK-
BaTHO OIKCBIBAET U3MEHEHUE pa3Mepa (CpeaHee 3HaUYCHUE) MaKpO3€epeH B MOJUKPUCTAIIMYE-
cKol oTiuBKe u3 craBa BXXKJI22 B 3aBucuMOCTH OT BBIOPAHHBIX [1apaMETPOB JINThS METOJIOM
PaBHOOCHOM KPUCTAJLIN3ALMHU:

y(@,)=351-0,15% +162X,, 52 =053, (5)

TrJie IepeMeHHbIe (haKTOPHI X, U 552 — BBIPXKCHHBIC B KOJIAX TeMIepatypbl GOpMbI Tpopw U PACILIABA MTEPE]T
3aIIUBKOM 744 COOTBETCTBEHHO.
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Puc. 3. Bimsaue temnepatyp kepamudeckoi Gopmbl Typopw W pacIuiaBa Tepes 3aTUBKOU 7. Ha
pa3Mep MakposepeH Ui, B MOJMKPHCTAUTHUECKOH oTimBKe u3 ciiaBa BXKJI22: m — Tyopu = 850 °C;
A — Tyopw = 980 °C (3kcrpanomsmus ot 950 °C); A — 06nacTh NPeINOYTUTENBHBIX 3HAYEHHH TEXHOIO-
THYECKUX MTapaMeTPOB JIUThS CIIaBa METOAOM PAaBHOOCHOM KPUCTAJITU3ALMN

Ha puc. 3 3aBucuMocTh pazMepa Makpo3epeH OT MapaMeTpoB JIUThS, TOCTPOEHHAs 10
moxenu (5), mpeacrasieHa B rpaduyeckoM Bujae. Kak ciemyer u3 ypaBHeHus (5) u puc. 3,
pa3mep Makpo3epeH B oTimBKe u3 ciutaBa BXKJI22 3nauntensHO Bo3pacTtaer (B 2—3 pasza) ¢ yBe-
JIMYEHUEM TEMITEPATYyphl pacillaBa Nepes 3aMBKON 7 ¢ 1480 no 1580 °C, Torna xak mnossimie-
HUe TeMnepaTypbl GopMbl Tpopu € 850 10 980 °C BBI3BIBAET €r0 CHHYKEHHE TOJIBKO Ha ~24 %.

TPYAbl BUAM / TRUDY VIAM 10 (164) 2026 39



Xaponpo4Hbie CNAQBbl U CTAAU

Taxoil pe3ynbTar, BeposITHO, 00YCIIOBJIEH TEM, UTO UCCIIEAYyEMbIii HHTEPBaJ BAPHUPOBAHUS TEM-
neparypbl KepaMHyeckor (hOpMbI OKa3aJICsl HEIOCTATOYHBIM, YTOOBI 3HAYUTEIHHO MOBIUATH HA
YCIIOBHSI 3aPOXKACHUS U POCT KPUCTAJUIUTOB B IIPOLIECCE KPUCTALIU3ALMH PACILIABA.

MuKkpocmpykmypa cniasa 6 NOAUKPUCMATIUYECKUX OMIUBKAX
nocie 1umoa U mepmuyecKou oopadbomxku

[Tocne nuThs cruiaB uMeeT TUNUYHYIO i yriaepoacoaepxamux XKHC ¢ penuem no-
JUKPUCTAIUIMYECKYIO CTPYKTYPY C pa3MepoM Makpo3epeH 2—3 MM JEHAPUTHO-SYEHCTOTO
CTPOCHUS, B KOTOPOI MEPBUYHO KPUCTATUIN3YEMOH (a30ii ABISETCA Y-TBEPAbI PacTBOP B BU-
Je NeHapuToB (puc. 4, a). B MeXICHIPUTHBIX POCTPAHCTBAX U MO MEXK3EPEHHBIM TPAHUIIAM
pacrosaratoTcsi 4YacTUIbl IJIACTUHYATOW M OKPYIJIOW (OPMBI, KOTOPHIE MO JaHHBIM 3JICK-
TPOHHO-30HJOBOT'O aHAJIH3a B CKAHUPYIOIIEM 3JIEKTPOHHOM MHKPOCKOIIE UICHTH(PHUIINPOBAIN
KaK BblIeIeHUs KapouaHoi ¢as3el Tua MC Ha ocHoBe (Ta, Ti)C pa3saudyHOro XUMHUYECKOTO
coctaBa (puc. 4, 6—2). B MeXIeHIPUTHBIX MPOCTPAHCTBAX TAKKE OOHAPYKEHbI KapOUIHbIC
YACTHUIIbI C MOBBIIICHHBIM cojepkanueM Mo u W (npeanonoxxutenbHo, kapoua tumna MeC),
BBIJICJICHUS] DBTEKTHYECKOM (MEPUTEKTHYECKOM) Y'-(ha3bl B COCTaBE IBTEKTUKH (Y + V') U Ju-
TeiiHble opbl pazMepoM A0 10 MxMm. M3mepeHHble 00BEMHBIE 10JIM BBIACICHUNH HEpaBHOBEC-
HOW IBTEKTHKH (Y + ') ¥ JIMTEHHBIX MUKPOMOP B JHUTHIX 0o0pa3max coctasistoT 5,3 u 0,1 %
COOTBETCTBEHHO. MUKpoUacTHIbl Y'-(a3bl, 00pa3zoBaBIInecs B MPOIECCe paciiaga MaTpPUIHO-
T'0 Y-TBEP/OTO PAaCTBOPA MPHU OXJIAKICHUH 3aKPHCTALTM30BABIICHCS OTIUBKHY, B JICHIPUTAX U
MEXJCHIPUTHBIX IPOCTPAHCTBAX UMEIOT PA3IHUHYI0 GOpMY U pa3mepbl. B MexXIeHAPUTHBIX
npocTpaHcTBax oHU B 1,5-2 pasa kpymnHee (puc. 4, 0, e). [Ipyrux ¢a3 B TUTOH CTPYKTYpe OT-
JUBKU HE OOHAPYKEHO.

frd
10 MM

Puc. 4. MukpocTpyKTypa nojavkpucraminueckoro ciasa BXKJI22 nocne nutea: a, 6 — AeHAPUTHO-
STYEUCTAsE CTPYKTYpa (B MEXKIACHIPUTHBIX MPOCTPAHCTBAX 3aJICTAIOT BBIACICHMS KapOUI0B U IBTEKTH-
yecKko# (mepurektudeckoit) y'-¢asnl); 6 — MC-kapbunpl B o0beme 3epHa; ¢ — MC-kapOuzp! u y'-¢paza
Ha MEX3epEeHHOH rpaHuIle; 0 — Y'-pa3a B AEHAPUTE MEPBOTO TOPSIKA; e — Y'-pa3a B MEXKICHIPUTHOM
NPOCTPAHCTBE

B mpenenax AeHAPUTHBIX SYEEK JUTON MOIMKPUCTAUINIECKOH OTIUBKH MHUKPOCTPYK-
Typa CIUTaBa XapaKTEPHU3yeTCs] XUMHUECKOH HEOAHOPOAHOCTHIO, KOTOpast 00yCIIOBIECHA ACHA-
PUTHOM cerperamnuen Jerupyrnmx 3I1EMEHTOB CIIaBa B Iponecce Kkpuctamuianuu. K Hum B
nepByro odepenb oTHocsTces Boubdppam (Kew)= —2,4), penuit (Kerey= —1,6) u TanTan
(Kecra) = 1,4). OcranbHble JIETUPYOIINE JIEMEHThI UMEIOT HE3HAUUTENIBHYIO Cerperaiui, ux
K03 PUIIMEHTHI cerperauu OJIU3KH K eTUHHLIE.
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Jlis CHMKEHUSI CerperaliMoHHOM MHKPOHEOIHOPOJHOCTH JIETHPYIOIIMX 3JEMEHTOB
1 GOPMHUPOBAHUS ONTUMAIBHON /Y -MUKPOCTPYKTYPHI C OJTHOPOIHBIM PACTIPEICICHHEM B
y-MaTpuie KyOOMIHBIX JacTull y'-pa3sl pazmepoM ~0,5 MKM MPOBEACHBI HCCICIOBAHUS I10
pa3paboTKe TEXHOJOTHUECKHUX IMapaMeTpoB TepMHuieckoit o0padboTku crutaBa BXKJI22. C atoit
HENBI0 METOOM AU(QPEepeHINATHHOTO TEPMUUYECKOTO aHAIM3a OMpeeNeHbl TeMIepaTyphbl
OCHOBHBIX (ha30BbIX IPEBpAICHHI B CIUIaBE MPH HArpeBe: TEMIEpaTypa MOJHOT0 pacTBope-

HUA Y'-(a3bl B MATPUYHOM Y-TBEPJIOM pacTBOpe (Y'-COJbBYC) Tnﬁ) = 1276 °C, Temneparypa

IJIaBJICHUS ABTEKTHYECKOW y'-dpa3pl Thsr = 1298 °C, Temmeparypa comumyc Ts = 1315 °C,
temneparypa Jukuayc TL = 1379 °C. Mcxoas u3 3TUX JaHHBIX, OMPEAETICHbI PEKUMBI TEp-
MHUYECKOH 00pabOTKH OTIMBOK, B YACTHOCTH T€MIIEpaTypa rOMOI€HU3ALINH.

Jlnist IpoBeZIeHUsT MCCIIEOBAaHUI BBIOpaHbI PEXUMBI TepMudeckoil oOpadotku TO-1,
TO-2 u TO-3, BxiItOUaronie AJUTENbHBI TOMOI€HU3UPYIOIIUNA OTXKUI B BaKYyMHOH I1€4H,
KPaTKOBPEMEHHBIH T'OMOT'€HU3UPYIOLIIMHA OTKUI B BO3AYLIHON Ieuu (MEePEKpUCTAIUIN3ALUIO
Y'-(a3bl), BEICOKOTEMIIEPATYPHOE U HU3KOTEMIIEPAaTypHOE CTapeHUE MPU PA3IHYHBIX TEM-
neparypax, JUIMTEIBHOCTSX M CKOPOCTSIX OXJaxaeHus. [Ipomeccsl roMOreHu3upyouero
OT)KHTa IPOBOAMJIM B MHTEpBaJE TEMIEPAaTyp MEXIy TeMIlepaTypoil y'-COJbBYC CIUlaBa
U TEMIIEPATypOii TUIaBJICHUS IBTEKTHYECKOH Y'-(a3bl.

HccnenoBanue MOMMKPUCTAIUIMYECKUX OTIMBOK 00pasnoB u3 cmiasa BXXJI22 nmocne
TEPMUYECKOH 00pabOTKM MO BHIOPAHHBIM PEXKHMMaM IMOKA3aJi0, YTO ITOCIIE TOMOTECHU3UPYIO-
IIET0 OT)KUra HaONIOAAETCs BbIPABHMBAHHE KOHLEHTPALWN JIETUPYIOLIUMX 3JIEMEHTOB I10
JIEHAPUTHBIM sueiikaMm (3a uckimoueHneM W u Re — ux ko3 uimenTsl cerperaiiuu yMeHb-
muiauch 10 —1,2), yactuusl y'-¢a3bl B JEHIPUTAX U MEKICHIPUTHBIX MPOCTPAHCTBAX Cop-
MHUPOBAIUCH MTPAKTUYECKH PABHBIMH IO Pa3Mepy, a BbIAECICHUs IBTEKTHKH (Y + ') 4YaCTUYHO
pacTBopuiKch B y-Mmatpuiie (puc. 5, a). OfgHaKo W3-3a HEIOCTATOYHO BBICOKOH CKOPOCTH
OXJIXKICHUSI 00Pa3lOB TOCIIE TOMOTEHH3UPYIONIETO OT)KHUra B CTPYKTYpe CIuiaBa (GOopMUpY-
IOTCS YaCTHIIBI Y -(a3bl HeOIaronpusTHON (GOpMBI (OTCYTCTBYET IUIOCKAsi OrpaHKa MOBEPXHO-
CTH) U pa3mepa ~1 MkM (puc. 5, 6), 4TO HEXKeNaTEeNbHO.

SRR

rAY.

0 &n"}-r?;"‘? X RTR L
L ERRasRP T L) AT e S

1 MM 1 MKM

Puc. 5. Mukpoctpykrypa craBa BXKJI22 nocne Tepmudeckoii 00pabOTKuU: ¢, &6 — COOTBETCTBEHHO
ocTaTtouHas 3BTeKTuKa (Y +y') U 9acTuis! y'-pa3sl B MEXKISHAPUTHBIX TPOCTPAHCTBAX MOCIIE TOMOTe-
HU3HMPYIOIIET0 OTKUTa, 6 — YacTHIIbl Y'-(ha3bl B ICHAPUTAX MEPBOrO MOPSIKA IMOCIIE JOMOJHUTEILHOTO
KPaTKOBPEMEHHOTO OTXKHTa C MOCIIEMYIONIUM OXJIKICHIEM BHE MYl Ha BO3JYXE; & — YACTHIIBI Y'-pa3bl
B MEXJICHAPUTHBIX IMPOCTPAHCTBAX MOCIIE BBICOKOTEMIIEPAaTypHOTro cTapeHus no pexumy TO-3
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JlonoMHHUTETbHOE TIPUMEHEHHE KPATKOBPEMEHHOTO OTXKHIra C IMOCIEIYIOIIUM OXJia-
KJIGHUEM BHE IE€YM Ha BO3JyX€ MO3BOJHIIO MOJHOCTHIO NMEPEKPUCTAIUIN30BaTh Y'-(hazy u
chopMHpOBATH €€ B BHJIE BRICOKOTUCTIEPCHBIX (~0,3 MKM) 4acTull, XOTs uX (hopMma aaieka oT
ONITUMAJIbHOW KyOOuIHOH (pHC. 5, 6).

[ToBbIICHNE TeMITEpaTypbl CTAPEHHS MPU TEPMHUUECKO 00paboTke mo pexxumy TO-3
oTHOCUTENbHO pexkuma TO-1 mpuBeno kK GopMHPOBAHUIO B MEXKACHIPHUTHBIX y4acTKaX OT-
JIMBKM KPYIHBIX 4acTHIl Y'-a3bl HeXeNaTeabHO#H hopmbl (puc. 5, 2). MckiroueHue npu Tep-
MHUYECKOI 00pabOTKe Orepalui BEICOKOTEMIIEPATypHOro crapeHus B pexume TO-2 npu npose-
JICHUH TOJIBKO HU3KOTEMIIEpaTypHOro crapeHus B pexume TO-3 He mpuBeno K 0Opa3oBaHHIO
KyOOMIHBIX yacTHIl y"-(a3bl ¢ miockoi orpankoil. [locne TepmoobpaboTkn no pexumy TO-1
(mosHas TepMOOOPAOOTKA) B CTPYKTYpE CIuiaBa (POPMUPYIOTCS KyOOHMIHBIC YaCTHUIIBI Y'-(ha3sl
pazmepoMm ~0,5 MKM € IJIOCKOM OTrpaHKOM, paBHOMEPHO pacIlpeesieHHbIE B Y-MaTpHIIE,
OoJyiee KpyINHBIE 4YacTUIBI Y'-Pa3bl TEKOPUPYIOT MEK3EPECHHBIE TPAHUIIBI, NPH ITOM
MC-kapOu bl pacrosiararoTcsi Kak B 00beMe 3epeH, Tak U Ha MEeK3EPEHHbBIX rpaHuiax (puc. 6).

MKM

1 MKM

Puc. 6. Mukpoctpykrypa cmasa BXXJI22 mocne momHoO#H TepMuieckoil 00paboTKH: a — IUcCTepc-
HBIE YacTHIIBI Y'-(a3bl B y-mMarpulle; 6 — MC-kapOuabl B 00beMe U Ha TpaHHIIe 3epeH

CpaBHUTEIIbHBIE UCCIEIOBAaHUS MOKA3aJdd, YTO TEMIIEpaTyphl Y'-CONbBYC U COJUAYC
CIIJIaBa IMocje TepMuueckoil o0pabotku no pexumy TO-1 (Tnl = 1274 °C, Ts = 1319 °C)
OTJIMYAIOTCSI BCETO HAa HECKOJBKO IpajlycoB OT IOKa3aTeJel ciuiaBa B JUTOM COCTOSHUU
(-|_r:’l'3 =1276 °C, Ts = 1315 °C). Ilpu 3TOM, 110 JaHHBIM PEHTIC€HOCTPYKTYPHOT'O aHAJIN3a,

CIUIaB UMeEET OJaronpusTHoe 3HadeHue y/y' -mucoura, paaoe 0,15 % npu KOMHATHOH TeMmIie-
patype (mepuoa pemeTku y-(assl 6osblie, yeM y'-(hasbl), U c1abo U3MEHsIETCs OCie pa3iny-
HBIX JTAllOB TEPMHUUYECKOW 0OPabOTKH, YTO CBHUJETEIHCTBYET O BBICOKOW CTPYKTYpPHOM
CTaOMIBHOCTH Y/y'-MaTPHIIBIL.

Pe3ynbraThl MexaHn4YecKuX HCTIbITaHUN Ha pacTsbkeHue npu 20 °C o06pa3nos u3 cruia-
Ba BXXJI22, o6paboranneix no pexumam TO-1, TO-2 u TO-3, npeacrasnens! B Ta0:1. 4.

Tabruya 4
Mexannueckue coiicTBa cmiasa B2KJI22 npu 20 °C
NnocJjie TEPMUYECKOiIi 00pa0dOTKH MO Pa3TUYHBIM PEKUMAM
Pexxum Tepmuueckoit 00paboTku os, MIla 602, MIla 3, % v, %
1030 960 8,0 9,5
TO-1 1020 990 50 11,0
1060 920 8,4 13,7
980 960 6,0 8,5
TO-2 980 955 50 11,5
990 965 45 8,5
TO-3 1000 895 9,0 11,5
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OO6pa3iel U3 crutaBa, TepMuuecku oopadborannbeie o pexumaM TO-1 u TO-3, umenn
Oosiee BBICOKHME 3HAYCHHUS XapPAKTEPUCTUK MPOYHOCTH, YeM 00pa3ipl, TepMHUYECKH 00pabo-
TaHHble 10 pexxumy TO-2. Hanbomnpuive 3HaueHus mpejaesia MPOYHOCTH U IUIACTUYHOCTH
nokasanu o0pasifel, TepMooOpadoTanublie mo pexxumy TO-1.

Pe3ynbrarthl HMCHBITAHUA TMONMMKPUCTALNIMYECKUX 00pa3ioB u3 cruiaBa BXKJI22
¢ 2 % (o macce) Re Ha [UIMTENBbHYIO TPOYHOCTH MIPH PA3IMYHBIX PACTIATUBAIOIINX HAMpsKe-
HUAX 6 B uHTepBasie Temmeparyp 900—-1050 °C u monaroBeyHOCTSIX (BpeMsl 10 pa3pyIICHHS)
70—800 4 rcronp30BaHbI 7S IOCTPOCHUS TApAMETPHUECKON KPUBOU JITUTEIHLHON MPOYHOCTH
B KoopauHatax 6—P (P = T(20 + Igtp) — mapamerp Jlapcona—Musnepa [42], rae T — Temmepa-
Typa, K; tp — BpeMs 10 paspylieHus, 4), KOTopast IpeAcTaBieHa Ha puc. 7 (TOYKaMH MoKa3a-
HBI 9KCIIEpUMEHTANIbHBIE 1aHHbIe). Tam ke Juisi CpaBHEeHUs IPUBEACHBI aHAIOTUYHBIE KPUBbHIE
JUISL TIOJIMKPUCTAJUTMYECKUX CIIAaBOB paBHOOCHOM kpucramumzanuu BXJI21 (we comepxkut
Re) [3] u CM681 ¢ 3 % (o macce) Re [7]. Xumuueckuid cocTaB CIUIaBOB MPUBEICH B Ta0I. 1.

500 S~

300
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100

Hamnpsoxkenve o, MIla

50
23 24 25 26 27 28 29 30 31

P=0,0017(20 +lgz,)

Puc. 7. IlapaMeTpuuecKkue KpUBbIE JUIUTEIBHON IPOYHOCTH MOJIUKPUCTAJUIMYECKHUX JKAPOIIPOYHBIX
HuKeneBsix crurasoB BXKJI21 (1), BXJII22 (2) u CM681 (3) B untepsaine temmeparyp 900-1050 °C

[TapameTprueckue KpuBbIE CBUETENBCTBYIOT O npeumyinectse crutasa BXKJI22 mo mm-
TeNbHOU MpovHOCTH neper] crutaBoM BXKJI21 B nccnenoBaHHOM TeMIiepaTypHO-BPEMEHHOM auara-
30HE, YTO 00YCJIOBJIEHO MOJIOKUTEIBLHBIM BIMSIHUEM PEHMSI HA KapolpO4YHOCTh. PacyeTsl oKasbl-
BatoT, 4to cruaB BXKJI22 He ycTymaer mo 3Toi XapakTepuCTUKe Ooliee JISTHPOBAHHOMY PEHHEM
cmtasy CM681, 4ro cBsi3aHO ¢ HEZOCTaTOYHOM (Pa30BOI CTAOMITEHOCTBIO TIOCIIETHETO, XapaKTepH-
3yemoil mapamerpom AE (tabi. 1). Crnemyer OTMETHTB, YTO MOCIIE JIUTENBHBIX UCTIBITAHUI B UH-
tepBasie Temneparyp 900—1050 °C uz6bITounbIX (a3 B cTpykType ciasa BXKJI22 He o6HapyxeHo
(puc. 8). 310 MOATBEPKAAET €ro BHICOKYIO (ha30BYIO CTAOMIIEHOCTD.

f " 7 C ‘*f(?‘;’“ ‘Qy
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Lnt? \Q%'} ﬁ’ﬁ""”(‘gg‘fgr"
: &ﬁ%_ el b 32
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100 Mkm ] 10 MKM

Puc. 8. Mukpoctpykrypa craBa BXKJI22 B paboueii yacTu oOpasna 1mociie UCHbITaHUuN Ha JTU-
TEJIBHYIO MPOYHOCTH TIPH TeMnepaType 1000 °C (o = 140 MIla, t, = 533 4): a — 30Ha pa3pyLIECHNS;
6 — BBIJENICHHS 3BTEKTHUECKOM Y'-pa3sl 1 MC-kapOouaoB
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C Hcnosib30BaHMEM MTOCTPOCHHON MapaMEeTPUUECKON KPUBOU JTUTEILHOW MTPOYHOCTH
crtaBa BXKJI22 (puc. 7) mpoBeneHa oleHKa CpeJHUX 3HAYEHUM mpenaesna JIUTEeIbHON mpoy-

HocTu mpu temmeparypax 900, 1000 u 1050 °C u 6a3zax 100 u 1000 u: Gfgg = 355 Mlla,
2o =245 MIla, 6,00’ =205 MIIa, 6,0 = 110 MIIa, c,00° = 120 MIIa, G, = 65 MITa.

61000 100 1000 100

Texnonozuueckoe onpobosanue cnaasa B/KJ/I22 npu numee nonukpucmaniuueckux
U MOHOKPUCMANINIUYECKUX MYPOUHHBIX PADOUUX JIONAMOK
B ycnoBusx omnbitHoro npowusBoactsa HUILL «KypuaroBckuit uncturyr» — BUAM
MPOBEJICHO OMPOOOBAHHE TEXHOJIOTUYECKUX MPOIECCOB JIUThS MO BBIIUIABISAEMBIM MOJIEISIM
MOJIMKPUCTATNYCCKUX U MOHOKPUCTANTMYECKUX HEOXJIaKIaeMbIX padounx sonatok ['TJ] u3
crmaBa BXKJI22. C 310l 11€71bi0 B IPOMBIIIUICHHON BaKyyMHO-MHAYKIIMOHHOM ME€YM BBITIAB-
JICHBI 110 TEXHOJIOTUH Tpon3BocTBa penuiicogepkanmx JKHC [31] mmxToBble 3aroTOBKH.

Jlumve nonukpucmaniuieckux 10namox

JUist TUThS TOIMKPUCTAIUTMIESCKUX JIOMATOK COOMpa OJIOKH, COCTOSIINE U3 JIBYX MO-
neneit (puc. 9, a). I[To coOpaHHBIM MOJICITBHBIM OJIOKaM JIOMIATOK C UCIOJIb30BAHUEM H3BECTHOTO
TEXHOJIOTUIECKOTO IMPOI[ECCa U3TOTOBIICHBI KepaMudeckue (OpMbI OJIOKOB IS JIUThS (pHC. 9,
0). IIpu 5TOM TIpH M3rOTOBJICHUM Kepamuueckux (Gopm MomudukaTop (aIroMUHAT KOOAILTA)
[25] He mpumeHsuIM. 3aTeM B II€YM YCTAaHOBKH /Il PaBHOOCHOM Kpuctaymzauuu YIIIIO-Y
pa3MeIiany HarpeThie 10 3aJaHHOW TeMmepaTypbl Igopu ABA O10Ka Takux (opM. [IuxToByrO
3aroTOBKY PACIUIABIISUIMA B IUIABMJIBHOM MHAYKIIMOHHOM THIJIE YCTAHOBKH, BBIACPKUBAIH pac-
IJIaB TIPU 3a/IaHHOM TemmepaType Tsan U Jaliee 3aJMBAIM PAcIUIaB B HarpeThle KEpaMUYECKUE
dbopMBl, 3aTeM OCYIIECTBIISUTU MPOLIECC PABHOOCHON KpHCTAIM3alMK paciiiaBa. s obecre-
YEHHUS BBIXO/1a TOJHBIX MOJUKPUCTAIUIMYECKUX OTIMBOK 110 MAaKpPOCTPYKTYpE MPH JIUThE B TPO-
W3BOJICTBEHHBIX YCIIOBUSX UCIIOIB30BATH 3HAYCHUS Thopu U 131, PAHEE BHIOPAHHBIC HA OCHOBE
aHanM3a MOJY4YEHHOM PerpecCHOHHON Mojenu (5) A JTUThs MOJMKPUCTAITUIECKUX OTJIMBOK
o0pasmoB u3 cruiaBa BXKJI22. [To okoHYaHWU TTpoIecca KpUCTAIUTH3AIME KepaMudeckue (hop-
MBI C 3aKPUCTAJUTM30BABIIUMCS CIUIABOM M3BJICKAIHM U3 YCTAHOBKHU U yIASUIA KEPAMUIECCKYIO
000J104Ky. 32 OJTUH IPOU3BOJCTBEHHBIN IIUKII MOMYYaIH JIBE OTIMBKH NOJUKPUCTAIUTMUECKUX
pabouux yonatok (puc. 9, ), Bcero sl UCCIEOBAHUN U3TOTOBIIEHO BOCEMb OTIUBOK JIOTA-
TOK U3 crutaBa BXKJI22.

Puc. 9. MonenbHbie 0510ku pabouymX JIONATOK (@), KepaMmudeckasi ¢popma OJioKa JUIs JIUThS JIOTa-
TOK (6) 1 6JIOK OTJIIMBOK paboumx jonarok u3 cruiasa BXKJI122 ()

ITo pe3ynbpraram BU3YyaJdbHOTO KOHTPOJIS MOJYYEHHBIX OTIWUBOK JIOMATOK JIMTCHHBIC
nedeKThl TUTIA «3aCopy», «IIPOoOo» KepaMudeckux (opM U «HE3alnuB» HE BBIABIEHBL. [lo pe-
3yJabTaTaM HEPa3pyIIaAIIero KOHTPOJIsl peHTreHOrpaduIecKUM METOI0M Ha OJTHOM OTIIMBKE
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JIONaTKy B 00JIaCTH 3aMKa BBISBJICH YYaCTOK HECIUIOLUIHOCTH pasMepaMu 8X7 MM THIIA «pPbIXJIO-
Ta». [1o pe3yapraram Hepa3pyIIAOIIEro KOHTPOJIS KAMMUIIPHBIM METOJIOM (C MCIOJIb30BaHUEM
Habopa aedekxrockommyeckux marepuanoB JIOM 33-OB) B npyroii OTJIMBKE JIOMIATKH HA TIepe-
XOZI€ OT Mepa K 3aMKy (CO CTOPOHBI KOPBITA) BBISIBIECHBI HECIUIOIIHOCTU B BUJIE €IUHUYHBIX I1OP
mramerpoM 10 0,5 MM, YKIIaabpIBaIOIIMECs B MPUITYCK HA MEXaHMUYECKYI0 0OpabOTKY JIOMIATKH.
Takum 00pazoM, BBIXO TOJJHBIX IO METALTYPTHUECKUM Je(eKTaM MOJIMKPUCTAIUINIECKUX OTIH-
BOK pabouux Jiornatok u3 cruiaBa BXKJI22, n3roToBineHHBIX MO pa3pabOTaHHBIM TEXHOJOTHYE-
CKHM MapaMmeTpaM, coctaBui ~88 %.

KoHTpoib MakpOoCTpyKTypbl OTJIMBOK JIONATOK IOCJIE€ PAaBHOOCHOW KpPUCTAJLTU3ALUU
IPOBOJWIIN IYTEM BU3YaJIbHOT'O OCMOTPA UX MOBEPXHOCTH Mocie TpaBieHus. C 3TOW IeIbIo
OTJIUBKU IIOCJI€ XHMMMYECKOIO TPABJICHHUsS IPU KOMHATHOM TEMIIEpaType B pPEAKTUBE
HNO3 + HF + H2O2 ocmarpuBanu moj ONTHYECKMM MHUKPOCKOIIOM M OIICHUBAIN pPa3MeEpbl
MaKpo3epeH. Y CTaHOBIJIEHO, YTO MAaKpOCTPYKTypa OTJIMBOK JIOIATOK HEOAHOPOJHA: Ha Mepe
pasMep Makpo3epeH B 2—3 pasza MeHbIIe, 4eM Ha 3aMke (puc. 10), 9To sABIsSeTCS XapaKTepHbIM
JUTSL TIOIMKPUCTANTNYECKUX OTJIMBOK JIONATOK JTAHHOM KOH(UTYpaIyH.

Puc. 10. Ilonukpucranianyueckas OTIUBKa JonaTku u3 ciiaBa BXKJI22 nocne pe3ku 1 XuMHUECKOTro
TpaBJICHUS

OpHy U3 NOJTYYEHHBIX OTJIMBOK JIONATOK pa3pe3ayld B IONEPEUYHOM HAlpaBICHUU Ha
00pa3ibl, Ha TOPIEBOW MOBEPXHOCTH KAKIOTO U3 HUX M3TOTOBWIIM MUKPOUUTU(BI TSI HCCIIe-
JIOBaHUM MUKPOCTPYKTYPBI METOJIaMHU ONITUYECKON U PACTPOBOM IEKTPOHHON MUKPOCKOIIUH.

Cnnas BXKJI22 B oTiuBKax JONATOK MMEET TUMHUYHYIO JUISI TMOJUKPUCTAIUIMUECKUX
oTIMBOK U3 yriepoaconepxkanmx XHC neHapuTHO-I4EUCTyI0 CTPYKTYpY: B MEXACHIPUT-
HBIX MPOCTPAHCTBAX HaOIOAaroTCs BblAeneHus dactul MC-kapOuI0B Ha OCHOBE TaHTala
pa3nuyHON GOPMBI M KPYITHBIE BBIJIEIIEHUS BTEKTHUECKOH y'-(hassl (puc. 11).

M 1 MKM

Puc. 11. Muxkpoctpykrypa crutaBa BXKJI22 B moimkprucTauIMaecKoi OTIMBKE JIOMATKH (TToreped-
HOE ceveHHe Tiepa) Mmocie JTUThS: a — JeHIPUTHO-TYCHCTas CTPYKTypa; O — Bhijenenns MC-kapOumioB
Y 3BTEKTHUYECKOMU y'-(ha3bl B MEXKJCHIPUTHBIX POCTPAHCTBAX; 8 — YACTHIIBI Y'-(pa3bl B Y-IeHAPUTAX
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W3mepenHbie 3HaUeHUS O0BEMHBIX JOJIEH JTUTEHHBIX MOP Viop U BBIIECIEHUN 3BTEKTH-
4yeckoi Y'-¢a3pl Vopr B CTPYKTYpE 3aMKa U Tepa JIMTOW MOJUKPUCTAIUTMYECKON OTIMBKH JIO-
naTku paziaudarorcs. st 3amMka 3HaueHUst Viop U Vapr cocTaBisitor 0,53 u 5,77 %, nis nepa —
cootBeTcTBeHHO 0,24 1 5,49 %.

Benuuunbl 3TUX mNapaMmeTpoB JUTOM CTPYKTYphl MaTepuaia JIOMaTKd M3 CIjIaBa
BXKJI22 sBnsroTCS XapaKTepHBIMH TSI TTOJIMKPUCTALINYSCKUX OTIIMBOK TYPOUHHBIX JIOTTATOK
n3 JKHC B 1THTOM COCTOSTHUH.

Jlumve MonoKpuCmanIuyecKux 10namox

OnpoOoBaHKEe TEXHOJOTHYECKOTO IMPOIecca JUThsI MOHOKPUCTAJUTMYECKUX Pab0OunxX
OXJIAKJIAEMBIX JIONATOK TypOmHbI Bhicokoro naeneHus ['T/] u3 crmasa BXKJI22 ¢ 3amanHoi
KI'O <001> mpoBeneHO Ha MPOMBIIIICHHONH aBTOMAaTH3UPOBAHHON JTUTEHHON YCTAaHOBKE IS
HaIPaBJICHHON KPUCTALIU3AIMHU C KUJIKOMETAIUTMYECKUM KPUCTAJUIM3ATOPOM (QJIFOMUHUN).
C o5Toll 1enbl0 W3TrOTOBJIEHBI CIEHUANbHBIE MOJETH pPadOouMX JIOMAaTOK C KepaMUYECKHUM
CTEp)KHEM, KOTOpbIe cOOMpan B OJIOK IO IecTh Mojeseil B kaxaoM (puc. 12, a). [Ipu stom
Ka)K7asi MOJIENb JIOTIATKU B TOPIIEBOM YacTH Mepa CHa0XallaCh CTAPTOBLIM OCHOBAaHUEM KOHY-
co00pa3zHoi (PopMBbI, 3aKaHYUBAIOIIUMCS MOJIENIBIO 3aTpaBKU. MOJIeNu JIOMAaTOK pacroiaraiu
Ha JIUTCHHOMN 4arie 0JIOKa TaK, YTOOBI MX BXOJHASI M BBIXOJIHAS KPOMKH Tiepa Obuti oOpare-
HBI B CTOPOHY HarpeBaTeseil yCTaHOBKH.

Puc. 12. MonenbHbIH 010K paboymx JOMaTOK (a) U Kepamuieckas ¢opma OJI0Ka IS JINThST MOHO-
KPUCTAJUTHYECKHUX JIOMATOK (6)

Ilepen muaBkod B 3aTpaBOYHBIE TOJIOCTH TPOKAJICHHBIX JUTEHHBIX KEPaMHUUECKHUX
dbopMm 6110K0B (prc. 12, 6) ycTaHABIUBAIM ClIeIaTbHbIe MOHOKPHUCTANINYECKUE 3aTPABKU U3
cmwiaBa cucteMbl Ni-W ¢ KI'O <001> u 3akperisuii uX KepaMHyecKol CyCIeH3uel ¢ mocie-
nyroriei Beiep kKot npu temmeparype 20 °C He MeHee 6 4 JJ0 OTBEPKJICHUs. 3aTeM B ME€UU
nojorpeBa popM yCTaHOBKH ISl HAIIPABIEHHOW KPUCTAJUIM3AIMN pa3Meliany 1Ba OJ0Ka Ta-
Kux (popm™m, 3amuBaIM B HUX U3 IJIABWJIBHOTO THUIJISI PACIIaBJIEHHBIN >KapONPOYHBIN CILIaB
BXJI22. [laniee BBIMOMHSAIN MPOIECC MOHOKPUCTAIUNINYECKOTO JIMThS JIOMATOK MO TEXHOJIOTH-
YECKUM IapaMeTpaM, BHIOPAaHHBIM Ha OCHOBE aHAllM3a paHee MOJYYEHHBIX PErpecCHOHHBIX
ypaBHeHUH [19], onuCHIBaIOMNUX BIUSHUE OCHOBHBIX TEXHOJIOTHYECKUX IMApaMETPOB JIUThS
METOJIOM HaIlpaBIICHHOW KPUCTAJUTU3AINH (TEMIIepaTyphl paciiaBa B TUIABUILHOM THTIIE
YCTAHOBKH Tepe]] 3AIMBKON B KepaMuiecKkrue GOopMbI U paciijiaBa B KepaMuyeckux Gopmax
nepeJ; HayajJoM Mpollecca KpUCTaUIM3aluKi, CKOPOCTh HAIMpPAaBICHHOW KPUCTAIIU3AIINH)
Ha BBIXOJl TOJHBIX MOHOKPUCTAJUTMYECKUX OTIMBOK oOpa3mnoB ¢ KI'O <001>, yrinoBoe
oTkJIoHeHue akcuanbHoi KI'O <001> moHOKpucTamia crjiaBa oT MPOJOJbHON OCH OTJIMBKHU
JIOTIATOK | Jp. 3a OJIMH MPOW3BOACTBEHHBIN UK MOJIYYEeHbI 12 OTIMBOK MOHOKpPHCTAJLTHYC-
CKHX Jlonatok u3 ciiaBa BXJI22 (puc. 13).
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S g | ! i z
Puc. 13. brioku oTIMBOK pabOYMX MOHOKPHUCTAIUTMYECKUX JIOMATOK 13 cruiaBa BXKJI22 ¢ nutHMKO-
BOI1 HaIiel mocje yaaaeHust KepaMUIecKOH 000I0UKH

AHanu3 MakpoCTPYKTYpPbl OTIMBOK JIONATOK IOCJIE PE3KU M XMMUYECKOIO TPABJICHUS
JI0 BBISBJICHUS JACHIPUTHON CTPYKTYphl B BOAHOM pacTBOpE KOHLEHTPUPOBAHHOHN COJITHOM
KUCIOTHI (puc. 14, a) mpoBeneH myTeM BU3YyaJbHOTO OCMOTpPA M C UCIOJI30BAHUEM OMTH-
YECKOI0 MUKpPOCKOINA. Y CTaHOBJIEHO, YTO Bce 12 OTIMBOK JOMATOK MMEIOT MOHOKPHUCTAI-
JUYECKYI0 CTPYKTYpPY, MOJIYyYEHHYIO OT MOHOKpHUcTauindyeckoi 3arpaBku ¢ KI'O <001>.
Ha moBepxHOCTH OTIUBOK jaedeKToB TUNa «cTpyiHas nukBauus» (freckles) u «mpocrpe-
JbI», PAaBHOOCHBIX 3€peH U Jip. HE oOHapyxeHo. Ha oqHON U3 OTJIMBOK JIOMAaTOK OTMEYEHO
HaJIMYMe MaJIOyTJIoBOM rpaHullsl cyd3epeH. B Tabn. 5 npuBeaeHsl pe3ysabTaThl ONpeleeHus
[1apaMeTPOB MOHOKPUCTAININYECKON CTPYKTYPbI OJIYYEHHBIX OTJIIMBOK JIONIATOK TYpOUHBI.

Tabruya 5
ITapamMeTpbl MOHOKPHCTANINYECKOM CTPYKTYPhI
OTJIMBOK JIONATOK TYPOUHBI U3 ciiapa BAKJI22
AKcHalbHOE KPUCTAIUTOTpaduaecKoe OTKIIOHEHHE Pazopuenranus
MoHOKpucTauia ciiasa ¢ KI'O <001> ot mpo- cy03epeH CTPYKTYpbl
JOJIBHOW OCH OTIIMBKH JIONATOK 0l<001>, TPALYC Aa<o01>, Tpazmyc
3,9
7,5
2,3 -
0,2

4,2
57 2,6 (Ha cIMHKeE),

' 2,2 (c Topria 3amMKa)
7,4 _
3,1
4,0
55 —
8,4
7,1

YcnoBHBI HOMED
OTIIUBKH JIONIATKH

OO (N| O OB |WIN|EF

=
o

[
[

[N
N

Pe3ynbrarhl onpoOoOBaHus MMOKa3ajiK, YTO OTJIWBKH pabodveil JionaTku TypOUHBI U3
s)kaponpounoro cruiaBa BXKJI22 ¢ KI'O <001>, mony4deHHBIE TI0 pa3padOTaHHBIM TEXHOJIO-
TUYECKUM TTapaMeTpaM JUThs, HMEIOT MOHOKPHCTAIUTMYECKYIO CTPYKTYpPY C OTKIOHEHHEM
ot 3amanHo KI'O <001> a<oo1> < 10 TpamycoB (¢ pa3opueHTanmel cy03epeH Ha OJHOMN
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u3 1onatok Ad<oo1> < 3 rpasycoB). OTO HO3BOJISIET CYUTATh, YTO BBIXOJ] TOAHBIX IO MOHOKPH-
CTAJIJIMYECKON CTPYKTYpeE MOIYyYEHHBIX OTJIMBOK JIOTIATOK COCTABIAET ~92 %.

Ha puc. 14 (6, 6) taxxe npencraBiieHbl (GoTorpaguu Makpo- U MUKPOCTPYKTYPbI
MOTMEPEYHOr0 CEYCHUSI MOHOKPUCTAJUIMYECKONU OTIMBKY JONaTKK U3 cruiaBa BXKJI22.

Puc. 14. OTniBKa MOHOKpHCTaNTMYECKOM jTonaTku u3 ciuiaBa BXKJI22 mocne pe3ku u xummudecko-
ro TpamiieHus (a), NEHAPUTHAS MaKpOCTPYKTypa (IomepeuHoe cedeHue mepa) (6) U JACHIAPUTHO-
sTdeUCTas MUKPOCTPYKTYpa (TonepevHoe ceueHue mnepa) (8)

CrutaB B OTJIMBKaX MMEET XapaKTepHOE TSI MOHOKPUCTAJUIMYECKUX OTIIMBOK JICH]I-
PUTHO-IYEHCTOE CTPOCHHME, COCTOUT U3 JICHJPUTOB MEPBOIO U BTOPOrO IMOPSAIKOB M MEXK-
JCHJIPUTHBIX MTPOCTPAHCTB C BBIICICHUSAMH IJIACTUHYATHIX YacTul] MC-kapOuaIoB Ha OCHOBE
TaHTaja U IBTEKTUUYECKOH (MIepUTEKTUYECKOil) Y'-¢pa3sl (puc. 15).

50 mrm

Puc. 15. Mukpoctpykrypa cmasa BXXJI[22 B MOHOKPUCTAIITUIECKOW OTIMBKE JIOMATKU C KPUCTAJI-
norpadudeckoit opuenranueii <001> (momepedyHoe ceueHHE Iepa) MOCHe JIUThSI: @ — BbIICICHHS
MC-xapOua0B U 3BTEKTHYECKOH Y'-(ha3bl B MEXKJACHAPUTHOM MPOCTPAHCTBE; O — YaCTHIIBI Y'-(ha3bl
B Y-JISHAPUTAX IEPBOTO MOPSIKA; 6 — YACTHUIIBI Y'-(Pa3bl B Y-MEKICHIPUTHOM IPOCTPAHCTBE

N3MepeHsl mapaMeTpbl CTPYKTYPhI JIUTOW MOHOKPUCTAUIMYECKOW OTJMBKU JIOMATKH
u3 craBa BXJI22: A = 312,1 MkM; Viep = 0,2 %, Vier = 9,4 %. BenuuuHbl 3THX apaMeTpoB
JUTOM CTPYKTYPHI MaTepuaa Jionatku u3 cruiaBa BXKJI22 sBrisroTcst XxapakKTepHBIMU TSI MO-
HOKPHUCTAJUINYECKUX OTJIMBOK TypOMHHBIX Jonatok u3 JKHC B nmutoM cocTosHum.
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3aka4YeHus

C ucnons3oBanrem [1OD tuma 2"+ 1, rae n = 2, wis HoBoro JKHC mapku BXXJ122 mosy-
YeHa PErpecCUOHHasl MOJAENDb JUlsl MPOTHO3UPOBAHUS BIMSHUS TEXHOJIOTMUECKHX IapaMETPOB
JIMTBSI METOJIOM PAaBHOOCHOM KpHUCTAJUIM3alMK Ha pa3Mep (IuaMeTp) 3epHa B NOJIMKpPUCTAIINYE-
CKUX OTJIMBKax. B pe3ynbrare aHanm3a SKCIEPUMEHTAIbHBIX JaHHBIX U PErPECCHOHHON MOJIEITU
BBIBJIEHO, UTO IIPY MOBBIIIEHUH TEMIIEPATYPhI paciulaBa rnepes 3aUBKOH Tuaq ¢ 1480 no 1580 °C
pa3Mep Makpo3epeH B oTiMBKe u3 ciiaBa BXKJI22 yBenmuuBaercs B 2—3 paza. [Ipu 3ToM noBbI-
nieHue temreparypbl Gopmbl Tpopw B UCCIEIOBAHHOM WHTEPBAJe BAPbUPOBAHMS HE OKA3bIBAET
3HAYNTENILHOI'O BIMSHUS HA pa3Mep MaKpo3epeH, yMeHblasi ero Ha ~24 %.

B cocrosinumn nocne nuths ciiaB BXKJI22 umeer TunmyHyro Ui CIUIABOB ¢ HHTEpMETAl-
JUIHO-KApOUIHBIM YIIPOUHEHUEM MOJUKPUCTALTUYECKYIO CTPYKTYPY ACHIPUTHO-STYEUCTOrO
CTpoeHHsl. MUKpOCTpYKTypa CIulaBa B IpeAeiax JCHIPUTHBIX SUEEK XapaKTepU3YyeTcs XUMHUUe-
CKOW HEOJHOPOJHOCTHIO, OOYCIIOBIICHHOW ICHIAPUTHOM Cerperanueil Jerupyronmx 3JIeMEeHTOB
(B OompIIIEH cTereHN BOJIb(pama, peHHs M TAHTaIa) B MIPOLIECCE KPUCTAJUIU3ALINH.

C 1enpl0 CHUKEHUS CETPEralMOHHON MHUKPOHEOIHOPOJAHOCTH JIETHPYIOIIUX AJIEMEH-
TOB U ()OPMHUPOBAHUS ONTHMAIBHOHN Y/y'-MUKPOCTPYKTYpPHI pa3paboTaHbl TEXHOJIOTHUYECKHUE
napameTpbl TepMudeckoit 00pabotku criaBa BIXKJI22, Bkirodaromiel roMoreHU3aioOHHbIA
OTKUT U IBYXCTYIEHYATOE CTapeHue.

Makpo- U MUKPOCTPYKTYpPHI CIJiaBa, cOPMUPOBAHHBIC MPHU JUTHE H TEPMHUYC-
CKO#l 00paboTke Mo pa3zpabOTaHHBIM IapaMeTpaM, 00eCHeYUBAIOT IS MOJUKPUCTAILIN-
YECKUX OTJIIMBOK MOBBIIICHHBIE XapaKTEPUCTUKU (CPEIHHE 3HAUYEHUS) KPATKOBPEMEHHOM

((Ség = 955 MlIla, GEOC = 1035 MIla, 8° =7 %, y?* =11 %) u AnuTenbHOMH
(0900" - 355 MHa, c$900” :245 MHa, c$1000° :205 MHa, c$1000° = 110 MHa, 61050" = 120 MHa,

100 1000 100 1000 100

1050°
G000

= 65 MIla) npouHocTH.

ITo pa3paboTaHHBIM TEXHOJIOTMYECKUM IIapaMeTpaM, BBIOpAaHHBIM Ha OCHOBE aHaJIM3a
MIOJIyYEHHBIX PErPECCUOHHBIX MOJIEJEH, MPOBEIECHO YCIIEIIHOE TEXHOJIOIrMYecKoe onpoOoBa-
Hue criasa BXKJI22 npu inThe MONUKPUCTAIUINYECKUX M MOHOKPUCTAINIMYECKUX TYPOMHHBIX
JONATOK. BBIXOJ TOHBIX 10 METAJUTYPTHUECKUM JIe(eKTaM MOJIMKPUCTAIITHYECKUX OTIHBOK
pabounx sonarok u3 crmaBa BXKJI22, nu3roroBieHHbIX 0 pa3paOOTaHHBIM TEXHOJIOTHUYECKUM
napaMeTrpaM METOJIOM PaBHOOCHOM KpUCTaJIIM3aluu, cocTaBuil ~88 %. BbpIxox rogHelx mno
MOHOKPHUCTAIJINYECKON CTPYKTYpPE MOHOKPUCTAJUIMUECKUX OTJIMBOK OXJIAXKIAEMbIX JIONATOK
u3 craBa BXKJI22, n3roroBneHHbIX MO pa3pabOTaHHBIM TEXHOJOTHUECKUM MapaMeTpaM Me-

TOJIOM HalpaBjIeHHON KPUCTAJUIM3ALMH, COCTaBUI ~92 %.
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OCOBEHHOCTH JIABEPHOM OUYNCTKHU AJJIOMUHUEBOI'O CILJIABA
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Annomavusn. Paccmompenvl 0cobenHocmu 1a3epHotl 04UCHKY NOBEPXHOCU ATIIOMUHUEBO2O0
cnaasa. Beinonnena memaniozpaguueckas oyeHka cmpykmypuvl N08ePXHOCMHO20 CIOL U U3Me-
PeHbl napamempul WUepoX08AMOCHU NPU PA3TUYHBIX PEHCUMAX 1a3epHO20 8030eticmaus. Onpe-
Oejlena MONWUHA CI0S, YOAIaeM020 3a Npoxoo nazepHozo ayda. Ilo pesynsmamam skcnepu-
MEHMANLHBIX OAHHBIX NOCMPOEH 2PAPUK 3A8UCUMOCIIU UEPOX08AMOCHIU OM MOWHOCIU, NO3-
BOIUBUIUTL YCMAHOBUMb ONMUMATbHBIE PENCUMbL OUUCTKY, obecneuugaroujue MUHUMATLHYIO
wepoxo8amocms Npu cmaduibHou 2nyouHe cvema mamepuana. Iloxazano, umo aasepHas
ouucCmKa A618emcst 3PHeKMuUSHbIM MeMoOOM GUHUWHOL NOO2OMOBKU NOBEPXHOCHIU.

Knroueesnle cnosa: anomunuesvlii cnias, 1a3epras OYUCHKA, CeleKmMuUgHoe la3epHoe CHid6-
JleHue, Memaniozpapus, umepoxosamocms NOBEPXHOCU, MOJUMUHA CHUMAEMO20 COS.

Jna yumuposanusn: Ilantenees M.Jl., Ceupunos A.B., [lementoes 3.C., Poranes A.M., Jlo6anoBa M.B.
OcobeHHOCTH J1a3epHOi ouKCcTKH amoMmuHueBoro cmuasa // Tpyast BUAM. 2026. Ne 10 (164). C. 54-64.
URL: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-54-64.

Scientific article
FEATURES OF LASER CLEANING OF ALUMINUM ALLOY
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Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institutey», Moscow, Russia; admin@viam.ru

Abstract. This article considers features of laser surface cleaning of the aluminum alloy. A
metallographic assessment of the surface layer structure was carried out, and roughness pa-
rameters were measured under various laser exposure conditions. The thickness of the layer
removed per laser beam pass was determined. Based on the obtained experimental data, a
graph of the roughness dependence on power was plotted, which made it possible to identify the
optimal cleaning modes providing minimal roughness at stable material removal depth. It has
been shown that laser cleaning is an effective method for surface finishing.

Keywords: aluminum alloy, laser cleaning, selective laser melting, metallography, surface
roughness, thickness of the removed layer
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BBenenue
[Ipy mnpoeKTUpPOBaHMM U MPOU3BOJACTBE BBICOKOTEXHOJOTMYHBIX KOHCTPYKLIMHI
W3 AIIOMUHHUEBBIX CIJIABOB aBHAIMOHHOIO M CIEIUAIBHOTO HA3HAYCHUS NPEAbABISIOTCS
MOBHIIIIEHHBIE TPeOOBaHUS K KAa4eCTBY MOATOTOBKH IMOBEPXHOCTU. DKCILTyaTallHOHHBIE

54 TPYAbl BUAM / TRUDY VIAM 10 (164) 2026



Aerkue cnAasbl

XapaKTepUCTUKHU JeTallell U HaJeKHOCTh MOCIEAYIOMUX TEXHOJIOTMYECKHUX 3TarioB BO MHO-
TOM OIPEIEINAIOTCS (PU3UKO-TOIMOJIOTUYECKUM COCTOSIHUEM IOBEPXHOCTHOTO CJIOS M OTCYT-
CTBUEM TE€XHOJOTHYECKHUX 3arps3Henuil [ 1-4].

TpaguioHHble METO/BI IOJTOTOBKU ITOBEPXHOCTU AJTIOMUHHUEBBIX CIUIABOB BKJIIOYA-
0T MEXaHW4ecKyr o0pabotky [1, 5]. OgHuM W3 pacnpOCTPaHEHHBIX CIIOCOOOB SIBIISETCS
madpeHue — CheM TOHKUX CI0EB MaTepHaja C IOBEPXHOCTH JAETANIN CHEIMATbHBIM PEXKYIIUM
MHCTpYMEHTOM. HecMOTps Ha CBOIO JOCTYIHOCTb, 3Ta TEXHOJIOTHSI UMEET PAJI CYIIECTBEHHBIX
HEJOCTAaTKOB: BBICOKYIO TPYJOEMKOCTb, HU3KYI INPOM3BOAMTEIBLHOCTh M IPSIMYIO 3aBUCH-
MOCTh pe3yibTaTa OT KBajnudukauu padouero [6, 7]. [Llabpenue yacto npuBoauT K hopmu-
POBAHMIO HEPABHOMEPHOI IIEPOXOBATOCTH, BO3HUKHOBEHHIO JIOKAJIBHBIX KOHLEHTPAaTOPOB
HANpsDKEHUN B BUJAE MNIYOOKHX PHUCOK U HEMpEeACKa3yeMOMY ChEMy OCHOBHOI'O MeETasuia.
B ycnoBusxX COBpEMEHHOIO NMPOU3BOACTBA, OCOOCHHO MPH PadOTE ¢ TOHKOJUCTOBBIMHU Jie-
MEHTaMH KOHCTPYKIIMH, TaKHU€ HEKOHTPOJIMPYEMbIE U3MEHEHHUS T€OMETPUUYECKUX pPa3MEpOB
HEJOMYCTUMHI |8, 9].

[lepcrieKTUBHOM M BHICOKOTEXHOJIOTHMYHON albTePHATUBOM SIBIISIETCA JIa3epHask OUUCT-
ka (JIO) nmoBepxHocTu. Pa3BuTHe 3TOro HampapiIeHUs HANPSIMYIO CBS3aHO C paclIUpeHHEM
MPOMBIIIJICHHOTO PUMEHEHHS BOJIOKOHHBIX JIa3€pOB, CHIDKEHUEM MX CTOMMOCTH U IOBBIIIIE-
Huem MoOmibpHOCTH [10—12]. CoBpemenHble ycTaHoBkH JIO OTIMYAIOTCS KOMITAKTHOCTHIO,
9KOJIOTHYECKON 0€30MacHOCTHIO U BO3MOXXHOCTBIO HHTETPALIUK B POOOTU3UPOBAHHBIE JTMHUU.
KiroueBoe npenmyiectso JIO — oTcyTCTBHE IPSMOr0 MEXaHUYECKOTO KOHTAKTa MHCTPYMEHTA C
JIETANBIO, YTO MOJHOCTHIO UCKIIFOYAeT BOSHUKHOBEHUE OCTATOYHBIX MEXaHUYECKHX HANpPSHKEHHMA
u nedopmanuii B oopadbareiBacMoii KoHCTpyKIuu [13—15]. Kpome Toro, JIO obecrieunBaet
BBICOKYIO JIOKQJIbHOCTb BO3JICUCTBUS U TOUHOCTh IO3UpOBaHus 3Hepruu [ 16—18].

@u3NYEeCKU MEXAHU3M JIa3€PHOM OYMCTKH MPOLECCA BKIIIOYAET MOIIONICHUE YJHEPTUU
MOBEPXHOCTHBIM CJIOEM, €r0 KPAaTKOBPEMEHHBIN WHTEHCUBHBIM HArpeB M yaajeHUe 3a CueT
ucrnapenus marepuaia. Cxema ¢usmueckoro mpomecca JIO moBepxHOCTH HM300pakeHa Ha
puc. 1[14, 19].

BorTspxHOM
L— xaHan
Dokycupyromas
WA S~
JlazepHslit
ITy4OK Wcnapusimiics

o /
V nangeMblii OCTaTOK

cloi

Puc. 1. Cxema ¢pu3nueckoro npouecca Jia3epHoi OYUCTKYA HOBEPXHOCTH

Tepmuueckuit nukn JIO HOCUT UMIYJIBCHBIN U JIOKAJIBHBIN XapakTep. B ommune or
0oJiee ATUTENBHBIX MPOLIECCOB Ja3epHON CBApKH, BO3JCHCTBHE IPU OYUCTKE OIPaHUYUBAETCS
JOJSIMA MUJUIMCEKYHJBl. DTO 00YCJIaBIMBAET OTPOMHYIO CKOPOCTh HAarpeBa U OXJIAKICHHUS.
Ha puc. 2 npencraBieHO KaueCTBEHHOE CpaBHEHHE TepMmuueckoro mukia JIO ¢ ycioBHBIM
HeMpepbIBHBIM HarpeBoM [7, 17].
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Puc. 2. ComnocTaBieHre TEPMUUCSCKHUX IMKIOB Ja3epHOT0 MMITYJIbCHOTO BO3JCHCTBHS W JTUTENb-
HOT'O Harpena

CornacHo HayYHO-TEXHUYECKUM JIUTEPATYPHBIM JaHHBIM, MIPH MPABUIHLHOM MOAOOpe
napaMeTpoB JIa3epHOT0 HM3JIyYCHHUS TEIJIOBOE BO3JCHCTBHE MOXKET OBITH OIPaHUYEHO IIpe-
MMYIIECTBEHHO MPHUIIOBEPXHOCTHBIM CJIOEM, a CTPYKTYpHO-()a30BO€ COCTOSIHHE OCHOBHOTO
MeTaJlja 1Mo/ 30HOH OYMCTKHU MPU 3TOM CYIIECTBEHHO He m3MeHsercs [1]. ABTopamu paboTsl
TaKKke oTMedaercs, 4To 3(G(HEKTUBHOCTh CheMa MaTepuana u (GopmMupyemas TOHOJIOTHS
IOBEPXHOCTH B 3HAYUTEIBHOW Mepe ONpPEeeNIIOTCS apaMeTpaMy H3IIy4eHUs — B MIEPBYIO
odepeslb MOIIHOCTBbIO, CKOPOCTbIO CKAaHHMPOBAaHUS W KouMuecTBOM mpoxonoB [10, 16].
BMecTe ¢ TeM KOHKpETHBIE 3aKOHOMEPHOCTH JUIS MCCIEIyeMOro CIulaBa TPeOyIOT IKCIepH-
MEHTAJIBHOTO TIOATBEPKICHHUS, YTO U ONPEEIISeT eIbh TaHHOH paboThI.

Llens paGoOTHI — UCCIIEIOBAHUE BIMSHUS MOIIHOCTH PYYHOTO BOJIOKOHHOTO JIa3epa Ha
TOJIIIMHY CHUMAEMOT0 CJIOSI U (POPMHPYEMYIO HMIEPOXOBATOCTh MOBEPXHOCTH AITFOMUHUEBOTO
CILIaBa.

MarepuaJjbl 1 METOABI

OOBEKTOM HCCIEIOBAHUS CITYXWJI ATIOMUHUEBBIN CIUIAB, MOJYYCHHBIH METOJIOM
cenexktuBHOoro jnaszepHoro cmasineHus (CJIC). OOpa3subl, MOJy4yeHHbIE 3THUM METOJOM,
CHUHTE3MPOBAIH HA YCTAHOBKE C ONMTHMH3UPOBAHHBIMH TEXHOJOTHYECKUMH MapamMeTpaMH,
o0ecrneunBaIMMI OTHOCUTENBHYIO TUIOTHOCTh MaTepuana He MeHee 99 %. Ilopomok
qutst CJIC mostydaid METOI0M ra30BOM aTOMH3AIMK U3 CIIaBa TOTO e coctasa [8, 20—22].

Jns Metamiorpaduyeckoro uccieoBaHus 00pa3ibl KaX/a0ro CTPYKTYPHOIO COCTOS-
HUSI MOHTHPOBAJIX B TOKOITPOBOJSIIYIO CMOITY, IIJTH(OBaTH Ha aOpa3uBHBIX Oymarax 3epHH-
crocTbio 1o P2000 1 monupoBanu A0 3epkainbHOro Oinecka. TpaBiieHHe MPOBOIMIN IEKTPO-
JUTAYECKHUM METOJOM. MUKPOCTPYKTYpY H3ydald Ha ONTHYECKOM MeTauiorpaduyeckoM
MUKpockorie mpu yBenuueHusx <100 u x200.

[IIlepox0oBaTOCTh MOBEPXHOCTH HM3MEPSUIM C HCIOJIb30BAaHUEM NpOdUIOMETpa MO
napaMmeTpaMm Sa, Ra (cpeanee apudmernyeckoe oTkIoHEeHUE mpoduist) u S; (MakcUMalb-
Has BeicoTa npo¢uist) B coorBeTcTBUM ¢ ['OCT 19300-86 npu yBenuyenun x50 [23, 24].

JIa3epHYI0 OUMCTKY MOBEPXHOCTH 0Opa3I0OB MPOBOJAMIM C UCIOJIb30BAHUEM PYUYHOTO
BOJIOKOHHOTO Jlazepa. Bozaeiicteue ocymecTsisinu B nuanazone ot 400 no 2000 Bt ¢ marom
uzmeHenus 200 BT. [y uckiroueHus BIMSAHUS HEPAaBHOMEPHOCTH TOJIIIMHBI CII0S1 OTPabOTKY
PEKUMOB TIPOBOJMIIM C TOMOIIBIO JIOKATBHBIX 30H Ha TOBEPXHOCTH EIWHOW TIIJIACTHHBI
(puc. 3) [13, 18]. Hdus sToro obpasell pa3fenuiv Ha IEBSITh CETMEHTOB MUPHHON 10 MM,
B K&XKJ0M U3 KOTOpBIX JIO BBINOTHSIM NPH PUKCUPOBAHHOM MOIIIHOCTH.
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Jlnst obecrieueHusi COOCTAaBUMOCTH PE3YJIbTaTOB OCTAIBHBIC TEXHOJIOTHYECKUE Mapa-
METpPBl KOMILJIEKCA, TaKWe KaK IIUPHUHA JIA3ePHOW Pa3BEPTKHU, UMITYJIbCHO-TICPUOIUUECKUIN
peXUM paboThl, 00yB 30HBI 0OPAOOTKH aproHOM (3alluTHAs Cpena), MOIIEPKUBAIA CTPOTO
MOCTOSTHHBIMH Ha TIPOTSHKEHUH BCETO DKCIIEPUMEHTA.

Pe3ysabTarsl M 00CyKIeHHE

B Xxoze akcnepuMeHTalIbHBIX MCCIIEN0BAaHUM MTPOBEJEHA OLIEHKA BIMSHMSI MOLIHOCTU
Ja3epHOr0 M3JIy4EHHs Ha KauyeCTBO OUYMCTKHU MOBEPXHOCTH 00pa3lia U3 allOMUHUEBOTO CILIa-
Ba. OOpaboTKy ocymiecTBIsUM B Auana3one mourHocted ot 400 1o 2000 Bt ¢ marom m3me-
HeHus 200 Br.

BusyanbHblii aHanu3 oOpaOOTaHHBIX CETMEHTOB ITOKA3ajl, YTO XapaKTep B3auMOJEH-
CTBHSI JIA3EPHOT'O M3JIYYEHHUS C MOBEPXHOCTHIO METaJlla CYLIECTBEHHO MEHSETCs C yBelude-
HUeM MomHoctd (puc. 3). IIpy MHUHMMaIBbHOW MOIIHOCTH Ha MOBEPXHOCTH HAOIIOJACTCS
JMIIb HE3HAYUTEIbHOE OCBETIICHHE, KOCBEHHO CBUJIETENILCTBYIOLIEE O YACTUYHOM YAAJICHUU
NOBEPXHOCTHBIX 3arpssHeHuil. C Bo3pactanuem mourHoctH a0 800-1200 Bt dopmupyercs
OJIHOPOJIHAsI TEKCTYpUPOBAaHHAs TIOBEPXHOCTh 0€3 BUAUMBIX Je(ekToB. IIpu BhICOKMX MOLI-
HOCTSIX (PUKCHPYIOTCSL CJeIbl MHTEHCHBHOTO HAarpeBa, MOBEPXHOCTh CTAHOBHUTCSI CBETIICE
C XapaKTEepPHbIM METAJIMYECKUM OJIECKOM, YTO YKa3bIBAaeT Ha OIUIABJIEHUE TOHKOIO MOBEpPX-
HOCTHOTO CJIOSI.

Puc. 3. Bremnnii Bux obpasia M3 aTFOMHHHEBOTO CIUIaBa ¢ HAHECEHHBIMH TPEKaMH JIa3epHOUN
OYMCTKH TPU PA3TUIHBIX MOITHOCTSX U3TyUEHUS

Ha puc. 4 npencraBieHbl COBMELIEHHBIE 3aBUCUMOCTH NAapaMETPOB HIEPOXOBATOCTH
Sz, Sa (npu yBenuueHuu %50) U TOMIMKUHBI CHUMAEMOTO 3a OJIMH MPOXO/] CJIos MaTtepuana h ot
MOIIIHOCTH JIA3€pHOTr0 M3ilydeHusl. Bce Tpu KpuBble JEMOHCTPUPYIOT 3aKOHOMEPHOE U3MEHE-
HUE C YBEJIMYCHHEM MOITHOCTH. [TapamMeTpsl mepoXoBaToCTH S; M Sa MOHOTOHHO CHUYKAIOTCS
BO BCEM HCCIIEIOBAHHOM JUamna3oHe: S; yMeHbIaeTcs ¢ 152 1o 62 MM, Sa — ¢ 20 10 3 MKM.
[Ipu >TOM HamboJIee HHTEHCUBHOE CHIDKEHHE 000WX MapaMeTpoB HAOIIOJAETCS B IUAMa30HE
morHocterd 400—1000 BT, nocne yero TemMn CHUXKEHUS 3aMEIA€TCS U KPUBBIE BBIXOAAT HA
MOJIOTHH Y4acTOK, YTO CBUJIETEIBCTBYET O CTAOMIIM3AIMK XapakTepa (GopMUpyeMoro MUKpo-
penbeda.

Tonmaa cHEMaeMoro c¢iiost N IeMOHCTPUPYET MPOTHBOIOIOKHYIO TEHACHIIUIO — MO-
HOTOHHBI POCT C YBEIMYEHHEM MOIIHOCTH C IMPAKTUYECKU HYNEBBIX 3HaueHuu npu 400 Br
1o ~80 mxm B auamnazone 1800—-2000 Bt, mocie yero kpruBasi BBIXOJAUT Ha HAChIIeHUE. TakuM
00pa3oM, KpUBbIE IIEPOXOBATOCTH M TOJNIIUHBI CHUMAEMOTO CJIOS UMEIOT 3epKaJbHO MPOTHU-
BOIIOJIOXKHBIN XapaKTep U3MEHEHHUS, UTO OTPAXKAET B3aUMOCBS3h MEXKy TTTyOUHON OYHCTKU U
KauecTBOM (hOPMHUPYEMOI MOBEPXHOCTU: YeM OOJIbIlIe MaTepUala yaalseTcs 3a MPOXo, TeM
0oJiee OJTHOPOIHBIM M TJIAIKUM CTAHOBHUTCS MHUKPOpEbed BILIOTH 10 JOCTHKCHHS 30HBI Tie-
perpeBa. Ilpu mommuocTsax >2000 Bt BbIsiBIE€Ha 30HA IEperpeBa, B KOTOPOW JalbHEUIIUI
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pPOCT MOABOAMMOM SHEPrMM HE MPHUBOAUT K MPONOPLUOHATBHOMY YBEIMUYCHHIO INIyOUHBI
CheMa, OJIHAKO COMPOBOXKIAAETCS MHTEHCHBHBIM OIUIABJICHHEM IOBEPXHOCTH, (pOopMUpOBaHU-
€M HEOJHOPOAHOI0 MHUKpopenbeda M morepel KOHTpoJs Haj mpoueccoM obpabotku. Ilpo-
necc JIO uHuIuupyercs npu MOIIHOCTH jJa3zepHoro uznydenus ~300 Br.

HaGnronaemplii Xapakrep 3aBHUCHMOCTEl 00yCIIOBIIEH OCOOEHHOCTSMH IOIJIOLICHUS
Ja3epHOT0 W3IYYCHUs AITIOMUHUEBBIMU CIUIaBaMH. AJIFOMMHUN XapaKTepH3yeTcsl OTHOCH-
TEJIbHO HU3KUM KO3 (GHUINEHTOM MOIIOMEHUS N3Ty4€HHs BOJIOKOHHBIX JIa3epOB — Mopsaka 5—
15 % npu KOMHAaTHOW TemmepaType, OJHAKO MO Mepe HarpeBa MOBEPXHOCTH Kod3(duumeHt
HOIJIOIIEHHS CYIIIECTBEHHO BO3pAacTaeT BCIEACTBHE U3MEHEHUs IEKTPOHHOM CTPYKTYpBI U CO-
CTOSIHUSI TIOBEPXHOCTHOTO CJI0s1 [25]. DTHM 00BsICHSIETCS HETMHEHHBIA XapakTep BCEX TPEX KpH-
BBIX: IIPY HU3KUX MOIIHOCTSX 3HAUUTENbHAsH JIOJI SHEPIUU OTpaXkaeTcs, CheM Mareprajia MUHU-
MaJieH, a IepOXOBATOCTh CHIDKAETCS HE3HAUUTEIIFHO OTHOCHTEIIFHO HIEPOXOBATOCTH MCXOAHON
HOBEPXHOCTH; C POCTOM MOIIHOCTHU IOIJIOIIEHUE YBEINYMBAETCS, YTO 0OECIeunBaeT CTabWiIb-
HBIIl KOHTPOJMPYEMBIH CheM MaTepraia 1 (OPMUPOBAHKUE OJHOPOIHOTO MUKpOpEbeda; OJJHAKO
P NPEBBIILIEHNH OporoBoro 3HaueHus ~2000 Bt HaunHaeT 1OMUHHUPOBATH OIUIABICHUE, a HE
UCIIApeHNE MaTepraia, YTO COOTBETCTBYET HAOIIOAaeMOi 30HE IeperpeBa Ha puc. 4.
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Puc. 4. 3aBHCHMOCTH MTapaMeTPOB HIepoXoBaTOCTU Sa (A), S; (X) (X50) ¥ TONIHUHBI CHUMAEMOTO
ciost h (@) oT MOILITHOCTH JTa3epHOTO M3JIy4eHHs TPH 00pabOTKe aTFOMHUHUEBOTO CIIaBa

Ha puc. 5 npencraBiena 3aBUCUMOCTh TMapaMmeTpa MIEPOXOBATOCTA Ra OT TOJIIUHBI
CHHMMAaeMOrI'o 3a OJIMH MpOoXOoJ ciioss Marepuana. KpuBas HOCUT BbIpaK€HHBIM HEIMHEHHBIN
XapaKkTep M yCIOBHO pa3fjensercs Ha JBa ydacTka. Ha mepBoMm ydacTke, COOTBETCTBYIOLIEM
TOJIIIMHE CHUMaeMoro cios ot 0 1o ~50 MM, HabIIOAAeTCsT MHTEHCUBHOE CHU)KEHUE Iapa-
MeTpa Ra — ¢ 16 10 ~8 MKM, T. €. IEPOXOBATOCTh YMEHBIIIAETCS BIBO€ OTHOCUTEIHHO UCXO/I-
HOW HeoOpaOoTaHHOW MOBepXHOCTH. CTOJIb PE3KOE CHUKEHHE O0YCIIOBIEHO MOCIIEI0BaTEb-
HBIM Y/aJIEHUEM MOBEPXHOCTHBIX 3arpsi3HEHUH, OKCUJIHOTO CJIOSI U HEPOBHOCTEH MCXOIHOTO
penbeda mo Mepe yBenHu4eHUs TITyOUHbBI OYUCTKH.

Ha BrOopom yuacTke IpH TOJIIIKMHE CHUMAEMOro ciiost Mmarepuana >50 MKM KpuBast Bbl-
XOJIUT Ha MOJIOr0e MJaTo: 3HaUeHUs! Ra cTaOMIM3UPYIOTCS B AMana3oHe 7—9 MKM U MpakTude-
CKH HE U3MEHSIOTCS BIUIOTh 0 MAaKCUMaJIbHOM UCCIIEIOBAHHON TI1yOuHbI ~80 MKM. DTO CBH-
JNEeTeNbCTBYET O TOM, YTO MPU JOCTHKCHHH OMpENeNIeHHOW TIyOWHBI cheMa MaTepuana
dbopmupyeTcs CTaOUIbHBIN OJHOPOAHBIN MUKpOpenbed, NanbHeIIee yinydieHue KOToporo
C YBETTMYECHHUEM TITYOMHBI OYMCTKU B paMKax JIaHHBIX PEXKUMOB He jgocTuraercs. Takum obOpa-
30M, Ti1yOuHa cnost ~50 MKM SIBJISIETCS] TIOPOTOBOI, IPU KOTOPOH 0OecreynBaeTCsi ONTUMANb-
HO€ COOTHOIIEHUE MeXAY YPPEKTUBHOCTHIO CheMa MaTepHaja M KauecTBOM (hopMupyemoin
MOBEPXHOCTH, YTO COOTBETCTBYET Auana3zony MourHoctern 800—1200 Br.

58 TPYAbl BUAM / TRUDY VIAM 10 (164) 2026



Aerkue cnAasbl

R,, MkM

18
16
14
12
10

8

6
0 50 69 80
TomimHa CHUMaeMOro clos, MKM

Puc. 5. 3aBucuMOCTE TapaMeTpa MIEPOXOBATOCTH Ra OT TOJIIMHEI CHATOTO CIOS

Jljis moATBEepKACHUS PE3yJIbTaTOB, U3JI0KEHHBIX paHee, MPOBEACHO MeTaorpaduye-
CKoe mccienoBanue (puc. 6) momnepevyHpx NUIM(OB OYUIICHHBIX CETMEHTOB IMPU MOITHOCTSX
nazepHoro usnydenus ot 800 no 1400 Br.

Puc. 6. Ctpykrypa (x1000) mpunoBepXHOCTHOH 30HBI OOpa3ILOB TOCIE Ja3ePHON OYHCTKH IIPH
MOIIHOCTSIX Ja3eproro u3nyderus 800 (a), 1000 (6), 1200 () u 1400 (2)

Ha mukpocTpykType NpUIOBEpXHOCTHOM 30HBI OTYETIMBO BBIACNAIOTCS JIBa Xapak-
TEpHBIX cJ0s. BepxHuil cioi, HEMOCPeICTBEHHO MPUJIETAIONIMNA K 00pab0TaHHOM MOBEPXHO-
CTH, MIPECTaBISET COOON TOHKYIO TEMHYIO IIOJIOCY — 30HY TEPMHUYECKOT0 BIUSHUS J1a3€pHOTO
U3JTyYEHUS] C U3MEHEHHBIM KOHTPACTOM TPaBJIEHUS, CBUIETENbCTBYIONIYIO O JIOKAJIBHOM TEIl-
J0BOM Bo3znedcTBuU. [lpu yBenmnyeHMH MOUIHOCTH HIMPUHA 30HBI TEPMUYECKOTO BIIMSIHHS
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Bo3pactaer ¢ 21 10 45 mMxM. CJI0MCTOCTh 30HBI TEPMHUUECKOTO BIIHMSHUSA OOYCIOBICHA OCO-
OCHHOCTBIO CKaHHPOBAHUS ITOBEPXHOCTH Ja3epHbIM JydoM. Tak, 3a BpeMs OUHCTKH U3Jyde-
HUE yCIIeBAaeT BO3/EHCTBOBATh HA MMOBEPXHOCTh HECKOJIBbKO pa3. Huke pacronaraercs oCHOB-
HOM MeTaJl aIIOMUHHUEBOTO CIUIaBa, COXPAHSIOMUN UCXOHYIO 36pPEHHYIO CTPYKTYpPY C paB-
HOMEpHO pacHpe/Ie]ICHHBIMU BKIIIOUEHUSIMU BTOPUYHBIX (Da3. I'paHuiia Mexay mepexoIHbIM
CJIOCM U OCHOBHBIM MCTAJIJIOM 4YCTKasd W pOBHAA, YTO CBUACTCIBCTBYCT O JIOKAJIbHOCTH
TEPMUYECKOTO BO3IECUCTBUS U OTCYTCTBUHU INTyOOKOI0 IpOorpeBa MaTepuania.
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Puc. 7. 3aBucumocTh FJ'Iy6I/IHI>I 30HBI TEPMUYECKOT'O BIIUAHUA OT TOJIIUHBI CHUMAaEMOTI'O CJIOA

Ha puc. 7 npencraBieHa 3aBUCHMOCTb IITyOUHBI 30HBI TepMuyeckoro BiausHus (3TB)
OT TOJIIIMHBI CHUMAEMOTO 32 OJWH IMPOXOJ CJIOS MaTepHaia. JTa 3aBUCUMOCTh BaXKHA JIJIS
NOHUMAaHMs TPOLIECCOB B INPHUIIOBEPXHOCTHON 30HE, MOCKoJIbKYy uMeHHO 3TB ompenenser
rIIyOMHY CTPYKTYPHBIX H3MEHEHU B OCHOBHOM METaJlIe.

C pocToM ToNIIMHBI CHUMaemoro ciosi riyouna 3TB 3akoHoMepHO yBenuyuBaeTcs.
[Tpu MUHHMMaIbHBIX 3HaUeHUAX cbeMa (10 10—15 mxM) oHa He npesbimaer 16—20 MKM, 4TO
CBU/IETEJILCTBYET O BBICOKOM JIOKaJIbHOCTU BO3AEUCTBUS. [Ipy yBenMueHUHU TONLIMHBI CheMa
no 40-50 mxm riiyouna 3TB Bospactraer mo 38—45 MKM, MOCI€ Yero pocT 3aMenjsieTcs U
KpHBasi BBIXOJIUT Ha Iojoruil yyactok. [Ipu makcumanbHbIX 3HaueHUsX ~80 MKM riyOuHa
3TB cocrasnsier nopsaka 56—60 MKM.

Takas popma 3aBUCUMOCTH OOBSICHIETCS TEM, YTO IIPU MAJIBIX MOIIHOCTSAX TEIUIOTA HE
yCIIeBaeT PAaCHpPOCTPAHUTHCS B IIIyOWHY 3a BpeMs umiryiabca. C yBeTHMYEHHEM MOIIHOCTH
TEIUIOBON (DPOHT MPOHHUKAET TIy0rke, HO Bce OoJblIasi 4acTh YHEPIUU PacXoyeTcsl Ha UCHa-
peHue Marepuaia, a He Ha HarpeB OCHOBBI, 4To 3ame yisieT poct 3TB.

3aka4eHus

B xope BbinonHeHNs paboThl MPOBEACHO HKCIEPUMEHTAIBHOE UCCIIEJOBAHUE BIUSHUS
MOIIIHOCTHU Jla3epHOTo m3nydenus B auanazone 400-2000 BT Ha kauecTBO OYMCTKH MOBEPX-
HOCTH aJIFOMUHHEBOIO CIUIaBa MpU (PUKCHPOBAHHBIX TEXHOJIOTMYECKUX Mapamerpax. [lo pe-
3yJbTaTaM M3MEPEHHH MIEPOXOBATOCTH TMOBEPXHOCTH (MApaMeTphl Sa U S; MPU yBEITHMUCHUH
x50) u Meranaorpau4eckoro MCCIeAOBaHUS MOMEPEYHBIX IIIM(OB MOCTPOEHBI 3aBUCHMO-
CTH NIapaMEeTPOB IIEPOXOBATOCTH OT MOIIHOCTH JIa3€PHOTO M3IyYEHUs, a TAKKE 3aBUCUMOCTh
napamerpa Ra OT TOJIIIMHBI CHUIMAeMOT0 3a OJIMH MPOXOJ] CJI0s1 MaTepHasa.

AHaM3 MOJIYYEHHBIX 3aBUCUMOCTEN MOKa3ajl, YTO C yBeJIM4YeHHuEeM MomHocTH ¢ 400
no 1800 Bt mepoxoBaToCTh MOBEPXHOCTH 3aKOHOMEPHO CHUXKAeTCs: mapameTp Sa (x50)
ymenburaercs ¢ 20 10 3 MM, mapametp S; (x50) — ¢ 152 1o 62 MkM, uto Oosiee ueM B 2 pasa
HIDKE 3HAYeHUH IJisi HeoOpaOOTaHHOW TMOBEPXHOCTH. 3aBUCHMOCTH MapameTrpa Ra (cpemHee
apu@meTnyecKoe OTKIOHEHHE MPOQUIIST) OT TOJIIIUHBI CHUIMAEMOI'O CJI0sl HOCUT HETMHEWHBIH
XapakTep M YCJIOBHO pa3jessieTcss Ha JBa y4yacTKa: MHTEHCHBHOE CHIDKEHHe mapamerpa Ra
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¢ 16 no ~8 Mxm nipu rmyoune chema marepuaina ot 0 7o 50 MKM, 1MOCIe 4ero KpuBasi BBIXOIUT
Ha moJjoroe riaro. ['myOuna ~50 MKM SBISI€TCS MOPOTOBOW, COOTBETCTBYIONICH AMANa3oHy
momHoctel 800—1200 BT, mpu xoTopoii obecrieunBaeTcss ONTUMAIBHOE COOTHOIICHHE MEXKTY
3¢ pekTUBHOCTHIO CheMa MaTepuaia U KayecTBoM Gopmupyemoit noepxnoctu. [Ipu morHo-
ctsx >2000 Bt naGmromaercsi mepexoll B 30HY IEPErpeBa, COMPOBOXKIAIOIIMICS HHTEHCHB-
HBIM OTUIABJICHUEM ITOBEPXHOCTH U MTOTEPEH KOHTPOJISL HaJT MIPOLIECCOM 00pabOTKH.

MeramnorpaguyeckuM HCCIeIOBaHUEM IPUIIOBEPXHOCTHON 30HBI MOJATBEPXKIICHO, UTO
IIpY ONTUMATIBHBIX pekrmax MorrHocteld 800—1200 Bt nepexoHblii Clioil MMEET ONTUMAIIbHYIO
ryOuHY, CTPYKTYpHO-()Da30BO€ COCTOSTHHE OCHOBHOTO MeTajula MO 30HOH JIa3epHOro BO3ZCH-
CTBHUSA COXPAHSETCs, a IPUIIOBEPXHOCTHAS 30HA CBOOOIHA OT KPYITHBIX MO U 1e(HEKTOB.

Takum 00pazoM, ONTHUMAbHBIMH PEXHMMaMHU JIa3€pHOM OUYUCTKU CILIaBa SIBISIFOTCS
momHocTH 800—1200 BT, oOecrnieunBaromye KOHTPOIUPYEMYIO TOJIIUHY CHUMAEMOTO CIIOS
~50 MKkM U popMupOBaHUE OIHOPOTHOTO Oe3aeeKTHOro MUKpopenbeda ¢ MUHUMAIbHBIM
rapamMeTpoM CPEIHETO OTKJIOHEHHS OT poduist ~8 Mkm [26, 27].

B panpHeiimmx paboTax MIaHUPYETCs] UCCIEOBAHUE BIUSHUS JA3€PHOW OYMCTKH Ha
KayecTBO MOCIEAYIOLIEH aproHO-1yroBOM CBAapKU MOJATOTOBJIEHHBIX MOBEPXHOCTEH alllOMU-
HUEBOTO CIUIaBa, BKIIOYAs OLEHKY MOPUCTOCTU M Je(PEKTHOCTH CBAPHOTO IIBA, JETAIbHBIN
aHaJIU3 CTPYKTypHO-(a3oBbix mpeBpamienuii B 3TB, a Takxke MeXaHUYECKUE XapaKTEPUCTHKU
MOJTYYECHHBIX COCTMHEHUM.
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MNEPCIIEKTUBBI U3I'OTOBJIEHUSA I'PYIIIIOBBIX 3ATOTOBOK JIOITATOK
KOMIIPECCOPA M3 KAPOIIPOYHBIX TUTAHOBBIX CIIJTABOB BT41 n BT46
METOAOM I'OPAYEU JE®@OPMAIIMU B UBOTEPMUYECKUX YCJIIOBUAX

A.B. Heconenog*, T.B. Iasnosa*, O.C. Kawanos", A.P. KOHépambeeal, B.C. Kanawnuxog*

l®enepanbHoe rocyIapcTBEHHOE YHUTApHOE HNpeanpusate «Bcepoccuiickuii HaydHO-HCCIeA0BaATEIbCKHIA
WHCTUTYT aBUALIOHHBIX MaTepHanoBy» HanmuoHaIbHOTO MccIenoBaTenbeKoro neHTpa «KypuaToBCKUi HHCTHTYT,
Mocksa, Poccust; admin@viam.ru

Annomayua. Paccmompenvi npomviuiieHHo npumeHsemble MEXHOJIO02UYECKUE CXeMbl
U320MOBIeHUsL  pabouux JIONAMOK KOMHpeccopa U3 MUMAHOBbIX CHIA808 Haubojee
80CMPEOOBAHHBIX  2AOAPUMHBIX — PA3MEPO8,  KOHCMPYKIMUBHO — BbINOJHEHHLIX € 3AMKOM
«iacmouxkun  xeocmy. Ilpeocmasnenvl pe3ynomamvl IKCHEPUMEHMATLHBIX  UCCIEO08AHUL
CIMPYKMYpbl U MEXAHUYECKUX CBOUCME UCXOOH020 Mamepuaia npymko8 U Wmamno8oK
(UHOUBUOYATILHBIX U 2PYNHOBBIX 3A20MOBOK) U3 JHCAPONPOUHBIX MUMAHOBLIX CHAABO8 MAPOK
BT41 u BT46, nonyuennvlx no paziuuHbiM MEXHOA0SUYECKUM CXeMaM. Ycmanoenena
B03MOJICHOCIb ~ 0DecnedeHusi  GblCOKUX — MeXAHUYeCKUX  XapaKkmepucmux U — mMeXHUKo-
IKOHOMUYECKUX NOKazamenel U320MmoeienHus pabodux JI0NAMOK KOMAPEccopd BblCOKO20
Oasiaenus uz cniagos BT41 u BT46 ¢ ucnoav3o08anuem ucxoOHOU pynnosoll 3a20moeKu.
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PROSPECTS FOR MANUFACTURING COMPRESSOR BLADE GROUP
FORGINGS FROM HEAT-RESISTANT TITANIUM ALLOYS VT41 AND VT46
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Abstract. The article examines industrially applicable manufacturing processes for high-
pressure compressor blades made of titanium alloys — specifically those with the most widely
used dimensions and a «dovetaily root design. The article presents the results of experimental
studies on the microstructure and mechanical properties of starting materials — bars and
forgings (both individual and group forgings) made from heat-resistant titanium alloys VT41
and VT46, produced via various manufacturing routes. The study demonstrates the feasibility of
achieving high mechanical properties and technical-economic indicators for the manufacture of
high-pressure compressor blades from VT41 and VT46 alloys using group blanks.

Keywords: titanium alloys, compressor blades, machining, isothermal forging, heat
treatment, mechanical properties
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Beenenue
TexHonorus 1 cXembl U3rOoTOBJIEHUs padouux jonarok (PJI) komnpeccopa u3 TuTaHo-
BbIX CIJIABOB CUUTAIOTCS YCTOSIBIIMMHUCS, 3(PPEKTUBHOCTD UX MCIIOIb30BAHUS TOATBEPKICHA
3HAUUTENIBHBIM ONIBITOM M3TrOTOBJIEHUS U 3KCIuTyaTauui [1, 2]. B kauecTBe KOHCEpPBaTUBHBIX
MO>KHO 0XapaKTEPHU30BaTh CIEAYIOLINE TEXHOJIOTHH:

— o0beMHasl ITaMIIOBKa, MEXaHU4ecKasi 00padoTKa ¢ MPUMEHEHHEM MHOTOKOOPAMHATHBIX
(bpe3epHbIX CTAaHKOB C YMCIIOBBIM MPOTPAaMMHBIM YIpaBIECHUEM MpU 00paboTKe mepa, oTie-
JIOYHBIE OTIEpaLUy;

— o0beMHas IITAMIIOBKa, MEXaHU4YecKass 00padoTka JUisl MoJiyueHus 0a30BbIX MOBEPXHO-
cTell, anmekTpoxumudeckas obpaborka (DXO), oTAeNOUHBIC ONMEpali — TaK Ha3bIBACMBIN
KOMOMHHPOBaHHBIA METOJ;

— TOYHas 1TamnoBka ¢ npumyckom ~(0,3—0,7) MM ¢ nocneayroueil MexaHuueckou (rpe-
UMYILIECTBEHHO a0pa3uBHOI) 00pabOTKOM, OT/ICTIOYHBIE ONEPALIHH.

Kak npaBuiio, HOBU3HY B CYIIECTBYIOIINE TEXHOJIOTUH PUBHOCAT OIEPALMH, CBSI3aHHBIE
C OTHENKOM 1 ynpouHeHueM nosepxHocteit nepa PJI. Chemyer oTaeIbHO OTMETUTD TOIIBITKH UC-
M0JIb30BaHMS B KQUE€CTBE MCXOAHOrO MaTepuaia noj mraminoBky PJI noarorosneHHsle 3arotos-
KU (TIPEUMYIIIECTBEHHO MPYTKOBBIC) C YIBTPAMEIKO3EPHUCTON CTPYKTYPOH C LENBIO MOBBIIICHUS
XapaKTEPUCTUK CONPOTHUBIICHUS YCTAJIOCTH IOTOBBIX jAeTaneid. OIHAKO JaHHBIN MOAXOJ HEeNpH-
MEHHM K KapOIPOYHBbIM TUTAHOBBIM CIUIaBaM ¢ paboueii Temmneparypoii >450 °C, Tak Kak ypo-
BEHb TEPMHUYECKOH CTAOMJIBHOCTH, KOPPO3UOHHOM CTOMKOCTH M XapaKTEPUCTHK HaJIeKHOCTU
MaTepualia ¢ ylIbTPaMeIKO3EpPHUCTON CTPYKTYpOH IpuMeHHUTENbHO K PJI B OCHOBHOM MeHblIIIE,
YeM y Marepualia ¢ periiaMeHTUPOBAHHOW MEJIKO3EpHUCTON INIOOYISIPHO-TIJIACTUHYATON CTPYyK-
typoii [3-5]. Kpome Toro, maHHas TEXHOJIOTHs OOJiee TOPOrOCTOAIAsl, TaK Kak TPeOyeT J0IMoJI-
HUTEJIBHOIO Tepe/iesia KaTaHbIX PYTKOB MEJNKOI0 COpPTa AJIS TOyYEeHHUS YIbTPaMeIKO3epHUCTON
CTPYKTYpBI, a BbICOKasl CTENEHb JErHpOBaHUs a-(ha3bl B HKAPOIPOUHBIX TICEBI0-0-CIIIaBaX TUIA
BT18Y u BT41 camxkaet u 6€3 TOro HeBBICOKYIO TEXHOJIOTUYHOCTh MaTepHala.

OTnenbHO pacCMOTPUM TEXHOJOTMUYECKHUI mpouecc ropsueit aepopmanuu. Jnurens-
HOE BpeMs OOJIbIlIKMe HaJAEKIbl BO3Jaraid Ha IMIMPOKOE BHEIPEHHE METO0J/la U30TEPMUYECKOU
mramnoBku (M3L). TenaeHuus MCHonb30BaHUS W30TEPMUYECKUX YCIOBUU J1edopMUpOBa-
HUS TaKOBa, YTO IMOJIyYEHUE IITAMIIOBAaHHBIX 3aTrOTOBOK C MaJIbIMHU MPUITYCKAMU HEU30EKHO
CBSI3aHO CO CHMKEHUEM TEMIIEpAaTypbl HarpeBa 3aroTOBOK M OCHACTKH, T. €. OCYILECTBISAETCS
nepexoJ; oT ropsued naedopMarui K «Terion». s >kapompoyHbIX THUTAHOBBIX CIUIABOB
CHIDKEHHE TeMIepaTypbl HarpeBa 3aroToBok u Jedopmanuu 6osaee yem Ha 50—75 °C oTHOCH-
TEJIbHO TEMIIEPATYpPhl MOJHOTO NOJUMOP(HHOTO MPEeBPAICHUs Tr.n MOXKET IPUBOAUTH K IEpe-
pacnpeeNIeHuI0 KPEMHHUS B TBEPABIX pPAaCTBOpAX, YBEJIMYEHHIO €r0 KOHLEHTPALMHU BIOJIb
MeX(a3HbIX I'paHHIl ¢ 00pa30BaHUEM «BBICOKOTEMIEPATYPHBIX» CUIMIMI0B. Kpome Toro,
unTepsai temrepatyp ot 700 o 830 °C cOOTBETCTBYET TeMIlepaTypHON 00JaCTH UHTEHCHB-
HOT'O BBIJICJIEHUS] MHTepMeTaluMIHONW ¢a3bl TizAl, cHMKarome IIacTUYHOCTh, YAAPHYIO
BA3KOCTh W NPUBOJSAIIEH K MOBBIIICHUIO YYBCTBUTEIBHOCTH MaTepuaia K KOHIIEHTpaTopam
HaAIPsDKEHUH MIPYU PA3JIMYHBIX BUJAX HarpyxeHus [6, 7]. HEKOTOpbIM UCKIIOYEHUEM SIBIISIFOT-
cs crutaBel BT8M-1 u BT46 co CHW)KEHHBIM COJep)KaHHeM amtoMuHUS U KpemHwus. Cyie-
CTBEHHOE CHIKEHHE TeMIIepaTypsl JeGopMaluu U KaTuOpoBKU B OOIIEM ciydae MPUBOIUT
K [TOJIYUEHHUIO B U3JIEIHUU TIIOOYIIpHOM MUKPOCTPYKTYpHI. Jlo Hayana 2000-x rr. Takas MHUK-
POCTPYKTYpa CUMTANach ONTUMAJIbHOW Ui JIOMATOK, TaK Kak oOecredynBajga HauOOJbIIYIO
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BBIHOCJIMBOCTb MPU UCTIBITAHUH TJIAJKUX 00pa3LoB U JIONATOK 0e3 KOHILIEHTpAaTopa HampsKe-
HUWA HAa MHOTOLMKJIOBYIO YCTaJOCTh. Takol moaxoa TpedyeT KOPPEKTUPOBKHU B CTOPOHY IO-
BBILICHUS YIAPHOHN BA3KOCTHU, TPEIIMHOCTOMKOCTH U CHUKEHHUS YyBCTBUTEIBHOCTH K KOHIICH-
TpaTopaM HaNpsHKEHWH U1 MaTepuaia JOoMaToK. DTO, B CBOIO OuYepellb, MPUBOAMUT K HEOO-
XOJIUMOCTHU TOJIYYeHHS! MHUKPOCTPYKTYp TJIOOYJISpHO-IUIACTUHYATOrO THIA, 4TO TpeOyeT
KOPPEKTUPOBKH TEMIIEPATypHOTO peXHMa KaTHOPOBKH IITAMIIOBOK (Onepanus KaatuOpoBKH
B M30TE€PMUYECKHUX YCIOBUSAX ISl JAHHOTO METOAAa U3rOTOBJIEHUS COBMEIIAETCS C BBICOKO-
TEMIIEpaTypHOH CTYIIEHbIO OTXura). B nannoil cratee ans cnaBa BT46 kanubGposka npo-
BEJICHA 10 PEeXUMY, OTInyarolemycs 0ojee BBHICOKON TeMIlepaTypoil HarpeBa, ueMm IS
CEpUITHBIX JKapOIIPOYHBIX TUTAHOBBIX CILIABOB.

Hapsiny ¢ U311 n1s M3roToBieHUs IITaMIIOBOK JIONATOK MPUMEHSIOT U JPYrHe TeX-
HOJIOTHUYECKue MeTozbl. Hanbosee mpocThIM U MIHUPOKO PacTipOCTPaHEHHBIM SIBISIETCS METOJ
00BEMHOI MITAMIIOBKH, IIPEIyCMaTPUBAIOIINI MMOCIEAYIONIYI0 TEPMUUECKYI0 00paboTKy Io-
JyYEHHBIX LITAMIIOBOK 10 TUIIOBOMY PEKUMY OTKUra. J[s G0JBLIIMHCTBA 5KapOIPOUHBIX TH-
TAHOBBIX CIUIABOB B JIAHHOM CJIy4a€ UCIOJIb3YIOT ABOMHOM OTXKMUT.

Jpyroii TEXHOJOTMYECKHH IOAXO0J OCHOBaH Ha IPUMEHEHUU TEPMOMEXAHMYECKOU
o0pabotku (TMO), npu KOTOpOH onepanuy KaIMOpPOBKH U BHICOKOTEMIIEPATYPHOH CTyHEeHH
OT)KHTa COBMEIIAIOT B pamkax eauHoro mpoiecca. [locne Bemonnenuss TMO mramnoBku
MOJIBEPTral0T TepMUYECKOi 00paboTke Mo pexumy crapeHus. Hambonplryro TeXHOJIOrHYe-
CKYIO CJIO’KHOCTb IIPEJCTaBIIsIET BeIcoKoTemnepaTypHas TMO, koTopasi mpuMeHseTcsl 3Hauu-
TEJIBHO PeXe IPYTUX PACCMOTPEHHBIX MeTOM0B. JlaHHBII ciocob mpeaycMaTpuBaeT Mocieao-
BaTEJIbHOE BBIIIOJHEHUE OKOHYATEJbHON IITAMIIOBKM M KaJMOPOBKU, IOCJE YEro 3aKajka B
BOJIE OCYIIECTBIISIETCS] IIPU OJJHOM HarpeBe, a 3aBeplIarolel onepalueil iBaseTcs CTapeHue.

Crnenuduxoii msrorosnenus PJI sBusercs cepuitHOCTh Mx mpomsBoAcTBa. [losTOoMy
SKOHOMHYECKHE (PAKTOPhl BO MHOTOM OOYCIABIMBAIOT BHIOOP TOM WJIM MHOW TEXHOJOTHYE-
CKOHM cxembl n3rotopieHus. B cioyuyae nmpoekrupoBanust texnosnorun M3II ¢ npumeHnenuem
MaJjblX MPUIYCKOB CTOMMOCTb M3TOTOBJIEHUS U PEMOHTA IITAMIIOBOM OCHACTKH BHOCHUT 3Ha-
YUTEIBHBIN BKJIAJ B OOIIyI0 cebecTouMOCTh u3aenui. s mmpokoir Homenkiarypsl PJI u3
TUTAHOBBIX CIUIABOB 11€7I€CO00Pa3HO MPOBOAUTH OCHOBHBIE onepannu GopmMoodpa3oBaHus Ha
MIPOU3BOJUTENILHOM KYy3HEUHOM OOOPYAOBAHUU C MPUMEHEHUEM 3JIEKTPOKOHTAKTHOW BbICAI-
KU 1Ipu (PaCOHMPOBAHHUH 3aTOTOBOK, IITAMIOBKOW HAa TUAPOBUHTOBBIX M KPUBOLIUITHBIX Tpec-
cax. M3orepmuueckuie ycaoBUs IPU TUIIOBOM TEXHOJIOTUHM PallMOHAIBHO HUCIOJIb30BATh Orpa-
HUYEHHO, Ha OTJIEJIbHBIX ONEepaIusaX, IPOBOJUMBIX IIpU Oojiee HU3KUX TeMIlepaTypax HarpeBa
3arotoBok. [IpoBenenue onepanuii pacoHMpoBaHUS 3arOTOBOK C MPUMEHEHHUEM WHIUBUIY-
QJIBHOM IITaMIIOBOW OCHACTKU — JOPOTOCTOSIIUI MpOIecC: B 3aBUCUMOCTH OT TabapUTOB U
(GOpMBI 3aTOTOBOK CTOMKOCTH IITAMIIOBOM OCHACTKU Ha OIEpaIUsx MOJIOTOBOHM IITaMIOBKU
JUTSL MAJIO- M CpeHEradapuTHBIX 3aTOTOBOK MOXKET cocTaBiATh ~(800—1200) mrT. [8], Ha ome-
panusx KaquOpOBKH Ha Tpecce B HM30TEPMHUYECKHX ycloBusx gocturaetr ~(150-350) .
[TpyueM MakcuMallbHasE CTOMKOCTb OCHACTKM TOJY4YE€HAa 3a CYET CHU)KEHHs TEMIIEpaTyphl
n30TepMUueckoi ycTaHoBkH (mrammoB) Ha ~(100-200) °C OTHOCHTEIBHO TEMIIEPATyPhI
HarpeBa 3aroToBoK noj aedopmanuto. IlomoxurenbHblil 3pGEKT OT U3roTOBIEHUS ILTAMIIO-
BOK I10 TAKOW TEXHOJIOTHH CBSI3aH C COBMEIIEHNEM ONepaluil KaTuOpOBKHU C BBICOKOTEMIIEpa-
TYpPHOU CTYIEHbIO OTXKMUIA, T. €. IOJy4YEHUEM JlonaTok 1o cxeme TMO.

B cnyuae crnmaBa BT41, paboraroniero mpu mpefesbHbIX /I TUTAHOBBIX CILIaBOB
temneparypax (550-600 °C), mis oGecrieueHrs: BBICOKOTO YPOBHS >KapOIPOYHOCTH M COTIPO-
TUBJICHUS YCTAJIOCTH MPH MOBBIIIEHHBIX TEMIEpaTypax Mocje MTaMIIOBKU HEOOXOIUM JIBOM-
HOW OTXWT.

K ocobeHHOCTSIM 3KCITyaTalluy ra30TypOMHHBIX ABUTaTeNel oTHocATCs u3Hoc PJI u
UX TOBPEXACHUS OT MOMAaJaHus MOCTOPOHHUX MPEeaMETOB B TpakT. ONMCaHHbIE SBIECHUS SIB-
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JSIFOTCSI OCHOBHBIMU IPUYMHAMU CHUKEHMSI SKCIUTYaTallMOHHBIX XapaKTEPUCTUK U JOCPOYHO-
ro CHATHA aBurareneit [9] ¢ BO3AYIIHBIX CyJOB, HECMOTPS HAa NMPUMEHEHUE MBUIE3AUTHBIX
ycrpoiictB [10] u anTHIpo3noHHbIX mokpeituii PJI Tuma (TiZr)N [11-13]. Hanpumep, npu
9KCIULyaTallui BepTosiera Mu-8 B yCIOBUSX 3allblIIEHHOM aTMocdepsl B pecryOinke AKup
BpeMs pabOTHI IBUTATENEH 10 CheMa 10 MPUYUHE SPO3HOHHOTO M3HOCA KOMIIPECCOpa COCTa-
B0 600+50 4 nmpu MexpeMoHTHOM pecypce apuraresns 1500 u [14]. 3HaunTenbHBIN necya-
HO-a0pa3uBHBIN U3HOC HEN30€KEH Ha CHJIOBBIX YCTAHOBKAX BO3JYILIHBIX CYl0B I'PakJaHCKON
Y BOCHHOM TE€XHUKH, HKCIUIyaTUPYEMbIX B ONHMCAHHBIX ycioBusAx. Takum oGpaszom, PJI Tpe-
OYIOT 3aMEHBI IPU AKCIUTyaTalluu U3Aenuil. B 310 cBs3u pu pa3pabOTKe HOBOW TEXHOJIOIMH
n3rorosyieHus PJI ocHOBHbIMM KpuTepusiMu OyIyT SIBIATHCS SKOHOMHUYECKast 3 (PEKTUBHOCTh
U IPOM3BOJUTENBHOCTh IPU COXPAaHEHMM BBICOKOI'O KadyecTBa MaTepHaja U TOYHOCTH M3ro-
TOBJICHUS JETAJICH.

OpanM U3 myTeit cHmkeHus cedecronmoctu PJI siBiisieTcst I3roTOBJICHNE TaK Ha3bIBa-
€MBIX I'PYIIOBBIX 3arOTOBOK, KOTOPOE B COBETCKOE BpeMs ObLJIO OCBOEHO HAa MAIIMHOCTPOM-
TEJIbHBIX MPEANPUATUAX MTyTEM MEPHOAMYECKON TOpsSYeH MPOKATKU 3arOTOBOK M3 MCXOIHBIX
KaTaHbIX MMPYTKOB M3 ABYX()a3HOTO >KapOmpoOYHOro TUTAHOBOTO criaBa Mapku BT8 (mocie-
JIOBaTEJIbHOCTh TEXHOJIOTHYECKUX IIepexo/10B IpuBeaeHa Ha puc. 1). Ha onepanuu nepuoau-
YEeCKOM MPOKaTKU BBINOJIHAETCS 3a/aya Mo IepepaclpepeseHu0 MaTepuaia oT Oyayliero
nepa K XBOCTOBHKY. 3aroToBKM MoJ Mpokarky HarpeBatoT a0 900-930 °C, makcumanbHOE
o0rkaTHe 3aroToBOK 110 mepy coctaBisieT 50—-60 % (ko3hdunment BurTsxku 2,3-2,6) [15, 16].

Hcxonnas 3arotoka—  I'pynmosas 3arotopka—  MHauBuny anbHas IravmoBka O6pe3ka 061105 Kanu6p oBka
Py TOK Ip OKaT 3aroToBKa

Puc. 1. ITocnenoBarenbHOCTh TEXHOJIOTHYECKUX MEPEXOI0B HA ONepauusx ropsdyei aedopmanun
C UCIIOJIb30BAHUEM TPYTNIIOBOM 3arOTOBKM Ha MAITMHOCTPOUTENBHBIX MPEANPUATHIX (@), MUKPOCTPYK-
TypBl MaTepuana NepuoJuIecKoro npokara (6) u rpynnoBOi 3aroTOBKH (6), BUA MOJOC IMEpHOANYE-
CKOro mpokara (2)

OTmeTHM, 4TO HU3KHE TEeMIepaTyphbl HarpeBa Moj MpoKaTKy, a TaKke HeOOobIloe ce-
YEHUE 3aTOTOBKH HE I03BOJIAT IPUMEHATHh JaHHYIO TEXHOJIOTHIO JUIS IICEBI0-0-CIUIABOB TUIIA
BT18Y, BT20 u BT41.

B 000061meHHOM BHJIe YKPYIHEHHbIE TEXHOJOIHMYECKHe cXeMbl m3rorosieHus PJI u3
TUTAHOBBIX CIUIABOB IpUBENEHBI Ha pHc. 2. Tunosas Texnonorus uroronenus PJI (komOu-
HUPOBAaHHAsA, C IIPUMEHEHUEM WHAMBUAYAJIbHBIX IITAMIIOBAHHBIX 3arOTOBOK U3 HCXOJHBIX
MPYTKOB MEJIKOI'O COpTa) COCTOMT M3 omepauuil ropsueit nedopmannu, KOMOMHUPOBAHHOMN
(Mexannveckoit 1 9XO) u GpUHUIIHONW 0OPaOOTKH.
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| prTKOBaﬂ JioraTo4Hasl 3aroTroBKa MEJIKOro copra (MeXaHI/I‘leCKaH W a6pa3nBHa;1 PEe3Ka, TOKapHbIE onepam/m) |

| TunoBast TexHonorust [1-3] | | TexHonorus: ManMHOCTPOUTEIBHBIX HPEANPUITHL ‘
v ¥
DacoHUpOBAHUE MEPHOH 3aroTOBKH (BBICAIKa, Teproniriecknii Ipokar (IPyrmioBasi 3aroroBka i
BaNbLICBaHNE) 33 | Wi 2 onepawyn IBIOTOBJICHUS. He MEHee 45 IITaMIOBOK) 32 2 Orepaimu
7 1]
| IIpenBapurenbHast TaMIOBKa 3a 2—3 onepanyu | | e ‘
7 1]
| Tounas mTaMNoBKa Ha THIPOBHHTOBOM IIpecce ‘
OKoHYaTEIbHAS IITAMIIOBKA v
v | Oobceuxa 00105t ‘
sz Kamioposka | ¥
M v | KamopoBka ‘
| O0pe3ka 007105 | v
¥ | Tepmuaeckas 00padOTKa (3aKaka Ha (L"-MapTEHCHT) ‘
| OunCTKa IOBEPXHOCTH | 7
v | Y nanenye NoBEpXHOCTHOTO AE(EKTHOTO CIIOS ‘
| Crapenue (1151 Mmetoga TMO) | ']
v | XonomHoe BajbleBaHUE C 00CEUKOl (6 IepeXo10B) ‘
Kom0unupoBannast ¥

(Mexarmmeckass 1 IXO) | - ‘
WIM MEXaHMIEeCKas 00paboTKa Baxyywmsbiii omiarr (crapenre)

7 !}

OunniHas 06padboTka (BUOPOIIONIMPOBAHKE, TPABJICHHUE,
TOJIMPOBaHKe, KOHTPOJIbHBIE ONEPaliy, YIPOUHEHHE, HAHECEHHE IOKPBITHSI, TPUEMOYHBIN KOHTPOJIb)

Puc. 2. TunoBsle cXeMbl MU3TOTOBJICHUS pabOYMX JOMATOK C 3aMKOM THIIA (JIACTOYKUH XBOCT»
(TMO — tepmomexanndeckas 0opadboTka, IXO — aneKTpoxuMuieckast 0opadboTka)

Kom0OunupoBaHHas wiM MexaHudeckas oOpaOoTKa sIBJISIETCS JOPOrOCTOALIEH onepa-
nueil B CUJIy HEOOXOIMMOCTH IPUMEHEHHsS OOOpYAOBAaHHS C YMCIOBBIM IPOrPaMMHBIM
yIpPaBICHUEM, PEXYILIEro UHCTPYMEHTA C TBEPAOCIUIaBHBIMU IJIACTUHAMM, OCHACTKU U BBI-
COKOM TPYAOEMKOCTH.

[Tpumenenne DXO s3koHOMHUYECKHU ILieTecoo0pa3Ho mpu obpaboTke nepa PJI B ciaydae
CpeHe- WJIN KpYIMHOCEPUHHOrO NMPOU3BOACTBA U TPeOyeT MperBapUTEIbHOTO HU3TOTOBICHUS
TOYHBIX 0a30BBIX MOBEPXHOCTEH, a TAKXKE yJaJEeHMs] PAaCTPABICHHOIO M HaBOJOPOKEHHOTO
MOBEPXHOCTHOTO c10s nonupoBanueM. penmymectso X0, 3akitovaromieecss B BO3MOXKHO-
CTH 00pabOTKH CIOKHOMPO(MUIBHBIX AeTalield ¢ Majlod KECTKOCThIO MPU MHUHHMMAaIbHBIX
IUIOINAASIX TTOBEPXHOCTEH OazupoBaHMsl, OJArONpPUATCTBYET ero 0oJjiee MUPOKOMY IpUMEHe-
HUIO UMEHHO JUIsl U3TFOTOBJIEHHA JIONATOK KOMIpeccopa. DKOHOMUYECKHI aHaJIN3 TEXHOJIO-
ruu u3rorosiienus PJI ¢ ucrnonp3oBaHneM MexaHUYECKOW 00paOOTKU B CPAaBHEHHH ¢ KOMOH-
HUPOBAHHBIM METOJIOM TipuBeJieH B pabote [17]. [Ipu Gosiee BBICOKON CTOUMOCTH U TPYJIOEM-
KOCTH HW3TOTOBJIEHMSI TEXHOJIOTMYECKON OCHACTKM KOMOMHHMPOBAHHAS TEXHOJIOTHUS MOXET
ObITh Oo0Jiee PKOHOMUYECKH S(P(PEKTUBHOM MO CPAaBHEHHIO C MEXaHWYEeCKOH 00paboTKOi.
Kpome Toro, 3a py0e:xoM 0CBOEHO M3rOTOBJIEHHE BEHIIOB pabounx kosnec MerogoM DXO, 9o
CBUJETEJIBCTBYET O MOTEHLIHMAIBbHOW BO3MOXKHOCTH INPUMEHEHHS HAHHOM TEXHOJOTWHU IIPH
00paboTke mepa JI0maToK B TPYIIIOBOM 3arOTOBKE.

