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YIUVIEPOA-YI'JIEPOJAHBIE KOMITIO3UIIMOHHBIE MATEPUAJIbBI
N3 IIKM C ®TAJTIOHUTPUJIBHBIMU MATPULIAMHU

AJlelIKeBUY B.B.l‘z, Byarakos E.A.l’z, AdanacoeBa E.C., ApneeB B.B.

LMI'Y um. M.B. Jlomonocoga, kadhenpa XTUHM, r. Mocka
2 AO UHYMuT, r. Mocksa

vladislav.aleshkevich@gmail.com

[TocTosiHHO pa3BUBaOIIascs OTPAcCib aA’POKOCMHUUECKOIO MAIIMHOCTPOECHMSI IPOJUKTOBAIA
HEOOXOMMOCTh B TPOUYHBIX M JETKUX MaTepuanax, KOTOpbleé CMOIyT paboTarb B KECTKHUX
TEMITEPATYPHBIX YCIOBHSAX. YTJICPOA-yriIepoaHble KoMo3uiuoHHbie Matepuainbl (YYKM) nosBomnim
YIIOBJIETBOPUTH 3TOT crpoc. Tak OoJblIas 4acTb COBPEMEHHBIX TOPMO3HBIX IUCKOB IS TSXKETBIX
anmnapaToB, a TaKKe aONIIMOHHBIC IMUTHl H3rotaBiuBaroTcs 3 YYKM [1,2]. Jlanubiii MaTtepuait
NpeJCTaBIsieT coOOM yriaepogHOe BOJOKHO B BHJE TKaHM, JIEHTHI JIMOO AMCIEPCHOTO HAIOIHMUTEIN,
HaxOJfIIEerocsi B MaTpule u3 yriaepoaa. Takoe CTpoeHHE MO3BOJSET HE TOJNBKO JAEMOHCTPUPOBATH
BBICOKME MEXAHWYECKUE XapaKTEPUCTUKH, HO TAaKXKE M COXPAHATh XMMHMUYECKYI0 M TEPMHUYECKYIO
YCTOWYMBOCTb IIPU MOBBIIEHHBIX TEMIIEpPATypaXx.

Haubonee pacnpoctpanéHubiM MetogoMm mnonyudeHus YYKM sprnsercs kapOonuszauus I[TKM.
CampIMu  pacTipocTpaHEHHBIMH CBS3yIOMMMHU Uit nonydeHust [IKM nmnst manmpHeiimedt kapOoHM3auu
cTainyu GpeHonpopManbIeruHbIe CMOJbI 32 UX HU3KYIO CTOMMOCTb U BBICOKYIO TEXHOJOIMYHOCTh. TeM He
MeHee, HU3KHE 3HaUeHHsI KOKCOBOTO OCTaTKa MPUBOJAT K 00pa30BaHHUIO OOJBIIOTO KOJIMYECTBA IyCTOT B
MaTepuasie B mpouecce kapOoHuzanuu. IlosToMy [uid modydeHHMs MaTepuala C  JKeJAeMbIMHU
XapaKTePUCTHKAMHU HEOOXOAMMO MPOBOJIUTE OT MSATH O BOCBMH IIMKIIOB MPONHUTKU-KapOoHu3amun [3,4].
Tak Ha nosryd4eHne roToBOro Marepuajla MoXXeT YXOAUTh OT TPEX A0 MECTH MecsneB. DTaloHUTPUIIbHBIE
CBSI3yIOIIME TMO3BOJISIIOT PEIIUTh ATy Mpodiemy 3a c4€T Oojiee BBICOKOIO KOKCOBOTO oOcTaTka. B
JIONIOJTHEHHE K BBICOKOM TE€XHOJOTMYHOCTHU 3TO JIeNaeT (PTAJOHUTPUIIbHBIE CBA3YIOIINE NEPCHIEKTUBHBIM
MCTOYHHMKOM yriepoza s nonydenus Y YKM [5-7].

B nannoit pabore momydenne YVYKM wu3 IIKM mpoBomunock B aBa nukia. CHaudama oOpasIfsl
nojsepranuck kapoonuszauuu npu 1000°C co cnenyroumm pesxxumom Harpea: 20°C — 450°C 3a 104y,
450°C — 700°C 3a 344, 700°C — 1000°C 3a 104, Beigepsxka pu 1000°C B Teuenne vaca. [Tocne atoro
yacTh 00pasloB ObLIa MOBTOPHO NpoHH(pY3MpoBaHa (HTANTOHUTPHIBHBIM cBs3yromuM. [locienyromas
rpaduTarus npooauiack npu temieparype B 1800°C mo cienyromemy pexumy: RT — 1800°C 3a 64,
Bbiiepkka npu 1800°C B Teuenne 1u. Huke mpeacTaBieHbl XapaKTepUCTUKHU TMOIYYEHHBIX 00pa3IoB.

Tabnuua
XapakTepUCTUKH MOJYYCHHBIX 00pa3loB
Kap6onuzanus Kapb6onuzanus + rpaduranus
[TnoTHOCTH, rfeM® 1.71 1.73
[TpouHOCTH IPU MEKCIOEBOM CIBHTE, 71 14.1
MlIla ' '
[Tpo4HOCTB TP CIKATHH 107.6 139.8
Koaddutment tpenus 0.31-0.33 0.32-0.34
Cpeanuit tuaMeTp 1mop, MKM 14 7'1U
’ (6e3 monomHUTENHHOM HHPY3UK — 18)
I11011a/1h TOBEPXHOCTH 110, M2/T 0.024 0.106

(6e3 nononauTenpHOM HHPY3un — 0.132)

Paboma evinonnena 6 pamkax eocyoapcmeennozo sadanus Xumuuecxkoeo gpaxynemema MI'Y um.
M. B. Jlomonocosa. Homep coenawenua AAAA-A21-121011590086-0
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Uccneoosanue evinonneno 6 pamxax Ilpocpammvl pazeumus MedcoucyuniuHapHot HAy4Ho-
obpaszoseamenvrou wkoavl Mockosckoeo ynusepcumema "'byodywee nianemol u 2106anvHble UsMeHeHUs
oKpydcaroueti cpedwl”
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CIIOCOB ITOJIYYEHUSA METAJIVIOTPA®UTA
AHTaHOBHY A.A.
OI'BYH UnctutyT dnzuxu Beicokux nasiaeHuit um. JI.®. Bepemaruna PAH, Mocksa, r. Tpounk

Wznemus w3 meramiorpadura, Oxarogapss yHUKaIbHBIM CBOMCTBAM MaTepuaa, HaXOIAT MIUPOKOE
MPUMEHEHHE B pA3IMYHBIX TEXHUYECKHUX YCTPOWCTBAxX, HANpUMeEp, B KadyeCTBE MOJIIHITHUKOB,
paboTammMX B CIOXKHBIX YCJIOBHSX, @ TaKK€ KOHTAKTHBIX TOKOCHEMHHKOB Ha 3JIEKTPOTPAHCIIOPTE.
OObIyHO MeTamorpaduT MPOU3BOJUTCS IMYyTEM CIEKaHHs CMECH MOPOIIKOB rpaduTa U MeTaa.
Opnnako, Hanbosiee 3pPEKTUBHON C TOYKH 3PEHUS KA4eCTBA MOJTYyYaeMOr0 KOMIIO3UTA MPEICTaBISICTCS
*uaKodazHas MPONHUTKA MOPUCTOTO TpaduTa pacIuIaBICHHBIMA METANIAMU TOJ] BBICOKUM JaBJICHUEM.

KunkohazHyro TPONMUTKY TOPUCTBIX T METaUIaMH TIOA BBICOKMM JaBIICHHEM MOYHO
MPOM3BOANUTH Pa3InIHBIMU criocobamu. B oaHoM u3 HEx [1] 3arotoBka rpadura HeTMKOM MOTPYKaeTCs B
BaHHY C PACILJIaBICHHBIM METAJUIOM, Ha 3€pKajio KOTOPOIo 3aTeM MOJAeTCs BHICOKOE Ta30BOE JIaBJICHUE.
Jlpyroii, ©e3ra3ocTaTHbIi, crmocod mpomuTku [2] OCHOBaH Ha CO3JAHWHU JABJCHUS MPU TEPMHUCCKOM
pacMpeHuy TPONHTHIBAIONIETO METallla, KOT/Ia 3ar0TOBKA TpaduTa IMOMemaeTcs B paciuiaB MeTalla,
MOJIHOCTBIO 3aIOJIHSAONIETO TePMETUYHO 3aKPBITHIH METAIITUYECKHI COCyl BBICOKOTO [ABICHHS, H
JIABIIEHUE C COCY/E CO3/IAeTCs 3a CUET Pa3HUIBI KOAPPHUIMEHTOB 00 BEMHOTO TEPMHUECKOTO PACIIUPEHUS
MaTpPUYHOTO METalljla ¥ MeTalljia, U3 KOTOPOTO M3TOTOBJIEH COCYJ BBICOKOTO IAaBJICHHUS, MPHU MEPETpeBe
MaTPUYHOTO METaJlIa CYIIECTBEHHO BBIIIE TEMIIEPATYPHI €ro Tu1aBieHuss. OMUCaHHbIE METOIBI 00Ia1al0T
PSAIOM HEJOCTAaTKOB, OTPAaHUYMBAIOUIMX WX MpuUMeHeHHe. B oboux ciydasx He yJaeTcs MPUMEHSTh
naBiieHue nponutku Boiie 15 MIla. B nepBom ciydae 3TO BBI3BaHO B3PHIBOOIACHOCTHIO, BO BTOPOM —
HEJ0CTATOYHOCTHIO Pa3HUIIBI KOA((HUIIMEHTOB 00BEMHOTO PACHIMPEHUsT MATPUYHOTO METalla U CTajH.
Kpome Toro, peanusanusi o0oux crnoco0OB INPONUTKU TpeOyeT HEonpaBAaHHO OOJBIIOIO KOJUYECTBA
MaTpUYHOTO MeTauia. Hampumep, a7 TPONUTKHA CBUHIIOM 3aroTOBKM rpaduTa € OTKPBITOM
noprcTocThio 18% o6semom 100 cm® moTpeGoBaiIcst coCy T BRICOKOTO TaBICHHS C BHYTPCHHHM 0GBEMOM
3000 cmM® [2] u, cmemoBatenbHo, ~ 33 Kr cBHHIIA. XOTS JIETKO OIPEACINTH, YTO IS 3arlOJIHCHHUS
OTKPBITBIX MOp Takoi 3arotoBku rpadura gocratouno ~ 200 r cBunna. Ilo Toif ke mpuumHe BechMma
Mpo0JIeMaTUYHO MPUMEHEHHWE OIHCAHHBIX CIOCOOOB TMPOMUTKU JJs  TMOJY4YEHHs 3aroTOBOK
MeTayuiorpagura Oosbmioro oobema. U HakoHel yka3aHHBIE BBIIIE CIIOCOOBI HEMPUMEHUMBI IS
MPONMUTKU Trpadura Oojee TYrolUIaBKUMU IO CPaBHEHHIO CO CBHUHIIOM MATPUYHBIMU MeETaJlIaMH
(amromMuHMIA, Menp, cepeOdpo) M3-3a TOrO, YTO IMPOYHOCTHBIC CBOWCTBA HCIIONB3YyEMOM armaparypsbl
BBICOKOTO JIaBJICHHSI MPU HEOOXOJUMBIX TeMIlepaTypax MPOMUTKHU HE MO3BOJIAT 00ecreyuTh TpedyeMble
JIABJICHUS TIPOITUTKH.

[lenpto HacTOsMIEH palbOTHI SIBISETCS OMUCAHHWE AabTEPHATUBHOTO crocoba Kuakoda3zHOM
NPONHUTKH TpaduTa METaJUIAMU MPU BBICOKUX AABICHHUAX. DTOT CHOCO0 OCHOBaH HAa MPUMEHEHUH IS
MIPOIMUTKHU arrmapaTa BbICOKOTO JaBJICHUS U BBICOKOW TeMIepaTyphl TUIA LUIHHIP-TIOPIIEHb, B KOTOPOM
B Ka4eCTBE Cpejbl, Mepearolieii AaBleHrne, UCIOIb3YyeTCsl OOBIUHBIN KBAapIEBBIM MECOK, PEYHON WIIH
KapbepHbIH. BpicOkoe naBieHue co3faercs mnepefaueii Ha MOPIIHM YCWJIMS THUAPABIMYECKOrO Ipecca.
[TonoOHBIN anmapaT BBICOKOTO AaBICHHS ObLI pa3paboTaH HAaMH M BHEJPEH B MPOHU3BOJCTBE YIIIEPOA-
YIJIEPOIHBIX KOMIIO3HIIMOHHBIX MaTepuaioB [3, 4]. YcrpoiicTBo obecrieunBacT AaBlicHHE 10 2 KUIo0ap
IPU COOTBETCTBYIOLIEM YCHUJIMM THApPABIMYECKOro mpecca. (Cxema yCTpOWCTBA Uil pealu3aluu
MpeIaraeMoro croco0a MpOoMMUTKY IpeacTaBieHa Ha Pucynke 1.

OcHOBHBIE OCOOCHHOCTH TpeIIaraeMoro crnocoda MporuTKU 3aKI0YaTes B cienyomem. I'padurossrit
Kapkac 3 W pacueTHOE II0 TOPUCTOCTH TrpaduTa KOIMYECTBO MPOMMUTHIBAIOIIETO MeTaia / B
TOHKOCTEHHOM METaJUIMYeCKOM KOHTelHepe 8 moJBepraloT BBICOKOTEMIEpAaTypHOH 00paboTke B
BaKyyMHOM Me4u MpH TeMIeparype, MpeBbIIIAIoNiel TemnepaTypy IUIaBIeHUS MeTaia. JTa onepamus
o0ecrieunBaeT Jera3anuio rpaguToBOro Kapkaca, IUIaBJICHHsS BCETO KOJIMYECTBA METAalUla U MPOMHUTKY
METaJJIOM TIOBEPXHOCTHOTO CJIOSi TpaUTOBOTO Kapkaca TMOJ aTMOC(EpHBIM JaBJICHHUEM IOCIe
OKOHYaHHUSl BaKyyMHUPOBaHHUsS TI€UYd NpPU COXpPAHEHUH B HEH MakcHUMajbHOM Temmeparypsl. [locne
OCTHIBAHUSI KOHTEHHEp BBIHUMAETCS W3 I€YM, F€PMETHU3HPYETCS M MOMEIIAeTCs B ammapaT BBICOKOTO
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napiieHus. HarpeB KOHTEWHepa € 3aroTOBKOW KOMITO3MIIMOHHOTO MaTepuana OCYIIECTBISETCS C
MOMOIIBI0 OMMUYECKOTO HarpeBareis 4 U TokomoaBoAoB 6. IIpuMeHeHue mecka 5 B kadecTBe Cpenbl,
repeaaronie 1aBlieHne, CHUMAET BOMPOC 00 YIUIOTHEHMSIX B ammapare BBICOKOTO aaBieHus. [lortomy
[UITHHP 2 amnmmapara BHICOKOTO JaBJICHUS MOKHO JIe/IaTh COCTaBHBIM M3 OTIENbHBIX KOJel (Ha pUCYHKE
MMOKa3aHo JIBa KOJIbIIA).

Puc. 1. Anmapat BBICOKOTO JaBJICHUSI [T POIMTKY Ipaduta MeTasIaMu

[IpuMeHeHHe ChITyYero BemEeCTBa B KaYeCTBE CPEIIbl, EpeJarolieii JaBIeH!e, CHUIMAeT BOIIPOC 00
YIUIOTHEHUSIX B armapaTe BHICOKOTO AaBieHus. [103ToMy HUIMHIp anmapara BHICOKOTO JaBJICHUS MOXHO
Jie7aTh COCTABHBIM M3 OT/ACIBHBIX KoJiel (Ha pUCYHKE IMOKa3aHO JBa KOJbIIa), 4TO 00Jierdaet cOOpKy
YCTPOWCTBa IOCIENOBAaTEIbHO  CHU3Y BBepX. lIpy BBIOpaHHOM BHYTPEHHHM JAMAMETpe IMIMHApA
MOKHO 00pabaThiBaTh 3aroTOBKM B JOCTATOYHO OOJBIIOM [HAla30HE WX JUAMETPOB, HCIIOIB3YS
KOHTEIHEPHI COOTBETCTBYIOIIMX Pa3MepoB. MOKHO TaKKe HCIOJB30BAaTh PA3IMYHOE KOJIUYECTBO KOJIEI]
OWIMHAPA, YTO  TO3BOJSIET MPOBOJIUTH  IPOIMUTKY KAapKacOB pa3IMYHBIX THUIIOPA3MEPOB MU
MOMEIIATh B OJIMH KOHTEHHEP HECKOJIBKO TaKuX KapkacoB. Kpome Toro, Mexmy KONbIIAMH IMJIMHAPA
BBOJIATCSI TEPMOTIAPHI, KOHTPOJIUPYIOIINE TEMIIEPaTypy KOHTEeHHEpa.

[Tocne cOopku anmmapara KOHTEHHEp ¢ 3arOTOBKOW HAarpeBaroT JI0 TEMIIEPATyphl, COOTBETCTBYIOIICH
MUHAMAIIBHON BSI3KOCTH paciuiaBieHHoro wmerauia. Cioi  ceimydero BemiectBa (mecka) MEXIy
BHYTPEHHEH TIOBEPXHOCTHIO LWIMHIPA ¥ IOBEPXHOCTBIO KOHTEHHEpa SBISAETCS  XOPOIIMM
TETUTOM30JISITOPOM M 3alllUINAeT CTEHKW IMJIMHApAa W TMOPIIHEH OT meperpeBa. B ciiyuae mpumeHeHue
yCTpOMCTBa ISl MPONMHUTKU Tpadura METaNlaMH C BBICOKOH TEMIIEpaTypoil IUIaBICHHS B KOJBIAX
MWIMHAPA ¥ TOPIIHAX MOTYT OBITH NMPEIyCMOTPEHBI KaHAIbl BOJSHOTO oxjaxkzaeHus. Ilocie Harpesa
KOHTEIfHEepa 110 3aJlaHHOW TeMIepaTypbl IpaUTOBBIH KapKac HAaXOJHUTCS B THAPOCTATHYECKOH cpere
KHJIKOTO METayia, a caM KOHTEHHEp MOJKET BBIMIOJHATH POJIb «PE3MHOBOro Memika». [lpu yBenmndyeHun
YCWIJIHS TIpecca Ha MOPIIHU YCTPOUCTBA JI0 33JaHHOTO 3HAYCHHUS ATO YCHIIUE MEPEAAeTCS Yepe3 ChITydyIo
Cpedy Ha TIOBEPXHOCTh TOHKOCTCHHOTO KOHTEHHEpa, B KOTOPOM CO3/aeTCsl JaBJICHHE YKUIKOTO METaJlIa,
HEeoOXoauMoe /sl MponuTKH. [lociie oCThIBaHUS yCTPOMCTBO pa30dupaeTcst B 0OpaTHOM TOPSAKE CBEPXY
BHU3 U 3arOTOBKA MOJIYYEHHOTO KOMIIO3HUTA M3BJIEKAETCS U3 KOHTEHHEpA.

[IpennoxenHslii crmocod ObuT ampoOupoBaH mHpu mOpomuTKe Tpadura cBuHIOM. [Ipum 3TOM
WCTIOJB30BAJIM OMHMCAHHOE YCTPOIMCTBO BBICOKOTO JaBJICHHS C BHYTPEHHHM JuamerpoM 150 mm,
HWIHHIPUYECKYIO 3aTO0TOBKY TpaduTta ¢ mopuctoctbio ~ 50% amamerpom 40 mm u BbicoToit 30 MM 1
HaBECKy CBHMHIIA C pACUYETHOM 1O mopucToctd rpaduta maccoit ~ 200 T, moMeIeHHbIE B TOHKOCTCHHBIH
CTalbHOW KOHTeWHepe ¢ TommuHoi cteHkn 0,5 mm. [lodydeHHas 3aroroBka KOMIIO3UIIMOHHOTO
MaTepualia M3BJIEKalach W3 KOHTEWHepa W oOpabaTeiBajach HAa TOKAPHOM CTaHKE «KaK YHCTO» JIJIs
NIPOBEICHHUS HCCIECAOBAaHUN MaTepHala.
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Ha pucynke 1 mpuBenensl ¢ororpaduu BHEUIHETO BHUAA HCIIOJIB30BAaHHOTO rpaduTa W IBYX
3aroTOBOK KOMIIO3ULIMOHHOIO MaTepHhalia Pa3iudHOM IUIOTHOCTH, IOJYYEHHBIX IPONMUTKOW Kapkaca
CBUHIIOM I10 NMPEJIOKEHHOMY CIIOCO0Y, a TAK)Ke TEKCTYpbl OOKOBBIX IIOBEPXHOCTEHN 3TUX MAaTEPHUAIIOB.

a §) B

Puc. 1. ®ororpaduu 3aroTOBOK U TEKCTYPhI TOBEPXHOCTEH
rpadurta (a) 1 Metayutorpadpuros ¢ mopuctocthio 38% (6) u 16 % (B)

N3 pucyHKa BUIHO, KaK C YBEJIMYEHHEM IJIOTHOCTH KOMIIO3UTa M, COOTBETCTBEHHO, YMEHbILICHUEM
€T0 MOPUCTOCTH TMOSIBIISIETCS] METAITMYECKUI Oieck 00paboTaHHBIX MTOBEPXHOCTEH.
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BJIMAHUE JE®@OPMAIIUU HA COPBIIMOHHYIO EMKOCTb CKOMKAHHOTI'O
I'PA®EHA: ATOMUCTHYECKOE MOJIEJINPOBAHUE

Ankaanposa H.I'.', KpsbuioBa K.A2

1 . . o o
VY dumckuii rocynapcTBeHHbIH HeQTAHONW TEXHUUECKUH YHUBEPCUTET, I. Y ha
Wuctutyt npobnem cepxrutactuaHocTd MetaisioB PAH, r.Yda

apkadirovanerkes@gmail.com

bnaronmapss cBOMM yHHKaJbHBIM CBOMCTBaM YIJIEPOIHBIC MaTEpHaIbl IIMPOKO MPUMEHSIOTCS BO
MHOTHX OTpAaciisiX MPOMBIINIICHHOCTH. TpeXMepHble MaTepHanbl Ha OCHOBE TpadeHa, B TOM 4YHUCIE U
ckoMkanHbli rpadeH (CI'), 001agar0T BRICOKOW YACIBHOW IUIOIIAABI0 TOBEPXHOCTH M MIOPUCTOCTHIO [1].
OTH CBOMCTBa OTKPHIBAIOT BO3MOXXHOCTh NMPUMEHEHHS TaKUX CTPYKTYP B BOJOPOJHOW SHEPreTHKE B
Ka4eCTBE CPebl VIl XPaHSHHs M TPAHCTIOPTHPOBKHU Boopoa [2].

CkomkaHHBIH TpadeH mpexacTaBisieT co0OW TpeXMEpHBbIE YelIyHKH rpadeHa, CBS3aHHBIE MEXIY
co0oii cunamu Ban-nep-Baanbca. B naHHOM HccnenoBaHnn UCXO/IHAsl CTPYKTypa CKOMKaHHOTO rpadeHa
cosznaBanack B 3 srama: (1) u3 HaHOTPYyOKHM XupanbHOCTBIO (7,7) ¥ AnuHOW 2,5 HM OBLIO BBIpE3aHO 2
aTOMHBIX psifia BIOJNb e JUIMHBI, (2) BO BHYTPCHHIOIO MOJOCTh MOJYYCHHOH CIUHUYHOW YelryHKH
rpadeHa nomernanock 224 aroma Boopoa; (3) co3aaBanach TpeXMEpHasi CTPYKTYpa 3a CUST HOBTOPEHHUS
3%3x3 emMHUYHBIX Yelryek rpadeHa BAOJIb HampaBieHWid X, Y u Z (cm. puc. 1). Jlnsg co3manus Ooinee
IUTOTHBIX CTPYKTYpP CKOMKaHHOTO rpad)eHa B JaHHOH paboTe MPUMEHSIIOCh THAPOCTATUIECKOE CHKATHE JI0
crenean nedopmanuu ¢ = 0,77. Jledopmanus mpoBommiace npu 1 K. Ilpomecc pa3BomopakuBaHUs
CKOMKaHHOTO rpadeHa uccienoBaics npu apyx temmneparypax 77 u 300 K.

Puc. 1. cxomHast CTpYKTypa CKOMKaHHOTO rpadeHa.

MonekynspHO-AMHAMUYECKOE MOJEIHPOBAHIE MTPOBOAUIOCH C MMOMOIIBIO MMPOrPAaMMHOM MaKeTa
LAMMPS co BcTpoeHHBIM MekaTOMHBIM moTeHIraioM AIREBO [3], koTopslii XOpoIio BOCIIPOU3BOAUT
CBOMCTBa pa3IMYHBIX YIJCPOJHBIX MarepuanoB [4], B TOM 4YKcie W HaBOJOPOXKEHHBIX [5]. AHanu3
PE3yIIBTaTOB MPOBOIMIICS C HCIOIb30BAHHEM COOCTBEHHBIX MPOTPAMMHBIX ITaKETOB.

B pesynprare MOAENMpOBAaHWS YCTAHOBICHO, YTO THUIPOCTATHYECKOE CXKATHE TPUBOIUT K
YMEHBIICHHIO KOJIMYECTBA BOAOPOAA, BBIILIEAIIEro 13 cTpyKTyphl, npu 77 K (cMm. puc. 2). CBsi3aHo 3TO €
TEM, 4TO MOJIEKYJIaM BOAOpoJa, yaep:kuaeMbiM B CI' 3a cuer cun Ban-nep-Baanbca, TpyaHee BeliiTH U3
CTPYKTYpPBI MOJBEPTHYTOH THAPOCTATUYECKOMY COKAaTHIO, YeM U3 He Ae(hOPMHPOBAHHOW CTPYKTYpHI, B
KOTOPO# rpad)eHOBBIE YSHIy KU JIETKO paCKPBIBAIOTCS, 00JIerdasi OTPBIB BOJOPOIA.
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Puc. 2. I'paduk n3menenus o0bEMHOIT uiotHocTH Bogopoaa CI' npu remneparype 77 K
1 n3o0paxenue crpykryp npu 3, 10 u 20 nc

Onmnako npu noBeImeHn: Temmnepatypsl orxura 10 300 K ruapocraTndeckoe cxxaTue MpakTHIECKH
HE OKa3bIBaeT BIUSHUE HA MPOLIECC Pa3BOJOPAKUBAHUS CTPYKTYPHI, TOCKOJIBKY cuiibl BaH-nep-Baansca
OBICTPO Pa3phIBAIOTCS TEIUIOBBIME KOJIeOaHUsIMH aTOMOB (cM. puc. 3). OTMETHM, YTO B MPOIIECCE OTIKHUTA
HaOJI01aeTCs pa3pylieHue HeeOPMHPOBAHHOTO.

Puc. 3. I'paduk u3menenus oosEmMHON miotHocTH Bogopoaa CIT npu temmeparype 300 K
1 nzobpaxenue crpykryp npu 3, 10 u 20 nc
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Taxknm 06pa30M, 4Y€eM MCHbBLOIC TEMIICpAaTypa OTXKHIa W YCM OOJIBIIIE CTENEHDb CXKATHSA
HaBojopoxkeHHoro CI', TeM MeHblle Bojopoaa OyneT BblIENATbCA W3 Hero. B mepByro ouepenb 3TO
CBSI3aHO C paspylieHueM cuil Ban-nep-Baanbca Mexay aToMaMu U3-3a TEIUIOBBIX (UIyKTyaluil.
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BJIMAHUE TUIIA OPTAHMYECKHUX IPEKYPCOPOB HA OCHOBE CAXAPOB
HA CBOUCTBA HETPAOUTHU3UPYEMOTI'O YIVIEPOJIA KAK AHOAJHOI'O MATEPHAJIA
JJIA HATPUU-UOHHBIX AKKYMVYJIATOPOB

ATI0CTO0JI0BA M.O.l, BboobL1€Ba 3.B.1, Apoxxun 0.A%®

! @axynbTeT HayK 0 Marepuanax MI'Y umenun M.B. JlomoHOCOBa, r. MockBa
2 XuMuaeckuit daxynbTer MI'Y nmenu M.B. JlomoHocoBa, r. MockBa
3 enTtp sHEpreTryecknx HayK U TeXHOJOTUM, CKOJIKOBCKUM MHCTUTYT HAyKU U TEXHOJOTUM, T. MockBa

hellocolors2@gmail.com

B HacTodiiee BpeMsi TEPMUH «TBEPIbI yTIepoa» HCIONb3YETCS AJs ONMUCAHUS YIIEPOAMCTHIX
MaTepualioB, He IMpeBpamaronmxcs B rpapur npu temmneparype Bbime 3000 . Tsepaslit yriaepon
aKTHUBHO HCIIOJIB3YETCSl B HAaTPUH-MOHHBIX aKKyMYJIATOpax B KauecTBE aHOJHOIO MaTepHuaa, Tak Kak
OTJIMYAETCSA BBICOKOW €MKOCTBIO, IPOCTOTOM CHHTE3a M HAJMYUEM OOJBIIOr0 KOJIMYECTBA MPEKYPCOPOB.
[IprunHON BBICOKON €MKOCTH SIBJISIETCS CIOCOOHOCTh MOHOB HATPUs aKKyMYJIUPOBAaThCs HA IOBEPXHOCTH
HEerpagUTU3UPOBAHHOTO YIIIEPO/Ia, a TAKKE BHEAPATHCS KaK B PACHIMPEHHOE 110 CPABHEHUIO € rpaduToM
MEXKIZIOCKOCTHOE PACCTOSIHUE, TaK M B 3aKPBIThIE MUKPOIIOpHI MaTepuaia [1].

Kak npaBuito, TBepabIii yriaepo moayyaroT B X0€ MHOTOCTYTIEHYaTOr0 CUHTE3a, OJJHUM U3 3TaloB
KOTOPOTO SBJIETCS KapaMeNu3anusi WM KapOOHHW3alusl OpraHHYecKoro mpekypcopa. OCHOBHOM
peakiel B mpolecce KapaMeln3aluy sBIsSeTcs Jeruaparaius, KoTopas BeleT K 00pa30BaHUIO TaKUX
NPOIYKTOB KaK KapamenaH, KapaMmeneH, kapamenuH [2]. OQHuM U3 BOMPOCOB, KOTOPBIH BO3HUKACT TPU
CHHTE3€ HerpauTU3upyeMoro yriepoaa U3  pa3lM4yHbIX HPEKypCOpOB, SBISETCA BIMUSHUE TUIA
MpeKypcopa, TEeMIEepaTypHBI PEeXHUM TIEpBOW M BTOPOHM CTYNEHH CHHTE3a Ha DIEKTPOXUMHYECKUE
CBOWCTBA TBEP/IOTO yIepo/ia B KaueCTBEe aHOJHOI'O MaTepHaa sl HaTpUi-HOHHBIX aKKyMYJISITOPOB.

B xome manHOW paboThl OBLJIO HMCCIENOBAHO BIHSIHHE NPEKYypcopa W TEMIIEPaTypPHOTO pPEKUMa
KapaMeau3aliy Ha JIEeKTPOXMMUYECKHE CBOWCTBA TBEPIOrO yriepoja B KayecTBEe aHOAHOTO MaTepuana
JUIE HATPUH-MOHHBIX aKKyMYJISITOpOB. B KauecTBe MpeKypcopoB ObUIM BBIOpaHBI HECKOJBKO THIIOB
MOHOCAaxapuloB M JaucaxapuaoB (caxapos3a, TIJIOK03a, (pyKTO3a, JIaKTO3a), BapbUPOBAICS
TEMIIEPATYPHBIH pPEXHM KapaMelIu3alud sl KaKAoro w3 mpekypcopoB. CoctaB M  CBOicTBa
MIPOMEKYTOUHBIX MPOAYKTOB KapaMesln3alud ObUIM HCCIEAOBaHbl C MOMOILBIO CKaHUPYIOIEeH
3JIEKTPOHHOU MHUKPOCKOIINH, HK-cniekTpockomnuu, KP-cniekTpockonuu, a TaKXe
TEPMOTPABUMETPUYECKOT0 aHaJIM3a.

DJEKTPOXUMHUYECKUE CBOMCTBA TBEPABIX YIJIEPOJAOB OBUIM  ONpPEIENICHbl C  MOMOIIBIO
rajibBAHOCTATUYECKOTO 3apsiIHO-Pa3psIHOrO LUKIMPOBAHUS B MOJysSUYCHKEe C METAIJIMUYECKUM HATPHEM.
[TokazaHo, YTO TEMMEpaTypHBIH pPEXHM KapaMeNHu3alud, a Takke BBIOOpP MpeKypcopa, BO MHOTOM
OTIPENIENIAIOT IEKTPOXUMUYECKHE CBOUCTBA TBEPABIX YIJIEPOIOB.

Paboma evinonnena npu unancosoii noodepoicke Poccutickoeo nayunoeo ¢onoa (npoexm Ne 17-
73-30006-11).
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CPABHUTEJBbHAS XAPAKTEPUCTUKA UMIIAKTHBIX AJIMA30B
MOIIUTAUCKOM ACTPOBJIEMBI
U CUHTETUYECKHX AJIMA30B, IOJTYUYEHHBIX B3PHIBOM
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2 WuctutyT ruaponunamuku uM. MLA. JlaBpentbeBa CO PAH, r. HoBocubupck
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NmnaktHble anmmaszbl [lonuraiickoit actpobiembl NpeACTaBISIIOT cOOOM YHHMKaIbHBIA MPUPOIHBIN
yIJIepOHBINA MaTepHa, 0Opa30BaBILUIiCS MPU CTOJIKHOBEHUH C 3eMiIell KOCMUYECKOro Tejla TUaMeTpoM S
— 6 KM, M3 XOPOIIIO OKPUCTALTM30BAHHOTO rpaduTa nopox MuiieHu [1]. DTu anmasbl MpeACTaBIsoT cO00M
HAHOTOJUKPUCTAITMICCKUI KOMITO3UT KyOU4eCKo# (aMa3HOM) U TeKcaroHaabHOU (JIOHCASHINTOBO#) (a3
¢ pazmepoM KpuctawutoB a0 50 uM (puc. 1) [2]. YHHKaIBHOCTH 3TOr0 Marepuaia B TOM, YTO OH B
CpelHEM BJBOE MPEBOCXOAUT MO a0Opa3MBHOM CHOCOOHOCTH OOBIYHBIE MPUPOIHBIE U CHUHTETUYECKUE
MOHOKPHCTAJJTINYECKUE aJIMa3bl U MMPEBOCXOAUT CUHTETUUECKUE ajiMa3bl IO TEPMUUECKOM yCTONUNBOCTH Ha
200-250°, T.e. 9TO TEXHHYECCKHE AlMa3bl C YHHKAJIbHBIMH CBOMCTBAMH (B FOBEJIMPHOM OTHOIICHHH OHH
HHUKaKOW POJIM HE UIparoT). Pa3mep MMITaKTHBIX ajMa30B B KOPSHHOH MOPOJIE — TaraMUTE OT JIOJIeH MM JI0
2 — 3 cMm. Kpome Toro, 3anmachl UMIAKTHBIX ajiMa30B B npezenax [lomuraiickoro kparepa nNpakTU4ecKu He
orpaHuueHsbI (10 aBTOPCKOMW OlleHKe HccnenoBatesei [lonuraiickoro kpatepa 0osee TPUIUIMOHA KapaToB),
u 1npu HpOMBILHHCHHOﬁ ,Z[O6I>ILIG 9TUX aJIMa30B OHU MOT'YT yCHEIIHO 3dAMCCTUTb CHUHTCTUYCCKUC WU NIPUPOAHBIC
TEXHUYECKHE aJIMa3bl B Ha00JIee OTBETCTBEHHBIX TEXHOJIOTUSX.

EcTrecTBEeHHO BO3HHMKAaeT BONPOC — HEJb3S JIM CHHTE3UPOBAaTh IOAOOHBIC aiMa3bl, UCHOJIb3YH,
HaTnpuMep, SHEPTHUIO B3pbIBa. Takue TEXHOJOTHH CYIIECTBYIOT U B OTPAaHMYCHHBIX MAcCIITa0ax BHEIPECHbI
B ITPOU3BOJCTBO.

OpHa U3 TaKuX TEXHOJOTUHN — MOJIYyYEHUE HAHOPA3MEPHBIX aJIMa3HbIX YaCTHIL O-/ HM IIpU B3pBIBE B
3aKpBITON KaMepe YIVIEPOJCOAEPKAIIETO B3PBIBYATOIO BEIECTBA CMECH TPOTHJIA C TEKCOICHOM. OTH
alMasbl COCTOSIT TOJNBKO M3 KyOmdeckoil ¢asel (puc. 1). CuHTE3HMpOBaTh MX MOXKHO B OOJIBIIOM
KOJIMYECTBE, HO OHU JIO CHX IIOp HE HAIUIM JOCTOMHOIO TEXHOJOTHYECKOrO NMPUMEHEHHMS, B YaCTHOCTH
13-3a HU3KOM TepMUUECKOi ycToitunBocTH, mpumepHo Ha 400° HIDKe, YeM y MONHUraiicKiX aliMa3oB.

Puc. 1. Tudppaxrorpammer (Bruker D8, CuKo-u3inydenre) pa3inuHbIXx 00pas3iioB ajaMasa;
a — nosy4ens u3 [lomuraiickoro kparepa,
0 — TOJTyYEeHBI B pe3yJIbTaTe OPEIBA CMECH B3PBIBUATKH TeKCareHa u rpadura B 3aKphITOi Kamepe (T. Buiick);
B — [TOJIYYCHBI TIPH B3PBIBE B 3aKPHITOH KaMepe CMeCH rekcoreHa u rpadura (r. JI3epsKMHCK).
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Jpyroii myTh — MOJPHIB CMECH B3PBIBYATKH I'€KCOTeHA U rpadura B 3aKpbITON Kamepe. [Ipu sTom
0o0pa3yloTCsi ~ HAHOMOJMKPUCTAJUIMYECKME  arperaTtbl  aJlMa3HOM M JIOHCAEWIMTOBOM (a3,
COOTBETCTBYIOIIME HMIIAKTHBIM MONMUTAMCKUM anmaszaM. JludpakTorpaMMbl MOMUTaCKUX HWMITAKTHBIX
amMa30B U CHHTE3MPOBaHHbBIX Onu3ku (puc. 1), HO pa3mep 3Tux arperatoB He mpessimaer 100 HM (puc.
2). X TeXHOJIOTHYECKOEe MPUMEHEHUE TaKXKe TIOKa HEOMPEICIICHHO.

Puc. 2: ®ororpadus ncxonHoi rpadhutoBoii 1006aBKH (CIEBa) U CHHTE3MPOBAHHOTO M3 Hee ajiMasa (Crpasa).

CJIC,Z[OBaTeHI:HO, MOXHO HOJIy‘{I/ITB qacCTUulhbl, 1o q)aBOBOMy COCTaBy COOTBGTCTByIOIJ_II/Ie
NMPUPOAHBIM HMMIIAKTHBIM ajiMa3aM, HO OY€Hb MaJoro pasMepa, 4TO CHUXKAET UX TEXHOJOTMYECKHE
CBOMCTBA.

[ToneiTkH TONY4YUTH OOJI€e KPYMHBIC ajdMa3Hble arperaThl B3pPHIBOM B 3aKpBITOM Kamepe C
HCIIOJIB30BAHUEM aMHyJI COXpaHeHI/ISI TAK)XXE HC OaJj10 3Ha‘-II/ITeJII>HLIf/'I pe3ynLTaT: nonyquHHe JacCTUulbl
OBLITN PBIXJIBIMU U TPEIIIMHOBATHIMHU.

B HUTOI'C Ha CGFO,Z[HHHIHHI;’I JCHb HE€ BHIHO HyTCfI HOJIy‘IeHI/ISI IIOJIHBIX aHaJIOT'OB HpI/IpOI[HBIX
MMITAKTHBIX QJIMa30B, MOJOOHBIX MOMUTAMCKAM anMma3aM. BaXKHO TO, YTO aHAJOTH MOXKHO IOJIYYHTh
TOJILKO C MCIIOJIH30BaHUEM IpaduiTa KaKk HCXOIHOTO KOMITOHEHTA.

Paboma evinonnena 3a cuem cpedcms epanma Munucmepcmea HayKku u vicuie2o oopazosanus Ne
075-15-2020-781.
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MOJAEJIMPOBAHMUE YJIAPHOI'O HAT'PYKEHUS IIVIACTHUH U3 KOMIIO3UTA
HA OCHOBE CKOMKAHHOI'O I'PA®EHA 1 HUKEJISA
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akhunova.a.a@gmail.com

MeTo1 MOJIEKYJIIPHON TUHAMUKY SIBJIICTCS OJHUM U3 BaXKHEUIITNX HHCTPYMEHTOB IS pa3paOOTKH
HAHOTEXHOJIOTUH B MEXaHMKE MaTEpUANIOB, MOCKOJIbKY IMO3BOJISIET UCCIEIOBATh MOBEACHUE MaTepuaia
MIPY Harpy>kKCHUH HE TOJILKO Ha MakKpo-, HO U Ha Me30ypoBHe. [lomumo HampspkeHUs, nedopManuu u
CKOpOCTEH Tena, MOCPEACTBOM MOJIEKYJISPHOW AMHAMHUKH TaKKe MOXXHO TOJy4yaTh paclpeneicHHe
CKOPOCTEH 4acTHII 110 BCeMY 00beMy 00pasiia, 4To 0COOCHHO BaXKHO MPH yIAPHBIX HATPYKCHHSIX.

B pabote mpoBeneHo uccienoBanue AeOPMUPOBAHUS M Pa3pyLICHHUs TBEPAOTO Tela METOJIO0M
MOJICKYJISIPHON TWHAMUKHA. MOJIEIUPOBAIMCEH KCIICPUMEHTHI TI0 TDIOCKOMY YAapHOMY B3aWMOJICHCTBHIO
IUIACTUH U3 KOMIIO3UTa Ha OCHOBE CKOMKaHHOTO rpadeHa u Hukens. Llempio uccienoBaHus SBISIOCH
KaueCTBEHHOE OIMCAHHE MPOIECCOB, BOSHUKAIOIIMX B MaTepHaje MPU MPOXOXKICHUU 110 HEMY YAapHOU
BOJIHBI.

Ha puc. 1 mnpuBeneHo cxemMaTH4YeCKOe H300paKEHHUE KOMIBIOTEPHON MOJENH, KOTOpas
NpECTABIACT COOOM 1Ba MPSIMOYTOJbHHUKA, COCTOSIINX M3 OJMHAKOBBIX 4YacTHIl. BepxHuii (MEHBIIIHIA)
MPSIMOYTOJBHUK HWIPacT POJib yAapHHMKA, HIKHHUEM (OONBIINN) MPSIMOYTOJbHHUK SBJSICTCS OOpa3IlOM.
['eoMeTpuuecKie pa3Mepbl yIapHUKa U oOpasia ObUIH B3ATHl B COOTBETCTBHHU ¢ paboroii [1]. Tommuua
(pa3mep 1o Y) yaapHuKa u o0pasiia cocTaBisuia 2 U 7 MM, mupuHa (pasmep mo X) — 52 mm. Ha BHemHux
rpaHuIaXx ObUTM HAJIOKEHBI CBOOOJHBIE TpaHWuyHBbIe ycioBus. CKOpPOCTh yAapHUKa ObLla HampaBieHa
BIIOJIb OCH Y. B aKkcmepuMeHTax BapbhbHPOBAIOCH PACCTOSHUE MEXKIY YIApPHUKOM H OOpa3IoM, a TaKXKe
CKOpPOCTh YJapHUKA.

| YOapHUK |

1=

Puc. 1. CxemaTnyeckoe n3o0paxxeHHe KOMIBIOTEPHON MOJIEIH

obpasey

X

[IpoBeneHo wuccnenoBaHWE B3aMMHOIO BIUSHUS MAaKpPOCKONUYECKUX M ME30CKOMUYECKUX
XapaKTePUCTUK JUHAMUYECKHUX IMPOLECCOB B KOMIO3UTE IpadeH - HUKEIb NPU YAAPHOM Harpy>KeHHH.
Y CTaHOBIIEHO, YTO COCETHHME YaCTHIIbI, TIOCJIEe CHIBHOTO Ae(POPMUPOBAHUS OKA3bIBAIOTCS B Pa3UUHBIX
obmacTsax oOpasia, oM MaTepuana B mpolecce Ae(GopMUpoOBaHUs IPHOOPETAIOT PA3PhIBHYIO CTPYKTYPY.
VYcTaHOBIIEHBl OCHOBHBIE NapaMETphl, BIMAIOIIME HAa MPOYHOCTh MaTepuana U MOSBIECHUE OTKOJbHOU
TPELIHHBI.

Hccnedosanue gvinonneno npu gurarcosoii noooepoicke 2oczaoanus UIICM PAH.
JIUTEPATYPA

1. KpuBuno A. M. J[lebopmupoBaHue M pa3pylleHHE TBEPIBbIX Tl C MHKPOCTPYKTYypoil. M.:
OU3SMATIINT. 2007. 304 c.

29



CHUHTE3 BOPUPOBAHHBIX TPA®UTOB B YCJIOBUAX BHICOKUX JTABJEHUM
barpamos P.X.
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[TokazaHo, 4TO CHHTE3 aJMa30B M3 MCXOJHBIX MAaTEPHAaJOB, COIACPKALNIMX OOp MPOUCXOAWUT TPHU
MEHBIIMX JaBJICHUSIX W Temreparypax [1-4], yeM W3 YHCTBIX YIJIEPOAHBIX BEHICCTB MyTEM MPSMOIO
nepexona [5]. A Taxke U3BECTHO, 4TO OOp CIOCOOCTBYET rpadUTHU3AIMH B YCIOBHUIX OOBIUHBIX JaBICHUN
[6]. T'padut wacto paccMaTpuBaiOT, Kak MPOMEKYTOYHYIO CTaaHI0O TIPH CHHTE3¢ ajnMasa u3
YTIIEPOJCOACPIKAINX BEIIECTB, MO3TOMY, BO3MOXKHO, IMOJIOKUTEIbHAs POJbh Oopa B CHHTE3€ aiMasa
MOJKET OBITh CBsI3aHa C 0OCOOEHHOCTSIMH CTPYKTYPbl OOpUPOBAaHHOTO rpadura.

BopupoBaHHbIE YTIIEpOAHBIE MaTepHaibl CTAaHOBATCS Bce 0Ooiee BOCTPEOOBAHHBIMH B
BBICOKOTEXHOJIOTUYHBIX ~OTpacisix. Hampumep, momupoBanHble ©OopoMm rpadeHbl u  TpapuThl
NPEACTABISIOT 3HAYUTENILHBIN TMPAKTUYECKUH uHTEepec [/] W CUMTAlOTCS NEPCIEKTUBHBIMH IS
ucross30Banus B Li-nonnsix 6arapesx [8], sanexrpoxumun [9, 10] u karanmuzatopax [11]. Haiineno, 4ro
OopupOBaHUE yIydIlIaeT CIOCOOHOCTh rpadura akkymyiupoBath Bogopoxa [12, 13]. Takum oOpasom,
UCCIICZIOBAHKE TPOIIECCOB CHHTE3a U CTPYKTYPhI OOPUPOBAHHBIX IPa(UTOB MPEACTABISICT B TOM YHCIIC U
MIPAaKTHYECKUI UHTEPEC.

M3BecTHO, 4TO OOp M €ro COCAMHEHHUS BHICOKOAKTHBHBI, M YacCTO YaCTHUIbI COJEPKAT MHOIO
HEeXeJlaTeNbHbIX INpUMece Ha cBoedl moBepxXHOCTH. I[lockonbKy B Hacrosield paboTe B KadyecTBe
HCXOJIHOTO, COJEepIKallero Oop BelIecTBa, ObUT BBIOpaH OpPTO-KapOOpaH, ATO MO3BOJIHIO HCKIHOYUTH
BIIMSTHAE KUCIIOPOJIa M IPYTUX BEUIECTB HAa UCCIIEYEMYIO CUCTEMY .

Wcxoanbie KOMMOHEHTHI, amamantan (Sigma-Aldrich, 99,5%) wu oprto-kapoopan (Yuanli
Technology, 98.0%), cmemmBaau Tak, 49roObl aromHoe coortHomenue B/C cocraBumo 5/95.
Tepmobapuueckyo 00pabOTKy MHpOBOAMIN B ammaparax «topoua» [14]. CrekTpbl pEeHTTeHOBCKOM
mudpakuuu moryyanu npu nomour Huber Imaging Plate Guinier camera G670 (Cu K, radiation, Huber
Technology, Tutzing, Germany). Jlns aHaaIM30B METOJOM PEHTICHOBCKOW (DOTORIECKTPOHHOMN
CIIEKTPOCKONMK HUcmojb3oBanu crnekrpomerp PHI5500VersaProbell. Crektpbl KOMOHHAIMOHHOTO
paccesHuSl TIOJyYald TpU KOMHATHOM TeMIlepaType Ha MHKpPOPAaMaHOBCKOW YCTAaHOBKE Ha OCHOBE
cektpomerpa TriVista 555 ¢ CCD perektopoM. CKaHUPYMOUIYIO 3JCKTPOHHYI) MHKPOCKOITHIO
npoBoAIM Ha ycraHoBke JSM-6390 JEOL.

PesynbraThl TPOBENEHHBIX AKCIEPUMEHTOB TIIOKa3ajiH, 4YTO M3 CMECH aJaMaHTaH-KapOOpaH
(B/C=5/95 aromn.) mpu 5 I'lla u 1400°C moxer ObITh moONydeH rpaguT ¢ pasmMepoM obacteil
korepeHTHoro paccesaus La>500 uwm.

Pesynbrarhl aHanm3a JaHHBIX PEHTTEHOBCKOW MU(PAKIMH W PEHTTCHOBCKON (HOTOIIECKTPOHHOM
CTIIEKTPOCKOIUK IOKA3bIBAIOT, YTO OOp BXOIWT B pEIICTKY rpadurta Mo MpHHIUMNY 3amelneHus. Ero
xonnentpamus npu 1400°C cocrasmser mpuMepro 1.13 at.%. DTO IOCTATOYHO MHOTO, MOCKOIBKY
MakcHUMallbHasi pPacTBOPMMOCTh Oopa B rpadurte cocraBimsier 2.35ar% [15] u mocruraercs mpu
temmeparype 2350°C.

[TpoBeneHHbIC pacueThl Ui HEOOJBININX YIVIEPOAHBIX KJIACTEPOB MOKA3alld, YTO MPU 3aMEIICHUU
yriaepoja 60poM OHU OCTAIOTCS IJIOCKUMHU, Tipu 3ToM cpenuss JmHa B-C u C-C cBszelt yBennumuBaeTcs
Ha 0.02 A, uTo cornmacyercst ¢ JaHHBIMH PEHTTGHOBCKOTO aHaIM3a. M3 pacueToB TAaKKe BBITEKAET, UTO
BOKpYr npumecu Oopa ¢opmupyercs 3(p(EeKTUBHBIA OTpULATENbHBINA 3apsl, KOTOPbIM HPUBOAUT K
KYJIOHOBCKOMY OTTAJKHUBAaHHIO COCEJIHUX TPUMECe M OOBSACHSICT HMX PEryJSpPHO pPaBHOYIAJICHHOE
MIOJIOKEHHE B TPAPHUTOBOM CIIOE.
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AJIMA3HBIE U YTJIEPOJHBIE HAHOCTPYKTYPbBI JETOHAIIMOHHOI'O CUHTE3A

IlerpoB E.A., BerpoBa A.A., baraxuuna A.B.

BbTU AntI'TY um. U.U. Tlonzynosa, Haykorpan, r. buiick
balahninaav@mail.ru

[Monyyenue HaHoanMma3oB (HA) sBiseTCS TPHOPUTETHOW pa3pabOTKOW POCCHHCKHX YYCHBIX, a
JICTOHAIMOHHBIN CHHTE3 HAHOMATEePHAIOB - 3TO HOBBIM BHJ 0a30Boil TexHomoruu. CuHTe3 HA
OCYIIECTBIISIETCS BO B3PBIBHBIX KaMepax IpH ACTOHAIMUYTIIEPOJICOACPIKAIINX B3PHIBYATHIX BEIICCTB
(BB) ¢ oTpunaTeIbHBIM KUCIOPOIHBIM OanancoM. [IpomMeinuienHsii Beiyck HA B Poccun ocBoen B 1986
rojly, HaWJEHBl palMOHANbHBIE OOJACTH NPOMBIIUICHHOTO TNpHMEHeHusT HA B HayKe M TEXHUKE
[1].OnHako, HECMOTpS HA TOCTUTHYTHIE YCIIEXH MPOMBIIIUICHHBIH JETOHAIIMOHHBIA CHHTE3, OTPaHHYCH 110
HOMEHKJIAType W JAMCIEPCHOCTH MpOAyKIuu. HeoOXomumel HOBbIE (yHIAMEHTAIbHBIC UCCICIOBAHHS B
00JIaCTH CHHTE3a: YIpaBJCeHUE pa3MepamMu KpuctawutoB (d), 3epHa W arioMepaToB;COXpaHCHUE
9HEPrOHACHIIEHHOCTH M PEAKIMOHHOM CIIOCOOHOCTH HAHOYACTHII, ITIOJyYCHHE HOBBIX YTJIEPOIHBIX
CTPYKTYp. DTO TO3BOJHT IIeJICHANPABICHHO CHHTE3MPOBAaTh HAHOMATEpHAlbl C HOBBIMH (DPHU3HKO-
XMMHUYECKUMHU CBOHCTBAMH.

B Hayke n TeXHHKE HaXOAAT NPpUMEHEHHE A Kak W3 yriieposa MOJIEKYJbl BB, Tak u3 cmecu BB ¢
no0aBko# rpaduTa win caxu. Pasmeps! UIsSHUX IPUMEPHO PaBHBIL, a yANbHAS IUIONIAlb TOBEPXHOCTH
ormgaercs Ha mopsok (mpumepro 300 u 25 M°/r cooTBeTcTBeHHO). B mociexHeM ciydae, amMassl
SIBJISIFOTCS TosTMKpucTamnaeckumu (774) [2].

AnMa3zbl 00pa3yroTcsl B IETOHALIMOHHON BOJHE C BBICOKMM BBIXOJIOM (COJCp)KaHHE B MPOIYKTax
cunteza 70-80%) mpu nmaBnenun 22-24 T'Tlam temmeparype 3000-4000°C. I'naBHbIii BOIIPOC — TI€
oOpa3zyeTcst anMa3. B 30HE XMMHYECKMX peaknuid wiu BOMM3M Hee.Hamm wmccienoBaHusi mokasaid,
uro, st HA wn [1A3apoxaenue u poct 0 Ha craguy IETOHAIIMOHHOTO CHHTE3a 3aBEpINACTCS B 30HE
XAMHAYECKHX PEaKIWi, OCTAIbHBIE YIIEPOJHBIE CTPYKTYpPHI MPOJOJDKAIOT pacTh B BoiHE Teitmopa. B
PaBHBIX YCJIOBHSX JKCIIEPUMEHTa npH m3MeHeHun macchl BB ot 0.1 no 2.0 kr pasmepst d, mapameTpb
PEIIETKH, ColepKaHNe KPUCTATUIECKOH (pa3bl HE MEHSFOTCH.

B 3aBucHMMOCTH OT MOIIHOCTH, T€TEPOTEHHOCTH COCTaBa W TOPUCTOCTH BB B SKCHEpHMEHTax
noiyuensl HA ¢ pasmepamu d B nuamazone 1.25-32.4 um. Yem kpymHee d, Tem Ooiblne I0Js
KpUCTAITNYECKON (a3bl U HIKE MUKPOUCKAKEHHUS KPUCTAJUTMUECKON perietku HA.JlanpHelmui poct
YacTUI[ MPOUCXOAUT 3a cueT koaryssiuuu d B BosmHe Teisopa B 0071acTH BBICOKHMX JaBACHHUN U
TEMIIEpaTyp, COOTBETCTBYIOIIMX OOJIACTH CTAOWJIBHOCTH anMasa Ha (a3oBOH Iuarpamme yriiepona
(JTe#tmmynckwuii-banam). Pasmepst gactuil moryT qocturath 200HM. Pa3paboTana MmaTreMaTHUeCKast MOJCIb,
MOJTY4EHBl MPOCThIE 3aKOHOMEPHOCTH ISl YIPABJICHUS MPOLECCOM ariIoOMEpald 4YacTHUll yriepoja B
YCIIOBHSX JETOHALMOHHOTO cHHTe3a. [lapameTpsl mporecca, KOTOPBIMA MOYKHO YIIPABIISITh, 3TO — pa3Mep
B3PBIBHOM KaMmepbl, Macca 3apsiga, pasmep O anmasa. VYBenMUYCHHE XapaKTEpPHOrO pa3Mepa
JICTOHAIIMOHHOW KaMmepbl (MPOMOPIMOHANBEHO KBAJpaTy JIMHEWHOrO pa3Mepa) W YMEHBIICHHE MacChl
3apsiia IPUBE/CT K YMEHBIICHUIO Pa3MEPOB arjoMepaToB, a YBEIMUCHHE CPEIHEro pa3Mepa dnpuBeneT K
YBEIMUYCHHUIO pa3MEPOB arjioMepaToB MPOMOPIHOHATIBLHO YeTBepToii crenennd[3].

[Ipy MCTONB30BaHUM CMECEBBIX, TOPUCTHIXBBOBUTN MOIY4YEHBl HOBBIE YTIIEPOIHBIE CTPYKTYPHI:
oktokapOoH; gymiepen C-60; oHCIEHINT; yriIepoaHbIe CTPYKTYPHI C ITApaMeTPaMy PEIIETKH OJM3KUMHU
k ammasy, tuna (a=0,35611 um, ¢=0,36414 um) wim (a=3,5924 um,c=3,6404 um). ComepkaHue HX
JOCTHTaeT B CMecH ¢ Kyomueckum anmaszom oT 7 10 30 %, a pasmepst d ot 15 no 60 um. Kak mpaswuiio,
HOBBIE CTPYKTYPBHI TOSBISIOTCS, B TEPMOJMHAMHUYECKHX YCIOBHUSAX OTIMYHBIX OT IPOMBIIUIEHHOTO
CHHTE3a.

B nepBUYHBIX MPOAYKTaxX CHHTE3a,HA PSIy C alMasHBIMH CTPYKTypamu, MPHCYTCTBYIOT TPH BHIA
rpaguTOBBIX CTPYKTYp: rekcaroHanbHas (a=2,4486 uwm; ¢=6,6399 Hm);TpuronansHas (a=2,4749 Hwm;
¢=9,0755 um); TpuroHanbHasi, IABaXx bl 00bEMHO-TIeHTpUpoBanHast (a=2,4453 um; ¢=34,7230 um). Obmice
coaepkanue ux cocrasisieT 50 - 70%, a pazmepst dot 12 1o 70HM.
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HA o0pa3yrorcsi B BeCbMa HEPaBHOBECHBIX YCIIOBUSX, B PE3yJIbTaTE ATOTO CTPYKTYpa WX AedeKTHa,
a pasMmepsl yactun Manbl. [lo maHHBIM peHTreHo¢a3zoBOro aHanu3amapameTpsl pemetkuHAn [1Amo
cpaBuenuio ¢ 3tajgoHoM (0,35672 um) umeror 3HaueHust ot 0,3547 g0 0,3562 HM, MHUKPOHCKa)KEHUS
nocturaioT (30 —70)X10'3, TO €CTh pelIeTKa ckara aaBneHueMm 35,4-71,2 I'Tla. B npoaykrax netoHanuu
MEPBUYHOTO CHHTE3a U B 000TAIIEHHOM ajMase MpucyTcTByeT amopdHas ¢aza go 70%. ITo manaeim K-
CTIEKTPOCKOIHMH NCKa)KEHHE KPUCTAJUIMIECKON PEIICTKH TaKXKe CBA3aHO C HAJTMYHEM U KOJIHYECTBOM B €€
COCTaBe MpUMecell aTOMOB Kuciiopoa U azota [4]. CiaeacTBueM M3JI0KEHHOTO BBIIIE, SIBISCTCS BBICOKAS
pEaKIMOHHAs CHOCOOHOCTh M HaNIW4Me HM30BITOYHON MoBepxHOCTHOW 3HepruuB HA[5].Teoperndeckoe
3HAYCHHWE HHTAIBIINU OOpPa30BaHMs, PACCUYUTAHHOE C YYETOM DSHEPreTHYECKOTO BKJIAAa OTICIBHBIX
KpucTauiorpaduueckux obnacTeid W yAeabHOW moBepxXHOCTH, cocTaBiasier 3340-3970 kJ[x/kr.
DKcriepuMeHTallbHasi BEIMYMHA, PACCUMTAHHAs TI0 pe3yJibTaTaM OIPEIeICHUs] TEIUIOTHl CrOpaHus,
coctaBisier 2560-2950 k/Ix/kr. M30bITouHas SHEPTHs TakkKe OOHapy)KeHa M B MEPBUYHBIX MPOIYKTaX
cuHTe3a. B mpaktuueckoM IwiaHe 3TOT 3ddekr mposiBuics B pocte d u 3epHaHA Tpu BHEIIHEM
BO3JICICTBUM HA TEPBHYHBIC NPOAYKTHI cuHTe3a.Tak ycCTaHOBICHO, 4TO OMOTYT pacTd B Hpolecce
nocneayroiiero oodoramienus. Pazmepsr disiHAu [14Bbiie B 1,5-2 pasa, ueM uX pa3mMepbl B IEPBUYHBIX
OPOJYKTax CHHTE3a M3 KOTOPbIX OHM ObuM BbLaeneHbl [6]. [To maHHBIM TepMOrpaBHMETPHYESCKOrO
aHamm3a U U epeHInaTbHO-CKAaHUPYIOIEH KaJOpHUMETPUH TPH HarpeBe OOpas3loB TMEPBHYHBIX M
oOoraieHHbIX MPOAYKTOB CHHTE3a B 00JAaCTH TeMIepaTyp 200-400°C BizemsieTcs JHEprusi MHOrAa
COM3MEpHMasi C TEIUIOTOW CTrOpaHWs, MPH 3TOM NOTEPU MACCHI HE TMPOUCXOAMUT. DTO CBUICTEIHCTBYET,
4TO MPH HATPEBAaHHU B MPOJYKTaX CHHTE3a MPOHCXOIUT peKpucTayuin3anus dactui.Pasmepsr d u 3epHa
Oosblie TaMm, Ie BBIIIE TeMIlepatypa nporecca. [Ipu sToM yBennunBaeTcsi CTENeHb KPUCTALTHYHOCTH U
CHIDKAIOTCSI MHUKPOUCK@)KEHUS KPUCTAUIMYECKON peleTKH. OTOT pe3yJbTaT HMMEeT He TOJBKO
(yHIaMEHTAIbHOE 3HA4YCHHWE, HO W OONBIIYI0 MPAKTUYECKYI0 3HAYMMOCTh. [loKa3biBaeT, 4To pPOCT
KPHCTAIUIUTOBHA POUCXOAUT HE TOJBKO HA CTaIUH CHHTE3a, HO M IIPU MX 00OTAIIEHUH U MOCIEIYIONIEM
TEMIIEPATypHOM  BO3JEWCTBMM. DBaXHO OTMETUTh, YTO BKJIAJ BTOPOM CTaAuM HAa  PoOCT
MUKPOKPUCTAJUTUTOB M 3epHa HA TpeBOCXOIUT cTaauio cuHTe3a. Hanpumep,B HA yaanoch YBEIUYHTh
pasmepbid ¢ 3,4 HM 10 22,6 HM. [lpu mpokalMBaHWU TaKKe YBEIMYMBAIOTCS 3€pHA, (OPMHUPYIOTCS
YTIIEPOHBIE CTPYKTYPBI BBICIIETO MOPsIKa (ariomMepaTsl, IUTaCTUHBI, TyKOBUIIBI) ¢ pazmepamu ot 0,2 10
3-4 MKM ¥ BbllIe.MHOTME HCCIIENOBATENN TMPEAINONIATal0T, YTO OOpa30BaHHE MOJUKPUCTAIIOB IS
anmazoB IIA mpoucxomutr B BosiHe Teinopa B 00JacTH TEPMOJMHAMHYECKOW CTAOMIBHOCTH anaMmasa,
OJTHAKO BO3MOYKHO 3TO NMPOUCXOAUT MPHU 0OOTALICHUH.

[TosiBiieHNEe HOBBIX NPOMBIIUICHHBIX 00pa3loOB JAECTOHAIMOHHBIX HA C pasHBIMH pa3MepaMHu U
PEaKIMOHHON CHOCOOHOCTBIO MO3BOJHUT PACIIUPUTh 00MacTH 3(PPEKTUBHOTO HCIOJIB30BAaHUS HX B
Pa3IUYHBIX 00IACTIX HAYKHU M TEXHHKH.
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C 1961 r. npu pa3paboTKe KOHCTPYKIMOHHBIX I'paUTOB MPOU3BOJCTBA M3JCIUHN JUIsI aTOMHOU
OTpaciay METAJUTyPIruH, aBHALIMOHHONM M KOCMHYECKOM, MHCTPYMEHTAJIbHON TEXHHUKHU APYIMX OTpacien
pa3paboTYMKK M TPOM3BOIUTEIN HPOAYKIUHM MCIOJIB30BAIM CyllecTBoBaBlIMe B Poccun chlppeBble
nuctoyHuky — n3oTponHsiii Kokc KHIIC u3 nuponus3HbIx cMOJ KpacHOJAPCKOW MaloOCEpHUCTON He(TH U
KaMEHHOYTOJIbHBIM TIeK KOKCOXUMHUYECKHX npeanpusituii. B mocnenyrommii nepuoa 1990-1996 roasr us-
3a HEpeHTA0eNBHOCTH M YCTApEBIIEr0 CIOCO0a 3Ta TEXHOJOTHsS OblIa yTpadeHa, a MPOHM3BOJCTBO
HCKYCCTBEHHBIX I'pa(MTOB MEpEBEICHO Ha HOBBIM A Poccuu BUA ChIpbsl — KOKC U3 KaMEHHOYTOJILHOTO
neka. B 2009-2015 rr. uactutyrom AO «HUUrpadut» co3mansl KOHCTPYKIMOHHBIE TPa(UTHl HOBOTO
MIOKOJICHUsT HAa OCHOBE KOKCa W3 KAaMEHHOYIOJIbHBIX M CIAHIEBBIX CMOJ. TeXHHYEeCKHH YPOBEHb
pa3paboTaHHBIX MAaTEPUAIOB COOTBETCTBYET MHUPOBOMY YPOBHIO KauecTBa (rpadutel pupmer TOREY —
SImonus), WK nmpeBocxoauT TakoBoi (rpadutel Gupmber Schunk), Ho B Hacrosiiee BpeMs B Poccun He
CYLIECTBYET CTAaOMJIBLHOTO MPOU3BOJCTBA CBHIPHEBBIX MATEPHAJIOB HAJUICKAIIETO KAayecTBa, HAIpUMEp
KOKCa-HaIOJHUTENS ¢ ypOoBHEM CBOWCTB, coorBercTByromux mMapke KHIIC-CM no I'OCT 22898-78 u
cpenHeTemnepatypHoro rmeka mapku A wim b mo TOCT 10200-2017.

Hacrosimas paboTta nocBsiieHa TEOPETUUECKUM U 3KCIIEPUMEHTAIBHBIM MCCIIEIOBAHUAM IIpoLecca
MIOJTYYCHHS CIIEIMATIBLHOIO KOKCa ¢ M30TPOMHOM CTPYKTYpOH, OTpabOTKE TEXHOJOTHYECKUX MapaMeTpoB
MOJrOTOBKM CBIPbsl, KOKCOBAaHUS M IPOKAJIKU KOKCAa M3 ChIPbs Ppa3IMYHONM HPUPOABI. CIAHIEBBIX,
HEe(TSIHBIX ¥ KAMEHHOYTOJIbHBIX II€KOB. B maGopaTopHbIX ycioBusix — moiydeHo 15 oOpasuoB
HETIPOKAJICHHBIX KOKCOB, 35 00pa3IoB MPOKAJECHHBIX KOKCOB W 3 TAapTUH B MPOMBIIIICHHBIX
AJIEKTPUUYECKUX Teuax. McenenoBan coctaB, CBOMCTBA, MapaMeTphl MUPOJIU3a MEKOB, BIMSHUE CKOPOCTH
NoJbEMa TEMIEpaTypbl B IPOLIECCE HAarpeBa IEKOB, BBEACHHMS B IEKU JOOABKM TOHKOAMCIEPCHBIX
MOPOIIKOB (Caka, KOKC) Ha TEMIIEPaTypy H CKOPOCTh T'a30BBIICICHUS, BBIXOJ TOTOBOTO IMPOAYKTa U
MaTepHalbHbIi OanaHc mporecca. O0beKkTaMu HCCieqoBaHus OblIH cpeaHereMiepatypHsie (¢ Tp 65-90
°C) u BeicokoTemnepatypubie (¢ Tp Boimie 135°C) meku u KOKChl U3 HUX. HauOoubiimii BBIXOJ KOKCa
HaOmo#aeTcss M3  BBICOKOTEMIIEPATYpHbIX IEeKoB. HawuBbIcIIMII BBIXOJ KOKCa TOIy4eH U3
BBICOKOTEMITEPATYPHOTO KaMeHHOyronbHoro meka (86,81 % macc.), HaumeHbmmi - u3 ciaHmneBoro. C
POCTOM KOHLIEHTpAIMM BBOJUMOIO B M€K YIVIEPOAHOTO IMOPOIIKA HAOJIIOJAECTCs YBEIWYEHHE BBIXOAA
KOKCa JUIsl BCEX BHUJAOB ChIpbs. [IpH HEKOTOPBHIX pa3iMyUsX B CKOPOCTH NPOLECCOB IUCTWUISALMH U
ra30BbIICJICHNs] U3 IIEKOB PAa3HOM NPUPOJbI OCHOBHBIE MPOLECCHl AUCTUIUISALMM KHUJIKHUX INPOLYKTOB
(otron nerxkux ¢paxkiuii) 3akanuuBaroTcs q0 300 °C, nmajee HAYMHAIOTCS MPOIECCHI TEPMHUUECKOTO
Pa30KeHUA-TEPMONIOIMKOHCHCALIH, TPOTEKAIOIIUE NapaJuIEIbHO BIUIOTh 10 00pa30BaHMs MOIYKOKCA.

Hccnenys cocTaB v CBOWCTBA KOKCOB, HapsAy ¢ U3MEHCHHUEM JIeHCTBUTENBbHOM TuioTHOCTH (d,) |
TEKCTYpbl KOKca, oOpamiajd BHHMaHHEC Ha M3MEHECHHE B HHUX COJCPIKaHUS TI'eTepOldIeMEHTOB (cepwl,
a30Ta), a TaKKe 30JbHBIX MpPUMECEil B 3aBUCHUMOCTH OT TPHPOJBI CHIPbsS U KOHLEHTPALUH YIJICPOIHOM
n00aBKH. O, MONYyYEHHBIX KOKCOB CHIDKAETCS IPOIOPIHOHAIBHO POCTY COJCpKaHHs J00aBKH K
HCXOJTHOMY CBHIPBIO JJISi BCEX THUIOB ChIpbs. Tak, NMpH MCIOIb30BAaHHH KaMEHHOYTOJIBHOTO CHIphsS Oy C
POCTOM COJAEpI)KaHUs CaXH B MCXOJAHOM ChIpbe cHmkaercs c¢ 2,10 rlem® o 2,00 rlem®. DTo cBa3aHo ¢
W3MEHEHHEM TEKCTYphl 00pa3ylomerocss KOKca HM30TPONHOM W MeEHee IUIOTHOM CTPYKTYpHI.
[TponopuroHansHO cHUKaeTCst cpeanuii 6amt mukpoctpykTypsl (bep) ¢ 4,0 mo 2,0-3,0. Ananorunynoe
n3menenue d, u bep HabmroaeTcs 11st KOKCOB M3 HETSHBIX U CIIAHIIEBBIX cMoJl. BBenenue nobaBok (5-



10 %) caxxu B TIEKH MTO3BOJISICT ITPU KOKCOBAHHUH MOJIYYUThH TEPEXO/] OT KOKCA PETYIISIPHON CTPYKTYPhI K
u3otponHomy (puc. 1-3)

a) 6) B)
Puc. 1. MUKpOCTpYKTypa KOKCa Ha OCHOBE CPEJHETEMITEPATyPHOr0 KAMEHHOYTOJIBHOTO TIeKa
a — 6e3 no0aBku, 0 — ¢ nobaskoit 5 % caxu, B — ¢ 10 % caxu. YB. x100

a) 0) B)
Puc. 2. MukpocTpyKTypa KOKca a — U3 CpeIHETeMIIepaTypHOro He(hTHOTO TeKa,
6 — n3 He(TsIHOTO NEeKa ¢ JoOaBKoi 5 % caxu, B — u3 HedTsaHOTO 11eka ¢ 10 % caxu. YB. x100

a) 0) B)
Puc. 3. MUKpOCTPYKTypa KOKCa a — M3 CpeAHETEMIIEPaTyPHOTO CIIAHIIEBOTO eKa,
0 — u3 neka ¢ nodaskoit 5% caxu, B — u3 ciannesoro neka ¢ 10 % caxu. Ys. x100

W3 mapamerpoB d, u Bep scHO BUAHO, YTO BBEJACHUEM H30TPOIHOM J00ABKH B ChIphe KOKCOBAHHUS
MOXKHO HampaBJIe€HHO BO3JeHCTBOBaTh Ha Mopdonoruio kKokca. OIHAKO HCHOIb30BAHUE YIJIEPOHOU
N00aBKU K CHIPHIO MPUBOJAUT K JJOCTATOYHO OOJIBIION HEOAHOPOJHOCTH MUKPOCTPYKTYPHI MOTY4YaeMbIX
KOKCOB, UTO CBSI3aHO C HEOJTHOPOAHOCTBIO paclpeiesieHus: J00aBKU B UCXOJAHOM CBIPhE.

AHanu3 SKCIepUMEHTAIBHBIX JaHHBIX M0 MPOKAIMBAHUIO KOKCOB mpu Temmeparypax (1100-1300)
°C moxa3bIBaeT, YTO C YBEIMUYEHUEM KOJIMYECTBA CakKU B HMCXOJHOM CbIpb€, B KOKCE HabIomaeTcs
HE3HAYMTEIFHOE YMEHBIICHUE coiepkanus asota (Ha 15 % mis kameHHOYTombHOTO Cchipbs ¢ 1,45 %
Mmacc. 10 1,23 % macc., Ha ~ 7 % [Tt CITaHIEBOrO ¥ HEPTSIHOTO ChIPhs). [Ipu 3TOM cojmep:kaHue Cephl B
MOJIy4aeMbIX KOKCaX ¢ POCTOM KOJMUECTBa T00ABKU B ChIpbe cymiecTBeHHO He nu3mensietcs (0,27-0,28)%
Macc. s kameHHoyroiasHoro ceiphs, (0,31-0,32)% mas cnanmeBoro u (0,05-0,07)% nnst HedrsHoro.
OTKpbITass MOPUCTOCTH KOKCAa M3 PA3IUYHOTO CHIpbS M3MEHSAETCS TMo-pasHoMy. Tak jams
KaMEHHOYTOJILHOTO M HE(TSIHOTO ChIPbs XapaKTEpHO CHMXKEHUE OTKPHITON MOPUCTOCTU C YBEIWYCHHEM
konudectBa 100aBku B chipbe (¢ 35 10 22 % u ¢ 51 no 43 % COOTBETCTBEHHO), B TO BpeMs KaK Ha
oOpa3iax ClIaHIIEBOTO KOKca HaOII0AAaeTCsA POCT 3HAUEHUS OTKPBITON MOPUCTOCTU C POCTOM COJIEPIKAHUS
no6asku B ceipbe (¢ 25 10 30 %). C pocToM TemIepaTypbl POKAIKH 30JbHOCTh POKAJICHHBIX KOKCOB Ha
BCeX BHJAX ChIpbs yBenumumBaercs Ha 40% otH. mpu Ttemmeparype 1300 °C, mo cpaBHeHHIO C
HENpPOKAJIEHHBIMU ~ KOkcamu. Iloka3aHo, 4dro ONTUMadbHBIM JUISI  IUIOTHOCTH, IOPUCTOCTH,
MHUKPOCTPYKTYPBI TTOJTy4aeMbIX MPOKAJICHHBIX KOKCOB ABJsICTCs Auamna3on temmepatyp (1200-1300) °C.

OTMeueHO, YTO HAWIY4YIIMM Ha JaHHOM »JTale M3 MCCIENOBAHOTO ChIPbA Ui MOJY4YCHHUS
CHEIMAIbHOTO  TMPOKAJIEHHOT0  KOKCa €  M30TPONMHOM  CTPYKTYpOMl  cieayeT  Ipu3HaTh
CpeaHeTeMIepaTypHbIi KaMEeHHOYTOJIbHBIN Nek ¢ 1o0aBkoit 10 % macc. caxu U BBICOKOTEMIIEpaTypPHBII
KaMEHHOYTOJIbHBINA TMeK C Temreparypoil pasmsrdyenust Boime 135 °C. IlomyueHHble maHHbIE OBLTH
WCIONIb30BaHbI ISl pa3pa0OTKH TEXHOJOTUYECKOW HHCTPYKUMU TIO TMOJYYEHHUIO HEMPOKAIEHHOTO H
MIPOKAJIEHHOTO0 KOKCOB Ha pou3BoACcTBeHHOH Tutomaake AO «HUUrpadgur».
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YMEHBIIEHUE BJIUSHUSA HEOPTAHUYECKUX TPUMECEH
B NCXO/JHOM ITAH BOJIOKHE
HA CTPYKTYPY OKHCJIEHHOI'O BOJIOKHA METOJAMM YIIPABJIEHUSA

buproxkos B.I1.

banakoBckmii HHKEHEPHO-TEXHOIOTMYECKUI MHCTUTYT - prnan HanmonansHoro
HCCIIEIOBATENBLCKOrO siepHOro yuusepeurera «MUOW», r. bamakoBo

bvp-bittu@mail.ru

OpnHOl M3 OCHOBHBIX MPOOIIEM, CIEPKUBAIOIINX POCT MEXAHUYECKUX XapaKTEPUCTHK YTIIEPOIHBIX
BOJIOKOH POCCHICKOrO MPOM3BOJICTBA SABJISIETCA HEAOCTaTOUYHass xuMmuueckas yuctora [TAH-npekypcopa
OTEUYECTBEHHOT'O MPOM3BOACTBAa. Heopranuyeckue nmpumecH, Urpasi poiib KaTaau3aTopoB U HHTUOUTOPOB,
CIly4aiiHBIM 00pa30oM M3MEHSIOT PEaKIHMOHHYI0 ciocoOHOCTh IIAH-BOIOKOH M MPHUBOJAT K HEOJAHOPOA-
HOCTH CTPYKTYPBl M XapaKTEPUCTHK OKHUCICHHBIX BOJOKOH [1-5]. OCHOBHBIM pellleHHEM JaHHOU TMPo-
OsieMbl sIBJIsieTCsl co3nanue mpousBoacTBa [TAH-BoIOKHA ¢ MOBBITIIECHHOW YUCTOTON U 00Jee CTaOUIIbHBI-
MU cBoiicTBamMu. Ho nmanHas mpoOriema MOKeT uMeTh MecTto u aisi Oonee uncTteix [TAH Bomokon mpu
MEHBIIIEH KOHIICHTPAIUU TpUMecel Ha 0osiee BBICOKOM YPOBHE MPOYHOCTH. [loaTomMy HEOOX0auMo Hc-
MOJIb30BaTh U JIPYTHe BO3MOKHOCTH JIJISl TIOBBIIICHHSI XapaKTEPUCTUK YTIIEPOJHOTO BOJOKHA. B paboTte
paccMaTpuBaeTCs MOCTAaHOBKA 3a/1a4M CHYDKEHUS BIMSHUS HECTAOMIBHOCTH PEAKIIMOHHOM CIIOCOOHOCTH
[TAH BoJIOKHAa Ha CTPYKTYypY M XapaKTEPUCTHKU OKHUCIEHHOTO BOJIOKHA MYTEM MNPUMEHEHHUS METOJ/IOB
yIpaBiIeHUs.

Bbonbiioit ypoBeHb HeOprannyeckux npumeceil B oredectBeHHbIX [IAH BosoKkHaX 1MO3BOJNI BBISIBUTh
MEXaHU3MbI BIUSIHUS TpuMeceil Ha mpouece tepmoctabummsanuu [3-5]. Ha puc. 1 npuBenens rpaduku
n3MeHeHus I10THOCTH [TAH BOMOKOH 1O J/TMHE BBITSHYTHIX U3 YETHIPEX30HHOM MEeYH TEPMOCTAOMITU3AINH
xrytoB [TAH Bonokna. IIpu noctatoyHoil cTaOMIBHOCTH CpelHel IUIOTHOCTH Ha BBIXOJE MEYH MMEETCs
00JBIION pa30poC TUIOTHOCTH MO 30HAM Ie4H. T.K. pekuMbl 00pabOTKHU 711 BCeX 00pa3IoB ObUTH OUHA-
KOBBI€, TO MMOJIy9E€HHBIN Pa30poc ompenessieTcss i3MEHEHHEM PEaKIMOHHON criocoOHocTH ucxomnoro [TAH
BOJIOKHA, IPUBOJAIIMM K H3MEHEHHIO IIPOLECCA OT CHTMOBHUIHOTO 10 SKCIIOHEHIIUAIBHOTO.

AHanu3 B rpaIMEHTHON KOJIOHKE pacIpesieNieHns INI0THOCTH u3MenpueHHoro ITAH BonokHa o nepexo-

148 JlaM TIpoliecca MoKasaj, 4To MpOoLecC UAET OJHOBPEMEHHO
143 no Bcemy ceueHuro I[TAH Bomokna. B [6] mokasana Bo3-
- P 2 MOYKHOCTh MaJIoro BiustHUS Au((y3HOHHBIX MPOIIECCOB HA
XMMHUYECKHUE TPOIIECCHl B BOJIOKHAX MAJIOTO JHaMeTpa U

F13 Z?y npy Hamany nop. Ho mepexos oT 3KCIOHEHIMATBHOTO Me-
<128 XaHM3Ma K CUTMOBHHOMY IPUBOAUT K YBEIWYCHHUIO ILIU-
123 ; PHHBI KOpHIOpa pa3dpoca MIIOTHOCTH U MOSIBJICHUIO KPYTI-
1,18 # m HBIX YaCTHI[ C BHICOKOU IUIOTHOCTHIO [3-5]. M3MeHeHne Me-

01234567809101117131415161718  yapp3Ma Tporiecca, MUPHUHBI KOPUIOPA MO TIOTHOCTH, 00-
Puic. 1. Tpadku H3MeHerus HHOTHOCI;II? Bﬁﬁg ﬂ%ﬁoﬂa pa30BaHUE KPYIHBIX YaCTUL[ C IOBBIIICHHOW IUIOTHOCTBIO

MOYKET OBITh OOBSICHEHO U3MEHEHHUEM COOTHOIIICHUST CKOPO-
cTeii obpasoBaHust U pocTa 3apopiiieii [7]. Eciu ckopocTh 3apoibiieoopa3oBaHust MEHBIIIE CKOPOCTH UX POC-
Ta MPOLIECC 00pa3yeTcs U MPOXOUT B MEHBIIIEM KOJIMYECTBE JIOKATBHBIX 3epeH. [Ipoliecc reTeporeH b, KuHe-
TUYECKasi KpUBasi CUTMOBHIHAs, ITOJIMMEP UMEET 3€PHUCTYIO CTPYKTYpY. IIpu MoBbIIeHNH CKOPOCTH 3apO/bl-
1reo0pa3oBaHusi 0OpasyeTcsi OOJbIlee KOMMYECTBO MEIKHX 3€PeH, PABHOMEPHOCTh CTPYKTYPhI MMOBBIIIACTCS,
KHHCTHYCCKAA KpHBasd CMCIIACTCA K BKCHOHGHHHaHLHOﬁ. Hannune HCOOOKHUCIICHHBIX W TECPCOKUCIICHHBIX
30H B okuciieHHOM [TAH BOJIOKHE TPy CHTMOBHIHOM MPOIIECCE MPUBOMT, COOTBETCTBEHHO, K BO3MOX-
HOCTH UX JIECTPYKIMH HAa TEPMOCTAOMIN3ALNN WIA TEPMUUYECKOMY PA3NIOKEHHUIO Ha TpeAKapOOHU3AIHH.
DTO MPUBOAUT K CHIKECHHIO XapaKTEPUCTHUK MOJTy4aeMOro yriepoaHoro BojokHa. Kpome Toro, momyde-
HUC CUTMOBHUJIHBIX KPUBBIX KUHCTUKU IMMPHUBOAUT K YBCIIMUCHUIO BPEMCHU aKTUBAIUW U CHUKCHUIO ITPOU3BO-
JIMTEITbHOCTH.
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Takum 00pa3om, JUTS TOBBIIIEHHS] pABHOMEPHOCTH CTPYKTYphI okucieHHoro ITAH Bomokaa HeoO6Xxo-
JUMO CTPEMUTHCS K SKCIIOHEHIIMAIbHOMY 3aKOHY M3MEHEHHUS TUIOTHOCTH, YTO SIBJISIETCS KOCBEHHBIM TOKa-
3aresieM MOJTyYeHHsI MEITKO3EPHUCTON CTPYKTYPHI. Y IPABIISIONTIM (PaKTOPOM, C TIOMOIILI0 KOTOPOTO MOXK-
HO BIIMSATH HA BUJ KWHETHYECKOW KPHUBOM, SIBISETCA TeMIiiepaTypa oOpaboTku. TeopeTudeckuil aHaIn3 U
IKCIIEPUMEHTAIbHBIC KHHETHYCCKHUE KPUBBIC NIPU Pa3HbIX Temreparypax [3-5] mokaspIBaroT, YTO MOBBIIIE-
HUE TEMIIEPaTyphl CABUTAET MPOLIECC B CTOPOHY SKCIOHEHIMATBHON KHHETUKH. DTO OOBICHSAETCS TEM, UTO
MPY MOBBIIIEHUN TEMIIEPATYPBI IPU TEKYILHUX COCTABE M KOHIICHTPALIMK MTPUMECEN TEMIIEPATYPHBIN MTOPOr
Hayvaja XUMHUYECKUX MPOIECCOB MPEBBINIACTCA B OOJBIIEM KOIUYECTBE 3JIEMEHTAPHBIX TOYEK, YTO TaKxkKe
MPUBOAUT K YBEIUYCHUIO KOJIMYECTBA SIAEP, YMEHBIICHUIO UX PA3MEPOB U MOBBIIICHUIO PABHOMEPHOCTH
CTPYKTYpbl. Takum 00pazom, Ui MOTYyYSHHS MAaKCUMAIIbHOM MEIKO3EPHUCTOCTH CTPYKTYPbI OKUCIEHHOTO
I[TAH BonokHa HEOOXOAMMO BECTH IMPOIIECC HA MAKCHUMAJIbHON BO3MOXKHOM TemrepaType, OrpaHMYeHHOM
CBEPXY BO3MOXHOCTBHIO TepMUuecKoro pazioxenus [IAH-sonokna. Ciaenyer OTMETUTh, YTO TAKOW PEKUM
TaK)X€ COOTBETCTBYET MAKCUMAJIbHON BO3MOKHOW MPOW3BOAUTEIIBHOCTH JIMHUM. J[JI peain3anuu npouec-
COB Ha MaKCHMaJbHOW BO3MOXXKHOM TeMIepaType C OTpaHUYEHUSIMU UCIOJIb3YIOTCS CUCTEMBI 3KCTpEMalb-
HOT'O yIPaBJICHUS, KOTOPBIE OTCIEKUBAOT ABUKEHUS SKCTPEMYMA, WM MPOU3BOAAT YIPABIECHUE MO KOC-
BCHHBIM ITOKA3aTeNsIM, CTAOMIIN3AIINs KOTOPBIX 00ECIeYnBaET SKCTPEMAlIbHOE YIpaBieHue mpoieccoM [8].

CtpyKTypHasi cXxema CUCTEMbI YIIPABICHUS JJI YeTHIPEX30HHOM MEUYH OKHUCIICHUS], B OCHOBY PaOOThI
KOTOPO# 3a710’%KeHbl 00a JaHHBIX MPUHIUIA YIIpaBiIeHUs, MpuBeaeHa Ha puc. 2. Cuctema BKIIOYAET MeYb
TEPMOCTAOMITN3aIlNY, TPOE BAIBIIOB ¢ OJIOKaMU yrpaBieHHs ckopocTsmMu B1-B3 mis HaTsokeHHs U opu-
eHTauMOHHOW BBHITSKKK [IAH-BONOKHA, AAaTUMKK CKOPOCTH BOJIOKHA V1-V3, JATUYUKH TEMIIEpaTypbl BO3-
Jyxa Ha BXoaax T11-T41 ¥ BeIXOJaxX 30H T12-T42, maTunku mwioTHOcTH [TAH BosokHa Ha BeIXO1aX 30H (J1a-
OopaTopHbIe aHAU3bI) p1-p4. Ha cxeme Tarxke 0003HAYCHBI YNPABISIONINE BO3ICHCTBUS Ha CKOPOCTH
BaJIbIOB Uy1-Uy3 U HA TEMIIEPATYpPy BO3/1yXa HA BXOJE B 30HbI UT11-U T14.

Pk

2 Py
2 30Ha 3 30Ha 4 30Ha
P |
u T
21T22 Ural T31T32 Py Ury 4 42

MHoroMepHbIi aITOPUTM ONITUMAJIBHOTO YIPaBIEHUS

Puc. 2. OnTumaineHas cucteMa ynpaBleHHs

Tepmuueckas o6padotka [IAH-BoIOKHA TPOU3BOAUTCS HATPETHIM BO3IYXOM, IIUPKYIUPYIOIIUM TI0
3aMKHYTOMY KOHTYpY — Kanopudep-30Ha neuu-kajgopudep. BHagane Bo3ayx pa3orpeBaeT BOJOKHO [0
TEMIIEPATyPhl Ha4YaJla XUMHUYECKHX MPOIIECCOB, 3aT€M BOJIOKHO, BCICACTBHE K303 eKTa, HAUMHACT BHI-
JeNATh Termao. YacTh BBIAESIONIETOCs TEIUIa MIET Ha HarpeB BOJIOKHA, YacTh CHUMAETCS U YHOCHUTCS
HUPKYJIUpPYIOMUM Bo3ayxoM. [lepemnan temrmepaTyp BO3yXa Ha BXOJI€ M BBIXOJE SBJISIETCS KOCBEHHBIM
MOKa3aTeJIeM COOTHOIICHHUS KOJIMYECTBA BBIACISIIOIIETOCS TEIIa U YHOCUMOTO BO3/IYIIIHBIM IIOTOKOM.

[TycTh B HauaNbHBIM MOMEHT MPOIIECC HACTPOCH U HIIET CTaObWiIbHO. TemmepaTypa BXOJHOTO BO3IyXa
o0ecrieurBaeT NOoTy4eHHe IKCTIOHEHITHATBHOTO TIpoliecca. Briaenstomnieecs Tero cHUMaeTcs Bo3ayxoM. [Ipu
9TOM MMEETCsl CTaOWJIBHBIN TIepernaj] TEMIEpaTyp BXOAHOTO U BBIXOJHOTO BO3ayxa. [loBbIIeHHEe peakiuoH-
Holi criocobHoct [TAH BookHa MPUBOAMT K MOSIBIICHUIO TPAJHEHTA Mepenaa TeMIeparyp. 10 SBISETCS
MOKa3aTeJieM, UYTO TPY JTAHHOW TeMIepaType YBEIHMUMWIOCHh BBIICTICHHE TEIUIA, & BOZMOXKHOCTH TE€YH TI0 Che-
My Teryia ucuepnanbl. CrcTeMa yMEHBILAET TEMIIEPaTypy BXOTHOTO BO3AyXa Ha BEJIMYHHY, 00ECTIeUHBaIO-
LIYIO HyJIEBOW TPAaJIEHT epernaia TEMIIEpaTyp U 3aJaHHBIN 3a1ac OT TEPMUUECKOT0 Pa3sIoKEeHNs BOJIOKHA.

[Tpu mageHun peakMoHHOM criocoOHocTH ucxoaHoro ITAH BonokHa MOSBISIOTCS OTPUIIATENBHBIH
TPaJIUCHT U CHIDKEHHE CaMOro Tepenaaa TeMnepaTryp. ITo MOKa3bIBACT, YTO MPOUCXOAUT CHUKECHUE HH-
TEHCUBHOCTU XMMUYECKHX IMPOLIECCOB M BO3MOXKEH NEPEXO] K CUTMOMAAIIBHOMY pexumy. Cucrema co-
BEpIIACT IMKJI MOMCKA HOBOM 3KCTpeMalbHON TemmepaTypbl. OHa MEUIEHHO HEMPEepBhIBHO (MJIH TOIIAro-
BO) TMOJHUMAET TEMIIEPaTypy BXOIHOTO BO3AyXa JO MOJYUYCHHUS HyJIEBOTO IpaJMeHTa Tepenaia TeMiepa-
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TYp ® 3areM (BO3MOXKHO) HECKOJIbKO CHW)KAeT TEMIIeparypy sl O0eCleueHHs 3amaca yCTOWYMBOCTH
pouecca OT TEPMUYECKOT0 pa3IoKEHUs BOJIOKHA.

N3menenne peaknponHoi cnocobnoctu [TAH Bonokna, Temmnepatyp 1mo 30HaM OyeT IpUBOIUTH K
IepepacipeieICHUI0 IIJIOTHOCTEW Ha BBIXOJAAX 30H. BiMsHME M3MEHEHMs TEMIEpaTypbl HAa MJIOTHOCTH
MOT'YT 4YaCTUYHO KOMIIEHCHPOBATHCA IyTEM KOPPEKTUPOBKM CKOPOCTEH BaJbLOB IO NMPSMBIM KaHAJIAM
ynpasieHus. s yCcTpaHEeHUs! OCTaBIIEHCS BCIEACTBHE HETOYHOCTH MOJENEH NMPSAMBIX KAHAJIOB YIIpaB-
JI€HUsI OIIMOKH CITY’KUT CUCTEMA CTaOMIIM3alUU II0THOCTU oKucieHHoro ITAH BosiokHa Ha BeIXozi€ Ne4u
IIyTEM KOPPEKTUPOBKH CKOPOCTH BXOJIHBIX BaJIbLOB. IIpH 3TOM CKOpOCTH MPOMEKYTOUHBIX M BBIXOAHBIX
BAJIBLIOB KOPPEKTUPYIOTCS COTJIACHO 3aJaHHBIX PEKUMOB IO yUIMHEHMIO UM ycaake ITAH Bosnokna Ha
nepexogax neuu. Takum oOpa3oM cuCTeMa OTCIESKUBAET M3MEHEHUE peakUMoHHOW crocobHoctu [TAH
BOJIOKHA M BEJET IPOLECC HAa MAKCHMMAaJIbHOM BO3MOXKHOH TeMmepaTrype, oOecreunBas MakCHUMaabHOE
NpUOIMKEHNE K SKCIIOHEHIIMAIbHON KHHETUYECKOW KPUBOW U MaKCUMAaJIbHON MEJIKO3EPHUCTOCTH H, CJe-
JI0BAaTEJIbHO, K MAKCUMAaJIbHOW paBHOMEPHOCTH CTPYKTYphl okucieHHoro ITAH Bonokna. OqHOBpEeMEHHO
CHUCTEMa IIPOBOJUT IIPOLIECC HA MAKCUMAJIBHON BO3MOYKHOM IMTPOU3BOIUTEIIBHOCTH.

[Tonmy4yeHHbIe pe3yabTaThI.

1. Iloka3zaHo, YTO AJi MOBBILIEHUSI PABHOMEPHOCTH MHUKPOCTPYKTYphl okucieHHoro IIAH BosjokHa my-
TeM oOecreueHus] €e MaKCUMaIbHON BO3MOXHOW MEJIKO3EpHUCTOCTH HEOOXOIMMO CTPEMUTHCA K KC-
MOHEHIINATHLHOMY 3aKOHY M3MEHEHUS IUIOTHOCTH. {711 3TOro HEOOXOAMMO MPOBOIUTH TEPMOCTAOMITH-
3anuio [TAH BosokHa Ha MakCHMalbHBIX BO3MOXKHBIX TEMIIEpaTypax ¢ y4eTOM 3amaca Jyisl HCKIIIode-
HUS TEPMUYECKOTO TPAaBMUPOBAHUS BOJIOKHA.

2. IlpennoxkeH cnocod U cUCTeMa 3KCTPEMAIBHOIO YIMpaBJICHHsI TEMIIEPaTypHBIM PEKUMOM Ipoliecca
TEPMOCTAOMIIN3AlMY TI0 KOCBEHHOMY ITOKA3aTeNio — Mepernaay TeMIepaTyphbl Ha BXOJE U BBIXOJIE 30H
neuu, oOecreyrBaroIMii MPOBEIEHUE Mpollecca Ha MaKCUMAJbHBIX BO3MOXKHBIX TeMIlepaTypax ajis
CMEIIIEHHUS Mpoliecca K HIKCIIOHEHIINAIbHOW KMHETUKE C UCKIIOYEHUEM BO3MOYKHOCTH MIONIaIaHus B 30-
HY TEPMHUYECKOTO PA3JI0KEHHUS.

3. BO3MOXXHOCTh NIPUMEHEHUsI JaHHOTO MOAX0Ja TMOATBEpKICHA MPUMEHEHHEM PEXUMa TEeMIIePaTypPHOM
aKTHBAIIMK B TIPOU3BOJICTBEHHBIX YCIIOBUAX MpH 00paboTke aBoitHoro [9] u tpoiinoro ITAH comonmme-
POB, TOKAa3aBIIMX CMELIEHHE NPOLECCOB B CTOPOHY AKCIOHEHIMAIbHON KMHETUKU U CHI)KEHHUE IpO-
JOJDKUTEIILHOCTH 00paboTKH. BO3MOXKHOCTE BBISBIICHUS K303 eKTa TaTIMKaMu TEMIEPaTyphl MOJI-
TBEPIKJICHA SKCIIEPUMEHTANILHO MpH 00padboTke TpoitHoro ITAH cononumepa B 1abopaTtopHoii neun.

4. BO3MOXHOCTb CO3/1aHUSI HAJIe)KHON CHCTEMBI YIIPaBJICHUS, pealu3yollel alrOpuT™ yIpaBIeHUs rpa-
JUEHTOM TEMIIepaTypbl, MOATBEPKAACTCS CYIICCTBYIONIMMHU HAJIEKHBIMU CHCTEMaMH YIIpaBJICHUS
MOIIIHOCTBIO SIZIEPHBIX peakTopoB Ha ADC, obecrieuMBaroOmUX W3MEHEHHE MOIIHOCTU IyTEM Iepe-
KJIFOUEHHSI HA YTPABIECHUE CKOPOCTHIO M3MEHEHUS MOILIHOCTH C BO3BPAaTOM Ha YMIPABICHHE MOIIHO-
CTBIO MTOCJIE BBIXO/Ia Ha 3aJaHHY0 MOIITHOCTH [8].
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Herpadurusupyemsriii yriaepoa (B anriosssianoi gureparype “hard carbon”) ssnsercst ogaum u3
CaMbIX IEPCIEKTUBHBIX aHOJHBIX MAaTEPUAJIOB JJIsl METAJIII-MOHHBIX AKKyMYJIATOPOB. JlaHHBIE MaTepHrabl
OTJINYAIOTCSI BBICOKOW eMKOCThio (Bbime 250 MAY/T) WM CTaOMJIBHBIM I[MKJIMPOBAHHEM, MPOCTOTOM
CHHTE3a M HEIOpPOroil CTOMMOCThIO mpekypcopoB [1]. Haumbonpimii wHTepec naHHBI Marepuai
MPE/ICTABIISAET B 00JIACTU HATPUH-UOHHBIX akKymyssiTopoB (HHUA), Tak kak rpaduT, W3BECTHBINA MaTepUal
B TEXHOJIOTHHU JINTHH-HOHHBIX akKKyMyssaTopoB (JIMA), oTinudaeTcst HU3KOW eMKOCThIO B ciydae ¢ HUA
[2].

Jlnis HerpaUTH3UpPyEMBIX YTIEpOIHBIX MaTEPUAIOB XapaKTepHa TypOOCTpaTHO-pa3ynopsI0ueHHas
CTPYKTYpa, TJIe Ha CThIKEe rpa)eHOMOTOOHBIX CIIOEB MPUCYTCTBYIOT 3aKPBITBIE MUKPOIIOPHI CO CPEIHUM
auametpoM a0 2 uMm [3]. [Ipeanonaraercs, 4To Takue MaTepUalIbl BKIIOYAIOT B Ce0sl HECKOJIBKO MO3UIMI
JUISl B3aUMOJICUCTBHS ¢ MOHAMH IIEIOYHBIX MeTauioB [4]. CyliecTByeT HECKOJIBKO MOJEIeH, KOTOpbIe
[I0-pa3HOMY MHTEPIPETUPYIOT IPOLECCH], IPOUCXOASIINE B XOJ€ 3apsAHO-Pa3psIHOrO LIHUKINPOBAHUSA
HerpaduTH3upyemoro yriepoaa [1]. BeisiBieHue ocoOeHHOCTEH B3aMMOJCHCTBHS HETpahUTH3UPYEMOTO
YTIEPOAA U KATHOHOB PA3JIMYHBIX IIEJIOYHBIX METAJIJIOB OCTAETCA aKTyaJIbHOM HAYYHOM 3aJa4yeH.

Jannas paboTta mocBsiiieHa CUHTE3Y HerpadUTH3UPYEMBIX yIIepoIoB U3 Iioko3bl. [lokasaHo, kak
METOAMKa TMpeaoOpadOTKM TIIOKO3bl BIMSET HAa MOPQOJOTHIO HErpaQUTH3UPYyEeMOro yriiepoja.
DNeKTpoasl M3 TMOJYYEHHBIX MaTepuajoB OBUTM HCCIEAOBAaHBl METOJIOM TaJbBaHOCTATUYECKOTO
[UKIIMPOBAHUS B AIEKTPOXUMHUYECKON SUCIHKE C IPOTHBOIIEKTPOIOM U3 METAIUTMIECCKOTO HATPHS/TTUTHSI.
Bbu10 IPOIEMOHCTPUPOBAHO, YTO ONTUMHU3ALIUS CUHTE3a HETPahUTHU3UPYEMBIX YIIIEPOI0B CIOCOOCTBYET
YBEIMYEHUIO KYJOHOBCKOU 3ddexrrBHOCTH 10 89% C ymenpHO# emkocThio 10 330 MAY/T B HATpwHii-
HMOHHOM MOJysSTYSHKE U C YACTbHON eMKOCThIO 10 480 MAY/T B JINTHII-WOHHOM MOy STYCHKE.

MexaHu3M BHEIpEHHs MOHOB HATpuUs B CTIPYKTypy HerpaduTuzupyemMoro yriepoaa Obul
UCCIIEIOBAaH C TIOMOIIIBIO JIMHEWHOU BosbTamrepomerpuy, in operando KP-cnekrpockomuwu, in operando
MOPOIIKOBOM Audpaxiu, X Situ mpocBeYnBaroIeii 3ICKTPOHHON MUKPOCKOITHH 1 €X SitU MasioyriioBoro
paccesiHusl peHTT€HOBCKHX Jiydel. KoMOMHaIMs JaHHBIX METO/OB MO3BOJIMJIA YCTAHOBUTH B3aHMMOCBSI3b
MEX]y 3JEKTPOXUMHUECKUMH XapaKTepPUCTHUKAMHU U (PU3MUECKMMM NapaMeTpaMu Herpa(uTuznpyemMoro
yraepona. Ilpemiokena Mozaenb 3amacaHusi SHeprud B HerpaduTusupyemom yriepoxe. Tak, mepBas
CTaausl Ipoliecca YCIOBHO MOXET OBITh pa3/ielleHa Ha MOBEPXHOCTHO-KOHTPOIHMPYEMBIE MPOLECCHI, B
KOTOPBIE MOKET BXOJIUTH acOpOIMs Ha JedeKkTax B rpadeHONOJ00HBIX CIIOSX, M BHYTPEHHHUE. TIOMUMO
azcopOLIMM Ha HAKJIOHHOM YYacTKe OCYILIECTBISETCS WHTEpKAISILMA HMOHOB HAaTpusi B Hauboiee
JOCTYIIHBIE YYAaCTKH MEXIY CJO0sSMHU B rpadurtornonoOHoN ynakoBke. Ha ydacTke miato MHTEpKaAIUsL
CTQHOBHTCSI JHEPreTHYECKH OoJiee 3aTpyJHEHHOW (BEpOSATHO, H3-32 YMCHBIICHUS KOHICHTpALUH
JOCTYIHBIX MMO3MIIUIT) ¥ MOXKET OBITh CONPsDKEHA C BHEPESHHEM HOHOB HATPHUs B MUKPOIIOPBI MaTepuala.

Hccneoosanue svinonneno npu ¢unancogoii noooepcke Poccuiickoeo nayunozo ¢onoa 6 pamxax
Hayunozo npoexma Ne 17-73-30006-71.
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BBenenue. Mexannueckas IPOYHOCTh M AJICKTPONPOBOJIHOCTh CTPYKTYP, COACPIKAIIUX YTICPOd U
(deppoMarHeTHK, KOrma OJHO W3 O3THUX BEIIECTB SIBIISCTCS OCHOBHBIM — MAaTpHIICH, a BTOpOE —
HE3HAYUTEIILHBIM, TIOpSJKa OJHOTO TPOIEHTa MOJEKYJISIPHBIM BKIIOYCHHEM, HO CYyIIECTBEHHO
OTIPEIIEIISIONIUM  3JICKTPO(PHU3UUECCKHUE CBOWCTBA MATPUIIBI B3aWMOCBSI3aHBI, TaK Kak OOYCIIOBICHBI
OJIMHAKOBHIM TOTCHIMAIGHBIM TIOJIEeM — KYJOHOBCKHM. Llenpio paboThl SBISICTCS IMOCTPOCHHE
000OIIEHHOTO MeXaHu3Ma 3JCKTPOPHU3MUECKUX CBOWCTB CHHTETHUCCKUX alMa30B, COJCPIKAIINX
BKJIFOUCHUsST ()ePPOMATHUTHBIX METAJUIOB-PACTBOPHUTENICH M OOYCITaBIMBAIOIINX IOSBICHHUEC MarHUTHBIX
CBOMCTB, a TAK)KE METAJLIOB, COJCPIKAIINX BKIFOUCHUs KapouaoB [1, c. 85-99].

Kunernueckass SHeprus MHUKPOYACTHII B Yy3JaX KPHUCTAUIMYECKON PEMETKA TBEPABIX TeI
OTOXKIECTBISIETCS C KBa3W4acTUIAaMU — (OHOHAMM, MAaKCHUMajbHas 4YacTOTa KOTOPBIX — (yuy

omnpenenser Temneparypy Jdebdast T, XapakTepH3YIOILIYI0 OCHOBHBIE HX 3JIEKTPOPU3NIECKHE CBONCTBA:

h
Tp :IQ)MAX , (1)

rae h,k - mocrosanbie Ilnanka u bonbiiMana, COOTBETCTBEHHO.

Onucanue 31EKTPOPU3MUECKUX CBOWCTB BELIECTB, COJACPXKAIIMX HHOPOAHBIE BKIIOYCHUS
(KpHCTAIIUTBI) IO pa3Mepy Ha HECKOJIBKO MOPSIKOB OOJBIIHX 33 pa3Mepbl aTOMOB, B KBAHTOBOW TEOPHH
TBEPAOTO TEJIa BCTPEUYAET CEPbEZHBIE TPYAHOCTH:

Pe3yabTaTrsl. [Ipennaraemas monens BKIOYAET MOTCHIMAIBHBIA Oapbep MEXIAy MaTpHICH H
BKJIFOUCHHEM, 10 00€ CTOPOHBI KOTOPOTO 00pa3yloTcs JIOHOpHO-akuentopHele mapbl (JAIL).
Cratuctuueckoe pacnpenenenne [JAIl mo ux pazmepy ¢ ompeaessieTcss BEpPOSTHOCTbIO HAWTH OT
HeirpanbHOoro akuentopa N, (s BemecTBa C  JBIPOYHOM TPOBOJUMOCTBIO) TAPHBIA aTOM

KOMIICHCUPYIOLIEH IIpuMecH HelTpaibHoro qoHopa N .

3
G(r) = 4ar*N . exp —MNT"Or (2

[loTenumaneHblii Oapbep MeXxay MaTpulell U BkIoueHHeM oOHapyxkeH Hamu B CIIA npu
WCCIICIOBAaHNHM CHHXPOHHBIX CKaYKOB TOKa M JIIOMHUHECICHIIMM B MECTaX METAJUIMYECKUX BKIIOYCHUHN
(HaOrOTaeMBIX TIOJ MHUKPOCKOIIOM), XapaKTepHBIX Ui MUKporwia3Mm [2]. MukporuiazmMbel 00pa3yroTcs
TOJIBKO B BBIIPSMIISIOIIMX TIepexojax Mpu 00paTHOM CMEIEHHH, KOTJa HAaPsDKEHHOCTD SJIEKTPHYECKOTO
TOJIsI IOCTATOYHA JIJIsl CO3JIaHMs YIapHOI MOHU3AIMY HOCHUTEIICH 3apsia.

[IpoyHOCTH METaJUIOB, PAacCYMTAaHHAs TEOPETUYECKH C YUETOM CHIIBI CLEIUICHHUS MEXIY IBYMs
aTOMaMd B KPHCTAJUIMYECKOW peIIETKe, OKa3anach B JCCATKH W COTHH pa3 BBINIC ONPEACIseMOil
IKCTIEPUMEHTANBHBIM IyTéM. [103TOMY B Hacrosiiee BpeMsi OCHOBHOI MOJENBIO pa3pylICHNs] METaJLIOB
SBISICTCS  TUCIIOKAIMOHHAsT ~ MOJAeTb TpemuH [puddurca. VYU€T dNEKTPUYECKUX  3apsIoB
MPOTHBOIOJIOKHON MOJSPHOCTH HAa TOBEpXHOCTH TpeuuH ['puddurca B npeanaraemoii moxenu (puc. 1)
HOSICHACT BO3HHKHOBEHHE MaKCHMAaJbHOW HANpsHKEHHOCTH MEXaHHMUYECKHX HANPsDKCHUH O, Ha Kpasx

TPELIMHB], TOBEPXHOCTHYIO IUJIOTHOCTb DJHEPIHM, HAKOIUIEHME MEXAaHUYECKUX HaNpsHDKEHUH W
HEOOpaTUMYIO TUIACTHUYECKYIO 1e(OopMalHIo Ha KOHIAX TPEIIUHBI
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Puc. 1. PacnpenencHnue HapspKEHHOCTEH AIICKTPUYIECKOro 1Mot BHYTpH 1ienu [ puddurca

PaccTosiHusT MeX/Ty TPOTHUBOIIONIOKHBIMHA TIOBEPXHOCTSMHU TpemuH [ puddurca cooTBeTCTBYET B

Haweit mogenu pasmepy HAIL Ilpu noctmxeHnn HampspKEHHOCTH 3JeKTpudeckoro moist E B atux
o0JacTsX, JOCTaTOYHBIX JUISl YJApHON MOHU3allMK aTOMOB, BO3HUKAIOT, KaK U B ajaMa3e, MUKPOILJIa3Mbl,
MPUBOASIINE K TOUSHHOMY Pa30rpeBy Ha COTHHU IpagycoB M HEOOpaTUMOH IIaCTUYECKON JedopMaliyH.
TakoB MeXaHM3M YCTaJOCTHBIX HAaNpsHKEHW B MeTamiax. PaspylieHwe wmeramia COOTBETCTBYET
HCUYE3HOBEHHMIO 3aps10B Ha CTEHKaX TPEIIMHBI B pe3ysbTaTe peKoMOMHALUU HocuTesen 3apsiaa B JJAIL
[Mpeamnonoxum, uro mpu Temiepatype Jlebdas ckopocTh 3axBara AbIpok Ha akuenrtop (mis CITA p —

E .
THIa TPOBOJUMOCTH), TPOMOPIIHMOHATBHAS exp(—ﬁ paBHa CKOPOCTH PEKOMOWHAIIMM HOCHTEINCH

y R y
3apsga B JIAIl, nponopuuoHanbHOM €Xp| ——— | OtTcroga TmodydaeM JIMHEHHYI 3aBUCUMOCTD
a
B
temneparypbl [lebas T, ot bopoBckoro paguyca aroma B JIAIl ag, pacrnoiokeHHOH MeXay
Pa3HOPOAHBIMU MOJIEKYJIaMU, OTHOCUTEIBHOU JUAIIEKTPUUECKON poHUIlaeMocTu & | pasmepa JAIT R.
2
a 5 a
T,=— 2 -28410° 22 (3)
- R &R
42r7)s -k - &,
[MonyueHHas mpsiMast IPONOPIIMOHATIBLHOCTH TeMiiepatypsl Jlebast ot mpouHocTH (3), onpeaenseMoin
2
q

4reg,R

cwiIol KyinoHa F = HOATBEPXKACHA 3KCIEpUMEHTANBbHO [3], HO TpyAHO OOBsACHMMa B

R
KBaHTOBOM Mojenu. IIpuynHON CyIIECTBEHHOIO M3MEHEHMS CBOWCTB BEIIECTBA IPHU HAIU4YMU B HEM
HE3HAYUTENIbHOT0, IMOpAJKAa OJHOT0 IMPOLIEHTAa BKJIIOYEHUH SIBISETCS HEOAHOPOJHOE IO O0BEMY
pacrpeneiieHue  HampsHKEHHOCTH  DJIEKTPUYECKOTO IO M BBI3BIBAEMOIO UM HEOJHOPOJHOE
pacrpeneiicHue MEXaHW4EeCKUX HanpspKeHUW. JlaHHas MoOJenb IOSICHAET M3MEHEHHE CTPYKTYpPhI
METaJUIOB MPU UX MarHUTHO-UMITYJIbCHOM 00paboTKe, HEOOBSICHUMYIO B KBAHTOBOM MOJEIH.
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dusndeckas KapTHHA TEPMOAKYCTHIECKOT0 P (eKTa MOKET OBITh ONMHCaHa CISAYIONUM 00pa3oM:
MpU TMPOXOXKICHUH TMEPEeMEHHOTO JJEKTPUYECKOr0 TOKa 4Yepe3 TOHKYI MPOBOIALIYI0 MIEHKY,
MIPOUCXOIUT BBIJENICHHE TEIUIa Ha €€ MOBEPXHOCTH, YTO MPUBOIUT K JIOKAJTHHOMY HarpeBy OKpYIKaroliei
atMocepsl. [lepuomuueckue W3MEHEHUS TEMIEPATypbl TOBEPXHOCTH, NPUBOAST K JIOKAIBHOMY
W3MEHEHHIO JJABJICHUS BO3IyXa M BOZHUKHOBEHUIO 3BYKOBBIX KOJICOAHHH.

OTnuuuTenbHass 0COOCHHOCTh YCTPOMCTB, TEHEPHUPYIOMIMX 3BYK OJarogapsi TepMOaKyCTUYECKOMY
apdekry (B CpaBHEHHH C TPAAUIMOHHBIMH 3BYKOBBIMH O3MHUTTEPaMH), SIBJISIETCS OTCYTCTBHUE
MEXaHWYECKHU TMOJBIDKHBIX dYacTel. Takke TepMOaKyCTUYECKHME YCTPOWCTBA MO3BOJIAIOT MONYyYaTh
3BYKOBOE M3JTy4eHHe ¢ yacToToi BIioTh 10 500 kI [1]. OxHako, HECMOTpPs Ha TO, YTO JaHHBIH 3D PeKT
M3BECTEH YK€ IOCTATOYHO MPOAOKUTEIBHOE BPEMS, CYIIECTBYET Psii TPYIHOCTEH, HEPELICHHBIX 10 CUX
nop. OCHOBHBIE TIPOOJIEMBI 3aKIIIOYAIOTCS B psiZie OTPAHWYCHUH NMpH BHIOOpE MaTepuana, U3 KOTOPOTro
OyJeT BBIMOJTHEHO TEPMOAKYCTHYECKOE YCTPOMCTBO. DQPQPEKTUBHBIM TEPMOAKyCTHUUECKUNH SMUTTEP
JOJDKEH OTBEYaTh CieayromuM TpeboBanusm: 1) OOnamaTh HH3KOW YICIBbHOW TEINIOEMKOCTHIO H
BBICOKOM TEIUIONPOBOAHOCTBIO, JJIi PaBHOMEPHOTO TpOTrpeBa BCeH MOBEPXHOCTH, (OPMHUPOBAHUA
TUIOCKO# (HACKOJIBKO 3TO BO3MOYKHO) 3BYKOBO# BOJIHBI M, COOTBETCTBEHHO, JIJIsl BO3MOXXHOCTH T€HEpaIuu
BBICOKOYACTOTHOTO 3BYKOBOTO H3nyudeHus; 2) DH(heKTHBHO MepenaBaTh TEIUIO OKpY’Kaloliei cpeze, ¢
MUHHMAaJIbHBIMH TEIJIOBBIMH TOTEPSMH, CBA3aHHBIMU C KOHTAKTOM MPOBOJIAIIETO CJIOS C TMOJIOKKOM; 3)
O6nagaTh JOCTATOYHON IUIOIIAIBIO0 TPOBOASAIIECH MOBEPXHOCTH AJISl CO3JAHUSI HEOOXOIUMOTO 3BYKOBOIO
TIOJIS.

WneanbHplM MaTepuajoM, OTBEYAIOIIMM BCEM BBIIICTIEPEUNCICHHBIM TPeOOBAaHUSAM, SIBIISETCS
rpadeH, BBIpalIMBAEMBbI METOJIOM XHMHUYECKOTO OCaXJICHUS W3 ra3oBoil ¢a3bl. [laHHBIA MaTepuadn,
obmagast cTaOMIBHON JIBYMEPHOM CTPYKTYPOM, MMEET BBICOKYIO TerutonpoBoanocts 5300 Bt/M*K [2] u
[0 3TOMY KpPUTEPHUIO NMPEBOCXOAUT OOJBIIMHCTBO MarepuaioB. Kpome Toro, TONIIMHA OJHOCIOHHOMN
rpadeHoBoii ieHku cocrapister 0.3 M [3], uro obecrneynBaeT 04eHb HU3KYIO YAEIBHYIO TEIUIOEMKOCTh
B CpPaBHEHHH C TOHKMMH METAIMYECKHUMH IIJICHKAMHU, TPAAWIIMOHHO HCIIOJIB3YEMbIMH B KadeCcTBE
TEPMOAKyCTHUECKOro Mpeodpa3oBarens. Takoe coueTaHne CBOWCTB B OJHOM MaTepuaie Jenaer rpaden
MIPEBOCXO/IHBIM KaHJIUIATOM IPH CO3JAHUU TEPMOAKYCTHUECKUX yCTPOUCTB. OJIHAKO, OCTAETCsI BOIIPOC
00 3¢ dexTUBHON Mepeaade TeIIa OKpyXKaroleii atMocdepe, a Takke BOIMPOC BhIOOpa MOAI0XKKH [4], Ha
KOTOpO# OyJIeT pacronararbcs NpOBOASAIINN IpadeHOBBIN CIOM.

