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I[Tpy HCTIONB30BaHUM BOJBI UL TEXHUYECKUX HY)KI MPOMBILIICHHBIX MPEATIPUATHH, e TpeOyeTcsl OYnIIaTh 10 HopMa-
THBHBIX HOPM NIPEeIbHO-JOIyCTHMBIX KOHICHTPALHUi, YTO ABISETCS SHEPro- U pecypco3arpaTHeM. [t adpdexTrBHOIM
OYHMCTKU MPOMBIIUICHHBIX CTOYHBIX BOJ OT Pa3JUYHBIX MMOJUTIOTAHTOB BCE OOJIBIIE MCIOIB3YIOTCS OTXO/bI Pa3IMYHBIX
MIPOM3BOJICTB, KOTOPHIE MOKA3bIBAIOT BHICOKYIO CTEIIEHb OUUCTKH CTOYHBIX BOA U SBIISFOTCS] HEJOPOTOCTOSIIMMHU.

B crarbe B kauecTBe ajcopOeHTa MCIONb3YyeTCsl KapOOHATHBIM IJIaM — MHOTOTOHHA)XKHBIH OTXOJI IIEXOB XUMHYECKOH
BOJIOTIOJITOTOBKH TEIUIOJIEKTPOCTaHIMi. B naHHO# paboTe mpencTaBieHsl pe3yabTaThl HCCIIET0BAHUS COPOIIIOHHOTO
MaTepualia — TpaHyJIMPOBaHHOTO MOIU(HUIHUpOBaHHOTO KapOoHnaTHoro nutama (I'pMKII). IIpeacraBneHbl naHHBIC 11O
3¢ PEeKTUBHOCTH MpUMeHeHHs copOionHoro Matepuana ['pMKII as1st O4MCTKU CTOYHBIX BOJ OT (hEHOJIOB: TIOJIy4YeHA
BBIXOJIHAS KpHBast aICOPOLMN B IMHAMHYECKHX YCIOBUIX, paccunuTaHa 3(p(GpEeKTHBHOCTh OUYUCTKH CTOYHBIX BOJ OT (heHO-
JI0B, KOoTOpas coctaBisieT 99,2%. [IpeacTaBieHsl pe3ynbTaThl OHOTECTHPOBAHUS BOXHOM BHITSDKKH HACBHIILICHHOTO (hEHO-
namu ['pMKIII Ha pri6ax Buna Poesilia reticulata Pet. u pakoo6pasueix Daphnia magna Str. I[Toka3aHo, 4To ouHieHHAs
BOJIa HE OKa3bIBACT OCTPOTO TOKCHYECKOrO BO3ACHCTBHSA HA TECT-O0BEKTHL

Knruessie cnosa: npomvluiienHble cmounvle 800bl, OUOMeCmuposanue, aocopoyus, genoavl, KapOOHAMHbIU WLAM,

OUUCMKA CIMOYHBIX 800.

1. BBEJIEHHUE

OCHOBHBIMU NIPUYMHAMH aHTPOIIOTEHHOTO BO3/AEHCT-
BHS Ha OKPY’KaIOIIYIO Cpely SIBJIAIOTCS pacTylee Hace-
JICHHE MUPAa, UHTEHCUBHOE 3eMJIe/IeNIue ¥ ObICTpast UHIY-
cTpuanu3anus. 3T0 NPUBOAUT K 3arPA3HEHHUIO BOJIHBIX
00BEKTOB NPOMBIIIJICHHBIMHA CTOYHBIMU BOJaMH. J[Js
pelIeHust TaHHOM TpoOIeMbl HEOOXOANMO HCTIONB30BAThH
Ha TPEANPUATHAX COBPEMEHHBIE TEXHOJIOTMH OYHCTKH
CTOYHBIX BOJ [1-6].

KoHnenTpamyst XuMU4YecKnX 3arpsisHATeNel B BOJIE,
TaKUX KaK OpraHWYeCcKHe BEIIECTBA, TSXKEIIbIe METaJlIb,
MHUKPOOPTaHU3MbI U T.J. SIBISIIOTCS OCHOBHBIMH (DaKToO-
pamu, onpeeNouIMU KauecTBO Boab! [6—7]. Ilpupoa-
HBI€ WM CHHTETUYECKHE XUMUYECKHE BELeCTBA, MUKPO-
OpraHu3MBbI U T.JI. OKa3bIBAIOT HEOJIArONPHITHOE U OMac-
HOE BO3JICHCTBHE Ha 3[J0POBbE YEJIOBEKAa M OKpY’Karo-
LIy Cpemy.

Hedrsaple 1 HepTEeXMMHUYECKHE INPOMBIILICHHbIE
00BEKTHI ABISIFOTCS] KPYITHBIMHU HOTPEOUTEISIMU IIPUPOI-
HOH BoJibI. [IpOMBITIITIEHHAs IESTENEHOCTD MPEAIPHATHH
IIPY HEZOCTATOYHOHN JI00UYNCTKE CTOUHBIX BOJ 10 TpeOy-
eMbIx 3HaueHui [1/IK npuBoaUT K aHTPONOTE€HHOMY BO3-
JIeIICTBUIO HA OKPY>KAIOIIYI0 IPUPOJHYIO cpeny. B cBs3u
C 3TUM B NPUPOJHBIX BOJIAX NMPOMBIIUICHHBIX PETHOHOB
HaOIOMaeTcsl BBICOKAs KOHIGHTpAnWs MOJUTIOTAHTOB,
KOTOpas MPEBBIIIAET IPeAeTbHO-I0YyCTUMBIE KOHIICHT-
pamun (ITIK) cO6pocoB B BOgHBIE 0OBEKTHI PHIOOX03STH-
CTBEHHOTO0, X03HCTBEHHO-ITUTHEBOTO U KYJIBTYPHO-OBI-
TOBOTO BOJIOIOJIb30BaHus [6—8].

Cy1ecTByIOINE TEXHOJIOTMH OYUCTKU CTOYHBIX BOJ
(CB) BximrouaroT B ce0sl MMPOKHE KATErOPUH TPaIHIH-
OHHBIX TPOILIECCOB, TaKUX Kak pa3daBieHue, copOouus,

¢dotonus, BeIMapuBaHue U OHojerpaganys. B mociennue
HECKOJIKO JECATHICTUH TpaIMLIUOHHBIM Hpoleccam
OYHCTKH CTOYHBIX BOJ| yeJsieTcs 00Jblle BHUMaHuUs [2].
OnHaKko, 3TH TPOLECCHl SIBIAIOTCS JHEPrOEMKUMHU H
OYEHb JIOPOTOCTOSIIIMMH C TOUKHU 3PEHHUS PECYPCOB, IKC-
IyaTauuu ¥ oOciykuBaHus. B HacTosiee Bpems Bce
OoJiplliee BHUMaHUE YAEIAETCS BBICOKOI((PEKTUBHBIM
METO/IaM OYHCTKH BOJ OT MOJUIIOTAHTOB C HCIIOJIB30Ba-
HHEM BTOPHYHBIX MaTepHajoB. B cBsi3m c 3ThM, Bce
OoJibIlie BBI3BIBAIOT HHTEPEC Y MCCienoBaTeNel Tnopu-
HBIE WM CMEIIaHHBIE CHCTEMBI OYHCTKH, 3((EeKTHB-
HOCTh KOTOpBIX ObuTa nokazana [9—13]. B pabote pac-
CMOTpPEHa BO3MOXHOCTH aAcOopOIoHHON ouncTtku CB
oT deHonoB MOAMGUIMPOBAHHBIM KapOOHATHBIM IIJIa-
MOM, KOTOPBIil SIBJISIETCS] AJIbTEPHATHBHBIM MaTE€PHUAJIOM
OMOYTJISIM M aKTUBUPOBAHHBIM YTIISIM B aJICOPOIIMOHHBIX
nporeccax [8-12, 14].

B nmpoMBIIUIEHHOCTH IUPOKO HCIIONB3YETCS METOA
a/IcOpOIIMOHHON OYHCTKHM CTOYHBIX BOJ OT 3arpsi3HHUTE-
Jel ¢ MpUMEHEHHEM COpOEHTOB ¢ pa3indHON Mojudu-
Karueil. [I[puMeHenre 0TX010B MPOU3BOCTBA B KauecT-
BE COpPOLMOHHBIX MaTEPUAJIOB JJISI OYMCTKH CTOYHBIX
BOJI OT PA3IMYHBIX IOJUTIOTAHTOB SBIISIETCSI HE TOJIBKO
9KOHOMHYECKH PEHTa0EeNbHbIM, HO U PEIIAET BOMPOCHI
YTUIIN3AIlMd MHOTOTOHH@)KHBIX OTXOJOB IPOU3BOJICT-
BEHHBIX CEKTOPOB.

B03MO0OXHOCTh HCHIOJIB30BAHUS OTXOJIOB IPOU3BOCT-
Ba MOJKET PELINTh NPOOJIEMbI OYHCTKU CTOYHBIX BOJ OT
¢enonoB o HopM IT/IK, u yTunm3anmuu 0TX010B SHEpTe-
THKH — KapOOHATHOTO LIJIaMa.

Lenbro paboTsl siBisieTcst M3ydeHue 3 PeKTHBHOCTH
kapOonarHoro nurama (I'pMKII) ynansates deHon u3 cro-
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YHBIX BOJ| C IIPOBEJCHHEM OLIEHKH €r0 3KOTOKCHYHOCTH
Ha pri0ax Buza Poesillia reticulata Pet. u pakooGpa3nsix
Daphnia.

B npon3BoICTBEHHBIX TIpolieccax HanOOBINYIO 3Ha-
YUMOCTb UMEIOT MPOLIECCHl OUUCTKH CTOYHBIX BOJI B IU-
HAaMUYECKOM pPEKUME.

B cBs13u ¢ 3TUM B CTaThe NMPEACTABICHBI PE3YJIbTAThI
a7cOpOIMOHHOM OYNCTKH CTOYHBIX BOJ OT (DEHOJIOB Kap-
OOHATHBIM IIJIAMOM B IHHAMHYECKOM PEKUME € dPdek-
TUBHOCTEIO 99,2%.

2. MATEPHAJBI U METO/IbI HCCJIELOBAHUSI

2.1 MaTepuaJbl

2.1.1 Aocopoenm. B xauectBe ancopOeHTa st
OYHMCTKM MPOMBIIUICHHBIX CTOYHBIX BOJ HCIOJb30BaH
IpaHyJIMPOBAHHBIH MOJU(QHUIUPOBAHHBIH KapOOHATHBIH
uam (I'pMKIL) [14], KoTOpBIi MoTyYeH npu TepMOo00-
pabotke 600 °C B Teuenue 60 MuH, C TpaHylIaMHu AHa-
meTrpoM ot 0,5 10 2,5 MM, Iipu cooTHoIIeHUH 1:2 co cBi-
3YIOIIUM >KHJIKAM HAaTPHUEBBIM CTCKJIOM, HPOIUTAHHBIH
5% BoxnHOM 3Mynbcuet «Cunopy.

2.1.2 @enon. MonenbHBI (QEHONBHBIA PAacTBOp C
KoHueHTpamueil 100 Mr/amM® rOTOBUIM METOJIOM PACTBO-
penust HaBecku ¢penona (YA mo TY 6-09-40-3245-90)
B IUCTWIITMPOBAHHON BOJIE, B OIHY CTaIHIO.

2.2 TecT-00BeKTHI

B kadecTBe TeCT-00BEKTOB NCIIOJIB30BATH PHIO BHIA
Poecillia reticulata Pet. u pakoo6pa3zubix Buaa Dapxhnia
magna Str. TecT-00beKTH HOMEMAIN B KOHTPOJIBHBIH U
OTIBITHBIH cocyl B KomuecTse 10 mT., B ONBITE HCHIOJB-
30Balll TECT-00BEKTHI B Bo3pacte 10 24 4. JlanHbIe TecT-
00BEKTHl IIMPOKO NPUMEHSEMbl B MEXIYHAapOIHBIX
cTa"gapTax no ouorectuposanuio [15]. IlepBrie geTbipe
CYTOK T0CJIe POXKICHUS TeCT-00bEeKThl HanboJee YyBCT-
BUTEJIbHBI K 3aTrPSI3HEHHSIM, IOATOMY TECTHPOBAHHE CUHU-
Taercsi HanboJsiee HHPOPMATHBHBIM.

2.3 OmnpenesieHne MaccoBoii KOHIEHTPAMH

(eHOJI0B B BO/Ie METOI0M Ia30:KUAKOCTHOI

xpomarorpaguu

B ocuoBe Mmeroma [16] neKUT HCTONB30BaHHE He-
CKOJIbKMX CTaIMH peakuuid AJsl BblAENeHHs (EHOJIOB C
MOCTIETYIOIUM OIpeeTICHHEM KOHIIEHTPAIHH.

MaccoByr0 KOHIEHTPAIHMIO (PEHOJIa BBIYHCIIAIOT MO
crenyromen popmyie:

x=> @
k
rae X —maccoBasd KoHIEHTpauus Qenona, MKr/mme;
Sy — mIomags MHKA HAa XpOMATorpaMMe, MM’ HIH
en. cueta; K — ko3 hULUHEHT MOCTPOSHHO# Irpa yHpOBO-
YHOH KpUBOH.

2.4 OnpenesieHne TMHAMHYECKOI aICOPOIMOHHOI

€MKOCTH

s onipenieneHns TMHAMUYECKOW COPOITMOHHOHN eM-
KOCTH HCIIOJIb30BAIM MOJICJIbHBIN (DEHOJIBHBIH pacTBOP.
JuHamudeckyto copOuuonHyro emkocts JCE (Mmr/r)
paccuuTHIBAIM 1O (OpMyJIe:

v.C
ﬂCE = T ’ (2)

rae V, — 06beM obecenoneHHoro pacteopurens, am>; C
— paBHOBeCHas KOHIIEHTpAIMS PacTBOpa, Mr/am’; m —
Macca COpOLMOHHOT0 MaTepHana, T.

JdumaMeTp KOIOHKH — 25 MM, BEICOTa CJIOSI COPOIHOH-
Horo marepuana — 20 MM, macca — 54,38 1, ckopocTs
¢unpTpoBanus — 3,5 M/4. [Ipockok GpeHOIOB B Boe Ha-
onronaercs npu konuenTpamud — 0,001 mr/mme,

2.5Metoanka onpeeeHNss TOKCHYHOCTH

BoAHOM BbITsZKKY ['pMKII

BaxHpIM moKazaTereM mccienoBaHus 3PpQPeKTHBHO-
CTH copOIIMOHHOrO Matepuana npu ounctke CB ot ¢e-
HOJIOB, SIBJISIETCS OMOTECTHPOBAHME IO OILEHKE OCTPOM
TOKCHYHOCTH BOJHOM BBITSDKKH [ 16—19].

BuoTectupoBanue NpoBOAUTCS B TeueHHe 96 4., a
ocTpast JieTajgbHas TOKCHYHOCTh XapaKTepu3yercs rude-
nbi0 gadHui B kosmuectBe 50% oT o01ero yncna oobe-
KTOB U OoJee.

BonHyI0 BBITSKKY M KOHTPOJBbHBIE PAaCTBOPHI HAU-
BaJIi B CTEKJIAHHBIE cocy bl 00 100 cM®. DKCHepUMEHTHI
MIPOBOAMIINCH B TPEXKPATHOH MOBTOPHOCTH.

B cocyn ¢ uccnemyeMbIM pacTBOPOM TECT-OOBEKTHI
MOMEIIAIM ¢ TIOMOLIBI0 CTEKJISTHHON mnanovku d =5-
7 MM. B TeueHrne OMOTECTHPOBaHUS TeCT-O0BEKTaM OT-
paHUYMBAIY IUTAHUE JUIS UCKJIIOUYEHHS BIMSHUS Ha OII-
pelnenieHre IeTaabHOW TOKCHYHOCTH MOCTOPOHHUX (hak-
TOPOB.

o ucTeyeHuro BpeMEHH KCIIEPUMEHTA BU3yallbHbIM
METOJIOM OIIPEACISIIM KOJIMYECTBO BBDKHBLIMX TECT-
00BEKTOB. B ciryuae cBOOOIHOTO NepeABMKEHUS B BOJE
1 TIpH TIEPEABIKEHUH CO JTHA COCyia B BOIY TeCcT-00be-
KTBI CUNTAIOTCS JKUBBIMH, HE M033Ke 4eM 1ocie 15 ¢ no-
cJie BCTpsixuBaHus cocyna. OOBEKTHI, HE COOTBETCTBYIO-
IIUX KPUTEPHUSIM JKHBBIX TECT-OOBEKTOB, CUMTAIOT ITOJI-
BEPrHYTHIMH OCTPOH JIETAJILHOH TOKCHYHOCTH, TO €CTh
MOTUOIINMU.

Pacuer cpeanero apupMeTHuecKOro 3Ha4ECHUs IPo-
U3BOAMIICS 110 (hopMyJIe:

|
X _ Zi Xk(on)i (3)
k(on) | ’
rae Xyon) — i-0€ U3MEpeHUE KOJIMYECTBA KUBBIX AapHUIT
B KOHTpoJie (OmbiTe); | — HOMep u3MepeHwus; | — ducio
napajuieJIbHbIX U3MEPEHHH, paBHO 3.

Hanmuue octpoit etanbHOM TOKCHYHOCTH PO BOJ-
HOM BBITSDKKH OLIGHUBAETCS TPOLIEHTHHIM COOTHOILICHHU-
€M BBDKUBIIINX TECT-00BEKTOB B OIbITE. 3HAUCHHUE BBIIIE
50% BBDKMBIINX TECT-00BEKTOB AapHUI XapaKTepu3yeT
OTCYTCTBHUE MPOSIBJICHUS OCTPOH JIETaIbHOW TOKCUYHO-
CTH.

Merto/; GHOTECTHPOBAHMUS HA OCTPYIO JIETAIBHYIO TO-
KCHYHOCTh KynbTyphbl rymmu Buzpa Poecillia reticulata
Pet. oneHnBaeTCsl pa3HOCTHIO BBDKMBIINX PBIO TyNIH B
BOJIHOW BBHITSDKKE (OIIBIT) ¥ B YHCTOH BOJIE (KOHTPOIIB).
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Octpast jeranbHas TOKCHYHOCTh XapaKTEpU3yeTcs
rudenbio 50% u Goliee rynmnu B BOJAHOMN BBITSKKE 110 OT-
HOUICHHIO K KOHTPOJIIO.

Jnst ombITa MCIOJIB30BAIM BOJHYIO BBITSDKKY COpPO-
LHOHHOTO MaTepuala, Uil KOHTPOJS — JAeXJIOpUpOBaH-
HYIO IUTHEBYIO BoNy. Bce mpoObl momenany B cocy ibl
mo 5 am®.

KoHTponb uncia He MoABEPKEHHBIX JIETAIbHON TOK-
CHYHOCTH 00BEKTOB IIPOBOAMICS €XKEAHEBHO, IIOTHOIINX
pBIO yramsn u3 cocyna. OueHka He IMOJA0MHX TPU3HA-
KOB JKH3HH PBIO OCYIIECTBIISANIACH NPH NPUKOCHOBEHUH
CTEKIISTHHOW MAJOYKON I (pUKCAIlMH OTCYTCTBHS JBH-
KEHUSL.

KonruecTBO )KUBBIX TYNITH B KOHTPOJIE U OIBITE Pac-
CUUTHIBAIOT CPEAHUM apU(PMETHYECKUM BBIUYUCICHHUEM
1o popmyJie, aHaJTOTUIHOH 3.

KonuuectBo He IMOABEPIKEHHBIX TOKCUYECKOMY BO3-
JIEHCTBUIO PHIO B MPOLIEHTHOM COOTHOIIIEHUH PACCUUTHI-
BalOT 1O opmyIe:

X« " Xon 100 4)
X

A=

Hanuaue ocTpoii 1eTanbHON TOKCHYHOCTH IPoO BOJ-

HOH BBITSKKU OLIEHUBAETCS BEJIMUYMHOM, KOTOpas Xxapak-

TEPU3YET MPOLEHTHOE COOTHOLIEHUE BBDKMBILHX TECT-
0OBEKTOB B OITBITE.

3. PE3YJIBTATHI HCCJIEJOBAHUM
OnpeneneHH TCXHOJIOTMYECKNEC XAPAKTECPUCTUKHU T10-
JMy4eHHbIX rpaHyn Marepuana ['pMKII (tabnuna 1).

Tabnuya 1. Texnonoeuueckue xapaxmepucmuxu I pMKII

Ne XapakTepucruka 3HayeHue
1. | Pa3mep yactuy, Mm 0,5-2,5
2. | HacbinHas nnoTHOCTb, Oy, Kr/iM3 670

3. | BnaxHoctb, % 2,5

4. | YpoenbHas nOBEPXHOCTb, MT 64,9

5. | CymmapHbiin 0bbem nop, cm3/r 0,84

6. | Boponornowenue, % 1,2

7. | 3onbHocTb, % 81

Pe3ynbTaThl OLEHKH 3(PPEKTHBHOCTH MPUMEHCHHUS
ancop6rmonnoro matepuana I’ pMKII o oTHOIIEHHIO K
(deHOy B AMHAMHYECKOM PEKHME TPEICTABJICHBI HA PH-
CYHKE.

JluHaMudeckast COpOIMOHHAsE €MKOCTh MarepHhaia
MOKAa3bIBAET, YTO B pe3ylibTate ounctku CB koHIeHTpa-
st PEHOJIOB CHUXKACTCS € 5 mr/mv® 1o 0,001 emr/mve.

= » Rd S o
S I IS BN SCR S R NS S I S
P S TR TR T T T T T
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Pucynok. Beixoonas kpusas aocopoyuu genona I pMKILI
6 QOUHAMUYECKUX YCIOBUSIX

[pu cpaBHEeHNH ancopOIHMOHHBIX cBoMcTB ['pMKIII
C aHAJIOTHYHBIMHU aJICOPOIIMOHHBIMH MaTepHalaMH, Clie-
JyeT OTMETUTb, YTO PE3yJIbTaThl CPABHUTENILHBIX HCCIIE-
JoBaHKH 3P PEKTUBHOCTH PaOOTHI ANHAMUUECKOM PEXKHU-
Me IoKa3aiHu, yTo KoMIiekcHas 3arpyska [' pMKII ume-
Jla aHaJOTWYHBbIE MOKa3zaTedH MO copOuuH (eHOJIOB,
He(TENPOJYKTOB U MOBEPXHOCTHO-aKTHBHBIX BEIECTB.
Copbuus peHOTIOB MpOoTeKaNa MPUMEPHO C OJIHAKOBOM
CKOpPOCTBI0 Ha BCEX HCIBITAHHBIX BHIAX MaTEePHAJIOB
[21-22].

buomecmuposeanue moxcuunocmu 600HOI

BLIMANHCKU ZDAHYIUPOBAHHO20 COPOUHOHHO20

Mamepuana

Pe3ynbTaThl poBeEHUS UCCIENOBAHUN HA TOKCHY-
HOCTh BOJHOW BBITSDKKM Ha rtuapoduorax Poesilia
reticulata Pet.  Daphnia magna Str. mpuseieHsI B Tab-
mmnax 2, 3.

CoriacHo JaHHBIM TaOJIMIBI 2, MOXXHO OTMETHTh,
4to npoueHT BebkuBIIMX Poesilia reticulata Pet. cocra-
piser 100%, W TOKa3pIBaeT, YTO BOJIHAS BBITSIKKA
I'pMKII mocne 09uCcTKH OT (PeHOIOB HE OKA3BIBACT OCT-
POT0 TOKCHYIECKOTO BO3JICHCTBUSI.

Toxcuunocth BoAHOHM BbITsKKH ['pMKII no otHo-
mieHuto kK Daphnia magna Str. moka3zana B Tabnue 3.

[Tpu 6uoTecTUPOBaHUH TIO OIIPEETICHHUIO OCTPOH Jie-
TaJIbHOW TOKCHYHOCTH BOJHOH BRITsKKH ['pMKIII ¢ pa-
kooOpasueiMu Buna Poecilia reticulata Pet. BbIsBIIeHA
rubens 27% pakooOpa3HbIX B TeueHHE 48 4. TeCTUpOBa-
HUSL.

Tabnuya 2. Pesynomamol onpedenenus 0Cmpoil 1emanibHol MoKcuyHocmu 600Hou evimsidicku I pMKILT
ons pei6 suoa Poesilia reticulata Pet.

Bpems KonnyecTBo BbIKMBLUMX PbIO, LWT.

OT Havyana KyNbTUBALMOHHAs BOAA KpaTHOCTb pa3basnenus 1:1 BLOKMBLNE Hepa3baBneHHas BLOKVBLLNE
onbiTa, MOBTOPHOCTb MOBTOPHOCTb pbibbI, MOBTOPHOCTb pbibbI,
* 1 2 3 Xt 1 2 3 Xt % 1 2 3 | x %

96 10 10 10 10 10 10 10 10 100 10 10 10 10 100

*X - cpeqHee apudhMeTUYECKOE 3HAYEHNE.
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Tabruya 3. Pe3ynomamul onpedenenus oCmpoil 1emanbHol
moxcuunocmu 800nou sxmsicku I pMKIL onsa pakoobpasnvix
euoa Daphnia magna Str.

He noaBeprwuecs Moaseprwmecs
TOKCHUecKoMy TOKCHUYECKOMY
BO3AENCTBUIO, LT. BO3[ENCTBMIO,
OnbiT| 1 2 3 X %
KynbTvBupyemas soga 10 9 |10 9,7 -
BopHas BbiTsikka IpMKLL 6 8 5 6,33 36,7
11 9 6 5 6,66 334
1:3 6 8 8 7,33 26,7
1.7 7 8 6 7 30
1:15 7 110 (10 9 10

*X — cpeaHee apudMeT4ECKoe 3HayYeHe.

4. OBCYXJIEHUE IOJYUYEHHBIX PE3YJIbTATOB

B pabote onpeneneHbl OCHOBHBIE TEXHOJIOTHUECKHE
XapaKTEPUCTUKU aJICOPOCHTa, KOTOpBIE IOKa3bIBAIOT
BO3MOXKHOCTb €I'0 HCIIOJIb30BaHUS ISl OUMCTKU CTOUHBIX
BOJ OT ()€HOJIBHBIX COCAMHCHHH.

[Ipu ompeneneHUN TEXHOJOTHYECKUX XapaKTepH-
CTHK MaTepraya I0Ka3aHo, YTO MaTephall HIMEeT BEICO-
KO€ 3HaUCHUE YACITbHON MOBEPXHOCTH — MaTepHall SIBIIS-
€TCsI MOPUCTHIM, M MOXKET aIcOPOUPOBATh MOJICKYJIBI 3a-
IPSA3HSIONIMX BElIeCTB. Boponoriomenne oneHnBaeTcs
B 1,2% u moka3bIBaeT, 4TO aJCOPOEHT SBJISETCS THAPO-
(oOHBIM, TOYTH HE moriomaeT Boxy. HaceimHas miot-
HOCTh ~670 Kr/M3, MOSTOMY MOXKHO CIeNaTh BEIBOI O
TOM, YTO aJCOPOCHT MOIXOAUT K MPUMEHCHHIO OYHCTKU
CTOYHBIX BOJI OT OPTAaHMYECKUX 3aTPS3HUTEIICH.

JuHamudeckass COpOIMOHHAS EMKOCTh MaTepHaia
MTOKA3BIBAET, YTO B pe3ynbraTe ouncTKi CB koHIeHTpa-
st PEHOJIOB CHIDKACTCS OT 5 mr/mm® 10 0,001 emr/am?®,
¢ a¢ppexTrBHOCTHIO 99,2%.

[pu 6uorecTupoBanuu pakoodpasusix Buaa Poecilia
reticulata Pet. octporo TOKCHYECKOTO BO3AEHCTBHUS
copbrmonnoro marepuana I'pMKII ne nabmromaercs,
MIPOIIEHT MOTHOMINX PaKoOOPa3HBIX NMPH TOKCHYECKOM
Bo3sieiicTBUY BoiHOM BBITS KKK [ pMKII HUxe 50%.

5. 3AKJTIOYEHUE

OmpenenieHbl  TEXHOJIOTHYECKHE — XapaKTEePUCTHKU
BBICOKOA((PEKTHBHOTO aJcOpOEHTa JUIsl OYHUCTKH IIpO-
MBIIIJICHHBIX CTOYHBIX BOJ OT ()eHOJIOB. BhIsiBIIeHO, YTO
CTETIeHb OYHMCTKHM CTOYHBIX Box OT (heHonoB ['pMKIII
99,2%.

[Tpu GuorecTrpoBaHUM JIJIsSI ONPEAEIIEHHS OCTPOIi Jie-
TaIBHOM TOKCHYHOCTH [T PBIO Buna Poecilia reticulata
Pet. n pakooOpasusix Daphnia magna Str. BHISABIEHO,
YTO BOJHAs BHITSDKKa COpPOLMOHHOTO MarepHaia
I'pMKIII He oka3bIBaeT OCTPOro TOKCUYECKOrO BO3AEH-
CTBHS.

[Mpennaraercst KOMIUIEKCHOE pecypcocOeperatoiee
pelieHre mpodIeMbl IPOU3BO/ICTBEHHO-IIPOMBIIIIICHHO-
IO U TOIUIMBHO-IHEPTEeTUYECKOTO KOMILIEKCOB: OYHUCTKA
CTOYHBIX BOJ IIPOMBIIIICHHBIX MPEANPUATHI U yTHIIN3a-
LMsI OTXO/IOB YHEPTeTUKU — KapOOHATHOI'O HUIAMA.

K mepcrnektnBam manpHEHIIEH pa3pabOTKH MOXKHO
OTHECTH MCCIIEJOBaHNE BO3MOXHOCTH 0€30TXOIHOM TeX-

HOJIOTHH YTHJIM3AIMH 3aMKHYTOTO IIHKJIa OTpabOoTaHHO-
ro ruapohoOHOro COPOIIMOHHOTO MaTepHaia Ha OCHOBE
KapOOHATHOTO IIIaMa MOCJe€ OYHCTKH CTOYHBIX BOJ OT
(heHOIIOB, TPUMEHEHHE THAPOPOOHBIX MATEPHATIOB IS
OYKMCTKH CTOYHBIX BOJ OT Pa3JIUUHBIX OPraHUYECKUX
MOJUTIOTAHTOB B IIMPOKOM CIEKTPE MPEANPUITUN XUMHU-
YeCKOM M He(TEXUMHUIECKOM OTpaciieif MPOMBIILICHHO-
CTH.
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[MHJ @ 14.1:2:4.177-02 MeTtoanka u3MepeHnii MacCOBOM
KOHIIEHTpau# (eHoa B IpoOax MUTHEBBIX, IIPUPOTHBIX
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TUTENb MuHMCTpa npupoaHbIX pecypco PO H.H. Muxe-
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102 c.
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TeHb HOPMATHBHBIX aKTOB (peJiepabHBIX OPraHOB UCIIOI-
uurensHo Biact. — 2009. — 43, (26 oxt.). Ne 695.
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Psaxosckuit M.C. JIluHamuka copOuu HePTEPOTYKTOB U
(heHOJIOB 13 BOAHBIX PACTBOPOB Ha KOMIUIEKCHOH 3arpys-
K€ M3 aKTUBUPOBAHHBIX yriteit / CoBpeMeHHbIE POOIIEMBI
HaykH U obpasoBanus. — 2015. — Ne 2-3.

Benora T.I1., Patunna T.W. lunamuka copOuum Menu,
HUKENS 1 KoOaJlbTa KaTHOHUTOM Ky-2-8 B BOJOPOIHON
¢dopme // Ycenexu coBpeMEHHOTO ecTecTBo3HaHus. — 2022,
—Ne 3.-C. 92-96.

REFERENCES

Singh A., Pal D.B., Mohammad A., Alhazmi A., Haque S.,
Yoon T., Srivastava N., Gupta V.K. Biological
remediation technologies for dyes and heavy metals in
wastewater treatment: New insight // Bioresour Technol. —
2022. - Vol. 343. — Art. 126154.

Ahmed S.F. [et al.] Recent developments in physical,
biological, chemical, and hybrid treatment techniques for
removing emerging contaminants from wastewater //
Journal of Hazardous Materials. — 2021. — Vol. 416. — Art.
125912/

Goncharuk V. V., Kovalenko V. F. Characteristics of Sea
Water Self-Purification Processes in the Black Sea Based
on the Results of Biotesting // Journal of Water Chemistry
and Technology. — 2019. — Vol. 41. — P. 391-395.

Diehl K., Hagendorf U., Hahn J. Biotests for assessing the
purifying performance of landfill seepage water treatment
processes; Biotests zur Beurteilung der Reinigungsleistung

10.

11.

12.

13.

14.

15.

16.

17.

18.

von Deponiesickerwasserbehandlungsverfahren //
Entsorgungspraxis. — 1995. — Vol. 13.

Qiu S. et al. Methods for Contaminated Water Biotesting
/I Asian Journal of Water, Environment and Pollution. —
2022. - Vol. 19. — No. 3. — P. 31-36.

Balakina M. M. et al. Capabilities of Ultra-and
Nanofiltration in the Purification of Dnieper Water from
Natural Organic Compounds // Journal of Water
Chemistry and Technology. — 2021. — Vol. 43. — P. 342—
347.

Bukatenko N., Zinchenko M. Environmental Safety of
Waste Detergent Solutions // Materials Science Forum. —
Trans Tech Publications Ltd., 2020. — VVol. 1006. — P.
202-207.

Qiu S. et al. Microbiology of Contaminated Water // Asian
Journal of Water, Environment and Pollution. — 2022. —
Vol. 19. — No. 4. — P. 55-61.

Removal of Bisphenol A (BPA) in a nitrifying system
with immobilized biomass / M. Zielinska [et al.] //
Bioresour Technol. — 2014. — No. 171. — P. 305-317.
Gryta M, Karakulski K, Morawski A.W. Purification of
oily wastewater by hybrid UF/MD // Water Research. —
2001. — Vol. 35. — Iss.15. — P. 3665-3669.

Yongjuan Xie, Li Zeng, Ping Wang, Xudong Wu, Tianjiao
Feng. Water cost for water purification: Renewability
assessment of a typical wastewater treatment plant in
China // Journal of Cleaner Production. — 2022.—Vol. 349.
— Art. 131474.

Rayna Bryaskova, Nelly Georgieva, Daniela Pencheva,
Zlatina Todorova, Nevena Lazarova, Todor Kantardjiev //
Synthesis and characterization of hybrid materials with
embedded silver nanoparticles and their application as
antimicrobial matrices for waste water purification.
Colloids and Surfaces A: Physicochemical and
Engineering Aspects. — 2014. — Vol. 444. — P. 114-119.
Ling Shao, G.Q. Chen // Water Footprint Assessment for
Wastewater Treatment: Method, Indicator, and
Application. Environ. Sci. Technol. — 2013. — Vol. 47. —
Iss. 14. — P. 7787-7794.

Nikolaeva L.A., Golubchikov M.A., Minneyarova A.R.
Research on the Mechanism and Kinetics of Oil-Product
Adsorption from Industrial Wastewater by a Modified
Hydrophobic Carbonate Sludge // Chemical and Petroleum
Engineering. — 2018. — Vol. 53. Iss. 11-12. P. 806-813.
Guseynova S.A. Primenenie metoda biotestirovaniya dlya
otsenki kachestva vod Tsentral'no-Kaspiyskogo uchastka
I/ Yug Rossii: ekologiya, razvitie. — 2009. — No. 4. — P.
43-47.

PND F 14.1:2:4.177-02 Metodika izmereniy massovoy
kontsentratsii fenola v probakh pit'evykh, prirodnykh i
stochnykh vod metodom gazozhidkostnoy khromatografii.
— Moscow: FBU “FTsAO”, 2011. — 20 p.

Rukovodstvo po opredeleniyu metodom biotestirovaniya
toksichnosti vod, donnykh otlozheniy,
zagryaznyayushchikh veshchestv i burovykh rastvorov:
utv. Pervyy zamestitel' Ministra prirodnykh resursov RF
N.N. Mikheev 27.04. 2001 g. — Moscow: REFIA, NIA-
Priroda, 2001. — 102 p.

Ob utverzhdenii metodicheskikh ukazaniy po razrabotke
normativov kachestva vody vodnykh ob"ektov rybokho-
zyaystvennogo znacheniya, v tom chisle normativov pre-
del'no dopustimykh kontsentratsiy vrednykh veshchestv v
vodakh vodnykh ob"ektov rybokhozyaystvennogo znache-
niya: Prikaz Rosrybolovstva ot 04.08.2009 No. 695 //




ALCOPBLMOHHASA OYUCTKA MPOMBILUNIEHHBIX CTOYHbIX BOA OT MOMIKOTAHTOB KAPEOHATHbBIM LUJTAMOM

Byulleten' normativnykh aktov federal'nykh organov 21. Ryakhovskiy M.S. Dinamika sorbtsii nefteproduktov i
ispolnitel'noy vlasti. — 2009. — 43, (26 okt.). No. 695. fenolov iz vodnykh rastvorov na kompleksnoy zagruzke iz
19. MR No. TsOS PV R 005-95 Metodicheskie rekomendatsii aktivirovannykh ugley // Sovremennye problemy nauki i
po primeneniyu metodov biotestirovaniya dlya otsenki obrazovaniya. — 2015. — No. 2-3.
kachestva vody v sistemakh khozyaystvenno-pit'evogo 22. Belova T.P., Ratchina T.l. Dinamika sorbtsii medi, nikelya
vodoshabzheniya.— Moscow: Gosstandart, 1995. — 24 p. i kobal'ta kationitom ku-2-8 v vodorodnoy forme //
20. Ol'kova, A.S. Usloviya kul'tivirovaniya i mnogoobrazie Uspekhi sovremennogo estestvoznaniya. — 2022. — No. 3.
test-funktsiy Daphnia magna Straus pri biotestirovanii / —P.92-96.
A.S. Ol'kova // Voda i ekologiya. — 2017. — No. 1. — P.
63-82.

AFBIH/BI CYJIAPABI NIOJUIIOTAHTTAPJJAH KAPBOHATTHI HIVTAMMEH
AJICOPBIUSAJIBIK TA3APTY

H. E. AiikenoBa'”, C. Azat?, V. K. Capcemoun?, I1I. A. Kapacaepa!

L K. JKyobanoe amvinoazol Akmoede onipnix ynusepcumemi, Axmobe, Kazaxcman
2 K.H. Coméaes amvinoazvl Kazax yimmolk meXHuKavix sepmmey ynueepcumemi, Anmamot, Kazaxcman
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OHEpKACINTIK KACIMOPBIHAAP/BIH TEXHUKAIBIK KaXKETTUIIKTEpl YIIIH Cyabl MaiianaHy Ke3iHIe OHBI SHEPTUsl KoHe
pecypcTapsl Kell KayKeT €TeTiH MIEKTI pyKcaT eTUIT'eH KOHLCHTpaHsIapIblH HOPMaTHBTIK HOpMaJIapbIHa ICHiH Ta3apTy
KaXeT. OHEpKACINTIK aFbIHABI CyJap[bl OPTYPJHI JlacTaylibl 3aTTapJaH THIMAI Ta3apTy YIIH aFblHABI CYJApIbI
Ta3apTyAbIH >KOFaphl ASPEKECiH KOPCETETIH )KoHEe KbIMOAT eMec 9pTYpIli @HEPKICINTEPAiH KAIIBIKTaphl XKHi KOJIJIAHBI-
Iyna.

Maxkanajga kapOOHATTHI NITAMIBI aICOPOCHT PETiHIE MaialaHblIa bl — JKBITY SJIEKTP CTAaHIUSUIAPBIHBIH XUMHUSIIBIK CY
TazapTy UeXTapbIHBIH ipi TOHHAKIB! KAJABIKTapBL. By sKyMBIC COpOIMSIIBIK MaTepPHAIIBIH — TYHIPIIIKTI MOIH(PUKAIIHS-
nanraH kapOoHatthl nuaMublH (I'pMKII) cunatramanapslH 3epTTey HOTHIKENEpiH YChIHAIBL. AFBIHABI CyJapIbl
¢denonnapaan tazapty yuid 'pMKIUI copOuusiiibiK MaTepruaiabl KOJIaHyABIH THIMIUIIT Ty pabl AePEeKTep KeNTipireH:
JMUHAMUKAJIBIK JKaFdaiaapaa MbIFBIC acOPOLMs KUCBIFBI albIHFaH, GeHONIapaH aFrbIHAbI CYIapabl Ta3apTy THIMILIIr
ecenrenreH, o 99,2% xypaiiaer. Poesilia reticulata Pet. Typinin 6anbikTapsita xoHe masH Topizainep Daphnia magna
Str. denonra kanbikkan ['pMKII cynbl CHIFBIHIBICHIHBIH OMOTECTICIHIH HOTIKeNepi OepinreH. TazapTeuiraH CyablH
3epTTENETiH 0OBEKTIIePTe OTKIP TOKCUKAJIBIK dCep STICHTIHI JONICIIICH/II.

Tyiiin ce30ep: onepracinmix azbiHObl cynap, buomecminey, adcopbyus, ¢henordap, KapOOHAMMbL WIIAM, ALbIHOb
cynaposl mazapmy.

ADSORPTION TREATMENT OF INDUSTRIAL WASTEWATER FROM POLLUTANTS
WITH CARBONATE SLUDGE

N. E. Aikenova'®, S. Azat?, U. K. Sarsembin?, Sh. A. Shynar?

! Aktobe Regional University named after K. Zhubanov, Aktobe, Kazakhstan
2 Satbayev University, Almaty, Kazakhstan

*E-mail for contacts: nuriya.rk@gmail.com

When using water for the technical needs of industrial enterprises, it needs to be purified to regulatory standards of
maximum permissible concentrations, which is energy- and resource-intensive. To effectively purify industrial
wastewater from various pollutants, waste from various industries is increasingly being used, which show a high degree
of wastewater purification and are inexpensive.

In the article, carbonate sludge is used as an adsorbent - a large-tonnage waste from chemical water treatment shops of
thermal power plants. This paper presents the results of a study of the characteristics of the sorption material — granular
modified carbonate sludge (GrMKSh). Data on the effectiveness of using the sorption material GrMKSh for treating
wastewater from phenols is presented: the output adsorption curve under dynamic conditions is obtained, the efficiency
of wastewater treatment from phenols is calculated, which is 99.2%. The results of biotesting of an aqueous extract of
GrMKSh saturated with phenols on fish of the species Poesilia reticulata Pet. and crustacean Daphnia magna Str. It has
been shown that purified water does not have an acute toxic effect on test objects.

Keywords: industrial wastewater, biotesting, adsorption, phenols, carbonate sludge, wastewater treatment.
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The core of the Earth consists mainly of iron and nickel, forming an iron-nickel alloy. At the same time, sulfur is one of
the potential candidates for the role of a light element in the inner core. To date, many theoretical studies have been
conducted by quantum chemical modeling to search for intermediate compositions and structures in systems such as Fe-C,
Fe-H, Fe-O, Fe-Si, Fe-S and Fe-P up to pressures of 400 GPa.

Despite extensive research on the iron-light element systems, to date no mineralogical model of the Earth's core has been
created that fully corresponds to the observed seismological data. A possible reason for this discrepancy may be
insufficient consideration of the influence of the core's key alloying element, nickel. Theoretical studies for the nickel-
light element system at high pressures have not been sufficiently carried out. Therefore, it is necessary to conduct more
in-depth studies of these binary systems in order to further study and identify possible intermediates in triple Fe-Ni-S

systems.

Keywords: theoretical calculations, phase transition, laser heating, stable modification, high pressure physics.

INTRODUCTION

The Earth’s inner core growth is a key process for
understanding Earth’s evolution. This process is
inherently related to the crystallization properties of the
core’s constituents, primarily Fe, Ni, and some light
elements such as hydrogen (H), carbon (C), nitrogen (N),
oxygen (O), silicon (Si), phosphorus (P) and sulfur (S)
[1]. The article [2] provides evidence of the strong
influence of the second most common element of the
core, nickel (Ni), on the crystallization of iron (Fe) under
the influence of pressure from the inner core of the Earth.
It has been established that the presence of nickel can
stabilize the bcc phase and accelerate the process of iron
crystallization under pressure conditions characteristic of
the core. The results obtained indicate that nickel
alloying of iron can contribute to the joint existence of
the phases of bcc and gpu of the inner solid core. These
findings play an important role in understanding the
mechanisms of formation of the inner core and the
formation of its complex crystal structure.

In this regard, the behavior of sulfur in Fe-Ni alloys
has interested scientists, since both elements are poten-
tially important components of the Earth's core. Given
the above understanding of the behavior of Fe-S and Ni-
S compounds at high pressures characteristic of the
Earth's core, it is important to discuss and limit the prop-
erties of planetary nuclei.

The Fe-S system has been the subject of intensive re-
search, both experimental and theoretical. At atmosph-
eric pressure, the enriched part of the system, Fe, forms
only one intermediate compound, FeS [3]. When the
pressure increases, other intermediates are formed. For
example, FesS; is formed above 14 GPa [4], and Fe,S and

FesS are formed above 21 GPa [5]. To assess the phase
stability of Fe-rich sulfides at Earth's outer core condi-
tions, Fe-rich sulfide compositions were examined to
200 GPa and 3250 K using single-crystal and powder X-
ray diffraction techniques in a laser-heated diamond anvil
cell. At high temperatures between 120 and 200 GPa,
FesS; is synthesized in the NisAs,-type structure [6]. Also
Oka K. and others [7] examined pressure-induced phase
transitions in Fe,S based on high-pressure and high-tem-
perature X-ray diffraction measurements in a laser-
heated diamond-anvil cell. Fe;S is not stable at ambient
pressure but is known to form above 21 GPa with the
FesP-type (C22) structurePreviously, it was believed that
FesS sulfide is the most enriched Fe compound in the Fe—
S system and can contribute to the composition of the
Earth's inner core, with iron retention. However, recent
theoretical studies using evolutionary methods to predict
crystal structures show that thermodynamically stable
iron sulfides in the pressure range of 100-400 GPa are
Fe,S, FeS and FeS,, while FesS is unstable and decays
into Fe + Fe,S [8]. The work of Tateno and colleagues
[9] using DAC and laser heating methods confirmed that
Fe,S is the most enriched Fe sulfide above ~250 GPa,
while FesS is not stable, which corresponds to the results
of theoretical studies.

The Ni-S system has not been studied in as much de-
tail as Fe-S, due to the underestimated interest associated
with the relatively low Ni/Fe ratio in the cores of planets.
Numerous phases in the Ni-S system were detected at at-
mospheric pressure. Among them are NizSz, NizSe, NigSs,
NiS, NisS4 and vaesite NiS; [10].

At high pressures, data on the Ni—S system is limited.
Prewitt et al. [11] investigated NisS; at high pressures.
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Their experimental study revealed a phase transition to
an orthorhombic phase with Cmcm symmetry at 23 GPa
and 462 K. This result was later confirmed by theoretical
studies based on calculations based on first principles
[12]. In [13], calculations were performed in the pressure
range of ~0—24 GPa. The calculated crystal structures for
nickel sulfides showed that NiS, NisS;and NizS4 are sta-
ble at the studied pressure. It should be noted that theo-
retical data and calculations on the search for stable com-
positions and structures in the Ni-S system are
practically absent. Thus, it is important to conduct such a
study as was done for the Fe-S system [8, p. 1027] in
order to expand our knowledge about stable phases in the
Fe—Ni-S system at pressures of the core of the Earth and
other planets.

METHODS

The calculations of the electronic structure were
carried out within the density functional theory using the
VASP package [14].The exchange—correlation interacti-
on was taken into account in the generalized gradient
approximation (GGA) in the form of the Perdew—Burke—
Ernzerhof (PAW) functional.

The search for new stable crystal structures of nickel
borides, carbides, and nitrides were performed using evo-
lutionary algorithms implemented in the USPEX pack-
age [15].

For a more efficient search for crystal structures the
calculations were divided into two stages. At the first
stage, the search for stable intermediate stoichiometries
was carried out, which resulted in the construction of
thermodynamic convex hulls. In the second stage, a
search was performed for each fixed stoichiometry
represented on the convex hull.

The search for crystal structures was carried out at
100, 200, 300 and 400 GPa with a maximum number of
atoms in a cell equal to 32, in the case of calculating a
variable composition, and 1-4 formula units in a cell, in
the case of calculating a fixed composition. In the first
generation, 55 structures were randomly generated. 60%
of these structures with the lowest enthalpy were selected
after optimization and then used to generate the next
generation (35% of all structures of the next generation
were generated according to the heredity scheme, 20%
according to the atomic mutation scheme, 10% according
to the lattice permutation scheme and 35% randomly).

In all calculations for the search for crystal structures,
optimization was carried out within the framework of
density functional theory using the conjugate gradient
algorithm. The calculated parameters were as follows:
the cutting energy of plane waves is 400 eV; the density
of the Monkhorst-Pack k—point grid [16] is 0.5 A™;
electronic blurring is according to the Methfessel-Paxton
scheme [17]; smoothing parameter o = 0.2 eV. Further,
the most energetically advantageous structures were
optimized at different pressures with higher accuracy,
namely, the cutting energy was increased to 600 eV, the
density of k-points was 0.2 A~' and the smoothing
parameter c = 0.1 eV.

RESULTS

This article presents the results of calculations for the
search for crystal structures of nickel sulfides and their
relative stability at the pressure of the Earth's core.

Nickel in the range of 100-400 GPa under considera-
tion has only one stable modification (fcc structure). This
conclusion is consistent with the experimental results
[18]. In the case of sulfur, the B-Po (R-3m) type structure
was stable in our calculations over the entire pressure
range (Figure 2). This result is in agreement with the
works [19], and differs from what was obtained in the
works [20]. According to [21], at pressures above
280 GPa [28, p. 330] (330 GPa [19, p. 1600857]), the B-
Po type structure transforms into a simple cubic structure
(Pm-3m). We associate this transition with the insuffi-
cient accuracy of calculations [19, p. 1600857] and the
pseudo-potential used [18, p. 342]. At pressures above
350 GPa, the enthalpy difference between the R-3m and
Pm-3m structures decreases to 10 meV/atom, which is al-
most comparable to the accuracy of -calculations
(5 meV/atom). This difference can be compensated by
the temperature effect. Therefore, the possibility of the
existence of a simple cubic structure cannot be excluded.

04 =
— 0= Pm3m

—e— /m3m

0.3

—e— R3m

Enthalpy (eV/f.u.)

-0,] T T T T T v T L T T T
100 150 200 250 300 350 400
Pressure (GPa)

Note — The dependencies are shown relative to the enthalpy
of the R-3m modification

Figure 1. Enthalpy dependence on pressure of various sulfur
modifications

To assess the stability of intermediate compounds in
the Ni—S system at various pressures, «convex hull» dia-
grams were constructed in previous work [22]. The en-
thalpy of formation relative to elementary Ni and S was
calculated earlier for both predicted and known struc-
tures. A number of stable compounds have been identi-
fied in the pressure range under consideration.

As a result, the equilibrium compounds at 100 and
200 GPa are NisS, NisS, Ni,S and NiSs. With increasing
pressure, nickel-enriched compounds Ni1sS, Ni13S, Nii2S
and NisS are stabilized. Over the entire pressure range,
Ni14S has one modification characterized by C2/m sym-
metry. Ni14S-C2/m becomes stable with respect to the de-
cay reaction to NisS and 9Ni above 255 GPa (Figure 2a).
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Ni13S also does not undergo phase transitions in the pres-
sure range under consideration and has a structure with
R-3 symmetry. This sulfide is relative to the decomposi-
tion reaction of 9Ni13S = 8Ni14S + NisS above a pressure
of 274 GPa (Figure 2b).

—&— N;i,S
024 —*— NiS+9Ni
~ J
g 0.1
>
2
Py
s 0 - ® ® °
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Figure 2. Decomposition into an isochemical mixture:
a) Dependence of the enthalpy of Ni1sS on the decomposition
reaction to NisS and Ni; b) Dependence of the enthalpy
of Ni13S on the decomposition reaction to Ni14S and NisS

Ni12S has an R-3 structure and becomes energetically
advantageous above 296 GPa with respect to the reaction
8Ni12S = 7Ni13S + NisS (Figure 3a). Ni,S stabilizes rela-
tive to the reaction 2NisS = NisS + NisS above 243 GPa
and has a P-1 structure (Figure 3b). With increasing pres-
sure, NiSz becomes unstable above 318 GPa and decays
into Ni,S and S (Figure 3c). NisS, NisS and Ni,S are sta-
ble over the entire pressure range of 100-400 GPa. Thus,
the following compounds are stable at 400 GPa: Ni1S,
Ni13s, Nilzs, Ni55, Ni4S, N|38 and N|2S

In the pressure range under consideration, NisS has
one C2/m modification, while NiS and NisS undergo one
phase transition. For Ni.S, the phase with Pmma symme-
try is stable at least above 100 GPa. At 272 GPa, Ni,S-
Pnma enters a phase with P-62m symmetry (Figure 4a).

For NisS, the phase with 1-4 symmetry is stable from at
least 100 to 330 GPa, and above this pressure it passes
into the phase with Cmcm symmetry (Figure 4b).
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024 —e— 7Ni,S +Ni,S

0 ° o . /:/
0.2 /
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Figure 3. Decomposition into an isochemical mixture:

a) Dependence of the enthalpy of Ni12S on the decomposition
reaction to Ni1sS and NisS; b) Dependence of the enthalpy
of NisS on the decomposition reaction to NisS and NisS;
c) Dependence of the enthalpy of NiSz on the decomposition
reaction to NizS and S
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Figure 4. Decomposition into an isochemical mixture:
a) Enthalpy dependence on pressure of Ni2S modifications
(all dependencies are shown relative to the enthalpy of
Ni2S-P-62m); b) Enthalpy dependence on pressure of NisS
modifications (all dependencies are shown relative to the
NisS-Cmcm enthalpy)

In addition to the predicted structures, we also exam-
ined experimentally synthesized structures NisSz, NizSe,
NigSs, NiS, NisSs and NiS; at atmospheric pressure.
Two known structures of a- and B-NiS were considered
for NiS. According to our calculations, in the pressure

O Ni

range from 100 to 400 GPa, the a-phase turned out to be
energetically more advantageous than the p-phase. Nev-
ertheless, a-NiS and all other experimentally known
compounds turned out to be thermodynamically unstable
in the pressure range under consideration.

Extensive studies of the structural and thermody-
namic properties of these compounds in a given pressure
range provide important information for understanding
their behavior under high pressure conditions, which may
be significant for geochemistry and physics of the Earth's
inner core.

The predicted Ni-S structures can be considered as
ordered solid solutions. Ni14S, Nii3S and Niy2S are char-
acterized by almost perfect fcc packing. A further increa-
se in the sulfur content leads to sufficient deformation of
the ideal fcc structure [22, p. 600].

The low-pressure phase of NisS-1-4 cannot be charac-
terized by the densest packing of atoms, like the previous
phases. This phase is isostructural NisP-1-4 (schreibersite
structure), and is characterized by the 9th S-Ni coordina-
tion, forming single-cap square antiprisms connected
along edges and faces (Figure 5).

Ni2S-Pnma sulfide is isostructured by Fe;S-Pnma.
It is characterized by a 10-fold S-Ni coordination (Figure
6). NiS-P-62m is isostructured by 6-Ag.Ga and is topo-
logically similar to Fe,P-barringerite.The structure is
characterized by 9-fold S-Ni coordination, forming SNis-
three-lobed trigonal prisms (Figure 7).

Sulfur-enriched nickel sulfide NiSs crystallizes in the
cubic space group Im-3m and consists of NiSg octahedra
connected by vertices and SNi.Ss distorted octahedra
connected by edges (Figure 8).

It is important to note that at pressures above
330 GPa, structures containing more than ~15% sulfur by
weight, such as Ni2S and NiSs, cannot be adequately de-
scribed by fcc packing. The results obtained suggest that
at pressures characteristic of the Earth's core, about 4%
of sulfur by weight can be dissolved in solid nickel with-
out deformation of the structure. At the same time, it can
be argued that the maximum amount of dissolved sulfur
in solid nickel is approximately 15% by weight. These
findings provide valuable information about the compo-
sition and structure of the Earth's inner core under high
pressure conditions.

S 3

Figure 5. Structure of NisS-1-4
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Figure 7. Structure of Ni2S-P-62m

We also performed first-principle calculations for the
Fe-S system, but did not identify any new stable com-
pounds. Our studies using evolutionary methods to pre-
dict crystal structures show that thermodynamically sta-
ble iron sulfides in the pressure range of 100-400 GPa
are the same Fe,S, FeS and FeS;. Despite the similar
chemical characteristics of Fe and Ni, the only known
stable sulfide enriched with iron under pressure condi-
tions in the Earth's core is Fe,S [8, p. 1029].

Figure 8. NiS3-Im-3m structure

CONCLUSION

In conclusion, the studies conducted on the Ni-S sys-
tem under extreme pressure conditions (100-400 GPa)
using the VASP software package and the USPEX algo-
rithm made it possible to identify stable crystal structures
and determine stability fields for various NixSy com-
pounds. The results indicate a wide variety of structural
changes and phase transitions depending on pressure.

Our calculations within the framework of density
functional theory and evolutionary algorithms showed
that in the pressure range of 100-400 GPa, Fe,S has only
one stable structure, which has the space group Pnma.

Ni2S undergoes one phase transition. The phase with
Pnma symmetry is stable above 100 GPa. At 272 GPa it
enters a phase with P-62m symmetry. At a pressure
similar to that in the inner core of the Earth (~365 GPa):
Fe,S-Pnma, FeS-Pnmn, FeS,-C2/m, Ni;S-P62m, NisS-
Cmcm, Ni4S-PT, Ni58-CZ/m, Ni128-R§, Ni138-R§, Ni14S-
C2/m.

Thus, it is important to conduct such a study as was
done for the Fe-S system [8, p. 1027] in order to expand
our knowledge about stable phases in the Fe—Ni-S sys-
tem at pressures of the core of the Earth and other planets.
These data will also have a significant impact on deter-
mining key areas for future research.

These results are important for a better understanding
of the composition and structure of the Earth's inner core,
especially in the context of nickel's influence on the for-
mation of stable compounds under extreme conditions.
The obtained data have an impact on our understanding
of geochemical processes in the Earth's crust and mantle,
and also provide a basis for further theoretical research
and experiments in the field of condensed matter physics.
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HUKEJb-KYKIPT )KYWECI YIIIH TYPAKTHI KYPBLIBIMJIAP/bI
TABY )KOHE TEMIP-KYKIPT ) KYMECIMEH CAJIBICTBIPY
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JKepaix s1pockl HETi3iHEH TeMip MEH HHUKENbJECH TYPaJbl, 0Jlap TeMip-HHUKEeJb KOPBITIACHIH Kypaiinsl. COHBIMEH KaTap,
KYKIPT iIIKi SAPOJAFsl )KEHUT 3JIEMEHT POJiHe dJIeyeTTi YMiTKepaepAiH Oipi 0onbin TaObuianel. ByTiHri KyHI KBaHTTHIK
XUMUSLTBIK MoJienibaey apkeiibl Fe-C, Fe-H, Fe-O, Fe-Si, Fe-S sxone Fe-P cusikTsl sxyiienep/aeri apaiblk Kypamaap MeH
kypeutbiMaapaet 400 I'Tla kpIckIMFa A€HiH 13/1€y YIIiH KOIITETeH TSOPHUSIIBIK 3epTTEYIIEp KYPTi3Ui.

Temip->keHUT 3IeMEeHTTep JKYHeaepiH KeHIHeH 3epTTeyTre KapamacTaH, OYTiHTi KyHre JIeiiiH OaKpUIaHATHIH CEHCMOIIOTHS -
JIBIK MOJIIMETTEPTre TOJIBIK COHKEC KEJIETiH JKep SAPOCHIHBIH MUHEPAJIOTHAJIBIK MOJIET skacaiMaraH. by anmrakTeIKTeIH
BIKTHMa ce6ebi SIpOHBIH HETi3Ti JIETHPIIEyIIi JIEMEeHTI — HUKENBIH dCepiH JKETKITIKCI3 ecenmke amy OO0Iysl MYMKIH.
JKoFapbl KbIChIM/1a HUKEIb-KESHIJ 2JIEMEHTTED )KYHECiHE TEOPUSUTBIK 3epTTeyJIep JKeTKiTikci3 xkyprizinmi. Conapikran Fe-
Ni-S yrurik *xyiienepinzeri BIKTUMAT apaiblK KOCBUIBICTAPIBI 9pi Kapail 3epTTey jKoHe aHBIKTAY MaKCAThIH/A OChI EeKiliK
XKYHenepre TepeHIpeK 3epTTeyiep Kyprizy KaxKeT.

Tyiiin ce30ep: meopusinvl ecenmeynep, Qazanvlk ayvicy, 1A3epiik Kbl30blpy, MYpakmvl MOOUDUKAYUS, HCOLAPbI
KblCHIMObL hu3uKa.
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IMOUCK CTABMJIBHBIX CTPYKTYP JJIs1 CUCTEMBI HUKEJIb-CEPA
U CPABHEHHME C CUCTEMOM KEJIE30-CEPA

A. B. BazapGex’™, A. JI. AkbLi0exoBal, A. A. Kucadekosa?, A. A. Horaii®, A. T. Akui6exos!
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Snpo 3emiin COCTOMT B OCHOBHOM M3 KeJie3a U HUKEJIS, 00pa3yroIuX JKelie30-HUKEIeBbId cIuiaB. B To xe BpeMs cepa
SIBIIICTCS OJTHMM U3 MOTCHIMANBHBIX KaHIUIATOB Ha POJIb JIETKOI'O 3JICMEHTa BO BHYTpeHHEM siipe. Ha ceromHsmHmiz
JICHb C TIOMOIIbI0 KBAHTOBO-XUMHUYECKOT'0 MOJISTUPOBAHHS ObLJIO IPOBECHO MHOKECTBO TEOPETUUECKUX UCCICIOBAHUI
IUTSL TIOMCKA MTPOMEKYTOUHBIX COCTABOB M CTPYKTYp B Takmx cucremax, kak Fe-C, Fe-H, Fe-O, Fe-Si, Fe-S u Fe-P 1o
nmasiennit 400 I'Tla.

HecMoTpss Ha OOIIMpHBIE HCCICIOBAHUS CHUCTEM JKENIE30-JICTKHE OSJIEMEHTHI, Ha CErOAHSIIHMNA [EHb HE CO3[aHa
MUHEPAIOTHYECcKas MOJICTb spa 3eMIIH, KOTOpasi TIOJIHOCThI0 COOTBETCTBOBANIA Obl HAOIIOJAEMBIM CEHCMOIOTHYECKUM
JAHHBIM. BOSMO)KHOﬁ HpH‘-IPIHOﬁ 3TOTrO paCXO)K[[eHI/IH MOIXET 6bITb He[[OCTaTO‘-IHI:Iﬁ y‘-ICT BJIIUAHHA KIIFOUYCBOI'O nernpylo-
IIETO 3JIEMEHTa spa — HUKeJsL. TeopeTHuecKre UCCIeIOBaHUs CHCTEMbI HUKETb-JICTKUE 3JIEMEHTHI ITPH BHICOKUX JIaBJIe-
HUSIX OBUIM MPOBECHBI HeocTaTouHO. ClieIoBaTeIbHO, HEOOXO0IUMO MIPOBECTH 00JIee YIIyOICHHBIC HCCIICIOBAHUS ITHX
6I/IHapHI)IX CUCTEM C LCIBHO HaﬂbHeﬁIﬂeFO I/I3y‘-I€HI/I$I n I/I}ICHTI/I(bI/IKaHI/II/I BO3MOXHBIX HpOMe)KyTO‘-IHI)IX COC}II/IHeHI/Iﬁ B
TpoitHbIX cucteMax Fe-Ni-S.

Knrouesvie cnosa: meopemuueckue pacuemsl, pazosviii nepexoo, na3epHvill Hazpes, CmaduibHas MoOudurayus, Qusuka
8bICOK020 0a8IeHUs.
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TEMILIEATTI CUHTE3 9/IICI APKBLIBI AJILIHFAH )KAHA HAHOKYPBLIBIM/IbI MATEPHA.T
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Maxkanana a-SiO2/Si-n Tpek MaTpulachlHIA €H KapamaibiM ofic GONBIN TaOBLIATHIH XUMUSUIBIK TYHIBIPY OiciMEeH
aJIBIHFaH MBIPBII YCENIEHAThIHBIH HAHOKPUCTAIIAPBIH AKCIIEPUMEHTTIK 3epTTey HoTHx)enepi kentipiireH. SiO2/Si Tpex
yarici JIII-60 uuknotponsinaa (Actana, Kaszakcran) 200 MaB (® = 108 uon/cm?) sHeprusicel 6ap Xe HOHAApbIMEH
COyJIeNICHy apKbUIBI, COAAaH KeHiH cynmsl epiTiHmize ¢rop KermkbuibiMeH (HF) XUMHANBIK oHAey apKbUIBI allbIHAIBL.
XUMHUSIIBIK OHJIEYACH OYPBIH U30MPONAaHOIMEH YIIri 6eTiH 15 MUHYT O0liBI YIBTPaABIOBICTHIK Ta3apTy (6.SB25-12DTS)
KYprizinai. OHaeyneH KeHiH YiTigep HOHCBI3IAHABIPBUTFAH cyMeH KysUImel (18,2 MOw). Tpekrti TemruieiiTiHe
XUMPSUIBIK TYHIOBIPY OeMe TeMmepaTypackiHaa 60 MUHYT O0BI XKYpri3iiani. DJEKTPOIUT PETiH/E MBIPBHIII XJIOPUIL )KOHE
CeJIeH AUOKCHUIIHEH TYpaThH epitiami Konnausuinsl (ZnCly — 3,4 r/m, SeO, — 0.2 r/m). TyHasIpynaH KeHiHri yaritepain
oeri Hitachi S-4800 ckanepieiitin anekTpoHabl Mukpockomnmnen (COM) 3eprrenai. MopQoIorusiblK Taugay HaHO-
KEyeKTep/iH TOJIy ASPEKECiHIH TeMIeparypara OaiaHbICThl ©3TePeTIHAIrH KopceTTi. PEHTreH1iK KypbUIBIMIIBIK Tanaay
(PKT) D8 ADVANCE ECO penrrenzik 1ugpakToMeTpiHiH KOMETriMeH XYpri3iiai. PEHTreHiK KYpbUIBIMABIK Tajnay
nepektepine cobikec, a-SiO2/Si-n Tpek MaTPUIACHIHIAFBI MBIPBIIITHIH XUMUSUTBIK TYHIBIPHLTYBI OPTOPOMOTBI KPHCTATIIBI
KypbUTbIMBI 0ap ZnSe;Os HaHOKPUCTAIAAPBIHBIH Maiaa OosyblHa okenai. KpHCTanmplk TOPIBIH 3KCIEPUMEHTTIK
napameTpIiepi, KpHCTAILT THIFBI3ABIFBL, THIMII 3aps]l ’KoHEe XUMHUSUIBIK OaiTaHbICTHIH NOITYJISIIUSACH aTOMABIK OpOHTAIIb-
JapIbIH CHI3BIKTHIK KOMOMHALMSIAPBIHBIH KYBIKTAYbIH/IAa OPBIHIAIFaH KBAHTTHIK XUMUSIIBIK €CenTeyIepIiH HoTKee-
pimeH xoHe Oacka 9e0u IepeKTepMEeH JKaKCHl yijeceni. DMIUpUKaNbIK emec ecenteynep ZnSe Os-Tig [-HYKTeciHae
TiKeJIeH Auana3oHbI O0ap eKeHIH KOPCETTi, al aTOMIAPIBIH €CEeNTeNreH THIMII 3apsAATaphl apajiac HOHABIK KOBAJICHTTIK
OaliTaHBIC TY3ETIH XUMILUTBIK OafiTaHbICTapFa alTapIIbIKTall KOBAJICHTTIK yiecTi kepcereni. @oromomunecernus (DJI)
TOJIKBIH Y3bIHABIFBI 300 HM JKapbIKICH KO3IBIPBUIBIN, 06iMe TeMmreparypackinia enmenmi. OJI criekTpiaepi MBIpbIIT
OKCHJI MEH MBIPBIII CEJICHWAIHIH JIIOMUHECICHIMS CUMOMO3bI PETiHAE KapacThIPbULAbL. XUMMSUIBIK TYHIBIPBUIFAaH
yirinepaig ®JI cnekrpi 6enme temmeparypachinaa 2,6-man 3,2 3B-re gAeiliHri TONKBIH Y3bIHIBIFBI apaIbIFbIHAAFbI KSH
HKOJIAKTaH TYPaJibl.

Tyiinoi co30ep: memnietimmi Cunmesi, XUMUSLIBIK MYHOBIPY, MbIPbIUL OUCENCHAMbL, MPEK WAabIOHOapbl, homoioMute-
cyeHyusi.

KIPICIIE

WoHIBIK TPeKTi TEXHOJOTHSIAPHl Ka3ipri yaKbITTa
YKaHa MaKpo OHE HaHOMaTepHaILIapAbl aTyAbIH KyaTThl
Tocii 0o TabbUTaAbl. IOHIBIK TPEKTEep MEH OHBIMEH
0alTaHBICTHI 0OSTy OPTANBIKTAPBI dPTYPII MaTepHaIgap-
IIBIH KONTIriHAe OalKalbIll erKeH-Ter ke 3epTTenIi
[1-4]. Byn TeXHOJNOTHSHBIH €H KapKbIH JKOHE ocepi
KOJITAHBLUTYBI SAPOJIBIK MeMOpaHaap Jer aTajaThlH 10~
JUMepIi TPeKTi MeMOpaHalapblH jKacayMeH Oaiiia-
HBICTHI [5—6]. Kazipri yakpITTa sApoIsIK MEMOpaHamapra
CYpaHBIC TEH KaXETTUIK J>KXOFapbhl XKOHE KApKBIHIBI
ecyne. SAnponsik MemOpaHaiap MOJMMEPIIi TUICHKAHBI
aybIp MOHIAPMEH COYJICNeHIIPY, COIaH KeHiH OHBI (u-
3MKa-XHUMUSUTBIK OHICY aPKBLIBI AJIbIHAIEL.

Hotmxkecinne 6acTamkel IIICHKA MUIAHAP TOPi3JIi Ke-
yekTepi 6ap MUKpOQHUIbTPALMSIIBIK MeMOpaHara aifHa-
naasl. MyHjai xyienep ¢pusmnka, MeIUIMHA J)XoHE OHO-
JIOTUAA KEHIHEH KoJaaHbLaaabl [7]. Artam aiTkaHna,
0,5-1 MKM KeyeKTi sIpoJibIK MeMOpaHanap (pu3nKa-xu-
MUSITIBIK 3€pTTeyJiep/ie, COHIali-aKk OMONOTHSUIBIK JKOHE

MEIUIUHATIBIK SKCIIEPUMEHTTEPIC aHATUTHKAJIBIK MaK-
cartapja KeHiHeH KOJNTaHpUTanpl, anm aumametpi 0,1—
0,2 MKM KeyeKTi MeMOpaHaiap >KapThlIaid ©TKI3TilI Ky-
PBUTFBLIAPIBIH AIEKTPOHUKACHIHIA TEXHOJIOTHSUIBIK Ma-
TepraNIapIbl KYKa Ta3apTy CY3TUIEpiH Kacay YIIiH KO-
JMaHpUTaAbl. EKiHIN )KaFbIHAH, €H Killi KeyeKTi KYpbI-
memMaap (<0,1 MKM) razgapAbl OHIeY TeXHUKACBIHIA K-
HE MUKPOOHOIIOTHSI OHEPKACIOiH/Ie KOMTaHbUIaab! [5—7].