W3 nmpuBeneHHOTO CpaBHEHUS! CTAHOBUTCS OYEBUIHBIM, UYTO CIHEIHAIHUCTHl MaIIMHO-
CTPOUTENBHBIX NMPEANPUATUI HAILIM OJUH W3 BApUAHTOB MOBBIIICHUS YKOHOMHUYECKOU 3(h-
(EKTUBHOCTH B CEpUUHOM Mpou3BojcTBe PJI, HCONMB3ysl rpynmmoByr 3aroTOBKY U 3aMEHUB
601b1101 00BEM MEXaHHMUECKOW 00pabOTKH MPOIIECCOM XOJIOHOTO BaJIbIIEBAHUS.

B pabote [18] moka3zana BO3MOKHOCTh M3TOTOBJICHHS TPYMNIOBBIX 3aroToBok PJI mo-
CPE/ICTBOM OJIOYHOH INTaMITOBKH MM MHOTOpa3beMHOTo (110 40 3arotoBok) mramima (puc. 3)
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C MOMOIIIBIO IITAMIIOBKH U PaauaIbHOTO BBIIABIWBaHMA. OJHAKO MPUMEPOB MPAKTHUECCKOU
peanu3anyy ONMMCAHHOW TEXHOJIOTUU MPUMEHHUTENBbHO K PJI M3 THTAaHOBBIX CIUTABOB B OTKPBHI-
TOU IeYaTH He HalJaeHO.

Puc. 3. BapuaHT rpynmnoBoii mraMnoBKH JonaTok (10 40 MHIUBHyaIbHBIX 3aTOTOBOK)

B naHHOW cTaThe Ha mMpUMEpE >KAPONPOYHBIX THUTAHOBBIX CIUIABOB Mapok BT41 u
BT46 npennaraercs pacCMOTPETh M3TOTOBJICHUE CEPUHHBIX W3JCIUN aBUAIIMOHHON TEXHU-
k1 — PJI ¢ XBOCTOBMKOM THIA <«JIACTOYKUH XBOCT» C KOJIBLIEBBIMU PA0OYMMH MTOBEPXHOCTIMHU
U3 KpynHOrabapUTHBIX IITaMIOBOK. J[aHHAs cxema OTIWYaeTcs OT THIOBBIX MPOIECCOB HUC-
XOJTHOM 3arOTOBKOM, TEXHOJIOTHEW nehopMaluy W ONepalisIMH TPEIBAPUTEIHHON MeXaHH-
YeCcKoi 00paboTKH.

B kauyecTtBe 00BEKTa CEpUITHOTO MPOU3BOICTBA NPEATIATAIOTCS TPYIIIOBBIE 3aTrOTOBKH
B (hopMme mraiiObl, m3rotosiaennsie metogom M3 (puc. 4). M3oTepmudeckne ycaoBUs MO3BO-
JSIOT OCYLIECTBIIATH IPOLECC IITAMIIOBKM M3JENUNA OONbIION IIOMAAN IPOEKUUU U HOJy-
4yaTh HEOOJbIINE CEUYEHUS B KOHEYHOM u3JeiuH. JlJii MPUHATHIX METOJOB H3TOTOBICHHS
HITAMIIOBOK JIONATOK MPUHUMIIAAIBHON OCHOBOM siBisieTca Meron TMO, ocyiiecTBiisseMblid
B U30TEPMUYECKHUX YCIIOBUSIX.

T'pynnosas
3aroTOBKA

B BHUJE 00BEMHOM

IITAMIIOBKI

Sv—6¢

PabGouas nonatka KB/]
C 3aMKOM THIIa
«JTACTOYKHUH XBOCT»
KOJIbLICBOT'O THIIA

M TIOJIKOH

WnmuyanbHas
3aroToBKa
BHYTPHU TPYTIIOBOiT

TexHonorn4yeckuil MPUITYCK HA OJHOH MITAMIIOBKE
OT NapTHUU-TEPMOCAJKU (I10J1 BHIPE3KY 00pasioB
JUIsL KOHTPOJIS CTPYKTYPBI M MEXaHHYECKUX CBOWCTB)

Puc. 4. Pabouas nomarka kommpeccopa Beicokoro aasiaenus (KBJI) ¢ 3aMKOM THITa «ITaCTOYKHH
XBOCT» W TIOJIKOH, BIIMCAHHAs B TPYIIIOBYIO 3aTOTOBKY

HemnocpencTBeHHO KOHEYHAs I€Talb (JIOMaTKa) UMEET mepo (B BUJE TOHKOTO W30THY-
TOTO CUMMETPUYHOTO Mpoduis), MoaKy NpAMOYyroiabHOI ¢popMbl 1 XBOCTOBUK [19]. ['abaput-
HBIE pa3Mephl MOJIKK OMPEIEIISIOT TOJIIMHY IPYIIOBOM 3aroToBkH (0T 25 10 45 MM), niauHa
nonatku (1o 145 mMm) — ee quametp. Takue TUIIOpa3Mepsl AeTajied MOTYT OBITH BOCTpeOOoBa-
HbI, HATIPUMeED, JJIsl BEPTOJETHBIX JABurareneii Tuna TB3-117 [20].

Pa3BuBas uneto, 3ayoxeHHyto B padore [18], u aganTupys ee K peaJbHbIM MPOU3-
BOJICTBEHHBIM YCJIOBHSIM C y4€TOM TpeOOBaHUN K MEXaHUUYECKUM CcBoiicTBaM ciutaBa BT41
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IPUMEHUTENILHO K HauboJiee «ropsiuuM» JIonmaTkaM KOMIIPEeccopa BBICOKOTO JIAaBJICHUS, IPO-
BEJIEM aHAJIU3 TEXHUYECKUX PEIICHUN, OCHOBAHHBIX HA TPAJUIMOHHON CXeMe M3rOTOBJICHUS
PJI u3 uHAMBUTyaTbHBIX OOBEMHBIX IITAMIIOBOK, a TAK)KE U3 IPYNIIOBON 3arOTOBKH.

Jl1st M3roToBNICHUS TPYMIIOBOM 3arOTOBKH B BUJE IIaObI METOJOM OOBEMHOM IITaM-
MOBKM B KauecTBE HMCXOJHOIO MaTepuaia HCIOJB3YIOT KpyrnHorabapuTHbIM mnpyrok 80—
160 mm. BO3MOXXHOCTH CEPHITHOTO MPOM3BOJCTBA TAKUX NPYTKOB C pEriIaMEHTHPOBAHHOM
MEJIKO3EPHUCTON CTPYKTYPOH JUIMTEIBHOE BpeMs OblIa OrpaHHYeHa TEXHOJIOTUYECKHUMHU BO3-
MOXHOCTAMH METALTYpPTHYECKUX mpeanpudaruii. B vactHoctu, 1o 2000-X TIT. mojgydeHue
KpYIMHOTrabapuTHBIX IPYTKOB TPeOyeMOro KauecTBa B YCIOBUSAX CEPHUIHOTO MPOU3BOJCTBA HE
IIPEACTABIUIOCh BO3MOXKHBIM. B HacTosIiee BpeMsi Ha BEAyleM OT€YECTBEHHOM METallyp-
TUYECKOM MPEANPUATUH, CIELUATTM3UPYIOIIEMCS Ha BbITYCKE MPOAYKIIMHA U3 TUTAHOBBIX CIUIA-
BOB, OCBOCHA CEpHIfHAs TIOCTaBKa KPYIMHOTa0APUTHBIX MPYTKOB C PEriJaMEeHTHPOBAHHOM CTPYK-
Typoil. HomeHknarypa mocraBiisieMbIX MaTepUaioB BKIIFOUAET Pa3IMYHbIC TUTAHOBBIC CIUIABBI,
YTO 03BOJIIET MCIIOJIb30BaTh TAKWE IMPYTKH B KAUECTBE 3arOTOBOK IIPU M3TOTOBJIEHUM LITAM-
MOBOK JTUCKOB M pab0YMX KOJIEC KOMIIPECCOpa, a TakkKe JAPYrHMX OTBETCTBEHHBIX JIeTalieil aBua-
1mnoHHOW TexHHUKH [21]. [TonmydyeHne kpynmHOrabapuTHBIX MPYTKOB € MOATOTOBICHHON CTPYKTY-
poii 3a pyOeKoM SBIISIETCS 00s13aTeNIbHBIM TPEOOBaHUEM K IMTPOMEKYTOUYHBIM MOy (habprKaram,
MIpEeIHA3HAYEHHBIM Ul W3TOTOBJIEHUS IITAMIOBAaHHBIX MOKOBOK «POTOPHOrO KauecTBay» [22,
23]. [eiicTByromas CUCTEMA OTPACiIEBOM HOPMATUBHO-TEXHUYECKOH JTOKYMEHTAIMM YCTaHaB-
JMBaeT TPeOOBaHMS K MCXOJHOH 3arOTOBKE MEJKOTO COpTa, K KOTOPOW OTHOCSATCS KaTaHbIC
npyTku auaMeTpom a0 60 mMm. TpeGoBaHuUs K CTPYKTYpE TaKUX MPYTKOB, HCIIOJIB3YEMbIX B Ka-
YeCTBE MEPHOM 3aroTOBKHU JJIi M3rOTOBJIEHUs IITamMnoBoK PJI, mMakcumanbHO npHOIMKEHBI
K TpeOOBaHUSM, TPEAbABISEMBIM K CTpPYKType MaTepuana rotoBbeix PJI. Takoit momxon
HafpaBiieH Ha obecrieueHrue CTaOWIBHOCTH MEXaHMYECKHX CBOMCTB Marepuaia AeTalei.
B nanHo# paboTe rccienoBaHbl MEXaHUYECKHE CBOWCTBA UCXOIHBIX PYTKOB U3 cruiaBa BT41
@18 u 150 MM, XapaKTepU3yIOLIMXCS pa3IUYHON CTPYKTYpoi. Ha OCHOBaHMU IOJIy4E€HHBIX pe-
3yJlIbTaTOB BBINIOJIHEHA CPAaBHUTENIbHAS OIEHKa KayecTBa Marepuaiga HCXOJAHBIX IPYTKOB
Y ILITaMIIOBOK JIONATOK, U3TOTOBJIEHHBIX 110 TPAJAULIMOHHON M HOBOM (C MCIOJIB30BAHUEM IPYII-
MOBOM 3ar0TOBKM) TEXHOJIOTUYECKUM CXeMaM. AHAJIOTUYHBIA TEXHOJOTHYECKUN MOAXO/I, Mep-
BOHAYaJIbHO paccMOTpeHHbIN 11 ciiaBa BT41, npumenen k cruiaBy BT46. Ilpu atom tuno-
BBIC IITAMIIOBKH JIONATOK U3 cruiaBa BT46 uMeroT O60mbiie rabapuTHBIE pa3Mepbl B H3rOTaB-
JMBAIOTCA HA MOJIOTE U3 UCXOAHOTO MpyTka 48 MMm. B kauecTBe mMarepuana 1 MOITY4EHUS
TPYINIIOBOW 3arOTOBKH, KaK U IpH padote co cruiaBoM BT41, ucnonb3oBany NpoMBIIUIEHHBIN
KoBaHbI mpyTok 150 MMm. B cooTBercTBUM ¢ TpeOOBAHUSMM OTPACIEBOM JOKYMEHTAlLlUH,
YPOBEHb MEXaHMUYECKUX CBOMCTB IITaMoBOK PJI M3 TUTAHOBBIX CIJIABOB MOXET BapbUpPOBAaTh-
Csl B 3aBUCHUMOCTH OT IPHUMEHSIEMOI0 METO/a W3roToBJIeHUs: mTamnoBka, TMO, BbICOKOTEM-
neparypags TMO, U3LI. Kpome TeXHOIOrMYECKOTO METO/la, Ha MEXaHMYECKHE CBOMCTBA
IITaMIIOBOK JIONATOK OKa3bIBAIOT BIMSHUE UX ra0apUTHBIE Pa3Mephl, UTO OTPayKEHO B Ta0II. 1.

Tabnuya 1
T'apaHnTHPOBaHHBII YPOBEHb MPOYHOCTH H BHIHOCIUBOCTH
HITAMIIOBOK Pa®o4HX JIOMATOK M3 ABYX(PAa3HBIX KAPONPOYHBIX THTAHOBBIX CILIABOB
B 3aBHCHMOCTH OT ra0apuToB IITAMIOBOK H MET012 MPOM3BOJACTBA

YpoBeHb BBIHOCIMBOCTH
I"aGapuTst YpoBeHb
Merton mpon3BoACTBa OIATOK poaHoCTH. % TJIaIKuX 00pas3oB
P ’ (N = 2-10° nuknos), %

[lITamnoBka M, C, K 100
Tepmomexanndeckas o6paboTka M 110 100

P P C,.K 105
BricokoTemneparypHas M, C, K 120 105
TepMoMexaHudeckast 0opaboTka
Ipumeuanue. ['aGapuThI JIOMATOK 110 MUIOIIAAM MPOEKI[MU IITaMIOBKU B miane: M — ot 20 o 250 cm?;
C — ot 250 10 550 cM?; K — ot 550 mo 1500 cMm?.
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YpoBeHb MPOYHOCTH MaTepuaja mTaMmnoBok nocie TMO 6o:bIle, 4eM y ITaMIOBOK
B OTOXOKEHHOM cocTosiHuu. B ciyuae crimaBa BT41 ypoBeHb KpaTKOBPEMEHHON IPOYHOCTH
OyIeT onmpenensTbCsl CTENEHbIO TUCIEPCHOHHOIO YIPOYHEHUs IIPU CTapeHHM Iocie oOpa-
0OOTKM Ha TBEpJIbI PacTBOP HA BBHICOKOTEMIEPATYypHOI cTymeHu oTkura. [I[pumeHuTensHo K
JIoTaTKaM KOMIIpeccopa He0OX0IMMO HAalTH HawIydllee COYETaHUE IIPOYHOCTHBIX M IIACTU-
YECKHUX XapaKTepUCTHK MaTepHaia, YToObl 00eCIeunTh HAJACKHYIO paboTy JAeTalnu B yCIOBU-
AX LUKINYECKOr0 Harpy>KeHusi NMpu MaKCUMajdbHOW paboueil Temmneparype. [lns pemeHus
3TOM 3a7a4d NIPENI0KEHA TEXHOJIOTMYECKasi CXeMa U3rOTOBJICHUS TPYIIIOBOM IITAMIIOBKH 32
OJIMH TEPEX0/]] C COBMEIIEHUEM MTPU HEOOXOIUMOCTH ONEpaIMy MPABKU C MEPBOI CTYNEHBIO
omxkura. B otimuuue ot meroga TMO, onepauuio npaBku mTamMnoBku u3 cruiaBa BT41 mpo-
BOJST TOJBKO B CiIy4ae KOpOOJIEHUS MPHU TOH K€ TeMIepaType, UTO U HarpeB IMOJ IITaMIIOB-
Ky, T. €. B BepXHel yacTu AByxdasHoi obmactu. [ng cnnaa BT46 He3aBucuMO OT yciIoBUit
ropsiueit aeopManuy NpUHIUNHAIBHBIN MOAX0A JOJKEeH ObITh ocHOBaH Ha Mmeronae TMO,
T. €. COBMEUICHUH OIEepaluy KaAIUOPOBKH C IEPBOM CTYNEHbIO OTKUTA. DTO HEOOXOIUMO JIs
JOCTHKEHUS] HAaMOOJIBIIETO YPOBHS KPATKOBPEMEHHOM MTPOYHOCTH MaTepHaa.

CpaBHUM TEXHOJOTMM MEXaHUYECKOM M KOMOMHHMpOBaHHOM (MexaHuyeckas u 9XO)
00paboTku npu usroroBineHuu PJI U3 MHOUBUAYaTbHOW MEPHOM 3aroTOBKHU (KJIACCHYECKHE
CXEMBbI), a TAaK)K€ TEXHOJOTUI0 MAIIMHOCTPOUTENbHBIX MPEANPUATUN C TPUMEHEHUEM XOJIO/-
HOTO BaJIbIIEBAHUS TIepa C MPEAJIOKECHHON B TaHHOK paboTe CXeMOH, Onupasch Ha padboTsl [1,
2, 10, 11, 24-27]. B pabote [2] npuBeaeHa AuarpaMMa, WIUTFOCTPUPYIOIIAs 3aBUCUMOCTD Ce-
6ecroumoctu u3rorosnenus PJI ot ucnonb3dyemoit TexHonoruu (puc. 5, a). B 1o xe Bpems B
pabore [11] mpeacrasieHa 3aBUCUMOCTb cTOUMOCTH PJI OT MeTona M3roTtoBieHus: U oObeMa
BhIITycKa (puc. 5, 0). Paznnune B xapakrepe nuameHenus croumoctd PJI B 3aBUCHMOCTH OT KO-
JMYECTBa M3TOTOBICHHBIX JAeTanel Uil crmoco0a MEXaHUYeCKOM 00pabOTKH B MPUBEIECHHBIX
IpUMepax, BEPOSITHO, OOYCIOBIEHO KOHCTPYKTHBHO-TEXHOJIOTMUECKMMHU HnpuuuHamu. [lo
MHEHHIO aBTOPOB, IPU M3TOTOBJICHUM CEPUMHOM MPOIYKIMH Yallle BCTPEYACTCSl TUIl 3aBUCH-
MOCTHU, MPUBEACHHBIN Ha puc. 5, 6, KOrga Mocjie AOCTHXKEHUS KPUTUYECKOTO KOJIUYECTBA
CTOMMOCTb JAETaJCH OCTAeTCsl MPAaKTUYECKU HEU3MEHHOH. OTMETHM TaKKe, YTO TEXHOJIOTHS
M3TOTOBJICHHS 3aMKa B pabote [11] BKiItOuaeT omepanuu MpOTATUBAHUS MPU 00pabOTKE €ro
MOBEPXHOCTEH, UTO 3HAUUTENIBHO YJOPOKAET TEXHOJIOTHIO MEXaHNUECKON 00pabOTKH.

a) 6)
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33 00T : : :
g 0 2000 4000 6000 8000 9000 100 1000 10000 100000
T'omoBoii 00BeM BEINTyCKa, IIT. KomaecTBo J0maToK, mr.

Puc. 5. lnarpamMmMa m3MeHeHHs ce0ECTOMMOCTH MEXaHHYECKOW 00pabOTKH pabouyMX JIOTATOK W3
TUTaHOBOTO cruiaBa [2] (a) u crouMocTr oaHOTO M3Aenus [11] (6) B 3aBuCHMOCTH OT 00beMa BBIITYCKa
JeTajgeld TPy HM3TOTOBJICHWH METOJIOM BaiblieBaHusi (1), mMexanudeckod (2) M KOMOWHUPOBAHHOU
(MeXaHNYECKOM U DIEKTPOXUMHUIECKOI) 00paboTkw (3)

JUis TEXHOJIOTHMM MAIIMHOCTPOUTEIbHBIX MPEANPUSATHIA C HCIIOJIb30BaHUEM MPOKATKH
IpYHHoOBbIX 3aroToBoK cebectoumocth PJI (kpuBast 1 Ha puc. 5, a) 10oMKHA CHUXKATHCS, TIPU-
ONMMKasACh K 3HAYEHUSAM JJIs1 TEXHOJIOTMH KOMOMHHpoBaHHOW (MexaHuueckas + 9XO) obpa-
O0otku (kpuBas 3 Ha puc. 5, a). [Ipu 3TOM JaHHAS TEXHOJIOTHS TpeOyeT MOJyUYCHUS TOYHOMN
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3arOoTOBKH IO BasblieBaHue. CaM Ipolecc BalblieBaHUS — MHOIO()AaKTOPHBIHN, TP €ro pea-
JM3alUU BO3MOKHO MOJIy4eHHE ~12 BHJIOB NOrpelIHOCTEN (T€OMETPUYECKUX OTKJIOHEHUH U
nedextoB) no nepy PJI, nosbimarommx o6beM 3a0pakOBaHHOM MPOAYKLIMU U B KOHEUYHOM
UTOre €€ CTOUMOCTb.

B ciydae ucnonb30BaHys NPEUIOKEHHON TEXHOJIOIHYECKOM CXEMbI CHIDKEHHE 3aTpaT Ha
OCHOBHBIE MaTepuallbl CBA3aHO B IIEPBYIO OUEPEIb C YMEHBIIEHHEM CTOMMOCTH HUCXOJHOIO Ce-
pUITHO BbIIIyCKaeMoro mnpyrka (puc. 6). Bo Bcex ciaydasx cTOMMOCTb NPYTKA BKIIFOYAET 3aTPaThl
Ha IOJHBIM 00BEM KOHTPOJIS, IPELYCMOTPEHHBIM OTpacieBOil HOPMATUBHO-TEXHUYECKON JOKY-
MEHTaILMEH, I0KA3aTeM Ka4eCcTBa IPYTKOB Pa3JINYHOrO AUAMETPA CXOKH 10 XapAKTEPUCTUKAM.
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Puc. 6. VI3MeHeHne CTOUMOCTH MPYTKa B 3aBUCHMOCTH OT JuaMeTpa (IMOCTaBKa ¢ MEXaHUYECKU
00paboTaHHOH MOBEPXHOCTHIO M YIBTPA3BYKOBBIM KOHTPOJIEM B UMMEPCHOHHOM BapHaHTE)

YMeHbIIIEHHE CTOUMOCTH METAJUTYPrUue€CKOro MpOU3BOJICTBA UCXOAHOTO IpyTKa [28],
BKJIIOYasi Ky3HEUHBIH mepeziesl, BO MHOTOM MOKET KOMIIEHCHPOBATh CHIKEHUE Kod(duineH-
Ta UCMOJIb30BaHUS MaTepHUaa.

N3rotoBneHne mTaMmoBoK, 1Mo (JopMe MPEACTABISIONUX COO0H MIIOCKHE A0k, pr
MCIIOJIb30BaHUU TEXHOJIOTMYECKUX MOKPBITUN TUIIA CTEKJIOAMANIel He TpeOyeT 00s13aTeIbHOTO
IIPUMEHEHHUs CIIeNMaIbHON ITaMIoBOM ocHacTkH B ycioBusax MU3III. Kpome toro, ucnoms3o-
BaHHUE SMalli 00ecleuyrnBaeT YMEHbIICHHE 3aCTOMHBIX YYacTKOB B IIEHTPAJbHOW M MOBEpX-
HOCTHBIX 30HaX MEPHOH 3aroTOBKM NP OCaJgke B Topel. B Hacrosiiee Bpemsl CTOMKOCTh
miockoro 6ovika u3 crutaBa tuna JKC6 omnenuBaercs He MeHee yeM B 2000 mTaMImoBOK pac-
CMaTpUBAEMOI'0 TUIIOpa3Mepa, Mocjae Yero BO3MOKHAa HEOOXOAMMOCTh IpaBKU paboueil mo-
BEPXHOCTH 00ilKa Ha TOKAPHOM CTAaHKE CO CheMOM MHHHMMaJIbHOTO npumycka. K Hemocrarkam
U30TEPMHUECKOTO 1e(hOPMUPOBAHHS OTHOCAT BBICOKYIO SHEPro- U TPYIAOEMKOCTb — TpeOyeT-
Csl BpEMs Ha HarpeB NU30TEPMHUUYECKON YCTaHOBKH, HAarpeB U MOJAECPKaHUE TEMIIEPATypbl U30-
TEPMHUECKON YCTAaHOBKHM 3HEPro3aTpaTHbI, MPOLECC LITAMIIOBKH, KaK IMPaBUJIO, MPOBOJSAT
MpU HU3KUX cKopocTsix nedopmupoBanus [29]. I'mapasnuueckuit nmpecc HULL «KypuaTos-
ckuilt uHCTUTYT» — BUAM ¢ MakcumansabeiM yemem 16000 kH, o6opymoBaHHbII U30TEp-
MHUYECKOM yCTAHOBKOM, ITOCJIE MOJEPHHU3ALUH MOJYYHSI BO3MOXKHOCTb YBEIMUYEHHSI CKOPOCTH
nepenBkeHust Tpasepebl ¢ 2 1o 10 mm/c [30]. CHuKeHue TpyJo- U HEPrOeMKOCTH MOKHO
o0ecrieunTh MpU MPOU3BOACTBE IITAMIOBOK MapTUSMM, MPOBOJISA onepanuu jaedopMmanuu 3a
OJIMH-J[BA IIE€pexoJa ¢ MPOMEXYTOUHBIM MoaorpeBoM. Ornepanuio NpaBKU HYKHO MPOBOJUTH
TOJIBKO B Cllyyae KOpOOJIEHUS, COBMeEIasi €€ C BBICOKOTEMIIEPATYPHOM CTYNEHBIO OTKUTa
(puc. 7). U3roTroBneHne MTaMIOBOK KPYIMHBIMHU MapTUSMU MMO3BOJUT JOMOJHUTEIBHO CHU3UTh
00bEeM KOHTPOJII MEXAaHUYECKUX CBOMCTB 3a CUET JOCTHKEHUS MaKCHMAaJIbHO BO3MOXKHOTO KO-
JIMYECTBA ILUTAMIIOBOK B OJHOH IUIaBKE-TEPMOCAAKE (B COOTBETCTBUM C JACHUCTBYIOIIUMH HOP-
MaMH, KOHTPOJIb IITAMIIOBOK JIONIATOK IIPOBOJISAT HAa OJJHOM ILITAMIIOBKE OT TEPMOCAIKH).
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Puc. 7. TexHonorndeckne cXxeMbl H3TOTOBJICHHUS MITAMIIOBOK JIOMATOK U3 ciuiaBa BT41: a — rpym-
MoBasi 3aroTOBKa, MOJIydeHHas U3 mpyTka 150 MM Ha mpecce B M30TEPMHUYECKUX YCIOBHUSX; O —
IITAaMIIOBKa pa0oueil JIOMaTKH, M3rOTOBJIEHHAA IO TPAAMLUOHHOM CXE€ME€ Ha KPHUBOLIUIIHOM TIOps-

YemTaMIIOBOYHOM Mpecce u3 npyTka 18 mm (T, — TemmepaTypa mepBoil cTymeHH OTkura; T, —

MaKCUMaJIbHasl TEMIIEpaTypa BTOPOM CTYIIEHU OTIKHIa; T”mi”— MHHHMAJIbHAsI TEMIIEpaTypa BTOPOU

CTYIIEHU OTKHTA; 1jiq — TEMIIEpATypa MOIHOTO MOIMMOPGHOTO MPEBPaIeHUS; € — nedopmMarius)

Hns crutaBa BT46 npu M3roToBieHUH TPYNIOBOW 3aroTOBKU ONepanus KaluOpOBKU
IpOBE/IeHa C KPaTKOBPEMEHHBIM IOJIOTPEBOM 3aroTOBKH IIOCJIE ONEpalyy IITaMIIOBKU IO
cxeMme, IpeCTaBICHHOM Ha puc. 7, a, BMeCTO onepaiuu npaBku. [Ipu 3Tom BeiOpaHa o1uHa-
KOBasi TeMIIepaTypa INTaMIOBKA U KanuOpoBKU (Tnn = 65 °C). M3roToBieHNE MTaMIIOBKU
nonatku U3 ciuiasa BT46 no TMIOBOM TEXHOJIOTMYECKOM cXeMe Ha MOJIOTE ITPOBOAMIIN METO-
nom TMO mipu Temnieparype HarpeBa 3arotoBkH 7y, = 40 °C 1o cienyromeil cxeme: UCX0/I-
Hasl MepHas 3arotoBka 48 MM — CIUIIOLIMBAHUE —> 3arOTOBUTENbHAS IITAMIIOBKA —> OKOH-
yaresibHas IITaMIIOBKAa — KalMOPOBKa, OXJIAXKJIEHHE HA BO3/yXe —> CTapeHHue. JTa cxema B
yacTu ropsueil aedopmanuu OnM3Ka K CXeMe M3rOTOBJIEHUS IITAaMIIOBOK M3 ciutaBa BT41
(puc. 7, 6) u B 001IeM cilyyae IpeACTaBisieT TUMOBYIO TexHoioruo TMO it 60nbIIMHCTBA
IITAMIOBOK JIONATOK U3 TUTAHOBBIX CIJIABOB.

TakuMm oOpa3om, IpeaoKeHHas! B JaHHOW paboTe TeXHOJOTru4ecKasi cxeMa M3roToB-
nenus PJI n3 rpynmnoBoi 3aroTOBKM OTIMYAETCS OT CYHIECTBYIOIIUX IPOCTOTOW TEXHOJIOTH-
YECKOr0 MCIOJHEHUS KaK Ha CTaJUM M3rOTOBJIEHMS IITAMIIOBOK, TaK M Ha CTaJIUd MEXaHUYe-
CKOM 00pabOTKH, YTO TOJOXKHUTEIbHBIM 00pa30M CKa3bIBAETCS HAa CEOECTOMMOCTH TOTOBBIX
neraned. K mpeumymiectBaM TOKapHOH 0OpaOOTKM TIpyNIOBON 3arOTOBKM MO>KHO OTHECTH
BO3MOXXHOCTh ONTHMAJbHOTO paclpesielieHuss ChbeMa OCHOBHOTO oObeMa IMpHITyCKa, YTO
yIpoLIaeT TEXHOJIOTHIO (PUHUIIHOM 00pabOTKM MOBEPXHOCTEH JIOMATKY U3-3a OJIaronpHusITHOM
TEXHOJIOTUYECKON HacnencTtBeHHocTu [31, 32]. BapuaHT npeaBapuTeNbHON MEXaHHMYECKON
00paboTKM IPyIIOBOI 3arOTOBKY IPUBEIEH Ha pHC. 8.

TexHoyornYecKuit
MPHUITY CK

Bapuanr
IpeIBapUTEIbHOM
MEXaHH4eCKO
00paboTKu rpynIoBoi
3arOTOBKM

Puc. 8. BapuaHT npeiBaputebHOI MeXxaHHUECKOH 00paboTKH IPYIIOBO 3aroTOBKY U3 citapa BT41
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ITpocras popma 3aroToBKH B BUJE T€ja BPALIEHUS U BO3MOXKHOCTb OBICTPOIrO CHATHS
NPUITYCKa CHUKAIOT TPEOOBaHUS K TOYHOCTH TEOMETPUYECKUX Pa3MEepPOB 3arOTOBKH, MTPAKTH-
YECKH UCKJI0Yasi Opak Mo reOMeTpUYECKUM XapaKTepUCTUKAM LITaAMIOBOK.

MarepuaJjbl 1 MEeTOAbI

J1s poBeieHust KCCIEeI0OBAHMI HCIIOJIb30BAIM IPOMBIIICHHBIE PYTKH U3 cruiaBa BT41
18 n 150 MM BYX TUIaBOK U MpyTKH U3 ciutaBa BT46 J48 u 150 MM oHoi#t ruiaBku. Tepmude-
CKyI0 00pabOTKy MPYTKOB Uil ONPEACNICHUSI MEXaHMUECKMX CBOMCTB MPOBOJAMIM B 3arOTOBKAX
1oJ1 00pas3Libl, IITAMIIOBKH JIONIATOK TEPMUYECKH 0OpadaThIBaiiy rnocie Aedopmaruu (1715 criaBa
BT41 — nBoitHo# oTxur, A cruiaBa BT46 — Hu3koremnepaTypHoe crapeHne). XUMUYECKHUA Co-
CTaB IUIABOK, BBIPAYKEHHBIN B CTPYKTYPHBIX SKBUBAJICHTAX 110 COJIEPKAHUIO AIFOMUHUS M MOJIUO-
JICHA, a TAKXKe cojieprkanue 3eMeHToB BHenpenus (Si, C, O) npuBeeHb! B Ta0I. 2.

Tabnuya 2

XuMnueckuii coctas npyTkoB u3 ciiiapos BT41 u BT46,
BBIPa’KEHHBIH B CTPYKTYPHBIX SKBHBAJIEHTAX 10 COJeP’KAHUIO AJIOMUHUS
H MOJIN0CHA, M COJePKAHME YIEMEHTOB BHEIPCHHS

Huamertp Copeprxkanne amemenTa, % (1o macce)
Cnnas NpyTKa, MM [Al]eq [Mo]eq Sl o C
BT41 18 9,33 1,75 0,28 0,1 0,025
150 9,14 1,95 0,3 0,1 0,025
BT46 14580 8,63 3,55 0,23 0,13 0,05

[Tpumeuanue. Ctpykryphbie 3kBuBaIeHTHI [Alleq = %Al + %Sn/3 + %Zr/6 + 10[%0 + %C];
[Mo]eq = %Mo + %Nb/3,3 + %W/2 + %Fe/0,5.

Jlns onpeneneHust KpaTKOBPEMEHHON NMPOYHOCTHU HUCIOJIBb30BAIM CTaHIApTHBIE 00pa3Libl
no 'OCT 1497-2023 ¢ auamerpom paboyeiil 4aCcTh 5 MM U pacueTHOW JJIMHOM 25 MM, a TaKkkKe
HECTaH/IapTHBIE 00pa3Ibl ¢ TuaMeTpoM paboueii yacta 3 MM (puc. 9). HMcrbitanus Ha yaapHyO
BSA3KOCTH (Ha oOpasiax ¢ U-o0pa3zHbiM KoHLeHTpaTopoM) nipoBoauin 1o ['OCT 9454-2025.
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Puc. 9. ManorabapuTtHbIi 00pa3ell A1 UCIIBITAHUN Ha PacTsHKCHIE

[Ipenen BEIHOCIMBOCTH MPHU UCHBITAHUAX HA MHOTOLIMKJIOBYIO YCTAJIIOCTh ONPEAEIIIIN
Ha 15-20 oOpa3uax ¢ auameTpom paboueit yactu 7,5 mm. McnbITaHus MpoBOAMIIN 11O CXEMe
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«u3ru6 mpu  BpameHun» 1o I['OCT 25.502-79 [33]. OO6pasusl i omnpeaeiaeHus
MEXAHUYECKUX CBOMICTB M3 IUITAaMIOBOK U mpyTtka 150 MM BbIpe3anu BOJIb BOJIOKHA.
Merannorpaduueckue ucciae10BaHus IPOBOIIIN Ha TPABJIEHBIX 00pasliax, MOArOTOBIEHHBIX
10 TUIIOBOW METOJIMKE, IPUHATOM /111 TATAHOBBIX CILIABOB.

Pesynbpratel uccnenoBanuii cTpykrypsl [34] npytkoB u3 criaBa BT41 npuBeneHsl Ha

puc. 10 u 11, npyrkoB u3 cmiaBa BT46 — nHa puc. 12, XapakTepuUCTUKM U OIUCAHHE
CTPYKTYpHhI — B Ta01. 3.

Puc. 10. Makpo- (¢) ¥ MHKPOCTPYKTypa (6, 6 — MOMEPEUYHOE U TMPOIOJIBHOE CEYCHHE COOTBET-
CTBEHHO) KaTaHOro npyTtka &18 MM u3 crasa BT41 mocie aBoiiHOroO oTKUTa

a)

ZHM

Puc. 11. Makpo- (@) u MukpocTpykrypa (6, 6 — TOIEPEUHOE U MPOAOIBHOE CEYCHHE COOTBET-
CTBEHHO) KOBaHOTO NpyTKa &150 MM u3 criaBa BT41 nmociie 1BORHOIO OTXKHUra

6

Puc. 12. Mukpo- (a, 6) 1 MakpocTpykTypa (8, 2) npyrkoB &150 mm u3 criaBa BT46 B 0TOMOKEH-

HOM COCTOSIHUH B TIOTIEPEYHOM (@, 8) M IPOAOIBHOM (6, 2) CeUeHUH, MUKPOCTPYKTypa KaTaHOTO MPYT-
Ka 48 MM B MOTIEPEYHOM CeUeHHH (O)
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Tabauya 3
CrpykTtypa npyTkoB u3 ciuiasoB BT41 u BT46
Bun Jluavetp | bani Makposepha ToHanbpHOCTH Tun MUKPOCTPYKTYpBI
Crnas MIpyTKa, (monepeuHoe .
MpyTKa ¢dona MocJIe IBOMHOTO OTXKHUTa
MM CEUCHUE)

KaTtansrit 18 1-2
BT41

KoBanprit 150 34 oGy spHo-

Marosas

BT46 Karansrii 48 2 (yuacTku 3) TUIACTHHYATAS, THIT 2

KoBansrit 150 34

Marepuan npytkoB u3 ciiaBoB BT41 u BT46 B OTOXKEHHOM COCTOSIHUM HUMEET
rI00YISPHO-TUIACTHHYATYI0 MUKPOCTPYKTYpY. Ilpu 3TOM KpynHOraGapuTHBIN KOBaHBIN
MPYTOK OTINYACT OONBIINI pasMep MaKpo3epHa M COCTABISIONIUX MUKPOCTPYKTYphL. Ma-
TOBasi TOHAJIBHOCTh (POHA MAKPOCTPYKTYpPbl KPYMHOTaOAPUTHOrO MPYTKA, BHICOKAs CTe-
MEeHb CpepOouIU3alUH TIOOYISIPHBIX YACTHUIl TEPBUYHON 0-(a3bl B MPOJAOJIHHOM CCUCHHH,
a TakKe HeOOJNBIIONH pa3Mep MaKpO3epHA CBHUAETENHCTBYIOT O 3HAYUTEIBLHON HAKOIJICH-
HOU nedopManuu TP BBITSHKKE KPYMHOTA0ApPUTHOTO TMPYTKA MPH TeMIIepaTrypax JBYyX-
dasHoit obnactu.

PesyabTaTsl ucciienoBaHus
MexaHuuecknue cBOMCTBA MaTepHalla UCCIIEI0BAIM Ha IITAMIIOBKAX JIONIATOK M3 CIUIA-
Ba BT41, u3roroBiaeHHbIX METOJOM O0BEMHON ropsyeil ITAMIIOBKH Ha KPUBOIIMITHOM rOpsi-
YelTaMII0BOYHOM Ipecce (puc. 13) mocne 1BOMHOro oTKura, a Takke Ha LITaMIOBKax, IO-
Jy4EHHBIX OCaJKOW B Topel npyTka @150 MM B M30TEpMUYECKUX YCIOBHUSIX Ha FHApaBINYE-
CKOM TIpecce Mocie JBOMHOro oTkura (puc. 14).

nmnn

M
cm

1

Puc. 13. HltamnoBka nonatku u3 ciuiaBa BT41, u3rorosneHHas Ha KpUBOLIMITHOM TOpSTYEIITAM-
MTOBOYHOM IPECCE IOCIIE IBOMHOIO OTXKHra U3 HCXOJHOIO MpyTKa 18 MM: BHEIIHUHN BHUJ MOCHE TO-
psueit nedopmarn (a), Mmakpo- (6, 8) ¥ MEKPOCTPYKTYpa (2, 0) B IPOAOIBLHOM (6, 2) U TOTEPEUHOM
(8, 0) ceuenun mepa
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Horo npyTka @150 MM: @ — BHEITHUI BUJ IITAaMIIOBOK JUISI U3TOTOBJICHHS TPYMIIOBBIX 3arOTOBOK; O —
MaKpOCTPYKTYpa MOJOBUHBI paiaIbHOTO CEUCHHUS; 6, & — TUIIMIHASI MHUKPOCTPYKTYpPa B MPOIOIHHOM
HanpaBJeHMH (ONTHYECKass MHUKPOCKOIUS); 0 — YYacTOK C IUIACTHHKAMH IPEBPALLCHHOH o-(a3bl
(pacTpoBasi 3JIEKTpPOHHAsI MUKPOCKOITHSI )

B T1abn. 4 u 5 npuBeneHb MEXaHUYECKHUE CBOMCTBA MPYTKOB U IITAMIIOBOK M3 CIIJIaBa
BT41, B Tabn. 6 — MHOTOIIUKIIOBAS YCTAJIOCTh IIAJIKMX 00Pa3I[0B U 00Pa3IOB ¢ HAJPE30M.

Tabruya 4
MexaHu4ecKkHne CBOMCTBA MPYTKOB U IITAMIIOBOK JIONIATOK
u3 ciiasa BT41 npu koMHATHOI TeMmepaType
[onmydabpuxkar, ob6paszery KCU
JUTS UCIIBITAaHUH 0(2)020, MITa 029° MIla 0, % v, % "
, B Jx/cm
Ha PacTsHKEHHUE
Karansriit mpytox @18 mm, 20-94 1015-104 115-21 4 1899
cTamzapTHBIH 0Bpazell 920-945 015-1045 5210 | 36,546.,0 8-
o 932 1029 17,3 40,0 19,8
(do= 5 mm)
KaTa:”i‘l IPYTOK ?18 MM[’3 5 | 972978 | 10521063 | 144-185 | 37.4-397 -
HECTATIAPTHLI 0bpasell 975,7 1058,3 16,2 38,6
(do =3 mm)
Hha;‘“";“a’ i o6 950-974 | 1014-1046 | 11,0-135 | 32,1-358 ~
HCECTAHNAPTHEIHM 0Opasell 960 1030 12,3 34,2
(do =3 mm)
Kosanuii Ipytox 2150 v, ) 11351150 | 7.2-95 | 165220 | 24-28
snap paselt 1145 8,2 19,3 25,3
(do= 5 mm)
[IItamnoBka
(rpyrmmoBast 3aroToBKa), 1050-1075 1090-1155 6,2-140 | 125245 16,528
CTaHapTHEIN 0Opa3elr 1063 1129,8 10,9 18,3 21,9
(do=5 mm)

[pumeuanne. B uncnurene ykasaH Juamna3oH 3HaYE€HWH, B 3HAMEHATeNle — cpejiHee 3HaueHue; do — muamerp pa-

Ooueit yacTu oOpasma.
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Tabruya 5
MexanuuecKkue CBOHCTBA MPYTKOB U MITAMIIOBOK JIONATOK
u3 ciiiasa BT41 npu noBbillIeHHOM TeMnepaType
Tonydabpuar, oGpaser 0o o0 JnuTensHast NpoOYHOCTH
> 02 B BpeMs 10 | T
JUISL UCTIBITAaHUI T —. pUMeuaHue
Ha pacTsKEHUE Milla Mlla GpMHa paspyme-
’ HUA T, U
295 ;2
oo I;M) pasett 5591 | 650,8 o7 106 pyH
’ 105
102
Cromto S s sew| ||
ratap pasell 585 638,3
(do =3 Mm)
Tarap pasell 598,3 665
(do =3 Mm)
KoBansrii HpyTOK 150 MM, 595625 | 705-740 CHsT C nc-
CTaHIIAPTHBIN 00pa3er] 295 120 MIBITAHUH 10
_ 608,8 726,3
(do= 5 mm) paspyIeHus
CHst ¢ uc-
139 MBITAHUHN 10
[[ITamroBka Pa3pYIICHUA
(TpYIIIIOBAs 3arOTOBKA), 615-665 | 675-750 205 136
CTaHAPTHBIHA 06pasel 638 714 135
(do=5 mm) 136 Paspymien
109
153

paboueit yacTr oOpasma.

ITpumeuanune. B uncinTene ykasaH AnMana3oH 3HAYCHUH, B 3HAMEHATENIE — CpeHee 3HadeHue; do — quamerp

Tabauya 6

MHorouuka0Bas ycTaaocTh NPYTKOB M IITAMNOBOK U3 criiapa BT41
€ IJ100YJISIPHO-TVIACTUHYATOH MUKPOCTPYKTYPOIi

Muorouukiosas ycranocts (N = 2-107 nukios) npu Temneparype, °C
oy padpuxar 20 600
ot 0-31, MIla I 0-51, MIla
01, MIla (R=0,5 Mm) 01, MIla (R=0,5 mm)
[pytox &18 Mm 510 235 370 157
tamnoBka* 480 240 380 180

* McnpITaHust TPOBE/ICHBI HA MaTepralie ITaMIIOBOK B popMe 1maiid TonmmHoi 36—45 MM, a Takke
Ha MOKOBKE HEHTPOOEKHOTO KoJeca.

Ha puc. 15 npencrapiensl BHEMIHAN BUA U CTPYKTYpa IITAMITOBKH JIOITATKHU U3 CIIJIaBa

BT46.
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A NN [ 2 =0\ SR 49U - At
Puc. 15. BHemnuii B MOJIOTOBOM IITAaMIOBKH K3 ciuiaBa BT46, U3roroBiieHHON M3 MCXOIHOIO
npyTka 48 MM (a), THIHYHAS MHKPOCTPYKTYpa MITAMIIOBKY TIPH PA3IMYHBIX YBEIIMYCHHUAX B IIOTIE-
PEYHOM CEUYEeHUH (6—2), MAaKPOCTPYKTYpa Mepa B MOMEPEUHOM CeueHUH (0), MUKPOCTPYKTYpa MCXOI-

HOT'O TOPSTYEKATAHOTO MPYTKA MOCIIE ABOMHOTO OTXKHUIa B OMEPEYHOM CEUCHHH ()

TunuuHas MUKpPOCTPYKTypa IpyNIIOBOM 3arOTOBKH, IIOJydeHHas U3 npyrka J150 MM
u3 ciuiaBa BT46 nocne TMO u crapenus, npuseieHa Ha puc. 16.

Puc. 16. Muxkpo rp
00pabOTKH M CTapeHHs P PA3ITHYHBIX YBEIHYCHUIX

B 1abn. 7 npuBeieHbl MEXaHNYECKHE CBOMCTBA IMPYTKOB U IITAMITOBOK U3 ciutaBa BT46.

Tabnuya 7
Mexannyeckue CBOiCTBA MPYTKOB U IITAMIIOBOK
u3 ciiasa BT46 npu koMHaTHOI TemnepaTtype
IMonydabpukat, obpaszen KCU
U FICTIBITAHUIA 039, MIla 02%, MIla 3, % v, % T /01\/’[2
Ha PACTSKEHUE, COCTOSTHUE
Kararbiii npyrok @48 swt, craii- | 060 1170 | 11351180 | 144-175 | 32.8-400 | 32-48
AaprHstid obpasent (do = 5 mm), 1084 1155 16,4 371 39,6
JBOWHOH OTXXUT
Karanplii npyTox 48 mm,
CTaHIapTHBII 0Opaser] 990-1020 1095-1100 17,0-185 45,0-48,0
(do = 5 MM), oIHOCTYTIEHYATBIH 1005 1099 17,8 46,3 B
OTXKHUI'
MoJoToBas MTaMIOBKA, CTaH-
napTHbIA o0paser (do = 5 Mm),
CTapeHue pH TeEMIIEpaType
580 °C, B HampaBIcHUH:
HPOTONBHOM 1120-1140 1190-1220 9,2-16,0 13,5-29,0 35-36
1135 1205 12,8 22,9 35,5
HomepeuHOM 1070-1070 1140-1150 155-16,5 26,0-31,0 34-35
1070 1143 16,2 29,0 34,5
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Oxonuanue mabauyvt 7

[omyhabpukaTt, odpasen

B UBOTCPMHUUCCKUX YCIIOBUAX U
crapenue mpu 550 °C

JUISL MCTIBITAHUH 035, MIla 02% MIla 3, % v, % I[};SBMZ
Ha PacTsHKCHUE, COCTOSTHUE
MoJ10TOBAsI IITAMITOBKA, CTAH-
napTHbIi obpaserr (do = 5 Mm), cra- 1235-1260 10,0-16,0 26,5-30,5 26-38
perue npu Temrieparype 590 °C, B 12475 13,0 28,5 32
B IIPOJIOJIbHOM HaNPaBJICHUH
MooToBas IITaMIIOBKa, CTaH-
napTHeIif o6paserr (do = 5 Mm),
CTapeHue P TeMIepaType
550 °C, B HampaBIeHHH:
D00 HOM 1040-1060 1130-1175 11,0-145 18,0-34,0 40-44
o 1050 1153 12,6 26,5 42,3
HoTepedHOM 1130-1233 1190-1323 14,0-17,5 27,0-34,0 34-39
1149 1224 16,4 31,3 37
Koganslii mpyTok 150 mm,
CTaHAapTHBII o0paszer]
(do = 5 MM), IBOIHOI OTKHUT B
MOJTHOPa3MEPHOM TEMILIETE
2150x500 MM, B HaNpaBJICHUU:
HPOOTbHOM B 1119-1141 125151 24,6-34,1 32-40
1131,3 13,5 28,6 37
HoTepedHoM B 1131-1132 10,7-115 29,2-30,5 32-33
11315 11,1 29,9 32,5
[IITamnoBKa (rpynmoBast 3aroTOB-
Ka) u3 npytka 150 mm, cran-
napTHeIi o6paselr (do = 5 Mm), 1055-1070 1111-1145 10,0-15,0 29,5-37,3 32-38
TepMoMexaHndeckast 00paboTka 1061 1127 12,8 31,6 34,7

cTH 00pasma.

Ipumeuanue. B uucnurene ykazaHn auanasoH 3HA4YCHUI, B 3HAMEHaTeNe — cpenee 3HaueHue; do — auamerp paboueii ya-

Pe3ynbTarhl HCHbITAHUNM HA MHOTOLIMKIIOBYIO YCTAJIOCTh IVIaJKUX 00pa3loB MaTepua-
Ja MPYTKOB M INTaMIOBOK M3 ciiaBa BT46 npu KoMHaTHOH TeMmepaType MpHUBEICHBI Ha

puc. 17.
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590

600 -

580

570
560

104

10°

108

KommaecTBo 1uxioB

107

108

Puc. 17. Pe3ynpTaThl UCHIBITAHUN HA MHOTOLMKIIOBYIO YCTAJIOCTh MaTepuaia KaTaHOTO MpYyTKa Io-
cie MBOWHOTO oTkura (1), IMTaMIOBKHU IMOCIIE TEPMOMEXaHHUYECKOH 0OpabOTKH B M30TEPMHUYECKUX
yCIIOBHUsIX U3 mpyTka J150 MM (2) U MOJIOTOBOH MITAMIIOBKH II0CJIE TEPMOMEXaHHUECKOH 00paboTKH
(3) u3 crutaBa BT46: 3amTpruxoBaHHbIe U 0003HAUYCHHBIC KOHTYPOM TOYKH COOTBETCTBYIOT pa3pyllieH-
HBIM U CHATBIM 0€3 pa3pylleHus: o0pasimam
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B Tabn. 8 mpuBeneHbl ypaBHEHHS JOTapu(DMHUECKOW PETPECCHU, MOCTPOSHHOW IO
JaHHBIM JJI pa3pyIICHHBIX O6p3,3LIOB, a TaKKC MOrpCIIHOCTDL alllIpOKCUMAIUU.

Tabauya 8
Pe3ynbTaThl perpecCHOHHOIO AHAJIN3A NCIIBLITAHUI HA MHOTOLIMKJIOBYIO YCTAJIOCTD IS ciiaBa BT46
[omrydabpukat, cocTosiHUE YpaBHeHUe IMorpemnocts R?
Karanplil mpyTOK, TBOWHOW OTKHUT -9,847InN + 758,01 0,6135

MoJ10TOBas ITAMITOBKA, TEPMOMEXAHIYIECKAS
00paboTKa U CTapeHue

IIITammoBka (IrpyImoBas 3aroTOBKa) U3 MPyTKa
@150 MM, TepMOMEXaHUYECKass 00paboTKa -18,82InN + 901,98 0,918
B M30TEPMUYCCKHX YCIOBHUSIX U CTApCHUE

—7,428InN + 765,74 0,5741

O0cy:xaeHne pe3y1bTaTOB

Lenecoobpa3Ho HayaTh CO CPAaBHUTEIBHOTO aHAIN3a CTPYKTYPHI MOTy(haOpUKaTOB U3
crtaa BT41. Beicokue HakoruieHHbIE AehopMaliy B ABYX(Pa3HOH 00JIaCTH KaTaHOTO IPYTKa
Y U3TOTOBJIEHHBIX M3 HErO HITaMIIOBOK JIOMATOK, MaJble MacChl U CEUEHHs MPUBOISAT K U3MEINb-
YEHHUI0 MAKPO3€pHa U COCTABIISAIOIINX 100y ISIPHO-TUIACTUHYATON MUKPOCTPYKTYpbL. IIpu 3TOM
BBICOKME CKOPOCTH Jle(popMaliiy, Pa3BUBAIOLIMECS B YCIOBHUAX IUTAMIOBKM HAa KPUBOIIMITHOM
ropsYEIITAMIOBOYHOM IIPECCE, HE MIPUBOAT K MOSBICHUIO MAKPOCTPYKTYPHOM HEOJHOPOJHOCTH
B MaTepualie LITaMIIOBKU mocie ABoiHoro omxura (puc. 10). CTpyKTypbl HCXOJHOTO NpPYTKA
@18 MM M LITAaMIIOBOK JIONATOK B OTOX’KEHHOM COCTOSIHMM MPAKTUYECKU MICHTHUYHBI. Ya-
CTHULIBI IEPBUYHON 0-Pa3bl cHepouaAN3UPOBAHBI, AUAMETP €AMHUYHBIX YACTHUI] COCTABISAET
~(5-8) Mxm. YacTuibl BTOPUYHON 0-(a3bl CrPyHNIUPOBAHBI B KOJIOHUHU, OTPAHUYCHHBIC
0-OTOPOYKOH, 00pa30oBaBIICHCS O T'paHUIlAM YCIOBHOro [(-3epHa. Pasmep B-3epHa co-
crasisiet ~(30-50) mxkm. OObeMHast 10151 IepBUYHOM 0-asbl qocturaet ~(15-20) %.

MHUKpPOCTPYKTYpY KpyHmHOrabapuTHOro npyrka 150 MM coctaBisiroT Oosiee KpyHbIe
YaCTHIIbI MIEPBUYHON 0-(a3bl quameTpoM ~(10—12) MKM, B IPOJOJIBHOM CEYEHUHW HaOIr0/1a-
IOTCS YaCTHLIbI BBITIHYTOU (hopMbl. bosbiast o6beMHast 105151 nepBUYHOI 0-(ha3bl 0ObsICHSCT-
Csl CHIKEHMEM (PaKTHUECKOM TemIrepaTypbl OT)KWIa Ha MEepBOW cTymeHH. s ITaMIIOBOK
IPYNIIOBBIX 3aroTOBOK B OTOXJKEHHOM COCTOSIHUM BBISIBJIEHA TIJIOOYJISIPHO-TIJIACTUHYATAs
MUKPOCTPYKTYypa ¢ 00beMHOI noseil nepBuyHOi a-da3bl ~20 %, Kak ¥ B cilydyae ¢ MaJo-
ra0apuTHHIMU IITAMIOBKaMU M NpyTKoM 18 MM. YcioBHble [-3epHa, OKaHTOBaHHBIE
rpy0oii a-OTOPOYKOM TONIIMHON 2—5 MKM, BBITSIHYTHl BJOJIb HAIpaBJICHUS TEUYEHUS Me-
tasuta. KoloHu# npeBpameHHoi o-(a3bl COCTOAT U3 MIACTHHOK ToNmUHOW 1-3 MkM. Pasz-
Mep YCIOBHOTO [-3epHa MOXKET cOoCTaBIATh ~(50—150) MkMm.

OnucaHHbIe OTJIMYKS B TapaMeTpax I100YIIpHO-TUIACTUHYATON MUKPOCTPYKTYPBI OTpa-
JKAIOTCS HA MEXaHMUYECKMX CBOWCTBax. bosee KpymHas CTpyKTypa M HaJIM4YHE (.-OTOPOYKH II0
IpaHUIaM 3epHa MPH 3aMETHOM CHM)KEHUH XapaKTEPUCTUK IUIACTUYHOCTH 00EeCTIeYnBarOT 00-
Jiee BBICOKYIO JKapoNpoyHOCTh MaTepuana (Tabu. 4 u 5). CHuKeHue yJapHoOM BS3KOCTH B Ma-
Tepuane ¢ 0ojiee KPYIMHOW CTPYKTYpOH, BEpOSITHO, 00yCIOBIeHO BbiaeiacHueM (asel TisAl
(02) B 0-OTOPOUKE, TJI€ COICPKAHKME ATFOMUHMS MEHBILIE, YeM B TII00YISIX MEPBUYHOM 0-(ha3bl, HO
0oJbIIe, 4YeM B IJIACTUHKAaX BTOpUYHOU a-(a3bl [36].

MOXHO OTMETHUTbH, YTO NMPOYHOCTHBIE U IJIACTHMYECKUE XAPAKTEPUCTUKU HCXOJHBIX
MPYTKOB U IITAMIIOBOK B 000uX ciydasx ais ciuiaBa BT41 naxonsarcs Ha oqHoM ypoBHe. Ta-
KM 00pa3oM, KauecTBO MaTepuaia IITaMIIOBOK JUIsi 00EMX CXEeM 3aBHUCUT OT MapaMeTpoB
CTPYKTYPbI UCXOJHBIX MPYTKOB. DTO XOPOIIO 3aMETHO 110 MAaKpOCTPYKTYpe rpyHIIOBOM 3aro-
TOBKH, MAaKpOBOJIOKHO KOTOpPOIl Haciexyercss oT MCXogHoro mpytka (puc. 14, 6). B uen-
TPaJbHON YaCTH 3arOTOBKH, SIBJISIOIIEHCS TEXHOJIOIMYECKHM MPHUITYCKOM (OTpaHUYEH MYyHK-
TUPHOM NMHUEN Ha puc. 14, 6), BOIM3M MOBEPXHOCTH MMEETCs 3aCTOMHAsl 30HA, B KOTOPOH
COXpaHsIeTCs UCXOIHAs CTPYKTypa MpyTKa.
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Bosniee kpymHas cTpykTypa rpynnoBbIX 3aroToBOK u3 cruiaBa BT41 npuBoauT K CHU-
KEHUIO Tpefieia BBIHOCIMBOCTHU TIIaKUX 00pa3loB NMPH KOMHATHOW TeMIlEpaType, Mpu 3TOM
oOecrieynBaeT OOJIBIIYIO BBIHOCIMBOCTH 00PA3IOB C HAJAPE30M IMPU KOMHATHOH U TOBBILICH-
HBIX TeMIiepaTypax (TadJ. 6).

Jnst crutaBa BT46 ormeuen psin ocoOeHHOCTEH. B MUKpPOCTPYKTYype KOBaHOTO U ropsiue-
KaTaHOTO TMPYTKOB, a TAKXKe IITAMIIOBOK MPUCYTCTBYIOT KPYIHbIE YaCTHULIbI IEPBUYHON 0-(ha3bl
(puc. 15 u 16), BepoaTHO 00pa30BaHHbIE MTPU U3TOTOBJICHUU KOBAHOTO MPYTKA. DTH YaCTHIIBI
HACJIEAYIOTCS. U HE MOJBEPraroTcs PEeKpUCTAIUIM3ALMK KaK I10CJIE ropsdyeil IpoKaTKyu B Mpy-
TOK, TaK U IpPH MOCJIETYIOIUX olnepalnusx ropsyeir nedpopmanuu. Hekotopsie 0co6eHHOCTH
paspylieHust 00pas3IoB ¢ TaKOW CTPYKTYpoil onucansl B crathe [37]. [Tockonbky B Ta0m. 8 u3-
JIOKEHBI PEe3yJIbTaThl IEPBOTO OTMbBITA MPOMBIIUICHHOTO H3TOTOBIICHUS ToNy(adpuKkaToB w3
crmaBa BT46, cienyer ormetutsh cienyromiee. Crmas BT46 npoieMOHCTpUpOBal BHICOKYIO
CIIOCOOHOCTh K JUCIEPCUOHHOMY YIPOYHEHHIO IPU W3rOTOBJIEHMM IITAMIIOBOK METOJIOM
TMO. Ilo cpaBHEHHIO C UCXOJHBIM YPOBHEM IPOYHOCTH HAa KOBAHOM M KaTaHBIX MPYTKaXx,
I/Ie YpOBEHb AUCIIEPCHOHHOTO YIPOYHEHHUS [10CJIe BTOPOIl CTYNEHH OT>KUTra cocTaBisieT ~5 %o,
nporecc TMO crioco0eH yBeIMYuTh MPOYHOCTh Marepuaia Ha 5—12 %. Mmeer mecto cyiie-
CTBEHHAsl aHU30TPOIIUS CBOMCTB B MPOJOJILHOM U MOTNEPEYHOM CEUEHUSX IITAMIIOBOK, U3r0-
TOBJICHHBIX U3 UCXOAHOIO TOpsiu€KaTaHoro npyrtka. [Ipu 3Tom B KpynHOrabapuTHOM IpPYTKeE
@150 MM OHa MPOSBISIETCS TOJIBKO HA BEJIMYMHE YAAPHOM BSI3KOCTH.

Meton TMO MOXeT CYIIECTBEHHO YBEIMUYUTH [MOKA3aTeIN BEIHOCIMBOCTH MaTepHasa
(puc. 17, Tabun. 8), Tem He meHee s criaBa BT46 tpebGyercs nopadorka TexHoiorun TMO
JUTSL IOCTHKEHUSI CTATHUECKUX MEXaHUYECKUX CBOMCTB. J[Jisl TpymmoBoil 3aroTOBKY U3 CIIjIaBa
BT46 Taxxxe oueBUHA HEOOXOAUMOCTH B TIOBBIIIEHUH TPOYHOCTHBIX XapaKTePUCTUK. TeM He
MeHee JJaKe C YYETOM MEHbIIEeH IPOYHOCTH MaTepHala ITAaMIOBKHU (FPYNIOBOW 3arOTOBKH)
M0 CpPaBHEHHUIO C JIPYTMMU pPacCMOTpeHHbIMH monydadbpukaramu metoq TMO oxa3biBaeT
0J1aronpusATHOE BIMSHUE HAa BEIHOCIMBOCTD.

3akauyeHus

Ha npumepe xaporpounbix TuTaHoBbIX ciyiaBoB BT41 u BT46 nokazaHo, 4To TeXHOJIO-
ruyeckas cxema usrorosieHus PJI kommpeccopa M3 HMCXOIHOTO KpYIMHOraOapUTHOIO IpYTKa
C IMOJY4YEeHHEM TIpynmnoBoil 3aroroBkn MeronoM MW3IIl orminyaercs BBICOKOM TEXHUKO-
HKOHOMHUYECKON A(PPEeKTUBHOCTHI0. OCHOBHBIMU MPEUMYILECTBAMU JTAHHOM CXEMBbI SIBIISOTCS:
NPUMEHEHHE TPYNIIOBOM 3arOTOBKU ISl W3TOTOBJICHUS 3HAYUTEIBHOIO KOJIWYECTBA JIOMATOK;
NpOCTasi TEXHOJIOTHS ILTAMITOBKH, HE TpeOyroIiasi TOpOrocTosAIIel OCHACTKY; YIPOIIEHHAs TeX-
HOJIOTUSI MEXaHUYECKOH 0OpabOTKU CO ChEMOM OCHOBHOIO IMPUITYCKA, MOATOTOBKOW UMCTOBBIX
0a3 1 npeaBapUTEIbHBIM NPO(UIMPOBAHUEM 3aMKOBOW YacTH Ha TOKapHOM o0opynoBaHuH. bo-
Jee KPYIHO3EpHHUCTAsl CTPYKTypa KpyIMHOraObapUTHOM TIPYNIIOBOM 3aroTOBKHM OOECIIEUMBAET I10-
BBILICHHBIE XapPaKTEPUCTUKHU KapONPOYHOCTH M CONPOTHUBIICHUS YCTAJOCTU NPHU TEMIEpaTrype
600 °C no cpaBHEHHIO ¢ JEHUCTBYIOIIEH TEXHOJIOTHEN € TPUMEHEHUEM ITPYTKOB MEJIKOTO COpTa.

Pe3ynbrarel nccnenoBaHusi Marepualia IITAMIOBOK IMOKA3bIBAIOT MPUHIUIHAIBHYIO
BO3MO)KHOCTb NOJY4EHHs TPYNIOBOM 3aroTOBKHM B (hopMme IaiiObl U3 MCXOTHOTrO KpymHOrada-
puTHOro npyrka u3 crasoB BT41 u BT46, npu 3TOM KauecTBO mMarepuana IITaMIIOBKH BO
MHOTOM OyJIET OIPEENATHCS KaueCTBOM MaTepuaiia npyrtka. JlanpHeiie paboThl ClieayeT mpo-
BOJIUTh B HAIIPABJIEHUHU MOBBIIIEHHS KayecTBa MaTepuaia UCXOIHOIo MpyTKa U cTereHu aedop-
Malliu TMpH OCaJIke MEPHOI 3aroTOBKH, HEOOXOAUMO YIENUTh CYILIECTBEHHOE BHUMAHUE PEXKU-
MaMm M YCIIOBUSM IITaMIOBKU U KaTUOPOBKH, OCOOEHHO B OTHOILIeHHHU cruiaBa BT46, a Taxxke
OIIPENEIUTh ONTUMAIBHYIO CTENEHb IUCIEPCHOHHOIO YIPOUHEHHS NpPU CTapeHUH. XOpOILIOo
OCBOEHHAsI TEXHOJIOTHS MEXaHU4YEeCKOil 00pabOTKH METO/IOM BBICOKOCKOPOCTHOTO (hpe3epoBaHuUs
(ToueHus), a TaKkKe JaTbHEWIIee Pa3BUTHE TEXHOJIOTHH MEXaHu4YecKkor obpadotku [38—47] cro-
COOHBI JIOMOJIHUTENBHO YIYYIIUTh TEXHUKO-KOHOMHUYECKYIO 3(P(PEKTUBHOCTD MpeIoKEHHOM
TEXHOJIOTUU MPUMEHHUTEIILHO K JIOTIaTKaM KOMITPECCOpa U3 TUTAHOBBIX CIIJIABOB.
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Annomayusn. Hccneoosanvt MuKpocmpyKmypHvle 0COOEHHOCMU U MEPMOCMADUTLHOCTY
OUHAPHBIX U MPOUHBIX CMeCegblX KOMNO3UYULL HA OCHO8e OYMAOUeH-HUMPUTbHBIX KAYYYKO8 U
mepmoanacmoniacmos (BHK—TIII), gyikanuzoeanuvix nepoxcuoom. B pezynomame xomnnexcruix
MUKPOCTPYKIYDHBIX U TREPMUYECKUX UCCTIe008AHULE OUHAPHBIX U MPOUHBIX CMECeBbIX KOMNOZUYULL
Ha ocHose kayuyka (BPHKC-40AMH) u cmupoasusix mepmosracmoniacmog (CBEC-P, COBC),
BVIKAHUZ0BAHHBIX — OP2AHUYECKUM NEPOKCUOOM, YCAHOGIEHbl KIoYegble 3aKOHOMEPHOCHU,
onpeoensowue ux Mophoaiocuio u mepmoCmabuibHOCMb.

Knrouesvie cnosa: ounapnas cmecb, mpouHAs CMeCb, MePMOINACONIACTbL, OYMAOUeH-
HUMPUTbHLIIL  KAy4yK,  Mopghonoeus, MUKPOCMPYKMYpA, —napamemp  pacmeopumMocmu,
MepMOOKUCIUMENbHOE CIAapeHe
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Abstract. 7The microstructural features and thermal stability of peroxide-cured binary and
ternary blends based on butadiene-nitrile rubber and styrenic thermoplastic elastomers (BNR—
TPE) have been investigated. As a result of comprehensive microstructural and thermal analy-
sis of these blends comprising butadiene-nitrile rubber grade BNKS-40AMN and styrenic block
copolymers (SBS-R, SEBS) vulcanized with an organic peroxide the principal factors determin-
ing their morphological evolution and thermostability were established.
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Beenenne

B coBpeMeHHBIX yCIOBUSAX Pa3BUTUS aBUAIIMOHHOW, HEPTETa30BOM U aBTOMOOMIILHOM
MPOMBIIIJIEHHOCTH HaOII0aeTcsl ycTOoWuMBas TEHACHIUS K YXKECTOYEHUIO TpeOoBaHUM
K 3KCIIyaTallHOHHBIM XapaKTepUCTHKAM 3JIACTOMEPHBIX MarepuanoB. B cBA3u ¢ 3TuUM
0co0yI0 3HaUUMOCTh IpHOOpeTaeT He0OXOAUMOCTh Pa3pabOTKH MaTEpPUAIOB, CIIOCOOHBIX
COXpaHATh KOMILIEKC (PU3MKO-MEXaHUUECKHX CBOWCTB B HIMPOKOM MHTEpBAJE TEMIEPATYp
(ot —60 no 6onee +100 °C) u 06magaIOMUX CTOMKOCTHIO K arpECCUBHBIM (YTJIEBOIOPOIHBIM )
cpenam [1-6].

Haubonpimmii nHTEpEeC B KayecTBe OCHOBBI TAKMX MaTEPHUAIOB MPECTABIAIOT OyTaau-
eH-HuTpuwibHble Kayayku (BHK), BocTpeboBanHbIE B pe3MHOBOI NMPOMBIIIJICHHOCTH OJ1aroza-
ps IOCTYITHOCTU M YHHKaJIbHOMY COYETAaHHIO BBICOKOW Maciio-, O€H30- U TEMJIOCTOMKOCTH,
o0OecrieunBacMOi BBICOKMM COZIEPKAHUEM MOJSAPHBIX HUTPUIBHBIX TPYNI B MaKpOMOJIEKY-
nsapHou nenu [7]. Onnako Beicokas noyisipHocth BHK orpannumnBaer ux npuMeHeHue B pe3u-
HOTEXHUYECKUX H3/CIHAX, pabOTOCHOCOOHBIX B YCIOBHSX HH3KUX TEMIIEpaTyp, a TaKkKe
YCIIOKHSAET COBMEIIEHHE C MOPO30CTOMKHMH, Yallle HEMOJIAPHBIMU MOJMMEpaMU H3-3a Tep-
MOJIMHAMUYECKOU HECOBMeCTHMOCTH [4, &, 9].

Cormacno pa6oram [10, 11] u Teopun daopu—XarruHca, OCHOBHasI IPUYMHA HECOB-
MECTUMOCTH OOJIBIIMHCTBA MOJIMMEPOB 3aKJIIOYAETCS B 3HAUUTEIIBHOM Pa3IMuuyU [apaMeTpoOB
pactBopumoctu ['mnbnedpanaa (Ad) u orpaHUYeHHOI SHTponuu cMmemieHus. OqHako B pabo-
tax [12, 13] ormedeHo, 4TO (OPMUPOBAHKE IMOJIUMEPHBIX CMECEH MOXET IMPOUCXOIUTH B
YCIIOBUSX OTCYTCTBUS TEPMOJUHAMUYECKONH COBMECTUMOCTH. B 3TOM cilydae moBEepXHOCTHBIE
CHJIBI M TETUIOBOE JIBUKCHUE UCKAKAIOT TPaHUILY paszena, GopMupys nepexoanslii (Mexdas-
HBII) CJIOW C B3aMMHBIM IMPOHUKHOBEHHUEM CETMEHTOB MOJUMEPOB, UTO U OMpEAENseT sBJe-
HUE CerMEHTAIbHON BBIHYXJECHHON coBMecTUMOCTH [13—15]. anbpHeimmm pa3BUTHEM TIPEI-
CTaBJICHUN 0 MeX(a3HBIX SBJICHUSIX CTala TEOPETUUECKasi MOJEIb, OMICHIBAOIIASI COCTOSTHUE
Mex(a3zHoil 001acTU TEPMOJIMHAMUYECKH HECOBMECTUMBIX MOJIMMEPOB HA OCHOBE MOCTYJIaTa
0 CTPEMJICHUU MEKMOJIEKYJISIPHBIX CUJI Pa3[eIUTh MOJICKYIbI, HCKIIIOUasl Pa3phIB CILIOIIHON
cpensl [16]. B paborax [17, 18] moka3zaHo, 4TO B MOJUMEPHBIX CMECSX C OTPAHUYCHHOU COB-
MECTHUMOCTBIO BO3MOYKHO 00pa30BaHME B3aUMOIPOHMKAIOUIMX WM TMOJTYB3aUMOIPOHUKAIO-
IIUX MMOJUMEPHBIX CETOK [19].

Pa3zpaboTka 37aCTOMEPHBIX MAaTEpUANOB, COYETAIOUIMX CTOHMKOCTh K arpecCUBHBIM
cpellaM U HU3KOTEMIEPAaTypHYIO 3JIACTUYHOCTb, SIBISIETCS aKTyalbHBIM HaIlpaBlIEHUEM, Tpe-
OyIOIIMM pelIeHUs] KOMIIPOMHUCCHBIX 3a1ad. B Hactosimee Bpems 3((EeKTHBHBIM METOJOM
JUISL TOCTHXKEHUS! TaKoro OajaHca CBOMCTB, B YACTHOCTH JIJISl TIOBBIIIEHHUS] MOPO30CTOMKOCTH
PE3UH Ha OCHOBE IOJISIPHBIX KaydyKOB, SBJIAETCSA CO3JAHME CMECEBBIX KOMIIO3UIIHM, COCTOS-
IIMX U3 TOJUMEPOB C Pa3InYHON NOJISIPHOCTHIO.

Oco0blil UHTEpEC B 3TOM HalpaBJIEHUH BBI3BIBACT BBEIEHUE B CMECEBbIE KOMITIO3ULIUI
tepmodniactoruiactoB (TOIT) B kauecTBe HEMONSAPHBIX MOPO30CTOMKHX ToMMepoB. Kak cie-
JyeT U3 KJIaCCUYECKUX MpeCTaBiIeHuH, Tpexoaounbie ctupoabHble TOII cocrosT u3 anacro-
MEpPHOTo (aMH(paTUUECKOro) CpeIHEro OJI0Ka M HKECTKUX CTHUPOJIbHBIX KOHIIEBBIX OJIOKOB [16,
20]. IIpu Temmeparypax HHMXe TemnepaTypbl crekioBaHus (7c) cTupoibHbIX OsokoB TOII
MPOSBIISIIOT CBOMCTBA PE3UMH, a NPU HAarpEeBaHUU BbIe 1c MPUOOPETAIOT TEKy4ecTh, CBOM-
CTBEHHYIO TEPMOIUIACTMYHBIM MoiuMepaM. JlaHHoe sBieHHEe 00yCIOBIEHO 00pa3oBaHHEM
JIOMEHHOH CTPYKTYpbI, B KOTOPOH CTHPOJIbHBIE OJIOKU SBISIOTCA MOIU(PYHKIIMOHAIBHBIMU
y3JIaMU TIPOCTPAHCTBEHHOW (PU3MUECKOW CeTKH, NEHCTBYS AaHAJIOTMYHO MEJKOAUCIEPCHBIM
aKTHBHBIM HamosHuTe M [11, 21, 22].

BakHO OTMETHTB, YTO CO3/1aHHE BJIACTOMEPHOrO MaTepuaja ¢ YHUKaJIbHBIMU CBOM-
ctBamu, kotopeiMu obnanatoT BHK u ctuponsubsie TOII, mpencrapnser Oonpliol HaydyHO-
npakTHueckuit uHTepec. OHAKO pelenTypPHO-TEXHOIOTHYECKEe 0COOEHHOCTH UX COBMELICHUS
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OCTalOTCS HEJOCTATOYHO H3YYEHHBIMH, MOCKOIbKY 3(()EKTHBHOCTH TaKOTO COBMELICHHS
OTIpeNieNIIeTCsl XapakTepoM MexdasHoro B3anmoaencTBus. s pemeHus 3Toi 3a1aun Heoo-
XOJIUMO MPOBEIEHNE KOMIUIEKCHBIX MUKPOCTPYKTYPHBIX HCCIIEI0BAaHUM.

Hapsiny ¢ MaKpoCKOMUYECKHUMH CTPYKTYPHBIMU OCOOCHHOCTSIMU 3HAYUTEILHBIN BKJIA]T
B (popMHpOBaHUE KOHEUHBIX CBOMCTB CMECEBBIX KOMITO3UIIMI BHOCAT MEXMOJIECKYIISIPHbBIE CHU-
abl. B cnyyae BHK ¢ BBICOKMM COJEpKaHHEM IMOJSAPHBIX TPYIIl B PE3YyJbTATE IUIIONb-
JTUTIOJBHBIX B3aUMOJICHCTBUN MEXAY HUTPHIBHBIMU TPYIIIAMHU BO3HUKAIOT JIOKAJIBHBIE DJIEK-
TPUYECKHE TOJISA, CIIOCOOHBIC YIIOPSI0YMBATh MAKPOMOJICKYJIbI B MeK(pazHoM ciioe [23-25].

Jliia cMeceil, coaepKaliux CTUPOJIbHBIE OJI0K-COMOIUMeEpHI, 3h(PeKTHBHA BYIKaHU3A-
U OPraHUYECKUMHU TEPOKCUIAMH, YTO OCOOEHHO BaXKHO JUISi MOBBIIICHUS YIPYTO-
nedhopMaIMOHHBIX XapaKTEPUCTUK 3JIACTOMEPHBIX MaTepuasioB [7, 25]. Mcnons3oBaHue 1ie-
POKCHIHBIX CUCTEM BYJIKAHM3ALMU MO3BOJISIET MHUIIMMPOBATH PaIUKAIbHBIE PEakIu ¢ 00pa-
3oBaHreM KoBajeHTHBIX (C—C) u monsapubix koBalieHTHBIX (C—O—C) cszeit kak B BHK, tak
u B TOIL

Lenb paGoThl — UCCIIEIOBAaHUE MUKPOCTPYKTYPHBIX OCOOEHHOCTEH OMHAPHBIX U TPOMi-
HbeIX cMmecell Ha ocHoBe BHK-TOII, BynkaHW30BaHHBIX OpraHUYECKUM HEPOKCUIOM, B TOM
YHclie B YCIOBUAX TEPMOOKHCIUTEIBHOTO CTAPEHUs, a TAK)Ke U3yUeHUE BIMSHUS MTEPOKCHI-
HOM BYJIKaHM3allMU Ha CTPYKTYPY U CBOMCTBA HECOBMECTUMBIX MOJIUMEPOB.

Marepuanbl M1 MeTOABI

HccnenoBanbl BynkaHM3aTbl HA OCHOBE mojisipHoro kayuyka mapku BHKC-40AMH.
BropeiM TONMMMEpPHBIM KOMIOHEHTOM SIBJSUIMCH cTuponbHble TOIL:  ctupon-Oyranuen-
ctuponbhbiil (CBC-P) u ruapupoBanHblil cTupon-3tuneH-0yreH-ctuponbHblii (COBC) Grok-
COIOJIMMEPBI Pa3BETBICHHOIO M JIMHEHHOro cTpoeHusi cooTBeTcTBeHHO. Conepkanue TOII
(20 mac. 4. Ha 80 mac. 4. BHK) BbIOpaHo onTUManbHBIM Ha OCHOBAHHMH paHee MPOBEICHHBIX
uccienoBanuii [26]. B xadecTBe BYJKaHM3YIOIIETO areHTa HMCIOJIb30Bajd OPraHUYECKHUI
nepokcua 1,4-nu-Tpet(OyTUInepoKCUuu30nponmn)oeH3on B konudectse 5,0 mac. 4. [27].
CoOoTHOIIEHHUSI [TOJIMMEPOB B UCCIIEJOBAHHBIX KOMIIO3ULIMAX MPEACTABIEHBI B Ta0. 1.

Tabnuya 1
CooTHOIIIEHN e MOJIMMEPHBIX KOMIIOHEHTOB B CMeCeBbIX KOMIO3UIUAX

KOMIOHEHT ConepxkaHre KOMIIOHEHTOB, Mac. 4., B CMECEBBIX KOMITO3HITHIX
Bb-20 2-20 3b-2 I1 (xOHTpPOIIB)
Kayuyk BHKC-40AMH 80,0 80,0 80,0 100,0
Tepmoanactoruiact CBC-P 20,0 — 10,0 —
Tepmoanactoruiact COBC — 20,0 10,0 —

CMeceBble KOMIO3UIMK TOTOBWIIM IyTeM cMenleHus kayayka u TOII B cmecurene 3a-
KpbITOro TUNa npu temmeparype 12047 °C B teuenue 3—5 MuH. 3aTeM cMeCh OXJIAXKIANIN /10
temneparypsl 9043 °C 1 BBoAMIM ByJIKaHU3YIOLIYIO cuctemy. ITociie aToro cmecs BeIrpyxanu
U BaJblIeBaJM Ha JA0OpAaTOpPHBIX Bajblax i (OPMHUPOBAHUS 3aroTOBOK TOJIIMHOMN
2,0+0,2 mm. BynkaHu3zanuio NpoBOAMIIN B THAPABIMYECKOM Mpecce npu temmeparype 170 °C
B Te4eHHE 15 MuH.

JInst ipoBeNieHNs] MUKPOCTPYKTYPHOTO aHaJIM3a M OLEHKU TEepPMOCTAOMIBHOCTH OMHAp-
HbIX U TpoiHbIX cMmeceil Ha ocHoBe BHK—TOII paccuntan mapamerp pactBopumoctu [mmbae-
OpaH/1a 1 SKCIIEPUMEHTAIILHO OIpe/IeNIeHa TEMITEpaTypa CTEKJIOBAHUSI CMECEBBIX BYJTKaHU3aTOB.

[Tapamerp pactBopumocTH [mnbaedpanna (0) paccuuthiBasii Metopamu Cmoina u
Ban KpeBenena Ha 0CHOBE aJIIMTUBHOTO BKJIaAa (DYHKIIMOHAIBHBIX TPYIII C UCTIOIb30BaHHEM
MOJIX0/1a, PEATM30BAHHOIO NP BBIYUCIICHUHU TUIOTHOCTH YIIaKOBKU coeTMHeHuH [28]:
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5=p(o ZF1+cp ZF2+cp ZFs_I_ o 2 F;
- 1 g 2 ar 3 Tns i )

M, M, M; M;
TAC p — INIOTHOCTH MMOJIMMEPA, M — MOJIsIpHas MacCa MOBTOPAIOIICTOCA 3BCHA, ZE — CyMMa KOHCTAHT
MOJIEKYJIIPHOTO MPUTSKEHUS B i~ (QYHKIIMOHAILHOM IPYIINE WM MOHOMEPHOM 3BEHE; (O — JOJS i-if

(bYHKHHOHaHBHOﬁ TpyInbl UJIM MOHOMEPHOTI'O 3B€HA B CTPYKTYPC MOJICKYJIBI.

Tepmuueckuii ananu3 metonoM auddepeHInanbHON CKaHUPYIOMIEH KalOpUMETPHH
(ICK) mpoBonuiu B MHEPTHOM cpeie azoTa B mHTepBajie temmeparyp oT —100 go +20 °C,
CKOPOCTH OTOKa Ta3a cocraBmia 70 mu/mun. MccnenoBansl 00pasisl Maccoit §—12 mr. Tem-
neparypy CTeKJIOBaHUs Tc OMPENesii KaKk TeMIeparypy Hadaja CTyIeHYaToro mepexonua Ha
kpuBbiX JICK B coorBerctBuu ¢ [OCT P 55135-2012.

W3 nosny4eHHbIX BYIKaHU3aTOB M3TOTOBJIEHBI HU3KOTEMIIEPATypPHBIE CKOJIBI B JKHUJKOM
a30Te, KOTOpbIE MPUKIEUBAIM C MOMOIIbIO TOKOMPOBOISIIETO KJies Ha OCHOBE yIiepoaa K
JepaKaressiM 00paslioB M CYHIMIN Ha Bo3ayxe. [locie BBICBIXaHMS MOBEPXHOCTU CKOJIBI MOJ-
Beprajy MOHHO-IJIA3MEHHOMY TPAaBJICHHIO B BaKyyMHOM ycTaHoBke. [[nsi mpemoTBpaieHus
HAKOIIJICHUS 3JICKTPUUECKOTO 3apsijia MPHU HCCIEI0BAaHUH MOJIMMEPOB B CKAHUPYIOLIEM AIIEK-
TPOHHOM MHKPOCKOIIE Ha IIOBEPXHOCTU OOPA3[0B HAHOCUJIM TOHKOE MPOBOSAIIEE MOKPHITHE
METOZIOM MarHeTpOHHOTIO paclbUICHHs] B CIIELUAIU3UPOBAHHON ycTaHoBke. McciemoBaHus
IIPOBOJIMJIM B PEXKMME BTOPUYHBIX EKTPOHOB Ipu yBenuueHusx X 10000 u x30000 [29-31].

[lonxon, OCHOBaHHBIM Ha NPUMEHEHUN HU3KOTEMIIEPATypHBIX CKOJIOB, PEKOMEHI0BaH
B paborax [32-35] kak Haubonee nHGOPMATUBHBIN 71 U3ydeHus ($azoBoil Mopdonoruu mo-
JUMEPOB. ABTOPBHI NOKA3aJIM, YTO IPU TAKOM MOATOTOBKE NMPOMCXOAUT XPYIIKOE pa3pylIeHUE
Marepuana, 0e3 MIacTH4YeCKuX Aedopmainuid, 4TO MO3BOJIAET COXPAHUTHh HCXOAHYIO TOMOJO-
ruto (a3. MccnenoBanus, npoBeeHHbIC B JaHHOUW paboTe, MOIHOCTHIO COIIACYIOTCS C ATHUM
IIPUHIIAIIOM.

TepmookucnurenbHoe cTtapeHue npoBoauiau npu temmeparype 100+2 °C B TeueHue
72 4 Ha Bo3nyxe B coorBercTBuM ¢ [OCT 9.024-74.

Pabora BemonHeHa ¢ ucnonb3oBanueM obopynoBanus LIKII «Knumarnueckne uCIbl-
tanus» HULL «KypuaroBckuit uncTUTYT» — BUAM.

Pe3yabTarsl U 00CyKICHTE
Jl71 IpOTHO3MPOBAHUS XapakTepa MexX(pa3HOTO B3aUMOCHUCTBUS BBITIOTHEH pacyer
napameTpa pactBopumoctu O metonamu Cmoiuia u Ban Kpesenena. [lanubie 1y1s1 MHIUBUIY-
ANBbHBIX MMOJMMEPOB MPEACTAaBIEHBI B TA0M. 2.

Tabruya 2
Pac4yeTHblii mapaMeTp pacCTBOPMMOCTH Kay4yKa H TEPMOIJIACTOIIACTOB
Tomimep [TapaMeTp pacTBOPUMOCTH J, / KaJi/CM3, pacCUMTAHHBII METOaMU
Cmomnna Ban Kpesenena
Kayuyk BHKC-40AMH 10,92 10,37
Tepmoanacromiact CEC-P 8,38 8,48
Tepmoanactoriact COBC 8,41 8,35

Pa3nocTh paccuntanHbix napamerpoB pactBopuMocTH (Ad) BHK u TOII cocrasnser
1,9-2,5 /kan/cM3, 4To CyIIECTBEHHO MPEBBIIACT IMITMPUIECKUI KPUTEPHI B3aHMHOM pac-

tBOpuMocTH (Ad < 0,5-1,0 /kas/cm?3). TTonydeHHbIe Pe3yIBTATHI MOATBEPKIAIOT TEPMOTH-
HaMHMYECKYI0 HECOBMECTUMOCTD MOJIMMEPHBIX KOMIOHEHTOB U YKa3bIBAIOT HA HEM30EKHOCTh
MUKpPO(a3z0BOro pa3zesieHusl.

Opnako, Kak IpeanoiaraeTcs, MepoKCUAHAs BYJIKaHHU3AIUs CIIOCOOCTBYET 00pa3o-
BaHUIO KOBAJICHTHBIX CBsA3€Hl B mepexogHoM cioe. C 1enbio MOATBEPKIEHUS JAHHOTO Tpe-
MOJIOKEHUS OlpeJieNieHa Temieparypa crekinoBanus merogom JICK, mo3Bosstomas OUeHUTh
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CTETICHb YYacTHsl MEPOKCHIHON BYJIKAaHU3AUUU B (HOPMHUPOBAHHH MUKPOCTPYKTYPHI CMece-
BBIX BYJIKAHU3ATOB. /[l MCCIeAOBaHHBIX CMECEBBIX BYJIKAHMW3ATOB MOJIyUYEHBI CIEAYIOIINE
3HaueHus Tc, onpeaeneHubie no Touke neperudba Ha JJCK-kpussix, °C:

b-20 3-20 Ob-2 II
—28,4 —-29,6 -27,1 —22,3

Jliig Bcex ByJKaHU3aTOB B MHTepBasie Temmeparyp ot —100 go +20 °C 3aduxcupona-
HO OJHO 3HaueHHe 7c CO CIBUIOM B 00JacTh 0o0Jiee HU3KHX TEMIEpaTyp MO CPaBHEHHIO C
KOHTpOJbHBIM oOpasuom (I1). auusiii 3¢ dexr, BeposTHO, 00BICHICTCS 00pa3oBaHHEM
€IMHOM MPOCTPAHCTBEHHOW CETKM B IMPOLECCE BYJIKAHU3ALMU. B MOMEHT pa3inoxeHUs
1,4- mu(TpeTOyTUanepoKCUU30NpONHI)0eH301a IPH TeMiepaType Bynkanuzauuu 170+2 °C
00pa3yloTcsi CBOOOIHBIE PAaUKANIbI, KOTOPbIE pearupyroT ¢ JBoWHbIMU cBsi3siMu BHK, a Tak-
K€ PEaKIMOHHOCIOCOOHBIMU LIeHTpamMH B OyTaaueHoBbix Onokax TOII CBC-P u rumpupo-
BanHbIx Onmokax TOII COBC. IlpeamnonoxutenbHo, B MexdazHoil obmactu (popmupyercs
eMHasl MPOCTPAHCTBEHHAsI CETKa MOCPEICTBOM COBYJIKaHU3allMU, B KOTOPOH 3JacTOMEpPHbIE
ook TOII xoBanmentHo (4yepe3 cBsizu C—C u C—O-C mpu ydacTuu KHCIOpOJa BO3IyXa)
BCTPAaMBAIOTCs B CTPYKTYpY Byskanusata bHK.

B mipomtecce coBynkanm3armu ¢ BHK cHmkaercst sHepreTudeckuii 6aprep, 4ro oderda-
€T KOH(QOPMALIMOHHYIO TTO/IBIKHOCTH CETMEHTOB AJIACTOMEPHONW MAaTPHIIBI, IPUBO/S K CHIKE-
Huto 3HaueHuit 7c (1o —29,6 °C misa kommnozuiu I-20). Kpome Toro, Temmneparypa ByJIKaHH3a-
MY 3HAYMTEIIHHO TIPEBBIIIACT 3HAYCHNE ¢ CTUPOJIBHBIX OJIOKOB, YTO 0OECTIEYMBACT UX BHICOKYIO
CErMEHTAILHYIO TTOJIBIPKHOCTE B MOMEHT OOpa30BaHMs PAAUKAIOB U CIIOCOOCTBYET d(PEKTUB-
HOH COBYJIKaHM3alMK B Mex(da3zHoil obmacTy. I1sl OEHKU BIMSHUS COBYJIKAHU3ALUK MPOBEICH
CPaBHUTENbHBII aHAIM3 MUKPOCTPYKTYpPbl HU3KOTEMIIEPATYPHBIX CKOJIOB HEHANOJIHEHHBIX BYJI-
KaHW3aTOB OMHApHBIX U TPOMHBIX CMECEH METOJ0M CKaHUPYIOLIEH 31eKTPOHHON MHKpPOCKOIHMH
10 Y TI0CJIe TEPMOOKHCIIUTENBHOTO CTapeHusl. Pe3ynbTrarsl peicTaBieHsl Ha puc. 1-3.

SMMAG WOkx WO
M v 1000V Dot 58

SEMMAG 08h  WOATmm |
S0 W 108 KV [T

Puc. 1. Mukpoctpyktypst (X10000 (a, 6) u x30000 (8, 2)) HU3KOTEMIIEPaTypHOTO CKOIa oOpasia
u3 cMmeceBoit komnosunuu b-20 10 (g, 6) ¥ nocne (6, 2) TEePMOOKUCIIUTEIILHOTO CTAPEHUS IIPU TEMIIe-
patype 100+2 °C B Teuenue 72 4

94 TPYAbl BUAM / TRUDY VIAM 10 (164) 2026



MoAMMepHbIe MATEPUAADI

B Ounapnoit cmecu b-20 mo crapenms (puc. 1, a, ¢) Habmogaercs nByxdaszHas
cTpykrypa. KaydykoBass maTpuna siBiIsieTcss HempepbslBHOW ¢azoi, a ¢aza TOII CBC-P
JHUCIIEpTUPOBaHAa B BHUJI€ PABHOMEPHBIX BKIIOUYEHUU pazMepoM 2—5 MKM, HMEIOIUX
OKPYTJIYIO WJIM CJIETKa BBITAHYTYIO popmy. OTMeUaeTcss TeHIACHIUS K 00pa30BaHUIO B3au-
MompoHHKawomieil $Ha3zoBoi CTPYKTYphl, B KOTOpOil 00e (a3pl 3aHMMAIOT 3HAYUTEIbHBIE
00BbEMBI, OJHAKO YETKOE pa3/ielieHue Ha JUCHEPCHYI0 UM HENpephIBHYIO (a3bl HE Bceraa
BO3MOXkHO [16, 18, 19].

B mpouecce TEPMOOKUCIUTENBHOTO CTAPEHUSI TPOUCXOAUT TOTEPS TUCIEPCHOCTH
dazpr TOII CBC-P 3a cuer ykpymHEHHsS] CTHPOJbHBIX A0MEHOB (puc. 1, 6, 2). Ucxonnbie
BKJIFOUEHHUS pa3MepoM 2—5 MKM HA4YMHAIOT CIMBATHCs, 00pa3ys ariiomeparsl, pa3Mep Ko-
TOPBIX MPEBBIIIAET UCXOAHBIE 3HaUeHUS B 1,5—2 paza. DTo cBsi3aHO C TeM, YTO Moaudyra-
nueHoBbld 010k TOIT CBC-P comepxut ABOIHBIE CBSI3W, KOTOpPBIE MPU TEMIEpaType
100 °C akTHBHO BCTYIAIOT B paJMKajibHble peakuuu ¢ KucioponaoM. [Iporecchsl gectpyk-
MU TpeodafaloT HaJl CTPYKTYPHUPOBAHHEM, YTO NMPUBOAHUT K Pa3pbIBYy MEPBOHAYATIHLHO
00pa3oBaHHBIX Mex(a3HbIX CBs3eil. BaxHO OTMETUTH, YTO, HECMOTPS HA YAaCTUYHOE pa3-
pymenue cBsizeit C—C, mepBOHAYaIbHO CO3JaHHBIC KOBAJICHTHBIC CBS3W Ha TpaHule Qa3
kayuyka bBHKC-40AMH u TOII CbC-P npogomxkatot ynepxkusats yactuusl TOII, ogHako
UX YIEPKUBAIOMIAsl CHOCOOHOCTh CHMIKAETCS 110 MEpe HAKOIUICHHS MPOAYKTOB OKHCIICHHUS.
Ha6nrogaemas xapTuHa coryiacyercsi ¢ KOHLENIUeH KOMIO3UIUMOHHOW HEOJHOPOJHOCTH
BHK, npennoxxennoii B padore [7], 1 HIUTIOCTPUPYET OTCYTCTBHE 3P PeKTa «caMoperyIiu-
pOBaHUs» CTPYKTYypbl B OuHapHOW cucrteme ¢ HeruapupoBanusiM TOII, B orinuuue
OT TPOMHBIX KOMITO3HUIIHM, TJI€ 3TOT 3P (HEKT MPOSBISIETCS 32 CYET CTAOMIN3ANH Mexdas-
HOro ciyos mpoaykToB okucienus TOII CBC-P.

Puc. 2. MukpoctpykTypsl (x10000 (a, 6) u x30000 (6, 2)) HU3KOTEMIIEPaTYpHOTO CKoJa 00pasia
n3 cMeceBoit kommosunuu I-20 1o (a, ) u nocie (6, 2) TEPMOOKUCIUTEIILHOTO CTAPEHUS MIPU TEMITe-
patype 100+2 °C B Teuenue 72 4
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Hcxonnas mopdomorus 6uHapHou cmecu 2I-20 (puc. 2, a, 8) I1eMOHCTpUpPYET Oosee
perymsipaoe aucnieprupoanue TOII COBC no cpasuenuto ¢ TOII CBC-P. ®aza TOII COBC
MPEJICTaBICHA BKIIOYCHUSIMH Pa3MEepPOM OT 2 10 5 MKM, YTO CBUJETEIILCTBYET O Jy4IllIeH Tex-
Hosorudeckoit coBMectumoctu TOIT COBC ¢ kayuykom BHKC-40AMH B mipotiecce cmere-
Hus B pacruiase [20, 21]. Cpenuuit 6510k TOIT COBC obnagaetr uHOM pacTBOPUMOCTHIO U MO-
BEPXHOCTHBIM HATSHKEHUEM IO cpaBHEHHIO ¢ OyramauenoBbiM Onokom TOIT CBC-P, uto cro-
cobcTByeT 00pa3oBaHuio OoJiee peryisapHoit Mopdooruu [15, 36].

[Tocne crapenwus (puc. 2, 6, 2) MOPQPOIOTUS MPAKTUICCKH HE U3MEHSIETCS: OTCYTCTBY-
0T SIBHAS arperanusi ¥ pa3pbiBbl Ha rpanuie ga3. Ito oOwscHseTcs TeM, yto TOII COBC He
COZICPKUT JBOMHBIX CBsA3€M. BMeECTO IeCTpyKUMU INEPOKCHIHBIE PaJMKaIbl WHUIUUPYIOT
CTpyKTypupoBaHue ¢ oopasoanueM HoBbIX cBszeil C—C u C—O—-C mexny cermentamu TOII
CHBC u BHK [20]. D10 obecrnieunBaeT TEPMHUECKYIO CTAOMIBHOCTh cMecH D-20, 4To TOoJI-
TBEPKIAACTCS YBEIMUYECHUEM IIPOYHOCTH MIPU PACTSHKEHUU MOCTIE CTapeHus [26].

st
AL e

SEMMAG 300kx WO 6A7mm |
SEM MV 100 WV Oet SE 2 pm

Puc. 3. Mukpoctpyktypsl (X10000 (a, 6) u x30000 (s, 2)) HU3KOTEMIIEPATypHOTO CKOJIa o0pasiia
u3 cMeceBoil komnozuuun Ob-2 10 (a, 6) u nocne (0, 2) TEPMOOKHCIUTENBHOTO CTAPEHHS IIPH TEMIIe-
patype 100£2 °C B Teuenue 72 4

B tpoiinoii cmecu Ob-2 (puc. 3, a, 8) HabmogaeTcss Hauboee ciokHass Mopdoorus:
mucnepcHas ¢aza TOII saBnsercs HEOJHOPOIHOM U MpeIcTaBIeHa IBYMS TUIIAMH BKITFOUCHUH.
Kpynusie Brimrouennss TOII CBC-P umeror pazmepsl 3—5 MKM U XapaKTEpHU3YIOTCS BBITSHY-
TOM, clierka HepoBHOW (POpMOH, YTO CBsI3aHO C OoJiee BHICOKOW BSI3KOCTHIO M CKIIOHHOCTBIO K
arnomeparuu. Menkue BritoueHus TOII COBC umeror pasmepsl <2 MKM H TPaBHIHHYIO
OKpYTIyI0 (hOpMY, UTO CBUIECTENLCTBYET O Jyd4lliel nucreprupyemoctu. COriacHO JaHHBIM
HAyYHO-TEXHUUYECKOH JUTepaTypbl, B TaKHMX cUCTeMaxX OJOK-COIMOJIMMEPBl MOTYT BBICTYIATh
B KaUECTBE DMYJIBraTOPOB, OJJHAKO HM3-32 TEPMOJMHAMHUYECKON HECOBMECTUMOCTH BCEX TPEX
nap 3ToT 3G EKT 10 cTapeHus BbIpaxkeH ciabo [11, 14, 18].
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[Tocne crapenus (puc. 3, 6, 2) HaOMOAAaeTCS HE CIUNaHue, Kak B kKoMmmo3uuu b-20, a
JIOKAJIbHOE Pa3phIXJICHUE U TiepecTpoiika Mopdosoruu. DToT 3¢ (HeKT 00yCIOBIeH KOHKYPEH-
uueit nByx mexanu3MoB: aectpykuus TOII CbC-P nokanbHO pa3pyiiaeT XMMUYECKUE CBA3H,
IPU 3TOM NPOAYKTHI JECTPYKUUU (MaKpOMOJIEKYJbl ¢ KOHUEBBIMM IOJISIPHBIMM TpyIIIamH,
00pa30BaBIIMMUCS MTPH OKHUCICHUN) HE TIOKUIAIOT CHCTEMY, a JIOKAJTU3YIOTCA Ha MeX(pa3zHOU
rpaHuULIe.

CoryacHO Teopuu, M3JI0KEHHOW B pabotax [12, 13], mepexoaHblil CJIOH COCTOUT W3
pPacTBOPOB CETMEHTOB OJIHOTO MOJIMMEPA B APYromM. B TpoiHON cMecH B MPOLECCE CTAPECHUS
Ha TpaHuIEe paszjena Jokaim3yroTcs makpoMonekyiasl TOII CBC-P, nperepnesiine yacTuy-
HYIO OKHCIIUTEIbHYIO JECTPYKIHUIO C 00pa30BaHUEM MOJIAPHBIX KUCIOPOICOAEPKALIUX TPYIIT
(kapOOHWIBHBIX). DTH MOAU(DUIIMPOBAHHBIE MAKPOMOJIEKYIIBI B PE3yJIbTaTe CHIIBHOTO MEX-
MOJICKYJISIPHOTO B3aUMOJEHCTBUS ¢ HUTpwiIbHbIMH rpynnamu BHK, BeposiTHO, BeicTymaroT
B KauecTBe iN SitU KOMIaTHOMIM3aTOPOB, CHIKAs MeX(a3HOe HATSIKEHHUE.

[IpenmonoXuTenpbHo, peaau3yeTcd MEXaHW3M KalCyJIMpPOBAaHUS MO THUILY <«Ipo—
obomnoukay, rae sapo — yactuisl TOI1 CBC-P, yacTu4HO yTpaTuBIIME CTPYKTYPY, a 000104~
ka — crabunbHble Makpomosiekynsl TOIT COBC u cermentst TOII CBC-P, oboramentsie mo-
JSIPHBIMU TpynnamMu. 3a CYET 3TOT0 YBEJIUYUBAETCS 00bEM NEPEXOIHOTO CJIOSl, YTO COOTBET-
CTBYET MOJIEJIM CEIrMEHTaJIbHOW BBIHYKIEHHOWU coBMecTUMOcTH [2, 13, 19] n obecrneunBaet
COXpaHEHHE L[ETOCTHOCTU TPOHHON CMeCH.

Taxum 00pa3zom, MOXKHO MPEANOIOKUTH, YTO B TPOHHBIX CMECEBBIX KOMITO3ULIUAX 00-
pa3yroTcs 1Ba THIA BYJKAHU3AIMOHHBIX CETOK: (pU3MUecKas, ChOPMHPOBAHHAS CTUPOJIHHBI-
mu 6mokamu TOII, u xumuueckas (IPOCTPaHCTBEHHO-CIIUTAs), COCTOSINIAS U3 KOBAJIEHTHBIX
ceszeit C—C u C-O—-C. B ¢usnueckoil cerke CTUPOIbHBIE JOMEHBI, BHICTYIAs B KayecTBE
HAIOJIHUTEJIS, MOTYT arjoMepUpOBaTh, CTPEMACh K CHM)KEHUIO CBOOOJHOW SHEPruu 3a CueT
YMEHbILEHUS IUIOUaAn MeX(pa3HON MOBEPXHOCTH. XHUMHUYECKas CETKa, B CBOIO OYEpE.p,
npoHU3bIBaeT o0e (asbl, yaep:kuBas MakpoMoleKynbl kayuyka u TOIl B mMexdasznom ciioe,
YTO MOATBEPKIAACTCA OJHUM 3HaueHueM 7¢ B o01acTu HU3KUX TeMieparyp. Bricokas mosip-
HocTh kayuyka BHKC-40AMH co3naer anekTpocTaTuyeckoe moJje, yCUIMBatoIIee MeXMoJIe-
KyJISIpHOE B3auMo/jieiicTBUe ¢ 00pa30BaBIIMMUCA KapOOHWIBHBIMU TpYIINAMH B CErMEHTax
TOII B mexdaznom cioe, hopMupyst CTaOMWIbHBIN Mex(da3HbI cioil. B couetanuu ¢ Xumu-
YECKUMHU CBS3SIMHM 3TO CO3/Ia€T apMUPYIOLIUI 3QeKT Ha TpaHUIle pa3jena, HeAOCTHKUMBbII
B KJIACCUUYECKHUX HETIOJISPHBIX CMECSX.

CornacHO TEOPETUYECKUM IIPEACTABICHUAM O TEPMOOKUCIUTEIBHOM CTAPEHUH MOJIHU-
MEpPHBIX MaTepuajoB, OJHOBPEMEHHO MPOTEKAIOT [Ba KOHKYPHPYIOIIMX Ipolecca — Je-
CTPYKLHUsI U CTpyKTypupoBaHue noiumepoB [13, 36]. IIpu 3ToM Ha HadaabHBIX CTAaIUAX
OKHCIICHHSI aTaKe MOJBEPraloTCsl YIiaepo/l-yriiepoAHbIe CBSA3U B HEHACHIIEHHBIX (parMeHTax
(manpumep, B mosmOytaaueHoBsix 01okax TOIT CBC-P), Torna xak HachIIEHHBIEC TOTUMEPHI
(TOI1 COBC) Gonee ycToitunssl K okuciaeHuto [8, 13, 15, 36].

CpaBautenbHbli aHanu3 ABYyX TUNOB TOII mokasbiBaeT, 4TO TMAPUPOBAHHBIE AHATIOTH
(COBC) obmagaroT 3HAYUTENBHO OONbIIEH CTOMKOCTBIO K OKHCIIEHUIO, YIbTPapuOIETOBOMY
U3JIYYCHHUIO U 030HY. JTO OOBSICHSIETCSI OTCYTCTBHEM JBOMHBIX CBSI3€1 B OCHOBHOM IIE€TIH, YTO
JIEJIaeT X MEHEE MOBEPKEHHBIMU TEPMOOKUCIUTEIbHON JECTPYKIUH.

3akiroyeHusn
B pesynbrare KOMIUIEKCHBIX MHUKPOCTPYKTYPHBIX M TEPMHUYECKHX HCCIIEJOBAHHUM
OMHapHBIX M TPOMHBIX cMeceil Ha ocHoBe kayuyka BHKC-40AMH u TOII CBC-P, COBC,
BYJIKAHM30BaHHBIX OPraHMYECKUM IMEPOKCHUIIOM, YCTAHOBJIEHBI KJIIOUEBbIE 3aKOHOMEPHOCTH,
OTIpeIeNAIONNe UX MOP(OJIOTHIO U TEPMOCTAOMIIBHOCTb.
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HOKaSaHO, 4TO, HECMOTpPs Ha TCPMOJUHAMHUYCCKYIO HECOBMCCTHUMOCTH KOMIIOHCH-

TOB, MOATBEPKACHHYIO 3HaueHusMu Ad > 1,9 ./kan/cMm3, mepokcuaHas BYJIKaHU3AIUS
obecrieunBaer (popMUPOBAHHE €IWHON TMOPUAHOW MPOCTPAHCTBEHHOM CETKHU. DKCIEpH-
MEHTaJIbHBIM MOJATBEPKIACHUEM ATOMY CIYXKHUT HaJIU4YME €AMHCTBEHHOrO 3HaueHUs Tc BO
BCEX BYJIKAHM3aTax, CABUHYTOTO B 00J1acTh HU3KUX Temmeparyp (mo —29,6 °C). HanHbii
3¢ deKT mocTUraeTcs 3a CYeT KOBAJECHTHOTO BCTPAaMBAaHUA 3J1aCTOMEpPHBIX O10koB TOII
B CETKY, YTO yBeJIMUYUBaeT cBOOOAHbIN 00beM B MaTpulie BHK u obneryaer konpopmannon-
HYIO MOJIBUKHOCTh CETMEHTOB. Y CTAHOBJICHO, YTO Mpupoaa cpeanero 6moka TOII B 3Haum-
TEJIbHOM CTENEeHU ONpeNeNsieT yCTOMUUBOCTh CTPYKTYPbI K TEPMOOKUCIUTEIIEHOMY CTAPEHUIO
cMmeceBbIX BynkaHu3atoB. B OunapHbix cuctemax ¢ TOII CBC-P mpeobnanatoT mpoueccs
TEPMOOKUCIUTEIBHON AECTPYKIMH, PUBOISILNE K IOTEpe AUCIEPCHOCTH U arperanuu Jo-
MeHOB. B 6unapubix cucremax ¢ TOII COBC noMuHupyeT CTPYKTYpHpPOBAaHUE C 00pa30BaHU-
eM HOBBIX cBsizell C—C u C—O-C, 4ro oOecneunBaeT COXpaHCHHE TOHKOW AMCIIEPCHOCTH H
MOP(]OIOTHUECKOH IIEOCTHOCTH. B TpOMHBIX KOMIO3UIMSIX 00HApY)eH 3B eKT In Situ kom-
naTuOMIM3anuy, OOYCIIOBJICHHBIN JIOKATU3AlMEeH MOJSIPHBIX MPOAYKTOB okuciaeHus TOII
CBC-P B mexdaznom cioe. Kpome Toro, coxpaHeHne €AMHCTBEHHOTO 3HaueHUs ¢ B TPOH-
HBIX CUCTE€Max MOATBEPXKIAeT, YTO JaXe B YCIOBMSAX CTapeHHUs rMOpUIHAas CeTKa OCTaeTcs
HENpepbpIBHOM, a 3nacromepHble Onoku TOIl mpomoskaroT KOBAaJEHTHO BCTPAaUBAThHCS
B CTPYKTypy ByJsikanuzara bHK.

