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HOBBIE KOMIIO3UIIMOHHBIE MATEPUAJIbBI
JJIA SAINUTBI OT TAMMA-U3JIYYEHU A

AHHOTanus. B kauecTBe 3aIUTHl OT HOHU3UPYIOLIErO U3IYUYCHUS [IPEJIOKCH HOBBIM KOMIIO3UIIMOHHBIN MaTepuall CUc-
tembl W—Bi,0;. [IpeactaBnena ycoBepiieHCTBOBaHHAS METOJUKA TOPSTUETO N30CTATHUECKOTO MTPECCOBAHUS JITIS MOy UCHU S
KOMIIO3ULIMOHHBIX MaTepuasioB. [IMTEIbHOCTh CHEKAaHUs B YCJIOBHUSAX BBICOKOIO JaBJIEHUS M TEMIIEpaTypbl COCTaBHJIA
3 muH. MccenenoBanue MEKPOCTPYKTYPBI U XUMUYECKOT0 cOCTaBa 00pa3ios koMno3uTos W—Bi,O; npoBoaunu ¢ HCHoIb30-
BAHUEM CKAaHUPYIOLIEH 3JIEKTPOHHOM MHUKPOCKONUU M PEHTIE€HOBCKOM SHEPrOJMUCIEPCUOHHOM CIEKTPOCKOIIUU COOTBET-
cTBeHHO. OLICHKY IJIOTHOCTHU IOJIy4YE€HHBIX MaTEpHaJIOB OCYIIECTBIISIM ¢ IOMOLIbIO MeTozia Apxumena. HanGonee nioTHeIMU
OKa3aJInCh 00pa3ibl, noxydeHHbIe pu naBieHuu 5 ['Tla u remmeparypax 25 u 500 °C, maoTHOCTH KOTOPBIX cocTaBuia 18,10
¥ 17,85 r/cM® cOOTBETCTBEHHO. YCTAHOBIICHO, YTO BO3ICHCTBHE BBICOKHX TeMIIEpaTyp B MPOLECCE CIEKAHUS HETATUBHO CKa-
3bIBaEeTCS KaK Ha MUKPOCTPYKTYpE, TaK M Ha INIOTHOCTH 00pPa3LOB M3-3a IPOTEKAHUSI OKHUCIUTEIbHO-BOCCTAHOBUTEIBLHOM
PEaKIiy, COMPOBOKIAoMIeics BoccTaHOBICHHEM Bi 1t okucinenuem W. Pe3ymbTaTsl HCCIIEIOBAaHUS CTPYKTYPBI KOMITO3HIU-
OHHBIX MarepuayoB cucreMbl W—Bi,O; METOIOM PEHTI€HOCTPYKTYPHOI'O aHAJIHM3a [OKA3aJIM, YTO BCe 00pa3libl BKIOYAIOT
OCHOBHYI0 00BbEMHO-LeHTpupoBaHHyt0 da3zy W, a nanuuue dassr WO, oTMeuaeTcst JIMIIb IPU yBEIUYCHUH TEMIIEPaTypbl
cunTesa 10 850 °C, yTo monTBEpKAAETCS BOZHUKHOBEHHEM peduiekcoB 111 u 22-2. [IpoBeneHo uccnenoBanue 3pPeKTUBHOCTH
SKPaHHPOBAHHS KOMIIO3UI[HOHHBIX MaTePHAJIOB OT FaMMa-U3JIyUeHHs C MIOMOLIbIO TporpaMMHoro komruiekca Phy-X/PSD.
B KauecTBe HCTOYHHMKA FAMMa-KBaHTOB Hcronb3oBamu Co® ¢ sneprueii 0,826—2,506 MaB. Pe3y/1sTaThi MOJETHPOBAHUS ObLIX
cpaBHEHHI ¢ pacuetamu aiag Pb u Bi. OmpeneneHsl OCHOBHBIE TTapaMeTphl: TUHEHHBIN K03 duuneHT ocnabneHus, AInHA
CBOOOZHOrO Npodera u ClIoil MOJ0BUHHOrO ocnabieHus. Pe3ynbraTsl pacuera nokasaiu, 4To KOMIO3uT cucteMbl W—Bi, 05
[0 CBOMM JKPaHHUPYIOIIUM CBOHCTBaM mpeBocxoauT Pb u Bi, 4To menaer ero nepcneKTHUBHBIM JUIS HCIOJIB30BaHUS B Kade-
CTBE MaTepHaja paJHaluOHHON 3aHUThL.

KiroueBbie cj10Ba: KOMIIO3UTBI HA OCHOBE BOJIb(paMa, BUCMYT, ropsiuee M30CTATUYECKOE MPECCOBaHHE, CTPYKTYDa,
3 PeKTUBHOCT SKPAaHUPOBAHHS, TAMMa-N3TyIYCHNE
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NEW COMPOSITE MATERIALS FOR PROTECTION AGAINST GAMMA RADIATION

Abstract. A new composite material of W—Bi,0; system is proposed as a protection against ionizing radiation. An im-
proved method of hot isostatic pressing for the preparation of composite materials is proposed. The duration of sintering
under conditions of high pressure and temperature was 3 minutes. The study of the morphology and chemical composition
of W-Bi,0; composites was carried out using scanning electron microscopy and X-ray energy-dispersive spectroscopy re-
spectively. The density evaluation of the obtained materials was carried out using the Archimedes’ method. The densest
samples were obtained at a pressure of 5 GPa and temperatures of 25 and 500 °C, the density of which was 18.10 and 17.85 g/cm®,
respectively. It is shown that exposure to high temperatures during sintering adversely affects both the microstructure and
density of the samples due to the redox reaction accompanied by the reduction of Bi and the oxidation of W. The results
of studying the W—Bi,0; structure by X-ray diffraction analysis showed that all samples include the main body-centered phase
W, and the presence of the WO, phase is noted only when the sintering temperature is increased to 850 °C, which is confirmed
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by the appearance of reflections 111 and 22-2. Shielding effectiveness of the W—Bi,0, composite materials from gamma radia-
tion using the Phy-X/PSD software was evaluated. Co® with an energy of 0.826-2.506 MeV was used as a source of gamma
quanta. The simulation results were compared with the calculations for Pb and Bi. Key parameters such as linear attenuation
coefficient, mean free path and half value layer are determined. The calculation results showed that the W—Bi,O, composite
surpasses Pb and Bi in its shielding properties, which makes it promising for use as a radiation shielding material.

Keywords: tungsten composite, bismuth, hot isostatic pressing, structure, shielding efficiency, gamma radiation
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Beenenne. B HacTosiiee BpeMsi BO MHOTHX O0JIACTSAX MPOMBIIIIEHHOCTH (JIEKTpOHHAs!, aTOMHas,
MEcaUIMHa, KOCMHYCCKasa " T.IL.) MOJIyYHUJIN HIMPOKOC paCIPOCTPAHCHUC MUKPOIJICKTPOHHBIC U3ACIIN A,
a IPUMCHCHUC HMOHU3UPYIOLICTO MU3JIYUCHUHS B PA3JIMYHBIX HANPABJICHUIAX Hay‘lHOfI JACATCIIBHOCTHU
3HAUYMUTENHHO Bo3pacTaeT [1]. CoBpeMEHHBIC TEXHOJIOTUHU MO3BOJISIOT pa3padaThIiBaTh MUKPOAJICKT-
POHHBIE TPUOOPHI C BBICOKOH CTENEHBIO MUHUATIOPU3AIIMH U TPOU3BOIUTEIBHOCTH, YTO O0YCIIaBIMBACT
CHJIBHYIO 3aBUCHMOCTbH HAJIG)KHOCTH JaHHOTO O00OpYJOBaHMS OT yCIOBUW OKpYy’Katomen cpensl [2].
Honusupyrolee U31ydeHue — J1000e n3aydeHue, B3auMOJeHCTBIE KOTOPOro CO CPE0i MPUBOAUT K €€
MOHM3AIUHU (raMMa-, PeHTT€HOBCKOE U3y4eHHUE, dJEKTPOHbI, MPOTOHbI U T.4.) [3]. Tak, mpu B3aumo-
JEHCTBUU TaMMa-M3JIYUeHHsI C TBEPABIM TEJIIOM HAOMIOAAIoTCs CieAyromue mpouecchl: porodddexkr,
a¢pdext KomnTona, 00pazoBaHue 31eKTPOH-TIO3UTPOHHBIX map [4, 5].
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JI1st 3a1IUThI DJIEKTPOHHBIX YCTPOUCTB OT BO3JCHCTBUS MOHU3UPYIOIIECTO U3JIyUYCHHS pa3paboTaH
pan MeTonoB [6]. JIokanbHas 3aUTa C UCIIOJIB30BAHUEM MaTEPHAIOB HA OCHOBE TSXKEIIBIX DJIEMEHTOB
aBiaseTca dP(GEeKTUBHBIM METOJOM 3aIlATHl OT H3MydeHus. Hanbonee mmpoko pacnpocTpaHEHHBIM
MaTepHajioM B 3TOH oOnacTu siBisieTcs cBuHel [7]. dusnyeckue U MeXaHUYECKHE CBOMCTBA CBHUHIA
CHIeTaIM €T0 MEPCIEeKTHBHBIM MaTepuajioM s pagualoHHON 3amuThl. CBHHEN HEJOPOTroH, MpoCT
B 00paboTKe, OTHAKO €r0 TOKCHYHOCTh MOXKET HAaHECTH OOJBIION BpEIl OPTaHU3MY YeIIOBEKa M OKPY-
xaromieit cpene [7-10]. B cBsi3u ¢ 3TUM CyIIECTBYET MOTPEOHOCTH B pa3paboTKe albTepHATHBHBIX
MaTepHaJioB, KOTOPBIE SBISIOTCS OoJiee DKOIOTHYECKH YUCTBIMH, IPH 3TOM WX MOXXHO HCIIOJIB30BATh
B KauecTBE 3KPAHUPYIOLIET0 MaTepHaia.

ABTOpBI pabOTHI [7] TIPOBENN CpaBHEHNE XapaKTEPUCTHK CBHHIIA, Bolb(ppama u kommozuta WC—Co,
MOJy4YeHHBIX MeTogoM ropsiuero npeccoBanus. st WC—Co u cBuHIa Obln 3a()MKCHPOBAHBI IPaK-
TUYECKH OJMHAKOBBIE PE3YyJIbTaThl B CBOWCTBAX JIMHEHHOTO OCIabJIeHHs TaMMa-U3JIy4eHHs] U30TOIOB
Cs'Y’ (1,06 u 1,05 oM ! COOTBETCTBEHHO) U Co® (0,64 u 0,62 oM ! COOTBETCTBEHHO), B TO BpeMs kKak W
nokasan Haumyuiie pesyastarsr: 1,7 em ' s Cs™ i 1,02 em' s Co®. Tpu stom unctsiii W nmeer
HaMMeHbIIIee 3HaYCHHE CII0sI ToNoBHHHOr0 ocnadnerns (0,407 cm mus Cs™’ u 0,676 cm mmst Co®™).
Jst WC—Co 3HaueHHSs CIIOS MOJIOBUHHOTO ocnadnenus coctaBui 0,652 u 1,07 ¢cM COOTBETCTBEHHO,
torna kak st Pb — 0,66 u 1,1 cMm.

B [8] cpaBHuBanmch cBoiicTBa 00pa3noB Tommunoi 0,1, 0,5 u 1 cm u3 WC u Pb. Pesynbrarsl 310it
paborel nokasaynu, uro WC B nuamna3oHe sHepruii ramma-uziydeHus 0,160—0,662 MsB obGnanaet
MIPaKTHYECKH YKBUBAJICHTHBIMHU JINHEHHBIM U MacCOBBIM KOd(PPHUITMEHTaAMH OClabeHus. ABTOPHI pa-
60T [9—-13] cuHTe3npOBaH JIETKHE KOMITO3HUTHI, TAKHME KaK TOJIMATUIICH BEICOKOW TUIOTHOCTH, Ty PH-
TOBBIE CTEKJIa C 100aBIEHHUEM OKCHIa Oapus B pa3TMYHBIX OTHOIIEHUSX, ¥ BBISBHIIIH, YTO X CBOWCTBA
KaK MaTepHasoB PaJHalHOHHON 3alNThl XyXke CBHHIA (TUIOTHOCTH CBHHIA coctaBiser 11,34 r/em’,
ILIOTHOCTh TEJLTYPHTHEIX CTEKOT — 5,29—5,34 r/cM’ B 3aBHCHMOCTH OT COCTABA), OJHAKO OE3BPETHOCTD
TaKUX MaTepUaJOB CTABUT UX Ha CTYIEHb BbIIIEC CBUHLIOBOH 3amuThl. B [14, 15] paccMmarpuBaiuchk
pasnuuHble OeccBUHIIOBBIE KOMIO3UTHI (Sb/Bi, Ba/Bi, Sb/W u 1p.) 1 0MHOKOMIIOHEHTHBIE MaTepHaJIbI
(Bi, W, Sb, Ba, Cs u ap.) u mpoBoauiochk ux cpaBHeHue ¢ Pb. PaccmarpuBaembie MaTepuaasl mpo-
JEMOHCTPUPOBAIH SKPAHUPYIOIIHNE CBOWCTBA, MPAKTHUECKH SKBUBAJICHTHBIE CBUHILY.

PaznuuHpie KOMIIO3UIINH TIeMeHTa [16], KoMTo3uIIMu Ha OCHOBE Bosbdpama [17-19] takke ObLIH
noApoOHO paccMOTpeHbl U u3ydeHbl. llpuuem kommosutsl ¢ Bonbdpamom (W—-C, W—Cu) nokaszanu
HAWJIy4Ilne pe3yabTaThl U3 BCEX BBIICYNIOMSHYTHIX MaTepuasoB. Tak, B [18] ObL1 CHHTE3UPOBAaH KOM-
no3uImoHHbIH Matepruas u3 WC u stuneaBuHmianerara (WC-5BA) B pa3abix cootHomeHusAx (50 %
OBA + 50 % WC; 40 % 3BA + 60 % WC; 30 % DBA + 70 % WC), 3ppeKTHBHOCTb SKPaHUPOBAHUS
00pasmoB cpaBHUBAIH ¢ A(P(HEKTUBHOCTHIO ciosi Pb Ttommmuoit 1 m 2 MM. B kadecTBe mcTouHMKa
H3ITydeHnst BRICTymian u3otornbl Cs™’. TIonyueHHble pe3yIbTaThl [T KaXK/I0r0 U3 PACCMATPHBAEMBIX
coctaBoB WC—OBA OblITH 9KBUBAJICHTHBI IPYT JAPYTY U MPEeBbIIaIN d3PPEKTUBHOCTH DKPAHUPOBAHUS
CBUHIIOM Ha 5 % npu Tonwmuue 1 MM u Ha 9-10 % ans tonwunael 2 MMm. Toraa Kak i1 UCTOYHUKA 3!
9TH 3Ha4eHus ObuIH B 1,5 paza Bblle 3PPEKTUBHOCTH CBUHIIOBOW 3AIIHUTEHI.

OCHOBHBIM W3 TJIABHBIX ITapaMeTPOB, XapaKTEPH3YIOMIMX MaTepualibl PaJHallOHHON 3allUTHI,
SIBJISIETCS UX IIJIOTHOCTB. B crily BBICOKMX MJIOTHOCTH M TEMIIEPATYPhI IJIABJIEHU S, @ TAKKE JOCTYITHOCTH
TI0 TICHE aJIFTePHATUBON CBUHITY SIBIsETCS Bombhpam [14, 15, 17-19]. Onrako n3-3a €ro TyroIIaBKOCTH
MPOIIeCC TOTyYEHUsI COBPEMEHHBIMU METOJJaMHU TIOPOITKOBOH METaJUTYprud BOJIb(PaMOBBIX SKPaHOB
paauaoOHHON 3aIHUTHI SIBISICTCS BEChbMa JUIMTEIBHBIM U qoporoctosuum [20]. [ns pemenus >Ton
IpoOJIeMBI PeATaraeTCcs HCIOIb30BaTh JIETKOIIIABKHE MAaTEPHAIIbl B KAYECTBE CBS3YIOMINX (MAaTPHUIIBI).
B OonbIIMHCTBE KOMITO3UTOB (32 HCKITIOYEHUEM CIOMCTHIX) KOMIOHEHTHI MOKHO pa3e/iuTh Ha MaTPUILY
Y BKJIFOYEHHBIC B HEE apMHPYIOIIE 1eMeHTHI [21]. [l 3Toro B KadecTBe CBA3YIOMIEr0 KOMIIOHEHTA
B KOMITO3UIIMU HA OCHOBE BOJIb(ppamMa MPUMEHSIIOTCS YTIEPOIHbIE MaTepHaIbl, ME/lb, KOOAIBT, BACMYT
u ap. [17-25].

Cy1miecTByeT MHOXKECTBO METOIOB U3TOTOBIICHH ST KOMIIO3UTOB HAa OCHOBE TYTOILIABKUX MaTepHaJIOB!
MarHeTpOHHOE paciblIEHUE, Fa30BOE PaCHbLUICHHE, IIEHTPOOEIKHOE paclbUIeHUE, ICKPOBOE IJIa3MEHHOE
criekaHue, TexHonornu 3D-nedaTu, CeJeKTHBHOE Ja3epHOe TUTaBIICHUE, IKCTPY3Hs, CTPYHHAS TeYaTh,
ropsiyasi ITamMmnoBKa u ap. [21, 27-32]. OxHako 3HaYUTENbHAS JUIMTEITBHOCTH ITPOIIECCOB 00YCIaBINBAET
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UCIIOJIb30BaHUE MHBIX METOJOB CHHTE3a, TPOJOKUTEIBHOCTh KOTOPBIX MEHBIIE U KOHEYHBIN Pe3yib-
TaT COOTBETCTBYET IPEABSBIAEMbIM TPEOOBaHUAM K MaTepHally.

Lenv 0annou pabomel — MOTyUSHUE KOMIIO3UIIMOHHOTO Marepuana W-Bi,O; MeTonoMm ropsiuero
M30CTaTUYECKOro MPECCOBAHUS, aHAJIN3 BIMSAHMS YCIOBUN CHHTE3a KOMIIO3UIIMOHHBIX MaTepHAaJOB Ha
(HU3MKO-TEeXHUUYECKUE CBOUCTBA U A(P(PEKTUBHOCTH SKPAaHUPOBAHMS raMMa-U3JTyYeHHSI.

MeToaunka IKcnepuMenTa. VIcXoaHbIii MaTepuai mpencTaBisiil CO00 CMECh TIOPOIIIKOB, TTOJTYYeH-
HYIO ITyTEM U3MEIbUCHUS U TIEPEMEIINBAHUS OTACIBHO B3SITHIX MOpoITkoB W (99 mac.%) u cBsa3yrorie-
ro marepuana Bi,O; (1 mac.%) ¢ momombo miaHeTapHoil mapoBoil menpHHLBI Fritsch Pulverisette
(FRITSCH Laboratory Instruments, ['epmanus). IIpogosKuTesbHOCTh TOMOINCHU3AIMHM COCTAaBIISIIA
3 g4 mpu ckopoctr Bparienus 300 o6/muH. [TonmydeHHYI0 CMech TTOPOITKOB (hOPMOBAIIA B 00pa3Ilbl B BUJIC
TabseTok pazmepom 2,3 + 0,1 cM myTem XoJI0AHOTO TBEPA0(Pa3HOTO MPECCOBAHMUS.

Janee ¢ mOMOIIBIO METO/IA TOPSYETO U30CTATUYECKOTO MpeccoBaHms (OMHOBPEMEHHOTO TepMoba-
PUYECKOTO BO3JICHCTBUS HA 3aMKHYTHIH 00BEM) MpU pa3IMYHBIX YCIOBHIX CHHTe3a (Tabxn. 1) Obutm
HOJTy4eHBbI 00pa31bl KOMIIO3UIMOHHOT0 MaTepuana W—Bi,0;, KoTopble IpeAcTaBIsIN COO0H MIIaCTUHBI
paszMepoMm 2 X 2 ¢M U TOJNIIIHOM 2 MM. Bceero Ob110 M3roTOBJICHO MIECTh 00Pa3IoB OIMHAKOBOH (YOPMBI.

Tab6nuua 1. YeaoBus cHHTe3a KOMIO3UIHOHHOr0 MaTepuaita W-Bi,0,

Table 1. Synthesis conditions of the W-Bi, O, composite material

Ne obpasna Temneparypa cunresa, °C Jasnenue, I'Tla
1 2000
2 1500
3 1000 5
4 850
5 500
6 25

Kasxap1ii n3 00pasnoB ObUT MOMEIIEH B KOHTEHHEP, B KOTOPOM HaXoAMJIach rpaduTocosepxaas
CMECh C HU3KUM COIIPOTHBIIEHUEM, 00€CIIeunBatoIast ObICTPhI HAOOP BEICOKUX 3HAUCHUH TEMIIEPATY PbI.
N3BecTHO, 4TO BBICOKHME 3HAUEHUS TEMIEpaTyp CTUMYIUPYIOT IJIACTUYHOCTH 3€pPEH, BCIEACTBHUE YEro
BO3MOYKHO MOy YeHHE MaTepPHaJIOB CO 3HAYCHUEM IIJIOTHOCTH, OJTM3KUM K TeopeTHueckomy [26]. Bricokoe
3HaueHue aasnenus (5 I'Tla), KoTopbIM BO3A€HCTBOBAIN Ha BCE 00Pa3Iibl, CIIOCOOCTBOBAJIO YBEIMUCHHIO
IJIOINAAM PEAKIUHU H3-32 XOPOLIEro YIUIOTHEHHS 3€PEH MOPOILIKOB. [J1aBHAs OCOOEHHOCTH AAHHOTO
METOJa — BBICOKasi CKOPOCTh Ipolecca, KoTopas oOecrneunBaeTcsl TeM, YTO HarpeB M OXJIAXKJCHHE
MOJTYUYCHHBIX 00pa3I0B MPOTEKACT MIPH MOCTOSHHOM BO3JICHCTBUU BBICOKOTO JaBJICHUSI.

HUccnenoBanne MophoJaoruu 1 XMMHYECKOTO coCTaBa 00pa3LoB KOMIIO3UTOB IPOBOIUIIH C UCIIOJb-
30BaHUEM CKaHUPYIOIIETO AIeKTpoHHOr0 MUKpockoma (COM) Carl Zeiss EVO10 (Carl Ziess, I'epmanus)
B COUYETAaHHM C JCTEKTOPOM JHEPrOAMCIEPCHOHHON peHTreHoBckoil crnekrpockonuu (DOPC) Oxford
(Oxford Instruments NanoAnalysis, [epmanusi).

3naueHusl 3PPEKTUBHBIX IJIOTHOCTEH OOpa3LOB PaCCUMTBHIBAJINM € MOMOILBIO METOAA T'MAPOCTa-
TUYECKOr0 B3BEIIMBAHMS, CYTh KOTOPOTO 3aKJIIOYAETCS B M3MEPEHMM Macchl 00Opa3LoB B J(Ba 3Tala:
BHayYaJie Ha BO3/yXe, a MMOTOM B HUIKOCTH C M3BECTHBIMH TOYHBIMH 3HAYCHHUSMHU IJIOTHOCTH. B Ha-
HIEeM Clly4ae B KaueCTBE JKMJKOCTH BhICTyNala AUCTUIUIMPOBAHHAS BOJA. 3HAYCHUS IUIOTHOCTEH ObLIH
MOJTYUYCHBI C HCIOJIb30BAHUEM CIPABOYHBIX 3HAUEHHMH IJIOTHOCTEH OTAENBHO B3SITHIX KOMIIOHEHTOB
KOMIIO3UIIMOHHOI'O MaTepuaja U pe3ysbTaToB T’HAPOCTATUYECKOrO B3BEIINBaHUs. TeopeTrueckas MioT-
HOCTb (p,,,) PACCUUTBIBAIIACH 110 (OpMYJIE

1r
pTeop :7’ (1)

roe V — 00BeM KOMIIO3HUTa, CM3, KOTOprf/i B CBOIO O4YC€pECAb OMMPCACIIAIICA CICAYOMIUM 06pa30M:

V = x_w + xBi203 ‘ (2)
pW pBi203
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31ech X — IPOLEHTHOE COAEpIKaHHE KOMIIOHEHTa KOMIIO3UIIMOHHOTO MaTepuaa; p — INIOTHOCTh KOM-
TIOHEHTA KOMIIO3UIIHOHHOTO MaTepHana, r/cm’.
DddexTrBHAs IUIOTHOCTS (P,4) PACCIUTHIBAIACH 110 GOpMyIIe

M
Pag =E'Pw A3

rae M — macca KOMIIO3UTa Ha BO3/yXe, T; 1 — Macca KOMIIO3UTA B XKHUJKOCTH, T; P, — INIOTHOCTb JKUAKOC-
TH, T/cM’. Beipaxenue (3) MOKa3bIBACT, HACKOIBKO ONMM3KH 3HAUCHUs S)DEKTHBHOIM MIOTHOCTH 06pas3-
1I0B K TeopeTudeckoit 1 cocraBa W—Bi,O; B IPOLIEHTHOM OTHOIIEHUU.

OddexTrBHas MIOTHOCTD (P,,) KaXKAOro 00pasua CpaBHUBANACH ¢ TEOPETUYECKOH IJIOTHOCTHIO,
C IIOMOLI[BIO YETr0 PACCUUTHIBAJIACH OTHOCUTENbHASI IJIOTHOCTh 00pa3LoB (P, 70):

Poms =22100 %.
pTeop (4)
OTHOCI/ITCHLHyIO MMOPUCTOCTb (POTH) 06pa3u0B OIIpeACIsiiin COIIaCHO BBIPAXKCHUTIO
POTH =100 % — Porn: (5)

HccnenoBanue a30BoOro cocraBa v OLECHKA MAPAMETPOB 3JIEMEHTAPHOM PEIIETKH OCYIIECTBIISIIUCE
METOAOM peHTreHocTpykTypHoro aHanusza (PCA) ¢ ncnonb3oBaHHeM MOPOLIKOBOIO AuQpakToMeTpa
PANalytical EMPYREAN (Malvern Panalytical Ltd., Benuko6puranus) ¢ CuK -usnydenuem. [u-
(pakOHHBIC TUHUH perucTpupoBaiu s 20 = 20-106° ¢ marom 0,02°. O6beMHBIE 10711 OTACTBHBIX
(a3 oueHMBaIKCh ¢ ncrosb3oBaHueM nporpammel PowderCell 2.4.

D¢ eKTUBHOCTB SKPAHUPOBAHUS FAMMA-U3ITY YUCHHSI OIPEACISITH METOAOM MOJEIINPOBAHUS C TIOMO-
bio nmporpaMMuoro komiuiekca Phy-X/PSD [31]. B kadecTBe mcTOUHMKA raMMa-KBaHTOB HCIIOJIB30-
Bamn Co® ¢ smeprueii 0,826-2,506 M»B. C 1mOMOIIBIO JAHHOIO MPOrPAMMHOIO 00ECHeUeH s ObLIK
OIpeIeSICHBI CIIeTYIOIINE TapaMeTphl:

THHEWHBIN KoddumueHT ocnadnenus (JIKO)

1. (N
JIKO=—In| =2 |,
Lol 22 ©
cioit mosoBuHHOTO Toromenus (CI1O)
CIIO = 0,693 , )
JIKO
JutnHa cBoOoaHoro npobera (JICIT)
1
Cll=——, 8
il KO t)

rJe p — MIOTHOCTH HCCIEIyeMOro MaTepHaa, I/CM’; X — TONIIMHA MaTepuana, cM; N, — HHTEHCHB-
HOCTb Ma/AIONIEro HA SKPaH raMMa-u3iyueHns, Br/cm”; N — HHTGHCHBHOCTD IIPOIIC/IIIEro uepes SKpPaH
ramma-usnydenus, Br/em®. Crenyer nosicuuts, uto CIIO — 9TO TONIIMHA MaTepHaia SKpaHa, HOCIe
IIPOXOXKIECHUS KOTOPOr0 MHTECHCUBHOCTH HAIIPABJIEHHOI'O MOHU3MPYIOLIETO H3JIyYeHHS! YMEHBIIUTCS
B 2 pa3a, CIY)KUT XapaKTEPUCTUKOMN 3aIIUTHBIX CBOMCTB MaTepHasia OT BO3ACHCTBUS HOHU3UPYIOIIETO
uznyuenust; JICII — 3To cpegHee paccTosiHUE, KOTOPOE MOKET IPONUTH raMMa-KBaHT 0€3 CTOJIKHOBEHHUS,
MOCJIe Yero U3MEHSIETCSl €ro HalpaBJICHNUE HJIM SHEPrHsl.

[TonyueHHble pacyeTHbIe MapaMeTpbl A KOMIO3MIUOHHOro Matepuana W-Bi,O, cpaBHuBaIu
¢ Pb u Bi, pe3yabraThl A5 KOTOPBIX Takke ObUIM NOMTy4eHbl ¢ omoibio Phy-X/PSD.

Pe3yabraTsl U ux obcyxaeHue. Pe3ynbraTsl onpenesneHus MIOTHOCTH U MOPUCTOCTH KOMIIO3HU-
nuoHHoro matepuana W-Bi,0, npusenens! B Tabn. 2. BujaHo, 4To Hanbonbllee 3HaYEHUE IIOTHOCTH
xomrosuta 18,10 r/cm’ cooTBeTCTBYET 06pasity, crieuenHoMy 1pu 500 °C (Ne 5), KOTOpBIIi B CBOKO 0Uepe/h
HEMHOT'O YCTYyTaeT MO 3TOMY MapaMeTpy Martepuany, cnedeHHoMmy mipu 25 °C (Ne 6). Haumenpmmm
3HauenueM miotHocTH (16,98 r/em’) o6nanaet obpasen Ne 1, momyuenssiii mpu 2000 °C.
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Tabnuna 2. Pe3ynbraThl onpeaejeHus: NJIOTHOCTH U OPUCTOCTH 00pa3LoB
KOMIIO3HIIHOHHOT0 MaTepuajga W-Bi,0,
Table 2. The results of determining the density and porosity
of the W-Bi, 0, composite materials samples

Ne o6pasua Pw-sizop)s T/eM® Por> %0 P %0
1 16,98 89,13 10,87
2 17,29 90,76 9,24
3 17,45 91,06 8,94
4 17,36 91,11 8,39
5 17,85 93,70 6,30
6 18,10 95,01 4,99

HccnenoBanre 0THOCUTEIBHOM IIIOTHOCTH MOKA3aJ10, YTO OHA JIOCTATOYHA BHICOKA JIJIsl BCeX 00pas-
1oB u coctasisieT 89,13-95,01 %. B To e Bpems o Mepe yMEHbIIEHUS TEMIIEPATYPhl CIIEKaHUS ITOT
napameTp cHmxkaetcs ot 10,87 mo 4,99 %, 4To cBUAETENBCTBYET O HEOOIBIIOM OTKIIOHEHHUH OT TeOpe-
THYECKOTO 3HAYEHHS M BHICOKOH CTETIEHU KOMITAaKTH3allnK 00pa3IoB.

Ananun3z COM-n3o00pakeHuii (puc. 1) BBISIBIII, YTO P OBBIIICHUN TEMIIEpaTyphI ClieKaHUs 00pa3-
OB KOMIIO3ULIMOHHBIX MaTEPHUajioB BOZHUKAIOT Ae(EKThl HA UX MOBEPXHOCTH U B 00beMe. OcoOeHHO
0TMEYaoTCsl 1e(eKThl MUKPOCTPYKTYpHI 17151 o6pasua Ne 1 (puc. 1, @), KoTopslii ObLI MIOTy4eH IIPH Hau-
oompieit Temmneparype. Torma kak oopaszert Ne 3 (puc. 1, b) obmagaer geekraMu MEHBIITIX Pa3MEepPOB U UX
KOJIMYECTBO CHHIKAETCSI ¢ yMeHblleHneM TeMreparypbl 1o 1000 °C. Obpasipl ¢ HaubobIIeH TIIOT-
HocThio Ne 5 (puc. 1, ¢) u Ne 6 (puc. 1, d), nonmydennsie mpu 500 °C u 25 °C coOTBETCTBEHHO, UMEIOT
3HAUUTEIbHO MEHBIIIEE KOJIUYECTBO 1e(EKTOB I10 CPAaBHEHUIO ¢ 00pa3LaMu, 0Jy4EeHHBIMU IIpH OoJiee
BBICOKMX TEMIIepaTypax.

Puc. 1. 300paxeHus, MOJTYyUCHHBIC C TOMOIIBIO CKAHUPYIOIIETO AIEKTPOHHOTO MHUKPOCKOIIA,
U KapThl YHEPrOJUCIIEPCUOHHON PEHTTEHOBCKOH CIIEKTPOCKOIHMH Ul 00pa310B KOMIO3HLIMOHHBIX MaTepuanoB W—-Bi,0;:
Ne 1 (a), Ne 3 (b), Ne 5 (c), Ne 6 (d)

Fig. 1. Images obtained using a scanning electron microscope and maps of energy dispersive X-ray spectroscopy
of the W-Bi,0; composite materials samples: no. 1 (@), no. 3 (b), no. 5 (c), no. 6 (d)
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PesynbraThl XMMHUYECKOTO aHaJIM3a MOKAa3aJl, YTO COACPKaHHE KHUCIOPOAHOH (a3bl yBelndu-
BaeTCs C POCTOM TEMIIepaTypHhI CrieKaHust 00pa3noB. OOpasibl, CHHTE3UPOBAHHBIC B IHATIA30HE TEM-
nepatyp ot 25 no 500 °C, oOnanaroT OOJBIIMM COJACPKaHMEM BOJb(paMa, 4TO CBUIACTEIbCTBYET
o Oonee moTHOU cTpyKType (00pasubl Ne 5 u Ne 6). [loBblenue cogepkanust KUCIOpoAa B oOpasuax
Ne 1 u Ne 3 (remmeparypa cuare3a 2000 °C u 1000 °C cooTBETCTBEHHO) MOXKET OBITH 00YCIIOBJICHO ITPO-
TEeKaHUEeM OKHCIUTENbHO-BoccTaHOBUTENbHOH peakuuu (OBP) ¢ Bo3pacTaHreM TeMIiepaTypbl CHHTE3a.
OdyeBHIHO, YTO JNePEKTHOCTHh CTPYKTYphl 00pa3noB Ne 1 n Ne 3 HampsMyro cBsi3aHa C MOBBIIICHHBIM
coneprkaHueM Kuciopozaa (cMm. puc. 1, a u b). B nannom cirydae mpu nporekanun OBP okcun BucMmyTa
BOCCTaHABIMBACTCS JI0 METAJITMYSCKOIO BUCMYTa, B TO BPEMSsI KaK BOJIb(ppaM OKHCISETCS U CTAHOBUTCS
WO,, 4To noaTBepKAACTCS pe3ybTaTaMi PEHTTeHOCTPYKTYpHOro aHaiu3a (puc. 2). Bepostaee Bcero,
nporekanne OBP M0KHO Ha3BaTh INIABHOW MPUYMHON BO3HUKHOBEHUS 1€()EKTOB.

Onenka pe3ynsratoB PCA moka3zana, 9To Bce 00pasifbl BKIOYAIOT OCHOBHYIO 00BEMHO-IICHTPHUPO-
BaHHYIO pa3y W, a Hannune das3sr WO, oTMeuaeTcs Ipu yBeITH4YeHHH TeMIeparypsl cuaTesa 10 850 °C,
YTO HOATBEPXKAAeTCs BOSHUKHOBeHHEM peduiexcos 111 u 22-2. lons Bi,O, B cieueHHOM MaTepHuale co-
craBuseTr 1 mac.% u Bi He ynaeTcs 3adukcnpoBars Ha JudpaKTorpaMmax, MOCKOIbKY JaHHOE KOJTUYe-
CTBO (pa3bl COOTBETCTBYET Mpe/ieily oOHapykeHust Metona. Hanuuue pediaekcos, oTBeyaronux 3a ¢hasy
WO,, MOXHO €BSI3aTh ¢ TeMIEpaTypoil okucieHus: W, 3HadeHne KOTOPOH MPU HOPMaJIbHBIX YCIOBHX
Haxonutces B auamnazone 400—490 °C. OnHakxo B yCIOBUAX BHICOKOTO JABJICHUS U OTPAHUUEHHOTO 00Be-
Ma TeMIIEpaTypa MOXKET BO3pacTaTh, YTO OOBICHSAET OTCYTCTBUE OKCHAHOM (ha3bl y o0pasua, morydeH-
Horo ipu 500 °C, u mosiBIICHHE 3TOH ke (a3pl y 00pasiia, cnedeHnoro mpu 850 °C.

Ha puc. 3 npuBeieH rpaduk 3aBUCUMOCTH coliepxanus Ga3 4ucToro Bosibhpama 1 OKCHa BOIb-
¢dpama B HMccienyeMbIX KOMIIO3HIMOHHBIX MaTepuaiax OT TeMIlepaTypbl cuHTe3a o0pas3uoB. BuaHo,
4YTO yBenndeHHe o0beMHON Jonu WO, MpOUCXOAUT ¢ POCTOM TEMIIEpaTyphl ClIEKaHUS 00pa3LoB.
Tak, B o0pasue Ne 6, cneuennom nipu 5 I'Tla u 25 °C, orcytctByeT WO,-da3za, kak u B o0pasue Ne 5,
nosryaenaoM 1ipu 5 I'Tla u 500 °C. Ognako ¢ yBenmaeHneM temrnepatypsl criekanaus ¢ 1000 mo 2000 °C
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= o o =
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Puc. 2. Pe3ynbraTsl peHTTEHOCTPYKTYPHOT0 aHaIu3a 00pasios komnosura W-Bi, 0,

Fig. 2. Results of X-ray diffraction analysis of the W—Bi,0, composite samples
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(o6pasust Ne 4 u Ne 1 cooTBeTCTBeHHO) HabmogaeTca BosHuKHOBeHHE (a3sl WO, u conepxanue W
cHmxkaetcs ot 91 1o 83 % (oOpazenr Ne 1, momyuennsrit mpu 2000 °C).