COHFBI JKbUIAAPHI TEMIUICHTTI CHHTE3 9/IICIH KOJIIaHa
OTBIPBIII, SIAPOJIBIK MEMOpaHaiap SpTypsli HaHOMAaTepH-
annmapnbl, consrq iminae Ni, Pt, Cu, Ag xone Au HaHO-
TyTikmenepid [8], conpaii-ak Ag, Cu, Pt [9], Ni, Ag, Au,
Zn xaHe Cu HanoOesmekrepin [10-14] enmipy yumin
coTTi KonmmaneuLabl. [lomumepiti Mmatepuanaapaas 6acka,
a-SiO/Si KypbUTBIMIAPbI HOHIBIK TPEKTI TEMILICHTI pe-
Tigge kui mainananeuiel. ComaH KeiliH 1abioH pe-
tirge a-SiO,/Si KosjaHa OThIPHIN, AU METaJlT HAHOKJIAC-
tepaepi [15], Nixxone Cu HaHoOemmekTepi [ 16], MbIphITI
OKCHIiHIH HaHOKpuUcTanaapsl [17, 18] nemece CdTe nHa-
HOKpHCTAIAaphI [19] CUAKTHI Keneci KyphlabIMIap COTTi
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TEMNNEATTI CUHTE3 SAICI APKbINbI ANbIHFAH XAHA HAHOKYPbINbIMAbI MATEPUAN

AJIBIHIIBL, COJ CeOeNTi TEMIUICHTTI CHHTE3 9.1iCi KpEeMHHHA
TEXHOJIOTUSICHIHA ~WHTETPAIMsUIaHYbl JKOHE MHUKPO-,
OIITO- JKOHE HAHOZJICKTPOHHUKA YIIiH KOJAAHBLUIYHI YIIIH
A®B® xone A?B°® KochUIBICTApBIHA HETI3[ENTEH KapThl-
Jald ©TKI3rill MaTepHanaapiasl xkobaay jkoHe xobanay
YIIiH 9J1i Jie MIEPCIIEKTUBAIIBI KOHE TaOBICTHI OOJIBIM Ta-
ObLTamb! [6—7].

1-kecteme a-SiO2/Si TpekTi TeMIUIEHTIHIE HAHOKY-
PBUIBIMIAP/IBI KYPY YIIIH KOJAAHBUIATHIH MaTepHUAIIAP
MeH 9JIicTep TypaJisl aKmapaT OepijreH.

1- xecme. a-SiO2/Si mpexmi memnasiimmi cunmesi apKvlLivl
ANBIHRAH OKCUOMI HAHOKYPbLIBIMOAD

HaHokypbinbiMaapabIH TMRTEpI dpici 9pebuer
CdpanepuT, BIOPLMT, TaC Ty3bl Kypbl- 3MEKTPOXUMUSTIBIK 20
nbiMaapsl 6ap ZnO HaHokpucTanaapb TYHObIPY
CdO HaHokpucTanaapbl XAMUAATIBIK 21

TYHAbIPY
ZnSe0; HaHoKpUCTarAapbI OIeKTpO- XaHe 22
XMMUSITIIK TYHABIPY
CuO HaHokpucTanaapbl SMEKTPOXAMVATILIK 23
TYHObIPY
Sn0O, HaHoKpUCTanaapsl OnekTpO- XoHe 24
XMUMUSTIK TYHABIPY

Byn skymeicta a-SiOy/N-Si TpekTi TemrieiTiHe Xu-
MusUTBIK, TYHIBIPY (XT) omiciH KojngaHa OTBIPHIIN, MbI-
peimn muceneHumiHiH (ZnSe.Os) HaHOKpHUCTAIIAPH TY-
3inpi. CuaTesmenred ZnSe;Os HaHOKpHUcTanmapsl ZnO
koHe ZnSe-re yKcac KacHeTTepre faHa eMecC, COHbIMEH
KaTap ©3iHiH epeKIle CUIaTTaMalapbiHa e OOoNaabl Ier
kyryre Ooxanpl. COHIBIKTaH Ja ajblHFAH HOTHXKENED
ZnSe;0Os HaHOKPHCTAAAPHIH Ka3ipri yakbITTa CEHCOp-
Japja, ONTO3JCKTPOHIAPAA JKOHE HAHOIICKTPOHIBIK
KyHenep/e opTypiii OeJICeH Ti 3JIEMEHTTEp PeTiH/e Mai-
JJIaHy MYMKIHAITIH 3€PTTEyre KbhI3BIFYIIBUIBIK TYbI-
pansl fen KyTyre 601asl.

Bi3/1iH )KYMBICBIMBI3IbIH HETi3T1 MaKCAThl XMMHUSIIBIK
TYHABIPY apKbUIbl anbiHFad ZnSe2Os HAHOKPUCTAIAPBbI-

HBIH KYPBUIBIMBI MEH HETi3Ti (PH3HWKaNBIK KACHETTEpiH
3eprrey. HoTtmxkenepal pacray yiniH 3amMaHayd KBaHT-
TBIK-XUMMSUIBIK QAICTEPAl KOJNJaHa OTHIPBIN, OpTYpIi
(U3MKa-XUMHSIIBIK KacHEeTTep MEH aTOM KYPBUIBIMBIH
KOMITBIOTEPIIIK MOJICNIBACY KYPIi3imi.

MATEPHAJIJIAP MEH DJIICTEP

SiO,/Si-ne HaHOKEYeKTI OKCHUI KabaThIH KYpy YIIiH
JI1-60 yaeTkimiiHae >KpU1gaM ayblp MOHIAPMEH Coylle-
JIEHy KOJIIaHBUIa/Ibl, COJaH KeWiH TPEKTepli XUMHUSUIBIK
010, aJIbIHFAH HAHOKEYEKTEepAl ChIHAY JKOFaphl a)bIpa-
TBIM/IBIIBIKTAFbl CKaHEepJIEYIIl 3JIEKTPOHABI MUKPOCKO-
IIUs apKBUIBI Ky3ere achlpbulabl. HaHokeyekrepai Tog-
TBIPY YIUiH XUMUSUTBIK TYHJIBIPY KOJIAHBUIIBI.

Jlatentrti TpekTepi kacay yurin a-SiO2/Si quckinepi
AI1-60 ynerkinmiange (Acrana, Kazakcran) 200 MaB Xe
uonnapsiMet, 107—108 non/cm? pmroencke neifin cayne-
neHni. Tanmanran ¢UIIOCHC MHTEpPBAJBIHAA TPEKTEPIiH
KabaTTacybl OaliKaaManbl, OYJ1 TpeKTepdiH OeriHe Oip-
KEeJIKI TapalyblHa JKOHE paJHalHsIbIK aKaylapIblH Te-
MeH (POHBIHA MYMKIH/IIK Oepei.

1-cyperre SRIM KOIBI apKBIIBI Se 3JIEKTPOHIBI IHEP-
THsl IIBIFBIHBL, Sp SAPOJBIK SHEPrsl IIBIFBIHBI JKOHE
200 M»3B kcenoH nOHBIHBIH a-SiO2/Si-1e Kypy y3bIH/IbI-
FBI ecernTeyepi OepiareH.

SRIM koxpiHa colikec, Si02 KabaTbIHIAaFrbl X€ HOH-
JAapbIHBIH 3JEKTPOHIBl HHEPTUsl IIBIFBIHBI  SIPOJIBIK
SHEPTrys IIBIFBIHBIHAH [IaMaMeH 2 peTke >korapsl. SiO:
KaOaTBIHIAFbl 3JIEKTPOH/IBI SHEPTHS IIBIFBIHBIHBIH MOJI-
mepi ic JKy3iHme TypakThl xkoHe ~15.2 k3B HM ! Kypaii-
el By SiO; marpumaceiHIa JKachIpbIH TPEKTEpAl Ka-
JILIITACTBIPY YLIH WIEKTI MoHHEH (4 k3B mM 1) annek-
aiina »xorapsl [26]. Erep sHeprustHbIH HOH/IaHY IIBIFBIHBI
4 k5B HM -j1eH acca, KachIpblH TpekTep Oipaei mimint
JKOHE Tap eJIIeMIl KeyeKTep Ty3e/i, ajl TPEKTep/i THIM-
niiri mamamed 100% xereni.
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1-cypem. SRIM koovimen ecenmenzcen SiO2/Si Kypuviivimbinoasst 200 MaB suepausicol
b6ap Xe uoHbL Yuin 21eKMPOHObL HCIHE SOPONbIK IHepaust wbl2biibl [25]
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Coynenenred a-SiO,/Si-n yirinepin XHUMHUSITBIK OH-
ney 18 °C temneparypana namiaauii (m(Pd) = 0,025 r)
kocracel 6ap 4% HF cynsl epitingicinge >xyprizini.
WoHIBIK TpEKTEepl OHICYTe ICHIH KOHE KeWiH M30MpO-
MaHOJAAF bl YIITi OeTiH 15 MUHYT OOWBI yIIbTPabIOBICTHIK
Tazapty (6.SB25-12DTS) xypriziani. OxneyneH keiin
YJTiiep  MOHCHI3JAHABIPBUIFAH ~ CYMEH  KYBULABI
(18,2 MOwm).

ZnSe;0s HaHOKPUCTAIIAPBIH XUMUSIIBIK TYHABIPY
yiiH anekrponut Koanaueuiast: ZnCly — 3,4 /1, SeO; —
0.2 r/n, TyHABIpY yakbITh-60 MUH. MBIpBINI XJIOpUAi
MeH cenreH auokcuai 100 Mt TazapTeuFaH cyMeH Oipik-
Tipy apkpuibl epitinnmi. pH epitiHaici Ty3 KbIIIKBUIBIH
(pH = 3) Kocy apKbLIbI peTTeni. AJbIHFaH epiTiHAl Mar-
HUTTIK apajacThIPFBIIITa 15 MUHYT ilIiHAE KapKbIHJBI
apanacTelpsulpl. TyHIBIpY OeiMme TeMmeparypachlHIa
(25 °C) xone xorapsl Temnepatypana (70 °C) 60 MuHyT
Ooitbl xyprizinai. TyHAbIpyaaH KeiH yarinep Oenme
TemneparypacsiHaa 10 MEHYT ayana KeTTipiimi.

TyHOBIpy#aH KeliH anblHFaH YATLIepAiH Mopdoio-
THACH MeH KenaeHeH kuManapsl Hitachi S-4800 ckanep-
JIEUTIH AIEKTPOHABI MHUKPOCKOIMEH 3epTrenmi. Kypsi-
meMaplK Kacuertepi D8 ADVANCE ECO peHTrenmix
mudpaxromerpiHin kemerimeH xypriziani. CRYSTAL
Oarapiamachl apKbUIBl aTOM KYPBUIBIMBIH — aHBIKTay
YIIIiH KOMITBIOTEPIIIK MOJCIIBACY KYPTi3Ui.

HOTHWKEJEP MEH TAJIKBLJIAY

COM Tanpaysl 3epTTey YATUICPiHIH HAHOKCYCKTEPiH
TONTHIpY napexeci 25 °C xxane 70 °C ke3inne 94% xaHe
55% exenin kepcerTi. HaHOKeyeKkTepai TONTHIPY CyO-
CTpaTTBIH TeMIIepaTypachl MEH OTKI3TIIITIK TypiHe Oaii-
JIAHBICTBl €KEHIrl aHbIKTanapl. HaHokeyerepaiH 1ua-
Mmetpi 305 HM-z1eH 321 HM-Te JIeiiH aJbIH/IbI.

Yorinepai peHTreHIIK KYPBUIBIMIBIK 3€PTTEy OpTO-
POMOTBI KPUCTANIBIK KYPbUTbIMBI 0ap ZnSe,Os MoHo(a-
3aJIBIK HAHOKPUCTAIIAPBIHBIH koHe Pbcn (60) kericTik-
TiK TOOBIHBIH KYPBUIYBIH aHBIKTAbI (3-cypeT, 2-KecTe).

Penrtrenorpammanap 20 = 40,267 xone 20 = 40,417
TPaKIMSUIBIK IIBIHAAPBIH KepceTeni, Oys IIbIHAap
KpucTauorpadusibK OarsiTKa coiikec keneni (231).

2-xecTe/ie TYH/IBIPBUIFaH YJIrUIepAiH PEeHTTeHIIK Taj-
JayJaH KeUiHTi IepeKTep, a )KOHE ¢ mapaMeTpIiepi xKoHe
eppep Tenneyi 6oitbiama [27]:

_ka
Bcoso

KPHUCTAJUIMTTEPIH OpTalla eJIIEMIEPiH ecenTey HOTH-
xKeJepi kepceTireH. MaKCHUMYyMHBIH KapThICHIH/IAFbI
eri (FWHM) 0,689 »xone 0,411, an KpUCTAIABUIBIK J19-
pexeci ChI3bIKTap/IbIH ACHMMETPHSCHIHBIH eHl MeH (op-
MachIH (61 xoHe 46%) Oaranay apKpUIbl IIceBi10-BoirT
(YHKIHSCHIH KOJJAHY apKbLIbl aHBIKTAJIA/IBL.

2 — cypem. XT-0an retiinei exi yneiniy 6emi men konoener Kumanapvinoiy COM cypemmepi
(a, 2 — 25 °C kesinoe, 6, ¢ — 70 °C kesinoe).
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3-cypem. XT keiiin 3epmmenemin yaciiepoiy penmeeHoix OuppaKmoepammanapol:
a — 25 °C memnepamypada; 2 — 710 °C memnepamypaoa

2-xkecme. ZnSe20s nHanokpucmanoapwinviy XT-0an xetiinei napamempnepi

(hil) | 26° d, A L nm ¥ﬂ|.un=m_ Kpucrann_m:m FWHM ®dasa ,
napametpi, A napexeci, % Ma3MyHbl, %
a=6,72621
231 | 40,267 | 2,23791 | 13,64 b=10,32387 61 0,689 100
c=6,01448
a=6,77804
231 | 40,417 | 2,22993 | 22,86 b=10,42815 46 0,411 100
€=6,03697

XUMUSUIBIK TYHABIPYJAaH KeiiH PEeHTTeHIIK Kypbl-
JBIMJIBIK TaJJay/ia OPTOPOMOTBI JIEMEHTAP YSUIBIKTHIH
nmapametpiepi ZnSe;Os MOHOKpHUCTAIIAP YIIIH aIbIHFaH
MOIMETTEPMEH CoMKec KeJeTiHiH kepceTTi [28)].

Komnvromepnix modenvoey

ZnSe;0Os HaHOKYPBUTBIMIAPEIHBIH aJIbIHFaH YKCTIEPH-
MEHTTIK KaCHETTEpiH pactay YIIiH 0i3 THIFBI3IBIK (QYH-
KnuoHaisl TeopusickiHBIH LDA-PZ aiisipbacTay-koppe-
JSUMSUTBIK, QYHKIMOHAJBIH TaiijaiaHa OTBIPHII, aTOM-
eIk opouTansaapaslH (JIKAO) CBI3BIKTBIK KOMOHWHA-
LUSUIAPBIHBIH JKYBIKTaYbIH/Ia DMITUPHKAJIBIK €MEC ecell-
teynep xacanslk [18—19]. Ecenreynep CRYSTAL [20]
OarmapiamachlHAa OpBIHIANABIL. byn Oarmapmama Xxap-
Tpu-DOK 9JiCiH, THIFBI3ABIKTBIH (DYHKIMOHAJIBIK TEO-
pusceiably (DFT) anicrepin sxone nepuoarsr (3D, 2D,
1D) xyitenep yuiH >xeprinikri ['aycc GpyHKIMATAPHIHBIH
HeTi3iMeH (PKUBIHTBIFBIMEH) OIpiKTIpUIreH opTypii ruo-
PHATI JKyBIKTayJlapAbl KOJJAaHAa OTBIPHII, KPHCTAJABIK
Ky#enepliH 2JIeKTPOHABIK KYPBUIBIMBIH ecenTeiini. bar-
JapiiaMa e3iH JKapThUlall OTKI3Till JKOHE JMAJICKTPIIK
MarepuaiapblH KeH ayKbIMbIHBIH dPTYpPJIi KACHETTEPiH
CHUMATTANTBIH CEHIMII Kypas petinie kepcerti. ZnSe20s
KpHUCTaJIBIHA KiPETiH 9p TYPJIi aTOMAAP.IBIH aTOMIIBIK Op-
OuTanpIapelH CHIATTay YIOiH l'aycc TunTi QyHKIHS-

JIap/IbIH KeJieci 0a3UCTIK )KUBIHTBIFBI TAHJIAJIbI: MBIPBILI
(Zn) atomsl xoHe otreri (O) yuin mxade (Jaffe) nerisi
[21], ax cenen (Se) aroms! ymrin Taynep werisi (Towler)
[22]. KynoHIsIK sxoHE afipIpOacTay MHTErpagapsl YIIiH
e3iH-031 colikecteHAipy (SCF) ecemTeynepinme kemeci
monik mekrepi Tagmanmer 107, 1077, 1077, 1077, 10724,
ATOMIapabIH THIMAL 3apaaTapbl MeH OaiylaHbICTapIbIH
nonyJAnusicbll MajulnkeH Tanfaybl apKbUIbl eCenTesnai
[23].

Ex angsiven, ZnSe;Os umeanipl KPUCTAIIBIK KypPbI-
JIBIMBIHBIH TOJIBIK DHEPTHSCHIHBIH jKahaH/IbIK MUHUMY-
MbIH TaOy yurin [Taysmn (Powell) opiciH KongaHa OThI-
PBIIL, TOp TapaMeTpIIepiHiH AKCIEPUMEHTTIK MOHAEpiHIe
Zn, Se, O aromaapsiHbIH SP koHe d KaOBIKIIATAPBIHBIH
CBIPTKBI OpOUTAIBIAPBIHBIH SKCIIOHEHTTIK MOHJIEpi OH-
TainaHABIPEUIAEL [24]. Ba3ucti oHTalIaHIBIPY KPUCTAT-
JIBIH TOJIBIK 9HEPTHACHIH endyip yryra (3,26 »B-ra Te-
MEHJIETyTe) JKOHE THIWBIM CaJbIHFaH aiMaKThIH MOHIH
2,36 3B-nen 2,8 3B-re neitin Ty3eryre okeneni. CHIPTKBI
opOuTaNBIApABIH KOPCETKIIITEPiH OHTAWIaHIBIPY HOTH-
xKenepi 3-KecTene KenTipiiarex.
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3-kecme. Taza ZnSe20s-me PBEQ ¢yHKyuonanovievl yulin
BS oymaiinanovipwinzanza Oeilin srcane xetiin I'aycc munmi
opbumanvoap dapesceciniy kopcemxiumepi (Bohr-2)

Op6utans Tuni | Deitin | Kenin

Zn

sp 0,62679 0,633193

sp 0,5033 0,145549

d 0,51592 0,491497
Se

sp 0,9459 1,021851

sp 0,1642 0,144029
0

sp 0,536420 0,426216

sp 0,23973 0,154619

4-cypem. ZnSe205 6ipnik yAubI2bIHbIY AMOMObIK, KYPbLILIMbL
(32 amom)

Kpucrannsie opTypi KacuerTepiH ((pU3UKAIBIK, Me-
XaHUKAJBIK JKoHE T.0.) Taly ymIiH 32 aTOMHaH TYPaThIH
KapamaiibiM ZnSe;Os YAMIBIFBIHBH IEPUOITHIK MOJEINTI
komaanbuel (4-cypert) [28, 35]. Ecenrenren Top mapa-
MeTpIepi (a, b, ¢), KpECTaIIT THIFBI3IBIFE (PV), aTOMIap-
JaFbl THIMJI 3apsaTap (qefr) 4-KecTeie KeTipiireH.

4-xecme. ZnSe20s nezizei kacuemmepi

Mapametpnep | kcnep. HaT. Ecenteynep Jkcnep. HarT.
a,A 6,752125 A 6,86 6,797 £ 0,002 A
b, A 10,37601 A 10,14 10,412 £ 0,003 A
¢, A 6,025725 A 5,77 6,068 £ 0,002 A
KeHicrikik Ton Pbcn Pbcn Pbcn

ov (rlem®) 4,69 4,971 4,69

Qerr (Zn/SelO) - +1,23/+1,41/-0,833 -

5-cyperTe KpHUCTANABIH KEHICTIKTIK KYPBUIBIMBI
JIEKTPOH/IBI KYHIIH THIFBI3IBIFBIMEH Oipre KopceTiireH,
oJlaH TBIMBIM CaJIbIHFaH aliMak 0,102 a.u.
(1 a.u.=27,21 3B) Hemece 2,8 3B exeHiH kepyre 60aabL,
OyJ1 )KyMBICTaFbI Oacka ecenrenreH 3,04 5B xonak MoHi-
MeH KaKchl calikec keneni [35]. Kpucramn I'-HykTecin-
JIeTi €H TOMEHT1 MaH/Ii TY3y30HaJIbl.

0,2
E(a.u) Se ___¥’- a
{ —o0 | |
Total - -
il I
0,14

VAT

-0,1

r Xs Yr 2 UR

o [5]
0,05000
0,000
0,1500
0,2000
. 0,2500
0,3000
0,3500

0,4000
. 0,4500
0,5000

5-cypem. Taza ZnSe20s anexmponovl Kyuiniy 6014cAMObL
Mblebi30blebiMeH Oipee Kpucmanobll auMaKmbulK KYpoliblMbL.
a — Ky muiebizovizel (PDOS) scane atimakmuli KypblibiMbl;
2 — 3apA0 Mbi2bi30bI2bIHbIH KAPMACYL

6-cyperte orTeri 6oc opHbI 6ap ZnSe;Os KpucTaibI-
HBIH KYH TBIFBI3JOBIFBIHBIH YKcac ecedi KeNTipisireH.
Ecenrey 128 aToMHaH TYpaThIH KCHEWUTUITCH YAIIBIKTA
Kyprizinai. Mean kpucranian ailbipManbUIbIFbl, BAKaH-
CHSI CHII3UITeHHEH KeHiH, BAJICHTTIK aifMaKThIH KOFapFbI
JKarplHIa 00C eMec akayJibl JeHreiiep maiga Ooapl,
OyJ1 BakaHCHS 1IITH/E 3JIEKTPOHbI 3apsIIThIH KETKIUTIKTI
Jokanu3anuiceia kepceremi. LlbrabHaa 13, MaiukeH-
HIH Tanaaysl OoibiHIIa, BakaHcusaa 0,15 e (31ekTpon)
TEH 3apsi KIHAIAIBL.

Zn
——Se

—0

vac. (x120)

DOS (arb.units)

AN 4

T T
-0,2 -0,1 0,0 0,1 0,2

Energy, E-Er (a.u)

6 — cypem. @epmu deneeiiine caiikec 6ip ommezi 6aKAHCUACHL
(Vo) ZnSe20s yuwin 6orxcamowt kyii moizvizovizbl (DOS) Ec-
Kepmy — akaynapowiy konyenmpayuscel 1,25 am .%. Kypaiiost
PDOS 120 ece kobeiiminedi

22



TEMNNEATTI CUHTE3 SAICI APKbINbI ANbIHFAH XAHA HAHOKYPbINbIMAbI MATEPUAN

4,0x102 T T

3,5%102
3,010
2,5%10%

2,0x10% A

Intencity

1,5%10% o g .
1,0x10% | ’

5,0x10" s

0,0 ===

. 32ev D

Saz -

3,0
Photon energy (eV)

T-cypem. XT-0an retiinei @JI oughpepenyuanowr cnexmpnepi

CoHBIMEH KaTap, BaKaHCHIFa YKaKbIH JKeP/IC aTOMJIBIK
penaKcarys JKype/i, HOTHKECIH/IE €H JKaKbIH Zn koHe Se
aToMzapsl BakaHcHUsFa coiikecinme 0,54 A xone 0,21 A
BIFBICA/IBI, all €H KAKbIH OTTETI aTOMBI, KepiCiHIle, Ba-
xancusgan 0,06 A GarbIThiHIA BIFBICAABL. ByJl opekeTTi
OHall TYCIHIIpyre 00OManpl: OH 3apsiaTaiFal Zn xoHe Se
aToOMapbl BaKaHCUsIFa KYJOHABIK TapTHIMIBUIBIKTHI Ce-
3iHeMi, a; Tepic 3apsaTalFaH OTTETi KepiciHIe — HTe-
peni.

Domonromunecuenyus

ZnSe;0s TOMIHECIEHTTIK KaCHEeTTEPiH MBIPBIII OK-
CHJIi MCH MBIPBIII CeJICHAUIIHIH JIIOMUHECIICHIIS CUMOU-
03bI peTiHC KapayFra 0omajpl. 7-cyperte X T-naH KeHiHri
OJI nuddepeHunanapl cnekTpiiepi KOPCETIIreH.

XuUMUsUTBIK TYHIBIpbUIFaH yirinepain ®JI crnexrpi
OenmMe TemrmeparypaceiHaa 2,6-man 3,2 3B-re neifinri
TOJIKbIH Y3BIH/IBIFBI apajbIFbIHIAFbl KEH JKOJaKTaH TY-
pansl. Crnektpain I'aycc KOMIIOHEHTTEpIiHE BIIbIPAYHI
2,8 3B, 2,94 3B xone 3,1 3B MakcuMyMIapbIMeH IraMa-
MEH YII HETi3ri >KapKbUI JKOJAFBIH 06Jyre MyMKIiHIIK
6epai. XT apxputel ansiarad @JI criekTpiH Tangay JIOTH-
KachlHA cYieHe OThIphI, 013 ZnO ymriH ne 2,8 3B mak-
CUMyM OTTeri BakaHCHsUTapbIMeH (Vo) KapKpIpayabl
ecenrreit amamei3 [36]. 2,94-3,1 5B (kex ®JI) Mmakcumym-
Japel 6ap xoxax ZnO-marel MBIPHII (Zn) BaKaHCHUACHIHA
OaitmaHbICThI [36].

ZnSe;0s nromuHecteHnusAcsiH ZnSeO3 [22] HaHOK-
pHCTaIIaphl CUSIKTHI MBIPBIII OKCHJII MEH MBIPBILI Celle-
HUJIHIH JTIOMUHECIICHIIUSACHIHBIH KOCBIHIBICH PETiHIE
Kytyre Oonaznbl. Herizinen mbIpbinn (Vzn) &aHe OTTeri
(Vo) BakaHCHSCBHIHBIH JKapKbIpaybIMeH OaitnanbicTsl PJI
kepyre Oonanpl. ZnO WS-ne 3,52 3B makcumymsbl 6ap
@®JI XKOK SKCUTOHIBIK JFOMHHECICHIUAMEH TYCIHIIpi-
neni (3,32-3,27 3B) [37, p. 283]. ®JI cnekTpinge Makcu-
MyMm 1,98 3B GonatbH jxomak koK. ZnSe, OYJ1 )KOJIAKTHI
aBTopyap [38, p. 569] MBIpBIIT BakaHCHACHI MEH Tas3
KOCIa JOHOPBIHAH TYPATBIH KYPJENTi OPTAIBIKKA: V zn+D.
Opi kapaii K xapKeIpaysl eTe oJcCi3.

DOTOTFOMHUHECIICHIINS CIIEKTPIIEPiH OaH 9pi TYCiH-
JUpy YUIH JIOMHAHECICHIUSHBIH KO3YbIHBIH COMKEC clie-

KTPJIEPiH erKeH-TemKEMl oIey KoHe Tajiaay KaxkKer,
OyJ1 opi Kapaii 3epTTey TaKbIPHIObI OOJIATHIHEI CO3CI3.

KOPBITBIHIbI

By xymeic SiO2/Si Tpek TeMIUEHTIHIETI MBIPHIII
IICH CEJEeHHIH KYpPJeNi OKCHATI KOCBUIBICTAPBIHBIH MO-
HOKPHCTANIapbIH CHHTE3ZECyTe XKOHE 3epTTeyre apHal-
raH. XKymeicta SiO2/Si KypbUTBIMIapsl HETI3iHAE TPEKTi
TEeMIUICHTTEPiH KaJbINTACThIPY OOWBIHIIA >KYMBICTAP
KYpriziii.

XUMUSUTBIK  TYHJBIPY OJiCi apKbUIbl JHEPIHSCHI
200 M»B (a-SiO2/n-Si) 6omatsia Xe HOHIAPIMEH TPEKTi
TeMIUIeiTiHe cuHTe3nenreH ZnSe,Os HaHOKpUCTaAaPhI
OPTOPOMOTHI KPUCTANABIK KYPBUIBIMBI )KOHE MOHOKpHC-
Taliapra colikec KeleTiH KpUCTAABIK TOp apaMeTpIiepi
Oap. OarmapiaMaibIK MakeTiHiH KeMeriMeH ZnSe;Os To-
PBIHBIH MTapaMeTpIiepi eCenTelN i, oxap TOKIPHOeIiK ma-
pametpiepre sxakbrH 60ael. Kypeureivaap 11-60 yaet-
KIIIiH/IE COyIeNIeH i, TPEKTeP XUMUSIIBIK OHICYICH OTTI.
Tanmanran CoysejeHy PEeKAMI HaHOMOpATapIbIH Oip-
KeJIKI TapayblHa MYMKiHAIK Oepai. KypambIHaa MbIpbILI
NeH CeJieH Oap epiTiHauiepal HaiganaHa OTHIPBII, XH-
MUSJIBIK TYHIBIPYMEH TEMIUICHTTI CHHTE31 Kypri3uuiii.
SiO2/Si KYpBUTBIMIAPBIHBIH KEyeKTepiHe TYHIBIPBLUIFAH
HaHOKYPBUIBIMJIAPABIH MOP(OIOTHSIIBIK, KYPBUIBIM/IBIK
KoHE (POTOTOMUHECIICHTTIK KaCHETTEP1 3ePTTEIIL.

OMmupuKanbik emec ecenteynep ZnSe2Os-TiH [-Hyk-
TeCiHIe TiKeJel Iuama3oHbBl Oap eKeHIH KOpCETTi, ai
aTOMJIap/bIH €CENTeNTeH THIMII 3apaaTaphl apajiac HOH-
JIBIK KOBQJICHTTIK OallJIaHBIC TY3€TIH XUMISUIBIK Oaiina-
HBICTapFa aWTapIbIKTall KOBAJEHTTIK YJIECTi KepceTei.
®oromromunectiernus (PJI) TonkpH y3HABFR 300 HM
JKAPBIKIIEH KO3/BIPBUIBII, 06JIME TEMIIepaTypachiHaa OJl-
menni. @JI cekTpiepi MBIPBIIT OKCHII MEH MBIPHIII Ce-
JICHUTIHIH JIOMUHECIICHIINS CUMOMO3bI peTiHae Kapac-
TBIPBUIIBL. XUMISUTBIK TYHABIPBUTFAH yirinepain DJI
crekTpi Oenme TemmepartypacbiHna 2,6-man 3,2 3B-re
JICWIHT1 TOJKBIH Y3bIH/IBIFBl apaJIbIFBIHAAFEI KEH JKOJIaK-
TapAbl KAMTHBI.
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Anezvic

Kymvic Kaszaxcman Pecnybauxacor Foinvim orcone
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B cratbe mnpeacTaBICHBI PE3YJIBTAThl JKCIEPHUMEHTAIBHOI'O HCCIIEOBAHUSI HAHOKPUCTAJIOB JIMCEJICHUTA IIMHKA,
MOJY4EHHBIX METOJIOM XHMHUYECKOTO OCaXKICHUS, KOTOPBIH SIBISETCS CaMbIM IPOCTHIM METOJIOM B MaTpHIIe TPEKOB a-
Si0/Si-n. O6paser Tpexa SiO2/Si 6611 MoTydeH 06mydeHneM nonamu Xe ¢ sueprueii 200 MaB (® = 108 nonos/cm?) Ha
nuknorpone [I[-60 (Acrana, KazaxcraH) ¢ mocnenyromeld XxumMudeckoir oOpaboTkoit ¢ropucroit kucioroin (HF) B
BOJHOM pacTtBope. Ilepen xumudeckoir 00pabOTKoOM Oblia MPOBENieHa YIbTPA3BYKOBas OUMCTKA TIOBEPXHOCTH 00pasia
n3ompomnaHoyoM B TeueHue 15 munryT (6.SB25-12DTS). ITocne 06paboTkn 00pa3mbl MPOMBIBATN TEHOHU3UPOBAHHOM
Bojio#t (18,2 MOM). Xumudeckoe oCaKICHUE TeMIUIeHTa TpeKa MIPOBOIMWIOCH P KOMHATHON TeMIIepaType B TCUYCHUE
60 MuHYT. B KauecTBe 3J€KTPOJINTA HCIIOIBb30BAJICS PACTBOP, COCTOSIINI U3 XJIOpHUIa IMHKA U AHokcuaa cenena (ZnClp
— 3,4 1/n, SeO, — 0,2 r/m). [ToBepxHOCTH 0OPA3IOB MOCIIE OCAKICHHUS ObLIA HCCIEOBaHA C IOMOIIBI0 CKAHUPYIOIIETO
aseKTpoHHOTro Mukpockona Hitachi S-4800 (COM). Mopdonoruueckuii aHanu3 Mokaszaji, 4TO CTEIEHb HalOJHEHUs
HAHOIOP BapbUPYETCsl B 3aBUCUMOCTHU OT TeMIepaTypel. PentrenocTpykTypHslil aHanu3 (PCA) npoBoauics ¢ HoMoLb0
penrtrenoBckoro auppaxromerpa D§ ADVANCE ECO. CornacHO JaHHBIM PEHTT€HOCTPYKTYPHOTO aHAIN3a, XUMH-
4eCKOe OCaXJeHHWEe IMHKAa B Matpuie cieaa a-SiOy/Si-n mpuBeno k 06pa3oBaHui0 HaHOKpHCTaUIOB ZnSe20s ¢
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OpTOPOMOMYECKON KPHUCTAITMYECKONH CTPYKTYpOH. DKCIIEpHMEHTANbHBIE ITapaMeTphl KPHUCTAJUIMIECKOH peIIeTKH,
IUIOTHOCTh KPUCTAILIOB, 3()(DEKTUBHBIN 3apsi/] M OIS XMMUYECKON CBSI3M XOPOIIO COTJIACYIOTCS C pe3yJIbTaTaMu
KBaHTOBO-XUMHUYECKUX PAcyeTOB U JPYTHMMH JIUTEPATYPHBIMH AaHHBIMH, BBIIOJIHEHHBIMH B TPHOJIVOKEHUN JTIMHEHHBIX
KOMOMHAIMI aTOMHBIX opOuTtaneil. Heammupuueckue pacdersl mokasanu, 4rto ZnSe;Os nmeeT npsMoil 1nana3oH B TOUKE
I', a paccunTanHble 3 PEKTUBHBIE 3apsi/ibl ATOMOB AEMOHCTPUPYIOT 3HAUYNTEIbHBIA KOBAaJCHTHBIN BKJIaJ B XUMUYECKHE
CBSI3H, 00pa3ylolie CMeIlaHHbIe HOHHBIE KoBaeHTHBIE CBsi3u. Dotomomunecteniys (OJI) m3mepsiacs Bo30yxIeHHEM
cBera ¢ JumHO# BoiHbl 300 HM pu KoMHaTHOH Temneparype. PJI-ciekTpsl paccMaTpUBaIUCh Kak CUMOHMO3 JTIOMUHE-
CICHIINM OKCHJa LUHKA U ceneHnaa muHKa. Crnektp ®JI XuMu4eckd ocakIEHHBIX 00pa3IoB COCTOMT W3 IIMPOKOH
IOJIOCHI B AMANa30He JUTHH BOJH OT 2,6 10 3,2 5B mpu KOMHAaTHON TeMIieparype.

Knrouessie cnosa: memnielimusiti Cunmes, Xumuieckoe ocaxcoenue, OUceieHum Yuhkd, mpexkossie wabionvl, homo-
JIHOMUHECYEeHYUSL.

NEW NANOSTRUCTURED MATERIAL OBTAINED BY THE METHOD OF TEMPLATE SYNTHESIS

A. D. Akylbekova'®, G. G. Sarsekhan?, A. B. Bazarbek!, G. M. Aralbayeva?,
D. A. Junisbekova?, B. B. Maybazarova?, A. A. Kissabekova®

L L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
2 Kazakh national women's teacher training university, Almaty, Kazakhstan
3 Higher School of Natural Science, Pavlodar Pedagogical University named after A. Margulan, Pavlodar, Kazakhstan

*E-mail for contacts: aiman88_88@mail.ru

The article presents the results of an experimental study of zinc diselenide nanocrystals obtained by chemical deposition,
which is the simplest method in the a-SiO./Si-n track matrix. A sample of the SiO./Si track was obtained by irradiation
with Xe ions with an energy of 200 MeV (F = 108 ions/cm?) on a DC-60 cyclotron (Astana, Kazakhstan) followed by
chemical treatment with fluoric acid (HF) in an aqueous solution. Before chemical treatment, ultrasonic cleaning of the
sample surface with isopropanol was performed for 15 minutes (6.SB25-12DTS). After treatment, the samples were
washed with deionized water (18.2 MOm). The chemical deposition of the track template was carried out at room
temperature for 60 minutes. A solution consisting of zinc chloride and Selenium dioxide (ZnCl; — 3.4 g/l, SeO, — 0.2 g/l)
was used as the electrolyte. The surface of the samples after deposition was examined using a Hitachi S-4800 scanning
electron microscope (SEM). Morphological analysis showed that the degree of filling of nanopores varies depending on
temperature. X-ray diffraction analysis (XRD) was performed using the D8 ADVANCE ECO X-ray diffractometer.
According to X-ray diffraction analysis, the chemical deposition of zinc in the a-SiO,/Si-n trace matrix led to the
formation of ZnSe,0s nanocrystals with an orthorhombic crystal structure. The experimental parameters of the crystal
lattice, crystal density, effective charge and chemical bond population are in good agreement with the results of quantum
chemical calculations and other literature data performed in the approximation of linear combinations of atomic orbitals.
Nonempirical calculations have shown that ZnSe,Os has a direct range at the G point, and the calculated effective charges
of atoms demonstrate a significant covalent contribution to chemical bonds forming mixed ionic covalent bonds.
Photoluminescence (PL) was measured by excitation with light with a wavelength of 300 nm in the room temperature.
The PL spectra were considered as a symbiosis of luminescence of zinc oxide and zinc selenide. The PL spectrum of
chemically deposited samples consists of a wide band in the wavelength range from 2.6 to 3.2 eV at room temperature.

Keywords: template synthesis, chemical deposition, zinc diselenide, track templates, photoluminescence.
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SKCHEPUMEHTAJIBHOE OIIPEJEJIEHUE TEMIIEPATYPHOT' O KOO®OUIIUEHTA
PEAKTUBHOCTU PEAKTOPA UBI'.1M

E. B. Hypxkanog'’, B. C. Tusipsit, A. C. Asumxanosl, . K. Jlep6simer’, U. B. IIpozopora?’,
P. A. Upkuméexon, FO. A. ITonos', B. A. Buriok?
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AXTyalsHOCTB HCCIICIOBAHUS CBsI3aHA ¢ 0€30MaCHOCTHIO YIIPABICHUS AACPHON YCTaHOBKOW. OnpeaeneHne TeMIeparyp-
Horo ko3 duumenta peaktuBHOCTH (TKP) sxcriepuMeHTaIbHBIM Iy TEM MIPEACTABIET COOON TOBOJIBHO CIIOXKHYIO 3313~
qy. OlHa U3 OCHOBHBIX TPYIHOCTEH 3aKIII0YaeTCs B pa30TrpeBe peakTopa OT ABYX (WK 0oJiee) MCTOYHUKOB TEIUIa C pa3-
JMYHOM TeMIepaTypoil B TeUeHNE NPOJOKUTEIFHOTO BPEMEHH, TOCTATOYHOTO AJISI H30TEPMHIECKOTO pa3orpeBa Beex
yacTel peakTopa. J[oka3aTenbCcTBOM H30TEPMUUECKOTO pa3orpeBa peakTopa MOXKET ObITh BHIPABHHBAHHE TEMIIEPATyphI
TEMJIOHOCHUTENIS B Pa3flaTOYHOM KOJUIEKTOpe (Ha BXOJE B PEaKkTop) U B CIMBHOM KOJUICKTOpPE (Ha BBIXOJIE U3 PEaKTopa) B
TCYCHUE BPEMEHH, 1OCTATOYHOT'O IJIsk CTa6I/IHI/ISaHI/IH KPUTHUYECKOI'O COCTOSIHUA PEAKTOPA U COOTBCTCTBCHHO MOJIOKCHUA
PETYJIUPYIOIIUX OPTaHOB.

CyTb MeToJ1a HCCIIEIOBaHMS CBs3aHa C TEM, YTO IIPH MPOBEJCHUH dKCIiepuMenTa 1o onpeneneHuto TKP 0bum coznans
YCIIOBUSL, IPU KOTOPBIX MCKIIOYAIMCH OapOMeTpUYecKuil (TMIpOJMHAMUYECKUIT) U MOIIHOCTHO 3()(eKThI, BIHSIOLINE
Ha PEaKTHBHOCTH HCCIIEIOBATEIBCKOTO PEAKTOPA.

3HauYUMOCTb PE3yJIbTATOB 3aKJIOYAETCS B TOM, 4TO Juid peakropa MBI.1M TKP, oquH 13 BaKHBIX apaMeTPOB OLIEHKH
6e301acHOCTH, OBLT OTIPEIeNICH SKCIIEPIMEHTAIBHBIM ITyTE€M IOCIIe KOHBEPCHHU PeakTopa ¢ BeIcokooboramenHoro (BOY)

Ha HH3KooOorameHHbI# ypan (HOY) tommso.

Knrueswvte cnosa: peaxkmop UBI. IM, peakmusrnocms, memnepamypHhsiii Ko3puyuenm peakmusHocmu.

BBEJIEHUE

TKP oveHb BaskeH i1 0€30MaCHOCTH U YCTOHUUBO-
CTH SIIEpPHBIX peakTopoB. IIpaBuibHOE ompeneneHue
3TOTO MapameTpa 3KCIEePUMEHTAIBHBIMHI WJIH aHAJIUTHU-
YeCKMMH METOAAaMHU OYeHb BaYKHO IS JOCTIDKEHUS Oe3-
omacHo# 1 3 HeKTUBHOI FKCIUTyaTalin peakropa [ 1-4].

Ha uccnenoBarensckom peaxrope UBI. 1M [5-7] yc-
TIEIITHO 3aBEPIICHBI paOOTHI 110 KOHBEPCHH TOTIIIMBA C BBI-
cokooboramenHoro Ha HOY. PaGoTsl mpoBOIIIINCE B
paMKax MpOorpaMMBbl 110 MUHHUMM3AIMH HCIOJIB30BAHUS
BBICOKOOOOTAIIIEHHOTO ypaHa M CHI)KEHHS PHCKa He3a-
KOHHOT'O PaclpOCTPaHEHHMs JACIAIINXCS SIEPHBIX Mate-
pHAaJIOB, KOTOPBIE MOTYT OBITh UCIIOJIBb30BAHBI IS CO3/1a-
HUS OPYKHS MacCOBOTO YHUYTO)KECHUSL.

AKTHBHasT 30Ha HCCIIEOBATEILCKOTO pPeaKkTopa
CKOMITIOHOBaHa TPUALATHIO BOJOOXIAXKIAEMBIMU TEXHO-
JIOTHYECKUMH KaHaJaMH C TOIIMBOM, COJAEpKaIluM
19,75% 2%°U, pa3spaboTaHHBIMK ¥ M3TOTOBIEHHbIMU Ha-
YYHO-HUCCIIeA0BaTENbCKUM HHCTUTYTOM «HIIO Jlyu»
Poccuiickoii deaepanuy B paMKax COIIALICHUS MEXIY
HannonansHeIM sitepHbIM 1IeHTpoM Pecny6nmkn Kazax-
CTaH U AprOHCKOW HaIlMOHaJIBHOHU Jaboparopueii Co-
enuHeHHbIX LltaToB AMepuki.

Jis yBenmM4ueHUs: CKOPOCTH OXJIaKACHUS TEIUIOHOCH-
TeNs M COKpAIIEHUS] BPEMEHH MEXITyCKOBOTO IIEpHOJIa
ObLy1a pa3paboTaHa v BHEAPEHA CUCTEMA OXJIAXKICHUS Te-
mionocurens peaktopa (COTP). COTP noxkmtoueHa k
CyIIECTBYIOIIEH CHCTEME  OXJaXKACHUS  peakTopa
UBI'.1IM [8].

B nepuon ¢ 31 mapra no 05 mas 2022 roga (mepBbrIii
aTamn) U ¢ 24 mas no 15 aBrycra 2022 roga (BTopoii aTai)
MpoBeJeH (GU3MYECKUH ITyCK UCCIIE0BATEIbCKOTO Peak-
TOpa C HOBOW aKTUBHOM 30HO.

Ou3nuecKuil MycK BKIIIOYAN B ce0s BBIITOJHEHHE 3a-
Jiad 1o 3arpyske peaktopa HOY TomnmmBom, 3aroIHEHUIO
peaxkTopa TEIUIOHOCUTENEM, JOCTHXKEHUIO IEPBOTO KPH-
THYECKOTO COCTOSIHUSI HA HOBOW aKTMBHOW 30HE, KaJluo-
POBKE JaTYNKOB CHCTEMBI yrpasiieHus u 3amuTsl (CY3),
HCCIICIOBAHUIO paJualioHHOW oOctaHoBKH Ha KUP
«baiikan-1» Ha QU3NIECKUX YPOBHSIX MOIIHOCTH peak-
TOpa, ONPEJENCHNs aKTUBAL[MH TEIUIOHOCUTENS U BBIXO-
Jia IPOJLYKTOB JIEJICHUS U3 TBIJIOB (PU3MUECKUX MAKETOB
BOJIOOXJIAKIaeMbIi TexHoorunueckuit kanan (BOTK).

B nepuon ¢ 27 oxtabps 2022 roga mo 18 mas 2023
rojia MpPOBEAEH PHEPTreTHYECKUH IyCK HCCIIe0BaTelNb-
CKOT'O peakTopa, B X0Jie KOTOPOTO BBIITOJIHEHBI CIEAYIO-
e 3aJa4y: ONpeJeNIeHHe OCHOBHBIX TEILUIOTHApaBIIU-
YEeCKNX, HEUTPOHHO-(DU3MUECKUX ITaPAMETPOB PEaKTOpa
U TEXHOJOTMYEeCKHX KaHaJOB, KaJMOpOBKA IITATHBIX
jgatunkoB CY3 mo pesynbraTaM U3MEPEHHUH TEMIoTeX-
HUYECKUX MapaMeTpOB, UCCIIEAOBAaHUs BbIXOJa MPOAYK-
TOB JIEJICHUS] U paJAHallUOHHBIE HCCIEIOBAHUS.

Pe3ynbraThl U3HYECKUX W SHEPTETHIECKHUX ITyCKOB
MTOJITBEP VTN TPABIIIBHOCTh KOHCTPYKITHOHHBIX U TeX-
HUYECKUX PEIICHUH, MPUHATHIX U MPOBEIEHUS KOH-
BEPCHHU HCCIIe0BaTeNbCKOro peakropa NBI.1M, u O5I-
JIU yTBEP)KJACHBI PETyIUPYIOINM opranoM, KomureTom
aTOMHOT'O M YHEPreTHYEeCKOro Ha/A30pa U KOHTPOIst Mu-
HHUcTepcTBa 3HepreTuky Pecrry6nmku Kazaxcran.
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B xozme mpoBeneHHBIX HCCIIeIOBaHUI OBUIH ompee-
JICHBI 3 QEKTHI, BIUAIONINC HA U3MCHCHUE PEaKTUBHO-
CTH B TeueHHe paboThl peakTopa Ha MOLIHOCTH, OIHUM
U3 KOTOPBIX SBISICTCS TEMIICPATYPHBIH 2P PEKT peakTUB-
HocTH. OleHka JaHHOTO 3¢ ¢eKTa IPOBOANIACH ITyTEM
onpeneneuuss TKP, npezacrasistomniero coboi oTHOIIIE-
HUE NpUpPAIEHNs PEaKTUBHOCTHU K IPUPAIIECHUIO TeMIIe-
paTypbl peakTopa IpH IMOCTOSHCTBE BCEX OCTABHBIX Xa-
PaKTepUCTHK.

Omnpenenenne TKP sBistercst BaKHBIM Tt Ge301mac-
HOW 3KCIUTyaTallidl peakTopa W MO3BOJSIET OIEpaTopy
CVY3 onepaTHBHO IIPOTHO3UPOBATH MOBECHUE PEaKTOpa
[IPH 33JJaHHBIX U3MEHEHUSIX TeMIIePaTyphl TEIJIOHOCUTE-
st [9-11].

1. MCCIAENOBATEJLCKUI PEAKTOP UBI'.1M

U EI'O CUCTEMA OXJIAKIEHUSA

Hccnenosarensckuii peaktop UBI'.1M — reteporen-
HBI KOPIIYCHOM SJIEPHBIM PEaKTOp Ha TEIIOBBIX HEM-
TPOHAX C JISTKOBOHBIMH TETIJIOHOCUTEIIEM U 3aMeJTITe-
JieM, ¥ OepUITHEBBIM OTpaXkaTeeM HEHTPOHOB.

AXTHBHas 30Ha peakTopa HpeACTaBisieT co0o Ha-
60p u3 30 BOTK c¢ temosbiaessitomue coopku (TBC).
BOTK pacnonoxeHsl B TpH KONBLEBHIX psAaa: 12 xaHa-
J0B B nepBoM H BTopoM psay ¢ TBC Beicotoit 800 MM,
18 xananos B TpetbeM psiny ¢ TBC BeicoToit 600 MMm.

Koncrpykuueit u noruxoit ynpasnenus CY3 peakro-
pa TpeIryCMOTPEHO COBMEIICHUE (YHKIUH aBapHHHOMN
3aIUTHI, aBTOMATHICCKOTO W PYYHOTO DPETYyIHPOBAHUI
HCTIOTHATEIFHBIMU OpTaHamMu 0apabGaHHOTO THIIA — pe-
rynmupyromumu 6apadanamu (PB). B Tabmume 1 npencra-
BJICHBI HEKOTOPBIE XapaKTEpUCTUKH peakTopa Iocie
KOHBEPCHH.

Tabruya 1. lapamempol peakmopa nocie KOHeepcuu

Napametp 3HayeHune
lMpoekTHas MowHoCTb, MBT 60
HomuHanbHas mowHocTs, MBT 10
ObheKTUBHbIN AnameTp, MM 548
Konuyecteo BOTK, wr. 30
MakcumanbHbIit 3anac peakTUBHOCTH, Boa 83+0,2
OpextnsHOCTb PB, Bagep 11,2+0,3
ObheKTUBHOCTb CMCTEMbI KOMMEHCALM peak-
TUBHOCTY, Bagp 35£0,1

Cucrema OXJaXICHHS NCCIIEI0BATEIHCKOTO PEaKTo-
pa 1o Kinaccu(UKanuy CUCTEMBI PEaKTOpa SIBISIETCS CH-
CTeMOW HOPMaJIbHOW 3KCIUTyaTalllH, BaKHOHU uIst 6e30-
MTACHOCTH. B OCHOBY TpoeKTa KOHTypa OXJaxIIeHHUS 3a-
JIO’KEHBI CIIeTYIONTHe OCHOBHBIC TIPUHIIUIIBL:

— KOHTYp BBINIOJHEH 110 3aMKHYTOH CXeMe C IpUHY-
JTUTEITFHON MAPKYJIISAINN TETJIOHOCHUTEIS B KOHTYPE;

— JWCTaHIMOHHOE yTpaBlIeHHE 000pyAOBaHHEM M
apMaTypou;

— obecrieueHne B3pHIBOOE30IACHBIX YCJIOBHH TpH
BBIJICJICHUN PaJUOIUTHYECKOIO BOJOPOJA B Tra30BOM
o0beMe CIIMBHOIM EMKOCTH.

Bpemsi paGoTBI OCHOBHOTO KOHTypa OIIPEAEIACTCS
napaMeTpamy, 3aJO0XKEHHBIMU B IPOTpaMMy 3KCIEpHU-
MEHTa, U OTPAaHUYECHO 3aracaMy U TeMIIepaTypoil BOJbI B
cnuBHOM emkoctd. Ha cioyuyae HemTaTHeIX cuTyaunui
IIpeyCMOTpeHa MpeaynpeuTeNbHas U aBapuiiHas cur-
HaJu3anus, a Takke GOpMUPOBaHUE CUI'HaIa Ha cpaba-
ThIBAaHUE aBapUIHOMN 3alUTHI PeaKkTopa MO CIeIyIUM
mapaMeTpaM: CHIDKEHHE pacxofa Ha Beixone n3 BOTK,
CHIDKEHME AaBiieHus Ha Beixone u3 BOTK, noseienne
TemnepaTypsl Ha Berxoze n3 BOTK, cHmkenue naBieHus
B Pa3JaTOYHOM KOJUIEKTOPE.

B coctaB OCHOBHOTO KOHTypa OXJIQXKACHHS BXOIST
00opyioBaHue U TPYOOIIPOBO/IBI: HACOCHAS TPYIINa; Oaki-
11aC HACOCOB; CIIUBHAsI €MKOCTb; BXOJHOH Y4aCTOK; y3JIbI
OTBO/Ia BOJIBI; CHICTEMa CIMBA BOJBI U3 PEAKTOpa.

HacocHnas rpynmna obecnieynBaeT 1mojady BOABI B pe-
aKTOp Ha BCEX pexXHUMax ee paboThl, st oOecrieueHus 3a-
JTAHHOTO pacxojia BOJsI B KOHType. B HacocHyo rpymimy
BxomaT: Tpu Hacoca 4MCK-10, nBa Hacoca [IHI-70M-1
(ITHT NeNel, 2), TpyOomnpoBoab! 0OBS3KH HACOCOB C 3a-
mopHO# apmarypoii (pucyHok 1). [Ipu mratHO# paboTe
peakTopa, OXJaXICHHE PEeaKkTopa IEePBOHAYATBHO OCY-
mectBigerca Hacocamu LITHI-70M-1 ¢ npousBoauTensb-
HOCTBIO 710 5 Kr/c. TemIoHOCHTENb U3 CIIMBHOI EMKOCTH
1o TpyOONpoBOay Mojgauu AucTuiiaTa Hacocamu [THI -
70M-1 mopmaeTcs B HaNOPHBIN, a 3aTeM B pa3JaTOYHBIN
KOJIJIEKTOP.

Pa3nmaTouHbIil KOJIJIGKTOP MpEACTaBsIET COOOM 3a-
TIIyIIEHHYIO ¢ OJJHOTO TopIia TpyOy, B KOTOPYIO BBAPEHBI
naTpyoku TpyOONpPOBOIOB ISl TI0/IBOJIA BOJIBI K PEaKTO-
py. Apyrum Topom pa3gaToYHbIA KOJUIEKTOP COETHMHS-
eTcsi ¢ KopiycoM ¢GuibTpa. Bona u3 pa3naTodHoro koi-
JIEKTOpa IO YEeTBIPEM TPyOOIPOBOIaM MOCTYIIAeT Ha OX-
JaKAEHUE TIETIEBOr0 KaHasla, OTPakaTews, LEeHTpalb-
HOH cOOpPKH M B KpBIIKY peakTopa. [Tpn Bkirouennu 60-
nee mpou3BoauTenbHBIX HacocoB 4MCK-10 ¢ mpousso-
JIUTEIBLHOCTRIO 0 67 kr/c, Hacock! [IIHI-70M-1 aBToMa-
THUYECKH OTCEKAIOTCS OT HAIlOPHOTO KOJUIEKTopa o0part-
HBIM KJIaIlaHOM U paboTaloT MO cBOeH OaimacHoi Maru-
CTpau.

[poiins yepes3 peakrop, OoJbIIAs YaCTh BOABL, Yepe3
OKHAa B BEPXHEH YacTH TEXHOJIOTHYECKHUX KaHAaJIOB, I10-
CTYTMaeT JUIsl OXJIKICHUS TEIUIOBBIJICIISIONINX COOPOK B
BOTK. OcraBuasics 4yacTb BOJbI IOCTYNAET B MOJOCTh
TETIJIOBOTO 9KPaHa, OTKY/la IIOCTYTAaeT B CIMBHOM KOJLIe-
KTOp, @ U3 HEro I10 MarkucTpaJbHOMY CIMBHOMY TpyO0o-
MPOBOY B cinuBHYI0 eMKocTh. M3 BOTK remnonocurens
yepes 3761 0TBOJIA BOJKI 10 TPYOOTIPOBOAAM, HMEIOIINM
pacxo03a/aoIe U pacXoAOMEpHBIE YJaCTKH, MOCTY-
MaeT B KOJIJIEKTOP, CIIMBHOW KOJIJIEKTOP U Yepe3 MarucT-
payBHBIN TPYOOTIPOBO B CTUBHYIO €EMKOCTb.

Boubiias yacTh BOJIbI, MOCTYNAONIEH B KPBIIIKY pea-
KTOpa, CIIUBAETCs 10 TPyOOIPOBOY B IPOMEKYTOUHYIO
€MKOCTb M OTTyZa OTKaunBaercsi Hacocamu L{THI-70M-1
NeNe 3, 4, 5 B cmuBHYI0 eMKOCTh. OcTallbHAs 9aCTh BOJIBI
MIPOXOAUT BHYTPb PEAKTOPA, TJ€ CMELIMBAETCS C OCHOB-
HBIM IOTOKOM BO/IBL.
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Pucynox 1. Ynpowennas cxema cucmemul oxaascoenus peakmopa UBI. 1M

CnuBHas €eMKOCTB TIpeIHa3HAYCHA I XPAaHECHUS He-
00X0IMMOTO 3amaca BOJBI M IPEACTABIAET coO0M pesep-
Byap oobeMoM 1500 M*, 0ONHIIOBaHHEIH U3HYTPH JIUCTO-
BoM cranpio 12X18H10T.

Cucrema  aBapuHHOTO  OXJ@KAEHHWS  peakTopa
(CAOP) siBnsieTcst 3alIUTHON CHUCTEMOil 0€30MaCHOCTH.
B cocraB CAOP BX0nsT 4eThipe €eMKOCTH 00LIMM 00be-
MoMm 200 m*. CAOP mpenHa3zHadeHa Ui XpaHEHUs aBa-
pHUIHOTO 3amaca BOJbI IPU HOPMAJIBHBIX pexXHUMax pado-
ThI peakTopa VIBI'. 1M u oxnaxaerus TBC B aBapuitHbIx
peXnmax, CBSI3aHHBIX C 00ecTOYMBaHHEM (MOTepel mH-
TaHMs) WM TPEKpaIlCHUEM OAaYH BOABI B PEAKTOpP OT
HacocHOH rpynmbel. CAOP obOecnieunBaet mogady BOJHI B
peakrop c¢ apasineHueM a0 1,5 MIla um pacxomom 10
91 xr/c.

CAOP cpabatpiBaeT pu 00€CTOYMBAHNH, BBIXOJIC U3
CTpOsl OJTHOTO WJIM HeCKONbKHX u3 HacocoB 4MCK-10,
IIPH CaMOIIPOU3BOJIFHOM 3aKpPBITUM BEHTWIIS HA BCACHI-
BaHue wiu Hamope HacocoB 4MCK-10, pa3psiBe Hamop-
Horo komekTopa HacocoB 4MCK-10. Bo Bcex paccmar-
pUBAEMBIX CITydasX yYMEHBIIAETCS PACXOI WIH COBCEM
IIpeKpaIaeTcs Mojia4a BOAbl B PEaKTOp HaCOCaMH OCHOB-
HOTO KOHTYpa oxJyiaxaenus. [Ipu stom CAOP aBromaru-
YeCKH NEPEBOAUTCS M3 PeXHMMa FOTOBHOCTU B PEKUM
¢ynkronnposanus. CAOP paboraeT 1o npuHIMITY BBI-
TECHUTENBbHOU cucTeMsl. [Ipu nmajgeHun naBieHUs B Ha-
MOPHOM KOJIJIEKTOPE HAacOCOB «PaBHOBECHOE» COCTOS-
HHE HapylIaeTcs, OOpaTHBIN KJIalaH 3aKpbIBAaeTCs 1aBIIe-

HueM oT 4eTbIpéx eMkocTelt CAOP u npousBoauTcs aBa-
pHiiHOE pacXoaXHBaHUE PEaKTOpa.

2. METO/J OIIPEJAEJIEHUA TEMIIEPATYPHOTI'O

KOS®PUIIUMEHTA PEAKTUBHOCTH

TemmeparypHblii k03D HUIIMEHT  peakTHBHOCTHU
(TKP) a(t) onpeaensieTcss Kak OTHOIICHUE MPUPAIICHHS

peaktuBHOCTH AR K mpupameHuio Temmepatypsl AT
[12]:

a(t)=AR/AT. 1)

IIpu 3TOM mpeanosaraercs, 9T0 BCe YaCTH peaKTopa
HMMEIOT OJJMTHAKOBYIO TEMIIEpaTypy U OJJTMHAKOBOE IpHpa-
IIeHHe TeMIepaTypsl Mo BceMy peakTopy. OgHa u3 oc-
HOBHBIX TpyaHocTel mpu m3mepennax TKP 3axmogaer-
sl B peali3aliy H30TEPMUYECKOT0 pa3orpeBa BCex Jac-
Tel peakropa [13]. [Ipu npoBeneHUN IKCIEPUMEHTA 11O
ompeneneHuro TemreparypHoro 3¢dekra u TKP ocHoB-
Hasl 3aJlaua 3aKJII0YaeTcs B CTAOMIIM3aLK BCEX Mapame-
TPOB pEaKTOpa MOCle U3MEHEHUs TEMIEPATyphl B peak-
Tope. Jloka3aTenbCTBOM CTaOMIM3AIMK NTapaMeTpoB pe-
aKTOpa MOXKET OBITH CTAaOWMIHM3anus KPUTHYIECKOTO CO-
CTOSIHUSI PEaKTOpa W COOTBETCTBEHHO IOJIOKEHHS PEry-
JUPYIOMUX OPTaHOB HA MMHUMAJIBHO KOHTPOIHNPYEMOM
yposHe (MKY) mommuoCTH.

Merton onpenenenns TKP Ha peakrope UBI.1M 3a-
KIIIOYaeTCsl B pa3orpeBe peakTopa 0 TeMIeparypsl T1
TI0CIIe T0JIauM TeTUIOHOCHUTENS N3 eMkocTH Nel (cnuBHas
€MKOCTb) U CTa0MJIM3aliK IIapaMeTpOB peakTopa H, 3a-
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TeM, OXJIAKICHAN peaKTopa 0 TeMIepaTypsl T» mocie
noaayu teroHocurens uz emkoctu Ne 2 (CAOP 1) ¢ no-
crenyrome crabuiIn3anuei napameTpoB peakropa. B
XO0JIC SKCIICPUMCHTA JTOJDKHA OBITh 00ECIIeYCHA PErHCT-
pauusi TeMIepaTtypsl B pa3laTOYHOM KOJUIEKTOPE U B
CIMBHOM KOJUJIEKTOpE, perucrpainus mnojoxxkenus Pb.
Pacuer TKP npoBoautcs mo hopmyie (2):

TKP = (RMz — RM1)/(T2 — T4), )
rne RM1, RM; —3anac peakTuBHOCTH peakTopa IpH TeM-

nepatype peakropa Ti1 u T». 3anmac peakTHBHOCTH peax-
TOpa ONpPEIENIeTCs 0 PEryIUPOBOUYHOM KprBoil Ph.

3. DKCNEPUMEHTAJIbHASI YACTh

Ilepen mpoBeneHHMEM pPEAKTOPHOTO SKCIIEPUMEHTA
ObUTH 00ECTICUYeHBI CIEAYIOIHNE yCIOBHUS:

— 00BEM TEIUIOHOCUTENS B CIIMBHOW €MKOCTH peaK-
topa cocraBun 1200 Mm%, TeMmmepaTypa TeIIOHOCUTENS
cocrtasuia 32,4 °C;

—  06beM Bosl B eMkocTsix CAOP cocrasmi 120 M3,
TeMiiepatypa Boabl coctasmia 20,6 °C (TemmepaTypa ox-
py>karoIeit cpensl);

— uH}opMaluMOHHAast U3MEPUTEIbHAS CHCTEMA PEru-
CTpUpPYET MOKa3aHUs KOHTPOJIbHO-U3MEPHUTEIbHBIX IPHU-
OOpOB U OCHOBHBIX IIAPaMETPOB CTCHIA ¢ 4acTOToM 10
pa3 B CeKyHAy.

IIpn npoBexeHHM SKCIEPUMEHTA IO ONPEICICHHIO
TKP Oplm co30aHBl YCIOBUS, TIPH KOTOPHIX HCKITIOYA-
JUCHh 6apOMeTpUIeCKUi (THIPOANHAMHYCCKII) H MOIII-
HOCTHOM 3()()EeKTHI, BIUSIONINE HA PEaKTUBHOCTh HCCIIe-
JIOBATEIbCKOTO peakTopa. MOIIHOCTE peakTopa nozep-
xkuBanack Ha MKY mommuocty 1 kBT, MckIrouaromem
BJIMSIHME MOUIHOCTHOTO 3((eKTa peakTHBHOCTH Ha pe-
3yJNbTaTHI 3KCIIEpUMEHTA. J{JIs1 N3MEHEHHS TeMIIepaTyphl
peakropa B otnnuue ot [14, 15] 6suta obecnedeHa npo-
KayKa TEIUIOHOCHUTENS 4epe3 PeakTop OT JBYX Pa3HBIX
HCTOYHHKOB: CIMBHAsE €MKOCTb C TEMIEpPaTypoil BOJBI
31,5°C u emxocreit CAOP c¢ temmneparypoil Boabl
20,6 °C. 3amac peakTHBHOCTH peakTopa MPH pa3IHIHBIX
TeMIIepaTypax ONpeessics IPpU OANHAKOBBIX Oapomer-
PHUYECKHX YCIOBHUSX: NPH NMPOKAYKe Yepe3 peaKTop Terl-
JIOHOCHTEITS HacocHo# rpymmoit [{THI-70M-1.

OkcnepumeHT 1o onpeneiaenuto TKP  peakropa
VBI'.IM 6bu1 peanu3oBaH B ClEAyIOIIEH IMOCIIE0Ba-
TENbHOCTH:

1. TIpoBepeHa rOTOBHOCTH CHCTEM PeaKTOpa K Ipo-
BEJICHUIO SKCIIEPUMEHTa, 00eCIIeueHO OXJIaXKACHUE pea-
KTOpa oT HacocHo# rpymnms! LIHI-70M-1 ¢ pacxogom no
5 kr/c.

2. Peaxrop BoiBenien Ha MKY momnocTu (1 kBr).

3. BxkiroueHa npokayuka TEIUIOHOCUTENS OT TpeX Ha-
cocoB 4MCK-10 ¢ pacxonom 10 65 Kr/c Ui yMeHblIIe-
HUSI BpEMEHH BBIPaBHUBAHUS TEMIIEPATYPHI TETUIOHOCH-
TeNs BO BCEX IMOJIOCTAX UCCIEA0BATEIbCKOIO PEAKTOpa
JI0 TeMIIepaTypbl BOJbI B CIMBHOM eMkocTH. [Ipu 3Ttom
Ha BCEM MPOTSDKEHHH HKCIEPUMEHTa ITOAJCPKHUBAIICS
cTaOMIBHBIA YPOBEHb MOIIHOCTH peakTopa 1 kBT.

4. Tloce BEIpaBHUBAHUS TEMIIEPATypPhl TEIUIOHOCH-
TeNs B Pa3JaTOYHOM KOJUIEKTOPE M B CIIMBHOM KOJUIEK-

TOpE, BKJIIOUEHA NPOKAayKa TEIUIOHOCUTENS Yepe3 peak-
TOp OT ABYX HacocoB L{HI-70M-1 s uckirouenus Oa-
poMeTpuYecKoro 3PQeKTa PeakKTHBHOCTU U (PUKCAIMU
nonoxenus Pb.

5. C 1enpo MUHUMH3aLUK THIPABINYECKOTO yaapa
Ha HaropHbII KOJUIEKTOP M 0OpaTHBIN KJIamaH MpH repe-
BOJIe OXJIaXKIeHUs peakTopa oT eMkocteit CAOP, nepBo-
HavaJbHO O0ECIICYCHO OXJAXKACHUE PEakTopa OT TpexX
HacocoB 4MCK-10, a ToipKO 3aTeM BKJIIOYEHA Imojada
TeruioHocutelst ot emkocteit CAOP peakropa.

6. Ilocme BEIpaBHHBaHUS TEMIIEPATYPHI TEIUIOHOCH-
TeJsl B pa3laTOYHOM KOJUIEKTOPE U B CIIMBHOM KOJIJIEK-
Tope ¢ TemnepaTypoil Boasl B emkocTsix CAOP, Bxiroue-
Ha NpoKayka BOJbI OT HacocHoW rpynmsl [[HI™-70M-1
JUISL HCKITFOUeHUsT OapoMeTpruecKoro 3¢ deKTa peakTus-
HOCTH ¥ (uKcaiu nojoxenus Pb.

[Ipu mpoBeeHUN SKCIIEPUMEHTA, KaK y>Ke YIOMUHa-
JIOCh BBIIIIE, TPOBOAMNIACH PETHCTPALIUS TapaMeTpOB pe-
aKTOpa, TAKUX, KaK TEMIIEpAaTypa TEINIOHOCUTEINS B pas3-
JATOYHOM KOJUJIEKTOPE U B CIMBHOM KOJUIEKTOPE, JaBJie-
HUE U pacxo]] TEIJIOHOCUTEI, a TaKkKe MoJioxkeHue Pb.

4. PE3VJBTATHI

Pe3ynbpTaThl 3KCIIEpUMEHTa TIpeCTaBIeHbl B TabIu-
e 2. B rabnuiie nprBeeHb HauadbHasi U KOHEYHAS TEM-
nepatypsl T1 u To, nonoxxenue Pb — noka3zanus cueruu-
ka ymcna maros PB st nepBoii u Bropoit Touk# (S1, S2),
3amac peaktuBHocTH (RM), m3MeHeHMe 3amaca peakTHB-
HOcTH (AR). TKP paccunran o gpopmye (3) Hike.

Tabnuya 2. Pesynbmamot skchepumenma

o MonoxeHue PB
Bpewms T,°C wa MKY (S), war RM, Bes
MKY 1 11:08 315 3125 4,475 0,004
MKY 2 11:28 206 3180 4,253 0,004
PasHuua - -109 55 -0,2220,008
TKP = (4,475-4,253)/(31,5-20,6) = @)

=0,0204 £0,0012 (b, /°C)

Kak BUIIHO U3 pe3yibTaTOB, IPH IMPOBEICHIH YKCIIC-
pUMEHTa yJIaloch 00ECIEYHTh Pa3HOCTh TEMIIEPATyp B
peaxTope g0 10,9 °C. TKP ObL1 onpeniesieH B paMKax oJ1-
HOTO SKCIEPUMEHTAa, YTO IO3BOJIIIO HCKIIOYUTH II0-
TPEIIHOCTH B OTIPENIEIICHUH 3araca PeaKTHBHOCTH. Pe-
3ynbTathl onpenenenus TKP mns sToro skcrnepumeHTa
MO’KHO CUHTaTh HauboJjee JOCTOBEPHBIMH.

Hmke Ha prcyHKe 3 IpUBEICHBI JHarpaMMBbl H3MEHe-
HUS TTapaMeTpoOB peakTopa B XOJe SKCIEPHUMEHTa: TeM-
neparypa B pazaatrouHoM koiutektope (T(in)), cpensss
Temreparypa B cimBHOM kosuiektope (T(out)), pacxoxn
TEIIOHOCHUTEINS OT HaCOCOB U OT BBITECHUTEIBHOU CHC-
tembl CAOP1 (Q), mokazanus cuerdnka yucia maros Pb
(N). [lnst co3anmst OIMHAKOBBIX YCIOBUI 3KCIIEpUMEHTa
ObUT ocyIecTBieH mepexon oT HacocoB 4MCK-10 u
CAOP1 na pacxon ot HacocoB [{THI-70M-1. Takum 06-
pasom, nonoxenue Pb onpezaensnocs nocie crabunnza-
LUK peakTopa B MOMeHThI BpeMenu ~11:08 u ~11:28.
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Pucynox 3. Juacpamma usmenenus napamempos peakmopa Ha SKcnepumenme

5. OBCYXIEHUE

Peaxkrop BI'.1M nMeeT reTeporeHHyI0 CTpyKTYpy
pacrpeienieHus TOIUIMBA B aKTUBHOM 30HE, U IIPU paboTte
Ha MOIIIHOCTH B €€ 00beMe YCTaHABJIMBACTCS HEPaBHO-
MepHOe TeMIepaTtypHoe noje. OOIMMPHOE YUCIO COIMyT-
CTBYIOIIMX SBJICHUH U 3aBUCALINX OT U3MEHEHUS TeMIIe-
paTyphl TEIUIOHOCUTENS 3aTPYAHsIET MOJyYeHHe 3Haye-
uust TKP. K TakuM sIBIEHUSIM OTHOCSITCSI: IPOIIecC yCTa-
HOBIICHHS TETUIOBOTO PABHOBECHSI MEYKAY BCEMH dJICMCH-
TaMU aKTUBHOW 30HBI, H3MCHEHHE CCUCHHUIA B3aUMOJICH-
CTBUS C HEHTPOHAMH, H3MECHEHHE IIOTHOCTH TEIUIOHO-
cUTeNsl, KOHCTPYKIIMOHHBIX MaTEPUAIIOB aKTUBHOW 30HEI
U OTpa)kaTeJs.