C mpakTu4eckoi TOYKHM 3PEHMsI pe3ysIbTaThl pabdOThl MOATBEPKAAIOT MEPCIEKTHB-
HOCTh Hcnojb3oBanus 10 20 mac. 4. TOII COBC B OMHaApHBIX CMECEBBIX KOMITO3HUIIMIX Ha
ocHoBe kayuyka BHKC-40AMH, BynkaHN30BaHHBIX OpPraHUYECKUM MEPOKCUAOM, Ul CO3/1a-
HUS 3JaCTOMEPHBIX MAaTepUaJIOB C PACHIMPEHHBIM TeMIIEpaTypHBIM JIHANla30HOM JKCIUTya-
TaIlMd ¥ TOBBIIIEHHONW TepmocTadbunbHOCTh0. [Ipumenenne TOII CBC-P B ycnoBusax Temn-
JIOBOTO BO3JEHCTBUs HelenecooOpa3HO H3-3a HEOOPATUMBIX CTPYKTYPHBIX H3MEHEHHIH,
IPUBOJSILIMX K CHHYKEHUIO JIACTUYHOCTH MaTepuaia. B cBA3M ¢ HEOJJTHO3HAYHOCTBIO MOJY-
YEHHBIX Pe3yJIbTaTOB TPOMHBIE CMECEBbIE KOMIIO3ULIUU, HECMOTPS Ha 3PPEKT KOMITaTUOUIH-
3anuu, TpeOYIOT JOMOTHUTEIBHOTO 3ydeHus. JlaHHbIe O mepecTpoiike Mex(pazHOTo IO Ha
MHUKpPOYPOBHE CBHUJETEIBCTBYIOT O BO3MOYKHOCTH IPHIAHUS YHHMKAJIbHBIX CBOWCTB 2J1ACTO-
MEpPHBIM MaTepualiaM Ha OCHOBe cMecel kayuyka ¢ TOIL.
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BBenenue

3a mocneaHue oAbl TpeOOBaHU K PE3MHAM, UCIOIb3YEMbIM IIPU M3TOTOBJICHUU Pa3-
JIMYHBIX CUJIOBBIX YCTaHOBOK, Bo3pociu [1, 2]. BypHoe pa3BuTHE BBICOKOCKOPOCTHOM aBHa-
LIUH, PAKETHON TEXHUKH, JIEPHON SHEPIETUKU U APYIMX OTpacieil MPOMBILIIEHHOCTH IIPUBEIIO
K IIMPOKOMY HCIIOJIb30BaHUIO B KAYECTBE CMAa30K, TEIJIOHOCUTENIEH U KOMIIOHEHTOB TOILTUB
BBICOKOArpeCCHBHBIX Macell (IU3(UPHBIX, CUIIOKCAHOBBIX), CHJIBHBIX OKHCIUTENCH (IbIMsIIas
a30THasl KHUCJIOTa, BEICOKOKOHLIEHTPUPOBAHHAS MEPEKUCHh BOJIOposa U 1p.). Bee atu xumuue-
CKHE COeIMHEHHUsI OBICTPO, OCOOCHHO MPH BBICOKMX TEMIeparypax, pa3pylialoT pe3uHbl aBua-
IIMOHHOTO HAa3HAUEHHsI, YTO MPUBOJAUT K MPEKICBPEMEHHOMY BBIXOJY M3 CTPOS M3ACITUN U3
HUX, COKPALLEHUIO CPOKA IKCIUTyaTallui U JUIMTEIbHOCTU MEKPEMOHTHOIO UHTEPBAA.

OpuuM U3 crocoO0B MOBBIIMICHUS CTOUKOCTH PE3UH B YKa3aHHBIX YCIOBHSX AKCILTya-
TaIlH SBJSIETCS NPUMEHEHUE B KaueCTBE MOJMMEPHON OCHOBHI (PTOPKAYyUyKOB, BBIJCPKHBA-
IOLUX BO3JICHCTBUE BBICOKUX TEMIIEPATyp U arpECCUBHBIX CpPE/.

dTopKaydyyKkaMu IPUHATO HA3bIBATh KaydyKH C IVIaBHOM LEMbIO, COCTOSIILEH U3 yIr-
Jeposa, B MaKpOMOJIEKYJIe KOTOPOil MpUCYTCTBYET CYIIECTBEHHAs 11011 aToMoB (ropa. Kak
paBuiIo, (PTOPKAYUyKH SBISIFOTCS COMOIMMEpPaMH BUHIIIMACH(TOpUAA C APYTrUMH (TOpOIIE-
bunamu [3-5].

DTOopKayuyyKu MPUMEHSIIOTCS Ul pa3pad0TKU pa3IudHbIX MaTepHalIoB (PyHKLMOHAIIb-
HOTO HA3HAYEHHUS: DJIACTOMEPHBIX KOMIO3MUIMH [6], TepMEeTU3UPYIOIINX MaTEepPHaoB, B TOM
YHCJIE BBIIOJHSAIOUIUX BCIOMOIATEIbHYIO (PYHKIMIO IIPU M3FOTOBIEHUN OTBETCTBEHHBIX H3-
nenuii [7], OrHe3allMTHRIX MaTepHaIOB aBUAIIMOHHOTO HaszHaueHus [8], ruapodoOusupyro-
mmx 100aBok [9], ruapodoousx [10] u npyrux matepuanos [11].

[IpucyTcTBUE 3HAYUTENHLHOTO KOIMYECTBa (PTOpA B MOJIEKYJIE TAKUX KaydyKOB MpHaa-
€T UM 0cOObIe CBOWMCTBA, TAaKHE KAaK TEPMO- U arpeCCHBOCTOWKOCTbD, a B PSJE CIIydaeB HETro-
prodectb [12—15]. dTop — caMblii XUMUYECKU aKTUBHBIN U3 BCEX TaJIOT€HOB 2JIEMEHT, BO BCEX
COEIMHEHUSX SABJISETCS AJIEKTPOOTPULIATEIbHBIM. BbICOKas 31€KTPOOTPULIATENILHOCTh IPUBO-
JTUT K OOJBILION MIIOTHOCTH 3JIEKTPOHOB B €r0 aTroMax, YTO OOyCIaBIMBAET BBICOKYIO XUMHU-
YEeCKYI0 CTOWKOCTh COSAMHEHUH ¢ yriepoaom. Ilomumo sToro, arombl ¢pTOpa, UMes: MaJbIi
atoMHbIi paauyc (0,064 HM) O CpaBHEHUIO C paJilycaMH aTOMOB JIPYTUX TaJlOT€HOB, MOTYT
KOMIIaKTHO PAacIoyiarathbes (10 YeThIpEX aTOMOB) Y YIJIepoJia, SKPaHUPYs €ro B COEIMHEHUAX
OT pa3IMyHOro Bo3aeicTBus [6, 16]. OTu dakrops! nenarot cBa3br C—F sHeprerudecku npoy-
HOM, MpUYEM MPOUYHOCTh MOBBIIIAETCS C YBEIMUEHUEM KOJIMYECTBA IPUCOEAUHEHHBIX aTOMOB
¢dTopa. DHeprust CBsI3U BHYTPUMOJEKYISApHbIX cuil Mexnay atoMamu C um F (ot 394 no
504 x/lx/momp) [17, 18] cymectBernHO Bbime 3Heprun cBs3un C—C (~336 k/[x/MoIb) B yrie-
Bogopoaax [19].

B nanHo#t pabote moapoOHO paccMOTPEHBI BUIBI (PTOPKAYUyKOB, HanboJee mpume-
HUMBIE JIJISl U3TOTOBJICHUSI PE3UHOBBIX CMECEH, KOTOPbIE UCIOJIb3YIOTCSI B TOIJIMBHBIX CUCTE-
Max aBUAIIMOHHON TEXHHUKH, IKCILTYaTUPYEMBIX MPHU MOBBIIMICHHBIX TEMIIEPATypax B KOHTAKTE
C TOILUIMBaMH U MacllaMH.

Pe3yabTarhl U 00CyKICHTE

OTnuuuTeNbHOM 0COOEHHOCTHIO (PTOPKAYUYKOB OT IPYTUX THUIOB KAyIYKOB SIBIISETCS
npex/ie Bcero 0oJbilee pa3HooOpa3ue XUMUUECKOTo CTpoeHus. [1o CTpoeHnI0 OCHOBHOM 11e-
1 (PTOpKaydyKH MOYKHO pa3JelITh Ha TeTepPOIICITHBIC, OCHOBHASI MOJIEKYJISpHAsS IIETTh KOTO-
PBIX COCTOMT M3 aTOMOB PA3IMYHONW MPUPOABI, U KapOOLEMHbIE, CoJepKallue B OCHOBHOU
MOJIEKYJISIPHOM 1IeTIH MPEeUMYIIECTBEHHO aToMBbl yriepoaa [20, 21].

Cpenu cemepouennvix ¢pmopkayuykoe cieqyeT BEICTUTH IPEKIE BCEro GTOPCUIOK-
caHoBble, (propdocdazeHoBbIE, HUTPO3OKAYUYKH, (TOPTPUA3HMHOBBIE U (TOpPCOAEpIKALIUE
nonuypeTansl [22].
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Monekynbl ¢hmopcunokcanogvix Kayyykog COCTOSIT U3 (DTOpCOAEpKAIIUX 3BEHBEB,
00€ecTeurBaroMX YCTOMYMBOCTD K YIJIEBOJOPOIHBIM CpeaM, U JUMETUICHIOKCAHOBBIX 3Be-
HBEB, MPHUAAIONIUX MOPO30CTOMKOCTh. brarogaps HaauMuMi0 BUHWIBHBIX TPYII KaydyK CIIO-
coOeH 3¢ (HEeKTUBHO BYJIKAHH30BATHCSI OPTaHUICCKUMU TIEPOKCUIAMH. Y BETUYCHUE B KaydyKe
(TOPCUIIOKCAaHOBBIX 3BEHBHEB IMOBBIIIAET YCTOMUMBOCTh PE3UH HA UX OCHOBE K YIJIEBOJOPO-
naMm. Pe3wHbl M3 (TOPCHIOKCAHOBBIX KAYYYKOB YCTOHYHMBBI K HETOJSIPHBIM OKHCITHTEISM
(xucnopon, o30H). OIHAKO pe3UHBI U3 HUX, KaK U U3 BCEX JAPYIrUX CHUIOKCAHOBBIX Kay4yyKOB,
pa3pylialTCcsl MPU KOHTAKTE C MOJSPHBIMU PEareHTaMu — KUCJIOTaMH, ocHOBaHusMU. [lo
TEIJIOCTOMKOCTH (PTOPCUIIOKCAHOBBIE KayUyyKH YCTYIMAIOT KaK KapOouenHbiM (GTOpKaydyKam,
TaKk U OOBIYHBIM CHUJIOKCaHaM. VX mpuMeHeHue 000CHOBAHO, KOT/Ia K MaTepUaly MPeIbsBIIs-
IOT COBMECTHBIE TPEOOBAHHUS 110 BBICOKOW MOPO30- U TOILTMBOCTOMKOCTH [23]. TemmeparypHbIit
uHTepBan Kcrryatanmun — oT —60 mo +200 °C. CtpykrypHas popmyna GTOPCUIOKCAHOBBIX
Kay4yKOB IIpe/ICTaBjleHa Ha puc. 1.

CH;‘ { CHZCHZCF;‘ { CH=CH,
I |

I
0-Si 0-Si 0-Si
I I |
R

Puc. 1. ®ropcunokcaHoBble KayuyKH

n

@mopgocgazenogvle (pmopgochonumpunvrvle) kayuyKu UCIOAB3YIOT ISl U3TOTOB-
JICHUsI BYJKAHU3aTOB, K KOTOPBIM NPEIBABIISIIOT MOBBIIICHHBIE TPEOOBAHUS MO CTOMKOCTH
K JEUCTBUIO KHUCIIOT, OCHOBAaHWM, PACTBOPUTENIEN M CUIIBHBIX OKHCIUTener. Mopo3ocToii-
KOCTh TaKMX KaydykoB noxomuT no —60 °C m Hmxe, a Teroctoikocts — 10 200-250 °C.
CrpykrypHas popmyna pTopdocda3zeHOBBIX KayuyyKOB IIPEACTABIEHA HA PHC. 2.

OCH,CF; OCH,CF;
| |
[_P:N_]n_ [_P:N_]m
| |
OCH,CF; OA

Puc. 2. dropdochaseHoBbie Kayuyku

Kak u B ciiyuae ¢ pTopcuiiokCaHOBBIMU KaydyyKaMH, B CTPYKTYpY (propdhocdazeHoBbIX
Kay4yyKOB BBOJST JBOWHBIE CBS3M Ul MpPHUJAHHs CIIOCOOHOCTH K BylkaHu3auuu. Camy cra-
JIVIO BYJIKAHW3AIIWU TIPOBOMST C MCIIOJB30BAaHUEM OPTraHMYECKUX MEPOKCHIIOB MPH TEMIIepa-
type 1o 160 °C [24].

Hecmotpst Ha 1o utOo (propdocdazeHoBble Kaydykn 00Jaal0T YHUKAJIbHBIM COUYETa-
HHEM MOpPO030-, TEIIO- U arpeCCHBOCTOMKOCTH M 0€3yCIIOBHO MPEACTABIIAIOT COOOH MepCreK-
TUBHBIA MaTepHaJl, UX CHHTE3 SIBIISIETCS CIIOKHBIM M DHEPTO3aTPATHBIM IPOIIECCOM, B CBSI3H C
YeM UX HIMPOKOE MCIIOJIb30BaHME NMPU M3TOTOBJICHUM pe3MHOTexHHueckux uznenuit (PTU)
3arpyaneno [3-5].

Humpo3zokayuyku BCIEICTBUE BBICOKOM XMMHUYECKON YCTOWYMBOCTH HE BYJIKAHU3Y-
IOTCS HUKaKMMM peareHTamu. [y oOecriedyeHns BO3MOXKHOCTH BYJIKaHM3allMUM B MX TOJH-
MEpHBIE IeTM BBOAAT 3BEHbs, COJiepKallie KapOoKcuibHyto rpynny. Hanbomnee 3¢ dexTuBHbI
rpymmbsl —COOH, npucoeanHeHHBIE K aTOMY a30Ta OCHOBHOM TN 4epe3 MephTOPATKAICHO-
By10 rpynny. s noiaydeHus Takoil CTpyKTyphl B KaUeCTBE TPETHEr0 MOHOMEPA UCTIONb3YIOT
xnopanruapua HutpozoaudpTopykcycnoit kuciaotsl CICOCF2NO, a B monmy4eHHOM Kaydyke
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XJIOPAHTUAPUAHBIE TPYIIIBI THIPOIU3YIOT 10 KapOOKCHIBHBIX. OHAKO TepMUYecKas yCTOM-
YUBOCTh TAKOTO Kay4dyKa HU3Kas U OrpaHudMBacTcs temrepatypoit ~150 °C [3-5].

Hawnbonee npuemieMbl HUTPO30KaydyKH, IIOJIydaeMble C UCIIOIb30BAHUEM B KaUeCTBE
TPETHEr0 MOHOMEpa Y-HUTPO30NepPTOPMACIITHOIN KUCIOTHI (puc. 3).

- (CcmFz_ N - O)n_ CF2CF2N - O - CF2CF2 - N - O -
| I |
CFs ((I:Fz)a CFs
COOH

Puc. 3. y-autpo3onepdTopmacisHas KHCIOTa

Kayuyku Takoro tuma ByakaHu3yorcs TpudTopamnerarom xpoma (CF3COOQ)3Cr myrem
oOMeHHO# peakiuu. [loaydeHHBIE TAKIM 00pa30M Pe3UHBI 00JI1a1at0T BRICOKOM CTOMKOCTBIO K
JICHCTBUIO Pa3IMYHBIX arpECCHBHBIX JKUJIKHX W Ta30BBIX CpE, MOBBIIICHHOW OTHECTOWKO-
CTBIO M paboOTOCIOCOOHOCTHIO B TemmepaTypHoM uHTEepBaie or —50 mo +150 °C. Oxnako
COCIIMHECHHUS, O0pa3yIoIIUecss MPU BYJIKAHU3AIMUA TPUDTOPYKCYCHOH KHCIOTHI, BBI3BIBAIOT
KOPpO3HI0 Tpecc-(hopM M KOHTAKTUPYIONIUX C PE3NHAMHU METAJUTMUSCKUX JeTaneid. cmoib-
30BaHME BMECTO TpUQTOpaleTaTa XpomMa JIPYruxX arcHTOB BYJIKAHHM3AILWUH, TP MPUMEHCHUU
KOTOPBIX HE BBIICTISIOTCS arpeCCUBHBIC BEIIECTBA (HAIIPUMEP, JTOKCHIHBIC CMOJIBI, OJTUT00Y-
TaJUueH C KOHIICBBIMU HW30LMAHATHBIMH TPYIIAaMH, aMUHOKHCIIOTHI), HElelecoo0pasHo,
MTOCKOJIBKY TIOJTy4E€HHBIC PE3UHBI 00JIAJA0T 3HAYUTEITHHO XYAIIUMU CBOMCTBAMH.

Takum 00pa3oM, HUTPO30KAYUYKHU SIBJISIFOTCS HEMEPCIICKTUBHBIM MaTepPHAlIOM, M pa3-
paboTKa COCTaBOB JIACTOMEPHBIX MATEPUAIOB C UX MPUMEHEHHEM B HACTOSIIEE BpEeMs Ipe-
kpaieHa [3—5]. Peakuus mony4eHus HUTPO30Kay4dyKOB IPE/ICTaBICHA HA pHC. 4.

CFZ:CF2+N:O—’_CFZ_CFZ_N_O_
| |
CF, CF,
Puc. 4. HOHy[IeHI/Ie HUTPO30Kay4yKOB COHOHI/IMepI/I:‘}aHI/Ieﬁ TeTpa(bTOpBTI/UIeHa C TpI/I(l)TOp'
HUTPO30METAHOM

dmopmpuazunosvie KayuyKu CTOMKHU K JEHCTBUIO CHUJIBHBIX KHUCJIOT — a30THOM, cep-
HOM, COJITHOM, HO pa3pylIaroTCs IMOJA JEHCTBHEM BOABI U OCHOBAaHMI, BKJIIOUAs aMMMAK.
Bepxnuil TemnepaTypHbIi ipesien SKCIUTyaTalii JaHHOTO THIa KaydyKa MOKET MPEeBBIIATh
350 °C. MuHuManbpHas TemIeparypa COXpaHEHHs 3JIaCTUYHOCTU 3aBUCHUT OT XUMHUYECKOTO
cTpoenust rpynnsl Ror u mMoxer mocturars —50 °C, ecnu dTa rpymma coAepKUT He MEHee
JIByX aTOMOB KHCJIOPOZA, COCAVMHEHHBIX LIETIOYKaMH U3 HE MEHEE 4eM TPEX-UeThIpeX TpYIII
CF2. Ecin B kauectBe Tpymnibl Ror BeICTymaeT nepTopaikuiieH, COAepKalliii MEHee MATH
aTOMOB YTJIepoJia, TO TPHA3UHOBBIN MOJUMEp MpeAcTaBiIseT co0oi xecTKui iacTuk. CTpyk-
TypHas ¢popMyia GTOPTPHUA3UHOBBIX KaydyKOB IIpE/ICTaBIeHa Ha PUC. 5.

[TonyueHne TakMx KaydyKOB CBSI3aHO CO CJIOXKHBIM MHOTOCTAJIHWHBIM CHHTE30M,
MO03TOMY HMX TMPAKTHUECKOE MPUMEHEHHE B OJIMDKaiieM Oy TyiieM MaaoBeposaTHO [3—5].

CF, A
N’JL"‘N N’/’L“N

KNJ_ Ror n %NJ_ Ror—

Puc. 5. ®ropTpra3snHOBEIE KaydyKH
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Dmopcodepoicawue noruypemansvt 00IANAIOT IMUPOKAM TEMITEPATYPHBIM HHTEPBAIOM
AKCIUTyaTalM — MOpPO30CcTONKOCThIO 10 —45 °C u Temnocroiikocthio 10 260 °C [25]. B mpo-
1ecce MoJIMMepU3aliiy, HalpuMep, OKCETaHOB MO IEHCTBHEM KOMILIEKCHOTO 00p(TOPHIHO-
ro KaTrajau3aTopa MoaydaroT oauromep Gropcoaepxaiiero noauyperana (puc. 6).

CH,4 CH,4
| |
n Hz(l: - CI: —CH,OCH,C;F, HO (CH, — (IZ -CH,0), H
O - CHZ CH20CH2C3F7

Puc. 6. [Tomyuenue onuromepa Gpropcoepikaliero noanyperana

B pesynbraTe B3amMoOmeHCTBHS C METHJICHAN(4-IMKIOr€KCHIT)IMU30UHaHATOM, MHO-
rOATOMHBIM CIIUPTOM B KaueCTBE CLIMBAIOIIETO areHTa M JTUIaypuHATOM JIUOYTHIIONOBA B Ka-
YeCTBE KaTaJIM3aTopa IOJIy4aeTcsl MIATKUI MONINYpPETaHOBBIH KaydyK C TEMIIEPAaTypoil CTEK-
noBaHus —45 °C, He pasnararomuiics npu temnepatype 10 260 °C (Hauano pasiioKeHus npu
275 °C), ycTOW4YMBBIN K BOJIE, METaHOILY, TOJIyOly, OeH3uHY, 20%-HOMY pacTBOpPY T'MAPOKCH-
Jla HaTpHsl, TUMETHIhopMamMu Ty, Habyxatoumii B Terparuapodypane uwin gppeone-113 [3-5].
Henocratkamy JaHHOTO THIIA KAay4yKOB SIBJSIFOTCSI CJIOXKHOCTh CHHTE3a U, KaK CIIE/ICTBHE,
BBICOKAsi CTOMMOCTD MOJTy4aeMbIX IPOITYKTOB.

Kapoouennvie ¢pmopkayuyyku WMEIOT TPAKTHYECKH MOHOIIOJIBHOE MOJIOXKEHHE Ha
peiHKE QTOopconepkammx kaydaykoB [20]. Bce pa3sHooOpasme kapOOUEmHBIX (GTOPKAYIYKOB
NOJTY4YaloT CONMOJHMMEpHU3alell IBYX WM 00Jee OCHOBHBIX MOHOMEPOB, MPEACTaBICHHBIX
B Ta0I. 1.

Tabnuya 1
Knaccudukanus MOHOMEpPOB, MCIIOIb3YeMBbIX TPH MOJYy4YeHUH
KapoouenHuIx propkaydykon [3-5]

Mounomep CrpykrypHas popmyna
Burnmunendropua CF,=CH;
I'excadTopnponuien CF:—CF=CF,
TerpadTopaTuiieH CF=CF
[TephTOpMETUIBUHIIIOBBIH d3QHp CF:—O-CF=CF;
[lepdTopamkoKCHATKUIBUHIIIOBBIE YPHUPHI F(CF,)sOR+0O-CF=CF,
[Tpornuen CH3:—CH=CH>
Otuiex CH,=CH>
TpuhTOPXIOPITHIIEH CFCI=CF,

Knaccudukanms kapoouenHpx ¢TopkayqdykoB IIpeIcTaBlieHa B Ta0. 2.
ITo cnocoGHOCTH K BYJIKaHM3aLMHU KapOolenHble (PTOpKayuyyKH MOXKHO Pa3/IeNUTh Ha
TpH BUAA:
— JUUIs1 aMUHHOW WJIM TMOJIBHOM BYJIKaHM3allUHU, HE COJleprKalllie CIelUalbHbIX aTOMOB MIIH
rpymm, Ho BKiIrouaromue rpynnupoBky —CFo—CH—CF(CF3)-CFo—;
— I IEPOKCUAHOM BYJIKaHU3ALlMK, COJIeprKalllie aTOMbI XJI0pa, OpoMa 1 oaa;
— conepxamme muanrpynmnbsl CN, BynakaHnu3oBaHHble Terpadenwmionom wmu 1,1,1,3,3,3-
rekca(ToprponaHom.
Cononumepwvi uHunudeHgpmopuoa, Kak u Bce kapOorenHble PTropkayyyku, IpakTHye-
CKU HE PacTBOPAIOTCS B aMu(paTUYECKHX U apOMaTHUYECKUX YTJIEBOJOPOJax, CIHPTax, BbIC-
[INX OPTaHUYECKUX KUCIIOTAX, BBICIIMX KETOHAX M BBICIIMX CIOXHBIX d(Upax, 9To 00yCIOB-
JIEHO BHYTPH- U MEXMOJEKYJISIPHBIM B3aHMMOJEHCTBHEM M 0co00i mpupoaoi atoma (ropa.
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Y cTonYnMBOCTh KapOOIETHBIX (PTOPKAYIYKOB K JIEHCTBHIO CEPHOM, COJSTHOM M a30THOM KHC-
7ot coxpansiercs npu temmneparypax a0 80—-100 °C. [Ipu 6onee BBICOKUX TeMIiepaTypax KOH-
[IEHTPUPOBAHHBIE CEPHAs W a30THAS KUCIOTHI MOTYT OKUCIATH (propkaydyku. PeswHbI 3
KapOoLEenHbIX (TOPKAaydyyKoB ¢ yBelW4YeHHBIM (10 69—71 %) conepxkanuem ¢ropa Gomnee
YCTONYMBBI K JICICTBUIO BBICOKOM TEMITEPATYPBI U ArPECCUBHBIX CPEI.

Tabruya 2
Kaaccunpukanus kapoouenHbix propkayyyKkon
Howme .
Tun I'pynna P XapaKTepHbIE CBOWCTBA IIpumepsnt
TpYIIBI
N Pabouas temmepatypa ot —20 mo +250 °C; CK®-26,
JIBOMHBIC COTIOTH- . .
YCTOWYMBBI K KHCJIOTaM, OKHCIUTEISM H Viton A,
MepBI (IUIoIIMe- 1 . .
YIIIEBOAOPOIaM; HEYCTOWYMBBI K opranude- | Tecnoflon
pbl) BO u I'®IT
CKUM U HEOPTraHWYECKHM OCHOBAHUSIM NM
Junonumepsl BO u
I'®II ¢ moHOMEpPOM 1B Te xe, HO Gonee ycroiumBbl K kucinoraMm u | CK®d-26B,
JUIsL IEPOKCUIHOM [IeperpeTomMy mnapy Viton E
BYJIKAHU3AIMH
Tpoitable cononu- o
POHHBIC COTIO.H Te xe, HO obmamaroT moBeImeHHOW Tero- | CK®-264,
MepHI (TpHUIoIIMe- . N .
2 CTOHKOCTBIO M CTOWKOCTBIO K YTIJIEBOJIOPO- Viton B,
per) BO, FOITu am Viton F
TdD s
Tpunoaumepsr BO,
I'®Il u TOS ¢ mo-
Cononumepsbl
BD HOMEPOM IS TIe-
POKCUIHOM ByJIKa- Te ke, HO 00NAAIOT MOBHIIICHHOHN YCTOI- CKD-264B
HHA3ALUU 2B YUBOCTBIO K OpPraHMYeCKUM KHUCJIOTaM | . ’
_ Viton GF
CF=CF(CF,).Br, neperpeTomMy mnapy
CF,=CFBr,
CF,=CHBt, itoaco-
JIepKaIyM U JIp.
Pabouas temmeparypa ot —20 mo +180 °C;
Cononumeps BO YCTOWYMBBI K YIJIEBOJOPOJAaM M pacTBOpam
3 ., . CK®-32
u TOXD niesioueid; HeyCTOMYMBBI K OpraHu4eCKUM
OCHOBaHMSIM
Pabouast temmeparypa ot —50 mo +250 °C;
Cononumeps: BO 4 YCTOWYMBBI K KucioTaM, okuciautensMm u | CKD-260B,
u [I®ABD YIJIEBOJIOPO/IaM; HEYCTOWYMBBI K ocHOBaHu- | Viton GLT
SIM ¥ KETOHAM
Comonmmmepsr TOD,
[IOMBD (mor
(moryr Pabouas temneparypa ot —10 go +315 °C;
Iepdrop- COJIEpKATh APYTHE . Karles,
5 YCTOWYMBBI MPAKTHYECKH KO BCEM XHMHUYeE-
Kay4yKu [N®ABD) u MmoHo- Heodron
CKHM cpefiaM
Mepa IJIs BYJIKaHH-
3aluu
Pabouast Temneparypa or —10 no +230 °C;
Comnonumepsr TOD Hait Temreparypa ot A ’
YCTOIUYUBE K Mapy, KUCIOTaM, apoMaTHue-
C TIPONMIIEHOM (WITH )
CKUM aMWHaM M OKHCIUTEIsSIM; MeHee
Conomnmeprr | ¢ BO B kasectse 6 CTOMYMBBI K YTJIEBOJOPO/AaM; HEyCTOWYH- Adlas,
nepropay- | TPETHErO0 MOHOME- Y y p > HEY Viton TBR
BBl K KETOHaM U 3¢upam; 00IaaaloT BHICO-
KeHa u yriie- | pa). Cononumepsl
KAMH JIMIJIEKTPUYECKHUMHU XapaKTepHCTHKA-
BojtopoaHoro | atuieHa u I'OII .
MOHOMepa
Conommmepe! Te xe, HO 00aJalOT YIy4IIEHHOH MOPO30-
stunena ¢ TOD 7 erpin 0 ODIVRIOT Y P Viton ETP
u [IGABD

IIpumevanne. BO — suammmnendropun; I'OIT — rexcadropnpommnen; TOD — rerpadTopatinern; TOXD — tpudpTopxinopst-
neH; [IOABD — nepdropankokcuankuiaBuHuiaoBbie d3¢upsr; [IGMBD — nepdTopMeTHIBUHUIOBEIN dGUp.
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Oco0eHHOCThIO KapOOILEMHBIX (hTOPKAYUYYKOB TPYHIIBI | SBISETCS XUMHYECKash peak-
TUBHOCTb K JCHCTBUIO OPIraHUYECKUX U HEOPIaHUYECKUX OCHOBAHUHN U JIPYTUX HYKICO(UIb-
HbIX peareHTOB. [Ipu AeiicTBUM aMMMaka, aMUHOB, IEIOYEH, MEPKANTAHOB (THOJIOB), CEpPO-
BOJIOPOJIa PE3UHBI U3 HUX MEHSIOT CTPYKTYPY C NOTEPEN NPUCYILUX UM IOJOKHUTEIbHBIX Ka-
YECTB, a PU JUIMTEILHOM BO3AEUCTBUM — Pa3pyLIAIOTCS U MOJTHOCTBIO TEPSIIOT AIACTUYECKUE
CBOWCTBA. JTO CBSI3aHO CO cCHEUU(PUYECKON PEaKLIMOHHOW CIOCOOHOCTbIO KapOOILENHBIX
¢dTOopKkayuyKkoB, BKitoyaromux rpynmsl CH2 B okpykeHuu propcoaepkaiux rpyi.

Cononumepsl BUHWINACH(TOPUAA ¢ reKcapTOPIPONUIEHOM M TpUPTOPXIOPITUIIE-
HOM PACTBOPSIOTCS B HU3IIUX KETOHAX (AI[ETOHE, METUIIITUIIKETOHE, METUIIN300yTHIIKETOHE),
HU3IIUX CIOXKHBIX 3(upax (ITUIaneTare) 1 HEKOTOPhIX HU3MIMX MPOCTHIX 3(upax (TeTparui-
podypaHe, AMOKCaHe, AUTIIUME, METHII-TPET-OyTHIIOBOM d(HpE).

CrnencTBueM MEHBILETO COAEP)KaHUS aTOMOB BOAOPO/JAa B TPOMHBIX KapOOLEIHBIX
¢dTopkayuykax (rpynmna 2) B CpaBHEHUH C JIBOMHBIMH COIOJIMMEPAMHU SIBISAETCSA OHMW)KEHHAs
MOHHAs PEaKLIMOHHAs CIIOCOOHOCTh, UTO CHUXKAET 3PPEKTUBHOCTh IeTEPOIUTUYECKON BYJIKa-
HU3aLMU. JTa K€ NMPUYMHA NIPUBOAUT K IMOBBIIIEHUIO CTOMKOCTH PE3UH U3 HHUX K arpecCuB-
HBIM cpefaM. Hakomenne octaTouHo# AedopManui pe3nHaMH U3 HUX BBIIIE, YeM PE3HHAMHU
U3 ABOMHOIO COIOJIUMeEpa.

B npoMbInuieHHOCTH BbINTyCKatOTCs (TOpPKaydyKU Ipymibl 1 ¢ MUPOKUM AUANIa30HOM
BA3KocTH 10 Mynu: ot 10 o 160 ycin. en. npu 100 °C. Kayuyku ¢ Baskoctsro 10-30 yc. en.
UCTIONB3YIOT TJIaBHBIM 00pa3oM B KadyecTBE J00ABOK Ui PETYIMPOBAHUS BS3KOCTH PE3UHO-
BBIX CMECEH M3 BBICOKOMOJIEKYJISAPHBIX (TOpKaydyykoB. HH3KOBs3KHME KaydyKu JIE€rKO
(bopMyIOTCS, IINPULYIOTCS, HO IIPU CMEIIMBAHUM Ha BaJbl[aX MOT'YT MPUJIUNATh K BaJlKaM.
BricokoBsi3kue pTOpKaydyKd UMEIOT 3HAYUTEIIbHO MEHBLIYIO TEKY4eCTh IpU (POPMOBAHUH, OCO-
OEHHO IpY IIIPHLIEBAHUH, HO PE3UHBI U3 HUX 00JaJatoT 00Jiee BBICOKOH MPOYHOCTBIO, COIPO-
THUBJICHUEM HaKOIUICHUIO OCTaTOYHOW JeopMaliui B HAIMPSKEHHOM COCTOSHMU IIPU BBICOKHX
TeMIeparypax, BbIIaBIuBaHuio [3—5]. CTpykTypHBIE (HOPMYIBI MIPEACTaBUTENCH KapOOLETHBIX
¢dTopKaydykoB npuBeaeHsl Ha puc. 7—10.

a) 0)
—CF,CH,— CFZCIZF —CF,CH,— —(CF,CHy), — (CFZCIZF) m— (CF,CFy) —
CFs CF;
6) 2
—CF,CH,—CF,CH;,— (IZFCFZ— CF,=CF-0—-FR¢
Cl

Puc. 7. Cononumepsl BUHMIMACHPTOPUAA ¢ rekcagTopuponuieHoM (a), rekcad)TopIponuIeHOM
U TeTpadTOpITHICHOM (6), TPUPTOPXIOPITUIICHOM (6) U TIepHTOPANTKUIBUHHIOBBIM 3PHPOM (2)

- (CFZCI:F)m - (CFZCFZ) n-— (CFZCFY ) k
OCF;

Puc. 8. Comonumepsl TeTpadTOpITHIICHA, MEPHTOPMETUIBUHIIOBOIO 3(puUpa U MOHOMEpa JyIs
BYJIKAHH3AIHH

- (CHZCI:H)m_ (CF2CF2) n = (CHCFy) i —
CHs

Puc. 9. Cononumepsl TerpadTopaTriieHa ¢ MPONHUICHOM (MM BUHWIMACH()TOPHIOM B KadecTBE
TPETHEr0 MOHOMEPA)
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— (CH,CHy)y — (CF,CFy) - (CI:FCFz) K~
OCF;

Puc. 10. CononumMepsl STHIIEHA C TETPAPTOPITHICHOM U MEPPTOPATKOKCHATIKUIBUHIIOBEIM 3(PHPOM

JU1s OCyIIEeCTBIIEHUS IEPOKCUIHON ByJIKaHU3aLMU COMOIMMEPOB NepdTopanKkoKkcua-
KAJIBUHUIIOBOTO 3(upa HEOOXOIUMO MPUCYTCTBHE B HoiauMepHoi monekyne 0,5-1,5 % 6po-
Ma WM Hona.

Temmeparypa CTEKIOBaHUS COMOIMMEPOB BUHUIMACHPTOPHUIA U TeKCaPTOPIPOIINIe-
Ha (comepkanue ¢ropa 65 %) Haxoaurcs Ha ypoBHe —20 °C. C yBenu4YeHHEM COJepKaHUs
¢dTOpa B Kayuyke TeMIieparypa CTEKJIOBaHHS MOBBIIIAETCs. Temreparypa CTEeKIOBaHHS TPOWi-
HBIX CONOJIMMEPOB BUHWINAECH(TOPHIA, rekcadTOpIpomieHa U TeTpadTOpITUIIEHA, COAEp-
xkammx 67 % ¢dropa, cocraBmser —17 °C. D10 00yclnaBIMBaEeTCs MPEXKIE BCETO CHUIBHBIM
MEXMOJIEKYJIIPHBIM B3auUMOJEHCTBUEM 3a cueT cBsa3ed H-F (Tuma BomopoaHbIX), a Takxke
BBICOKMM JHEPreTHYecKUM OapbepoM BpalieHus OTHOCUTENbHO cBsi3u C—C (u3-3a O0IBIIOTO
pasmepa aToMOB (TOpa [0 CPABHEHUIO C AaTOMaMH BOJIOPOJAa U BOJOPOJHBIX CBA3EH).

Ilepgpmopkayuyku OTHOCSTCA K KJIAacCy COCNMHEHHIA, B KOTOPBIX Y aTOMOB YIJIepo/ia B
OCHOBHOM IIENM B KaU€CTBE 3aMECTUTENEH coaep KaTcsl TOIBKO aTOMbI (hTopa (He cuuTas CBs-
3eir ¢ npyrumu aromamu C u O B mepdropankokcurpynnax). [lepdpropkayayku (puc. 11)
IPEICTaBIAI0T COO0M conoauMepsl TeTpadTOp3ITUIIEHA ¢ NepPTOPUPOBAHHBIMU BUHWIIAIKH-
JIOBBIMH d(PHPaAMH.

X(CF2CF, ~ CFCF,CF,CF.CRy) Y
?
(CkFx—0O)p — CrFomua

Puc. 11. Ilepdropkayuykn

[lepdpTopkayuykn 001a1al0T YHUKAJIbHON YCTOWYMBOCTBIO K XMMHMUYECKHUM BO3ZEH-
cTBUsIM. OHU HEPacTBOPUMBI U HE HAOyXaroT MPaKTHUECKH BO BCEX PACTBOPUTEINAX (CIIUpPTAX,
MPOCTHIX M CIOXKHBIX 2PUpax, KETOHAX, aPOMATHUECKUX aMUHaX, GochOpHBIX dpupax u ap.).
HckmroueHne CoCTaBIsAIOT HEKOTopble (peoHbl. [1o 3Toi mpuynHe pe3uHbl Ha OCHOBE MeEp-
(TOpKAaydyKOB UCHOJIB3YIOTCS B U3JIENMSIX, B KOTOPBIX HEOOXOAMMA 3KCTPEMAJIbHO BBICOKAs
XUMHYECKass YCTOMYMBOCTb. OTIMYUTEIHHOM OCOOEHHOCTHIO MEp(PTOPKAaydyyKOB OT Kap-
OoLenHbIX (PTOpKaydyKOB IPYrUX TPYII SBJSETCS caMasi BBICOKasl TEIIOCTOMKOCTh. Pabouas
TEMIIEpPATypa UX BYJIKaHU3aTOB cocTasiseT oT —10 go +315 °C. B 1o ke BpeMs, HeCMOTps Ha
OUYEBU/HBIE MPEUMYIIECTBA, OCHOBHBIM CIEP’KUBAIOIINUM (PAKTOPOM HX HIMPOKOTO HUCIOJIB30-
BaHus npu nsrorosneHuu PTHU sBisercs ux BbICOKast CTOMMOCTS [26].

Cononumepvr mempagpmopsmunena ¢ nponuieHomM UMEIOT TEMIIEPATyPy CTEKIOBaHUS
B nHTepBaie oT —40 1o —10 °C. Ho npu 3TOM OHM TepsIOT 3JaCTUYHOCTD MPH TeMIIepaTypax,
omm3kux Kk 0 °C. VBenuueHue cojaepaHusi MPOIUJIEHA B COCTaBE Kaydyka CIOCOOCTBYET
CHI)KCHHIO TEMIIEPATYpbl CTEKJIOBAaHMs, TaK KaK HapyllaeTcs IUIOTHAs yNaKOBKA IOJUMEP-
HBIX IIeTel 1 obJyieryaeTcsl UX MOJABUKHOCTh. Bricokas TemnepaTypa cTekjioBaHus nepTop-
Kay4yKOB, HE COJEpIKaIlMX aTOMOB BOJOPOJA M3-3a OTCYTCTBHUS BOAOPOJHBIX CBA3EH, SBIIA-
eTcsl ClIeJICTBUEM IUIOTHON ymakoBku rpynn CF2 3a cyer Oonblioro pasmepa atoMoB ¢Topa
Y BBICOKOTO PHEPreTH4YecKoro 6aprepa Bokpyr cBsizu C—C.

Temmneparypa crekioBaHHus (PTOPKAydyKOB, COJIEpKAIIUX B MOJMMEPHOM MOJEKYyJje
0okoBBIe TTep(TOpIUPHBIE TPYIITEI, MOKET cOcTaBisATh 0T —60 10 —30 °C B 3aBHCHMOCTH OT
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KOJIMYECTBA aTOMOB KHMCJIOPO/ia B TAKUX IpyMMax. Y BeJIMUEHUE COJIepKaHus KICIOpOaa B CO-
CTaBe MaKPOMOJIEKYJIbI IOJIMMEPA CIIOCOOCTBYET CHIKEHHIO TeMIIepaTyphbl CTEKJIOBAaHUS.

Jlyis Bcex BHJIOB TeTEpOLEHHBIX U KapOOUEHmHBIX (PTOPKAydyKOB IMPH SKCILTyaTalluu
B YCJIOBHUSX IMOBBIIICHHBIX TEMIEpPaTyp MOKHO OTMEeTHTb, uTo npu 150-180 °C Hukakux us-
MeHeHUIl He mpoucxoauT. C MOBBIIIEHHEM TeMIEpaTyphl OT (TOPKAydyKOB, COAEPIKAIINX
rpymnbl —CFX-CHz— (X — F, Cl wiu CF3), HaunHaeT otuieruiateest GTopoBogopo. OKCHIbI
MetauioB, HanpuMmep MgO, sty peakuuio katanmu3upyroT [3—5]. B mpucyTcTBUHM OKCHAOB
Marausi, KaJuplusl Wi cBuHIa a0 Temmepatyp ~300 °C dhTopoBOIOpOa HE BBIIEISICTCS B aT-
Mocdepy, a CBA3bIBAETCS B MpouHbIe GTOpUIbl MeTaLIoB. OT nepPpTopKkaydykoB HTOpoBOIO-
POJI HE OTIIEIISAETCS, TAK KaK OHU HE COJEPKAT aTOMOB BOJIOPO/Ia.

ITpu temneparypax ~(320-350) °C naumnaercs Goiiee TIyOOKOE Pa3lIOKEHHE BCEX
¢dTopkayuykoB. Kayuyku — cononumepsl BUHWIHACH(PTOpUIA — IPH JUIUTEIHHOM HAarPEeBaHUU
IpeTepneBaroT AeruapodTOPUPOBAHNUE U JECTPYKIUIO ¢ 00pa30BaHUEM JIETYUUX, KUJIKUX U
TBEPJBIX HEJIETYyYHX MPOIYKTOB, UMEIOMIUX XHUMHUYECKOE CTPOCHHE (pParMEHTOB MOJICKYJIbI
kayuyka. ComnonumMepsl TpUGTOPXIOPITUIICHA pa3jaraTcs 00jiee HHTEHCUBHO, COMOIUMEPDI
TeTpadTOPITUIICHA C MPOMWICHOM — MEHee akTHBHO. llepdTopkaydykn HAauMHAIOT MHTEH-
CHBHO pasJyarathbcs npu temreparypax >(350-380) °C. B peakuuu pasinoxeHus nmpeodiaaaet
JENOJIMMEpPU3alMsl C BbIIEJIEHUEM MOHOMEPOB U OJIMTOMEPOB.

[Ipu Temneparypax >450 °C, Tak *e Kak U IpU TOPEHUU HA BO3yX€ C BHEIIHUM HC-
TOYHUKOM IUIaMEHHU (caMH (TOPKAYyIyKHd TOPEHHS HE TMOAJIEP>KUBAIOT), MPOUCXOAUT Pasiio-
JKEHHE BYJIKaHU3aTa ¢ 0OpazoBaHWEeM HabOpa TOKCHYHBIX MPOAYKTOB, CPEIN KOTOPHIX OOHa-
pyxensl ¢propdocreH, propoBogopox, Tpudropmeran (propodopm) [14, 15, 27]. IlosTomy
dTopkaydyku cienyet obeperars OT Meperpena U Momnajanus B OTKPHITOE TIaMs.

Cpenu poccuiiCKMX MPOU3BOJUTENCH (PTOPKAYIYKOB MOXKHO BBIICIHUTH TaKHE KOMIIA-
Huy, kak AO «anollonumep» (OO0 «lanollonumep Kuposo-Ueneux», AO «"anollonumep
[Tepmb») u OI'VII «Opnena Jlenuna u opaena Tpynosoro KpacHoro 3HameHH Hay4dHO-
UCCJIEIOBATENLCKUN MHCTUTYT CHHTETUYECKOT0 Kaydyka uMmenu akagemuka C.B. JlebeneBa»
(®I'VII «<HUUCK»).

B nacrosimee Bpemst AO «["anollonumep» sSBIsSi€TCS OAHUM M3 OCHOBHBIX IIECHTPOB HE
TOJBKO MIPOM3BOJICTBA, HO U DPa3pabOTOK COBPEMEHHBIX POCCUUCKUX (TOPIOIUMEPOB
U (TOPUPOBaHHBIX comnoaumepoB. Dropkaydyku, paspadoranHbie AO «[anollomumepy,
npeactaBieHsl B Ta0. 3. [lepepaboTka u3Aenuil U3 TaKUX PE3UH OCYIIECTBISETCS METOJIOM
IIPECCOBAHUS, SKCTPY3UEHN U TUTHEM 1O JaBICHUEM.

Tabnuya 3
®Topkayuyku npoussoacrsa AO «anollosmmmepy» [28-39]

Conepxanue
Kayuayx Kommoszurus tropa, % Omnucanue
(10 macce)

dropkaydyk, NPUMEHAEMBIH B TEepMO-, Macjo-, OeH30-,
030HO-, KHCJIOPOA0-, aTMOC(]Epo-, KUCIOTO-, H3HOCO- U XU-
Comnonumep BO 66-67 MUYECKH CTOMKHUX, BBICOKOIIPOYHBIX, HETOPIOUUX PE3UHAX,

u I'®Il AHTUKOPPO3UOHHBIX, JJIEKTPOU3OJLILIMOHHBIX — M3ZCIHAX,
paboraromux B TeMIlepaTypHOM jauamnazoHe ot —20 1o
+250 °C. Bynkanuzyercs OuceHosaMy 1 aMMHaMHU
dropkaydyk, NpHUMEHSEMBI B TepMO-, Maciio-, OeH30-,
030HO-, KHCJIOPOJI0-, aTMOC(epo-, KUCIOTO-, U3HOCO- U XH-
Cononumep BO 54_55 MUYECKU CTOMKHX, BBICOKONIPOYHBIX, HETOPIOUUX pPE3UHAX,

u TOXD AHTUKOPPO3UOHHBIX, JJICKTPOU3OJLMOHHBIX — M3ACIUAX,
paboraromx B TeMIlepaTypHOM JuamnasoHe oT —20 1o
+200 °C. BynkaHu3yeTcsi aMrHAMH U TIEPOKCHIAMU

CKD-26

CK®-32
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Oxonuanue mabauyvt 3

Conepxanue
Kayuayx Komnosunus ¢ropa, % Ommucanne
(o mMacce)
Snadop dTOpKayuyK, IpUMeHseMbli uia usrorosineHuss PTU, pa-
2000, Cononmvep B® 60Ta}(())H.[I/IX B IIMPOKOM Juarma3oHe temrmeparyp (oT —15 mo
Inadrrop u TOTT 66-67 +250 (3) B arpeCCHUBHBIX CpeIax, KpOMe MOJIIPHBIX PaCcTBO-
putenei (KeTOHOB, CIIOKHBIX 3QHUPOB U Ap.). Bynkannzyer-
2001HV
cs1 Oucderomamu
dropkaydyk, OONaNaONMK YIy4YIICHHOW XUMHYECKOU
Onadrop ToHmonmMe croiikocTeio. Mcnonb3yercst 1uist nrotonenuss PTU, pabo-
3032, BI») o T (DSI/? 68-69 TAIOIMX B IIMPOKOM Juana3oHe Temmepatyp (ot —15 mo
OnadTop l’“ I +250 °C) B arpeccuBHBIX cpeliax, KpoMe HOJSIPHBIX pacTBO-
3061 puresneil (KeTOHOB, CIIOKHBIX 3(HUPOB U 1p.). Bynkanuzyer-
csi OuceHosaMy ¥ aMMHaMU
OO0nanaeT camMoil BEICOKOW XUMHUECKOU CTOMKOCTBIO CPEIH
Tpunonmmep (TOpKayIyKoB M OTIMYHBIMU YIUIOTHHTEIBHBIMH CBOM-
Snadop B, TOO n ctBamu. Vcnonp3yetcs ans usrorosnenus PTU, paboraro-
7005 I'®II ¢ pyHK- 70-71 OMX B ITUPOKOM IHamnazoHe Temmeparyp (ot —15 mo
[IUOHATEHON +230 °C) B m100BIX arpecCHBHBIX Cpeax, KpoMe HMOSIPHBIX
rpymmoit (CSM) pactBopuTeneit (KeTOHOB, CIOXKHBIX 3¢(upoB u ap.). Bynka-
HHU3YeTCs IEPOKCHIAMHI
dropkaydyk ¢ HHTEpBaJIOM pabodnx Temneparyp ot —30 1o
+200 °C. Ilpumensiercst anst usroropnenuss PTU u npyrux
Tpunonumep N
B, [IOMB? u u3feaui, paboTaloIMX B KOHTAKTE C HEOPraHWYECKUMHU
Onadrop TOD ¢ dynk- 64 KHCJIOTaMH, pa30aBICHHBIMHU ILEJIOYaMU U JPYTHMU arpec-
8000 HOHATBHOI CHUBHBIMH BCIIIECTBAMH, a TaKXe B Cpele BO3Iyxa, Mapa,
. Macesl, OEH3UHa, OPTaHUUECKUX PACTBOPHUTENIEH, 3a HMCKIIIO-
rpynmnoi (CSM)
YCHHUEM TMOJIAPHBIX (KETOHOB, CIOXHBIX 3(QHPOB U Jp.).
BynkaHuzyercs nepokcuaamMu
Cononumep [omHOCTRIO (PTOPHPOBAHHBEIA KaydyK, OONANArOIINH YHH-
TOO u KaJIbHOM XMMHU4YECKOW CTOMKOCThIO. IlpuMeHsieTcs ans u3-
Onadrop II®MBD ¢ 72 rotopneanss PTU, paboTarommx B IIHPOKOM JHAIa30HE
1000P (hyHKIIMOHAITB- temneparyp (ot —15 go +230 °C) B arpeccHBHBIX cpenax,
HOH rpymnmon BKJIOYasl MOJSIPHBIE PAacCTBOPUTENH, Map, TOPSUYyI0 BOAY H
(CSM) aMHUHBL. ByIKaHH3yeTCs TEPOKCHAAMH
Comnonumep [TomHOCTRIO (DTOPUPOBAHHBIM KaydyK, MPUMEHSIEMBIH IS
TOO u usrotoBieHus PTU, paboraromux npu 3KCTpeMajbHO BBI-
Onadrop I[IOMBD ¢ 72 cokux (mo 315 °C) temmeparypax B arpecCHBHBIX Cpeaax,
1000 (byHKIMOHAIb- BKJIIOYAs NOJIIPHBIE PAacTBOPHTENH, Map, rOpSYyr0 BOAY U
HOU rpynmnou aMuHbl. Bylkanusyercs TpuasuHaMu
(CSM)

[Mpumeuyanue. BO — sunmnuaendropun; ['OI1 — rexcadropnponunen; TOD — rerpadroparunen; TOXD —
tpudTopxinopatiwieH; [IGMBI — nepdropmerunsununossiii 3¢up; CSM (Cure Site Monomer) — moHomep-
Monudukatop; PTU — pesnHOTEXHUYECKUE W3S

JlpyruM KpyIHEHIIMM Hay4YHBIM U OIBITHO-IIPOM3BOJCTBEHHBIM LIECHTPOM, B KOTOPOM
cocpeoToueHb! (PyHIaMeHTalbHbIE M MPUKJIaJHbIE UCCIIEI0BaHMs, IPoBoAUMbIE B Poccuu B
00J1acCTH KayuyyKOB M MaTepuanoB Ha uX ocHoBe, sBiserca OI'YII «HUNCK», npoxykius
KOTOpOTO NpejcTaBieHa B Ta0I. 4.

B HacTosimiee Bpemst uMeeTcsl TeHISHIMS K 60Jiee aKTUBHOMY HMCITOJIb30BaHUIO CIIOCO-
60B nepepaboTku (PTOPKAYYYKOB C YBEIMUEHHON MPOU3BOJUTEIBHOCTHIO, TAKUX KaK TpaHC-
bepHoe nuThe, FIKCTPY3us U Jip. PTOpKayyyKH ¢ MOBBIIIEHHBIM cojiepkaHueM (ropa Hanbo-
Jee MPUMEHUMBI B psijie U3JIeNInil 6aroapst yIyqleHHON TOIUNIMBHOW CTOWKOCTH, CTOMKOCTH
B COBPEMEHHBIX Maciiax U MOHMKEHHOMY KoadduuneHTy Tpenus [43, 44].
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Tabruya 4
®Propkayuyku npoussoactea PI'YIl «<tHUUCK» [40-42]
Cognepxanue
Kayayx ¢ropa, % ITpumenenue
(o macce)
Tepmo-, arpeccuBOCTOWKHN (HTOPBOIOPOACOACPIKAIININ KaydyK, paboTo-
Kpuodron-1 64 CIIOCOOHBIN B MHTEpBajie TeMrepatyp oT —35 mo +250 °C. IlepepaboTka
(CK®-260B) M3IENUH OCYIIECTBISIETCS METOIaMH NIPECCOBAHMS, IITPUIICBAHMS, Ka-
JIAaHJPOBaHMS ¥ JIMThs 1I0]] JaBlieHUEeM. BynkaHusyeTcs nepokcuaamMu
[epdropupoBaHHEIi KaydyK, 00TaqaroNINii BEICOKOH TEPMO- U arpeccu-
BOCTOHKOCTBIO. [IprMeHsIeTcsl Uil M3rOTOBJICHHUS PE3NHOTEXHUYECKUX
H H3IeNni, paboTaloINX B MIUPOKOM JHana3oHe TeMnepaTryp — ot —18 mo
eo(pTOH 70-73 +300 °C. I 6 N )
. TlepepaboTka m3menuii OCYIIECTBISIETCSI METOAAMH LINPHLE
BaHWA, KaJIAHIPOBAHUS W MPECCOBAHUs. BymkaHM3yeTcs mepokcumaMu
WJIM aMUHO(EHOJIbHBIMH BYJIKAHH3YIOIMMHU areHTaMHu

3akaueHus

B pesynbTare aHanm3a HaydHO-TEXHUYECKOW JIMTEPATyphl ONPEAETICHO, YTO O CTpOe-
HUIO OCHOBHOM 11eTin (PTOPKAYIYKH MOKHO Pa3/IeINTh Ha T€TEPOLICITHBIC U KapOOoIeTHBIC.

Cpenu rerepolenHbix PTOPKAyuYyKOoB Haubojee TEPMOCTOUKUMHE SABISIOTCSA (HTOPTPH-
A3MHOBBIC KaydyKH, BEPXHUU TEMIIEPATYPHBIN Mpenes dKCIUTyaTallil KOTOPBIX MOXET Ipe-
Bbimath 350 °C. OgHako HU3KAsE CTOUKOCTH K MOJSPHBIM PACTBOPUTENSAM (pa3pyliatoTcs Mo/
JECTBUEM BOJBI U OCHOBaHMI, BKIIIOUAsi aMMHAK) U CIOXHBIM MHOTOCTAAUIHBINA CUHTE3 Jie-
JIAIOT MX MPAKTHYECKOE MPUMEHEHHUE B OMKalIeM Oy IyIieM MaJoBEpPOSTHBIM.

Cpenu kapOouenHbix (GropkayqykoB Haubojaee TEPMOCTONKUMU ABISAIOTCA mepdTop-
Kay4yKd, IpeJCTaBiIsiomume coboil conomumepsl TeTpadTopITUIIeHa ¢ nepHTOpUPOBAaHHBIMU
BUHUJIAIIKWJIOBBIMHA d(UpamMu, TeMIieparypa 3KCIUTyaTallid KOTOPBIX MOXET JIOCTHTaTh
315 °C. OHu HepacTBOPUMBI U HE HAOYXaIOT MPAKTUYECKU BO BCEX PACTBOPUTENSAX (CIUPTAX,
MIPOCTBIX U CIIOXKHBIX dPHpax, KETOHAX, ApOMATHYECKUX aMUHaX, (POCHOPHBIX dpupax u ap.),
32 UCKITFOYCHUEM HEKOTOPBIX BHJIOB (peoHOB. [10 3TON mpuYmHE 3TOT THIT KaydyKOB HanOo-
Jiee MEPCHEeKTUBEH JJisi U3TOTOBJICHUS PE3WHOBBIX CMECced, KOTOpbIE MCIOJIb3YIOTCS B TOI-
JUBHBIX CUCTEMaX aBHAIMOHHOW TEXHHKH, SKCIUTyaTUPYEMBIX IPH MOBBIIICHHBIX TEMIIEpaTy-
pax B KOHTaKTe C TOIUIMBAMHU U MacllaMHu.

Cpenu poccuiickux mpou3BoAUTENeH (GTOPKAYIYKOB MOKHO BBIICIHTH TaKHE KOMIIa-
HuM, kak AO «[anollonmumep» u ®I'YII «HUNCKy, Boimyckatomnue mpexae BCero Kap-
OonenHbie PTOpPKAYIYKH.
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Annomauusn. I[lposedeno nocmomeepoicoere CMEKIONIACMUKA HA OCHO8e OUCMANeUH-
UMUOHO20 CBS3YI0Ue20 8APbUPOSAHUEM MEMNEPAMYPLL U 8peMeHy nocmomaepoicoenust. Onpe-
OejleHbl meniopusuieckue XapaKmepucmuky Mamepuaia memooamu ougpgpepenyuaivHol cxa-
nHupyroweti kanopumempuu (JCK) u ounamuuecxkozo mexanuueckozo ananuza ([[MA), a maxoice
Mexanuyeckue XapaKmepucmuKky npu UCNbIMAHUY HA U32ub u Mexccaolinwlil cosue. Hccnedosa-
Hbl CMeujeHue NUKA PeaKyuu OmeepIcOenus, GU3YaibHoe U3MeHeHue Mamepuana u usMeHenue
€20 MEeXAHUYEeCKUX XAPAKMepUCmuK npu y8eiudeHuu memMnepamypuvl U 6pemMeru 0meepiIcOeHUs.
Janvl pexomendayuu no 8vibopy paboueil memnepamypvl MAmepuala u npeorodtcenus Ol
O0anbHeuuux Uccied008anuil.

Knrwouesvie cnoea: norumepnviii KOMROZUYUOHHBII MAMEPUAI, CMEKIONIACMUK, MepMuye-
ckas obpabomka, ene-peaxyus, peakyus Junvca—Anvoepa, npocmpancmeennasn cuuexa, JJCK,
JIMA, uzeub, medxcciovnsiii cosuz

st nurupoBanus: [Ipoxonenkos B.T'., 3aropa A.I'., Hlomesa A.JIL., Jonrosa E.B., Kypuocos A.O. Bnus-
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Scientific article

INFLUENCE OF POST-CURING ON PROPERTIES OF GLASS-REINFORCED
PLASTICS BASED ON BISMALEIMIDE BINDER
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Abstract. Post-curing of GFRP based on a bismaleimide binder was carried out by varying
the post-curing temperature and time. The thermophysical properties of the material were de-
termined by DSC and DMA methods. The mechanical properties of the material were deter-
mined by flexural and interlaminar shear strength (ILSS) tests. The shift of curing reaction
peak, visual changes in the material, and changes in its mechanical properties with the increase
of the curing temperature and time were studied. Recommendations for selecting the operating
temperature of the material and proposals for further research are provided.
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Beenenne

[Tepexon Ha monmMepHble KoMno3uinoHHble Matepuainsl (IIKM) B3amen meranmnuue-
CKHUX — OJIHa U3 KJIIOYEBBIX 3a/1ad COBPEMEHHBIX ABHALMOHHOM M KOCMMUYECKOH OTpaciei.
ObecneueHne TEXHOJIOTMYECKOr0 Pa3BUTHS JIETATEIbHBIX alllapaTOB HEBO3MOXKHO O€3 BHE-
penus pemieHnid Ha ocHOBe 1IKM, MO3BONSIOIMMX CHU3UTH MACCYy KOHCTPYKIIMU IPU COXpa-
HEHWM WJIHA MOBBIIICHUH €€ YJIeTTbHOM MPOYHOCTH, KECTKOCTU U JoaroBedyHocty [1, 2]. C ox-
HOW CTOPOHBI, PEAIM3YETCsl 3aMEHa paHee BHEAPECHHBIX KOMIIO3MIMOHHBIX MaTEpHAIOB Ha
HOBBIE, 00IaatoNIMe YIyYIICHHBIMU (PU3NKO-MEXaHUYECKUMHU XapaKTEPUCTUKAMH, C JPYroi —
BeAyTcsl paboThl no pa3padorke HOBbIX [IKM i 3aMeHbI TPaAMLMOHHBIX METAJUTMYECKUX
CIUIaBOB 3JIEMEHTOB IIJIaHEPA U JBUTATEIbHBIX YCTaHOBOK [3—6]. B TO e BpeMs npumeHeHue
IIKM B kauecTBe KOHCTPYKLMOHHBIX MAaT€pUaloB OIPAHUYECHO TEPMOCTOMKOCTBIO IOJIUMED-
HOM MaTpuubl. [Ipu 1IuTeNbHON dKCITyaTanuu npu Temieparype >350 °C B TepMopeakTHB-
HBIX CBSI3YIOIIMX HAYMHAIOTCS HEOOpAaTUMBbIE MPOIECCHl ACCTPYKIUH M HMPOUCXOIHUT MOTEPs
HECyIlel CIIOCOOHOCTH, YTO JIeaeT HEBO3MOXKHBIM IIPUMEHEHHE TaKUX MAaTE€pPHUaloB B BHICO-
KOTEMIIEPAaTypHBIX 30HaX KOHCTPYKUMHA. TakuM 0Opa3oM, OCHOBHbIE COBPEMEHHBIE HCCIEI0-
BaHUs 110 npuMmeneHuto [IKM orpanndensr pabounmu temneparypamu 1o 350 °C.

B HUILL «KypuaroBckuii uHCTUTYT» — BMIAM pa3paboTaHbl CTEKIOIUIACTUKUA U YT-
JIETUIACTUKA KOHCTPYKLIMOHHOTO HA3HAYEHUS Ha OCHOBE 3MOKCHUIHBIX CBS3YIOLIMX MAapoOK
BCD3-1212 u BCD-34. Pabouas TemmnepaTypa HOBBIX MaTe€pHajoB Ha OCHOBE SIOKCHIHOU
MaTpullbl He MoxkeT mpeBbimath 200 °C, mostoMy paspadoransl [IKM Ha oCHOBE MOTUUMHUI-
HBIX CBsI3ylomux ¢ paboueid Temneparyporr >300 °C. Crexnomnactuk mapku BIIC-72 u
yriemnactuk Mapku BKVY-61 Ha ocHOBe pacniaBHOrO MOJIMMMMIHOTO CBSI3YHOILETO MapKu
BC-51 o06nanaroT BBICOKMMH YHOPYTO-IIPOYHOCTHBIMHM CBOWCTBAMHM M COXPAHEHUEM CBOWCTB
npu paboueit Temmeparype 320 °C. OxgHako npu nepepadbotke cBs3yromero BC-51 u matepu-
QJIOB Ha €ro OCHOBE TPeOyroTCsS TEPMOCTOWKHME BCIIOMOTraTeIbHbIE MaTepHUaIbl U TEXHOJIOTH-
yeckoe ocHauleHue npu usrorosineHnnu 1IKM. B cesasu ¢ atum B HULL «KypuaToBckuii un-
ctuty™» — BMAM pa3paGotansl ¥ ucClieIoBaHbl OMCMaeMHUMUHOE CBA3YIOIIEE MapKu
BCT-71 u IIKM Ha ero ocHose [7].

BucmanenHuMuHBIE CBSI3YIOIIHE MTO3BOJISIOT popMmoBaTh [IKM mpu Temneparypax He
6onee 200 °C ¢ mocieayroUIMM MOCTOTBEP)KIEHUEM 0e3 HCIOJIb30BaHUS CHEIHATbHOM
OCHACTKHM U I10/IaYU JaBJIEHUS, KOTOPOE YBEINYMBAET TEMIIEPATYPY CTEKIOBAHUS [TOJIy4aeMO-
ro [IKM wu coxpaHsieT ynpyro-MexaHM4eCcKHe XapaKTepUCTUKU MPH MOBBIIIEHHBIX TEMIEpa-
Typax. TepmoobpaboTka npu Temmeparypax >200 °C moBslIaeT TeMIepaTypy CTEKJIOBaHUS
3a CYET yBEJIMYEHHUSI INIOTHOCTH CIIMBKH MOJMMEPHOM MaTpUIbl U CTAOMIIM3UPYET MEXaHUYe-
CKHE€ XapaKTEPUCTUKH IUIACTUKOB IIPU MOBBILIEHHBIX TEMIEpaTypax. B npouecce nocrorsep-
XKJIEHUS TpU BbICOKMX TemmepaTypax (>200 °C) akTHBHPYIOTCS PEaKLMU MOJMMEpPH3alUU
(B TOM umcIne ene-peakuus U peakuus Juiabca—Ambaepa), 4To NPUBOAUT K 00pa30BaHUIO HO-
BBIX XMMHYECKHX CBS3€H MEXAY MaKpOMOJIEKYJIaMH, OTPaHUYECHHIO ITOJBHKHOCTH CETMEHTOB
MOJIMMEPHOM 1eNH U, KaK CJIe/ICTBUE, MOBBIIICHUIO TEMIIEPATypbl CTEKJIOBAHUS.

Baxxnoit 3aaueil siBisieTcsl McclieoBaHre nmapaMeTpoB nocrorsepxacHus [IKM Ha oc-
HOBE OMCMaJICMHUMUHBIX CBA3YIOLIMX. Tak, CIMIIKOM HeOoJblias TeMIeparypa BO3IeHCTBUS
HE OKaXKeT CYIIECTBEHHOIO BIIMSHMSA HA KOMITO3MILIMOHHBIA MaTepHaj, a CIMIIKOM BBICOKas —
MOXKET MPUBECTH K Hayally peakuuil TepmonecTpykuuu. JlaHHas npoOnemMaTika paHee OorpaHu-
YEHHO PACCMOTPEHA B OTEUECTBEHHBIX U 3apYOSKHBIX HAYIHBIX UcclenoBaHmsx [8—19].

enbp nanHOW pabOThl — U3YYUTH BIMSHHE MapaMeTpOB MOCTOTBEPXKACHHS Ha CBOM-
CTBa CTEKJIOIUIACTHKA HAa OCHOBE OMCMAJIEMHUMHJIHOTO CBs3yrOIero. [[ns nocTikeHus sTon
L[eJIM TIOCTAaBJICHbI 33JJa41 110 UCCIIEJOBAHUIO CBOIMCTB CTEKJIOIIACTUKOB, TOCTOTBEPKAEHHBIX
MO0 pa3HbIM TEMIEPATypHbIM pEXKHUMaM, BBIOOPY peXHMa, IPU KOTOPOM OOecredrBaroTCs
HaWIy4llMe CBOWCTBA MaTepuasa, U MPOBEIECHUIO TOBTOPHOTO HUCCIIEI0BAaHUS CBOWCTB CTEK-
JIOTIJIACTUKOB, TOCTOTBEPKICHHBIX INPU BHIOpAHHOW TeMIiepaType 3a pa3Hble BPEMEHHbIE
IIPOMEXKYTKH.
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MarepuaJjbl 1 METOABI

B xauectBe uccienyemMoro marepualia NpUMEHSUIM cTekiomiacTuk Mapku BIIC-75
Ha OCHOBE OMCMaJeMHUMHUAHOTO cBA3ymomero Mapku BCT-71 u cTEeKIHHON TKaHH MapKu
T-10-14. JIns W3roToBiIE€HUs Tpemnpera CTEKJIOIIACTHKA HCIIOIb30BAJIM MO OJIHOW MapTHH
KaXJIOTO U3 UCXOAHBIX MaTepHrayioB. [IMUThI cTeKIOIIacCTHKA, COCTOSIINE U3 9 ClloeB mpemnpe-
ra Kaxaasi, i3roTaBJINBAIA METOJOM BaKyyM-aBTOKJIIABHOTO ()OPMOBAHHUS TIO0 €TMHOMY PEKHU-
My C KOHEUYHOH TeMIiepaTypoii ¢opmoBanusi, paBHoi 200 °C.

Jns mpoBeieHNs JaNbHEUIINX UCHBITAHUM W3 ITUIMT CTEKJIOIUIACTHKA BBIPE3aIu 3aro-
TOBKH C TEOMETPHYECKUMH Pa3MepaMu, TOCTATOYHBIMU JIJISl M3TOTOBIICHUST 00pa3moB. [lepen
IIPOBECHUEM ITOCTOTBEPKICHUS U3MEPSUIM TOJIILMHY U IJIOTHOCTh 3arOTOBOK ISl MCKJIKOYE-
HUs (haKTOpa BIUSHUS Pa3HBIX MACCOBBIX U OOBEMHBIX J10JIEH MATPUILIBI M HAITOJIHUTENS HA UX
cBoiictBa. TonmuHy 3aroroBku n3mepsiin Mukpomerpom 1o I'OCT 6507-90 B neHTpe Kax-
J0# u3 ee cTopoH, IoTHOCTh — 1o 'OCT 15139—-69 meToiom oOMepa 1 B3BEITMBAHUS.

TonmmHa 3aroToBOK BapbHpoBasiach oT 1,95 no 2,10 MM, IIOTHOCTh HaXOJWJIach B
uHTepBaie 3nadeHuut or 1,87 mo 1,92 r/cM®. PaccunTaHHBIe JUIS JAaHHBIX [10KA3aTelei KOd (-
¢duruenTs! Bapuanuu [20], KOTOpbIE XapaKTEPU3YIOT CTEIICHb OJHOPOTHOCTH U CTA0OMIHLHOCTH
CBOMCTB KOMIIO3ULIMOHHOTO Marepuaia, He IpeBblanu 2 %, 4To CBUIETEIbCTBYET O Kaye-
CTBEHHOM KOHTpOJIC Tporiecca (GOPMOBAHHUS U JIOCTATOYHO PABHOMEPHOM pacIpeaciiCHUN
KOMITOHEHTOB IIaCTUKa (CBA3YIOIIETO M apMHpyIollero Hamoyinutens). Mcxoas u3 3Toro,
IIPU PaCCMOTPEHUU PE3yIbTATOB HCCIEAOBAHUN U MCTIBITAHUI MpeHeOperanu pa3Huleii B co-
OTHOIICHUH MAaCCOBBIX JIOJICH KOMITOHCHTOB KaK (paKTOPOM, OKa3bIBAIOIIUM BIIHMSIHHC HA HC-
ciemyeMble U3NKO-MEXaHUYECKUE CBOMCTBA MaTepraa.

[TapameTpsl MOCTOTBEPKACHUS UCCIICIOBANU MIyTEM TEPMHUECKON 00pabOTKH 3aroTo-
BOK B KAMEPHOI1 Meur ¢ TOUHOCTHIO MOJIZIepKaHusl HarpeBa B kamepe He Oonee +5 °C. Hccne-
JIOBaHWE MPOBOAMIN B J[BA 3TAla: HA MEPBOM — HCCIICIOBAIN BIUSHUE TEMIIEPATyPhl IOCTOT-
BEpIKJECHUS TPU (PUKCUPOBAHHOM BPEMEHU UCIBITAHUS, HA BTOPOM — BBIOMpAIH TEMIIEpaTypy
OTBEPK/ICHHUSI, BAPbUPOBAIN BPEMS IPOBEICHUS UCIIBITAHUS IPU JAHHOM TemIeparype.

st o0oux 3TarnoB MCCAEAOBaHUS MEPe/] HauajaoOM HCIBITAHUS 3aTOTOBKU KOHIUIHO-
HUPOBAJIM B Te€UYEeHUE HEe MeHee 24 4 mpu TemmepaTtype Bosayxa 23+5 °C U OTHOCHUTEINbHOU
BIIAKHOCTH He Oosiece 65 %, 3aTeM B3BEIIMBAIN Ha BecaxX ¢ meHou nmenenus 0,01 r, HanOoIb-
mmM nipejenom B3BemmBanus 510 T u kmaccom TouHoctu |l mo T'OCT OIML R 76-1-2011.
[Tocne 3aBepiieHus UCTIBITAHUST 00Pa3Ilbl BHIAECPKUBAIH TIPH TEX )K€ YCIOBUAX U MOBTOPHO
B3BEIIMBAIIM Ha TeX ke Becax. C yueToM TOro, 4TO pa3HOCTh Macc KaXkJI0ro U3 00pas3ioB A0 U
noclie MOCTOTBEPKAeHUs cocTaBisuia He Oonee 0,5 %, moTepeit Macc kak (akTOpoM, OKa3bl-
BAIOIINM BJIMSTHUE HA CBOMCTBA CTEKIIOTUIACTHUKA, TIPEHEOpEralu.

Ha nepBom stane uccinenoBanu 15 3aroroBok. 3aroroBka noj HomepoM 1.1 sBisuiach
KOHTPOJIbHOM U BO3JIEMCTBUIO MOBBIIIEHHBIX TEMIIEPATyp HE MOJABEprajach. 3aroTroBku 1.2—
1.15 uccnenoBanu B COOTBETCTBUU C MapaMeTpamH, NpUBEIECHHBIMU B Ta0x1. 1, a 3aTteM mo-
cToTBEpk1ainu B TeueHue 480+5 MuH.

Tabnuya 1
TemnepaTypa nNocToTBep:KAeHNUs 00Pa3L0B CTEKJIOMJIACTHKA
Howmep 3aroroBku 1.2 1.3 14 15 1.6 1.7 1.8
Temmeparypa, °C 200 210 220 230 240 250 260
IIpooonocenue
Howmep 3aroroBku 1.9 1.10 111 1.12 1.13 1.14 1.15
Temmnepatypa, °C 270 280 290 300 310 320 330
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Jliig viccneoBaHus BIUSHUS JJIMTEIBHOCTH MTOCTOTBEPKICHHS HA CBOMCTBA MaTepua-
Ja W3 JAMana3oHa, MPUBEIEHHOIO paHee, BbIOpaHa TemmepaTypa nocrorBepxkaenus 250 °C.
3aroToBKM CTEKJIOIUIACTUKA TMOABEPrajid LUKIMYECKOW BBIACPKKE IMPH TeMIlepaType
25045 °C ¢ mIMTeNbHOCTHIO OJJHOTO IIUKJIA, PABHOU 8 4, UMUTHPYs TaKUM 00pa3oM IMpoiecc
TEPMUYECKOI0o cTapeHus (Tadi. 2).

Tabnuya 2
JIuTeTbHOCTh MOCTOTBEP KAEHUsSI 00Pa3L0B CTEKJIOMJIACTUKA MPH Temnepartype 250+5 °C
Howmep 3aroroBku 2.1 2.2 2.3 2.4
KomnyecTBO IUKIOB 2 4 8 16
OO1ee BpeMst OTBEPIKICHUSI, 4 16 32 64 128

N3 Bcex 19 3aroToBOK M3roTOBIEHBI 00pa3Lbl AJis IPOBEACHUS NaJbHENIINX UCIBITA-
Hui. JIJ1s1 Bcex 3aroTOBOK ITPOBOJINIIN €AMHBIA KOMIUIEKC UCIIBITAHUMN.

Jlia onpeneneHns XapakTepUCTUYECKUX 3HAUEHUIN TeMIEepaTyphl U SHTAIbIINKU PEaK-
I[UH, a TAKOKE [T ONpeIeTICHHs TeMIIepaTyphl CTEKIIOBAHUS PUMEHSTH MeTo AuQdepeHin-
anbHOU ckaHupytouieit kamopumerpun (ICK). 3HaueHus temnepaTyp U SHTAJIBIIUUA PEAKIUU
onpenensu o 'OCT P 567552015 metoaom ckaHUpOBaHUS 110 TEMIIEPATYpE B IUANAZ0HE
temmneparyp ot 50 1o 400 °C co ckopocTsio HarpeBa oopasuos 10 °C/MuH.

TemnepaTypy CTEKJIOBaHHS OMPENEISUIA METOJOM JUHAMHYECKOTO MEXaHUYECKOTO
anaimza (JIMA) no I'OCT P 56753-2015. CxopocTs HarpeBa Ipu MPOBEIECHUN HUCIBITAHUN
cocramsiia 5 °C/MuH.

TemnepaTypy Hayajla TEPMUUYECKOMN E€CTPYKLHUU OTBEPKIACHHOIO CBA3YIOILIErO OIpe-
nensnu MetooM TepMorpaBumerpudeckoro ananusa (TI'A) mo 'OCT 29127-91 co ckopo-
cThIO Harpesa oopasna 10 °C/muH.

MexaHndyeckue XapakTepUCTUKHU CTEKJOIJACTHKa NpU H3rule ompeaessau Io
I'OCT P 56805-2015 meromom A. Iy 3TOr0 M3 IUTMT CTEKJIOIIACTHKA BBIPE3AId 0OPA3IIbI
pa3mepamu, cooTBeTcTByromuMu kiaccy |ll. Mcnbitanue nmpoBoaunu mpu TemmepaTypax
2342 °C u 220 °C co cKOpOCThIO HATPY>KEHUS 3 MM/MHUH.

[Ipenen npounoctu npu MexcinoiHoMm casure onpenensiu no FOCT P 57745-2017.
WcnbiTanue npoBoauiu npu Temmneparypax 23+2 °C u 220 °C co CKOpOCTbIO MEepeMeLeHHs
HaKOHEYHHKa | MM/MUH.

Pabora BeimonHeHa ¢ ucnonszoBanueM obopynoBanus LIKIT «Knumaruueckue ucmsl-
tanus» HUL «KypuaroBckuit uactutym» — BUAM.

Pe3y.]'II)TaTLI H oﬁcymenne
Ha puc. 1 moka3aHbI O6p83].IBI CTCKJIIOIJIaCTUKA, MMOATOTOBJICHHBIC U MPOBCACHUSA
HUCIBITAaHHI IMEPBOro sTara UCCICI0BaHUA.

3|14]15 112 .

Puc. 1. Bux 00pa3ioB CTEKIOMIACTHKA, H3TOTOBICHHBIX ISl HCIILITAHUN TIepBOTO 3Tarna. Homep
3aroTOBKH, U3 KOTOPOH M3rOTOBIICH 00pa3ell, yka3aH BHU3Y KaxI0ro oOpasia
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Crnenyer OTMETUTH BU3YAJIbHOE U3MEHEHUE UCCIIENYEMBIX 3aTOTOBOK CTEKJIOIIACTHKA.
Kak nokasano Ha puc. 1, mo Mepe yBenTu4eHUs! TEMIEepaTypbl HOCTOTBEPKICHUS HA0II01aeT-
Csl TIOCTETICHHBIN TEepPexXoJl OKPAaCKU OOpasLoOB OT KEJITOW K TEMHO-KOPUYHEBOW W Jajnee K
yepHoil. [lanubiil 3¢ ekt 00yclioBIeH MPUCYTCTBUEM B COCTAaBE MOJMMEPHON CETKU OucmMa-
JEMHUMHIHOTO CBS3YIOIIETO apOMaTHYECKUX (PparMeHTOB, KOTOPHIE MPU BBICOKUX TEMIIEpa-
Typax MOJBEPrarTcs TEPMHUUYECKUM U TEPMOOKHMCIUTEIbHBIM IpeBpanieHusM. [Ipu nmocror-
BEPXKJICHUU aKTUBUPYIOTCS MOOOUYHBIE PEaKuu, COMPOBOXKIAIOLINECS 00pa30BaHUEM COIps-
JKEHHBIX CHCTEM, YTO MPUBOJHUT K CMEIICHHUIO CIIEKTPA MOTJIOMICHUS B BUAUMYIO 00JacTh H,
KAaK CIJIEJCTBUE, K NMOTEMHEHHIO MaTepuaina. [[OnoJHUTENbHBIN BKJIaJ B M3MEHEHHE LBETA
BHOCHUT IIOBEPXHOCTHOE TEPMOOKHCIIEHUE 10/ AEUCTBUEM KHCIOPOJA BO3/yXa, IPH KOTOPOM
(OpMHPYIOTCSl OKHCIICHHBIE CIIOH, TAKXKE SBIISIOMIMECS IIEHTPAMHU CBETOMOTJIOIICHHS.

Pesynbratsl onpeneneHys Temiopu3nIeckux cBOMCTB 00pa3loB, MOJBEPrHYTHIX MOCTOT-
BEP)KICHUIO, MIPEACTABIICHBI B Ta0J. 3: SHTANBINS PEAKIMU U TeMIIepaTypa MHUKa TeIUIOBbIIeIIe-
Hus, onpeneneHnbie Mmetogom JICK; TemmnepaTtypa cTekioBaHus, onpeneneHas merogom JMA.
Bce JICK-kpuBbIe B mpoliecce HarpeBa MnoKa3blBaJld CXOXKee MoBeieHne. B kauecTBe mprumepa Ha
puc. 2 npezacrasiens! JJCK-kpuBbie 00pasios, mapkupoBansbix 1.1, 1.7 u 1.15.

Tabnuya 3
Teniopuznueckue cBoiicTBa 00pa3oOB CTEKJIOMIACTHKA
Howmep Temneparypa OHTaNbNus peakuu Temneparypa nuka peax-
3arOTOBKU crexnoBanus, °C oTBepkeHus, [Ix/r 1IUM OTBepKAcHuUS, °C
11 226 1,802 299
1.2 230 1,693 302
13 232 2,239 307
14 235 2,638 304
15 242 2,531 313
1.6 257 1,123 315
1.7 263 4,869 311
1.8 278 3,314 314
1.9 284 2,138 311
1.10 297 2,725 320
1.11 308 2,951 321
1.12 327 3,409 317
1.13 331 0,763 325
1.14 332 0,479 330
1.15 340 1,262 330

1OK30 17
03 \/3_”5’— Muk: 299 °C
02 Mnowapaw: 1.802 D/r

Muk: 311 °C

Mnoiyaas: 4.869 w/r

Muk: 330 °C

Temi0B 0¥ MOTOK, MBT/MI

Mnowagae: 1 .72627£1;Klr

50 100 150 200 250 300 350 400

Temneparypa, °C

Puc. 2. JICK-kpuBbIe 00pa3ioB CTEKJIOIIACTUKOB, MapkupoBaHHbiX 1.1, 1.7 u 1.15
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Bunno, 4t0, HECMOTpPS HA JONOJHUTEIBHYIO TEPMOOOPAOOTKY CTEKJIOMIACTUKOB, IIPU
temneparypax >250 °C peructpupyercs HE3HaUYUTENIbHOE TEIUIOBBIAEIEHUE, KOTOPOE XapaK-
Tepusyercs >HTanbluel peakiuuu He 6osee 5 JLx/r. IIpu 3ToM 1o Mepe Bo3pacTaHusi TeMiie-
paTypsl MOCTOTBEPXKACHUS Ha Tpadukax HAOIIOIAETCS CMEIEHHE TeMIIepaTyphl MUK TEIUIo-
BblJIeJIEHUS] B 001acTh Oosiee BbICOKUX TemiepaTyp. C ydeToMm TOro, 4Tto TemiepaTypa dKc-
TPanoJIMpPOBAHHOTO Hayajaa TEPMUUYECKON JAECTPYKIMHM OTBEPXKAEHHOTO cBsa3yrouero BCT-71
coctaBisier 424 °C (puc. 3), a Macca 00pa3IoB cTekioruiacTuka nocie npoeaeHust JICK
ocTaeTcs HEM3MEHHOM, TerioBbienenue, naomoaaemoe Ha JICK-kpuBbix (puc. 2), xapakre-
pHU3YyeT Peaklnio 00pa30BaHMsI HOBBIX CTPYKTYPHBIX CBsI3€il B ceT4aTol MOJIMMEPHOM MaTpH-
1€, a HE TPOLIECC €€ AECTPYKIIUHU.

Hauano addexra: 423,6 °C
Hauano adexra: 424,2 °C

]

.. Hauano shdexra: 561,2 °C

| Hasaso sdercra: 552,7 °C

8 2

ITorep s maccsl, %
g

50 100 150 200 250 300 350 400 450 500 S50 600 650 70O 750 600 650 900 950

Temmeparypa, °C

Puc. 3. TT A-repmorpamma OucMaeMHUMUIHOTO cBsi3ytomero BCT-71

DTOT BBIBOJ TAaK)KE€ MOJATBEPKIAETCS YBEIMUEHUEM TEMIIEPATYpbl CTEKIOBAHUS CTEK-
JIOTIJIACTHKA, HAOMIOAAEMbIM MPU BO3PACTAHUM BEITUYMHBI TEMIIEPaTyphbl MOCTOTBEPKICHUS
(tabn. 3, puc. 4). Temnepatypy crekiioBanusi omnpeznensau metogom JMA. JIMA-kpuBbie
BCEX 00pa3loB, KaK U B ciydae onpezaeneHus merogoM JICK, nmeror cxoxee TepMUUYECKOE ITOBE-
nenue. Ha puc. 4 npexacrasnens! rpaduku o0pasinos, MmapkupoBanHbix 1.1, 1.7 u 1.15. Cnenyer
OTMETUTh, uTO JIMA sBJSIeTCSl PEANOYTUTEIBHBIM METOZOM ONpENIeNIEHHs TEMIIEPATyphl CTEK-
noBanusa [TKM, mockonbKy (UKCHpYeT MacIITaOHBIH OTKIUK (PH3HKO-MEXaHUYECKUX CBOICTB
KOMITO3UTOB Ha HarpeB. B To Bpems kak Meronom JICK MOXKHO OnpeAenuTh JUIIb €Ba 3aMeT-
Hble TEPMOJJMHAMUYECKHE U3MEHEHUsI B 00beMe 00paslia u3-3a BHICOKOIN 4yBCTBUTENIBHOCTH T10-
JUMEpPHON MaTpuIlbl K MexanndeckuM uaMeHeHusiM. Metogom JICK ¢ukcupyercs HeOObIIO0M
CKaYOK M3MEHEHHUs TETUIOEMKOCTH B UCCIEAyeMOM 00pasiie, KOTOPBIH CI0KHO KOPPEKTHO HEH-
tuduipoBars. C moMompto Metona JIMA u3mMepsroT n3MEHEHHE MOJTYJIsSl YIIPYyrocTH E' v TaH-
reHca yria MeXaHHYeCKUX MOTeph tgd, 4TO MO3BOJSET KOPPEKTHO OLEHUTH TeMIepaTrypy
creknoBanus B IIKM, B TOM 4mciie ¥ B CTCKIIOIIACTHKE.

WcnpiTanne Ha n3rub uaeasbHO MOAXOAMT JUIsl CPABHEHUS OJHOTO M TOTO K€ MaTepu-
ajia mocje BIMSHUA pa3inyHbIX (paxTopoB. IIpu mcneiTaHuu Ha WM3rud MaTepuan OJHOBpe-
MEHHO BOCIIPUHHUMAET KAaK paCTATMBAIONINE, TaK U CKUMarouue Harpy3ku. Ilockonbky Bepx-
HUH ci0¥ oOpasia npu U3rude CxkKMMaeTcsl, a HIKHUM pacTArMBaeTcsi, TO UMEHHO MaTpHIa,
CBS3BIBAIOIASl BOJIOKHA BMECTE, MOJBEpraeTcsi HauOOJbIIEH CXKUMAIOIIeW Harpyske, B TO
BpEMsI KaK BOJIOKHA BBIJIEPKUBAIOT OCHOBHBIE PACTIATMBAIOIINE HArpy3Kku. B To xke Bpemst us-
ru0 COMPOBOXKIACTCA MEXKCIOMHBIMUA HANPSDKEHUSMHU, MMO3TOMY C TIOMOIIBIO UCIBITAaHHUS Ha
M3ru0 MOXHO KOCBEHHO OIIEHWBATh M MexchoiHbld caur [IKM. B Tabn. 4 npusenens pe-
3yJIbTaThl OINpeNeNeHusl Ipejena MPOYHOCTH Npu u3rude oOpasloB CTEKIIOMIACTUKA, MOJ-
BEPrIIMXCs MOCTOTBEPKAECHUIO IIPU PA3IMUHBIX TEMIIEpaTypax.
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E', MIla

45000 Hauano: 226 °C

i (1.1)
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20000
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10000

50 100 150 200 250 300 350 400
Temneparypa, °C

Puc. 4. JIMA-kpuBbIe 00pa3IioB CTEKIOINIACTHKOB, MapKupoBaHHbIX 1.1, 1.7 1 1.15

Tabnuya 4
Pe3yabTaThl onipeaesieHusi Mpeaesia MPOYHOCTH NP H3rude
AJIS MEPBOro 3Tana ucCjacao0BaHust
[Mpenen npounocty npu usrube, Mlla,
Howmep npH TeMIeparype ucnbiranus, °C COXIBaHeH:Ie
3arOTOBKH 2342 220 CBOIiCTB, %

870-970 630-770

11 914 678 4
840-970 660-790

1.2 914 726 &
870-1000 700-810

1.3 950 758 80
870-940 700-820

14 908 726 80
900-1000 710-810

15 938 750 80
870-980 730-850

16 924 782 85
900-970 730-840

L7 936 786 84
910-940 750-880

18 928 808 87
880-940 700-860

19 904 772 8
890-910 690-830

1.10 __ggg__ __?56_ 82
860-910 700-840

1.11 __ggg__ __?EE__ 85
810-910 690-840

1.12 __556__ __??E__ 88
810-900 650-800

1.13 __égé__ __;66__ 83
770-940 630-800

1.14 __ggz__ __656__ 80
780-880 640-790

1.15 __gig__ __Egz__ 84

IIpumeuanue. B uucnurese — IUana3ol 3HaYeHMI, B 3HAMEHATEIE — CpeHEe 3HAUCHHE.
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KoMno3suuMoHHbIe MaTepUAAbI

I'padmaeckoe npeacTaBIcHIEe U3MEHEHUS TPOYHOCTH TMPU U3THOE ISt 00pa3IioB CTEKIIO-
IUIACTHKA MIOKA3aHO Ha puc. 5. AHaIM3 pe3yabTaTOB UCHBITaHUM 1pu Temmneparype 23+2 °C nos-
BOJISIET BBIABUTH CIEAYIOLIME 3aKOHOMEpHOCTH. IloBbllieHHE TeMmneparypbl OCTOTBEP)KICHUS
COIPOBOXK/IACTCS YBEJIMUCHUEM TUIOTHOCTH CIIMBKH MOJIMMEPHON MaTpHIIbI, UTO 00yCIaBIMBaET
POCT ee >KECTKOCTH M CHI)KEHHE CIOCOOHOCTH K pellakcalii MHKpoHamnpsbkeHnid. Kak cren-
CTBHE, MAaTpHIIa yTpauyuBaeT 3P(PEKTUBHOCT B MEPEPACIIPEACICHUN HAIPY3KH MEXIy apMHU-
PYIOIIMMHU BOJIOKHAMH, YTO IMPUBOJUT K €€ PAaCTPECKUBAHUIO MPU MEHBIIUX JehopMalusix
U B KOHEUHOM cUeTe — K MPEKIECBPEMEHHOMY Pa3pyILICHUIO CTEKJIOIIACTHKA.

JIOTIOTHUTENBHBIM (PAKTOPOM MOTYT SBIISITHCS BHYTPEHHHUE HAIpPSIKEHUS, BO3HH-
Kalolue Mpu OXJIAKIEHUH O0pasloB C TEMIIEpaTyphbl MOCTOTBEPKICHUS JO KOMHATHOMN
BCJICACTBHE PA3IMUU TEMIIEpATypHBIX K03 duimenToB nuHeiHoro pacmupenus (TKIIP)
MaTpuLbl U HANOJHUTENS. UeM BbllIE CTENEHb CIIMBKU, TEM MEHEE IaCTUYHA MaTpHUlla,
4YTO YCWJIMBAET KOHLEHTPALMIO HANPSIKEHUI Ha TpaHUIlE pa3jiesla «BOJOKHO—MaTpHULa»
U MOXET MHUIIMUPOBATh 00pa30BaHuE a/Ire3MOHHBIX J1e(hEKTOB.

CrnenyeT Takke yYUTBIBATb, YTO IPU BBICOKOTEMIIEPATYPHOM IIOCTOTBEPKACHUU BO3-
MO’KHA YaCTUYHAas TEpMMUYECKas JAerpajalusl anmnpeTHUpPYyoIIUX COCTAaBOB HAa IOBEPXHOCTH
CTEKJISTHHBIX BOJIOKOH, YTO JOTOJHUTEIBHO ocnabiseT Mexda3sHoe B3aUMOJACHCTBUE U Hera-
TUBHO CKAa3bIBAETCSI HA MEXAaHMUECKUX XapaKTEPUCTUKAX MaTepuaa.

AHanus pe3ynapTaToB McHblTaHU npu Temnepatype 220 °C (puc. 5) no3BoJseT Bblie-
JUTH TPU XapaKTepHbIE TEMIIEPATYPHbIE 30HBI TOCTOTBEPIKICHUS.
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MapxkupoBka obpasia
Puc. 5. PesynbraThl onpezeneHus npeaesia NpOYHOCTH HpH U3rude o0pas3ioB CTEKIOIIACTHKA

1.1-1.15, moaBepruiMxcs IOTMOJHUTEILHOMY OTBEPXKICHHUIO IpH Temreparypax 23+2 (=)
u 220 °C (=)

Ipenen npoyHOCTH
mpu u3ruoe, MIla

~
o
o

Jlnist onpeneneHus MEXaHM4YECKUX CBOMCTB CTEKJIOIUIACTHKA, CBA3AaHHBIX C €r0 MaT-
pHIIei, MPOBOIUIN UCTIHITAHUE HA MEXKCIOWHBIN caBUT (Tabiu. 5). [IpoyHOCTh ONMMEPHOM
MaTpHIIBl IPU CABUTOBBIX HArpy3Kax 3aJacT NPOYHOCTh KOMIIO3MIIMOHHOIO MaTepuaia Mnpu
MEXCIIONHOM CJIBUT€, TaK KaK MMEHHO MaTpHlia YAECP)KUBAET CJIOW HAIIOJHMUTEINS BMECTE.
CpaBHEHHME OJHOTO M TOTO € MaTepuaja Iocjie KaKoro-ITu0o HW3MEHEHUs, CBA3aHHOTO
C MaTpuleil, IpU UCHBITAHUM HA MEXKCIOHHBIA CIBUT HauboJiee TOYHO IMO3BOJIUT OLEHUTH
BJIMsSIHUE (PAaKTOPOB HA MAaTPUILy B IEJIOM.

Pe3ynbTarhl McnbITAHUI Ha MEXCIOWHBIM CIBUT, MPEACTaBICHHbIE HA puc. 6, Mox-
TBEP)KJIAIOT paHee TMOJy4YeHHbIE BBIBOJBL. [IOCKOIBKY METON omnpeneNneHuss MeEKCIOWHON
IPOYHOCTU 00Jiee UyBCTBUTENIEH K XMMUYECKUM MPEBPAILICHUSAM, TPOTEKAIOIIUM B ITOJIUMEP-
HOW MaTpulle, OH MO3BOJSET 0ojee JAeTalbHO MPOCIEeIUTh U3MEHEHUE CBOICTB B 3aBUCHUMO-
CTH OT TeMIIepaTyphl MOCTOTBepkIeHus. Ha HauanbHOM 3Tane HabIroAaeTcss pOCT COXpaHe-
HUSI CBOWCTB, OOYCIIOBJIIEHHBIH YIIPOYHEHUEM MATPHIIbI BCJIEACTBUE YBETUYEHUS IUIOTHOCTU
cimBKU. OJIHAKO MPH JaJIbHENIIEM MOBBILIEHUN TEMIEPATYpbl mocToTBepkaeHus (>300 °C)
bukcHupyercsi CHKEHHUE MEXKCIOWHOM MPOYHOCTH, UYTO CBSI3aHO C HAKOIIEHHEM J1e(DeKTOB B
MaTpUIIE U Pa3BUTHEM TEPMOOKHCIUTEIbHBIX POIECCOB.
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Tabauya 5

Pe3ynbTaThl onpeneseHus npeaesa NpOYHOCTH MPU MEKCJIOHWHOM CABHUTE

AJIS MEePBOro 3Tana ucCjaeao0BaHus

IIpenen mpounoctu npu MexciioHoM casure, MIla,

SaII_"I(())’IIY(I)ZII)(I/I IIpu TCMIICPAaTypEC UCILITAHUA, °C COXpaHCHI/Ie CBOfICTB, 9%
2342 220
1.1 114753 ;‘?:725 3 39 g;;o 1 o
12 70.6-76.0 ?;776 0 41,2‘2—,412 4 o
13 718-752 ?;715 2 43,:;114 1 oo
1.4 71.9-74.5 ?3—14 5 43,134 6 "
15 68.6-75.3 ;5?:15 3 45,;3;16 4 o
1.6 71,4-73.2 ;‘2—733 2 48,29—30 2 "
17 69.8-72.8 $£762 8 48,51){;,560 2 5
18 8739 ;3;)3 9 50,5())&551,3 i
1.9 67.9-70.3 &;710 3 49,;)&%0 9 -
1.10 %(?7—16_29@ 50,;(;5;1,2 -
1.11 63,5-66.3 55—26 3 49,;1&521 2 -
1.12 58,0-60.1 g;io 1 47,:7437 8 %
113 56.8-59.0 ;;529 0 45,4(1);%7 1 %
1.14 52.3-55.7 3;565 7 42,1;4114 1 %
1.15 46.8-49.9 fgf 9 39,:;1%2 7 %

HpI/IMe‘IaHI/Ie. B uucnurene — JAuara3oH 3Ha‘leHI/II>'I, B 3HAMCHATCJIC — CPECAHECC 3HAYCHUC.

, MIla
(0]
o

N,

‘\

—

IIpenen npoynocty npu
MEKCIIOITHOM CJIBUTE
o1
o

40 "ﬁ/
35

MapxkupoBka obpasia

11 12 13 14 15 16 17 18 1.9 110 1.111.121.13 114 1.15

Puc. 6. PesynbraThl onpeneneHus npeaesna MpoYHOCTH MPH MEXCIOWHOM CIBUTE ISl IEPBOTO 3Ta-
na uccienaoBanus o0pasnos creknomiacTuka 1.1-1.15 npu remneparypax 2342 (==) u 220 °C (==)
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KoMno3suuMoHHbIe MaTepUAAbI

Ha puc. 7 npencraBieHsl pe3yabTaThl COXPaHEHHUS IPEIEIOB MPOYHOCTH MpU U3THoOe U
MEXCJIOMHOM CJIBUTE JIJIsl IEPBOTO 3Tara UCIBITAaHU.

=

_
55 r{
50
11 12 13 14 15 16 17 18 19110111112 113 1.14 1.15
MapxkupoBka obpasna

D
o

CoxpaHeHue POYHOCTH,
%
~
o

Puc. 7. Pe3ysbTaThl ONpeaeacHNs COXPAHSHHUS TMPEICTOB POYHOCTH MPU U3ruOe (==) U MEXKCIIO¥-
HOM CJIBUT€ (==) IIJIsI IEPBOTO ATalla MCIBITAHNI

Ha puc. 8 moka3zanbl 00pasipl CTEKJIOIUIACTHKA, MOATOTOBICHHBIE JUIS MPOBEACHUS
WCIBITAHUI BTOPOTO dTana UCCIEI0BaHuU.

XapaKkTepHO, YTO NPU BBICOKOTEMIIEPATYPHOM IOCTOTBEPKIEHUM MPOLIECCHI AOIOJI-
HUTEJIBHOIO CHIMBAHUSI M TEPMOOKHMCIUTENIBFHON JECTPYKIMU KOHKYPUPYIOT MExXIy coOoil. Ha
HayaJIbHBIX JTalax JIOMUHUPYET IOCTOTBEP)KIACHUE, NIPUBOAALICE K YIUIOTHEHHUIO MOJIMMEPHON
CETKH, O/IHAKO IPYU JJIMTEILHON BBIACPIKKE WM UPE3MEPHO BBICOKMX TEMIIEparypax HayMHAIOT
npeo0J1aiaTh JeCTPYKTUBHBIE Mpolecchl. [locneanne MoryT conpoBoXXaaTbCsi BOSHUKHOBEHHEM
BHYTPEHHUX MUKPOHAIIPSKEHUN BCIIEIICTBHE HEPABHOMEPHOW yCaJKH U pasiIMuuil B 3HAYECHUSIX
TKJIP marpuiibl 1 apMUPYIOLIETO HAMOTHUTENS, YTO MOTEHIUAIBHO CIIOCOOHO HETaTUBHO BIIU-
ATh HA MEXaHUYECKUE XaPAKTEPUCTUKU CTEKJIOIIACTHKA, OCOOCHHO Ha CBOMCTBA, ONPEAEIsIeMbIe
HOJIMMEPHON MaTpHLel (HanpuMep, Ha MEKCIIOHHYIO IPOYHOCTD).

BusyansHbie u3MeHeHHs 00pa3IoB Ha BTOPOM dTare (puc. 8) aHAJIOTUYHBI IIOTEeMHE-
HUI0, HaOIIo1aBIIeMyc s Ha repBoM Tane. [IpumedarenbHo, 4yTo JUid 3aroToBKU 00Opasua 2.4,
JOOTBEPKJICHHOTO B TeueHue 128 4, 3aukcupoBaHO OTEMHEHHUE JI0 YEPHOTO IIBETA M CHU-
YKEHHE TTPOYHOCTH P KOMHATHOW TEMIIepaType, 4To paHee 0TMe4aIoch st oopasuoB 1.13—
1.15 (mocrotBepxnenue npu temneparype >300 °C). OTo yka3blBaeT Ha BbIPRXKEHHYIO UyB-
CTBUTEJIBHOCTh MaTepuala K JAJIUTEIbHBIM TEPMUYECKUM BO3AEUCTBUSM, JaXKE €CIIU TeMIlepa-
Typa 00pabOTKH He MpPEeBbIIIAEeT TEMIIEPATYPY CTEKIOBAHUS.

Puc. 8. Bux o6pa3iioB cTEKIOIaCTAKA, U3TOTOBICHHBIX JJII HCTIBITAHUN BTOpOro 3tama. Homep
3aroTOBKH, U3 KOTOPOI M3rOTOBJICH 00pa3ell, yKa3aH BHU3Y KaX0ro o0pasia

B 1a0n. 6 mpuBeneHbI pe3yabTaThl OMpEAeIeHUs TEMIIEPATYPhI CTEKJIOBAHHS METOJOM
JAMA, a Takke MUKOB M SHTAJIBIINK peakunu otBepxkaeHus metoaom JICK miist Broporo stamna
HUCCIEeI0BaHUS.
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Tabauya 6

Pe3yabTaThl onpeesieHUsl TEMIEPATYPhI CTEKJIOBAHUS U MUKA PeaKIHU 0TBePKIeHHUs

BTOpPOro 3Tana ucCjacaI0BaHusd

Howmep Temnepatypa OHTAIBIHS PEaKITHH TemmepaTypa nuka peakuuu
3ar0TOBKHU crexnoBanns, °C oTBepxkIeHus, Jk/T orBepxkaeHus, °C
2.1 264 2,240 315
2.2 268 3,431 313
2.3 271 2,466 327
2.4 274 2,167 335

B tabu. 7 u 8§ npuBeneHbI pe3yabTaThl ONPESIICHUS MIPEICTIOB MPOYHOCTH MTPH H3THOE
U MEKCJIOWHOM CJIBUTE JIJIsi BTOPOTO dTarna HUCCle0BaHus.

Tabruya 7
Pe3yabTaThl onpeaeeHuss npeaesia NpoYHOCTH MPH U3rude
JJ1s1 BTOPOTr0 3TANa UCCJIe0BaHNS

IIpenen npounocTu npu usruode, Mlla,
Howmep o .
arOTo IIpH TeMIiepatype ucnbiTanus, °C CoxpaHeHHe CBOWCTB, %
roToBiH 2342 220
900-940 720-860
2.1 922 790 86
870-920 750-860
2.2 899 804 89
840-920 800-870
2.3 891 839 94
830-880 740-850
2.4 857 790 %2
[Ipumeyanue. B yncnuTene — nuana3oH 3HaA4E€HUN, B 3HAMEHATEJIE — CPETHEE 3HAUCHUE.

Tabnuya 8
Pe3yabTaThl onpenesieHus! Npeaesia NPOYHOCTH MPU MEKCJIOWHOM CABHTE
JJ1S1 BTOPOT0 3TANa UCCJIe0BAHNS

[Ipenen npouHocTH Npu MexcioiiHoM casure, Mlla,
Howmep o o
IIpH TeMIepaTtype ucibiranus, °C CoxpaHeHnne CBOUCTB, %
3arOTOBKHU 230 220
69,0-70,3 442484
2.1 70,0 46,2 66
70,4-725 49,0-51,3
2.2 71,0 50,2 n
67,1-68,1 52,8-59,2
2.3 68,0 56,0 83
65,0-68,8 56,5-58,1
24 66.0 572 86
[Tpumeuanue. B uncnuTene — quanazoH 3HaUYEHUI, B 3HAMEHATelle — CpelHee 3HAaUCHHE.

IIpencraBnennsie Ha puc. 9—11 u B Taba. 6 pe3yapTaThl KOPPETUPYIOT C BHIBOJAMH,
MOJIyUEHHBIMU paHee, ¢ MOMPaBKOW Ha TO, YTO JajibHEHIee NMPOTeKaHUe peakuuil o0ycIoB-
JIEHO HE TOBBIIIEHUEM TEMIIEPATyphl IOCTOTBEPKACHMS, & YBEIUUEHUEM BPEMEHU TEpMHUE-
ckoil o6pabotku. Crnenyer oOpaTUTh BHUMaHHE TAaK)Ke Ha pUC. 8, TZie MPEICTaBICHO aHajlo-
THYHOE MIEPBOMY 3TaIly MCCIIe0BaHMs MoTeMHeHue oopasua. Cieayer OTMETHTb, YTO y 3aro-
TOBKH 2.4, IOCTOTBEPKACHHON B TeueHHE 128 4, HAUMHAIOT MPOSBIATHCA PE3yJIbTaThl, KOTO-
pble paHee 3adpUKCUpOBaHbI A 3aroToBoK 1.13—1.15 — nmepexo/1 B yepHBIN BET U CHUKEHHE
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cBoicTB mpu Temneparype 23+2 °C. DTo MOXKET CBUIETEIBCTBOBATH O TOM, YTO MaTepuai
KpafIHe YYBCTBUTCJICH K MPOAOJDKUTCIIBHBIM TCPMUUCCKHM HArpys3kKaMm, AJa)XC €CJIIM OHU HC
MIPEBBIIIAIOT €T0 TEMIIEPATYPY CTEKIOBaHUS.
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MapxkupoBka odpasma

Puc. 9. Pe3ynbrarsl onpeeieHus npeesiia IPOYHOCTH MIPH U3THOE It BTOPOTO dTalla UCCIeI0Ba-
HUs 00pa3ioB cTekinomiactika 2.1-2.4 npu remneparypax 2342 (=) u 220 °C (=)
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Puc. 10. Pe3ynbraThl onpezeneHus mpeseia MPOYHOCTH MPH MEXKCIOHHOM CABUTE Ui BTOPOTO
JTamna uccieaoBanus 00pasioB cTeknomiacTuka 2.1-2.4 npu temmneparypax 23+2 (==) u 220 °C (=)
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MapxkupoBka oopasma
Puc. 11. Pe3ynbrarel onpeneneHus COXpaHEHUs NPEAETIOB MPOYHOCTH NpU U3TUOE (=)
Y MEKCIIOWHOM CJIIBUTE (==) J1JI1 BTOPOTr'O dTana UCIbITAaHUH

3ak/Il0ueHus

BrimonHennsie B paboTe MCClEAOBaHUS TMO3BOJIWIM BBISBUTH 3aBUCHMOCTH CBOMCTB
crekioractuka Mapku BIIC-75 Ha ocHOBe OncManenHUMHUIHOTO cBsizyromero BCT-71 kak ot
TEeMIepaTypbl, TaK U OT JIUTETHLHOCTH JOMOJHUTEIHLHOTO OTBEPXKACHUS B CBOOOJHOM BHUIIE.
Y cTaHOBIEHO, YTO JOOTBEPKIECHUE CTEKIOIIIACTUKA B TeueHue 480+5 MUH mpu TeMiiepaType,
BbIOpaHHOM u3 auanazoHa oT 240 mo 270 °C, mo3BOIUT MOTYYUTh MaKCUMAIbHBIC 3HAUCHUS
(U3HKO-MEXaHMUECKUX CBOMCTB MaTepuaia, TaKUX KakK Mpeesbl MPOYHOCTH TPU H3THOe
u casure. [Ipu 3ToM coxpaHeHue NaHHBIX cBOWCTB npu Temneparype 220 °C nokaszano mak-
CUMaJIbHbIC 3HAYCHUSI.
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HaGntogaemblie 3aBUCUMOCTH OOBACHSIOTCS TeM (PaKTOM, YTO NPH BBICOKOTEMIIEpa-
TYPHOM IIOCTOTBEP>KIEHUU IPOLECCHI JONOJHUTEIBHOIO CIIMBAHUSA U TEPMOOKHUCIUTEIBHON
JNECTPYKIUU KOHKYPUPYIOT MEXIy coOoil. Ha HauanmpHBIX 3Tanax TOMHHHUPYET MOCTOTBEp-
KJCHUE, IPUBOJALIECE K YINIOTHEHUIO IOJJMMEPHOIN CETKHU, OJTHAKO IIPH JJIUTEIbHON BBIIEPK-
K€ WM YPE3MEPHO BBICOKHMX TEMIIEpATypax HauMHAIOT MPeo0s1afaTh JECTPYKTUBHBIE IPOLIECCHI.
[Tocneanue MOTYT CONMPOBOXKAATHCS BOSHUKHOBEHHUEM BHYTPEHHUX MHUKPOHANPSIKEHUI BCIEH-
CTBUME HEPAaBHOMEPHOM yCaaku W pazinuuil B 3HadeHusx TKJIP maTpuilbl U apMUpYyIOLIEro
HAIIOJHUTEISA, YTO TMOTEHIMAIBHO CIIOCOOHO HETaTMBHO BIMATh Ha MEXAHUYECKHE XapaKTepu-
CTHUKHU CTEKJIOIUIACTUKA, 0COOEHHO Ha CBOWMCTBA, OIpeIeisieMble MTOJIMMEPHON MaTpHUIICH.

B nepcnektuBe 1eiaecooOpa3HO yTOUHATH TEPMOCTAOMIBHOCTD CBSI3YIOIIETO M UJICH-
TUPUKAIIO XUMHUYECKUX PEaKIUil, TPOTEKAOIMX B IMOJIMMEPHON MaTpHUIle Ha Pa3IUYHBIX
CTaIUAX TOCTOTBEPKACHHUS.
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Annomayusa. Cmamos NOCEAWEHA U320MOGNEHUI0 MPEXCIOUHBIX CHMEKIONIACHMUKOBbIX
mpy6 MemoooM Henpepbl8HOU HAMOMKU C UCNONIb308AHUEM HUZKOUACTNOMHO20 8UOPAYUOHHO20
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0CMAMOYHYI0 HOPUCIMOCMb De3 Hapyulenus 00HOpOOHOcmuY Komnozuma. Paspabomannuiii noo-
X00 co30aem HAyuHYI0 OCHOBY OJisl UHICEHEPHO20 NPOEKMUPOSANU GUOPAYUOHHBIX MOOYIeU U
obecneuusaem nosvluleHUE KAYECMEd, HAOEHCHOCMU U KOHKYPEHMOCHOCOOHOCmU mpYOHOU
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TECHNOLOGIES IN THE MANUFACTURE OF FIBERGLASS PIPES
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Abstract. This article is devoted to the production of three-layer fiberglass pipes using con-
tinuous winding with low-frequency vibration applied to the mandrel. A set of physical models
describing the influence of vibration parameters on structure-formation processes and curing
kinetics is substantiated. It is shown that selection frequency and amplitude of vibration allows
for a significant reduction in residual porosity without compromising the homogeneity of the
composite. The developed approach provides a scientific basis for the engineering design of vi-
bration modules and ensures improved quality, reliability, and competitiveness of pipe products
with minimal additional energy consumption.