I'paduk 3aBucuMOCTH TTapaMeTpa pemeTkn W OT TeMIepaTypbl ClieKaHUs IPECTaBJIeH Ha puc. 4.
Bugno, uto npu yBenmaeHnu Temrepatypsl 10 1500 °C mpoucXoauT pocT mapaMeTpa penieTku W, 1 1a-
niee, IpH NoBbImeHnn TemmepaTypsl 10 2000 °C, mapamMeTp pelIeTKH 0CTaeTCs HeM3MEHHBIM. B cBsi3n
C 3THUM MOXKHO TPETOI0KHUTh, YTO BUCMYT UMEET HE3HAYUTEIIBHYIO PACTBOPUMOCTH B BOJIb(pame.

D¢ eKTHBHOCT IKPaHHPOBAHUS TaMMa-U3IydeHH s onpeaensan 1id oopasua W—-Bi,O; ¢ Hauboss-
IIIMM 3HaYeHHeM IIOTHOCTH (06paser Ne 6, mmotHocTs 18,10 r/cM?) 1 cpaBummu ¢ Pb u Bi mist gemon-
CTpanuy MPEUMYIIECTB PACCMaTPUBAEMOT0 KOMITO3UITMOHHOTO MaTepuaia. Ha puc. 5 mpeactaBieHb
rpaKy 3aBUCHMOCTH MTApaMETPOB, XapaKTEPU3YIUX d3PPEKTUBHOCTh IKPAHUPOBAHUSI, OT IHEPTHH
raMma-u3inydenus B quamnaszone 0,826—2,506 M»sB.

W3 puc. 5, a BUAHO, 4TO KOMIIO3UIUOHHBIH MaTepran W—Bi,0; o0nagaer 6osiee BLICOKMM 3HaUCHUEM
JIKO, uTo roBopuT 00 ero 3((heKTUBHOCTH 0 OTHOIIEHUIO K CPAaBHUBAEMbIM MaTepualiaM. B naHHOM
JHana3oHe PHEPruil OCHOBHBIM MEXAHU3MOM B3aUMOJCHUCTBUSI FraMMa-U3JIyUYEHHsl ¢ MaTepuajiaMu
C BBICOKMM aTOMHBIM HOMepOM, TakuMu kKak W, Pb u Bi, siBiisieTcst KOMITOHOBCKOE paccesiHue, KOTOPOe
3aBUCHUT OT aTOMHOI'0 HOMepa Marepuaia U ero miaoTHocTH [33, 34]. Tak, npu JOCTHIKEHUU SHEPTHU
B 0,826 M»B 3nauenune JIKO pnst komnosunnonsoro matepuana W—Bi,0; coctasnser 1,19 CMfl, TOrma
KkaK 11st Pb u Bi nipu Toif e sHepruu 3uauenne JIKO pasro 0,97 u 0,85 cM ' cOOTBETCTBEHHO.

Pe3ynbTarhl pacueTa TONIIKMHBI CJI0S HOJIOBUHHOIO 0cnadaeHus (cM. puc. 5, b) nokasanu, uro W-Bi,0;
oOnagaet HaumenbpnMu 3HaueHusIME CI1O B cpaBHenuu ¢ Pb u Bi. Tak, npu snepruu 2,506 MaB CIIO
IUISL CBUHIIA cOocTaBisieT 1,4 cM, Torjga Kak JJisi BACMYTa OH paBeH 1,6 cM, a 711 KOMIIO3ULIHOHHOTO
marepuana W-Bi,0; — 0,91 cm. [laHHBIE pe3ynbTaThl CBUAETENLCTBYIOT O TOM, YTO HAMITyUHIIMMU Mac-
corabapUTHBIMU IapaMeTpaMM M3 BCEX HCCIEAYeMbIX MaTepHalioB obOnagaeT komno3sutr W-Bi,Os,
Mo3TOMY TSt APPEKTUBHOM 3alUTHI OT TaMMa-U3Iy4YeHusl B auamna3one sHeprui 0,826—2,506 MaB
PEKOMEHTyeTCSl U3TOTABIMBAThH SKPaHbI TOJNIUHONW 2 MM | Oojee. Pe3ynbrarel pacueToB IIMHEI CBO-
O0omHoro mpobera, MPeACTaBICHHBIE HA PUC. 5, ¢, MOKa3aiu, 4yTo Jisi 3Heprun 2,506 M»B 3HaueHue
JCII nnsa komnosunuonHoro Marepuana W—Bi,0, coctasnset 1,3 cm, 11 Pb ono pasuserca 2,02 oM,
Toraa kak Bi — 2,3 cM, 4TO Takke CBUICTEIBCTBYET O MIPEBOCXO/ICTBE KOMIIO3UTA HAJl CPABHUBACMBIMH
MaTepualaMH.

3akiaouenue. C UCHOIb30BAHUEM YCOBEPIICHCTBOBAHHOTO METOMA TOPSYEro H30CTATUYECKOIO
IPECCOBAHMS CUHTE3MPOBaHbl 00pa3lbl HA OCHOBE KOMIO3UIIMOHHOIO MaTepuana cucteMel W—Bi,0;.
W3yuenne BIUAHUS YCIOBUN BBICOKOTO JABICHUS U TEMIIEPATyp Ha MUKPOCTPYKTYPY U MIOTHOCTh
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nokasano, uro npu gasieruu 5 ['1la ¢ pocrom remnepatypsl ¢ 25 o 2000 °C koxr4ecTBO AePEKTOB
B KOMIIO3UTAX YBEIWYUBACTCS, a 3HAUEHUE TJIOTHOCTU cHUXKaetcs oT 18,10 no 16,98 F/CM3, TOoraa Kak
pacyeTHbIE 3HaUEHU I IOPUCTOCTH pacTyT ¢ 4,99 no 10,87 % cOOTBETCTBEHHO.

[Ipu uccnenoBaHuu CTPYKTYpbl 00pa3noB KoMno3uToB W—Bi,O, ycTaHOBJIEHO, 4TO BCe 00pa3Lbl
HMEIOT OCHOBHYIO 00BEMHO-IIEHTpUpOBaHHY0 a3y W, a Hanmune ¢as3sr WO, oTMedaeTcst Ipu yBeIH-
YEeHUU TeMIepaTypsl cuaTe3a 10 850 °C, 4To MOATBEpKAaeTCss BOSHUKHOBEHHEM peduiekcoB 111 n 22-2.
OTtmeueHo yBenuueHue conepxanus ¢pazsl WO, ¢ pocToM TeMIepaTypsl criekanust o0pasuos. [lpu uz-
MeHeHnH Temrieparypsl 10 1500 °C HabmrogaeTcs pocT 3HaueHUH mapameTpa pemeTku W, u najnee, npu
noBeIIIeHUH Temmepatypsl 10 2000 °C, mapaMeTp pemIeTKH OCTaeTCs HEM3MEHHBIM. B CBS3W ¢ 3THM
MOYXHO TPEATONIOKHUTH, YTO BUCMYT UMEET HE3HAUYUTEIIbHYIO pACTBOPHMOCTD B BOJIb(pame.

[IpoBenena ouenka 3¢pHeKTUBHOCTH IKPAHUPOBAHUS KOMIIO3UIIMOHHBIMU MaTepHaiaMi CUCTEMBbI

W-Bi,0; oT BO3AeHCTBHS ramMma-H3JIy4eHHs METOAOM MaTeMAaTU4eCKOro MOJAEIUpPOBAHUS B IpPO-
rpamMmMmHOM Komtiekce PhyX-PSD. B xadecTBe MCTOUHHMKA TaMMa-U3JIyUeHUs HCITOJIH30BAINCh U30TO-
s Co® ¢ sueprueii 0,826—2,506 MaB. C 1e/1bio CpaBHUTEIBHOTO aHAIM3a MOACIUPOBAHIE TPOBOIMIIH
JUTSl TAKMX MaTepuaioB, kak Pb u Bi. PacdueTsl mokasanu, 4To JUIsl HCIIOIB30BAHUS B KAYECTBE IKPAHOB
paaMalMOHHON 3aIIMTHI CPEIU pacCMaTPUBAEMbIX MaTepHalioB HanOoJee MePCHeKTUBHBI KOMIIO3UTHI
W-Bi,0;. Ocoberno 3 eKTHBHBIMYU OHU SBIISIOTCS B 001acTH HauMeHbIKX sHepruii 0,826—1,173 M»sB,
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TOTJa KaK MPU BO3ACUCTBUM raMMa-u3jiaydeHus ¢ sHeprueit ot 1,173 mo 2,506 M»B HeobOxomumo u3-
TOTaBJIMBATh SKPaHbI ¢ 00Jiee BRICOKMMHU MacCOra0apuTHBIMU MapaMeTpaMu, 8 UMEHHO TOJIIIHHON OT
1,5 mo 2,0 mm.

PaccMOTpeHHBIH KOMITO3UITMOHHBIN MaTepHall sIBJISCTCS MIEPCIIEKTUBHBIM BapPHAHTOM JIJIsS 3aMEHBI
CBUHIIA B chepe pajranroHHON 3amuThl. [Ipu coOItoaeHnN yCI0BUI CHHTE3a CBOMCTBA KOMITO3HIIH-
OHHOT'O MaTepualia OTIUYHO MOJXOMST JJIS MCIOJIB30BaHUS €r0 B Ka4eCTBE PaJIMAIMOHHOTO JKpaHa,
a 0co0eHHO 3 (heKTHBHOE €r0 UCTOIb30BaHNE OYJET B YCIOBUSIX IKCILTyaTaIllid MHKPOIJIEKTPOHHBIX
MIPHOOPOB TIPH BO3MCUCTBUY HU3KHUX DHEPTUHl HOHU3UPYIOMIETO H3TyUeHUs. B Oyaymem mianupyercs
M3yYEHHUE IPYTUX COCTABOB JJIsl [IOMCKA aJbTEPHATUBHBIX MaTEPHAJIOB, KOTOPBIC MOT'YT HCIIOJIb30BAThCS
B KaYeCTBE paIUAI[MOHHBIX SKPAHOB,
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OpuelmaﬂbHaﬂ cmamovA

JI. H. )Ibﬂ'lKOBal*, II. A. BI/ITSBI)Z, AL A. 33ep1¢03

]HHcmumym nopoutkosoil memannypeuu umenu axademuxa O. B. Pomana,
ya. ITnamonosa, 41, 220005, Munck, Pecnyonuxa Berapyce
? Ynpasnenue aspoxocmuueckou desmenvnocmu annapama Hayuonanvnoti akademuu nayx beaapycu,
np. Hezasucumocmu, 66, 220072, Munck, Pecnyonruxa Berapyce
3Be/10pycc1<uﬁ HAYUOHANbHBIU MeXHUYeCKUll YHUepcumen,
np. Hezasucumocmu, 65, 220072, Munck, Pecnyonuxa berapyce

OCOBEHHOCTH CTPYKTYPOOBPA3OBAHUSA B AHTUOPUKIIMOHHOM
KOMIIO3UIIUOHHOM INOPOIIKOBOM UH®UJIBTPUPOBAHHOM
MEJHBIM CIIJTABOM MATEPUAJIE HA OCHOBE KEJIE3A (IICEBJIOCIIJIABE)
ITPA BBICOKOTEMITEPATYPHOW TEPMOMEXAHHUYECKONH OGPABOTKE

AHHoTanus. [IpencTaBneHs! pe3ynbTaThl HCCIEAOBAHNH MPOIiecca CTPYKTYPOOOpa30BaHUS B aHTU(PPHUKIIMOHHOM KOM-
TO3UIIMOHHOM TIOPOIIKOBOM HMH(DUIBTPHPOBAHHOM MEIHBIM CIIABOM MaTepuaje Ha OCHOBE Xkeje3a (IICEBAOCIUIaBE) MpH
TEPMUYECKON U BBICOKOTEMIIEpAaTypHON TepMomexaHndeckoir oopadorke (BTMO). [Tokazano, 4to mocie MHOUIBTPALUH
CTPYKTypa IICEBAOCIIIaBa COCTOUT U3 YYAaCTKOB CTAJIFHOTO KapKaca ¢ MPaKTHYECKH OJHOPOJHOH 110 YIIIEpOay CTPYKTYpPOH
NepIIUTa ¥ HeOOJIBIINM KOJTHMYSCTBOM LIEMEHTHTA, YIaCTKOB MEJAHON (ha3bl, PACIIONOKEHHBIX 110 TPAaHUIIAM U B CTHIKAaX Yac-
THUI] CTAJIBHOTO KapKaca, BKIIOUSHNH Cylb(HI0B MPEUMYIECTBEHHO B MEAHOH (a3e. B mpomecce 3aKaiku MPOUCXOTUT Tie-
pepacmpenenenue yriaepojaa B 4acTHLAX CTaJIbHOTO KapKaca, Ha TpaHHIE ¢ MeIHOU (a3oil oOpasyeTcs CI0i TOMMIMHOMN
2—5 MKM C MOBBILIEHHBIM cojiepkanueM yriepoaa. [Ipy BTMO npoucxoaut u3MenbueHne CTpyKTY pbl, 00pa3oBaHue Makpo-
TEKCTYPBI, yMEHBIICHNE TOJIINHBI IIPOCIOeK MeHON (asbl, 3aBucsmield ot crenenu nedopmannn. CreneHs aedopManuu
BIIUSIET TaKXe Ha CTPYKTypy cTaypHOro kapkaca. [Tocze BTMO co crenensio nedopmaru 30 % CTpyKTypa COCTOUT H3
0ecCTPyKTypHOTO MapTEHCHUTA, TPOOCTO-MAPTEHCUTA M OCTATOYHOTO ayCTEHUTA, IPU ATOM B MIPUTPAHUIHBIX C MEIHOU (a-
301 ydacTKax COfepKaHNe yIriIepoaa HeCKOIbKO MEHbIIE; CO cTenenbio aedopmannun 50 % — 6eccTpyKTypHOT0 MapTeHCHTA
u Ha 20-25 % GounbIero cofep>kaHus ayCTEHUTA, IPH 3TOM paclpeeseHne yriepoaa 6oyee 0IHOPOJHOE, a U3MEHEHHUE CO-
JIepIKaHUsl ME/IM, 0JI0Ba U JKeje3a IJIaBHOe. YCTaHOBIICHO, YTO BCIIEACTBHE aKTUBAINHU MU()(Y3MOHHBIX ITPOIIECCOB B IIPOIECCe
nedopmannn npu BTMO cynbhunst MonubieHa pacnagaioTcest 1 00pa3yroT cynb(UAbI xKeae3a U MeJu pa3IndyHOro COCTaBa,
MOJHO/ICH JISTHPYET JKeJIC3HYI0 OCHOBY MJIM 00pa3yeT kapOun. IlosydeHHbIe pe3yabTaThl MOTYT OBITH MCHOJIB30BaHBI MIPH
pa3paboTKe BEICOKOMPOYHBIX aHTH()PUKIIMOHHBIX MaTEPHATIOB ISl TSKEIOHATPYKEHHBIX y37I0B TPEHUSI.
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FEATURES OF STRUCTURE FORMATION IN ANTIFRICTION COMPOSITE POWDER INFILTERED
WITH COPPER ALLOY MATERIAL BASED ON IRON (PSEUDO-ALLOY)
UNDER HIGH-TEMPERATURE THERMOMECHANICAL TREATMENT

Abstract. The results of studies of the structure formation process in an iron-based antifriction composite powder mate-
rial infiltrated with a copper alloy (pseudo-alloy) during thermal and high-temperature thermomechanical treatment (HTMT)
are presented. It is shown that after infiltration the structure of the pseudo-alloy consists of sections of the steel skeleton with
a perlite structure almost homogeneous in carbon and a small amount of cementite, sections of the copper phase located along
the boundaries and at the joints of the particles of the steel skeleton, sulfide inclusions mainly in the copper phase. In the
process of hardening, carbon is redistributed in the particles of the steel skeleton; a layer 2—5 pm thick with an increased
carbon content is formed at the boundary with the copper phase. During HTMT, the structure is refined, a macrotexture
is formed, and the thickness of the copper phase interlayers decreases, depending on the degree of deformation. The degree
of deformation also affects the structure of the steel skeleton. After HTMT with a degree of deformation of 30 %, the structure
consists of structureless martensite, troosto-martensite and residual austenite, and in the areas adjacent to the copper phase
the carbon content is slightly lower, with a degree of deformation of 50 % — structureless martensite, 25 % more austenite
content, more uniform distribution of carbon. It has been established that, due to the activation of diffusion processes during
deformation during HTMT, molybdenum sulfides decompose and form iron and copper sulfides of various compositions;
molybdenum alloys the iron base or forms carbide. The investigation results can be used in the development of high-strength
antifriction materials for heavily loaded friction units.

Keywords: iron-based composite anti-friction material, copper alloy infiltration, quenching, tempering, high-temperature
thermomechanical processing, structure
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Beenenue. Pa6oToCnocoOHOCTh MAITMH U MEXaHU3MOB U HX JIOJTOBEYHOCTH BO MHOTOM 3aBUCST OT
yCIOBUH pabOThl M XapaKTEPUCTUK Y3JI0OB TPEHHSI, OCHOBOW KOTOPBIX SBISFOTCS TOIIIMITHUKH CKOJb-
JKEHUSI, YCICIIHOE MPUMEHEHHE KOTOPBIX 00YCIOBJICHO Pa3paboTKOM aHTU(MPUKIIMOHHBIX MaTepua-
JIOB C TOBBIMICHHBIMH 3KCILTyaTallHOHHBIME CBOMCTBaMH [1, 2]. JIis NuTenbHON U HaIeKHOU PabOThI
MIOJIIIIMITHUKOB HEOOXOMMO BBITIOJIHEHUE CIEAYIOINUX TPeOOBaHUN K CBOMCTBAM aHTH(PUKITUOHHBIX
MaTepHaJIOB: BBICOKASI M3HOCOCTONKOCTD; HU3KHUU KOI(PGHUIIMESHT TPEHUS; BHICOKAS 33 IUPOCTONKOCTD;
CIOCOOHOCTH MaTepuasia MOMIOMATh TBEPAbIC YaCTHIIbI, BHICOKAsh KOPPO3UOHHAS CTOHKOCTh B Cpee
CMa304HOT0 Marepualia; Xopouiasi mpupadaTbiBaeMOCTh; YAOBJIECTBOPUTEIFHOE COMPOTUBIICHHE yCTa-
JIOCTH, TO €CTh CIOCOOHOCTH HE pa3pyIIaThCs MOJ JSHCTBHEM M3MEHSIONINXCS HATPY30K BO BCEM JIHa-
na3oHe paboYux TEeMIepaTyp; TEXHOJIOTMYHOCTh W HEBBICOKAS CTOMMOCTH, OTCYTCTBUE KATaJHTHYC-
CKOI aKTMBHOCTH TI0 OTHOIIIEHUIO K MacjaMm [3].



Becui HanpistnaneHaii akagsmii HaByk benapyci. Cepbis disika-TaxHiuHbIX HaByK. 2023. T. 68, Ne3. C. 196-207
198 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 3, pp. 196207

CylecTBeHHOE pa3inyie B YCIOBUSX JKCIUTyaTallMyd MONIIMITHUKOB CKOJBXEHUS BBI3BIBAET HEOO-
XOIUMOCTb Pa3pabOTKH MIHUPOKON raMMbl aHTU()PUKLIMOHHBIX MaT€PHaOB HA OCHOBE YEPHBIX U I[BET-
HBIX METAJIJIOB, KEPAMHKH, IIOJIMMEPOB, yriiepoaa. B HacTosiee BpeMst CyLIeCTBYEeT 3HAYUTEIBHOE KOJIU-
YEeCTBO aHTU(PPUKIIMOHHBIX MaTEPUaJOB HA METAJNIMYECKOW OCHOBE, KOTOPBIC IIUPOKO HCIOIB3YIOTCS
B M3JEJIUSIX OOIIEro MallIMHOCTPOEHUS, PA0OTAIOIINX B OOBIUHBIX YCIOBUAX, H B U3JENHIX CHEIHAIIb-
HOT'0 Ha3HaYEeHU s, IKCILTyaTUPYEMbIX B CIOKHBIX yCI0BUAX [4—8].

BenencTBre BHICOKMX HArpy30K MPH TSHKEJIOM PEXKHMME SKCILTyaTallii MOAIIUITHIKOB CKOJIBKEHHU S
CMAa304HBbIH CJIOH TepseT CIIIIOMHOCTD, KO3()(DUIIMEHT TPEHHSI HOBBIIAETCS, COOTBETCTBEHHO PACTET TEM-
nepatypa B 30He TpeHus [9]. [ns Tsokenbix ycnoBuil paboThl 0ocoboe 3HaYeHUE MPUOOPETAIOT TaKue
CBOMCTBa, KaK IPOYHOCTH, TEIIOMPOBOITHOCTH, TEPMOCTOHKOCTh, CAMOCMAa3bIBAEMOCTh, HECYIIas CIO-
coOHOCTH 1 conpoTuBiieHne ycranoctu [10—12]. B c¢Bs3u ¢ 3TiiM 0coboe 3HaueHne 11t paboTocrocoo-
HOCTH TSKEJIOHATPY>KEHHOTO y3J1a TPEHUS UMEIOT HE TOJIBKO yIOBIETBOPUTEIbHBIC TPHOOTEXHHUECKHUE
XapaKTePUCTUKH, HO M BBICOKAs TPOYHOCTD, TETIONPOBOJHOCTH, KOPPO3UOHHAS U KAPOCTOWKOCThH Ma-
TEPUAJIOB MOAUIMITHUKOB. AHAJIU3 JOCTUKCHUH COBPEMEHHOIO TPHOOMAaTepHaIOBEICHUS MO3BOJISICT
clienaTh BBIBOJA O TOM, YTO aHTU(QPUKIIMOHHBIE MaTEPHaJIbl HOBOT'O MOKOJICHHS! JAJIS TSKEJIOHATPY KEH-
HBIX PEKUMOB PaOOTHI JJOIKHBI HIMETh TeTEPOTeHHYI0 CTPYKTYPY U, COTIIACHO OCHOBHOMY TTPHHITHITY X
KOHCTPYUPOBaHUSI, COCTOATH U3 KOMIIOHEHTOB, CYIIECTBEHHO pa3IMyaroluxcs no Teproctu [13, 14].
Takoe cTpoeHHE MMEIOT KOMIIO3UIIMOHHBIE MaTepHallbl, ToNly4aeMble HHPUIBTPALIUECH MOPOIIKOBBIX
KapKacoB U3 M3HOCOCTOWKHX, IPOYHBIX MATEPHAJIOB, CIUIABAMHU C TEMIIEPaTypol IIIaBJICHUS 3HAUU-
TEJIBHO MEHBILCH, YeM KapKaca. DTO TaKk Ha3bIBaeMble TICEBIOCILIABEL, HAanOo0Iee MPUMEHIEMBIMH Cpe-
JI1 KOTOPBIX ABJISIOTCS TICEBIOCIIABHI JKEJI€30 — MEIHBIN CIJIaB, UMEIOIINE BEICOKOIINIOTHOE COCTOSIHUE
1 TIOBBIIIEHHYIO TETUIONPOBOAHOCTE [15—18].

Juist ynydieHus: TpuOOTEXHUYECKUX CBOWCTB YKa3aHHBIX MaTepHalioB IIPH OrpaHUYEHHOH mogaye
CMa3KHU ¥ TOBBIIIEHHBIX Harpy3Kax B JKeJIE3HbII Kapkac BBOIAT TBepible cMa3ku. K HUM oTHOcATCA
CyIb(UIbI, CENICHUAbI, HOAUIbI, XJIOPUABL, (PTOPHUIBL, HUTPUIBI U OKCHIBI METAJJIOB, HO HanboJIee 1mu-
POKOE pacmpoCTpaHEHHE M3 HUX TOJIYUHJIM CEPHHUCTBIC COCAMHEHUS MOJUOAeHa, MapraHua, Gpropuj
kasbuus [19-21]. Beenenue nucynbduia MonOIeHA UM MapraHiia B MOPOIIKOBBIC CTaId MO3BOJISICT
MPUMEHSTh UX ISl U3TOTOBJICHUS JAeTajel TpeHus, paboTaloIUX MPH MOBBIIIEHHBIX CKOPOCTAX, Ha-
rpy3Kax U TemIeparypax.

[Tpu GonbIIMX HATPY3KaxX yPOBEHb NPOYHOCTH IICEBIOCILIABOB MOPOIIKOBAs JISTHPOBAHHAS CTAJb —
MEJIHBIH CIUIaB HEIOCTATOYHbIHM, I03TOMY MX YIIPOUYHSIOT METOJAMH TEPMHUUYECKOI Uiu 1eOopMaLiioH-
Hol 00paboTku [22-24]. [lpuMeHeHne TepMOMeXaHNYeCKOH 00paboTKH sl yITPOYHEHUS TIOPOIIKOBBIX
crasnet Oonee 3((HeKTUBHO, YeM ISl KOMIAKTHBIX, TaK KaK HApsAYy CO CTPYKTYPHBIMHU IIPOLIECCAMH,
MPOUCXOASIIIUMHI IPU TEPMOMEXaHNIECKO 00paboTKe, CYLIECTBEHHO CHMXKAETCSl IOPUCTOCTh CTaJICH.
Haubonee 3HaunTenpHble YIPOYHEHUE W YIIOTHEHHE MOPOIIKOBBIX MAaTEPUAJIOB JOCTHTAIOTCS MPH
BBICOKOTEMIIEpaTy pHOI TepMoMexanmdeckoir oopadotrke (BTMO) ¢ nedopmarineir mpokaTKoH, mraM-
MTOBKOM, DKCTpy3HeEN U 1p. [25] emie 1 MOTOMY, 4TO, TOCKOJIBKY MOPOIIKOBBIE CTANIN SABIISIOTCSA HACE-
CTBEHHO MEJIKO3EPHUCTHIMH, B HUX HE MPOUCXOAUT 3HAYUTENBHBIH POCT 3epHa MpH Ieperpene, Kak
B KOMITAKTHBIX MaTepuaiax [26].

BcenencTBue ciosKHOTO CTPOEHHS NCEBAOCIUIABOB 0C000€ 3HAYCHHE AJISI TOCTHIKEHHUS BBICOKOTO
YPOBHSI CBOWCTB MMEIOT CTPYKTYpPHBIE IPEBPAIICHUs, KOTOPbIE POUCXOJAT B (ha30BbIX COCTABIISAIO-
LIMX MaTepuala B npouecce oopadoTku. B cBs3M ¢ 3TUM HccIenoBaHUs MIPOLECCOB CTPYKTYpooOpazo-
BAaHMS UTPAIOT BAKHYIO POJIb.

Llenvro Hacmosaweli pabomel IBUIOCH UCCIIEOBAaHUE BIUSHUS BHICOKOTEMIIEPATYpPHON TEpMOMeEXa-
HUYECKOM 00paboTKu Ha (POPMUPOBAHHE CTPYKTYPbl aHTUPPUKLIIMOHHBIX KOMIIO3ULIMOHHBIX IOPOILKO-
BBIX HHQUIBTPUPOBAHHBIX MEAHBIM CIIJIABOM MaTEpUajoB Ha OCHOBE JKeJe3a.

MeTtoauka uccieqoBaHuii. B xadecTBe aHTUPPUKIIMOHHOTO MaTepuaja YCIEUTHO MPUMEHSIIOTCS
TICEBJIOCIUIABEI, TIOTydaeMble WH(UIbTPAllel OJOBSIHHON OpoH30i [26], mo3TOMY B padboTe Mccieno-
BaJli TICEBJOCIIIAB, MOJYYCHHBIH MHpuUIbTpanueid Opon3oir bpOS5 crpeccoBaHHBIX KapKacoB U3 IO-
pomkoBoii ctanu ¢ 1,2 % rpaduta u 1 % nucynspuna monmudnena, — XKI'pl,2Mcl [[1701.

[IuxTy Ha OCHOBE eJe3a U MeIU MOJTydyald CMEIIMBAHUEM B LIAPOBOM CMECHTEJIC THUIIA «IIbsiHAs
0oukay» B TeueHue 1,5 4 U3 MOPOIIKOB B cocTOsiHMU noctaBku kene3a mapku [DKPB (ITOCT 9849-86),
rpadura xapangamuoro mapku I'K-1 (FOCT 4404-78), menu mapku [IMC-1 (I'OCT 4960-75), onosa
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mapku [10-1 ('OCT 9723-73), nucynbduna monubaeHa (TY 48-19-133-90). B muxTy Ha OCHOBE Meu
JOTIOJTHUTETIFHO BBOAMII JKEJIE30 B KosinyecTBe 5 % U criennanbHble 100aBKH B KoianuecTse 1,5 % miis
HCKJIIOUCHHUSI 3PO3UH NPU HHPUIBTPALHH.

W3 muxThl Ha OCHOBE JKeJie3a IIpeccoBain 00pasubl AuaMeTpoM 50 MM 110 YHOpPY C LENbIO MoTyye-
HUSI OTHOCUTEJIBHOM TI0THOCTH 82—83 %. MHUIBTpaInio ClipecCOBaHHBIX KapKacOB OCYIIECTBIISLIH
B armMocdepe snHaoraza npu remmneparype 1140 °C npu KOHTaKTe IPECCOBOK M3 MOPOLIKOBOW OPOH3BI
HEOOXO0IMMON MaCCHI.

IlockombpKy HccnenyemMble TICeBIOCTIABEI 00Iaal0T MOBHIIIIEHHON KOPPO3HOHHOM CTOMKOCTHIO, Ha-
TPeB 3ar0TOBOK IpH 3akanke 1 BTMO mpoBoauiau Ha BO3TyXeE.

3akanky ocyuiecTBisuH ¢ Temneparypsl 800 °C B Boxy, mocie uero o0pasifbl OTITYCKAJIU IIPU TEM-
nepatype 200 °C B teuenue 1 4. BTMO npoBonunu no cxeme: Harpes 1o temneparypsl 800 °C, ne-
(dhopmupoBanue MeTonoM wWTamnoBku npu temneparype 750 °C co crenensmu 30 u 50 %, ObicTpoe
OXJIaXKJIeHUE (3aKasika) B Bojie, oTIyck mpu temrepatype 200 u 500 °C 1 4.

CrpykTypy HccienoBain Ha metayorpagpuueckoM mukpockorie MEF-3 (ABctpus), a Takxke Ha
aNIeKTpOHHOM MuKpockore Mira (Yexus) ¢ npuctaBkoid INCA 350 ¢upmbr Oxford Instruments (Be-
JTUKOOPUTAHUS), NTPEIHA3HAYEHHOH 11 MHUKPOPEHTICHOCIEKTpaibHOro anaiausza. Llnudsl usroras-
JIMBAJM B HAIIPaBJICHUH, 1aPAJIJIEIbHOM U NEPIEHANKYJISIPHOM HAIlPaBJICHUIO IPUIIOKEHUS JaBJICHUS,
U TpaBuiH 4%-HbIM paCTBOPOM IMTUKPHHOBON KUCIOTHI B 3THIIOBOM CIIUPTE.

Pe3yabraThl ucesienoBanuii. Mccnenosanue o0pasnoB nociie HHOUIBTPALNUH BBISBUIIO, YTO CTPYK-
Typa COCTOUT U3 YYaCTKOB CTaJBHOI'O KapKaca CO CTPYKTYpOH MepinuTa ¢ HeOOJNbIIMM KOJUYECTBOM
LIEMEHTUTAa ¥ Yy4acTKOB MEIHOH (ha3bl, paclojOKEHHBIX MO I'PAHMULAM U B CTBIKAX YaCTHUL[ CTaJIbHO-
ro kapkaca (puc. 1). CTpyKTypa 4acTHI] JKEJIE3HOTO KapKaca MpakTHUYECKH OJHOPOIHAS TI0 YTIEPO.IY.
Bxurouenust Cyab(pHI0B PACHONIOKEHBI B YaCTUIIAX HA OCHOBE KeJe3a, HO MPEUMYILIECTBEHHO B MEAHOM
¢aze (puc. 2). Tak kak HHPUIBTpaLUs TpoBoAMIIAck Ipu Temmneparype 1140 °C, aqucynbhug monndae-
Ha pasyarajcs ¢ oopazoBanueM cyiabbduna Mo,S; 1 cBoO6oaHOI cepsl [27], koTopasi, B3aUMOIEHCTBYS
C MeJIbIo, 00pa3yeT CyIb(HIbl MEAH.

MUKpOpPEHTTeHOCTIEKTPATIbHBIN aHAIN3 CTPYKTYPBI BBISIBHII (pHUC. 3, ), YTO B yUaCTKax CTalbHOTO
KapKaca Ha TpaHMIe ¢ MeIHOW (a3oil nHPUIBTpaTa oTMeuaeTcs cogepkanue meau 6,5-10,8 % (puc. 3,
tabnumna, cektpsl 10—13), Ha paccTOTHUH 5—8 MKM OT TPaHUIIBI COIEP)KaHUE MEU CHUKACTCS 10
2,1-2,5 %, a B IeHTpe Meab OTCYyTCTBYeT. Pactipenenienne Meau OKa3bIBaeT BIUSHIE Ha paclpeiesieHIe
yriepoja B y4acTKax CTallbHOro Kapkaca. HanGosbiee cojepkanue yriieposa Ha0IoaaeTcsi B IIEHTPe
Y4acTKOB CTaJIbHOTO KapKaca, a Ha TpaHulle ¢ MeIHOH (a30il n3-3a MOBBIILICHHOTO COACPKAHUS MEIAH
coJiepKaHue yriiepoia yMeHbInaercs (puc. 3, b).

Puc. 1. Ctpyxrypa ncesgocmiasa XKI'pl,2Mcl1 /{1701 nocne unbunprparyn: / — cTaabHON KapKac
C MEPIUTHON CTPYKTYPOii; 2 — IeMeHTHUT; 3 — MeaHas dasa; 4 — cynbdua meau; 5 — cynbpus monndaeHa

Fig. 1. The structure of the pseudo-alloy FeGrl.2MoS,1Cul7Snl after infiltration: / — steel skeleton
with a pearlite structure; 2 — cementite; 3 — copper phase; 4 — copper sulfide; 5 — molybdenum sulfide
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o eNKBTpa S,% | Mo,% | Cu% | Sn,% | Fe, %
1 35,6 12,3 24,3 0,1 Ocr.
2 30,9 6,1 32,4 0,0 OcT.
3 22,7 1.4 52,1 0,2 Ocr.
4 23,2 1,3 47,9 0,0 OcT.
5 224 1,7 47,2 0,2 Ocr.
6 21,7 1,3 52,4 0,1 Ocr.
7 21,7 0,7 50,3 0,0 OcT.

Puc. 2. Dnexrponnas crpykrypa B pexxume BSE u roueunsriii ananus ncesnocruiasa JKI'pl,2Mc1/[1701 nmocine nadmisTpanun
Fig. 2. Electronic structure in the BSE regime and point analysis of the pseudo-alloy FeGrl.MoS,1Cul7Sn1 after infiltration

Ne criektpa Cu, % Sn, % Fe, %

1 6,8 0,0 Ocr.

2 2,5 0,0 Ocr.

3 0,0 0,0 Ocr.

4 0,0 0,0 Ocr.

5 0,0 0,0 Ocr.

o7 6 2,1 0,0 Ocr.
s \;y'uz 7 85,5 6,5 OcrT.
8 6,7 0,0 Ocr.

9 76,98 5,4 Ocr.

10 8,2 0,0 Ocr.

11 7.4 0,0 Ocr.

yu2(13) 12 7,0 0,0 Ocr.

'yué(m)" 13 11,0 0,9 Ocr.

g Y42(15) 14 89,4 6,0 Ocr.
e 15 89,1 5,5 Ocr.

Z0mkm J 3nexTponHoe HaoBpaxerite 1 16 89.4 5.7 Ocr.

0 10

Carkon Kal_2 Copper Kal

C Cu

TOMKm BneTpOHHOE H3BpEKEHHe 1

b

Puc. 3. Pacnpenenenue xeiesa, Mei, 0JI0Ba M YIJIepoJa B y4acTKax CTaJIbHOTO KapKaca
n nabmIbTpaTa ncenocmiasa XKI'pl,2Mcl1J[1701: a — xene3o, Menb ¥ 0JI0BO; b — yIIIepo U Meab

Fig. 3. The distribution of iron, copper, tin and carbon in the sections of the steel skeleton
and the infiltrate of the pseudo-alloy FeGrl.2MoS,1Cul7Snl: a — iron, copper and tin; b — carbon and copper
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Puc. 4. Ctpykrypa nceagocmnara XXI'pl,2Mc1 /{1701 nocne 3akanku 1 HU3KOro oTmycka: a —100x; b —500%

Fig. 4. The pseudo-alloy FeGrl.2MoS,1Cul7Snl structure after quenching and low tempering: a —100%; 5 —500x

(|

Puc. 5. Ctpykrypa nceBaocruiaBa XXI'pl,2Mc1/[1701 nociie BBICOKOTEMIIEpaTypPHOU TEPMOMEXaHUYECKOH 00paboTKH
co crenenbio aepopmarun 30 % u OTIycKa: a—c — B HAIIPaBJICHHUH, IEPICHIUKYIIPHOM AehOpMAIIIH;

d—f— B HanpaBnennu nedopmannu; a, b — remneparypa ormycka 200 °C; c—f — temneparypa otmrycka 500 °C
Fig. 5. The pseudo-alloy FeGrl.2MoS,1Cul7Snl structure after high temperature thermomechanical treatment
with the deformation degree of 30 % and tempering: a—c — in the direction perpendicular to the deformation;
d—f— in the direction of deformation; a, b — tempering temperature 200 °C; c—f— tempering temperature 500 °C
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3akaiika 00pa3I0B pUBEJIa K TIOBBIIICHUIO TBEPOCTH rceBociuiaBa ¢ 238—342 HB no 455-497 HB
3a cueT 00pa30BaHUs TPOOCTO-MAPTEHCUTHON CTPYKTYpHI (puc. 4, a). [TockonbKy mipu Harpese moj 3a-
KaJIKy TpOoUCcXoauT audy3nst Meau U3 MPUTPAHUIHBIX ¢ MEIHOH (ha30i y4acTKOB CTAIIbHOTO KapKaca
B UX IIGHTP, Ha I'PaHUIIC C MEIHOU (ha30i yBEIMUMBACTCS COACPIKAHUE YTJepoaa U 00pa3yeTcst CIIoH
TOJILIIMHOM 2—5 MKM, KOTOPBIN X0pomo uaeHTudunupyercs npu ysenundenuu 500X, DTo noaTBepxaa-
€TCsl TIOBBIIIEHHOW TPABUMOCTBIO ITOBEPXHOCTHOTO CJIOSl YaCTHII CTAJIbHOT'O Kapkaca (puc. 4, b).