[Ipu poBeeHNA SKCIIEPUMEHTa UCTIOIF30BaHBI BCE
HAMEIOIIUECS BO3MOXHOCTH (DUIBTpPAIMUA MAPAMETPOB,
BIUSIONIUX Ha PEAKTHUBHOCTB: JABJICHHS, MOIIHOCTH U
BpEMEHHU YCTAHOBJEHHsI TEIUIOBOTO paBHOBecus. [loc-
JIEHU TapaMeTp OKa3bIBaeT CYIIECTBEHHOE BIMSIHIE HA
pesynsTatel u3mepenust TKP. Ilo pesynpraram sxcnepu-
MEHTa MOJIy4eHO MNoJiokuTenbHoe 3HaueHue TKP, pas-
Hoe 0,0204+0,0012 Ber/°C. 3aMeTHM, YTO TOJIOKHTENb-
ubiil TKP peakropa UBI'.1M ¢ HOY TomnuBom nostyuex
C TaKUM JK€ 3HaKOM, 4TO U i peakropa ¢ BOY tomium-
BOM.

Ho crienyet oco00 oguepKkHyTh, 4TO PHU paboTe pe-
aKTOpa Ha MOUIHOCTH JOCTUIAeTCsl HHOE CTAalMOHApPHOE
pacnpelielieHre TeMIepaTyphl 10 aKTUBHOM 30HE U OTpa-
xarexro. [Ipomecc cBsi3aH ¢ 0COOEHHOCTBIO OXJIAXKICHHS
AKTUBHOM 30HBI: XOJIOAHBIA TEIMJIOHOCHUTENb, MPOXOIS
gepe3 MeXKaHAIbHOE MMPOCTPAHCTBO M OTPAXKATENb, JaeT
BO3MOYHOCTh TOJJIEP)KUBATh HU3KYIO TeMIIepaTypy Oe-
pHWIUTHEBBIX OJIOKOB peakTopa. [lamee TEIIOHOCHUTENh
nocrynaetr B BOTK, rae oH nocturaeT MakcHUMajibHOU
teMrneparypsl. CrupaneBuiHasi KOHCTPYKLHSI TB3JIOB
obecrieunBaeT 3P QEKTUBHBIH OTBOJ TeIJia, B CBS3U C
YeM TeMIIepaTypa TBAJIOB MPEBLIIIAET TEMIIEPATypy Tel-

nmoHocutenst He Oonee yem Ha 2 °C. B wmrore, peakrop
UBI.IM ¢ HOVY rtomnmBOM HMEET OTpHULATEIbHBIN
MOIIHOCTHO# 3 PeKT peaKTHBHOCTH, YTO MO3BOJISIET Oe-
30I1aCHO YIPABJIATh PEaKTOPOM.

3AKJIOYEHUE

Ha peakrope MBI.1M npoBeneH 3KCHEPUMEHT IO
onpenenenuto TKP. Ilpu npoBeneHuM 3KCHEpUMEHTA
ObLT 00eCcTICUeH H30TePMUICCKUH Pa3oTrpeB BCEX YacTe
peakTopa. Jloka3aTenbCcTBOM 3TOTO SABJISIETCS cTabMin3a-
Ul TEMIIEPATypPhl TETNIOHOCUTENS B pa3aTOYHOM KOJI-
JIEKTOpPE U B CIMBHOM KOJUIEKTOpE, CTabMnu3anus Kpu-
THYECKOTO COCTOSIHHS PEaKTopa U, COOTBETCTBEHHO, T0-
JIO’KEHUS perynupyomux opranoB Ha MKY mMomHoCTH.

Jnst uckmodeHus: 6apoMeTpuYecKoro (THApOoIuHA-
MHYECKOT0) U MOIIHOCTHOTO 3(p(PEKTOB PEaKTUBHOCTH
OIpeJIeJIEHUE 3araca PEeakKTUBHOCTU peakTopa IpH pas-
JIMYHBIX TEMIIEpATypax B peakTope MPOBOJUIOCH BO Bpe-
Ml OXJIQXK/ICHUSI PeakTopa MajbIM PacxXxoJ0M OT Hacoc-
Hoii rpymms! LTHT-70M-1.

[Ipu mpoBeneHHM 3KCHEPHUMEHTa YAaJoCh obecre-
YHUTh pa3HOCTh TemIeparyp B peaktope no 10,9 °C. TKP
ObUT OIlpeNeNieH B paMKaxX OJHOTO 3KCIIEPHMEHTa, YTO
MO3BOJIMIIO UCKITIOUUTH TOTPEIIHOCTH HEPaBHOTOYHBIX
U3MEPEHUIl B OINpEeNeNIeHNH 3amaca peakTUBHOCTH. Pe-
3ynbTathl onpeaenenuss TKP ang sToro skcnepumeHTa
MOJKHO cuMTaTh Hanbosiee nocroBepHbeiMH. TKP cocra-
But 0,0204+0,0012 Besi/°C.

Paboma evinonnena npu (urancogoii noooepiicke
Komumema nayxu Munucmepcmeéa Hayku u 6vicuie2o
obpazosanus  Pecnyonuxu  Kasaxcmawn  ([Ipoexm
npozpammuo-yenesoeo guuancuposanus BR21882185
«Hccenedosanus 8 no00epicKy co30anusi u 6€30nacH020
@yuxyuonuposanus amomuou dnekmpocmanyuu 6 Pe-
cnybonuxe Kasaxcmany).
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HBI'.1M PEAKTOPBIHBIH PEAKTUBTIJIITTHIH TEMIIEPATYPAJIBIK KOO®OPUIIMEHTIH
SKCHHEPUMEHTTIK AHBIKTAY

E. B. Hyp:xkanos'", B. C. Tupipsal, A. C. Asumxanos’, U. K. Jepobimes’, A. B. IIpozoposal,
P. A. Upkuméexon, IO. A. ITonos!, B. A. Buriok?

LKP ¥510 PMK «Amom snepzuscol uncmumymoly gunuanot, Kypuamos, Kazaxcman
2 «Kazaxcman Pecnybnuxacoinotyy ¥ammotx aoponvix, opmanvizvy PMK, Kypuamoe, Kazaxcman

*Baunaneic ywin E-mail: nurerlan@mail.ru

3epTTeyniH ©3eKTUTIr SAPOIBIK KOHABIPFRIHEI 0acKapy Kayinci3airiMeH OailiaHpICThl. Peak TUBTINIIKTIH TEMITEpaTypatblK
koapdunuentin (PTK) skcrmepuMeHTTIK JXOJIMEH aHBIKTay ©Te Kypnaemi Mocene. Herisri KubIHIBIKTapIslH Oipi-
PEaKTOPIBIH OapIiIbIK O6TIKTePiH N30TEPMUSIIBIK KBI3IBIPY YIiH KETKUTIKTI Y3aK YaKbIT OOWBI 9pTYPIli TEMIIEpaTypagarsl
eKi (Hemece 0/1aH Ja KOIT) )KbLTy Ko3AePiHEeH PeaKTOPIbI KBUIBITY. PEakTOPIBIH H30TEPMILIIBIK KBI3YBIHBIH TOJIENI TapaTy
KOJUIEKTOPBIH/AFBI (peakTopra Kipe OepicTe) jkoHe arbI3y KOJUIEKTOPBIHAAFHI (PEaKTOp/IaH MIBIFY/a) CaIKbIHAaTKBIIITHIH
TEMIIEpaTypachlH PEaKTOPJIbIH KPUTHKAIBIK Kal-KYHiH JKoHE THICIHIIE pPeTTeyIlIl opraHAapblH XKaFlaiblH TYpaKTaH-
JIBIPY YILIH KETKUIIKTI yaKbIT ilIiHAE TEHEeCTipy OO0Iybl MYMKIH.
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3eprrey omiciHiH MoHI PTK aHpIkTay OOWBIHIIA SKCIIEPUMEHT XXKYPri3y Ke3iHAe 3epTTey PeaKTOPBIHBIH PEaKTHUBTIIITiHE
acep eTeTiH 0apoMeTpiikK (T'MAPOAMHAMUKAIBIK) JKOHE KyaTThl dcepliep ajbIHBII TacTallaThlH JKarJainap jKacasraH-
JIBIFBIMEH OaiIaHbICTHI.

Hotmxenepain maupiasuisirsl IBI.1M peakrops! yiin PTK kayincizairin OaranayablH MaHBI3Ibl apaMeTpIIepiHiH
0ipi, peakropasl >xorapbl OalbiThuiFan ypanHan (JKBY) temen Oaiibiteurran (TBY) oTbiHFa TypieHAipreHHEH KeiiH
9KCTIEPUMEHTTIK KOJIMEH aHBIKTAJI/IbI.

Tyiiin co30ep: UBI". IM peaxmopbl, peakmusminix, peakmuemiiikmiy memnepamypansix Kodgguyuenmi.

EXPERIMENTAL DETERMINATION OF THE TEMPERATURE COEFFICIENT
OF THE IVG.1IM REACTOR REACTIVITY

Ye. B. Nurzhanov'", V. S. Gnyrya?, A. S. Azimkhanov?, I. K. Derbyshev?, I. V. Prozorova?,
R. A. Irkimbekov?, Yu. A. Popov?, V. A. Vityuk?

! Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov. Kazakhstan
2 RSE “National Nuclear Center of the Republic of Kazakhstan”, Kurchatov, Kazakhstan

*E-mail for contacts: nurerlan@mail.ru

The relevance of the study is related to the of nuclear control safety. Determining the temperature coefficient of reactivity
(TCR) experimentally is a rather difficult problem. One of the main difficulties is to heat up the reactor from two (or
more) heat sources with different temperatures for a long time, sufficient for the isothermal heating of all reactor parts.
The proof of the reactor isothermal heating may be the equalization of the coolant temperature in the distribution header
(at the reactor inlet) and in the drain header (at the reactor outlet) for a time sufficient to stabilize the reactor critical state
and the position of the regulatory authorities accordingly.

The essence of the study method is related to the fact that during the experiment to determine the TCR, the conditions
were created under which barometric (hydrodynamic) and power effects affecting the research reactor reactivity were
excluded.

The significance of the results is the fact that the TCR, one of the important safety assessment parameters for the IVG.1M
reactor, was determined experimentally after the reactor was converted from highly enriched (HEU) to low enriched
uranium (LEU) fuel.

Keywords: IVG.1M reactor, reactivity, temperature coefficient of reactivity.
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COBPEMEHHOE COCTOSIHUE PEKH EPTUC B YCJIOBUSIX AHTPOIIOTEHHOI'O BO3JIEMCTBHUS

L. K. ApbinoBa'”, . C. Asxkaes!, K. K. Axmeros!, B. I1. Konnakosa?, K. K. Illaiimapaanos?

1 HAO «Topaiizvipoe ynueepcumemy, Ilasnooap, Kazaxcman
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B craTthe paccmatpuBaroTcs mpo0ieMsl 3arpsa3HeHns pekn EpTuc B ka3axcTaHcKo# gactu OacceiiHa. [Ipoanamm3npoBaHbl
AaHHBIE 0 KayecTBE BOIBI pekH, moiydeHHble B nepuoy ¢ 2012 mo 2023 rog. OCHOBHBIMH HCTOYHHKAMH 3aTPS3HEHUS
PEKH SBISIFOTCSI COPOCHI IPOMBIIIIIEHHBIX 1 KOMMYHAIbHO-OBITOBBIX CTOUHBIX BOZ B OacceiiHax pek byxTapma, Yin0a,
Epruc. B pe3ynbTaTe AeATEIHOCTH LEIOTO Psiia MPOMBIIIIEHHBIX KOMIIEKCOB HA N3YYEHHON TEPPUTOPHHU B BOJE PEKH
EpTrc 0TMEUaroTCs MOBBIIEHHBIE KOHIEHTPALUH TSHKENIBIX METAJUIOB (CBHHEL, ME/b, IINHK, KaJMHii), OMOTE€HHBIX 3JIe-
MeHTOB (kene30). Hanbosee 3arpss3HEHHBIMU SBIISFOTCSl YYaCTKH PEKU B paiioHe ropoioB Y cTb-Kamenoropck, Cemeit n
[TaBnonmap. s yiydrieHus kKauecTBa BoJibl peku EpTrc Heo0X01MMO IPUHUMATh MEpPHI 110 CHIDKEHUIO aHTPOIIOT€HHOTO
BO3/IeiicTBUS, 00ecednTh dPPEKTUBHYIO OYMCTKY NPOMBIIUICHHBIX 1 KOMMYHAIIbHO-OBITOBBIX CTOYHBIX BOJ, a TAKXkKe
MIPOAOJIKATE MPOBEACHUC MOHUTOPUHTA KaUC€CTBA BOJAbI PCKH C LEJIbI0 OTCICKUBAHUA NTUHAMUWKHA 3arpA3HCHUA U IPUHA-
THS CBOEBPEMEHHBIX MEp IO €T0 CHIDKEHHUIO.

Knwuesvlte cnosa: mscenvie memaiivl, buoceHnvle aJ1emenmol, eodﬂbzepecypc‘bz, MEXHO2EHHOE 6030@1/7011’!61/{6, Kadvecmeo

600bi.

BBEJEHUE

Hcnonp3oBaHNE BOAHBIX PECYpPCOB B TPaHCTPAaHH-
HBIX OacceiHax MpeCTaBIIeT COOOH CIIOXKHYIO 3aaady,
MIOCKOJIBKY TpeOyeT COTJIaCOBaHMS MHTEPECOB pas3iivd-
HBIX cTpaH. B Gacceiine pexu Eprtuc sta nmpobnema oco-
OEHHO aKTyajJbHa, MOCKOJbKY pEKa SIBIISIETCS BaXKHBIM
rcTouyHuKoM Bojibl y1st Kutas u Kazaxcrana [1].

AHTpoOIIOTeHHOE BIMSHHE Ha peKky EpTuc B HacTos-
mee BpEMs MPOABIIACTCA B YMCHbBIICHUU O6'I)eMa CTOKa 1
HM3MEHEHHH €r0 CE30HHOTO pacIpeesieHus. JTO CBA3aHO
¢ 3a00pOM BOJBI JUIsl TPOMBIIUICHHBIX M CEIbCKOXO035H-
CTBEHHBIX HYX1 [2, 3].

B Kurae, HanpumMep, IiiaHUpyeTCsl YBEJIMUUTD 3200p
BoJIbI U3 peku Eprtuc 10 1 kM3 B Toj1, 4TO MOYXKeET npHBe-
CTH K JIONOJIHUTEIFHOMY YMEHBIIECHHIO CTOKAa M, KaK
CJIE/ICTBHE, K YXYAIICHHUIO YCIOBUH AL PpHIO M APYyIruX
BOJIHBIX OpraHm3MoB [3-5].

KazaxcraH Taxke akTUBHO HCIIOJIb3YeT BOJIHBIE pecyp-
cbl pexu EpTuc B pa3inu4HbIX OTpacisiX SKOHOMUKH, BKIIIO-
Yasi TUJIPOIHEPTETHKY, NPOMBIIIIEHHOE M CEJILCKOE BOJIO-
cHaO)kKeHUe, UPPHUTalIFIo, PHIOOJIOBCTBO U PEKpEalnio.

Eprrcckuii kackax BOJOXPaHWIUI HUTPAET BAKHYIO
pOJb B YIPaBIEHHH BOJHBIMU PECYPCaMH, ITOCKOJIBKY
obecrieunBaeT MHOTOJIETHEE, TOANYHOE (CE30HHOE), He-
JeJbHOE (CYyTOYHOE) PEeryIupoBaHie CTOKa peku [0, 7].

HecMoTps Ha MX BaXKHOCTB JUIS 3JIEKTPO3HEPT€THKH
U PETYJIMPOBAHUS CTOKA, HEOOX0IMMO TaK)Ke yUUTHIBATH
MX MOTEHIMAIbHOE HEraTUBHOE BO3JEHCTBHE HA OKpPY-
AUyl cpeny. Bompockl ycTOHYMBOIO MCIIOJIB30BaA-
HUSI BOJIHBIX PECYpPCOB B TpPaHCTPAaHUYHBIX OacceifHax
TpeOYIOT BHUMATENHHOIO PAaCCMOTPEHHS M KOOpIHUHA-
g4 yCI/IHI/Iﬁ CO CTOPOHBI BCEX 3aMHTCPECOBAHHBIX CTPaH
g obecriedeHns cOaTaHCUPOBAHHOTO W YCTOWYHBOTO
MOJX0/1a K YIPABJICHHUIO 3TUMH Ba’KHBIMH PECYPCaMH.

OnHNM W3 HEraTUBHBIX TIOCIEACTBHUI UX BIMSHUS SIB-
JISIETCSl BHITECHEHHE MECTHBIX COOOIIECTB JKUBOTHBIX U
pactenuii [4]. DT0 cBsSI3aHO C TEM, YTO BOJOXPAHMIUILIA
3aTarIMBa0T OOJBIINE IUIOLIANH 3€Melb, KOTOPHIE pa-
Hee OBbLIIM eCTeCTBEHHOM cpeoil 0OUTaHus Il pas3Jind-
HBIX BUJOB. B pesynpTare 3TOro NpoucXoauT COKpaile-
HHUE OHOJOTHMYECKOr0 pa3HOOOpasusl.

JpyrumM HeraTuBHBIM IIOCNIEJCTBHEM SBISETCS 3a-
rps3HeHue BOIbI [8]. DTO CBA3aHO C TeM, YTO B BOOXPa-
HIUTMINA TIOMAJAl0T 3arps3HAIONINE BEIIECTBa, KOTOPhIC
MOCTYIAIOT C CENbCKOXO03IHCTBEHHBIX YTOAUH 1 OT Tpo-
MBIIIJICHHBIX NpeAnpusiTHid. B pesynbrate aT0r0 MOXeT
MIPOM30MTH CHM)KEHHE KaueCTBa BOJIBI, YTO OTPHIIATEIb-
HO CKaXETCSI Ha YXYALICHHH YCIIOBUH JJIs1 OOMTAHMS PBI-
ObI 1 IPyTUX BOAHBIX OPTaHU3MOB.

Hapymienne BotHOTO pekiMa peKkn CTAaHOBHUTCS €lle
OJIHIM HEOJIarONPHUATHBIM aCIEKTOM, CBSI3aHHBIM C HC-
MOJIB30BAHNEM BOJOXPAHMIMI B TPAHCTPAaHUYHBIX Oac-
CeifHax, YTO MPHUBOANUT K U3MEHEHHSIM €CTECTBEHHOI'O Te-
YEeHHS PEKU U IPYTHX MapaMeTPOB, KPUTHIECKH BaYKHBIX
JUIS BOJHBIX OPTaHU3MOB.

I'maBHBIM 00pa3omMm, HeratuBHOe Bo3zaericTBue ['DC
Ha KOMITOHEHTHI TIPUPOIHON CpeJbl CBA3aHO C TEM, UTO
JUIL CTPOUTENBCTBA BOJOXPAHWIUIL IPUXOAUTCS OTBO-
JUTh 3HAYUTENbHbIE Y4aCTKU 3€MJIH [10]] BOAOM. DTO Bile-
4eT 3a cO00H yTpary II0JOPOIHBIX TIOYB U pa3pylLIeHUEe
9KOCHCTEM.

BaxHBIM acIeKTOM Takke sBIseTCs Ooiee BBICOKAs
TeMIIepaTypa BOABI B BOJIOXPAHIIINIIAX IO CPABHEHHIO C
€CTeCTBEHHBIMU pekamu [9].

XapakTep ¥ MacmTad M3MEHEHHH B OKpY)KalomeH
cpene oOyCIIOBIICH B MEPBYIO odepeas MOpQoIorueil u
MophomeTpreli BOJOXPaHIIINIIA, CIeIH(UKON B3aUMO-
aeiictBus. [ToaToMy pu NpOEKTUPOBAHUY U CTPOUTEID-
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CTBE TAKHUX COOPYKEHHMI KpaliHe Ba)KHO y4€CTh BCE BO3-
MOJKHBIE HEraTHBHBIC MTOCJIEICTBUS U NPEANPUHSITE Me-
PHI IO MX TIPENOTBPAIICHUIO WX MUHUMHU3anuu. HeoO-
XOJMO CTPEMHTHCS K YCTOHUHUBOMY OajlaHCy MEXIY UC-
MOJIb30BAHKEM BOJHBIX PECYPCOB U COXPAaHEHUEM 3KOJI0-
THYECKOH IIEJIOCTHOCTH B TPAHCTPAHUYHBIX OacceifHax.

PerynupoBanue croka peku Eptuc npuseso k ee 00-
MEJICHHIO W W3MEHEHHIO THIPOJIOTHYECKOTO PEXHMa.
3TO0 CBSI3aHO C TEM, UTO HAa PeKe pacroyoxeHsl byxrap-
MuHCKOe, YcTh-Kamenoropckoe u lyns0nHCKOE BOIO-
XpaHWININA, KOTOPBIE 3aICP)KUBAIOT YaCTh CTOKA.

B pesynbraTe 3T0r0 rogqoBoi €CTECTBEHHBIM CTOK pe-
ku Eptuc B cpemHem TeueHum ymeHpmmics Ha 1,2—
1,3 kv [10]. DTo NPHUBENIO K CHUKEHUIO YPOBHS BOJIBI B
peKe, U3MEHEHUIO ee TEeMIepaTypHOro pexumMa U Ouo-
reHHoro croka [11].

YMeHblleHne 00beMa BOJIbI B PEKE CHIIKAET ee CII0-
COOHOCTh K CaMOOYMIICHHIO. DTO O3HAuYaeT, YTO peKa
CTAJKHBACTCS C TPYIAHOCTSIMH B O0pH0OE C 3arpsa3HEeHNEM,
YTO BIEYET 3a cOOOH HAKOIUICHHWE B BOJE BPEIHBIX Be-
mecTs [5].

BaxxHoit mpoOiieMoii sIBIIIeTCS BO3pacTaloliee Hera-
THUBHOE BO3JECHCTBHE Ha PKOCHCTEMY peku Eptuc m ee
MIPUTOKOB, 00YCIIOBICHHOE 3arpA3HEHHEM IPOMBIIIIIICH-
HBIMH ¥ KOMMYHJIbHO-OBITOBBIMU cTOKamu. Eciu nep-
BO€ 00YCJIOBJICHO HAJIMYHMEM Ha TeppuTopuu BocTouHo-
Kazaxcranckoit u IlaBmomapckoit obmacteil KpyIHBIX
MPOMBILICHHBIX MPEANPUSITHH, KOTOpBIE COPaChIBAIOT B
PEKy 3HAYMTEIBHOE KOJUYECTBO 3arpsA3HAIONIMX Be-
IIECTB, TO BTOPOE CBA3aHO C U3HOCOM HIIM OTCYTCTBHEM
KaHAJIM3aLMOHHBIX OYHCTHBIX COOpYKeHUM [12].

OCHOBHBIMH HCTOYHHMKAMH 3arpsi3HEHHS SIBIISTIOTCS
TOpHBIE Pa3pabOTKH, IPUBOAAIINE K 0Opa30BaHMIO OTBA-
JIOB M XBOCTOXPaHWIMIL, COAEPKAIINX TOKCHYHBIC Be-
mecTBa. [IpOMBIIITIEHHbIE CTOKM BKIIIOYAIOT B ce0st Ts-
KeJIble MeTayulbl, He(TEeNpOAYKThl, OPraHWYECKUe CO-
€IMHEHUS U APYTHE BPeIHbIC BEIIECTBRA.

D11 QaKTOpHI MOTYEPKUBAIOT HEOOXOAUMOCTD OoJiee
3 PEKTUBHOTO KOHTPOJISI ¥ YIPABJICHHS 3arPsI3HEHUEM B
6acceitae pexu Eptuc. PasButne n peanmusanus cTporux
9KOJIOTHUECKUX CTaHJIApTOB, a TAKXKe BHEJPEHHE COBpe-
MEHHBIX TEXHOJIOTHH JJIsl OYMCTKH CTOYHBIX BOJ, CTaHO-
BSTCS HEOTJIOXKHBIMH 331a4aMy JuIs oOecTieueHns yCTON-
YUBOCTH 3KOCHCTEMBI 3TOTO Ba)KHOTO MOBEPXHOCTHOTO
BOJIHOTO HCTOYHHKA.

MATEPUAJBI U METO/IbI

OCHOBHBIM MaTEPHUAJIOM JIJISl aHAJIHM3a CIIOKHUBIICHCS
00CTaHOBKH B YCJIOBUSIX MCIIOJIBb30BaHMs BOJbBI peku Ep-
TUC TIOCIY>KUJIM MHOTOJIETHHE JaHHbIE, MPEICTaBICH-
uele PI'TI «Ka3sruapomeT», KOTOpBIE €XKEr0JHO OTpaXke-
Hbl B THpOpMamoHHOM OloJIIETEHE O COCTOSIHUM OKpPY-
JKarolleH cpebl B pa3zene MeTeOpOIOrHIeCKHe U T IPO-
JIoruyeckue 0a3nl JaHHBIX.

CornacHo TOCyZapCTBEHHBIM KaJIaCTPOBBIM JaHHBIM
HCCIICIOBAHMS TIPOBOAATCS Ha CIEAYIOMNUX KOHTPOIb-
HBIX CcTBOpax: BocrouHo-Kazaxcranckas m AOaiickas
obmact — 34 mocra, IlaBmomapckas ob6macts (10) —
c¢. Maiickoe, 1. Akcy (3 kM Bbmre u 0,8 kM HIDke cOpoca

crounbix Box [POC), r.IlaBmomap (5 kM k rory ot
c. Kemxexoib, pailoH cnacaTensHON cTaHIMHU, | KM BBI-
me u 0,5 kM Hmxke copoca TOO «IlaBnomap-Bomoka-
Hay), c. MuuypuHo, c. Ilpupteinickoe).

ITo mannsim PT'TI «KasruapomeT» B Boje onpeaens-
1otcst 48 (HU3MKO-XMMHUUYECKHX MOKa3aTelel, BKIoYas
OMOTEHHBIE 1 OPraHUYECKHE AIEMEHTHI, TSHKEJIbIe MeTal-
7Bl AHaNMKM3 (U3NKO-XMMHYECKHUX ITOKa3aTelie B peke
Eptuc 3a mocnenaue 10 et nmpencTaBieH HAXKE.

Juist 00paboTKM MOJMYYCHHBIX NAaHHBIX HCIIOIB30Ba-
JIMCh CTATUCTHIECKUE U IPaUIECKHE METOIBI.

PE3VJIbTATBI U OBCYKJIEHUE

CornacHO pa3sHOOOPa3HBIM JUTEPATYPHBIM HCTOYHH-
kaMm [12-17], TeppuTopus Ka3axCTaHCKOW 9acTH Oacceii-
Ha peku EpTHC pa3menseTcs Ha ISTh yCIOBHBIX 9KOJIOTO-
THAPOXUMHUYECKUX PaiOHOB (PUCYHOK 1) B 3aBUCHMOCTH
OT CTEIICHH 3arpsA3HEHUS OBEPXHOCTHBIX BOJI.
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Pucynox 1. Pationuposanue Epmuccrkoeo 6000x035ticmeen-
HO20 baccelina no ypoeHio 3a2psi3HeHUs: NOGEPXHOCHHBIX
600 [17]

3TO CBUICTENHLCTBYET O 3HAYUTEILHOM BO3JICHCTBHU
MIPOMBIIIIICHHOH IEATEIFHOCTH Ha Ka4eCTBO BOJIBI B JIaH-
HOM OacceiiHe. YpOBEHb 3arpsA3HEHHs BapbUpPyeT OT
YMEPEHHOTO 10 TOBBIIIEHHOTO, YTO TMOATBEPIKAAETCS
JaHHbIMA MHGOPMAITMOHHOTO OIOJIIETEHSI O COCTOSIHUM
okpyxaromieit cpeapl Pecry6muku Kaszaxcran [19-33]
(pucyHoxk 2).

B nepuon ¢ 2012 mo 2018 roasl B Boae pexku Kapa
Eptuc ormedanoch MpeBBIMICHHE MPEACTHHO-IOMYCTH-
MOH KoHUeHTpauuu meau B 1,3-2,1 paza. Taxxe B pas-
JINYHBIC MEPUOJBI OTMEUYANCH MOBHIIICHHBIC KOHICHT-
parmm Mapranma (2013-2015 rozsr) u sxenesa (2014 rox)
B Bozie pexu Kapa Eptuc.

CornacHo gaHHbIM 3a niepuof ¢ 2019 no 2023 roasl
[26-33], B Bozte pexu Kapa Eprtuc (cTBop cena bopan) He
BBISIBJICHBI MIOBBIIICHHBIC KOHIICHTpanuu 48 Gpu3uko-xu-
MHUYECKHX IMOKa3aTenei. BaxxHo ormeTuts, uto ¢ 2019
mo 2022 rox Boga peku Kapa Eprtuc xmaccudunupona-
JIach Kak BoJia 1 Kirlacca Ka4ecTBa, a ¢ MEePBOTO IMOJIYTO-
nust 2022 rona mo nepBoe nosryroaue 2023 roga mpou3o-
e nepexon ¢ 3 knacca B 1 kiacce.
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Pucynok 2. Knacc kauecmea 600vt pexu Epmuc no danuvim Kazeuopomem (0exabps, 2023 2.)

Paiion B, KOTOpBIi OXBaThIBAET y4aCTOK OT YCTbS
pekn byxTapma mo yctes peku YibObl, mOABEpracTcs
3HAQYUTEIHHOMY TEXHOT€HHOMY 3arps3HEHHIO BOJHBIX
pecypcoB, MPEHMYIIECTBEHHO OOYCIOBICHHOMY €S-
TENbHOCTBIO IPEANPHUATUN TOPHOJOOBIBAIOIIETO KOMII-
nekca, Takux kak AO «Kasumak», OAO «Turano-mar-
nueBblid komouHa (TMK), OAO «Ynp0uHCKuiT MeTa-
myprudeckuit 3aBomy (YM3), a takxke Ycrb-KameHorop-
ckast u CorpuHCKasl TEIJIOBbIE 3JeKTpocTaHiuu [17].
IToBbIIeHHBIE KOHIIEHTPAIIUH TSDKENBIX METAJIOB B pe-
ke Eptuc ot ee BepxHero TedeHus 1o cena boOposcka,
TaKUX KaKk MapraHel, Meib, IIMHK, MOJIMOJCH, KaJMHH,
CBUHEI M XPOM, SBISIETCSI OECIOKOSIIEH TeHICHIMEH.
Hanpumep, oTMeueHO, YTO IpEBBIMIEHHE CPEIHEro COo-
JIep>KaHusl 3TUX 3JEMEHTOB Bapbupyer oT 3,2-3,4 pa3
JUTA MaprafIia, MeIu, IWHKa U MonmOaeHa no 14,2 pa3
g xpoma [12]. YpoBeHb 3arpsi3sHEHUS Ha JAHHOM yd4a-
CTKE CYMTAETCS MOBBIIICHHBIM, YTO CO3/1aeT CEpPhE3HbIC
poOJIeMBI [Tl 3KOCUCTEMBI B JAHHOM PETrHOHE.

CornacHo nanueiM MHGOpMamoOHHOTO OI0JIIETEHS O
COCTOSIHUM OKpy>katommel cpenasl Pecmy6nukn Kazax-
crad B nepuof ¢ 2012 roxa no 2018 rox B Boae pexu Ep-
THC, MpoTekarouleil Ha TeppuTopuu Bocrouno-Kazax-
CTaHCKOH 001acTH, ObUIO 3a)UKCHPOBAHO IIPEBBINICHUE
IpeeNbHO-A0MYCTUMON KOHLEHTPAIUM 3JIEMEHTOB H3
IpyNIbl TSOKEIBIX METAJUIOB, TaKUX KaK MeJb, LUHK,
Maprasen, ¥ OMOTEHHBIX BEIIECTB, BKJIIOYas >Xeje30.
MaxkcuManbHble KOHIIEHTPAIMH MEH, MapraHiia B BOJIE
pexu Eptuc 6putn 3aduxcuposansl B 2018 roxy, nuHka
—82015-2016 rony, a xxene3a — B 2016 roxy [23-25]. B
neprof ¢ 2019 no 2020 rox kauecTBO BOJbI peku EpTrc
oTHOCHTCS K 4 Kiaccy. B paccmaTpuBaeMblil meprox B
Bo/ie 3a(pMKCHPOBAHO KOHIICHTPAILMS B3BEUICHHBIX Be-
ecTB B KoauuecTse 8,9-11,2 mr/om® [26, 27].

C 2020 r. mo 2021 r. xauecTBO Boxbl pexu Epruc mo-

Boimaetcs ¢ 4 o 1 knacca [27-29]. C 1 monyroaus 2022
rO/ia 110 HAaCTOsIIee BPeMs KadeCTBO BOJIBI XapaKTepH3y-
ercs kak 2 kimacc [30-33].

Paiion B, npocTtupatomuiicst ot ropona ¥Ycre-Kame-
HOTOPCK JI0 YCThsI peKH Y 0a, CTaIKUBAeTCsI C CePhE3HBIM
TEXHOTEHHBIM 3arps3HeHueM pek Yisb6a, KpacHospka,
I'my6ouanka u Eptuc. OCHOBHBIMH HCTOYHHKAMM 3a-
TPA3HEHUS SBIAIOTCA MPOMBIIIICHHBIE TPEeIIpUsTHL
3sIpsiHOBCKa, Punnepa u Ycrs-KameHoropceka, KoTopsie
BHOCSAT CYIIECTBEHHBIH BKJIa/l B 3arpsI3HEHNE BOIHBIX pe-
CYPCOB B IaHHOM PETHOHE.

Haubomnee mpoOieMHBII ygacTOK, KOTOPHIH paccMaT-
pHBaeTCs Kak IJaBHBIH MCTOYHUK MHTEHCUBHOTO TE€XHO-
TEHHOTO 3arpsisHeHus pekn EpTuc TsokenmsiMu MeTalia-
MH, HaXOAuTCs B 30He YcTh-KameHoropcko-I'my6okos-
ckoro y4acTtka. COriacHO MMEIOIMMCS TaHHBIM, B BOJIC
OTMEYAIOTCS MOBBIIIEHHBIE KOHIIEHTPALUU Ype3BhIuaii-
HO ¥ BBICOKO OITAaCHBIX KOMIIOHEHTOB (TaJLIH, pTYTh, Oe-
pwmii (1 rpynma, ype3BbIuaiiHO ONacHbIE), KaIMHH, JTH-
THi, 60p, Oapuii, MBIIIBSK, CEJICH, a TaKXkKe crenupuiec-
KH€ TOJINXJIOPOU(DEHOIIBI B TUXJIOPITaHBI), KOTOPBIE OC-
TAlOTCS HEOTHEMJIEMOW YacThi0O MHUHEpAIM3alMH IO-
BEPXHOCTHBIX BOJ OacceiiHa.

AHanu3 TaHHBIX ITOKa3bIBAET, YTO AHOMAJIBHO BHICO-
KM€ YPOBHH HAKOIUIEHUS yKa3aHHBIX BEILECTB MpejcTa-
BIISIIOT CEPHE3HYIO OACHOCTB JUIsl 9KOCUCTEMBI B JAHHOM
peruone. CTOK 3arps3HAIOLINX BELIECTB 1-2 Ki1accoB OT-
HOCHTENIFHO Hebombmoi (mpubnm3urensHo 250 TOHH B
roM), HO CTOK 3arpsi3HAIOIIUX BEMmECTB 3-4 KIaccoB
Kpaitae BbICOK (mpubnm3urensHo 6100 ToHH B rox) [14].
YpoBeHb 3arps3HEHUS B TaHHOM paiiOHE CYMTACTCS BBI-
COKHUM U OYeHb BBICOKHM, 4TO TpeOyeT CpoUHbIX U 3 de-
KTHBHBIX Mep JUII YMEHBIIEHHSI BO3ICHCTBHS IPOMBIII-
JICHHBIX COPOCOB M BOCCTAHOBJICHHS 3/I0POBBSI BOJHBIX
JKOCHCTEM.
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Pexa Ynvo6a — npumox pexu Epmuc. B nepuop c 2012
rozxa o 2018 roy B Boze peku Yiip0a BBISIBICHBI [TOKa3a-
TEJIN, IPEBBIIIAIONIIE TIPeIeNIbHO-I0MYCTHMYIO KOHIICH-
TPaLMIO — Me/Ib, MapraHell, IIUHK, JKeJle30, a30T HUTPHT-
HbII, aAMMOHHI COJICBOM, KaaMuii (pucyHok 3) [19-25].
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Pucynoxk 3. Cocmosnue kauecmea 600vl pexu Yavba no
eudpoxumuyeckum noxazamenim ¢ 2012 no 2018 ze.

C 2019 ropa no 1 monyroaue 2023 roga B Boae 3a-
PETUCTPUPOBAHEI HE3HAYNTEIBHBIC IMPEBBIIMICHUS KOH-
HEHTpaIy CICAYIOMINX BEMISCTB: KaIMHA, MapraHel]
[26-33] (Tabimura 1).

Pexa Kpacnospka, aensaowasicsa npumoxom pexu Ep-
muc, BbIJIENIAETCS OBBIIIEHHBIMU KOHIIEHTPALUSIMU Me-
JIM, MapraHIia, [IMHKa, KaJMHUs U XKejle3a B BOJE 3a Hoc-
nennue 10 ner. MakcumanbpHOE COAEp)KaHHE LMHKA,
Maprasiia ¥ MeJu B Boje Obuto 3adukcupoBano B 2012
roay (tabmuna 2) [19]. BaxkHO OTMETHTH, YTO TOJBKO B
2016 roxy OBIIO 3aperuCTPUPOBAHO MPEBBILICHUE IIpe-
JIeNTFHO- IOy CTHMOM KOHIIGHTPAINH keJe3a B 1,6 paza B
Boze peku KpacHosipka.

Paiion Bokpyr ropona ¥Ycre-KaMeHOTOpCK U HUXKE 110
TedeHnI0 pekn EpTHC monBepraercs cephe3HOMY BO3-
JEHCTBUIO COPOCOB CTOYHBIX BOJ MpeAnpusaTii Bocrou-
HO0-Ka3axcTaHCKOro MpOMBINUIEHHOIO KOMIUIEKCa, 4TO
MIPUBOJUT K YBEJIIMUECHUIO YPOBHEHN 3arps3HEHUs BOJBI 110
Pa3IMYHBIM NTOKA3aTeIsIM.

[ToBepxHOCTHBIE BOIBI, 0OCOOEHHO B YcTh-Kameno-
TOPCKOM BOJOXPAHMIIHIIE, UCIIBITHIBAIOT BEICOKHE YPOB-
HU 3arps3HEHUs], B YaCTHOCTH, MEJbI0, IIHHKOM, HUTpa-
TaMH, KCAaHTOT'€HaTOM U HE(TEIIPOLyKTaMH. 3HAYUTEIb-
HOE KOJINYECTBO ONACHBIX 3arpsI3HUTENCH, TPEUMYIIEeCT-
BEHHO OTHOCAIIMXCS K |—2 KiTaccaMm ONMacHOCTH, MUTPH-
pyet B Ycrhb-KameHOrOpckoe BOIOXpaHIIINIIE.

Tabnuya 1. Pe3ynsmamsl MOHUMOpUH2A KA4ecmea No8epxXHOCmHbIX 600 peku Yavba Bocmouno-Kazaxcmanckoii obnacmu

Mo Moka3zarenu, npeBbiwatowue 3HaveHus MK BewecTs 06bekToB X0- | KomGuHaTopHBbI MHAekE 3arpsisHeHHocTH Boabl (KU3B)
A 391MCTBEHHO-ObITOBOrO BOAONONb30BaHMS u knacc kavectBa (KK)
2012 Cuas2, Mns, Zn71, NOgy1.1 OYeHb rpsizHast
2013 Cug 1, Mng2, Zn37,4, aMMOHMIA CONEBO1,2 0YeHb rpsiHas
2014 Cuss, Cdag, Fes1, Mni1g, Zn17:1 3arpsa3HeHHas
2015 Cds,1, Feas, Cus, Mns, Zn1zg BbICOKMI1 YPOBEHb 3arpsi3HEHNS
2016 Fe14, Cd1g, Mnag, Cusz, Znzos BbICOKUI YPOBEHb 3arpsi3HeHMs
2017 Cuss, Mnsg, Zn1o4 BbICOKUI YPOBEHb 3arpsi3HEHMs
2018 Fe1s, Mnga, Cuss, Znis 1 BbICOKUI YPOBEHb 3arpsi3HeHMs
2019 . 2 knacc
1 cnyvai
2020 2 xnacc
2021 HebonbLLOe NpeBbilLeHe KoHLeHTpaLmu Mn (<1) oTHo- 8 CrvJacs 3 ace
CUTENBHO (POHOBbIX 3HAYEHNI y
2022 6 cnyyaes 3 knacc
1 nonyroaue 2023 1 cnyvai 3 knacc

Tabnuya 2. Pe3ynbmamosl MOHUMOPUH2A KA4ecmaa nogepxHocmuuix 800 peku Kpacnosprka Bocmouno-Kaszaxcmanckoti obnacmu

lo Mokasarenu, npeBbiwatowme 3HaveHus MNOK BewwecTB 06bekToB x0- | KoMGMHaTOPHLIN MHAEGKC 3arpsisHeHHOCTH Boabl (KU3B)
A 3AMCTBEHHO-0bITOBOrO BOAONONb30BaHUA n knacc kayectBa (KK)
2012 Cd13, Cuzs, Mn117, Zn1os2, Upe3BbIYaitHO rpsidHast
2013 Cus, Mnss, Zn1o4 3arpsi3HeHHas
2014 Cus, Mn1o2, Zn2s2 0Y€EHb rpsiHas
2015 Cuasg, Mn72, Znzs4 4pe3BbIYANHO BbICOKMIA YPOBEHb 3arpsisHEHNS
2016 Fets, Mnss, Cusg, Zniza BbICOKMIA YPOBEHb 3arpsi3HEHNS
2017 Cus7, Mnsg, Znig2 BbICOKMIA YPOBEHb 3arpsi3HEHNS
2018 Mnes, Cuas, Znao2 4pe3BbIYANHO BbICOKOTO YPOBHS 3arpsisHEHUS!
2019 1 . 2 knacc
crnyvai
2020 y 3 knacc
HebonbLuOe NpeBbilLeHre KoHUeHTpauum Mn, Cd (<1)
2021 OTHOCUTESTBHO (hOHOBbLIX 3HAYEHNI 2 cny-as 3 knacc
2022 2 cnyyas 4 knacc
1 nonyropye 2023 - 3 knacc
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Pucynox 4. Cocmosanue kawecmsa 600vl pexu Y6a no
eudpoxumuyeckum noxazamensim ¢ 2012 no 2018 ze.

Taroke HaOMOaeTCs 3aMETHOE MOCTYIICHUE 3arpsi3-
HSIONIMX BellecTB Ha yuactke lllyns6uHckoro Bogoxpa-
HUJIMIIA HUKE yCThs peku Kuizpuicy. [lpennpusrust me-
cropoxxneHuil bakeipunk, banaxan m boko, pacnoso-
XKeHHble B OacceiiHe pekn KbI3bUICYy, SIBISFOTCS OCHOB-
HBIMH HCTOYHHKAMHU 3arps3HEHHS. 3arpsisHEHHE 3TOTO
y4acTKa BOJOXPaHWININA IIPOUCXOJUT KaK 4epe3 peuHoi
CTOK, TaK M M3 3arpsA3HCHHBIX JOHHBIX OCaJKOB, HAKO-
MIUBIIHMXCS B YCTheBOW yacTh peku Koi3puicy. OCHOBHBI-
MU 3arpsi3HSAIOIUME BellecTBaMH 1-2 KJIacCOB OINAacHO-
CTH Ha DTOM YYacTKe SIBJISIIOTCSI CBHHEIl M CElIeH, B TO
BpeMsi Kak He(TenpoayKThI, Me/lb M IIMHK BBIICISIOTCS
Cpeu 3arps3HAONINX BEIIEeCTB 3-4 KJIacCOB OMACHOCTH.
[Tnomanp 3arpssHenust [ynb0MHCKOTO BOAOXpaHUIH-
12 OTHOCHUTENHHO HeOoJbIast, YTO OOBSICHSIETCS accu-
MUJIHPYIOLIEH PONIBIO TOHHBIX OCAIKOB M BOABI pexu Ep-
THC.

Paiion I', oT ycThst pexn Y0a (TipaBbIil IPUTOK PEKH
Eptuc) no cena IIpupeunsriii B Abatickoii obnacT xapa-
KTepU3yeTcs OCTaTOYHBIM TEXHOTCHHBIM 3arps3HEHHEM
pek Y6a u EptHc. 31eck 3arpsa3HUTENN MPEICTaBICHBI
OOJIBIIMHCTBOM MIPOMBIIIUICHHBIX peAnpusTHii Boctou-
Ho-Kazaxcranckoll o6macTu, pacHoiOXEeHHBIX B BepX-
Hell yacTu OacceifHa. YpoBEHb 3arpsA3HEHHS B JaHHOM

paiioHe ocrtaeTcs moBbIeHHBIM. B mepuozn ¢ 2012 mo
2018 roapl 3aMKCUPOBAHO IPEBBINICHUE MPENEIbHO-
JIOIYCTUMOM KOHIIGHTpalMHU B BOAE PeKu Y 0a 1o Takum
MoKa3aTessiM, Kak jKele30, MapraHel, KaaMHi, LUHK,
Menb, BITKS u ammonmii coneBoit (pucyHok 4).

C 2019 rosma u 1o HACTOSIIIIETO BPEMEHH B BOJIc O0HA-
PY’KEHBI JIMIIb B3BELICHHBIE BEIIECTBA B KOJIUYECTBE OT
11,9 1o 22,1 mr/nm® (Tabmuma 3) [26-33].

Paiion /I, B HikHel yactu peku Eptuc — c. ITpump-
THILICKOE 10 rpanulbl ¢ Poccuiickoit @enepanueil. Xa-
pakTep 3arpsS3sHEHHH HMMEET OCTaTOYHO TEXHOTEHHOE,
CBSI3aHHOE C PACHOJ0XKEHUEM INPOMBIIUIEHHBIX IPEN-
MIPUSATHH pa3InaHOTO Npoduis (HehTeXUMUIECKUH, Me-
TAJUTypTUYECKUH, JHEPreTHYECKUi, TOpHOA00bIBaIO-
mui) 1 KOMMyHanbHO-ObiToBOE. Tak, Hanpumep, B Ce-
BepHOH npom3oHe ropona [laBnogap ¢yHKuHOHMpOBaN
obiBIMi [TaBmomapckuii XMMUYECKUH 3aBO/T, OCYIIICCTB-
JISIBILIHMH cOpOCHI B 03epo bajikbuigak, KoTopoe sIBIsSeTCs
OTCTOMHUKOM-HCIIAPUTENEM CTOUHBIX BOJ, COOEPIKALIIN
pTyTh [15, 34]. B padore Conomyxuna [36] oTmeuaeTcs
MIOBBIIICHUE KOHIEHTPALUH JUTHL, Oepriuus, 6opa, Ba-
HaJusl, MeIy, CTPOHIIMA, MONMMOeHa B Boae pekn Eptuc
HU>KE TI0 TEUEHHIO.

CornacHo npuka3zy MHUHUCTpa CENBCKOro XO035HCTBa
ot 20.02.2015 r. Ne 18-04/120 pexa Eprtuc BxoauT B me-
peueHb pHIOOXO3SIHCTBEHHBIX BOJOEMOB. B aToli cBsizn
OLIGHKa KadecTBa BOJBI NPOBOAMUTCS C IPUMEHEHHEM
MIpeeNIbHO-A0MYCTUMOI KOHIIEHTpallud B PBHIOOXO034ii-
CTBEHHBIX BOJOEMax M KOMOHMHAaTOPHOTO MHIEKca 3a-
IPA3HEHHOCTH BOJIBI.

B nepuoa ¢ 2011 no 2018 rox oTMevaeTcs NOCTENEH-
HOE CHHW)KEHHUE 3arpA3HAIONINX BEHIECTB 32 UCKIIOYECHU-
€M MU, MPEBBIIEHNE MPeJebHO-A0IMyCTUMOM KOH-
LeHTpauu Bapeupyercs oT 1,3 1o 2,9 pa3 (Makcumans-
noe — II kBaptan 2015 r.) [18-25].

Bo 1II kBaptane 2019 roma oTMEUYEHO MOBBIIIEHHOE
cojepikanue B3BelleHHbIX Bemects (28,30 mr/nm®) B
BOJIE, COOTBETCTBYIOIIEeE 4 KIIacCy KauecTBa BOIbI [ 26].

Tabauya 3. Pezyniomampi MOHUMOPUHSA KAYECMEA NOBEPXHOCMHBIX 800 peku Yb6a Bocmouno-Kazaxcmanckou obnacmu

Fon Mokasartenu, NPeBbILaloLLMe 3Ha4eHN NOK BewecTB 06bekTOB X0- |  Kom6GUHaTOpHLIN MHAEKC 3arpsisHeHHOCcTU BoAbl (KU3B)
371ACTBEHHO-0bITOBOrO BOAONONb30BaHNA u knacc kavecrsa (KK)

2012 Mni41, Feta, BMK)2, Cdsg YMEPEHHO 3arpsi3HeHHast
2013 aMMOHMIA coneBoitt 5, Zn1,7, Mnz5, Cus, yMepeHHo 3arpsa3HeHHas
2014 Fe1z, Mnis yMepeHHO 3arps3HeHHas
2015 Fezs, Cuzs, Mn22, Znasa YMEPEHHbII1 YPOBEHb 3arpA3HEeHNs
2016 Zn11,Mna1, Fes, Cuss YMEPEHHbI1 YPOBEHb 3arpA3HEeHNs
2017 Fe17, Cuss, Mn17, Zn1g YMEPEHHbI1 YPOBEHb 3arpA3HEHNs
2018 Fets, , Zn1s, Mn22, Cuzg YMEPEHHbI1 YPOBEHb 3arpsA3HeHNs
2019 B3BELLEHHbIE BellecTsa — 21,3 mr/gm? 5 knacc
2020 B3BELLEHHbIE BellecTBa — 22,1 mr/gm? 5 knacc
2021 - 2 xnacc
2022 - 2 knacc

1 nonyrogue 2023 B3BELLEHHbIe BellecTsa — 11,9 mr/gm? 3 knacc
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Opnako B nepuon ¢ 2020 mo 2023 roxsr (I-111 xBap-
Tanbl) NpPEeBBIIICHUE NPENeNbHO-J0IyCTUMON KOHIEHT-
pauny (QHU3MKO-XMMHUYECKHX II0Ka3aTesieil BOJIbI PEeKd
Eptrc no 9 crBopam He Habmronanocs. Cornacuo Enn-
HOM Kiaccu(UKalMu, KauyecTBO BOABI peku Eptuc Ha
Tepputopuu I1aBnoxapckoii 001acTH B 3TOT IEPHUOJ OT-
HOcUTCS K | Kimaccy, 4TO O3Ha4aeT, 4YTO BOJAA IPUTOHA
JUIS BCEX BHIOB BOJIOTIONB30BaHMA U 00TagaeT HanIyd-
MM KadecTBOM [27-33].

Bo3znelicTBre NPOMBIIUIEHHBIX NPEANPUATHI Ha I10-
BEpPXHOCTHBIE U MOJI3EMHBIE BOAKI B Oacceiine pexu Ep-
THC OKa3bIBAET 3HAYMTENBHOE BO3ACHCTBHIE HA €€ MPUTO-
K4, GopMUpYIOLINE TUAPOJIOTHYECKHH CTOK. B pesyib-
TaTe 3TOro BOJA B OCHOBHBIX MpUTOKax EpTHc, Takux kak
Vis6a, Kpacnosipka, Tuxas, ['my6ouanka u apyrue, monu-
Bepraercs pa3JIMuHbIM CTeleHsIM 3arpsizHeHus. OcoOeH-
HO BBICOKMH YPOBEHb 3arpsi3HEHUs OTMEYEH B BOJAX
3THUX PEK, COJePKaIlUX BHICOKHE KOHIICHTPALUU TOKCHU-
YHBIX METAJUIOB, TAKUX KaK MeJb, IUHK, MapraHell, KaJ-
MUiA, CBUHEII, MBILIbSIK U qpyrue [27-33].

BBIBOJbI

CornacHo nmpeuIokeHHOMY paifoHupoBaHuto Epruc-
CKOTO BOJIOXO35IICTBEHHOrO OacceliHa IO CTENeHH 3a-
IPA3HEHHUs MOBEPXHOCTHBIX BOJA OBUIM ONpeAeseHbI 5
parionoB: A — ot rpanunsl ¢ KHP 1o yctes p. Byxrapma,
B — ot yctbst p. ByxTapma mo yctes p. Yiueba, B — ot
r. Ycrpe-Kamenoropek mo yetbsa p. Yoa, I' — oT ycThs
p. Y0a (mpassrit mputok pexu Eptuc) mo cema IIpuped-
HBII AGaiickoit o0xacty, [l — HIKHSS 9acTh peku EpTHc,
c. [Ipuunpreiuckoe no rpanuusl ¢ Poccuiickoir denepa-
Luen.

Kasxp1ii 3 npencTaBIeHHBIX PAOHOB XapaKTepU3y-
€TCs CBOUMH (HU3NKO-XMMHUIECKIMH ITOKa3aTeIIMH, CTe-
MIEHBI0 3arpsI3HEHHOCTH TTOBEPXHOCTHBIX BOJI, KOTOpas
BBIPA)KaeTCs B OIpeesIeHNH KOMOMHATOPHOTO MHJEKCa
3arpsI3HEHHOCTH BOJIBI U KJIacca KauecTBa.

Bopa pexu Eptuc ot rpanuusl ¢ Kutaem 10 ycThs pe-
ku Byxtapma (paiioH A) XxapakTepu3yeTcsl OBBIIICHHBI-
MH KOHIEHTPALMSIMU MapraHiia, ’keie3a U MeJIH, OTHO-
cutensHO [1JIK, ncnonb3yemMoro i X03sHCTBEHHO-0bI-
ToBOTO Bosonois3oBanus. C 2019 roxa B Boae pexu Ka-
pa EpTHc OTCYTCTBYIOT NOBBIIIEHHbIE KOHIIEHTPAIHH TS~
KEJBIX U OMOT€HHBIX 3JIEMEHTOB, YTO COOTBETCTBYET |
KJIacCy KauecTBa BOJBI.

3HAYUTEIHHOMY TEXHOT€HHOMY 3arps3HEHHIO BOJ-
HBIX PECYpCOB IOJIBEPraeTCsi YYacTOK OT YCThSl PEKH
ByxTtapma 110 ycThs pexu Yne0a (paiton b), mpenmyre-
CTBEHHO OOYCIJIOBIICHHOMY JESTEILHOCTBIO MpEAIpH-
STUH TOpHOI00BIBatOIIEr0 KoMIutekca. OTMedaeTcs rnpe-
BBIIICHUE CPETHETO COAEPIKAHUS MapraHia, Meau, [uH-
Ka 1 MonuoeHa B 3,2—3,4 pa3, xpoma 14,2 pa3 [12]. Ypo-
BEHb 3arPS3HEHMS Ha JaHHOM y4YacTKe CUMTAeTCs MOBbI-
IIEHHBIM, YTO CO3Ja€T CePhe3HbIe MPOOIEMBI IS HKOCH-
CTeMBI B JAHHOM peTHoHe. B HacTosmee BpeMs Bojia Ha
JTAHHOM Y9aCTKe OTHOCHTCS KO 2 KJIacCy KadecTna.

Bnustare TeXHOTEHHBIX (DaKTOPOB HAa COCTOSTHHE I10-
BEPXHOCTHBIX BOIHBIX PECYPCOB B MOJIHOM Mepe BO3MO-
JKHO OIICHWTH Ha ydacTKe OT T. Ycrb-KameHoropck mo

ycThst p. Y0a (paiion B). [To manaem PI'TI «Kasruapo-
MeT» B IPUTOKax peku EpTuc, a uMEHHO B BoJax MpUTO-
Kax peku Ynpba u KpacHosipka 3aMKCHpOBaHBI TOBBI-
LIEHHBIE KOHIIEHTPALlUU MEM, MapraHia, I[MHKa, JKeJle-
3a, a30Ta HUTPUTHOTO, aMMOHHS COJIEBOrO, KaaMus. B 1
nonxyroauu 2023 rosia Boja U3yYEHHBIX IPUTOKOB PEKU
Eptuc otHocmnach k 3 kiaccy xadecTBa. B Hacrosmee
BpeMs BoJa pekru EpTuc Ha JaHHOM y4acTKe COOTBETCT-
ByeT 3 KJlaccy KauecTBa.

Boxa npaBoro nputoka pexku Eptuc (p. Y6a) no cena
[Ipupeunoro Abaiickoii obnmactu (paiion I') xapakrepu-
30BaIach CIEAYIOMMMH ITOKA3aTENIIMH, TPEBBIIIAIOIINX
IIJK: »xene3o, Mmapranen, kaamuii, meas, bIIKs, ammo-
HUH COJIEBOM, YTO COOTBETCTBYET 3 KJlacCy KadecTBa. B
HacTosIlee BpeMs Boja peku EpTuc Ha JaHHOM ydacTke
COOTBETCTBYET 3 KJIacCy KadecTna.

Huxnsas gactes pexu Eptuc no rpanunst ¢ Poccueit
(paiion 1) xapakrepusyerca Hanuuuem ¢ 2011 mo 2019
T'OJI HOBBIIIEHHOTO COJIEpP)KaHMs MEIM B Bozie. B HacTos-
1mee BpeMs cornacHo EnuHol knaccupukanny KadecTsa
Boxsl pekn Eprrc Ha Teppuropun [laBnonapckoit o6ma-
CTH OTHOCATCA K | Ki1accy, 4TO COOTBETCTBYET HAMIIyd-
1IeMy Ka4eCTBY BOJIBL.

Jannoe uccreoosanue ¢unancupyemess Komume-
mom Hayku Munucmepcmea HayKu u @vicuie2o 06paszo-
eéanus Pecnyonuxu Kazaxcman (epanm Ne BR21881921
«Oyenka 600HOU 3K0Ccucmemsl bacceiina p. Epmuc 6 yc-
JIOBUSIX UHOYCMPUATIEHOZ0 PA3GUMUSL U 2I00ANbHBIX NPO-
yeccosy).
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EPTIC ©3EHIHIH KA3IPT'1 )KAFJAIBI AHTPOIIOTEH/IIK OCEP JKAFJANBIHJIA

L. 7K. Apbinosa'”, T. C. Asxkaesl, K. K. Axmerosl, B. I1. Koanakosa?, %K. K. Illaiimapaanos?

! Topaiizvipos ynusepcumemi KEAK, Ilaénooap, Kazaxcman
2 /1. Cepixoaes amvinoazut Hlvizvic Kazakeman mexnuxanvik ynugepcumemi KEAK, Ockemen, Kazakcman

*Batiianwic ywin E-mail: shinar_uzh@mail.ru

Makanaga ajanTelH Ka3aKCTaHABIK OemiriHaeri EpTic e3eHiHIH nactaHy mpoOiemanapbl KapacThIpbUTFaH. JKaimmbl
KaHaFaTTaHAPJBIKCHI3 Jen cunaTtTtanateiH 2012-2023 xpuigap apaiblFbIHAAFE ©3€H CYBIHBIH Canachl Typasbl AepeKTep
TayAaHAbl. ©3eHHIH JIaCTaHybIHBIH HeTi3rl ke3zepi bykreipma, Ynoi, Epric e3ennepinin OacceiiHaepinaeri oHIipicTik
KOHE KOMMYHAIABIK CapKbIH/ABI CYJNAp/bIH arybl OOJBII TaObUIaAbl, COHBIMEH KaTap TpaHCIIEKapalbIK acep Je Oap.
3epTTeseTiH ayMakTa OipKkaTap OHIIPICTIK KEIICHACPAiH KbI3METi HOTIKeCiHIe EpTic e3eHIHIH CybIHAa aybIp METaIaap
(KOpFachlH, MBIC, MBIPBILI, KajMHii), OMOTeHIiK 3jeMeHTTep (TeMip), TokraThutFan Oemmektep (11,9-28,3 mr/mm®)
KOHIICHTPALMSCHIHBIH KOFapblIaysl OaliKanaapl. ©O3¢HHIH €H JlacTaHFaH ydackenepi Ockemen, Cemeii xxoHe [1aBnomap
KalaJapblHBIH ayJaHblHAA. EpTic ©3eHiHIH Cy camachlH JKakcapTy YVINIH JIacTayMIbl 3aTTapAblH TpaHCIIEKapaJbIK
TOTIHAUICPIH a3alTy KOHIHIETI mapaiap KaObUIaay, OHIIPICTIK )KOHE KOMMYHAIIBIK-TYPMBICTBIK CAPKBIHIBI CYJIap.Ibl
THIMJI Ta3apTyAbl KaMTaMachl3 €Ty, COHJal-aK JIaCTaHy AWHAMHUKACHIH KaJarajay >KOHE OHbl TOMEHIETY JKOHiHIeTi
mapajap KaObU1aay MaKcaThIH/Ia ©3¢H CYBIHBIH CallachlHa MOHUTOPHHT XKYPri3y KaKer.

Tyiiinoi ce3dep: ayvip memanoap, 6uo2eHOIK 2neMeHmmep, Cy pecypcmapbl, MexXHO2eHOIK acep, €Y Candachl.

THE CURRENT STATE OF THE ERTIS RIVER UNDER THE CONDITIONS
OF ANTHROPOGENIC IMPACT

Sh. Zh. Arynova®, G. S. Azhaev?, K. K. Akhmetov?, V. P. Kolpakova?, Zh. K. Shaimardanov?

1 NJSC "Toraigyrov University", Pavlodar, Kazakhstan
2NJSC “D. Serikbayev East Kazakhstan Technical University”, Ust-Kamenogorsk, Kazakhstan

*E-mail for contacts: shinar_uzh@mail.ru

The article discusses the problems of pollution of the Ertis River in the Kazakhstani part of the basin. The data on the
quality of river water obtained in the period from 2012 to 2023, which is generally characterized as unsatisfactory, was
analyzed. The main sources of river pollution are discharges of industrial and municipal wastewater in the Bukhtarma,
Ulba, Ertis river basins, and there is also a trans-boundary impact. As a result of the activities of a number of industrial
complexes in the studied area, increased concentrations of heavy metals (lead, copper, zinc, and cadmium), nutrients
(iron), and suspended particles (11.9-28.3 mg/dm?) are observed in the water of the Ertis River. The most polluted
sections of the river are in the areas of Ust-Kamenogorsk, Semipalatinsk and Pavlodar. To improve the water quality of
the Ertis River, it is necessary to take measures to reduce trans-boundary discharges of pollutants, ensure effective
treatment of industrial and municipal wastewater, and also monitor the quality of the river’s water in order to track the
dynamics of pollution and take timely measures to reduce it.

Keywords: heavy metals, nutrients, water resources, technogenic impact, water quality.

42



Becrrni H5Id PK BbINYCK 2, NtoHb 2024

https://doi.org/10.52676/1729-7885-2024-2-43-49
YOK 621.793.72

BJIUSHUE CKOPOCTH IOJAYH ITPOBOJIOKHU ITPU BBICOKOCKOPOCTHOM
JIEKTPOAYTI'OBOI METAJJIM3AIIMUA HA CTPYKTYPY U KOPPO3UOHHBIE CBOMCTBA
MOKPBITUI U3 CTAJIA 30XI'CA
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B nccnenoBaHuy paccMaTpUBAIOTCS XapaKTEPUCTUKU MOPHCTOCTH, aHAIN3 KOPPO3UH, MUKPOCTPYKTYpa MOKPBITUI Ha
OCHOBE eJI€3a, HANBUIEHHBIX BBICOKOCKOPOCTHOM TYyTrOBOI METAIUIM3alUEN, C LIEIbI0 MOHUMAaHHs 3aKOHOMEPHOCTH BIIH-
SIHUSI TIAPaMETPOB B 3aBHCHMOCTH OT CKOPOCTH IOJa4YH MPOBOJIOKH. PaboTOCIOCOOHOCTD MOKPHITHH HA OCHOBE XKejIe3a
3aBUCHUT OT IIEJIOCTHOCTH CTPYKTYpPBI HOKPHITUS. ONTUMH3aLUS TapaMEeTPOB TyTOBOTO HAINBLICHUS MTO3BOJISIET MUHUMMU-
3upoBath JedeKkThl (TIOphl, IPaHUIBI 3€PEH, HEPACIUIaBJICHHbIE YAaCTHIbI, OKCHIBI U MHUKPOTPEIINHBI), yXY/ILIAOLIIHe
cBOMCTBa MOKPHITUS. [IpH BEICOKOM YPOBHE TOKa MHUKPOCTPYKTYpa MOKPBITHH CTAHOBHUTHCS OOJiee IUIOTHOW M pa3Mep
YaCTUIL] YMEHBIIAETCA, TAKKE CPEIHUN pasMep op yMeHblaeTcs. [Ipu yBenuueHun cCKkoOpoCTH oJadu IIPOBOJIOKH 3Ha-
YeHHE CHUJIBI TOKA YBEIMYHMBAETCS, YTO NMPHUBOJUT K BBIJCICHHIO OOJbIIEH TEIUIOBON 3HEPTHH Ha 3JIEKTPHUUECKOH ayre
JUTA TTABJICHUS IPOBOJIOKH U COOTBETCTBEHHO CIIOCOOCTBYET 00Pa30BAHUIO IIIIOTHBIX MOKPBITHH C HU3KON TOPUCTOCTHIO.

Knrouesnvie cnoea: 3]Z€Kmp0()y20661ﬂ memaniuzayus, nokpvlmue, cmaisb, CMpPYyKmypd, KOppo3us, npoeojloKka cmajlbHas

HAN1AB804YHAA.

BBEJEHUE

B mocnenHue roasl TEpMHUUYECKOE HAIBUICHHE Kak
nporuecc MoAU(UKAINU TOBEPXHOCTH TO3BOJIAET IOIY-
4aTh IUICHKH U MOKPBITHS, yITydIlaloliie CBOHCTBA Me-
TAJUIMYECKUX TOBEPXHOCTEH. BBICTPBIA U yCTOMUYUBBII
9KOHOMHUYECKUH POCT B Pa3HBIX CTpaHaX NPEAOCTaBUI
BO3MOJKHOCTH [UISl pOCTA MHAYCTPUH TEPMUYECKOTO Ha-
MBIJICHUS BO BCEX aCIEKTaX, TAKMX KakK NPOU3BOJACTBO
HCXOJHOTO MaTepualia, CHCTEM paclbUICHUS U KOHTPaK-
ThI HA HAHECEHHE TIOKPHITHI N BOCCTAaHOBIICHHE JIeTANCH
[1]. Cpenu paznuuHbBIX METOJIOB TEPMUYECKOTO HaIbLIe-
HUSI IPOBOJIOYHOE JyTOBOE HAIBIIICHUE, TAKXKE Ha3bIBae-
Moe nyroBeiM HanbuleHHeM (AC), HaXOIUT IIMPOKOE
IIPUMEHEHHE TIPY PEMOHTE W BOCCTAHOBJIEHHH JAeTallel
KOHCTPYKIMI B MallMHOCTPOECHUH, TOPHOI00BIBAIOIIEH
1 DHEpTeTUYeCcKoi mpoMelieHHOCTH [2—5]. [To cpaBHe-
HUIO C APYTUMH METOJaMH TEPMHUYECKOI0 HAIBUICHUS,
TaKUMH KaK BBICOKOCKOPOCTHOE KHCIIOPOJHO-TOIUINB-
Hoe HambuieHne (HVOF) u atmocdepHoe mmazmeHHOe
HameuieHue (APS), myroBoe HamblieHHE NPEANOYTH-
TEeJIbHEE M3-3a €r0 OTHOCHUTENLHO 0oJiee HU3KHX 3aTpar,
MIPOCTOTHI OOCIYKNBaHMs, 00Jiee BBICOKOH ITPOM3BOAN-
TENBHOCTU PACIBIICHUS U 3HAUUTENBHBIX 3KOHOMUYEC-
KHX TPEeUMYIIECTB, a TaKXKe PaclbUIeHHEe Ha OoJbIIne
IUIOIIAH.

OneKTpoayroBas MeTaJUIM3aLUs UMEET Psil IPEUMy-
IIECTB Nepe IPYTUMHU METOIaMU HaHECEHUS IOKPBITHI
[1-2]. D10 oTHOCHTENBHO JEIeBbIA M OBICTPBIH MpPO-
1eCC, KOTOPBII XOPOIIIO MOAXONT AJIst 00paboTKH 60IIb-
IIMX NOBEPXHOCTEH. ET0 MOXHO IPUMEHSAThH K pa3ind-
HBIM MaTepHajaM, BKIIOYasi METaJUIbl, KEPAMHKY U IUIa-
ctMacchl. TIOKpBITHS, MOJIy4YeHHBIE 3THM CIIOCOOOM,
OOBIYHO SIBJISIOTCS TUIOTHBIMH, OJTHOPOHBIME M 00J1a/1a-

0T XOporIer aare3ueit k ocHoBe. OHU TaKke 00Iamal0T
YCTOWYHMBOCTBIO K U3HOCY, KOPPO3UH U BEICOKHM TEMIIE-
patypam [3—5]. DT MOKPHITUSA MOTYT OBITh IPIMEHEHBI
JUI yJIy4IIEHUS CBOWCTB MOBEPXHOCTH MaTepHaia st
Pa3IMYHBIX LieJIed, TAKUX KaK B a9POKOCMUYECKOH, aBTO-
MOOHJIBHOM M ITPOMBIIUIEHHOM oTpacisnx [6—8].

OaHuM U3 croco00B MPUMEHEHUS IEKTPOYTOBOM
metamunzaiun (O/IM) aBnseTcss BOCCTAaHOBJIEHHE H3HO-
IIEHHBIX KOJIEHYATHIX BaJIOB, KOTOPBIE CUUTAIOTCS O/IHU-
MU 13 HanOoJee KpUTHUECKH BaXKHBIX JIeTajlel B ABUTa-
TEJSIX BHYTPEHHETO CTOPAaHUs U MEXaHW3Max BpalllCHUSI.
OTH Baibl HTPAIOT KIFOYEBYIO POJIb B 0OeCTIeYeHUH Oe3-
OTIaCHOCTH M 3P (PEKTUBHOCTH TPAHCIOPTHBIX CPE/ICTB H
MammH. ViccnenoBanue BIMSHUS Pa3iIMYHBIX PEXHMMOB
nposeseHuss DJIM Ha BOCCTAaHOBJIEHHE IMOBEPXHOCTEH
CTaJIbHBIX KOJICHYAThIX BAJIOB CTaHAapTa 45 mpeacTaBis-
€T 3HAYUTEIbHYI0 aKTyaJbHOCTh. [lonydeHHBIe pe3yiib-
TaThl MOTYT OBITH MCIIOJIB30BAHbI AJIS ONTUMH3AIMH T1a-
pametpoB mnponiecca D/IM u yayuienus 3¢ ¢GeKTUBHO-
CTH ¥ JOJITOBEYHOCTH BOCCTAHOBJIEHHBIX KOJEHUYATHIX
BaJIIOB, & TAaKXKe MJISI TMOBBINICHUS HX MEXaHHMYECKHX
CBOMCTB. DTH BBIBOJIbI HIMEIOT Ba’KHOE IIPIMEHEHHE B aB-
TOMOOMJIBHOM M IIPOMBIIUICHHON cdepax, rje KoJeHva-
TBI€ BaJIbI UTPAIOT KIIFOUEBYIO POJIb B PaOOTE Pa3INUHBIX
MEXaHM3MOB M 000pyi0BaHUs.. MHOXECTBO HCCIe[0Ba-
HUH OBUIO TTOCBSIIIEHO M3YyYEHMIO BIIHMSHUS Pa3IMYHBIX
IapaMeTpOB OCAXKACHUS Ha XapaKTEPHUCTHKH METaJUIn-
YEeCKHUX HMOKPBITHH, MOJYYSHHBIX C UCIIOIB30BaHUEM Y-
ru. Hammpumep, B pabore [9] oOcyknanocs BIUsHNE TTa-
paMeTpoB OCAXKICHUS HAa XapaKTEPUCTHUKU ITMHKOBBIX
MIOKPBITUH, HaHECEHHBIX Nyroil. MccnenoBanue nokasa-
JI0, 9TO CBOMCTBA MOJIy4aeMOTO TMOKPBITHS, TaKHE Kak
MUKPOCTPYKTYPa, IOPUCTOCTb U TBEPAOCTb, TECHO CBS-
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3aHBI C TTapaMeTpaMu Ipolecca ocakaeHuA. B apyrom
uccnenoBanud [10] aBTOps! ONTUMU3KUPOBAIU MapaMeT-
PBI IpolLiecca, Takue Kak TOK, HalpsKeHHe, pacCTOSIHUE
pacnbUleHHMsT W JaBJI€HUE Ta3a NpHU JABYXIPOBOJIOUYHON
JTyTOBOM MeTaJUIN3alluH aTIOMUHUEBOTO MOKPBITHS, UTO-
OB TOCTNYB TPeOyeMOil MUKPOCTPYKTYPBI U (PU3UKO-Me-
XaHWYECKHUX CBOICTB.