Keywords: fiberglass pipes, winding, vibration technologies, tooling, thixotropy, degas-
sing, porosity
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Beenenne

Bce Oonee mmpokoe NpUMEHEHUE IOJUMEPHBIX KOMIIO3MIIMOHHBIX MaTepualioB
(ITKM) B u3nenusax pa3iu4HbIX OTpaciiell MPOMBIIUIEHHOCTH CTaBUT 3a/1a4y pa3padOTKH HO-
BBIX TEXHOJIOTHH, 00ECIEeUNBAIONINX MMOBBIIICHHBIE TPEOOBAHUS IO IKCIUTyaTAIIMOHHBIM Xa-
pakTepuctukaM KoHCTpykiuid u3 [IKM [1, 2]. Ilpu BHeApeHUN HOBBIX MATEPHUATIOB U TEXHO-
JOTHH JOJIDKHBI 00€CIeunBaThCsl HEOOXOAWMBIE YHPYrOo-IPOYHOCTHBIE XapaKTEPUCTHKH
I[IKM, B TOM 4Hnciie CTOHKOCTh MaTEPHAIOB K BO3JCHCTBHUIO DKCIUTyaTallMOHHBIX (haKTOPOB,
OTPULATENIBHO BIMSIOIIMX HA MPOYHOCTb, FTEPMETUYHOCTD U JOJITOBEYHOCTh MCIOIb30BAHUS
[3-5]. D10 mo3BoOaHMT 0OECTICUnTH OOJIEE IMUPOKOE BHEAPEHUE KOHCTPYKIHi n3 [IKM B Takux
OTpacJIIX IPOMBILUIEHHOCTH, KaK MalllMHO- U CyJJOCTPOEHUE, CTPOUTEILCTBO U JP.

CTeKkJIomIacTUKOBbIE TPYObI, HM3rOTOBJICHHBIE METOJOM HEMPEPHIBHOM HaMOTKHU
(MHH), siBnsifoTcst cTpaTerHuecKd BaYKHBIM IPOIYKTOM ISl MOJCPHHU3AIMU U PA3BUTHSI KPU-
TUYECKOW MPOMBIIUIEHHOW MHPPAaCTpYKTypbl. B KauecTBE OCHOBHBIX NMPEUMYILIECTB TaKUX
U3JIeHA MOXKHO BBIJICIHUTD CIEAYIOIIHE:

— BBICOKasi KOPPO3HOHHAsI CTOMKOCTb — HE MOJBEPKEHBI PKABUMHE, dJIEKTPOXUMHUECKON
KOPpPO3UH, YCTOWYUBHI K IIUPOKOMY CIIEKTPY XUMHKATOB;

— BBICOKas y/ieJIbHasl IPOYHOCTb;

— IOITOBEYHOCTH — CPOK CITykObI Oosiee 50 JieT mpu NpaBUIbLHON IKCIUTyaTalluH;

— HU3KHE FUIPaBIMYECKUE IOTEPH — IJIaJKask BHYTPEHHS TIOBEPXHOCTH;

— IUBJICKTPUUYECKUE CBOMCTRA;

— 3KOJIOTHYecKasi 0€3011aCHOCTh — MHEPTHOCTh, OTCYTCTBUE BbIIEICHUI.

OCHOBHOM TEXHOJIOTUYECKON MPOOIeMON H3JENUN SBISETCS MOPUCTOCTh, 00pa3yro-
1iasicst B MPOLIECCE M3TOTOBJIEHMS CTEKJIOIIACTUKOBBIX TpyO ¢ nmomoisio MHH. [Ipuunnoit
€€ BO3HUKHOBEHUS SBJISIETCS 3aXBaT BO3/lyXa MEX]y CIOSIMH BOJIOKOH U HUTSIMHU POBUHTA MIPU
HaMOTKE, HEJJOCTaTOYHAsl IPOIUTKA BOJIOKHA CBA3YIOLIUM, UCIIAPEHUE JIETYYUX KOMIIOHEHTOB
CBSI3YIOILIETO, YcaJlKa oJMMepa IpH OTBEPKJICHHUH, Ae(eKThl yKiIaaku [6, 7].

KoHTpoib u MUHHMMH3aLMs TOPUCTOCTH SBIISAIOTCA KIIOYEBBIMU (pakTOpamu odecrie-
YEeHUSl HAJEKHOCTH, JTOJITOBEYHOCTH U KOHKYPEHTOCIOCOOHOCTU CTEKJIOIUIACTUKOBBIX TPYO,
usroroBieHHbIx MHH [8]. B Hacrosiiee Bpems cyiiecTByeT octpasi HOTPeOHOCTh B HOBBIX,
TEXHOJIOTUYHBIX U 3(PQPEKTUBHBIX CIOCOO0ax OOPbHOBI € TMOPUCTOCTHIO HEMOCPEIACTBEHHO
B IIPOLIECCE HETIPEPHIBHON HAMOTKHU CTEKJIOIIACTUKOBBIX TPYO.

B nanHoli paboTe mpencTaBiieHa TEXHOJOTHS, MO3BOJIAIONIAs CHU3UTh MOPHUCTOCTh
3a cyeT BUOPALlMOHHOIO BO3/JEWUCTBUS Ha ONpaBKy B mporuecce nponuTku. CyTh MeTonaa 3a-
KJIIOYAeTCsl B MPUIIOKEHUH KOHTPOJIUPYEMbIX MEXaHUYECKUX KOoJeOaHUH HEeMOCPEICTBEHHO K
OIpaBKe B MPOIIECCEe HAMOTKH U HaYaJIbHOW CTaJMH OTBEPKICHHUSL.

BeinonHeHo uccneoBaHne 3aKOHOMEPHOCTEH BIMSIHUS MapaMeTpoB BUOPAIIMOHHOTO
BO3/ICIICTBUS Ha IMPOLECCHl CTPYKTYpOoOOpa3oBaHUsl (JIera3aluio, CMadylBaHUE, YIJIOTHEHUE)
IpU HENpEephIBHONH HAMOTKE CTEKJIOIUIACTUKOBBIX TPYO M JaHa TeOpeTHuYecKas OIeHKa 3¢-
(EeKTUBHOCTH JAHHOTO METOJa [UJIsl CHUXKEHHMSI TOPUCTOCTH U  YIy4YIIEHUs (QU3UKO-
MEXAHUUYECKUX CBOWCTB.

[Ipu onTuMM3aLMKM TEXHOJOTUYECKUX MapaMeTpoOB Ipolecca HAMOTKH 4acTO BO3HHU-
KaeT KOH(DIUKT MEXAY pa3INdHbIMHU TPEOOBAHUSIMHU K CBOMCTBaM MaTepuana u 3¢¢HeKTUBHO-
ctu nporecca. HeBo3aM0XkHO 0AHOBpEMEHHO AO0CTHYb BsizkocTh <300 Mmlla-c myis mponutku u
tepmoctoiikocT >100 °C. CHUXKEHUE BA3KOCTH MOJUMEPHOTO CBSI3YIOLIETO IS YIIYUIICHUS
MPOMUTKU OOBIYHO MPUBOJAUT K CHIDKEHUIO €r0 TEPMOCTOMKOCTH, YTO OTPaHUYMBAET 00J1acTh
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MIPUMEHEHHUS CTEKJIOTUIACTUKOBBIX TpyO, m3rotoBieHHbIXx MHH. CHmxeHue mopucToCTH B
TaKUX TPyOax C MOMOIIBIO0 TPAJAUIIMOHHBIX METOJIOB YaCTO CBSI3aHO CO 3HAUUTEIHHBIM YBEIIU-
YeHHeM ce0eCTOMMOCTH MPOIYKINH, TaK KaK TpeOyeT MPUMEHEHHUS J0POrOCTOSIIIUX MaTepU-
aJI0B, BHEJPEHUS CJIOKHBIX TEXHOJOTUYECKHUX MPOIECCOB U MCIOIb30BAHUS JIOMIOJIHUTEIBHO-
ro o0OpyAOBaHUS, YTO YBEJIUYUBAET 3aTparhl. B 3TOM cilydyae CHUXEHHE MOPUCTOCTH C 8§
1o 4 % npuBeneT K yBenudeHuro cebecronmoct npoaykmun Ha 35-50 %. [TosTomy mpu BbI-
0ope MeToJa CHMKEHUSI TIOPUCTOCTH HEOOXOJUMO HCIOIb30BaTh IKOHOMUYECKH BBITOJHBII
BapHAHT TEXHOJOTUN BUOPAITMOHHOTO BO3JCHCTBHSI, YTO 00ECIIEYUT KOHKYPEHTOCTIOCOOHOCTh

MIPOTYKIIUH.

MaTepna.}]LI H ME€TO/bI

B nannoit pabote npearaercst TEXHOJIOTHsI, OCHOBaHHAasi Ha BUOPAI[MOHHOM BO3/Cii-
CTBUU Ha OMPAaBKY, YTO MPEACTABISET COO0H MPUHIUIUATBHO UHON (DU3NYECKUN TOIXOJ K
PEIIEHUI0 CHIKEHHUS! MOPUCTOCTU B CTEKJIOIIACTUKOBBIX TpyOax, m3roroBieHHbix MHH.
Bubpannonnoe Bo3eCTBUE MPU HAMOTKE MO3BOJSET aKTHUBHO YIPABIATH MPOLIECCAMH Jie-
a’palliu, TMOBBINIAS CMAYMBAEMOCTh W YIUIOTHEHUE MaTepualia, He MpuoOeras K CIOKHBIM
U JIOPOTOCTOSIIIIUM TEXHOJIOTHSIM.

MortHocTh y31a, co3aroniero Bubponosaeiicteue, cocrasuser 0,5-3,0 kBT, uro 3Ha-
YUTEIHHO HIKE DHEPromnoTpedsieHUus MpU MPUMEHEHHH TPaJUIIMOHHBIX METOOB, TAKUX Kak
aBTOKJIaBHOE opmoBanue (40—100 xBT). Takoit ypoBeHb 3HEPronoTpeOICHHS NenaeT BUO-
PAlMOHHBIM METOJ SKOHOMHYECKHU MPHUBJIEKATEIBHBIM U IKOJOrH4Yecku Oe3omacHbiM. [Ipu
BUOPALIMOHHOM METOJIe HHEPrusi KoieOaHUil HCHONb3yeTcs sl aKTUBAIMU MPOIIECCOB Jie-
a’palvy 1 MOBBIIICHUS] CMAYMBAHUS HAIIOJHUTEIISA, B TO BPEMs KaK aBTOKJIAB TPeOyeT 3HAYU-
TEJIbHBIX 3aTPAT Ha IEKTPOIHEPTHIO Ui HArPeBa U MOAJIEPKaHUS JaBICHUS.

BubpanuoHHbIid METOA MOXXHO HWHTETPHPOBATH B CYIICCTBYIOIINE YCTAHOBKH JIJIS
HAMOTKH, IIPH 3TOM HE TpeOYIOTCs 3HaYUTeNbHas NepecTpoiika 000pYIOBaHUS U U3MEHEHUE
TEXHOJIOTHYeCcKOro mporecca [9]. Mcnonp3oBanre BUOPAITMOHHOTO MOIYJIS HE MPeyCMaTpH-
BaeT OCTAHOBKH MpPOIECCa HAMOTKH U MO3BOJISIET MPOBOIUTH 00pabOTKYy MaTepuasa B Herpe-
pBIBHOM pexxuMe. BuOpanuoHHbiil MeTo] o0ecnieunBaeT TakkKe BBICOKYIO 3((EKTUBHOCTD B
CHI)KEHHUHU TOPUCTOCTH B CIIOSIX C IUCIIEPCHBIM HATIONHUTENEM, YTO SIBIISIETCS 0CO00 BaXKHBIM
JUIS TTPOU3BOJCTBA TEPMETUUYHBIX M TMPOYHBIX CTEKJIOIJIACTHKOBBIX TPYO, M3TOTOBICHHBIX
MHH. BuGpanronHnoe Bo3aeiicTBie obecrieunBaeT CHIKEHHE d(PPEKTUBHON BI3KOCTH CBSI-
3YIOLIEro U O0JIeTYaeT yAajJeHHe BO3/1yXa U3 MEXKBOJIOKOHHOTO ITPOCTPAHCTBA, YTO MO3BOJISET
JIOCTHYb IJIOTHOM YIAKOBKM KOMIIO3UTA U CHU3UTh TOPUCTOCTD.

Pe3yabTarsl U 00CyKICHTE

Bubparus npu onpeneneHHON 4acToTe M aMIUIMTY/E BbI3bIBAa€T B 00pabaThIBAEMOM
MaTepuaie psjl JWHAMUYeCKUX 3(PQPEeKToB, KOTOpbIE YCHIMBAIOT KANWUISPHBIA 3PQexT,
YMEHBIIAIOT NMOBEPXHOCTHOE HATSXKEHHE CBA3YIOLIETO, YTO MOXKET HMCIIOJIB30BaThCs I 00-
Jiee Ka4eCTBEHHOW MPONHUTKH U CHIDKEHUS TOpUCTOCTH. ONTHMAaIbHBIE TTapaMeTpbl BUOpauu
JUIS TIOJIMMEPHBIX CBS3YIOLIMX HaxoJsaTcd B auanazoHe yactoT 5-5000 ' mpu amruutyze
0,01-5 mm. B sToM nmuana3zoHe BHOpAIMOHHOE BO3JCHCTBHE OOECreuMBaeT OallaHC MEXIY
HETraTHUBHBIM BO3JIEHCTBHEM, NMPUBOJAIIUM K PA3PYIICHUIO CTPYKTYPHI, M TOJIOKUTEIBHBIM
BJIMSTHUEM Ha MOBBIILIEHUE CBOMCTB MaTepuaia u3iesusl.

[Tpu BuOpanuu Ha Kaxblii KOMIIOHEHT MaTepuaia BO3JIEHCTBYIOT MEPUOANYECKH U3-
MEHSIOLIUECS] CUIIBI MHEPLUHUU. JTO MPUBOJUT K OTHOCUTEILHOMY MEepEeMELICHHI0 KOMITOHEH-
TOB CMECH, CIOCOOCTBYS MHUKpOIEepeMeINBaHuI0 da3 U pa3pylieHuto ariomeparoB. Cornac-
HO HayKe O JMHAMHUKe, CUJIa MHEPIUH MPSMO MPOMOPLUOHaIbHA Macce 00BbEKTa U €ro yCKo-
penuto. BubparmonHoe Bo3ielCTBIE CO37aeT IEPEMEHHOE YCKOPEHHE, BbI3bIBasi KOJeOaHUs
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KOMIIOHEHTOB, 4TO 3()(PEKTUBHO MpPH MEepPEeMENINBAHUN KOMIOHEHTOB C Pa3HOI IJIOTHOCTBIO.
[TpuMeHHUTETHFHO K KOMIO3UTHBIM MaTepHaliaM 3TO CIIOCOOCTBYET PaBHOMEPHOMY pacmpejie-
JICHUIO HAIOJIHUTENS B BHJIE YACTHIl M BOJIOKOH B CBSI3YIOIIEM M IMPEIOTBPAILIACT UX CEIU-
MEHTALIHIO.

Takas BuOpanus B NMCEBAOKHIKHX M BSA3KUX CpefaxX MPUBOAUT K BO3HUKHOBEHHIO
aKYCTUYCCKHX TCUCHHM — ITOTOKOB, 00YCJIOBJICHHBIX HEIIMHCHHBIMU 3P (EeKTaMHu pacipocTpa-
HEHUS 3BYKOBBIX BOJIH. JTO obecrieunBaeT 3(pPpeKkTuBHOE NepemMeninBanie, THTeHCU(PUKAIIIO
TEIUI0- U MaccooOMEHa, a TakKe CocoOCTBYeT nerazanuu Matepuana. C TOUYKH 3pSHHS THI-
POIMHAMUKY aKyCTHUYECKHUE TEUEHHUs BO3HUKAIOT M3-3a MOTJIOIICHUS 3BYKOBOIl 3HEPIuu cpe-
JIOM, 4TO MPUBOAUT K BOSHUKHOBEHHIO TPaJIMCHTOB JIABJICHUS U, KaK CJICACTBUE, K JIBHXKCHHUIO
KUAKOCTU. B monuMepHbIX cUCTeMax aKyCTHUECKHE T€YEHMs CIIOCOOCTBYIOT yIAJICHUIO MMy-
3BIPHKOB BO3/yXa, YIYYIICHUIO CMAauyMBAHMS BOJIOKOH HAIOJIHUTES U PaBHOMEPHOMY pac-
MIpeICIICHUIO TeMIIEpaTyphl B 00bemMe MaTepuana [10].

[Ipu coBmajeHNM 4YacTOTHI BBIHYKIEHHBIX KoJieOaHUH (BHOpamuu) ¢ COOCTBEHHOM
4acTOTON KoJieOaHUM AJIEMEHTOB CTPYKTYpPbl MaTeprajia BOSHUKAIOT PE30HAHCHBIC SBJICHHUS.
Pe3onanc mpuBOAUT K 3HAYUTEIHLHOMY YBEJIMYCHUIO aMIUIUTYAbl KOJIEOAHUN W, COOTBET-
CTBEHHO, K YCUJICHUIO BO3JCUCTBUS HAa MUKPOCTPYKTYpY. C TOUKHM 3peHHs TEOpUH Kosebda-
HUW pe30HaHC BO3HUKACT, KOTJA JHEPTHs, IepenaBaeMas CUcTeMe H3BHE, 3()PeKTUBHO
HAKaIIuBaeTCsl, IPUBO K 3HAYUTEIILHOMY YBETMUYCHHUIO aMIUIUTY/AbI Kojebanuii. B xommo-
3UTHBIX MaTepuajgax Pe30HAHCHBIC SIBJICHUS MOTYT MCIIOIB30BATHCS JJI Pa3pyIICHUS CIa0bIX
CBs3€M MEXIy YacTHIIAMH HAIOJHUTENs, yAy4YlIeHHs] ero AMCIEPTUPOBAHUS M aKTUBAIUU
MPOIIECCOB KPUCTAITU3AIMH MTOTUMEPHOM MATPHUIIBI.

KitoueBbIM mapamMeTpoM, XapaKTEepH3YIOIIMM HHTEHCUBHOCTh BHOPAIIMOHHOTO BO3-
NEHCTBUS, SIBJISICTCS BUOPOCKOPOCTH, ONpeesieMast Kak

v = 2nfA, 1)

rae V — BUOpOCKopocTh, M/c; f — wacrora BubOpaiuu, ['n; A — aMIuinTya BUOpanum, M.

Jlyig OONBIIMHCTBA MOJIMMEPHBIX CUCTEM ONTHMAalbHas BUOPOCKOPOCTh HAXOJUTCS B
nuarnasoHne 0,1-2 m/c. Beibop onTUManbHOTO 3HaU€HUs] BUOPOCKOPOCTH 3aBUCUT OT KOHKPET-
HOW 3a7auM, CBOMCTB 00OpabaThlBA€MOro MaTepuana M HCHOJIb3yeMOro 000pyIOBaHMUS.
CnumkoM HU3Kass BUOPOCKOPOCTh HE 00€CIEUUT TIOCTATOYHOIO BO3JIEHCTBUS HA MaTepual, B
TO BpeMs KaK CJIMIIKOM BBICOKasi MOXKET MPUBECTU K €0 Pa3pyIICHUIO WM HEeXelaTeIbHbIM
U3MEHEHUM CTPYKTYpbl. Harpumep, U1 easpaiiy BI3KUX MMOJMMEPHBIX CUCTEM TpeOyeTcs
0oJiee BBICOKasi BUOPOCKOPOCTb, YEM ISl IIPOCTOTO NMEepPEeMENIMBaHUs KOMIOHEHTOB [11].

AHanu3 ycrenrHoro NpuMeHeHUs: BUOPAllMOHHOTO BO3JEHCTBHUS B Pa3IMYHBIX TEXHO-
JOTHSIX MepepaboTKU MaTepualioB MO3BOJISIET BBIIBUTH OOIIME MPUHIMIBI U MOAXO0JIbI, KOTO-
pble MOTYT OBITh QAANTUPOBAHBI JJIs YIYUIIEHUS KaYeCcTBa CJIOUCTBIX MOJIUMEPHBIX TPYOHBIX
KOMIO3UTOB. [IpuBeneHHbIe najnee MpeneaeHThl WLTIOCTPUPYIOT 3G (HEKTUBHOCTh BHOpAIUU
IIPY PELICHUM 33a7ad, CBA3AHHBIX C YIJIOTHEHHWEM, J€adpalMel, YJIydIIEHUEM CMadyMBAHMUS
Y KOHTPOJIEM MUKPOCTPYKTYpPbI MaTepHala.

Buopayuonnoe yniomnenue 6emona
Bubpanus B OGeroHe peanmsyer >(PGEKT THKCOTPOITHOTO PA3KUKEHHUS IIEMEHTHOM
CYCIIEH3HH, YTO MO3BOJISIET JOCTUYh OoJiee TUIOTHOW YMaKOBKM YaCTHII IIEMEHTA M 3amoJHU-
TeNsl, a Takke d3PPEKTUBHO yAATSITh 3aXBAYCHHBIN BO3AyX. THKCOTPOMHS — 3TO CBOMCTBO He-
KOTOPBIX MaTepUaJIOB, 3aKIIOYAIOIIEECS B YMEHBIICHUN BA3KOCTH IOJT ACHCTBHEM MEXaHU-
YeCKOTO BO3JCHCTBUs (Hampumep, BuOpamuu). B ciydae OetoHa BuOpamusi paspymiaer
CTPYKTYpPY, chopMuUpoBaHHYIO 3a cueT cuil BaH-aep-Baanbca mMexay dacTuiiamu meMeHTa,
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YTO MPUBOJUT K CHIDKEHUIO BS3KOCTU M YIIYYIIEHUIO TEKy4eCTH OCTOHHOU cMecu. B koiio-
UIHOW XUMHHU ITOT 3PPEKT ONMUCHIBACTCS KaK Pa3pyIICHUE CTPYKTYPHI T'elisl MO JeHCTBUEM
BHEIIIHUX CHIL

OnTuMaibHbIe TapaMeTpbl BUOPALUK JUTs YITIOTHEHHSI OETOHA OOBIYHO COCTABIISIOT: Ya-
crota 150+£50 I'u, ammmryna 0,54+0,3 Mmm. BeiOop onTHMalIbHBIX ITapaMETPOB 3aBUCHT OT COCTa-
Ba OETOHHOM CMECH, THIIA BHOPOOOOPYIOBAHHUS U TEOMETPHUCCKUX pa3MepoB uazenus [12].

Hcnonb3oBaHne BHOPAIIMOHHOTO YIUIOTHEHUSI OETOHA MPHUBOJUT K CHIDKEHUIO MOPHU-
cTocTH ¢ ~15 (g HeyrmmoTHeHHOTO OeToHa) 10 1-3 %. CHM)KEeHHE OPUCTOCTH CIIOCOOCTBY-
€T YBEITUYCHUIO MPOYHOCTH OETOHA Ha C)KaThe, MU0 U PACTSHKEHUE, a TaKKe MOBBIIICHHUIO
€r0 BOJOHETPOHUIIAEMOCTH U MOPO30CTOHKOCTH.

Buopooezazayua memaniuueckux pacniageos

Jlnst ynaneHus: pacTBOPEHHOTO BOJOPOJa M3 METAIUIMYECKHX PacIlIaBOB (HAIpUMED,
QTFOMUHHUEBBIX CIUIABOB) UCIOJB3YyeTCs BUOpoaerazanus. DPGEeKTUBHOCTh METOA JOCTHUTA-
€TCsl TIPH MPUMEHEHUH 3JICKTPOMArHUTHBIX BHOPAaTOPOB, YCTAHOBJICHHBIX HA KOBIIAX C pac-
TUTABOM. DJIGKTPOMArHUTHBIC BUOPATOPBI CO3/IAI0T MEXaHWYECKUE KOJeOaHUs, KOTOpHIC Tie-
pelaroTCs pacijiaBy MeTasuia.

OCHOBHOW MEXaHU3M JIeTa3alii — KOAICCICHIUS Ty3bIPHKOB, O0YCIOBIICHHAS MeXa-
HU3MOM brepkHeca. B 3aBUCHMOCTH OT 4acTOThI BUOpAIMH BBIJCISIOTCS OCHOBHBIC PEIKUMBI
MIOBEJ/ICHUS ITy3bIPHKOB.

B cityuae ucnosnib3oBanus mpu Budpozerazanuu Hu3kux gactot (f < 100 I'n) Bo3HMKa-
eT 3P PEeKT KOATCCIEHITNH, XapaKTEPU3YIOMUNCS PUTHKEHUEM MEITKUX Y3bIPHKOB T'a3a H UX
CJIMSIHUEM B OoJiee KpymHbIe 00pa3oBaHus. DTO 00YCIOBICHO BOSHHKHOBEHHEM CH Bbepk-
Heca, KOTOPBIC BBI3BIBAIOT B3aUMHOE MIPUTSHKEHUE MTY3BIPHKOB U CIIOCOOCTBYIOT UX CITHSIHHIO.
VYpaBHeHHEe MexaHu3Ma bbepkHeca, OMUCHIBAIOIICE B3aMMOJCHCTBHE JBYX MYJIbCHPYIOUIHX
My3BIPHKOB, UMEET CIICIYIONTUI BUI:

2mpoZA’R3R3

FB = — a4 ) (2)

rae: Fg — cujia B3auMOJICHCTBHS MEXIY Iy3bipbkamu; ® = 27tf — yrioBas 4actoTa; A — aMIUIMTYAa
BUOpayu; Ri, Rz — pagnychl My3bIPHKOB; p — IDIOTHOCTH paciuiaBa; d — pacCTOSIHUE MEXIY LEHTpaMU
MYy3bIPLKOB; f — YacToTa BUOpAIHH.

CornacHo MexaHn3My bbepkHeca, BHOPUPYIOLIHE ITY3BIPEKH CO3/IAIOT aKyCTHYECKHE
0JIsI, KOTOPBIC B3aUMO/ICHCTBYIOT MEKIY COOOM, BBI3bIBAs IPUTSHKCHUE WA OTTAIKUBAHUE B
3aBUCHMOCTH OT MX Pa3MEpOB M PACCTOSHMS MEkay HUMH. KoanecueHus my3sIpbKOB MpH-
BOJUT K MX CIIMSHHUIO U 00pa30BaHMIO 00Jiee KPYIHBIX My3bIpei, KOTOPBIC JIeT4e YAAISIOTCS
U3 pacruiaBa.

Tax BuOpozerasamnus o0ecrieunBaeT CHIKEHUE COIEPKaHMsI PACTBOPEHHOT0 BOJIOPOIa
B QJIFOMUHKEBBIX ciutaBax Ha 50—70 %. DTo yMeHbIIaeT BEpOsSTHOCTh 00pa30BaHUs 1IOp B OT-
JIMBKAX M YJIy4IllIaeT uX MexaHu4deckue cBoiicTra [13].

Buépauyuonnoe ghopmosanue nopouikoe (Kepamuxa, memaniot)

[Tpu M3roTOBICHUN U3ACTNI U3 KEPAMUKH WU TTOPOIIKOBBIX METAJUIOB UCIOIB3YEeTCs
M30CTaTUYECKOe TMPECCOBAaHUE C HaJloKeHWueM BuOparuu. Bubparnus obecrneunBaeT Oosee
TUIOTHYIO YIAKOBKY YaCTHUII TOPOIIKA, YTO MPUBOJIUT K YBEIUYEHHUIO TUIOTHOCTU U CHUYKEHUIO
MOPUCTOCTH TOTOBOTO HM3JETHUSA. JTO OOCSCIEUNBACT IOBBIIICHHE MPOYHOCTH M YIIYYIICHUE
AKCIUTYaTaI[MOHHBIX XapaKTePUCTUK H3ACTUH.

Jlanee paccCMOTPUM HEKOTOPHIE TEOPETHUECKUE MO BUOPAIITMOHHOTO BO3/ICHCTBHUS
Ha MaTepuall B MPOLIECCe HEMPEPHIBHON HAMOTKHU CTEKJIOIJIACTUKOBBIX TPYO.
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[Tpu Bo3neiicTBUM BUOpAIK CTPYKTYpa MOJMMEPHOTO MaTepralla MOXKET pa3pyliaTh-
Csl, P ATOM TPOUCXOAUT CHIDKEHUE ero 3PGEeKTUBHON BSI3KOCTH. s KaXkI0ro TUMA ITy-
3bIPbKa ra3a CYIIECTBYET PE30HAHCHAS YacTOTa, P KOTOPOW OH HAaYMHAET YPPEKTHBHO IO-
[JIONIATh SHEPTUIO0 U3 OCHUJUIUPYIOMIETO MOJISA, IPH 3TOM MYy3bIPhKHA HAYMHAIOT WHTCHCHUBHO
Kosie0aThCsl.

s 3pexTuBHOTO ynaieHus ra3000pa3HbIX BKIIFOUEHUH HEOOXO0MMO, YTOOBI YacTo-
Ta BUOpamuu ObUTa OJIM3KAa K PE30HAHCHOW YacTOTE MY3bIPHKOB Ta3a B CBS3YIOIIEM. B aTom
CIIy4ae My3bIPbKU HAYMHAIOT MHTEHCUBHO KOJIEOATHCS M OOBEIUHATHCSA APYr C JPYrOM, 4TO
CHOCOOCTBYET MX KOAJECCUEHIIMH U YAAJICHHUIO U3 CBA3YIOIIETO.

Paccmotpum mozenb 3¢ (heKTUBHON BS3KOCTH, KOTOPAsi OMMCHIBAET 3aBUCUMOCTD BSI3-
KOCTH MaTepHajia OT HIHTCHCUBHOCTH BUOPAIIMOHHOTO BO3JICHCTBHS:

— (—kTt)
Neff = No€ + Moo (3)
TAC Meff — TCKYLLIEC 3(1)(1)CKTI/IBHOC 3HAYCHUC BCJIMYUHBI BA3KOCTU B MOMCHT BPEMCHU t, No — HA4YaJIbHOC
3HAUCHHUEC BCIMYNHLI BA3SKOCTU IIPpU t= O, Ne — KOHCYHOC, YCTAHOBUBHICECSA 3HAUYCHUC BCIIMYNHBI BA3-
KOCTH MpH t — 00; K — KOHCTaHTa CKOPOCTH Tpollecca penakcaluu; I’ — CpeaHsist CKOPOCTh C/IBHTa,;
t — Bpems.

[Ipn HAMOTKE HaIMYKME HAMOJIHUTENSI B MOJMMEPHOM CBS3YIOIIEM YBEIMYMBAET €ro
BSI3KOCTh U M3MEHSET €ro peojornyeckue cBorcrTa. IIpu aTom ciienyer yuuThiBaTh BIUSHUE
HAIOJIHUTEJIA Ha TMapameTpbl monenu (no, I'). Jas 3Toro mMoryt mMcnoJsib30BaThCs MOJIETH,
OITMCBHIBAIOIIHE 3aBUCUMOCTh 3()(EKTHBHOM BA3KOCTH CYCIICH3HI U dMYyJbcuit [14].

Tak xak moaUMEpHBIE KOMIIO3UTHI 00J1aal0T AaHU30TPOITHBIMHU CBOMCTBAMHU, BEIMUMHA
BA3KOCTH 3aBUCHUT OT HampaBlieHus Aegopmaruu. Takum oOpa3oM, HEOOXOIUMO YUUTHIBATH
AQHU30TPONHIO TTPH MOJEIMPOBAHUM TTOBECHUS CBA3YIOIIETO M HAMOJHUTEICH MO ACHCTBU-
eM BuOparuu. {1 3Toro crneayeT UCnoiab30BaTh TEH30PHBIE IPEICTABICHUS BA3KOCTH.

Kpome monenu 3¢ hekTHBHON BSI3KOCTH, ISl ONTUCAHS BITMSIHHS HA IOJIMMEPHBIC CBSI-
3yIolIe BUOpaIu B Ipoliecce nepepaboTKu BaKHBIMU SBIISIOTCS MOJENIb BHOPOCMaYHBaHUS
Y MOJIEJb, OMKMCHIBAIONIAS JUHAMUKY MOBECHUS My3bIpEi B OCIMJUIMPYIOIIEM T0JIe. DTH MO-
JIENTA TIO3BOJISIOT OLICHUTH BIMSHHUE BUOpAIlMU HA JI€adpallli0 U CMauyuBaHUE, KOTOPHIE SBIIS-
IOTCSI KITFOUEBBIMHU (paKTOPAMH, OMPEACISIONIMME MMOPUCTOCTh U Ka4e€CTBO KOMITO3UIIMOHHBIX
MaTepHaoB.

Ocmupyroliee mojie, co3garoliee BUOpAIUIO B JKUJKOCTH, BO3/EHCTBYET Ha Iy-
3BIPHKHU Ta3a, BBI3BIBAS MX KONeOaHMs, TepeMelieHne u koanecueHiut. s a¢dexTuBHON
Jera3anuu HeoOXOoAMMO, YTOOBI IMy3BIPHKHU Ta3a KOAJIECIUPOBAIM U O0pa3oBbIBAIM OoJiee
KPYIHBIE ITY3bIPH, KOTOPBIE JIETY€ YAAISAIOTCS U3 )KUJIKOCTH.

[Ipu onpeneneHnn yCcIOBHM, MPU KOTOPBIX MPOUCXOIUT CIUSHUE MTY3bIPHKOB B OCITUJI-
JUPYIOIIEM TI0JIe, HCIOIb3YETCS KPUTEPUH KOAJIECLEHIIMH, KOTOPBII pPACCUMTHIBAETCS Ha
CpPaBHEHUU CHWJI TPUTSHKEHUS] MEXAY IMMY3bIPhKAaMHU U CHJI, MPEMATCTBYIOMINX HX CIHSHUIO.
VYcnoBue KoanecleHIuy ABYX My3bIpbKOB painycoM R 3amuchIBaeTCs B BUJE:

: (4)

rae A — ammumryaa BuOpanuu, M; o = 27tf — yrioBas yacrora BuOpauuw, paz/c; f —gacrora, I'; R — pagu-
yC Iy3bIPbKa, M; G — [IOBEPXHOCTHOE HATSDKEHHUE JKUIIKOCTH, H/M; p — MIIOTHOCTH JKUAKOCTH, KI/M°.

Aw 80
R PR3

Kpurepuii KoajecleHIIMN MOKA3bIBAET, YTO KOAIECIIEHIMS IY3bIPHKOB IPOU30MJIET,
€CJIM cuJjia MPUTSKEHHS] MeKy HUMU (cuiia brepkHeca) IpeBbICUT CHITY CONTPOTUBIIECHUS CIIU-
sauuto. J{ns apdexTuBHON neadpannn HE0OX0IMMO, YTOObI KpUTEPUIl KOAIECIICHIIUN BBIION-
HSICS 17151 OOJIBIIMHCTBA ITY3bIPHKOB ra3za B KHUIKOCTH.
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JIBrokeHre my3bIpsi K CBOOOIHON MOBEPXHOCTH B BA3KOW >KHJIKOCTH TOJ JCHCTBHEM
BUOpAIIMY OMHCHIBACTCS YPAaBHEHHEM, YYUTHIBAIOIINM Pa3IUYHBIC CHIIBI, JICHCTBYIONIUE HA
My3bIPb:

d?z .
mm—Fb—Fd—mg+mavsmwt, (5)
e Z — BepTHKaIbHAsh KOOpAMHATA Iy3bIpbKa; t — Bpems; Fp = 4/3nR%pg — BHITankuBaromas cuia;
Fq = 6nnR(dz/dt) — cuna Crokca; ay = Aw? — Bubpoyckopenue; M — >ppeKTUBHAs Macca My3bIpbKa
C MPUCOETMHEHHOW MacCcoM KUIKOCTH.

YpaBHEHHE NBIKEHUS MMOKA3BIBAET, UYTO JIBIDKEHUE IY3BIPSl OMpEesieTcs 0amaHcoM
CHUJI, ICHCTBYIOIIMX Ha Hero. BeITankuBaromniasi cuiia u cuiia, 00ycloBJI€HHAas BUOPAIMOHHBIM
YCKOPEHHEM, CIOCOOCTBYIOT JBHKEHHIO MY3bIps BBEpPX, a cuiia CTOKca MPensTCTBYET 3TOMY
JBUKECHHUIO.

Kaxk ckazano paHce, BaXXHbIM MCXAaHWU3MOM, OINPCACIIAIOIINM BJIIMAHUC BI/I6paI_II/II/I Ha
npouecc (GOpMHUPOBAHUS CTPYKTYPhI CTEKJIOIIACTUKOBON TPYOBI, SIBISETCA JNUHAMHUKA Ta30-
BBIX ITy3bIpEil B BUOpHpYIOIEM CBs3ytonieM. Hanuune ra3oBbIX My3bIpeil B KOMIIO3UTE TIPH-
BOJUT K 00pa30BaHUIO IMOP, YTO CHUIKAET €ro MPOYHOCTh, BOJAOHEIPOHUIIAEMOCTh U JIOJITO-
BCYHOCTbD. BI/I6paIII/I$I OKa3bIBaCT CYHICCTBCHHOC BJIMAHUC Ha JABHIXCHHUC, KOAJICCHCHIHIO H
pa3pylIeHHe ra30BbIX My3bIpeil, YTO M03BOJIAET AIPGEKTUBHO YIAIATh UX U3 KOMIIO3UTA.

JlnHaM#Ka Ta30BBIX MY3bIPEH B BUOPUPYIOIIEM CBS3YIOIIEM OIHCHIBACTCS MO H(HIIH-
poBaHHOUM Mojenbio Panes—Ilneccera, yuuTsiBaromieil BIusiHue BUOPAIIMOHHOTO JaBIICHUS Ha
M3MEHEHHUE paJinyca NMy3bIps BO BpeMeHH. YpaBHeHue Panes—Ilneccera, onuceiBaroiiee pa-
JTUaNbHbIE KoJleOaHus chepruuecKoro my3sIps B )KHJIKOCTH UMEET CIIETYIOIINMA BUI:

RdZ—R+E(d—R)2=%[P9—PO—P,,ibsinwt ————— dr

(6)
rie Py — naBienue rasa BHyTpH My3bIpbKa; Po — cTaTHueckoe JaBieHue B KUAKOCTH; Puip = pAw’lo —
aMIUIATY1a BUOPAIIMOHHOTO JaBieHHUs;, Lo — XapakTepHOe PacCTOSTHUE OT BUOPUPYIOIICH OIPaBKHU JI0
30HBI TIPOTTUTKH.

de? 2 \dt

VYpaBHenue (6) Moka3bpIBaeT, YTO AMHAMUKA U3MEHEHUS paguyca My3bIps 3aBUCHT OT
CICOAYIOMUX CUJI: JAaBJICHUA BHYTPHU IY3bIPA, JABJICHUA B KUAKOCTHU, ITOBCPXHOCTHOTO HATA-
JKEHUSI, BSI3KOTO TPEHUS W BUOpalMOHHOTrO AaBieHus. [lpu sTom BUOpanMoOHHOE HaBlIeHUE
OKa3bIBACT JIOTIOJHHUTEILHOE BO3JICHCTBUE HA PAIUyC IY3bIPs, BBI3BIBAS €0 CXKATHE WU
pacuiMpeHue.

Monens ) PeKTUBHOM BSI3KOCTH MO3BOJISIET UCTIOIL30BATh €€ IS OTMCAHUS TTOBEJIe-
HUS TOJMMEPHBIX KOMIIO3UTOB MPH BUOPOBO3JCHCTBUH, HO MPU 3TOM HEOOXOIUMO YUUTHI-
BaTh CIEAYIONIYI0O 0COOCHHOCTD. JJist my3bIpeit ¢ paaumycom ~100 MKM pe3oHaHCHAs 4acToTa
coctaBnsieT ~115 I'u, mpu kotopoit HabmoMaeTCs MakcUMalbHas aMIUIMTY/Aa KoJieOaHHi u,
COOTBETCTBEHHO, Pa3pyIICHUE Ty3bIPCH.

KitoueBbie aTansl popMUpPOBaHUS CTPYKTYPBI CTEKJIOIIACTUKOBOM TPYObI — MPOMUTKA
apMHPYIOIIEro MaTepralia (BOJIOKHA, KBAPIIEBOTO TIECKa) MOJTMMEPHBIM CBSI3YIOIINM, YKIaJIKa
MPOMUTAHHBIX HATIONHUTENEH Ha OMpaBKy, Aerazanus (yAalleHHEe 3aXBau€HHOTO BO3AyXa) H
reneoOpa3oBanue (OTBEpKIeHNE) MOTUMEpHO MaTtpulibl [15]. Bubpannonnoe Bo3zaeiicTeue,
UCIIONIE3YEMOE Ha Pa3IMyYHBIX dTamax Mmpolecca HaMOTKH, OKa3bIBAET CYIIECTBEHHOE BIUSHUE
IIpU MPOTCKAHUHN 3THX KIIFOYCBBIX (1)PI3H‘-I€CKI/IX SIBJICHUN Ha KOHEYHEIE CBOMCTBA KOMIIO3UTA.
st pa3paboTku 3P PEeKTUBHBIX MapaMeTPOB BO3JACHCTBHS HA CTPYKTYPY CTEKIIOMIACTHKOBOU
TPyOBI C MIOMOIIBI0 BHOpAIIMK HEOOXOAMMO MPOBECTH CUCTEMHBIN aHAIN3 TEXHOJIOTHIECKUX
CTauii ¥ BBISIBUTH MEXAaHU3MBI BO3/ICHCTBHUS BUOpAIIMU HA KaXKJIOM U3 3TUX JTAIOB.
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dopMHUpPOBaHNE CTPYKTYPHI CTEKIIOMIACTHKOBON TPYOBI TPH HEMPEPHIBHONH HAMOTKE —
MHOTO(aKTOPHBIN TPOIECC, MPU KOTOPOM BHUOPAIIMOHHOE BO3JICHCTBHE OKa3bIBACT BIUSHUE
Ha OCHOBHBIE (hU3MYECKUE SBICHUSA. PacCMOTpUM HMX C aKIIEHTOM Ha MEXaHU3Mbl B3aUMO/ICH-
CTBHSI C KOJICOAHHUSIMH.

[lepBblii ¥ OAWH W3 BAKHEUIIMX 3TArioB (POPMHUPOBAHUS CTPYKTYPHI CTEKIIOTIACTUKOBOM
TpYOBI — IPOMUTKA APMHUPYIOIIETO BOJIOKHA MOJIMMEPHBIM CBS3YIOIUM. D(PPEKTUBHOCTD TaHHO-
ro TpoIecca ONpPEeseT CTEIEeHb 3allOJHEHHUS MEKBOJOKOHHOTO MPOCTPAHCTBA CBS3YIOIIMM,
YTO HAMPSAMYIO BIUSET HA MEXaHMYCCKUE XAPAKTEPUCTUKU U TIOPUCTOCTh TOTOBOTO KOMIIO3HUTA.
[Tpumenenne BUOpaMu Ha dTare MPOIUTKA MOMKET CYIIECTBEHHO HHTEHCH(HUIIMPOBATH ITOT
MPOIIECC, YITydIllasi CMaYMBaHUE, CHI)KAsl BI3KOCTh U CIIOCOOCTBYS YAAJICHUIO Bo3ayXa [16].

[Iporecc MpONMUTKU BOJOKHA TOJIMMEPHBIM CBS3YIONTUM OIPEACIISCTCS B IEPBYIO Ove-
penb KamuUIIPHBIMU CHJIAaMH, 00ECTICUNBAIOIIMMY MPOHUKHOBEHHUE KHUJIKOCTH B Y3KHE KaHa-
JIBI MEXAY BOJIOKHamMu. [lepeMenienne >KMIKOCTH M0 KauusipaM B TIOPUCTOH cpene (B JaH-
HOM CJTy4ae B JKI'yTe CTCKJIOPOBHHTA) MOXKHO ONMUCaTh ypaBHeHUEeM Jlykaca—BamOypHa:

di Tcap O COS O
T (7
Nerr L

rae | — anuMHa myTH TepeMeleH s CBI3YIOLIEro B KIYTe CTEKIOPOBUHIA 3a BpeMs {, M; G — MOBepX-
HOCTHOE HaTsDKEHHUE CBA3YIOIIEro, H/M; Icap — TMaMeTp Kamuuisapa, M (U1 CTEeKJIIOPOBUHTA 3P EKTHB-
HBIH JaMeTp Kalwuisipa oNpeessieTcss Kak PacCTOsSHUE MEX/y BOJIOKHAMH); 0 — KpaeBO#H yroi cma-
YUBaHMSA, PAJI; Neff — JHHAMUYECKast BA3KOCTH CBsA3yomero, [1a-c; t — Bpems, c.

VYpaBuenue (7) MOKa3bIBa€T, 4YTO CKOPOCTh MPOMUTKUA MPONOPLHUOHATIBHA TMOBEPX-
HOCTHOMY HATSDKEHHUIO M KOCHHYCY U OOpaTHO MPOIMOPLHUOHANIbHA BI3KOCTH, a TAK)KE YMEHb-
IaeTCsl ¢ pOCTOM JUIMHBI nponuTanHoro ydactka (I). Takum obpasom, mis 3¢hdhekTuBHON
MPOMUTKUA HEOOXOJUMO HCIIOJIb30BATh KUAKOCTU C HU3KUM MOBEPXHOCTHBIM HATSXKEHUEM U
XOpOIIIeH CMauyMBaeMOCTbIO, a TAK)KE C HU3KOM BSI3KOCTHIO. YpaBHeHHUE (7) TakKe MOKa3bIBa-
€T, YTO BEJIMYMHA NMPOHMKHOBEHHUS >KUJKOCTH YBEIMYHMBAETCS CO BPEMEHEM, HO CKOPOCTb
IIPOHUKHOBEHUS 3aMEJISETCs 110 MEPE YBEJIMYEHUS INIYOMHBI. DTO CBSI3aHO C TEM, YTO CO-
MPOTHUBJICHHE TEUEHUIO KUJKOCTH YBEIMUYHUBAETCS IO MEPE 3al0JIHEHUSI KallUJIIPOB.

Eme oaHo siBneHue, onpenensioniee BIUsSHUE BUOpalluy Ha mpouecc GopMUpOBaHUS
CTPYKTYpBI CTEKJIOIJIACTUKOBOW TPYOBI, — YIy4YIllEHHE CMayMBaHHUS CTEKJISHHOTO BOJIOKHA
MOJIMMEPHBIM CBSI3YIOIIMM. XOpOIllee CMaulBaHUE BOJIOKHA 00€CIeunBaeT MPOYHOE CIIeTie-
HUE MEX]ly BOJIOKHOM M MaTpHIEH, a 3TO MOBBIIAET MEXaHUYECKHUE CBOMCTBA U JIOJITOBEY-
HOCTh KoMro3uTa. Bubparnus Takke oka3biBaeT BIMSHUE HA JUHAMUKY CMaYMBaHUs, TaK Kak
CHUYKAETCsl KPaeBOM yroj CMauuBaHUS U YBEIMYUBAETCS CKOPOCTh PACTEKAHMS CBS3YIOILIETO
TI0 TIOBEPXHOCTH BOJIOKHA [17].

Jl5is onucanus BIUSHUS BHOpAIMK HA MPOLIECC CMAYUBAHUS UCTIONB3YeTCs TUHAMUYE-
CKasi MOJIeb, KOTOpasi YYMTHIBAET BJIUSHUE KAMWIUISPHBIX, BA3KAX M WHEPIUOHHBIX CHIL.
VYpaBHeHHe, ONUCHIBAIOIIEEe TUHAMUYECKUI KpPAaeBOM yroa CMauyMBaHUA IOJ BO3JIEHCTBHEM
BUOpAIMy, MOKHO TIPEICTABUTH B BUJIE:

A?w?pr
20
rie Odyn — TMHAMUYECKUH KpaeBOW yrojl cMayrBaHUs (Yol MKy KacaTelbHOW K MOBEPXHOCTH JKUJI-
KOCTHU U MOBEPXHOCTBIO TBEPAOIO TEJIa B TOUKE TpeX(i)a?,HOFO KOHTaKTa IIpy HaJIMYNKN )IBI/I)KGHI/ISI); 60 —
PaBHOBECHBIN KpaeBoil yroy cmaunBanus — yroi FOHra (yron Mexay KacaTeiabHO#H K MOBEPXHOCTH
KHUAKOCTH U MOBEPXHOCTHIO TBEPIOro Telia B TOYKE TPeX(ha3HOro KOHTAKTa B COCTOSHHUH PaBHOBE-
cus); ©(Ca, We) — ammmpudeckas QyHKIHs, 3aBUCSINas oT KamunisipHoro yucia (Ca) u uncna Bebe-
pa (We), onuchIBaroIas BAUSHAC AUHAMHYICCKHX 3((PEKTOB HA CMAaYMBAHUE; I — pagiyc dJIeMeHTap-

HOTO CTEKJIOBOJIOKHA [18].

cos B4yn = cos By + ® (Ca,We), (8)
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VYpaBuenue (8) moka3bIiBaeT, YTO JTUHAMHYECKHI KPAaeBOW yroj CMauMBaHUs 3aBUCUT
OT PaBHOBECHOTO KPaeBOTO yria CMAaYMBAHUS U OT TUHAMUYECKHUX 3(PPEKTOB, OMUCHIBACMBIX
smnupuueckoil pynkuuent ©. KanwuispHoe 4uciIo XapaKTepu3yeT BIMsSHHE BA3KUX CHJI Ha
MPOIIeCC CMauyuBaHus. YeM O0JbIle KaMMUTSIPHOE YUCIIO, TEM CUJIbHEE BIIUSHUE BSI3KUX CHIT U
TEM MeIJIeHHee MPOUCXOAUT cMauuBaHue. Yucno BebGepa xapakTepusyer BIUSHUE WHEPIIH-
OHHBIX CHJI Ha Tpolecc cMaymBaHus. Uem Oosbine uucio BeOepa, TeM CHIIbHEe BIUSHUE
MHEPLUOHHBIX CHUJI M TeM ObICTpee MPOUCXOAUT cMauumBaHue. BuOparus BIuseT Ha Kamui-
JSIPHOE YKCII0 U ncio BeGepa, n3MeHsIst BAI3KOCTh CBSI3YIOIIETO U CKOPOCTh €T0 JIBUKEHUSI.

[Ipu yBenuueHUM YaCTOTHI U AMILTUTYbl BUOPALIMUA TIPOUCXOAUT CHU)KCHUE TUHAMU-
YEeCKOro0 KpaeBOro yrila CMAvyHMBAaHHS, YTO CBHUJACTEIHCTBYET OO YIIYYIIEHUH CMaYHBAHHS
CTEKJISTHHOTO BOJIOKHA. MexaHu3M BIUSHUS BUOpallMM Ha CMayMBaHHUE 3aKIIOYaeTCsl B CHU-
YKEHUH YHEPreTUUYECKOT0 Oaphepa Ha JIMHUU KOHTAKTa. JHEPreTUICCKHUI Oaphep MPEensiTCTBY-
€T PacTeKaHHIO KUIKOCTU MO0 MOBEPXHOCTH CTEKISIHHOTO BOJIOKHA. Bubpauus co3maer kole-
OaHMsI MOJIEKYII CBSI3YIOIIETO, YTO OOJIETYaeT MPEoI0JICHHE dSHEPreTHIecKoro 6aprepa u cro-
cOOCTBYET pacTeKaHHIO >KUIKOCTH 110 TTOBEPXHOCTH CTEKJITHHOTO BOJIOKHA.

OnuH U3 BaXHBIX (PaKTOPOB, OMPEICIISIONINX CBOMCTBA CTEKJIOIIACTHKOBOU TPYOBI, —
coJlep’kaHue BO3AYIIHBIX BKiItoueHuil (mmop). [loBeilieHHOE coAep)KaHUE MOpP MPUBOIUT K
CHIKEHUIO MEXaHWYECKUX CBOMCTB, MOBBIIIEHUIO BOJOMPOHUIIAEMOCTH U CHIKEHHIO J10JITO-
BEYHOCTH KOMMO3UTa. Bubparus oka3pIBaeT CyIIECTBEHHOE BJIHMSHHE HA TUHAMUKY yCKOpe-
HUS YAQJICHHs BO3/lyXa U3 KOMIIO3UTA U CIIOCOOCTBYET KOAJIECIICHIIMH MTy3bIpel U YCKOPEHUIO
UX JIBUOKEHUS K IOBEPXHOCTH.

3aBepIIaronIuM 3TaroM (GOPMHUPOBAHUS CTPYKTYPHI CTEKIIOTUIACTUKOBOM TPYOBI SIBJISI-
eTCsl OTBEpXKJICHUE TMOJIMMEPHOro CBs3yromero. Ha stom stame mpoucxoauT oOpazoBaHUE
TPEXMEPHON TMOJMMEPHOU CETKH, YTO MPUBOJIUT K YBEIWYCHHUIO MPOYHOCTH, JKECTKOCTH M
TEPMOCTOMKOCTH MaTepuaia. BuOpauus oka3pIBaeT BiIMsSHUE HA KUHETUKY resie00pa3oBaHus,
a TaKk)Ke Ha CTPYKTYpPY U CBOMCTBa Gopmupyromieiics nomumepHoi cetku. C ygeTom BHOpoO-

BOSI[GIZCTBPIH MOKHO paCcCMOTPETH CJIICAYHOLIYO MOACIIb ITOJIMMEPU3ATUN:

& (ko + ke — ) ar, ©)
rae do/dt — CKOpOCTh M3MEHEHHUsI CTENEeHH MPEBpALEHHs (CKOPOCTh MOJUMepHu3alum); E, — sHeprus
aKTUBALMU NOJIMMEpPU3aluM; R — yHUBEpcalbHas Ta30Basl MOCTOSIHHAS; T — TEMIIEPaTypa; o — CTeTEeHb
npeBpalieHus (CTeneHb moauMepu3anun); k, — BuOpannoHHbiid ko3dduimeHT; Ko — KOHCTaHTa CKOpO-
CTH TIOJIMMEPHU3AIIH TIPH OTCYTCTBHU BHOpaluu; B — mapameTp 3aTyxaHusi BUOpamnnonHoro 3ddexra
C POCTOM BSI3KOCTH; N — MIOKA3aTeNb CTEIEHH, XapaKTePU3YIOLINK 3aBUCMMOCTb CKOPOCTH OT OCTaTO4-

HOM KOHIOCHTpAalluu MOHOMCEDA.

dyH1aMEeHTalIbHOE BO3/ICUCTBUE BUOpAIIMK HA KOMITO3HUT B TIpoiiecce OpMOBaHHUS 3a-
KJIFOYAETCS B U3MEHEHHH PEOJIOTUUECKUX CBOMCTB CBA3yrolIEero. OQHUM U3 KIHOUYEBBIX MeXa-
HU3MOB SIBJISIETCS BIIMSIHHE BUOpAIIMU HA PEOJIOTUYECKHE CBOMCTBA CBS3YIOIIETO, & HMEHHO —
BUOpanroHHas Tukcorpomnus [19].

Bubpannonnas TUKCOTPOIUS — 3TO SIBJIEHWE CHIDKEHUS BS3KOCTH MaTepHalia 1Mol BO3-
neiicTBueM BHOpamuu. B moIMMepHBIX KOMITO3UTaX 3TO MPOSBISETCS B CHIKEHUH BSI3KOCTH
CBSI3YIOIIETO, YTO 00JIErdyaeT ero TeUeHNe 1 yJIydIlaeT MPOMUTKY apMUPYIOIIEro MaTepraa.

B monmushupHBIX CBA3YIOMIMX MPOCTPAHCTBEHHASI CETKA BOJOPOAHBIX CBs3el oOecre-
YHBAET OTHOCUTEIBHO BBICOKYIO BSI3KOCTh B COCTOSIHMH TMOKOs. BuOpanmonHoe Bo3eicTBIE
HapyIlIaeT CEeTKY BOJOPOIHBIX CBI3€H, U 3TO MPUBOAUT K CHUKEHHUIO BA3ZKOCTU. C TOUYKH 3pe-
HUS (HU3UKO-XUMHH TTOJIMMEPOB BOJIOPOIHBIE CBSI3U MIPEICTABIIIOT COO0M Ci1abble MEKMOJIe-
KYJISIpHBIE B3aUMOJICHCTBUS, KOTOPbIE MOTYT OBITh JIETKO Pa3pyIIeHBI MO JEHCTBHEM MeXa-
HUYECKUX KoJeOaHuW. DHeprus, moiiydaeMasi MOJIEKYJIaMH CBSI3YIOIIETO TMPU BO3JEHCTBUHU
BUOpAIINY, MPEBHINIAET YHEPTUIO BOJOPOJIHBIX CBSI3EH, YTO MPUBOAUT K MX Pa3pbIBy. DTOT

TPYAbl BUAM / TRUDY VIAM 10 (164) 2026 141



KoMNo3ULMOHHbIE MATEPHUAADI

MIPOIECC aHAJIOTHYEH MPOIECCY TUKCOTPOITHOTO PA3KIKCHHUS B KOJUIOMIHBIX CHCTEMax, TIc
pa3pylIeHue CTPYKTYPHI TeJis TPU BUOPAIIMU IPUBOJIUT K CHIDKCHHIO BSI3KOCTH.

HecmoTps Ha 3HAUMTEILHBIN HOTEHIMA IPUMCHEHMS BUOPAIUN IS TOBBIIICHHS Ka-
YECTBA CIIOMCTHIX ITOJIMMEPHBIX KOMIIO3UTOB, HEOOXOAMMO YYHUTHLIBATH BO3MOJKHBIE HETATHB-
HBIC IOCJIEACTBUSA M OI'PAaHUYCHUS, CBI3aHHbIE C BHOPAIIMOHHBLIM BO3jchcTBHEM. [IpeBkliie-
HHE ONPCACIICHHBIX KPUTHYCCKUX 3HAYCHHUH MMapaMeTPOB BHOpAIMH MOXKET IPHBECTH K He-
JKeJlaTeJIbHBIM SIBIICHHMSAM, TAKUM KaK cemaparis HAIOJHHUTEISA, BOSHUKHOBEHHE TEPMOYIIPY-
TUX HANpsOKCHUH W Pe30HaHC KOHCTpyKuwi. [IpuMeneHune BuOpanuu B mpolecce HaMOTKH
KOMIIO3UTOB MOKET IPUBOAUTE K CICAYIOIIUM KPUTHUCCKUM SBIICHUSIM.

[Ipu mpeBBIICHUH ONPEACICHHOIO 3HaYeHUs yCKopeHus BuOpamuu (a > 0,59, roe g —
yckopenue cBobonnoro nagenus; a = A(2nf)?; A — ammmmryna; f — wacrora) mpoucxoaur ce-
rapanms HaIOJHUTES, B PE3yJIbTaTe Yero 0oJiee TsoKeIble YacTHIIBI (HalpuMep, ITIECOK) oce-
JAalOT B HIDKHEH 30HE, a OoJiee JIeTkue (HalpuMep, MOJUMEPHOE CBSA3YIOIIEES) ITOJHUMAIOTCS
BBepX. Cemapamus HaIOJHUTEIS MPUBOAUT K HEPAaBHOMEPHOMY pacIpeIelICHHI0 KOMIIOHCH-
TOB B KOMITIO3HMTE, UYTO YXY/IIA€T €r0 MEXaHUYECKHUE CBOMCTBA U MOXKET IIPUBECTU K 00pa3o-
BAHHUIO 30H C MOBBIIICHHON MOPHUCTOCTBIO. DTO SIBIICHHE CBS3aHO C JCHCTBHEM CHIIbI MHEP-
LM, KOTOpasi MPOIIOPIMOHAIbHA MacCe YaCTHUIIBI M YCKOPEHUIO BUOpauuu. [Ipu nocratouno
OOJIBIIIOM YCKOPEHUH CHUJIa MHEPIIUU CTAHOBUTCS OOJIBIIIE CHIIbI COIPOTHBIICHUS CPEAbL, M Ya-
CTHIIBI HAYMHAIOT IIepeMEIaThCs MoJa AcHCTBHEM 3TOM cuibl. C TOYKH 3pCHUS MEXaHUKHU
JUCTICPCHBIX CHUCTEM Cerapalisi HalOJHUTEIS SBIISCTCS MPOSBICHUEM TPaBUTAIIMOHHON HE-
YCTOMYMBOCTU CYCIIEH3HH MO AeiicTBUeM BuOparuu [20].

IIpu ucnonp3oBanuu BbIcOKOYacTOTHOM BuOparmu (f > 300 ') B MaTepuane MOryr
BO3HUKATh TEPMOYIIPYTHE HANPSHKCHUS, 00YCIOBICHHBIC JIOKAIbHBIM HarpeBOM H3-3a BHYT-
PEHHETO TPEHMS U BI3KOYIPYrod IMCCHUIIAMHU SHEpruu. JIOKaJIbHBI HarpeB MOXKET IIPUBO-
JIUTh K 3HAYUTCILHOMY IOBBIIICHUIO TEMIIEPATYPhl U TCPMUUYSCKOMY Pa3JIOKECHHIO WM Je-
(dhopMaLKH TOJTMMEPHOIO CBA3YIOMIEro. IHTEHCUBHOCTL HarpeBa MaTepHalia 3aBUCUT OT Ya-
CTOTBHI M aMILIUTYIBI Ae(opMaliii, a TakKe OT BI3KOYIIPYIHX CBOMCTB MaTepuana. IIpu BbI-
COKOYACTOTHOM BUOpALIMU CO3/1aeTCsi OOIBIIOE KOJIUYECTBO IIUKJIOB AeQOpMAaIiK B €IUHUILY
BpEMEHH, YTO U MIPUBOAUT K 3HAYUTEILHOMY HarpeBy Marepuara.

[Ipu coBmageHHH YacTOTHI BHOPAIUA C COOCTBEHHOM YacTOTOM KOJICOAHUN ONpPaBKH
WA JIPYTUX DJIEMEHTOB O0OPYIOBAHHS MOKET BO3HMKHYTH PE30HAHC, KOTOPBIH NPHBEIET
K 3HAYUTEILHOMY POCTY aMILIATYALI KOJEOaHUH M BO3HUKHOBEHHIO BBICOKHX HAIPSHKEHHH
B KOHCTPYKIIMH. Pe30HaHC TakiKe MOKET IMPUBECTH K Pa3pyIICHHUIO OMPABKHA HIIH JPYTUX dIe-
MEHTOB 000pYHOBaHMUS, a TaKKe K CHIKeHHIO KadecTBa [IKM. C Touku 3peHHs TEOpUU KoJIe-
OaHMi, pe30HAHC BO3HHMKAET, KOT'/Ia BHEIIIHEE BO3JCHCTBHE OKAa3bIBAET MAaKCUMAJIbLHOE BIIHS-
HUE Ha KojebarenbHyI0 cuctemy. s mpemoTBpallieHHss pe3oHaHca YacToTa BHOpaIuu
JIOJKHA OTJIMYATHCS OT COOCTBEHHBIX YaCTOT KOJeOaHUM DJIEMEHTOB 000PYyIOBaHUS.

Bubparus Takke yCKOPSET IIPOLECC OTBEPKIEHHUS, UTO MOKET IIPUBOJIUTH K IIPEXKIC-
BPEMEHHOMY 3aTBEPJICBAHUIO CBS3YIOIIEr0 W HEBO3MOXXHOCTU YIAJICHHS BO3IYIIHBIX ITY3bI-
peii. Ilapamerpbl BuUOpaluu HEOOXOIMMO TIIATEILHO KOHTPOJIMPOBATh, YTOOBI H30€KaTh
MIPEXKIECBPEMEHHOI0 3aTBEpIeBaHus U 00ecieuuTh P (GEeKTUBHYIO Aeadpalnio. B To ke Bpems
BHOpAIIMs MOXET CHIDKATH MHUKOBYIO DK30TEPMY, YTO YMEHBIIAET yCaJOYHbIE HAMPSHKEHUS B
nporiecce orBepxkaeHus. CHIDKEHUE e YCaT0YHBIX HANPSDKEHUH CITOCOOCTBYET MOBBIIICHUIO
MIPOYHOCTH | JIOJITOBEYHOCTH KOMITO3HUTA.

[Ipu BEIOOpe mapamMeTpoB BUOpAIMM Ha KOHKPETHOM OOOPYIOBAaHHMH HEOOXOIUMO
YUUTBHIBATH MPAKTHUYCCKUE OTrPAaHUYCHHS, YUMTHIBAIOIIUE MPUMEHEHHE CTAIBbHBIX ONPaBOK U
AHEPro3arpar NPOBOJAUMOr0 BUOPAIMOHHOI0 Bo3aecTBUs. [Ipy 3TOM MakCcUMallbHAs aMILIU-
TyJa BUOpaIMi OrpaHHYeHa MPOYHOCTHI0 MaTepraja OnpaBKu. J{JIs cTaabHBIX OMPaBOK MakK-
CHMaJlbHas aMIUIATY/a BHOpanyuy OOBIYHO COCTABJISIET 1,5 MM I TpyO ¢ JUaMETPOM MEHEE
500 MM u 0,5 MM — U1t TpyO ¢ nuameTrpom Oosiee 1000 mm. IlpeBblieHne MakCUMaIbHON
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aMIUTUTYBl BUOpAIIMKA MOXET MPUBECTH K BOZHUKHOBECHHUIO YCTAJIIOCTHBIX TPEIIUH U JTaXKe K
pa3pyIlIeHUIO OMpPaBKH. MakcuMallbHAs aMIUTUTY/a BUOpPAlUM TAK)KE 3aBUCHUT OT YacCTOTHI
BUOpPAIMY ¥ KOHCTPYKIIUU OMPABKH, YTO TPEOYET ONMPEICICHHBIX YHEPro3arpaT Ha CO3/IaHue
BHOpaIuu. DHepro3arpaTsl IPH BUOPAIIMOHHOM MeToJie 00bIYHO cocTaBistoT 0,8—3,0 kBT Ha
TOHHY KOMITO3UTa W 3aBHCAT OT TMapaMeTpOB BHOpAIH, KOHCTPYKIIMH OOOPYIOBAHHS M
CBOWCTB Marepuaina. [|jis CHUKeHus SHepro3arpaTr HeoOX0AMMO ONTHMH3HPOBATH TAPAMETPHI
BHOpAIMU ¥ UCIIOJIb30BaTh YHEProdh(HEeKTUBHOE 000PYIOBaHHE.

3akiaroueHus

Ha ocHoBe aHanmm3a (U3MYECKUX MEXaHM3MOB BHOPAIMOHHOI'O BO3ACHCTBHS, BKIIIO-
YaIOIIET0 HHEPIIUMOHHBIC CHIIBI, aKyCTHUCCKUE TCUCHHS U PE30HAHCHBIC SIBIICHHMS, a TAKKE 00-
30pa YCHEHIHBIX IIPOMBIIIJICHHBIX IIPEIEACHTOB, TAKWX KaK BHOpPOYIUIOTHCHHE OETOHA,
BHOpoOJerazamus METAJNIMYECKUX pacIylaBOB M BHOparioHHOE (HOPMOBAHUE ITOPOIIKOB,
YCTaHOBJICHO, UTO yIpaBJisieMasi HU3KOYacTOTHAsI BUOpaIus sSBsieTcs dPQPEKTUBHBIM U SHEP-
TFO3KOHOMMYHBIM CITOCOOOM CHIIKEHHUS MOPUCTOCTH IOJIMMEPHBIX KOMIIO3UTOB, (hOPMYEMBIX
METOJIOM HEIPEpPhIBHOM HAMOTKH. Moellb BUOPAIIMOHHON THKCOTPOIIMH ITO3BOJISET IIPOTHO-
3UpoBaTh dP(HEKTUBHYIO BA3KOCTh CBS3YIOIIETO B 3aBUCHMOCTH OT CKOPOCTH CIABHTa M Bpe-
MEHHM BO3JICHCTBHUS, a KPUTEPHUH KOAJIECCICHIMHM TIa30BBIX ITY3BIPHKOB, BBIPAXKCHHBIN uepe3
Oe3pa3zMepHOe BUOpaloHHOE unciao Bebepa, ompeennser moporoBeie YCIOBUS Hadala CIIMs-
HUS My3bIPKOB. Y paBHCHUE JBHMKCHHS IY3bIPS B BSI3KOM cpejie U MOIUMDHUIIMPOBAHHOE YpaB-
Heane Pames—Ilneccera mar0T BO3MOXKHOCTH AHANM3UPOBATH PagUaIbHBIC ITYJIbCAIIMU ITYy-
3BIPHKOB M OLICHMBATh MX PE30HAHCHYIO YacTOTY, KOTOpas I XapaKTEpHOI'0 pa3Mepa Iop
cocraBisgeT ~115 I'm. JluHamMu4eckoe CMauyMBaHHE OIKMCAHO 3aBUCHMOCTBIO, CBS3BIBAIOIICH
KpaeBOW yroJl ¢ BUOpallMOHHBIM 4ucioM BebOepa M KanMILIAPHBIM YHCIIOM, YTO ITO3BOJIMJIO
y4eCTh BIMSHHC BHOpAIlMU Ha PACTCKaHHE CMOJIBI IO TTOBEPXHOCTH 3JIEMEHTAPHBIX BOJIOKOH.
Kunernka oTBepkeHUs MTPEACTABICHA MOJIENbIO, YUUTHIBAIONIEH BUOPAIIMOHHOE YCKOPEHUE
PEaKIMK U €T0 BO3CHCTBHE HA TUKOBYIO SK30TEPMY.

TakuM 00pa3oM, COBOKYITHOCTh IOJYYEHHBIX PE3yJIbTaTOB (hOPMUPYET HAy4HO 000C-
HOBaHHYIO METOJMKY BbIOOpA YaCTOTHO-aMILIMTYIHBIX IIApaMETPOB BUOPAIMOHHOI'O MOIYJIA,
KoTopasi o0ecreunBaeT JOCTHIKCHHE MHUHHMAJIbHONH OCTATOYHON IMOPHCTOCTH TPEXCIOMHBIX
CTEKJIOIUIACTUKOBBIX TPYO MPH COXpPAaHEHWH CTPYKTYPHOU OJHOPOJHOCTH, TEXHOJIOTHIHOCTH
1 DKOHOMHUYECKOH 2P(HEKTUBHOCTH HEMPEPHIBHOTO MPOIIecca HAMOTKH.
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NCCIEJOBAHME PEJBE®A ITOBEPXHOCTH
CTEKJVIOIIJIACTHUKA BIIC-53/T-25 IIPU HATYPHBIX
N YCKOPEHHBIX KIIMMATHYECKHUX UCIIBITAHUAX

B.O. Cmapueel, A.A. Heuaes*

!®enepanpHoe rocyJapcTBEHHOE YHUTAPHOE NpeAnpHuaTHe «Bcepoccuiickuii HaydHO -HCCIe0BaTeNbCKUil
MHCTUTYT ABUAIIMOHHBIX MaTepHasioBy HalMOHAILHOIO HCCIIEI0BATENBCKOTO LeHTpa «KypuaTOBCKUi MHCTHTYTY,
Mocksa, Poccust; admin@viam.ru

Annomauusn. Hccnedosano usmenenue peavegha nosepxnocmu cmexaonnacmuxa BIIC-53/T-25
nocie KUMAmu4eckux UCHbIMAaHULL 6 OMKPbINbIX YCL0BUSX YMEPEHHO2O U YMEPEHHO Men1020 K-
mama 8 meyenue 24 mec., a maxoce 1a60PAMOPHLIX UMUMAYUOHHBIX UCTIBIMAHUL N0 08YM
peacumam. Ilocne xancoo2o cvema nPOBOOUTU UCCAEO0BANHUSL XAPAKMEPUCTHUK pelbedha No-
8epXHOCMU 0OPA3Y08 ¢ NOCMPOEHUEM PACIPedeNeHUsl 8bICOM HeOOHOPOOHOCmel. Boisgnenbl
Ccyujecmeen bvle pasiuius 8 CKOPOCMU UMEHEHUS 3HAYeHULl YeHMPO8 PACnpedeieHUsl Heoo-
HOPOOHOCMell NOBEPXHOCMU NPU HAMYPHLIX U YCKOPEHHBIX 1a00PAMOPHLIX KIUMAMUYECKUX
UCNBIMAHUSX.

Knwouesvie cnosa: xiumamuueckoe cmapenue, CIMeKIONIACMUK, npoguiomempus, peivegh
HOBEPXHOCMU, MAMEMAMUUECKOE MOOETUPOSAHUE

na yumuposanun: Crapues B.O., Heuae A.A. HccrenoBanme penbeda MOBEPXHOCTH CTEKJIOIIIACTHKA
BIIC-53/T-25 mpu HATypHBIX W YCKOPEHHBIX KIMMaThueckux wucmbitanusx // Tpymst BUAM. 2026.
Ne 10 (164). C. 146-160. URL: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-146-160.

Scientific article

STUDY OF THE SURFACE RELIEF
OF VPS-53/T-25 GLASS-FIBER-REINFORCED PLASTIC
UNDER FULL-SCALE AND ACCELERATED CLIMATIC TESTING

V.O. Startsev!, A.A. Nechaev*

'Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institutey», Moscow, Russia; admin@viam.ru

Abstract. The surface topography of VPS-53/T-25 fiberglass was studied after 24 months of
outdoor climatic testing in moderate and moderately warm climates, as well as after laboratory
simulation tests in two modes. After each exposure, the surface topography characteristics of
the samples were analyzed, plotting the distribution of surface irregularity heights. Significant
differences in the rate of change in the centers of the surface irregularity distribution were re-
vealed during both full-scale and accelerated laboratory climatic tests.

Keywords: climatic aging, fiberglass, profilometry, surface relief, mathematical modeling

For citation: Startsev V.O., Nechaev A.A. Study of the surface relief of VPS-53/T-25 glass-fiber-reinforced
plastic under full-scale and accelerated climatic testing. Trudy VIAM, 2026, no. 10 (164), pp. 146-160.
Available at: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-146-160.
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BBenenue

bnarogaps couetanuio BBICOKOH YAETbHOW MPOYHOCTH, KOPPO3MOHHOM CTOWKOCTH U
TEXHOJIOTUYHOCTH MepepadOTKH, MOJMMEpHbIe KOMIO3UIMOHHbIe MaTepualsl (ITKM) mumpo-
KO MPHUMEHSIIOTCSI B aBUAKOCMUYECKOW TeXHUKE, aBTOMOOMIIECTPOECHUH, CYIOCTPOCHUH, BET-
POdHEpPreTUKe u cTpouTesibeTBe. OHAKO JAIUTeNbHas KCITyaranus uzgaenuit u3 [IKM B ot-
KPBITBIX aTMOC(EPHBIX yCclIoBuUsX [1-5] yxyaiiaer nokasarenu MaTepuaia u3-3a BO3ICHCTBUS
COJIHEYHOTO M3JIydeHHus [6, 7], UMKIMUECKUX TeMIIEpaTypHBIX MEePernajioB, BO3ICUCTBUS BIaru
[8-12] u arpeccuBnbix cpen [13, 14]. HecMoTpst Ha MpUMEHEHHE 3aIlIMTHBIX MOKPBITHIA [15,
16], moBepxXHOCTh MaTepHuasia — HauboJiee ys3BUMasi U OJHOBPEMEHHO WH(GOpMAaTHUBHAS
00J1acTh: TPOUCXOIAT (POTOOKUCIUTENbHBIE PEaKIMU U TUIAPOIN3, HAOI0Aal0TCsS 00paso-
BaHNE MUKPOTPEHIMH W BBIMBIBAHHE KOMIIOHEHTOB. M3MmeHeHue penbeda MOBEPXHOCTH
(Bo3pacTaHue WIEPOXOBATOCTH, 00pa30oBaHUE KpaTEpONoOJ0OHBIX Ae(hEeKTOB, HapyIICHHE
aJiIre3ur MEXJy MaTpulleid U apMUPYIOIIUM HAIMOJHUTEIEM) IPUBOJUT HE TOJBKO K yXY/[I-
HICHUI0O BHEIIHErO0 BHUJa, HO U HEMNOCPEJACTBEHHO BIHSIET Ha Je(pOpMAaIMOHHO-
MPOYHOCTHBIE CBOWCTBA MaTepuana, MOCKOJIbKY BO3HUKAIONIME MHUKPOHEOIHOPOIHOCTH
CIy’KaT KOHI[EHTPATOPaMU HaIpPsKCHHH.

B psane nccnenoBanuil moka3aHo, 4yTo Ipu HarypHoU skcnosunuu [IKM u3MeHneHue
penbeda MOBEpXHOCTH UMEET yCTOMUMBLIN XapakTep u 3aBUcHUT oT Tumna [IKM u knumaTtuue-
cKkoit 30HBI. B pabote [17] mokazaHo, 4TO Ui APEBECHO-TIOUIIPOIMUICHOBBIX KOMITO3UTOB
MOCJie OJJHOTO T0/ia UCIBITAHUN METOJOM CKaHMPYIOIIEH 3IEKTPOHHOM MUKPOCKOIHH BbISIB-
JIEHbl MHOTOYHCJICHHBIE MUKPOTPEIIUHBI U YBEJIUUYEHHUE CPEeIHEN IIEepOXOBATOCTH, KOPPEIU-
pyroliee ¢ oTepeit MPOYHOCTH. AHAJIOTUYHBIN MaTepral B padote [18] mokasan Bo3pacranue
mepoxoBatoctu Ha 40—70 %, mpudyem O60Je€ UHTEHCUBHOE — B YCJIOBUSX TOBBIIICHHON BJIaX-
Hoctu. B uccnenoBanuu [19] Ha [IKM ¢ HamosHHUTENeM M3 BOJOKHA Kypaya IOCIE OJIHOTO
rojia HaTYpPHOT'O SKCIIOHMPOBAHUS BBISBIICHBI PACTPECKHUBAHUE MOBEPXHOCTH U BHIMBIBAHUE
JUTHUHA, YTO MPUBEJIO K yBEIHYEeHHIO mepoxoBaTocTH ¢ 0,8 1o 2,4 mxm. CpaBHEHHE OTKpbI-
toro skcronupoBanus [IKM u skcrionupoBanus 1oj crekioM B padote [20] mokasaio, 4to
IIpU IPSIMOM BO3ACHCTBUU LIEPOXOBATOCTh BO3pacTaeT Ha 78 %, a moja cTekiaom — Ha 22 %,
YTO TOJTBEPXKIAET JIOMHHUpYIOIIee 3HadeHue yibTpaduosietoBoro (YD) usimydeHHs.
B uccnenoanuu [21] mis majbMOBBIX BOJOKOH B JINHEWHOM TOJUATHUIICHE HU3KOH TUIOT-
HOCTHU Tocjie 12 Mec. HaTypHBIX UCHBITAHUN OOHApPYKEHbI MONEPEYHbIE TPEUIUHBI U OTCIIOe-
HUE MaTPUIIBI, TPUYEM IIEPOXOBATOCTh yBEIHUMIach B 3,2 pasa. B pabGore [22] m3mepsm
MPOYHOCTh M pa3pyLIAONIyI0 Harpy3Ky oOpa3lioB CTEKJIO- U YIJIEIJIACTUKOB IOCIIE TPEX JIET
HKCIIO3UIMHU B PA3IMYHBIX KJIMMATUYECKUX 30HaX. BhIsBIEHO, YTO pa3pylieHne MOBEPXHOCT-
HOTO CJIOSl MPUBOJMT K CYILIECTBEHHOMY paz0pocy M3MepsieMoil TOJIIIMHBI 00pa3loB U Jeia-
€T HEBO3MOKHBIM KOPPEKTHOE OMpeAeIeHUEe MOy YINPYrOCTU CTaHJAapTHBIMU METO/a-
Mu. [l GMOKOMITO3UTOB Ha OCHOBE MOJIMOYTUJIEHCYKLIMHATA U CU3aJI€BOT0 BOJIOKHA MOCIE
OJHOTO T'oJila HATYPHOTO CTAapEHUs! MOBEPXHOCTh CTAHOBUTCS IIEPOXOBATOM C MHO>KECTBEH-
HBIMU TIOPaMU U BBICTYIaMH, IPUYEM B TPOIMMUECKOM KJIMMaTe U3MEHEHHs B 1,5 paza cyiie-
CTBEHHEE, YeM B yMepeHHOM [23].

3HaUUTENBHO 00Jiee MHOTOYHCIEHHYIO TPYIY COCTaBISIIOT pabOThI, B KOTOPBIX CTa-
peHue MOJENUPOBAIIU B TJAOOPATOPHBIX YCIOBUSX ¢ TOMOIIbI0 Y D-001ydeHusl, KOHJEHCAllUH
BJIarH, COJITHOTO TYMaHa U IUKIMYECKUX Temreparyp. B pabdore [24] meromom npodumomer-
pPUH ¥ HAHOMH/IEHTUPOBAHUS MTOKa3aHo, uTo nocie 1000 4 ycKOpeHHOTro cTapeHus IepoXoBa-
TOCTh MOJMMEPHOTO NOKpbITUs Bo3pacTaer ¢ 0,15 1o 0,9 MKkM, npuyemM TBEPAOCTb CHUKAECTCS
MIPOMOPLUMOHAIBHO POCTY MIEpoxXoBaToCTH. Monens Y ®-nerpagannn, npeaiokeHHas B UC-
cienoBanuu [25], oOBsicHseT M3MeHEHHE penbeda HEpaBHOMEPHBIM (DOTOOKHCIECHHEM IO
riyoune. /[isi KoMIoO3UTOB Ha OCHOBE MOJIMBUHUIIXJIOPUIA C JUOKCHIOM TUTaHa C MOMOUIbIO
ATOMHO-CHJIOBOM MHKPOCKONHU OOHApY>XKE€HO HEMOHOTOHHOE HM3MEHEHHE ILIepOXOBATOCTH:
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cHavgana (10 200 9) mpOMCXOAWT CTIaKMBAaHUE TMOBEPXHOCTH, 3aTeM mocie 500 4 — peskoe
BO3pacTanue nepoxosaroctu [26]. B pabore [27] npu uccienoBanuu 6a3aibTOHAMOIHEHHBIX
OMOKOMITO3UTOB MIOKAa3aHO, YTO YCKOpeHHOe cTapeHue B TeueHue 1020 4 moBelaeT mepoxo-
BaTOCTh B 4 pa3a U U3MEHIET CMauMBaeMOCTh C THIpo(oOHOH Ha ruapoduibHyro. Jlns Mate-
pHaJia Ha OCHOBE MOJUMOJIOUHOM KUCIOTHI M MOMUOYTHIIeHAUNaT-TepedTaiaTa ¢ IpeBeCHON
MyKO# U BoJutacToHUTOM 1ocie 500 4 YD-o0mydenus 3adpukcupoBano oOpa3oBaHHUE MyCTOT
U KpaTepoB Ha noBepxHoctHd [28]. B pabore [29] BoisiBiieHo, uto ITIKM ¢ HamonHUATEIAMU U3
BOJIOKOH KeHada U aHaHaca MpH BIAKHOCTHOM ctapeHuH B Tedenue 1000 4 mokazanu yBenu-
YyeHue mepoxoBarocT Ha 115 %, npudeM Tpubonoruueckue CBONCTBAa yXyIIHINCH MTPOIIOP-
oHanbHo. B pabore [30] Ha mMHOrocnoiHpix monmyperanoBbix [IKM moka3aHo, 4TO COB-
MECTHO€ LUKInYeckoe BozneicTBue YD-u3iyueHus W BIaru MpUBOJIUT K (HOPMHPOBAHHIO
CETKH MUKPOTpPEUIMH TiyouHoi 10 30 Mxm. st 1peBecHO-HATIOIHEHHOTO TOJIMATHIICHA BbI-
COKOM IIJIOTHOCTH IOCII€ YCKOPEHHOTO CTapeHus MIEepoXxoBaTocTh Bo3pocia ¢ 0,2 go 1,1 mkm,
npudeM oOHapy)XeHa Koppensuus ¢ KapOoHWIbHBIM HHAeKcoM [31]. B uccrnenoBanuu [32]
METOJIOM aTOMHO-CHJIOBOM MHUKPOCKOIMHU JI€TaIbHO H3y4yeH HaHopeiabed IpeBECHO-
MTOJIMITPOTTMJICHOBBIX KOMITIO3UIIMOHHBIX MaTepuasioB: yxke depe3 300 u YD-o0nyueHus Ie-
poxoBarocTh yBenuuuBanack ¢ 20 1o 120 uMm, a yepe3 1000 u — 1o 350 um. CpaBHEHuUE pasz-
JUYHBIX METOJOB YCKOPEHHBIX UCIBITAHUH MOKa3aJlo, 4YTO cTaHaapTHbie MUKl ASTM Heno-
CTaTOYHO TOYHO BOCIIPOU3BOIST peajbHOE pacTpeckuBanue nosepxHoctu [33]. B padote [34]
HCCJIEJOBAaHUE TPEX TUIIOB JIPEBECHO-TIOJIMMEPHBIX KOMIIO3UTOB (Ha OCHOBE MOJIUIIPOIIIIEHA,
MOJIMATHIICHA U MOJUCTUPOIIA) MOKA3aJI0, YTO HAUXYAIIYI0 YCTOWYMBOCTH pelbeda umeer
HOJIMCTUPOJIbHAS MaTpula, y koTopoi nocie 500 u nosBisAtoTcs rinybokue 6opo3asl. Mc-
cJe0BaHUE MOJIMYPETAHOBOTO MOKpbITUA Ha oOpa3uax [IKM mocne 200 nHeil nuknnye-
CKOro Bo3neucTBus Y ®-u3iydyeHus, COJISHOTO TyMaHa U IOBBIIIEHHONW TEMIIEPATYyphI I10-
Ka3aJI0 BO3pacTaHue MIEPOXOBATOCTU B 5 pa3 u cHmxkenue aaresun Ha 80 % [35]. B padore
[36] uccnenoBanu BiusHue Y®-crapeHHs Ha U3MEHEHHUE IIEPOXOBATOCTH MOBEPXHOCTH
3D-nevatHbIxX HempepbIiBHO-apMupoBaHHBIX [IKM ¢ yriiepoausiMu, CTEKISSHHBIMH U apaMu/I-
HBIMHU BoJIOKHaMu. OOpa3isl moasepranu o0nydenuto B reuenue 720, 1440 u 2160 4, umuTH-
pysd [0 Tpex JIeT Hapy>KHON SKCIO3UIMU. Y CTAaHOBIEHO, YTO IIEPOXOBATOCTh MOBEPXHOCTU
BO3pAacTaeT JJis BCEX TUIIOB KOMIIO3UTOB, MpuyeM HambOosee 3HauuteapbHo — mia [TKM co
CTEKJITHHBIMU BOJIOKHaMH. TakuM 00pa3oM, YCKOpEHHBIE UCTIBITAHUS MMOATBEPKAAI0T OCHOB-
HbI€ 3aKOHOMEPHOCTH, Ha0Jt0/1aeMble B HaTYpHBIX YCJIOBMSIX, HO, KaK MpaBWJIO, JAIOT OoJjee
BBICOKHE CKOPOCTH JIETpaJIalliu.

B pabore [37] mpoanamu3upoBaHa B3aMMOCBSI3b MEXKIY IMOTEPEH MEXaHUYECKHUX
CBOICTB, BBIJICNIEHHUEM JIETYUYUX MPOAYKTOB JAECTPYKIIMU M M3MEHEHHEM penbeda MOBEpXHO-
CTH IIpH CTapeHUU MOJIUMEPOB U Omokomno3utoB. [lokazaHo, 4To uU3MeHeHHE penbeda Mo-
BEPXHOCTH SIBJISIETCSI CBSI3YIOIIMM 3BEHOM MEXAY XMMHYECKHMMH MPEBPAICHUsSIMUA U MaKpo-
CKOITMYECKUM CHIDKCHUEM JKCIUTYyaTallMOHHBIX XapakTepucTuk. B uccnenoBanuu [38] moka-
3aHO, YTO POCT IIEPOXOBATOCTH MOXKET MPUBECTH K Mepexoay oT ruApodoOHOCTH K THIPO-
(GHIBHOCTH, YTO JOMOJHUTEIBHO yCKOpsieT aerpaaamnuio. B padote [39] cpaBHuBaroTCS Mexa-
HU3MBI CTApeHHs CTEKJIO- U HATYypaJbHOBOJOKHHCTHIX KOMITO3UTOB M TIOKA3aHO, YTO JIJIS
HaTypaJIbHbIX BOJIOKOH 3HAUYUTEIbHOE U3MEHEHHE pesbeda MOBEPXHOCTH HAUMHAETCS Y)KE Ha
pPaHHHUX CTaJMSIX U3-3a UX TUrpockonuyHocTH. B pabote [40] cucremaTn3npoBaHbl OCHOBHBIC
MIPOSIBIICHUS cTapeHHs BOJOKHUCTHIX [TKM, cpen KOTOPBIX YHHBEPCAIBHBIM MTPU3HAKOM JIe-
Ipajialliy YKa3bIBaeTCs yBEJIMUCHHE IIEPOXOBATOCTH MOBepxHOCTH. B 00630pe [41] paccmoT-
PCHBI pa3IMYHbIC METOABI MOJAH(DHUKAIIUN TTOBEPXHOCTH HATYPaATbHBIX BOJOKOH WM TOKa3aHO,
4TO Jake ONTHUMallbHas 00pa0oTKa, HAIllpaBJICHHAs HA YIYYIIEHUE COBMECTHMMOCTH C TOJH-
MEpHON MaTpHUllel, HE MO3BOJISIET MOJHOCTHIO MPENIOTBPATUTH BO3pPACTaHUE IIEPOXOBATOCTHU
[PH JUTUTETFHOM KIIMMAaTHY€CKOM BO3ICHCTBHH.
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Takum oOpa3om, HE3aBUCUMO OT THITA KIIMMATUYECKOTO BO3JEHCTBUS (HATYpHOE WU
YCKOpPEHHOE) HaOI0aeTCsl CYIIECTBEHHOE M3MEHEHHUE ToKazaTeliell penbeda MOBEPXHOCTH
I[TKM. HecmoTpst Ha 3HAYUTENBHBIM 00bEM HAKOIICHHBIX YKCIIEPUMEHTAIBHBIX JaHHBIX, UC-
CJIeZIOBaHUE 3aKOHOMEPHOCTEH HM3MEHEHHUs napaMeTpoB penbeda noBepxHoctu [IKM mox
BIUSHUEM KIMMATHYECKUX (DAKTOPOB OCTAETCs aKTyallbHOUW 3amadeld — TpeOyercs mpsMoe
CpaBHEHHE U3MEHEHUs penbeda MPU Pa3HbIX BUAAX KIMMATHYECKOTO BO3eHCcTBUs. B nanHOM
paboTe mocTaBjeHa 3aja4a — UCCeA0BaTh U3MEHEHHS TTOKa3aTeliel penbeda CTEKIOTUIaCTUKA
MIPU HATYPHBIX UCIBITAHUSIX B YCIOBUSAX YMEPEHHOTO M YMEPEHHO TEILJIOTO KIIMMATa, a TaKKe
MIPH JIBYX BUJIaX YCKOPEHHBIX JJAOOPATOPHBIX MCTIBITAHUM.

MaTepna.}]m H ME€TO/bI

UccnenoBaim crexnomnactuk BIIC-53/T-25 Ha ocHOBe crekisiHHOW Tkanu T-25
(BMII) u cBazyromiero BC3-34. Inutel CTEKIOMIACTUKA SKCTIOHUPOBAIHN B OTKPBITHIX YCIIO-
BUAX yMepeHHoro kinumara (MockBa) 1 yMepeHHO Terioro knumara (I'eJeHKuK) B TeueHune
24 mec.; OCHOBHBIC MTOKa3aTeIU KJIMMaTa MpHUBEACHBI B paborax [2, 12]. YckopeHHblie abo-
paTopHbIE KIMMATHYECKUE UCIBITAaHUSI TPOBOJAWIN O JBYM PEKUMaM (MMUTAIUS TOJI0BOTO
[MKJIa), BKIIOYAIOIINM TOCIEI0BaTEIbHOE BO3/ICHCTBUE MOBBIIIEHHON U MOHUKEHHON TeM-
neparyp, mepernaioB TEMIIEpaTyp U COJIHEUHOTO U3IIyYeHHs. Bo BTOpOM pekrMe yCKOPEHHBIX
WCIIBITAHUI BO3JICHCTBUE COJIHEYHOIO U3JIYYEHUSI COBMEILIEHO C BO3AEHCTBUEM MOBBIIIEHHON
BJIQXKHOCTH BO3/lyXa, a MHTETpaJIbHAS MJIOTHOCTh MOTOKA COTHEYHOTO M3JIy4YEHHUs YyBEJIUYeHa
¢ 1120 no 1400 Br/m?.

[Tocne 6, 12, 18 u 24 Mec. HATYpHBIX HCHBITAHUN U TIOcie umHTaruu 6, 12, 18 u
24 mec. HATYPHBIX UCIBITAHUHN B J1a00OPAaTOPHBIX YCIOBUAX MPOBOAWIIM UCCIEIOBaHHE 00pa3-
[[OB CTEKJIOIIACTHKA HA ONTHYECKOM (yBeTHMYeHHE O0BEKTUBA X5, obuiee yBenuuenue x118,
TIoMIaIb 3peHust 2565%2565 MKM) 1 KOH(POKATBHOM CKaHHPYIOIIEM MHKpockomnax. [lomyde-
HUE MacCHBa JIAaHHBIX MPOBOJIMIIN C MPUMEHEHUEM 00BbekTHBa X 10 mpu 00meM yBeTudeHUN
Mukpockomna x236. [lnomans ckanupyeMoro y4dactka oopasma coctanisiia 2420%2850 Mkwm.
MaccuB gaHHBIX Ui 3TOW oOsacTu npeacrasieH B Buae CSV-¢aiina ¢ KomudaecTBOM cToJ0-
11oB 1940 u ctpok 2870, B KaXI0¥ siUEiKe MPECTABICHO 3HAYCHHE HEOJHOPOIHOCTH pejibe-
da R; (Bcero 5 567 800 3nauenuii). s kax10il CTPOKU MPOU3BOAUIOCH MTOCTPOUHOE yCpe-
HeHue napaMerpa R; mo Bcem ctonbuam. B monydeHHOM MaccuBe mokasareneil R; onpenens-
JIUCh MUHUMaJIbHOE (Rzmin) 1 MakcumanbHoe (Rzmax) 3HaueHHs 3TOro mokasatens. Becy nua-
na30H AR = (Rzmax — Rzmin) pa3aensiii Ha 21 paBHbBIH MHTEPBAI U MOACYMTHIBAINA KOJIHYIECTBO
Nr-3HaueHuit R; mist kaxxaoro uHTepBana. Jlanee KOMMYECTBO MOTYYSHHBIX 3HaYeHU NRr 11
Ka)XJIOTO MHTEpBaJIa TIEPEBOAMIIA B TIPOLIEHTHYIO YacTOTY OT o0Imiero koimuectna. [lomyden-
HBbIE DKCIIEPUMEHTaJIbHbIE JAaHHBIE M0 YacTOTe OT 3HAYCHHs] HEOJHOPOIHOCTH penbeda arm-
MPOKCUMHpOBANIK pacmpenenenuem [aycca miga X = R; ¢ mapamerpamMu cMeleHus |\ U mMac-
mTabda ¢ o moxenu (1):

) 1 (x —w?
x) = —— exp| ————
P oV2T P 202

Pe3yabTaThl U 00cyxKIeHHe
Ha puc. 1-4 npusenensl Mukpogotorpaduu MoBepXHOCTEH B MCXOAHOM COCTOSI-
HUU, a TaKXe T0clie DKCIIOHUPOBAHMS B YCIOBUSAX yMEpPEHHOTO (puc. ) W yMmMepeHHO

TEIJIOro Kiumarta (puc.2), YCKOPEHHBIX J1a0OpaTOpHBIX HCHOBITAHMM MO pexumam 1
(puc. 3) u 2 (puc. 4).
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Puc. 1. Mukpodororpaduu nosepxuoctu creknoriactuka BIIC-53/T-25 B UCXOAHOM COCTOSHUH
U MIOCJIE DKCIIOHUPOBAHMSA B YCIOBUAX YMEPEHHOTO KJIIMMaTa

i A ! B I
Vi 500 mkm S TN
P (o] 4

oo o .
53/T-25 mocine 3KCOHUPOBAHUS

Puc. 2. MukpodoTtorpadun nosepxnoctu crexinomnactuka BIIC-
B YCJIOBHSIX YMEPEHHO TEIUIOTO KJIMMaTa

B ncxoqHOM cOCTOSIHUM MUKpopenbed MOBEPXHOCTH 00Opas3lia OTIMYAeTCs IJIAJKO-
CTBIO U OJTHOPOJHOCTBIO, IPU ITOM CTEKJIOBOJIOKHA TPAKTUYECKH MTOJHOCTBIO 3aKPBITHI CIIOEM
noJuMepHoi MaTpulbl. [Ipy SKCIOHMPOBAaHMHM B HAaTYPHBIX YCJIOBMSX Iociie 6 mec. (pukcu-
pYIOTCA IIPU3HAKU AETpajallii B BUJAE JOKAJIBHOW 3PO3HMH, OTEPH IVISIHIIA U MUKPOTPEILUH,
OpPUEHTUPOBAHHBIX BJOJb apMUpPYIOIIUX BOJOKOH. K 12 Mec. HaTypHOro crapeHus Ha Mo-
BEPXHOCTH IPOSBIIAECTCS PUCYHOK TKAHOTO MEPEIIETEHUs KI'YTOB BCJIEICTBUE MCTOHUYECHMS
CBS3YIOILETO, YTO CONPOBOXKJAETCS OOHa)KEHHWEM BEPXHUX CJIOEB HUTEH U pPacCHIMPEHUEM
TpELrH ¢ (OPMUPOBAHUEM CETKH MEKBOJIOKOHHBIX pa3pbIiBOB. Uepes 18 u 24 mec. HaTypHO-
ro Bo3JieficTBUA MOP(OIOTrus XapakTepu3yeTcs: OOIIMPHBIM PacTPECKUMBAHUEM MaTpUIbI, MO-
SBJICHUEM CKBO3HBIX KaHAJIOB K BOJIOKHY M YE€pEJOBAHWEM YYaCTKOB OOHa)KEHHOTO CTEKJIO-
BOJIOKHA C OCTAaTOYHBIMU (PparMeHTaMH JIECTPYKTUPOBAHHOTO CBSA3YIOIIETO.

CTCKII

PATOPHBIX MCHBITAHUAX MO PeXUMY 1
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i iy ol - ! 13 &
Puc. 4. MukpodoTtorpadun nmoBepxnoctu crexiomiactuka BIIC-53/T-25 npu yckopeHHbIX J1abo-
PaTOPHBIX HCHBITAHUAX TIO PEKUMY 2

B otiinune oT HaTypHBIX yCIOBUH, 1a00paTOPHOE YCKOPEHHOE CTapeHHE C KOHTPOJIH-
PYEMBIMH TEMIIEPATYPOM, BIAXKHOCTHIO U Y D-U3ITydeHUEM NPUBOJUT K MHOW KapTHHE U3MeE-
HeHuii. [Ipu maGopatopHOM BO3JCHCTBHU YK€ Ha paHHMX Cpokax (ummuTarus 6—12 mec.)
HaOJI0aeTCsl 3HAUUTENIbHO 00Jiee MHTEHCHBHOE PAacTPECKMBAHUE CBS3YIOILETrO, TPEILMHBI
UMEIOT OOJIBINYI0 TYCTOTY, TJIyOMHY W pa3BeTBIeHHOCTh. [locie mmuranmu 12 mec. cerka
TPEUINH MOKPHIBAET MPAKTUYECKH BCIO TIOBEPXHOCTh MATPHIIBI, B TO BPEMs KaK CTENEHb 00-
Ha)KEHUS JK'YTOB OCTAeTCsl MEHEee BBIPAKEHHOHM, yeM B HAaTypHBIX ycnoBusx. Ilocie nmuta-
nuu 18 mec. pactpeckuBaHue NpuoOpeTaeT XapakTep CIUIOMIHON MUKpPOpPa3pyLIEHHOCTH CBsl-
3YIOLIEr0 ¢ MHOKECTBEHHBIMH CKOJIAMH, OJTHAKO OTOJIEHUE BOJIOKOH MPOUCXOIUT MEJICHHEE.
[Tocne umutanuu 24 mec. GpukcupyeTcss MakCUMallbHas TJIOTHOCTh TpeluH. CyliecTBeHHOoe
pasznuuMe MeXIy HAaTypHBIMH U JIaDOpAaTOPHBIMU MCIIBITAHUSIMM 3aKJIIOYAETCSl B TOM, 4TO
HATYpHOE BO3CHCTBUE MPEUMYIIECTBEHHO YCUIMBAET 3PO3HIO U OOHAKCHHE BOJIOKHA, a Jia-
OOpaTopHbIE MCIBITAHUS JIENAI0T AKLUEHT Ha pa3pyLIeHUH CaMOil MOJIMMEPHOM MaTpUIbL.
B 000ux ciydasx KOHEUHBIM Pe3yJbTaTOM SIBJISETCS MOTEPs LEIOCTHOCTH MOBEPXHOCTHOTO
CJI05l, OJTHAKO MEXaHU3Mbl U KMHETHKA Pa3pyLICHUs Pa3IMyaloTCs: IPU HaTypHOM CTapeHHUH
JOMUHUPYET U3HOC CBS3YIOLIEro ¢ 0OHa)KEHUEM HAIOJIHUTEIN, a IPpH Ja0bopaTOPHOM — Ipe-
oOnanaeT pacTpeckuBaHue u (pparmeHTanus maTpuubl. HeoOX0auMO y4UTBIBATH PEXUM
HKCIIOHUPOBAHUS TIPHU OIICHKE JIOJTOBEYHOCTH CTEKJIOIUIACTHKA, TaK KakK JabopaTOpHbIE HC-
NBITaHNS MOTYT JaBaTh 3aBBILIEHHBIE MOKA3aTeNU JErpajalliy CBS3YIOLIEr0 MO CPaBHEHUIO
C pealbHBIMU HaTYPHBIMU YCIOBHSIMH.

Ha puc. 5 nokazano pacnpejenenyue BbICOT HEOJHOPOIHOCTEN penbeda U pe3yabTaThl
anMpPOKCUMAIUH JTaHHBIX Mozenbio (1) creknmomnactuka BIIC-53/T-25 B ucxomHoMm coctos-
HuM. B Tabnuue npuBeneHbl pe3yabTaThl MOJEIUPOBAHUS 3KCIIEPUMEHTAIBHBIX JTAHHBIX IO-
CJIE BCEX ChbEMOB M BCEX BUJOB KIIMMATUYECKUX UCIIBITAHUN.

20 4 OkcnepuMeHT

Mogenb (1)

YacroTa, %

0 2 4 6 8 10
Penbed noBepxHOCTU, MKM

Puc. 5. PacnpeseneHue BBICOT HEOJHOPOMAHOCTEH MPO(GHIIS MOBEPXHOCTH CTEKIOTIIACTHKA
BIIC-53/T-25 B HCXOIHOM COCTOSIHUA
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IlenTp pacnpenencHuss COCTaBIsET W
o = 0,81 MkM (cM. TabuuILy), 4TO YKa3bIBACT HA 3HAYUTEIHHYIO BAPHATUBHOCTD JTAHHBIX (pa3-
Opoc maHHBIX coctaBisieT 53 %). Okono 95 % 3KCIepUMEHTaIbHBIX JaHHBIX HAXOIATCS
B nipenenax 03,16 MxM, pacnpeneneHue UMeeT YMEPEHHO IUPOKUNA «KOJIOKOI» U aCUMMET-

PUIO U3-3a YCCUCHUA CJICBA.

1,54 MKM,

CTAaHAApPTHOC OTKJIIOHCHHC

Ha puc. 6 npuBezeHo u3MeHeHUe pacipeielieHusl BBICOT HEOAHOPOHOCTEN penbeda
IIPU SKCIIOHUPOBAHUU B HATYPHBIX YCIOBHUSAX YMEPEHHO TEIJIOTO KJIMMaTa.

PacuetHble mapamerpsl Moaesan (1)

3HaueHHUs MapaMeTPOB MOCIIE IKCIIOHUPOBAHUS B TEUCHHE, MEC.
YCHOBI/ISIV B ncxognom 6 12 18 24
HCTIBITAHUM COCTOSIHUH
u c R? u c R? u c R? u c R? u c R?
Haryphsie
P YMCpCeHHO 2,46 | 1,45 | 0,84 [ 3,67 | 1,02 | 0,94 | 532 | 1,68 [ 0,89 | 6,32 | 1,81 | 0,98
TEIUIOM
KIIMaTe
Harypnsie
B ymepennom | 1,54 | 0,81 | 0,91 | 1,55 | 0,51 | 0,92 | 2,72 | 1,19 | 0,86 | 2,90 | 0,95 | 0,96 | 3,21 | 1,29 | 0,98
KJIMate
YcKopeHHbIe 524 | 451 | 0,72 | 527 | 3,39 | 0,81 | 554 | 4,86 | 0,78 | 7,06 | 2,31 | 0,88
1o pexxumy 1
YekopenHIe 3,48 | 4,16 | 0,88 [ 3,98 | 2,21 | 091 | 6,12 | 1,91 [ 0,93 | 7,81 | 3,37 | 0,74
10 PeXUMY 2
a) 0)
20 OKCNepUMeHT 20 A =
Monen (1)
° 15 4 - 15 4
< rm & / OKcnepuMeHT
210 i 210 - Mogers (1)
3 ! 3
T ; T
9 A 5 |
0 2 4 6 8 10 12 14 o 2 4 & 8 10 12 14
Penbed noBepxHOCTH, MKM Penbed noBepxHOCTH, MKM
8 2
20 4 ) 20 4 )
9\015 4 i D\°15 i
g kcnepuMeHT g 3kcnepuMeHT
g 10 4 Mogens (1) g 10 1 Mogens (1)
T T
5 5
0 2 4 & 8 10 12 14 0 2 4 6 8 10 12 14

Penbed noBepxHOCTH, MKM

Penbed noBepxHOCTH, MKM

Puc. 6. PacnpeneneHue BBICOT HEOJIHOPOJHOCTEH NPOQHUIS MOBEPXHOCTH CTEKIOIJIACTHKA

BIIC-53/T-25 nmocne 6 (a), 12 (6), 18 () u 24 mec. () HATYPHBIX KIMMATUYECKHX MCIBITAHUHA B yMe-
PEHHO TEIIOM KIIMMaTe

Kax BumHO U3 gaHHBIX pHUC. 6 1 TabIuUIEI Tocie 6 Mec. | Bo3pacTtaet 110 2,46 MKM, G —
1o 1,45 mxwm. Ilocne 12 mec. | TpoIoKaeT BO3pacTath 110 3,67 MKM, OJIHAKO G CHHIKAETCA J10
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1,02 Mkm, mocie 18 mec. p Bo3pacraer Ao 5,23 MkM, ¢ yBenuuuBaercs a0 1,68 mxm, a R?
camxkaerca ¢ 0,94 no 0,89. YBenuuenue pasdpoca npu oJHOBPEMEHHOM CHUXKEHHHU RZ,
BEPOSATHO, O3HAYaeT HA4alo HEOOpaTUMOHN JECTPYKLHMH C MOSBICHHUEM JOKAIbHBIX 30H
C aHOMAJIbHBIMHM BBICOTAMH (B YaCTHOCTH, OrOJICHMEM BOJIOKOH — puc. 1). [locie 24 mec. p
nocruraer 6,32 MM, 6: 1,81 mxmM, a R* Bo3pacraer 1o 0,98, T. e. nporeccsl pa3pylieHus
pacnpoCcTpaHWIMCh MO BCEH MJIOMIAa paBHOMEPHO, chOpMUpOBAIach HOBasl CTal[MOHApHAs
IIEPOXOBATOCTh C BBICOKOW CpeIHEi BBICOTOH (pocT mapametpa U B 4,1 paza — ¢ 1,54 no
6,32 MKM) ¥ IIUPOKHM Pa30pOCOM, HO C COXPAHEHHUEM CTATHCTUYECKOW OJTHOPOIHOCTH.

Ha puc. 7 nokazaHo u3MeHEHHE paclpeiesieHUs] BICOT HEOAHOPOJIHOCTEH perbeda
IIPU SKCIIOHUPOBAHUU B HATYPHBIX YCIOBUSAX YMEPEHHOIO KJIMMATa.
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Puc. 7. PacnpeneneHue BBICOT HEOJHOPOJHOCTEH TPOMIIIS MOBEPXHOCTH CTEKIJIOIJIACTHKA

BIIC-53/T-25 mocne 6 (@), 12 (6), 18 (8) u 24 mec. (2) HATYPHBIX KIMMATHIECKUX MCIIBITAHUN B yMe-
PEHHOM KJIMIMare

[Tocne 6 mec. p ocTtaeTcsi MPaKTUYECKU HAa UCXOAHOM ypoBHE (1,55 MKM), a 6 cHUXa-
ercs 1o 0,51 mxwm. [Tocne 12 mec. p Bo3pactaet 1o 2,72 MKM, ¢ yBenuuuBaetcs 10 1,19 Mk,
a R? camxaercs ¢ 0,92 o 0,86.

Kaxk u mpu 5KCTIOHHPOBAaHUHU B YMEPEHHO TEIUIOM KJIMMAaTe, pOCT pa3dbpoca Mpu OHO-
BPEMEHHOM CHIKCHHH R? CBUJIETEIBCTBYET O HaYaJle JJOKAIBHBIX JIECTPYKTUBHBIX MPOIIECCOB
(puc. 2). [Tocne 18 mec. pu mocturaer 2,90 MM, ¢ cHmkaetcs 10 0,95 mMxm, a R? Bo3pacraet
10 0,96, uTo yka3pIBaeT Ha CTAOWIM3AIIMIO U BhIpaBHUBaHUE penbeda 3a cyeT yJaneHus ciia-
00 cBs3aHHBIX ¢parmeHToB. [locne 24 mec. p yBenmmuuBaetcs 10 3,21 MM, 6 — 10 1,29 MKM,
a R? nocturaer 0,98. 3a 24 mec. HabmonaeTcst pocT mapameTpa | B 2,1 pasa.

W3meHeHus pacmpeneneHusi BRICOT HEOTHOPOJHOCTEH pernbeda mpH J1abopaTOPHBIX
YCKOPEHHBIX UCTBITAHUAX IO pexuMy 1 mokasansl Ha puc. 8.
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ITocne 6 mec. p pe3ko Bo3pacraer 10 5,24 MM, 6 — 10 4,51 mxM, a R? cocraBsieT
0,72. Ctonp 3HAYUTENBHBIA POCT CpemHei BHICOTHI (B 3,4 pa3a) U ocoOeHHO paszbpoca
(B 5,6 pa3a) npu HU3KOM KOX(PPUIMEHTE AETEPMUHAIIMUA CBUICTEILCTBYET O KpaifHE HEOIHO-
POIHOM JIerpajlaliil MOBEPXHOCTH C BHIPAXKEHHBIMHU JIOKAIBHBIMUA aHOMAJIUSIMU (OTCIOCHMUS,
rJ1yOOKHE BIIaJJMHBI, BBIKPAILIMBAaHUE — PUC. 3).