[IpoBenenHbIle paHee UCCIEAOBAHUS IMOKA3aIH, YTO ropsdas MITaMIIOBKa 00eCIieYuBaeT IMOBBIIIIe-
HHE TPOYHOCTH TICEBIOCIIaBoB B 1,5-3 pasza, ymapHoil Bizkoctd — B 1,5-2,5 pasza, mIaCTHIHOCTH —
Ha 1,5-2,0 % [28]. Emie B OoJblIei CTENEHHU MOBBIIICHUE CBOMCTB JIOCTUTACTCS COYCTAHUEM ILJIACTH-
4YecKkol JedopManuy U TePMHYECKOW 00pabOTKH — TEPMOMEXaHUYECKON 00paOOTKON MO Pa3IudHbIM

Fe Kal

SEM HV: 20.0 kV WD: 14.41 mm | | MIRA3 TESCAN CKal2

View field: 20.8 ym Det: SE 5pm
SEM MAG: 10.0 kx Date(m/dly): 04/03/23 Performance in nanospace

Cu Kal

Snlal

.41 mm
View field: 20.8 pm Det: BSE 5pm
SEM MAG: 10.0 kx |Date(m/dly): 04/03/23 Performance in nanospace

b 64

Puc. 6. Ctpykrypa ncenocruiasa XKI'pl,2Mc1 /11701 nocie BEICOKOTEMIIEPATY PHOH
TepMOMeXaHHUeCcKoi 00paboTku co crenensio nedopmanun 30 %: a — pexxum SE; b — peskum BSE;
¢ — pacnpenenenue snementoB (Fe, C, Cu, Sn)

Fig. 6. The pseudo-alloy FeGrl.2MoS,1Cul7Snl structure after high temperature
thermomechanical treatment with a degree of deformation of 30 %: a — in the SE regime; b — in the BSE regime;
¢ — distribution of elements (Fe, C, Cu, Sn)
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cxemaM [26]. [Ipu ulactuyeckoli eopManiv B MaTepuase yBeIU4InBaeTCs MIIOTHOCTh HECOBEPLICHCTB
KPUCTAJIITNYECKOI0 CTPOCHUS — IUCIIOKAIINH, BAKAHCU, MAJI0- U BBICOKOYTJIOBBIX I'PAHUL, U H3MEHSIET-
csl XapakTep ux pacrpeneienus [29], moatomy (a3oBble mpeBpamieHus Mpu TePMOMEXaHIIECKOr 0Opa-
0O0TKe MPOUCXOMST B YCIOBUSIX MOBBIIEHHON MIOTHOCTH JAedekToB pemeTku. [Ipu BTMO ynpounenne
OCYIECTBJISAETCS 3a CUET HACJIEJOBAHMS MAapPTEHCUTOM JIMCIOKALMOHHON CTPYKTYpPBl YIIPOUHEHHOTO
HCXOJTHOTO ayCTEHHUTA.

UccnenoBanue crpyktypsl ncesaocmiasa KI'pl,2Mcl/[1701, noasepruytoro BTMO, noka3zaino,
yTO npu AedopmManuu o0pazyeTcs MaKpOTEKCTypa, TaK KaK CTPYKTypa B MapaJlIeIbHOM U MEPHEHIU-
KyJIsIpHOM Jie(hOpMaIliy HAaNpaBJICHUSX pa3ndaercs (puc. 5).

B crpykType nceBaocmiasa nocie BTMO co crenensto aedpopmannn 30 % u otmycka mpu 200 °C
B HAIIPaBJICHUH, NIEPIICHAUKYIISIPHOM Je(OpMaLlMi, OTMEUACTCsl YMEHBILICHHE pa3Mepa 3¢peH B CTajlb-
HOM KapKace W TIOsIBIIEHUE OOJBIIEr0 KOJINYeCTBA TOHKMX YU4aCTKOB MEeHOHU a3kl (cM. pHc. 5, a). 3epHa
MEHBIIIET0 pa3Mepa B CTAILHOM KapKace MpeJCTaBISIOT co00i OeccTpYKTYPHBIA MapPTEHCHT H TPOOC-
TO-MapTEHCHT, OOJIBIIEr0 pa3Mepa — TPOOCTUT C OCTATOYHBIM ayCTCHUTOM (MEJIKOIUCIIEPCHEBIE CBET-
JIbIe BKJIFOUEHUS) (CM. pHC. 5, b).

IIpu otnycke mpu temneparype 500 °C npodHocTh IceBAoOcIIaBa nopsicuiack Ha 50—150 MIla
Osaroznapsi TOMy, UTO IIPU BBICOKOTEMIIEPATYPHOM OTIIYCKE OCTaTOYHBIN ayCTEHUT PAacHasaeTcsi, CTPyK-
Typa CTaJbHOI'O KapKaca CTAHOBHTCS MPEUMYIIECTBEHHO OCHHUTHOI (CcM. puc. 5, ¢), a B MenHOH (aze
MPOUCXONUT CTapeHHe — BBIACICHNE YAbTpaaucepcHbIX a3 (cM. puc. 5, f). Cornacuo [30], 3T0 MoryT
owITh (asel Fe,Cu; u n-CugSns.

MuKpOpEeHTIeHOCIEKTPaIbHbIN aHAJIU3 BBISIBUJ, YTO B CTAJbHOM YUYacTKE TaK jKe, KaKk M I0CIe
3aKaJIKd, UMEeT MECTO HEOJHOPOAHBIN COCTaB MO yriepoay u Menu (puc. 6, a, b). B npurpannvnbix
C Me/IHOM (ha30if yuacTKax colepiKaHue yriaepoJa HECKOJIBKO MEHbIIE, & U3BMEHEHUE COACPIKaHUs MEIH,
0JIOBa U KeJie3a TIaBHoe (puc. 6, ¢).

VYeenmuuenue crernenn aedopmanuu mpu BTMO mo 50 % mpuBoguT K erie OoibIieMy U3Menbue-
HUIO CTPYKTYPBI CTAIILHOTO KapKaca ICeBI0CILIAaBA, YMEHBIIEHUIO TOJIIIMHBI TPOCIOCK MEIHOM (a3bl
(puc. 7, a), a Tak)Ke YBEIHUCHHUIO COEPKAHMSI OCTaTOYHOro aycteHuta Ha 20-25 % (puc. 7, b). Tak xak

Puc. 7. Ctpyktypa ncesaocmnasa XKI'pl,2Mcl1 /11701
10CJIe BBICOKOTEMIIEPATyPHONU TePMOMEXaHUYECKON
00paboTku co cTeneHbro nedopmanmu 50 % U oTIycKa
npu 550 °C: a@ — B HanpaBiIeHUN AedopManuy;

b, ¢ — B HaNpaBJICHHUH, IEPIICHIUKYIISIPHOM
nepopmanuw; a, b —200%; ¢ —500%

Fig. 7. The pseudo-alloy FeGrl.2MoS,1Cul7Snl
structure after high temperature thermomechanical
treatment with a degree of deformation of 50 %
and tempering at 550 °C: @ — in the direction
of deformation; b, ¢ — in the direction perpendicular
to the deformation; a, b —200%; ¢ —500%
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M3-3a TIOBBIIIICHHOT'0 KOJUYECTBa JIe(PEKTOB HMEET MECTO yCKopeHue Mud(y3uOHHBIX MPOIIECCOB, YBE-
JINYUBACTCS KOJTUYECTBO MEIH M OJHOPOIAHOCTH IO YIJIEPOAY B CTaIbHOM ydacTke. CTpyKTypa CTajb-
HOT'0 KapKaca IpeAcTaBisieT co00i OeccTpyKTYpHBIA MapTeHCHUT (pHc. 7, ¢).

HccnenoBanue CTPYKTYphI MCEBJOCIIABA HA CKAHUPYIOIEM MUKPOCKOIEC BBISBUIIO, YTO BCIEI-
cTBUE akTUBAIUMU JU((Y3UOHHBIX TIPOIECCOB CYJIb(HIBI MOJUO/ICHA pacHagatoTCs U 00pa3yIoT CyJib-
(bubI Kene3a U MeIU Pa3IMYHOTO COCTaBa, MOJIUO/ICH JIETUPYET JKEJIC3HY0 OCHOBY HIIM 00pa3yeT Kap-
oun (puc. 8). Kpome T0oro, MUKpOpPEHTI€HOCTIEKTPAIbHbIM aHaIN3 MOKa3al, 4To B cynbduiae Moauo-
JICHA COJICPIKUTCS MapraHell, MO-BUANMOMY, B BHJIC CyIb(QHIa, YTO MPOSBUIOCH MIPHU HCCIICIOBAHUH
cyabduaa B pexxume BSE. Cynbdhua ¢ 00osblInM CoaepKaHUEM MapraHiia B CTPyKType 0oJiee TeMHbIH
(puc. 8, a, cektpsl 7, 8; puc. 8, b, cnexrpsl 10, 11), ¢ GoabmIMM cofepkanueM MosinOaeHa — OoJee
cBeTIbIl (puc. 8, a, cekTps 2, 4, 9). Kak yxe ObLIO OTMEUEHO, UMEIOT MECTO TaKKe CYJIb(UIbI MEIH
(puc. 8, a, ciextp 6; puc. 8, b, criektpsr 8, 9, 12).

Ne cniektpa S, % Mo, % Mn, % Cu, % Sn, % Fe, %
1 0,9 36,8 0,0 2,8 0,1 Ocr.

2 4,1 28,9 1,6 6,7 0,0 Ocr.

3 0,7 35,8 0,0 2,5 0,0 Ocr.

4 7,1 12,5 0,3 239 0,0 Ocr.

5 0,1 2,2 0,1 4,9 0,0 Ocr.

6 16,1 33 5,0 36,2 0,1 OcrT.

7 18,0 3,1 258 12,5 0,2 Ocr.

8 16,9 11,8 22,3 11,3 0,3 Ocr.

9 15,5 9.3 4,1 29,0 0,2 Ocr.

10 0,2 2,15 0,1 5,7 0,1 OcrT.

11 0,0 2,2 0,0 6,1 0,0 Ocr.

a

Ne cmextpa | S, % Mo, % Mn, % Cu, % Sn, % Fe, %
1 1,2 47,5 0,0 2,0 0,2 Ocr.

2 0,8 38,0 0,0 24 0,2 Ocr.

3 0,6 47,1 0,2 9,8 1,0 Ocr.

4 1,1 51,7 0,1 2,9 0,1 Ocr.

5 0,0 0,7 0,1 79,4 44 Ocr.

6 0,2 0,0 0,2 81,9 4,7 Ocr.

7 1,1 50,8 0,0 4,9 0,4 Ocr.

8 23,3 0,2 1,3 55,2 0,0 Ocr.

9 233 0,6 1,5 54,7 0,1 Ocr.

10 31,1 0,9 379 9,6 0,1 Ocr.

11 273 1,0 26,0 26,1 0,2 Ocr.

12 22,9 0,0 5,0 52,3 0,0 Ocr.

13 0,0 2,3 0,1 6,5 0,0 Ocr.
T 1opm ! 14 0,0 2,0 0,1 797 | 533 | Ocr.

o

Puc. 8. Britouenus cynbduia B ncesrocmiase XKI'pl,2Mc1 /11701 nocie BBICOKOTEMIIEpaTy pHOIT
TepMOMeXaHHIeCcKoi 00padboTku, pexuM BSE: a — co crenensio nedopmannnu 30 %; b — co crenensto nepopmarun 50 %

Fig. 8. The sulfide inclusions in the pseudo-alloy FeGrl.2MoS,1Cul7Snl after high temperature thermomechanical treatment,
BSE regime: a — with a degree of deformation of 30 %; b — with a degree of deformation of 50 %



Becui Haupisinanpnait akagsmii HaByk benapyci. Cepbis ¢i3ika-taxHiuHbIX HaByK. 2023. T. 68, Ne3. C. 196207
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 3, pp. 196-207 205

ObpazoBanue kapbuga MoinOaeHa B BHJIE OCIBIX OKPYTIBIX BKIIOYEHUH MOATBEPIKAAIOT CHEKTPBI
1,3 napuc. 8,aul,2,3,7—mnapuc. 8, b, npuuem nocie BTMO co crenensto nedpopmannn 50 % Takux
BKJIIOUCHU I 3HAYUTENBHO OouiblIe Oaarogapst akTHBau JU((y3MOHHBIX IPOLIECCOB.

Co3nanue KOMIIO3UTHON CTPYKTYypbl B niceBaocmiase npu BTMO no3BosisieT npeanoaokuTh 0 Cy-
[IECTBEHHOM IOBBIIICHUH €r0 TPUOOTEXHUYECKIX CBOMCTB.

3akur04yeHue. VccnenoBanbl 0COOCHHOCTH ITpoLiecca CTPYKTYPooOpa30BaHus B aHTU(PUKIIIOHHOM
KOMITO3UIIMOHHOM HOPOIIKOBOM MH()MIBTPUPOBAHHOM MEIHBIM CIIJIABOM MaTepHajie Ha OCHOBE JKese3a
(mceBnocIIaBe) MPH TEPMHUUECKON M BBICOKOTEMIIEPATyPHOH TepMoMexaHndeckoi oOpadortke. Iloka-
3aHO, 4TO IOcJie MHYUIBTPALMH CTPYKTYpa ICEBAOCIIaBA COCTOUT M3 YYaCTKOB CTaJbHOIO KapKaca
C IPAaKTHYECKH OJHOPOIHOM IO yIiepoay CTPYKTYpPOH HepiuTa ¢ HeOOIbIINM KOJIMYECTBOM LIEMEH-
TUTA, YYaCTKOB MeIHOH (ha3bl, PaclioJOKEHHBIX I10 T'PaHULAM U B CTHIKaX YacTHII CTAJIBHOIO KapKaca,
BKJIIOYECHUH CyNb(UI0B, pacIoNoKEHHBIX IPEUMYILECTBEHHO B METHOH (a3se.

B nporuecce 3akanku yriepoa nepepacipeensercs o 4yacTULaM cTajJbHOro Kapkaca. Ha rpanunue
¢ MeqHOM (ha3oi 00pa3yeTcs CIOoH TONIIUHON 2—5 MKM C TIOBBIIIIEHHBIM COZIEP’KaHUEM YTIIepo/a.

IIpu BTMO mpoucxofsT u3MelbYeHne CTPYKTYPhl, 00pa3oBaHNe MaKpOTEKCTYpbl, YMEHbBIIICHHUE
TOJILIMHBI IPOCIIOEK MEAHOM (a3bl, 3aBUcsILEi OT cTeneHu Aedopmanuy. CTeneHsb qeopMaluy BIUsSeT
TaK)Ke Ha CTPYKTYpy cTasbHoro kapkaca. [locaze BTMO co crenensto nedopmanuu 30 % cTpykrypa
COCTOUT U3 OECCTPYKTYPHOI'O MapTEHCUTA, TPOOCTO-MapTEHCUTA U OCTATOYHOI'O ayCTEHUTA, IIPH 3TOM
B IIPUTPAaHUYHBIX ¢ MeIHOU (ha30il yuacTKax COAepKaHHUE yIIepoaa HECKOIbKO MEHBIIE; CO CTEICHbBIO
nedopmanuu 50 % — OeccTpykTypHOro MapreHcura u Ha 20—25 % OoJblero copepkaHus ayCTeHUTA,
IIPU 3TOM pacHpeesieHne yriaepoaa 6onee 0IHOPOAHOE, U3MEHEHHE COJCPKAHUsI MU, OJIOBA M JKeJe3a
IIJTABHOE.

YcTaHOBIIEHO, YTO BCIIEACTBHE aKTHBAIMH TU(PPY3NOHHBIX TIPOIECCOB MPH Ae(opMaIiii B porecce
BTMO cynbhuasl MOIHOACHA paciajiaroTcst 1 00pa3yoT CynbQUIbI JKejle3a U MeIH Pa3IMYHOIO COC-
TaBa, MOJINOJICH JIETHPYET JKEJIC3HYI0 OCHOBY MIIH 00pa3yeT KapOuI.

[lonyueHHble pe3ynbTaTbl MOTYT OBITH HCIIOJIB30BaHBI IPHU Pa3pabOTKE BBHICOKONPOYHBIX AHTHU-
(GPUKLIMOHHBIX MAaTEPUAJIOB JJIsl TSAKEJIOHATPYKEHHBIX y3JI0B TPEHUS.
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NHHOBAINMOHHBIE TEXHOJIOT'UHM YITPOYHEHU A
BHYTPEHHUX IMMOBEPXHOCTEW JIETAJIEA MOJABECKH
TAXEJOHATPY/KEHHbBIX MAIIUH METOJAMM JIABEPHOI'O
U BBICOKOYACTOTHOI'O HHJAYKIITMOHHOI'O BO3JAENCTBU S
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ro Harpesa. Jloka3aHa akTyaJdbHOCTh IPUMEHEHHS METOJOB JIA3€PHOTO U HMHIYKIIHOHHOTO YIPOYHEHHUS AJS BHYTPEHHHUX
MIOBEPXHOCTEH TAKEJIOHAIPYKEHHBIX AeTaslell KapbepHOil TexHUKH. [IpencraBiieHs! pe3yabTaThl MOICIUPOBAHUS U pacueTa
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INNOVATIVE TECHNOLOGIES FOR STRENGTHENING OF INTERNAL SURFACES
OF SUSPENSION PARTS OF HEAVY-LOADED MACHINES BY LASER
AND HIGH-FREQUENCY INDUCTION METHODS

Abstract. In the article innovative methods of surface hardening of internal surfaces of machine parts by laser and high-
frequency induction heating are presented. The relevance of applying the methods of laser and induction hardening for the
internal surfaces of heavily loaded parts of quarry equipment is proved. The results of modeling and calculation of thermal
and electromagnetic fields under the influence of an external electromagnetic field and laser radiation beams are presented.
The original design of a complex of equipment for processing the internal surfaces of suspension parts by external elec-
tromagnetic field is described. The optimal designs of inductors with magnetic circuits made of various materials are shown.
The study of the structure and properties obtained on the internal surfaces of heavily loaded suspension parts of cars, line
of the BelAZ company, treated according to the optimal modes of surface induction exposure is given. The developed original
technology and equipment of laser surface hardening, which makes it possible to increase the wear resistance of heavily
loaded parts, is described. Data on the implementation of research results at JSC “BELAZ” — the Management Company
of the Holding “BELAZ-HOLDING” for processing a wide range of heavily loaded suspension parts are given.
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BBenenne. AkTyanbHON 3a7aueil COBpPEMEHHOIO MAIlMHOCTPOUTENBHOIO MPOU3BOACTBA SBISAETCSA
MOBBIIIIEHUE HA/IEKHOCTH U JIOJTOBEYHOCTH MEXaHNM3MOB M MAIIMH 3a CYET yBEJIMYEHUS MOBEPXHOCT-
HOW TBEPAOCTH M U3HOCOCTOMKOCTH AeTasel. [l peannsanuu JaHHOM 3a7aui MIHUPOKO MPUMEHSIOTCA
pa3IMuHbIe METO/BI XMMHUKO-TEXHUYECKONH U TepMHUUYECKOi 00paboTku. I HHOBAIIMOHHBIMU TEXHOJIO-
THUSMH TIOBEPXHOCTHOTO YIIPOYHEHUS SBISIOTCS CKOPOCTHBIE METOJIBI TEPMUYECKON 00pabOTKH, TaKue
KaK BBICOKOYACTOTHBIH MHIYKI[MOHHBIH, JIJa3epHbIH, M1a3MeHHbIH HarpeBs U ap. [1-3]. OnHako cienyer
OTMETHTH, UTO peaNn3anus JaHHBIX METOJ0B OTHOCUTEIHHO YIPOYHEHUS] BHYTPEHHUX ITOBEPXHOCTEN
JeTaliei COMpsHKEHA € PSIAOM TEXHOJOTUUECKUX TPYAHOCTEH.

Tak, HHYKIITMOHHBII HarpeB MOBEPXHOCTEH, OCYIIECTBIAEMbII BHEITHUM 3JIEKTPOMArHUTHBIM TO-
JIeM HHIIYKTOpa, C TOYKH 3pEHUS MOJCIUPOBAHUS U MPAKTHYECKON peaTn3alny 3HAYHTEIIBHO CIIOKHEee
HarpeBa JIFOOBIX TIOBEPXHOCTEH BHYTpeHHHUM moJieM. M3-3a kombieBoro 3¢ dexra u saddexra 01u30-
CTHU NPU MHAYKIIMOHHOM HarpeBe BHEIIHUM I0JIEM CHUYKAIOTCS MarHUTHBIA TOTOK M, KaK CJIEJCTBUE,
yaeIbHas MOIITHOCTE, TIepeaBaeMast B ietaisb [4, 5].

[Ipu HarpeBe Hapy»KHOM MOBEPXHOCTH AETAJIH B HEE MOManaeT 10 95 % sHepruu, BeIIEIAEMON UH-
IyKkTopoMm, a 5—10 % paccenBaeTcst B OKpy’KalolleM IPOCTPAHCTBE U OTBOAMTCS BOJIOH, OXJIaXK1atoleit
uaaykKTop. [Ipu 06paboTke BHYTPEHHUX MOBEPXHOCTEH HATPEB OCYIIECTBIACTCS BHEIIHEH CTOPOHOM
HHIYKTOpa, TAE MJIOTHOCTH MOTOKa MArHUTHOTO TOJISI 3HAUYUTENBHO HHIKE, IIPH ATOM 00ecredrBaeTCs
obpatHas nponopius: 70 % sHeprum paccennaetcs, a 30 % uaeT Ha HarpeB Aetanu. [loaTomy ¢ 1enbo
KOMIICHCAIIMH KOJBIeBOro 3(pdexTa M «BBHIJABIUBAHU» MATHUTHOTO TOJS HA TOBEPXHOCTH JJIsl Ha-
rpeBa JIeTajau BHEIIHUM MOJIEM B KOHCTPYKIIMIO MHAYKTOPOB YCTaHaBIMBAIOT MarHUTONPOBOAHI [6, 7].

B 3aBucumMoct# ot popmbl, rabapuTOB U TPEOOBAHMI K CBOMCTBAM TOCE 00PaOOTKHU JIJIs pa3iind-
HBIX JIeTaJIed C BHYTPEHHEH MOBEPXHOCTBIO MPUXOAUTCS PEIIATh CIEAYIOIINE HAy4YHO-TEXHUYECKUE
3a/laud: pacueT U MOJACIMPOBAHHE MHIYKTOPOB, MOAOOP MaTEpHANIOB ISl M3TOTOBJIEHUS OCHACTKH,
pa3paboTKa CHCTeM MEeXaHH3aIllMU ISl PaBHOMEPHOT'O BPAIICHHS W MEepEeMEIIeHUs JeTalH, n3yueHue
MUKPOCTPYKTYPbI U CBOUCTB YIIPOUHEHHBIX CJIOEB U T.1. [§].

OCHOBHO# TEXHUYECKOW MPOOIIEMO MpH JIa3epHO 3aKalike BHY TPEHHHUX [TIOBEPXHOCTEH MpeicTaB-
JIIeTCS JOCTaBKa M3NTyYeHHs B 30HY 00pabOTKH, TaK KaK B 3TOM CIIydae MMEeT MECTO Majoe paccTosi-
HHUE MEXKIY ONTUYECKUMU KOMIIOHEHTAMM CUCTEMbI M 30HOW BO3ACUCTBUS JIa3€pHOro Jyya. BaxHoi
TEXHOJIOIMYECKOM 3ajaucii IBISETCS pean3alus npoiecca Ja3epHoi 3akaiku Kak (PMHUIIHOW omepa-
unu 6e3 HapyIeHUs MUKPOT€OMETPHH TIOBEPXHOCTHOTO CJIosl. B OONBIIMHCTBE CiTydaeB la3epHbIe TeX-
HOJIOTMH UCHOJIB3YIOT B KAYECTBE MHCTPYMEHTA JIy4, F€HEPUPYEMbIH HEMOCPEACTBEHHO UCTOUHUKOM
[9—11], 9TO CHIIBHO 3aTPYAHSET MOJYUYSCHUE CTA0MIBHOTO KauecTBa 00padOTKH.

B cBsi3u ¢ aTHM yenw uccredosanus — pa3padoTKa ¥ BHEIPEHNE OPUTHHAIBHBIX, TEXHOJIOTHH 1 000-
PYZOBaHHUS Ja3€pPHOTO U MHAYKIIMOHHOTO MOBEPXHOCTHOI'O YIPOYHEHUS TSIKEJIOHArPYKEHHBIX Je-
taneil mogBecku aBTomMoOmiieir BEJIA3 s moBBIIEHUS] UX HKCILTYaTallMOHHBIX CBOMCTB M pecypca
paboTHI.

TexHoJIornst HHAYKIIMOHHOTO HarpeBa. Jletanu nmoasecku aBromoOmieit bEJIA3, Takue kak mToK,
HAaKOHEYHUK, ITaHTa, KPBIIIKa, CTYIHIIA, KOPITYC MOTOP PEAYKTOpa, BOAMIIO, SIBISIOTCS TsHKEJIOHATPY-
YKEHHBIMH, TTO3TOMY K HX MMOBEPXHOCTHO YIIPOYHEHHOMY CJIOIO MPEABSIBISIOTCA Clenyomnme TpedboBa-
HUs: TBeprocTh nosepxHoctu 45—58 HRC, rnyOuna cnost 2—6 MM. [laHHbBIC IeTall U3rOTaBIMBAIOTCS
13 JIETUPOBaHHBIX KOHCTPYKIMOHHBIX cTanel Tuna 40X, 40XH, 45 (I'OCT 4543-2016).

s peann3anuu TEXHOJIOTHH TepPMO0OpaObOTKH BHY TPEHHHX ITOBEPXHOCTEH, B Y4aCTHOCTH MOBEPX-
HOCTHOTO 3JIEKTPOMarHUTHOTO YIIPOYHEHUS IJIMHHOMEPHBIX U CIOKHOIPO(HIBHBIX JeTalel mo-
Becku aBTomMoOmieit BEJIA3 rpy3omomseMHOCTRIO 10 450 T, criennanuctamMu OU3HKO-TEXHUIECKOTO
nnctutyta HAH Benapycu u OAO «BEJIA3» 0b11 pa3zpaboTan u BHEAPEH KOMIUIEKC 000PYIOBAHMUS
OTU 3.179 (puc. 1).

JlaHHBIH KOMIIJICKC TTO3BOJIsIeT 00padaTsiBaTh KPyITHOTA0ApUTHRIC ACTATH IJIWHON 10 3 M C BHYT-
peHHMMH oTBepcTUAMH AuameTpoM A0 300 mm. C Lenblo MoiydeHus paBHOMEPHOIO TEMIIEpaTypHOro
OJIS ¥, KaK CIIEJICTBHE, PACIIPEACICHHU I CBOMCTB 110 CEUYCHHIO OBLIN MTPOBEICHBI PACUEThI C MOJICITUPOBA-
HUEM pacipeaesieHUs 3JIEKTPOMAarHUTHBIX NOJIEH MO MOBEPXHOCTU. MoAeInpoBaHUE MPOBOJUIIOCH B IIPO-
rpamMmmuoM komiuiekce ELCUT, koTopblii ucrons3oBascs Ha npasax Oecraraoro gocrymna («kELCUT.
MonenupoBaHue IBYMEPHBIX MOJEH METOIOM KOHEUHBIX 31eMEeHTOB. Bepcus 5.5. PykoBoaCTBO MOJb-
3oBatenss», URL: http:/www.tor.ru/elcut/free_doc r.htm). C momomisio mporpaMMsl ObLIa TTOTyYeHA
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Puc. 1. Kommieke o6opynoBanus ®TU 3.179: a — BHewHmiA BUI; b — QyHKIIMOHAIBHAS CXeMa
(I — mopTabHas CHCTEMa TOPHU30HTAIBHOTO IIEPEMENIEHHUS TOTYTTPOBOJHIKOBOTO TPAH3UCTOPHOTO TeHEpaTopa
¢ OJIOKOM COTTacoBaHuUs; 2 — OTMIOPHBII MOANTHITHUKOBEIH y3€l BpalleHNs cToNa; 3 — HOBOPOTHO-BPAIIAIONIHIiCs CTO
IS KPETJICHUS! U YCTAHOBKH JieTallel; 4 — MOy TPOBOIHUKOBBIN TPaH3UCTOPHBIN TeHEPaTop ¢ OJIOKOM COTIacoBaHUS
U UHAYKTOPOM; 5 — cucrema yIpaBJI€HUSA, 6 — MEXaHU3M BEPTUKAJIBHOI'O NIEPEMEIIECHU S TTOJTYIIPOBOAHUKOBOI'O
TPaH3UCTOPHOTO TeHepaTopa ¢ OJIOKOM COITaCOBAHUS; 7/ — CTAHIIMSI OATOTOBKH M OXJIAXKICHHSI 3aKaJIOYHON JKUIKOCTH)

Fig. 1. Equipment complex FTI 3.179: a — appearance; b — functional diagram (I — portal system for horizontal movement
of a semiconductor transistor generator with a matching unit; 2 — support bearing unit for table rotation;
3 —rotary table for fastening and installing parts; 4 — semiconductor transistor generator with a matching unit
and an inductor; 5 — control system; 6 — mechanism for vertical movement of semiconductor transistor generator
with matching unit; 7 — station for the preparation and cooling of the hardening liquid)

KapTHUHA paclpeiesieHusl CUIIOBBIX JIMHUHA M TUIOTHOCTH TOKA IO MOBEPXHOCTH JETANId B Cllydae HC-
MOJIb30BAHMS B KOHCTPYKIIMM UHAYKTOPA CIEIHAIbHBIX MATHUTOIPOBOAOB U3 MAarHUTOMSTKHX MaTe-
puainos (puc. 2).

Pacueramu ycTaHOBIIEHO, 4TO OJarojapsi HPUMEHEHNIO MarHUTOIIPOBO/IA YIACTCsl «BBIAABUTHY» TOK
Ha TIOBEPXHOCTh MHIYKIIMOHHOTO BHTKA W TOJYYHTh PAaBHOMEPHOE paclpe/elieHre MIOTHOCTH TOKa
M0 MOBEPXHOCTH JIETAJIH Ha ITyOUHY 10 2—5 MM B 3aBUCHMOCTH OT YaCTOTHI U MOITHOCTH UCTOYHHKA
HarpeBa. MozenupoBaHHe TaK)Ke MOKa3auo, YTO Ha TOPLAX JIETalH IJIOTHOCTH TOKAa ropasfo BHIIIE,
YeM [0 LEHTPY, U 3TO HEOOXOJUMO YUUTHIBATh ISl IPEIOTBPALLICHHUS OIJIABJIICHUS U IIeperpeBa Kpaes.
Hcxonst u3 nmosrydeHHoro pesyibraTta Obliia pa3paboTaHa ONTHMAJIbHASI KOHCTPYKIUS HHAYKTOPOB IJIS
BCell HOMEHKJIATYphl JAeTajei nmoasecku aBromoomieit BEJIA3. KoHcTpyKTHBHBIE 0COOEHHOCTH OJTHO-
T'0 U3 THIIOB HHIyKTOPOB MPECTABICHBI HA PUC. 3.

B kadecTBe MarHuTONpoBoJa B KOHCTPYKLHMH HHIYKTOpa OBIIM MPHUMEHEHBI BBICOKOYACTOTHBIC
MarHHTOMSTKHE MaTePHAIBI Ha OCHOBE ()ePPHUTOB pa3audHOro coctaBa (Mn—Zn, Ni—Zn). I taBHOH Xa-
PAKTEPUCTUKON TAaKUX MaTEepPHAllOB SBJISIETCS MarHUTHAs WHIYKIWS HAchllleHWs. JlaHHas BenuunHA
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Puc. 2. Pacnipenenenne CUIOBBIX IMHUM TOKAa HAa BHYTPEHHEH TOBEPXHOCTH JIETaTH

Fig. 2. Distribution of current lines on the inner surface of the detail

XapaKTepHU3yeT SHEPrOEMKOCTh MaTepuaia, TO €CTh MPH OSCKOHEYHOM POCTE HAIPSKEHHOCTH MarHUT-
HOT'O TIOJISl 3HAYCHWE MAarHUTHON MHIYKIIMH B MAarHUTOIIPOBOZIE HE MPEBBICUT BEJTUYHHY, OIPEACIIAEMY IO
cBOMcTBaMH MaTepuasa. Ecinr moMecTuTh MEIHBIN MPOBOIHUK MPSMOYTOJIBHOTO CEUSHHS C TIepeMeH-
HBIM TOKOM B I1a3 MarHUTOIIPOBO/A, TO MarHUTHBIN MOTOK Oy/E€T CTPEMUTHCSA MPONTH MO MyTH MEHb-
LIETO COMPOTUBJICHUS — 10 MATHUTOIPOBO/Y, T/I€ BHIIIIE MATHUTHAS MPOHU1LIaeMOCTh. COOTBETCTBEHHO
OJIC caMOMHIYKIIUU U CONMPOTHUBJICHHUE TOKA OyyT OOJBIIIEe HA yYacTKaX MPOBOJHUKA, MPHUIIETAIOIIIX
KO JIHY Tla3a MarHuTorpoBoAa. Ha ygacTkax, nexamnx Ha TOBEpPXHOCTH, HE OXBAaY€HHOW MarHUTOIIPO-
BogoM, JJIC caMOMHIYKIIUHA U COMPOTUBJICHUE TOKAa MeHbIe. ClieqoBaTebHO, TPON30MACT mepepac-
MpeJieJCHHE IIOTHOCTH TOKA 10 CEUYCHHUIO MTPOBOJHIKA, U TOK Oy/IeT CTPEMHUTHCS IIPOTEKATh MO CTOPO-
HE MPOBOJHUKA, HE KOHTAKTUPYIOIIEH ¢ MAarHUTOIPOBOIOM.

Takum o0Opazom, cozmaHue BOKPYT MPOBOJHUKA PA30MKHYTONH MarHUTHOH IlenH (MarHUTOIPOBO-
J1a) TO3BOJISIET JOCTHYh TpeOyeMoro mepepacipeesieHns ToKa M0 CEYeHUI0 MpoBOAHMKA. [loaTomy,

Puc. 3. KoHCTpyKTOpCKast cxeMa OlHOBUTKOBOI'O HHIYKTOpa
€O cIpeliepoM U MarHUTOIPOBOIOM JIJIs 3aKaJIKH BHY TPECHHHUX
LMJIMHAPUYECKUX OTBEPCTU: D — nuaMeTp 3aKaiuBaeMon
HOBEPXHOCTHU, D, — HAPYKHBIII AUaMETP HHAYKIIHOHHOTO
BUTKA, H — BRICOTA HHIYKIIHOHHOTO BUTKA M BHYTPECHHEE

B OKHO MarHUTONPOBOAA, A — 3a30p MEKy UHIYKIHOHHBIM
BUTKOM M 3aKaJTHBAaEMOH TOBEPXHOCTHIO, A; — 3a30p MEXTY
TOKOITOJIBOSIIIMH ITMHAMHY U 3aKaJIMBaEMOU TIOBEPXHOCTHIO,
A, — BeTMYMHA CMEIEHN s HHAYKIIHOHHOTO BUTKA
K TOKOMOABO/AIINM MINHAM, L, — AJTHHA TOKOMOIBOASIIHX HIKH,

@
@

),

A - L, — nnvHa 3aKaJuBaE€MOM IIOBEPXHOCTH,
. k — ToNmMHA 3aKaJIEHHOTO CJIOS
L A9 5, Mw/c . . 4 4 4
Fig. 3. Design scheme of the single-turn inductor with a sprayer

l and a magnetic circuit for hardening internal cylindrical holes:
”m D — diameter of the surface to be hardened, D, — outer diameter
Di L2 of the induction loop, H — height of the induction loop and inner
window of the magnetic circuit, A — gap between the induction
loop and the hardened surface, A, — gap between the
current-carrying bars and the hardened surface, A, — displa-

DI

A D cement value of the induction loop to the current-carrying
V., 06/MUH busbars, L, —length of the current-carrying busbars, L, — length
v of the hardened surface, k£ — thickness of the hardened layer
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ucnonb3ys [1-o06pa3Hblii MArHUTOMPOBO, OOpaIEeHHBIH OTKPHITOH CTOPOHON K BHEIIHEH 4acTH BUTKA
B UHJYKLHOHHOM BUTKE, CBEPHYTOM B BUJE KOJIbLA, MOXKHO «3aCTaBUTh) IIPOTEKATh TOK HE I10 BHYT-
pPEHHE, a 110 BHELIHEN CTOPOHE BUTKA.

[IpomblnuIeHHYO anpoOaLKio Pa3padOTaHHON TEXHOJOTMH U 000pyJOBaHUS OCYILIECTBIISUIN Ha Jie-
TaJsX, HPEICTABICHHBIX B TaOIHIIE.