C nenpro 60see TIIyOOKOT0 U3yYCHHS BIUSHUS MMOUT0OKKHA Ha 3PHEKTHBHOCTh TEPMOAKYCTHUECKOTO
npeoOpa3oBarens, B JaHHOH pabore OyJeT paccMOTPEHO TEeMIIepaTypHOE pacrlpeieiieHue Ha
MOBEPXHOCTH MOJUMEP-Tpa)eHOBOT0 KOMIIO3MTA, a TAK)KE OICHEHa TeMIlepaTypa, KOTOPOM JOCTUraeT
npoBoJisiIee Tpag)eHOBOE MOKPHITHE B TEUCHUE OHOTO IEPHOa Harpesa.

Cunre3 rpadeHa ObUT MPOM3BEAEH MPH MOMOLIM METO/Ia XUMUYECKOTO OCAXKICHHS W3 Ta30BOU
¢assl. [TonpoOHOE onrcaHue MpoLeayphl IPUBEICHO B padoTte [5].

DKCHEepUMEHTAIbHO HCCIIEJIOBaH MPOLIECC paclpelesieHnss TeIula B MHOTOCIOWHOM KOMIIO3HTE,
cocrosieM u3 rpadena, nomumepa PET/EVA u MeqHO# OANOKKH, IPH TEPMOAKyCTHIECKOM 3 dekTe.
beuta chopmupoBaHa TeopeTHUecKass MOJENb, Ha OCHOBAHMM KOTOPOM IOJIy4EHO pacIpeeieHne
TEMIEPATyPhI BIOJIh TOBEPXHOCTH MOIUMEP-TpaeHOBBIX 00pa3ioB. Paccuntanbl 3HaUCHHS TEMIIEpaTyp,
70 KOTOpBIX HarpeBaeTcsl rpadeHoBas IUIEHKA 3a OJUH MEPUOJl HarpeBa MpU Pa3IUYHBIX MOIIHOCTSX,
puc. 1.
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PI/ICYHOK 1. MakcuMambHEIC 3HAYEHUS TEMICPATYpPhI IIPOTrpeBa l"pa(l)eHOBOFO IMOKPBITUA B 3aBUCUMOCTH OT 4aCTOTbL
MPUKIIAABIBAEMOI'0 HAIPSKCHU S 1JIS PA3JIMYHBIX BEJIMYUH BKHaZ[LIBaCMOﬁ SHGKTpI/I‘leCKoﬁ MOIIHOCTH.
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OIIBIT PASPABOTKH IIOPUCTBIX CPEJHE3EPHUCTBIX TPA®UTOB
JJIs1 OBBEMHOI'O CHJIMIHUPOBAHUSA HA OCHOBE ITEKOBBIX KOKCOB

byonenkoB U.A., Komesnes FO.U., Bepoeu J.b., Ueb1akosa E.T'.
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I[Npexpamienue Boimycka B 1994 rony nedtsHoro muposmsnoro kokca (KHIIC), ucnonezyemoro
MIPU TIPOU3BOJACTBE NMPAKTHUECKH BCEX BUIOB KOHCTPYKIMOHHBIX rpaduroB B PD, B TOM uymcie amns
00BEMHOTO CUIUIIMPOBAHUS MOTPEOOBATIO CO3JaHHE TEXHOJOTHUH C MCIOJIb30BAaHHUEM AallbTEPHATUBHBIX
BUJIOB KOKCOB.

B kadectBe HamomHuTenel cpemne3epHUCThIX rpadutoB (C3I7) mis 00bEMHOr0 CHITHITUPOBAHUS
OBLITM MCTIOJIb30BaHbl HECKOJIBKO BUIOB MEKOBBIX KOKCOB: AO «Meuen-Koke», OAO «Cesepcrans», AO
«EBpas HTMK>».

[Mopucteie rpaduTsl momydann Ha mnpousBoacTBeHHOM ydactke AO «HWHWrpadur». Ilocme
nporecca KapOoHU3alU U3 3aroTOBOK quameTpoM 195 mm u BoicoToit 220 — 250 MM ObUTH U3TOTOBIICHBI
o0pa3upl muamerpoM 25 MM U BbIcoTOM 50 MM, KOTOpBIE 3aTeM 00padaThIBalid B 3JEKTPOBAKYYMHOMH
meydn B arMocdepe aproHa B LIMPOKOM jauama3zoHe Temmeparyp ot 1000 mo 2800 °C.
PeHTreHoCTpyKTypHBIIl aHaIu3 MaTepuanoB NPOBOAMIM Ha peHTreHoBckoil ycrtanoBke /IPOH-4 co
CUMHTWUISIIUOHHBIM ~ CYETYMKOM U aBTOMAaTHMUYECKOW 3amuchi0 PEeQIEKCOB OTpPaKEHUS U HX
MHTEHCUBHOCTU. CHEMKY OCYIIECTBISUIM HA MOHOXPOMAaTH3WPOBAHHOM MEIHOM HM3Iy4YEHUH. Y JAEIbHOE
ANEKTPUYECKOE COMPOTUBICHUE OMPEICNIAIN YEThIPEX30HAOBBIM METOAOM, TaKXKE HCCIeI0BAIH
XapaKTEPUCTHKH IMOPUCTON CTPYKTYPHIL.

[{enb paboOTHI cOCTOSANIA B CPABHEHUH XaPAKTEPUCTUK UCXOIHBIX TOPUCTHIX TPaPUTOB, MOTYyUEHHBIX
C HCIIOJIb30BAaHUEM PA3JIMYHBIX MEKOBBIX KOKCOB M ONPEACICHUH OCHOBHBIX (DAKTOPOB, ONpEAESIONINX
MpoLIeCC CHIIMLIUPOBAHUS MAaTEPUAJIOB TJAaHHOTO KJlacca.

AHalu3 TOJNYYEHHBIX pE3yJIbTAaTOB II0 CBOMCTBAM HCXOAHOTO CpPEAHE3EPHHCTOro Trpadura u
CHJIMITUPOBAHHOTO T'paduTa, MOTYYEHHOTO Ha €ro OCHOBE, Moka3aj, uyTo Ha kKokce AO «Meuen-Kokc»
HEBO3MOXHO TMOJYYHTh BEIMYMHBI TPEeOYEMBIX XapaKTepHUCTUK Kak Ha MCXOJHOM Trpadure,
MpeIHa3HauYe€HHOM JIsl 00bEMHOT'0 CHUIMLIMPOBAHHUS, TaK U JJI CHIMLIMPOBAHHOTO MaTepuaina. McxoHblit
rpaduT UMEET MOHWKEHHbIE 3HAUEHHsI O0IIEH U OTKPBITON MOPUCTOCTH U BBICOKHE 3HAYCHUS YACIHHOTO
AJEKTPOCOINPOTUBIICHUS, 00YCIOBICHHbIE HU3KOM cTeneHbio rpaduTaii. 3aKOHOMEPHBIM CIIEICTBHEM
yKa3aHHBIX OTKJIOHEHUH SBNSETCA HU3Kas IUIOTHOCTh CHJIHUIIMPOBAHHOTO TpaduTa W CPaBHUTEIHHO
HEBBICOKOE CoJiepKaHue KapOuaa KpeMHHUS.

[IpoBeneH CpaBHUTEIBHBIN aHAJIW3 OCHOBHBIX XapaKTEPUCTUK CPEIHE3EPHHUCTBIX TpaduToB Ist
00BEMHOT0 CHJIMIIUPOBaHUs, M3TOTOBICHHBIX Ha Kokcax OAO «Cesepcrans» u AO «Eppaz HTMKb».
Ycranosneno, uro rpadurupyemocts C3I, momyuennoro Ha kokce AO «EBpaz HTMK» 3HauntensHo
HIJKE JTaHHOTO IMapaMeTpa Marepuaia u3 Kokca mpousBojactBa OAO «Cesepcrans» (puc.la, 16, 2a, 20).
[To sToii MpUUMHE copepKaHKue KapOuaa KpeMHHs B IIMPOKOM Juamna3oHe temrmeparyp oopadotku (TO)
JUTSl CUTTUITMPOBaHHBIX rpaduToB, nmomydeHHbIX U3 C3I° Ha kokce AO «Eppaz HTMK» Takke meHsIe,
yem Ha marepuaie u3 kokca OAO «Cesepcranb» (puc.3a). s 000MX MaTepUaNoOB Pa3ynopsa0vYCHUE
ctpyktypel B uHTepBasie 2000 — 2100 °C monrBepaaeTcss HA OCHOBE 3aBUCUMOCTEH HW3MEHEHUS
MEKIUIOCKOCTHOTO PAcCTOSIHUSI M CoJiepKaHus 30ibHBIX mpumecedd ot TO (puc.la u 16, 26, 36). Ha
OCHOBE XOJ1a 3aBUCUMOCTEH M3MEHEHUs UCTUHHOW IIOTHOCTH OT TO mid MCCleI0BaHHBIX MaTEpHUaJIOB
(puc. 20) cnmemaHO TMpPEAIOJIOKEHHE, 4TO TpH Temreparype oOpadotku 2600 °C Takxke MPOUCXOIUT
pasymnopsoueHue CTPyKTyphl mepen nanpHeimei rpadurtanueid. [lo xapakrepy M3MEHEHUs YIEIHHOTO
3MEKTPHYECKOTO COMPOTHBICHNS MOpomKa m3oToma ~C panee [1] 6bLTa BBICKA3aHA BO3MOXKHOCTH
CTYIIEHYaTOr0 XapakTepa U3MEHEHUs! CTPYKTYpbI yIiiepoia pu rpapuTauy, MpruueM MpHu TemMrepaTypax
2000-2100 °C u 2600 °C nabxromaeTcst YaCTUYHOE pa3ynopsI0UCHHUE.
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[Tokazano nHa nByx Buaax C3I, 4TO OCHOBHBIMH mMapaMeTpaMH, OMPEICISIOMIUMH TPOIIECC
CWJIMLIUPOBAHUS SIBIISIOTCS: BBICOTA KPUCTAIUIUTOB, MEKIUIOCKOCTHOE PACCTOSIHUE, UCTUHHAS TJIOTHOCTD,
OTKpBITas U 00IIasi TOPUCTOCTD.
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Pucynok 1 — 3aBUCHMOCTB MEKCIOEBOTO pacCTOSIHUS (a) U BBICOTHI KpUCTAITUTOB (0)
ot temmeparypst 06pabotku st C3I" Ha kokce OAO «Cegepcerans» (1) u AO «Espaz HTMK» (2).
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Pucynok 3 — Biusinue temmeparypst 06padotku C3I" Ha kokce OAO «Cesepcrans» (1) u AO «Espaz HTMK» (2)
Ha cojiepykanne KapOuma KpeMHus (a) 1 30JIbHBIX mpumeceii (6).
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UCCJEJOBAHUE JIEKTPUHUECKHUX CBOMCTB CUHTETHUYECKHUX
MOHOKPHUCTAJIJIOB AJIMA3A, IETUPOBAHHBIX A30TOM B BUJIE C-HEHTPOB,
B OBJIACTHU TEMIIEPATYP 450-973K

Bbyra C.I'., Kysnenos M.C., Jlynapes H.B., IIpuxoasko /I./1., Tapeaxkun C.A.,
TepentbeB C.A., baank B. L.

I'HI] ®I'BHY TUCHVYM, r. Mockaa, 1. Tpourk
buga@tisnum.ru

BriepBeie Obi1 u3ydeH 3¢ ¢exT Xoimma B CHHTETHYECKMX MOHOKPHCTALIMYECKHX —anMasax,
YMEPEHHO JITHPOBAHHBIX a30TOM, B jauamasoHe Temneparyp 450K-973K. Kpucramis ¢ (2,4-3,6)*10"
CM ° KOHIIGHTpalUel JOHOPHOTO a30Ta B BH/EC N30JIMPOBAHHBIX aTOMOB 3amerieHus (C-1eHTpbI), 1 MeHee
10" cm™ A-1eHTpOB, GBUTH BBIPALICHE METOIOM TEMITEPATYPHOTO IPAAMEHTA TPH BHICOKOM JABICHUH 1
Boicokoit  Temmeparype  (TG-HPHT). JlBa  ToHkux  oOpasma  KBajgpaTHOW  (GOpMBI ¢
kpucrayuiorpadpudeckumu opueHrarmsamMu (100) u (334) ObUTH U3rOTOBJICHBI U3 Pa3HBIX KPUCTAIUIOB, a
OMHYECKUE DIICKTPUYCCKHE KOHTAKTHI Ti-Pt ObUIM M3rOTOBICHBI METOJOM MAarHETPOHHOI'O HAIBLUICHUSI
TSl K3MEPEHUI DIISKTPUUECKON MPOBOIMMOCTH 1 K03 durmenta Xomia meronom Bau aep [lay (Puc.l).

sample #32

0,40 + sample #10 .

I (a.u.)

T T T T
4000 3000 2000 1000
1 mMm wave number (cm-1)

a 3]

Puc. 1. ®ororpaduu 3KCrepruMeHTaIbHBIX 00Pa3I0B, BHIPE3AHHbBIX U3 JIETHPOBAHHBIX a30TOM MOHOKPHCTAILIOB
CHHTETHYECKOT0 anmasa, B Harpesarene (a); MK-crekTpsI MoTIIoIeH st HCCITeTIOBAaHHBIX 006pasioB (6).

Ha puc. 1,6) mpuBencubl MK-CreKTpbl MOTJIOMICHHUS HCCICAOBAHHBIX AKCIIEPUMEHTATBHBIX
oOpa3ioB. M3MmepeHus 3JIEKTPUUECKOTO COMPOTUBICHHUS W Kodpdumnumenta Xojuta TPOBOJHIUCH C
nomoripio ycranoBku LakeShore Cryotronics -775 Hall Measurement System B HarpeBaTe/ibHOM cUCTEME
Linkam-TS1000. AHU30TpOMHs SIEKTPHYSCKUX CBOWCTB HE HAOIOAAI0Ch.

Ha puc. 2 a,0) nmpuBeacHBI pe3ysbTaThl U3MEPEHUS 3aBHCHMOCTH YICIBHOTO COMPOTUBJICHUS U
MOAYJsl OTpUIaTeNbHOTO Kod(ddummenrta Xosuia OT TemmepaTypsl. B mepBoM NpUOTMKEHHH JTH
3aBHCHMOCTH B APpPEHHYCOBBIX KOOpJMHATaX ONM3KKM K JHHEHHBIM. Ha puc 2 B,r) moka3aHbI
paccuMTaHHbIE HA OCHOBAaHHWH JKCIIEPUMEHTAIBHBIX JTaHHBIX TEMIIEPAaTypHBIC 3aBUCUMOCTH XOJIIOBCKOM
MTOJIBFOKHOCTH CBOOOTHBIX 3JICKTPOHOB M MX KOHIICHTPAIIUS B MPUOJIMKESHUH CITa00H KOMIICHCAIIHH.

KonnenTpanus cBOOOJHBIX AJIEKTPOHOB JOCTUTAlA 5*10%% cm® npu T=973K, B TOo Bpems Kak
ANEKTPUYCCKOE COMPOTUBJICHHE YMEHBIIHIOCH 10 2 KOM*cM. XOJIJIOBCKasi MOJBHIKHOCTH 3JICKTPOHOB
ymenbimmnack ¢ 300 go 70 cm?V7's? B nmamasone temneparyp 550 - 973 K, uro comoctaBuMO C
MOJIBIDKHOCTBIO  JIBIPOK B 3TOM JIMANa30HE TEMIIEpaTyp B MOHOKPUCTAUIMYECKHX aliMa3ax,
JETUPOBAHHBIX OOpPOM ¢ aHANOTUYHOW KOHIIGHTpAalMeW aKIENTOpPOB. ODHEPrusi  aKTHBAINH
anexTponpoBoaHocTu coctaBmsuia £, =1,35+0,01 3B, B To BpeMs Kak pacyeTHOE 3HAYCHHE SHEPTUH
nonm3aruu noHopoB Ep=1,40+0,02 3B. PacuerHas BenMYMHA KOMIICHCAIIMHM OKa3allaCh PaBHOW OKOJIO
Na/Np ~0,13.
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Puc.2. TemrepaTypHble 3aBUCHMOCTH SKCIIEPHMEHTAIBHO H3MEPEHHBIX 3HAUCHHUH YIEIbHOTO COMPOTHRIICHUS (a)
M MOJIyJISl OTPHUIIATENBEHOTO Kodddurmenta Xomna (6),
W pacCYMTAHHBIC HA OCHOBAHUH ATUX JaHHBIX B IPUOIIKCHUH
c1aboii KOMIIEHCAIIUY 3aBUCUMOCTH XOJIOBCKOM TTOABMKHOCTH (B)
¥ KOHIICHTPAITNH CBOOOIHBIX JIEKTPOHOB (T).

[TomydyeHHblEe AKCIEPUMEHTAJbHBbIE JaHHbIE OBLIM IPOAHAIM3UPOBAHBI TEOPETUUYECKH C
UCIIOJIb30BAHUEM U3BECTHBIX MOJIEIICH TITyOOKHX JIOHOPHBIX IIEHTPOB B anmase [1]. Ha ocHoBanum 3THx
MOJIeJIe OBLTM pacCUYMUTaHBI TEMIIEpATypPHBIE 3aBUCUMOCTH XOJUJIOBCKOH M APEeH(POBOM MOABHUKHOCTH
CBOOOMHBIX JIEKTPOHOB. V3MepeHHbIe 3HaUeHUsT XOJUIOBCKON MOJIBIKHOCTU OJNHM3KUA K 3HAYCHUSIM JUIS
OecripuMecHOro ainMasa B BbIOpaHHOM JuamnazoHe Temmeparyp. llogyueHHble naHHBIE OyIyT
HCIIOJIb30BAaHbI IIPpU pa3pa60TKe HOBBIX QJIMA3HBIX JJICKTPOHHBIX yCTpOﬁCTB, B YaCTHOCTHU AJIA
BBICOKOTEMITEPATYPHBIX IPUMEHEHHH.

Paboma evinonnena npu gunancosou noodepicke PODPU 6 pamkax nayunozo npoexkma PDODH-

I'®EH Ne 20-52-53051.
JUTEPATVYPA
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Dumont, and J. Barjon : J. Appl. Phys. 129, 105701 (2021); doi: 10.1063/5.0044326
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AIMUTTAHC-CHEKTPOCKOIIUA JJETUPOBAHHBIX A30TOM CUHTETHYECKHUX
MOHOKPUCTAJIJIOB AJIMA3A B IUAITASOHE TEMITIEPATYP 2-400K

byra C.I'.,, 'ankun A.C., KBamnuun I'M., Ky3nenoB M.C., Kyaaruna J[.A., Jlynapes H.B.
I'HI] ®I'BHY TUCHVYM, r. Mockaa, 1. Tpourk
buga@tisnum.ru

AJIMUTT@HC-CIIEKTPOCKOIIUSL  SIBJISICTCS  PA3HOBUAHOCTBIO ~ WMIIEJJAHCHOH  CHEKTPOCKOITUH
JIETHPOBAHHBIX [IMPOKO30HHBIX TMONYNPOBOTHUKOB [1-3]. B ocHOBe 3TOro Meroma JEKHT SIBICHUE
YBEJIMUYCHHUS JICKTPHUYECKON MPOBOAMMOCTH B CTPYKTYpE METaJUI-TIOyIPOBOJHUK ¢ Oapbepom LlloTTku
MpU XapakTepHOM 3HAYCHHWH TEMIIEpaTyphl, KOT/Ia YacTOTa MPOIECCOB 3axBaTa HOCHTENEH 3apsia
CpaBHHMBAaETCS C XapaKTEPHOW YaCTOTOM MX BBICBOOOKIEHHS M3 JIOKAJTM30BAaHHBIX COCTOSIHUH. B Takom
cilydae HaOJIOaeTCsl TayCCOBCKHI MUK 3aBUCUMOCTH PEaIbHOW YacTH MPOBOAMMOCTH OT TEMIIEpaTyphl
(aAMUTTaHC-TIMK) M CTYNEHYATOC U3MEHCHHE MHUMOM YacTH aJIMUTTaHCA. AMIUIUTYAa aIMUTTaHC-ITUK,
€r0 TOJYIIMPHHA U 3aBHCUMOCTH OT YacTOTHI TIEPEMEHHOTO HAIPSKEHUS TIO3BOJISIFOT OICHUTH BaXKHBIC
nmapameTpbl HOCHUTENEeH 3apsijia, Takue Kak dHEeprusl aKTUBAIMM M CEYCHHE 3axBaTa. B 4acTHOCTH, 3TUM
METOJ/IOM OBLTH UCCIICIOBAHBI KPUCTALIBI AIMA30B, JISTUpoBaHHBIX (ochopom [1] u 6opom [2,3].

A30T B BU/Ie OJJMHOYHBIX MPUMECHBIX aTOMOB (C-IIEHTPBI), TAKXKE SBJISACTCS TOHOPHON MPUMECHIO B
anMase, onHako MoMuMO C-TIeHTpOB, OOBIYHO HAONIOMAIOTCS TAKXKe JAPYTHe a30THbIE NpPUMECHBIE
LEHTpPbI, KaKk Hanmpumep A- U B-leHTpHI, cocrosmme w3 2-X ¥ 4-X aTOMOB a30Ta, COOTBETCTBEHHO.
[Tomumo aszora, B-uentp BkiItowaer B cedst BakaHcuio. Kpome TOro, BaKHBIMH C TOYKHM 3PEHHUS
HNPUMEHEHHS JISTHPOBAHHBIX a30TOM aJIMa30B, SIBISIFOTCS a30T-BaKaHCHOHHBIC KOMILUIEKChl (NV-11eHTpbI).
[TosTOMy BBICOKa4acCTOTHBIE HCCIECIOBAHUS JIETHPOBAHHBIX A30TOM ajMa30B IIPEJICTABISAIOT OOJIBIION
MHTEpEeC Kak ¢ GyHAaMEHTAIBHON TOUKU 3PEHHs, TaK U U NPAKTHYECKUX MPUMEHEHUH.

B nanHO# pabote ObUIH BBIPALICHBI METOIOM TEMIIEPATypHOTO IPAIHEHTA IPU BEICOKOM JIaBICHUU
u temneparype (TG-HPHT) cunTeTHyeckue a30T-comaepikaline MOHOKPHUCTA/UTBI ajiMasa, W3 HHUX
METOJIOM JIa3epHOM pe3KH OBbUIM BBIpE3aHbl TOHKHE IUIACTHHBI co cpeaHumu pasmepamu 4,0x4,0x0,15
MM, OTIONHMPOBAHBI MEXAHUYECKH, ¥ K HEM METOJIOM MArHETPOHHOTO HATIBLICHHS OBUTH H3TOTOBICHBI
OMHYECKUE KOHTAKThl C OJHON CTOPOHBI — B BHJEC TOHKHX CJIOEB Ti-Pt, OTOMOKCHHBIX B Bakyyme, M
koHTakThl LlloTTkm B Buzme cnos Pt ¢ apyroit croponsl. Ilepen W3roToBIEHHMEM KOHTAKTOB OBLIH
uccnenoBanbl MK-criekTpbl anMasHbIX IUIACTHH JUISL ONPENENICHUS THUMAa W KOHIEHTPAIMH a30THBIX
NMPUMECHBIX LIEHTPOB B HUX. Ha puc. 1 mpuBeaeH BHI OZHOTO U3 MCCIECAOBAaHHBIX SKCHEPHUMEHTAIBHBIX
o6pasuoB u ero MK-crekTp B 00JIaCTH MOTJIONICHUST a30THBIX MPUMECHBIX IIEHTPOB. PaccunranHas Ha
OCHOBAHUU TMOJYYCHHBIX CIEKTPOB KOoHIEeHTpalus C-ieHTpoB coctaBuia 170 ppm, A-tieatpos 130 ppm
B kenToi obmactu o6pasma; u 20 ppm C-uentpos, 270 ppm A-IIEHTPOB B CBETIBIX yUACTKaX.

1 MM

a §)

Puc. 1. ®ororpadus s3KcrIepuMEHTATFHOTO 00pasiia, BEIPE3aHHOTO U3 JISTHPOBAHHOTO a30TOM
MOHOKpHCTAJ/Ia CHHTETHIECKOTO anmasa (a);
HK-criektp 06pasia B 06J1aCTH HOTIIONIEHHS TIPUMECHBIMH IIEHTpaMH a3ota (KpacHas JIHHFS)
C pasJIoKeHHEM Ha KOMITOHEHTBI, COOTBeTCTBYoMIHE C-1ieHTpaM (romy6as nuaus) U A-rieHtpam (3enenas muamus) (6).
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W3MepeHns: KOMIUIEKCHOM 3JIEKTPUIECKON MPOBOIMMOCTH POBOIMINCH B uana3one yactot 0.3-2
MTI'u. TemmeparypHasi 3aBUCUMOCTb aIMHUTTaHCa OT TeMreparypbl B nuanasoHe 2-400 K u MarHuTHOrO
noist 1o 9T wccenenoBanack ¢ momoinsio komruiekca Quantum Design PPMS EverCool 1. Ha puc. 2
MOKa3aHbl MPUMEPbl 3aBUCUMOCTEil peanbHOMl 4YacTH aJMHTTaHCA U OJJIEKTPUYECKOH EMKOCTH
IKCIIEPUMEHTAIIFHOTO O0pa3ma anMasa, JISTHPOBAaHHOTO a30TOM, H JUIS CpaBHEHUS 00pasla,
JIETUPOBaHHOTO OOPOM B KOHIIEHTpauuu 1 ppm.

B r
Puc. 2. PeanbHas yacTh aaMuTTanca (IPOBOJAMMOCTD) M SJIEKTPUYECKAs EMKOCTh 0OPa3LIoB ajiMasa,
JIETHPOBAaHHOTO a30ToM (a) 1 (0), COOTBETCTBEHHO; U 0Opasiia CpaBHEHHUS,
JIETMPOBAHHOIr0 OOPOM B KOHLEHTpamuu 1 ppm, (B,r) , B 3aBUCHMOCTH OT TEMIIEPATYPhI M YACTOTHI IEPEMEHHOTO HATIPSIKEHUS.

B oOpasue anmasa, JerHpOBaHHOTO a30TOM, BIIEPBbIE OOHAPYKEH aAMUTTAHC-TIHK M CTYNEHYaTOe
ymeHblienne emkoctu npu T<20K. B o6pasme, nerupoBaHHOM OOpOM HaONIOAAeTCs HW3BECTHBIM
aJIMUTTaHC-TIMK ¢ MakcuMymoMm B oOmactu 250K, u cTymeH4aTtoe yMeHbIIEHHE €MKOCTH B ITOH XKe
obnacTu TeMIeparyp, aHaJIOrMYHO OMyOJIMKOBaHHBIM paHee pe3ysibratam [2,3].

Paboma evinonnena npu gunarncosoi noodepaicke PODPU 6 pamkax nayunozo npoexma PDODU-
I'®EH Ne 20-52-53051.

JUTEPATVYPA
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Copepxamue OOop ¥ a30T aiMasbl MPEACTABISIOT 3HAUUTENbHBIA HHTEpPEC B KauecTBE
IIMPOKO30HHBIX JIETMPOBAHHBIX MOJYIPOBOJHUKOB C PSAIOM YHHKAJIBHBIX CBOWMCTB, KOTOPBIMHU ajMa3s
BBIJICTISICTCSL B PSAAY JAPYTUX TBEPABIX TEN — BBICOYANIIAs MEXaHMYECKas MPOYHOCTh, camasi BBICOKas
TETUIOTIPOBOIHOCTD, BBICOKAs TEIUIOBAas, XMMHUYECKash CTOHKOCTh W Jp. OIHAKO SHEpPrHus HMOHU3ALUHU
JIOHOPOB U aKIENTOPOB B aiMasze JOCTATOYHO BBICOKHE, YTO MPHUBOJIUT K OUEHB CIIa00H ANMEKTPUUECKOM
MPOBOJIMMOCTH TIPH HOPMAJIBHBIX TeMIepaTypax. TOJBKO MPH BBICOKMX KOHIIEHTPALUSIX JICTHPYOIIEH
npuMecH ypoBeHb depmu cBOOOJHBIX HOCUTENEH 3apsga CMEIIAeTCs B CTOPOHY TPaHHI] pa3peIieHHbIX
30H, U JIETUPOBAHHBIE OOPOM ajMa3bl MOTYT 00JIaZaTh JOCTATOYHO BHICOKON MPOBOJMMOCTBIO, BILIOTH 0
nepexo/ia MoJynpOBOAHUK-METAILT M Aaxe cBepXmpoBoaHuK [1,2]. OnHako KpUTHUECKash KOHIICHTPAIIUS
npuMecu Oopa JUIsl Tepexojia IMOJYNPOBOJAHUK-METAUI, ¥ B CBEPXIPOBOJHHK, JOCTATOYHO BBICOKASI,
okono 4*10°° cm? [2]. [Ipy Takux BBICOKMX KOHIEHTPALUSAX HEJIb3s HTHOPUPOBATH BO3MOKHOCTH
KOHIICHTPAaLIMOHHOTO (Da30BOro mepexoja B TBEPABIX PACTBOpAX, KOTOPBIM MPOMUCXOAUT B TpoIecce
kpuctaumsaiu  [3], W B pe3yibTare KOTOPOrO BO3HUKAET 3HAYUTEIbHAS MPOCTPAHCTBCHHAS
HEOJHOPOIHOCTh paclpeseeHus] KOHLEHTPAlMK MpuMecH. B yacTHOCTH, BO3MOXKHO (OPMHpPOBAHUE
KOHIEHTPALMOHHBIX JIOMEHOB U YHOPSAOYEHHBIX HAHOCTPYKTYp ¢ cedyeHueM 5-10 HM, kak Hampumep
nokazaHo B [4,5]. Dto o00ycnoBieHO penakcanued yOpyrux HanpsHKCHUH, BO3HUKAIOMIUX TPU
(dbopMUpOBaHMM CIUIaBOB M TBEPAbIX pacTBOpoB. @DOpMHUpPOBAHUE [IOMEHOB C IOBBIIIEHHOM
KOHIIEHTpanueir Oopa B CHIBHOJETHPOBAHHBIX OOpOM CHHTETUYECKHX MOHOKPHUCTAIUIAX ajMa3oB,
BBIPAIIICHHBIX METOJIOM TEMIIEPAaTypHOIO TpaJUeHTa TPU BBICOKOM JaBieHHH u Temmepatype (TG-
HPHT) BriepBbie ObUI0 0OHAPYKEHO U OnKcaHo B [6-8].

MOHOKpHUCTAITBI C BBICOKON KOHIIGHTpAaIllMel a30Ta, MopsaKa 10° em® u 0oJiee, Tak)Ke YCIEUTHO
BhIpamuBatorcs metogom 1G-HPHT [9,10] u BcTpewaroTes B pUpo/ie, MPU 3TOM XOPOIIO U3BECTHO, YTO
MOMUMO OJTMHOYHBIX aroMoB 3amerieHus: (C-eHTpbI), 00pa3yroTcs pa3uyHble KOMIUICKCHI, TAKHE Kak
napHbie aToMbl a3oTa (A-1eHTpbI), a30T-BakaHcuoHHbIC (NV-IIEHTPBI), KOMIUIEKCHI U3 4-X aTOMOB a30Ta
u BakaHcuu (B-1ieHTphI) 1 Oosiee citokHbIe. [Ipy OONBIIMX KOHIIEHTPALUIX a30Ta CIIEAYyEeT PacCCMOTPETh
BO3MOKHOCTh (POPMHPOBAHUS JOMEHOB C TOBBIIIEHHON KOHLEHTpAIMEeH a30Ta OTHOCUTEIBHO CPEIHEro
YpOBHS, TOJJOOHO CUIILHOJIETMPOBAaHHBIM OOpOM anma3zaM. TeopeTuyeckoe MOJEIMPOBAHNE YKA3bIBAET Ha
BO3MOXKHOCTh CBEPXIIPOBOAMMOCTH B CTPYKType anmasa ¢ 5% aszora B Buzae C-uientpos [11]. Beipactuts
MOHOKPHCTAJUIbI aJIMa3a C TaKOW cpeaHer KoHIeHTpanued C-IIeHTPOB HE yAAeTCA, OJTHAKO MPEACTABIISIET
UHTEpEC  BO3MOXKHOCTb ~ OOHApy>XEHHSI JIOMEHOB C  TakOH  BBICOKOW  KOHIIGHTpauued B
CHIIbHOJICTUPOBAHHBIX a30TOM KpHCTajuiax anmasa. B pabore [12] mposemensr uccinemoBanms HWK-
CIIEKTPOB MOHOKPHUCTAJUIOB ajMasa, COAEPKAIIMX B CPEIHEM 2*10" cm? C-LeHTpOB, C BBICOKUM
MIPOCTPAHCTBEHHBIM pasperieHueM mopsaka 1 MKM? 110 MMOBEPXHOCTHU TIacTUH ToimuHou ~ 200 MkM, u
BIIEPBBIC OOHAPYKEHBI MUKPOCTPYKTYPHI C nepenazgoM KoHueHTpauu C-iieHTpos 10 50%.

B nactosimeit pa6ore metomom TG-HPHT Obln BeIpamieH MOHOKpPHCTA/UT ajiMa3a CO CPEIHEH
KoHUeHTpauueld C-LeHTpoB ~ 510" ¢m™®, u3 mero BBIPE3aHAa METOJOM JIa3€pHOM PE3KU IUIaCTHHA
tommuuor 0.5 MM kpuctamtorpaduueckoit opuentaruu (100), MEXaHHUYECKH OTIONMPOBaHA, W TAKKE
uccnenoBana MerogoM MK-crekTpockonuu ¢ BBICOKHM MPOCTPAHCTBEHHBIM Pa3peIieHHEM B TUIOCKOCTH
obpasma, anamoruuno [12]. MccnenoBanus npoBoawiuck Ha FTIR-cnektpomerpe Bruker Optik GmbH,
Ettlingen, Germany, ¢ mukpockornom Hyperion 3000 IR u matpuunsim FPA netektopom 64x64 nukceneit

51



CO CNEKTpajJbHBIM pa3pelieHueM 4 cm— . Ha Puc. 1 IpUBEAEHBI O0IIMI BuA oOpasna, xapakrepubie K-

20 -3
CIIEKTPBI U OTHOCUTEIBHOE pacrpeaeaeHue no KoHueHTpausam C-ieHTpos ¢ MmakcumyM 0.5%10% cm ™.
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Puc. 1. ®ororpadus 3KCIIEpUMEHTAIBHOTO 00pasiia, BRIPE3aHHOI0 U3 JEMMPOBAHHOTO a30TOM MOHOKPHCTAILIA ajaMa3sa (a);
NK-criekTpst 06pasiia B 001acTy MOTIIOMICHHST PUMECHBIMH [ICHTPAMH a30Ta B Pa3IMYHBIX TOUKax (0), IBET JIHHMI
COOTBETCTBYET (hparmMeHTy (B); BUI MUKPOKIACTEPOB C OOJIee BHICOKMM paspelieHreM mo KoHieHtpaun C-ieHTpos ().

XapakTepHbI pa3Mep MHUKPOCTPYKTYp coctaBiusieT 5-10 MKM ¢ JIOKaJdbHBIM —TIE€peragoM
koHIeHTparuit ~ 10%. Buay TOro, 4to AaHHBIM METOJ MO3BOJSET HCCIEIOBATh MPOCTPAHCTBEHHYIO
JIOKQJIM3AIHI0 TOJBKO B TIOCKOCTH MOBEPXHOCTH 00pasia, a mo riryomne 500 mxMm B oObeMe oOpasma
MPOUCXOAUT HEKOE YCpPEeIHEHHUE, CIeAyeT CUUTaTh 3Ty BEIWYHHY MPEIeTbHO KOHCEPBATUBHOM OIEHKOM.
Jlnst Gonee JeTanbHOrO aHaIM3a IMPOCTPAHCTBEHHOTO PACTpPEEICHUs HEO0OXOAMMO HCCIIENOBATh
CYIIECTBEHHO Ooliee TOHKHE O0pa3ilbl, ¥ MPUMEHATh IPyrHe METOAbl aHanu3a. Takas uHpopmanus
HGO6XOI[I/IMa AJI1 TIOHUMAaHUA SJICKTPUYCCKUX, ONITHYCCKUX CBOMCTB JICTUPOBAHHBIX a30TOM aJIMa30B, IJId
pa3paboTKu U JJIs CO3/IaHUSI HOBBIX KBAHTOBBIX CEHCOPOB Ha ocHOBe NV-1IeHTpOB B anmase.

Paboma evinonnena npu gunancosou noooepicke PODU 6 pamkax nayunoeo npoexma PODHU-
I'®EH Ne 20-52-53051.
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3a/1a4a TOBBILICHUS TEIIONPOBOJHOCTH KOHCTPYKIMOHHBIX yrieracTukoB (KVY) mist mpumeHeHust
B PaKETHO-KOCMUYECKOM TEXHMKE IIPUBJIICEKACT 3HAYMTEIIBHBIA MCCIIeN0BaTenbCckuil uHTepec. IlIupoko
UCTIONIb3yEeMBbIE B HACTOSIIEE BpEMsl TEIUNIOOOMEHHBIE KOHCTPYKIMH W3 AJTIOMUHHS 3a4acTyl0 He
YIIOBJIETBOPSIIOT PACTYLIMM TpPeOOBaHMAM K Macce W KECTKOCTH 3JIEMEHTOB, ¢ Jpyroil croponsi, KY
o0magaroT HU3KOHM mormepedHol TermtonpoBogHocThio (okoao 0,30 B1/(M*K)) m He mMO3BOISAIOT
obecrieunTh 3PPEKTUBHBIN OTBOJ TEIJIa B COBPEMEHHBIX M MEPCIIEKTUBHBIX OOPTOBBIX CHCTEMaX.

B mHacrosmield paboTe NpHBENCHBI pe3yJbTAaThl HCCIEIOBAHHMS 3aBUCHUMOCTH KO3 (duImMeHTa
TEIJIONPOBOAHOCTH (A) TMOJMMEPHBIX KOMIIO3UIIMHA M SIOKCHIHBIX yIiemiacTukoB Ha Oase ITAH-
BOJIOKOH, MOAM(DHUIIMPOBAHHBIX YaCTHUIIAMUA TPUPOJHOTO TpaduTa, OT OPHEHTAIMA U OOBEMHOMN
KOHIICHTpaluy MOAUGHUIUPYOMHKX YacTull (V) METOJaMH YHCICHHOTO 3KcnepuMeHTa. [lokas3aHo, 4To
OPUEHTUPOBAHHE YACTHIl B TOJMMEPHBIX MAaTpPULAX TIO3BOJIAET  YBEIUYUTh KOIPPHUIHUEHT
TEIJIONPOBOAHOCTH MaTepuana a0 1-2 TOpSaKoB. YCTaHOBIEHO, YTO MIPU OPHUEHTHPOBAHUHU
MOJUGUIMPYIONIUX YaCTHUI] TOSABIISIETCS IPKO BBIPAKEHHAs! aHM30TPOIHS TEIUIONPOBOIHOCTH MaTepHaia,
YTO MO3BOJISAET MOIYYaTh HEOOXOIMMbIE 3HAUEHHS TETTIONPOBOAHOCTH B 33JaHHOM HaIPABJICHHH.

[Ipuponusiii TpaduT XapakTepusyeTcsl BBIPAKEHHOH aHM30TPONHEN TEIUIONPOBOAHOCTH U
reOMETPUYECKMX  pasMepoB  YacTUI[ HPH  MAKCHMAJIbHOM  YpPOBHE  TEIUIONPOBOAHOCTH
420-1000 Bt/M*K[1], uyTo pnemaer €ro HMHTEPECHBIM OOBEKTOM HCCICIOBAHUS W MEPCHEKTUBHBIM
HaronHuTeneM Marpun KY. YcpenHeHHBIE T€OMETpHYECKHE XapaKTepHCTHUKH HPUPOTHOro Trpadura
ObUIM B3ATHI U3 3JIEKTPOHHO-MHUKPOCKONHWYECKHX JAaHHBIX W CPEJHHMX pPa3MEpOB YACTHIl IO JAaHHBIM
mazepHON MUdPaKI¥K;, NPHHATA MOJEIb JIUIAICOMIA BpAICHUS BOKpPYr Ooubimoi ocu (puc. la).
YucIieHHBIH YKCIIEPUMEHT POBOJIUIIM B TPOrpaMMHBIX makerax Digimat 2016 u Ansys 2019.

a §) B T

MUKpOreoMeTpHUs U JaHHbBIE TEIIONPOBOIHOCTH: & — MOJIENb YaCTUIILI rpadura (SJUIUICOM I, COOTHOIIEHHE Moyocel 3);
0, B — DJIEMEHTAPHBINA 00bEM MATPHILIBI, T — PACYETHBIE KOHLIEHTPALIMOHHBIE 3aBUCHMOCTH KOO (HULMEHTA TEMIONPOBOAHOCTH
(1 — 9KCcriepUMeHT, HalpaBJIeHUE IPEMMYLIIECTBEHHON opreHTaluu [2], 2 - 0IHOOCHAs OpPUEHTALMs, HANPABJIEHHE X;

3 — ciyuaiiHasi OpHeHTAaIMs; 4 — OJTHOOCHAsI OPUCHTAITHS, HAMpaBiieHue Z, 5 — Mojens Makcsera [3])
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PaccmarpuBanuch 1BE NPUHIMITUAIBHBIE CXEMBI 3allOJHEHUS O0BEMa IOIMMEPHON MAaTpPHILHL:
YACTHIIBI UMEIOT CITy4aiiHyIo opreHTanuio (prc. 16) nim oMHOOCHO HampaBiieHbl 10 ocu X (puc. 16). s
KY paccmaTpuBanuce cirydan, KOTJa YaCTHIBI HIMEIOT CIIy9ailHYI0 OPUEHTALNIO; OCh OPHEHTAINH JIC)KUT
B IUIOCKOCTH apMHUpPOBaHHs WJIM [0 HOpMaJM K Hed. Bo Bcex pacyeTHhIX ciaydasx NPUHHMAIOCh
NpUOIMKEHNE €TMHUYHBIX TOUCYHBIX KOHTAKTOB.

W3 pucyHka le BHIOHO, YTO cliy4yaifHas OpPHEHTAIMsI YacTUI] C TOYKH 3PEHHs TEIUIONPOBOJIHOCTH
NPUBOAUT K pe3yibTaraM, OJNM3KHMM K XyAOIEeMYy BapHaHTy TEIUIONEPEHOCca MEePIEHANKYIISIPHO
HAIPAaBJICHUIO TPEUMYIICCTBEHHOW OPHEHTAIIMHA YacTHIl, OCOOCHHO TPU HEBBICOKUX KOHIICHTPAIUSX.
CtoUT OTMETHTH, YTO TIOJyYEHHBIE METOJOM UHWCIEHHOTO OJKCIEpUMEHTa JMJaHHbIE OJM3KH K
OIMyOJIMKOBAHHBIM SKCTIIEPUMEHTANBHBIM [2]. OTKIOHEHHs B 00JIACTH BBICOKHMX KOHICHTpAIMiA (CBBIIIE
15-20 00.%) MOXHO CBsI3aThb C OrPAaHMYCHHOW MPUMEHHMOCTBIO THIIOTE3bl TOYCUHBIX KOHTAKTOB.
[IpocThie aHAIWTUYECKHE MOJICIH, HE YYHTHIBAIOIIUEC MEKYACTUYHBIX KOHTAKTOB, B CIy4yac CHUIIBHO
AQHM30METPUYHBIX YaCTHUI[ TPHUBOIAT K 3aHIKCHHBIM pe3yJibTaTaM BO BCEM HCCIIEIOBAaHHOM
KOHIICHTPAIIMOHHOM WHTEpBAJIC.

OneHka NPOYHOCTHBIX CBOWCTB MOKa3bIBaeT, 4yTo pasynpouHeHue KV ¢ MoauduumpoBaHHON
MAaTpUIICH CBS3aHO, B TIEPBYIO OYepelb, C YMEHbIIEHHEM Ae(GOpMUPYEeMOCTH MaTpuilbl. HecMoTpst Ha 310,
ypoBeHb npounoctu KY ¢ marpuneit, mogudummpoanaoii 30-40 006.% rpadwura, ocraeTcs Ha YpOBHE
WK BBIIIE OOJBIIIMHCTBA KOHCTPYKIIMOHHBIX aTFOMUHHEBBIX cruiaBoB (6oiee 400 MITa) mpu coxpaHeHUH
IUIOTHOCTH Ha ypoBHEe He Oomee 1700 kr/v®. B tabi. 2 MPUBEJECHBl PACUYETHBIC TEILJIOMPOBOIHOCTH
MOJIUGUIIMPOBAHHBIX MATPUI] U cooTBeTCTBYIOMUX KY. M3 reoMeTpruveckux cooOpakeHHU coaepKaHne
rpadpura mpuHEManu paBHbIM 33 00.% s cimydaiiHoi opuweHTtaruu ¥ 41 006.% - mis OJHOOCHO,
HaTpaBJICHUS TEIUIOBOTO IMOTOKA TIOKAa3aHbl OTHOCUTEIBHO CEMEHMCTBA IUIOCKOCTEH apMHUpPOBaHHS.
TernonpoBogHOCTH NONMMepa npuHuMaiack pasaoit 0,17 Bt/(M*K), pacuernas terionpoBogHocts KY
0e3 yacTuil B HanpasiieHun apmuposanus 12,0 Br/(Mm*K), mo Hopmanu — 0,32 Bt/(M*K).

Tabnuua 2
IIpupocT TenJI0NpPOBOIHOCTH KOMIIO3HIIMOHHBIX MATEPHAJIOB
Marepuan TemnonposoaHocTh, BT/(M*K)

Martpuia, ciiydaitHasi OpueHTalUs 1,42
Marpuiia, bukcupoBarnas opueHrarms (I/1) 5,37/1,14
KV, cayyaiinas opuenrarust (I/1) 12,79/1,59
KV, opuenranus B mockoctu apmuposanus (I/1) 15,32/1,38
KV, opuenTanus no Hopmaiu K miockoct apmMupoBanust (I/1) 12,65/3,80

Pacuer mokaspiBaeT, YTO NpPU OPUEHTUPOBAHUHM YACTHI MOAM(DUIMPYIOMIErO HATOJIHUTENS
TETIONPOBOAHOCTE KY MOKHO MOBBICHTH Ha TOPSIOK, NMPHYEM, 3ajaBasi ONPEIEICHHYIO OPHUEHTAIUIO
MOJU(DUIUPYIONIUX YaCTHI, BO3SMOXKHO 32 CUET aHU30TPOITUH TETUIOPH3MYECKUX XapaKTEPUCTUK YACTHUI]
noJy4uTh TpeOyembie Termodusnueckue cpoiictBa KY (cm. Tabm. 2). Ipu momudunmposanmu KY
0c00eHHO 3()()EeKTHBHO OPUEHTHPOBATh YACTHIIBI 110 HOPMAaIH K IUIOCKOCTH apMHPOBaHHSA, T.K. B 3TOM
cllydyae yCpeJHEHHas TEeIUIONPOBOAHOCTh MaTepuaya IIOJydaeTcss HauOOoNbIIeH, M BO3MOXKHO
MakCHMaNbHO 3(deKkTUBHOE pacnpeaeseHue Temia BO BCeM 00beMe H3IeNusl.
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[TpousBoacTtBo YB xapakrepu3yeT NPOMBIIUICHHBIM MOTEHIMAT CTPaHbl. YTJIEPOJHOE BOJOKHO
(YB) SBIAIOTCS OCHOBHBIM COCTABJISIOIIMM KOMIIOHEHTOM YTJICPOIHBIX KOMITO3UIIMOHHBIX MaTEpHAIOB

(YKM).
YB — B OCHOBHOM MOHSTHM JXI'YT W3 3JIeMeHTapHbIX YB. DOnementapHoe YB — ¢unamenr.
QunamentT YB — yraeponHslii marepuain, uUMeromuil (GuUOpWIIpHOE CTpOEHME, T/A€ OpHEHTALMs

KPUCTAJIJIUTOB yTJIEPOAAa HAXOAUTCS B OJHOM HAIIPaBJIEHUH, BIOJIb OCH BOJIOKHA.

B wHacrosmee Bpemsi Bbicokomnpounble (BII) u BbicokomomynsHble (BM) YB Ha ocHOBe
noiuakpuwionutpuwia (ITAH), Hanum mupokoe nmpruMeHEHHe B KOCMHYECKOH OTpaciH, aBHACTPOCHHHU,
MEIULIMHE, aBTOMOOMJIECTPOCHUH, BETPOIHEPIEeTHKE, CIIOPTUBHOW WHAYCTPUH, CTPOUTEILCTBE MU T.J.
OcHOBHBIMU JIpaiiBEpaMH pOCTa NMPOU3BOJCTBA YB sBisieTcs rpaXkJaHCKas aBUAlUs BETPOIHEPIeTHKa,
aBTOMOOWIM IpeMuyM Kiacca [1, 2].

OCHOBHBIMHU DJKCIUTyaTallMOHHBIMU cBoiicTBaMu YB Ha ocnHoBe IIAH sBmstorcs ux ®duz-mex.
cBOMCTBa (MMPOYHOCTH MPH pa3pbiBe U MOAyb FOHra). IMEHHO Ha COYeTaHUU 3TUX CBOMCTB, B OCHOBHOM,
knaccupurupyrorcs YB. C HemaBHero BpEeMEHH TOSBIIICS HOBBIM KiacC YB: BBICOKOTPOYHO-
BbIcOKOMOyIbHBIC (BIIBM), KOTOpBIil 3aHsu1 CBOKO HHINY Ha phiHKEe YB. B OCHOBHOM 3Ty HpOIyKIIHIO
MOCTABIISIIOT TaKWE KPYIHbIE MPOM3BOAMTENN Kak «Toray's torayca», «Toho tenax» u «Mitsubishi
Rayon», cBeneHuss o ChIpb€ M TEXHOJIOTHS MPOU3BOJCTBA, HAa ATy MNPOAYKILIHIO, HE ONMyOJIMKOBaHO B
00IIIeTOCTYITHOM TUTEpaType.

Ilenbto Hacrosimedl pa®OTHI OBLIO M3Yy4YEHHE BO3MOXHOCTHM IOBBIIIEHHUS (DPU3MKO-MEXaHHMUYECKUX
cBoiicTB YB Ha cranuu rpaduranun.

[Tomyuennsie o6paszubl YB, mpomenmue BTO B pa3nuyHbIX pekuMax, HCCICIOBAHBI METOJIAMH
PCA u PAMAH-cnekTpoMeTpueil OT BBITSDKKH, Ta30BOM aTMocdephl, CKOPOCTH TpOTsHKKH. Hamo
OTMETHTh, 4YTO YB pa3nuuHbIX mOpou3BoauTeNeH TIpa@UTUPYIOTCS NO-pa3HOMY, B pe3yJbTare
HaclleICTBEHHON MOp(oIoruu.

B cinyuae npumenenus BHITSDKKM YB, npu mposenenun BTO, moka3aHo coBEpIIEHCTBOBAHME
KPHUCTALTMIECKON CTPYKTYpBI: CHIXKCHHE MEXKIUIOCKOCTHOTO paccrosiHus ooz, YBETHUYCHHE pa3Mepa
OKP. HaOmironaercss CHU)KCHHE OTHOIICHHMSI CHEKTPalbHBIX MHTEHCHBHOCTEH Ip/lg, 4To moaTBepkaaeT
COBEPIICHCTBOBAHNE KPUCTAITMYECKOI CTPYKTYphI Y B 1o Mepe yBenuueHus CTeNeHn BHITSDKKY [3].

BiusiHue ra3oBoii cpenpl, Ha IpUMEPE MPUMEHEHMSI TAJIOT€HOB, Ha CTPYKTYPHBIE XapaKTEPUCTUKH
VB Taxke xoporo ouryTumsl. Ha qudpakrorpaMmax BUJHO BIMSHUE TaJOI€HOB HAa COBEPIICHCTBOBAHUE
CTPYKTYpbl — cHikeHue monymuprabl muka (002), XoTs MeXclIoeBoe pacCTOSIHHE TPH 3TOM He
ymenbiiaercsi. Ha pomanoBckoM-criekrpe i VB, npomenmux BTO B cpene ranorenos, Habmromaercst
camkenue Ip/lg, 4TO MOATBEpKIAECT COBEPIICHCTBOBAHWE KpUCTALTHMUYECKOM cTpykTyphl [4]. Hamo
ocobeHHo noauepkHyTh, uTo BTO BII YB B ranoren coaep:xxaiieii cpeie IpoBOANUIN IIPU CYIIECTBEHHO
Oosee HU3KOW MakcuMaiibHOU Temmeparype 2500 °C m 6e3 HCIOJIb30BaHUS BBITSDKKH, B TO BpeMs Kak
pexxum BTO ¢ ucnionb3oBanreM pa3Hoi creneHn BHITHKKY mpoxo it pu 3000 °C.

Metonom PCA ycTaHOBIEHO IPUCYTCTBHE IO MEHBIIEH Mepe ABYX CTPYKTYPHBIX COCTABIISIOIINX,
pa3nuyarImuXxcs 1Mo creneHu rpaduramun. [IpucyTcTBHE CTPYKTYPHBIX COCTABISIONIMX C TOHM)KEHHOU
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CTeneHbl0 Tpadutanuu B OOJBIIEH CTENEHW XapaKTepHO i YB, mpomeammx TepmMooOpaboTKy mpu
3000 °C mpu BBICOKHX CKOPOCTSIX MPOTSLKKH [5].

[ToaTBepkIeHa BO3MOXKHOCTD nonyueHuss BM VB, oTBeuaromux coBpeMeHHBIM TpeOOBaHUSAM, HA
ocHoBe I[IAH c¢ mpounocteio mopsiaka 3 I'lla u momynem ympyroctu mopsiaka 400 I'Tla mytém
rpadutanuu mpu 3000 °C BIT VB co ckopocThio npoTshkku He 6osee 38 M/4. OfHAKO MPU yBEIHYCHHN
ckopocth mpoTspKku oT 38 10 300 m/4, monyueHrne BM VB craHOBHUTCS HEBO3MOXKHBIM H3-32 TOSIBICHUS
ne(QeKTOB, MPEINOJOKHUTEIbHO CBA3aHHBIX C TIeTEPOTreHHOCTBIO KPHCTANIMYECKOM CTPYKTYpbI
MIOJIy4YeHHBIX Y B.

Ha npumepe BTO ¢ mpumenenuem Harpysku YB mapku «Aksaca» u «T-700», rpadudecku
MOKa3aHO pa3lMuHOe «moBeaeHue» 3tux YB (puc.la), mpuuém VB mapku «Aksaca» mepBoHaYaibHO
uMeBIIee OOOOBHIHOE CEUYEHUE, TIPU BHITSHKKE ® > 8 % m3menwmnock Ha kpyrioe [6]. [lpu yBenmuenun
CKOPOCTH TPOTSKKH, T.e. MpU yMeHblneHUH BpemMeHH BTO, oTmedaeTrcst cyliecTBEHHOE H3MEHEHHUE
¢busnko-mMexanndeckux cBoiictB YB (puc.10). CnemoBatensHo, nmoadupas ycnosus BTO, mist kaxmaoi
Mapku ¥YB, MOKHO ONTHMHU3UPOBATH MOIy4YeHUE TpeOyeMbIX (PU3NKO-MEXaHUYECKHX CBOMCTB ¥YB.

450 E, I'lla
T-700 ~
400 - Aksaca
+12% +11%
o/ +9,4% +8%
o~
350 4 1A%
+1% +4.5%
300 -

25 50 F,MIla 75 ¢

Pucynok 1. 3aBucumocTts nameHenus moaysist FOHra Ha pasinnansix YB ot Harpysku mpu BTO (a),

3aBUCHMOCTb H3MEHEHHs POYHOCTH i MozyJs FOHra oT Bpemenu rpapuramun Ha YB «AKsaca» (6)
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BBITAKKA YIVIEPOJAHBIX BOJIOKOH ITPU 'PA®UTALIMA
N UCITOJIB30OBAHMUME I'AJIOI'EHCOJAEPKAIIIEU CPE/JIbBI

Bepoeu JI.b., CamoiisioB B.M., byonenkoB U.A., Byunes JI.M., Mapkosa U.10.,
HaxoxnoBa A.B., |CTenapeBa HH|
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B pabote mpencraBieHbl HMCCIENOBAaHMS BIUSHHE DPA3JIMYHBIX YCIOBHH peXHMa rpaduTanuu
yrinepoanbix  BoiokoH (YB). Hcxomuble  Qusmko-mexaHudeckue cBoiicTBa YB  pasmuuHbIx
NpOM3BOAMTENCH npeacTaBieHa B Tabmuie 1 [1-9], cBolicTBa momy4eHHBIX BRICOKOMOMYIbHBIX (BM) VB
MoKa3aHbl Ha pUCyHKe 1.

Tabnuya 1
Du3uKO-MexXaHuYecKHue cBoicTBa ucxoaHbIX BII YB
Cpenit Cpenss Cpennit Yamaenne | [LTOTHOCTS,
Mapka BIIYB JHAAMETP MPOYHOCTH NpH | MoAy b FOHra, . % et
¢unamenta, Mkm | paspeise, ['Tla I'Mla '
BMH-4 51 3,7 378 0,98 1,75
PoBunon-5,0 54 5,7 281 2,02 1,74
T-700 6,4 4.9 205 2,65 1,78
T-300 7,0 3,4 230 1,50 1,76
TKS-40 6,1 53 265 1,98 1,78
Tenax —J 6,3 53 245 2,15 1,73
Aksaca 6,6 53 229 2,31 1,79
GSL 5,8 6,1 273 2,26 1,81
UMT 42-12K-EP 6,5 4,9 223 1,65 1,77

Pucynok 1. CootHowenne MoayJis FOHra oT IpOYHOCTH Ha pa3phiB A1 Y B BeAyIIX MUPOBBIX MPOU3BOAMTENCH «TOray»,
«Teijin», «Mitsubishi Chemical Carbon Fiber and Composites» u syuire 3Ha4eHUS IKCIEPUMEHTATBHBIX 00pa3oB YB
Bcex 10 cepwmit Tuma BM u BIIBM, nonydeHHbIX B TaHHO# padore (1a611.2)
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I'paduranus c¢ BeiTsDKKOM, npu Temmeparype 3000°C [10] (obpasusr YB1-YB8), okasamoch
HEJIOCTaTOYHBIM YCJIOBUEM JIJISl TIOJYYCHHUSI BBICOKOTO MOIYJIs /i1 YB Ha OCHOBE MOJMAaKPUIOHUTPHIIA
(ITAH). IToka3aHo, 4TO yBEIMYCHUE CTEIICHHU BBITSDKKH, OT 1 10 12%, ncxoaHoro Beicokonpounoro (BIT)
VB npu temnepatype 3000°C He Bcera NpUBOAUT K YMEHBIICHHIO TPOYHOCTH Y B, B cilyuae BBICOKO¥
CTETIEHU BBITSHDKKM TMPOYHOCTh HE CHIDKACTCS, a POCT MOMYJIA YNPYTOCTH HAIMpPSIMYIO 3aBUCHT OT
BEJIMYMHBI BBITSDKKH M KOJTHUECTBa KpeMHuust B ucxoaubix BIT YB [11,12]. O6pasier YB-9 u YB-10 Obuiu
moJiyueHsl pu Temnepatype rpadutanuu 2500°C ¢ npuMeHeHreM rajoreHcoaepskariei cpezs [13].

Taonuua 2
O0o3Hauenne YB, Ha pucyHke 1

VB npomeamee BTO Hcxonnoe YB VB npomenmee BTO Hcxonnoe YB
VB-1 BMH-4 VB-6 Aksaca
YB-2 PoBuion-5 YB-7 T-300
VYB-3 T-700 VYB-8 TKS-40
YB-4 GSL YB-9 * UMT 42-12K-EP
VB-5 Tenax —J VYB-10 *T-700

IMpumeuanue: (*) — BTO VB B rajorencoaepxarieit cpene.

N3yuenne KpUCTAIIMYECKOH CTPYKTYpbl OT YCJIOBUH BBITSDKKM, HpoBoauian merogamu PCA u
PamanoBckoit criekTpockornuu. [Toka3aHo, 4To ¢ yBeJIMYEHHUEM CTETIEHH BRITSHKKH, 110 8 %, i YB «BMH-4»
u 10 10,5%, mast VB «T-700», HaOar01aeTcss YMEHBIIICHHE MEKCIIOEBOTO PAacCTOSHUS Cogp U yBETHYCHHE
pasmepoB OKP. MeTomoM pamMaHOBCKOH CIIEKTPOCKOIMU ObLIIO OTMEYEHO cHIbKeHue mapametpa Ip/lg, uto
TAKKE COOTBETCTBYET YBEIUYEHUIO CTEIIEHU COBEPIICHCTBA KPUCTAIUIMUECKON CTPYKTYphI Y B.

[Ipy wuccnemoBaHMM  KPUCTALUIMYECKOM  CTPYKTypbl YB, TONyYeHHBIX C  TIPUMEHEHHEM
rajoreHcoaepkauiei cpenpl npu temneparype rpadurampm 2500 °C, Ha audpakrorpamme HaOIIomaeTcs
cHIbkeHHe nomyimpuHbl ka 002, a MexkcrnoeBoe paccTosHUE MPU ATOM He yMeHblaeTcs. Ha pomanoBckom
CIieKTpe HalOroaeTcst cHikenue napamerpa Ip/lg, uTo monTBeprkiaeT Gosee BHICOKYIO CTENIEHb COBEPILICHCTBA
KPUCTAIMYECKON CTPYKTYpBI 3TUX Y B, mporenmmx rpaguTaiyio B raJIoreHCOIepKaIleH cpejie.
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Honusupyroniee H3Iy4eHHE KOCMHUYECKOTO IPOCTPAHCTBA CUUTACTCS OJHUM M3 OCHOBHBIX
(akTOpOB, OKAa3bIBAIOIINX HETaTUBHOE BIMSHUE HAa pPabOTOCIOCOOHOCTH 3JEKTPOHHBIX MPUOOPOB,
BXOJSAIIMX B COCTaB M3JACNUN pakeTHO-kocmuyeckoit Texuuku (PKT), B wacTHOCTH, Ha JaT4uKU
MexaHndeckux BenuduH. [lostomy st obecnieuenus HangexHoctn m3aenuii PKT TpeOyetcst pazpaboTka
JAaTYNKOB MEXaHUYECKUX BEIMUYUH, 00ECIeUUBAIOIINX KOHTPOJIb OTAEIbHBIX Y3JI0B U M3AEIHHA B IEJIOM,
00J1a/1a0IIMX BBICOKOI TOYHOCTBIO U3MEPEHUI MTPH BO3JICHCTBIH BBICOKHX YpOBHEH panuanuu [1].

CoBpeMEHHbIE MUKPOZJIEKTPOHHBIE JaTYMKU MEXaHMYECKHUX BEJIMYMH H3TOTABIMBAIOTCS B
OCHOBHOM M3 MOHOKPHCTaJUIMYECKOTO KPEMHMsI, MMEIOILErO psiJi CYIIECTBEHHBIX HENOCTAaTKOB, B TOM
quciie 00pa3oBaHue JeEKTOB H POCT TOKOB YTEUKH IPU MOpakeHUH panuanueii [2]. B nocnenHue roast
IIMPOKO M3y4yaeTcs MPUMEHEHHE B MUKDPODJICKTPOHHMKE ajIMa3HBIX MaTepHasioB. AnMa3 o0JasaeT psaoMm
YHHUKAJIbHBIX CBOWCTB, B TOM YHCJIE €r0 paJualMoHHas CTOHKOCTh K HeiitpoHam B 100 pa3 Beimie, uem y
MOHOKpPHUCTAILTHYECKOro kpeMHus [2]. KpoMe Toro, MeTo] XMMHUYECKOTO OCa)XICHUS M3 ra3oBoi (a3bl
(CVD-merox) MO3BOJISET MOTyYaTh JOBOJIBHO YHCTHIC alMa3HbIC IUICHKU M TUIACTUHBI HAa MOBEPXHOCTH
Pa3IMYHBIX MAaTEPUAIIOB, B TOM YHCJIE HA KPEMHUU U HEKOTOPBIX METaJllaX, & BO3MOKHOCTb JIETUPOBaHUS
aMasa Mo3BOJISIET MPUAATh €My CBOWCTBA IIMPOKO30HHOTO MOTYyHpoBoaHUKA [3,4].

AnMa3zHble TONMKPUCTAUINYECKUE IUIEHKH, JIETUPOBAHHbIE OOpPOM IOJSydadd Ha KPEMHHUEBBIX
nojuioxkkax CVD-meronom «ropsueil HUTU» € JONOJHUTENBHO HAJIOKEHHBIM Pa3psiioM MOCTOSHHOIO
Toka. PocTOBOI ra3oBoil cpefoi sABIsUICS OOPAITUIIOBBINA 3(PUp, MOTYYSHHBIH MPOMYCKaHUEM BOAOPOAA
gyepe3 pacTBOp OOPHON KUCIIOTHI B STHJIOBOM CITHPTE.

HccnenoBanne  pagualMOHHOM ~ CTOMKOCTHM — alMa3HbIX  MOJUMKPUCTAUIMYECKUX  IUIEHOK
JIETUPOBAHHBIX OOPOM MPOBOAMIIM Ha UCHBITATEIBHOM CTEHJE BO3ACHCTBUEM IPOTOHHBIM U3IyYEHUEM C
sHeprusMu yactul, 45 k3B B Bakyyme mnpu KOMHaTHOM Temmeparype. VcciaenoBaHue CTPYKTYpbI
QJIMA3HBIX MOJMKPUCTAJUIMYECKUX IUICHOK, JISTUPOBAHHBIX OOPOM J0 M MOcie OO0Iy4eHHUs! MPOBOJUIN C
MIOMOIb PAaCTPOBOIO AJIEKTPOHHOI'O MHUKPOCKONA U C IOMOIIbIO CHEKTPOMETpa KOMOMHAIIMOHHOTO
paccesiaus ceera (KPC) Horiba Jobin Yvon T64000 ¢ na3epHbIM H3Iy4eHHEM C JTHHON BOJTHBI 514 HM.

Ha pucynke 1 mnpencraBnensl crnektpsl KPC  anmasHbBIX HOJMKPUCTAIMYECKUX IUICHOK,
JETUPOBAHHBIX OOpPOM 10 M Mocje OOMy4YeHHsS BO3JCHCTBUS MPOTOHHBIM HM3IIyUY€HHEM C DHEPTUSMHU
gactuly 45 k3B. IlpoBeneHHble wHcclaenOBaHUS IOKa3ajdd, YTO II0CJIE€ BO3JAEHCTBUS MPOTOHHBIM
U3JIy4YE€HUEM aJIMa3HbIE TIOJUKPUCTAUIMYECKHE IUIEHKH COXPAaHWIA CBOU CTPYKTYPY U CBOMCTBA.
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Puc. 1. Crnexrpel KPC anma3HbIX TOJIMKPUCTATUINYECKUX MIJICHOK, JIETUPOBAHHBIX OOpOM
JIO ¥ TIOCJIe BO3ICUCTBHUS MPOTOHHBIM U3JIyYSHUEM C dHeprusiMu dactuil 45 k3B
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MOAEJIMPOBAHUE AJICOPBIIMN METAHA B CYIIPAMOJIEKYJISAPHBIX CTPYKTYPAX
HA OCHOBE MACCHUBOB YIVIEPOJHbIX HAHOTPYBOK
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B pabote ObuT MPOBEJEH YUCIEHHBIA SKCHEPUMEHT Ipolecca 00pa3oBaHMsl CyPaMOJIEKyJIPHbBIX
CTPYKTYp Ha OCHOBE MAaCCHUBOB OJHOCTCHHBIX yriepoAHbix HaHoTpyOok (OYHT) wm momekyn
KOOPAMHATOPOB, NPU HCHOJB30BAHUU METOJa MOJIEKYJSIpHOW TUHAMUKH, KOTOPBI ObUl BHIOpaH 3a
OCHOBY, TaK KakK IO3BOJII€T HaOJII0JaThb pa3BUTHE MOJEIBHOW CTPYKTYypbl BO BpeMeHU. B kauectse
pabouell rumoTesbl, MOJOKEHHOM OCHOBY MOJENIM IpOLEcca CHHTE3a MAacCHBOB HAHOTPYOOK, OBLIO
MPUHATO TIPENNoox)eHne 00 00pa30oBaHUU CYNMpPaMOJIEKYJSIPHBIX CTPYKTYpP Ha OCHOBE HAHOTPYOOK
MOJIEKYJI-KOOpAUHATOPOB [1, 2], KoTOpoe Tarke ObUIO MOATBEPIKACHO SKCIEPUMEHTAIBHO [3, 4].

B kauectBe oObekTa MccnenoBaHus Obliu BblOpaHbl HexupanbHble OYHT nuamerpom ~1 HM u
UIMHOW ~5 HM. BemectBoM KkoopauHatopoMm Obll BBIOpaH TONyOd. YHCIEHHBIH 3KCIEPUMEHT
MIPOBOMIICS B sSTYCHKE MOJCIMPOBAHMUS, MPEACTaBIsomel coboi ky6 ¢ rpamsimu 10 am. Temmeparypa
tepMmocTara cocrarisiia 298 K. Pacuersl mpoBoawiu npu momomty mporpammuoro nakera TINKER [5]
NPY MCIIOJIb30BaHUU YHHUBEpcaibHOro noTeHimana OPLS-AA [6].

I[Iporiecc MOMEIUPOBaHMSI CaMOOPTaHMU3aAlMU CYNPaMOJICKyJSIPHBIX CTPYKTyp omucaH B [1]. B
pe3ynbTare MPOBEIEHUS YHCIEHHOIO 3KCHEPUMEHTa IO JAHHOH MeTOJIuKE ObUIO YCTAHOBJIEHO, 4YTO
MoJieKyibl Tonmyona “pazaBuraror” OYHT u opHEeHTHpPYIOT HMX HapaiiellbHO ApPYr JAPYry, MpH 3TOM
MPEUMYIIECTBEHHO (OpPMHUpPYETCs TpHAHTyJsipHAs ymnakoBka. llocTemeHHoe yJaleHHE MOJEKYI
KOOPJMHATOPOB TO3BOJISIET cOXpaHuTh KoopauHaiuio OYHT u 06pa3oBaTh MOPUCTOCTh B TPOCTPAHCTBE
Mexy HaHoTpyOkamu. Korja B stueiike MOIeIMpPOBaHUS OCTAETCS MaJIoe KOJMYECTBO MOJIEKYJ TOTyoJia
(mo 3), cympamoJekysipHasi CTPYKTYpa COXPaHSETCs, @ MOJICKYJIbI-KOOPIUHATOPBI paclpeielieHbl, KakK
npasuiio, mexay OYHT Ommke k eHTpy 00pa30BaHHOM CyNpaMOIeKyISIpHONH CTPYKTYPBI.

Jnst momyuenHo# cympamonekyisipHot cTpyktypel MOYHT+C;Hg — maccuB u3 tpex OVHT
CKOOpAVHHMPOBAHHBIA TPEMSI MOJIEKYJaMHU TOJIyOJja, PACIOJIOKEHHBIMH B ILIEHTPAJIBbHOM YacTH IOpPBI
nepneHauKyspHo moBepxHocTsiM OYHT, mpoBomaunum MojenwpoBaHHME aacopOIMKM MeTaHa METOIOM
MOJIEKYJISIPHON JuHAaMUKU. [IoMHMO 3TOro npoBOAMIIN OLEHKY BIMSHUSA MPUCYTCTBUS MOJIEKYJ TOJyosa
Ha aKKyMyJIMpOBaHHE MeTaHa. /[ 3TOro mpoBOAWIIM MOJIEKYJISIPHO-IMHAMHUYECKUN DKCIEPUMEHT B
YCIOBHUAX WMJCHTUYHBIX 3KCIIEPUMEHTY, onucanHomy Bbie, HO B MOYHT coctosmem u3 3-x OYHT
YIAKOBaHHBIX HA TOM )€ PACCTOSHUM MEXAY HMX LEHTPAMM, HO B OTCYTCTBHE MOJIEKYJ TOJIyOJa.

Pe3ynbpTarhl UMCIEHHOIO AKCIIEPUMEHTA IPECTaBIECHbI Ha puC. 1.
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Puc. 1. 3aBECHMOCTD KOJIMYECTBA MOJIEKYJI a[ICOPOMPOBAHHOTO METaHa OT KOJIMYECTBA MOJIEKYJI METaHa
B siueiike mozaenuposanus (ot 100 go 900).
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[Toyuennsie pe3ynbrarhl, puc. 1., mMoka3aau, YTO HAJIWYUE MOJEKYJ KOOPAMHATOPOB B TOPE,
HE3HAYUTENIbHO MEHSET CpeAHEe KOJIUYECTBO aJCOpPOMPOBABIIMXCS B MOpPE MOJEKYJ] METaHa, a TaKxkKe
OKa3bIBACT MAJIOC BIUSHUEC HA KPYTH3HY M30TEPMBI aJICOPOIIMN METaHa, T.e. Ha SHEPTreTUKY aJICOPOITHH.
DTO0 CBSA3aHHO C MPEUMYIIECTBEHHON aacopOIieil MOJIeKyl MeTaHa BOJIM3U MOBEPXHOCTH HAHOTPYOOK, U
CYIIECTBEHHO MEHBIIICH ancopOnueil B 00beMe TIOpHhI, BAAIN OT CTCHOK, PUC. 2.

a 0

Puc. 2. MonenupoBanue agcopounu Mosekyn Merana B MaccuBax OYHT,
CKOOPAMHUPOBAHHBIX TPEMS MOJIEKYJIaMH TOJIyOJIa IIpH TeMieparype TepmocTara 298 K:
a — MTHOBEHHBIH CHIMOK MOJIEKYJISIpHO-THHaMI4deckoil TpaekTopun mpu 200 Monekynax MeTaHa B CHCTEME MOJICINPOBAHUS
(e azgcopOupOBaHHBIE MOJIEKYJIBI METaHA ISl HATTSIIHOCTH HE OTPa)KCHBI),
6 — paauanbHas INIOTHOCTh BEPOSTHOCTH HAXOXKACHHS MOJIEKYJIbl METaHa B MojienbHoi nope MOYHT+C7H8
IIPU Pa3IMYHOM KOJIMYIECTBE MOJIEKYJ METaHA B CHCTEME MOJEINPOBAHUS.

TakuMm 00pa3oM, MHUKPOTOPUCTHIM MaTepHall, MPEACTABISIONINI CO00H CympaMOJIeKyISIPHYIO
CTPYKTYpYy Ha OCHOBE MAacCCHBOB YIJepoaHBIX HaHOTpYOok MYHT, ckoOpIMHUPOBAHHBIX MOJEKYJIaMHU-
KOOPJAMHATOPAMHU TOJYOJIa, MOXKET ObITh 3PGEKTHBHBIM aJICOPOCHTOM /I aKKyMYJMPOBAHUS Ta30B, U B
YacTHOCTH MeTaHa. Hanuuume MoneKkysn KOOpAMHATOPOB B 0ObeMe 0Opa30BaHHOM IMOPHI HE OKa3bIBAET
3HAYUTENIBHOTO BIMSHHUS Ha €ro ajacopOIuio. DTO MOXKET ompelneisaTbes 3h(exkToM KoMIeHCAlUH:
HaJIM4YHE MOJIEKYJI KOOPIMHATOPOB YMEHBINACT TOCTYIHBIN I afcOpOIIMH MOJIEKYJl METaHa 00bEeM, HO €
JPYrof CTOPOHBI, OHU BBICTYMAIOT aJCOPOIMOHHBIMHU LIEHTPaMH, CO3AAIOIIUMHU JOMOJHUTEIBHOE TOJIe
a7COpPOLIMOHHBIX CHII.
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Co BpeMeH OTKpBITHS TpadeHa, BAXKHYIO POJIb B U3MEHEHUH €r0 CBOMCTB UIPalOT HECOBEPIIICHCTBA
KpUCTaJNTN4IecKoi perreTkd. K taHHOMY MOMEHTY B rpadeHe HabIroaat0TCesl pa3InyHbIe BHIIBI 1E€(PEKTOB,
KOTOpBIE TOJHOCThIO M3MEHSIOT CTPYKTYpPYy, @ TaKkKe BIHMSIIOT HAa €ro XMMHYeCKue M (pusmdeckue
cBolicTBa. B wWacTHOCTH, NeeKTHl MOTYT M3MEHSTHh TOMOJIOTHIO WM KpUBW3HY rpadena. OmHumMHu u3
CaMBIX paclpoCTpaHEHHBIX AePEKTOB B rpadeHe sBISIOTCS BaKAaHCHH, IPUMECHBIC aTOMBI, TUCKIMHAIIMH
u nepexr Croyna-Yamuca (CV).

B nanHOii paboTe mpoBeAeHO WCCIEAOBaHWE AWHAMUKH TMaphl JedeKTOB 5-7, KOTOpHIE
paccMaTpuBarOTCA KaK JUCIOKAalMM B rpadeHe, Npu NOCTOSTHHOW Temnepartype. Pazmep sueliku BbIOpaH
TaKUM 00pa3oM, YTOOBI IPU MPUMEHEHUH MEePUOJNUYECKUX TPAHUYHBIX YCIOBHM IUCIOKAIIMHA B COCETHUX
AYeiKax TEePUOAMYHOCTH HE YYBCTBOBAIM Jpyr Japyra. llapa Takux [AWCIOKalUil —sBISETCS
JTUCIIOKAIMOHHBIM JumnonieM. [IpudyeM AMCIOKAIMOHHBIN IUMONIL C HYJEBBIM IUIEUYOM MPEICTaBISET
coboit nedexr CY. B pabore ObUTO HMCCIEIOBAHO JBa IUIIONS C PA3IUYHON JUTMHOH IUIeYa: JUMOJb C
medom 9,3 A (puc. la) u aunonp ¢ miedom 11,5 A (puc. 16). MccnemoBanue MpoOBOIUIOCH METOIOM
MOJICKYJISIDHON JMHAMHKH C WCIIOJIb30BaHUEM CBOOOIHO pacmpoctpansemoro makera LAMMPS c
MoTeHnuaaoM MexxkatomHoro B3aumojeicTBusi AIREBO. Hcxonmnas cTpykTypa ¢ mapoil aedexTos
MOJIBEpraeTcs pelakcalid M 3aTeM BBIJCPKUBACTCS MPHU PA3IUYHBIX TemrepaTrypax. TemmepaTypa B
cHUCTEeME MOAAepKUBaIach mpu nomoinu repmocrara Hoce-Xysepa.

Puc. 1. Pemerka rpadena, ¢ aumonsmu passoii amans: 9,3 A (a) n 11,5 A (6).

Panee ObUTM HMCCIIEOBAHBI CTPYKTYPBI C TPEMsl APYTUMH PACCTOSHHUAMH Mexay aedexramu [1,2].
Kak T1OKa3bIBalOT HCCIIEOBAaHUS OCHOBHYIO pOJIb B AWHAMHUKE Je(PEKTOB WIrpaeT TeMmIepaTypa.
Temneparypa yBenMYHMBaeT IOABMKHOCTh IHMCIOKAIIMOHHBIX JWMOJNEH HE3aBHCUMO OT PAaCCTOSHHS
MEXIy nedeKTaMu. bpl1o 3aMe4eH0 HECKOJIBKO XapaKTePHBIX THUIIOB NEpeMeIIeHus 1e()eKTOB: IBUKECHUE
Iuciaokanui, npeobpaszoBanue B aABa nedexra CY u npeobpazoBanue B oguH nedext CY. Juciokauuu
HAYMHAIOT aHHUTHIUPOBATh yxke rnpu temreparype 1400 K, B To Bpems kak mepernon3anne HabIroaaeTcst
npu temmeparype 2800 K.
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PesynbraTel mokazanu, 4To rpadeH ¢ TUCIOKAIIMOHHBIMH JHIIONISIMH OCTAeTCS YCTOWYHBBIM 0
TeMmneparyp, OJHM3KMX K Temmeparype IuiaBieHust OesmedexktHoro rpadena [3]. IloBbimeHue
temrepatypbl (Bbimie 1400 K) npuBOAMT K CKOJNBKEHHIO TUCIOKAIUA, 00pa30BaHUIO0 HOBOTO JHIIONS C
Jpyroil JUIMHOW Iuleda WM HMCYE3HOBEHMIO JleeKTa M3 pelIeTKu IpadeHa u3-3a MpOCTOro BpallleHUs
cBsizu C-C. OCHOBHBIM MEXaHHM3MOM TIEPEMEIICHHS IUCIOKAINN SBISAETCS Pa3pblB CBSI3M, UYTO MOMKET
NPUBECTH K TIOSABJICHHIO HOBBIX jaedekToB 5-7 (mucmokamuit). B pamkax mgaHHOH pabOThl OBLIO
YCTaHOBIIEHO KPUTHUYECKOE 3HAUEHHE Tieda aumons -11,5 A, mpu koTopoM MpoHCcXoauT aHHUTHITAIHL.

[Ipy mNOBBIIEHHBIX TEMIEpaTypax MPOUCXOAAT AKTUBHBIE CTPYKTypHBIE IpeoOpa3oBaHUsd —
JBWDKEHUE JHUCIOKAMH B JUMNONSAX, - 3aKOHOMEPHOCTH KOTOPBIX MOXKHO OINHUCAaTh B pPaMKax
MOJIEKYJIIPHOM JMHAMUKH, a 3aT€M MEPEHECTH Ha (EHOMEHOIOTNYECKHE MOJIEIIH.

Uccnedosanue evinonneno npu Gurancosoii nodoepxcke epawma PH® Ne 20-72-10112 u
yacmuyHo noodepaicana 2oc. saoarnuem UIICM PAH.
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VYraeponusie HaHoTpyOku (YHT) mputsaruBaroTcs Apyr K APYry OTHOCHTEIBHO CIAOBIMH CHIAMHU
Ban-znep-Baanbca u MOryT co3maBaTh MOJICKYJISIDHBIC KPUCTalIbl, Ha3biBaeMmble mydkamu YHT [1].
[Iyuku YHT wmoryt ObITh mOJyuY€HBl pa3iauuHbIMH crocobamu. OHM 007a1al0T MPEBOCXOIHBIMU
MEXaHWYECKUMH CBOWCTBAaMH, IOCKOJBKY OoTAenbHble YHT MMEIOT O4eHb BBICOKMH MpENesl NMPOYHOCTH
npu pacTsbkeHnu B nuanasone ot 11 mo 63 I'Tla, mogyns FOnra npu pactsokennn ot 1,0 mo 1,3 TIla u
BBICOKYIO CTereHb jaedopmanuu a0 paspyienus okono 10% [2]. Kpome toro, YHT rubkue, nerkue,
HMMEIOT XOPOUIYIO TEIUIOBYIO M 3JEKTPUUYECKYIO MPOBOJIUMOCTD; IO3TOMY OHU MOTYT OBITh IPEAI0KEHBI
st pspa npunoxenuid [3]. Hambonee BakHbIMH MexaHHyeckuMH mpuMmeHeHusimu YHT sBrsirorcs
BBICOKONIPOYHBIC KaHAThl [4], BojoKHA [5], KOMIIO3UTHI C MOJMMEPHOH U METATHUECKON MaTpuiei [6],
TBEpIbIC CMa30uHble Marepuaibl [/], u T. 1. KoMbproTepHOE MOJEIHPOBAHUE CIIOCOOCTBYET JydIIEeMy
MMOHUMAaHMIO PU3NYECKUX U MEXAaHUYECKUX CBOMCTB myukoB YHT.

B pabore uccnenyercsa mexanuyeckuil oTkiavk nmyuka YHT B ycnoBusx miockoil nedopmaunuu
(omHOOCHOE M JBYXOCHOE OOKOBOE C)KaTHE) C MOMOIIBIO IEIMHOW MOJENU C YMEHBIICHHBIM YHCIIOM
creneHeil cBoOobl. KBazucrarnueckoe HarpyeHue MCIONb3yeTcs JUIsl pacdeTa yHpyTruxX HOCTOSHHBIX
nyuyka. Ilygok YHT cocroutr u3 omHocnoitHpix YHT oxmHakoBoro amameTpa € 3Hr3arooOpasHoi
opuenranueil. [lonepeunsie cedenuss YHT o0pa3yroT TpeyrojabHyIO pelIeTKy ¢ HalpaBJI€HUEM IUIOTHON
yIIaKOBKH, COBMAJAONUM ¢ OCbio X (puc. la). Pacuernas sueiika Bxiarouaer 10 X 12 HaHOTpYOOK, B
MIONIEPEYHOM CEUCHMH KaxkJ10i HaHOTpyOku 30 aToMoB yriepona. ['paHHuYHBIE YCIOBUS EPUOAUYECKHE.
ITyuox YHT paccmarpuBaeTcs B yCIOBHAX 1e(OPMUPOBAHUS C TIOCTOSHHON CKOPOCTHIO 1e(hOpMAaIIHH.

Puc. 1. Bun moaenu ny4yka YHT B HauaapHOM cOCTOSIHUY (2), KpHBBIE HampshkeHue-aedopmanus (6)
 3aBHCHMOCTb K03 dunnenrta [Tyaccona ot aedopmann (B) Ipu OJHOOCHOM CKATUH BIOIb OCH X

OpnHoit ux eneit paboThl OBIIO UCCIIEIOBAHUE YIIPYTHX XapakTepucTuk myuka YHT. Jns npumepa
OIHILIEM HEKOTOPbIE Pe3yJIbTaThl, OJIyUYEHHbIEC IPU OAHOOCHBIM CKAaTUU BJIOJIb ocH x. Ha pucyHnke 10 u B
MIPE/ICTAaBICHBl KPUBBIC HampspKeHue-nedopManuu U 3aBUCUMOCTh kodddunuenta Ilyaccona mpu
OJTHOOCHOM C)kaTd. M3 prCyHKa BHIIHO, YTO Ha MEPBOM 3Tale HAMpsDKEHHsS pacTyT ¢ aedopmarmeit (o
|6 | = 0,07), nanee nuHelHO W3MeHst0TCA B uMHTepBaie Aedopmanuu ot 0,07 no 0,12; mpu |6 | > 0,12
HamnpsDKEHUs TaJaroT W3-3a cxjonbiBaHus HekoTopbix YHT. Jlamee Oblmm paccuWTaHbl YIpyTrue
XapaKTEPUCTHKH, Takue Kak kKodddunuent [lyaccona, moaynp FOura u moxyns casura (puc 1.8). Beito
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3ameueHo, 4to koddduiments [Tyaccona B quanazone 0 <|#| <0,07 Giu3ku K eIUHUIE U TPUOTHKAIOTCS
K 9TOMY 3HQUEHUIO C yBEIMUYeHHEeM Jedopmanuu cxatus. Emje Oosee MHTEPECHO TO, YTO B JUama3oHe
0,07 <|8] <0,12 wy sBIAETCS OTPULATEIBHBIM, A Viy OCTAETCS MOJOKUTENBHBIM CO 3HAYEHHEM, OIN3KUM
k 0,3. D10 03HauaeT, 4TO B ATOM JHUarna3oHe 00beMHOHN nedopmanmu mydok YHT sBiseTcss yacCTHIHBIM
ayKCETHUKOM.

Pesynbrarel uccnenoBanusa nydkoB YHT B paMmkax nmpemjioKeHHOW MOJIEKYJISIPHO-AMHAMUYECKON
MOJICITH C YMCHBIIIEHHBIM YKCIIOM CTETIEHeH CBOOOIbI ObLTH OMyOJHMKOBaHbI B paboTax [8-11].

[IpencraBneHHble pe3ynbTaThl MOTYT OBITh HWCIOJB30BAHBI TPU HW3YyYEHUH BO3MOXKHOCTH
ucnonb3oBanus myukoB YHT mis co3naHust MeXaHU4eCKUX YCTPOMCTB M CEHCOPOB Ha UX OCHOBE.

Uccnedosanue evinonneno npu Qurancosoii noodoepxcke epawma PH® Ne 21-12-00229 u
yacmuyro noodepoicana 2oc. saoarnuem MIICM PAH, Ne AAAA-A17-117041310220-8.
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W3menpueHne wmarepuajgoB B IUIAHETAPHOW MEJBHHUIE — TMOMYJISAPHBIA METOZ TOJIYYCHHUS
HAHOIOPOIIKA C MOMOIIBI0 MEXaHHYECKOTO BO3JIEHCTBHS. BhIcokas MexaHMUecKash Harpyska, KOTOPYIO
UCTIBITHIBAIOT YaCTHUIBI TOPOINKA B MPOIECCEe NUKIMYECKOTO HArpyKCHHUs, TPUBOIUT K (Ha30BBIM
npeBpameHusiM [1] u  nmedexroobpaszoBanuto. Takum o00pa3oM, u3-3a IHMKIMYECKOTO HArpyKEHUS
rractuaeckas nedopmanus U (ha3oBble MPEBPALICHNAS BO3MOXKHBI YK€ MPH CPABHUTEIHLHO HEOOIBIINX
cKopocTsax coyaapenus [1,2].

OmHako TONBKO B  HEOOJNBIIOM YHCJIE OMYyOJMKOBAHHBIX pPAa0OT TPUBOMATCS JIaHHBIC
MIPOCBEUMBAIOIICH AJIEKTPOHHOW MHUKPOCKONHH, HIUTIOCTPHPYIOIINE BO3HHUKHOBEHHE Ie(PEeKTOB U (a3
BBICOKOTO JTaBJICHUSI.

B Hacrosmieit pabore MeTogamMu  BBICOKOpa3pemiaromeid MpOCBEUMBAIONICH  AJIEKTPOHHOM
Mukpockornuu Ha npubdope JEM-2010 uccnenoBanu cTpyKTypy CMECH MOPOIIKOB ajima3a U KpPeMHHS,
00paboTaHHBIX B IUIAHETAPHOH MeJbHUIC. B pabore mcmonb30Baiy IUIaHETapHY MenbHHIYy Fritsch
Planetary Micro Mill PULVERISETTE 7 premium line co craibHbiM 0apabaHOM U CTaJIbHBIMH IIAPaAMH.
Bpemss wm3menvuenus cocraBmsuio 2,5, 5 m 10 u mpu pabouem pexume, BKIOHaromiemM 1 MUHYTY
U3MeNbUeHHUST W 3 MUHYTHI oxJiaxaeHus. [1apoByro MEJIBHUILY MOXHO CYUTATh CBOCOOPa3HOI KaMepoi
BBICOKOTO JTABJICHUS, TJIC MaTepHajl MOXKET MOJIBEPraThCsi TEPMOOAPUUECKON 00pabOTKE, YTO MPUBOIMT K
peanu3anuu (ha3oBbIe IPEBPALICHUS.

Hamm HaOnromeHust mokasaiy, 4To MpH 0OpabOTKe YacTHIl ajiMasza B IUIAHETAPHOW MENbHHIE B
TEUYEHHE [BYX YacOB, HaOmomaercs oOpa3oBaHue ABOWHUKOB mo rmrockoctu (111). Ha pucynke la
MoKa3aHa dYacTuIla ajiMasa, CoJieprKailas JBOMHHMKOBYIO TpaHUIly X = 9, 00pa3oBaBHIYIOCS U3 JBYX
IBOMHMKOB riepBoro mnopsinka (X = 3). Ilpu Oonee mnurenbHOW 00pabOTKE B ITAHETAPHON MENBHHIIE
(mocne AecATHYacOBOTO M3MEJIbUCHHS) Ha MOBEPXHOCTH YacTHIl ajdmasza (pucyHok 1b) obOpasyroTcs
WCKPHBIICHHBIE TPa(UTOBBIC CIIOU.

Taxoke BCTpeYaauch YacTHUIIBI, B KOTOPBIX (pa30Boe MmpeBpalieHue rpaduT-aamMa3 He IpOH30IILIO.
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Puc.1. Yactuupl nocne neopMaiyu B M1apoBOi MEJILHHULIE:
a) gactuna Ge, cTpelkaMH MMOKa3aHbl IBOWHUKOBBIC TPAHHIIBL;
D) yacTuia anMasa ¢ Tpems TBOHHUKOBBIMH IPAHULIAMH.
JIBoiiHuKOBas TpaHuIla =9 B yaCTHUIIC aMasa Imociiec 00pabOTKY B TUIAHETAPHON MEIBHUIIE.
Iepexon miaockoctu (111) anmasa B uckpusnernsie ciou (002) rpadura.

[Ipn mpomomKEeHUH W3MENbYCHHsS] MPOUCXOIUT OOpa30BaHHWE OHUOHOIOAOOHBIX CTPYKTYD
pamuycoM MmeHee ~5 HM. Takum o00pa3om, HavyasoM (pa3oBOTO MpeBpalicHUs aaMasz-rpaduT SBISICTCS
iacTuueckas aedopmanus MEXaHWYeCKUM JBOMHHKOBaHHEM. [Ipu Oosee ATUTENHHOM W3MEINbYCHHUH
00pa3yIoTCsl MaJIOYTIOBbIC U BBICOKOYTIIOBBIC TPAHHUIIBI.

B pesynabrare 00pabOTKM MOpOIIKAa ajnMas3a B IUIAHETApHOW MeNbHHIE ObUIM OOHApy>KEHBI
JIBOWHUKH, TPH OoJiee UIUTEIHHOM HW3MENbUeHHH OOPa30BHIBAIUCH (PparMeHTHl Ha Kparo alMa3HBIX
YaCTHII ¢ MEXIUTOCKOCTHBIMU paccTostHusiMu 0,255 HM, a TakyKe OHUOHOIIOI00HBIE CTPYKTYPHI.
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BJIMUAHHUE OBPABOTKH YJIbTPA3BYKOM HA ®YHKIMOHAJIBHBIE I'PYIIIIbI
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B Hacrosiiee BpeMs k rpadeHy W €ro MpOM3BOIHBIM, B 4aCTHOCTH, okcuay rpadena (OI') [1],
COCpPEIOTOYCHO MPHCTATbHOE BHUMAHUE MHOTHX CIICHHAJIMCTOB B MPUKIATHON W (pyHIaMEHTaJIbHOM
xumun. Ol - yHUKanpHOE COeMHEHHE, coJiepiKaliee rpad)eHOBbIC YTy HKH, CBSI3aHHBIC KOBAJICHTHBIMHU
CBSI3SIMH C KHCIJIOPOJICO/ICPKAIMMYU (DYHKIIMOHATBHBIMYU TPYIIIIAMHU, TAKUMHU Kak rHapokcuibHbie (-OH),
kapookcubabie (-COOH), smokcuausie (-0O-), kapoonuasubie (C=0). Haxoaatcst 06cysKaaeMbie TPYIITbI
KaK B IUIOCKOCTH, TaK U Ha KpasxX MOBEPXHOCTH Yemryek okcuia rpadena [2]. Tommuna oxnoro ciost OI
cocrasiseT okoio 1.1 + 0.2 um [3,4]. Ilporecc 0Opa3oBaHus JaHHOW CHCTEMBI CIOKEH U 10 CHX IOP
uszydaetcst [5], mpemnoxeno Heckonbko wMogmeneir OI' [6]. Ilpemnosnaraercs, 4To MeXaHUYECKHE,
COpOIIMOHHBIC, 3JCKTPOXMMHUYCCKUE W JIICKTPOHHBIC CBOMCTBA OyAyT 3aBHUCETh HE TOJIBKO OT
narepanbHOro pazmepa yenryek O, HO 1 OT X QYHKIIMOHATH3ALUH.

Lenpro maHHOW pPabOTHI SIBISETCS HM3YyYCHHE 3aBUCHMOCTH YJIbTpa3BYKoOBOM o0Opabotku (Y3) B
TEUCHHE PAa3HOTO0 BPEMEHW NPM KOMHATHOW TeMIepaTrype Ha cocTaB (YHKIMOHAIBHBIX TPYNI U
JaTepagbHBIN pa3Mep Yenryek OKkcuaa rpadena.

OT" ObuT mosyueH Mo MOAMGHUIMPOBAHHOMY MeTOqy Xammepca [/] ¢ HCIONb30BaHHE CHIIbHBIX
OKHCIUTENCH 1 mocieayoliei oopadoTkoi Y3 (Momuocts 1 kBT, 22,4 KkI'11) 10 OAy4YeHUsT CTAOUIBHOMN
BOAHOW nucnepcuu ¢ KoHneHTpauueir OI' 3 mr/mi. 3areM HPHUTOTOBICHHYIO AUCIEPCHIO TEMHO-
KOPUUYHEBOT'O I[BETa pa3JeiWin Ha S yacTel Ui JaJIbHEUIINX UCCIEI0BaHUM, NCHob3ys Y3 ¢ pa3HbIM
BPEMEHEM.

Jnst u3ydeHus: CTPYKTYphl, COCTaBa U CBOWMCTB YacCTHIl OKCHa rpad)eHa BCe MOJyYCHHBIC 00pas3Ilbl
OBLIH MCCIICJOBAaHbI METOIaMU (DU3HKO-XMMHUYECKOTO aHajin3a. PeHTreHo(a3oBblil aHaIM3 (CIIEKTPOMETp
Bruker D8 Advance, uzny4yenue CuKo) moka3zai, 4To ¢ yBETHUCHHEM KOJIUYECTBA YacOB 00paboTKH Y3
MPOMCXONT YMEHBIIICHHE pa3Mepa YacTHUIl U PACCTOSHUS MEXY Tpa()eHOBBIMHU CIOSMH.

OmnpeneneHne KUCIOPOIOCOepKaIuX rpymi Ha moBepxHoctr OI' mo merony boama [8] BrisiBuIIO,
YTO C YBETHMUCHHEM BpeMEHU Y3 00pabOTKM MPOMCXOAUT YMEHBUICHHUE KOJIMYECTBA THMIPOKCHIBHBIX U
JTaKTOHHBIX TPYIII.

OnemenTHbIi coctaB (anammzatop EA1108 CarloEbralnstruments ) mpu 3TOoM He u3MeHsieTcs, a
atromuoe otHomienne C/O okcuma rpadeHa Bo Bcex oopasnax cocrasuio~ 0,9.

Unppakpacuas Oypoe-crekrpockonus (cnekrpomerp VERTEX 70 v BRUKER metomom HITIBO ¢
ucrionb3oBanueMm mnpuctaBku GladyATR), wunbopmupyromas o KoieOaHUsIX (QYHKIHOHAIBHBIX
KHCJIOPOJCO/ICPKAIMX TPYI, IOKa3bIBAaeT, YTO C YBEJIWYEHHEM KOJIMYECTBA 4YacoB 00paboTku Y3
JMCTICPCHH, JTAKTOHHBIC TPYIIIBI HACHTH(GUIUPYIOTCS TMKOM MEHBIIIEH HHTCHCUBHOCTH.

Crekrpockonusi KOMOMHAIMOHHOTO paccessHus (crmektpomerp RenishawlInVia) ykassiBaer Ha
yMeHbIIeHHe TOMIMHE genryek Ol (yBenudanBaetcs 06mactb 00epToHoB Beime 2500 cm™).

XUMHYECKHH COCTaB IIOBEPXHOCTH OKCHIa TrpadeHa MCCIEIOBAIM METOJOM PEHTI€HOBCKOM
(OTOAIEKTPOHHOW CHEKTPOCKONHUHU. J|eKOHBOIIOTHPOBAHHBIC PEHTICHOBCKHE CIeKTpsl obmactu C1s,
3amMcaHHbIe IS KaKA0To 00pasia BBISBIIIH, YTO MPOUCXOAUT yBEIMUCHHE KapOOKCHIIBHBIX TPYTIIL.

Mopdomnorust TOBEpXHOCTH OblIa HWCCIEAOBAHA MPHU TIOMOIIM CKAaHUPYIOIIEro 3JIEKTPOHHOTO
mukpockomna (mukpockon CarlZeissSupra 40-30-87), koTopslii mokasan TuUmuuHyk crpykrypy O,
COCTOSIIIYIO U3 OT/ACIBHBIX yelnryek. [Ipu yBennueHnu BpeMeHu Y3 00paboTKH MPOUCXOAUT YMCHBIIICHHE
naTepajJbHOrO pa3Mepa yacTuil, Kotopblit gocturarot 100 uM (mpu 006padboTku Y3 8 u.)

Ha mpocBeunBaromieM 3nekTpoHHOM Mukpockore (ycranoBka JEOL JEM 1011 npu yckopsitorem
nanpsokeann 80-100 kB) Obuta mcciieoBaHa cioMcTas CTPYKTypa okcuaa rpadena. JlarepanbHbii
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pa3mep nonydeHHbIX demryek Ol mo rucTorpamMme pacupeiefieHHus 10 pa3MepaM JOCTUTAET B CIydasx
MaKCUMaJIbHOTO KosimyecTBa 00padboTku Y3 Beero 100 HM.

[To pesynbpratam pabOTHl KOMIUIEKCOM METOJOB (DPM3UKO-XMMHUYECKOTO aHAJM3a IMOKa3aHO, YTO B
3aBUCHMOCTH OT BPEMEHH YJIbTPa3BYKOBOH OOpaOOTKH HM3MEHSETCS HE TOJBKO JIATEPalbHBIA pasmep
gyemyek OI', HO W cooTHomeHHE (DYHKIMOHAIBHBIX KHUCIOPOJCOJACPKAIMX TPYIIL. Y CTAaHOBJICHO, YTO
IpoIecChl KaBUTALMU MIPUBOAAT K OTHIETyIMBaHUIO yenryek Ol 1 BbI3bIBaIOT Je(OpMaliiO CTPYKTYPHI.
Cnemyer OTMETHTH, YTO CTaOWJIBHOCTH IOJYYEHHOTO YIJIEPOJHOTO HAaHOMaTepHajia 00eCHeYHBaeTCS
Ban-nep-BanbcoBbIMU B3auMoJeHCTBUAMU Mexay uemnyiikamu OI' 1 BOJOPOAHBIMU CBSA3SIMU KJIacTEPOB
BOJIBI B MEXXCIIOEBOM ITPOCTPAHCTBE.
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HA ®OPMUPOBAHUE TEIVIOITPOBOJAIIEI'O CKEJIETA
B I'PAHYJIAX KOBAJIbTOBBIX KATAJIM3ATOPOB CUHTE3A ®PUILIEPA-TPOIIIIA

I'psaznoB K.O., CuneBa JI.B., OBcannukoB /[.A., Hanusaiiko E.O., Mopakosuu B.3.

TexHOIOrHYeCKNil THCTUTYT CBEPXTBEPABIX M HOBBIX YIVIEPOAHBIX MaTEpHAIIOB, I'. MockBa, r. Tponnk
gryaznovkirill@tisnum.ru

Cunre3 ®Oumepa—Tpomnma (COT) — TeXHONIOTUS MOTYYEHHs YTIICBOAOPOIOB JUIsl TIPOU3BOJICTBA
BBICOKOKAUECTBEHHBIX ~ MOTOPHBIX  TOIUIMB M3  YIJIEPOJCOMEPKAIIETO  ChIpbS  HEHE(PTIHOTO
NPOUCXOXKICHUS  (Yyrojib, TPUPOAHBIA Ta3, Ouomacca). OCHOBHBIE MPOOJEMBI, CYIIECTBEHHO
OTPAaHMYHUBAIOIIME  TPOMBIIUICHHYIO  pealu3aluio  Iporecca —  COOCTBEHHas — HHU3Kas
MIPOU3BOIUTENILHOCTh KJIACCHYECKHUX KaTaJIM3aTOPOB IPOIIECCa, a TAKKE 3HAUUTEIbHAS AK30TEPMHUYHOCTh
peakuuit COT, compsbkeHHAash ¢ YyBCTBUTEIBHOCTBHIO MMpollecca K Temieparype ero peanusarnuu [1].
[TosTOMy TOBBIIIEHHE TPOU3BOAUTEIBHOCTH KaTajdH3aTOpa M KaTaJH3aTOPHOTO CIIOS Ha €r0 OCHOBE —
KOMIUIEKCHAs 3a/1aya, coueTaroniasi HeoOX0IMMOCTh CO3aHHs KaK BHICOKOAKTHBHBIX LIEHTPOB OCHOBHOM
peakuuu (rugpornonumepuszaiu CO) ¥ BTOPHYHBIX MPEBPALICHU#H (KPEKHMHT, OJMTOMEpPHU3AIHs,
M30MEpHU3allysl, TUAPUPOBAHKE), TaK M Pa3BUTON MOPHCTOW CHUCTEMBI [UIS TPAHCIOPTA PEAKTAaHTOB U
MPOAYKTOB CHHTE3a, a TAKXKe TEIIOMPOBOISIIECTO CKeNeTa sl 3PPEKTHBHOTO OTBO/A TEIUIA PEaKIUH OT
aKTUBHBIX LEHTpPOB. C ATOM TOUKH 3pEHHMs], pEHICHHE MOCTABICHHON 3aJayd MPUBOAMUT K KOHIICTIIIHH
KOMIIO3UTHOTO KaTaJn3aTropa, B KOTOPOM Ha ypOBHE TpaHyjbl peann30BaHO 3((EKTUBHOE COUYETAHUE
Pa3HOPOAHBIX MAaTEPHANIOB, HECYIIUX OTAENbHbIE TUOO B3aMMOCBS3aHHbIE QYHKIMH U (HOPMHUPYIOMIMX
€IMHYIO CTPYKTYPHUPOBAHHYIO CHCTEMY .

s co3gaHusi TEIUIOMPOBOMASINIEr0 KaTadlu3aTOPHOTO CJI0S Yallle BCEro MpeJiaratoT UCIOIb30BaTh
CTPYKTYPHPOBAaHHbIC KaTaJlM3aTOPbl, HAMPUMED, MOHOJHTHI U3 AIOMHHUS MM CIUIaBOB [2, 3], meHbl U3
QIIOMUAHUS WK Meau [4, 5] wiau yraepoaHbsie MaTepHalibl. HAHOBOJIOKHA, BOMIOK | T.11. [6]. OcHOBHBIE
HE/IOCTATKU JJAHHBIX KAaTAIUTHYECKUX CHCTEM 3aKJIIOYAIOTCS B CIIOKHOCTH PABHOMEPHOTO 3aKpEIUICHUS
AaKTUBHOTO B KaTallu3e KOMIIOHEHTa Ha METAJUIMYECKOM CTPYKType MOHOJHUTOB, B SUEHKaX IEH, a TaKxke
MOBEPXHOCTU BOJIOKHHCTBIX YTJIEPOAHBIX MAaTEpHANIOB, BO3MOYKHOCTH OKHCJICHHS JTHOO COOCTBEHHOM
AKTUBHOCTH METaJUIMYECKOro KommoHeHTa B peakiusix ¢ CO. Bc€ 3To CyliecTBEHHO YCIOXKHSET U
MPETATCTBYIOT MPOU3BOJCTBY KaTaIM3aTOPOB TAaKOTO TUIA B MPOMBINUIEHHOM Maciitade. OmyOnukoBaHo
ropa3zo MeHblle padoT, B KOTOPHIX TEIJIONPOBOJSAIIAS 100aBKa SBISETCS OJHUM W3 KOMIIOHEHTOB B
COCTaBe TpaHyJIbl Katanuzatopa [7].

[lenpto HacTosAlmIEH paOOTHI SBISAIOCH H3YYEHHE BO3MOXKHOCTHU CO3JIAHUSI TEIUIOMPOBOJSILIErO
CKeJIeTa M3 Pa3JInYHbIX MOPOIIKOOOPA3HBIX YIIIEPOAHBIX MAaTEpPHAJOB B IpaHyliaX KOOATbT-I[EOIUTHBIX
karanuzatopoB COT g mnoBwimeHHss ux Kod@HIMEHTa TEIIONPOBOJIHOCTH U, KaK CIIEICTBHE,
YBEJIMYEHUS IPOU3BOAUTEIBHOCTH KUIKUX YTICBOIOPOIOB.

B kauecTBe TemaonpoBoasiiel mo0aBku (puc. 1) HMCMONB30Baid TEPMOPACIIMPEHHBIH TpaduT
(TPI'), yraepomusie Hanotpyoku (VHT), kananenyto caxy (KC), snementHsiit (3I') ¥ KOJIOWAHBIH
rpadut (KI'). Hocutens monyvaan cMeIIeHHeM TEIUIONPOBOIAINEH J00aBKH C IICOTMTOM U CBA3YIOIIUM B
COOTHOILEHUH 2:3:5 C mocienyromei dKCcTpy3ueil u tepmudeckoir 06padboTkoid. ['0TOBBIN KaTanuzaTop
comepxan 20 macc. % kobanbTa, KOTOPHIH HAHOCWIM JABYXKPAaTHOW WIPOMUTKOM HOCHUTENS C
MIPOMEKYTOUHOM U OKOHYATEJIbHOW TepMOOOpabOTKON B TOKE BO3IyXa.

Puc. 1. VcxoxHbIe TOPOIIKH TEILTOMPOBOASAIINX T00aBOK
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KoaddurmeHTs! TemIonpoBoJHOCTH MOMy4YeHHBIX Katanu3aTopoB coctaBiin (Bt/(m-K)): «TPT+KC»
— 10,67; «TPI'+2I'» — 10,09; «TPT» — 8,99; «TPI'+YHT» — 8,5; «KI'» — 4,5. O6wem makpornop,
OIPE/ICIICHHBIN 1O BJIATOEMKOCTH, COCTABJISIT (CM3/r): 0,47; 0,46; 0,35; 0,32; 0,23, cooTBeTCTBEHHO. BHaHO,
YTO CHIKEHHE 00beMa MaKpOIOp CONPOBOXKIAETCS CHHKEHHEM KO3((HIMEHTa TEIUIONPOBOAHOCTH. Takas
HETPUBHMAJIbHAS 3aBUCHUMOCTb MOXKET OBITh OOBSICHEHAa pa3MEpOM M T'€OMETPUEH YIVIEpOJHBIX YacTHL, a
TaKKe UX B3aMMHOM OpHUeHTaluel 1 pacrpeeeHHeM 1Mo 00bEMY IpaHyJIbl KaTaau3aTopa.

Pesynbrarel ucnbiTanuii katanuzaropoB B COT BeIABWIM OTCYTCTBUE NPSAMOI 3aBUCUMOCTH OCHOBHBIX
noKasaresieit mporecca oT Kod(pUIMeHTa TeIIONPOBOAHOCTH MM 00beMa Makporop (puc. 2). Tem He MeHee,
kataym3atop «KI™» ¢ HU3KUM KO(Q(UIMEHTOM TETUIONPOBOAHOCTH U 0OBEMOM TPAHCTIOPTHBIX TOP SIBIISIETCS
HavMEHee CEJEKTHBHBIM U TPOM3BOJUTEIbHBIM B OOpa30BaHUM KMIKHUX YIJIEBOIOPOJOB, B TO BpeMs Kak
karammzarop «TPI+KC», xapakrepusyromuiics HanOOIbIIUME 3HAYSHUSIMH 3TUX (PH3HMUYECKUX CBOMCTB, OBLT
Hanbosee CEeNEeKTHUBHBIM U IPOW3BOAUTENIBHBIM B YCJIOBUSIX BBICOKMX OOBEMHBIX CKOPOCTEH CHHTE3-raza.
Karamzarop «TPI'+30», XxapakTepu3yrOnMiics HEMHOTO MEHBIIMM KOI((PHUIMEHTOM TETUIONPOBOIHOCTH U
COMOCTaBUMBIM OOBEMOM MAaKpoIop, ObUT 3aMETHO MeEHee CeJeKTHBHbIM, a Katamuzatop «TPI» marno
ommyaiicst oT «TPI'+KC» mo mpou3BoIUTEILHOCTU M CENEKTUBHOCTH, HECMOTPSI Ha 3HAYMTENILHO MEHBILUM
KO3(UIMEHT TEIIONPOBOTHOCTH M 00bEM Makpomnop. ITockomnbKy comepxaHue TemIonpoBosIIeH T00aBKH B
TOTOBOM Kartaimzarope gocturaer 16 macc. %, Henb3s mpeHeOperath BIMSIHUEM ITOBEPXHOCTH YAaCTHIL
YIJIEPOHOTO Marepuajla Ha pa3Mep KpUCTAUIMTOB KOOalbTa, OOpasyroIIMXcs IPH €ro HAHECeHUH W3
HHUTPATHOTO PAacTBOpa C TOCIENYIOMIEH TepMooOpabOTKOM. M3BeCTHO, UTO pa3Mep KPHUCTAIUTUTOB aKTHBHOTO
MeTaJllla Ha IOBEPXHOCTH KaTanu3aropa BiusieT Ha rnokaszarenu COT, B iepByro ouepesb Ha €ro CENIEKTUBHOCTh
[8]. Kpome Toro, uccnenoBanune karamazaropa « TPI+YHT» MeTooM pacTpoBOid SJIEKTPOHHOH MUKPOCKOITUH
MOKa3aJ0, YTO YIVIEpOAHBbIE HAHOTPYOKH, CBs3bIBatomye dactuisl TPIY, mpakTWyecku MOJHOCTBHIO
Pa3pyLIMIKCh, BEPOSITHO B MPOLIECCE BBEJICHMUS aKTUBHOIO KOMIIOHEHTA B HOCUTEIb. HanMeHbI11ast akTHBHOCTS,
MPOU3BOIUTENILHOCT U CENEKTUBHOCTh KaTanu3atopa «KI» cBs3aHa ¢ HEAOCTATOUHBIM JUIsi MaccooOMeHa
00BEMOM MaKpOIIOp, a TAKKE HU3KUM KOA(D(PHIMEHTOM TeIUIONPOBOIHOCTH [2, 9].

Puc. 2. 3aBuCMMOCTB TapaMeTPOB CHHTE3a OT THIIA YIIIEPOAHOTO MaTepHaa

Takum oOpa3oMm, Bce HUCMOIb30BaHHBIE B pabOTe YIJIepoJHbIE MaTepHalbl OOpa3yroT €AMHBIN
TETJIOMPOBOSAIINKI CKEJIET B TPaHyJIaX KOOaIbT-11e0UTHOro KatanmzaTtopa COT, npu 3TOM MOBBINICHHUE
O00BEMHOM  CKOpOCTM  CHHTE3-ra3a  CIIOCOOCTBYET  poOCTy  Ipou3BoauTesnbHOcTH.  Hamboinee
MIPOU3BOIUTENILHBIMU OBUIH KaTanu3aTopsl, coaepxarmue Tonbko TPI u ero cmecs ¢ KC, a Gonee Hu3kas
MPOU3BOUTEIIBHOCTD U/UITH CEIEKTUBHOCTh OCTAIBHBIX KAaTAIN3aTOPOB B YACTHBIX CIyYasX OOBACHICTCS
HE/IOCTaTOYHBIM O00OBEMOM TPAHCIIOPTHBIX, HU3KUM KO3()(DUIIMEHTOM TEIUIONpPOBOJHOCTH MOp U Ooiee
KPYNHBIMU KPUCTAIJIMTAMU aKTUBHOTO MeTaJlja.
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SJIEKTPOIIPOBOJSIIIIASI TACTA
HA OCHOBE TEPMOPACIIMPEHHOTO TPA®UTA
JIJISI TPA®APETHOM MEYATH
YJIEKTPOJIOB MEJULIMHCKOTO HASHAYEHUS

I'psiznoBa M.WU., JIyreumyk JI.C., I'pasunoB K.O., Mut6epr J.b., KapaeBa A.P., Mopakosuu B.3.

I'HI] ®I'BHY TUCHVYM, r. Mockaa, 1. Tpourk
mig@tisnum.ru

TexHonorust TpadaperHoil mnewatu sBisieTcs HauOojiee TOCTYNHBIM W CaMbIM IOMYJISPHBIM
METOJZIOM MPOM3BOJICTBA DJIEMEHTOB THOKOW AJIEKTPOHUKM MEIWIIMHCKOTO Ha3zHaueHus. [IpoBomsmas
1acTa, HCIMoJib3yeMasi Ul UX HU3TOTOBJIEHMS, COCTOUT M3 IOJIMMEpa-AUAIEKTPUKa W MPOBOSILETrO
TBEPAOrO HAIOJHUTENS, 00pa3zys IOcie IMe4YaTh U OTBEP)KIACHHUS 3JIEKTPONPOBOIALINMN MOIMMEPHBIN
KOMIIO3HT.

[IpumeHeHre MeTalJIOB B KAUE€CTBE 3JIEKTPONPOBO/SIIETO HAIIOJHUTENS B MaCTaX HEXKEJIATENIbHO B
CBSI3M C HMX COOCTBEHHOW  KATaJMTHUYECKOW  aKTHBHOCThIO  (TEHEpHPOBAHUE  IAPa3sHUTHBIX
ANIEKTPOXMMUYECKUX CUTHAJIOB M IIYMOB), a TaKkXe B CBS3M C MPOOJEMHOW OHOIIOTHYSCKON
COBMECTHUMOCTBIO.

Takue yriaepoiHble Marepualibl, KaK TeXHHYeCKHW yriepon (caxa), rpadur, yriepoiHbIe
HaHOTPYOKH SIBJISIIOTCA OJHMMH M3 CaMbIX pPAaCHPOCTPAHEHHBIX HEMETAUIMYECKUX MPOBOJAIINX
HaMoJHUTENEeH mpoBoasanmX mact. OJHAKO CTOMMOCTH psifa YIJEPOIHBIX MaTepHaioB BCE emié
OTHOCHUTEJIBHO BBICOKA, YTO CO3JaeT MPOoOIeMbl C OpraHu3alueil KpymHOro npou3BoAcTBa 3(h(HEeKTUBHBIX
ANIEKTPOJIOB Ha OCHOBE yriepona [1].

CHOXHOCTb M3rOTOBJEHUS TpaUTOBBIX 3JEKTPOJOB TeXHoJOorued TpadaperHoil mneyaru
OTIpeNIeNIIeTCsl COYETaHWEM MHOTHX (DaKTOpOB M MapaMeTpoB. B yacTHOCTH, BaXHBI THI M CBOWCTBA
MOJIMMEpPA, paclpe/ieiieHne YacTHIl 3JIEKTPOIIPOBOAAILIETO HAMOJHUTENS 10 pa3MepaM, PeosIorH4ecKue
CBOWCTBA PACTBOPHUTENS M CIHEIHMAJIBHBIX JOOABOK K HEMY, CIOCOO M TEXHOJOTHMYECKHE IMapaMeTpbl
W3TOTOBJICHUSI JIEKTposa. BiusiHMe Ha 371€KTPONPOBOAHOCTH MOJUMEPHOTO KOMIIO3UTA OKAa3bIBACT THII
HATIOJHUTEJNS U ero KOHLEHTpaIus, (opMa MPOBOASAIINX YACTHUL], UX CIIOCOOHOCTh K CTPYKTYPHPOBAHUIO
1 Mopdostorus moBepxHoctu [2, 3].