Mogenb (1)

a) 0)
20 - 20 4
OKCnepumeHT
. 15 4 Mogenb (1) . 15 4
ES R
g’ © ’ 3KcnepumeHT
1 S .n | i ;
g 10 1 m E 10 ; Mogenb (1)
T s !
S~ 5
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Penbed noBepxHOCTW, MKM Penbed noBepxHOCTH, MKM
20 6 2)
20 A
° ,06 mkm gt
g m_1 QKCMNEPUMEHT =1
5 10 1 : Mogenb (1) z OKCNepUMeHT
© H o
T ! 5 10 A
L ©
T

Penbed noBepxHOCTH, MKM 0 2 4 6 8 10 12 14
Penbed noBepxHOCTU, MKM

Puc. 8. PacnpeneneHune BBICOT HEOTHOPOMHOCTEW MPOQIIIS MOBEPXHOCTH CTEKJIOIIACTHKA

BIIC-53/T-25 nmocie umuTtaiuu 6 (a), 12 (6), 18 (8) u 24 mec. (2) HATYPHBIX KJIMMATHYECCKHX HCIIBITA-
HU 110 pexumy 1

[Tocne nmutanuu 12 mec. p npaktuuecku He mMeHseTcs (5,27 MKM), G CHUXKaETCs
1o 3,39 mxmMm, ogHako R? ocrtaercs HeBblicokuM (0,81). YMmeHnblieHue pazbpoca mpu cra-
OMIBHON cpefHel BhICOTE YKa3bIBA€T HA YACTUYHOE CIUIaKMBaHHE HauboJiee BhIPAKEHHBIX
HepoBHocTel. [locne 18 mec. | HE3HAUMTENBHO yBEIMUMUBAETCA A0 5,54 MKM, G BO3pacTa-
et 1o 4,86 MkMm (MakcUMyM 3a Bech mepuon), a R? camxkaercsa no 0,78. Bo3pacranue pas-
Opoca 10 MakCUMAaJbHBIX 3HAUEHUN MpPH OJHOBPEMEHHOM CHIDKEHHMHM R? moaTBepikIaer
YCUJICHUE TTPOCTPAHCTBEHHON HEOHOPOTHOCTH — 00pa30oBaHUE HOBHIX J1Ie(EeKTOB Ha (hoHE
yxke nMmeromuxcs. [locnme umuranum 24 mec. p gocturaer 7,06 MKM, G CHUXaeTcs 10
2,31 mkMm, a R? nosermaercs g0 0,88. YBennueHue cpeHEH BBICOTHI NMPU CYIICCTBEHHOM
YMEHBUICHUH pa30poca U yIydllIeHUH animpoKCUMAaIii CBUIETEIbCTBYET O CTaOMIM3ALUN
CTPYKTYpPbl TOBEPXHOCTHU: MEJIKHE HEPOBHOCTU HUBEIUPYIOTCS, GopMHUpyeTcst Oosee yro-
pPSAZOUEHHBIH penbed ¢ MeHbLIeH BapUaTHMBHOCTHIO. TakuMm o0pa3om, MpU HMMHUTALUH
24 mec. B pexxume 1 cpenHsisi BRICOTa HEOJHOPOJHOCTEH Bo3pocia B 4,6 pasza (¢ 1,54 no
7,06 MKM), a cpeaHEKBaApaTUIECKOE OTKIOHEHUE K KOHIly CPOKa yBEJIMYMIIOCH B 2,8 pa3a
(c 0,81 mo 2,31 mxm). IIpu Bcex chemax HAOMIOMAIOTCS BHICOKHE 3HAYEHUS G, YTO YKa3bl-
BaeT Ha 3HAYUTENILHO OOJIBIIYI0 HEOJHOPOIHOCTh MOBEPXHOCTHU 10 CPAaBHEHUIO C PE3YIib-
TaTaMH IOCJ€ HAaTYpHBIX KIMMaTHYECKUX UcnblTaHul. 3Hauenus R* = 0,72—-0,88 cBunae-

TCIBCTBYKOT O CJIIOKHOM MCXAaHU3MC pPa3pyHICHUA IMOBCPXHOCTHU C MHOKCCTBCHHBIMU
JJOKAJIbHBIMH O4YaramMu.
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W3meneHnue pacnpeneneHusi BHICOT HEOIHOPOAHOCTEH penbeda mpu JabopaTOpHBIX
YCKOPEHHBIX UCHBITAHUAX 110 PeXUMY 2 IIPUBEACHBI Ha pUC. 9.
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Puc. 9. PacnpeneneHune BBICOT HEOTHOPOMHOCTEH MPOQIIIS MOBEPXHOCTH CTEKJIOIIACTHKA

BIIC-53/T-25 nocne umutaimu 6 (a), 12 (6), 18 (6) u 24 Mec. (2) HaTYpHBIX KIMMATHYECKUX HUCTIBITA-
HU 110 PEXKUMY 2

3a 24 mec. 1abOpaTOPHOTO BO3JCHCTBUS MO PEKHUMY 2 CPEIHSS BBICOTA HEOJIHOPO/-
HoCTel Bo3pocna B 5,1 paza (c 1,54 mo 7,81 MKM), a cpeaHEKBaIpaTUYECKOE OTKIOHCHHE
yBenuuuiock B 4,2 pasa (¢ 0,81 no 3,37 Mkm). Beicokue 3HaueHUs! G Ha MPOTSKEHUU BCETO
DKCIIEpUMEHTa (CM. TaOJMIly) YKa3bIBalOT HA 3HAYMTENIHLHO OOJNBIIYI0 HEOIHOPOAHOCTH IO-
BEPXHOCTH MO CPABHEHMIO C HATYpHBIMHM KJIMMATHUYECKUMM HCHBITAHUSMH, a HU3KUK R* Ha

(UHATBEHOM JTane CBUJAECTEIBCTBYET O CIOKHOW CTPYKType penbeda, MiIoXo OMMChIBAEMOU
rayCCOBBIM PacHpeeIEHUEM.

3akaouyeHus

Taxum 00pazom, pH Bcex BUAAX KIMMATUYECKUX HCIBITAHUM MPOUCXOAUT BO3pacTa-
HUE CPEIHEN BBICOTHI HEOJHOPOIHOCTEN, OJTHAKO MHTEHCUBHOCTD M XapaKTep 3TOro Ipouecca
CYLIECTBEHHO pa3ianyarorcs. 110 3Ha4eHHIo |1 MOXKHO NPOBECTH PaH)KMPOBAHHME BUJIOB KIIMMa-
TUYECKUX UCIIBITAHUN:
— pPeXHUM YCKOPEHHBIX JTA0OpaTOPHBIX UCTIBITaHU# 2 — B 5,1 pasa;
— PEXUM YCKOPEHHBIX JJabopaTopHbIX ucnbelTanuii 1 — B 4,6 pasa;
— HaTypHbIE UCTIBITAaHUS B YMEPEHHO TEIJIoM KinMate — B 4,1 pasa;
— HaTypHbIE UCNIBITAaHUS B YMEPEHHOM Kiumare — B 2,1 pasa.
HatypHble knMMaTtnyeckue BO3JEHCTBUS MPUBOJAT K MPEICKA3yEMOW M CTaTUCTUYE-
CKU YCTOWYHMBOM ABOJIOIMH LIEPOXOBATOCTH, TOTJIa KaK JJa0OpaTOpHBIE PEKUMBI T€HEPUPYIOT
0oJiee XaOTUYHYIO JETrpajaliio MOBEPXHOCTH C HU3KKMM KayecTBOM I'ayCCOBOM ammpoKCcHMa-
IIUH, 4TO TpeOyeT yuera Ipu MPOrHO3UPOBAHUH JIOJITOBEYHOCTH MaTepHara.
Pabora Beimonnena npu nojgaepkke LIKII «Knumarnyeckue wucneitanusy HULL
«KypuaroBckuii uHCTUTYT» — BUAM.
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BBenenue

B nacrosimmee Bpemst B Poccuiickoit deneparuu BeeTcs psii pa3pad0TOK HOBOW MEPCIIEK-
TUBHOW aBHALIMOHHOMN TeXHUKU. OJJHAKO JJIsl €€ CEPUUHOTO0 OCBOCHUS CIICAYET PELIUTh BAKHYIO
3a71a4y MO0 UMIIOPTO3aMEILEHHUI0 MaTepuaioB. B 3Toi cBsi3u HEOOXOIMM KaYeCTBEHHBINH CKauOK B
00J1acTH MaTepUAIOBEACHHS 110 pa3pabOTKe U BHEIPEHHIO B IIPOM3BOICTBO COBPEMEHHBIX Mare-
pHaoB, K KOTOPBIM OTHOCSTCS TKaHeryieHouHble MaTepuaibl (TTIM), ucnonb3yembie Ui U3ro-
TOBJICHUSI THOKUX TPYOOITPOBOJIOB CHCTEM KOHAUIIMOHUpoBaHus Bo3ayxa (CKB).

I'uOkue TpybompoBoasl CKB mmpoko mpuMeHSIOTCS B KOHCTPYKLHUSAX JIeTaTeNbHBIX
anmaparoB. OcHoBHOe HazHaueHue CKB — sTo moanep:kanue KOM(pOPTHBIX YCIOBUH KH3HE-
JESATENIbHOCTH ISl YICHOB SKUIaXka M maccaxupoB. OueBUIHO, YTO CBOICTBA pa3peKeHHOMN
aTMocdepbl, 0COOCHHO B YCIOBUAX OOJIBIIMX BBICOT IOJIETA JIETATEIBHOIO anmapaTa, He Oo/-
XOJIAT 71 HOPMAJIbHOTO (DYHKIIMOHMPOBAHUSI Opranu3ma denoBeka. CienoBaTesIbHO, OCHOB-
HeIMU 331a4amMu CKB sBnstoTcst obecnieueHre NCKyCCTBEHHOTO KJIMMaTa B KaOMHAX U calio-
HaXx JIETaTeJbHBIX allllapaToB, MOJepKaHNE ONTUMANIbHBIX 3HAYEHUN BIAYKHOCTH U TeMIlepa-
Typsl Bo3ayxa [1, 2]. B panee pa3paOoTaHHBIX M CEPUIHO MPOU3BOJIUMBIX KOHCTPYKIIHMSX JI€-
TaTENbHBIX amnmapatoB TpyoorpoBoasl CKB B 0OCHOBHOM HM3roTaBiMBalld U3 CIJIaBOB Ha OC-
HoBe antomMuHus. Ho yxe B 1970-e rr. B mepefioBbIX OTPACIsIX TEXHUKU CTAJIU IIUPOKO IpHU-
MEHSTHCSl TIOJTUMMEPHBIE KOMIIO3UIIMOHHBIE MaTepuanbl. B mepBylo ouepenb 3Ta TEHIACHIUS
Hallla IHPOKOE MPUMEHEHHE MpHU pa3pabOTKE M CO3/aHUU AaBUALMOHHON M KOCMHUYECKOU
TexHUKHU [3—5]. OCHOBHBIE MPEUMYIIECTBA HUCIIOJIB30BAHMS MOTUMEPHBIX KOMIIO3UIIMOHHBIX
marepuaiioB B TpybonpoBogax CKB mepen TpaaAMIIMOHHBIME METAJUIMYECKUMU KOHCTPYKITH-
MU — 3HAUUTEIbHOE CHIKEHUE MAcChl, MOBBIIICHUE KOPPO3ZHMOHHOM CTOMKOCTU M pecypca
TpyOOIIPOBOJIOB U JIeTaTeNbHBIX anmnapaToB [6]. Tpydonpooast CKB u3 monuMepHbBIX KOM-
MO3UIIMOHHBIX MAaTEpUATIOB MOTYT H3rOTaBIMBATHCS B BUJE JKECTKUX SJIEMEHTOB KPYIJIOTO,
OBAJIBHOTO WKW KOpoOuaroro ceueHus. Ho ¢ 1enpio CHUXKEHMSI TPYJOEMKOCTH MOHTa)xa U
o0ecrnevyeHus pa3MeleHus: TPyOOIIPOBOJIOB B MECTaX, Iie MPOXOAAT pa3InyHble KOMMYHHKa-
uu (KTYTbl, TUAPABIMYECKUE U TOIUIMBHBIE CUCTEMBI), IPEANOUTUTEIBHO IPUMEHEHHE THO-
KHUX BO3AyX0BOOB [7]. Buennuii Bua rudkoro Bo3ayxoBoaa CKB mokasan Ha puc. 1.

Kapkac u3 nommmepa
WIM MeTalia

MamxkeTst

Puc. 1. Cxema ruOKoOro BO3IyX0BOJa CHCTEMBI KOHIUIIMOHUpoBaHus Bo3ayxa (TIIM — Tkanerme-
HOYHBIN MaTepHa)

HeoOxonuMo oTMeTHTh, YTO B HacTosllee BpeMsi Thokue Bo3ayxoBoasl CKB mupoko
UCTIONB3YIOTCSL B 3apyOeKHBIX caMolieTax W Beprojerax, a B Poccuiickoit denepaunn
HaOJro1aeTcst OTCTaBaHue B 3TOW BaxkHOM oOnactu [8]. K ruOkuM BO3ayX0OBOJAaM HpPEbsB-
JISIFOT OCHOBHBIE TpeOOBaHUS MO MUHUMAJIBHOW Macce, HeoOXOAMMOW MPOYHOCTH, Oe3omac-
HOCTH JJIS 37I0POBbS U€JIOBEKa U moxapoOe3omacHocTu [9]. UMmeeTcst 3HaYNTEIBHBIN BBIOOD
10Xkapo0e30MacHbIX MaTepHaIOB JIsi apMHUPYIOLIET0 CIUPAIBHOTO Kapkaca (MEeTasul, IIHYPbI
U3 apaMM/ia WIM CTEKJIOBOJOKHA, TEPMOCTOWKHE monumMepsl). Co3aarh JErKUi U IMPOYHbII
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noxapoOe3onacueii TIIM ropaszno tpyzanee. Ilo 3Toif mpuunHe mocraBieHa 3ajada MO CO-
3IaHUIO OTEYECTBEHHBIX Mokapobe3onacHbiXx TIIM, mpuMeHsSEeMBIX B KadyecTBE OOOJIOUKU
ruOkux Bo3ayxoBosoB CKB u He ycTynaroonmx o CBOUM CBOHCTBaM 3apyOeKHbIM aHAJIOTaM.

MaTepna.}]LI H ME€TO/bI

[Toxxapo0e30nacHOCTh — 3TO KOMIUIEKCHOE CBOWCTBO, KOTOPOE 3aBUCUT OT XHUMUYE-
CKOT'O COCTaBa, CTPYKTYphl, TEPMUUECKONH CTaOMIBHOCTH, KOHCTPYKIIMM MaTepuaia U yclo-
BHIl TOpEHUS.

B Hacrosimee BpeMs, COTJIaCHO rocynapcTBEeHHBIM ((eaepalbHbIM) aBUAITMOHHBIM
Hopmawm, k matepuany CKB npenpsaBiaioT TpeGoBaHMs TOJIBKO IO OIPAaHUUYECHHIO TOpIOYe-
ctu (BocrmiaMeHnsiemocTu). Hawmbomee »xectkue TpeOOBaHUS IO IMOKapOOE30MaCHOCTH
NpeAbsABIAIOT K MaTepuagaM, IPUMEHSIEMBbIM B IaCCaXUPCKUX CaJOHAX BO3AYIIHBIX CY-
0B, K kKoTopbIM oTHOocuTcs U TIIM [10]. Takue marepuainbl JOIKHBI COOTBETCTBOBATH
TpeOOBaHUSIM, U3JI0KEHHBIM B 1. 25.853 (a) aBHAIIMOHHBIX HOPM NP UCIBITAHUAX METO-
oM, onucaHHbiM B Yactu | [lpunoxenus F. CymHoCTh METO/a UCIIBITAHUM 3aKIIIOYAETCS
B BO3J/ICHCTBUU IIaMEHHU JIabopaTopHOi ra3oBoi ropenku bysena unu Toppuiia B Teue-
Hue 12 ¢ Ha BEepTHUKAJIbHO PACIONOKEHHBII 00pa3ell U perucTpaluy IpoI0KUTEILHOCTH
OCTAaTOYHOT'0 (CaMOCTOSITEJIbHOI0) FOPEHUS, JJIMHBl MPOrOPAHUS U MPOAOTIKUTEIBHOCTU
FOPEHMS MaJal0IINUX Kaneib.

OcnoBuble cBoiicTBa TIIM kak KOMIIO3UTa 3aBUCAT OT CBOMCTB MCXOJHBIX MaTepua-
JIOB — TKAHEBOI OCHOBBI U PE3UHOINOA00HOIO MOJIMMEPHOIO MOKPBITUS. KpoMe MUHUManbHON
Macchl U noxapooesonacHoctd, kK TIIM Takxke nmpenbsBiIsAsioT TpeOOBaHUS K XUMHUYECKOU
WHEepPTHOCTH. B KauecTBe TKaHEBOW OCHOBBI Il moxapoOe3omnacHbix TIIM nHaubonee mnep-
CHEKTUBHBIMH SBJIIOTCA CTEKJIOTKAHU, KOTOPbIE HMMEIOT Dsii IPEUMYILECTB — BBICOKYIO
yZEIbHYIO IPOYHOCTH [P MUHUMAJILHOM Macce, THOKOCTb, BIAar0yCTONYUBOCTh, CTOMKOCTD K
BO3/ICIICTBUIO arpeCCUBHBIX CpPEl, COPOTUBIEHUE TOPEHUIO, TEIION30JIALIMOHHBIE U IUJIEK-
TPUYECKHE CBOMCTBA, a TAKXKE IKOJOTHIECKYI0 Oe3onmacHoCTh [11].

IIpu BBIOOpE McxoaHbIX MaTepuanoB s TIIM ¢ yuerom HEOOXOAMMOCTH BBINOIHE-
HUS KOMIUIEKCa TPpeOOBaHUM 1O MOKapOoOE30MaCHOCTH, THOKOCTH, 0€30MMaCHOCTH JIS MEePCO-
HaJla, XMMHYECKON CTaOMIBHOCTH B MEPBYIO OY€pelb MOKHO OOpaTUTh BHUMAHHUE Ha IOJH-
MEpPBI ¢ KPEMHUMOPraHN4eCKON OCHOBOM.

B nepByto odepenp Ha moxapo0e30MacHOCTh MOKPBITUH Ha OCHOBE KpeMHHMiIopra-
HUYECKOT0 MOJUMepa BIUAIOT TepMHUUECKHE CBOMCTBA. B Takux mojgmMepax HaJluuue CTa-
OMIbHBIX XuMHYeCKuX cBs3er Tumna Si—O u Si—C obecneunBaet 0ojiee BRICOKUM ypPOBEHB
TEPMOCTOMKOCTH M YCTOWYMBOCTH K OKHCJIEHHIO IO CPaBHEHHIO co cBi3siMu Tuma C—-C
B opraHnyeckux cmosnax. [lokasaTenem AaHHON cTaOMIBHOCTH MOKET OBITH TEIUIOTa 00-
pa3zoBaHus XxuMHuyeckod cBsa3u. Hampumep, i nomuaumermincuiokcana (IIAMC) terutora
oOpa3zoBanus cBsa3u tumna Si—O cocraBnsger 452 k/[k/Moyib, a B OpraHUYECKUX CMOJax JUis
cBs3u tuna C—C 3ToT mokasarens kojedsercs oT 318 mo 352 kJ/mMob.

KpeMmHuuiiopranuueckue MnojavMMepsl TaKXKe OTINYAIOTCS IMPEBOCXOJHOW TEPMHUYECKON
cToikocThio [12], Hanpumep Temneparypa Benbliku uuctoro IIJIMC mpessimaer 300 °C
B 3aBUCHUMOCTH OT MOJIEKYJIIPHOM MaccChl.

ITpu Tepmuueckom paznoxkenuun I[IJIMC nHaGmomaercs HE3HAYUTEIbHAs CKOPOCTh
TeTIOBBIIENEHNs, 06bYHO B npeaenax 60—150 kBt/m? [13]. ITpu ropernn ITJIMC npouncxo-
aut Beaenenue SiOz, CO2 u H20. Takum o0pa3om, MOKHO YTBEpPXAaTh, YTO MPHU TOPEHUH
COECIMHEHUI KPEMHUS HE BBIIEISIIOTCS TOKCUYHBIE M arpeccuBHbIE BemiecTBa. Kpome Ttoro,
[I0JIydyaeMasi B pe3yJbTaTe TAaKOI'O FOPEHUs INbUIb AMOKCHIA KPEMHHUS MMEET BBICOKUH YpO-
BEHb JIUDJIEKTPUUYECKUX CBOMCTB U 00pa3yeT JOMOIHUTEIbHYIO TepMo3auuTy [14].
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Copepxaiuecss B KPEMHUHOPraHMYECKUX IOKPBITHUAX BCIIOMOTaTENbHBIE BELIECTBA
(HampuMep, MOIU(UKATOPHI, YCHIIMBAIOLINE aAr€3HMI0) TAaKXKe MOTYT BIMATH Ha MoxapoOes3-
onacHocTh TIIM. B pabote [15] nmoka3aHo MOJI0KUTEILHOE BIMSHUE HAIOJTHUTENICH, HAIIPH-
MEp MYCKOBUTA, Ha TEPMOCTOMKHE CBOMCTBA KPEMHUUCOAECPKAIUX MOKPLITUN. [lomydeHsl
KEpaMHUYECKHE CJIOH I10CJIE€ CKUTaHHUsI COCTABOB HA OCHOBE KPEMHUHOPraHUYECKOTO MOJIMME-
pa nipu Temneparype 1050 °C.

3auacTyro Ha MOKapoOe30MacHOCTh BIUSET CTPYKTypa MaTepuaia, Hapumep, TepMu-
yeckass CTOMKOCTh TIIM MOXKeT CHMKAThCS M3-3a 00pa30BaHMS «KAPMAHOBY» MEXAY CIOSMHU
TKaHU U MOKPHITUSA. B HUX MOryT HakaluMBaThCs JETKOBOCILUIAMEHSFOUIUECS TIPOIYKTHI Tep-
MHYECKOTO Pa3IOKECHHS, CHIDKAIOITUE TI0’kapo0Oe30macHoCTh [16].

[ToxxapoGe3onacusie coiicTBa [I/IMC nipu TemioBoM pa3pylieHUH B OCHOBHOM 3aBU-
CAT OT KOJMYECTBA U THUIIA KOHUEBBIX I'PYII, HAJIMYUS IPUMECEN KAaTATUTUYECKUX BEIIECTB B
nojauMepHoM NokpbiTuH [17]. Monekynsapaas macca [IJIMC MoxeT BIuATh Ha MpoLECC Tep-
MHUYECKOH JEMOTUMEpPHU3aIH HApsAy CO CIyJalHBIMH pacileruieHusMu enu. B padote [18]
CeNaH BBIBOJ, YTO Hamuuue MeTWIbHBIX rpynn B [IJIMC 3HauMTeNbHO MOBBIIAET TEPMO-
croitkocTh 1o cpaBHeHMto ¢ IIJIMC ¢ ruapokcuiibHbIMU TpynnaMu. [IpoayKkTel pasnoxeHus
IIPU 3TOM COJIEP>KAT HUKINYECKHE OJINTOMEPBI CUIIOKCAHA.

ABTOpBI paboTh [19] MpeAnonoXuin, 9T0 BUHWIbHBIE KOHIIEBBIE TPYIIBI U3MEHSIOT
MEXaHHU3M TEPMHUYECKOTO Pa3joKEeHUs, B OTIMYME OT METWIbHBIX Ipymm. B pabote [20] cne-
JIaH BBIBOJI, YTO UUKJIMYECKHUE OJIUTOMEPHI TUIA T€KCAMETHIILIMKIOTPUCHUIIOKCAHA U OKTUJIME-
TUILMKIOTETPACUIIOKCAHA SIBJIAIOTCS NPOAYKTaMU Tepmuueckoro paszioxenus I1JIMC, co-
JIEp>KAILEro KOHIIEBbIE BUHUJIbHBIE TPYIIIIHI.

B pa6ore [21] noka3aHo, 4TO MPU TEPMUYECKOM PA3JI0KEHUU MOJIHUAUMETUIINDEHUI-
CHJIOKCaHa UMEET MECTO KOPPEALUs MEXy MacCOi TBEPIOTrO OCTaTKa U CoJiep:KaHueM Qe-
HWIBHBIX TPyNI. BO3MOXHO TakKe DONOJHHUTEIBHOE CITUBAHHE C MMOMOUIbIO Tpymmibl Si—H
B Hauaje TEPMUYECKOU JAECTPYKLMH, 4yTO nokazaHo Ha npumepe IIJIMC, koTopeie conepxar
METHJICHIIOKCAHOBEIE (parMeHTHI [22]. BBISABIEHO, YTO X TEPMOCTOWKOCTh TOBBIIIACTCS ITPU
YBEJIMUYEHUH IJIOTHOCTH CLIUBKH.

Kommiiekcpl nmuaTUHBI, UPUAUS U POAMS, MCHOJIb3yEMbIE B Kau€CTBE KaTallu3aTOPOB
st peakumit crmBanus [1IJIMC, oka3piBaloT sIBHOE BIUSHHUE Ha TMOBBINICHHE TOXKapoOes3-
onacHocTd. OOBIYHO OHU UCTIONB3YIOTCs B KonmuecTBe <(10-50) ppm. [Ipu TepMooKucieHrn
9TH METaJIbl KaTAIM3UPYIOT 00pa30BaHNE METHIIEHOBBIX MOCTUKOB KaK BHYTPH, TaK U MEXIY
MOJIEKYJIaMH, YTO MPUBOAUT K YBEJIIMUEHUIO IJIOTHOCTHU CIIMBKH U, CIEAO0BATENIbHO, K CHUXE-
HUIO BOCIIPUUMYHMBOCTH K TEPMOOKHUCIEHHUIO [23].

Pe3ynbrarhl uccnenoBaHU MOKa3bIBAIOT, YTO OKCHJbI MEPEXOJHBIX METAJIOB, TAKUX
kak Fe, Ti, Zr, Ce, Zn, TOBBIIIAIOT yCTOMYHUBOCTH K BHICOKUM TeMIIepaTypaM U, CJIeI0BaTellb-
HO, 00€CIIeYNBAIOT M0Kap00OE30MacHOCTh MOJUMEPHOTO cocTaBa. B yactHocTH, B paboTe [24]
YKa3aHO, YTO JJIsl MOBBIILIEHUS TEPMOCTOMKOCTU MOKPBITHI MOIyHIeK 0€30MacHOCTH, COAEp-
xamux [TJIMC, no6asisatotr cmecu okcugoB CeO, FeO, Fe203 u TiOo.

Pe3yabTaThl H 00cyxKI1eHUE

AHanu3 Hay4HO-TEXHUYECKOH MH(pOpPMAIMK MTO3BOJIUI C/ENIaTh BBIBOJ, YTO Haubosee
MPOCTBIM CIIOCOOOM JOCTHXKEeHHs nokapobe3zonacHocTH TIIM siBnsieTcss ncnonb30BaHuE cIie-
LIMAIM3UPOBAHHBIX HANOJHUTENIECH-aHTUIIMPEHOB. [ *KUIKMX KPEMHUHOPraHUYECKUX CMe-
ceil aHTUNUpEeHbl 0OBIYHO BBOJAATCS IMOCPEICTBOM MPOCTOT0 Ipolecca cMemuBanus. Ciuenyet
OTMETHUTh, YTO CHCTEMbI aHTHUIHPEHOB JOJKHBI BHIOMPATHCS C YUETOM TeMIlepaTypbl oOpa-
OOTKHU U TEPMOJIECTPYKIIMU KpeMHHUHOpraHuyeckoro cocrasa. Hampumep, 111 KOMIO3HULIUH €
Temneparypoil Bynkanuzauu >150 °C HeoOXOAMMO BHIOMpATh AHTUIHPEHBI, UMEIOIINE
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TEeMIEpaTypy Pa3loKEHHsI BBIIIEC TeMIIepaTypbl 0OpabOTKH U MPUMEPHO COOTBETCTBYIOUIYIO
TEMIIepaType TEPMOJCCTPYKIIUHU JJIs IPEIOTBPAILECHUS UX PA3I0KEHUSI.

Hcnonb30BaHue ranoreHcoAepKaiux aHTUIHPEHOB, HECMOTPSI Ha BBICOKYIO d(dek-
TUBHOCTb, OTPAHUYEHO BBUY UX HHM3KOI 3KOJOTUYHOCTH U BBICOKOM TOKCHYHOCTH MPOAYK-
TOB JIECTPYKIIHMH.

B HacTosilee Bpemsi IIMPOKO HCHONB3YIOTCS HEOPraHHYECKUE, BCIYYHBAIOLIHECH,
dochopHbIe/a30THBIE/KPEMHUEBBIE 1 HAHOAHTUIHPEHBI. MIMeloTCs mpakTHdecKue MmpuMephl
WX TIPUMEHEHUSI B KPEMHUHOPTaHUYECKUX KOMITO3HUIIUSX TSI M3TOTOBJICHUS MMOXapobe3orac-
HBIX MaTEpUAJIOB.

AHTHIIHpEHBI HAa OCHOBE (hocopa cuutarorcs 3hPekTuBHBIMU Oe3raloreHOBBIMU aH-
tunupeHaMu [25]. OHM MOTYT OKa3blBaTh JEHCTBUE OJHOBPEMEHHO B KOHIAECHCHUPOBAHHOW U
razoBoi ¢aze. B konaeHcupoBanHo (aze BrICBOOOKAaeMas noiaudochopHas KUCIOTa CIIO-
coOCTBYyeT JeruapaTalu U KapOOHU3alMU MOJIMMEPHONH MaTpHIlbl, obecrieunBas oOpa3oBa-
HHE 00YTJIEPOKEHHOTO MIEHOKOKCA, 4TO co3aaeT 3ddekt Gusznueckoro 6aprepa. Mexay TeM B
razoBoi (¢aze CBOOOJHBIC paJHMKaiIbl, 00Opa3yrOIIUECs U3 aHTUIIUPEHOB Ha OCcHOBE Qocdopa

(PO, HPO,' u HPO™?), pearupyioT co cBOGOIHBIME PaMKANAMU TIOJHMEPHBIX MOIEKYIL.

OT0 B3aMMO/IEHCTBHE OOPBIBACT LIEMTHbIE PEAKIUU OKUCIICHUS, YTO ellle OoJblIe 3aTpyAHseT
TOpeHHe, OCYIIECTBIIIEMOE C MTOMOIIBI0 CBOOOHBIX paauKkaios [26].

JUig KpeMHMMOPraHN4eCcKUX MOJIMMEPOB TPYIAHO JTOOUTHCS XOPOLIEH aHTUIIHPUPYIO-
niei crnocoOHOCTH MyTeM J00aBICHHS OTJEIbHBIX aHTUIIUPEHOB Ha ocHOBE (hocdopa. OObIU-
HO aHTHIHPEHBI, coaepkamue hocdop, 00Iamal0T TUIOX0H TEPMUUYECKON CTaOMIBHOCTHIO U
BOJIOCTOMKOCTBIO, B TO BpeMsl KAK KDEMHUHOPraHUYECKUE MOJIUMEPbI IPUMEHSIOTCS B BBICO-
KOTEMIIEPAaTypHBIX U BBICOKOBJIAXKHOCTHBIX cpefax. Kpome Toro, nmpoayKkTsl ropeHUsl KpeM-
HUHOPraHMYecKOro MoJIMMepa SBJISIOTCA MOPUCTBIMU M PBIXJIBIMHU, YTO JIEJIAET 3TOT aHTHUIIH-
peH HedPEKTUBHBIM B KOHACHCUPOBAHHOM (pasze i 3ameaienus ropenus [27].

TepmozanmTHOE NEHCTBHE a30TCOACPIKALINX aHTHITMPEHOB, B OTIN4YKE 0T (pocdopco-
JIeprKalliX, B OCHOBHOM peajlu3yeTcs 3a cueT razoBoil (asel. Ilpu noctrmxeHun onpeneneH-
HOM TemIepaTypbl OHU HAUMHAIOT pa3jlararbCs Ha HU3KOMOJIEKYJISIPHbBIE IPOU3BOJIHBIE U BBI-
JeNATh Heroproune raspl, Hanpumep NHs. DToT mponece noriomiaer 0oJbilioe KOJIUYeCTBO
TEIUIa, TEM CaMbIM CHUXasl TEMIIEPATypy OBEPXHOCTH MTOJIMMEPHON MOATI0KKH. Kpome Toro,
oOpasyrolyecss HEropro4YHue ra3bl MOTYT CHM)KAaTh KOHLIEHTPAIMIO TOPIOYMX MapooOpa3HbIX
IIPOAYKTOB, BBIIEISEMBIX U3 IIOJIMMEPA U OKPYKAIOLIEro Kuciaopoaa [28].

ABTOpPBI paboTHI [29] HcMONB30BANIN [IMAHYpAT MEJTaMHUHA JJIS OJTYYEeHUs! TePMOCTOM-
KOr0 KpEeMHMHOPraHM4eCKOro COCTaBa M HCCIENOBaIM €ro CBOMCTBA B IPOLECCE TEpMHUeE-
CKOro crapeHus. Pe3ynbTarhl okasainu, 4To BBEJCHHE LMaHypaTa MeJaMUHa CHUXKAET CTOU-
KOCTh K TepMHUecKOMy cTapeHuto. OpHaKko ocTaTouHas Macca yenuuuBaercs Ha ~10 %
M3-3a peaKklUy CUIMBaHUS LENU B pe3ylbTare 00pa30BaHUs HEOPraHUYECKUX KpeMHMIcoaep-
XKalKxX NnpoaykToB. Kpome Toro, mpoaeMOHCTPUPOBAHO, YTO I[MaHypaT MeJlaMHHa XOpPOLIO
COUETAETCSI ¢ KPEMHUMOPraHMYECKHMMH COEAMHEHUSMH, U PEAKLMs CIIUBAHUSA MPOUCXOIUT
MEXy CBOOOAHBIMM paJMKaJaMU M KHCIOPOAOM IPH BBICOKMX TeMIepaTypax, 4TO 3HA4M-
TEJIBHO YJIydllaeT yCTOMYMBOCTb K TEPMUUECKOMY CTapEHHUIO.

AHTUIIUPEHBI HA OCHOBE KPEMHMS SBIIIOTCS SKOJIOTMYECKH YUCTBIMH, TaK KaK KpeM-
HUMOpraHuyeckue BelecTBa 00J1aal0T HU3KOW TOKCUYHOCTRIO. [Tommmeps! ¢ aHTUNMpeHaMu
Ha OCHOBE KpEMHUS B Ipoliecce FOpeHusl MOryT reHepupoBaTh HaHouyacTulbl Si02. Huzkas
MOBEPXHOCTHASI SHEPTHUs MO3BOJSET TAKOMY HAaHOKPEMHE3EMY OCaX/aThCs Ha MOBEPXHOCTH
MoJIMMepa BMECTe C APYTMMHU MPOIYKTaMH pa3jioKeHUsi ¢ oOpa3oBaHHEM T'MOPUIHOTO Kepa-
Muaeckoro cios [30].

OTOT 3alIUTHBIN CIOH MOXKET OrpaHUYMBAaTh EPEHOC TEIUIA, TOPIOYETO ra3a U KUCIO-
poJia, YTO AOIMOJIHUTENBHO 3AIIMIIAET BHYTPEHHUN CJION MOJIMMEpa OT JalbHEHIIEro TEPMHU-
YEeCKOro pasjiokeHuss M ropeHud. [lomMaapanbHble ONMIOMEpPHBIE CHIICECKBHOKCAHBI
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(ITOCC) — Tun aHTHUNHpEeHa Ha OCHOBE KPEMHHMsI, KOTOPBIM MPEICTaBIsIeT COOOM HaHOpa3-
MEpHbIE THUOPHJIHbIE MOJIEKYJbl B (OpME KJIETKH, COCTOAILIME M3 KPEMHHUS M KUCIOpOJa C
YKECTKUM TOJIBIM SIAPOM M3 KpeMHus. Takas cTpykTypa crnocoOcTByeT (HOpMHUPOBAHUIO Tep-
MUYECKOW CTAOMJIBHOCTH M aHTHOKHUCIUTEIBHBIX CBOMCTB mojumepoB [30, 31]. Dto cambie
MaJIeHbKHE YacTUIlbl KpeMHHS (0T 1 10 3 HM), KOTOpPBhIE MOKHO MONYYUTh. OYHKIIMOHAIbHBIC
TPYNIBI, MPUCYTCTBYIONINE HA KpasX CTPYKTYpbl B (OopMe KIIETKH, MOXXHO PAIlHOHAIBHO
CIPOEKTUPOBAThH JJISl YJAYyULIEHUS] COBMECTHUMOCTH Ha I'paHULE pas3zeiia ¢ MOJIMMEpPaMH, 4To
no3BosigeT BiiIodate [IOCC B kauecTBe peakTHBHBIX KOMIIOHEHTOB B IOJIMMEPHYIO MaTpH-
ny. B nacrosmee Bpemst [IOCC u ux npou3BOAHBIE MPUMEHSIOTCS U1l YIYUYIICHUS] MEXaHU-
YECKUX U TEPMUUECKHUX CBOMCTB, a TAKXKe JIJIs1 JOCTHKEHUS 1105Kapo0e30MacHOCTH PA3IMYHBIX
MOJIMMEPOB, BKJIIOYasi KpeMHUcoaepskaiue [32].

B nacrosiiee Bpemst ¢dochopHO-a30THBIE aHTUIIMPEHBI SBISIIOTCA Haubosee pacripo-
CTPAaHEHHBIMH U IITUPOKO UCIIOJIB3YEMBbIMU CUCTEMaMU JIJIsl JOCTHKEHUS! BHICOKOA(PPEKTUBHOMN
TEPMOCTOHKOCTH MOJIMMEPOB. DTH aHTUIHUPEHBI OOBIYHO 00ECIEeYHBAIOT KOMOMHUPOBAHHYIO
ra30BYI0 M KOHJICHCHPOBAHHYIO (a30By0 TepMOCTOHKOCTh [33—35]. OHu 00nagar0T TaKu-
MU MIPEUMYIIECTBAMH, KaK HU3KHI YPOBEHb ABIMOOOpPA30BaHMS, TOKCUYHOCTH U MPOTHBOKA-
IIEJIbHBIE CBOMCTBA.

Bgenenrie nooOHBIX aHTAITMPEHOB S(P(EKTUBHO MOBBIIIACT TEPMOCTONKOCTh W KPEMHUMOpra-
HIYecknx Komrozuiuid. [Tpu no6asnennu 30 yacteit rexca(m-aneramuiodeHoKeH )IpKiIoTprdocdazeHa
Ha 100 gacTeil KpeMHUHOPraHUYECKOTO KaydyKa KOMITO3UTHI MMenu kiaccudukammo V-0 no
metony ucnbiTanuii UL-94, a TemoBblaeneHHe W HIMOOOpa30BaHUE CHHU3WIMCH Ha ~27
u ~42 % coorBeTcTBeHHO. Kpome TOro, pe3ynbTaThl UCIBITAHUM MOATBEPANIHN, YTO TEK-
ca(m-aneramMu10(heHOKCH IUKIOTpUQOCcha3eH BIUseT HAa (OPMUPOBAHUE 3AMIUTHBIX CIIOCB
U yJlaBJIMBaHUE CBOOOHBIX paJMKajoB [36].

Heopraamueckne aHTUITUPEHBI 00ECIEYMBAIOT TPEeOyeMyIO M0OXapoOe30MacHOCTh 3a
CYET CHIDKCHHS IO TOPIOYMX MPOJIYKTOB, H3MEHEHHS TEIUIONPOBOJHOCTH M JIPYTHX
CBOMCTB MOJMMEPHBIX MAaTpUILl. B MOKPHITHAX Ha OCHOBE MOJIMCUIIOKCAHOB HauboJiee IUPOKO
UCTIONIB3YIOTCSl HEOPTaHUYECKHE aHTUITUPEHBI, TaKhe KaK THAPOKCHUIbI MarHUS U aTIOMUHUS,
CITOUCTBIC JIBOMHBIC THIPOKCHIBI, OKCH/IBI METAILTOB U JIp. [37-39].

I'unpokcuapl MeTaioB, HAPUMEP MarHus W aTlOMUHUS, OOBIYHO HCHOJB3YIOTCS B
KauyeCcTBE TEPMOCTOMKUX HATIONHUTENEH AJS pa3IMYHBIX MMOJUMEPOB Oyaronapsi HU3KOM CTO-
UMOCTH U HETOKCHUYHOCTU AbIMa. OHM MOTYT CHUXaTh KOHLIEHTPALMIO KUCIIOPOAA, MOTJI0-
aTh TEIUIO M CIHOCOOCTBYIOT OOpa3oBaHMIO 3aIlIMTHOTO ciost caxu. K coxxanenuro, npu
MPAKTUYECKOM IMPUMEHEHUU JJISl JTOCTHXKEHUS TOJTHOW M0Kapo0e30IacHOCTH CHIIOKCAHOBBIX
MOJIMMEPOB TPEOYETCs] BHICOKOE HAIOJHEHHUE, YTO YXYyIIIaeT UX MEXaHHUYeCKHUe CBOMCTBA.
[ToaTroMy HEOOXOOUMO YIYUYIIMTh AAre€3UI0 M JUCHEPCUI0 METAITIMYECKHX THIPOKCHUIIOB
B KPEMHUHOPraHUYECKUX 3JaCTOMEPAX JIJIsl TTOBBIIIEHUS TEPMOCTOMKOCTH.

BynkanuzupoBaHHbIE TIPU KOMHATHOW TeMIlepaType KpeMHUUOPTaHMYECKHE COCTABbBI
HIMPOKO MPUMEHSIOTCA B KaU€CTBE 3JIEKTPOU30JSLIMOHHOTO MaTtepuaia. Mcnonb3oBanue ruj-
pOKCHIa alFOMUHHUS B COCTaBe KPEMHUHOPraHUYECKUX KOMMAYHJOB OOBIYHO OOecriedrBacT
XOpOILINE AIEKTPOU3OJIALUOHHBIE CBOMCTBA, HO TEPMOCTOMKOCTh MPH HEOOJIBIIIOM HAIOJIHE-
HUU TaKuX MaTepuanoB Hu3kas [40].

ABTOpBI pa®oThl [41] MONYyYHIN CHIIMKOHOBBIM KOMMAyHJ|, 3allOJIHEHHBIM THIPOKCH-
JIOM aJIIOMUHUSA, ¢ Tpad)eHOBBIMU HaHOIUIaCTUHAMH. Pe3ynbTaThl MCCleOBaHUM MOKa3alu,
YTO BBeJCHHE I'pa)€HOBBIX HAHOIUIACTUH B CHJIMKOH, COJEpP>KAIlMi T'MJIPOKCHU]I aFOMUHUS,
3HAYUTENIbHO MOBBICHIJIO CTOMKOCTh K TOPEHUIO, COXPAHUB IIPHU 3TOM AJIEKTPOU30JIALIMOHHBIE
CBOMCTBA Ha MIPUEMIIEMOM YPOBHE.
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Oxcuzpl METaJUIOB OOBIYHO UCIOJB3YIOTCS Ul MOBBIMIEHUS TEPMUYECKON CTaOMIIb-
HOCTH MonuMepoB. /i1 momyyeHns HeoOX0AUMOM MOKapoOE30MaCHOCTH MOTYT IPUMEHSThCS
TAK)KEe APYTrue CHHEPIUUECKUE aHTUIIMPEHBI.

ABTOpBI paboThI [42] HCMONB30BANIM BCIYYHBAIONIUICS OTHECTOMKUI COCTaB (COCTO-
Ammi 13 GocPopHOI KUCIOTHI, MelaMUHa U neHTasputpura) u Fe,O3 B kauecTBe JbIMOIIO-
JIABIAIOIIECTO areHTa B CUJIOKCAHOBBIX KOMIIAayHJAax. Pe3ynpTaThl MCCIIEIOBAaHMM IOKa3aiy,
yto Fe,O3 MoxkeT ycunupath 3¢ (GexT AbIMOIOIABICHUS U MOBBIIIATh TEMIIEPATYPY TEPMUUE-
ckoil mectpykiuu. OKCHII JKelle3a CIIOCOOCTBYET paHHEW peakUuu CIIMBAaHUS MOJIMMEpPA BO
BpeMsl pa3lIoKEHUs, YTO MHTeHcU(puuupyer oOpa3oBaHue caxku. LleIOCTHOCTBH ClIOSI HAaHO-
KpeMHe3eMa onpezenseT 3(p(EeKTUBHOCTh 3allUThI, MOCKOJIBKY OH MOXXET JEHCTBOBATh Kak
uzeanbHbI pusnueckuil 6apbep, OJI0KUPYs Nepeaady TeIula U BHEIIHEro KUCIOPoAa K MOJIH-
Mepy, TEM CaMbIM OTpaHUYMBAas JAJIBHEWUIEEe TOPEHUE BHYTPEHHUX CIIOEB ITOJUMEPHBIX MaT-
pun. KoMOMHUpPOBaHHbBIE KaTaJU3aTOPbl HE TOJBKO YBEJIMYMBAIOT BBIXOJ CaXH, HO U yIyd-
[IAI0T CTPYKTYPY €€ MOPHUCTOrO CII0s, 3HAYMTEIHHO MOBBIIIAs M0XKap0o0e30MacHOCTh U JBIMO-
IIOJIaBJISIOIIUE CBOWCTBA KPEMHUHNOPIaHUYECKOTO MTOIMMEpa.

Ha ocHOBaHMM M3705KEHHOI'O MOYKHO CIEJATh BBIBOJ, YTO KIJIACCHYECKUM IOAXOJ
K 00eCreyeHHI0 MoKapo0e30MacHOCTH KPEMHHHOPraHUYECKUX MOJIMMEPOB 3a CUET UCHOJb-
30BaHUS AHTUIIMPEHOB NPOJOJKAET aKTUBHO Pa3BUBAThHCA.

Kak ykazaHo paHee, rajloreHcoeprKaliie aHTUIIMPEHbI ONIACHbI ISl KOJIOIMH U TOK-
cuuHbl. [loaTOMy 3aMeTHa TeHJEHIMS pa3pabOTKU O0€3rajJoreHOBbIX TEPMOCTOMKUX HOJIUMED-
HbIX MarepuaioB. Pochop- n azoTcomepkamre 100aBKH YCHIMBAIOT M0Kapo0e30nacHOCThb
3a cueT (a30BBIX M ra30BBIX BO3ACHCTBHM, OJHAKO MO OTACIHHOCTH aHTHIIMPEHBI HA OCHOBE
P, N umu Si He JOCTHraroT BBICOKOH 3(PPEKTUBHOCTU. XOTs CUHEPreTUUYECKUE aHTUIIUPEHbBI
Ha ocHOBe (ocopa U a30Ta AEMOHCTPUPYIOT BBICOKYIO TEPMOCTOHKOCTD, IIPOLIECC UX MOIY-
YEeHUsS TPYILOEMKHH ¢ HEOOJIBLIMM BBIXOJOM KOHEYHOTO MPOJYKTa. DTU A0OABKH TaKKe Je-
MOHCTPHUPYIOT IUIOXYIO COBMECTHMMOCTBh C KPEMHUHOPraHWYECKOM MATpHUIIEH, YTO OTpULA-
TEJIBHO CKa3bIBACTCSl HA MEXaHUYECKHUX CBOMCTBAX MaTepuaa.

[TnatuHa WM COCMHEHUS TUTATHHBI 00J1aal0T XOPOoIIeH KaTamuTHIeckoi 3(hheKTrB-
HOCTBIO, TaK KaK 3TOT 3JIEMEHT BJIUSAET Ha 00pa3oBaHUE MONEPEUHBIX CIIMBOK MPU TEpMUYE-
CKOM pazyiokeHnu. OHAKO CTOMMOCTh TaKuX J100aBOK BbIcOKa. KpoMe Toro, ux otaesbHOE
UCIIOJIb30BAHUE HE TO3BOJISIET JOCTUYDb BBICOKOI'O KUCIOPOAHOIO UHIEKCA I KpEMHUIOpra-
HUYECKOr0 MOJIMMEpPA, MO3TOMY HMX CIIeIyeT KOMOMHHUPOBATh C JAPYTUMHU AHTUIIMPEHOBBIMHU
no0aBKaMH.

Hanoantunupensl, Ucroyiib3yeMble B HEOOJBIIOM KOJIMYECTBE, 00ECIEUNBAIOT BBICO-
Ky10 3¢ (EKTUBHOCTh U MUHUMAJILHOE BO3/JIMCTBUE HA MEXaHUYECKHE CBOICTBAa KpeMHUIOP-
raHu4eckoro aactoMepa. OAHaKoO MpeJoTBpalleHHe 00pa30BaHUs arjloMepaToB U obecreye-
HUE PABHOMEPHOI'O pacIpeesICHAs HAHOMATEPUAIOB B MaTPULIE IIPEICTABIIAIOT 3HAYUTEIIBHbIE
npobaemsl. JlocTrxkeHns B 00J1aCTH MOAU(PUKAIIMUA TTOBEPXHOCTH JUISl YITYUILIEHHUS] COBMECTH-
MOCTH HAaHOHAIIOJIHUTENSA Y MAaTPULbI UMEIOT pellaroniee 3HadeHue. HecMoTps Ha 3HaYuTElb-
HBIN Iporpecc, UACATbHON aHTUIIMPEHOBOW CHUCTEMBI JUIsl KPEMHUMOPTaHUYECKUX MOJIMMEPOB
[IOKa HE CYILLECTBYET, TOCKOJIBKY KaXX1asi U3 HUX UMEET IIPEUMYIIECTBA U HEJJOCTATKH.

Ha ocHoBaHuu nmpoBeieHHOr0 MHPOPMAIIMOHHOTO 0030pa MO>KHO C/AENaTh BBIBOJI, YTO
HanOoJiee NMPUBJIEKATEIbHBIM aHTHIIMPEHOM B COCTaBE MOJUMEpPHOro MokpeiTus s TIIM
CKB sBisieTcst THAPOKCU]T ATIOMUHHUS C allllpETUPOBAHHOM IMOBEPXHOCTHIO, TAK KaK MaTe-
pHa MpexJie BCero MOJKEH ObITh KOJOTMUYHBIM U 0€30MacHBIM JUIsl 3J0POBBS YeJIOBEKA.
D10 0HO W3 HauboJiee BaKHBIX ycnoBuil npumeHeHnus TIIM B coctaBe ruOKux BO3ayXO-
BOJIOB, 00€CIEUNBAIOIIMX KOHAMIIMOHUPOBAHUE BO3ayxa B camoieTe. JlaHHbII MaTepual
TakXke cTabuJIeH MpH TeMmIepaType dKCIUTyaTallui, UMEeeT HU3KYI0 CTOMMOCTb, IPOU3BO-
autcs Ha tepputopun P® B mmpokom accoprumente [43]. Hemocratkamm matepuana
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SBJIAIOTCS HEBBICOKAs 3 (EKTUBHOCTH KaK aHTHIHPEHA U HEOOXOJMMOCTh BBICOKOTO HATIOJ-
HeHus (>100 %) KpeMHUMOPraHUYECKOr0 MOJUMEPA, YTO IPUBOJUT K CHHXKEHUIO ITPOYHOCT-
HBIX XapaKTEPUCTHUK.

3akiaroueHus

[To texnmyeckomy 3amanuto HUIl «KypuatoBckuii uHcTUTYT» — BUAM cunamu
000 «HULL «CoBpemennsie noaumepubie Matepuaib»y 1 OO0 «XUMIPOAYKT» MPOBEIEHBI
uccienoBanus. Ha oOcCHOBe TMOJMy4YeHHBIX peE3yJlbTaTOB M JaHHBIX aHajdu3a Hay4YHO-
TEXHUYECKOH MH(popManuu pa3paboTaHbl TEXHHUECKUE TPEOOBAaHUS K HOBOMY OTEYECTBEH-
Homy TIIM. BeipaGoTaHbl SKCIiepUMEHTaIbHbIE TEXHOJIOTHUECKHUE PEKUMBI, IO KOTOPBIM H3-
TOTOBJIEHBI U UCHBITAHBI OMNbITHBIE 00pa3ubl TIIM, He ycTynaroiero UMNOPTHEIM aHAJIOTaM,
B TOM YHCJIE IO MoxapoOe3zonacHocTu. OnbITHRIN noXkapooe3onacHbiid TIIM mpeacraBisieT
c000i1 CTEKJIIOTKaHb C OJHOCTOPOHHUM IOKPBITUEM Ha OCHOBE JIACTUYHOIO TEPMOOTBEPIKIa-
€MOro KpeMHUHOPraHMYECKOro KJjesl, COAEP)KAlero THIPOKCHUIHBIM aHTHUIHPEH, KPACHBIN
TEPMOCTOMKHUI MUTMEHT Ha OCHOBE OKCH/JIA JKeJIe3a U MOAU(DHUKATOPHI a[re3un U PEOJIOTHH.

BuemHuii BUA OTEYECTBEHHOI'O OMBITHOrO Tmoxkapobe3omacHoro TIIM mnoxkazan
Ha puc. 2.

Puc. 2. BHemHM# BU OMBITHOTO TOXKap0o0e30MacHOro TKaHEeTNIEHOYHOT'0 MaTepralia

OteuecTBeHHBIN OonbITHBIN TIIM MOXHO pEeKOMEHI0BATh ISl U3TOTOBJICHUSI THOKHUX
TpyOonpoBoioB B coctaBe CKB Bo31ymIHBIX cy/10B, pa00TOCIIOCOOHBIX B MHTEpBAJle TEMIIE-
patyp ot —60 mo +200 °C.

Pabora BeimonHeHa ¢ ucnonszoBanueM obopynoBanus LIKIT «Knumaruueckue ucmsl-
tanus» HUL «KypuaroBckuit unctutyr» — BUAM.

Paboma nposedena npu gpunancosoii noodepaicke Munucmepcmea HAYKU U 8blCULE2O
obpaszoeanus Poccuiickou @edepayuu (Munucmepcmeo) 6 pamxax Coenawenuu Ne 075-11-
2024-006 u Ne 075-11-2025-010 meoxncoy Munucmepcmeom u PedepanibHbim 20CY0apCmeeH-
HbIM VHUMAPHLIM npeonpusmuem «Bcepoccutickuil HayuHO-Uccied08ameibCKuil UHCIMunmym
asuayuoHHvix mamepuanosy Hayuonanvrnoeo ucciedosamenvckoeo yenmpa «Kypuamoegckuii
uncmumymy Ha ocnoeanuu Pacnopsiicenus Ilpasumenscmea Poccutickou Dedepayuu om
04 urona 2023 2. No 1789-p 06 ymeepoicoenuu KOMIIEKCHOU HAYYHO-MEXHUYECKOU NPOSPaM-
Mbl NOIHO20 UHHOBAYUOHHO20 Yukia «Hoevle komnosuyuonHvle mamepuansl: mMexHoL02UU
KOHCMPYUPOBAHUSL U NPOU3BOOCMEBAN.

BaaropapHocTun

ABTOpBI BbIpaxatoT OnarogapHocTh KoJuleKTUBY OO0 «XuMOpPOAYKT» 3a BBINOJIHE-
HUE HCCIICZIOBAaHUM MO OTPabOTKE TEXHOJIOTMYECKUX PEKHUMOB HM3TOTOBIICHHS SKCIEPUMEH-
TaJbHBIX U ONBITHBIX MAPTUH HOBOTO O0TedecTBEHHOro TIIM.
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Abstract. The structure, chemical composition, and magnetic properties of (PrDy)(FeCo)B
microwires were studied after vacuum annealing and localized laser irradiation. It was shown
that laser irradiation of amorphous microwires causes localized changes in composition, in-
cluding a decrease in the rare-earth element content in the irradiated zone, whereas in the poly-
crystalline state, the composition remains virtually unchanged. Vacuum annealing leads to crys-
tallization of the material and transition from a magnetically soft to a magnetically hard state
with an increase in coercivity and magnetic anisotropy.
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Beenenune

3HAUYUTENIbHBIA IPAKTUYECKUN UHTEPEC MPEACTABISAET U3TOTOBIEHUE MUKPOMArHUTOB
C 33/IaHHBIM pacrpezielieHHeM HaMarHU4eHHOCTH B MPOIOJIbHOM HAaNpaBleHHUH. DTO CIOCO0-
CTBYeT pa3paboTKe yCTPOMCTB MarHUTHOI'O HEpa3pyIIAloOIIero KOHTPOJs, 00pabOTKU CUTHA-
JIOB U ONTHUYECKOH 3amucu MarHuTHOM mMH(popManuu [1-3], a Takke MUKPOIIEKTPOMEXaHU-
yeckux cucteM (Micro-Electro-Mechanical Systems). Takue cucTeMbl MPEACTABIAIOT COOOM
MUHUATIOPHBIE YCTPOMCTBA, OOBEIUHSAIOINE MEXAHUUYECKUE BJIEMEHTBI, CEHCOPbI, MUKPOAK-
TyaToOpbl W DJIEKTPOHHBIE CXEMbl Ha OJHOM MuKpouune [4, 5]. Marepuaiamu g TaKux
YCTPOMCTB MOTYT CIIYKHTh CIUIABBI PEIKO3EMEIBHBIX U MEPEXOIHBIX METAIOB, KOTOPHIE 3a-
HUMAIOT KJIIOYEBOE MECTO B COBPEMEHHON MHUKPOAIJIEKTPOMEXaHHMKE OJaroaapsi COYETaHHIO
BBICOKOM KOJPLUMTUBHOW CWIBI, 3HAQYUTEIBHONM MAarHUTOKPHUCTAJUIMYECKOW aHU30TPOIIHNH
U TeMIiepaTypHoi cTabuiabHOCTH [6]. OcoObIi MHTEPEC BHI3BIBAIOT MHKPOIIPOBO/IA, TIO3BOJIS-
IOLUE pealn30BbIBATh JIOKAJM30BAaHHBIE MAarHUTHBIE COCTOSIHUS M CO3/1aBaTh MaTepUalbl C
3aJ]aHHBIMHU (DYHKIIMOHAILHBIMH XapaKkTepucTukamu [7—11].

Cpenu nmepcneKTUBHBIX MaTepHuanoB Beiaensiorcs cucremsl (PrDy)(FeCo)B, B ko-
TOPBIX peaKo3eMeNbHbIe 3JIeMeHThl Pr u Dy o0OecrneunBalOT BHICOKHII ypPOBEHb MarHuTO-
KPUCTAJIJIMYECKON aHU30TPOIIMU U KOSPUUTUBHOM CHUIIBI, TOTAA KaK NE€PEXOAHBIE METAJIIIbI
Fe u Co popmupyroT BeICOKHIT MarHUTHBIA MOMEHT [12]. B 3aBUCHUMOCTH OT yCIOBHIl 1MO-
Jy4eHUs] TaKMe€ MHKPOIPOBOJA MOI'YT HAaXOAUThCA Kak B aMOpP(HOM, TaKk U B INOJUKPHU-
CTaJUIMYECKOM COCTOSIHMM. AMOp(]Has CTpyKTypa XapaKTepU3yeTcsl CHUIKEHHOW KOdpIU-
TUBHOW CHUJION U M30TPOMHON HAMAarHMYEHHOCTBIO, TOTJa Kak TepMuueckas obOpaborka
NPUBOJUT K KpHUCTAUIM3aUUK U (HOPMHUPOBAHUIO MArHUTOTBEPAOW (a3zbpl ¢ MarHUTHOH
anusorponueii [ 13-15].

IlepcrieKTUBHBIM MHCTPYMEHTOM JIOKQJIBHOTO YNPABJICHUSI CTPYKTYPOW M MarHUTHBI-
MU XapaKTepUCTUKaMU MaTepualia siBisieTcs j1azepHoe obmyuenue [16, 17]. UmnynscHoe na-
3epHOE BO3/CHCTBHE MO3BOJSET PEATU30BaTh JOKAJIbHOE IUIABJIEHUE, UCIApEHUe, a TaKkKe
OBICTpBIE HArpeB M OXJIAXKJIEHUE MaTepHala, co3aanas 00JacTH ¢ U3MEHEHHON MopQoiorueit
U MOJU(HUIMPOBAHHBIMU MarHUTHBIMH CBOMCTBaMU. IIpu 3TOM J0KanbHOE MiIaBlIeHHE MOXKET
NPUBOANUTE K MEpepaclpe/ieIeHUI0 XUMHUECKUX 3JIEMEHTOB, OCOOEHHO PpeaKO3eMeIbHbBIX
KOMIIOHEHTOB, OTJIMYAIOIINXCS BBICOKOW XMMHUYECKON aKTUBHOCTBIO M UYBCTBUTEIBHOCTBIO K
TepMUYecCKOMY BozziericTBHIO [16]. IIporpamMMmupyemMoe CKaHMPOBAHUE JIa3€POM MTOBEPXHOCTH
u3zienust Jonyckaer 3D-nevaTe MArHUTHBIX COCTOSIHUN UM 3allMCh ITUKCENS IaMATH B OT/AEIb-
HOM oOnactu. B ¢Bsi3u ¢ 3TOM BO3MOKHOCTBIO aITUTUBHBIX TEXHOJOIWMH BO3HHUKAET 3a1aya
COBEpIIECHCTBOBAHUSA XUMHUYECKOM, CTPYKTYPHOW M MarHMTHOM CTaOMJIBHOCTH MaTepuara,
MOJU(HUIMPOBAHHOTO JIA3€PHBIM 00Jy4YeHHEM, a TaKXkKe MCCIeJOBaHUS U3MEHEeHUIH Mopdouio-
T'HH, paclpe/ieIeHUus] XMMUYECKUX AJIEMEHTOB U MarHUTHBIX CBOMCTB B JIOKAJIBbHBIX 007aCTsX,
MOJBEPTHYTHIX Ja3€pHOMY OOTYyYEHHUIO.

[enb paboThl — aHANM3 MOCIEACTBHM JIOKATHHOIO JTA3€PHOr0 00JyuYeHHUsI U BaKYyMHO-
ro OT)KMTa M UX BIUSHUSA Ha MOP(OIOTHI0, XUMUYECKUH COCTaB U MAarHUTHBIE CBONCTBa
mukpornpoBosioB (PrDy)(FeCo)B, a Takxe BbIBI€HHE CBA3M JIa3€pHO-UHAYLHUPOBAHHOTO
WU3MEHEHMSI KOOPLUUTUBHOW CHJIBI 1 MarHUTHOM aHU30TPONMU CO CTPYKTYPHBIM COCTOSTHUEM
MaTepuaia i FeOMETPUUECKUMHU [TapaMeTpaMH MOBEPXHOCTH MUKPOIIPOBO/IA.
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MarepuaJjbl 1 MEeTOIbI

Awmopousie mukponposoza (PrDy)(FeCo)B (puc. 1) momyyanu MeTooM 3KCTpaKIUU
KaIlJTd pacIulaBa OT HArpeTod SJEKTPOHHBIM IMYYKOM MOBEPXHOCTH CIIEYEHHOIO MarHuTa.
TopreByio MOBEPXHOCTh CIEUYEHHOTO MarHWTa IMOCJe OIUIaBleHUS U (GOPMUPOBAHUS Karllu
3axXBaThIBAJIM BBICTYIIOM Ha BpAILAIOUIEMCS CO CKOpPOCThIO <60 M/C JaTyHHOM UWJIMHIPE
C BOJSIHBIM oXJakJaeHueM. IIpy TermnoBoM KOHTAKTE pacijiaBa ¢ LMWINHIAPOM CKOPOCTh OXJia-
xnenns He npessimana 108 K/c. Tonyuennsie mukponposoaa (PrDy)(FeCo)B umenu momy-
WIMHAPHYECKY0 ¢opmy (puc. 1, 6), nuamerp 10 80 MM u anuny 10 150 mm. s popmu-
POBaHMA MOJMKPUCTAIUIMYECKOW CTPYKTYPbl MHUKPOIPOBOJA MOJBEPrajl BaKyyMHOMY OTKUTY
npu naBnernu 10~ Topp (133,3 I1a) n Temneparype 700 °C B Teuenne 2 4. Ha puc. 1, 6 npu-
BejeHO m300paxenune topua mukpornpoBoaa (PrDy)(FeCo)B mocie BakyyMHOTO OTXHTA,
MOJy4YEHHOE METOJIOM CKaHHUPYIOIIEH AIeKTPOHHON MUKpockoruu (COM).

ITnockast
CTOpOHA

\

Beimykias
CTOpOHA

Puc. 1. COM-u3zo6paxkenus Topia mukpornpoBoaa (PrDy)(FeCo)B no (@) u nocie (6) BaKyyMHOT0
omkura, Mmojeb mukpomnposoa (PrDy)(FeCo)B (s)

JlokanpHOeE na3epHOe BO3JECTBHE 1103BOJISAET (POPMHUPOBATH KOHTPOJIUPYEMYIO IEPH-
OJIMYECKYI0 MarHUTHYIO CTPYKTYpY Ha MOBepXHOCTH MuKporpoBoaoB (PrDy)(FeCo)B [16].
B xo7e sxcnepuMeHTaIbHbIX PAa0OT Ha MJIOCKYIO U BRITYKIIYIO CTOPOHBI (pHC. 1, 8) aMOpHBIX
U MOJIMKpHUCTAITHYECKUX MUKpornpoBo10B (PrDy)(FeCo)B naHeceHbI epHOANYECKHE JIa3ep-
HbI€ METKH MEPHEeHIUKYSPHO IIaBHOM OCH MHMKpOINPOBOAA C MOMOILBIO UTTEPOUEBOTO MM-
MyJIbCHOTO BOJIOKOHHOTO Jla3epa CO CIEAYIOIMMUMH MapaMeTrpamu: JyinHa BOiaHBI >1000 HM,
CKOpPOCTh JBM)KEHUS Ja3zepHoro jyya >200 MM/c, MOIIHOCTb Jla3epHOro umiyisca >15 Br,
4yacToTa cliefloBaHus uMIyabcoB >20 kI'1, quamerp sazepHoro jyda <15 MKM.

[TomyyeHne >JEKTPOHHBIX H300paXEHUH, PHEProJUCHEPCHOHHYIO PEHTTEHOBCKYIO
crnekrpockonuio (Energy Dispersive X-Ray (EDX)) u aneMeHTHOE KapTHPOBaHUE POBOTUIN
C TIOMOILBI0 CKaHUPYIOIIETO 3JIEKTPOHHOTO MUKPOCKOTIA.

Uccnenoanue npoaoiasHoro 3dgdexra Keppa u perucrpaius J0KaJbHbIX ME€TENb Mar-
HUTHOTO FMCTEPE3HCA BBINOJIHEHBI C IPUMEHEHNEM MUKPOCKOIIA.

Pa6ora BeimonHeHa ¢ ucnonb3oBanueM obopynoBanus LIKII «KnumaTnueckue ucmosli-
tanus» HULL «KypuatoBckuit unctutyr» — BUAM u LKIT UL npobiem XxuMHuecKon
¢busuky 1 MenuuHCKo xumun PAH.

Pe3yabTaThl M 00Cy:KI€HUE

Ha puc. 2 u 3 npencraBiensr COM-uzobpaxenus mukponposonos (PrDy)(FeCo)B
C JTa3epHBIM OOJYYEHHEM JI0 M IOCIIE BaKYyMHOTO OT)KUIa U COOTBETCTBYIOIIME SHEProIUC-
NEPCUOHHBIE PEHTT€HOBCKHE CHEKTPbI, MOTYYEHHBIE B PA3IMUHBIX 00JACTSIX MTOBEPXHOCTH.
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[ToBepxHocts MukpomnpoBojoB (PrDy)(FeCo)B no m mocie BakyyMHOro OTXKHUTa
OJIHOPOJIHAS, JIOKAJIbHOE OIUIABICHHWE W M3MEHEHHE pelibeda MOBEPXHOCTH HaOII0Aal0TCs
TOJILKO B 00J1aCTH JIa3epHO# MeTKH (pHcC. 2, a u 3, a).

CoJiepKaHue JJIeMEHTOB, g CoJiepIKaHue IIEMEHTOB,
% (aTomH.): . % (aToMH.):
56,47 — Fe | 60,85 — Fe
32,64 — Co 30,62 — Co

HHTeHcuBHOCTE
HMHreHCMBHOCTH

CoziepKaHue 3JIEMEHTOB, =  CojepikaHue DJIEMEHTOB, @
% (atomH.): % (aToMH.):

54,30 - Fe 5514 — Fe @
3301 - Co 32,93 — Co o/

JIHTeHCUBHOCTH
]
)
]
1
1)
|
|
1
)
1]
|
|
1
1)
)
1)
|}
]
|
|
I
1
|
|
1
1
)
]

NHurencuBHOCTEH

Puc. 2. COM-uzobpaxenue (a) amopduoro mukponposoga (PrDy)(FeCo)B mo BakyymHOro
OT)KWTA C HAaHECEHHBIMH JIOKAJILHBIMH JIa3epHBIMH METKaMH (TI0Ka3aHbl KPACHBIMH CTPEJIKaMH);
EDX-cnexTpsl, moiay4yeHHble B 00nacTsax 0e3 JiazepHOW MeTKH (0, 2) M B 30HAX JIA3EPHOIO BO3JCH-
CTBUS (8, 0), PO3OBBIMU CTPEJIKAMH MOKa3aHbl MUKH ¢ HanOoJiee M3MEHHUBIIEHCS amrunTynoi. Obmna-
ctu 1-4 coorBerctBytoT EDX-ciekrpam Ha mo3unusx 6—0

B amopduom mukpomposoze (PrDy)(FeCo)B 1o BakyymHoro omkura B obnactu 6e3
Ja3epHO METKH HaOJIOMaeTCsl XOPOoIIasi BOCIIPON3BOAUMOCTE ()OPMBI U OTHOCHUTEIIEHOW MH-
TEHCUBHOCTH SHEPTOIUCIIEPCUOHHBIX CIIEKTPOB (pUC. 2, 6, 2), UTO YKa3bIBa€T HA XUMHUUYECKYIO
OJHOPOAHOCTH. B 0o0nacTu nokanbHOM a3epHON MeTKH (puc. 2, 6, 0) BBISIBICHBI OTHOCH-
TEeNbHOE yBEIMYCHUE MHTEHCHUBHOCTH MHKOB Xejie3a, He3HAUUTeIbHOE M3MEHEHUE BKJIA-
JIOB K0OabTa U CHU)KCHHE WHTCHCHBHOCTH IHUKOB MPa3e0uMa U JUCIPO3US, YTO MOXKET
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CBHUJICTEIBCTBOBATH O HEOJHOPOIHOCTH JIa3epHOTro Bo3aeiicTBus. [Ipu 3TOM peako3eMenbHbIe
anemeHThl Pr u Dy obnamaror Oosblel CKIIOHHOCTBIO K UCIIAPEHUIO U 0ojiee BBICOKOU nud-
(Gy3MOHHOH TOABMKHOCTBIO TPH JIOKATHHOM MEPErpeBe, YTO MOXKET BBI3bIBATH OTHOCHUTEIb-
HOE YMEHBIIICHHE X KOHIIEHTPAIlMU B 30HE NazepHoU MeTkH [14]. Takum oOpazomM, na3zepHoe
BO3JIEHCTBUE Ha MOBEPXHOCTH amopduoro mukpomnposoaa (PrDy)(FeCo)B Bei3biBacT XuMu-
4ecKkue U MOp(OIOrHuecKre N3MEHEHHUSI.
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Puc. 3. COM-uzobpaxenue (a) momukpucramindeckoro mukponposoaa (PrDy)(FeCo)B mocie
BaKyyMHOT'O0 OT)KMIa C HAHECEHHOH JIOKaJIbHOH Jia3epHOI MeTKOW (II0Ka3aHa KPacHOW CTPEJKOil);
EDX-cnexTpsl, mosy4deHHbIe B 00sacT 0e3 Jla3epHO METKHU (6, 2) U B 30HE Ja3epHOr0 BO3ACHUCTBUSA
(8, 0), pO30BBIMHU CTpENTKaMH MMOKa3aHBI T€ XK€ MMUKH, UYTO U Ha puc. 2, 6—0. Obmactu 1-4 coOTBETCTBY-
10T EDX-cniekTpaM Ha mo3uiusax 6—o

B nonmukpucrammuaeckom mukponposoje (PrDy)(FeCo)B nocie BakyymMHOro omxkura
B oOyracti 0e3 JT1a3epHON METKH HEPTOUCIICPCHOHHBIE CIIEKTPBI JEMOHCTPHPYIOT XOPOITYIO
BOCTIPOU3BOANMOCTE (pHUC. 3, 6, 2) C UHTEHCUBHBIMH MMHUKAMHU >Kejie3a U KoOallbTa (OCHOBHAs
MaTpHIla) W CTAOWIBHBIMH CHTHAJIAMH TPA3eoJMMa W JTUCIPO3HS, YTO CBUICTEIBCTBYET
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0 XMMHYECKOH OHOPOJHOCTH oOpasna. Ha sHeprommcrnepcnoHHBIX CHEKTpax B 30HE Jla3ep-
HOM MeTkH (puc. 3, 6, 0) OTHOCUTEIbHbIE UHTEHCUBHOCTH IHKOB XeJle3a U KoOajibTa coxpa-
HSIOTCS, JIMHUM TPa3eorMa M JTUCIIPO3USI CONOCTaBUMBI C COOTBETCTBYIOIIMMH JIMHUSMU B
UCXOJJHOM COCTOSIHUH, YTO CBHJICTEIBCTBYET 00 OTCYTCTBHH OOCHHEHHS PEIKO3EMEITbHBIMU
aneMeHTaMu. JlazepHoe BO3JEHCTBHE HA MOBEPXHOCTD MOJMKPUCTAIIMYECKOTO MUKPOIIPOBO-
na (PrDy)(FeCo)B Bei3biBaeT TOJIbKO MOP(OJIOTHYECKUE M3MEHEHHUS, MMOCKOJIBKY B 3TOM
COCTOSTHMHM XMMHYECKHE JJIEMEHTHI YK€ paclpesielieHbl 0 YCTOHYMBBIM (a3zaM, a TpaHu-
1Bl 3€PEH MOTYT OIpaHUYUBATH TUPDY3HIO.

B Ttabmuume mnpencraBieH YCpeIHEHHBIH XHUMHUYECKHH COCTaB MHKPOIIPOBOIOB
(PrDy)(FeCo0)B 10 u mocsie BakyyMHOTO OT)KHTa JijIsl 00JIacTeid 03 j1a3epHOl METKU U B 30HE
Ja3epHOTO BO3/ICHCTBUSI.

Xumnueckuii cocraB Mukponposoaos (PrDy)(FeCo)B
¢ JIa3epHbIM 00JIy4eHHEM /10 U M0CJI€ BAKYYMHOI'Q OTKMIa

06 ConeprkaHue 2JIeMEHTOB
JaCTh
Fe | Co | Pr | Dy
% (atomH.)
be3 nazepHoit 55.39+1.09 32.83+0.19 7,38+0.23 4.4140.,76
METKH 57,74+0,78 30,59+1,00 6,83+0,13 4,85+0,09
C nazepHoit 58,00+2,86 31,78+1,16 6,68+0,90 3.56+0,80
METKOH 57,14+0,19 31,41+0,39 7,18+0,02 4,2940,22
% (1o macce)
bes mazepnoit 35,16+0,35 22.00+0,77 11.84+0,71 8,18+1.48
METKH 41,16+0,75 23,00+0,65 12,28+0,29 10,05+0,23
C nazepHoit 39,11£2,00 22,61+0,78 11,35+1,50 6.98+1,56
METKOH 40,74+0,57 23,64+0,70 12,91+0,24 8,89+0,30

[Mpumeuanue. B yncnutesne u 3HaMeHaTeNe YKa3aHO COJCPKAHUE SIIEMEHTOB JI0 U MOCTIE BAaKyyMHO-
IO OT)KUTa COOTBETCTBeHHO. O0JaCTH ONpeeSICHUS XUMHUUECKOT0 COCTaBa yKa3aHbl HA pUC. 2 U 3.

CpaBHeHue ycpeaHeHHbIX pe3yinbratoB EDX-ananusa (cM. Tabnuity) 1uis aMoppHOro
U nosimKpucTanaeckoro Mukporposojaa (PrDy)(FeCo)B mokasbiBaeT, 4To JOKaabHOE Jia-
3epHOE BO3/ICHCTBUE U MOCIEYIONINI BaKyyMHBI OT)KUT TIO-Pa3sHOMY BIIMSIIOT Ha pacripesie-
JgeHue snemeHToB. B amopduom mukporpososge (PrDy)(FeCo)B B 30He na3epHOil MeTKH
HaOJIOMal0TCsl yBENTMUEHUE cojep)kaHusi Fe m CHWKEeHHE KOHIIEHTPAIMH PEIKO3EMENTbHBIX
anemeHTOB Pr m Dy mo cpaBHeHHIO ¢ ydacTKaMu 0e3 Ja3epHOro BO3JIEHCTBHSA. DTO CBHUJEC-
TEJIbCTBYET O JIOKAaJbHOM TIepepacupeieleHHd KOMIIOHEHTOB, BEPOSATHO, CBA3aHHOM
C KPaTKOBPEMEHHBIM IUIaBJICHHUEM M BO3MOXKHON 4YacTMYHOM mortepedl mnu aud¢y3noH-
HBIM IepepacipeieIeHUEM peAKO3eMENbHbBIX 3JIEMEHTOB NpH Ja3zepHoM Harpese [14]. ITocne
BaKyyMHOT0 OTXKHra B HOJUKpucTaiumdeckoM wmukporposojae (PrDy)(FeCo)B paznuuns
MEX/y y4acTKaMHM C JIa3epHONH METKOW M 0e3 Hee MEHee BBIPaKeHbI: KOHIIEHTPALUH OCHOB-
HBIX 2JIEMEHTOB OKa3bIBAIOTCS B MpEJeNiaX MOTPENIHOCTH U3MEPEHUI. JTO yKa3bIBaeT Ha ro-
MOT€HM3AINI0 XUMUYECKOT'O COCTaBa MPU KPUCTAITU3AIMH U MTOJTBEPHKIAET BHICOKYIO XUMHU-
YECKYI0 M CTPYKTYPHYIO CTaOMIIBHOCTh MOJHMKPUCTAIUINYECKOTO COCTOSHUS MHKPOIPOBOJIOB
(PrDy)(FeCo)B mocie TepMuyeckoro BO3AeHCTBUSI.

Ha puc. 4 npencraBieHo 3JIeMEHTHOE KapTHPOBaHHE aMOP(HOTO M MOJUKPUCTAILIN-
gyeckoro mukporpoBozoB (PrDy)(FeCo)B ¢ nokansHbIME JIa3epHBIMU MeTKaMu. Bce aimeMeH-
1ol (Fe, Co, Pr, Dy) B o0pa3suax pacrpeeneHbl paBHOMEPHO KaK J10, TaK M MOCJIE BAKyyMHOT'O
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OT>XuUra. H33€pH06 O6Hy‘leHI/IC BBI3BIBACT JIOKAJIBHOC ILIABJICHUC, HO HC INPUBOAWUT K BbIpa-
JKCHHOMY XUMHUUYCCKOMY MCPECPaCIIPCACICHUIO 3JICMCHTOB.

Puc. 4. COM-u3o0paxenuss mukponposogoB (PrDy)(FeCo)B c nazepubpiMu MeTkamMu (IOKa3aHbI
KpPacHBIMU CTpesikamu) 10 (@) | mocie (6) BaKyyMHOTO OTKHTa M COOTBETCTBYIOILIHE JJIEMEHTHbIC
KapTUPOBAHHUS

Ha puc. 5 npeacrapiieHbl JOKaIbHBIE MTETIW MAarHUTHOTO THUCTEPE3NCAa MUKPOITPOBOJIOB
(PrDy)(FeCo)B nnst BBITYKJION M TUIOCKOM CTOPOH 0 U TOCJE BaKyyMHOT'O OTXKHIa, U3Me-
PEHHBbIE METOJIOM MHUKpockonuu Keppa.

Jlo BakyyMHOTO OTKHUTa (puUC. 5, a, 8, 2, ) MeTIU UMEIOT HAKIOHHYI0 (OpMy ¢ Maion
KO3PUHUTUBHOW CHUJION M TUIABHBIM MPOIECCOM NEPEMArHUYMBAHUS, YTO XapPaKTEPHO IS
aMOp(HOTO MArHUTOMSTKOTO COCTOSHUS. CYIIECTBEHHBIX Pa3IUYUid MEXKAY BBIMYKION H
IUIOCKOM CTOPOHAMM B 3TOM COCTOSIHUM He HaOmromaercs. JlokanbHoe jazepHOoe 00myueHue
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NPUBOJUT JIMIIb K HE3HAYUTEIBHOMY JIOKAJIBHOMY M3MEHEHHIO (DOpMBI METJIM MarHUTHOTO TH-
CTEpE3UCa U YMEHBIIECHUIO KOIPLUTUBHOM CHUJIbI, YTO CBUJETENIBCTBYET O JIOKAJIBHOM XapakTepe
CTPYKTYpHOI Moau(puKanuy 6e3 CylleCTBEHHOIO BIUSHHUSA HA MAaTHUTHYIO aHU30TPOIIHIO.

ITocne BakyymHOro orxura (puc. 5, oc, u, K, M) NETIU TUCTEPE3UCA XaPAKTEPU3YIOTCS
IPSAMOYTOJIBHOM (OpMOIi, yBeIMYEHHEM KOIPLMUTUBHOW CHIIBI MU PE3KUM IPOLIECCOM Iepe-
MarHM4MBaHUs, YTO CBUIETEIHCTBYET O (JOPMHUPOBAHNU MArHUTOTBEPAOH MOJUKPUCTAIIINYE-
CKOM CTPYKTYpBI U YBEJIMYEHHOM MarHUTHOM aHu3zoTponuu. [Ipu sToM pasnuuust Mexay cTo-
ponamu mukporpooja (PrDy)(FeCo)B cranoBsarcst Oosiee SBHBIMH: IUIOCKasi MMOBEPXHOCTD
(puc. 5, K, M) AEMOHCTPUPYET NPAKTUYECKHU MPSMOYTOJIbHBIE METJIM MArHUTHOT'O TUCTEpe3nca u
Oosee pe3koe NepeMarH4MBaHKE 110 CPABHEHMIO C BBITYKJIOH OBEPXHOCTHIO (pHC. 5, o, u),
YTO MOXET OBITh CBSA3aHO C PA3IMUMSIMHU B IOJIAX paccesHus. B obGnacTu 1a3epHOil METKH I10-
cie omkura (puc. 5, u, M) HaOIIOAAIOTCS JHIIb JOKAIbHBIE BapHallUM MapaMeTPOB NETIN
MarHUTHOI'O TUCTEPE3UCa, HE Hapyllarolue o0IIero MarHUTOTBEPJOr0 COCTOSHUS, YTO yKa-
3bIBACT HA COXPAHEHUE CTPYKTYPHOW M MAarHUTHOW CTaOWMIBHOCTH MaTepHaja Mociie TepMH-
YECKOI'0 BO3/IEHCTBHSL.

MIM,
101 )
0,5

MIM,

Wﬂlﬂ HC:1353
-10 o5 0 05 1,0 -10 05 0 05 1,0
H,xD H,xD

Puc. 5. JlokanbHbIe eI MAarHUTHOTO THCTEpE3Hca 10 (4, 8, 2, e) u nocie (o, U, K, M) BaKyyMHO-
ro omxura; COM-uzo0paxennst MukporpoBo1oB (PrDy)(FeCo)B ¢ nmazepusim obayderunem 1o (6, 0) u
nocle (3, 1) BakyyMHOro oTxura. CTpenkamu 1moka3aHbl 00J1acTi (POKYCHPOBKH Jiazepa B MUKPOCKOTIE
Keppa npu momydenun merens ructepesuca. IIpencraBieHbl MaHHBIE NI BBIMYKION (a—8, Jic—u) H
TJIOCKOU (2—e, K—W) TIOBEPXHOCTEH MHKPOIPOBOJAa. BHeNTHEe MarHUTHOE IT0JIC HAMPaBJICHO BIOJH
IJIaBHOM ocu o0pasia, TemrepaTrypa BO Bcex dkcnepuMeHTax coctaBwia 300 K. M — HamarHuyeH-
HOCTb, Ms — HAMarHUYEHHOCTh HACHIIEHUs, /[ — KOOPIUTUBHAS CHJIa
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3akarouyeHus

JlokanpHOE NazepHoe obmydenune amopdroro mukponposozaa (PrDy)(FeCo)B npuso-
JIUT K CHUKEHUIO KOHIICHTPALIMK PEIKO3EMEIbHBIX KOMIIOHEHTOB B 30HE BO3/ICHCTBUS Jlazepa
IIPU COXPAHEHUHU OOIIEr0 XMMUYECKOT0 COCTaBa CUCTEMbI. B MOJUKPUCTAIIIMYECKOM MHUKPO-
npoBojae (PrDy)(FeCo)B nazepHoe 00iiydeHHE BBI3BIBACT JIOKAIbHBIE MOP(HOIOTHYECKUE
M3MEHEHHUsI, OTHAKO XMMHUYECKUN COCTaB OCTAETCS MPAKTUYECKU HEU3MEHHBIM, YTO MOATBEP-
JKIAeT BBICOKYIO CTPYKTYPHYIO U XUMUYECKYIO CTAOMIILHOCTh MaTepuaja Mmociieé BaKyyMHOTO
oT)KHra. BakyyMHBIN OTXKHUT MPUBOIUT K nepexony MukpornpoBoaos (PrDy)(FeCo)B u3 mar-
HUTOMSITKOTO aMOP(HOTO COCTOSIHUS B MAarHAUTOTBEP/I0€ MOJUKPUCTAILTUNIECKOE, YTO COMPO-
BOXKJIA€TCSl YBEIMUYEHUEM KOIPIUTHUBHOW CHIIBI U MAarHUTHOW aHu3oTponuu. [locne orkura
pa3iauurs MKy BBIMTYKJION U TUIOCKOH CTOPOHAMHU CTAHOBSITCS 00JI€e 3aMETHBIMU — TIJIOCKAS
MOBEPXHOCTh JIEMOHCTPUPYET MPAKTHUECKU MPSMOYTOJbHBIEC MeTIH rucrepesuca. [lomyuen-
HbIE PE3yNIbTaThl MOKHO UCIOJI30BATh /Ui HAaHECeHUs: MarHuTHoro 3D-pucyHka, 3a1aHHOTO
MPOTrpaMMoOii, Ha TOBEPXHOCTH AeTajnei. [Ipu 3ToM HaHECEeHHBI MarHUTHBIA y30p YCTOWYUB
K HarpeBY | JIETKO 0OHAPYUBACTCS ONTUICCKUMHU METOIAMH.

Paboma evinonnena 6 pamxax eocyoapcmeennoeo 3adanusi @UL] npobrem xumuueckoui
Gusurxu u meouyurckou xumuu PAH Ne 124013100858-3.
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noonockotl. Ilpugedenvt 0cHosHbIE CEOUCMBA PASPAOOMANHO20 MOTHUE3AWUMHO20 NOKPLIMUS
mapxu BM3I1-3 u pe3yniomanmul ucnvimanuii 31eMeHmapHulx 0o6pazyo8 Ha MOJIHUeCIMOUKOCMb.
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POLYMER FILM COATING

WITH AN INTEGRATED METAL LAYER

FOR PROTECTION AGAINST LIGHTNING DISCHARGES
OF HELICOPTER EQUIPMENT ELEMENTS MADE

OF POLYMER COMPOSITE MATERIAL (PCM)
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Abstract. The article considers various approaches to lightning protection of helicopters
structures made of PCM. A new development of the Kurchatov Institute — VIAM is presented: a
lightning-protection coating of VMZP-3 grade, which is a leveling composite film with an inte-
grated metal layer. It can be used with perforated foils or knitted wire sieves of various surface
densities, including those with a glass fabric substrate. The main properties of the developed
VMZP-3 lightning-protection coating and the results of tests of elementary samples for light-
ning resistance are given.
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BBeaenue

CoBpeMEHHOE MaTepuajoBECHUE HAXOJIUTCA HA 3Talle WHTEHCUBHOIO pa3BUTHA,
KIIFOYEBBIMH BEKTOPAMH KOTOPOTO SIBJISAIOTCS pa3paboTka M MacTabHOE BHEIPEHHE IMOJIU-
MepHBIX KOMIO3UIMOHHBIX MaTtepuanoB (IIKM). Ilo ananoruu ¢ camoneraMu B KOHCTPYKITUH
BEPTOJIETOB HOBOTO MokojeHus noyst [IKM HeykiioHHO yBenuuuBaeTcs, focturas yxe >50 %
oT o01Iei Macchl (pro3ersika, a 1o riomaan BHemHeld mosepxuoctu — 10 80 % [1]. Jlomactu
HECYIINX U PYJICBBIX BUHTOB, KAIOThI JBUTATEIBHBIX OTCEKOB, dJIEMEHTHI (DIO3EIsKa U XBO-
CTOBBIE OQJIKH — 3TO TOJIBKO YaCTh AJIEMEHTOB U arperaTos, I7ie OCHOBHBIE Kiacchl IIKM (yr-
Jie- ¥ CTEKJIOIJIACTUKH) YBEPEHHO BBITECHAIOT METaUlbl M uX cruiaBel [2, 3]. Koneuno, 3to
YK€ U3BECTHBIN (aKT, UTO TAKOH CTPEMUTEIIBHBIN IMePeXo K MPUMEHECHUIO KOMITO3HITHOHHBIX
MaTepuaioB OOYCIOBJIEH UX BbIPAKCHHBIMU MPEUMYIIECTBAMH: BHICOKUE MMOKA3aTeNIH yeIb-
HOM MPOYHOCTH U JKECTKOCTH, CHXKEHUE MACChl KOHCTPYKLUHU (710 25 %) U TPYIOEMKOCTH €€
usrotoBieHus (10 30 %), KOppo3uOHHAsE CTOMKOCTH U Ap. [4].

Opnnako npumenenue [IKM B BepTOJIETHON TEXHUKE MPUBOJUT K BOZHUKHOBEHUIO HO-
BBIX MPOOJeM, OJHON U3 KOTOPBIX SBISETCS HEOOXOIMMOCTh 00€CIeYeHHs] MOJTHUE3AIIHUTHI.
Takue marepuansl oOnanaroT Ha 3—4 mopsaka Oojiee BHICOKUMH 3HAYCHHSMH YACITHHOTO
ANEKTPUUYECKOTO COIMPOTUBIICHHS, YEM METAJUIbI, SIBJSIOIIMECS XOPOIIUMH IMPOBOJIHUKAMH,
o0ecreunBaroIIve BHICOKYIO POBOIUMOCTb U, COOTBETCTBEHHO, PACTEKaHUE TOKA MOJIHHUHU I10
WX TOBEPXHOCTH ¢ MHUHUMAJIbHBIMU JIOKAJIbHBIMU MOBpexACHUSAMU [1]. Yriemnactuku, mu-
POKO TIpUMEHSIEMbIE B HECYIIMX KOHCTPYKIMSIX BEPTOJICTHOW TEXHUKH, HECMOTPS Ha COJEp-
JKaHHWE€ TOKOIPOBOJSILETO YIJIIEpPOAHOTO HAIMOJHUTENA, 3aHUMAIOT IIPOMEKYTOUHOE OJIOXKE-
HUE MEXIYy IUAJIEKTPUKaMU (CTEKJIO- U OpraHoIUIaCTUKaMH) U Metauiamu. OIHAKO MOJU-
MepHasi MaTpulla, KaK MpaBUio, SIBISAETCS TUAJIEKTPUUYECKOH, B pe3yjbTaTe 3JIEKTPUUECKHUI
TOK, BO3HUKAIOUIUI MpU MOMAJaHUHA MOJIHUH, HE MOXKET PacHpeleisThCa MO YIIEIIaCTHKY
Tak *e d(PPEeKTHBHO, KaKk MO METAIUYECKOW KOHCTPYKIMU. DTO MPUBOAUT K JIOKAJTHLHOMY
MOBBIIICHHUIO TNIOTHOCTH TOKA, MHTEHCHUBHOMY HarpeBY U BBIJEICHUIO OOJBIIOTO KOJUYECTBA
TEIUIOBOM PHEPIUM — TeMIlepaTypa KaHajla MOJHUM MoxeT nocturath 30000 °C, ammuintyna
toka — 710 200 kA [1]. IIpu monagaHuu MOJIHMH B 0COOO OIACHBIE 30HBI HE3AIUIIIEHHbBIE KOH-
ctpykuuu u3 [IKM nonyyaroT HeoOpaTuMble MOBPEXIEHUS — IPOUCXOAST pa3pyLUICHUE U BbI-
PBIB BOJIOKOH, BBITOpaHUE JAKOKPACOYHOT'O MOKPBITHS U CBA3YIOLIETO, PACCIOEHUE KOMITO3U-
Ta, CKBO3HOM mpo0Ooii. Hampumep, mpu momnagaHuM MOJHHUH B TOIUIMBHBIE OaKH MPOUCXOIUT
BOCIUJIAaMEHEHHUE TOIUIMBA, YTO BBI3BIBAET OTKA3 CHUJIOBBIX RJIEMEHTOB, a CIIEIOBATEIbHO, MTPHU-
BOJIUT K BO3MOXHOM aBuakatactpode [1, 5].

CornacHo cratucTuke rpaxaanckoil aBuanuu, Ha 2000-3000 y HaneTa NpUXOAUTCS B
CpeIHEM OJIUH yJap MOJHHH, YTO JeJIaeT MpoOieMy MOJHUE3AIIUTHI JIETATeNbHBIX allnapaToB
MOBCETHEBHOW MHKEHEPHOU 3aaueid. J[J11 BEpTONETHON TEXHUKH, KOTOPAsl SKCILTyaTUPYETCS
B IIMPOKOM JHana3oHe BBICOT M METEOYCJIOBUM, BKIIIOYAs aKTUBHYIO TPO30BYIO JCSITENb-
HOCTB, ATa TIpo0semMa sBIsAeTCS akTyaibHOU. [Ipr 5TOM HOpMaTHBHBIE TPeOOBaHUS K MOJTHUE-
3aIUIIEHHOCTH BUHTOKPBUIBIX alllapaToB PErIAMEHTHPYIOTCS ABHAIMOHHBIMH TPAaBHIIAMU
All-29 «Hopmbl neTHOW TOIHOCTH BHHTOKPBUIBIX alapaToB TPAHCIOPTHOM KaTEropum»
(m. 29.610 «3ammTa OT MOJTHHH M CTATHYECKOTO AJIEKTPUUYECTBAY), UYTO TAKIKE MOATBEPIKIAAET
HEOOXOUMOCTh pa3pabOTKU M CepTU(UKAIMKA MOTHUE3ANIUTHBIX CHCTEM JJIsi 00eCIeUeHHs
0e301acHOCTH MOJIETOB [6].
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OcHoBHas 3amaya mosHue3amuThl Juisi [IKM 3aknroyaeTcss B CO3AaHUM BHEUIHETO
MPOBOJISIIETO MyTH, CIIOCOOHOTO MPUHATH 3HAYUTEIBHYIO YaCTh UMITYJIbCHOT'O TOKa M PaBHO-
MEPHO IepepacipeieTuTh €ro o NOBEPXHOCTH KOHCTPYKIIMH JIETATEJILHOIO anmapara.

TpaauMOHHBIM CIIOCOOOM 3aIUTHl KOMITO3UIIMOHHBIX KOHCTpYKUuii u3 [IKM, B ToM
YHCI€ BEPTOJETHOW TEXHMKH, SBISETCA NPUMEHEHHE METAIMYECKUX CETOK, (oibr wim
HaIlbUICHHBIX METAJUIMYECKUX MOKPBHITHHM. OIHAKO HCIOIb30BAHUE CIUIOLIHBIX MeTaJuinye-
CKHX DJIEMEHTOB YBEJIMYMBAET MacCy KOHCTPYKIMHU, & METAJNIMYECKHE CETKH TPeOYIT H0-
MOJIHUTENIBHBIX TEXHOJOTMYECKUX ONEpALUi MPU U3TOTOBIECHUM KOMIIO3MLIMOHHBIX AeTaneil
u arperatoB [7, 8]. B cBsi3u ¢ 3TUM OAHUM M3 NMEPCHEKTUBHBIX HANPABJICHUN UCCIICIOBAaHUN B
00JacTi MOJHHME3AIIUTHI JIETATeNIbHBIX allapaToB SBJSETCS pa3padoTKa 00JIErYeHHBIX KOM-
MO3UIMOHHBIX IUIEHOYHBIX CUCTEM, B KOTOPBIX METAIIIMUYECKUI IPOBOASIINN CIIOM UHTErpu-
POBaH HEMOCPEACTBEHHO B MOJUMEPHYIO IUIEHKY. COBPEMEHHBIM 3TallOM Pa3BUTHS TEXHOJIO-
TUH CTaJNO CO3/1aHNE TOHKUX IUIEHOYHBIX CUCTEM, T. €. IEPEXOJ OT OJHOIO MPOBOJSILETO CIIOS
K MHOTOCJIOMHBIM CHCTEMaM, B KOTOPBIX IPOBOJAALIMN KOMIIOHEHT OOBEIMHAETCSA C IOJIHU-
MEpHOM MaTpullei, B TOM YKCIIe C apMUPYIOIIUM HAMOJHUTENEM [9].

Crneuunamuctel HULL «KypuaTtoBckuit uncturyt» — BUAM Benyt paboThl 1o co3na-
HUIO KOMIIO3MIIMOHHBIX MOJHHE3AIIUTHBIX MIeHOK Mapok BM3II-1, BM3II-2 u BM3II-3
npuMeHnTeabHO K [IKM ¢ pa3nuyabiME Temreparypamu nepepadoTKu U 00JacTsIMu puMe-
HeHus. Hanpumep, pazpaboTaHHOE MOJIMMEPHOE MJICHOYHOE MOKPBITUE C UHTETPUPOBAHHBIM
MeTaumueckum cinoeM mMapku BM3II-1 npennasHadyeHo Uit 3alUThl OT MOJIHUEBBIX pa3psi-
JIOB M CHSTHSl CTaTMYECKOTO AJIEKTPUYECTBA C BHEIIHEH a’pOJMHAMHUYECKON MOBEPXHOCTHU
JieTaTebHBIX amapaToB, pabOTAIOLMX B quana3zoHe Temmepatryp or —60 go +120 °C, kpartko-
BpeMeHHO — 110 +150 °C. TlokpbITHE COBMECTUMO B €IMHOM LIMKJIE (POPMOBAHHS C MPENperaMu
Ha OCHOBe cBs3yromero BCO-1212: npenperamu yriaemnactukoB tuna BKY-29, BKVY-39,
BKYVY-25, npumeHnsieMbIMi B MOTOTOH10JI€ IBUTaTeIbHBIX ycTaHoBOK [1/1-8 u T1/1-14.

B mnepByro ouepenp, KOMIIO3UIIMOHHBIE IOJUMEPHBIE MOJIHUE3AIIUTHBIE IUJICHKU
JIOJ>KHBI UMETh XMMUYECKYIO0 COBMECTUMOCTD M aare3uto K [IKM, s koToporo oHu npeaHa-
3HaueHsl [9, 10]. Ces3yroniee MmIeHKH JOHKHO XUMHUECKH B3aMMOCUCTBOBATh C MaTpPHUIIEH OC-
HOBHOT'O MaTepraja KOHCTPYKIUH JJ1si (JOPMUPOBAHUS MTPOUHBIX XUMHUECKHUX CBSI3ei U obecre-
YEHUS] BO3MOYKHOCTHU MepepadOTKU B €IMHOM LIMKJIE (POPMOBAHUS IO OJHOMY TEMIIEPATYPHOMY
pexxumy. HeBO3MOXKHO MCIOIBb30BaTh YHUBEPCAIbHYIO KOMIIO3UIIMOHHYIO IJIEHKY: ajare3ust Oy-
JeT crnaboil, moj IeficTBHEM BBICOKOW TeMIlepaTypbl U yIapHOW BOJHBI, BBI3BIBAEMO MOJIHUE-
BBIM Pa3psI0M, CJIOM 3aluThl OTcionTcs. MiMeHHo mo3tomy it kaxkaoro tuna [TIKM coznpator
CBOIO MOJIHME3AILUTHYIO IJICHKY, a €€ (JOPMOBAHUE B €IMHOM LIMKIIE C U3JEJIMEM 00ECIeUuBaET
HaJIeKHOCTh, MUHUMAJIbHYIO Maccy M TEXHOJIOTH4ecKyto 3¢ dekTuBHOCTS [11].

Lenb paboThl — OLIEHUTh MOJHUECTOMKOCTh 00pa3loB yriemnactiuka tuna BKY-45 ¢
INPUMEHEHHEM MOJIHUE3aIUTHOIO OJUMEPHOTO TUIEHOYHOTO OKPBITHS C UHTEIPUPOBAHHBIM
MeTaumueckuM ciioeM mapku BM3II-3, B ToMm yucie ¢ moajioKKoil Ha OCHOBE CTEKJITHHOTO
HaIlOJIHUTEIIA.

MarepuaJibl 1 METOABI

[lonnMepHOE NJIEHOYHOE NOKPHITUE C HMHTEIPUPOBAHHBIM METAJUIMUECKHUM CJIOEM
mapku BM3II-3 (puc. 1) B coctaBe [IKM npumMenumo B kauecTBe BhIPaBHUBAIOIIETO ITOBEPX-
HOCTHOTO CJIOSI, JUISl 3aIIUTHl OT MOJIHUEBBIX Pa3psA0B M CHATUSA CTATHYECKOIO dJIEKTpUYe-
CTBa C BHEIIHEH a’pOJMHAMUYECKOIN MOBEPXHOCTH JIETATENbHBIX amlaparoB, paboTaroNIUX
B Auanazone temneparyp ot —60 no +80 °C, kpatkoBpemenHo — 10 +100 °C, u coBMecTuMoO B
eMHOM IUKJIe popMOBaHMs C mpenperamu yrieriactukoB tuna BKY-45 Ha ocHOBe cBA3y-
romero BCD-34.
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Puc. 1. BHemHuii Bu MOJMMMEPHOTO TNICHOYHOTO TOKPBITUS C HHTETPUPOBAHHBIM METAJUTHYCCKUM
cnoem mMapku BM3II-3 6e3 moaioXKky Ha OCHOBE CTEKJISTHHOTO HAITOJIHUTENS (4) U C €€ MCIOIB30Ba-

HueM (6)

B 3aBucumocTtu oT TpeOoBaHMI 3aKa34MKa MOJHHE3AIIUTHOE MOJMMEPHOE MOKPHITHE
mapku BM3II-3 m3roraBnuBaercs ¢ pa3In4yHbIMU THUIIAMM BSI3aHBIX U BS3aHO-NASHBIX CETOK
U3 METHOW METAJUTMYECKOH MPOBOJIOKH M MTPOCEUYHO-BBITSHKHBIX (Mep(OprUpOBaHHBIX) METHBIX
MeTajunyeckux (oser (Tadi. 1), B TOM 4uciIe ¢ UCHOIb30BaHUEM OJUIOKKU HAa OCHOBE CTEK-
JAsiHHOrO HanojHuTens — TkaHu T-64 (TY 5952-009-16319666-98) ¢ moBepXHOCTHOM MIIOT-
HOCTBIO ~100 /M?. Pa3inuus B CTPYKTYpe METaUIMIECKHX CJI0EB MPUBEIEHBI Ha puUC. 2.

Jnist oJIMMEepHOM OCHOBBI MOJTHHE3AIIUTHOTO TOKphITHS Mapkun BM3II-3 paspaborano
pacIuiaBHOE SMOKCHIHOE cBszyroliee Mapku BCO-87, obecnieunBatoriee HEOOXOMMbIE 3HaUe-
HUSl TEMIIEpaTypbl CTEKJIOBaHUSA B OTBEpXKACHHOM coctostHuu (145-155 °C), uro rapanTupyer
pabouyto temreparypy >80 °C. HeoOXxoauMblii ypOBEHb BA3KOCTH HE TO3BOJISET CBA3YIOLIEMY
(B cocTaBe MOJMMEPHOrO IJIEHOUHOI'O MOKPBITHSI C MHTErPUPOBAHHOM METAIIMYECKOM CETKOM)
BBITEKAaTh U3 CETKU U PABHOMEPHO PaCTEKaThCA 10 IIOBEPXHOCTH IIPEIIPErOB IIPU UX COBMEILIEHUN
C IOKpBITHEM. MaccoBasi I0JIs CBSZYIOIIETO B TIOKPBHITHH cocTaisieT 55+10 %.

Ilokpeitne mapkun BM3II-3 u3roraBimBaroT Ha CHELUAIM3UPOBAHHON YCTAaHOBKE METO-
JIOM COBMEIIEHHsI (IPUKATKU) METAJUIMYECKOrO CJosi CeTKU (POsbIu) ¢ pacIulaBHbIM 3IMOKCH-
HBIM CBSI3YIOIIMM U HOAJIOXKKOW Ha OCHOBE CTEKJISIHHOM TKaHM (TIpU HEOOXOIUMOCTH), Oymaxk-
HOM MOJTOKKOW Y MOJTMATHIIEHOBOW 3aIIMTHON TJIEHKOM. [IOKpBITHE MOCTaBISETCS B PYJIOHE.

Tabruya 1
IMoBepXHOCTHASI IVIOTHOCTH BSI3AHBIX U BSA3aHO-MASIHBIX CETOK U3 METHOH MeTAJLIMYeCKOW
NMPOBOJIOKH M MPOCEYHO-BHITSZKHBIX (MepdopUPOBAHHBIX) METHBIX METATHYECKUX GOIbT

Marepuan Mapka [ToBepXHOCTHAS MIIOTHOCTS, T/M?
Bsisamsie CMIIK-0,08 85
M BI3aHO-IIasiHBIE CMIIK-0,10 146
MEJIHbIE CETKU CMIIK-0.12 155
COM-051-84 73,3
COM-051-76 107,4
COM-076-79 141,6
Hpoce‘-lHO-BLITfDKHLIe CDOM-076-70 195,3
(nepdopupoBanHbIe) -
MeTaJlTHaeckue GOobru Streck Air R2 CuFA-51-73 73
Streck Air R2 CuFA-51-107 107
Streck Air R2 CuFA-76-142 142
Streck Air R2 CuFA-76-195 195
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Puc. 2. BHemHHN BU BSI3aHBIX W BA3aHO-TIASHBIX CETOK W3 METAJUTUYECKOHW MPOBOJIOKH (a), MPo-
CEUHO-BBITSDKHBIX (TIEpOPUPOBAHHBIX) METAIUIMYECKUX CeTOK ((obr) (6)

3HaueHUs OBEPXHOCTHOM IUIOTHOCTH MOJHHUE3AIUTHOIO IOJMMEPHOIO IUIEHOYHOIO
HNOKPBITUSL C MHTETPUPOBAHHBIM MeETAJUIMUeCKUM cioeM Mapku BM3II-3 npencraBieHbl
B Ta0I. 2.

Tabruya 2
IMoBepxHOCTHASI IJIOTHOCTH MOJTHHE3ANIUTHOTO MOJIMMEPHOTO MJIEHOYHOT'0 MOKPBHITHS
C MHTETPUPOBAHHBIM MeTAJLIMYeCKUM ciaoeM Mapku BM3II-3

[ToBEpXHOCTHAS MIOTHOCTD, T/M?%, HOKPHITHS
MeTaITHYeCKHii CIOi 0e3 MOJTOKKHN C TTOIOKKOM
Ha OCHOBE CTEKJISHHOIO | Ha OCHOBE CTEKJITHHOI'O

HAITOJIHUTEIS HAITOJTHUTEIS
COM-051-84/Streck Air R2 CuFA-51-73 70-140 170-240
CMIIK-0,08 70-160 170-260
COM-051-76/Streck Air R2 CuFA-51-107 90-200 190-300
CDM-076-79/Streck Air R2 CuFA-76-142 120-260 220-360
CMIIK-0,10 120-270 220-370
CMIIK-0,12 130-290 230-390
COM-076-70/Streck Air R2 CuFA-76-195 160-360 260460

JIy1st mpoBeICHHS UCTIBITAHUN Ha MOJTHUECTOMKOCTD 3a €UHBIN ITUKII (POPMOBAHUS W3-
TOTOBJICHBI JIEBATH 00pa3noB (pazmepamu 100x100 MM, TonmuHOMi 2,5-2,6 MM) yIIIEMIaCTH-
ka tuna BKY-45 Ha 0CHOBE pPOCCHICKUX YTIIEPOJIHBIX BOJOKOH M ATIOKCHIHOTO CBS3YIOIIETO
Mapku BC3-34 ¢ MonHne3amuTHeIM nokpeiTueM Mapku BM3II-3 ¢ uHTErprpoBaHHBIM Me-
TammaeckuM ciaoeM Mapku CPM-076-70 (moBepXHOCTHAS MIOTHOCTH 195,3 1/M?) m mon-
JIO)KKOM Ha OCHOBE CTEKJISTHHOW TkaHu Mapku T-64 (puc. 3).
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Puc. 3. JIutieBas (a) u o6opoTHas (6) cTopoHBI 00pasma 1 i UCIBITAHHIA

[Ipu ucnonw3oBanuu oaHoro cios nokpeitust BM3II-3, B koTopoe yke HHTerpupoBa-
Ha METAJUTMYECKas CeTKa U MOJUI0KKA U3 CTEKJISTHHOTO HAIMIOJIHUTENS, BO3MOXHBI ITOBBIILICHUE
BecoBoii apdexkruBHOCTH (10 50 %) U cHIKeHue Tpynoemkoctu (1o 30 %) B cpaBHEHUH CO
CTaHJAPTHOW CXEeMOH (Z1Ba ciios kieeBol mieHku BK-51, Metammueckuit ¢oi U clioit cTek-
JITHHOT'O HAITOJIHUTEISI) COOPKH MMaKeTa 3arOTOBKU U3JIETIHSI.

Ucnbitanusa o0Opa3iioB HA MOJHHECTOMKOCTh MPOBOJWIN COTJIACHO ABHAIMOHHBIM
npasmwiaM All-29 «Hopwmbl 1eTHON TOAHOCTH BUHTOKPBUIBIX allapaToB TPAHCIIOPTHOM Karte-
ropum» (. 29.610 «3ammTa OT MOJIHUU M CTaTHYECKOTO AJIEKTPHUECTBA») U KBATU(UKAIH-
onubiM TpeboBanumsiM KT-160G/14G [12, 13]. OOpasibl yriemiacTuka ¢ HCIOIb30BaHHEM
MOJIMMEPHOTO TIEHOYHOTo MOKphiTUs BM3II-3 ¢ uHTErpupoBaHHBIM METAJUIMYECKUM CIIOEM
Y TOJUI0KKOW Ha OCHOBE CTEKJISTHHOTO HAMOJIHUTEIS TTOIBEPTal BO3ICUCTBUIO BHICOKOBOJIb-
THBIX UMITYJIbCHBIX Pa3psiioB, UMUTUPYS BO3/AEHCTBHE MOJHUEBOTO paspsaa g 30H 2A, 1B
u 2B. Kaxxnas 30Ha xapakTepusyercsl napaMeTpamMu BO3AEHCTBUSI, 00YCIOBIEHHBIMU BEPOSIT-
HOCTBIO TOIAJaHUs MOJIHUY B KOHCTPYKIIUIO BEPTOJIETA HA 3€MJIE M BO BpeMs MOJIeTa Ha pa3-
HBIX BbICOTaX (puc. 4) [14].