CpaBHeHHe TPeGOBAHHI JOKYMEHTAIMH H IKCIePUMEHTAJIBHBIX Pe3yJIbTaTOB

Comparison of documentation requirements and experimental results

Haumenosanue getann HaumMeroBame IMokasarens napamerpa
(nomep yeprexa (KJI) napamerpa
Ha }ICTaHB) no TpC6OB8HHIO l{epTe)KCﬁ TI0 pe3ynapTaramMm UCTIBITAHUI
lTanra nogBecku TBepnocTs >40 HRC 48-55 HRC
(7540-2909 054) I'my0OuHa 3akanku - 3,2-4,7 MM
MukpocTpyKTypa Menkouronb4arsli, Menkouronb4arsli,
3aKaJCHHOIO CJI0s CPEIHEUT 0JIbYaThI MAPTEHCUT | CPEIHEUIOJIBYATHII MAPTCHCUT
Kpprmka TBepnocTs 40-50 HRC 42—-46 HRC
OUIMHIpa [ny6una 3aKajiku 1,8-5,3 MM 2,5-3,3 MM
(75132-3429057) . »
MukpocTpyKTypa Meinkouronb4arsli, Menkourosnb4arTslit
3aKaJICHHOTO CJIOSI CPEIHEUTOJIEYATHIf MAPTEHCUT MapTeHCUT
Hakoneunuk TBepnocTs, 40-50 HRC 43-48 HRC
(7513-3003 060) T1y6uHa 3aKajiku 1,8-5,3 Mu 2,4-3,6 MM
MukpocTpyKTypa Menkouronb4arsli, Menkouronb4arslil
3aKaJICHHOTO CIIOSI CPEIHEUTOJIBYATHIf MAPTEHCUT MapTCHCUT
IlTanra nogBecku TBepnocTs >42 HRC 46-53 HRC
(75570-2909016) ['myGuHa 3akanku >33 MM 3,8 MM
MukpocTpyKTypa Meinkouronbyarsli, CpenHeuronbyaTbii
3aKaJICHHOTO CIIOSI CPEIHENUTONBYATHIIf MAPTEHCUT MapTeHCUT
lranra noxBecku TBepnocTs >42 HRC 44-54 HRC
(75600-2919016) I'my6uHa 3akanku >33 MM 3,8 MM
MukpocTpyKkTypa Menkouronb4arsli, CpeaHenuronbuaThIit
3aKaJICHHOTO CIIOSI CPEIHEUTONBYATHIIf MAPTEHCUT MapTEHCUT
HlTok TBepnocTs 47-56 HRC 49-53 HRC
(75710-3 429 048) I'myOuna 3akanku 1,8-5,3 mm 2,3-4,2 mm
MuxkpocTpyKkTypa Menkouronpuathli, CpenHeuTonp4YaThIi
3aKaJICHHOTO CIIOSI CPEIHEUTONbYATHIf MAPTEHCUT MapTEHCUT
Hlrok TBepnocts >47 HRC 52-55 HRC
(75570-3429048) I'nyOuna 3akanku 1,8-5,3 mm 2,2-2.5 MM
MuxkpocTpyKTypa Menkouronpuathli, MenkouronbuaThii
3aKaJICHHOTO CIIOSI CPEIHEUTONbYATHIf MAPTEHCUT MapTEHCUT
Kpeimka TBepnocts 40-54 HRC 43—-46 HRC
(75306-8603 056) ['myOuna 3akanku 1,8-5,3 mm 2,8-3,3 Mmm
MukpocTpyKTypa Menkouronpuathli, CpenHenronpyaThIi
3aKaJICHHOTO CIIO0SI CPEIHEUTONbYATHIIf MAPTEHCUT MapTEHCUT

[Mocie MOBepXHOCTHOW MHIYKIIMOHHOM 3aKalIK¥ JeTalld pa3pe3aid B MOMEPEYHOM U MPOIOILHOM
HaTpaBICHUSIX, UCCIIEIOBAIIA MAKPO- H MHKPOCTPYKTYPY, U3MEPSIN pacipeielicHHe TBEPJOCTH B I10-
BEPXHOCTHO-3aKaJICHHBIX CIIOSIX. BbIIIO yCTaHOBIICHO, UTO 30HA 3aKAJKU PACIONaraeTcs 1o BCEH JITMHE
OTBEPCTHUSI PABHOMEPHO, TBEPJOCTh TIOBEPXHOCTH U TIIYOHHY 3aKaJICHHOTO CJIOSI MOYKHO BapbHUpPOBATh
B 3aBHCUMOCTH OT TpeOoBaHuii B mupokux npenenax 40—-58 HRC u 2—5 MM cooTBeTcTBEHHO (pHC. 4).
ITo Topuam rmyOuHa 3aKaJeHHOTO CJI0Sl BCEraa BhIIIE 3a cUeT KpaeBoro 3ddekra, ueM Mo OCHOBHOMY
Teny netanu. M3mensst ¢popMy MarHuTONpOBOJA, MOXKHO CHU3UTH MIYOMHY 3aKajK{ Ha TOpLax, mpe-
JOTBPATHUTh MOSBICHHUE TPELIMH U UCKIIIOYUTH XPYTIKOE BHIKALIMBAHUE Kpasi ICTaIH.

YCTaHOBJIEHO, YTO MHUKPOCTPYKTYpa MOBEPXHOCTHO-3aKAJICHHOTO CJIOSl B IIEHTPAJILHON YacTH Ha
rryOuHe 10 2—3 MM MPeACTaBIsIeT COO00 OMHOPOIHBIN MAPTEHCUT ¢ METKOAUCTICPCHBIME BKITIOUCHUSIMHU
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Puc. 4. MakpocTpyKTypa IOBEPXHOCTHO YIPOUYHEHHOTO CJI0SI BHYTPEHHETO OTBEPCTHSI B IPOIOIBHOM (a)
U TIOIIEPEYHOM ceueHuH (D)

Fig. 4. Macrostructure of the surface-hardened layer of the inner hole in the longitudinal (a) and cross section (b)

LIEMEHTHUTA 10 TpaHuLam 3epeH (puc. 5, a, b). Ha rmyoune 3—5 mm (puc. 5, ¢) HabnrogaeTcs nepexoaHas
30Ha, B CTPYKType KOTOPOW Hapsly C MapTEHCUTOM IOSIBIISIETCS TPOOCTUT M HEPACTBOPEHHBIE 3ep-
Ha Qepputa. MUKPOCTPYKTYpa OCHOBBI JIETAIIU TPEACTABISET cO00i (HeppUTO-TICPIUTHYIO MATPHUILY
co cpenanm Oajiom 3epHa 7-8 ('OCT 5639-82 «Cranu u criaBbl. MeTOBI BBISIBJICHUS U OIIPEICIICHUS
BEJIMYMHBI 3epHa»), COOPMHUPOBAHHYIO B pPe3yJIbTaTe MPEABAPUTEILHON HOPMAIU3alHH.

TexHoJIOTHS JIa3ePHOT0 YIIPOYHEHUsI. BTOPBIM OpUTHHATBLHBIM METOZOM MIOBEPXHOCTHOTO yTI-
pOYHEHUsI BHYTPEHHUX oTBepcTHil, BHeApeHHBIM Ha OAO «BbEJIA3y, sBisieTCs Ja3epHBIN HATrpeB.
JlazepHble TEXHOJOTMH MUMEIOT DSl MPEUMYIIECTB MEpea TPaJIULHUOHHBIMH CIOCOOAMH TOBBIIICHHUSI
HM3HOCOCTOMKOCTH TSKEJIO Harpy KEHHBIX JeTalslel, TOCKOIbKY TO3BOJISIOT pealn30BbIBaTh TEPMHUYEC-
KHE TPOIECChI CO CBEPXBBICOKUMH CKOPOCTSIMH HATPEBA U OXJIAXKICHHSI IIOBEPXHOCTHOT'O CJIOSI M 00eCIeu -
BarOT BO3MOYKHOCTb JIOKQJTBHOH TepMOOOpabOTKH pabounX MOBEPXHOCTEH NeTajei 6e3 X 00bEeMHOTO pa-
30rpeBa.

Puc. 5. MuKpocTpyKTypa 3aKajleHHO! 30Hbl BHYTPEHHETO OTBEPCTHUS: d — MAKPOCTPYKTYpa OBEPXHOCTHO-3aKaJIEHHOT'O CJIOS,
b — MUKPOCTPYKTypa OBEPXHOCTHO-3aKaJICHHOTO CJIOS, ¢ — IEPEXOAHasl 30Ha, d — MUKPOCTPYKTYpa OCHOBHOI'O MeTaJjlIa

Fig. 5. Microstructure of the hardened zone of the inner hole: @ — macrostructure of the surface-hardened layer,
b — microstructure of the surface-hardened layer, ¢ — transition zone, d — microstructure of the base metal
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Puc. 6. Cxema aganTHBHON ONTHYECKOH cucTeMBbI [12]

Fig. 6. Scheme of the adaptive optical system [12]

CorpyaHukamu benopycckoro HallMOHAJIBHOTO TexHHuYeckoro yuuepcurera u OOO «Pyxcep-
BOMOTOD» BBINOJHEH KOMIIJIEKC paboT Mo pa3paboTKe TEXHOJOTHH JIAa3€PHOT0 YNPOYHEHUS H3IIyde-
HUEM UTTEpOMEBOTO ONTOBOJOKOHHOIO ja3epa. B pa3paboTaHHOM TEXHOJIOTMYECKOM KOMIJIEKCE JIS
Jla3epHON TMOBEPXHOCTHOM 00pabOTKH BBICOKOE KAa4eCTBO, BIJIOTH 10 BO3MOYKHOCTH PUMEHEHHUS OTle-
panuu JIa3epHOro MOBEPXHOCTHOIO YIPOYHEHNS B Ka4eCTBE YUCTOBOI 00paboTKu, obecrneunBaeTcs 3a
CYeT UCIOJIB30BaHUs HE HMEIOLIEH aHaJIOrOB B MUPE aJallTUBHOM ONTHYECKOW cucTeMbl. Takas cucrte-
Ma MO3BOJISIET PEryJIMPOBATh PaclpeieieHue SHEPIUH 110 CEUYSHMIO ISITHA JIa3€PHOr0 BO3ACHCTBUS HA

IMOBEPXHOCTHU 3arOTOBKH.

I'enepupyemblii B ONTOBOJIOKOHHOM Jiazepe J1yd (puc. 6) TpaHCIIOPTUPYETCS Yepe3 ONTOBOJOKHO
B CIICHMAJIBHYIO ONTUYECKYIO roJoBKY. [Ipoxoms uepes KoanuMaTop, oH npeodpa3yeTcsi B apajuieib-
HBIH my4ok guamerpoM 10 MM, a 3aTeM HampaBlieTCs Ha JBa 3epKajia, KOTOPbIE BCTPOEHBI B CKAaHUPYIO-

I[1E OTHOKOOPMHATHBIC CUCTEMbI, 00CCIICUNBAIOIIINEC
COIJIaCOBaHHOE CKaHUPOBAHHUE BO B3aUMHO MEPIICH-
JUKYJSIPHBIX HalpaBJeHUSX. YIpaBisiouas mnpo-
rpaMMa JBHKEHHS 3epKajl BCTPOCHA B YIIPABIIALLYIO
[POrpaMMy Ja3epHOr0 TEXHOJIOTMYECKOr0 KOMIIJIEK-
ca. Jlanee snyu uepe3 (pOKyCHPYIOIIYIO U TIOBOPOT-
HYIO ONTHKY TPAHCHIOPTUPYETCS B 30HY 00pabOTKH.

YauteiBas TOT (HaKT, 9TO TBEPIOTEIHHBIC JIA3ePhI
HMMEIOT BBICOKYIO YAaCTOTY MOIYJISILIUM U3JyUYEHUs,
TO €CTh MO3BOJSIOT MEHITH MOUIHOCTD U3J1y4YEHUS
C OYEHb BBICOKOM 4acCTOTOH, MOABISAETCS BapUAHT
MPOrpaMMHOTO HM3MEHEHHUS MOILIHOCTH B TEUYEHUE
KKJO0T0 IMKJIA CKAHUPOBAHUS, UYTO 00CCIICUNBALCT
BO3MOKHOCTbh CKAHUPOBAHUS «IICEBIOISITHAY C Tpe-
OyeMBIM pacrpeelieHUeM SHEPTUH I10 €T IIJIOIIA TN,

Tak Kak TEIIOBBIC MPOIECCHl 00IAaNAT OIpe-
JIEIEHHON CTENEHbI0 MHEPIMOHHOCTH, CYyUIECTBYET
MHUHHUMaJIbHAsl YaCTOTa CKAHUPOBAHU A, BbIIIE€ KOTO-
POl HAPUCOBAHHOE «IICEBIOMATHO» MOXHO C OIpe-
JIEJICHHOU CTENEHBI0 TOYHOCTH PacCMaTpUBATh Kak
cranuoHapsoe (puc. 7). [lpu 3ToM crienyer y4uThI-
BaTh, YTO MHEPIIMOHHOCTHIO TAKKe 00JIaIaeT Mexa-

A

CAEH.

Puc. 7. Cxema copMHUPOBAaHHOTO HA TIOBEPXHOCTH
3arOTOBKH «IICEBJIONATHAY» JIAa3€PHOT0 BO3JCHCTBUS;
a v b —reoMeTpuueCcKre PasMephI IITHA, Vg, — CKOPOCTH

CKaHMPOBaHUs, A ,, — AMIITUTY/A CKaHUpoBaHu [12]

Fig. 7. Scheme of the “pseudo-spot” of laser action formed
on the surface of the workpiece; @ and b — the geometric
dimensions of the spot, V5, — the scanning speed,

A — the scanning amplitude [12]

CKaH
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HHUYECKUH TPHUBOJ 3€pKaJl, IO3TOMY BO3HHMKAET OI'paHUUYEHHUE [0 MAKCUMAJIbHOW YacTOTe CKaHMpPOBa-
Hus. Micxonst U3 nprBeAeHHBIX OTPaHUUCHHUH B yCTaHOBKE UCIIOIb30BaINCh YaCTOTHI CKAHUPOBAHUS B IIpe-
nenax 200-230 I'm.

Jist ynoOcTBa ynpaBieHHsI SHEPreTHUECKMMH IapaMeTpaMH Jla3epHOW 00pabOTKM B MPOU3BOI-
CTBEHHBIX YCIIOBUSIX «TICEBJOISITHO» 30HBI JIA3€PHOT0 BO3JICHCTBUS MPEACTABIAIO COOON MPSIMOYTOJIb-
HUK C JICBSITBIO 30HAMH, pa3MepaMy KOTOPBIX MOXHO OBbLIO BapbUpOBaTh. B JMaHHBIX 30HAX ycTaHaB-
JUBAIHCh TPeOyeMble YPOBHH TUIOTHOCTH MOIIHOCTH MyTeM U3MEHEHUS! MOIIHOCTH M3JIY4YCHHUS C HC-
M0JIb30BAaHUEM YIIPABIISIOIIEH MPOrpaMMbl TEXHOJIOTHYECKOT0 KOMILJIEKCA. YKa3aHHOE paclpeieieHue
SHEPrUH OMHUCHIBAJIOCH C IOMOIIBIO 14 TapaMeTpoB Ha JIMAJIOTOBOM OKHE YIPABIISIONIET0 KOMIIBIOTEpA.

OnTuMu3anys napaMeTpoB YIPOUHEHHS MPOBOAUIACH ITYTEM MOJACIMPOBAHUS TEIJIOBBIX IOJIEH
C TIOCJIEAYIOIIEH SKCIIEPUMEHTANBHON BepupUKaIIMe HTOTOBBIX 3HAUCHHUH. Ba)KHBIM yCIIOBHEM TIONTY-
YEeHUS KOPPEKTHBIX PacueTHBIX PE3yJIbTATOB IIPH PELICHUH TEIUIOBBIX 33124, BHI3BIBAIOIINM OOJIbIINE
3aTpyHEHUS, SIBISETCS aJeKBaTHOE 3aJaHKe UCXOAHOTO paclpeleleHns] SHEPTHH 10 CEYEHUIO MATHA
Ja3epHoi 00pabOTKH.

B pesynbrare 4ncneHHON peanu3anuy TEIUIOBBIX MOJENEH ISl pa3HBIX paclpeAeieHuil SHePTun
[0 CEYEHMIO IICEBJOMATHA» YCTAHABIMBAJIN XapaKTep paclpeieeHNs TEIUIOBBIX MOJIEH B IpoLEecce
JIa3€PHOT'0 BO3ICHUCTBHS, a 3aTEM — FEOMETPHUICCKHE pa3Mephl 30H JIa3epHO 3akanku [12].

[Ipumepsl pacueToB TEMJIOBBIX MOJEHN M 30H Ja3epHOM 3aKAJIKU MPU PA3IUUYHBIX pacHpeseNeHUsIX
SHEPTUHU 0 CEYCHUIO MSATHA MPUBEICHBI Ha puc. 8, 9. B BepxHel yacTu puc. § Moka3aHbl XapakTep pac-

g

Puc. 8. Pe3ynbraThl pacuyera TEIUIOBEIX MTOJIEH IIPH PA3JIMIHBIX PACIIPEICNICHUSIX SHEPTUHU 110 CEYCHUIO JIa3€PHOTO MATHA!
@ — ¢ DHEPreTHUCCKMMI MAKCHMyMaMH 110 Tepid)eprH MATHA, b — ¢ MAKCHMyMOM SHeprin B eTpe; O =1 kBr,v=1,1 - 102 M/

Fig. 8. Results of calculation of thermal fields at different energy distributions over the cross section of the laser spot:
a — with energy maxima on the periphery of the spot, b — with a maximum of energy in the center; =1 kW, v=1.1 - 10 m/s
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a b

Puc. 9. HpI/IMepLI pa3ﬂH‘~IH0171 TCOMETPUHU 30H 3aKaAJIKU PA3JIMYHBIX PACHPCACIICHUAX DOHEPIUU
I10 CEYCHUIO JIa3€PHOTO IATHA

Fig. 9. Examples of different geometry of quenching zones with different energy distributions over the cross section
of the laser spot

IpeaeNieHni SHEPTUH M0 CEYEHUIO MATHA, O] HUMU — COOTBETCTBYIOIINE UM pacIipeesieHHs TerIo-
BBIX TTOJIEH B Pa3IMYHBIX MIPOSKIHAX IMPU MOITHOCTH u3nydeHus O = 1 kBT u ckopocTH nepeMenieHns
nygav = 1,110 m/c.

[IpuBeneHHbIe Ha pUC. 9 MAKPOCTPYKTYPBI 30H JIA3EPHOMN 3aKaJIKU JUIS ONTMCAHHBIX YCIIOBHI Ta3epHON
00paboTKH (CM. pHC. 8) MOKAa3hIBAIOT COOTBETCTBUE UX T'C€OMETPHH XapaKTepy paclpeesieHUs YHEp-
THH [0 CEYCHUIO MATHA. DTO MOATBEPHKAAET BO3ZMOXKHOCTD 3P(PEKTUBHOrO yNpaBiIeHUs MapaMeTpamMu
YIIPOYHEHHBIX CIIOEB 32 CUET BApbUPOBAHMS PACIIPEISIIEHUEM SHEPTUH TI0 CEUYEHUIO0 Ja3epHOTo MSATHA.

B pesynbrare BBINOTHEHHBIX pacueToB [13] U 9KcriepuMEeHTalbHBIX UCCIIeIOBAaHUH Oblia chopMu-
poBaHa 0a3a AaHHBIX 1O BIHSHHUIO MApaMETPOB Ja3epHOW OO0pabOTKH Ha TE€OMETPHUYECKHE Mapame-
TPHI IATHA U (PU3MKO-MEXaHUYECKUE CBOMCTBA YIIPOYHEHHBIX 30H JJISI Pa3HBIX MAapOK CTalied 1 4yry-
HOB. /laHHBIE pe3ybTATHI JIETJIH B OCHOBY CO3/IaHUS Pa3pabOTKH YHHKAIHHOTO JIA3€PHOTO KOMILIEKCa
MLS-20-3DF-A mis yIpodHEHHS JeTallell «KOPIyC MOTOP PEAYKTOPa» M «BOIMIIO» aBTOMOOMIICH ce-
metrictBa BEJIA3 (puc. 10).

Kommniekc umeer 6a30Boe cBapHOE OCHOBAaHHUE, M3TOTOBJICHHOE M3 CTAJIBHOIO MPOKaTa, U KOOPAHU-
HATHYIO CUCTEMY Ha 0a3e Y4eThIpex JTMHEWHBIX MOIYJICH, Ha KOTOPOH YCTaHOBIIEHA ONTUYECKAs TOJIOB-
Ka CO CMEHHBIMH TOBOPOTHBIMH TyOycamu Iisl BpamieHus nyda. [lomada obpabaTbiBaeMbIX JeTajei
B pabouyIo 30HY YCTAHOBKH OCYIIECTBIISICTCS Ha IIATGOpPME, KOTOpas 10 PesibcaM ¢ IMOMOIIBIO AJIeK-
TPUYECKOTO MIPUBOJIA 3aKATHIBACTCS BHYTPh YCTAHOBKH. B KayecTBe HCTOYHHKA JIA3€PHOTO M3IIYUYCHHUS

Koopaunarnas
cucrema
Coordinate system

Onrunyeckas
roJI0BKa
Optical head

BamuTHas kKabuHa
Protective cabin

baszoBoe cBapHoe
OCHOBaHHUE
Basic welded base

IInardopma
Platform

Puc. 10. Kunematndeckas cxema komiuiekca MLS-20-3DF-A
Fig. 10. Kinematic diagram of the MLS-20-3DF-A complex
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HCIIOJIb30BaH UTTEPOHEBbIH BOIOKOHHBIN Ja3ep JIC-2 momHOoCcThIO 2 KBT. 30Ha 00paboTKu AeTanu 3a-
KpBITa 3alUTHON KaOMHOH. C OOKOBBIX CTOPOH KaOWHBI IIPUMEHSIOTCS 3alllUTHBIC SKpaHbl. OKHA s
HaOTIOACHUS 32 TIPOIIeCCOM 00paOOTKH BHITIONIHEHBI M3 CTEKJIA ¢ HHTEP(HEPOMETPHUICCKUM ITOKPHITHEM,
4TO 0OecreunBaeT HEOOXOAMMYIO 3aITUTY OT BO3JIEHCTBUS JTa3€PHOTO U3y YCHHUS.

ObopynoBaHue YKOMIUIEKTOBAHO MOTYaBTOMAaTHUYECKOW CUCTEMON TEXHHUYECKOTO 3PEHHSI AJI TOU-
HOT'O ONpECTCHHsI MOJI0KEHUSI KOHCTPYKTUBHBIX AJIEMEHTOB 3ar0OTOBOK MOCJE MX MOJauyd B 30HY 00-
paboTku. TeXHONOTHUECKU KOMIUIEKC OCHAIICH aJalTHBHBIMU CUCTEMOW HACTPONMKH CTaHKa Ha Ieo-
METPHUIO 3aroTOBKHU M JIA3€PHBIM MWHCTPYMCHTOM, IMO3BOJIAIOIIUM HACTpanBaTh B IIMPOKOM AUAITa30HE
rapaMeTpbl TePMUYECKON 00paOdOTKM JeTanieil, HaurHas OT IAIAMUX (UHUIIHBIX PEKUMOB MOBEPX-
HOCTHOT'O YIIPOYHEHUS TIOCAJI0K U 3aKaHYMBasl IPOIIECCAMU C BEICOKOU YJIEIBHOM dHEprueil (Hampumep,
HaruiaBKa v cBapka). Hanudaue cuctemsl nnpoBoii MOATOTOBKH pabounx mporpamMm oopaboTKu moca-
JIOK TI0 MOJIEJTH 3arOTOBKH TI03BOJISIET BCTPauBaTh 000PYIOBaHKE B MIOJIHOCTHIO OLU(POBAHHBIE TEXHO-
JIOTHYECKUE JIMHHUH C YIaJICHHBIM OHJIAHH-KOHTPOJIEM MapaMeTPOB Mpoliecca MPOU3BOJICTBA.

[Toce o6paboTkm aetaneit, m3roroBiaeHHbIX U3 ctainu 40J1 (I'OCT 977-880 «OTAWBKU CTaJIbHEIE.
OO0mre TeXHUYECKHEe YCIIOBUS)) Ha TAHHOM 000pYIOBaHHMH, OBLITH ITOTYUYeHBI CIAYIOINE CBOMCTBA BHYT-
PEHHEH TOBEPXHOCTH:

IpU CKOpOCTH ckaHupoBaHusi 700 MM/c: TBEPAOCTD AOPOXKKH JazepHoro ynpounenus — 460-530 HV,
rryouHa 1opokkd — 0,4 MM, ITUPUHA TOPOKKHU — 3,7—4,0 MM;

IIPU CKOPOCTH cKaHupoBaHus 900 MM/c: TBEPIOCTH TOPOXKKH JlazepHOoro yrmpoanenus — 480-550 HV,
riryomHa 1opoxkKH — 0,5 MM, mupuHa TOPOKKH — 4,7—4,8 MM.

KadecTBO mosmydeHHBIX YIPOUYHEHHBIX CIOEB MOJHOCTHIO COOTBETCTBYET TPEOOBAaHUSAM JOKYMEH-
TaI[UU U TI03BOJISIET YBEITUYUTH H3HOCOCTOMKOCTH TIOBEPXHOCTH B HECKOJIBKO pas.

3akaoyenue. MeToaMu KOMIBIOTEPHOTO MOJICIIMPOBAHUS TEMIIEPATYPHBIX MOJIeH U pacipeere-
HUS JIEKTPOMAarHUTHOTO TIOJISI B IPOCTPAHCTBE U HA MMOBEPXHOCTHU JIETalId pa3paboTaHbl M 000CHOBA-
HBI IB€ TEXHOJIOTUHU ITOBEPXHOCTHOTO YIIPOYHEHHSI OTBETCTBEHHBIX JI€TaJIel MOABECKH TSKEIOHATPY-
JKEHHBIX MAIllMH — WHIYKITHOHHOTO HArpeBa M J1a3epPHOTO YIIPOYHEHHS.

[onyueHHble pe3ynbTaTbl MOTYT OBITH UCIIONB30BaHbl IPH PEILICHUH 33134 YIIPOYHEHUSI BHY TPEH-
HHUX HOBerHOCTeﬁ BHEIIHHUM I10JIEM M 00eCIeYeHUsI BLICOKOI'0 KauecTBa U OJHOPOAHOCTH YHPOUCHUS
noBepxHocTel. PazpaboTaHHbIe TEXHOJIOTHH PeajU30BaHbl HA CHENHAFHO pa3paboTaHHOM 000pYyI0-
BaHUU W BHeAPEHBI B Tpon3BoacTBO OAO «BEJIA3y.
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NPUMEHUMOCTb COEJWHEHU HA OCHOBE HUKEJIS
B KAUECTBE KATAJIN3ATOPOB TEPMOKOHBEPCHUH
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Annotanus. O6cyXIaroTcs pe3yNbTaThl SKCIEPUMEHTAIBHOTO HCCIIEOBAHUS TEPMHUECKOTO Pa3IOKeHHsI ITHPOTHTH-
YECKOI CMOJIBI, BHIIOJTHEHHOI'O B M30TEPMUYECKUX ycaoBusAX Ipu temneparypax 300, 350 u 400 °C ¢ ucnonb3oBaHuEeM HU-
KeJbCOZIePIKAIMX KaTaian3aTopoB cucteMbl Ni-Fe—Mo. ITokazaHo, 4TO KHHETHUKY TOTO MPOLEcca MOKHO OMMCATh C OMO-
IbI0 YpaBHEeHHsI ABpamu—EpodeeBa ¢ nepeMeHHBIM MOKa3aTeleM 7, IIPU 3TOM 00JI1acTh U3MEHEHHs 9TOTO MoKa3aTels Coc-
taBnsgeT ot 0,415 no 1,238. CpenHee 3HaueHHe MOKas3aTess 71, paCCUUTAHHOE IO BCEM BapHaHTaM MCCIIEIOBAHUSA, PaBHO
0,694 (95 % AU ot 0,605 mo 0,783), a mennanHoe 3Hayenue — 0,639. Kak n3sectHo, ypaBuenne ABpamu—Epodeesa onucsiaer
KHHETUKY TEPMHUECKOTO Pa3JIOKEHHS BEIIECTBA B KOHJACHCHPOBAHHOM COCTOSIHHH, KOTOpasi ONMpeAessieTcsl MPOIeccoM 3a-
poznbiieoOpa3oBanusi. BeickazaHo MPEANOI0KEHHE, YTO B CIy4ae TEPMUYCCKOT0 PA3TIOKCHHUS ITHPOTUTHYECKOH CMOIIBI B MH-
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APPLICABILITY OF NICKEL-BASED COMPOUNDS AS CATALYSTS FOR THERMAL CONVERSION
OF PRIMARY BIOMASS PYROLYSIS PRODUCTS

Abstract. The paper discusses the results of an experimental study of the thermal decomposition of pyrolytic tar carried
out in isothermal conditions at temperatures of 300, 350 and 400 °C. It was found that the kinetics of this process can be de-
scribed using the Avrami—Erofeev equation with a variable parameter n. Analysis of the established data showed that the area
of variation of this index included values from 0.415 to 1.238. The mean value of the n parameter calculated for all variants
of the study was 0.694 (95 % CI from 0.605 to 0.783), and the median value was 0.639. As is known, the Avrami—Erofeev
equation describes the kinetics of thermal decomposition of matter in the condensed state, determined by the nucleation
process. This suggests that in the case of thermal decomposition of pyrolytic tar in the temperature range 300—-400 °C this
process is the limiting stage of the total process. The pyrolytic tarn decomposition rate was found to increase in the case
of introduction of particles of nickel catalyst developed at the Physical and Technical Institute of the National Academy
of Sciences of Belarus into the reaction zone. However, only with respect to one sample, it can be confidently stated that this
is the result of the catalytic effect of applied nickel catalyst. Based on the established data, it was concluded that it is promising
to use a nickel-containing catalyst in the processes of thermal decomposition of heavy hydrocarbons formed in the processes
of thermochemical conversion of biomass.
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Beenenue. M3yuenne nuBepcudrkanuy 3HEPropecypcoB, B TOM YHCIIE 32 CYET UCTIONIb30BaHUS HO-
BBIX BHUJIOB TOILUIMBA W/WJIHM YIyYIIEHUS XapaKTEPUCTUK TPAJAUIMOHHBIX TOIUIMB, MPEACTABISCT 3HA-
YUTENbHBI MHTEpEC ISl SHEpreTHKU. [lepcreKTHBHBIM HalpaBlieHHEM HCCIeoBaHUI U pa3paboToK
B ATOW 00JIACTH SBISAETCS Pa3BUTHE TEIJIOBBIX dJIEKTPOCTAHITUI OTHOCUTEIHFHO HEOOIBIIIONH MOIITHOCTH,
HCTIOJIB3YIOLINX Pa3IMYHbIe BUABI MeCTHOTO TomnBa [1-3]. Takue 0OBEKTH MaoOi SHEPreTUKH, KaK
MIPaBUJIO, OPUEHTUPYIOTCA Ha MOJIyYeHHE TeHepaTOPHOIo Tra3a, a He Ha HEelMOCPEICTBEHHOE CHKUTAaHMe
torumBa [3—5]. [Ipu sTom uxX 3(pPeKTUBHOCTH CYIIECTBEHHO OI'PaHUYNBACTCS HECOBEPIICHCTBOM IIPO-
Lecca OYUCTKH OT CMOJI M OXJIaXAE€HHUsI reHepaTopHoro rasa. [lo nanusIM [3, 4], cTOMMOCTH anmnapaToB
KOHAUITMOHWPOBAHUS T€HEPATOPHOTO ras3a, MOIy4aeMoro U3 MECTHBIX BHIOB TOILINBA, COCTABIISET JI0
15-20 % ot o01iell CTOMMOCTH CTPOUTENILCTBA TEIUIOIEKTPOCTAHLIUN € TAPOra30BbIMHU YCTAaHOBKAMM
(TOC c IIIY).

Heo0xomnMocTh MCTIOTB30BaHUSA CHCTEM OYHMCTKH MPOTYKTOB TEPMOXMMHUYECKON KOHBEPCHH OHO-
MacChl U MaTE€PHAJIOB OPTaHUYECKOT'O TIPOUCXOXKICHIS 00YCIIOBIIeHA (JOPMUPOBAHUEM B TAKUX MTPOIIEC-
cax OpraHMYecKUX BEUIECTB, 00pa3ymOMUX MUPOIU3HYIO CMONy. B cocTaB MUPOIMTHUECKON CMOJIBL,
KaK M3BECTHO, BXOIAT PAa3IUIHBIC TIOTUIIUKINYECKHE COSINHEHNS, NMEIOINE BHICOKYIO TOUYKY POCHI.
OHHU 0TJIaraloTCsl Ha MOBEPXHOCTAX C TEMIEPATYPOH HUKE TOUKU POCHI [5]. CiencTBUEM 3TOro sBIS-
eTcst 3acopeHue (PUIBTPOB M apMaTypbl Ha JTMHUH MIEPEKauKu CMECH, 00pa3oBaBILeiics B IIPoOLIEcce Tep-
MOXHMMHYECKOW KOHBEPCHH BEIIECTBA, YTO MOXKET IMPHUBECTH K OCTAaHOBKE BCEro pabodero mporecca.
Bo3MOXHBIM Iy TEM peIIeHUs TOH MPOOIEMBI SIBJISIETCS HCIOIB30BAHNE KaTAIN3aTOPOB, 00ECIICUHBATO-
X YCKOPEHHBIN MpoIecc pa3iokKeHNsI MUPOIU3HBIX CMOJ TpU TeMreparypax nopsaka 700—-800 °C.
[IpumeHeHne KaTaTUuTHYECKOT0 METO/Ia OYUCTKH MPOYKTOB TEPMOXUMHIECKON KOHBEPCHH ONOMAaCCHI
U OTXOJO0B OHOJIOTMYECKOT0 MPOUCXOKICHHS HE TPeOyeT JONMOIHUTEIBHOTO MOAOTpEeBa JJIsl pa3jiokKe-
HHUSI HEXXEJATEeNbHBIX MPOAYKTOB KOHBEPCHH C IIEJIbIO MOBBIMIEHNSI CKOPOCTH TOMOTEHHBIX MPOLIECCOB
Pa3JIOKEHUS ITUX MTPOAYKTOB. M 3TO yKa3bIBaeT Ha MPEUMYIIECTBO KaTATUTHIECKON OUUCTKH MPOTYK-
TOB TEPMOXUMHUYECKON KOHBEPCHH OMOMACCHI M MaTepHalioB OPraHUYECKOTO MIPOUCXOXKICHUS 110 CpaB-
HEHHIO ¢ TOMOT€HHBIMU Tiporieccamu [6]. [I[puMeHeHne kaTaau3aTtopoB B CEU(DUISCKIUX TEPMOXUMU-
YEeCKUX TPOoIeccax, TAKMX KaK TEPMHYECKOE PA3JIOKEHUE CMOJI, 00pa3yIOIIUXCs B MPOIecce MUPOIn3a
Ooromaccel, 00CyKaaeTcs, K mpumepy, B [7—10].

K macTosmemy BpeMeHH BBITIOJTHEHO OOJBIIOE KOJTMYECTBO padOT MO KaTaiau3y B HePTEXHMUH,
OKHUCIIUTEIIFHOMY KaTaJin3y. YCTaHOBJICHBI JOCTATOYHO YETKHUE MPEJCTaBJICHHUS O MEXaHH3MaX KaTa-
732, CTPYKTYPE M COCTaBY ONTHMAJBHBIX KaTadu3aTOpoB (Hampumep, padoTel MHCTHTYTA KaTain3a
mM. I. K. bopeckoBa Cubupckoro otnenerus PAH [11]). [Ipu 3ToM ciaemyeT OTMETHTB, UTO JJI MaJIBIX
SHEPreTUYECKUX TEXHOJIOTUH, IEPCIIEKTUBHBIX JIJIsl POMBIIUICHHOCTH benapycu, BakHBIM (pakTopoM
SIBJISIETCSL ICIIEBU3HA M JIOCTYITHOCTD KaTaJIUTUYSCKUX MaTEpUajoB. ITO 0OYyCIOBIUBAECT MOUCK U HC-
CJIeZIOBaHME JOCTYITHBIX MaTephajioB, KOTOPhIE MOYKHO HCIIONIB30BATh IS KaTATUTHYECKON OYUCTKH
MPOAYKTOB TEPMOXMMHUCCKOH KOHBEPCHU OMOMACCHI M OTXOAOB OHMOJIOTMYECKOTO MPOUCXOKICHHS.
Pemenne 3T0i 3a1a4u TOMKHO BKIIIOUATh SKCTIIEPUMEHTAIBHOE TECTHPOBAaHUE Pa3HOOOPa3HBIX MUHE-
paTBHBIX MaTEPHAJIOB C IIENBI0 BHISBICHUS UX KaTATUTHYECKUX CBOMCTB B OTHOIIEHUH IIpoIlecca pas-
JIOKEHU S HeKEJIaTeNbHbBIX IPOIYKTOB TEPMOXMMHYECKONH KOHBEPCUH OMOMACChl M OTXOI0B OHOJIOrHYe-
CKOT'O TTPOMCXOXKICHUS.

B [9, 10, 12—14] uccnenoBaHbl KaTaJUTUYECKHUE CBOWCTBA JoJloMuTa. AHanu3 gaHHbix [9, 10, 13, 14]
MOoKa3aJl, 4TO XOTs JAOJOMHT M0 CBOMM KaTaJIUTHYECKUM CBOICTBaM HE YCTyIMaeT TaKUM KaTaJu3aro-
paM pas3noxKeHus yTaeBonopoaos, kak Ni, Ru, Rh, Pt, omHako oH mMeeT CymecTBeHHBIN HETOCTATOK —
YXYIIIEHNe MEXaHMYEeCKIX CBONCTB IPU HArpeBe, YTO MPUBOJIUT K CHIIBHOM 3PO3UHU U CHIKEHUIO Ka-
TAJIUTUYECKON aKTUBHOCTH.

B macTosmieit paboTe MpUBEACHBI PE3YIBTATHI DKCIIEPUMEHTAIBHBIX UCCICIOBAHUN TCPMHICCKON
KOHBEPCHH TIEPBUYHBIX MPOAYKTOB MUPOJIH3a JPEBECHON OMOMACCHl B IMPUCYTCTBUU MEIKOIUCIIEPC-
HOI'0 MaTepualia, B COCTaBe KOTOPOI'0 UMEETCS] HUKEIb, BEITIOJTHEHHBIX B U30TEPMUYECKUX YCIOBUSX.

Lenv uccredosanusi — onpeneneHne KaTaluTHYECKOW aKTHBHOCTH HUKEIEBOTO KaTalln3aTropa II0
OTHOLICHHIO K ITPOLECCY TEPMUUYECKOTO Pa3JIOKEHHSI TUPOTUTHUECKON CMOJIBI, 0Opasyloleiicss B TepMo-
XUMHYECKOW KOHBEPCUH APEBECHON OMOMACCHI.

MeToauka uccijiefoBanus. Vzyuenne TepMOXUMUYECKUX, B TOM YHCJIE KATAIUTHIECKHX, ITPOIIEC-
COB MOXKET MTPOBOJIMTHCS KaK B U30TEPMHUYECKHUX, TaK U B HEM30TEPMHUUECKHUX yCIIOBHUAX. B HacTosmen
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paboTe puBEACHBI Pe3yNbTaThl IKCIIEPUMEHTOB, BHITIOJIHEHHBIX B H30TEPMHUYECKUX YCIOBHSIX. Takoi
BBIOODP OOYCIIOBJIEH TE€M, YTO H30TEPMHUUECKHE YCIOBHUS MO3BOJISIOT COKPATHTD YHCIIO MOKA3aTeNeH, o/I-
JIEYKAIINX ONPENENIEHUI0. DTO YIIPOIIAET aHAIHN3 MOITYYaeMbIX SKCIIEPUMEHTAIIBHBIX JAHHBIX, YTO B UTOTE
MIPUBOAUT K O0Jiee TOYHOMY YCTAHOBJICHNIO KHHETHYECKHUX MTapaMeTPOB TEPMOXHUMHUYECKOTO ITpoIiecca.