Kpucranmmueckne n aMmop(HbIC TOKPHITUS HA OCHO-
BE JKeJle3a UMEIOT OOJIBIIION ITOTEHIIAAN B 00JIaCTH aHTH-
KOPPO3HOHHBIX M IIPOTUBON3HOCHBIX pUMeHeHuil. OHH
TaKKe SBJIAIOTCS MOAXOAAIINMH KaHAUAATaMHU AJISI TIPHU-
MEHEHHS TPH CPEIHUX M BBICOKMX TEMIIEPATypax M3-3a
HX XOPOIINX OKUCIUTEIbHBIX CBOMCTB. XapaKTepUCTUKHI
MOKPBITUH Ha OCHOBe Fe 3aBUCAT OT CTPYKTYpbI OKPHI-
THSI, COZepKaHusl aMOphHOI a3kl U XUMHYIECKOTO CO-
ctaBa nokpsITuii [10]. [TapameTps! pacnblUieHUs, TaKue
KaK JaBJICHHE CXKaTOrO BO3[yXa U pa3Mep YacTHI, CKO-
pOCTh TOJAYM NPOBOJIOKH, BIUSIOT HAa CTPYKTYpy IO-
KpbITHS. [I1OTHAs CTpyKTypa MOKPBITHS C HU3KOW HOpH-
CTOCTBIO ¥ TPAHUIIAMH 3€PCH yIyqIIaeT XapaKTePUCTHKH
MIOKPBITHS B YCIIOBUSX OKPY>KarOIIEH cpelbl U BBICOKHX
TEMIIEpaTyp.

Lenbto maHHO# pabOTHI ABISETCS UCCIICTOBAHHE BITH-
SIHUSI CKOPOCTH TI0/1a4X MPOBOJIOKH HAa KOPPO3HOHHBIE,
CTPYKTYpHbIC CBONCTBA M BBISBICHHE 3aKOHOMEPHOCTH
(dbopmupoBanus MOKpbITHI U3 poBojoku 30 XI'CA Ha
MIOBEPXHOCTH CTaJIN 45 BBICOKOCKOPOCTHOM MeTasin3a-
nuen.

7 1 5 6

a)

METO/ibl UCCJIEJIOBAHUS

[TomyueHne MOKPBITHI MPOBOIMIOCH C HCIOIB30BA-
HHEM BBICOKOCKOPOCTHOTO 3JIEKTPOAYTOBOTO METAJLIN-
3aropa SX-600 (cM. pucyHok 1). Komruiekc BKIFOUAET B
ce0sl MCTOYHUK MUTAHUs, BHICOKOCKOPOCTHOM JyroBOi
pacIbUINTENb, CUCTEMY YIPABICHHS U CUCTEMY IOJIauu
c)kaToro Bo3ayxa. /laHHasi ycTaHOBKa IO3BOJISIET Bapbu-
pOBaTh CKOPOCTH MOJAYM NMPOBOJOKH B TPEX PEKHMAaX.
[TapameTphl 371€KTPOLYTroBOM METaUIM3ALMM NIPEACTAB-
JIEHBI B Ta0IULE 2.

Jlnst mpoBeieHNsT HANTBIICHHUSI HCTIOJIb30BAIach CTANIb
30XI'CA B kagectBe mpoBoioku (cormacHo ['OCT
10543-98). quamerp npoBojioku 1,6 MM. XUMHYCCKHIA
cocraB cranu Mapku 30XT'CA npencrasieH B Tabmune 1.
OO0pa31b! ObUIN N3rOTOBJICHBI U3 IPYTKA CTATIH Mapku 45
(cormacao 'OCT 1050-2013). Bsibop maHHOrO Mare-
puana oOyCJIOBJIEH €ro IUPOKUM ITPUMEHEHHEM B MPO-
W3BOJICTBE Pa3HOOOPA3HBIX JieTajel, TakKuX Kak 3yOua-
ThIE KOJIeCa, KOJEHYAThle BaJbl, YTO THIWUYHO IS
pa3Iu4HbIX oTpaciielt MammHocTpoeHus. [lepen npouec-
COM DJIEKTPOIYTOBOM MeTayTu3alu 0o0pa3isl OBLIH

NpeIBAPHUTEIBHO IOATOTOBICHBI MEXaHUUECKUMH METO-
JaMH, BKIIOYas OUIAGOBKY M IIECKOCTPYHHYIO 00pa-
0OTKy C MCHOJIb30BAaHUEM KBapLEeBOro Iecka. [leckoct-
pyiiHass oOpaboTka OBUIO NpOBEJCHA Ha YCTpOIcTBE
Nordberg NS3.

1- Kopnyc metannusaTopa; 2 — MexaHu3m nogauu NPOBOJIOKK; 3 — kaHan nogauu BO3Ayxa; 4- ONEKTPOAHbIE NPOBOOKHU;
5- aieKTpuyeckas gyra ¢ HanblNeHHbIMM YacTULamm NPOBONOKK, 6 — HanbIneHHoe NOKPbITHE

Pucynox 1. Texnonoeuueckas cxema (a); enewnuii 6uo nucmonema (6) u newtHull U0 Komniexca (8)
6bICOKOCKOPOCMHOU 21eKmpodyeogot memannuzayuu SX-600
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Tabnuya 1. Xumuueckuti cocmas cmanu mapxu 30XI'CA, %

AnemeHT Copepxanue, %

C (yrnepog) 0,25-0,35
Mn (vmapraneL) 0,8-1,2

Si (kpemHui) 0,8-1,2

S (cepa) <0,025

P (cdpocchop) <0,025

Cr (xpom) 0,8-1.2

Ni (Hukenb) <0,4

Tabruya 2. Pexcumvr Hanecenus noxpuimuti 30XI'CA
INEKMPOOY2080U Memaiiuzayuerl

HaumeHoBaHue obpasua Ne 1 Ne 2 Ne 3
Hanpsikenue, B 43 43 43
Cwuna Toka, A 100 200 300
CKkopocTb nogauu NpoBONIOKK, cm/c 4 8 16
[laBnexue cxartoro Bo3ayxa, aTm 8

[ucTaHUMA HanblneHus, MM 150
Konunuectso o6pasuos 3 | 3 | 3

Koppo3nonHyto CTOHKOCTh TOKPHITHHA H3y4Yasld B
SJIEKTPOJIMTHYECKOM STYEHKE C TOMOIIBIO MOTEHIIMOCTaTa
Potentiostat cs300m. M3meperust mpoBoqmwincs B 3,5%-
HOM pactBope NaCl mo TpexanekTpoaHo# cxeme: pado-
YHM 3JIEKTPOJIOM CITY>KIJIO OKPBITHE, HaHeceHHoe DM
Ha CcTajlb Mapku 45, ponb 3IEKTPoaa CpaBHEHHS — XJIOP-
cepeOpsTHBIHN IEKTPO, a INTATHHOBEIH 3JIEKTPO.T CITY KHIT
BCIIOMOTATENIBHBIM JIEKTPOAOM. TOKH KOPPO3UH Ompe-
JIENIAINCh ITyTeM 3KCTPAIOJIAINM JTMHEHHBIX YacTeill mo-
JIIPU3ALMOHHBIX KPUBBIX Ha MOTEHIMas kKoppo3un. Ilo-
PHUCTOCTh TOKPBITUH H3MEpsSIach C MCIOIb30BAHHEM
nporpammsl ImageJ Ha H300pakeHUSX MTOTIEPEUHBIX Cpe-
30B TOKPBITHH, MOJYYEHHBIX C MOMOIIBIO PACTPOBOTO
JIEKTPOHHOTO MuKpockona JSM-6390LV, JEOL (Sno-
Hust). [ aHanm3a n3o0pakeHust mepBOHAYaIbHO 00pa-
0aThIBAINCH /ST YITyYIIEHHS KOHTPAaCTHOCTH M YETKO-
CTH, a 3aTe€M C MOMOIIbI0 MHCTPYMEHTOB HPOTPaMMEI
IIPOBOAMIIOCH BBIJICJICHHE MOP M pacyueT MxX OOIIeH mIio-
[[ad B OTHOIICHWHU K 00IIeH mionanu obpasua. ITOT
IIpoIecC MO3BOJIUT KOJMYECTBEHHO OIICHUTH IPOLIEHT
TIOPUCTOCTU B MNOKPBITHU, YTO KPUTUYCCKHU BAXKHO JJId
OTpENeNIeHNsT €ro HKCIUTyaTallMOHHBIX  XapaKTepu-
ctuk[11], Ha H300paKEHUSIX MONMEPEUHBIX HUIH(OB
OJIM-nokpeiTuii cHsAThIX Ha POM JSM-6390, JEOL

(Anonus). lllepoxoBaTOCTh TOBEPXHOCTH IMOKPHITHIA Ra
OLICHMBAJIaCh C IIOMOINBIO NPOQHIOMETPAa MOJEIH
HY2300. TpuGonormyeckue HCHBITAaHUS Ha TpEHUE
CKOJIBXKEHUs MpoBouian Ha Tpubomerpe TRB3 (Anton
Paar Srl, Peseux, [lIBeiiapust) ¢ MCIOJIL30BAaHUEM CTaH-
JapTHOW METOJMKH «IIap-JHUCK»  (MEeXITyHapOIHbIH
cranaapT ASTM G99), rae B kauecTBe KOHTpTeNa UC-
MTOJTB30BANH IMAPHUK TuamMeTpoM 6,0 MM M3 CTaid C TO-
kpertueM SiC, ipu Harpyske 5 H u pagimycoM KprBH3HEL
n3HOCca 5 MM, myTH TpeHus 100 m.

PE3YJBTATBI U OBCYXJIEHUE

Ha pucynke 2 npezcraBieHa MopQoorus mnoBepx-
HOCTH TOKpHITHH Tocie D/IM. B HaHeceHHOM mOBepx-
HOCTHOM CJIO€ HAOJIOIAIOTCA B XKHAKOM MeTaie 3a-
CTBHIBIINE KOHBEKTHUBHBIC IIOTOKH MeTajlla, MHKPOCBa-
PCHHBIE METIKHE METAJUTHYeCKUE KaruTi. VI3 moryYeHHbIX
CHHMKOB TaKXe BHIHO, YTO IPH YBSIMYCHUH IIOJAYH
MIPOBOJIOKH (¥, COOTBETCTBEHHO, TOKA) pa3Mep YacTHUI]
YMEHbBIIAETCSI, a IUIOTHOCTh HOKPHITUH YIIydIIaeTcs.
VY o6pasua Ne 1 yactuis! 6onee BbIpaKeHHbIE (PUCYHOK
2a), TaK KaKk CKOPOCTb [0J[a4¥ TPOBOJIOKH Y Hero B 4 pa3a
MeHblIe, yeM y oopa3sna Ne 3. YBenuueHue nojnauu mnpo-
BOJIOKH BBI3BIBAET YBEJIMUYECHUE CUJIBI TOKA, YTO IPHUBO-
JIMT K YMEHBIICHHIO pa3Mepa 4acTull U, Kak ClIe/ICTBHE,
K YBEJIMUYEHHIO TFIOTHOCTH MOKPBITHIA. [ 12-14].

B Tabmurne 3 mpencTaBieHbl pe3yIbTaThl H3MEPCHUS
LICPOXOBATOCTH ITOBEPXHOCTH MaTepuaia MOKPBITHH,
COTJIACHO KOTOPHIM YCTaHOBJICHO, YTO HOBEPXHOCTb
UMeEeT HEOJHOPOJIHYIO CTPYKTYpy C HalHM4HeM IIOp.
B kxauecTBe OCHOBHOTO ITapaMeTpa OLCHKH IEPOXOBATO-
CTH TIOBEPXHOCTH IMOKPHITHs ObLIa BHIOpaHa BElMYUHA
Ra, koTOpast npencTaBisieT co0oit cpenHee apupmeTHye-
ckoe oTkinoHeHune npoduist. CHIKEHUE 1moKa3artes 1ie-
POXOBaTOCTH OOYCIIOBJICHO YBEIMUEHUEM CKOPOCTH MO-
Jlay¥ TIPOBOJIOKM U BO3PACTaHUEM CHIIbI TOKA, YTO IMPHU-
BOJIUT K YMEHBIICHNIO pa3Mepa YacTHIl U IIEepOXO0BaTO-
CTH TIOKPBITHSI.

Tabauya 3. Pesyismamol usmepenust wepoxosamocmu
NOKpbIMuil

HaumeHoBaHue obpasua Ne 1 Ne 2 Ne 3
LlepoxoBatocTb, Ra, Mkm | 17,81+0,41 14,18+0,38 8,15+0,36

X800 20ym 0001 1289 SEI

Pucynox 2. Mopghonozus nogepxrnocmu nokpeimuii, noryuennoix ¢ POM nocne sxcnepumenma
ons obpasyos: Ne 1 (a); Ne 2 (6); Ne 3 ()
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Pucynok 3. H306pasicenus nonepeynozo ceuenus noiyyeHHviX ROKPbIMuil U CHUMKU MUKDONOP , NOJYYEHHbLE
¢ noMowbio npocpammuozo komniexca ImageJ ons obpasyos: Ne 'l (a); Ne 2 (6); Ne 3 (8)

Pe3ynbraThl M3MEpeHHsl IOPUCTOCTH MOKPBITHUH I10-
Ka3aHbl Ha pucyHKe 3. J[e(heKTH MOKPHITHS, TAKHE KaK
MOPBI M TPELIWHBI, OKa3bIBAIOT HEOIArompHUsITHOE BO3-
JIeWCTBHE Ha KOPPO3HOHHBIE cBOMcTBA. OHM JIEHCTBYIOT
KaK MPOXOJIBI VIS arPECCUBHBIX CPEl, U UX KOJINYECTBO
B MHKPOCTPYKTYPE MOKPBITHS JOIDKHO OBITH CBEJICHO K
MuHAMYMYy. O6pazer Ne 1 oTnuyaercst HanGobLIeH HO-
PHCTOCTBIO TI0 CPaBHEHHIO C OpyriMMu obOpasuamu. Kax
YK€ YIIOMHMHAJIOCh, C YBEJIMYCHUEM I10/1a4U ITPOBOJIOKU
pasMep Hop yMeHslnaercsa. OnpeeneHie onTUMaIbHON
CKOPOCTH HOJau¥l MPOBOJIOKH CHOCOOCTBYET (HhOpMHUpPO-
BAaHWIO PABHOMCPHOI'O U IJIOTHOT'O MMOKPBITHA.

Tabnuya 4. 3nauenus nopucmocmu NOIYYEHHbIX NOKPLIMULL

HanmeHoBaHue obpasua Ne 1 Ne 2 Ne 3
CpepaHui paamep nop, Mkm | 45474+0,13 | 18,028+0,12 | 12,694+0,10
5,536+0,31 | 3,476+0,34 | 2,123+0,33

MpoueHT nopucrocth, %

Koppo3sust siBiisieTcst 0HON U3 OCHOBHBIX PUYHH Jie-
rpajalyy MaTepHaioB, 0cOOEHHO 000PYA0BaHUS U KOH-
CTpPYKLMH. Pe3ynbTaThl TECTAa HA KOPPO3UIO IOKA3AHBI HA
pucyHke 4. OTn pe3ynbTaThl JIEMOHCTPUPYIOT YiTydllle-
HHE KOPPO3HMOHHON CTOWKOCTH 00pa31ioB MOCIIE Mpoliec-
ca 3JeKTpoayroBo Metammmzanuu. C yBeIHMYCHHEM
CKOPOCTH TIOa4¥ TIPOBOJIOKHM TOTEHIHAIbl KOPPO3UH
(Ecorr) yMeHBIIANKCH, @ TNIOTHOCTH TOKA (Icorr) yBEIHYH-
Banuch (pucyHok 4). Taxxke nokasano, uto oopaser Ne 3
HMMEEeT HAMMEHBINYI0 CKOPOCTh KOPPO3UH (PHUCYHOK 4).

[T10THAs 1 OTHOPOIHAS CTPYKTYpa MOKPHITHS Y 00pasiia
Ne 3 moMoraeT mpeIoTBpaTUTh TPOHUKHOBEHIE BIIaTH U
arpecCUBHBIX CPell BHYTPh MOKPHITHS, YTO YBEIMINUBACT
KOPPO3HOHHYIO cToiikocTh. OOpaszen Ne 1 mmeeT MeHB-
IIyI0 KOPPO3HOHHYIO CTOMKOCTh M3-32 MEHEee IUIOTHOM
CTPYKTYPHI B Hanmu4us e ekToB. Takwe mopsl U Tpemu-
HBI MOTYT CTaTh TOYKaMH BXO/Ia [ BIIATH B KOPPO3UOH-
HBIX arcHTOB, YXY/IlIas KOPPO3WOHHBIC CBOMCTBa MO-
KpbITUsT YHCIIOBBIC PEe3yJIbTaThl TECTA HA KOPPO3HIO T0-
KPBITUH MPEICTABICHBI B TA0OJIHUIIE 5.

-0.30

—t——Crame45
0.35- : -1

-0.401

-0.45-

-0.50

TloTenrman koppozan E (V)

1) | —————— PPN | PPN | PN | PP
10! 107 10° 10° 10 10° 102

Tok koppozm | (Alem’)

Pucynox 4. Ionapusayuonnvie Kpusbvie, nony4eHHvle
6 pe3yibmame nPoGeoeHUst INEKMPOXUMULECKUX
KOPPO3UOHHBIX UCNLIMANUL 00paA3Y08

Tabnuya 5. Pe3ynomamul pacyema napamempos Kopposuu 06pasyos

Obpasel Cranb 45 Ne1 Ne 2 Ne 3

Tok koppo3uu Iy, Alcm2 3,3807-10-5 3,4841-10-5 2,1462-10-5 1,0961-10-
MoTeHuman ceBo6oaHow Kopposum E,, B -0,49212 -0,43016 -0,46569 -0,43251
CKopocTb Koppo3uu, Mm/rog 0,39661+0,021 0,40872+0,023 0,25178+0,021 0,12859+0,022
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Pucynok 5. Pesynomamer mpubonocuyeckux ucnvblmaHuii nokpuimuil: kodsgguyuenm mpenus (a); oovem usnoca (6)

Pe3ynpTaThl TpHOOIOTHUECKUX HCHBITAHUHA MOKPHI-
TUW NOKa3aHbl Ha pUCYHKe 5. Pe3ynbTaThl McHbITaHUI
n3Hococtoitkocty nokpeituilt 30XI'CA mo cranaapTHOI
CXeMe «IIap-AUCK» MOKa3alu, 4To KO3 HUIMEHT TpeHHs
ctanu 45 yBeIUYMBAETCs N0 CPABHEHHMIO C ITOJTyYESHHbI-
MU HOoKpbITUsiMH. J{71st 00pasina u3 cranu 45 cpeiHee 3Ha-
yenue kodddurmenra tpenus cocrapisier 0,53 (pucyHoK
5a). ITocne HaHECeHHs IOKPBITUS CPEIHEe 3HaUCHHE KO-
a¢¢unmenta TpeHus BapsupoBasiock ot 0,46 mo 0,53 B
3aBUCHMOCTH OT MapaMeTpOB IYTOBOWH MeETaJUIM3allHu.
Pe3ynbraThl aHanmM3a 0ObeMa M3HOCA MPEACTABICHBI HA
pucynke 56. O6pazen Ne 3 uMeeT MEHbIIHI 00BEM U3HO-
ca [0 CPaBHEHHIO C OCTAILHBIMU 0Opa3uamu. PakTopom
BBICOKHMX TPHOOJOTHYECKUX CBONHCTB MOKPBITHA SBISCT-
cs1 ero OoJiee BBICOKHMH MHAEKC INIACTUYHOCTH. B pabore
[16] moxa3an mexaHH3M 00pa30BaHUS MOKPBITHI MpH
3NIEKTPOLYTOBOH METAUIM3alMU U YCTAHOBJICHO, YTO
KPYIHBIE 4YacTHIbl METa/ula JIOCTHIal0T IOBEPXHOCTH
MPEUMYILECTBEHHO B JKUJIKOM COCTOSIHHH, a OoJiee Mell-
K€ B IUIACTUYHOM cocTOosTHAM. Kak Imoka3aHo B uccieno-
BaHUH MOP(OIIOTUH MOKPEITHH, 0Opazer Ne 3 umeer 6o-
Jiee MEJIKHE YacTH M0 CPaBHEHHMIO C APYTUMH 00pa3aMu
U COOTBETCTBEHHO, IMEET BBICOKHH MHJIEKC TIIaCTHIHO-
CTH.

BBIBOIbI

Ananmmz POM-u300pakeHnid MonepedHbIX CPE30B M0-
KpBITHI MOKa3aJl, YTO U3MEHEHUE NapaMeTPOB AJIEKTPO-
JlyTOBOIl METAJTM3alMU CYIIECTBEHHO BIUSET Ha pa3Mep
YacTHLl U IUIOTHOCTh MOKPBITUH. YTNpaBieHUE TOKOM U
IoJJa4eii MPOBOJIOKH MOXKET OBITh A(PPEKTHBHBEIM METO-
JIOM TSI JOCTUIKEHUSI ONTUMAJIbHBIX XapaKTEePUCTUK Me-
TAJNTMYECKUX NOKphITUM. WccnenoBaHue mnopuUCTOCTH
00pas3IoB MOATBEPKAACT, YTO PETYINPOBKA [T0JIa9H IIPO-
BOJIOKH BIIMSET HE TOJNBKO HA pa3Mep Iop, HO M Ha WX
konrgecTBo. OOpas3ipl ¢ pa3HONW MOPUCTOCTHIO UMEIOT
pa3iuYHbIE CBOMCTBA, W3-3a PA3IMYHBIX IapaMeTpOB
npoiiecca. Pe3ynbrathl ucciaeoBaHuM MOKa3aIu, 4To OI-
TUMaJIbHBIM PEKUMOM BJIEKTPOAYTOBOH METaJUIM3aLHI
SIBIITIOTCS TapaMeTpsl oOpasia Ne 3 — ckopocTh moiauu
poBosiokH 16 cm/c. CHIKEHHE oKa3aTes HIepoXoBaTo-

CTH OOYCIIOBJICHO YBEIHMUYCHHEM CKOPOCTH IOAAYH IIPO-
BOJIOKM M BO3pacTaHHEM CHIIBI TOKAa, 9YTO MPUBOIUT K
YMEHBIICHUIO pasMepa 4aCTUIl 1 HICPOXOBATOCTH IMOKPHI-
THs.. MUHAME3AIMS e(PEKTOB, TAKMX KaK MOPBI U Tpe-
IOUHBI, UMCECT KPUTUYCCKOC 3HAUCHUC IJIA YJIYUIICHUA
KOppo3uoHHOU croiikoctr. Obpaszenr Ne 3 ¢ mioTHOH U
OJIHOPOJHOM CTPYKTYPOM IOKPBITUS, & TAKKE C MEHb-
LM pa3MepoM II0p, JEeMOHCTPUpPYET Oojee BBICOKYIO
YCTOHYMBOCTH K KOPPO3HH 10 CPaBHEHHIO ¢ 00pa3maMu
¢ meeKTaMi B MUKPOCTPYKTYpe. DTO MOTICPKUBACT Ba-
JKHOCTh THIATEIHHOTO KOHTPOJIL M ONTHUMH3AINN Mapa-
METPOB 3JIEKTPOIYTOBOTO TpoIecca IS JOCTIKECHUSI
HAWTYyYIIAX Pe3yJIbTAaTOB B 00JACTH 3aIUTHBIX METAal-
JUYECKUAX TOKPBITHH IJI1 BOCCTAHOBJICHUS W3HOMICHHBIX
JIeTaJICH.

@unancuposanue

Paboma evinonunena npu @urancosoii noodepicke
Komumema nayxu Munucmepcmea nayku u gvicuie2o 00-
pazosanus Pecnyonuku Kasaxcman AP14871373 «Pas3-
pabomKa mexHoa02UU C8ePxX38yKOBOU 0Y2080U Memau-
3ayuu 0151 60CCMAHOBIEHUS USHOUEHHBIX NOGEPXHOCTEN
KOJIeHYamblX 6a106 Osuzamenei 6HYmMpeHHe2o c2opa-
HUAY.
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3epTTey CBHIMHBIH O€pily >KbULIAMJIBIFbIHA TOYEJIUTK IMapaMeTpiiepiHiH oCepiH TYCiHy MakKcaThblHOa KEyeKTLIIK
CHIIATTaMaJIapblH, KOPPO3WSIBIK Tajlayldbl, ABIOBICTAH JKOFAphl JOFAIBIK METAIAHIBIPYMEH TO3aHIAHFAH TeMip
HETi31H/eTi JKaOBIHAAPIBIH MHUKPOKYPBUIBIMBIH KapacThIpaasl. Temip HeriziHAeri kaObIHIapABIH OHIMIUIIr XaOBIH
KYPBUIBIMBIHBIH TYTACTHIFbIHA OaiTaHbICTBI. JJOFaibIK OYpKy HapameTpliepiH OHTailaHABIPY JKaObIHHBIH KacHETTEepiH
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The study examines the porosity characteristics, corrosion analysis, and microstructure of iron-based coatings sprayed by
supersonic arc metallisation in order to understand the regularity of the influence of the parameters by wire feed rate
dependence. The performance of iron-based coatings depends on the integrity of the coating structure. Optimisation of
arc spraying parameters allows minimising defects (pores, grain boundaries, unmelted particles, oxides and microcracks)
that deteriorate coating properties. At high current levels, the microstructure of the coatings becomes more dense and the
particle size decreases, also the average pore size decreases. As the wire feed rate increases, the value of current increases,
which leads to the release of more heat energy at the arc to melt the wire and consequently favours the formation of dense
coatings with low porosity.

Keywords: Electric arc metallisation, wire, coating, steel, structure, corrosion, steel cladding wire.
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N3YYEHUE DOPEKTUBHOCTU KEPAMNYECKUX MEMBPAH
IPU ®NJIbTPAIIMU JIEKAPCTBEHHbBIX BEIIIECTB
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B mamHOM mHcCleOBaHWHM IPOBEICHA OIEHKAa AY(PQEKTHBHOCTH KOMMEpYecKnX Kkepammdecknx memOpan (TAMI,
Sterilitech, USA) ynansate nexapcTBEeHHBIE BelllecTBa u3 Bojbl. V3ydenue 3(h(heKTHBHOCTH NMPOBOIMIOCH METOIOM
(bUIbTPaLK MOJIETIBHBIX PACTBOPOB HA OCHOBE YJILTPAYHCTON BOJBI C 100aBIeHUEM Cyib(aMeToKcaszola 1 acuprHa B
KOHLIEHTPALMK 3 MI/JI B TeueHHe 3 4acoB. J[aHHbIE BEIIECTBA SIBISIIOTCS. MUKPO3arps3HUTENISIMU M ITUPOKO MIPUMEHSIOTCS
Kak BO BCeM MHpe, Tak 1 B KazaxcraHe. AHanIM3 0CTaTOYHBIX KOJMYECTB JIEKAPCTBEHHBIX BEIIECTB B PACTBOPE OIpee-
JSUTM METOZIOM BBICOKOA((HEKTUBHOM >XuaAKocTHON Xpomarorpadun (BOXKX) mo u mocie okoHYaHHs IKCIIEPUMEHTA.
Kpome 3toro, ObI10 U3y4eHO W3MEHEHHE CKOPOCTH MOTOKA PacTBOPA, MPOXOAAIIEro yepe3 MeMOpany. Pe3yibrarel mo-
kazamu 100% ynanenne acmpruHa. OMHAKO B OTHOIICHHUH CYJIb(h)aMETOKCa30I1a BBISIBICHO HEIIOIIHOE YAAICHHE JIEKapCT-
BEHHOTO BelecTBa (2 UMeHHO 99,48%). 3adHKCHPOBaHO CHIDKCHHE IOTOKA PacTBOpa Yepe3 MeMOpaHy ¢ TeUCHHEM Bpe-
Menu. J{nst cyb(hamMeTokcasoa CHIKEHHE CKOPOCTH MOTOKA COCTABUIIO € 37 i/M2-4 10 19 1/M?-4, T.e. TIOUTH B /1Ba pasa.
Jns aciuprHa HaOIIOAAIOCH CHIDKEHHE TIOTOKA ¢ 53 a/M2-9 10 30 a/M2-4. D10 CBUJETENBCTBYET O TOM, UTO AAXKE MPHU
CHIDKCHHH CKOPOCTH IOTOKa NP (QIIBTPAUU MOAEIBHOTO pacTBOpa MeMOpaHa COXpaHsSET BBICOKYIO 3((EKTUBHOCTh
YAAIATh JIEKAPCTBCHHBIC BELIeCcTBAa. B I1e70M, MOTydeHHBIE Pe3yJIbTaThl CBUAETENBCTBYIOT O TOM, YTO KEPaMHUUECKHE
MeMOpaHbI IMEIOT IIOTEHIUA AJISI OYMCTKU BOABI OT JICKAPCTBEHHBIX 3arpA3HCHHH.

Knwuesvte cnosa: Jlekapcmeernnvle eeugecmed, ACnNUpPuH, Cy]lbgbaM@WlOKC(lSOﬂ, ouucmka 6‘00bl, d)uﬂbmpauuﬂ, Kepamuvec-

Kue Memopamwi.

BBEJIEHUE

Cripoc Ha MPECHYIO BOLY SBJIACTCS KaTaCTPOGUUCCKU
pactyeii mpo0ieMoii u3-3a OBICTPOTO POCTa HACETICHMUS,
WHAYCTPUATN3AINH, YBEIHUCHHUS 3arps3HECHUS BOIBI U
JIpyrux npuuud [1, 2]. B 3ToM oTHOLIEHHH OYMCTKA BO-
ITbI, BKITFOYAss MEMOpaHHYI0 (IIBTPALUI0 U TIOBTOPHOE
HCTIOJIB30BaHUE 3aTrPA3HCHHOM BOJBI SBISIOTCS KITFOUeE-
BBIMHM TIox0aamu [3-5].

B nHactosiiiee Bpemsi BecbMa aKTyallbHOM SIBJISIETCS
npoOiemMa 3arpsi3HeHHs BOJbI JIEKapCTBEHHBIMH BEILECT-
BaMU U UCTIOJIb30BaHHE PA3IMYHBIX METOJIOB /IS HIX y/ia-
neHnd. JleTanbHBIH MOMCK M U3yYeHHE Hay9IHBIX ITyOmH-
Kaluil MOKa3anad, YTO OCHOBHBIM ITyT€M 3arpsS3HEHHS
BOJIHBIX PECypcoB (hapMalleBTUYECKIMH BeIIeCTBAMHU
SIBIISTEOTCS. OBITOBBIE M TPOMBIIIJICHHBIE CTOYHBIC BOIBI
[6—8]. OuuineHHbIE CTOKK CIMBAIOTCS B IOBEPXHOCTHBIE
BOJIBI ¥l IPUHOCAT ¢ cO00# OCTaTKM JICKAPCTBEHHBIX Be-
IIECTB, HE yTAJIEHHBIX CHCTEMON OYHCTKH U MpoIleccaMu
©CTECTBEHHOH Jerpamanud (papMaIeBTUYECKHX CyO-
cranimii [9]. MHoOTHe ekapcTBa SABISIOTCS KCEHOOUOTH-
KaMH, TI0Ta/1asi B OKPYXKAIOIIYIO CPemdy, CIIOCOOCTBYIOT
Pa3BUTHIO YCTOMYUBOCTH y OaKTepuil, CHOCOOHBI HAaKaI-
JIMBAThHCS B 0BOIax u puide [10-13].

Cynbdamerokcazon (SMX), mpeacraBiseT coOoi
(hapmareBTHUECKOE COEAMHEHNUE, aKTUBHO TMOTpelIisie-
MOE TIpH JICYCHHUHU PA3INIHBIX HHOEKIUH, TeMOHCTPUPY-
€T HU3KYyI0 OMOopa3ilaraeMocTh M 4acTO BCTPEYACTCs B
Pa3JIMYHBIX BOAHBIX Cpelax, MOXET ObITh OOHApY’KEeH B
OYeHb HU3KMX KOHIEHTpAalMAX B MUTbEBOH BOJE
[14, 15]. Hapszay ¢ cyibhaMeToKca3onoM, aleTHICaTi-
mutoBast kuciora (acrupuH, ASP) Takoke sBIsIeTCS ak-

TUBHO MOTPEONIIeMBIM IIpenapaTtoM, OECKOHTPOJIbHOE
HCIOJIb30BaHUE KOTOPOTO TAK)KE OKa3bIBaeT HEraTUBHOE
BO3JICHCTBUE HAa OKpY KaroUlyto cpeny [16].

MeMOpaHHBIC TEXHOIOTHH HA JaHHBIH MOMEHT U3Be-
CTHBI KaK BBICOKOTEXHOJIOTHYHBIE MPOLECCHl OYHUCTKH
BoJIbI. PacTymuii mHTEpEC K 3TOM TEXHOIOTHH 00yCI0B-
JIEH HECKOJbKMMH (DaKTOpaMH BKJIIOYast TIaBHBINH — I10-
HCK HOBBIX METO/I0B 00pabOTKU BOJIBI, KOTOPHIE MO3BO-
JIIOT JIOCTHYb BBICOKOTO YPOBHSI OYMCTKH CTOYHBIX U
HMHUTHEBBIX BOJ B COOTBETCTBHH C ACHCTBYIOUIUMH HOP-
MaTHBaMH. B TpPOMBINIIEHHOCTH CYIIECTBYET YETHIpe
IJIaBHBIX BHJa MeMOpaHHOH (QMIIbTpalyu, KOTOphIe pas-
JIENISIOTCSI TI0 pa3Mepy Mmop MeMOpaH: oOpaTHBIA 0CMOC,
KOTOPBIM OT(PUIBTPOBBIBAET 3arPA3HEHUS pa3MEPOM Me-
Hee 1 HM; HaHO(MIIBTpanys, 00padaThIBaIOIIAs YACTHIIBI
pasmepom ot 1 go 10 HM; ymbTpaduIbTpaIus, KoTopas
oOpabatbiBaeT 9acTuIbl pazmepoM oT 10 no 100 HM; 1
MHUKpPO(UIBTpAIHs, HalleJIEHHAsl Ha YaCTHIBI pa3MepoM
ot 100 1o 1000 um [17]. Bee uetkipe Tumna 4yacto UCIoOJIb-
3YIOTCS JUI IPOM3BOJCTBA MUTHEBOM BOIBI, COOTBETCT-
BYIOIIEH PEKOMEHIAIMK MO KAa4deCTBY MHUTHEBOW BOJBI
(MexxnyHapogHas HopMa Bceemmpnas Opraxmsanus
3apaBooxpanenus, BO3). Kpome TOro, MemOpaHHOI
¢uIbTpanus MpUMEHSETCS IS TIOJXyYeHUS OIPECHEH-
HOM M CBEPXYMCTON BOJBI JUJISl TAKUX OTpaciiel, Kak Me-
JUIUHA ¥ (hapMaleBTHKa, HIIEBasi POMBIIUIEHHOCTS,
JNIEKTPOHUKA U APYTHE.

Hcnons3oBaHre MeMOpaH B IIEISIX OYHMCTKH Hadao
MIPUBJIEKaTh BHUMaHUE TOJIBKO BO BTOPOi mosioBuHe 20
Beka. B Kammdopuuiickom ynusepcutere B Jloc-AHmKe-
nece ObuIa BIIEpBBIE U3TOTOBJICHa MeMOpaHa 0OpaTHOTO
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0CMOCa BBICOKOTO IaBiieHHs B 1962 romy, v BIIOCIEACT-
BUU CTajIa KOMMEPYECKHU JOCTYITHOM B ClieTyIoliee necs-
tunerue [18]. B mpouecce ynpTpaduibTpaiu 1 MUKPO-
¢GuIbTpaLUK, BOJA MOJHOCTBIO OYHUILAETCS OT KOJJIOH-
JIOB U TBEPABIX YaCTHI[ TaK KaK MeMOpaHa, He3aBUCHMO
OT BUJIa WJIM MaTepualla, BEICTYNaeT B KaYeCTBE Ueallb-
Horo ¢puibTpa. CTaOUILHOE KAYeCTBO OYHIICHHOM BOJIBI
MeMOpaHOl TapaHTHPOBAHO MO NPHUYHHE YCTOHYHBOI
3¢ GeKTHBHOCTH, KOTOPast HE HapyIIaeTCs Jake pU BHe-
3aIHBIX CKAaYKaxX YPOBHS 3arpsA3HEHUN WM U3MECHEHHH B
BOJIOCHA0)KEHHH. B oT/IM4me OT TpaIuInOHHBIX METO/I0B
¢buIbTpanuy, MEMOPAHBI MPEMATCTBYIOT MIPOXOKACHHIO
3arpsi3HSIONIMX BELIECTB Ha 3aKJIIOYUTENFHOM JTare
OYHCTKH, COXpaHsisi cTaOMIIbHO BBICOKOE KayecTBO OYH-
IIIEHHO# BOJIbI HE3aBUCHMO OT M3MEHEHHS €€ COCTaBa U
Temnepatyps! [19].

MeMOpaHHBIE TEXHOJIOTHH IPEJIararoT 3HaYUTEIb-
HBIE ITPEUMYILECTBA, TOCKOJIbKY OHH TaK)Ke SKOHOMHUYe-
CKH BBITOAHBL. B HacTosIee BpeMs 3Ta TEXHOJIOTHS 3a-
MEHSET TPAIULMOHHbIE MPOLECCHI KaK IIPH HOBOM CTpPO-
UTEJBCTBE, TAK U NPH PEKOHCTPYKINHU CYMIECTBYIOIINX
cucteM 00paboTku Boa. KiroueBbie mpenMyIecTBa MeM-
OpaHHO# 00pa0OTKHU BKITFOYAIOT MIPEBOCXOTHOE KAYECTBO
OUYHCTKH, MPOCTOTY IIPOM3BOJCTBA M OOCIYXHBaHHE,
MeHbIIMe TPeOOBaHH K MPOCTPAHCTBY M KOMITAKTHBIH
nmu3aiiH. CrenoBatenbHo, Onaroapsi CBOMM 3HAYHMTEINb-
HBIM TEXHMYECKUM NPEHMYIIECTBAM M KOHKYPEHTOCHO-
COOHOH CTOMMOCTH, MEMOpPaHHbBIE TEXHOJOTUU OBICTPO
3aMEHSIOT yCTapeBIINe TPAJUIIMOHHbIE MeToIb! [20].

Kepamuueckne MeMOpaHbl aKTUBHO HCIIOJB3YIOTCS
IUTA TIPOU3BOACTBA MUTHEBOM BOXBI [21-24], amst oguct-
KH CTOYHBIX BOJ OT Oenka [25], MUHEpaJIbHBIX CYCIIEH-
3un [26], amomuaws [27], amkorons [28—29], cokor [30],
CBIBOPOTOK U enbl [28—29], mepepaboTKa CHIpBS TPOCT-
HHUKOBOTO caxapa M KyKypy3Horo kpaxmana [30]. B na-
[IM JTHU TaKWE€ MaTepUalibl Kak aneraT neunono3sl (ALL),
nosuBuHuHAeHGTOopUA (IIBAD), nonmudpennncynbdon
(II®CY), n apyrue UCTONB3YIOTCS UIS CHHTEe3a MeMO-
pan [4-5]. Ha naHHBII MOMEHT, MEMOpaHHBIE TEXHOJIO-
THU SIBJISIIOTCS OJIHUMH U3 CaMbIX 0€30IaCHBIX U IKOHO-
MHUYHBIX C ONTUMAILHON POU3BOUTEIBHOCTBIO CUCTE-
MBI OYHCTKH BOJpI. Vcnonb3oBaHMe MEMOpaHHBIX TeX-
HOJIOTHH, KOTOPbIE KIACCUPHUIUPYIOTCS KakK dHeprocoe-
peraromne U yCTOHYUBBIE, CHI)KAET yPOBEHb 3arpsi3He-
HUSI B COpachIBaeMbIX CTOYHBIX BOJAX, MUHUMH3HPYET
KOJIMYECTBO 3arpsA3HAIOIINX BELIECTB, MMONAJAIOIINX B
BOJIHBIE OOBEKTEHI, & TAK)KE COKpAIIAET JOObIIY MPUpPOI-
HBIX BOJHBIX PECYPCOB 32 CUET BO3MOKHOCTH IIOBTOPHO-
IO MCHOJIb30BAHUS OUUILEHHBIX CTOYHBIX BOJ B 3aKpbI-
TBIX CHCTEMAaX BOJIOCHA0KEHHS.

B cBs13u ¢ 3TUM, OCHOBHOE BHHMaHHE B 3TOM HCCIIE-
JTIOBaHUU OYZET yAEIEeHO MPOLECcCY YIbTPpaduiIbTpanuu ¢
UCIIONIb30BAaHMEM KEpaMHYECKHX MEMOpaH IJIsl OLEHKH
nXx 3 (HheKTUBHOCTH yalATh CyJb(haMeTOKCa30I U acIIu-
PHH, KOTOpBIE NIMPOKO PACIPOCTPAHEHBI U TOJIL3YIOTCS
BBICOKHMM CIIPOCOM BO MHOTHX CTpaHax MHpa, B TOM 4YH-
cie u B Kazaxcrane [31-33].

MATEPHAJIBI

Jns mccnenoBaHMs MCHONB30BAIaCh KOMMEPYECKH
JOCTYIHAsT Kepamuueckas MemOpana (pucyHok 1) —
TAMI Ceramic Membrane (Sterilitech, CILIA) u3 ZrOy,
pasmep nop 15 x/la, nuamerp 47 MM, TommuHa 2,5 MM.
B xauecTBe JIEKapCTBEHHBIX BEIIECTB HCIOJIB30BAJIH
cyabpamerokcazon (SMX) (> 98%, aHaIuTHYCCKUIA
craHmapT, Sigma-Aldrich, CIIA) u actmpur (ASP)
(amamurnaeckuit cranmapt, Merck, CIIA).

MEMBRANES DISQUES
INSIDE DisRAM™

TAMI &

NDUSTRIES

15 Kg/mol

Dlamétre 47 mm Gamme de pH : 0-14

Référence : MPD47000U015  N° Lot

N5062.2. L0NS

Pucynox 1. Kepamuueckas kommepueckan membpana (npous-
sooumens Sterilitech, CIIIA)

B xauectse nurarensHoro pactsopa (Feed) Ot nc-
IOJIb30BaHbl MOJIENBHBIE PACTBOPHI Ha OCHOBE YJIbTpa-
gucroid Boxel (Millipore Milli-Q Ultrapure Water
Purification System, ['epmanus) ¢ nob6aBnenueM nexap-
CTBEHHOT'O BEIIECTBA B KOHIIEHTPAUH 3 MI/JI.

METO/IbI

[IpoOomoaroroBka  OCyIIECTBISLIACH  METO/OM
¢unbTpanuy 00pa3noB BOAbI Yepe3 (QWIBTPHI C pazMe-
pom niop 0.2 mkM (Thermo Scientific Nalgene, CILIA).

OuibTpanys BOABI OCYIECTBISIIACH C TOMOIIIBIO JIa-
0opaTOpHOI CHCTEMBI, KOTOpasi BKIIIOYasia IepUCTaIbTH-
Yyeckuii Hacoc (nuamasoH 00OpoToB 6—254 B MHHYTY,
MasterFlex L/S, Easy-load (CILIA), Moaens 77200-62),
nepskareb st memopan (Ceramic Membrane Complete
Disc-Holder, Sterlitech, CIIIA) ¢ akTHBHO# ILTOLIaIBIO0 B
(m-47%)/4 mm2. DxcriepUMEHTHI TPOBOMIIH ITyTEM 1101~
YHM [UTATEIBHOI'O PAacTBOpa HACOCOM B MeMOpaHHBIH
JeprkaTelb u noinydanu ¢uieTpat (Permeate), koTopsrit
3aTeM aHAJIM3UPOBAIIN Ha COJIEP)KAHUE JIEKapCTBEHHOTO
BellecTBa (PUCYHOK 2).
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MNepucransTuyec

Xonpep c
membpaHoi

KMWIA Hacoc

WexoaHblia
pacTsop

MaruuTHan
Mewanka

v -

DunvTpar

Pucynok 2. Cxema purvmpayuu pacmeopos

[Ipu meMOpaHHOH (UIBTPAINK MPUTOTOBICHHBIN
MMUTATEIBHBIA PAacTBOP 3aJMBATM B IUIACTHKOBBIA Oak
o0beMoM 2 nutpa. [InacTHKoBEIN Oak ycTaHABIMBAIU Ha
MarHUTHYIO MEIIAKy C aBTOPa3MEIINBAHUEM HCXOJHO-
IO pacTBOpa JUIs CO3AaHHs OJJHOPOJHON KOHCHCTEHIIH
U COGIMHSUIIM C NMEPUCTANBTHYECKUM HacocoM. Kepamu-
YecKyro MeMOpaHy MOMeIlau B Jepxareib. DuibTpar
MOCTYMAJ B TNIACTUKOBBIN 0aK, TOMEIIECHHBIH Ha upo-
BeIx Becax (Mettler Toledo, IlBefiapus). 3HaueHUS
o0BpeMa QrIIbTpaTa aBBTOMATHIECKU COOMPAHICh KaXKIbIe
10 MHHYT C IOMOIIBIO BECOB, OIKITIOUYCHHBIX K KOMITh-
rorepy. JIIs momydeHus CpaBHUTECNBHBIX JaHHBIX, TaK-
ke ObLTa TpoBeAcHa QUIBTPAIHS YIBTPAYUCTON BOIBI
gepe3 MeMOpaHy. Bce ycrmoBHsl 3KCIIEpHMEHTOB OBLIH
UICHTHYHBI U OTOOpakeHbI B Tabuiie 1.

Tabruya 1. Ycnoeus sxcnepumenma no urompayuu
B0OHBIX PACMEOPO8

Ycnosue UcxoaHble aaHHble
luTaTenbHbIA MCXOLHBI PacTBOP 3 mr/n SMX unu ASP
Matepvan membpaHs! Kepamuka
Pa3mep nop membpaHbI 15 kr/morb
Mnowaab MembpaHHol hunbTpaLum (T-472)/4 Mm2
CKopoCTb NMofia4v NUTaTenbHOro pacTeopa 60 06/MuH
Teuneparyps rpyRaRieh cpens
Bpewms akcnepumenTa 180 MuHyT
Pexum cunbTpamm TYMUKOBBbI NOTOK

KoHIeHTpanyio JEeKapCTBEHHOTO BELIeCTBa B pac-
TBOPE ONPEACISUIA METOAOM BBICOKO3()(EKTHBHOM KU JI-
koctHOM xpomarorpaduu (BOXKX, Agjlent Technolo-
gies 1290 Infinity II) mo u mocne OKOHYaHHS HKCIECPH-
MEHTa.

KunkocTHyro xpomarorpaduio MPOBOJAWIA Ha KO-
nonke Hypersil Gold C8 co cmechio Boa: anieTOHUTPHIT
(60:40) B kauecTBe MOABIKHOM (a3sbl.

WurencusHocTs notoka (Flux) uepes memOpany pac-
CUYHTBIBAJIH 110 (hopMyIIe:

Flux = V/(A-t), (a/m?-u) )

rae V — obbem nepmeara (1); A — miomiaip MeMOpaHHOM
unbTpanuu (M?); t — BpeMeHHOM uHTEpBa ().

[poleHT yaaneHus IeKapCTBEHHbIX BEIICCTB OL[CHH-
BaJH 1Mo opmyIe:
Ipoyenm yoanenus = (1 — Cperm/Creed) 100%  (2)
rac Cfeed — KOHIICHTpalus 3arpsA3HAronero BCUieCTBa B
nutaTeabHoM pactBope (Mr/i); Cperm — KOHLEHTpaIMs
3arpsI3HSIONICTO BEUICCTBA B IepMeare (Mr/i).

PE3YJILTATHI
Ha pucynke 3 mpencraBiieHB pe3yabTaTsl (GHUIBTPa-
UK MOJIEJBHBIX PACTBOPOB C UCIOJIB30BAHHEM KEpaMH-

YECKHX MEMOpaH.
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Pucynok 3. Hnmencusnocmos nomoka yepes kepamuueckue
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W3 pucyHka 3 BUIHO, YTO Ha4ajbHasi HHTEHCUBHOCTD
MOTOKa JJIsl BOJIBI 3HAUYNTEIBHO BBIIE, YEM /I aCTUpH-
Ha ¥ cyJb(pameToKkcasona, a uMeHHo 1945 j1/M?-4 npoTus
53 u 37 w/m?-4. C apyroil CTOPOHBI, BCE TPH IKCIEPH-
MEHTa JIEMOHCTPUPYIOT CHIDKEHHE MHTEHCUBHOCTHU IO-
Toka co BpemeneM. Ilocne 180 MuHyT QuabTpanyy UH-
TEHCHBHOCTh MOTOKa cocTaBuna 1029, 30 u 19 n/m%u
JUTSL BOZIBL, aCIIMPHHA, ¥ CYJIb()aMeTOKCa3071a, COOTBETCT-
BeHHO. [loiydeHHbIE pe3ynbTaThl yKa3bIBAIOT HA B3aH-
MOJICHCTBHE JIGKAPCTBEHHBIX BEIIECTB C MEMOpaHOH, 1
KaK pe3yJbTaT HHTEHCUBHOCTh ITOTOKA TAKXKE MOJBEpTa-
€TCSl BO3JECHCTBHUIO.

W3yuyeHne oCTaTOYHBIX KOHIIEHTpALUil JIeKapCTBEH-
HBIX BELIECTB B (MIbTpPAaTe MOKA3aJI0 YAaJICHHE Kak
cynbdamerokcasona, Tak M acliupyHa U3 pactBopa. [Ipu
9TOM, MeMOpaHa MOJIHOCTBIO 3a/epKajla acCHUpPUH, YTO
cocraBwio 100% ynanenust. B cutyauuu ¢ cynspamero-
Kca3oJioM B (uibTpate 06110 BhsiBIeHO 0,0156 mr/im oc-
TaTOYHOTO JICKApPCTBEHHOTO BEIIECTBA, YTO COCTABMIIO
99,48% ynaneHus.

Pesynprarer BOXXX mpuBenens! B Tabmuie 2.

Tabruya 2. Pesynomamur BOKX npu ¢punempayuu mooens-

HbIX pACMEOPO8
O6pase KoHuenTpaums B, mr/n npouemo
Feed Permeate | YyAaneHus, %
YnbTpauucTas Boga - - -
YnbTpaunctas Boga+ASP 2,780 0 100
YnbTpaunctas Boga+SMX 3,005 0,0156 99,48

OBCYXKJIEHUE

Lenbto naHHO# pabOTHI OBUIO M3y4YeHHUE (YHKIHO-
HQJIBHOCTH KOMMEpPUYECKOH KepaMHUYeCKOM MeMOpaHbI
[IPY OYUCTKE BOJI OT JIEKAPCTBEHHBIX BELIECTB — CyJIb(da-
METOKCa30Jla ¥ acnupuHa. Pe3ybpTaTbl HHTEHCHUBHOCTH
MOTOKa, B IEPBYIO O4YEPE/ib, €r0 U3HAYAIbHOE 3HAUCHHE,
B pacTBOpax cynb(haMeToKca3oja U acHUpHHA 3HAYH-
TENBHO OTJIMYAIOTCS OT MOJTYYCHHBIX NAHHBIX JUIS YHC-
Toit Bozbl (1945 1/M%-u npotus 53 u 37 n/m?-u). JlanHoe
OTIIYUE MOXKET OOBSACHITHCSA (PUIUKO-XUMUIECKIM B3a-
AMOJICHCTBUEM MEXIy MEMOpaHOW W JIEKapCTBEHHBIMHU
BellecTBaMH. Pe3yIbpTaThl TakKe MOKa3al, 4YTO KepaMu-
yeckass MemOpaHa 3¢ ¢exTHBHA mpu (QUIBTPAIUU pac-
TBOPOB ISl y/IaJICHHsI JIEKAPCTBEHHBIX BEILIECTB, 3 UMEH-
HO acmupuHa u cynbdamerokcazona (100% u 99.48%
yIAJIeHHUs] COOTBETCTBEHHO). cXo/s M3 MOJyYeHHBIX
JIAaHHBIX, MOXKHO 3aKJIIOYHTh, YTO KepaMHYeCKue MeMO-
paHbl IGMOHCTPHUPYIOT MOTEHIIMAN B OYUCTKE BOJ OT Jie-
KapCTBEHHBIX BEILIECTB.

(Duuancuposanue

Paboma evinonnena 6 pamrax epanmogozo Quuancu-
posanus [Ipoexm Munucmepcmea nayku u evicuie2o 00-
pasoganus PK UPH AP14870633.
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KEPAMMUMKAUJIBIK KEPTTUIEPAI CY3I'EH JOPLVIEPAIH TUIMALIITTH 3EPTTEY

A. Kamaa”, 1. HeirmeroBa, b. Eprenbaunos, A. Caraesa”, k. Kum, C. Iloyaonoy.oc?, E. Apxanreiabcku”
Ha3zapoaee Ynusepcumemi, Acmana, Kazaxkcman
*Baiinanvic ywin E-mail: arailym.kamal@nu.edu.kz; aliya.satayeva@nu.edu.kz; yelyzaveta.arkhangelsky@nu.edu.kz

By 3epTTey kepamMuKaIbIK MeMOpaHaIapAbIH CylaH IOPIIiK 3aTTapAbl KeTipyAeri THiMALTIria Oaramansl. THIMALTIK
3 MI/1 KOHIIEHTpanusiga cyib(haMeToKca3oll MEH aCIMPHH KOCBUIFAH YITUTIK epiTiHAIepai Cy3y apKbUTBI OarayiaHbL.
Jlopimik 3aTTapAbIH KOHIIEHTPAIMACHH 3epTTEy JKOFaphl oHiMAl cyHHIK xpomatorpadus (HPLC) kemeriMer x)yprizimi.
Hotmxenep epiTiHaineH acnupuH MeH cynbhameTokca3onasly coiikecinme 100% xoHe 99,48% >KONBUIFaHBIH KOPCETTI.
Jlopitik 3aTTap KOCBUIFaH YITUIK epiTIHIAUIEpAl cy3y Ke3iH/e yaKbIT eTe KeJle epiTiHAiIep arblHBIHBIH TOMeH eyl Oaii-
KaJIZIbl KOHE CaiikeciHmie cynb(ameTokcazon yinin 19 n/m2-car sxone acnupud yurin 30 ji/mM?-car Kypaasl. YKanmsl an-
FaH/a, abIHFaH HOTIKeJIep KepaMUKaIIbIK MeMOpaHaapbIH Cy/bl JOpUIIK JlacTaylIbl 3aTTapJjaH Ta3apTy MYMKIHAIriHe
Ue CKCHIH KOpPCETe/Ii.

Tyitin co30ep: NOPIiK 3aTTap, aCIUPHH, CYIb(PaMETOKCa30, CYIbl Ta3apTy, PHIbTPAIlHs, KEPAMUKAJIBIK MeMOpaHa-
nap.

STUDYING THE EFFECTIVENESS OF CERAMIC MEMBRANES
IN FILTERING PHARMACEUTICALS

A. Kamal”, D. Nygmetova, B. Yergeldinov, A. Satayeva®, J. Kim, S. Poulopoulos, E. Arkhangelsky”
Nazarbayev University, Astana, Kazakhstan
*E-mail for contacts: arailym.kamal@nu.edu.kz; aliya.satayeva@nu.edu.kz; yelyzaveta.arkhangelsky@nu.edu.kz

This study assessed the effectiveness of ceramic membranes in removing drugs from water. The effectiveness was
assessed by filtration of model solutions with the addition of sulfamethoxazole and aspirin at a concentration of 3 mg/I.
The study of drug concentrations was carried out using high-performance liquid chromatography (HPLC). The results
showed 100% and 99.48% removal of aspirin and sulfamethoxazole from the solution, respectively. When filtering model
solutions with the addition of medicinal substances, a decrease in the flow of solutions was observed over time and
amounted to 19 I/m?-h for sulfamethoxazole and 30 I/m?-h for aspirin, respectively. Overall, the results obtained indicate
that ceramic membranes have the potential to purify water from medicinal contaminants.

Keywords: medicinal substances, aspirin, sulfamethoxazole, water purification, filtration, ceramic membranes.
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BUOMACCAJAH HAHOIEJUIFOJIO3A AJTY )KOHE OJIAPJIBIH ®U3UKA-XUMHUAJIBIK
KACHUETTEPIH 3EPTTEY

JI. E. A6apaxmanoBa'”, B. V. PaxumoBa?, E. A. Aateinosl, ¥. E. Kantukees!, K. C. Bekceiitopal?,
C. Azat!, K. K. Kynaii6eprenos', A. Jloyser6aii’, M. Haxunkbizei?, K. Moxamman®

L K.H. Combaee amvinoazer Kazax, yimmesik 3epmmey mexuuranvlk ynusepcumemi, Anmamot, Kazaxcman
2 On-Dapaou amvinoazol Kasax ynmmolx ynueepcumemi, Animamot, Kazaxcman
3 Huowcenepnix scone mexnonozus mexmeoi, Caneeii ynusepcumemi, Cenanzop, Manaiizus

*Batinanwic ywin E-mail: yessenleila@bk.ru

Byn xymeicra HoSOs kaTamm3aTopbl KaTBICBIHAA MEPOKCHATI ONICIIEH OMoMaccajaH JUTHUHII YKOI apKBUIBI
HAHOLEJIIIONO3aHbl Ay JKOHE OHBIH (PM3MKa-XUMMSIBIK KacHeTTEpiH 3epTTey cumarranraH. llemmono3a MeH
Mou(UKaIMsANaHFaH HAHOIEIUTIOJIO3aHBIH KYpbUIBIMBI Paman cnexrpockomnusicel, WK (MH(PaKbI3bLI) CHEKTpPO-
ckormsackl, P®A (peHtrenogasanslk aHanmms), COM (ckaHepleym SIeKTPOHABIK MHKPOCKOIHUA) odicTepiMeH
3eprreningi. Amsrarad HTL[-HBIH (HaHOTANIIBIKTH IIEIUTION03a) KPUCTAJIIBIFBIHBIH JKOoFapbuiaraHel POA aHamm3iMeH
pactanasl. O HEJUTI0III03a KYpaMbIHIaFsl aMOP(ThI OOTIKTEP/IiH )KOHbUTYbIHA OaiiIaHBICTHI OOJFaHBIH KepceTedi. POA
nHotmxkecinge HTL[ penrreHorpamManapbeinaarbl KabaTracy TinTi KapKbIHIBI CHI3BIKTap aiiMarbIHJa Ja OpbiH anasl. UK
CNIEKTPOCKONHS apKbUIhl anbiaFan yirine HTL] cunareina caii tonrapasiy (3413,12 cm ! 2918,34 em!; 1373,30 em
617,52 cm™!) Gap exenpiri anbikTanasl. KMII (kapOoOKCHIMETHIILEIUII0I03a) criekTpinge 1429,8 cm™! kesinmeri kymri
KYTBUTY II€JUTIOJIO3aHbIH COTTI KapOokcwibaeHreHiH kepcereTin —COOH TonTapbl aHbIKTaiabl. YiriiepaiH mopgo-
JOTHSUNIBIK OeTi MeH opTtamia Oejmiek ejmeMaepl »oHe KypbUIBIMBI 3epTTeiai. Mop(hoJorusuiblK KypbUIBICTaphl
CaJIBICTBIPMalbl aHAJIHM3 HOTIDKECIHIEC HAHOTAJIIBIKTBH IIEJUIIOJIO3aHBIH TAJIIIBIKTApFa TOH PETTENreH JKIM Topi3ai
KypbUTbIMEI xkoHe KMII-HBIH OeTi e3repicke yIIblparaH, TAIIIBIKTAPbI PETCi3 KEyEeKTi KYPBUIBIMBI aHBIKTAJI/IBI.
Bromaccagan MomuduKausIaHFaH HEJUII0I03aHbI allyAbIH 931pIJICHTeH 9/Iici JOCTYPIIl 9AiCTEpMEH CaIbICTBIPFaH/A KeOll
CaTBUTBI OHJICYI KajKeT eTHeH/ I J)koHe KopIIaFraH opTa YIIiH Kayirnci3. KypaMbIHIa KYKipT IeH XJIOphI Oap peareHTTep/Ii,
KOFaphl KBICHIM/BI, JKOFapbl Cy HIBIFBIHAAPBIH MaiganaHOaid, >KOFapbl camaibl LEJITION03aHBl Oip CaThUIBI alyFa
0O0TaTBIHBIH KOPCETE/Ii.

Tyainoi cezdep: 6uomacca, Kypiw Kayvlsvl, Kapaai a2auiblHbly Kaloblebl, KYKipm KblUKbLIbIHbIY KAMAIu3amopsl,

YeoN03a, KblUKbLL 2UOPOIU3L, MOOUPUKAYUSIAHEAH HAHOYETIONI03A.

KIPICTIE

Buomaccanbl (BM) naiisinay koHe eHAEYy Ke3iHme
KOKBICKA TacTay/Ibl KOKET €TETIH YIiH/IIEp MEH KOHKa-
Jap TYpiHZAE YIKEH KoJIeMeri KaJIbIKTap Ty3iremni. buo-
MacCCaHBl TaHAaTaHyIbIH MEPCHEKTHBTI OaFbITHL Kaj-
IBIKTapIaH IEeJUTI0JI03aHbI JKOHE OHBIH HETi31HAeT] )KaHa
(YHKIMOHAJIBIK MaTepHaIIapIbl XUMHSIIBIK OHIIEY ap-
KBUTBI aTy 0o TaObutansl [1]. ANaelH ana jxoHe Ke-
HiHTI eHIeYIiH 9pTYypJli KOMOMHAIUSIAPBIHAA LEILTIO-
JI03a TAJIIBIKTAPBIHBIH BIABIPAYBl [EIUII0JI03a HAHO-
MaTepHaIapPbIHBIH JaMybIHA ajbIl KeJiai. Mbicabl, Ha-
HOTAJIIBIKTBI JKOHE MHUKPOTAIIIBIKTEI IIEJUTI0JI03aIap.
By 1esuti0s103a HaHOMaTepHANAPBIHBIH MEHIINKTI OeTi-
HIH YJIKSHIri, )KapThljail KPUCTAIABI PETi XKOHE Kell
(hyHKITMOHATIBIFBIHBIH Oap OomybrHaa [2].

CoHFBI XBUIIAPHI IIEIUTI0JI03a HAHOMAaTepHallAapbIHa
JIeTeH KBI3BIFYIIBUIBIK aiTapIblKTail ecti [3]. O3inHin Oi-
pereit KacHeTTepiHe, SIFHU MEHIIIKTI OCTTIK ayJaHBIHBIH
YJIKEHJIITIHE, JKOFaphl KEYEKTUIriHE, YBITTBUIBIFBI XKOK-
THIFBIHA, OMOYIICCIMALTITIHE XKoHE OUOJOTHSIIBIK BIIbI-
payblHa OaiJlaHBICTBI KQ3IpIi TaHAa a’poreib HEMece
rens [4] OMOKOMIIO3UTTEP, OMONOTHSIIBIK BIIBIPANTHIH
MaTepHaAap, MEAWIIUHAIBIK HUMIUIAHTTap [5] eHmipi-
ciHJle, IOTUMeEpIIep HETI3iHIe apMUPIICHTeH MaTepha-
Jap Kypyna [6] yiIKeH cypaHbICKa ue.

Kazipri yakpiTTa HAHO JKOHE MHUKPOTAIIIBIKTHI I1EJI-
JIFOJIO3aHBI ATy IaFbl HETI3T1 pobiieManapabiH 0ipi, OHbI
aly Ke3iH/Ie KOl CaThUIbl OHCYIH/IC KOHE IIbIFbIHAAPbI-
HBIH KenTirigae. COHOBIKTAH aFalll ITUKi3aTHIHAH HeMece
KYpIilll KaybI3bIHAH HAHOTAJIIBIKTHI IEJUTFONI03a OHIpi-
CiHIIe ©HJEY CAaTHICHIH MEH IIBIFBIHAAPHIH TOMCHICTYI
KaMTaMachl3 eTeTiH 9/IICTepl 3ipIiey ©3eKTi Macese 00-
eI TaObLTAE! [7]. BromaccagaHn HaHO KOHE MUKPOTAIT-
IIBIKTHI ATy IBIH HETi3T1 Ke3eHi, OJaH JIUTHUH/I KO0 Yp-
nici. JIactypai aaicrep/ie KYKIpTTI JKoHE XJIOPJIbI KayinTi
Ne3UH(EKIMSIIBIK PEareHTTep, COHBIMEH KaTap JKOFaphl
KBICBIM JKOHE CYbI KOIl MeJIIIepae Konaanbuiaael. 1len-
JIIOJIO3aHbl OHIIPYIIH JKaHa dMICTEepiHiH Oipi cyTteri ac-
KbIH TOTBIFBI JKOHE OTTET1 CHSIKTBI «KAChLUD» TOTBHIKTHIP-
FBIIITAP/BI AiadaHa OTBHIPHIN, KyPaMbIHAA JUTHUHI
6ap 1eJUTI0JI03a IIHUKI3aThIH OPraHOEPITKIIITIK KaTasu-
TUKAIBIK JIATHUH/IL KOI0 YIepicTepiHe HerizmenreH [8].
Byprn maccansik yneci 2% kypaiitein HoSO4 xatanmza-
TOPBIHBIH KATBICYBIMEH «CipKe KBIIIKBUIBI — Cy» OpTa-
CBIH/Ia ICPOKCH/TI JIUTHIH/II )KOFOFa HET13/IeIreH KalbiH
aranIbIHAH CaIabl NEIUTF0II03a ATYABIH Oip CaTBUIEI MPO-
1eci o3ipyieHreH. AJIBIHFaH LEJUTI0J103a | 1IeTio103aHbIH
KPHUCTAJIIBIK KYPBUIBIMBIH CaKTaWIbl JKOHE KypaMbIHIa
mamMaMeH MaccallblK yiieci 1% KypalThIiH KalabIK JIUT-
HuH 6ap [9].
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OcCIMZIK IUKI3aTBIHBIH 0acKa TypJepiMeH cabic-
TBIpFaHJa KbUIKaH JKalbIPaKThl araliTapra TOH KacueT
JIUTHUH KYPaMBIHBIH Ken OoxysiHzaa [10], on HeriziHeH
IBasMI TYpiHAErT (eHwnnponaH OipiiKTepiHeH Ty-
pansl, SIFHM OKCHU(EHUIIIPONaH MOHOMepiiepl 3upiik
xoHe C-C OaitnanpicTapMeH OaiiiaHbIcKaH Taburu (e-
HOJABIK mojumep. JIMTHUHIHAE CUPUHIHI THITI KYpHbI-
JbIM OacklM OOJFaHABIKTaH JKAIbIPaKTHl aFalllleH ca-
JBICTBIPFAH/a JIUTHUH O6JIiN aJTyIIbl XUMUSIIBIK 3aTTapFa
Te3imai 6omanel. Komimri kaparaii (srat. Pinus sylvestris
L.) — 6acka KbIIKaH JKambIpakThl ararirap apachklHaa Ta-
HBIMAJI aFalITapasie Oip Typi. By Kaparait TyKeIMaach-
HBIH araibl EypasusiHbIH KeH TapaiFaH Typi. bi3nin eni-
Mi3Zieri €H KyHIbl KbUJIKAH J>KarbIpakThl araliTap/blH
oipi.

By xxympIcTa MoanUKanUsIaHFaH HAaHOLIEIIIIOI032a
(MHLI) amy ieiH A9CTYpITL 9JIiCiHE KapaFraH/ia *aHa, a3 ca-
TBUTBI )KOHE KOJIOTHSUIIBIK Ta3a dJIICTI Jkacay YIIiH Oac-
TarKbl MaTepUai peTinae 6romMacca TaHIaIIbl. O3ipIeH-
TeH OIiC KYKIPT  KBIIKBUIBI  KaTaJM3aTOPBIHBIH
KaTBICYBIMEH IIEPOKCH/I-CY OPTACHIHa OHOMaCCaHBI JIUT-
HHUHEH KO0 MEH KBIIIKBULABIK THIPOIU3ACY Ii KAMTHIBL.

Ocinaix Maxkporamusk
AKacymacsl

JInraun ~i1"rmm
fm"-k
. ad L4 o)

JKacyma xaOsipracst © - Q7 N

lemuuexmonosa

OcCIMIK WHKISATH

Iexcosa

Ilentosa

Kpucranas
Ue1LII0103a

Kypim Kayezsl

Cypem 1 — Lennonoszanviy mabueu manublKmapulibly uepap-
XUSAIBIK KYPBLILIMbIH Kopcememin coizbanyckace [11]

IKCHEPUMEHTTTIK BOJIIM

Toxipubenepai OpbIHAAY YIIIH Kaparai aralibIHaH
KacaJraH KOKOHIC JKOIIITiHIH JKOHKANAphl, Kypill Ka-
ye3bl, emmemzaepi 0,315-0,63 MM, KyKipT KBIIIKBUIBI
(H2S04) 98% (MemCr 4204-77, p=1,84 r/cm®), cyTek ac-
kbtH TOTBIFBI (H202) 15% (MemCrt T 177-88), my3abl
cipke kpimukbuiel (CH3COOH) >55% (MemCr 61-75),
Harpwuii ruapokcuai (NaOH) 1M (MemCr 4328-77), ata-
HOIT 96% (C2H50H) (MemCr 17299-78), Mmonoxiopcip-
kekpInKeuel (CICH,COOH) (MemCrt 5836-51), cysri
karazel (MemCT 12026-76), nuctungenren ¢y (MemCr
6709-72) Ko IaHbLIJIBL.

Bacrankp! muki3aT peTiHae Kypill KaybI3bl MEH Kapa-
raii aramblHaH JKacaJlfaH KOKOHIC KOIIITiHIH KaJlIbIK-

Tapbl KONAaHeUIbL. Kaparail aranibIHBIH XUMUSUTBIK KY-
pambiH [12] 3epTTey Ke3iHae OHBIH KypaMbIHJa 1IeJUTIO-
noza — 42,6%, auraun — 20,4% aHbIKTanfaH. OpTYpii
KaJIJbIKTap/iaH apbuly YIIiH ajbIHFaH LIMKi3aT YriHgici
xybutbinn 60 °C (+5 °C) temnepatypana 6 carar Kemnri-
pinai. Buomaccanan TUrHUHAL KOO MEXaHUKAIIBIK apa-
JIACTBIPFBIILICH JXOHE Kepi TOHA3BITKBIIIICH >KaObIK-
TaJFaH IMIBIHBI peakTopaa XKyprizinai. JIMrHuHMI KofoFa
apHanral nepokcucipke KeIKbUTE (IICK) cyTteri ackeia
TOTBIFBIHAH, MY37bl Cipke KBIIIKBUIBIHAH JKOHE Ta3ap-
TBUTFaH CyJaH NaibplHmanael. Peakmms epitiHmiciHmeri
cipke KBIIIKBUIBIHBIH Maccanslk yieci 58%, cyTeri ac-
KBIH TOTBIFBIHBIH MaccalblK yieci 15% O6onnsl. Katamu-
3aTop periHAe maccanblk yieci 2% H>SOs4 maiinana-
HeuLasl. [unpomonyns (I'M) memmepi 1/15-ke TeH.
Kocna 6enme temneparypacbinaa 24 carat typasl. Jlur-
HUHI ko0 ypaici 100 °C temneparypanaa xoHe 3-5 ca-
rar OOWBI TYpaKThl apajacThlpy Ke3iHAe >KYpPri3iuiii.
AJbIHFaH 1euIono3a bloxHep BOpOHKachlHAA CY3y ap-
KBUTBI PeaKIMsUTBIK epITIHAIACH OOIiHIN, XYYy CYBIHBIH
pH opracel 6—7 OonFaHIIa MUCTHINEHTEH CyMEH XYy-
BUI/IBL.