Takue Bemgymme mupoBbie kommnanun, kak GWENT (Benukoopuranus), Dupont (CLLIA) wiu EMS
(CILIA) npemnaratoT KOMMEpYECKH JOCTYITHbIC TpadapeTHbIC MacThl HA OCHOBE Pa3IMYHBIX YIIICPOIHBIX
KOMIIOHEHTOB C KOHILIeHTparuei TBépnoit gassl okono 35-40 macc. %. [TonHbIN cOCTaB UMIOPTHBIX MacT
SBJISICTCS KOMMEPUYECKOit TaitHo# [4].

B nensx uMmopro3aMmenieHus, a TakKe YMEHBIICHHUS 3aTpaT Ha YIIEpOAHYIO TpadapeTHyIo MacTy
MIpEeJIaraeTcsl CO3/aTh HOBBIM OTEYECTBEHHBIH MPOIYKT C 0OJiee HU3KOW NOJeH TBEPABIX YIJIEPOIHBIX
KOMIIOHEHTOB B COCTaBE€ MACThl, IPU O3TOM COXPAHMB BBICOKYIO AIIEKTPOIPOBOJHOCTH KOHEYHOIO
MpoAyKTa, TO €CTh HameyaraHHoro osiektpoaa. Tepmopacmmpenusiii rpadpur (TPIY) sBasercs
NEPCIEKTUBHBIM YTJIEPOAHBIM MAaTEPUAIOM ISl CHWIKCHHS KOHIIGHTPALUU TBEPABIX KOMIIOHEHTOB B
IPOBOJAIINX HacTax. Ero rpauToBbIe Yenyifku HMEIOT BRICOKYFO 3MEKTPHUECKY0 POBOAUMOCTS — 107
OMXM npu KOMHATHOH TeMnepaType.

B Hacrosimieit pabote paspadarbiBaiu rpadUTOBOM MACThI ¢ PA3IMYHON MACCOBOM KOHIIEHTpAIUEH
MIPOBOJIAIIETO YTIIEPOJHOTO KOMIIOHEHTA U UCCIIe0BAIN (PU3NUECKHUE CBOWCTBA pa3pabOTaHHBIX MACT IS
TpadapeTHON neyaTy ruOKUX IEKTPOIOB MEJUIIMHCKOTO Ha3HAYEHUS.

Pa3zpaboTanbl yriaeponHsle MacTbl HA OCHOBE TepMOpACIIMpEHHOro rpaduta Uit TpadapeTHO
neJatd, 00eCledyMBAIONIUE IONy4YEHHUE THOKUX D3JEKTPOJOB C Ppa3IMYHBIM YyJAEIbHBIM OOBEMHBIM
SNEKTPHUECKHM COMpoTHBIeHHEM - 0T 525x107 10 300x10™° Omxm. Mcnons3oBanue TP mo3BOMMIO
CHHM3HUTHh MAacCCOBYIO0 KOHILIEHTPAIMIO YTJIEPOJHBIX TPOBOISIIMX YacTUI] B 2,5 pa3a MO CpaBHEHHIO C
KOMMEpPYECKH JOCTYNHBIMU YIJIEPOJHBIMH IMAacTaMM M OOECHEeUMNIO BBICOKYIO 3JEKTPOIPOBOJHOCTH
MOJTYYSHHBIX THOKUX TPApUTOBBIX 3JCKTPOJIOB IS HIIEKTPOHUKH METUIIMHCKOTO Ha3HAYCHUSI.
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HAHOAJIMA3bBI C 3AJJAHHBIMA CBOMCTBAMU _
JJIsA KBAHTOBO-@U3NYECKUX U BUOMEJUIUHCKUX IPUMEHEHUU

JlaBbiioB B.A.
WNuctutyT dusuku Beicokux nasienuit uM. JI.®. Bepemaruna PAH, r. Mocksa, . Tpourik
vdavydov@hppi.troitsk.ru

ITpumecHo-Bakancuonubie (MV, roe M = N, Si, Ge, Sn, Pb) meHTpsl OKpacKu B aliMa3e OTHOCSTCS
K 9MCay HauboJiee UCCIIEAyeMBIX (PU3MUECKUX 00BEKTOB MOCIEIHEro AecaTuieTus. Bee Bo3pacTaromuit
WHTEPEC K M3YUYCHHIO alIMa3HbIX MaTepPHaJioB C JaHHBIM THUIIOM OINTHYECKUX IICHTPOB OOYCIIOBIICH
MPeXae BCEro IMIMPOKMMHU TEPCIEKTHBAMH HMX IMPAKTHYECKOTO HCIIOJIB30BAaHUS B KayeCTBE
TBEPJOTEIBHBIX MCTOYHHUKOB OJMHOYHBIX ()OTOHOB M CIHHOBBIX KBAaHTOBBIX OMTOB B Pa3HBIX THIIAX
KBaHTOBBIX CHCTEM O0pabOTKHM HHGPOpPMAIMK, a TaKKe B KA4eCTBE MHKPOPa3MEPHBIX JaTUYUKOB
TEMIIepaTypbl, MPHKU3HEHHBIX BHYTPHUKICTOYHBIX MapKEpOB U (DIIyOpPECIICHTHBIX 0a30BBIX ILIATGHOPM
U OMOMEIUITMHCKMX HAaHOKOMIUIEKCOB Pa3IMYHOr0 HazHadeHus. [Ipu 3ToM Hambojiee MmepCreKTHBHBIC
HATPaBJICHUS HCIIOJIb30BAHUS CBSI3BIBAIOTCS CEHYac C TNPUMCHEHHUEM HAHOPa3MEPHBIX (pakiuit
aJIMa3HBIX MATCPHAIOB C IMPUMECHO-BAaKaHCHOHHBIMU ONTHYCCKMMHU IeHTpamMu. OIHAKO Y4YHUTHIBas
MHOTOYHCIICHHOCTh M CYIIECTBEHHOE Pa3HOOOpas3ue TpeOOBaHUH, MPEABABISIEMbIX K 3TUM MaTepualiaM
CO CTOPOHBI pa3IMYHBIX HAIMPABICHUA WX WCIOJb30BaHMs, 3ajadya Pa3BUTHS METOJOB IOJyYCHUS
HAaHOPAa3MEpPHBIX  alMa30B C  3aJaHHBIMH  CBOMCTBAMM, MAaKCHUMalbHO  COOTBETCTBYIOIIUMHU
MPEIbSBIAEMBIM TPEOOBAHUAM, MO-TIPEKHEMY OCTacTCs OJHOM W3 Hamboyee aKTyalbHBIX 3a7a4
COBPEMECHHOTO MaTEPUAIIOBEICHHUS.

B Hacrosimeit pabote paccMOTpeHbI BO3MOXHOCTH TIOJIYYCHUS HAHOPA3MEPHBIX (Ppakiuii ajamasa
¢ SiV u GeV onTuuecKMMH IIEHTPAMH, OTBEUYAIOIIUX TPEOOBAHUSM KX HCIOJIH30BAHUS B KadeCTBE
OMHUTTEPOB OJMHOYHBIX (OTOHOB B KBAHTOBBIX ONTHYCCKMX CHUCTEMax M  IPUKU3HEHHBIX
BHYTPHUKJIETOUYHBIX MapKEPOB, MOCPEACTBOM HHIYIUPYEMBIX BHICOKMMH JABICHUSIMH U TEMIIEpaTypaMu
MPEBpAICHU  YIJICBOJOPOJHBIX POCTOBBIX CHUCTEM, HE COJCPXKAIIMX TPAJUIMOHHBIX METaJIOB-
Katanu3atopoB. [Ipm 3TOM OB PaccCMOTPEHBI BO3MOXKHOCTH TPSMOTO IEJICHAPABICHHOTO CHHTE3a
HAHOAJIMAa30B C 3aJaHHBIMH CBOMCTBAMHM Ha OCHOBE TMPEAJIaracMoro MeEToJa W BO3MOXKHOCTH
nocjenyromeid MOTU(PUKAIIMA CBOHCTB TOJIYYaeMbIX aJMa3HBIX MaTEpUANOB IOCPEICTBOM Pa3HBIX
BapHAHTOB MX JIOTIOJHUTEIbHOW (PU3MKO-XUMHUYECKOH OOpabOTKU C IIeTbI0 JOBEACHUS UX 0 YPOBHS
TpeOOBaHUH, MPEIBSIBISIEMBIX CO CTOPOHBI PA3IMYHBIX TOTPEOUTEIICH.

HccnenoBanusi MpeBpaIICHUN  YIIIEBOJOPOIHBIX COCIMHCHUN TIPU BBICOKUX JaBJICHUSX U
TEMIIepaTypax I[OKa3aJid, 4YTO ajMa3Hble MaTepuaibl, oOpa3ylollecs B pe3ysbTare TaKoro poja
00pabOTKM YUCTHIX YITIEBOJOPOTHBIX CHCTEM, B OCHOBHOM, MPEACTABIAIOT COO0H cMecH CyOMHKPOHHOM
1 MUKpOpa3sMepHbIX (pakiuii anmasa [1]. Joast cooctBenno Hanopasmepubix (0/100 M) ammazoB mpu
3TOM HE3HAUMTEIbHA M HE IMPEBBIIIAET HECKOJBKMX MAacCCOBBIX TMpOIEeHTOB. IloaTomMy B pabore
paccMOTpeHBl JBa BapWaHTa TOBBIINICHUS COJCPXKAHWS HAHOPAa3MEPHBIX ajiMa30B B MPOAYKTax
MpeBpaIlcHus], CBSI3aHHBIC C BBEICHHEM B HCXOJHBIC POCTOBBIE CMECH B KAaueCTBE JIOTOJHUTEIIBHBIX
KOMIIOHEHTOB TaJIOTCHCOJEPKAIINX COCIWHEHHH W JCTOHAIMOHHBIX YJIBTPAJAUCIEPCHBIX alMa3oB CO
cpeaHuM pa3MepoM KpuctaumToB 3.5 HM. CHHTE3 HaHOaiMa30B ¢ SiIV IEHTpaMH OCYIIECTBISIICS Ha
ocHOoBe TroMoreHHbiXx cmeceir Hadrammua (CioHg), ¢ropupoBannoro rpadpura (CFii) wu
tetpakuc(tpumerwicwimi)cunana (CioHseSis), Torma kak s moiydeHus — HaHoaiMaszoB ¢ GeV
[IEHTPaMH HCIIOJIb30BaINCh roMoreHHbie cmecei Hadramuua (CioHg), Terpadennn repmanus (CosHooGe)
U yJIbTpaaucIepcHoro anMasa. CHMHTE3 MPOBOAMJICS Ha ariapare BBICOKOTO JaBJICHUS THMa «Topoum»
nipu paneruu 8.0 I'Tla, remmeparypax 1300-1400°C 1 KOpOTKHX BpEMEHAX U30TEPMUICCKON BBIICPIKKH.

[Mony4eHHble amMa3HbIe MaTepHaibl, KaK IPaBUIIO, MPEACTABISLIA co00l cMecu ynbTpanaHo- (3/10
um), HaHo-(10/100 um) u cyomukponnoii (100/1000 um) dpakiuii aamasa, OTHOCHTEIILHOE COACPIKAHUE
KOTOPBIX BapbHpPOBAJIOCh B 3aBHCHMOCTH OT COCTaBa MCXOJHBIX POCTOBBIX CMECCH, TEMIIEpPaTyphbl U
BPEMEHH M30TEPMUYECKON OSKCIO3UIMU. Pa3mepHoe (GpaKIMOHHOE pa3ieiicHHe alMa3oB IOCIe

75



MEPBUYHON XMUMHYECKOW OYHMCTKM MaTepuansa OT BO3MOXKHBIX HE alMa3HbIX (OpM Yriiepoaa,
OCYIIECTBISIOCh ITyTEM HX YJIbTPa3ByKOBOTO JUCIEPIHPOBAHHS B BOJAE M  IIOCIEIYIOLIETO
HEHTPU(PYTHPOBAHUS TOMYYEHHBIX BOJHBIX JHCIEpPCHN. XapaKTepusalus BBIICICHHBIX (Qpakuuit
anmasoB ¢ SiV u GeV onTHYeckuMH [EHTpaMy OCYLIECTBIISIIACH METOAaMH PEHTTCHOBCKOW AU(paKIny,
CTHIEKTPOCKOITIH KOMOMHAIIMOHHOTO PACCESTHUSI CBETa, KOH(POKATBFHON M aTOMHOM CHIIOBO MHUKPOCKOIIHH,
npocseunBatoteit ([I9M) u ckanupytorieit (COM) a1eKTpOHHONH MUKPOCKOIIHH.

HccnenoBanue crnekTpoB (oToMOMUHECHCHIMK YibTpaHaHo- (7.5+5 um) u Hano- (50+20 HM)
pa3MepHbIX ¢pakimii anmazoB ¢ SiV u GeV neHTpaMu Mokaszaio, 4TO OHH JEMOHCTPUPYIOT PEKOPIHO
y3kue (738.06+0.27 um mis SiV u 603.5+2.0 um mis GeV 1eHTpOB) pachpeiesCHUs MOJIOKCHUN
LEHTPOB O0eCPOHOHHBIX JIMHUN YKa3aHHBIX ONTHYECKHX Ie(eKTOB MpH KOMHATHO# Temmeparype [2, 3].
JanHblii  (QakT CBHUIETENBCTBYET O MaJloOd CTENEHHW BHYTPEHHUX HANPSDKEHUM IOJIydaeMbIX
HAHOAJIMa3HbIX MaTEepHaJiOB, COIMOCTABUMOH C JIyYIIMMH OOpa3liaMH HH3KOHAINPSDKEHHBIX OOBEMHBIX
anmMa3zoB. CHeKTpsl KOMOWHAIIMOHHOTO paccestHus cBeta W I[IOM  m300pakeHuss HaHOAIMA3O0B
MOJTBEPKAAIOT BBICOKYIO CTETIEHb MX KPUCTAJUTMYECKOTO COBEPIICHCTBA. AHAIU3 CTATHCTHKH (DOTOHOB
Ha OCHOBAHWU M3MEPEHHS ABTOKOPPEISILIAOHHOM (yHKIMH (HOTONIOMHHECLICHIN BTOporo nopsiaka (g°)
MOKa3aj, 4YTO TMPEUIOKCHHBI METOJ CHHTEe3a IO3BOJSIET YCIEIIHO TONydYaTh OJHO(OTOHHBIE U
MHOTO()OTOHHBIE SMHUTTEPHl HAa OCHOBE HaHOaaMa30B ¢ SiV u GeV 1eHTpaMu, XapaKTepU3YIOIIHecs K
TOMY € BBICOKOH CTaOMIBHOCTBIO (hoTOMOMuHeceHnuu. [Ipu 3ToM ObUTO yCTaHOBJIEHO, 4TO 00paboTKa
QJIMa3HBIX MAaTEPUATIOB BOJOPOIHOM IJIa3MON TO3BOJISET MOBBICUTH OO0 HAHOAJIMAa30B, COAEPIKAIINX
OJJMHOYHBIE TPUMECHO-BAaKaHCHOHHBIC ONTUYECKUE IEHTPHI.

W3ydenne moONSIpU3aliMOHHON 3aBHCUMOCTH (DOTOIFOMHUHECIICHIIMM HAHOAIMAa30B C OJMHOYHBIMU
SiV u GeV neHTpamu Moka3ajo, 4TO 3TH LEHTPbI O0NAJAI0T BBIPAKECHHOW JIMHEHHOH mosspu3aimeit
W3IYYCHHUs, YTO CBHJETEILCTBYET O TOM, YTO OHH JCHCTBUTEIHHO MPEICTABISAIOT COOOWH OIWHOYHBIE
u3nydaromue aunoian. Hanmmume nuueiHOW monspusanyy (OTONOMUHECIICHIIMH T1e(PEKTHOTO LIEHTpa B
alMasze  SBISIETCS  KPUTHYECKH BAXXHBIM  [MApPaMETPOM, HEOOXOAWMBIM st 3(PPEKTHBHOTO
MHTErPHUPOBAHUS €r0 B KBAHTOBBIC CETH.

YuuTeiBasg BBICOKHE OSMHUCCHOHHBIC XapaKTEPUCTHKH TMOJYYCHHBIX HAHOAJIMa30B, B XOje
uccleoBaHusT OBITM  pacCMOTPEHBI BO3MOXKHOCTH HMX HCIIOJNB30BAHUS B KadyeCTBE HMCTOYHHUKOB
OJMHOYHBIX (OTOHOB B KBaHTOBBIX cucremMax [4]. Kpome Toro, ObUIO TOKa3aHO, dTO
(byHKIIMOHATU3UPOBaHHbBIC (DIyOopecIieHTHBIE aMa3bl ¢ SiV IeHTpaMKu MOTYT YCIEIIHO MCIOIb30BaTHCS
B Ka4eCTBE MPUKU3HEHHBIX BHYTPUKIIETOYHBIX MAPKEPOB.
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®A30BBIE IEPEXO/Ibl B BEH30®EHOHE B TEMIIEPATYPHOM JIMAITA30OHE 77-300 K

Jdanunos U.B., I'pomuuuxas E.JI., Bpaxkun B.B.

Wuctutyt ¢pusukn Beicokux aasneHuit uMm. JI.®. Bepemaruna PAH, r. Mocksa, 1. Tpourik
idanilov@hppi.troitsk.ru

BeH30()eHOH KpHCTALTU3YeTCsl U3 MEePEOXJIKICHHOTO PacIulaBa B JIBE MOHOTPOIHO CBSI3aHHBIC
nonuMopdubie (QOpMBI: B CTAOWIBHYIO OpTOpoMOMYeckyro anbha-hopMy M B METaCTaOUIIBHYIO
MOHOKJIMHHYIO OeTa-popmy. [ToMrMO IBYX KpUCTAIUIMYECKHX (Pa3 pe3KUM OXJITaKACHUEM KUAKOH (a3bl
MOKET OBITh NOJY4YEHO CTEKJIOOOpa3Hoe cocTosiHue OeH3odeHoHa. Ilpm KomMHaTHOM Temmeparype
cTabmIIbHA TOJBKO anb(ha-moaudukanus, B To xe Bpems npu 77 K Bce momudukanuu: anbda, O6era u
cTeksio ctabuibHbl. [Ipennonaraercs, yto 6era-Gpopma MoKeT ObITh MOJYUYEHA ITyTEM HEePeOXJIaxACHUs
pacrutaBa J1o temriepatyp B auamnazone 238-250 K. O6pazoBanue anbha-GopMBbI - BBIIIE 3TOTO AHAaNa30Ha
temmneparyp, a Huxe 203 K nepeoxinakAeHHbIN pacIuiaB NEPEeXOaAUT B CTEKII000pa3Hyto a3y .

VYIbTpa3BYKOBBIE AKCIEPUMEHTHI OBLIM MPOBEACHHI HAa ammapare BBICOKOTO JaBJICHUS THIIA
NOpIIEHb-IMIANHAP.  M3MepeHus  NpOBOAWINCH  UMITYJIbCHBIM  YJIbTPa3BYKOBBIM  METOAOM  C
ucnosnp3oBanneM LINDO; B kauecTBe Mbe303JCKTPUYECKUX TATYUKOB C HECYHMMH dacTtoTaMu 5 MI'Ig
i nonepednblx BonmH M 10 MI'm mns npononpHbIX BoiH. Da3oBylo auarpamMmy OeH30(eHOHa
onpexaernsty nipu 77-293 K B nuanazone nasiernwnii 0 <P <1 I'Tla.

Temneparypubie u3mepenus (77-293 K) npu nocrosaaom aasienuu 0.05 I'Tla mpeacraBieHbl Ha
puc. 1. Ilpu noBbmmeHnn Ttemnepatypsl a0 220 K wmbl HaOmomamy «pa3msirdeHHe» CTEKia, 4TO
BBIP@)XaJOCh B 3aMETHOM MaJeHuH Monyis ciasura G m moayns oObeMHOH ympyroctu B, a takke
cnabbeiM poctoM koddduumenta Ilyaccona o. Ha amrummrynmax curHana B 3TOM OOJIacTH TeMIiepaTyp
HaOI0AaCsT NHTEPECHBIN 3P (PEeKT «yIbTPa3ByKOBOI'O MPOCBETICHUS», BBIPAKAIOIIUNACSA B yBEIMYEHUHU
aMILTUTYBI TIepel PAaCCTEKIOBaHUEM. MBI HICHTU(DUIIIPYEM NEPEX0 CTEKIO-KUIAKOCTh, ONIMCAHHBIH B

Puc. 1. TemnepaTtypHast 3aBUCUMOCTb Moyt capura G u o0bemMHOl ynpyroctu B,
a Taxke ko3 dunuenta [lyaccona ¢ mpu u300aprUuECKOM OTOTPEBE
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pabdore [1], mpu Temnepatypax Bbimie 220 K mo pe3komMy MajacHHIO MOMAYJS COBUIA, a TakXe I10
HCYE3HOBEHMIO CUTHAa CIIBUIOBOM YIbTpa3ByKoBOW BOJHBI. Ilpeamosnaraem, 4Tro JaHHOE COCTOSIHUE
KHUJIKOCTH SIBJSIETCS METacTaOMIIBHBIM TEPEOXJIaXKACHHBIM COCTOSIHUEM, MOCKONbKy npu 248 K
MIPOUCXOIUT OBICTpasi KPUCTAIIIU3ALMS, COIPOBOXKAAIOMIASCI CKAYKOM IIJIOTHOCTH, MOSBICHUEM YETKOIO
yIBTPa3BYKOBOTO CHTHAJIAa M TPECKOM M3 SYCHKH BBICOKOTO HaBiieHHs. [lomydeHHasw KpuCTaTHYecKas
Oera-(aza uMmeer Oojee BHICOKME 3HAYCHHs] MOAyJs caBura G m HamHOro Oonee HU3KHM Kod()PHUIMEHT
[Tyaccona, yem crekio. [Ipu nmampheiimem mnobeimeHun Temreparypsl Boime 280 K meractabuibHas
Oera-(hasa nmpeBpaiaeTcsi B CTaOMIBHYIO alb(a-MOAUPHUKAIHIO.

Hccneoosanue evinonneno npu unancosoii nodoepicke PHD® 6 pamkax HayuHozo npoekma
MNe 19-12-00111.
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HOJYYEHHUE U 3JIEKTPO®PU3NYECKHUE CBOMCTBA
I'MBPUJIHBIX ITPOBOAAIINX CYCIIEH3UU HA OCHOBE I'PA®EHA

Jaunaos E.A.% BeperenHnkos M.P.1, JdapxaHoB E.B."?

' AO «HWUrpadur», r. Mocksa
2PXTY um. J.1. Menneneena, r. MockBa

egadanilov@rosatom.ru

CycrieH3un Ha OCHOBE MAJIOCIOWHBIX TpPapeHOBBIX YaCTHI] HMMEIOT IIMPOKHE MEPCHIEKTHUBBI
IIPUMEHEHHUS B COBPEMEHHOW 3JEKTPOHUKE, OJHOW M3 Haubojee 3HAYUTEIbHBIX SIBIISETCS MOTy4YEeHUE
MIPOBOSIINX YEPHUI AJI1 U3TOTOBJIEHUS! YCTPOMCTB TMOKOMN 3IEKTPOHUKU METO/A0M CTpyHHOM nedatu. K
MIPEUMYIIECTBAM HCIIOJIb30BaHUs Ipa)eHONO00HBIX YAaCTULl OTHOCAT UX BBICOKHE 3JIEKTPOIPOBOISIINE
CBOWCTBA, XUMHUYECKYI0 CTAaOWJIBHOCTB, TOAXOJSIIYI0 BS3KOCTh BOIHBIX CYCIIEH3WH, a TakKkKe
HEePCIeKTUBHO HU3KYH cTouMocTh [1]. Bmecre ¢ Tem, mis rpaduroBbix u rpadeHOnomo0HbIX
MaTepHUaJIOB XapaKTEPHO 3aMETHOE BIMSIHUE JIOKAIBbHBIX KOHTAKTHBIX CONPOTUBIICHUN KaK B CyCHEH3USX,
TaK U B IUIEHKAaX, YTO MPUBOIUT K HEOOXOAMMOCTH M3BICKAHUS CLIOCOOOB MOBBIMIEHHS TPOBOJUMOCTH 32
CYET WCIIOJIb30BAHMS 3JICKTPONPOBOAAIINX MOJUMEPHBIX MAaTpPHUIl, (YHKIMOHATIM3AIMKA YacTUI] WU
UCIOJb30BaHUSI CMECel MaTepualioB € Ppa3IUYHBIMU MOP(OIOTUAMHU JUIsl CO3/aHUSI THOPHIIHBIX
MEPKOJISIIMOHHBIX CETOK [2].

B HacTosimielt paboTe BOJHBIE CYCHEH3UH MaJIOCIOWHBIX Ipa(eHOBBIX YACTHUI] MOITYy4aaIld METOI0M
npsiMoil  xuakodaszHoW dSKconmmanuy TPUPOAHOTO TrpaduTa B BOJHOW cpene B MPHUCYTCTBUH
dropconepxamiero [TAB. Meroauka noapoOHO ommcana B padore [3]. B kauecTBe HOMOTHHUTEIBHBIX
KOMIIOHEHTOB THOPHIHBIX CYCIIEH3WH OBLTH HCCIIEOBAaHBI CepeOpsHble HAHOCTEPXKHH, ITOJyYCHHBIC
METOJIOM MOJIMOJBHOTO CHHTE3a CIIOCOOOM, aHATIOTHYHBIM MPHUBEICHHOMY B paboTe [4], MHOTOCOIHBIC
yriepoanbsle HaHoTpyOku (YHT), momydennsie meromom CVD-cuHTeza (J100€3HO MpenoCTaBIICHBI
kadeapoit XTYM PXTY um. JI.M. MenneneeBa), u cepeOpsiHbIC HAHOCTEP)KHH, MOyUYECHHBIC METOIOM
anekTpo3peiBa npoBogauka (OO0 «IlepesoBble TOPOIIKOBBIC TEXHOJOTHH»). YacTUIIBI TPEICTABISIIN
coboit Tmodyner pasmepom 20-30 HM B BHIE ariiomMepaToB CO CpeIHHM pa3mepoM okoyio 500 MKM.
MuxkpodoTrorpaduu UCIIONBb30BaHHBIX HAHOMATEPUAJIOB NPUBEIEHBI Ha pHc. 1.

: @’5 gnmy
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"
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Puc. 1. CHUMKH 3JIEeKTPOHHOM MUKPOCKOITHH () TpadeHOBbIX dacTHIl (6) cepeOpsSHbIX HAHOCTEPKHEH,
(B) MHOTOCITOHHBIX YTIIEPOAHBIX HAHOTPYOOK | (T) aroMepaToB cepeOpSHbIX HAHOYACTHII
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W3 naHHBIX NO KOHIIEHTPAlMOHHOM 3aBUCUMOCTH YIEIBHOW 3JIEKTPONPOBOJHOCTH CYCIECH3UM
MaJIOCTIOMHBIX TpadeHOBBIX YacThIl (pUC. 2a) BHAHO, YTO OHA MMEET BBIPAKCHHO MEPKOJSIIMOHHBINA
xapaktep. Bmecrte ¢ TeM, B TEXHHYECKHM OOOCHOBAHHOM HMHTEpBaje¢ KOHICHTpamuid (mo 6 mr/m)
nocturaytoro 3uaueHust (100-130 MxCm/cM) HeTOCTATOUHO AJISL psiia 00JacTeil MpUMEHEHUSI, CBI3aHHBIX
¢ THOKOM 5SJCKTPOHHMKOW, TOATOMY TIpd OOIIEeH KOHIECHTPAIlMA HAMOJHUTEIsT 6 wmr/mi  ObuLTH
MIPUTOTOBJICHBI THOPUIHBIE CYCIICH3UHU ¢ BApbUPOBAHUEM COOTHOIICHHIH KOMITOHEHTOB (pHC. 2).

250
200
150

100

IpoBoanmocTs cycnensuu, MCm/cm

0
0,01 01 1 10 100

Kowuuenrparms rpadena B cycrieH3ud, Mr/mi

a §)

Puc. 2. DnekTponpoBOIHOCTb CYCIIEH3Ui Ha OCHOBE MaJIOCJIONHBIX rpa)eHOBBIX YACTHII;
(a) KOHLIEHTPALIMOHHAS 3aBUCHMOCTB JJICKTPONPOBOAHOCTH, (6) 3aBUCHMOCTB 3JIEKTPOIPOBOAHOCTH CYCIICH3HI OT B3AaHMHOM
KOHIICHTpALUK rpadeHa U cepeOpsIHbIX HAHOCTEp KHEN (4), cepeOpsiHbIX HaHOoYacTHIl (A ) U YIIIEPOJHBIX HAHOTPYOOK (O)

W3 nmanHHBIX puUCyHKa BUIHO, YTO cHcTeMa TpadeH-cepeOpsiHble HAHOYACTUIIBI OJM3KO ClEeTyeT
MpaBUly CMeced, B TO BpeMs Kak THOpHIHbBIE cycneH3un ¢ Mopdororuerr yactury tuna 2D+1D
3HAYUTEIBbHO OT Hee OTKJIOHsATCH, npuueMm BBeaenne YHT orpumarensHo Biuser Ha
ANEKTPONPOBOIHOCTh, YTO MOKET OBITh CBSI3aHO C IMOBBIIIEHHBIM YPOBHEM JIOKaJbHBIX KOHTAKTHBIX
compotuBieHnit u axacopbumerr [IAB nHa pasBuroii moepxHoctn YHT, B ciiyuae cepeOpsHBIX
HaHOCTEP)KHEW HaOII0IaeTcs 3aMETHBIM CHHepreTudeckuid A¢ddext, Hambosiee 3HAYUTEIBHBIN TpH
conmepxkanuu rpadeHa ok. 75 00.%. Hecmorps Ha HE0OXOIUMOCTH JOIMOJIHUTEIBHOTO HCCIIEIOBAHUS
yKa3aHHOTO 3(¢eKTa, MOoTydeHHbIE JaHHbIE MO3BOJSIOT ClIejaTh BBIBOJA O MEPCHEKTUBHOCTH CHCTEMBI
rpadeH-cepeOpsiHbIe HAHOCTEPKHU JIJISL U3TOTOBJICHUS MTPOBOISIINX KUIKOCTEH U TIICHOK.
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TEOPETUYECKOE CPABHEHHUE CTPYKTYPBI QJIEKTPOHHBLIX YPOBHEN
HEWTPAJBHOI'O 1 3APSI)KEHHOT'O ®YJIJIEPEHA
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LAO « HI[ P® TPUHUTU», Mocksa, Tpourxk
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2 WNuctutyT npobiieM 6e3omacHOro pa3Butus aroMmHou sHepretuk PAH, r. Mocksa
vasil@ibrae.ac.ru

OOBeKTOM UCCIIEOBAHUS SABIISIOTCS SJIEKTPOHHBIE COCTOSHUS (yiuiepeHa Ceo M €r0 HOHOB.

Llenpro pabOTHI SBIAETCS YUCICHHBIA pacyeT IEKTPOHHBIX YPOBHEW, MAEHTH(UKAIMA 0OBEMHO-
JIOKaJM30BaHHBIX COCTOSHHM, a TAK)Ke OIIEHKAa BPEMEHH KHU3HH MOTOOHBIX COCTOSHUH C MCIIOJIh30BAHUEM
METO/IOB, OCHOBAaHHBIX Ha TEOPUH (DYyHKIIMOHAJIA SIEKTPOHHOH TIOTHOCTH.

B pa6orax [1,2] ObuT0 TEOpeTHUYECKH MOKA3aHO CYLICCTBOBAHHE KOPOTKOKHUBYIIMX JHCKPETHBIX
00bEMHO-TIOKATM30BAHHBIX NEKTPOHHBIX yposHei (OJIDY) B MoNokHUTETbHBIX HOHAX (ysepeHa Cep'
(Z — crenens MOHM3AIMHK), O0S3aHHBIX CBOMM CYIIECTBOBAHUEM HAITUYHUIO MOTCHIIMATBHOW SIMBI BHYTPH
MOJIOKHUTENIBHO 3apshKeHHOro HoHa Qyiuiepena (puc.l). BomHoBbie ¢yHkimu OJIDY mperMyniecTBEHHO
JOKaJIU3YIOTCS. BHYTPH Cdepbl 3apsHKEHHOTO (yJulepeHa B OTIMYHE OT OOBIYHBIX TOBEPXHOCTHO-
JIOKaJIM30BaHHBIX MEKTPOHHBIX ypoBHel ([IJIDY), cBA3aHHBIX ¢ OCTOBOM W3 MOHOB YIJIepoJa Ha caMoi

chepe pymiepena (puc.2).

a 6 B
Puc.1. [lorennmnanphas sima st pymiepena Z=1e (a)
Z=5e (0)
Z=10e (B)
a 0

Puc.2. Dnexrponnas mwiotHocTh st OJIDY (a) u [TJIDY (6)

B mpomecce pabGoThl TMPOBOAMINCH PACUYEThl SHEPTHH M BOJHOBBIX (YHKIMI HEHTpaTbHOTO
dymepena Cgo, a TaKke HOHOB (BYIICPEHOB C Pa3InYHBIME 3apsiaamu (puc.3).
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Puc.3. Bonrosste ¢ynkmun OJIY (VLEL) u IUIDY (SLEL) s Cep™°

[TpoBenena uneHTHdUKaLUs 00BEMHO-TOKAIM30BAHHBIX COCTOSHUI B 3apsKEHHBIX (yJUIepeHax,
BBINIOJIHEH pacueT BPEMEH KU3HU MEXKIY O0BEMHO-IOKAIN30BAaHHBIMU COCTOSIHUSIMH U TOBEPXHOCTHO-
JIOKAJIN30BaHHBIMM COCTOSIHUSIMU. Pe3ysbTaThl HCCIIENOBAHMS JJIEKTPOHHBIX YPOBHEH IOIYYEHBI C
UCIIOJIb30BaHUEM MPOrpaMMHBIX makeToB Quantum Espresso u ORCA [3].

[ToxazaHo, uto BpeMmeHa xusHu OJIOY cocTaBisoT mopsaka 10°+10" c. Bpems xusHu npu
nepexozae OJIDY-IIJIDY 3nHauntensHO Oojble BpeMeHu xu3Hu mnpu nepexoae [JIDY-TIJIDY. C pocrom
cTeneHn uoHu3anuu ¢ymiepeHa pacteT uwcio OJIDY, a Takke yBeIMYMBAETCS BpeMsl KU3HU TPHU
nepexogae OJIDV-IUUIDY. [lanHble TEHACHIUH SBIAIOTCA OOHAJCKHUBAIOIIUMH C TOYKH 3pEHUS
BO3MOXHOCTH Hcnodib3oBanus OJIDY miis nazepHoil reHepaiuu.
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KOMBHUHAIIMOHHOE PACCESAHME CBETA
W OCOBEHHOCTHU MATHUTHBIX CBOMCTB
HAHOPA3MEPHBIX COTOBHU/IHBIX YIVIEPOJIHBIX CTPYKTYP

3uaTaunoB A.M.
Wuctutyt xumuu JIBO PAH, r. BnangusocTtok
ziatdinov@ich.dvo.ru

VYriaepoaHbie HAHOCTPYKTYPHI (HaHOAIMa3bl, QyJUIepeHbl, HAHOTPYOKH, rpadeH u JIp.), a TAKKe UX
pasnuyHble (U3NYECKUE W XMMUYECKHE IPOU3BOJHBIC, TUICHOYHBIC CTPYKTYPHl UM HAHOKOMITO3UTHI
00pa3yloT OIHO W3 Hambojee NEePCHEKTHBHBIX HANpaBICHUH MarepuaioBefeHus. CHEKTPOCKOIHUS
komOunaimonHoro paccessuust (KP) cBera siBmsieTcss BaKHBIM HMHCTPYMCHTOM HM3YYEHHS Pa3IUIHBIX
XapaKTePUCTHK 3TUX MAaTepUaioB. B 4acTHOCTH, OHA IIMPOKO HCIIONB3YETCS IS OICHKH JIaTepaIbHBIX
pa3MepoB CTPYKTYpPHBIX OJOKOB (KPHCTA/UTUTOB) HAHOCTPYKTYPHUPOBAHHBIX YTJIEPOIHBIX MAaTEPHAJIOB.
Hecmotps Ha 1O, utOo cnexrpockonuss KP yxe maBHO HMCnonb3yercs g 3TUX LEJIeHd, IPOTOKOJIBI €ro
MPUMEHEHHS BCE CIIE SBJISIOTCS AMIIMPHUUCCKUMH M B HUX UMEIOTCS OOJIbIIKE HEOMpEACICHHOCTH. B
JaHHOW paboTe, Ha MpUMepe aKTHBHUPOBAHHBIX YIiepoJHbIX BoJIokoH (AVYB), okcuna rpadena (OI) u
€ro TEPMUYECKH BOCCTAHOBICHHBIX Mpou3BoAHbIX (TBOI'), 00CyKaat0TCsl MPEUMYIIECTBA U HETOCTATKH
M3BECTHBIX MPOIEAYP ONPEIACIICHHs JIATCPATbHBIX pPa3MEPOB CTPYKTYpPHBIX OJOKOB (KPHCTAaJUIUTOB)
HAHOCTPYKTYPHPOBHHBIX YIJIEPOJHBIX MarepuaioB mo ux cnektpam KP. Omnumpasch Ha mosrydeHHbIE
JaHHBIE, 00CYXK/IaeTCsl TAKXKe MPOUCXOKICHNE HETPHUBHAIBHBIX MATHUTHBIX CBOMCTB HEKOTOPBIX U3 HUX.

Xnonbst OI' ObLIH MMOTyYEHBI ITyTEM OKUCIICHUS YacTHUIl TpaduTa Mo MOAU(PHUIIMPOBAHHONH METOIUKE
Xammepca [1]. O6pasubpt TBOI' Obiivi mosmydensl u3 xmomnbeB OI', pa3MeIIeHHBIX B KBapIEBBIX
npoOUpKax ¢ aproHoM, MpU pa3auyHbX Temmeparypax OoTkHra (Tom). AYB uMmenn komMepueckoe
npoucxoxaenue. Crnextpel KP Bcex o0OpasnoB Obutn 3anmcanbl Ha KoH(okansHOM mpubope Alpha 500
(«Witec», ®PI') ¢ ucnoap30BaHUEM JITHHBI BOJIHBI Tazepa A = 531,8 um. Criektpbl DI1P Oblan 3amucaHs
Ha npubope X-nauanazona EMX-6.1 («Bruker», ®PT’); namarHuueHHOCTH 00pa3IoB ObLTH M3MEPCHBI Ha
npubope MPMS-5S SQUID («Quantum Design», CIIIA).

(a)

—
i
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Puc. 1. (a) Tunuunblit ciekTp KoMOuHaIoHHOTO paccestaus TBOI (Touku) u ero pasnoxenue Ha opeHnuans G, D
u D". Ha Bpe3ke npezcrasiien criektp o6epronos TBOT u ero pasioxenue Ha gopennuanst 2D, D+G u 2G.
CIuUIOIITHBIC IMHUK — CyMMBI BCEX KOMITOHEHT Pa3sioxkKeHHs crieKTpoB. (6) [ITOTHOCTh MIEKTPOHHBIX COCTOSIHUIM
BOJIM3M 3UT3aroo0pa3HbIX KpaeB rpad)eHOBOM HAHOJICHTHI, JieBas BCTaBKa: rpad)eHOBast HAHOJIEHTA C
3Ur3aroo0pasHbIMU Kpasimu; mpaBas BctaBka: criektp D[P TBOT'; cTpenkamu noka3aHbl CHTHABI OT TOABHKHEIX (€)
U JIOKAJIM30BAaHHBIX (S) 3JIEKTPOHOB.

Cnextpsl KP Bcex wncciieoBaHHBIX YTJIEPOJOB COJEPXKAT JBAa HE MOJHOCTHIO Ppa3pelIeHHBIX
MaKCHMyMa C BOJHOBEIMK unciamu ~ 1347 u ~ 1607 cm™. B kauectse mpumepa Ha puc. la mokasa
TUNHYHBIA pamaHoBckuii crektp TBOIT u ero pasioxenue Ha sopenieBbl (mogockl G, D u D) u
rayccuanbl (momocel T u D "). B nmTeparype Ui OIECHKHM JJIMHBI KOPPEJISALUH B TUIOCKOCTH
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HAHOPAa3MEPHBIX aPOMATHUECKUX (parMeHTOB (OCTPOBKOB), L, IIMPOKO HCIONB3YETCS OTHOIICHUE
MHTErpabHON MHTCHCUBHOCTU MOJ0CH D (Ap) K CyMMe MHTErpalibHONM MHTEHCHBHOCTH mojioc G u D
(Ag+p= ActAp). Kankano u ap. [2] mpemnokunu ciaenyromyo GopMyidy s OUeHKH L, ucxoms w3
3HAYEHHs YKAa3aHHOTO OTHOIICHHS IS JIFOOOM JUTMHBI BOJIHBI JIA3€PHOTO H3IYyYCHHS A BHIAMOIO
JMana3oHa:

L. (nM)=(2.4x10™%)x\*x(Ap/Acsp) ™.

®eppapu u backo [3] mokaszanu, 4To yKa3aHHOE COOTHOIICHUE CIPABEIUIMBO TOJIBKO NpH L,> 2 um. [Ipu
MEHBIIHUX JUIMHAX KOPPEISIIUY B IUIOCKOCTHU CIIEAYET HCIOJIb30BaTh APyroe Boipaxxenue [3]:

L.2 (nm?)=(1.26x10")xA*x(Ap/Ac+p").

Takum oOpa3zom, B 00IIeM cilydae, KaXJI0My SKCICPUMCHTATbHOMY 3HaueHHIO Ap/Ag+p* OTBEUAIOT Ba
CYILIECTBEHHO pa3HbIX 3HaueHUs L, U 11 mpaBUIBLHOTO BHIOOpAa MEXKIYy HMMH HYXHa JOMOJIHUTEIbHAS
uH(OpMaIHs 0 pa3Mepax CTPYKTYPHBIX OJIOKOB HCCIIeayeMoro MaTepuaia. Macnosa u ap. [4], Pubeiipo-
Coapec u ap. [5] mpeanoxuinu MPUHIUIAAILHO HHOW MOAXOJ K OleHKe 3HaueHus L, Tak, cormacho
nanabiM Pubeiipo-Coapeca u nip. [5] 3HauenHwue L, u mupuna monocsl G (I'g) CBsA3aHBI BRIPAKEHUEM:

Lazlcxln[C/(rG - FG(La:oo))],

rae | - mHa KorepeHTHOCTH ONTHYeCKUX (POHOHOB Tpadene, paBHas 327 HM, ['g - FIKCIeprUMeHTaNbHAS
mupuHa monockl G, I'ga=w) - mmpuHa monocsl G B rpadene, paBHas 1513 CM'l, a 3HayeHue
sMmEpryeckoro mapamerpa C paBrHo 95+20 cm™. CpaBHeHHe 3HaYCHHIT La, OIPENEICHHBIX U3 CIICKTPOB
KP u penrrenosckoit mudpakuuu AYB, OI' u TBOI', mokasano, uro Haumboiee JOBEPUTEIbHBIMU
SBJITFOTCSI T€ 3HAYCHUS JUIMHBI KOPPEJSIIAH, KOTOPBIE OIPEACISIOTCS W3 IMMUPHHBI monocel G.
[Tony4yeHHble cBeleHUSI O HAHOPA3MEPHOU CTPYKTYpE UCCIETYEMbIX MaTEpPHUAaIOB MO3BOIHIN OOBSICHUTH
MIPOUCXOXKICHUE HEOOBITHO BBICOKMX 3HAYCHHH TUIOTHOCTH AJICKTPOHHBIX COCTOSHUN Ha ypoBHE Depmu,
BBIIBJICHHBIC B HEKOTOPBIX W3 HUX MArHUTHBIMH METOJaMu uccienoBanus (puc. 10), Kak cleacTBHUE.
HaIM4YMs B oOpasiax Creru(pUUECKUX T-3JIEKTPOHHBIX COCTOSHHM (TOMOJOTHYECKUX HYJIEBBIX MOJ),
CTaOMIM3UPOBAHHBIX BOJIM3U 3UI3aro00pa3HbIX KpaeB pa3pbiBOB (TPEIIHMH) YIIIEPOIHON CeTKH (BOIH3H
3Ur3aroo0pa3HbIX KpacB HAaHOTPa(eHOB).

ABTop mpusHareneH K.X.H. ['epacumenko A.B. u k.x.H. 3BepeBy I'.A. (MuctutyT xumun JIBO PAH)
3a IMOMOIIb MpPU 3aMUCU CIHEKTPOB PEHTICHOBCKOW IU(PPAKIMM U KOMOMHAIIMOHHOTO pacCesHMUS,
COOTBETCTBEHHO; K.X.H. boromsikoBy A.C. (Mexaynapomausiii Tomorpapuueckuii uearp CO PAH) 3a
MIPEIOCTABJIEHHBIE JaHHBIE IO MArHUTHON BOCTIPUUMYHMBOCTH.

Pa6boma 6vina evinonnena npu GuHaAHCO60U noddepicke Munucmepcmea HAyKu U GblCULE2O
obpaszosanust Poccuu (coczaoanue Ne 265-2019-0001).
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IN SITU HCCJAEJJOBAHUE METO/IOM SITP MEXAHU3MOB 1 KHHETUKH
BHEJIPEHUSI MOJIEKYJI HEHTA®TOPUJIA MOJINBIEHA
M3 KUJTKOU ®A3BI B I'PA®UT

3uaraunoB A.M., [IBeTnukoB A K.

Wuctutyt xumuu JIBO PAH, r. BnangusocTtok

ziatdinov@ich.dvo.ru

3HaHME MEXaHHW3MOB BHEAPEHUsS B rpadUT “TOCTEBBIX MOJIEKYJ ABJISETCS Ba)KHBIM ATanoM pador,
HalleJICHHbIX Ha pPa3paboTKy METOJIOB CHHTE3a €ro HOBBIX IEPCIEKTUBHBIX COEAMHEHUH BHEIPEHUS
(uaTepkanmupoBaHHbIX coeauHeHui rpadura — UCT). OmauM u3 3()(HEKTHBHBIX METOIOB H3yUYCHHS
KMHETHMKM W MEXaHM3MOB BHEJIPEHHs “TOCTEBBIX MoJieKysl B rpadut ssiusercs merton OIIP. K
HACTOSIIEMY BPEMEHH YK€ OCYIIECTBIICHBI IN SitU MCCIIeI0BaHUs ITUM METOJIOM MEXaHHU3MOB BHE/IPCHUS
B rpaduT psiga MOJEKyJd W3 ra3oBoit ¢asel [1-4]. B To ke Bpems, B JIUTEpaType MOKa OTCYTCTBYIOT
nannabie DIIP-uccnenoBanmii mporecca BHEAPEHUS B rpaduT MOJIEKYN W3 KHIKOW (as3bl BemiecTBa. B
HACTOSILEM TOKJIaJIe TPUBOJSITCS Pe3yJIbTaThl MEPBBIX IN Situ uccienoBanuii MeronoMm DIIP KUHETHKH U
MEXaHM3MOB BHEJIPCHUS B IUIACTUHKY BBICOKOOPHEHTHPOBAHHOTO THpoiuTHYeckoro rpadura (BOIID)
MOJIEKYJT U3 JKUIKO#H (ha3wl menTadropuma monubdaeHa (MoFs).

Puc. 1. OBomrorus cextpa IIIP cucteMbr
(BOIII'+MoFs) npu 360 K (>Tp,). 7 — Bpemsi ¢
HauaJla peakuuu. B Bpe3ke mpeacraBiieH CUrHAI
CPOII mnactunky rpagura. X-1uana3oH.

ACUMMETPHYHBI CHTHAJI CITIMHOBOTO PE30HAHCAa Ha
anektpoHax nposogumoctu (CPOIT) nexoaHOU MIACTHHKH
rpapura (puc.l, Bpe3ka) BIUIOTh 0 TEMIIEPATYPbI
mnapnenust  uHrepkanata  (Tm)  Xapaktepusyercs
3HaueHueM (@-dakrtopa, paBHeiM 2,0413+0,0002 wu
IIMPUHOM HA TOJIYBBICOT€ MHTEHCHBHOI'O MHKA, PaBHOH
0,45+0,05 mTn. C mMomeHnTa mnaBieHus: mopoiika MoFs,
MOJTHOCTBIO TOKPBIBAIOMIETO TUIACTHHKY rpadwura, OH
MOHOTOHHO YOBIBa€T 10 WHTEHCHBHOCTH BIUIOTH JIO
ucue3HoBeHus ciycTs ~45 muH. [Ipu 3tom B cnektpe DI1P
cucteMsl (rpadut+MoFs) MOSBIAIOTCS HECKOIBKAX HOBBIX
PE30HAHCOB, YbH MapaMETPhl M3MEHSAIOTCA CO BPEMEHEM
(puc. 1).

Kommonenra “a” cmektpa DIIP  (puc. 1),
IpeACTaBIseT  coOOH  PE30HaHC  HAa  AJIEKTPOHAX
OPOBOJUMOCTH YTJIEPOAHBIX CJIOEB, MPHUMBIKAIOMINAX K
JIBYMEpPHBIM  TBepAOQa3HbIM closM wuHTepkamaTta. C
MOMEHTa TEpPBOM pPErucTpaluy A0 KOHIA PEaKIHHd OHa
XapaKTepu3yeTcs HEU3MEHHbBIM 3HauYCHHEM
0=2,001+0,001. Ero uHTEHCHBHOCTH, (hopMa M MIMPHHA
IUIABHO M3MEHSIOTCS B Tpormecce peakuuu. Llupokas
KOoMITOHEHTa criektpa “b”  (puc. 1) mpUHALIEKHUT HOHAM
Mo®* B  TBepmodasHBIX  COSX ~ WHTEpKaTaTa W
xapakrepusyetcs §~1,95. Ero mmpuna ~70 mTn B Havane
peakumu W ymeHbmaercs g0 ~100 mTn k  ero
3aBEPLICHUIO.

CummerpuuHas cllabOMHTEHCUBHASI KOMITOHEHTa “C”
(puc. 1) Takke mpuHAMIEKHT HoHaM MO, HO K TeM u3
HUX, KOTOpbIE HaxoIsATcs BHE rpaduTa, B KUAKOH (aze
BHEJIPSIEMOTO BEILIECTBA. Ota KOMITOHEHTa
XapakTepusyeTcs 3HaueHWsMH (-pakTopa W IMPHHEI,
paBHbiMH cooTBeTcTBeHHO 1,89+0,02 u ~3,7 wmTn
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CnaboacummerpuyHas komrnoneHta “d” (puc. 1) mpUHAAICKHUT DICKTPOHAM, JIOKATU30BAHHBIM Ha [gz-
OpOUTAIISIX aTOMOB YTJICPOIHBIX CIIOEB, OYEBUIHO, TPUMBIKAIOIINX K (GpOHTY BHEeapeHHs MoJieKya1 MOFs.
da3za 3TOil KOMITOHEHTHI MpoTHBOIOJIOKHA (haze curnama CPOII rpadura. B mpomecce peakuuu oH
HECKOJIbKO CYI)KaeTCs, a OTHOIICHUE €ro MUKOBOW MHTEHCHBHOCTH K TakoBoW curHaiga CPOII rpadura
yBEJIMYUBAETCS. Bce 370 MporcxXoauT py HEM3MEHHOM 3Ha4YeHUU ero g-¢pakropa, papaom 2,035+0,002.

Puc. 2. Cxematndeckoe H300paxeHue
HavyanbHOIt (¢) 1 KOHeuHOI (6) da3sl BHeIpEHNUS
Mmonekyn MoFs B mmacturky rpadura. Ha puc.
(¢) dpouT BHEApEHUS (PEAKIMH) IPEACTABICH B
YBEJIMYCHHOM Maciirabe.

[IpucyrctBue B cnektpe OIIP  mmacTuHku
MHTEpPKAIUPYEeMOro rpadura OJHOBPEMEHHO PE30HAHCOB
Ha 3JEKTPOHAX MNPOBOJAMMOCTH YTJIEPOAHBIX CJIOEB Kak
HEMHTEPKAJIMPOBAHHBIX, TaK U YK€ MHTEPKAINPOBAHHBIX
oOjacTei, CBUAETEIbCTBYET O TOM, UYTO HOCHTEIU TOKa
0o0enX YKa3aHHBIX YYacTKOB B mikaie BpemeHu OIIP
JIOKAJIU30BaHbl B TMIpefieNlax CBOUX Y4YacTKOB. JlaHHBIN
(GakT CBUAETENBCTBYET O CYILIECTBOBAHUU  MEXIY
paccMaTpuBaeMbIMU O0JIACTSIMHA BBICOKOOMHOTO Oaphepa.
OueBuaHO, 3TOT Oappep MOPOKAEH HCKAKEHUEM
YIJIEPOTHON CEeTKH BOIM3M (POHTA BHEIAPECHHS MOJICKYJI
neHrapropuaa cypbMbl B rpadur (puc. 2c). Habnronenue
pe3oHaHca Ha OJJEKTPOHAX, JIOKAJIM30BAHHBIX Ha Pg-
opOUTaNIAX AaTOMOB YIJIEPOJHOM CETKHM BOIM3M (pOHTA
BHenpenus MOoOFs B rpadur, corjmacyercss ¢ ITUM
npencrasneHueM.  OgHOBpeMEHHOe  HaAOIIOACHHE B
MPOJAYKTE PEaKIUN - HHTEPKATMPOBAHHOM COCIUHEHHH
rpagputa ¢ MoOFs, pe3oHaHCOB Ha  T-3JIEKTPOHAX
yIJIEPOAHBIX CJIOEB W Ha (d-3JCKTPOHAX  MOJICKYJT
WHTEpKalaTa CBHIETENBCTBYET O CJIaboM OOMEHHOM
B3aUMOJICHCTBUU MEXIy HUMHU (O MPEHEOPESIKUMO MaJIOM

CMEUIMBaHMH BOJHOBBIX (YHKIMA HocuTened Toka M MOFs), 4TO sBIsieTcss HEOOBIYHBIM JUIS

InmapaMarHuTHBIX IIPOBOAHHUKOB.

Paboma 6vina ewvinonnena npu ¢uunancosou nodoepxcke Munucmepcmea HayKu U 8viCULe2O
obpaszosanust Poccuu (eoczaoanue Ne 265-2019-0001).
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YCUJIEHUE AHTUCTOKCOBOM ®JIYOPECIHEHIIUA
MHOJIBIX COEPUYECKUX HAHOYACTHULl HUTPUJA YIJIEPOJA

3unnn I1.B.', Akocra-Maena T.E.?, Muspa AKZ Hlapma CK?

1 " .
HayuyHO-TexXHOIOrn4ecKuii IEHTp YHUKAIBbHOTO pubdopocTpoeHus, Poccuiickas akagemMus HayK,
r. Mocksa

2 o .
WuctutyT reopusuku u mianeronaoru, I'aBaiickuil yausepcurer, ['ononyiy, I'aBaitu, CLLIA

zosimpvz@email.ru

Hecmotpst Ha pacTymee 4dncio NyONMKanui, TOCBSIICHHBIX HCIIOJIB30BAHUIO CBOWCTB
rpadUTONONOOHBIX ~ HUTPUAOB  YIVIEPOAa B PA3IUYHBIX  TEXHOJIOTMYECKHX  TPHIIOKEHUSX,
CHCTEeMaTHYECKOTO HCCIICIOBAHMUS BIUSHNS HAaHOCTPYKTYpBI Ha ONTHYECKHE CBOMcTBa coenuHeHuii C-N
He npoBoawiock. HenaBHO OblI0 0OHApPYKEHO, YTO MHTEHCUBHOCTH (DIIyOpecleHLINH, BO30YyKIaeMol B
ceprueckux rpadUTONOT00HBIX HaHOUACTUIIAX HUTpUAA yriepoa (S-C3Ny), Oosee yeM Ha Tpu TOpsIKa
BBIIIIE, YeM Yy Pa3ymopsaovYeHHON Moaudukanuu rpaduronogodnoro Hutpuma yriepoaa (g-CsNg) [1].
Nzyuenne dayopecuennun Hanouactui] S-C3N4 Taxxke mokazano, uto (ayopectuenuus S-C3Ns umeer
BBICOKOMHTEHCHBHYIO aHTHCTOKCOBYIO 4acTh [2]. B manHoi paboTe mccieayercss HeMMHEHHOE BIUSIHUAC
UMITYJIECHOTO JIa3€PHOTO BO30YXKICHUS C pa3MYHBIMU TpauToBbIMU cTpykTypamu C3Ng4, BiIrouas S-
C3N4 u Heynopsnouennbie Monudukamn g-CsNy4, Ha aHTUCTOKCOBYIO BETBB (ITyOpPECLICHITHH.

Puc. 1.®otorpaduu nopouika S-C3Ny4, ocBelieHHOro 3e5eHbIM J1azepoM MolnHocThio 1500 MBT.

CBeueHHe MOpOINKa Ha pUC. 1 MMeeT SIpKO-CHHUIA IIBET, YTO YKa3bIBAaeT Ha TO, YTO MHTCHCUBHOCTH
(iryopecleHIME TepeMecTiiIach B 00JIacTh 0ojiee HHM3KOH JUTMHBI BOJHBI TPH BBICOKOW MOIIHOCTH
ocsenieHus. Ha puc. 2 mokazanbl ciekTpsl uryopecteHiuu noporiika S-C3Ny npu pa3nnaHoit MOITHOCTH
HUMIYJIbCHOTO Jla3epa. AHTUCTOKCOBass KOMIIOHEHTa MMeeT MUHUMabHBINA mopor ~ 100 MBT. CtokcoBa
COCTABJISIONIAs YBEIIMYUBACTCS NP YBEITUYCHUN WHTCHCUBHOCTH Ja3epa 10 98 MBT, a 3arem HaunHaeT
yMeHbIaTbesi. OTHOIIEHHE HHTEHCHBHOCTH aHTHCTOKCOBA MuKa (¢ 1ieHTpoM B 480 HM) K HHTEHCHBHOCTH
cToKcoBa muka (¢ 1eHTpoM B 582 um) cocraBiseT lsgalssy = 6,4x102 [PY HU3KOM YPOBHE HHTEHCHBHOCTH
(5 MBT) ¢ ucnonbp30BaHKEM 3€JICHOTO UMITYJIbCHOTO J1azepa u Bo3pactaeT B 300 pa3 (laga/sgx = 2,27) npu
BBICOKOM YPOBHE HHTEHCHBHOCTH 3esieHoro jazepa (1500 MBr).

DKCMEPUMEHTHI no moBeneHus (GayopecueHuun HaHodacTul] S-C3Ns,  B030yx)maemoit
HETPEPBHIBHBIME JIa3epaMU C PA3IMYHOMN JJTMHOW BOJHBI, MOKa3aiH, 4To: (@) CYIIECTBYET TOJIbKO OJUH
IeHTp nuka m3nydeHus C neHtpom 480 HM, korma ocemenue S-C3N4 mpoBOAKIIOCH JTa3epoM C AJTUHOM
BOJIHBI 266 HM; (0) mpH HMCIOAB30BaHKMK 3eieHOro jasepa (514 HM) mojokeHue muka (BayopecreHInn
Haxoquwiock okoino 582 muM.  Haxmon norapupmmyeckoit kpusoit (0,96) ans MHTEHCHMBHOCTH
AQHTHCTOKCOBA NMHKA JaeT OCHOBAaHUS IPEAIOJIOKUTh, YTO TEIUIOBOW MEXaHW3M OTBEUACT 33 YCHUIICHUE
AaHTHUCTOKCOBOMW (uryopecueHmu B HaHodacTHLax S-C3Na, Bo30yKIaeMbIX 3€JIEHBIM JIa3€pOM BBICOKOM
WHTCHCUBHOCTH.
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Puc. 1. 3aBuCMMOCTH MOIITHOCTH BUIMMOTO CUrHaia QuryopecueHunu S-C3Ny.
CnexTtpsl nosrydens npu mumpuHe 3atBopa 500 He B TeueHue 1 na3zepHOro MMITYJIbCA.
Bo36yxaenue 532 um Nd-YAG nasep, 15 I'ni, 6 He-ummyinbc. JlazepHoe naTHO ~ 5 MM B quamertpe.
Wzmepennsie momHocTH B MBT rokasans! B Tabimie.

DHepreTudeckyr auarpamMmy duayopecteHmn S-C3Nsy MOXHO paccMaTpuBaTh Kak KOMOWHAITUIO
YIPOIICHHON JMarpaMMbl SHEPreTHYECKOro ypoBHs, ommcanHou B [3] u oOcyxmaemoii B [4]. Korma
MHTCHCUBHOCTH Jla3epa HU3Kasi, Mbl HaO0gaeM OOBIYHYIO (IIyOpeCLEHIINIO, BO30YKIaeMyI0 3eJIECHBIM
Ja3epOM C MHUKOM, cOCpeaoToYeHHBIM Ha 582 M. [loBbimenne Temneparypsl B HaHodacTHIax S-C3Ng ¢
YBEJIMYEHUEM HMHTCHCHUBHOCTH Jia3epa MPUBOAMUT K POCTY DJIEKTPOHOB B MEPBOM BHOPOHHOM COCTOSIHHH
U, CJIEIOBATEIbHO, K YBEJIMYEHUIO AaHTUCTOKCOBOM CUHEW JIIOMUHECUICHIIMU. Y BEJIMYEHUE aHTUCTOKCOBOM
¢moopecuennmu B S-C3N4 cTpykTypax He HaOIIOIATHCE.
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PASPABOTAHHBIE IPOTOTHUIIBI PEHTTEHOBCKUX TPYBOK
C ABTOKATOJAMMU U3 IOJIMAKPUJIOHUTPUIBHBIX YIJIEPOJHbBIX BOJTIOKOH
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Yut @on INaunr, Can Txeun Haunr 3o

MockoBckHil PU3NKO-TEXHHYECKUIT HHCTUTYT (rOCYIapCTBEHHBII yHUBEpCUTET), I. MOCKBa

nayyemin05@gmail.com, sheshin.ep@mipt.ru

B mHactosimee Bpemsi O4eHb BOCTpPEOOBaHBI MAJIOMOIIHBIC PEHTICHOBCKHE TPYOKH, 00JIacTh
MIPUMEHEHHUS U MOTPEOHOCTH B HUX MHTEHCHUBHO PACIIUPSIOTCA. DTO B MEPBYIO Ouepelb MOHU3AIUS
MIPOXO/AIIETO ra30BOT0 MOTOKA AJIsi OOHAPYKEHHUS HAPKOTHKOB, B3PHIBYATHIX BEIECTB H.T.JI.

KoHCTpyKIMss mpOTOTHIIA HANPABICHHOTO HU3KOWHEPIMOHHOTO YIPABISEMOTO OTIAsSHHOTO
PEHTI€HOBCKOTO MCTOYHHMKA M300pakeHa Ha puc.l. [Ipubop mpencraBiser coOOi CTEKISSHHYIO KOJIOY,
HUMEIOIIYI0 ¢ OJHOTO KOHIIA BBIBOJBI 3JEKTPOJHONW CHCTEMBI, a C APYroro KOHI[A TOHKOE (COTHH MKM
TOJIIMHOM) OEpUITHEBOEC OKHO Ha METAJUIMYECKOW ONpaBe Uil BBIXO/A H3ITyYCHUS.

DneKTpoJHasi CUCTeMa IPEACTaBseT cOO0OM THUMUYHYIO 3JeKTpoHHYI0 mymky OJIT oxcuaHbii
KaTOJ, MOZYJISITOP, YCKOPSIFOIIHIA 3J1eKTpo1 (MOXKET OTCYTCTBOBATH). CIEIYIONIMM 3IIEKTPOI0M (aHOI0M,
MPOTUBOKATOOM) SIBIIICTCS TOHKHH CIOW TmOpomika rpadpura, HAHECEHHBIH Ha BHYTPEHHIOIO
MOBEPXHOCTh CTEKJIIHHOW TPYyOKM C BHYTPEHHHM JHAMETPOM HECKOJIbKO MM. IloTeHmnman Ha 3ToM cioe
OIpEICTISICT SHEPTHI0 JICKTPOHOB. [loCTENEeHHO MOAHMMAs HANpsHKCHUE Ha cjioe rpadura (Ha Hamiem
aHo/Ie) MbI TOJYMHJIHM HA4ajo0 BbIXOJa 3aMETHOTO HANIMMHU TPUOOpaAMH H3IYYCHUS] TPH BEIUYHHE
HanpspkeHus B 2300 Bosabt. OnbIThl NpOBOAMIUCH ITPU BEIMYMHE aHOJHOTO HanpspkeHus 2500 B.

Puc.l. DnexkTpoHHas MylIKa, COCTOSIIAs W3 KaToAa, MOIYJATOpPa M LWIMHIPUYECKOTO aHOJA.
BayTps aHOma BcTaBlieHa CTEKJSHHAs TPyoka C pa3BEPTKOM Ha KoHie. Ha TpyOKy BHYyTpH HaHECEH
rpabut (wnm dr000# apyroil mpoBoasmuii marepuan), Crioit rpadura 3IEKTPUYECKH COEIUHEH C
UWIMHIPOM aHOJA. OJEKTPOHBl BBUICTAIOT U3 Karoaa, GOpMHUPYIOT 3a CYET MOAYJSATOpa
HWINHAPUYECKUN 4yTh PACXOISAIIMNACS MyYOK, BIETAIOT B OTBEPCTHE B aHOJIE U MOMAAAI0T B CTEKIISIHHYIO
TpyOKy. [[BUTAsACh MO TPAeKTOPHUAM , KOTOPBIE CJIETKa PACXOAATCS OT OCH. DJIEKTPOHBI MOJ HEOOIBIIUM
yIJbl TIOMANal0T Ha clom Tpadura u mpu moTeHIMane Ha rpadure Oomee 2,5 kB cozmaror
XapaKTePUCTHUECKOE PEHTTEHOBCKOE H3IyYeHHE, KOTOPOE BBIXOAUT Yepe3 MPOTHUBOMOIOXKHBIA KOHEIl
TPpyOKH U OKHO HapyXy B BHJI€ HallpaBJIEHHOTO TOTOKA.
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Puc .1. KoHCcTpyKIIMM pEHTI€HOBCKON TPYOKH JJIsl aHaJIUTHUECKOH anmaparypbl
A) ¢ rpadUTOBBIM aHOOM
B) ¢ MeTamn4ecKkuM aHOI0M
1-anop
2-xopryc
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NEPBOIMPUHIUITHOE UCCJIEJOBAHUE B3AUMOJENCTBUA
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HanmonaneHblii nccnenosarensckuil saepubiil yausepeurer MU®U, r. Mocksa
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VYrnepoausie (GylaepeHbl SBIAIOTCS CTA0MIBHBIMH HETOKCUYHBIMH HAHOYACTHIIAMHU U 4YacTo
WCTIONB3YIOTCS B KA4eCTBE HOCHTENEW /il aapecHOW JOCTaBKH HU3KOMOJEKYJSIPHBIX JieKapcTB. B
Kapkace (yisepeHa Kaxablii aTroMm yriepoja (GpopMHpPYeT TOJIBKO TpU KOBAJIEHTHBIX CBSI3H, Onlarojaps
4eMy OH MOXKET OOpa30BBIBATh YETBEPTYIO CBSI3b C PA3TUYHBIMU (DYHKIIMOHAIBHBIMH TpyIIIaMHU.
Hannuve ¢QyHKIMOHANBHBIX TPYII MEHSAET SJICKTPOHHOE CTPOCHHE U aJICOPOIMOHHBIE CBOMCTBA
¢ymnepena. B wactHOCTH, (TOpUpOBaHWE MNPUBOAUT K YCWICHHIO B3aUMOJACHUCTBHS (QyJUIepeHa ¢
nekapctBamu, coaepxkammmu rpynnsl OH, COOH u NHy, 3a cuer o0pa3oBaHus BOJOPOAHBIX CBS3ECH.
@dropupoBanHble (yiepeHsl UMeoT U Apyrue npeumymecta. Cesisu C-F obecneumBaror ycuneHHOE
MOTJIOIIEHUE PaTHOBOJIH B OJIMKHEM HH(paKpacHOM auana3one [1], k Tomy ke aToMbl (PTOpa MO3BOJIAIOT
OTCIIC)KMBATh MECTOHAXOXKJACHUE YACTHIBI TpPU TOMOINM SACPHOrO MAarHUTHOTO pe3oHaHca [2].
VYka3aHHbIE TPEUMYIIECTBA SKCIIEPUMEHTAILHO HAOIIOJAINCh HA MIPUMEpPE CUCTEM JOCTaBKU JIEKAPCTB,
M3rOTOBIICHHBIX U3 (TOPUPOBAHHBIX HaHOUEIIyeK rpadena [3].

CrtpykTypa QTOpHpOBaHHBIX (YIJIEPEHOB JOBOJBHO ClI0XKHA. CHIBHOE B3aUMOJICHCTBHE aTOMOB
¢Topa Ha TOBEpXHOCTH (yJUIepeHa MPHUBOAUT K (HOPMUPOBAHHIO M30MEPOB CO CIOXKHBIMH Y30paMH,
00pa3oBaHHBIMH aJCOPOMPOBABIIMMHUCS atoMaMu. l[lomHOCTBIO ¢TopupoBanHbie (ymiepensr CgoFgo
MIPAKTUYECKH HE MOYYAOTCS] HA MPU KAKUX YCIOBHSIX; OOBIYHO MIPOAYKTHI (P TOPUPOBAHUS UMEIOT COCTAB
CeoFm, rme m kosnebsercs ot 2 10 48 B 3aBHCUMOCTH OT YCJIOBHi peakiyu [4].

B nacrosieit pabotre Mbl pacCUUTaIN YHEPTHIO BOJAOPOIHBIX CBS3EH (TOPUPOBAHHBIX (PyJUIEpEeHOB
C JIEKapCTBEHHBIMU MoOJeKylamu. MccienoBanach 3aBUCUMOCTh 3TOW 3HEPrHH OT pa3mepa QyJuiepeHa,
CTeneHn ero (TOPUPOBAHUS M HAIWYHMS pacTBOpa. PacueTsl MPOBOAWINCH B pPaMKaX TEOPHH
GbyHKIIMOHAIA 3JIEKTPOHHOM IUIOTHOCTH MPH MOMOIIH rnakeTa TeraChem, aganTupoBaHHOTO O] paCUYEThI
Ha BUAeOKapTax. s ObICTPOil TeOMETPUUECKO ONTUMH3AIMU HCTIOJIB30BANICS CIIEHUABHBIA alrOPUTM
geomeTRIC. Pesynbrarhl uccaeAOBaHHUS ITO3BOJWIN JETANTHHO TIOHITH MEXaHWU3M B3aUMOJCUCTBUS
¢TopupoBaHHBIX QysuiepeHoB ¢ pyHkunoHaabHbIME rpynmamMu OH, COOH u NH, nexapcTs.

Hccneoosanue evinonneno npu guunancosou noodepicke PH®D 6 pamxax nayyHoeo npoexkma
Ne 20-73-00245.
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PA3PABOTKA U OIITUMU3AIIUU TEXHOJIOT'MA ITPOU3BOACTBA
XOJIOJJHOHABUBHOM MACCHI ATIOMUHUEBBIX DJEKTPOJIU3EPOB

Kpannn A.JL", Byrakosa T.B? Kupees B.B.

! AO «3IIM - MEHEJDKMEHT», r. Mocksa
2 AO «3IIM — HoeD3», p.11. JInHeBo

akvanin@energoprom.ru

Pa3BuTHe TexHOIOrMM MPOM3BOACTBA AJIOMHHMS BO BCEM MHpE CBOAMUTCS TJaBHBIM OOpa3oM K
MOBBIIICHUIO CHJIBI TOKa B OJIEKTPONIM3Epax JUis COKpAlleHHs W3IEPKEeK U TOBBIINICHUS
MIPOM3BOJUTENILHOCTH. B CBOIO ouepenb, MOBBIIIEHHE TOKOBOM Harpy3ku HPUBOJAUT K IOBBIIICHUIO
TpeOOBaHMII K CTOWKOCTH  YIIEPOAHBIX (YTEpPOBOUHBIX MAaTE€pPHAIOB, B YAaCTHOCTH  Macc
XOJIOTHOHAOMBHBIX HU3KOYycanouHbiX (MXHY) st 3amonHeHnss MeKOIOUHBIX IIBOB.

OcCHOBHBIMU TpeOOBaHUSMU K XOJOJHOHAOMBHBIM MaccaMm SIBISIOTCSA: BBICOKHME IPOYHOCTB,
ANEKTPONPOBOIHOCTb, TETJIONPOBOJHOCTD, HU3KAs ycajaka npu ooxure. TpaaullMOHHO UCIOIb3YIOIIEeCs
B Poccun i MpOW3BOIACTBA TMOMOBBIX MAacC ChIphe — Ta3oKaublMHUpOBaHHBIN aHTpanuT (I'KA) He
MOXKET 00eCneunTh JOCTH)KEHUS TpeOyeMbIX XapaKTepHCTHUK. XOJIOAHOHAOMBHBIE MAacCChl IS
BBICOKOAMIIEPHBIX 3JIEKTPOIU3EPOB MPOU3BOIAAT HA OCHOBE AJIEKTPOKAIBIIMHUPOBAHHOTO aHTpAlMTa
(OKA) u He(TsIHOTO TeXHUYECKOTO rpaduTa.

Ha AO «3IIM — HoBD3» geiicTByeT cOOCTBEHHOE MPOKAJIOYHOE OTIeNeHue, mpou3Boasimee JKA
Ha OCHOBe aHTpamutoB [opmoBckoro OacceitHa. [lo merporpadmveckoMy COCTaBy aHTPAITUTHI
I'opnoBckoro OacceifHa OTHOCSATCS K (DIO3EHUTOBBIM [IOPEHAM U KJIAPEHOJIOpEHaM, MPEICTaBJICHbI B
OCHOBHOM MAaTOBBIMH M MOJYMAaTOBBIMH, PEKE MOJIYOJECTAIMMU Pa3HOBUAHOCTIMU. B KyckoBOM Buze
OHH 00J1a1af0T BBICOKOH MEXaHMUYECKOM MPOYHOCTHIO U TEPMUIECKOM CTOMKOCTBIO [1].

OKA xapakrepusyercs Ooyiee BBICOKOW CTENEHbIO Tpokanku 1o cpaBHeHmio ¢ ['KA, Tak
TeMmriepatypa B anekpokanbiuHaTope gocturaet 1600-1800°C mpormB 1250-1350°C B rasoBoid
BpALLIAIOLIEHCS TIEYH.

Hacrosmas pabota Obuta BbIIIOJIHEHA B J1Ba 3Tana. Ha mepBoM 3Tame B 1aOOpaTOPHBIX YCIOBHSIX
ObUT pa3paboTaH peLenT, MO3BOJISIOUINHA MONIYYUTh HEOOXOAUMBIE XapaKTEpPUCTHKU Macchl. Ha BTOpom
sTamne Obla oTpaboTaHa TexHoJorus npousBoacTBa MXHY ¢ ucnons3oBaHue pa3pabOTaHHOTO pelenTa
Ha TPOMBIIUICHHOM o00OopyaoBaHuu. CMeIMBaHUE MAacChl OCYIIECTBISJIOCH B CMECHUTENsX ¢ Z-
oOpa3HbIMH JIONACTSIMH. PeXHM CcMelmMBaHMs, pealu3yeMblii B J1a0OpaTOPHOM U IMPOMBIILICHHOM
CMECHUTENSAX CHIBHO OTJIMYAIOTCS, YTO NPUBOAUT K 3HAYUTEILHOMY H3MEHEHHIO XapaKTEPUCTHK
KOHEYHOTro nmpoAykTa. Haubosee yyBCTBUTENbHBIMU K PEXKUMY CMEIIMBAHUS SBIIAIOTCS TaKHE MTapaMeTphl
KaK IpeJel MPOYHOCTH NPU CKATHH, YAETHHOE IEKTPHUECKOE CONPOTHBIICHHE, 00bEMHOE pacIIupeHue
npu o0xkure. OcTanbHble XapaKTEPUCTUKN MAcChl IPU MACIITAOHOM MEPEX0]I€ MEHSIIOTCSI CPAaBHUTEIHHO
ciabo.

Hns pa3paboTku  7aboOpaTOpHOTO  perenTta CcHavajga  ObUl0  MOJ00paHO  HECKOJIBKO
TPaHyJIOMETPUYCCKUX KOMIIO3HIINM, XapaKTePU3yeMbIX HAOOIbIIEH HACBIMHON IUIOTHOCTBIO TIOCHE
BHOpoyIioTHeHUsI. Ha OCHOBe BBHIOPAHHBIX KOMIO3UIIUN OBLTA W3TOTOBJICHBI JJAOOPATOPHBIE 00PA3Ibl U
OTIpeNieIeHbl BCE HEOOXOAMMBbIE HX XapaKTepUCTHUKU. Peuent, mpoaeMOHCTpHPOBABLINK Hamboee
OJM3KHE K IICJICBBIM CBOMCTBA OBUT MOABEPTHYT AanbHEHIIeW ontumuzanuu. Ilyrem BapbupoBaHUS
cojepxkaHusi ToHkoro momona DKA wum cBsasyiomiero meka ObUIM TOCTPOECHBI METOAOM (PaKTOPHOTO
aHayiM3a OBUIM MOCTPOEHBI I'paMKH 3aBUCHUMOCTH BCEX IMapaMETPOB MAacChl OT YKa3aHHBIX BEJIMYMH.
[Tpumeps! Takux rpadukoB nokaszansl Ha Puc.1.

Ha rpadukax uyepHbIM NpPSIMOYTOJLHUKOB BbIAEJIEHA 00JIaCTh, B KOTOPOH BCE XapaKTEPUCTUKU
NpPUHUMAIOT Tpebyemble 3HaueHus. [lpeaen mpoyHocTH B BHIOpAaHHON 00JacTH MPEBBILAET TpeOyemble
3HAYeHUs, TaK KaK NpU MepexoJe K MPOMBIIUICHHOMY MacluTaly IJaHHBbIA MapaMeTp HEMHHYEMO
CHIDKAETCSI.
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B XO0J€ ONTUMU3AIINU PCKUMA CMCIINBAHUA MAaCChbl Ha IMTPOMBIIIJICHHOM CMECUTCIIC BAPpbUPOBAJIMCH
TAaKUC MMapaMETpbl KAaK Ha4dYaJIbHASA TEMIICPpATypa MACCHI, CKOPOCTLH BpPAIlICHUA JIOTIaCTEd CMECHUIILHOM
MalllMHbI U BpEMs CMCIIMBAHMA. Bce ocTtanbHbIe napamMeTpsbl pa6OTBI MalllWHBI ABJIAIOTCA IPOU3BOJHBIMHA
OT IICPCUUCIICHHBIX. KpI/ITI/I‘IeCKI/I BA’KHBIM IIAPaAMCTPOM ABJIACTCA TCMHepaTypHBIfI PCKUM CMCHINBAHUA,
HO OH 3aBUCHUT OT BPECMCHH CMCIIMBAHUA U CKOPOCTHU BPAILICHUA JIOmacTeH.

CopepxaHue neka
a CopepxaHve neka 6 AP B CopepxaHvie neka
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Puc. 1. 3aBucuMocTH OT coepkaHus B perente TOHKoro nmomona KA u meka:
VIIETBHOTO JIEKTPUIECCKOTO COMPOTHBIICHUS (a);
IUIOTHOCTH Tociie 00xwura (0);
npenena IPOYHOCTH MPH CxaTui (B)

B pesynbraTe nmpuMeHEHHsI aHAJOTHYHOTO OMKMCAHHOMY BBILIE MOJIXOAa ObUIO YCTAHOBIEHO, YTO
Jy4IIUe XapaKTEPUCTUKHA MACChl JOCTUTAIOTCS B JIBYX CIIy4dasX — IPU BBICOKOW CTapTOBOM TeMIEpaType,
BBICOKON MHTCHCUBHOCTH CMEUIMBAHUS M MAJIOM BPEMEHH CMEIIMBAHUS (KTOPSUUIT» PEKUM) WK KE TIPU
HU3KOM CTapTOBOM TeMIlepaType, HHM3KOW HWHTEHCUBHOCTHM CMELIMBAHUS W JUINTEIBHOM BpPEMEHH
cmemmBaHus  («XONmOAHBI» pexum). [loxoxkas 3aBHCHMOCTh, IIOKa3bIBaIOIIasi IMPHEMIIEMOCTb
HCIIOJIb30BAHUS PA3HBIX PEKMMOB CMEIIMBaHUsI Obllla yCTAaHOBJICHA B JUccepTanuu [2] U moAaTBepKaeHa
B xone BbinosHeHuss HUP mo ngpyrum temaMm B KOPIOpPAaTHBHOM HAy4YHO-TEXHOJOTMYECKOM LIEHTpE
I'pynmer OIIM. «opsiumii» peXuM HAWIy4IIEM 00pa3oM MOXKET OBITh peaju30BaH B CMECHUTEINE
WHTEHCUBHOTO JCUCTBUS THUIIa AMPHUX, HO TAK)KE BO3MOXKHA €0 pealin3alis B cMecuTese ¢ Z-o0pa3HbIMU
JONacTsAMU Tumna AHOA-4, eclii BpeMs CMEIIMBaHUs HE MpeBbIaeT 15 MUHYT, a cTapToBas TeMiieparypa
ne nwke 54°C npu 100% cKOpOCTH BpalueHus JonacTel. Peannsamus «Xon0QHOro» pesxuMa BO3MOXKHA B
cMmecuTene ¢ Z-00pa3HbIMH JIONACTSIMH, HO TMPU 3TOM CYIIECTBYET PUCK MPEBHIIICHNS TOKOBOI Harpy3ku
Ha JIBUTATENE U3-3a BBICOKOW BSA3KOCTH CMELIMBAEMON MAaCCHI.

[TosrydeHHbIe B pe3yJIbTaTe BBIMOIHEHUS pabOThI PELIETITypa U PEKUM CMEIIMBAaHUS JIETJIH B OCHOBY
NPOMBIIIJICHHONH  TEXHOJOTMHM  BBIIYCKAa  XOJIOHOHAOMBHOM  HM3KOYCaJOYHOW  Macchl s
BBICOKOAMITIEPHBIX AJIEKTPOJIU3EPOB.
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NCCJEJOBAHUE YIIPYT'UX CBOVMCTB U TBEPJIOCTH
HAHOCTPYKTYPUPOBAHHBIX YIJIEPOJHBIX MATEPUAJIOB
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I'HI «TexHonorn4ecknii MHCTUTYT CBEPXTBEP/bIX U HOBBIX YIJIEPOJIHBIX MATEPUATIOBY,
r. Mockaa, 1.0. Tpouriik

genmih@yandex.ru, bpsorokin1953@yandex.ru

[Mouck m co3znaHne HOBBIX CBEPXTBEPIBIX MATEPUAIOB SIBISIOTCS aKTYAIbHBIMH C TOYKH 3PECHUS
(U3MKY KOHJIGHCUPOBAHHOTO COCTOSIHMSI M (PM3MYECKOro MaTepuajoBelIeHUs, IOCKOJbKY It000e
peapHOe MPOABIKEHUE B JAHHOM 00JIAaCTH OBICTPO CTAHOBUTCS AOCTOSSHUEM MHHOBAIIMOHHBIX OTpacien
MIPOMBIIIJICHHOCTH. XOPOIIUM TMPUMEPOM SBISETCS MPUMEHEHHE aliMa3a B KauecTBE aOpa3MBHOTO
marepuana. OIHAKO TpUpoOJa YIBTPATBEPAOCTH TAaKOro Mmarepuana, kak ¢ymwiepur [1], KoTopsii,
COTJIACHO KCTIIEPUMEHTAIBHBIM JIaHHBIM, SIBISiETCS Ooyiee TBEPIABIM BELIECTBOM, YeM ajMmas, 10 CHUX IOp
He moiyumia oObscHeHWs. OmHOH W3 TPUYMH SBJISETCS TpodiieMa MOJydeHUs (QyJuiepuTra C
BOCTIPOM3BOANMBIMU CBOMCTBAMH, CBS3aHHAS C TEXHOJIOTHEH CHHTE3a B YCIOBHSIX BHICOKOTO JaBJICHHUS.

B nensix cHIDKEHUs BETMYUHBI OTIEPAIIMOHHOTO JTABJICHUSI HAMU ObLiIa IPUMEHEHA TIOJMMEPH3aIns
00pasIoB HAHOCTPYKTYPHPOBAHHBIX YIJIEPOMHBIX MaTepHajioB — (QyiepuroB u kapbuma Oopa (c
nobasiieHreM (QysuiepeHa), UCIOIb3ysl KaTaau3aTopsl, coaepxkaiue cepy (cepoyriepoa CS; wiu trHodeH
C4H4S). OOpasipl moaBepraauch ropsueMy MPEcCOBaHHIO B Kamepax Tuma "Topoua™ mpu pa3iudHBIX
JIaBJICHUSX, BpPEMEHAX M TeMIIepaTypax crekanus (tabmuna 1).

Tabnuya 1
OO0pa3ub! 1151 HCCIeI0BAHNH
Oopaze [TnoTHOCTB, aBJICHUE, ITponomxu- Temnepa-
IJ)\fg i (-0CTaB AN CTICKAHAS Kkr/m® 8 I'TIa TGHIE)H(;HCTB, MHUH |  Typa, °pC
1 Ce0&CS; 210610 5 0.5 1400
2 Ceo&C4H4S 2060+10 5 0.5 1000
3 Ce0&CS; 2050+10 8 3 1000
4 Ceo 310070 13 - 1400
5 B4C&C4H4S 2218+10 2.5 5 1000
6 B4C&C4H4S 2268x10 5 3 1000
7 50% B4C&50% Cgo&C4H4S 214310 4.5 2 1000
8 50% B4C&50% Cgo&CS; 247742 5 2 1000

Jlst mccnenoBaHus yOpPYyruX CBOKMCTB ¢ TOMOIIBIO yiabTpa3BykoBoil yctaHoBku RITEC RAM-
5000 wm3mepsuin CKOpOCTH TpojaosibHOW V| u caBuroBoit Vs o0bEMHBIX akyctuueckux BonH (OAB).
Hcnonws3oBan umIyabcHO-(Ga30BbIi MeTon B auamnazone dactor 10 — 100 MI'm. JlnutensHOCTh M
aMILTUTYAa paauouMItysibca coctaBisiin 5 Mkc U 100 B coorBercTBeHHO. OOpasiibl MpeACTaBIsIN cOO0i
IUIACTUHBI WM UWIMHIAPBI C JBYMS MapajjIeIbHBIMHU IIOCKOCTAMHU TonmuHoM ot 1.8 mo 3 MM c
OTKJIOHEHHEM OT IUIocKomapamiensHoctd 2 —3 MiMm. Ynpyrue moaynu Cii, Cip u Cyy ObuH

o 2
paccuWTaHbl B M30TPONMHOM  OpUONMMKeHHMH ¢  momomuplo  cootHomreHuit  C,, =pV" wu
— 2
C.=%(C,—C,)=pVZ, rme p — mIOTHOCTh MaTepuama. MICXOms W3 MOTPENIHOCTH OIPEHETCHHS

ckopocteii OAB, TOYHOCTH BBIYMCICHUS MOJIYJECH yHNpyroctu oueHHBaeTcs Kak 5 —7%. B Takxke
paccuutanbsl Moaynu FOHra, casura u BcectoponHero cxatus E, G u K, u koaddumnuent Ilyaccona v,
UCTIONB3YS HW3BECTHBIE COOTHOILIEHUS IS U30TPOMHOMN yapyroi CpEeIbI:
E= [C44(3C11 - 4C44)]/(C11 - C44), G=Cu, K= 1/3(C11 + 2C12) = 1/3(3C11 - 4C44), V= C12/(C11 + Clz) =
= %(C11 — 2C44)/(C11 — Caa).
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MuxkpotBépaocTe H wu3Mepssini ¢ NOMOILIBIO HHACHTUPOBaHMS mupamMunoll Bukkepca c
Harpy3kamu oT 1 no 10 H. OO6pa3susl uMeroT ymnpyroee BOCCTaHOBIIEHHE oTnedaTkoB Oonee 90%.
TBepaocTh M3MEpEHHBIX 00pa3oB MpuBeAeHa B B Tabmuie 2. O6pasubl kepamuku B4C nMeroT BEICOKYTO
TpemuHocToiikocTh Kclg — 1243,

PesynbraTel 10 yrpyruM CBOMCTBaM M MHKPOTEPAOCTH NpHBeNeHBI B Tabnuie 2. B mocnennei
CTPOKE TaOJMIBl ISl CPaBHEHMS NPUBOAATCS paHee OMyOJIMKOBaHHbIC MaHHbIC [2] Mo ympyrum
CBOWCTBaM TOPSYETIPECCOBAHHON KEpaMHKH HAa OCHOBE YMCTOTrO KapOuma Oopa ¢ muioTHOCThIO 2510 —
2550 kr/m’.

Taonuua 2
Ckopoctun OAB, ynpyrue monymnu (I'Ila), kodppuuuent Iyaccona u mukporépaocts H (I'lla)
HCCJIEIOBAHHBIX 00PA310B IPH KOMHATHOM TeMIiepaTtype

Cxkopoctu OAB,
O6pa3eu No Mm/c C11 C12 G= C44 E K \Y% H
L §
1 5460 | 3420 | 628 | 136 | 246 | 580 30.0 018 | 741
2 6270 | 4180 | 810 | 9.0 | 360 | 792 33.0 0.1 | 14#2
3 5800 | 4000 | 69.0 | 3.40 | 328 | 689 25.3 0.05 | 102
4 16590 | 10980 | 852.7 | 105.3 | 373.7 | 829.6 |  354.4 011 | -
5 8030 | 4930 | 1430 | 352 | 539 | 129.1 711 0.2 | 184
6 8185 | 5114 | 151.9 | 333 | 59.3 | 1399 72.8 0.18 | 2515
7 6940 | 4305 | 1032 | 238 | 397 | 9238 50.3 0.18 | 2345
8 11140 | 7430 | 3074 | 340 | 1367 | 300.6 125.1 0.1 | 2745
Kegjgfl‘a 13930 | 8618 | 486.3 | 114.1 | 186.1 | 443 238 019 | -

[pumeuanue: * JlutepaTypHbie JaHHBIC B3ATHI U3 paboThI [2]

CpaBHeHHe pe3ynbTaToB Mo obOpasmaMm Ne 5 u 6 TMOKa3bIBaeT, YTO YBEIWYEHUE OMEPAITMOHHOTO
JABJICHUS TPUBOJUT K YIYUIICHHUIO YIIPYTUX cBOHCTB kepamuku B4C. MccnenoBanue kepaMuk cocraBa
50% B4C&50% Cgo, CHHTE3UPOBAaHHBIX C IPUMEHEHHEM THO(EHA WK cepoyriepoaa (oopasisl Ne 7 u 8
COOTBETCTBEHHO) YyKa3bIBa€T Ha YJYUIICHHWE YIPYTHX CBOWCTB TPH KCIOJb30BAaHHH CEPOYIIIEPOJa.
Onnako ropsuenpeccoBanHasi npu gasiennn 5 ['Tla kepamuka B4C sBnsercs Gosee muioTHO#M ¢ Oosee
BBICOKMMH XapaKTePUCTHKAMU ynpyroctu. CpaBHEHUE yIPYTHX CBOKCTB 00pa3noB ¢ymieputoB Ne 1, 2,
3 ¥ 4 moka3bIBaeT, YTO MOJy4YeHHE OoJiee KECTKMX MATEPHAIOB 3TOTO Psijia, MPEkKIE BCETO, CBI3aHO C
yBEJIMYEHUEM JaBlieHUs] npu cuHTe3e. MHTepecHo, uro B oOpasie Ne 3 oOHapyKeHbI Majoe 3HAYeHHE
ynpyroro moxayis Cip u, coorBercTBeHHO, Kod(durnmenta Ilyaccona v, T.e. Takue oO0pas3ipl mpu
OJTHOOCHOM C)KaTHHU MPAKTUYECKU HE NePOPMHUPYIOTCS B MONEPEYHBIX K OCH JIaBJICHUS HAIPABJICHUSIX.

Hccneoosanue evinonneno npu ¢unancosoii nodoepicke PHD® 6 pamkax HayuHoz2o npoekma
Ne 20-12-000-97.
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Wznenust u3 yIVIEPOJHBIX MaTepUaioB HIMPOKO TMPUMEHSIOTCS B  Pa3iMYHbIX 00JacTsIX
MPOMBIIJICHHOCTH ¥ TEXHUKHA. JTO CBS3aHO C YHHKAJILHBIMU CBOMCTBaMHU rpadurTa, a IMEHHO BBICOKAs
TEPMOCTOMKOCTh, XUMUYECKasi CTOMKOCTh, BBICOKHE MPOYHOCTHBIE XapaKTEPUCTHKH, Majasi IIIOTHOCTD,
YTO JeNIaeT U3AENUs U3 HErO MPOYHBIMH U JIETKUMH, a TaKXkKe JIpyriue CBONUCTBA.

B aroMHOIl NpPOMBINUIEHHOCTH TaKkKe TMPUMEHSIOTCS uW3Aenus u3 rpadura, rIe K Hemy
MPEIBSBISIIOTCS JIOCTaTOYHO jKecTkue TpeboBaHms. OcoOble TpeOOBaHHS MPEIBSBISIOTCS K YHUCTOTE
peaktopHoro rpadurta. M3 mpumeceil BbimensieTcss ocobas Tpymma 3JIEMEHTOB, KOTOPHIE OKAa3bIBAIOT
cepb&3HOE BIMSHHE HA 3axBaT HEUTpPOHOB. K TakuM mpumecsM OTHOCHUTCS OOp, KaaMHid, camapuil u
ragonunuii [1]. Haubonbllee cedeHwe 3axBaTa HEWTPOHOB y TafOJHMHUS. B CBS3HM C 4pe3BBIYAHOMN
XUMHUYECKON CTOMKOCThIO TpaduTa, A OMNPENCIICHUs COAEpNKaHMs NpUMeced B HEM MCIOJIb3yeTcs
OpsIMOIl IyroBOW aTOMHO-dMHUCCHOHHBIH criekTpanbhbiii aHanu3 (JJADCA). IDACA peako3eMelbHbIX
anemenToB (P3D) mocesiiieHsl MHOTOUUCICHHBIE TyOnuKaimu [2]. Onpenenenuto P3D comyTcTBYIOT psij
CIIO)KHOCTEH, B YaCTHOCTH TPYAHOCTh HOHU3AIMH (CIEKTpajbHbIC JHHUM P33, MpHUroaHBIC s
AQHAJIMTUYECKON CIEKTPOCKOIIMH BCET/Ia MOHHBIE), KapOum000pa3oBaHue, a Tak e TO, YTO HHTCHCUBHBIC
JMHUM 3THUX DJIEMCHTOB TEPEKPHIBAIOTCS MOJICKY/sipHbIM  criekTpoMm 1imaHa (CN) B OGumkHeM
yIbTpaduOIECTOBOM JHara3oHe.

[enbto HacTosIIeH pabOTHI SIBIISIETCA MOAOOP ONTUMANBLHBIX YCIOBHUI 1711 ONpeAesieHuUs T'aI0JINHUS
U caMapus B YIJIEPOJHBIX MaTepHaax.

B pa6ore ncnonp3oBansl criektpoMeTpsl MPC-12 (OO0 «OKB Cnektp», 1. Cankr-IletepOypr) u
MC-300 (OO0 «MOPC», 1. Tpowurik).

Cnexrpomerp tuna M®C-12, noctpoen no cxeme [lamena-Pynre ¢ peructparopom Ha ocHoBe 11
nmuneinbix [13C-perexTopoB (Hamamatsu Photonics, Slnonust) pacmonoxkeHHBbIX Ha Kpyre Poymanpa.
I'eneparop anexrpudeckux paspsagoB CITAPK-500B u criekTpoaHaTUTHYECKUH MITATUB C BEPTUKATHHBIM
pacIoyioKEHUEM DJIEKTPOJOB U BOJSHBIM OXJIQKICHHEM 3aXBAaTOB HHTEIPUPOBAHHBIM B KOPIYC
cnekrpometpa. Juametp kpyra Poynanna cocrasisier 500 mMm. /ludpakimonnas peméTka CieKTpoMeTpa
umeet 2400 mr/mm. Hlupuna BxomHo# menn 20 mxm. Pasperenue cocraBmino 0,04 aM. CriekTpanbHbIi
nuanazon 192-420 wM. MakcumanbHas cujga TOKa JYTH TIOCTOSHHOTO TOKa, IOACPKUBACMOM
TE€HEPATOPOM COCTaBIseT 15A.

KommakTaeiii mepectpanBaemsblii - criektpomMerp MC-300 ¢ BOJIOKOHHO-ONTUYECKHM BXOJOM
MOCTPOEH TI0 BEPTUKAJIBHO-CUMMETPUYHON cxemMe D0epTa C PpEerucTpaTopoM Ha OCHOBE OJHOTO
nauHelHoro auoaHoro aerekropa S13496N (Hamamatsu Photonics, Smonwus). Judpakinontas pemeéTka
ciekrpomerpa umeeT 1200 mt/mMm. CrekTpoMeTp MO3BOJISIET PErHCTPUPOBATH OJHOBPEMEHHO OTPE30K
criektpa mmpuHoM 75 HM ¢ paspemienueM 0,1 am B mmamazone 190-1000 mm. Bxomnas miens
CHEKTPOMETPAa OCBELIAETCSI C IIOMOIIBI0 ONTHUYECKOW CHCTEMBI, COCTOSILEH W3 JBYXJIMH30BOIO
KBapIeBoro pedokycaropa ¢ GOKyCHbIM PAacCTOSHUEM 25 MM M ONTHYECKOro BosiokHa auameTpom 400
MkM (OOO «HTI] BosnokonHo-Ontudeckux Y cTpoicTB» r. MockBa).
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B kauecTBe WCTOYHMKA W3JIy4YCHHS NPUMEHEHA Jyra IOCTOSHHOTO TOKa MEXIy (hacOHHBIMHU
rpaduToBEIMH 3JEKTpoAamMu nuametrpom 6 mm, tumoB | m IV. Macca nHaBecku obOpasua B Kparepe
anekTpoaa cocraBmia 50 Mr. BepxHuii 31€KTpoJ CIyKHJI KaToI0M, HIDKHUA aHOZOM, JUIsS ONTHMAaIbHON
peanuzanuu HpaKIMOHHOTO HCIIApEHUs MPUMECei U3 MpoObl B KpaTepe HUKHEro dnekTpoaa. Cuia Toka
ayru coctaBuiaa 15A. Tak kak OOJBIIMHCTBO 3MHUCCHOHHBIX JuHHMEA P33 u, B wactHoctH, Sm u Gd,
pacnonoxkensl B obmactu 300-400 uM, paboTa 3aTpyAHSETCS MPUCYTCTBHEM MOJEKYISPHBIX CIIEKTPOB
¢uoneroBoii cepun CN . Jlng momaBineHHs MOJIGKYJISPHBIX IOMEX MPUMEHEHO YCTPOWCTBO THIIA
Stallwood jet cosmatoriee wHEpTHYIO paspsiaHyio atMochepy. s oTaeneHus pa3psaHON 00JacTH OT
OKpY’Kalomie cpeipl, MPUMEHEH NHIMHIP W3 KBAapIEBOrO CTekia. JlaHHOE yCTpOWCTBO MOIPOOHO
paccMaTpuBaioch B paboTe MO ONMpEACTICHUIO CEPhI B YIIIEpOIHbIX MaTtepuanax [3]. B kauecTBe HHEPTHOM
aTMocdepbl BEIOpaH aproH B CHITY AOCTYITHOCTH U YI00CTBa MPUMEHEHHS.

B kauectBe nonusupymomnmx 106aBok ucneiteiBaiucsk LiF, NaF, NaCl, CsCl, BBoaumsbie B poOy B
xonnuectse 3,6 % macc.

Bce mpumeHeHHbIE pacXoAHbIE MaTepuaibl, TaKHe Kak TpadUTOBBIE JIIEKTPOJIbI, T'padUTOBBIMA
MOPOIIOK, COJIH, UCHOJIB3yEeMbIC JUISI MOHU3UPYIOUINX T00aBOK, OKCHIBI TQJIOJIMHUS U caMapws, aproH,
COOTBETCTBYIOT KJ1accy 0co6oit urctotsl (OC.U.)

JUise SIIMMUHUPOBAHUST OCTATOYHBIX MpPHUMECEH, TpadUTOBBIC AJIEKPOJIBI MMOJBEPTATUCH O0XKHTY B
Jyre TIOCTOSITHHOTO ToKa cuiioif 15A Ha Bo3ayxe B TeueHue 15 c.

CHeKTphl peruCTPUPOBAIHCH B PEKUME BPEMEHHO pa3BepTkH (pexkum «Cepusi») Ha CIIEKTPOMETpPE
MC-300 u B pexxume ycpeaHenus Ha cnekrpomerpe MOC-12.

B kauecTBe ONTHMAaJIbHON aHATMTUECKOW JUHHMM ramoiuHus, BbiOpana nauaus Gd 11 342.246, B
CJIEJICTBUE OTCYTCTBUA crieKTpaibHbIX oMex oT C, Ar, CN u mpuMecHBIX 3JIEMEHTOB XapaKTEePHBIX IS
snepHoro rpadura. s camapwus, ONTHMAIBLHOW aHATUTHUYECKOW JmHMeH BbiOpana Sm Il 388.529. K
COKaJIeHWIO, BBIOpaHHAs IJIMHUS HE 00NaaeT MaKCHUMAallbHOM MHTEHCHBHOCTBIO, HO TeM HE MEHee
SIBJISIETCS] €AMHCTBEHHOM SIPKOM JINHEW caMapusl, He ITOABEPKEHHON CIIEKTPAJIbHBIM IIOMEXaM.

[To pe3ynbraTaM 5SKCHEPUMEHTOB C BBEICHHUEM pa3IUYHBIX HOHU3UPYIOIIMX JT00AaBOK U HX
KoMOuHaIMii, 0OHapy>keHo, 4yTo Haubosee A3PppexTrBHAsE J0OABKOM siBIIETCS XIopun 1esus. [lpumenenue
no6asku 3.6% macc. CsCl mo3BossieT monyunuTh MaKCUMaabHOE YCHICHHE CUTHAIa uauii Sm u Gd mpu
JUTUTENTFHOCTH SKCIIO3UIMU Topsiaka 15 ¢ ¢ MaKCHMyMOM MHTEHCUBHOCTH Ha 6 ¢, BOCTIPOM3BOASIIEECS BO
BceM auana3one Kounentparuii Sm u Gd. Takum obpasom, 15 ¢ (63 kaapa, npu BpeMeHH HAKOILUICHUS
ofHOTO Kazpa 240 Mc) ABISEeTCS ONTUMATBHON aHATUTUYCCKON SKCITO3UIHECH.

['pagyupoBka IpoBOAUIIACH TIO CPEAHEMY 3HAYEHHIO YETHIPEX MapajiesbHbIX u3MepeHui. Jlnamna3on
OTHOCHUTEJIFHOTO CTaHJApPTHOTO OTKOJHEHMs [UIs pa3HbIX 00pa3loB cocTaBui 5-15%, uro sBisercs
MpeMJIEMbIM TpU  OMNPEJCIICHUH MUKPOKOHILIGHTpAallMii TMpuMeceil B  yIJIepoJAHOM MaTepuale.
I'panynpoBoYHas 3aBUCUMOCTD IIOCTPOEHA C MPUMUHEHHEM CTAHAAPTHOTO KOMILJIEKTa 00pa3lioB COCTaBa
rpaduta COI'-37 ¢ HOpMUPOBAHHBIM COJIEPKAHUEM CaMapusl U TaJIOJTHHHUS.

Bpemsi monHOTrO 1KIa U3MEPEHUN HE MpEeBBIMIAET 15 MUH, YTO MO3BOJISIET MPUMEHSTH JTaHHBIHA
METOJ1 11 PYTUHHOTO KOHTPOJISI COAEPKAHUS camapusi U TaJJOJIMHUS B YTJIEPOJHBIX MaTepuaiax.
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UCCJEJOBAHUE YJIAPHOH BSI3KOCTHU
MHOT' OCJOMHBIX TOJIUMEPHBIX KOMITIO3UTOB,
APMHUPOBAHHBIX YI'VIEPOJHBIMU HAHOTPYBKAMMU
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OpnHOl U3 aKTyaJIbHBIX 3a/lad MAaTEpUAIOBEICHMS SIBJIAECTCA CO3JAHME MAaTEpPUAJIOB, YCTOMUUBBIX K
BO3JICHCTBUIO  CKOPOCTHBIX  4YacTuUll. B  Hacrosimee Bpemss  Haubosee  MEPCHEKTUBHBIMU
KOHCTPYKIIMOHHBIMH ~ MaTepuajaMHM  SBIIIOTCS  I[OJIMMEpHBbIE, apMHUPOBAHHBIE  YIVIEPOIHBIMU
HaHOTpyOKamu. BeipaskenHas anuzorponus cBoicTB YHT mo3BossieT KOHCTpyHupOBaTh KOMIO3UIIMOHHBIE
MaTepHalIbl ¢ YHUKAJIBHBIMHU CBOMCTBAMU, AKTYaJIbHBIMHU 11 KOCMUYECKUX TPUMEHEHUH.

HaHokoMNIO3UTBI — HOBBIM TUI MaTepUaAOB, OTIMYAIOLIUICSA OT OOBIYHBIX KOMITO3UIIMOHHBIX
MaTepHalloB pa3MepoM yrpouHsomei ¢aspl. OTHUMH U3 CaMbIX NEPCHEKTHBHBIX HAIOJIHUTENEH A
W3TOTOBJICHHUSI HAHOKOMIIO3UTOB SIBIISIIOTCSI YTJIEpOJHBIE HaHOTPYOKku. B pabore mM3ydeHO H3MEHEHHE
CBOMCTB KOMIIO3UTHBIX MarepuanoB Ipu BeeacHuu YHT B marpunmy nonumepa. lIpencrasienst
pe3yabpTaThl UCCIEIOBAHUS YAAPHOU CTOMKOCTH Pa3IMYHBIX MHOT'OCIOMHBIX MTOJIMMEP HAHOKOMIIO3UTOB C
pa3IMYHOM KOHLEHTpaIMel YIiIepoAHbIX HAHOTPYOOK Ha yIapHBIX YCTaHOBKAX.

B pabore mnomMuMO OCHOBHOHM 3ajJauM II0OKa3aHa KOMIIBIOTEPHAs MOJEIb, BOCCO3JAroINas
HKCHEPUMEHT U NMPOBEJCHA BepU(PUKALINs MOJIEIH 110 3KCIIEPUMEHTAIBHBIM JaHHBIM.
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JJIA ITOJTYYEHUMSA YIVIEPOJAHBIX HAHOTPYBOK

Ko3jg0B A.H.l’z, CT0100B I[.H.l, CycaoBa E.B.l, CaBuiioB C.B.l, HoBoasopckuii 0A°

! MockoBckwuit rOCYIapCTBEHHbBI YHUBEPCUTET
umenu M.B. JlomonocoBa, Xumudeckwnii pakynbTeT, T. MOCKBa
2 denepalibHOE TOCYJAPCTBEHHOE OI0IKETHOE 00pa30BaTEIbHOE YUPEKICHUE BBICIIETO 00OPa30BaHUS
«MOCKOBCKHI aBHAIIMOHHBIA HHCTUTYT (HAIIMOHAIBHBIN HCCIICA0BATCILCKUN YHUBEPCUTET)», T. MOCKBa
3 HNucTuTyT npobiieM a3epHbIX ¥ HHPOPMAIIMOHHBIX TeXHOJIOTH Poccuiickoii akaieMuu HayK —
¢dumman denepallbHOTO HAYIHO-UCCIISI0BATEILCKOTO IeHTpa “Kpucramiorpadus u poroHnka”
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VYrnepoaubsie HanoTpyOku (YHT) siBisitoTcs oqHMME M3 HauOosee HCCleayeMbIX (opM yrieposaa
Osarogapsi CBOUM MCKIIFOUUTEIbHBIM MEXaHUUECKUM, 3JIEKTPO- U TEIUIONPOBOASIIUM CBOMCTBaM. XOTA U
npennonaraercs, uyrto B Oyaymem YHT HalinyT npumMeHeHHe B TaKMX OTpaciixX SKOHOMHUKH, Kak
aBTOMOOMJIECTPOEHUE M KOCMOHABTHKA, YK€ B IOCJIEIHUE TOJbl MPOU3BOIUTENN MNOTPEOUTEIHCKUX
toBapoB BHeApsitoT YHT B cBou mpoxaykts [1]. Ha ¢oHe 3TOro B HEKOTOPBIX paboTax OLEHHBAIOT PHIHOK
YHT kak OblcTpOpacTyliMif, C MHOXXECTBOM MEJIKHUX U CpPEIHUX HIPOKOB, U, NPU COBOKYIHOM
cpenHerogoBoM Temie pocta Ha ypoBHe 10-20%, k 2030 r. mporHO3UPYIOT POCT PHIHKA B HECKOJBKO Pas.
[lostomy wuccnenoBanuss B ob6imactu YHT B Hacrosiiee BpemMsi MOXKHO CUMTATh HCKIHOYUTEIBHO
aKTyaJIbHBIMH.

Hecmotps Ha cyliecTBOBaHME MHOKECTBA Pa3IU4YHbIX METOAUK noaydeHus YHT, onHoN U3 cambIx
MPUMEHSEMBIX ABISETCS XMMUUYECKOE OCaXI€HUE U3 ra30BOM (ha3bl, MOCKOJIBKY 3TO HE TOJBKO IMO3BOJISET
nosy4yath ofHocTeHHbie 1 MHOTOCTeHHBbIe YHT (OYHT 1 MYHT, cOOTBETCTBEHHO), HO TaK)KE COYETAET
B ce0e BBICOKHE MacIITabOMpPyeMOCTh W BBIXOJ Mponaykra [2]. B pamkax gaHHOTO MeToJa BO MHOTHX
paborax omucan poct YHT Ha Si moanoxkkax, NpeaBapUTENbHO IOKPBITHIX KaTalu3aTOpoM, C
MOJYYEHUEM B PE3yJIbTaTe IUIOTHOI'O BEPTUKAIBLHO-OpHEHTUPOBAHHOTO «jieca» YHT BbIcOTOM BIIIOTH 10
HECKOJIBKMX CaHTHUMETpOB. Ho, Kak IMOKa3bpIBalOT HEJAaBHUE UCCIEAOBAHUS, MHOTOKPATHOIO YBEJIMYEHHUS
BBICOTHI «JIeCa» MOXKHO JIOCTHYb, IOTIOJTHUTEIFHO OCYILECTBIISS BHEITHEE MOCTYIUICHUE KaTann3aTopa [3].

B wnacrosimeit pabore «iec» YHT monydeH ocaxkiacHueM Ha Si TOJJIOKKY, MPEIBAPUTEIHLHO
MOKPBHITYI0 F€, TpoayKTOB mMHpojHM3a pacTBopa MeTajutoopranuyeckoro coeauneaus (MOC) B
yrieBogopozae (YB). Fe, KOTOpbIM TOKpBITa MOBEPXHOCTh MOJIOKKH, CIYKHT B Ka4eCTBE KaTalu3aropa
pocta YHT no KopHeBOMY MEXaHU3MY, HCTOYHUKOM yTJIepoJa i KoTopeix siBisieTrcss YB u MOC, B To
BpeMsl KaK YacTHUIBl MeTajuia, oOpa3zoBaHHble pasioxeHneM MOC, cimyxaT KaTaau3aTopoM M II0
KOPHEBOMY, M IO KOHLIEBOMY MeXaHM3MaM. TakuMm o00pa3oM, IONOJIHUTEIbHO peaau3ys BHEIIHee
BBEJICHME Karaju3aropa M obecmednBas B mpouecce cuHre3a YHT nBa Mexanu3ma pocra, MOXKHO
JOOUTHCS 3HAUYUTENILHOTO YBEJIMUYEHHs BbIX0Ja NMPOAyKTa. B paboTe moapoOHO omMcaHbl HCIOIb3YyEMbIE
Martepuanbl, Metoq cuaTe3a YHT u pe3ynbTarhl MX pU3MKO-XMMUYECKUX aHan30B (puc. 1.).

Puc. 1. COM-u3o0paxxenne gacTus! «iteca» YHT.
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Hccneoosanue evinonneno npu @uuancosou noodepiicke PH®D 6 pamxax HayuHoeo npoexkma
MNe 18-13-00217.
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VYraeponusie HaHOMaTepuanbl (YHM) — 370 HOBBIN KJIACC COEAMHEHHH yriiepoja, o0agaroiue
BBICOKUMH (PU3HKO-XMMHUYECKHUMH u MEXaHUYECKHUMU CBOWCTBaMH.
bnaronmapst ocoboii crpyktype, YHM MOXHO pa3aenuTh Ha HECKOJBKO TPYMI, CPEeId KOTOPBIX
yriepoanbie HaHoBosokHa (YHB). Pasznuuus B uX CTPYKType ONMPENeNsiOT TaKue MX IIEHHBIC CBOWCTBA
KaK 3JIEKTPOIPOBOJHOCTh, YCTOMYMBOCTh K MEXaHMYECKUM Harpy3kaM, IUIOTHOCTb U YIEIbHYIO
noBepxHocTh. Hanbonpmnii HayuHbIl HHTEpEC NpeAcTaBiaioT Y HB ¢ pa3nmu4HbIM KOJIMUYECTBOM CIIOEB B
cBoed CTpykType. IIpoMblluleHHOE TPUMEHEHHE B COBPEMEHHOM MHpE HAlUIM  YIJIEPOJHbIE
HAHOBOJIOKHA, TIOCKOJIBKY X MOTOYHOE MPOU3BOICTBO MPOIIE HATAJAUTh U3-32 HEBBICOKHX TPeOOBaHUM K
YCJIOBHSAM UX nodyudeHus. OqHuM u3 MeToJ10B nosydeHus: YHB sBisieTcst karanutuyeckoe pasioKeHue
JIETKUX YIJIEBOJOPOIOB, HAIIPUMED, METaHa, 110 YPAaBHEHHUIO!

CH, > C + 2H,

Kak BHIHO MO ypaBHEHHMIO peaklMM, U3 METaHa B MPOAYKTAX MOJIY4YaeTcsl BOJAOPOI M YIIEpOL
pasnmuuHoi cTpykTypsl [1-3]. Karammsarop B 3To# peakmuu oOmpeaesiseT MOp(OIOTHIO KOHEYHOI'O
yriepoja. YTiepoJHble HAaHOBOJIOKHA MOKHO OIPENEeNINTh, KaK I'pa)eHOBbIE CIOM CBEPHYTHIE B TaK
Ha3bIBACMBbIE PYJIOHBI C UMEIOIMMHUCSA BHYTpH nepeMbldykaMu. HHTepec k YHB BbI3BaH TeM, 4TO LieHA U
TpeOOBaHUS K YCIOBHIM IIPOU3BOICTBA HA MOPSAOK HUXKE, YEM Y YIIIEPOJHBIX HAHOTPYOOK.

B pabore paccMOTpeHO BIMSHUE pa3IUYHBIX OMMETAIMYECKUX  KaTaJu3aTOpOB  Ha
MOBEPXHOCTHBIE CBOWCTBA IOJIy4a€MbIX YIJIEPOJHBIX HAHOBOJOKOH IpPH pa3lIWYHbIX JaBleHUsIX. B
KayecTBEe KaTalu3aTOpPOB OBUTM HCIHOJIB30BAIM HUKEIb-MEIHbBIC, HUKEIh-KOOATbTOBbIE M HUKEIb-
MOJIHO/ICHOBBIC CHCTEMBI C Pa3JIMYHBIMU COOTHOIICHUSIMU HUKEIIb/METaIL.

[Tonyuennsie oOpaszupl YHB Obutn mccnmenoBaHbl METOIOM HU3KOTEMIIEPATYpHOH ajcopOIuu
aszota Ha ycraHoBke Quantachrome Nova 1200e. DTo MO3BOJMIO ONPEICIUTh TAKHE MOBEPXHOCTHBIC
XapaKTepUCTUKH KaK yJelbHas IUIOMIagb, 00bEM MMOp, M CleNaTh HAa UX OCHOBE BBIBOJBI O BIIMSHUHU
pa3IUYHBIX J00ABOK METAJUIOB Ha cTpykTypy YHB [4].

VY CTaHOBIIEHO, YTO BBICOKOE COZAEP KaHUE MEU B KaTaJIU3aTOPE NMPUBOJUT K MEHBILIEMY BIIUSHHIO
JIaBJICHUs] Ha YJEJIbHYIO TIOBEPXHOCTh MpoaykTa. IIpeanonoxeHo, 4yTo Gojblliee KOJIWYECTBO aKTUBHOM
no6aBKkHu 1o3BoJsieT noiayunth YHB ¢ Gonee pa3Buroil moBepxHocThio. Jlo0aBka Menu, B OTJIMYMU OT
n00aBoK KoOanmbTa W kere3a maetr YHB Oonee pa3BUTYIO MOBEPXHOCTH, HO YMEHBIIAET 00BEM MOpP TPH
MOBBIIIEHUH JaBJIEHUS B cucTeMe. Bo Bcex ciydasx NMOBBIIEHHUE JABICHUS MPUBOJIUT K YBEIUYEHUIO
yIeIbHOM MOBEPXHOCTHM KOHEYHOrOo IMPOJYKTa, YTO CBS3aHO C OOJBIIMM KOJWYECTBOM JAe(EeKTOB
noBepxHocTu. Jlo6aBka Menu B OTJIIMYMU OT KOOanbTa W Xele3a, He MPUBOAUT K YBEIMUYCHHIO 00beMa
IOp MPU POCTE AABJICHUS.
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HHOJIYYEHHUE ITOPOIIKOB KAPBHU/IOB TAHTAJIA
PEAKIIMEHN TAHTAJIA C TOJIYOJIOM
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v.kolosov@ksc.ru

[Topormiky kapOUIOB TaHTaJIa OOBIYHO MMOYYAOT TBEPIOhA3HON pPeaKIeil MeTala ¢ yriepoIoM B
uHTepBasie Ttemmeparyp 1550-1750 °C. Jlns CHWXXKEHHS TeMmIepaTypbl WX CHHTE3a HCIOJB3YIOT
aJIbTepHATHBHBIC METO/IbI TAKUE Kak, Mexanocuute3, CBC, 3omb-renb metox u ap. [1-3].