\ / 1A @
N 1B TopusoHTAIEHOE

Ilaccu Haxogutes B 30He 1 R 1C OIepeHne
9 (BT CBEpXY)
B BBIITY IEHHOM II0JIOXKEHUH .S 2A
EEE 2B
==1'3

Puc. 4. PacrionoxeHre 30H MOPaKSHUs pa3psiloM MOJTHUU Ha BEPTOJIeTE

Krnaccudukanus 30H mopakeHHsi MOJIHMEH BEpTOJIeTa OCHOBaHA Ha CTaHAapTax
SAE ARP 5414B, ED-91F u Auanuonusix npaBunax AIl-29:

—30Ha | — MOBEPXHOCTU BEPTOJIETA C BHICOKON BEPOSITHOCTHIO MEPBOHAYATIBLHOTO KacaHUs
MOJIHUU (TIPSAMOTO TMonagaHuss MoJaHUM). 30HbI 1A u 1B umeroT HuU3Ky10 (HOCOBas 4acTh, 3a-
KOHIIOBKM HECYILETO M PYJIEBOIO BUHTOB) U BBICOKYIO (HIIKHSS 4acTh (ro3eisbKa B peXKUMe
TM10JIETa) BEPOSITHOCTh «3aBUCAHMSI» AYTH COOTBETCTBEHHO;

—30Ha 2 — NOBEPXHOCTU BEPTOJIETA C BBICOKOW BEPOATHOCTHIO CMELICHMSI KaHajla MOJIHUU
IIOTOKOM BO3AyXa M3 30HBI 1 A. 30HbI 2A u 2B MMEIOT HU3KYIO U BBICOKYIO BEPOSITHOCTH
«3aBHCAaHUS» KaHaJIa MOJIHUU COOTBETCTBEHHO;
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—130Ha 3 — MOBEPXHOCTU BEPTOJIETA, HE BKIIOUYECHHbIE B MEPEUUCICHHbIE 30HBI, C HU3KOU
BEPOATHOCTBIO NPSAMOIO MOMNAaJaHus WM KacaHWsl KaHajla MOJHHUM, HO YE€pe3 3Ty 30Hy MOTYT
IIPOTEKaTh OOJIbIINE TOKH MEXKIAY TOUKaMu npucoeauHenus [15, 16].

Ha ocHoBaHMM JaHHBIX, MOJYYEHHBIX OT MOTEHIMAIBHOTO MOTPEOUTENs, BHIOPAHBI
napaMeTpbl BO3JCHCTBHS Ha 0Opasibl UMIYJIHCOB TJIABHOTO pa3psna (KOMIOHEHT A),
MPOMEXKYTOYHOTO TOKa (KOMIOHEHT B), mpomomxutensHoro toka (kommnoneHt C), mpo-
JOJDKUTEIIBHOTO TOKAa B 30HAX NEpeMeleHUs KaHaia Mmpu Maibix 3amgepxkkax (C*) m mo-
BTOPHOTO yAapa MoiHuu (komrnoHeHT D), umutupyromux Bo3aeiicTBUE pa3psia MOJIHUU

st 30H 2A, 1B u 2B (tabn. 3).

Tabnuya 3
IapamMeTpbI BO3/1eiicTBHSI COYEeTAHMI Pa3JIHYHBIX (PAKTOPOB
KoMmoHeHT BO3AeHCTBHS [TapameTpbl KOMIIOHEHTOB | 3uauenus mapameTpos
3ona 2A
IlukoBas aMIIMTYyAa TOKa, KA 100 (10 %)
D Bpewmst Bo3pacTaHusi, MKC <25
[TonHOE Bpems AeHCTBHS MMITYJIbCA, MKC <500
Unrerpan neiicteus fi*dt, A%c 0,25-10° (20 %)
VYcepenHeHHas aMIUTUTYa TOKa, KA 2 (£20 %)
B JmUTeIbHOCTD TOKA, MC 5 (£10 %)
IMepenocumprii 3apsia, Ko 10 (£10 %)
YcpenHeHHast aMIUIMTYia TOKa, A <400
C* JIMMTENBHOCTH TOKA, MC 45 (+20 %)
IMepenocumpiii 3apsi, Kit 18 (20 %)
3oHa 1B
[TukoBas aMIUINTyna TOKa, KA 200 (10 %)
Bpewmst Bo3pacTaHusi, MKC <50
A "
[TonHOE BpeMsi NEMCTBHSI UMITYJIbCA, MKC <500
UnTterpan peiictus [i%dt, A%-c 2-10% (20 %)
YcpenHeHHas aMILUIUTy1a TOKa, KA 2 (£20 %)
B JUTUTEIbHOCTD TOKA, MC 5 (£10 %)
IMepenocumpiii 3apsit, Kit 10 (10 %)
YcpenHeHHas aMIUIMTy1a TOKa, A Ot 200 no 800
C JImMTeTbHOCTh TOKA, C Ot 0,25 no 1,00
IMepenocumpiii 3apsi, Kit 200 (£20 %)
[TukoBas aMIUINTya TOKa, KA 100 (10 %)
D Bpems Bo3pacTaHusl, MKC <25
[TonHOE BpeMsi NEMCTBHSI UMIYJIbCA, MKC <500
UnTterpan aeiictus [i%dt, A%-c 0,25-10° (£20 %)
3ona 2B
[TukoBas aMIUINTy1a TOKa, KA 100 (10 %)
Bpems Bo3pacTaHusi, MKC <25
D "
[TonHoE BpeMsi NeMCTBHS UMITYJIbCA, MKC <500
Unterpan aeiictus [i%dt, A%c 0,25-10° (20 %)
VYcepenHeHHast aMIUIMTy1a TOKa, KA 2 (£20 %)
B JnTenbHOCTh TOKA, MC 5 (£10 %)
[Mepenocumplii 3apsia, Kot 10 (10 %)
YcpenHeHHast aMIUIATY1a TOKa, A Ot 200 10 800
C JImATeTbHOCTh TOKA, C Ot 0,25 no 1,00
ITepenocumslii 3apsia, K 200 (+20 %)
HpI/IMe‘IaHI/IC. KommonenT D JAOJIKCH IMOJAABAThCA IMCPBLIM.
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HccnenoBanusi IpOBOJAMIM C HCHOJIB30BAaHUEM I'€HEpaTopa HMITYJIbCHBIX TOKOB
I'T-M, BocnpounsBoasuiero koMmrnoHeHTsl A—D Toka monnuu [17]. YcrpoiicTBo KpemieHus
00pa3LoB U [10/IBOJIa TOKA MOJIHUU Yepe3 BO3AYIIHbIM MPOMEXYTOK OT I'€éHepaTopa UMILYJIbC-
HBIX TOKOB K 00pasiiaM IpUBEJeHO Ha PUC. 5.

Puc. 5. YerpoiicTBO kperieHHs 00pa3ioB: a, 6 — BUJ C JTUIEBOW U 000POTHOW CTOPOHBI 00pa3ia
COOTBETCTBEHHO

[Tocne u3BiedyeHuss oOpas3lOB W3 YCTPOMCTBA KPEIUICHUS MPOBOIMINA BU3YaJbHBIN
OCMOTp, 3aMephbl IUIOIAAN MOBPEXKACHNUS, aHAIU3 COCTOSTHUS 00pa3lioB Ha MIpeIMET Hapylie-
HUS LEJIOCTHOCTH, a TAKXKE€ HMCCIEAOBAHMUSA BBICOKOYACTOTHBIM XOUMITYJIbCHBIM METOJO0OM
yTeM CKaHMPOBaHUS MpeoOpa3zoBaTeeM BCeil MOBEPXHOCTU C LENbIO OINpeiesieHus: 00pa3o-
BaBIITUXCS BHYTPEHHUX JeekToB [18].

Pe3y.]'ll)TaTI>I H oﬁcy)wlelme
P C3YJIbTAThI HUCIIBITAaHHU I npcaACTaBJICHLI B TaoI. 4.

Tabruya 4
Pe3yabTaThl HcnbITaHUI 00pa3uoB yriaemnacTuka tTuna BKY-45
¢ MOJTHME3AIUTHBIM NOKPbITHeM Mapku BM3I1-3 Ha MOTHHECTOHKOCTD

YcaoBHbII 3o0Ha . PesynbTarsl uccnenoBanus
HOMeEp BO3/1€Hi- VBHeHIHHH B BBICOKOYACTOTHBIM
BEpXHEH MOBEpPXHOCTH 00pasia
oOpasua CTBHS 9XOHMMITYJIBCHBIM METOJIOM

Hectpykuusi cBsi3ytomiero u monnue- | [lnomans moBpexaeHus oOpasloB co-

1 A 3aLIMTHOTO MOKPBITHS, Pa3pblB BOJIO- | cTaBiseT oT 188 mo 822 Mm?, riuyOuHa
KOH yIJIEIIaCTHKa JUaMeTpoM oT 9 no | moBpexzaenus pocturaer 0,3-0,4 mwm.
33 mm. CkBo3HOM npo6oii orcyTcTBYeT | CKBO3HOM MpoOOH OTCYTCTBYET
Hectpykuusi cBsi3ytomiero u monnue- | [lnomans noBpexaeHus oOpasloB co-
3alIUTHOIO HOKPLITHS, Pa3pblB BOJO- | cTaBiseT oT 3374 mo 4001 mm2, riry6u-

6 1B KOH yrIJemjacThka AuamMeTpoM OT 35 | Ha moBpexzaeHus jgocruraer 0,4—
o 37 MM, BEIpBIB BOJIOKHA B HampaB- | 2,5 MM. 3aduKcHpOBaH CKBO3HOH Ipo-
neanu 0 rpagycoB. CkBo3HOW mpoOoii | 0ot
OTCYTCTBYET
Hectpyknust cBssytomero u MonHue- | [lnomans moBpexaeHus o6pas3unos co-
3aIUTHOTO TIOKPBITHS, PaspbiB BOJO- | CTaBiseT oT 2675 1o 3374 M2, riy6u-

9 B KOH yriemnactuka auameTpoM oT 40 | Ha moBpexaeHuss gocruraer 0,4—
10 70 MM, BeIpbIB BoJIoKHa B Hampas- | 0,5 Mm. CkBO3HOH Mpo0oii OTCYTCTBY-
nerann 0 rpamycoB. CkBO3HOW TpoOoW | eT
OTCYTCTBYET

Buemrnuit Bug o6pasuos 1, 6 u 9 mocne BO3IEHCTBUS UMITYILCOM TOKA, COOTBETCTBY-
fomuM 30HaM 2A, 1B u 2B cooTBeTCTBEHHO, TPUBE/IEH Ha PHC. 6.
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Puc. 6. O0pa3ip! yriaemiacTiuka ¢ MOJTHHE3AMUTHBIM TOKpbITHEM Mapku BM3I1-3 mociie ucmnbita-
HUHA Ha MOJTHHECTOUKOCTH

[Ipoananu3upoBaB MOJYyYEHHBIE PE3YJIbTAThl, MOKHO CHENaTh BBIBOJ, YTO MOJIHHE3A-
HIMTHOE MOJUMEPHOE TJICHOUHOE MOKpbiTHe Mapku BM3II-3 ¢ uHTerpupoBaHHBIM METALIH-
yeckuM ciioeM mMapku COM-076-70 paboTocmocOOHO M MOXET ObITh PEKOMEHJIOBAHO IS
MIPUMEHEHHUS B KOHCTPYKIUAX aBUALIMOHHOW TEXHUKHU, HA KOTOPHIE B MPOLIECCE IKCIUTyaTal[uU
BO3JECHCTBYIOT BBICOKOBOJIbTHBIE MUMITYJILCHBIE Pa3psiibl MOJHHUM C NapaMeTpaMH, COOTBET-
cTByOIKUMHU 30HaM 2A u 2B. JlanHbie 00pa3ibl MOMYyYHUIH MUHUMAJIbHBIE TOBEPXHOCTHHIE
MOBPEXKACHUS, TUIOIIA/Ib U TTyOHHA 3aJleraHus MOBPEXACHUM ObLIINM HEOOIbIIMMH, CKBO3HOM
poOoii OTCYTCTBOBAI.

JIns1 BOBMOKHOCTH MPUMEHEHHUST MOJIHME3AUIUTHOTO MOJMMEPHOIO IUIEHOYHOrO IIO-
kpeiTus Mapku BM3I1-3 ¢ unTerpupoBaHHbIM MeTaindeckum cioeM mapku COM-076-70 B
3oHe 1B Tpebyercs npoBeaeHUE NOMOJIHUTEIBHBIX UCCISAOBAHUIN ¢ UCIOJIB30BAHUEM TEXHO-
JIOTUYECKUX PEIICHUH MTPH U3TOTOBJICHUN KOHCTPYKIIMH, TaK KaK 00pa3Ibl HMEIT OOITHPHYIO
TJI0IA]Th, 3HAUUTEIBHYIO TITYOMHY MOBPEXKIEHUN U CKBO3HOU MPOOOH, YTO MOXKET HEraTHBHO
BJIMSTH Ha noBeaeHue KoHCTpykuuu u3 [IKM B mpoiecce 3kcruryataliii aBUallMOHHOW TEX-
HUKH TOCJIE NTONAJJaHUs B HEE pa3psiia MOJIHUMU.

3akiro4yeHusn

B HUL] «KypuaroBckuii unctuty» — BUAM pa3paboTaHo HOBOE MOJHHME3ALIUTHOE
MOJIMMEPHOE IJICHOYHOE MOKphITHe Mapku BM3II-3 s npuMeHeHus: B KauecTBE BBIPaBHU-
BAIOILETO MOBEPXHOCTHOIO CJIOSI, 3AIUTHI OT MOJHMEBBIX Pa3psAAOB M CHATHSI CTATUYECKOTO
AJIEKTPUYECTBA C BHEIIHEN a3pOJMHAMUYECKON MOBEPXHOCTH JIETATENIbHBIX aImaparoB, pado-
TaIIUX B aAuanasone temmeparyp ot —60 mo +80 °C, kparkoBpemenno — no +100 °C. Ilo-
KpbITHE COBMECTHMO B €IUHOM IMKJIE (POPMOBAHMS C MpENperaMy Ha OCHOBE CBS3YIOILErO
BCD-34 (nmpenperamu yrieruiactukoB tuna BKY-45).

[IpoBeneHsl UCHBITAHUSI HA MOJIHUECTOKOMKOCTH 3JE€MEHTapHBIX 0Opa3loB COIJIACHO
ApnanmonneiM npaBunam  All-29 «HopMbl J1eTHOM TOJZHOCTH BHHTOKPBUIBIX amlapaToB
TpaHCHOpTHOU Kareropuu» (1. 29.610 «3ammura 0T MOJIHUM U CTaTHYECKOTO JIEKTPUYECTBAY)
u kBanu¢pukaoHHbIM TpeboBaHusM KT-160G/14G. O6pasiup! yriemnjgacTuka ¢ UCHOIb30Ba-
HUEM TOJIMMEPHOIO IUIEHOYHOro NOKpbITHd BM3II-3 ¢ MHTErpHpOBaHHBIM METAJTIMYECKUM
cioeM COM-076-70 1 moanokKKOW Ha OCHOBE CTEKJITHHOI'O HAIOJHUTENS MOJABEprajau BO3-
JEMCTBUIO BBICOKOBOJIbTHBIX HMMITYJIbCHBIX Pa3psAoB, UMHUTHUPYS BO3IEHCTBHE MOJIHHEBOIO
paspsina mis 30H 2A, 1B u 2B.

[To pesynbpTaraM HCHbITAaHUN pa3pabOTaHHOE MOKPHITHE PEKOMEHJI0BAHO JJISl MpHMe-
HEHHS B KOHCTPYKLHUSIX aBHAIMOHHOW TEXHUKH, HAa KOTOpBIE B IPOIECCE IKCILTyaTalluH
BO3JCHCTBYIOT BBICOKOBOJIbTHBIE UMITYJICHBIE pa3psAibl MOJHUU B 30HaX 2A u 2B. /[ns Bo3-
MO>KHOCTH €ro IpUMeHeHHs B 30He 1B Tpebyercs ucrnonp30BaHne TOMOIHUTEIBHBIX TEXHOJIO-
TMYECKUX PEIIEHUI NPU U3TOTOBJIEHUH KOHCTPYKIUH.
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INOJIYYEHUE KEPAMUKHN HA OCHOBE OKCHUJIA IUPKOHU A
METOAOM CTEPEOJIMTOI' PA®UN
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Annomauusn. Paccmompenvl 603M0OJNCHOCTIU NPUMEHEHUS MeMOOd A3EPHOL Cmepeou-
moepaguu 0Jis1 NOLYUeHUs U0eNUll U3 KepaMmuku Ha 0CHOGe oKcuoa yupkouus. Paspaboma-
Ha evicokoHanoanenuas (0o 81 % (no macce)) pomoomeepoicoaemasn kepamuieckas nacma
HA OCHO8€ OKCUOA YUPKOHUSL, NO3GOJAIOWAS. NOLYUAMb CIOJNCHblE KepamuuecKue uszoenus
Memoodom aazepHou cmepeoaumozpapuu. Dusuxo-mexanudeckue u meniogusuveckue xa-
PaKmepucmuxy Kepamuxi, nOAY4eHHOU U3 NACMbl HA OCHO8e OKCUOA YUPKOHUS MemoooM
JIA3EPHOU CMepeotumospaguu, CONOCMAasuMbl ¢ NOKA3AMENIMU KEPAMUKU, U320MOBTIEHHOU
MPAOUYUOHHBLMU MEMOOAMU.

Knroueesvie cnosa: 3D-newams, nazepuas cmepeoaumozpaus, OKCuo YyupKouus, adoumue-
Hble MEXHOI02UU, KEPAMUYECKUE NACHIbL, NIOMHASL KePAMUKA

Jna yumuposanun: Typuenko M.B., Jle6eneBa 10.E., byty3os A.B., YaitnukoBa A.C., 'amazuna M.B.,
CeeroropoB K.U. Tlony4yeHre KepaMHKH Ha OCHOBE OKCHJA IUPKOHHS METOIOM cTepeoiutorpaduu //
Tpymst BUAM. 2026. Ne 10 (164). C. 197-207. URL: http://www.viam-works.ru. DOI: 10.18577/2307-
6046-2026-0-10-197-207.

Scientific article

PRODUCTION OF ZIRCONIUM OXIDE-BASED CERAMICS
BY STEREOLITHOGRAPHY

M.V. Turchenko?, Yu.E. Lebedeval, A.V. Butuzov?,
A.S. Chaynikova', M.V. Gamazina', K.I. Svetogorov*

Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institute», Moscow, Russia; admin@viam.ru

Abstract. The potential of laser stereolithography for producing zirconium oxide-based ce-
ramics is considered. A highly filled (83 % by weight) photocurable zirconium oxide-based
ceramic paste has been developed, enabling the production of complex ceramic products us-
ing laser stereolithography (SLA). The physicomechanical and thermophysical properties of
the ceramics produced from the zirconium oxide-based paste by SLA are comparable to those
of ceramics produced by traditional methods.

Keywords: 3D printing, laser stereolithography, zirconium oxide, additive manufacturing,
ceramic pastes, dense ceramics
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Beenenne

[Tonyyenue CIOKHBIX M3LEIUM U3 KEPAMMKU SIBJIACTCS KPUTUYECKU BAKHOMU 3a1adei
JUI BBICOKOTEXHOJIOTMYHBIX OTpaciell MPOMBIIIJIEHHOCTH (JIBUIaTEIECTPOCHUE, PaKETHO-
KOCMHUYECKasi TEXHUKA U Jp.), TPEOYIOIMX BBICOKOH TEPMO- U M3HOCOCTOMKOCTH, XMMHYE-
CKOM MHEPTHOCTH M IPOYHOCTU MaTepuana. TpaluLIMOHHBIE METOIBI ITOJIYYEHHs KepaMuye-
CKHUX H3JIeNMi (ropsiuee MpeccOBaHME, XOJIOJHOE HU30CTAaTHUUYECKOE IIPECCOBAHUE, MCKPOBOE
IUIa3MEHHOE CIIEKaHUe, IIUIMKEPHOE JIUThE U JIp.) TPeOYIOT U3rOTOBJICHUS CI0XKHON TEXHOJIO-
THYECKOW OCHACTKH M 0053aTENbHOM MEXaHW4eCKOil 0O0paboTKM KepaMHUYECKOW 3arOoTOBKH,
YTO NIPUBOJUT K CYHIECTBEHHOMY YAOPOXKAHHUIO U YCIOKHEHHUIO TEXHOJIOTHYECKOTO MTPOIiecca.
[TomMumo 3TOTO, MEXaHWYECKasi 00pabOTKa OKa3bIBACT HETATUBHOE BIMSHUE HA U3/EHE B I1e-
JIOM, CO3/1aBasi MUKPOTPEILHMHBI HAa TIOBEPXHOCTH, KOTOPBIE B MPOLIECCE IKCIUTyaTallud MOTYT
MIPUBECTHU K €ro pazpyuieHuto [1-6]. PemenueM nanHoi npoOsieMbl CIIy)KUT IPUMEHEHHUE Ta-
KHX MHHOBALMOHHBIX METOJOB IOJIy4E€HUS KEPAMUUYECKUX HU3JEIIHNM, KaK aJJluTUBHBIE TEXHO-
noruu (AT).

B HacTosmEee BpeMs HHTEpeC K KEpaMUYECKOMY aJAUTHUBHOMY IIPOU3BOJCTBY 3HAUYU-
TenbHO yeunmics. Tak, o JaHHBIM Hay4HO-TeXHHUYECKoro nopraina ScieneDirect, 3a mocen-
Hue 10 JleT KOJIMYeCTBO HAyYHO-UCCIIEAOBATENbCKUX IMYOIMKAIMM, CBA3aHHBIX C Kepamuye-
CKHUM a/ITUTUBHBIM [IPOU3BOJICTBOM, YBEJIIMYMIOCH B HECKOJIBKO pa3 (puc. 1). AKTUBHBIN HH-
tepec kK AT 00yciioBiieH B EpBYIO O4epeb BO3MOKHOCTBIO MOJIYYEHHUS CIOKHOMPODUIBHBIX
KEePaMHUECKUX MU3/ICTHHA Pa3InYHOr0 Ha3HAYEHHsS C (PM3UKO-MEXaHUYECKUMH XapaKTepUCTHKA-
MU, COIIOCTABUMBIMH C IT0KA3aTEJIIMU U3AEINH, N3TOTOBICHHBIX TPAAULIMOHHBIMA METOAAMH.
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Puc. 1. KonmuectBo HayuHbIX myOnukarmii mo teme «Additive ceramic manufacturing» na moprase
ScienceDirect

CymecTByeT /1Ba TUIIa METOJOB HM3TOTOBJIEHUS CJIOXHOIMPO(UIBHBIX KEPaMHUECKUX
nuzsienuid ¢ npumenennemM AT: npsmble u Henpsimble. [Iporiecc M3roToBiaeHUs U3AENNS Nps-
MBIMHM METOJIaMH, TAKUMHU KaK CEJIEKTHUBHOE Ja3epHOE CIUIABICHHE U CEJIEKTUBHOE JIa3epHOE
CrieKaHMe, MpeCTaBIsgeT co00ll HaHEeCeHHe KepaMHUYecKOro MaTepuasa B BHJIE CyXOro Io-
poliika Ha pabouyro MOBEPXHOCTb, IPH 3TOM O0BEAUHSIET CTAANI0 (POPMOBAHUS U KOHCOIUA-
nuu B ogHoM mukie. Henpsmele meronsl AT, ncnosb3yemble A MONTYYEHHS KEPAMMKH,
BKJIIOUAIOT PsIJI TEXHOJIIOTHYECKUX onepauuii: 3D-neyars, BBDKUraHUE CBSI3YIOIIETO U CIEKa-
Hue. K HenpsimpiMm Metonam AT oTHocAT: nasepHyro ctepeonmtorpaduio (Stereolitography
Apparatus — SLA), nudpoByro 00pabOTKy CBETOM, CTPYWHYIO TI€YaTh CBS3YIOIINM, TOCTION-
HOE€ HallIaBJIeHUE KepamoroiumepHoro ¢uinamenTa u ap. Hecmotpst Ha TOT ¢akT, yTo mps-
Mble MeTOJbl AT OCHOBAaHBI Ha MEHbBIIIEM KOJIMYECTBE ONEpaIiii 10 CPAaBHEHUIO C HENPSIMbI-
MU, UX NpUMeHeHHe i 3D-nedatn kepaMMKH OrpaHUYEHO BBUAY BBICOKOH TEMIIEpaTyphl
IUTABJICHHSI KepaMuueckux matepuainos (>1800 °C) [7-12].
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B kauectBe marepuana s 3D-nieyaTtu HENPSAMBIMH METOJIAMU, KaK MPaBUJIO, BBICTY-
MaeT KOMIO3UIIUS, BKIIFOUAIONIAs KEPAaMUYECKHI MOPOIIOK, CBS3YIOIIEEe W Pa3IMYHBIC IO-
BEPXHOCTHO-aKTUBHbIE 100aBku. Bua ncxoanoro marepuana st 3D-neyaTu 3aBUCUT OT BBI-
OpanHo# Texnosoruu [13-15].

HaunbGonee nepcnexkruBHoM AT 11 moaydeHus: U3eIuid co CaoXHOU (hopmoit (HaIu-
YK€ JIEMEHTOB C KPUBOJIMHENHOM MOBEPXHOCTHIO, TOHKOW WJIM TOJCTOW CTEHKH) SIBIISETCS
meroa SLA [16-18]. IIpunimn AelCTBHS 3TOr0 METO/a 3aKI0YaeTcsl B MOCIONHON (PoToImo-
JTUMEpU3alid KePaMUYEeCKOW TACThl TOJ BO3ACUCTBHEM YIbTPA(PHOIETOBOTO H3ITYUCHHS
(Y®), koTopoe 3acBeynBaeT 00JACTH B COOTBETCTBUU C IMPOrPaMMHO-33/IaHHBIM KOHTYPOM
(puc. 2). B xauectBe marepuana mis 3D-neyatn metogom SLA MCTONB3YIOT CrienUalbHYIO
KEepaMHYECKYIO MACTy, COCTOSIIYIO U3 (POTOMOIMMEPHOTO CBS3YIOLIEr0 M KEPaMUUECKOIo I0-
pomika. K ocHOBHBIM JOoCcTOMHCTBAM MeTona SLA OTHOCST BBICOKYIO TOYHOCTH M CBOOOMY
MeYaTu, YTO MO3BOJISET NOMyYaTh KepaMUUECKHE U3/IENIUS CIIOKHON reoMeTpuyecKoil (hopMbl
C BO3MOXXHOCTBIO PETYIIMPOBAHUS YPOBHSI (PU3UKO-MEXAHHUUECKUX XaPAKTEPUCTUK U CTPYKTY-
pBI, K HEJOCTaTKaM — BBICOKYIO CTOMMOCTbh OOOpPYAOBaHHUS U CIIO)KHOCTh CHHTE3a MaTepHa-
JI0B, 00JIaaf0NIUX BBICOKOM cTenenbio ceronoromenus (SiC u ap.) [19, 20].

Puc. 2. IlpunHnun AefcTBUS TEXHOJOTHH Jla3epHOU crepeonurorpaduu: 1 — neyataemMoe U3Jeiue;
2 — cJIOW KepaMU4eCKOH MacThl; 3 — TaTdopMa MmocTpoeHus; 4 — pakenb; 5 — cUcTeMa IoJadu Kepa-
MUYECKOU macThl; 6 — Y®d-na3zep; 7 — 4acTUIbl OKCH/IA ITUPKOHUS; 8 — POTOOTBEpXkKTaeMOe OJTUMEp-
HOE CBSA3YIOLLEe

s nmonydenus 6e3aedexTHrIX u3Aenuit merogamu AT BaKHO MOJATOTOBUTH OJHO-
POAHYIO ¥ TOMOT€HHYIO KepaMUYEeCKyIo macty. JlJis 3Toro Heo0X0IMMO, BO-TIEPBBIX, MOJTO-
TOBUTH KepaMUYeCKHil MOpomok. Pa3mMep n Mopdonorus 4acTull MopoIiKa, ero XuMU4ecKuit
COCTaB OKa3bIBAIOT MPSIMOE BIMSHUE HA KA4e€CTBO MOJIy4aeMOro marepuaia. B GonbmHcTBeE
CIIy4aeB MOPOIIOK BKJIIOYAET YACTHUIBl OCKOJHUATOTO THUIA BBHUJY CIOXKHOCTU TMOTYyYEHHS
chepuueckoit dopmbl. [y oOecriedeHus] TOJHOTO BMEUIMBAHMS CBS3YIOIIETO B KepaMude-
CKUI MOPOIIOK TaK)Ke HEOOXOAMMO, YTOOBI CPEHHI pa3Mep YacTHUI] He MPEBBIMAT 25 MKM.
Menkue 9acTUIlbl MOTYT MPUBECTH K MX arjlOMEpalyu, a KPYIMHbIe — K CHIDKCHHUIO KauyecTBa
3D-neyaru. [ToMuMo 3TOT0, MPEAMOYTUTENHHO HCIIOIB30BAHUE TTOPOIIIKA C Pa3HbIM (ppakiu-
OHHBIM COCTaBOM C IIeJIbI0 oOecrieueHus: HauboJiee MIOTHON YNaKOBKM 4acTull. BaxHo yuu-
THIBaTh XUMHUYECKUI COCTaB MOPOIIIKA: HU3KAsI XUMUUYECKasl YHCTOTA HCXOIHBIX KOMITIOHEHTOB
MOJKET IMPUBECTH K MOJYUCHUIO M3JCIHS C HEJOCTATOYHBIM YPOBHEM (PU3HKO-MEXaHHMUCCKHUX
XapaKTePUCTHK.

Bo-BTophIX, HEOOXOMMMO TPABUIILHO MOI00paTh (oTormoIMMepHoe cBs3yromee. Kak mpa-
BUJIO, CBSI3YIOIIEE COCTOMT M3 MOHOMEPOB W/WMJIM OJMTOMEPOB C BUHWJIBHBIMH U aKPWJIATHBIMU
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rpynnaMu. JlaHHbie (HOTOMONMMEPHI UMEIOT PsJl MPEUMYIIECTB NEpell SMOKCHIHBIMU U
noM3(UPHBIMU COCTMHCHUSIMU: BBICOKAs PEAKIMOHHAS CIIOCOOHOCTh, HU3KAs BSI3KOCTH,
OTBEpKJeHUE (HOTOMOIMMEPOB 0e3 BBIIEICHUS MOOOYHBIX MPOIYKTOB. [ YCKOPEHHOTO
WHUIIMUPOBAHUS (OTOMOTUMEPHU3AIMU B CBA3YIOIIEE BBOMST Pa3iuyHbie (HOTOUHUIIUATO-
pol. [IpenMyIiecTBEHHO HCIOIB3YIOT (POTOMHUIIMATOPHI MEPBOTO TUIIA U UMEHHO T€, KO-
TOpbIe 00JaaI0T HAanOObIIEH a0COPOIIMOHHON CITOCOOHOCTRIO MPH 33JaHHOU JIJTMHE BOJHBIL.
JJis MUHHUMH3alUU THKCOTPOITHOTO M TUJIATAHTHOTO MOBEICHUS KEPaMUYECKUX IMacT B CBSI-
3YIOIIEe BBOIAT CMAYHBAIOIIC-TUCTICPTUPYIOIIHE JOOABKH.

B-TpeTpux, mocie MOATOTOBKM KEPAMHUYECKOTO TOPOIIKa M (POTOMOIUMEPHOTO
CBSI3YIOIIETO UX HEOOXOAMMO CMEIIaTh ONpeaesieHHbIM obpa3om [15, 21-26]. B nporuBHOM
CJlydae TOMOTEHHOCTh ITacThl He OyeT o0ecreueHa, 4To MpuBeIeT K OpaKy.

Kak ykazaHo paHee, CHHTE3 KEPAMHUYECKUX MATEPHAIIOB, 0OJIAAIOIINX BBICOKOM CTe-
NICHBIO CBETOIOIJIONICHHSI, CYIIECTBEHHO YCIOXKHEH npu peanu3anuu Metoga SLA. Tlostomy
HanboJIee YacTO C UCIOJIB30BAHUEM JIAHHOW TEXHOJIOTUN CHHTE3UPYIOT MaTepUalbl ¢ HA3KOM
CTETICHBIO CBETOIOIJIONICHUS, TaKUE KaK OKCHJ aJIOMHHHS U OKCHJ IUPKOHUS. MeToaoMm
SLA u3 xepaMHUYECKHX IMacT Ha OCHOBE OKCHJA IIMPKOHUS IMOJYYAlOT KaK Pa3IMYHbIC KOH-
CTPYKIIMOHHBIC W3JIeNisl (M3HOCOCTOMKHE JeTajid, KOMIIOHEHTBI JUIsi HACOCOB, AJIEMEHTHI
TUTYH)KEPOB HACOCOB, TIAPBl TPEHUS H Jp.), TAaK U H3ACIUS MEIUIMHCKOTO Ha3HAYCHUS, B OC-
HOBHOM B 00JIaCTH CTOMATOJIOTHH (3yOHBIE HMILIAHTHI).

Ilenp maHHOW pabOTBI — MOJYYEHHE BBHICOKOHAIOJIHECHHOW KEPaMHYECKOW IMacThl
¢ cogepxaHueM okcuaa Iupkonus 10 81 % (mo macce) ¥ U3rOTOBJICHHE U3 HEE KePaMHUKHU
meroaoM SLA.

Matepuaabl U1 MeTOIbI

Kepamuueckyro macty moiayyanu myTeM CMEIIMBAHUS KEPAMUYECKOTO TOPOIIKA OKCH-
Ja UPKOHUS U (POTOOTBEPHKIAEMOTO IMOJIMMEPHOTO CBS3YIOIIETr0. B kauecTBe TBepAoOW CO-
CTaBJISIFOIIEH HMCIONIB30BAIM MOPOIIOK OKCHJIa LUPKOHMS B TETPAaroHaJIbHOW MOIH(pUKALUY,
B KaUECTBE CBS3YIOIIETO — KOMITO3UIIMIO HA OCHOBE aKPHJIATHBIX MOHOMEPOB U OJINTOMEPOB
¢ (OTOMHMITUATOPOM C BBICOKOM aOCOPOIIMOHHON CIIOCOOHOCTHIO.

Pacnipenenenne 9gacTull mopomika OKCHIAa HUPKOHHUS MO pa3Mepy IMPEICTaBIEHO Ha
puc. 3. Cpennuii pazmep dactuil coctaBui 1,08 MKM.
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Puc. 3. Pacupenenenue gacTUIl IOPOIIIKA OKCHIA ITUPKOHMUS TI0 pa3Mepy

Metonom SLA monydeHsl 00pa3ibpl U3 KEPAMUUYECKON MACThl HA OCHOBE OKCHJIA ITUp-
KoHMs. B xoje uccnenoBanuii momoOpana onTUMalibHasi MOIIHOCTH Jiazepa mis 3D-meuatn.
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[Tocne 3D-meyaTy nMpoBeM BbLKUTAaHUE CBS3YIONIEro U crniekanue. [Ipu uccienoBaHuu MHK-
POCTPYKTYpPBI CIICUEHHBIX KEPAMHUYECKUX OOpAa3IOB HCIOJIB30BAHBI COBPEMEHHBIE METOJIBI
3JICKTPOHHOM MUKPOCKOIHH. VcclienoBanne MeXaHH4eCKUX CBOMCTB (IIPOYHOCTh MPHU U3THOE,
MHUKPOTBEPJOCTh) MPOBOAMIN HA COBPEMEHHBIX MCIBITATEIbHBIX MAIIMHAX B COOTBETCTBUU C
I'OCTamu n mMeToauKamMu HCHbITaHWHA. [110THOCTH 00pa3loB ompenesii METOAOM THAPO-
CTaTHYECKOI'0 B3BCIIMBAHUS.

Pe3ysabTarsl M 00Cy:KIeHHE

BaxxapiM acriekToMm mosiydeHus] KepaMUUeCKUX MacT, mpuMeHsembix it 3D-nevatn me-
TogoM SLA, sBISeTCS HCCIEIOBAHUE UX PEOJIOTMYECKUX XapaKTepucTuk. Jls wccnenoBaHus
JTUHAMAYECKON BSI3KOCTH U CKOPOCTH CJIBUT'A M3TOTOBJIEHBI KEPAMUYECKHUE MACTHI C Pa3InYHbIM
cofiep>kaHHEM TOpOLIKA OKCHAA LIUPKOHHS M (OTOOTBEPKAAEMOT0 MOJIMMEPHOTO CBSA3YIOIIETO
0e3 cMauMBarOLIE-AUCIEPTUPYIOIINX 100aBOK. JJaHHbIE XapaKTEpUCTUKU MCCIIEA0BAIM HA POTa-
IIMOHHOM BHCKO3HMETpe B MHTepBaje ckopocteil capura 0—100 ¢ mpu temmepatype 25 °C.
DOTOOTBEPK/IAEMbIE OJTUMEPHBIEC CBSA3YIOIINE XapaKTEPU3YIOTCSI HhIOTOHOBCKUM MOBEIACHU-
€M, BBICOKOHArpy>KEHHbIE KEpaMUYECKUE TaCThl MPOSBIISAIOT HEHBIOTOHOBCKOE MOBEICHUE U3-
3a IUCTIEpPrUpOBaHHON TBepAou (a3zbl (puc. 4). Takoe moBeAeHNE KEPAMUYECKUX TACT SIBJIS-
eTcsl mpeArnouTuTenbHbM A mporecca SLA. OHO mpeoTBpaliaer CeIUMEHTALMI0 YacTHUI
B I1aCTE€ B COCTOSTHUH TTOKOS U CITIOCOOCTBYET a/ICKBATHOMY TEUCHHIO TIPH CABUTE.

10° ¢

Q
Y

[ERN
o
@

JluHaMudecKasi BA3KOCTh, I1a‘c

0O 10 20 30 40 5 60 70 80 90 100
CxopocTh caBHra, ¢
Puc. 4. 3aBucMMOCTH JMHAMHUYECKOW BSI3KOCTH KEPAMHUYECKHX IACT C COACPKAHMEM OKCHIA
nupkonus 70 (—), 75 (—) u 80 % (1o mMacce) (—) OT CKOPOCTH C/IBHTA

OpaHako MOTy4YeHHbIE Pe3yIbTaThl OKA3aIH, YTO Y KEPAMHUECKHX MAaCT C COJep)KaHU-
€M TMopoIka okcuaa mupkorus: odosnee 70—75 % (mo macce) HabMr01aeTCA IEPEXO] U3 MACTO-
00pa3Horo cocTosiHUS B TiacTuyHoe. [103ToMy B cocTaB KepaMU4eCKOi MacThl BBEACHBI CMa-
YUBAOIIC-AUCIICPTUPYIOIIUE )IO6aBKI/I, OMnpeaciCHa JuHAMHU4YCCKas BA3KOCTb JaHHBIX KOMIIO-
3UIMI U MOTy4eHbl 3aBUCHMOCTH JUHAMMYECKOH BA3KOCTH (TIpH ckopocTH casura 30 ¢ 1) or
conepxanus nopomrka ZrO; (puc. 5). BBenenue 100aBOK MO3BOJIMIO HE TOIBKO MCKIIIOYHTH
MEepexo/l MacThl B IUIACTUYHOE COCTOSIHHE, HO W YBEIUYHUTH COJIEp)KaHHE TMOPOIIKAa OKCHIA
nupkonus 10 81 % (mo macce). [Ipu »ToM macTta, B cOCTaB CBS3YIONIIETO KOTOPOW BBEICHBI
CMayYMBaOIIe-AUCIIEPTUPYIOMIUE T00aBKH, HE MPOSBIIa THKCOTPOIHOTO U JWUJIATAHTHOTO
MOBE/ICHUS.
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Puc. 5. 3aBHCHMMOCTH JUHAMHYECKOM BA3KOCTH (1Ipu ckopocTH casura 30 ¢ 1) skcrepuMeHTanbHbIX
COCTaBOB KEPAMHUYECKUX MACT CO CMAYMBAIOIIC-THCIICPTUPYIONIMME 100aBKamMu (—) 1 6e3 HuX (—)
OT coneprkaHus rmopormka ZrO;

ITocne nonydyeHus KepaMUUECKOM MacThl HA OCHOBE OKCHJA IUPKOHUS MeToaoM SLA
M3TOTOBIIEHBI 00Pa3IIbl, MPECTABIISAIONINE COO0H MapaUIeNenuIebl C TabapUTHBIMUA pa3Me-
pamu 50%12x4 mm. Bennunny momuoctu Y ®-na3epa nogdoupaiu ¢ y4eToM TOT0, 4TO TIIyOu-
Ha OTBEP)KJAEMOT0 CJI0sl JOJDKHA ObITh B 3—4 pasa Oouiblile, YeM TOJIIMHA HAHOCUMOI'O CJI0s
(50 mxm). I[Ipu 3acBeunBannu Kepamudeckoi nactel Y ®-nazepom momuocteio 300400 MB
ryouHa oTBepxaaeMoro ciosi cocraisier ~(150-200) MM, uTo obecrneynBaeT 0CTaTOU-
HYIO aIT€3MOHHYIO CBA3b MEXYy closMU. [Ipyn MeHbIIel MOIIHOCTH I€4aTu ITyOUHBI OTBEp-
KTaeMOro ci1osi OyAeT HEAOCTaTOYHO, YTO MPUBEIET K OTCIAUBAHHIO CIOEB IPYT OT JIpYyra.
ITpr BBICOKOI MOLIHOCTHM Jlazepa ciaou OyIdyT MEpeoTBEp)KIaTbCs, YTO TaKXkKe MPUBEAET
K HapyUIEHHIO UX LEJIOCTHOCTH U, KaK CIEACTBHE, K OpaKy caMoro u3aeiusl.

OO6pa3upl, nonyueHHsle MerogoM SLA, mocie M3roToBieHUs MOABEPrald TepMHUYe-
CKOMY yJaJleHHIO (POTOOTBEPXKAAEMOI0 MOJUMEPHOro cBsA3yromiero. s mpeaoTBpaiieHus
BO3HUKHOBEHUS TPELMH B IIPOLIECCE OTKUTA CKOPOCTh HAarpeBa JoJKHA ObITh HU3KOM. Brico-
KM€ CKOPOCTH HarpeBa MPUBEAYT K Pe3KOW MOoTepe Macchl M3ZENus 3a CUeT CIMIIKOM HH-
TEHCHUBHOTO BBICBOOOXK/IEHHUS CBs3ytowero. Jljis onpeneneHus TeMIepaTypHOTO UHTEpBaia
yaaneHus: (poTooTBepKIAaeMOro MOJIMMEPHOIO CBSI3YIOLIETO M3 o0paslia MPOBEAEH TEPMO-
IrpaBUMETpHUYECKUN aHanu3 (puc. 6). YCTaHOBIEHO, YTO MOTEPsl Macchl 00pa3lia HaUMHAETCS
npu temriepatype ~180 °C. CkopocTh pa3iokeHus (POTOOTBEPKIAEMOTO MOJTUMEPHOTO CBS-
3YIOIIEro 3HAYUTENIbHO yBenuuuBaerca npu jpoctmxkeHunu 330 °C, mpu HarpeBe 00pasloB
10 temneparypsl >450 °C npoucXoauT MOJHOE Pa3IoKEHUE CBA3YIOLIETO.
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Puc. 6. TepmorpaBumerpuueckas KpuBas oOpasia U3 MacTbl Ha OCHOBE OKCHJA IIUPKOHHS, MOy~
YEHHOI'0 METO/IOM JIA3epHOHN CTepeouTorpapun
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Wznenus, momydenHnsie MeTonoMm SLA, mpeTeprneBaroT TEPMHUECKOE BO3JCHCTBHE
(BBDKUTAHUE CBS3YIOIIETO U CIIEKAHKE), PU KOTOPOM H3MEHSETCS X Macca, 03ToMy HeoO-
XOJJIMO YYUTHIBATh yCaJIKy 00pa3IoB. Ycaaka Omnpe/ieiieHa MyTeM COMOCTABICHUS UCXOIHBIX
pa3mepoB 3D-Mo/eNM U MOJy4eHHOTO 00pasiia Mociie MOJHOTO IHKJIa KePaMUYeCKOro a-
JUTHBHOTO Tpou3BojacTBa. [loiydeHHbIe pe3ynbTarhl (pHC. 7) TMO3BOJIWIH ONPEACIUTh KO-
a¢dunmeHTs MacTabupoBaHus ISl KEPAMHUKH HA OCHOBE OKCHJIA IUPKOHUS, MTOJTYyICHHOM
metoaoM SLA: 0,25x0%0,25 % (miMHaXIUpUHAXBBICOTA).

a) 0)

10

Puc. 7. Pazmepsl 3D-mozenu (@) 1 00pa3iioB mocie MojHOro IUKIA aJJUTUBHOTO IPOU3BOACTBA (0)

s obecnieueHust TpeOyeMbIX (DU3MKO-MEXaHMUECKUX XapaKTEPUCTHUK IOcie yjanie-
HUSL (DOTOOTBEPKAAEMOTO IMOJIMMEPHOTO CBS3YIOIIETO MPOBEICHO CIEKaHHE MOJYyYCHHBIX
oOpa3oB npu Temreparypax 1500-1600 °C B Bo3ayiiHOi cpene.

Kepamuka, momyuennas merongom SLA U3 macTel Ha OCHOBE OKCHIa IUPKOHUS, 007a-
JaeT PaBHOMEPHON HHU3KOMOPUCTONW MEIKOKPHUCTANIMYECKO CTpyKTypoi (puc. 8). Pazmep
3€pEH HE MpEeBbIIIaeT 1 MKM.

2ym Mag= 1000KX  EHT=1500kV  SignalA=SE1 Date 18 Dec 2024
WD = 7.5mm |Probe = 50pA Photo No. = 8715

Puc. 8. Ctpykrypa kepaMudeckoro MaTepuania Ha ocHoBe ZrO;

YcTaHOBNIEHO, YTO (U3UKO-MEXAHUYECKUE U TEIUIO(U3HUECKUE XaPAKTEPUCTHKU 00-
PasnoB, MOJYYCHHBIX METOJI0OM SLA 13 IMacTbl HAa OCHOBC OKCHAAa HUPKOHHA, COITIOCTAaBUMBI C
MOKa3aTesIMU 00pasiioB, H3TOTOBJICHHBIX AJI CPABHEHUS TPAIUIIMOHHBIM METOAOM — MOIY-
CyXUM TIPECCOBAaHHEM C IMOCJICAYIOINUM CIlekaHueM mpu Ttemieparypax 1600-1700 °C
(cM. Tabmunty). IIpu 5TOM M3 KepaMUYeCcKOW MacThl HA OCHOBE OKCHJA ITUPKOHHUS METOIOM
SLA MOXHO MOJTy4aTh W3ACIHUS CI0KHOW (POPMBI C PETYIUPYEMOH CTPYKTYpOH U HEOOXO -
MBIM YPOBHEM (DU3UKO-MEXaHUYECKHUX U TEMIOPU3NUECKUX XapaKTEPUCTHK, YTO 00ecrieunBa-
€TCs 3a CYET BO3MOYKHOCTH M3MEHEHHUS PEKUMOB YAAICHHST (POTOOTBEPKIAEMOTO TTOITUMEPHOTO
CBSI3YIOIIIETO W CHeKaHWs wu3lenuil. V3MeHeHue TexHonorndeckux mapamerpoB 3D-neuatn
(MOIITHOCTH J1a3epa, CKOPOCTh U TPAEKTOPHS 3aCBEUMBAHMS) TAK)KE MOTYT OKa3bIBATh BIIMSHUE HA
KaueCTBO KOHEYHOTO U3JICIIHSL.
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CpoiicTBa KepaMuKkH Ha ocHOBe Z1O;

3HaYCHUST CBOUCTB JJIs 00pa3IoB

CroiicTBa U3 KepaMHU4eCKOM T1acThl, KEPaMHUKH,
pas3paborannoit B HULI «Kypua- [I0JIYYE€HHOH TpajuLIu-
TOBCKMH HHCTUTYT» — BUAM OHHBIM METOJIOM
ITnoTHOCTH, T/cM® 5,5-5,8 5,5-5,9
TemneparypHbIit K03 GUIMEHT THHSHHOTO 105 11.0
paciuupenus (npu 20-1600 °C) o108, K ’ ’
MuxpoTsepaocts, I'Tla 10,6-12,5 12,0

CrenyeT OTMETHTh, YTO NMPHU MOJYYSHUHU U3EIUN CIOKHOU Gopmbl MmeTogom SLA
Y4acTO UCIOJB3YIOTCS MOICPKUBAIOIIHNE CTPYKTYphl. OHH HEOOXOIMMBI Ul COXPAHEHUS Iie-
JIOCTHOCTH HABMCAIOLIMX W/WIN TOHKOCTEHHBIX JIEMEHTOB n3nenus. Kak npasuiio, yaaneHue
NOJICP>KUBAIOLINX CTPYKTYP MPOUCXOAUT MeXaHudecku nocie 3D-nevatn u3aenus 1o Havya-
Ja CIEIYIOUIMX 3TaloB, TAKMX KaK OTXKHI U crekaHue. IIpoekTupoBaHue MmoaepKUBAIOLINX
CTPYKTYp OCYILECTBIISIETCSI TAKUM 00Pa30M, YTOOBI MX MEXaHUYECKOEe YAAJICHHE HE MPHUBEIIO
K HapyLIEHHIO LIEJIOCTHOCTH HAalleyaTaHHOTO U3/Ieusl.

[IpuMmeps! u3aenuii 3 KEpaMUKH Ha OCHOBE OKCHJA HUPKOHUS, ITOJY4YEHHON METOI0M
SLA B HUILI «KypuaTtoBckuit unctutyt» — BUAM, npuBenensl Ha puc. 9.

Puc. 9. Wznenus paznnaHoil koHGUrypauuu (@) U WTUQTHL U1 BBICOKOTEXHOJIOTUYHOTO 000py10Ba-
HUs (O) U3 KEpaMUKK Ha OCHOBE OKCHJIA ITMPKOHUSL, TOTyYeHHBIE METOJIOM JIa3epHOM CTEPEOTHTOTpadun

3akao4eHus

Pa3paboTraHa BBICOKOHAIOIHEHHAs: KEpaMHUYeCcKasl 11acTa C COJeP)KaHUEM MOPOIIIKA OKCH-
na rupkoHus 1o 81 % (mo macce), MO3BOJIAIOIIAs MOTy4YaTh KepaMuky MerooM SLA. JlaHHbIi
KEpaMHUYECKHI MaTepuasl MO)KHO MPUMEHSATH Ul U3TOTOBJICHUS CJIOXKHOMPOMDUIBHBIX W3AEIHH,
UCIOJb3yEMBIX B aBUALWH, IBUTATEIECTPOCHUH, PAKETHO-KOCMUYECKON TEXHUKE U MUKPODJICK-
TPOHUKE, B Ka4ECTBE KOMIUIEKTYIOIINX HAYYHO-UCCIIEA0BATENBCKOTO U TEXHOJIOTMYECKOro 000-
pynoBanus. Bo3MOXXHO peryianpoBaHHe CTPYKTYpbl U YPOBHS (PU3UKO-MEXAHUYECKUX U TEIJIO-
(U3MUECKUX XapaKTEePUCTUK U3IEHH, TOTY4YEHHbIX U3 pa3pab0oTaHHON KepaMHUYeCcKOi MacTbl Ha
OCHOBE OKCH/1a LINPKOHUSI, YTO CYIIECTBEHHO YBEINYMBAET 00JIaCTh X PUMEHEHHUSL.

B nacrosmee Bpems B HULL «Kypuarosckuit unctuty» — BUAM oprannzoBaH nosn-
HBII LIHKJI aJJUTUBHOIO KEPaMUYECKOr0 IPOU3BOACTBA, MO3BOJIAIOIINN MOIy4aTh CIIOXKHBIE
KepaMHU4ecKHe U3/IeNUs U3 MacThl Ha OCHOBE OKCH/Ia IIUPKOHMUS MeTogoM SLA.
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Annomauusa. Ilpusedena odbwas ungopmayus o noauypemano8six J1aKoKpacoOUHbIX Ma-
mepuanax, 06aacmax ux npumeHenus u ceoticmeax. llpedcmasnenvl axpun-ypemanoguvle
Mamepuansl, UX NpPeuUMywecmsa U CeoUCMEa HeKOMopvlx npombluaieHHbvlx mapok. Cunme-
3UPOBAH 2UOPOKCULCOOEPAHCAWULT AKPUTIOBBILE CONOIUMED MEMOOOM PACMBOPHOU PAOUKATb-
HOU COROIUMEPU3AYUU, UCCeO08AHbI XAPAKMepUCmuKy npooykma cunmesa. Ha ocHnose
pacmeopa conoaumMepa noyyensbl IKCHepuMeHmaibHvle KomMnosuyuu. M3yuensl saxcniyama-
YUOHHbIE XAPAKMEPUCUKY NOTYYEHHbIX AKPUT-YPEemaHo8blx NoKpbimuill. Mcciedo8ano enus-
HUue 006asKU NOTUMEMUTICUTOKCAHOB020 MACAA HA CBOUCMBA MAMepUad.

Knroueesnle cnosa: 2udpoxcuicooepicauwuii akpuiogulil CONOIUMep, aKpui-ypemaHosblil id-
KOKPACOYHBIIL MAMepUa, ammocghepocmoiukocms, GU3UKO-MexaHudecKue XapaKxmepucmuxi,
IKCNIYAMAYUOHHbIE CBOUCMBA, PAOUKAILHASL CONOIUMEPUIAYUS
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Abstract. The article provides general information about polyurethane paint-and-varnish
materials, their areas of application and properties. Acrylic-urethane materials as well as their
advantages and properties of certain industrial brands are presented. 4 hydroxyl-containing
acrylic copolymer was synthesized by solution radical copolymerization, and the characteristics
of the synthesis product were studied. Experimental compositions were obtained based on a co-
polymer solution. Acrylic-urethane coatings were obtained and their performance characteris-
tics were studied. The effect of the addition of polymethylsiloxane oil on the properties of the
material was investigated.
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BBenenue

[TonuyperanoBbie Jlakokpacounble Matepuaibl (JIKM) mmpoko pacmnpocTpaHeHb
B IIPOMBIIIEHHOCTH. OHU COZIEPKAT IETEPOLIETIHBIE MOJIUMEPBI, B CTPYKTYPE KOTOPBIX MpH-
CYTCTBYIOT ypeTaHOBble rpymnmbl. [loMruMoO 3TOro, B UX NMOJMMEPHONH OCHOBE MOTYT COJEp-
XKaTbCsl MPOCThIe APUPHBIC, CIOKHOAIDUPHBIE U PYyTUe TPYNIUPOBKH, B TOM YHCIE MOJH-
dbyakunoHansHbIe [ 1]. biarogaps Takomy pa3HO00pa3uio cocTaBa MOKHO MOITYYaTh OOJIBIION
accoptumenT JIKM, oGecrnieynBarOmuX COOTBETCTBUE MOKPHITHI Ha WX OCHOBE IIUPOKOMY
KOMILJIEKCY AKCILTyaTallMOHHBIX TpeOoBaHui [2].

Ha ¢usuko-mMexannueckre CBOMCTBAa TOMMYPETAHOBBIX TOKPBITUH BIUSIOT IMPHUPOAA
Y JUIMHA YYAaCTKOB LIETIM MEXIY YPETaHOBBIMH 3BEHBSIMH, HAIMYHME CILIMBOK MEXIY MaKpOMOJIE-
KyJaMd U MX IUIOTHOCTh, MPHUCYTCTBHE HAIOJIHUTENEH U (YHKIMOHAIBHBIX/TEXHOIOTHYECKUX
n06aBok [3]. CuThle U pa3BeTBICHHBIC MOJIMYpPETaHbl 00pa3ylOT TMOKYI0 U MOIBIKHYIO MPO-
CTPaHCTBEHHYIO CETKY, KOTOpast MoJA JCHCTBHEM BHEUIHHX (PaKTOPOB MOXET BBIACPKHBATDH
CYILIECTBEHHbIE HArpy3ku. B 3aBHCHMOCTH OT KOJIMYECTBA MONEPEUHBIX MOCTUKOB MEXKAY MakK-
POMOJIEKYJIaMH MOXKHO IOJIy4aTh MaTe€pUailbl C Pa3IMUHBIMU CBOMCTBAMH — OT KECTKUX TEPMO-
IJIACTOB JI0 MSTKHX 3yactoMepoB. B pabore [4] moapoOHO omucanbl 0COOEHHOCTH CHHTE3a
[OJINYPETAHOB, A TAKXKE BIUSIHUE KOMIIOHEHTOB Ha XapaKTEPUCTUKH [TOJMMEPOB.

bnarogaps ¢uznko-MexaHMYECKUM CBOMCTBAM U CTOMKOCTHU K BHEIIHUM BO3CHCTBH-
aM noauyperanHoBble JIKM npuMeHsIOT B pa3nyHbIX 00JacTIX AESITEIbHOCTH ueioBeka [S],
HaIllpuMep s 3alUThI [I0JIOB HA 3aBOJIaX B MPOU3BOJICTBEHHBIX MOMEILEHHUSX, 1I€XaxX, CKJa-
nax u ap. [6]. Takumu JIKM okpaimmBaroT NpoOMBIIITIEHHOE 000pyI0BaHKE, KOJeca orpy3-
YHKOB M Bajbl KOHBeWepoB [7]. B aBroMoOuiecTpoeHnr B KauecTBEe (PUHUILIHBIX MOKPBHITUI
Ky30BOB U KOPILYCOB HCIIOJIb3YIOT IOJMYPETAHOBBIE SMAIM U JIaKHU Ul MOBBILICHUS] CpOKa
9KCILTyaTalluu B YCIOBUAX aTMoc(hepHBIX Bo3aelcTBul [8, 9].

Peakuust mosyueHus MOJMYpPETaHOB OCHOBAaHA Ha XMMHUYECKOM B3aUMOJEHCTBUU
MEXAYy THAPOKCUIIBHBIMU M M30LIMaHATHBIMM IpylnaMu. JlaHHble MaTepUabl CYIIECTBYIOT B
BU/JIE OJTHO- U JIBYXYIaKOBOUHBIX CUCTEM.

K opnoynakoBounbsiM mnosinypetaHoBbiM JIKM OTHOCAT KOMIO3WLMH, COAEpKALIUE
B KaUeCTBE MJIEHKOOOPA30BaTessl CMOJIBI UM UX PAacCTBOPBI, B COCTaBE KOTOPBIX MPHUCYTCTBY-
IOT OJINTOMEPHBIE TOJIMOJIBI U TU- WIK TOJIMU30L[HAHAThI C OJOKMPOBAHHBIMU M30LIMAHATHBI-
mu rpynnamu. [Ipu gpopmupoBanuu nakokpacounoro nokpeitust (JIKIT) mexay makpomore-
KyJlaMl 00pa3yIOTCs CIIMBKH C y4acTHEM BJard U3 BO3Jyxa JIMOO MaTepual crocobeH K ¢u-
3U4ECKOMY BBICBIXaHHUIO IIPU KOMHATHOW TeMIepaType.

JIByXynakoBOYHbIE CUCTEMBI NOJaMypeTaHoBbIX JIKM cocTosAT u3 pacTBOpOB rMApPOK-
CUWJICOepKAIUX MOJUMEPOB (MOJUA(UPHI, IMOJMOJIBI, MOJUAKPUIATBI) W H30LIMAHATHBIX
orBepauTeneii. OCHOBHAs peakUusi OTBEPXKAECHUS MOKET IIPOTEKATh 3a CUET JEHCTBHUS Kara-
JIM3aTOPOB, BBICOKUX TEMIIEPATYP WM COUYeTaHus JaHHbBIX (hakTopos [10].

Oco0blil MHTEpeC MPEeCTaBIAI0T aKpUII-ypeTaHOBbIE MaTepHalibl HA OCHOBE I'MJIPOK-
CUJICOZIEpKAILIUX AKPUJIOBBIX COINOJUMEPOB, TaK KaK MOKPHITUS HA UX OCHOBE COBMEIIAIOT
XapaKTEpUCTHKN KaK aKpWJIOBBIX, TAK U MOJUYPETAHOBBIX MoiauMepoB. Ha cBolicTBa koHEU-
HOT'O MPOJYKTa TAK)KE€ BIMSET CTpoeHUe n3onuanara [11]. YBenuuenue kommdecTsa CIIMBOK
IIPUBOAMT K NOBBIIIEHUIO TBEpROCTH U ipoyHocTH JIKII 1o onpenenennoro npenena, a Takxe
CTOMKOCTH K BHEIIHMM MEXaHMYECKHM BozaeicTBHAM. K mpeumymiecTBaM TuOpUIHOTO
AKpUJI-ypETaHOBOT'O MOKPBITHS Tak)K€ MOXXHO OTHECTH PAaBHOMEpPHOE paclipelielieHHe THI-
POKCHJIBHBIX (PparMeHTOB MO JJIMHE MaKpOMOJIEKYJIbI CONoJIMMepa 1o cpaBHeHuto ¢ JIKM Ha
OCHOBE THUJIPOKCHUIICOIepKamux momddupos [12].

B nacrosiee BpeMsi CyIiecTBYeT MOTPEOHOCTh B CHHTE3€ HOBOTO T'MIPOKCHIICOJIEP-
KaIIero akpuiIoBOTO comosmMepa it mosrydeHust Ha ero ocHoe JIKM u JIKII ¢ TpeGyembim
Ha0OpPOM IKCIUTYaTallMOHHBIX XapaKTEPUCTHK.
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B npombInuieHHOCTH JBYXKOMIIOHEHTHBIE aKpUJI-ypeTaHOBbIE SMajill Ha OCHOBE TUJ-
POKCHUJICOIEpKAIINX AKPUIIOBBIX COMOJMMEPOB SBJISIFOTCS IIKUPOKO PAaCHpOCTPaHEHHBIM KJlac-
coMm JIKM. Cpenu cepuitHO BBIYCKA€MbIX MAaTEPHUATIOB MOXKHO BBIICIUTH IMAIM MAPOK
AK-1206 (Poccus), Masscopur 14 (Poccust), IToauton-Yp (Poccus), Interthane 990 (Benuko-
Opuranus), Hempathane Topcoat 55210 (/lanus). CBoiicTBa SMaiieii mpuBeaeHbI B Ta0II. 1.

Tabnuya 1
CBoiicTBa aKPHJI-YPETAHOBBIX JIAKOKPACOYHBIX MATEPHAJIOB
3HaueHus moKa3aTeNel i1 MaTepragoB MapoK
Hoxasarests AK-1206 MaS:SLZOpur Monuron-Yp | Interthane 990 Tzlsgz?tgggio

VcnoBHas BI3KOCTE*, € Ot 30 o 70 — 40 - -
Bpemst BEICEIXaHUS 6 B 6 3 3
Jo ctenenu 3 npu 20 °C, u
JKusHecrnocoOHOCTE, U 6 6 4 2 4
TomnurHa 0IHOTO CIIOS, MKM Or 30 - Or 80 Or 30 Or 40

’ Jo 35 Jo 100 J0 75 10 80
MaccoBast gonst . Ot 30 5040 60 5743 5140
HEJIeTY4YHX BelecTB, % Jo0 75
TemmepatypHbIil Tuamna3ox Ot -60 Ot -60 Ot -50 3 To 120
sKcIryaranuu, °C 1o +130 no +120 1o +60
* Onpenenena Ha BUCKo3uMeTpe B3-246 ¢ nuamerpom coruta 4 mm npu 20 °C.

CaMbIM pacnpOCTpPaHEHHBIM CIIOCOOOM MOJYYEHHUS! JAAHHBIX COIOJUMEPOB SIBISETCS
CBOOOJIHO-pAJMKaJIbHAsl  CONOJMMEpH3alMs B  PAacTBOpUTENsAX WM smyiabcun [13].
OCHOBHBIMU MOHOMEpaMH C (PYHKIMOHAJIBHBIMU TPYINIAaMU JJIsl MOJIYyYEHUS] TUAPOKCUIICO-
JIepXKaIUX  aKpUJIOBBIX  COIMOJUMEPOB  SIBIISIIOTCS  2-THApOKcHUdTWiIakpwiar — [13]
U 2-ruapokcumeTriMeTakpuiar [ 12]. B kauecTBe Apyrux KOMIIOHEHTOB MPUMEHSIOT aKpUiIO-
BbI€ 1 METAKPWJIOBBIE 3(UPHI U KUCIIOTHI, a TAK)KE JPyTrue BUHUIIOBBIE COMOHOMEpPHI. Bapbu-
Pys COOTHOIIICHHE MOHOMEPOB, MOKHO PETYJIHPOBATH (PU3UKO-MEXaHUIECKUE XaPAKTEPUCTH-
KM KOHEYHOTr0 MOKphITHs [14]. McTouHMKaMu paauKalioB ABIISIOTCS NIEPEKUCH, THAPONIEPEKU-
CH W a30CO€IMHEHMUsI, HallpuMep TpeTOyTuinepokcnben3oar [15] wim a300Mcu300yTUPOHUT-
pun [16].

CymiecTByeT TEHIEHIUSI CHMKEHUS COJIEp)KaHUs JIETKOJETYYMX OpPraHHMYeCKHUX CO-
€IMHEHUH U 1mepexo/ia Ha BOJIOpacTBOpHUMBIE U BOJHO-AucHepcuonHble JIKM. B obGnactu uc-
cleoBaHMs M pa3paboTku akpui-yperaHoBbix JIKM mpoBeneH psan paboT 1Mo yMEHbUICHUIO
BPEIHOTO BO3JCHCTBHS Ha OKpYXkaroliyro cpeny [17].

B nacrosimee Bpems B HULL «KypuaroBckuii uncrutyr» — BUAM Benercs pabota no
MOJIyYEHUIO THAPOKCHICOAEPKAIUX AKPUIIOBBIX CONOJMMEPOB U CO3AAHHMIO HA UX OCHOBE
AKCIEPUMEHTAJIbHBIX KOMIIO3HUIIMNA, KOTOPBIE MO3BOJISAT M3TOTOBUTH aKpUJI-ypETaHOBBIE IO-
KPBITHS aBHAllMOHHOTO Ha3HAYEHMsI C HOBBIMHU, PAHEE HEJOCTHIKUMBIMHU XapaKTEPUCTUKAMU,
a TaKKe PelnuTh TPOoOJIeMbl UMIIOPTO3aMEIIEHHMSI, B TOM YUCIIe KOMIIOHEHTHOM 0asbl [18].

Martepuajibl 1 METObI

JIn1st momy4eHus: TUAPOKCUIICOJIEPKAIIETO COTIOIMMEpa BEIOpaH METOJ] paCTBOPHOI pa-
JMKAJIBHOM comojmMepu3anyi. B kauecTBe MOHOMEPOB MPUMEHSITH 2-THAPOKCHITUIIAKPHUIIAT,
OyTuiMeTakpuiar, OyTUIaKpUIaT U CTUPOJ. MICTOYHMKOM CBOOOTHBIX PAIMKATIOB SIBISIICS
nepokcuy 0enszounna. st CHUKEHUS MOJIEKYJIIPHOM MaccChl UCTIONb30Banu Oyrantuon-1. Co-
MOJIMMEPHU3AINIO TIPOBOIWIA B YETHIPEXTOPIION KOJIOE ¢ OOPATHBIM XOJIOJUILHIUKOM U BEPX-
HETPUBOHBIM TEPEMENINBAIOIINM yCTpoiicTBOM. [lepen cMHTE30M TOTOBUJIM CMECh MO-
HOMEPOB C MHULIUATOPOM U PETYISATOPOM MOJIEKYISPHOU MACCHI 10 MOJHOTO PAaCTBOPEHUS
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nepekucu. B Hayane peakTop 3amoJIHsIN CMEChI0 OPTOKCHIIONA U OyTHIaleTaTa, mocjae 4ero
OCYILIECTBIISUIM IIEpEMEIIMBaHNEe U HarpeB 10 Temueparypbl 80 °C, 0JHOBPEMEHHO IIPOyBast
peaKIMOHHOE MPOCTpaHCTBO renueM. [lo noctuwkennn HeoOXOAMMOI TeMIiepaTyphsl B Ue-
TBIPEXTOPJIONH KOJOEe OTKIIYald IOJady HWHEPTHOTO Ta3a M 3arpyXajlli MOHOMEPHYIO
CMECh yepe3 KamnelbHyl BOpoHKY B TeueHue 30 MmuH. CUHTE3 NPOBOJAUIIN B TeUeHUE 6—8 4
no xkouBepcun 98-99 %, ompenensemoil rpaBuMeTpuyeckuM metonom. Ilocne 3aBepiie-
HUS CONOJIMMEPU3ALUU ONPEACIISUIA COEPKAHUE THIPOKCUIIBHBIX TPYII B CONOJIUMEPE Me-
TOJIOM THUTPOBAHHUS BBIJCICHHOIO M3 pacTBOpa o0pasiia, MOJEKYISIPHYIO Maccy M MOJIEKY-
JISIPHO-MAcCOBOE paclipe/ieJieHHe C MOMOIIBI0 METOJIa Telib-IIPOHUKAIoIIEH XpomaTorpaduu,
paccUMTHIBAIIM COJEPKAHUE HEJIETYYUX BEILLECTB.

B pacTtBOpe comnonmmepa qucCneprupoBaid IUOKCU TUTaHA JUIsl OJdydeHus noaydao-
pukara smanu Oenoro mpera. J{asee B 4acTh KOMIO3UIMKA JOOABMIN MOJTMMETHIICHIOKCAHO-
Boe Macio mapku [IMC-50 mis ynydmieHust pactekaeMocTH. [t oOyierdeHust qucreprupo-
BaHUs NUTrMeHTa nonydadpukar sManu pa3z0aBHIM CMeCblo pacTBoputeneid mapku P-1809.
JucneprupoBanue TUOKCHIa TUTAHA MPOBOAWIN /10 pazMepa yacTul <30 MKM C UCIIOJIb30Ba-
HUEM BEPXHENPHUBOJHOIO MEPEMEINBAOIIEr0 ycTpolicTBa U Oucepa. Ilo 3aBeprienun auc-
NEPrupoBaHus OMpenenuin MaccoByro Aoiro Heneryunx BemecTB (TOCT 31939-2022) u
ycnoBayto BsskocTh (I'OCT 8420-2022) monydabpukara sManu. 3aTeM B MUTMEHTHPOBAH-
HBI pacTBOp COMOJMMepa JOOABISUIM PACUETHOE KOJIMYECTBO OTBEPIUTENS Ha OCHOBE alld-
(aTMUecKoro H30LMaHaTa M pacTBOpP OJIOBOOPraHMYECKOro Karanuzaropa. KosmuecTBo
OTBEPIUTEIS PACCUUTHIBAIHU MO hopmyIie

m _ mn/cpMM NCOWOH Woon
)
. M M OHWNCO
rae Myg — Macca nonygadpukara smanu, T; MMnco — MosekynsipHas Macca M30IMaHATHOM TPYIIIIbI,
r/Moib; MMon — MoTekyIsipHas Macca THIPOKCIBHOMN TPYIIIEI, T/MOIb; WoH — COJIepyKaHNe THIPOK-
CHJIBHBIX TPYIII B COMOIUMEpE, %; Wnco — COAEpKaHNE M30LHMAHATHBIX IPYIII B PACTBOPE OTBEPAUTE-
7151, %; Weon — COJIEPIKAHUE COTIOIMMEpA B oy hadpukate aMaiu, %o.

['oTOBYIO K IPUMEHEHHIO SKCIEPUMEHTAIBHYI0 KOMIIO3UIIMIO TIIATEIBHO MEepeMeln-
BaJIM U pa3basisin pactBoputenem P-189 no paboueii Ba3koctu ot 16 1o 20 ¢, mocne dero
HAHOCUJIM Ha 3apaHee MOJArOTOBJIEHHbIE CTEKJIIHHbIE U aJIFOMMHMEBbBIE IIACTHHBI IPU TTOMO-
1M TTHEBMAaTHYECKOTO PAaCHblICHUs B JBa ci10s. JKM3HECTIOCOOHOCTh KOMITO3UIMH COCTaBHIIa
5—6 4, BpeMsl BBICBIXaHHS TUICHOK JI0 CTENEHU 3 JocTUrio 5—6 4. JIjisi cpaBHEHUS MCIIONb30-
BaHbl HEKOTOPBIE XapaKTepUCTUKU MaTteprana Mapku AK-1206.

Pa6ora BeimonHeHa ¢ ucnonp3oBanueM obopyaoBanus LIKII «Kinumarudeckue ncmbi-
tanus» HUL «KypuaroBckuii nactuTyT — BUAM.

PesyabTarsl
Ceoticmea npodykma cunmesa u nonygadopukama smanu
ITpoaykT cuHTE3a mpencTaBisia coO0N MpO3pauHbli OJHOPOJHBIA PACcTBOP KEJITOBA-
TOTO I[BETA C BBICOKOM BA3KOCThIO. COMOIMMED U PaCTBOP T'MIPOKCUIICOIEPKAILETO aKpUIIO-
BOT'O COIIOJINMEpPA XapaKTEpU30BaJICs CIEAYIOUMMHI CBOWCTBAMHU:

CpenHeuyncioBast MOJICKYJISIpHAs Macca, I/MOJIb 16000
CpenHeBecoBasi MOJICKYJISIpHast Macca, I/MOJIb 109000
WNHnekc nonuancnepcHocTu 6,8
MaccoBas 1071 HEIEeTYy4YuX BelecTs, %o 52,5
Konsepcus, % 99
Copnepxxanne OH-rpynn B cononumepe, % 4,3
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OCHOBHBIE XapaKTEPUCTUKU TIOJYICHHON KHUIKOH KOMITO3UIIUH TTPUBEICHBI B TA0I. 2.

Tabnuya 2
CBoiicTBa M0Jy(hadpuKaToOB IMAJIH

3HayeHus TOKa3aTenei s
INoka3zatens nosrypadpukaTa
¢ noo6askoi [IMC-50 0e3 100aBKH

smaimn AK-1206

MaccoBas 10J1 HEAETYYuX

BEILIECTB, % 50,7 47,1 Or 30,0 0 75,0

VcnoBHast BI3KOCTR*, ¢ 76 51 Ot 30 1o 70

* Onpenenena Ha Bucko3umerpe B3-246 ¢ quamerpom coria 4 MM.

Buewnuii 6uo nokpotmuii
Ilocie moaHOro OTBEPKACHHUS KOMIIO3ULMH ITOJIyYEHBI IVIAIKUE OJXHOPOAHBIE IIOKPHI-
TUs Oeroro 1BeTa 0e3 MOPIIMH U TOCTOPOHHUX BKIIIOYeHHUN. BHemHuil Bua MaTepuana npea-
CTaBJICH Ha puc. 1.

Puc. 1. BHemHuit BUA NOKPHITHA

C momomipio criekTpodoTomMerpa u OJeckoMepa M3MEpEeHbl HadallbHBIE MOKA3aTeln
BHemHero Buaa JIKII. [TonydeHnHbie mOKphITHs 001a1a)K TIsSHIIEM, OJieck coctaBui oT 80 110
84 yco. en.

Du3uKo-mexanuuecKue ceolcmea NOKPblmuii
Omnpenenens! TBepaocth (OCT 5233-2021), aare3ust K aHOJUPOBAHHOMY ATFOMUHUIO
('OCT 31149-2014), mpounocts npu ynape (I'OCT 4765-2024), snacTUYHOCTH NPU U3THOE
(I'OCT 6806-2024) u TonmuuHa (I'OCT 31993-2024) akpun-yperanosbix JIKII mocie Bbl-
JIepKKU B TeueHue 7 cyT. McnpiTanus npoBoausin Ha oOpasiax 0e3 rpyHTOBOYHOTO CIIOSI.
OcHoBHbI€ pe3ybTaThl MPUBEJCHBI B Ta0. 3.

Tabnuya 3
Du3NKO-MeXaHMYECKHeEe CBOICTBA JAKOKPACOYHBIX NOKPBITHIA
3HaueHUs moKa3aTeneu s
[Toka3aTenb nosyabprkara
¢ 106aBKON smai AK-1206
IMC-50 0e3 1006aBKH

IIpouHocTs npu yaape, cMm 50 50 50
DJacTUYHOCTH NIPH U3rHde, MM 1 1 1
TBepAOCTh MO0 MAasITHUKOBOMY NPHOOPY THIIA 0,39/0.74 0,50/0.77 0,20/0.30
TMIJI ¢ ncrons3oBanueM MasTHUKa b/A, en.
Anresus, 6amn Or0mol Or0mol 1
TosmuHa ABYXCIOWHOrO MOKPBITHS, MKM Ot 35 10 45 Ot 35 10 45 Ot 30 10 50
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[ToxpeITHS TOKA3aIK BHICOKHH YPOBEHb (PU3NKO-MEXaHMYECKHX CBOMCTB, MPHUYEM TO-
KPBITHE Ha OCHOBE 3MAJIH C MMOJIMMETUIICHIIOKCAHOBBIM MacjoM UMeIIo OoJiee HU3KUH MoKa3a-
TeIb TBEPIOCTH, YTO, MPEINOJOKUTEIbHO, CBA3aHO C IUIACTU(ULHPYIOUIMMU CBOHCTBAMU
100aBKH WM ee MUTpalieil Ha MOBEPXHOCTHBIN clioil MaTepuana. Takum oOpa3zom, sKkcnepu-
menTtansHoe JIKIT umerno xapakTepucTuku, conocTaBuMbie co cBoiicTBamu dmanu AK-1206.

Yemoiiuueocms nokpvimuii k 6030eiicmeuto cmvl8oK

JI1st OLIEHKU BO3MOXKHOCTH YAQJICHUS IOKPBITUN C OKPAIIMBAEMOM MOBEPXHOCTH IIPH
Bo3ericTBUM cMBIBOK nonydanu JIKIT Ha ocHOBe 3kcniepuMeHTanbsHOro obpasia smanu. s
sToro mpuMensun cmbiBkE Mapok BCC-1 u Elcon S. Hcnbitanus mpoBOAKIM ITOCIIE BBIACPXK-
KM MaTepuaja Ipu KOMHATHOM TemIieparype B TeueHue /7 cyT. lIpm mpuMeHEHMH CMBIBOK
IPOMCXOJWIO OTCIOCHHE MOKPBITHS IO BCEH IUIOLIaIU 3a cueT HaOyxaHHs MmaTepuana, Jie-
CTPYKLUU IIOJ ICUCTBUEM MUHEPAIBHBIX KUCIOT U IIOTEPU aAre3UHM K METaJlly, 4TO I103BOJIs-
€T IIPH IKCIUTyaTalluy IPOBOJAUTH PEMOHTHbBIE paOOTBHI.

Yemoniuugeocmv nokpeimuii kK cmamuueckomy 6030eiicmeuro Op2anuYecKuX HeuoKocmeil

HcnpiTanusaM nojaBeprajiu akpuii-ypeTaHOBbIE OKPBITUS TOCIIE BBIAEPKKU MPU KOM-
HATHOW Temneparype B TedeHue 7 cyT. Topubl oOpa3nos 3amumany smansio I11-140. O6-
pas3ibl MOMEIIAJd B €MKOCTH, HaloJHEHHble MacioM Mapku b-3B u ruapasnuueckoi
xuakoctbio Mapku LD-4, na 30 cyrt. Ilo nucreuenun Bpemenu miactunsl ¢ JIKII u3Bneka-
JU U3 JKUJIKOCTEH M IpocyliuBaiu B TeueHue ~30 MUH Ha BO3ayXe. 3aTeM IpPOBOAUIU
OCMOTP MOKPBITHH, OIIPENEISUIN aAre3UI0 U POYHOCTb IIPU YAAPE, U3MEPSIN U3MEHEHUS KO-
OpAMHAT L1BeTa U Osiecka. Pe3ynbTaThl MCTIBITAHUH NpeICTaBlIEHbI B Ta0I. 4.

Tabnuya 4
CBoiicTBA JIAKOKPACOYHBIX MOKPBITHI 10CJIe BO3AeCTBUSI OPraHMYeCKHUX KMAKOCTEMH
3HaueHus oKasarenei s noaydadpukara
IToka3zaTens v
¢ nob6askoit [IMC-50 0e3 1o0aBku

[IpouHocTs mpH ynape, cM 50 50
Anresus, 6ami 0 0

0,8 15
I{BeroBoe paziuune (AE) P =

1,2 0,6

17,6 43
H3menenue Oiecka mokpeIitus, %o P .

PEITHA, 13,6 16,0

[Ipumeudanue. B yncnuTene u 3HaMeHaTeNe yKa3aHbl IIOKa3aTeNld MOKPBITUN 1ocie Bo3aeiicTBus macna b-3B
U ruapaBindeckoit xkuakoctu LD-4 cooTBeTcTBEHHO.

[Tpu ocMOTpe OKPHITHSI HE BBISBIICHBI PACTPECKUBAHMUS, ITY3BIPH U IPYTHE E(EKTHI.
[ToremHeHHe U TOXKENTeHHE MaTepuaia Obuto enBa pazauuuMbiM. [Tocne ucnbrranmii JIKII
COXPaHWJIO TOKa3aTeNy MPOYHOCTU MPH YAAape M aJre3ud Ha BBICOKOM ypoBHe. M3MeHeHus
KOOpJIMHAT LiBeTa U OJyiecka ObUTM HE3HAYMTEIbHBIMM, HO y MOKpbITUH ¢ nob6aBkoil [IMC-50
nocse BbIEpKKU B Maciie b-3B BbIsiBiIeHO Hanbosbllee CHUXKEHHUE OJecKa, YyTo, MPEAroio-
KHUTEIBHO, MOXKET OBITh CBA3aHO C MEPEXOJ0M J00aBKM M3 00beMa MaTepuasa B OpraHuye-
CKHE JXKUIKOCTH.

Yemoiituueocms nokpeimuii k cmamuueckomy 6030eiicmeuto 600bl
IIpoBeneHa oreHKAa YCTOMYMBOCTH K CTaTMYECKOMY BO3ICHCTBHIO BOJBl aKpHII-
YpETaHOBOTO TOKPHITHS C TOpPILAMH, 3aluIIeHHbIME dManbio DI1-140. OOpa3upl mocie BbI-
JIEP’KKU TIpU KOMHATHOM TEMIIEpaType B T€YEHHE 7 CYT MOMEIIaJd B EMKOCTH C BOJOM Ha
10 cyr, manee JIKII cymmnu B Teuenne 30 MUH Ha BO3yX€ U OCYIIECTBIISII OCMOTp MaTepH-
ana, omnpeneasuid GU3NKO-MEXaHMYECKHe CBOWCTBA M IMOKa3aTelM BHENIHEero Buaa. JlaHHble
UCIBITAaHUH TPUBEIEHBI B TA0I. 5.
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Tabauya 5
CBoJiCTBA JIJAKOKPACOYHBIX MOKPBITHII NOCJI€ BO31eHCTBUS BObI
3HaueHus MmoKaszarenei s nonyhadpukara
Ilokazarenn —
¢ nobaskoii [IMC-50 6e3 m00aBKH
[IpodHoCTh IPH yHIape, cM 50 50
Anresus, 6ami 0 0
I{BeToBOE paznuuue (AE) 14 2,7
W3meHenune Onecka moKpeITHS, %o 8,0 45

Ilocne ncrpITaHuii Ha IOBEPXHOCTHU SMAJIM OTCYTCTBOBaJIN KaKue-JImoo ,Z[e(beKTBI, I10-
Ka3aTCJIM MMPOYHOCTH IIPU yAape U aATC3UU K METAJIITy OCTAaJIUCh HAa BBLICOKOM YPOBHC.

Yemonuueocmov nokpeimuit k mennosomy 6o3oeiicmeuio
AmoMuHuEBbIE IIACTUHBI ¢ akpuii-yperaHoBeIM JIKII BeraepxuBanu B reuenue 200 u
B CYIIWJILHOM IIKady IMPH MaKCUMaJbHBIX TeMmImeparypax 3kciuryaranuu smann AK-1206
(120 u 130 °C), nocne yero uccienoBajin ux cBoicTBa. OCHOBHBIE pe3yJIbTaThl UCIBITAHUIN
MpeJICTaBIeHbI B Ta0. 6.

Tabnuya 6
CBoilicTBa JIAKOKPACOYHBIX IOKPBITHII N10CJIE TENJI0BOI0 BO31eiCTBHUS

3HaueHnsa moKasaTeyen qisd

Ioka3zateinn norypabpukaTa
smann AK-1206
¢ nobaskoit [IMC-50 0e3 1o0aBKH

IIpouyrocTs mpu yaape, cM 50 50 50
Anresus, 6amn 0 0 1

24 2,5
LIBeroBoe paznmuune (AE) 29 29 )
N3menenue Giecka 6,5 7.3
TTOKPBITHS, % 7,2 7,4

[pumedanue. B uncnurene u 3HaMeHaTeNe yKa3aHbl IOKa3aTeNH OKPBITHI [OCIIE BBIACPKKU IIPU TeMIIepaTy-
pe 120 u 130 °C coOTBETCTBEHHO.

Martepuan coxpaHun (HU3HKO-MEXaHMYECKHEe CBOMCTBA Ha BHICOKOM YpPOBHE, YTO CO-
MOCTaBUMO ¢ XapakTepuctukamu smanu AK-1206. Buennuil Buj nokpbITUR U3MEHUIICS (OT-
MEUEHO MOXEJITEHHUE), IPH ITOM MPOU30IILUI0 HE3HAUUTEIHbHOE U3MEHEHHUE MoKa3aTens Onec-
Ka, YTO CBUJIETEIBCTBYET O BHICOKOW YCTOMYMBOCTH K TETJIIOBOMY BO3JEHCTBUIO.

Ceoiicmea nosepxnocmu noKpvimus
Jlnst 0Opas31oB MOKPHITHH ONpezeNeHbl MoKa3aTelan KpaeBoro yria mpu CMauMBaHUU
BosioM U 1mepoxoBaTocTh noBepxHocTH (I'OCT P 71448-2024). Pe3ynbrarhl uccienoBaHUsS
HpUBEJEHBI B Ta0. 7.

Tabnuya 7
CpoiicTBa MOBEPXHOCTH JTAKOKPACOYHBIX MOKPBITHI

oKasarens 3HaueHus MokKasarenei s noiaydadpukara
¢ nobaskoi [TIMC-50 0e3 1o0aBku
Kpaesoii yroy cMmaunBaHus, rpajyc 89,9 89,3
CpenaeapudMeTHIECKOE OTKIOHCHHE 280.6 513.4
npoduist Ra, HM

214 TPYAbl BUAM / TRUDY VIAM 10 (164) 2026



3awuTHbIE U d)YHKLI.MOHCIAbeIe NOKpPbITUA

JloGaBieHne NOIMMETHIICHIOKCAHOBOTO Maciia He TIOBJIMSAJIO Ha TIOKa3aTellb KPpaeBoro
yraa (puc. 2) MeXIy MOKPBITHEM U BOJIOH, B TO BpeMs kak JIKII ¢ mo6aBkoii nMenn MEHbIIUI
YPOBEHB IIEPOXOBATOCTH U 00JIee TIaIKYyI0 TOBEPXHOCTD.

Puc. 2. KpaeBoit yron cMaunBaHus

Yemoiiuueocmu nokpeimuii k éo30eiicmeuto ammocghepnvix paxmopoe

[TpoBeneHBl YCKOpEHHBIE HUCIBITAHHS aKpWUI-YPETAHOBBIX INOKPBITUH B ammapare
uckycctBeHHo# noroasl cormacHo CTO 1-595-15-379-2006 B Teuenue 1000 4. O6pasubl
MaTepuaia MoJABEepraju IMUKIMYECKOMY BO3JCHCTBHIO OOJIy4eHHUs YIbTpagHOIETOM HpHU
temmeparype 60 °C u KoHIeHcauuu Biaru (BiIaxHOCTb >95 %) npu temneparype 50 °C.
JUTMTeNnbHOCTH OHOTO IMKJIA cocTaBmia 4 4. Pe3ynbraTel HCIBITaHUI IPpUBEIEHBI B Ta0. 8.

Tabruya 8
CBoiicTBa JIAKOKPACOYHBIX MOKPBHITHI MOCJIE HCTBITAHUI
B KJIMMaTu4eckoii kamepe B TedyeHue 1000 4

3HaueHus MmoKasarenei s noinydadprukara
IToxa3zaTenn
¢ nobaskoi IIMC-50 0e3 1o0aBKU
[Ipounocts mpu ynape, cM 50 40
Anresus, 6ami 0 0
I{BeroBoe paziuune (AE) 0,6 0,6
M3menenue 6mecka mOKpeITUs, % 1,5 1,4

Ha o6pa3nax orcyrcTBOBanu BHEWIHUE Ae(EKTHI, MOKa3aTeNu KOOPAMWHAT LIBETa U
OJiecka HE3HAYMTEIbHO M3MEHWINCh. AKPHII-ypeTaHOBBIC MOKPHITHS IOCHIE HCIBITAHUH CO-
XPaHWJIM are3ul0 K aHOAMPOBAHHOMY AJIOMUHHUIO Ha BBICOKOM ypoBHe. ClellyeT OTMETUTb,
yro JIKII ¢ no6askoi [IMC-50 coxpaHuiu Npo4yHOCTh MpH yaape. Takum oOGpaszom, mocie
JIOJITOM DKCIUTyaTallud B YCIOBHSIX, OJU3KUX K €CTECTBEHHBIM, MaTE€pHUal UMEI BBICOKHE TO-
Ka3aTeJy BHEIIHETo BUJa U (PU3HKO-MEXaHUYECKHE XapaKTePUCTHKH.

O0cykaeHne U 3aK/JII0YCHUSA

MeTonoM paguKaabHON COMOIMMEPU3ALMNA B CMECH PACTBOPUTENIEH MOIYUYEH PacTBOP
aKpUJIOBOTO COTOJMMEPA HAa OCHOBE (MET)aKpHJIOBBIX S(PHPOB M THAPOKCHIICOJEPIKAIIETO
MOHOMEPA, U3YUYEHBI €r0 XapakTepUCTUKU. C €ro UCIOIb30BaHUEM IOJYUYEHBI dKCIIEPUMEH-
TaJbHBIE AKPHUJI-yPETAHOBbIE KOMIIO3ULIMU. Y CTAHOBJIEHO, YTO JOOABJIEHHE IMOJIMMETUIICH-
noxca”oBoro macia Mapku [IMC-50 npuseno k ymensuenuto tBepaoctu rorosoro JIKII u
YIY4IIEHUIO BHEUTHETO BUAA dMajiu. TakuMm 00pa3oM, IMpe/CTaBIeHa BO3MOXHOCTh IOJIyde-
Hus nepcnektuBHoro JIKM u JIKII Ha ero ocHOBE ¢ BBICOKMMHM 3KCIUTYaTallUOHHBIMU Xapak-
TEPUCTUKAMH C IIEJIbI0 00ECTIeYeHUsT TEXHOJIOTUUECKOT0 CyBepeHnuTeTa cTpansl [19].
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OB30P IPUMEHEHHU IIIUPOKOIIOJIOCHOI'O .
NMMITYJIbCHOI'O U3JIYYEHUSA AJA MOINDPUKALIMU CBOUCTB
MOJIYIIPO3PAYHBIX TOHKOILJIEHOYHBIX IOKPBITUM

uA. Copomml, U.B. Mexanuna'

l®enepanpHOE TOCYIAPCTBEHHOE YHUTAPHOE Mpeanpuare «Bcepoccuiickuii HayqHO-UCCIe0BATENbCKUI
MHCTUTYT aBUAIIMOHHBIX MaTEpHAIOB» HallMOHATIBLHOTO UCCIIEN0BATENLCKOTO HeHTpa «KypuaToBCKuii HHCTUTYT,
Mocksa, Poccust; admin@viam.ru

Annomayusn. Uvnynvcras pomonnas oopabomxa (UDPO) — Hoswitl Memoo 6030elicmeusi Ha
CBOUICMBA MAMEPUATIO8, OCYUECMESIeMbIIL NPU NOMOWU B8bICOKOMOUWHBIX GCNBIUEK KCEHOHOBbIX
namn. B nayuno-mexnuueckou iumepamype npedcmasieHo 601buoe KOIU4eCmao Uccie008aHull no
MOOuGpuKayuy C8ONUCME HENPOIPAYHBIX CIPYKIMYD, A NOJYHPO3PAYHLIM MOHKONIEHOUHBIM NOKDbI-
MusM yoeneno Mmenvue sHuManus. B dannoti pabome paccmompenvt npumenenus UDPO oasn
OMHCUSA NPO3PAYHBIX HPOBOOSAUUX OKCUAOB, YNPABTEHUS PA306bIM U NPUMECHBIM COCIABOM OUOK-
cuda mumaua u yiempaghuonemogou cuopouiiuzayuy omoxkamanuzamopos, a maxice avloe-
JleHbl NOMEHYUATIbHbIE HANPAsieHus OYOYUWUX UCCIe008AHUIL.

Knrwuesvie cnosa: umnynvcruas goomonnas o6pabomxa, UMnYIbCHble KCEHOHOBbIE JIAMNbI,
WUPOKONONIOCHOE U3JIyueHuUe, YIbmpapuonem, moHKONIEHOUHble NOKPbIMUS, NPO3PAUHbIE NPO-
600s51jue OKCUObL, (POMOKAMATUZAMOPbL

na yumupoeanua: Copoxus N.A., Mexanuna .B. O630p npuMeHeHNH MIHUPOKOTIOIOCHOTO UMITYIECHOTO
U3NMydeHUsT Uil MOTU(UKAIMKA CBOWCTB MOJYMPO3PAYHBIX TOHKOIUIEHOYHBIX MOKpbITuii // Tpyast BUAM.
2026. Ne 10 (164). C. 219-234. URL: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-219-234.

Review article

A REVIEW ON BROADBAND PULSED LIGHT APPLICATIONS
FOR PROPERTIES MODIFICATION
OF SEMITRANSPARENT THIN-FILM COATINGS

I.A. Sorokin?, 1.V. Mekalina®

Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institute», Moscow, Russia; admin@viam.ru

Abstract. Flash lamp annealing (FLA) is a new method for modifying material properties,
using highly powered xenon lamp flashes. While the scientific and technical literature presents
numerous studies on modifying properties of opaque structures, less attention has been paid to
semitransparent thin-film coatings. This work reviews FLA applications for annealing of trans-
parent conductive oxides, control of phase composition and doping of titanium dioxide and ul-
traviolet hydrophilization of photocatalysts. The areas of possible future research are also high-
lighted.

Keywords: flash lamp annealing, xenon flash lamps, broadband light, ultraviolet, thin-film
coatings, transparent conductive oxides, photocatalysts

For citation: Sorokin I.A., Mekalina 1.VV. A review on broadband pulsed light applications for properties
modification of semitransparent thin-film coatings. Trudy VIAM, 2026, no. 10 (164), pp. 219-234. Available
at: http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-219-234.
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BBenenue

ToHKOIJIEHOYHBIE MOKPBITUS TPAAUIIMOHHO HMCIIONB3YIOTCS B Pa3HOOOPA3HBIX OTpac-
JISIX TPOMBINIJICHHOCTH: onTuke [1], MukposnekTpoHuke [2], aBuactpoenuu [3], mis MOBBI-
HIEHUSI U3HOCOCTOMKOCTH m3aenui [4, 5] u ap. B HacTosiee BpeMs CylmiecTByeT psill nep-
CHEKTUBHBIX 00JIaCTe, Ui KOTOPhIX BOCTPEOOBaHBI HOBBIE TOHKOILJICHOYHBIE MaTepUabl,
a Takke METOJbl TOBBIIICHUS WX SKCIUTyaTallMOHHBIX XapaKTepuCTHK. JlaHHbIe o0OjacTu
BKJIFOYAIOT, HAIlpUMeEp, THOKYIO [6] 1 IIeyaTHYIO 3JIEKTPOHUKY [7], hoToBOIBTAUKY [8], moiy-
MPOBOJHUKOBBIE U3aenus [9] u T. 1.

Yacro nocine HaHeCeHUs MOKPBITUS (WM, HAPUMEP, HAaHOUEPHIIT) TpeOyeTcst ero mno-
cTOOpabOTKa I YIYYIIEHUS SKCILTyaTAIMOHHBIX XapaKTEPUCTUK WU TPHUIAHUS HOBBIX
CBOWCTB. TpaJMIIMOHHBIMUA METOJAMHU TEPMUYECKON MOCTOOPAOOTKH TaKUX MATEPUATIOB SIB-
JISFOTCSL OTXKUT B TIEUW WIIA OBICTPBINA TEPMUUYECKUN OTIKUT TIPU TOMOIIH HH(PPAKPACHBIX JIAMIT
[10]. IIpu HEeoOxomuMocTH (HOTOXMMHUYECKOTO BO3ACUCTBHS yIbTpaduoieTa (OTBEpKIACHHE,
doTokaraau3 u Jp.) OOBIYHO UCTIOIB3YIOTCS PTYTHBIE JIaMITbl HU3KOTO [11] nmm cpemnero [12]
napienus, yaprpaduoinetoBsie (YD) cBeroanost [13] nim namner Byna [14].

Moaundukanus MUPOKOMOIOCHBIM HMIYJIbCHBIM H3JIyYCHHUEM WU UMITYJIbCHAS
¢dotonnas o6padorka (MPO) — cpaBHUTEIBHO HOBBII METOJ MOCTOOPAOOTKH MaTEPHAIIOB.
Kaxk npaBuio, oHa ocyuiecTBisieTcs TPy MOMOIIM UMITYJIbCHBIX KCEHOHOBBIX JIaMIl, a MPoO-
JOJKUTENIBHOCTh BO3JEHCTBUS BapbUPYETCs OT AECATKOB MUKPOCEKYHJI 1O COTEH MUJUIH-
CeKyHJ. XapakTep MOAM(PHUKALHUKA CBOMCTB MaTEpPHAIOB IPHU 3TOM MOXKET OBITH KakK Tep-
MHUYECKUM, TaKk U (poToxuMuueckuM. [laHHasi TEXHOJOTHS HE TOJHKO MO3BOJSET JOCTHYD
BBICOKOW HEPTrod(PPEeKTUBHOCTH MO CPABHEHUIO C TPAAUIIMOHHBIMU METOJIaMH, YIIOMSHY-
THIMH PaHEE, HO U OTKPBIBAET PsIi HOBBIX BO3MOXKHOCTEH, 00YCIIOBIIEHHBIX HEPAaBHOBECHO-
CThIO UMMYJbcHOTO Bo3neicTBus [10]. OmHO M3 TakuX MPUMEHEHUH — 00paboTKa IMIMPOKOTO
ACCOPTUMEHTA TOHKOIUICHOYHBIX MAaTE€PUaIOB M MOKPBITHI, B YaCTHOCTH, Ha YyBCTBUTEJIHLHBIX
MOJIMMEPHBIX MOJIOKKAX.

W3BecTHO O0JBIIOE KOJIMYECTBO HCCIEAOBAHUI, HANPABICHHBIX HAa MOIU(UKAIIUIO
pa3Hoo0pa3HBIX HEMPO3pauHbIX MaTtepuaioB npu nmomoumm MPO: kpucrammuzamms amopdHo-
ro kpeMHus [9], runepierupoBanue repmanus [15] u kpemuus [16], cnekanue metannnye-
CKHMX HaHouepHUJI [17], U3roToBIE€HNE MEPOBCKUTHBIX COJIHEUHBIX 3JIeMeHTOB [18] u ap. Ilpu
3TOM Tropa3f0 MEHbLIEe BHUMAHHUE YJIEIECHO MOJYNPO3PAaYHbIM TOHKOIUIEHOUHBIM HOKPBITHSIM,
UMEIOIIUM OOJBIIYI0 3HAYUMOCTb ISl IPOMBIIIUIEHHOCTH W Hayku. Llenb ganHON paboThl — BbI-
SBJICHUE Psia CYLIECTBYIOMUX obactei npumeHennss DO Takux MaTepraioB U OMpeeieHHe
MOTEHIMAIbHBIX HAIIPaBJICHUH JAJIbHEUIINX UCCIIEI0BAHUM.

PaGora BbIMONHEHa B pamMKax peanu3aliil KOMILJIEKCHOTO HAYYHOTO HampaBlIeHUS
15. «HanocTpykTypupoBaHHble, amopdHbIE MaTepHalbl U MHOKpHITHs» («CTpaTernyeckue
HATPaBIICHUS Pa3BUTHs MaTEPHANIOB U TEXHOJOTHH UX mepepadoTku Ha mepuoa 10 2030 ro-

na») [19].

HNmnysibcHbIE KCEHOHOBBIE JIAMIIbI

I[J'ISI IMPOBCACHUA NDO B ocHOBHOM HCIIOJIB3YIOT MUMITYJIbCHBIC KCCHOHOBBIC JIAMIIbI
(MKJI), xoTopble B 00IIEM CiTy4ae IpeaCTaBIsIOT co00il OTHasiHHbIE KOJIObI ¢ BBIBEACHHBIMU
DIIEKTPOJIaMH, 3alOJTHEHHBIE CHEKTPATbHO YHCTHIM KCEHOHOM, 00eCNedHMBAIONIMM MAaKCH-
MaNbHYIO 3P PEKTUBHOCTh IPEOOPA30OBaHUS IIEKTPUUECKON YHEPTUM B M3IYUYCHUE B IIHPO-
KOM JHMara3oHe JJIMH BOJH, a TakXe HauOONbIIyIO JOJITOBEYHOCTh. HawanmpHoe naBlneHue
kceHoHa cocrasiseT 300—-600 Topp (06sr4r0 400 TOopp) [20]. CexyeT OTMETUTH, YTO WHOTAA
UMITyJIBCHBIC JTAMIIBI 3aMOJTHSIIOT KPUIITOHOM, OJTHAKO TaKOW BapUaHT MOTYYHI IIUPOKOE pac-
MpOCTpaHeHUe I HaKadyku JazepoB. KoaObl BBIMTOTHSAIOT U3 KBApIIEBOTO CTEKJa, COCTaB
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KOTOpPOro BiusieT Ha mpornyckanue Y®-yactu crnekTpa (HaIM4Yue WIM OTCYTCTBHE KOPOTKO-
BOJTHOBOM KommnoHeHTHI). KorncTpyktusHo MKJI nensrcs Ha nBa tumna [20]:

— TpyOuaTble — pacHIMpeHue IUIa3Mbl OTPAHMYMBACTCS CTEHKaMH KOJIOBI, (hopMa JamIibl
MOJKET OBITh MpsMasi IIIHHAPUYIECcKas, cipaibHas, U-o0pa3Hasi, KOiblleBasl, KOaKkcuaabHas
u p.;

— IapoBBIE — JJIs1 JAHHOTO TUIIA XapaKTePHBIM SIBIISICTCS MaJIblil 00BbeM obsiacTu paspsiia u
cTabunu3anus AyTH SJICKTPOAaMH, a HE CTEHKOM; KOJIObI He00s3aTeIbHO HMEIOT (hopmy mIapa.

Jst 3amau UDO npumenenue Hanum tpyouatsie MKJT [10]. CxemaTuyHbIA BUA 1H-
JUHIPUYECKOTO BapHaHTa UCTIIOJHEHHUS MPEACTaBiIeH Ha puc. 1.

Karon Jnametp Tena cBeueHus Anon

< > Jma >« >
MeprBblit Ayra MeprBbIit
00BeM 00BeM

Puc. 1. XapakTepHbiii BU TPyOUaTOi MMITYIbCHON KCeHOHOBOH Jamibl [10]

B UKIJI peanusyercss CHIIBHOTOYHBIA MUMIYJIbCHBIM JAYrOBOW pa3psll, MO3BOJISIOLINN
MOJIy4aTh BRICOKOMHTEHCUBHBIC BCIBIIIKH U3JIYYSHHUS! CO CIUIOMIHBIM CIIEKTPOM B JIMAIla30HE
muH BoiH OT 200 mo 1100 HM, 61M3KUM K aOCOIIOTHO YEPHOMY TeJy, C HAJIOKEHHBIMHU Ha
HEro JUHUAMHU. XapakTepHbli Bua crekrpa m3nydenus UKJI npusenen na puc. 2.
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Puc. 2. XapakTepHslii ClIEKTp UMITYJILCHOW KCEHOHOBOW JIaMITbI

Crnenyer OTMETHTh, YTO B JICUCTBUTEIHHOCTH BHEUTHUN BUJ CIIEKTpa MOXKET 3HAUYU-
TETHHO MEHATHCS B 3aBUCUMOCTHU OT (haKTOpa HArpy3KH — KOMOUHAIIMU YHEPTHH, 3aracaeMoi
B MUTAONICH KOHJICHCATOPHOUN OaTapee; XapakTepHOU MPOJODKUTEILHOCTH UMITYJIhCa U Tapa-
METPOB T€OMETPHUH JIaMIIBL. ITO JaeT BO3MOKHOCTh ONTUMH3UPOBATH ()OPMY CIIEKTpa MOJ] KOH-
KPETHYIO 3aja4y, YTO, B YaCTHOCTH, MOXKET BBIPAXKAThCsl BO BKJaae Y D-KOMIOHEHTHI B COCTaB
UMITYJIbCA. XapaKTePHBIH KOAPQPHUIIMEHT MOJIE3HOTO JEUCTBHS MPeoOpa3oBaHUs MEKTPHUECKON
SHEPIHH B M3IydeHue Bo BceM auarmasone st MKJI cocrasmser mopsimka 50-60 % [20].
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OcobenHocTH MOAMPUKANUN IUPOKOIOJOCHBIM UMITYJIbCHBIM M3JyYeHUEM

doroxumuyeckoe Aeiicteue DO 00ycroBaeHO TPOTEKaHUEM PEaKIUi MO JCHCTBHU-
eM usnydeHus, coznaBaemoro MKIJI (rmaBabiM oOpa3zom Y®-yacTu CIeKTpa), a TaKKE €ro
KOMOWHaIuM ¢ HarpeBoM. Tepmudeckoe BoznerictBrue UDO nmeer psii 0COOCHHOCTEH, BhIJe-
JSIONINX €€ Ha (JOHE JIPYTHX METO/0B TEIJIOBOM MOCTOOPAOOTKH, B CBS3H C YEM PACCMOTPHUM
JaHHBIA MEXaHU3M MoapoOHee.

HcTopuyeckn BO3HHMKIIA HEOOXOAUMOCTh B YCKOPEHHU W MOBBIIMIEHUH 3HEProdddex-
TUBHOCTH T€PMHUYECKONH 00pabOTKHU MaTepuasoB (OCOOEHHO B 3JEKTPOHHOM MPOMBIIIEHHO-
CTH) TI0O CPABHEHHIO C TPAJAMIIMOHHBIM OTKUTOM B 1ieun [21]. DTo mpuBeIo K BOSHUKHOBEHHUIO
TpPEeX TEXHOJIOTHH, B KOTOPBIX HCIIOJB3YETCS U3ITy4YeHHE, — OBICTPBIA TEPMHUUYECKUN OTIKUT,
UMITYJIbCHBIA (DOTOHHBIN OTKHT U JIa3ePHBIN OTXKUT. VX cxemMaTHuHOE N300paskeHHe, a TaKxKe
XapakTep BIUSHUS Ha pacIpe/ie]ICHHE TEeMIIePaTyphl MO TONIUHE 00pabaThIBAEMOTO U3ICITHS
IIpeJICTaBJIEHbI Ha puC. 3.

BricTpblit TepMuuecKuit WmmynbcHbIiA (pOTOHHBIH Jlazepublit
OTKHT OTKHT OTKHT

$$$5$SS 777777 |
. - L

['nyGuna I'my6uHa I'myOuna

Puc. 3. Cxemsl Tepmugeckoit 00paboTKy MpH TOMOIIHY H3TydeHus [21]

JUis KaKA0W U3 ITHX TEXHOJIOTUH XapaKTEPHBI CBOM OCOOCHHOCTH, OMPEICIISIONINE
TPaHMIIBI UX TPUMEHUMOCTH. VX KpaTkoe cpaBHEHHUE MIPEACTABICHO B TaOIHIIE.

XapaKkTepUCTHKA TEXHOJOIWil oT:kura uzayuenuem [10]
3HaueHHsI MAPaMETPOB sl OTHKUTA

T[apameTp OBICTPOTO MMITYJILCHOTO
J1a3epHOro
TEPMHYECKOTO doronnoro
HponomiHTebHOCTS 1-100 ¢ 10 mKe—100 mc 1-1000 He
nporecca
Temnepatypa 3aHeit Tas~ Tes Tes < Trs Tas << Tes
CTEHKH
CkopocTs Harpesa, K/c 10-103 10*-107 >108

NmmynscHas KceHo-
HOBasl JlaMIIa
CrutonHo# ¢ Mak-
CHUMYMOM B CUHEN
WK yabTpaduoe-
TOBOM 001acTH
Bricokas (6ombImoe

Uctounuk m3nyuenns | WHppakpacHas nammna NMnynscHBIN na3ep

CILIOIIHON ¢ MaKCH-
CrexTp u3nydeHus MyMOM B HH(ppakpac-
HOM 00acTH

JMCKpETHBIE JINHUU

Huzkas (HeoOxoauma

COBMECTHMOCTSH C Py- Cpenusisa (Hu3Kas moJie 00JTydeHUs 1
OpraHu3alus CKaHU-
JIOHHBIM TIPOIIECCOM CKOPOCTH HarpeBa) BBICOKAast CKOPOCTb oBaHW)
Harpesa) P

[Ipumedanue. Tes 1 Trs 0003HAUAIOT TEMIEpaTyphl 3aJHEH U NIEpeAHEH CTEHOK COOTBETCTBEHHO.
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Taxkum o6pazom, UDPO oka3biBaeT HEPABHOBECHOE TEIJIOBOE BO3JIEHCTBHE, ITPH KOTO-
POM MHTEHCHBHOMY HArpeBy IOABEPracTCs JIMIIb TOHKUN MOBEPXHOCTHBIM CIIOH, IOIJIONIA-
oK u3nyyenue. [Ipy 3ToM nomIokKKa, Ha KOTOPYIO OH HAaHECEH, OCTACTCS CPaBHUTEIIBHO
x0707H0H. OCcOOEHHO aKTyalbHBIM JJAaHHOE OOCTOSTENLCTBO OKA3bIBACTCS JJIS JeTallell THo-
KOH M Me4YaTHOW 3JIEKTPOHHUKH, THOKUX CEHCOPOB M JPYTruX 00JIacTei, B KOTOPBIX MUCIOIb3Y-
IOTCS TOJIMMEPHBIE MTOJI0KKH, YyBCTBUTENbHBIE K neperpeBy. Kpome Toro, MO obecneun-
BAeT BBICOKYIO CKOPOCTb HarpeBa M 3HepreTuueckyro 3¢ (heKTuBHOCTD [22], a TaKkKe MPOCTYIO
COBMECTHMOCTb C PYJOHHBIMU M KOHBEHepHBIMU IpoleccaMu. JlaHHbIe IpeuMyliecTBa o00y-
CJIaBJIMBAIOT BBICOKHI MOTEHIMAI TEXHOJIIOTUHU Il IPOMBIILIJIEHHOT'O IPUMEHEHUS.

OT:KMT NPO3PaYHBIX NPOBOASIIUX OKCHI0B

Tonkue MmaeHKn npo3pavyHbIX MPOBOJSIIUX OKCHJIOB BBI3BIBAIOT 3HAUUTEIBHBIA UHTE-
pec B CBSI3M C MX BBICOKMM IPOITYCKAaHHEM BHIMMOIO M3IY4YEHHUsS, COYETAEMOr0 CO CpaBHH-
TEIbHO HU3KUM DJIEKTPUYECKUM colpoTuBiieHHeM. K JaHHBIM MarepualiaM 4yacTo OTHOCST:
okcun onoBa (SNO2); okcua uHAMS, JerupoBaHHbli o10BoM (ITO); okcup 1uHKa, JTerupoBaH-
ueiii amomunuem (AZO); okcua onoBa, JerupoBadubiii propom (FTO), u ap. Haubosnbiiee
pacnpoctpanenue noayuwi ITO, a AZO B HacTosIee BpeMsl paccMaTpUBaeTcs Kak ero 6oiee
JICTEBBIA M SKOJOTHYHBIN aHaior. [Ipo3paunbie MpoBOASIINE OKCH/IBI ITUPOKO MCIIOJIB3YIOT-
Csl B Ka4ecTBE MPO3PayHBIX IEKTPOJOB U HarpeBaTesiel, B MPOU3BOACTBE COJIHEUHBIX MaHe-
JIe, MI0CKOMaHeIbHbBIX JUCIIEEB U JIEKTPOXPOMHBIX YCTPOUCTB.