[emmtono3a IIBIFBIMEL Keleci (OopMyJlaMeH aHBIK-
TaJIa bl

ll[blé’blfwbl:m -100% (1)
Mo
MYHZa Mo — OMOMAacCcaHbIH Maccachl, Mac.%; M — HeuTo-
JI03aHBIH Maccachl, Mac.%.

Muxpoxkpuctangs! nemmtono3ansl (MKL) any yimia
013 EPOKCHUITI KaTaIUTHKAJIBIK JUTHUHIII YKOIOABIH OH-
TalJIbl XKaFnalblHAa OnoMmaccagaH OeJiHIeH LeJUIIoNo-
3aHbl KOJIaHABIK. JKyBbII, KeNTIpreHHeH KeWiH IesTo-
JI03a 3ePTXaHAJIBIK €JIEKTEP JKUBIHTHIFBIHBIH KOMETiMeH
¢bpakuusapra ceningai. XKymeicta < 0,5 MM dpakuusice
KoJiiaHbUIb. Llemono3a KelIKbUILABIK THAPOIIN3I 9IiC
Ooftprama xyprizimai [13]. MKL[ amy ymriH mmmki-
3ar/TICK(r/min) cotikecinmie: 1/14 KaTblHaCBHIHAA, SIFHU
5/70 anpramer. MKL amy ymiH aifHanIMaibl CYBITKBIIIBL
0ap xonbana mukizar rmeH [ICK-b1H (mepokcucipke KhIi-
kbutbl) 90 °C TemmepaTypaga 2 caraT OOHBI MarHUTTI
apaJaCTBIPFBIIITA apanacThIpbll, KaifHaabel. Epitinapire
5 mn 1M NaOH, 10 M1 3TaHOJ KOCBUIBIN, TaFrbl 1 carar
KbI3/IbIpa OTBIPBIN apallacThIPbULABL. AJIBIHFAH KOCIa
Kyy cybIHBIH pH opTacel 6—7 GonraHIa AUCTHIIICHICH
CYMEH JKYBUI/Ibl J)KOHE Maccachl TYpaKTaJFaHIIa KemTi-
pinmai.

Hanounemmonoza (HLL) amy ymin MKL/H2SO4 (r/mim)
1 1/10 M3 anbIHBIN, KYKIPT KBIIKBLUIBL (64%) OipTiHaen
KOCBUIaJIbl, KBIIIKBLT TOJIBIK apajackaHaa 25 Mil TucTel-
JgeHren cy kKocsi, 40 °C temmepaTypaja Cy MOHIIA-
ChIHJa | caFaT MHTEHCHBTI TYpZE apajibICThIpa OTBIPHIIL,
KbI3/1bIpapl. AsbiHFaH cycnensusnan HL-Her Oemin ay
YUIiH aifHaTy KbeULIaMIbiFsl 1500 aliH/MUH skaFalibIHIa
5 muH. pH optacel 6—7 OonraHma neHTpruyramaHaIbl.
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Cypem 3 — Buomaccadan MoOUUKayUAIAH2aH HAHOYELII003A Ay YOepiCiHiy Col30aHYCKaChl

AJbIHFaH Kocra 0ejIMe TeMIepaTypachiHa JeHiH ca-
KBIHATBUIBII, PEAKIMSIHbI TOKTATy MaKCaThIHIa U30IIPO-
AT CITUPTI KOCBUTBL. Keimrkeun kanasikrapel NaOH-nien
pH 6-8 re neiiin kenTipinmi. AJBIHFaH Macca CY3iIim,
60 °C-ta 12 carar kenriprinr mkadTa kenripineni (3-cy-
per).

emmono3a men MKLI-ub1H UK cnekrpaepi Mattson
UR — 20 IR Furier ciektpomerpinae (Amepuka) 4000—
400 cm ! muanazonsiaa Tipkenmi. UK sKyTeuty criekTp-
JIepiH XKa3yFa apHaJFaH YATiIep Kajauid OpoMuIli MaTpu-
[achIHAA 2 MI' YIITiHI KaMTUTBHIH TaOleTKamap TYpiHAe
TadBIHIAIIbL.

Paman cmekTpriepiH 3epTTey ymiiH ntegra Spectra
koH(poKanbel Paman criekTpomerpi Konnmanbuabel. Ky-
PBUIFBIHBIH KeJIeci mapaMeTpIiepi Oap: Ja3epirik coyiese-
HYJIIH TOJKBIH Y3BIHABIFEI A = 473 HM, aKbIPaThIMIIbI-
JeIEBl 1-3 cM !, KeHIiCTIKTIK a’KBIPATBIMABLIBIFEL 1 MKM.

500-3500 ¢M ! TONKBIHIBIK CaHap apalbIFbIHIAFsI IIa-
miblpayablH Tek CTOKC KOMITOHEHTI eJieH[i. bapibik
eJIIeyJIep JIa3epAiH TYpPaKThl KyaTbIMEH OpBIHIAJIA/IBI.
ChlHaMa 3epTXaHAIbIK IIBIHBIFA, COJaH KeHiH CIIEeKTpO-
MeTp KaMepachlHa SHT131IIi.

YrinepnaiH peHTreHIiK Tu(PaKIUsIIEIK HOTIKEIepi
Cu-K a-coynenenyimes (A = 0,154 um) DRON-3M ano-
PaKTOMETPiHIH KOMETIMEH aJIbIHABL. I paKusiibK Y-
rinep 20 Oypeim quamazonsHaa 10-HaH 60°-ka neiinri
apansikTa 0,02° KagammeH koHe 4 CEeKYHITBHIK HYKTEIe
HMITYJIBCTIH JKUHATY YaKbITBIMEH JKa3bLIJbl. AJIbIHFAH
YHTaK YJriiepi Ba3eIMHMEH MaillaHFaH IIbIHbI KIOBETa-
nap Kosansuiasl. [14-16].

Hemmtono3a yurinepinin  0eTki  MOpQOIOTHICHIH
3eprrey yuerkim kepHeyi 0,2-30 kB-ta 12 HM axbIpa-
THIMABUIBIFBI )KOHE BOJIb(PPaM/IBIK KATOATH MUKPOCKOIIBI
6ap sHeproaucnepcusiblK ananu3atop (EDAX) xocsm-
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1112 KOHJBIPFBICH Oap KOHE 3JEKTPOH/BI )KUHAY OYPBIIIBI
aiiHpIManbl, yreTkin kepHeyi 30 kB-Ta exiHIIIiK 3J1ek-
TpoHaapaa 4 HM axsipateiMabLIbFel 6ap STEM (SED,
LF-GSED sxone GSED) neTekTopbIMeH jka0bIKTaIFaH
Quanta 3D 200i ckaHepyeymIi IEKTPOHIBI MAKPOCKOII
(COM) (Ametek Inc., AKI) apkbuIbl 3epTTEINII.

HOTUKEJEPJI TAJTKBLIAY

KyKipT KBIIIKBUIBI KaTaIA3aTOPBIHBIH KATHICYBIMEH
OromMaccaHbl TOTBIKTBIPY YAEpICiH/E, aFalliTaH JUTHUH-
HiH TONBIKTal nepiik sxoibutysl 100 °C temneparypana,
H>SO4maccanbik yneci 2% 6omabl [9]. OpraHocoyibBeHT-
TIK TOTBIKTBIPY OJICIHIH KYPIlll KaybI3bIHAH LEJUTIOI03a
aTyAarsl ONTHUMANABl THAPOMOAYJH MOJIIepi, IIHKi-
3aT:epiTKinT KaTeiHacTaphl 1/15 exeHmiri xoHe Oy Kar-
IafIa LEeJUTFOJIO3aHbIH IIBIFBIMBL  42,8% NUrHUHHBIH
memmepi 21,1% exenairi ansikranasl. MK any ymrin
BM/TICK tmimai katbrHacel 1/14=5/70 (r/min) madibiH-
e, OHOEY YaKbBITH 2 caraT Kepi TOHa3bITKeITa bBM
murauH kodbutanpl. Tysimren MKIL-ra NaOH mnen
CoHs0OH kanapIkTapaH KOChIMILIA Ta3apTy MaKcaThIHIa
KOCBhUTAJbl. OHIMHIH IIBIFBIMBI  39,72%-1bI KYpaJbl.
HKU-#b1 any ymwin MKI+H2SO04=1+10 (r/mi) kaTbiHa-
cplH/a anbIHABL. JKanmel TMAPOIN3 yakbIThl 1 caraTThl
KYPaJIbl )KOHE KBIIIKBLUIABI OIpTIHICH KO0 YIIIiH AACTHI-
JIEHTeH CY KOCBHUIBIT, KbI3FaH Cy MOHIIIACKIH/A TaFbI 1 ca-
rarTail yctanasl. OHIMHIH IIBIFBIMBI colikecinte 31,7%.
KMI] axy ymia HKI] NaOH enzneyimMeH KOCBIMIIIA CiTi-
neneni. NaOH-men OaiyiaHbICTE HAHOLEIIIFOI03a Tall-
IIBIKTaphl MOHOXJIOP CIpKe KBIIKBUIBIMEH OpEKETTECI,
KapOOKCHMETHIIIIEILTIONIO3aCHIH TY3€/1Ii.

Oynkunonanaplk  COO-TOOBIHBIH — LEJLTION03aMEH
OailylaHbICBIHAH TY3UJI'€H KapOOKCHMETHKIIIOI03a OHbI
cyJia epirillTiriH XoHe peakiura KaOUIeTTUIriH apTThl-
pambl. Al KacweTTepi KaFbIHaH cajbicThipcak, KMII-
HBIH epirimriri skorapsl sxone HT1]-Fa kaparannia kemnre-
TeH CYWBIKTHIKTapaa epumi. OnbiH cebedi CH,COOH
TONTApbIHAA, OYJI TONTap THIPOKCHIICpPre KaparaHia
annekaiina kenemai. COHOBIKTAH MMOMUMEPHIH (U3MKa-
XUMUSUTBIK KaCHETTepi 0acTarkhl IEJLTF0I03aMeH CajbIC-
ThIpFaHaa e3repeni. OHBIH YIIKEH MeIIIepi imKi cyTeri
OaliTaHBICTAPBIHBIH Malifa 0oybIHa K01 Oepmeiini. [e-
mek, OH-teiH CH2COOH-neH anMacThIpbuly Iopexeci
HEFYPJIBIM KOFaphbl 00JICa, aIbIHFaH LEeJUII0I03aHbIH M1/
poduIIbIi CHNIATI COFYPIIBIM JKOFapbl 00J1a b1, MuKpoc-
KOIMSUIBIK TYPFBIIAH ajFaHja, OyJl alblpMallbUIbIK ©Te
alikpIH OoJIMaybl MYMKIiH, OipaK MakpOCKOIHSJIBIK Mac-
mrabTa erep MyHJal aaMacTeIpy OpHBIHAa Oonca, BM
6ip OeuiriH cy BIIBICHIHIA €piTy CHAKTHI 6osap exi. Co-
HBIMCH, ANJBIHAA KOJAaHbUTFaH Qopmynansl KMII-ra
KATBICTHI ecenTecek, 48% HOTIKCHI allaMbl3, SIFHU TIbI-
FBIMBI )KOFapBbI.

Lennronosa men bBM UK cnekrpockonuscel, Paman
CHEKPOCKOIMACH], PEeHTreHAIK (a3anblK aHanu3, COM
apKBUIBI 3ePTTEIN/II.

Hemmono3ansin MK-criekTpinae (4o-cypeT) meo-
J03aFa TOH JKYTBUTY >KomakTapel Oap [17]: 3600—
3000 cm ™! aliMarbiHaa cyTeri GaiinaHbICTapBIMEH Oaiina-
upickal —OH TonTapeHbH co3buty Tepberici; 2900 cm !

JKOJIAFbl LEIUTI0I03a MaKkpoMouleKyIacsiHbIH -CH xoHe -
CH; tonrapbinbin co3blty Tepbenmictepi; 1430 cm™!' CH-
TONTAPLIHBIH AedopMatusIIbIK Tepoenictepi; 1170 cm™!
xomnarel C-O-C ametwiiik Tonrtap OailaHBICTAPBIHBIH
acMMMETPHSAIBLIK TepOenictepi; 1108 cm™! sxomars riro-
KO3a CaKMHACHIHBIH aCHMMETPHSUIBIK —TepOenicTepi;
897 cm ! xomarsl B-1,4 rIMKO3MATIK GaiIaHBICTAPIBIH
TepOerici Oap exeHiH pacraiiapl. bactanker mmkizaT UK
CHEKTpJIepiH/le JTUTHUHHIH (EHUINPOaH KYpBUIBIM/IA-
pBIHA TOH OKYTBUIy JKOJIAKTApbIH Oalikayra OoJambl
(1605-1593, 1515-1495 xone 1470-1460 cm ') [18].
Keneci 1511,28 cM ! xonaKkrapslHna, JUTHAHHIH TBas-
LIMJT JKOHE CUPUHTHI ()parMeHTTEpiHIH apOMaTThl CaKu-
HanapbeiHblH C=C OailaHBICTAPBIHBIH ~KYPBIIBIM/IBIK
TepOernicTepiHe OailIaHBICTBI  KapKBIHIBLUIBIK MaKCH-
MyMbI aHbIKTaIABl (3a-cyper). 1700-1740 cm™' aiima-
FBIHJIAFbI J)KYTBUTY XKOJIAaKTapbl TeMUIEIUTIONIO3aHbIH alle-
tun tonrtapbiHgarkl C=0 O0aliIaHBICHIHBIH BaJICHTTIK
TepOemicTepine xatansl [19], sran HTL-mb1g 1746 oM -
JIe JKYTBLTY >KOJIaFbIHBIH OOy Bl OOMaccaarbl IMTHUHI
KO0 YAEpiciH/Ie TeMHIIEIUTION03aHbIH TONBIK >KOHbLIMA-
raabiH gonenaeiai. HTL cnekTpriepinae TUTHUHHIH ¢e-
HUJINPOIIAaH KYPBUIBIMIAPbIHA TOH JKYTBUTY >KOJAKTApBI
#oK (1605-1593, 1515-1495 sxome 1470-1460 cm'),
OyJ1 OroMaccaaarsl KaTaTUTUKAJIBIK JIMTHUH/L KO0 Y/Ie-
PICiH/IC OHBIH TOJBIFBIMCH JKOMBLTYBIH KopceTe i (4o-cy-
per). 1429,82 cm ! mppman CH,-, CH2COO- Tomrap
TepOenici OaliKanaapl, OJ [EJUII0I03a TYPIIEPiHiH KYpbl-
JBIMBIHA TOH Wbl (46-cyper). Crnextpme 1583 cm!
xone 1410 cm! kesimpmeri xkymri xyteuty C=0 co3bI-
mybeIMeH TyciHmipinai skoHe -COOH TomTapsiHbIH 60-
nyeiH pacrtaiiast [20, 21]. T'maponusaeH keiiin 6i3 Tek
CH- OaiimaHbBICBIHBIH Taliga OoOJFaHBIH OaliKalMEI3.
HTL-#pmH exinmi mbeHsl (4o-cypeT) 2918,34 cMm™! me-
THII, METHIICH jkoHe MetuHaeri C—H Tepbericine coiikec
keneni. BM-men cambicteipranga —CHy TOOBIHBIH
a3alobIH Oalikayra 0oJabl.

emntono3a HaHOMaTepUALAAPBIHBIH KYPbUIBIMBIH
(uenIroI03a HAaHOTANIIIBIKTAPHI KSHE [EJUTI0I03a HAHOK-
pucraniapsl) Tainayaa Paman criextpockonusicsl Gipe-
reid ozmic Oousbin TabbuTabl. PaMaH CIIEKTPOCKOMUSICHI
UK creKTpoCKOMHSIIBIK 9TiCiHE YKCac, TIMTi KypaMbIHIa
cy Oap yariiep yIIiH Ae KYpBUIBIMIBIK epEeKIIeIiKTep TY-
painsl KochIMINa akmapar oepe anansl. COHBIMEH Katap,
Paman criexktpockonusicsl apkpuisl MK-Fa kaparannia xe-
OipeK >KYTBUTY KoNaKTapbl TaOburapl [22]. XKammer an-
FaH/a, KapbIKTBIH KOMOMHAIMSJIBIK INAIIBIPAy CIEKTp-
JepiHAeri KYTBUIy JKOJAKTapBIHBIH Tapamysl UK
CIIEKTpJIEpiHE YKcac. S-cypeTTe OacTamkhl MIUKi3aT (a),
KYpiIlI KaybI3bIHAH (9) JKOHE arall KaJbIFbIHAH AJIbIHFaH
(6) HaHOIEIITIONO03a paMaH CIIeKTpIepi KenripinreH. Tek
aralll KaJ/bIFbIHAH aJIbIHFaH HAHOIIEIIFJI03a CIIeKTpJIe-
piHe Kapam, KYpbUIBIMJIBI ©3repicke YIIbIparaHblH Ke-
pyre 6onassl.
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Cypem 4 — bacmanxul wuxizam (a), Kypiw KayvizviHan (2)
JIcaHe agaul KanobleblHAH anblH2aH (6) HAHOYEILII03d
UK cnexmpnepi
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Cypem 5 — bacmankul wiuxizam (a), Kypiu Kayvi3viHa (3)
JHCOHe agaul KanobleblHAH anvlHeaH (6) yennonosa
paman cnekmprepi

YrinepaiH KYpbUIBIMBI MEH KypaMbl JKailJibl aKma-
paTTHl peHTreHO(a3albIK aHAN3 TOJBIKTHIPAIbL. 6-Cy-
perre Oacramkpl IIUKi3aT (a), Kypill KaybI3bIHAH (9)
JKOHE aFall KaJABIFbIHAH aibIHFaH (0) HaHOIEIUTIONO03a
P®A cnextpnepi kenripinren. Llemmonosa yiriciHig
mudpakrorpammaceiaa 20 12,6°, 19,8°, 21,8° oypermi-
Tap aiMarbiHAa OaKairaH TUGPAKIUUIBIK mbsHaap 11
LIEJIUTFOJIO3aHbIH  KYPBUIBIMABIK MOJHU(DHUKANMACHIHA TOH
kpuctangaslk Topasig 110, 110, 020 xa3bIKTHIKTapbIHAH
marbuIBICY b1 Oinaipeni [23, 24]. HTL] kpucTanapuibEsl
coiikecinme 36,11%, 61,32% xypaapl. HTI] mibiHb!
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XKiHiIIKe xoHe BM canbIcThIpFana )oFapbl KAPKbIHIbI-
JIBIKKA M€ eKeH/Iri Oaiikananel. byt aMmopThl remurien-
JIIOJIO3aJIap MCH JIMTHUHAI KOMIIOHCHTTEPIHIH KOMBI-
mybiHa GaitnansicThl. LLIBIHAAPIBIH Y3apHII, KiHIIIKepYi
KPHUCTAJIBIKTBIH JKOFapbUIaFraHblH Olnmipeni, colike-
ciame HTI] amopd el Oemiri a3 :xoHEe KPUCTAJIBIFBI KO-
Fapbl MaTepHal. AJl LEJUI0N03a AU paKTorpaMManapsl
KeJeci IeIHAapas! kepeeteni: 260 = 15,98° (1-10 xa3pIk-
THIK ymiH), 20 =22398° (200 >Xa3bIKTHIK VIIiH),
20 =34,86° (004 >ka3pIKTBHIK YIIiH) XapThUIall KpHC-
TaJ bl MOPQOIOTUSICHIH cunaTTaii/pl. [{emtono3a Kpiii-
KBUI/IbI TUIPOJTU3TE YIIbIpaFaHHAH KeiliH KPHUCTAIABLUIBIK
KOFapbUIalIbl J)KOHE TMAPOJIM3ICH KEHiH azasabl, Oy
aMOp(THl KYPBUIBIMFA OKEJIETIH KPUCTAIbI aiiMaKkTap-
JIBIH KYPT OY3BUTYBIH KOPCETE/Ii.
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Cypem 6 — Bacmankpt wukizam (a), Kypiw Kaybi3eihan ()
JICaHe agawl KANObIELIHAH AlbIHAH (6) YeIoN03aHbIY PeH-
meeHOIK Jugpaxmoepammacsl

BM anpHFaH IEIUTION03a OHIMACPIHIH YITiIepiHiH
oetki Mopdonorusicet COM apKbUIBl 3epTTENai. /-Cy-
perre Oacramkpl INUKi3ar (a), Kypill KaybI3bIHaH (9)
JKOHE aralll KaJAbIFbIHAH ajbiHFaH (0) HaHOLEeIUII0JI03a-
HBIH KYPBUIBIMIBIK MUKpOCypeTTepi kepceriireH. COM
cyperTepinie OeTTiKk MOP()OIOTHICHIHBIH ©3TCHILIIri
HTL-sbIH perrenred TammbIKThl KypblibiMbiHIA. HTL]
eHi 100-150 HM *xoHE Y3BIHIBIFBI OipHEIIe MKM 0OJIaTHIH
IEIUTIOI03a HAaHOTANIBIKTAPBIHAH TYpaus! (79,6-cyper).
CoHBIMEH KaTap, MUKPOTAJIIBIKTAP KEUTIK» THIITI Ke-
HICTIKTIK KYpBUIBIMABI Kypaiasl. Anmsiaran HTL Gen-
OICKTEpiHIH enmeMzepi, coHmaii-ak OeJmeKTepIiH
Y3BIHIBIFBIHBIH eHiHe KaThiHackl (50—100) mepekrepine
coiikec keneai [25-26].

Cypem T — Bacmangel wukizam (a), Kypiw Kayei3einat (3)
JHCOHE a2aul KanobleblHAH alblHEaH (0) Yernon03aHbIY
KYPbLILIMObIK MUKPOCYpemmepi
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KOPBITBIH/IbI

Kypiml KaybI3bIHaH TOTBIKTBIPY O/ICIMEH ajbIHFaH
MKII-#1aH KyKipT KBIIKBIIIBIK THAPOIN3 apKbUIbI Lel-
JII0JI032  HAHOTANIIBIKTB 42,8% IIBIFEIMMEH CHHTE3-
TIEJI.

AupIHFaH MOAM(UKALMUIAHFaH HAHOLEJIIION03a YJI-
rinepinin KypeuieiMbl MK, Paman cnektpockomnus,
peHTreH Qasansik anammu3 xoHe COM oxmicTepiH Kogany
apKpUTBl 3epTTenai. Anpiarad HTL[-HBIH KpHCTaNIbIFbI-
HBIH JKOFapbUIaFaHbl PEHTIeH (a3alblK aHAIN3IMEH pac-
tangsl. OI MeInTroiuIo3a KypaMbIHAAFEl aMOPQTHI OeTik-
TepIiH >KOWBLTybIHAa OaimaHbIcTel Oommsl. MK-crek-
TpocKonHs apKbuUb! ajbiaFaH yirige HTL] cunatbina cait
(YHKIIOHATIBIK TONTapAbIH (3413,12 oM
2918,34 cm'; 1373,30 cm™!; 617,52 cm™') Gap exenpiri
aHBIKTAJIBI. YIITIepaiH MOpQOIOTHsUIBIK OeTi MEeH op-
Tama OemIek eimeMaepl aHBIKTAJIbIN, XUMUSUIBIK OH-
Jiey/ieH KeHiH KypBhUIBIMIBIK ©3repicKe YIIbIparaHbl pac-
TaJIbL.

MoandukanusianFad LE/UTIONI03aHbl alyAblH 33ip-
JICHTeH 9JIiC1 IOCTYPIIi 9JICTEPMEH CalBICTHIPFaH/Ia CHH-
Te371ey Ke31He XKOFapbl KbICHIMCHI3 JKOHE arapTy Mporeci
CHSKTHI OipHeIe 3TanTapAblH OoIMayblHa OAalIaHBICTHI
THIMALUTIT XKaFbIHAH KOFaphl OOJBIN caHATAIb.

Anzeic

JKymvic Kasaxcman Pecnybaukacer Fouibim oicone
Jicogapvl  Oinim  munucmpniei  FolivimM  KoMumeminiy
SPAHMMBIK,  KAPAHCHLIAHObIPYbIMEH  Jicypei3indi. HPH
AP19679937 — 2023-2025 arconc.
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INOJIYYEHUE HAHOLEJIJIFOJIO3bI U3 BUOMACCHI
U U3YUYEHUE UX ®PU3UKO-XUMHUUYECKUX CBONCTB

JI. E. A6apaxmanoBal”, B. Y. PaxumoBa?, E. A. Anteinosl, V. E. Kantukees!, K. C. BekceiitoBal?2,
C. Azatl, K. K. Kynaiioeprenos!, A. Tayaer6aii?, M. Haxunkeizei?, K. Moxamman®

! Kazaxckuit HayuoHanbHbLI UCCLe0068aMebCKUll MeXHUYecKull yrusepcument
um. K. H. Camnaesa, Anmamewi, Kazaxcman
2 Kazaxckuii nayuonanvuwiii yuusepcumem um. Anv-Dapadu, Anmamot, Kazaxcman
8 IIIxona unsicenepuu u mexnonozuil, Ynusepcumem Caneeii, Cenanzop, Manaizus

*E-mail ons konmaxmos.: yessenleila@bk.ru

B manHOit paboTe omucHIBaeTCS MOMYYCHHE HAHOICIUTIONO3H! MyTEM yIalleHHs JIUTHUHA W3 OHOMAaCCHl MEPOKCUIHBIM
METOJIOM B MPUCYTCTBUH Katanuzatopa HoSO4 u m3ydeHue ee PU3HKO-XUMHUYECKUX CBOUCTB. CTPYKTYpa LEILTIOIO3BI U
MOIUGUIMPOBaHHON HAHOIIEILTIONO3bEI H3yJajachk MeTogaMu PamanoBckoi criektpockormu, MK (mHdpakpacHoil) criek-
tpockonuu, POA (pentreHodasnblii anannz), COM (ckaHUpyolias 3JeKTpOHHAs MUKpOCcKomnus). [loyyeHHOe MoBbI-
menne kpuctamunanoct HTL (HaHOBONOKHMCTAs TEIUTI0I03a) ObLIO MOATBEPKIeHO aHanu3oM PDA. JTo ykas3piBaeT
Ha TO, 4TO IIEJUTI0JI03a Oblia CBsi3aHa ¢ yaaneHneM amopdHbix dacteil. B pesynbrate POA mepekpbiTHe Ha PEHTTeHO-
rpammax HTL] mpoucxomuio qaxke B 00J1aCTH HHTCHCUBHBIX JIMHUI. B 00pasiie, noiaydennom merogom UK criekrpocko-
nuu, 00HapysxkeHo Hanwaue rpymn (3413,12 cm ' 2918,34 cm!; 1373,30 cm!; 617,52 cM '), cOOTBETCTBYIOIIMX IPHPOJIE
HTL. CunbHoe nornomenue npu 1429,8 cm™! B ciektpe KMLI (kap6oKCHIMETHIIIEILTION03bI ) BhIsABUIO Tpymnmsl -COOH,
YTO yKa3bIBaeT Ha YCIIEIIHOE KapOOKCHIMPOBaHUE IEIUTFONI03Bl. V3ydeHsl Mopdoorndeckas MoBEpXHOCTh, CPEIHHMA
pa3Mep 9acTHIl U CTPYKTypa 00pasnoB. B pe3ynpTaTe cpaBHUTEIEHOTO aHAIIN3a MOP(POIOTHISCKUX CTPYKTYP BBISBICHA
XapakTepHas Il BOJIOKOH YIOPSAOYCHHAss HUTEBUAHAS CTPYKTypa HAHOBOJIOKHHUCTOW IEJUTIONO3EI U MMOPUCTast CTPYK-
Typa KMII ¢ m3MeHeHHOH TOBEPXHOCTHIO H HEPABHOMEPHBIMH BOJIOKHAMH.

PazpaboTtanHbIii crtocod moxy4eHus MO IUGHUIIMPOBAHHON IIEIUTIOI03EI U3 OMOMAacCH He TpeOyeT MHOTOCTaIuiTHO 00pa-
OOTKH TI0 CpaBHEHUIO C TPAAUIIMOHHBIMU METOIaMH 1 Oe30TaceH A OKpysKaromiel cpensl. [loka3aHo, 9TO MOXKHO T0-
JyYUTh Ka4E€CTBEHHYIO LIEJUTIOI03Y B OJHY CTaANI0 03 HCIIOIB30BaHNS PEareHTOB, COIEPKAIINX Cepy U XJIOP, BEICOKOTO
JTABJICHUS U OOJNBIINX 3aTPAT BOKI.

Knioueswie cnosa: buomacca, pucosas wienyxa, 0Cmamru Opegecutvl COCHbL, CEPHOKUCIOMHBIN KAMAIUZAMOP, YeLlio-
7103a, KUCTIOMHDBLU 2UOPOAU3, MOOUDUYUPOBAHHAS HAHOYETION03A.
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OBTAINING NANOCELLULOSE FROM BIOMASS
AND STUDY OF THEIR PHYSICOCHEMICAL PROPERTIES

L. E. Abdrakhmanova'®, B. U. Rakhimova?, Y. A. Altynov?, U. Ye. Zhantikeyev!, K. S. Bexeitova,
S. Azat?, K. K. Kudaibergenov!, A. Dauletbay?, M. Nazhipkyzy?, K. Mohammad?

1 Satbayev University, Almaty, Kazakhstan
2 Al-Farabi Kazakh National University, Almaty, Kazakhstan
3 School of Engineering and Technology, Sunway University, Selangor, Malaysia

*E-mail for contacts: yessenleila@bk.ru

This work describes the production of nanocellulose by removing lignin from biomass by the peroxide method in the
presence of an H2SO4 catalyst and the study of its physicochemical properties. The structure of cellulose and modified
nanocellulose was studied using Raman spectroscopy, IR (infrared) spectroscopy, X-ray diffraction, and SEM (scanning
electron microscopy). The resulting increase in the crystallinity of NFC (nanofibrous cellulose) was confirmed by X-ray
diffraction analysis. This indicates that cellulose was associated with the removal of amorphous parts. As a result of X-ray
diffraction, overlap on NFC radiographs occurred even in the area of intense lines. In the sample obtained by IR
spectroscopy, the presence of groups (3413.12 cm™!; 2918.34 cm™!; 1373.30 cm™!; 617.52 cm™') corresponding to the
nature of NFC was detected. Strong absorption at 1429.8 cm™ in the spectrum of CMC (carboxylmethylcellulose)
revealed —COOH groups, indicating successful carboxylation of cellulose. The morphological surface, average particle
size and structure of the samples were studied. As a result of a comparative analysis of morphological structures, an
ordered filamentous structure of nanofibrous cellulose characteristic of fibers and a porous structure of CMC with a
modified surface and uneven fibers were revealed. The developed method for producing modified cellulose from biomass
does not require multi-stage processing compared to traditional methods and is safe for the environment. It has been
shown that it is possible to obtain high-quality cellulose in one stage without the use of reagents containing sulfur and
chlorine, high pressure and high water consumption.

Keywords: biomass, rice husk, pine wood residues, sulfuric acid catalyst, cellulose, acid hydrolysis, modified nano-
cellulose.
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Si02/Si TPEKTIK TEMILIDUTIHJETT KAJIAWBI JUOKCHUIIHIH HAHOCBIMJAPBIH CUHTE3/IEY
’KOHE ONTUKAJIBIK, DJIEKTPJIIK KACUETTEPIH 3EPTTEY

. A. l:xynucoexopa”, A. K. Tayaeroexosa, 3. K. Baiimyxanos, A. JI. AKbLI6€eK0Ba,
I'. M. ApaubaeBa, A. b. Ba3zapéek, /K. K. KoiimbioaeBa

«/LH. I'vmunes amwvinoazet Eypazua ynmmulx ynusepcumemi» KeAK, Acmana, Kazaxcman
*Baiinaneic ywin E-mail: diana911115@gmail.com

By skymeicta SiO2/Si TpeKTik TeMIUDHTIHE XUMHSUTHIK TYHABIPY (XT) o/ici apKbUIbl allbiHFaH Kanaiibl auokcumi (Sn0z)
HaHoceIMAapHIHBIH (HC) KyphUTBIMIBIK, OIITHKAJIBIK JKOHE SJIEKTPIIIK CHIIaTTaMaJIapblH 3epTTCY HOTIDKENIEPi YCHHBLIFaH.
SiO, kaGarbinarel natentti Tpekrep @ = 108 cM? uroencre suepruscel 200 MaB Xe xbuigaMm ayblp HOHIAPBIMEH
coyneneHaipy xone ¢prop KpluKeLIbIHEH (HF) 4% cynbl epitinaicinne eHaey apKbuibl xkacanabl. TaHnanral XUMHUSIIBIK
TYHABIPY 97ici SiO2 HaHOKEYEeKTepiHe JKapThulail OTKI3ri OKCHA HAHOCBIMAAPBIH TYHJBIPY YILIIH KEHIHEH KOJIJaHbI-
nansl. XT onici HAHOOTKI3TIIITEPAL TYHBIPY YILIH apHaibl )KaOABIKTHI KQXKET eTIECHTIHAIKTEH YHEM/ T OOJIBIIN CaHaIa bl
TyHABIpY YLIIH METaJ/IbIH KOOPIWHAIMSIBIK KOCBUIBICHI MEH TOTBHIKCHI3IAHBIPFBIN epiTiHaici Koixaubuiansl. XT
MPOIIECiHEH KeHiH KeyeKTeP/IiH TONTHIPbLUTY JACHIeiiH Tanaay yuria Zeiss Crossbeam 540 ckaHeprieyii MUKPOCKOTIBIHBIH
KeMeriMeH yurinepaiy 6ertik Mopdonoruscel 3eprreni. SnO; HaHOKeyekTepiMeH TonTeipsuiFan SnO,/SiO,/Si HaHO-
KYPBUTBIMIAPBIHBIH KPHUCTAILIOTPAQUSIIBIK KYPBUIBIMBI PEHTTCHIIK AU(QPAKIHS oMici apKbUIBI 3epTTeni. PeHTreHmik
KypeutbiMaslK Tanmay (XRD) Rigaku SmartLab pentrennix mudpakromerpinme xyprizinmi. Hotmkeciame SnO»
HAaHOCBIMIAPBIHBIH OPTOPOMOTHI KPUCTANABIK KypbUIBIMBI Oap SnO2-HC/SiO,/Si HaHOTETepOKYPHUIBIMBI aBIH/IEL.
®oromromurectennus (PJI) cnexrprepi CM2203 cnektpodumoopumerpi (Solar) kemeriMmern 240 HM TOJIKBIH Y3bIH-
IBIFBIHAAFBI JKapBIKIIEH Ko3AbIpy apkKeutel emmeHai. SnO2-HC/SiO2/Si KypeUIBIMAapBIHBH —(OTOTIOMUHECHCHITHS
CICKTPIHIH rayccKa JKIKTeIyl oJlapIblH HHTCHCUBTUTITIHIH TOMEH €KEHIH KOPCETTI, OYJ1 HEeri3iHeH OTTETiHIH BaKaHCH -
Japel, TYHiHApalbIK Kajaibl Hemece OaillaHbICTaphl OY3bUIFAH Kajalbl CHSKTHI aKayJapIblH OONybIHAa OailTaHBICTHI.
VersaStat 3 noTeHMocTaThIHBIH (Ametek) keMeriMeH anbIHFaH YITUIEpAiH dIEKTPIIiK CHIIaTTaMachl 3epTTeii. Bonbt-
aMIIepiIiK cunarramanapiasl enuiey, ainbiaral SnO2-HC/SiO2/Si HaHOTeTepOKYPBUIBIMBIHAA P-N aYBICBIMBIHBIH MAaCCHB-
Tepi 6ap eKeHiH KOPCETTI.

Tyiiin co30ep: SiO/Si mpexmix memnadimi, Xumusiol mynowipy, SN0z HaHOCLIMOAPbL, KAAATLL OUOKCUOT, MEeMIAIUM-
miKk cunmes.

KIPICIIE JKaKTapbIHBIH apaKaTHIHACHI JKOHE CAHBIHBIH THIFBI3IBI-
CoOHFBI KBUIZIAPBI SPTYPJII HAHOOJIIEMII OOBEKTi- FBIH, ©3TEPTIIl OTBIPY aPKBUIBI KaKETTi TPEKTEPA Haiiza-
JIEp/IiH epeKIlle KaCUETTEPiHiH KopiHic Taba bacTayblHaH JlaHa aJlaMpI3. )
oJlap/bl 3epPTTEYre YIKEH KbI3BIFYIIBUIBIK Tybl. Koi- Keyekri kxpemumiini konnany [12] HEMeCe ras ‘1’33af
JlaHy asiCbIHA OalIaHBICTBI OPTYPJIi (PYHKIIMOHAIIBIK Ka- CIHAH  TINIASMOXUMHAJIBIK  TYHJIBIPY OMICIMCH KCYCKT1
cuerTepi Oap mMarepuaniap TaHianaasbl. ByriHri TexHo- a-Si0z Tikeneit TO3aHJaTy apKpUIbI [12, 13] AJIbIHATBIH
JOTHSIAp KAXKETTI KacHeTTepi 6ap HAHOKYPBHUIBIM- KPEMHHUH OKCUIHIH TeMHJI3'I>'IT"1"'ep1 (xeyex nuamerpiepi
napabiy (HK) armya TypiIistiria a1y yIuin HaHOeImeM e ~'10C') HM) snﬂexaﬁga yHeMi dtic Ooutbint TaObLIa b1 by-
OChIH/Iaii MaTepranIapIbIH MOPMOIOTHICHH GaKbLIAYFa TiHT1 TaHJa KEYeKTi a-SIO'z/ Si Ka6aTT'apI>IHaH TCI\Q/IH.J'I:)I‘/’IT-
MyMKinzik 6epeni [1-3]. Tep Kacayra apHaJFaH OiCTeMENEP/IiH OChl TYPiHiH 110~
Hanomatepuangapabl KaJbIITACTHIPY/IBIH Kaparai- TEHIMAJIbI OOMBIHINA ayKbIMIBI 3€PTTEYJIIED KYpPrisityae
BIM TOCUIEPIHIH Oipi HAHOKEYEKTi MmadI0HAaPAbI (MaT- [14-27]. )
pHIanap/bl) maiinanany 6onsm Tabbuiansl [4—6]. By Kpimiam ayplp nonnapmen coyienennipy (KAN)
SIiCTi KOJIJaHa OTBIPHII, KEYEKTep iMIiHIe OChI KiTace Ma- KOHC XMMISIIBIK OHICY TIPOUCCIH KAMTHTBIH TPEKTIK
TepHaIapbIHBIH 63/1iriHeH YHBIMIACTHIPBUTYbIHA Gatina- TEXHOJIOTHAIAPIBI KOJIAHY apKBLITbI .5102 KabaThIHAFbI
HBICTBI OPTYPJIi KYPBIIBIMIAPbI anyFa 0onaasl. Keyekri KCYCKTCD KaJbllTaca/bl [28, 24]. Opi kapaii HaHOKCYCK-
naiianany jkapTbuiail eTkisriurrepaet [7, 8], merangap- TEpAL SpTYpIIl MATCPHAIIIAPMEH TOJTBIPY HPOLECL Ky-
nan [9-11] soHe T.6. HaHOGeIIEKTep, HAHOGLIIKTEp, 3€re aChIPhLIA/IBL. Byt s)KyMBICTa KaJlalbl AMOKCUIIIH TYH-
HAHOTAJIIIBIKTAD JKOHE HAHOCHIM/IAP/IbI ATTyFa MYMKIHJIIK ABIPY MYMKIHJII'T KapaCTBIPBLIAJbI.
Gepeti. Kanaiter (VI) okcuai — N-TunTi eTKi3rimTiri 6ap xap-
Kasipri yakbITTa KpeMHHIl HerisiHieri HaHOXyiie- ThUIAH ©TKI3riII OKCHL. OHbIH Oipereit 3JMEKTPIIiK JKoHE
Jeplli TEXHOJIOTMAUILIK MPOLECTEpre eHri3y Kesitje eH ONTHKAJIBIK KACHETTEPiHE OAlIaHBICTBI OJ MEPCIEKTHU-
THIMJIICI KpEMHHUI OKCHIi HETi3iHAEri TeMILIdHTTEP/I Bajlbl MaTepuain GOkl T?Gblﬂaﬂbl- ConblMeH Karap,
naiinanany Gousein TabeuTamel. Kaxker Gomy ceGernrepine S.nOZ TOMCH 3JICKTP KCACPTICL, KOFAPBI SJICKTP OTKI3I1II-
GaiiIaHbICTBI, Keyek IapaMeTpiiepit, SFHH HaMeTplIepi, TIK KOHE KODIHETIH JJIEKTPOMArHHUTTIK JUANa30H/arbl
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JKOFaphl ONTHKAJBIK MOITIPIIK CHAKTH OipKaTap Ta-
Malla KacHeTTepre ue jkKoHe OChl MaTepHalIbIH aTajblIl
OTKEH OCBHIHJIall KacHeTTepi oap bl HAHOKYPBUIFbUIApFa
apHaJIFaH JXKaHa KOCHIMIIAJapAbl 93ipieyae naijanany
MYMKIHJIITiH aIlajbl.

Backa >xkapTbuiaif ©TKI3riIITEPMEH CalbICTHIPFaH/Aa
SnO;, MaHB3 Bl GYHKIIMOHAIB MaTEpUaN OOJIBIT TaObI-
Jazbl, OJI MeIAip eTKisrimTepae [29], TpaH3ucTOpiIapaa
[30], omrosnexTpoHABIK KypburFbuapma [31, 32], ras
nmataukrepinae [33] xkoHe T.6. KeHiHEH KOJIIaHbUTAIbI.

Byrinri Tarma optypui mopdomnorusce 6ap SnO; Ha-
HOKYPBUIBIMIIAPBIH CHHTE3/ICY YIIH TEeMIUIHUTTIK dIic
[34], runporepmusuibik onic [35], Oy ¢a3aceiHaH XUMHs-
aelK TYHABIPY (CVD) [35, 37] 'koHE AIIEKTPOXUMUSIIBIK,
TyHABIPY [38] amici KoaaHbLIa b

Byn xymbicta, SiO2/Si TpeKTik TEMIUIDUTTEPIH Ka-
naiter mrokcuaiMed (SnO2) Tonteipy sxoHe Sn02/Si0/Si
HAHOCHIMJIAPBIH ajy YIIIH TEMIUDWUTTIK CHHTE3 ofici
KOJIIaHBUIFaH OonaTeiH. byl cuHTE3ney oxici HaHOKe-
YeKTepi Kanailbl JMOKCUIIMEH TONTHIPY apKbUIbI OCHIH-
naii rerepokypeuibiMaapasl (Sn02/SiOy/Si) any yiniH
yHemzi Goutsln cananaasl. TaHIanFaH TeMIUIDHTTIK CHH-
Te3 MaTepHaAapAbl HAHOKEYESKTI MaTpULIAIapFa XUMHUS-
JBIK JKOHE DIICKTPOXMMHSIBIK TYHABIPYFa HETi3[eireH.
ZnO ywiH Xyprizires 3eprreynepaeri [39] cHsKTEHL,
TEMIUIPHTTIK CHHTE3/IIH epeKIIeTiKTepi MOP(OIOTUsIHBI,
KEyeKTep THIFbI3JIBIFbIH, ()OPMAchl MEH oJleM/iepiH Oa-
KbUIAHATBIH MaHUIYJSIUSAIAY apKbUIbl HAaHOMaTepuall-
JapAbIH (PU3UKAJIBIK, XUMUSUIBIK YKOHE 3JIEKTPOHIBIK Ka-
cUeTTepiH OeliMaey MyMKiHAIr 0oJbIn Tadbu1ansl. SNO;
HaHOMAaTepPHANTAPBIHBIH ~ MOP(OJIOTHACHH  OaKbLIay
OJIApJIbIH CHIIATTaMaJIapbIH )KaKCapTYhl, COHBIMEH KaTap
’KaHa MoceNeNepAi LICHICTiH KYpPBUIFBLIapIbl Kacay
YIIiH KOJIIaHy asiChIH KeHEeHTyi MyMKiH. By sxymeicta
XKYPTI3UITeH 3epTTeYAiH MAaKCcaThl P-N aybICHIMBIHBIH
maccuBTepi O6ap SnO.-HC/SiO2/Si HaHOreTepoKypsI-
JIBIMJIAPBIH KaJIBIITACTHIPY OOJIBI TaObLIA b

ICHEPUMEHTTIK BOJIIM

Kymeicra konmansuFal SiO2/Si KypBUTBIMEL (N-THII-
Ti), KPDEMHHUH IDTACTUHACKHIH BUIFAIIIBI OTTET] aTMOoc(epa-
ceiana 900 °C rtemmnepatypana TEPMHUSIIBIK TOTBIKTBIPY
apKBUIBI JKacaJiFaH. DJUIMIICOMETPHUS] KOMETIMEeH ajbIH-
FaH MOJiMeTTep OOWBIHINA OKCHUATI KaOaTThIH KajbIH-
neirbl 700 HM. SiO2 MaTPHUITACKIH/A KACKIPBIH TPEKTEP/Ii
Kypy YIIiH, yarijep snepruscsl 200 MaB Gonarein 1¥2Xe
noHgapeiMeH DC-60 ymeTkiunHae coyJelneHaipii,
¢moenc moni 107-108 cM? nuanasonsHaa GOIILL.

Kournam aysip nonmapmen (OKAW) coynenenaipin-
TeH YJrinepjae HaHOKEYeKTI IabiIoHIapAbl KajablITac-
TBIpY YuIiH, Kypambeinaa m(Pd) = 0,025 r nmamnaguii 6ap
¢rop kerukbLTEIHEH (HF) 4% cynsl epitinnici margana-
HBUIOBL. OHzmey Oenme TemmeparypacbiHga (18+1 °C)
Oenriyi Oip yakbIT apanbIFbIHAA XKYpriziiai. HaHokeyek-
TEpAiH eNmeMepi OHIey yaKbIThIHA OalTaHbICTHI Oac-
Kapsurael. HF epitiHgiciHoe eHaey NpoIeciHeH KeHiH
YJITiIep JeMOHM3AlMSIIaHFaH Cy/la ANbUIIbL.

Byn xyMmbIcTa HaHOKEYeKTEp.i TONTHIPY YIIIH XH-
MusUTBIK, TYHABIPY (XT) omici konmanemasl. SiO2 HaHO-

KeyeKTepiHae KapThulall OTKI3Till OKCHJA HaHOCHIMIA-
poiH (HC) TyHOBIpY YIIIH KeHIHEH KOJIAHBUIATHIH 9JIiC
XUMUSUTBIK TYHJBIPY O0JIbIn TaOblaanpl. TyHIBIpY YIIIH
METaIIbIH KOOPAMHALNSUIBIK, KOCBIIBICHIHBIH €PITIHAICIH
JKOHE TOTBIKCBHI3JaHIBIPFBIIITHI Makganany Kepek. by
oJlic apHaibl Kypaia-KaOAbIKThI KaXKeT eTHelal XKoHe ap-
3aH Oosbin caHanasl [40].

XT omiciMen kamaifbl auokcumi (SnOz) HaHOOTKI3-
rimTepiH amy VIIiH KeJecined KypaMbl 0ap cyiab(arTsl
epitiaai konmaueuigsl: 0,67 T SnSOs + 4 ¢ CH4NLS +
2 mi1 HoSO4. CH4N2S nemonm3ammsiianrad cyia epiTii-
Ii, an SnSO4 KoromaHFaH KYKIPT KbIIIKBUIBIHBIH a3 MeJI-
LIepiHze epiTiiai (XMMISUIBIK Ta3a), eKi epiTiHl OipikTi-
pimin, pH 2-meH 4-ke JAeHiHTI apaibIKTaFrbl MOHIE
perrenai. XT npoueci 323 K temneparypasa xypriziiui.

OKCHEepUMEHT HOTIIKECIH/AE aJbIHFaH HAHOCHIM-
Japnbl (HAaHOKYPBUIBIMAP/BI) erKenH-TerKeu 3epTrey
JKOHE OJIIICY HOTHIKEJIEPiH MHTEpIpeTalyusuiay AuarHoc-
THKAJIBIK JKOHE OJIIICY JKaOBIKTaphl CAIAChIHAaFbl 3aMa-
HayH o3ipiemenepai naiinananyasl Tanan ereai. CkaHep-
eyl ANeKTpoHmsl  Mukpockomus  (COM)  xoHe
PeHTreH K KYpeUTBIMABIK Tannay (XRD) amictepi HaHO-
MaTepHaIAApIbIH KYPBUIBIMIBIK EPEKIICTIKTepl MeH
0eTTik MOP(OJOTHACHH 3epTTEYIiH HETi3ri amicTepi 60-
JIBIT TaObLIA B

SiO2/Si TpeKTiK TEeMIUHTTEPIiHACTI TONTHIPBUIFAH
KEeyCeKTep/i Taujgay YIIiH, COHIai-aK OCTTIK KYpPbLIbIM-
JIBIK €pEeKIIeTiKTepi MeH MOP(OJIOT UsCHIH 3epTTEY YIIIiH,
XT-nan keiiin yarinep 2-5 kB ke3inze kepi marnbiparan
3JIEKTPOH/IBI TETCKTOPMEH kabapikTanran Zeiss Cross-
beam 540 (SEM, I'epmaHus) Koc coyiemni cKaHepIeyIi
MHKPOCKOII apKbLIbI 3€PTTEIII.

PenTrenaix kypeuteiMapIK Tanaay (XRD) omicin kod-
JlaHa OTBIPBIIL, 9PTYPIIi KACHETTEP Typalibl, COHBIMEH Ka-
tap SnO2/SiO»/Si KYpbUIBIMAAPBIHBIH (a3aibiK KypaMbl
Typasibl TOJBIK aKmapaT anablk. XRD cmekrpriepi xo-
rapsl sHeprusuibl 2D HPAD HyPix3000 nerexktopbiMeH
xabnpikranran Rigaku SmartLab pentrenaik audpaxro-
MeTpiHiH kemeriMeH aHbikTanael. TOPAS 4.2 Garnapna-
MaJTBIK KYPaJIbIH jkoHe Xaibikapaislk [CDD nepexkopbia
(PDF-2 Release 2020 RDB) naiiianana OTHIPHII, adblH-
raH aupaknys YIritepi HeriziHae (a3anblK KYpaMbIH
MKOHE KPUCTAIBIK YAIIBIK TTApaMeTpIIepiH aHbIKTAY XKY-
3ere achbIpbUIIBI.

CM2203 (Solar) criektpodyopuMeTpiH maigaiaHa
OTBIPBII, JTFOMUHECLEHIUS CIIeKTpiepi Oesme Temmnepa-
Typacbkiaaa 240 uM ko3abipbLIbl 300-1en 800 Hm-re ae-
WiHT1 CHEKTPJIK JWana3OHbIHIA TipKelIreH OoJaTHIH.
CrektpoduryopuMeTp YABTPAKYJTIH JKOHE KOpIHETIH
CIEKTPJIIK JWama3oHJaFbl aca ce3iMTall emmeMaepi
KaMTamachI3 ereni. Eki Kocapiiel MOHOXpOMAaTOP B! Maii-
JanaHy KeAepri >KacallThIH coyJeNeHyAiH €H TOMEHTI
JICHICiiH KaMTaMmachl3 eTelli, OYI eJIIeydiH JXOFaphl
JIOIIIriHE KUK Oepei.

AJTBIHFaH HaHOCHIM/IAp MAaCCUBTEPiHIH AJIEKTPIIIK Ka-
CHETTEpiH 3epTrey yuiH VersaStat 3 moTeHIHMOCTATHI
(Ametek) naipanansuiasl. by Kypbuteel +2 A neiinri
MaKCUMalbl TOKTHI, +12 B neifiHri kepHeymi Kamra-
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Mace3 eTeni. BompT-ammepiik cumaTTamanap ayAaHbI
0,7 cM? TONTHIPBUIFAH HAHOKEYEKTEP MACCHUBIHEH ©JI-
mieHi. BosbT-aMmeprik cumaTraMaliapbeiH eJieyre ap-
HaJIFaH KOHJBIPFBI KeJleciiel KypacThIPBULABL YIITi €Ki
MeTalll IUIACTHHA apachblHa OpPHAIACTBIPBULABL, OCHI-
JalIia IacTUHaIap MaTPULAHBIH HAHOCKIMIAP/Ibl KaM-
TUTBIH O6JIiriH FaHa xabaabl. CoaH KeiiH MIacTHHAIAP
MMOTEHIIMOCTATTHI Ti30eKTeil KOCy apKBUIBI KyaT Ke3iHe
KocbUTagpsl. JKyMBICTa KENTipiireH BOJIBT-aMIIEPIIiK CH-
maTTama rpadukTepi 2-IIi peTTi MOIMHOM/IBI alllpPOKCH-
MaIust apKbUTBI OpBIHIANIs [41].

HOTHWXKEJEP MEH TAJKBLIIAY

Pa 2=394 nm

Pa 1 =350 nm

9) HAHOKEYEKTiH YIKSHTIIreH Cyperi,
0) HAaHOKEYEeKTIiH KOJJCHeH KUMachl

Cypem 1 — HF epimindicinoezi oyoeyoen keitinei SiO2/Si
Kypolivimvinoiy COM cypemmepi

1-cyperre HF epitiHmicinme enuey apKpUIbl Haiiga
Oonran O6oc HaHOKeyekTep (Kapa IeHOepiiep), COHAal-
aK OJIapJbIH KECUINeH KOHYC MINIiHIHACT1 KOIICHEeH KU-
Machl kepceriared. KoHyc kKpemMHMI TeceHiliHe Tipe-
neni. KeyekTepaiH KOHYCTBIK HilniHi Vt )0 alMarbIHIa
oHe Vb OYTiH MaTpuia KeJeMiHAeri MaTepuaasl ca-
JIBICTBIPMAJIBl  OHJCY JKbUIJAMIBIFBIMEH TYCIHIIpineai
[42]. By KOHYCTBIK MILIIHAI TPAHCMHUCCHSUIBIK DIIEK-

TpoHAB MHUKpockoM (TOM) [43, 24] xoHE aTOMIBIK-
kymitik Mukpockorn (AKM) 3eprreynepi [44] pactaabl.

2-cypeTTe XUMUSUIBIK TYHABIPYAaH KeHiHT1 TEMIUIHT
6etinin COM cypeTi KenTipiireH.

V
SU70 2.0kV 2.2mm x5.00k SE(U) 10.0um

a) Si02/Si 6erinig COM cyperti

Dy a
SU70 2.0kV 2.2mm x25.0k SE(U) 2.00um

9) HaHOKEYEKTepiH YJIKSHTIITeH CypeTi

Cypem 2 — SNO2 xumusinviy mynowvipyoan ketiinzi SiO2/Si-n
memnaduminiy 6eminiy COM cypemmepi (tmynowpy= 20 mumn.)

2a cypeTiHeH KepiHin Typranaai, 20 MUHYT apaibl-
FBIHJAFbl XMUMUSUTBIK TYHJIBIPY TPOILECIHIE HAHOKEYeK-
TEpJiH TOJTBIPBUIFaHbl aiikbiH KepiHeni. COM cyperin
TangayaaH, siFH 29 CypeTTe KeITIpUIreH 2 M MaciiTa-
ObIH ecKepe OTBIPbII HAHOKEYEKTepJiH JAuamerpi
350 um-meH 430 HM-re ACHIHTI AUANa30Haa ©3repeTiHIH
kepemi3. CoHbIMeH Karap, anbiiFaH COM cyperiH Koil-
JlaHa OTBIPBII, TOJNTBHIPBUIFAH HAHOKEYEKTEp CaHBIHBIH
OapibIK HAHOKEYSKTEp CaHbIHA KATHIHACHI apKbLIbI Ha-
HOKEYeKTepAl ToNThIpy mopexeci 80% OONFaHIBIFBI
AHBIKTAJIJIBL.

PeHTreHmik KypbUIBIMIBIK TANIay JepeKTepiHe Coii-
kec (3-cypet) SiO2/Si TpeKTiK TEMIUHTIHIE CYTb(haTTh
epITIHAIMEH XHMUSUIBIK TYH/ABIPY OPTOPOMOTBI KYpBI-
JIBIMBI MeH Pnnm(58) KeHiCTIKTIK TOII CHMMETPHSICHI 0ap
SnO; HaHOCBIMIAPBIHBIH TY31UIyiHE OKelJli, COHBIMEH Ka-
Tap TETParoHaIbabl KypeUIbIMEL XxkoHe [4/mmm(139) ke-
HICTIKTIK TOII CHMMETPHACH Oap Sn Qaszackl ga maiga
60, OCBHI VAT YIIiH PEHTTECHIIK KYPBUIBIMIBIK Taj-
Jlay HOTIKEJepi KecTe OepiireH.
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Cypem 3 — 20 munym apanvleblHOa XUMUSIbIK, MYHObIPY
aoicimen anvinzan SnO2 yaciciniy penmeenoix
ougpaxmozpammacol

PeHTreHIik KYphUIBIMIIBIK TaJ1ay HOTIKEJIEPIHE CY-
fieHe oThIphIn, Sn xoHe SnO2 (azanapbIHBIH KOHIICHTPA-
IUSUTBIK KYPaMBl, coiikecinie, 22% xoHe 78% Kypaiisl
JIeTeH KOPBITHIH]IBI JKacayFra 00aibl.

OkcrepuMeHTTIK [45, 46] xKoHE TEOPUSUIIBIK KYMBIC-
Tapaarbl [47] ysAUIBIK HapaMeTpIiepi, OChl JKYMBICTa CHH-
TE3/ICIT€H OPTOPOMOTHI Kaslaiibl JAMOKCHAI HaHOCBHIM-
Jlapbl YIIIH aJbIHFaH JePeKTEPMEH JKaKChl Colikec Kelle-
.

AJNBIHFaH HAHOCHIMJIApAArbl akayjgap MeH Koclla-
napAbl aHplKTay YuuiH ¢otomomunectenus (DJI) cu-
SIKTBI OTITUKAJIBIK 3€pTTEy oicTepi KOImaHpUIAsl. SnOo-
HC/Si02/Si HaHOTE€TEepOKYPBUIBIMBIHBIH (POTOTFOMHHEC-
neHnusAcH (DJI) ToIKeIH Y3BIHABFE A = 240 HM >KapbIK-
meH Ko3aplpeurraH kesnme 300-men 600 HM-Te neifiHri
CHEKTPIIK AAANa30HAa 3epTTeIAi. 4-CypeTTe XUMISITBIK
TYHABIPY oxici apkpuibl anbiaFaH SnO2-HC/S102/Si ky-
PBUIBIMIAPBIHBIH  (POTOIOMUHECIEHIMS ~ CIIEKTPiHIH
rayCTBIK JKIKTEJIyl KOPCETUITeH.

XUMUSUTBIK TYH/ABIPY apKbUIbl aJbIHFaH HAHOCHIM-
napapiH OJI creKTpIiiepiH, 3JIEKTPOXUMHUSIIBIK OICIICH
CHHTE3/IeNITeH HaHochiMaap sl DJI criekTpiepiMeH ca-
TBICTHIPFaHa, MaKCUMyMIAp KapKbIHABUIBIFHIHEIH TO-
MeH/Iey OOJFaHABIFBIH KopceTeli. OpTYPIi CHHTE3 dIic-
TepiHe, KOJIAHBUIATHIH CPITIHAUIEpre XOHE TeMIlepa-
Typara OaillaHBICTBI Marepuaiga OoJaTbIH Kocmaiap
MeH akaynap @®JI cnekTpiaepiHiH KapKbIHABUIBIFBIH ©3-
repTyze MWenrynni pei aTkapa aiajisbl.

Kecme. Pernmeenoix KypulLivimMobly manioay Homucenepine nezizoenzen SiO2lSi-n mpexmix memnistiminoezi SnO2
HAHOCHIMOAPBIHBIY KPUCMATIO2PADUALLIK napamempepi

Kypbinbim KenjicTik 5 2 enwemi, YAWbIK, Kenewi, KpMC'rannlg'r ThifbI3AbIfbI,

®aza Typi T06bI (k) % d A (ang.) FWHM napameTpnepi, A V(A3) | enwemi, (A) |  (glcm3)
a(A) = 3,674736;

Sn | TetparoHans | 139: l4/mmm | (002) | 54,271 1,6889 648 0,144 b(A) = 3,674736; | 45,610417 58,0 8,644
c(A) = 3,377628
a(A) = 4,655800;

SnOz | Optopom6Thl | 58: Pnnm (220) | 56,113 | 1,6377 637 0,15 b(A) = 4,599800; | 67,489592 58,71 7,416
c(A) = 3,151400

PL Intensity, (a.u.)

Energy, (eV)

Cypem 4 — SnO2-HC/SiO2/Si xypvinvimoapeinviy homoniomunecyenyus cnekmpiniy
eaycmuix scikmenyi. @JI cnexmpinde SiO2 itomunecyenyuacsl eckepineen
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3epTTey OapBICBIHAA JFOMUHECIEHINS CIEKTpiHIe
Oavikanran 2,9 3B (427 um), 2,8 3B (442 um), 2,58 3B
(480 um), 2,39 3B (518 um), 2,23 3B (555 um), 2,1 3B
(590 um) colikec KeNeTiH KapKbIHABI IIBIHAAp 0Oacka
sepTreyminep iy [48] ykcac emmeysepiHii HOTHkKeIepi-
MEH JKaKChl calikec keneni. KepiHeTiH kapbIk coyierne-
Hyi, O-00c OpbIHAApBIMEH XoHe TYHiHapajibIK Sn Oaiina-
HBICTBL, SnO» THIBIM  caJbIHFAH  alMaFbIHIAFEI
aKayJmapIplH SHEpPreTHKANBIK JeHreinepiMeH Oaiina-
HBICTBI €KEHI aBTOPJIAPIBIH JKYMBICTapbIiHaH [49] keHi-
HeH Oenrimi. 2,9 3B (427 HM) Ke3iHAeT1 KYJTiH coyJene-
HyIiH MaKCHUMyMBIHA jkKayarl OepeTiH JIFOMUHECHEHIIHS
OpTANIBIKTAPBIH OaillaHBICTAphl 3aKbIMJIANIFAH KallalbIiFa
HeMece TyHiHapallblK KajlalbIFa )KaTKbI3yFa 0omnanabl [50—
54]. Makcumymsl! 2,8 5B (442 HM) OONaThIH KOK JKapbIK
coynenenyi V) ymrin ymrik Kyiinen nerisri kyiire eTyine
0aiiaHbpICThI 00yBl MYMKIH [55]. OTTeri 60c opbIHIa-
poIHBIH Kemmiiiri 2,58 3B (480 um) [56, 57] uibiHb! 6ap
V4 mapamarmutTik kyizme, an 2,39 5B (518 mm) [58]
IIBIHBI Vg OeTTik JOHOpBIHA colikec keiemi. 2,23 3B
(555 M) miamaceiHmarel wbH, [59, 60] XKyMmbicTapaa
KOpPCETUITCHCH, TYHIBIPY MpoIieci Ke3iHae maiima 0oa-
THIH OTTET1 60C OPBIHAAPHIHBIH HOTHXKECi O0TyBl MYMKIH.
2,1 5B (590 HM) TONKBIH Y3BIHIBIFBIHIAFE MaKCHMYM O
BaKaHCHJIAPEIMEH HeMece TyHiHapaimblk Sn Oaiina-
HBICTHI THIIBIM CaJbIHFAH alfMaKTaFbl aKay JeHreinepi-
MeH OailyIaHBICTHI, OYIT JTa3epIrik aOJSAIus apKbUIBI CHH-
tezgenreH SnO; HaHOJCHTaNApeIHAA [61] xKoHe epiTiHml
(asaceiHaH ©cy apKbUIbl anbiHFaH SnO; HaAHOOUTIKTEPI
[62] yurin Oaiikanran OonateiH. OTTEriHiH 0OC OpBIH-
Jlapbl akayJiapblH €H KeIl TapalfaH TYpi JKOHE JIIOMH-
HECIICHIMSHBIH Taaa 00ybl Ke3iHae kebiHece coyJe-
JICHIIPYIN aKayjgap PETIHAC OpPEeKeT eTeTiHI KeHIHEH
oenrimi. HIsmapreiaga, OJI crektpin Tanmay OapbIChl
HETI3Ti aKaynap KallaibIMEeH OalTaHBICTHI aKayJiap eMec,
OTTeTiHiH 00C OPBIHIAPHI EKEHIH KOPCETE .

I, mA

.7 -40
P =80
’ =120 4

! =160 1

Cypem 5 — SnO2-HCISiO2/Si 6onem-amnepnix cunammamacei.
my3y KUcolk — 6acmankol yazi; y3ik KUcolk — myHObIPbLIZAH
SnO2 6ap ynei (tnynowpy = 20 mumn.)

SnO2-HC/Si02/Si  KypBUTBIMBIHBIH BOJIBT-aMIEPIiK
CUIIaTTaMaJapblH 3€pTTEY CHHTE3AEITeH KYPBUIBIMHBIH
OTKI3TIIITIK TYPiH aHBIKTayFa MYMKIHIK Oepeni. BosbT-
amnepiik cunarrama aynanbl 0,7 cM? GOJIATBIH TOJITHI-
pBUIFaH HAaHOKEYEKTep MacCHBIHEH OJIIEHl. S-cyperTe
TYH/BIPYFa JICHIHT1 JKoHE KEHIHT1 YAriiepaiH BOJbT-aM-
nepnik cunarramaiapsl (BAC) kepcerinren. SnO; TyH-
IBIpyFa Jeiiin Typa OarbITTa 1a, Kepi OarbITTa Ja OTKi3-
TIITIK 0OJIMAaNTHIHBI aHBIK KepiHesi. SnO;
HAHOCHIMIAPBIMEH TYHJABIPBUIFAH YJTLIEp YIIiH BOJIBT-
aMIIepIIiK CHIATTaMalapbl CBHI3BIKTHI €MeC OTKI3TIITiK
(dopmacreiHa e OOAbL.

KOPBITBIHIbI

Auram pet SiO2/Si TpeKTik TeMIUITIHE XUMHUASIBIK
TYHIBIPY ApKBUIBL, TOp Tapamerprepi a = 4,655800 A;
b=4,599800 A; c=23,151400 A Ten GomaTsiH opTo-
POMOTBI KPHCTANIBIK KYPBUIBIMBI Oap Kajaibl OKCHII
(SnOy) manoceiMaapsr anbiHabl. DJI criekTpiH 3epTTey
380-620 HM CIIEKTpIIIK JUana3oHAaFbl KEH COYJIeIeHY
JKOJIaFBIH KOPCETTi, OHAa O0achIM aKayyap OTTETiHIH 00C
OpBIHIAPBI €KEHJIIT aHBIKTaN/bl; COHBIMEH KaTap Ty#i-
HapaJIblK Kajaiibl HeMece 3aKbIMAAJIFaH OalaHbICTaph
0ap Kamalibl apKbUIbl TY3UICTIH MaKCHMyMIap aHBIK-
tanapl. OpTOpPOMOTBI KPUCTAIABIK KYPBUIBIMBL 0ap
SnO,-HC/Si0,/Si TeTepoKYpBUIBIMBIHBIH BOJIBT-aMIIep-
JIK CUIIATTaMaJIapblH Taljgay, p-N aybICBIMBIHBIH Mac-
cuBtepi 6ap SnO»-HC/SiO,/Si HaHOTETEpOKYPHLIHIM-
Japbl CHHTE3/ICNITCHIH KOPCETTI.

Anzeic

3epmmey Kazaxcman Pecnybnuxacer binim oicone
eblnim munucmpiieiniy AP14871479 «Hano ocane on-
TNOIIEKMPOHOBIK KOCLIMULAAAD VLI 2emepOKYPbLIbIM-
dapoviy Jcana Muniniy MemMnidUmmiK cunmesi Jicame
IKCNEePUMEHMMIK-MEOPUSTLIK  3epmmeynepi» epaHm-
MbLK HCOOACHI AACHIHOA JICY3e2e ACLIPLLIOLL.
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CUHTE3 U UCCJEJOBAHUE ONITUYECKHX, DJEKTPUUECKHUX CBOMCTB
HAHOITPOBOJIOK ITMOKCHJIA OJIOBA B TPEKOBOM TEMILJIDMTE SiO2/Si

. A. Jlixynucbexopa', A. K. JlayaeroexoBa, 3. K. Baiimyxanos, A. JI. AKbLI6eKoBa,
I'. M. ApaabaeBa, A. b. Bazapoek, 7K. K. KoiimupioaeBa

HAO «Esepasuiickuii nayuonanwvholii ynueepcumem um. JI.H. I'ymuneean, Acmana, Kazaxcman
*E-mail ons konmaxmos: diana911115@gmail.com

JlaHHast paboTa NpeICTaBISIET UCCIIEI0BAHUE CTPYKTYPHBIX, ONITHUECKHUX U DJICKTPHYECKUX XaPaKTEPUCTUK HaHOIPOBO-
JIOK TMoKcuia oioBa (SnO2) NOIyYeHHBIX METOJIOM XUMHUUecKoro ocaxaeHus (XO) B TpexoBblid TeMIUT Si02/Si (Tem-
IUHTHEIA cuHTe3). JlaTeHTHBIE Tpeku B citoe Si02 co3aaBaich myTeM 00mydeHus ObICTphIME TsDKensiMu noHaMu (BTH)
Xe nipu sHeprun 200 MaB ¢ gimoencom @ = 108 cm 2 u mocnenyrommm TpasienreM B 4% BOJHOM pacTBOpe (TOPUCTO-
BopopoaHoii kucioTel (HF). Beiopanssrii Meton XO MHUPOKO pacipoCTpaHEeH I OCAXKICHUS HAHOIIPOBOJIOK ITOIYTIPO-
BOJIHMKOBBIX OKCH0B B HaHomopax SiO2. Meron XO sBisieTcst 5KOHOMUYECKH 3P PEKTUBHBIM, TaK Kak He TpeOyeT cre-
IIMAJIBHOTO 000PYA0BAHUS JUIS OCAXKICHUS HAHOIIPOBOJIOK. [IJ1s1 OCYIIECTBIICHUS OCaXKACHHS IPUMEHSETCSI PAcTBOP KO-
OpAMHAMOHHOTO COEANHEHUS MeTaJIa M BoccTaHoBHTeNs. IIIs aHammM3a 3amosiHeHus rmop nocie nponecca XO, mopdo-
JIOTHsSI IOBEPXHOCTH 00Pa3IioB UCCIIeI0BAIACh C IOMOIIBIO CKaHUPYIOIEro Mukpockomna Zeiss Crossbeam 540. Kpucran-
sorpaduueckast cTpykTypa HaHOCTPYKTYp SnO2/SiO2/Si ¢ 3amonnenneM Hanomop SnOz UCCIEA0BATH METOAOM PEHTTE-
HOBckoW audppakuuu. Penrrenoctpykrypubiii anamu3 (PCA) npoBoasr Ha peHTreHoBckoM audpaktomerpe Rigaku
SmartLab. B pesynbsrare Obuta oaydeHa HaHorerepocTpykrypa SnO2-HIT/SiO2/Si ¢ opropomMOUdecKoi KpucTaminiec-
KOii cTpyKTypoi HaHomnpoBosok SNO,. Cnekrpsl GoTonmomunecueHunu (PJI) n3mepsumch npu Bo30YKACHUN CBETOM C
JUTHHOM BOJIHBI 240 HM ¢ UcToNb30BaHueM criekTpoduyopumerpa CM2203 (Solar). PasoxeHune Ha rayccuaHbl CIIEKTpa
¢doromomuHecneHH cTpykTyp SnO--HIT/Si0,/Si, moka3anu, 9T0 OHH UMEIOT HU3KYIO0 HHTCHCHBHOCTB, KOTOpas 00y-
CJIOBJICHA B OCHOBHOM HAJMYHEM TAaKHUX Je(PEKTOB KaK KHCIOPOAHBIC BAKAHCHH, MEXI0Y3€IbHOE OJOBO WIIH OJIOBO C
TIOBPEXICHHBIMH CBSI3MHU. VccienoBanne 3JIEKTPUUECKUX XapaKTEPUCTHK IPOBOIMIOCH C UCTIONb30BAHUEM MAaTEHIIHO-
crara VersaStat 3 (Ametek). M3mepenne BAX mokasano, 4ro moirydeHHas HaHorerepocTpykrypa SnO»-HIT/Si0./Si co-
JIEp)KUT MacCUBBI P-N TIEPEXOI0B.