Ha 6a3e ®usuxo-Texundeckoro nactutyta HAH Benapycu meTonom cxxuranus pacTBOpOB ObLT U3-
TOTOBJICH HUKEJIbCOJCPKAILNN TUCTIEPCHBIN MaTtepual cucteMbl Ni-Fe—Mo. DToT MaTepuan npeacras-
nseT co00i TEMHO-CephIii TOPOIIOK ¢ pa3MepoM dacTuil okoio 0,3 mm. [l uccienoBanuii ObLIH 1MOI-
TOTOBJIEHB! TPU 00pa3ua, KOTOPbIE OTIINYAINCh XUMUYECKUM COCTABOM U CTPYKTYPOH. DJI€eMEHTHBIH
COCTaB 00pa3IlOB MPEICTABJICH B Ta0M. 1.

Tabnuma 1. DiieMeHTHBI cocTaB 00pa3ioB
Table 1. Elemental composition of samples

Homep Conepxanue d1eMeHTa, %
o6pasia C N ) Fe Ni Mo
7,7 - 2,35 19,26 65,52 5,18
8,79 - 5,62 16,3 65,4 3,89
35,85 10,59 8,26 8,72 34,3 2,28

W3 nanHbIX Tabm. 1 BUIHO, 4TO AJIeMEHTHBIE COCTaBbI 00pa3noB 1 u 2 OJIM3KH, TpU TOM y o0pa3sia 1
oTMedasiach 0osiee BbICOKAsl MIOPUCTOCTbD, YTO P HAJTUUYMU KaTaJIUTUYECKUX CBOMCTB 00pasla MOXKET
00eCreYnTh yBEINUCHUE CKOPOCTH PEAKLIUHU Pa3JIOKEHHUS CMOJL.

Karanutndeckre cBoicTBa yKazaHHBIX 00pa3loB OBLIM M3YyYEHBI B TIPOIECCE Pa3iIoKEHUs JKHUIKOH
MU POJINTHYECKON CMOJIBI, 00pa30BaBIICHCS B TEPMOXUMHUUECKON KOHBEPCHH OEPe30BOH ILETIBI, OCYIIECT-
BJICHHOM Iipu TeMreparype 600 °C, u nocneaytouiero osicTporo oxJyaxaeHus a0 200 °C.

[InoTHOCTB cMobI cocTaBisiia 0,9 r/cM®, BSI3KOCTh OblTa paBHa 395 + 4 ¢Cr. BszkocTs H3Meps-
JIX Ha poTanmoHHOM BHUCKo3uMeTpe Brookfield DV2T (CIIA) nmpu Temneparype 17,1 °C. Temmepatypa
BCHBIIIKY OMPENeNsIach C MOMOIIbI0 apToMatuueckoro anmnapara TB3-JIAB-11 (Poccuiickas dene-
paumsi) u cocrauia 190 °C. lns BbIsSBICHHS 3HAUCHHS TEIIOTBOPHON CIIOCOOHOCTH CMOJIBI, KOTOPOE
coctaBuiio 28 767 k[ /kr (6871 kKan/kr), npumensincs kanopumerp B-08M A«K».

CKOpOCTh TEPMHUUYECKOTO TOMOTEHHOTO Pa3IOKEHUsI MUPOIMTUYECKOM CMOJIBI ONpeAessiiIach cie-
nyromuM obpazom. OOpaserr cMoJIbl Maccoil OkoJio 1 T HaiMBaJCs B J1a0OPaTOPHYIO KEPAMUYECKYIO
eMKocTh 1 niomMertacs B medyb SNOL7,2/1300 (OAO «Ywmeray, Poccutickast @eneparius), mo3BOJISIOILY O
MO AEPKUBATH MOCTOSTHHYIO TeMIIepaTyphl cpeabl B nHTepBaie teMnepatyp 50—-1300 °C ¢ TogyHOCTBIO
+ 2 °C. Obpa3ipl CMOI BBIJCPKUBAINCH TIPH 3a/IaHHOH IMTOCTOSTHHOM TeMIiepaType B BO3yIIHON aTMO-
cepe. [locne BbIIEPKKH B TeUEHHE YCTAHOBIEHHOTO TIEPHOJa BPEMEHHU KIOBETA M3BJIEKAIach U3 MEUH
Y B3BEIIMBAIACh HA AJIEKTPOHHBIX Becax Pioneer PA214C 210/0.1mg (OHAUS Corporation) ¢ AUCKPET-
HocThio 0,1 Mr. Tak KaKk JJIMTENBHOCTH 3aMepa Macchl He Ooliee 5 ¢, a BpeMsi HeTPEPhIBHOW BBIIECPKKH
CMOJIBI B TIEYH COCTABIISIO OT 5 10 20 MUH, U3MEHEHUS TEMIEPaTyphl KIOBETHI M CMOJIbI ObIJIM HE3HAYH-
TEJIbHBI U HE yUNUTHIBAINChH B pacueTax.

OnBITH IO TEPMOKATATUTUYECKOMY PA3JIOKEHUIO MUPOIUTUYECKOW CMOJIBI BHITIOTHSIUCH aHAJO-
THYHBIM 00pa3oM. B nmabopaTopHylo eMKOCTh ¢ MUPOIU3HON CMOJION HACKHIMAJIC KaTaJIUTHYSCKHI Ma-
TepHaj B BUJE MOPOLIKA B MACCOBOM COOTHOLLICHUH CMOJIA/KaTaIu3aTop PaBHOM 2.

OnbITh! BRITONHSUTHCH TTpU TeMrieparypax 300, 350 u 400 °C. [Ipu 6onee BBICOKMX TeMIlepaTypax
9KCTIEPUMEHTHI He TTPOBOAIIINCH, TAK KaK CMOJIa HAaYMHAaIa TOPETh, YTO YCIOKHSJIO MPOBEACHNE 3aMEPOB.

Pe3yabTaThl MccIeI0BaHUSA M HX 00CysK/JeHHe. 3HaUCHHs CTENeHel TOMOI€HHOIO pas3iioKeHUs
CMOJIBI, yCTAaHOBJICHHBIC B ONBITaX, KOTOPBIE MPOBOAMIINCH IIPH PA3IMYHBIX TEMIIEpaTypax U yCIOBUSX,
OIPEeNeJSUINCH CIACAYIOIUM 00pa3oM:

a, = M’ (1)
my
e 0, — CTENIEHb PA3JIOKEHUs CMOJIBI B MOMEHT BPEMEHU f; 171, — UCXOJHAs Macca CMOIIBL, I'; 71, — Macca
CMOJIBI B MOMEHT BPEMEHH 1, T.
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Crenyer OTMETHTB, YTO B CIIydae TEPMOKATAIUTHUECKOTO Pa3JIOKEHHS CMOJIBI CTEIEHb Pa3IoKEeHU S
HE MOXeT OBITH orpenereHa mo gopmyse (1), Tak Kak B POIIECCE KCIIEPUMEHTA ITPOBOAUTCS H3MEPEHUE
o01weii Macchl CMOJIBI U KaTaJin3aTtopa (HET BO3MOXKHOCTH U3MEPSAThH TOJIBKO Maccy cMoJbl). B atom ciy-
yae JJIsl ONPEesICHNUS CTEIICHH KOHBEPCHH CMOJIBI JIOITYCTHMO UCIIOJIb30BaTh CIEAYIOLIEE BEIPaKEHHUE:

B _ *
o, = Mo =My )
my
TJIe My — UCXOIHas oOlIas Macca CMOJIBI M KaTain3aTopa, T; M, — Macca CMoJibl U KaTajlu3aTopa B MO-
MEHT BPEMEHHU [, I.

[Ipu onpenerieHnu cTereHU KOHBEPCHUU CMOJIBI 110 hopmyiie (2) pe3yibTar pacuera OyJIeT aJeKBaT-
HBIM JIMIIb [IPY [IOCTOSIHHOM Macce KaTajau3aTopa. B ciyuyae n3MeHeHHs MacChl KaTaJlu3aTopa paccuu-
TaHHOE 110 hopmyiie (1) 3HaUEHUE CTETIEHU Pa3IOKEHUSI CMOJIBI MOXKET OBITH > 1.

Ha puc. 1 mokazaHo cpaBHEHHE CTEMCHH PA3JIOKCHUS MUPOIUTHYCCKOW CMOJIBI, YCTAHOBICHHOE
B TOMOTE€HHOM TIPOIIeCCE M B IPUCYTCTBHU HUKEIbCOAeprKaiero Mmarepuaa mpu remmeparype 300 °C (a),
350 °C (b) m 400 °C (c). Kak cnenyeT U3 NpUBEACHHBIX HA PUCYHKE TaHHBIX, Pa3JI0KEHHE TUPOIUTHYEC-
CKOW CMOJIBI B M3yUSCHHOM MHTEPBAJIC TEMIIEPaTyp SIBISICTCS OYeHb MEJICHHBIM TpoliieccoM. B cirydae
TOMOTE@HHOTO TIpoIIecca BpeMsi JOCTHKeHHs cTerneHn pasnoxenus 0,8 mpu temmeparype 300 °C cocra-
BIIIO ~ 300 MuH (~ 5 u).

CKOpoCTh pa3noKeHUsl MUPOIUTUYESCKON CMOJIBI BO3PACTACT C YBEIMUYCHHEM TemIeparypbl. Tak,
10 JaHHBIM PHC. 1, CTENIEHb Pa3JIOKECHUS MUPOJIUTHUECKON CMOJIBI B TOMOI'€HHOM IPOLIECCe, paBHAs
npumepno 0,8 nmpu remnepatype 400 °C, nocturaercs 3a Bpems < 20 muH. Buano, uto Bce oOpa3s-
LBl KaTaJIM3aTOpa YCKOPSIIOT Pas3iokeHNe MIPOIIUTHIECKON CMOJIBI TPy Temmieparypax nopsaka 300 °C
u Bbie. OnHako U3 puc. 1, b, ¢ cieayert, 4TO 3HAUEHUE CTEIECHH PA3JI0KEHHUSI CMOJIbI B IIPUCYTCTBUH
oOpasua 3 mocturaet 1,2, KOTOpOe MPH TOM, YTO MpeAebHOE 3HaUEHUE CTEIIEHN KOHBEPCHH PaBHO 1,
MOXXHO OOBSCHUTH MPOTEKAHUEM JOTIOIHUTEIBHOW PEAKIIMH TEPMUYECKOI0 pas3JIoKeHHs oOpasiia Ka-
Tanau3aTopa. Pacder creneHn TepMOKaTaIMTHYECKOH KOHBEPCHH CMOJIBI TIPOBOAMIICS 1O Gopmyie (2),

g LI E
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Fig. 1. Comparison of the degrees of thermal
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JomnycKaromeld pe3ynsrar > | Ipu CHMKEHHH Macchl Karajiu3aTopa. s moaTBep:KIAeHUs JaHHOTO
IPEANONIOKEeHNsT ObUT ONpelesieH DIEMEHTHBIM COCTaB BCEX HCCIETyeMBIX OOpas3IoB KaTajau3aropa
Mocie UX OTPadOTKH B PEaKIIMH TEPMOKATAINTUYECKOTO Pa3I0KeHUsI TUPOJIM3HONW CMOJIBI TP TEMIIe-
parype 400 °C B reuenue 5 4 (Tabdm. 2).

Tabnuma 2. DjeMeHTHBIH cocTaB 00pa3LOB MOCJ/Ie OTKUTa
Table 2. Elemental composition of samples after annealing

Homep Conepixanue snemenra, %

obpasua c 0 Fe Ni Mo
1 3,73 4,11 21,33 68,27 2,83
2 7,29 14,7 15,38 59,64 2,99
3 14,87 23,12 11,85 47,04 3,12

CpaBHeHMe JaHHBIX TaOm. | ¥ 2 MOKa3bIBAET, UTO JIEMEHTHBIN cocTaB oOpa3na | mpakTHYeCKH
He MeHseTCsl (OTKJIOHEHMS! OT 3HaueHuil B TaOu. 1 He mpeBbIaloT 3 %, YTO HUXKE MOIPELIHOCTH
n3MepeHuit). VICKITFoueHUEeM SBIISICTCS YISO, COMEpKaHne KOToporo B odpasiie 1 causuiock ot 7,70 %
(cm. Tabm. 1) mo 3,41 %. DT0 MOKHO OOBSICHUTH YACTUYHBIM OKUCIIEHHEM yriieposa ¢ nonydenuem CO
u CO,, KoTopble BBIBOASTCS M3 oOpasua. Takxke B coctaBe obpasua 1 mocne oTpaboTKu 0OHapysKeHa
cepa Kak IPOoLyKT TEPMUUECKOTO PA3JI0KEHUSI THPOIU3HON CMOJIBI.

Kuneruka pa3ioskeHusi cMoJibl. Kak H3BECTHO, OCHOBHBIM YPaBHEHHUEM KMHETHKH TEPMHUECKOTO
pa3noKEeHHUs BEIIECTBA B KOHICHCHPOBAHHOM COCTOSIHUU SIBIISICTCS

da
—=k(T) f(a), ©)
dt
TJIe 0 — CTENEHB pa3JIoKeHUsI BemecTBa; k(1) — KOHCTaHTa CKOPOCTHU peaknuu; f(o) — GyHKIHsI, ompee-
JsieMasi MEXaHU3MOM PeaKIuu.
WuTerpupoBanue ypaBHeHHUs (3) MPH MOCTOSIHHOW TeMIIepaType acT YPaBHEHHE CKOPOCTH PEaKIuu

g(@) = kt, @)
rae g(o) — nHTerpaNbHas QYHKITUSI KHHETHIECKOT'0 YPaBHEHHUS.
B ta6n. 3 npencraBieHbl GyHKIHH g(0), COOTBETCTBYIOIIHNE PA3IUIHBIM MEXaHU3MaM Pa3JI0KCHHU S
pa3IUYHBIX TUIIOB TBepAoro Tena [15-21].

Ta6nuna 3. KuHeTnueckue ypaBHeHHsI peaKIuii pa3Jio:keHUs TBepaAoro Temaa [15-21]
Table 3. Kinetic equations of solid decomposition reactions [15-21]

Mojens peakiuu O603HaueHNE g(o)
CreneHHOil 3aK0H P, a
CreneHHOH 3aKOH Py, o’?
CrenenHoii 3axon P, o'
CreneHHOIl 3aK0H P, o'
CreneHHOH 3aKOH P, 1
Aspamu—Epodeen A,y [In(1 — a))*?
Aspamu—Epodeen A, [-In(1 — a)]"?
Aspamn—Epodeen A, [In(1 — o))"
Aspamu—Epodeen A, [~In(1 — o]
[poyr-TomkuHC B, Infa./ (1 — o))
IToBepxHOCTH R, 1—(1-o)"”
O6bem R, 1-(1-w”
OpnaomepHas nudysus D, o’
JBymepHas nuddysus D, (I-wn(l -o) +a
TpexmepHast auddy3us D, (1-(1—-a)??
Peakums 1-ro mopsigka F, —In(1 — o)
Peakuus 2-ro nopsiaka F, (1-0)"-1
Peaxius 3-ro mopsiaka F, [(1 - a) 2112
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AHaJN3 yCTaHOBJICHHBIX B HACTOSIIEH pabOTe SKCIIEPUMEHTATbHBIX JAHHBIX [TOKA3aJ1, YTO KWHETHKA
TEPMHUYECKOT0 Pa3JIOKEHUS TUPOIUTUIECKON CMOJIBI B TOMOI€HHOM IIPOIIECCE, a TAKIKE B IPUCYTCTBUH
HUKEJIEBOT0 KaTaju3aTopa onpeznensercs ypasHeHueM ABpamu—Epodeesa

[<In(1 — a)]" = &t, ®

rlie 7 — HEKOTOPBIM TIOKa3areib, k — KOHCTAHTa CKOPOCTH (HhOpMasIbHOW peaKIMy Pa3joKeHUs Bellle-
CTBA, MHH '; { — BpeMsl BBLICPKKH 00pa3iia IPH TEMIIEPATYPE PA3TI0KCHUS, MUH.

B tabn. 4 npeacraBiaeHbl 3HAYCHUS [T0KA3aTeNs 71, ONPEACICHHBIC C TIOMOILBIO HTEPAaTUBHON METO-
JUKH AJIS BCEX U3yUEHHBIX BAPHAHTOB SKCIIEPHUMEHTAIBHOIO NCCIICIOBAHNUS.

Tab6nuua 4. 3HayeHust noxa3ares n ypapHeHusi Appamu—Epodeesa
JJ151 Ipolecca TePMUYECKOro Pa3JIosKeHHsl HHPOJIHTHYECKOI CMOJIBI
Table 4. Values of the index n of the Avrami—Yerofeyev equation for the process
of thermal decomposition of pyrolytic resin

Temneparypa
Tun HUCCIICI0BaAHUA
300 °C 350 °C 400 °C
['omorenHoe paszioxeHue 1,465 0,715 0,501
Paznoxxenue B mpucytcTBun odpasma 1 0,490 0,434 0,425
Paznoxenue B mpucytcTBum oopasima 2 0,740 0,755 0,516
Pasnoxxenue B mpucyTcTBHH 00pasima 3 0,551 0,590 0,519

CyIIHOCTh UTEPATHBHOW METOAUKHU OOBSICHUM Ha MPUMEPE KMHETUKU TOMOTCHHOTO Pa3JIOKCHUS
MMAPOTUTHUECKON cMOJBI ipu Temiiepatype 400 °C.
YpaBaerHue (5) MOXKHO pa3pelInTh OTHOCUTEIBHO KOHCTAHTHI CKOPOCTHU PEAKIIHH:

k= (1/4) - [-In(1 — o)™ ©6)

IToncraHoBKa 3HAYEHUI CTENCHU PA3JIOKEHUS 0,, COOTBETCTBYIOIIUX BPEMEHH BBIJICPIKKHU ¢ (MUH),
¥ HEKOTOPOTO HAYaTLHOT'O 3HAYCHUS TOKA3aTelsl # B BeIpakeHHe (6) MO3BOISAET MOTYyIUTh HAOOp 3HA-
YEHMI KOHCTAHTBI CKOPOCTH PA3JI0KEHHS THPOTHTHUECKOH CMOJIBI, BHIPAXKEHHEIX B MHH . DTOT HAGOP
KOHCTaHT CKOPOCTH HEOOXOJMMO alpOKCUMUPOBATH OTHOCUTENILHO BPEMEHH BBIJICPIKKHU B PEaKIINOH-
HOM 30HE JTMHEWHBIM YPAaBHEHUEM

k=A+ Bt 7

B ciyyae ommbouHOrO 3HaYCHMSI 3aJIaHHOTO MOKa3aTelsl 77 TUHEeWHAs anipOKCUMAIUs TPUBOUT
K paCUCTHBIM 3HAYCHUAM KOHCTAHTBI CKOPOCTHU, UBMCHAIOIIUMCA C TCYCHUEM BPEMCHHU. ﬂaHHOC 00-
CTOSITETTLCTBO YKa3bIBaeT Ha TO, YTO 3aJJaHHOE 3HAUCHHE TTOKA3aTeNs 7 He COOTBETCTBYET KHMHETHKE
npouecca. CienoBarenbHo, TpeOyeTcs Ipyroe 3Ha4eHHe 3TOro rmokasareis. Takue pacueTsl MOBTOPS-
I0TCSL 10 TeX T0p, TOoKa He OyneT mojoOpaH Takoi MokKas3arenb #, KOTOPbI MPUBOIUT K 3HAYCHUSM
KOHCTAaHTBbI CKOPOCTH, JIMHEeWHas alIpoKCUMal A KOTOPBIX MO3BOJISCT MOJYYUTH PACUCTHLIC 3HAUCHU S
KOHCTAaHTBbI CKOPOCTH, HC 3aBUCAIIUEC OT BPEMCHU IMPOTCKAHU S PCAKIIUU.

[Tpumep KOppEeKTHOrO BBIOOpA TOKa3aTels # Ha OCHOBE ONMCAHHOW WTEPATUBHOHM IMPOLETYpHI,
MpeicTaBieH Ha pUcC. 2.

Touku Ha puc. 2 MOKa3bIBAIOT HKCIIEPUMEHTAIBHBIC 3HAYEHUSI KOHCTAHTBl CKOPOCTH PA3JIOKCHUS
MUPOITUTHYECKON CMOJIBI, PACCYMTAHHBIC TI0 BBIPAKEHUIO (6) C MCIIOIB30BAHUEM TIOKA3aTelNs /1, PAaBHOTO
0,501, a mpsiMast TMHUS HA TOM PUCYHKE, ITapauIebHas OCH a0CIUCC, aeT yCpeTHEHHOE 3HaYCHNE KOH-
CTaHTBI CKOPOCTH, KOTOPOE OMPECISETCS TMHEHHON anmpoKCUMAIMH dTUX IKCIICPUMEHTAJIBHBIX BeE-
JMYHH:

k=0,0748 — 1,34122:10 °¢, »=—0,01071, p = 0,02183, 8)

rne ¥ — KO3 PHUITUSHT KOPPENSIIIUH; p — CTATUCTUYECKUH TTapamMeTp, ONPEaeIISIONINI BEpOITHOCTH TOTO,
YTO KOO(PPHUIIUESHT, CTOANIUHN TIepe ¢ OTIUYEH OT HYJIS.
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Puc. 2. 3aBHCUMOCTB KOHCTAHTBI CKOPOCTH T'OMOT€HHOTO PA3JI0KEHHUS TUPOITUTHIECKONH CMOJIBI
OT BPEMEHH BBIIICPXKKH TIpH Temrepatype 400 °C

Fig. 2. Dependence of the rate constant of homogeneous decomposition of pyrolytic resin
on the holding time at a temperature of 400 °C

Kak cnenyer 3 pe3ynbsTaToB JIMHEHHON aNMmpoKCUMAaIMU 3HaY€HUH KOHCTAHTBI CKOPOCTH, HCIOJIb-
30BaHMe ypaBHeHHs ABpamu—EpodeeBa ¢ mokazarenem 7, paBHbIM 0,501, mpHUBeo K MpaKTHYECKOH
HE3aBHCUMOCTH 3HAYCHHMH KOHCTAHTBI CKOPOCTU OT BPEMEHHU BbLACp)KKH. Ha 3TO ykaseiBaeT 3Haue-
HUe K0d(h(UIUEHTa KOPPENSIIAT 7, OJM3KOe K HYJIO, a TaK)Ke 3HAYCHHUE CTATUCTHUYECKOTO MapaMeTpa
p = 0,02. Kak n3zBecTHO, MOCIACAHUN TTApaMETP OMPEAEseT BEPOITHOCTh OTINYHS KOI(PPHUIIUEHTA, CTOS-
LIero Mepe] apryMEHTOM JMHEMHON anmpoKcUMalii, OT HYJIEBOTrOo 3HaueHus. B paccmarpuBaeMoM
CJIy4ae 3Ta BEPOSITHOCTE COCTABIISET ~ 2 %.

Jannble Ta01. 4 MOKa3bIBAIOT, YTO MPU TEPMUUYECKOM PA3JIOKEHUH IMUPOJUTHIECKON CMOJIBI KaX-
JIBIA WICCIIEZIOBAHHBIN 00pa3elr MMeeT CBOM MHAWBUAYAIBHBINA ITOKA3aTeNb /1. JTO O3HAYaeT, YTO B CIydae
pa3IoKeHUs MUPOIUTHUECKON CMOJIbI HE CYIIECTBYET TAKOr0 yHUBEPCATIbHOIO OKA3aTels 71, KOTOPBIH
MO3BOJIMJI OBl TMOJIYYUTh KOPPEKTHBIE 3HAUEHHUSI KOHCTAHThl CKOPOCTH JAHHOTO Ipouecca sl APYTux
00pas3LoB U APyTUX TEMIIEPATYP.

OmnucanHas npouenypa pacyera oka3aTelis /1 O3BOJISET TAKKe ONPEIeIUTh YCPEAHEHHOE 110 BCEM
IKCIIEPUMEHTAIBHBIM TOYKaM 3HAUCHHE KOHCTAHThI CKOPOCTH. OHO [aeTcsi HEPBBIM YJICHOM B IIPAaBOH
YacTH JUHEHHOHN annpokcumanuu. Hampumep, B ciydyae rOMOT€HHOTO PA3JIOKEHUSI MUPOIUTHUECKON
cMmoubl nipu temneparype 400 °C ycpeaHEeHHOE 3HAUEHUE KOHCTaHThI CKOPOCTH, KakK CJIEIYET U3 pe-
3yJIbTAaTOB JINHEHHON annpokcuManuu, cocrasuio 0,0748 MUH .

Bbonee TouHOe 3HaYEHNE KOHCTAHThI CKOPOCTH MOKHO PACCUUTATH 110 hopMyie

— Z:‘Zlki
S

k ()
3nech k; — 3HaUCHHE KOHCTAHTHI CKOPOCTH B MOMEHT BPEMEHHU {;, BBIYHCICHHOE 110 BhIpaxeHuto (6);
M — KOJIMYECTBO IKCIICPUMEHTAJIBHBIX TOUEK, IIIT.

B Tabn. 5 mpuBeneHbl yCpeHEHHBIC 3HAYCHHSI KOHCTAHTBI CKOPOCTH TEPMHUYECKOTO Pa3JI0KCHUS
MUPOJIMTHYECKON CMOJIBI, KOTOPbIE PACCUUTAHBI C UCTIONb30BaHUEM (GopmyIbl (9) u gaHHBIX TaOI. 4 Ha
OCHOBaHWH IKCTIEPIMEHTAIBHBIX 3HAYEHI I KOHCTAHTHI CKOPOCTH, OTPEeNIeHHBIX TI0 (hopmyure (6).

PacuerHble 3HaUCHUS CTENICHU PA3JIOKCHUS MUPOTUTHICCKONH CMOJTBI (CM. puC. 3—5) ObLIH ompee-
JICHBI TI0 BBIPAXKCHHIO

a, =1—exp(—(k-0)'™). (10)

MOJTyYEeHHOMY ITyTeM IpeoOpa3oBaHus ypaBHEHUS (5).
Ha puc. 3—5 ns cpaBHEHUS NPeACTABIEHBI IKCIIEPUMEHTAIbHBIE U pACUETHBIE 3HAUEHUs CTENIeHH
TOMOTEHHOT'0 Pa3fIOKEHUS TUPOTUTHIECKON CMOJIBI.
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Tab6nuna 5. YcepenneHHble 3HaYeHUs] KOHCTAHTHI CKOPOCTH TEPMUYECKOT0 PA3JI0KEeHH ST
HHPOJHTHYECKOH CMOJIbI, MHH "

Table 5. Averaged values of the rate constant of thermal decomposition of pyrolytic resin, min™

Temneparypa
Tun HCCIICA0OBAHUSA
300 °C 350 °C 400 °C
l'omorenHoe paznoxenue 0,0185 0,0354 0,0747
Paznoxenue B mpucytcTBun obpasma 1 0,0575 0,0942 0,1583
Pasnoxxenue B mpucyTcTBUM 00pasima 2 0,0211 0,0522 0,1173
PaszioxxeHue B mpucyTCTBUM 00pasia 3 0,0356 0,0848 0,1417
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Puc. 3. CpaBHeHHE SKCIIEPIMEHTAIBHBIX U PACYETHBIX 3HAUCHHUH CTENICHN Pa3I0KeHHSI THPOIUTHISCKOH CMOJIBI
B TOMOT'€HHOM Tporecce npu remmeparype 300 °C

Fig. 3. Comparison of experimental and calculated values of the degree of decomposition of pyrolytic resin
in a homogeneous process at a temperature of 300 °C
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Puc. 4. CpaBHEeHHE HKCIICPUMEHTATIBHBIX H PACUCTHBIX
3HAYEHUH CTENEeHU Pa3JIoKEeHUsI TUPOJIUTHUECKOW CMOJIBI
B TOMOT€HHOM Tporecce npu remmneparype 350 °C

Fig. 4. Comparison of experimental and calculated values
of the degree of decomposition of pyrolytic resin
in a homogeneous process at a temperature of 350 °C

Bpems BbigepKKN, MUH

Puc. 5. CpaBHeHUe SKCIIEPUMEHTAIBHBIX U PACUETHBIX
3HAYEHUN CTENEeHU Pa3JI0KEeHUS MTUPOIUTUUECKON CMOJIBI
B TOMOT€HHOM Tponecce npu Temneparype 400 °C

Fig. 5. Comparison of experimental and calculated values
of the degree of decomposition of pyrolytic resin
in a homogeneous process at a temperature of 400 °C
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BrimonHeHHble B HacTOsIIEH paboTe paccyeThl MoKa3aiu, YTO YCPEAHEHHOE PACXOXKACHUE B DKCIIe-
PUMEHTAJIBHBIX U PACUCTHBIX 3HAYCHUSIX CTCIICHH PA3JIOKEHHsI MUPOTUTHUECKON CMOJIBI IIPU TeMIIepa-
Type 300 °C coctaBuno < 6 % 1 HHTepBalia BpEMEH BBIAEPKKH 10 120 MUH BKJIFOUHTEIBHO.

IIpu pacueTe AaHHBIX, TPEICTABIEHHBIX Ha PUC. 4, OB HCIOIH30BAHBI 3HAUSHHE TTOKA3aTeNs /1, paB-
Hoe 0,715 (cM. Ta6u. 4), H ycpeHeHHOE 3HAYCHHE KOHCTAHThI CKOpocTH, paBHoe 0,0354 MuH ' (cM. Tabm. 5).
VYepeaqHeHHOe pacX0kIeHUE B SKCIIEPUMEHTAJIBHBIX M PACUETHBIX 3HAYEHUSX CTENEHH Pa3yIoKEHUS TTH-
POJMTHYECKON CMOJIBI COCTaBHIIO OpsAaKa 16 % 1uist nHTepBaia 3HaYEHUH CTENCHN Pa3JIOKEHU S HUPO-
mutrdeckor cmousl 0,15-0,76.

IIpu ompeneneHuy CTENEHU Pa3iOKEHUSI TUPOIUTHYECKONH CMOJIBI B TOMOT€HHOM IIpOIecce MpH
temmeparype 400 °C (cM. puc. 5) OblTH MCTIONB30BaHBI 3HaUYeHUE Mokazatens 1, paBHoe 0,501 (cm. Tadm. 4),
¥ yCPEIHEHHOE 3HAYEHHe KOHCTAHThI CKOpOCTH, paBHoe 0,0747 mun ' (cM. Tabi1. 5). YepeaHeHHoOe pac-
XOXKJCHHUE B SKCIEPUMEHTAJIbHBIX ¥ PACUETHBIX 3HAUCHUSX CTEIIEHH PA3JIOKEHUS IUPOITUTHIECKON CMO-
JIBI COCTABHIIO TTOpsAAKA 6,7 % 11 MHTepBaia 3HAUCHUH CTETIEHU Pa3JIOKEHUS TUPOTUTHIECKON CMOJIBI
0,1-1,0.

OO0cyx1aemMoe CpaBHEHHE SKCIHEPUMEHTAJBHBIX U PACUETHBIX CTENECHEH Pa3JIoKeHUS! MUPOIHUTHU-
YECKOM CMOJIbI yKa3bIBAET HA TO, YTO KMHETHUKA TEPMHUECKOTO PA3JIOKECHUS MUPOIUTHIESCKON CMOJIBI
B M3YYCHHOH 00JaCTH TEMIIepaTyp onpeaeseTcs ypaBHeHueM ABpaMu—Epodeena.

Kaxk m3Bectro [22, 23], ypaBHeHue Apamu—EpodeeBa onmuchiBaeT KHHETHKY TEPMUYECKOTO pas-
JIOKEHU S BELIECTBA, TIMMUTUPYIOLIEH cTaarel KOTOPOro SIBISIETCS 3apobllieo0pazoBaHue. ITO MO3BO-
JSET MPEANONOKHUTh, YTO 3apPOABIIICO0Pa30BaHNE BBHICTYNACT JUMUTHPYIOLIEH CTaaAueH pas3sIoKEeHUS
U IPEBECHON MUPOTUTUUECKON CMOJIBI B H3yUCHHBIX B HACTOSIIEH paboTe yCIOBHSX.

Ha puc. 6 npencrasiena AppeHHYCOBCKasi 3aBUCMMOCTh KOHCTAHT CKOPOCTH TOMOT'€HHOT'O pasJio-
JKEHHUSI TUPOIIMTUYECKOH CMOJIBI (@) U Pa3JIoKeHHsI B IPUCYTCTBUU 00pasuoB 1-3 (h—d), onpeneneHnole
Ha OCHOBAHMHM JAAHHBIX, PEICTaBICHHBIX B Ta0. 5.
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Puc. 6. AppeHnycoBckue napamMeTpbl KOHCTAHTBI CKOPOCTH TOMOT'€HHOT'O Pa3JIOKeHHsSI TUPOIUTHUECKOH CMOJIBI (a)
W pa3JIOKeHHs B IpHCYTcTBUU 00pa3nos 1 (b), 2 (¢), 3 (d)

Fig. 6. Arrhenius parameters of the rate constants of homogeneous decomposition of pyrolytic resin (a)
and decomposition in the presence of samples 1 (), 2 (¢), 3 (d)
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AnmpokcuManus TaHHBIX, TPEACTABICHHBIX HA PUC. 6, TPUBOAUT K CICAYIOUIUM PE3yIbTaTaM:
IIPU TOMOT€HHOM IIPOLIECCE PA3IOKEHUS

In(k) = — (5360,7/T) + 5,3333, R*=0,9925;
B IPUCYTCTBUHU OOpasua |

In(k) =— (3894,3/T) + 3,9241, R*=0,9963;
B IIPUCYTCTBHUH 00Opa3ma 2

In(k) =—(6611,0/T) + 7,6728, R*=0,9998;
B IIpUCyTCTBUH 00Opasma 3

In(k) =— (5352,0/T) + 6,0422, R*=0,9899.

3mech R>— ko3 puiueHT nerepmunanuu [Tupcona.

YMHOXEeHHE TIepBOro 4YiieHa MPaBOi YacTH JTUHEWHOW alpOKCHMAIINY Ha 3HAYCHHUE YHUBEPCATHHOM
razoBoit nmoctosiHuo# (8,314 Jxx/(Moib - K)) naet 3HaueHHe S3HEPTHH aKTUBALIUK PEAKIIMK FOMOTEHHOTO
pasnoKeHus: NTUpoNIuTUYecKoil cMoibl £ = 44,1 x/Ix/mMonb. Bropoii 4ieH anmpokcuManuy onpeaesseT
3HAYCHHE MPEIIKCIOHEHIIMATBHOrO (hakTopa. J{yisi FOMOreHHOro mporecca ol paseH 2,06 - 107 mun .

B cooTBeTcTBUM € 3TUMH BETUYMHAMU APPEHUYCOBCKOE BBIPA)KEHUE JJI KOHCTAHThI CKOPOCTH
Pa3JIOKEHUS TUPOTUTHYESCKON CMOJIBI 3aMTUIIETCS B BUJIE:

IIp¥ FOMOTEHHOM TIpoLecce pasiokenus: k = 2,06 - 10> - exp(— 44100/7);

B IpUCYTCTBHH 06pasia 1: k= 5,06 - 10" - exp(— 32400/7);

B IPUCYTCTBUH 06pasia 2: k=273 - 10° - exp(— 55400/T);

B PHCYTCTBHH 00pasua 3: k = 4,22 - 10% - exp(— 44 500/T).

W3 npuBeneHHBIX ypaBHEHHH BHUJIHO, YTO DHEPTHs aKTHBAIIUU TEPMOKATATUTHYECKOTO pasioikKe-
HUSI TUPOITU3HONW CMOJIBI B TIpHCYTCTBUM oOpasma 1 wa 11,7 xJ[k/MOiIh HUXKE, YeM pPHU TOMOTEHHOM
PasNoKEHUH CMOJIBI, YTO yKa3bIBaeT HA KaTalMTHUYECKHE CBOICTBa o0Opa3ma. Takxke KaTaTUTHUECKUE
CBOICTBA TaHHOT'O 00pa3Ia MOATBEPIKAAI0TCS TeM, UTO KOHCTAaHTa CKOPOCTH PA3JIOKEHUST CMOJIBI B €r0
MPUCYTCTBUH B CPEHEM B 2,5 pa3a 0oJibliie, 4YeM MPH TOMOI'€HHOM Tpoiiecce (cM. TalJ1. 5), U 3JIeMEeHT-
HBIH cocTaB 00pasua nocyie oTpaboTKH MPaKTUYECKH He MeHsieTcs (cM. Tadi. 1 u 2).

[lo narsaBIM TabM. 5 KOHCTAHTa CKOPOCTH PA3JIOKEHHS CMOJIBI B MPHCYTCTBHH 0Opasia 2 mpumMep-
HO B 1,3 pasa mpeBbIlIaeT KOHCTAHTY CKOPOCTH TOMOTEHHOTO MpoIiecca, YTO MOTJIO Obl yKa3bIBaTh Ha
KaTaJINTHYECKHe CBOMCTBA 3TOT0 oOpasma. OgHAKO SHEPrusi aKTHBAIIUU Pa3NIOKEHUS CMOIBI B IPH-
cytcrBun obpasna 2 Ha 11,3 k/[>k/Monb BbINIE, YeM B cllydae TOMOTEHHOro mpomecca. JlanHbiil dakrt
yKa3bIBAaeT HA OTCYTCTBHE KaTAJIUTHUYECKUX CBOMCTB y 00Opa3ua 2. YBenndeHne KOHCTAHThl CKOPOCTH
MOJKET OBITh OOBSICHEHO BOSHUKHOBEHHEM arIOMEpaTOB MOPOIIKA, B TIOPaX KOTOPBIX HAXOAUTCS CMOJIa,
B CBA3M C YEM B IPOIIECCE TEPMOJIM3A YBEINUNBACTCS NMOBEPXHOCTh PEAKIIMM, YTO IMOBBIIIAET 3HAYE-
HHE TIPEPKCIIOHEHTH B BEIPAKEHWN KOHCTAHTHI CKOpocTH. OO 3TOM CBHIETENHCTBYET TO, YTO 0Opa-
3erl 1 mocie oTpabOTKHU MpeACcTaBIIsieT cOO0M MEIKOIUCIIEPCHBIM MaTepHall, B TO BPeMs Kak 00pasiibl
2 1 3 — CKOIJICHUE arjloMepaToB.