MarneTpoHHOE pacHbUICHHE IO3BOJSET HAHOCHUTH IOKPBITHS BBICOKOIO KauecTBa
C KOHTPOJMPYEMbIMU MapaMerpamu [23], B TOM YHCII€ TPATUIIMOHHO HCIOIB3YyeTCs IS T0-
Jy4eHHUS] TOHKUX IJIEHOK MPO3payHbIX MPOBOASIIUX OKCHA0B [24]. OqHako B JaHHOM cily4yae
OHM OKa3bIBAIOTCS MPEUMYIIECTBEHHO aMOP(HBIMH, YTO, BO-TIEPBBIX, OTPAHUYHMBAET IIO-
JBUKHOCTh HOCUTEJNIEH H3-3a 1e(h)eKTHON CTPYKTYpBI, a, BO-BTOPHIX, B CIIy4ae JIETUPOBAHHBIX
MaTepuasIoB MPUBOJIUT K HEAKTUBHOCTU MPUMECHBIX JIOHOPOB (ClIeI0BATENbHO, OTPAaHUYNBA-
€T KOHIIEHTpaluto Hocutesei) [25]. Ob0a 3Tux 00CTOSTENHCTBA CKA3bIBAIOTCS HA MPEEIbHO
JOCTHXKAMOW TIPOBOJMMOCTH, KPOME TOTO, JUMHUTHUPYETCS M ONTHYECKas MPO3PAYHOCTD.
B cBsi3M ¢ 3TUM IIpH HAaHECEHUH MOKPBITUH HEOOXOIUM HArpeB IMOJUIOKEK WM TEPMUYECKast
nocroopaborka. ImnysbcHas GpoToHHas 00paboTKa MO3BOMISIET MPOBOAMTE TAKyHO MOCTOOpa-
OO0TKY J1 TOKPBITHHM, MOJYYEHHBIX NPH KOMHATHOM TemIepaTrype Ha 4YyBCTBHUTEIbHBIX
(HampuMep, MOJTUMEPHBIX) MOATO0KKAX UM K€ YBEITUUUTh SHEPro3(hPeKTHBHOCTD MPOLECCOB
B IPYTHX CITydasX.

B pabote [26] noka3zaHa NpUHIMNHAIbHAS BO3MOXXHOCTb OCYILECTBIIEHUS MUMITYJIbC-
HOU (oToHHON 00padoTku ITO, HaHECEHHOr0 MarHETPOHHBIM PACTIBUICHUEM Ha CTEKIISTHHBIC
no/uI0KKH. [IpH 3TOM 3a XapaKkTepHYIO MPOAOIKUTENbHOCTh UMITyiibea 400 MKC yaanock J10-
CTMYb CBOWMCTB Ha YPOBHE CTaHJIAPTHOTO OTXKUTa B Meud npu temneparype 250 °C B TeueHue
1 4. Tot ke koyuIeKTUB B padoTe [27] ocymectBun MDO mieHOK, HAaHECEHHBIX Ha TTOJTMUMUIL.
[Ipu sToM peann3oBaHa cXeMa SJIEKTPONHUTAHMS, TTO3BOJHUBINAS TOIICPKUBATH HANPSHKEHHUE
paspsna B UKJI npakTuyeckn nmOCTOSHHBIM. VccienoBaHo BIMSHUE MPOAOJIKUTEIBHOCTH M-
nynbca (CyMMapHOM MJIOTHOCTH 3Hepruu) Ha pesynbTartel MPO. Ha puc. 4 nokazaHo MOHO-
TOHHOE yMeHblIeHue conpotusieHus ITO BIIIOTH 0 ONpeAeneHHOro 3HaueHHs JUIMTEIbHOCTH
UMITYJIbCA, a TAK)KE COMYTCTBYIOLINE KOHIIEHTPALS U MO/IBUKHOCTh HOCUTENEH 3apsa.

BunHo, 4To ¢ MOpPOroBOro 3HaYeHUs AJIUTEIBHOCTH MMIYJIbCa MPOMCXOAMUT PE3KOE
CHIDKEHHUE TO/IBUKHOCTU HOCHTENEH. ABTOPBI paOboTHI [27] 0OOBACHSIOT 3TO CIEAYIOIUM 00pa-
30M: W30BITOYHBIN HArPEB MPUBOAUT K 00PA30BaHUIO MUKPOTPEIIH, SBISIOIIUXCS CIIEACTBHEM
pa3Iuuus TeMIepaTypHbIX Ko GHUIMEHTOB JTuHelHoro pacmupenus 1 TO u momumepHoi mos-
JIO’)KKHW. JIaHHBIA BBIBOJ MOATBEPKIAETCA MPU MOMOIIM CKAaHUPYIOLIEH JIEKTPOHHOH MUKpPO-
CKOITMHM — XapaKTEePHBIA BHJ TPELIMH MpeJICTaBlIeH Ha puc. 5. CinexyeT OTMETHTb, YTO aHAJIo-
ruYHBIe 1e(heKThl OOHAPY)KEHBI U TIPH MPEBBIIICHUN TEMITEPATYPHI TIPU OT)KHUTE B TTEYH.
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Puc. 4. 3aBucumocts snexktpudeckux napameTpoB |TO oT AMUTEIBHOCTH UMITYJIbCA TIPH UMITYJIbC-
HOW (hoTOHHOI 00paboTke [27]

Puc. 5. Xapaxrepusiii Bug Mukporpeius B | TO npu n3dbrrounom sueproeiiaze [27]

OnucanHble pabOThI IJIaBHBIM 00pa30M CKOHLEHTpHUpoOBaHbl Ha napamerpax UDO,
OJIHAaKO BJIMSHUE M3HAYaJIbHBIX YCIOBHI HaHeCeHUs He paccMmarpuBaercs. Kpome Toro, B pa-
6ote [27] mouIoKKa HE SABJISUIACh YMCTO MOJMMEPHON — MOJIMMMUJ NpPEIBApUTENHHO HAHO-
cuiics Ha cTekio. B paborax [26, 27] npeacTaBieHbl MOJENN pacdeTa npoduiiei Temnepary-
pbl B niporiecce oTxkura. OHaKko MoApoOHO OHU HE OMUCHIBAIOTCSA U HE YUUTHIBAIOT BO3MOXK-
HbI€ BPEMEHHBIE N3MEHEHHUS ONTUYECKUX XapaKTEPUCTUK MOKPBITUS. B Apyrux HemMHorouuc-
neHHbIx padotax mo UDO [28-30] taxxke monydarot ITO Ha CTEKISHHBIX MOJUIOKKAX U ab-
CTParupyroTcs OT YCIOBUN UX HAHECEHMUS.

B uccnenoBanuu [31] aBTopsl mpoBosAT HaHeceHHe MmieHoK ITO npu momomm Marae-
TPOHHOTO PacHbLICHUS KaK B XO/€ PEaKTHUBHOI'O Mpolecca ¢ METAIUIMUECKON MHILIEHBIO, TaK
U U3 KEPaMUYECKON MHILEHH Ha CTEKJIIHHBIE MMOUT0KKH. Oco00e BHUMaHHE YEISIeTCs BIUS-
HUIO TIOTOKA KUCJIOpOJa MPU HAaHECEHUH Ha MpeABAPUTENIbHBIE CBONCTBA MOKPBITHSA U Ha €ro
XapakTepUCTHKH rnociie omkura (B neun win MDO). Ha puc. 6 npeacraBieHsl NOIy4eHHBIE
aBTOpPaMH 3aBHCHMOCTH JUIS TIPOITYCKaHHS Ha JUTMHE BOJHBI A = 550 HM u yAeITBsHOTO CONpo-
TuBieHus ieHok ITO cpasy mocine HaHeceHus, a TakkKe IOCIe TePMUYECKOH 00paboTKU
B Clly4ae KepaMHUECKOM MUIIIECHHU.

Bunno, yto UPO no3BosnseT J0CTHYB Jaxe 0ojiee BHICOKOTO YPOBHS XapaKTEPUCTHK
IIPY IPAaBUIBHOM IOJ0OpE MapaMeTpoB, yeM OTKUT B meud. [Ipu 3Tom B mocnegHeM cirydae
MaKCHUMYM IPOIMYCKaHHUS ¥ MUHUMYM COINPOTHUBJICHHUS MOJYY€HBI MPU Pa3IMYHBIX MOTOKaX
KHCIJIOPO/Ia, B CBSI3M C YeM HeoOXxoauM OaraHc, yero He HaOmoaaercs npu MDO. J[anabie 3a-
BUCHUMOCTH TakKXe II0Ka3alM, 4TO Hambojee CYIIECTBEHHOE YIydlIeHHE XapaKTEePUCTHK
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HaOJIF01aeTCsl TIPU MAJBIX TIOTOKaxX Kuciopoaa. Kpome Toro, oTMEueHO, 4To JT0JIsT KHUCIOPOAa,
IIpU KOTOPOM JocTUraroTcs npenenbHblie cBoiicTBa (~0,05), cMenieHa ieBee oT ee onTUMallb-
HOTO 3Ha4YeHus 0e3 moctoopadotku (>0,075). C ToUkM 3peHUsT CONMPOTUBICHUS IS OOBsICHE-
HUS TAHHOTO SIBJIGHUSI aBTOPBI MIPUBOAAT PE3YJIbTAaThl H3MEPEHHI KOHIIEHTPALUU HOCHTEIEH
U MX TOJIBIDKHOCTH, IIPEICTAaBICHHBIC HAa PUC. 7.
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Puc. 6. CpoiictBa mieHok ITO B 3aBHCHMOCTH OT MOTOKa KHCIOPOJA MPU PA3TUUHBIX YCIOBHAX
nocrobpadotku [31]
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Puc. 7. Konnenrpanus (¢) u noaswxkHOCTh (6) HocuTeneil 6e3 obpaborku (@, €) u mocie
N®DO (O, <) mst turenok 1TO [31]

Buano, uto BOIM3M ONTUMAIBHOTO 3HAaYeHUs oM Kuciaopoaa (~0,05) nabmromaercs
3HAYUTEIbHOE BO3pAcTaHHE KOHIIEHTPALMU HOCHUTENEH, KOTOPOE aBTOPhI OOBICHSIOT YIOMS-
HYTO# paHee aKTHBaIuei mpuMeceit SN*' B pesymbTaTe KpucTamIM3amy mwieHKH. [Ipu MambIx
MOTOKAX KHUCJIOPOJia BO3PACTAHUE OKA3bIBAECTCS HE3HAUNUTEIbHBIM MUIIM AK€ OTPULIATEIILHBIM.
D10 00BsACHAETCS U30BITOYHBIM KOJUYECTBOM KHCIOPOIAHBIX BAKAHCHM, CHIXKAIOLIUX P deK-
TUBHOCTb aKTHUBALMU JJaXKe TMOcie KpucTan3auuu. CHUKEHUE KOHLEHTPALUU IIPU BBICOKHUX
MOTOKAX KHUCJIOPOJAa aBTOPHI CBS3BIBAIOT KaK C JalbHEHINEH OKCHUIAlMel BaKaHCHUM, Tak
U ¢ 00pa3oBaHNEM KOMILUIEKCOB MEXKI0Y3EIbHOT0 KUCIOPO/Ia M 3aMEIArOIIero ooBa [24].
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[ToaBMXHOCTD k€ HOCUTENIEH 3HAUMTEIbHO BO3pacTalia MpH A0JSX KUCIOpOAa BILIOTh
JI0 ONTUMaIbHOM, nocie kotopoit PO npakThuecku He OKas3blBajia BIMUAHUS. ABTOpHI yKa-
3bIBAIOT, YTO BBICOKOE 3HAUEHUE MOJBMKHOCTH, HaOIIOAaeMoe B aMOP(HON IJICHKE NpHU
OOJNBIINX 3HAYEHUSX TOTOKA KUCIOPOJA, MOXKET OBITh CBSI3aHO C NPSMBIM IEPEKPHITHEM
S-opOuTaNell coceTHUX aTOMOB METAJIOB, HA KOTOPOE, KaK CUUTACTCS, HE BIUAET CTPYKTYypa
nokpbiTus [31]. Bo3amoxHO, uTo popMupoBanue KOMIUIEKCOB SN—O TMOBIUSIIO HA BOSHUKHO-
BEHUE TAKOT0 MeXaHU3Ma MpoBoAUMOCTH. ClielyeT OTMETUTh, YTO B JAHHOM HCCJIEeIOBAaHUU
He packpbiBatoTcs pexumbl NP0, 3a UCKIOYEHUEM XapaKTEpHOW MPOJOIKHUTEIbHOCTH UM-
yJibca, COCTaBisABLIEH | MC.

Amnanorn4ssie paboThl, cokycupoBanHbsle Ha napamerpax U®DO, npoBeneHsl B OT-
Homennn AZO, HaHeceHHOTo Ha cTekito [32, 33], a Takke Ha nmonudTHIeHTepedTanar [34].

Takum 00pa3oM, B HAYYHO-TEXHHUECKOW JIUTEpaType HAOII0AaeTCsl HEAOCTATOK KOM-
IUIEKCHBIX UCCIIEIOBAaHUM 10 MU3YYEHHUIO COBMECTHOIO BIMSHHS YCIOBUI HAHECEHUS U PEXKU-
MoB PO Ha KOHEUHBIE XapaKTEPUCTUKU MPO3PavyHOro MpoBojsiiero okcuaa. Kpome toro,
CpeIH pacCMOTPEHHBIX padOT TOJIBKO B cTaThe [34] mpoBeneHa 00paboTKa MIICHKH Ha THOKOM
MOJIMMEPHOH MoJIoKKe. He mpecTaBieHsl Takke MogpoOHO ONMCAaHHbBIE PACUETHBIE MOJIEITH
mpolecca HarpeBa MoIyMpo3pavyHOro MOKPBITHSI, MOJHOCTHIO YUUTHIBAIOIINE CIIEKTPAIbHbBIE
Y BPEMEHHEIE XapaKTEPUCTHKH 3a1a9H.

YnpasieHue (pa30BbIM H PUMECHBIM COCTABOM THOKCH/IA TUTAHA

doToKaTaNM3aTOPhl MIMPOKO HCIIONIB3YIOTCS IJISi TPOHM3BOJCTBA CAaMOOYHUIIAIOIINXCS
MOBEPXHOCTEH, OYMCTKH BOABI M BO3/yXa, MPU MPOU3BOACTBE BOAOPO/A, B COIHEYHON IHEP-
retuke u T. A. [35]. Haubonee pacnpocTpaHeHHBIM BEIIECTBOM JAHHOTO KJIACCa SBIISICTCS JIU-
okcuz tutana (TiO2), GUHATBHBIMHU JICKTPHUSCKHUMHU U ONTHYCCKUMHU CBOHCTBAMH KOTOPOT'O
MOYKHO YIIPaBIISITh TIOCPEICTBOM M3MEHEHUS (pa30BOTO COCTAaBA WM JETUPOBaHUA. J(MOKCHI
TUTaHAa UMEET TP CTaHJapTHBIE (a3bl, XapaKTEPU3YIOIIHECS Pa3HOI IMHUPUHON 3aMpeieHHON
30HBI U PABHOBECHBIMH TeMreparypamu oopazoBanus [ 10, 35]:

— aHaTas — IIMPUHA 3anpenieHHol 30161 3,2 3B, cradunen go 400-500 °C;

— pyTHJI — IIMpHUHA 3anpelieHHol 30Hb1 3,0 3B, HeoOpaTuMblil nepexos kK HeMy ¢ 00pazo-
BaHMEM CMelIaHHOH (a3bl HauMHaeTcs npu temmepatype >450 °C, a npeoliagaer oH mocie
700 °C;

— OypcHT — HIMpUHa 3anpeneHHol 30Hb1 3,3 5B, HanMeHee pacrpocTpaHeH.

[Mpu temneparype <300 °C nuokcua TiO2 0ObdHO Oka3biBaeTcst amopdubM [11].
OpHako ciegyeT OTMETUTh, YTO Ha YKa3aHHbIE TeMIIEpaTypHble MPOMEXYTKH MOTYT BIIUSATh
pasnuyHble PaKTOPHI, B YACTHOCTH M yCIOBUS HAHECEHHUS.

HecmoTpst Ha TO yTO pyTHa UMeeT Oojiee y3KYIO LIMPUHY 3alperieHHON 30HBI (YTO
MO3BOJISIET TOTJIOMIATh 0oJiee MIMPOKHUM CIIEKTP M3JIy4YeHUs), aHaTa3 JEMOHCTpUpYET Oosee
BBICOKYIO (DOTOKATAIUTUYECKYIO aKTUBHOCTb. JTO CBA3aHO C YBEJIMYEHHBIM BPEMEHEM JKU3HU
00pa3yIONIMXCs MO/ BO3ACHCTBIEM U3YYCHUsT HOCHUTEICH 3apsiia, 4TO 00YCIOBICHO HEMps-
MBIMH MEXK30HHBIMH Tiepexoamu [35].

Taxkum oOpa3zomM, U1 MaKCUMaJIbHON (POTOKATATUTUUYECKON aKTUBHOCTH HEOOXOMMO
OJTHOBPEMEHHO CTaOMIM3UPOBaTh (pa3y aHaTasa, a Tak)Ke Cy3UTh 3alpelIeHHYI0 30Hy. Bropas
IeJIb YaCTO JOCTUTAETCsl MyTEM JITUPOBAHUS — HAIPUMED, a30TOM HITH XPOMOM.

B uccrnenopannm [35] mokaszano, uto PO mo3BoIsIeT HE TOJBKO KPHCTAUIM30BATh
TOHKYIO TUIEHKY TUOKCHJA TUTaHa, MOJYYCHHYIO NP KOMHATHON TeMIlepaType ¢ TIOMOIIBIO
MarHeTpOHHOTO PAaCHbUICHUS, HO W CTAaOMIM3MPOBATh aHaTa3 BIUIOTH 0 TEMIIEpPaTyphI
1200 °C Ha nmoBepXHOCTHU IJIEHKHU (110 pe3yibTaTaM pacuera). ITO B CBOIO ouepe/b M03BO-
JUIIO TOJTYYUTh OoJiee KpYNHbIe KPUCTAIIIBI M YMEHBIIUTh KOHIEHTPALHIO Je(EKTOB, UTO,
10 MHEHHMIO aBTOPOB, YKa3bIBA€T HA POCT (POTOKATUIUTHUYECKOH akTUBHOCTH. OOpaboOTKy
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MIPOU3BOJUIIN B CPEJE KUCIOPOAA C XapaKTEPHOU MPOAOKUTEIBHOCTRIO UMITYJIbCA, PABHOMN
20 Mc, U IUIIOTHOCTBIO SHEPIUH, BapbUpPyeMoii B ruanazone 60—110 JTx/cm?.

Panee mmpoko wuccienoBaloch JIETMPOBAaHUE JAMOKCHIA TUTAaHAa a30TOM, OJHAKO B
JAHHOM CITy4ae BO3HUKAIOT MPOOJIEMBI, CBSI3aHHBIE C OTPAHUYEHHOCTHIO €r0 PACTBOPHUMOCTH.
B yacTHOCTH, aHMOHBI a30Ta CKJIOHHBI 3aHUMAaTh MEX0Y3€JbHbIE NI0JIOKEHNUS, B PE3YJIbTATE
yero oOpa3yroTcsl HEHTPbl peKOMOWHAIMU HOcHUTeIe. B cBA3M ¢ 3TUM B HacTosiee Bpems
aKTyaJIbHbl MCCIIEJ0BAaHUSA 110 JIETUPOBAHUIO JTUOKCHJAa TUTAaHA KAaTUOHAMU METAJUIOB —
HarpuMmep, Xxpoma win xe coBMecTHbIM Cr—N-nerupoBannem [36]. XpoMm, HaIpOTHUB, UMEET
BBICOKYIO pacTBOpUMOCTH B T102, 0THAKO BHOCUT 3HAYUTEIIbHBIC HCKAKCHHS B KPUCTAILTHYC-
CKYIO PEIIEeTKY MaTpHIIbl, KOTOPhIE MOXHO UCIIPaBUTh B pe3yJIbTaTe TEPMHUUECKOM MocToOpa-
00TKHU. B cBs3M ¢ 3TUM TIaBHBIE 3a7a4l — CTAOMIIM3AIMS aHATa3a, a TAKXKE MOoJaBIeHue Aud-
¢dy3uu Cr. B pabore [37] uccnenoBarensm npu nomomu PO ¢ mmrensHOCTRIO 20 MC 1
TJIOTHOCTHIO PHEprum 10 65 Jx/cM? yaanoch 0CTUYb 3THX IeIel M ylydIluTh KPUCTAILTNY-
HOCTb aHaTa3a JJis KOHIIEHTpaluii XpoMa BILIOTh A0 6 %.

Taxum o6pazom, MPO no3BosieT ynpasiiarh (pa3oBbIM COCTABOM TOHKHX IUICHOK JIU-
OKCH/JIa TUTAHA U yJy4dlllaTh Ka4e€CTBO JIETUPOBAHMS. JTO B CBOIO OUYEpE/b MTO3BOJISET YCHIUTD
(doToKaTanTMTUYECKHE CBOWCTBA JAHHOTO MaTepualia C BBICOKOI dHepreTndyeckoil s dexTus-
HOCTBIO U CKOPOCTHIO, pucyuieit UdO.

YasTpaduoseroBas ruapopuiiusanus

I'unpodunbHble MOKPHITHS HALUIM MPUMEHEHHUE JJI CAaMOOYHIIIAIOIINXCS U aHTH3aIl0-
TEBAIOIIMUX IMOBEPXHOCTEH — HANIPUMEp, /Ul YBEIUYEHUS d3PPEKTUBHOCTH U MPOAOIIKUTEIb-
HOCTU PalOTHI 0€3 00CIyKMBaHUS PA3IUYHBIX YIMYHBIX CEHCOPOB M COJHEYHBIX IaHeJseH.
B xadecTBe TakMX MOKPBITUI paccMaTpUBAIOTCS B TOM YHCIIE OKCU/bI IEPEXOTHBIX METAIJIOB.

HccnenoBanusi MOKa3bIBaKOT, YTO YIIOMSHYThIC paHee aMopdHble TOHKHE TieHKH 1102
JIEMOHCTPHUPYIOT ciabble TUAPOQUIbHBIE CBOMCTBA — UX KpaeBoil yron cmauuBanus (KYC)
BOJIOM coctaBisier ~70 TrpaaycoB, OJHAKO OTXKUT C IMOJYYCHHEM aHaTa3a MPHBOIHUT K €ro
CHI)KEHUIO BIUIOTH 710 ~40 rpamycoB [38]. YcTaHOBIEHO TaKkKe, YTO OOIy4eHHE TaKHUX ILIe-
HOK Y ®-U3i1y4eHUEM [TO3BOJISIET HE TOJIBKO OYMCTUTh UX MOBEPXHOCTh, HO U YCHJIMTH TUIPO-
¢mibHOCTE BeeacTBHe (oTokaranuza. B pabote [14] oOmydenue ynabrpaToHKuX (15 HM)
IUICHOK JIMOKCUJA TUTaHA, MOJIyYEHHbIX MarHETPOHHBIM pacHbLICHHUEM, MPOBOJIUIOCH NPH
nomomu Y®PA-namnsl Byga ¢ ninoTHocThi0 MOLHOCTH 1,2 MBT/cM? 1 LIEHTPAIBHON JIMHOU
BOJIHBI 365 HM (3Heprusi ¢potoHa cocTasiseT 3,4 3B). MccnenoBanuio noasepraiuch MOKpbl-
THS1, HAHECEHHBIE IIPU Pa3IMUHBIX TeMIepaTypax (puc. 8).

Bunno, yto 0o0mias TEHAEHLHS COCTOMT B TOM, YTO POCT TeMIepaTypbl HAHECEHUs
yMeHbIIaeT Kak HavanpHoe 3HaueHue KYC, Tak M ero MHHHMajabHOE 3HA4EHHE IIOCIE
Y®A-06mydueHns. ABTOpHI CBA3BIBAIOT 3TO ¢ 00pa3zoBaHUEM 0Oosiee POTOKATAIUTUYECKU aK-
TUBHOH (ha3bl aHATA3a, YTO COTNIACYETCS C U3JIOKEHHOHN paHee HHpOopMaLuei.

Mexanuzm Y O-ruapoduiinzalud COCTOUT B CIEAYIOLIEM: IOIJIOIEHNUE BBICOKO-
HEPreTUYHOro (poToHa MPUBOIUT K 00pa30BAHMIO 3JIEKTPOHHO-ABIPOYHBIX Map, KOTOPHIE
3aTEM Y4YacTBYIOT B OKHCIIMTEIbHO-BOCCTAHOBUTEIBHBIX PEAKIMIX C aJCOPOMPOBAHHBIMU
BEIIECTBAMH, B pE3yJIbTaTe 4ero oOpa3yroTcsi BBICOKOAKTHUBHBIE PAJUKaNIbl. DTH paJUKaIIbI
3aTeM 3aIlyCKaloT LEMOYKY peakiuil, MPUBOASIIYIO K MTOJIHOMY Pa3pyILIeHUI0 OPraHUYECKUX
sarpssHenuil. TloMuMo 5Toro, o6pasyeMble SIEKTPOHbI BOCCTAHABIMBAIOT KATHOHBI Ti** 10
Ti®*, a IBIPKH OKMCISAIOT AHHOHBI KUCIOPOJA BOIM3M MOBEPXHOCTH, B PE3ylbTaTe 4ero oopa-
3YIOTCSI KUCJIOpO/IHbIe BakaHCcUU. CUMTaeTcs, YTo JaHHbIE Je(EeKThl MOTYT B3aUMOIEHCTBO-
BaTh ¢ BOJOM B atMocdepe, oOpa3yss OH-rpynmel, 4To NPUBOAUT K POCTY TUAPODUILHOCTH
MOBEPXHOCTH BIUIOTH 110 noctrxkennus KYC, 6imzkoro k 0 rpagycoB (cynepruapopuibHOCTh)
[14]. OnucaHHBIN MEXaHU3M CXEMaTUYHO MOKa3aH Ha puc. 9.
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Puc. 9. Ctpykrypa noepxHoctu TiO; 10 u nocne YP-o6mayuenus [11]

[Ipu 3TOM OoTMeuaeTcsi, yTO JaHHBIM 3DPEKT ABIsIETCS 0OPATUMBIM NP JJIUTEIHHON
BBIJIEPXKKE B TEMHOTE, a MPOJOKUTEIEHOCTE 00PAaTHOTO MEpeXo/ia CyIIeCTBEHHO 3aBUCUT OT
OKPY’KaIOIIMX YCIOBUM, HO OOBIYHO COCTaBIISIET HECKOJIbKO nHer [39]. Crnemyer OTMETHUTH,
YTO MCCIEI0BATENN MOJIydalld CX0XKHUE pe3ynbTaThl U pu o0iaydeHun Y DC-uznydenueM npu
MOMOIIH PTYTHBIX JIaMIl HU3Koro nasienus [11, 40].

Cxoxxue uccieoBaHus MPOBEAEHBI A JIPYroro M3BECTHOro (hoTOKaTanu3aTopa —
okcuaa nuaka (Zn0O). B pabdorax [40] u [41] ynamocek goctuub KYC mopsaka 5 rpany-
coB npu obnyyenun YOC- u YDA-namnamu coorBeTcTBeHHO. OJJHAKO B IEPBOM cllydae
MNOKPBITHE OBLIO M3TOTOBJIEHO CHPEH-MUPOJU30M U H3HAYAIBHO JIEMOHCTPUPOBAIO
ruipogoOHbIE CBOMCTBA, @ BO BTOPOM — IPU MOMOUIN 30JIb-T€JIb MPOIEcca U SABIAIOCH
TUAPOGUIBHBIM.

B Hacrosee BpemMsi B OTKPBITOM Hay4HO-TEXHUYECKOW JINTEPATYpE aBTOPAMHM JaH-
HOW CTaTbW HE HaWJEeHBI HccienoBaHus 1o Y D-rugpoduinuszanun (HOTOKATAIN3ATOPOB
npu nomom UPO. Bosee Toro, B ciaydyae TMOKCUA TUTAHA HE UCKIIFOYEHO, YTO MPH IIpa-
BUJIbHOM nonbope cnekrpa MKJI ynacTcs coBMecTuTh mpoueccsl epeBojia CTPyKTYphl B
dopMy aHataza U TUAPOPUIIN3ALMHU, YTO MO3BOJUT 3HAYUTEIBHO YCKOPHUTH OMHMCAHHbBIE
omeparuu.
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3akarouyeHus

[Tpu mpoBenennu 00630pa pacCMOTPEHBI OCHOBHBIE OCOOEHHOCTH M MPUMEHEHHS IIH-
POKOIOJIOCHOTO UMITYJILCHOTO M3ITyYSHHUS ISl OCYIIECTBICHHUS MOIU(BUKAIIINH TOTYIpO3pad-
HBIX TOHKOIUIEHOYHBIX IOKPBITUNA. OTMEYEHBI TaK)KE BO3MOXKHBIC HAIIPaBJICHUs NAJbHEHIINX
HCCIIENOBAHUI B TaHHOU 00JI1aCTH.

NmnynbcHas (poToHHast 00paboTKa OCYLIECTBISETCS MPU IOMOIIY KCEHOHOBBIX JIaMII,
(OpMHPYIOLINX BHICOKOMOIIHBIE BCIBIIIKH U3TY4YEHHUS CO CIIEKTPOM B AMANA30HE JUTMH BOJIH
ot 200 no 1100 am. [JanHbIi MeTox MTOCTOOPaOOTKH MMO3BOJISIET OKA3bIBAaTh Kak (poToXmMMuye-
CKO€, TaK M HEPAaBHOBECHOE TEPMMUECKOE BO3AECHCTBHE B MUJUIMCEKYHIHOM MacluTade. 1o
HO3BOJISIET IOCTUraTh OCOOBIX CBOMCTB MaTepHasoB, a TAKKE MPOBOAUTH OOpabOTKY Ha 4yB-
CTBUTEJIBHBIX MTOAJIOKKAX — HAIIPUMED, TOJIMMEPHBIX.

NmnynbcHas GoToHHas 00paboTKa MOXKET ObITh MCIIOJIb30BaHA JJIsl OTXKUTa Mpo3pad-
HBIX TPOBOJAIINX OKCUAOB, Takux Kak ITO u AZO, moiaydeHHBIX HaHECEHUEM MPU KOMHAT-
HOM TeMIIepaType, 3a cUeT UX KpUCTALIM3alyu. B U3BECTHOM Hay4yHO-TEXHUYECKOM JIMTEpa-
Type HaOJI0J1aeTCsl HEAOCTAaTOK KOMIUIEKCHBIX MCCIEI0BAaHMN COBMECTHOI'O BIIMSHHUS Kak
yCJIOBUM HaHeceHMs, Tak U napameTpoB PO Ha KOHEUHBIE CBOMCTBA IJIEHOK, a TAKkKeE
0/IpOOHO ONMCAaHHBIX PacUyeTHBIX Mojesel. KpoMe Toro, mouru oTCyTcTBYIOT pabOThl, MPO-
BE€/ICHHBIE C THOKMMHU MOJIMMEPHBIMU MOATI0OKKAMH.

VYnpasienue (HazoBbIM U MPUMECHBIM COCTAaBOM JHMOKCH/A TUTaHA — TAKKe OJHO M3
AKTyaJIbHbIX MPUMEHEHUH HIMPOKOMNOJIOCHOTO M3Jy4yeHUs. 3a CYET CBOEro OBICTPOJACHCTBUS
HN®O no3BossieT HE AONMYCTUTh HEOOPATUMOro Iepexoja OT aHaTa3a K pPyTHIIy B IpoIecce
omxkura. Kpome Toro, oka3siBacTcst BO3MOKHBIM YJIYUIINTh KauecTBo jierupoBanus T102. Bee
3TO HO3BOJISIET OBBICUTH €0 (POTOKATAIUTUYECKYIO AKTUBHOCTb.

VYibrpaduosneroBoe M3aydeHue CynepruapouuinzyeT mOoBEpXHOCTh (poTOKaTann3a-
TOpPOB — HalpuUMep, OUOKCHJAAa THTaHa U OKCHJAa LMHKA. B CyllecTByIOIIMX Hay4yHO-
TEXHUUYECKUX paboTax oOilydeHHE MPOBOJIUTCS MPH MOMOIIM PTYTHBIX JlaMn U Jiamn Byna,
a U®O ne ucnonssyercs. IIpuMenenne nMIyabCHOTO U3JIy4EHUS! HE TOJIBKO YCKOPHUT HAKOII-
aeHue HeoOxoaumoil Y®-103bl, HO U THIOTETUYECKU MOXKET MO3BOJUTh OOBEIUHUTH
IpoIIecChl IepeBo/ia TMOKCH A TUTaHa B (ha3y aHaTas3a U ero ruApoulTu3aim.
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BBenenue

AJIUTUBHBIE TEXHOJIOTUU OBICTPO PA3BUBAIOTCS U HAXOMAST MPUMEHEHHE B Pa3IMUHbIX
00J1acTsAX, B TOM YHCJIE B aBUAIIMOHHOW MPOMBIIUIEHHOCTU [1]. AIJIUTUBHBIE TEXHOJIOTHH
MOJIYYWJIM [IMPOKOE PacCIpOCTpaHEHUE BBUY BBICOKOW MPOU3BOAUTEIBHOCTH, BO3MOXKHOCTH
U3TOTOBJICHHS JIETAJICH CO CIIOKHOW reOMETpUIECKOil ()OpMOM U yIydIIEHHBIMU CBOMCTBaMHU
B CPaBHEHHUH C TPAJUIIMOHHBIMU MeTOo/1aMHt [2, 3]. CeneKTUBHOE 3JIEKTPOHHO-IYYEBOE CILIaB-
nenue (CIJIC) — TexHONOrUs aiIMTUBHOIO IPOU3BO/ICTBA, B KOTOPOM 3JIEKTPOHHBIN J1yd IO-
CJIOMHO PacIUIABIISIET METANIMYECKUN MMOPOLLIOK JUIs co3AaHus AeTanel. [{uknnueckue Harpes
u oxnaxnaenue B mpouecce COJIC mpuBomsAT K (HOPMUPOBAHHIO 3HAYMTEIBHBIX OCTATOYHBIX
HaINpspKEHUH, KOTOPhIEe MOTYT BbI3bIBaTh Je(opMaliiy, CHIPKEHUE COMPOTHBIICHHUS YCTaJOCTH U
pacTpecKrBaHUE TOTOBBIX JieTaneit [4—8]. st CHUKeHHsI YPOBHSI OCTaTOYHBIX HANPSHKECHUNA UC-
MOJIBL3YIOT Topsiuee m3ocrarudeckoe npeccoBanue (IMIT) [9-12]. Omnenka ocTaTOYHBIX HaIpsi-
JKCHUI B IpoLIecce ayIMTUBHOTO MTPOM3BOICTBA SBJISIETCS aKTyanbHOU 3aaaueii [ 13—15].

JInsi OLIEHKM CBOWCTB TOKONPOBOASIIMX MAaTE€pUaIOB MNEPCHEKTUBHO IMPUMEHEHHE
BUXPETOKOBOI'0 METO/1a. BUXpETOKOBBIN HEpa3pylIAOIINi KOHTPOJIb, OCHOBAHHBIN HA aHAJIU-
3¢ XapaKTePUCTUK SJIECKTPOMATHUTHOTO IOJI BHXPEBBIX TOKOB, BO30YKIAaE€MBIX B OOBEKTE
KOHTPOJISI BHELITHUM 3JIEKTPOMArHUTHBIM IOJIEM, CIIOCOOEH (PUKCUPOBATh U3MEHEHHUE 3JIEK-
TPOIIPOBOJHOCTH TOKOMPOBOIALINX MaTepuanoB [16—18]. Takum obpazom, mpu CyIiecTBOBa-
HUU KOPPEJSILIMOHHOM 3aBUCUMOCTH MEXIYy 3HAUEHMSIMHM 3JIEKTPOIIPOBOJHOCTU MarepHala
B 30HAX OCTAaTOYHBIX HAMPSIKEHUM M UX OTCYTCTBUS MOSABIISIETCS peajibHasi BO3MOKHOCTh KOC-
BEHHO X 3a(uKcupoBaTh. [IpuMeHeHne BUXPETOKOBOTO KOHTPOJISI UMEET PSIJl IPEUMYIIECTB!

— Hepa3pyLIAKIIUNA XapakTep;
— BBICOKasi CKOPOCTb;
— OTCYTCTBHE MPSMOI0 KOHTAKTA C KOHTPOIUPYEMBIMH JIECTATISIMH.

OCHOBHOE JJOCTOMHCTBO METOJIa — BO3MOKHOCTb KOHTPOJISI CBOMCTB MaTepHajioB OT-
HOCHUTEJIbHO MX TTyOUHBI, UTO JOCTUTAETCS MPUMEHEHHUEM Pa3IuYHOrO BO30YKIEHUs BUXpe-
TOKOBOTO rpeobpazosarens [16, 17].

B nanHO#l cratbe mpoaHanM3UpOBaHA MPUHIMUIIMAIBHAS BO3MOXKHOCTh OLEHKH OCTa-
TOYHBIX HAMPSHKCHUI Ha 00pa3iax u3 narepmerTauimanoro TiAl-craBa, chopMUPOBaHHBIX B
pesynbrate COJIC, a Takke MOIydeHNs] KOPPEIALIMOHHON CBSI3U MEXaHMYECKHUX HANPsKEHUN
U 3JIEKTPOIPOBOIHOCTH MaTepuaa.

MaTepna.m)l U METObI

O PexTUBHOCTh MPAKTHUECKOTO MPUMEHEHUS BUXPETOKOBOTO METOAa Ui OIEHKHU
(U3UKO-MEXaHUYECKUX U CTPYKTYPHBIX CBOWCTB OOYyCIIOBJIEHA HAJMYHUEM YCTOMUMBOM KOp-
PEJSIIUOHHON 3aBUCMMOCTH MEX]y AaHAJIU3UPYEMbIMU MapamMeTpamMH MHKPOCTPYKTYpPHI H
yAEIBbHON JIEKTPOIPOBOIHOCTHIO MaTepraiia o0bekTa KoHTposs [19, 20]. B 3aBucumocTu ot
YacTOTHl TOKA BO30YXACHUSI U3MEHSIOTCS 3aTyXaHUE DJIEKTPOMArHUTHOTO TOJSI U BEIMYMHA
BHUXPEBBIX TOKOB. TakuMm 00pa3oM, BapbUPOBAHHEM YaCTOTHI BO30YXIAIOMIETO TOKAa MOXKHO
MOJYYUTh pacIipe/ie]IeHHe FIEKTPOIPOBOAHOCTH MO TIyOUHE HCCIEAYEMOTO 00bEKTA.

N3meHeHne 4acToThl TOKa BO30YKACHUS IPUBOIUT K U3MEHEHUIO (pa3bl BUXPEBBIX TO-
KOB Ha KOHKpPETHOW TiyOWHE, 4yTO, B CBOIO O4Yepe/b, BHI3bIBACT M3MEHEHHUE (a3bl COOTBET-
CTBYIOIIEH YacTH BHOCHMMOTO HampshKeHHUs. [ 1yOMHY MPOHMKHOBEHHUS AJIEKTPOMArHUTHOIO
TMOJIsSI MOKHO OTPENEIUTh C TOMOMIbIO ()YHKITMOHATHHON 3aBUCUMOCTH

5= = ®

rjie O — rIyOWHa MPOHUKHOBEHHS, M; G — yJIeNbHAs 3JEKTPOIIPOBOTHOCTD, CM/M; s — abcooTHAs
MarHMTHas IPOHULIAEMOCTh MaTepuana, [ u/M; f — gyacToTa Toka Bo30yxneHus, [11.
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Ha puc. 1 nmpencraBineH HakiIaJHOW BHUXPETOKOBBIN MpeoOpa3oBaTesib ¢ BO30YKIat0-
meld ¥ M3MEPUTENbHOM KaTyIIKOW, PAcIONIOKEHHBIH HaJl 3JEKTPONPOBOASIIAM OOBEKTOM
KOHTPOJIA.

Puc. 1. BuxpetokoBsiii ipeodpaszoBareins (1), pa3merieHHbIH HaJl 00beKTOM KOHTPOIIs (2): Ry, Ry —
paauyc U3MEpHUTENbHON U BO30YXK/JAOIIEH KaTylIKH COOTBETCTBEHHO; N — 3a30p Mex 1y npeobpasoBa-
TEJIeM U TTOBEPXHOCTHIO 00bEKTa KOHTPOIIS

s konduryparuu mpeodpa3oBaTelis, IPEACTABICHHOTO Ha puc. 1, BHOCHMAasI dJIeK-
TPOABIIKYILIAsl cuila onpenensercs no popmyne [20, 21]
EBH = (DI.VVBVVHHOR]'T['
f""x(qBA +4:Bth(9:T5)) — 45(qAth(a:Ty) +q.B) .\ )
o X(qsA +qcBth(q,Ty)) + q5(q,Ath(q,T,) +q.B) ~
31ech 0003HAYEHBI [TapaMETPhI:

R = R,R,; 3)

A= q.+ thh(QCTc) ; (4)
B = g4+ q.th(q.To) ; (5)
G = hGROLG D™ (6)

s, ¢, u — \/xz +jB§, ¢, Hy (7)
Be, ¢, s — 0000IIEHHBIE TTApAMETPHI, XaPaKTEPUIYIOIINE YACIBHYIO 3JIEKTPOIPOBOAHOCTD BEPX-
HETO, CPETHET0 M HIXKHETO CII0s (O, ¢, n):

BB, C, H = R quO-B, C, H ; (8)
T, ¢ — 0000IIEHHBIC TAPAMETPBI, XapaKTEePU3YIOIINe TONINHY BepxHero (1z) u cpenHero (tc)
CIIOS:

T, =25 ©)
R

H — 060011eHHbIii TapameTp, XxapakTepusyommuii Beanunny 3a3opa (h); Ws, Wy — konndectBo
BUTKOB BO30Y)KJArOIIEH W M3MEPHUTEIBHON OOMOTKM COOTBETCTBEHHO, €1.; Ru, R — pammyc

. . R R
M3MEPUTENIbHOM 1 BO30YX/1aolel KaTyIlIKH COOTBETCTBEHHO, M; J; (?B x) , 1 (?" x) — (yHK-

uu beccens mepBoro poja mepBoro Mmopsijika; o — Kpyroas 4acToTra Toka | B BO30yXIaro-
et 0OMOTKe JaT4mKa, paj/c; o = 4m 1077 I'u/M — MarHUTHAS TTOCTOSIHHASL.

Ucnone3ys Gopmyny (2), MOKHO pacCUUTaTh BHOCUMOE HANPSKEHHE BUXPETOKOBOTO
npeoOpazoBareisl B 3aBUCHMOCTH OT YaCTOTHI ITUTAIOIIETO0 TOKA U AJIEKTPOIPOBOIHOCTH HE-
OJIHOPOAHOTO 0OBEKTa KOHTPOJIA.

OpanM 13 Memarmux (akTOpOB MPHU OMPENeTCHUN KOJeOaHUH SIEKTPOIPOBOIHO-
CTH, CBSI3aHHBIX C HEOJHOPOIHBIM COCTOSTHMEM MaTepuaia, siBisercs 3a3op h (puc. 1) Mexay
00BEKTOM KOHTPOJIS U TipeoOpa3oBaTesieM, KOTOPIF MOXKET U3MEHSTHCS M3-3a IIePOXOBATOCTH
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MOBEPXHOCTH, KoyiebaHuii mpeobpa3oBatens U ap. CUrHaN, BEI3BAHHBIN KOJICOAHUSIMH BEIU-
YUHBI 3a30pa, MOXET IMPEBbIMIATh TOJE3HBIH CHTHAJ OT M3MEHEHHS SJIEKTPONPOBOIHOCTH,
BBI3BaHHBII HAJTMYMEM OCTATOUHBIX HAIPSKEHUH.

OTcTpoiiKy OT BIMSHHS 33a30pa OCYHIECTBISUIM M3MEHEHHEM (a3bl MUTAIOIIETO TOKa
(ammumuTyHO-(a30BbIH MeTox [16]). Takum oOpa3zom, HH(GOPMATUBHBIM MapaMeTpoM OyneT
ABIIATHCA TPOEKLHS BEKTOpa MPHUpAIICHHs] HAIpPsHKEHUS BUXPETOKOBOTO IMpeoOpas3oBaTest
B 3aBUCHUMOCTH OT U3MEHEHHSI AJIEKTPOIIPOBOIHOCTH.

Bropeim memraromuM pakTopom siBiisieTcst KpaeBoit addexr. [Ipu pacronoxkenuu mpe-
oOpa3oBaTtesniss BIAIU OT Kpas 0ObeKTa KOHTPOJISI BUXPEBbIE TOKH PACHpPEIENISIIOTCS paBHO-
MEPHO IO MOBEPXHOCTH, IUIOTHOCTh TOKa MakKCHMajbHa IMOJ OOMOTKOH mpeoOpa3oBareis
¥ PaBHOMEPHO yMEHBIIAeTCS 10 Mepe yJaneHus oT Hee. llpu mpuOamkeHWu K rpaHuie
00beKTa KOHTPOJIA IPOUCXOAUT TepepacnpeiefieHue BUXPEBBIX TOKOB, MJIOTHOCTh TOKAa KOH-
IIEHTPUPYETCS Ha TPaHMIIE 01 TpeoOpaszoBareneM BOIU3H Kpas [22—24]. Ha puc. 2 mokazaHo
pacrmpenienenue IIOTHOCTH TOKa M BUXPEBBIX TOKOB IOJI OOMOTKOM INpeoOpa3oBateist JUIs
JIBYX TIOJIOKEHU — 110 IIEHTPY U Ha TPaHUIE 0OBEKTa KOHTPOJIS.

a) 0)

Puc. 2. Pactipenenenre miIoTHOCTH TOKa M BUXPEBBIX TOKOB M0, 0OMOTKO# BUXPETOKOBOTO MPeo0-
pa3oBarelnsi, pacroJI0XKEHHOTO 110 TIeHTPY (a) 1 Ha TpaHulie (0) 00beKTa KOHTPOIIS

Jlns oneHku BiusiHUSL KpaeBoro 3¢ddekra B padote [25] mpencraBiena TpexmepHas
AHAJTUTHYECKAs] MOJIENIb BUXPEBBIX TOKOB B JIEKTPOIPOBOISIICH TIIACTHHE KOHEYHOH IIHPH-
HBI, KOTOpasi YYUTHIBACT MCKa)KEHUsSI MOJIEH Ha IpaHUIAX IJIACTUHBL. B cTaThe nmpuBeaeHsbI
HOTPELIHOCTH MOJICIMPOBAHUS, BbI3BaHHbIE MPEHEOPE)KEHUEM BIMSIHUS TOJS HCTOYHHMKA
Ha Kpasx MPOBOJISIICH TUIACTHHEI.

MeTo0oM KOHEYHBIX 3JIEMEHTOB B padote [26] mccienoBaHo BiHsHHE KpaeBOro 3¢-
(dexTa 11 pa3IMyuHBIX TapaMEeTPOB BUXPETOKOBOIO MpeodpazoBaTess. ABTOPBI MPEATIOKHIIN
CHCTEMaTHUYECKHH O/IX0J], OCHOBAaHHBIH HAa MOJICIMPOBAHUM, /U TOHUMAaHUS ¥ MUHUMH3a-
LIMU BIUSHUS KpaeBoro 3g¢ekra Ha oOHapyxeHue nedexron. [1o uroram paboTel IpoaeMOH-
CTPUPOBaHBI ONTUMAJIbHBbIE MTApaMeTphl MpeodpazoBarens Uit 3P PeKTHBHOro 0OHApYKEHUs
TPEUINH Ha TPaHUIAX 00BEKTa KOHTPOJIS.

B pabote [27] mpeacraBieH METOA aHATUTUYECKOTO MOJCITUPOBAHUS MOMEPEIHOTO
nepeMelleHs] BUXPETOKOBBIX IMpeoOpaszoBaTeseil ¢ mpsAMOyroiabHbIMU KaTymkamu. C wuc-
MOJIb30BAHUEM METOJIOB PA3JIOKEHUSI TO COOCTBEHHBIM (YHKIIMSAM YCEUEHHOW 00iacTu
¥ BEKTOPHOTO TOTEHIMAla BTOPOTO MOPAIKA MOJYYEHbl AHAJIUTUYECKHE BBIPAXKECHUS IS
TUIOTHOCTH BUXPEBBIX TOKOB M COIPOTHBIICHUS KATYIIKU MPH €€ MOTIEPEYHOM TIepeMEIICHUN
OTHOCHUTEJIHO T'PaHUIIbI 00BbEKTa. ABTOPHI MPOBETU SKCIIEPUMEHTHI, MOITBEPXKIAIOIINE aHa-
JUTHYECKHE JaHHEIC.
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st popmynupoBanus TpeOoBaHU K rabapuTaM 00pa3iioB (IMPUHE U JUTHHE 00BEKTa
KOHTpOJISI) npyu nmoMomu YMUCJICHHOIoO MOACIUPOBAHUA MCTOAOM KOHCYHBIX 3JICMCHTOB
M CCJICIOBAHO BIHMSHHUE KpaeBoro 3pQexTa sl MPUMEHEHHOTO BUXPETOKOBOTO ITpeodpa3oBa-
tenst. [Tapametpsl mpeoOpa3oBartesi, HCIOIb3yeMbIE IPU MOJICTHPOBAHUH:

Huametp Bo30yXaaromed 0OMOTKH, MM 54
JuamMeTp u3MepHUTEeITbHONH OOMOTKH, MM 4,6
YacroTa Bo30y»Kaaromero Toka, Kl 100
3a30p Mexay mpeobpa3zoBareneM u 00pa3oM, MM 1

[TapameTpsl MIaCTUHBI, UMUTUPYIOLIEH 0OBEKT KOHTPOJIS:

TommuHa o0pasia, MM 15
Ilupuna (momnepeyHslii pa3Mep IIACTHHBI), MM 80
DJIeKTPOIPOBOAHOCTE 0Opasiia, MCm/M 0,7

CyTb MOJIeIMpPOBaHUS 3aKJIIOYAETCS B U3MEHEHUH pa3Mepa IJIACTUHBI [0 OTHOIIEHUIO
K pa3mepy npeoOpaszoBareiis. BUXpeTokoBslii mpeoOpa3oBaTelb MepeBUraics B1oJjib o0pasia
¢ maroM | MM, HayajgbHas TOYKA COOTBETCTBOBAJA KParo IJIACTUHBI. PUKCUPOBAIN OTHOCHU-
TEJIbHOE M3MEHEHHE CUTHalla BUXPETOKOBOI'O IpeoOpa3oBaTelis B 3aBUCUMOCTH OT pacroiio-
KEHUSI KOHTPOJIMPYEMOI'0 00BEKTA JIJIsl pa3HbIX JUIMH (IIPOJOJILHOTO pa3mepa) miactuHsl: 10,
20, 30, 40 u 50 mMm. Cur"an HOpMUPOBAH OTHOCUTEJIBHO MAaKCUMaJIbHOI'O 3HAYCHHUS, T. €. 3HA-
YEHMs] CUTHaJIa, IPYU KOTOPOM IUIACTHHA paclojaraiach Mo LEHTpy npeoOpazoBarens. s
noxydeHuss 0ojee TOYHOTO pe3yibTaTa MPOBEIEHbI pacueThl C 3aMEHEHHBIMHU (Ha CBOMCTBa
OKpy’Karoliee npeoOpa3oBarellb IPOCTPAaHCTBO (BO3/yX)) CBOWCTBAMM IUIacTUHBI. TpeboBaHue
K MOJICJIMPOBAHUIO: MOJy4YE€HUE 3HAYCHUS JUIMHBI IUIACTUHBI, IIPU KOTOpOM Obl c(hOpMHpPOBa-
Jach IJIOMIAJKA C TIOCTOSHHBIM CUTHAJIOM IpeoOpa3oBaTelis MPOTsKEHHOCThIO, COCTAaBIISIOIIEH
Tpu AuaMeTpa npeodpaszonatens. [lonyueHHbIE 3aBUCUMOCTH IIOKa3aHbl Ha puc. 3.

12

OTHOCHTENBHOE M3MEHEHHE
CHrHAIa Tpeodpa3oBaTens, el.

-50 -30 -10 10 30 50
Pacnonoxenue moj npeoOpaszoBaTenieM, MM

JlimHa tiacTHbl, MM: == 10 == 20 = 30 == 40 — 50

Puc. 3. 3aBUCHMOCTH OTHOCHTENBHOTO U3MEHEHHSI CHUTHaIa Mpeobpa3oBaTensi OT ero pacroioxke-
HUS 17151 pa3HbIX MOMEPEYHBIX pa3MepoB (IJTHH) TIaCTHHBI

ITpu nonepeynom pasmepe miactuHbl >40 MM kpaeBoi 3(p(eKT He BIHsIEeT Ha CHUTHAI
npeoOpas3oBareiis, T. €. GOpMHUPYETCsl MIIOLIAKa, IIPU KOTOPOH OTKJIOHEHHE OT LIEHTpa IljIa-
CTHHBI 0o0Jiee YeM Ha JUaMeTp BUXPETOKOBOIO MpeoOpa3oBaTeliss He BO3JCHCTBYET Ha U3Me-
PSAEMBII CUTHAJL.

Pabota BeinonHeHa ¢ ucnonbszoBanueM obopynoBanus LIKIT «Knumaruueckue ucmsl-
tanus» HULL «Kypuarosckuii nactuty» — BUAM.
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Pe3yabTarhl U 00CyKACHHE
Jnist ompoOOBaHUsI BUXPETOKOBOTO METO/IA C LIEIbIO OLIEHKU CTPYKTYPHOTO COCTOSHUS
TiAl-crutaBa [28—31] U3roToBjIeHBI 00pa3bl B BU/IE HMIMHAPOB 1uaMeTpoM 50 MM U TOJIIIH-
Ho#t 14 mM. [Tewats MeTtomom CDJIC ocymecTBisuM MpU ABYX pexkuMax: s oopaszma 10 —
sreprust 250 Ix/m, Tok myda 13,3 MA, cKOpoCcTh ckaHupoBaHus 3,2 M/c; amst obpasma 12 — suep-
rust 150 /M, Tok myda 8 MA, CKOpOCTh cCKaHupoBaHus 3,2 m/c. J[namerp 00pasiioB BEIOpaH Ta-
KUM 00pa3zoM, 4TOOBI BIMSHHE OT Kpas oOpaslia Ha M3MEPUTENbHBI CHUTHAJI OTCYTCTBOBAIO.
JuameTrp BO30YXIArOIIEH U N3MEPUTEIILHOM KaTyIIKA COCTaBWI 5,4 1 4,6 MM COOTBETCTBEHHO,
BBIOpaH 3a30p MEXKIY MpeodpazoBaTeneM u oopasiamu, paBHblid 1 Mm. HacToTa BO30YkIatOIIEro
toka f uamensutace ¢ 2 10 400 xI'1; ¢ marom 2 I'1y [32]. DiekTponpoBoaHocTs 00pasios 10 u 12,
NPEIBAPUTEIILHO OIpEJIENICHHAs BUXPETOKOBBIM MeTozoM npu yactote 100 kI'm, cocraBuia
0,69 u 0,67 MCM/M COOTBETCTBEHHO.
Bnusiaue kpaeBoro 3¢ (exra oeHeHo MmyTeM CKaHUPOBaHHs BUXPETOKOBBIM Ipeolpa-
30BaTesieM BOJb MOBEPXHOCTU 00pa3iia, 3aBUCUMOCTb MPOEKLUN CUTHAJIA OT PACIIONIOXKEHHS
npeoOpaszoBaresi OTHOCUTENbHO 00pa3iia okasaHa Ha puc. 4.

a) 10 20 30 40
0
g 100
: \ V
£ -150 \
£ 200
: \
2. -250
= J
-300

-350

PacnonoxxeHye npeodpazoBaTesist OTHOCHTEJIBHO 00pasia, MM

Puc. 4. 3aBUCHMOCTD MPOEKIMN CUTHAA OT PACIIONOXKEHHs IpeodpazoBaTelsi OTHOCHTENFHO 00pasia
(@); mBKeHne peobpasoBaTetst BIOJIb 00pasiia (6), CTPENIKOM TOKa3aHO HAlPaBICHUE CKAHUPOBAHHMS

Curnan MOXHO pa3fenuTth Ha TpH 30HBL | (oT 0 1o ~10,4 MM) — Havano JBUKEHUS
npeoOpasoBarenst HaJ 00pa3loM, MPOEKIUS CUTHala OT Kpas HauMHAeT YMEHbIIATbCA MpPH
npubmkenuu K 1eHTpy; Il (ot ~10,4 mo ~40 MM) — 30Ha, B KOTOPOIl MPOEKIINS CUTHANIA HE
3aBUCHT OT nonokenus garuuka; |l (ot ~40 no ~50 MM) — OKOHUaHUE ABMXKEHUS peoOpa3o-
BaTes HaJl 00pa3IoM, MPOEKIIHsI CUTHAJA OT Kpas HAUMHAET yBENWYUBATHCS IPHU MpUOIHKe-
HUU K Kparo. [IpoTsyKeHHOCTh 30HBI AOCTAaTOYHA ISl pelIeHUs] 0OpaTHOM 3ajauM pacyera,
MOJy4eHHOTO TI0 popmyrie (2).

KanmubpoBky sKCHieprUMEHTANIBHBIX TaHHBIX C PACYETHBIMH OCYIIECTBIISUIA Ha 00pas-
[ax-3TajoHax ¢ aneKkTpornpoBogHocThO 0,63 u 0,73 MCM/M (311€KTpONPOBOJHOCTE 00pa3-
[IOB-3TAJIOHOB pacIpe/ie]ieHa paBHOMEpPHO Mo Bceil TommuHe). KanmubpoBka 3akiroydarnach
B YMHOXCHHH PACUETHBIX 3HAYCHHI Ha KaTUOPOBOYHBINA KOAPDUITUEHT

_U73(f)ake
K(f)p = m.

rae U73(f)sxe — DKCHEPUMEHTAIBHOE 3HAYCHHE HAIPSDKEHUS] Ha 00pasle ¢ AIEKTPOIPOBOIHOCTHIO
0,73 MCw/wm; f — wactora Bo30yx1aromtero Toka; U73(f)pac — pPacCueTHOE 3HAUCHHUE HATIPSKECHHSL.

[Tpoekiuio HKCIEePUMEHTAIBHOTO CHUTHajla M PAacueTHBIX 3HAueHW [uis oOpasua
¢ 31eKTponpoBoAHOCTHIO 0,73 MCM/M OCYyIIECTBIISIIM OTHOCUTEIHHO 00pasiia ¢ 3JeKTPOIpo-
BOJHOCTEIO 0,63 MCwm/M.
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JlJis OLIEHKHM pacmpesesieHuss 3JIEKTPOINPOBOJHOCTH IO TIyOMHE MpeoOdpa3oBareib
pa3MecTiuiii Ha moBepxHocTH 06pasnoB 10 u 12. Ha puc. 5 npeacrapieHa nmoaydeHHas! mMpo-
€KL CUTHAJOB B 3aBUCHMOCTH OT YacTOThI BO30YXKIAIOILEro TOKa, JaHHbIe (PUKCHPOBAIU
OTHOCUTENIBFHO 00pa3iia-3TajoHa ¢ 3JIeKTporpoBoaHocThi0 0,63 MC/m. Ha puc. 5 Takxke
MoKa3aHa MPOEKIUs CUTHAIA 00pa3Ia-3TajioHa ¢ 3JIEKTPONpoBotHOCTRIO 0,73 MC/m.
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0 50 100 150 200 250 300 350 400
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O06pasusl: == ¢ AeKTponpoBoHOCTEIO 0,73 MCMm/M =12 =10

Puc. 5. 3aBHCHMOCTH TIPOEKITNH CUTHAJIA OT YaCTOTHI BO30YK/IAOIIETO TOKA

3aBUCUMOCTh IMPOEKLUU BHOCHUMOIO HANPSIKEHMs, MOJIyuYeHHasl JJii pPaBHOMEPHOIO
U3MEHEHUS JIEKTPOIIPOBOIHOCTH, MpH yacToTe 10 ~220 k'l MOXKHO COBMECTHUThH C 3aBUCH-
MOCTSIMH HCCJIEIOBAaHHBIX 00pa3noB macmrabupoBanueM. OmHako mpu yactore >240 kI
IPOCKIHS OTIMYACTCS 10 HAKJIOHY K OCH U HE MOXKET OBITh COBMEIICHA C 3aBHCHMOCTSIMHU
o6pasuoB 10 u 12 macmrabupoBanuem.

[Tpu pemennn oOpaTHOW 3aayMl IMOJYYEHBI 3aBUCHMOCTH PACIPEIEIICHUS SIIEKTPO-
IIPOBOJHOCTH 00pa3noB 1o riayomne. Ha puc. 6 moka3aHsl 3aBUCHMOCTH Jjsi oOpasnos 10
u 12, a Takke oOpasua-sTanoHa ¢ aeKTponpoBoaHocThiO 0,73 MC/M (COOTBETCTBYET paBHO-
MEPHOMY M3MEHEHHUIO 3JIEKTPONPOBOAHOCTH). DTO IMO3BOJISET BU3YaIM3HPOBATh HEPABHO-
MEpPHOE U3MEHEHHE HIIEKTPOIPOBOJHOCTH UCCIIEOBAaHHBIX 00PAa3IIOB.
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Puc. 6. PactipeniesieHuie 3eKTpONPOBOIHOCTH 1O TIIyOHHE 00pa3oB

Jliis cHsTHS HanpshkeHui Ha oOpas3nax 10 u 12 nposeaeno ['UII, mocie yero moBTop-
HO pPacCUMUTaHbl 3aBUCMOCTH pacIipeiesieH s 3JeKTPOIPOBOAHOCTH 10 TiyouHe (puc. 7).

OnexktponpoBoHOCTh nocie npuMeHeHus ['UII crama pacnpenensaTscsi paBHOMEPHO
no rnyoune oopasuoB 10 u 12, T. e. Tak *ke, Kak U y 00pa3a-3TajloHa ¢ 3JIEKTPOIPOBOIHO-
cteio 0,73 MCwm/M. KpoMe TorO, 37eKTpOonpoBOAHOCTE 00pa3noB 10 n 12 ymeHsImmiach
nocine npumenenus ['UI1 u nocrurna ognoro 3navenus (0,64 MCwm/m).
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Puc. 7. Pactipenenenre 371eKTPOIPOBOIHOCTH IO TIyOHMHE 00Pa3IoB 10 M TIOCIIE TOPAIETO U30CTa-
truaeckoro npeccoBanus (I'UI)

MeToi0M pEeHTTeHOBCKOM NU(PAKIIMK ONPENEICHO, YTO HAa MOBEPXHOCTH 00pPa3IloB
HanpsbkeHue cocrapisier —230 MIla. Micxons U3 3TUX AaHHBIX, C HCIIOJIB30BAHUEM KOPPEIIs-
IIUOHHOTO KOX((HUIMEHTA TOIYYCHBbI 3aBHCUMOCTH PACIPEICIICHHUSI OCTATOYHBIX HAarpsiKe-
HUU, TOKa3aHHBIEC HA pUC. §.
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Puc. 8. Pactipenesienue 31eKTponpoBOAHOCTH MO IIyOMHE 00pa3LoB [0 U MOCJE ropsuero u3ocra-
trudeckoro npeccosanus (I'UIT), momydeHHOE yTeM KOPPEISIMU JaHHBIX PEHTTEHOBCKOW AU(PaKIINN

YyBCTBUTEIBHOCTh MO INIyOMHE K M3MEHEHUIO AJIEKTPOIPOBOJHOCTH BUXPETOKOBOIO
METO/Ia OTPaHW4YeHa ~3 MM, MMOCKOJBKY NMPOUCXOANT 3aTyXaHHE AJIEKTPOMArHUTHOW BOJIHBL.
B cBsi3u ¢ 3TUM Henb3s caenaTh BBIBOJ O paclpeieieHUHd MEXaHMYECKUX HampsKeHUH Ha
ryoune >3 mm. Crienyer OTMETUTh, YTO HW3MEHEHHE 3JIEKTPOINPOBOAHOCTH TaKKE MOKET
OBITH CBA3aHO CO CTPYKTYpOH MarepHara.

3ak/Il0ueHus

C moMomipl0 MaTeMaTH4eCKOT0 MOJICTHPOBAHUS M AKCIIEPUMEHTAIBHBIX HUCCIIEI0BA-
HUN 00pa3moB MOKa3aHO BIMSHUE KpaeBOTo 2P ¢deKTa Ha CUTHAI BUXPETOKOBOTO Mpeodpazo-
BaTeJs.

Jli1st TIOCTpOEHUS paclpeieieHus SJICKTPOIPOBOAHOCTH TI0 TITyOnHE 00pa3IoB U3 MH-
tepmetauHoro TiAl-crimaBa, BbeimonHeHHBIX CDJIC, MHOTOYACTOTHBIM BHXPETOKOBBIM
MCTOJJOM ITOJYUYCHBI 3aBUCUMOCTHU MMPOCKIUH BEKTOPA MPHUPAIICHUA HAIIPAKCHUA BUXPETOKO-
BOT0 ITpeoOpa3oBartes.
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[Tyrem KOppensLuu JaHHBIX, OTYYSHHBIX MPH NOMOIIY PEHTIC€HOBCKOW NU(pPaKINH,
IIOCTPOEHBI 3aBUCUMOCTH PACIPEIEICHUsI OCTATOYHBIX HanpsbkeHud 10 u nocie ['UILL

JlJis mpuUMeHeHusl OMMCAaHHOTO MOJXO0Ja JUIS U3 CO CIOKHOM reoMeTpHYecKoin
dbopmoii 1160 HEOOIBIIMX Pa3MEPOB HEOOXOIUMBI MOJCITMPOBAHUE U BEpUPUKAIIUSI YHUCIICH-
HBIX MOJiesiel Win KaauOpoBka Ha oOpas3iax co cxoxeil reomerpuueckoi ¢hopMoil ¢ u3BecT-
HBIM pacIHpe/le]IeHHeM MEXaHWYEeCKUX HampshKeHW. BBUAY HE3HAYUTENbHBIX H3MEHEHHM
3JIEKTPONPOBOJAHOCTH B 3aBUCHUMOCTH OT BO3HUKAIOIIUX MEXAHMYECKUX HamNpsKEHUI mep-
CHEKTHBHBIM HAIIPABICHUEM PAa3BUTHUSI METO/IA SIBJISIETCS MOBBIICHUE YYBCTBUTEIHHOCTH.

HUccneoosanue evinonneno npu @guuancuposanuu Poccutickoeo Hayunozo ¢onoa,
epanm Ne 24-19-00717, https://rscf.ru/project/24-19-00717/.
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Annomayusa. [Ipeocmasnenvl 3aKOHOMEPHOCHU CYX020 MPEHUsL CBODOOHO CNEYeHHO20 U pe-
AKYUOHHO-CNEYEeHHO20 Kapouoa KpemHusl 8 nape ¢ Mamepuaiamit PazHo2o0 mund npu pasiudHblx
VPOGHSX HA2PY3KU U CKOPOCMU CKOIbICeHUs.. B nepsoul wacmu cmamvu cpagHuéaiomces. mpubo-
JI02UYeCKUe XapaKkmepucmuku 08yxX U008 Kapouoa KpeMHUus ¢ NOJUMEPHbIMU MAMEePUaIamu
u epagpumom. Jlannvle Mamepuavl WUPOKO UCHOIL3VIOMCS 8 V3IAX MPEHUs 3 CUen CROCOOHO-
CMuU K CAMOCMA3bIBAHUIO, YMO BbI3bIEAeN HAUOOMLWUL UHmepec Ol OAHHO20 UCCIeO08AHUS
U PEKOMEHOAYULL NO 8O3MOICHOMY PACULUPEHUIO 0OIACMU NPUMEHEHUS.

Knroueesvle cnosa: ko3pguyuenm mpenust, UsHOC, KepamuieckuilL Mamepuai, Kapouo Kpem-
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Abstract. The paper presents the patterns of dry friction of freely sintered and reactively sin-
tered silicon carbide from the load and sliding speed paired with materials of different types.
The first part of the article compares the tribological characteristics of two types of silicon car-
bide with polymer materials and graphite. These materials are widely used in friction units due
to their ability to self-lubricate, which is of the greatest interest for this study and recommenda-
tions for possible use expansion.
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Beenenne

CoBpeMeHHass TEXHUKA B HACTOsILEE BpeMs HYXJaeTcsl B IPUMEHEHUM HOBBIX Mare-
pHaJIoB, 00ECIIEUNBAIOIIUX €€ JlaJIbHEMIIee pa3BUTUE U IOBBIIIEHHE YKCIUTYaTallMOHHBIX Xa-
pakTepucTtuk. KapOug kpeMHUs HE OTHOCUTCS K HOBBIM MaTepuajaM, HO BBICOKMH ypOBEHb
(GU3NYECKUX U MEXAaHUYECKUX CBOWCTB, paJiallMOHHAsl U XUMHUYECKas CTOMKOCTb, IPOMBIILI-
JIEHHasl TOCTYITHOCTh U HU3Kasi CTOMMOCTb ONPEAEISIOT pacliupeHue cdep ero npuMeHeHHUs..
KiroueBbiMH 00JIaCTSIMH HCIIOJB30BAaHUS KapOuaa KpeMHHUs sBisitores [1—7] adpoxkocMuue-
CKasl TEXHUKa, SHEPreTHKa, ATOMHAsl IPOMBILUIEHHOCTh, MAIMHOCTPOEHUE U MOITYIPOBOIHU-
KOBasi TEXHUKA. BpIcOKas M3HOCOCTOMKOCTh U XMMHYECKasi HHEPTHOCTh MO3BOJISIOT IPUMeE-
HATH KapOWJl KPEeMHUS B MPOU3BOJCTBE BHICOKOHATPYKEHHBIX TOPIEBBIX YIJIOTHEHUN BaJOB
U TIOJUIMITHUKOB CKOJIBXEHHUS, CIIOCOOHBIX paboTaTh B arpecCHBHBIX cpenax 0e3 JOIMOJHH-
TEJIbHON CMa3KH.

KapOug xpeMHus SABISIETCS CUHTETHUECKUM MAaTepHUajioM, €ro IMOJIydarT IpPOMBIII-
JIEHHBIM CIIOCOOOM U3 OKCHJa KpeMHMs M yriepona. B mpupoje cymecTByeT MuHepal, co-
JepKaluii KapOua KpeMHUsI, — MyacCaHUT, OJHAKO OH PEAKO BCTPEUACTCS M €r0 KOJMYECTBa
HEI0CTaTOYHO JUIsl IPUMEHEHHUs B IPOMBIIIIEHHOM MaciuTale [8, 9]. B otnuune ot npupoa-
HOI'0 MMHEpajia MyaccaHMTa, cuHTeTudeckuil SiC — 3To MaTepuall ¢ TOYHO KOHTPOJIUPYEMBbI-
MU CBOICTBaMHM, JOCTUTHYTBIMH 3a CUET OIPENEJICHHOrO YPOBHS JIaBJICHUS U TEMIIEpaTypbl
B IIPOLIECCE TOPSIUEr0 MPECCOBAHUSA U pealn3aliy JAPYruX METOAOB IMOIydeHUs. XOTS B CO-
BPEMEHHON MPOMBIIUIEHHOCTH cBoOoAHOe cnekanue SiC Bce yaile ycTymaeT MecTo Oosee
3 PEKTUBHBIM TEXHOJIOTHAM, OHO 00ECIIEUNBACT TOTYICHUE MPAKTHIECKN OECIIOPUCTOTO Ma-
tepuana (~(98-99) % ot TeopeTnyeckoi MIOTHOCTH). KiIFOUeBbIMU MPEUMYIIIECTBAMH 3TOTO
METO/Ia TaK)Xe SBISIOTCA BO3MOXHOCTb HCIOJIb30BAHUS JIEHIEBOIO HCXOAHOIO IOPOILIKA
¢ kpynHbiMH YacTuaMu SiC M JOCTHXKEHHME TEOPETHUYECKOW IMJIOTHOCTH HpU Oojee HU3KHX
TEMIIepaTypax IO CPaBHEHUIO ¢ OecrpeccoBbIM crekaHueM. OIHaKO MPUMEHEHHE MEeTOoJa
ropsiuero MpeccoBaHMsl OIPaHUYEHO JJIsl MU3TOTOBJIEHUS CIOXKHBIX JI€Tajled W He MOAXOIUT
JUTsL KpyIHOCcepuitHOro mpou3BojcTBa [9]. B paborax [10, 11] orMedena BO3MOKHOCTH MOTY-
YEHUsl BBICOKOIIPOYHOM KepamMuKu ¢ TBepAocThio o Bukkepcy 29 I'lla u Bs3KkocThIO pas3py-
wennst 5,25 MIlavm.

bnarogapst BICOKOM TBEpAOCTH, HU3KOW MIJIOTHOCTH M OTHOCUTEIBHO HU3KOM CTOMMO-
CTH KapOHJ KPEeMHHUS [IMPOKO MPUMEHSIETCS B KauecTBe TPHOOTEXHUYECKOro Matepmia [12].
N3 xapbuna KpeMHUs M3TOTABIMBAIOT BTYJIKH BaJlOB, ONOPHBIE MOANATHUKH, Tella KadyeHUs
HOALIMITHAKOB KaueHus. OJJHaK0, HECMOTPsI Ha BBICOKYIO U3HOCOCTOHKOCTh SIC, cyxoe Tpe-
HHUE BeCbMa OTPaHUYEHO M3-3a BBICOKOTO K03((duimeHTa TpeHus, CKIOHHOCTH K CXBaThIBa-
HUIO 1 00pa30BaHuIo 3aupoB [8, 9]. B y3max TpeHus kapOua KpeMHHUs 3a4acTyI0 MPUMEHSIOT
CO CMa3KO WM B Iape TPEHHUS CO CAMOCMa3bIBAIOLIMMCS MaTepUaaoM. B 3Toil ¢Bs3u B Kap-
OuJ1 KpeMHHsI JOOABISIOT U3HOCOCTOMKME MIIM TBEPAOCMAa304HbIe cocTaBisomue. Tak, B pa-
6ote [13] u3yyeH M3HOC TOPAYEIPECCOBAHHOIO KapOuaa KpeMHHs c J100aBKOH KapOuaa
Bosib(pama. Koadduiment tpenus npu KoMHaTHOM Temmeparype cHwxkaiucs ¢ 0,4 mo 0,3.
Jlydmeil ©3HOCOCTOMKOCTBIO NMpPHU KOMHAaTHOM TemmepaType obnanan coctaB ¢ 50 % WC,
anpu 500 °C — ¢ 30 % WC. MexaHu3Mbl U3HOCA BKJIIOYAIOT TPUOOXMMHUUECKUE PEAKIUH U
MHUKpopacTpeckuBanue. Kpome Toro, B padote [14] mokazaHo, 4To MUHUMAaJIbHOE KOJTMYECTBO
CHEKaroIuX A00aBOK JTOCTATOYHO JUIA MOJHOM KOHCONMJAIMK MaTepuana, a Kod(pQHUIHMEHT
tpenus B mape SiC/SiC camxkaercs ¢ ~0,6 o ~0,2 npu yBenudeHnn Harpy3ku. HamMeHbmmii
M3HOC HaOmromaeTcs y kepamMuku ¢ g06aBkoit AIN-Sc203, kotopas hopMupyer 4ucThie 3ep-
Horpanuunele (assl. Cpeauuii pasmep 3epHa SiC He BIUSET Ha YCTaHOBUBIIUICS KO3 PUIIH-
eHT TpeHus. OAHAKO OH KPUTHYECKU BAXKEH Ul U3HOCA: YEM MEJIbYE 3€PHO, TEM MEHBIIE
u3Hoc AeTtanu. OCHOBHbIE MEXAHU3MBI U3HOCA — 36€pPHOIPAaHUYHOE Pa3pyLIEHHE U TOHKOE
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uctupanue. JJannoe o0CTOATENHCTBO MOTYEPKUBAET HEOOXOAUMOCTh KOHTPOJISI MUKPOCTPYK-
TYpPBI 17151 TOCTUXKEHUS BBICOKOW M3HOCOCTOMKOCTH [15, 16].

B kagectBe TpuOOTEXHHMYECKOrO MaTepHalia BO3MOXKHO MPUMEHEHHE KapOuaa Kpem-
HUS C TpaUTOM B CTPYKType Marepualia U COJEPKaIero CBOOOMHBIN rpaduT B CTPYKType
MaTepuaia. B aTom ciydyae kapOuaokpeMHUEBbIM MaTeprall 00ecreynBacT cCMa3Ky KOHTaKTH-
pYIOIIUX MOBEPXHOCTEW npu TpeHuu. OIHAKO HAM4YME MSTKOro rpagura B cTpykType SiC
CHIDKAeT MEXaHUUYECKHE XapakTepucTuku [8, 9]. Peakunonno-cneuenusiii (PC), wim peakiu-
OHHO-CBSI3aHHBINM, KapOua KpemHHs, yacto oOo3Hadaemblii kak RBSC (Reaction Bonded
Silicon Carbide) wim SiSiC, TpagUIIMOHHO MOJIYYAIOT MPOIMUTKON KUJIKUM KPEMHHEM TOPH-
CTOW 3aroTOBKM M3 CMECH IOpPOIIKOB KapOuja KpEeMHHUs U yIJIepoJa IpU TeMIeparypax
~(1750-1900) °C. B oriuume OT MOJHOCTHIO KOHCOJHIAUPOBAHHOIO TOPSYEIIPECCOBAHHOTO
kapouna kpemuusi, PC SiC siBisieTcss KOMIO3UIIMOHHBIM MaTepUalioM, COJEPKAIIKUM OT 6 110
15 % cBOOOAHOTO KpPEeMHHsSI, KOTOPBIH 3amlojHsIET OCTATOYHBIE MOPBI MOCIE peakluu. ITa
0COOEHHOCTH OTpeeNIeT €ro YHUKAIbHbIE CBOMCTBA: BO3MOKHOCTh (DOPMOBAHHUS CIIOKHBIX
JeTanell ¢ MUHUMAJIbHOM ycaJkoi U 0oJjiee HU3KYI0 CTOMMOCTh IIPOU3BOJICTBA, HO C OrpaHU-
YeHHEM I10 MaKCHUMaJIbHOH paboueil Temmeparype (1o ~1350 °C), cBsI3aHHBIM C IPUCYTCTBH-
€M JIETKOILIaBKO# KpeMHueBou (aswl [17, 18].

B kadecTBe TBEpIOCMAa304HBIX KOMIIO3UTOB Ha ocHOBe SIC Takke paccMaTpUBAIOT
MaTepuaisl ¢ fo6aBkamMu Mo u CaF». UccnenoBanue Takux caMOCMa3bIBAOIIUXCS KOMITO3U-
TOB BBISIBUJIO peKopaHble noka3atenu. [Ipu ncnons3oBanuu 20 % Mo u 30 % CaF2 nocrura-
€TCsl HCKIIIOUUTENbHO HU3KHM kodddunuent tpenus (0,17 mpu 1000 °C) [19]. 310 oTKpHIBaET
IyTh JJISl CO3/IaHUS BBICOKOTEMIIEPATYPHBIX Y3JI0B TPEHUS, pabOTAIONINX B YCIOBUSAX CYyXOTro
Tpenusi. V3 Haubosee MHTEpECHBIX HCCleAoBaHUN B o0nacTu Tpubonorudeckux cBoicts PC
SiC MoxHO oT™MeTHTh myOnuKaiuio [20], B KOTOpO# HpPEACTaBICHBI Pe3yIbTaThl M3YUCHHS
MOBEJICHUSI MaTepuaia Ipyu CyXxoM TPEHUU B HHTEpBaJe TeMueparyp ot komHaTHou 10 600 °C
C HCIIONIb30BaHMEM MeToza pin-On-disk («mamen—uuck»). YcraHoBieHO, 4yTo Kod3dduumeHt
Tpenust makcumaieH npu 300 °C, cHMkaeTcs Kak Ipy KOMHATHOM TeMIiepaType, Tak U IpHU
600 °C. IIpu 3TOM CKOPOCTh M3HANIMBAHUS MaTepraa MOHOTOHHO BO3PACTaeT C YBEINYCHU-
€M TeMIepaTyphl, YTO CBS3aHO C U3MEHEHHEM COCTaBa MPOAYKTOB H3HOcA (C 00Opa3zoBaHUEM
amopdHoro u kpucraumaeckoro Si02).

CpaBHeHuUe IByX THIIOB KapOUJIOKPEMHUEBOW KEpaMUKH MOKa3bIBAaET, YTO MX TpUOO-
JIOTUYECKHE XapaKTEPUCTUKH ONPEAEIAIOTCS HE TOJBKO XUMUYECKHM COCTaBOM, HO M CIIOCO-
60M mosyyeHHsl, (pa3oBbIM COCTAaBOM, HAIWYMEM OCTaTOYHOM MOPHUCTOCTU MIIM CBOOOIHOIO
kpemHus. [Ipu 5ToM GOJBITMHCTBO M3BECTHBIX MCCIECIOBAHUN BBITOJHEHO JIJISI OJHOTO BHJIA
SiC u ¢QuKCHpOBaHHOrO KOHTpTENa (Yalle BCero — IS Mapbl «KapOHI KpeMHUsS—KapOu
KPEMHHUS» WM «KapOua KpeMHUs—cTanb»). CHCTeMaTH4YecKue CpaBHUTEIbHBIC UCIIBITAHUS
cBoboauo crieueHHOro (CC) SiC u PC SiC B HACHTHYHBIX YCIOBHUSIX CYyXOro TPEHHS C MaTe-
puanaMy pazHoro Tumna (IoJIuMepsbl, CTalH, OPOH3bI U JIp.) IPAKTUYECKU OTCYTCTBYIOT. Takum
00pa3oM, aKTyaJIbHOCTh JaHHOM pabOThI 00YCIIOBIEHA TAKMMU (PaKTOpaMH, Kak TEXHOJIOIH-
yeckasi BOCTpeOOBaHHOCTh, HEJJOCTATOUHAsI W3YyYEHHOCTh BIIMSHUS THIIA KOHTPTENA U IMpak-
THUYECKasi 3HaUUMOCTb.

Llens pabotel — cpaBHeHHE Tpubomornueckux xapakrepuctik CC u PC SiC B ycioBu-
X CYXOr'0 TPEHUS B Iapax TPEHHs ¢ MaTepUalaMy Pa3HOTO TUIIA.

MarepuaJjbl 1 METOABI
21.]'[5{ I/ICHBITaHI/Iﬁ HCIIOJIB30BAHBI Kap6I/I)IOerMHI/IeBBIe MaTepI/IaJ'IBI, HOqueHHBIe Me-
TOJIaMU CBOOOJHOTO U PEAKIIMOHHOTO CIIEKAHMS, OTIUYAIOIINECS COCTAaBOM H CTPYKTYPOH.
CymHOCTh M€TO/Ia CBOOOJHOI'O CIEKAaHMS 3aKII0YAeTCs B BBICOKOTEMIEpATypHOU oOpa-
0O0TKe MpeIBapUTENIbHO CIPECCOBAHHON 3arOTOBKHU W3 YAbTpaguciepcHoro mopoiika SiC
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1 HeOOJIBIIOro KoimvecTBa crekamomux 106aBok [10]. O6pasusr PC SiC moayvaror myrem
NPOMHUTKH TMOPUCTON YIIIepOAKApONIOKPEMHUEBON 3arOTOBKH KHUIKUM KPEMHHUEM TIPU BBICO-
KO TeMIeparype ¢ MOoCIeayIOIUM XUMUYECKUM CUHTe30M (a3bl KapOuia KpeMHUS B CTPYK-
Type Matepuaina [17]. Perynupys cooTHomeHue rpadurta 1 KpeMHHsI, MOXKHO TOJIyYUTh Kap-
OMIOKPEMHHUEBBI MaTepual ¢ BKIIOYEHUSIMH rpadura. s TpuOOTEXHMUYECKUX UCIBITAHUI
ucnonb3oBaiu PC SiC cienyromero cocrasa, %: 15 — rpadur, 15 — Si, 70 — SiC.

st uccnenoBanuii BeIOpanbl nonuteTpadropaTivien (IITDD) mapku /(-4 u momnu-
amua Mapku [TA-6, npuMeHsiemble B OOJIBIIMHCTBE y3/10B TpeHUs. OCHOBHBIM CaMOCMa3bIBa-
IOLUMCSl MaTepHalioM B y3llaX TpeHus siBisercs rpadut. [[ns ucnbplTaHUR HCIOJIB30BaIU
rpadut mapku MIII-7, obnanaroniuii Xopoiei KOHCTPYKIIMOHHOW MPOYHOCTHIO, B TpaduTo-
HaInoJHEeHHBIN noauamug mapku [TA-6MI" [21].

TpuboTexHUuecKkne  WCOBITAHWS  MPOBOAMWJIM  Ha  TpuOOMETpe  BO3BpPATHO-
MOCTYNATENbHOTO JBUKEHUS 10 CXEME «IIallel—TIOCKOCThY. O0pa3ibl kKapOuaa KpeMHHUS U3-
rOTaBJIUBAIM B BHUJE IUIOCKONApPAIEIbHON MPU3MBI, 3aKPEIUISIM Ha IOABM)KHON KapeTke
TpruOOMeTpa, CoBepIlaloIeli BO3BPATHO-TIOCTYNATEIbHbIE ABMXKEHUSA C aMIUTUTYI0H 15 MM.
OTBETHOE KOHTPTENO, MPEICTABISAIONIee cO00H MTH(T TuameTpoMm 6,35 MM, 3aKperuIsuId Ha
HEMOJIBYKHOM JIBYXOCHOM JaTyuke cuiibl. Kaskoe ucnbITanue mpoBOAUIN IO HOBOMY TPEKY
MOJIFOTOBJIEHHOI MOBEPXHOCTH KapOuaa kpemuus [21, 22].

Harpysky npu ucnblTaHUSX U3MeHsUH B Auana3one ot 1 1o 20 H. Mcneitanus npose-
JICHBI TIPH CKOJIbKCHUU Ha MaJIbIX CKOPOCTSX JUIS BBISIBIICHUS JEHCTBUS CUJI TPEHUS CTparu-
BaHus (TpeHue Mokosi). CKOpOCTh CKONbXKEeHHs BapbupoBanu B auana3zone ot 0,001 mo
0,005 m/c ¢ marom 0,001 m/c, B guamazone ot 0,01 mo 0,02 m/c — ¢ marom 0,005 m/c.

PaGora BeimonHena ¢ ucnonb3oBanueM obopynoBanust LIKII «KnumaTndeckue ucmbi-
tanus» HUL «KypuaroBckuii uactutym» — BUAM.

PesyabTaThl H 00cyxI1eHUE
[Taper Tpenust kapOuma KpeMHUs ¢ HTOPOIIIACTOM MPEACTABIAIOT OOJIBIION HHTEpEC
JUTSL CO3JIaHMsI BEICOKO(D(DEKTUBHBIX, HA/ICKHBIX M OTBETCTBEHHBIX y3JI0B TpeHus. Ha puc. 1
NIPUBEJICHBI 3aBUCHMOCTH KOA((QUIIMEHTOB TPEHUS OT HATPY3KU MPU PA3IUYHBIX CKOPOCTIX
ckonbxxenus A CC u PC SiC B mape ¢ [TTDD.
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Puc. 1. BimsiHue CKOpPOCTH CKOJNBKEHHS M HAarpy3KH Ha CPeIHUN KOI(PPHUIMESHT TPEHUS ISl TTaphl
TpeHHs: CBOOOJHO credeHHOro (@) M peakuHOHHO-criedeHHOro (6) kapOuaa KpeMHHS C TOJUTET-
padTopatuiernom mMapku /-4

Jnsa mapel tpenus [IT®D ¢ CC SiC ormedeH Hu3KHH KOXPUIMEHT TpeHHs
(f =0,091-0,122). Ko dummeHT TpeHUsT XapaKTepU3yeTcsl CTA0MIBHOCTHIO 3HAYCHUH U He-
3HAYUTEIbHO YBEIMUUBACTCA C MOBBIIIEHUEM CKOPOCTH CKOJIBXEHUS U Harpy3kd Ha KOHTAKT,
YTO CBUACTEIHCTBYET O €AMHOM MEXaHW3Me TPEHHUs BO BCEM HCCIIEIOBAaHHOM IHAIa30He
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PEXKUMOB TPEHHS. ITO corjlacyeTcsi ¢ naHHbIMU paboTel [23], tne mis cuctem SiC/ITTDD
3HaueHus f HaxoxasTcs B auana3one ot 0,05 go 0,16.

Js mapel Tperns ¢ PC SiC koaddunmreHT TpeHUs KMEET 3HAYUTEIILHO OOJIBIINI pa3-
opoc 3nauenuii (f = 0,091-0,210), yro yka3piBaeT Ha HECTAOMIBHOCTH Tporecca TpeHus. [Ipu
HU3KHX Harpy3kax M CKOPOCTSIX CKOJIbKEHHUS KOd(D(PHUIMEHT TpeHUs JOCTUTaeT BeIUYu-
Hbl 0,2. C yBEIMYEHHUEM CKOPOCTH CKOJIBKEHHS U HArpy3KH Ha KOHTAKT BEJIMYMHA f CHUXKa-
ercst 10 THNUYHBIX 3HaueHuil st [ITDD (f = 0,092-0,130). Takoe nmoBeneHue kodhhuIMeHTa
TPEHUSI MOXKHO OOBSCHUTH HeonHOpoaHOCThIO cTpykTypbl PC SiC. Ilpu HU3KHMX Harpyskax
U CKOPOCTSIX CKOJILKEHHS BEJMKA aJre3MOHHAs COCTaBIISAIONIAsi HEOJHOPOIHOW MOBEPXHOCTU
¥ HEOOXOIMMBI OOJIbIINE YCHIMSA Ha UX TpeonoieHue. C yBelMueHWEM Harpy3Kd Ha KOHTAaKT
Y CKOPOCTH HabJrofaeTcst MexcioiHoe ckonbkeHue [1TDD kak TBepmoii cmazku [24]. Tlomy-
YEHHbIC PE3yNbTAaThl XOPOIIO KOPPETUPYIOT ¢ pe3ysbTataMu 0ojee paHHUX HMCCIEOBAaHUM, Tae
ko3 durment Tperus nap tpenus ¢ PC SiC Bapeupyercs ot 0,15 10 0,80, uto 0OBsCHSICTCS BIH-
SHUEM aJIr€3MOHHBIX MPOLIECCOB HA MOBEPXHOCTH KOHTaKkTa [25]. bim3kue 3HadeHus f juid nap
TpeHusi ¢ [ITDD cBUAETENBLCTBYIOT O €IMHOM MEXAHU3ME B3aWMOACUCTBHS TPYIIUXCS MOBEPX-
HOCTEH, YTO ONpEeAesIeTcs B OCHOBHOM (PU3MKO-MEXaHUIECKIMH CBOMCTBAMH ()TOPOILIACTA.

Ha puc. 2 npuBenensl pe3yiabtarshl u3Hoca nap tperus CC u PC SiC ¢ IIT®D.
YuuteiBas BBICOKYIO TBEPIAOCTh KapOWIa KPEMHHUs, MOXHO MPHUHATH, YTO MMOJYYCHHBIC
pe3yabTarhl u3HOCa OTHOCATCS K [TTDD.
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Puc. 2. BiusiHue CKOPOCTH CKOJIBKECHHUSI U HArpy3KH Ha M3HOC IS MApbl TPEHUSI CBOOOIHO cCrie-
YEHHOT0 (@) U PeaKIIMOHHO-CIICYEHHOT0 (6) KapOuaa KpeMHuUs ¢ moauteTpadropITiuicHom Mapku -4

BrisiBnen o0mumii Xxapaktep U3MEHEHMsI U3HOCA Map TpeHus JUisl 000uX BUJOB KapOuaa
kpemMHus. Ilpy HM3KHUX CKOpPOCTSIX M Harpy3kax HM3HOC HMMEET 3HAYMTEIbHYIO BEIHUYHHY.
C yBennueHneM CKOPOCTH CKOJIBKEHHS U3HOC PE3KO CHMXKAETCS BO BCEM JAMAIla30HE Harpy-
30K ¥ HauMHas co ckopoctu >0,005 M/c 1ocTUraeT NpakTUUECK MUHUMAJILHOTO MOCTOSTHHO-
ro 3HA4YEHUs, U3MEHSSACh B JajbHEHIIeM yke He3HauuTenbHO. [Ipu HM3KUX CKOpOCTAX
CKOJIbJKEHUS YBEJIMUEHHE Harpy3Ku Ha KOHTAKT TAaK)Ke MPUBOJUT K CHUKEHUIO U3HOca. Takoe
MOBE/IEHNE MOXHO OOBSICHUTH OTCYTCTBHEM (DOPMHpPOBAHHUS TBEPAOCMA30YHOIO CIIOS U 3a-
TPYAHUTENBbHON NpUpabOTKOM MPU HUZKUX CKOPOCTSX CKOJIbKEHMs. B yCcI0BHIX HU3KUX CKO-
pocTell CKOJIBXKEHUS TMPOSIBIAIOTCS 3(PQPEKThl CTparuBaHUsl, CONPSKEHHBIE C MOBBIIIEHHBIM
U3HOCOM. M3 aHHBIX, IPEICTABICHHBIX Ha pUC. 2, cienyeT, uyto u3Hoc 1t PC SiC B ycnoBu-
X HU3KHUX CKOPOCTEH M Harpy3ok 3ameTHO OoJjbiie mo cpaBHeHuto ¢ CC SiC. Oanako s
MaKCHMAaJIbHBIX PEXHMOB HCIBITAaHUN (CKOpOCTh ckoabkenus 0,02 m/c, Harpyska 20 H)
BEJIMYMHBI U3HOCA 151 000X BUI0B SiC BRIPaBHUBAIOTCSI.

®Oroporact [ITOD obnagaeT oAHUM U3 CaMBbIX HU3KUX KO3(DPUIIMEHTOB TpEHUS, HO
€ro M3HOCOCTOMKOCTh OoJiee HHU3Kask MO cpaBHEHUIO ¢ SiC, HMEIONIero BHICOKYIO TBEPAOCTh
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(~29 I'Tla [11]). IIpu Tpenuu o TBepayo moBepxHOCTH SiC caM moJHMMep MOABEPracTcs
MHTCHCUBHOM MEXaHMUYECKOW NecTpykuuu. Bricokas tBepmocts u omHopoanoctb CC SiC
criocoOcTBYIOT 60s1ee A PexkTrBHON OpueHTaluu MakpoMosekyn [ITDD B mpumoBepXHOCT-
HOM cJioe, (OpMHPYs BBICOKOYHOPSA0UEHHYIO CTPYKTYPY C MUHUMAIIbHBIM M3HOCOM. Heon-
HOpoaHas MUKpocTpykTypa PC SiC, HanmpoTuB, Morjia HHHIMUPOBATH 00pa3oBaHKE OYa-
roB paspyueHus B [ITDD, yto nmpuBeno K yBeTUYSHUIO U3HOCA U HECTAOMIBHOCTH TPEHUS.

Taxum o6pazom, CC SiC sBisieTcst 6osiee IpeAnOYTUTEIHHBIM KOHTPTEIIOM VISl TTapbl
¢ IIT®D npu pabote B ycnoBHSIX HU3KUX CKOPOCTEW W B auamazoHe Harpy3ok 1-20 H. On
obecrieunBaer B 1,5-2 pa3a OoJjiee HU3KUU W CTAOMIIBHBIA KOA(D(PHUIIMEHT TPEHHsI, a TaKKe
3HAYMTEIBPHO MEHBIIHMH H3HOC 1Mo cpaBHeHHI0 ¢ PC amamorom. Dta ocobennocts CC SiC
o0OycroByieHa 0oJiee COBEPIICHHONH MHKPOCTPYKTYpPOH, KOTOpas CrocoOCTBYeT (opMUpPOBa-
HUIO 3alIUTHON MEPEHOCHOH IJIEHKU U3 MOJMMepa, MpeAoTBpallaolieil mpsMoe B3auMo/1ei-
CTBHUE U pa3pylLICHHE MaTepHalOB.

Ha puc. 3 npencrasnensl 3aBucumoctu ko3dduinenra tpenust CC u PC SiC B mape
¢ HeioHOM ITA-6 OT CKOpOCTH CKOJBKEHHUS W HAarpy3Kd Ha KOHTAaKT TpeHus. McmbiTanus
nokasanu, uyto s CC SiC koadduimeHt Tpenus 6ojee cTrabuieH U BapbUPYETCs B JUara-
3one 0,143-0,234, torna kak g PC SiC sror muamason mmwmpe (0,124-0,320). HauanbHoe
sHayeHune kodpdunuenta tpenus it PC SIiC mensine, yem aas CC SiC, uto MOXeT OBITH
CBS3aHO C OTVIMYUSIMU B MHUKPOCTPYKTYpE MOBEPXHOCTU KapOUAHOIrO Marepuasa, Hampumep
¢ Ham4ueM cBoOOIHO# (ha3wl kpemuwust u rpapura y PC SiC.

OpHako ¢ yBEIMYEHHEM CKOpPOCTH 00a Marepualia JEMOHCTPUPYIOT OOLIYI0 TEHJIEH-
U0 K HE3HAYUTEIbHOMY IMOBBIMICHHIO KO3 duimenta tpenus, npu 3tom s PC SiC
pazdpoc 3HaUEHUI 3HAYUTEIHHO OOJIBIIIE.
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Puc. 3. BimsiHue CKOPOCTH CKOJNBKEHHS M HAarpy3KH Ha CPeJHUN KOI(P(GHUIUESHT TPEHUS sl TTaphl
TpeHUsI CBOOOJHO CIIEUSHHOTo (@) M peaKkMOHHO-CIiedeHHOro (6) kapOuaa KpeMHHUs C TOJIHAMUIOM
mapku [1A-6

CrabuibHO Mainblil pa3dpoc 3HaueHUH Koa(ddullMeHTa TpeHUsI 1 MUHUMAaJIbHBIA N3HOC
CBHJIETEIBCTBYIOT O TOM, uTo Ha nmoBepxHocTH CC SiC dhopmupyetcs paBHOMEpHasi, CIUIONI-
Hasi U BBICOKOAJIE3MOHHAs IEpEHOCHas IUIeHKa u3 noiamamuaa I[A-6. Oto cormacyercs
C JAHHBIMU Hay4YHO-TEXHHMUYECKOM JINTEPATYPHI, B COOTBETCTBUU C KOTOPBIMM CIICUECHHAs
KepaMUKa JEMOHCTPUPYET CIOCOOHOCTh 00pa3oBBIBaTh CTAOWJIbHBIE MEPEHOCHBIE MIJICHKH,
0COOCHHO ¢ KOMIO3UTaMHu Ha ocHoBe noimamuna [1A-6 [26-28]. CnocobHocTh K popmupo-
BaHUIO TAKOW IUIEHKHM NPUBOIUT K TOMY, UTO AAJbHEHIIEE TPEHUE TPOUCXOJUT B CIIOE IOJIH-
Mepa, a He Ha TPaHUIIE «IOJMMEpP—KepaMHKay, YTO KapAUHAJIbHO CHIKAET KaK TPEHHUE, TaK
U u3HOC. boee Bbicokmii M HemocTostHHBIN Koddduitment tpenust PC SiC yka3biBaeT Ha He-
CTaOMIIBHOCTb WJIM OTCYTCTBHE CIUIOIIHONM MEPEHOCHO! TUIEHKU Ha €ro MOBEPXHOCTH.
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BbIsIBIIEH OMHOTHITHBIA XapakTep 3aBHCHMOCTH HW3HOCA OT CKOPOCTH CKOJIBKEHUS
He3aBucuMO oT Harpy3ku i map tpenus ¢ CC u PC SiC (puc. 4). I1apa tpenus ¢ PC marte-
pPHAJIOM OTJIMYAETCS MPAKTHYECKU Ha TOPSIOK OOJIbINEH BEIMYMHONW M3HOCA BO BCEM JIMara-
30HE CKOPOCTEW U HArpy30K.
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Puc. 4. BriusiHue CKOpOCTH CKOJNBXEHUSI U HArpy3KW Ha W3HOC Ui Mapbl TPEHUS] CBOOOAHO cIie-
4eHHOTO () ¥ PeaKIMOHHO-CIICYeHHOTO (0) KapOuaa KpeMHuUs ¢ moimaMuaoM Mapku [1A-6

Onnopoanas crpykrypa CC SiC criocodcTByeT (hOPMUPOBAHHIO aIr€3MOHHOMN TICHKH
nonumepa [1A-6 Ha moBepxHOCTH KOHTakTa TpeHusi ¢ SiC, B manpHEWIIeM BBITOIHSIIOMICH
(byHKLUIO TBEpAOH cMa3ku. Beicokas TBeproOCTh KepaMUKU M, BO3MOXKHO, OCOOCHHOCTHU pa3-
HOpoHOM MHKPOCTPYKTYphl PC SiC mpHBOAST K MHTEHCHMBHOMY aOpa3MBHOMY H3HOCY
NOJIMMEpa U 3aTPYAHEHHI0 00pa30BaHUs are3MOHHOM IUIEHKH, YTO MPOSBISAETCS B BUJE BbI-
COKOI'0 M3HOCA.

[Ipu HU3KHUX HArpy3Kax M CKOpPOCTSAX CKOJIbKEHHUS B Iape TPEHUs HeillloHa ¢ kapOu-
JIOM KpEeMHHUsl aJare3MoHHasl IJIeHKa (OpMUpYeTCs 3aTpyIHUTEIBHO, B pe3yJbTaTe Yero
HaOJro1aeTcsl MOBBILEHHBIN M3HOC. B cilyyae nocTaToyHON Harpy3ku Ha KOHTAKT TPEHHUs
U CKOPOCTH CKOJIbKEHHUS Ul oOpa3oBaHMsI TBEPIOCMA30YHOM MOJUMEPHOM IJIEHKU W3HOC
PE3KO CHUXKAETCS U JOCTUTaeT CTA0MIbHON BETMYUHBI.

HcnbiTanusa ¢ rpauTOHANONHEHHBIM HelnoHoM Mapku [TA-6MIT mokasanu cyie-
CTBEHHOE yBeJIMYeHUe KOdPPHUIMEHTa TPEHUs Uil 0OOUX THUIOB KapOuaa KpeMHHUs MO CpaB-
HEHUIO ¢ monraMusioM [1A-6, 4To sSBIsSETCS HEOXKUIIAHHBIM pe3yiabTaTroM (puc. 5). Bmecto
CHUKEHHS CHJIBI TPEHHS 3a CUeT MPUCYTCTBUS TBEpIOil cMma3ku (rpadura) KoddduueHT
TpeHus ysennuwics B 1,4-1,7 paza.

0,45 0,45
. . 6)
a)

% 040 ;E, 0,40
= = Harpyska, H:
g 0,35 g 035 ——
9] L ‘
= 030 = 0,30 T
= = | M
= = N 3¢
a 0,25 a 0]25 -2 3 N —— 10
2 2 o 20

0,20 0,20

0 0,01 0,02 0 0,01 0,02
CKOpOCTb CKOMNBKEHHS, M/C CKOpOCTb CKOMNBXKCHUS, M/C

Puc. 5. BiusiHre cKOpOCTH CKOJILKEHUSI U HATPY3KH Ha CPEeTHUHA KOA(POUIIMEHT TPEHUS IS TTaphl
TpeHHs1 CBOOOIHO CIIEYEHHOTO (@) M peaKIMOHHO-CIIEYeHHOro (0) KapOuaa KpeMHUs ¢ rpaUTOHAIIO-
HEHHBIM TomaMuoM Mapku [TA-6MI
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[ToBenenue map tpenust SiC ¢ momuamunamu [TA-6MI" u [TA-6 anamoruuno. Ilapa Tpe-
g ¢ CC SiC pemoHCcTpupyeT crabuibHbIe 3HaYeHUs Kod(duIeHTa TpeHus: BO BCEM Juaria-
30HE MCCIICIOBAHHBIX CKOPOCTEH CKOJIKEHUS M Harpy3ok B otinuune ot PC SiC.

N3Hoc mapel TpeHusi ¢ rpadMTOHANONHEHHBIM monuamMuaoM [TA-6MIT meHbIne, yem
JuIst yrcToro Heisiona ITA-6 (puc. 6). Ciaenyer oTMeTHTb, 4To B mape Tperus ¢ PC SiC u3Hoc
HemHoro MeHbie 1o cpaBHenuto ¢ CC SiC. Tlo-Buaumomy, rpaduT yBEIMYHUBACT KECTKOCTh
HEHJIOHA, YTO MPUBOJUT K YBEIUUYEHUIO KO3 (UILIMEeHTa TPEHHUS, HO B TO K€ BpEMSl YIIydIlaeT
HU3HOCOCTOUKOCT.
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Puc. 6. BnusiHre cKOpOCTH CKOJBKEHHS W Harpy3kKd Ha M3HOC JUISL Mapbl TPEHUsI CBOOOJHO CIIe-
YEHHOTO (@) ¥ PEaKIMOHHO-CIICUCHHOro (0) KapOuaa KpeMHHsi ¢ TpadUTOHAMOIHEHHBIM TTOJIHAMUIOM
Mmapku [TA-6MIT

[Ipu noBbIIIEHNN CKOPOCTH BO3pacTaeT TeMIepaTypa B 30HE KOHTaKTa. JTO MPUBOJIUT
K IIEpPEeX0Jy B BBICOKORJIACTUYECKOe cocTosHue nonaunamuaa I1A-6MI', uyto no3BosseT nepe-
HOCHOW IJIEHKE JIydYllle MOJCTpauBaThCs IO MUKPOpENIbed MOBEPXHOCTH U «3aJE€UUBATHY
nedextrl. [IpucyTcTByromuii rpaduT, BEPOATHO, CIIOCOOCTBYET (DOPMHUPOBAHUIO CTAOMITBHON
KOMIIO3UIIMOHHOM (PPUKIMOHHOM IIJIEHKU. B UTOre CHM)KaeTcsi MpOYHOCTh a/IM€3UOHHBIX CBS-
3€i, TpeHHE NMEPEXOAUT B MEHEE IHEPIOEMKHM pPEXXUM, PE3KO COKPALAETCSI U3HOC U 3HAUEHUE
K03 pULIMeHTa TPEHUS CTAOUIIN3UPYETCS HA HOBOM ypoBHe [29].

B nanHbIX nmapax TpeHHs AeHCTBUE IpaUTOBOrO HAMOJHUTENS HOCUT JIBOMCTBEHHBIN
M OTYACTH HETaTUBHBIN xapaktep. B mape tpenus ¢ nonmamunoMm I1A-6 ocHOBHOe 3HaueHue
uMeeT (OpMHUpPOBAaHUE NEPEHOCHOM IUIEHKM M3 mojumepa. ['paput obiagaer cioucTtoi
CTPYKTYpO# ¢ HU3KOM 3Heprueil casura Mexay ciosmu [30, 31]. I'padut «copeBHyETCS» C
nonuamugoM [IA-6 3a aare3uto k Oojee TBepAOW KepaMUYECKOW IMOBEPXHOCTH. Pbixias
crpykrypa PC SiC, mo-BuauMoMy, He COCOOCTBYeT (POPMHUPOBAHUIO CTAOMIBHOW HECyIei
CHOCOOHOCTH MIEPEHOCHOH TUIEHKU U3 nonuamuia. I'padut, BeICTynas B KadyecTBe pas3jieiaure-
71, €1l CUJIbHEee 1eCTa0MIN3UPYET ATOT MpPOIECC.

AHanu3 pe3ynbTaToB, NOJYyYEHHBIX IPU TPEHUH KepaMuKku Ha ocHoBe SiC ¢ rpadurom
MIII'-7, BBIABASAET 3HAYUMBIE OTJIMUMA OT NOBEACHUS Map TPEHMS C MOJUMEPHBIMU KOHTpPTE-
jamu (puc. 7).

Koaddurment tpenns st CC SiC ¢ yBenuueHHeM CKOPOCTH CKOJBKEHHUS U HArPY3KU
JIMHEWHO TOBBIIIAETCS] BO BCEM HCCIIEIOBAHHOM MHTEpBaJie, HE JOCTUTasi CTAOMIBHOTO 3HAYECHUS
(puc. 7, a). VckmoueHneM SBISIOTCS caMble HU3KHE 3HaYeHUs! CKOpOCcTU ckosbxkeHus (0,001—
0,015 m/c) u marpy3ku (1 H), mpu KOTOpbIX HaOJIIOIAIOTCS TOBBIIIEHHBIE 3HaueHUs f. [Ipu aTx
pEeXKMMAX, TO-BUIUMOMY, HEOCTATOYHO YCUJIMH ISl aKTUBALIMH MEKIUIOCKOCTHOTO CKOJIbKEHHS
rpaduTa, a TaKke BEIMKO BIUSHUE CHJI CTpariBaHMsL.

B ciyqae ¢ PC SiC HaOiromaercst mpakTHYeCKH CTaOWIIBHOE 3HaueHHe Kod(pQuIeHTa
Tpenus (puc. 7, 6), 4TO CBUIETENLCTBYET O €IMHOM MEXaHU3Me TPEHHUs JUIsl BCETO MCCIIEA0BaH-
HOT'O IMara3oHa CKOPOCTEN U Harpy3o0K.
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Puc. 7. BiusiHue CKOpOCTH CKOJBLKCHHUS M HATPY3KU Ha CPeHUN KOA(DOUIMEHT TPESHUS IS Maphl
TpeHUs: CBOOOIHO CIIEUEHHOTO (@) ¥ peaKIMOHHO-CIIeueHHOro (6) KapOuma KpeMHus ¢ TpaGuTOM MapKu
MIII-7

3HauuTeNbHbBIN pa3dpoc 3HaueHui Kod(duipenta tpenus aast CC SiC, ocobeHHo mpu
HHM3KUX CKOPOCTSIX, YKa3bIBaeT HAa HECTAOWIIbHBIN, IEPEXOAHBIN PEKUM TPEHHMS (TaK Ha3bIBACMBIN
running-in). ITapa tpenust ¢ PC SiC obnamaer OoJblieil mpexpacoioKeHHOCThI0 K 00pa3oBa-
HHIO TPAaHUYHOTO CJIOSI TIPU MAJIBIX CKOPOCTSX. BaKHO OTMETHTh, YTO MEHBILHIA pa3dpoc 3Haue-
HUIA CBUJICTEIBCTBYET O OOJIee paHHEM BBIXOJIE MPOIIECCa HA CTAOMIIBHBIN PEXKHM.