Kniouesvie cnosa: mpexoswiii memnioum SiOolSi, xumuueckoe ocasicoenue, nanonposonoxu SnQOz, Ouokcud 0108éa,
MEMNAIUMHBLY CUHME3.
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SYNTHESIS AND STUDY OF OPTICAL, ELECTRICAL PROPERTIES
OF TIN DIOXIDE NANOWIRES IN A SiO2/Si TRACK TEMPLATE

D. A. Junisbekova®, A. K. Dauletbekova, Z. K. Baimukhanov, A. D. Akylbekova,
G. M. Aralbayeva, A. B. Bazarbek, Zh. K. Koishybayeva

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
*E-mail for contacts: diana911115@gmail.com

This work presents a study of the structural, optical and electrical characteristics of tin dioxide (SnO2) nanowires obtained
by chemical deposition (CD) into a SiO»/Si track template (template synthesis). Latent tracks in the SiO layer were
created by irradiation with swift heavy ions (SHI) of Xe at an energy of 200 MeV with a fluence of ® = 10% cm™2 and
subsequent etching in a 4% aqueous solution of hydrofluoric acid (HF). The chosen CD method is widely used for the
deposition of semiconductor oxide nanowires in SiO2 nanopores. The CD method is cost-effective because it does not
require special equipment for deposition of nanowires. To carry out deposition, a solution of a coordination compound of
a metal and a reducing agent is used. To analyze the filling of pores after the CD process, the surface morphology of the
samples was studied using a Zeiss Crossheam 540 scanning microscope. The crystallographic structure of SnO/SiO./Si
nanostructures with SnO nanopore filling was studied by X-ray diffraction. X-ray diffraction analysis (XRD) is carried
out on a Rigaku SmartLab X-ray diffractometer. As a result, a SnO,-NW/SiO,/Si nanoheterostructure with an
orthorhombic crystal structure of SnO, nanowires was obtained. Photoluminescence (PL) spectra were measured upon
excitation with light at a wavelength of 240 nm using a CM2203 spectrofluorimeter (Solar). Gaussian decomposition of
the photoluminescence spectrum of SnO2-NW/SiO,/Si structures showed that they have low intensity, which is mainly
due to the presence of defects such as oxygen vacancies, interstitial tin or tin with damaged bonds. Electrical
characterization studies were performed using a VersaStat 3 potentiostat (Ametek). Measurement of the current-voltage
characteristic showed that the resulting SnO,-NW/SiO-/Si nanoheterostructure contains arrays of p-n junctions.

Keywords: SiO-/Si track template, chemical deposition, SnO, nanowires, tin dioxide, template synthesis.
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MPUMEHEHUME METO/IA PE3EP®OPJIOBCKOI'O OBPATHOI'O PACCESTHUS
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B nanHOM nccnenoBaHny ObLTa M3yUYeHA PagHalliOHHAs cerperanus B BEICOKO3HTponuiHbIX ciuiaBax (BOC) CoCrFeNi,
CoCrFeMnNi, 06:1y4enHbIx noHamu renus He?* ¢ sueprueii 40 k3B npu koMHaTHOM TeMnepaType. M3MeHeHHs KOHLIeH-
Tpamuii anemeHToB BOC 1 nx pacnpenenenuii mo riryOnHe u3ydanuck Meronamu Pesepdopnosckoro odbparHoro pacce-
stanst (POP) n sHepromuciepcnonnoit peaTreHoBekoit criekrpockornuu (3C). M3mepenns merogamu POP u 3/1C moxa-
3aiM, uro HeoOiydyenHsle BOC o0nagaror ONM3KMM K KBUATOMHOMY COCTaBOM, TJi€ CpPEIHsII KOHIEHTpauus IJist
CoCrFeNi paBna 24,8 aToMHBIX porieHTOB (at1.%), a a1 CoCrFeMnNi — 20 at.%. Pesynsratel DJ]C cyiiecTBEeHHO OT-
myanuck oT POP B konuentpauusx Ni/Co, 1 yka3zanu Ha OTCYTCTBHE 3HAUUTEIbHBIX U3MEHEHUH paclpeesieHust dlie-
MeHTOB B 000oux BOC mocine 00ayuenus. Cornacuo ganusiM POP, HanbobIne n3MeHeHHS KOHIICHTPAIIHA TIPU 00JTyde-
HuM B 000ux BOC otHOCcsTCs K oboramernto atomamu Ni. B CoCrFeNi npu o0ryueHir HanOOoIbIIeH cerperaiuu mo-
Bepratorcst atoMbl Ni/Co, a B CoCrFeMnNi 3naunTtensao Menstorest konueHtpanuu Ni/Co/Fe. B CoCrFeMnNi cunbHee
gem B CoCrFeNi nposiBuiioch U3MEHEHHE KOHIICHTPALUI 3JIeMEHTOB ¢ poctoM (iroenca obnyuenusi. B CoCrFeMnNi
M3MEHEHHs KOHLIEHTPALMH BCeX 3MeMEHTOB mpu oboux uroencax mocruranu 0,5-17% (0,1-3,1 ar.%) u npesbicuinu
n3menenns B CoCrFeNi, nocturasime 2—11% (0,5-1,9 ar.%). Bbij10 ycTaHOBICHO, YTO YCTOHYUBOCTD K CETPEraliu pu
00Iy4eHNN nOHAMU Tenus B JaHHBIX ycloBuix y CoCrFeMnNi 6pura mHike, geM y CoCrFeNi. B o6oux BOC usmenenus
koHueHrpaui Co, Fe, Cr, Mn ObUIn 3HAaYMTENFHO MEHBIIIE, YeM H3MEHEHHSI OKOJIO CTOKOB M KJIACTEPOB J(PEKTOB MpH
00JTy4YeHNY HOHAMH HHUKEJISI CO CXOKMMH JJO3aMH B APYTUX MCCIECIOBAaHMUAX IIPH TEMIIEPaTypax ONM3KUX K TEMIIEpaType
nosyruiaBieHus: HukeneBbix BOC. MccnenoBanue meronom POP mokaszano paBHOMepHOe pacnpeienieHHue aTOMOB IO
riyoune u ycroiunBocTh K cerperaiuu B CoCrFeNi, CoCrFeMnNi nipu 00sydyeHrE HOHAMH T'eITUsL.

Kniouegvle cnosa: 6vicokodnmponuiinvle CHiasvl, paoUAyUOHHAsi CMOUKOCmb, ceepecayus, Peszepgopooscckoe

06paml-toe paccesrue, 97leMEeHMMUbLIL anaius, yckopumeio.

BBEJIEHUE

KoHCcTpyKIMOHHBIE MaTepHabl IS aKTHBHON 30HBI
1 3alIHUTHI AIEPHBIX peakTopoB |V-ro moxoieHus gomkK-
HBI 00J1a]1aTh MMOBBIIIICHHOW YCTOMYMBOCTHIO K PajIHalli-
OHHBIM TIOBPEXICHUAM TIPH OOIyYIECHUH SIPAMU TIPOIY-
KTOB JIeJIEHUs, HEUTpOHaMHU U resmeM ¢ go3aMu o 100—
200 cMenieHnii-Ha-aToM (CHA) M IMOBBIIIEHHBIMH TEMITE-
patypamu 10 okojo 750-1000 °C [1, 2]. Paguannonnas
cerperainus — 3Ha4UTeNbHOE obOorameHne odnacteid Ma-
Tepualia OJHMMH COCTAaBJSIIONIMMH ODJIEMEHTaMH |
YMEHBIIIEHNE KOHIIEHTPAIIUU JIPYTUX JJIEMEHTOB 3TOTO
JKe MaTepuaia, Ipu 00JydyeHUH, YTO MOYKET MMPUBECTH K
pacnagy TBepaoro pactBopa [1, 3]. OHa MoXeT mpuBec-
TH K KOPPO3UHHOMY PACTPECKUBAHUIO B ayCTCHUTHBIX
cTansx [4], paAuaioHHOMY YIIPOYHEHHIO ¥ OXPYIYHBa-
HUIO [3] KOHCTPYKIMOHHBIX MaTepuanoB. Panuanuonnas
cerperanus MPOTEKAeT OKOJIO CKOIUICHWH ne(eKTOB U
MECT HX IMOTJIOIIEHU (CTOKOB), TAKUX KaK T'PaHHIIBI 3¢-
PEH, TUCIIOKAIIMOHHEIC TTETIIH, KOT/Ia MOTOK Ie()EeKTOB U
MIpUMecei TBEPAOTO PacTBOpa K CTOKaM U CKOTUICHHUSM
nedexroB HepaBHOMepeH [1, 3]. OOnyueHue npH BBICO-
KX TEMIIEpaTypax yCHIMBAET 3TOT MPOIlecC 3a CUeT yc-
KopeHHOH nud@y3um aTOMOB pacTBOpa W MpUMECEH U

ycuieHHoro obpazoBanus jaedexroB [3]. M3-3a paznu-
YW B CKOPOCTH OOMEHA C BAKAHCHSIMH HJIH TIEpeIBIKE-
HUS aTOMOB C MEXIOY3IISIMH, IPe00IalaeT MOTOK U Ha-
KOIUUIEHHE aTOMOB omnpezesieHHoro snemenTa [1]. Ilpu
o0JIy4eHUN cTalleil, MOKET MPOUCXOAUTH cerperarus Ni
1 Mn, KOTOpBIE MOTYT 00pa30BBIBaTh KIACTEPHI OKOJIO
JICIIOKAIIMOHHBIX TIETENTh M3 MEXKY3JIOBEIX aTOMOB. Poct
KOJINYECTBA JAaHHBIX KJIACTEPOB IPH BBICOKMX MOTOKaX
00TyyaronyXx YacTHIl CBSA3BIBAIOT C YCUJIIEHHBIM 00pa3o-
BaHWEM JHCIOKAIMOHHBIX meTenb [4]. BbICOKO3HTPO-
nuitHble ciutaBsl (BOC) sBnsoTCs anbTepHATHBON TAKHIM
KOHCTPYKLIMOHHBIM MaTepHanaM Kak ayCTeHHUTHBIE CTa-
JIM, TaK KaK UMEIOT MOBBIIICHHYIO CTOWKOCTB K paJnau-
OHHBIM YIIPOYHEHHI0, 00pa30BaHUIO BTOPUYHBIX (a3, re-
JIMEBOMY pacIlyXaHHIO U cerperanuu [3].

BOC — cmnasbl, COCTOSINME U3 ISTH U 00JIee MeTa-
JIOB, TJIC ATOMHBIC KOHIICHTPAIIUH KaXKIO0TO 3JIEMEHTa HEe
MeHee 5-35 ar.% wu 3HTpOmHs cMemreHust ASmix >1,5R
st BOC, 1,0< ASmix <1,5R i cpenHesHTponuitHbIX
crutaBoB (COC), rae R — yHuBepcaiibHas Ta30Bast MOCTO-
suHas 8,31 J[x/(monb-K) [5]. B naHHOi#i cTaThe, Kak U B
nmuteparype, 06a craBa CoCrFeNi, CoCrFeMnNi 6yayt
o6o03nauensl kak BOC, Tak Kak 001a7al0T CXOXKHUMH
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MPUMEHEHUE METO[JA PE3EP®OP[JOBCKOI0 OBPATHOIO PACCEAAHNA ANl UCCNENOBAHUA
PAOWALIMOHHOW CErPErALMK BbICOKO3HTPOMUUHbLIX CMNABOB HA OCHOBE HUKENSA

cBoiicTBaMH, HecMOTpss Ha TO 4T0 ASmix=1,37R mus
CoCrFeNi. BaxHO W3y4YHTh M3MEHEHHE 3JIEMEHTHOTO
pacnpenenenus pasubeix BOC npu pasHbIX TeMmmepary-
pax, A03axX M MOHAaX JUIs MOHUMAaHUS Pa3BUTUS KaK MUK-
po-, TaK U MaKpOCKOIIUYECKUX CBOMCTB MaTepHasoB AJs
SIICPHOI DHEPTETUKH MTPU 00JTyYCHUH.

Haubonee pacnpocTpaHeHHbIE B UCCIEIOBAHIUSX pa-
IUanMOHHOM cerperamun BOC MeTonsl: mpocBeYnBaio-
masi pacTpoBast HNEKTPOHHAS MHKPOCKOMHUS — CIIEKTPO-
CKOTIUSI XapaKTEPUCTHUECKHUX TTOTEPh SHEPTUH IEKTPO-
HOB (ITPOM-CXIIDD) [6], mpocBeunBaromas pacTpoBas
NIEKTPOHHAS MUKPOCKONHS — 3SHEProAMCIEPCHOHHAS
crektpockonusa (ITPOM-DJIC) [7], aromHO-30HAOBas
tomorpadus (A3T) [8], pacTpoBast 2JIeKTPOHHAST MHKPO-
CKOIHMS — SHEPrOAUCIIEPCUOHHAs] PEHTTEHOBCKas CIEKT-
pockomust (POM-3/1C). Ho B nepBBIX Tpex MeToax Hc-
MOJIBb3YeTCsl CPOKYCHUPOBAHHBII HOHHBIN MYYOK ISl MO-
TU(UKaIMKA TOBEpXHOCTH 00pa3noB [9]. Taxke mpume-
HSUTAach TIO3UTPOHHAS AaHHUTWIALIMOHHAS CIIEKTPOCKOTIHS
(ITAC), ¢ moMo1IIBI0 KOTOPOH OBLTO 0OHAPYKEHO YIIOpSI-
IOYUBAHHE U cerperanus Ni OKoJIo BakaHCHH B 2—4 KOM-
MOHEHTHBIX KOHIIEHTPHPOBAHHBIX TBEPABIX PACTBOpPAX
Ha ocHOBe Ni, Co, Fe, Cr, HO 3TOT MeTO1 OTpaHU4eH OJIH-
KHeW mapoit pecsatkoB atoMoB [10]. PesepdopmoBckoe
o0OpaTHOE paccesHHe ¢ KaHAIMPOBAHUEM ITO3BOJIIET OT-
CeXHUBaTh Ne()EKThl KPUCTAIUIOB, TaK KaK B OOJydYeH-
HBIX CIUIaBaX pacTeT BHIXOJ 00paTHO PACCESHHBIX HOHOB
[3].

OObrunblii  MeTon PesepdopmoBckoro o0GpaTHOTO
paccestaus (POP) Ge3 kaHanupoBaHus ISl aHAIW3a CO-
craBa BOC ucnosnb3yercst peako, XOTs OH TOKE IO3BO-
JSIET 10OCTaTOYHO TOYHO ONPEJNENATh PacipeielieHne Ts-
KEJIBIX JIEMEHTOB B 00pasie n3 Oojee JEerkux 3JIeMeH-
TOB B 00beMHbIX 00pa3nax [9, 11]. POP umeer psia npe-
MMYIIECTB Mepea APYTUMH METOJaMH1 3JIEMEHTHOTO aHa-
nmu3a. POP sBisieTcs HepazpymaronmM METOIOM aHAIH-
3a, OCOOEHHO /JJisi KOHCTPYKLUHOHHBIX MaTEpHaloB
[12, 13]. Jlyst KOMMYECTBEHHOTO aHAIIN3a HE 00sI3aTelb-
HO HaJIM4He M3y4eHHBIX 3TanoHoB. POP Ha nonax a3ora
N* umeeT ynydiueHHOe paspelleHHd 110 Macce U 110
riryOMHe Ui MIHPOKOTO JHAra30Ha TAXKENIbIX 3JIeMEH-
TOB, HanpuMmep, oT Ti (A=48 aTOMHBIX eIMHHUI Macchl
(a.e.m.)), Fe (A=56 a.em.), u 1o W (A=184 a.e.m.) 1o
cpaBHeHutio ¢ POP ¢ momoiipio NpPOTOHOB M Teus
[12, 14]. Boicokasi KHHETHYECKAs! SHEPTHUS] YCKOPEHHBIX
HOHOB paBHas 14 M»B u Gonblree ce4eHNH paccesiHus B
JTAaHHOM JMalla30He 3JIEMEHTOB, ITO3BOJISIOT IOJYYHThH
0oJiee BRICOKHIA BBIXOJT 00paTHO pacCesHHBIX YaCTHIL JIJIS
TSOKEIBIX SJIEMEHTOB.

POM-DJIC (nanee 3/1C) obnamaeT JIyqmuM IIOCKO-
CTHBIM pa3perieHueM 1o cpasaeHuto ¢ POP u moxert ero
JoNonHATh. Jlmametp mydka Ha mutienu npu POP moc-
TUraeT 2 MM, a paspemenue 1o riryoune B POP ¢ ncross-
30BaHMEM HMOHOB KHcIopoja ¢ 3Heprueit 20 MaB moxer
nocturath 400 aurctpem (A) s ray6unbl 1 MKM B Mu-
menu u3 Ni [12]. Juamerp snexrponnoro myuka 3JC
Haxoautcs B quanaszone 0,1-1 mxwm [15]. dis D/C mpu
yckopstomieM Hanpspkerun 30 kB, B jkerne3e riryOnHa re-

HEpalliy PEHTI€HOBCKOTO M3JIyYCHUS [OCTHraeT 2—
5 MKM, a rpu HanpspkeHuu 15 kB ata riryGuna uis meau
paBHa okosio 0,6 Mkm [16, 17]. Takum oOpa3om 3Haue-
HUst KoHIeHTpanus npu 3J{C MOTyT OTJIMYaThCs TaK Kak
Cpe/HsIsl KOHLIEHTPALUSI OTIpeIessieTCsl o OOJIbIIeH TiTy-
OWHE U B TUIOCKOCTH MEHbIIEro pa3mepa, ueM JJ[C.

Kak 0bu10 YyHOMSIHYTO BBIIIIE, yCTOWYNBOCTD K pajiu-
armonHoit cerperannn y BOC CoCrFeNi, CoCrFeMnNi
BBIIIE, UM y TPAAWIMOHHBIX KOHCTPYKIIMOHHBIX Mate-
puaioB, Takux kak craab 304 u crumas Fe-Ni-Cr [3, 9].
Ho, Bo-niepBEIX, UCCIe0BaHUS paluallMOHHOMN cerpera-
nun BOC npu o0irydeHrr HOHAMU Telnsl BCTPEYAIOTCS
pexe, ueM NpH 00Jy4eHHH TsDKeNbIMU noHamu [9]. Bo-
BTOpPBIX, MeTox POP mmeer mpenmyiuectsa nepex apy-
T'MMU TIPUBEICHHBIMH METOIAMH 3JIEMEHTHOTO aHau3a:
ObIcTphId HAOOp J@aHHBIX CO CMEHOW 0o0OpasuoB Ge3 oT-
KPBITHUA KaMEpbl, BOBMOXXHOCTb U3YUCHUA IMOBEPXHOCT-
HOTO cJios 00beMHBIX 00pa3loB 0e3 MX pa3pylIeHUs U
CTIEIMATIbHON HOATOTOBKH, BO3MOXHOCTh NPHUMECHEHHS
Ha yCKOpHTeIIe, IPOU3BEIIEM 00IydeHre MaTepraia. B
JAHHOM HCCIIeI0OBaHUH Obly BeIOpaHbl MeTonsl POP n
O/1C Gmaromaps ux Hepa3pylIalomleMy aHAIU3Y, H BO3-
MO’KHOCTH OBICTPOTO ¥ TOYHOTO OIIPEEIICHNS pacipee-
JICHUS! SJIEMEHTOB TI0 TTyOHHE U UX KOHLICHTPAINH B 00-
pasuax BOC CoCrFeNi, CoCrFeMnNi. C mensio ompe-
nenenus crenenu cerperauny BOC Obutu 00i1yyeHsl HO-
HaMU reius, u ObLIIN CpaBHCHLBI paclpe€acjICHusA U KOH-
LEHTPAIMK COCTABISIONIMX 3JIEMEHTOB JI0 U ITOcie 00y-
YCHUS, a TAKKE OTHOCHUTCIIBHO JIUTCPATYPHBIX JaHHBIX
o BOC.

METO/IBI

Oopasipr BOC CoCrFeNi, CoCrFeMnNi u unctoro
Ni 66utH u3roToBNeHbI B [lekiHCKOM TeXHOIOTHIECKOM
Uncturyte cnenyromm merompom [18]. Cmutku BOC
OBUTH TIOJIyYEHbI METOJIOM JIyTrOBOW IUIABKH HOPOIIKOB
YHCTBIX MeTAUIoB (10 99,9%) B BBICOKOYHCTOH aTMO-
cdepe aprona. [lanee, 111 00pa3oBaHUs OJHOPOHBIX 3€-
PEH, CIUTKM TIO/BEPIIINCH OTXKHTY TIPH TeMIlepaType
1150 °C B Teuenue 24 yacoB. 3aTeM 0Opa3Ibl MPOILIH
XOJIOJTHYIO TIPOKATKY A0 TOHMXEHUS TOJIIUHBI CIIUTKOB
Ha 85%, ¢ nocneayroumm oTxurom mpu 1150 °C B Teue-
HHE 72 4acoB I yMEHBIIEHUS HaNpsDKEHUH, BBI3BaH-
HBIX TMPOKAaTKOW. Pa3mepsl 00pa3moB cocCTaBIsLIH
5,0%5,0x1,5 mm.

CoctaB u pacnpezereHre 3JIEMEeHTOB 0 IIyOHHE B
BOBC CoCrFeNi, CoCrFeMnNi 0Obly W3y4YeHbl Ha I[UK-
motpone JII-60 (Acranmackuii ¢unmman HucTHTyTa
SAnepuoit ®m3uku, Acrana, Kazaxcran) meromom POP
Ha KOJUTMMHUPOBAHHOM ITyuYKe MOHOB asota *N?* ¢ smep-
rueit 14 MsB. O6paTHO paccessHHbIE HOHBI PETUCTPHUPO-
BaJIMCh TIOJIYIIPOBOJAHUKOBEIM ITOBEPXHOCTHO-0apbep-
HeIM Au-Si nerexktopom. ITnomans nerekropa POP —
50 mM?, paspemienue sHeprun POP netextopa =11 k3B.
VYroun peructpanun POP cocrasisit 20° oT myyka HOHOB
1 HopMaiu K muitern (yroi paccesaust 160°). OtHOCH-
TelbHas IOTPEHIHOCTh DJIEMEHTHBIX KOHIIEHTPALUi
BOC cocrapnsna menee 6% u ObUIa paccunTaHa U3 IaH-
HBIX dKcnepuMenTa. Taxoke 6p11 pomsseneH D/IC aHa-
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m3 moBepxHocT BOC Ha ycTtanoBke Rontec conpsixeH-
HOH C pacTpOBBIM O3JEKTPOHHBIM  MHKPOCKOIIOM
LEO1455VP. VYckopsoliee HamnpspKEHHE COCTaBIISIIO
20 kB, ncnonbp3oBacst NOIYNPOBOTHUKOBBII SHEPTOIU-
cnepcuonnbiit Si (Li) merextop. OTHOCHTEnbHAs MO-
rpemHocTs DJIC cocraBisia meHee 5%.

B3C CoCrFeNi, CoCrFeMnNi u uucteiii Ni Ob11m
06nyuens! nonamu He?* ¢ sneprueii 40 k3B Ha LUKJIOT-
pone JIII-60, ¢ ¢pmoencamu Nel (5-10'° cm?) u Ne2
(2-10% cM7?). CnekTpsl 0OpaTHO PACCESHHBIX YACTHIL
obpabateBaiucy B mporpamme Rutherford universal
manipulation program (RUMP) [19] u 6511 mocTpoeH Te-
opernueckuii cnektp POP (kpacHast IMHMS), COOTBETCT-
BYIOIIMH DKCIICPUMEHTAJIBHOMY CIEKTpY (4YepHas Ju-
Hust). KoHIeHTpamoHHbIH Npoduiib 3J1€MEHTOB B MPO-
rpamme RUMP npexcrasnsiercst B gopme mnocienosa-
TEIBHOI'O YEPEJOBaHUs CJI0EB BAPbUPYEMOI TOJIIUHBL U
cOCTaBa.

PE3YJIBTATHI M1 OBCYXIEHUE

CornacHo pesynbtatram POP, mpencraBieHHBIM Ha
pucynke 1 u pacueram B RUMP, B ncxonusix oopasiax
cwiaBoB CoCrFeNi, CoCrFeMnNi pacmpenencHue 3iie-
menrtoB Ni, Co, Fe, Cr, Mn mo riy6use g0 1 MkM B co-
OTBETCTBYIOLIMX 00pa3uax paBHoOMepHoe. Ha 3To ykasbl-
BaeT TO, YTO IKCHepHUMeHTaNbHbIe crieKTpsl POP (uepHas
JIMHUS) COBMAJAIOT C PACCYMTAHHBIMU B IPOrpaMme
RUMP (kpacnas nuauMs). HeGonpmmme OTKIIOHEHHS OT
pacCUYMUTAHHBIX JTHHUH CIIEKTPOB CBSI3aHBI C OTPAHUUYCHU-

SIMH TIO OTIPEeIICHIIO KOHIIEHTPAIIHI 3JIEMEHTOB CO CXO-
*kumu Maccamu st POP.

Pesynbratsel ananuza merogom POP npencrasiieHsl B
tabmumax 1 m 2. B uCXOAHBIX 00pa3nax CIUIaBOB
CoCrFeNi, CoCrFeMnNi KoHIEHTpanus 3JEMEHTOB
0nu3Kka K 9KBUATOMHON. CpeHsIsl KOHIICHTPAIUS JJIS UC-
xomHblx CoCrFeNi cocrasmser 24,8 ar.%, a mus
CoCrFeMnNi — 20 ar.%. Pesymprarsr POP s
CoCrFeNi, CoCrFeMnNi noka3sIBaroT HE3HAYNUTEIBHOE
M3MEHEHHE KOHIIEHTPAIMH 3JIEMEHTOB B OOIYYCHHBIX
o0pa3max, HO pacIpeneleHie 3JIEMEHTOB OCTAaeTCs Oll-
HOPOIHBIM TI0 BCEW aHATTM3UPYEMOHi TITyOnHe.

Ha pucynke 2, 3IC xapTta J€MOHCTPUPYIOT OJHO-
poanoe pacnpeneneuue snementos Ni, Co, Fe, Cr, Mn B
npunoBepxHocTHOM ciioe B CoCrFeMnNi. Kak BuaHO 13
Tabnui 1 u 2, 3HaAYCHHST KOHIICHTPAIIUI UCXOHBIX 00-
pasioB CoCrFeNi, CoCrFeMnNi, mojy4eHHbIE METOIOM
POP, cxoxu co 3HaueHusmMu u3 Meroga DJIC. Ananu3
3/1C monTBepxKIaeT PaBHOMEPHOE paclpeieiecHue dire-
MEHTOB B IOBEPXHOCTHOM cJioe B JaHHbIX BOC. Pesyinb-
tatel D/IC B Tabmmnax 1 u 2 mokasanu, uro BOC saBms-
FOTCS] PKBUATOMHBIMH C KOHIICHTPAIISIMHA KaXKIOTO dJIe-
MEHTa paBHBIMH TNpuOMM3UTENbHO 25 aT.% 1A
CoCrFeNi u 20 a1.% naa CoCrFeMnNi coorBercTBen-
Ho. Oxnako st Ni, Co pa3nuuusi B KOHIEHTPALMIX Me-
xkay POP u BC nmocturator 26% (6,4 at.%) s
CoCrFeNi u g0 14% (2,8 a1.%) nnst CoCrFeMnNi B uc-
XOJIHBIX 00pa3iax.
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kpacHas nuHus — cnektp RUMP, yepHas niuHust — akcnepumeHTarnbHblil POP cnekTp

Pucyrnox 1. Cnexmpur POP (a—8) COCrFeNi u (2—e) CoCrFeMnNi, (a, 2) — ucxoonvie,
(6, 0) — obnyuennvie puioencom 5-10% cu?, (s, ) — 21047 cm~2
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Tabnuya 1. Konyenmpayuu snemeHmos 6 ucxoousix u obnyyennoix uonamu He?* npu 510 cu™? (pmoenc 1)
u 2:10Y em™? (gpmioenc 2) BOC CoCrFeNi, nonyuennsie ¢ nomowvio POP u 2J]C

KoHueHTpaums anemeHToB, at.%
O6pasubl -
Ni Co Fe Cr
CoCrFeNi (ucxogHbiit) (POP) 17,9+1,1 289417 26,2+1,6 26,0+1,6
CoCrFeNi (5-10% cm-2) (POP) 19,8+1,2 27,5¢1,7 21,7+17 25,0¢1,5
CoCrFeNi (2:1017 cm2) (POP) 18,511 31,0¢1,9 25,0+1,5 25,5+1,5
CoCrFeNi (ucxogHbiin) (SLC) 24,32+1,22 24,69+1,23 25,27+1,26 25,72+1,29
CoCrFeNi (5-10% cm2) (3AC) 24,41%1,22 24,84+1.24 24,98+1,25 25,78+1,29
CoCrFeNi (2-1017 cm2) (OAC) 24,4+1,22 24,61+1,23 25,46+1,27 25,52+1,28

Tabnuya 2. Konyenmpayuu snemeHmos 6 ucxoonsix u obnyyennoix uonamu He?* npu 510 cu™? (gpmoenc 1)
u 2:10Y cm2 (ghroenc 2) BAOC CoCrFeMnNi, nonyuennvie ¢ nomowwio POP u 3JC

KoHueHTpaums anemeHToB, at.%
O6pasubi -
Ni Co Fe Cr Mn
CoCrFeMnNi (ncxoaHblit) (POP) 17,9¢1,1 22,3+1,3 17,911 20,0+1,2 219+13
CoCrFeMnNi (5-101 cm-2) (POP) 19,6+1,2 18,8411 18,3+1,1 21,3+1,3 22,0+1,3
CoCrFeMnNi (2-10'" cm-2) (POP) 21,0£1,3 19,741,2 20,6%1,2 18,4+1,1 20,3+1,2
CoCrFeMnNi (ncxoghblit) (OAC) 19,78+0,99 19,52+0,98 19,80+0,99 20,34+1,02 20,56+1,03
CoCrFeMnNi (5-101 cm-2) (3C) 19,45+0,97 19,73+0,99 20,04+1,00 20,36+1,02 20,42+1,02
CoCrFeMnNi (2-10' cm72) (3[C) 19,460,97 19,63+0,98 19,79£0,99 20,49+1,02 20,63+1,03

T00m

100

T00um

Co Kal

T00um ~ ooem

Pucynoxk 2. Kapmur pacnpedenenus snemenmos 6 ucxoonom BOC CoCrFeMnNi, nonyuennvie ¢ nomouppio 3/[C

OpHa 13 BO3MOKHBIX NPUYWH Pa3HBIX KOHIEHTPALUH
Ni, Co B AByX MeToaX — 3T0 OOHapyKeHHUE yriepoa Ha
nepBoHaYaIbHBIX criekTpax JJIC, 9To MOKET OBITH CBS-
3aHO C YaCTHYHBIM 3arpA3HEHHEM IIOBEPXHOCTH, II03TO-

My OBII IPOBEJICH HOBBIH pacdeT Oe3 yriiepona. TemHble
nsiTHa Ha DJ1C kapte Hanbosee BEpOsITHO CoJepiKar yr-
siepo win OKCHbI [20] WK SIBIITIOTCS TEOMETPUIECKH-
MU edexramu. [lpyras npudrnHa — 3T0 00JbIIask JIOKaNb-
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HOCTB H JIy4lllee pa3pemieHne Mo IIOCKOCTH, TaK KaK u3-
Mmepennst JIC npoBoasATCs B pa3HbIX TOYKaxX 00pasLoB U
B MEHbIIEM Macitade, a HEpOBHOCTH B IIOBEPXHOCTH 00-
pasuoB MoryT BHecTH orinOku B POP [12]. Tpetbs npu-
yuHa — 6au3kue maccol anemeHToB BOC. DHepretuuec-
koe pazpemenue nerekropa POP B 11 k3B mo3Bosser
0oOHapyxuTh U pa3nuuuth Ni, Co, XOTs OHH HaXOAATCA
OJM3KO Ha CIEKTPE M pa3HUIlAa B YHEPTHAX 00paTHO pac-
CeSHHBIX YACTHI[ OKOJIO TIOBEPXHOCTH pPaBHA OKOJIO
20 x3B. [l curranos Fe u Mn pa3Hu1ia B 3HEpPTUsIX pas-
Ha 89 x3B, a MeXay APYTUMH JIEeMEHTAMH 3Ta pa3HUIA
3HAYUTENBHO BBIIIE, YTO MO3BOJIIET pa3iinyarh 3TH dIie-
MEHTBI C JIOCTaTOYHOI TOYHOCTBIO. Taxke, B HEpreTu-
yeckoe pazpeuienre POP BHocuT Biag pa3dpoc noTepb
SHEPriuM MOHAMHM, OJITHAKO TOT BKJIAJ OKOJIO IIOBEPXHO-
CTH CYUTACTCS MUHUMAJIbHBIM.

Cornacuo Tabmunam 1 u 2, B CoCrFeNi npu o6myue-
HUM HanOOJIBIINM U3MEHEHHSIM HOABEPIIIMCHh KOHLEHT-
pammu Ni/Co, a B CoCrFeMnNi HanGonpmimu ObLTH 13-
MeHeHns1 koHTeHTpanuii Ni/Co/Fe. Konnenrpanuu ato-
MOB OCTaBLIMXCS 3JIEMEHTOB COOTBEeTCTBYIOIMX BOC
MEHINCHh B Tpeeax MOTrpeIHocTel mmepernid. st
BEIUMCIICHUSI M3MEHEHHS KOHICHTPAIMH WCIIONIb30Ba-
nach opMyna:

A=~ ), 1)

1€ Copyyy — KOHIIEHTPAIIHS DJIEMEHTA B CITIaBE MOCIE 00-
myueHns (at.%); Cuex — KOHIICHTPALIUS 2JIEMEHTa B HE00-
Jy4EeHHOM HCXOHOM ciuiaBe (at.%). Hanbonpmee m3me-
HEHHE KOHIIEHTPALUU 3JIEMEHTOB cocTaBistonmx BOC
npu obnydennn He?* npuxomurcs na CoCrFeMnNi u
paBHO Acni=17% (3,1 aT.%) anst Ni oTHOCHTENBHO HEOO-
TydyeHHoro obpasua npu pmoence 2-10%7 cm2. Ipu 06-
Jly4€eHMH HOHAMH TeJIUs C MaJIbIM (rroercom 5-10% ¢cm
B CoCrFeNi MakcuManbHOE W3MEHEHHE KOHIICHTPAIIUH
OTHOCHTEIIFHO HEOOIy4eHHOro oOpas3ia OOHapyKeHO
s Ni u paBao Acni =11% (1,9 at.%).

W3 Tabmur 1 u 2, BUIHO, 9TO 1pH 000uX (QIrOeHCaX B
CoCrFeMnNi u3menenus kouuenrpamuii Ni, Co, Fe, Cr,
Mn mpessicinu m3meneHus B CoCrFeNi u MeHsuHCH B
nuanasone 0,5-17% (0,1-3,1 at.%) npotus 2-11% (0,5—
1,9 a1.%) B CoCrFeNi. Ilpu obaydyeHun ¢ MajbM GIIro-
eHcoM, B CoCrFeNi konuentpauuu Ni, Fe yBennunnuch
OT MCXOHBIX HE0OMydYeHHBIX Ha ACNi=11% U ACre~6%,
kotopsle npeBbicuin nzmeneHus B CoCrFeMnNi. C po-
croM ¢moenca 10 2-10Y cM 2, u3MeHeHUs KOHLIEHTpPa-
muii Ni, Fe B CoCrFeNi 3HaunTe1bHO yMEHBIIHIUCE: CO-
JIep>KaHue HUKeNsl yBenuuuiaoch Ha Acni=3%, a conep-
XKaHue keresa ynaio Ha Acre~5%. B CoCrFeNi npu Hu-
3koM (utroeHce mpoucxoauno oboramenue Ni/Fe wu
ymenblierue Co/Cr, kotopoe ¢ yBeianueHueM QiroeHca
cMmenmiIock Ha oborarierne Ni/Co u ymenbrenne Fe/Cr.

B CoCrFeMnNi npu o6myuenuu ¢ piroercom 5-1016
cm 2, mpomsomuio oboramenue Ni, Fe Ha ACn=9% u
ACre~2% cootserctBerHo. B CoCrFeMnNi npu moBsI-
meHnn QIroeHca n3MeHeHus1 KoHleHTpanuid Ni, Fe yBe-

JIMYUIINCH B HECKOJIBKO Pa3, IMPOM30ILIO 000TaIeHNE Ha
ACni=17% n ACre=15% cootBercTBeHHO. Hambosnbiee
u3MeHeHue konnentpanuu Co cpenu asyx BOC otHocH-
JIOCh K €70 YMEHBILIEHHIO paBHOMY ACco~16% mpu 06iy-
uennu CoCrFeMnNi npu gumroence 5-10% cm 2. Msmene-
nue kouuentpauu Cr 8 CoCrFeMnNi npu MakcuMab-
HOM (rroeHce cocTaBisieT Bcero Ac=8% (1,6 at.%). B
CoCrFeMnNi mpu HU3KOM (ITFOCHCE TPOUCXOAMIIO 060-
rarmenne Ni/Fe/Cr u ymensmenne Co. C yBenudeHnem
¢moetca oboramenne Ni/Fe ycumumock, a KOHIEHTpa-
ur Co/Cr/Mn yMeHBITHIIHCH.

B martuxomnonerTaoM BOC CoCrFeMnNi cuibHee,
yem B CoCrFeNi, mposiBUIOCh M3MEHEHNE KOHLEHTpa-
1uif 371eMeHTOoB ¢ poctoM (uroerca a0 2-10Y cm? — m3-
menenust konuentpauuit Ni, Co, Fe, Cr, Mn Beipociu B
ammutyae 1o 7-17% (1,6-3,1 ar.%) no cpaBHEHHIO ¢
HeoOyueHHbIM cocTosiHueM. B CoCrFeNi u3meneHus
KOHIICHTPAlUi yYMEHBIIWINCh B aMIuuTyae ao 2—7%
(0,5-2,1 a1.%) c yBenmuuenueM ¢uroeHca. Takum oOpa-
30M, CoCrFeNi nposiBui1 00JBIIYI0 yCTOMYMBOCT K CET-
peramun, veM CoCrFeMnNi.

3menenus KOHLIEHTpALMi B CoCrFeNi,
CoCrFeMnNi MoryT OBITE OOBSICHEHBI IBYMSI OCHOBHBI-
MU pakropamu. Bo-niepBrix, nuddy3uro aToMOB TBEpHO-
ro pactBopa BOC cs3biBaoT ¢ 00paTHBIM 3 (deKToM
Kupkennamia. AToMmbr Ni ABHXKYTCS BMECTE ¢ MEXKY3JI0-
BbIMU JiedpekTamu, a aToMbl Fe mepememniarorcs 3a cyer
oOMeHa ¢ BAKaHCHOHHBIMU JiepekTaMu 1 CKOPOCTh AUd-
Gy3un 3TUX NePEKTOB 3aBUCHUT OT JIOKAJIILHOTO COCTaBa
OKOJIO aTOMOB [9]. DHEeprun MUrpaiuu st 3JIeMEHTOB C
nomotipio Mexkaoysiuit B NiCoFeCr cxoxu, HO sHepre-
THYECKHH Oapbhep MUTpaIMy Yepe3 BaKaHCHH HHXKE JUIS
Fe/Cr, uem mns Ni/Co [21]. MckaskeHUS pelIeTKH U pa3-
nMyarolascs KoHQurypanus anekTpoHoB d-06onouex
BIIMSIOT HA NEpEMENIeHHe aTOMOB TBEPJOT0 pacTBopa 1
ne(heKToB pu 00TyYeHIHM HOHAMHU HUKEs | reus [22].
Kax u B cuctemax Fe-Cr-Ni, u3-3a 6onbiux koa¢hdurm-
entoB auddysun Cr/Mn, ux KOHIIEHTpaIHs OKOJIO CTO-
KOB, HallpHMep TpaHMI] 3€PEH, YMEHBIIAITCs, a Ooee
menennbie Ni u Co nakammBarores [3, 4, 7]. 3Haun-
tenbHbIi poct Ni, prykryanuu Co/Fe, manoe n3meHenue
Mn/Cr Takxe BEpOsSTHO CBSI3aHBI C YIIYIIICHHOW PEKOM-
OuHarel BakaHcwit/Mexnoy3nuii B BOC [6].

Bo-BTOpBIX, 00pa3oBaHue My3bIPHKOB T'EIHS MOXKET
BIUATH Ha pacrpenencHue nedexkroB m aromoB BOC.
[pu o6xyuenun nonamu renus npu 700 °C, Ha KapTax
3J1C 6b110 00HapyXkeHO, uro V ckamuBaics, a Ti, Ta,
Nb ymeHbIIanuch B KOHIIEHTPAIIMH OKOJIO TETMEBBIX ITy-
3pipbkoB B TIVNDTa, rie cerperaitus Gbuia CHiibHEE 4eM
B TiVTau V-4Cr-4Ti craBax [23]. B NiCoFeCrMn pas-
Mep TeJIMEBBIX My3bIPbKOB MEHBIIIE, @ IFIOTHOCTH BBILIIE,
4yeM B uMCTOM Ni, Tak KaKk aTOMbI T'eJlisi 1 BAKAHCHU Me-
Hee TIOJBIDKHBI U3-3a Ae(OPMHUPOBAHHOM pemeTky [24].
[TnotHOCTH renmueBbix my3bippkoB B CoCrFeMnNi u Fe-
CoNiCr pacrer ¢ droeHCOM HOHOB refs Mpu 00y4e-
uuu [24, 25]. U3-3a cBsi3u aTomoB He ¢ BakaHcusMu u
oOpazoBaHus KiactepoB, nuddysus atomoB CO uepes
BAaKaHCHOHHBIM MEXaHU3M 3aTpynHseTcs [9], u KOHIEeH-
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Tpanus CO MOHMKEHA MPH HU3KOM (pirroeHce, a mpu 60-
Jiee BBICOKOM (piIroeHCe KOJIMUECTBO BaKaHCHI pacTeT, U
noias Co yeennuuBaercs. MeHbIIMe H3MEHEHHS KOHIICH-
tpauuii B CoCrFeNi mpu Ooniee BbICOKOM (iroeHce
2-10% ¢cM 2 BepOATHO CBA3aHBI C HOJIBIIMM KOJIHYECTBOM
MMILJIaHTHPOBAHHOTO TeJIMsl, KOTOPBIH ocadiisieT cerpe-
Talyio 10 BaKaHCMOHHOMY ITYTH, 3a cueT quddys3un ve-
pe3 BakaHCHU 1 00pa30BaHMs KIACTEPOB.

CoCrFeNi u CoCrFeMnNi nMeroT cXxoxne MeXaHH3-
MBI 00pa30BaHMs JePEKTOB, HO CErperanus 3aBUCHT OT
COBOKyIHOCTH (pakTopoB. HecMoTps Ha cxoxue pacder-
HBIC pPaJNallOHHBIC TIOBPEXIECHNU, 00Iee BBICOKYIO 3H-
TPONHMIO CMEIICHHS M HCKOKEHHWE pElIeTKH B
CoCrFeMnNi mo cpauenuto ¢ CoCrFeNi, cerperaius B
naTHKoMoHeHTHOM BOC Gosee BhipakeHa. M3 pacue-
toB SRIM-2013 (Stopping and Range of lons in Matter)
[26] nast NiCoFeCr, NiCoFeCrMn st ycnoBuit 06myde-
HUSI B JaHHOM MCCIIEZI0BaHUH, HAUOOJIbIIIE J103bI TIOBpE-
KJICHNS U JO3bI IMIUTAHTAI[MM aTOMOB I'eJIMs NpHOIn3Hu-
TENBHO paBHHI 1t 00onx BOC u npuxonaTcs Ha riryon-
Hy okoio 140 am. Ha nannoit riryoune POP mo3Bonset
OLICHWUTH BIMSHUE PaJUalOHHBIX ITOBPEXICHUH U UM-
IUTAaHTAINH TeJHs Ha pactiipeaenenue anemenToB BOC mo
riryouHe. B 06omx BOC mo36I moBpexIeHNs yBEITHIHBA-
10Tcs ¢ 6 cHa 10 23 cHa, a KOHIIEHTpAIlUs UMILJIAaHTUPO-
BaHHOIO Teius yBenuuuBaeTcs ¢ 4,3 at.% m0 16 at.%
npu pocte pmoenca ¢ 5-10'® cm? g0 2-10Y7 em? [25].
O06e BeIMYUHBI PacTyT ¢ (HIIFOCHCOM, YTO BEPOSTHO yCHU-
JIMBAET MOTOK Je(EeKTOB K JaHHBIM CTOKaM Ie(EeKTOB U
cerperaiuio B BOC. Ho B CoCrFeMnNi rioTHOCTh uc-
JIOKAIMH CTPEMUTEIBHO YBEIHMUMBACTCS C POCTOM (hITro-
enca o cpasHeHuto ¢ CoCrFeNi [25] u BHOCHT nomo-
HUTEJNBHBIN BKJIAJ B cerperanuio. Takum oOpa3omM, mos-
TBEPXKJAETCS, YTO YCTOHUMBOCTD K CErperaluy 3aBUCHT
HE TOJILKO OT CJIOKHOCTH, HO U OT cocTaBa BOC.

Cornacho pesyabratam DJ]C B Tabnunax 1 u 2, KoH-
neHTpanuu 3aeMeHToB BOC He MEeHSINCH WIIH MEHSUTUChH
B IIpeJieliax MOrPeIIHOCTe [0 CPAaBHEHHUIO C HEOOyYeH-
HBIMH 00OpasiaMu npH o0Iyd4eHn:n HoHamu renusd. Hau-
OoJblliee U3MEHeHne KoHIeHTpanuu coraacHo DJIC 06-
Hapyxero B COoCrFeMnNi, o6iaydeHHOM renneM mpu
¢aroence 5-10' cM™ u OTHOCHTCS K yMEHBLIEHUIO KOH-
ueHtpanuu Hukens Ha 0,33 at.% (1,67%) ot HeoOIy4eH-
HOTO 00pas3ma.

MuHumanbHble U3MEHEHUs] KoHueHTpauuid B D/C
BEPOSITHO CBS3aHBI C paclpeie]IeHueM KilacTepoB nede-
KTOB U CTOKOB Ie()EKTOB B 00JIaCTH CKaHUPOBAHMS, HIIH
orpaandenusmu J/1C. B BOC WTaCrV, no u nocie o6-
JMy4eHHs MOHAMH KpunToHa npu Temmeparype 1073 K,
OJ1C He 0OHApYKUIT cerperauy JIEMEHTOB Ha MMOBEPX-
HOCTH, a ¢ momoimsio Metona A3T B paspese OKoJo
25 HM Obuta oOHapyskeHa cerperanus Cr, V Ha TpaHunax
3epeH [8]. B npyroii pabore, corimacuo [1I9M-3/1C, npu
obmyuernnn NiCoFeCr monamu Ni mpu TemmepaTypax
500-580 °C, cerperanms ymensmanachk ¢ 5—7 ar.% oko-
JI0 IOBEPXHOCTH, N0 1-2 ar.% Ha riayOuHe ¢ 0OIbIIMMHU
pacyeTHBIMH NOBPEXICHUSIMH, U IPAKTHYECKH OTCYTCT-
BOBaJla Ha HamOoublIeil TiyOWHe, T1e pajnanuoOHHbBIE

MTOBPEXKICHHUS TOCTUTIH MHHAMYyMa. YBEIHYEHHE KOH-
neHtparmii Fe/Cr B BepXHEM CI0€ MPOUCXOAMIIO 3a CUCT
3HAYUTEIBHON MUTPAIIUU Yepe3 BaKaHCUH U3 OoJiee Tiy-
6okoit obnact. B Bepxuem cinoe, kouuentpanuu Ni/Co
YMCHBIIIAKCh U3-32 PCKOMOMHAIIUH U OTCYTCTBUS OO0JIb-
IIMX KJIACTEPOB MEXKY3JIOBBIX NE(PEKTOB, a B OoJiee Iiy-
6okom croe conepxkanne Ni/CO yBemnmdyuBanoch u3-3a
CKOIIICHHSI OKOJIO JHCIIOKAUH ¥ mycToT. C yBEINICHHU-
€M TI03BI TIOBPEXIECHIH O0Iy9IeHNS, TyCTOTHI yCIIeBaH
(dbopmMupoBaTbcsl OMIKE K IMOBEPXHOCTH, M CETperamus
ymenbmanace [21]. Jonomuenne POP u D/C mpyrum
MeTozoM, HanpuMmep [I9M morio ObI IpOsICHATE TaKue
MIPUYHMHEI CETperaliy, KaK HalpuMep KIIacTepsl nedek-
TOB.

Pucynku 3a, 6 TOKa3bIBAIOT, YTO M3MEHEHHS KOHIICH-
Tpauuii AC pu 00JyYCHUU MEHbINE, YeM B JIPYTHX HC-
CJICZIOBAHUSX JIJIS paJHAIIMOHHON cerperamui 0KoJo 00-
nacTedl 1eeKTOB U TPaHUI] 3¢PEH MPHU CPABHUMOI 103¢
paaManoOHHBIX TOBpeXAeHui. B npyroit paborte mpu
o6myuenun NiCoFeCr nonamu Ni%* ¢ no3oii nospesxe-
Huil 38 cHa mpu Temmeparype 773 K, anamuz [IPOM-
CXII23D nokaszan 3HAYUTENbHBIA POCT KOHLEHTpaLUl
Ni/Co u nanenue kouuenrpauuii Fe/Cr Ha 3HaYeHUS 10
20% OT UCXOIHBIX OKOJIO AMCIOKAIMOHHBIX IeTelb [6].
Kak BunHO u3 pesyibraroB POP B Tabnuue 1 1 pucyHke
3a, B oOpasiax CoCrFeNi maHHOTO HCCIIeA0BaAHUS H3ME-
HEHHs KOHIEHTparuii AC a1 nByx daroeHcoB B 2—10
pasa MeHbliIe, 4eM AC 00TydeHHOTO MOHAMH HUKEJISI CXO-
xero criasa. Ho muist Ni 8 CoCrFeNi usmenenue npu 06-
nmyuyeHuu renreM AC B 1,3 pasa Bblllie, 4eM B CIUIaBE, 00-
Jy4eHHOM WOHaMU Hukens. HaOmromanack cxoxas TeH-
nenust ¢ oboramenuem Ni/Co u ymenbinenuem Fe/Cr B
CoCrFeNi, 001yueHHOM BBICOKUM (DITFOEHCOM HOHOB Te-
mus B nanHo# padore. it BOC NiCoFeCrMn o6my4en-
uworo wonamu Ni2* ¢ MakcuManbHOU 1030# 2 CHa npu
temneparype 773 K, Ha rmy6une 0,5 MKkM Takxke ObLIH
OOHApYKEHbI 3HAYUTEIbHBIC YBEIHUYCHHE KOHIICHTpA-
it Ni/Co na 35% u ymensmenne Mn wa 70% okoso
OOJIBIICYTONBHBIX TPAHUI] 3epeH ¢ momoibio [TPOM-
BJIC [7]. PucyHok 306 AeMOHCTpPHPYET, 4TO B 0Opasiax
CoCrFeMnNi maHHOro HMCCIIeOBaHUS M3MEHEHUS KOH-
neHTparmid AC ans n1Byx ¢iroeHcoB 1o 2—10 pa3 MeHsb-
ure, yeM B obiayuennom nukesnem NiCoFeCrMn. B nan-
HOM HCCIICOBAaHHH TaKXXe HaOIFOJANICS POCT KOHIICHT-
pammu Ni, v mageHre KOHIeHTpaud Mn, HO 0HO OBLIO
3HAYUTEIBHO MEHBIIe A Mn.

Mauble BeTMUuHbI U3MEHEHUH KoHLeHTpaiuii B BOC
CoCrFeNi, CoCrFeMnNi oTHOCHTENBHO APYTUX HCCIIE-
JIOBaHUil CBA3aHBI ¢ psaaoM npuuuH. OnHa U3 IPUYKH —
HakoruieHue U qu y3us aTOMOB TeJIvsl BMECTE C BaKaH-
CHSIMH, TIPUBOJSAIINE K 00Pa30BaHMIO KJIACTEPOB Ie(eK-
TOB U ITy3BIPHKOB [25], 11 ocnabieHne cerperau mo Ba-
KaHCHOHHOMY IyTH. BTopas mpu4yuHa — 3TO TO, YTO TEM-
meparypa B Ipyroi padore ObuIa OJIM3Ka K TEMIIEpPaType
nonymianenns BOC pasnoit 773 K B CoCrFeMnNi, ko-
TOpasi CIOCOOCTBYET 0Opa30BAHUIO BTOPUYHBIX (a3 H ce-
rperauuu 31eMeHToB [3]. TpeTbs npu4nHa — pOCT MIOT-
HOCTH JUCIIOKAIUH ¢ yBenmuaeHueM QurroeHca [18], koto-
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PBIN IPHBOANT K YBEIIMICHUIO IIOTOKA aTOMOB Ni C MEX-
noy3nusiMy 1 Fe ¢ BakaHCHsIME K MecTaM TIOTJIOIIEeHNS,
TaKUM KaK CKOIUIeHUs quciokauuii. Ho u3-3a 3amensen-
HOU anudy3un sneMeHToB TBepaoro pactopa BOC u
nedeKkToB IpH KOMHATHOM Temneparype [3], ator 3¢-
(eKT nMeeT MeHblIIee BIMSIHNE Ha cerperanuio. Yersep-
Tasi NPUYNHA — UCIOJIb30BaHUHM HOHOB T'eJIisi BMECTO HU-
keswst. J{onst ummutanTrpoBanHbix atomoB Ni B apyrux uc-
cnenoBanusax 0bputa Mmeree 0,1 at.% [6, 7], oAHAKO aTOMBI
HUKEJIS] MOTJIH YBEITHMYHUTH JOJTI0 MEXY3JIOBBIX Ae(EKTOB,
YTO MOTJIO TIOBIHUSTH Ha TU((y3UI0 U CKOTIIICHHE AaTOMOB
OTIpEJETICHHBIX IeMEeHTOB. [IsTas npuunHa — 31O Orpa-
HUYEHUS [0 OTPEJIENICHNI0 KOHIIEHTPALUH 3JIEMEHTOB CO
cxoxuMu Maccamu 11 POP, a iMeHHO U1 KOHLIEHTpa-
uuii Ni u Co. Bonee toro, B Mmeroge POP He ObLI0 BO3-
MOKHOCTH M3y4YHUTb JIOKAJILHOE paclpe/iejIeHUe JIeMEH-
TOB OKOJIO TAKUX MECT, KaK TPaHHUIIBI 3epeH WIN JTHCIIO-
KallMOHHBIE MIETIIN, XOTA paJualiioHHas cerperamus oko-
JIO TaKUX MajbIX 00nacTell MOXET 3HAaYUTEIBHO YXyI-
IINTh MEXaHNYECKHE CBOMCTBA MaTepuaa pH AJIUTEIb-
HOM OOJIy9IEHHH 3a CUET U3MEHEHNUS Pa3BUTHUS E(PEKTOB
[6]. ObpazoBanme BTOpUUYHBIX (ha3 HE MOBIHUIIO HA CET-
peramuio, Tak Kak peHTreHOCTPYKTYpHBIH aHanu3 [18]
moKa3al TpHUCYTCTBHE Tonbko ocHoBHOW ['LIK ¢a3er
TBepA0ro pactBopa B obonx BOC no u nocne obiyue-
HUSL.

Ni Co Fe Cr
20% A

10% A

N
0% I_I'_| I_I N .
N |_| L] NN

Ac (%)

-10% 1

ONi->NiCoFeCr [6]
&l He->CoCrFeNi (dpntoeHc 1)
@ He->CoCrFeNi (dntoeHc 2)

-20% 1

-30% -
a) obryuenne NiCoFeCr (0K0JI0 IUCITOKAIMOHHBIX TIETEIh)
nonamu Hukens [6] u CoCrFeNi nonamu He?*

Fe Cr Mn
40% -

Ni Co
20% A
o L] A s

@U ' O O

Ac (%)

-20% 1

-40% 1

ONi->CoCrFeNiMn [7]
& He->CoCrFeMnNi (cpritoeHc 1)
OHe->CoCrFeMnNi (cbrtoeHc 2)

-60% 1

-80% -
6) obyuenne CoCrFeNiMn (okoJo rpaHuI] 3epeH) HOHaMH
uukens [7] u CoCrFeMnNi nonamu He?*

Pucynox 3. Hszmenenue konyenmpayuil AC npu oonyuenuu
00 510 cy? (ghroenc 1) u 2-10Y cm™? (ghrioenc 2)

Takum oOpazom, pesymbratel POP cormacyrores c
OJC no ogHOPOJHOMY pachpeesieHUIO JIEMEHTOB IO
nosepxHoctu BOC, n ananu3 POP nokasbiBaeT paBHO-
MepHOe pacnpezeneHue 1o riayounHe go 1Mkm. [Ipu 006-
JIy4eHHH HU3KOOHEPTeTHYECKUMH HOHaMH TeJIns B CILIa-
Bax CoCrFeNi, CoCrFeMnNi umeroTcs cxoxue TeHIeH-
LMY U3MEHEHHS PacIpeIesICHUs] SJIEMEHTOB Kak IpH 00-
JIy"IEeHHH HUKEJIEM CPAaBHUMBIX J103 TIOBPEXACHHS, HO ce-
rperanys 3JeMEHTOB MHHUMAJIbHA.

3AKJIIOYEHUE

B nanHoit pabdote 0bUT paccmoTpen Metoa POP mis
usyuenus croiikoctu BOC CoCrFeNi, CoCrFeMnNi k
paAuanoHHON Cerperanui Ipu OONyYeHHH HOHAMU
He?* ¢ sueprueii 40 k3B u ¢umoencamu 5-10'¢ cm? u
2-10% cm2. Ananus pesynsTatoB POP nokasai, 4To co-
cTaB HeoOmydeHHBIX BOC OIM30K K SKBHATOMHOMY, TIC
cpenuss korueHTparwst 1t CoCrFeNi pasra 24,8 at.%,
a w1t CoCrFeMnNi — 20 at.%. Meton 3/1C oOHapy )t
cxoxmue ¢ pesyibraraMu POP KoHIIEHTpaIy 21IeMEHTOB
B HMCXOJIHBIX 00pa3slax, 3HAYMTENHHO OTJIMYasICh JIUIIb
amst Niou Co. PasHuiia B KOHICHTpAIMSIX MEKIY
POP/3/IC BeposTHO CBs3aHa C IUIOCKOCTHBIM paspeliie-
HHUeM U OoJspliel riryonHoi ananmusza 3J]C. AHanus ¢ no-
motikio DJ]C ykaszan Ha OTCYTCTBUE Cerperaliu mpu 00-
Ty4eHHH.

[pu o6myuernn CoCrFeNi mHanGonpinee yBemmde-
HHUE KOHIIEHTPAIUI aTOMOB MPOUCXOAUT [uisi aToMOB Ni
n paBHO AC=11% (1,9 at.%) oTHOCHTENBHO HEOOIYUCH-
Horo obpasua mpu 5-10%° cm2. B CoCrFeMnNi usmene-
uust konuentparuu Ni pocturatot Ac=17% (3,1 at.%)
npu 2-10Y7 cm2, TIpu 06sydyeHHM MOHAMH Tefiusl Hau-
oonbmne n3Mmenenns B CoCrFeNi ornocsarcs k Ni/Co, a
B CoCrFeMnNi cuibHee H3MEHSIOTCS KOHICHTPAIIUH
Ni/Co/Fe. Baaunrensroe oboramierne Ni/Co/Fe i manoe
u3MeHeHre Mn/Cr BeposSITHO CBSI3aHBI C MEHbIIEH MO-
omnpHOCTRIO aToMOB Ni/Co/Fe BMecTe ¢ BakaHCHAMU H
MEXIIOY3IHSAMH, YTO BBI3BAHO HMCKAKCHHEM PEIICTKH,
VITydIIEHHOW peKoMOWHAaIMel BaKaHCHI/MEXIOY3IHHT,
KOH(}pUrypamueir aromoB penietku B BOC.

B CoCrFeMnNi cunsHee, vem B CoCrFeNi, mposBu-
JIOCh M3MEHEHHE KOHICHTPAIUH JIIEMEHTOB C POCTOM
¢moenca. B CoCrFeMnNi u3MeHeHHsT KOHLIEHTPALUi
npu  oboux (uroeHcax IpeBbICHIA W3MEHEHHs B
CoCrFeNi u xonnentparuu Ni, Co, Fe, Cr, Mn mens-
ek B auanazone 0,5-17% (0,1-3,1 at.%) mporus 2—
11% (0,5-1,9 a1.%) B CoCrFeNi. CoCrFeNi mposiBuin
OOJIBIIYI0 ~ YCTOHYMBOCTH K  CErperamuu, 4em
CoCrFeMnNi, uro o0bscHsIeTCs OONbIIEH IIOTHOCTHIO
JIMCIIOKANUH U resineBbIxX my3sipbkoB B COCrFeMnNi.

B uenom, uccnenosanne POP nokasano paBHOMEp-
HOE pacIpe/ieJIeHne aTOMOB 10 TIIyOnHe 10 1 MKM H yc-
TOWYMBOCTD K CErperanuy Npu KOMHATHOW TeMIeparype
B BOC CoCrFeNi, CoCrFeMnNi npu obimy4eHnn noHa-
mu tenus. smenenns konneHtpanuii Co, Fe, Cr, Mn
OBbUTH 3HAYMTEIILHO MEHBIIIE, YeM IPH 00JIYICHUH TeX HKe
BOC nonamMu HUKeENS CO CXOKUMH J03aMHU B IPYTHX HC-
CIIeIOBaHUSAX. JTO BEPOSTHO CBS3aHO C Ooyiee HU3KOH
TeMIIepaTypoi 00Iy4eHUsl, H3MEPEHUSIMU JJIEMEHTHOTO
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COCTaBa HE OKOJIO CTOKOB U HCIIOJIb30BAHHEM HOHOB Te-
nus. B nanbHeleM ciexyer MCCIeq0BaTh CErperamu
IIPY TOBBILIEHHBIX TEMIlEpaTypax OOJIy4eHHs, a TaKKe
HM3MEHEeHMEe KOHIIeHTpauuit okoJo rpanull 3eped BOC u
KJIaCTEPOB JIe(hEKTOB.

Meton POP moskeT UConabp30BaThCs AJs OIpeaesie-
HUS COCTaBa U paclnpeneneHus snementos BOC no riy-
OnHe, MPUMEHATHCSA Ha TOM JK€ YCKOPHTENE B KOPOTKUH
CpOK Tociie o0IydeHus, He TpeOyoT Moau(uKauu 00-
pasma u MoxxeT gononHAThe D/C 1 qpyruMu TeXHUKA-
MU aHaJII3a COCTaBa 1 MHUKPOCTPYKTYPHI.

QDunancuposanue

Hannoe uccneoosanue gunancuposaiocy Komume-
mom Hayku Munucmepcmea HayKu u gvicuie2o 06paszo-
sanus Pecnyonuxu Kasaxcman (epanm No AP14872199)
u Munucmepcmeom snepeemuxu Pecnybnuxu Kaszax-
cman (Ilpoepamma BR23891530 «Passumue xomniexc-
HBIX HAYYHBIX UCCIe008aHULL 8 0OIacmU S0epHOU U padu-
AYUOHHOU (PU3UKU HA HA3e KA3AXCMAHCKUX YCKOPUMETb-
HbIX KOMIIIEKCOBY).

JIMTEPATYPA/REFERENCES

1. Boesoaun B. H. KoHCTpyKIIMOHHBIE MaTepualibl SACPHOM
SHEPTeTHKH — BBI30B 21 Beka // Bompocs! aToMHOW HayKu
u texuuku. — 2007. — Ne 2. — C. 10-22. [Voevodin V. N.
Konstruktsionnye materialy yadernoy energetiki — vyzov
21 veka // Voprosy atomnoy nauki i tekhniki. — 2007. —
No. 2. — P. 10-22. (In Russ.)]

2. Zinkle S. J., Was G. S. Materials challenges in nuclear
energy // Acta Materialia. — 2013. — Vol. 61, No. 3. -

P. 735-758.

3. Zhang Z., Armstrong D. E. J., Grant P. S. The effects of
irradiation on CrMnFeCoNi high-entropy alloy and its
derivatives // Progress in Materials Science. — 2022. —
Vol. 123. — P. 100807.

4. Fukuya K. Current understanding of radiation-induced
degradation in light water reactor structural materials //
Journal of Nuclear Science and Technology. — 2013. —
Vol. 50, No. 3. — P. 213-254.

5. High-Entropy Alloys / ed. by M. C. Gao, J.-W. Yeh, P. K.
Liaw, Y. Zhang. Cham: Springer International Publishing,
2016. — 515 p.

6. LuC. YangT.,JinK., Gao N., XiuP., Zhang Y., Gao F.,
Bei H., Weber W. J.,, Sun K., Dong Y., Wang L. Radiati-
on-induced segregation on defect clusters in single-phase
concentrated solid-solution alloys // Acta Materialia. —
2017.-Vol. 127. — P. 98-107.

7. Barr C. M., Nathaniel J. E., Unocic K. A, Liu J., Zhang
Y., Wang Y., Taheri M. L. Exploring radiation induced
segregation mechanisms at grain boundaries in equiatomic
CoCrFeNiMn high entropy alloy under heavy ion irradia-
tion // Scripta Materialia. — 2018. — VVol. 156. — P. 80-84.

8. El-Atwani O., Li N., Li M., Devaraj A., Baldwin J. K. S.,
Schneider M. M., Sobieraj D., Wrébel J. S., Nguyen-Manh
D., Maloy S. A., Martinez E. Outstanding radiation resis-
tance of tungsten-based high-entropy alloys // Science
Advances. — 2019. — Vol. 5, No. 3. — P. eaav2002.

9. Zhang Y., Wang L., Weber W. J. Charged particles:
Unique tools to study irradiation resistance of concentra-
ted solid solution alloys // Journal of Materials Science &
Technology. — 2023. — Vol. 140. — P. 260-276.

10. Tuomisto F., Makkonen 1., Heikinheimo J., Granberg F.,
Djurabekova F., Nordlund K., Velisa G., Bei H., Xue H.,
Weber W. J., Zhang Y. Segregation of Ni at early stages
of radiation damage in NiCoFeCr solid solution alloys //
Acta Materialia. — 2020. — Vol. 196. — P. 44-51.

11. Pogrebnjak A. D., Yakushchenko I. V., Bondar O. V.,
Beresnev V. M., Oyoshi K., lvasishin O. M., Amekura H.,
Takeda Y., Opielak M., Kozak C. Irradiation resistance,
microstructure and mechanical properties of nanostructu-
red (TiZrHfVNbTa)N coatings // Journal of Alloys and
Compounds. — 2016. — Vol. 679. — P. 155-163.

12. Chu W.-K. Backscattering spectrometry / W.-K. Chu, J.
W. Mayer, M.-A. Nicolet. — New York: Academic Press,
1978. - 384 p.

13. TaumeikoBa-bymkesnd U. Y. Meton PesepdhopmoBckoro
06paTH01"0 paccesaHus MpU aHaJIn3€ COCTaBa TBEPABIX TEII /
. N. TameikoBa-bymkesuu. — Munck: BI'YUP, 2003. —
52 c. [Tashlykova-Bushkevich I. I. Metod Rezerfordov-
skogo obratnogo rasseyaniya pri analize sostava tverdykh
tel / 1. I. Tashlykova-Bushkevich. — Minsk: BGUIR, 2003.
—52p. (In Russ.)]

14. Instrumentation for PIXE and RBS [DaexTpoHHbIi
pecypc]. — IAEA, 2000. — Pexxum nocryma: https://www-
pub.iaea.org/MTCD/Publications/PDF/te_1190_prn.pdf. —
[Hara obpamenus: 24.05.2023.

15. ®dusnueckoe MatepuanoBeieHne: YueOHHK s By30B: B 6
1. / [lox obmeii pen. b.A. Kanuna. — M.: MU®U, 2008. —
T. 3: MeToasl uccaeOBaHUs CTPYKTYPHO-(Pa30BOro
coctosiaust Marepuanos / H. B. Bonkos, B. 1. CKpbITHBIH,
B. I1. ®uimnmos, B. H. fAnsues — 808 c. [Fizicheskoe
materialovedenie: Uchebnik dlya vuzov: V 6 t. / Pod
obshchey red. B.A. Kalina. — M.: MIFI, 2008. - T. 3:
Metody issledovaniya strukturno-fazovogo sostoyaniya
materialov / N. V. Volkov, V. I. Skrytnyy, V. P. Filippov,
V. N. Yal'tsev — 808 p. (In Russ.)]

16. Wassilkowska A., Czaplicka-Kotas A., Bielski A., Zielina
M. An analysis of the elemental composition of micro-
samples using EDS technique // Technical Transactions.
Chemistry. — 2014. — No. 18. — P. 138-144.

17. Scanning Electron Microscopy and X-ray Microanalysis
/ Goldstein J. 1., Newbury D. E., Echlin P., Joy D. C.,
Lyman C. E., Lifshin E., Sawyer L., Michael J. R. —
3rd ed. — Boston, MA: Springer US, 2003. — 689 p.

18. Amanzhulov B., lvanov 1., Uglov V., Zlotski S., Ryskulov
A., Kurakhmedov A., Koloberdin M., Zdorovets M. Com-
position and Structure of NiCoFeCr and NiCoFeCrMn
High-Entropy Alloys Irradiated by Helium lons //
Materials. — 2023. — Vol. 16, No. 10. — P. 3695.

19. Doolittle L. R. Algorithms for the rapid simulation of
Rutherford backscattering spectra // Nuclear Instruments
and Methods in Physics Research Section B: Beam Inter-
actions with Materials and Atoms. — 1985. — Vol. 9, No. 3.
—P.344-351.

20. Otto F., Dlouhy A., Pradeep K. G., Kubénova M., Raabe
D., Eggeler G., George E. P. Decomposition of the single-
phase high-entropy alloy CrMnFeCoNi after prolonged
anneals at intermediate temperatures // Acta Materialia. —
2016. - Vol. 112. — P. 40-52.

21. Fan Z., Zhong W., Jin K., Bei H., Osetsky Y. N., Zhang Y.
Diffusion-mediated chemical concentration variation and
void evolution in ion-irradiated NiCoFeCr high-entropy
alloy // Journal of Materials Research. — 2021. — Vol. 36,
No. 1. — P. 298-310.

81



MPUMEHEHUE METO[JA PE3EP®OP[JOBCKOI0 OBPATHOIO PACCEAAHNA ANl UCCNENOBAHUA
PAOWALIMOHHOW CErPErALMK BbICOKO3HTPOMUUHbLIX CMNABOB HA OCHOBE HUKENSA

22. Zhang Y., Wang X., Osetsky Y. N., Tong Y., Harrison R., FeCoNiCr alloy under high fluence He+ implantation
Donnelly S. E., Chen D., Wang Y., Bei H., Sales B. C., [/ Journal of Nuclear Materials. — 2018. — Vol. 501. —
More K. L., Xiu P., Wang L., Weber W. J. Effects of 3d P. 208-216.
electron configurations on helium bubble formation and 25. Huang S. S., Guan H. Q., Zhong Z. H., Miyamoto M., Xu
void swelling in concentrated solid-solution alloys // Acta Q. Effect of He on the irradiation resistance of equiatomic
Materialia. — 2019. — Vol. 181. — P. 519-529. CoCrFeMnNi high-entropy alloy // Journal of Nuclear

23.JiaN,, Li Y., Huang H., Chen S., Li D., Dou Y., He X, Materials. — 2022. — Vol. 561. — P. 153525.

Yang W., Xue Y., Jin K. Helium bubble formation in 26. Ziegler J. F., Ziegler M. D., Biersack J. P. SRIM — The
refractory single-phase concentrated solid solution alloys stopping and range of ions in matter (2010) // Nuclear
under MeV He ion irradiation // Journal of Nuclear Instruments and Methods in Physics Research Section B:
Materials. — 2021. — Vol. 550. — P. 152937. Beam Interactions with Materials and Atoms. —2010. —

24. Chen D., Tong Y., LiH.,, Wang J., Zhao Y. L., Hu A., Kai Vol. 268, No. 11-12. — P. 1818-1823.

J. J. Helium accumulation and bubble formation in

HUKEJb HETI3IHJIET'T 5KOFAPBI SHTPOIUSLIBIK KOPBITIIAJIAPILIH PAUALIUSIIBIK
CETPETALIMSICHIH 3EPTTEY YIIIH PE3EP®OPITHIH KEPI IHAIIBIPAYBI ICIH KOJIIAHY

B. C. AManxkyios'?", . A. UBanos'?, A. E. Puickysos’, B. B. Yrios?®,
A. E. Kypaxmenos!?2, 9. JI. Canap'?, E. O. Onrap6aes’, M. B. Kosio6epaun’?

