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HanouyacTuliibl HUKeIsS ITOIyYaIi METOIOM JIEKTPUISCKOTO B3phIBa ITPoBOIOKU (DBI1) BBICOKOBOIBTHBEIM
pa3psaoM c nmoclenyolleil KoHAeHcaleil B MTHEpTHOM ra3oBoii cpene. B ciyyae nobaBieHus B ra30ByIO
cpeny OyraHa Ha KOHIEHCHUPYIOIIMECsS YaCTUIIbI HUKEsT ocaxkaaiach yriepoaHas obonouka. Hermocpen-
CTBEHHO IT0CJIe CUHTE3a MPOBOIMIIN XKUIKOCTHYIO MOAM(UKAIIMIO HAHOYACTUL] BOMHBIMM PACTBOPAMU T10-
JINCAaXapuIOB: arapo3bl U TejlJlaHa, B pe3yJibTare 4ero Ha yacTuiax Ni M HUKeJs ¢ yIJIEpOTHON 000JI0YKOM
(Ni@C) popmupoBanack nojmMmepHasi 06o104Ka. JIucrepcHOCTh, KpUCTATMYECKAs! CTPYKTYpa U MarHUTHbBIS
cpoiictBa HaHo4yacTull Ni 1 Ni@C 0bumn oxapakTepr30BaHbl METOIAMU IIPOCBEUMBAIONICH MUKPOCKOIIMH,
peHreHoGha30BOro aHaIM3a 1 BUOpaliMoHHOM MarHuToMeTpyn. O011iee conepkaHue yriiepoaa Ha TOBEpXHOCTH
HaHOYACTHUII ObLIO OMpeAeIeHO METOIOM TEPMUIECKOTO aHAIM3a C COTPSDKEHHOM Macc-crieKTpoMeTpueit. [To-
Ka3aHo, YTO B MICC/IEAOBAHHBIX YCJIOBUSIX HA HAHOYACTHUIIAX OcaxkaaeTcs 10 2 Mac. % Toyrcaxapuaa, KOTOPhIid
dopMupyeT 000109KY TOIIIMHOM 0K0JIO 4 HM. B ci1ydae ncmonp3oBaHuMsI arapo3bl Kak MOOU(pUKaTopa co-
Jiep>KaHMe MoJiucaxapu/ia yBeJIMYMBaJIOCh C POCTOM KOHLIEHTpalluu MoauGUIMpyIolero pactopa. B ciy-
yae XXe UCIOIb30BaHMs B KauecTBe MonuduKaTopa rejiiaHa Habmoaanach 6oJiee CJIoXXKHast 3aBUCUMOCTh OT
KOHIIEHTpAIMU: CHavyajla pOCT, IOTOM CHMXXEHHE OcaXkIaeMoro KoJudecTBa noyjmcaxapuna. Pe3yiabrarsl
00CYXIIeHBI C TOUKM 3PEHUST BIUSHUS MOJIEKYJIIPHO MacChl TTOJMMepa Ha TTpolLiece aacopOIInu.

Kntoueswie croea: ameKTpUIeCKUil B3pBIB TTPOBOJIOKM, HAHOYACTUIILI, HUKENb, MOJMMEPHBIE 000JOYKMU,
araposa, rejijian
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1. BBEAEHHE

B Hacrosiiee BpeMst ToJlydeHUe U UcciieJOBaHUE
MarHUTHBLIX HAHOYACTUII SIBJISIETCS OOHUM M3 Hanbo-
Jiee MTHTEeHCUBHO pa3BUBAE€MbIX HaIlpaBJIeHUI HAHO-
TexHosoruu. biaarogapst o0COGEHHOCTIM XMMUYECKUX
¥ (PU3NYECKUX CBOMCTB TaK1e YaCTULIBI IIPEACTABIISI-
JOT OONBIION MHTEpEC KakK ¢ PyHIaMEHTaIbHOM TOU-
KM 3peHMs, TaK U C TOYKMU 3PEHUST MPAKTUYECKOTO
HICIOJIb30BaHUS B CAMBIX Pa3HBIX IIPUKJIaTHBIX 00J1a-
ctax [1]. Ocoboe 3HaYeHMEe MMEIOT TEPCIEKTUBBI NX
WICTIOJIb30BAHMSI B MEAULIMHE, OMOTEXHOJIOTUN U OUOH-
XKEHEepUHU B IIperapaTax JOCTaBKU JIEKapPCTBEHHBIX
CPEICTB, MATHUTHBIX CEHCOPaX, MAarHUTOYITPABJISIMbBIX
aKTyaTopax, B MaTpuiax (ckaddonmax) mis BeIpaliy-
BaHUsI KJIETOYHBIX KYJIbTYp W pereHepaluy TKaHeii, B
cucTeMax HMMITYJIbCHOIO pa3orpeBa MpU TUIIEpPTep-
MUYECKOM COCO0€ JIeUeHU I OHKOJIOTMYECKUX 3a00-
neBaHuii [2—6]. I1lo xumMudyeckoil mpupoae Kpyr Uc-
MOJIb3yEMbIX MaTEePHaIOB HE OU€HD IIINPOK, TIOCKOJIbKY
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OrpaHUYMBAETCI XUMUYECKIMU BellleCTBAaMM, XapaK-
TEPUBIOLIUMUCS HaJIMUYMEM ITOCTOSIHHOI'O MAarHuT-
HOIO MOMEHTA, TO €CTh HPOSIBJISIOIIMMU CBOMCTBA
deppomaraeTnkoB. Hambosee mmpoxo pacripocTpa-
HEHBI MaTepHuaJibl HA OCHOBE (DePPOMArHUTHBIX OK-
CUIOB Xejie3a — MarHeTUTa M Marremura. MakTu-
YyeCKM MMEHHO UMM M OrpaHUYMUBAETCsI BLIOOp Mar-
HUTHBIX YaCcTHIL JUTS GUOMEIULIMHCKOIO
MpUMEHEeHUs B HacTosiee BpeMs. Kak ciencrBue,
BapuaOeIbHOCTh CBOMCTB MAarHUTHBIX MaTepUaJIOB
Tak>Xe OrpaHW4YeHa, M He BO BCEX CITydasiX 3TU CBOM-
CTBa HAXOJATCS Ha ONTUMMAJbHOM YPOBHE C TOYKH
3peHUsT MPUKIAaIHbIX TpeboBaHuii. [TosaToMy cTOUT
3aJa4a pacIIMpeHust aCCOPTUMEHTAa MAaTHUTHBIX Ma-
TepUaIoB, UCIOIb3yeMbIX IS MOJy4eHUsI HaHOYAa-
CTULI, TTOTEHILWAJIbHO WHTEPECHBIX IS OMoMem-
LIMHCKUX 1ieJieli. B 3ToM cMBICiie B TIEPBYIO ouepenb
MPUBJIEKAIOT BHUMaHUe heppOMaArHUTHBIE MEPEXOI-
HBbIE METaJIJIbI: KeJIe30, KOoOaJIbT, HUKeIb. 2KeJie30 B
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CYIIECTBEHHOI CTEeNeHU MOIBEPKEHO OKUCICHUIO B
BOJHOI cpene, KOOAJBT SIBASIETCS AOCTATOYHO pel-
KUM U JOpOrvM. B 3TOi1 CBSI3M HECOMHEHHBIMU Mpe-
UMYIIeCTBAMU 00JIamaeT HUKEIb, U 3a1ada moiayde-
HUSI METAJJIMYECKUX HAHOYACTULl HUKEJIS TSI TIep-
CIEKTUBHOIO WCIONL30BAaHUS B OMOTEXHOJOTUU U
OGUOMHKEHEPUU TIPEICTaBIISIeT OONBIION MHTEPEC.