Jlns mapel TpeHus ¢ rpauToM HaONIOAACTCS 3aBHCHMOCTh M3HOCA OT CKOPOCTH CKOJIb-
JKEHUS U Harpy3KH, XapakTepHas /Uil 1ap TPeHUs C MOJMMEPHbIMU MaTepuanamu (puc. 8). Pes-
KO€ YMEHBIIICHHE U3HOCA C YBEIMYEHHEM CKOPOCTH M HArpy3KH CBHUACTEIBCTBYET O TUIMYHBIX
MEXaHU3MaX TPEHHUS, CBSI3aHHBIX C IIPEOJIOJICHUEM PEXMMOB TPEHUS CTparuBaHus v (pOpMHUPOBa-
HHMEM TBEPJIOCMA304HO IJICHKH, pa3/elsitonieil Tpymecs noBepxaoctu. [ papur MIIT-7 — 3t0
MEJIKO3EPHHUCTBIA BBICOKOIUIOTHBI MaTrepual ¢ MHOTOCIOMHOM KPHUCTAJUIMYECKOW PELIETKOM,
KOTOPBIN JIEHCTBYET KaK TBEp/as CMa3Ka: YacTHIbl YIJIEpOAa JIETKO OTCIAWBAIOTCS, CO3/1aBast
3alUTHYIO TWIEHKY [32].
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0,012 a) 007
= 0,010 5 006 o
= S 0,05 .
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= 0,008 = 004 arpyml‘
Q - )
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A A i~ B —
N < K
0 0,01 0,02 0 0,01 0,02
CKOpOCTh CKOJBIKEHHS, M/C CKOpOCTh CKOJIBIKSHISI, M/C

Puc. 8. BnusiHue cKopocTH CKOJNBKEHHUS M HArpy3KH Ha M3HOC JJIS Mapbl TPEHUS CBOOOJHO CIie-
YEHHOTO (@) U PeakIMOHHO-CIIeYeHHOTO (6) KapOuma KpeMuus ¢ rpadurom mMapku MIIT-7

ITpu tpernn SiC u rpadura MII[-7 nocturaercst paBHOBECHE MKy MpoLieccaMu o0pa-
30BaHUS U pa3pylleHus: (HPUKIMOHHOW TUIeHKH. Ee ¢opMupoBaHHe TOATBEPIKAACTCS PE3KUM
CHI)KEHHMEM M3HOCa, YMEHbIIEHHEM pa30poca Kod(duieHTa TpeHus U ero craduin3anueil Ha
OoJsiee BBICOKOM YPOBHE, XapaKTEPHOM JUIS pexuMa TpeHus «rpadut mo rpaduryy. Jlydmas
coBmectiMocth PC SiC ¢ rpadurom 00ycoBlIeHa €0 TeTepOreHHOW MUKPOCTPYKTYPOU (HaJU-
4yre CBOOOTHOTO KpeMHus u yrieponaa) [33, 34]. [To-BunumMomy, TBEpOCMAa30uHas are3nOHHAs
IUICHKa rpaduTa npearnodYTuTensHee GOpMUpYEeTCss Ha KpEMHHUU UM yIiieposie B OTJIMYME OT Kap-
Ou/1a KPEMHHUSI, YTO TAKKE MOATBEPIKIACTCS MEHBITUM H3HOCOM mapsl TpeHus ¢ PC SiC.
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3akarouyeHus

[IpoBeneHHble TPUOOIOTHUECKHE HCTIBITAHUS ABYX THUIIOB KEPaMHKHU B Mape C IMOJIU-
MEpHBIMU U yriiepogabivu Marepuanamu (IITDD, nmommamunsr [TA-6 u [TA-6MI, rpadur
MIII'-7) mo3BONMUIN YCTAHOBUTH KJIIOUEBbIE 3aKOHOMEPHOCTH TPEHHUSI, OIIPEIEIISIONINE BEIOOD
KapOUJIOKPEMHHUEBOT0 MaTepHrasia JiIsi KOHKPETHOM Mapbl TPEHUS U YCIIOBHM SKCIUTYaTaI|H.

HcnpiTanus npu HU3KUX CKOPOCTSIX CKOJIBKEHHSI U Harpy3KaxX Ha KOHTaKT TPEHUS BbI-
SBWIM €AMHYIO 3aKOHOMEPHOCTh — BBICOKHM M3HOC. Takoe nmoBeneHne oObsICHIETCS ACHCTBU-
€M CHUJI CTparuBaHHsl W HEIOCTATOYHBIMHU YCIOBUAMU (HOPMUPOBAHMS TBEPAOCMA30UYHOI
wieHkd. Kak Toipko mpeozoneBaercst 6apbep MEXaHUKH TPEHHS IO (POPMUPOBAHHUIO TBEPIO-
CMa304HOM IUICHKU Ha MOBEPXHOCTH, HAOIIOAAIOTCS pe3K0e CHUXKEHUE OOIIero U3HOCa U CTa-
Oounu3anyst KodppUIreHTa TPeHusI.

OcnosHoe paznnune mexay CC u PC SiC 3akmouaeTcst B ©X CHOCOOHOCTH (hOPMHUPO-
BaTh CTa0MJIBHYIO TBEPIOCMA30YHYIO IUICHKY Ha MOBEPXHOCTU TpeHus. OOiamas MioTHOU
OJIHOPOJTHOH MHKPOCTPYKTYpO#l M BbICOKOH TBepaocThio, CC SiC obecneunBaeT paBHOMED-
HYIO aAre3MI0 NOJUMMEPHBIX MaTepUaAIOB YK€ NPU MUHHUMAJIbHBIX CKOPOCTSIX CKOJIBKEHHS
U Harpy3kax Ha KOHTAKT. DTO MPOSIBISIETCA B YCTOMYMBO HU3KOM M BOCIIPOU3BOJIUMOM KO3 (-
¢Gunuente TpeHus ¥ MUHUMaIbHOM u3Hoce. [lapsl Tpenust CC SiC ¢ momuMepaMu MOXHO
CUMTaTh AaHTU(DPUKINOHHBIMU — OHH IPPEKTUBHO PadOTAIOT B y3j1aX TPEHUS, Tl TpeOyroTCs
JIOJITOBEYHOCTh M CTAOMIIBHOCTH MOMEHTA COTIPOTUBIICHUSI.

Hamnpotus, PC SiC neMoHCTpupyeT BBHICOKYIO BapuabeIbHOCTh TPUOOIOTHYECKUX Xa-
PAKTEpPUCTUK B Iape TPEHUs € MOJIMMEpPaMHU MPU MalbIX CKOPOCTSIX U Harpy3kax. Ero rerepo-
TeHHasl CTPYKTypa MPENATCTBYeT paHHEMY (POPMHUPOBAHUIO CIUIOLUIHOW TBEPAOCMAa304HOMI
IVIEHKH U3 nojumepa. OpHaKo IOCie MPEBBIIEHUS IOPOTOBBIX 3HAYEHUHW CKOPOCTH M
HaArpy3Ky U3HOC PE3KO CHIDKAETCs, a TpeHue cradmnusupyercs. CieyeT OTMETUTD, YTO Hapbl
tpeuust PC SiC ¢ rpadpuronanonneHspM noaunamugaom [TA-6MIT u rpadpurom MIIT-7 umerot
MPEUMYIIECTBO M0 BennuuHe u3Hoca. [ paduTtoBas TBepaocMa3oyHas IJIEHKA Ha TTOBEPXHOCTH
tperusi PC SiC ropaszno ycroiuusee, yuem Ha CC SiC. TpuOoTexHUYECKHE XapaKTEePHUCTHKH
napbl Tpernst PC SiC ¢ momuamumom ITA-6MI 3aHUMAIOT TPOMEKYTOYHOE MOJIOKEHUE: KO-
¢umment tperus st PC SiC Gosbiie, yem amst CC SiC, a u3Hoc MeHbIe. B mapax TpeHus ¢
rpadutconepxkanmmu Marepuanamu PC SiC umeer npeumymiectBo nepen CC SiC. Takwue
napbl TPEHUS OTINYAIOTCS BHICOKOW HECyIel ClIOCOOHOCThIO M BO3MOXHOCTBIO paboTaTh Npu
MOBBILIECHHBIX TeMieparypax. Cienyer OTMETUTh, 4TO s mapel ¢ noauamuaoM ITA-6MI
KOO PUITMEHT TPEeHUsl YBEIWYWIICS MO CpaBHEHUIO ¢ moiuamMugoMm [1A-6, mosTomy Takxke
HpeanouTHTeNIbHee 1 rpaduToHanoaHeHHOoro noiuamuaa npumensite CC SiC.

B peanpHbIX y3nmax TpeHHs KapOMIOKpEMHHEBas KepamMHMKa 4acTO B3aMMOJECHCTBYyET
C METAJIMYECKUMH U TBEPAOCIUIaBHBIMU 3JeMeHTaMH. Bo BTOpo#t yacTu cTathu OynyT npu-
BEJICHBI pe3yJbTaThl UCIbITaHUN Tex ke o0pa3noB CC u PC SiC B mapax ¢ KOHCTPYKIIMOH-
HBIMHU CTaJIIMH, OpPOH3aMHU, YYT'YHOM M TBEpPABIM CIUIABOM B YCIIOBHSIX CYXOro TPEHHs HpU
HU3KUX CKOPOCTSIX. AHQJINW3 3TUX JIAaHHBIX MO3BOJUT 3aBEPLIUTh CPAaBHUTEIBHYIO OLIEHKY
Y 1aTh MPAKTUYECKUE PEKOMEHIALIMHU 110 IPUMEHEHUIO M1ap TPEHUSI «KepaMHUKa—MeTalu», T
MEXAHU3MBbI U3HOCA IPUHIUIINAIBHO OTJINYAIOTCS OT Iap TPEHMSI «KEPAMHUKa—TIOIMMED.
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BBenenue

B pesynbrate ynpyroii U miacTudeckoi aedopmamnuu, KOTopask COIpOBOXKAAETCS 00-
pa30BaHUEM W PA3BUTHUEM TPCEUIMH, a 3aTEM IOJHBIM pa3pyIICHUEM, HarpyxaeMble JCTaln
¥ 00pasibl pa3/IeNsAIOTCs Ha OTACNbHBIE YacTH ¢ 00Opa3oBaHHWEM IOBEPXHOCTEH pasnena,
KOTOpBIC HA3bIBAIOTCS M3JIOMaMmH. MccienoBaHue CTpOeHHUs M3JIOMOB Has3bIBaeTcs (ppakTo-
rpaducii, a MeToIbI HcClieAoBaHus — ppakrorpaduueckumu [1-3].

@paxkrorpadus SBISETCS JaBHO WU3BECTHBIM, aKTYAJIbHBIM M INUPOKO MPUMEHICMBIM
METO/IOM aHAJIN3a, KOTOPBI MOXET OBITh MOJIE3€H KaK MPH pa3padOTKe HOBBIX MaTEPUAJIOB,
TaK W TPU YCTAHOBJICHWW TPUYHMH DPa3pylIeHUs JeTaieid u mexaHu3moB. Dpakrorpadus
HAXOJUT PUMEHECHUE B CaMbIX Pa3HBIX OOJIACTIX W OTPACISX: aBHACTPOCHUE, MAITTHOCTPOE-
HUE, CTPOUTENIBCTBO U JII00Asi OTPACiib, B KOTOPOW MOXET MPOU30UTH pa3pylIeHUE U TOTpe-
OyeTcs yCTaHOBHTH €ro MPUUYUHBI [4—6].

3anauu, pemaemMbie MeTo1aMu Gpakrorpaduu:

— aHaJM3 TOBEPXHOCTEW pa3pylieHUs (M3JIOMOB) JUIS BBISIBICHHS MPHYUH Pa3pyIICHHsI
KOHCTPYKIIMOHHBIX MaTE€PHAJIOB;

— HccleoBaHue MOP(HOJIOTHHU TTOBEPXHOCTEH M3/ICIHIA, B TOM YUCIIE JIISl UIACHTU(UKAITUH
MOBEPXHOCTHBIX JIEEKTOB U MPUYHH UX TOSBICHUS;

— BBISIBJICHUE M aHAJIN3 BHYTPCHHUX JEePEKTOB MaTepuaa,

— U3y4YCHUE CTPYKTYPHBIX U (ha30BBIX COCTABIISIONIMX KOHCTPYKIIMOHHBIX MAaTEPHAJIOB IS
BBISIBIICHHS BJIMSIHUSL CTPYKTYPHBIX OCOOCHHOCTEH Ha JKCILTyaTallMOHHBIE M TEXHOJIOTHYE-
CKHE CBOMCTBAa MaTEpPHAJIOB.

AHaM3 CTPOSHUS M3IOMOB MPUMEHSIETCSI KaK JIIsSl OLICHKU KayecTBa MaTepuaa, Tak v Jiis
U3YYeHUs] 3aKOHOMEPHOCTEH IpoIiecca paspyIieHus], ero MEXaHu3Ma, KHHETUKH, BJIUSHUS CTPYK-
TYpPHBIX (DAKTOPOB U JIP., YCTAHOBJICHHS XapaKTepa U MPUYUKH SKCIUTYaTAI[MOHHBIX Pa3pyIIICHHH.

B cTpoeHuun u3noma HaXOAAT YETKOE OTPAKEHHUE CTAJIUU MPOLIEcca Pa3pyIICHHs, MO-
ATOMY aHaJIM3 CTPOCHUS M3JIOMOB SIBJIICTCS] TPAKTHUYCCKH €AMHCTBEHHBIM METOJIOM, C TIOMO-
HIBIO KOTOPOT'O MOYKHO TIOJIYYUTh CBEIICHHSI O MPOLIECCE PA3PYIICHHSI ITOCIIE €r0 3aBEPIICHHS.

W310M BBISBIISIET YYACTKH MOBBIIICHHOTO HANPSDKCHHS, 30HBI, IJIe €CTh BHYTPCHHUE
nedeKThl, HanboJsee HeOIAronmpPUsATHO COYCTAIOTCS YCIOBUS HATPYKCHUS U CBOMCTBA MaTepH-
aja, ero CIoCOOHOCTh K JIOKAJIILHOMY pa3pylIeHUIo. Buj u3noma ompenensercss yCIOBHIMU
HarpyXeHus (HampspDKEHHBIM COCTOSTHUEM, CKOPOCTBIO U aMIUTUTYIO0N Harpy»XeHUs1, TeMIiepa-
TYPHBIMHU YCIIOBHSIMU M CPEJIOH, B KOTOPBIX pab0oTaeT KOHCTPYKIHSI) 1 MUKPOCTPYKTYPOil Me-
Taya (Kpuctauiorpa@uyeckuM CTPOCHHUEM, (POPMUPYEMBIM TEXHOJOTHEH €ro BBIILIABKH,
00paboTKM AaBIEHHEM M TEPMOOOPAOOTKH, HATMYNEM TEKCTYPHI M aHU30TPOITUH MEXaHWYe-
CKHX cBoiicTB) [7-9].

[Tpu M3ydeHNN MOBEPXHOCTH W3JI0Ma MOXKHO TOJYYUTH CIECIYIONIYI0 WHPOPMAIHIO,
OTHOCSIITYIOCS K TIPOIIECCY pa3pyIICHUS:

— OIEHKA METAJLTYPTHYeCKOTO KauecTBa U CTPYKTYPhI METaJlIa;

— 3aKOHOMEPHOCTH M MEXaHU3M TPOIIecca pa3pylIeHus;

— YpPOBEHb pa3pyIIAIONIeTO YCUIIHS,

— cTeneHb qeGopMaliy PH Pa3pyIICHHIH;

— MIPUYMHBI, BRI3BIBAIOIIIE OCIa0IeHne MaTepralia Ha IIyTH paclipOCTpaHEeHHs pa3pyIICHHS;

— XapaKkTep U MPHUYUHBI Pa3pyHICHUS.

MarepuaJjbl 1 METOABI
[Ipu dpakrorpaduveckom aHaM3e TPUMEHSIETCS KaK BU3YaJbHBIH OCMOTp, TIO3BOJISI-
0NN OIEHUTh KAPTHUHY Pa3pyLICHUS B LIEJIOM, TaK U UCCIIEIOBAHUS C MTOMOIIBIO ONTHYECKO-
TO CTEPEO- U PACTPOBOTO AIEKTPOHHOTO MUKPOCKOIA, MPUMEHSIEMbIE IJis 0oJiee NeTaTbHOTO
M3y4YEHUS U3JI0Ma.
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CymiecTByeT pa3eneHne Ha Makpo- U Mukpodpakrorpaduio. Makpodpakrorpadus —
U3y4eHHE M3JIOMOB HEBOOPY)KCHHBIM TJIa30M WJIM MPH HEOObIIUX yBenuueHusx (1o x(30—
100)), koTOpoe TO3BOJISET OLECHHUTH OOIIEee CTPOSCHUE H3JI0MA, OIPEACIUTh XapaKTep
Y HAIIpaBJICHUE Pa3BUTUA pa3pyLICHUs, BBIABUTH IIPU3HAKH YCTAIOCTH U KOPPO3UOHHOIO
BO3/1eHicTBUSA. KpomMe TOro, MO>kHO OOHapyXHTh OTIMYAIONIMECS MO0 CTPOCHHIO 30HBI, KPYII-
HBIC I[e(beKTBI, HaJIMYNUC OKUCIICHUA WJIN 3aIrpsA3SHCHUA KaK Ha IMOBCPXHOCTHU PA3PYHICHUS, TAK
U B mpuieraronmx oomnactax. Mukpodpakrorpadpus — u3ydeHue U3JIoMoB Ipu OOJbIIUX YBe-
JUYCHUSX, MPEUMYIICCTBEHHO C IPUMEHEHUEM PACTPOBOTO JIEKTPOHHOTO MHKPOCKOMA. DTOT
METO/I TIO3BOJISIET UCCIIEIOBATh MUKPOCTPOCHUE M3JIOMa OoJiee NIETallbHO, H3YyYHTh O4ar pas-
pYLICHUS, BBIABUTH MUKPOAC(EKTHI, OLICHUTH CTENEHb BA3KOCTH MIIM XPYINKOCTH Pa3pyIICHHUs
B MHKpomacmTade, 3aQUKCHpOBaTh MHUKPOIPU3HAKU YCTAIIOCTHOTO Pa3pyIIEHHs, BO3ICH-
CTBHSI KOPPO3HOHHO-aKTHBHOM CPEJIbl, MOBBIIICHHON TeMiiepatypsl u ap. [10].

PacTpoBble 3J€KTPOHHBIE MHUKPOCKOIIBI OCHAIAIOTCS JETEKTOPAaMH, MO3BOJSIONIMMH
BBIACIIMTD U ITPOAHATIU3UPOBATH HGO6XOHHMBIfI THUIT U3JTYUCHUS, BOSHUKIICTO B IIPOLICCCC B3a-
UMOJICHCTBHS AJICKTPOHHOTO 30H1a ¢ 00pasmnom (puc. 1).

20kv | X300~ 50pm 8608 -’?8*;355;:'

Crertp 1

VIHTeHCHBHOCTD

T 18
20kV X200 100pm 0321 1860 BES Dueprus, k3B

Puc. 1. M300paskeHust HOBEPXHOCTH M3JI0OMa, MTOJYYEHHBIE C IPUMEHEHUEM JJIEKTPOHHOTO MHUKPO-
CKOTIA B PEKUME BTOPUYHBIX JIIEKTPOHOB (@), 0OpaTHO OTPAKEHHBIX AIIEKTPOHOB (6, 6), U CHEKTP
XapaKTePUCTUIECKOTO PEHTTEHOBCKOTO U3JIyYCHHS C BRIOPAHHOTO ydacTka (2)

Hawubonee mupoko Hcmosib3yembie Tpu GpakTorpaduyeckoM aHaau3e THIbI CHTHA-
JIOB, KOTOPbIE TEHEPUPYIOTCS M JETEKTUPYIOTCS B IPOIiecce paboThl pacTPOBOTO 3JIEKTPOHHO-
r'0 MUKPOCKOIIA:

— BTOPHUYHBIE DJIEKTPOHBI, TEHEPHPYEMbIE IIPUIIOBEPXHOCTHBIMHU cliosiMu. OOecreunBa-
0T MaKCHMalbHYI0 B CPaBHCHHMH C APYTMMH CHTHaJaMH pa3pelarollyio CrocoOHOCTh
~(5-10) um (pexxum penbeda);

— OTpPasKEHHBIE DIICKTPOHBI (PEKUM KOHTpAcTa M0 CPEIHEMY aTOMHOMY HOMEPY, a TaKKe
pexuM penbeda);

— XapaKTEPUCTUYECKOE PEHTTCHOBCKOE Hu3iydeHHe. [103BoisieT HICHTU(DHUIIMPOBATH COCTaB
Y Ka4eCTBEHHO OICHHUTh HATMYHE XUMHUIECKUX 3JIEMEHTOB M UX COCITUHEHHI B H3JI0Me (DJIeK-
TPOHHO-30HI0BbIN MHUKpoaHaau3) [11].
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Pabota BeimonHeHa ¢ ucnonbs3oBanueMm obopynoBanus [IKIT «KnumaTudyeckne ucmbi-
tanus» HUL «KypuaroBckuii uactutym» — BUAM.

Ilpumenenne ppakrorpaguyeckoro aHaau3a
MpHU pa3padoTKe CIJIABOB U 0TPA0OTKE TEXHOJIOTHYeCKHX MPOLeccoB

OueHka pa3nuyuii B CTPOSHHM H3JIOMOB MOXXET JaTh HE0OXOAMMYIO MH(OpManuio
0 COCTOSIHUM MaTepHualia ¥ IOMOYb ONPEACIUTHCS C BBIOOPOM PEKUMOB Jie(hopMaIiu, CKOPO-
CTEH M PEeKMMOB CBapKHU MJIM IMPOLIECCOB JIA3€PHOTO CIUIABICHUS.

@pakTorpaduyeckuil aHaIU3 MOXKET ObITh TOJIE3EH MPU BHIOOPE XMMHUYECKOTO COCTa-
Ba CIUIaBa, BElb JaKe HE3HAYUTENIFHOE M3MEHEHHE KOHLEHTPALMU OIHOTO W3 3JEMEHTOB
MOYKET OKa3bIBaTh 3aMETHOE BIIMSHUE HA COMPOTUBIICHUE PA3PYLICHUIO U HTOTOBOE CTPOCHHE
uznaoma [12]. Tak, npu pa3paboTKe HOBOI'O AFOMUHHUI-TUTHEBOTO CIJIaBa METOIAMH (pPaKTO-
rpa¢uu yCTaHOBJIEHO, YTO J00AaBKH PEAKO3EMEIbHBIX 3JEMEHTOB IO-PAa3HOMY BIHSIOT Ha
BSI3KOCTh paspymeHus. Hampumep, 1ob6aBku SC npuBend K GOpMUPOBaHHIO 00Jiee OTHOPO/I-
HOTO HM3JIOMa C BA3KUM SIMOYHBIM penbedoM, a npodasnenune Ce monmoxxutenbHoro sddexra
He okasbiBaeT. [Ipu sToMm moBblimieHue coaepkanus Li, Cu u Zn cHmkaer 00Uyl IIIacTH4-
HOCTh CIUIaBa M TPUBOIUT K (OPMHUPOBAHUIO MEJKHX, MAIOIUIACTHYHBIX SIMOK B H3JIOME
U MOSIBJICHUIO YYaCTKOB C pa3pylleHUeM I10 IpaHuILlaM 3epeH (puc. 2).

e S—

Puc. 2. I3MeHeHne CTpOEHUS U3JI0Ma aTFOMUHUN-IUTHEBOIO CILIaBa B 3aBUCUMOCTH OT U3MEHEHHUS
XHUMHYECKOT0 COCTaBa: g — BI3KUH SIMOUHBIN penbed Npu 1o0aBiieHNH SC; 6 — MEJIKOSIMOYHBIN penbed
npu nobaienun Ce; 6 — rpaHUIIBI 3ePEH NP yBeNnveHun coaepkanus Li, Cu u Zn

@paxrorpadudyeckuii aHAJIN3 MOXHO HCIIOJIB30BaTh MPH BBHIOOpE pEeKUMa TEpMUYE-
ckoit oopabotku [13, 14]. Hanpumep, B jKapONpPOYHBIX HUKEIIEBBIX CIUIABAX OTIHYHE MEKIY
pasHBIMHU CTYINEHSIMH pexuma TepMooOpaboTku MoxeT coctaBiath Bcero 50—-100 °C. Ipu
9TOM MEXaHWYECKHE CBOMCTBA C M3MEHEHHWEM TEMIIepaTypbl MOTYT W3MEHUTHCS HE3HAUYH-
TEJIbHO, a B CTPOCHUHU H3JI0Ma BUJHO, YTO IUIACTUYHOCTh YK€ cHU3MiIack. Hanpumep, yBemnu-
YUJIACh JI0JI1 MEJIKOSIMOYHOTO peibeda, MOSBHINCh YYaCTKU C XPYHKUMH (aceTKaMu WIN
JaXe C pa3pylIeHUEM TI0 TpaHuIiaM 3epeH (puc. 3).

CymecTByeT HEOOXOIUMOCTb BBIBICHHS 1€()E€KTOB, BOZHUKAIOLINX B MPOLIECCE OTpa-
OOTKHU MapaMeTpoB CHHTE3a IPH JIA3ePHOM CIIJIaBJIEHUH MTOPOILIKOBBIX MaTepHAJIOB, HAIIpUMED
[P BHEJIPEHUH HOBBIX MaT€pUaJIOB WM TeXHOJIOrHi [15, 16].

B marepuanax, moyd4eHHBIX JIa3epHBIM CIUIABICHHUEM, METOIaMH (pakTorpadun jer-
KO BBISBJIIOTCS TUITUYHBIE 1€(DEKThI, TAKHE KaK MOPbI, YYACTKH C OTCYTCTBHUEM CIUIABICHMS,
TPEIINHBI, CKOTUICHNSI CKOATyJIMPOBABIINX YacTUIl 1 Ap. Hanpumep, npumMeHeHne 000pOTHBIX
MOPOIIKOB YacCTO NMPHUBOJHUT K 3arpsi3HEHHUSM, BHEJPEHHUIO B CIUIAB T'PaHyJ, OTIMYHBIX MO
COCTaBY OT OCHOBHOTO Mopo1ika (puc. 4).

Jnis oneHKH pabOTOCHOCOOHOCTH, pecypca M Hecylled CIOoCOOHOCTH MaTepuaia
MIPOBOST MPOBEPKY €ro MEXaHWYeCKUX CBOMCTB [17]. McnpiTanus Ha pacTspKeHUE, yIapHBIN
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U3rU0, JTUTENBHYIO IPOYHOCTh U YCTAIOCTh MH(OPMATHUBHBI IJIsi OLIEHKU COCTOSIHUS MaTe-
puaina, Ho ¢ppakTorpagUUECcKUil aHaINU3 TO3BOJISET C/IEIaTh OKOHYATEIbHBIN BHIBOJ O COCTOSI-
HUM CIUIaBa U 110Ka3aTh U3MEHEHUs, HE BBIABIISIEMbIE HHBIMU METOJIAMH.

200 %1000 10/ \odRE g“._i 20KV, aX500)  S0pm 0811 4251SEl A |
Puc. 3. V3MeHeHHE CTPOEHHUs M3JI0Ma TPU U3MEHEHWH PEXUMOB TEPMOOOPAOOTKH: a — BSI3KHIA

SIMOYHBIH penbed; 6 — MEITKOSIMOYHBIN peiibed; 6 — paceTku ckoia; 2 — TpaHUIIBl 3ePEH

0KV X400 1%-5“}3 SEIL % 206V X1,000 10pm 2142 1352SEl
Puc. 4. JlepexTsl B crmiaBax, MONXYYEHHBIX METOJAaMU CEJIEKTHBHOTO JIa3€PHOTO CIUIABIICHUS:
a — TIOPBI; O — TPEIMHBI; ¢ — HECTIJIABJICHHE ITOPOILIKA; & — BHEAPEHHE I'PaHyJIbl C IPYTUM COCTABOM

Hanpumep, ¢pakrorpapuueckuii METOJ MOKHO NMPUMEHHUTH JJISI OLEHKH TOJIIMHEI
aTb(UPOBAHHOTO CJIOSI HA THTAHOBBIX CIUIaBaX. [IpH 9TOM JaHHBIH METOJ UCCIIETOBaHIIA MO-
KeT OBbITh O0Jiee UyBCTBUTEIBHBIM K HATMUUIO XPYIIKOTO MOBEPXHOCTHOTO CJIOS C MOBBIIICH-
HBIM COJIep)KaHHeM KHUCIIOpOJia, YeM MHUKPOCTPYKTYPHBIH aHaimu3. THTaHOBBIC CIUIaBBI MPU
CTaTHYECKOM HarpyKeHUU Pa3pyIIAIOTCs IIACTUYHO ¢ GOPMHPOBaHHEM MEITKOSIMOYHOTO pe-
abeda, a MPUITIOBEPXHOCTHBIE CIIOH C MOBBINICHHBIM COJEpIKaHUEM KHCIOpoaa — ¢ (hOpMHUpO-
BaHMEM XpYINKHX ¢aceTok (puc. 5) [18].
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Xpyrkoe paspyiieHue _
(ra3oHaCBIIEHHBIN CJIOM)

Bsi3koe paspylenne
(ocHOBHO# MeTaT) |

Puc. 5. Xpymkoe pa3pyIiieHne ra30HaCHIIEHHOTO CII0s BOJM3H TOBEPXHOCTH TUTaHOBOTO crutaBa BT20

Crnemyer OTMETHTB, 4TO, XOTS (pakrorpadus n3HavyaibHO pazpabaThIBaNach Kak Me-
TOJI UCCIIEIOBaHUS M3JIOMOB METAIJIMUYECKUX MaTepUalloB, OCHOBHBIEC IOJXO/bl aHAIN3a MO-
TUQUIHUPYIOTCS JUIS HEMETAUTMYECKUX MaTepuanioB. HamblieHHE TOKOMPOBOISILETO CIIOS
HI03BOJISIET MCCIIEIOBATh MOJMMEPHbBIC KOMITO3UIMOHHBIE MaTepuainsl [19]. Hanpumep, Bme-
CTO aHaJIM3a IPaHUI] 3€pPEH MPOBOJIUTCS aHAIHM3 TPAHMIl BOJIOKOH, OIICHUBAIOTCS MPOYHOCTH
CLIETJICHUs. BOJIOKOH C MaTpHled (aare3MoHHas MPOYHOCTh), BA3KOCTh (DOPMHUPYIOILEroCs
SIMOYHOTO perbeda, HaTnure 1e()eKTOB KaK B U3JIOME, TaK U Ha MMOBEPXHOCTH.

B monuMepHBIX KOMHO3MLMOHHBIX MaTepualax MeTojaMHu (pakTorpapuu MOMKHO
OLICHUTh M3MEHEHHE XapaKTepa pa3pyLICHHs MPHU TOBBIIICHHH TEMIIEPATyphl UCIIBITAHUS.
Benp noBeienye Temneparypsl 0ObIYHO IPUBOAMUT K YMEHBIICHUIO Ar€3MOHHON TPOYHOCTH
Ha TPaHUIIEC «BOJIOKHO—MATPHUIA» U YBEIHMUEHHIO IUIACTUYHOCTHU TOJIMMEPHON MaTpPUIIBI, YTO
BBI3BIBACT XapaKTepHbIE M3MEHEHUs MOP(OJOrMM MOBEPXHOCTH u3iaoMa (puc. 6). MoxHO
TaKXKe OLEHHUTH BIMSHHUE KIMMATHYECKOTO BO3JEHCTBHUS, MOBBIIMICHHBIX N ITUKIHYECKUX

Harpys3ox.

Mags IDOKX  EWT1500W  SgealA«SEI Date 16 Jan 2018 Magr 1800KX  EMT=1500W  SgealA=SE1 Dste 118 Jan 2018
A WO= BSmm  iPwbes 150A  Phoiole =3052 = WD=BEmm  IPobes 40pA  PhoioMo. = 3054

2yem T BMet1500R  SgewAsSEl D 22 Jun 2018
H Mage EO0KX WD= 8Emm IProbes B0pA  Phoioli = 1048

Puc. 6. Ctpoenune nzmoma MoJIMMEPHOTO0 KOMITO3UITMOHHOTO MaTepraia; a, 6 — U3JI0M IMOJTUMEPHBIX
BOJIOKOH; 6 — IMOYHBIN penbed; ¢ — OTAeNeHNe MOJINMEPHBIX BOJIOKOH OT MaTPHIIbI, 0 — Pa3pylIeHUue
TIpU KOMHATHOM TeMItepaType; e — paspymenue npu 100 °C
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Metonamu mukpodpakTorpaduu MOXKHO OIICHUTHh OOIIYIO CTEMEHb XPYINKOCTH P
pa3pylieHUH KepaMHUUECKUX MaTepHualioB, pa3Mep U KoJIu4ecTBO Gopmupyromuxcs ¢ace-
TOK. B cilydae KOMIIO3UIIMOHHBIX MaTepUajoB, TOMHUMO OIICHKH XapaKTepa pa3pylIeHHUs
METAJUIMYECKOM MaTPULBI, MOXKHO OIPEIEIIUTh XAPAKTEP pa3pyLICHUS BHEAPECHHBIX HEME-
TaJUIMYECKUX 3JIEMEHTOB, IMPOYHOCTh aJrC3MOHHOTO0 COCIWHCHUS C MaTpUIICH Hu Jp.
(puc. 7) [20, 21].

Puc. 7. N310M KOMIIO3UIIMOHHOTO MaTepurana

[Ipu aHanm3e MOPOLIKOBBIX MaTepUaIOB MOXKHO OLIEHUTH CEPUYHOCTH TpaHyll MO-
porka 1160, HA000POT, UX OTPAHKY, pasMep (PAKIUN, PABHOMEPHOCTh, HAINYHE Je(hEKTOB
TUIIA CAaTEJUIMTOB, a TAK)KE CIEKAeMOCTh IPaHyll, XapaKkTep pa3pylIeHUs] coeAUHEeHUs, chop-
MHUPOBABIIETOCS MPHU CIIEKaHUH, U JIp. (puc. 8).

20kV  X2,000 10pm 0636 1260 SEI @ okv [ 1 00 50pm |

Puc. 8. OtnenbHble TpaHyiibl (@) U U3JI0M IPaHyJIBHOTO CIuTaBa (0)

IIpumenenne ppakrorpagpuuecKoro aHajJIu3a NP yCTAHOBJICHUH NPHYMH Pa3pyLICHHUSA
B Ipouecce IKCIUIyaTalluM U PeCyPCHbIX UCIIBITAHUM

ObecneyeHne cTabMIbHON pabOTHI CIIOKHBIX MEXAHU3MOB, UX Y3JIOB M OTAEIbHBIX
JeTanei HaunHaeTcs y)Ke Ha 3Tarne Beioopa Marepuana [22]. Hy)kHO He TOJIBKO YYUTHIBATh
CBOMCTBa BBIOPAHHOIO ISl UX MPOU3BOJICTBA CIIJIaBa, HO U KOHTPOJIMPOBATH KAYECTBO M3-
roTOBJIEHUs, COOpKH M ycTaHOBKHU. Ha Bcex sramax, HauMHas ¢ BBIOOpa MapKu Marepuaa,
IPOJ0JIKasi BHIOOPOM peXUMOB jAepopMalui, TEPMHUUECKOW U MEeXaHHYeCcKOoi o0paboTku
Y 3aKaH4YMBas MOHTaXKOM I'OTOBBIX WM3JEJIHMH, HY)KHO M30€raTh HapyIIEHUH TEXHOJIOTHH U
YUUTHIBATh YCJIOBUS JajbHeHIIed skcrryatanuu. Tak, Hampumep, IpH BblOOpe cruiaBa
JUIsL etanei, paboTaromux Mpu NEPeMEHHONW Harpys3Ke, YYUTBHIBAIOT HE TOJIBKO IMpejen
IPOYHOCTH U IUIACTUYHOCTH, HO U CIOCOOHOCTbh CONPOTUBIATHCS YCTAJIOCTHOMY pa3py-
menuro [23].
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Haubonee yacTo mpu 3Kcrulyatallu MaTepHalioB BCTpeUaeTcsl pa3pylieHue Mo ycra-
JOCTHOMY MeXaHu3My. MHUIIMHPOBATh Takoe pa3pylIeHHEe MOTYT camble pa3HOOOpasHbIe
ne(eKThI: pUCKH OT MEXaHWYECKOH 00pabOTKH M MpOoYre MEXaHWYECKHUE TTOBPESKICHUS, KOP-
PO3UOHHBIC MUTTUHTH, BHYTPEHHHUE NE(PEKTHI, SBISIONUECS KOHIICHTPATOPAMH HAIPSIKECHUS.
B nuThix MaTepuanax 3To MOTyT ObITh pa3HOOOpa3Has MOPUCTOCTb, (PParMEeHTHI 1IJIaKa, B Jie-
(OpMHPOBAHHBIX — MCXOJHBIC 3€pHA, HE MOABEpruIHecs ae(opMariu, ropsuue TPEIIuHbl,
3aKaThl U JJaXKe XPYNKUe KapOuabl, pacloiokKeHHbIE B MPUIIOBEPXHOCTHOM ciioe. Makpornpu-
3HAKH YCTAJIOCTHOTO Pa3pyLICHHUs, TAKHE KaK JIMHUM OCTAHOBKU TPELIMHBI, MOTYT OBITH 00-
HapyXeHbl METOJAaMH MakpoQpakTorpaduu, HO YCTaIOCTHbIE OOPO3JIKH JTy4Ille BBISBISIOTCS
C TOMOILBIO 3JIEKTPOHHOrO MHUKpockoma. OneHuBas HMX pPaclookKEHHE, PaBHOMEPHOCTh
U KOJIMYECTBO, MOXKHO CZeJIaTh BBIBOJ O JEHCTBYIOIIMX Harpy3kax M NPUMEPHO OLEHHUTH
KOJIMYECTBO IIUKJIOB, MPEIIICCTBYIONINX pa3pylieHuto [24, 25].

B cnydyae BO3HMKHOBEHMSI 3KCIUTYaTallMOHHBIX Pa3pylIEHUH OCHOBHOM LIENIBIO HCCIIe-
JIOBaHUH SBISIIOTCA ONpPEENCHHE UX MPUYMHBI U pa3paboTKa NpOoPHIAKTHIECKUX MEpOTIPHs-
Tui. [IpudnHbl pa3pyiieHns MOKHO pa3/IeIUTh HA YEThIPE TPYIIIIbL:

— KOHCTPYKTOPCKHUE (HanpuMep, KOHCTPYKTOP HE Y4ell BCE YCIOBHSI HarpyKeHMUs!);

— MeTaJuTyprudeckue (HeCOOTBETCTBUE TPeOOBaHUSIM HOPMATHBHOM JTOKYMEHTAIIHH );
— TEXHOJIOTUYECKUE (HEKaUEeCTBEHHOE N3rOTOBJIEHUE UM COOpKa JIeTalln);

— JKCIUTyaTallMOHHBIE (paboTa B yCIOBUSX, HA KOTOPbIE IeTalb HE PACCUUTAaHA).

B HEKOTOpBIX CiTydasx MPUYMHAMU Pa3pYIICHUS MOXET SBISTHCS COBOKYITHOCTH (haK-
TOPOB, KOTOPBIE MO OTAEIHHOCTH HE BIEKYT 3a OO0 OTPULIATEIFHOTO BIUSHUS Ha SKCILTya-
TAIMIO JIETAlIN, @ COBMECTHOE UX BIIUSHHE AT «CHHEPreTUIECKUI» dPDEKT.

Takum 00pazom, MpU ONPENENCHNN KCIUTYaTallMOHHBIX Pa3pyIIeHHH, KaK MPaBUIIo,
MPOBOAMTCS KOMIUIEKC UCCIIEIOBAHUM sl BBISIBICHHS MIPUYMH aBapuu. B pamkax Takux uc-
CJIEIOBAHMN MPUMEHSIOT METOBI ONITHYECKOW M 3JIEKTPOHHOW MHUKpOCKonuH. KoMiuiekcHoe
UCCIIeIOBaHME JIeTallel, pa3pyLIUBIINXCS B MPOLIECCE IKCIUTyaTallMH, BKIOYAET [IPOBEACHUE
HEPa3pyILIAIOLIEro KOHTPOJIS, ONPEAEICHIE COOTBETCTBUS XUMUYECKOI0 COCTaBa CIUlaBa 3a-
SABIICHHOMY B JIOKyYMEHTAllMH, MeTaiorpadguueckue u Qpakrorpaduyeckue Hcciaea0BaHus,
a TaKKe MPOBEPKY MEXAHUUYECKUX CBOWCTB. IIpoBeneHNEe KOMIIEKCHOTO MCCIEA0BaHUs MM03-
BOJISIET HE TOJBKO YCTAaHOBUTH MPUUMHBI Pa3pyIIECHUs IeTalel, HO U pa3paboTaTh U MPUHSITH
MepBbI, HalpaBJIEHHBIE HA MTPEJOTBPALICHHE TOXOKHUX CHUTYallui B Oy TyIieMm.

Jlaxke eciu U3JIOM elie He cOpMHUPOBAJICS, aHATU3 MMOBEPXHOCTU JETad MMOMOIaeT
BBISIBUTD CJIEJBI «IIPEIPA3PYIICHUS B BHJIE JIMHUN CKOJIBKEHUS, TIOSBIISIOMINXCS B METaJIax
U CIUIaBaX C TPaHElEHTPUPOBAHHON KyOUYECKOW PEIIeTKON, U OIEHUTh CTENeHb UCUEePIIaHUs
BHYTPEHHETO 3amaca MpOYHOCTH M TOTOBHOCTH K pa3pyiieHuto [26]. ®opmupoBaHue MepBhIX
JIMHU# CKOJIBKEHUS TIPOUCXOIUT MPH CTETIeHH Harpyxenus, papuoit ~(0,8-0,9)os, a Hamuume
MUKPOTpPEIINH CUTHAJTU3UPYET 0 Havasie mpoiecca (puc. 9).

>

20kV.  X1,000 ~fOpm 0309 29 48 SEI

Puc. 9. JIuauu cKoNbKEHUS Ha TIOBEPXHOCTH JICTAITH
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HanexxHocts meraneil u arperaToB MU3AENHs 3aBUCUT HE TOJIBKO OT CBOMCTB MaTepHa-
JIOB, HO ¥ OT HaJHW4Ws B HUX HECIUIOMIHOCTEH M CKPBITBIX CTPYKTYPHBIX HEOTHOPOIHOCTEH,
NPUBOJALIUX K OTKIOHEHHUSIM (PU3UKO-MEXaHUYECKUX XapaKTePUCTHK OT HOMHUHAJIbHBIX
3HAYEHUH, IO3TOMY X KOHTPOJIb SBJISIETCS aKTyaJIbHOU 3a1auei.

Meronamu ¢pakrorpaduu JIErko BBISIBUTH HATUYME BHYTPEHHUX Je(EKTOB, BO3HUKILINX
Ha JTarne MPOU3BOJICTBA, HAMIPUMEP OCTATKOB IIIIAKA, TOPSYMX TPEIIMH, JTUTCHHBIX W CBAPHBIX
PBIXJIOT U 10p, nedekroB negopmaryu u ap. (puc. 10), T. e. Tex nedekros, 1 OOHAPYKEHUS
KOTOPBIX YYBCTBHUTEIILHOCTh METO/IOB HEPA3PYILAIOIIETO KOHTPOJISI HEIOCTATOYHA.

20kV X2,000 10pm 0147 1950 SEl

Puc. 10. IedekTsl B U3I0Max: g — JIUTEHHAS PHIXJIOTa; 6 — CBapHAs MOPUCTOCTh; & — IIUIAK B CIUIA-
Be; 0 — XpYIIKas 4YacTUIA B MPUTIOBEPXHOCTHOI 30HE

Ha puc. 11 mokaszan mpuMep pa3BUTHS YCTAJIOCTHOW TPEIIMHBI OT BHYTPEHHETO
nedekTa, mpeacTaBIAIOMEro co0oil CKOTUIEHHE OKCUAOB OCHOBHOT'O MaTepHalia JIOMATKH W3
TUTAHOBOTO CIJIaBa, KOTOPbIE MOT'YT 00pa30BaThCs B pe3yIbTaTe 3aKaTa UYepHOBON MOBEPXHO-
CTH B MpoIiecce Topsueit miacTUYecKoi nedopmanuu.

Puc. 11. Pa3BuTHe yCcTaIOCTHON TPEMIMHBI OT 3aKaTa YEPHOBOW MOBEPXHOCTHU: a — OOUTUNA BHU
usnoma c Jedekrom; 6 — odaroBast 30Ha; 6 — yCTaJIOCTHBIE OOPO3IKU

Wutepec npencrasisier U ¢ppakTorpaguueckuil aHaIU3 pa3pylIeHH CBapHBIX COEIH-
HeHui. Tak, Mmociie yCTaJIOCTHBIX HCIHBITAaHWN CcBapHBIX TpyOok u3 ctamu 12X18HI10T
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u crutaBa D11678 (03X11H10M2T) oOHapyKeHbI yCTaJIOCTHBIE TPELIUHBI, pa3BUBABIIHECS
OT TpaHHIl PAa30pPHUEHTHPOBAHHBIX 3€PEH, HAXOAAIIMXCS B 30HE TEPMHUYECKOTO BIMSHUSA
(puc. 12, pe3ynbraThl UCCIIECOBAHUN SBJSIOTCS MpoaykToM aesteabHocTH AO «OIK»).
OO0pazoBaHKe TaKUX 3€PEH CBS3aHO C HEJOCTATOYHOM 3alIUTOHN MOBEPXHOCTH y3Jla OT OKHC-
JICHUS B TIPOIIECCE CBAPKHU.

9

Puc. 12. BHyTpeHHsist moBepXHOCTh U u3lioM TpyOku u3 cranu 12X18H10T ¢ pa3Buruem ycranoct-
HOT'O pa3pylIeHUs OT CTHIKOB 3€peH

JloMOJTHUTEIbHOE IPUMEHEHNE KAaueCTBEHHOT'O 3JICKTPOHHO-30HIOBOIO MUKPOAHAIN32
MO3BOJISICT 00Jiee TOYHO HACHTH(HIIMPOBAThH BBISIBICHHBIC J1e()EKThI, BKIFOUCHUS U CKOILIC-
Hus yactul (puc. 13).

6) _ CnexTp
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Oueprus, k3B

Puc. 13. Pe3ynbTarsl 3J1€KTPOHHO-30H/I0BOI'0 MUKPOAHAJIN3a IIOBEPXHOCTH U3JIOMA: @ — YaCTHUIIbI
B U3JIOME; O — CIIEKTP XapaKTEPUCTUIECKOTO PEHTIT€HOBCKOTO U3TYYEHUS

[Ipu aHanmse M3JI0Ma MOXHO BBISIBUTH HaJU4HE Pa3HO3EPHUCTOCTH B CIUiaBe 0e3
U3TOTOBIICHUS MeTayuIorpadudeckux nuudos (puc. 14).

X50 500pm 0806 4151SEl

Puc. 14. 3epHa pa3Horo pa3Mepa B U3JI0Me
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O1eHNTh TIOBPEKICHUS, BOZHHUKIINE B MPOIECCE AKCIUTyaTaI[MH, MOKHO METOJaMH
Makpo- u MUKpodpakrorpaduu. ITo MOTyT OBITh KaK MEXaHHYECKUE, TEMIIEpaTypHBIC, TaK
Y KOPPO3HOHHBIE MOBPEKACHUS [27].

OcHOBHBIMH (PpakTOTpaUUYECKUMH TMPH3HAKAMHU Pa3pyIICHUS CTaJbHBIX H3ICIIHHA
IpU KOPPO3MOHHOM BO3ACWCTBUU SIBISIOTCS Pa3pylleHWE IO TpaHUIAM 3€PeH, 4acTo CO-
npoBokaaemMoe (opmupoBanueM (paceTok CKoJia, HATUYME BTOPUYHBIX TPEIIMH U oO0IIas
WX Pa3BETBICHHOCTh, a TAK)KE HAIMYHE OTIIOKEHUH TMPOJYKTOB KOPPO3HH HA TTOBEPXHOCTH
usaoma [28].

Ha puc. 15 npuBeneH npumep pa3BUTHS MEK3EPEHHOTO pa3pylIeHUs] OT KOPPO3UOH-
HBIX IUTTHHIOB HA MIOBEPXHOCTH JCTAIIH.

20kV X200 100pm 2454 27 50 SEI

Puc. 15. Pa3Butie pa3pymieHus OT KOPPO3HOHHBIX MUTTUHIOB Ha MOBEPXHOCTH JETANH (a) U rpa-
HHUIIBI 3epeH (6)

HemanoBaxxubiMu (pakTopaMu, BIUSAIOIMIMMHU Ha HAJAEKHOCTb JIE€Taliel, SBISIIOTCS
00paboTka MX TMOBEpXHOCTEH M ocobeHHocTH cOopku. Ilpu ycTamocTHOM pa3pyuieHUH,
00yCIIOBJIEHHOM BBICOKMM YPOBHEM JEHUCTBYIOUIUX HAMPSHKEHUH, TPEIIMHBI B OOJBIINH-
CTBE Clly4acB OyIyT pa3BUBATHCS OT IMOBEPXHOCTHBIX NePEKTOB, BBI3BAHHBIX 00pabOTKOMH
neranu (puc. 16). B xauectBe Takux Ae(eKTOB 3a4acTylO0 BBICTYMAIOT PUCKH OT MEXaHHYe-
CKO¥ 00pabOTKH, SIBJISTFOIIUECS JOMOJHUTEIIEHBIMU KOHIICHTPATOPAMH HAIPSDKSHUH.

- 20 / ‘
Puc. 16. Pazpymenne ot nedeKToB MOBEPXHOCTH: @ — CIIEAbl OT MapKUPOBOYHOTO KapaHIalla
(ykazaHBbI CTpeKaMH) Ha TOpLE JIONATKH U3 JKapONPOYHOTO HUKEJIEBOTO CILJIaBa, OT KOTOPBIX pa3BU-
JIOCh Pa3pyIIeHUE; 6 — yCTAJOCTHOE pa3pylLIeHHe OT PHCOK Ha MOBEPXHOCTH

B HexoTophIX ciydasx pe3ynbTaThl (DpakTorpaduyuecKux HCCIECIOBAHUNM TPEOYIOT
9KCIIEPUMEHTAILHOTO MOITBEPKICHUS THUIOTE3 O MPUYMHAX Pa3pyIICHUs. ITO B OOJBIIUH-
CTBE CIIy4aeB CBSI3aHO C AHOMAJILHBIM CTPOCHUEM M3JI0Ma, HETHITMYHBIM ISl pa3pyIICHUS UC-
CIIElyeMOT0 MaTepualia B YCIOBUSX, ONMPEACNEHHBIX Ui dKCIuTyatanuu aetanu. [TomobHbie
Cllyual HEpEIKO CBS3aHBl C BIMSHHEM CpeIbl HAa HM3MEHEHHE MeXaHW3Ma pa3pyIICHUs
(puc. 17) [29].
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Puc. 17. HetunuyHoe pa3pylleHHe JIONATKU U3 MOHOKPUCTAILIA XKapOIPOYHOIr0 HUKEJIEBOIO CILIa-
Ba 110 TUIOCKOCTsIM KyOa {001}

[Ipu pazpyuieHuH JeTaiu MO YCTaJOCTHOMY MEXaHH3My B IPOLECCEe dKCIUTyaTaluu
IIPU TIEPEX0JIe B 3aKPUTHUYECKYIO CTAIUIO (1070M) KOAG(OHUIIMEHT HHTEHCUBHOCTH HaIpsiKe-
HUIi B BEpIIMHE TPEIIMHBI TOCTUraeT KpuTuueckoro 3HaueHus Ki. [28-32]. B cooTBeTcTBIM C
ypaBHeHueM MpBuHa KO3(PUIUEHT UHTEHCUBHOCTH HAIPSKEHU CBSI3aH C YPOBHEM HOMHU-
HAJIbHBIX HAIPSHKCHUN:

5 = YK,
max ,
vl
I/Ie Omax — MaKCHMMAaJIbHbIE JEHCTBYIOIME HOMHHAIbHbBIC HANpsDKeHUs; | — AMHaA yCcTanmocTHO# Tpe-

IIMHBL Y — IONPaBKa, YYUTHIBAIOILAS T€OMETPHUUECKUE apaMeTPbl HArPYKEHHOTO TeJla ¢ TPEIUHOH.

Kputnuecknii Ko3QPHUIMEHT WHTEHCUBHOCTH HANPSDKEHUH SIBIISCTCS XapaKTePUCTH-
KOM Marepuajia U, CIE€I0BaTeNIbHO, C UCIIOJIB30BaHUEM ypaBHEHUs VpBHHA MOXXKHO omlpene-
JIUTh YPOBEHb HOMMHAJIBHBIX HANPSKEHUH, NENCTBYIOIUX HA JETAIb IPU PA3PYILICHUH.

3akauyeHus

@pakrorpadus ABISETCS U3BECTHBIM M aKTyaJIbHBIM METOJO0M aHalln3a, KOTOPBIN MO-
Jdy4aeT Bce 0oJiee MIMPOKOE paclpocTpaHeHUe, 00YCIOBIEHHOE MOSBICHUEM HOBBIX MaTepH-
aJIOB U TEXHUYECKUX BO3MOXKHOCTEH JIJIs1 X UCCIIEJOBAHMUSL.

@pakrorpaduyeckuil aHaiINu3 MOJIE3€H KakK MpU pa3pabOTKe HOBBIX MaTEpUasoB, BbI-
060pe XMMHUYECKOT0 COCTaBa, OTPAOOTKE TEXHOJIOIMH MPOU3BOJICTBA, TaK U MPU YCTAHOBICHUU
IIPUYUH pa3pyLIEeHUs AeTaIe U MEXaHU3MOB.
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OBOPYJOBAHME U OCHACTKA
JJISA TPOBEAEHUSA MATHATOIIOPOIIIKOBOT'O KOHTPOJIA
ABHAIIMOHHBIX MATEPHUAJIOB
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Annomauyus. Yrkazanvl axmyanvHbie CmMayuoHapHvle 0e@eKmocKonvl, 6CHOMO2AMeNbHOe
0060py006anUe U OCHACMKU, KOMOPble NO360AIOM NPOBOOUMb MACHUMONOPOULKOBbIL KOHMPOJIb
ABUAYUOHHBIX MAMEPUATIO8 HA BbICOKOM YposHe. Buloenenvl 0CHOBHbIE deMeHmbl OCHACMKU U
YKa3amvl 6adcHble SMansl ux npumenenus. Haubonee kpumuunvimu no3UYusMU AGAAOMCA NOO-
Xo0suue KOHMpPOIbHble 00PA3Ybl, BbLIOPAHHbIE HA OCHOBAHUU NPUMEHAEMO20 000PYO0BAHUS U
Cnoco608 HaAMAZHUYUBAHUS, KOMOPble NOMO2arm noomeepoums pabomocnocooHocms degex-
MOCKONA U MASHUMHO20 uHoukamopa. Paccmompensi memoowl onpedenenus evisagasaoujel Cno-
cobHocmu HeCKONbKUX MUNOE MASHUMHBIX UHOUKAMOPO8, ONUCAHbL MemMOOUKU U NOOX00bl
K NPOBEOEHUI0 MACHUMONOPOUKOB020 KOHMPOJIS A8UAYUOHHBIX Oemaliell.

Knrwuesvie cnoea: macnumuviii Hepaspyulaiowuil KOHMPOAb, MASHUMONOPOUIKOBYLL
KOHMPONb, HECNIOWHOCMY, ABUAYUOHHOE NPOU3B00CME0, 000pyoosanue O KOHMPOJs, Maz-
HUMHbLIL UHOUKAMOP

s yumuposanusn: Jlemuer U.C. O6opyaoBaHHe W OCHACTKA ISl MPOBEACHUS MAarHHUTOMOPOIIKOBOTO
KOHTpOJIsi aBUAaNMOHHBIX MarepuanoB [/ Tpymet BUAM. 2026. Ne 10 (164). C. 276-288. URL:
http://www.viam-works.ru. DOI: 10.18577/2307-6046-2026-0-10-276-288.

Scientific article

EQUIPMENT AND ACCESSORIES
FOR CONDUCTING MAGNETIC POWDER CONTROL
OF AVIATION MATERIALS

I.S. Lednev!

Federal State Unitary Enterprise «All-Russian Scientific-Research Institute of Aviation Materials» of National
Research Center «Kurchatov Institute», Moscow, Russia; admin@viam.ru

Abstract. The article highlights current stationary flaw detectors, auxiliary equipment and
accessories that allow for high-level magnetic particle inspection of aviation materials. The
main elements of the accessories and the important stages of their application are highlighted.
The most critical items are suitable control samples selected based on the used equipment and
the methods of magnetization, which help to confirm the operability of the flaw detector and the
magnetic indicator. Methods for determining the detecting capacity of several types of magnetic
indicators are considered, and methods and approaches for conducting magnetic powder con-
trol of aircraft parts are described.

Keywords: magnetic non-destructive testing, magnetic particle inspection, discontinuity,
aviation production, monitoring equipment, magnetic indicator
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Beenenne

MarHuTonopoIKOBbII KOHTPOJIb UCIIONb3YyeTCs sl OOHAPYKEHUSI TOBEPXHOCTHBIX U
MOJNIOBEPXHOCTHBIX TPEIIMH B (DeppOMarHUTHBIX Marepuaiax. B Kommepdeckoil aBuanuu
OOJIBIIMHCTBO MPOBEPOK MPOBOJAUTCSA HA TOPU30HTAIBHOM CTOJIE € MTOJa4el KHUAKOCTH U BO3-
MO’KHOCTBIO MPSMOI0 KOHTAKTa C LEHTPAJIbHBIM CTEPKHEBBIM IIPOBOJAHUKOM Uil KPYTOBOTO
HaMarHU4YMBaHM, a TaKKe ¢ IoJayell Toka yepe3 KaTyLIKy Ul CO3/1aHus MOJsl B MPOJOIb-
HOM HarmpaBieHuu. Yepe3 oOpasel MpoIycKaeTcs MarHUTHOE TOJIe, a HaJ| MCCIIEeTyEeMbIMU
y4acTKaMM pacHbUIAETCS KHUIAKOCTb-HOCUTENb HAa MAaCISIHOM WJIM BOJAHOM OCHOBE, coleprKa-
11asi MAaTHUTHBIE YaCTHIBI. TPEUIHbI U Ipyrue AeQeKThl IPUBOAAT K JOKAJIHHON yTEUKe Mar-
HUTHOT'O IIOTOKA, KOTOPbIM MPUTATMBAET MarHUTHBIC YacTULBl U 00pa3yeT MHAUKATOp, KOTO-
pBIii 3aTeM OOHApy)KMBAETCs C MOMOIIBIO yinbTpaduoneroBoro (Y®) uznyyeHus B ciydae
(I1yOpecLeHTHOI0 MarHUTONOPOIIKOBOTO KOHTPOJIS MJIM C IOMOLIbIO Oeoro cBeTa M KOH-
Tpacta. YyBCTBUTEIBHOCTH 3aBUCHT OT MHOTHX (JAKTOPOB, B TOM YHCJIE OT OPHEHTAIMH Tpe-
IIMH OTHOCUTEJIBHO HAIPABJICHUsI MAarHUTHOI'O MOTOKA, IIOTOMY /11 OOJIBIIMHCTBA IPOBEPOK
TpeOyeTcs ABa OPTOrOHAJIBHBIX HAlpaBICHUs] MarHUTHOI'O IOJIL. DTO JAOCTUIaercs Judo 3a
cdeT 00paboOTKHU AeTanu JBYyMs pasHbIMU METOJIaMH, JTUOO C IOMOLIbI0 MHOTOHAIIPaBJIEHHOIO
o0opynoBanus. [IoMMMO OINMCAaHHBIX YCTPOWCTB, JUISl CO3AAHMSI MarHUTHOTO TOJS MOXKHO
UCIOJIb30BaTh PMO, KAaTyIIKU U MOCTOSHHBbIE MarHUThl. B HEKOTOPBIX OTpacisx HMpPOMBIII-
JICHHOCTH TAaK)K€ NMPAKTUKYETCS] KOHTPOJIb C MOMOLIbI0 1IynoB. OJHAKO B KOMMEpPUYECKON
aBUAllMM TAKOM METOJl He NPUMEHSETCs M3-3a ONACEHUH, YTO MCKPEHHE MOXKET IPUBECTH K
JIOKAJILHBIM TIOBPEXKIACHUSAM U 3apOXKIAIONIMMCS JePeKTaM, KOTOpbIe B KOHEYHOM UTOT€ MPH-
BEAYT K BBIXOIYy M3Aeius U3 cTpos. CylecTBYIOT TakKe Pa3JIn4yHble BapUAHTHI [10/1a4H TOKA
U YCTpPOWCTBa, pabOTalOMME OT CETH MEPEMEHHOI0 TOKa, MOCTOSHHOTO TOKa BBICOKOTO
HaNpsDKEHUs. /WU TOCTOSIHHOT'O TOKA HU3KOTO HANpsDKEHUS, IPU 3TOM C MOMOILBIO MTOCTO-
SIHHOTO TOKAa MOYXHO OOHapy»XHBaTh Ae(PEKTHI, PaCIONOKEHHBIE OJIMKE K MOBEPXHOCTH. J[iist
YCIIEIIHOTO MPOBEICHHUS] MarHUTOIMOPOIIKOBOTO KOHTPOJI HEO0OXOAMMO, YTOOBI IUIOTHOCTh
MarHMUTHOTO NOTOKa BHYTpU oOpa3lia M BOKPYI HEr0 HaxoJujiach B 3a/JaHHOM JMalla3oHE.
[Tpr HU3KOM IUNIOTHOCTM MarHUTHOTO NOTOKA YaCTHUIIBI MOTYT HE NPUTATUBATHCS, YTO, B CBOIO
ouepe]ib, MPUBEJET K OTCYTCTBUIO MHAMKAIMK JEPEKTOB, a MPHU CIUIIKOM BBICOKON MJIOTHO-
CTM MarHUTHOTO MOTOKa Oy/JieT Ha0JIt0aThCsl BBICOKMI YPOBEHb (JOHOBOT'O IIyMa M CHU3UTCS
YYBCTBUTEIBHOCTb. B 1eTansx co cioxHON reoMeTpuyeckoil GopMoil B KpallHUX TOYKaX WU
YIIIyOJEeHUSIX MOXET OTCYTCTBOBATh WJIM ObITh OYEHb HU3KOHM IJIOTHOCTH MAarHUTHOTO IOTO-
ka. CraHaapTU3MpOBaHHBIE UCCIIEIOBAHMSI METOJO0OM MarHUTONOPOILIKOBOTO KOHTPOJIA IpPO-
BOJIATCS TyTeM 00paOOTKHU MHMKATOPHBIMUA MaTepualaMi IPOBEPSEMBIX YYaCTKOB € 1M0A00-
POM HaMarHMYMBAIOLIEH CUJIBI TOKA J0 T€X MOp, TOKA HE CTaHYT BUJIHbBI UCKYCCTBEHHBIE JIe-
dexThl. OTpacneBble cTaHAApThl U crenudukanuu, Hanpumep PTM 1.2A.020-2011, coxep-
JKaT MpaBuiia U PEKOMEH AU 110 IPOBEACHUIO MAarHUTOIIOPOIIKOBOTO KOHTPOJIS [1].

Llenp naHHOM cTaThU — MOKa3aTh HauOoJee aKTyallbHOE 00OPYAOBAaHHE M OCHACTKY,
KOTOpBIE MO3BOJISIOT MPOBOJUTH MAarHUTONOPOILIKOBBIM KOHTPOJIb aBUAIIMOHHBIX MaTepHaioB
Ha BBICOKOM COBPEMEHHOM YPOBHE.

MarepuaJjbl 1 METOABI
Jns. MarHMTOMOPOIIKOBOTO KOHTPOJA JAETalel B aBUAILIMOHHON MPOMBIILICHHOCTH
UCTIONIB3YIOTCS CTICIIMATU3UPOBAHHBIE CHCTEMBI U Jle(heKToCKOombI (puc. 1), KoTopble obecrie-
YUBAIOT 3aJaHHBI YPOBEHb UYBCTBUTEIBHOCTH M BBICOKYIO TOYHOCTH BBISBIICHHS J1€(DEKTOB.
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[IpaBuiibHO TOHOOpaHHOE O00OpPYAOBAaHME MO3BOJIAET PETUCTPUPOBATH MOBEPXHOCTHBIE U
MOJTIOBEPXHOCTHBIE HECIUIOMIHOCTY B (peppOMArHUTHBIX MaTepHasax.

Puc. 1. Ilpumepsl cTalimoHAPHBIX JeEKTOCKOIIOB

OcHacTtka JiIsi MarHUTOIIOPOIIKOBOIO KOHTPOJISI — 3TO BCIIOMOTaTeNIbHbIE YCTPOHCTBA
U MPUCTIOCOOTIEHHS, KOTOpPbIe 00EeCTIeYNBAIOT KOPPEKTHOE MPOBeACHUE e(EeKTOCKONUH, Ka-
IMOpOBKY 00OpYyIOBaHMS M INPOBEPKY KaydecTBa KOHTpoJisA. IlpuBeneHbl KitoueBble BUIbI
OCHACTKH C ONHMCAaHUEM UX Ha3HaueHHsI U 0COOEHHOCTEH.

Konmponvnvie oopasyvi (mecm-o6vekmul) — 3TO CHEIUATBHO MOATOTOBJICHHBIC U3JIE-
JMsl ¢ 3alaHHBIMU XapaKTePUCTUKaMU Je(EeKTOB, KOTOpbIE UCHOIB3YIOTCS Ul OLICHKH YyB-
CTBUTEILHOCTH METOJ/Ia U MPOBEPKHU pabOTOCIIOCOOHOCTH e(HEKTOCKOTIOB M MAarHUTHBIX WH-
JUKaTOPOB.

VYuuBepcanphbiii o0pazeny KETOS — 3T0 cranbHOE KONBIO M3 MHCTPYMEHTAIbHOMN
cramu AISO O1 ¢ moBepXHOCTHBIMH M MOANOBEPXHOCTHBIMU J1e(heKTaMu, KOTOPOE MPUMEHS-
eTcsl 17151 IEPUOANYECKOI MPOBEPKU TITyOMHBI TPOHUKHOBEHHUSI MATHUTHOTO OJIS U MOJXOIUT
JUISl IIBETHOTO U JIIOMUHECLEHTHOTO KOHTPOJIsA. OHO MCTIONb3yeTCs JUIsl HUPKYJISIPHOTO U MPO-
JOJIbHOTO TUIIOB HAMarHWYMBaHUS, MOJIXOIUT JJISi KOHTPOJS C MOMOIIBIO0 KaTYIIEK U 3JIeK-
TPOMAarHuTOB.

CrannmapTHbie 00pa3Ilbl — MJIANIKK WIIM JETaIM ¢ UCKYCCTBEHHBIMU JAedekTamu (Taza-
MU, TpEeIIMHAMHU), UMUTHPYIOIIUMH pealibHble HECIUIOUIHOCTH, MPUMEHSIOTCS TS €KEIHEB-
HOM MPOBEPKU BBIABISIONIEH CIOCOOHOCTH CUCTEMBI (TEPMUH CTaHJIApTHBIE 00pa3Ibl B COOT-
BercTBUU B AericTByrommM ['OCT 56512-2015 3amMeHeH Ha KOHTPOJIbHBIE 00pa3Ibl).

Hnouxamopol macHumno2o noJisi NIOMOTalOT OLIEHUTh HANPSKEHHOCTh U HalpaBJeHHE
MarHMTHOTO TOJISl Ha MOBEPXHOCTHU ACTaJIH.

MarauTtHble MHIMKATOPHBIE MOJIOCKH — 3TO TMOKHE IJIACTHHBI ¢ (hpe3epOBaHHBIMHU I1a-
3aM# (IIUPUHON ~2 MM) U3 MPOHHUIIAEMOM MAarHUTHOW CTald MEXIY JIATYHHBIMHU TIIaCTUHA-
MU, OHU MHOTOpPA30BbI€ U MOJIXOAT 7Sl BCEX METOJI0B MarHUTOMIOPOLIKOBOTO KOHTPOJIS.
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WNunaukatop marHutHOro moist no ASME — 3To BOCBMUIpaHHBIM MHCTPYMEHT JUIS
OBICTPOM MPOBEPKM HANPABIEHHUsI MATHUTHOTO [TOTOKA, MPUKJIAABIBAETCS 110/l pa3HbIMU yrJja-
MH; MHIMKAIHS TOKa3bIBaeT OPUEHTALIUIO MOJIS.

l'ayccMeTpbl — MOPTATUBHBIE CTPENIOYHBIE MPUOOPHI Ui M3MEPEHHs] OCTATOYHOMN
HaMarHMYEHHOCTH MOCIIE KOHTPOJIS, OBIBAIOT KaTMOPOBAaHHbIE U HEKAIMOPOBAHHBIE.

MaruuToMeTpsl — U3MEPSIIOT TAaHI'C€HIMAIbHYIO COCTABJIAIOILYI0 MAarHUTHOIO IOJIS
(B kA/M, A/em, MTn 1 T. 1.) ¢ HOMOILIBIO JaT4MKa XOJula, IPUMEHUMBI AJIsl TOCTOSTHHOTO
U TIEPEMEHHOT0 TOKA.

IIpucnocobnenusa Ons HamacHuuueanus OOECIEUYNBAIOT CO3/IaHUE MATHUTHOTO IOJIS
HYXXHOH KOH(UT'YpaLluu U HHTEHCUBHOCTH.

DJEeKTPOMarHUTHBIC (IIEPEHOCHBIC) sIpMa — UCTIONB3YIOTCS ISl JIOKAIBHOI'O HaMarHu-
YMBAHUS CBAPHBIX IIBOB M KPYIHOrabapuUTHBIX JeTallei, uX mMacca cocTtasiseT ot 1,5 1o 5 kr,
nogbeMHas cuia — He MeHee 45 H (mepemenssiii Tok) uinu 177 H (IOCTOSHHBIA TOK) 1O
ASTM E1444.

KaGenpHbIe ycTpolicTBa — 3TO THOKHIA Kabesb, KOTOPhI 00OMAaThIBAIOT BOKPYT J€TaJIN
JUIS IPO/I0JIBHOTO HAaMarHU4MBaHus, y100€H JUIsl KpyIHOrabapuTHBIX OOBEKTOB.

ConeHoupl U KaTyLIKU CO3JAIOT MPOJOJIbHOE MAarHUTHOE I10JI€ IPU HPOINYCKaHUU
TOKa 4epe3 0OMOTKY, IPUMEHSIOTCS B CTAllMOHAPHBIX YCTAHOBKAX U MPH PYYHOM KOHTPOJIE.

Cpeocmea oceewenus u euzyanusayuy HEOOXOAUMBI JUIsl OCMOTpa MHIUKALMH, 0CO-
OEHHO IPH JTIOMUHECLIEHTHOM KOHTpOJIE.

VYabTpaduoneToBbie JaMIibl U 00JydaTenn o0ecrneuyuBaoT JuHy BOIHBL 315-400 HM
(muk 365 HM) JUId aKTUBALMM JIFOMMHECIIEHTHBIX MOPOILKOB; MHTEHCUBHOCTb IPOBEPSETCS
Y®-paguomeTpom.

[TopTatuBHBIE pOHAPU MPUMEHSIOTCS JJIS1 IBETHOT'O KOHTPOJIS TIPH JTHEBHOM OCBEIIle-
Huu (He meHee 500 k).

IIpubopwr Ona konmpoaa KoHyeHmpayuu cycnen3uu MOAJNEPKUBAIOT ONTUMAIbHOE
COOTHOIIIEHHE MAarHUTHBIX YaCTULl U HOCUTEJIS B KUAKUX UHIMKATOPAX.

ASTM-K00BI MO3BOJISIOT MPOBEPATH KOHIEHTPALMIO MAarHUTHBIX YaCTHIl B CYCIICH-
3MH; CYILECTBYIOT OT/AEIbHBIE KOJIOBI JUIsl TIOMUHECIIEHTHBIX U HEIIOMUHECIICHTHBIX CYCIEeH-
3UH C pa3HbIMM IIKAJIAMH.

Bcnomozcamenvuvie uncmpymenmol u mamepuansl

JU1s paBHOMEPHOI'O HAHECEHMsI CYCIIEH3UM Ha IOBEPXHOCTH JETalIM INPUMEHSIOTCS
paclbUIMTENIN U I1yJIbBEPU3ATOPSI.

[IleTku 1 KUCTU TPUMEHSIOTCS MIPH CYXOM CI0Cc00€ HAHECEHHS] MAarHUTHOTO MOPOIIIKa.

EmkocTu /U1 XpaHeHUs U NepeMeIINBaHus CyClIeH3UH 00eCeunBaoT 0JIHOPOIHOCTh
COCTaBa Nepe.l UCIOJIb30BaHUEM.

C nomMomibio CpeAcTB Uil OUYMCTKU MOBEPXHOCTH (PAaCTBOPUTENH, 00€3KUPUBATEIIH)
YAAJSIOT 3arps3HEHUS, TOKPBITUS U OCTATKU CYCIIEH3UHU IEpe]l ¥ MOCIe KOHTPOJIS.

OcHacTka [ MarHUTONOPOIIKOBOTO KOHTPOJS OXBAThIBAET IIMPOKUHA CIEKTp
YCTPOMCTB — OT MPOCTHIX MHIUKATOPOB JO CIOXKHBIX U3MEPHUTENbHBIX MpuOopoB. Ee BbIOOp
3aBUCHT OT:

— TUIMA KOHTPOJIS — [IBETHOW WJIM JIIOMUHECIIEHTHBIN;

— (hopmBI 1 pazMepa 00BEKTa;

— tpebyemMoro ypoBHs uyBcTBUTENbHOCTH (A, b, B mo 'OCT);

— YCJIOBUH pabOThI — CTAllMOHAPHBIN MOCT WJIU MOJIEBBIE YCIOBHUSI.

I'paMoTHOE HCTIONB30BaHME OCHACTKH IMOBBIIAET JOCTOBEPHOCTH PE3YNIBTATOB, CHU-
’KaeT PUCK Mponycka 1e(eKToB U 00ecreurnBaeT COOTBETCTBUE HOPMATUBHBIM TPEOOBaHUIM
(I'OCT P 56512, ASTM E1444, ASME u np.).
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Pe3yabTarhl U 00CyKACHHE
D¢} PexTUBHOCTH MAarHUTOMOPOLIKOBOTO KOHTPOJISI OMPEENAeTCs KOMIUIEKCOM B3au-

MOCBSI3aHHBIX (DAaKTOPOB, KOTOpbIE HEOOXOAUMO YYUTHIBATh MPHU TUIAHUPOBAHUM U MPOBEE-
Huu nedekrockonuu [2, 3]. KnroueBbie (GakTopshl, BIUSIOMIAE HA BBIBISIEMOCTh JAeHEKTOB
KOHTPOJIMPYEMOT0 00bEKTa, cienyromue [4]:

— MarHUTHbIE XapaKTEPUCTUKH MaTepuajga — MarHUTHas MPOHUIAEMOCTb, KO3PLUUTUBHAS
CuJja, OCTaTOYHAs] MHAYKIIMS,

— TeoOMeTpUYecKUe mapaMeTpsl u3aenus — popma, pa3Mepbl, COOTHOILIEHUE JJUHBI K MOTIe-
PEYHOMY CEUYEHHUIO;

— HaJIM4YM€ KOHCTPYKTHBHBIX 3JIEMEHTOB, CO3/IAIOIIMX 30HBI KOHIICHTPAIIMK MArHUTHOTO
MOTOKA WJIM YYaCTKH OCJIa0JIE€HHOTO TOJIs;

— BBIOPaHHBIN CITOCOO MAarHUTOMOPOIIKOBOTO KOHTPOJS — CIOCOO MPHIIOKEHHOTO OIS
WJIH CIIOCOO OCTATOYHOW HAMAarHHYEHHOCTH;

— THI HAMarHWYMBaHUS — UPKYISIPHOE, IPOAOTHHOE, KOMOMHUPOBAHHOE;

— TapaMeTpbl HAMarHUYHUBAIOIIETO TOKA — aMIUTUTY/a, (popmMa BONHBI — EPEMEHHBIMN, T0-
CTOSIHHBIN W BBIIPSIMIICHHBIN TOK;

— CTETICHb YUCTOTHI 00pa0OTKH — HATMYHE 3arpsI3HESHUM, Macel, CMa304YHBIX MaTEPHAJIOB;

— IIEpPOXOBATOCTh MOBEPXHOCTH, KOTOpPasi BIUSET HA CIIOCOOHOCTh MHIAMKATOPHOTO MaTe-
puaa MpoHUKATh B NeeKThl U (HOPMHUPOBATH YETKHE MHIUKATOPHBIC PUCYHKHU;

— MPUCYTCTBHUE 3AIIUTHBIX MOKPHITHA — JAKOKPACOUYHBIX, TaTbBAHUYECKHUX, OKCHIHBIX, KO-
TOpPBIE MOTYT SKpaHUPOBATh 1€(PEKTHI;

— JIOKQJIbHbIE W3MEHEHUSI MAarHUTHBIX CBOMCTB M3-32 TEPMHUUYECKOTO WM MEXaHUYECKOTO
BO3JICUCTBHS B MIPOIIECCE U3TOTOBJICHUS;

— JIUCTIEPCHOCTH U (hopMa YaCTHUI] MATHUTHOTO ITOPOIIIKA;

— I[BET WJIW JIIOMHHECIICHTHBIC CBOMCTBA JIJISl 00SCTICUEHUST KOHTPACTA C MIOBEPXHOCTHIO.

Memoouka oyenku pabomocnocobnocmu 0eheKxmockonos
U UHOUKAMOPO8

Jlis 0ObEeKTUBHON OIIEHKH PabOTOCIOCOOHOCTH MarHMUTOIOPOLIKOBBIX AEPEKTOCKO-
OB M HHIMKATOPHBIX MaTEpUajoOB MPUMEHSIOT KOHTPOJbHBIE 00pa3ibl [S], sl KOTOPBIX
noaduparoT nedexTHble neTanu, 3a0pakoBaHHBIE B IMPOIECCE MPOU3BOJACTBA, WA HU3TOTOB-
JICHHbIE UCKYCCTBEHHO O0pa3libl CO CIy4allHbIMH WJIM CIIELHAIbHO 3aJI0’KEHHBIMU HECILIONI-
HOCTSIMH. YKa3aHHbIE HECIUIOITHOCTH UMUTHUPYIOT TUIIBI BO3MOXKHBIX J1€()€KTOB KOHTPOJIUPYE-
MOT0 MaTepuaia U3Aeaus IpU MPOU3BOJCTBE WM PEMOHTE, MPEICTABIIAIOIIUNX COO0H MIOCKUE
yIIIyOJIeHUsI, OTBEPCTHUS Pa3TUUHON (hOPMBI TMOO0 TPEIIMHBI Pa3IMYHOIO MPOUCXOXKICHUSI.

BusyanbHblii OCMOTpP MOBEPXHOCTH 00pasiia MpOBOAAT IPU HOPMUPOBAHHBIX YCIIOBU-
X OCBEIEHHOCTH (AJI1 YEpHBIX M I[BETHBIX MHAWKATOPOB) WM npu Y D-ocemeHun (s
JIOMUHECIIEHTHBIX ).

B cooTBeTcTBHM ¢ POCCUHCKUMHU CTaHJapTaMU pabOTOCHOCOOHOCTh MAaTHUTHBIX MH/IMKA-
TOPOB U J€(PEKTOCKONOB Il MarHUTOIMOPOIIIKOBOIO KOHTPOJISI ONPENENSIOT C IIOMOIIIBIO CIIEIH-
IBHBIX 00Pa3IIOB M0 PEKUMaM, PACCUUTAHHBIM HAa OCHOBAHUH CIIPABOYHBIX JaHHBIX [6, 7].

Oo6pazen Tuna 1 npeacrasisier co0oif 00bEMHOE KOJIBIO ¢ OTBEPCTUEM IO IIEHTPY C
JBYMsl BHJIaMH TIOBEPXHOCTHBIX HECIJIOUIHOCTEH B BHUJIE€ CETKM TPEUIMH: Ooyiee TpyObIMU U
6onee ToHkMMH (pHc. 2). [lanHbIi oOpaseny He TpeOyeT HaMarHUYMBaHUS, €ro MCIOJIb3YIOT
JUIS Ka4eCTBEHHOT'0 aHajn3a paboToCOoCOOHOCTH MAarHUTHOTO WHAWKATOPA.

O6paszen Tuna 2 npeacrabiseT coboil 010K ¢ MCKYCCTBEHHBIM IIPOI0JIbHBIM Ae(heKToM
U pa3MeTKoW Ha moBepxHocTd (puc. 3). JlaHHbII 0Opa3el] He TpeOyeT HaMarHMYMBaHUs, €ro
UCTIOJIB3YIOT JIJIs1 KOJIMUECTBEHHOTO aHAJIN3a Pab0TOCIIOCOOHOCTH MarHUTHOTO MHIMKATOPA.
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Puc. 2. Dranonnslit oopasen tuna 1 [7] Puc. 3. Dranonuslit oopasen Tuna 2 [7]

O6pazer; MO-1 (puc. 4) UCHIOJIHEH B BUJE CTAJIBHOU IMOJOCKH C OJHOW MOBEPXHOCT-
HOU U ABYMs NOAMMOBCPXHOCTHBIMU HECINJIOIMHOCTAMMU.

roCT P 56512-2015

MO-1 Ne 18002

yC

Puc. 4. Konrponbhsiit o6pazen MO-1

Jannaplii  oOpa3er; TO3BOJIIET MPOBEPSATh PAbOTOCIMOCOOHOCTh  JIEPEKTOCKOIIOB
C DJIEITPOMAarHUTHBIM SPMOM WIIM 3JEKTPOKOHTaKTaMu. J{si OLlEHKH pabOTOCIOCOOHOCTH
1e(heKTOCKOIOB MOJOCHOT0 HAMAarHWYMBaHUsI C PUMEHEHUEM COJICHOMA WU KaOels MpH-
MEHSIIOT KOHTpOJbHBIe 00pa3upl: MO-2, KOTOpHI HMEEeT B LEHTPE HMCKYCCTBEHHYIO
HECIUIOMHOCTD (pHc. 5, @), 1 MO-3 — ¢ MOJAMOBEpXHOCTHBIMH HECILIONIHOCTAME (pHC. 5. 6).
O6pazerr MO-3 Takke IPUMEHSETCS ISl TPOBEPKH TE€PEKTOCKOIIOB C MATHUTHBIM SIPMOM.

oy
a ©O8
=
E
!
N
%
0 -
o)
=

Puc. 5. Kourponbusie 06pasisr MO-2 (a) u MO-3 (6)

KonTtponpHbIil KombiieBoii 06pazerr MO-4 (puc. 6) co CKBO3HBIM OTBEPCTHEM TPH-
MeHsieTCsl 111 QYHKIMOHAIBHOW OIIEHKH MPU LUUPKYISIPHOM M MHIYKIMOHHOM HaMarHu-
YUBAHWHU.
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Puc. 6. KoarponsHsrit 06pazer; MO-4

Kontponbnsiii o6pazen; Tect 6ap (puc. 7) [8] mpumensercs mis (QyHKIIMOHATBHOU
OILICHKH J1e(PEeKTOCKOMOB C MarHUTHBIM sipMOoM. Ha o0enx croponax Opycka MMEIOTCS pas-
HOHAIIPaBJICHHbIE HECIUIOIIHOCTU JJISl OLEHKH paboTOCIOCOOHOCTH LUPKYJISAPHOIO M IPO-
JI0JIBHOI'O HAMarHMYMBaHMS IIPU UCII0JIb30BAHUU [1IEPEMEHHOT0 ToKa. [Ipu npoBepke Hamar-
HUYMBAHUS IOCTOSHHBIM OJHOMOJYHNEPUOAHBIM M JBYXIOJYIEPUOIHBIM TOKOM MOHO
OILICHUTH BEJIIMYMHY HAMAarHMYEHHOTO CJIOS C BBISABJICHHBIMH Je(PEKTaMH, 3aJI0KECHHBIMH IO
yOBIBaHUIO INTyOUHBI.

KonnuecTBeHHO-KaueCTBEHHBIE MHAUKATOPHI (PHUC. 8) MO3BOJISIOT ONEPATUBHO MPOBE-
pPUTh YPOBEHb MArHUTHOI'O IOJISI Ha MOBEPXHOCTHU KOHTPOJIUPYEMOTO HU3JEIHs, a TaKXKe
yOenuThCsl B BEPHOM HAIPABICHUU TOJISI HAMAr HHYUBaHUSI.

Puc. 7. Konrponbaeiii 6pycok Tect Oap

Puc. 8. KonnuectBenHo-kauecTBeHHbIe nHIUKaTopbl (QQI)

[Tocre MoIOKUTENFHOTO PEMICHHS O BO3MOXHOCTH MTPUMEHEHHSI MArHUTHOTO WH/INKA-
TOpa 1 000PYIOBAHMUS CIIEAYET BBIACITUTH TAIl ONPEICICHHUS €T0 BBISBIISIFOIICH CITIOCOOHOCTH.
OmuH #u3 crocoOOB OIPENENICHUs] BBISIBISIONIEH CIIOCOOHOCTH MarHUTHBIX HHIUKATOPHBIX
MaTepHajioB OCHOBAaH Ha HMCIOJIB30BaHUH KOHTPOJILHOTO 00paslia ¢ HAHECEHHBIMU Ha €ro I0-
BEPXHOCTh JeEeKTaMHt, BU3YaJIbHOW OIEHKE W M3MEPEHUHW UIMHBI OTIIOKEHUI MOpOoIIKa Ha
nedekrax [9].
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[IpoOy MarHUTHOTO WHIMKATOPA Ui W3TOTOBIICHHS CYCIIEH3WH OTOHMpaIId IIYyIIOM
CBEpXY BHM3 IO BCEW TOJIIMHE cJos mpoaykra. OToOpaHHBIE MPOOBI COSAUHSIIM BMECTE U
THIATENBHO repeMermBaini. [lanee oTOupamy HeoOXOaMMOe JUTsl IPUTOTOBJICHUS CYCIICH3HU
KOJINYECTBO MAarHUTHOT'O MHJIMKATOPA B TpaMMax.

Kontponbnsiii obpasen (puc. 9) uzrotosien u3 cranu 18XHBA; nedexTsl, HaHEeCEH-
Hble Ha oOpasell, MPEICTaBISAIOT COOOW BOJOCOBHHBI M TPEIIMHBI C IMUPUHOW PACKPHITHS
<1 MKMm.

Puc. 9. HHunuaaprudecknii KOHTPOJIBHBIN 00pasell C BEIIBICHHBIMH AeheKTaMu

Memoo onpedenenus sviasnawouieil CnocooHocmu

[Ipouiecc HaunHaeTCA ¢ MPUTOTOBJICHHSI MATHUTHOM CYCIIEH3UH 33JaHHON KOHIIEHTpa-
uu. B3BemmBaeTcss MarHUTHBIA WHIMKATOP C MOMOIIBI0 JaOOPaTOPHBIX BECOB BBICOKOI
TouHOCTH (morpemHocTh He 6omnee 0,01 1), oTMepsieTcst pacueTHOE KOJUYECTBO MAarHUTHOTO
uHANKaTOpa. Macca ompezensercsi corinacHo TexHudeckuM ycnoBusM (TY) Ha KOHKpeTHbIH
TUI UHAUKATOPA U 3aBUCUT OT TpeOyeMol KOHIIEHTpalluu B cycrieH3uu (00braHO 25—150 r/m).

B kauecTBe HOCHTENS MCIOJB3YIOT Pa3IMuYHbIE JUCIIEPCUOHHBIE CPENbl — KHUJIKOCTH,
pernaMmeHTHpoBaHHble B TY Ha MaTepuait:

— Macio (MUHEpalTbHOE, CHHTETHYECKOE);

— BOJy (¢ MHTHOMTOPaMU KOPPO3UH U CMAYyUBAIOIIMMU 100aBKaMH);

— KEpOCHH;

— CIIELUAJIbHBIE COCTABbI C TTOBEPXHOCTHO-aKTUBHBIMH BELIECTBAMH JUIsl YIYUIIEHHS MPO-
HHUKAIOIIEH CIOCOOHOCTH.

OTMepeHHBII MHIUKATOP MOCTENEHHO A00AaBISAIOT B JUCIEPCHOHHYIO Cpely NpHu
MOCTOSTHHOM IepeMelInBaHuM (MEXaHMYECKOM MJIM YJIbTPa3BYKOBOM) JO TOJYYEHHUS OJHO-
POJIHOM CcycleH3uH 6e3 KOMKOB M arperaToB 4acTHIl.

JUIst MCNBITAaHUNW MCIHOJIB3YIOT aTTECTOBAHHBIM B COOTBETCTBUM C HOPMATHMBHOMU
JOKyMEHTaIMel KOHTPOJBHBIM 00pa3ell ¢ MCKyCCTBEHHBIMHM WJIM €CTECTBEHHBIMU Jle(ek-
TaMu. Mapka Matepuana oOpasua A0JKHA COOTBETCTBOBATh MapKe MaTepHasia KOHTPOJIH-
pyeMoro u3aenus. TUnmudHbIe UCKYCCTBEHHBIE 1€(PEKTHI B TTOJO0OHBIX KOHTPOJBHBIX 00-
pasiax — 3TO y3KHE Ia3bl, TPECIUHBI PA3IMYHON TITYOWHBI U IIHPUHBI PACKPBITHUS, IHIINH-
JIpUYeCKUe OTBEpCTHS. | eoMeTprueckne mapamMeTpsl JaHHBIX 1e(hEeKTOB, a MIMEHHO: IIMpHUHA
packpsitust oT 0,001 MM 1 TiryOuHa 3ameranust 10 2 MM, JOJDKHBI COOTBETCTBOBATh YPOBHIO
YyBCTBHTEIHHOCTH MeToa. OpreHTanus 1eeKTOB MOXKET ObITh MPOI0JIbHOM, TIOTIepEeIHON
WIM HAKJIOHHOW OTHOCHUTEIHHO 3aJaBaeMOr0 HAMpPAaBICHWS MarHUTHOTO TOJs. Bribop
crocoba HaMarHMYMBaHUs (LUPKYJISIPHBIA, TPOIOIbHBIN, KOMOMHUPOBAHHBIN) 3aBUCUT OT
OpHueHTaIuu 1ePeKTOB:
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— 17 BBIABJICHUS MPOAOJBHBIX TPELIMH TMPUMEHSIOT LHUPKYISIPHOE HaMarHUYMBaHUE
(mpormyckaHue ToKa 4yepe3 00pasel Wi IICHTPAIbHBIN CTePIKEHB);

— JJIS1 TIOTIEPEYHBIX TPEUIMH — MPOJI0JIbHOE HAMAarHMYMBaHUE C MOMOIIBIO COJICHOU 1A WU
AJIEKTPOMATHUTA.

[IpenBapuTelbHO HAMarHMYEHHBIA 10 HACBILIECHHUS KOHTPOJIbHBINA 00pasell morpyxka-
IOT B BAaHHY C IPUTOTOBIICHHOH cycrnieH3ueit Ha 5—10 c. DTo obecneunBaeT paBHOMEPHOE T10-
KpBITHE BCEH KOHTPOJUPYEMOW MOBEPXHOCTH cycrneH3ueil. O0paselr] akKypaTHO H3BJICKAIOT
U3 BaHHBI C CyCIIeH3Mel U pacnonaraioT noj yriaoM 15-30 rpasycoB [uist cTeKaHusl U30bITKa
)kugkoctu. [lpogomxkurenbHocTh crekanusi — ot 30 mo 60 c. IIpouenypa npoBoauTcs
HECKOJIBKO Pa3.

[Tocne cTrexaHusi OCHOBHOM MacChl CYCIIEH3UH MPOBOJISAT OCMOTP MOBEPXHOCTH:

— IIPU UCTOJB30BAHUH LIBETHBIX MOPOIIKOB — MPU JHEBHOM HJIM MCKYCCTBEHHOM OCBEIIle-
Huu (He meHee 1000 1K);

— IIpU IPUMEHEHUU JIIOMUHECLUEHTHBIX WHIUKATOPOB — B 3aTEMHEHHOM MOMEIICHUH IO
Y®-uznyuenuem (uirHa BoJIHBI 365 HM, HHTeHCHUBHOCTH 1000—2000 MxBT/cM?).

OOnHapyXeHHbIE WHIWKATOPHBIC PUCYHKHU (CKOIUICHHS TMOPOIIKa Hax AedeKTamHu)
doTorpadupyroT uau 3apucoBbIBaOT. JlJIsi JOKYMEHTUPOBAHUS HUCIIOIB3YIOT MACIITAOHYIO
JTUHEHKY Win ceTKy. KiroueBbIM mapaMeTpoM OICHKHU SIBIISICTCS CyMMapHasi JjinHa oOHapy-
JKEHHBIX J1e(DEeKTOB.

C momoIe0 U3MEPUTETHHON JTYITbI, MUKPOCKOIIA WM IUPPOBOI CHCTEMBI 00pabOTKH
M300paXeHU U3MEPSIOT JUIMHY KaKIO0r0 MHIAMKATOPHOro pucyHka. [lorpemHocTts usmepe-
HUI qoipkHa OBITE He Oonee 0,1 MMm.

CyMMUpYIOT AJIMHBI BCeX BBISBICHHBIX N1€(eKTOB (Lcyw). CpaBHHUBAIOT MOTYYEHHOE
3HAUEHUE C MACIOPTHBIMH JTaHHBIMH KOHTPOJIHHOTO 00pa3na (Ljacn) U PACCUUTHIBAIOT KOI(D-
(bUIUEHT BBISBISEMOCTHU:

KBme = (Lnacn/LcyM) - 100 %.

WuTepnperanus pe3ynbTaToB:
— Koz > 95 % — uHIUKATOP COOTBETCTBYET TpeOoBanusim TV
—90 % < Ksuse < 95 % — A0myCTUMO JUIsI pYTHHHOTO KOHTPOJISl, pEKOMEHAYETCs OBTOP-
Hasi IPOBEPKa;
— Ksese < 90 % — unaukaTtop Opakyercs, TpeOyeTcs: 3aMeHa WM KOPPEKTUPOBKA KOHIIEH-
Tpaluu CyCIIeH3UH.
B Tabn. 1 npuBeaeHbl pe3yabTaThl SKCIIEPUMEHTA 110 BBISBICHHUIO JE(PEKTOB HA KOH-
TPOJILHOM 00pasie (puc. 9) mpu HUCMOIB30BAHUM CYCIICH3UM, IPUTOTOBJICHHBIX HAa OCHOBE
UCCIIETyeMbIX TUIIOB MarHUTHBIX TTOPOLIKOB.

Tabnuya 1
YcpeaHeHHbIe JaHHbIE 32 HECKOJBKO IKCIIEPHMEHTOB

HanmenoBanue IMopoIIKa

chenHeHHaﬂ JJIMHa, MM

BrrsBistonias ciocoOHOCTh, %

Il rpymma (3Tanon) 33,4 100
Il rpynma 31,7 95
Il rpyrma 28,2 84
| rpynma 24,7 74

[IpennoxxeHHass MeTO/IMKa pacyeTa BbISABIISIIONIEH CIOCOOHOCTH MarHMTHBIX MHJMKa-
TOPOB OTHOCHUTENIHO 3TAJIOHHOTO 00paslia CYIIECTBEHHO CHHMXKAeT CYOBEKTHBHOCThH OIICHKH.
MHorokpaTHoe OBTOPEHHE UCIIBITAaHUI U cTaThcTHYecKas 00padoTKa TaHHBIX 00ECTIEYMBAIOT
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00BEKTUBHOE CpaBHEHHE Y(P(PEKTUBHOCTH PA3IMUYHBIX MMOPOIIKOB, YTO MOBBIIIAET JOCTOBEP-
HOCTb Pe3yJIbTaTOB MarHUTOIOPOIIKOBOTO KOHTPOJISL U CIIOCOOCTBYET BHIOOPY ONTHMAIbHBIX
WH/IMKAaTOPOB Ul KOHKPETHBIX 3a]a4 Ae()EeKTOCKONUH.

Ha uToroBbie pe3ynbTaThl HCIIBITAHUNA OKA3bIBAIOT BIMSHUE MHOTOUYUCICHHBIE (PaKTO-
Pbl, KOTOpPBIE MOXHO Pa3Je/IUTh HA HECKOJIBKO IPYIII.

1. dakTopsl, CBA3aHHBIE C MAaTepUAIaMU U 000y IOBaHUEM:

— Ka4eCTBO MAarHMTHOIO HMHJMKAaTOpa — JIUCHEPCHOCTb YacCTHIl, MAarHUTHas IpPOHMIIae-
MOCTb, XUMHYECKasi CTAOMIIbHOCTH;
— KOHLIEHTpAL1sl MArHUTHON CYCIIEH3HH;
— CBOMCTBa JMCIIEPCUOHHOMN CpeJbl — BSI3KOCTh, CMaYMBAOIIAsl CTIOCOOHOCTb.
2. YcinoBus npoBeeHUs KOHTPOJIA:
— YPOBEHb OCBEIIEHHOCTH IPH BU3YAJIbHOM OCMOTpE (IJIs1 IIBETHBIX HHIUKATOPOB);
— UHTEHCUBHOCTb U JIJIMHA BOJHBI Y D-u3i1ydeHus (Ui TFIOMUHECLIEHTHBIX HUHUKATOPOB);
— TeMIIepaTypa U BIAKXHOCTh OKPY)KAIOIIEH CPEIbI.
3. YenoBeueckuii GpakTop:
— KBATA(UKALUS U OTBIT JePEKTOCKOIHCTA;
— OCTpPOTa 3peHHUs OIlepaTopa;
— CyOBEKTHBHAsI MHTEPIIPETAUS MHINKATOPHBIX PHCYHKOB — OTHECEHHE K PEeabHBIM JIie-
(eKxTaM WM JOXKHBIM CKOIUICHUSM;
— YCTaJIOCTh ¥ BHUMaHHE B IIPOIIECCE OCMOTPA.

JUist CHUXKEHMsI BIUSIHUS CyObEKTUBHBIX (PaKTOPOB HKCHEPUMEHT BBIMOJIHSAIM MHOTO-
KpaTHO — KaX/10€ MCIBbITAHWE TIOBTOPSIIM HE MEHee 5 pa3 i KaKIOro THUIla MarHUTHOTO
nopoiuka. Takoil moaxo/ mo3BoJnit:

— BBISIBUTH M UCKJIFOUUTH aHOMAJIbHBIE PE3yJIbTAThI, BEI3BAHHBIE CITYYallHBIMU OIIHMOKAMU;
— OLIEHUTb BOCIIPOM3BOAUMOCTb METO/1a IPU HEM3MEHHBIX YCIIOBHSIX;
— MOJIYYUTh CTATUCTUYECKH 3HAYMMYIO BBIOOPKY JTaHHBIX.

[Topomok, umeromuii HauOOJbIIYI0 YCPEIHEHHYIO JJIMHY BBIABICHHBIX J€(EKTOB,
NPUHUMAETCS 33 ATAJOH. BBIABIAIONIAs CIOCOOHOCTh APYIHX MCCIETYEMBIX MOPOIIKOB pac-
CUHTBIBAJACh OTHOCUTEJIBHO 3TAJIOHA.

Jpyroii cioco0 onpeseneHns BhISBISAIONIEH cIoCOOHOCTH MarHUTHBIX WHJUKATOPHBIX
MaTepHaloB MOKET OBbITh peann3oBaH ¢ nomolinsto npudopa [IKMC-1M (puc. 10).

Jlyma
OcBeTureab

OJeKTPOHHBIH

Ob6pa3zen 610K

C HCKYCCTBEHHBIM
nedexkTom

KroBeTka

IInactuna

|-
Puc. 10. IIpubop mapku [IKMC-1M

Jlyis mpoBeieHNs TaHHOTO AKCIIEPUMEHTa HE0OXO0IMMO 3apaHee MPUrOTOBUTH CYCIIEH-
3UM Ha OCHOBE ONHMCAaHHBIX paHEE MArHUTHBIX MHAUKATOPOB. KOHIIEHTpalys MarHuTHOro mo-
POIIKa ¥ AUCIEPCUOHHAA cpefia YKa3bIBaroTcs B TY Ha TaHHBINA MaTepHUal.
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3areM NPUTOTOBJIECHHYIO CYCIIEH3MIO HAaHOCAT Ha oOpasel MOJMBOM MM € IOMOIIbIO
kuctH. [Ipr 5TOM HE00X0IMMO MEAJICHHO BpalIaTh PETyISTOP TOKA, IOCTENIEHHO yBEIHMUUBAs
ero 1 Ha0ro/as 3a MOBEPXHOCThIO 00pasla. B MOMEHT MOSBIEHUS JIMHUM U3 OCEBLIErO IO-
pOIIKa yBeIHMUEHHE TOKa npekpaniaercs. Ha aucriiee n3mepurensHoro 6yioka OyayT mokasa-
Hbl 3HaYEHUS TOKA M YyBCTBUTEIBHOCTh MATHUTHOIO HHAKMKATOpA (Tabd. 2).

Tabruya 2
Jdannble, mojrydyeHuslie ¢ noMmoumbio yctanoBku [IKMC-1M, npu nonycke 70 %
o Toxk, | UyBCTBUTECIHLHOCTD, Cpenunii Cpennss
MarsuTHEI WREKaTop MA g % TEK, MA quCTBHIT)enLHOCTL, %
110 90
Munk-020 AM 106 94 107,6 92,3
107 93
101 99
Munk-030 99 101 100 100
100 100
YepHbIif MAaTHUTHBIH 110 90
MOPOIIIOK 110 104 96 92 92
TVY 6-36-05800165-1009-93 | 110 90
Konnentpar 110 90
MarHUTHOW CYyCITEH3UU 106 94 106,6 93,3
Juarma-1100 104 96
128 78
Magnaflux 27B 126 79 129,3 77
134 74
118 85
Juarma-1613 119 84 118 85
117 86
144 70
Jmarma-2623 144 70 144 70
146 70

W3 npoBeAeHHBIX SKCIEPUMEHTOB MOXKHO CJI€NaTh BBIBOJBI O BBISBISIONIEH CIIOCOO-
HOCTH MarHUTHOTO WHJUKATOPa, HO TOJHKO OTHOCUTEIBHO KaKoTo-11u00 3Tajgona. CpaBHUBAs
MOKa3aHusl MPUOOpa WIM CYMMapHYIO BBISBICHHYIO JIUHY WHAUKAIMA, MOXHO IMOJYYHUThb
KOCBEHHBIE OTHOCHUTENILHBIE 3HAYEHHS BBISBIISIONIEH CIIOCOOHOCTH TOTO MM HHOT'O MarHuT-
HOro UHAWKaTopa. [1om00HbIe CpaBHEHUS MOTYT OBITh MOJIE3HBI TPU CMEHE MApPTUU IPUMEHS-
€MOT0 MarHMWTHOTO TOPOIIKAa WJIM 3aKylKe HOBOTO MarHUTHOTO WHIuKatopa. [IpoBenenue
MoI0OHBIX M3MepeHuil OyneT Hauboree 0ObEKTUBHBIM, €CITU IPUMEHSATH CHEIUAbHbBIE MPU-
OopHbI 1 00pa3IIbl C U3BECTHBIMU YETKUMH HEUCKYCCTBEHHBIMH JI€EKTaAMHU.

3akaouyeHus

[Ipu mpoBeneHNM pa3pylIAIOIIUX WUCHBITAHUNA MPUXOAUTCS W3TOTaBIMBATH OOpa3Lbl,
10/I00HbIE KOHTPOIUPYEeMbIM u3enusaM [10], Hepa3pylaomuii KOHTPOJIb MO3BOJSET MPOBO-
JMTh UCIIBITAHUS M3]IENNi Oe3 HapylIeHus uX nenoctHocty [ 11-14].

Hepaspymaromuii KOHTPOJIb MO3BOJISIET MOBBIMIATE YP(HEKTUBHOCTh M Ka4€CTBO M3T0-
TOBJICHHS JeTanell aBUAIlMOHHON TEXHUKU W aBUAIIMOHHBIX MarepuaioB [15]. TloBelimenuto
KayecTBa MPOBOJIMMOT0 MarHUTOIOPOIIKOBOTO KOHTPOJIS CITIOCOOCTBYET BHIOOP HEOOXOANMO-
ro 000py/I0BaHMS U MOA00pP COOTBETCTBYIONIEH OCHACTKU: KOHTPOJIBHBIX 00pa31loB, MHIU-
KaTOpPOB MAarHUTHOTO TOJISA, TPUCIIOCOOJICHUI ISl HAMarHWYUBaHUS, CPEACTB OCBEIICHUS
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U BU3YyaJU3alluu, MPUOOPOB AJIsi KOHTPOJIA KOHIEHTPAIMN CYCIIEH3UMH U BCIOMOTIaTEIbHBIX
MHCTPYMEHTOB U MaTEpUaJIOB.

Haubonee kpuTUYHBIMU MO3UIUSMU SBJSIOTCS MOJIXOSIINE KOHTPOJIbHBIE 00pa3Ibl,
BbIOpaHHbIE HA OCHOBaHUM MIPUMEHIEMOT0 000PYAOBaHUS U CIOCOOOB HAMarHW4YMBaHUS, KO-
TOpbIE MOMOTAIOT MOATBEPAUTH PAOOTOCHOCOOHOCTH Ne(EKTOCKONa U MAarHUTHOTO MHIWKA-
Topa. BesiBiIsAOMAas C1OCOOHOCTh MArHUTHOTO MHJIMKATOPA TAaK)KEe UMEET BaKHOE 3HAUCHUE.
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1. Pykonuce npepoctaensaetcsa B PegakumoHHo-usgatensckun otaen HAL, «KypuaTtoBekuin uHCTUTYT» — BUAM Ha
OymaXKHOM 1 aNEeKTPOHHOM HocuTenax (nporpammHoe obecneveHune He Hke Windows’2003).

2. Ha pykonucb AOMKHO ObiTb OGOPMIEHO OKCMEPTHOE 3akMioYeHWe O BO3MOXHOCTU OnybnmMkoBaHuSA B
OTKpbITON nNeyaTu.

3. Pykonuck gomkHa 6biTb NognvMcaHa BCeMU aBTopaMu CTaTbMm.

4. K kaXxgon pyKOnucu Ha oTAEenNbHOM CTpaHuLLE Ha PYCCKOM M aHIMMNCKOM A3blkax npeaocTaBnseTcs pedepart
(o6bemom 500-600 3HakoB, BkmoYass npobenbl), B KOTOPOM KpaTKO M3naraeTcss OCHOBHOE cofepKaHue
paboThl, 1 KIOYeBbIE CroBa.

5. ®amnnum aBTOPOB U Ha3BaHUE CTaTbW AOIDKHBI UMETb NEPEBOA Ha aHTTIIMNCKNIA A3bIK.

6. K pykonuncu gomkeH ObiTb NPUNOXEH CMMCOK aBTOPOB C ykaszaHueM hamunum, MMeHu, oTyecTtBa (MOMHO-
CTbl0), OOIMKHOCTU, HOMepa TenedoHa 1 agpeca 3MeKTPOHHOM NOYThI.

7. PekomeHpyeTcsa cneayoLllas CTpyKTypa pyKonucu:

— 3arofioBOK CTaTbM;
— cBefeHust 06 aBTopax;
— pedepar;
— KMoYeBble CMOBa;
— BBEEHNE;
— maTepwuanbsl U METOAbI;
— pe3ynbTaTbl;
— obcyxaeHue 1 3aKknioveHus;
— BnarogapHocTu (Npy HeobxoanMocTh);
— CNUCOK NuTepaTypbl.
8. PekomeHayeMbin 06bem pykonmcu oT — 15 000 go 30 000 3HakoB, BKo4Yas Npobensl.
9. OCHOBHbIE TEXHUYECKME NapameTpbl PYKONUCH:
— wpndt — Times New Roman;
— pasmep wpudpta — 12;
— uHTepBan — 1,5;
— MOnNsi: BEpXHee — 2; HMkHee — 2,5; neBoe — 2,5; npaBoe — 2,5;
— aBTOMaTu4yeckasi pacctaHOBKa NepeHoCcos;
— Habop opmyn B Microsoft Equation 3.0;
— LUTPWXOBbIE PUCYHKU AOMKHbI BbiTb BbINONHEHbI B nporpamme Microsoft Power Point unu Microsoft Excel.
Ha Kaxxabli pUCcyHOK O0MmKHa ObITb CCbIfka B TEKCTE;
— MUKPOCTPYKTYpbI, poTorpacdumn npmbopos, 06opyaoBaHnsa JOMKHbI BbiTb NpeacTaBneHbl B 3N1EKTPOHHOM
Bnge B nporpamme Photoshop JPEG;
— pa3mep unnicTpaunin He JormkeH rnpessbiwaTs dpopmaTt A4;
— Tabnuubl JOMKHBLI ObITb BbINOMHEHLI B Nporpamme Microsoft Word, npoHyMepoBaHbl 1 UMETb TEMaTUYECKME
3aronoBku. Ha kaxxayto Tabnuuy formkHa ObITb CCbIfka B TEKCTE;
— €[4VHULLbI U3MEPEHUST (PU3NYECKUNX BEMMUYNH OOIDKHBI ObITb NpuBeAeHbl B cucteme CU.
10. dopma nogaum pykonucu:
— TEeKCT Ha ByMa)KHOM HOCMKTENE U B 3NEKTPOHHOM BUAE OTAENBbHBIM (bansiom;
— NMPOHYMEPOBAHHbIE PUCYHKN HA BYMaXHOM HOCUTENE U B 3NIEKTPOHHOM BUAE OTAENMbHbIMU dharnamu;
— MPOHYMEPOBaHHbIE MOAMMCY K PUCYHKaM Ha ByMaXKHOM HOCUTENE Y B SMEKTPOHHOM BMAE OTAENbHbIM (hanmiom.

11. Cnucok nuTepaTypbl, 3aBepLlalOUiA PYKOMUCb, AOIMKEH ObiTb TLATENbHO BbIBEPEH M YHUMLMPOBAH
B cootBeTcTBUM ¢ TOCT 7.0.5-2008.

Cnuncok nuTepaTypbl AOIMKEH BKIOYATh HE MeHee 15 NCTOYHUKOB.

MocnepoBaTenbHOCTbL CCbIMIOK B TEKCTE [OMMKHA CTPOro COOTBETCTBOBAaTb MOCIeOOBaTENbHOCTU MPUBELAEHHOIO
crnucka nutepaTypbl.

Ccbinkn Ha HeonyGnMKoBaHHblE paboTbl (OTYETHI Hay4YHO-MCCMEAOBATENbCKMX YYPEXOEHUI N 3aBOAOB, CTaH-
[apTbl NPeanpusTMsa U T. M.) HE OOMYCKalTCS.

Honyckaetcs He Gonee OOHOM CCbUIKM Ha paboTbl, MPUHATBHIE K MeyaTu, C yka3aHMeM HOMepa W3fdaHus,
B KOTOPOM MfiaHupyeTcs nyonvkaums.

CobnodeHue OdaHHbIX npasun obrezsdyaem pabomy Hay4YHo20 pedakmopa, peueHdeHma u pedakmopa,
ycKopsiem noG2omoeKy cmambu K nedamu.

Mo pekomeHOayuu Hay4HO20 pedakmopa uniu peueH3eHma cmambsi Moxem bbimb HarnpaeseHa asmopam Ha
dopabomky. Nocre dopabomku asmopbl O0MKHbI rpedcmasums 8 pedaKkyuro nepgoHayvasnbHbIl U dopabomaHHbIU
g8apuaHmbl cmambU € omeemamu Ha 8Ce 80MPOChkl U 3aMeyaHusi Hay4YHo20 pedakmopa usu peuyeH3eHma.

Cmambs, Haxodswasicss Ha dopabomke y asmopoes bosiee 00HO20 Mecsua, paccmMampueaemcs U npuHuUMaem-
cs K nybnukayuu Kak H08b ocmynuewas.
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