CornacHO yCTaHOBJIEHHBIM JaHHBIM, SHEPTUS aKTUBAIMH Pa3JI0KEHUSI TUPOITUZHONW CMOIIBI B MTPH-
CYTCTBUHU 00pa3ua 3 mpakTHYECKH HE OTIUYAETCS OT SHEPrUH aKTHBAIIMH TOMOTCHHOI0 MTporecca pas-
noxenns (Hmwke Ha 0,4 x/[x/Momp). OMHAKO KOHCTaHTa CKOPOCTH PA3IIOKEHUS ITUPOTHUTHIECKON CMOJIBI
B IIPUCYTCTBUU oOpasiia 3 oka3bIBaeTCs MPUMEPHO B 2 pa3a BhIIIE, HEXEIW KOHCTaHTa CKOPOCTH TO-
MOT'CHHOTO Iporecca. ITO pa3inyue TAKKe MOKHO OOBSICHUTH (JOPMHUPOBAHHEM ariioMepaToB, B pe-
3yJbTaTe YEero IMOBBIIMIAETCS TJIOMaJAh MOBEPXHOCTH, HA KOTOPOH MPOUCXOAUT Pa3JIOKEHHE MHPOIHU-
THYECKOW cMOJbl. Tak)ke B OTHOIIEHWH oOpasua 3 cieqyeT OTMETUTh 3HAUHTEIbHOE M3MEHEHUE ero
AJIEMEHTHOTO COCTaBa B IMPOIECCe Pa3I0KEHUsI CMOJBI B €ro MPUCYTCTBUU (cM. Tabn. 1 u 2). JlaHHOE
00CTOSTENHCTBO CYIIECTBEHHO YCIIOKHSET BBISBIIEHUE KaTATUTHIECKUX CBOMCTB TaHHOTO 00pasia.

3akmroueHue. B pesynbrare sKCIIEpUMEHTAIBHOTO UCCIIEJOBAHUS TEPMUYIECKOTO Pa3I0KEHUS THPO-
JTUTHYECKON CMOJTBI, BEITIOTHEHHOTO B H30TEPMHUICCKUX YCIOBUAX ITpHu TeMiiepatypax 300, 350 u 400 °C,
YCTaHOBJIEHO, YTO KHHETHUKY 3TOT0 Ipoliecca MOKHO OMHUCATh ¢ MOMOIIbIO ypaBHeHUsT ABpaMu—Epo-
(heeBa c mepeMeHHBIM MTOKa3aTelleM /1. AHAIIN3 MOTYyYSHHBIX JaHHBIX TI0Ka3all, 4TO 0071acTh U3MEHEHU S
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9TOro mokasarteins BkiouaeT Benuuunsl ot 0,415 1o 1,238, CpenHee 3HaUeHHUE MMOKA3aTENs /1, pacCcuu-
TaHHOE 110 BCEM BapHaHTaM UccliefoBanus, coctaBuio 0,694 (95 % AU ot 0,605 no 0,783), a MenmuanHOE
3nayenne — 0,639. Kak u3BectHo, ypaBHeHne ABpamu—EpodeeBa onmuchiBaeT KUHETHKY TEPMUYECKOTO
pa3lIoKeHUsT BEIIECTBA B KOHJICHCHPYEMOM COCTOSIHHH, OIPEACISEMYIO TPOIECCOM 3apojblieoopa-
30BaHMS. JTO MO3BOIISIET MPEAOIOKHUTh, YTO B CIIydae TEPMHYECKOTO PA3IIOKEHHS MHPOITUTHIECKON
cmonbl B uHTepBasie temmneparyp 300—400 °C manbiif mporiece SIBASETCS TUMUTHPYIOMIECH cTagucit
CyMMapHOT0 Iporiecca.

OO0HapyKeHO, 9TO CKOPOCTH Pa3JI0KEHHS TUPOTUTHIECKON CMOJIBI BO3PACTAET B CIydae BHECEHUS
B PEAKIIMOHHYIO 30HY YaCTHI] HUKEIIHCOACPKAMNX COeAUHEHNH cucTeMbl Ni—Fe—Mo. OgHako TOIBKO
B OTHOIIICHUHU 00pa3iia 1 MOXXHO ¢ OOJIBIION YBEPEHHOCTBIO YTBEPKIATh, YTO 3TO PE3yJIbTAT KaTalu-
TUYECKOTO BIIMSHUSI HUKEJICBOIO KaTan3aTopa, Tak KaKk B PUCYTCTBUHU JJAHHOT'O 00pas3iia CHIKACTCS
SHEPrusl aKTUBAIIMU PEAKIIMU TEPMUYECCKOTO Pa3JIOKEHUS CMOJIBI, a TAKXKe JaHHBIA 00pa3el] MmpaKkTH-
YECKHU He MpEeTepreBaeT XUMUUECKUX ITPEBPAIICHHH (B OTIIMYHE OT 00pa3ioB 2 u 3).

Cremyer yka3aTh Ha TO, YTO BCE IMOJIYUYCHHBIC B HACTOSIICH paboTe pe3yJbTaThl UMEIOT OIpesie-
JICHHOE OrpaHUYeHHe, 00YCIOBICHHOE CAMUM METOJIOM 3KCIIEPHUMEHTAJIBHOTO UCCIIEIOBAHUSI, KOTOPOE
OBIJIO BBITIOTHEHO IS CMECH MHPOIHTHYECKON CMOIBI ¢ M3y4aeMbIMU BeIIeCTBaMH. TaKoi Mmomxosn
ObLJT OOYCJIOBJICH HECKOJIBKUMU IPUYMHAMH. BO-1epBBIX, HEOOXOIMMOCTBIO OTBICKAHHUS JOCTYITHBIX
Y JICTIIEBBIX MaTEPHAJIOB, KOTOPBIE OKA3bIBAJIN ObI MOJIOKUTEIHHOE BIMSHUAE HA MTPOLIECC TEPMUUYECKOTO
Pa3IOKCHUS THPOIUTUICCKON CMOJTBI, C IIEIBI0 00JIee NIeTATHPHOTO U3YUCHUS ITHX MAaTePUAJIOB B aJTb-
HeleM. Bo-BTOPBIX, BOBMOKHOCTSIMU UMEFOIIEHCS SKCIIEPUMEHTAJIbHOM 0a3bl, MO3BOJIMBIICH MTPOBEC-
TH WCCJEOBAHHE B M30TEPMHUYECKHUX YCIOBHSIX TOJBKO JUIS MHPOJUTHIESCKON CMOJBI, HAXOAAIIEHCS
B )KUJIKOM COCTOSTHUM.

OTMe4eHHbIE 0COOCHHOCTH PabOThI HE TIO3BOJIWIM HAWTH OTBET HA PsiJi OYE€Hb BaXKHBIX BOIIPOCOB.
B gacTHOCTH, KaKkoBa 00IACTh MPOTEKAHUS MPOIECCA PAIIOKECHHS THPOTUTHUCCKON CMOJIBI B YCIIOBH-
SIX BBITIOJIHEHHBIX 3KCIIEPUMEHTOB. HEesICHO, TPOTEKAaeT JIM 3TO Pa3JIOKEHUE B )KUAKOW (pa3e WM B ra-
30BO; KaKYIO POJIb UTPAET KUCIOPO, IIPUCYTCTBYIOMINI B PEAKIIMOHHON 30HE; KaK MEHSIETCS BKJIa]I
OTACIBHBIX KOMIIOHCHTOB B CyMMAapHOE pa3JI0KCHUE MUPOJIUTUUYECKOU CMOJIBI ¢ M3MECHCHUEM TEM-
nepaTypbl. JJist TOro 4ToObl OTBETUTH HA 3TH BOIPOCHI, HEOOXOAMMO ITPOBECTH JAEeTaIbHOE MUCCIE0-
BaHNE TEPMHUYECKOTO Pa3J0KEHNE OTAEITHHBIX KOMIIOHEHTOB MUPOIUTHYECKON CMOJBI, MEXaHU3MBI
Pa3IoKEHUsI KOTOPBIX B HACTOAIICE BPEMS U3yUCHBI HETOCTATOUYHO, B MPUCYTCTBUHU PA3JIMUYHBIX KaTa-
JIN3aTOPOB.

JanHoe 00CTOATENBCTBO U SIBISIETCS CAMON CEphe3HON MPUYHHOM TOTO, YTO PE3yNbTaThl, yCTAHOB-
JICHHBIE B HACTOAIIEH paboTe, MMEIOT OrpPaHUYCHHOE 3HAYCHHE U, CKOpPEe, YKa3bIBalOT HA BO3MOXKHEIC
MaTepHalIbl, UCTIOJIH30BAHNE KOTOPBIX MO3BOJMIIO OBl PEITUTH MPOOJIEMBbI, CBA3aHHBIE C TEPMOKATATH-
TUYECKUM Pa3JIOKECHUEM MMHUPOJIUTHYUSCKOM CMOJIbI C 3aTpaTaMu, OOOCHOBAaHHBIMH IPU MPOBEIACHHUH
Tpolecca TePMOXUMHUYECKONH KOHBEPCHU OMOMACCHl H OTXOJI0B OMOIOTHUECKOTO IMTPOUCXOXK ICHHU .
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AnHotanus. Pazpaborana monupukanus monu(d3TUIeHTepePTaTaTHBIX) TpeKoBbIX MeMOpaH ([I19T® TM) nis yBenn-
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Introduction. According to UNESCO data the pollution of wastewater with oil products is the ten
numbers of dangerous. The separation of water-in-oil emulsions is also important in particular for pre-
vention the corrosion of pipelines and changes of crude oil viscosity [1]. The wettability of membranes
is a key property that determines the separation of an oil/water emulsion. The membrane performances
in contact with liquid depend on surface energy, pore size, pore density and roughness [2]. Track-etched
membranes (TMs) have a record narrow pore size distribution. Modification of their surface in order
to regulate wettability can improve properties of separation water/oil emulsions or gases [3]. The most
of the above polymers, membranes have oleophilic properties [4], but the actual problem is their modifi-
cation in order to form surfaces with controlled wettability. Regulation of the membrane surface wetta-
bility is achieved both by physical methods, by modifying the surface layer, and by chemical methods,
at the stage of obtaining membranes [5]. The modification of TMs surfaces allows formation of hydro-
phobic properties and significantly expands the area of their possible application due to a significant
change in the surface characteristics of membranes, hydrophilic properties and the possibility of chang-
ing the pore size under the influence of external conditions.

Superhydrophobic-superoleophilic membranes allow oil droplets from an oil/water emulsion to wet
the membrane surface and pass through the pores without passing water. However, the surfaces of mem-
branes intended for the separation of water/oil emulsions are easily polluted and the pores are clogged
with oils, since it is not yet possible to achieve the limiting requirements for oleophilic properties. Oil
contaminants due to the high viscosity are difficult to remove and affect the separation performance
of the membranes when they are reused. Currently, to clean water sources from accidental oil spills, mem-
branes are used that separate oil pollution in the aqueous phase (membranes operating under water) [6].
The use of materials with low surface energy and hierarchical micro/nanostructure can contribute to the
formation of superhydrophobic surfaces [7-9]. In addition, it is possible to change the properties of the
medium (pH, temperature, exposure to light, the influence of electric and magnetic fields) to expand the
spectrum of separable impurities [8]. Janus membranes are an emerging class of materials with opposite
properties at the interface. Most of them are asymmetric in terms of wettability: one side has superhy-
drophilic properties (to protect against oil fouling), while the other side has superhydrophobic properties
(self-cleaning) [10]. Polymeric materials (for example, polyacrylonitrile, polyvinylidene fluoride, poly-
ethersulfone, polyvinyl alcohol, polyvinyl chloride, polyethylene, polypropylene, polyamide, chitosan,
etc.) [2, 10, 11] are of the most interest in the field of filtration and separation membranes due to their
mechanical strength, chemical stability and elasticity.
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Existing methods used to fabricate PTFE membranes and PTFE-modified materials are either lim-
ited by complex manufacturing equipment or relatively expensive, and are also not applicable to mod-
ifying substrates. To solve these problems, Asadi et al. [12] used the Layer-by-Layer method: this is an
inexpensive method that allows the formation of multifunctional coatings of controlled thickness at the
nanoscale on almost any substrate.

Another method for the production of superhydrophobic-superoleophilic or superoleophobic-supe-
rhydrophilic porous materials for separation of oil and water emulsions is the laser ablation method,
which forms micro-/nano-sized structures with a certain roughness and increases the contact angle
to 155.5° + 1.5° without chemical modification [13].

One of the widely used methods for the formation of hydrophobic and superhydrophobic nanoscale
coatings on the surface of a porous substrate is the method of electron beam dispersion of polymers
in vacuum [14].

For water filtration PETF TMs membranes are often used. The resistance to oil population is an im-
portant criterion for membranes used for oil/water emulsion separation, since oil can easily accumulate
on the top surface of the membranes, resulting in a significant reduction in flow.

In addition, there is a limited number of studies in the literature devoted to establishing a relation-
ship between the membrane morphology and physicochemical phenomena occurring on the membrane
surface [15]. A correlation was established between membrane surface roughness factors, pore diam-
eters, and membranes with high surface porosity, low microroughness, relatively high tortuosity and
a small radius of pore curvature in depth, wide and relatively dense and evenly distributed density sur-
face features, “defects” (understood as fibers, knots or even pores) are most preferred in the formation
of hydrophilic/oleophobic membranes [16, 17].

In this article, we present the results of PETF TMs hydrophobization by octadecyltrichlorosilane via
simple spin coating method. Prepared hydrophobic PETF TMs were tested in separation of chloroform—
water and hexadecane—water emulsions.

Materials and Methods. In the work, polyethylene terephthalate track-etched membranes (PETF TMs)
were obtained by the Astana branch of the Institute of Nuclear Physics of the Ministry of Energy of the
Republic of Kazakhstan. To obtain membranes, a PETF film of the trademark Hostaphan® RNK-12 was
used, which was irradiated with *Kr'"*" ions with an energy of 1.75 MeV/nucleon at a DC-60 heavy ion ac-
celerator; the irradiation density was 1 - 10% cm™. After chemical etching in 2.2 M NaOH at 85 °C [18],
membranes with pore diameters 200 (PET-200) and 350 nm (PET-350) were obtained.

Preparation of the coating. OTS coating (Sigma-Aldrich, 98 % purity) was formed on PETF TMs
(square of the sample is of 4.9 cm?) and silicon monocrystalline substrates (size of the sample is of 2.5 to
2.5 cm) from solution of OTS in hexane (Sigma-Aldrich, > 97.0 % purity) with a concentration of | mM
by spin-coating method. All reagents were used without additional purification.

OTS solution of volume of 1 ml was applied on substrates during 10 minutes they were centrifuged
at a speed of 3000 rpm for 2 min. Then OTS-modified substrates were sequentially washed with hexane
and isopropyl alcohol for 1 min to remove excess OTS inside the pores.

Silicon monocrystalline substrates (111) were previously hydrophilized in water solution of hydrogen
peroxide and ammonium solution during 10 min at 80 °C. The volume ratio of mixture NH; (26.9 % wa-
ter solution) : H,0, (30.8 % water solution) : distilled water is of 1 : 1 : 5 respectively.

In these experiments all reagents were used without additional purification.

Study of the surface structure and mechanical properties of PETF TM. The structure of the mem-
brane surface was studied using an atomic force microscope (NT-206, ALC “Microtestmashiny”,
Belarus) using standard FMG 01 SS silicon cantilevers (TipsNano, Estonia) with average rigidity
of 3 N/m (accordingly passport data) and a curvature radius of no more than 10 nm. Changes in the pore
diameter of PETF membranes before and after modification were estimated from the surface topography
by constructing a surface profile along the image scanning line. The average value was calculated for
15 randomly selected pores.

The structure was studied by SEM using a JEOL JSM-7500F high resolution electron microscope
(Jeol, Germany) with a cold (field emission) cathode. Before the study, the samples were sputtered with
gold 15-20 nm thick on a JFC-1600 magnetron.
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Surface wettability analysis. The contact angles were measured using a DSA 100E (KRUSS, Ger-
many) by the sessile drop method. Distilled water and diiodomethane (Sigma-Aldrich, 99 % pure) were
used as test liquids. Based on the CA values, the free surface energy was calculated according the
OWRK method, according to which the energy of the surface layer of a solid includes two components:
dispersive and polar.

Filtration characteristics. The pore size (r, m) was measured by the gas permeability method at
a vacuum difference of 20 kPa [18]. The effective pore sizes of the membranes were estimated by gas
permeability using equation:

3 Q-3

= > ,
T Ap-dn
R-T-M
Q — air permeability, m*/(c - m?); / — film thickness, m; Ap — applied vacuum, Pa; R — universal gas con-
stant, J/(mol - K); M — molar mass of air, g/mol; n — irradiation density, Jm?; T— temperature, K.

53um x 5 2um x 21 2 [200 x 198] 5 3um x 5 2um x 254 200l (200 x 199)
. = b2t
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Figure 1. AFM (a—f) and SEM (g, h) images of the morphology of PETF TMs (a, d) and modified with OTS (b, ¢, e, f, g, h).
PETF TMs with pore diameters 200 nm (a—c, g) and 350 nm (d—, &), AFM Topography (a, b, d, ¢) and Torsion (c, f) regimes
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Membrane specific performance (J) for water, chloroform, o-xylene and hexadecane were deter-
mined by solvent filtration at an overpressure created using an LVS 210 T vacuum pump operating
vacuum of 700-900 mbar. An emulsion of chloroform (Merck, > 99.9 % purity) — distilled water was
prepared in a volume ratio of 9 : 1, n-hexadecane (Merck) — water in a ratio of 100 to 1. Mixing was
carried out using IKA T 18 digital ULTRA-TURRAX dispersant for 3—4 min. The emulsion is a cloudy
stable liquid for 2 h. Immediately after dispersion, the emulsion was passed through the membranes.
The performance measurement was determined under vacuum from 900 to 700 mbar. After filtration,
the refractive index of the solvent was evaluated on refractometer (Isolab GmbH).

Results and Discussion. According to AFM analyze, the differences in the structure of the modified
membranes with OTS were established (Figure 1).

In the case of modifying the surface of OTS membranes, the pore diameter for PETF-200 mem-
branes does not change, for PETF-350 — it decreases by 1.5-2 times. The arithmetic mean roughness, R,
decreased by 2 and 1.5 times for PETF-200 and for PETF-350, consequently (Table 1), the root mean-
square roughness values change more significantly: R decreased by 3.6 and 1.8 times for PETF-200 and
for PETF-350, consequently.

Table 1. The values of roughness of the modified TM surfaces

Roughness, PETF-200 PETF-350
nm initial oTS initial oTS
R, 7.5 3.1 6.2 43
R, 14.2 39 114 6.8

Gas permeability results and changes of pore size also confirm formation of OTS coating on PETF
TMs surfaces (Table 2). Based on this, it can be concluded that the main contribution to the formation
of the hydrophobic properties of the surface is made by the nature of modifier layer on PETF TM surface.

Table 2. Gas permeability results

Sample Average effective pore diameter Diameter of the largest pore,
by gas permeability, nm nm
PETF-200 201 +9 695 + 63
PETF-350 354+13 821 £ 73
PETF-200/0TS 127+ 10 737+15
PETF-350/0TS 286 = 10 900 £ 50

The changes of the above parameters after modification indicated the formation of a uniform coat-
ing, as well as enveloping the membrane pore boundaries with a layer of modifier. The results of hydro-
philic properties are presented in Table 3.

Table 3. Contact angle (CA), specific surface energy (w)
and polar component of surface energy (y*) for hydrophobized membranes

Sample Water CA w, mJ/m? ¥*, mJ/m?
PETF-200 (350) 51.0° 63.2 15.86
PETF-200/0TS 99.0° 45.9 0.02
PETF-350/0TS 100.0° 45.1 0.10

Accordingly, the OTS formed more hydrophobic layer on silicon substrate. The diiodomethane CA
for PETF TM modified with OTS changed from 49° to 9° within 1 min, which was due to the passage
of a liquid drop through the membrane pores. The low values (y”) of the polar component of the specific
surface energy for the PETF-200/OTS samples should be noted, which indicates an increase in the oleo-
philicity of the surface.
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Figure 2. The performance values (J) for water, o-xylene and chloroform and n-hexadecane of initial and modified PETF TMs
with OTS at operating vacuum 900 mbar; diameters of pores: @ — 200 nm, b —350 nm
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Figure 3. Results of filtration performance of chloroform and hexadecane emulsions in water with PETF-200/OTS (a)
and PETF-350/0TS (b) membranes at difference operating vacuum

PETF TMs performance results. For PETF TMs with a pore diameter of 350 nm the performance
values (J) for water, o-xylene and chloroform and n-hexadecane are significantly higher (Figure 2, b)
compared to membranes with a pore diameter of 200 nm (Figure 2, a), which is due to the larger pore
diameters. For hexadecane, the J values for PETF-200 are close to zero.

It should be noted that a change in vacuum to 800 mbar makes it possible to increase the perfor-
mance for water of PETF-200 membranes from 0 to 7.9 1/(m? - h).

The performance of n-hexadecane (n-hexadecane is a non-polar liquid, the surface tension of which
is less than that of most technical oils) for the original membranes is close to zero. The modified mem-
branes filter this solvent, the values J of the membranes modified with OTS are found in the range from
38.2 to 51.5 1/m? - h) at a vacuum of 900 to 600 mbar, respectively. These coatings are promising for the
separation of water-oil emulsions.

Chloroform emulsions were used as test solutions and hexadecane in water at volume ratios of 9 and
100 to 1 (Figure 3), respectively. For the original unmodified membrane with a pore diameter of 350 nm
(by gas permeability) separation of the emulsion is established, but after the chloroform is filtered out,
water also seeps through the pores. Performance is of 716.4 1/(m” - h).

An increase in filtration flow with increasing operating vacuum has been established. At a vacu-
um of 700 mbar, the specific filtration performance of chloroform: water emulsions were 51.5 and
932.0 I/(m” - h), hexadecane: water was 46.1 and 203.4 1/(m? - h) for PETF-200/OTS and PETF-350/0TS,
respectively. The degree of purification of emulsions by modified membranes according to the refractive
index is of 100 %. It has been established that for PET-350 membranes, the performance values do not
change for five filtration cycles, for PETF-200 — for one cycle.

Conclusions. In this study, we have shown simple and technologically convenient method of
PETF TMs hydrophobization with octadecyltrichlorosilane. Thus, the application of spin-coating meth-
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od for modifying the surface of polymeric membranes, the complex of studies of surface characteriza-
tion and the study of their separation selectivity and productivity made it possible to develop new mem-
branes with improved performance properties for the separation of water-in-oil emulsions.
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TAKING INTO ACCOUNT A PRIORI INFORMATION IN THE ITERATIVE
RECONSTRUCTION OF IMAGES OF FOUNDRY PRODUCTS

Abstract. Methods of restoring images and properties of non-destructive testing objects based on solving inverse
problems (problems of restoring distribution functions of unknown characteristics of an object based on the results of indirect
measurements) are considered. Management methods are based on solving inverse problems and allow you to get the most
complete information about the distributed properties of an object. The need to attract additional information imposes serious
restrictions on the development of universal applied algorithms for solving incorrectly set tasks. As a rule, individual
additional information is available for each specific non-destructive testing task. An effective numerical algorithm for solving
an incorrectly posed problem should be focused on taking this information into account at each stage of the solution search.
When solving an applied problem, it is also necessary that the algorithm corresponds to both the measuring capabilities and
the capabilities of available computing tools. The problem of low-projection X-ray tomography is always associated with
a lack of initial data and can only be solved using a priori information. To introduce the necessary additional information into
the numerical algorithm, the methods of iterative reconstruction of tomographic images are identified as the most suitable.
One of the approaches to the presentation of this kind of information is described. A practical solution to this problem will
expand the scope of the X-ray tomography method.
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YUYET AITPHOPHOM WH®OPMAIMH ITPU HTEPAIITMOHHOM PEKOHCTPYKIIMU U30BPAKEHUM
JIUTEMHBIX U31EJTUNA

AHHOTanus. PaccMaTpnBaloTCst METOABI BOCCTAHOBICHHS H300paKeHUH 1 CBOHCTB 0OBEKTOB HEPa3pyIIAIONMIEro KOH-
TPOJIsi, OCHOBAHHBIE Ha PEIICHUH 0OPATHBIX 3a/a4 (3a7a4 BOCCTAHOBIECHNS (PyHKIUI pacTpeieleHN s HEU3BECTHBIX XapaKTe-
PHUCTHK O0OBEKTa MO pe3yJIbTaTaM KOCBEHHBIX M3MEpeHMI). MeToabl yrnpaBiIeHHsl OCHOBAaHbI Ha PEIIEHMH O00OpaTHBIX 3ajad
U [I03BOJISIOT MOJyYUTh HanboJee MoJHy0 HHYOPMALIUIO O PacIpe/ieNIeHHbIX CBOMcTBax oObekTa. HeobxoauMocTh npuBie-
YEeHUs TOTOJHUTEIbHOW MH(POPMAIMK HAKJIAJbIBAET CEpPhEe3HbIE OTPAHNYEHUS HAa Pa3paboTKy YHUBEPCAIBHBIX ITPHKIAJ-
HBIX aJTOPUTMOB PEIICHHS] HEKOPPEKTHO MOCTABICHHBIX 3ajad. s KakJol KOHKPETHOH 3a1adn Hepa3pyIlaromero KoH-
TPOJIS, KaK IIPaBHJIO, IMECTCS WHAMBHyallbHAs JOIOJIHUTENbHAst HHpopMarus. D(deKTHBHBIN YNCICHHBIH aIrOpUTM pe-
IIEHHUS] HEKOPPEKTHO MOCTABJICHHOH 3a/auu JIOJDKEH OBITh OPUEHTHPOBAH Ha y4YeT 3TOH MH(GOPMALUU Ha Ka)XKIOM JTame
noucka pemienus. [Ipu pemennn npukiIagHoi 3aaun Takyke HEOOXOANMO, YTOOB! aJITOPUTM COOTBETCTBOBAJ KaK M3MEpPH-
TEIBHBIM BO3MOXKHOCTSIM, TaK M BO3MOKHOCTSIM JIOCTYTHBIX BBIYHCITHTEIBHEIX cpeAcTB. [Ipobiema HM3KOMPOEKIIMOHHOM
PEHTI'eHOBCKON TOMOrpaduu Beera CBsi3aHa ¢ HEIOCTATKOM MCXOIHBIX JaHHBIX M MOXKET OBITH PEIIeHA TOJIBKO C UCIIOIb30-
BaHUEM anpuopHod uHdopmanuu. st BBeIeHUsT HEOOXOAMMOM JOMOIHUTEIFHOH MHPOPMALMK B YUCICHHBIH aJrOPUTM
B KayecTBe Haubouiee MOAXOAIINX ONPEEICHbl METO/bl UTEPATUBHON PEKOHCTPYKLUN TOMOI'PapUIECKUX N300paKeHUH.
OmnmucaH OOWH U3 MOAXOAOB K MPEACTABICHHUIO TAKOTO poja nHdpopmanuu. [IpakTudyeckoe pemenne yka3aHHOH MPOOIEMBI
pacIupuT 00JIaCTh MPUMEHCHHS METO/Ia PEHTT€HOBCKOH TOMOT paHH.
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Introduction. Recently, a number of new directions have emerged in the field of iterative image re-
construction, for example. in [1], the method of iterative reconstruction is considered, which uses graph-
ics processors to speed up calculations. At the bottom, a method based on model iterative reconstruction
(Model-Based Iterative Reconstruction) is also used, including all influencing factors: the geometric
scheme of data collection, taking into account different types of a priori information about the object,
regularization of the reconstruction process using total variation. All the improvements proposed by the
authors are intended for breast image reconstruction, but can also be applied to industrial tomography.
The aim of this paper [2] was to propose a new T V-based optimization framework for the reconstruction
of DBT images. The framework, described in a rigorous numerical setting, includes both constrained
and unconstrained models, thus it is a flexible tool easily enabling the use of different data-fitting or reg-
ularization terms as well as the addition of further box constraints, to reconstruct reliable volumes from
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subsampled noisy data. They are also interested in finding an automatic strategy to set the regularization
parameter, which strongly affects the quality of the reconstructions, in order to avoid its manually tuning
(which is infeasible in a clinical setting). Recently [3], an extended family of power-divergence measures
with two parameters was proposed together with an iterative reconstruction algorithm based on mini-
mization of the divergence measure as an objective function of the reconstructed images for computed
tomography. Numerical experiments on the reconstruction algorithm illustrated that it has advantages
over conventional iterative methods from noisy measured projections by setting appropriate values of
the parameters. In this paper, they present a novel neural network architecture for determining the most
appropriate parameters depending on the noise level of the projections and the shape of the target im-
age. Through experiments, they show that the algorithm of the architecture, which has an optimization
sub-network with multiplicative connections rather than additive ones, works well.

Let’s take into account that, among the methods of non-destructive testing, a special place is occu-
pied by the method of X-ray tomography. The advantage of this method is that its information content
about each elementary volume of the object under study is many times higher than in other known
methods. High efficiency of X-ray tomography method was first demonstrated on examples of its use
in medicine and biology.

Technical implementation and scope of the X-ray tomography method are rigidly connected with the
mathematical apparatus, which is used to reconstruct the spatial distribution of the coefficient of linear
attenuation of X-ray radiation from X-ray projections, and the capabilities of computer technology. The
first X-ray tomographs were based on a two-dimensional inverse Radon transformation, which showed
that the distribution of the linear attenuation coefficient p(x, y) in an infinitely thin layer of an object
is determined by the totality of all linear integrals [4]:

1 2T 9
, V) =——=1lim |— | — cosO+ ysin0+¢g,0)d0dg, 1
u(x, ) 2n2H0£q(I)alp(x y q,0)dbdq @)

where p(/, 0) is the integral of the function p(x, y) along the line, which is at a distance / from the origin,
and its perpendicular makes an angle 6 with the axis x.

Based on transformation (1), the principle of modern computed tomography is as follows. The object
under study is irradiated at various angles, the recorded results of measurements of the characteristics of
radiation passing through a thin layer of the object are converted into numerical codes. These codes are
entered into a computer, where the spatial distribution of the linear attenuation coefficient is determined
by numerical inverse Radon transformation, which is then visualized using appropriate devices [5, p. 12].
It should be noted that, on the one hand, the use of reverse Radon conversion is most effective when us-
ing narrowly collimated radiation sources (in this case, the nonlinear contribution of scattered photons
is small) and electronic radiation detectors (due to the large volume of measured data), on the other hand,
it requires a strictly defined viewing scheme of the object, requiring a significant number of angles (usu-
ally several hundred) for a satisfactory approximation of the function p(l, 8) when the detector—source
system moves relative to the object at an angle of 180 degrees or 360 degrees.

Further improvement of X-ray tomographs due to the development and use of the mathematical ap-
paratus of three-dimensional generalizations of the Radon transformation [6, 7] allowed the use of a con-
ical radiation source and a two-dimensional matrix detector, which significantly increased the speed of
information collection for three-dimensional reconstruction. But practical applications have been found
by tomographs that use some approximate three-dimensional transformations.

Iterative Algebraic Methods for Reconstructing Images of Objects. Small amount of projection
data, which is typical for industrial low-projection tomography systems, makes it necessary to develop
reconstruction algorithms that allow the use of additional a priori information about the reconstructed
object and are easily adaptable to various non-traditional scanning schemes. The choice of a specific
reconstruction algorithm is determined, first of all, by the features of the tomography system, more pre-
cisely, by the features of the projection data recorded in the system.

There are situations when, due to the features of the registration system, either the number of pro-
jections is very small, or they are not fully known, or obtained in a limited range of angles. Restoration
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problems with such a specification of projection data become strongly ill-posed and the uniqueness and
stability theorems are violated for them. Therefore, the direct application of analytical algorithms to
solve them does not give acceptable results, and it is necessary to develop other, more suitable algorithms.
In these cases, the most preferable methods are expansions into finite series of orthogonal functions.

Restoring images from their projections using methods of decomposition into finite series differs
fundamentally from the methods of integral transformations. The fact is that the methods of integral
transformations use operators acting on a set of functions that are given on the entire continuum of real
numbers. And only to implement the solution on computers and workstations, continuous operators are
replaced by discrete operators that act on functions defined on finite sets, but this is done at the very end
of the recovery algorithm execution procedure.

Decomposition methods into finite series imply image discretization prior to the start of the resto-
ration algorithm, which reduces the main restoration problem to solving systems of linear (or non-linear)
algebraic equations, i.e. to problems of computational linear algebra. It is known that the system of lin-
ear algebraic equations (SLAE) can be solved using both direct and iterative methods. For medium-sized
systems, direct methods are often the most preferable. Iterative methods are used mainly for problems
of very large dimensions, which, as a rule, are problems of computed tomography.

To apply finite series expansion algorithms to solving problems of reconstructive computed tomog-
raphy, it is first necessary to construct a complete discrete model of the restoration problem. To do this,
we choose a system of basis functions b,(x), j = 1,2,.., J and consider the discretized form f of the func-
tion f'with respect to this system:

f(x)= ifj by (x), 2)

where f; = const. Let R;, i = 1,2,.., I be a set of linear continuous functionals, each of which associates
the function f{x) with a real number Rf, which we denote by p,. Then, applying the operators R, —
to equality (2), taking into account their continuity and linearity, and denoting

a; = Rl:bj(x), 3)
we get the desired SLAE
Af=p, @
o
f2
where A = (a,) — projection matrix, f= " | is the image vector, p=(p, ,..., p;) — projection vector. Thus,
Ji

the solution of the main problem of restoring an image from a given set of projections p, reduces to
solving the SLAE of the form (4), while the vector p is known to be given with some error.

There are several different sources of noise for the vector p: 1) instead of the function f{(x), we con-
sider its approximate expression as a discretized function f (x); 2) the projection vector p is obtained
in practice from experimental or practical physical measurements, which are inevitably noisy; 3) when
calculating elements a;; of matrix A, we assume the idealization of natural rays, as will be discussed below.

Assume that the function f{(x) is given in the spatial domain V. Let’s divide the region } into some fi-
nite number of sub-regions, which we will call voxels. (Voxel is a 3D image element.) Let’s renumber all
voxels in some convenient way from / to N. We will assume that the restored function f{(x) takes a con-
stant value f; inside the j-th voxel, i.e. the function f(x) is replaced by its discretized expression:

f’(x) :fj, if (x) € j-th voxel;
0, otherwise.

©)



Becni Hanprsinanphait akagsmii HaByk benapyci. Cepbis disika-TaxHiuHbIX HaByK. 2023. T. 68, Ne3. C. 242-251
246 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 3, pp. 242-251

Let {b; (x)};’.:1 be a system of basis functions defined as follows:

b;(x)=1, if (x) e j-th voxel;
(0= (x) o

0, otherwise.

Let us assume that as linear functionals R choose the direct Radon transform along a set of some
lines L

Rf=[ f(x)ds
LS
Then
Rb;(x)= j bj (x)ds = a; (7)
LS

geometrically represents the length of the intersection of the i-th ray with the j-th voxel.

From the foregoing, the flexibility of the proposed algebraic approach to solving restoration prob-
lems is obvious. First, it should be noted the freedom of choice of basis functions, which is associated
with the choice of the partition grid of the domain D (in addition to the Cartesian square grid, one can
choose a polar grid in the two-dimensional case and, in general, a grid of arbitrary geometric config-
uration).

Moreover, the formulation of the problem does not depend on the geometry of the rays. In this case,
only the elements a; change, which, as a rule, are calculated in advance. It should also be noted that all
of the above can be transferred to the three-dimensional case.

Thus, the algebraic method for a fixed choice of continuous linear operators R; and basis functions
b; reduces the recovery problem to the solution of SLAE (4), i.e., it would seem, to a standard problem
of computational linear algebra. However, as applied to the problem of image reconstruction, this prob-
lem has a number of characteristic features: the dimension of the system is extremely large: as a rule,
the number of equations and unknowns is on the order of 10’-10'°; the projection matrix A = (a;) is very
sparse, since each ray intersects a very small number of pixels, so the overwhelming number of its
elements is zero (approximately only 1 % of the matrix A coefficients are non-zero). In this case,
the non-zero elements of the matrix A, as a rule, do not form any specific ordered structure in order
tobe able to apply any of the known methods for solving systems of linear algebraic equations with sparse
matrices; matrix A is a rectangular matrix m X n, as a rule, m < n (here m is the number of equations,
n is the number of unknowns). In the latter case, the system is underdetermined; the system of equa-
tions (4) is unstable with respect to the initial data, i.e. small changes in the vector p = (p, ,..., p,,) can

f1
f2

respond to arbitrarily large changes in the vector of unknowns f=

o

These characteristic features turn a seemingly simple problem of computational linear algebra into
a computational procedure that is very difficult to implement. In this case, for each specific problem, it is
necessary to select the appropriate reconstruction algorithm.

Classical Algorithm for Algebraic Reconstruction. Here we consider the solution of the problem
of reconstructive computational tomography using classical iterative algebraic restoration methods based
on expansion into finite orthogonal series [8]. For the case of specifying systems of basis functions in the
form of formulas (6), this leads to the need to solve the SLAE of the form
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Ax =p, @)
X1
X2
where A = (a;) — projection matrix, X = | — image vector, p = (p,,..., p,,) — projection vector. For the
Xn

first time, the application of an iterative algebraic algorithm for computed tomography was described
in 1970 in [9]. In this algorithm, an arbitrary value x'” is chosen as the initial approximation of the image
vector R", if the system is joint, the (k+1)-st iteration is obtained from the k-th iteration in some additive
way. In this case, only one ray, for example, the i-th ray, is considered sequentially in the enumeration
order, and only those components of the vector x* that correspond to the pixels intersected by this ray
are subject to change. The value of the discrepancy between the measured value p, and the approximate
value of the projection jal-jxg.k )obtained by substituting the A-th iteration x* is redistributed between
the pixels located along the i-th beam in proportion to their weights a,; in the beam. Thus, in one cycle
of the k-th iteration, the values of only those pixels that are along the given i-th ray are changed, and the
remaining values of the function remain unchanged. This algorithm is known in the literature as ART
and can be defined as follows:

1) Initial approximation x'” of R"is chosen arbitrarily;

2) (k+1)-st iteration is calculated by the formula

ED {0+ k(k)((pi —(ai,x(k)))/ |a’ ||2)ai, ©)

where a’ = (al.j);f:l is the i-th row of the matrix A, the relaxation parameters A% are a sequence of real
numbers, and i = i, = k(mod,,) + 1, i.e. rays move cyclically. This algorithm is characterized by efficient
use of memory, since the » — dimensional vector x* can be stored in the same block of RAM as the
vector x*, the need to store which disappears after the k-th iteration. Researchers have proven that it be-
longs to the class of iterative algorithms based on the method of projecting onto convex sets.