M3BecTHB pasiuyHBICE METOIbI MOJYYEHUSI Me-
TaJandecKnx HaHovyactui. Cpenu Bcero MHOTrooopa-
3UsI METOJMK CJIEIYET BBIIEIUTH (PU3NUECKUE METO-
JIbI, B OCHOBE KOTOPBIX JICXKUT IIPUHIIUIT NUCIIapEHUSI—
KOHAEHCAlMM METajljla B MHEPTHOM ra3oBOM cpene.
HMcnapeHue MmeTaljia MOXET ObITh IPOBEICHO B TyTO-
BOM pa3spsiae [7, 8], a Takke pas3jioXeHHueM OpraHo-
METAJUIMYECKOTO MpeKypcopa B IUIaMEHU Topenku [9].
B yacTHOCTH, TaHHBIE METOABI [IO3BOJISIIOT CUHTE3UPO-
BaThb HAaHOYACHIIbI, MHKAICYJIMPOBAaHHbBIC B YIJIEPOM-
HyI0 000JI0UKY. B TO ke Bpemst oOLIMM HEOOCTATKOM
MPEACTABJICHHBIX B JINTEpaType METOMOB SIBJISIETCS X
HU3Kasl IPOU3BOAUTEILHOCTD, YaCTO HE IIPEBHIIIAI0-
mas 10 r B vac. Hamnbosiee mepcrieKTMBHBIM C TOYKH
3peHMs PAKTUYSCKOI'O UCIIOJIb30BaHUS SIBJISIETCS Me-
TON 9JIEKTPUYECKOTOo B3pbiBa mpoBojioku (DBII).
CyTh METOHA COCTOUT B UMITYJIbCHOM Pa30rpeBe OT-
pe3Ka MeTaIM4eCcKOil MPOBOJIOKHM BbICOKOBOJIBT-
HBIM 3J€KTPUYECKMM pa3psiioM B MHEPTHOI aTMO-
chepe [10]. Ilpm >TOM TIPOMCXOIMT TIPAKTUIECKHA
MTHOBEHHOE WCIapeHue MeTajula, KOTOpOe€ HOCHUT
B3pBIBHOM XapakTep, 4TO 1 Jajlo Ha3BaHUE MeTony. B
pe3yabrate (opMHupyeTcs 00JIaKo IapoB MeTalia,
KOTOpOe ObICTpO paciumpsiercst. [1py cMeneHnu ¢ xXo-
JIOODHBIM MHEPTHBIM Ta30M Maphbl OCTHIBAIOT, U IIPOMC-
XOIUT KOHACHCAIIMS MEeTaJIMYeCKMX HAHOYACTHII.
bnaromapst ToMy, 4TO KOHIAEHCALUS TTPOUCXOOUT B
razoBoii ¢pa3ze, HAHOYACTUILILI IPUOOPETAIOT IIPABUIb-
HyI0 chepmaeckyio popmy. [1pm 3TOM, MTOCKOJIIBKY 00-
JIaKO MapoB OBICTPO pacIIUPSETCs], BEPOSTHOCTD KO-
aJIeCLICHLINM Kalle/Ib MaJjla, 1 OCHOBHAs Macca YaCTHUII
MOJIy4aeTCcs] B MHAWBUAYaJIbHOM COCTOSTHUM. JlaH-
HBII Tpoliecc peaju30BaH B aBTOMAaTU3UPOBAHHOI
YCTaHOBKE HEIMPEPBLIBHOTO IECTBUSI, KOTOpasl I03-
BoJIsieT nory4darh 10 500 r HaHOYACTUII MeTaJlyIa 3a 4ac
[11, 12]. HJocTouHCTBAMM MeTOJa SIBJISIIOTCSI €TO
BBICOKAasl IIPOU3BOOMUTEIBHOCTh, OTHOCTAIMWIi-
HOCTb, 3KOJOoTu4ecKkas 6e30IMacHOCTb, OTCYTCTBUE
XUMUYECKUX pearcHTOB, 3arps3HSIONIMX KOHEY-
HBIII IPOMYKT, XOpOoIlasi BOCIPOMU3BOINMOCTh XapaK-
TePUCTUK Pa3IMYHBIX MapTUii HAHOYACTHII, T1OJTydae-
MbIX B OIHUX U TeX K& YCJIOBUSIX. MeTom IT03BOJIsSIeT
oayJyaTh HAHOYACTUIILI METaJUIOB B Jualla3oHe
cpenHero pasMmepa 10—100 am. HegocTtaTtkoMm MeToma
SIBJISIETCSI OTHOCUTENILHO IIUPOKOE paclpeaesieHre
YacTHII II0 pa3MepaM, KOTOpoe, KaK IpaBUJIO, OXBa-
TeIBaeT Auama3oH ot 5 1o 200 aM. bonee mogpo6HOE
onucaHue MeToAa, PEXKMMOB MOJIYUYEHUS U XapaKTe-
PUCTUK TTOJIy9aeMBIX YaCTUI] IIPEICTABICHO B JINTE-
patype [10, 13, 14].

IMonyyennio Hanogactun MmetonoM DBII B razo-
BOM MHEPTHOM aTtMocdepe COITYyTCTBYIOT MPOOIEMBI,

CADPOHOB u np.

00yCIOBJICHHBIE BBICOKOW XMMHWYECKONM aKTMBHOCTBIO
UX MOBepXHOCTH. [1pn KOHTaKTe ¢ KUCIOPOACOAepKa-
meil aTMocepoil IMIPOUCXOIUT OKMCICHUE TTOBEPX-
HOCTH, KOTOPOE€ MOXET IIPUBOIUTH K CAMOBO3ropa-
HUIo Matepuana. [TloaTomy mepen U3BJIeYeHUEM Ya-
CTUI 13 OO0OpyIOBaHUS UX ITacCUBUPYIOT. PaHee B
Hammx padoTax ObLIM paCCMOTPEHBI BOITPOCHI TOJTY-
YyeHHsI HaHoYaCTUll HuKeJst MetonoM DBIT u ux nac-
cUBallM OKCUAHOM [15] u yrinepomHoii 000104KaMu
[16]. B ciiyyae 6MoOMeIULIMHCKUX NPUIOKEHUI, T10-
MMMO ITaCCUBalLIMM ITOBEPXHOCTHU, ITEPBOCTEIIEHHOE
3HaYeHME MpuodpeTaeT odecreueHre OMOCOBMECTH -
MOCTHU YacTUIl M obecrieueHne nx QyHKIIMOHAIN3a-
LIAM JJIST 1IeJIEBOTO UCIIONIb30BaHus. O0e 3Tu 3agadu
MOTYT OBITh pEILIeHbl WHKAIICYJISILUel MeTaLImde-
CKMX YaCTHII B MOJUMEpHYI0 o6oiouky. C Hamreit
TOYKMN 3PCHUA, IJI 2TOU HEJIN MEPCIICKTUBHBIM SIB-
JISIETCSI UICTIOIb30BaHYE IIPUPOIHBIX IIOIUCAXapUIOB.
IMTomicaxapuasl, C OMHOI CTOPOHEI, SIBJISTIOTCSI OMTOCOB-
MECTUMbBIMU, C IPYIOi CTOPOHBI, Giiaronapsi HaJIM4YUIO
OOJIBIIIOTO YKCIa THAPOKCWIBHEIX TPYIII B COCTaBE 11e-
1, MOT'YT OBITb B IOCJIEIYIOIIEM JIETKO (hbyHKIIMOHAIM -
3MPOBAHbI PAa3IMYHbBIMU p€arcHTaMm. HaHCCCHI/IC I1o-
JIMMEPHOI O0OJIOUKM HA HAHOYACTUIILI MOXET OBITh
MPOBEACHO HEMOCPEACTBEHHO B ycTtaHOBKe DBII 6e3
KOHTAaKTa YacTUII ¢ KUCJIopoacoaepxKaiieii atMmocde-
poii. [Ipu aTOM HanU4Me y 4acTULl aKTUBHOI TOBEPX-
HOCTH SIBIISIETCSI OYEBUIOHBIM IIpenMylecTBoM. Pa-
Hee [17] TakuM cioco6oM ObL1a IpoBeAecHa MO -
Kalls HaHOYACTUIL XKejie3a IJIST MCIIOIb30BaHUS B
KOMITO31TaxX Ha OCHOBE CUHTETUYECKUX ITOJIMMEPOB.

B HacTosieit pabore ObLIa TOCTaBjleHa 3agaya
HCCIeqoBaTh yCIOBUSA IoaydeHust Metogom DBII
MarHUTHBIX HAHOYACTHUIL HUKEJISI, MTHKAIICYJIMPOBaH-
HBIX B MOJMMEPHOII 000JI0UKe, HA OCHOBE MPUPO/I-
HBIX MOJMcaxapuaoB. BBUIO MccliemoBaHO HaHece-
HHEe 000JI0YKM Ha OCHOBE arapo3kbl M rejiraHa. Beroop
JaHHBIX TTOJMCaXapua0B ObLI 00YCIOBICH OTHOPOI -
HOCTBIO X MOJIEKYJISIPHOTO COCTaBa, YTO ITO3BOJISICT
MojydyaTh Ha UX OCHOBE T'OMOI'€HHbBIE BOIHBIE pac-
TBOphI. B paboTe ObUIM McCeqOBaHbl MOJyYeHUE U
MoauduKanusl KaK HaHOYACTUI HUKEJISI, TaK U Ha-
HOYACTUIl HUKEIS, IIPEABapUTEIbHO ITOKPHITHIX YI-
JIEPOTHOM 000JIOUKOIA.

2. OKCITEPUMEHTAJIbHAA YACTDb

2.1. Yenosus noayuenus nanovwacmuy,
Hukenss memodom IBIT

MarnutHble HaHodacTulbl HUKeass (MHY Ni) Hu-
Kess1 cuHTe3upoBanu MetonoM DBII ¢ ucronb3oBaHm-
eM JIJabopaTOPHOM YCTaHOBKHM HEITPEPBIBHOTO Neii-
ctBusi. McnapeHue oTpe3dka MeTaIJIMYECKOU Mpo-
BOJIOKM MMIYJIBCOM TOKa B paboucii (B3pBIBHOI)
KaMepe ¢ KOHTPOJIHUPYEeMOIf ra30Boii aTMoc(depoii.
CneluajlibHOE MEXaHW4YeCKoe YCTPOMCTBO obecre-
YKMBAJIO HETIPEPHIBHYIO MTOoAa4Yy IIPOBOJIOKH C KaTyIlI-
KM BO B3pBIBHYIO pabouyio Kamepy. IIpm mocrmxke-

KOJUTOMAHBIN >KYPHAJI Ne 4

TOM 85 2023
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HUM HYXHOU IIMHBI TTI0JaBaeMOro OTpe3Ka IPOBO-
JIOKU Yepe3 HEro npoIrycKaycs MMITYJILC TOKA 3a CUeT
pa3psina IpeaBapuTe/IbHO 3apsDKEHHOM OaTaper KOH-
neHcaTtopoB. Hampsokenne 3apsima m3MeHsiioch oT 20
1o 30 kB, a mmuTeabHOCTH UMITY/IbCa TOKa — OT 1.8 1o
2.5 mkc. [1pu IpoXoKaIeHUHY UMITYIbCa TOKA OTPE30K
MIPOBOJIOKH TUCIIEPTUPOBAJICS B3PBIBHBIM 00pa3oM ¢
o0pa3zoBaHMEM ITAPOB U MEJIKUX KalleJIlb MeTajlyia, KO-
TOpBIE TIPU pas3jieTe OXJIAXKIAIMCh U KOHICHCHUPOBa-
Jch B popMe chepuaecknx HaHodacTuil. O6pa3o-
BaBIIMecs B pe3yabTate B3peiBa MHY Ni nepeHocu-
JINCh IOTOKOM paboyero rasa, oceJalii B LIUKJIOHE U
dunbTpe yctaHoBKU. B 3TO BpeMms B Kamepy Ioja-
BaJICd HOBBI OTPE30K, U Mpoliecc noBTopsiics. Cxe-
Ma 1 BHelnHui Bup ycraHoBKu D BII mpencraBieHbI
B HAIINX MPEIbIAyIINX IMyomuKanusax [13—15].