B HacTosmiei pabote mpeacTaBiIeHbI pe3yIbTaThl UCCIEA0BAaHUN MO MOTyYEHHIO KapOuI0B TaHTala
peakmmel TaHtaiza ¢ ToiyoisoM. Cxema yCTaHOBKHM TpHuBeaeHa Ha puc. 1. B kaudectBe mpexypcopa
MCIIOJIb30BAIM MOPOIIOK TaHTAaja, MOMyYCHHbIH M0 MeTo[uKe [4] WM ero cMech ¢ MOPOLIKOM MarHHs.
[Ipexypcop B koymyecTBe OKOJIO 1 T 3arpyaiu B TUTeIh 6 M HarpeBajd B IMEYU 5 J0 TeMIEpaTyphl
peakiuu B aTMocdepe aprosa. 3aTeM MOTOK aproHa HANpaBIsUIU B KOJIOY C JKUAKUM ToiyosioM. 3 Hee
mapbl TOJyoJda Mo TPyOOIpoBOMy 2 TMOCTyNald B peakTop. Temreparypy TONyosia HOJICPKUBAIA Ha
yposae 20,0+0,3 °C, ckopocTh MOTOKA aproHa peryiuposain poramerpoM 1 B untepnane 60-80 cM>/MuH.
HayrnepoxuBanue Benmu B Tedenue 1.5-3,0 u mpu temmeparype 650-800°C. IlpoaykTsl peakuuu
OXJIaX/JIaJIM B M€YM 10 KOMHAaTHOM TemmnepaTypsl B aTMocgepe aproHa. Ilpu ncrnonp30BaHNM B KauecTBe
IpeKypcopa cMeceil MOPOIIKOB TaHTajla ¢ MarHueM MpoAyKThl oOpabateiBamu 15 % pacTBopoM COJSTHOM
kucaoThl (“X.4.”). Perrrenodazopsiii ananmus (POA) nposoaunu va audpakromerpe SHIMADZU XRD-
6000. Cpennuii pazMep KpUCTATUTOB OLIEHUBAJIM PEHTTEHOBCKUM MeToA0M 1o dopmyie Llepepa.

Puc. 1 — Cxema sKcriepuMeHTalIbHOM ycTaHOBKH: 1 — potamerp, 2 — TpyOONpoBo/ TOIyoa, 3 — TEPMOCTAT JUIS TOJIYOIa,
4 —tpyOKa-peakTop, 5 — TpyOUaTas medp, 6 — KBapueBkIil TUTENb, 7 — TepMoIIapa, 8 — TepMoJaT,
9 — 0ydepnas emroctb, 10- BoasSHOI 3aTBOP

KonBepcust Tonmyona mpu pa3IUYHBIX TeMIepaTypax B TMpollecce NUpoiu3a paHee Oblia
uccinenoBana aBTopamu [5]. Kak BuaHO H3 JaHHBIX TaONUIB], OOLIMI BBHIXOJ Tra3a MOCTCIICHHO
yBenmuuuBaercs ¢ 57,72 mac.% mpu 650 °C mo 87,86 mac.% mpu 800 °C. Ilpuyem OCHOBHBIM
komnoHeHToM sBisieTcs: CoHy. Taxoke B muponuszHom raze npucytctBytor Hp, CHy4 m CsHg. Buawane
OBUIH MPOBENCHBI HCCIEAOBAaHUS BOZMOKHOCTH CHHTE3a KapOua ¢ UCIOJIb30BAHUEM IMOPOIIKAa YUCTOTO
meraiia (prc. 2a, xudpakrorpamma 1). Ero ynensHas moBepxHOCTB cocTapisia 18,7+0,3 m%-r, cpennmii
pasMep KpuctauToB - 20 HM. YCTaHOBJIEHO, YTO IOCJIE HAyIJIEPOKMBAaHUS TaKOro IpeKypcopa B
MPUBEJICHHBIX BBIIIC YCIOBHSIX BO BCEX Clydasix oOpasyercs ToJbko meHTaokcun Tap,Os (puc. 2a,
mudpakrorpamma. 2). Ero o6pasoBanue o0ycia0BiICHO cieayromuM. Ha MOBEPXHOCTH METAUIMYECKOTO
TaHTaJIa BCEr/a CYIIECTBYET €CTECTBEHHAss aMOop(HAass OKCUAHAS IMJICHKA TONIIMHOW OKOJIO 2 HM. Takum
00pa3oM, TOBEPXHOCTHBIM OKCHJI BHOCHT B COJIep)KaHHe KUCIopoaa B MeTayuie mpuMepHo 0,3 mac. % Ha
1 M® TOBEPXHOCTH TOpOIIKa. KpoMe TOro, KOMMYeCTBO COPOHPOBAHHOTO KHCIOPOIA OOBIYHO COCTABISET
30-40 % ot ero coaep:kaHus B IMOBEPXHOCTHOM oOkcuue [6]. B pesymprare B mporiecce HarpeBa
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IPeKypcopa 0 TEMIIEPaTypsl HayTJIepoKuBaHus Kuciaopoa muddysaupyer B 00beM MeTania u oopasyeT
MIEHTAOKCHU/I TaHTaJa, KOTOPbI HE BOCCTAHABIMBAETCS Ta3aMH, 00pa3yoIUMHUCS [TPU MTUPOJIU3E TOIyOJIa.

Tabnuua
KonBepcusi ToJ1yoJ1a pyu pa3InyHbIX TeMneparypax [5]
Temneparypa, Brixon rasos, mac. % OOIIMHA BBIXOI
°C H, CH, C,Hy C,Hy rasza, mac.%
650 1,73 577 32,49 17,73 57,72
700 3,60 5,44 39,77 14,65 63,47
750 5,94 5,50 50,69 12,09 74,22
800 7,37 11,71 52,12 10,64 81,87

Puc. 2.®parmenTs JudpakTorpaMm MOPOIIKOB HCXOJHOTO TaHTana (al), mocie HayriepoKuBaHus TaHTana (a2)
H TIOCITe HAYTJIEPOXKUBAHUsI cMeceil TanTana u Maruus (6). YciaoBus HayriepokuBanus: a2 — remmeparypa 700 °C,
CKOPOCTH [TOTOKA aproua 60 cm’/muH, Bpems 2 14; 61 62 — Temmepatypa 650 °C, CKOPOCTB ITOTOKA aproHa
60 cv’/Mun, Bpemsi 3 4; 63 — remmneparypa 800 °C, ckopocts noroka aproua 70 oM’ Imun, Bpemst 2,5 4.

Jiis packuciIeHus TaHTajla B Ka4eCTBE MPEKypcopa MUCTIONb30BaIl CMECH M3 TTOPOIIKOB TaHTala U
Mmaruus. CoriacHo gaHHbIM PDA, npu HayTrIIepOKUBaHUHM TaKKMX CMECEH MPOIYKTHI PEaKIIUU COJCPKAIIU
toapko KapOouael TaC, TayC m okcum MO (puc. 2, mudpaxrtorpamma 1). Ilocime o06paboTku
PEaKIIMOHHONH MacChl PAacTBOPOM COJISTHOM KHCJIOTBI KOHEYHBIA TPOIYKT COJICPIKal TOJBKO CMECh
kapounoB TaC u Ta,C (puc. 2, mudpaxkrorpammsel 2, 3). B 3aBHCHMOCTH OT YCIIOBHI IOJy4eHUS
conepxanue kapouma TaC B cmecu cocraBimsuio oT S5 10 53 mac.%. Cpennuil pasmMep KpUCTaJUTUTOB
KapOuI0B cocTaBmi 7-16 HM.
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CHUHTE3 HAHOCTPYKTYPUPOBAHHOI'O KOMITIO3UTA I'PA®EH-AI,O3
C UCHIOJIB3OBAHUMEM JOJEINNJIAMHHA
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B Hacrosimiee Bpems pa3pab0TKa TEXHOJIOTHMYECKH MEPCICKTHBHBIX METOIOB JUIsl CHHTE3a
KOMITO3UTHBIX TIOPOIIKOB Ha ocHOBe rpadena u Al,O3 — omHa M3 KIFOUEBBIX MPOOJIEM TPH CO3TaHUN
ITUPOKOTO aCCOPTHUMEHTA HOBBIX MAaTEPHAJIOB C 3aJaHHBIMU CBOMCTBAMH JIJISl DJICKTPOJIOB JTUTHIA-HOHHBIX
AKKyMYJISITOPOB, JJEKTPONPOBOSIIMX TMOKPHITUMA, YCTPOWCTB MJisi XpaHEHHWS JaHHBIX, THOKHUX
npeoOpa3oBareiiell dHEPTrUH, CYMEePKOHICHCATOPOB, TPAH3UCTOPOB, ((hOTO)KATATM3ATOPOB, COJHEUHBIX
3JIEMEHTOB, CEHCOPHBIX MAaTEepPHaloOB, TOIUIMBHBIX JJIEMEHTOB M JIIEKTPOXPOMHBIX ycTpoiicts [1,2].
YHuKanbHbIe PU3UKO-XUMUICCKUE CBOMCTBA KOMIIO3UTAM MPHUAACT rpadeH, MOBBIIIAOIINN MPOYHOCTh U
YIYYIIAONIUHA YICKTPUUECKHE U TEIUIOBbIC XapaKTepucTuku [3].

Hamu paspaboTaH OpWUTHMHAIBHBIM CHOCOO CHHTE3a C  HCIOJB30BAHHEM 30JIb-TC€llb |
COHOXMMMYECKON TEXHHMK [UIS TIOJY4YeHHUS HAHOCTPYKTYPHUPOBAHHBIX KOMIIO3UTOB HA OCHOBE
oeckuciopoanoro rpapena u Al,O; ¢ ucrnonp3oBanueM AojeHMIaMUHA Kak Ha ctaamu cuHTe3a Al-
COJIeprKallero 30Ji, Tak U MPH YIbTPa3BYKOBOW dKchonuanuu JUCTOB rpadeHa ¢ MoBEPXHOCTH YACTHII
rpaputa. s wuccnemoBaHust Mopdonorun U (Pa3oBOro cocraBa  MCIONIB30BaH  KOMILIEKC
HHCTPYMEHTAIBHBIX METOM0B, BKIrouaronuii [I9M, IIOM Beicokoro paspemenus (IID9MBP) ¢ EDS-
anammzoM, POOC, POA, UK-ciiekTpockonuio u aacopOoruo-necopormio No.

YcraHoBiI€HO, YTO TpU (POPMHUPOBAHUHM KOMIIO3UTa B PEAKIMOHHOM cMmecH, cocrosimed u3 Al-
CollepKamiero 30Js W CyCIeH3uu rpadeHa, JHUCTh MOCIEAHET0 MPHUHUMAIOT Y4YacTHE B KadecTBE
CTPYKTYpPOOOpPAa3yIoIIero areHra, a Takke OorpaHuduBaroT poct KpuctamautoB Al,Os. TIpemmaraecmbrit
MOAXOJl TO3BOJIIET TMOJIy4aTh XUMHUYECKH OJHOPOJHBIE KOMIIO3UTHBIE HAHOCTPYKTYpPHUPOBAHHBIC
MOPOIIKK C pPaBHOMEPHBIM pacrpezeneHueM KoMnoHeHToB. Copep:kaHue yriiepoja B KOMIIO3UTaX
cocraBlsieT MeHee 2 mMac.%, 4TO MCKIII0YaeT JAONMOJHUTENbHOEe (Pa3zoodpazoBanue. [lo qanasiM [IDMBP,
kpuctauutel Al,O3 ¢ pasmepamu 2-4 (3) HM JUCKPETHO HWHKOPIIOPHUPOBAHBI B JIUCTHI TpadeHa WU
pacrnionararorcst mexxay HuMu (Puc. 1la). Ha Puc. 16 moka3aH M30THYTBIA Kpail rpa)eHOBOTO JIMCTA HA
nepudeprun CIOUCTOrO arjioMepara, XOpOIIO BHUIHO, YTO JIMCT COCTOMT M3 MHOXKECTBa HEOONbIINX,
Pa3HOOPUEHTHPOBAHHBIX (PPAarMEHTOB, TONIIMHA KOTOPBIX HE TpeBbimiaeT 1,5 HM, a muHeliHbIe pa3Mepbl
coCTaBiIsAOT 2-3 HM. YCTaHOBIIEHO, uTo aucrtepcHocTh Al,O3 B kommosure B 2-3 pasa BhIIIE, YeM B
HaHomoportke 9uctoro Al,Oz, TOJIy4eHHOT0 U3 TOTO K€ 30JIsI; PH 3TOM HaOJroAaeTcs 0ojiee BBICOKAs
Ne(EeKTHOCTh €ro KpPUCTAIMYECKOW pelIeTKH, 4YTO, TO-BUIUMOMY, SIBISIETCS  PE3yJIbTaTOM
kpuctaumsaiun Al,O3 Ha nucrax rpadena. B pesynbrare, yaenbHas MOBEPXHOCTh CHHTE3WPOBAHHOTO
KOMIIO3HTA MOBBIIIACTCS 0 CpaBHEHMIO ¢ HaHomoporkoM unctoro Al,O3 B 1,8-2,0 pasa.

KoMIiekcHblli  aHanmu3 pe3yjbTaTOB HMHCTPYMEHTAIBHOTO HCCIEAOBAaHUS IOKa3bIBACT, YTO
pa3zpaboTaHHbIl crOco0 TO3BOJISIET CHHTE3MPOBATh HAHOCTPYKTYPUPOBAaHHBIE BaH-AEpP-BaalbCOBBI
CUCTEMBI, B KOTOPBIX TpadeH urpaeT ONpeIeNAIlyl0 polb B (DOPMHUPOBAHUM CTPYKTYPHI C
PaBHOMEPHBIM pacHpe/IeIeHHeM KOMIIOHEHTOB.
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a 6

Puc. 1. U306paxkenus mopomikoobpasuoro kommosura rpaden-Al,Os, monyuennsie ¢ ucmosib3opannem [IDMBP (a)
Y U30THYTOrO Kpast rpad)€HOBOIO JIUCTA B CYCIIEH3MH, TIOJYYEHHONU COHOXMMHUYECKUM METOIOM (0).

Paboma evinonnena 6 UMET PAH no 2ocyoapcmeennomy 3adanuro 075-00328-21-00 npu ¢purnarncosoii
noooepaicke PODU (epanm Ne 19-03-00554 a)
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Hanoanmaspl cuMTaroTcss OJHUM M3 NEPCIEKTUBHBIX MAaTEpUaliOB JJIsl KBAHTOBOW (DOTOHHMKH Kak
BO3MOXXHBI HMCTOYHUK OAMHOYHBIX (PoTOHOB [1]. OmHOW W3 OCHOBHBIX MPOOJEM WX NPUMEHEHUS
SBJSIETCS. MX KOAryJsius W 0Opa3oBaHHE KOHTJIOMEpATOB, COCTOSIIMX W3 HECKOJbKHX HAHOAIMa30B.
OnHUM U3 CIOCOOOB MPENOTBPATHTH KOATYJIISIUIO SIBIISIETCSI pACTBOPEHHE HAHOAIMA30B B TBEPAOM HIU
KHJKOM BEILECTBE, MPO3payHOM B ONTHYECKOM [Juana3oHe. PaHee ynmamoch TOOWTBCS PacTBOPEHUS
HEKOAryJIMPOBaHHBIX OJIMHOYHBIX HAHOAIMAa30B pa3Mepamu 2-4 M B asporeisix SiO; [2]. U3BecTHO, 4TO
a’poreid UMEIOT HHU3KYIO TUIOTHOCTh M NMPOYHOCTH, @ U3-32 BBICOKOW YAEIBHOM IUIOMIAIU TOBEPXHOCTH
00agaroT OONBIION TUTPOCKOMMYHOCTRIO. [l co3MaHus KOMIIO3WTa HaHOaaMmas/KpeMHe3eM ¢ Oosee
BBICOKOH IJIOTHOCTHIO HAHOAJIMA30B B €IMHHIIE 00beMa BELIECTBA U MEHBIICH yIEIbHON ITOBEPXHOCTBIO,
WCXOJHBIA a’porens coiepxammii 8 Bec.%  yriepoma, Obut BbmepkaH mpu gasineHun 5 [Tla u
temneparype 500 °C B teuenuu 5 vacoB. [lomydeHnslit oOpaser ObLT HccleAoBaH Ipu aTMochepHOM
JaBIICHUM ¥ KOMHATHOW TEMIIEpaType METOJaMH PEHTICHOBCKOW AW(pakiui Ha HCTOYHHKE
CUHXPOTPOHHOT'O M3IY4YEeHHs M KOMOMHAIIMOHHOIO paccestHus cBeTa. CorylacHO JaHHBIM PEHTTEHOBCKOM
midpakuuy, mocie Bo3aevcTBus maeneHus 5 ['Tla m temmeparyper 500 °C, wmcxomHblii amopQHBIiI
obpaser; a’porensi KpUCTAJUIM30BAJICS ¢ oOpa3oBaHMeM Kodcuta — (as3bl Bbicoro aaieHus SiO;.
[Tonyuennas mudpakrorpaMma He cojeprkana JUHUA HaHOAIMAa30B, KOTOpPbIE HAOIIOJATUCh B UCXOAHOM
oOpasie. B To e Bpems, CIeKTp KOMOMHAIIMOHHOTO PAacCEesHUs CBETa JaHHOTO 00pasia, MOKa3aHHbBIA Ha
pucyHke 1, He coneprKall IMHUI COOTBETCTBYIOIIMX KOICUTY. [IepBble IMHIH, BO3MOXHO, COOTBETCTBYIOT
muamsaM omana SiO,. HaGop mmpokux juHuit ¢ wacroramu 1100-1400 u 1500-1700 cm™ moxHO
COOTHECTH C PACTATHBAIOMMME KoeOanusmMu C=C B HAHOAIMA3aX, OKPYKEHHBIX IPa(UTONOT00HOM Sp
000710uKOif. V3Kast 1 MHTCHCUBHAs JMHUA HA dacTote 1454 cM™™ MOKET GbITh OTHECEHA K KOJCOAHMAM
yriaepoaa B gpysiepenononoonoit Ceo cTpykType. Hanmnune mmpokoit u uateHcuBHo# nosocst 2800-3100
cMm ! MOKeT GBITh CBA3aHO KaK ¢ BO3MOKHBIM HamuureM C-H cBsseii B oOpasre, Tak u ¢ 2D xonebanusMu
sp® yrmepoma. TakuM 06paszoM, ONMMpasch Ha COBOKYIHOCTb JAHHBIX PEHTTEHOBCKOH MH(PAKIHH U
KOMOMHAIIMOHHOTO PACCesIHUS CBETA, MOXKHO TPEAINOJNIOXKUTh, YTO YIJIEPOX C alIMa3ornono0HOM
CTPYKTYypo# coxpansiercst BHyTpu SO, nipu nanenusx 1o 5 ['Tla u remneparypax mo 500 °C.
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Puc. 1.CriekTp KOMOHHAIIMOHHOTO PACCESHUS CBETa BHICOKOIUIOTHOTO KOMIIO3HTa HaHoanmMas/SiO,
cunTesnpoBanHoro npu P=5 I'Tla u T=500 °C. CnekTp noyiy4eH npu HOPMAIbHBIX YCIOBHSX.
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OxkucneHHbId 1 TepMopacuiuperssiid rpadut (TPI) siBisietcst ChIpbEM IS MTOTYYEHHS [ETI0ro psiia
MaTepuaoB, TaKUX KaK YIUIOTHUTEIbHBbIE MAaTE€pHallbl, OTHE3ALIUTHHIE MOKPBITUS, aJCOPOEHTHI,
TeruioBble maHenu u Jp. CBoiicTBa JaHHBIX MAaTEPHANOB (TEIUIONPOBOAHOCTH, Ta30MPOHHUIIAEMOCTb,
COpOIMOHHAs €MKOCTh) OKA3bIBAIOTCS B MPSIMOI 3aBUCMOCTH OT MMapaMeTpoB MOPUCTOM cTpyKTypbl TP
[1]. TosTomMy yMeHHE YIpPaBISATh MOPUCTOW CTPYKTYPOH SIBISETCS OJHUM U3 PCIIAONIUX IPU
MIPOEKTUPOBAHUH U Pa3pabOTKE KaK BIIICYNOMSHYTBIX, TaK U HOBBIX MaTepuanoB Ha ocHoBe TPT.

Ha nanHBIi MOMEHT B JIUTEpaType MMEETCS HEMAJIO MCCIIENOBaHMM, TaK WIA MHA4Ye KaCaIOIUXCS
naHHOW TeMbl. OJHAKO 3TU Pe3yibTaThl SBISAIOTCA Pa3pO3HEHHBIMH, OTCYTCTBYET CHUCTEMATHYECKOE
onucanue nopuctoi crpykrypel TPI. Kpome Toro naHHble HpeIcTaBiIeHbI INIAaBHBIM 00pa3zoM s
npUpogHOTO TpaduTa, a UII MOHOKPHUCTAUIMYECKOTO NPAKTUYECKH OTCYTCTBYIOT. Ho wnMeHHO
nociaeHuil TUn rpadura TMO3BOJSET MCKIIOYMTH W3  PACCMOTPEHHUs MOpbl, 00pa3oBaHHBIE
cocencTByromuMH dactunamu TPI', ¥ cocpenoTounTh BHMMAaHHME TOJBKO Ha IMOPax, PacloyoKEHHbIX
HENOCPEACTBEHHO BHYTpHU yactul TPI'.

Takum 00pa3oM, 1elTb TaHHOW PabOoTHI 3aKITFOYAaeTCsl B U3yYESHUH 3aBUCUMOCTH MTAPaMETPOB BHY TPEHHEH
nopuctoit crpyktypbl TPI' 0T crioco0a ero nomy4yeHus, a MMEHHO OT ITyOMHBI OKUCIIEHHSI ICXOAHOTO TpaduTa.

B nanHoii pabote nHTepKanupoBanHbie coeauHenus rpadura (UCI) co BTOpoii mo msTyro cTyneHb
ObUINM MPUTOTOBJIEHBl XMMUYECKUM CIIOCOOOM M3 BBICOKOOPHEHTUPOBAHHOTO MUPOJIUTUYECKOTO rpaduta
(BOIII') u a3otHO#M kucnothl. 3arem monydeHHble MCI Obutn 00paboTaHbl BOAON ¢ 00pa3oBaHUEM
okuciaernoro rpadura (OI'), KOTOPBIi B CBOIO 0Yepe/ b ObLT MOJABEPTHYT TEPMUUECKOMY yaapy mpu 1173
K. Takum 00pa3oM ObUT OTYYEH TTIaBHBINA O0BEKT AJISl H3YUYSHHS — TEPMOPACIINPEHHBINA Tpadur.

B xozne paboTel MBI UCCIIE0BANIN BIMSIHAE TIIyOMHbBI OKUCIIEHUS IpaUTOBOM MAaTPHILIBI HA MUKPO- U
Me30mopucTy0 cTpykrypy TPIT MeromoM HM3KOTeMIepaTypHO#l ajacopOumu/necopOiuu a3ora. B
YaCTHOCTH, C MOMOIIBIO COBPEMEHHOT0 MeToaa o0paboTku m3orepM aacopomuu 2D-NLDFT, kxotopsrii
YUUTBIBAET, C OJHOM CTOPOHBI, IIEIEBUIAHYIO (GOpPMY TOp U, C JPYroil CTOPOHBI, BIMSHUE
OZIHOBPEMEHHOTO MPUCYTCTBHS MHKPO- U Me30Hop B oOpasue [2], moiydeHsl pacupesiesieHus mop Io
pa3mepam, 3HaYCHHS yIeIbHOr0 00bEMa Mop U YAETHHON MOBEPXHOCTH.

Taxxke Mbl OPOCIECIUIA 32 M3MEHEHHEM MaKpomopucToil cTtpykrypbl TPl mpu BapbupoBaHuu
Homepa cryneHn WCIT merogoM pryTHOM MOpoMeTpuH. boiee TOro Mbl MONy4YWIN JIE€CATKU
mukpodororpaduii ceuenuii yactun, TPI' MeTomoM CkaHHMpYyrOMICH 31ekTpoHHOM MuKpockomuu (COM),
nyTéM 1U@poBOii  00paOOTKM KOTOPHIX OBUIM MOJYYEHBl KOJHYECTBEHHBIC XapaKTEPUCTHKHU
MAaKpOnoOpucTOi CTpyKTypsl TPT'.

Kpome TOro ObIIO M3yuye€HO BIMSHUE CTEMEHW OKHCICHUS TpaQUTOBOW MaTpHIBI Ha pa3Mep
KPUCTAJUTUTOB BAOJL ocH «a» U «c» 1t UCT u TPI', koaddunuent tepmuyeckoro pacmmpenus OI' u
obmas mopuctocth TPT.

Takum 00pa3oM, MBI YCTAHOBWJIM CTPOTYI0 KOPPEJSIIMIO MEXIy MapaMeTpaMu MOPUCTOH
ctpyktypbl TPI" u rimy6unoit okucnenus rpadura.
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JleToHAIIMOHHBIE HAHOAIMAa3bl OTIMYAIOTCS YHUKAJIBLHBIM COYETAHUEM CBOMCTB, OMPEIEIIEMbIX UX
KPUCTAIITNYECKON CTPYKTYpOH, HAaHOpa3MepamMH M TeMH XapaKTepUCTUKAMH, KOTOPbIE OHU MPUOOPETAIOT
B pe3yibTate ocoOcHHOCTeH cuHTe3a [1]. Asmasel 00Jagaf0T BBICOKOW TEIUIONPOBOIHOCTHIO,
TBEPAOCTHIO M MPOYHOCTHIO, MHEPTHOCTHIO K AarpecCUBHBIM cCpelaM U XHUMHUYECKOH CTOMKOCTHIO,
MIPO3PaYyHOCTHI0 B BHIMMOM JHAla30HE CIIEKTpa W CaMbIM BBICOKHM IIOKa3aTejeM mperomicHus [2].
Hanopasmeps! anMa3oB A00ABISIIOT K 3TOMY IMEPEUHI0 OCOOBIX CBOMCTB OOJBIIYIO TUIOIMIAAL YACTBHOM
MMOBEPXHOCTH YACTHUIl, HOBYIO (Hm3MKO-XxuMuUI0 W pasmepHblie d(hdexTsl. [lepBUYHBIE KPHCTAUTATHI
anMaszHou (a3pl UMEIOT pa3Mep OKoJIO 4 HM, B TO BpeMs KaK YacCTHIIbI MOPOIIKA MPEACTABISIOT COOOi
ariaomepatsl pasmepom 0.1 — 100 mxwm [3, 4].

HecMoTpst Ha OdYeBHAHBIE 3KCTpEMalbHBIC CBOWCTBA HaHoaiMa3a (YHUKAJIbHBIC ONTHYECKHE
XapaKTEPUCTHKH, TEIUIOMPOBOAHOCTD, TBEPIOCTh U T.I.) 10 CHX IIOP HE BCE OHM OBLIM B TOJHON Mepe
ucnonb3oBaHbl.  OcoOblii  WHTEpeC NPEACTABISIOT HEOOBIYHBIE 3JEKTpPO(U3MUECKHe CBOMCTBA
HaHoaIMa3a, O0OHapyKeHHbIE B [3].

[lepcriekTHBBI IPUMEHEHHSI I€TOHAIIMOHHBIX HAHOATMAa30B BO MHOTOM CBSI3aHBI C OOHAPYXEHHON
IKCIIEPUMEHTAILHO U30BITOYHOW YHEPTHEH 110 CPABHEHUIO C MPUPOIHBIMU U CHHTETHYCCKHMHE aJIMa3aMH
[5]. DHeprusi MokeT OBITH 3amaceHa KOHICHCHPOBAHHBIM BEIIECTBOM C IMOMOIIBIO Pa3IHYHBIX
MEXaHH3MOB; OHA MOKET OBITh COCPEIOTOUYEHA Ha MIOBEPXHOCTH BEIIECTBA U B €T0 00HEME; HCTOUHUKAMH
BO3HUKHOBEHHUS 3allaCEHHOW HHEPruM MOTYT OBITh YCJIOBUS CHHTE3a WM BBICOKOIHEPTeTHUECKHE
BO3JEUCTBUS HA YacTHIBI B JajJbHEHWIIEM. BoO3MOXHBIE HCTOYHHKU BO3HUKHOBEHHUS W30BITOYHOMN
SHEPTUH YacTUIl AETOHAIIMOHHOTO HaHOaJIMa3a B MPoLiecce CUHTE3a — 3TO, MPEX/Ie BCEro, OObIIast 101

(mo 70 % o6bema) amopdHO# (Basbl U AeEKTHI KPUCTALIHYECKOH CTPYKTYPBl. JHEPIUs B AUIIIEKTPUKE,
KOTOPBIM SIBIISIETCS HAaHOAlIMa3, MOJKET 3amacarhCsi TaKXKe 3a CYeT HAKOIUIGHHUS W COXPaHEHUS
ANEKTPOCTATUYECKOTO 3apsia.

B pabGorte uccienoBansl mopomku aByx BuaoB. Ilopomiok /JAJIAH mony4deH W3 MPECCOBAHHBIX
3apssmoB BB coctaBa rekcoren/rpadut B cootnomenun 80/20 % u mumotHocTH 3apsga 1.65-1.67 rlen’.
Oopa3siupl /[HA monydeHsl U3 JUTHIX 3apsiioB coctaBa Tpotwi/rekcoreH B cootHomennn 40/60 % u
wioTHOCTH 3apsaa 1.63-1.64 r/em®, [TepBuuHbIE MPOIYKTHI CHHTE3a U aJiMa3 MOJTYYCHBI TPU JETOHAIIUN
BB Bo B3phIBHOI Kamepe oO0BEMOM 4 M B cpene coOCTBEHHBIX MPOAYKTOB B3phIBA MPHU Macce 3apsijaa
1.0 -1.2 kr.

[IpencraBneHsl JaHHBIE TEPMOTPABUMETPHUECKOTO aHANIM3a OOpasloB IEPBUYHBIX MPOTYKTOB
cunte3a () u HaHoanmmasza (A), MOJYYCHHBIX B PA3IHUYHBIX YCIOBHSX CHHTE3a, a TaKXKe yIe/bHas
HOBEPXHOCTb YACTHIL Sy,, UX MeIUaHHbIA quamerp D u ynenbHblil 3apsn, mpuoOpeTeHHbIN YacTUIIaMH B
KOpoHHOM paspsiae (s (Tabauma). VYnmenbHas IUTOMIaah MOBEPXHOCTH YacTuI] obpasuoB /JAJIAH
OTJIMYAIOTCS Ha TOPsIOK OT o0pasuoB JJHA. Tennosoii adpdexr Q sBisercs Mepoil 3araceHHON YHepruu
yactul. Yem Oobllle MOBEPXHOCTh YACTUI[, TE€M OOJbIIEe Telja 3aTpayeHo Ha e€ TMOJydeHHe HU
BBIJICIIMIIOCH TIPU COKUTAHUH.

[IprnoOpeTeHHBIN 3apsl YacTUIl KOPPETUPYET ¢ TUIONaAbI0 MoBepxXHOCTH dacTull. Yactumbsl JJHA
npuobperaroT 6osiee 3HAUNTENBHBIN 3aps]l B MI0JIe KOPOHHOTO pa3psijia, OTHECEHHBIH K eIMHHIIE MAcCHI 110
CPaBHEHMIO C JPYT'MMH TOpOIIKAMHM TOM K€ JUCIEPCHOCTH, MPHOOpEeTaeMblii 3aps] HMEeT
oTpunateNibHbli 3HaK [6]. M30bITOuHAs SHEPrusl YacTHIl M CIIOCOOHOCTH MPHOOpETaTh OOJIBIION
ANEKTPOCTATUYECKUHN 3apsA]l MOXKET CIY>KUThb MPEANOCHUIKON JUIsi BbIOOpa 3TOr0 MaTepuaia B KauecTBe
copOeHTa.
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Tabauua
Temnosoii 3¢ dexT, yaeJbHasi MOBEPXHOCTH, MEAUAHHBIN JUAMETP U yIeJdbHbIN JIeKTPUYECKU
3apsil YacTUIl JeTOHAUMOHHOT0 HAHOAJIMAa3a

Oépazen | Bua mopomka | Q, kIxk/r | Sy, em’/r | D, pm | 9510 Ka/kr
VHI'-35 JIHA 50.94 261.2 24 24.21
YHA-35 JHA 35.52 135.5 2.7 16.34
YJAI-C JHA 26.01 330.0 4.5 26.31
YIA-C JHA 25.92 280.0 10.1 | 17.30
YHI'-40 JAJIAH 26.54 42.6 2.9 16.63
VHA-40 JAJIAH 24.93 17.6 35 12.08

B pabore [7] mpoBeneH TeOpETUUECKUIT aHAIN3 U AKCIIEPUMEHTAILHBIC MCCIICIOBAHHS JTHHAMHUKH
MOBEJICHHUS a9P030Jisi HAHOAUCIIEPCHOTO aliMasa JIByX MPOMBIIUICHHBIX 00pa3uoB HaHnoanMasza (YA-C u
YJAT-C, npousBonctea OHIIL] «Antaii») npu 3JIeKTPOCTATUYECKOM pacHbLICHUU YacTHll. [loka3aHo,
4TO MPH HAIUYUH 3JIEKTPOCTATHYECKOTO 3apsia YacTUIl OHH OBICTPO (B TeUeHHE HpHMEpHO 45 cexyHn)
KOAaryJupyloT C PaclbUIEHHBIM B BO3YyX€ MEJIKOAUCIIEPCHBIM a3po30sieM. MesKkue 4acTullbl HaHOaIMasa,
oOmnajast GonblIe yJaenbHOW MOBEPXHOCTHIO, PACHBUICHHBIE 3JEKTPOCTATHUECKUM CHOCOOOM, OBICTpO
KOaryJupyloT ¢ 4acTULAMU 3arps3HeHui B Bo3ayxe. [Ipu 3TOM MOKHO HCHOIb30BaTh MEHBILIYIO Maccy
MIOPOIIKA 110 CPAaBHEHUIO C MCII0JIb30BaHUEM OPOLIKOBBIX COPOEHTOB C MEHBLIEH AUCIIEPCHOCTHIO.

SIBieHME IEKTPOCTATUUECKON KOAryJIsUH MOXET ObITh MCIOJIb30BAaHO MPHU PACIBUIEHUH YAaCTHIL
HaHOCTPYKTYPHOI'O IOPOIIKOBOrO copOeHTa. MHOIrOYMCIEHHbIE HCCIeIOBaHUSA TOBOPAT O OOJIBIIOM
MOTEHIMAJIE MCIIOJIb30BaHMs JETOHALMOHHOIO ajlMa3a B COpPOMPYIOHIMX COCTAaBaX, a HCHOJIb30BAHUE
JIEKTPOCTATUYECKOTO PACHBUICHUSI TAKOI'O COCTaBa B BO3JYyXE, COJEprKallleM BpEIHbIE a’3pPO30JbHbIC
3arpsi3HEHUs] — Tpe/UlaraéMblii  aBTOpaMM HOBBIM  CcOcOO TNPUMEHEHHs] JAaHHOTO MaTepuaa.
HanoanmMasHbli mopoIok He 00J1agaeT HUTOTOKCUYHOCTBIO, YTO JIeNIaeT €ro MPUMEHEHHE B TEXHOIOTUAX
OUYHCTKHU BO3yXa 0€30MacHBIM ISl YEJIOBEKA.

Hccnedosanue evinonneno npu @uuancosou noooepxcke PODU 6 pamkax nayunozo npoekma
Ne18-29-19070 mx.
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B3pbiBHOE KOMMAKTUPOBAaHWE TMOPOIIKOBBIX MAaTEPHAIIOB IMO3BOJIIET CO37aBaTh KOMIO3UIIUH,
HEJOCTYMHBIE JUIsi OOBIYHBIX CIIOCOOOB HM3TOTOBIICHUS. TakWe Marepuaibl BOCTPEOOBAHBI B
JKCTpEeMallbHBIX YCJIOBHUSAX SKCIUTyaTallud, HalpuMep, B KOCMOCE, B YCJIOBHUAX BBICOKOW pagualii,
CBEPXBBICOKUX WJIM CBEPXHHU3KUX TEMIIEPaTyp.

[lepcrieKTUBHBIM MaTepHAIOM AJI CO3JAaHUS B3PBIBHBIX KOMIIAKTOB IMPEACTaBISETCS HaHOAIMa3
JNCTOHAITMOHHOTO CHHTEe3a. JIeTOHAIMOHHBIE HAHOAIMAa3bl OTIUYAIOTCS YHHUKAIBHBIM COYCTAHHEM
CBOKMCTB, OMNpPEICISCMbIX HX KPHCTAUIMYECKOW CTPYKTypoii W HaHopasmepamu [1]: BBICOKOI
TETUIONPOBOHOCTHIO, TBEPAOCTHIO U MPOYHOCTHIO, MHEPTHOCTHIO K arpeCCUBHBIM Cpe/laM M XUMUYICCKOM
CTOMKOCTHIO. Mcrionp30BaHue 4acTUI] HAaHOAIMa3a, 00JIaaloier0 YHUKaIbHBIMUA CBOMCTBAMH MO3BOJIHT
MOJTyYUTh KOMIIO3UIIMOHHBIA MaTepuai ¢ YIYUYIICHHBIMU (DH3UKO-MEXaHUYCCKHUMH XapaKTePUCTHKAMHU.
Oco0oe BHHUMaHME MPHUBJICKACT YHUKAIbHAS TBEPJOCTh U XMUMHUYECKass HHEPTHOCTh 3TOTO Marepuana. B
KauecTBE MATPHIIBI MPH CO3JaHUH KOMITO3UIIMOHHBIX MAaTEpPHAJIOB, COACPXKAIIUX HAHOATMAa3bl, MOTYT
OBITh MCTIOIB30BaHbI PA3TMYHBIC METAIITUYECKHIE TOPOIIKH.

WNHorma OT KOMITO3WITMOHHBIX MAaTepHalIOB TpeOyeTcs BBICOKAas TEIUIONMPOBOIHOCTh, B ITHUX
CHEIHMAbHBIX CIydasX TakKe MOXET OBITh HCIOJBb30BaH HaHOAlMas3, TEIUIOMPOBOJHOCTH KOTOPOTO
nocturaet 2300 Br/(v K) [2]. Jns monydeHWs MaTepHalioB C BBICOKOW TEIJIOMPOBOIHOCTHIO
paccMaTpuBalOT aaMa3-MeIHbIe KOMITO3UTHI.

B wMarepmanax, TONyYEHHBIX METOJAOM YJApPHO-BOJHOBOTO KOMIIAKTHPOBAHHS IOPOIIKOB,
HACJIETyIOTCSl CBOMCTBA KOMITAKTUPYEMbIX MaTEPUaJIOB, U BBISBISIOTCS HOBBIE. BHICOKAS! MPOYHOCTH MPU
COXPAaHEHUU TUTACTUYHOCTH, H3HOCOCTOMKOCTh, TEpPMHUECKas CTaO0WIbHOCTh W T.M. HaHoammassbl,
BBEJICHHBIE B METAJUIMYECKYIO MATPHUILy BO BPEMs B3PBIBHOTO YIUIOTHEHHMSI, YIYUIIalOT MUKPOCTPYKTYPY
U MEXaHWYECKHE CBOWMCTBAa PE3yJbTUPYIONIETO MaTepuaia Ha OCHOBE AIIOMHHHEBOW MAaTPHIII, IO
naHHbIM [3, 4].

Ho monyuyuTh KOMMO3HWIIMOHHBICE MaTepHalbl U3 HAHOYACTHUI[ CJIOXKHO, TaK KaK OHU 00JamaroT
OOJIBIIION TUIONMIAIbI0 TIOBEPXHOCTH, IO KOTOPOHW WX HEOOXOAWMO COEIWHUTH. [lmomans ynenbHON
IOBEPXHOCTH YaCTHI[ MOPOIIKA HAHOAIMA3a NCTOHALMOHHOTO CHHTE3a MOXeT gocturate 600 MY/r u
Boime [1]. [Ipy KOMIAKTHPOBAaHWK COCTABOB C HAHOAIMAa30M HCIIONB3YIOTCS BhIcOkHe maienus (10-90
I'Tla), BaXHBIM ISl CO3[aHUSI OJHOPOJHOTO MPOYHOIO KOMITAKTa TaKXKe SIBIACTCS (DAKTOp BpeMEHU
JUTHTEIILHOCTH UMITyJibca [5].

YHuKanpHas TBEPAOCTh HaHOAIMa3a, C OJTHOW CTOPOHBI, SIBISICTCS MPUYHMHON €ro HCIIOJIb30BAHUS
JUIsL YOPOYHEHHS KOMIIO3MIIMOHHOTO MaTrepHuaia, C JAPYrod CTOPOHBI, CO3/aeT JONOJHUTENbHbIE
CJIO)KHOCTH B TPOIIECCE B3PHIBHOTO KOMIAKTUPOBAHUS MPU CTPEMIICHUU CO31aTh HauOoJiee TIOTHBIA U
OJTHOPOIHBIN KoMmmakT. B paborte [6] mpuBemeH mpuMep pacueTa MOPOTOBBIX BEIUYUH IaBJICHUS,
XapaKTePU3YIOIIETO MPOIIECC B3PHIBHOTO KOMIAKTUPOBAHUS, I KOMIIO3UTOB Ha OCHOBE METaJNTMYECKOM
MaTpHlbl U HaHOaNMa3a. B pe3ynbTare oOHapy»KEHO, YTO MPH CO3JaHUH KOMITO3UIIMOHHBIX MaTEpHUajoB
MeTaJUTH4YecKas MaTpHIla-HAaHOAIMa3 TMOJE3HbIM JUana3oH BEIUYHH JaBICHUS JIOCTATOYHO Y30K H
3aBUCHUT OT MHOTHX ()aKTOPOB: (PU3MKO-XUMUUECKHX CBOICTB MeTaJlla U YacTHIl, MACCOBOM JOJIH YaCTHII,
CKOPOCTH HarpyXeHHUS U T.JI.

Ha ocHoBe MareMaTH4eckoro OMHMCAHHUA Mpolecca YAapHO-BOJIHOBOIO KOMIAKTHPOBAHUS
MOPOIIIKOB METAJJIOB, COAEPXKAIIUX HaHOAlIMa3, MOJNYyYEHBl BBIPAKEHUS /JIsi TOPOTOBBIX JIaBIICHUH,
XapaKTepU3yIOIINX OCOOEHHOCTH KOMITAKTHPOBAHMS. MHUHUMAIbHOE [aBJCHHE, MPHU JOCTUKEHHUU
KOTOpPOTO yAapHas BOJIHA MPOXOIHUT IO MOPOIIKY Pmin; AABICHUE CTPYHHOTO OUYHUIICHHS MOBEPXHOCTH
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YacTHUI[ Pcs; TABICHUE TOCTIKCHHMS MAKCHMAJIbHOW TUIOTHOCTH KOMIAKTA Pmaxd; AaBJICHHE (Pa30BOTO
nepexojia Ppnt. PacueT moporossIx BeJIMUMH JaBleHUs IpuBeeH B Tabmuie.
Tabauua
PacyeTHble BeJIMUMHBI OPOTOBBIX AaBJE€HNH KOMIAKTHPOBAHNS NMOPOIIKOB METAJJIOB,
HAHO0AJIMAa3a U UX cMecel

[Topomok Pmin, ['Tla Pes, ['Tla Pmaxd, ['T1a Ppht, I'TIa
Cu 0.04 0.26 0.44 7.33
Al 0.02 0.07 0.12 3.19
YIA-C 5.98 29.5 50.0 11.6
20 macc.% YIA-C + Cu 1.23 6.10 10.35 7.50
20 macc.% YJIA-C + Al 1.22 5.95 10.10 4.19

B nanHO# paboTe 3KCIEpUMEHTAIbHO MCCIIE0BAINCh KOMIIAKThl HA OCHOBE aJIMa3HOI'O MOPOIIKA
mapku YJIA-C (npousBozactsa @HIIL «AnTtaii», r. buiick) — 20 % u amomunus — 80 %. Hanomnopoiok
AIFOMHUHMSI ITPOU3BEIECH METOAOM JJIEKTPUUECKOTO B3pbIBA NMPOBOJIOKK. CMeCh MOPOLIKOB ITOMEINAIAch B
MEIHYI0 TpyOKy, KOTOpas BCTaBIsUIach B IIMJIMHAPHUYECKUN KOHTEWHEp M TOJABeprajach yIapHO-
BOJIHOBOMY BO3JICHCTBHIO. MeXaHWYECKHE XapaKTEePUCTHKU (Ipelesl TEKy4eCTH, Mpeaes IMPOYHOCTH PU
CKaTHH, TBEPJOCTh, MOAYJb yrpyroct) aius Al-Y/IA kommo3ura, mojy4eHHOTO B3PBIBHBIM CIOCOOOM,
IIPEBBIIIAIOT TAKOBBIE Y YMCTOrO aJIFOMUHUS B 5-6 pa3. OOpa3ibl B polecce YIJIOTHEHUS OPOILKA PU
JaBIEHUU Pes < P < Ppht AEMOHCTPHPYIOT OTCYTCTBUE MAaKpOAE(EKTOB B CTPYKTYpe HOIYHYEHHOI'O
MaTepuana. OJJHaKoO €CJIM AaBJICHHE BOJIHBI B3pbIBAa YBEJIUYMBAETCS CBBILIE JaBlIeHUs (Pa30BOro nepexona
Ppht, TOSIBJISIOTCS MOJOCTH B IIEHTPAJbHOW 4YacTH o0pasla; MEXaHHUECKHE XapaKTEPUCTUKU B 3TOM
cllyJae yxXyaIIaroTcs.

Hccnedosanue evinonneno npu @uuancogou noooepxcke PODU 6 pamkax nayunoz2o npoekma
Ne18-29-19070 mx.
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CTPYKTYPA MOHOKPUCTAJIJIA AJIMA3A, JOITMPOBAHHOI'O BOPOM.
SJIEKTPOHHOMUKPOCKOIIMNYECKHUE UCCJIIEAOBAHUSA

KyJabHUIKHi B.A.l’z, Ky3neunos M.C.l, Hocyxun C.A.l, TepenTbeB C.A.l, baank B.I[.l’2
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Co3naHue marepuana Juis alIMa3HOW AIIEKTPOHUKHU CETOIHS MPEICTABISETCS aKTyallbHON 3a/1a4ye.
OTO CBSI3aHO € T€M, YTO TPAJAULIMOHHBIE MOJYIPOBOAHUKOBBIE MaTE€pHUaIbl 3HAUMTEIBHO MPOUTPHIBAIOT
alMazy 10 LeNOMy psoy TapameTpoB. B KadecTBE BO3MOXKHOTO AaKIENTOpa TPEAIOIaraeTcs
UCHOJb30BaHuE Oopa.

B nacrosmeli pabote MeTogaMu TPaHCMHMCCHOHHOM AJIEKTPOHHOM MUKPOCKOIUU Ha npudope JEM-
2010, o6opynosanHom EDS u EELS mnpucraBkamu, nccrienoBaHa CTpyKTypa AOHNMPOBAHHOTO OOpoOM
anmasa ([IBA), BBIpallIeHHOTO METOIOM TEMIIEPATypHOT'O TPAIHECHTa B KaMEpPE BBICOKOTO JABJICHHS THUIIA
«TOPOUTIY.

TEM ananmu3 mokazan, 4ro JIBA coxepuT TeMHbIe Monockl. MeTtomom OwicTporo ®Dypbe
npeodpazoBanust (B®II) Obuto mokasaHo, uTo KpoMe pediekcoB pemerku anmasa (0111=0.206 nm)
HAOJIOAAIOTCS TAaKKe JIOTIOHUTENBHBIE ClIa0dble pedIIeKChl, COOTBETCTBYIOIIUE CJIETKA YBEITMUYCHHBIM
MEXKIUIOCKOCTHBIM pacctosiausiM {111} rmutockocteir u paBubie npumepHo 0.207 M. M3meHeHue
MEXIIJIOCKOCTHOTO PACCTOSIHUS CBSI3aHO C BHEApPEeHHEM Oopa B pemieTky anmasa. Ha pucynke 1 mokasan
Habop aedopmupoBanubix {111} mmockocreit, comepxaniux 60p. CTpenkaMu Ha BKJIKE MOKa3aHbl Ba
pednekca. CnaObiii pedieKC COOTBETCTBYET YKa3aHHOM CTpelkaMu Ha puc.la mpocioiike ¥ paBeH
npumepso 0.207 M.

- -

—

b 4 L LS i b v

Puc.1 pparmenT nonupoBaHHOTO OOPOM anmMasa:
a) Croit nehopmuposannsix {111} mmockocrei, comepxariux 60p;
b) dunsrpoBanHOE H306pakeHwue.

Kpome cTpykTypsl, ipeAcTaBieHHOM Ha puc.l, HaOmogamm Takke A1eOPMUPOBAHHYIO CTPYKTYDY,
Ha AU(PaKIMOHHONW KapTHHA KOTOPOW MPHUCYTCTBOBAJIM TSAXKH, MPOXOISIIUE Yepe3 PedIeKChl PeleTKH
anMasa. ITO CBUJICTEIBCTBYET O PA30PUEHTUPOBKE. YTOJ pacXokJIeHus coctapiisieT nmpumepro 20°. B o
e BpeMsl JOMOJHHUTEIBHBIX Pe(IeKCOB OOHAPYKEHO HE OBLIO, YTO TOBOPUT 00 MUCKAKCHUHU PEIICTKH
ajMasa TIpu JIOMUpOBaHUHM ero 6opom, HO 0e3 paspbiBa cBs3ed. [logoOHyr0 cTpyKTypy HabOmromanu B
kapoune Oopa B4C [1], roe npuBeneHHble nedeKThl OBLIM Ha3BaHBl HCKOKECHHBIMH jaedekTaMu
ynakoBKu». TakuMm 00pa3oM, MOKHO TOBOPUTH O pPa3HBIX MEXaHW3MaX MCKaKEHUS PEIICTKH ajiMas3a B
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npucyTcTBUE Oopa: MCKakeHUe 0e3 pa3phiBa CBSA3EH M MCKaKEHHE C pa3phiBOM cBsizell. Kpome Toro, B
pemerke JIBA mexay {111} miockocTsiMu oOHapy»XeHbl (hparMeHTHI, cocrosiime u3 3-5 cioes, ¢
MEXIIOCKOCTHBIM pacctosiHueM mopsaaka 0.260 HM, 4To CcBUAETENBCTBYEeT 00 00pa3oBaHMU B HHX
pOoMeXyTOouHOM ¢a3el yriaepona [IDY. Takas (asza, nmpoMexyTodHas Mexay rpaduToM U aiaMasam,
ObuTa OblIa OOHapyskeHa paHee B pabote [2] 06paboTke Cgp B YCIOBUAX BHICOKUX JIABICHUN U BBICOKHX
Temneparyp. Kpucrammmdeckas pemretka IIDY comepKHT OJHOBpPEMEHHO SP° u SP° CBS3M B
cootHotrennn 1:2. OHa ObUIa ONMCcaHa TPUKIMHHON CTPYKTYpO# (Cierka HCKaKCHHON T'eKCaroHa bHOM).
[Ipocioiikn ¢ MakcCHUMajJbHBIM MEXKIUIOCKOCTHBIM paccTtosHueM B 0.260 HM, HabmomaBmuecs B
Hacrosmiel paboTe, MOTYT COOTBETCTBOBATh A3TOi mpomexytounou ¢aze ([IDY), koropas seisercs
YCTOMYMBOU B TAHHBIX YCIOBHUSIX.

BriBoab!

1. Tlokazano, uyro B JIBA HaOdromaeTCcsl yBEIMYCHHUE MEKIUIOCKOCTHBIX paccrostauid {111} s
6opoconepxkamux ciaoeB oT 0.206 M B yriepoansix ciosx 10 0.207 HM B closiX, HACBIIIEHHBIX
oopom. MHoraa B3ammHomnepecekatomuecst rmiockoctd {111} ogHOBpeMeHHO conepxkar Oop, 4To
OPUBOJUT K 00pa3oBaHUIO (PpParMEeHTOB TPEYroJbHUKOB, KOTOpPbIE MOXKHO YBHJAETH BO
¢ryopeciieHTHOM H300paKeHUH TTOBEPXHOCTH ajMasa.

2. Pocr koHueHTpanuu Oopa MPUBOAMT K TOSBICHUIO HMCKAXKEHHBIX ()parMEeHTOB PELIETKH anMasa,
TU(PPaKIMOHHAS KapTHHA KOTOPBIX COJEPXKHUT JIMOO TSKH, MPOXOIAIINE uepe3 pedIeKCchl peleTKH
anMasa, MO0 JOTOJIHUTEIbHBIE cladble peduieKchl, KOTOPHIE CBUAETENbCTBYIOT O pa3pbiBax MEXIy
{111} nnockocTsiMu anmMasa.

3. B pemerke JIBA mexay {111} mmockocTsimMu oOHapysKeHbI (parMeHThI, COCTOsAIIME U3 3-5 CIIoeB, ¢
MEXIIIOCKOCTHBIM paccTosiHueM mopsiaka 0.260 HM, 4TO CBUAETENBCTBYET 00 00pa3oBaHHMU B HUX
npoMeXyTouHOM (hassl yraepona [1DY.
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PACITPOCTPAHEHHUE CBEPXBBICOKOYACTOTHOI'O U3JIYYEHUA
B MATEPUAJIAX HA OCHOBE CBEPXIVIMHHBIX YIVIEPOJAHbBIX HAHOTPYBOK
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Pa3paboTrka  maTepuasoB € 3aJaHHBIMH  JJIEKTPOJMHAMUYECKUMH  CBOIICTBAaMH B
cBepxBbicokoyacToTHOM (CBY) nauama3oHe wuMeeT OOJbIIOE 3HAYCHHE I H3MEPUTEIBHOW U
KOHTPOJIbHOW TEXHHUKH, TEXHUKH CBSI3H, PaJUOJIOKAIIMK, MEIUIIMHBI U Apyrux obmacreit [1]. TIpu stom
BMeCTE ¢ TpeOyeMol dYacTOTHOW JHCIEPCHEH JMANCKTPUYSCKUX W MArHUTHBIX XapaKTEPHUCTHUK
WCIIONIb3YEMbIE MaTepHalibl JOJKHBI 00JalaTh MUHHMAIBHON yAeNnbHOM Maccoil. B cBsizu ¢ atum
TIOBBIIIICHHOEC BHUMAHHE YACNACTCS YTIEPOIHBIM HAHOCTPYKTYpaM, OOJaarolIuM HHU3KOW TUIOTHOCTHIO
[2].

B Hacrosimedi pabore OBUIO MPOBEIECHO ASKCIICPUMEHTAILHOEC W TEOPETUUYCCKOE HCCIICIOBAHHE
B3aumozeiicteuss CBY wu3nydyeHuss ¢ Marepuangamu, COJEPKAIIMMHU CBEPXJJIMHHBIE YTIJIEPOIHBIC
nanotpyoku (YHT). Ilpomecc cuuTe3a HaHOTPYOOK moapoOHO omwmcaH B pabore [3]. Jlamusie YHT
00J1a/1al0T MPEUMYIIIECTBCHHO JBYXCTCHHOW CTPYKTYPO# ¢ BHEIIHUM AuameTpoM oT 5 1o 40 um. (puc. 1).
['maBHOM O0COOEHHOCTHIO TAaKMX HAHOTPYOOK SIBISIETCS MX JUIMHA. W3BECTHO, uTO B oTiauume ot YHT,
MOJTyYaeMbIX APYTHMH METOaMH, OHA MOKET JOCTHIaTh HECKOJILKUX MUJUTUMETPOB (IKCIIEPUMEHTATBLHO
moATBepXkAeHHas jnuHa coctaBimsier 1.5 wmwm). IlpensapurtensHo nmucneprupoBanubie YHT Obutn
WCIOJIb30BAaHbl B KAUECTBE HAMOJIHUTENS KOMIO3UIIMOHHBIX MAaTepUaIOB C MAaTPUIIEH B BHUJIE PE3UHBI HA
OCHOBE HATypaJIbHOTO Kay4dyKa.

Puc. 1. ITI9M wuzobpaxenus oopaszuos YHT

C nomomuipto nmanopamuoro mmepuresiss KCBH (koaddunumeHT cTosuel BOJIHBI 0 HANPSIKESHUIO)
METO/IOM CBOOOHOTO MPOCTPAHCTBA ObLTH onpeieeHbl KoadduipenTs! mpoxoxacHus (T) U OTpaXKeHUs
(R) CBY wm3nyueHus JUis KOMIIO3WUIIHOHHBIX MATCPHANIOB, COJCPIXKAIIUX PA3IUYHOEC KOJIUYECTBO
ceepxmmHHbIX YHT: 0.6%, 1% u 2% mno wmacce. Taxxke ObUTHM ONpeAeneHbl AUAIEKTPHUECKAS
MIPOHMIIAEMOCTD &, TAHTCHC YTJIa TUJICKTPUYCCKHUX MOTeph tQ J. u mocTosHHas 3aryxanus a (1). B xome
u3MepeHuil moxOuWpanach Takas TommmHa (f) MaTepwanma, KoTopas IO3BOJISIA  HUCKIIIOYHTH
UHTEp(EPEHITNIO OTPAKCHHBIX BOJIH. Pe3ynbTarhl mpuBecHb! B TabmuIe 1.
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o= , 1
" (1)
Taonuua 1
JudjekTpuyeckne cBOiicTBa KOMNO3UTOB c0 cBepxiuHHbIME YHT B nuanazone 26 — 38 I'T'n
. Conepxanne YHT, t, T, R, a,
Ne Macc. % MM b b & 19 0 nb/em
1 0.6 7 -13.2 -9.0 4.1 0.3 17.1
2 1.0 7 -20.0 -8.7 4.1 0.4 26.8
3 2.0 5 -15.3 -1.7 5.0 0.4 27.3

[pumeuanus: 10 1b coorBerctBytoT norepsim 90% sueprun M unznyuenus, 20 n1b — 99%.

[ToMrMO KOMIIO3UTOB Ui psia 3aJad Ha MPAKTUKE TaKXKe NPUMEHSIOTCS MHOTOCIOWHBIE
MaTepHaibl C aKTUBHBIMH CIIOSMH B BHUJE nepuomuueckux pemetok [1,4]. B manHo# pabore ObLIO
MI0Ka3aHO, 4YTO CBEPXJJUHHBIE YIVIEPOAHbIE HAHOTPYOKM TakK€ MOTYT MCIIOJb30BaThCA B yKa3aHHOM
KJlacce MarepualioB. B 4acTHOCTH, OBUTM HM3TOTOBJICHBI MOJYNPO3padyHbie CeTKH (pUC. 2a) HA OCHOBE
HUTEH, cocrosmux u3 MHOKecTBa YHT (puc. 26). Ycranosneno, uro B CBU auamazoHe HECKOJIBKO
TaKUX CETOK MOTYT HCIIOJIb30BAThCS IS CO3JaHMS TMOTJIOUIAIOIIUX TOKPBHITHI HMHTEPPEPEHIIMOHHOTO

THIIA.

a

0

Puc. 2. O6pa3sel neproauyeckoit CTpyKTypsl, chopmupoBanHoi u3 Huted YHT (pa3meps! ykasansl B MM) (a);
COM uszobpaxenue auta YHT (6)
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I'pagurononoOHbIl HUTPUL yriepona — MEepcHeKTUBHbIH 2D mNOIynmpoBOOHMK € LIMPUHON
3anpeméHaoit 30ub1 2,7 3B [1]. ®oToHMKa sABISETCA MEPCIEKTUBHOW O0JIACTh NMPUMEHCHUS TaKHUX
g-C3Na4. B HacTosmumii MOMEHT cyliecTBYIOT npototunisl LED, ncnons3yromue B kauecTBe JIOMHUHOpOpa
g-C3Ng [2]. U3ydeHwe H3MEHEHHs CTPYKTYpbl TpaduTONOJOOHOTO HHUTpHIA YIIepona SBISETCS
aKTyaJbHON oOsacThio HccienoBaHud. B pabore mnpoBoauTcss aHamu3 3 00pasloOB. TOJNBKO YTO
MIPUTOTOBIICHHBIN 00pa3iie, KOTOPOMY MEHbIIe 24 4acoB; 00pa3Ibl CO CPOKAMH XpPaHEHHsSI B SKCUKATOpE B
TE€YEHUH OJTHOTO MecCsLa U B TEYEHUH OJTHOTO TOAa.

OOpa3upl ObLTM TOJNyYSHBI C TOMOIIBI0 TepMuueckoro pasznokenus Mmenamuna (C3NgHs) B
TrepMETUYHOM CTEKISIHHOM peaktope npu temnepatype 500 C B Teuenue 3 yacoB. B mpornecce peakuuu
BBICIISJICS AMMHAK:

500°C
C3NgHg — g — C3N, + 2NH; 1

Nudpakpacuas (MK) Dypbe-crieKTpOCKONHS — 3TO aHATUTHYCCKHM METOJ, HMCIOJIb3YyEMbIH s
MIOHUMAaHHMsI CTPYKTYPBI OTJIEIBbHBIX MOJIEKYJI M COCTaBa MOJIEKYJIIPHBIX cMeceil. B pabote nccienoBanus
¢ nomompio UK ®dypre-ciekrpockonuu npoBoauinnuck B cpeaqneMm MK amanazone. [lornomienue B 3Tou
00JIaCTH CBA3aHO C KOJIEOAHUAMHU MOJIEKYI U (YHKIMOHAIBHBIX TPYIII, © OHO MOXKET ObITh UCIIOJIH30BAHO
TSl I3MEPEHUSI SHEPTUH 3THX KoJjeOaHni. Pe3ynpTaToM M3MepeHns sSBISETCS XapaKTepHBI HaOOP MOJI0C
MOTJIONICHUS, KOTOPBIN TPENCTaBIsieT co00i KoyeOaTenbHblid criekTp Mojekynsl [3]. ust OwicTporo
MOJIyYeHHsT pe3ysbTaToB ucnoib3oBaics UK ®dypre-criektpomerpe Thermo Electron Nicolet Nexus na
orpaxeHus. Js TOATBEpXKAEHHS pPE3yJbTATOB MPOBOAWINCH H3MEpeHHs Ha crekrpomerpe Bruker
Vertex 80v, xotophlii ObUI yCTaHOBJIEH Ha MHKpockorm Hyperion. Jlns wu3MepeHHss Ha HEM
M3rOTaBJIMBAIKMCH TabJIETKH U3 UCCIeayeMoro oopasua, cMerranHoro ¢ KBr.

Cnektpel WK mornomieHuss AEMOHCTPUPYIOT —SBHYIO 3aKOHOMEPHOCTh MPUCYTCTBHS Y
CBEXKEMPUTOTOBICHHOTO0 00pasiia 2 JOMONTHATEIBHEIX XapaKTepHBIX MHKOB B auana3oH 3400-3500 cm™.
JononuutenbHbie TUKH  OTHOcsTcss K rpymmam  NH2/NH, coxmepxamm  a3or. CylecTBoBaHHUE
aMHHOTpyMI coryacyercs ¢ asaeMeHtapHbiM aHanmuzom (C:N = 0,72, HeMHOro HMXe WICATbHOM
crexomerpun 0,75). TMuxu mpu 801 cv™ m 1470 cm™ orHOCsTCS K S-TpHasmHOBOMY KOJbIy. ITHK
normoutenust mpu 1335 cm™ otHOcHThEs K C — N. OcTpsiii muk mpu 1613 cm™ mpumuceiBaercs C = N [4].

Puc. 1. UK criekTpbl nomyueHHBIX 00pa3ioB
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TakuM o0pazoMm, HaOMOJACTCS W3MEHEHHE CO BpeMeHeM (a3 rpaduronomoOHOTO yriaepoa.
Oco0eHHOCTBIO JIerpajaliy SIBISIETCS TO, YTO MaTepHAalIbl TEPSI0 YacTh TPYII, coAaepKamux a3oT. [locie
JUINTEIBHOTO XPAaHEHUS BO3MOXXHO YaCTUYHOE BOCCTaHOBIEHHE (a3 rpaduronogoOHOro HUTpUAA
yriepoja.

Pabora BBIIOMTHEHAa C WCIOJNB30BaHUEM OOOpPYJOBaHHMS YHHKAJIBHOW HAYYHOH YCTaHOBKU
«Jla3epHbIii HarpeB B siueiikaXx BBICOKOTO JaBJicHUs» HaydHO-TEXHOJIOrMYECKOTO IIEHTPa YHUKAIBHOTO
npubopoctpoenust PAH [http://ckp-rf.ru/ usu/507563/].
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Cerogass Bce Ooubllie AJIEKTPOIHEPTHH  BBIPAOATHIBACTCSI C TIOMOIIBIO  BO30OHOBISIEMBIX
UCTOYHHUKOB 3Hepruu. M3-3a crnenu@uky Takux HCTOYHHMKOB BO3pAacTaeT MOTPEOHOCTh B CHUCTEMAax
akkymynupoBanusi sHeprun (CAD), B KayecTBE KOTOPBIX MOTYT HCIIOJIb30BaThCS HATPHUI-UOHHBIC
akkymymsatopel  (HMA), KoTopble SBISIOTCS NEPCIEKTUBHON  aJbTEPHATHBOW  JMTHI-HOHHBIM
akkymyisitopam (JIMA). Kirouesasi mpobieMa pu KOMMEPIHATU3AIUH TEXHOJIOTHH COCTOUT B TIOMCKE
JIEKTPOJHBIX MAaTEPHAJIOB C yIOBJIETBOPUTEIbHBIMU 3JEKTPOXUMHUECKUMH XapakTepucTukamu. I'padur,
MPOMBINJICHHO NPUMEHSIOMMNACSA KaK aHONHBIA MaTepuall B JUTHHA-MOHHBIX aKKyMyJATOpax, He
noaxoaut it HUA, Tak Kak MOHBI HaTpus NPAKTUUYECKH HE HMHTEPKAIUPYEeTCs B MEXKCIIOEBOE
npoctpancTtBo rpaduta. st anogoB HUA wmcnons3yroT mMaTepuaisl Ha OCHOBE “TBepJoro” yriepoja
(hard carbon), B cTpykType KOTOpOT0 MPHCYTCTBYIOT pa3ynopsiioucHHbIe rpadeHonoa00ubIe ciou [1].

OmvH U3 cnoco0OB YIIyYIIUTh TPAHCHOPTHBIE XapaKTEPUCTHUKU MaTepHaja — O3TO MOJy4YeHHE
YaCTHI] MaJICHBKOro pa3Mepa (~ 1 MKM), HampuMep, ¢ MOMOIIBIO THIPOTEPMATIBHOIO cHHTE3a. JIpyrum
MOJIXOI0OM K YJIYUIICHHUIO IEKTPOXUMHUYECKIX XapaKTEPUCTHK “TBEPAOT0” yriepoa sSBIseTCsS CO3AaHne
KOMIIO3UTa Ha OCHOBE THIIOB YIJIEpoa C pa3Ho Mopdonoruelt, HanpuMmep, HErpaGUTU3UPYEMOIro U
rpaduTH3NpyeMoro yriaeponos. Ilpu 3Tom mondupas npeKypcopsl U BapbUpys MacCOBOE COOTHOILICHHE,
MO’KHO TI0JTy4aTh MaTepUabl C Pa3INuHbIM dJICKTPOXHMHUUECKUM MOBeAeHHEM [2].

Jis  monmyueHHMsl YacTHIl «TBEpAoro» yriepoga pasMepomM -~ 1-10 MM MBI mpoBOIMIN
KapOOHM3ALMIO TIIIOKO3bl B THAPOTEPMAIBHOM PEAKTOPE € MOCIEAYIOUIMM OTKHUIOM B I€YH B UHEPTHOMN
atMocdepe. KoMmo3uTtel mojyyand CMEIIEHHEM B pa3HBIX MPONOPLUSAX “TBepAoro” yriepoaa u
HeTSIHOTO TIeKa, KOTOPBIA BBICTyNAl HMCTOYHUKOM TpadUTH3HPYEMOTO “MATKOr0” yIjepoaa, H
MOCTIeIYIOIUM OT)KUI'OM CMECH B MHEpTHOH arMocdepe. [Ipu onTumuzanuu yclioBHii CHHTE3a yAalI0Ch
JTOOHMTHCS KYJIOHOBCKOM 3 (GEKTUBHOCTH Ha MepBOM Hukie 10 82% u paspsaHoii emkoctu 10 340 MAu/r
npu tiotHoct Toka c¢/10 (25 MA/r) B HarpueBoil mojdysuedike. Y TOJYYEHHBIX KOMIIO3UTOB
HaOJII0AATI0Ch 3aMETHOE U3MEHEHHE ANEKTPOXMMHUUYECKOTo roBeieHus. KoMIo3uT Ha OCHOBE «TBEpIOro»
U «MATKOTO» YTJiepoja MpoJeMOHCTpUpoBal eMkocTh 360 MAuY/T, cpaBHuMyto ¢ rpadputom B JIMA, u
KyJIOHOBCKYIO 3 pextuBHOCTD 79%.

Paboma evinonnena npu gunancogoti noooepacke Poccuiickoeo Hayunoeo ¢onoa (npoexm Ne 17-

73-30006-17).
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CreueHHbIe (PPUKIIHOHHBIE MaTEPHAIIbI HA METAJUTHUECKON OCHOBE (Haee GpPUKIIMOHHBIC MAaTepPHUaIbI)
MOJTyYar0T METO/IOM TTOPOIIKOBOM METaJUTypriH, KOTOpast MO3BOJISIET CO3/IaBaTh MaTepUalibl, COUETAIOIINE B
cebe KOMITIOHEHTBI Pa3IMIHON TPUPOIBI, XUMUYECKOTO COCTaBa, YTO APYTUMHU METOIaMH HEBO3MOKHO [1-3].
Cpenu M3BECTHBIX COCTABOB (DPHKIMOHHBIX MAaTEPUAJIOB, ITPEAHA3HAYCHHBIX /IS Pa0OTHI B YCIIOBHSIX CMa3KH,
HanOoJbIlIee PACIPOCTPAHEHUE MTOMYYHIIN CIICYCHHBIE MaTepralibl Ha OcHOBE Meau. OHM 00J1a1al0T BHICOKUM
KO3((GHUIMEHTOM TPEHUs], TEIUIONPOBOAHOCTBIO, HM3HOCOCTOMKOCTHIO. OJHAKO, TOCTOSHHO pacTymias
SHEPrOHATPYKEHHOCTh Y3JI0B TPEHUSI TpeOyeT MOBBIIICHUS] KOXPPHUIIMEHTa TPEHHUS, U3HOCOCTOUKOCTH. DTO
MOXET OBITh IOCTUTHYTO ITyTE€M HCIIOIB30BAHUS TO0ABOK METANTMICCKUX MM KEPAMHYECKUX MOPOIIKOB, a
TaKKe HCMOJNB30BAHUS PA3IMYHOTO pPOJA YIIIEPOJACOAepKaMX 100aBoK. B OONBIIMHCTBE ClyyaeB B
KauecTBe YIJIepOJCOepKalIel MOOAaBKH HCIONB3YeTCsl TpadUThl Pa3IMYHBIX MapoK  (KapaHIallHbIH,
AJICMCHTHBIM, INTCHHBII), B MEHBIIICH CTETMIEHH MOPOIIKH KOKCa, CTeKIoyriepoa [4, 5].

B pabote npeacTaBieHbl pe3ybTaThl H3YUSHHS BIMSHUAS BBEJCHUS JO00ABKH rpaduta KOJUIOMIHOTO
B COCTaB yTIJIepoAcoAeprKaliel T00aBKU CIIEYCHHOTO (PPUKIIMOHHOTO MaTepuaia Ha OCHOBE MeIU Ha
TpUOOTEXHUYECKHUE CBOUCTBA MPH pabOTe B YCIOBUSIX CMa3KH.

ABTopsl paboTel [6, 7] mokasam, Yro rpadUT KOJUTOMIHBIA WCIIOIB3YETCS B MaTepHaiax
aHTU(PHUKIIMOHHOTO Ha3HAYeHMs, KOTOphle pabOTalOT B TeueHHWE JUIMTeNbHOro. Bmenenue rpaduta
KOJJIOWIHOT'O B COCTaB TBepAOro cruraBa Ha 12—-14 % cuwmwkaet koaddunuent tpenus (¢ 0,8-0,9 o 0,7-
0,8), Gmaromapsi ero CIOUCTOW CTPYKType, a Haumbosiee BbICOKYH H3HococroikocTh (0,99-1,06) 10-3
Mr/M) wuMeeT MOAUGUIMPOBAHHBIA TPadUTOM KOJJIOHWJHBIM TBEPIBIA CIUIAB, CIICUCHHBIA TPU
NOBBIIIEHHON TemnepaType. [Ipouecc paboThl GPUKIMOHHBIX MAaTEPUATIOB KPATKOBPEMEHHBIH, IPH 3TOM
BeChMa dHEproHachImeHHbId. 3a Bpems 0,4-4,5 ¢, B 3aBUCUMOCTH OT y3Jia TPEHHUS, JOHKHO MPOU30UTH
3aMbIKaHME WJIM DPa3MbIKaHUE TMapbl TPEHHs, KOJWYECTBO BBIACISEMON JHEPTUU TPU 3TOM MOXKET
COCTaBJISITh HECKOJILKO METaBaTT Ha METpP KBajpaTHbIi [8].

Hcnonb3yemelii B pabore rpaduT KOJUIOMAHBIM, M3rOTABIMBAJICA U3 CHHTETHYECKOTO
(uckyccTBeHHOTO) rpadura, IPOIICIIIEIO CTAIUI0 TEPMUUECKONH 00pabOTKU MpH TeMIepaType He HUKE
2800° C, a 3aTeM cTtaguio JpoOJIeHHUs U TOHKOTO IOMOJia B TUIAHETAPHON MEJNbHHUIIE IO pa3Mepa YacTHUI
1,0-5 MM, mpexacraBisier co0oit aryiomepaTr cpemHuM pasmepoMm 100 MKM, COCTOSIIIMIA M3 OTACIBHBIX
TOHKOJMCIIEPCHBIX IUIACTHH pa3MepoM 10 1 Mkm u TommuHo# 10 10 M (pucyHok la). Jlob6aBka rpadura
KOJUIOUJTHOTO B COCTaB (PPUKIIMOHHOTO MaTepuajia CIocOOCTBOBAJIa COXpaHEHHIO Mopdoorun
IIOBEPXHOCTU  TpeHHs. DUKCHPYETCS PaBHOMEPHBIM HW3HOC  METAUIMYECKOM  COCTAaBIAIOLIEH
(GPUKIIMOHHOTO MaTepHala ¢ COXpaHEHHEeM MOPUCTOCTH U pa3mepa mop (pucyHok 16). Ha moBepxHocTH
NPUCYTCTBYIOT OTCIIOMBIIMECS U TIEPCHECCHHBIE YacTHUIIBI rpaduTa KOUTOUIHOTO (PUCYHOK 1B).

Ha pucynke 2 mnpeacTaBieHbl 3aBUCUMOCTH H3MEHEHHUs Kod(pQuImeHTa TpeHus W H3HOCA
¢pUKIMOHHOTO MaTepuaia Ha ocHoBe 12 % onoBsHucTONW OpoH3B. B Marepuane B KauecTBe
yriiepoicoAeprkaiiei 700aBKu UCIob3oBajics rpadgut mapku ['9-1, B koTopsiid BBoAMIOCH 10 15 006.%
rpaduTa KOJJIOUTHOTO. Y CTAaHOBJICHO, YTO 3HaueHHe Kodduuuenta tpenus nzmenuiock 0,068 no 0,045,
[IPH 3TOM M3HOC Marepuaia Takxke cHusmwicsa ¢ 6,0 1o 4,0 Mmxm/kM. YBenudeHue coiepkanus I00aBKU
rpaduTta komutongHoro 6osee 15 00.% HeuenecooOpa3HO, Tak Kak MPOUCXOJUT CYIIECTBEHHOE CHUKEHUE
kod(durmenTa TpeHus, YTO HEMPUEMIIEMO sl PPUKITMOHHOTO MaTepHaia.
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Pucynok 1 — Mop}os1oTust TOBEpXHOCTH YaCTHIB! TpaduTa KOJIOUMIHOTO (a)
1 OBEPXHOCTH TPEHUS QPpUKIIMOHHOTO MaTepuaia (6, B)
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Pucynok 2 — 3aBucumMocTts ko3 dunuenta TpeHus (a) 1 u3Hoca (0) GPUKIHOHHOTO MaTepUaia

Ha ocHOBe OpoH3HI ¢ 12 % onoBa ¢ 30 00.% yriiepoacoaepkaiieii 100aBKH, coaepkaiell rpaguT KOJUIOUTHBIA

(=}

Takum 06p2130M MOKHO CA€CJIaTb BBIBOA, YTO MCIIOJIB30BaAHHUC I‘pa(bI/ITa KOJITIOMJHOTI'O, KaK ;[0621131(1/1 B

COCTaB yTJIepoJicoaeprKaiieii 100aBKu (DPUKIIMOHHOTO MaTepuajia He JTOJDKHO TpeBbimath 15 macc.%.
Jt1o0 cnocobcTByeT cHkeHUI0 kodddummenta Tperus ¢ 0,068 no 0,045, ¢ omHOBPEMEHHBIM CHUKCHHEM
uznoca ¢ 6,0 g0 4,0 mxm/kMm. [lo HameMy MHEHHIO, 3TO MOKET OBITH OOYCIIOBIIEHO MOAMpHKanueit
YIIBTPAIUCIIEPCHBIME YacTUIIAMK TpadUTa KOJUIOUIHOTO IIOBEPXHOCTH TPECHUSI.
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BJUAHUE YIJEPOJHOI'O BOJTOKHA HA TPUBOTEXHUYECKUE CBOMCTBA
OPUKIINMOHHOI'O MATEPHUAJIA CYXOI'O TPEHUSA NIOJIUMEPHOE CBA3YIOUIEE-
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OpmHOM M3 OCHOBHBIX TPOOJIEM MAIIMHOCTPOCHHS SIBISETCS CO3/IaHUE Y3JI0OB U MEXaHH3MOB,
00JaaomuX BBICOKMMH JKCIUTYyaTallMOHHBIMH TPeOOBaHUSAMHU, pPECypcoM padoThl, HaAEKHOCTHIO.
[TocTostHHO pacTymasi >HEPrOHArPY>KEHHOCTh NPHU MHUHUMH3AIMH Pa3MEpPOB Y3JI0B W MEXaHHU3MOB
TpeOyeT CO3AaHUsS HOBBIX MATEpHUAJIOB U COBEPILIEHCTBOBAHUS MMEIOIIUXCS TEXHOJOTHM MU3TOTOBJICHUS
KOHCTPYKTHUBHBIX 3JIeMeHTOB. Cpei O0IbIIOro pa3sHooOpa3us (GPUKIMOHHBIX MAaTEPHUAIOB 0CO00€ MECTO
3aHMMAIOT MaTepHualbl Ha TOJUMEpPHONH ocHOBe. OCHOBHBIMH JOCTOMHCTBAMH TaKHMX MAaTEpHUaoB
SABIISIIOTCS. CTaOWIIBHOE 3HaueHWe Kod(pQUIMEHTa TPEHHs; BBICOKAs W3HOCOCTOMKOCTh, HH3Kas
3aBUCHUMOCTH KOO PUIMEHTA TPEHUS OT KIMMAaTUYECKUX YCIIOBUH; BBICOKUN CPOK CITYXKOBI.

AHanu3 IUTepaTypHbIX UCTOYHHMKOB [1, 2] cocTaBOB (PPUKIIMOHHBIX MaTEpPHAJIOB HA MOJUMEPHOM
OCHOBE TI0Ka3aJl, 4TO MOBBIIIEHUE UX TPUOOTEXHUUECKUX, (PU3UKO-MEXaHMUYECKHX M IKCILTyaTallMOHHBIX
CBOWCTB JOCTHTAeTCsS ITyTEM HCIOIB30BAHUS DPA3IUYHOTO poja J00aBoK. s TspKenoHarpyKeHHBIX
y3JI0B TPEHHUS AaBUAIIMOHHOM TEXHMKH, KEIE3HOAOPOKHOTO U JIETKOBOTO TPAHCIOPTA, MOTOIUKIIOB,
WCTIONB3YIOMMX (PUKIMOHHBIC DJIEMEHTHI B BUJE JHMCKOB WM CErMEHTOB, TJe B KadecTBe J100aBOK
UCIIONIB3YIOTCS  yriiepoaHble BosiokHa [3, 4]. Hcmonb3oBaHHE YIJCPOJHOTO BOJOKHA B COCTaBE
(PUKIIMOHHOTO MaTepHaja MO3BOJISIET MOBBICUTE: TPEAeN MPOYHOCTH; H3HOCOCTOMKOCTh; CTA0MIBHOCTh
Kod(dullMeHTa TPEHUs; CTOMKOCTh K BBICOKHM TeMIlepaTypaM; IMJIACTUYHOCTb MOBEPXHOCTHOTO CJIOf;
TPELIMHOCTOMKOCT.

[lenp paOoOTBl SBISUIOCH HWCCJIENOBAHUE BIUSHUS BBEJCHHS YTJIEPOAHOTO BOJIOKHA Ha
TpUOOTEXHUYECKHE CBOWCTBA (DPUKIIMOHHOTO MaTepHaja Ha OpraHHYecKoW MaTpuie ¢ J100aBKOM
MOPOIIIKa JKeje3a.

Jis mpoBeieHus UCCIeOoBaHW OBbLI NMPHUHAT cOCTaB (DPUKIIMOHHOTO MaTepuaja Ha OCHOBE
ropoIika xenesa jgerupoannoro xpomom [1X-30 ¢ 20 06.% yrnepoaconaepsxkaiieit 100aBku, 6apUTOBOTO
KoHIeHTpara - 18 % u cBsasyromiero mapku CPII-012A B xonmuuectBe 20 %. ConeprkaHue yriepogHoro
BostokHa (manee YB) B cocraBe 20 06.% yriepoacoaepskariei 106aBku coctapisuio 25-50-75-100 06.%.

Bri0op moporka sxenesa, seruposaHHoro xpomom I1X-30 oOycnoBieH ero BBICOKON TBEpAOCTHIO. B
KaueCcTBE YIIIEPOACOACPIKaIe T00aBKH HMCIONIB30BaICS TMOPOIIOoK Tpadura mapku ['3-1 u ero cmech ¢
YIJIEPOJHBIM BOJIOKHOM. BpI0Op rpadura mapku I'3-1 o0ycnoBieH ero crnocoOHOCTBhIO 00ecreurBaTh
BBICOKOE 3HadeHHe KodduimerTa TpeHus. B kadecTBe aHTH3aUPHON M00aBKH B COCTaBe (HPUKIIMOHHBIX
Marepuasa UCTIOb30BAJICS CEPUIHO BBIITYCKAEMbIH IPOMBIIIIIEHHOCTBIO TIOPOIIOK OApPUTOBOTO KOHLIEHTpATa
I'OCT 30240.1-95, o6mamaroriero BRICOKUMA aHTU(DPUKITMOHHBIMHA CBOMCTBAMH, OTCYTCTBUEM KOAryJISIIUH B
MpoLecce CMEIIMBAHUS C APYTUMH KOMIIOHEHTaMH, CIIOCOOHOCTBIO MOBBIIIEHHS YIUIOTHAEMOCTH MaTepraia
1 3P PEKTUBHOTO TepepacipeaecHnss KOMIIOHEHTOB, HU3KOH TOKCHYHOCTHIO. Mcmonb3yemoe YB momydeno
u3 rugparieutoiosHoro  BojokHa (TY  BY  400031289J127-2010 «Marepuaibl  YIIepOIHbIC
U3MEIbUYCHHBIC»), cepuiiHO BbImyckaeTes OAQO «CBeTI0ropckXMMBOIOKHO». COracHO TEXHHYECKHM
YCIIOBUSIM CTeNeHb rpaduTh3anuu BosokHa coctapnser 97-98 %, maccoBas nons 3omel He Oonee 3 %,
BIIQXKHOCTB He Oosiee 5 %, cpemnuit pazmep 30-50 M.

MakcuMmanibHOEe 3HaueHHe NuHaMu4deckoro koddduuumenta tpenus — 0,2 (pucyHok la, xpusas 1)
dbuxcupyercs st ppuUKIIMOHHOTO MaTtepuaia 6e3 nodaBku YB. YBenuueHnue comepkaHusi BOJIOKHA ¢ 25
10 75 % npuBoaut Kk cHmwkeHuro kodpduuuenta tpenus ¢ 0,15 no 0,11 (pucynok la, kpussie 2, 3, 4).
MunumanbHoe 3HadeHue kodddunuenrta Tpenus 0,1 moaydeHo B ciaydae MmoaHOW 3ameHsbl Tpadura ['D9-1
VB (pucynok la, xpuBas 5). [{ns ¢pukipoHHOro Marepuana, He cojaepxamiero YB, u3Hoc cocraBmi
230 10 mxm/uuki, Torma Kak mpu 100% VYB - 0,92 10" MxM/tHKT (pucynok 16). Kak Oymer
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MIOKa3aHO Jaiee, 3TO O0OyCIaBIMBAETCS YNPOYHSIOMUM JEHCTBHEM BOJIOKHa Ha (HOPMHPYEMYIO
CTPYKTYypy Matepuana. Takum oOpazom, mpu conepxkaHuu 25-75% VYB B coctaBe (pUKIHOHHOTO
MaTepualia TPUBOJUT K HU3MEHEHHI0 KoddduumeHta TpeHuss He Oomee yem Ha 8 %, mpu 3TOM
M3HOCOCTOMKOCTh (PPUKIIMOHHOTO MaTepuana yBennuusaercs 10 2,0 pas.

a) 0)

1-100 % I'D-1; 2-75% I'2-1+25 % VB; 3-50% I'3-1+50 % VY B,; 4-25% I'D-1+75 % VB, 5-100 % VB
Pucynok 1 — M3menenue ko3 dunnenta TpeHus U U3Hoca (pPUKIIMOHHOTO MaTepHalia ¢ pa3iInIHbIM cojiepxkanueM Y B

VB BbICTyNaeT B poju apMUpylolled a00aBKH, CIIOCOOCTBYIOIIEH YHNPOYHEHHIO MOJUMEpPHON
MaTpuIbl, MOBBIMAs 3()()EKTUBHOCTh KpEIUIEHUS YacTWI] HamonHuTenss. Ha pucyHke 2a mpuBeneHa
MOp(OJIOTHST TOBEPXHOCTU TPEHUS (PPUKIIMOHHOIO MaTepuaia, HaloJHEHHOro rpagurom mapku ['9-1.
[ToBepXHOCTh XapaKTepHu3yeTcsi OOJBIIUM KOJWYECTBOM Y4YacTKOB ¢ mopamu paszmepom 20-70 MkmM,
KOTOpble O00pa3oBalUCh B MpOLECCe BBIKpAIMBAaHUS dacTHll rpadura u xenesa. MHON xapakTep
pa3pylIeHUs] TOBEPXHOCTH TPEHUS OTMEYAETCS B CIIydae MCIIOJIb30BaHMs YIIIEPOIHOTO BOJIOKHA. Tak mpu
50% VYB Ha NOBEpPXHOCTH TPEHHsI KOJMYECTBO YYAaCTKOB C BBIKpAIIMBAaHUEM YacTHIl Trpaduta
MHUHHAMAJIBHO, pa3Mep KOTOphIX He mnpebimaet 20 MkM (prcyHOK 20).

a) 6)

a) 100 %I'3-1; 6) 50% I'>-1+50 % YB
Pucynok 2 — Mopdosnorust moBepxXHOCTH TpeHHs (PPUKIIHOHHOTO MaTepraia

Yactunel rpaduTa, HMMEIONIME CIOUCTYIO CTPYKTYPY OTHEJSIOTCS YelIyiKaMH, KOTOpbIe
MOoAU(DUIIMPYSI TIOBEPXHOCTh TPEHHUSA. YTIEPOJHOE BOJOKHO IIOCIE TPEHHS HMEET BBITJIAKECHHYIO
MMOBEPXHOCTh, OTCYTCTBYIOT BBIPBIBBI, OTCJIOCHHUS, Cjeabl aOpasuBHOrO u3HOCa (pUCYHOK 20).
[ToBepXHOCTHBIN clIOl TpeHuss (PPUKIMOHHOTO MaTepHalia UMEET CIOXKHYIO CTPYKTYpY, CTPOCHHE H
XUMUYECKUM COCTaB, OMPEACIAIONINN TPUOOTEXHUYECKUE CBOMCTBA Naphl TpeHUs. B HeM mpHuCyTCTBYIOT
MPOAYKTHl H3HOCA TOJUMEPHOTO CBS3YIOIIErO, BXOMSIIMX B COCTaB (PUKIMOHHOTO MaTepuana
KOMIIOHEHTOB, a TaK)Ke MPOIYKTOB N3HOCA YTIIEPOACOACpKAIeH TOOABKH.
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AHAJIN3 KAPTUH PACCESHUSA PA3JIMYHBIX BUTOB I'PA®UTA

JloruHos I[.B.l, Jlemox A.B.Z, Porosoii A.H.2, CoJIOHMHKHHA M.B.l, Beiimna H.IO.

! [Ierpo3aBoaCcKHii rOCYJapCTBEHHBIN YHUBEPCUTET, TI'. [IeTpo3aBoack
2 WMHCTUTYT NOPOIIKOBOM MeTaulypruu uMeHu akagemuka O.B. Pomana, r. Munck, benapycs
3 «HayuHo-uccnenoBaTeIbCKUil HHCTUTYT KOHCTPYKIIMOHHBIX MaTepHaioB HA OCHOBE TpaduTa
«HWUrpadpur»», r. Mocksa; Poccuiickuii Texnonoruueckuit ynusepcuter MUPOA
(MUTXT um. M.B. JlomonocoBa), . MockBa
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I'padut momyumn mHpPOKOE pacIpOCTpaHEHHE B PA3JIMYHBIX OOJACTSAX TEXHUKH, TaKUX Kak
npUOOPOCTPOEHNE, MAIIMHOCTPOCHUE, MeTautyprus. lcmonb3yercss Hpu H3rOTOBICHMHM CMa30uYHBIX
MaTepHaIoB, TUTJICH, JIEKTPUICCKUX KOMIIOHEHTOB, Terton3ouisiiun [1]. ['pagut akTHBHO MCTIONB3yeTCS
B MOPOIIKOBON METAaJUIyprHH, BBICTyHast B posid rpaduTH3UpYIOIeH, kapounoodpasytomeil 100aBky, a
TaKKe 100aBKU TpeOyeMoro (hyHKIMOHAILHOTO Ha3Ha4yeHus [2]. ['paduThl BRICTYAIOT B PO OCHOBHOM
N00aBKM  TOJIMKOMIIOHEHTHBIX  (DPUKLUMOHHBIX  MaTepuaioB, oOecneuuBarolieid  Tpedyemble
TpUOOTEXHUYECKHE CBOWCTRA [3].

B pabote npencraBieHbl pe3ysbTaThl UCCIEIOBAHUS BIMAHUS TEPMUUECKOM 00paboTkH rpaduToB
Ha CTPYKTypHBIC U3MEHEHUS, ONPEACIISIONINE CBOUCTBA (PPUKIIMOHHOTO MaTepHaa.

UccnenoBamich rpaduThl pa3iuyHBIX MapoK, B 4acTHOcTH: 3emeHTHbd [D-1 (FOCT 17022-81);
kapanganHbii [K-1 (TOCT 17022-81); KOKCOBBIH, MOTy4YCHHBIH MyTeM U3MEJIbUYCHHUSI KPYITHBIX KYCKOB KOKCa
mureiiHoro ('OCT 3340-88); wommowmnsiid, npencraBnenasii HUU I'padwurt, r. Mocksa (IOCT 5261-50).
O6pasuest rpaduroB I'3-1, I'K-1 1 kokcoBoro npemocTaBieHbl IHCTUTYTOM TOPOIIKOBON METAILTYpPTrHH IMEHU
akagemuka O.B. Pomana HAH benopyccuu. I'paduter I'2-1 u I'K-1 npousseneHs! 13 HaTypaibHOro rpagura
pya 3aBabeBCKOro MectopokaeHus. TepmoodpaboTka rpaduTOB MPOBOIMIACH B Cpele AUCCOLMUPOBAHHOTO
ammvuaka, mpu 840 °C B TeyeHue 4 4acoB, ¢ MOCIICAYIOIIUM OXJIQXKICHHEM C ITEUBIO.

W3ydyenne  cTpykTypsl ~ 00pa3lioOB  TPOBOAWIOCH  METOJaMH  CTPYKTYpHOTO  aHAJIH3a.
PentrenorpadupoBanre MaTepuaioB ObUTO BBITOIHEHO Ha aBTOMAaTU3UpoBaHHOM audpakromerpe JJPOH-6 B
MoK -u31myyeHnn, MOHOXPOMATU3MPOBAHHOM KPHUCTAJUIOM MHPOJMTHYECKOrO0 Tpadura, yCTAHOBICHHOM B
TICPBUYHBIX JIy4aX, TE€OMETpUS ChEMKH Ha IPOCBET, HMHTEPBAJI YIJIOB CKaHWpoBaHWsS oT 2 jo 145°
DKCIEpPUMEHTAILHBIC KPUBBIC PACTIPE/ICIICHUSI FHTCHCUBHOCTH pacCesHUS |y5,(20) yepenusmich mo 8 chéMkaM.

Ha pucynke 1 mnpuBeAeHb pEHTIEHOTPaMMBI HCCIEIyeMbIX 00pa3ioB rpadutoB. Ha d¢one
pasmbiToro nud¢ys3Horo (oHa xapakTepHOro ajs amop(HOIl cocTaBisionie oOpasia HMpUCYTCTBYIOT

y3KI/Ie I[I/I(bpaKI_[I/IOHHI)Ie MaKCI/IMYMI)I.
1, amn/c

10! 1, eMn/e
984 1[|:

84 101

704

421 e «

28

14 M 213
14

10 20 30 40 50 60 70 S0 9 100 110 120 130 3¢

T 90 40 S0 60 70 SO 90 100 110 120 130 +a®
Puc.1. PertrenorpamMmbl 06pa3suos rpaUToOB B HCXOAHOM COCTOSIHHH M IOCIE TepMooOpadoTky, 1(20):
1- rpadut 3neMeHTHBIH, 2- rpauT 3JIEMEHTHBII TepMOOOpaboTaHHBIH, 3- KOKC, 4- rpadUT KOJIJIOUIHBIH,
5 — rpaduT KapaHANTHEIH

126



[TonoxeHne MHTEHCUBHOIO y3KOrO MakCMMyMa B oOiactu 20 ~ 12° xapakTepHO Uil OTPAKECHMS
cemeiicta mockocteit 002 rpaduta. CTOUT OTMETHUTD, YTO XapaKTep KapTUH PACCESTHUS PEHTTEHOBCKUX
Jaydei pasznuueH. Bun kapTHH paccestHHS 00pas3loB TrpadUTOB AIIEMEHTHOTO WIIM KapaHAAITHOTO
XapakTepeH i1 KPHUCTAJUIMYECKUX MaTepuasoB, HO HabmomaeTcss pasMmbIThiil auddysueii Gon. U3
aHaliM3a PEHTICHOTPaMM, IPEJICTABICHHBIX Ha PHUCYHKEe 1, BHIHO, YTO HAa KPHUBOH pacIpenereHus
WHTEHCUBHOCTU paccesHus [3-1 mpucyTcTByeT psia IuPaKIMOHHBIX MaKCHMYMOB, KOTOpbIE He
HaOmonatorcs Ha peHtreHorpamme ['K-1. TlpoBeneHHBIN (a30BBId aHAMHM3, MOKa3al MHOTO(Pa3HOCTH
I'3-1: mpucyTcTBYeT poMOnUeckasi U reKcaroHanbHas (asa.

Jns obpasna KOoKca M KOJUIOWZHOTO rpaduTa, HANMpOTHUB, KApTHHA DPACCESHHUS XapakTepHa JUis
OOJIBIIMHCTBA MPUPOTHBIX aMOP(HBIX YTIEPOAHBIX MaTEPHUANOB, TAKUX KaK IIyHTUT, aHTPALMT, U JUIS
CHHTE3UPOBAaHHBIX — CTEKIIOYTIECPO/I.

bouin  paccunTaHbl U MPOAHATU3UPOBAHBI XAPAKTEPUCTHKU ONIDKHETO TMOpsiAKa MO METOMY
Yoppena-®unbaka. 3aBUCHMOCTH WHTEHCHBHOCTH OT yria paccesHus 1(20) Obuin mepecTpoeHbl B
macmitad I(S), rae S — qmuHa AupakIHOHHOTO BEKTOpa, MCIIPABJICHBI HA TOTJIOMICHHE U MOJISPU3AIIUIO,
MICPEBEICHBI B JICKTPOHHBIC SIMHUIIBI (3J1. €]1.) ¥ UCTIPABIICHBI HA KOMIITOHOBCKOE paccesiaue [4].

13 HOpMHUPOBAHHOTO KPHBOT'O pacrpe/iesicHiss HHTEHCUBHOCTH |(S) paccuuThiBagach S-B3BEIICHHAS
unrepdepenmonnas Gyunkuus H(S), u kpuBas pacrnpenenenus napueix Qyukiuii D(r). 13 kpusoit D(r)
JUISE KaXA0ro oOpasma ObUIM pPacCYMTAaHBl XapaKTePUCTHKU OMIDKHEro mopsjaka. Pacuersl ObuH
TIpOM3BeIEHHI 10 12 KoOpAMHAMOHHOI cepsl, pamryc KoTopoii coctaBnset 7.06A.

AHanu3 MEepBBIX TPEX PaJANYyCOB KOOPIAMHAIMOHHBIX c(hep, COOTBETCTBYIOIIMX PACCTOSHUSIM B
yIJIEPOJHOM KOJbIE, UIS O0pasloB TrpaduTa KapaHIAITHOTO M DJIEMEHTHOTO PAaBHBI TAKOBBIM JIJIS
reKcaroHaibHoOro rpadura. Ymcna aToMOB Ha paccMaTpUBaeMbIX cdepax CHIBHO pPacXOmsTcs C
TEOPETUYECKUMHU 3HAYEHHUSIMH JUISI TeKcaroHalbHOTo Tpadura y obpasma I'D B ornmume ot rpadura
KapaHJaIIHOTO.

MesKceTodHoe pacCTosHHE Yy TpaduTa 3IeMEHTHOr0 M KapaHmamHoro coctapiser 3.35 m 3.34A
COOTBETCTBEHHO. 3aBBIIIEHHOE YHCIIO aTOMOB Ha JaHHOW cdepe MOKET ObITh 00YCIIOBICHO HATUYHEM
aTOMOB yTJepoJa B MEXKCETOYHOM IPOCTPAHCTBE, a TAK)Ke HaATU4MeM B oOpasie (pparMeHTOB CTOMOK
rpad)eHOBBIX CIIOEB.

AHalu3 NMepBhIX TPEX KOOPAMHALMOHHBIX cep KOKca U rpaduTa KOIOMTHOTO, CBUIETEILCTBYET O
nedopManuu yriaepoaHOro KOJbLia, a 3aHMKEHHOE KOOPIMHAIMOHHOE YHCIIO Ha paccMaTpHUBAEMBbIX
cdepax MoKeT ObITh 00YCIOBICHO HAJTMYKUEM JAS(PEKTOB B BHJIC BAKAHCHUI B CIIOSX.

AHanu3 KpUBBIX paclpeselieHnusi HHTEHCUBHOCTU PACCESIHUSI M KOJIMYECTBEHHBIX XapaKTePUCTHUK
ONMVDKHETrO TMOpsAKA CBUAETEIBCTBYET O PA3IUYUU CTPYKTYPBl HCCIIEAyeMBIX MarepuaioB. [leraipbHoe
HCCIIEZIOBAHHE PACCMATPUBAEMBIX OOBEKTOB IO3BOJIUT OOBACHUTH OCOOCHHOCTH (PU3MKO-XMMUYECKHUX
CBONCTB.

Croutr oTMeTHTh, Tmocie TepMoobpaboTrku mis rpadura ['K-1 He oTMewaeTcss H3MEHEHHE
CTPYKTYpBI, B OTJIMYMU OT KOKca U rpaduTa 31eMeHTHOro. bosee cyniecTBeHHbIe U3MEHEHUS TapaMETPOB
KPUCTAJUTMYECKON CTPYKTYphI hukcupyercs mist rpadura ['9-1. Tak, Ha peHTTeHOrpaMMe B CpaBHEHUH, Y
rpaduTa 3JIEMEHTHOTO TepMOOOpabOTaHHOTO MpeodiasaeT aMop(Has-KPUCTAIIIMUECKasi COCTaBIIAIONIas
Y TIPOSIBJISIIOTCS SIBHO BBIpaXKEHHBIE MakcuMyMsbl B yraax 10.2°, 20°, 30.3° u 30.8°.
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CTPYKTYPA JUTEMHOI'O MATHUEBOI'O CILJIABA CUCTEMBI Mg-Al-Zn-Mn,
MOAUPUNLNPOBAHHOI'O PA3JIMMHBIMU AJIVIOTPOITHBIMH
®OPMAMMU HAHOVYTJIEPOJA

MakoBckunii C.F.l, Kmounxun B.B.l, IanomeeB B.A.Z, Tkau I[.B.2

1 AO "MOTOP CUY", r. 3anopoxxbe, YKpanHa
? HanmoHampHbIi VYuusepcurert "3anopoxxckas [Tonurexnuka", r. 3anopoxse, YKpanHa

tb.ugmet@motorsich.com

MarsueBble CIUIaBbl 3aHUMAOT 0CO00€ MECTO B PAa3BUTUU aIPOKOCMUYECKON TEXHHUKU H
TEXHOJOTHA Oyarojaps IeJIOMy KOMIUIEKCY YHHKAQJIBHBIX CBOWCTB. HAaWMEHBIIEH W3  BCEX
KOHCTPYKIIMOHHBIX MaTEpHUajioB IUIOTHOCTHIO, BBICOKOH YAENBbHOM MPOYHOCTBIO M KECTKOCTHIO,
XOpOIIUMHU  JIeMIQUPYIOMUMH  XapaKTCePUCTUKAMH M YCTaJOCTHOW  JOJTOBEYHOCTHIO |
TEXHOJIOTHYHOCTHIO [1]. JIuTeiitbie MaruueBbie cruiaBbl cucteMbl Mg-Al-Zn-Mn mipoko npuMeHsFOTCS
B HM3TOTOBIICHUW OTJIUBOK HArpyKCHHBIX KOPIYCHBIX JeTaJied aBHAIIMOHHBIX JIBUTATEICH W Y3JIOB
TPAHCMHCCUU BEPTOJIETOB OJIarogapsi COBOKYIMHOCTH XOPOIIUX JINTEHHBIX M TEXHOJIOTUYECKUX CBOMCTB, U
UX JalbHEHIIIEMY YCOBEPIIICHCTBOBAHHUIO Y ICNIAETCS 00JIbIIOe BHUMaHUE [2].

[lepcrieKTUBHBIM HAIPABJICHWEM B TOBBLIIMICHUH JKCIUTYyaTAllMOHHBIX XapaKTEPUCTUK W3ACTUN U3
JTAHHOW TPYIIBI MATEPHAIIOB SIBIISIETCS pean3anus 3)PeKTUBHBIX MEXaHH3MOB YIIPABJICHHS CTPYKTYPOH
CIUIaBa 3a CUeT BBEJEHUS B pAcIylaB B MajbIX KOJMYECTBAX HAHOYACTHUI[ TYTOIJIAaBKUX BEIIECTB,
SIBIIIIOIIMXCSL  TOTOBBIMHM  IIEHTpaMu  KpucTtaummzanuu [3].  bBombiioil  uHTEpec MpeacTaBisieT
MOIU(UIIMPOBAHUE JIMTEWHBIX MAarHUEBBIX CIUIaBOB  cucTteMbl  MQ-Al-Zn-Mn,  yriepoaHbiMu
HaHovactuiiamu [4]. Bmecte ¢ Tem, Ha ceromHs He cHOPMYIHPOBAHO YETKOE OOBSICHEHHE MEXaHU3Ma
M3MEIbUYCHHS 36pHa MArHUEBBIX CIUIABOB CHCTEMBI MarHWi-aqtoMHHHUE [5], a Ha pBIHKE OTCYTCTBYET
MpeaaoKeHue He1oporux dGHEeKTUBHBIX MOIU(DUKATOPOB TSI CTIIABOB JAHHOW CHCTEMBI, OKa3hIBAIOIIUX
YCTOWYUBBIA MOAUGDUIIUPYIOITHI 2P DEKT.

BrimonneHo MoauuIMpOBaHWE IMATEHTOBAaHHBIM METOAOM OTACNBHBIX TMOPIHUNA JIUTEHHOTO
MarHueBoro cmiaBa MJI5 HaHouacTHMIIaMH pa3IMYHBIX  AIJIOTPONHBIX  (OopM  HaHOYyTIEpoAa:
TEXHUYECKOTro (amop¢HOoro) yriepoaa, HaHorpaduTa HM OJHOCTCHHBIX YIJIEPOJHBIX HAHOTPYOOK
(SWCNT) B kommuectse 0,001...0,10% 1o macce ¢ npuMeHeHHEM (QU3NIECKOTO BO3ICHCTBYSI HA PACIlIaB
- POTOPHOTO MEepeMeNIMBaHus ¢ MOMOIIbI0 KpbiibuaTku (PIT). MoauduunpoBaHHbIN CIUIaB 3ajMBaid B
MeCYaHO-TIMHUCTBIE (OPMBI CO CTAaHAAPTHBIMU O0pa3aMu AJis UCTIBITAHUM MEXaHUYECKUX CBOMCTB MpH
pacTshkeHMH ¢ auameTrpoM paboueil wactu 12 mm. BrimonHena cranmapTHas Tepmuueckas oOpaOoTka
00pasmnoB o pexumy T6.

CornacHo pe3yJibTaTaM HCIBITAHHI MEXaHHYECKUX CBOWCTB OMBITHBIX 00pPAa3IOB MPH PaCTSIKEHUU
MOAU(DUIIMPOBAHHE TEXHUUYECKUM YTJIEPOJIOM, HAHOTPAa(UTOM U YIJIEPOJHBIMU HAHOTPYOKaMU IPUBOIUT
K 3aMETHOMY TIOBBIIICHUIO CBOMCTB IIACTUYHOCTH (= 2 pa3a) NMpHU COXPAHECHHUH WM HEKOTOPOM
TIOBBIIICHUH TIPEeIia MPOYHOCTH Gy MeTaimorpaduueckoe ucciieoBanre mindoB o0pa3iioB Mokasano,
YTO BBEJCHHME YKa3aHHBIX TpPEeX ajUIOTPOIHBIX (opMm yriepona yxe B komumdectBe 0,001% mo macce
NPUBOJHT K OoJiee, 4eM IBYKpaTHOMY M3MelbueHHo 3epHa (Puc.l1).

a 0 B
Puc. 1. MakpoctpykTypa cmiaBa MJI5, MOIU(UIIMPOBAHHOIO BO3PACTAIOIIMMHU JOOABKAMH TEXHUYECKOTO YIiiepoaa
(0,001...0,10% no macce): ucxoansiii crias MJI5 (a); 0,001% texuuveckoro yriaepona + PII (6);
0,10% texaugeckoro yriepona + PII (B)
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Kak crmenctBue, mpoucxoauT 0oJiee TOHKOE U PABHOMEPHOE PACIpeICIICHHE IO TPaHUIlaM 3epeH O
TBEPAOTO pPacTBOpa HHTepMeTaLTHIHON (a3l M 7Al;; (Puc.2), 49T0 CmocoOCTBYET TMOBBIIICHHUIO
KOMIUIEKCA CBOWCTB, B T.4. KOPPO3MOHHOW CTOWKOCTH. MoauduuupoBaHiue OJHOCTEHHBIMHU
YIIAEPOAHBIMU HAHOTPYOKaMU Tak)K€ MPHUBENO K YMEHBIIECHUIO CKIOHHOCTH CIJIaBa K OOpa30BaHUIO
rOpsSYMX TpeniuH. Tak, B KOJBIEBBIX 00pa3iax s OMPESIICHUS TOPSYeIOMKOCTH, OTJIMTHIX U3 CIUIaBa
MUJI5, moguduiupoBantoro 0,01% no macce SWCNT, moHOCThIO OTCYTCTBOBAIN TPEIIUHEI.

[TosydyeHHbIE pe3ybTaThl ONBITHOH pPaOOTHl yKa3bIBAIOT HA TO, 4YTO MOIU(MDHUIIMPOBAHHE
YIIAEPOAHBIMU HAHOUYACTUIIAMH SIBJSETCS MOTEHUUATbHO S()(PEKTHUBHBIM Mallo3aTPAaTHBIM METOJOM
MOBBIIICHUS KOMILUIEKCA (PU3NKO-MEXAaHUIECKUX CBOMCTB JIMTEHHBIX MarHueBbIx crutaBoB Mg-Al-Zn-Mn.

a x100 0 x100

B x100 r x100

Puc. 2. MukpocTpyKTypa HCXoaHoro cruasa MJIS, 6e3 MoauuitnpoBanus yriaepoaom (a);
0,01% macc. Texuuueckoro yriepoaa + PII (6);
0,01% wmacc. manorpadurom + PII (B); 0,01% macc. SWCNT + PII (r);
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O IMOPUCTOCTHU T'PA®GUTOBOM ®OJIBI'N
C PASHOHM BHYTPEHHEM YJIEJIbHOM MOBEPXHOCTBIO

MaJjaxo A.H.l’z, IOpkoB A..JI.l’Z, ABJieeB B.B.2

! TynbCKUM TOCYIapCTBEHHBIN YHUBEPCUTET, I'. Tyna
2 MI'Y umenu M.B.JIomoHocoBa, r. Mocksa

I'paduroBas ¢onbra — 370 MOPUCTHIN MaTepHall ¢ OOJIBIION BHYTPEHHEH YIebHON MOBEPXHOCTHIO.
Ha moBepXHOCTH YIJIEPOAHBIX CJIOEB MPUCYTCTBYIOT IMOBEPXHOCTHBIC TPYIIbI, KOTOpPbIC, BEPOSTHO,
MOTYT OKa3blBaTh BJIMSHUE Ha CTOMKOCTh MaTepuaia K okucieHuio. CyIIecTByeT JuTeparypa o
cymiectBoBanuu ToBepxHocTHbIX rpynmn (-COOH, -CHO, -OH, -C(O)-O-, -C(O)-) Ha moBepXHOCTH
yIJIEPOIHBIX MaTepuanos [1].

MOHO TPEANOJIOKUTh, YTO TOBEPXHOCTHBIC TPYMIbI CYIIECTBEHHBIM O00pa3oM BIMSIOT Ha
OKHUCJIIEMOCTh TpaduToBoi (Goasru. BeposiTHO, OCHOBHOI BKJIaJ B OKHUCISIEMOCTh TPa(UTOBOM (POIBIH
MOBEPXHOCTHBIC KUCIIOPOJI- COJICPIKAIINE TPYIIIBI BHOCAT HA CTaUKM COPOLIMU PEarcHTOB W Ha CTaJluU
aecopOuuu nMpoaykToB peakiyu. COKpalleHue BHYTPSHHEH yIeIbHON OBEPXHOCTH TpaduTOBON (HOIBIU
CYIIECTBEHHO YBEIMYUBACT CTOMKOCTh K OKHUCIICHHIO MaTepHalia, YTO MOBBIIIAET TEMIICPATYPHBIH MOPOT
CITY’KOBI TUX MaTEPHAJIOB B BUJ/IC YIUIOTHECHHH.

V nenpHasi TOBEPXHOCTh TEPMOPACIIMPEHHOTO TpaduTa 2-0if CTYNEeHH, TEPMOOOPAOOTaHHOTO TIPU
900°C, cocraBmster 55-60 M’/rpamm. VienbHas — IOBEPXHOCTh  TpadUTOBOH  (GOIBIH 13
TepMopacIpeHHoro rpaduTa B HHTEpBaie mioTHocTell ot 0,5 r/em® 10 1,8 r/eM® MOHOTOHHO MeHseTcs
ot 27-29 M*/rpamm 10 14-15 m*/rpamm (Puc. 1a).

Puc. 1. (a) 3aBrcUMOCTb BHYTPEHHEH Y/ENBbHOI TOBEPXHOCTH TPadUTOBOM (DOJIBIH OT MIOTHOCTH;

I'paduroBas Qonpra siBasercs BecbMa NOpuUcTbiM MatepuaioMm (Tabmuma 1) ¢ Gosbmioi
BHYTPEHHEH yNIEIFHON MOBEPXHOCTHI0. HaM He M3BECTHBI MpPsIMbIE METOJBI ONPENEICHHS OTKPBITOH H
3aKpBITOM  TOPUCTOCTH  TpauToBOW  (PONBrM W  MaTepualioB HAa  OCHOBE  YIUIOTHEHHOTO
TepMoOpacIupeHHoro rpadura. Hamu npennoxxeH npsMoli METOA ONpEAEIeHUs] OTKPBITOH IMOPUCTOCTH
rpaduTOBO# (QONBIH METOJAOM HACHIIICHHS B H30IPONWIoBoM criupte (Moaudukanus merona ASTM C
830-00 [2]). Pe3yabTaThl OnpeaeneHust OTKPBITON MOPUCTOCTH MPUBEACHBI B Tabmie 1.
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Taoauma 1

OTHocuTebHAs H Kaxkymasicd IIVIOTHOCTDL, OTKPbLITaAass U 3aKpbITasi NOPUCTOCTH Fpa(l)I/ITOBOﬁ

doabru
Kaxcymascs OTtHOCHTENbHAS OTkpbITas O6uas 3akpsbITas
IUIOTHOCTb,
Fpa(i)HTOBaSI Hor® IUIOTHOCTH, % MOPUCTOCTH, % MMOPUCTOCTH, % MTOPUCTOCTH, %
¢ounbra c
IJIOTHOCTBIO, T/CM°
0,5 0,473 0,2096 71,48 78,77 7,29
1,0 1,016 0,45 50,53 54,44 3,91
1,8 1,662 0,737 25,67 26,06 0,39

Hccneoosanue evinonneno npu gunancogou noodoepoicke Munucmepcmea HAYKU U 8blCULE20
obpaszosanus (npocpamma monooexcrvix nabopamopuit Tyal'y)

JUTEPATVYPA

1. E Fuente et al., Infrared spectroscopy of carbon materials: a quantum chemical study of model
compounds, J. Phys. Chem. B 2003, 107, 26, 6350-6359
2. ASTM C 830-00. Standard test method for apparent porosity, liquid absorption, apparent specific
gravity, and bulk density of refractory shapes by vacuum pressure.
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CITIOCOB ITPOBONIOAT'OTOBKH YIVIEPOJHBIX BOJIOKOH
JJISA PEHTTEHOCTPYKTYPHOI'O UCCJUIENJOBAHUA.
OCOBEHHOCTHU CBEMKH ¥YB HA TU®PAKTOMETPE

Mapkosa U.10., Bepoen /I.b., byonenkos U.A., CamoiinioB B.M., Komenes 10.U., bunator /1.B.,
\CTenapeBa HH\

AO «<HUUTPADOUT», r MockBa
room20907 @rambler.ru

VYrinepoanoe BoaokHO (YB) — xkryT u3 snemenrtapubix ¥YB (punament). KonmuectBo uiamMeHTOB B
Kryre YB pa3inuHOe M 3aBHCUT OT KOMMEpPYECKOM Mapku YB, OCHOBHBIM NPOJYKTOM Ha PBIHKE
seisitotess YB ot 6000 (6K) mo 24000 (24K). dunament YB — yriepoaHslii MaTepual ¢ COACpKaHHEM
yraepoaa 1o 99,5% wumeronmit GuUOpWILIAPHOE CTPOSHHUE, TAC OPHEHTAIUS KPUCTALIUTOB yTIepoiaa
HaXOJUTCSl B OJIHOM HAaNpaBJIEHUH - BJAOJIb OCHU BOJOKHA. OpHEHTalMs yIIepOJHBIX CIOEB BJOJb OCH
TEKCTYpbl BOJIOKHA HamOojee BelpakeHa y YB, mpomemmux BTO npu Temmeparype Boime 1900°C u
opueHTalMoHHON BbITsDKKE. [Jnamerp VB Bapbupyercs or 0,2-0,3 MKM, HOJTY4YEHHBIX METOAOM
anekrpodopmoBanus (HeTKaHbIi Matepuan), 5-10 mxm Ha ocHoBe [TAH, 1o 15 MkM nekoBbie BosiokHa[1,
2,3,4]

[lepcrieKTHBHOCTh ~ MICTIONIB30BAaHMS  YTJIEPOJHBIX BOJIOKOH B KayecTBE KOHCTPYKIIMOHHBIX
MaTepHaJIOB B PA3JIMYHBIX 00JACTAX TEXHUKH MpPEAONpe/eseT MOBBILICHHBI HHTEpEeC K U3YUYCHHIO MX
(U3MKO-MEXaHUYECKUX CBOICTB, TECHO CBA3aHHBIX CO CTPYKTYPHBIMH mapamerpamu [5, 6].

Pentrenoda3oBelii 1 PEeHTI€HOCTPYKTYpPHBIH aHAIU3 MaTepHaliOB NMPOBOAMUIM Ha PEHTI€HOBCKOU
ycranoske JIUDPEM-401 ¢ ocTpodOKyCHON PEHTIEHOBCKOi TpyOKoi ¢ «Co» aHOMOM, C M30THYTHIM
KOOP/AMHATHO-UyBCTBUTEJIbHBIM JIETEKTOPOM U C OJHOBPEMEHHOW perucrpanueil andpaxioHHOR
KapTHHBI B OOJIBIIIOM MHTEPBAJE YIJIOB. YTIIbI YCTAHOBKU MCTOYHHKA O M IETEKTOPA 3 OIPEAETISIOTCS 110
KpYroBbIM HikasaM. [Ipu 3ToM cyMMa yIioB yCTaHOBKH paBHA JBOWHOMY yriy Audpakiuu: o +3 =20.

bemn  uccnemoBansl YB  mapok: T-700 (Torayca), «BMH-4», «PoBuinon-5». Metoauka
HNPUTOTOBJIEHHS 00pPa3LlOB BKIIIOYAET pa3MOJl U PacCceB YIIIEPOJHBIX BOJOKOH, MOJNPECCOBKY MOPOIIKA B
ktoBerte [7, 8].