L PMK «Aoponvix puzura uncmumymst», KP IM, Anmamot, Kazaxcman
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Byn 3eprreyae 6eiame TeMmrnepaTypachinga sHeprusicel 40 k3B He?* renuit nonnapsiMen coynenenaipinren CoCrFeNi,
CoCrFeMnNi >xorapsel sHTpomrsDIBIK KopbiTnanapaslH (JKOK) pammamusimsik cerperamusacel 3eprrengi. KIK-meiH
AJIEMEHTTEPiHIH KOHLEHTPALMSIAPbIHBIH 63repyi KoHe oJlapAbIH TepeHaikTe Tapanysl Pesepdopareir Kepi Llammsipayst
(PKIL) »xoHe sHeprogucnepcusiiblk peHTreHnik crekrpockonus (3JC) omictepimen 3eprrenai. PKIL sxone 3/IC
o/icTepiMeH JKacaliFaH eimieynep coyneneHaipiiMerer JKOK-IplH 2KBHATOMIBIK KypaMfa JKaKblH €KCHIH KOPCETTI,
myHna CoCrFeNi-nin opraima koHueHtpanuscsl 24,8 aroMaplk naisi3 (at.%), an CoCrFeMnNi yurin — 20 at.%. 3/1C
Hotmxkenepi Ni/Co xonnentpauusuiapbiibly PKI-HaH aiftapipikTail epeKieneH/i *aHe coylelNeHipyJeH KeliH exi
JKOK-na aneMeHTTepAiH TapanyblHaa eneyi e3repictep Oommaranbia kepcerti. PKII gepektepine coiikec, exi KIK-
IIBIH COYJIETCHIIpY Ke3iHAe KOHICHTPAIUSUIaphIHBIH €H YIKEeH e3repictepi Ni aToMAaphIMeH OalBITBUTYBIHA KATHICTHI
6onranbl anbIKTaNABl. CoCrFeNi-ne coynmenennipy kesinme Ni/Co aTomaapbl eH YIKSH Cerperanusfa YIIbIpaiabl, ai
CoCrFeMnNi-ne Ni/Co/Fe koHueHTpauusuiapsl aitapibikraii e3repeai. CoCrFeMnNi-ge coynenennipy (uiroeHciHig
JKOFapbhUIayBIMEH dJEeMEHTTEpiHiH KoHIeHTpanusaceiHblH e3repyi CoCrFeNi-re kaparaHga aWKbIHBIpAK OOJIBL.
CoCrFeMnNi-ne exi ¢aroeHcTe OapiblK SIIEMEHTTEPIHIH KOHIIEHTpauusuiapelHbly e3repyiepi 0,5-17%-ra (0,1-
3,1 ar.%) xerin, CoCrFeNi-nmeri 2—11%-nan (0,5-1,9 at.%) acein Tycti. OCHI *kafFaainapia Teiuid HOHJapbIMEH CoyJIe-
neHnaipy kesinzge cerperarusira to3iMautikTiH CoCrFeMnNi yinin CoCrFeNi-re kaparaHaa TOMEH SKEHIIIT aHbIKTAJJIbI.
CoCrFeNi xxone CoCrFeMnNi-ge Co, Fe, Cr sxone Mn KOHIIEHTpaUsIapbIHBIH 63repicTepi 0acka 3epTTeyiepaeri yKkeac
JI03aJIbl HUKEJIb HMOHAApbIMEH COYJISNICHIIPreH Ke3/e KOHE HHKEJbJIH jKapThulail Oanky TemieparypachiHa >KaKbIH
TeMIIepaTypaja, akay KIacTepiiepiHiH oHe KyWMajapblHbIH JKaHbIHAAFbl ©3repicrepre KaparaHaa aWTapiblKTail a3
6onasl. PKIII 3eprreyi renuii nongapeiMen cayieneraipy kesinae CoCrFeNi, CoCrFeMnNi-ae TepeHaikTe aroMaapabiy
OipKeJKi TapalyblH )KOHE cerperanusra TO3iMAIIIrH KOPCETTI.

Tyiiin ce30ep: dicosapbl SHMPONUSIBLIK KOPBIMAALAP, paouayusza mesimoinik, ceepecayus, Pesepgopomuiy xepi
Wawwlpaysl, 3NeMeHmmiK manoay, yoemxiud.
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APPLICATION OF RUTHERFORD BACKSCATTERING METHOD FOR STUDYING
RADIATION-INDUCED SEGREGATION OF HIGH-ENTROPY NICKEL-BASED ALLOYS

B. S. Amanzhulov!?*, I. A. Ivanov?, A. E. Ryskulov?, V. V. Uglov?,
A. E. Kurakhmedov'?, A. D. Sapar®?, Y. O. Ungarbayev'?, M. V. Koloberdin'?

! RSE «Institute of nuclear physics» ME RK, Almaty, Kazakhstan
2NJSC “L.N. Gumilyov Eurasian National University”, Astana, Kazakhstan
3 Belarusian State University, Minsk, the Republic of Belarus

*E-mail for contacts: amanzhulov_bs_1@enu.kz

In this study, radiation-induced segregation was studied in high-entropy alloys (HEA) CoCrFeNi, CoCrFeMnNi,
irradiated with helium ions He?* with an energy of 40 keV at room temperature. Changes in the concentrations of HEAs
and their depth distributions were studied by Rutherford Backscattering (RBS) and energy dispersive x-ray spectroscopy
(EDS) methods. Measurements using the RBS and EDS methods showed that non-irradiated HEAs have a composition
close to equiatomic, where the average concentration for CoCrFeNi is 24.8 atomic percents (at.%), and for CoCrFeMnNi
— 20 at.%. The EDS results were significantly different from the RBS in Ni/Co concentrations, and indicated no significant
changes in element distribution in both HEAs after irradiation. According to the RBS data, the largest changes in
concentrations during irradiation in both HEAs relate to the enrichment of Ni atoms. In CoCrFeNi, upon irradiation,
Ni/Co atoms undergo the greatest segregation, and in CoCrFeMnNi, the Ni/Co/Fe concentrations change significantly. In
CoCrFeMnNi, the change in element concentrations with increasing irradiation fluence was more pronounced than in
CoCrFeNi. In CoCrFeMnNi, changes in concentrations of all elements at both fluences reached 0.5-17% (0.1-3.1 at.%)
and exceeded changes in CoCrFeNi, which reached 2-11% (0.5-1.9 at.%). It was found that the resistance to segregation
when irradiated with helium ions under these conditions was lower for CoCrFeMnNi than for CoCrFeNi. In CoCrFeNi
and CoCrFeMnNi, changes in the concentrations of Co, Fe, Cr, and Mn were significantly less than changes near sinks
and defect clusters when irradiated with nickel ions with similar doses in other studies at temperatures close to the half-
melting temperature of nickel HEAs. The RBS study showed a uniform distribution of atoms in depth and resistance to
segregation in CoCrFeNi, CoCrFeMnNi when irradiated with helium ions.

Keywords: high-entropy alloys, radiation resistance, segregation, Rutherford Back Scattering, elemental analysis,
accelerator.
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CHUHTE3 U XAPAKTEPUCTUKA HAHOITPOBOJIOK ZnS
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Co31aH1e HaHOIIOPHMCTOIO CJIOS JAUOKCHIA KPeMHHs B CTpyKType a-SiO2/Si-n GbLIO MpOBEeIeHO 00ayYeHHEM HOHAMHU
KCEHOHa Ha IHUKJIOTPOHE, a 3aTeM XHMHYECKHM TPaBJICHHEM BOJHBIM pacTBOPOM (TOPOBOLOPOAA € NOOABICHHEM
nayuiaausi. Hanonopsl B opMe ycedeHHbIX KOHYCOB MMeNu AuameTpsl oT 486 1o 509 HM. Jlanee HaHONPOBOJIOKH ZnS
CHUHTE3MPOBaHBl METOJOM 3JIeKTpoxumuueckoro ocaxaeHus (9XO), B 3aBUCHMOCTH OT HANpPsDKEHHS Ha JIEKTPOAax
ANIEKTPOJIUTHYECKOH STYSHKU U B pe3yJIbTaTe MOIyuYeHbl HAHOIPOBOJIOKU CYJIb(HUIA IIMHKA C KyOMYeCKOW CTPYKTYpoil 1
MPOCTPaHCTBEHHOU Tpynmnoi cummerpun F-43m (216). Jlnst o6pasua xapakrepns! miockoctu (111), (200), (220), (331)
(311) cooTBETCTBEHHO, YTO XOPOILO coryacyercs ¢ Kyomueckoit azoit ZnS. Bonbr-amnepnas xapakrepuctuka (BAX)
ZnS nokaszana, 4To 00pazoBajcs MOJIYIPOBOIHHUK N-TUIA MPOBOJUMOCTH. V3MepeHus CIeKTPOB (hOTOTIOMUHECIICHIINN
(®JT) ZnS peructpupoBanu Ha cekTpodiayopumerpe CM 2203. Crektpbl @JI perucTpupoBainch B quamna3one ot 250
HM 10 450 HM nipu KoMHaTHOH Temmeparype. Crektpbl ®JI ocakIeHHBIX MPEIUITUTATOB OOHAPYKUBAIOT SMHUCCHIO B
mupokoM YD-BHAMMOM JHana3oHe CIEKTPOB. BHAHO, 4TO CIIEKTPHI JTIOMHHECIEHIIMA UMEIOT JOCTATOYHO CIIOKHBIC
KOMITOHEHTBI 1 MOT'YT OBITh Pa3/eJIeHbI Ha ISTh TaycCOBBIX KpuBBIX. Kak BuaHO criektp ®JI ocaxkneHHOro ZnS coctout
u3 nojioc npu 3.15 aB, 3.3 3B, 3.4 3B, 3.55 3B u 3.73 3B. Taxxe aHanu3 CHEKTPOB 3HEPTOAUCIEPCUOHHBIN aHAIN3
oKas3all, YTO HAaHOPOBOJIOKH ZnS coctosT u3 Zn —42,5% u S — 57,5%.

Knrouesvie cnosa: mpexoswiti memnadtim SiOolSi, anexmpoxumuueckoe ocaxcoenue, HAHONPOBOAOKU ZnS, penmaeno-
CMPYKMYPHbLIL AHATU3, POMOTIOMUHECYEHYUS.

BBEJAEHUE

CoBpeMeHHBIH nporpecc B Hayke U TEXHUKE OCHOBaH
Ha HUCTIOJIb30BAaHUM 3JIEKTPOHUKH, KOMIIBIOTEPHBIX TeX-
HOJIOTHH, OMOMEIUIIMHCKNX TEXHOJIOTHH W HAHOTEXHO-
noruii. B nocnexnue necstunetrs ocodoe BHUMaHHUE HC-
creioBaTelieil MpUBIIEKAOT HaHOMATepHaJIbl U HAHOTEX-
HOJIOTUH, OCHOBaHHbIE Ha IIOJIyIPOBOAHUKOBBIX CYJIb-
¢unax. bonpioe KoIMYECTBO HAYYHBIX MyOJIMKAIIMH 110-
CBSILIEHO MCCIIEAO0BAHNUIO CYIIb(UI0B METAJUIOB, UTO CBHU-
JIETETILCTBYET O PACTYIIEM HHTEpEce K ’TUM COSIHNHEHH-
siM. Oco60 moipoOHOe M3yUeHHE MOy YT HAHOKPHUCTAI-
nudeckuil ZnS, ZnS ObUI MIUPOKO M3YUEH M3-3a €T0 MO-
TEHIMAJIHHOTO IIPUMEHEHHS B IIOCKOMAHEIbHBIX JHCTI-
JIesIX, CBETOM3IYYAIONIUX IM0JIaX, MH(QPAKPACHBIX OK-
Hax, JICKTPOIIIOMUHECIIEHIIUH, AaTYNKaX, 1a3epax u ¢o-
TOKaTaym3e Onarojaps pa3sHOOOpasHi0 BO3MOXHBIX
CTPYKTYpP 1 MOP(OJIOTHIA, a TAK)KE MMPEBOCXOAHON XHMH-
YecKOil U TepMUYecKoil crabuibpHOCTH. [1].

Cynmedun nuHKa (ZnS) sSBISETCS OJHHM U3 TEPBBIX
OTKPHITHIX MOTYyTIPOBOAHUKOB. Emie B 1866 [2] romy ObI-
Jla IKCIEPUMEHTAILHO OOHApYy)KEeHa JIFOMUHECICHIUS
cynsbhuna NWHKA, CHaYana MpUMEHSABIIAsCS IS Hayd-
HBIX MICCJIEIOBAHMUI, a 3aTeM Hallula IPUMEHEHHUE B TIpa-
KTHaeckux nensx. lllnpokas mosoca mporrycKaHus CyJiib-
¢uma nMHKAa — OT BHOUMOTO CBETa J0 MH(PPAKPaCHOTO
M3IY9IEeHUS — JIENaeT €ro MOIXOISIIIIM MaTepHUaIoM I
IIPOM3BOJICTBA ONTHYECKUX HMPUOOPOB M ycTpoHcTB [3].
bnaronaps 3ToMy CBONCTBY ZnS IIMPOKO NPUMEHSETCS
B NIPOU3BOJICTBE ONTUYECKUX IJIEHOK, CBETOAUOMAOB, JIa-
3€pOB U APYTHX YCTPOKCTB, I1ie TpeOyeTcs BHICOKas IIpo-
3pavyHOCTh U HU3Kas noteps 3Heprun. Kpome toro, ZnS
uMeeT JBe pacrnpocTtpaHeHHble (asbl: (ZB) kyOuueckas

obmanka 1mHKa (chaneput) n (WZ) rexcaroHaabHbIH
BlopuuT (pucyHok 1). ®aza WZ umeet Gosiee BHICOKYIO
3anpenieHHyo 30Hy 3.77 3B [4], B TO BpeMs Kak CTpyK-
Typa ZB - 3.72 3B [5].

ey ey

Pucynox 1. Kpucmaniuueckue cmpykmypoi Kyouueckoo ca-
Jqepuma (a) u eexcazonanvbHo2o siopmyuma (6) muna ZnS [6]

Tupoxwuii ciekTp NpUMEHEHN HAHOCTPYKTYPHI ZnS
U €€ YHUKaJbHbIE CBOMCTBA [€NAI0T €€ HE3aMEHUMOU B
HAyYHBIX HCCIIEIOBAHMAX W MHXKCHEPHBIX pa3paboTKax.
HaHocTpyKTyphl, TaKue Kak HaHOYaCTHILIbI, HAHOCTEPXK-
HHU, HaHOIIPOBOJIOKH, HAHOJIEHThI, HAHOPEILIETKH, HAaHO-
JIUCTHI, HAHOTPYOKH M JpyTHeE, BBHI3BIBAIOT MOCTOSHHBIN
uHTEpec Oyarongapsi cBouM (ha3oBBIM CBOMCTBAM M KOp-
penanuu ¢ MUKpocTpykTypamu. [lomyueHue pa3ingHbIx
HAHOCTPYKTYP ZnS ¢ UCNOJIb30BaHUEM PA3HBIX METOI0B
CHHTEe3a Npe/ICTaBIeHO B Tabmuue 1.
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CUHTE3 U XAPAKTEPUCTUKA HAHOIMPOBOJIOK ZnS

Tabruya 1. Paznuunvie memoos: nonyuenue ZnS
HaHocTpykTypa CoctaB MeTtop cuctesa UcTouHuk
TepMuyeckas peakumsi ¢ ZnCl u S B onevnamuH 71
pacTBOPHbLIN NOAXOA B cpeae nonvona 8]
HaHokpuctann ZnS
XMMUYecKast peakLysi B HEKOOPAVHUPYHOLLMX PacTBOPUTENSX [9]
Tepmonua Zn(exan)z, ¢ OA n TOP B ka4yeCTBe pacTBOPUTENM-NPEALLECTBEHHUKMN [10]
CulnS2/ZnS (obonouka) ABYXCTaAuHas npouegypa [11]
Appo/obonoyka HaHokpucTanna | Mn-CdS/ZnS (obonouka) | TpexcTyneHuyaThih METOA CHHTE3a [12]
CdS/ZnS (obonouka) ABYXCTyneH4aTas npoueaypa [13]
ZnS HaKTepnanbHO-LLaBbIoHHbIA COHOXUMUYECKMIA MapLUpyT [14]
[Monble HaHOKpUCTanmbl ZnS TMApoTEPMArbHbIN Cnocob [15]
ZnS TMApoTEPMarbHbIN CNocob [16]
Mn-ZnS METOZA METaN00PraHN4YeCKoro 1 HEOpPraHMYECKOro CUHTE3a [17]
[lonupoBaHHble HaHokpucTannbl | Mn-ZnS PacTBOPHbIN NOAX0A [18]
Co-ZnS METOZ PacTBOPHO-(a30BOM0 TEPMUYECKOTO Pa3NOKEHUS [19]
Zn, Cd, -*S PaCTBOPHO-XMMUYECKUN NYTb [20]
JlervpoBaHHble HaHoKpUCTaNbI
Zn, Cd, *S Tepmonua cMecu Cd(exan)z u Zn(exan). [21]
Si-ZnS [BYXCTaAUAHBIA NPOLECC TEPMUYECKOTO UCTIaPEHNS [22]
['eTepocTpyKTypb! Zn0O-Zns TEPMUYECKOE MCrapeHmne [23]
ZnS-Si TEPMUYECKOE COBMECTHOE UCNapeHune [24]
HaHOMPOBOMOKM M HAHOCTPEXHbI | Mopowok ZnS TEPMUYECKOE MCrapeHmne [25]
HaHonposoa chonbra Zn, nOpoLLoK S TEPMUYECKOE MCnapeHue [26]
ZnS TEPMUYECKOE MCMApeHKe, XMMUYECKOe OCaxaeHne 13 NapoBon ¢hasbl [27-29]
HaHo6onTbl -
ZnS XMMWUYECKOE OcaxzaeHne 13 napoBoi hasbl [30]

[enpio HANIUX MCCIICIOBAHUIA ABISCTCS CUHTE3UPO-
BaHHE HAHOIPOBOJOK Cyib(uaa muHKa (ZnS) MeTOI0M
NIEKTPOXUMHUUECKOTO OCKACHHS U N3yueHue Mophoo-
THYECKUX, CTPYKTYPHBIX, TIOMUHECIICHTHBIX U DJICKTPO-
(u3HYeCKuX CBOMCTB.

IKCIEPUMEHTAJIBHAS YACTh

Jnst ucciietoBanust ObUIM IPUMEHEHBI caMble COBpe-
MEHHBIE aHAJMTUYECKHE METOJbI, KaK CKaHHPYIOIas
9JIEKTPOHHAsI MUKPOCKOIIUS, PEHTTEHOCTPYKTYpHbIH (ha-
30BBII aHanmu3, (yopecueHTHast CIeKTpopOTOMETpusl.
TpekoBbIii mabioH monyyaroT obayuenreM a-SiOz/Si-n
noHamu Xe Ha rukinoTpone DC-60 (Acrana, Kazaxcran).
Mopdosorust moBepxHOCTH OblIa KCCIIEA0BaHA C TIOMO-
LIbI0 CKAaHUPYIOLIETo AJIEKTPOHHOro MUKpockona JEOL
JSM 7500 F. [ns uaeHTUQUKAIMKA KPUCTAJUINIECKOM
CTPYKTYPBI HAHOIIPOBOJIKOB ZNnS HCIOIb30BAJICS pEHTTe-
HoBckwit mudppakromerp D8 ADVANCE ECO c ucrons-
30BaHMEM PEHTTEHOBCKOI TpyOkn ¢ Cu-aHOZOM B JMa-
nma3one yriaoB 20=40°-60° ¢ marom 0,01°. Ins ornruue-
CKHX CBOMCTB HAHOKPHCTAJUIUTOB OBLTH U3MEPEHBI CIIeK-
TPHI (POTOFOMUHECTICHITIH TIPH TIOMOIIH CTIEKTPO(ITyo-
pumerpa CM 2203. [Insa Bo30yxnermns ®JI ncnonap3oBa-
i n3nydenne Xe-mamibl. Criektpel @JI peructpupona-
nuch B Auamna3one ot 250 aM 10 450 HM mpu KOMHATHOR
TeMmIeparype.

PE3YJILTATHI U OBCYKJIEHUE

HaHOKOMIO3UTHBIN MaTepuanl Ha OCHOBE TPEKOBBIX
TeMIuniToB a-Si02/Si-n (amopdubIit SiO; Ha Si -n THIA
IOJITO’KKE) MOJTyJaroT 00IydeHHEeM HOHAMH X€ C dHep-
rueii 177 MaB 1o ¢umoenca 108 cM™ Ha uukiIoTpoHe

DC-60 (Actana, Kazaxcran). JIJi1 mModydeHHs] HAHOIIO-
PHCTOTO CJOSl JUOKCHIAa KpPEeMHHS B CTPYKType a-
SiO,/Si-n mpoBomMIOCE XUMHYECKOE TpaBieHHe B 4%
BOJIHOM pacTBope (hTOPOBOJOPOIA, B COCTAB TPABHUTEIS,
Takke BXOJWI namtaauii maccoit 0,025 r, remmneparypa
tpasienus 20 °C B BeITsDKHOM 1Kady. [lepen TpasneHu-
€M TPEKOB MPOBOJMJIACH YJIbTPA3BYKOBas OYMCTKA I10-
BEPXHOCTH 00pa3oB B M30mpomanoe B Tedyenne 10 mu-
HYyT B YIBTPa3ByKoBOM oumcTHuTene 6.SB25-12DTS.
Ouncruresnp Ha AByXx dactorax (25 kHz/40 kHz), obec-
MeYNBAET WHTEHCHBHYIO OYMCTKY MOBEPXHOCTH 00pa3-
moB. [Tocire 00pabotku propoBogOpOIOM 00pa3Ia mpo-
MBIBAIOT B JienoHM3oBaHHOH BoJie (18,2 MOwm). Anamu3
HAHOIIOP Iociie TpaBieHUs mpoBoauics Ha COM JSM-
7500F. B pe3ynbTate moay4eHbl HAHOKAHATBI B (pOpME
yCEeUeHHBIX KOHYcoB. KoHTpoJb 3a opmoit u pazmepa-
MH HaHOINOP OCYIIECTBISICS BPEMEHEM TpPaBJICHUSL.
Bapbupyst Bpems TpaBiieHUs, yIaJlOCh HOJYYUTh JHa-
MeTpbl HaHomop OT 486 mo 509 um. Jlns mpoBeneHus
IIEKTPOXUMHUUECKOTO OCAX/ICHHUS TPeOOBaIICh HAHOIIO-
PBI Pa3INYHBIX AUAMETPOB.

3XO cynpdun unHKa B TeMIUDUT a-SiO2/Si-n npo-
BOJIMJITH B ITOTEHIIMOCTATHYECKOM PEXXHUME NP HapsiKe-
Hun 1,75 B, u pH=2, npu komHaTHOH Temmeparype
(20 °C). [nst 37€KTPOXUMHYECKOTO OCaKACHHs Oblia
MTOJITOTOBJICHA CTeNUaNIbHAs stueiika (00Kc), B KOTOPBIi
CTaBUTCS MCCIIEyeMbIil 00pa3el] U 3aIMBaeTCs IPUTOTO-
BJICHHBIII HAMH PacTBOP Uil NPUTOTOBIICHHUS OCaXJe-
Hust. st ocaieHnst co37aeTcsi KOHCTPYKIHUSI, COCTOS-
miasi U3 JePEeBSIHHON MOJICTABKU, MEJIHBIX DIIEKTPO/IOB,
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staeiiku (OOKC), pacTBOpa M pe3uHKU. I TpOBEACHHS
OXO ucnonp30Bad KOMIBIOTEpP, MCTOUHUK Toka HP
66312A u mynbrumetp 34401 A Agilent (CILA). DnexT-
POXMMHUYECKOE OCaKACHHE CyIb(pHIa IINHKA B TPEKOBOM
temmmiTe a-SiO2/Si-n IPOBOIUIM B 3JEKTPOIIUTE: XJIO-
pun uuska (ZnCly) — 1,72 r/n, tTaomoueBunsl (SC(NHz)2)
— 1,53 r/n. Bpems ocaxnenunst — 10 munyt. [Tocne ocax-
JIeHUs1 00pasibl OBIIIM WCCIICIOBAaHBl Ha CKaHUPYIOIIEM
3JIeKTpOoHHOM MuKpockome JSM-7500F. Ha pucynke 2
npuBeaeHbl COM-CHUMKH 00pasIioB, IMOJYICHHBIC TTOC-
ne X0, mokas3and, 94To 3al0THEHIE HAHOTIOP COCTaBIISI-
eT B cpexHeM 88%.

-— 100nm JEOL
/ LEI SEM W)

Pucynox 2. COM-cnumru nosepxnocmu nocne 3X0 6 meue-
Hue 10 mun. npu Hanpsiscenuu Ha snekmpoodax.: U=1,75 B
(a — nosepxnocmo o0bpasyos, 6 — duamemp 06paszyos)

PeHTreHoCTpyKTypHBIN aHaIU3 MPOBOIUIICS Ha PEH-
treHoBckoM audpakromerpe D§ ADVANCE ECO c uc-
MOJIb30BAHUEM PEHTICHOBCKOW TpyOku ¢ Cu-aHOIOM B
nuana3zoHe yrioB 20=40°—60° ¢ marom 0,01°. Mcmomns-
3ys nporpammuoe obecnieueHue Bruker AXSDIFFRAC.
EVA v.4.2 u MmexxnyHapoanyto 6a3a ganasix ICDD PDF-
2 ObLTa pou3BeicHa HACHTUUKAIMS (ha3 U UCCIe0Ba-
HHUE KPUCTAJUTUYECKOI CTPYKTYPHI.

40000

(331)

35000

30000

25000

Counts

20000

(311)

(220)

(200)

15000

(111

10000

; P

T T T T T T T T T T 1
25 30 35 40 45 50 55 60 65 70 75 80

2 Theta

5000

Pucynok 3. PCA npeyunumamos ZnS ocaxcoennvix ¢ a-SiO2
[Si-n memnastimor npu nanpssicenuu na snekmpodax — 1,75 B.

PentrenocTpykrypHOE nccieoBaHue 00pasIoB I10-
Kazajo co3JjaHue MOHO(a3HbIX HAHOIIPOBOJIOK ZnS ¢ Ky-
OUYECKOW KPUCTAIIIMYECKON CTPYKTYPOH 1 IPOCTPAHCT-
BeHHOH rpymnnoi F-43m (216). Ha pucynke 3 npezacras-
JIEHbl PEHTIeHOBCKHE AM(PAaKTOrpaMMbl HCCIIEI0BaH-
HBIX 00pa3ioB. B Tabmnuie 2 npencraBieHbl pe3ybTaThl
PEHTIeHOCTPYKTYPHOTO aHallu3a HMCCiedyeMbIx o0pas-
LOB.

CorlacHO TIOJTy4€HHBIM JITaHHBIM, UCCIIETYeMbIH 00-
pasell npeICTaBIsIeT COO00H KPHCTAIUINIECKYIO CTPYKTY-
py ¢ Kybnueckoii azoii (chasnepur), mpocTpaHCTBEHHAS
cuaronus F-43m (216). 1ns o6pasia xapakTepHsI m1oc-
koctu (111), (200), (220), (331), (311) cooTBeTCTBEHHO,
YTO XOPOIIO COIJIACYeTCst ¢ KyOmueckou ¢aszoir ZnS.
Ha ocHOBaHMHM TOJTyYEHHBIX PEHTIEHOBCKHX JTU(paKIy-
OHHBIX KapTHH OIPEJIeJIeHbl OCHOBHbIE KpHCTAJLIOrpa-
(udeckre XxapaKTePUCTUKH UCCIIeAyeMoro oopasma [31].
DJIeMEeHTHBIH aHain3 00pa3lOB MPOBOIMICS METOJOM
sHeproaucnepcuonHoro ananuza (3/1A), cM. pucyHok 4.
W3 ananusa BUAHO, YTO NPOIYKT SBISIETCS aOCOIIOTHO
YHCTBIM, ¥ 2JIEMEHTBI COOTBETCTBYIOT Zn 1 S. Hanompo-
BOJIOKU ZnS coctost Ha 42,5% w3 Zn u 57,5 % u3 S.

Tabnuya 2. Kpucmannoepaguueckue napamempuvl HAHONPOBOAK08 ZnS

Tun cTpykTypbl | MpocTpaHcTBeHHas rpynna (hkl) 20° d, A L,um | Mapametp sueiikn, A | FWHM V(A3 | p(rlemd)
(1,1,1) 274 3,26 0,4
(2,0,0) 33,472 2,675 0,09
Kybuueckas 216: F-43m (2,2,0) 47,32 1,9193 139 543 0,93 159,98 4,047
(3,1,1) 56,15 1,6368 0,098
(3,3,1) 76,41 1,245 0,15
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Pucynoxk 4. Cnexmpockonus s1epeooucnepCcuoHH020 aHanusa

OmnpenencHne MEKTPHIECKUX CBOICTB MPOBOANIOCH
C MCIOJIb30BaHUEM UCTOYHUKA Toka HP 66312A u Mynb-
tumerpa Agilent 34401A. /Insa nonydenuss BAX o6pas-
OB OBLI MCIOJIb30BaH MAaCCHB HAHOKAHAJIOB Pa3MEpOM
0,3 cM. MezHbie 37€KTpo/ibl HAHOCHIIUCH TEPMUYECKUM
HarbUICHUEM, Uil 00eCIedeHUss OMUYHOCTH KOHTAKTa,
MOBTOPSIEMOCTH Pe3yJbTaTOB U MEXaHHYECKYIO yCTOW-
quBocTh. Cxema maMepennit BAX (pucyHok 5) Obura
cremyronei: oopaser ¢ HaHOTIPEIUITUTATaMH OBLIT TIOMe-
IIEH MEXAY JBYMS MCTAITMIECKUMHU IIACTHHAMH, TIPH
3TOM ITACTHHBI IEPEKPHIBAINCH TOJIBKO B TOH YaCTH, T1€
pacriojarajgnch HaHOKAaHANBL. 3aTeM IUIaCTHHBI ObLTH
MOJIKJIIOYEHBl K UCTOYHHMKY TOKa B IOCIIEIOBATEIILHOM
COCTUHEHUHN ¢ MyJbTHMeTpoM. s momyuenus BAX
ObliIa UCIIOJIb30BaHA MOJIMHOMHAJIbHAS ITOJITOHKA BTOPO-
O MopsiIKa.

O, v
R
Pucynoxk 5. Cxema usmepenus BAX
[lonyyenHas  BoJbT-aMIEpHAas  XapaKTEpUCTHKA

(BAX) obpasiia ZnS/SiO,/Si, npecraBieHa Ha pUCYHKe
6. Kak mokaszanu wucciiegoBaHus, npsiMble TuHANA BAX
IIpHU HU3KUX HampspkeHmsx cMernenus (U < 1,5 B) onu-
CBIBAIOTCS IKCTIOHEHIIMAIBHOW 3aBUCUMOCTRIO. Ha rere-
porepexoax HaOIOAAIOTCS 1Ba YIaCTKa C Pa3TMUYHBIMU
yIilaMH HaKJIOHA K OCH HamlpsDKeHHS HAONIOZAroTCs Ha
rereponepexonax BAX, mpepcraBieHHBIE B TOIyJOTa-
pudmrrgeckoM macmTabe. B caydae HU3KMX Hampsike-
Huid cmenienus (U < 0,5 B) yron naknona |-U-3aBucu-
MOCTEH YMEHBIIAETCSA ¢ POCTOM TEMIIEPATyphl U3MeEpe-
HUSI JUTS BCEX HCCIIelyeMBbIX 00pa3ioB. OTa 0COOEHHOCTD
XapakTepHa JJIs TePMOAKTHBALIMOHHBIX MEXaHU3MOB IIe-
peHoca 3apsijia uepes rerepornepexoasl. 11 Haobopot, He-
3aBUCUMOCTb yriia HakjaoHa BAX yria HakiioHa K ocH
HaTpPSDKCHUS OT TeMIepaTypbl H3MEPEeHHs, KOTopas Ha-

6momaercs pu U > 0,5 B, xapakTepHa IJis1 HETETUIOBBIX
MEXaHU3MOB HETEIJIOBOTO TIIepeHoca 3apsaaa uepes rere-
pocTpyKTypHI [32].

Ha pucynke 6 Buano, uro BAX nemMoHCTpUpyIoT xa-
PaKTEepUCTHUKU TUO0Ja. DTO O3HAYAET, YTO C YBEIUUCHUEM
HaMpsHKEHUS B IPSIMOM HANPaBJICHUU TOK PAcTeT HKCIIO-
HEeHUMaIbHO. [IpoBOIMMOCTE 00yCIIOBIICHA 3JIEKTPOHA-
MH H3-3a p-TUIA NOJUI0KKHU KpeMHus. Ananusz BAX mo-
3BOJISIET CACTATh BBIBOA O IpeoOIagaHu IIEKTPOHHOTO
THUIIA IIPOBOJUMOCTH B CTPYKType ZnS/SiO2/Si.

-2
Pucynok 6. BAX ZnS nocne snekmpoxumuyeckozo ocoxicoenus

M5! paccunTany yAEIbHYIO IPOBOANMOCTS MaCCHBOB
HaHOIIPOBOJIOK 110 (hopmyure:

Cdl

o=———,
du A

rae | — nmHa HaHOMPOBOJIOKH, IPUMEPHO COOTBETCTBY-
JOIIast TONIIMHE oKcuaHoro ciios 700 aM; A — rIomanis,
dl/dU — ranrenc yrna Hakinona | — U.

CornacHo ctpykrype BAX (pucyHok 6), muddepen-
LIMAJIBHOE COIIPOTHBIICHHE IIPU MHPSMOM HAIPSIKEHUH
MoKa3zaHo B Tabnuue 3.

Tabauya 3. Ionyuennvie pezynrvmamol 0151 HAHONPOBONOK ZnS

R A o
8333 Om 392500 Hm2 21,4:10% Om-cm™!

Si-nojsoxka Ay BeIpaniuBanus mieHku SiOz umeeT
N-Tun npoBoauMocThio. Micxomst u3 BAX-anann3sa nosy-
4YeHHOH cTpyKTypbl ZnS(ZB)/SiO2/Si MoxHO yTBep-
XKJaTh, YTO 3Ta CTPYKTypa AEMOHCTPUPYET 3JIEKTPOH-
HBIN p-n NEPEXOMI0B.

Crextpsl portomomunectennnu (PJI) ZnS Opun 3a-
perucTpupoBaHsl Ha crekrpodiayopumerpe CM 2203 ¢
HCIOJb30BaHUEM U3Iy4deHUsl Xe-TaMIIbl C JUIMHOW BOJI-
Hbl 250 HM. Criextpsl PJI ObuIH 3apernCTpHUPOBAHbI B
nuamaszoHe ot 250 HM 10 450 HM Ipy KOMHATHOH TeMIte-
parype. duddepenmmansusiii cnekrp ®JI nocie 3XO
npu 10 MHH. IpeCTaBlIeH HAa PUCYHKE 7.

Cnextp ®JI comepKUT pa3aUyHbIE CIEKTpalbHbIE
ITOJIOCHI B BHIMMOM H YJIBTPa(HOIETOBOM JTHAMAa30HAX.
[Muk mpu makcumyme 3,15 3B cBs3aH ¢ BakaHCHEH cepbl
U AeeKTaMu perIeTKH MeXCI0eBoi cephl [33].
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Pucynok 7. upgpepenyuanvuviii cnexkmpor @JI nocie X0
npu 1.75 B.

Maxkcumywmsl ipu 3,3 5B u 3,4 3B cBsi3aHBI ¢ MeXKy-
3€JIbHOW AMHCCHEH Ccepbl U LIMHKA M pEeKOMOMHALUeH
9JIEKTPOHOB HAa JOHOPCKOM YpPOBHE BaKaHCHUH cepbl C
JIBIPKaMH, 3aXBau€HHBIMH Ha aKIENTOPHOM YpOBHE Ba-
KaHCUI nuHKa [34, 35]. DOMHCCHOHHBIE NHKH B IOJOCE
npu 3,55 3B MOryT OBITH OTHECEHBI K Pa3JIM4YHbIM TOYE-
YHBIM JeekTaM MeX0y3eJIbHOM cephl [36], a MUK IpH
MaxkcumyMe 3,73 3B coOTBETCTBYET U3Iy4yaTeIbHOU pe-
KOMOHMHAIIN 3KCUTOHOB Ha HEWTPAJIbHOM aKLEITOPHOM
yuactke [37].

3AKJIIOYEHUE

B nanHo# paboTe mpencTaBieHBI Pe3yIbTaThl GOp-
MHpPOBaHHS HAHOPA3MEPHBIX KPHUCTAIOB Cyibpuaa
[IMHKA, 00JTyYCHHBIX HOHaMH Xe ¢ dHeprueit 177 MaB, B
CJIOSIX TUOKCHA KPEMHHUS METOJIOM 3JIEKTPOXHUMHAYIECKO-
T'0 OCaKICHUS. PEHTTeHOCTPYKTYpHBIN aHATN3 MOKa3all,
YTO CTPYKTypa HAHOIIPOBOJIOK ZnS TIpeAcTaBiIsIeT coooit
KyOM4ecKyl0 OOMaHKy KPHUCTAJUIMYECKYIO CTPYKTYPY C
MpOCTpaHCTBeHHOH Tpynmoi F-43m. AHanu3 cnekTpoB
OJIA moxkazan, 4TO HAHOIPOBOJIOKH ZnS COCTOST Ha
42,5% u3 Zn u Ha 57,5% ux S. BAX crtpyktypa ZnS ¢
KPHUCTAJUTHYECKOH CTPYKTYpOH IMHKOBOK 0OMaHKH (ZB)
IoKa3ao, 9To oOpa3oBajcs MOJyNPOBOAHUK n-Tuma. 13
MOJIYYCHHBIX CIICKTPOB (poTomomunectiernu (OJI) ZnS
MOJKHO CJ/IeJaTh BBIBOJ O HAIMYUH PA3TUYHBIX CIICKT-
PABHBIX TIOJIOC B BUJMIMOM U YJIBTPa(HOICTOBOM JIHa-
Ma30HAaX, CBSI3aHHBIX C PA3IMYHBIMA Ie(EKTaMH U TPO-
[IECCaMH B KPUCTAJUTMIECKOH CTpyKType Matepuaia. [Tu-
ku OJI mpu pa3auyHBIX dHEPTUAX, Takue Kak 3,15 3B,
3,39B, 3,4 5B, 3,55 3B u 3,73 3B, yKka3sIBalOT Ha pa3iiu-
YHBIE MEXAaHW3MBI PEKOMOHMHAIIMH 3JIEKTPOHHO-ABIPOY-
HBIX ITap ¥ Je(eKTHl B peneTke ZnS. DTo MOATBEPKAAET
3HaYMMOCTh M3y4eHHUs crekTpoB DJI i moHMMaHUSL
CTPYKTYpPHI U CBOICTB IOyIPOBOIHUKOBOI'O MaTepua-
na. JlanpHeimue nccnenoBanust cuektpos OJI ZnS mo-
T'YT IPUBECTH K PACIIUPEHHIO HAIIIMX 3HAHUH O €ro JIeK-
TPOHHBIX U ONTHUYECKUX CBOMCTBAX, YTO MMEET BAXKHOE
3Ha4YeHUe Ui ero MOTEHIUAIBHOTO IPUMEHEHHsS B pas-
JIMYHBIX TEXHOJOTUYECKUX 00JIacTsIX.

bnazooapuocmu

Cmambusi 6bINOIHEHA 8 PAMKAX PeaTu3ayUU Hay¥HO20
npoeKkma 2panmo8o2o (PUHAHCUPOBAHUSL MOLOObIX Vie-
ubix no npoexkmy «XKac Fanvimy na 2022—2024 200w Ko-
Mumemom Hayku Munucmepcmea HayKu u eblcuie2o 0o-
paszosanua  Pecnyonuxu  Kaszaxcman AP13268607
«Ocobennocmu  Gopmuposanus NoOIYNPOEOOHUKOBLIX
Hanocmpykmyp 6 mpexkogom memniatime SiO2/Siy.
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CUHTE3 U XAPAKTEPUCTUKA HAHOIMPOBOJIOK ZnS

ZnS HAHOCBIMJAPBIHBIH CHUHTE3I MEH CUITATTAMACBI

A. JI. AkpLioekoBa”, A. 7K. Myxaraesa

JLH. I'ymunee amvinoazol Eypaszus ynmmolx ynueepcumenmi, Acmana, Kazakcman
*Baiinaneic ywin E-mail: aiman88_88@mail.ru

KpemHuit THOKCHITIHIH HaHOKEYeKTi KabaTsiH Kypy yimiH a-SiO»/Si-N KYphUIBIMBEIH KCEHOH MOHAAPEIMEH [IUKIOTPOHIA
COYJIENCHIIPINAl, KeHiH mayutaguii KOCy apKbUTBI (TOPHZ CYTETiHIH CYJBl EPITIHIICIMEH XUMILUIBIK OHICY JXXY3ere
aceIppuIaBl. KeckiHi KOHyc TypiHZeri HaHokeyekTephiH nuamerpi 486-man 509 am-re pmefiin Oommel. Keneci, ZnS
HAaHOCBIMAAPHI JIEKTPOIUTTIK AINEMEHTTIH 3JICKTPOATAPBIHAAFEl KEPHEYTe OailIaHBICTHI 3JIEKTPOXUMUSIIBIK TYHABIPY
ONiCIMEH CHHTE3JIeII/Il JKOHE HOTHXKECIHE TeKIIe KypbulbIMbI F-43m (216) KeHIiCTIKTiK TOOBI 6ap MBIPHII CYIb(OUAIHIH
HAHOCBIMIApBI aNbIHIBL ZnS kyO daszaceiMen coiikec kenerin (111), (200), (220), (331) (311) ka3bIKTHIKTaAPHIMEH
cumnartanaapl. ZnS BOJb-aMIIEPIiK CHIIATTAMACHI N-TUINTI KAPThUIAH OTKI3TIMITIH maiiia OOJNFaHBIH KepceTTi. ZNS
¢doromomunecuenims (PJI) cnexrpnepinin enmemaepi CM2203 cnekrpodiroopumerpine ansiaapl. OJI cnexrpiepi
OenMe Temmeparypacsiaaa 250 HM-aeH 450 HM-Te NMeHiHr Juana3oHIbl KaMThIIbl. TYHIBIpbUTFaH TyHOamapabH OJI
cnekrpiepi YK-kepiHeTiH KeH CHEKTpIIK [Hana3oHAarbl coyje WibFapyasl kepcereni. Kepin oThipranaai,
JIFOMHHECIISHITUS CITEKTPJIepi JKETKITIKTI KypAei KypaMaac OeJlikTepre ue skoHe ojapsl 0ec ['aycc KUChIFbIHA OeyTe
6onanpl. TyHmeipeiFan ZnS ®JI cmektpi 3,153B, 3,33B, 3,43B, 3,553B xone 3,73 3B ’komakTapblHaH TYpajbl.
CoHpaii-aK HEepreTHKAIBIK AUCICPCUSIIBIK TalAay HOTIDKECIHIETI creKTp ZnS HaHOCBIMIApHIHBIH Zn — 42,5% xoHe
S —57,5% KypaHTBIHBIH KOPCETTi.

Tyiiin co30ep: SiO»/Si mpex memniatimi, I1EKMPOXUMUSAILIK MYHObIPY, ZnS nanocvimOapel, PKT zepmmey, ¢omo-
THOMUHECYEHYUSL.

SYNTHESIS AND CHARACTERISTICS OF ZnS NANOWIRES

A.D. Akylbekova®, A. Zh. Mukhataeva
Eurasian National University named after L.N. Gumilev, Astana, Kazakhstan
*E-mail for contacts: aiman88_88@mail.ru

The creation of a nanoporous silicon dioxide layer in the a-SiO,/Si-n structure was accomplished by irradiation with
xenon ions at a cyclotron and then chemical etching with an aqueous solution of hydrogen fluoride with the addition of
palladium. The truncated cone-shaped nanopores had diameters ranging from 486 to 509 nm. Then ZnS nanowires
synthesized by electrochemical deposition (ECD) method, depending on the voltage at the electrodes of the electrolytic
cell and as a result zinc sulfide nanowires with cubic structure and spatial symmetry group F-43m (216) were obtained.
The sample is characterized by (111), (200), (220), (331) (311) planes, respectively, which is in good agreement with the
cubic phase of ZnS. The charge-voltage characteristics (CVC) of ZnS showed that an n-type conductivity semiconductor
was formed. Measurements of the photoluminescence (PL) spectra of ZnS were recorded on a CM 2203 spectro-
fluorimeter. The PL spectra were recorded in the range of 250 nm to 450 nm at room temperature. The PL spectra of the
precipitated precipitates reveals emission in a wide UV-visible spectral range. It can be seen that the luminescence spectra
have quite complex components and can be divided into five Gaussian curves. As can be seen the FL spectrum of the
deposited ZnS consists of bands at 3.15 eV, 3.3 eV, 3.4 eV, 3.55¢eV and 3.73 eV. Also analyzing the spectra energy
dispersive analysis showed that the ZnS nanoproofs consist of Zn —42.5% and S — 57.5%.

Keywords: SiO-/Si track template, electrochemical deposition, ZnS nanowires, XRD study, photoluminescence.
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This paper describes the main results of the study of obtaining samples of radio-absorbing CoC films by magnetron
sputtering and evaluates the data of experimental and computational studies on the relationship between the structure and
properties of CoC films. To eliminate the ferromagnetic effect of cobalt, a composite target was used. The use of the
composite target during magnetron sputtering ensures the production of films of a given and necessary composition.
Structural-phase state of the obtained films was studied using XRD, SEM and TEM methods. A distinctive feature of the
synthesized coating is the absence of a crystalline structure in some areas due to the amorphizing properties of cobalt and
its tendency to form metallic glasses. Results obtained by the experiments are in good agreement with computational
modeling results. The radio-absorbing properties of the obtained films were confirmed by the results of measuring the
reflection loss, standing wave ratio, reflectance, and impedance. Results presented in the article can serve as a baseline

for perspective studies in this field.

Keywords: structural-phase state, radio-absorbing coatings, magnetron sputtering, films.

INTRODUCTION

Obtaining materials with specified properties having
controlled dielectric and magnetic permeability is a very
urgent task [1-5]. The development and increase in the
power of microwave radio electronics devices lead to the
fact that electromagnetic radiation arising during their
operation at frequencies of higher types of harmonics cre-
ates significant interference to radio electronic equipment
and satellite communications. The impact of electromag-
netic radiation (EMR) of various nature on technical and
biological objects is a significant factor affecting their
functioning. Therefore, the development of new highly
efficient broadband radio-absorbing materials is becom-
ing very relevant to solve the problem of reducing inter-
ference and electromagnetic compatibility of devices [5].
However, in our opinion, insufficient attention is paid to
coatings of the CoC system obtained by magnetron sput-
tering. In the development of electromagnetic wave ab-
sorbers, various materials are used that can absorb elec-
tromagnetic radiation in a certain frequency range. The
ability of a medium to absorb electromagnetic radiation
is determined by its electrical and magnetic properties,
which include specific electrical conductivity, dielectric
and magnetic permeability. Cobalt has ferromagnetic
properties [6] and, in combination with carbon, is prom-
ising for creating an inexpensive material with magneto-
optical properties [7].

Extensive efforts are being made to create anti-radar
coatings for military equipment. This area has become
widespread especially abroad, in particular under the
Stealth program [3-5]. A significant reduction in mutual
interference in the transmitting and receiving paths of

devices operating in the range of 300 kHz — 14 GHz is
possible due to the use of radio-absorbing magnetic ma-
terials of a new generation, providing an expansion of the
functional and tactical and technical capabilities of elec-
tronic special equipment [3-4].

Modern radio-absorbing materials have low mechan-
ical strength, low temperature resistance and a large re-
duced specific gravity (10-12 kG/m?). In contrast, the
new generation radio-absorbing materials (RAMSs) under
study have highly effective absorption of electromagnetic
radiation in a wide frequency range with a low specific
gravity (<1.5 kG/m?), high strength and heat resistance,
resistance to climatic influences and aggressive environ-
ments [8-9]. It is these factors that make it possible to use
the materials to reduce the radio visibility of aircraft and
light marine vessels, biological protection, as well as
solve problems of electromagnetic compatibility in min-
iature electronic devices. This, in turn, determined the
need for further research and the creation of modern tech-
nologies for obtaining new generation radio-absorbing
materials.

Over the past few years, a few papers have been pub-
lished describing the results achieved in the study of ra-
dio-absorbing materials in the range of 30-60 GHz [5].
Nanostructured materials are known to be used as radio-
absorbing materials [10-13].

A radio-absorbing coating containing layers of ara-
mid fabric with film heterostructures deposited on it is
characterized by the heterostructure of 2-8 layers of
amorphous hydrogenated carbon with 3d metal nanopar-
ticles, while the layers in the heterostructures alternate
the concentration of ferromagnetic nanoparticles in the
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films of neighboring layers is different — low in one (0—
30 wt.%), in the second it is high (80—95 wt.%) [14]. The
disadvantage of this material is its significant thickness,
which is necessary for effective absorption of radio
waves.

An electromagnetic absorbing material can be created
by merging shielding and thermal insulation properties
into a single substance, achieving an optimal balance be-
tween density and strength. This material is a granulate
composed of a blend of carbon and ferrite powders, with
a glass (quartz powder) binder. The material is produced
using ceramic manufacturing techniques, including ex-
trusion and casting. Its absorption properties are up to
2 dB across a wide range and can reach 10 dB in a narrow
range (up to 5 GHz) [15]. However, this material has
some drawbacks, such as low absorption capacity, a high
specific weight exceeding 10 kg/m?, and a complex pro-
duction process due to its multicomponent composition,
which can result in an uncontrolled final composition.

Another electromagnetic absorbing material is made
from a mixture of 0.30-0.45 or 0.55-0.75 mole fractions
of strontium titanate and 0.70-0.55 or 0.45-0.25 mole
fractions, respectively, with the general formula BiMOs,
where M is an element such as chromium, manganese, or
iron. This material exhibits high values of the real part of
the dielectric constant and significant dielectric losses in
the microwave range (ultrahigh frequency) [16]. Howe-
ver, it lacks elasticity, requires considerable thickness for
effective absorption, and can only be used in tile form.

Ferrites, magnetodielectrics, and nanostructured pol-
ymer-based composite materials can also serve as radio-
absorbing materials. ZnFe;O4 and NiFe;O4 nanoparticles
are of particular interest due to their unique properties,
such as high magnetic permeability, high Curie tempera-
ture, high electrical resistivity, and low power loss. In the
classification of hexagonal ferrites, the resonance fre-
quency (W-type) for BaMaFe160,7 ferrite (M = Fe, Ni,
and Zn) is approximately 36 GHz. Substituting Co in the
structure alters the hexagonal configuration, with the res-
onant frequency for BaCoxZn, xFe1s027 estimated to be
between 2.5 and 12.0 GHz [17-19].

It is important to note that the effectiveness of protec-
tion against microwave radiation depends on many fac-
tors, including the frequency of radiation, the power of
the radiation source and the thickness and composition of
the protective material. Therefore, choosing the optimal
material structure for protection requires taking into ac-
count specific conditions and requirements.

One of the most effective structures for protection
against microwave radiation consists of arrays of micro-
structures with unique electromagnetic properties not
found in natural materials. CoC thin films are particularly
promising for these applications. These films can be pro-
duced using the magnetron sputtering method, which of-
fers several advantages: a high deposition rate, minimal
substrate temperature increase, low film damage, and
compatibility with scraper material manufacturing. Films
created through this method exhibit high purity, good

compactness, uniformity, and excellent adhesion to the
substrate. The process is highly reproducible, allowing
for consistent film thickness over large areas. Addition-
ally, particle size can be controlled by adjusting the pa-
rameters, and various metals, alloys, and oxides can be
co-deposited onto the substrate. This method is also con-
ducive to industrial-scale production.

The aim of this study is to create thin CoC-based
films using magnetron sputtering technology and to study
its structural-phase state and radio-absorbing properties.

MATERIALS AND METHODS

The creation of CoC coatings (CoCigo-m — m varied in
the range of ~ 30-35 at.%) was carried out by magnetron
sputtering in an inert argon medium of graphite (C) and
ferromagnetic (Co) targets with a controlled concentra-
tion of constituent elements on the Si substrate.

To obtain coatings, a magnetron system with dual
magnetrons with a pulse frequency of 40 kHz and a duty
cycle of 0.5 was used. A single-crystal silicon substrate
was placed at the geometric focus of the magnetrons at
15 cm. Before deposition, the substrate was cleaned with
an Ar+ ion source with an accelerating voltage of 3.5 kV
for 30 min. The concentration of the constituent elements
in the coating is controlled by the power supplied to the
targets. The thickness of the layers is controlled by the
spraying time. The concentrations of C and Co intro-
duced into the films were changed by changing the power
supplied to the target cathodes. The films were obtained
by simultaneous sputtering of targets; the film growth
rate was on average 10-13 nm/min.

The use of a composite target is due to the fact that
such a composite target has a ratio of the surface areas
occupied by the composite elements, and during magne-
tron sputtering ensures the production of films of a given
and necessary composition. The target size is chosen as
follows: the diameter (C) of the target is 9 mm, the diam-
eter of the disc is 16 mm.

The main limiting factor when implementing the
magnetron sputtering of coatings is that cobalt, being a
ferromagnet, closes the lines of the magnetic system of
the magnetron, transferring it to the diode operating
mode, which makes it impossible to use a cobalt disk tar-
get. To solve this problem, a composite target was used
(Figure 1). As a result of partial closure of the magnetic
lines of the magnetron, the discharge did not go into the
diode mode, which made it possible to regulate the power
density on the target and control the composition of the
resulting coating. Graphite target diameter was 9 mm
(99.9999% purity with fine grain structure, Phildal Hold-
ing Co., China), Co disk diameter was 16 mm (99.99%
purity, Phildal Holding Co., China). The diameter of the
pressed disks was selected based on the atomization co-
efficient of this element and its required concentration in
the final coating. Pressure before application was
8-107* Pa. Working pressure of Ar was 1 Pa. Additional
heating of the substrate was not used; the substrate tem-
perature during the deposition process was <100 °C and
measured by using IR-710 infrared thermometer
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(Amprobe, USA). The distance from the substrate to the
magnetron was 5 cm. The time for applying a separate
layer was from 5 to 15 minutes. The Co/C magnetron cur-
rent was 0.5 A, the Co/C magnetron voltage was 450 V.
Thus, samples of CoC film deposited on a silicon sub-
strate with a thickness of 0.35-0.38 um were obtained.

Figure 1. Appearance of: a) graphite target; b) cobalt target;
) composite target

The results of measuring the roughness, microhard-
ness and erosion (abrasive) resistance of the samples are
shown in Table.

Table. Mechanical properties of the coating

Parameter Measurement result
Roughness, Ra, microns 18.4
Roughness, Rz, microns 125.6
Microhardness, HV0.1/10 1023.6

4/20; 5.5/40; 6.2/60; 7/80;

Mass loss / Time 7.31100: 8.7/120; 9.5/140

X-ray phase analysis was performed on a Shimadzu
XRD 6000 device with a Ka Cu anode (A = 0.154 nm) by
the sliding beam method (shooting angle 15) in the range
20 =20+ 80.

The structural state and elemental composition were
determined by scanning electron microscopy on a JEOL-
2200FS (Japan) (EDX), INCA Energy (Oxford Instru-
ments, UK) scanning electron microscope. Accelerating
voltage up to 30 kV; resolution up to 3 nm; instrument
magnification up to x300,000.

The microstructure of the films was studied, inter alia,
by transmission electron microscopy on a JEOL-2200FS
microscope (JEOL, Japan). During the sample prepara-
tion, a scratch was applied with a Fine Point Diamond
Scriber 54467 (Ted Pella, USA) to the substrate on the
reverse side of the sample. The samples are also sub-
jected to additional thinning by ion etching (Gatan Preci-
sion lon Polishing System Model 691).

Studies of the absorbing characteristics of the films
were carried out using the Vector network analyzer
P9373A equipment in the frequency range 300 kHz —
14 GHz, manufactured by Keysight Technologies
(USA). Measured parameters: reflection loss (S11/S22
LogMag); standing wave coefficient (S11/S22 SWR); re-
flection coefficient (S11/S22 LinMag); impedance
(SmithChart). These parameters were measured in the
frequency range of 8.2-12.4 GHz.

Modeling of three-dimensional structures and diffrac-
tograms of crystals was carried out in the VESTA soft-
ware package, in accordance with the international data-
base of materials [IRIC], A =0.154 nm. The spatial
structure of an ideal crystal is modeled. Further, based on
the Wolf-Bragg condition, X-ray spectra of model struc-
tures were calculated. The X-ray spectra and interplane
distances of the obtained coatings were compared with
the spectra obtained by modeling methods and deviations
were detected. Also, based on the obtained spectra of
coatings, the reverse operation is performed to identify
structures by spectra. Thus, it is possible to perform op-
erational control of the received structures without resort-
ing to the use of databases.

RESULTS AND DISCUSSION

Figure 2 shows the simulated geometry and X-ray
spectra of the CoC structure using the Vesta atomic struc-
ture software program, which is designed for 3D visuali-
zation of structural models and various volumetric data
such as electron/nuclear density, and crystal morphology.
This program allows you to visualize the morphology of
crystals, isosurfaces with several levels, to carry out an
advanced bond search algorithm that allows for a more
complex search in complex molecules, cellular struc-
tures, etc. to carry out calculations of the electron and nu-
clear density according to the structure parameters, to de-
termine the best planes for selected atoms, etc.

Based on the simulation results, it was found that the
structure consists of a crystal with an orthorhombic latti-
ce with an atom in the center, which corresponds to a
FCC lattice: a = 4.469, b = 4.426, ¢ = 2.9107, o = 90,
B =90, y = 90. Since cobalt is a ferromagnetic material,
carbon can affect its magnetic and optical properties. The
study of the mutual arrangement of atoms in a crystal af-
ter sputtering will allow us to study the magneto-optical
properties of magnetron CoC films. This is possible when
comparing reference structures and film structures.

Figure 3 shows the structure, electronogram and de-
coding of the resulting film.

The results of the conducted studies have shown that
with the selected mode of thermal exposure in an inert Ar
environment at 400 °C, certain modifications occur on
the surface of the coating material. The physical and me-
chanical properties of a surface are determined not only
by morphology, elemental composition, but also by pha-
se composition. The main phases were determined using
X-ray diffraction analysis.
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Figure 2. Structure of CoC: a) X-ray spectrum with HKL;
b) X-ray spectrum of the CoC structure with d-spacing
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1.358 (131), FCC

Figure 3. TEM image of the microstructure of the film sample,
with magnification x33000

The resulting film structure demonstrates identical
HKL planes, but with altered d (nm), which indicates the
formation of this structure, but at the same time a slightly
deformed crystal lattice is observed. This indicates a
change in the parameters a, b, c. It was found that the
changes in the lattice lie in the range of acceptable values,
which indicates that the resulting structure demonstrates
magneto-optical properties.

The results of the microscopy study of the cross sec-
tion of coatings and the corresponding energy dispersion
spectra are shown in Figure 4.

The figure shows that fairly dense coatings have been
formed, characterized by a columnar structure, which is
common in the metal coating system (Figure 4b, d).

The coatings have a highly relief character, formed at the
deposition stage of the coating. The thickness of the syn-
thesized CoC coating is equal to an average of 0.3+0.2
microns (Figure 4a, b). Figure 4b clearly demonstrates
the formation of a clear interfacial boundary between the
coating and the substrate without any diffusion displace-
ment, the interfacial boundary “coating — substrate” is
clear. This was achieved by carefully selecting the se-
lected deposition parameters.

Si substrate

1.0 pm
c) d)

Figure 4. SEM of a cross-section of a coating with an energy
dispersion spectrum: a) a general view of the cross section
shows the cross section of the substrate and the coating;
b) the interfacial boundary between the coating and the
substrate; c) the energy dispersion spectrum of Co;

d) the columnar structure of the coating

In some places of the surface layer of the substrate,
partial deformation occurs, a kind of microchaneling by
individual particles of powder components, that is, volu-
metric saturation of the matrix with the material of em-
bedded particles has been realized. There are areas at the
interface where, at the initial stage of coating formation,
particles of powder components are embedded in the sub-
strate surface. During the impact, the interaction of dis-
persed particles with the barrier occurred, where pres-
sures are realized in local areas. In this regard, the inter-
action of a particle with an obstacle is accompanied by
intense deformation in the area directly adjacent to the
trajectory of the particle. And as a result, the channel
walls are a layer of increased hardness, which introduces
an additional strengthening effect.
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The study of the local and integral elemental compo-
sition of the coating shows that its matrix has a gradient
character. Studies have shown that by changing the gra-
dient of the properties of the medium, it is possible to
control the structure of the surface wave field, to achieve
either its localization in the near-surface zone, or its sup-
pression. According to the data of energy dispersion ana-
lysis, the concentration of cobalt in the coating increases
with increasing thickness of the sprayed layer, Figure 4c.

Judging by the results of the EDS spectrum of the dis-
tribution of the composite coating elements, the distribu-
tion of the composite coating elements from point to
point practically does not change. We believe that the
presence of silicon atoms in the coating is due to its in-
gress from the detection of the substrate itself, since the
distribution of silicon atoms over the depth and width of
the coating is homogeneous.

Figure 5 shows transmission microscopy images and
the corresponding element mapping. Transmission mi-
croscopy results confirm SEM and EDS measurements.

A distinctive feature of the synthesized coating is the
absence of a crystalline structure in some areas of CoC
coatings, which is most likely due to the amorphizing
properties of cobalt and its tendency to form metallic
glasses. Obtaining an amorphous state is primarily asso-
ciated with nonequilibrium processes occurring during
the formation of thin films. The state with the absence of
long-range order (the absence of correlations between at-
oms at large distances) is determined while maintaining
the short-range order (the presence of such correlations
on several (maximum — two or three) coordination sphe-
res. The process of forming the structure of the coatings
under study during magnetron deposition is characterized
by a number of patterns: The CoC coating has a layered
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structure with an anisotropic pore distribution; When the
coating material is deposited, a certain texture is formed
in the form of zones of columnar crystals, while their axes
are located normally to the surface.
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Figure 5. TEM-microscopy of the cross-section of the coating
and its element mapping

The results of measuring reflection losses (S11/522
LogMag), the standing wave coefficient (S11/S22 SWR)
and the reflection coefficient (511/S22 LinMag) from a
sample of a film with a thickness of 0.35-0.38 microns
are shown in Figure 6.

Stog 12 4000 GHz

Figure 6. Change in the values of S11/522 LogMag, S11/S22 SWR and S11/S22 LinMag
in the frequency range 8.2-12.4 GHz, for a sample of the CoC film
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Figure 7. Change in impedance values (SmithChart) in the frequency range 8.2-12.4 GHz,
for a sample of the CoC film

In the upper right corner of each graph, numerical val-
ues for three markers are shown: 1 — the numerical value
at the midpoint of the 8.2-12.4 GHz frequency range; 2
—the maximum value of the measured value; 3 — the min-
imum value of the measured value.

The results of measuring the impedance values
(Smith Chart) from a sample of the CoC film, presented
using the Wolpert-Smith diagram, are shown in Figure 7.

In Figure 7, the scale of the pie charts is non-linear.
The grid lines correspond to the points of constant active
and constant reactive resistance. Points with the same ac-
tive resistance are arranged in circles. Points with the
same reactance form a set of arcs of different curvature.
All resistance values are normalized relative to a certain
wave impedance of the system Z,; —so Ohms. In a pie
chart, the grid lines are arranged in such a way that the
area of positive active resistances is displayed as a single
circle. The central horizontal axis corresponds to zero re-
actance. The center of the diagram is Z/Z, = 1, which cor-
responds to the wave impedance of the system. At the left
and right points of intersection of the horizontal axis with
the outer circle, the impedance is zero and infinity, re-
spectively. The outer circle corresponds to zero active re-
sistance. The upper and lower halves of the diagram cor-
respond to positive and negative reactivities,
respectively. The value of the impedance modulus for the
test sample at a frequency of 8.3 GHz (Figure 7) is
5.12 Ohms, at a frequency of 10.3 GHz it increases to
52.0 Ohms and at 12.1 GHz — 191.37 Ohms.

Thus, the resulting CoC film at a frequency of
8.3 GHZ has a reflection coefficient of 900 mU; at a fre-
quency of 10.3 GHz — 805 mU and at a frequency of
12.1 GHz — 718 mU. The study of reflection loss values

at a frequency of 8.4 GHz is —0.86 dB, at a frequency of
10.3 GHz —1.86 dB and at a frequency of 12.1 GHz, re-
flection loss is —2.57 dB. The standing wave coefficient
at a frequency of 8.3 GHz is 19, at a frequency of
10.3 GHz is 9.5 and at a frequency of 12.1 GHz is 6.8.
The analysis of the general graph of the absorbing char-
acteristics of the material indicates the presence of sig-
nificant losses of electromagnetic energy in the fre-
quency range 8.2-12.4 GHz. There is a monotonous
sinusoidal decrease in the values of the studied parame-
ters with a decrease in amplitude with an increase in the
frequency of the electric current. The observed values of
reflection losses are typical for volumetric absorbers of
electromagnetic energy. This results indicate the possi-
bility of using the studied CoC films as a radio absorbing
material, and will serve as the basis for further studies in
this direction.

CONCLUSION

Magnetron sputtering technology was applied to cre-
ate a thin-film material based on CoC. To eliminate the
ferromagnetic effect of cobalt, a composite target was
used. As a result of partial closure of the magnetic lines
of the magnetron, the discharge did not go into the diode
mode, which made it possible to regulate the power den-
sity on the target and control the composition of the re-
sulting coating. Structure analysis results showed the cor-
relation with the calculation. A distinctive feature of the
synthesized coating is the absence of a crystalline struc-
ture in some areas of CoC coatings, which is most likely
due to the amorphizing properties of cobalt and its ten-
dency to form metallic glasses. It was found that the ob-
tained material is able to absorb electromagnetic waves
due to the structure of the films. Future studies in the field
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of using the magnetron sputtering method for obtaining
CoC material will involve optimization of the synthesis,
controlling the parameters, and detailed analysis of the
mechanisms of the CoC film formation during the mag-
netron sputtering. The electronographic analysis estab-
lished the correspondence of the obtained structures to
the calculated structures. The resulting film is a material
with similar complex magnetic and dielectric permittiv-
ity at a magnitude of magnetic losses several times higher
than traditional magnetic materials, but this assumption
needs to be proven by further enhanced experiments un-
der controlled conditions and using real samples. These
materials can be the basis for the creation of effective
broadband electromagnetic wave absorbers.
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MOVEMENT OF TANDEM MAGNETIC NANOPARTICLES IN AN ALTERNATING MAGNETIC FIELD
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This research article considers the tandem magnetic nanoparticles, which consists magnetic nanoparticle, connected with
functional nanoparticle by carbon nanotube, exploring the transformative impact of temporal changes in magnetic fields
on their behavior. By manipulating magnetic induction, using sifted center of mass such nanoparticles and necessary
angle between its axis and magnetic dipole moment, we can exercise precise control over the movement of such
nanoparticles. This holds immense promise for various applications, particularly in the field of medicine.
Nanotechnology has a wide range of applications in the medical field, particularly as nanomedicine. Some nanoparticles
are promising for new diagnostic tools, imaging techniques, targeted therapies, pharmaceuticals, biomedical implants,
and tissue engineering. Nanotechnology allows for the safer administration of high-toxicity treatments, such as
chemotherapy drugs for cancer. Additionally, wearable devices can monitor vital signs, detect cancer cells, and identify
infections in real time. These advancements are expected to give doctors significantly better access to critical information
about the causes of changes in health, directly from the source of the issue.

The study examines the scenarios where the magnetic moment and the center of mass of a nanoparticle are misaligned,
creating a tandem nanoparticle. The paper investigates the effects of an alternating external magnetic field on such
nanoparticles, focusing on specific motion patterns that can be utilized to control the position and velocity of the particles.
For this study, relevant literature on nanotechnology in the medical field was reviewed from sources like Scopus, Google
Scholar, ResearchGate, and other research platforms.

Keywords: tandem magnetic nanoparticles, magnetic field manipulation, targeted drug delivery, hyperthermia
treatments, diagnostic imaging, biomedical applications.

INTRODUCTION

In recent decades, science and medicine have made
tremendous progress in the field of nanotechnology and
their application in various fields. One of the most prom-
ising areas that is actively developing is medicine, espe-
cially in the field of targeted drug delivery [1-2], diagno-
sis of diseases [3-4], and direct treatment [5]. In this
context, magnetic nanoparticles deserve special atten-
tion.

Magnetic nanoparticles are nanoscale particles with
magnetic properties. Their feature is the ability to re-
spond to an external magnetic field, which allows you to
control their movement and behavior in the body. This
opens up new perspectives in drug delivery and disease
diagnosis [6].

The use of magnetic nanoparticles in medicine has
several advantages. First, they can be used to improve
drug delivery. By functionalizing magnetic nanoparticles
with drug molecules and targets, they can be directed to
a specific location in the body, ensuring accurate and ef-
ficient delivery of drugs. This allows you to reduce the
doses of drugs, reduce their side effects and increase the
effectiveness of treatment.

Secondly, magnetic nanoparticles can be used in the
diagnosis of various diseases. By functionalizing nano-
particles with markers and antitumor antibodies, they can
be used to detect and visualize tumor cells and other
pathological changes. This allows for earlier diagnosis
and accurate determination of the lesion site, which con-
tributes to more effective and timely treatment [6].

The use of magnetic nanoparticles in medicine is not
limited only to drug delivery and diagnostics. Modern re-
search shows that these amazing nanomaterials can also
be used for the direct treatment of various diseases. With
their help, new prospects in the field of nanomedicine are
opening up, allowing for more accurate and effective
treatment of pathologies. The size and properties of mag-
netic nanoparticles can be adjusted so that they can be
transported through blood vessels and concentrated in the
right areas of the body under the influence of a magnetic
field [10].

One of the main applications of magnetic nanoparti-
cles is hyperthermic therapy. When using specially de-
signed nanoparticles that can be heated under the influ-
ence of a magnetic field, it is possible to achieve a
localized increase in temperature in a certain area of the
body. This is used to destroy tumor cells or inactivate
pathogens, which makes hyperthermic therapy a promis-
ing method of treating cancer and infectious diseases [7].

In this paper, we consider the case when the magnetic
moment and the center of mass of a nanoparticle do not
coincide (a tandem nanoparticle), which corresponds to a
two—cluster nanoparticle, one of which is magnetic, the
second is a carrier of the therapeutic component (Fig-
ure 1). The influence of an alternating external magnetic
field for this case allows us to consider specific cases of
motion that can be used to control the position and veloc-
ity of particles.
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MATERIALS AND METHODS

One of the key aspects of the use of magnetic nano-
particles in medicine is their ability to control in an ex-
ternal magnetic field. This makes it possible to direct,
move and control the behavior of nanoparticles in the
body, which opens up new opportunities in targeted drug
delivery and direct treatment of diseases.

Magnetic nanoparticles have a magnetic moment that
allows them to interact with magnetic fields. Under the
influence of an external magnetic field, nanoparticles can
move, group or separate, depending on their size, shape
and magnetic properties. This allows you to control their
movement and location in the body [8-9].

Figure 1. A tandem nanoparticle

Various methods are used to control magnetic nano-
particles. One of them is the use of permanent magnets,
which create a permanent magnetic field in the desired
area of the body. Nanoparticles with magnetic properties
will move in accordance with the lines of magnetic field
forces, allowing them to be precisely directed to the tar-
get locations [8-9].

Another way to control magnetic nanoparticles is the
use of an alternating magnetic field. In this case, electro-
magnets or systems with an alternating magnetic field are
used, which can create magnetic fields that change over
time. This makes it possible to control the movement and
behavior of nanoparticles by adjusting the parameters of
the magnetic field, such as strength, direction and fre-
quency [8-9].

The equation of motion of magnetic nanoparticles in
an external magnetic field can be described using the fol-
lowing equation [13-14]:

m~(:j—\t/=FM+Fd, @
where: m is the mass of the nanoparticle; v is the veloc-
ity vector of the nanoparticle; t is the time; F,, is the

force caused by the interaction of the nanoparticle with

an external magnetic field; F, is the resistance force of
the medium in which the nanoparticle is located.
Power IEM depends on the properties of magnetic na-

noparticles and the magnetic field in which they are lo-
cated. Next, we will consider the influence of an external
magnetic field on a particle with a magnetic moment.