ITpu nmonyyeHUU HAHOMOPOIIKOB HUKEJS METO-
nom DBII B kKauecTBe MHEPTHOTO paboyero raza Ipu-
MEHSUIA a30T, KOTOPBIA IIPOKAYMBAIM II0 Tra3o-
BOI CCTEME YCTAaHOBKM Moj AaBieHueM 1.4 aTtMm c
pacxogoM okoyio 100—150 n/muH. Mcnonb3oBaau
HHUKeJIEBYIO IIpoBoJioKy Mapkm HII-1, mmamerpom
d = 0.3 MM 1 JUIMHOI B3pbIBAEMOTIO yJacTka / = 88 MM.
KoneHcaropHast 6aTtapest nMesia eMKOCTh 4.8 MKD,
paspsimHOe HarpsikeHre cocTanisiio 30 kB. B3puiBel
nmpoBoauau ¢ yactoroii 0.4 I'u. ITpu mognepxxaHuu 3a-
JIaHHBIX YCJIOBUII HapaOaThIBaIM OTHEJIbHBIC IMAapTUM
MHHUY Ni B konn4ectBe 0K010 20 T KaXKI0id.

2.2. Moodugpurkauyus nogepxnocmu HaHOHaAcCMUY, HUKeNs

IMapanmeaprno ¢ maptusmun MHY Ni B Tex ke
ycsioBusix DBIT cuHTe3upoBaiy mapTUM MarHUTHBIX
HaHOYAaCTUIl HUKEJIsI C HAaHECeHHOI Ha MX TMOBEpX-
HOCTb yriaeponHoii ooonoukoit (MHY Ni@C). C ue-
JIBIO CO3/IaHUSI HA TIOBEPXHOCTHU YaCTUIL HUKeEJISI 000-
Jiouek 13 yrjepona, B npouecce DBII B uHepTHbI
pabouuii ra3 ycTaHOBKHU (a30T) HEMPEPbIBHO BBOAU-
Ju razoobpasuslii 6yran C,H,, ¢ pacxomom 60

cm’/MuH. TIpu TeMneparype B3pbiBa IPOBOJIOKU B
paboueit kamepe, KoTopast gocturaia 10000 K, npu
JaBJIeHUU OJIU3KOM K aTMOC(hEPHOMY, IPOUCXOAMIIA
TepMHUYECKasl JeCTPYKIMsI OyTaHa ¢ 0oOGpa3oBaHUEM
nmapoB yriepona. Ilpu paciiupeHnun M oxJIaxKaeHU!U
o0bJ1aKa mapoB, 06Pa30BaBIINXCS B PE3YJILTATE B3PhI-
Ba, IIPOUCXOIMIA KOHIeH calus yriepoaa. B cuiry To-
T'0, YTO KOHLIEHTpAaLs yIJiepoaa B NapoBoii (pa3e ObI-
Jla Majla, ero KOHAeHCAlUs IIPOUCXOauja He B BUIE
OTHENbHON (ha3bl, a B BUIE MJICHKU Ha IIOBEPXHOCTHU
KOHICHCUPYIOLIMXCS Karelb MeTalia.

DdopMupoBaHue MOTMMEPHOI 00OIOUYKM Ha II0-
BepxHocti MHY Ni u Ni@C npoBognian 1mocpen-
CTBOM MoaMdUKaLIMK B XUAKOM (pa3e pacTBOpa mo-
mmMepa [16]. Mcrioab3oBanu mojrucaxapyuabl: arapo-
3y (SERVA, T'epmanus) u rennan (Sigma-Aldrich,
CIIIA). MonekyJssipHast Macca arapo3bl Obljla OIpee-
JIeHa BUCKO3UMeTprudecKuM MeTomoM B 0.75 M BogHOM
pactBope KSCN npu 7' = 35°C. XapakrepucTudeckas
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BSI3KOCTBb pacTBopa coctaBwia 0.93 mi/r. Pacuer ¢ mc-
MOJIb30BaHMEM KOHCTAaHT Mapka—XayBuHKa K = 7.0 X
x 10~*, @ = 0.72 [18] man 3HauYeHUE MOJEKYJISPHOI
macebl 2.7 x 10*. KoHctanTel Mapka—XayBUHKa A1
reJilaHa B IUTepaType oTcyTCcTBYIOT. OOpa3sell reja-
Ha ObLT OXapaKTepM30BaH 3HAUYCHUEM XapaKTepHu-
ctrdeckoit Bsg3koctu pacteopa B 0.1 M NaCl, korto-
past coctaBwia 25.1 mi/r. Takue Gonbliive 3HaYESHUS
XapaKTepUCTUUYECKOUN BSI3KOCTU PacCTBOPOB TOJIMCA-
XapuJI0B OOBIYHO OTBEYAIOT 3HAYEHUSM MOJIEKYJISIP-
HoIt Macchl opsiaka 10 [19]. ITpenBapuTeabHO GBLIN
MPUTOTOBJIEHBl BOJIHBIE PACTBOPHI TMOJIMCAXapUIOB
koHneHTpanueit 0.2, 0.6 u 1.0% (Bec.). TouHyio Ha-
BECKYy moJMMepa pacTtBopsuii B Bome npu 90°C mpu
HEMPEPBIBHOM IepeMelInBaHuu. PacTBOphI BblaEp-
KUBaJld TIpY JAHHOI TeMrepaType B TedeHue 2 4 J0
MOJIHOM roMoreHuzauu. CTEKJITHHYI0 €éMKOCTb, CO-
nepxatyio 50 M MOIUGUIIMPYIOIIETO pacTBoOpa I10-
Jiucaxapujaa, IpoayBaJii a30TOM U C TTIOMOIIBIO CITeL-
JTbHOTO MEePEeXONHUKA, TTONCOSTUHSIIA K HAKOTTUTEIb-
HOM YacTu duasTpa YCTaHOBKHU OBII.
HenocpencrseHHo ¢ dunbTpa yctaHoBku DBIT 6e3
KOHTaKTa C BO3/IyXOM B IOJACOENNHEHHYIO EMKOCTb C
MOAUMDUIMPYIOIIUM pacTBOpoM mnepechinanu 10 1
MHUY Ni unu Ni@C. IMocie yero eMKOCTh C pacTBO-
pPOM OTCOEIMHSJIM OT YCTAHOBKW Y OXJaXAadu MO
KOMHATHOM TeMMeparypbl NIPpU YJIbTPa3ByKOBOM Iie-
peMelMBaHuM noitydeHHol cycrieH3uu MHY B pac-
TBOpe noJincaxapunaa. [locjie 3Toro npoBoaUIU MTPO-
Heaypy orMbiBKM MHY ropsiyeil nucTwyuiMpoBaH-
Hoii Bomoi (0o0beM 150 MJ1) OT M3OBITKA pacTBopa
MOJIMMEPA C OCAXKIEHUEM IOPOIIKA U3 CYCIIeH3UU
ueHrpudyruposanuem 3 mMuH 1pu 4000 06./MuH.
Hanocanounyio XunkocTb cauBaiu. [Ipouenypy ot-
MBIBKM MOpPOIIKa MOBTOpsiiv 4 pa3a. [Tocie oTMbIB-
K1 00pa3ibl MoguduiimpoBaHHbix MHY Beicy1inBa-
Jiu Ha Bo3ayxe Tipu 50°C 10 MoCTOsSTHHOM Macchl. bbiio
MPUTOTOBJIeHO 12 mapTuii MoguduLmpoBaHHbix MHY.
B nanbHeiieM a3t napTuu OyayT (hUrypupoBaTh Mol
clenyloInuMu OyKBEHHO-UMGPOBBIMU 0OO3Haue-
Husmu: Ni/XYY u Ni@C/XYY, roe X o603HavaeT no-
Jmcaxapu; arapo3sy (A) v resuiad (G), YY o603Haua-
€T ITPYBENCHHYIO BbIllIe KOHLIEHTPALUIO MOAUDULIUPY-
foliero pactBopa, Hampumep 02 — KOHIIEHTpaluio
0.2%.