O6pasupr YB Obutn monmydeHsl Tepmoodpadotkoit mpu 3000 °C u ckopoct mpoTspkku 31 m/u.
OOpa3upl UMEIOT pa3Hyl CTENEeHb BBHITSDKKU. CTpyKTypHblE HapaMeTpbl 0o0pa3loB HpPE/ICTaBIECHbI B
tabnuue 1. Jludpakrorpammer 06pa3iioB NpeCTaBICHbI HA pUCYHKe 1 a u 6.

Tabnuya 1
CTpyKTYypHbIe IapaMeTPbl, HCCIeyeMbIX 00pa31oB
Howmep Mapka Brerrsikka %, doozcp, HM L., HM L,, HM
obpasia ncxoaHoro YB npu BTO
1 0 0,3479 + 0,0005 7,3%+0,3 8,2+0,4
2 «BMH-4» +6,4 0,3469 + 0,0005 8,5+0,4 12,9+0,5
3 +8 0,3447 + 0,0005 9,0+0,4 13,0+0,5
4 +1 0,3519 + 0,0005 4,4+ 0,4 6,5+0,4
5 T-700 +4 0,3482 + 0,0005 6,9+0,3 8,4+04
6 +6,5 0,3481 + 0,0005 6,4 +0,3 11,8+0,5
7 +10,5 0,3453 + 0,0005 7,5+04 13,3+0,6
8 «PoBUIIOH-5» +1 0,3448 + 0,0005 7,8+0,3 8,4+04

Cpennue pasmepsl kpuctawmtoB (LC; La) paccuumThiBamm METOIOM ammpOKCHUMAIMU  T10
yumpennto nuaui (002); (004) m (100); (110) ¢ wucmonb3oBanueM ¢(yHkimu Doiirra B KadecTBe
annpoKcUMupylomen GyHKIuU 1o nporpamMme, pazpadoransoit B HUTY MUCuC.
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Puc. 1. Iudpaxrorpammsr ¥YB, npomeamue BTO, ¢ pa3nuyHON BBITSKKOM:
BMH-4 (a); T-700 (6)

[Mpoduns pertreHoBckoro orpaxenus (002) accuMeTpHYHBIH, YTO CBUICTEIBCTBYET O HATMYHH, 110

MEHBIIIEH Mepe, IBYX CTPYKTYPHBIX COCTABJISIONINX, PA3IMYAOIIUXCS 10 cTeneHu rpaduranun. Mexons
M3 3aBUCHMOCTH CTCIICHH TPEXMEPHOM YMOPSIOYCHHOCTH OT WM HMHTeHCHBHOCTeH peduekco (112) u
(110), BuaHO, YTO OHa pacTeT C yBeIHUeHHEM cTerneHH BuITSHKKH [9]. Tlo Mepe yBenmuueHHs CTENCHH
BhITsDKKH BMH-4, HaO1r01a€TCs CHIDKEHUE MEKITIOCKOCTHOTO pacctostHus ooz ¢ 0,3479 mo 0,3447 um,
yYBEJIMYEHUE BBICOTHI KpUCTAUTOB L, ¢ 7,3 10 9,0 HM, u quametpa KpuctamuutoB L,, ¢ 8,2 1o 13 HMm.
[TomoOHast 3aBHCHMOCTh HabOmomaeTcs it oopa3noB T-700, cHIDKEHWE MEKIUIOCKOCTHOTO PACCTOSTHHUS
dooz ¢ 0,3532 no 0,3453 HM, yBenuveHHE BBICOTHI KpHCTALIUTOB L, ¢ 4,4 mo 7,5 M, U auamerpa
KpucTamuToB L,, ¢ 6,5 mo 13,3 HwM.

N

~
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CHUHTE3 HAHOITIOPUCTOTI'O YIVIEPOJHOI'O MATEPHUAJIA HA OCHOBE
HOJIMMEPHOT O CbIPbA JJI 3ATAY AKKYMYJIUPOBAHUA METAHA

MemetoBa A.E., MemeroB H.P., 3enenun A.Jl., 'epacumoBa A.B.

denepanbHOE TOCYAAPCTBEHHOE OIOKETHOE 00Pa30BaTEIbHOE YUPEKICHUE BBICIIETO 00pa30BaHUS
«TaMOOBCKUI TOCYTapCTBEHHBIN TEXHUYECKHI YHUBEPCUTET», T. TaMOOB.

Anastasia.90k@email.ru

TpaHCIOPTUPOBKA, XpaHCHHE W JKCIUTyaTallls TPAHCIIOPTHBIX CPEACTB, pabOTAIONIMX Ha METaHE,
U3-3a HU3KOM KpUTHUYeCKOW TemrepaTypbl metana (191 K), B Hacrosimiee Bpems TpeOyeT 0o cxaTus
MeTaHa TOJ BBICOKMM naBiicHueM (Hampumep, Oosnee 20 MIla), nmub0 ero CKMWKCHHS TPU HHU3KHX
temreparypax (Hanpumep, okojo 112 K), 9to sBisieTcss A0POroCTOSIINM U MOTECHIIMAIBHO OMmacHbIM. [1].
Coxmxennslii nmpupoansiii a3 (CIII") — 310 perieHue, P KOTOPOM METaH XPAaHUTCS B BHUIE KUIISIICH
KHUIKOCTH Tpu Temneparype okoio 112 K (-161 ° C) B kpuoreHHOM pe3epByape mpu aaieHun okoso 0,1
MITa. KomnpumupoBauubiii npupoanbiii ra3 (KIII) — a3to perreHre, KOTOPOE HCHONB3YETCsS BO BCEM
Mmupe (Mcnosb3yercs Oojee MUUTMOHA aBTOMOOMIeH, padotaromux Ha KIII) [2]. B manHOM BapuanTte
(KTII') MeTaH XpaHUTCS B BHJE CHKATOH CBEPXKPUTHUECKOMN YKUAKOCTH MPU KOMHATHOM TEMIIEpaType u
naineann okojo 20-25 MITa. Makcumanbshas oo0bemHas emkocth ipu 20 MIla u 298 K cocraBnsier 230
v/v. Onnako, pesepByapbl aast xpanenuss KIIIT sBIsiFOTCS cOCyaaMu MO TABJICHHEM M, Kak CIICICTBHE,
UMCIOT OTPAaHWYCHHYIO TEOMETpUIO (OOBIYHO OHM HMMEIOT IMIUHIPUYECKYI0 (OpMY), BBICOKYIO
METAJUIOEMKOCTh, a TakXKe JUIsd JOCTHXKCHUs B pe3epByape namieHus Oonee 20,7 MIla tpebyercs
CIIeIUATM3UPOBAHHOE JIOpOrocTosiiee 0oopynoBanue [3].

Cuctembl XpaHeHHs ajcopOupoBaHHOro mpupoaHoro rasa (AIIlY) xapakrepusyrotrcs paboToil mpu
Oonee HHM3KHMX AaBieHHsX mo cpaBHeHuto ¢ KIII', mpeamonararoT wucnonb3oBaHue OoJiee IEIIEBOTO
obopynoBanus 1o cpaBHeHuto ¢ CIII u SBISIOTCS caMbIM 0€30MaCHBIM CIIOCOOOM XPaHEHUS! IPUPOIHOTO
ra3a ", Kak CJEJICTBHUE SIBIISICTCS aJbTEPHATUBHOW BO3MOXKHOCTBIO C/IETaTh aBTOMOOWIIM Ha MPUPOIHOM
ra3e KOHKYPEHTOCIIOCOOHBIMU C JAPYTUMH THIIAMU TPAHCIOPTHBIX CPEICTB. AJICOPOCHT SBJISETCS
KITIOYEBBIM 3BeHOM B TexHosoruu AIIl'. B 3aBUCHMOCTH OT €ro XapaKTepUCTHK TpaBUMETpUYECKas U
o0BeMHas aIcOpPOIIMOHHAs CIOCOOHOCTH OYAYT pa3HBIMHU.

K ancopbenTam, mpuMeHSIEMbIM B CUCTEMaxX aKKyMYJIHPOBAaHUS METAaHA, BHIIBUTAIOT CIICAYIOIIHNE
TpeOOBaHUs: 00BEMHAass BMECTHMOCTh AaKKyMYJIMPOBAaHHOTO Tra3a, TpaBUMETPUYECKas BMECTUMOCTH,
ONTUMAJIbHBIE pa3Mepbl MUKPOIOp It oOjerdeHus: aacopOiuu-aecoporun rasa (He Oosiee 2 HM, B
YaCTHOCTH, HaumOOJbIIas IUIOTHOCTh METaHa, aJICOPOMPOBAHHOTO  YTJIICPOTHBIM  aJICOPOCHTOM,
HaOmoaeTcss B HaHomopax ¢ pasmepom ~1,1 HM); BbICOKas HaChINHAS IUIOTHOCTh aJCOpOCHTa;
ruipohoOHOCTh aICOPOEHTA; OTHOCUTEIBHO BBICOKAS dKECTKOCTh aJCOpPOCHTA.

MeKMOJEeKyIIPHOE B3aMMOJICHCTBUE BO3HUKACT MEXAYy MOJEKylamu (aromMamu) aicopOeHTa H
ra3a TJaBHBIM 00pa30M 3a CYeT MTHOBEHHOM MOJISIPU3AIIUU B CJICICTBUE BBICOKOW CUMMETPHH MOJICKYJIbI
raza. OTHUM U3 KIFOYEBBIX (PAKTOPOB, ONPEACISIONIAM B3aUMOJICHCTBHE ra3a cO CTEHKOH TOp, SBISAETCS
pasmep mnop. OT pa3mepa ¥ (GOpMBI MOp 3aBUCHT IUIOTHOCTh ra3a B aJCcOPOMPOBAHHOM COCTOSHHH.
OdeBUIHO, YTO I yBETHUYEHHS aaCOPOIMOHHONW aKTUBHOCTH IMOPUCTOTO Marepraja HeoOXOAHM Kak
MOYKHO OOJIBIIIUI yAEIbHBIA 00BEMOM TOp, ¢ TPEOYEMbIM JHAMAa30HOM XapakTepHbIX pazmepos mop (0.6—
2 HM), T. K. 4YeM IIUPE MOPBI, TEM HUKE SHEPTHUsl aICOPOIMHU, YTO IPUBOAUT K CHIDKCHUIO aacopOormu. [4].

B nacrosiueii pabote npemiaraetes nmpeodpasoBanue cMecu coeauneHuit (Gypdyposa, THIPOXHUHOH,
YPOTpPOIIMH) TyTeM ILIEIOYHON aKTHBAIMK B HAHOIOPUCTHIM YTJIEPOIHBIH MaTepHans CO CBOWMCTBAMHU,
MOIXOASIIUME JUISI TPUIOKEHUH aacopOUuu M aKKyMYJIMpPOBAaHWU Tra3oB. Pa3paOoTaHHBI Matepuai
o0JasaeT TOCTaTOYHO BBHICOKOW TUIOIMIABI0 TIOBEPXHOCTH ~ 2722 M2IT 1 06BEMOM mop 1,08 e/t Gonee
80% KOTOPBIX COCTABIISIOT Y3KHUE MUKPOTIOPHI.

CuUHTE3UpOBaHHBIM MaTepual ObUT  OXapaKTEpU30BaH pPa3IMYHBIMH ~ METOJaMHM, BKJIIOYast
ancopoOmusi-necopomss Ny mpu 77 K, peHTreHoCcTpyKTypHBIM aHanmu3, WMK-cnekrpockonus ¢
npeodpazoBanneM Pypre, KP-criekTpockonus ¥ MpocBEYUBAIONIAs 3JIEKTPOHHAS MUKPOCKOIIHSI.
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B tabnuue 1 npeacraBieHbl CTPYKTYpHbIE XapaKTEPUCTUKN CUHTE3UPYEMOTO aJICOPOEHTA.

Taonuua 1
CTpyKTypHBIC IapaMeTPbl HAHOMOPHUCTOI0 YIJIEPOJHOI0 MATEPHAJIa HA OCHOBE MOJTUMEPHOI0
ChIPbA
Y nenpHas MOBEPXHOCTH 10 a30Ty Spor, M. 2722
Y nenbHasi TOBEPXHOCTD 10 a30TY Sper, M. 2340
O6beM nop, Vprr, e/t 1,082
VY nenbHbii 00beM Mukpornop, (Vo= Vot Vo), e/t 0.887
V eI 06beM mop Mesomnop, (Vos), eMo/r 0.195
Y nenbHbIi 00BeM 1Op NepBOi MO, Vo, em/r 0.610
Y nenbHbBIN 00beM 1TOp BTOPO Mok, Vo, e/t 0.277
Jnametp (mmprna) mop nepBoit Moabl, Doy, HM 0.818
Juametp (mmprna) mop BTopoit Mojsl, Doy, HM 1.299
JuameTtp (mmprna) mop Tpetbeit Momsl, Do, HM 2.351
[lnorHoCTH, d, r/eM® 0.220

AHaiu3 U30TepM BBICOKOTO JABJIEHUS MOKa3aJl, YTO CUHTE3UPOBAHHBIN aICOPOCHT JEMOHCTPUPYET
JOCTAaTOYHOE IPAaBUMETPHUECKOE IMOTIIOIIEHHE MeTaHa ¢ JoCTHKUMon emkocThio 0.5 r/r mpu 10 MIla u
298 K, uTo cootBeTcTBYET TpeOoBanusM, chopmupoBanHbiM MunuctepctBom JHepretuku CIIA (U.S.
Department of Energy) (DOE) x rpaBUMETpHYECKOHl EMKOCTH MOPHCTOrO Marepuaia Jyis
aKKyMyJnupoBaHus MeraHa [5]. OmHako, HECMOTpPS Ha JOCTATOYHOE I'PABUMETPHUUYECKOE IMOTIIOICHHE,
00BEMHOE MOTJIOIEHHE cocTaBmiio 153 M/ M npu ngasieann 10 MIla u 298 K, 4ro cBsizaHo ¢ ero
HU3KOH MJIOTHOCTBIO YIIAKOBKH.

W3roroBrneHHBIN ancOpOCHT MeTaHa MOXKET HCIIONB30BAaThCS B TEXHOJOTUU aJICOPOMPOBAHHOTO
npupognoro raza (AII) mis oOecriedyeHHss XpaHEHHs OSHEPTUM M KCHOJNB30BaHHS C BBICOKON
3¢ (HEeKTHBHOCTHIO.

[IpencraBneHHble pe3yabTaThl IMO3BOJIAIOT CAENaThb BBIBOJ O TOM, YTO CHHTE3MPOBAHHBIN
HAHOMOPHUCTHIA YIIIEPONHBIA MaTephall MOKET OBITh PAacCMOTPEH KakK MOTEHIMAIbHO 3S(PQPEKTHBHBIN
MaTepuall JUIsl XpaHeHHWs M TPAaHCHOPTUPOBKM MeTaHa. Cienyer OTMETHTh, YTO HEOOXOIMMO
ONITUMHU3UPOBATH €r0 CBOWCTBA, B YACTHOCTH YBEIWYUTh IUIOTHOCTH YIAKOBKM aJCOpOCHTA s
yBenuueHus: o0bemMHoi BMectumoctu AllT.

Hccnedosanue evinonneno 3a cuem epamma Poccutickoeo nayunoeo ¢onoa Ne 21-73-00026,
https://rscf.ru/project/21-73-00026/
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OCOBEHHOCTHU TEPMOJJUHAMUKU AJCOPBIIMU METAHA
HA HAHOITIOPUCTOM YIJIEPOJHOM AACOPBEHTE
C YYETOM EI'O TEPMHUYECKOM U AICOPBIIMOHHOM HEMHEPTHOCTH

MenpnikoB U.E., HIkoaun A.B., DoMmkuH A.A.

WuctutyT dpusndeckoit xumun u snexrpoxumun uM. A.-H. ®pymknna PAH
JlaGopatopus copOumonHsix npoueccoB UOXD PAH, r. Mocksa

i.menshchikov@phyche.ac.ru

[TpuponHbIii Ta3, TOMUMO HCIOJIB30BaHUSA B KauecTBe 3((EKTHUBHOTO 3HEpropecypca, sBiseTcCs
BaXHBIM CBIpbEM JUISI HE(PTEXMMHUYECKOH NPOMBINIICHHOCTH, TaK KaK COJCPKHT IMOMHMO METaHa
HOpMasbHbIe yriaeBogopoasl psima Co. (3TaH, mpomad, OyTaH), NPUMEHSEMbIC IS MPOHM3BOACTBA
KPYITHOTOHHAXHBIX MMOJMMEPOB. KpoMme TOro, MCTONb30BaHUEe METaHa, KaKk TOIUTHUBA, 0€3 MOCTOPOHHHUX
MIpUMECe, CHIDKAET SKOJIOTHUECKYI0 Harpy3Ky U MOBBIMIAET 3((HEKTUBHOCTh SHEPTOYCTaHOBOK. B cBs3H
C 9TUM pa3paboTka 3PPEeKTUBHBIX aICOPONMOHHBIX TEXHOJIOTUN pa3JelieHus YTIeBOJOPOIOB HA OCHOBE
CEJICKTHBHBIX HAHOMOPHUCTBIX YTIEPOAHBIX aJCOPOCHTOB SBISETCS BAXKHOM M aKTyallbHOHM 3amayeil.
[Momumo 0OmMX anCOPOIMOHHO-CENIEKTUBHBIX CBOWCTB, Ha 3()()EKTHBHOCTH TMPOLIECCOB pa3JEICHUS
CYILIECTBEHHOE BIIMSHHE OKA3bIBAIOT TEPMOJUHAMHUYECKHE CBOMCTBA aJCOPOIMOHHBIX CHCTEM. 3ajada
HacTosIIeH padoThl 3aKiIIOYallach B M3yUYEHHH OCOOCHHOCTEH TEPMOIMHAMUKU aJCOpOIMHM METaHa Ha
HAHOMOPHCTOM YIJIEPOJHOM aJCOPOEHTE C Y4YeTOM TEPMUYECKOM U aICOpPOIIMOHHON HEWHEPTHOCTH
ancopOeHTa B IIMPOKUX MHTEPBAIAX TEMIIEPATYP U JABJICHHIA, YTO BKHO JUTS PeabHBIX mporeccos [1].

B xauectBe 00BEKTa HCCIEAOBAaHUS HCIONB30BAIM YIIEPOAHBIA HAHOMOPHUCTHIA aaCOpPOCHT
pekynepannonHoro tuna AR-V, MONXy4eHHBIH W3 MHHEPAIBLHOTO YISl MPH IMOMOIIM Mapora3oBOU
aktuBaumu. Ha ocHoBe Teopunm oOBemMHOro 3amonHeHuss MuKpornop M.M. JlyOuHHMHA H3y4YeHBI
napaMeTpbl TOPUCTOW CTPYKTYpbI aJCOpOEHTa, METOAOM IOPOIIKOBON PEHTTEHOBCKOM Audpakiuu u
CKaHUPYIOILEH 3JIEKTPOHHON MUKPOCKOIIMU HCCIeN0oBaHbl (ha30BbIi cocTaB U Mopdoiorus aacopOeHTa.
DKCepUMEHTAIbHO U3MepeHa azacopbuus a Merana Ha AR-V, a Ttakke ero aedopmarms,
CTUMYJIMPOBaHHAS aICOPOIIMEH 7, U TeMIepaTypoit #1, B uHTepBaje temrepatyp 213-393 K u naBnenuit
1o 10 MIla [2].

[IpoBeneHbl pacyeTbl TEPMOJMHAMHYECKMX (YHKIMM CHUCTEMBI C Y4Y€TOM HEHMHEPTHOCTHU
ancopOeHTa 77,7 M HeuaeanbHOocTH TazoBoil ¢asel Z(P,T) Ha ocHoBe Teopum B.A. BakaeBa [3] —
nuddepeHIraIbHON MOJIBHOW H30CTEPUYECKON TEIUIOTH aacopOiuu (s (pucyHok 1a), sHTpomuu Sy,
sHTaIBIKMU N1 ¥ TeruIoeMKoCTH ancopOImonHol cructemsl Cy (pricyHok 1b).

W3 pucynka la criemyer, 4To HadaibHas TerwioTa amcopOumm meraHa Ha AR-V poruraer ~25
k/DK/MOJIb M TIPaKTUUECKH HE 3aBUCHUT OT Temmeparypshl. [locie 3Toro Qs pe3ko majgaer B pe3ylibTare
0TpabOTKH BBICOKOIHEPIrEeTHUCCKUX IICHTPOB aJCOPOIMH MpPH 3aloJHEHHUAX 10 1 MMoub/r. B obmactu
CPeIHUX BEJIHYHMH afcopOuuu 2—4 MMOINB/T ee MajeHue 3aMeUIsIeTCs M3-3a JAbHEUIIEro 3aroTHECHHS
o0beMa MHUKPONOP MOJIEKYJIaMH METaHa M BO3HUKHOBEHHS aJCOPOIMOHHBIX aCCOIMATOB METaHa, MpHU
9TOM CTAHOBUTCSI BCe 0oJiee CYIIECTBEHHOUW 3aBHCHUMOCThH (st OT Temmeparypbl. [lagenue TemnoTsl B
00JTaCTH BBICOKUX 3aIllOJHEHHUN 10 MUHUMAJIBHBIX 3aII0JHEHUH OOYCIIOBIICHO TPEACTHHBIM HACBHIIIICHUEM
nop azcopOeHTa.

O6 0coboM COCTOSSHUM aJCcOpOMpPOBAHHOIO BEIIECTBA B MOpax aAcopOeHTa CBUJIETEIbCTBYIOT
XapaKTEePUCTHKK TeroeMkocTd cuctembl C, (7) — pucyHok 1b. U3 pucynka crmemyer, uro C,
a7IcCOPOIIMOHHON CHUCTEMBI CYIIECTBEHHO MPEBBIIIACT U30XOPHYIO TeII0eMKOCTh Cy CBOOOIHOM ra30BoOM
(ha3pl MeTaHa MpPU OJHUX U TEX KE YCIOBUSX, IIPU 3TOM HAOIIOAeTCs CYIECTBEHHAs 3aBUCUMOCTh Cy OT
aJICOPOIIMOHHOTO 3alOJHEHHUS & M TeMIepaTrypbl | — C WX POCTOM TEIIOEMKOCTh aJCOPOIIMOHHOM
CUCTeMBl Takke yBenuuuBaercs. OYeBHAHO, YTO JaHHBIE OCOOCHHOCTH HE MOTYT OBITh CBSI3aHBI C
W3MEHEHHEM XapaKTEPUCTHK TBEPJAOTO Teia aacopOeHTa, TMOATOMY JIOTHYHBIM BBIBOJIOM SIBJISETCS
W3MEHEHHE CBOMCTB copOaTa HaHO-AUCIIEPTUPOBAHHOTO B TIOpaxX afcopOeHTa.
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a b
Puc. 1. (a) — muddepenimansabie MOJIBHBIC H30CTEPHUUECKUE TETOTH ancopounn CH, Ha AR-V npu Temmepatypax, K:
1-213;2-243; 3-273.15; 4 - 293; 5 - 313; 6 — 353; 7 - 393; 8 — (o [T —0, Z(P,T)=1];
(b) — 3aBucuMOcCTH AU depeHnnanbpHOI MobHO#H Termoemkoct C, cuctembr AR-V/CH,
Y U30XOPHOM TEIIOEMKOCTH ra3oBoi (a3l Cy OT TeMIieparypsl IpH Pa3IMYHOMN aJ1copOLHH.

N3 pucynka la ciemyer, 4To, Ha TEIUIOTY aCOPOIIMIO CYIIECTBEHHBIM 0O0pPa3oM OKa3bIBAIOT
BIIUSTHUE HEUACITHLHOCTh Ta30BOM (Da3bl 1 HEMHETPHOCTH YTIEPOAHOTO afcopOeHTa. B cBs3M ¢ 3THM ObLIa
MIPOBEJICHA OIIEHKA BIUSHUS 3THX MTAPaMETPOB, KOTOPBIE MPECTABICHEI B Ta0HIe 1.

Taonuua 1

MaxkcumasbHble BeJTHYMHBI BIUSIHUS NONPABOK HA IH(depeHINATbHYIO TEIJIOTY aACOPOIMH (st
NPHU Pa3JIHYHBIX TeMIlepaTypax AJs: KodgPuuueHTa c:kuMaeMOCTH ra3oBoi (passbl €7
(oTHOCHTEJBHO (o), TEPMHUECKOI €T U aJICOPOLMOHHOI 1eOPMALIHH E;, a TAKIKE UX CYMMBI €7+ €,
(oTHOCHTEIBLHO ()

T, K a, Mmmouis/r | P, MIla £z, % e, % €a, %0 et g4, %
213 6.23 2.4 -15.94 0.21 -1.00 -0.79
243 6.25 7.5 -76.62 2.39 -12.27 -0.88
273 5.70 9.5 -59.04 2.80 -8.49 -5.69
293 5.23 9.6 -32.08 1.74 -2.75 -1.01
313 4.81 9.6 -19.35 1.15 -0.5 0.65
353 3.91 9.6 -9.84 1.01 0.01 1.02
393 3.08 9.5 -4,93 1.02 0.29 1.31

Kak cnegyer u3 Tabmuubl 1, HauOosblliee BIUSHHE HA BEIMYMHY HW30CTEPUUYECKON TEIUIOTHI
aacopOuUMy OKa3bIBaeT ydeT kod(dduiMeHTa CKMMAaeMOCTH CBOOOIHON ra3oBoil (a3l amcopOTHBa,
nocruraronien €z ~-77 % npu temneparype 243 K. AncopounonHas aedopmariusi 7, TakKe OKa3bIBacT
3HAYUTENbHOE BIMsSHUE Ha (. Tak, mpu Temmeparype 243 K, nedopmarus Ha ypoBHE 775 ~0.2 %
MIPUBOJIUT K U3MEHEHHUIO B MCHBIITYIO CTOPOHY (st HA BEIMUUHY €,3~-12.3 %, UTO SIBJISICTCS CYIIECTBEHHBIM
MIpH pacdeTe aJAcOpOLMOHHBIX MPOLIECCOB M KOJIOHH.

Paboma 6 pamxax I'ocyoapcmeennoeo 3a0anus Poccutickot @edepayuu ([Ipoexm Ne 0081-2019-

0018).
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N3MEPEHUE BEJIMYNHBI YCUJIEHUA IOBEPXHOCTHBIX AKYCTHYECKHUX BOJIH
B T'PA®EHE IO/ JEMCTBUEM IOCTOSTHHOI' O SJIEKTPHUYECKOI'O ITOJIA

Muyosud @.0., YnukoB M.B., AuapeeB H.B., Anexkcanapos H.B., beikos A.C.,
IMapxomenko IO.H.

HUTY MUCuC, r. Mocksa
filippmilovich@mail.ru

YcusaeHne MOBEPXHOCTHBIX aKyCTHYECKUX BOJH TOJA JCHCTBHEM IMOCTOSHHOTO 3JIEKTPUYECKOTO
oJIA, TPHUIIOKCHHOI'O K MOJYIIPOBOJHUKY, B HAIIPABJICHUHW PACIPOCTPAHCHUA BOJIHBI, JaBHO HU3BECTHBIN
¢busnueckuii nporecc (pucyHok 1), Mccie0BaHHbIN, B YaCTHOCTH, B paborax [1-3]. OnHako mpumMeHeHne
naHHOro 3¢ ¢ekra, Mg 3HauuTenbHOro ycuineHus [IAB panee ObUIo 3aTpyAHUTENBHO, M3-32 BBICOKOM
HAMpPSDKEHHOCTH  3JICKTPHUYECKOTO TMOJIs, HEOOXOMUMOHN JUIS JOCTHXKCHHS KPUTHYECKOTO 3HAYCHUS
npetihoBoit CKOPOCTH AIEKTPOHOB.

Pucynok 1 — Cxema ycunenus ITAB

Hcnonp3oBanune rpageHa MO3BOJSET PEHIMTh JIaHHYIO MmpoOsieMmy, Ojaronaps BBICOKOH
MOJIBUJKHOCTH HOCHUTEJEH 3apdga M MajblM MEXaHWYECKUM HaNpsHKEHHUSM, JOCTUTAOIIMMCS 3a CYET
MaJioil Macchl IJICHKU.

B nanHO#l pabore ObLIO MPOU3BEIAEHO HW3MEpPEHUE BEIMUYMHBI ycuieHus U 3aTyxaHus IIAB non
JecTBUEM TMPSIMOTro, M OOpaTHOrO MOCTOSIHHOTO HANpsDKEHUs COOTBETCTBEHHO. I3mepenus
MIPOU3BOIMIIMCH HA BEKTOPHOM aHAJIM3aTOPE PETeid, IIPU 3TOM paccMaTpUBaIach MOIIHOCTh CUTHama S12.

PesynbraTel M3MepeHMi mpeacTaBieHbl Ha pucyHke 2. [lo pe3yiabratam wu3MepeHHH, ObLIO
JIOCTUTHYTO ycuiieHue 10 2 1b.

a 6

PucyHok 2 — Pesynbrars! u3mepenust ycuienus [IAB ¢unbrpa
[PH TIPUIOKEHUH HAMPSDKSHHS B IPSIMOM HaIpaBiieHuu (a),
Y 3aTyXaHHUS IPU MPUIOKEHIE HATIPSDKEHHS B 00paTHOM HarmpaBieHu (6)

Paboma evinonnena na ob6opyoosanuu I[KIl «Mamepuanogedenue u memaniypeus» npu
@urnarcosoui noodepacke P® ¢ muye Munobpuayku (coenawenue Ne 075-15-2021-696).

138



JUTEPATVYPA

. Yoshida, K. & Yamanishi, M. Interaction between surface waves and drifting carriers in layered
systems, Japan. J. Appl.Phys. 7, 1143-1144 (1968).

. Collins, J. H., Lakin, K. M., Quate, C. F. & Shaw, H. J. Amplification of acoustic surface waves with
adjacentsemiconductor and piezoelectric crystals, Appl. Phys. Lett. 13, 314-316 (1968).

. Hutson, A. R., McFeg, J.H. & White, D.L. Ultrasonic amplification in CdS, Phys. Rev. Lett. 7, 237-
239 (1961).

139



MOJIEJUPOBAHUE TPUBOJOTMYECKUX CBOMCTB BUCJIOA TPA®EHA
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SIBeHME CBEPXCKOJIB3CKOCTHM HAOIOAaeTCss B HAHOCTPYKTypax Ha ocHoBe rpadena [1],
MHOTOCJIOWHBIX YIJIEPOJHBIX HAHOTPYOKax [2], rpad)eHOBBIX HAHOIMOJIOCKAX HA MOBEPXHOCTH 30i0Ta [3],
reTepOCTPYKTypax rpaden/rekcaroHaibHblii HUTpUI Oopa [4] u Apyrux yriaepoaHbIX cTpyktypax [5].
Jlist ero u3ydeHus: ObUIM MPOBEICHBI dKCIIEPUMEHTANbHbIC [6] M TeopeTnueckue wccinenoBanus [7], a
TAK)KE ATOMHUCTHYECKOE MOJICIIMPOBAHUE IBYXCIOWHBIX cucTeM [8]. B nmanHO# paboTe ¢ MOMOIIbIO
KOMITBIOTEPHOTO MOJICITUPOBAHUS UCCIECIYETCS BIUSHHUE CTPYKTYPHBIX Ae(ekToB Ha TpuOOIOrHdecKkue
CBOMcTBa OmCi0s rpad)eHa ¢ MOBEPHYTHIMHU CIOSMH M BaKaHCHSMH B OJHOM U3 CJIOEB M 00CyKIaercs,
MOTYT 1M OHHM BHOCUTH 3HAUUTEIbHBIH BKJIaJ B CWIy TPEHUS, OrPaHUYUBAs BO3MOXKHOCTh
MaKPOCKOIIMYECKOTO CBEPXHHU3KOTO TPEHUS, 0OHAPYKEHHOTO I HAHOCTPYKTYP Ha OCHOBE TpadeHa.

BaxxHoii XapaKTepUCTHKOM, onpenenstoneil Tpudonorndeckue cBorictsa 2D marepuanos, sBisercs
MOBEPXHOCTh MoTeHnuansHoi 3ueprun ([113), To ecTh 3aBUCUMOCTD YHEPTUsi B3aUMOJICHCTBUS MEKIY
CIIOSIMH OT KOOPJWHAT, OMKCHIBAIOUIMX HMX OTHOCUTeNbHOe cMmemieHue. [ns Beramcnenus [I1D mpu
HAIMYAH Je(PEKTOB MPOU3BOAATCS CHUH-TIoNsipu3oBaHHble DFT pacuérsl ¢ aucrnepcnoHHON monpaBKoi
Grimme DFT-D2 [9], a Takke MOICTHPOBAHHE C HCIOJb30BAHUEM KIACCHYECKOTO IOTEHI[MAIa
Jle6eneoit [10] st momywenus [1I13 ¢ Gonbimm npocTpancTBeHHBIM pasperieHreM (PUC. 1).

Puc. 1. Dueprus B3aumoneiicteust U (B MaB Ha BakaHcHio) B 6ucioe rpadeHa ¢ moBepHyThHIME citosimu (2,1)
C oIHOM BakaHcHel B BepxHeM cioe. Pacuetst (a) DFT (6) ¢ ucmons3oBannem noteHiiana JleGeaeBoit st MesKCIOHHOTO
BSaHMOﬂeﬁCTBHﬂ B 3aBUCUMOCTH OT OTHOCUTECJIBHOT'O CMELICHMS CJIOCB B HAIIPABJICHUAX 3UT3ar (ux, B A)

u kpecenbHoM (Uy, B A) st meskenoiinbix paccrosiuuit (a) d =3,40 A u (b) d =3,46 A. Dueprus 3anaetcs oTHOCHTENBHO
MHUHHMYyMa. Bejible Kpy>KKd COOTBETCTBYIOT OTHOCHTEILHOMY IOJIOXKEHHUIO CJI0EB, B KOTOPBIX aTOM BEPXHETO CIIOS,
yIAIEHHbIH U CO3aHusI BAKAHCHH, HAXOIUTCS TOUHO HaJl aTOMOM HIKHETO ciios. OTMeueHbl HalokeHus cioes A u B.
JIvausamu 1,2,3 0603HaYEHBI HATTPABIICHHUS, COSIMHSIIONINE COCEAHNE MUHUMYMBI TOTEHIINAIBHON SHEPIHH.

Crpyktypa Oucnmosi rtpadeHa C TOBEPHYTHIMH CIIOSAMH 3aJaeTCsi HAOOpOM COM3MEPHUMBIX
OpHEHTAlUil CIOEB Uil OCOOBIX YIJIOB, OMPEICICeMBbIX Mapol B3aMMHO MPOCTBIX HHIAEKCOB (N;m). B
JaHHOW paboTe paccMaTpuBarOTCA clioW rpadeHa, MOBEpPHYTHIE OTHOCHUTENBHO Apyr apyra Ha 21,8
rpagycoB, YTO COOTBEeTCTBYyeT wuHAekcam (2,1). Jlns wu3ydeHHss TPUOOJIOTUUECKUX CBOWCTB,
00yCIIOBIICHHBIX Je(EeKTaMH aTOMHOTO MacimrTada, ObUIM pacCUMTaHbl CTPyKTypa BakaHcuit u 111D
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MEXCIIOHHOTO B3aUMOJICHCTBUS I OWCiOs TpadeHa ¢ TOBEPHYTHIMH CIIOSMU TIPH HAIUYHH H
orcytcTBuM BakaHcuit. DFT pacu€rel mokaszaiid, 4To CTPYKTypa H30JMPOBAHHOW PEKOHCTPYHUPOBAHHOM
BaKaHCUH SIBJISICTCS IUTOCKOM, YTO COOTBETCTBYET OOJBIIMHCTBY NPEABLAYIINX HccieaoBanuii [11].
Pesynbrarel Berumcnenuit III1D nns Ge3gedexTHOro ciydas mNoOKa3and HE3HAYUTEIBHYIO BBICOTY
MOTCHIIMATIBFHOTO pelbeda, B TO BpeMs KaK aHAJIOTUIHBIC pacu€Thl i Oucios rpadeHa ¢ MOBEPHYTHIMH
CJIOSIMHM C BaKaHCHUSIMH B OJIHOM M3 CJIOEB Jalld BEJIMYMHY BBICOTHI penbeda 28-30 M3B Ha BakaHcHIO C
Oapeepamu 7-9 MdB Ha BaKaHCHIO JJIT OTHOCUTEIILHOTO JIBFDKECHUS CIIOCB.

Takum 00pa3oM BeJMYHMHA BBICOTHI peibeda u Oapbepbl Il OTHOCUTEIBHOTO JIBUXKCHHUS CIOEB B
oucimoe rpadeHa C MOBEPHYTHIMH CIIOSIMH C BaKaHCHSIMH OKa3aJMCh 3HAYUTEIBHO OOJIBIIE, YeM B
CTPYKTypax Oe3 JedeKTOB, T. €. HATMYUE BBICOKOH KOHIICHTpAIlMM BaKaHCUI OrpaHMYUBACT CBOMCTBO
CBEPXCKOJB3CKOCTH B HAHOCTPYKTypax Ha ocHOBe rTpadeHa. BrluucieHus Moka3aid, 4YTO
MOJySMIHUpUYECKUi  moteHan JleOeneBoil  aJeKBaTHO  OINMUCBHIBAET CHUMMETPHIO,  ITOJIOKEHUS
IKCTPEMYMOB U BBICOTY penbeda, a Takke Oapbepbl TPAHCISAIUH B MPEIIOYTHUTECILHOM HANPABICHUH
OTHOCHUTEIIFHOTO CKOJIbKCHHUSI CJIOEB M MOXET OBITh YCICIIHO HCIONB30BaH JIJIsl KaueCTBEHHOTO
MOJICTTUPOBAHUS BIIHMSIHHSI CTPYKTYPHBIX JC(PEKTOB aTOMHOrO0 Macmrtaba Ha JUHAMHYECKOE TPEHUE B
CHCTEMaX CO CTPYKTYPHOH CBEPXCKOJIB3CKOCTBIO.

Hccneoosanue 6binoiHeHO ¢ UCNONb308AHUEM GbIYUCTUMENLHBIX PECYPCO8 (hedepabHO20 YeHmpa
Kosiekmueno2o noavzosanus HUL] «Kypuamosckuii uncmumymy, http://ckp.nrcki.ru
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BJIUAHUE COCTABA PEAKIIMOHHOM CMECH
N NMPOJOJIKUTEJIBHOCTU TEPMOOBPABOTKHA
HA BBIXO/J 1 KAYECTBO ME30®A3HOTI'O IIEKA
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®I'bOY BO «bamkupckuii rocy1apcTBeHHBIN YHUBEPCUTET», T. Yha
alf6058@yandex.ru

Hedtsupie mnexku mpenctaBissioT coOOM  IIEHHOE  ChIphe IS PA3IMUHBIX  OTpacieit
MPOMBIIIIEHHOCTH, MOTPEOHOCTh B HUX 3HAYMTEIbHA U COCTABIISIET JECATKU ThICAY TOHH B roA. B moboit
o0acTi mpuMeHeHHs He(TAHBIEC TIEKH KOHKYPHPYIOT C TIEKAMH M3 JPYTroro MPUPOIHOTO CBHIPHs, TPEXIE
BCEr0 C KAMEHHOYTOJIbHBIMH, OTJIMYasCh OT HHMX Ooyiee BBICOKOW PEAKIIMOHHON CIIOCOOHOCTBIO B
TEPMOXMMHUYECKHUX TMPOIECCaX, MEHbIIEH KaHLIEPOre€HHOCTbIO M JIPYTUMHU NpeumyinectBamu. Ilexu c
temneparypoil pasmsruenus 180..250 °C u kokcyemocthio 60...80 % HCIONB3yHOT Kak ChIpbe AJS
MPOU3BOJICTBA YTJIEPOAHBIX BOJIOKOH M MHKpocdep, aHTU(GPUKIMOHHBIX YTJICPOIHBIX MaTEepHaJOB,
(OpMOBaHHOTO KOKCa M KaK CHEKamoolue J00aBKM K KaMEHHBIM YIUISIM TpH  TOJXy4YEeHUH
METaJUTypruueckoro kokca. Eme 6osiee BBICOKOIUTaBKUE MEKU (MOTYKOKCHI) ¢ BBIXOA0M JeTy4ux 14...20
% HaXOJAT MPUMEHEHHE B IIPOU3BOACTBE AIICKTPOIPO3UOHHOTO rpadura [1].

Jng  mnonmydeHuss HE(TSHBIX T[EKOB  pa3IMYHOIO HA3HAYEHHs] B  MHPE  HCIHOJB3YIOT
TEPMOIOJIMKOH/ICHCAIIMIO M AKCTPAKLUIO  PACTBOPUTENISIMH, TMIPOTEHU3AIMIO, THUIPUPOBAHMUE,
JTUCTUIUISINIO, OTCTOM, (QMIBTPALUIO W pa3IHuYHbIC COYeTaHUs 3TuUX omepaumii [2]. Pupma «Kypexa»
MIPOU3BOIUT TEK METOAOM 3aMEIJICHHOTO KOKCOBAaHUs IPU OTPAaHUYEHHOW BBIIEPIKKE PEaKIIMOHHOMN
Macchl B pEakTOpe U OAHOBPEMEHHON OTAYBKOW TUCTHILISTHBIX MPOAYKTOB. AHU30TPOIHBIN MEK (PUPMBI
«ANUTaHA MEeTpojieyM» IOJIy4aloT M3 CMOJbl MHMPOJHM3a YIJIEBOJOPOJOB, OCTATOYHBIX IMPOAYKTOB
KaTaJUTUYECKOI0 WIIM TEPMUUECKOTO KPEKMHTIA, U UX CMECEH.

OCHOBBIBasICh Ha JINTEPATYPHBIX JaHHBIX H PE3yJbTaTaX UCCICIOBAHUI, IIPOBEICHHBIX paHee [3], B
Ka4eCTBE CBIPbS IS MOTYYCHUS Me30(pa3HOro NeKa UCTI0NIb30BaIN U30TPONHBIH upou3Hbiid ek (MIIIT)
¢ Temneparypoit pasmsraenus 192°C, conepxkanueM cepsl — 0,34% mac., kokcyemocTthio — 65,8% wmac. u
OCTaTOYHyI0 (Qpakiuio aekant-oitna (JO) - BBICOKOKHUITANIYIO (QPaKIHUIO IKHIKUX HPOTYKTOB
KaTaJTUTHYECKOT0 KPEKMHIa BAKYYMHOTO Ta30MJIs - ¢ KOkcyeMmocThio 14,8% mac., miotHocThiO TipH 20°C
—1,0869 r/cm® MOJICKYJISIpHOU Maccoi 285 (tabmuia 1).

Taonuua 1
DuU3HKO-XUMHYECKHE CBOMCTBA JeKAHT-0MIa
[Tokazarenu 3HaueHus
DaeMeHTHBIN cocTaB, % Mac.
C 90,29
H 7,79
S 1,33
(N+O) 0,59
['pynmoBoit xumudeckuit coctas, % mac.
YrneBoaopoibl
napaduHo-HapTECHOBBIE 14,9
JIETKHE apOMaTHUYECKUE 1,8
CpelHue apoMaTHYeCKue 1,5
TSDKEIIbIE apOMAaTHIECKHE 66,2
CMoOIBI 94
AcdanbTeHbl 6,2
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TepMOIOIMKOHICHCAIINIO CMECH CHIPHEBBIX MATEPHAJIOB MPOBOAWIN B CTEKJISTHHBIX aMITyJlaxX MpH
M30TEPMHUYECKOI BBIJIEpKKE B TeueHue 3aganHoro Bpemenu npu 350 u 400°C. [Tocne 3aBepiieHus OnbITa
aMITyJTy BBIHUMAJIM W3 HArpeBaTells, OXJIAXIAIH 10 KOMHATHOW TEMIIEpaTyphl, pa3pe3ald U U3BJICKAIU
MOJy4YeHHbIH mek. J[ms kaxkmoro oOpasma ompenessuid BBIXOA, TPYNIIOBOW COCTaB U COJAEp)KaHUE
Me30¢a3pl. ONTHYECKYIO TEKCTYPY OCTaTKa M3y4ald B OTPAKEHHOM IMOJISIPU30BAHHOM CBETE C TIOMOIIBIO
mukpockona «Heogor-35». Pesynbrarel viccnenoBanus BIMSHUS TEMIIEPATYPbl U MPOIOKUTEIBHOCTH
TEPMOOOPAOOTKH M3OTPOITHOTO TEKa Ha TPYIIOBOH COCTAaB OCTATOYHOTO MPOAYKTa TEPMOOOPAOOTKH
Mpe/iCTaBJIeHbI B TaOIuIE 2.

Tabnuua 2
BJiusiHue TeMIepaTypbl U MPOA0KATEIbHOCTH H30TEPMHYECKOI BhIIEPKKH
HA I'PYNNOBOIi COCTaB 0CTATKA TEPMOOOPAOOTKH H30TPONMHOI0 MUPOJIH3HOIO MeKa

ek Conepxanne ppaknuii, % mac.
o o o B y
VcxoHbIi TUPOTH3HBIN TIEK 20,3 0,0 20,3 68,8 10,9
Ocrarok TepmooOpadotku UIIII
B atMocdepe netyunx npu 350 °C B TeueHne
244 28,6 1,4 27,2 66,1 53
36 1 32,6 2,8 29,8 65,1 2,3
48 4 41,9 11,2 30,7 57,2 0,9
Ocrarok Tepmoo6padoTku UIIII
B atMocdepe netyuux npu 400 °C B Teuenue
154 34,0 3,7 30,3 63,6 2,4
4,04 46,4 14,8 31,6 53,2 0,4
6,0 g 56,5 30,2 26,3 43,2 0,3
12,04 70,6 55,7 14,9 29,2 0,2

[Tpu 350°C HakomaeHrne KOMIIOHEHTOB PEaKIIMOHHOW MacChl, U3 KOTOPBIX (hopMupyercs me3zodaza
(0 1 0ap-pakiuu), TPOUCXOAUT OYeHb MemIeHHO. [loBbimieHre Temreparypsl 10 400°C 3HAYHMTETHHO
YCKOPSET ATOT Iporecc. MeTo10M ONTUYECKOM MUKPOCKOHH YCTAaHOBIIEHO, YTO 00pa3oBaHUE Me30(]a3bl
HAXOJUTCS Ha CTaJUH 3apOXKICHHUS MUKpochep U ux pocta (3a cueT auddy3un MOJIEKYJT U3 H30TPOITHOMN
MaTPHIIbl ¥ KOAJCCIEHIINN) HECMOTPSI Ha IOCTATOYHO BBICOKOE COAEPIKAHHE O- M O-(ppaKIHii B MeKax,
0cobeHHO moy4eHHBIX pu Tepmoobdpadorke UIIIIT B armocdepe neryunx npu 400°C B Teyenue 6 u 12
yacoB. Paccnoenus cucteMbl ¢ 00pa30BaHUEM CIIOS CIUIOMIHONW Me30(]a3bl 7Sl UCCIEeIOBaHHBIX 00pa3IoB
MEKOB HE OOHapyX eHO. ITO OO0YyCIOBIEHO HEAOCTATOYHOW CTEMEHBIO TEPMOMOJUKOHICHCAIINH
oOpazyrommx wme30(]a3y TpPyNHOBBIX KOMIOHEHTOB M BBICOKOW BSI3KOCTHIO HW30TPOMHONM MAaTpHIIBI,
oOyciapnuBatomieit 1udPpy3noHHOE TOPMOKEHHUE U MPEISATCTBYIOIICH POCTY, KOAJECIICHIIMA U OCEIaHUIO
gactull Me30¢asbl. [[1si CHUKEHHsS] BI3KOCTH M30TPOMHON MATPUIBI MPEICTaBIsIeTCs liernecooOpa3HbIM
BECTH IMPOIIECC TEPMOITOJIMKOHCHCAIIMHA H30TPOITHOTO TeKa C IEJIbI0 TIOMydeHUsT Me30(ha3Horo 1meka mpu
JIOCTaTOYHO UHTEHCUBHOM IE€PEMEIINBAHUU.

[Ipu TepmononukonaeHcauuu cmecu MIIII ¢ ocratounoil (¢pakuuell aekaHT-olna IpH
cootHomenun UIIT : IO =1 : 7, 1 : 3 u 1 : 1 nabmriogaeTcst pacclioeHHE IMOJYyYEHHOTO IeKa ¢
o0pa3oBaHUEM JOCTATOYHO YETKOW TpaHMIBI pasfena (a3, pa3IHyaroniuxcs MO COCTaBY, CTPYKTYpe H
cBoiictBam (tabmuiia 3). Bepxuuit cioit mpeactaBisieT €000l CBOOOJHOAMCIIEPCHYIO CHCTEMY C
M30TPOMHOM AUCTIEPCHOM CPEeoi M aHU30TPOITHON UCTIEpCHOM (ha30id, mpeacTaBieHHON MUKpochepamu
Me30(ha3bl Ha CTaausaX 3apOoXkKACHUS, pocTa U KoanecueHu. Konnentpanus a-gpakiuuu B BEpXHEM CIIOE
0 pe3yJibTaTaM aHaim3a Kojebuercs B npenenax 23,5-43,0% wmac. wim B cpenaeM 32,0% wmac. Huwxawmit
CJIOM BO BCEX CNyyasx MPEACTaBIseT cOOON CIOXKHYI0O MHOTO(A3HYIO AUCIEPCHYIO CUCTEMY C BBICOKUM
coJlepkaHueM aHW30TporHOW (a3el. KoHmeHTpamus o-ppakuuu B HeW koseOiercs B mpenenax 38,2-
64,2%, cocraBnsis B cpenHeM 56,9% wmac. B 3aBucMMOCTH OT YyCIOBUH TEpPMOIOIUKOHICHCAIINH
coJiepkaHue o1-(hpakiuu B BEPXHEM Ciioe Koyieoercs B penenax 3,1-12,9% mac., a B HIKHEM ¢JIoe — OT
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29,7 no 53,1% wmac. ConeprxaHue KOMIIOHEHTOB, PACTBOPHMBIX B TOJIyoJie — B ipenenax 57,0-76,5 u 38,8-
61,8% Mmac., COOTBETCTBEHHO.

Tabnuua 3

Biusinue npoo/KUTEILHOCTH TEPMOOOPAOOTKH HA rPYNIIOBOM COCTAB MPOAYKTA
TEPMOMOJHKOHAEHCAIIMU CMeCH MeKa M 0CTaTOYHOM ¢pakiuu AekanT-oiaa nmpu 400°C

Conepxanue paxiuit, % mac.
[TponomKUTENBHOCTH o o1 B+y
TepMo0OpabOTKH, Yac BEPXHUHI HWKHUN BEPXHUU HVDKHUHN BEpXHUH HVDKHUHI
(1 (0)1 (1 (0)1 CIIOU CIION CIION CIION
ConeprxkaHue JIeKaHT-oMIa B UCXoqHoM cmecu 12,5 % mac.
4 24,0 38,2 4,2 29,7 76,0 61,8
8 36,7 59,8 8,3 48,7 63,3 40,2
11 42,1 63,0 11,5 49,5 57,9 37,0
12 43,0 64,2 12,9 50,3 57,0 35,8
oJIepKaHue JICKaHT-0iIa B UCXoaHou cmecH 25 % mac.
4 23,5 47,9 4,6 40,5 76,5 52,1
8 32,7 58,8 4,9 53,1 67,3 41,2
11 33,5 59,5 5,0 50,5 66,5 40,5
12 31,9 60,0 4,7 91,7 68,1 40,0
oJIepKaHue JIeKaHT-oiuIa B ucxognou cmecu 50 % mac.
8 28,5 48,3 3,1 29,8 71,5 51,7
12 28,5 50,8 4,1 32,8 71,5 49,2

[TomydyeHHBIE [aHHBIE IO TPYNIOBOMY COCTaBy BEPXHETO M HIDKHETO CIIOEB  OCTaTKa
tepmononiukonaeHcauuu cmecu HUIIT n IO yka3plBaloT Ha HEKOTOPOE PABHOBECHOE COCTOSIHHME
CHCTEMBI, CMellaromieecss B 00JacTh MEHBUIMX KOHLEHTPALUMM 01 M O C YBEIUYEHUEM COJAEPIKaHUS
JEKaHT-OlIa B HMCXOOHOM cMecu. CleloBaTeNIbHO, HCIIOJIB30BAHME CMEIIAHHOIO ChIPbS Ha OCHOBE
JEKaHT-OMIa U TSKEJION CMOJIBI MUPOJIN3a LEeIeco00pasHo Ui MOIyYeHHs] aHU30TPOIHOIO MeKa. DTOT
BBIBOJI MIOATBEP/KIAACTCS PE3YJIbTaTaMU MCCIEN0BAHUS U3MEHEHUS! ONITUYECKOW TEKCTYPhl HUKHETO CIIO0S
Kak (PyHKIIMM BPEMEHU U JI0JIU JEKaHT-0MIa B CMECH.

Takum oOpa3oM, MOKa3aHO, YTO CMECH MHMPOJM3HBIX IEKOB C OCTATOYHOM (hpakiuen TsKeNbIX
ra3oiyiedl KaTaJUTUYECKOIO KPEKHMHIa MPEACTaBISAIOT COOOM MNEPCIEKTUBHOE ChIPbE MJS IMOIYy4YEHHUS
Me30(a3HbIX MEKOB.
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3 ®I'BOY BO «TamboBCKHiA roCyAapCTBEHHBIN TEXHUYECKUN YHUBEPCUTET», I'. TamOoB

CoryacHO aKkTyanbHBIM AaHHBIM Pocmpupoananzopa (ot aBrycra 2021 roma) B msatu cyObekTax
Poccuiickoit ®enepanuu (KpbiM, Jlarecran, CeBacromonb, [Ipumopckuit kpait u Kabapauno-baikapust),
MPAaKTUYECKH OTCYTCTBYET OYHMCTKAa IOBEPXHOCTHBIX CTOKOB, B 13 permonax oummarorcs menee 1%
CTOYHBIX BOJ, a B 20 cyOBeKTax J0Js OYMCTKH BOJA He mpeBbimaeT oTMeTkd B 10%. Taxke oTmeuaertcs,
YTO MHOTHE OYHCTHBIE COOPYKEHHUS B PErHOHAaX HaIIe CTpaHbl TPEOYIOT 3aMEHBI WJIM KOMILIEKCHOTO
oOHOBIIeHUA. [IpOMBIIIUIEHHBIE CTOYHBIE BOJABI COAEPKAT OTPOMHOE KOJHMYECTBO TSIKENBIX METAIJIOB,
takux kak Pb, Cd, Zn, Cu, Hg, Mo, Mn u np. OHH OTHOCATCS K TpyIIe TPYTHOPA3Iararoluxcs B
MIPUPOJIC BEIIECTB U, TMOMajas B JKUBOM OpPraHu3M, CIOCOOHBI HAKAIJIUBAaTHCS B HEM, YTO MPUBOIUT K
BO3HMKHOBEHUIO PA3JIMYHBIX 3a00JIEBAHHIA, a B TSOHKEIIBIX CIIydasX, U K JIeTaIbHOMY ucxony [1].

YuuTeiBas 3HAUUMOCTh JKOJOTHYECKUX MPOOJEeM, CBSI3aHHBIX C KAaueCTBOM BOJHBIX PECYPCOB,
OONBIION HMHTEpPEC Y4YEHBIX B HACTOSINEE BpEMsl HalpaBlieH Ha pPa3pabOTKy BBICOKO3((EKTHBHBIX,
HEJOPOTUX M OKOJOTHMYECKH YHCTHIX CcOpOeHTOB. HaHOKOMIO3MIIMOHHBIE MaTepHallbl Ha OCHOBE
rpad)€HOBBIX CTPYKTYp M OPTaHHUYECKUX IOJIMMEPOB SIBISIFOTCS MPEIMETOM aKTUBHOTO HCCIICIOBAaHUS B
nocneaHue ronapl. braromapst cBoel yHHKanbHOW CTPYKType TIpadeH MMeeT MaKCHMalbHO BBICOKYIO
JOCTYIHYIO IJIOMIAAb YACTFHOW MOBEPXHOCTU. YUUTHIBAsI, YTO TIOBEPXHOCTH rpa)eHOBOTO JINCTA MEHEE
PEeaKIMOHHOCTIOCOOHA (TaK KaK MPAaKTHYECKH OTCYTCTBYIOT MOBEPXHOCTHBIC (DYHKIIHOHATbHBIC IPYTIIIBI U
NneEeKThI), A MOTYUCHUS] HAHOKOMITO3UIIMOHHBIX MAaTePHAJIOB UCIOJIB3YIOT €ro OKUCICHHYI0 hopMy —
okcua rpadena (OI) [2]. oepxuocts OI' comep:KUT OOJBIIOE KOJUYECTBO KHCIOPOACOAEPIKAIIMX
MOJISIPHBIX Tpymi (TUAPOKCHIIbHBIC, KapOOHMIIbHBIC, KapOOKCWIIbHBIC, albJeTUAHbIC W T.A.) [3], 4TO
MO3BOJISIET IIUPOKO MPHUMEHSTh €ro B KauecTBE COPOIMOHHOIO MaTepuaja MpH YJAJICHUH HOHOB
TSKEIIBIX METAJIJIOB.

Onupasich, B IEPBYIO 04epelb, Ha HEOOXOAUMOCTh Pa3pabOTKH AKOJIOTUYECKH YUCTHIX TEXHOJIOTUN
MOJIyYCHHUs  TOTJIOIIAIONIMX  MAaTepUANIOB, aBTOpPaMU MPEANaraeTcs HCIOJIb30BaTh  IMOJTHMEPHI
PacTUTEIILHOTO MPOUCXOKICHHUS Ha OCHOBE IOJMCAaXaphaoB, TaKMX Kak xuTo3aH [4], amprumar [5] u
kapOokcumermiiesutoiaoza (KML) [6] mis popmupoBanust KOMIO3UIIMOHHBIX cTpyKTyp. KMI siBnsercs
HaubOoJjee MOMyJIsIPHBIM OHOCOBMECTHMBIM AHUOHHBIM TOJIMMEPOM. YUHTHIBAsS HHU3KYIO YJIEIbHYIO
emrkocth KMII, aBTOpamu pa3paboTaHa TEXHOJOTHS CHHTE3a HAHOKOMITIO3MIIMOHHOTO MaTepuayia Ha
ocHoe OI' m KMII, [10onmomHUTENbHO JEKOPUPOBAHHOTO HAHOYACTHUIIAMU OKCHIOB KEJe3a.
JlekopupoBaHHE TIOBEPXHOCTH HAHOKOMIIO3UTA HAHOYACTHUIIAMH JKeje3a IO3BOIHT C(HOPMUPOBATH
BBICOKOPA3BUTYIO OPUCTYIO CTPYKTYPY KOHEYHOTO0 MaTepHana.

HaHokoMNO3UIIMOHHBIA MaTepuan ObUl MoyiydeH myTteM cMmerienus 1% Boanoil nucnepcun OI
(mpomzBomctBa OO0 «HanoTexIlentp») um KMILI, mnpeaBapuTenbHO pacTBOpeHHOW B Bojae. B
MOJYYEeHHYI0 cMech BHOCHIM BoaHbId pactBop FeCls - 6H,O. CwmemeHune naHHBIX KOMITIOHEHTOB
COTIPOBOXKAAIOCH OBICTPHIM resieo0pa3oBanueM. [lanee MaTepuan MpOMbIBAIN TUCTHILTUPOBAHHOM BOOM
1o HeirpansHoro pH ¢unbrpara. Bropoii 3Tanm cuHTe3a 3aKiI04alics B THAPOTEPMalIbHON 00paboTke
HOJIyYEeHHOH cMecH B JabopaTopHoM aBTokiaBe npu temmeparype 180°C B Teuenme 12 4yacos.
[Tonmyuennslii MaTepuan npombiBaIn Boaoi, 3ateM 0.1 M pacTBOpOM COJISHOM KHCIOTHI ISl yJaJICHUS
HAHOYACTHI] JKeJie3a U3 CTPYKTYpPbl CHHTE3UPOBAHHOTO MaTepHaia. Jlajee 3amelani Boly B MOJIYyYEHHOM
THIPOTeNie Ha U30MPONIIOBBIA CIIUPT U MPOBOAMIN CBEPXKPUTHUECKYI0 00pabOTKy MaTepuana B Cpeie
W30MPOINUIOBOTO CHHpTA. YJelbHas IMOBEPXHOCTh IIOCJIE€ THIPOTEPMAIbHOM M CBEPXKPUTHUYECKOU
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00paboTku rpad)eHOBOrO asporess OblIa ONMpeAecHa ¢ MOMOIIBIO aHAIN3aTOPA YAEIbHON MTOBEPXHOCTH
10 copbImu a3ota u cocramaa ~640 m°/r. Ha pucynke 1 npeacrasienst COM- i [TIM-u306paxeHus
MOJTY4YEHHOTO YIIIEPOJHOTO a3POresl.

Pucynok 1. Mukpogororpaduu CHHTE3UPOBAHHOTO YIIIEPOIHOIO a3POrelis
a) — COM-u3zobpaxenue, 6) — [IDM-u300paxkenue

Anamm3  mpencraBieHHbIX COM-m300pakeHHH  MO3BOJIIET TOBOPUTH O  (OPMHUPOBAHHUU
HEOJHOPOAHOW IMOPHCTOW CTPYKTYpBI, OOpa30BaHHOH XAOTHYHO PACHOIOKEHHBIMH Je()EeKTHBIMH
rpadeHoBbIME JrcTaMu. [1o aHanu3y mpeacTaBIeHHBIX MUKPO(OTOrpadii MOKHO MPEAIIONOKUTH, YTO B
CTPYKTYpE MaTepuasia IpUCyTCTBYIOT MAaKpOIIOpHI, a TaKke 0ojee MMPOKKHE TPaHCHOPTHbIE nopkl. [IOM-
nzobpaxenue (puc.l, 0) MO3BOJSCT TOBOPUTH OO0 OTCYTCTBHM HAHOYACTHI[ JKelie3a B CTPYKType
CHHTE3MpPOBAaHHOTO Komrmo3uTta. Ha cHumke HaOmromaercs aAByxdasHas cTpykrypa oOpasna, B KOTOPOi
MIPOCJIEKHUBAIOTCS IIJIOTHO YJIOKEHHBIE T'pa)€HOBBIE JUCTHI U OKPY KAIOLIUI MOJTUMEPHBINA CIOM.

CopOuMoHHbIE CBONCTBA CHHTE3MPOBAHHOIO MaTepuaga ObUIM ONpEAETeHbl C IOMOIIbIO
SKCIIEPAMEHTOB B OTPAHHICHHOM 00beMe NPH W3BjIedeHnH HoHoB Pb?" n Zn** u3 anerarnbix GyhepHbIx
cucreMm npu pH 6. bbima orMeueHa BbIcOKasi COPOIIMOHHAS aKTHBHOCTh MaTepHana B MEPBbIE 5 MUHYT
KOoHTakTa (a3 (mpu 3ToM creneHb usBnedeHus cocrapumia ~90%). CopOIHMOHHAs EMKOCTh HCCIIEAYEMOTO
HAHOKOMITO3MTa cocTaBwia 65 mr/r u 40 mr/r mo Pb® u Zn®* coorBercrBenHo (IpH HA4ambHOM
KOHIICHTPAILIMU OJTHOKOMIIOHEHTHBIX pacTBOpoB - 100 mr/).

JlanpHeHIe HcCIeIoBaHNus aBTOPOB OyAyT HAmpaBieHbl Ha W3yYeHHE BIHMSHUS COJCpIKaHHS
Keneza Ha CTPYKTYpY W MOP(OIOTHIO CHUHTE3MPOBAHHOTO MaTepHala, a TakkKe IOUCK TyTei
ONTHMU3AIHMHU €T0 (PYHKIHMOHAIBHBIX CBOMCTB.

Hccneoosanue evinonneno 3a cuem cpanma Poccuiickoco nayunozo ¢honoa Ne 21-79-00152,
https://rscf.ru/project/21-79-00152/
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B HacrosiiieM HcClieZIOBaHHM TIPEACTaBICHbI pe3ynbrathl (B T.4. Ha Puc. 1(a,0) u B Tabuuige)
JeTaIbHOrO aHanu3a (C MCHoyb30BaHHeM MeTomonoruu [1-4]) dyHmaMeHTanbHBIX dKCIEPUMEHTAIBHBIX
nanubiX barikuna u ap. [5] o Tpex coctosHuax Bogopona (Nel, Ne2 u Ne3), oTBeuaromux (pu3nuecKoi
copOLuK, XeMOCOpPOIMH M WHTEPKAISINK, COOTBETCTBEHHO, B rpaduToBbix HaHOBojokHax (I'HB),
MOJBEPTrHYTHIX ruapupoBanuio B Hy npu masnenun 9 I'Tla u temneparype 753 K (¢ mocnemyroreit
3aKaJIKOM), YTO MPUBOANIIO K CYMMAapHOMY COJepiKaHUI0 Bogopona a0 6.3 Bec. %. bruskue pe3ynbraThi
nojy4eHsl B [5] M A ONHOCTEHHBIX YIVIEPOIHBIX HAaHOTPYyOOK. B Hacrosimeir pabote BHUMaHHE
COCPEIOTOUCHO Ha PAaCKPBITUH (DU3MKK M aTOMHBIX MeXaHW3MOB uHTepkassuu B 'HB cnenuduaeckoro
MOJICKYJIIpHOTO Bojmopoja (coctosiaue Ne3), HECKOIBKO 0oJiee CTAOMIBHOTO, YeM XeMOCOPOUPOBAHHBIN
BoZopo/1 (cocrosiHue No2), a Takke Ha COIOCTABICHUH C pe3yJIbTaTaMU aHaIn3a U uHTeprnperanun [6-10]
M3BECTHBIX YHUKAIBHBIX HaHHBIX Poxapure3, bekepa, I'ynter u np. [11-13] mo «cymep» XpaHEHHUIO
obpatumoro (~38 = 10 Bec. %) u HeobOpatmmoro (~11 * 3 Bec. %) Bomopoaa B «HOy-Xay»
aktuBupoBaHHbIX ' HB.

(a) (6)

Puc. 1. TemneparypHast 3aBUCHMOCTb TEPMOACCOPOLIIOHHOTO MOTOKA BOAopoaa (Jy), pa3AeneHHOro Ha CKOPOCTh HarpeBa
(B = 0.33 K/c), nnst THB (0o6pabotka nanubix u3 Puc. 1 B [5]), HackleHHBIX BonopoaoM npu aasnexuu 9 I'Tla u
Temmeparypax o 723 K: anmpoxcumanust [1] ciektpa nByms mukamu (Ne 1 u Ne 2) B IpuOGIMKEHUH PEAKIil IEPBOTO
nopsizka (a); ammpokcumartus [1] criekrpa aByms mukamu (Ne 1w Ne 2) B mpuOImkeHHH peakiuii BToporo nopsaka (6).

Tabauua
Pe3yabTaTnl 00paboTKH MpH MOMOIIH MeToAUKH [1] (B mpuOIMKEeHNH peaKuii IEPBOro U BTOPOro
MOPSIIKA) TEPMOIeCOPOIMOHHBIX cCIIeKTOPB Boxopoaa (u3 Puc. 1(a,0)) nis FTHB [5]

ITuk Ne | Thax, K | Q, xIxx/Mons | Ko, 1/c | Jons nmuka | Cy, Bec. %

Peaxuus nepsoro nopsaka

1 245 12.7 4.4 0.022 0.13
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2 839 240 1.2E13 0.978 5.7

Peaxkuus BToporo nopsiaka

1 245 25 3.1E3 0.016 0.11

2 833 307 3.0E17 0.0984 6.5

[pumeuanus: Ty — TEMIEpaTypa HAaMOOJBIICH CKOPOCTH ASCOPOLMHU JUTS AaHHOTO MHKa; Q — SHEPrHs aKTHUBALMH JIECOPOLIUU
Jutsl aHHOoTO THKa,; Ko — IpeIdKCrioHeHINaBHbIH ()aKTOp KOHCTAHThI CKOPOCTHU I€COPOLIMY ISl ITAHHOTO THKA.

10.

11.

12.

13.

Hccneoosanue svinonneno npu gunarcosoit noooepacke PODOHU (npoexm Ne 18-29-19149ux).
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BECO®EPMEHTHBIE KATAJIU3ATOPBI AHOJHOT'O OKHCJIEHUSA I'VIFOKO3bl

HuxkogaeBa E.A.l’z, POuIMMOHEHKOB I/I.C.l, YpBaHoB C.A.l, MopakoBu4 B.3.1?

! THI{ P® ®I'BHY TUCHYM, Tpounuk, Mocksa
2 MOCKOBCKHIA (bU3UKO-TEXHUYECKUH UHCTUTYT, MOCKBa

nikolaeva.ea@phystech.edu

[To nanubiM PocniotpeOHaazopa B Poccuu okoio yeThipex MIITHOHOB JIOACH CTpaaaroT caXxapHbIM
IabeToM, W KaXIOMy M3 HHUX HEOOXOJHMM TIIOKOMETP — MPHOOp, M3MEPSIOMNNA YPOBEHB TIIOKO3BI B
KpOBH. 3Has CBOW YPOBEHb caxapa B KPOBH, YEIIOBEK CMOXKET MPAaBUILHO CKOPPEKTUPOBATH CBOIO JIHUETY,
bu3nuecKre Harpy3KH, MPUMEHEHUE caxapoCHIDKaroImux npenapatos [1]. B mocnennee Bpems Gosnbliioe
BHUMaHUE yzensercs 6ecepMeHTHOMY 3IEKTPOXUMHUECKOMY METO/y OMpPENEICHHS TJIFOKO3bl B KPOBH,
OCHOBAaHHOMY Ha OJJICKTPOKATAIUTHYCCKOM OKHUCICHUU TIJIIOKO3bI 0 TJIFOKOHOBOW KHUCIOTHI (W/Miu
JPYTHX MPOAYKTOB) HA MOAUDHUIIMPOBAHHBIX OJIATOPOTHBIMHM METalIaMUA M/WIM OKCHIAMHU TEPEXOIHBIX
METaJIOB 3eKkTpoaax. [IpenmymiecTBo NpuUMEHEHUs! 3JEKTPOAOB TAKOTO COCTaBa IO CPAaBHEHHUIO C
(epMeHTaMu - BBICOKAsl yCTOWYMBOCTh K JIETpajalliil KataauTuueckoro cios. [Ipenenst oOHapykeHUs
OOBIYHO HAXOMATCS HM)KE KOHIICHTPAIIWH TIIFOKO3bI B KPOBH, & YYBCTBUTEIBHOCTh 3aBUCUT OT CTPYKTYPBI
MOBEPXHOCTH 3JIEKTPOA M MPUPOJIBI HCIIOIB3yEMOT0 3JIeKTpOKaTamu3aropa [2].

B nmTepatype ommcaH ps METAJUIMYECKHX W OKCHIHBIX JIIEKTPOKATAIN3aTOPOB OKHUCICHUS
TJIIOKO3bI, (DYHKIMOHHPYIOMIMX B CHUIBHOKHUCION WM CHUJIBHOLIENOYHON cpene. OmHako BOMpoc O
BO3MOYKHOCTH WX HCIIOJNIB30BAaHUS JUIS OIpEAC/IeHUsT TIoKo3bl B kpoBu (PH ~7.4) ocraercs
HEU3y4YeHHbIM. B nmaHHO#l paboTe Ha CHOCOOHOCTP K OeCPEepMEHTHOMY OKHUCICHHIO TJIIOKO3BI
ucnbIThiBaK Kak metamnueckue (Pt, Pd, Au, Ag), tak u okcuanbsie (MnO,, TiO,, K TiO,, WO3, SnO,)
MaTepHalbl. DNEKTPOXUMHUYECKHE H3MEPEHUS TIPOBOAMUIH C UCTOIb30BaHUEM MOTeHIHOocTaTa Vertex.1A
(lvium Technologies B.V., Huzmepnanapl) B TpexdseKTponHOW sueiike. TecTupyemble MaTepualibl
HAaHOCHJIM Ha paboyuil AJNEeKTpOA M3 CTEKJIoyriiepojaa Wiau rpadutoBoil (oJbrH, BCIOMOTraTeIbHBIM
AJIEKTPOJOM Ciykuia Pt, 3JEKTpOIOM CpaBHEHHs — HACBIMIEHHBIH KanomenbHbld atektpos (HKD).
@DOHOBBIM PacTBOPOM CIy kil HaTpuit-pocharusiii 6ydep (PBS) ¢ pH 7.40, pabounm 37I€KTPOIUTOM —
10 MM pactBop rimoko3sl B PBS.

a 6
Puc. 1. IIBA a5eKTpOKaTaan3aTopoB OKHCIEHHS TIIFOKO3bI: Pt Ha yriepomHoii caxe (a);
MnQO,, cMeIIaHHOTO € alETHIEHOBOM caxkel B oTHoeHuu 1:1 mo macce (6)

OOHapyKEHO, YTO CPeId HCCIICJOBAHHBIX MAaTEPHAIOB IJICKTPOKATATHTHYCCKON aKTUBHOCTHIO B
peakuuMyu aHOMHOTO OKucleHus Tmoko3el npu pH 7.40 obnamaror Pt m MnO,, uumkmndeckue
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Bosibtamreporpammel  (IIBA) kotopbeix mpuBeneHsl Ha puc. la u 106 cooTBeTcTBEHHO. [IOCKOJIBKY
MpOIeCC OKUCIICHUS TJIOKO3bl Ha IUIATUHE MMEET CIIOKHYK) MHOTOCTAJIHIHYI0 CXeMy, Ha
coorBercTBytomieii [IBA (puc. la) HabmomaeTcss HECKOJIbKO aHOMHBIX MHKOB [3]. B ciydae MnO;
HAOMIOIAeTCSl CIUHCTBEHHAS BOJHA OKHCICHHS TJOKO3bl (prc. 10), 9TO MOXKET YKas3blBaTh Ha
OJTHOCTAIMHHOE OKWCJICHHE TIIFOKO3BI C 00Pa30BAHUEM TITFOKOHOBOMN KHCIIOTHI.

Ha cnenyromem »3tame WCCIeAyeMbIe AJIEKTPOKATAIN3aTOPhI TPOBEPSUIM HA JOJITOCPOUYHYIO
CTaOMIIBFHOCTh TIPHU HETPEPBHIBHOM OKHCIICHUU TJIFOKO3bI B MOTCHIIMOCTATHYECKOM pekume. [loreHruan
okucieHus BblOMpanu B obmactu E > +0,3 B orn. HKD, korma uckmioueHo Memiaromiee BIHSHHE
PacCTBOPEHHOTO B aHATU3UPYEMOM pacTBOpe Kuciopoaa. Ha puc. 2 mpuBeAcHBI COOTBETCTBYIOIIHUEC
XPOHOAMIIEPOrPaMMBbI TSl DJICKTPOKATAIN3aTOpOB Ha ocHOBe Pt (mortenmman oxuciaenus +0,5 B otH.
HKD) niu MnO; (morenuman okucnenus +0,75 B otn. HKD).

a 0
Puc. 2. XpoHoaMIIeporpaMMBI SJIEKTPOKATATM3aTOPOB OKUCIIEHHS TIIFOKO3bL: Pt Ha yriepoaHoii caxe (a);
MnO,, cCMEIIaHHOTO € alETHIEHOBOM caxkell B oTHomenuu 1:1 mo macce (0)

[Tokazano, uTo 00a KaTanM3aTropa JEMOHCTPUPYIOT CTAOMIBHBINA TOK 3JEKTPOOKUCICHUS TIIFOKO3BI
Ha MPOTSHKEHUH JABYX 4acoB. HekoTopoe yMeHblIeHHEe TOKa BO BpeMEHHU Kak B (JOHOBOM pacTBOpE, TakK U
B pacTBope ¢ M00aBKOW TIIFOKO3BI MOXKHO CBSI3aTh C QHOJHBIM OKHCJIICHHEM YTJICPOJHON CaXd MpH
naHHbIX noTeHnuanax. [Ipu coxepxxanuu Pt 24 mxr u conepxanuu MnO; 20 mkr HabOm01aeMbIE TOKH
OKHCJICHHS TJIIOKO3bI [0 UCTEUEHHUH JABYX 4acoB cocTaBisiin 175 u 40 MKA COOTBETCTBEHHO.

Takum 00pa3oM, MONy4YEHHBIC IaHHBIC IO3BOJAIOT paccMmarpuBath Pt m MnO, B kauectBe
MEPCIIEKTUBHBIX ~ OeCPEPMEHTHBIX  DIIEKTPOKATAIM3aTOPOB  OKUCJICHHSI  TIIOKO3BI,  CIOCOOHBIX
byHkurorupoBath pu PH kposu (~7.4).

Hccnedosanue evinoaneno npu @uHancosol nododepicke Munucmepcmea HAYKU U 8bICULE2O
obpazosanusi PO u OO0 DJITA.
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CAMOPACITPOCTPAHS IO CSA BBICOKOTEMITEPATYPHBI CUHTE3
KOMITIO3HUTA Ti-Si-C C UCITOJIb30BAHUEM ®YJIJIEPUTOB

HuxonoBa P.M., Jlapuonosa H.C., Jlaabsinos B.H.

Hayunslit nentp metamrypruyeckoit pusuku Y im@UILL YpO PAH, r. MxeBck
rozamuz@udman.ru

M3BecTHO, YTO WCIOJIb30BaHHE pasnuuHbiX (opm yrimepoma (rpadwura, ¢ysuiepeHoB, rpadena,
YIJIEPOIHBIX HAHOTPYOOK, HAHOAIMA30B H JIp.) MO3BOJISET CYIIECTBEHHO YIIyUIIUTh CBOMCTBA Pa3IMYHBIX
METAJUIOMATPUYHBIX ~ MaTepPHaJIoB. D deKTUBHBIMU METOIaMH NOJYyYCHHUS  Pa3IHYHBIX
HAHOKPUCTAJUTUYECKUX  MeTaui-yriaepoanbix  (Me-C)  KOMIO3HMTOB, MOMHMO  TPaJHIIMOHHON
METAJUTypTHH,  SIBIISIIOTCS ~ METOJbl ~ MHTEHCHBHOM  IUIacTHUeCKoW  nedopmalriuu,  Hampumep,
paBHOKaHAJIBHOE YIJIOBOE MpeccoBaHKe, AchopMalius B HAKOBAIbHIX BpHIKMEHA, MEXaHOXMUMUYCCKHUI
CHHTE3 B IIApOBBIX MenbHHUNAX U Ap. [1,2]. [lepcnekTuBHBIM MeTOmOM TONyueHHss Me-C KOMITO3UTOB
SBJISICTCS CAMOPACIIPOCTPOHSIONIHICS BhICOKOTeMItepaTypHblii cuaTe3 (CBC), KoTOpHIii Oaromgaps cBoei
MPOCTOTE, MaJlbIM YHEPreTHYCCKUM 3aTpaTraM W BBICOKOH YHCTOTE MPOIYKTOB TOPEHHsI HAXOJIUT BCE
Oomnbiee passuthe [3].

B pabote mpuBencHBI pe3ynbTaThl HcclegaoBaHUE kommnoszuta Ti-Si-C, MONyY4eHHOrO0 METOA0M
CBC. [IlluxToBble 3aroTOBKM NOATOTABJIMBAIM M3 pacyeTa CTEXHUOMETPHUYECKOIO0  COCTaBa
metaokepaMuku Ti3SiC,. Mcxomnbsie koMmoneHTsl - mopomiku Ti, Si u C. B kadecTBe mocieaHero
ucnonb3oBamu Qymieputr Ceoro. [Iportecc CBC mpoBoaunu B peakrope PBC-10 o6vemom 10 1 B
atMocepe aproma mpu Pa = 70-110 atrm. BomHy mMOCIOHHOTO TOpEHUs PEAKIMOHHON CMeCH
WHUIIMMPOBATIN PaCKaJICHHOW BOJIb(MPAMOBOI CITUPAIIBIO.

@®a30BbIif COCTaB TOJIYYCHHBIX 00pa3lioB W MOP(OIOTHYEcKOe paclpeleleHue CTPYKTYPHBIX
COCTABJISIIONINX AHAJTU3UPOBAIA C KCIOJIB30BAaHHEM METOJO0B PEHTICHOCTPYKTYPHOTO aHalu3a |
pactpoBoii 3iekTponHo Mukpockonuu (audpaxromerp JIPOH-6 (CuKo-u3mydenue) u pacTpoBbIid
AJMIEKTPOHHBIA  MuKpockorm Termo  Fisher  Scientific Quattro S, ocHameHHbIi — cHCTeMOM
SHEProUCIIEPCHOHHOTO MUKPOAHAIIN3a).

[Toka3zaHo, 4TO B TMOJydaeMbIX oOpasiiax MpUCYTCTBYeT mpeumyiinecTBeHHO (asza TisSizCx (mo 46
Bec.%), kotopas sBisiercss mnpomexyrtouHoir npu  ¢dopmupoBanun MAX-dazer  TisSICy;  (20%).
Conepxxanue kapouna TiC — 1o 34 Bec.%. MHUKPOCTPYKTypa MOJYYCHHBIX KOMITIO3UTOB XapaKTePU3yeTCsI
HEOHOPOIAHBIM cTpoeHueM (puc.). OOHapy KeHBI MJIOTHBIE MaKeThl (a) U YaCTHIIBI OKPYTIIOi (hopmsI (T),
HUMEIOIIHME CIIOUCTYIO CTPYKTYpY, Xapakrepuyto it MAX-da3 [4]. Yka3aHHbIe YIaCTKH UMEIOT CHIIBHO
CTJI&)KCHHBIHN, «OIUTaBICHHBIN» BuA. COrJacHO JUCIIEPCHOHHOMY aHAJIM3y OHH MOTYT COOTBETCTBOBATh
MAX-daze TizSIiC, u/unu npomexytounoit ¢ase - TisSisCy. Hannume pasnuusbix mo ¢popme 3epeH co
CIIONCTOW CTPYKTYpPOH, BEpOSTHO, OOBSICHIETCS MHOTOCTYNCHUYATHIM XapaKTepoM TIpolecca WX
00pa3oBaHUsl ¥ MOCIEAYIONIEr0 pocTa. VIMEIOTCS JIOKalbHBIE YYacTKH, B KOTOPBIX IMPHCYTCTBYIOT
YaCTHIBI C POBHBIMU rpaHsimu (1), coorBercTBytomue kapoumy SIiC. Ilpu 3TOM Ha PEHTTEHOBCKHX
nudpakrorpammax peduiekcsl kapouga SiC He OOHapyKeHbI, YTO YKa3bIBaeT HAa HE3HAYUTEIBHOE €ro
KOJIMYECTBO.
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Puc. IToBepxHOCTH pa3pymeHus 00pa3noB

Ilpu evinonmeHuu uUccie008anull UCNOAL308AI0CH 000pyoo8anue Llenmpa KoOLIEKMUBHO2O

noavsoeanus «Llenmp gusuyeckux u QuUIUKO-XUMULECKUX MEeMOO08 aHANU3A, UCCIe008aHUs CEOUCME U
Xapaxmepucmux no08epxXHOCMuU, HAHOCMPYKMyp, mamepuanos u uzoeautr» Yom@HUL] YpO PAH.
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CTPYKTYPHO-®A3OBBIE IIPEBPAIIIEHUA
B MEXAHOCHUHTE3UPOBAHHBIX KOMITIO3UTAX ®YJUJIEPUT-)KEJIE30 ITPU HAT'PEBE

Jlapunonosa H.C., Huxkonosa P.M., Jlanbanos B.H.

Y amyprckuit GpenepanbHblil nccnenoparenbekuit HeHTp YpO PAH, r.Mxesck
larionova_n@udman.ru

Yraeponaconepxkaiue KOMITO3UIIMOHHBIC MaTepUaibl HAaXOJAT LIMPOKOE NPUMEHEHHE — OT
MEIHUIMHBI 10 PAKETOCTPOCHUS M KOCMUYECKOW TeXHUKH. Cpemau OOJIBIIOT0 MX MHOTO00pa3us MOYKHO
BBIJICJIUTh KOMITO3UTHI YIJIEPOA-YIJIEPOJ; METaLI-yIIepo, TAEe YIJEpOJa HUCIONb3YeTCS B KadecTBE
YOPOUHSIOMIEH (a3bl; yriaepoaA-MeTall, TJIe YIJIEPOIHBIC MaTepUabl HCIIOJIB3YIOTCS B KadeCTBE
MaTpuIbl. B mocienHue roapl YBEIHUMWIOCh YUCIO padoT, MOCBAIICHHBIX MCCICIOBAHUIO BO3MOKHOCTH
MOJTYYCHUST HAHOKPUCTALIMYCCKHX YaCTHI[ METAJIOB, HWHKAICYJIUPOBAHHBIX KPUCTALTUYCCKUM HITH
aMOP(HBIM YTIIEPOJIOM, TaK Ha3bIBACMbBIX, HAHOCTPYKTYP THIIA SAPO-000JI0UKa.

K pnocTromHCTBY MarepuaioB Ha OCHOBE YTJepoia OTHOCSATCS WX HU3KWH yIeIbHBIA Bec,
XHUMHYECKasi YCTOHYMBOCTh YIJIepoja, CIOCOOHOCTh BBIICPKHBATH BBICOKHE Temrieparypbl. C TOYKH
3peHUs] TMPAKTUYECKOTO HCIOJIL30BAHUS OCOOBIA HMHTEPEC MPEACTABISIOT MArHUTHBIE YACTHUIIBI, B
YaCTHOCTH JKEJIE30 M €ro MPOM3BOJHBIC. AKTyalIbHOW 3a7aueil SBISETCS U3YYCHUE CTPYKTYPBI, PU3UKO-
XUMHYECKHX CBOWCTB, pa3paboTKa MPOCTHIX METOIUK CHHTE3a Takux MarepuaiioB. Oco0oe BHUMaHHE
YIEISIeTCSl KCCIICIOBAHUIO UX CTOMKOCTH K OKHCIICHHIO U CTAa0MIILHOCTH TP HATPEBE.

B pabote kommnosutsl dymeput-xkene3o (nanee Ceoro-F€) ¢ comepixkanuem yriaepona 75 at.% Obutn
MOJIy4eHBbl METOIOM MexaHoxumuueckoro cuaresa (MC) B mapoBoit miaHetapHoi menbHuIe AT'O-2C
(mMatepuan 6apadanoB u mapoB — ctaab 40X13 u 111X15 coorBercTBerHO, Par = 0.1 MIla, tyc = 0.25-8
4). B kxadecTBe MCXOIHBIX MATEPUATIOB HMCIOJIB30BAINCH MOpoIikH xene3a (99.7%) u dymreputa Ceo7o
(Ceo — 82.2 Wt/%, C7o— 14.1 wt%).

[TokazaHo, 9TO B 3aBUCUMOCTH OT jyuTebHOCTH MC B Mexanokommo3utax Ceo7o-F€ mpoucxoaut
YaCTHYHOE WMJTU TIOJTHOE Pa3yHopsA0oueHIe KPUCTAUIMIECKOW cTPYKTYphI ymepura Ceo7o B IECTPYKIHS
Monekyn (ymiepenoB. B pesymnbrare nectpykiuu Ceo7o B 00pasmax HaOmromaeTcss (hOpMHpPOBaHHE
nementuta FesC, kapbuma Oxctpéma—-Ankokka Fe;Cs; um mapamarnutnoit Il-dpaser. Ilo nmaHHBIM
MeccOay?poBCKOM CIEKTPOCKOIIUM 3HAYCHHsI IMMapaMeTPOB CBEPXTOHKOTO B3auMoaeucTBus I[l-¢asbi
OTIUYAIOTCS OT U3BECTHBIX B JIMTEpPAType KapOUI0B. 3HAUCHUSI U30MEPHOTO CABHUra O OTHOCUTEILHO o-Fe
coorBerctByoT 0.37 mm/c, kBampynosipHOro pacmeruienuss A = 0.98 mm/c. B pesyibrare ananamsa
BBIJIBUHYTO TPEANoiokeHue, uto [1-dasa, Hanboee BeposATHO, COOTBETCTBYET Pa3yHnopsI0UeHHBIM (MU
aMop(HBIM) ITapaMarHUTHBIM KapOuam skene3a Fe;_y Cy, mepechIeHHbIM YTIIEPOIOM.

[IpencraBneHsl pe3yabTaThl MCCICIOBAHUN TEPMHUYECKOW CTaOMIBHOCTH CHOPMHPOBAHHBIX (Ha3.
dasoBble mpeBpamieHus npu Harpee a0 Temneparypsl 900 °C uccnenoBaiu ¢ NPUMEHEHHEM METO0B
muddepentmanbioli  ckanupyromein  kamopumerpun  (JICK), in-situ  BeIcOKOTEMmeparypHO#
peHTreHOBCKOM mudpaknuu B atMmochepe remms, a Takke MeccOay’poBckoit crnektpockonuu. Ilo
naaabiM JICK npu narpee mo 900 °C nabmromaeTcsi HECKOJIBKO TEIIod(PQEKTOB, O00YCIOBICHHBIX
(GopMHUpOBaHHEM OKCHUIOB M pacmnagoM HecTaOmibHbIX KapOumos. Ilpu warpeBe mo 200-450 °C
3aukcupoBanbl okcuasl Fe304 u/umu FeyO3, BoccTaHOBICHHE KOTOPBIX MPOUCXOAUT MOCIIE HarpeBa 0
550 °C. O6pasoBanne OKCUIHOM ()asbl, BEPOSTHO, BO3MOXHO BCIEACTBHE HAJIMYUS 3HAYUTEILHOIO
KOJIMYECTBA aJCOPOMPOBAHHOTO KHCJIOPOJAa B MEXAHOKOMIIO3HWTAX, XapaKTCPU3YIOIIMXCS BBICOKOM
TUTOIIAJIbIO yICIBHOM MOBEPXHOCTH M UMEIOIIUX BBICOKYIO XUMHUECKYIO aKTHBHOCTb. [lociie HarpeBa 10
800-900 °C ma peHrtreHoBckMX audpakTorpaMmax HabmomaroTcs pediekchl o-Fe, 3HauMTenBHO
MeHbIIel HHTeHCUBHOCTH pediekchl FesC u rpadura. PaccMoTper MexaHu3M (a3oBbIX IPEBPAILCHHI.

Hpu BbINOJIHEHUU  UCCACO0B8AHULL  UCNOIB308ANOCDH 060py606aHue lleHmpa KOJUJIEKNMUBHO20

noavsosanus «Llenmp usuueckux u QU3UKO-XUMUUECKUX MEMOO08 aHANU3A, UCCTIe008aAHUs CEOUCME U
Xapakxmepucmux no8epxXHoCmu, HAaHOCMpPYKmyp, mamepuanos u uzoeau» Yom@HUL] YpO PAH.
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OBPABOTKA MOHOKPUCTAJIUIOB AJIMA3A
C IPUMEHEHHUEM AJIMA3HBIX MUKPOIIOPOLIKOB
C ITIOKPBITUEM U3 CIIJTABA HA OCHOBE KEJIE3A

HoxkuHa A.B.l’z, KocTtukos B.I/I.Z, JlanTeB A.I/I.l’z, SArynaes IO.B.l, KartaeBa 3.P.1’2,
Kpyuynnuna Anl

e} «BHUHNAJIMA3», r. MockBa
2 HUTY MUCuC, r. Mocksa

nojkina@inbox.ru

Jannass pabota mocBsiieHa 00paOOTKE MOHOKPHUCTAUIOB ajiMa3a C NPUMEHEHHEM aliMa3HBIX
MHUKpPOIIOPOIIKOB C MOKpbhITHEM. TpaauuuoHHO anMa3 HUIMQYIOT U MOJUPYIOT Ha YyTYHHBIX JIUCKaX,
IIap>)KUPOBAaHHBIX AJIMa3HBIMH MHKpONOpoInKamu. Takas o0pa0oTka MOHOKpPHCTa/UIa ajiMmas3a CO31aeT
HanpsDKeHUs B KPUCTAJUIE, @ MHOTJa M TPELUHbI, IPUBOIAIINE K pa3pylIeHUI0 anMasa. MTHHOBaIlMOHHbIH
croco0 00paboTKH arMa3za OCHOBAaH Ha BIHMSHUM CPEAbl, (PU3UKO-XMMHUYECKH aKTHBHOM K YTJIEPOAY,
NPUBOAALICH K rpaduTH3alMK ajaMas3a B YCIOBHAX €ro METacTaOMIBLHOCTH, YTO YCKOPSIET MPOLECC ero
o0paboTtku. BriepBrle rpaduTH3ams aiMasa Mpu HarpeBe B MPHCYTCTBUU KHCIOPOZA, KaK XUMHUYECKU
aKTUBHOH cpenpl, Obuta ommcana B pabore [1]. [ns aktuBanuu rpaduTH3aLUM anMma3a IpH ero
HUTM(OBAHUU TPUMEHSIOT DJIEMEHTHI [2], Takue Kak MepexOJHble METallIbl, KOTOPbIE BXOMSAT B COCTaB
MOKPBITHS MUKPOIIOPOIIKOB IS IIAPKUPOBAHMSI OTPAHOYHOTO JIUCKA.

B pabore [3] Obuta mpoaeMoHCTpHpOBaHA 3(PGEKTUBHOCTh MPUMEHEHHUS HHUKEIbCOICPIKAIINX
MOKPBITUH JUIsT 00pabOTKM MOHOKPUCTAJUIOB anMa3za. ObLIO TOKa3aHO yBelndeHue 3((HEeKTHBHOCTH
00pabOTKM MOHOKpHCTa/UIa ajiMa3a B 2 pa3a NpU HCIONb30BaHMU Mukpomopomka ACM 10/7 ¢
nokpeiTueM KM20. D¢¢extuBHOCT, 00pabOTKHM aBTOPHI CBSI3BIBAIOT € KATAIMUTUYECKUM JeHCTBHEM
o0Opa3oBaBIICHCS TOHKOW IUIGHKM HHKENs Ha IOBEPXHOCTH ajdMas3HbIX 3epeH. B naHHON pabote
IPEJCTABICHO  MCCIENOBAaHUME  Ipolecca  oOpabOTKM  MOHOKpUCTa/UIa  aiMasa  ajJMa3HbIMHU
MUKpOIIOPOIIKAMHA C TOKPBHITHEM W3 CIUIaBa Ha OCHOBE dkeje3a: Mukpornopomkom ACM 14/10 c
mokpeiTieM KM20-Fe (C) u mukporopomikom ACM 14/10 ¢ nokpsituem KM20-Fe (I1I) o cpaBHEHHIO ©
HETIOKPBITHIMU aiMa3HbIMU mopoiikamu ACM 14/10.

s onpenenenus (azoBOro cocTaBa UCCIEAYEMbIX aIMa3HbIX MHUKPOIOPOLIKOB C IMOKPBITHEM U3
CIJlaBa Ha OCHOBE jkeje3a ObUI NMPOBEJNCH HMX PEHTIeHO(A30BbI aHaIN3, MOJIYYCHHBIE PE3yJbTaTh
npuBefeHsl B Tabnuue 1. B cocraBe MOKpHITHH BBIABICH KapOWA KPEMHUS, CHIIMLUA U JUCHIMLIH[
&Kelesa, a Takke 0JIoBo. MccneayeMble MOKPBITUS 3alIUIIAIOT 3epHa aIMa3HOTO MHUKPOIOPOIIKA 33 CUET
IPUCYTCTBUS B HUX COCTaBe HWHruOuropa rpapurH3aumu — Kapbuga kpemHus. Katamusatopom
rpadutnzanuu  00pabaThIBAEMOro aiiMasza SIBISETCS JKEJNe30, HAXOJSAIIeecs B COCTaBE MOKPBITHIA.
Heobxoaumo otmetuTsh, uto B mokpbiTi KM20-Fe (C) nmpeobiagaer CHIUIM XKejie3a, B TO BpeMs Kak B
nokpeiTun KM20-Fe (I1I) npeobnagaet AUCHITHIIN Kele3a.

Tabnuya 1
KoJsin4yecTBeHHBI aHAJIN3 AJIMA3HOI0 MUKPONOPOIIKA € MOKPHITUAMU
Pasa KM20-Fe (C) KM20-Fe (I1I)
O60bemuas noius, % MaccosBas noist, % O0nemuas nomns, % MaccosBas noist, %

C - diamond 93,8 90,6 98,3 97,7

Fe Si 4,6 7,7 0,5 0,8

Fe Si, 0,2 0,3 1,1 1,3

B-Sn 0,1 0,2 CJIE Bl clIe bl

B-Si C 1,3 11 0,1 0,1

s onpenenenus 3pHEeKTUBHOCTH 00paOOTKH YyT'yHHbIE OIpPaHOYHbIE IUCKU OBUIM LIap>KUPOBAHBI
WCCIIEAYEMBIMU aJIMA3HBIMA MHUKPOMOPOUIKAMH C TOKPBHITHEM W MOPOIIKOM 0€3 MOKPBITHS MO OIHOMN
texHosoruu. CyIIHOCTh MeToia orpeaesieHus 3pPEeKTUBHOCTH MPUMEHEHHSI aIMa3HbIX MUKPOIIOPOILKOB
3aKJIFOYAeTCs B OMNPEACTICHUH MacChl 00padaThIBAEMOr0 MOHOKpHCTAILIA anMasa (LMIMHIPUYECKUE
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00pasiibl) 10 U mocie HUIM(OBaHUS B €IUHHUILYY BPEeMEHHU. Pe3ynbTaThl UCCICIOBAHMS MPEACTABICHBI B
Tadiuue 2.
Taonuua 2
Pe3yabTaTsl onpeneneHusi 3PpPeKTHBHOCTH MPUMEHEHHS aJIMAa3HBIX MUKPOMOPOIIKOB ¢
MOKPBITHSIMH Ha OCHOBE JKeJie3a

Obpaszer Nel Obpa3zery Ne2
[Tpunoxxennoe ycunue, H 10
Huametp oOpasna, MM 2,9 5,2
[Tnomans 0O6pabaTsiBaeMOl MOBEPXHOCTH 00pa3Iia, MM 6,61 21,24
[TpunoxxeHHOE AaBleHuUE, H/mm? 1,51 0,47
ACM 14/10 - 1,210°
ACM 14/10 ¢ noxpeITHEM 3 3
[Toteps macchl, KM20-Fe (C) 6,6 10 2,010
Kap/MuH
ACM 14/10 ¢ mokpeITHEM -3 3
KM20-Fe (ILI) 7,010 2,410

CoriacHoO TOJYYEHHBIM JaHHBIM, TPHUMEHEHHE anMa3zHoro Mukpomnopomka ACM 14/10
KM20-Fe (C) yBenuuuBaer 3(ddexktuBHOCTh HUTH(GOBaHUSA anMaza B 1,67 pa3 1o CpaBHEHHIO C
MCTIOJIH30BAHUEM MHUKPOIOPOIIKA 6€3 MOKPBITUS, IPUMEHEHUE aIMa3HOTO MUKPOIOPOIIKA C MOKPHITHEM
KM20-Fe (1) yBenwuuBacT 3h(HEeKTHBHOCTH HLIH(POBAHUSA alMa3a MPaKTHYECKH B 2 pasa Oiaromaps
KaTaJIUTHYECKOMY JCHCTBHUIO CUJIMIIMIOB KeJie3a Ha rpadUTU3aLMI0 aIMa3a.

BoinonHeHHbIe MCCIIEOBaHUS MOKa3aBalOT, YTO 3(PPEKTUBHBIM SIBISIETCS HE TOJIHKO BBEICHHE B
30HY 00pa0bOTKHM ajiMa3za METaNIOB-KaTaIU3aTOPOB, HO U MX COEAMHEHHH.

DKCHEePUMEHTAJIBHO YCTAHOBJICHO Takxke (Tabmuia 2), 4To YBEIMYCHHE IaBICHUS MPHBOAUT K
JOTIOTHUTEIBHOMY  YBEIMYEHHIO  Cbhe€Ma  MacChl  anMasa,  o0pabaTblBaeMOro  ajaMa3HbIMHU
MHUKPOMOPOILIKaMH C MOKPHITUEM U3 CIUIABOB HAa OCHOBE JKeJe3a.
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['padeH-noauMepHbIe CTPYKTYPbl Ha CETOAHS OJHH M3 TCEPCHCKTHBHBIX MATEPUATOB IS
HCCIIeA0BaHUHN U OyayImUX Hay4IHBIX MPOphIBOB. OHU 00J1a/1al0T BEICOKON MEXaHWYECKOW MPOYHOCTHIO U
AIIEKTPUYECKON MPOBOUMOCTBIO, UTO JENIaeT BOZMOKHBIM WX MPUMEHEHUE B CO3/IaHUU HOCUMOM JIETKOM
U THOKOH OIIEKTPOHUKH. TpaAWIIMOHHBIE METOABI WX W3TOTOBJICHUS BKIIOYAIOT OOBEMHYIO
MOTU(DUKAIIMIO MAaTEPHAIOB, YTO BEJCT K BHICOKOW CTOMMOCTH TPOU3BOJCTBA, @ B HEKOTOPBIX CITydasx
MoMOOHBIE  CHOCOOBI  W3TOTOBJICHHS WMEIOT TOKCHYHBIE TIOOOYHBIE TMPOAYKTHI, HApUMEp
JOJCIIMIOEH30IICYTH(OHAT HATPHS U Tiepcyabdar Kaaus [1].

B nanHOif paGoTe MBI AEMOHCTPHpPYEM CIOCOO HHTErpamuu rpadena, MoIupHUIMPOBAHHOTO
nuazonueBsiMu cossiMu (Mod-G), B monmumvep (ITDT) ¢ momomrsio naszeproit o6padorku (LMod-G). Ipu
9TOM, MPOIECC MOXKET OBITh peannu3oBaH 0€3 JOMOJHUTEIBHBIX TEXHOJIOTHYECKHX OIlepanuii, u B
YCIOBUSIX OKpYyaroiiei cpebl [2]. Bosiee Toro, BO3MOXHOCTh HACTPOWKH MTAPAMETPOB JIa3epa MO3BOJISIET
MEHSTh MOPQOJIOTHIO U JJIEKTPUYECKUE CBOWCTBA KOMIIO3UTOB, YTO OTKPBHIBAET BO3MOXHOCTH IS
UCTIOJIB30BaHUsl HAIIETO MaTepHajia B KadecTBE MYJIbTHCEHCOpPHOW TIuiardopmbl. Tak, MBI TOKa3aiu
BO3MOXXHOCTh TMPHUMEHECHHS JaHHOTO MaTepuala Ui CO3/IaHWs HECKOJIBKUX CEHCOPOB, MMEIONINX B
OCHOBE Pa3HbIC MEXaHU3MBI IETCKTHPOBAaHUsS. MBI MPEICTaBIIIEM CEHCOP ABIXaHUs, AaTYHK nu3rubda, BU-
AQHTCHHA, DJJICKTPOXUMHYECKUH ceHcop u Ap. [losydeHHbIE MaTYMKH JCMOHCTPHUPYIOT BBICOKYIO
MEXaHUYECKYI0 CTa0MIILHOCTh NPU IUKIMYECKOW Harpys3ke 0e3 Jerpajanuu 3JIEKTPUICCKUX CBOWCTB, a
Takke 001a/1at0T HEOOIBIIIUM BPEMEHEM OTKIIUKA U BOCCTAHOBJICHHUS.

Puc. 1. I'paduyeckas anHOTanus paboThI
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®OPMUPOBAHMUE SiC B MUKPO®UJIBTPALIMUOHHBIX MATEPUAJIAX
N3 YIVIEPOACOAEPXKALIINX KOMIIO3NLIUU
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[Monmyuenne kepamMuuecKUX (UIBTPYIOMIMX MATEPHAIOB C TEXHOJOTUYECKH ONPaBIAHHBIMU
pecypcoM pabOThl M KadyeCTBOM OUMCTKH CpEIl OINPEIENIICTCS CO3AaHUEM MHUKPO(DHIBTPAIIMOHHOTO
(cesIeKTMBHOTO) CJIOSI C YBEJIMYCHHOH TMPOHUIIAEMOCTBIO M €ro 3aKpCIUICHHEM Ha IOBEPXHOCTH
KPYITHOTIOPUCTOMN MOMIOKKH. J[71s1 oOecneueHus] MPOYHOro CIEIJICHHE CJIOEB C MOJUIOKKOH B COYCTaHUU
C 3aJaHHBIMH YPOBHSAMH MPOHHIIAEMOCTH M pPa3MEpPOB TIOP TMEPCIEKTUBHO HCIIONB30BaHUE
MEXaHOAKTUBUPOBAHHBIX IOPOIIKOB C HAHOCTPYKTYPHPOBAHHOW IMOBEPXHOCTBIO, IMO3BOJISIONIMX
(dbopmupoBaTh B MUKpOMIbTpaiinonHoM cioe SiC.

[lenpto  paboOTBI  SBJISETCS  MCCICOBAHWE  YCIOBHHA  CO3JaHHWs  KapOWga KpeMHHS B
MUKPO(UIBTPAIMOHHOM CJI0€, C(hOPMUPOBAHHOM Ha KPYITHOIIOPUCTOHN aTFOMOCHITMKATHOM TTOJTOXKKE.

N3BecTtHO, uTO OOpasoBanue SIC B yCIOBHSAX MPOMBINUICHHOTO MOJYYEHHUs KapOuaa KpeMHHs
MPOUCXOIUT TIPH JOCTATOYHO CIIO)KHOM B3aWMOJICHCTBHM yriiepoja C JAHOKCHIAOM KPEMHHS.
KoBaneHTHBIN THIT XMMHUYECKOW CBSI3M KapOHIa KPEMHHUS 3aTPYAHSICT CICKaHHWE YMCTBHIX MOpoIikoB SiC
npu temmeparypax Hmwke 2300 °C. CymecTByeT psa TEXHOJIOTHYECKHX IPHEMOB, ITO3BOJISIONINX
CYIIECTBEHHO CHH3UThH Temreparypy dopmupoBarus SiC. OmHHM U3 CIOCOOOB CTPYKTYPOOOpa30OBaHHsI
KapOWJOKPEMHHUEBOM MaTpUIbI TPU TOHWKEHHBIX TEMIepaTypax SIBISETCS PEaKIHOHHOE CIIEKaHUE
WCXOJHBIX KOMIIO3MIIMK, MPOIICAIINX TPEABAPUTEIBHYI0 MEXaHOAKTUBAIMIO, TPUYEM XapaKTePHBIM
NPU3HAKOM TaKOTO TMpolecca SBISAETCS OTCYTCTBUE Yycaaku. [loHWKeHHe Temreparypbl CHEKaHUs
BO3MOJKHO ITyTEM HCIIOIB30BaHuUs yriaepoaa u coeaunenuii cucremslr SiO,—Al,O3. Hanmnure cBo6o1HOTO
yriepoia akTHUBHpyeT TBepaodasHoe B3ammoneiicteue, a mnpucyrcrBue Al,O3 mnpuBomur K
(hOpMHUPOBAHUIO TIEPEXOTHON KUIKOH (ha3bl B pe3ysibTaTe 00pa3oBaHMsI IBTCKTHKH OKCHIIA aJTFOMHHHUS C
KoMmroHeHTaMu I1uxThl. OOpazoBanue SIC mnpu Temmepatypax cnekanus 850-950 °C  cranoBHTCS
BO3MOJKHBIM, OJlarofapsi JUIMTEIBHOCTH OOpabOTKM B AaTTPUTOPE CMECH HCXOJHBIX KOMITOHEHTOB,
MPUBOMSIICH.: K TOSBICHUIO CTPYKTYpHBIX Je(EKTOB KaK Ha TIOBEPXHOCTH, TaKk WU B o00beMe
MEXaHOAKTHBHPOBAHHBIX YACTHI], YaCTUYHOMY Iiepexony B Ooiyiee akTHBHOE, aMOp(HOE COCTOSHHUE
xpymkoro SiO, Bceraa npucyTCTBYOMIETO B BUJIE 3€PEH B CTPYKTYPE Pa3MallbiBAEMOT0 aTFOMOCHIIHKATA.
[TosTomy npeaBaputenbHbIi HarpeB muxThl 10 600°C MHUIMUpPYET B3aMMOACWCTBUE aKTHBHPOBAHHBIX
MOBEPXHOCTEH YaCTUI[ C TEIUIOBBIICICHUEM B MHKPOOOBEMAaxX TOCTATOYHBIM JJISi PETUCTPUPYEMOTO
obpazoBanus SiC [1].Pexum 00beMHOT0 3K30TEPMHUUECKOTO B3aHMMOJICHCTBUS B TETEPOTCHHOU Cpejie C
obpazoBannem SiC, coxpaHseT MOpP(}OJOTHI0 TMOBEPXHOCTH MEXaHOAKTHBMPOBAHHBIX YACTHI[ C
pa3mepamu kpuctaummro 100 —300 um [2].

Kak cnemyer w3 tabmumpbl 1, MICTOYHUKOM KpeMHUs Uil (popMHUpOBaHUS KapOHIa KPEeMHHUS TpU
CTIEKaHUM MOPOIIKOB JETHPOBAHHBIX YIIIEPOIOM, SBISIETCS B OCHOBHOM TekcoroHanbHbIi SiO;. Mcxoms
U3 MPEJICTaBICHHBIX TAaHHBIX, KOHIICHTPAIMS T€KCOTOHAILHOTO OKCHIa KPEMHHS yMeHbIIaeTcst ¢ 56% mo
36% Ha (oHEe MPaKTHYECKH MOCTOSHHON KOHIEHTpauu opropomoOuyeckoro cuumumanuta (Al,SiOs;
27%—24%) u pomoo3apuueckoro kopyuaa(Al, Oz: 10%—-5%), 4To MO3BOJISET PEIIUTh HE TOJIBKO 3a1auy
MOJTYYSHHSI TIOPHCTOTO MUKPOQDMIBTPAIIMOHHOTO CJIOSI, COJepKAIIET0 KapOua KPEMHHUS, HO U YIPOCTUTh
TEXHOJIOTUYECKUE PEeXUMBbI co3zganusi SIC W3 alIOMOCHIIMKATHBIX MOPOIIKOB C OIHOBPEMEHHBIM
MTOHMKEHUEM TeMIiepaTypbl popmupoBanus 10 950°C.

JUIs TpUrOTOBJIIEHUS UIMXTHI HCIOJB30BAM MNPOAYKTH pasmona dapdopoBoro 6os 3A0
«Jloopymickuii  papdopossiii 3aBoa» (amomocunukatoB AL,;03-Si0;) ¢ mobasmennem 10% wmacc.
yriepoja B OMCepHOii MenbHHUIlE. B KauecTBe MCTOYHMKA YTIIepo/ia UCIIOIb30BAN aHTPALIUT.
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Y CcTaHOBIIEHO, YTO Pa3MoJl NPUBOAUT K CO3JAHMIO YACTHII IIACTUHYATOW (POPMBI CO CTPYKTYpOU
MOBEPXHOCTH, cocTosiel u3 rinodyn ¢ pasmepamu kpuctamuroB 100 — 300 am. Ilpu stom, kak
MOKa3bIBAIOT PE3YJIbTAThl HCCIEAOBAHUM, YTJIEPOA PABHOMEPHO PpACHPEACISAIOTCS MO KepaMUYeCcKOH
MaTpu4dHOH (ase.

JleeKTHOCTD alfOMOCHUIIMKATHBIX YaCTHIl 00JIeryaeT ux B3aumoeiicteue ¢ mojiekyiaamu CO; npu
cnekanuu. JITA cBuaerenbcTByert, uto npu temmeparype 610 °C nabmrogaeTcss SK30TEPMUYECKHUN TTHK,
COIIPOBOKIAIOIIMIICS yMEHbIIeHHEeM Macchl Ha 7 %, OOYCJIOBJCHHBI CropaHHeM yriepoia W,
crnenoBarenbHO, GopmupoBanueM CO,. BpimeneHHoe mpu 3TOM B MOpax 3HAYUTENBFHOE KOJIMYECTBO
sreprun 2335 JIk/T co3maeT NOKaNbHBIA MEperpeB Ha MOBEPXHOCTU YACTHIl U MOBBIIIAET BEPOSITHOCTh
¢dopmupoBanns KapOHuIa KpeMHHS, KOTOPBIH JOCTaTOYHO PABHOMEPHO PACIPEENICH MO IOBEPXHOCTH
YacTHIl.

PesynpraTel peHTreHo(a3oBOro aHaim3a IOCIE CHEKaHUS MEXaHOAKTHBHPOBAHBIX IOPOIIKOB C
yrJIepoJoM U 0e3 yriiepoaa mpeacTaBieHbl B Tadbauie 1.

Tabnuya 1
Pe3yabTaThbl peHTreHo(a30BOro aHAJAM3a MOCJIe CIEKAHNS MeXaHOAKTUBHPOBAHBIX NOPOLIKOB
Al,O3; - SiO;
Ksapi Si O, Cunmumanur Al, Si Os Kopyua Al, O3 Kapoun kpemuns Si C
(rexcoroHasbHBIN) (opTopomOuUecKHii) (pomOOd pUUECKHiA) (rekcoroHaJbHBII)
KoHIeHTparws 56 % KoHIeHTparws 27% koHnenTpanus 10 % KoH1eHTparws 7 %
Al,0; - SiO, - C
Kgsapr Si O, Cwutumanut Al Si Os Kopyna Al; O Kap6un kpemuus Si C
(rexcoroHaabHbIH) (opTopomOUYecKkuii) (pomMOO3IpUYECKUit) MyaccaHuT
KOoHIIeHTparus 36% KoHIIeHTparus 24% KoHIIeHTparwms 5 % (xyOMgeckmit)
koHneHTparwms 31%
Myaccanut
(reKCoroHaBHEIH)
KoHIeHTparus 4%

Tomorpaguio TOBEPXHOCTH  HCCICHOBAIM HA  aTOMHO-CHWIIOBOM  Mukpockorme  HT-206
(«MukpoTecT™ManIMHb», T. ['OMeNb) CO CTAHAAPTHBIMH KPEMHHUEBBIME KaHTHUJIEBEpAMH 0aJ0YHOrO THIIA.
CTpyKTypy MOBEPXHOCTH aHAJIU3UPYEMBIX OOpa3llOB OICHUBAIM C HCIOJb30BaHUEM H300paKeHUN
Tororpaduu MOBEPXHOCTH MPH TI0JIC CKAHUPOBAHUS 3X3 MKM, a TaKKe pelibeda MOBEPXHOCTH B PEKUME
«Tortion». T'me, X, Y — pasmep moast B MKM, Z — BbICOTa B HM. Pexxum «TOrsion» mo3BoJiseT 3a CueT
pa3HOro KOHTpPAcTa YBUAETh MPHUCYTCTBUE B CTPYKType Marepuana pa3iuuHbix ¢a3. Kak cienyer us
aHanmm3a W300paXeHHWH, B MHUKPO(DUIBTPAIIMOHHOM CJIO€, CIIEYCHHBIM W3 TOPOIIKA, MOJIYYEHHOTO
COBMECTHBIM pa3MOJIOM B aTTPUTOPE alOMOCHKaTa M YIJepolia BBIABICHA 3CpEHHAs CTPYKTypa
MOKpHITHs. B ornmmume ot cinost 6e3 yriepona Habmromaercss Hamuuue AByX (as. [IpenmonoxurensHO
MPUCYTCTBYIOT BKJIFOUEHUS YaCTHIl KapOuIa KPEeMHHUs, UMEIOIIHE 0ojiee BHICOKHE MUKPOMEXaHUYECKUE
coiictBa. Pazmeps! 3epHa konebarores ot 20 mo 100 am.

Y CcTaHOBIIEHO, UTO TpEABAPUTEIbHAS COBMECTHAsI 00paboTKa mpoayKTa pasmoiia dpapdopoBoro 60s
¢ antparurom (10 % wmacc.) B arrputope (6 4) HMPUBOIUT K OOpa30BaHHUIO B CICUCHHOM IMOPUCTOM
Matepuane, kapOuaa KpeMHus B KoinndecTBe 36 %o.

JUTEPATVYPA

1. 1.Mopaens ropeHusi yriepoaa B (DWIBTPAIMOHHOM PEXHME B MPHOIMKEHHUH TEPMOIMHAMHYCCKU
paBHOBecHOTO coctaBa npoaykToB / E. B. Tlonmmanuunk, C. B. I'mazos // ®usrika ropeHuss u B3pbiBa.—
M 2014. — T. 50, Ne39, C 8 — 20

2. ®opmHupoBaHHE MEMOPAHHOIO CJIIOs C KapOMIOM KpPEeMHHs Ha aJfoMOCHIHKaTHOW mommoxke / C.M.
Aszapos, I.H. banbinko // Becui HAH benapycu. — Munck, 2020. — Ne3, C. 299-309
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CIIOCOB ITOJYYEHUSA HAHOCTPYKTYPUPOBAHHOI'O KOMIIO3UTA I'PA®EH-CeO;
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! denepalibHOE TOCYIAPCTBEHHOE OI0KETHOE 00Pa30BaTEIHLHOE YUPESKICHUE BBICIIIETO O0Pa30BaHUS
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marepuanoBeaeHus uM. A.A. baiikoBa Poccuiickoii akamemun vayk (MMET PAH), r. MockBa
4 l'ocynapcrBenHslil HayuyHsli neHTp Pocculickon @enepanuun Tpounknii HHCTUTYT HHHOBAaLlMOHHBIX U
tepmosiaepHbix uccnenoBanuii (CHIL[ PO TPUHUTHN), r. Tpourk

IvanGforce@mail.ru

CoBpeMeHHbBIC OTpacid TMPOMBIIUICHHOCTH HEBO3MOXHO MPEJCTaBUTh 0€3 HAHOMATEePHAJIOB,
WCTIOJB30BAaHMUE KOTOPBIX OTKPHIBAET HOBBIE TEXHOJOTHYECKHE BO3MOXKHOCTH OJjaromaps CBOUM
cnenu(uyeckuM  (QU3MKO-XMMUYECKMM  CBOMCTBaM.  Tak,  Hampumep, B  TPOHU3BOJICTBE
CYNICPKOHJICHCATOPOB, JJICKTPOJOB JIMTUEBBIX Oarapei, ra3oBbIX CceHCOpOB, ((PoTo)karann3zaTopos,
HAHOTOKPBITUH IS 3alIUTHI OT KOPPO3UHU U JP. UCIIOJIb3YIOTCS HAHOCTPYKTYPUPOBAaHHBIE KOMITO3UTHI Ha
OCHOBE I'pad)eHOBBIX JUCTOB M oKcuaa nepus [1-4]. KoMno3uTsl, npuMeHseMble B YKa3aHHBIX 00JIACTSX,
JIOJDKHBI 00J1a/1aTh OMPECICHHBIM COCTABOM U CTPYKTYPO#, a UMEHHO, cofiep)kaHue rpadeHa He TOJIKHO
npeBbImaTh 2 Mac.%, Ipy 3TOM OH JOJDKEH BKIIOYaTh MHHHMAIBHOE KOJWYECTBO KHCIOPOAA U OBITh
paBHOMEpHO pacnpezenieH B kKomnosute. CoOirofeHue JABYX IOCICAHUX TPEOOBAHHIA COMPSIKEHO C
HaMOOJIBIIIMMHU TPYIHOCTSMHU.