Image Reconstruction Algorithms with Using a Priori Information. As noted above, in practice
it is often necessary to solve the so-called restoration problems with an incomplete data set. This data set
is usually not enough to solve the recovery problem. However, for many of these problems, in particular
for the problems of studying physical processes, it happens that some additional information about the
original object being restored is known. This various a priori information can be effectively taken into
account in algebraic iterative algorithms. The use of this a priori additional information often provides
a significant improvement in the rate of convergence of iterative processes. In this subsection, various
combinations of iterative algebraic reconstruction algorithms considered in the previous sections are
considered, using the most important and available a priori information about the object being restored,
and the convergence properties of such algorithms are established.

Let us assume that the iterative algebraic algorithm for solving SLAE (4) is given in the form of the
following recurrent formula

X = ox ™) (10)

where QO : R" — R" is some operator. Additional information about the object in the general case can also
be specified using some operator S : R" — R" as

xD = 5y O (11)
then the general iterative process will be represented as a superposition of these two operators:

xD = 5ox®. (12)
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It should be noted that the convergence of sequence (10) to the solution of system (4) does not always
imply the convergence of sequence (12) and vice versa. The operators O and S must satisfy certain prop-
erties in order to guarantee this convergence. Suppose it is known a priori that the desired solution x
belongs to some subspace L < R". Then as the operator S we can take the operator of orthogonal pro-
jection P = P, onto the subspace L. For example, if the boundaries of the values of the desired solution
vector x are known a priori, i.e. it is known that the i-th component of x; is in the interval [o,, 3; ], then as
the set L the direct product of these intervals can be taken:

L= [CXI:B]]X [a29l32]x"' x [aan]'

In this case, the orthogonal projection operator P, is given in the form

a;, if  x<aq
P (x)=9x;, if o;<x; <P, ;. (13)
B, if X >B

As a priori knowledge about an object, the boundaries of its extent can also be known in advance,
i.e. known set S < R", outside of which the restored function is equal to 0. In this case, the projection
operator onto the subset S defined as
x, if xeS

0 — otherwise

We will apply the principle (13) described above of introducing a priori information into an iterative
process for the reconstruction of images of aluminum cases.

The first set of 32 X-ray projections (problem for low angle tomography) was provided by M. Simon
[10]. All these projections were obtained in the angular range of 180 degrees, that is, with one-sided
access to the reconstruction object. The number of projection views was several dozen, and all of them
were located in an incomplete angular range of less than 360 degrees.

Construction of the Initial Approximation for Calculating the Image of an Aluminum Case.
To reduce the number of voxels for which it is necessary to estimate the approximate value of the linear
attenuation coefficient, it is advisable to reduce their number, based on the principle of observability
of the reconstructed object in all projections.

Define the three-dimensional area of the estimated position of the object

N [ Pixel,
Volume=1j:Y n| —2= |=N¢, (15)
n=1 8]'}1
where 1(x) is the threshold function:
()= I, x>1;
= 0, x<1.

This means that the voxel j belongs to Volume if the values of its corresponding pixels Pixel,, , into
which it is projected, are greater than some minimum value on all projections.

According to (15) voxel j belongs to Volume if the values of the corresponding pixels exceed the
measurement error g, on all N projections.

Perspective images of the reconstructed object for a different number of iterations, when the entire
reconstruction area is taken as an initial approximation, as well as the volume of the area constructed in
accordance with rule (15), are given in [11].

Volume region is taken as the initial approximation. It is clear that in this case we take into account
a priori information about the spatial position of the reconstruction object. The role of subset S in rela-
tions (14) plays a subset of the reconstruction zone Volume. It can be seen that when using the second
method of choosing the initial approximation, we more accurately and efficiently restore the shape and
internal structure of the object (Figure 1).
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a b c

Figure 1. Perspective views of the aluminum case for 5 (@), 10 (b), and 30 (c) iterations. Initial guess: Volume area

Image Reconstruction with Using a Priori Information about the Boundaries of the Solution
Values. Since the attenuation coefficient of the aluminum body is uniform, we can use condition (13)
to improve the quality of the image reconstruction. By multiplying all projections by some constant co-
efficient, one can calibrate them so that the density of the reconstructed object becomes equal to one.
Yu. B. Denkevich in [12] to improve the fulfillment of conditions (13) for voxel values whose boundar-
ies belong to the segment 0 = <x; <=1,/ = l...N suggested simultaneously minimizing the functional
B(x) = (4.0*x*x ]-6.0*x + 2.0)). A numerical algorithm for solving our problem can be constructed using
the variational problem of minimizing the functional:

~ . 2

X=arg min {|dx—pl|]"+aB(x)}. (16)
where X is an approximate solution of the equation Ax= P, ||Ax — p||*is the discrepancy, B(x) is the stabi-
lizing functional, a is the regularization parameter.

Figure 2 shows an image of an aluminum block, which is obtained by solving the variational prob-
lem (16).

The second set of 2,000 X-ray projections was provided by I. Georgiev, Research Fellow at the
Institute of Information and Communication Technologies (IICT) of the Bulgarian Academy of Sciences.
They were obtained on an industrial tomograph XT H 225 from Nikon Metrology. The angular step be-
tween projections was 0.18 degrees. The pixel size is 0.127 mm. The resolution of the detector matrix

S

Figure 2. The image of an aluminum block, which is obtained by taking into account a priori information
by solving the variational problem (16). On the left, the central orthogonal sections of the object are shown
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is 1840 x 1446 pixels. Source-detector distance = 1009.603 mm, source-object distance = 579.452 mm.
Voltage = 225 kV, anode current = 0.95 microamperes

Figure 3 shows X-ray projections of an aluminum part for angles of 0 degrees, 45 degrees and 90 degrees.

First, a virtual space was built according to relations (15), shown in Figure 4.

Figure 5 shows a 3D perspective view of an aluminum part. The image reconstruction was carried
out by the iterative SART method using a GPU [5], which made it possible to carry out several high-di-
mensional reconstructions with areas of both 512 x 512 x 512 voxels and 1024 x 1024 x 1024 voxels.

-y

a b c

Figure 3. X-ray projections of the part for angles of 0 degrees (a), 45 degrees (b) and 90 degrees (¢)

T Ay st F1% T L 3 L

Figure 5. Image of a composite aluminum part made of two grades of aluminum. On the left, the central orthogonal sections
of the part are shown, where the different material densities of the part are clearly visible



Becui HaupisinanbHait akagamii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2023. T. 68, Ne3. C. 242-251
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 3, pp. 242-251 251

Results and Conclusions. The result of the conducted experimental studies is the confirmation
of the possibility of solving the problem low angle X-ray for a specific class of aluminum casting objects.
Development applied numerical solution algorithms tasks low angle X-ray tomography for this class
objects, will allow expand region applications method X-ray tomography for non-destructive control
products, containing such common defects, how pores, inclusions, bundles, cracks, shells and so on.
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I'YIMHbI PECITIYBJIUKHU BEJIAPYCH B KAYECTBE HHKEHEPHBIX BAPHLEPOB
IIPU 3AXOPOHEHUWU PAJIMOAKTUBHBIX OTXOA0B

AnHoTanus. OnpeneneHbl KPUTEPUH, HA COOTBETCTBHE KOTOPBIM MIPOBEJIEHA OLIEHKA CBOMCTB M XapaKTEPUCTHK IITHH
U3 IPOMBIIUICHHO 3KCIUTYaTUPYyeMbIX MecTopoxaeHuil Pecnybnuku Benapych ¢ menpro ompeneieHUs BO3MOXXHOCTH HUX
JAJIGHEHIIIEr0 UCIIOJIBb30BAHUS B COCTaBe MOJACTHJIAIONIETO SKpaHa ITyHKTa 3aXOPOHEHUS paJuoakTUBHBIX 0TX010B (I13PO)
Benopycckoit ADC. BeInoTHeHHBIH SKCTIepUMEHTAIBHEIH aHaIu3 00pa3noB MIHH 12 mectopoxaenuil Pecry6nukn benapycs
MOKa3aJl, 9YTO ONTHMAIBHBIMHU MOKA3aTENIMHU MO KadeCTBY JJIS HCIOIh30BAaHUS B cOCTaBe MH)keHepHOro Oaprepa I13PO
(moAcTHIAIOMINIA SKpaH) 00Iagar0T TIMHBI MecTOpokaeHuH «l oponHoe» bpectckoii o0mactu n «MapkoBckoe» ['omensekoit
obnacTi. YCTaHOBIICHO, YTO JAaHHbIE 00pa31bl TJIMH 001aJal0T BBICOKMMHU COPOLIMOHHBIMU CBOWCTBAMH B OTHOLICHUHU PAJHO-
nykanaoB *’Cs u *°Sr. 3Hauenus cTenenu copOUHN pagHOHYKIHA0OB ' Cs H St U3 BOXHOrO PACTBOPA IS EPEUHCICHHBIX
00pa3noB TIMH COCTABIISIIOT 0KOJIO 99 %, a 3HaYeHUs KodPQUIIHEHTa paclpene]IeHus] PaHOHYKINA0B (KOJTHIECTBEHHBIH
rokasarenb copbrun) — mopsika 10* 1/kr. C TedeHneM BpeMeHH hukcamms - CS Ha HCCIEIOBAHHBIX 06pasiax TIHH yBEIH-
YUBAETCS, TO €CTh B cOcTaBe moAcTmiatonero skpana [13PO nanubie rnuHbl OyAyT SBAATHCS ) QEeKTHBHBIM OapbepoM A
MPeO0TBPAILEHHS MUTPAIIMH PAJHOHYKIINOB B OKPYKAIOIIYIO CPEly B CIIydae pa3repMeTH3aluU YIaKOBOK C PaAHOAKTHB-
HBIMHU OTXO/IaMHU.
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CLAYS OF THE REPUBLIC OF BELARUS AS ENGINEERING BARRIERS
FOR DISPOSAL OF RADIOACTIVE WASTE

Abstract. The criteria for compliance with which the properties and characteristics of clays from industrially exploited
deposits of the Republic of Belarus were assessed in order to determine the possibility of their further use as part of the un-
derlying screen of the radioactive waste disposal facility (RWDF) of the Belarusian NPP are defined. The performed experi-
mental analysis of clay samples from 12 deposits of the Republic of Belarus showed that clays from the “Gorodnoye” deposits
of the Brest region and the “Markovskoye™ deposits of the Gomel region have optimal quality indicators for use as part of the
RWDF engineering barrier (underlying screen). It has been established that these clay samples have high sorption properties
for *’Cs and *Sr radionuclides. The values of the degree of sorption of '*’Cs and *Sr radionuclides from an aqueous solution
for the above clay samples are about 99 %, and the values of the quantitative indicator of sorption the coefficient of distribution
of radionuclides — are about 10* 1/kg. Over time, the fixation of *’Cs on the studied clay samples increases; as part of the un-
derlying RWDF screen, these clays will be an effective anti-migration barrier to prevent the migration of radionuclides into
the environment in the event of depressurization of radioactive waste packages.
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Beenenue. lcnonab3oBaHue INIMHUCTBIX MaTEPUAJIOB ISl HY X1 aTOMHOM OTpaci MPEACTaBiIsSeT
co0oii BecbMa IEPCIEKTUBHOE, HO II0KA HEIOCTATOYHO IMPOPa0OTaHHOE I0JI€ Hay4HO-IPAaKTUYECKOH
JIESITENIBHOCTH, KOTOPOE OPHEHTUPOBAHO, B YACTHOCTH, HA CO3/IaHHE HOBBIX TEXHOJIOTHI 1 MaTepHUaJIOB
Ha OCHOBE T H, 00eCTICYMBAIOIINX HAICKHYFO M3OJISIUIO paInoaKTUBHBIX 0TX0/0B (PAQ). 3HaunTenbHast
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POJIb IPU PELICHUH MPOOJIEM JOJITOCPOYHON H30ISIUH U 3aXxopoHeHus: PAO oTBOAMTCS MHKEHEPHBIM
Oapbepam OezonacHocTu (UBB), MaTepuanbl 1 KOHCTPYKIIMS KOTOPBIX JIOJKHBI 00J1a1aTh CBOHCTBAMH,
oOecrieunBaroInMu Oe3onacHble ycaoBus 3axopoHeHus: PAO Ha 10ATOCPOYHYIO MEPCIEKTUBY (COTHH
U THICSYM JIeT). B TeueHue 3Toro BpeMEHU MX CBOWCTBA M XapaKTEPUCTHKHU IOJKHBI ObITh HAIEKHO
MIpeACcKa3yeMbl U O aBaThCs orleHkKe [1].

Bbnaronapsi cBoMM yHUKaJIbHBIM CBOHCTBaM TJIMHHUCTHIE MaTE€pHUalbl OCOOCHHO MEPCIEKTHBHBI JIs
NpuMeHeHHUs B kauecTBe MarepuasioB Ubb npu 3axoponenuu PAO [2]. HecMoTps Ha mupokoe pacnpo-
CTpaHEHHEe TIIMH B MPUPOJE, IPU BHIOOPE TIMHHUCTHIX MaTepUaIOB IS HHKEHEPHBIX OapbepoB elie
Ha IPOEKTHOM CTaauu pa3pabOTKH MyHKTa 3aXOpOHEHHS paauoakTHBHBIX oTX0A0B (II3PO) crnenyer
[IPOBOJUTH AHAIUTHUYECKYIO Pa0OTy IO OLIEHKE U 0TOOPY MECTOPOXKACHUHN, NOAXOASIINX TI0 3aracam,
JIOTHCTUKE U KadecTBY MaTepuaia. [Ipu oTCyTCTBUM aHAMTHYECKONW TPOPAOOTKH N3yYEHHBIX CBOHCTB
IJIMH U1 IpUMeHeHus: npu 3axopoHeHun PAO cymiecTByeT BEpPOSITHOCTh MPUHSATHSA HEJOCTATOYHO
000CHOBAaHHBIX MPOEKTHBIX PEIIeHUH, TOCKOIbKY B MPOEKT MOTYT OBITh 3aJI0KEHBI XapaKTePUCTHKU
MaTepHaJIOB, KOTOPBIX HEBO3MOXHO JOCTHYb WJIM MPOKOHTPOIUPOBATH, a M3IUIIHUI KOHCEpBATHU3M
IIPOEKTHBIX PELICHUH NMPHUBENET K yIOPOXKAHUIO cO37aBaeMoro oobvekra. IIpoekTupoBLIuK, Kak mpa-
BUJIO, HE UMEET TOYHOU MH(OPMALMH O XapaKTEPUCTHUKAX MPUMEHSEMBIX MaTepUaIOB, IOATOMY IMPH
pacderax HCIOJb3YET JUTEPATyPHBIC IaHHbIE, HE BCETrla OTPAXKAIOLIME CBOMCTBA 3alaHHOT0 MaTepuania.
B pesynbprare moapsAaUMK, HE MOJYYMBIINN B TMPOEKTHOM JOKYMEHTAllMU TpeOOBaHMI K MaTepuairy
UBB, npu 3akynke OyaeT OpHEHTUPOBATHCS HA OCTABIIHMKOB, MIPEIJIOKUBIINX 00Jiee HU3KHUE LICHBI Ha
Marepuai. JlanHas mpoOiema B pa3paOOTKe W MCIBITAHUW TIIMHUCTHIX MaTepuasaoB B kadecTBe BB
SIBJISIETCSL KOMIUIEKCHOM M 00YCIIOBJIEHAa HECOBEPIIEHCTBOM HOPMAaTHBHO-TEXHHUECKON 0a3bl Mo mpruMe-
HEHUIO TTIMHUCTHIX MaTepuajoB Ha 00bEeKTax aTOMHON oTpaciu Kak B Poccuiickoit @enepanuu [1, 3, 4],
tak u B PecnyOnuke Benapyce. Cienyer ormetuts, uto B HI1-055-14 denepaibHbie HOPMBI U ITpaBH-
Ja B 00J1aCTH MCIIOIB30BAHMS aTOMHOW SHEPruu «3aXOpOHEHUE paAHOaKTUBHBIX OTXOM0B. [IpuHIHIIEI,
KPUTEPUH U OCHOBHBIC TpeOOBaHMS 0€30MMacHOCTH» (YTBEPXKICHBI NMpuKa3zoM DenepalbHON CITyKOBI
I10 3KOJIOTMYECKOMY, TEXHOJIOIMYeCKOMY M aTOMHOMY Haj3opy Poccuiickoit denepanun ot 22.08.2014
Ne 379), HopMax u TTpaBHIIax 1O 0OECTIEYCHHIO SISPHON U PaIMAllHOHHON 0€30IaCHOCTH «3aXOpOHEHHUE
PaMOAKTUBHBIX OTXOA0B. [[pUHIIHIIBL, KPUTEPUH 1 OCHOBHBIEC TPEOOBaHMS O€30MACHOCTIY (Y TBEPIKICHBI
MOCTaHOBJICHHEM MHHHCTEPCTBA MO Ype3BbIYaliHbIM cuTyanusm Pecniyonuku benapycs ot 20.01.2012
Ne 7) u B 1pyrux HOpMaTHUBHBIX JOKYMEHTAX OTCYTCTBYIOT KOHKPETHBIC TPEOOBAaHUS U PEKOMEHJAINH
110 BBIOOPY OaphepHBIX MaTEPHAJIOB U UX XapaKTepucTUKaM. PaccMoTpuM Ha mpuMepax BbIOOp Oapbep-
HBIX MaTepualioB B Poccuiickoit depepannu ¢ y4eToM 3THX TpeOOBaHUH.

B otkpeiToM noctyne Ha odpunmansHoM pecypce OI'YII «HaunonanbsHbIi oneparop no odpaiie-
HUIO ¢ paguoakTuBHBIME oTxomamm» (URL: https:/www.norao.ru/ecology/mol/) Haxonsrcs MmaTepua-
76l 00OCHOBAHUS JINLIEH3UI HAa CTPOUTENBCTBO M IKCILTyaTallUI0 IPUIIOBEPXHOCTHBIX IIYHKTOB 3aX0-
poHeHus paauoakTuBHbBIX 0TX010B (III13PO), ctponTeabcTBO KOTOPHIX BBIIOIHEHO MJIN MJIAHUPYETCS
B pa3nu4HbIX roponax Poccuiickoit @eneparuu [1, 3]. B Tadun. 1 npeacraBieHbl MaTepHalibl, IaHUPYE-
MBI€ K HCIOJIb30BaHUIO B COCTaBE MOJCTUJIAIONIETO M MOKPBIBAIOIIEr0 3KPAHOB NMPU CTPOUTENHCTBE
III3PO B Poccum (ropoma Homoypanbck, Ozepck, CeBepck) u benapycu [5]. Pacmonoxxenne cioes
pa3IUYHBIX MaTEepHaJoB MpuBeAcHO cHU3Yy BBepx. Cormacuo HII-055-14, moacTunaromuii S5KpaH — WH-
JKEHEPHOE YCTPOMCTBO, pacroJjiararonieecss Huxe siueek 3axopoHeHus PAO, a mokpsIiBaroluid sKpaH —
BhIIIE Tueek 3axopoHeHust PAO, KOTopble cityat A THIPOU30JIALNHI, IPEIOTBPALICHHUS pacIpoCcTpa-
HEHUs paJMOHYKJIUAOB B HECYIIIE T'OPHBIE TIOPOABI, 3aIlIUTHI siueek 3axopoHeHus: PAO oT npoHUKHOBe-
HUS KUBOTHBIX U KOPHEH pacTeHMI.

BuaHo, 4TO B COCTaB MOJACTHIIAIONICIO U MOKpbIBatoiero 3xkpanos [1I13PO o6s3aTenbHO BXO-
nuT rauHa. [lpoBeneHHplil aHanu3 MaTepuanoB 00OCHOBAHUS JIMLEH3UH HAa CTPOUTEIBCTBO U 3KC-
miyaranuo [IT13PO B Poccun mokasas, 4To 3a4acTyio B HUX HE IPUBOAATCS TPeOOBAHHS K CBOM-
CTBaM M XapaKTEPUCTHUKAM TJIHMHUCTBIX MaTepHajoB, KOTOpbIE IJIAHUPYETCS HCIOJb30BAaTh NPH
YCTPOMCTBE MOJCTUIIAIONIETO KpaHa. Tak, OTCYTCTBYIOT TpeOOBaHUsI K MUHEPAIBLHOMY COCTaBY TJH-
HBI, KOOQOUIUEHTY YIUIOTHEHHS, COPOLIMOHHBIM CBOMCTBAM B OTHOLICHUH PA3JIMUHBIX PaAHOHYKIIHU-
JIOB ¥ JP., 9YTO MOXKET MOBJHUATH HAa BHIOOpP INIMHUCTOTO MaTepuaja s MCIOJIb30BAaHUS B COCTaBe
Wbb [1, 3].
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Tab6numa 1. BeiGop rimuHuCTHIX MaTepuajoB B npoekrax II3PO [1, 3]

Table 1. Choice of clay materials in near-surface RWDF projects [1, 3]

Hkenepriit Hogoypanbck Hosoypanbck .
Gapbep O3epck CeBepck I13PO benopycckoit ADC
Ge30MaCHOCTH 1-51 ouepens 2-51 ouepenb
Ilonctu- Her I'nmunsneiil sxpas ([unaseii okpan| JKuphnas msaTtas riuHa [Necox, copOIMOHHEIH IOl
JTAFOIIUIA JTAHHBIX (ronmmuna 0,5 M) | (tonmuHa 0,5 M) (ronmmuna 0,5 M) 13 YTUIOTHEHHOW TIIUHBI
9KpaH 1 OCHTOHUTOBBIC | 1 OEHTOHUTOBBIC (tommuna 0,5 M), copOLHOH-
MaTbl MaTbl HBIH CJION U3 CYTJIMHKA
(i1t OHAO) 3amuTHbIN Clloi
13 recka, 0eTOH
IToxpsI- I'muna (Tonmmuaa 1,0 M), bentoHuTOBBIE MATHI, Ilecox, OEHTOHHUTOBOE
BaIOLIUI MeCYaHO-TPaBHITHAS CMECH, MIECOK, CJION YIUIOTHEHHOMW |  mokpeiBajio (BFG 5000),
9KpaH JIpOOJICHBIN KaMCHBb, TJIMHBI WU CYyTIIHMHKA MOJUATUIICH BEICOKON
MOYBEHHO-PACTUTENbHBIN TTOKPOB (tomuuna 0,5 m), IJIOTHOCTH, OEHTOHUTOBOE
OCHTOHHTOBBIC MATHI, nokpeieaio (BFG 5000),
JIpEHAXKHBIHN CIIOH, MECOK, IeOeHb,
MOYBEHHO-PACTUTENbHBIN | IecYaHOTpaBUMHAS CMECh,
cion IJIOJOPOIHBIHN CIION 3eMIIU

Kak y»xe Obl0 oTMeueHo, B PecniyOnnke benapych oTCyTCTBYIOT MoKazarenu (KpUTEPUU) JJIsI TIIH-
HUCTBIX MaTEepUAJIOB, MO3BOJISIIOIINE OIEHUTh BO3MOKHOCTh X HCIIOJIb30BAaHUSI B COCTaBE MHIKEHEP-
HbIX OaprepoB [13PO. Ananu3 eBponeiickoro U poCCHICKOro OMbITa UCIOIb30BAHUS TJIMH B KauyeCTBE
TIIMHSHOTO 3KpaHa npu 3axopoHeHuH PAO 3-ro n 4-ro Kj1accoB OMAacHOCTH JJIsl MPOEKTUPYEMbIX B Ha-
crosimee Bpems [IT13PO B 1. CeBepek u 1. O3epck (Poccust) mo3Boaui ompeneTnTs OCHOBHBIC TpeOoBa-
HUS K TTIMHAM B cocTaBe noactuiatomiero skpana [13PO [1, 3, 6]. BerpaboTansl KpuTepuu A1l OLEHKH
Ka4yecTBa TJIMH, IPUTOAHBIX ISl HCIONB30BAHUS B cOCTaBe moacTuiatomero skpana [13PO, koTopeie
JOJKHBI UMETh!

HHU3KYIO THAPABIUYCCKYIO IMTPOBOAMMOCTE (KOIPGUIHEHT (PIIIBTPAIMN B YIJIOTHEHHOM COCTOSI-
HUH — He MeHee 107 mM/cyT);

CIOCOOHOCTH COPOMPOBATH PAIUOHYKIUABI, TO €CTh UMETh J0CTATOYHYIO COPOLMOHHYIO EMKOCTh
(emxoctb kaTnonHoro oomena (EKO) — ne menee 20 mr-sks/100 r; conep’aHue TIIMHUCTON (paKIIHH
(pasmep gactun < 0,005 mm) — He MeHee 50 %; copepkaHNe MIHEpajla MOHTMOPHJUIOHUTA — HE MEHee
30 %, comeprkaHue KapOOHATHBIX MUHEPAJIOB — He OoJiee 2 %);

CIOCOOHOCTh Ha0yXaTh U UMETh IJIACTHYHOCTD, YTO CIOCOOCTBYET TepMeTH3aluH (caMo3alieunBa-
HUE) TPELUH (YUCIIO IUIACTUIHOCTH — He MeHee 20);

JOJITOBEYHOCTh, TO €CTh COXPAHSTh CBOMCTBA B TEUEHHE IPEAYCMOTPEHHOI'O BPEMEHHU IOJ JCH-
CTBUEM JIABJICHHU S U T€OXMMHUYECKUX YCIIOBUM BO BMEIIAOIIECH OKpYy Kalollen cpee.

BeimnonHeHme kax10i 13 yKa3aHHBIX (QYHKIIU SBISETCS BAXKHBIM KA4€CTBOM TNTIMHUCTHIX MaTepHa-
JIOB KaK MH)KEHEPHBIX O0apbepoB AJisl HaaekHOM u3onsunu PAO.

Ha ocHoBanum anannsa reosorudeckoi HHGOpManuK B EPEeYeHb MECTOPOXKACHUH ruH Pecry0-
nuku Bemapych ¢ 3amacaMi ITOJIE3HOro McKomaeMoro He mMeree 300 Toic. M° Bountn 12 paspabaTbiBae-
MBIX MECTOPOXKJICHUH TIIMHUCTHIX MATCPUAJIOB, UCTIOJIB3YEMBIX B HACTOSIIEE BPeMsl JIISI KHPIIUYHOTO,
YepernuyHOro U LIEMEHTHOTr0 Tpou3BoAcTBa. [locne 0TOopa IMMHUCTHIX MaTepHaioB U3 JaHHBIX MECTO-
POXACHUH NaJbHEHIIMM LIaroM SIBISJICS aHAIM3 MX (PU3UKO-XMMHUUYECKHX CBOWCTB Ha COOTBETCTBHUE
YCTaHOBJICHHBIM BbIIIIE KPUTEPUSIM KaueCTBa, a TAKXKE ONPEeIeHUE Cpeid HUX Haudy4dlInX B OTHOLLE-
HUH COPOLUHN paguoHyKIna0B ° Cs 1 *°Sr, mockosbKy B coctase PAO cpe/Heil 1 HU3KOH aKTHBHOCTH
OCHOBHBIMHU JOITOKHBYIIMMH PAIHOHYKIHAAMH ABIsOTCA - Cs i °'Sr. COOTBETCTBHE MONYUYCHHBIX
3HaYeHUH (PU3UKO-XMMHUUYECKUX MOKa3aTesIeil YCTAaHOBICHHBIM KPUTEPUSIM KauecTBa U HaJIMYHE BBICO-
KHX COPOLMOHHBIX CBOMCTB B OTHOIICHHH PaIHOHYKIHIOB ~ CS 1 ©Sr 060CHOBBIBAET BO3MOKHOCTB
HCIIOJIB30BAHUS TIIMHUCTHIX MAaTEPUAJIOB B cOCTaBe moacTmiaromiero dkpana [13PO 3-ro u 4-ro kiac-
coB omacHoctu bemopycckoit ADC.

Llenv pabomwl — yCTaHOBICHUE TEPEUHS KIIOYEBBIX KPUTEPUEB KayecTBa TJUH, JTOOBIBAEMBIX
B PecriyOnuke benapych, 1 olieHKa BO3MOKHOCTH MX UCIIOJIB30BaHUS B COCTABE MOACTUIIAIOIIETO SKpa-
Ha [13PO benopycckoit ADC.
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Marepuaasl U MeTOABI HccieaoBanmii. O0ObEKTaMH HCCIIEA0BaHMMi cTanu 12 o0pasuoB IIIMHU-
CTBIX MaTepHajioB, OTOOPAHHBIX W3 IKCILTyaTHUPYEeMbIX MecTopoxaeHuil Pecriybnuku benapycs. s
CpaBHEHHSI B HCCIEIOBAaHUSAX HCIONb30Bacs 00Opazer; OEHTOHUTOBOW TIIMHBI M3 MECTOPOXKIACHUS
«10-i1 XyTop» (Xaxacus, Poccuiickas denepanus), KoTopasi MpuMeEHSAETCS TPYNNON KoMnaHuid «ben-
TOHUT» [IPH U3TOTOBJICHUH OCHTOHUTCOACPKALIUX CMECeH, Oy(epHBIX 3aChIIIOK, OCHTOHUTOBBIX MAaTOB
U JIp., TPeHa3HAaYEeHHBIX JIJI51 IPUTIOBEPXHOCTHOTO U INTyOMHHOTO 3axopoHeHus PAO.

3aBucuMocTh copbrmu °'Cs u Sr o1 BpeMeHn 06pa3uaMy [JIHH H3yYalii B YCIOBHSX OrpaHHYCH-
HOro 06beMa npu Temmeparype 20 £ 2 °C 1 KOHIEHTPAIUU IIUHEL B pactope 10 r/m. PactBopsr *'Cs
¥ %St roTOBMIIM Ha OCHOBE AUCTUILIMPOBaHHOI Bojbl (pH = 6,4). HaBecky 06pasiia IIMHBI IepeMeNH-
BaIIU C PaIMOAKTHBHEIMH pacTBOpamMu > Cs witu P Sr, yie/nbHas aKTHBHOCT KOTOPBIX COCTABJISIIA COOT-
BercTBeHHo 1,5 - 10° B/ (3,5 - 10~° mons/m) wmm 1,7 - 10° B/ (2,3 - 107! Mosb/1). MMHTALMIO BHICOKOIA
KOHILIEHTPALUHU LIe3Usl OCYLIECTBIsIN ¢ ucnoib3oBanueM CsNO;, a ctponuus — SrCl,. KonuenTpanus
CTaOMIILHOTO LIE3Us (Cs+) B BOJTHOM PacTBOPE COCTABJIAIIA 10° MOJIb/J, YTO SKBUBAJICHTHO 4,4 - 10" bx/n,
a crpounus (Sr°") — 107 mons/n, uto sxBuBanenTHO 7,4 - 10" Bi/m. Uepes 3a1aHHBIE IPOMEXKYTKHU
BpeMeHH B mHTepBasie oT 1 4 10 30 CyT XKHAKYIO U TBEpAYIO (pa3bl pa3aensuin MeHTpuGyrupoBaHuEM
(10 000 06/muH, 10 MuH) 1 GuIBTPOBaHUEM Yepe3 OyMaKHBINH (GUIBTP «CHHSIS JIeHTa». B moixyueHHOM
(pUIBTpaTe ONpEAeTANN YACHBHYIO aKTHBHOCTE 1~ CS M * ST IPAMBIM CIIEKTPOMETPHUECKHM METOIOM
10 JuHUAM E, = 662 k2B (*'Cs) n E, =514 xoB (*>Sr) ¢ BcIonBb30BaHIEM YHHBEPCATBHOTO CIICKTPOME-
Tpuyeckoro komiuiekca PYC-91M. [loBTopHOCTh 0nbITOB TpexkpatHas. CreneHb copouui (S, %) paauo-
aykana0B *'Cs u **Sr paccuntsiany o hopmyte

5= 1000, (1)
4

e Ay u A, — MCXO/iHAs U PABHOBECHAS aKTHBHOCTH PaJAMOHYKIIH/I0B B7Cs umm ¥Sr B pacTBOpe cooT-
BETCTBEHHO, BK/II.

W3menenue comepxaHus MOJBMIKHBEIX (BOAOpPACTBOpHUMAs U 0OMeHHas) U (PUKCHPOBAaHHBIX (KUCIIO-
TOpacTBOpHMAsi 1 octarounas) hopm " Cs u St B IIIMHAX ¢ TeueHHeM BPEMEHH ONPE/IETISITH C HCIOIb30-
BaHMEM METOJIA [IOCIIeI0BATENbHOM aecopOLuu - Cs i * St pasiM4HBIMHE peareHTaMu (IHCTHIITHPOBAH-
nas Boga, IM NH,COOH u IM HCI). U3yuenue Biusaus pH pacTBopa 1 KOHIEHTpaUu KaTHoHOB K,
Na’, Ca’’, Mg*" Ha cOpOLHOHHbIC XapPAKTEPUCTHKU 0OPA3LOB LIMH OCYIIECTRIISIM C HCIOIb30BAHIEM
MHKPOKOJIHYECTB pagHoHyKiuaoB ~'Cs (3,5:10~ momb/m) u Sr (2,3 -+ 107" mons/n) B crarmueckux
YCIIOBHSIX IPU COOTHOIICHHUH (a3 TBepaoe : xkuakoe paBHOM 1 : 100 B TedeHue 3 cyT (I0OCTaTOUHO NS
YCTaHOBJICHHsI COPOLIMOHHOTO paBHOBECHs). [l KONMUECTBEHHOW XapaKTEPUCTUKH PaCIpeleiICHHUS
pannonyknuzoB °'Cs u ¥Sr B cucreme TBepast Gasa — pacTBOP LIMPOKO HCIIONB3yEMBIM [TAPAMETPOM
ABIseTCA KodhpULUeHT pacnpenenenus (K, 1/Kr), paBHbII OTHOLIEHUIO PaBHOBECHBIX KOHLIEHTpALUH
pamuonykmmaa 2'Cs wan ©Sr B TBepoit U kuaKoit (pasax riauH. Kosddumuent pacnpenenenns ' Cs
win *Sr onpenersity o hopmyiie

4, -4

K, =200 )
m

AP

rie V' — o0beM pacTBopa, JI, m — Macca oopasia, KT.

Koadduument pacnpenenenus sSBIsSETCS OCHOBHBIM MapaMeTPOM, KOTOPBIH IKCIEPUMEHTAIBHO
ompeenseT 3aaepkuBaroniue (0apbepHbie) CBONCTBA TMTMHUCTHIX MATEPUATIOB U IITUPOKO UCTIOIB3YETCS
B pacueTHHIX (pOpMyJiax M MOJCISAX MUTPAIMH PAIUOHYKIUJOB. B KadecTBe MHKEHEPHBIX Oaphe-
POB IPUMEHSIOTCS TIIMHBI, KOTOPbIE UMEIOT MAaKCHUMAJIBHYIO CIIOCOOHOCTH yI€PKUBATH U TOTJIONIATH
pannonykiuasl. K rmuHaM, o0mamaromuM TaKUMHA CBOWCTBAMHU, OTHOCSTCS OCHTOHWTOBBIE TIIWHEI,
a TaKXXC TJIMHBI, COACPIKAIIUEC 3HAYNUTCIIbHOC KOJIUYCCTBO INIMHUCTBIX MUHCPAJIOB I'pylibl MOHTMO-
punnonura [1, 2].

Pe3ynbTaThl M HX 00CY KIeHHE. AHAIIN3 «I1JIeYa TOCTaBKM» TITUH K MECTY TIPE/IIOoIaraeMoro CTpou-
tenbeTBa [13PO (Octposenkuii paiion, ['pomHeHckas 001acTh) TIOKa3ad, YTO HU OIHO W3 DKCILTyaTH-
PYEMBIX MECTOPOXICHHH IMINH He TionagaeT B 70-kuinomeTpoByto 300y benopycckoit ADC. Onu pacrio-
noxeHbl B bpecrckoit, Butedckoii, ['omenbekoit 1 MuHckol o6nacTsx. Ha ocHOBaHUM Onpe/ieieHHOTO
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Jutst 12 00pa3noB IIMH YUCIIa MIIACTUYHOCTH, KOTOPOE B COOTBETCTBHH C YCTAHOBIICHHBIM KPUTEPUEM
JIOJDKHO ObITh He MeHee 20, BbIOpaHBI 6 00pa3LOB INIMH, YJOBJICTBOPAIOLINX TAaHHOMY KPUTEPUIO.
Hanee B pesynprate onpenenenus EKO, comepxaHuss MOHTMOPHILIOHUTA U KapOOHATHBIX MHUHEPAIIOB
B 00pasiax IJIMH yCTaHOBJIEHO, YTO BEIOPAHHBIM KPUTEPHUAM yIOBJIETBOPSIIOT TOIBKO TpH 00pa3siia riu-
HBI, 0TOOpaHHbIe U3 MecTopoxkaeHuil «loponnoe» (bpectckas o6nacte), «MapkoBckoe» (I'omenbekast
obmactp) u «10-it Xytop» (Xakacusi, Poccuiickas ®@enepanus). XapakTepucTuka GU3NKO-XUMHUECKUX
CBOHCTB 00pa3LOB IJIMH NPUBEICHA B Ta0JI. 2.

Tabnunma 2. PU3MKO-XUMHUYECKHE CBOHCTBA IVIMH MecTOpo:kAeHuil Pecnydiuku Besapycs
Table 2. Physical and chemical properties of clay deposits of the Republic of Belarus

HaumeHnoBanue EKO Hnexno Koopuumenr i L
MeCTOpOAICHI MI-5KE /1’0 or HJ‘Iach/:;HOCTI/I, dmn;'g);unn, rgz::;;?: MOHTMOpHﬂDJ]OHl/lTa, KapGOHaTHLIOX
o (< 0,005 wn), % Mmac. % MHHEpasos, %

3uauenne kputepusi | He Menee 20 | He meHee 20 | me Gosee 107 | He mMenee 50 He MeHee 30 He 0ouee 2
«KycTuxay 28,9 279 4,0-107 78,2 28,5 0
«l'oponHoe» 20,3 234 8,0-10° 59,1 36,3 0
«MuxaitaoBka 15,6 21,7 - 71,5 8,7 14,4
«I1leGpun» 13,3 23,7 - 66,6 11,1 27,0
«MapkoBckoe» 242 24,1 9,0 - 10°° 55,7 37,6 0
«JIyxomib-1» 19,5 239 - 71,7 10,1 8,2
«10-i XyTop» 45,6 36,1* 22-10°" 70,5% 58,8% 1,9

.
Jannsie npenoctaniensl OO0 «bentonut Xakacum.