2.3 Memoob! uccaedosanus

IMomygenHple mapTn MOTUAUIIMPOBAHHBIX HAHO-
YaCTUL HUKEJISI aHAJIM3UPOBAIM METOIaMU IIPOCBEYM -
BaloIleil 371eKTpoHHOI MuKpockonuu (ITDM), perre-
HO(}a30BOro ¥ KOMIUIEKCHOTO TEPMUYECKOTO aHaI3a
C Macc-CIeKTPOMETpUE, a TakKe OMpenessyii CTe-
MEeHb X AUCIIEPCHOCTH B CYXOM COCTOSTHUM METOIOM
BOT nmo Hu3KkoTeMnepaTypHOi agcopOInM a30Ta.

DyeKTpoHHBbIe MUKpodoTorpadbun MHY 6pumn
MOJIyYeHbI Ha 3JIEKTpOHHOM MuKpockorie JEM 2100
(JEOL, SlmoHust) mpu yCKOPSIIOIIEM HaIIPSDKEHUU
200 xB. Penrtrenoda3oBbIii aHaIU3 ITPOBEICH Ha PEHT-
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reHoBckoM audpakromeTpe D8 Discover (Bruker,
I'epmanus). OnpeneneHue TUIOMIAAN YAEJbHOMN MO-
BEPXHOCTHU MOJYYESHHBIX TTOPOIIKOB IMIPOBOIUIUN Ha
aBTOMAaTU3UPOBAHHOU COPOIIMOHHON YCTaHOBKE
TriStar 3000 (Micromeritics, CILIA). TepmorpaBumeT-
pUYecKre U3MEPEHUsI — Ha YCTAHOBKE KOMILIEKCHOTO
TepMOaHaJIN3a ¢ KBaAPYMOJbHBIM MacC-CIIEKTPOMET-
pom NETZSCH STA 409 (NETZSCH, I'epmanus).
M3MepeHust TpoBOAUIMN B pexXUMe JMHEMHOTO pa3o-
rpeBa co ckopocTbio 10 K/MuH B nnamazone 40—
1000°C B Toke Bo3myxa (60 my/MHH). MarHUTHBIC Xa-
pakrepuctuku MHY onpenessiiy ¢ moMoIibio BUbpa-
LIMOHHOTO MarHEeTOMETpa JIabopaTOPHOUM KOHCTPYK-
LIMU, KOMIIOHOBKA Y TIPUHIIMIT ACHCTBUS KOTOPOTO
MpencTaBIIeHBI B Kilaccudeckoi padore [20].

3. PESVJIBTATHI U UX OBCYXIEHUNE

In situ xanicynsiumss MHY Hukens monucaxapn-
HOM 000JI0YKOM SIBJISIETCS 3aBEPIIAIOIINM 3TAlIOM MX
nmoaydyeHust MmetrogoMm DBII, Korma yacTUIIbI C aKTUB-
HOM TTOBEpXHOCTBIO, ITOJIydeHHBIEe ra30(ga3Hoi KOH-
JIeHCalMei, BBOASITCS B BOMHBINA pacTBOP IIOJIMCaxa-
puna. Ctpykrypa u aucrepcHoctb MHY npu sTtom
yXe copMUpPOBaHbI B COOTBETCTBUU C MCHOJb30-
BaHHBIM pexkxnMmom DBII. Ha HagamsHOM 3Tarie pa-
00THI OBLIa IPOBEIeHA XapaKTepu3alus JUCIIEPCHO-
CTHU U CTPYKTYPBI UCXOIHBIX HEMOAU(GULIMPOBAHHBIX
MHY Ni u Ni@C. Ha puc. 1 npencraBiaeHbI JIeK-
TpoHHbIe MuKpodororpapuu (I1OM) Hemommnpmu-
LUPOBaHHBIX HaHoyacTull Ni u HaHo4yacTull Ni@C.
Ha Bxiankax mukpodoTrorpaduii HU3KOTo pazpelie-
HUS IIPEICTaBICHBI TUCTOrpaMMbl fuddepeHIaIb-
HBIX KpuBbIX pacapenencHus (JIKP) yactui mo pas-
MepaM: puc. la — Ni, puc. 2B — Ni@C. Kak BUgHO U3
pUCYHKA, HAHOYACTUIIEI UMEIOT c(peprIecKyIo (popmy.
B GonbpImHCTBE ClydaeB rpaHUIA MEXIY OTOCIbHBIMU
YacTULIAMU YETKO pa3IMyrMa, YTO YKa3bIBaeT Ha TO,
YTO OHM SIBJISTIOTCS UHAMBUAYaTbHBIMU. JIKP oxBaThI-
BalOT IMana3oH auaMeTpoB JacTuil ot 10 mo 150 HM ¢
macumymamu mipu 60 (Ni) 1 40 am (Ni@C). Ha Mukpo-
doTtorpadusix BHICOKOTO pa3pelleHUs Ha MOBEpX-
Hoctu MHY Ni (puc. 16) 3ameteH ToHkuit (1—2 HM)
CJIOiT OKCHIa, KOTOPBIA 00pa3oBacs IIPU KOHTAKTE
YacTUII C BO3IyXOM T1OCJIe U3BJACYEHUS U3 YCTAHOBKU
OBII. Ha nosepxHoctu MHY Ni@C (puc. 1r) BuneH
OoJiee ToJCThIN (2—3 HM) coii yraepona. Hecmorps
Ha TO, 4TO yIjIepomHasi 000JI0YKa B 1IEJIOM UMEET He-
YIIOPSITIOYEHHYIO CTPYKTYPY, B HEKOTOPBIX €€ MeCTax
IpocMaTpuBaloTcs AeOpMUPOBAHHBIE CIIOM KpU-
CTaJUINYEeCKOil CTpyKTyphl. bojiee meTtanmbHO CcTpoe-
HUE YrJIepOAHOIN 000yiloukr Ha moBepxHoctn MHY
Ni@C 6110 paccMoTpeHo B padorte [21].

Cpennuit nuameTp (dgyr) HaHOYacTUll chepuye-
CKOI (pOPMBI MOXXHO PacCUYMTATh IT0 TIPOCTOM (hop-
MyJie HA OCHOBaHUU BEJIUUYUHBI YIETbHOI TOBEPXHO-
CcTH, onpenesieHHoi MeTonoM BOT.

CADPOHOB u np.

6000
d =— 1
BT oS (D

ya

e p — IIOTHOCTh HUKes (8.9 1/cm?); Sy, — yaenn-
Has MOBEPXHOCTh HaHOYacTUIl. B ToM ciydae, ecnu
IUIOTHOCTb BBIPAXEHA B I/CM>, a ylelbHas IMOBEPX-
HOCTb — B M%/T, pacuer 1o ypasHeHuto (1) gaer 3Ha-
YeHHUe CPEmHEeTo TuaMeTpa B HM.

M3mepeHHbIC 3HaYSHUS YASIbHOM MOBEPXHOCTH
cocTtaBwin 8.6 M%/r B ciryuae MHY Niu 14.5 M?/T B city-
yaec MHY Ni@C. CooTBeTCTBEHHO, CPEIHWI TUAMETP
yacTull coctaBw 78 HMm misd Niu 49 um o Ni@C. B
nocJIeMHEeM clIydae IS pacueTa ObLIO B3SITO 3HA4Ye-
HME IUIOTHOCTU 8.4 Ir/cM> ¢ y4eTOM HaJIM4usl YIJIEpO-
nma B coctaBe dyactull. IlorygyeHHble cpenHue 3Hade-
HUSI COITIACYIOTCS C IPUBEASHHBIMU BbIllIe 3HAYEHM -
amu, omnpeneieHHBIMU 1o JJKP. OneHka MeTogoM
BOT maer 0omee BhICOKME 3HAYECHUS CpPEOHETO IMa-
MeTpa, IOCKOJILKY B 3TOM CJIydyae yCpeIHeH1Ee pa3Me-
pa IIPOBOAUTCS HE IIO0 YMCJIOBOMY pacIipeAceHUIO
JaCTHII, a TT0 UX TTIOBEPXHOCTH.

[1o manHBIM peHTreHO(a30BOro aHaiam3a (puc. 2),
kak MHY Ni, takx u MHY Ni@C conepxajiu Kpu-
CTAJNIMYECKYIO (pa3y, OTBEYaIolylo KyOoUUecKoil pe-
LIIETKe IIpocTpaHcTBeHHOM rpymisl (S.G.) Fm-3m. dnsa
yactui Ni Mepron peweTku coctaBit a = 3.524(1)A,
o0Oiractb korepeHTHOTO paccesHus (OKP) paBHsiachk
37 uMm. B cirygae yactnn Ni@C, Kak BUIHO U3 pHC. 2,
HaOJII01aJIOCh HEeOOJIbIlIOE YIIUpeHUe pedIeKCoB.
BOT0 00YyCJIOBJIEHO TIPUCYTCTBUEM (asbl TBEPAOTO
pacTBopa yriiepoaa B HUKeJIe, KOTOPBI KPpUCTAJIIH-
30BaH B TOM XK€ PELIETKE, YTO U METAJIMYECKUI HU-
keab. CoaepxxaHue ¢as3bl METAULTMYECKOTO HUKENS B
gactnuax Ni@C (S.G. Fm-3m) cocrasiasiio 67%
(Bec.), OKP = 26(5) um, nepuon a = 3.535(3) A. Co-
nepxxanue TBeproro pactsopa (Ni,C, _ ) 33% (Bec.),
OKP = 14(2) um, nepuon a = 3.564(4) A. [lns oruca-
HUSI 9TO¥ (ha3bl UCITOJIb30BaIaCh MOIEJIb KPUCTAJI -
yeckoit ctpykrypsl (6aza ICSD Ne 108174), B koTopoii
CTPYKTypa paccMaTpHUBaeTCsl KaK HEYIMOPSAOYEeHHBIIA
TBEPIbIA PacTBOp YyIjiepoaa B KPUCTAIUIMYECKOUN pe-
metTke Hukest coctaBa Ni= 0.98, C = 0.02.