B HWMET PAH pa3paboran cmnoco® monydeHus TUOPUIHBIX HAHOCTPYKTYp Ha OCHOBE
OecKHUCIOpPOAHOTO (HEOKUCIHHOT0) Tpad)eHa U HAaHOPa3MEPHBIX OKCHUIOB METAJIOB [5], coderaromiuii B
cebe 30ib-Teb CHUHTE3 M YJIbTPa3BYKOBYIO SKC(hoJIMANMI0 TpPapeHOBBIX JIHMCTOB C TIOBEPXHOCTH
CHHTETUYECKOTrO rpadura B OpPraHM4eCKOl WM OpraHo-Heopranndeckoi cpenax [6,7]. Lleap Hacrosimero
HCCIIeIOBaHMs — pa3paboTKa METO/a CHHTE3a B «MSTKUX» (HE BKJIFOYAIONIMX HCIIOJB30BAHUE CHIIBHBIX
OKHCJIIONIMX PEarcHTOB) YCIOBHAX HAHOCTPYKTYPHPOBAHHOTO rHOpuaHOro mopoiuka rpaden-CeO; u
M3y4YeHHUE ero GU3NKO-XUMHUICCKIX CBOHCTB.

Ha mnepBoii cTamum cuHTe3a KOMIIO3UTOB TONydYaidu cycrneHsuio rpadena B cperae N,N-
nuMetunoktunamua-soaa (JIMOA-Boaa) mpu pH 3 mo meroauke paspaboranuHoii panee [7]. [Topomrok
rpadpuTa CMEIIMBAJIM C JIEMOHW30BAaHHON BOJOW, M B MOJY4YEHHYIO cycrieH3uio nobasmsumm JMOA.
OO0pa3oBaBIIMKCS KOJUIOMIHBIA PAcTBOp TMOABEprajn oOpabOTKe B yJIbTPa3BYKOBOH YCTaHOBKE
Sonoswiss SW1H (200 Br) B teuenue 15 mun. [Tocne 13-14-yacoBoil ceIMMEHTANMU U CTYyICHYATOMN
JIeKaHTaIuK ObLIa ToydeHa 1eneBas (pakius cycrnensuu rpadena. Ha BTopoil ctanuu cHHTE3MpOBaU
uepuiiconepxkanmii 30ib. B 0,05 M Boawwiii pactBop Ce(NOs); moGaBiisiii COHPTOBOW pacTBOP
crabumzaropa 3011 JIMOA u KoMIuIeKcooOpa3zoBaTeib (aleTHIaeToH). 30e00pa3oBaHmue POBOIIN
npu 87-90°C. Ha 3aKIr04MTENbHON CTaJMU CHHTE3MPOBAHHBIN 30Jb COEIMHSIM TIPU [EPEMEIIMBAHKMY C
cycrieH3uer rpadeHa W ymapwBalii IO COCTOSIHUSI TeJisl, KOTOPBIA 3aTeM IMOJBEPrajid TEPMUYECCKON
o0paboTke B ey B atmMochepe Bo3ayxa npu temmneparype 5S00°C.

[TonyyenHble 0Opa3lbl KOMIIO3UTOB OBUIM  M3YYEHBI C  HWCIOJB30BAHHUEM  KOMILIEKCA
MHCTPYMEHTAJIBHBIX METOJIOB, BKIIIOYAIOUIETO pEeHTreHOBCKylo mudpakuuio (SHIMADZU XRD-6000),
MIPOCBEYMBAIOIIYIO SJIEKTPOHHYIO MHUKpOCKomnuio ¢ audpakmueii smekrponos (LEO 912 ab Omega Carl
Ziess), MpOCBEYHMBAIOIIYIO AJICKTPOHHYIO MHKPOCKOINHWIO BbIcOKoro paspemenus (JEM 2010 (JEOL
Ltd.)), cmekrpockonuio komOuHarmonHoro paccesuus csera (TRIAX 552 (Jobin Yvon)) u sneMeHTHBIH
anamu3 (“Leco”, moxens CS-600).

[To maHHBIM PIIEMEHTHOTO aHAJIM3a COJEPKAHWE YTIIEpoaa B KOMIIO3UTe Bapbrposaiock ot 0,3 10
0,7 mac.%, T.e. He npessiano 1 mac.%. Corinacno POA B oOpasiiax KOMIO3UTa HAOIIOJAINUCEH peIeKCh
xapaktepasie mia CeO; ¢ TpaHEUEHTPUPOBAHHOW pemieTkor Tuna (mooputa. CpenHuil aHaAMETp
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KPUCTAJUTUTOB JIMOKCHIA LEepHus B Komro3ute coctaBisier 9 HM. Pesympratel [IDMBP mo3Bomstor
3aKJIIOYNTh, YTO CHHTE3MPOBAHHBIN IOPOLIOK COCTOMT W3 HAHOCTPYKTYPUPOBAHHBIX KOHIJIOMEPATOB,
00pa30BaHHBIX KPUCTAIUIMTAMHU JBYX BHIOB. OKpyrible ¢ pazmepamu MmMeHee 10 HM W TpaBHIBHOM
Kybuueckoit ¢popmel ¢ pazmepamu 10-20 HM — ¢ peobragaHreM MEPBHIX.

KomriekcHblii aHanu3 pe3ysibTaTOB HMCCIEAOBAHUS IMOPOLIKOB MHCTPYMEHTAJIBHBIMM METOAAMMU
MOKa3bIBa€T, 4YTO 30Jb—Telb MEPeXOoJ MPOUCXOIUT HA IOBEPXHOCTH TIpadeHOBBIX JIUCTOB U
MOCJIeyIoNas KPpUCTauIM3aIus B Mpolecce TepMooOpadOTKH MPOTeKaeT Ha 00pa30BaBIIMXCS IEHTpax
W30JIMPOBAaHHBIX JAPYT OT JApyra. Pe3ynbTaThl CHEKTPOCKONMM KOMOMHAIIMOHHOTO pacCesHUsl cBeTa U
nanHbie POA 1MO3BONAIOT MPEINONI0KNATE, YTO JHCT TpadeHa BBIMONHACT (YHKIUU «HATPABISIOIIETO
(dakTopa», 4YTO NPUBOAUT K TMOSBJICHHIO OONBIIET0 KOIMYECTBA AC(EKTOB HA IMOBEPXHOCTH
KPUCTAJUTUTOB, 4YeM B ciy4ae ¢opmupoBanus mopomka uyucroro CeO;. CorimacHo audpakuuu
3JIEKTPOHOB, IpadeH GOPMHUPYET CIOUCTYIO CTPYKTYPY arjioMepaToB, U U30JUPOBAHHbIE HAHOKPUCTAIIBI
OKCHJIa METajlJla OKa3bIBalOTCS MHKOPIOPUPOBAHHBIMHU B 3THU PAa3HOOPUEHTUPOBAHHBIE CJIOW, TOJIIMHA
KOTOpPBIX, MO AaHHBIM [I9M, coctaBnser 2-5 HM. Ilpu 3TOM rpadeHoBbIe JIUCTHI OrpaHHUYUBAIOT POCT
aMOpPHBIX ~METAVICOACPKAIMUX YACTHIl, MPEIIIECTBEHHUKOB KpucTtammuToB CeOz, KOTOpbIE
M30JIMPOBAHHO JUCIEPIUPOBAHbI B MaTpUIle rpa)eHOBBIX JIUCTOB.

Taxum 06pa3oM, pa3paboTaHHBIN CIIOCOO MO3BOJISET MOIYYUTh HAHOCTPYKTYPHUPOBAHHBIH ITOPOIIIOK
komnosuta rpaden-CeO; ¢ moBbiIeHHBIMU ucniepcHOCThI0 (a3sl CeO;, (Menee 10 HM) M yaenbpHON
MOBEPXHOCTHIO. [ToKa3aHo, 4TO B MOPOIIKE OTCYTCTBYET XUMHUECKOE B3aMMOACHCTBIE MEXIY TpadeHOM
u CeOpy, T.e. CHHTE3UPOBaHHbII KOMIIO3UT SBISETCS BaH-JEp-BaalbCOBOM CUCTEMOI, M OITOMY IpadeH,
3AIUMIIEHHBIA OT OKHCJICHHS, COXPAHIET CBOM YHUKAIBHBIE DJIEKTPOHHBIE CBOMCTBA. IIpencraBieHHBIN
Ccroco0 CHHTe3a SIBJISETCS TEXHOJIOTMYECKH TNEepPCHEKTUBHBIM W MOXET ObITh HCIHOJb30BAaH IS
MIPOM3BOJICTBA HAHOMOPOIIKOB C MMOTEHLUUAIbHO IIUPOKUM CIIEKTPOM MPAKTHUYECKOIO MPUMEHEHHMS.
DKosornyeckass MPUEMIIEMOCTh U SKOHOMHYHOCTh TEXHOJIOTUM OOYCIIOBJIEHBI HCIOJIb30BAHUEM
HEJOPOTUX PEareHTOB, MPAKTUUYECKH HE MOBBIIIAIOLINX HAIPY3Ky Ha OKPYIKAIOIIYIO CpEdy.

Paboma evinonnena ¢ UMET PAH no eocyoapcmeennomy 3adanuto 075-00328-21-00 npu
punarncosoii nodoeprcke PODOHU (epanm Ne 19-03-00554_a).
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E-mail: IvanGforce@mail.ru

bnarogapst 1ieioMy psily YHUKaIbHBIX CBOWCTB, B TOM YHCJIC W 3JICKTPOHHBIX, Tpad)eH SBIISICTCS
BOCTPEOOBAHHBIM MaTEpHaiOM MJis TOJY4YEHHS KOMIIO3UTOB HA €r0 OCHOBE C IIMPOKUM CIIEKTPOM
npaktudeckoro mnpumenenus [1,2]. Opnako rTpadeH a1 TaKMX KOMIIO3UTOB JOJ/DKEH OBITh
OECKUCIOPOAHBIM (HCOKCHICHHBIM), T.€. B €ro CTPYKType JMOJDKHBI OTCYTCTBOBATH KHCJIOPOI-
comepkane (pyHKIHOHAIBHBIC Tpymnmnbl. [lomydyeHne HEOKHCICHHOTO TpadeHa SBISICTCS TPYIHOU
3amaveil. CuHTe3 rpadeHa Ha BO3AyXe MU HCIOJIB30BAaHHWE CUIBHBIX OKUCIHTENEH, Kak B METOe
XamMepca, TPUBOIUT K TIOJYYCHUIO OKHUCICHHOTO TpadeHa, KOTOPBIH MOXKHO TIOJBEPTHYTH
BOCCTAHOBJICHHIO C TIOJyYEHHEM TaK HA3bIBAEMOT0 BOCCTAHOBJIEHHOTO okcuaa rpadeHa. OmHako mpu
5TOM HE YHAeTCS BOCCTAHOBHTH SP>-DICKTPOHHYIO CHCTeMy rpadeHa, 0OyCIaBIHBAIONLYIO €ro
ANEKTPOHHBIE CBOMCTBRA.

B UMET PAH pa3paboran crocod noiaydeHus: 0€CKUCIOPOAHOTO rpadeHa myTeM yIbTPpa3ByKOBOM
skconranuy rpaeHOBBIX JIUCTOB C TMOBEPXHOCTH CHHTETUYECKOro rpaduTa B OPraHUYECKOM WM
opraHo-Heopranudeckoit cpemax [3]. Llempio Hacrosimiedl pabOThI SBISUIOCH CPaBHEHHE MOPQOIOTUH
yacTull rpadeHa, MoJTy4eHHbIX COHOXUMUYECKUM METOJIOM B OPraHMYECKUX U OpraHO-HEOPraHWYECKUX
cpelax pas3IMYHOM KHUCIOTHOCTH. B KauecTBe JKMAKUX Cpel Uil YJIbTPa3BYKOBOW 00paboOTKH
ucnoip3oBaau gumetuadopmamua (JIMPDA) u H30mponaHo, a Takke CAeIyIOIIne BOJHO-OPTaHUUECKUE
cuctemsl: N,N-mumerunokrunamud-poaa (JIMOA-sona); IM®PA-Boaa; noxetminamun-soaa (J1JIA-Boaa)
Y U30MIPONaHOI-BOJIA.

Okchonuanyio rpadeHa MPOBOAWIN C HCIOIB30BAaHUEM YJIBTPA3BYKOBOM YCTAaHOBKH SONOSWISS
SW1H (200 BT), uameHsist mpo10KATEIBHOCTE 001ydenus ot 15 mun. 10 3 4. [Ipu cocTaBiieHUH BOIHO-
OpPTaHMYECKUX CHCTEM HCIIOJIb30BAIM JIEMOHW30BAHHYIO BOJAY, MOJYUYEHHYIO Ha YCTaHOBKE OOpaTHOTO
ocmoca Raifil. KucaotHOCTs BOJO-COACpIKANIMX AUCICPCHOHHBIX Cpel B HHTEpBaie BeauuumH PH,
paBubix 3-10, cos3maBamm, wucnons3dys HNOsz; unmu KOH. IlomyuyeHHble CyCHEeH3WM IOJBEpraiu
CeIUMEHTAllMi B TeueHHWe 22-24 4. W CTYNEeHYaTOW JCKaHTallUH, IIOCJIE€ Yero TMPOBOAWIA WX
WCCIICIOBAaHUE C HCIOJB30BAHHEM KOMILUIEKCA WHCTPYMEHTAIBHBIX METOJIOB. MPOCBEUMBAIONIYIO
aseKTpoHHyI0 MuKpockornuio ([IOM) u mudpakimuio 3JIEKTPOHOB, MPOCBEYUBAIOIIYIO 3JICKTPOHHYIO
MHUKPOCKOTHIO BbicOKOoro paspemieHuss ([IDMBP) u CHeKTpOCKONHIO XapaKTEPUCTHUYCCKHX TMOTEPh
sHeprun snektpoHamu (EELS), cmektpockomuio komOuHanmoHHOro paccesuusi cera (KPC),
TUHAMH4YecKoe paccesinue cseta, MK-crnekrpockormnuto.

Ha Puc. 1 moka3an BHEIWIHWUW BUJ CYCHEH3UN TpadeHa B pa3IMUHBIX KUIKUX cpenax U dPdekt
Tunnans, HaOmOgABIIMIICS HA HUX, MOcie 22-24-4acOBOW CETUMEHTAIMH W CTYNEHYATON JEKaHTAIUH.
Ve Ha TmepBbI B3IV MOXHO OLEHUTH DPA3IMYus, 3aKIIOYAIOUIUecs] B HaJUYUU WM OTCYTCTBHUH
OKpAaIllMBaHUSI W WHTEHCHUBHOCTU TmocieaHero. OJHAKO HCCIeNOBaHUE TOMYYEHHBIX CYCIEH3UU C
MTOMOIIBIO0 KOMITJIEKCA MEPEYUCIICHHBIX BbIIIE MHCTPYMEHTAIbHBIX METOJOB YKa3bIBAET HA P UX OOLIUX
(hU3HKO-XMMHYECKUX CBOWCTB. Bce momydeHHble Tpad)eHOBBIC CYyCTIEH3UH COCTOSUTA TOJBKO U3 rpadena
0e3 mpuMecell €ro OKHCIEHHBIX (GOopM, NPU3HAKOM KOTOPBIX sBIseTcs Hanuuue O-coaepikaiux
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(GYHKIMOHATBHBIX TpyNIL. [ 1aBHBIM 00pa3oM rpadeH ObLI MpeacTaBiIeH MHOTOCIONHBIMU JTucTamu (2D u
3D), HO uX IHHEIHBIC pa3Mepbl 3aBUCEIH OT UCIIOIb30BAHHOM TUCIEPCUOHHOM CPEIbl U PA3INYaINCh Ha
HECKOJIBKO MOPSAKOB. OT HECKOJIBKUX HAHOMETPOB JI0 JIECATKOB MUKPOH. Bce uccnenoBanHuble CyClIEH3UH
COXpaHSUIM YCTOMYMBOCTh B TeueHue 24-48 u. mocine nocnenHeil nekaHtanuu. boiee mpoaomKuTeabHble
HaO0JIIO/IEHUsI HE UMEJM CMBICIIA, TaK KaK BCE OHM IpEIHa3HAYaINCh JJI1 UCIOIb30BaHUS B JAJIbHEUIINX
CUHTE3aX.

Puc. 1. Dddext Tunmans B rpadeHOBOM CyCIeH3uH mocie 22-24-4acoBoii ceaumenTaruu B cpene: JJMOA-Bona (a);
gucteiii IM®A (6); IM®A-Bona (6); J[IA-Bona (2); nzonpomnanoi-soaa (0).

Takum o00pazoMm, OBbUIM NOJIY4YEeHbl CTAOWIIBHBIE CYCIIEH3UH OECKHCIOpOJHOro rpadeHa B
Pa3MYHBIX KHUIKAX Cpelax W UCCIENIOBaHBI X (U3UKO-XMMHUYECKHE XapaKTepUCTHKH. PazpaboTaHHBIN
COCcO0 SBJISETCS TEXHOJIOIMYECKH NMPHEMIIEMBIM B KaUueCTBE OJHOM M3 CTaJnui MOITy4YEeHUS KePAMUYECKUX
U KOMIIO3MIMOHHBIX MATCPHUAIIOB HIMPOKOIO CICKTpa HA3HAYCHUA. OKOJIOTHYHOCTD METOoJa
o0ecrneunBaeTcss OTCYTCTBUEM B TEXHOJOTMUECKOW IIETIOUYKE TOKCUYHBIX U arpeCCUBHBIX PEAareHTOB, Kak,
HaIrpuMep, B MeTozie XaMmmMepca.

Paboma evinonnena ¢ HMMET PAH no eocyoapcmeennomy 3aoanuto 075-00328-21-00 npu
@unarncosou noodepacke PODU (epanm Ne 19-03-00554_a).
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3ABUCUMOCTD ®U3UKO-MEXAHUYECKUX XAPAKTEPUCTHUK YIVIEPOJAHBIX NEH
OT I'A30BOU CPEJIbI KAPBOHM3AIIU

IlonomapeBa I[.B.l, Tumomyxk E.I/I.l, 3eiinaoBa C.3.1,
BacuabeBa E.B.l, TaxTun B.IO.l, JIsimun LAY

1 .
AO «Hay4Ho-uccnenoBaTeabCKuil MHCTUTYT KOHCTPYKIIMOHHBIX MaTepUalioB
Ha OCHOBe rpadura», r. MockBa

DVPonomareva@rosatom.ru

[TopucTeie yriaepoaHbie MaTepHaibl, B 4ACTHOCTH yTJIEPOIHBIC TICHBI, MOTYT OBITh MCITOJIb30BaHbI B
KayecTBe KOMIOHEHTOB CUCTEM TEIOJIOU3O0JISIIUH, SJIEKTPOIOB M HOCHTENECH KaTaln3aTOPOB, MaTEPUATOB
IUIsl 3aIUTBl OT DJICKTPOMATHUTHOIO W3nydeHuss u ckaddongoB [1,2] nms pereHepaiuu 1edeKToB
KOCTHOW TKaHU. biaromapst BBICOKOW OPUCTOCTH, BCIICACTBHE 3TOTO, OOJBIION yACTLHOW TTOBEPXHOCTH,
a TaKKe MPOYHOCTH, OMOCOBMECTUMOCTH M OCTCOMHIYKTUBHOCTU CKa((OJAbI HA OCHOBE YIIIEPOIHBIX
MOPHCTHIX MAaTEPUAIOB MOXXHO PACCMATPUBATh KaK TEXHOJIOTHYSCKHN MPHEM TPEeThero mokoieHus [3] B
PELICHUHU BOIPOCA OCTE03aMEIICHHS.

MeToapl TONy4YeHHsI YTJIEPOAHBIX TOPHUCTBIX MAaTEPHAIOB pPA3JEISIOTCS Ha TPU OCHOBHBIC
KaTeroOpuH: TeMIUIaTHas KapOoHuszauus mnpedopm [4], BCleHHBaHHWE OpPraHUMYECKUX MPEKYPCOPOB
yriepoa [5], kapOoHu3aIus HAMOTHEHHBIX MUKpochepamu moaumepoB [6].

B pamkax mccienoBaHHs MPOBOIWIICS MPOIECC TEMIUIATHOW KapOOHHM3aLUH PETHKYIMPOBAHHOTO
neHononmyperana ¢ nopucrocteto 30, 60 u 80 mop Ha naroiim moBepxHoctu (PPI). 3aroroBku ms
KapOOHM3aIlMM M3TOTABIMBAINCH METOAOM HMIIPETHAlMM B CIUPTOBOM pPAaCTBOPE HOBOJAYHON
(beHonpopMaTbIETHIHONW CMOJIBI, C MOCIEAYIONMM TEPMUYECKUM OTBEP)KICHHEM U TOJIMMEpH3aINeH C
nocieayromei kapooHu3anueil noimydeHHbIXx o0pasnoB. KapOoHM3amusi ocymiecTBIsIack B MHEPTHOMN
(a3ot) m BoccTaHOBHTENBHOHM (mapwl JieTyunx) cpene. OOmMe XapaKTEPUCTUKHU Ipolecca: KOHEYHas
temmeparypa 950 , co CKOPOCTBIO IObEMa TEMITEPaTyphl 2,5 /MHUHYTY, H30TEpMHUUECKas BBIICPIKKA B
tedeHu 30 MUHYT.

bemm  mccnenoBaHel  (PU3MKO-MEXaHWYECKHE M CTPYKTYPHBIE XapaKTEPUCTHKH MOTY4YEHHBIX
00pa3ioB. [1MOTHOCTE ompenensiack ¢ MOMOILIBI0 MUKHOMETPHH C UCIIOIB30BaHUEM TejHs Ha MprOope
AccuPyc Il 1340, mopucTocTh - pacYETHBIM METOJOM. BBUIO yCTaHOBJIEHO, UTO 0Opa3Iibl, MOJyYCHHBIC B
MHEPTHON Cpejie, MMeJTH MCTHHHYIO TUTOTHOCTB M 00beM mop Beime B cpeareM Ha 0,3 r/em® u 0,3 em’/r,
COOTBETCTBEHHO.

Tabauya 1.
XapaKkTepucTHKA YIJIEePOIHBbIX MEeH.

O6pa3ernn O0ObeMHas HUctuaHas [Topuctocts, % | O6veM mOP,
IIJIOTHOCTE, ILIOTHOCTS, T/em® em’/r
rlem®

PP130 uaepTHas cpena 0,051 1,998 97,4 18,9
PP160 unepTtHas cpena 0,074 2,043 96,4 13,0
PPI80 uaepTHas cpena 0,085 2,129 96,0 11,3
PP130 BoccTanoBUTENBHAS cpenia 0,053 1,687 96,9 18,4
PP160 BoccTanoBUTEIBHAS CpEeia 0,072 1,711 95,8 13,3
PPI80 BoccTtanoBHuTENnBHAS Cpeaa 0,098 1,757 94,4 9,6

bbula cooTHeceHa MHMKpPOCTPYKTypa 00pasloB, MPOILEAIINX MHPOJIM3 B Pa3HbIX cpeaax: A
00pa3loB YIJIEPOJAHBIX I€H, MOJIyYEHHBIX MPH MHUPOJIM3€ B MHEPTHOH cpese, XapakTepHO MeHbIlee
3aKpBITHE TIOP M OTCYTCTBHE NE(PEKTOB CTPYKTYPHI IO CPAaBHEHHIO ¢ 00pa3aMu yIJIepOIHBIX TIEH TOH e
MOPUCTOCTH, MPOLICIIINX MUPOINU3 B BOCCTaHOBUTENbHOI cpene (Pucynok 1). OTcyTcTBHE 3aKpBITBIX
MOp | LEJOCTHOCTh CTCHOK KpaliHe Ba)KHBI Uil IPUMEHEHHUs YTJIEPOAHBIX TIeH B KadecTBe cKadoiaoB
IUI OCTE03aMEUICHUs, TaK KaK OT 3THX IapaMeTPOB 3aBUCUT (PU3MKO-MEXaHMUECKUE XapaKTEPUCTHKHU
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UMIUIAaHTHPYEMOTO0 MaTepHaja, MHTpalyd, Npoiudepanuyd KIETOK M BacKyJspu3almusi B o0beMe
KOHCTpyKuuu. IlomydyeHHble daHHBIE IMpelesia MPOYHOCTH Ha cKaThe Uisi 00pas3loB YIJIEPOJHBIX IEH
(Tabnuia 2) CBUIETEIBCTBYIOT O BaKHOCTH MHUKPOCTPYKTYPHBIX Ie(EKTOB — MOKa3aTellb MPOYHOCTH
00pa3LoB yIIepoAHbIX MeH, MPOLIeIINX MUPOJIN3 B MHEPTHOH cpefe, Boie B cpeaHeM Ha 0,3 MIla, uro
SBIISICTCS OOJIBIION Pa3HUIIEH s TOOOHBIX BHICOKOMOPUCTHIX OTKPBHITOSYEHCTHIX MATEPHUATIOB.

Pucynok 1. CpaBHeHHe MOP(HOIIOrUH IOBEPXHOCTU CTEKIIOYTIIEPOAa, IIOMyYCHHOr0 KapOoHu3amueil B nHepTHO# cpexe (a)
¥ B BOCCTAHOBUTENBHOI (6).

Tabauya 2.
Pe3yabTaThl H3MepeHHusi MPOYHOCTH HA CKATHE.
Iudp obpasua [Ipounocts cpenusst MIla
PPI130 uaepTHas cpeaa 0,57
PP160 uneptHas cpena 0,65
PP180 uneptHas cpena 0,83
PPI30 BoccranoBuTembHAS Cpena 0,27
PPI60 BoccTanOBUTENBbHAS Cpeia 0,32
PPI80 BoccranoBUTEIbHAS Cpeia 0,55

Taxum 006pa3oM, py NPOBEICHUH NMAPOJIM3a B UHEPTHOW CpeJie, B MOTYyYaeMbIX yIIIEPOIHBIX MTEHAX
HaOJII0AaeTCsl OTCYTCTBHE CTPYKTYPHBIX A€(PEKTOB U MEPEKPHITUS SUEEK, IPU ITOM Mpeies MPOYHOCTH Ha
ckatie W 00BeM TOp BHINIE, YeM B AaHAJOTHYHBIX MaTepuaiax, TMPOMICINIAX MNHPOJIU3 B
BOCCTAHOBUTENBHOM cpene. s MOAOOHBIX — BBICOKOIOPUCTBIX M OTKPHITOSYEHCTHIX MaTEpUAOB —
NPEANOYTHTEIILHON CPEIOH TS IPOBECHUS TEPMOOOPAOOTKY SBIISICTCS MHEPTHAsS (a30T WIIK aproH).
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®OPMUPOBAHMUE C-N CTPYKTYP IO/ JABJEHHMEM 0 80 I'Tla
IlonioB M.IO.l, Yypkun B.Il.l, Kyabanukuii B.A.l, 3HHUH H.B.Z, BbiaaHk B.,Z[.1

' ®I'BHY TUCHVYM, r. Mocksa, . Tpoumx
2 ®I'BYH HTILI VII PAH, r. Mockga

mikhail.yu.popov@mail.ru

Hccnenoano BiausHue nedopmanuu casura Ha rpadurononodHsii g-CsNy npu naBienusx ao 80
I'Tla mpu komuatHO# Temmeparype [1]. Mcxomubie amopdubie xmombs §-C3Ns ¢ pocrom maBieHus
TpaHC(HOPMHUPYIOTCS B OHHOHOMOJOOHBIC CTPYKTYPhI, B KOTOPBIX COJIEp)KaHUE a30Ta YMEHBIIACTCS C
poctom nasienus (¢ 42% B ucxomnom a0 1% mpu 80 I'Tla). Joms sz CBsI3eH TakKe yMeHbIaercs ¢ 1 B
ucxogHoMm o6pasue 1o 0,62 mpu mosbimenun ganenus 10 80 ['Tla. Takas Tpanchopmanms obpasia
o0ycJoBJeHa TeM, 4To B auana3zoHe aamieHuil 55-115 I'Tla paBHOBecHOi ¢a30ii sBiuseTcs HE anmas, a
6oJiee TUIOTHBIC OHHOHOIIOI0OHBIE CTPYKTYPHI, 000IOYKH KOTOPBIX CBSI3aHbI SP°-cBsi3samu [2, 3].

OGbeM Takux CTpyKTyp mox aasiernem 70 TTla cocrasisier 4,8 A¥fatom [2]. ATomuas dasa asora,
crabunbHas npu gasnerun 70 ['Tla [4], umeeT 06bem 5,8 A3/atom. Tunorernyeckoe coenunenue B-C3N4
[5] mmeer obwem (6,2 A’laTom) mpu HOPMANBHBIX YCIOBHSX. DKCTPANONALMS JTOrO 3HAYCHWS HA
nasnenre 70 I'Tla 110 aHANOTHE €O CXMUMAaEMOCTBIO anmasa [5] maer o6bem 6,0 A¥/atom. CreoBarensHo,
B ciydae aexkommosuiuu B- C3Ny (7 aromoB, o0bem cocTaBiseT 7 atomoB X 6,0 Adlatom = 42 Ag) oz
JIaBJICHUEM MbI OyJieM HabmoaaTh oHHOHBI (3 aTtoma, 3 aToma x 4,8 A3latom = 14,4 A3) U aTOMHYIO (pazy
asora (4 atoma, 4 atoma x 5,8A%arom = 23,7 A%). OGwwmit 06bem momyunsumxes ¢as cocrasmser 38,1
Ag, 970 MeHbIe, 9eM y - C3Ny - 42 Ad

Pe3yibTaThl Hamero WCCieAOBaHUS MOKA3bIBAIOT, YTO MPHCYTCTBUE a30Ta B Sp3 cesa3anaeix C-N
CTpYKTypax mnpu aaBiieHusx Beime 55 I'Tla cHEkaeT IUIOTHOCTH W, COOTBETCTBEHHO, YIJICPOHBIC
CTPYKTYpBI 0€3 a30Ta CTAHOBSTCS TEPMOJIMHAMHYECKH 00JIee MPEIOYTUTEIbHBI.

Uccnedosanue evinonneno npu ¢hunancogoti noodepixcke PODH 6 pamkax HayyHOo20 npoexkma

MNe 18-29-19019.
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HAHOAJIMA3BI TIPOMBIIJVIEHHOI'O CUHTE3A OOO HIIII «CUJAJI»

Ipu6aeknn A.B.", IleTpos E.A.%% Vnanora A 0.

1 000 Hayuno-nponssoacteentoe npeanpustue «CUJIAI», r. Kaukanap
2A0 «®DenepanbHbli HAYYHO-IPOM3BOJCTBEHHBIN HEHTP «AnTai», r. buiick
3 BuifcKmii TEXHOIOTHIECKHiT MHCTUTYT AJITaliCKOTO TOCY/IapCTBEHHOI'O TEXHUYECKOTO YHUBEPCUTETA
uM. U. U. TlonsyHoBa, r. bulick

a.pribavkin@yandex.ru

HckyccTBeHHBIC aMa3bl BO BCEM MUPE OTHOCSITCS K CTPATETMYECKUM MaTepuasaM, Tak Kak UrparoT
BaXXHYIO POJIb B Pa3BUTUH MPOMBIIUICHHOW UHTY CTPHH.

Jleronanmonnsie HanoanMmasbl (HA) SBISIOTCS YHUKAIBHBIM TPEICTABUTEICM HAHOMATEPHUAJIOB,
coYeTarounii B cebe CBOWCTBA ajMasza M MPEUMYIIECTBA HAHOCTPYKTYp, KOTOpPBIE B HACTOSIIEE BpEMs
HAXOJSIT Bce Oosbliiee MpUMeHeHne B Hayke u TexHuke [1]. O6mactu npumenenuss HA ompenenstorcs
JIMCTIEPCHOCTHI0 KPUCTAJUTMTOB, PEaKIIMOHHOW CITOCOOHOCTBIO M arperaTWBHBIM COCTOSHHEM ITOPOIIKOB
HA B pasznuunbix cpenax [2].

IMpousBojactBo ocyiecTrisioT B Poccun (B JI3epxuncke, Mockse, Cankr-IlerepOypre u ap.) u 3a
Py6exom (Kuraii, CIIIA).

[Mpomssoncteo OO0 HINT «CHUAAJI 6puto cozmano 2011 romy C HCIOIB30BaHHEM
npomeiiuieHHOro onbita K BHUMMAIL», ®HIIL «Anrtaii» u « JJIEKTPOXUMITPUBOP»[1-3].

[Tpou3BOACTBO COCTOMT M3 YYAaCTKOB CHHTE3d, XHMHUYECKOH OYHMTKH, HayYHO-aHATUTHYECKOU
nabopaTtopuu, y4acTKOB CEpTU(UKALINY U YITAKOBKH MPOIYKIIHH.

Ha 6a3e npeanpustus OOOHIIIT «CUJIAJI» neTOHAIIMOHHBIA CHHTE3 IIUXTHI aIMa30COIePKaIICH
(IIepBIYHBIH IPOLYKT CHHTE3a) OCYILECTBISETCS B IIPOMBIILICHHBIX B3PBIBHBIX KaMEpax 00beMoM 4 M
C IPUMEHEHHEM OXJIaTuTeNe B BUAE JIEASHON O00O0JOYKH, BOJHOM OOOJIOYKH, MHEPTHHIX IMOPOILKOB,
MHEPTHBIX Ta30B, a TaK K¢ B COOCTBEHHBIX MPOAYKTax jaeToHanuu (puc.l). Bo3amoxnas macca 3apsiga BB
or 0,5 no 3 kr. Ucnonesytorcs BB kak mnmuBunyansaeie (JJHA), tak u cmecu BB ¢ rpadpurom
(momukpucTaTHueckuii anmas) [2-3].

Bapusnan
Kamepa

Liuknon

Cycnenans
CBopunx | AL
/

/ Marunthas DunbTpo-
cenapauna BaHHC

Puc.1 Texnomoruueckas cxema y4dacCTKa CUHTE3a.

Ha yyacTok XMMHUYECKOW OYMCTKH MOCTYMAOT MEPBUYHBIE MPOAYKThl CUHTE3a, 1€ MPOUCXOJIUT
o0oraIeHre ¢ UCIOIb30BaHUEM KHCIIOTaX W IMICJIOYHBIX METOJIOB OYMCTKH /O MOJy4eHHUsS YUCThIX HA
MOPOIIIKOB.

Ha 06asze mnpeampusiTuss B NPOMBINUICHHBIX MacmTabax MbI HCIOIB3YeM METOJ OKHCIICHUS
HAaTPUEBOM CEUTPON B pacIuiaBe HATPUEBOW IIenouyd. MiMeeM HECKOJIbKO XMMHYECKHUX PEaKTOPOB U3
Hepxaseroreit cranu 00bEMom 80-100 1., a Tak ke psiIl AOMOIHUTEIBHOTO 000y T0OBaHHUS.

Hay4Ho-ananutudeckas J1abopatopusi KypUpyeT W COINPOBOXKIAET HAyYHO-HCCIIECIOBATEIbCKHE
paboThl MO WCCIEAOBaHMIO HOBBIX BB, onTumm3anuu CHHTE3a W XUMHUYECKOW OUYMCTKH, C BBIIAYEH
pEKOMEHIalM Ha TPOU3BOJICTBO.

[Mpoaykiust TPOXOTUT JTa0OpAaTOPHBIM KOHTPOJIbL HAa MACCOBBIM BBIXOJ, COJAEPIKAHHE BOJIBI,
coJiep;KaHue MIPUMECEH, CoIepKaHus yriepoaa.
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CrerneHb OYMCTKH YHUCTHIX HA TIOpOIIKOB MO colepkaHuio He anMasHbeix npumecein 0,2—-1,0%
Macc., 1o cojiepkaHuto Hecropaembix mpumeceii 0,1-0,3% macc.

B Ta6J'II/IHe MMPUBCACHLL CBOMCTBA HAaHOAIMA30B MOJIYYCHHBIX B YCJIOBUAX IMMPOMBIIIJICHHOTO CUHTE3a

OOO HIIIT «CUAATI»

U 3CPHUCTOCTHU YaCTHUL. OTUM OOBACHAIOTCI H ApYyrue OTIINYMSL.

Tabauua

OcHoBHBIE (PU3NKO-XUMUYecKHe cBolicTBa /IHA M NOJUMKPHUCTANINYECKOr0 aJIMa3a

ITOKA3ATEJIN JHA [Tonukp. anmas
Pa3mep kpuctammnToB (PEHTTEHOCTPYKTYPHBIN aHAIN3), HM 4,7-5,2 6,8-7,4
VY nenpHast moBepxHocTh (agcopounonnsii, merox bOT), M2IT 220-246 21-32
Pa3meps! yactuil (pacyeT 1o JaHHBIM Sgst), HM 7,6-8,5 58-89
D1IeMeHTHBIH cocTas, %: C 86-88 93-95
(amammzarop ThermoQuest H 0,8-1,2 0,3-0,9
npu cxuraauu 900 °C) N 1,7-2,1 0,0
0] 9,7-10,3 3,7-4,6
30JIBHOCTh 0,1-0,3 0,1-0,3
[TnoTHOCTB, rlems: HaCBIIHAS 0,21-0,31 0,78-0,85
MUKHOMETpUYECKas 3,05-3,21 3,35-3,48
Temmneparypa oxucnenust (JITA/TTA), °C: nauanbHas 540-580 630-650
MaKCHUMaJIbHast 590-614 693-714
Ternora cropanus (JITA), xJx/r 13,7-26,7 13,0-17,1
JrameTp arperaToB B IOPOIIIKE, MKM: CpPEHEMAaCCOBBIH 2,5-3,3 2,6-3,2
MeIUaHHBIN 2,2-5,6 2,5-3,2
Juametp arperaToB B CYCII€H3UU, MKM.  CPEIHUU 35,2-63,4 14,1-21,2
(mazepubiii ananuzatop Horiba LA 950) menawanHbIi 21,3-48,3 91-11,3
Juametp arperaTtoB B CYCIIEH3UH TIOCIIe 00pabOTKH
YIBTPa3BYKOM, MKM: cpenHuit 2,3-4,7 3,4-6,1
MeIUaHHbIH 1,8-5,6 3,0-6,1

I'maBHOe oTinune IHA 1 MOIMKPHUCTAIIIMYECKOrO aaMasa 3aKI4aeTcs B pa3Mepax KpUCTaIUTOB
[0 COJEP)KaHWIO YIJIepona,

PEaKIIMOHHOHN CLIOCOOHOCTH; SHEPTrOHACKHIIIEHHOCTH U CKIIOHHOCTH K 00pa30oBaHHIO arperatos [4].

Tak xe, B KauecTBe npoaAYKOHUU MOTYT BBICTYIIATh IIEPBUYHBIC MMPOAYKTHEI CUHTC3a B BUAC CYyXOI'O

MOPOIIIKa.

CYH_IGCTBYI-OH_IEISI TEXHOJIOTHA ITpU pa60Te OJIHOM B3pBIBHOI71 KaMCphbl U OJHOT'O pCaKTOpa IMO3BOJIACT

nojiy4ath He MeHee 250 kr/mec [4].

OOO HIII «CHUJAJI» roTroBbl BBIIONHATH KaK NPOMBIIUIEHHBIE, TaK M 3KCIEPUMEHTAJIbHbIE

3aKas3bl.
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M3MepeHne MeXaHWYeCKHX CBOWCTB MAaTEPUANIOB B YCJIOBUSAX pPEATBHOM AKCIUTyaTallid HMEET
HeMaJloBaKHOE 3HaueHre. OCHOBHBIMH MapaMeTpaMH KauyecTBa Ui MHOTUX Y3JIOB U U3JCJIUIN SIBIISIOTCS
UX TBEPAOCTh W MOJAYJb YIPYrocTH. T.K. MHOTHE MaTephalibl TOJBEPralOTCsS TEPMHUECKOMY
BO3JICHCTBUIO B NPOILECCE DKCIUTyaTalluM, TO aKTyaJlbHOM 3ajauell siBisercs pa3paboTka MpuOOpOB U
METOJIOB HCIIBITAHUA TIPU BBICOKUX TEMIIEpaTypaX, COOTBETCTBYIOIIUX PEAIbHBIM YCIOBHUSIM
IKCILTyaTaIliH.

B nanHO# paboTe TPOBENEHBI UCCICAOBAHHMS MEXaHUYECKUX CBOMCTB W TEPMHUYCCKOU
crabunpHOCTH 00pa3noB cynepauddys3nonapx Memopan CsH,PO4 1 CsSHSO, B muanazone temmeparyp
ot 25°C no 145°C. Uccnenyembie 00beKThl OTHOCATCS K ceMeUCTBY MmHn(XOs)mny2'yH20 (M=K, Rb,
Cs, NHy, XO4 = SOy, Se0y, POy, AsO4). OmHuM U3 YHUKATBHBIX CBOMCTB COCIUHEHUI ITOT0 CEMEHCTRA,
SIBJISICTCSI AHOMAJILHO BBICOKAsi MPOTOHHASI MTPOBOJUMOCTh TIPU OTHOCHTEIBHO HEBBICOKOW TEMIIEpaType
(120 — 250 °C B 3aBHCHMOCTH OT COCTaBa), BOHUKAOIIas BCIIEACTBHE (Ha30BOr0O Mepexo/ia, KOoraa Yuciio
KpUCTAUTOTpaUUIECKUX TMO3UIMIA JJIi MPOTOHOB CTAHOBUTCS OOJIBIIE YHCIA CaMHX IPOTOHOB, B
pe3yJibTaTe MPOTOHBI MOJY4YarOT BO3MOXKHOCTh TU(GGYHIMPOBATH uepe3 Bech Kpuctaul. llepexon
COMPOBOXKIACTCS YBEIMICHHEM 00beMa Ha HECKOJIBKO MPOLEHTOB [1]. DTu coequHeHus MPUMEHSIFOTCS B
KayecTBe MEMOpaHbl TOIUIMBHOTO 3JeMEHTa. [Ipo0iieM y TOIUIMBHBIX 3JIEMCHTOB Ha KHCIBIX COJISIX
MHOT'O: HH3Kasi MEXaHU4eCKasi MPOYHOCTh MEMOpPaHbl, HU3Kask TepMHUYECKas CTaOMIbHOCTD, (IPOUCXOAUT
JeTupaTalus MaTepuaia MeMOpaHbl, W TPHU BBICOKHX TEMIIEpaTypax MeMOpaHa CTaHOBUTCS
wiactuyHoi). C TeYyeHHeM BPEMEHH Marepuall MeMOpaHbl HAuYMHACT 3aTe€KaTh B Ta30au((y3nOHHBIN
CJIOM 3JCKTPOJNOB, YTO BEIET K MPEKPAIICHUIO JOCTyNa ra3a K KaTalu3aropy | pPeakius
npekparmaercs. [1]

H3MepeHne MeXxaHU4eCKUX CBOWCTB MPOBOIUIOCH HCIIOJIb30BaHHEM HaHOTBepaoMmepa «HanoCkaH-
4D» (I'HILL P® TUCHYM, Poccust), OCHAIICHHOM BCTPAaHBAacMbIM BBICOKOTEMIICPATYPHBIM MoIyjIeM [2],
MO3BOJISAIOIIMM MIPOBOJUTH M3MEpeHHs 00pa3loB B auana3zone temmeparyp no 400°C ¢ moxaep:kaHuem
TEeMITepaTypbl UccieayeMoro obpasima ¢ TouHocTbio g0 0,1°C.

OKCIIepUMEHT MPOXOAWJ B JBa OdTama. Ha mepBoM 3Tame NPOU3BOAMIACH PErHCTPAIUs
MEXaHUYECKOTO OTKJIMKA CHCTEMBI HHACHTOP-00pa3el B Mpoliecce BBIICPKKHA WHACHTOpA M0 Harpy3Koi
10 MH (pucynox 1) c¢ moctemeHHbIM HarpeBoM oOpasma. Ha crienmyromeMm 3tarne HMpOM3BOIUIOCH
M3MEpPEHHE MEXaHUYECKUX CBOMCTB MaTepraiia MeMOpaHbl B 3aBUCUMOCTH OT TeMIepatyphl (Tadiuia 1).

Kak BunHo u3 pucynka 1, B auanazone remnepatyp 130-135°C mns o6pasua CsHSO, u 130-140°C
st oopasia CsH,oPO4 mpoucxoauT pes3koe n3MeHeHne oobema MaTepuaina. BeposTHOM mMpUunHON TaKoro
U3MEHEHHMs  siBisieTcss  (a3oBbI  mepexox 2 pojaa, HpH  KOTOPOM  HU3KOTEMIIepaTypHas
MOHOKpPHCTAJZTHUECKas (a3a MepexoauT B CMeCh KyOWueckoi u TerparoHaibHoil da3z [1]. Ucxoms u3
TCOMETPUUCCKUX pa3MepoB 00pasiia, COOTBETCTBYIOIICE H3MEHEHHE 00beMa He mpeBsbiiaet 1%, Ho 3Toro
JOCTAaTOYHO, YTOOBI 3HAYUTEITHHO CHU3HUTh IKCILTyaTaI[HOHHBIE XapaKTEPHUCTUKA MEMOPAHBI.

W3mepenue TBepmoctTH W MOAyis ynpyrocta obpasma CSH2PO4 mnpousBoamiioch METOI0M
WHCTPYMEHTAIBPHOTO WHICHTUPOBaHMUSA B AuamnazoHe Harpy3ok oT 50 MH mo 220 mH u B nuamasone
temneparyp oT 25°C mo 145 °C. PesynbTathl u3Mepenus npejacraBieHsl B Tabmuie 1. Kak BumHO, B
nuanazone temmeparyp 120-145°C mpoucxomuT pe3koe M3MEHEHHWE 3HAYCHWH TBEPAOCTH U MOJIYJIS
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YOPYTOCTH, YTO  KOPpPEIMpPYyeT €  3aBHUCHUMOCTBIO  TeMIepaTypa-IepeMelieHHe  HWHIEHTOpa,
IIPEJCTaBICHHON Ha pucyHke 1.

2000
20000 1500
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16000 - 500
\ 077 T T 1
12000 500 130 135 140 145

8000 \\
4000 \\

125 130 135 140 145
Temnepartypa, °C

——CsHSO4
CsH2PO4

MepemelieHne UHAEHTOPA, HM

Puc. 1. 3aBucuMoCTh IepeMENICHUS HHICHTOPA OT TEMIICPATYPhI IJIsl 00pa3ioB cynepauddy3nonabix Mmemopan CsSHSO,
n CsH,PO,. Ha Bpe3ke: BbicoTa CTYNEHBKH ITPH M3MEHEHUH pa3Mepa odpasua.

Taxoke, ICXOA U3 aHAJIW3a JHarpaMM Harpys3Ka-nepeMeleHre, moiaydeHHbx Ha oopasie CsH,yPO4
B auanaszoHe Temreparyp ot 25°C mo 145 °C, BuAHO yBeIMUYEHHE TOJH TUIACTUYECKONW M yMEHBIIEHUE
JIOJIA YTIpyTOor coctaBisitoneit nmpu temneparype 145°C no cpaBHeHmio ¢ Temrepatypoi 123°C u Hike,
0 YeM TOBOPUT CKAYKOOOpa3HOE YMEHBIIIEHNE MOAYJISl YIIPYTOCTH C TIOBBIIIICHUEM TEMIIEPATYPHI.

Tabnuya 1
TBepaocTh M MOAYJ/Ib YIPYTOCTH
Temmepatypa, °C Trepnocts, MIla Monyns ynpyroctu, ['Tla
25 240+100 17,0+5,5
106 120+30 17,843,2
123 110+20 18,3+2,3
145 50+30 3,0+1,2

[ToapiTOXMBast BhIIIE CKazaHHoe, cynepauddysnonnsie MmemOpansl CSHPO4 u CSHSO, umerot
3Ha‘-II/ITeHI>HyIO TepMI/I‘-IeCKyIO HeCTa6I/IJ'IBHOCTB MECXAHHUYCCKUX CBOﬁCTB B JHUaIita3oOHE TeMHepaTyp nux
WCIIOJIb30BAHUSA, YTO BEACT K YMCHBIICHHIO MEXaHHYeCKON mpoyHocTd. [lomoOHOE TmoBeACHHE
MCXAHUYCCKUX CBOﬁCTB ABJIACTCA, Hpe,[[HOHO)KI/ITe.HBHO, CJICACTBHUEM (ba30130r (0] Hepexoz[a C
oOpa3oBaHveM (a3, 3HAYMTEIHLHO OTJIMYAIOIIMXCSA IO MEXaHUYECKHMM CBOMCTBaM, 4YTO OKa3bIBAacT
HETraTUBHOE BIMSHUE HAa (YHKIIMOHAJIBHBIC XapaKTEPUCTUKU TOIUIMBHON COOPKH.
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Ha npoTskeHHH HECKOJIBKUX MOCICHUX IECATUIICTHI PUMECHO-BAKAHCUOHHBIC IICHTPHI B aliMa3e
MPUBJIEKAIOT TOBBIIICHHOE BHUMAHHE WCCIICAOBATEIbCKAX TPYII, YTO BO MHOTOM  OOYCIIOBIICHO
MHOT000pa3ueM MX BO3MOXHBIX HpakTHYecKux mnpuMeHeHui [1]. Cpemu ynoMsSHYTBIX MPaKTHUSCKHX
NPUMEHEHHH OCOOCHHO BBIACISIETCS HCIOJIb30BaHHE B KadeCcTBE (PM3MUYECKOM peanu3alnud KyOHTOB B
ONITHYECKUX KBAHTOBBIX CETsAX 00pabOTKM W mepenaud uHpopmaiuu. Kak W3BECTHO, OIHUM W3
BOKHCHIIMX MMapaMeTpoB (DU3MYECKOW CHUCTEMbI, MPETECHAYIONMICH Ha pealu3aluio KyOuTa, SBISETCS
BpeMsi CIIMHOBOI KOT€PEHTHOCTH. B CBOI ouepeib, OMHMM W3 TIABHBIX (DAKTOPOB, OMPEACISFOIIMX
BpEMS CIIMHOBOW KOTE€PEHTHOCTH, SIBISICTCSA DIICKTPOH-(POHOHHOE B3amMojeciicTBhe. TakuMm o0OpazoMm,
OIPE/ICTICHUE KOHKPETHBIX MEXAHHU3MOB JJICKTPOH-(OHOHHOTO B3aMMOJCHCTBUSL B  MPHUMECHO-
BaKaHCHOHHBIX KOMIUIEKCAX B ajiMa3e SBIACTCA BaXKHBIM YCIIOBHEM Ui JalbHEHINEro pPa3BUTHS
ONITHYECKUX KBAHTOBBIX CeTei 00pabOTKM W Tmepenaud HMHPOpPMANMKM Ha 0a3e BBIMICYTTOMSHYTHIX
KOMITJIEKCOB.

B Hacrosimiee BpeMms CyIIECTBYeT JIBE MOJECJH, OIKCHIBAIOUIME  JJICKTPOH-(POHOHHOE
B3aMMOJICHCTBUE B MPUMECHO-BAKAHCHOHHBIX IIEHTPax B anMmase. llepsas mojaensb [2, 3], ocHOBaHHas Ha
HAIMYMK JuHaMudeckoro 3¢ddekra Sna — Temiepa, paccMaTpuBaeT 3JEKTPOH-(OHOHHBIE IMPOLECCHI
(meympyroe (NV) u ynpyroe (SiV) paccesiHre KOMOMHAITMOHHOTO THIIA) C aKyCTHYECKUMU (oHOHaMu E-
CUMMETPUHM B OCHOBHOM U BO30YXIEHHOM coCTOsSHHs. B pamkax 3Toil Monenu Oblia HpeisiokeHa
3aBHCHMOCTb T° 1l wnpuHbl Gecdononnoi muaun (BPJI) kommiekca NV [3] u 3asucumocts T° s
mmpuHbl U caura bDJI kommuiekca SiV [2]. Bropas mogmens [4, 5], ocHOBaHHas Ha KBaJpaTHUYHOMN
ANIEKTPOH-(POHOHHOM B3aUMOJICHCTBUU TMPH HAJIMYMKA CUIBHOTO CMSTUYCHHS YIPYTHX TMOCTOSIHHBIX B
BO30YKJIEHHOM COCTOSIHHH, TIPECKa3bIBAET 3aBUCUMOCTHU aT® + bT u cT? + dT* nus IIMPUHBL U CIBUTA
b®JI. Takum o00pa3oM, TOCKOJBKY pa3Hble MOJEIH Jal0T pa3HbIe CTEICHHBIC TEMIIEpaTypPHbBIC
3aBUCUMOCTM IIHpUHBI M casura b®DJI, TmarenbHbId aHAIU3 3KCIEPUMEHTAIbHO IIOJYYEHHBIX
TEMITEPATYPHBIX 3aBUCUMOCTEH MOXET T[OMOYb MPOSICHUTh MEXaHU3Mbl JIICKTPOH-(POHOHHOTO
B3aUMOJICHCTBHS B MPUMECHO-BAKaHCHOHHBIX [ICHTPAX B alMase.

B macrosmeit pabore Obula wuccienoBaHa  ¢oromomMuHecueHmss GeV  meHTpoB B
mukpokpuctanaeckux HPHT ammasax [6] B mmpoxom sawamazoHe masincHuii (1o 6.9 I'Tla) u
temmepatyp (20-180K). [Tomyuennsiit Gapuueckuii kodpduuuent nonoxenuss bOJI GeV nenrpa (dE/dp
= 3.29(2) wm»B/I'TIa) mo3BONKI BIEPBBIE PA3ACIUTh BKJIAJbI TEMICPATYPHOIO YIIMPCHHS PEHIETKH H
3JIEKTPOH-(OHOHHOTO B3aUMOAeHcTBUS B TemneparypHslii casur bADJI GeV uentpa. [lpu nocnenyromem
aHamu3e OBUTO YCTaHOBJIEHO, YTO TEMIIEPATypHBIC 3aBUCHMMOCTH Kak monymupunbl (Puc. 1(a)), tak u
BKJIaJia 3JICKTPOH-(GOHOHHOTO B3ammoeiictBus B caur bDJI GeV uenrpa (Puc. 1(6)) ayumie Bcero
OIUCHIBAIOTCS MOJIMHOMAMH, MPEJIOKCHHBIMH BO BTOPOW MOJENH, YTO CBHICTEIBCTBYET O
JOMHHHUPYIOIEM BKJIaJe KBaJPAaTHYHOTO JIICKTPOH-(POHOHHOTO B3aUMOJCHCTBUS B TEMIEpaTypHOE
ymmpenne u casur b®DJI. Kpome Toro, B HacTosmel padore Obliia BIEpBBIE UCCIIEI0OBaHA 3aBUCUMOCTD
SHEPruM KBA3WJIOKAJIBLHON KOJIeOaTeNbHOM MOJBI OT TeMIepaTypbl. bbuio 0OHAapy»KEHO, YTO SHEprus
KBa3mIOKanbHOU KojebaTensHoi Moabl (KJIKM) ymenbmiaercs ¢ pocrom temmeparypsl (Puc. 1(8)). B
CHJIy OTCYTCTBUSI TEOPETHYECKHX MoJened aaHHoro s(dexra B JuTepaType, OBUIO MPEIIoKEHO
Ka4eCTBCHHOE OOBSICHCHHE, OMHMPAIONIMECs HA aHTaPMOHM3M JAHHOTO KBa3WJIOKAJILHOTO KoOJeOaHMs,
onucaHHbIN B padore [7].

171



(<2}

a) 6)f B)
5 00 Fe-e.o_ a5 | 2
- u\\\
- A~ o
m = I~
%,4 @ S 2
2 s F N ‘2’
9, ~ —
g, = 02 I~
= ) r =
5 wn X440 -
32 5 \ g
g 3 \ 0}
Z ° O .04 - \ I
1 o
)
0 [ 435 -
I B P PR PR PN TR I TN PR ST PN PR S NI I B I B

25 50 75 100 125 150 175 25 50 75 100 125 150 175 25 50 75 100 125 150
Temnepatypa (K) Temneparypa (K) Temnepatypa (K)

Pucynox 1. Temmneparyphas 3aBucumocTh mnosymmpuasl b®DJI GeV koMIulekcoB, KpacHasl JIMHHS COOTBETCTBYET
aNMPOKCHMALIMH SKCIIEPAMEHTAIBHBIX JAHHBIX (CHHHE MIAPHKH) MOIMHOMOM T° (a); TeMrepaTypHas 3aBHCHMOCT CIBHTa
nonoxernss BDJI, 3en€HOM CIUTONIHON JIMHUK COOTBETCTBYET AlMNPOKCHUMAIMS SKCIEPUMEHTAIBHBIX TaHHBIX (CHHUE
mrapukn) momunHOMoM CT2 + dT* (BTopas Mojels), KpacHas mpepbIBUCTas — moiMHOMOM T° (mepBas mogens) (6);
TeMIepaTypHas 3aBHCHMOCTh JHEPrHH KBa3WJIOKaIbHON KosebarensHoit Mozbl (KJIKM), kpacHas CIUIOIIHAS JIHHUS
COOTBETCTBYET aNMpPOKCHUMAIINH 3KCIIEPUMEHTAITBHBIX JAHHBIX MTOJIMHOMOM CBOOOIHO# cremenn a +b T, roe a=3.8(4) (B).

Hccnedosanue evinonneno npu @uuancosou noodepiicke PH®D 6 pamxax nayuHoeo npoexkma
MNe. 19-12-00407.
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[IpuMecHO-BakaHCHOHHBIC LIEHTPHI B ajMa3e MPHUBIEKAIOT YCTOHUYMBOE BHUMAaHUE HCCIIe0BaTeNeH
Ha IMPOTSDKEHUHM YK€ HECKOJIbKHUX JecATWIEeTHH Osarogapss HIMPOKOMY KpYry IEpCIEKTUBHBIX
MPAKTUYECKUX NMPUMEHEHUH, CPEAM KOTOPBIX OOBIYHO BBIACISIOT HCIIOJIB30BAaHMS B KBAHTOBBIX CETAX
00paboTKu U mepenayn nHGOpPMAIH, B KAYECTBE JIIOMUHECIICHTHBIX HEIIUTOTOKCUYHBIX OMOMapKepoB, a
TaKKe B KAYECTBE JIATYMKOB TEMIIEPATYphl B ONTHUECKON Tepmomerpuu[l]. B mocnenHee Bpemsi, B CBSI3U
C ycmexaMu B Pa3BUTHHM METOJOB CHHTE3a ajIMa30B, COJEpKAaIlUX NMPHUMECHO-BAKAaHCHOHHBIE LIEHTPBHI,
0c000¢ BHUMAaHHE yICIISICTCS UCCIICIOBAHUSAM T.H. OMBaKaHCUOHHBIX IIEHTPOB, TakuX Kak SiV u GeV, uro
CBSI3aHO C MHOTOOOCUIAOIIUMH CHEKTPOCKOITMYECKUMHU XapaKTEPUCTUKAMHU JaHHBIX KOMIUIEKCOB,
TAKMUMH KaK SPKOCTh W Manias nonyummpuHa OechonHonbix nunuit (BDJI), a tak ke MeHbmas (B
cpaBHenun ¢ NV komiuiekcamu) cekrpainbaas quddysus. B npeacraBienHoi padoTe ObUIH MPOBEICHBI
(bOTONOMHHECIICHTHBIC HCCIIeI0BaHus SNV LEHTPOB B aliMa3e B IIMPOKUX JAUana3oHax aasieHuit (10 9.8
I['Tla) u Ttemneparyp (80-300K). CoBmecTHOEe paccMOTpeHHE OapUYecKUX W TEMIIEPaTyPHBIX
3apucuMocTeil monoxkeHuss W mnonymupuHel bB®JI GeV 1eHTpoB MO3BOJWIO HaM BBLACIUTH U
WCCIIEZIOBAaTh YMCTHIA BKJIAJ 3JEKTPOH-(DOHOHHOTO B3aWMOJICHCTBHS B TEMIIEPAaTypHOE YIIUPEHUE U
temnepaTypHslii caBur b®JI. B cBorwo oudepenb, BbINICO3HAYEHHBIN aHAINA3 YMCTOTO BKJIaJa JJIEKTPOH-
(DOHOHHOTO B3aMMOJICHCTBHS TO3BOJIMJ HaM CJEJaTh BBIBOJ O JOMHUHHUPYIOIIEM MEXaHWU3ME JJIEKTPOH-
(¢hoHOHHOTO B3auMoelcTBUs B SNV 1eHTpax B anmase.

bapuueckas 3aBucumoctb nojoxenus bOJI npeacrasnena Ha Puc. 1(a). Kak BuaHO, moiydeHHas
Oapuueckass 3aBHUCUMOCTh BO BCEM JMala3oHe JAOCTUTHYTBHIX JaBICHMH JHMHEHHa C OapHuecKuM
kodddummentom  dE/dp = 3.52(4) wm»dB/'Tla. Takum o0Opa3om, i OMBaKaHCHOHHBIX IICHTPOB
HaOroAaeTcsl TEHICHLUS YBEIWueHHs Oapudeckoro ko3dguiumeHta ¢ pocToM Macchl M aTOMHOIO
pannyca aToma JIETUPYIOHIeH IPUMECH.

B pabote [2] 6bu10 OKa3aHo, 4TO NONHBINA HaOmoaaeMblil caBUT BDJI AE, .4 (T) cxinaasiBaeTcs u3
JIBYX COCTaBJIIOUIMX. BKJaja TemrmeparypHoro pacmupenuss pem€rku AE; .. (T) M 31eKTpoH-
¢ononnoro szaumoneicteus AE,_p,, (T):

AEtotqi(T) = AELqe (T) + AEe—ph(T) (1)

CoriacHO MOJIeNH, TIPEVIOKCHHON B [2], BIMSHHE TEMIEPATypHOTO YIIUPEHHS PEHIETKU Ha CIBUT
BOJI AE} 44+ (T) MoXxeT ObITh paccYMTaHO CaeaytonmmM oopasom[l, 3]:

|AE, 4. (T)| = AB f e(T)dT 2)

rne A — Gapuueckuil ko3¢ ¢unment casura bOJI SNV mentpa B ciydae TUAPOCTATHYECKOTO

nasienus, B — o0bémuBINA MOAynp ynpyroctd anmasza u €(T) xoddduiimeHT 00bEMHOTO pacIIupeHus

anmasHoit pemérku [4]. Takum 00pa3om, st KOPPEKTHOTO ONHCAHMs BKJIAAa 3JICKTPOH-()OHOHHOTO

B3aumoneiicteus AE,_,,(T), B coorserctBun ¢ (1) u3 nonxoro Habmonaemoro casura AEt,qq(T)
HeoOxoauMo BerdecTh BKIan AE; ¢ (T)).

[TomydeHHBIN B pamMKax HacTosiie pabotel 6apuueckuii koadpdunueHt nonoxenus bOJI A SnV
LEHTpa TMO3BOJHMJI BIEPBBIC BBIACTUTH U  [POAHATU3UPOBATh BKIAA  DJICKTPOH-(DOHOHHOTO
B3aumoneiicteus AE,_,,(T) B TemmeparypHoe ymupenue u capur B®JI SnV uentpa. beuto
YCTaHOBJICHO, YTO TEMIIEPaTypHbIC 3aBUCHMOCTH Kak nonymupunsl (Puc. 1(0)), Tak u ciura bOJI (Puc.
1(B)) SNV LeHTPOB MPOSBISIOT CHIIBHYIO HEJIMHEWHOCTh B MCCIICJOBAaHHOM JMAIla30HE TEMIIEpaTyp. ITo
OOCTOSITEILCTBO HAXOAUTCS B TMPOTHUBOPEUUH C MOJEIBIO 3JIEKTPOH-(DOHOHHOTO B3aUMOJICHCTBUS,
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OCHOBaHHO# Ha ()OHOHHOM CMEIIMBAHUH MOyPOBHEH OCHOBHOTO M BO30YXIEHHOTO cocTosiHmi [3, 4]. B
TO K€ BPEMs], IIOJyYEHHbIE TEMIIEPATYPHBIE 3aBUCUMOCTH HaXOASTCS B XOPOILIEM COIVIACUU C MOJEIIBIO,
OCHOBaHHOM Ha KBaJpaTUYHOM 3JIEKTPOH-(POHOHHOM B3aUMOJIEUCTBUU B YCIOBUSX CHIIBHOTO CMATYEHUS
YIOPYrUX MOCTOSHHBIX B TMPOIECCEe JJIEKTPOHHOro mepexona [5, 6], 4ro cBUAETENBCTBYeT O
JOMHUHUPYIOIIEM BKJIAJE 3TOr0 MEXaHMU3Ma B TeMIepaTypHoe ymupeHue u casur bDJL.
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Pucynok 1. Bapuueckas 3aBucuMocTh mosioxkerus bOJI SNV koMIuIeKcoB, KpacHast JIMHUS COOTBETCTBYET AIPOKCUMAIUH
9KCIIEPHMEHTATIBHBIX JaHHBIX (CHHHUE [IApUKH) M0 JIHHEHHOMY 3aKoHy (a); 6) TemreparypHas 3aBUCUMOCTD MOJYIITUPHHBI
B®JI, kpacHOW CIUIONIHOW JWHUH COOTBETCTBYET AaIlMPOKCHMAIINS SKCIEPUMEHTAIBHBIX MaHHBIX (CHHHE IIaApPUKH)
nomaoMoM T° (6); TeMIIEpaTypHasi 3aBUCUMOCTh cliBUra mnoiyioxkeHus bdJI, kpacHOW CIUIOIIHON JIMHUM COOTBETCTBYET
aNMPOKCHMALIHS SKCIIEPIMEHTATBHBIX JAHHBIX (CHHEE ITapHKH) moxnHoMoM CT2 + dT* (Bropast Moseis) (B)

Hccneoosanue evinonneno npu unancosoii noodoepocke PHD 6 pamkax HayuHo2o npoekma
Ne. 19-12-00407.
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BBISIBJIEHUE OCOBEHHOCTEN C®OPMUPOBABIIENCS CTPYKTYPBI KOKCA
N3 BBICOKOTEMIIEPATYPHOI'O IIEKA

PoaunonoBa A.C., Makcumona /[.C., Kneyco b.C.

AO «HUUrpadur», r. Mocka
AnSRodionova@rosatom.ru

VYraepoa-yriepoaHbie KoMno3uinonHbie Matepuaibl (YYKM) ¢ BBICOKUMH yIEIbHBIME (PH3HKO-
MEXaHUYECKUMHU XapaKTePUCTHKAMHM M  KapOIPOYHOCTHIO, COXPAHSAIONIUE YNPYro-IPOYHOCTHBIE
croiictBa 110 Temrepatyp 2000-2400 °C akTHBHO IPUMEHSFOTCSI B aBUAIIMIOHHOW M PaKETHO-KOCMUYIECKOM
TEXHHUKE.

HeobxonuMblie cBOMCTBa JaHHBIX MaTepUajoB BO MHOTO JOCTUTAIOTCS 32 CUYET MHOTOKPATHOTO
MOBTOPEHUS]  BBICOKOTEMIIEPATYPHBIX TEXHOJOTMYECKUX omnepauuil  (HOpMHUpPOBAHUS  YTIIEPOJHOMN
MaTpPHIIBL.

[lens [MaHHOTO WCCIIENOBAaHMS. CpPAaBHEHHE OCOOCHHOCTEH CQOPMUPOBABIICHCS CTPYKTYPBI
HCXOJHOTO KOKCa M3 BRICOKOTEMIIEPATypHOTO MeKa MOocje MPOBOJUMOTO B Ta30CTaTe Mpoliecca MPOMUTKU
u kapOonmzanmu moxa nasieHueM (ITIKJ[) m kokca, mpomiequiero BBICOKOTEMIIEPATYPHYIO 00paboTKy
(BTO) 6e3 naBneHus.

OOBEKT WCCIEeIOBAaHUS. HWCXOJIHBIH KOKC W3 BbICOKOTeMIlepaTypHoro meka mocie [TK]I,
OTOOpaHHBI M3 KOHTEHepa ra3ocrata C BEpXHEM M HIDKHEH ero vacTeil, M KOKC, MpOIIEIIIHA
nocinenoBarenbHo oT 1 1o 4 mpoueccoB BTO. IIpoaomKuTeNbHOCTh OJHOTO MPOLIECCa COCTABIISIET
60 MuHYyT.

B xonme paboThl ompenensii peHTTeHOCTPYKTYPHbBIE XapaKTEPUCTHKU KOKCa: MEXIUIOCKOCTHOE
paccrosiaue ooz, CTeneHb rpaduTanuu § U pa3mepsl KpUcTautuToB L, u L¢. McciaenoBanue BHIOIHEHO
Ha mudpakromerpe Bruker D8 Advance. O6paboTka JaHHBIX MPOBOIUIACH C MMOMOIIBIO HPOrPAMMbI
TOPAS (oaHuUM CTPYKTYpPHBIM KOMITIOHEHTOM). OmpesiesieHHe MacCOBBIX JIOJICH yriepoja U BOIOPOJA
BBITIOJTHEHO Ha 3JieMeHTHOM aHaym3arope EUroEA-3000, mocunTano WX COOTHOIICHHE.

CpaBHUTENBHBII aHAINU3 CTENIEHH COBEPIICHCTBOBAHUS KPUCTANIMYECKON CTPYKTYpPhl HCXOIHOTO U
npomenmero BTO kokca mokasain, yto Bpems Bbiaepkku ¢ 0 1o 60 MUHYT OKa3bIBaeT CyIIECTBEHHOE
BIMSIHUE Ha Tporecc (GOPMHUPOBAHUS CTPYKTYphL: Oa3HCHBIE IUIOCKOCTH YHOPSIOYMBAIOTCS, a
MEKIIJIOCKOCTHOE paccTosinue Uoop 3HaumTenbHo cokparmaercst (¢ 0,36 mo 0,34 HM), yriepoaHbie CIOU
a3MMYTAJILHO YIIOPSA0YMBAIOTCS TIPH TOBBIIIEHUN TeMIiepaTypbl oopadboTku 1o 2200 °C.

Beie 2000 °C unér oOpa3oBaHue TPEXMEPHO-YHOPSIOUEHHON CTPYKTYpPBI, CONPOBOXIaEMOE
pE3KUM POCTOM pazmepoB KpuctamwutoB: Le ¢ 1,4 no 24um u L, ¢ 1,8 o 49 am. C yBenuueHuem
BpeMeHH BblIepkku 10 240 MuH HaOmomaeTcs cymiecTBeHHbIM cman otHomenus H/C ¢ 1,13
1o >0,01 mac%.
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BJIMAHUE CIITOCOBA UBMEJIBYHEHUA I'PAOUTOBOI'O HAITIOJIHUTEJIA
HA TEMIIEPATYPOIIPOBOJHOCTbH HAITOJIHEHHBIX
TEIIVNIOPACCEUBAIOINUX IIVIEHOK

PomaHoB H.C.l’z, JlanmiioB E.A.l, Bapaamos C.A.1'3, Bopxiuk AB

' AO «HUHWrpadut», . MockBa
2PXTVY um. JI.11. MenneneeBa, . MockBa
SMITY nm. H.D. baymana, r. MockBa

533west484@gmail.com

OmHUM W3 KITIOYEBBIX (PAKTOPOB [UIS INTATHOTO W OecrepeOoiHOTr0  (HyHKIIMOHHMPOBAHUS
AIIEKTPOHHBIX YCTPOUCTB SBJISAETCS ObICTphId W 3((dexTHBHBINA 0oTBOA Terta[l], uto mocturaercs
MCIIOJIb30BAHUEM PA3JIMYHBIX CUCTEM OXJIAXKICHUS (pamuaTopsl, TEIUIOBBIC TPYOKH, dJIeMeHTHI [lenbThe u
ap.). OAHAKO TPH HEMOCPEACTBEHHOM KOHTAKTE 3JIEKTPOHHOTO YCTPONCTBA M CHCTEMbI OXJIAXKICHUS W3-
3a [IEpOXOBATOCTEH MOBEPXHOCTEH (hakTHUecKas IUIOMIAIh TEIUIONEepeaadd CoCTaBisieT okono 1-2% ot
o01me#t reomeTpuueckoit miomanu[2]. TepmonHTepdeicsl, moMenaeMbie MEXIY CUCTEMOW OXJIaXKICHHSI
U 3JIEKTPOHHBIM YCTPOMCTBOM, MOTYT 3HAYUTEIHHO YBEIMYUTH MOBEPXHOCThH TEIUIOTIEPEIadyH, CHU3UTH
pabouyio TeMIeparypy yCTPOWCTBA U IIOMOYb YCTPAHUTh JIOKAIbHBIE eperpesbi[1].

OnIHUM M3 CaMbIX PACIPOCTPAHEHHBIX TUIIOB TEPMOUHTEP(EHCOB SBISIOTCS TepMOMpoKIanku[l],
KOTOpBIE MPEACTaBISAIOT COOOM HAIMOIHEHHBIE MOJIUMEPHI U 001aIal0T CIEAYIONIMMU MPEHUMYIIECTBAMH:
rHOKOCTh, BBICOKAs TEXHOJOTHYHOCTh IPH TOJYYCHHH M MOHTaXE, BO3MOXKHOCTH OOecredeHus
HEOOXOUMBIX AJIEKTPOU3ONIALMOHHBIX TPEeOOBaHMI, a TaK)KE€ BO3MOXKHOCTh TMOIYUEHHUS MaTEpHUaJioB C
3aJaHHON aHmM3oTpormed KoddduuueHTta TeruronpoBogHOCTH. IlocnenHee OCOOEHHO BaXHO IS
ONTHUMAJILHOTO paclpeeNieHus] TEIJIOBBIX MOTOKOB B TEepMOUHTEpdeiice W YCTpaHEHHs JOKAJIbHBIX
neperpeBoB. lcronb30BaHWE CIIOUCTHIX HAMOJIHUTENCH C OONBIIMM acleKTHbIM oOTHolieHueM (2D-
MaTepHaIoB) CIIOCOOCTBYET YBEINYCHUIO aHU30TPOIHUHU TEIUIONPOBOTHOCTH TEPMOUHTEP(EHCOB, a TaKkKe
CHIDKEHHIO TOPOTOB MepKosuu. OJHUM U3 JTy4IIUX METOIO0B noiydyeHus 2D-maTtepuasioB siBisercs
)uakodasHas skchonmanus ¢ npuMeHeHHEM YibTpa3Bykal[3].

Jlns monydenust o0pasioB Ha ocHOBe nonuBuHWIMAeHPTOpuaa ([IBJP) B kauecTBe HATIOIHUTEIIS
HCIOJIB30BAICS MpUpoaHblii Tpadur Mapku ['CM-2 (MI, or «wucxomHblii»). BiusHue crocoba
M3MEJbUYCHHS HCCIIE0BAIOCH NMPUMEHEHHEeM o0paboTaHHOro Ha BHOpannoHHOM uctupatene MBY-3 B
teuenue 90 munyt (BI'), miu sxchomuuposantoro rpadura (OI7); mocneauuii Op11 mOTydeH 00pabOTKOM
yIBTPa3ByKOM B TeueHHe 15 dYacoB Ha ONBITHO-IIPOMBIIUIEHHOW YCTaHOBKE pPa3pabOTKU
AO «HUUrpadur» ¢ akTHBHBIM MOTPYXKHBIM reHepaTopoM Tuma «bymnaBa-M» (mHUKOBast JIEKTpHUYECKas
MmourHocTh 8 kBT, wactora 21,5 k['1). 3arpyska cocrasisuia 30 r nmpupoaHoro rpadura mapku [[CM-2, 5 n
n3omponaHoia, 3 r HemoHoreHHoro ¢ropcoaepsxkamero [TAB, pazpadorannoro AO «I'UITX».

[Tnenkn nomydamu cmemenunem [IB® u aumernndopmamuna (IMPA) Ha BepXHEHNPUBOIHOM
(droporutacToBol Tpore/uiepHod Memanke npu Temmneparype 60°C mo momHoro pacrBopenus I1BJ®.
3areM K pacTBOpY A00aBISUIM HATIOJIHUTENb U MEPEMEIIMBAIN C MOMOUIBIO TOTPYKHOTO TUCIIEpraTopa
IKA Ultra Turrax T25 B teuenue 6 munyT (ckopocts 13500 00./MuH.) IToaydeHHYO CMeCh Jera3upoBain
moa BakyymMoM. [I1eHKM mony4anu TUTheM Ha TOBEPXHOCTh CTEKJIA B (hopMy HYKHOUW KOH(HUTyparuu
nocaenyromeii cymkoit (100°C — 60 wmwmu.,, 135°C — mo mocrosHHOW Macchl). Koaddwurment
TEMIEPATYPONPOBOJAHOCTH OINpPEAEIAIN METOJOM JIa3epHOM BeIbIIKM Ha YycraHoBke LFA 457
MicroFlash® (Netzsch, I'epmanus) B coorBeTcTBUH co ctangaprom ASTM E1461-13.

W3 nansbpix puc. 1 BUAHO, YTO TEMIIEPATypONPOBOAHOCTb 3aKOHOMEPHO PACTET C YBEIHMYCHHEM
coaepxanus HarmosHuTens; kommo3unuonubie mieHkn (KIT) ma ocxHoBe DI' 00agar0T MOBBIIIEHHBIMHU
3HAUEHUsIMU TemImepaTyponpoBogHocTh 1o cpaBHeHuto ¢ KII Ha ocHoBe BI' m HI. D10 MOXKHO
00bsacHuTh TeM, uTo DI’ mo cpaBHenuto ¢ UI' m BI' oGmamaer MeHbIIMMU pa3MepaMu U OOJBITUM
aceKTHbIM OTHOIeHUeM. Takke BUJHO, uTto cuctema [IBJI®-BI' otnuyaeTcst 3HaUUTEIbHO MEHBUTUMU
3HAYEHUSIMU TEMIIEpaTypPOIPOBOJHOCTH BO BCEX HampaBieHUsX BcieacTtBue Toro, yro BI' obmamaet
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Oonee nedexTHOU CTPYKTYpOit o cpaBHeHuio ¢ U u OI' (BUOpalnMoHHOE HCTHPAHKUE - HECEICKTUBHBIN
METO]l U3MENbYCHHsI, KOTOPBIH 3a CUET BHICOKOM YAENbHOM SHEPrOHATPY>KEHHOCTH U 3HAYUTENBHON POIH
B3aMMHBIX COYJIapCHHI YaCTHII MOYET BHOCHUTH OOJIBIIIOE KOJUYECTBO Ae()EKTOB B CTPYKTYpy rpadura).
AHHM30TPOITHUS TEIUTOMPOBOIHOCTH (PHC. 2) IPH 3TOM TaKXe He MpeBbIaeT 2,3.
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Puc. 2. 3aBHCHMOCTD aHU30TPOIHH TEIUIOMPOBOJHOCTH (OTHOIIICHHE TEMITEPATYyPOIPOBOAHOCTH B TNIOCKOCTH TUICHKH
K TEMIIEPATyPOIPOBOIHOCTH 10 TOJIIUHE TUICHKH) OT COepKanus HanonHuresi. A — U, m — BT, ¢ — OI

U3 puc. 2 BuanHo, yTo HaOIIOAaeTcs BbICOKAas aHU30Tpomus cBOMCTB cuctembl [IBJID-UIT B
o0acTi HEOOJBIIUX HAMMOJHCHUN, YTO MOXKET OBITh CBSI3aHO C MOBBIMICHHBIMUA CPETHUMH pa3sMepamMu H
Maccoi yactul WUI'. DTo NpuBOAUT K UX YCKOPEHHOMY T'PaBUTALIMOHHOMY OCEJAHUIO B MPOLECCE CYLIKU
JI0 3aBEPIICHUS TeTU(UKAINN CBI3YIOIIEr0; TAKUM 00pa3oM, JacTullbl ' OpueHTUPYIOTCS OKOJIO OJTHOM
13 CTOPOH IUIeHKU. C MOBBIILIEHUEM HAIOJIHEHHS MEKYACTUYHOE B3aUMOJICHCTBUE U MIPOCTPAHCTBEHHbBIE
(dakTopsl TPUBOAAT K CHIKEHHUIO aHm3oTponuu. C npyroit croponsl, s cucremsl DI-TIBJID
AHU3OTPOMHSI PAcTET C YBEIMYCHHEM COJIEp>KaHusl HaronHuTens u nocruraet 8,4 mpu 40 macc. %, 4to ¢
y4eToM Oojiee BBICOKMX 3HAYEHUU TEMIEPaTypONpPOBOJHOCTH BO BCEX HampaBieHusx naenaet OI
MIPUBJIEKATEIbHBIM MaTEPUAJIOM ISl U3TOTOBJIEHUS IEPCIEKTUBHBIX TEMJIOPACCEUBAIOIINX YCTPOUCTB.
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Ceroans paspaborka 3((QEeKTHBHBIX, MPOYHBIX, HEIOPOTHUX B MPOM3BOJACTBE, OE3BPEIHBIX IS
OKpPYXaloIIMX Cpelbl HCTOYHMKOB CBETa LHIMPOKOTO MPUMEHEHHUS SIBJSIETCS 3ajaueid, pelieHue KOTOopoi
emie He ObuTO HaiaeHo [1]. Jlamnbl HakanuBaHus umeroT Hu3kuii KI1/1, B CBsI3U C ueM OHU HEIOCTYIIHBI B
psane crpan. @ayopecieHTHbIe JJamibl uMetoT xopounii KITJ[, Ho comepkatr pTyTh, TOKCUYHBIA METAJLI,
KOTOPBI CIIO)KEH B yTwim3anuu. CBETOIMONBI IIUPOKO PACHpPOCTPAHEHBI, OOIATAIOT XOPOIIMMHU
CBETOBBIMU XapaKTEPUCTUKaMH, MAJICHbKUMHU pa3MepamMu U OOJbIIMM BpemeHeM paboTel. HemocTtaTtok
JTUOJIOB 3aKII0YAeTCsl B HUX BBICOKOM UYBCTBUTEIBLHOCTH K TeMmIieparype. KaromomroMuUHECIICHTHBIC
JamImbl UMEIOT MHOTO MPEUMYIIECTB B CPAaBHEHUHU C BBHIIICYNOMSHYTHIMU KaHAWJATAMH U MOTYT OBIThH
MCIOJIb30BaHbl B INUPOKOM psific mpuMeHeHuil [2]. TemmnepaTypHas 4yBCTBUTEIBHOCTh JAHHBIX JIAMII
HU3Ka, OHU MOryT paborath oT -50 mo +110 °C u Beime. [loTeHIMaTbHO AaHHBIC JIAMITBI 00JIAIAIOT
BBICOKHMM TIOKa3aTeneM cBeroBoro noroka (110 mromen / Bt) [3]. Pasmepbl u koHpHUrypanuu moJjo0HbIX
JaMI MOTYT M3MEHSTHCS U BapbUPOBATHCS, YTO MO3BOJUT MOJYUYHUTh KaK BBICOKOTAOAPUTHBIE JIAMIIBI
BBICOKOW MOIIHOCTH, TaK U MajorabapuTHBIC JlaMIlbl. bjaromaps BCeM  BBIIICYHTOMSIHYTHIM
MPEeUMYyIIeCTBaM KaTOJOJTIOMUHECIICHTHBIE JIaMIIbl MOXHO CUUTaTh MHOTOOOEMIAIOMIUM HCTOYHHKOM
W3IyYeHUs] YHHUBEPCATBHOTO NPHMEHEHHs. BOJIOKHa Ha OCHOBE YIJIEPOJHBIX HAHOTPYOOK HMEIOT
MHOT000CIIIAOIINEe SMUCCUOHHBIE XapakTepucTuku [4], [5].

B nanHO#1 paboTe B KauyecTBEe KaToJa MCIOIL30BAIOCH COCTOSIIEE M3 YIIEPOJHBIX HAHOTPYOOK
(YHT) BomokHo mamametrpom 40 mkM. BomokHa OBUIM MpeaBapUTEIILHO OCTEKIOBAHBI B TPYOKY
auamMeTpoM 3 MM, U3 KOTOpOi ObUT cienaH kartox BeicoToil 1 cm. Karom BMecTe ¢ aHOAHBIM SKpaHOM
IuaMeTpoM 6 cM, Ha KOTOpPBIA OBLI HaHECEH JIOMUHOGMOP, OBUIM MOMEIIEHH B BAaKyyMHYIO KaMepy.
JlaBneHue B kamepe BO BpeMsl DKCIIEPUMEHTA COCTABIISIIO TIOPsIKA 10° Topp.

Ha aHoj momaBasicsi BHICOKWI TOJOKUTEIBHBIM MOTEHIMAN, KaTox ObuT 3a3emiieH. Hampspkenue
MEXIy ABYMS DJICKTPOJAMH YCTAHABIMBAJIOCh TaK, YTOOBI MPOUCXOAWIA IMHCCHS DSJICKTPOHOB. [liis
ONpeZieNieHUus] AMHUCCHOHHBIX CBOMCTB H3Mepsjiach 3aBUCHMOCTh TOKa KaTroJa OT BpPEMEHU IIpH
MOCTOSIHHOM HampspKeHuu. J[7s cpaBHEHUs Ha pUCYHKE 1 MOKa3aHBI 3aBHCHUMOCTH TOKOB Yepe3 KaTOJbI,
coctogamux n3 YHT u us ITAH BonoKOH.
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Puc. 1. 3aBucumMocTb TOKa Karoja ot Bpemenu s Y HT-karona (cnesa) u st [IAH-katona (cripasa).

JInsi KayeCTBEHHOTO OMPENeNICHHS MPOYHOCTHBIX XapaKTEPUCTUK KATOMOB W3  YIJIEPOIHBIX
MaTepHaioB ObllIa IPUMEHEHA CKaHUPYIOIAs AJICKTPOHHAsE MUKpocKomus. Dororpaduu ObUTH MOTYUYSHBI
IIPH UCTIOJIB30BAaHUHU PACTPOBOTO 3jIeKTpoHHOr0 Mukpockona JEOL JSM 7001F. ®otorpadum kaToaoB
JI0 ¥ TIOCJIE SKCIIEPUMEHTA MMOKa3aHbl Ha PUCYHKE 2.

W 100um MIPT-SRF  9/15/2020 Bl
30.0kV SEI SEM WD 9.8mn  4:01:12 — 100mm MIPT-SRE 9/18/2020

Puc.2. ®ororpaduu katona u3 YHT Bonokua auamerpom 40 MKM /10 SKcriepuMeHTa (ClieBa) U IOCiIe SKCIePUMEeHTa (CripaBa)

KaTOIIBI U3  YyTJICPOIHBIX HaH0pr60K MoKa3aJii XOopomunuc¢ 5SMUCCHOHHBIC XapaKTCPUCTUKH,
JOCTAaTOYHBIC AJIA HUCIIOJIBb30BaHHUA MX B OMHUCCHOHHBIX JIaMIIaX. HeCMOTpH Ha MaJlbIC pasMEPBI KaTOA0B,
OHU CITOCOOHBI BBIZICPKNBATH BBICOKUEC TOKU U CUJIBHBIC 3JICKTPHUYCCKUC T1OJIA.

JUTEPATVYPA

1. Bugaev, A. S., Kireev, V. B., Sheshin, E. P., & Kolodyazhnyj, A. J. (2015). Cathodoluminescent light
sources: status and prospects. Physics-Uspekhi, 58(8), 792.

2. Egorov, N. V., & Sheshin, E. P. (2017). On the current state of field-emission electronics. Journal of
Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 11(2), 285-294.

3. Vereschagina, N. Y., Danilkin, M. I., Kazaryan, M. A., Ozol, D. 1., Sheshin, E. P., & Spassky, D. A.
(2018, April). Cathodoluminescent UV-radiation sources. In International Conference on Atomic and
Molecular Pulsed Lasers XIII (Vol. 10614, p. 106141F). International Society for Optics and
Photonics.

4. Baturin, A. S., Yeskin, I. N., Trufanov, A. I., Chadaev, N. N., Sheshin, E. P., & Tchesov, R. G.
(2003). Electron gun with field emission cathode of carbon fiber bundle. Journal of Vacuum Science
& Technology B: Microelectronics and Nanometer Structures Processing, Measurement, and
Phenomena, 21(1), 354-357.

5. Sheshin, E. P. (1999). Field emission of carbon fibers. Ultramicroscopy, 79(1-4), 101-108.

179



CTPYKTYPA YIVIEPOJHOI'O KAPKACA B KOMIIO3UTAX HA OCHOBE
BUCKO3HOI'O BOJIOKHA 1OIIMPOBAHHOI'O MOJIUBAEHOM

CaeHko H.C.l, Kenesnos B.B..
! WNucturyt xumun JIBO PAH, r. BnaguBoctok
saenko@ich.dvo.ru

B pabore wmccnemyercss CTpyKTypa KOMIIO3MTOB, TOJYYCHHBIX IMPH Pa3IMYHBIX TEMIIEpaTypax
OT)KUTA W3 BUCKO3HOTO BOJIOKHA JIOMHPOBAHHOTO MOIHOIeHOM. [Tpomian peHTreHOBCKOTO pacCesHUS
HOPOIIKOB  BCEX PAcCMaTPUBAEMBIX KOMIIO3UTOB lexp(20) MOXHO —ammpokcHMMHpOBaTh CyMMOMN
jgopeHiianoB u (GoHoBoro paccesHus 10(20) B Bume monuHOMa YeTBepTOW cTermeHu oT 1/20,
OTpPaXKaroIIero BKIAIbl B CIIEKTP (POHOBOTO paccestHus (3a CUeT MaJoOyIJIOBOTO pacCesHus, PaCCesIHUS Ha
HEYIMOPAIOYCHHBIX aTOMax, paccesHus MOJEeKyJaMH Bo3ayxa W apyrux ¢aktopos) [1]. Pesymbrars
anMpOKCHUMAIlUK  PEHTTEHOBCKUX  JNU(GPAKTOrpaMM  KOMIIO3MTOB TOJYYCHHBIX TIPH  Pa3IHYHBIX
TEeMIIepaTypax MpeAcTaBicHbl Ha puc. 1. Bo Bcex skcrmepuMeHTanbHBIX AudpakTorpammax (puc. 1)
MOxHO BbieuTh oTpaskerus (002), (10), (004), (11) xapakTepHble i TYpOOCTPATHBIX MYJIbTHCIONHBIX
HaHOrpa)eHOB C MaKCMMyMaMH COOTBETCTBeHHO BOym3m 20: 23, 42, 49 u 80° [2, 3]. Kpome Toro, B
anmnpokcuManusax komno3utoB K3 u K4, MOXXHO BBLAETUTH JOPEHIIMAH C MaKCUMyMoM mipu 20~ 20° —
TaK Ha3bIBaeMbIi y-TIMK [4-6]. JlomomHUTEIbHBIC y3KHE KOMIIOHEHTHI ipu 20 ~ 26, 32, 37, 40, 62, 75° B
anMpOKCHMAIUK MOTYT OBITh OTHECEHBI K PACCESHHIO HAa HAHOKPUCTAJUIUTAX OKCHIA MOJHOACHA W
kapbunoB monubaeHa. [Ipu Temmneparypax 6osbiie 950 °C oTHoOIIEHHE MHTErPaIbHON MHTEHCUBHOCTH
¢ona 1p(20) k cymmapHO HHTEHCUBHOCTH MCITOJIb3YEMBIX B alllIPOKCHMAIIMN JIOPEHIIHAHOB 3HAYUTEIHHO
YBEIIUYMUBACTCS. ITOT (HaKT MOXKHO OOBSICHUTH YBEIMYCHHEM TMPH OTHX TEMIepaTypax JI0Ju
HEYNOPSIIOYCHHBIX aTOMOB (& Tak)Ke IPYII aTOMOB) B 00pasiie.

Cpennuit natepanbhbiii pasmep (L,) ManbIX yHOPSIOYEHHBIX OO0JIACTEH B YIVICPOAHBIX CIIOSX,
TOJIIMHA YIAKOBAHHBIX CTOMOK Takux oOmacreir (L), cpemHee MexaromHoe paccrosiHue (fc.c) B
YIOPSATOYEHHBIX 00JaCTAX YIIIEPOIHOIO KapKaca U cpeHee MexciaoeBoe paccrosuue (d) B MX CTOMKax
OBLIM OTNPE/ICIICHBI U3 IMApaMETPOB COOTBETCTBYIOIIUX JIOPEHIIMAHOB ¢ TIOMOIIbI0 Gopmyisl Llleppepa u
BeIpakeHUI bparra. CpenHee yncio cioeB M B CTONKAX YINOPSAIOYCHHBIX 001acTeil ObUIO ONPENEICHO C
MTOMOIIIBIO OYEeBUIHOTO BhipakeHust M =L /d + 1. Yka3aHHbIC CTPYKTYypHBIC MapaMeTPhl 11 KOMITO3UTOB,
MOJIYYCHHBIX TIPU Pa3IHUHBIX TEMIEpaTypax, MIPUBEICHBI B TAOJIHUIIE.

Puc. 1. AHHpOKCI/IMaHI/IH PCHTICHOBCKUX Z[I/I(I)paKTOI"paMM pssAa KOMIIO3UTOB Kl'KG, IMOJYYCHHBIX M3 BUCKO3HOT'O BOJIOKHA
JAONHPOBAHHOI'O MOJ'II/I6I[6HOM IpU pa3JINIHBIX TEMIICpATYpax OTKUIA, ITOCJIC BbIYETA BKIaAa (bOHOBOl"O paccesHus
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Tabauua
CTpyKTypHbIe apaMeTpbl YIJ1€POAHOI0 KapKaca, noJy4eHHble U3 MapaMeTPoB anmpoKCUMAaNui
COOTBETCTBYIOIINX PEHTT€HOBCKUX TU(PAKTOrPaMM KOMNO3UTHBIX MaTepuaioB K1-K6

[TapameTpsl, B HM
O06pa3ubt M
d Lc rec La
Kommosur K1 (360 °C) 0,442 0,44 0,1426 0,87 2,01
Kommozur K2 (500 °C) 0,395 0,51 0,1368 0,81 2,29
Kommosur K3 (630 °C) 0,356 0,72 0,1361 1,00 2,02
Kommosur K4 (950 °C) 0,389 1,02 0,1386 3,51 3,62
Kommosur K5 (1050 °C) 0,401 0,52 0,1380 2,62 2,29
Kommosur K6 (1300 °C) 0,406 0,48 0,1395 3,01 2,18

[Tpumeuanue: CMbici 0003HAUSHU MTPUBE/IEH B TEKCTE.

Jlanee paccMOTpUM HM3MEHEHHUsI CTPYKTYPHBIX MapaMeTpOB YIJIEPOJHOTO KapKaca B KOMIIO3UTaX
NIPU Pa3IMYHBIX TEMIIEpATypax OTXKUra. Y HOpSJOYEeHHBIE YIIIepOHbIC 00IaCTH B KOMIIO3UTAX, MOTYYCH-
HBIX Tipu Temneparypax ot 360 no 630 °C, xapakTepu3yroTcsi CpeIHUM JIaTepanbHbIM pazmepom 0,8-1 am.
[TpuOnM3UTENBEHO TaKOH e JaTepanbHbIi pa3Mep HMEIOT MOJICKYJIb KOPOHEHA, COCTOSIINE U3 24 aTOMOB
yriepona. Kommosutsl, noiaydennsie npu temneparypax ot 950 qo 1300 °C, umerot 3HaunTensHO Ooiee
NPOTSHKCHHBIE YIIOPSIOYCHHBIE YYACTKU yIIIEPOAHON ceTKH. CIelyeT OTMETUTbh, YTO PACCTOSHUE MEKIY
YIIOPSIOYCHHBIMHE yTJICPOTHBIMU O0JIaCTSIMH BceX oOpas3max kKpome kommos3uta K3 3Ha4uTenhHO
HPEBOCXOIMUT MEXKCIIOEBOE B TypOocTpaTtHOM yriepoae [7, 8]. DToT dakT MOKeT CBHACTEIbCTBOBATH, O
HAIMYAHA B MEXKCIOEBOM TPOCTPAHCTBE yKa3aHHBIX 00pa3loB (YHKIIMOHAIBHBIX TPYII CBS3aHHBIX C
yriepoaHoi cetkoii [9] miu xe atomMoB U Mosekyn BHenpenus [10]. PaccrosiHue Mexay yriepoaHbIMU
ciosiMu yMeHbIaeTcst B oopasmax ot 360 mo 630 °C, a or 950 o 1300 °C — yBenmuumBaeTcs.

Hccneoosanue evinoaneno npu @uuancosou noddepicke Munucmepcmea HAYKU U GblCULE2O
obpaszosanust Poccuu (eocyoapcmesennoe 3a0anue Ne 0205-2021-0001).
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COOTHOIUIEHUE ATOMOB HUKEJIA U YIJIEPOJA KAK PEIIAIOIIUA ®AKTOP
®OPMUPOBAHUSA KOMIIO3UTA I'PA®EH-HUKEJIb

Caduna JLP. Myp3aeB P.T? KpsbLioBa K.A.'2 Banmosa 10.A 2

1 . . . .
VY dbumckuii rocyaapcTBeHHBINM HEPTIHON TEXHUUECKHU YHUBEPCUTET, T. Y pa
HNuctutyT pobiiem cBepxiiactuaHoctu MetaiioB PAH, 1. Ya

saflia@mail.ru

Kommo3uTsl Ha OCHOBE MOIUMOP(OB yriepona W HAHOYACTHI[ METAJUIOB HMMEIOT Mallblii Bec,
BBICOKYIO JK€CTKOCTh U MPEBOCXOHBIC MEXaHMYECKHE CBOWCTBA, KOTOPHIE MOTYT UTPaTh BAXHYIO POJIb
Ul pa3pabOTKH PA3MYHBIX COBPEMEHHBIX MaTepHasioB. B naHHOW paboTe METOAOM MOJICKYJISIPHON
TUHAMHUKH HCCIEAYEeTCSl BIUSHUE COOTHOIICHHS aTOMOB MeTajsia W yriepoaa Ha (HopMHpOBaHHE
KOMITO3HUTa rpad)eH-HUKEIb.

OnHUM W3 TEPCIEeKTHBHBIX METOJIOB CO3[aHUS KOMIIO3UTOB MeETauI-TpadeH SBISIETCS OTXKUT C
MOCJIEAYIOIIMM THAPOCTATUYECKUM CHKATHEM MPHU MOBBIMICHHBIX Temmepatypax [1, 2]. s momydenus
KOMITO3UTa HWCIONB3YIOTCSI CBEPHYTHIE YENIYWKH rpadeHa, 3aloTHCHHbIE HAHOYACTUIIAMU HUKEJS,
cocrosire u3 21 u 78 atomoB. Beero B tpexmepHoii crpykrype Nizy — 1344 u Nizg — 4992 aromos, a
quciao atoMoB yriepoga — 16138. IlepBbIM 3TamoM CTPYKTYphl BBIACPKHBAIOTCS MPU KOMHATHOMN
temriepatype 300 K. Jlanee mpukiaapiBacTCsl THAPOCTATUUECKHUE CXKATHE ISl YCTPAHEHUS OOJBIIHMX TOP
MEXJy €IUHUYHBIMU DJIEMEHTaMH KOMIIO3uTa. BHI CTpyKTyp, coaepXkaliue pasHble pa3Mepsl
HAHOYACTHUI] HUKEJIA, ITOCIIE YCTPAHEHUS MTyCTOT MEKAY CIMHUYHBIMU dJIEMEHTaMH, IPUBEICH Ha puc. 1.
Jis Toro, 4toObl cOpMHUpPOBATH €OUHBIM KOMIIO3HTHBI Marepuall, K CTPYKType MpPHKIAIbIBACTCS
ruapoctatudeckoe cxartue npu 1000 K 1o MakcumManbHO BO3MOXKHBIX IJIOTHOCTEH. UTOOBI ONpPEACIUTh
BIIUSHUE KOJIMYECTBA aTOMOB MeTalla W yriepona Ha (OpMHpOBaHHE KOMITO3UTA, MPUMEHSIETCS
OJTHOOCHOE pacTshKeHHE. UWCIIeHHBIE SKCIIEPUMEHTHI MPOBOAMINCH B CBOOOJHO PACIpOCTPaHIEMOM
naKeTe MoJIeKyJisipHO-auHaMuaeckoro (M) monenuposanus LAMMPS.

C 1uenplo ONMHUCAHHWS W WCCIENOBAaHUA HAHOCTPYKTYp MeroaoM MJI HeoOxoawmo 3amaBaTth
MOTECHIIMATIBl MEXATOMHOTO B3aUMOJCUCTBUS Ui BceX dYacTull. OJHMM W3 TMPOCTHIX W TPH ITOM
3(GGEKTUBHBIX IMOTCHIIMATIOB MEXATOMHOTO B3aWMOJCHCTBUS sBIsETCS moTeHImMan Mopse. OnH
ucrons3yercst i onucanus Bzaumoaenctust Ni-C u Ni-Ni, mapaMeTpsl KOTOPBIX MPEUIOKeHbI B [3, 4].
s onucanms B3anmoeiicterue C-C ucnonp3oBanu nmotenuai AIREBO.

Puc. 1. HauanmbHast CTPyKTypa KOMIIO3uTa rpadeH-HUKeNb, coaepkaniero B mopax Hanowactuiisl (a) Niy u (6) Nizg. Cepsim
[OKa3aHbl aTOMBI YIIIEPOJA, 3€IEHBIM — aTOMbI HaHodacTuIl Ni.

Jl7is OLIEHKM MPOYHOCTU TMOJYYEHHOTO KOMIO3UTAa CTPYKTYpPY MOCJE THIPOCTATUYECKOTO CHKATUS
MOJIBEPralOT PACTSHKCHUIO BJOJIb HampaBieHuss X. Ha puc. 2 mpencraBieHbl KpUBBIE HaIpsDKEHHE-
nedopmarus B mpoiecce 0IHOOCHOTO pacTshkenust. Kak BuaHo, pasmep HaHodacTtul] Ni urpaet BakHYTO
poib B MpOYHOCTH Kommo3uTa. Hampumep, s kommnosuta ¢ Nipzp HaOmogaercss camoe BBICOKOE
pactsaruBaroinee Harnpspkenue, mpumepro 188 I'Tla, B To Bpemst kak 1iist cTpyKTypsl ¢ Nizg 370 3HaucHHE B
Tpu paza Hwke. C yBeIMYeHHEM KoimuecTBa HaHo4acTHll Ni MPOYHOCTh KOMIIO3UTa CHMXKAETCSA. DTO
MO>KHO OOBSCHUTH T€M, YTO OoJiee KpyIHbIe HAHOYACTHULIBI TOJHOCTHIO 3aIIOJIHAIOT TOJOCTh YEHIYHKH U,
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CJIeZIOBATENIbHO, Je(QOpPMHUPOBAHUE M TIOSBICHHWE HOBBIX XHUMHYECKHX CBS3€H MEXIy CIUHHYHBIMU
ANIEMEHTAMH 3aTPyJHEHO. M3 BCTaBKHM K pUC. 2 MOXHO 3aKIIOUUTh, 4TO mepen pactskenueM (e = 0.0)
TOJBKO KoMIo3uT TpadeH-Niz; 3a cdeT HeOONBIIOro pa3Mepa HAHOYACTHIl BBIIVISAUT OIHOPOJHO:
HAHOKJIACTEPbI HUKEIs M Yellyiku rpadeHa Xopolno nepeMenanicek. B ctpykrype rpaden-Nizg 3ameTHbI
METaJUTMYECKHEe HAHOYACTHUIIBI, KOTOPHIE HE YCIIETH PACIIABHTHCS M PAaBHOMEPHO PACIPEIEIUTHCS TI0
Bcell cTpykType. OJHAKO B MpPOIECCHl pacTspkeHusi, HaHodacTUbl Nizg B3aUMOICHCTBYIOT C JIHCTOM
rpadena co crmabeiMu cwiamu Ban-mep-Baansca m Gomee paBHOMepHO pacmpenenstorcs. CTpykTypa
MOCJIE PACTSDKCHUSI MPAKTHYECKU BBINISANT OMHOPOAHBIM (e = 5.0). BaskHO Tarxke 0OpaTHTh BHUMAaHHE,
Ha TO, YTO HECMOTPS HAa OYEHb BBICOKYIO TMPHIOKEHHYIO Je(QOpMalunio, BCE CTPYKTYpPHI Ieible U 0e3
KaKux-1ubo mop.

Puc. 2. KpI/IBLIG HaHpSDKCHI/Ie-,He(i)OpMaHI/IH " CTPYKTYPbI KOMIIO3UIUOHHBIX MATECPHUAJIOB 10 U IMMOCJIC OAHOOCHOI'O PACTAKCHUS.
CepI)IM IMOKa3aHbl aTOMBI YIJiepoJa, 3¢JICHbIM — aTOMbI HAHOYACTHUIL{ Ni.

B pesynpraTe uccnemoBaHWS OBLIO BBISIBJICHO, YTO OTKHI INPU KOMHATHOW TeMIepaType ¢
nocneaywmuM ruapocratuueckum cxatveMm npu 1000 K MoxkeT ObITh MCHOIB30BAHO ISl MONTYYCHUS
KOMITO3UTa HHKENIb-TpadeH. YCTaHOBJICHO, YTO KOJUYECTBO aTOMOB CHJIBHO BIIHSET Ha TIPOIECC
¢dbopmupoBanus kommo3uta. C yBeTUYEHHEM KOJMYECTBA aTOMOB HHKENs, YMEHBIIAETCS MPOYHOCTD
Matepuana. HanOomblield mpoYHOCTRIO O0JIaJaeT KOMITO3UT ¢ HAUMEHBIIMM YHCIOM aTOMOB HHKEIS
(rpaden-Niy;), MOCKOIBKY HAHOYACTHIIBI BHYTPH 4delIlyeK rpad)eHa HAYMHAIOT ILUIABHTBHCS, a 3TO
obJjieryaeT mporecc CMENIMBAaHUS aTOMOB HUKeNss W yriepoaa. CreaoBareinbHO, IS IONTYYCHHS
KOMIIO3UTa C YJIYYIICHHBIMH MEXaHHMYCCKUMH CBOMCTBAMH PEKOMEHIYETCS HCIOJIh30BaTh HEOOJBIIOE
KOJIMYECTBO aTOMOB H pa3Mep HAHOYACTHUI] HUKEIIS.

Aemopwi brazooapsam Poccuiickuil nayunviii pono (epanm Ne20-72-11012).
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CBOVICTBA ®TOPYIJIEPOJHBIX HAHOIIOKPBITUI HA JIJEUKOCAII®UPE
CHHTE3UPOBAHHBIX C TIOMOIIBIO MOIIHOI'O KrF-JIABEPA

CepreesB ILB. KpaBuyk K.C? Mopo3sos HB.

! ®I'BYH dusnueckuii unctutyT uMm. [1.H.JIeGegeBa PAH, r. Mockga, r. Tpourk
2 PI'BHY “TexXHOIOrnaecKuit MHCTUTYT CBEPXTBEP/IbIX U HOBBIX yIJIEPOJHBIX MAaTEPUAJIOB”,
r. Mockaa, r. Tpouuk

sergeevpb@Ilebedev.ru

B [1] Obuia mokazaHa BO3MOKHOCTH cuHTe3a (ropyriepoansix (C:F) HaHOMOKpBITHII Ha
MOBEPXHOCTH THTaHA TIPU OTXKUTE TOHKOTO cJI0si propyriiepoaHoro Macia (PM) umiyibcaMu U3ITy4eHUS
MOIIHOTO IKCHMEPHOT0 3JIeKTpOHHO-yukoBoro KrF-nazepa (KrF-DII). Ilomy4yeHHble HaHOIUICHKA
tomuuHOW 10 60 HM mmenn moxynb FOura ma ypoue 130 I'Tla m tBepmocts okoino 5 I'Tla. 3o,
npuMepHo, B 3 paza MeHslie, 4yeMm y ¢roporpadena, Ho B 300 pa3 Oounbie, yem y ¢roporacta. Takue
YHHUKaJIbHBIE TPOYHOCTHBIC XapaKTEPUCTHKH YKa3bIBAlOT Ha HEOOXOIMMOCTh Ooiiee JeTaabHOTO
U3yYEHUS 3TUX OYEHb MEPCIIEKTUBHBIX HAHOMOKPBITUI 1 BBISIBICHUS YCIOBUI UX CHHTE3a.

Henpto nanHOW paboTbl ObUTO HccnenoBaHue cBOMCTB C:F HaHOMOKPBITHH OCAKAAEMBIX W3
Ja3epHON IUIa3Mbl Ha TOBEPXHOCTh Jeiikocarngupa. Bpibop sToro mpo3payHoro marepuaia ObLI
MPOJAMKTOBAaH HEOOXOIMMOCTBIO ONpEICNCHUsI HE TOJBKO MPOYHOCTHBIX, HO M ONTHYECKUX CBOWCTB
CHUHTE3MPYEMbIX HAHONOKPBITUH, UYTO BaXHO Ui [OHMMaHUS HX CTPYKTypbl. KBanpaTHble
neikocarnupoBeie IMIACTHHBI C TpaHblo 15 MM W TOMmMMHONM 3 MM OBUIM Hape3aHbl M3 OJHOTO
HeOosp1Ioro Kpuctayuia. Paboune IuIOCKOCTH IUTACTUH ObUIM OTHOJMPOBAHBI MO YETBEPTOMY Kilaccy
YHCTOTHI. BBIOOp TeomMeTpum, Kak W Marepuana TMOMJIOXKEK, ObUT O0yCJIOBJIEH TpeOOBaHMEM Ha HX
MaKCUMaJIbHYI0 TPOYHOCTh K YJapHbIM Harpys3kam ¢ aMIUIUTYyJ0H ~10° Tla, BOSHHKAOIAM npu
00pa30BaHUM JIa3€PHOM MJIa3Mbl HA TTOBEPXHOCTH IUIACTHH MPHU MHTEHCHUBHOCTSX JIA3EPHOTO M3ITyUEHUS
(JIN) ~100 MBt/cem? [2].

Kak u panee [1-2], B skcriepuMeHTaX UCIOIB30BAJICS AIIEKTPOHHO-TTy4KOBBIN KrF-nmasep ycTaHOBKH
DJIA [4]. YcTaHoBKa O3BOJISIET TeHEPUPOBATH UMITYJIbCHI JIM Ha myrHe BosHbI 248 HM ¢ sHeprueii 10 10
JUx nipu nurensHOcTH okosio 80 He. DHeprus JIM KoHTpoiaMpoBaiach B KaXI0M UMITyJbce. B maHHBIX
skcniepuMeHTax (okycupoBka JIM obecmeunBana OZHOPOJHYIO 3aCBETKY IISITHA JUAaMeTpoM 9 MM.
PaGouast mwiotHocTs SHepruu JIU (F) B Takom mstre mocrturama 10 Jlx/cm?, a mHTeHCHBHOCTH — 120
MB1/cM?. Hen3MeHHBIME OCTajIUCh M BCE MpoYMe JEeTaly SKCIEPUMEHTOB. B yacTHOCTH, B KayecTBe
MOKPOBHOTO MaTepuajga Ha pabouume TpaHM IUIACTMH HAHOCWIMCh TOHKHE CJIOM BCE TOTO JKe
bTopyriepoanoro mMacia [1].

Jlist MakcUMaIbHOTO CONMKEHHUsT YCIOBUH JazepHoro ocaxaeHus C:F HaHOMIEHOK HA TUTaHOBYIO
donery [1] u ma mommoxkky u3 Al,O3 Opanmacek ciemyrolias KOMIIOHOBKa MarepuanoB. Ha BBIXOIHYIO
rpaHb JieiikocandupoBoil MOAOKKN HaHOCKIICA ciaoi @M, a Ha Hero HakJIaJAbIBaJIach TUTaHOBAs (OJbra
tommuHon 14 mxm. donbra mprkuMaliach K IMOJUIOKKE CKOT4eM. B nmanHoi cxeme m3myuenue KrF-
nazepa MoABOAMWIOCH K cioto ®M Ha Turane uepes nmoanoxky u3 Al,Os. B pesynbrare, ocaxnenue C:F
HAHOIUICHOK W3 JIa3epPHOM IUIa3Mbl IPOUCXOAMIO OJHOBPEMEHHO M Ha MOBEPXHOCTh TUTaHa, U Ha AlyOs.
Tonumnaa 061yyaeMoro J1azepHbIM H3iTydeHrueM cioss @M B 3Toii cxeme onpeiessiiach MEepPOX0BaTOCThIO
TUTAHOBOU (hobru u ObUTa OKOJI0 2 MKM. [IpoBepsack Takke Bo3MOXXHOCTh cuHTe3a C:F HaHomuIeHOK
IPU OTXKHUIE JIa3epHBIM M3nyueHueM ciosi @M Ha mepenHel rpaHu cangHUpPOBBIX IUIACTUHOK. B 3ToM
ciIy4ae TOJIIUHBI ciioeB @M BapsupoBasich B npeaenax ot 1 1o 10 mxwm.

Bce yuacTku Ha neiikocan(upoBBIX IUIACTMHKAX, Ha KOTOPBIX B Pa3HBIX PEKUMAaX OTKUTAIHUChH
ciou ®M mmnynbcamu u3nyuenus KrF-OI1J1, obcnenoBanmch Ha cneKTpodOoTOMETpax B AUAINa30HE OT
0.19 no 6 mkM. Ilonyuennsie B muppoBoM opmare CHEKTpbI HpoirycKaHus YucThix tiactud Al,Oz u
IUIACTUH C HAHONOKPBITUSAMHU MO3BOJMJIM BBIIEIMTH CIEKTPbl MOIVIOIIEHUS CHUHTE3MPOBAHHBIX
HaHOIUIEHOK. HecMOoTpst Ha TO, YTO TOJMIIMHBI 3THX IUIEHOK MeHsTUCh npumepHo oT 50 mo 100 M, ux
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CHEKTpBHI TOTJIOUICHHS B BWIAWMOM JWana3oHe ObUIM OYEeHb OJHM3KM CHEKTpaM IOTJIOMICHUS
dbroporpadena us [3].

VY psnga oOpasnoB cuHTe3npoBaHHBIX C:F HaHOMOKpHITHH Ha nelikocandupe ObUTM TPOBENEHBI
U3MEpPEHHs TBEPJOCTH M MOIYJS YIPYroCTH METOJOM HaHOMHICHTHpoBaHus. Ha pucynke 1
MpeCTaBICHBI 3aBUCUMOCTH MOJIYJISl YIIPyroctd y Tpex oopasios Al,Oz ¢ HaHomokpeitusimu (A3-AS5) u
YUCTOM TacTHHBI (S&) OT rTyOHHBI OTPYKeHUs HHAeHTOpa. [IpeacTaBiIeHHbIe 3aBHCUMOCTH YKa3bIBAIOT
Ha TO, 4yTo Moaysb FOnra mpaktuueckn y Bcex C:F HaHonokpeituii Ha tactuHax Al,Oz cocramiser
okono 250 I'Tla. Drta BenMyMHA NPUMEPHO BIBOE BBIIIE, YEM y AHAIOTHYHBIX IUICHOK Ha TUTaHe [1], HO
o0a 3THX 3HAYEHUS HAaXOMATCS B Tpenenax omuOok m3MepeHus. TBepmocts y C:F HaHOMOKpHITHII Ha
netikocangupe Obu1a Ha ypoBHe 7 ['Tla, 4To Takke HECKOJBKO BBIIIE, YeM Y IJICHOK Ha TuTane — 5 ['Tla.
bruzocts mpouHocTHBIX TapameTrpoB C:F HAaHOMOKPBITHII HA TUTaHE W JelKocangupe yKa3plBaeT Ha To,
9TO 3TO COOCTBEHHBIE OOBEMHBIC MapaMeTphl CHHTE3UPOBAHHBIX 1O HCTONb30BaHHOW Metoamke C:F
HAHOIUICHOK.

Puc.1. 3aBUCHMOCTH MOJLYJISL YIIPYTOCTH OT TIIyOHHBI IOTPY>KEHUST HHIEHTOpA
y pasHbIx 06pasios C:F HaHomieHoK Ha jieiikocandupe (A3-Ab) u uncroro Al,O; (Sa).

TakuMm oOpa3om, IpeICTaBICHHBIE B padOTe pe3ysbTaThl MOKA3bIBAIOT, YTO MYTEM OTXKUTAa TOHKHX
cioeB (TOPYTICPOJHOTO Maciia wu3iaydeHueMm MormHoro KrF-mazepa moxsHO cunHTe3npoBath C:F
HAHOTOKPBITUS C TPOYHOCTHBIMU TOKa3aTeNsIMU OMU3KUMH K ToporpadeHy He TONbKO Ha TUTaHe, HO U
Ha nefikocandupe. Crextpsl noriomeHus: C:F HAHOTUIGHOK B BUIUMOM 001acTH OJU3KH K TIOTJIOMICHUIO
¢droporpadena, a B obmactu oT 1 10 6 MKM MOriomIeHHEe MOHOTOHHO YMEHBINAETCs, HAaXOAsICh BOJIM3H
Hyns. B 3aximrodenun emé pa3 orMeTuM, 4to mpouecc cuHTeda C:F Hanomokpeituii ¢ momompio JIN
MIPOBOAMTCS HA BO3AyXE. DTO YAOOHO B TEXHOJIOTUYECKOM IUIaHE U MO3BOJISIET MPOU3BOAUTH MOIIATOBYIO
00paboTKy IMOBEPXHOCTEH JeTalIeH, 110 CYyTH, C HEOTPAaHUYCHHOM ITJIOMIA/IbIO.
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HOCHUTEJIb HA OCHOBE HAHOBOJIOKOH OKCHUJA AJTIOMHUHUA
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[TpenioskeH HOBBIM KOMIO3MLMOHHBIA MaTepuall HAa OCHOBE HAHOBOJIOKOH OKCHJAa aOMUHMS U
JICTOHAIIMOHHBIX HaHOaiMa30B. DopmupoBanue kommo3urta (puc.l) MPOMCXOAUT B BOJHOHM cpene C
HelTpasibHbIM PH 3a cyeT MPOTUBOIOJIOKHBIX J3€Ta-MOTEHIMAJIOB HAHOBOJOKOH OKCH/AA aTIOMUHMS U
JETOHAIMOHHBIX HAHOAJIMa30B, 4YTO O0O0ECIEeYMBAET KYJIOHOBCKOE B3aHUMOJCHCTBHE MEXAYy HUMU H
JanpHeiee clerieHue B HAHOKOMITO3UTHBIM MaTepual. /laHHbIe CHHXPOHHOIO TEPMHUYECKOTO aHaIu3a
U PEHTIeHO(DII0OPECHEHTHOW CHEKTPOCKOIMHU YKa3blBalOT Ha 0Opa30BaHUE XUMUYECKOW CBS3H MEKIY
HaHOMaTepHallaMH 3a CUeT B3aUMOECHUCTBUS KapOOKCHJIBHBIX T'PYII Ha MOBEPXHOCTH HAHOAIMa30B U
aM(OTEPHBIX THAPOKCHIIBHBIX TPYIIT Ha MTOBEPXHOCTH HAHOBOJIOKOH OKCHAA amoMuHus. VccrenoBanus
Metogamu POM u IIOM mnokas3piBaloT, YTO IMOJYYEHHBIH KOMIIO3UT HMMEET CeTUaTyl0 CTPYKTYypy, B
KOTOpOM KJIacTepbl HAHOAJIMAa30B paclpeiesieHbl [0 TOBEPXHOCTH HAHOBOJIOKOH. M3MmepeHus
HU3KOTEMIIEpaTypHOH afcopOIMKM a30Ta IOKa3bIBAIOT YyBEJIUYEHHE pa3Mepa Mop U  yAEIbHOH
MIOBEPXHOCTU B KOMIIO3UTHOM MaTepuase 10 CPaBHEHUIO ¢ YUCTHIMU HAHOBOJIOKHAMU OKCH/1a aTFOMUHMUSL.