Takum 00pa3oM, mociie H3yUeHHsI KOMILIEKca (PU3MKO-XUMHUYECKUX CBOMCTB OTOOp MPOIIIHN TIIH-
HBI MecTopokaeHnil «['opomHoe» m «MapKoBCcKoe», a Takke OCHTOHWUTOBAs TJIMHA MECTOPOXKICHUS
«10-i1 XyTop», KOTOpbIE MOJHOCTHIO COOTBETCTBOBAJIM BCEM YCTAHOBJICHHBIM KPUTEPUSIM KauecTBa
TJIMHHUCTOTO CHIPhSI U Jaliee HCTIOIh30BAIIUCH JUTS PAJHOXUMUYECKUX MUCCIECIOBAaHUI B OTHOIIIEHUH COpPO-
LIUH PATUOHYKIIUIOB B37Cs u ¥Sr.

CopOunoHHas akTHUBHOCTh TTIMHUCTBIX MaTepHaJIOB HAPSAMYIO CBsi3aHA C HAJIMYUEM B UX COCTa-
BE TAaKHMX TJIUHUCTBIX MHHEPAJIOB, KAK MOHTMOPHJUJIOHUT, WJUIUT U CMEIIAHHOCIOWHbIE MHHEPAJIbI
MOHTMOPUWJIIOHUT-WILTAT. OCHOBHBIMH MUHEpaTaMH, BXOASIIMMH B COCTaB 00Opasiia TITMHBI MECTO-
poxaenus «lopogHOoe», SBISIIOTCS: MOHTMOPHJIJIOHUT M CMEIIAaHHOCJIOWHBIE MUHEPabl MOHTMOPHII-
TOHUT-WLHT (36,3 %), WIUIHT U CMEIaHHOCIOWHBIE MUHEPATbl WLTHT-MOHTMOPHUIIIOHUT (4,8 %), Kao-
muruT/7A rannyasur (7 %), kBapi (43,9 %), KaaueBbIi MONEBOH mmaT (MEKpPOKInH) (2,8 %), a Takxke
HE3HAYMTEIIbHBIC KOJIMYECTBA XJIOpUTa, aMpuOoIIoB u aHaTa3a. J[yist oOpasia TiIMHBI MeCTOPOXKICHUS
«MapKoBCKOe» OCHOBHBIE MUHEPAJBI CIEAYIONINE: MOHTMOPHIIJIOHUT W CMEIIaHHOCIIOWHBIE MUHEpa-
JIbI MOHTMOPHJITOHUT-WIIUT (37,6 %), UIUIUT ¥ CMEIIaHHOCIOWHBIE MUHEpaIbl HIIJTUT-MOHTMOPHUJLIIO-
uut (3,6 %), kaomuuut/7A rannyasur (14,7 %), kapu (34,3 %), KanueBblii HOJI€BOH MIMAT (MUKPOKIHH)
(6,7 %), nmarunoksias (ansout) (2,3 %), a TaK)Ke HE3HAYUTEITBHOE KOJMYECTBO aHaTaza. TakuM o0pa3om,
B TNIMHaX MecTopoxaeHuil «lopomgHoe» n «MapkoBckoey HaOIIFoIaeTcs mpeodiagaHiue Ha0yXaroux
MUHEPAJIOB (MOHTMOPHJIJIOHUTA M CMEIIAHOCIIOMHBIX MHHEPAJIOB Psija HITUT-MOHTMOPHJIJIOHUT CO 3Ha-
YUTENBHBIM MPe00sIalaHueM MOHTMOPHJUIOHHTOBBIX MEXKCIIOEB), 4TO OyJIeT CrocOOCTBOBAThH A dheK-
THBHOH COPOIMYU paMOHYKITHIOB B37Cs u ®sr.

B xoze uccnenoBanuii 00pasibl TIMH MOABEPrajirich MHOTO(AKTOPHOMY aHallU3y M HCIOJIb30Ba-
JIUCh B AKCIICPUMEHTAX C MOJICITMPOBAHUEM Pa3IUYHBIX YCIOBHUH, BIUSIONIMX HA TPOIECC COPOIHH pa-
JTHOHYKIHIO0B " Cs 1 * St (KOHIIEHTpaLKs PaIHOHYK/IN/IOB ¥ KOHKYPHPYIOIIMX B PACTBOPE KATHOHOB,
pH pactBopa). KatnonooOMeHHbIe CBOHCTBA MNTMHUCTHIX MUHEPAJIOB B COCTABE IPUPOIHBIX TIIHH UCTIONb-
3YIOTCSl B OCHOBHOM JUJISl M3BJICUEHUSI HOHHBIX (DOPM PaJMOHYKIHUOB, TIPEXK/E BCETO IE3Usl U CTPOH-
nus. CTeneHb U3BJICUeHUs (COPOLMH) PATHOHYKINA0B ° Cs ¥ * ST IIMHUCTEIME MUHEPATAMH 3aBHCHT
OT KOHIICHTPAIIMH PAIHOHYKIIHIOB B BOJHBIX PACTBOPAX (MAKPOKOTHIECTBO — 10> MOJIB/T HITH MHKPO-
komraecTBo — 107°~10~ Moms/m).
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Copbyus "’Cs. Kosddumuent pacrpenencuus °'Cs 11 TIHHACTBIX MUHEPATIOB (MOHTMOPHILIO-
HUT U WJLTUT) 3aBUCUT OT KOHLEHTPALUHU 13U B BOJAHOM PAacTBOPE, UTO CBSA3aHO C HAJMYHMEM B HUX
JBYX THUIOB COPOLIMOHHBIX LIEHTPOB, OTIIMYAIOLINXCS 110 EMKOCTH U IIPOYHOCTH CBSI3bIBAHMS LE3Us [7].
IIpoBeeHHbIE MCCIIEI0BAHMS BIMSHUS MAJbIX M OONBIIMX KOHIEHTpamuii karuoHos 'Cs” u Cs”
B BOJIHOM pacTBOpE Ha copOIHI0 00pa3liaMu IIIMH ¢ TedeHueM BpeMenu (0T 1 1 o 30 cyT) mokaszanm,
aTO mpouecc copbuun kak paguoaktusroro (°'Cs"), Tak u crabunbHoro nesus (Cs") rmMHECTHIME
MaTepHallaMHi COCTOMT U3 JBYX CTaluid: ObICTPOH, mpu KoTOpoi copOupyetcst 6onee 90 % uesus
([P*’Cs"1=3,5 - 10”° mons/n) B Teuenne 1 cyT u 6omee 50 % nesus ([°'Cs™ 1 Cs'] = 10~ monb/1) — B TeueHue
1 4 1 MeJUIeHHOH, BKITIOYAOIIeH IPOHUKHOBEHHE (TU(Qy3HI0) 11e31sT B MUKPOIIOPBI YACTHI] TTHHUCTHIX
MUHepalioB. Bpems ycraHoBieHHs COpOLIMOHHOIO paBHOBECHS He peBbimaeT 3 cyT. [loinyuennsle 3Ha-
uenns crenenu copbuuu ' Cs (S, %) u kodduuuenta pacrpenenenns - Cs (K4, N/KT) U1 pAaBHOBECHBIX
YCJIOBHIA TIPENICTABIICHEI B Ta0I. 3.

Ta6nuua 3. CopOUHOHHBIE XapAKTEPUCTUKH 0GPA3LOB [JIHH B OTHOIEHHH " CS IIPH PAa3/IHYHOIi KOHIEHTPALHH
Table 3. Sorption characteristics of clay samples with respect to '*’Cs at different concentrations

Crenens copbunu, % Koaddunnent pacnpenencnus, 1/kr
HaumenoBanue 37 137~ + + 137~ + 137+ +
MECTOPOXKAEHUS [ Cgs 1= [~ C53 uCs’]= [ CQS 1= [ C53 uCs’]=
3,5:10 7 momb/n 10 monb/n 3,5:10 " momb/n 10 momb/n
«TopoaHoe» 99,6 73,3 2,6 - 10* 2,8+ 10
«MapKoBCKOe» 99,3 68,3 1,5 10* 2,2-10°
«10-it XyTop» 92,2 91,1 1,2 - 10° 1,0 - 10°

Omnpenenenue K, Mokasajo, YTO B MOPSAJKE YMEHBIIEHHUS €0 3HAUCHUS MPU CIIENOBBIX (HU3KHUX)
koHmenTparmsix ' Cs” (3,5 + 107 Moib/i) B BOJHOM pacTBOPE IITHHBI PACIONATAIOTCS CIICTYIOMAM
o6pasom: «CopoaHoe» > «MapkoBckoey» > «10-it XyTop»; mpH BEICOKHX KoHIeHTpamusx ~ Cs™ u Cs”
(107 Mounb/m) B BomHOM pactBope: «10-i1 XyTop» > «['opogHoe» > «Mapkosckoe». [Ipu yBennueHnn
KOHIEeHTpanuy °'Cs B BOJHOM PAacTBOPE HAGIIONACTCS CHUKEHHE ero COPOIHMH IS HCCIIENOBAHHBIX
[JIMH, 9TO OOBSCHSETCS MOCTENEHHBIM HACBHIILICHHEM BBICOKOCEIEKTHBHBIX COPOLMOHHBIX LEHTPOB
B 06pasie. IIpu ci1e10BbIX KOHIEHTpAHsIX > Cs™ MPOMCXOMHUT €ro CBA3BIBAHHE C BEICOKOCEICKTHEB-
HBIMH COPOIMOHHBIMU LEHTPAMH, @ C MOCIEMYIOIIUM POCTOM KOHLEHTpaluu kaTnoHa Cs™ — Hachl-
LIeHUE AAHHBIX LEHTPOB, U B Ipolecce cOpOLUN HAUYMHAIOT y4acTBOBATH MEHEE CEJICKTHBHBIC IICH-
TPBI, KOJTUYECTBO KOTOPHIX B CTPYKTYype MHUHEpPAJIOB Ha HECKOJIBKO MOpANKOB Bhime [7]. braromaps
BBICOKOMY COJIEp’)KaHHIO MOHTMOPWJUIOHUTA U Ooibimoi EKO GeHTOHWTOBas TIIMHA MECTOPOXKICHUS
«10-#1 XyTop» crocobHa copOupoBaTh OOJBIIOE KOJTUYECTBO LE3Us, KOTOPHIA MPEUMYILECTBEHHO OY-
JIeT YACPKUBATHCS B MEXKCIOCBOM MPOMEKYTKE 0€3 CyIIECTBEHHOTO M3MEHECHUS (H3MKO-MEXaHHue-
CKUX CBOWMCTB IJIMHBI.

OCHOBHBIMH MEXaHHM3MaMU MHUTPALUU PaJHOHYKJIHIOB B IMpoduie IIIMHUCTOr0 MaTepraia (Ios-
CTHUJIAIOIINH KpaH) SBISIOTCS KOHBEKTHBHBIM MEPEHOC MOTOKOM Biaru U Audy3us, KOTOpble TECHO
CBSI3aHBI C COPOLMEN U MPOYHOCTHIO 3aKperyieHust (hrKcanuy) paguoHyKIUAOB B TBEpAOi (dasze riu-
HucTOoro Matepuana. CiocoOHOCTh paJiMOHYKJIHJIOB TIEPEXOAUTH B BOJHYIO CPEAY, 8 COOTBETCTBEHHO,
U UX HNOTEHIHaJIbHAsl CIIOCOOHOCTh K MUTPALIMU ONPEIEIISIIOTCS HauyadbHBIMU (PU3UKO-XUMUYIECKUMHU
(hopMaMM HaXOXKJICHHS PAJUOHYKIHI0B B TIIMHUCTBIX MaTepuaiax. [loaromy npu usyueHun copoumnu
B7Cs ramHaMu 0T BpeMEHH ¢ HCTIONb30BAHMEM METO/IA TIOCIIeI0BATENbHOI necopOuuu *'Cs pa3iHyHbI-
MW peareHTaMu BBIACIICHBI TIOBIKHBIC (BOJOPACTBOPUMAs 1 OOMEHHAs) B (UKCHPOBAHHBIE (KUCIOTO-
pacTBOpHMMas M ocTaTouHas) Gopmbl ' Cs. Pe3yabTaThl NPOBEICHHEIX HCCIEI0BAHMI MOKA3AIH, YTO
JUIs 0GPA3IOB TIIMH MPH MPOIOIKHTETFHOM KOHTAKTE C PACTBOPOM " CS MPOMCXOAUT Hepepacipesie-
JIeHHe MEKTy TOJBHXHBIMH U (PMKCHPOBAHHBIMH (opMaMu "~ CS C IIOCTENICHHBIM YBEIHUEHHEM JIOJIH
MOCJIEIHUX B PELIETKE TIIMHUCTHIX MUHEpasoB (puc. 1). YcraHoBIeHO, YTO HAMOOIbILEH (HUKCUPYIOLIEH
CIOCOBHOCTHIO MO OTHOMICHHMIO K ' Cs moce 30 CyT B3aMMOICHCTBHS C PaHOAKTHBHBIM PACTBOPOM
7Cs o6nmamaeT rimHa MecTOpoXIeH s «MapKoBcKoe» (comepxkanue GuKkcHpoBaHHoi popmbl > Cs co-
crasiser 95,3 % oT copOMpPOBaHHOTO 137Cs), a HanmeHbeil — GEHTOHUTOBAs TIIMHA MECTOPOXKICHUS
«10-i1 XyTop» (cM. puc. 1). V3 mONyYeHHBIX TaHHBIX BHIHO, 4TO " 'CS COpOUpYyeTCs B INIMHAX HeoOpa-
THUMO, TO €CTh IIPOUCXOIUT €ro (GPUKCALNS B ITTMHUCTHIX MUHEpaax.
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Puc. 1. Conepsxamne dpopm *'Cs B 06pasuax ramm mocne 1 ¢yt (@) u 30 ¢yt (b) B3anmozeiicTsus ¢ pacteopom - Cs:
noziBrkHBIE (opMbl, [ hukcupoBaHHBIE HOPMBI

Fig 1. The content of '*’Cs forms in clay samples after 1 day (a) and 30 days (b) of interaction with '*’Cs solution:
movable forms, ¥ fixed forms

Ha puc. 2 mpuBeneHs! 3aBucuMocty copormu - Cs (Ig K,) ob6pasuamu IIuH MECTOPOXKACHUN
«loponroe» n «MapkoBCKOE» B CpaBHEHHHU C 00pa3IoM OCHTOHUTOBOU TIHHBI MECTOPOXKICHUS
«10-i1 XyTop» ot 3HaueHui pH (kucimoTHOCTH) pacTBopa. llpum 3TOM KOHIEHTpamus paguoHyKIHAA
B7Cs B BomHOM pactBope cocTaBisiia 3,5 - 10° MOJIB/NI, conepxkanue riuHbl — 10 1/11, a pH BogHOTO
pacTBopa u3MeHsuics ot 2,6 no 11,8.

Kax BiIHO 13 puc. 2 3aBrucuMocTH copoumu ' Cs ot pH pacTBopa mist 060HX 00pa3LoB IITHH HOCST
cxoxumii xapaktep. [IpoBeIeHHBIE HCCIIENOBAHMS TI0Ka3alH, 4To copbims > Cs B o6nacTu 3HaueHnii pH
oT 5 10 10 npakTrdecku He n3MeHnsiercd, a npu pH < 5 3ameTHO cHuxkaetcs. [Ipu pH > 10 npoucxonur
cHmkenne copbuuu °’Cs 06pasLoM rimHbl MecTopoxaenns «opoanoe». Takoii XapakTep copoLuu
B7Cs Ha rnuHMCTBIX MaTepuanax B obmactu pH ot 5 1o 10 moaTBepkaaeT TOT BaKT, 4TO B3anMOmeii-
CTBHE IMMPOUCXOIUT [0 MEXaHU3MY HOHHOTO 0OMeHa [8].

JJ1s1 KoMuecTBEHHOW OLIEHKH BJIMSAHUS Pa3IUYHbIX KOHUEHTPAM KaTUOHOB K', Na’, Caz+, Mg%,
IPUCYTCTBYIOIMX B IIPUPOIHBIX BOAHBIX Cpeax, Ha copOuuio " Cs 06pasuaMu IIIMH UCHIOIb30BAIN
K,. Konuentparnus K', Na’, Ca”™", Mg*" B pacTBope u3Mensnach B uuTepsane ot 0,001 10 0,1 MomB/1.
Ha puc. 3 npexacrasiieHa 3aBUcuMocTb Ig K BCs nst 06pa3ioB rHH OT Torapu(pMa KOHIIEHTPALHIA
xaruonos K, Na®, Ca®", Mg2+, IIPUCYTCTBYIOIIUX B MOJIEJIBHOM pacTBope. BuJIHO, 4TO NpHUCYyTCTBUE
B PACTBOPE yKA3aHHBIX KATHOHOB CHIKAeT copouuio ' Cs o6pasuamu raus. Haubonee cyiiecTBeH-
HO Ha COPOIHMIO BIUSAET NPUCYTCTBUE B BOJHOM pacTBope katnoHa K, 0cOGeHHO MpH ero BBICOKHX
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Puic. 2. 3aBucnmocTs copbrmn 'Cs ot pH BOAHOT0 pacTBOpa s 06pasIoB TIIHH MecTOpoxkAeHHi «opoaHoe» (a)
u «MapkoBckoe» (b) B cpaBHEHUH ¢ OEHTOHUTOBOM THON «10-i XyTOp»

Fig 2. Dependence of *’Cs sorption on aqueous solution pH for clay samples from the “Gorodnoye” (a)
and “Markovskoye” (b) deposits in comparison with bentonite clay from “10"™ Khutor”
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koHnenTpanusax (Gonee 0,01 moms/m), mockonsky K siBisercss reoxumuueckum ananorom °'Cs u co-
3[1aeT eMy KOHKYPEHIIHIO 33 MECTa COPOLMH Ha IIMHUCTHIX MUHepanax. [Ipu konnentparuu Na', Ca”’,
Mg** B pacTBope 110 0,1 MOJIB/TT 3HAYCHHUE Ky B7Cs cocramser Gomee 10° 1/kr, a mpu konnenTpanun K-
pasmoii 0,1 Mob/1 — mopsiaka 10% 1/kr. Takum oGpasom, karronsl Na', Ca*", Mg?" B mupokom auamaso-
He KOHIEeHTpauuit (10 0,1 MOJIB/T) IPAKTHYECKH HE OKAa3bIBAIOT 3HAYHMOTO BIMSHHS Ha cOpOImio > Cs
06pa3LaMy UCCIeI0BAHHBIX [IKH. 110 COCOGHOCTH MONABIATH (CHMXATh) copbumio ' Cs Ha IIMHAX
MaKpOKATHOHBI MOXKHO PACIONOXuTh B nopsiake: K> Na™ > Ca® > Mg™".

Cop6yus “Sr. TIpoBeneHHbIC HCCICIOBAHMS BINSHAS MAIBIX (CIICIOBBIX) M OOIBIINX KOHIICHTPA-
uuit kKaTHoHoB ©Sr*” m Sr’'B BOIHOM pacTBOpE Ha COPOLMIO 0OPAa3LAMM IJIHH C TEYCHHEM BPEMEHH
(ot 1 u go 30 cyT) mokasayiu, 4TO KHHETUYECKHE KPHUBbIC ISl 00Pa3LOB INIUH HOCSAT CXOKUH XapakTep.
VCTaHOBIIEHO, uTO, Kak 1 [uist >/ Cs, IPOLecC COPOLUH ST COCTOUT U3 ABYX CTAMil: OBICTPOM, Py KO-
TOpOiIt copbupyetcst Gomee 90 % crponmms ([PSr*] = 2,3 - 10" mons/n) B Teuenne 1 cyt u Gonee 62 %
crpornus (°Sr™" u Sr*] = 10 Monw/n) — B Tedenne | u, 1 MEUICHHOM, BKJIIOUAOIIIEH TPOHHKHOBEHHE
(nuddy3uro) *>Sr B UaCTHIIBI ITMHUCTHIX MaTEPHAIOB. BpeMs YCTAHOBICHHMS COPOLIHOHHOTO PABHOBECHS
He npesblaeT 3 cyT. [loayuennsle 3HaueHus S u K 17151 paBHOBECHBIX YCJIOBHI ITpe/ICTaBIECHBI B TA0M. 4.

TaGnuma 4. CopéunHOHHbIE XAPAKTEPHCTHKH 06PA31O0B [IMH B OTHOIEHHH > ST NpPH Pa3IMIHOi KOHUEHTPALHH

Table 4. Sorption characteristics of clay samples with respect to *°Sr at different concentrations

HamMeHOBaHIIE Crenens copbunu, % Koadpduunent pacrpenesenus, J/kr
MECTOPOKACHUA #Sr*1=2,3 - 10" mons/n [¥Sr*" 1 Sr*] = 107 monb/n #sr*1=2,3 - 10" mons/n S 1 Sr*] = 107 monb/n
«TopoHoe» 99,5 70,9 2,4-10* 2,5 107
«MapKoBCKOe» 99,7 70,0 4,1 - 10* 2,310
«10-it XyTop» 96,7 98,2 3,0-10° 6,0 - 10°

CornacHo NoJy4eHHBIM JaHHBIM, B MOPSAKE yMEHBIIEHUs 3HaYeHUH K, MpH CIeN0BbIX (HU3KHUX)
KOHIEHTpammsix *Sr* (2,3 - 107" Monb/1) B BOAHOM pacTBOpe 0Opasiibl TIHH PACIONATAIOTCS CIELYIO-
muM oOpazom: «MapkoBckoe» > «lopogHoe» > «10-1i XyTop»; Ipu BBICOKUX KOHIICHTPAIHIX BSr*
u Sr** (10 mo1w/1) B BoHOM pactBope: «10-it XyTop» > «TopogHoe» > «Mapkosckoey. [Ipu yBenuueHun
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Puc. 4. Conepxanue hopm **Sr B 06pasuax raus nocne 1 ¢yt (a) u 30 cyT (b) B3aUMOIEHCTBHS C PACTBOPOM St
moABMKHBIE POpMBEIL, [ hUKCHpoBaHHBIE (YOPMBI

Fig 4. The content of **Sr forms in clay samples after 1 day (a) and 30 days (b) of interaction with *Sr solution
movable forms, [7 fixed forms

KOHLIEHTPALUU CTPOHIHUS B pacTBOpe HaOMrogaeTcs CHUIXKECHUE ero copouuu obpasuamu riuH. bia-
rofapsi BHICOKOMY COIEpKaHHI0 MOHTMOpMJUIOHHTa M Oonbiioii EKO GeHToHMTOBas riiMHa MecTo-
poxaenust «10-it Xytop» 3pPeKTHBHO COpOMPYET CTPOHIMI MPH YBEIWUYCHHH €T0 KOHIICHTPAITUU
B pactBope 10 107 Mos/.

[Ipu oueHke cOpOUMOHHON CMOCOOHOCTH TJIMH KakK MOTEHLUUAIBHOTO MaTepuajja CUCTEMbI HMHKe-
HepHEIX 6apbepoB [13PO BaXHO yUHTHIBATH HAIMUKE JBYX OCHOBHBIX MEXaHH3MOB COpOIMHU * St — HO-
HOOOMEHHOM cOpOLMH, KOTAa MOIJIOUIEHHbIE PalHOHYKIINIbl HAXOIATCS B COCTOSIHUM IHHAMUYECKOTO
paBHOBECHS C BOJIOPACTBOPUMBIMHU M OOMEHHBIMU ()OPMaMU PaJHOHYKIIHJIOB, © HEOOMEHHOI copOIuy,
B Pe3ysbTaTe KOTOPOH *Sr puKcupyeTcst riuHaMu. 1I0TydeHHbIe Pe3yIbTaThl 10 PACIIPEICICHHIO TI0-
JBIKHBIX U (PUKCHPOBAHHEIX (popM *°Sr oT Bpemenu (puc. 4) MOKa3bIBAIOT, UTO MPE06IaAIOMUM Me-
XaHU3MOM copOumy *°Sr Ha 06pasuax IIIMH SBJIAETCS HOHHBIIH 0OMEH (COepIKaHHe MOIBHKHBIX (GOpM
¥Sr mocne 1 cyT B3ammoneiicTBus co St cocrapiuser 73—75 %, Ha 1070 GUKCHPOBAHHBIX dopm *Sr
npuxoautcs 18-24 %).

C yBenHueHHEM BPEMEHM B3aHMOJEHCTBUS pacTBopa ' Sr u rimH 10 30 CyT comepxkanue (GUKCH-
poBaHHBEIX GOpM *°Sr CHIKAETCS, YTO CBA3AHO C OCOOEHHOCTAMM moBefeHHs - Str. ITo maHHBIM [9],
nponecce TpaHcGOPMALHH PATHOHYKIHAA T St B (HKCHPOBAHHYIO (OPMY AOCTATOYHO AONTHIL H 00-
patumblid. HanbompImneit pukcupyromei cnocoOHOCTHIO IO OTHOIICHUIO K 85Sr CpeIr UCCIIEAOBAaHHBIX
00pa31oB MKMH 00s1afaeT OEHTOHUTOBAsI TTMHA MecTopoxkIeHus «10-i XyTop» (comepxkanue GUKCHpO-
BaHHO# (opMel St noce 30 cyT B3aMMOCHCTBHS C PACTBOPOM ° St coctaiset 17,8 % ot copOupo-
BaHHOTO " Sr). OTHOCHTENFHOE H3MEHEHHE CONEPKAHHS TIOIBIKHBIX ¥ HETIOIBIKHBIX GopM * St B rimm-
HaX C TEYEHUEM BPEMEHH MOXET paccMaTpUBATHCH KaK TUHAMHYECKUU TMOKa3aTellb T€OXUMUYECKOM
MUTPALHOHHOMN CIOCOBHOCTH *Sr.

Ha puc. 5 mpuBeeHb 3aBHCHMOCTH copbuuu > Sr (g K,) obpa3uaMu IIUH MECTOPOXKAECHUMN
«l'oponHoe» n «MapKoBCcKOe» B CpPaBHEHMH C 00pa3loM OCHTOHUTOBOW TJIMHBI MECTOPOXKACHUS
«10-it Xytop» oT 3Hagennii pH pactBopa. [Ipn 3TOM KOHLIEHTPALHS PaIHOHYKINIA © ST B BOXHOM pac-
TBOpE cocTaBmsia 2,3 - 10" mons/n, conepxanue rmuasl — 10 /1, a pH BOIHOrO pacTBOpa M3MEHSIICS
ot 2,5 no 12,3.

Kak BHIHO M3 pHC. 5, 3aBHCHMOCTb copOUuM *Sr oT pH pacTBOpa [T MCCIEIOBAHHBIX 00PA3LOB
IIIMH HOCHT CXOKHMIl XapakTep C ToBeleHHeM '~ Cs JUIs 9THX ke 0Opa3oB IJIHH. YCTaHOBIEHO, UTO
$Sr MakcHMaTbHO COpOUpyeTCs Ha GeTOPYCCKUX TIMHAX mpH 3Hadenusx pH ot 8 mo 11, a npu 3Ha-
uennsx pH < 8 u pH > 11 copbuus **Sr camxaercs. Copbrus *°Sr 8 o6mactu 6 < pH < 11 s raus
MmectopokaeHuil «l'opogHoe» u «MapKoBCKOe» BBILIE, YeM J11 OEHTOHUTOBOM INTUHBI MECTOPOKCHHUS
«10-i1 Xytop». OTMETHM, YTO MPU MEHBIIEM COMAEPKAHWU B OEJIOPYCCKUX TIWHAX MOHTMOPHJIIOHU-
Ta TI0 CPaBHEHUIO ¢ OEHTOHNTOBOM TUHON «10-if XyTop» B HUX HaOmomaeTcs Oosiee BBICOKAs CTETIEHb
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Pric. 5. 3aBHCHMOCTB COpOIHH St 0T pH BOXHOrO pacTBOpa JUTsi 06pa3IOB IITHH MeCTOpOK AeHH it «[opoxHoe» (d)
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Fig 5. Dependence of **Sr sorption on the pH of the aqueous solution for clay samples from the “Gorodnoye” (a)
and “Markovskoye” (b) deposits in comparison with bentonite clay from “10™ Khutor”

COpOLMY PaIHOHYKIHAA P ST, UTO CBA3AHO C OCOOEHHOCTSAMH COCTAaBA [JIMH MECTOPOKaeHui «0opos-
Hoe» U «MapKoBCcKOe» M HaJIMYMEM 3HAYMTEIBbHOIO KOJMYECTBA XKEJE3UCTHIX MJICHOK Ha IMOBEPXHO-
CTH YaCTHUL TVIMH U CMELIAaHHOCIOWHOI0 MUHEpala MOHTMOPUJUIOHUT-WILIUT. COIJIaCHO IKCIIEPUMEH-
TaTBHBIM JAHHBIM COPOLMS * St ramHaMu B oOmacTi pH 0T 5 10 8 HE3HAYHTETHHO yBEIHIHBACTCH,
9TO CBHAETEILCTBYET O B3AMMONCHCTBUM MEXIY TIHHHCTBIM MATEPHANOM M PaJHOHYKIHIOM > St
110 MEXaHH3My MOHHOrO o6MeHa. IIpu mosbimenuu pH > 8 copbuus *’Sr Ha MIMHUCTBIX MaTepHanax
BO3pacTaeT, fnocturas makcumyma npu pH paBHom 10—11 3a cueT MexaHU3Ma MOBEPXHOCTHOI'O KOM-
mexkcoobpaszoBanus. [loqo6HOE cCOpOLIMOHHOE TTIOBEACHNE PAIUOCTPOHITUS IPH PA3TINYHBIX 3HAYEHUIX
pH pactBopa HaGmronanock IS TIWH, COAepKAIIUX INIMHUCTbIE MUHepasbl Thna 2 : 1 (MOHTMOPHILIO-
HUT, WILTUT, CMEIIAHHOCIOWHBI MUHEPAJ MOHTMOPUILIOHUT-HILTAT) [10].

Ha puc. 6 npencraBiena 3aBucuMOcTh norapudma K, St s 06pasios TIMH oT norapudMa KoH-
nentpaunii karuonos K, Na®, Ca®’, Mg®", npucyTcTByOmuX B MoienbHOM pacTBope. KoHIeHTpamms
K, Na", Ca®", Mg®" B pactBOpe m3mensiiach B uurepsaie ot 0,001 10 0,1 Momb/1.

Buro, uto BnusHue KaTHoHoB Na', K, Ca®’, Mg®" ma copbuuio *’Sr ob6pasuamu rimn mecto-
poxneHuit «l'opogHoe» u «MapKOBCKOE» HOCUT CXOXKuid Xapakrep. B [11] mokazaHo, 4TO HOHHBINA 00-
MEH SBJIAETCS ONMPENENSIONINM MEXaHH3MOM COpOIMH St TIIHHACTHIME MuHepanamu. Ha moBesienne
Sr Bnusor KuCIOTHOCTH (pH) M MOHHAS CHJIa PAacTBOpA, a caM ST IOMHHHPYET HpH COPOLMH Haj
OOJNBIIMHCTBOM IIEIOYHBIX M IIEJIOYHO3EMEIbHBIX METaJUIOB IPU KOHKYPEHIIMH 32 OOMEHHbBIC TO3H-
wun: Sr°° > Ca®" > Mg®" > K" > Na”. s uccienoBaHHbIX 06pa3ios IIHH COpOLHUs  Sr HOCHT IperMy-
IECTBEHHO MOHOOOMEHHBII XapakTep, U 3Hauenns K, *°Sr 3aKkoHOMEPHO YMEHBIIAIOTCSA C yBETHICHHEM
KoHneHTpauy katnonos Na', K, Ca®’, Mg®" B pactBope. I3 moiy4eHHBIX JaHHBIX CJIEAYET, 4TO Ha
copbuuio *Sr o6pasiamu ruH HaubONee CYMECTBEHHOE BIMSHME OKa3biBaioT Katnonbl Ca’" n Mg®"
no cpaBHeHHI0 ¢ kaThoHamMu Na' u K', IOCKOIbKY JaHHbIE MAaKPOKATHOHBI O CBOMM XHMHYECKHM
CBOMCTBAM OIIHM3KH K ST,

Takum oOpa3om, pe3yibraThl IPOBEJEHHBIX HCCIECJOBAHUI IIOKAa3ajd, YTO IJIMHBI MECTOPOXKJe-
uuit «CopoxHoe» n «Mapkosckoey» 3hhekTHBHO copoupyoT *’Cs 1 *Sr B MHKPOKOHIEHTPALHSAX, TIPH
3TOM 3HAYEHHUS CTEIICHH COPOLMH COCTABISIOT 000 99 %, a koddduuments! pacipenenerus — 10 m/kr.
Haubonee CHIBHO paaHOHYKIHIbL > 'Cs 1 *°Sr copOUpYIOTCS TIMHAMHU B CPEaX OT CIAOGOKHCION 10
LIEJIOYHON U c11a00 COPOMPYIOTCS B CHIIBHOKHUCIIBIX U CHIIBHOLIENIOUHBIX cpenax. KmroueBsiMu (akro-
PaMu, BIMSIOUINMH Ha noriomieHne ' Cs IIMHUCTEIME MUHEPAIAMH, SBIISIOTCS: KOMMUYECTBO BBICOKO-
CeeKTHBHBIX COPOIMOHHBIX IIEHTPOB M KOHIIEHTpalus MakpodnemenTa K B pacTBope. OCHOBHBIMU
napaMeTpaMH, BIMSIOUIHMH Ha COPOLIHIO *St, SBIAIOTCS: EMKOCTh KATHOHHOIO OOMEHA IVIHH U COCTAB
ee OGMEHHBIX KaTHOHOB, a TaK)Ke KOHIEeHTpanus Katnonos Ca’” u Mg™" B pacTBope.



Becui Haupisinanphait akagsmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2023. T. 68, Ne3. C 252-264.

Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 3, pp. 252264 263
4 -
4 -
e R
- ~< Sso = AN
g 3 N £ 3 DRSNS
B S O X T
= 2 = R N
& e B [y e e
2 2 A g RGN N
= QA ‘ a2 ‘n:g\
NN S b BB B NN
20 t TR g \ ‘::1‘«. ifo QQ\:::::\ :t
. SR S
0 T T T 1 0 T T T 1
—4 -3 -2 -1 0 —4 -3 -2 -1 0
lg [C], Mmomb/n 1g [C], monb/n
a b
5 -
4 ‘3:\
; \::::\ @
E" 3 Q \::.:::\
n Ssoy
E4 A AN
& QQ‘\:::\ .“3:;::\ Puc. 6. BnusiHue KoHIIEHTpanuu KaTUOHOB Na' (@),
RNV e K" (M), Ca* (A), Mg*" () na copbuuio **Sr
1A ) oOpa3snamu IIHH MecTopokIeHu# «l oponHoe» (a),
«MapxkoBckoe» (b) u «10-it XyTop» (c)
0 ' ' ' ' Fig 6. Effect of the concentration of Na' (@),
—4 -3 -2 -1 0

lg [C], Mmonb/n

C

K' (W), Ca* (A), Mg® (0) cations on the sorption
of ¥Sr by cla y samples from the “Gorodnoye” (a),
“Markovskoye” (b) and “10™ Khutor” (¢) deposits

3akirouenne. B coorBeTcTBUH C OMPEACIICHHBIMU KPUTCPUAMU IJI OLICHKKU BO3MOXXHOI'O MCIIOJIb-
3oBanus rmuH PecyOnuku bemapychk B cocraBe moactunatomero skpana [13PO benopycckoit ADC
YCTQHOBJICHO, YTO MO (PU3MKO-XMMHUYECKHM IOKa3aTelsiM MM COOTBETCTBYIOT TJIMHBI M3 JKCIIIya-
THPYEMBIX B HacTosmiee BpemMs MecTtopoxkeHnit «l'opomnoe» (bpectckas obmacts) u «MapKOBCKOE»
(F'omennckas obmacts). [TokazaHo, 4ToO MaHHBIC 00PA3ITEI OETOPYCCKUX TIIUH 00J1a1al0T BRICOKUMHU COpO-
I[IMOHHBIMH CBOMCTBAMH B OTHOIIIEHUH 7Cs u ¥°Sr. 3nauenus crenenn copOuuu 37Cs u %Sr u3 BOJHOT'O
pacTBopa COCTaBISIOT OKOJIO 99 %, a 3HaYeHU I KOJTMYECTBEHHOT0 TIOKa3artessi copounu (KkodguuneHTa
pacrpenenenus pauonyKiuaoB) — nopsiaka 10* n/kr. C Teyennem BpeMenu pukcarms ' Cs Ha IIHHAX
YBEITUYUBAETCSA, TO €CTh B COCTaBe TIOACTHIIAIONIETO dKpaHa AaHHBIC TIUHBI OyayT SABIATHCA d(hdek-
TUBHBIM MPOTUBOMHUTPALIMOHHBIM O0apbepoM Ha MyTH PACIIPOCTPAHEHUS PAJUOHYKIIHIOB B OKPY Kar0-
HIYIO Cpey B cllydae pa3repMeTH3alii YIIaKOBOK C PaJHOAKTUBHBIMU OTXOJaMHU.

[lo cOBOKYIHOCTH MPOBEAECHHBIX MCCIEAOBAaHUM BBHIOpaHHBIE TIMHBI U3 MecTopoxaeHui «lopox-
HOe» 1 «MapKOBCKOE» MOTYT OBITh PEKOMEHIOBAHBI B KQUECTBE TIEPCIEKTUBHBIX TIIMHUCTHIX MaTepHa-
JIOB JIJISI MCTIONIB30BaHUS B COCTAaBE MOJCTHIIAIONIETO dKpaHa (COPOIIMOHHBIN CIOH TNIMHBI) MPUTIOBEPX-

noctHoro [13PO benopycckoit ADC.
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