Ha puc. 3 npeacraBiieHbl KpUBBIE pa3MarHU4YUBa-
Hus HaHoyactull Ni u Ni@C. B canyuae MHY Ni
KpUBasi pa3MarHUYMBaHUSI UMEET BUJ TUIMYHBIA
JIJISI MAarHUTOMSITKOTO (heppoMarHeTruKa, Haxosie-
rocss B MHOT'OOOMEHHOM cocTosiHMu. HamaranuueH-
HOCTb HaCbILLIEHUS PUHMUMAET MOCTOSIHHOE 3Haye-
Hue 42.2 Tc cM?/r B IIMPOKOM IMarna3oHe HanpsiKeH-
HOCTM BHEIITHEr0 MarHUTHOTIO MoJsl — oT 2 g0 18 kO.
IlepemaranmunBanue MHY Ni npoucxoouT B y3KOM
JIvara3oHe 3HAYEeHUI TOJISI HPUOIU3UTEIBHO 10 JIH -
HeliHoMy 3akoHy. KoapuutusHasa cuia MHY Ni ma-
na: 150 O. Kpuas pasmaramuuBanust it MHY Ni@C
MMeET HEKOTOphIe OTJMYMsA. Bo-epBhIX, MOJIHOTO
HACBILLIEHWSI HAMarHWYEHHOCTU B IPMJIOXEHHBIX
MOJISIX HE IOCTUTAaeTCd — B AuanasoHe 3—18 kO Ha-
OromaeTcsl HeOOJIbIIOE BO3pacTaHe HAMarHUYeHHO-

KOJUIOUOHBIN XYPHAJT Ttom 85 Ned 2023
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Puc. 1. DnexrpoHHbie Mukpodortorpadum (IT9M) pazHoro yBenmmdyeHust st HeMoaudunmpoBanibix MHY Ni (a, 6) u MHY
Ni@C (B, r). Ha Bkitagkax K pucyHKam (a) v (B)IpuBeIeHbI KPUBbIE YMCIIOBOTO paclpenesieHrs YacTHll 1o pazmepam. Ha cHum-
Kax BbICOKOro pasperueHust Ha nosepxHoctu MHY Ni (B) BugHa o6onouka okcuaa, a Ha nopepxHoct MHY Ni@C — yrieponHast

obosiouka (T).

ctu. Bo-BTOpEBIX, B 001aCTH MaJIbIX T10JICH KpUBasi pa3-
MarHMYMBaHMSI XapaKTepu3yeTcsl OoJiee CyIeCTBEeH-
HOM KpUBU3HOMN. DTU OTINYMS SIBJISIIOTCS CIIEACTBUEM
Hanuuus B cTpyktype MHY as3bl TBEpaoro pactBo-
pa yriaepona, a TakkKe BIMSHUEM YIJIEPOTHOIO CIIOS
Ha MOBEPXHOCTY Ha IPOLIECC YIIOPSIOYEeHNS MarHuT-
HBIX MOMEHTOB B 00pasiie. B 1ies1oM, omHako, pa3imaust
B MarHUTHBIX cBoiictBax MHY Ni 1 MHY Ni@C ne
CYILIECTBEHHBI.

ComracHo NOCTaBI€HHOM B paboTe 3agaye, HAHO-
gacTuilbl Ni 1 Ni@C HermocpeCTBEHHO B YCTAaHOBKE

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023

DBII 66111 06padboTaHBl MOAMMUIUPYIOIIMH pac-
TBOpaMH MOJMCAXapuIoB — arapo3bl U rejuiaHa. Ha
puc. 4 mpencTaBieHbI 3JIeKTPOHHBIE MUKPOdOTOTrpa-
¢un moauduiIMpoBaHHBIX Monucaxapugamu MHY.
B xauecTBe npumepa IpeacTaBieHbl MOAUGDULIAPO-
BaHHbIe 00pa3usl MHY Ni/G 10 u MHY Ni@C/G02.
W3 puc. 4 BugHoO, 9TO mociae MoaudUKaIIuu Ha Mo-
BepxHoctTu MHY nmogBiseTcss 060g04Ka Hojucaxa-
puaa MpuOIU3UTENbHON TOJIIMHON OKOJO 4 HM.
O6o104yka MeeT aMOp(PHYIO IIPUPOIY U HepaBHO-
MepHa 110 TomuuHe. I1o cBoeii CTpyKType noauMep-
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Puc. 2. Iudpakrorpammel POA HemonuduiimpoBanHbix HaHoyacTull Niu Ni@C. 1 yno6cTBa BOCIpUsITUSI U pakTOrpam-
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Puc. 3. Kpusble pasmarnnuvBaHusi HeMoauguumpoBaHHbix HaHoYacTull Ni 1 Ni@C. BeraBka okasbslBaeT X0 KPUBbIX pa3-
MarHM4MBaHMs B MaJbIX MOJISIX.

Hasi 000JI0UKa OTJINYAETCS OT OKCUIHON U YIJIEpOA- KU OKCUIa, pa3inuyuMblie Ha puc. 16. Paznuuus ¢ yr-
Hoit o6omouyek HAa MHY Niu Ni@C (puc. 1). Buact- nepomHoit 000JI0UKOiT MEHee 3aMETHEI, ITOCKOJIBKY 1
HOCTH, Ha ee NU300paxkeHUN Ha MUKpodoTorpadusix B TOM, M B IPYroM cliydyae 00OJIOUKU UMEIOT aMop(d-
OTCYTCTBYIOT TJIOCKOCTH KPUCTAJJIMUECKOI pelleT-  Hylo Mpupody. TeM He MeHee, ISl yTIJIepoaHoii 060-

KOJJIOMOHBLIM XXYPHAT Ttom 85 Ned 2023
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(6)

Puc. 4. DnekrponHsie Mukpodortorpaduun MHY Ni/G10 (a) u MHY Ni@C/GO (6).

KOMJIOVAHBIN JKYPHATT  Tom 85 Ne4 2023
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J109ku (puc. 1T) Bce xKe xapakKTepHa HEeKOTopas ocTa-
TOYHAsI YIOPSAOYEHHOCTb, KOTOpasi COBEPILIEHHO
OTCYTCTBYET B ciTydae 000JI0YKHU IToJIMcaxapuia.

KommyecTBo nmonucaxapuna, ocaxXaeHHOTIo Ha I10-
BepxHocti MHUY B 3aBUCMMOCTH OT KOHILICHTPAIINHA
MOIU(MUILIMPYIOIIET0 pacTBOpa, ObLIO OIpeaeaeHO
METOJOM KOMIUIEKCHOTO TE€pPMMYECKOro aHaju3a B
peXuMe JIMHEITHOro HarpeBa ¢ OMHOBPEMEHHOM pe-
rUcTpalmeil UsMeHEeHUsI Macchbl 00pasiia, TeTJIOBbIX
3¢ EeKTOB 1 MacC-CIeKTPOMETPUIESCKIM OIIpee-
JICHMEM BBIACISIONINXCS JeTy4nx IpoaykToB. Ha
puc. 5 BKauecTBe NpuMepa MpuBeaeHbBI KOMIIJIEKC-
Hble TepMorpammel aiag MHY Ni/G06 (puc. 5a) u
Ni@C/G06 (puc. 56). TepMorpaMMbl OCTaJIbHBIX 00-
pasuoB MHY uMmenu aHaJOTUUYHBIN BUA, OTIMYASICh
JIMIIIb KOJIMYECTBEHHBIMU XapaKTepucTukamu. B 1ie-
JIOM XapakKTep TepMOoIpaMM IIOATBEPXKIAeT TO, YTO
MOJIydeHHbIC MOAUMUIIMPOBAHHBIE 0OPA3LIbl COACP-
2KaJIi OPraHNYECKYIO MTOJIMMEPHYIO 000JIOUKY.

Tepmorpammbl nameHeHust Macchl (TT') 1 TeTI0BEI-
nenenus (JCK) ob1mm omHoTuimHb! 1151 Bcex MHY. Ha
tepmorpamme TT B nnamazone 100—300°C HaG01a-
JIM HEOOJIBIIIOE YMEHBIIIEHUE MACChI, a IIPU TaIbHEe -
meM Harpese B Auana3oHe 300—500°C — cyliecTBeH-
Hoe Bo3pacTaHue Macchl. Ha tepmorpamme JICK Ha-
OJ1r0ma I HE3HAYUTEIbHOE TEIUIOBBIACICHNE BOIU3NU
Temnepatypbl 260°C 1 3HaYMTEIbLHO OOJIbIINIA 10 BE-
JIMYUHE BK30TEPMUYECKUI MUK C MAKCUMYMOM OKO-
710 400°C. Takoil xon TepMOIrpaMM SIBJISIETCSI HaJlo-
KEHMEM JIByX IIPOLIECCOB: BBITOPAaHUSI OPraHWYECKMX
YIJIEPOACOACPKAIIMX KOMITOHEHTOB U OKUCJICHUSI Me-
TaJmmyeckoro Hukens no okcuna NiO. TepmonecTpyk-
st opranndeckux obonodyek MHY mposgsnsieTcst B
CHIXXEHMU Macchl 00pasia, a okucjaeHue Ni — B yBe-
JIMYEHUN Macchl. UMEHHO 3TOT mpoLiecC SIBISIETCS 10-
MuHUpyoomuM. B miporiecce okuciaeHus Ni HaGmona-
eTcsl HauOoJIblliee BO3pacTaHWEe MAacChl M HaUOOJIbIlIee
TeIUIOBhIIe/IeHNEe. Pa3nelleHne yKa3aHHBIX IBYX ITPO-
eccoB ToyibKO o maHHbM TT' 1 JICK BKITIO4aeT cy-
IIECTBEHHYIO JOJII0 HeolpeaeleHHOCTU. B To ke
BpeMsI 3TO BIIOJTHE BO3MOXKXHO Ha OCHOBAaHUM TEPMO-
rpaMM BbIIECJACHUS JIETYYUX TIPOAYKTOB J€CTPYKIINU,
MOCKOJIbKY MX UCTOYHUKOM CJIYXKUT TOJIBKO MPOIIeCcC
BBITOpPAHMS OPraHUIECKUX COSAMHEHMIA.