Puc. 1. CxeMa H3roToBICHUS KOMIIO3UTHOTO MaTe€purajia Ha OCHOBE HAHOBOJIOKOH OKCHIA
AJITFOMHUHHA 1 JCTOHAIIMOHHBIX HAHOAJIMAa30B.
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Bbuto Moka3aHo, YTO MpeIaraeMblii KOMITO3UT TIO3BOJISIET JIETKO BBIMOJIHATH KOJIOPUMETPUICCKHIA
aHaJIA3 JUTS KAYECTBEHHOTO M KOJMYECTBEHHOTO Oomnpe/eicHus (eHoJIa B BOAHBIX 00pasiax ¢ JIMHEHHBIM
OTKJIMKOM B HIHPOKOM juama3one KouueHtpanuii (0.5-106 MkM). MHOTrOYHCIICHHbIE HCIBITAHHS
MOATBEPHKIAIOT, YTO KOMIIO3UT MOXKHO WCIOJIB30BaTh IMOBTOPHO, M YTO OH COXPAHSET CBOIO
KaTAIUTUYECKYI0 (DYHKIIMIO HE MEHEE OJIHOTO I'0Jia B YCIIOBHUSIX XpaHCHHS MPU KOMHATHOW TeMIepaType.
[Tosry4ueHHBIE pe3yJbTaThl OTKPBIBAIOT MEPCIIEKTUBHI TSI Pa3pabOTKU HOBOTO Kjlacca CUCTEM WHIUKAIIHH
MHOTOIIEJIEBOTO Hcroyb3oBanus (Hampumep, 2D u 3D ceHCOpoB) Ha OCHOBE pPacCMaTPHUBAEMBIX
KOMITO3UTOB JJISI MOHUTOPUHTA ()EHOJLHBIX COSAMHCHUN B BOAHBIX cpenax. KpoMe Toro, mpemiaraeMblii
KOMIIO3UT MOXET OBITh UCIIOJIb30BaH B KAYECTBE MATPHUIIBI-XO35MHA JJIT MMMOOMIM3aIUd OMOMapKepOB
(B mepByro odepenb (GEPMEHTOB), YTO CO3MAET MPEAMOCHIIKH IS CO3/JaHUS HOBBIX MHOTOPA30BBIX
CHCTEM MEIUIMHCKON TUarHOCTHKH.

Paboma svinonnena npu purnancosoii noooepacke PODU, npoexm 18-29-19078.

JUTEPATVYPA

1. Kutuzov M, (2013) Method and system for alumina nanofibers synthesis from molten aluminum, US
Patent Ne2013/0192517 Al

2. Puzyr AP, Bondar VS (2005) Method of production of nanodiamonds of explosive synthesis with an
increased colloidal stability. RU Patent Ne 2252192.

3. Ronzhin N, Puzyr A, Bondar V (2018) Detonation Nanodiamonds as a New Tool for Phenol
Detection in Aqueous Medium. J Nanosci Nanotechno 18:5448-5453.

4. Ronzhin N.O., Posokhina E.D., Mikhlina E.V., Mikhlin Y.L., Simunin M.M., Tarasova L.S.,
Vorobyev S.A., Bondar V.S., Ryzhkov I.I. (2021) A new composite material based on alumina
nanofibers and nanodiamonds: synthesis, characterization, and sensing application. J Nanoparticle
Research, Accepted, in press.

187



TEIIJIOITPOBOJHOCTD KI'YTOB YIVIEPOJHBIX HAHOTPYBOK
IIPU JABJIEHUSAX 10 46 I'lla
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VYrneponHele HAHOTPYOKM OTJIMYAIOTCS IIHUPOKUM pa3sHOoOpaswmeM (opM U  KOHQPHUTYpAIH.
Ou3nyecKkue CBOWCTBA HAHOTPYOOK CHUIIBHO 3aBHCIT OT WX TE€OMETPUH, U MOTYT OBITh H3MEHEHBI
BO3/ICHCTBUEM JIaBIICHUS WM HAIPSDKEHHSI, YTO MOKET OBITh MCIIOJIB30BAHO MPU CO3AaHUU PA3ITUIHBIX
AIIEKTPOMEXaHHUUECKUX YCTPOHCTB W TpeoOpasoBateneit [1]. CormacHO HW3BECTHBIM TEOPETHYECKUM
MOJIENISIM, O/ JEHCTBUEM BBICOKOTO NABJIEHUS, B KIyTaxX YIJIEPOAHBIX HAaHOTPYOOK MOTYT BO3HHKATh
CBS3M MEXAy COCEIHHMMM HAHOTPYOKaMH, TaK Ha3bIBa€MbIil MpOLIECC MOJIMMEpPU3AlUA HAHOTPYOOK.
Konduryparnwsi, 371eKTpOHHBIE 1 MEXaHUYECKHUE XapaKTEPUCTHKH ITOJ00HBIX MOJUMEPOB CHIILHO 3aBHCAT
OT FEOMETPHH UCXOAHBIX YIICPOIHBIX HAHOTPYOOK [2].

B cocraB 00BeMHBIX MaTepualioB, OOpa30BAaHHBIX HAHOTPYOKaMM, MOTYT BXOAHTH TpPYyOKH,
oOJanaroniye pa3inuyHbIMA (GU3NYECKUMU CBOMCTBaMHU. CTPYKTYpHBIE UCCIIEIOBAaHUS YKA3bIBAIOT TOJIBKO
Ha JIOKAJIbHYIO TpaHcopManuio ¢a3, U He AAI0T UCUEPITBIBAIONIEH HHPOPMAIIMK O JaBICHUAX (Ha30BBIX
nepexonoB [3]. B Toke Bpems, MoBeACHHE MPOBOAUMOCTH HIIM TEIJIOMPOBOJHOCTH B TOYKe (ha30BOTO
Mepexo/ia MOKET CBUJETEIbCTBOBATH O TOM, YTO MEPEXO] MPOUCXOAUT BO BCE 00BEME HCCIEAYEMOTO
BemiecTBa. [loaToOMy BO3HHMKAaeT HEOOXOIMMOCTH COBMEIICHHSI HCCIECIOBAHHA BIHSHHS BBICOKOTO
JaBIICHUs] Ha CTPYKTYpy oOpa3lia W €ro TEepMOIEKTPHUUYECKUE XapaKTepUCTHUKU. B pabote ObLI
WCIOJIb30BaH METOJ OLIEHKH OTHOCHUTEIBHOM TEIIONPOBOJHOCTU [JISl OMpEJENIeHUs TOYeK (ha30BbIX
MEPEXO0B B )KI'yTaX OJTHOCTEHHBIX U JIByCTEHHBIX YTIEPOIHBIX HAHOTPYOOK.

WccnenoBanusi BIUSHUSL BBICOKOTO JaBJIEHUS Ha TEIJIONPOBOJHOCTH YIJIEPOJHBIX HAHOTPYOOK
IIPOBOAMIINCH C MCIIOIb30BAaHUEM KaMeP BBICOKOIO JaBJICHUS TUIA “‘3aKPYTJIIEHHbBIN KOHYC — IIJIOCKOCTh C
MIPOBOIAIIMMHI aIMa3HBIMU HakoBainbHsAMHE [4]. [Tuamerp obOpasma B Takoi kamepe coctasisi okoiio 200
MKM, a TommuHa ciios nopsiaka 20 — 30 M.

Hccnenyemblit oOpasel] moMemancs MexIy IByMs alMa3HbIMU HakoBaibHAMH. Criau Tepmomnap,
YCTAaHOBJIEHHBIE B BEPXHEHN U HM)KHEW HAKOBAJIBHAX, PETUCTPUPOBAIN U3MEHEHNE PA3HOCTHU TEMIIEPATyp,
[0 KOTOPOMY PacCYMTBHIBAINA OTHOCHUTEIBHYIO TEILIONMPOBOAHOCTh 00Opasna (HarpeBaTeib TMOMEIICH B
BEPXHIOI0 HAaKOBaJIbHIO). JlaHHBIA CIMOCOO OIEHKH OTHOCHUTEIIBHOW TEIUIONPOBOJHOCTH TO3BOJIHII
MPOBOAUTh HM3MEPEHHsI HEMOCPEICTBEHHO B IMPOLECCe HKCIEPUMEHTa IPU HW3MEHEHUU BHEUIHETO
BO3JICUCTBHUS.

Ha pucynke la mpencraBieHbl Oapuyeckhe 3aBUCHMOCTH OTHOCUTENIBHOM TEIIONPOBOJHOCTH
KTYTOB OJIHOCTEHHBIX HAaHOTPYOOK, IMOJYYEHHbIE B JABYX H3MEPEHHSX, CIEAYIOUIMX OJHO 3a JPYTHM.
Juametp HanoTpyOok B oOpasne cocraBmsi 0,8 — 1,8 um. ConmepxkaHue OJHOCTEHHBIX YTIEPOIHBIX
HaHOTpYyOOK B oOpasue cocraBimsuio 90%, conepkaHMe YacTUI] METAUTUYECKOTO KaTajau3aTopa He
npesbIimano 1%.

W3 psna paboT WM3BECTHO, YTO MpPH BO3AEHCTBMM Ha JKI'YThl HAaHOTPYOOK THAPOCTATHYECKOTO
JaBJICHUS WM OJHOOCHOTO CXaTwsl, popMa MOMEPEHYHOIro CEYeHHs] HAHOTPYOOK MPOXOAMT uepe3 psij
npeoOpa3oBaHUil: OT IWIMHAPHUYECKOM WIM TIeKCaroHaJbHOH (OPMBI MOMEPEeYHOro CEYCHUS K
ymomieaHoi ¢popme [5]. Kpurtuueckoe maBieHue, MOAOOHBIX MEPEXOI0B 0OPATHO MPOMOPIHUOHATLHO
JMaMeTpy HaHOTPYOKH B TPEThEH CTEICHH.

Takum 00pa3oM, OCOOEHHOCTH 3aBUCHMOCTEH TEIUIONPOBOJIHOCTH, HaOII0/aeMple B 00JIaCTH
nasinennii 12 — 14 T'Tla, cBsi3aHbl ¢ U3MEHEHHEM TOMEPEYHOTO CEYCHUS] HAHOTPYOOK, U COKpAICHHEM
O KOHTAKTOB MEXKIY COCEIHMMU HaHOTpyOkamu. l3MeHeHHe HakJOHa KpUBOM Oapuyeckoit
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3aBUCUMOCTH TertonpoBogHoctr nipu naBiernn 30 ['Tla cBumeTenbecTBYeT O (ha30BBIX TMepexojax
BTOPOTO pojia, OOYCIOBIEHHBIX YAaCTUYHO OOPATUMBIMHU MPEOOPa30BAHUIMH, MPOUCXOIAINIMMHA B
CTPYKType oOpasma moj ACHCTBHEM BBICOKUX HaBICHUH. DTO MOXKET OOBSICHATHCA (DOpMUpOBaAHUEM
JIBYMEPHBIX HIIH TPEXMEPHBIX CTPYKTYp Ha OCHOBE HAHOTPYOOK, TO €CTh UX MoJuMepu3arueii [2].

a 0
Puc. 1. Bapuueckue 3aBUCHMOCTH OTHOCHTEIBLHOM TEIUIOMPOBOAHOCTH )KI'YTOB OJHOCTEHHBIX (a) M ABYCTEHHBIX (0)
YIJIEPOAHBIX HAHOTPYOOK. CTPENIKU YKa3bIBAIOT HAMPABJIEHUE YBEIMYEHHUS U CHUKEHUS TABIICHUS

Ha pucynke 16 mpencrtaBiieHbl aHAJIOTWYHBIC 3aBUCHMOCTH ITOJNyYEHHBIE JJIsi 00pas3IoB KIyTOB
JIBYCTEHHBIX YTJIEPOAHBIX HAHOTPYOOK. BHemHuil quaMerp ABYCTEHHBIX HaHOTPYOOK B oOpasie 2,1 HM.
ConepkaHue JBYCTCHHBIX YTJIEPOAHBIX HAHOTPYOOK coctaBimsiio 95%, coxpepkaHue YacTHIL
Karanusaropa He npesbimano 1%.

B Oapuduecknx 3aBHCHMOCTSX OTHOCHUTEIHHOH TEIUIONPOBOJHOCTH JKI'YTOB JBYCTEHHBIX
HaHOTPYOOK MOXHO OTMETUTh JIBeé OCOOECHHOCTH B Bujae Toyek neperuda npu 22 u 36 ['Tla. JlanHble
0COOEHHOCTH TaK)K€ CBHJIETEILCTBYET O (ha30BBIX MEPEX0jaX BTOPOTO POJia, U MOTYT OBITh 00YCIOBIICHBI
KaK YaCTMYHOW MOJMMepHU3alell HaHOTPYOOK, TaKk M Pa3pyLICHHEM CTEHOK HAHOTPYOOK pa3iIUYHOIo
JTUaMeTpa: BHEITHUX MpH JaBieHusx nopsnaka 22 ['Tla, u Baytpennux npu 36 ['Tla.
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[loToxk IBIMOBBIX Ta30B DJEKTPOCTAHIMA ¥ MPOMBINUICHHBIX TPEANPHUITAN, TaKUX Kak
METaJTypruuyeckue, I[IeMEHTHbIe, XUMHUYECKHe, He(TSHble W Ta30Bble 3aBOJbBI, YBEIUYHBACT
KOHIICHTPALMIO TAPHUKOBBIX Ta30B, 0cobeHHO COjy, B aTMOChEpe U BBI3BIBACT TI00aIbHOE OTEIUICHHE, a
TAKKE YXYALICHHE SKOJOTHYECKON cuTyarmu B 1eioMm [1]. B cBsi3u ¢ 3TuM 3amada jaekapOOHHU3AINN
HSKOHOMHUKH SIBIISICTCS CETOIHS OJTHOW U3 HauOOJIee OCTPHIX U BaJKHBIX.

AncopOuusi TMOKCUAA YIiepoa Ha MOPUCTBIX MaTepuanax SBISETCS MPUBIEKATEIBHBIM METOJOM
yJIaBIMBaHUSl ONarojapsi BBICOKOH CENEKTHBHOCTH, MPOM3BOIUTEIHLHOCTH, IMPOCTON pEreHepanud |
HU3KOMY SHEpronorpeOaeHuio. AKTUBUPOBaHHBIC YIUIM, LIEOJUTHI, TOPUCTBIC TJHHBI, MeETaI-
OpraHWYeCKHEe KapKacHbIE CTPYKTYphl SIBISIOTCS OCHOBHBIMH aJCOPOIMOHHBIMH MaTepHaaMHu,
ucnons3yeMbiMu mipu agcopoiu CO; [1], B aTOM psiny aktuBupoBaHHbIe yrin (AY) XapakTepu3yroTcs
ONTHMAJIbHBIMU TEXHHKO-IKCIUTyaTallMOHHBIMU cBoWcTBaMU [2]. [IOMHUMO CEJIEKTHBHBIX CBOWCTB,
nopucrasi cTpykrypa AY obnagaer o6beMoM IS yAepxKaHus 1ocTaTrouHoro konudectBa CO;, moatomy
MoI00HBIE aJICOPOEHTHI MOTYT MPUMEHSTCS B aJCOPOIMOHHBIX CHCTEMaX YJIAaBIUBaHHSA, YTHIU3AIUN U
xpanenust yriepoma CCUS (carbon capture, utilization and storage). B wactHocTH, 3TO BakHO st
TEXHOJIOTHI BTOpWYHOM mepepaborku COp, HampuMmep, B Tpoleccax CyXOW KOHBEPCHHM METaHa s
MOJyYeHHUs: BOJIOPOJAA, IPOM3BOACTBA OHOTOIUIMBA W XMMHYECKOW mpombiinieHHocTH [3]. AY
MPUBJICKATENbHBl €IIe M TEM, YTO MOTYT OBITh CHHTE3HUPOBAHBI U3 YIJIEPOACOAEPKAIIUX OTXOOB,
HampUMep, OTXO0B APEBECUHBI, MHIICBOI MPOMBIIUICHHOCTH, OHoMacchl [4].

OObexkToM HccrnenoBaHMsT B paboTe  SBISJIICS — yrojib, M3TOTOBJICHHBIH M3  OTXO/OB
JepeBOOOPadATHIBAIOIICH MPOMBIIIJIEHHOCTH METOJ0OM TepMoxumudeckoi aktuBammu HsPO, WAC
(waste active carbon). B ucxomHoM menkoaucnepcHoM nopoinkoBoM coctosiuuu WAC mMeeT HH3KYIO
HACBHITTHYIO TUIOTHOCTH, 0KoJi0 150 Kr/M>, uto orpaHu4MBacT ero 3Qp(eKTUBHOE MPUMEHEHHE B CUCTEMax
ynaBnuBanuss u yrwimzanud CO, u TpeOyeT MOMCKa MOAXOJOB s €ro (yHKIMOHAIU3AIHH.
@dopmoBaHHME TMOJ JaBIE€HUEM — OAMH M3 METOJOB MOJYYEHHs IUIOTHBIX M TPOYHBIX OJIOYHBIX
ancopOeHTOB € BBICOKOW eMKOocThio 1o ra3y [5]. Llemsto paboter Obuio ¢opmoBanune WAC ¢
MPUMEHEHUEM PA3IMYHBIX MMOAXOA0B, TAKUX Kak (OpMOBaHME MPU KOMHATHOW TeMmIepaTrype, ropsyee u
crynendartoe ropsiaee popmoanue (I'® u CI'®). WAC mioxo ¢popmyercs o cTaHIApTHOH METOJIHKE, B
dhopMyeMyr0 cMeCh HEOOXOIUMO J00aBIATH OOJBINOE KOJWYECTBO BOJIBI, IS TIOJHOTO CMAyUBaHUSA U
PaBHOMEPHOT'O paclpe/ieieHUsl CBA3YIOMIEro B (JOPMYEeMOil CMECH, YTO CKa3bIBAETCS HA IUIOTHOCTH U
TBEPJOCTH TosrydaemMoro (opmoBanHoro 6Oisoka. ['®, mpezacrasistomee co00il MeToa OJTHOBPEMEHHOTO
npeccoBanus ¥ cymku (120 mun mpu 130 °C), Takke HE NMPUBOAUT K MOJYYCHHUIO IUIOTHBIX U TBEPIBIX
(hopMOBaHHBIX OJIOKOB, PU 3TOM HE MMEET 3HAUEHUS KaKoe MCIOJIB30Bajoch cBs3ytouiee. CTyneHuaToe
ropsiaee popmoBanue (CI'®) B manHOM citydae okazanoch Oosee 3ddextruBHbIM. C yd4eToM TaHHBIX [6]
Meronuka CI'® 3akmouanach B yBEJIMYEHUM JaBieHUs (OpMOBaHMS BCJed 3a MOBBIIICHHEM
Temrneparypbl. B kauectBe cBs3yronmx B npouecce CI'D Obutn MCIIONB30BaHbL: SMYJIBCHS JaTeKca THUIIA
CKC, 5% BomHBII pacTBOp MOJMBUHUIOBOTO cnupta U 1% BOIHBIA pacTBOp HATPUEBOM COJHU
kapookcumerminestonao3sl. Cmecs WAC 1 pacTBopa CBSI3yIOIIETro MOCiIe FTOMOTeHH3aMK TOMEIIAeTCs B
npecchopmy u HarpeBaercs 10 80 °C, BeiaepkuBaeTcss 15 MUHYT, a 3aTeM NPHUKIAJABIBACTCS TaBJICHHE.
dopmoBaHue cocTouT U3 3 3TanoB (pucyHok 1):
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Harpes go 80°C
AY P=50MTla, 80 °C, 30 muH
+ — P=100 MTla, 110°C, 60 mun

Ceasviowee ‘j;:\‘ P=150 MMa, 130°C, 120 muH

Pucynok 1 — Cxema noiy4eHus: popMOBaHHOTO OJI0Ka aicopOeHTa 10 METOIMKE CTYIIEHIATOr0 TOpsIero (hOpMOBaHUS.

CrpykrypHO-3HepreTudyeckue xapakrepuctuku WAC, B HCXOTHOM M ()OPMOBAHHOM COCTOSIHUSIX, TAKUE
KakK yJienbHbIi 00beM Mukpornop Wy, cTaHAapTHYIO XapaKTepUCTHUECKYIO SHEPTHIo 1o OeH3ony Eg u cpennuit
3¢ (dEKTUBHBIN pasnyCc MHUKPOIOpP Xo OMpPENeNsuid corfjacHo Teopurn OOBEMHOTO 3aloHEHUS MHKPOIIOp

(TO3M) [8], a ymempHyO IUIOmAms mOBepxHOCTH - MetogoM BOT (Sger) [7] mo wu3orepme
amcopOrmu/necopbimu cranaaptaoro mapa N2 mpu 77 K, nonydeHHbie TaHHbIE IPUBECHBI B TabsmIe 1.
Taonuua 1
CrtpykrypHO-3HEpreTnieckue napamerpsl ucxoganoro WAC u ¢popmMoBaHHBIX
1o CI'® TexHosIOrHH OJIOKOB Ha €r0 OCHOBE C PA3JIMYHBIMHU CBSI3YIOIINMH.
Wo, | Eo, acoz, Taeprio
em®l | k! I)-CI?V,I MMOJTB/ V};H' SB?/T’ W;f/’ W”Q;’ d, é(lfglg CTh ,pez[.
v | voms - an | M| em/v | em/r ( ) IITopa
WAC — ucx 0.85| 15.1 | 0.79 8.9 38.6 | 2165 | 1.71 0.88 150
WAC - KMI] | 0.69 | 16.8 | 0.72 6.6 /2.2 11900 | 1.00 0.3 360 62.5
WAC - 7[IBC | 0.63 | 16.6 | 0.72 5.4 73.0 | 1750 | 0.93 0.3 420 90
WAC -Jlam | 051 ] 16.7 | 0.72 7.4 68.6 | 1440 | 0.80 0.3 530 89.5

CornacHo TpHUBEJCHHBIM B Tabnume 1 MaHHBIM IJIOTHOCTh (POPMOBAHHBIX OJIOKOB pPacTeT B PSIIy
cesytonux KMI<IIBC<Jlatekc, omHaKko, ¢ pOCTOM IUIOTHOCTH OJIOKOB YXYIIIAETCsl TMOPHUCTasi CTPYKTypa
a/IcOpOEHTOB, YTO BBIPAXKAETCS B CHWKEHUU 00beMa Mukpornop, Wy U miioma iy noBepXHOCTH, Sgat, B PALY
KMI>TIBC>Jlatekc. Pacuer mo TO3M [8] mokasai, uto yaenbHas eMkocTh o CO,, Vya (GhopMoBaHHBIX
6moxoB agcopbenToB npu temmeparype 298 K npu 1 Mlla na ~30% npesbimaeTt emkocTh ucxomauoro WAC u
pacrer B paay Jlatexkce<KMII<IIBC.

HccnenoBanublii B pabore moaxoa K (OPMOBAHUIO MENKOAWUCIEPCHOTO YIJIS MO3BOJSET TOIYyYaTh
(yHKIHMOHATBHBIE aJICOPOCHTHI ¢ BHICOKOW TUIOTHOCTHIO, UMEIOIINE PEabHBIN MOTSHIIHAN UCTIOIB30BaHMS B
aJICOPOIIMOHHBIX CHCTeMax yiaBiuBaHus u xpaHenus: CO,.

Paboma evinonnena 6 pamkax I'ocyoapcmeennozo 3aoanus Ne 0081-2019-0018 «@yunoamenmanvhovie
Qu3uKo-XUMUYecKue  3aKOHOMEPHOCMU — adcopoyuu, aodcopOYUOHHO2O  pazdeleHus,  a0COPOYUOHHO-
INEKMPOXUMUUECKUX UOHOOOMEHHBIX NPOYECCO8 8 HAHONOPUCTNBIX MAMEPUANAX U OCHOBbL YETIeHANPABLEeHHO20
CUHME3A HOBBIX AOCOPOEHMOB.
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TEXHUYECKHUH YIJIEPOJ Y CA’KA: CBOMCTBA U PA3JINYUS
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! Cubupckuii penepanbHbIi yHUBEpCHTET, T. KpacHospck
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Tepmunbl Texnuueckuii yriuepon (carbon black) u caxa (Soo0t) B aHrmmiickoi JuTeparype 4acTo
UCIIOJIB3YIOTCSL B3aMMO3aMEHSIEMO, HECMOTPS Ha TOT ()aKT, YTO Caka [0 ONPEICICHUIO SIBISCTCS
HEKEATSIBHBIM MOOOYHBIM TPOJYKTOM HEMOJHOTO CrOpPAaHUsSI MCKOMAeMOr0 TOIUIMBA U OHOMACCHI.
«Carbon black» — caxu TexHHYECKOro yriepoja ¢ XOpOIIO KOHTPOJIHPYEMbIMH CBOWCTBaMH, KOTOPBIC
MOJTy4aroT B 3aBOJCKHX YCJIOBHSX, HMMCIOT XHMHYECKHN COCTaB, OJM3KUI K YHCTOMY DIICMEHTApPHOMY
yriepony [1-2]. B oTnwuue oT TexHWYeckoro yrieposa, mis caxu «black carbon» we cymectByet
OOMICTIPUHATOTO XUMHYECKOTO ONpPEACICHHS, W €€ YacTO Ha3bIBAIOT IMPOCTO Caxel, TpadUTHBIM
YIIIEPOJIOM HJIH BJIeMEHTapHbIM yriepoaoM. Yactuist «black carbon» nmeror mepemeHHbIi XMMUUECKHi
COCTaB B 3aBUCHMOCTU OT MCTOYHHUKOB TTOJIYYCHHS CaXKH, HHOTIAa 3TO 3JIEMCHTAPHBIN yTIIEPO], HO Y4acTo
3TO CJIOKHAs CMECh JJIEMEHTAPHOIO M OPTraHWYECKOro yIiiepona, APYTHX HEYIJIEPOIHBIX YacTHUIl U
CIICIOBBIC KOJMYECTBA MeTa/uToB. KpoMe 3TOro, CiiefyeT BBIACIATh HECKONBKHX BHIOB CO3aBACMBIX B
TabOPATOPHBIX YCIOBHUSX YIBTPATOHKHUX YTIICPOHBIX YaCTUL — HAHOTPYOKH, ByiuiepeHsl, rpadeH.

Mopdonoruueckoit ocodeHHOCThIO cax «carbon black» u «black carbon» siBnsiercsi o6pa3zoBanue
U3 TI00yJ yriepoja LENoueK, KOTOPbIE COCAMHSIOTCS M Pa3BETBISIFOTCS B MPOCTPAHCTBE, (POPMHPYS
BTOPUYHBIC YACTHUIIBI (arperarthl) C IMOBBINICHHOW MPOYHOCTHIO 3@ CYET MOBEPXHOCTHBIX XHMHYECKUX
ceszeit C-C- mwmm C-O-. Arperatsl 3a cueT ciaa0Obix BaH-7ep-BaaabCOBBIX CHI B3aUMOJCHCTBHS MOTYT
TPYIIUPOBATECS B  arjioMeparbl, o0O0pasys PpBIXJIBI MPOCTPAHCTBCHHBIM Kapkac. (OCHOBHBIMH
omucaTebHBIME TepMUHaMu Mopdomorun cax «carbon black» u «black carbon» sBasirorest «uactua» u
«arperar». CormacHo onpexaenenuro ASTM International (2005) arperat caxxu — 3TO «IHCKpETHas,
’KECTKasl, KOJUIOWJHAs Macca CWJIBHO CIWIIIMXCS YacTHI, 9TO camas MaJleHbKas IHCIeprupyemas
CIIUHUIIAY.

OcHOBY CTPYKTYpBI OUYMIICHHBIX caxk «carbon black» u «black carbon» cocrasnstor chepuueckue
vactunpl (yriaeponssie 1no0ybl) (puc.l). IlepBudHbIe YaCTHUIBI TEXHUYECKOTO YIIIEPOAa ¢ TUITHIHBIM
auaMetrpoM B auamazoHe 15-300 HM SBJISFOTCS OCHOBHBIMH CTPOHMTEIBHBIMH OJlokamu it «carbon
black» u oTmeNBPHO CYIIECTBYIOT TOJIBKO BHYTPU MPOU3BOJCTBEHHOIO PeakTopa, 00pasys HepasieiuMble
crutaBieHHbIe arperatbl pazmepoMm 85-500 M um 3arem armomepatsl pasmepom 1-100 mxm. Paszmep
MEPBUYHBIX YIIIEpOAHbIX YacTull caxku «black carbon» ot cropanus npesecunst coctabisier 20-50 HM, a
HX arperatsl UMEIOT auaMetp B auanazone 50-300 um [3].

Puc. 1. Cxema oGpa3oBanusi CTpyKTypsl cax «carbonblack» u «black carbon» [2]

CTpyKTypa YacTHIl arperaToB CakKd M TEXHHYECKOTO YIJepoJa M CIOCcOObl MX TONyYeHHS IS
MHOTHX 00JacTeil NMPUMEHEHUs WIPAlOT BaXHYI poiib. B pabGore [4] ObulO mMOKa3zaHO, YTO NpPHU
THPOIMHAMHYECKOM JUCTIEPTHPOBAHIH HU3KOKOHIIEHTPUPOBAHHOMN BOJHOW CYCIEH3UH IPEBECHOM Caku
32 CYET BO3HMKAIOIIMX KABUTALMOHHBIX 3(P(HEKTOB BO3MOXKHO MOJYYCHHE YIJIEPOJHOTO MaTepuala,
cojepxkamiero Mmainble KoHueHtparmu —¢ymiepeHoB  Ceo, C7o (KaBUTAMOHHO-aKTUBHPOBAHHBIH
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yrieponansiii Matepuan KAYM). [Ipu kaBuTannoHHON 00pabOTKE MPOUCXOAUT U3MEHEHHE TUCIIEPCHOTO
COCTaBa C YMEHBIIIEHUEM CPEHETO pa3Mepa YacTULL CPEeIHUI pa3Mep 4acTHll AJs ApeBecHOi caxu 73,5
oM, it KAYM - 63,5 am. TlonydeHHblii MaTepuan BeleT ce0si KaKk aKTHBHBIH HaHOMOAM(UKATOp B
pa3IMYHBIX TEXHOJIOTMYECKUX mporeccax. OOHapyxkeHo, uTto npu nobasneHun KAYM B konuyectBe
<1% macc. 3HaueHHEe MUKPOTBEPAOCTH Ul OOpa3lOB IIEMEHTHOrO KaMHsS Bo3pacTaeT B 1,7 pasa mo
cpaBHeHMIO ¢ oOpasuoM nemeHTta 0e3 KAYM u npuBoIuT K NOSABICHUIO (UOPUIUIAPHON CTPYKTYpPBI
neMeHnTHoro kamHs. Jlo6aBnenne KAYM mnpu konnenTpamusx <0,1% macc. B coctaB 6eToOHA MPUBOINT K
YBEJIMYEHUIO NMPOYHOCTH HAa CXKaTHe MOJIYYEHHBIX 0Opa3oB B CPAaBHEHUHM C KOHTPOJIBHBIM 00Opa3loM
noutn Ha 60%. MukpoTBepaocTs 00pas3ma cepoOeToHa, COCTOSIIEr0 U3 MecKa U Cephbl C COJepKaHNEM
KAVYM wmenee 1% macc. yBennuumiach Oosiee dyeM Ha 35%. MUKpPOCKONMYECKHE HCCIIEIOBAHUS
MIOBEPXHOCTU 00pa3loB cepodeToHa mnokasanu, 4yro KAYM B kauectBe Moau(ukaTropa yBEIUUUBAET
TPEUIMHOCTOMKOCTh cepoberoHa. Jlob6aBnenne KAVYM B ManbIX BECOBBIX KOHLEHTpALUsIX B
uHIycTpuanbHoe Macio M-20A mpuBOAMT K 3HAYUTEIBHOMY YMEHBIICHHIO (MIOYTH B JBa pa3a) U3HOCA
TPYLIMXCS CTaJBHBIX TOBepXHOCTei mapsl ctaib [IX15 — cranp 45 (moacraBka — HOAIIMITHUK).

Hcnonb3oBanne Ti00yIIsipHOrO TeXHHYecKoro yriiepoga mapku 1900 B kadecTBe N0OaBKH IS
BOJIOYTOJIbHBIX KOMIIO3MIIMH, KOTOpBIE MCIIONB3YIOTCSI B KauyeCTBE JKUJAKOIO TOIUIMBA, MOKa3aJo
MOJIOKUTEIIbHBIE pe3ynbTaThl. YacTuiel kommepdeckoro mopomka T-900 xapakTepusyloTcsi y3KUM
I'PaHyJIOMETPUYECKUM COCTAaBOM CO CPEJHUM pazMepoM dacTull 10 240 HM, nocie ruApOJUHAMUYECKOTO
aucnieprupoBanus pasmep o0yl — 10 80 um (POM Hitachi TM-3000 (x5000)). I'uapoauaamuueckoe
JWCTIEPrUPOBAHUE MPU IPUTOTOBJICHUH BOAOYroipHOM cycrnensun (BYC) mo3Bonmio momy4uTh
TOMOTEHHBIE CMECH BOJBI, YIUII U YIJIEpOAa B BUIC BS3KOW MACTHl C COAEP)KAHUEM YTOJBHBIX YaCTHUI]
pasmepoB menee 50 mMxm cBbimie 60% ot obmiel Maccel qucnepcHoil ¢asbl. JJobaBneHHe TEXHUYECKOTO
yorepoga T900 crabwmmsupyer BYC, yBenuuuBas BpeMsi CeUMEHTAIIMHA TBEpAOH (ppakmmu, NeicTByeT
Kak qucneprupytomuii areHT. CorfacHO 3KCIepUMEHTAIbHBIM JaHHBIM NPH HU3KUX JO3MPOBKAX 100aBOK
T900 ot 2 1o 0,04 % macc. MOKHO Kak yBEJTMYMBATh, TaK M YMEHbIIATH BA3KocTh BYC.

CBoiicTBa HCXOAHOTO CHIPbS U CHOCOOBI MOJIyYEHUs] BO MHOTOM JIUKTYIOT CBOMCTBa yriepoJHOIO
MaTepualia — TeXHHYECKOrO YIJIepoAa M caxu. Pa3ziauuus B CBOMCTBAX ATHX MAaTEpUATIOB OINMPEICIISIOT
obmacte npumeHeHus. K Takum 007JacTsIM MOXXHO OTHECTHM MAaTe€pHaJIOBEJECHHE, TEMJI0IHEPIeTHKA,
MeMOpaHHbIe TEXHOJIOTUH U JP.

Hccneoosanue gvinonneno npu gunancosoii noooepicke PODU, Ilpasumenvcmea Kpacnoapckozo
kpas u Kpacnospckozo kpaesozo ¢ponoa nayku 6 pamxax nayunozo npoekma Ne 20-48-243001.
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NCCIEJOBAHME BJIMAHUSA HHEPOXOBATOCTH HA 3HAYEHUA MUKPOTBEPJOCTH,
MHOJNYYAEMBIE METOJAMU MAHINHHOI'O 3PEHUSA
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MexaHn4eckue CBOWCTBa MaTepUalioB 3adacTyld WCCIEAYIOTCS TPH MOMOIIM TBEPIOMEpPOB
Omaromapsi MpoOCTOTe MPOOOTIOATOTOBKM M BBICOKOW CKOPOCTH NPOBEACHHS UCTBITaHUH. COBpeMeHHBIE
MHUKpPOTBEPJIOMEpPHl MMEIOT BBICOKYIO CTEICHb aBTOMATH3allMH, KOTOpas 3aKII0YaeTcsi HE TOJIBKO B
HAIMYAA aBTOMATHYECKOTO TIEpEMEIICHHs O0O0pa3loB H HM3MEPHUTEIbHBIX MOXYyJIeH, HO W B
UAeHTH(UKAIIMY TPOTrPaMMOI TPaHUIl OTIICYATKOB MOCIIe WHIASHTUPOBAHUS, YTO TIO3BOJISIET MTPOU3BOIUTH
ABTOMATHUYECKUI pacyeT 3HAYCHHH MHUKPOTBEPIOCTH MaTEpUANIOB, TIOKPBITHH, pa3InyHBIX (a3 U 3epeH
[1].

Mukpotsepaomep “HanoCkan-HV” (TUCHVYM, Poccusi) mo3BoisieT NpPOBOAWUTH H3MEPCHHUE
tBepaocTu 1o Bukkepcy cormacHo 'OCT P UCO 6507-1-2007 [2]. PeanuzoBannsiii B [10 “HanoCkan
HV” anroputM aBTOMaTHYECKOro OIpPEAETCHUs] TpaHUI] OTIEYaTKOB KOPPEKTHO paboTaeT Ha
OrPaHUYCHHOM PsijIy MAaTEPUAIIOB, HMEIOLIMX OJHOPOIHYIO, IaIKy0 NoBepXHOCTh [3]. OcoOblit nHTEpEC
MPEJCTABISIOT MaTepHajbl, OOJIAJaroIue TOBEPXHOCTHBIMU Je(eKTaMHi, TaKUMH KaK OKHCIIHI,
JBOMHHUKOBBIE TPAHHIIBI, IIEPOXOBATOCTb.

Jig ucciaenoBaHuss U TOMCKA METO/Aa OOpabOTKM IMOJIydaeMbIX B XOJ€ HWHACHTUPOBAHUSA
n300pakeHuit ObLT MOA00paH psii 00pa3loB, UMEIONIMX MOBEPXHOCTHBIE HECOBEpIIEHCTBA. M3mepeHus
MIEPOXOBATOCTH MPOBOJMIUCEH C IMMOMOIIBI0 ONTHYECKOro OeckoHTakTHOTO 3D mpodmmomerpa S Neox
(Sensofar, Vcnanust) merogom koH(pokambHOU mpodumomerpun [4]. OOpa3sipl Meau € YriIepOAHBIMH
HAaHOTPYOKaMHM, NONydeHHble myTeM OSKcTpy3un npu P = 50 1 (Cu_T: wuMeroTcss mpoaoNbHBIC
KPUCTAJUTUTHI M TOPHI, IepoxoBatocts - 177,1 um; Cu_B: uMeroTcs rpynmsl TpyO4aThiX OTBEPCTHH H
JIBOWHUKH, IIEPOXOBATOCTh - 347,7); meapb ¢ 2% C60 tpasnenas npu p = 180 atm, W = 700-735 BT, t =5
muH (Cu_3, mepoxoBarocts - 45,1 um). Takke B3sTHI ABa 0oOpasma cranu mapku 40X2H2MA (Steel 1.1 ¢
rpaduToBbiMEH BKItoucHUssMHU, TpaBieHas 10 ¢ B 4% HNO3, mepoxoBarocts - 57,7 uwm; Steel 1.2
tpaBaeHas 10 ¢ B 4% HNO3 u 40 mun 8 10 mur HCI + 100 r cimpTa, mepoxosarocts - 48,8 um); AMG ¢
MOPHUCTOM CTPYKTYpOH, MIEpoXoBaTOCTh - 19,6 HM; 00pa3ubl ATIOMUHNSA, UIMEIOLIUE TOMEHHYIO CTPYKTYPY
(Al 1 comepxur 4% yriepoaHblx HaHOTPYOOK, mrepoxoBatocth - 85 mm; Al 2 — 20% VHT,
mrepoxoBarocth - 1887,3 um; Al 3 — amomununesslit cria /116 ¢ conepxanuem C60, mepoxoBarocTh -
42,2 um; Al 4 — amromunuessiii crutaB J[16, mepoxoBaTtocTs - 40,3 HM).

Pabora anropuTma 3akiOYaeTcs B aHaNM3e M300paKeHHMsI IOBEPXHOCTH o0pasla Tocie
uHIeHTHpoBaHus. [Ipon3BOAMIOCH CpaBHEHNE 3HAYCHUI TBEPJOCTH, MOJYYCHHBIX B TEMHOM H CBETIIOM
MOJISIX MHUKPOCKONA MPU Pa3HbIX METOAax TNpenoOpaboTku: 1)Beramranue QoHa — BBIYHTAHHE
n300pakeHusI TOBEPXHOCTH 00pasiia 10 MHACHTHUPOBAHUS U3 U300paKEHHSI TIOBEPXHOCTH C HAHECEHHBIM
UHJCHTOM; 2) DKBaIHM3allks — BBIPABHUBAHUE LIBETOBOIl TMCTOrPaMMbI M300pa)keHHs; 3) BBHIUUTAHHE
¢doHa u sxBanu3anus; 4) 6e3 METOI0B MPea0OpadOTKH.

B pesynprare aHanmmsa JaHHBIX, MOJYYCHHBIX ABTOMATUYEeCKM M BPYYHYIO, OBUIM BBISBIICHBI
HanOoJee TOYHBIC METOMBI MPEA00pPaOOTKN M300paKEHUHN JIJIi KOHKPETHBIX THIIOB 00pa3IoB, a TaKXkKe
BBIPaOOTaHbI PEKOMEHIALUH M0 UX TIPUMEHEHUIO!

1. TlpumeHeHHMe MeTOJa TEMHOTO IIOJI TIO3BOJIJIO YIYYIIMTh TOYHOCTH JIMIIb Ha TPAaBJICHBIX
obpasmax meau (Cu_3) u cramu (Steel 1.2) ¢ mepoxoBaroctsimu mpuMepHoO 45 HM.
2. Ha oOpasmax ¢ mepoxoBaTOCThiO BhIIe 50 HM SKBaTM3as M300paKCHUH SBIACTCS HaUMEHee

s dexTuBHON. CpaBHUMBIMH 3HAUYCHHUSMH OIIMOOK MPHU 3TOM 001aJar0T pe3yIbTaThl IPUMEHEHUS

METOJI0B: KOppeKLnHU (GOoHA U KOppeKLnHU (poHa ¢ FIKBATM3aLKEH.
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B Koppekuus ¢poHa M VcxopHoe uzobparkeHue

B Koppekuwna doHa u sxeanuzauma Ikeanmaauma MCXOAHOTO M30bparkeHna

Puc. 1. JInarpamma omuOO0K B U3MEPEHUH TBEPAOCTH JIJIsi MATEPHAJIOB C ILIEPOXOBATOCThIO He Oojiee 46 HM
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Puc. 2. JlnarpammMa o1m0OOK B M3MEPEHUH TBEPAOCTH U1l MaTEPHAJIOB C ILIEPOXOBATOCThIO Oojiee 46 HM
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CO3JAHME IIVIOTHBIX MACCHUBOB NV HEHTPOB
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OTpunarenbHO 3apsHKEHHBIH a30T-BaKaHCHOHHBIM Komiuieke B anmasze (NV -uenTp, mamee 1o
tekcty mnpocto NV-IeHTp) B Hacrosiiee BpeMsl SBISICTCS OMHMM K3 Haubojee MepCIeKTHBHBIX
HCTOYHHUKOB OJMHOYHBIX (POTOHOB JUIsI KBAHTOBOM KpUIITOrpaduu, a TAaKKe YHUKAIbHOM KBaHTOBOM
CUCTEMOM, KOTOpasi NMpH KOMHATHOM TeMIEepaType IMO3BOJSET YCTAaHABIMBATh JABYCTOPOHHIOIO CBS3b
MEXJy KBAaHTOBBIMM MHPOM M MakKpOMHpPOM 3a CYET OINTHYECKOM «3aluCu» M «CUUTHIBAHUA» €ro
coctosiausi [1]. TImotHbie MaccuBbl NV-IIEHTPOB MPEACTABISIOT COOOM YyBCTBHTEIBHYIO 00JIACTh IS
KBaHTOBBIX CEHCOPOB (TMPOCKOIOB 1 MATHUTOMETPOB), 00JIaIAIONIMX HEMPEB30WACHHO! TOUHOCTHIO [2].

B mHacrosmiee BpeMs akTyadbHa 3amada ¢opmupoBaHus MHOXecTBa NV-IeHTpoB B ogHOU
MOHOKPHUCTAZIMYECKOM alMa3HOM MOJIOXKKE s pa3pabOTKU KBAHTOBBIX YCTPOMCTB Ha HMX OCHOBE!
YIOPSIIOYEHHBIX MATPHI] OJWHOYHBIX IIEHTPOB WJIM IUIOTHBIX MAaCCHBOB C BBICOKOH YYBCTBUTEIHLHOCTBIO
K MarHUTHOMY mojito. bonpmmucTBO MccnenoBanuilt nmocBsimeHsl NV-1ieHTpaM B anMasHbIX IUICHKAX,
BBIPALIICHHBIX METOZOM OcCakaeHus u3 ra3oBoil ¢asel (CVD), Tak Kak 3Ta TEXHOJIOTHS XOPOIIO
oTpaboTaHa, HEIOPOTa M MO3BOJISET BHIPAIIMBATE XUMUYECKU M M30TOIHO YHUCThIE KpUCTAILIBL. B TO *ke
BpeMs, u3-3a HepaBHOBecHoro mporecca pocra CVD-mieHKHM XapakTepu3yloTcs BHYTPEHHUMH
MEXaHWYECKUMH HaIpPsDKEHUSMH, YTO HETaTHMBHO BIMAET Ha (OTOHHBIE CBOMCTBa oOpazyromuxcs NV-
IICHTPOB, B YaCTHOCTH, BBI3BIBACT HEOTHOPOAHOE TPYNIIMPOBAHKE LIEHTPOB B KpucTasie [3].

Puc. 1. ®ororpaduu 0Opa31oB mocie 0OIyICHUS U OTKUTA

JanHass pa0Gota cranma mpojonkeHueM wuccienoBanuii [4] mo dopmupoBanuio maccuBoB NV-
IICHTPOB B MOHOKPHCTAJUTMYECKUX IUIacTHHAX |D ammasa, BBIPAIIEHHBIX METOJOM TEMIIEPaTypHOro
rpajiieHTa TMPU BBICOKOM JaBiieHWH M BbicokoW Temmeparype (TG-HPHT) [5]. B macrosimeii paborte
ucnonb3oBaiuch mactiuabl (001) M3 MOHOKpHCTaia ajaMasa ¢ IMOBBINICHHOW KOHIIGHTpAIMed a3ora
0,5x10"-2x10"cm® (3 ppm-100 ppm) B 3aBHCHMOCTH OT pPOCTOBOTO CEKTOpa. VICXOIHBIE
KOHIICHTpAILIMK a30Ta ObLIM OmpeesieHbl mo crekrpam nornomieHus B UK nuanasone [6]. [ToBbimenune
KOHILICHTPALIMU a30Ta CIENIAHO IS ONPEICNCHUS W JOCTH)KCHHS MaKCUMAallbHOM YyBCTBUTEIBHOCTH
maccrBoB NV K MarHHUTHOMY TIOJIFO, KOTOpasi OMPEIeseTCs] MapaMeTpoOM KavyecTBa 4yBCTBHTEIBHOCTH

[71:
1

’r]~ —_——
VNwT;

*
rae Nnv- kontentpanus NV, T, - BpeMs 3¢ dekTUBHON CTMHOBOM peaKcaiuu.
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B otnmmune or CVD-kpucramnos, HPHT MoHOKpHCTaTBI aMas3a BRICOKOTO Ka4eCTBA MPAKTUICCKU
HE MMEIOT BakaHCHUH, mo3roMmy anst ¢gopmupoBanusi NV-LeHTpoB HEOOXOOMMO CO3[aThb BAKaHCHUU B
oobeme kpucramna. s sroro B Hacrosimed paboTe OBUT HWCIONB30BAaH JIMHEHHBIN yCKOPHUTENb
3NeKTPOHOB Ha 3Hepruto 2 MaB (OO0 Benman, HoBocubupcek). Bputo BbIoIHEHO 001y4eHHe 00pa3iioB
¢ sHeprueii 2 MoB u mosamm 1-2x10' cM? u mocimemyrommii OTKHT B BakyyMe NpH TEMIEpaType
1000 C°. Bpemst CLIMHOBO#T KOT€PEHTHOCTH OBLIO OMPEIEIeHO 0 ocumusiusaM Pamvcu [8].

Taonuua 1
Pe3yabTaThl Hcc/ie10BaHU
[Nc], em™ [NV], em™ T3, HeC n = Ny T,
O6pasel, (mporueHT cxXcm3
(mo3a KOHBEPCHH
00TydeHus azota B NV 1ieHTpHI)
AIIEKTPOHAMH)
{001} | {111} | {oo1} {111} | {oo1} | {oo1} | {001} {111}
N4 7x10% | 1.5x10" | 3x10'" | 23x10Y 97 830 | 2,4x10" | 4,4x10™
e-: 2e18 cm™ (42%) (15%)
N5 7x10Y | 1.5x10% | 2x10'" | 12x10% 89 900 | 2,4x10* | 2,8x10™
e-: 1e18 cm™ (28% ) (12%)
NO [4] 7x10" | 1.5x10" 0,05x10%" | 1200 | 3700 0,21x10"
e-: 0,1e18 cm™

Takum 00pa3oM TOBBIIEHHE KOHIEHTPAMU W J03bl OOJIydeHHUs TO-TIPEeKHEMY BeleT K
YBEJIMUYCHUIO MapaMeTpa kadectBa 7). Jlyis OONbIIMX KOHIGHTpaIMii a3ora B cekropax pocra {111}
Ipejesl MO TNPOLEHTY KOHBEPCHM elle He JOCTUTHYT. llemecooOpasHbIM KakeTcsl JaybHeiiiee
yBEJIMYEHHUE J103bl 00TyUeHUs AJis NOBBILIEHHS KOHLIEHTpauuu NV-11eHTpoB.

Hccneoosanue svinonneno npu gunarcosou noooepixicke PODU 6 pamkax nayunoeo npoekma Ne
20-52-53051 ¢ ucnonvzosanuem obopyoosanus LIKII @I'VII «<BHUUO®H» (www.ckp.vniiofi.ru) u I[JKIT
THCHYM (http://tisnum.ru/suec).

JUTEPATVYPA

1. L. Childress, R. Hanson. Diamond NV centers for quantum computing and quantum networks, MRS
Bulletin. 2013. V. 38. P. 134-138.

2. S. Prawer, |. Aharonovich. Quantum information processing with diamond: principles and
applications. Woodhead Publ. 2014. p. 345

3. S.D. Trofimov, S.A. Tarelkin, S.V. Bolshedvorskii, et al. Spatially controlled fabrication of single NV
centers in 1la HPHT diamond. Opt. Mater. Express. 2020. V. 10. P. 198.

4. S.Y. Troschiev, S.D. Trofimov, N.V. Luparev, u nap., DBOJIOIHS BaKaHCHOHHBIX KOMIUIEKCOB B
CHUHTECTHYECKOM aJIMa3€ II0 ,Z[CI\/'ICTBI/IGM OGJ’Iy‘IGHI/Iﬂ BBICOKOOHEPICTUYCCKNMU OJJICKTPOHAMU U
omxwura, M3Bectust BY3o0B. Xumus u xum. texnoit. 63 (2020) 16-21.

5. M.A. Doronin, S.N. Polyakov, K.S. Kravchuk, et al. Limits of single crystal diamond surface
mechanical polishing. Diamond and Related Materials. 2018. V. 87. P. 149-155.

6. H. Sumiya, S. Satoh, High-pressure synthesis of high-purity diamond crystal, Diamond and Related
Materials. 5 (1996) 1359-1365.

7. V.M. Acosta, E. Bauch, M.P. Ledbetter, et al, Diamonds with a high density of nitrogen-vacancy
centers for magnetometry applications, Physical Review B. 80 (2009).

8. O.R. Rubinas, V.V. Vorobyov, V.V. Soshenko, et. al., Spin properties of NV centers in high-pressure,
high-temperature grown diamond, Journal of Physics Communications. 2 (2018) 115003.

197



UCCJEIOBAHUE MPOYHOCTHU KJIEEBOH KOMITIO3UIIUA
HA OCHOBE 3IIOKCHUJTHO-®EHOJIBbHON CMOJIbI
MPU COEJUHEHUU YACTEM U3 YIJIEPOA-YIJEPOJHBIX
KOMITO3ULHUOHHBIX MATEPHUAJIOB ITPU TEMIIEPATYPAX J10 1600 °C

TaxTun B.IO.l, Tumomyxk E.I/I.l, ITonomapena Z[.B.l,
3eliHaI0Ba C.3.1, BacuiabeBa E.B.l, JIsinun LH.*
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AO «Hay4Ho-uccnenoBaTeabCKuil MHCTUTYT KOHCTPYKIIMOHHBIX MaTepUajioB
Ha OCHOBe rpadura», r. MockBa

takhtin-v@yandex.ru

M HTEeHCUBHOE Pa3BUTHE TMIEP3BYKOBOM aBUALMM MOCTABHJIO MAaCCUB HOBBIX HAyYHO-TEXHHUYECKHX
3ajad, cpelu KOTOPBIX: 00ECTieueHne COSAMHEHHs 4acTell KOHCTPYKIMH THUIEP3BYKOBBIX JIETATEIHHBIN
armmaparoB (['JIA). B cBs3u ¢ 4eM, BO3HHKAeT MOTPEOHOCTh B Pa3pabOTKE TEXHOJOTHH COCAMHCHUS
oTBeTCTBeHHBIX y37moB ['JIA, coxpanstoniero pabOTOCIIOCOOHOCTh B YCIOBHAX HMHTEHCHBHOTO
a’pOMHAMHUYECKOTO HAarpeBa C COXPAHEHUEM a’3pOJMHAMUYECKUX W IPOYHOCTHBIX XapaKTEPHUCTHUK.
KOHCTPYKTHBHO M TEXHOJOTHYECKH OOOCHOBAHHBIM DEIICHHWEM SBISCTCS HCIIOIB30BAaHHE KJIIEEBOTO
COEJIMHEHUS.

W3BecTHBI BBICOKOTEMIIEpATYPHBIE KJIEEBBIE KOMIO3HWIMKM Ha OCHOBE (heHOIPOPMAaIIhACTHIHON
CMOJTBI C JI00aBJIEHHEM MopoIika Kapouaa 6opa [1], okcuna kpemuus [2], amomodocharusie kieu [3] u
1p. B ocHOBHOM, B 3apy0exHOi1 JTuTepaType ckiienBaeMbie MaTepraibl — yriaepoansie (Y YKM, rpadur).

B AO «HMHrpapur» Obutn mpoBefeHbl paboThl B OOJIACTH CKJIEMBAHUS YITIEPO-YIJIEPOAHBIX
KOMITO3MIMOHHBIX MaTepuaioB (YYKM). 3a ocHoBy kiest Obuta B3sta (eHonpopmanbaeruasas (B ToMm
quciie MOAM(UIMPOBAHHAS) U AIOKCHAHO-(CHOJBHBIE CMOJIBI PA3IMYHBIX MapoK C BBEICHHEM
pasmuunbix aucnepcHeix a3z (W, B4C, SiO;) B 3aBucMMOCTH OT Marepuaia MOIJIOKKH U
TEXHOJIOIMYECKOr0 IIpouecca.

B nanHol pa®oTe mokazaHbl pe3yJIbTaThl UCCIEAOBAHUS MPOYHOCTH KIIEs HA OCHOBE 3MOKCHIHO-
(eHOIBHOI cMOJIBI, KOTOpas 001agaeT CIEeAYIOIMMH JOCTOMHCTBAMHU: JOCTATOYHAs TEMJIONPOBOJIHOCTh
IpY MHTEHCHMBHOM HarpeBe, HE JOIMyCKalollas oOpa3oBaHMsA TEPMHUYECKUX HAIMPSDKEHHM, MPUMEPHO
OJIMHAKOBBIN KO3(P(UIIMEHT TUHEHHOTO TEPMUIECKOTO paciuperus ¢ YYKM.

MeTouKa M3roTOBJICHUS KJIEEBOW KOMIIO3MIIMK 3aKJII0Yalach B COBMEIIEHUH PAacTBOpPa CMOJBI C
TUcTiepcHOM (a3oi M B Tocieaytonieil 00padoTKe B yIbTPa3ByKOBOW BaHHE MOJYYEHHON CyCIICH3UH IJIS
YMEHBILIEHUS KOJIMYeCTBa arsiomeparoB. CleQyIOmuM I1aroM KJeeBasi KOMIIO3UIINS HaHOCUJIACh KHCTBIO
Ha MpeIBapUTENbHO IMOAIOTOBJICHHYIO IMOBEPXHOCTh 0Opa3LOB C IMOCIEAYIOUIMM OTBEPKICHHUEM IpHU
200 °C.

HcnplTaHusl KIEEBOIO COEAMHEHHS HA CIBHIOBYIO IIPOYHOCTh IIPOBOAWIIMCH IO METOIUKE,
pazpaborannoii B AO «HUUrpadur». O6pazer; moMeriaics B UCIBITaTEIbHYIO MAILIHHY, OCYIIECTBIISUICS
HarpeB co ckopocthio 8 °C/MuH B wmHepTHOU cpenme. [Ipu OCTHKEHHM 3aJaHHONW TeMIIEpaTypbl
MPOBOAMIN HarpyskeHue (0e3 BBIICPIKKH).

Hcxonss ®3 TONy4YeHHBIX JHaHHBIX (puc. 1), mocturaemas NPOYHOCTH IPH CBEPXBBICOKHX
TEMIIepaTypax sBISETCSd HEYAOBICTBOPUTENIFHOW, YTO MOXKET OBITh CBSI3aHO CO CIEAYIOIIUMHU
(dakTopamMM: HEAOCTATOYHAs TEMIEpaTypHas CTaOWIBHOCTh KJIEEBOI'O COEAMHEHUs, HEAOCTaTOYHas
aJre3uOHHasl TPOYHOCTh HA TPAaHUIE KICH-BOJIOKHO, YTO MOXXHO KOCBEHHO BHIETh Ha pHUC. 2,
00pa3oBaHNE HEOJHOPOJHOIO CTPYKTYPHO-(a30BOr0 COCTaBa B Pe3ysbTaTe ObICTPOro HEPAaBHOMEPHOIO
Harpesna.
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Puc. 1 — 3aBucuMOCTh MPOYHOCTH KJIEEBOI'O COCAMHCHUA OT TEMIICPATYPhbI HArpeBa

Puc. 2 — Moponorus moBepxXHOCTH Ha TPaHHIE BOJIOKHO-KIIEH

Bricokass NpoOYHOCTE IPYM KOMHATHOM TEMIEpAaType IOCTUIAeTCs 3a CYeT B3aUMOJCHCTBHUS
SMOKCUIHON CMOJBI ¢ (PEHONbHBIMU THIApOKcHIaMu. OAHAKO, MPH TMOBBIIIEHHBIX TEMIIEpaTypax, He
IIPEelyCMaTpUBAETCsl HUKAKOI'O MEXaHHW3Ma YIPOYHEHHS COEIMHEHUS B JIaHHOM TEXHOJOTMYECKOM
pexume (orBepskacaue npu 200 °C). OmHuM ©3 myTel TMOBBIMICHHS MPOYHOCTH IPU  BBICOKHX
temnepatypax (MuHumyM Ha 10%) sBisieTcs 100aBlieHUE CTaUN KapOOHU3AIUH.

Takum 00pa3zoM, HCIBITaHHAs KjeeBas KOMIO3UIMSA 00eCleynBaeT JOCTaTOUYHYIO MPOYHOCTH JJISt
y3Koro kpyra 3agad. OnTumu3aius cocTaBa KOMIO3HMIIMM M PEXHUMa TepMOOOpabOTKH CHOCOOCTBYET
MOBBILLIEHUIO YPOBHS MPOYHOCTHBIX CBOMCTB 10 HEOOXOAMMOIO YPOBHSI.
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®OPMUPOBAHUE U CBOMCTBA BOJHBIX IUCIIEPCUN
HA OCHOBE OKCHJIA TPA®EHA
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brnarogapss cBoell YHHMKaIbHOM IBYMEPHOH CTPYKTYpPE WM BBIAAIOIIMMCS CBOMCTBaM, TaKUM Kak
Oonbliast ynaenbHas IUIONIAJb IIOBEPXHOCTH M BBICOKAs 3JIEKTPOIPOBOJHOCTh, TpadeH sBIIsSETCS
Ype3BbIYATHO NMEPCIIEKTUBHBIM 3JIEKTPOJIHBIM MaTEPUAIOM B YCTPOMCTBaX HAKOIUJIEHUS YHEPIMHU HOBOTO
IIOKOJICHUS, TaKUX KaK CyNepKOHIeHCAaTOpbl. OIHAKO CYyIIECTBEHHBIM HEIOCTAaTKOM JJIEKTPOAOB Ha
OCHOBe TpadeHa sBIsSeTCs CIUINaHKE JUCTOB rpadeHa B Mpolecce UX 3KcIUTyaTaluu. JlaHHOe sIBIEHUE
MIPUBOJIUT K YMEHBIICHUIO YJEJIbHON IUIOIIAIM MOBEPXHOCTU MIEKTPOAHOIO MaTepuaja, uTo, B CBOIO
odepenb, BEAET K CHUKEHUIO EMKOCTH CYyIIEpKOHIEHCATOPA.

OnHUM M3 BO3MOXHBIX pEIIEHUH 3TOH IpoOJIeMbl MOXKET CTaTh CO3JAHUE CTPYKTYphl Ha OCHOBE
okcuna rpadena (OI') u neronanmonnoro HaHoanmasa (JJHA). YacTuisl HaHOAIMa3a, pacloiOKECHHbIC
MEX]y JIMCTaMU OKcuaa rpadena, OyayT NMpensTcTBOBaTh MX CIMIAHUIO. A JajbHEWIIas TepMHUYECKas
00paboTKa TakOW CTPYKTypbl MpPHUBENET K TOMY, 4YTO 4YacTUIBl HaHOoaliMa3za CQOPMHUPYIOTCS B
IIPOBOJIAIILYIO JIYyKOBUUHYIO (hOpMY yTriepoja.

B nannoii pabote uccnenyercs crpykrypa OI'-IIHA, chopmupoBaHHas CMEIIMBaHMEM BOIHBIX
JUCIIEPCUI TOJIOKUTEIBHO 3apsDKEHHBIX HAHOYACTHI[ ajiMa3a M OTPHULATEIbHO 3apsDKEHHBIX JIMCTOB
okcuja rpadeHa B pa3IMYHBIX MACCOBBIX COOTHOIIEHUSX. B CHHTE3e Takoil CTPYKTYphl HCIOIB30BAIUCH
TUIPO30JM C WHAMBHUIYAJIbHBIMH 4YacTULAMU HaHoaiaMmas3a pa3MepoM 4.5 HM U ¢ UX arjioMepaTamu
pasmepom oxosio 100 wm. Hamm Owpu1 mpemmoxken Meron (opmupoBanusi ctpykryp OI'-JIHA,
npencrasiaeHo cBsa3piBanue OI' ¢ wactunmamm JIHA Metomom nasepHOi Audpakiud U METOAOM
ONTUYECKON MHKPOCKONHUHU. DBBITH TpOBEAEHBI HMCCIEIOBAHUS 3JIEKTPO(YOPETHUECKON MOABIKHOCTH
TaKUX CTPYKTYP U 3JIEKTPOIPOBOJAHOCTH MOTYYEHHBIX BOJHBIX CMECEH.
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U3MEHEHUE TOHKOM CTPYKTYPBI YIJIEPOJJHOI'O MATEPUAJIA B TIPOIIECCE
I'PAOUTAINUN U MEXAHUYECKOI'O JUCIHEPTUPOBAHUSA T'PADUTA

Tiomenues B.A., ®azaurannosa A.T.

OI'bOY BO «YensOuHCKU ToCyJapCTBEHHBIN yHUBEPCUTET», T. YensaOuHCK
vatyum@mail.ru

OcobeHHOCTH TpadUTalK YTIEPOJHBIX MAaTEPHAJIOB, a TAK)Ke pa3pylIeHUs] CTPYKTYphl TpaduTa B
mporiecce HEWTPOHHOTO  OOJydeHHsl WM MEXaHHYeCKOTO JUCIIEPTUPOBAHHS HCCIIECAOBAaHBI B
MHOTOUYHMCIICHHBIX paboTax. B psange pabor mokasaHo, YTO MO Mepe IMOBBILICHHUS TEMIIEPATYPhI
BBICOKOTEMITEPATYpHOH 00pabOTKH yTIEPOTHOTO MaTepHalia, a TAKKe MEXaHMUECKOTO TMCTIEPTUPOBAHUS
WM HEHUTPOHHOrO O0mydeHHs rpaduTa, Ha 3aBUCHMOCTSAX H3MEHeHHs ooz OT ycloBHiT 00pabOTKH
HAOJIIOAAI0TCS IJIATO NPU 3HAYCHMSX, paBHbIX ~3,36, ~3,37, ~3,40, ~3,425, ~3,44 wu 3,55/3,68 anrctpem
(0603HaunM 3T MeTacTabmibHbie coctosiaus Ky, Ky, ... Kg). ABTopsl [1, 2] monaraiot, 4To CTyrmeH4YaToe
n3menenne Ooo; MOXeT OBITH OOYCIIOBICHO IIOCIEIOBATEIBHBIM (DOPMHUPOBAHHEM METAaCTAOMIBHBIX
YIIIEpOAHBIX (ha3, OTIMYAIOIINXCS 3HAYEHNUEM MEKCIIOEBOTO PACCTOSIHUS.

B nannoit paboTe METOIOM PEHTIC€HOCTPYKTYPHOTO aHAIN3a N3y4YEHbI 3aKOHOMEPHOCTH N3MEHEHHE
TOHKOW CTPYKTYpBI YTJIEPOJHOTO MaTepuayia NpH rpaduTaliy, a Takke B Ipolecce aMophu3anuu
rpaduTa TpU JUIMTEIHHOM JUCIEPrMpPOBAHUHU B IUIAaHETApHOM MenpHUIle B TeueHue 10 2700 muHyT.
[Tokazano, uyrto mnpodmm wmakcumymoB 002 o006pa3ioB yriaepogHOro Marepuaia, MPOIISIITNX
TepMmooOpaboTky mpu 1200 — 2600°C, a Takxke mocie IUCIEPTUpOBaHUs rpaduta HE CUMMETPUUYHBIC
(puc.l1 m pwuc.2), 4TO MOXKET OBITh OOYCIOBJICHO OJHOBPEMEHHBIM MPHCYTCTBHEM METACTaOMIBHBIX
yriepoaHsix (as. Pa3nenenue Takux MaKCHMyMOB IPOBOIMIN HA MUHUMAIIbHOE KOJTHYECTBO KOMITOHEHT
C HCIOJB30BAHUEM MPOTPAMMBI, KOTOpas IO3BOJISIET BBIICIUTH MEPEKPBHIBAIONINECS MaKCHMYMBI,
MMEIOLIHE Pa3HBIC MOJIOKEHHUS IIEHTPOB TSHKECTH, MHTEHCHBHOCTD U IIUPUHY.

1400°C 1600°C 1800°C 2000°C

22 23 24 25 26 20,rpanyem 22 23 24 25 26 26,rpamyck 22 23 24 25 26 20,rpamyem 22 23 24 25 26 20, rpamycer

Puc.1. Pa3neneHne Ha KOMIIOHEHTHI aCHMMETPUYHBIX TU(QPaKIIHOHHBIX MakcuMyMoB 002 00pa3moB yriepoIHOro MaTepuana,
npomrenmux Tepmoodpadorky mpu 1400, 1600, 1800 u 2000°C.

Hcxomapri
rpacdur 330 mu
Kz K2
K5
K3

T —

H
20 22 24 26 28 20,rpamyest 20 22 24 26 28 26, rpamychl

Puc.2. Nzmenenue npoduns mudppaknuonasix MakcumyMmoB 002 o6pa3noB rpagura B 3aBUCHMOCTH
OT MPOJOJDKHUTEIEHOCTH JUCIIEPTUPOBaHUS M pa3lielIeHHe aCHMMETPUYHBIX MAKCHMYMOB Ha KOMITOHEHTBHI.

B Tabmuie mpuBeneHsl pe3ynbTaThl aHanm3a npoduiaei mMakcuMyMoB 002 BBICOKOCEPHHCTOTO
yriepoaHoro Marepuana (comepxkanue S ~1,3 macc. %), npomieaniero TepMooOpabOTKy B HHTEpPBAJIEC OT
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1200 nmo 2600°C. B wccnenoBaHHBIX —00pasliax BBIABISIOTCS METAacCTaOWMIIBHBIC COCTOSHUS,
OTJIMYAIOLIMECS] pa3MepaMu 00JacTell KOrepeHTHOro paccesHus W 3HaueHHeM Ooop. BbrumcieHHblie
3HaueHust Ogo; HAXOAATCS B JIOCTATOYHO XOPOIIEM COOTBETCTBHU C TPUBEICHHBIMU B JIUTEpaType
JAHHBIMHU. 3aBUCUMOCTb KOMIIOHEHTHOTO COCTaBa OT TEMIIepaTypbl TEpPMOOOpPaOOTKH IO3BOJIAET
MPENOI0KHUTh, YTO Tpolecc rpadUTalliy yIIepoJHOro MaTepuasa, Mo-BUANMOMY, Pa3BUBAETCS Yepe3
psAn  MeTacTaOWIBHBIX —cocTostHMM. HaOmiomaemoe coBMmecTHoe cymiecTBoBaHMe (a3bl  rpadut
(kommonenTa Kj) ®  yJBTpaguCHepCHO  YIIIEpOMHOM MaTpHIbl B  MaTepuaje, MPOIIEAIIeM
tepmooOpadbotky mpu 1600 - 1800°C, mo-Buammomy, OOYCJIOBJICHO JIOKAJIBHBIM CTHMYJHMPOBAHHUEM
rpaduTaLny B IPOLIECCEe AKTUBHOMN Aecyib(ypu3alii KOKca.

[Mpopmmu acummeTpuuHbIX audpaknnoHHBIX MakcumymoB 002 rpadwura, mOaBEprHYTOTO
nucneprupoBanuio B TedeHue oT 15 no 90 munyt 1 ot 105 no 2700 MuHyT ObUTH pa3ioXKeHBI HA ABE U HA
TPU KOMIIOHEHTBI COOTBETCTBEHHO. JlUCIIeprupyeMslii B IUIAHETAPHON MENBHULE YIVIEPOAHBIA MaTepHall
rereporeded, puc.3. CoctaB  MeTacTaOMJbHBIX  YIVIEPOAHBIX  COCTOSHMM  ompenensercs
MIPOJOIDKUTEITHLHOCTHIO MEXaHUYECKOTO IUCIIEPITUPOBAHUS B INIAHETAPHOM MEJBHUIIE.

Tabnuua 36
KomnoHeHTHBII cocTaB M mapa- © 00 3.55/3.68 A
METPbl CTPYKTYPbI YIJIEPOIHOIO + K °° °
Marepuaja, BbIYHCJIEHHbIE 110 & Kyl oo
pe3yJbTaTaM aHaju3a mpoduiisi * K o .
audpakuuonHoro makcumyma 002 oL 35r° Keo .o
Temne- | Kom- Looz, = St ¢ ’
patypa, | mone- | dooz, A| HM ,,,.'.,,,',1 ,,,,,,,, ’A’X"’.’i"’.’.’"’.’ ,,,,,,,,, 3.44 A
°C HTBI -5-'7'-?@4&,59’5 ---------- --- 3425A
1200 Ks | 3442 4 3.4 R T aataa 22340 A
Ks 31586 2 —i.-Hu‘.H',-_-.-.lsA_Aﬁ‘ _____ . 3.37 A
1400 Ks | 3,433 6 e
Ks 3,571 4 0 500 1000 1500 2000 2500 3000

1600 K; | 3360 25 T, MUH
Ks | 3431 8

Puc.3. 3MeHeHme 3HAYCHUI MEKILIOCKOCTHOTO pacCTOsTHUS Uogp

K 3,360 30 KOMIIOHEHT Pa3NIOKEHHUS aCHMMETPUIHBIX MakcumyMoB 002
1800 K4 3,426 17 B 3aBUCHMOCTH OT IIPOJIOJDKUTEIBHOCTU JUCIEPIUPOBAaHUS IpaduTa.
Ks 3,443 10
K; 3,360 29 VYBenuueHue MpoIOJDKUTENILHOCTH 00paboTku rpadura B
2000 K4 3,427 20 IUTAHETAapHOW MeNbHHIE O0O0yClIaBIUBaeT (QOpPMHUPOBAHUE B
Ks 3440 18 YIJIEPOTHOM Marepuaie KOMIIOHEHT, MEXKILIOCKOCTHOE
2200 K> 3,378| 24 paccrossHue  Ogo;  KOTOPBIX — THPUOSMKAETCS K  TaKOBOMY
Ks 3395| 21 TypOOCTpaTHOTO  yriepoja. HaOmromaemass ~ 3aBUCHMOCTH
2400 K, 3371| 26 KOMIIOHCHTHOT'O COCTaBa oT MPOJIOJIKUATEIBHOCTH
Ks 3389| 20 JUCIIEPTUPOBAHUs IO3BOJIAET IMPEANOJNIOXKUTh, YTO IIPOLECC

nepexoaa rpaduTa B HEYMOPSAAOYCHHBIA YTICPOIHBIA MaTepHal,
MO-BUJIMMOMY, TaK)K€ pPa3BHBAETCS 4epe3 psAll METacTaOMIbHBIX
COCTOSHHIM.

2600 Ky | 3370 29
Kz | 3387 20

Paboma svinonnena npu gpunancosoii noooepacke PODU-YPAJI No20-43-740013.
JUTEPATVYPA
1. Lachter J., Bragg R.M., Interstitials in graphite and disordered carbons. // Phys. Rev. B. 1986. Vol.
33. N. 12. P. 8903-8905.

2. Aladekomo J.B., Bragg R.H. Structural transformations induced in graphite by grinding: Analysis of
002 x-ray diffraction line profiles. // Carbon. 1990. V. 28. N 6. P. 897- 906.
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BJUSAHUE BOPA HA CBOMCTBA HAHOKOMIIO3UTOB
HA OCHOBE UMITAKTHBIX AJIMA30B, IOJIYYEHHBIX HPHT CIIEKAHUEM

VYp6aunoeuu B.C.", Bursizp A2, Illunuio H.B.Y, I'puropnes CB? AdanacbeB B.IL*

'Tro «Hayuno-npaktnueckuii nentp HAH benapycu no marepuanoseneHuto», r. MuHCK
2 IIpesnnnym HAH benapycwu, r. Munck
3 benopycckuii HaLIMOHAIBHBIN TEXHUYECKUN YHUBEPCUTET, T. MUHCK
4 WNuctutyT reonorun u munepanoruun CO PAH, r. HoBocubupck

urban@physics.by

WNmnaktaeie anmasbl  [lomwmraiickoro MectopoxaeHust (Poccus), umeror 0ojiee  BBICOKYIO
aOpasMBHYIO CIOCOOHOCTh, Y€M MPHPOJHbIE W CHHTETHYECKHE anMmas3bl [1] W TepCreKTHUBHBI ISt
CO3/IaHUS HOBBIX THUITOB CBEPXTBEPJIBIX MOJUKPUCTALIMYCSCKUX MATCPUAIIOB JIJIS PEXKYIIEro, OypoBoro u
MOPOIOPA3PYIIAIOIIET0 HHCTPYMEHTa. M3BecTHa KaTalnuTUYeckas aKTHMBHOCTh Oopa B mpoliecce
npespaiieHusi rpapura B anmas [2]. Llenbro naHHOW paOOTHI SBISETCS HMCCICAOBAHUE CIIEKAGMOCTH
MOPOIIIKa UMMAKTHOTO ajMa3a, UMEIOIIEro B CBOEM COCTaBe, KaK KyOMYeCKHi, TaK U T'eKCaroHalbHBIH
(;moucaelnnT) anmmas, ¢ 100aBKOW OOpa MpH BBICOKOM JaBlicHHMHM W BbICOKOW Temmeparype (HPHT), a
TaK)K€ MUKPOCTPYKTYPBI M CBOMCTB MOTYUYEHHBIX KOMIIO3UTOB.

HcxomHas mmxra mnpeacTaBisia co0oil cMech MUKPOTIOPOIIKA UMIIAKTHOTO ajMas3a 3€pHUCTOCTHIO
100/63 mkm (puc. 1 a) ¢ mobaBkoii moporika amopduoro 6opa ¢ pasmepom dyactur 75-370 HM.
MHUKpPOYACTHIIBI MTOPOIITKA UMITAKTHOTO ajMa3a MMEIOT HAaHOKPHCTAUTUYECKYIO CTPYKTYPY M Pa3BHTYIO
MOBEPXHOCTh 3epeH. VCXOAHBIN MOPONIOK WMMAKTHOTO ajiMmas3a COACPKHUT KyOHMUecKuid aimas,
noHcaeHmuT u rpadut. CrnexaHrne HAaHOKOMITIO3UTOB OCYIICCTBISIM B amliapaTe THIIAa HAaKOBAJbHH C
yrayonenusmu npu nasineHun 7/ I'Tla u pa3nuyHbIX Temmeparypax, KOHTPOIUPYEMBIX H3MEHEHHEM
MOIIIHOCTH TOKa HarpeBa B auana3one 0,6—-1,6 kBt. Cieuennsiii Matepuan uccienoBaiu merogamu XRD
n SEM u u3Mepsnu ero IUIOTHOCTh, TEIUIONPOBOAHOCTH M MHKpoTBepmocth HVO0,5. AGpasuBHyto
CIIOCOOHOCTH OIICHMBAJIM 110 OTHOIICHHUIO TIOTEPH Beca 00pasiia Mpu ero B3auMoJICHCTBUU C aOpa3UBHBIM
kpyrom 63C90L k 00BemMy CHATOrO MaTepHalia Kpyra.

[TonmyueHHBIT HAHOKOMIIO3UT HMEET CJOXHYK MHKpOCTpykTypy (puc. 1, 6, B), KoTopas
Mpe/cTaBieHa KPYHNHBIMH HAHOCTPYKTYPHUPOBaHHBIMU ~ aJMa3HbIMH 3€pHaMH B  MaTpHIle U3
MOJIMKPUCTAILTUIECKOTO aiMasa, BKII0Yasi TBEPAbIH pacTBOp Oopa B anMase.

a 6 B
Puc. 1. DeKTpOHHO-MUKPOCKOIIMYECKHE H300paKEHHsT YaCTUI] TOPOIIKA KMIIAKTHOrO anmasa (a) u
MHKPOCTPYKTYpa HAHOKOMITO3HTa, CIICYEHHOTO MPH MOIIIHOCTH ToKa Harpesa 1,3 kBr, npu pasmuanom ysennuenn (6, B)

YCTaHOBIIEHO, YTO IUIOTHBIM OCCHOPUCTBIA MaTepuayl IOJydYaeTcss B Y3KOM TeMIIepaTypHOM
nuanaszoHe crnekanus: 1,3 — 1,35 kBt (puc. 2). AkrtuBaius YIJIOTHEHHs MPOUCXOAUT 3a cyeT 3 dekra
XenBaia B MpoIecce MPEBPALICHUS JIOHCCHINTA B ajMa3, a CHYDKCHUE IUIOTHOCTH TPH TOBBIIICHHH
TeMIepaTypbl 00yciioBiieHO rpaduTu3anueii. CToiikocTh 00pa3ioB K a0pasMBHOMY U3HOCY (IIPU BPEeMEHHU
ucneitanus 30 ¢) ¢ mobaBkoit Oopa Obuta BbIlIe, yeM Oe3 qo0aBKku. BenwunHa HM3HOCA COCTABIISIA,
coorserctBenHo, 0,64:10° u 3,15-10”° r/mm® (puc. 3).
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Puc. 2. 3aBECHMOCTb IJIOTHOCTH p KOMIIO3uTa Ha  Puc. 3. 3aBucMMOCTh abpa3sMBHOTO M3HOCA 6 OT BPEMEHH HCIIBITAHHSA
OCHOBE UMITAKTHBIX aJIMa30B C JJ00aBKO T 0Opasuos 6e3 nobasku (1) u ¢ nobaekoit amopdHoro Gopa (2, 3),
amMopdHOro 6opa 0T MOLITHOCTH ToKa Harpesa W CTICYCHHBIX TIPH MOIITHOCTH TOKa Harpesa, kBt: 2 - 1,30; 1, 3-1,35

YcTaHoBieHO, YTO aMOp(HBII 00p OKa3bIBa€T CYLIECTBEHHOE BIUSHHE Kak Ha (a3oBbIi mepexon
JOHCICHINT — KyOM4YeCcKui anMas, Tak U Ha (a3oBblil iepexo] rpadutr — KyOudeckuit anmas (puc. 4).
Jlo6aBieHre B MCXOJHYIO LIMXTY aMOp¢pHOro Oopa MPUBOIUT K YBETUYEHHUIO NapaMeTpa a peleTKd
anmmaza ot 0,3568 mo 0,3573 HM BcneacTBue oOpa3oBaHHS TBEPAOrO pacTBopa Oopa B anmase, dTo
HaOJIF01aI0Ch U TIPY KOHBEPCHOHHOM CIIEKaHUH rpadurta ¢ 00poM Mo BRICOKUM jaBieHueM [2]. Pacuer
npou3BoawiH 10 JIMHUK 311 11 00pas3ioB, CrIeYeHHBIX PU MOIIHOCTH ToKa Harpesa 1,35 kBr.
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Puc. 4. Tudpakrorpammer 06pa3iioB Ha OCHOBE UMITAKTHBIX anMa3oB 0e3 100aBku (a) u ¢ moOaBKon
amopdHoro 6opa (6), ClieYeHHBIX ITPU ONTHUMAJIBHON MOIIHOCTH ToKa Harpesa 1,35 kBt. Cu-Ka - usnyueHue.

OO0pa3npl ¢ MAaKCUMAIBHOHN IIOTHOCTRIO 3,515 rlem® umenn terutonpoBoaHocTs 10 90 Br/m-K u
MukpoTBepaocth Oosee 82 I'Tla. CtolikocTh K aOpa3sMBHOMY HM3HOCY HAHOKOMIIO3MTOB C J100aBKOM
amopHOorOo OOpa B 5 pa3 BhIme, yeM y oOpasmoB 0Oe3 mo0aBku Oopa. [lomydeHHBIE pe3ysIbTaThI
CBHUJICTEJILCTBYIOT O TEPCHCKTUBHOCTH TNPUMEHEHUS J00aBKM amMopdHOro Oopa TMpH CIIEKaHUU
MUKPOIIOPOIIKAa UMITAKTHBIX aJIMAa30B AJId IMMOBBIIICHUA (1)I/I3I/IKO'M6X21HI/I‘-ICCKI/IX CBOMCTB HAHOKOMIIO3HUTOB
Ha UX OCHOBE.

JUTEPATVYPA

1. AdanaceeB B.Il., 3aneBckmii O.A., MBaxnenko C.A. m gap. Ilomydyenue u cBoiicTBa HUTU(- |
MHKPOIIOPOILIKOB HMITAaKTHBIX aJIMa3HO-JIOHCACHINTOBBIX abpaszuBoB // Tlopomopaspyuiaromuii
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OIITHYECKAA CIIEKTPOCKOIIUA U UHAEHTUPOBAHUE — COBMECTHBIE
HNCCIEJOBAHMUMS IN-SITU C HCITIOJIB30OBAHUEM ITPO3PAYHOI'O
AJIMAZHOI'O HHAEHTOPA

YceuHoB A.C.l, PemeroB B.H.l, Kynpsimos I/I.Z, Byauu K.?

! ®I'BHY TUCHVYM, r. Mocksa, r. TpouIk,
2 Tokyo Instruments, r. Tokuo, SInoxust

useinov@mail.ru

CoBpeMeHHbIE TEHICHIINU Pa3BUTHS AKCIIEPUMEHTAIBHBIX METOAOB MCCIEAOBAHUS IPEAIIONAraroT

HE TOJIbKO TMOBBIIICHUE TOYHOCTH KaKOW-TO KOHKPETHOM METOMKH, HO M BO3MOXKHOCTh COBMEIICHUS

Pa3HOIUIAHOBBIX HM3MEPEHUH B XOJA€ OJHOTO O3KcrepuMeHTa. OnrTudeckas CHEKTPOCKOIUS SBISETCS

OJTHUM M3 MOIIHEHIINX WHCTPYMEHTOB, MPUMCHSEMBIX B XHMHYECKUX M (U3MYCCKHX HAayKaxX JUIs

U3y4YeHHs CTPYKTYpbl LIMPOKOro Kpyra marepuaioB [1,2]. Be3 MHCTpyMEHTAIbHOTO WHICHTHPOBAHMUS

CEroJIHS HEBO3MOXKHO IMPEJCTABUTh HU OJHO MCCIICIOBAHUE JIOKAJTBHBIX MEXaHWYeCKuX cBoicTB [3]. B

IaHHOW paboTe O00CYKHAIOTCS HKCIEPUMEHTAIbHBIE Ppe3yJbTaThl, MOJIYYEHHBIE IPU COBMECTHOM

MCIOJIb30BaHUH IN-SItU MeTOJa BIABIMBAHUS aIMa3HOTO HAKOHEYHHMKA CICIHMaIbHON reomerpuu [4] c

OJTHOBPEMEHHBIM H3MEPEHHEM ONTHYECKHX CIEKTPOB B 0O0JACTM KOHTAKTa, a TaKXKe OOCYKHaloTCs

NEePCIIEKTUBHBIC 00IACTH TPUMECHEHHS JaHHON METOMKHU, B TOM YHUCIIE:

- Ontrueckoe HaOIIICHNUE TPOLECcCOB IedopMalin (yIpyroro BOCCTAHOBJICHHS, 00pa30BaHMs TPEIINH
U T.11.) B pexxume live video B Xo/1e UCTIBITAHUIA.

- Unentudukanms  JTOKaaM30BaHHBIX  (a3/TpaHUI/3epeH  CIEKTPOCKOMUYSCKUMH — METOJAMU IS
UCCJICIOBaHMS UX MEXaHUYECKUX CBOHCTB METOJIOM HHICHTUPOBAHMUSI.

- U3yuenne oOpa3oBaHMs HOBBIX (ha3, WHIYNUPOBAHHBIX JIOKAIBHBIM [JaBJICHHEM, B TOM YHCIE, B
npotecce Hapananus (MCTHPaHUs, MUKPOPE3aHHS).

- V3yuenne moneil HampspDKEHUS MOJ MHICHTOPOM IO CMELICHHIO W HW3MEHEHHUIO HIMPHWHBI NHKOB Ha
CHeKTpax (HampuMep, MyTeM pacTpOBOrO CKaHMPOBaHMs) (B TOM YKCIE, B MHOTO(pa3HbIX KOMIIO3UTaX U
TOHKHX IUICHKAX, PErUCTpaIHs OTCIauBaHUs Oe3 OTPhIBA).

- V3yueHne ONTHYECKMMHU METOAAMHU CTPYKTYPBI MOJIOBEPXHOCTHBIX cioeB (momumepusanus npu 3/1-
[eYaTH, U T.I1.).

- 3yuenue mepexoma OT ympyroil aedopManuu K IUIACTHYECKOW aedopmamuu ¢ HCIONIb30BAaHHEM
U3MEPEHNH B PEaTbHOM BPEMEHH CIIEKTPOB OTPAKEHUS M CHEKTPOB JIIOMUHECIICHITUH.

- V3y4eHue nporeccoB NoTepy CIUIOMIHOCTH B MPOIECCE TPEIIMHOOOPA30BaHMUS.

- UccnenoBanne ynpyrux XapakTEpUCTHK IOJMMEPHBIX MAaTepHaloB KOMOHMHAIMEH METONOB
WHJECHTUPOBAHUA U BpUILII03HOBCKOM CIIEKTPOCKOIINH.

- V3yueHne 70KanmbHOTO M3MEHEHHUS TeMIIepaTypbl NPH BHEIPEHHUH HHICHTOpa MO BpHiumosHOBCKUM
CreKTpaM (TpeHHe B 00JaCTH KOHTAKTa HHACHTOpa ¢ 00pa3ioM, Ga3oBble MPEBPAICHUS H T.I1.).

JUTEPATVYPA
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HETKAHOE ITOJIOTHO U3 YIVIEPOJHBIX HAHOTPYBOK
KAK JJIEKTPOJA I'NBKUX CYIIEPKOHJAEHCATOPOB

PUINMMOHEHKOB I/I.C.l, YpBanos C.A.l, Ka3zénnon H.B.l, Tapeiakun C.A.l,
Hupauna IrAZ MopakoBu4 B3.!

! I'HI[ PO ®I'BHY TUCHVYM, r. Mockaa, r. Tpowurtik
2MTI'Y umenu M.B. JlomoHOCOBa, T. MOCKBa

filimonenkov@tisnum.ru

[To cBoeMy Ha3HA4YEHWIO  KJIACCHYECKHME  CYNEPKOHAEHCATOPHI  MPEACTABISAIOT OO0
AICKTPOXUMUIECKHE YCTPOICTBA, CIIOCOOHBIE B TIPOIIECCE Pas3psiaa BbIIaBaTh OOJIBIIHE TOKU (TOPSIKA 10
100 A) B Teuenue odveHb kKopoTrkoro Bpemenu (mopsaka 0,1-10 c) [1]. Jns obecrieueHusi Takux
XapaKTEPUCTHK DJIEKTPOJBI CYNMEPKOHICHCATOPa OJDKHBI 00J1a1aTh BBICOKOH 3JEKTPOXUMHUECKOM
EMKOCTBIO M HH3KHM ODJIEKTPUYECKMM COINPOTUBICHHEM. B COBPEMEHHBIX CYyNEPKOHIEHCATOpaxX B
Ka4eCTBE DJIEKTPOJIOB HCIIONIB3YIOT AKTHBHPOBAHHBINM Yrojh Ha TOKOOTBOJAX M3 aJFOMHHHEBOH (DOIIBIH,
3aHMMAIOIIEN 10 YETBEPTH IMOJIE3HOr0 00bhEéMa ycTpoicTBa. PasBuTHe THOKHMX YIIIEPOJHBIX MarepyaaoB
MO3BOJIIET HE TOJBKO OTKA3aThCSl OT MCIIOJIb30BAHUS BHEIIHMX TOKOOTBOJOB U TEM CaMBIM YBEJIHYHTH
YICTbHYI0 00BEMHYIO EMKOCTh, HO M OTKPBIBAET BO3MOXKHOCTH CO3J@HHSI HOBOTO KJIacca yCTPOWCTB —
'MOKUX CYIEpPKOHIEHCATOPOB. B jaHHO# paboTe MCCIIEAYIOTCS NMEPCIEKTUBBI IPUMEHCHHS HETKaHOTO
MOJI0THA U3 yriepoanbix HaHOTPyOok (ITYHT) B kadecTBe rHOKOTO 3JIEKTPOIA IS CYIIEPKOHIEHCATOPOB.

a 0
Puc. 1. Buemnnii Bux Hetkanoro [TVHT (a);
3aBUCHMOCTH YJICJIbHOM MOBEPXHOCTH U AnektponpoBoaaoctd [IYHT ot Bpemenu omxura (6)

Oopasupt [TYHT (puc. la) cuntesupoBaiu o metoauke [2]. Jlns yBenuueHus: EMKOCTH 0Opa3iibl
JIOTIOJTHUTEIBHO OTKUTaIu Ha Bo3ayxe (460 °C) mpu pasubix Bpemenax (0,5-3 ), mociie yero oumiamu
ot ocraTkoB Karaiu3aropa (Fe), kak ornucano B padote [3]. Benuuunsl yaeabHON OBEPXHOCTH 00pa3IoB
(Sppr) moONyYasM MO JAHHBIM HH3KOTEMIIEPATYPHOW aacopOIMu a30Ta, H3MEPEHHE YACIBHOTO
AIIEKTPUYECKOTO COMPOTUBIICHUS (p) TMPOBOIMIN YETHIPEXKOHTAKTHBIM CIIOCOOOM. DIIEKTPOXUMHYCCKUE
nanublie osrydanu B pactBope 0,5 M HySO4 B TpéxanexTpoanoit siuetike. O6pasier ITYHT npukinenBaiu
K paboueMy CTEKIIOYIJIEPOAHOMY OIeKTpoay mpu momomu uoHomepa JID-4CK ([Tmactmomumep).
[TmatuHOBas MPOBOJIOKA CITy)KHJIa BCIIOMOTATEIBHBIM AJIEKTPOAOM, B KAaueCTBE 3JICKTPOJa CPABHEHUS
WCTOJIb30BAJM HACBHIIICHHBI KaJOMEIbHBIN 3JCKTpoa. I[lOTeHIMAaNbl TEPECUUTHIBAIA B  HIKATY
obparumoro BogopoaHoro sekrpoaa (OBD).

Ha puc. 16 nmokazaHo BAHMsSHHE BPEMEHH OTXKHUra Ha Sgar U p 0oOpasuos. Haubomnbiiee yBenunueHue
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Sgat M yMeHbIeHHe p npoucxoaut cmycts 0,5 94 oTkura, 9To MOXKHO OOBSCHUTH BBITOPAHHUEM OOJIbIIEH
4acTH MeHee YMOPSA0YCHHOTOo aMOp(pHOr0 U HEHaHOTPYyOOUHOro yriepona ¢ Oosiee HU3KON yAENbHOM
MOBEPXHOCThIO. JlanbHelee CHW)KEHHWE Sgor M P CO BpPEMEHEM OT)KHIa MOXKHO CBSI3aTh C
MIPOJIOIKAIOIIMMCS SIEKTPOCTATUYECKUM MpUTsHKeHueM my4ukoB YHT.

Huxanueckue BoabTammeporpammbl (IIBA) oroxokénnbix Ha Bo3ayxe (0,5-3 1) ob6pasmos [TYHT
(puc. 2a) IEMOHCTPUPYIOT 3HAYUTEIBHOE YBEINUYCHHE EMKOCTH MO0 CPABHEHHIO C UCXOAHBIM 00pasiom (0
4), YTO B 3HAYMUTEIILHOW CTEMEHHW CBA3aHO C BO3HHKHOBeHHMEM Ha moBepxHocTH YHT mpu omkwure
nepe3apsKaeMbIX KHCIOPOACOoAepKaiux GyHKnoHansHbix rpymi [3,4]. Ha ux npucyTcTBHE yKa3biBaeT
nosiBjieHue Ha [{BA mupokux oOpaTUMBIX peIOKC-TUKOB TpH nmoreHnuanax okono 0,55 B ota. OBD [4].

a 0
Puc. 2. LIBA o6pasuos [TYHT ¢ pa3HsIM BpeMeHeM oTkura, 3apeructpuposannsie B 0,5 M H,SO, npu 5 MB-¢ * (a);
3aBrCHMOCTh EéMKocTH 00pa3noB IIVHT ¢ pa3HbIM BpeMEHEM OT)KHTa OT CKOPOCTH pa3BEPTKH moTeHurana (0)

Benuuunbl €MKOCTH, MOJydYe€HHBIE WHTETpUpOBaHUEeM cooTBeTcTByomuXx [[BA o6pasuos [TYHT,
MpuBeIeHbI Ha puc. 20. Bee o0pa3ibl 1eMOHCTPUPYIOT HEOOBIIIOE CHIDKCHIE EMKOCTH TIPH YBEITHUYCHUH
CKOpPOCTH Pa3BEPTKU MOTEHIIMAJA, KOTOPOE MOXKHO CBA3ATh KaK C MU (y3UOHHBIMU OTPAHUYCHUSMH TPU
TpaHcopre HOHOB wepe3 mopbl IIYHT (mpu 5-100 MB-c %), Tak M ¢ OMHYECKHMH IOTEPSIMH MEXKILY
pabouuM 3JIEKTPOJAOM U 3yeKkTpojoM cpaBHenus (mpu 100-1000 MB-c ™). Hambompmas EMKOCTH
nocturayTa Ha o6pasue ITYHT ¢ Bpemenem omkura 1 4 (40 ®-r ! mpu 100 mMB-c %). U3 puc. 16 BusHO,
4TO ATOT K€ 00pasel] XapaKTepU3yeTCs BBICOKOH YJIENbHOW MOBEpXHOCThIO (342 M2 ) U HU3KHM
anekTpudeckum conpotusieHrueM (20 MxkOm-M). Habop Takux XapakTepUCTHK MO3BOJISIECT pacCMaTpPUBATh
I[TYHT kak nepcreKTUBHBIN 3JEKTPOIHBIA MaTepHal 1jsi THOKUX CYHNepKOHIEHCATOPOB.

Hccneoosanue evinonneno npu gunancosou noodepicke Munucmepcmea HayKu u 8vlcuie2o
obpazosanus P®.
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HCHOJIb30OBAHUE METOJ10B UHCTPYMEHTAJIBHOT'O MHAEHTUPOBAHMUSI
JJIs1 OITPEJAEJIEHUSA JIOKAJIBHBIX CBOUCTB 'ETEPOI'EHHBIX MATEPHUAJIOB,
HOJYYEHHBIX C IOMOIIbBIO CEJJEKTUBHOT O JIASEPHOI'O IIVTABJIEHU A

duaunnos A.A.l, BpycenneBa T.A.l, Toabimes A.A.L

! WHucTutyT TeopeTnueckoi u npukiaanoi mexanuku uM. C.A. Xpuctuanosuya CO PAH,
r. HoBocubupck

filippov@mail.itam.nsc.ru

CenexktuBHOe JazepHoe MiaBieHue (SLM) - 3To TexHOmOrus aaAuTHBHOTO IPOM3BOJCTBA,
UCTIONb3yeMasi ISl TOCIIOMHOTO IMPOW3BOJCTBA METAUTMYECKUX JeTalieil. DTOT METOA H3TOTOBIICHUS
uzgenus obecrneynBaeT THUOKYIO, a TakKe HKOHOMHYHYIO 0OpaOOTKYy BBICOKOIIPOM3BOAUTEIIBHBIX
MaTepuagoB M KOMIIOHEHTOB CO CJIO)KHOM TI€OMETpUEH, BBICOKOM IUIOTHOCTBIO M XOPOIIMMH
MexaHudeckumu cBoiictBamu [1,2]. K coxkanenuro, Ha TexHonoruio SLM BiusioT MHOTHE (aKTOPHI,
CBSI3aHHBIC CO CBOWCTBAMHM ITOPOIIKA M MPOLECCAMH, MPOTEKAIOUIMMH TIPU JIa36pPHOM BO3JACHCTBHH. JTH
¢dakropel 3arpynusiorT goctmwkenne 100% TmIOTHOCTM B M3TOTOBIEHHBIX d3leMeHTaX. Haumbonee
pactpocTpaHeHHBIMH Je(peKTaMu  SBISIOTCS TIOPBI, KOTOpbIE MOTYT IIOBJIUSATH Ha MpPUMEHEHHE
aJITUTUBHBIX TEXHOJIOTHI MOKa3ajH, YTO BHYTPEHHSS MMOPUCTOCTh 3HAUUTENILHO CHU)KAET MEXaHNUECKUE
cBoiicTBa criaBa Ti-6Al-4V, nzrotosienHoro SLM. MoXHO MPEANONOKHUTE, YTO HATHMYHE TIOP MPUBEACT
K BO3HUKHOBEHHIO KOHIIEHTPALUU HANPSHKEHUH M CHUKEHUIO TPodHOCTH.. Co3AaHne TUTAaHO-MaTPUUHBIX
kommo3utoB (TMK) BbI3Banu mupokuii HHTEpeC Oaroaaps uX BHICOKOH YACIbHOW MPOYHOCTH, XOPOIICH
MeX(}a3HOH CBs3M, TEPMOAMHAMHYECKOM CTaOWIBHOCTH, XOpOIIell HM3HOCOCTOMKOCTH, a TakKke
MIPEBOCXOTHOM JIOJITOBEYHOCTH TIPH BBICOKMX Temrieparypax. Kak ObU1o moka3aHo B paboTax M3MEHEHUE
(opMBbI U pa3zMepOB YACTUI UCXOAHOTO MOPOLIKa 00YCIOBICHO MPOTEKAaHUEM XUMHUECKOW peakiuy Mo
BO3/ICHCTBUEM JIa3€PHOTO U3ITy4CHHsI, ONMCAaHHOI B padoTe [2—4]:

5Ti + B,C —> TiC +4TiB; 3Ti + B,C — TiC + 2TiB,; Ti + TiB, = 2TiB

OOpa3oBaHHBIE B pe3ysbTare NPOTEKaHUs XUMHUecKkuX Llenmpio Hacrosimeidl paboThl sBISETCS
OIIPEJICTICHUE JIIEMEHTHOTO COCTaBa M MEXaHWYECKUX CBOMCTB MeTaUIOKepaMHueckux (a3 rmocie
Ja3epHOTO TUTABJICHHUSI.

Mertamiokepamuueckue cmecu tutana BT-6 (OOO «Hopmunu») co cpemnum pasmepom dsp = 40
MKM ¢ mopoinkom kap6uma 6opa (F320, d50 = 44 mxm ) Obutn 00paboTaHbl V-00pa3HOM CMeCHTEIe
Venus FTLMV-02 B teuenun 30 mun. Conepkanue kap6una 6opa cocraBmiio 8 % macc. [lomydeHnHsie
CMECH HAIUIaBJsIaCh Ha MOUI0XKKY K3 TuTaHoBoro miactuasl BT20 (90% Ti, 6,5% Al, 2% Zr, 1,5% Mo)
50x50%8 MM3 METOJIOM CEJIEKTHBHOTO JIa3epHOro IuiaBieHus ¢ nomousio CO2-nazepa «Cubupp-5» npu
MOCTOSIHHBIX TTapaMeTpax HaruraBku. TommuHa cios 3ackimnku coctaBuia 400 mxm. Pasmep oxmHOYHOTO
TpeKa MpPEeACTaBIIsUT COOO0M CIUTOIIHYIO HATUIABICHHYIO JOPOKKY JIMH3€00pa3HOil (POPMBI KaK MOKa3aHO B
pa6orte [5]. [TomorpeB moII0KKH OTCYTCTBOBAIL.

[Mapamerpbl na3epHOro W3Iy4YCHUS IS TOJNYYCHUS W3ACIMH OTpabaThlBAIMCh B paborax
[5,6].HammaBka ocyIiiecTBasIach B 3alIUTHON aTMocdepe reius, MOoAaBaBIIEToCs Yepe3 COII0, PacXojl
rasa cocraBmi 5 j/muH . B pesynbraTe ObUTM MOJTYy4eHBl MACCHBBI HAIUIABOYHBIX TPEKOB pPasMepoM
46X7,5x3,5 MM3. TolNepeYHOe CEYeHHE MOJTYYCHHBIX MAacCHBOB IPEACTABISLI COOOH MPSMOYTOJIBHUK
COCTaBJICHHBIH W3 5 TpeKkoB MO BepTHKaIM W 4 1o ropu3oHTanu. [lomepedHble ceueHHsi OOpasloB
HCCIIEOBAIMCH C TIOMOIIBI0 CKaHUPYIOIIEro 3JIEKTPOHHOro Mukpockoma Zeiss EVO MA 15 B pexume
00paTHO-PACCESTHHBIX W BTOPHYHBIX 3JCKTPOHOB. DIIEMEHTHBIM aHAJN3 OCYIICCTBIUICS C IOMOIIBIO
sHeproaucnepcunroro crekrpomerpa (EDX) Oxford Instruments INCA X-Max 80. MHcTpyMeHTaIbHOE
WHJICHTUPOBAHUE OCYIIECTBISUIOCh C MOMOINBI0 HaHouHAeHTopa Hanockan-4D+. [{ns wmccienoBaHus
00pa3oBaHHbBIX (Da3 Ha UCCIICTYEMOM CJIOC METAJUIOKepaMUKHU ObllIa HAHECCHA CETKA N3YyKOJIOB Pa3MEpOM
20x20 uHAEHTUPOBAHUH, ¢ maroM Mexay ykoiamu 10 MkMm. PerynupoBka Harpy>XeHUs OCYIIECTBIIsIACh
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mo cune Pmax=0,01 H. Ha pwuc. la mokazana o0nacTe ¢ HAHECEHHBIMH OTIIEYATKAMH IIOCIIE
UHICHTHpOBaHUs. Ha depHO# uacTuie, COOTBETCTBYMOIICH KapOuay Oopa, OTHEYaTKH HHACHTOpa
NpPaKTHYECKH HE BUAHBL. B MaTpuile XaOTHYHO PACIOJIOKEHHBIC BHCKEPbI, BO3HHKIIUE B PE3yJbTaTe
XAMHYECKUX PEaKIUil TaK)Ke UMEIOT MOBBIIICHHbIC MMOKA3aTeId TBEPIOCTH MO CPABHEHHIO C MCXOIHOM
marpuueii (puc.10). -

WD =11.7 mm EHT = 10,00 kv Photo No. = €878

a 0

Puc. 1. [lepernaBnennsiii cnoit BT-6 ¢ nobasnenuem 8% macc. kapouaa 6opa:
a — SEM-u300pakeHne HaHECEHHBIX YKOJIOB, O — KapTa pacipeiesieHus TBEPIOCTH

B cooTBeTcTBUM C MOTyYeHHBIMH JaHHBIMU B padote [1] TBepmocTh yacTuil kapouaa 6opa,
MOJTyYeHHAs: METOI0M HHCTPYMEHTAIBHOTO WHACHTUPOBAHHS U TUpaMu 101 Bukkepca okazanmch
noctatogro onu3kumu (Ho3=42+5 I'Mla 1 Hyauockan=49£10 I'Tla). B To e Bpems, B paboTte [1], mokasaHo,
YTO 3HAUCHHUS MTOJTyYSHHBIE [T MAaTPHUIIBI C BUCKEPAMH MOXKET OTIM4YaThes B 3 pa3a ot 5.4 o 14.8 I'Tla.
B Hacrosieit pabote moka3aHo, 4YTO XapaKTEpPHBIM 3HAUCHHEM JUIS MaTPHIIBI , HE COJIepIKalIell BHCKEPOB
cocrasisier okouo 2 I'Tla, a ms BuckepoB — okoio 30 I'Tla. Takum 00pazoM yaaaock MONTyIUTh
MeXaHMYECKUE XapaKTEPUCTHUK [T KaXJ0H 13 (a3 B OTAeNbHOCTH. [lanmbHelas OrieHKa pactpeesieHus
gacTull Kapouaa Oopa ¥ BUCKEPOB OOPHUIOB TUTAHA TIO3BOJIUT MPEACKA3bIBATh 00bEMHBIC MEXaHHUECKUE
XapaKTEePUCTHKH MaKpoMaTepHala.

Paboma evinonnena npu noodepoicke epanma Poccuiickoeo nayunoeo ¢onoa Ne 21-19-00733
«Teopemuueckoe u 3KCNEPUMEHMATbHOE UCCIe008AHUE DUUKO-MEXAHUUECKUX CBOUCE 2eMePOSeHHO20
Mamepuana Ha OCHO8e KepaMUKU, NOJYUEHHO20 Nymem YRpasisaemozo 1a3epro2o gozoelicmausn». Paboma
8bINONIHEHA ¢ ucnoavzosanuem obopyoosanus LIKIT " Mexanuxa" (UTIIM CO PAH).
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BbICOKOBOPUPOBAHHBIE AJIMA3HBIE MUKPOIIOPOIIIKH:
CHHTE3 IIPU BBICOKHUX JIABJIEHUAX, AHAJIN3 CTPYKTYPbI U CBOMCTB

®Puionenko B.I1., 3udpos HU.I1., bBarpamos P.X., KpacHopyccknii B.H.

HNucturyT dhuszuku Beicokux aasiaeHuit um. JI.®. Bepemaruna PAH, r. Mocksa, r. Tpourik

filv@hppi.troitsk.ru

BricokoOoprpoBaHHBIE anmMa3bl MOTYT OBITH IONYYEHBI B YCJIOBUSX BBICOKMX IaBICHUH U
TeMITEpaTyp W3 Pa3IM4YHBIX HCXOAHBIX BemiecTB. B mepBbIx paboTax HCIOIB30BAIHCH KapOua Oopa u
rpadut, a cuaTe3 npoBoauicsa noa aasiennem 8-9 I'Tla [1] wam 20 I'Tla [2] mpu temmepaTypax 2500-
2800 K. Hannume Gopa B pemreTke aamasa IposSBIsUIOCH B YBEIHUCHUH ITapaMeTpa HJIEMEHTapHON sTYeHKH
U KapAWHAJbHOM W3MEHEeHHH PamaHOBckoro cmekrpa. B amMa3zax ¢ MaKCHMalbHOH CTETEHBIO
JIETMPOBAHMS, KOTOPYIO YIaI0Ch JOCTHYb B SKCIIEPUMEHTAX, apaMeTp sueiikn yBemmuuBaercs ¢ 3.567 A
10 3.579 A, a anmasnas nuaus Ha PaMaHOBCKOM cnektpe cmertaercs ¢ 1332 no 1290 emt,

Hcnonp30BaHue B HMCXOMHBIX CMECSX YIIIEBOMOPOAOB (HadTamwH, agaMaHTaH) W KapOopaHa
MO3BOJISIET TOJNy4YaTh BBICOKOOOpMpOBaHHBIE anmasbl npu naBieHuu 8 I'Tla m Ttemmeparypax ~ 2000K
[3,4]. Onmnako BbICOKasi KOHILEHTpAIMs JICTyYHX KOMIIOHCHTOB JellaeT HEBO3MOXKHBIM MPOBEICHHE
CHHTE3a B KaMepax ¢ OONBIIMM peakIHMOHHBIM o0beMoM. s pemieHus 3Toi mpoOieMbl B KauyecTBe
MCTOYHHMKA YTJIEpPOZa MOXKHO HCIIOJB30BATh Ca)Ky WIJIM BBICOKOTEMIICPATYPHBIH KaMEHHOYTOJBHBIN IEK.
3amMeHa yIJI€BOJOPOJOB TIO3BOJSIET MAacCIITaOMpPOBATH IMPOIECC IMOJYYECHUS BHICOKOOOPUPOBAHHBIX
MHUKPOIIOPOIIKOB aJIMa3a.

Jlis cuHTE3a TOTOBHJIM CMECH CaXHM U IeKa ¢ CyOMHUKPOHHBIM MOPOIIKOM amopgHoro 6opa,
KOJIMYECTBO KOTOPOTO COCTaBIsIO OKojo ABeHamnatu (cmecb BC7) wim mectu (cmecs BC15) at.%.
CHHTE3 TIPOBOJIMIIN B KAMEPAX BHICOKOTO JABJICHHS TOPOUI C PeaKIMOHHBIM 00Bemom 0.3 ev® u 2.5 em®
npu naBienusix 7.5-8.5 I'Tla u tremmneparypax 1800-2000 K. J{nst gacTu 3KCIIEpUMEHTOB HCIOIB30BAIN
OopupoBaHHBIN rpaduT, OTYICHHBIA TEPMOOApHUUIECKON 00paOOTKOM HCXOAHBIX KOMITIOHEHTOB.

Ananu3 OOpMpPOBAHHBIX AaJIMa3HBIX MOPOIIKOB MPOBOAWINM C TOMOIIbIO CKaHHPYIOIIEH
ANIEKTPOHHONW MHUKPOCKOIHH, PEHTIT€HOBCKOTO aHAIM3a W KOMOWHALIMOHHOTO paccesHusl cBeTa. B xone
paboThl OBLTO MOATBEPKACHO, YTO CHHTE3 ajMasa BO BCEX CIy4asX HMAET M3 YHOPSJOYEHHOro rpadura,
cojepxkaHue Oopa B KOTOPOM 3aBUCHT OT TemIeparypbl ero QopmupoBanus. bop B rpadeHoBbIX
IUIOCKOCTSAX ~ 3aMeIlaeT yIjepoJ H pachojiaraeTcss paBHOyJaleHHO. bopupoBanue CHMKaeT
MOTEHIMATBHBIN Oapbep A TpaHchopMauu peneTkn rpadura B aTMasHylo U MO3BOJSET PEeaTn30BaTh
npsiMoOY Tiepexo rpadur-anmas npu nasieHusx ot 7.5 ['Tla [5].

Ha pucynke 1 mnpuBemeHbsl pe3yiabTaThl aHAJIW3a MHKPOIOPONIKAa OOPHPOBAHHOTO anMasa,
CHHTE3MPOBAHHOTO HemocpeacTBeHHO n3 cMmecu BC7 m w3 GopupoBaHHOTO TpaduTta, MOTYYEHHOTO B
NPeABAPHUTENLHBIX IKCIIEPUMEHTaX. V3 prucyHKa BUAHO, YTO MPU BapbUPOBAHUH PEKMMOB CHHTE3a MOTYT
OBITH MOJY4EHBI MUKPOKPHCTAIUIBI aliMasa C AByMs IUCKPETHBIMU MapaMeTpaMu dJIEMEHTapHOHN S4YEHKH,
TO €CTh C Pa3HON KOHIEHTpamueil Gopa. B anmasax ¢ mapamerpoM sueiiku ~3.570 A anmasmas munus
CIEKTpa KOMOMHAIIMOHHOTO paccesHus cmemaercs ao 1315 em?, a KOHIIEHTpalusi 00opa B pelieTke
cocTaBnseT okono 1%. J{ns KpHCTaIoB anMasa ¢ mapamerpom sueiikn ~3.578 A maxcumym nuamu Ha
CIIeKTpe KOMOMHAIIHOHHOTO PACCEsTHAs HaXoauTCst Ha 1292 cm™, a KoHIeHTpamus 6opa Gimska k 2 ar.%
[6]. Pazmepsr u Mmopdoorus 60pupOBaHHBIX MUKPOKPUCTAUIOB ajMasa JlaHa Ha pUCYHKE 2.
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Puc. 1. Yyactok audppaxrorpamm B obnactu nuka 31lanmasa (a) u PamanoBckue criektpsr (6):
1 - HeGopupoBaHHBIN anmas, 2 - bopupoBaHHbIi anmas u3 cmecu BC7 (7.5 I'Tla, 1800 K),
3 - 6bopupoBaHHbIi anMa3 u3 6opuposanHoro rpadura (8.0 I'Tla, 2000 K)

M, X2,700  5um 0970 29/MAR/07

a
Puc. 2. MukpoKpHCTaILIBl BHICOKOOOpHpOBaHHOTO aiMasa u3 cmeceid BC7 (a) u BC15 (0)

Ha wMwukpomopomkax anma3a ¢ pa3d4dHBIM  COJEpKaHWEM Oopa TIPOBEIECHO H3MEpPEHHE
ANEKTPUYECKOTO COMPOTUBJICHHSI MPU KOMHATHOW Temmeparype. TemmepaTypy CBEpPXIPOBOISIIETO
nepexona (T.) TOpPOMIKOBBIX OOpa3lOB ONpEAe/IsUId 10 Hadaly JUaMarHUTHOTO BKJIaga B
HaMarHW4YeHHOCTb. MI3MepeHns: MPOBOIMIINCH B PEIKUME OXJIAXKICHUS B HyJIeBOoM MarHuTHOM Tioiie (ZFC)
Ha BHOpallMOHHOM MarHuTomMeTpe yctanoBku PPMS-9 mpomssomctBa Quantum Design. Jlias asyx
obpasioB T, Obuta 6mu3ka k 4 K, a B omaoMm cocrasuina 10.2 K.
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KOMIIBIOTEPHOE MOJAEJIUPOBAHUE OBPA30OBAHUA YIJIEPOJHBIX HAHOYACTHUIL
DomMuH IO.I[.l’2

! WuctutyT Qusuku Beicokux nasieHuit uM. JI.®. Bepemaruna PAH, r. Mocksa, r. Tpounk
2 MoCKOBCKHit (bU3UKO-TEXHUYECKUI HHCTUTYT, T. MOCKBa

fomin314@mail.ru

B nmanHOli pabore u3ydaercs (OPMHUPOBAHHME YIJIEPOJHBIX HAHOYACTHUI], BO3HHKAIOIIUX TpPHU
OXJIXJIGHUH Ta3000pa3HOro yriepoaa HIbKe KpuBOM cyOmmumaruu. PaccmarpuBaroTcsi 1Be MOJENTH
yriepona: AIREBO [1] u REAX-CHO [2]. TMokazano, uro B Mmomenu AIREBO ¢opmupyrorcs B
OCHOBHOM aMop(HbIe HaHOYACTUIBL. [IpM 3TOM B HEKOTOPOM HHTEpBaje IUIOTHOCTEH HaOIIOmaeTCs
HeOoubIasi rpaduTu3anys, HO OCHOBHAs YacTh HAHOYACTHUIBI OcTaércsi amopdHoil. B Toke Bpems
Mozens REAX-CHO cunbHO niepeonieHnBaeT sHepruto cBsizu. [loaromy naxe npu tremmeparype 8000 K u
HU3KOH TIOTHOCTH CHCTEMa He SIBIISIETCS ra3o00paszHoil. [losroMy, HecMOTpst HA TO YTO 3Ta MOAEIH
XOpOIIO ONHUCHIBACT (HOPMUPOBAHKE YTIEPOJHBIX JYKOBHUI], €€ HEIb3s NPHUMEHATH IS OIHCAHUS
(hopMHUpPOBaHKS HAHOYACTHIL ITPH OXJIAXKIACHUU ra3000pa3HOTO yriepoa.

Paboma evinonnena npu noodepowcke epanma Ilpesudenma P@ monoovim dokmopam unayk MJ]-

6103.2021.1.2.
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XAPAKTEPUCTHUKA BOJIOKOH KAPBUJIA KPEMHMUJ],
MNOJYUYEHHbIX CWJINIIUPOBAHUEM YTIJIEPOAHOU TKAHU TAPAMM SiO

®poaosa M.I'.", JIsicenxon A.C.}, Kpasuyk K.C.2, Mcromuna EH., Kaprun 0.0}

! denepanbHOE ToCyIApCTBEHHOE BIOKETHOE YUPEKACHHE HAYKH MHCTHTYT METAIUTypriH 1
MarepuanoseneHus uMm. A. A. baiikoBa Pocculickoi akagemuu Hayk, I. Mocksa
? denepanbHOE TOCYIAPCTBEHHOE BIOKETHOE HAYYHO® YUperxkIeHHe TeXHONMOrHUECK I HHCTUTYT
CBEPXTBEP/bIX U HOBBIX YIJIEPOJHBIX MaTepuanos, I. Mocksa, r. Tpouik
3 WNuctutyt xumun OULL Komu HIT YpO PAH, r. CeikTbIBKap

frolovamarianna@bk.ru

3aMeHa METAUIMYECKMX CIUIABOB KEPAMHUYECKMMH KOMIO3MIMOHHbIMA Marepuaiamu (KMK) B
AIICMEHTAX JIBUTATENICH W BBICOKOHAIPY)KCHHBIX JCTACH MalIiH TPEOYIOT COBEPIIICHCTBOBAHKS MATECPHAIIOB C
YJIyYIICHHBIMU TETUIOBBIMUA U MEXaHUYCCKUMU XapPaKTEPUCTUKAMH, HEOOXOIUMBIMU IS JOJITOCPOIHOM
CITyKOBI 1 OecriepeOOHON paboThl YCTAHOBOK U JBHTaTeNei. KOMIO3UTHI HA OCHOBE KapOua KpeMHUS
(SiC/SICy) sBastiroTCS MEPCICKTHBHBIME MaTepHalaMH Oyarofaps WX CBOHMCTBaM: HU3Kas IUIOTHOCTb,
HU3KHH KOA(Q(OUIMEHT JTUHEHHOrO TEPMHUYECKOr0 DPACIIMPEHHUsS, BBICOKAs MPOYHOCTH HpPH H3rHOe,
BBICOKAsi TBEPAOCTh MO BUKKepCy, BBICOKHI KOA(PQHUIMEHT HHTEHCHMBHOCTH Hampspkenuil [1]. B
MOCIICAHUE TOMABl BEIYTCS aKTHBHBIC Pa3pabOTKH MO CO3JaHUI0 KEPAMOMATPHYHBIX KOMITO3UTOB Ha
OCHOBE KapOuJa KpeMHHSI, OJTHAKO, MHOTHE BOIIPOCHI, MO-TIPEKHEMY, SIBJISTFOTCSI OTKPBITHIMH.

Oxaum u3 PaKTOPOB CACPIKUBAIOIIMX MPOU3BOACTBO KOMIIO3uTOB SiC/SICt sIBIsICTCS OTCYTCTBUE
B P® mnpoMbIIUIEHHONW TEXHOJOTHH BOJIOKOH KapOuga KpeMHHs (BCICACTBHE CIIOKHOCTH H
JIOPOTOBHU3HBI CYIIECTBYIOIINX MPOIIECCOB CHHTE3a).

B pabore mpejactaBieH TEKCTHIIbHBIA MaTtepuan (TKaHb) Ha OCHOBE KapOHWIa KpEeMHHUS,
MOJIyYEHHBIH COTJIACHO METOJy, pa3paboTaHHOMY B XOJ€ COBMECTHOM padoThl MHcTHTyTa XMuu Komu
PAH u UMET PAH [2], ocHOBaHHOMY Ha CHJIMIIMPOBAHHWH YTIIEPOIHBIX MaTtepuanoB mapamu SiO. B
KavyecTBe MCTOYHHKA ra3oo0paszHoro SiO HMcmosap30Bain KOMIAKTHPOBaHHYI0 cMech Si u SiO,, cunTes
ocymecTBasin nipu Temreparype 1300°C. Peanumzarus Metona ocymiecTBseTcsl Ha 0a3e BaKyyMHOMH
M€Y C HEMPEPBIBHOM OTKAYKOM ra3oB. [1oaydeHHBbI TEKCTHIBHBIA MaTepral BO3MOKHO MCIOJIb30BaTh
B KayeCTBE apMHUPYIONIETO KOMIIOHEHTa KaK B BHUJC IOCIOWHOW YKIAAKH TKaHHW, TaK M TpH &
U3MEIBYCHUA B BHJC XaOTHYHOTO WM YIOPSJOYCHHOTO pACHpPEICICHUS JUCKPETHBIX WU
HEMpPEPBIBHBIX BOJIOKOH SiCs B 00beMe KEPAMHUUYCCKON MaTPHIIBI.

W3 nonyuenHou Tkanu SIC TOTOBWIM 00pasubl s HM3YYCHHS MEXAHUYECKUX U (DU3HMKO-
XUMHYECKHX CBOHMCTB BoJOKOH (SiCy): da3oBoro cocraBa, coiepkaHHs KHCIOPOJa, MPOYHOCTH MPHU
pacTsHKEHUH, MUKPOTBEPJOCTH, MOAYJS yHpyroctu. PacmmdpoBky audpakTorpaMMm MpPOBOIUIH C
momonipio maHHeix 0a3 COD-2014 [3] u ICDD-2011. ITo nanueiM P®A, BoJOKHA HCXOMHOM
YIJCPOJAHON TKAHU COCTOSIT M3 TeKcaroHaibHOW Momudukanuu rpadurta 2H (kaprouka PDF 41-1487,
apyrue Gasbl HE PEruCTpUpYIOTCs). BojokHA mMosydeHHON KapOWIOKPEMHUEBOW TKAHU SIBIISIOTCS
nByx¢pasupiMd U coctoar w3 kyoOudeckoir [B-SIC (3C-SIC (COD «kaprouka 96-101-0996)) wu
rekcaronanpHoi a-SiC (6H-SiC (COD kaptouka 96-901-1662)) moaudukanmii. Metogom PutBenbaa
paccuutanHo cootHoimienue (a3 3C-SiC : 6H-SIC = 68,4% : 31,6%. [To xapakTepHOMY YIIHPEHUIO
nudpakMOHHBIX MUKOB, omneHeHbl pasMmepbl (OKP) oOpasyromuxcs B X0Ie CHIMIUPOBAHHS
yIJICPOIHBIX BOJIOKOH HaHOpa3MepHbiX yacTull SiC. Onenka o gopmyie leppepa-CensikoBa pazmMepoB
KprCTAUIUTOB (00JIaCTEll KOTEPEHTHOTO pACCEsHUS) B YaCTUIAX KapOuga KpeMHHs, O00pa3yromux
BOJIOKHO, A€t 3HaueHue ~10 uwm.

CoxmepkaHue  KUCIOpPOJa B  BOJOKHaX ONPENesUId C  KCIOJb30BAaHHUEM  METOTUKH
BOCCTAaHOBUTEJIBHOTO TUIABJICHUSI 00pa3iia B rpaMTOBOM THUIJIE HAa aHAIU3aTOpPE KUCIOpOJa M a30Ta
dbupmbr “Leco” momens TC-600. ITo maHHBIM aHanmu3a oOIIee CoAepKaHWE KHUCIOPOJa B BOJOKHAX
KapOua KpeMHHs B 00pa3iiax nojyueHHOW KapOUIOKpEeMHHEBON TKaHU He mpesbimaet 2,1 mac.%.
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C mnomomipio mpubopa HawoCkan-3D B ®I'BHY «THUCHYM» mnpoBeacHBl HCCIEIOBaHUS
MUKPOTBEPJOCTH W MOJIYJII YHOPYrOCTH BOJIOKHA. [l W3MEpeHHs] MHKPOTBEPIOCTH M MOMIYJIS
yIpyroctd BoJoKoH SiCys, MONyueHHBIX CHIIMIIUPOBAHUEM yIIIepOJHON TKaHu napamu SiO, ¢ TOMOLIbIO
ONTUYECKOTO MHUKPOCKOTIA BRIOUPATN YYaCTOK OTILIM(OBAHHOTO 00pa3iia ¢ JICKAIIMMH TOPU30HTAIBHO
BOJIOKHAMH, TPEIBAPUTEIBHO 3aJUTBIMH B cMoily. Ha BBIOpaHHOM ydYacTKe WPOBOJIWIH CEpUHU
WCIBITAHUH C TIOMOIIBIO UHACHTUPOBaHUs. OnpeaeneHue TBEPAOCTH U MOAYJIS YIPYTOCTH BBITIOJIHEHO
METOJIOM HMHCTpyMeHTanbHOoro wuHaeHtupoBanus (COCT P 8.748-2011(MCO 14577-1:2002)
TpeXrpaHHOW mupamuaoil Tuma bepkoBuya. YCTaHOBJICHO, YTO 3HAYCHHE MHUKPOTBEPJOCTH BOJIOKOH
SiCt¢ cocraBnsierl0,7+£0,4 I'Tla, moxyns ynpyroctu 110+10 I'Tla. [Tpounocts npu pactsikenuu SiCt
BOJIOKOH (n3mepenus Bes o TOCT P 57407-2017) cocraBuia 1500£120 MITa.

YpOBEHb CBOWMCTB IMOJIyYEHHBIX BOJIOKOH HM)XE YPOBHS CBOWCTB HamOoyiee M3BECTHBIX CETOJHS
BosiokoH Nicalon, B Buay neeKTHOCTH MOBEPXHOCTH UCXOIHOU YIIePOIHON TKAHH, U Pa3HOM CIIOCO0e
CHHTE3a, HO, TeM HE MEHee, MOJyUCHHBIC BOJIOKHA MOXXHO PEKOMEHJI0BATh UISI CO3IaHMsI KOMITO3UTOB

Ha ocuose SiC/ SiCs [4 - 5].
Memoouueckas wacmo (COM, POM) svinoanena 6 pamkax 2oczadanus Ne075-00328-21-00.
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IHEPCIHEKTHUBBI UCITOJIb30BAHUA ®TOPUPOBAHHbBIX HAHOAJIMA3OB
JJIs1 CHHTE3A CBEPXTBEP/IbIX KOMIIO3UTOB

Xao0amecky B.H.l, ®usonenxo B.I1.2

! @daxyJbTeT MaTepUaIOBEACHHS U HAaHOMHXKeHepuH, Y HuBepcuteT uM. Y. M. Paiica, r. Xprocton, CILIA
2 WuctutyT dusuku Beicokux nasienuii uM. JI.®. Bepemaruna PAH, r. Mocksa, r. Tpouik

khval@rice.edu

OCHOBHBIM HEJIOCTaTKOM aJIMa3HBIX KOMITO3UTOB C METAJUTMUECKON CBSA3ZKOM SBIAETCS JAerpajiarus
cBoiicTB npu temnepatypax okoso 700 °C, yto cHmkaeT 3pPEeKTUBHOCTb UX NMPUMEHEHHUS, OCOOCHHO
BAXHYI0 Ui OypoBOro  WHCTpyMeHTa. Jlng  yiaydmieHHs  TePMHYECKOM  yCTOWYHMBOCTH
MOJUKPUCTAIIMYECKUX aJIMa3HbIX KOMIIO3UTOB IPH COXPAaHEHHM BBICOKOTO YPOBHS HUX (PHU3HKO-
MEXaHMYECKUX XapaKTEPUCTHK ObLIA MCCIIC0BaHA BO3ZMOYKHOCTD HCIIOJIb30BAaHHS B KA4ECTBE MCXOIHBIX
KOMIIOHEHTOB (DPTOpPMPOBAaHHBIX HAHOAIMAa30B M HUX CMeced ¢ MHKpoanmazamu. Tepmobapuueckas
obpaboTtka (ropupoBaHHbIX HaHOaaMa30B (5-10 HM) mokaszaia UX BBICOKYIO ()a30BYIO CTAaOMIBHOCTH B
ycnoBusix (7-8 TI'Tla, 1500-1700 °C), wucnonb3yeMmblx Ui MOJYYEHHs aJiMa3HbIX KOMIIO3UTOB B
NPOMBINUICHHBIX MaciuTabax. CHHTE3 NpPOBOAWINM B KaMepax BBICOKOTO JaBJICHHS THIIA TOPOUI.
O06pa31pl ociie MeXaHUUeCKo 00paboTKH UMeENn AUaMeTp 4 MM U BBICOTY 3 MM.

Panee mpu Tepmobapuueckoii 00paboTke cmeceii (ropupoBaHHbIX HaHoaama3oB (5-10 HM) ¢
CYOMHKpPOHHBIM QJIIFOMUHUEM ObUI OOHAPYXEH aHOMAJIbHBIA POCT KPUCTAJUIUTOB aiMa3a 0 MUKPOHHOTO
muarmazoHa [1]. ®opmwupoBanue cBs3eit C-C MekIy HaHOYACTHUI[AMH ajiMa3a aKTHBHPOBAJIOCH
peanm3anueil B yCIOBHSIX BBICOKMX JaBJCHUI peakuuu Bropia, a oOpasoBanue ¢uronansix Al-C-F ¢a3
YCKOPSJIO MacCOIEpPEeHOC YIIIepoJa W NPUBOAMIO K OBICTPOMY pPOCTy HaHOYacTHI. DTOpHUpOBAaHHBIC
HaHoanMasbl ¢ pazmepamu 80-100 HM U 7006aBKOW aTOMUHHS AaKTUBHO CIIEKAJIHCh, HO YBEJINYUBAINCH B
pa3Mepax ropaszio MeHbIIIE.

AnMa3zHbIe MOJUKPUCTAIIBI C BBICOKUM YPOBHEM IMPOYHOCTH W TEPMUYECKOHW yCTOWYHMBOCTBHIO B
uHTepTHON atMocdepe no 1200 °C ObuTh MOMYyYeHBI U3 cMecei (PTOpUPOBaHHBIX AaIMa30B MUKPOHHOTO
pa3mepa u HanoaamasoB (80-100 um) ¢ no6aBkoit amomunus [2]. KomuuecTBo antoMUHHS MOA0MPAIOCh
TaKuM 00pa3oM, 4TOObI B Ka4eCTBE HEAIIMa3HOU (a3bl B 00pasnax OCTaBaJICs TOIBKO (PTOPUI AITFOMUHUS
U OTCYTCTBOBAJI KapOua altOMHHHUS. MHKPOCTPYKTypa alMa3HOTO MOJHMKPHCTAIa Ha OCHOBE CMECH
(TOPHPOBAHHBIX MHKpPO- ¥ HaHOIOPOIIKOB IOKa3aHa Ha pucyHke 1. Takme o00pasipl TOKa3aiu
W3HOCOCTOMKOCTh IMPH TOYEHHUH TBEPAOTO CIUIaBa M OEJNOro TIpaHWTa HAa YPOBHE HPOMBIIUICHHBIX
KomIo3uToB kommanuu US Synthetic, koTopbie IUPOKO KCIOMB3YIOTCS [Tl OCHAIICHUS] OYPOBBIX JI0JIOT.

a 0 c
Puc. 1.CtpykTypa nojmkpucrauia, IoJIly4eHHOTO ClieKaHHeM (hTOPHPOBAHHOW CMECH MHUKPO-
Y HAHOTIOPOIIIKOB aMa3a ¢ JobaBkoi amoMuHus nipu gasinernn 7 ['Tla u remneparype 1600 °C.

Jnst mosydeHHsl TpU BBIOPaHHBIX TEPMOOAPHUECKUX PEXKHUMaX KOMIIO3UTOB C METAJLTMYECKOM
CBS3KOM K (PTOpUPOBAaHHBIM MHKPO- W HaHOAJIMa3aM J00aBIsUIM ATOMUHUA W KoOanbT. OOmiee
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KOJIMYEeCTBO T00aBKM HE mpeBbimano 12% mo macce, a COOTHOIICHHUE MEXIY aJTIOMHHHEM M KOOAJTbTOM
BBIOMpAN U3 pacueTa 00pa3oBaHus B mpoliecce cuHTe3a narepmeraumaa AlCo.

PentrenoaszoBerii aHaan3 00pas3IoB MOKa3ai, YTO rpauTH3AIMS IPU CIIEKAHUH OTCYTCTBYET YXKe
IpU KOJIMYECTBE METAIJIOB Ha ypoBHe 5% mo macce. CKOJIbI KOMIIO3MTOB SIBISIFOTCS TMPaKTHUECKU
MOJTHOCTBIO TPAHCKPHUCTAUTUIECKUMH, YTO CBHIETEIHLCTBYET O (DOPMHUPOBAHWM IMPOYHOTO KapKaca M3
aJIMa3HBIX MHUKpOKpHcTaioB. HaHoanmassl, pacnojioKeHHbIe B Opax MEXIy YaCTHLAMH MHKPOHHOTO
pasMepa, HMEIOT PaBHOOCHYIO (hOpMy C YacTUIHOW orpaHkoir. Momynbs FOHTa 00pasioB KOMITO3UTOB
cocrasnsin 830-870 I'Tla.

Ha pucynke 2a mpencrtaBiieHbl pe3yJbTaThl AMIATOMETPHUECKOTO aHajm3a. Pe3koe yBenmueHHe
pa3MepoB KOMIIO3MTOB CBSI3aHHO C TrpaduTH3alMedl M HayaJoM pa3pylieHHus. B npombluieHHOM
KOMIIO3UTE 3TO mpoucxoauT mpu temneparype 870 °C, a B oOpasne u3 (HTOPUPOBAHHBIX alIMa30B CO
ces3koit AICo - mpu 950 °C. B kommosurax Oe3 KoOanbTa JIMHEHHOE YBEIUYCHHE pPa3MEpOB
HaOro1aock 10 Temnepatypsl 1200 °C.

CpaBHUTENbHBIE HCHBITAHUA IpPU TOYEHHM OENoro IrpaHUTa MOKa3ajid, YTO H3HOCOCTOMKOCTH
IKCIIEPUMEHTANBHBIX 00pa3loB CYIIECTBEHHO BBIIIE, YyeM y MmarepuanoB kommanuu US Synthetic. Ha
pHUCyHKe 2 ipuBeeHbI (POTO MATEH U3HOCA 00PA3LIOB MOCIIE MATH IIUKJIOB TOYEHUS TPAHUTA.

ALIL, %

P

=

300 400 500 600 700 800 900 1000
Temperature, °C
a
Puc. 2. Pe3ynbTaThl aHaN3a TEPMUYECKON yCTOIYMBOCTH () M U3HOCOCTOMKOCTH (0,B)
a — U3MCHEHUE I€OMETPUYECKUX Pa3sMEPOB KOMIIO3UTOB IIPU HArpeBe B aproHe:!

1 — xoMno3uT U3 cMecu GTOPUPOBAHHBIX MUKPO- U HAHOAIMA30B C JIFOMHHHUEM, 2 - KOMIIO3UT U3 CMECH (hTOPUPOBAHHBIX
MHKpO- U HAHOAJIMA30B C AIFOMUHHEM M KOOAIbTOM, 3 — IPOMBIIUICHHBIH ABYXCIOMHBIA KOMIIO3UT aMa3/TBepIblil CIUIaB;
6 - marHO M3HOCa Kommosuta US Synthetic;

B - IITHO M3HOCA KOMIIO3HTA U3 CMeCH (hTOPHPOBAHHBIX MUKPO- 1 HAHOAJIMAa30B C AJIFIOMUHUEM M KOOAIBTOM

[lonmyueHHble pe3yibTaThl MO3BOJISIOT YTBEpPXKAaTh, YTO HCIHOJIb30BaHUE (PTOPUPOBAHHBIX
HAaHOAJIMA30B B CMECAX C MUKpOAJIMa3aMU MOXET CIY>KUTh YHHKaJIbHOM 0a30# [l pa3pabOTKH HOBBIX
CBEPXTBEPIABIX KOMIIO3UTOB C PAa3JIMYHBIMU TUIIAMU CBS30K.
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MEXAHHUYECKHUE U CTPYKTYPHBIE OCOBEHHOCTHA
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VYubrparBepnplii  QyJuiepuT o0NazaeT BBICOKMMH 3HAYCHUSMH MEXaHWYECKHX XapaKTEPHCTHK
(oOBbeMHBI MOAYIb CXKATHS U TBEPIOCTh), KOTOPHIC MPEBBIMIAIOT TBEPAOCTh U OOBEMHBIH MOIYJb
ckatus anmasa [1]. [Toaromy ecTh HHTEpEC B MOTYYCHUH U HCcieaoBaHnu cBoicTB 3D momumepos Cep.

CunresupoBare 3D mnonmmepusoBaHHble ynbTpaTBepabie (azbl Cgyp MOXKHO MpH CIEAYIOIINX
ycioBusX (BbICOKHE JaBieHUs U Temneparypsi): nmpu 18 I'Tla ¢ mpunoxkeHnem cABUTOBBIX Aedopmanuit
[2]; okomo 25 I'Tla B ycmoBusx rumpoctaTueckoro Harpyxenus [3]; okomno 7 I'lla ¢ mpumeHeHHeM
katanmu3aropa (cepoyriepoma) u capura [1]; mpm 13 T'Tla m 1100 K [4]. Tlpu stoM TBEepmoCTh
yIbTpaTBepabIX 00pas3ioB Bapeupyercs B auanazone ot 200 no 300 ['Tla, a 00beMHBIN MOIYIb CXKATUSA OT
600 mo 1000 I'Tla [1, 4, 5]. [ToMUMO OTIMYHBIX MEXAHUYECKUX CBOWCTB, YJIbTpATBEPIbId (QYJLICPUT
o0llaiaeT emie OAHOW OCOOCHHOCTHIO. YIIMPEHHBIH MUK B BBICOKOYACTOTHOH 0Ojactu PamaHoBckoro
CIIEKTpa CMEINACTCs B 3aBUCHMOCTH OT JUIMHBI BOJIHBI JlazepHOro manydeHus [1, 4]. Takoe cmemieHnue
HaOJI0/IaeTCs TAKXKE U B HEKOTOPBIX JPYTHX YIJIIEPOIHBIX CTPYKTYypax, HampuMmep, B HaHoanMmasax [6, 7].
B PamanoBckux criekrpax 3D Cgy Mony B paiione 1560 cm™ MoxHO OTHECTH K Sp3 THOPUIN30BaHHBIM
CBSI35IM, KaK 3KCIIEPHMEHTAIIbHO MOKa3aHo B pabore [6].

B nanHo#i pabGore KpuCTaibl (yiepeHa ¢ CepoyriepoloM M TOpPOIIKa YUCTOro (yJuiepeHa
Harpyxaiauch 10 aasieHus ~ 70 I'Tla B ycoBusX OJIM3KAM K THAPOCTATHYECKUM (0Opa3iibl MOMEIATHCH
B cpeny, 3amonHeHHyto NaCl). MccnenoBaHo BiHMsHUE AIMHBI BOJHBI Jiazepa (MCIOIB30BAIKMCH UTHHBI
BoaH 405 M u 532 HM), PH KOTOPOM MPOM3BOAUTCS CheMKa PaMaHOBCKHX CIIEKTPOB, Ha 3HAYCHHS
O00BEMHOTO MOXYJISI CKAaTHs  yJIBTPAaTBEPIABIX O00pa3loB MpPH YCIOBHH, YTO TPOHUCXOIMIN
(boTOMHAYIMpPOBaHHbIC TpeBpalieHus (M3MeHeHHe XapakTepHoro PamanoBckoro crektpa 3D Cgo npu
obydeHHoCcTH nazepom 2 -10° B/ m?). Tlo HAaKIIOHY IMHEHHBIX 3aBHCHMOCTEH 4acTOTHl PaMaHOBCKOTO
paccesiHuSI CBeTa OT JaBJICHHMs, NMOKa3aHHBIX Ha puc.l., ObuM ompeseneHsl 0ObEeMHBIE MOIYJIN CXKATHUS
ynbTparBepasix nonmumepoB 3D Cgo. Tak, mns obpasuoB 3D Cgp, rae NpUCYTCTBOBAJI H3HAYAIBHO
CEpOYIIIEPO], TONYYaeM CIIEAyIOIHME 3HAYEHUsA 00BEMHOTO MOy CKaTHA: By 405y =560 +10 [Tla u

Bo(sz) =940+10 [7la, a rae Obur 4ucThii GysiepeH, 3HaueHUs OOBEMHBIX MOAyJel cxarus 3D
nonumepa paBHbl By 5 =558 114 [Tla w By, =449+12 [Tla  coorBercTBeHHO. Pasnnune B

MOJyJIsIX 00pa3loB, I'/le W3HAYAJIbHO MPUCYTCTBOBAJ CEPOYTIEPOJl, MPAKTUUECKU HET, YTO MOXKET ObITh
cBsizaHO C TeM, 4To cTpykTypa 3D Cso mommmepa Be3ne oauHakoBa. Toraa kak B cimydae 3D Cgp Oe3
coJiepKaHusl cepbl B 00pasle MOTyT CYLIECTBOBAaTh Pa3IMYHbIE THIbI KIACTEPHBIX CTPYKTYp, UYTO U
BBI3BIBACT pa3inure B 00beMHBIX MOAYIsIX cxkaTHs. CTpykrypy 3D Cgp MOXKHO M300pa3uTh pa3ImaHBIMU
MHOTOIPaHHHKAaMH, M3 KOTOpBIX OyIeT COCTOSATh CilydyaiiHas IUIOTHAas yImakoBka TBepabix cdep [8].
Pa3Hble Tumbl KjacTepoB, B CBOIO oOuepelb, OyIyT AaBaTh pa3jinyMe B CEUEHUSIX PaMaHOBCKOro
paccesiHus CBeTa, yTO OyAET BIMATH Ha 3HAYCHUS 00BEMHBIX MOJYJIEH CoKaTusl.
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a 0

Puc. 1. 3aBrcuMoCTh 4aCTOTHI PAMaHOBCKOTO pacCesiHUs YUTMPESHHOTO MUKa YABTPATBEPAOT0 PyjuiepuTa OT JaBJICHHS
pu 00JTydeHUH 00Pa3IlOB JIa3ePHBIM H3yucHUeM JirHaMu BoH 405 um u 532 um:
a) THPOCTATHYECKOE HATPY)KEHHUE KPUCTAIIOB (hyJiepeHa ¢ cepoyriaepoaoMm;
0) THAPOCTATHYECKOE HATPYKEHUE MOPOIIKA YUCTOTO (yIIepeHa
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IJEKTPOOCAXKIEHUE KOMITIO3UIIMOHHBIX MOKPBITUI HA OCHOBE HUKEJIS
B HECTAHUOHAPHOM PEXXUME
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Kommno3unnonHuble snekTpoxuMudeckue mokpeitus (KOI1) momydaroT mpu COBMECTHOM OCaXKICHUH
METAJUVIOB C PA3JIMYHBIMU JUCHEPCHBIMM YacTULAMHU M3 JJIEKTPOJIMTOB-CYCIIEH3UH. Bxmrodasch B
METAJUIMYECKYH0 MATPHUILY, YACTHULII YJIYYIIAXOT 3KCIUTyaTallHOHHBIE CBOMCTBA T'AJIbBAHMYECKUX OCAJKOB
(M3HOCOCTOWKOCTh, TBEPAOCTh, KOPPO3HOHHYIO cToWKocTh W np.). Cpemu KOII momy4mnu mumpokoe
pacrpocTpaHeHHE MOKPHITHS Ha OCHOBE HHKEIs, YTO OOYCIOBJIEHO €ro CIIOCOOHOCTBIO (POPMHPOBATH
EKTPOIUTUYECKUE OCAJKHU C JAUCHEPCHBIMH YacTUI[AMM Pa3HOM MPHUPOAbI, 00JaAarolue Xopolei
aaresuer K MeTaJUIM4ECKOM OCHOBE.

Xapakrepuctuku KOII Bo MHOrom ompenensitorcs cBOHCTBaMM JucHepcHol (as3bl. B HacTosee
BpE€Msl 3HAYMTEIIBHOE YHMCJIO MCCIENOBAHUM IIOCBAIICHO JJIEKTPOOCAXKICHHUIO KOMITO3WIIMOHHBIX
HUKEJEBbIX MOKPBITUH, MOAM(DUIMPOBAHHBIX pPA3JIMYHBIMU YIJIepoaHBIMU Matepuaiamu. Cpenu
COEIMHEHUH yTiepoaa NpeACTaBIsSIOT HHTEPEC rpapuT, 0COOEHHOCTHIO KOTOPOT'O SIBJISETCS BhIpAKEHHAS
cioucTas CTpykTypa. I'paguToBBIil Cl10i MOXKET BBICTYNATh B Ka4eCTBE JOHOPA, pearupys ¢ pa3InuyHbIMU
okuciurensimu.  [lpu  B3aumopelictBuuM rpadura C CHIBHBIMM HEOPTraHMYECKHMMH  KHCIOTaMH
dopmupyertcs okcun rpadena (O).

Lenp HacTosimield paboOThl — MONYYUTh B peBepcUBHOM pexkume snekrponusza KOII nukens—Orl,
HCCIIEI0BATh UX CTPYKTYPY U KOPPO3HOHHBIE CBOMCTBA.

[IpenmyLIecTBO HECTAlMOHAPHOTO, B YACTHOCTH, PEBEPCUBHOIO 3JIEKTPOJIM3a 3aKJIIOYAETCS B
3HAYUTENbHO OOJBIIEM KOJIMYECTBE NapaMETPOB, KOHTPOIMPYIOLIMX IMPOLECC OCAXKAECHUS IMOKPHITHH.
[IpuMeHeHne pEeBEPCUBHOTO TOKA IO3BOJSET MOBBICUTH COJIEp)KaHHE IUCHEpPCHON (ha3bl B CTPYKType
K3II u noctuus €€ paBHOMEPHOTO paciupeAesieHus Mo TONIINHE OCaIKa.

Benenne aumcnepcum okcuga rpageHa B COCTaB  CyJb(aTHO-XJIOPUAHOTO  3JIEKTPOJIHUTA
HUKEJIMPOBAaHUS OKa3bIBAa€T 3HAUUTEJIBHOE BIMSHUE HAa KUHETHUKY 3JIEKTPOJIHBIX npoueccoB. Ha E, t —
KPUBBIX MMEET MECTO YMEHBILIEHUE CKAuKOB IOTEHIMAla INPU INEPEXoJe OT KAaTOAHOIO INepuoja K
anogaomy (puc. 1). ITpu ocaxmenun KOII mukens—OI' HabmogaeTcss CABUT MOTEHIIHATIOB B CTOPOHY
OoJiee >IEKTPOOTPULIATENFHBIX 3HAYCHUN TI0 CPAaBHEHHIO ¢ HUKEJIEeM 0e3 JUCTIepCHO (a3bl.

HccnenoBanre METOIOM CKaHMPYIOIIEH IEKTPOHHONM MUKPOCKOIIUHU IO3BOJIMJIO YCTaHOBUTH, YTO
okcuj rpadeHa obiamaeT CIOMCTONW CTPYKTYpPOH € JOCTaTOYHO pa3BUTOW MOBEepXHOCThI0. Ha oxcuue
rpageHa MOXKET MPOUCXOIUTh aacopOLMs KATHOHOB U3 PACTBOpA MIEKTPOJIMTA, YTO NPUBOJUT K
(OpMHUPOBAHUIO TIOJOKHUTEIBHOTO 3apsia yacTull aucnepcHor ¢assl. [loaromy mepenoc OI' k karomy
OCYILECTBIIAETCS] HE TOJIBKO BCJIEICTBUE KOHBEKIMH, HO WU TOA AECHCTBHEM 3JIEKTPOPOPETUUECKUX CHIL.
BeposiTHO, ancopOupoBaHHBIE MOHBI yYacTBYIOT B «MOCTHKOBOM» CBSI3bIBAHUHM JIUCHEPCHON (a3bl ¢
JIEKTPOAHON MOBEPXHOCThIO. DTO CBS3bIBAHUE OCIAONIAET PACKIMHUBAIOLIEE aBJICHUE >KUAKOCTHOM
npocioiiku Mexnay yactuuamu OI' u xatomom, ycunuBas aares3uto. Ilo pesynbratam peHTreHO(pa30BOro
aHanmu3a oOpasna NOKpbITHs HUKeIb—OI' BBISIBIICHBI MMKH, COOTBETCTBYIOIINE (Da3aM HUKENS U yriepoja
B HUKese. [Ipu mepexojie 0T HUKENEBOTO Ocajllka, He coaepxaiiero aucrnepcHoil ¢assl, k KOII nHukens—
OI' mensieTcst MukpoTornorpadusi moBepxHOCTH. KOMIO3UITMOHHOE MOKPHITHE 00J1a1aeT yHOPSI0UCHHON
SYEHCTON CTPYKTYpOW, B TO BpeMsl KaK CTPYKTypa YHCTOTO HHUKENs ONM3Ka K PEHTIeHOaMOp(HOM.
OueBHIHO, YaCTULBI OKCHJIA TpadeHa BBICTYNAOT B KAYECTBE LIEHTPOB KPUCTAIIM3ALMU U CIIOCOOCTBYIOT
pacIpeeNeHuI0 METAUINYECKOT0 HUKENS 10 KaTOAHOM moBepXHOCTH. ClleyeT TakKe OTMETUTh, YTO
KO3II nukens—OI mi1oTHBIE U pABHOMEPHBIE.
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BaxHbIM 3KCIUTyaTallMOHHBIM CBOMCTBOM 3JIEKTPOJIMTUYECKUX OCAIKOB SIBISETCS KOPPO3UOHHAS
cToikocTh. M3 aHoaHbIx moteHnuoauHamuueckux kpuBbix (ITJK) uukens u KOII nukens—OI cnenyer,
YTO YaCTHUIIbl TUCHEPCHOM (Da3bl MOBBIILIAIOT MOTEHIMAN U, COOTBETCTBEHHO, YMEHbBIIAIOT TOK AKTUBHOTO
AQHOJTHOTO PACTBOPEHMSI M3YUYECHHBIX MOKPHITUNA. Koppo3noHHOE noBeIeHNE KOMITO3UIIMOHHBIX TOKPBITHH
B 3HAYMTEIIFHOW Mepe OOYCIIOBIEHO CBOWCTBAMH METAJUIMYECKOW MATPHIBI, TOATOMY MOTEHIIMAIIBI
Hayvaja naccuBanuu yucroro Hukeas 1 KOII aukens—OlI" 0au3ku. XapakTepHoi 0COOEHHOCTHIO aHOAHOM
[NAK KO3II nukens—OI' sBisercs 3aMeTHOE YLIMPEHUE IAaCCUBHON 00JaCTH, B TO BpeMs Kak JUIs
HUKEJIEBOTO MOKPHITUA 0e3 nucnepcHoi (a3bl oHa pa3MblTa. B nanbHel aHOIHON 00J1aCTH MOTEHLIUAIOB
gactuibl OI' B 00beMe HUKEIEBOM MATpPHUIIBI TaKKE€ OKa3bIBAIOT 3HAUMTENbHOE BiusHue Ha xon [1JIK
(moTeHIMaNBl  MEepernacCMBallMM  M3YYCHHBIX  HOKPHITHIA  pasnuyarorces). Ha  ocHoBaHHM
MOTeHIIMOAMHaMU4YecKuX ucciienoanmii B 0,5 M pactBope H,SO4 ciieoBasio 0xuaaTh, 9T0 CTOUKOCTh K
koppo3uu KOII nukens—OI" OyzeT BblllIe, 4eM Y YHCTOrO HUKEJIS.

CKOopoCTh KOPPO3UHU UCCIETYEMbIX MTOKPBITUI ONPEAEIISIIHN 110 OTEPE MAacChl IIPU BbLACPKUBAHUS B
3.5% NaCl B teuenne 24 yacor (00Opasisl B3BEIIMBAINCH O U IMOCE MOrpyxenus). Koppo3noHHbIe
WCTIBITAHUS TTOKA3aJIH, YTO CKOPOCTh KOPPO3MH HHUKEIEBBIX 0CAAKOB 0e3 mucmepcHoit ¢aser B 1.40 — 1.50
pa3a TpEBBIIACT 3HAYCHHUA JAHHOM BEJIWYMHBI JUII KOMIIO3ULMOHHBIX HOKpPBITHM Hukenps—OlI.
BrisBiieHHBINH 2P PEKT MOXKET OBITh 00YCIIOBIIEH HECKONBKIMH (hakTopamu. [Ipu ocakaeHWM HHUKeEIs U3
CyIb(aTHO-XJIOPUAHBIX 3JEKTPOJIUTOB (OPMUPYIOTCS MaTOBbIE MNOPHCTblEe MOKpHITUS. B mpouecce
BKJIIOUEHUSI B HHUKEJIEBYI0 MAaTpHIly YacTULl OKCUAa TrpadeHa NPOUCXOAUT MEPEKPHITHE IOP.
Komno3uimoHnHble MOKPHITHS SABISIOTCA TeM Oojiee CTOMKMMHU K KOPPO3MOHHOMY BO3JEHCTBMIO, UeM
BBIIIE TUIOMIA/b MTEPEKPBITHS (YKPHIBUCTOCTH) TIOBEPXHOCTH YaCTUIIAMHU TUCIIEPCHOM (asbl, T.K. TIPH TOM
o0ecrieunBaeTcss  PaBHOMEpPHOE  pACHpelesieHHe  KOPPO3MOHHOIO  TOKa  MEXAy  ILIEHTpaMH,
MPEMSTCTBYIOLUMMU €ro pacrnpoctpaHeHuo. Kpome Toro, BiausiHue aucnepcHon ¢asbl B cTpykrype KOII
Ha KOPPO3MIO MPOSBISIETCS JIUILL B CIydyae 0oOpa3oBaHMs YAaCTHIIAMU Ha rpaHulax (a3 Wik 1o BCeMy
0o0BeEMy COeTMHEHHH, O01ee KOPPO3MOHHOCTOMKHX, YEM METajInyeckas Marpua. B npotuBHOM citydae
pa3BUTHE KOPPO3MOHHOI'O Mpoliecca He MPEKpaTuTCs, a mnoiner B 06xon yactuibl. O4eBUIHO, B CiIydae
KOMIIO3ULIMOHHBIX MOKPBITHI HUKeNb—OI mMeeT MecTo 00pa3oBaHue MOJA0OHBIX COSAUHEHHH.

Takum o00pa3oM, Ha OCHOBaHMM IPOBEJCHHBIX MCCIEIOBAHUN MOYKHO 3aKJIIOUUTh, 4YTO IpHU
BBEJCHUU JHUCIIEPCUM MHOTOCIOWHOTO OKcuaa rpadeHa B Cynb(aTHO-XJIOPUIHBIA AIIEKTPOIUT
HUKEJIMPOBaHUs (HOPMUPYIOTCS KOMIIO3UIIMOHHBIE IEKTPOXUMHUYECKHE MOKPBITUS. BiltoueHue yactuiy
OI' B cocTaB HMKENEBBIX OCAJIKOB IMPUBOAUT K MU3MEHEHHIO MUKPOCTPYKTYPBI MX MOBEPXHOCTH. OKCHA
rpadeHa OKa3bIBaeT ONPEAECIAIONIEe BIMSHUE Ha KOPPO3UOHHBIE CBOMCTBA M3yYE€HHBIX KOMIIO3UIIMOHHBIX
nokpeiThii. Bximtouenue uactunr OI' B cocTaB AIIEKTPOIUTHUYECKUX OCAJAKOB HHUKENS MPUBOAUT K
YMEHBIIEHUIO CKOpocTH ux kKoppo3uu B 1.40 — 1.50 pa3a.

Hccneoosanue svinonneno npu gunancogoii noooepicke PODU 6 pamkax nayunozo npoekma Ne

18-29-19048.
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HaBonmoposxuanue (yJuiepuToB OBUIO HIMPOKO U3YUEHO C IIEIIbI0 HCIIOBb30BAHMS UX JUIS XPAaHCHHUS
Bosopoza [1]. B nanHoit paboTe mosy4eHbl HOBBIC CBEPXYNPYTHE CBEPXTBEP/IbIC YIIICPOIHBIC MATCPHAIIBI
u3 ¢ymieputoB Cgp, HABOJOPOKCHHBIX B TBEPJIOM COCTOSIHUHM B aTMOc(epe BoAOpoaa Mpu naBieHuun 50
MIla u temneparype T=320°C B Tedyenue 6 yacoB Oe3 ucmosnb3oBaHHs KaTanuzatopoB [2]. Tlocne
HaBogopokuBanus Qymieputsl Ceo comepxar 0,4 Bec. % H (dpopmyna ~CgoHz). O6pasisr BeicoTo# 2,5
MM U 5 MM B amameTpe cuHTe3upoBaHbl u3 (ymieputoB Ceo u CeoHs mon maBnenwem 9,4 I'Tla mpu
temneparype 1000°C.

MeTonoM pEeHTIeHOCTPYKTYPHOTO aHalu3a YCTaHOBJIEHO, uTO (ha3bl BBICOKOTO JaBICHMS,
nosydennsie u3 Ceo U CeoHs, sBisitoTCst rpadmrononodusivu (puc. la). MexcioeBoe paccrostHue ooz
obpasia, cuare3upoBanHoro u3 CeoHs, cyiiectBenHo MeHbliie, yeM y obpasma u3 Cgo (0,318 0,334 Hwm,
COOTBETCTBEHHO). MccnemoBaHue CTPYKTYpbl — YIVIEPOTHBIX  OOpa3loB  METOJOM  3JIEKTPOHHOM
MHUKPOCKOIIMH BBICOKOTO pa3pelieHuss IOKa3ajlo, YTO HABOJOPOKHMBAaHUE TIPHBOJAUT K CHIXKEHUIO
pa3mepoB rpadeHOBBIX MAKETOB U 3HAYUTEIHLHOMY YIIUPEHUIO pe(IeKCOB HA MUKPOAJIEKTPOHOTpaMMax
00pa3loB, CHHTE3WPOBAHHBIX M3 HABOJOPOXKEHHBIX (YJIIEPUTOB, YTO YKa3blBaeT Ha H3MeEIbUYECHUE
CTPYKTYPHI U TIOBBIIIICHHE CTENeHH ee amopdu3arnuu. CoriacHo pe3ysbraTaM UCCIEIOBaHHS CTPYKTYPbI
00pa3IoB METOJOM CIHEKTPOCKOIIMU KOMOWHAIIMOHHOTO paccesHusl cBera, HaBojopoxuBanue Cgo
YMEHBIIAET JTONI0 TpadUTOBOH CTPYKTYPHOH COCTaBJISIOMIEH B TMPOIYKTE BBICOKOTEMIIEPATYPHOTO
MpeBpaIleHus MMOJ1 AaBJICHUEM U MOATBEPKIaeT YMEHBIIICHUE pa3Mepa rpadeHOBBIX KIIaCTEPOB.

[Tocne cuHTE3a MO yKa3aHHOMY PEXUMY TBEPAOCTh HiT U MOAYJb MHIEHTUpOBaHUs E;r 006pasuos
u3 Cgo paBubl 17,0 — 20,4 I'Tla u 84-107 I'Tla, cooTBeTCTBEHHO, MpH ymnpyrom BocctaHoBieHuu 90%.
HaBonopoxuBanue ucxogasix gymieputoB Cgo 10 coctaBa CgoHz moBbImaeT TBepAOCTh (a3bl BEICOKOTO
naBiieHus O6osee yem B 2,5 pas, no 48-53 I'Tla, a Mmomynp ynpyroctu Bo3pacTtaeT MpuMepHO B 3 pasa, 10
315-330 ITIa. Ilpm sTOM MaTepmay COXpaHSET CBEPXYNPYTOCTb. YIPYroe BOCCTAHOBIICHHE TIPU
uHneHTupoBannu mpesbimaet 80% (puc. 16), 0qHAKO OTHOIIEHHE TBEPAOCTH K MOIYJIO YIPYTOCTH,
KOTOPOE SIBJIICTCS XapaKTEPUCTUKOU TPHOOIIOTHYECKUX CBOMCTB, cHImkaetcs ot 0,20 no 0,16-0,17.

Puc. 1. CpaBHEHHE PEHTIEHOBCKHMX CIIEKTPOB (ChEMKa ¢ KPEMHHUEBBIM TalIOHOM) () M KpUBBIX HHAEHTHpOBaHus (0)
(a3 Beicokoro aaBieHus u3 pyuiepuros Cgo 1 HaBOAOPOKEHHBIX (ysuiepuroB CgoHs.
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Tpubonornyeckre HWCIBITAHUS IO CXEME «Malel-JAUCK» Ha BO3AyXe IOKa3alH, 4YTO
HABOJOPOKUBAHUE HMCXOMHOTO (yJUICpUTa CHUXKAET KOIPPHUIMCHT TPEHUS CBEPXYNPYTroro TBEPIOrO
yriepoaa ot 0,23 mo 0,01 (puc. 2). Takum ob6paszom, HaBomopokuBanue (yseputoB Cgp SBISETCS
MEPCIEKTUBHBIM ~ METOJOM  CYIIECTBEHHOTO  YIIyYIIEHHS  TPUOOTEXHHYECKUX  XapaKTEPHCTHK
CBEPXYyNpPYyTol TBEpI0ii yTiaepoaHol ¢a3bl, oopasyromieiics u3 Cgo Ipu TepMOOapHUIECKOi 00padoTKe.

Puc. 2. KoappunuenTs! Tperns (a3 BRICOKOTO IaBneHus u3 QymmeputoB Cegy
Y HaBOJIOPOKeHHBIX PysutepuToB CgoHs B 3aBUCHMOCTH OT JUTUTEILHOCTH HCIBITAHHUS.

Paboma evinonnena 6 pamkax I'ocyoapcmeennoeo 3adanus 075-00328-21-00.
JUTEPATYPA
1. Pupysheva O., Farajian A., Yakobson B., Fullerene Nanocage Capacity for Hydrogen Storage // Nano Lett.
2008, Vol. 8. No. 3. P. 767-774.

2. Jin C., Hettich R., Compton R. et al. Direct Solid-Phase Hydrogenation of Fullerenes // J. Phys.
Chem. 1994. Vol. 98. No. 16. P. 4215-4217.
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CBOHCTBA YTJIEPOJHBIX MATEPUAJIOB,
MNPUMEHSAEMBIX IS U3TOTOBJIEHUSA ABTOJ3JIEKTPOHHBIX KATOAOB

Y:x0 Moe Avur, lllemun E.I1., e Mun Xtye, Txetr Xmy MayHr,
Caii Teun Haiinr 30, Unt ®@on I1aiinr

MocKkoBCKMii (hU3UKO-TeXHHYECKHH HHCTUTYT «M®OPTHU» (rocymapcTBEHHBIM YHHBEPCUTET)
kyawmoeaung606@gmail.com

B HacTosmiee BpemMsi MHOTHE UCCIIEI0OBATENN aKTHBHO Pa3pabaThIBalOT aBTOKATOABI U3 YTIIEPOIHBIX
MaTepUAIIOB JUII MCTOYHUKOB CBOOOJHBIX AJIEKTPOHOB, KOTOpPHIE TPEOYIOTCS JUISA IMUPOKOTO CHEKTpa
ANEKTPOHHBIX MPUOOPOB, TaKUX, KaK IUIOCKHE OJKpaHbl , HUCTOYHUKU cBeTa , mpuOopel-CBY
peHTreHoBCKue TpyOku u T. 1. M3-3a crmemmduyeckux 0COOEHHOCTEH paboThl aBTOKATOA, BBHIOOD
MaTepuaa KaToJa U ero o0paboTKa SBISIFOTCS BaXXHBIM 3HaueHHEM. B maHHO# paboTe maetcs KpaTKuii
0030p MaccoBO MPOU3BOJUMBIX YIIIEPOJIHBIX MAaTEPHAIOB, KOTOPBIE B HACTOAIICEC BPEMs UMEIOT OYCHb
XOpomue NepCriCKTUBLI JJIs1 CO3AaHUA CTa6I/IJIbHO pa60Tanme aABTOKAaTOdOB .

O6miee ycioBrue cTabMIbHON pabOThl aBTOOMHUCCHOHHOTO KaTO/Ia COCTOMT B IIPOBEICHHUH TTpoliecca
(dbopmoBKkH niepe HayasmoM paboTel. @opMoBKa (TPEHUPOBKA) ABJISICTCS OJJHUM U3 OCHOBHBIX MEXaHU3MOB
MOJIYUYCHHST CTAOMIIBHOM aBTOAMHUCCHM M3 YIJICPOIHBIX aBTOKATOA0B. B paborax [1, 2] Obut mosydeHbI
XOpOIIIUE Pe3yJabTaThl MO SMHUCCHOHHBIM CBOWMCTBaM aBTOKAaToAoB. Jlnsi co3manus 3()QPeKTUBHOTO
aBTOKATOJIa M3 YIIIEPOJHBIX MAaTepPHaIOB TpeOyeTcs mpeaBapureiabHas oopaboTka (popmMoBKa), KoTOpas
BJIMACT Ha OSMHCCHUOHHBIC XaApPAKTCPUCTUKU AaBTOKATOda UW TO3BOJIACT TIIOJYUYUTH PABHOMCPHYIO
KOH(HUrypaluio Ha moBepxHocTH aBrokatoma [3]. Ha puc. 1 mpencraBieHsl HekoTOpbie (oTorpaduu
KaTOAHOI'0 YIJICPpOJHOTIO BOJIOKHA, TPABJICHHOI'O KOPOHHBIM pPa3psaJoM Ha BO3AYXC, IMOJIYYCHHBIC C
MOMOIIIBI0 ONITHYECKOTO MHUKpOCKoma. [Ipy 3TOM BHIHO, YTO H3-3a TPaBJICHHS KOPOHHBIM pa3psaoM
reoMeTpuueckas popma mydka yriepoJHbIX BOJOKOH M3MEHSETCS . BBHICTYHAIOIIME BOJIOKHA 0Ope3aHsl, a
nepudepuiiHpie BOJOKHA YKOpOUYeHBI. [lydoK yriaepoIHOro BOJOKHA BBITPABIMBACTCS Ha JIOBOJHHO
oosnpiioe paccrosiaue (puc. 1. a, 0), ¥ MOXKHO ¢ YBEPEHHOCTBIO CKa3aTh, YTO MOYTH BCE BOJIOKHA ITydYKa
Y4acTBOBaJIM B KOPOHHOM Iporiecce. [Ipu BhINIEyKa3aHHBIX YCIOBHSIX TUIA3MOXUMHUYECKOW 00padOTKU
yIJIepoaHBIN MaTepuan mydka, coctosaumii u3 ~ 300 BOIOKOH, TpaBUTCA Ha BO3JyXEe CO CKOPOCTBIO ~ 5
MKM/MUH.

Puc. 1. TTy4ok yriepoaHbix BOJIOKOH 70 (&, 6) u mocie (B, T) TpaBiIeHHsT KOPOHHBIM Pa3psiioM Ha BO3IyXE.
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OpnuM u3 Hanbosee NepCIeKTUBHBIX CIIOCOO0B pEUIeHHs ATON NPOOIEMBI SBISETCS pacllelIeHne
KaTo/a Ha JIEKTPUUYECKHU N30JIMpOoBaHHbIe YyacTu. Kaxas yacTb TpeHUPYETCs HHAUBUIYAIbHO, ¥ TOT/1a UX
BOJIbT-aMIIEPHBIC XapaKTEPUCTHKH JTOJKHBI OBITh CMELICHBI B OZIHY U Ty %€ 001acTh (04eBHIHO, B 00J1aCTh
Oonmee  BBICOKOTO  HAINPSKCHHS). Ora onepanus OOBIYHO OCYLIECTBISCTCS C  MOMOIIBIO
BBIYHMCIIUTENbHO-YIIPABIIAIOIINX KOMIUIEKCOB IyTEM CHSTHS psJia BOJBT-aMIEPHBIX XapaKTEPUCTUK [0
TOKOB, OOJBIINX MEPBOHAYAIBHOIO 3HAYEHUS VIS TPEHUPOBKHM, IOCIE YEro MPOU3BOAUTCS HMOBTOPHS
TpEeHHUpOBKa aBTOKaroza. [Io okoHUaHUU ee BONbT-aMIIEpHasl XapaKTePCTHKA B 00J1acTU OOJIBIINX TOKOB
NpaKTUYeCcKH He n3Mensietcs ( B koopaunarax daynepa — Hopareiima ), a B 001acTH MHHUMAIBHBIX TOKOB
CIIBUTAETCs JIO MOMNaIaHusl B TPYOyeMblit Jomyck (puc. 2).

Puc. 2. Bonbr-amnepHbie XapakTepUCTHKU aBTOKATOIOB 10 TPEHUPOBKH (),
10CIIe MHANBHIYaIbHON TPEHUPOKH (6), MOCIe CMEIICHHUSI XapaKTEPUCTHK (B)

[IpemioskenHast B JaHHOM paloTe KiIAacCU(PUKAIMA YIJIEPOAHBIX MAaTEPUAIOB IO3BOJISET JIydIle
MOHATh IPUMEHUMOCTb PA3IMYHBIX YIIIEPOJHBIX MATEPHAIIOB B ABTOOMUCCUOHHOM MIEKTPOHUKE. DTO JACT
BO3MOKHOCTh CIIEIHATTU3NPOBAHHOT0 BIOOpA MaTepualia KaTofa /Uil KOHKPETHBIX TpUMeHeHnid. B
HACTOAIIEE BpeMsl MaTpPUYHBIE YCTPOMCTBA U3 YIVIEPOIAHBIX BOJIOKOH, WHKAICYJHUPOBAaHHBIX B CTEKIIO,
ABIISIIOTCSL HauOoJiee TEpPCHEKTUBHOM TEXHOJOTMEH Ui aBTOKATOAOB C pa3/leleHHbIMHU ITyYKaMHU
51eKTpOHOB. OIHUM M3 BaXKHBIX 3TAINlOB M3TOTOBJIEHHS aBTOKATO/a U3 JIIOOOr0 yIriepoJHOro MaTepuana
ABISICTCS  Mpollelypa TPEHUPOBKH. bbUTM  00CYXJIEHBI OCHOBHBIE MPUHIUIBI TPEHUPOKH U
MIPOJIEMOHCTPUPOBAHO €€ TIOJI0KUTEIBHOE BIUSIHNUE HA YIJIEPOJHBIA aBTOKATO/I.

JUTEPATVYPA
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CBOUCTBA KOMITIO3UTA «YHT-HE®TSIHOM KOKC»

YuukaHb A.C.l’z, YecHOKOB B.B.l, ITapmon B.H.

L onng Wucturyt karanmmsa um. I'.K. bopeckoBa CO PAH, r. HoBocubupck
2 HoBocubupckuii rocy1apcTBeHHBIN TEXHHUECKH yHUBEpCUTET, T. HoBocuOUpCK

AlexCsh@yandex.ru

['yapon — Tskenoe HeTSIHOE OCTATOYHOE CHIPHE, OTIUYAIOIIEECs MOBBIIICHHBIM COJEp)KaHUEM
CMOJIMCTO-ac(haIbTEHOBBIX BEIIECTB, CEPHI, TSDKENBIX METauIoB. Hanbosee SKOHOMUYHBIM IPOIECCOM
ero mepepaboTKu sBJseTCsl KOkcoBaHUe. [IpoayKToM KOKCOBaHHS SIBISETCS HE(TSHON KOKC, KOTOPBIH
WCIOJB3YIOT ISl TOJIy4€HUs AHOAHOM Macchl B IPOU3BOJCTBE aJIOMUHUS, B CTaJCIUIaBUIBLHOU
MIPOMBIIITICHHOCTH. {7151 yy4lleHus cBOMCTB HEPTSIHOTO KOKCa MHTEPECHO ObLTO MOAM(PHUIIMPOBATH €TO0
yraepoaabiMu HaHoTpyOkamu (YHT). YHT o00iamaroT yHUKaIbHBIMH MEXaHHYECKUMH CBOWCTBAMH,
codeTasi BBICOKYIO ITPOYHOCTh C BBICOKOH ympyroctsio. B wactHocTH, u3BectHo [1], uto YHT ob6namarot
BBICOKOM 3JIEKTPONPOBOJHOCTHIO U CIIOCOOHBI BBIAEPKUBATh BHICOKUE IJIOTHOCTH TOKa 0€3 pa3pylLIeHUs
M3-32 TEIUIOBBIACTICHUS U AJIEKTPOMHTrpalnuu aToMoB. KpoMe TOro, HaHOTpyOKHM MOTYT BBICTyNaTh B
Ka4eCTBE 3apO/IbIIICH pocTa HOBOH (pa3bl HEPTIHOTO KOKca U3 ryapoHa [2].

Ilenpto Hacrosimedt pa®oThl crano nosydeHue komnoszuta «YHT-HedTsHON Koke» B mporecce
KOKCOBaHUs cMecH «TyIpoH — YHT» u uccnegoBaHue ero CBOMCTB.

B xauectBe mMomuduuupyromeil 1o0aBku ucnoib3oBanu YHT, cHHTe3UpOBaHHBIE Pa3lIOKEHHEM
nponaH-OytaHoBoi cmecu Ha Katanusatope Fe—Co-Mo/Al,O; npu 700 °C [3]. Buemnuit nuamerp
TpyOOK Haxonuics B npeAenax /—26 um, npeanoututenbHo 8—12 um. Inuna YHT nocturana 10 mm.

[Iponecc kokcoBaHMs MPOBOIMIN B aBTOKIaBe npu temmeparypax 400-550°C u gasnennn 0.5-1.0
MlIla. M30biTOUHOE NaBiCHHE PETryIHpPOBAIM KpaHOM-cOpocoM. B kop3uHKy nmsi oOpasua 3arpyskaiu
HaBECKy TyIpoHa Maccoit okoio 16 r kak 6e3 YHT, tak u ¢ YHT (0.4 r). BHyTpeHHuit 00beM aBTOKIIaBa
300 mu. ABTOKJAB MOMEMIATM B T€Yh M HArpeBaid A0 TpeOyemMoll TeMIepaTypbl peakiuu |
BBIICPKUBAIH B TeUCHHE 2—3 4.

B skcnepumenTax ucnonb3oBau ryapoH Omckoro HII3. DnemeHTHBIN U (paKIIMOHHBINA COCTABBI
MCIOJIb30BAHHOTO TYPOHA TpesicTaBieHbl B padote [4]. Comeprkanue cepbl coctaBisuio 1.5 mac. %.

PeHTreHoCTpyKTypHBbIE HCCIEIOBaHUSA TOKa3ald, 4YTO Bce oOpas3lbl KOKCA, MOJyYEHHBIE MpHU
KOKCOBAaHHMM TYyJpoOHa, cojaepkar TypOoctpaTthblii rpadur (puc. 1). [padurusmpoBanHas dYacTh
HEe(TAHOTO KOKCa COAEPKUT KPUCTAJUIMTHI, MMEIoIUe OJM3KHUE pa3Mepbl U MPEACTaBIISIOIINE COOOM
MaKeThl U3 MapaJUIeIbHBIX CIOCB MOJUAPEHOBBIX CETOK (Tutockoctel). [locine KokcoBaHuUs TyIpoHa TPU
temneparype 550 °C pa3mepsl KpUCTAUIUTOB (B HM): JUIMHA IUIOCKOCTEH a=2.7, ToJInHa makeToB ¢=1.6.
DJIEeKTPOHHO-MUKPOCKOMMYECKoe H3y4yeHue kommos3uta «YHT-HedTsaHOM KOKC» MOKa3ajno, 4TO NpH
KokcoBaHuU cMecHu «2.5% YHT-rynpon» monydeHHBIM HEPTSIHONW KOKC OKa3bIBACTCS apMHUPOBAHHBIM
yIJIEPOJHBIMU HaHOTpyOKamu (puc. 2).

OkpucCTaIM30BaHHOCTh Kommo3uTa «YHT—HedTaHONW KOKC» HE3HAYMTENIbHO YBEIWYHUBACTCS IO
CpaBHEHHMIO C He(QTIHBIM KOKcOM. OnHako HaOmogaercs OOJblle, YeM Ha MOPSA0K YMEHBIICHUE
yIenbHOTo 3aekTpudeckoro conpotupieHus (YIC) kommosuta «YHT-HeDTIHON KOKC» 10 CPAaBHEHHUIO C
HeTsHBIM KOKcoM (Tabxn. 1). Ilocie BBICOKOTEMIEpaTypHBIX IMPOKAIOK MPOUCXOIUT alibHEUIIee
ymenbiieane YOC kommno3uta «YHT-wedrsiHOM KOKC». D10 yMmeHbinenne YOC CBsa3aHO C
(bopMHpOBaHKUEM KPUCTAILTMYECKON CTPYKTYpbI HeTsiHOTO KoKca. Jlo Temmeparypsl 1000°C nmpoucxonut
B OCHOBHOM POCT pa3MepoB IBYMepHBIX ruiockocted. IIpu temmeparypax Bwimie 1000°C nBymepHBIE
IUIOCKOCTH CaMOYIOPSI0UYMBAIOTCS B MMAYKH MapauIeNbHBIX CJIOEB, pa3Mepbl KOTOPBIX HAYMHAIOT
YBEJIMYUBATHCS.

IMocne Breicokoremmepatypubix (1000-1100°C) mpokallok yMEHbIIAETCsl COACp)KaHHWE CEephl B
kommo3ute « YHT-HedTsIHO# KOKC», KOTOPOE MPEBBIIIAET YMEHBIIEHHE T HEPTIHOTO Kokca (Tadir. 2).
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Puc.1 Iudpakrorpammel 00pa3ioB HePTSIHOTO KOKca, Puc.2 DnexTpoHHO-MUKPOCKOIMYECKUH CHIMOK

MOJIYYCHHBIX M3 TYJPOHA MIPU TEMIIEpaTypax: komnosuta « Y HT—HeTaHOW KOKC», TTOTyYEHHOTO IPU
1-400°C, 2 -450°C, 3-500°C, 4 - 550°C kokcoBanuu cMmecH «2.5% YHT-ryapon» mpu 550 °C.
Taonuua 1

3aBucHMOCTB coep:kaHus cepbl B HeQpTsIHOM KoKce H komno3ute «Y HT—koke» ot Temnepartypbl
KOKCOBaHHA U Haju4us nobdasku YHT.

Temnepartypa kokcoBanusi, °C
400 | 450 | 500 | 550
Obpazen Konnentpanus cepsl, mac. %
HedrsHoi koke (43 ryapoHa) 130 198 1.24 118
Kommosur 2.5% YHT—kokc* 1.28 1.20 1.14 1.06
Tabnuya 2
Bausinne no6aBku YHT Kk ryapoHy Ha yaejibHoOe 3J1eKTPpHYECKOe COPOTHBJIEHHE
VY5C, Om-Mm
TKOKCOBaHI/IﬂI OC THDOKaJ'IKI/II OC
OO6pasen 550 1000 1100
HedTstHoit KOKC 0.5 0.7x107° | 0.4x10°°
Kommosurt «2.5% YHT-HedTsHO KOKCY» 0.035 0.6x107° | 0.4x107°

Paboma evinonnena npu gpunancosoii noodepoicke Poccutickoco nayunoco ¢ponoa — npoexm Ne 17-
73-30032.
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D¢ dexTHBHOCTL cHCTeM ancopOoupoBaHHoro mpupogHoro rasza (AIIl) cuibHO 3aBUCHT OT
3HAYUTENbHBIX TEMJIOBbIX 3(P(EKTOB, BO3HUKAIOIIMX BO BpEMs IMPOLECCOB 3alpaBKU U BbLAAYH, YTO
TpeOyeT pa3pabOTKH HOBBIX TOAXOJOB K OPraHU3aIMH IPOIECCOB 3alPaBKH M TEPMOPETYINPOBAHUIO
akkymysitopa AIIL [1]. Kak npaBuito, i YMEHBIICHUS BIMSHHS TEIUIOBBIX 3(P(EKTOB HCHONB3YHOTCS
CTHCIMANBHBIE CHCTEMBl TEPMOPETYIHPOBAHUS C LUPKYJSIHOHHBIM KOHTYPOM TEIIOHOCHUTENS WU
HEMOCPEJCTBEHHO  3alpaBiiIeMOro rasa, HarpeBaeéMoro MM  OXJaXJAaeMOro BO  BHEIIHEM
TETNTIOOOMEHHHUKE.

Hcnonb3oBanue B cuctemax AIIl' pacceimHoro ancopOeHTa He3(pPEKTHUBHO B CUily Majlol
TUIOTHOCTH YIAaKOBKH, ITO3TOMY aKTyaJlbHO NMPUMEHEHHE MOHOJHMTHBIX aJICOPOIMOHHBIX MaTepuasioB. B
KayecTBE MCXOJHOI0 aJicopOeHTa BbIOpaH MPOMBIIIJICHHBIM I'paHyIMpPOBaHHBINA aKTUBHBIA yroiab AU-1
[2], noTenmanbao npuromHblit ast cuctem Al 3a cueT cBOei BHICOKOW aKTUBHOCTH IO OTHOIICHHIO K
METaHy, MEXaHMYECKOH MPOYHOCTH M BO3MOXKHOCTH YBEJIWYEHHS IUIOTHOCTH YHAKOBKH 3a CUeT
dopmoBanus nox aasieHueM [3]. VuenbHbIN 00beM Mukponop aktuBHoro yrisi AU-1 cocrasuser 0,62
cm’/r, XapakTepucTudeckas sHeprus mo oensony 19,7 kJ[x/Moib.

TexHONOTHST M3rOTOBJICHHUS O0pa3loB (HOPMOBAHHBIX MWJIMHAPUYECKHX MoOHOIMTOB 3 AU-1
omncana B [4]. [To cpaBHEHUIO ¢ UCXOHBIM PACCHIMHBIM aJICOPOCHTOM UIOTHOCTh YIAKOBKUA MOHOJTUTOB
6bu1a yBemmaena ¢ 380 1o 705 kr/m®. Cpejiiie quamMeTp 1 BBICOTa MOHOTHTOB cocTapmmd 196 n 101 Mm
COOTBETCTBEHHO. JIJI1 CHMIKEHMsI THIPABIMYECKUX IOTEPh OOpa3LOB B MOHOJIUTAX BBINOJHEHO 37
nepdopupoBaHHbIX KaHaoB auamerpoM 4,5 mMMm. Ha puc. 1 mpencraBnena ¢ortorpadus oOpasunoB
MOHOJIUTHOTO ajcopOeHTa AY-1 mepen yCcTaHOBKOW B aJCOPOITMOHHBIA aKKyMYJISITOp C BHYTPEHHUM
oobemoMm 51 mutp. Ha puc. 2 mokazaHa reomMeTpHsi pacroyoKeHUs KaHaloB B MoHonuTe. PacuerHas
3ar0JTHEHHOCTh MOHOJIMTAMU BHYTPEHHETO MMPOCTPAHCTBA pe3epByapa coctaBmia okojo 80 %.

23 mm

4.5 mm

/5 mm

a 0
Puc. 1. O6pa3usl GopMOBaHHOTO MOHOJUTHOTO ancopbenTa AY-1 (a);
reoOMeTPHs KaHaJIo0B (POPMOBAHHOTO MOHOJIMTHOTO ajcopOenta AV-1 (6)

Jns uWccienoBaHMs TPOLIECCOB 3alpaBKM M BBIAAYM IMPHUPOJHOTO Traza M3 aJCcOpOIHOHHOIO
aKKyMyJsITopa Obula pa3paboTaHa M M3TOTOBJIEHA SKCIIEPUMEHTAJIbHAsl YCTAHOBKA, CXEMa M OMNMCaHUE
KOTOpO# mpeacTasieHsl B [5]. B maHHON ycTaHOBKE TemuioTa ajcopOIiH, BBIIESISIONIASCS B MpoIecce
3alpaBKH, OTBOJUTCS LUPKYJIUPYIOIUM MTOTOKOM IIPUPOJHOTO Ias3a, KOTOPBIM MPOXOJUT IO KaHallaM B
MoHosuTax azacopOenrta. Ilporecc 3ampaBku OCymIecTBIsSeTCS B JABa dTama: 1 — «u30TepMHUYECKas»
3alpaBKka € OTBOJOM TEIUIa B OKPYXKAWOLIYI0 Cpedy, 2 — <HHM3KOTEMIEepaTypHas» 3alpaBKa C
TEIJIOOTBOJAOM C IIOMOIIBI XOJIOAWIBHOW YCTaHOBKHM. JlJI1 KOHTPOJSA pacHpenesieHUs TeMIEPaTyphl
BHYTPH €MKOCTH OBUTH YCTAQHOBIICHBI JaTYMKU TEMIIEPATyphl, PacIlojOKeHHBIE Ha BXone ancopoepa (1
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IIT.), BIOJNb ero ocu (4 mr.) u paauansHo (4 mrt.). B sKcriepuMeHTax UCMONB30BaJICsS MPUPOIHBINA Ia3
cnenyromiero cocraa: 96,1 % merana, 2,2 % stana, 0,8 % npomnana, 0,6 % azora u menee 1 % npyrux
MIPUMECEH.

[MTokazarensimu 3(hHEKTUBHOCTH 3alpaBKH SIBJISIOTCS €MKOCTh 3ampaBku AV, T.e. mpubaBka B
KOJIMYECTBE Tra3a 1O CPAaBHCHUIO C HAYAIBHBIM, 3()QEeKTUBHOE BpeMs 3ampaBKH Te, OIPEICISAIONICE
MPOJIOIDKUTEIBLHOCTD 3alPaBKU JI0 JOCTHXKECHUS 33JaHHOW KOHEYHOM pa3HOCTH Temriieparyp AT Mexmy
BXOJISIIMM TIOTOKOM Tra3a W CpeIHed TemmepaTypoir ancopOeHTta; kKodhduuueHT 3PPEeKTHUBHOCTH
termioooMeHa Kpe, paBHBI OTHOHICHUIO MEKAY (GaKTHYECKUM W MaKCHMalbHbIM (KOTJa pa3HHIA
TEMIIepaTyp MEX/Iy aIcOpOCHTOM M I'a30M Ha BBIXOJIC paBHA HYJIIO) TEIJIOBBIMHA TOTOKAMH.

B tabnuie 1 npencraBneHa kpaTkas nHpopMarys 00 UCCIIETOBAaHHBIX PEKHUMAX 3apPaBKH.

Tabnuya 1
PesxknMbl IKCIIEPUMEHTAJIbHBIX MCCJIeI0BAHUM
Mapamerp OKCIIEPUMEHT

1 2 3 4 5 6 7 8

JaBnenue, Mlla 3513520 | 20| 2010 10 0,5

Pacxop rasa, Mola 12 8 18 12 8 18 12 18

AV A (CTI) M30TepMUYECKas 3arpaBKa 490|512 (3,693,771 3,76 | 2,10 | 2,59 | 1,25
@ TOJIHAs 3aIpaBKa 6,71 | 7,15 | 5,50 | 5,58 | 5,66 | 3,92 | 4,44 | 2,68
Te, MUH. W30TEPMUYECKas 3ampaBKa 116 | 17,4130 21,4 |26,3|13,4| 258 | 155
(ATe=5K) HU3KOTeMIleparypHas 3anpaska | 19,7 | 27,2 | 30,4 | 36,5 | 46,4 | 55,5 | 84,8 | 125,4
Ki. (AT, =5K) 0,7710,780,70| 0,76 | 0,83 (0,69 | 0,69 | 0,62

[pumeuanune: CT/] — crannaprasie Temneparypa 20 °C u nasnenue 101 325 I1a

PesynbraThl MccnenoBaHMUs MOKAa3aJd B3aWMOCBSI3b MEXKAY PEKHMOM 3alpaBKUA U TOKa3aTEISIMUA
3¢ GEKTUBHOCTH 3anpaBku. B skcrieprMeHTe 1 TOCTUTHYTa HaMMEHbINAs MPOJIOJDKUTEILHOCTD 3aIPaBKH,
B uHTEpBase oT 12 1o 20 MUHYT B 3aBUCHMOCTH OT pexuma. 3HaueHne Kne U 3TOM JOCTATOYHO BEJIHKO,
YTO yKa3blBa€T Ha MPHEMJIEMYIO IUIONIAh IMOBEPXHOCTH MOHOJHMTOB. OJKCIIEPHUMEHT 5 WMeeT
HanOonpmMi K03 PUIHeHT 3¢ (HEeKTUBHOCTH TemI00OMeHa. BeposTHO, 3TO CBA3aHO ¢ KOMOMHAIMEH Kak
BBICOKOTO JIaBJICHUS, KOTOPOE 00ecreunBaeT MHTEHCHBHBIN TETUIOOOMEH, TaK U HU3KOW CKOPOCTH MOTOKA
rasa, 4To o0ecrneynBaeT JOCTaTOUHbIM HarpeB rasa. [Ipu u3orepMudeckoil 3ampaBKe HU3KUE 3HAYCHHUS Te
MpH HU3KHUX JABICHHUSX OOBSCHAIOTCS MEHBIIUM KOJUYECTBOM BBIICISIEMON TEIJIOTHI aACOPOIIHH.
HuskoremmneparypHas 3anpaBka Ooinee 3(pQeKTrBHA C TOUKM 3pEHUST €MKOCTH 3alpaBKU MPU HU3KOM
JABJICHUH, HO 0YeHb HeA((HEKTUBHA C TTO3UIIMH TETFIOOOMEHA U BPEMEHH 3arpaBKHU.

Hccneoosanue evinonneno sa cuem epauma Poccutickoco mayunozo ¢onoa (npoexm Ne 20-19-
00421)
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HNCCIEAOBAHUE CTABUJIIBHOCTHU ®YJIUIEPEHA Cg IIOJ1 JABJIEHHUEM 10 150 I'Tla
YypkuH B.g!.l’z, XopoopbIx (I).C.l'z, Tonos M.IOQ.*?

1 .
TexXHOIOrnYeCKnii THCTUTYT CBEPXTBEPABIX M HOBBIX YIVIEPOAHBIX MaTEpPUAIIOB, I'. MoCkBa, I. Tpounk
2 o " . .
MockoBCKHi (PU3UKO-TEXHHYESCKUI HHCTUTYT (HAI[MOHANBHBIH HCCIICI0BATEIbCKUI YHUBEPCUTET),
r. JlonronpyaHsiii

churkin_valentin@rambler.ru

[IpoBeneHO wuCClENOBaHUE YCTOWYMBOCTH (yJuiepeHa MpPU BBICOKHX JIABJICHHUSIX B YCJIOBUSX,
ONMU3KHUX K THIPOCTATUYCCKUM. DKCIEPUMEHTHI MPOBOJIWINCH B KaMepe C alMa3HbIMH HAaKOBaJIbHSIMHU.
O6pa3usl Harpysxanuchk B NaCl, koTopslit ncnonb30Balics B Ka4eCTBE CPebl, epelatoleii JaBIeHue.

OKCIIepUMEHTAIbHO ~ IMOKa3aHO, YTO B YCIOBHSX THAPOCTaTUYECKOro Harpyxkenus 3D
nomumepuzayst Ceo mpoucxomutr mpu 28 ITla. Ilomyuennble 00pasnbl >KBUBAJIEHTHBI 00pasIiam,
MOJIyYEHHBIM Tpy nHHUIManu3anuu 3D nonumepusanuu capurossiMu faedopmanusamu (nmpu 18 I'la [1]).
VYcranosneno, uro 3D mnomumepusoBanHblli Cgy coxpanseTcs, mo kpaiHeir wmepe, mo 150 ITla.
®opmupoBanue cTpykrypbl 3D Cgg IpOHCXOIUT B MEpBOM 00JIacTH CTAOMIBHOCTH ainMasza Ha (a30Boi
nuarpamme yraepona (Hwke 55 I'Tla), crpykrypa 3D momumepa Cgp HE MpeTeprieBacT 3aMETHBIX
M3MEHCHHI B 00J1aCTH CTAOMIBHOCTH (YJUIEPEHONMOMOOHBIX CTPYKTYp W HeycToiuuBocTd anmasa (55—
115 TITla) u coxpaHsieTcs BO BTOpOW oOmacTu ycroiuuBocTH anmasza (6ompmme 115 TTla).
DkcnepuMeHTaNIbHO Mokazano, uto 3D Cgy oOpazoBan Sp® CBSI3SME, 3HAYCHHS CHIOBBIX KOHCTAHT
KOTOPBIX paznuyarorcs B npeaenax 20% u npeBbIaoT CHIoBbIe KOHCTaHTH anmmasza B 1.3-1.5 pasa.

Puc. 1. Tpancdopmanuu cnekrpoB KPC dymnepena Cgp B KBa3UTHAPOCTATHUECKHUX YCIOBUSIX HATPYIKECHHS.

HUccnedosanue evinonneno npu gurancosoii noodepiicke PODU 6 pamkax HayuHwvlX NPOeKmos
Ne 20-32-90038 u 18-29-19019

JUTEPATVYPA
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OIIEHKA 3ABUCUMOCTH IVMIOTHOCTHU YIVIEBOJIOKHUTA
OT BPEMEHU CMEIINBAHUA KOMIIO3NLIUN
YI'JIEPOJHOE BOJIOKHO - ®EHOJI®OPMAJIBJAEI'HIHAA CMOJIA

IlaTaann A A., Bynauk /[.A., Tapacos K.A., I'onuaposa H.H., Haxonnosa A.B.,
Camoiinios B.M.

AO «HUUrpadur», r. Mocksa
aashatalin@yandex.ru

Bonpuiyro mepcnekTuBY B Halle BpeMs HMEIOT MOJHUMEPHbIE KOMIIO3UIIMOHHBIE MAaTepHallbl,
MO3BOJISIFOIINE JTOCTUTATh HEOOXOJMMBIX XapaKTCPUCTHK TMOJ KOHKPETHBIC YCIIOBUS DKCIUTyaTaI[UH.
OgHrM U©3 TPUMEPOB TAaKUX MAaTEpPHUaIOB MOXKET CIYXXUTh YIJEeBOJOKHUT Mapku OIIAH,
MPECTABISAIOMNNA COOOW BOJIOKHUCTYIO MAaccy, OCHOBHBIMH COCTAaBJISIFOIIMMH KOTOPOW  SIBIISFOTCS
dbenonpopmanpaeruanas cmona (ODPC) u u3MeTbUCHHOE YIaepoaHoe BOJOKHO [1]. VrieBogoOKHUT
OIIAH croek K BO3ACWCTBUSM KHCIOT M WMEET BBICOKHE AaHTH(PUKIMOHHBIC XapaKTEPUCTUKH. B
COUETaHMHM C JOCTATOYHOM MEXaHMYECKOH MPOYHOCTHIO TEepeUrclIeHHbIe CBOWCTBA MaTepHalia
MO3BOJITFOT TMPUMEHSATh €r0 B W3TOTOBJICHHH JIONATOK, YIUIOTHUTEIBHBIX KOJEI KOMIIPECCOPOB,
MOALITUITHUKOB CKOJNBKEHUS M JAPYTUX DIIEMEHTOB, JKCIUTyaTHPYEeMBIX B YCJIOBUSAX 3albUICHHOCTH,
BHOpAIMH U OTPAHHMYCHHOW CMa3KH.

[lenp paboTBl — OMpENENUTh ONTUMAIBLHOE BPEMS CMEIIMBAHUA KOMIIO3UIMH YIIIEPOJHOE
BOJIOKHO — @DC 1pu IPOU3BOACTBE YTICBOJIOKHHTA.

B pabote wuccnemoBanach 3aBUCMMOCTh 3HAYEHHS TUIOTHOCTH OOpPAa3lOB M3 YITIEBOJOKHUTA OT
BPEMEHHU CMEIIMBAHMS KOMIIO3UIMH YTriiepoaHoe BOJIOKHO — @DC. OOpasmbl N3roTaBIMBAINCh B BUJIC
opyckoB mmmHON (120+2) mwm, ceuenmem (15+0,5) x (10+0,5) MM MeToaOM KOMITPECCHOHHOTO
MpeccoBaHus B 000TpeBaeMoOil OJHOTHE3AHOU Tpecc-(hopMe MPH CIASAYIONUX YCIOBUSX IPECCOBAHMUS:
temneparypa (145x5) °C, ynenbHoe naBienue npeccoBanus (44,1+4,9) Mlla, Bpemst Boiaepskku (13£2)
MUH, YCHJIHE TIpU TPECCOBAHWU NPHUIONKEHO TMEPNEHANKYISIPHO IIMPOKOM YacTu oOpasia.
KommpeccrnonHoe mpeccoBaHHe OCYIIECTBISUIOCH HA THAPABIMYECKOM Ipecce AN MIacTMacc YCUIHEM
630xH, monens JIE 2428.

Jlst mpoBeieHusI McCiieIoBaHusl OBIIIO OTIPECCOBaHO 8 mapTuii 00pasos, Mo 5 00pasnoB B KaKI0M
naptuu. TeXHOIOTHYECKUE YCIOBHS MOTYYCHHsI YTIIEBOJIOKHUTA TPUBEIEHBI B Tabnuie 1.

Taonuua 1
TexHo0rn4YecKHe YCJI0BHS NMOJYUYEeHHUs YIJIEBOJOKHUTA
Juametp siueex cuta npu Bpewms cmemmBanus DKCIEPUMEHTATBHO MOTYYEHHBIE
Homep | n3aMenbueHnu yriepoHOro | KOMIIO3UIIMHU YTJIEPOIHOE | CpedHHE 3HAUCHUS TUIOTHOCTEH
MapTuu BOJIOKHA, BOJIOKHO — DDC, 00pas3IoB U3 YIIICBOJIOKHHTA,
MM t, MuH Depy rlem®
1 30 1,306
2 9 40 1,264
3 50 1,243
4 60 1,268
5 30 1,302
6 6 40 1,281
7 50 1,258
8 60 1,289

B pesynbraTte npoBeneHHON paOOThI ObLIA MOMy4€HA 3aBUCUMOCTb 3HAYEHUH INIOTHOCTU 00pasIoB
U3 YIJIEBOJOKHHUTA OT BPEMEHH CMEIIMBaHHSI KOMITO3UIUH yriepoaHoe BosokHo — DDOC (Puc. 1.).
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Puc. 1. 3aBUCUMOCTH IDIOTHOCTH YTJICBOJIOKHATA OT BPEMEHH CMEIIMBAHMS KOMITO3ULIMH YTIIEPOIHOE BOJIOKHO —
(deHOIPOpMAaTHIETHIHAS CMOTIA

W3 pucyHKa BUHO, YTO MPH CMEIIMBAHUH KOMIIO3HIIUHU YTIIepoaHOe BOIOKHO — DDC B TeueHue 30
MUHYT CpEIHUE 3HAYCHUE IUIOTHOCTH OOPa3IoB SIBJISICTCS HAMITYYITUM M3 MOJy4YeHHBIX U paBHO 1,306 u
1,302 rlem® (srueiiku cuta quameTpoMm 2 u 6 MM, COOTBETCTBEHHO). Hauxyaiee 13 MOMyUYeHHBIX CpEIHEe
3HAYEHHUE TUIOTHOCTH OOpPa3IOB HAOIIOAACTCS MPU CMCIIMBAHWW KOMITIO3UIIMH YTJIEPOTHOE BOJOKHO —
®DC B teuenue 50 munyT — 1,243 u 1,258 r/ecm’ (siueiiku cuta auameTpoMm 2 U 6 MM, COOTBETCTBEHHO).
[Ipu cMemmMBaHUM KOMITO3UITUU yTiIepoHoe BOJIOKHO — DDC B Teuenne 40 u 60 MuHYT momydaercs
CIIeyIoHe cpeaHne 3HaueHus rioTHocted: 40 munyT (2 MM) — 1,264, 40 munyt (6 mm) — 1,281, 60
MuHYT (2 MM) — 1,268, 60 MunyT (6 MM) — 1,289.

MOHO 3aMETHTbh, YTO TUAMETP SUECK MPOITYCKAIOIIEr0 CHUTAa OKAa3bIBACT BIMSHUEC HA 3HAYCHUS
IUIOTHOCTEW TMIOJIYYeHHBIX 00pasmoB, oOpa3ell W3 YIVIEBOJIOKHWUTA, W3MEIBYCHHOTO Yepe3 CHTO C
JIMaMETPOM siueek 6 MM, mosyvaercsi OoJiee TUIOTHBIA YeM o0pa3ell U3 yrieBOJIOKHUTA, U3MEIbUCHHOTO
gepe3 CUTO C AUaMeTpoM siaeek 2 MM. ONITHMaTbHBIM BPEMEHEM CMEIIUBAHUS KOMIIO3HIIMH YTIICPOIHOEC
BOJIOKHO — DDC moxHO cumrath 3HadeHue B 30 muHyT. Eciam BpeMs cMemMBaHUS KOMIIO3HMIIUU
yraepoaroe BoJIOKHO — @DC menbmie 30 MUHYT - HAOIIOJACTCSI HEOJHOPOIHOCTD YTIIEBOJIOKHUTA TIPH
BU3yaJIbHOM KOHTPOJIE.

JUTEPATVYPA

1. TOCT 27939-88 Matepuan KOMNO3ULMOHHBINA. YriaeBodokHUT Mapku OIIAH. Texuuueckue
yCIIOBUSL.
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HCCJIEJOBAHUE TEMIIEPATYPHBIX MOJIEHA B MTPOMBIIIJIEHHBIX TEYAX
PAMOU I'PAOUTAIINA C ACITOJIb30OBAHMEM METOA0OB YHCJTEHHOI'O
MOJAEJIMPOBAHMUA U ITPAMBIX U3SMEPEHUU

HInnkosB A.H.l, Ypcees H.A.l, KBanun A.JI.l, PsaooB (I).C.Z, JAmurpuen AH?

L AO «DIIM — MenemrmenT», MockBa
2 AO «ITUDPA», Cankr-IlerepOypr

AShipkov@energoprom.ru

B Hacrosmiee Bpemsi IS MPOHM3BOACTBA Tpa)MTHPOBAHHBIX YIJIEPOJHBIX MAaTEPUANIOB HIMPOKO
ucroiss3yercs cnocod KactHepa, npemioxkeHHsIi eme B kKonie 19-ro Beka [1]. [lns peanusamuu ciocoba
OpUMEHSIOTCS Teur npsmoit rpadutamun (nanee IIIITT), B KOTOPBIX TEMJIO BBIACISETCS B MPOAOIBHO
COCMHEHHBIX TOPEI-K-TOPIy 3aroTOBKaxX 3a CYET IMPOXOXKICHUS Yepe3 HHUX AIIEKTPHUECKOTO TOKa.
I'papuranms mo cmocoOy KacTHepa ¢ yaenbHBIM pacxonoM dyekTpodnepruu (mamee YPD) B
3000-3500 xBt-u/T siBisiercst 6osee 3hGEKTUBHON MO CPABHEHUIO C BEJACHUEM KaMITAHUH C TTOMOIIBIO
TpaIuIUOHHBIX meueil Auecona ¢ YPD 4500-5500 kBt-4/t [2]. B ycnoBusiXx COBPEMEHHOTO pa3BUTHSI
HAayKH M TEXHUKH, a TaKXKe B YCIOBHAX KOHKYPEHIMH W TpPEOOBaHWI TNPEABIBISIEMBIX PBIHKOM
CYIIECTBYIOT TEHJACHIIMM K CHIDKCHUIO YJCIBHOTO pacxoia dJIEKTPOIHEPTHH, COKpAIICHHIO
MPOJOIDKUTEIFHOCTH KaMIaHWK, YBEITMYEHUI0 MaKCHMAIBHOTO pa3Mepa 3aroTOBOK, ITOABEPraeMBIX
rpaduranmu B neyax Kacthepa. [lanbHeiimee yBenuueHus 3QEKTUBHOCTH MPOBEACHUS TpaduTanuu B
[IIII" aBnsieTcs CIOXKHOM HAYyYHO-HCCIIEIOBATENBCKOM U TEXHOJIOTMYECKON 3aJayei, peleHue KOTOpoi
palMOHAIEHO BECTH MPH MOMOIIM MaTeMaTHIECKOT0 MOICTHPOBAHHSI.

JlanHas paboTa MOCBSIIEHA CO3JJaHUI0O WHCTPYMEHTA JUISl UCCIICOBAHUI TeMIepaTypHBIX MOJeH B
[IIII" ¢ wucmomp30BaHUEM METOIOB YHCIEHHOTO MOJCIMPOBAHHUS M TPSAMBIX BBICOKOTEMIIEPATYPHBIX
n3MepeHuit. Madopmanus o peaabHOM pacrpeeIeHul TeMIIepaTyp B Ieun rpaduTalui U 3arOTOBKax B
KaXJbIii MOMEHT BPEMEHH, B COBOKYIHOCTH C HMH(pOpPMAaLUeld O KIIOYEBBIX TEMIEpaTypHBIX TOYKAX
nporecca rpadputanuu (Ha4alo ¥ KOHEI BBIXOJa W3 3arOTOBKH TI'eTEPOaTOMOB CEepbl M a30Ta, TaK
Ha3bIBaeMbIe MepHojbl «rmaduHra», a TakkKe MUHHUMAIBHO JIOCTAaTOYHAs TEMIIepaTypa Ul MOIydYeHUS
rpadura Hy>)KHOW CTPYKTYPBI M CBOWCTB) SIBJISICTCSI YPE3BBIUAHO MOJIC3HOM Kak JUIs pa3paboTku Oosee
MOJXOIAIINX KOHCTPYKINH Ie4H, TaK M IS COBEPIICHCTBOBAHUS PETJIAMEHTOB BBOJIa MOIITHOCTH.

st ocymecTBIeHUS NPSAMBIX U3MEPEHHUN TEMIIEpaTyp B Pa3IMYHBIX 30HAX MEYM HPHU MPOBEICHUN
KaMIIaHUHM TpaduTaluy MCIOIb30BAINCH CEPHUIHO BBIMYCKaeMble HUXPOCHII-HUCHIIOBBIE TEPOMOIIAPHI B
3alIUTHBIX METAUTMYECKUX 4YeXJax, BOJIb()paMpeHHEBbIE TEPIONAphl B CIEHUAIBHOM 3aLIHICHHOM
WCTIOJTHEHNH, ONTHYECKHE MHPOMETPHI CHEKTPAIFHOTO OTHOLICHHS CO CHENHAIBHO pPa3pabOTaHHBIMHU
BU3HUPHBIMH TPyOaMH JJIsl HETIOCPEICTBEHHBIX U3MEPEHUH TeMIIEpaTyp B 3ar0TOBKAX.

JIns OCTpOCHUST YMCICHHOW MOJENTHM MAaTepualioB HCIIOJB30BATHCH JINTEPATYpPHBIE ITaHHBIC IO
TEPMOJMHAMMYECKUM U DJCKTPUYECKMM CBOWCTBAM MAaTEpUAIOB M€Y U 3aroTOBOK, KOTOpPBIE
YTOYHSUTUCH TT0 Mepe HEOOXOANMOCTH B XOJI€ JOIOIHUTEIBHBIX BRICOKOTEMIIEPATYPHBIX H3MepeHuit [3].
YTOYHEHUIO MOMJIE)KATH TOJIBKO TE€ IMapaMeTpbl, UyBCTBUTEIBHOCTh MOJIENM K KOTOPBIM IpEBBIIIANa
MOPOT 3HAYUMOCTH.

UYucneHHas MOJIENb 1e4r ObLIa MOCTPOEHA CPEACTBAMH MaKeTa /Uil KOHEUHO-3JIEMEHTHOTO aHaIu3a
ANSYS, rne pemranach cBs3aHHas HECTallMOHApHAs 3ajada TETUIONMPOBOIHOCTH M KBa3HCTAI[MOHAPHAS
3agada 3JEKTPONpPOBOAHOCTH. OTiazKka MOJENM OCYIIECTBIJIAch HAa (parMEeHTe OAHOM KaMmepsl IMeuu
mmHor 1 wmetp, cocrosmeii w3 700 y3moB (5 Teicsy snemenToB). [lomHopasmepHas MOETb
YeThIpEeXKaMEpHOH neun rpauranuy Oblja MOCTPOSHA C YYETOM CUMMETPUH, cocTosImas u3 678 Teicay
y3510B (258 ThICSY 371eMEHTOB), Kak MOKa3aHo Ha Pucynke 1.
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a §)

Puc. 1. KoneunoanemenrtHast mozens [1I1I: a — monens gpparmenTa oJHOI KaMephl,
6 — mozenb yetbipexkamepHoii [T (¢ yuetoM cHMMETpHH)

IloctpoeHHass  MoJenb  TOKa3bIBA€T  3HAYUTENIBHBIE  HEOAHOPOJHOCTH  paclpeAeseHus
TeMIIepaTypHBIX MOJIeH, YTO NpUBeeHO Ha PucyHke 2.

- . 2800

Puc. 2. HepaBHOMepHOE paciipe/ielieHue TEMIIEPATyp C YIETOM CIOKHOTO KOHTAKTa MEXIY TOPLAMH 3ar0TOBOK

JlaHHbIE HATYpHBIX U3MEPEHHM XOpOIIO COTJACylOTCA C  pe3yJIbTaTlaMM  YUCICHHOIO
MOJIEJIMPOBAHNS U B COBOKYITHOCTH C HUMHU B HACTOSIIIIMI MOMEHT HCIIOJIB3YIOTCS JUIsl CO3/1aHHUSI HOBOTO
MPUKIIAJAHOTO MPOrPAaMMHOI0 OOecredyeHus: A ONTHMHU3ALUU perjaMeHToB BBoaa mourHoctH [T
Bricokast ckopocTh pacyeTa U mpuemsiemMasl TOYHOCTh Jal0T BO3MOXKHOCTh PacCMaTpPUBATh MOIYYEHHYIO
MOJIeJIb KaK OCHOBY ISl CO3JIaHMsI HM(POBOTO JBOWHUKA TTEUH.
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I xoJauH A.B.l, MeHbIIMKOB I/I.E.l, ®omkun A.AL

! WNuctutyT dusznyeckoit xumuu u snexrpoxumun uM. A.H. ®pymkuna PAH
JlabopaTtopust copouronnsix nporeccoB UOGXD PAH, r. Mocksa

shkolin@phyche.ac.ru

[pu apcopbumu amcopdbaT BIMSET HA TEPMOIMHAMUYECKOE COCTOSHHE TBEPAOTO Teja U BBHI3BIBACT
ero nedopmanuo. B [1] Obi10 MOKa3zaHo, 4TO B MpOLEcCe aacoOpOLUH TOPHCTOE TBEPIOE TEINIO SIBISCTCS
AKTUBHBIM YYaCTHMKOM aJICOPOLIMOHHOTO B3aUMOJIEHCTBUS, @ HE MPOCTO HOCUTEJIEM aJCOPOLIMOHHOTO
noJist. OToT 3¢ PeKT 0COOEHHO 3aMETEH JUIsl MUKPOIIOPUCTHIX MAaT€pHajIoB C BHICOKOPA3BUTOMN MOPUCTOMN
CTPYKTYpOH, KOrja aacopOIusi MpoTeKaeT Mo MeXaHu3My oObemHoro 3amonueHus [2]. Jedopmarus
a7icopOeHTa 3aBUCUT OT MHOXKECTBa ()aKTOPOB, MTOMHMO MOPUCTOCTU TBEPAOTO Teja, a UMEHHO XUMHUHU
MOBEPXHOCTHU U JKECTKOCTH CAMOTO aJIcOPOEHTa, (PU3NKO-XUMHUECKUX CBOMCTB aICOPOHPYEMBIX MOJIEKYJT
U TEePMOAMHAMHUYECKUX IlapaMeTpoB aJCOpOLMOHHOM cucTteMbl. [Ipm 3TOM XUMHS HOBEPXHOCTH
aJicopOeHTa MOXKET OKa3bIBaTh CYIIECTBEHHOE BIHMSHHE Ha JeQOopManroHHBIE APPEKTH 0COOECHHO B
00J1aCTH MaJbIX 3allOJTHEHUH TOPOBOT'O MPOCTPAHCTBA.

s moctpoenus Teopun aedopManum aacopOeHTOB BaXKHO OIEHHUTH dY(PQEKTHI, XapaKTEepHbIE IS
OTIPEJIeJIEHHOr0 THUIA TOp, W, COOTBETCTBEHHO, MEXaHU3Ma afcopOuuu. B cBs3M ¢ 3TUM B HacTosIei
pabore wuccienoBanack AepopManus MHUKPOIOPHUCTBIX aJCOPOEHTOB C pPa3iMYHbIMH (QYHKIUSIMU
pacrpeneneHus MHKPOIOp T[MO pa3MepaM W XHMHEH MOBepXHOCTH: aacopbent Sorbonorit-4,
CHUHTE3MPOBAaHHBIN M3 Topda mapora3oBoi axTuBammel u amcopbeHT AVK, cUHTE3upOBaHHBIA U3
KapOuJa KpeMHHsI TEPMOXUMHUUECKUM CHUHTE30M.

OmnpezneneHue BEIMYNH OTHOCUTEIBHOM JTMHEWHOW acOpOIIMOHHO-CTUMYIMPOBaHHOM fedopmanun
IIPOBOJMWJIOCH C HCHOJB30BAHMEM [WJIATOMETpa MHIYKIHMOHHOTO THUMA HAa MOJCPHU3UPOBAHHOM
JMJIaTOMETPUYECKOM CTEHE BBICOKOTO JMaBiieHHs [3], pa3BUTHE METOAMKU UCIIOJIL30BaHUS, KOTOPOTO Ha
001acTh M3MEPEHHSI TEMIIEPATYPHOM AehopManuu npuseaeHo B [4].

PesynbraTsl onpenenaeHns OTHOCUTENBHOM JIMHEHHON nedopMariun ucciaeryeMbIX MUKPOITOPUCTBIX
YTJIEPOJIHBIX aJICOPOCHTOB B 3aBUCUMOCTH OT aJICOPOIIMK MpECTaBICHBI Ha puc. 1.

04 0,25 -

03

AVi; %

0,2 0,15

01 0,10 -

12

a, mmol/g

é. 10 12
u a, Mmonb/r
a b

Puc. 1. 3aBUCUMOCTh OTHOCHUTEIIHHOM JIMHEWHOH NedopMaliiil MUKPOTIOPHCTHIX YIIIEPOJHBIX aJICOPOCHTOB OT aACcopOIHU
Merana. CHMBOJIBI — SKCIICPUMEHTAIBHBIC TAHHBIC; JINHUH — PACYET HA OCHOBE MOJTyIMITHPHIECKOTo moaxona [5].
a — ajgcopbent Sorbonorit-4, temnepaTypsl 3xkcriepumenTa, K: 1 —213; 2 — 243; 3 -273; 4 - 293; 5 - 333; 6 — 393.
b — ancopbent AYK, temmieparypsl akcriepumenta, K: 1 —178; 2 — 216; 3 — 243; 4 - 273; 5 - 313; 6 — 333; 7 — 393.
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Kak cnemyer w3 pumc. 1, npedopmamust MHUKPOMOPHUCTBIX — YIJIEPOAHBIX  aJICOPOCHTOB,
CTUMYJIMPOBaHHas ajicopOuuell MeTaHa MMeeT 00JacTh CXaTus NMPH HU3KUX TeMIeparypax, KoTopas
YMEHBIIAETCSI C POCTOM TEMIIEPATypbl, U UMEET Nepexoja B 00JacTh PACHIMPEHHS MPH TEMIIepaTypax
ceiie 333 K. C pocrom ancopbuun nedopmarust agcopOeHToB Bo3pacrtaeT. [Ipu 3ToM MakcumalibHas
WHTCHCUBHOCTB HapacTaHus nedopmaruy HabIroaaeTcsi B 00JacTH BBICOKUX 3aMIOJTHEHUH.

B pabote mpoBoawin ucciaenoBaHME OTHOCHUTENIbHOW JMHEHHON aedopMany MUKPOMOPHUCTBIX
a7copOCHTOB, CTUMYJIUPOBAHHOW TEMIIEpaTypoil B MHTEepBaje Temmeparyp ot 293 no 573 K B ycrnoBusx
BakyyMa. /laBneHue B amiatomerpe BO BpeMs skcnepuMmeHta Obuto Hiwke 1 Ila. Ilpu stom mepen
M3MEPEHUsIMU aacopOeHT pereHepupoBaii He MeHee 24 dacoB mpu Temmeparype 573 K. PesynbraTs
M3MEPEHHS M UX CPABHEHHUE CO CIIPABOYHBIMH JaHHBIMU 110 Tpaduty [5] nprBeaeHs! Ha puc. 2.

Puc. 2 3aBucuMocTh TepMUYECKUX KO3PPHUIIUCHTOB
JMHEHHOTO pacmmpenus agacopoentos Sorbonorit 4, AVK u
I'padura Il u Tpadura L ot Temmeparypsr.

Kak crmemyer w3 puc. 2, cpeaHue 3HAYCHHUS TEPMHUUYECKOro Kod(D@HUIMEHTa TEPMUUYECKOTO
PACIIMPEHHS B M3MEPEHHOM TEMIIEPATyPHOM HHTepBasIe Ams ancopbenta Sorbonorit 4 <agns> = 44,9107
1/K; mna AYK <oayi> = 3,0-10° 1/K [7]. Mns rpadura sTa BEeMMUMHA COCTABISIET OKOJIO <OL> = ~ —
1,0-10° 1/K B mIocKOCTH MepIEHIMKYISAPHOM CIOSAM YIIepoia H OKOJIO <o> = ~2,5-10° 1/K B
mwiockoctd cioeB yriepoga [6]. Takum ob6paszom, cpemnee TKIIP yriuepoaHsix aacopOCHTOB B
3aBHCUMOCTH OT MX reHesuca MoxkeT ObITb Oonbiie TKJIP rpadura, a MOXeT UMETh CXOXKHE 3HAYCHHUS.
MeHbliiee 3HaUCHHE XapaKTEepHO IS yriaepoaHoro ajcopoenTa AVK.
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UCCJEIOBAHUE ®OTORJEKTPUYECKHUX CBOMCTB
MOHOKPUCTAIVIMYECKOI'O AJIMA3A
JJIAA CO3JAHUA AETEKTOPOB NOHU3UPYIOIIEI'O U3JITYYEHUA
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' ®I'BHY TUCHVYM, r. Mockga, . Tpoumx
2 ®rAOY BO MOTHU (T'Y), r. loaronpyaHblii

vika.ockol@yandex.ru

CHHTeTHYECKHI anma3 XapakTepu3yeTcss COYETaHMEM KOMIUIEKCAa YHHUKaJIbHBIX (PU3MUECKHX
CBOMCTB, JENAIOIIUX €T0 MEPCICKTUBHBIM MATEPHAIOM ISl DKCTPEMAJIbHOW U CHUIIOBOM DJIEKTPOHUKH, B
TOM YHCJE JETEKTOPOB 3JIEMEHTApPHBIX 4YacTUL. MOHOKPUCTAJUIMYECKUH aiMa3, BBIPALIUBAaEMbIi B
OI'BHY THUCHVYM, uMeeT BHICOYANIIYIO paAMallMOHHYIO CTOHKOCTb, MPeoOpa3oBaTeIn dHEPruu OeTa
M30TOIOB Ha OCHOBE aiMasa mpojaeMoHcTpupoBanyu npaktadecku 100% cOop 3apsaa mpu mpoXoKACHUU
BBICOKODHEPTHUYHBIX HMOHU3UPYIOMMX dYacTull [1]. Anmma3 mMeeT mmMpHHY 3anpenieHHoi 30HbI 5,5 3B,
MIO3TOMY, AETEKTOpPhl Ha OCHOBE ajMa3a OOHApPY’KUBAKOT IOpa3lo MEHbIINH ypPOBEHb TEMHOBOI'O TOKA,
4eM TPAJULMOHHO HUCIIOJIb3YEMBIE JETEKTOPBI HA OCHOBE KPEMHHUS. DTO TaK K€ OTHOCUTCSI K TEMHOBOMY
TOKY, 00YCIIOBJICHHOMY TEMIIEpaTypOil OKPY > arolIei cpebl. Bricokasi MOIBHKHOCTh HOCHUTENEH 3apsiaa
B alMa3e MOXKET oOecredynTh ObicTpozaelicTBhe aAeTekTopoB g0 10 HC. AnMasHbIE IETEKTOPHI YCIIEUITHO
MIPUMEHSIOTCSL Il WM3Y4YeHHUs paccesHHbIX vactul, Ha aetekrope TOTEM B cocraBe bosbiioro
Anponnoro Komaiigepa [2].

Cy1ecTByeT, OJJHAKO, MHOXECTBO HEpEIICHHBIX (PU3NUYECKUX M TEXHOJOTMUYECKHX 3a]ad Ha MyTH
CO3/1aHUS AJIMAa3HBIX JETEKTOPOB MOHU3UPYIOLIETO M3JIy4YE€HHs, B TOM YHUCIE CBSA3aHHBIX C HEOOJBIINM
pa3MepoM aJIMa3HBIX IUIACTUH M HAJMYUIO B K&KJIOU IIJIACTHHE PA3JIMYHBIX CEKTOPOB POCTA.

Ilenpto  nmaHHOM  paOoThl  sBIsleTCs  UcciefoBaHUE  (OTOIIEKTPUUYECKUX  CBOWCTB
BBICOKOKAYeCTBCHHBIX 0€3a30THBIX anma3oB (tum |la) BBIpalIeHHBIX METOAOM TEeMIEepaTypHOro
rpajiMeHTa MpH BBICOKKMX Temreparype u aasienuu (HPHT) B 3aBucuMocTH OT pacipeielieHus: pOCTOBBIX
CEKTOPOB B IUIaCTHHAX. B Xoae paboThl ObLIM MOTYUYEHBI CIEAYIOIINE Pe3yJIbTaThl:

1) Beuin  WCCIeIOBaHBl  BOJBT-aMIICPHBIC  XapPAKTEPUCTHKHA  DJIEKTPUYECKUX  KOHTAKTOB,
copMupoBaHHBIX Ha pocToBbIX cekTopax {001} u {111} anmasa.

2) bBbuia moctpoeHa 3aBUCHMOCTh (DOTOTOKA OT JJIMHBI BOJIHBI B auamasoHe 200-800nm s kaxmoro
POCTOBOTO CEKTOpA.

3) TIlocunTaHbl BENUYMHBI KBAHTOBOH 3(PPEKTUBHOCTH (371€KTPOHOB/HOTOH OT JUIMHBI BOJIHBI) H
qyBCTBHUTEILHOCTH (amriep/BatT OT [UIMHBI BOJIHBI) ajMa3HbIX JeTekTopoB (Puc.l u Puc. 2).

4) Ins obnerdeHust pOpMUPOBAHUS IJEKTPHUCCKUX KOHTAKTOB Ha MOBEPXHOCTH AIMAa3HbIX MOIOXKEK
ObUT  YCOBEPIIECHCTBOBAH MeXaHW3M  (oTonurorpaduu ©W  MarHETPOHHOTO  OCAKICHHUS
METAIMYECKUX IUIEHOK. YTO MO3BOJMIO M3rOTaBAMBATHL METAIMYECKHE KOHTAKTBI C
MUHHMAJIbHBIM OTCTYIIOM OT Kpasl IUTAaCTHHBI JUIS 3(PQPEKTUBHOIO HCIOIb30BAHUS IUIOMIAIN
QJIMa3HOTO KpHCTa/lla. JTO OCOOECHHO TOJIE3HO [UIS CO3JAHHS TEOMETPHYECKH TOYHOU
META/UIM3alMK U1 BBICOKOTOYHBIX  IPOCTPAHCTCHHO-BPEMCHHBIX  JIETEKTOPOB  IpOJieTa
BBICOKODHEPIeTUYHOM YacTHIlbI [3].
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Puc.1 KBanroBas 3¢ pekTHBHOCTH

Puc.2 UyBcTBUTENBEHOCTD
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MATEPUAJIBI HA OCHOBE TEPMOPACIHIMPEHHOT' O I'PA®UTA
B METAJLTYPTUUECKOM MPOMBINIJIEHHOCTHA
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B meTamnypruu npuMeHsIFOT 00JIBIIOE KOJUYECTBO YTIIEPOAHBIX MATEPHAIIOB. DTO IEKTPOIBI IS
IYTOBBIX CTQJCIUIAaBWIbHBIX I€4el, aHOAbl M KaTOAbl JJIS 3JIEKTPOJIUTUYECKOrO IPOU3BOJCTBA
QIIOMUHUS, 3TO YTJIEpOAHbIe ONOKW it (pyTepoBKH MOMEHHBIX meuedl. Kak mpaBuio, yriepojHbie
u3Jenuss B METAIyprud — 3TO KpYNHOrabapuTHbIE U3IENus, IOJydyaeMble [0 TPAaTULMOHHBIM
texHosorusiM. OTHaKO MaTepualibl HA OCHOBE TEPMOPACIIMPEHHOTO TpaduTa TOKE HAUMHAIOT HAXOIUTh
MPUMEHEHHE Yy METaJTyproB.

B MeTammypruu amroMHHUS MaTepualibl Ha OCHOBe TepMopacmupenHoro rpadura (TPI) Havamu
NPUMEHSTh B Ka4eCTBe OapbhepHBIX MATEPUAJIOB B ANICKTPUYECKUX BaHHAaX [1]. V3BecTHbIC altOMUHHEBBIC
KOMIIaHWH [2] Havanu MpOMBIIUICHHBIC 3KCIIEPUMEHTHI M0 MPUMEHEHUIO MaTepuaioB Ha ocHoBe TP
Oonee necsATH JIeT Ha3ald, W CTaAMd MNPOMBIIIJICHHBIX SKCIEPUMEHTOB IUIaBHO Iepelia B CTaIHIo
MIPOMBIIITIEHHOTO TIPUMEHEHUSI.

B pesynbraTe Takoro B3auMoAeWCTBUS oOpasyrorcsa. [l mosydeHHs TepMOpacIIUpEHHOIo
rpadura HCHONB3YIOTCS HHTEpKaIupoBaHHbie coeauneHus rpadura (MCI), nepexonsiiue B OKUCICHHBINA
rpadur. Ilpu tepmoymape koddduumeHT pacmupeHus okucieHHoro rpaduta cocrasiser 40-80,
COOTBETCTBEHHO, YJelbHas IOBEPXHOCTb OOpasylomerocss TMpu  yIapHOHl  TepmMooOpaboTke
TepPMOpACIIPEHHOr0 TpauTa MOXKeT cocTasmsTh oT 40 1o 200 MP/r.

JlaGopaTopHble AKCHEPUMEHTHI MOKa3bIBAIOT, YTO TpaduroBas (Qosbra HWMEeT YHHUKAIbHYIO
CTPYKTYpY, KpailHE Mallyl0 Ta30lpOHULAEMOCTb, Oyarojapss OTCYTCTBUIO CMauMBaHUS SBISETCS
ueaIbHBIM OapbepoM Ul MPOTEUEK ATIOMHHUSA U 00JaJaeT XOPOIIMMU OaphepHBIMU CBOMCTBAMU IS
poTeueKk Kprosnta v AudPy3un HATPHs B ATFOMUHUEBBIX d1eKTposu3epax (Puc.l).

Puc. 1. I'padurosas ¢oinsra (1) B KoHTaKTe ¢ paciuiaBamu agroMunust (2) u kpuonura (3).
Hwxe rpapurosoit posbru (1) — amomocumkatHelii oraeymop (4)

Bonpoc o nuddy3un Hatpus uz kpuoaura B rpapute TpeOyeT AaJbHEUIINX UCCIeI0BaHUN, OJJHAKO
MIPOMBIIUICHHBIE AKCIIEPUMEHTHI TOKA3bIBAIOT, YTO rpaduToBas (ojbra SBISETCS XOPOIIUM Oapbepom
JUISL TIPOTEYEK B ANEKTPOIUTUYECKUX BaHHAX AJIOMHHHUS U HEIUIOXUM IOJYIPOHUIIAEMBIM OaphepoM st
pacraBa kpuonuta u 1uddy3un HaTpus.
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PazpaboTka MeTOOB MONydeHHs W MOTUGHUKAIMS CTPYKTYpHl TpadeHa W ero MPOU3BOIHBIX
SIBJIAIOTCSI TIEPCIIEKTUBHBIMHU 3aJjayaMHd B OOJAacTU YTIEpOAHBIX coeauHeHuil. Hanbonee wm3ydaembiM
NpoOM3BOAHBIM Tpadena sisiercs okcun rpadena (OI). CymecTByeT HECKOJIBKO —Pa3IUYHBIX
CTpyKTypHbIX Mogneneit OI, Hambonee uuTUpyeMoil B JuTepaType sBiuserca wmonenb Jlepda-
KnunaoBckoro. JlanHHas MoJieNb PEeAIoNaraeT HaIudie KUCIOPOICOIepKAINX (PYHKIMOHATIBHBIX TPYIIT
Ha MOBEPXHOCTH OKcuaa rpadena. TakuMu rpynmnamMu sIBISIFOTCS: STMOKCUIHBIC U THAPOKCHIIbHBIE TPYIIIBI
pacrosiokeHHbIe Ha 0a3aJbHBIX IUIOCKOCTSX, KAPOOHMIBHBIE U KapOOKCHIIbHBIE TPYTIITHI PACTIONO0KEHHBIS
Ha Kpasx IJIOCKOCTH OKcuja rpadeHa.

OmauM M3  crmoco0OB W3MEHeHHsS (YyHKIHMOHAJIBHBIX CBOMCTB OKCHAa TpadeHa SBISETCS
MoauUKAIMs ~ OpPraHMYECKUX  TPYIIN  HaxoJsdIMecs Ha  ero  moBepxHocTh.  Haumbonee
BBICOKOA(PEeKTUBHBIM criocoboM (yrknmonanu3anuu Ol sBisiercst peakuus amuauposanus [1]. Jannas
pabota MOCBSAILECHA HCCJIE0BAHUIO YCIIOBHI CUHTE3a u W3YUYEHUIO CTPYKTYpPBbI
(bYHKIMOHATM3MPOBAHHOTO STHIICHIMaMUHOM OoKkcua rpadena (3A-OI).

Oxcun rpadena (MHOTOCTOWHBIN) ObUT CHHTE3MPOBAH METOAOM DIIEKTPOXUMHUYECKOTo (aHOIHOTO)
OKHCJICHHsI TUCIIEPCHOTO Tpadura B cepHOiM kuciore [2]. Peakums amumupoBaHUsl MPOTEKAeT MyTEM
B3aUMOJCHCTBUS KapOOKCWIbHBIX Tpynn OI' m aMuHOTrpymnm STWIEHIWaMUHA. B peakimoHHOU cpene
npucytctByet 1,3-nunuknorexcuikapooauumu (LK), ucronbp3yeMblii B KaueCTBE CBSI3YIOIIETO areHTa
JUISL TIOBBILLIEHUS 3JIEKTPOPUILHOCTH KapOOKCHIIaT-aHUOHA.

Puc. 1. Cxema peakiuu aMuIMPOBaHUsS OKCHa rpadeHa

CunTe3upoBaHHbIH okcua rpadena (6 mr) ObuT ArcneprupoBas, B 10 MiT IUCTH/UTHPOBAHHOMN BOIBI,
C MOMOIIBIO YIBTPA3BYKOBOH 00pabOTKH, B TeueHHe 2 yacoB. [loydeHHYI0 AMCIEPCUIO KUIATAT MpU
90 °C ¢ ucnonp3oBanueM obparHoro xomoaunbHuka u gaodasmenuem 80 mr K u 1.5 mum DJIA (mo
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karisiM), B TedeHue 4 dacoB (Puc.l). IMomyuennsiii DJJA-OI' ¢uibrpyror u npombiaror 100 M
muctuipoBaHHblid Boabl v 100 mut aTanona, cymart npu 80 °C.

CTpyKkTypHOE HCCIIeJIOBaHHE OKcHAa TpadeHa — STO HEOOXOIMMBIM Tporlecc Ui H3YYCHHUS
MOJIUGUKAIMKY TOBEPXHOCTH M ONpEJeNeHHs] MeXaHW3Ma 00pa3oBaHMs IOJNyYEHHBIX CTPYKTyp. s
UACHTU(DUKAIIMA CTPOCHUS M HCCICAOBAaHUS CBOWCTB cuHTe3npoBaHHoro JJ[A-OI' wucmombp3oBamu
meronsl UK-cmektpockomuu u peHtreHogasosoro anamusa (PD®A). B UK-cmektpe DIA-OT,
Habomaercs momoca npu 1001 cm™ cooTBeTcTBYyIOmAs Ae(OPMAIMOHHBIM KOICOAHHSIM STOKCHIHBIX
rpynn  (C-O-C). Peructpupyercss HOBbIi muk mpu 1356 oM™, KOTOpBIA MpeacTaBmseT coGoif
nedopmarmonnsie koneGanus C-N ¢parmenta [3]. Iluk npu 1635 cv™ xapakTepusyer cuMMeTpHUHBIC
BaJieHTHBIC KosieOanust amuanoi cBsisu (—CO-NH-). Manounrencusubie mosocskl mexxay 2800 u 3000
cM™, COOTBETCTBYIOT BaJCHTHEIM KoneOanmsiM —CHa— dparMenta. PericTpupyercs HHTEHCHBHAS TI00CA
npu 3418 u 3485 cM™, cOOTBETCTBYIONIAs BATCHTHBIM KONCOAHMSIM aMUHOrPYTT. CTOUT OTMETHTh, UTO
MHTECHCHBHOCTH MUKOB B nHTepBane 3400-2000 cM™ ymeHnbImaercs B cpaBHennn ¢ MK—crnekTpamu okcra
rpadena [2]. BeposTHO 3TO yKaspiBaeT Ha TO, YTO KUCIOpoicojaepxkamiue rpymmsl O
BOCCTaHABJIMBAIOTCS WIIM 3aMEIIAIOTCS B Tporiecce aMuanpoBanusi. OTCYTCTBYIOT BaJICHTHBIE KOJIeOaHUs
KapOOHMIBHBIX TPy, HabTIoKaeMbie Mexay 1718 1 1738 ev™,

Pesynbraret POA moka3pIBalOT, YTO Ha peHTreHorpamme peructpupyercs curnHan DJA-OT, c
MakcumyMmoMm mka npu 20 = 10.45°, kotopslii o cpaBHeHuto ¢ curranoMm OI' cmeméH Bieso [2]. DTo
MOKHO OOBSICHUTH KOBAJCHTHHIM B3aWMOJICHCTBHEM aMHHOTPYI STHWICHAHMAMUHA (DYHKIIMOHAIBHBIX
rpynn OI'.

Taxum 00pa3oMm, B pe3ysbTaTe MPOBEACHHBIX MCCIICAOBAHUHA MOKa3aHa BO3MOKHOCTH TOJTYYCHHUS
(GYKIMOHATM3UPOBAHHOTO  anu(aTHUYeCKUM aMUHOM OKcujaa rpadeHa, MyTéM B3aUMOAEHUCTBUS
STHJICHIMAMHHA U MHOTOCIIOWHOTO OKcua rpadena. BaHbIM ycIoBHEM MPOTEKAHUS PEAKINH SBISCTCS
Hannuue cBszytomero areHtra /(LK. IlomydeHHble CTPYKTypbl OBUIM OXapaKTE€pHU30BaHbl METOJAaMHU
pentreHodazoBoro ananuza u UK-cnexrpockonuu.

Hccneoosanue svinonneno npu gounancosoul noooepicke PODU 6 pamkax nayunozo npoexma Ne
18-29-19048.
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	Бейлина_тезисы
	Бирюков_тезисы
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	Соловцова_тезисы
	Стебелева_тезисы
	Султанова_тезисы
	Тарелкин_тезисы
	Тахтин_тезисы
	Тудупова_тезисы
	Тюменцев_тезисы
	Урбанович_тезисы
	Усеинов_тезисы
	Филимоненков_тезисы
	Филиппов_тезисы
	Филоненко_тезисы
	Фомин_тезисы
	Фролова_тезисы
	Хабашеску_тезисы
	Хоробрых_тезисы_замена_21.09
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