B Macc-cniekTpe JieTydyux NpoayKTOB IeCTPYKIIUU
ObLIM 3apETUCTPUPOBAHBI TOJILKO CUTHAJIBI COENUHE-
HUI1 ¢ MACCOBBIMU YMcaMu (M.4Y. — OTHOIIIEHUE Mac-
Chbl MOHA K 3apsiay) 18 u44. TuM 3HaYeHUSIM OTBEYa-
IOT MIOHU3MPOBaHHbBIE MOJIEKYJIbI BOIbI (M = 18) n yr-
Jekucyioro raza (M = 44). He cnenyer, omHako,
noJjiaraTh, YTo opraHndyeckue obdonouku MHY npu
HarpeBaHUM pa3jiaraloTcsi HEMoCPEeACTBEHHO 10 BO-
Ibl U yriekucioro rasa. [Ipouecc aecTpykiuu Mmojv-
MEPHBIX MOJIEKYJI, KaK TTpaBWIO, TIPEICTaBsEeT CIOX-
HYIO LIEMIOYKY CTaaIuii yepe3 MPOMEXKYTOUHbIE TPOAYK-
Tbl. OOHAKO KOHCTPYKTHMBHBIE OCOOEHHOCTU MaccC-
CIHIEKTPOMETpa HE TTO3BOJISIIOT aHAIM3UPOBATh UX CO-
CTaB, MOCKOJIbKY B IETEKTOpPE MPpUOOpa MPOUCXOAUT

CADPOHOB u np.

Pa3JIOKCHUME BCEX JICTYYUX JO CaMbBIX IIPOCTHIX MOJIC-
KYyJI. ):[IIH HNCCJICAOBaAHHLBIX B pa60Te TImoJunucaxapmuaonB
TaKUMMU COEAUHEHUSIMU B OKUCIUTEIIbHOMU aTMOC(i)e—
p€ ABJIAIOTCA BOJAa 1 yr]’[CKHCJ'IbeI ras.

TepmorpaMMbl BeiAeIeHUS BOABI (M.4. 18) mis
MHUY Ni/G06 u MHY Ni@C/G06 aHaJIOTHMYHBI IpyT
JIPYry — HaOII0maeTcsl BBIPOXKIECHHBIA MAKCUMYM He-
ckosibko Bbile 100°C M OCHOBHOI MaKCUMyM IIpU
280°C. Pa3zymHO cienath BBIBOA, O TOM, YTO IEPBBII
MaKCUMYM CBSI3aH C yAaJIeHUeM aacoOpOLIMOHHOIT Bla-
I'Y, a BTOpOii (OCHOBHOI) MaKCMMYyM OOYCJIOBJIEH CTO-
paHureM opranndeckux ooonouek MHY. O6a nporecca
B OCHOBHOM 3aBEpIIAIOTCS HA yJ4ACTKE CHUKEHUS Mac-
cbl o6pasna (100—300°C).

TepMorpaMMmpbl BBIIENIEHUST YIJIEKUCJIOTO Tras3a
(M.4. 44) nngs MHY Ni/G06 m MHY Ni@C/G06 pas-
mmunsl. s MHY Ni/G06 HaGmogaeTcst OCHOBHOM
MakcuMyM npu 270°C, nojaoxeHue KOTOPOro CooT-
BETCTBYET MaKCUMYMY BblneaeHus1 Boasl. st MHY
Ni@C/G06 Haba0maIu aBa paBHOLIEHHBIX MaKCH-
myma — 1ipu 270 1 mpu 370°C. OueBUIHO, YTO ITO SIB-
JISIETCSI CIIEICTBUEM BBITOPAHMSI IBYX PAa3IMYHBIX BUIOB
yrieponcoaepxkammx coeqaeHmii. [1pu 270°C, xak u
11t MHY Ni/GO06, BeIroparoT HoJIMMEPHBIE 000J104-
KU, a [Ip1 00Jiee BLICOKOM TEMITEpaType BLITOPaloT I'pa-
¢uToBEIe ciiou, cOpMUPOBAaHHBIE Ha TOBEPXHOCTU
YacTUIl HMKeNIS IpU MX KOHAEHCAllMu B aTMocdepe
azoTa ¢ nobapieHueM OyTraHa. BeiropaHue rpagura
IIPOMCXOAUT OMHOBPEMEHHO C OKMCICHUEM HUKES,
YyeMy COOTBETCTBYET yBeamueHne Mmaccel MHUY.

Ha tepmorpamme BbiAeeHUs YIJIEKUCIOrO rasa
m1ss MHY Ni/G06 B 3ToM auama3oHe TeMIlepaTyp
TaKKe TPUCYTCTBYEeT HEOOIBIION MaKCUMyM, He-
CMOTpSI Ha TO, YTO YIJIEPOMHBIX 000704YeK Ha YaCcTH-
Hax He Obu1o. Hamuuue maHHOro Makcumyma oOy-
CJIOBJICHO TE€M, 4TO IIPU TEPMOIECTPYKIIMU ITOJIMCA-
XapUA0B NPOUCXOAUT MX YaCTUYHOE OOYyIIMBaHUE, U
3TOT OCTAaTOUYHbBIN YIJIIEpO BhITOpAET Mpu Oosiee BbI-
COKOI Temmeparype, 4YeM Ta, IIPpU KOTOPOI OKUCIIsI-
€TCSI OCHOBHAs YacTh ITOJIMMEpa.

CyMmapHas 1ioiaab noa nukamu BolaenaeHust CO,
MpPOIIOpLMOHATBHA O0OIIEMY COASpKAaHUIO yriepoaa
B obpasue MHUY Bo Bcex popmax, KOTopoe OBLIO
omnpenelieHo IS BceX 00pas3lioB MOAUMULIMPOBAH-
HBIX YaCTHUIL. DTU JaHHBIC MIPEACTaBICHBI B Ta0. 1.

Kak BugHO 13 TaOIUIIBI, YTIIepoa 0OHApyK1BaeT-

CsI BO BCEX UCCJIEIOBAaHHBIX 00pa311ax 3a UCKIIOUEH -
eMm MHUY Ni, He cogepXaBIIWX HU YIJIEPOITHOM, HU
noJuMepHoi obojioukn. CymMMapHoOe coaep:kaHue
yriaepoaa HaXOOUTCs B mpeaenax 1% v 3aBUCHT Kak
OT IIPUPOIHI ITOJIMMEPHOTO MoauduKaTopa, Tak 1 OT
€ro KOHIIEHTPAaLlM1 B MOAUMDUIIMPYIOIIEM pacTBOpE.
Ha ocHoBaHUM 06111eTO comepXaHuUs yriiepoaa MoxX-
HO OLIEHWUTh COAepXXaHME Mojimcaxapuaa B 000JI049-
Kax, ec/IM MPUHATH IJIsd cocTaBa IoJiucaxapuaa 00-
myto dopmyny (C,H,,0,). B atom cinyyae ¢ yuetom
COOTHOIIIEHHSI MOJIEKYJIIPHOM MacChl 3B€Ha 1 aTOM-
HOI Macchl yIjiepoia 3HaueHUe COAepKaHUS YIJIEPO-
KOJJIOMOHBIN JKYPHAJ Ne 4
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Puc. 5. KomriekcHbie Tepmorpammbl HarpeBa MHY Ni/G06 (a) u Ni@C/G06 (6) ¢ peructpalivieit M“BMEHeHHSsT Macchl 00pas-
na (TT), reroBbiaeeHus (6) ¥ BBIACICHUS JIETYIMX IMMPOITYKTOB C MACCOBBIMU YmnciaMu (M.4.) 18 u 44.

JIa clienyeT YMHOXUTh Ha KoadduumeHT 2.5. C yye- 4MHA C yYETOM IUIOTHOCTU MOJMcaxapuaa U HUKEIIS
TOM 3TOI'0 MaKCHMMaJIbHOE COIEepKaHMe IToJIMcaxapi-  COOTBETCTBYET MPUOIU3UTENBHO 15% 0OBEMHOTIO CO-
Ja B obonouke Ha moBepxHocTh MHUY cocrtaBnsier  aep:kaHusl noaucaxapria B MOOU(UIIMPOBAHHBIX 00-
0K0J10 2% . DTa HebOoJbIlag Ha NMEepPBhIiA B3OSO Benru-  pasuax. s yactui nuametpoMm 80 HM 3TO SKBHBa-
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CADPOHOB u np.

Taomuna 1. Conepxxanue yriaepona B MoauduimpoBaHHbix MHY Niu Ni@C

Oo6paszelr Monaudukarop Hagecka, mr [Tnowans nukos CO,, HA c|Cogepxanue yriepona, %

Ni — 33.8 0 0

Ni/A02 Araposa 0.2% 33.2 56.4 0.24
Ni/A06 Araposa 0.6% 35.6 101 0.40
Ni/A10 Araposa 1.0% 32.5 130 0.56
Ni/G02 I'esutan 0.2% 38.3 79.1 0.29
Ni/G06 I'esutan 0.6% 33.2 111 0.47
Ni/G10 I'esutan 1.0% 33.1 78.2 0.33
Ni@C — 21.0 210 0.17
Ni@C/A02 Araposa 0.2% 36.5 365 0.37
Ni@C/A06 Araposa 0.6% 33.0 330 0.62
Ni@C/Al10 Arapo3sa 1.0% 36.0 360 0.69
Ni@C/G02 I'esutan 0.2% 65.0 387 0.62
Ni@C/G6 T'esutan 0.6% 25.0 303 0.53
Ni@C/G10 I'esutan 1.0% 37.0 370 0.41

JICHTHO TOJIIMHE OOOJIOYKU OKOJIO 4 HM, UTO M Ha-
OmomaeTcsi Ha 3JEKTPOHHBIX MUMKpodoTorpadusx
MOIUGUIIMPOBAHHBIX YacTUIl (puc. 4). AncopOuus mo-
JiucaxapuiioB, BEpOSITHEE BCEro, HOCUT (hU3UUYECKHUIA
XapakTep 1 00ycJIOBJIEHa BaH-J€P-BaaIbCOBbIMU B3au-
MOJEHCTBUSIMU PA3IUYHON MPUPOABI MEXKIY MaKpo-
MOJIEKYJIaMU TIOJIMMEPOB M OBEPXHOCTHIO YACTHUII.

Ha pwuc. 6 mpencraBieHbl 3aBUCUMOCTH COIepKa-
HUs ymiepona B MogudulimpoBaHHbix MHY oT KoH-
LIEHTpaLWU TIoJIMcaxapyuaa B MOaU(ULIMPYIOIIEM pac-
TBOpe. M3 puc. 6 BUIHO, UTO TIPOBENCHUE ik Sif MOIIH-
dukaum MHY Niu Ni@C geiicTBUTETbHO MPUBEIO K
YBEJIMUEHUIO OO1IEro coAaepkaHusl yrjiepoia 3a cuet
ocaxeHus 000JIOUKM MoyiMcaxapuaa Ha TOBEPXHO-
CTU MarHUTHbBIX yactull. [1pu atom MHY Ni@C B ce-
pUSIX C OIHUM U TeM Xe MOAUdUKATOPOM coaepKar
oosreniee KoJmmdecTBO yriepona, yemMm MHY Ni, uro
BITOJIHE 3aKOHOMEPHO, MOCKOJILKY B 00IlIee KOJInYe-
CTBO yrJiepojia BKJIIOUEHbI TakKKe U YIJIepOIHble 000-
Jouku Ha moBepxHoctTi MHY Ni@C.

OO0paiaeT Ha ce0si BHUMaHUE pa3jInuMe B Xapak-
Tepe TMOJyYeHHBIX 3aBUCUMOCTEN AJIsI OCaxkKAeHUs
araposbl 4 rejiiaHa. B ciydae arapossl Kak it MHY
Ni/A, tak u it MHY Ni@C/A HabaronaeTcs 3aKo-
HOMEpPHOE BO3pacTaHue KOJIUYEeCcTBa MOJIUMepa B CO-
ctae MHY ¢ pocToM KOHLIEHTpallMKU arapo3bl B MO-
IudumpymolileM pactBope. B To ke BpeMs B ciryyae
reJulaHa yBeJIMYEHUE OCAXICHUS MOoJIMMeEpa Ha Mo-
BepxHoctu MHY Ni/G HaGiaomaeTcsl JMIb OpU
KOHIeHTpamsax Moaudukaropa 0.2 u 0.6%, a mipu
YBEJIMYEHUM KOHIEHTpalNK TeutaHa 1o 1% mpowuc-
XOJIUT CHUXEHUE €ro OCaXIeHUS Ha MOBEPXHOCTb
MHUY. /Ina MHY Ni@C/G makcumajabHOE KOJIUYe-
CTBO OCaXXJ€HHOTO Ha IMTOBEPXHOCTh rejijlaHa HabJIto-
JlaeTcsl MpU ero HauMeHblleil KOHIEHTpalluu B MO-
nudunmpylomem pactsope (0.2%), a npu yBenude-

HUM KoHLeHTpauuu 1o 0.6 u 1% npoucxomurt
yMEHBIIIEHIE KOJINYECTBA OCAXKIAEMOrO MoJIMMepa.

ITo xuMHYecKkoMy CTPOEHMIO 3BeHbEB araposa u
rejjlaH MIpeICTaBIISIIOT COOOM OIM3KOPOACTBEHHBIE
nmoauMepbl. MakpoMoJIeKyJIsipHas 1IeITb arapo3bl Mo-
CTpOEHA U3 YePEeAYIOIIUXCS OCTaTKOB D-rajakTo3bl U
3,6-aHruApo- L-1aKTO3bI, COeMMHEHHBIX MOIepeMeH-
Ho B(1 — 4)- u o1 — 3)-cBsazsimu [22] (puc. 7a).
Llenb rejutaHa BKitOYaeT 3BeHbs 1,3-B, D-TIOKO3HI,
1,4-B, D-r1oKypOHOBO# KUCIOTHI, 1,4-01, D-TIIIOKO-
36l U 1,4-0,L-pamHO3bI [23] (puc. 76). Bce mepeunc-
JICHHbIE MOHOCAXapyUIHbIE OCTATKU HAXOASITCS B IIUK-
JIMYECKOIT (hopMe TeKCO3 U Pa3InyaloTcs JIMIIb IIPO-
CTPaAHCTBEHHOM OpUEHTALUEN THAPOKCUJILHBIX TPYIIII.
KoHeuHo, HesTb3s1 TOJTHOCTBIO UCKITIOUUTh TO, YTO UME-
IOILIMECS Pa3IYNsI B XMMUYECKOM CTPOSHMHU 3BEHBEB
MOTYT OOYCIOBJIMBATh Pa3JIMUMS B aICOPOIINN arapo-
3blI 1 TejutaHa Ha noBepxHocTh MHY. B To ke Bpems,
C HaIlle¥ TOYKY 3pEeHMsI, OCHOBHOE OTJINYME NCIOIb-
30BaHHBIX B paboTe 00pa3lioB arapo3bl M TejlaHa 3a-
KJIIOYaeTCsl B CYIIECTBEHHOM Pa3iMuMU UX MOJIEKY-
JISIPHBIX Macc. XOTS KOHKPEeTHOEe 3HAYeHUE MOJIEKY-
JISIPHOI MacchI TeJJIaHa He U3BECTHO, COOTHOIIIEHNE
XapaKTepUCTUYECKUX BSI3ZKOCTE paCTBOPOB arapo3bl
(0.93 nni/r) u remnana (25.1 11/r) yKka3piBaeT Ha To,
YTO MaKpPOMOJIEKYJIbI TelaHa UMEeIN CYIIECTBEHHO
0o0Jiee BBICOKYIO MOJIEKYJISIPHYIO Maccy, YeM MaKpo-
MOJICKYJIBI arapo3Hhl.

11 pacTBOPOB MOJMMEPOB Pa3IMYaloT COCTOSI-
HUSI pa30aBJICHHOTO 1 MTOJIypa30aBIeHHOIO pacTBoOpa
[24]. B mepBOoM ciiydyae MaKpOMOJIEKYJIbl B pacTBOPE
HaXOASITCS B COCTOSIHUY MHAVNBUIYAJIbHBIX N30JIMPO-
BaHHBIX KJIIYyOKOB. Bo BTOpoM ciyyae KITyOKM MakKpo-
MOJIEKYJT IEPEKPBIBAIOTCS, I HAPSIAy C BHYTPULICITHBI-
MM MOJEKYSIPHBIMM KOHTaKTaMM peaJIM3yloTCs U
MEXIICTIHbIE B3auMoAeHCcTBUs. I[paHula Tmepexoaa
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Puc. 7. Xumuueckoe CTpoeHUE 3BeHbEB MOJIMCaXapuIaoB: arapo3sl (a) 1 rejutaHa (0).

MeXTy pa3daBlIeHHbIM U TTOTypa30aBJeHHbIM PacTBO-
paMu — KOHLIEHTpalldsi TepeKpbIBAaHUSI KIIyOKOB
YMEHBIIIAETCS C POCTOM MOJIEKYJISIPHOU MaccChl MO-
gumepa. [lo-BuaMMoOMy, KOHLIEHTpAlLUs TepeKpbI-
BaHUSl KJIYOKOB MaKpOMOJIEKYJ arapo3bl C OTHOCH-
TEJBbHO HEBBICOKOM MOJIEKYJISIPHOU MAaCCOM NMPEBbI-
maetr 1%. IlosToMy TIIpu BcCeX KOHIIEHTPALIMSIX
MOAUMDUIIMPYIOIIEr0 pacTBOpa aJcopOIUsI arapo3bl
MPOMCXOANJIAa U3 COCTOSTHUS U30JIMPOBAHHBIX KIIyO-
KOB. I[Ipu 3TOM TMOBbIIlIEHME KOHLIEHTpAIlu1 U301~
POBaHHBIX KITyOKOB 3aKOHOMEPHO IMPUBOIUIIO K BO3-
pacTaHUIO KOJIMYeCTBa COpOMPOBAHHOTO MoJiMcaxa-
puna.

BeposiTHO, 4TO KOHILEHTpalusl IepeKpbIBaHUs
KIIyOKOB ISt MAKPOMOJIEKYJI TeJlJIaHa B CUITY €TO BbI-
COKOI MOJIEKYJISIPHOM Macchl HUXe, yeM 1%. Kak
cJIencTBHUE, agcopOLMs U3 pa3d0aBICHHOIO pacTBopa
(0.2%) mpoucxonuiaa M3 CUCTEMBI M30JMPOBAHHBIX
KJIYOKOB, a aacopOIIUs U3 pacTBOpa KOHIIEHTpaLlei
1% npowucxoouiia U3 CUCTEMbI ITePEKPHIBAIOIINXCS

KOJUIOVIHBIN XYPHAJI Ne 4
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KIIyOKOB — M3 moaypa3basjieHHOro pactsopa. Oco-
OEHHOCTBIO ITOJIMCAaXapUI0B, BEITEKAIOIIEH 13 XM~
YeCKOIo CTPOCHMSI UX 3BE€HbeB (pUC. 7), SBISIETCSI
BO3MOXHOCTb CHJIBHOTO MEXIIEITHOTO B3auMOICH-
CTBMSI 3a CYET BOAOPOIHBIX CBSI3€ T'MIPOKCUIBHBIX
TPYMII, IIPUCYTCTBYIOIINX BO BCEX 3BEHBSIX MAKPOMO-
Jiekys1. B pe3ynbraTe MporMCXOaUT arperamus Heneum ¢
oOpa3oBaHMEeM CHUPAIM30BAHHbBIX CTPYKTYP, CTa0Ou-
JIM3UPOBAHHbBIX TBOMHBIMU CBSI3SIMU, YTO B KOHEY-
HOM UTOTe IPUBOIMT K rejieo0pa3oBaHUIO B PACTBO-
pe nmoaucaxapuaa [25, 26]. BronHe jorudaHo npeamo-
JIOXWUTh, 4YTO TIIpM ancopOLMM TejlaHa U3
MOoJTypa30aBJIEHHOTO pacTBOPa MEXIICITHLIE MOJIEKY-
JISIpHBIC B3aMMOOEHCTBHS BHICTYAIOT KOHKYPEHTOM
aJcopOLIMOHHBIM CcWjiaM Ha moBepxHocty MHY, mu
9TO CHUKAET BEJIMYMHY aICOPOINHY IIPY MOBHIIIICHUN
KOHIIEHTpALlUM TejIaHa B MOOMMUIUPYIOIIEM pac-
tBope. Joog MHY Ni npy KoHLIEHTpaIluM TejjaHa
0.6% mpoucxomua poct aacopbuuu, a gig MHY
Ni@C Haba07a10Ch CHIDKEHHE. DTO CBSI3aHO C TEM,
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YTO HaJUyue HEMOJISIPHOU YIJIEpOmHOU OO0O0JI0YKHU
YMEHbIIIAET aAre3ul0 TMOJISIPHBIX 3BEHbEB IoJiMcaxa-
punga k moBepxHocth MHY Hukens, 4To cnocob-
CTBYET arperaluy MakKpoMoOJIeKyJl B pacTBOPE.

DdPeKT CHIKESHWS aaTre3ny oJrcaxapuaa K mo-
BEPXHOCTU METAJUIMYECKOTO HUKEJS MpU HAJIUIUU
Ha €ro IIOBEPXHOCTHU YIVICPOIHOM 000JI0YKM ONUCaH
B pabote [27] ns kommo3uToB Ha ocHoBe MHY Nin
MHY Ni@C ¢ npupogHbIM TTOJIUCAXapUIOM — aJTbIU-
HATOM HaTpusl. bbuUIo mokazaHo, YTO B3aMMOICICTBHE
aJIbIMTHATA HATPUS C TIOBEPXHOCTHIO YyacTull Ni conpo-
BOXXIAJIOCh OTPULIATEIbHBIMU 3HAYEHUSIMU SHTAJTBITUI
anre3uu, a B cirydae yactuil Ni@C sHTaIbIIMS aare3uu
ObLIa TOJIOXUTEIIbHA. DTO Pe3ybTat, MO-BUAUMOMY,
MOXHO PacipOCTPaHUTb Ha BECh KJIACC TTOJINCAXapUIOB.

4. BAKJIITOYEHHUE

MeTon 371eKTpHUIeCcKOro B3pbiBa IPOBOJOKHU B CU-
JIy BBICOKOU MPOU3BOIUTEIBHOCTH SIBJISIETCS OHUM
13 HauboJiee IePCHEeKTUBHBIX METOIOB CUHTE3a Ha-
HOYACTUIIL IJIsl Pa3JIMYHBIX 00J1acTe MPUMEHEHUSI, B
TOM 4YUCJIe JJIsI MEIULIMHBI U OMOTeXHOoJIornu. Meton
oOecrnieyrBaeT IIOJyYeHNE 3HAYUTEC/IbHBIX KOJIMYECTB
HearJIoMepUpPOBaHHBIX HaHOYACTUIL c(hepUYeCKOM
(OpPMBI C XOPOIIIO BOCITPOU3BOIUMBIMUA CBOMCTBAMMU.
B Hacrosieit padboTe mpencTaBieHbl Pe3yJIbTaThl MC-
noyib3oBaHus Metonaa DBIT mist cuHTe3a MarHUTHBIX
HaHovactull (MHY) HUKeNs1 MTHKANCyJIMPOBAaHHBIX B
000JIOYKM Ha OCHOBE IPUPOIHBIX ITOJIMCAaXapUI0B —
araposbl U rejuiaHa. Moaudukanuio mpoBOAWIY TIPU
obpaborke MHY BomHBIMM pacTBOpaMu Mojucaxa-
PUIOB HEMOCPEICTBEHHO MOCJIe KOHASHCAIIMY HAHO-
YacTUIl HUKEJIST B MHEpTHOUM aTMocdepe. beio mnc-
CJIENOBAHO HaHECEHUE OOOJIOYKM Torcaxapuia Kak
Ha MOBEePXHOCTh MeTayutmyeckux yactuil (Ni), Tak 1 Ha
MOBEPXHOCTb YaCTUIL C TIPEABAPUTESIBHO OCAKACHHOMN
yraeponHoii 06osoukoii (Ni@C) B 3aBUCMMOCTH OT
MIPUPOALI TTOJICAaXapyIa M KOHLIEHTPALIMK €TI0 B MOJIM -
duLmpylomnieM BOTHOM pacTBope. bplito moka3zaHo, 94To
B 3TUX YCJIOBUSIX Ha MoBepxHOCTU M HY hopmupyeTtcst
MoJIMMepHasi 000JI0UKa TOJIIIMHOMN OKOIO0 4 HM.

IMpu popMupoBaHUM 060JIOYKN HAa OCHOBE arapo-
3Bl POCT KOHIIEHTPAIIMM TIOJIMCaxapuma B Monudu-
LIMPYIOILIEM pacTBOpe MPUBOAWI K 3aKOHOMEPHOMY
pOCTY KOJIMYeCcTBa ocaxmaemMoro yriaepona. [1pu nc-
MOJIb30BaHUM B KayecTBe Momudukaropa rejiiaHa
POCT KOHILIEHTpallMK MojiMcaxapuia MpUuBOINI CHa-
Yajia K poCTy, a ITOTOM K CHIDKEHHIO KOJTMYeCTBa Oca-
JKIaeMoro yriepozaa. Pazmmaus B xapakTepe BIUSTHUS
KOHIIEHTpALIMU MoJIMcaxapyia Ha KOJIMYeCTBO Ocaxkaa-
€MOTO YyIJIepoa CBA3aHBI C CYIIIECTBEHHOM pa3HULICH B
MOJIEKYJISIPHBIX Maccax TojiicaxapuaoB. [emman nmen
MOJIEKYJISIPHYIO MacCy CyILIeCTBEHHO OOJIblIIe, YeM ara-
po3a, M ero aacopOIIIo U3 PACTBOPOB C TTOBHIIICHHOM
KOHLIEHTPAaLMEN 3aTpyHsIa arperaluys epeKpbIBalo-
IIUXCSI MAKPOMOJIEKYJISIPHBIX KJTyOKOB B pacTBope. Ta-
KM 00pa3oM, TSl YBETMUEHYS TOMIIMHBI OJTMMEPHOM
obomouku Ha MHY 1ipn ncnons30BaHUM TIOJIMCAXapy-

CADPOHOB u np.

JIOB C HEOOJBIIION MOJIEKYJISIPHOM Maccoil 1enecoo0-
pa3HO yBEJIMYMBATh KOHLIEHTPALIMIO MOIUMPULIPYIO-
ILIEro pacTBopa, B TO BpeMsl KaK MpU UCIHOJIb30BaHUM
noJucaxapuaoB ¢ BbICOKOW MOJIEKYJISIPDHOM Maccoii
3TO MOXKET IIPUBOAUTH K 0OpaTHOMY 3 PeKTy.
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