When such a particle is placed in an external magnetic
field with magnetic induction in B, the force F,, can be

calculated, acting on it as a whole, using the following
formula [12]:

= =%(g-1§), )
where: [ is magnetic moment of the nanoparticle.

The resistance force of the medium F, can be descri-
bed by Stokes' law for small particles [11]:

F, =6mnrv, ®3)
where: n is viscosity of the medium; r is nanoparticle

radius.

Moment of force M , acting on a magnetic nanopar-
ticle in an external magnetic field with magnetic induc-
tion B, is represented by an expression that is analogous
to the expression for the moment of forces acting on a
small electric dipole in an external electric field with in-
tensity E [12]:

M =[ixB. (4)
The moment of force determines the direction of the

moment of momentum L , associated with the magnetic
moment:

di -
<=M )
I::otﬁ+|:0, (6)

where: a is gyromagnetic factor; I:O is the angular mo-
mentum of the attached particle.

The moment of forces turns to zero if the vectors B
and p (magnetic moment) parallel (or antiparallel), that

is, when the magnetic moment is directed strictly along
the external magnetic field or strictly against it. With a
small deviation of the vector |1 depending on the direc-

tion of equilibrium (when the equilibrium state has been
reached), the resulting moment of forces has a “return-
ing” character and, in a harmonic approximation, is pro-
portional to the angle of deviation [12].

The equation of motion of magnetic nanoparticles can
be solved by numerical methods, taking into account the
initial conditions, the external magnetic field and the
properties of the nanoparticle. This makes it possible to
predict and control their movement and behavior in the
body to achieve desired goals, such as targeted drug de-
livery or localized effects on tumors and pathological ar-
eas [10].

RESULTS AND DISCUSSION

The equation of motion in this article provides for
conditions under which the direction of the magnetic
field changes. The strength of the resistance of the me-
dium is not taken into account. Three scenarios were con-
sidered:
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a) the value of the inhomogeneous field is constant;

b) the value changes according to the law of
sinsin wt, the direction does not change in time;

c) the value and direction of the field changes in time
according to a harmonic pattern.

When the field is constant in time, the parallel ar-
rangement of the field and the moment give motion in a
straight line (Figure 2). Depending on the angle between
the vectors of the field and the moment, a trajectory of
different intensity is rotated (Figure 3-5).

I

Figure 4. Bo = 100, m = 0.02, a = 0.05

Figure 5. Bo =75, m = 0.02, a = 0.05
In a constant field, there is no difference in the trajec-

tories of a simple magnetic nanoparticle and a tandem
one, the motion is flat (Figure 6-8)..

Wgg |~ T

Figure 7. Bo = 3000 sin[2wt]

0 ARIBE0T0
T 000

Figure 8. Bo = 3000 sin?[wt]

In the case of an alternating field of constant direc-
tion, a feature of the movement of a tandem particle ap-
pears, consisting in a phase lag (Figure 9).
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Figure 9. Box = 3000 sin[wat]; Boy = 4000 sin[wat];
Boz = 5000 sin[wst]

If all three components change, the trajectory be-
comes spatial, and the movement depends on the type of
functions. In this case, the combination of frequencies
(w1, W, w3) gave a sinusoid or spiral. The peculiarity of
the motion is determined by the specifics of the rotation
of a tandem magnetic particle under the action of a mo-
ment of forces.

CONCLUSION

The research focuses on studying how changes in the
magnetic field over time affect the behavior of tandem
magnetic nanoparticles. By manipulating magnetic in-
duction, it becomes possible to control and direct the
movement of nanoparticles. This control method has its
advantages in the case of taking into account the re-
sistance of the medium, which we will consider in the
following works.

Numerical methods were employed to solve the equa-
tion of motion for magnetic nanoparticles, considering
various factors like initial conditions, external magnetic
fields, and nanoparticle properties. Through this ap-
proach, we can anticipate and regulate the movement and
actions of these nanoparticles within the body, aiming for
specific objectives such as targeted drug distribution or
localized effects on tumors and other pathological re-
gions. In addition, understanding the properties and be-
havior of magnetic nanoparticles can lead to the improve-
ment of materials and technologies, which will allow the
development of innovative applications for the develop-
ment of medicine.

Overall, this study contributes to the ongoing study of
magnetic nanoparticles and their potential applications
by providing valuable information about their behavior
and offering opportunities for developing new strategies
for manipulating and controlling nanoparticles.
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AVHBIMAJIBI MATHUT OPICIHJETT MATHUTTIK HAHOBOJIIIEKTEP
TAHAEMIHIH KO3FAJIBICbI

H. 9. beiicen, I'. b. CepukaxmeroBa, M. E. Aoumesn
on-Papabu amvinoazel Kazax ynmmulK ynugepcumemi, Anmamol, Kazaxcman
*Batinanwic ywin E-mail: nurzada.beissen@kaznu.edu.kz

Byn 3eprrey MakamachblHZa MarHWATTIK HAHOOOIIIEKTEpACH TYPAThH, (DYHKIMOHAIAB HAHOOONIIIEKTEPMEH KOMIpPTEKTi
HAHOTYTIKIIEJep apKbUIbI OalIaHBICKAaH TAHAEMIIK MATHUTTIK HAHOOOIIIIEKTEPIiH MarHUT OpiCiHIET1 yaKBITIIA ©3repicTepIiH
OJIapIIBIH MiHE3-KYJIKbIHA TpaHC(HOPMAMIIBIK ocepi 3eprreneai. MarHWTTIK HHAYKOWSHB MAaHHITYIBIIHSIIAY apKbUIbL,
HaHOOOJIIIEKTEP/IiH ENEKTEeH OTKI3UINeH Macca LIEHTPIH oHE OHBIH 0Ci MEH MAarHUTTIK AWIIOJIb MOMEHTI apachIHIAFbl KAXKETTi
OypbIIITH TMai/ajgaHa OTBIPBIN, 013 MyH/all HAHOOGJIIEKTEpAIH KO3FalbICBIH HakThl Oackapa amambi3. byn aprypii
KOJIIaHOAaJIap YIIIiH, dcipece MEIUIINHA CallaChIH/IA YIIKEH yoe Oepei.

HanoTexHoorust MeMIHA CalachbIHAA, aTal alTKaHJa HAaHOMEANIIMHA CHSKTBI KeH ayKbIMbl KoianOanapra ue. Keiioip
HaHOOeJIIIEKTep JKaHa JMarHOCTUKAJIBIK Kypaiap, OeifHesney aicTepi, MaKkcaTThl Tepanus, GpapMarieBTuKa, OHoMe JUIIMHAIIBIK
WMIUTAHTATTap KSHE TIHIIK MHXKEHEPUsl YLIiH MepCcreKTHBaIbI OOJIbIN TaOblIaasl. HaHoTeXHOMOrus Katepii icikke Kapchl
XUMHOTEPANSIIBIK MPErapaTTap CUAKTH YBITTBUIBIFBI JKOFaphl eMICY 9IICTEPiH Kayirci3 Oackapyra MyMKiHIIK Oepeni. Oran
KOCa, KHUIETIH KYPhUIFBUIAP OMIPITiK MaHBI3IBI Oenritep i OakpUTail anamsl, paK KIeTKAIaphIH aHBIKTal aajpl )KOHE HAKTHI
yaKpITTa HHQEKIMsIapAbl aHbIKTail anmamel. by skeTicTikrep Iopirepiepre ACHCAyJNbIK JKaFIaWbIHAAFbl ©3repicTepliH
ce0erTepi Typajbl MaHBI3IBI aKIAPATKA MOCENICHIH KO31HeH TiKeIeH KOJI JKeTKi3yTre MyMKIHIIIK Oepei et Ky TUTyIe.

3eprTey HaHOOOIIIEKTEPAIiH MATHUTTIK MOMEHTI MEH Macca LIeHTpi IyphIic TypajdaHOaraH >koHE TaHACMIIK HAHOOOIIIICKTI
YKaCaWTHIH CIIeHapuitnep i 3eprreiiai. by Makanaaa MyHnai HaHOOeIIIIEKTepre aifHRIMATBI CBIPTKBI MATHHUT OPICiHIH acepiepi
3epTTeNin, OeJILeKTepiH OpHAIACYbl MEH KbUIIAMBIFBIH OacKapy YILIH MaiijanaHyFa 00J1aThlH HAKTHI KO3FaJIbIC YIriIepiHe
Hazap ay/apbuUiajpl.

Byn 3eprreyni xyprizy ymrna Scopus, Google Scholar, ResearchGate >xoHe Oacka 1a FBUIBIMH IUIaT(opManap CHIKTHI
Ke3/Iep/ieH MEIULIMHAJIBIK Calla/laFbl HAHOTEXHOJIOTHsUIap OOMBIHINA ©3€KTi 9/IeONeTTep TallaH/bl.

Tyitin ce30ep: macHummix HaHOOOIUEKMEPOIH MAHOEMI, MAZHUM OPICIHIK ©32epici, npenapammol mikejiell Hcemkizy,
2unepmepmusiibl emoey, OUASHOCMUKAILIK betineney, OUOMeOUYUHANBIK KOJLOAHY.

JABUKEHUE TAHIEMA MATHUTHBIX HAHOYACTHUI B HEPEMEHHOM MATHUTHOM ITOJIE

H. A. Beiicen”, T'. B. Cepukaxmerona, M. E. AGumen
Kaszaxcxkuit Hayuonanvnutii ynusepcumem um. Anv-@apaou, Anmamut, Kazaxcman
*E-mail ons xonmaxmos. nurzada.beissen@kaznu.edu.kz

B I[aHHOf/'I HCCHCZ[OBaTeHBCKOﬁ CTaTbC pacCMaTpUuBaAIOTCA TAHAEMHBIC MAIrHUTHBIC HAHOYACTULIBI, COCTOAIIUE U3 MAarHUTHBIX
HAHOYACTHUII, CBSI3aHHBIX C (DYHKIIMOHAJIHLHON HAHOYACTHIICH YIIICPOIHON HAHOTPYOKOM, M HCCICIYIOTCS IpeoOpasyroliee
BIIMSIHME BPEMEHHBIX M3MEHEHUI MArHUTHBIX MOJICH Ha WX MOBeAeHHe. MaHHUIyIMpyst MATHUTHOM MHIYKIMEH, UCIIOIb3Ys
MPOCESTHHBIN [EHTP MAacC TAKUX HAHOYACTHUI] U HEOOXOIMMBII YroJl MeX/Iy €€ OChI0 U MATHUTHBIM JIUIOJIBHBIM MOMEHTOM,
MbI MOYKEM OCYIIIECTBIISTh TOUHBIA KOHTPOJIb HAJl JIBHXKEHUEM TAKMX HAHOYACTHIL, DTO OTKPHIBAET OIPOMHBIE TTEPCTICKTHBBI
JUTSI PA3IIMYHBIX PHJIOKEHHH, 0COOEHHO B 00JIACTH METHIIMHBI.

HaHOTeXHOIOrK UMEIOT MIMPOKHUil CIIEKTP MPUMEHEHHsI B 00JIaCTH MEUIMHBL, 0COOEHHO B HaHOMeuIHe. Hekotophie Ha-
HOYACTHIIbI IEPCIIEKTUBHBI JJIsl HOBBIX JIMArHOCTHYECKUX HHCTPYMEHTOB, METOJIOB BU3YyaIIU3AIlUH, TAPTETHOM TeparnuH, dap-
MAIIEBTUYECKUX MPENapaToB, OMOMEIUIIHCKIX UMILIAHTATOB M TKAHEBOM MHKeHEpHH. HaHOTEXHOIOrHH TO3BOJIIOT OoJiee
0€30MacHO TPUMEHSTH BHICOKOTOKCHYHBIC METO/IBI JICUCHHS, TAKHE KaK XUMHOTEPAIeBTHIECKHE Tpernaparthl OT paka. Kpome
TOIr0, HOCUMBIC ychOI\/’ICTBa MOTYT OTCJIC)KUBATH KU3HCHHBIC ITOKa3aTCIIN, O6Hapy)KI/IBaTB PAKOBBIC KJIETKH W BBIABIIATH MH-
(beKLH/H/I B pEXKUME pEATTBHOTO BPEMCHU. O)I(I/IllaeTCﬂ, YTO 3TU NOCTHKECHUA MPETOCTABAT BpadyaM 3HAUYHUTECIIbHO Hy‘{H_H/Iﬁ J0CTYyTII
K BOKHOM MH(OPMAITUH O MPUYHHAX M3MCHEHUI B COCTOSIHUH 3I0POBbsI HEMIOCPEICTBEHHO W3 UCTOYHUKA TPOOJIEMBI.

B HCCJICIOBAHNN PACCMaTpUBArOTCs CLICHAPUH, B KOTOPBIX MarHUTHBIA MOMEHT U HECHTP MaCChbl HAHOYACTUIIBI HE COBITAAKOT,
00pa3ys TaHAEMHYI0 HAHOYACTHUIly. B cTaThe uccienyercs BIUsSHAE IEPEMEHHOTO BHEIITHETO MarHUTHOTO TIOJIS HA TaKKe Ha-
HOYACTHIIBL, yIEIsIsi 0c000€ BHUMAaHHE KOHKPETHBIM MOJECIISIM JBH)KCHHUS, KOTOPBIC MOKHO HCIIONB30BATh JJIs YIIPABICHHS
TIOJIO’KCHUEM U CKOPOCTBEO YACTHIL,

JIyist mpoBeieHNs TaHHOTO MCCIIEI0BaHMs ObUIa TIPOAHAIM3NPOBAHA aKTyalbHasl JIUTEPaTypa MO HAHOTCXHOJOTHSIM B MEIH-
LIUHCKOH cpepe U3 BRICOKOPSHTHHTOBBIX KYPHAJIOB.

Knrwueevle cnosa: manoem MacHUmmulx Hanovyacmuy, MAaHUnyIAyusl MAacHUMHO20 noJisl, HAnpaeieHHasl odocmaska
Jekapcme, je4eHue eunepmepMueﬁ, ouazHocmu4ecKast susyaiuzayus, 6MOM€()ML[MHCKLI€ NpUMeHnerUusl.
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AB-INITIO PACUETHI POJUI JONIMPOBAHHOIW (001) TIOBEPXHOCTHU
POMBOS/JIPUYECKOM ®A3bI BaTiOs

K. E. 3aknena’, T. M. Unep6aes’’, A. Y. AGyosal, ®. V. AGyosa’,
H. A. Mepaaul, V. K. Toaeren?!, I'. A. Kanraraii’

! Espazuiickuii nayuonanonotit ynueepcumem um. JI.H. N'vmunesa, Acmana, Kazaxcman
2 Kazaxckuil HaYUORANbHBLIL JceHCKUll nedazozuieckuil ynugepcumem, Anmamol, Kazaxcman

* E-mail ons konmaxmos. zhadyrazakiyeva@gmail.com

Pa3paboTka 3¢ (eKTHBHBIX, YCTOHYHUBBIX H YKOHOMHYECKH BBHITOAHBIX (DOTOKATAIUTHYSCKUX CHCTEM IS pa3/IesICHUS BO-
II6I Ha BOJOPOJ ¥ KMCJIOPOJ € TOMOIIBIO COTHEYHOTO CBETA MPEICTaBIsIeT COOOH CTpaTerHYecKH 3HAUUMOE HallpaBJICHUE
UL OyAyIIero mpou3BOJCTBA TOIUIMBA M XMMUYECKUX BELIECTB M3 BO30OHOBIIIEMBIX HCTOYHUKOB. PaciienieHus Boabl
SBJICTCS TIEPCIICKTUBHOM CTpaTerueil Il yCTOHYMBOrO IMPOU3BOACTBA BO30OHOBIAEMOrO BOIOPOIA M PEIICHHUS IJIO-
0aJIbHOTO SHEPreTHYECKOTr0 U AKOJIOTMYECKOro Kpusuca. OIHaKo mupokoMacTabHoe IPUMEHEHHE 3TOr0 MeTOa orpa-
HUYUBAETCS HU3KOH 3()(DEKTHBHOCTHIO U BHICOKOW CTOMMOCTBIO COJTHEUHBIX CUCTEM paclierieHns Boabl. [louck sxoHo-
MUYHBIX, 3Q()EKTUBHBIX U CTAOMIBHBIX (POTOKATANIN3ATOPOB SBISECTCS KIIOYESBBIM HAIPaBJICHUEM B pa3pabOTKe TEXHO-
JIOTHH COTHEYHOTo paciieruieHust Boabl. PoTokaTaau3aTopsl HA OCHOBE IIEPOBCKUTA B IIOCIEAHEE BPeMs MIPUBICKAIOT
3HAYUTEJIbHOE BHUMaHHE ISl MIPUMEHEHHUs B IIPOIEcCax COJHEYHOIo paclIeNIeHUs! BOJABI Oyiaronapsi CBOeH MmpocTon
CTpYKType M TuOkoctu cocraa. BaTiO3 siBisieTcsi mepcrneKTUBHBIM (POTOKATAIN3aTOPOM OJiarojiapsi CBOeH perysupye-
MBI JJIEKTPOHHOH CTPYKType. M3HauanpbHO CUUTAIOCH, YTO OH SBJISACTCS INIOXUM (POTOKATANIN3aTOPOM H3-3a LIMPOKOH
3aIpeLICHHON 30HBI, 9TOT MaTepUal CTall 0OBEKTOM Pa3IMYHBIX CTPATETHH, HANPABJICHHBIX HA YMEHBIICHHE IIMPUHEI
3alpenIeHHON 30HbI. B HacTosmeil paboTe MBI M3y4aeM BIUSHUE HOMUPOBaHUs Rh Ha JIEKTPOHHYIO CTPYKTYpY MEpOB-
ckura (001) BaTiOs moBepxHOCTH. [T0CKOJIBKY TEOpETHYECKUE PE3yIbTaThl IOKA3BIBAIOT, YTO aTOMBI Rh MoryT 3aHnMaTh
00a yJacTka OZHOBPEMEHHO WM TOJIbKO Ti-y4acTku, win Ba-yyacTk, Oblla CMOIETHPOBaHA 3JIEKTPOHHAS CTPYKTYpa
Juist AByX ycnoBuil. Korna atomsl Rh 3annmaror ogHo nonokenne Ba u ogHo nonoxenue Ti, BUTHO, YTO 3IIEKTPOHHAS
CTPYKTypa MOKa3bIBaeT HAIMUUE aKLEIITOPHOTO YPOBHS B Ipe/esiax 3alpelleHHOM 30HbI BbIle ypoBHs Depmu, uto a¢-
(hEeKTHBHO YMEHBIIAET IIMPUHY 3alpeLIeHHOH 30HbI MaTepuana.

Knwuesbie cnosa: Kamaauzamop, 3J1IeEKmMmpOHRHAsl CMpPYKmypa, nepoecKum, dj1emenmapHas }llleﬁk'a, NnJ1OMHOCMb COCMOA-

Hul:l, wupuHa 3anpemeHHOﬁ 30Hbl, pacuembsl U3 nepesvix nPpuUHyunoes, neopus d)yHKL{MOHa/Za njiontHocmu .

BBEJIEHUE

HccnenoBanne paciieruieHus BOJBI MPEACTaBIISET
c000# NepCIIeKTUBHYIO CTPATETHIO AJIsl YCTOHYHBOTO CO-
3aHNST BO30OHOBIIIEMOTO BOJOPOAA M IPEOJOJICHHS
KpH3HCa B SHEPTETHKE M SKOJIOTHYECKOH 001acTH B MHU-
pe. UccnenoBanne 010 mKETHBIX, () HEKTUBHBIX M yCTOM-
YUBBIX (DOTOKATAIN3ATOPOB SIBIISCTCS KIIFOUEBBIM METO-
JIOM pacIIeIUICHUs BOABI C CIOIB30BaHUEM COJTHEUHON
sHepruu. B mocnenHue HECKONBKO JIET HCCIEJOBAHO
MHOYKECTBO JIETHPOBAHHBIX NIEPOBCKUTHBIX (POTOKATAIIN-
3aTOpOB C MOTEHIMAJIbHBIM NPUMEHEHHEeM B (oTokara-
nm3e. I1ocKoNbKY 371eKTpOHHBIE 30HHBIE CTPYKTYPHI I1e-
POBCKUTHBIX MaTepHajloB HEMOCPEICTBEHHO 3aBUCST OT
X XMMHUYECKOTO COCTaBa, CTPATETHsI MOIU(PHUKAIINN XU~
MUYECKOT0 KOMIIOHEHTa B OCHOBHOM 3aKJIIOUacTCi B
KOPPEKIMH 3JEKTPOHHBIX CTPYKTYP U HOBBIIICHUH peaK-
LIMOHHOM CIIOCOOHOCTH (POTOKATATUTUUECKUX MaTepHa-
JIOB TOJ| BO3JECHCTBUEM COIHEYHOIO CBETa. DIEKTPOH-
HBIE CBOHCTBA CTPYKTYPHI (POTOKATATH3aTOPA HA OCHOBE
OKCHJIHBIX MAaT€pHaOB MOTYT OBITh W3MEHEHBI IIyTeM
JIETUPOBaHMS JONOJTHUTEIBHBIX 3JIEMEHTOB B COCTaB Ma-
Tepuasia. BepxHuil ypoBEeHb 30HBI IIPOBOAMMOCTH B
OONBIIMHCTBE NEPOBCKUTHBIX MaTEPHAJIOB B OCHOBHOM
cBs3aH ¢ opOuTaimsiMu do MEPEXOAHBIX METAJUIOB, HHXK-
Hu#t kpaii CB cyluiecTBeHHO HIKE MOTEHIMANa OKUCIH-

TEeIBHO-BOCCTaHOBUTENbHOW peakimu H*/H;. Omaum u3
HanboJiee U3yUYCHHBIX MOTYNPOBOIHUKOB SBJISIOTCS Ma-
Tepuaiisl Ha ocHoBe TiO2 U CerHETOANEKTPUIECKOTO TH-
tanata crpoHims SITiOz (STO) u Turtanar OGapus
BaTiOs; (BTO) [1-3]. Oanako, MX OCHOBHBIM HEIOCTAT-
KOM SIBJISIETCS] IMPOKasi 3alpellieHHast 30Ha, KOTOpasi co-
crasisiet 3,2 3B g BTO [4] u 3,75 3B mis STO [5].
DT0 MPUBOAUT K MPEUMYIIECTBEHHOMY MOTJIOIICHHUIO
CBeTa B yJIbTPapHOIETOBOM JIMANa30He, YTO 3HAYUTEIb-
HO CHHXaeT 3((EeKTUBHOCTh MPeoOpa3oBaHUs COJHEY-
Horo m3nnydeHus. Kpome toro, 06a Matepuana cTpagaroT
OT BBICOKHX CKOPOCTeH (POTOMHIYLHUPOBAHHOI peKoM-
Ounanuu. bonblias 4acTh McclieI0BaHuUil B 3TOi obacTH
COCpPEOTOYCHA HA YBEIIMYCHHH IIOTJIOLICHHS CBETA H I10-
JaBJICHUU peKOMOMHALINK 3aps/a. PelieHne 3THX npoo-
JIeM MO3BOJIUT CHEJIaTh MOJIyYSHUE BOAOPO/IA IyTEM pac-
LICTJICHHS BOJIBI C HCIIOJIb30BAHUEM CONTHEYHOU IHEPTUH
Hanbonee SKOHOMUYHBIM METOJOM €ro IPOHM3BOICTBA
[6]. Jormposanue Rh cunraercs oqauM U3 cambix 3¢ de-
KTHBHBIX METOMOB CO3/aHus (POTOKATATH3aTOPOB, UyB-
CTBUTENIHHBIX K BUIUMOMY cBety [2, 7, 8]. BaTiOs nomu-
POBaHHBI pPOJHUEM, JEMOHCTPUPYET 3aMevaTelIbHYyIO
(dhoTokaranuTHUECKyIO 3((HEKTHBHOCTH B MPOIECCE BBI-
nenenusi Ho 13 BOHOTO pacTBOpa MeTaHoIa MO BO3/IeH-
CTBHEM BHIMMOTO CBETa, IPEBOCXO/ISI BCE APYTHE OKCHUI-
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HBIE (JOTOKATAIM3ATOPbI, AKTHBUPYEMbIC BUANMBIM CBE-
ToM [2]. bxaT u coarT. [9] npeanonoxuiu, 94To JOMUPO-
BaHue Rh mpuBoauT K 00pa30BaHMIO MPOMENKYTOUHBIX
COCTOSTHHH, 4TO BEJET K YMEHBIICHHIO IIUPUHBI 3aIIpe-
meHHo# 30HbI BaTiOs, omHOBpeMeHHO IpenoTBpamias
oOpazoBaHue LEHTPOB pexoMOuHanuu. [Ipu nommposa-
HHHM JIEeMEHTOB, Takux kak Fe, Rh, Ru, Mn B ctpykTypy
MaTeprana, IUPUHA 3alPENIeHHON 30HBI B COCTaBHOM
MaTepHalie yMEHbIIAeTCsA, M 3TOT MaTepHall mpuobpera-
€T CIOCOOHOCTH ACHCTBOBATH B KauecTBe (hOTOKaTaIN3a-
TOpa, pearnpyromiero Ha Buaumsiii ceer [10-12]. Kak ot-
MEUaeTCsl B BBIICYNOMSHYTHIX HCCIECAOBAHUAX, H3y4de-
HHe BIUsHMS Rh nonmupoBaHuM Ha KaTaIMTHYECKUE Xa-
pakrepuctukn BaTiOz tpeOyer npanpHeiimiero Oosee
noJpoOHOro aHanu3a. B 1aHHOM cTaThe paccMaTpuBacT-
sl BO3MOKHOCTh BHECEHHSI HE3HAUUTEIbHBIX HM3MEHEHUH
B XMMHYECKHH COCTaB IOBEPXHOCTH THTaHaTa Oapus
(BaTiOs3) ¢ 11e1p10 HACTPOUKHU €ro 3JIEKTPOHHOM CTPYK-
TYpHI VISl YIIy4IICHNS KaTATMTHIECKUX cBOUCTB. Mcce-
JIOBaHWE COCPENOTOUCHO HA BIHMSHUM JONHPOBAHMS Ha
AJIEKTPOHHBIE CBOIicTBa poMbo3aprdeckux (a3 BaTiOs.

METOJ 1 MOJIEJb MOBEPXHOCTHU

CTpyKTypHBIE AJIEKTPOHHBIE XapaKTEPUCTHKH ObLIN
UCCJIeJOBaHbI C IPUMEHEHHEM KOMIIBIOTEPHOT0 Koza ab
initio VASP [13, 14], ucrions3yromero GpopManusm mio-
CKO BOJHHI ¢ fomonHeHneM npoekropa (PAW) [15] B
COUYCTaHWU C OOMEHHO-KOPPEISIIIMOHHBIM (YHKIIMOHA-
noM PBE (Perdew — Burke— Ernzerhof) GGA [16]. dus
00BEMHBIX pacdeToB OBLIa MCIOJIBb30BaHAa ceTka MOHK-
xopcTa-Ilaka pazmepom 2x2x2, a Juid pacue€TOB OBEPX-
HOCTH 2X2x1, mpu 3HEepruM OTceuku, paBHOH 520 3B.
JlomycK CXOIMMOCTH JUIsl pac4eToB ObLI BEIOpaH Kak pas-
Huna B obuiel sueprun B npenenax 1076 ma atom. s
MICEBIOTOTEHIIMAIOB OBUIM HCIIOIB30BAHbI CIEIYIONIHE
>1eKTpoHHbIe KoH(purypauuu: Ba (6s?), Ti (3d? 4s?),
O (2s? 2p*), Rh (2s? 2p® 3s? 3p® 4s?). PacnpeneneHue 3a-
PSIOB HA HOHAX MICCIIEIOBATIOCH ITPH TIOMOIIH TOTIOJIOT U~
yeckoro aHanusza banepa [17].

CTPYKTYPHBIE MOJIEJIA

Pombosapuueckas dasa BaTiOs xoropas sisercs
cTaOMIbHOM (pa30ii TUTaHATa OapHsl, COXPAHIET CBOIO
cTabmIbHOCTS IpH TeMIepaTtypax Hmwke 90 °C u obnana-
€T CerHEeTOdJIeKTPUUECKUMH CBOiicTBaMu. B (ase Brico-
KOCUMMETPUYHOr0 Ky0a aToMbl 0apusi B COCIMHCHUH
BaTiO3 3aHMMaroT MO3UIMU HA BOCBMH BEPIIMHAX Ky0a,
ATOMBI TUTAHA PACIIONIAraloTCs B IIEHTPE OKTa3/pa KHC-
J0posia, 0Opa3oBaHHOTO KyOW4eCKOW peIeTKoi, a aTo-
MBI KHCJIOPOJIa Pa3MEIIalTCs B LIEHTPax rpaHei Kyoda,
00pa3ys OKTa’ApBl C CHMMETPHYHON KoH(pHrypanmeit
KaK TMOKa3aHo Ha pUCyHKe 1.

Pucynok 1. Kpucmannuueckas cmpykmypa s1emeHmapHoti
Auetiku pombosdpuyeckoii pasvl BaTiOs,

Bt mpoBeeHbl ONTUMU3AIIMOHHBIE PACUYEThI I'€0-
METPHHU CTPYKTYPHI JUIs 4eThIpeX 00beMHbIX (a3 BaTiOs
[18]. PaccumtanHble mapameTpsl pemeTkH (3, b, ¢) (A) n
0. XOpOILIO COINIACYIOTCSA C JKCIEPUMEHTAIBHBIMH pe-
3yNbTaTaMH ¥ 3HAYCHUSMH IPYTHX TEOPETUYCCKUX HC-
CIICOBAaHU, IPEICTABICHHBIMHU B Ta0muue 1.

CTpyKTypa KpUCTAJUTMYSCKON PEIIeTKH POMOOdApH-
yeckoi (has3bl aHAIOTHYHA KyOudeckoi (ase, XoTs mpo-
SIBJISIET HE3HAYNTEJIbHBIC OTKIOHEHHS B PACHOJIOKEHUU
aTOMOB THTaHa U KHCJIOPOJAa XapaKTepHble is KyOuue-
CKOW CTPYKTYphl. TUTaH CMENIeH N0 AUaroHajau OT IeH-
tpa Ha —0,0137 A. Bce aToMbl KHCIOposia clierka cMe-
LICHEI B TPOTHUBOIIOJI0KHOM HAIPABICHUH 110 THATOHAIIH
ma 0,0232 A. [MomyuyeHHBIC pacUeTHBIC MIMHBI CBSA3CH
MeXy atomamu Oapus u kucinopoaa Ba-O (2,87) u ato-
Mamu TuTaHa u kuciopona Ti-O (1,89) coorBercTBYIOT
9KCIIEPUMEHTAJIbHBIM JaHHBIM, TOJYYEHHBIM B paboTe
[22], a Taroke 3HAYCHUSIM TTOIYYCHHBIM U3 MPEABIIYIIIX
TEOPETHUECKUX HccienoBanuit [22, 23]. PaccunranHoe
3HAUEHUE NPSIMON INUPUHBI 3alIPEILEHHOM 30HbI IS Te-
TparoHaibHOU (ha3el, coctaristomniee 2,0 3B, npexacras-
JICHHOE Ha PUCYHKE 2, COTJIaCyeTCsl C pe3yIbTaTaMu Apy-
I'MX TEOpeTHYeCKuX uccienoBanuii [20].

B Hammix npensiaymumx uccnenosanusx [18] mokasa-
HO, uto ¢yHkunonan GGA-PBE takxe mMoxeT mpenoc-
TaBHUTh JOCTATOYHO TOYHYIO HH(OOPMALIHIO O CMEIICHHUSIX
aTOMOB B 3THX KpHCTaIax. PaccuuTaHHble ¢ HOMOIIBIO
¢yakunonana GGA-PBE mmpunb! 3anpemeHHo 30HBI
HE CHJIBHO OTJIMYAKOTCSA OT 3HAYCHHUH, PACCUUTAHHBIX C
nomornsio ¢pysknnonasa LDA u SCAN [18]. UssecTHo,
yro Meton GGA-PBE npumenenHslil B 1aHHOM Hcclie-
JIOBAaHWHU, OOBIYHO HEJIOOICHUBAET IIMPHHY 3alpelicH-
HOUW 30HBI, YTO MOJTBEPIKAAETCS KaK B IaHHOM, TaK W
JPYTUX TEOPETHUECKUX HccaenoBanusx [9].

Tabnuya 1. Pacuemuvie u sKcnepumenmainsisie napamempul pewemxu (a, b, c) (A), o6vem Vo (43),
0bwee KoUYecmeo amomog 8 siuetixe

BaTiO; NaHHble nccneposanus | TeopeTuyeckue AaHHbie [19] TeopeTuyeckue paHHble [20] KcnepumeHTanbHbie AaHHble [21]
a, b, ¢ (A) Vo(A3) a, b, c(A) a b, c(A) a,b,c(A)
PomBoapgpuyeckas a=b=c=4,073
CTpyKTYypa Vo =67,613 a=b=c=4,073 a=b=c=4,053 a=b=c=4,004
0=89,7568
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Pucynox 2. [Tnomnocmu snexkmponnvix cocmosnutl BaTiO3

Crouctele CTPYKTypel B pomMO03apudeckoii dase
BTO Oputn cMOmeTMpOBaHBI B KPHCTAILIOTpapIeCcKOM
wrockoctH (001) myTeM cCHMMETPHYHOTO BOCIIPOH3BEIe-
HUSI OTHOCHUTEINIFHO 3€pKaJIbHOM INIOCKOCTH IUIACTHH, CO-
cTosux u3 7 uepeayroumxcs miockoctei TiO, nu BaO
¢ BakyyMHBIM 3a30poM 13 A. O6e nosepxnoctu BaTiOs
(001), oxanuuBaromuecst Ha BaO u TiOz HenmomspHEL.
OyiHa U3 yKa3aHHBIX [UIACTUH MPECcTaBiIeHa B opMe Cy-
nepsiueriky, 3aBepiaroiieics miockoctsasmMu BaO B kpu-
CTAJUTMYECKON CTPYKType U cojepxkamieid 108 aTomoB.
Bropas mnactuHa 3aBepimaeTcs IwiockocTsamu TiO2 u
BKITIO9aeT B cebs 112 aromoB. HecMOTps Ha OTKIIOHEHHE
OT CTEXHOMETPHUYECKOTO COCTaBa, YKa3aHHBIC TJIACTHHBI
COXPaHAIOT CUMMETPHIO IpH 3aMeHe aTtoMoB Ba/Ti Ha
Rh, 9TO HCKIIOYAaeT BO3HMKHOBEHHE IUIIOJIBHOTO MO-
MCHTa B CHCTEME.

IToBepxHOCTHAs 3HEPTHA Y ObLIA pacCUNTaHA KaK:

nk

_ E miacTuHa 00BeEM (1)
Y=—" _—
2mS
re Ennacruna — SHEPTUSA TUIACTHHBL; NEogen — DPHEPTHS CO-
otBetcTByoniero yucia BaTiOs B 06beme; M — konuve-

CTBO DJICMCHTAPHBIX IMOBECPXHOCTHBIX CANMHUILL S.

PE3YJIbTATHI U UX OBCYKJIEHUE

CaoticTBa THTaHaTa OApHst B OTHOIIEHNH OKHCIIUTEIIb-
HO-BOCCTAHOBHTEJbHBIX PEAKIUIA MOTYT OBITh YITyUIICHEI
IyTeM BBEICHMS Pa3JIMYHBIX JIONMPOBAHHBIX JOOABOK.
UrtoObl WccneioBaTh BIMSHMA JonupoBanus Rh, omgux
aToM Oapus M TUTaHa ObLI 3aMEHEH MOHOM POJHs Ha II0-
BepxHocTsix BaTiO3 (001) ¢ TepMUHUPOBAaHHBIMH ITOBEPX-
nocTsimu BaO u Ti02, kak moka3aHo Ha PUCYHKE 3.

JUis OIIEHKM SHEpTHH 3aMEIIEHHs TOBEPXHOCTHBIX
MOHOB Oapusi aTOMaMH POJMsl Ha MOBEPXHOCTH ILIACTHU-
HBI HCIIOJIB30BATUCH Cleyone GopMyJIbl:

El = E (Ba'TiO3 )'-IHCTBSl + E (Rh)HaBTOM
E, = E(BaTiO,+Rh,, )+E(Ba) @)
e, -22-Fiog

2

rae E(BaTiO3)uucran — 9HEPIHS UACATBHON MOBEPXHOCTH;
E(RN)ua aromy E(B@)ua arom — SHEPTUH H30JIUPOBAHHBIX aTO-
MmoB; E(BaTiOs + Rhg,) — o01wmast 5Heprus moBepXHOCTH,
JOIMPOBAHHOW POIHEM.

a) 6)
° oo (I» oo (ITp o0

m«oom
0:0 c © .0 .0

OO OOO

OOoOoO

0O 00 o

OOOOO

o Ba Q Ti Qo ORrn

Pucynox 3. Buo c6oky (@, 6) u ceepxy (C, 0) npu donuposanuu
poouem nosepxrocmeti ¢ konyamu BaO (a, ¢) u TiO2 (6, 0).
Buowi choxy (a, 6) u céepxy (T, 0), oepanuuennvie 08yMs
(a, 6, 0) u 0onoil (T) nIOCKOCMSAX NOGEPXHOCMU NAUMDbL,
COOMBEMCMmMBEEeHHO

)
0

Paccrosuuss mexxny Ba-Rh u Ti-Rh cocrasmsior
4,56 A u 4,03 A coorsercTBenHo. ITocne TOMMPOBAHUS
Rh cTpykTyps! ObLIH MOBTOPHO ONTHMH3UPOBAHbL Pac-
YeThl yKa3blBaIOT HA HE3HAYMTEIILHOE M3MEHEHHE KpH-
CTJNIMYECKOM PELIETKH BOKPYT MOHA POAMs Iocie A0-
MMUPOBAHMS: M3MCHEHUE PaBHOBECHOW JIJTMHEI CBSI3U Me-
KTy aTOMaMH KaTaIUTUIECKHA aKTHBHOTO Oapws W KHC-
nopoaom (Ba-O wu Ti-O) Gosnblire, 4eM H3MEHEHHUE IS
CBSI3M MexkAy aromamu Oapusi u ponust (Ba-Rh wmu Ti-
Rh) ma Bemmuuny Al = 0,0017 A (Al = 0,0021 A) coor-
BeTcTBeHHO. D(dexTuBHBIN 3apsa nona Rh cocrasmsin
1,1 e, 9TO HE3HAYUTENILHO MEHBIIIE, YeM 3aps noHa Ba
1,52 e wona Gapusi Ha TEPMHUHHUPYIOIIEH MMOBEPXHOCTH
BaO. [ust TepmunupoBanHoit mosepxuoctr Ti02 adde-
KTUBHBIH 3apsii MOHA poaust cocrasisiet 1,66 €, uto 3Ha-
YUTEJbHO TMPEBBINIACT 3apsi] OCHOBHOTO HOHa Ti
(2,55 e). 3naueHus SHEPrUU TOMTUPOBAHUS POHEM, Pac-
CYHTAHHEIC C MICIIOJIF30BaHUEM YPaBHEHHUS 2, IS TEPMU-
HupoBaHHbix nmoBepxHoctei (001) BaO u TiO; Bmecte ¢
3apsaMu Ha aTOMax, IPUBEICHEI B TaOJHIIe 2 ¥ COCTaB-
jstot 6,81 1 7,72 3B g BaO u TiO2 cooTBETCTBEHHO.
DJeKTpOHHAs CTPYKTYpa MOJETICH C JOITMPOBaHUEM CXe-
MaTHYECKH MPEICTaBlIcHa HA pUCYHKaX 4 u 5.

ITnomnocms cocmosinuil. IIEKTPOHHAST KOHPUTYpa-
st THTaHa, Kucaopoaa u Rh cnexyromas: Ti = [Ar]3d?
45?2, O=[He]2s? 2p* u Rh = [Kr]4d® 5s'. Dnexrponnas
CTPYKTYpa JIONTUPOBAHHBIX U HEJOMUPOBAHHBIX MOJIEIIEH
CXEeMaTH4eCKH MIpeJCcTaBlIeHa Ha pucyHkax 4 u 5. Ha pu-
cyHKax 4a u 5a moka3zaHO BJMSHHE JIOITUPOBAaHHS Ha
9JIEKTPOHHBIE CBOHCTBA TEPMUHHPOBaHHBIX ciioeB TiO:
n BaO, n noka3zaHsl paccuuTaHHbIE OOIIUE U MPOEKIIN-
OHHBIE MIIOTHOCTH cocTostHui (DOS) aTromoB.
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Tabruya 2. OcrogHbie Xapakmepucmuxky HeOONUPOBAHHLIX U OONUPOBAHHBIX POOUeM OJis MEPMUHUPOBAHHBIX
nosepxnocmei BaO u TiO2

BaO-tepmuHaums TiOz-TepMuHaums
Paccrosime (A) ATOMHbI 3apsag (e) Paccrosme (A) ATOMHBII 3apsap (e)
Egon (3B) Enon (3B) " .
0-Ba (o] Rh Ba O-Ti o Rh Ti
HeponnpoBaHHbIn 0 2,78 -1,42 1,53 0 2,28 -1,33 2,55
Rh -gonuposaHvie 6,81 2,84 -1,34 1,12 1,56 7,72 2,26 -1,21 1,66 2,5
TDOS Ti-d O-p Rh-d ——TDOS ——Ti-d——O-p Rh-d
@ | @ |
I I
I I
I I
| :
I
3 | e |
8 ] |
s . t =
% ((b) | % |(b) .’
) I %
) I o :
a ‘, A I
| l
\
} || 1L
|
ﬁ—'—*"’—h—'—u—v—_'—vi [ N | — L““ T A
-4 2 0 2 4 4 2 0 2 4

Pucynok 4. OcHosHble 0cOOEHHOCTU dNEKMPOHHOU CIPYK-
mypul 015k HEOONUPOBAHHBIX U DONUPOBAHHBIX, MEPMUHUPO-
sannvix (001)BaO nosepxnocmeti

Hcxons v3 paccUMTaHHOM IJIOTHOCTH COCTOSIHUM,
MOIKHO 3aMETHUTb, YTO JIJIS HEJISTUPOBAHHOI MOJIENH BCE
opOuTaIM B BaJCHTHOI 30HE COCTOST M3 2P-OpOHTalei
KHCJIOPOJIa, B TO BpeMs KaK Bce OpOHUTAIU B 30HE MIPOBO-
mumoct (CB) coctost u3 3d-opGuraneii Tutana. [lnot-
HOCTb COCTOSIHUH JUIsl HEJONIMPOBAHHOM MOJENIN Ha PU-
cyHKax 4a u 5a npHOIM3UTEIHHO BOCTIPOM3BOAMT ILIOT-
HOCTB COCTOSIHMII 111 JONMPOBAHHOW MOJIENN Ha PUCYH-
Kax 40 u 50 B 3HepreTHYECKOM MuarazoHe Hibke —1,5 3B
(VB) u Beime nputimsurensHo 1 3B (CB). Ha pucynkax
5a, 0 moka3aHo cpaBHEHHE OOIIEH MIIOTHOCTH COCTOSTHUMA
(JIMHUM) ¥ KOMIIOHEHTOB YaCTHYHOM TUIOTHOCTH COCTOSI-
HUI Ha 2P-0pOuTaIsSX KUCI0poaa (KpacHble JuHuK), 3d-
opburansx turana (cuane nuHuK) U 4d-opbutansx (3e-
JICHbIE JIMHUH) AJIs1 HEOIHPOBAHHBIX (&) M JOMUPOBAH-
HBIX (0) Mmogeneil. HemonmupoBaHHas MOBEPXHOCTh UMEET
IIMPOKYIO 3allpelieHHy0 30Hy cBbime 1,45 3B. Ha no-
ITMPOBAHHOM MMOBEPXHOCTH BUIHBI COCTOSHHUS, 00YyCIIOB-
JICHHBIE JIOTTMPOBAaHKUEM, B 00JIACTH 3aIPEIICHHON 30HBI.
Taxoke Ha pucyHkax 4a, 6 MokazaHO cpaBHEHHE OOIIEH
IUIOTHOCTH COCTOSIHUI (JINHUM) U KOMITOHEHTOB YacTHY-
HOW TUTOTHOCTH COCTOSIHHI Ha 2P-0pOUTAJSIX KUCIOpOoaa
(kpacHble THHUK), 3d-0pOUTATIAX THTaHA (CHHUE JIMHHH)
u 4d-opOuTassx (3eeHbIe IHHUH) IJIsI HeTOTMPOBAHHBIX
(a) u monuposanukIx (6) Moaeneii. Hemomuposannas mo-
BEPXHOCTh HMEET IUPOKYIO 3aIPElICHHYIO 30HY CBBIIIE
2 3B. Ha monupoBaHHON MOBEPXHOCTH BHIHBI COCTOS-
HUsI, 00YCIIOBIICHHBIE JOMMPOBAaHKUEM, B 00JIaCTH 3arpe-
LIEHHOMN 30HBI.

E-EgeV

Pucyrnox 5. OcnosHuie ocobennocmu 31eKmpOHHOU CINPYK-
mypul 0151 HEOONUPOBAHHBIX U OONUPOBAHHBIX MEPMUHUPOBAH-
noix (001) TiO2 nosepxnocmeti

B cnyuae, koraa atom Rhga pacrionaraercst Ha no3u-
uy aToMa Ba Ha TepMuHHpOoBaHHON oOBepxHOCTH BaO,
B DJIGKTPOHHOW CTPYKType HaOJI0aeTcsi OTIACIbHBIN
ypoBeHb aknenropa ¢ mupunoit 0,303 3B, obpa3oBaH-
HeId Ha pacctosHuu 0,4985 3B BEIme ypoBHS Depmu
(pucyHok 46). 910 3QPeKTHBHO YMEHBIIIAST NINPHUHY 3a-
npemierHoi 30H5I ¢ 2,00 3B mo 1,133 3B.

Taxxe HaOmromaeTcst MpOsIBICHWE BHYTPH 30HHOTO
aKIENTOPHOIO YPOBHs, HaxOJSILIErocsi Ha BBICOTE
0,115 5B Bble ypoBHst @epmu B 3JIEKTPOHHOM CTPYKTY-
pe, 4TO NMPHUBOJIUT K YMEHBIIEHHUIO INHUPHHBI 3alpeleH-
Ho# 30HbI ¢ 1,45 3B 10 0,673 3B (pucyHok 56). Bpems
KHM3HU (OTO TEHEPUPOBAHHBIX DIIEKTPOHOB U JABIPOK
CHJIbHO 3aBHUCHT OT HaJHW4Hs 3TOTO aKIENTOPHOI'O YPOB-
H$l, TOCKOJIbKY OH MOJKET BBICTYIIaTh B Kau€CTBE IIEHTPa
pexomOunanmu, rae pDOS mokas3sIBaeT, 4TO aKIENTOP-
HBII ypOBeHb 00pa3yercs rubpuausanueii d-opouraneit
aromoB Rh u d-op6uraseii aromoB Ti. Kpaii BanentHoit
30HBI hOpMHUpYeTCs 3a cueT BKIaaa d-opburaneii aroma
Rh, a taxxe p-opouranei aromos O.

3AKJIIOYEHUE

C UCToNB30BaHUEM PAacyeTOB, OCHOBAHHBIX Ha Iep-
BBIX NPUHIMIAX, ObUTA U3ydYeHA MPUTOTHOCTD, YACTON U
nonupoBanHoi Rh tepmunuposannoi (001)BaTiOs no-
BEPXHOCTH UI co3laHus 3()(QEeKTUBHBIX IJIEKTpOKAaTa-
JIM3aTOPOB OKUCIIEHHsI BOJbI. Pe3ynbTaThl O MIOTHOCTH
cocrosuuil (DOS) nokaseiBaroT, uro P-opburamu O 06-
pasyroT BAIEHTHYIO 30HY, B TO BpeMs kak d-op6uranu Ti
00pa3yioT 30HY MPOBOJIMMOCTH. 30HBI MPOBOIMMOCTH
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TaKkKe MOKA3BIBAIOT HanmW4me BKiIamga P-opOurameir O.
[Mockonbky arombl Ba 06anatoT HOHHON PUPOJIOH, NX
BKJIaJ He oToOpaskaercst Ha rpaduke PDOS. DnexTpon-
Hasi CTPYKTYpa JEMOHCTPUPYET BHYTPH 30HHBII aKIer-
TOpHBIH ypoBeHs Ha 0,115 3B BrIte ypoBHs ®epmu, 4To
yMEHbIIaeT MIMPHHY 3ampelieHHoi 30ub1 10 0,673 3B.
Bpewmst sxu3HM (POTOTEeHEPUPOBAHHBIX AJIEKTPOHOB U JTbI-
POK CHJIBHO 3aBHCHT OT HAJIMYHUS 3TOTO AKLEITOPHOTO
YPOBHSI, TaK KaK OH MOJKET CITy>KHTh IIEGHTPOM PEKOMOH-
Haluu. DTO yBEIMYUBACT d(PPEKTUBHOCTD pa3eiICHUs
3apsiga, 9TO SIBISIETCS KIIOYEBBIM (PaKTOPOM IS TTOBBI-
IIEHHSI IPONU3BOIUTEIBHOCTH (POTOKATAIM3ATOPA.

Paboma evinonnena npu @urancoeoii nodoepicke
Munucmepcmea nayxku u gvicuieco oopazosanus Pecny6-
suxu Kazaxcman, epanm AP14869492 « Paspabomxa na-
HOKPUCMANIUYECKUX MEMALIOOKCUOHBIX KAMAIU3AMO-
P08 0151 NPOUZBOOCBA B0OOPOOAN.
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KyH coymeci apKpUIBI CyIBI CYyTETi MEH OTTeTire 0eiry YIIiH THIMAL, TYPaKTHl XKoHE YHEMI (OTOKATaIUTHKAIBIK Kylie-
Tepi 93ipIiey KaHAPTHUIATHIH KO3/IepieH OTHIH MEH XUMUSUTBIK 3aTTapAbl OHAIPYAiH O0aIIars! YIIiH CTPATET HSIIBIK Ma-
HBI3IBI OaFbIT 00JBIT TaObIIa el CyIBIH BIIBIPAYHI XKaHAPTHUIATEIH CYTEKTI TYPAKTHl OHIIPYIiH jkoHe skahaHIBIK dHEep-
TETHKAJIBIK YKOHE KOJIOTHSUIBIK JaFAapbhICThl MIEUIYAiH MEPCIEKTUBAIBIK CTPATErHsACH OOMNbIN Tabblagsl. Anaiiga, Oyt
onicTi KeHIHEeH KOJaHy KYH JKYHeci apKbUIbI CyIbIH BIIBIPAYBIHBIH TOMEH THIMILIITT MEH KOFaphI IIBIFBIHAAPBIMEH IICK-
Teneni. YHeM i, THIMI KoHe TYPaKTHl (poToKaTannzaTopiapasl Taby KYH coyJieci apKpUIbl CYABIH BIIBIPAY TEXHOIOTHS-
JIAPBIH JAMBITYIBIH HET13T1 OaFbIThl 00BN Ta0bLIa bl [IepOBCKUT Heri3iHmeri (poToKaTamu3aTopiap COHFBI Ke3epi Ka-
pamnaifblM KypbUIBIMBI MEH KYPaMbIHBIH HKEM/ILTIrHE OailyIaHbICThI CYABIH KYH CayJieci apKbUIbI bIIBIPAY MPOLECTEPiHAC
KOJIJaHyFa alTapibikTail Hazap ayaapabl. BaTiO3z maiimanaHaTbiH ayKbIMblI KCH 3JCKTPOHIBIK KYPBUIBIMBIH OHAll ©3-
rerpyre OOJIaThIH MEPCIEKTUBAIBI (hoTOoKaTanu3aTrop Oouibil TaOblIaabl. bactankpina THIABIM CalbIHFaH aiiMaKThIH KeH
OouybIHa OaiiTaHBICTHI Halap (POTOKATAIM3ATOP ACTl eCeNTel i, COHIBIKTaH OYJI MaTepuall THIHBIM CallbIHFaH aliMaKThIH
SHIH a3alTyFra OarbITTalIFaH OPTYPJi CTparerusuiapibiH oObeKkTiciHe aiHamabl. byn sxymeicta 613 nepoBckutTiH (001)
BaTiO3 GeriHiH 3eKTPOH/IBI KYpbUTbIMbIHA Rh KOCIaChIHBIH acepiH 3epTTeiimis. Teopusibik HOTIXRKETep Rh aTommapst
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The advancement of effective, durable, and economically viable photocatalytic systems aimed at solar-driven water
splitting into hydrogen and oxygen represents a strategically vital pathway for future fuel and chemical production from
renewable sources. Water splitting is a promising strategy for the sustainable production of renewable hydrogen and for
addressing the global energy and environmental crisis. However, the large-scale application of this method is limited by
the low efficiency and high cost of solar water splitting systems. The search for economical, efficient, and stable
photocatalysts is crucial in the development of solar water splitting technologies. Perovskite-based photocatalysts have
recently attracted considerable attention for use in solar water splitting processes due to their simple structure and flexible
composition. BaTiOs is a promising photocatalyst because of its adjustable electronic structure. Initially considered a
poor photocatalyst due to its wide band gap, this material has become the focus of various strategies aimed at reducing
the band gap. In this paper, we study the effect of Rh doping on the electronic structure of the (001) BaTiO3 perovskite
surface. Theoretical results show that Rh atoms can occupy both sites simultaneously, or only Ti sites, or Ba sites. The
electronic structure was modeled for two conditions. When Rh atoms occupy one Ba position and one Ti position, the
electronic structure shows the presence of an acceptor level within the band gap above the Fermi level, effectively
reducing the band gap of the material.

Keywords: catalyst, electronic structure, perovskite, unit cell, density of states, band gap, calculations based on first
principles, density functional theory.
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STUDY OF AERIAL TRITIUM UPTAKE BY VEGETABLE CROPS
UNDER CHAMBER AND FIELD CONDITIONS
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Under laboratory (in a chamber) and full-scale conditions (at the former Semipalatinsk Test Site), pepper and eggplant
were exposed several times to tritium in the form of HTO at different growth stages. In chamber experiments, tritium
activity concentration in the free water (TFWT) of plants’ leaves during exposure increased, and under full-scale
conditions, it was marked by an unsteady dynamic. TFWT activity concentration in leaves of both crops was 1-2 orders
of magnitude higher than in stems and fruits. Values of TFWT/HTOg;.. showed that TFWT activity concentration at the
end of exposure reached equilibrium only in leaves. Both in full-scale and chamber experiments, tissue free water was
noted to be enriched with tritium compared to the ambient air (TFWT/HTO,;r >1). In the post-exposure period, FWT
activity concentration in both crops quickly dropped on the first day (over 90-95%). In the next 2 weeks (336 h), a
reduction in TFWT was markedly slowing down. In all experiments, activity concentration values of organically bound
tritium (OBT) in pepper and eggplant leaves are 1-2 orders of magnitude lower than TFWT. OBT activity concentration
in both crops on the first day after exposure was marked by both a positive and negative dynamics. After 2 weeks (336 h)
following the exposure, the loss of OBT was 60-95%. A close correlation relationship was established between TFWT
activity concentration in leaves and HTO in the air (r = 0.73; p<0.05), and a moderate one — between TFWT activity
concentration in leaves and the air humidity (r = 0.54; p<0.05). No significant correlation relationship was revealed
between OBT activity concentration in leaves and environmental factors (photosynthetically active radiation, temperature,
relative humidity). Findings showed that a possible contribution by organically bound tritium to the annual average
internal exposure dose on consumption of crop products exposed to a short-term aerial contamination by HTO will be
negligible. Data from full-scale experiments, taking into account the impact by actual climatic factors, could be used to
test regional models of tritium transport by air in the “air-to-agricultural plant” system.

Keywords: tritium, tritium oxide, tissue-free-water tritium, organically-bound tritium, crops, aerial uptake, chamber and

field experiment.

INTRODUCTION

Tritium is the radioactive isotope of hydrogen. It disin-
tegrates to *He with emissions of a low energy (<18.6 keV)
B-electron and an antineutrino at a half-life of 12.323 years
[1] Currently, the main source of tritium in the environ-
ment is routine release from nuclear fuel cycle facilities
(NFC), in particular nuclear power plants [2-4]. It is ex-
pected in the future nuclear fusion power plant will use trit-
ium as fuels [1]. As a consequence, one of unavoidable
problems for the realization of a nuclear fusion reactor in
future will quantitatively evaluate and prediction of bio-
logical incorporation and transfer of tritium in plant as na-
ture ecosystem as agriculture ecosystems. The base forms
of tritium releases are tritiated hydrogen (HT, T) and trit-
iated water or tritium oxide (HTO, T20) [2, 4, 5]. The trit-
iated hydrogen is not assimilated by aerobes and it is oxi-
dized to tritium oxide (HTO) in the environment [2]. Thus,
the tritium oxide or tritiated water is the most common in-
organic form of isotope existence, which has exceptional
migration activity and bioavailability as a result of the
identity of chemical properties with the ordinary water
molecule [3-8]. The tritiated water is easily enters into the
trophic structure of the ecosystem, the final link of which
can be a person. Plants play a key role in these processes
due to their ability is incorporated tritium into primary or-
ganic matter directly during photosynthesis [5, 8-10].

The interest of organically bound tritium (this defini-
tion will be used further on in the article as OBT) for-
mation and transfer, especially by crops, significantly in-
creased because it can translocate into edible parts
[8, 9, 10-14]. Besides, the OBT has more resistance in
human body compared to tritiated water [15-18]. Also, it
should be taken into consideration, that dose coefficient
of OBT is almost by a factor of 3 higher than of HTO
[15-17]. There is necessary for more reliable risk assess-
ment of accidental tritium releases is emphasized for nu-
clear energy future [19]. The development of a standard
conceptual model for accidental tritium releases is diffi-
cult, because tritium transfer to crops can depends on
changing meteorological condition, plant physiological
processes and local consumption [3, 5-9, 13]. The robust
assessment of possible radiological risks of crop contam-
ination with tritium as a result of its accidental release
must be based on the appropriate experimental database.
The aerial pathway of tritium to a plant is complex com-
pared to the root uptake, and this requires a detailed study
to understand this phenomenon [3, 7, 8]. The literature
contains a lot of data obtained either under field or under
laboratory conditions [22—26] on the aerial uptake of trit-
ium by cereal crops at different grain-ripening stages. Di-
abaté and Strack [23] studied the uptake of tritium by
wheat after a short-term exposure to HTO vapor under
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laboratory conditions. Atarashi-Andoh et al. [24] conduct
release experiments using deuterium as a substitute for
tritium and exposed potted rice plants to deuterated water
vapor. Choi et al. [25] conducted experiments with rice
outside at several different growth stages from booting to
harvesting and estimated that most of the human radia-
tion dose due to ingestion of rice is caused by OBT. There
also is data on the tritium uptake in grass vegetation [27]
and leafy vegetables [28, 29, 30]. Research presented
was conducted to comparatively evaluate the aerial trit-
ium uptake by crops (pepper and eggplant) at different
growth stages under laboratory and field conditions sim-
ulating an accidental release and the rate of tritium loss
after a long-term exposure.

OBJECTS AND METHODS RESEARCH

Plants cultivation. Pepper (Capsicum annuum L.)
and eggplant (Solanum melongena L.) were used in ex-
periments. These crops are typical vegetables which are
cultivated all over the Republic of Kazakhstan. For expo-
sure experiments under laboratory and field conditions,
plants were cultivated in plastic pots (V=35 L) with light
chestnut loamy soil. Dry seeds similar in size and weight
were sown at the rate of 2-3 seedlings per 1 pot. The
plants were grown in a greenhouse until the beginning the
different growth stages (exponential growth, flowering
and maturity). Crops were watered with distilled water
maintaining an optimal humidity of 60% of full soil
moisture capacity. Appropriate amounts of the composite
fertilizer were supplied as required during the plant
growth. Also, disease and insect controls were carried out
as required.

Experimental technique. Plant exposure started be-
tween 9:30 am. and 10:00 am. and ended between
16.00 p.m. and 18.00 p.m. Thus, during the exposure in
all experiments, the diurnal rhythms of plants matched.
This condition is important, since most physiological
processes in plants, in particular, resistance of stomata
and photosynthetic activity, are linked to daily bio-
rhythms [32].

Plant exposure lasted from 6 to 8 hours. During the
exposure, the soil in the pots was covered with polyeth-
ylene film to prevent HTO from being diffused into the
soil and, accordingly, from being uptaken by roots. After
exposure, the plants were left to grow naturally in a well-
ventilated room and kept for 14 days while being irri-
gated with distilled water.

Plants (leaves, stems, fruits) during the exposure were
sampled at 2 h intervals, 1 h, 24 h and 14 days after the
exposure. All plant samples were collected in 3—4 repli-
cations. Once collected, plant samples were divided into
leaves, stems and fruits. The weight of each plant sample
averaged 100-150 g. To prevent the loss of tritium in the
field, plant samples were immediately packed in zip bags
and stored in a portable freezer at —20 °C. Air samples
were collected at 1-2 h intervals using a tritium collector
“OS 1700” (AMETEK, USA).

An experiment under laboratory conditions was con-
ducted in a metal-plastic chamber. The chamber size is

2500%1500x1200 mm. The chamber is equipped with a
phyto-lighting system. From the perspective of energy ef-
ficiency, the illumination level in the chamber corre-
sponded to plant needs in the photosynthetically active
radiation (PAR) [33]. About 20-25 plants of each crop
were exposed to HTO vapor in the chamber. To do so, a
tray containing water with a tritium concentration of
(5.6-10%) Bq-I* was placed at the bottom of the chamber.
To continuously measure the concentration of HTO va-
pors in the air, a tritium collector sampling hose was
placed in the chamber through a special technical hole in
the side wall of the chamber.

For a better reproduction of the real impact of envi-
ronmental conditions and comparative analysis with la-
boratory results, similar experiments were additionally
carried out in the territory of the Semipalatinsk Test Site
(STS) at the former technical sites “Degelen”. This tech-
nical site characterized by high levels of tritium contam-
ination in the surface air near the radioactive tunnel wa-
tercourses due to underground nuclear tests. The maxima
of the tritium concentration in the air recorded in the cho-
sen area of experiments conducted [34, 35] were 1400
and 700 Bq m™3. The 30 pots with pre-cultivated crops at
different stages of growth were placed near radioactive
tunnel watercourses.

During the experiments, temperature, relative humid-
ity, and atmospheric pressure were recorded at 1 h inter-
val using a thermal hygrometer (IVA-6, Russia). The
light intensity was measured using a spectrometer (TEK,
Russia).

Extraction of tissue-free water tritium in plant sam-
ples. Free water of tissue was extracted from plant sam-
ples using a special device [36]. Samples of plant were
put into transparent box, which had a cover in the form
of a cooling vessel. In this device cold water was used as
a cooling agent. By natural evaporation of the plant sam-
ple, free water condensate was obtained from the plant
tissues. The obtained condensate corresponded to tritium
as a tritiated water named “tissue-free water tritium” (this
definition will be used further on in the article as TFWT).
The extracted TFWT was transferred to a counting poly-
ethylene vial. The volume of condensate varied from 10
to 15 ml. The TFWT activity concentration was meas-
ured by liquid scintillation spectrometry.

Combustion method for determining organically-
bound tritium in plants samples. After free water was
extracted, the plant samples were dried in a laboratory
drying oven (BINDER ED 53, Germany) at a tempera-
ture of 70-80 °C and powdered. About 2.0 g of the dry
sample combusted with a “Sample Oxidizer” (Perki-
nElmer Model No. 307, USA). Water obtained after com-
bustion was collected in a tritium counting vial. The OBT
activity concentration was measured by liquid scintilla-
tion spectrometry.

Liquid scintillation counting. Tritium activity con-
centration was measured by liquid scintillation spectrom-
etry using a “QUANTULUS 1220” spectrometer (Perkin
Elmer, USA) [37]. Prior to the measurement, samples
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were filtered to remove mechanical impurities, then a
3 ml aliquot was collected into a 20 ml plastic vial and an
Ultima Gold LLT scintillation cocktail for natural sam-
ples (the registration efficiency for tritium in the
0-18 keV range of about 60%) was added at a ratio of 1:4
(“sample-scintillator” ratio). The measurement time was
at least 120 minutes, the beta spectra were processed and
the activity concentration of tritium was calculated using
the program “Quanta Smart”. The minimum detectable
activity of tritium was from 4 to 7 Bq L™* depend on trit-
ium form.

The volumetric activity of tritium in each air sample
was determined as the arithmetic mean from measure-
ments of 3 counting samples prepared from the initial
sample.

RESULTS AND DISCUSSION

Exposure conditions. The relative humidity, temper-
ature, and light intensity were recorded during exposures
every hour. The light intensity given as measured in
PPFD (density of the photosynthetic photon flux). Table
1 provides data on the meteorological conditions during
each exposure.

The mean values of air temperature ranged from 30

to 33.4 °C in chamber experiments. In the field experi-
ment, the mean temperature was 27.3 °C. Relative air hu-
midity in most cases varied from 61 to 90%.

Aerial tritium uptake by pepper and eggplant

TFWT in pepper and eggplant. Table 2 provided the
HTO activity concentration in air moisture and in the free
water of vegetables during each exposure under chamber
and field conditions.

According to the Tables 2 and 3, the HTO concentra-
tion increased very rapidly towards the end of exposure
both under chamber and field conditions. The maximum
values of the tritium activity in air were observed in the
chamber experiments. Throughout the chamber expo-
sure, HTO concentration varied from (1303+£130) to
(7366+1100). During the field experiment, HTO concen-
trations varied from (341£57) to (1107+108) Bg-I™.
In general, the concentration of HTO in the air of the
chamber was 1.5-21 times higher than in the field.

As shown by Table 3, the activity concentration of
tritium in the free water of vegetables increased at the end
of exposure compared to the initial activity concentration
(2 h) in chamber experiments.

Table 1. Meteorological conditions during exposures

Temperature, °C Relative humidity, % PPDF, pmol s-' m2
Cod of exposure
Range | MeanSD (n) Range | MeanSD (n) Range MeanSD (n)
Camber experiment

Eee 24.1-35 3045 (6) 65-88 78.7+6 (6) 851-902 907.3+21 (6)

Erm 22.8-23 22.7+4.,5 (6) 89-92 91+5.5 (6) 900-903 90124 (6)
Pe 234-41.7 33.4%5 (6) 61-90 766 (6) 66-143 101.3+32 (6)

Pw 234417 33.414 (6) 82-91 90.1+8 (6) 27-435 192165 (6)

Field experiment

Eve, Erm, Prem 23-29 27.3£3,5(8) | 65-80 68.36 (8) | 6607-2554 3680786 (8)

n - number of cases;
Note to Tables 1-9: E - eggplant; P - pepper; EG — exponential growth; F — flowering; M — maturation.

Table 2. Mean values of tritium activity concentrations in experimental samples in the chamber experiments

Tritium activity concentration, Bg:I-!
Cod | Part Exposure period, h Post-exposure period, h
4 6 1 24 336
TFWT HTO TFWT HTO TFWT HTO TFWT

leaf 16004200 2500+400 2800+400 20004300 590490 156123
Eec 73661100 3492+525 3810571

stem 270440 590+90 9204140 9204140 430165 214£32

leaf 2700+400 33004500 4100600 2600+400 220435 230435
Er 15764234 3698+560 4832+730

stem 160+25 270440 220422 190+29 3315 6510

leaf 3000+400 4600+700 5200+800 3700+600 6904100 —
Pe 31414470 3672+551 42714639

stem 210430 240440 420460 200435 121+18 —

leaf 1100+200 24004400 4500650 23004300 350460 260440
Em stem 84112 1576234 250447 3698+560 390460 4832+730 340450 467 56+8

fruit 386 10716 330450 3245 240434 120+16

leaf 2900+400 50004750 8300+1150 4200650 8404125 —
Pu stem 176+26 13864153 470170 13294124 960+140 13034131 410460 107+16 —

fruit 151+24 260440 6504100 640+100 470170 —

Note to Tables 2-8: “—” — date is not obtained
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Table 3. Mean values of tritium concentrations in experimental samples in the field experiment

Tritium activity, Bq-I-!
Cod Part Exposure period, h Post-exposure period, h
2 6 8 1 24 336
TFWT HTO TFWT HTO TFWT HTO TFWT HTO
Eee leaf 1200+180 310440 31550 — 295440 95+14 54+7
stem 115+17 89+15 95+14 — 85+13 71+12 59+8
E. leaf 36550 340450 5554100 11004200 — — —
stem 2444 1843 1643 4316 — — —
. leaf — 635190 610+90 - 480+750 42560 11015 132422
stem — ] 28:+4 & 3345 < 3415 3 304 5148 | 96+22
leaf — 3 1400+200 § 1200+170 § 1200£200 § 530480 87413 1042
Ew | stem — 5748 3344 o 7411 568 5247 | 8%12
fruit — 4847 7010 11016 80+13 70+10 4515
leaf 166+25 220+34 320445 250435 360455 86+12 4+0,8
Pw stem 1743 4016 1843 2244 3545 4216 4+0,8
fruit 1743 4045 1843 2244 3545 4216 4+0,8
Table 4. Concentration ratio TFWT/HTOam at the end of exposure
Cod Chroatm at the end of exposure, Bq-I-* Concentration ratio Crrwr (Bq-I-*)/Chroatm (Bg*l™")
(mean%SD) (meanxSD)
Chamber experiment
leaves stems fruits
Eee 3810500 0,740,1 0,20£0,02 no
Er 48324620 0,840,2 0,100,003 no
Pr 42711640 1,240,2 0,10£0,01 no
Ewm 4500650 0,940,1 0,08+0,002 0,070,003
Pu 13034620 6,410,2 0,70+0,1 0,50+0,1
Field experiment
Eee 315250 0,340.05 0,05+0,01 no
Er 11004200 0,5+0,1 0,030,003 no
Pr 480+750 0,5+0,1 0,030,005 no
Ewm 12004200 1,240,2 0,07+0,01 0,11£0,02
Pw 250435 0,340,04 0,02+0,004 0,02+0,004

“no” — no fruits at this growth stage.

According to data in Table 3, during field exposure
the dynamic of the TFWT was not as uniform as in cham-
ber experiments.

During the Pg, Em, Pwm field exposure, the TFWT ac-
tivity concentration even decreased by a factor of 1-3
compared to the initial concentration (2 h) exposure. This
may be due to environmental factors such as air move-
ments, vapor pressure deficit, atmospheric CO. levels
and relative humidity influencing the conductivity of sto-
mata under field conditions and consequently the ex-
change of HTO between the plant and ambient air.

The TFWT activity concentration in pepper and egg-
plant leaves were 1-2 orders of magnitude higher than in
the stems and fruits during exposures. Only at the expo-
nential growth stage the difference was by a factor of 5—
8. This fact is certainly attributed to the isotope entry
through the stomata. The obtained data is in agreement
with the results of rice exposed to atmospheric HTO va-
por under semi-outdoor conditions [25], and wheat

exposed in the box [23]. In the field experiments con-
ducted by Kline and Stewart [27] the TFWT activity con-
centration in grass leaves was also an order of magnitude
higher than in other plant parts during the exposure to at-
mospheric HTO.

Table 4 shows the observed ratios between the tritium
concentrations of tissue water in different plant parts and
of the air humidity (HTOam) at the end of the exposure
under chamber and field conditions.

According to obtained for values of TFWT/HTOam,
tritium concentration in free water was reached to steady-
state at the end of exposure only in leaves. The
TFWT/HTOam ratio varied from 0,3 to 6,4. In the stems
and fruits the concentration of the isotope did not reach
to steady-state at the end of 6-8-hour exposure. This may
be due to the surface relative to mass is much smaller in
stems and fruits than in leaves leading to lower TFWT
concentrations [23].
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In chamber (Pwm, Pr) and field (Em) experiments the
values of TFWT/HTOam were a higher than 1.0 because
the tritium concentration in the free water of leaves was
higher than in the ambient air. The enrichment of the free
water of leaves with tritium can occur in transpiration
when the liquid phase passes into steam. When crossing
the liquid-gas phase interface, “light” water molecules
are preferably released due to the difference in vapor
pressure between H,O and HTO when the ambient tem-
perature rises [38]. As a result, there is a “weighting” of
free water of tissues by concentrating HTO. During box
experiments with wheat the TFWT concentration in
leaves is dominated by the tritium concentration in the
atmosphere only under strong light conditions and with
relative humidity around 90% [23]. The literature also
contains data on the enrichment of free water by other
heavy isotopes concentrations of which exceeded the
level in the ambient air [39, 40]. The phenomenon of en-
richment in the free water of leaves with tritium can lead
to a more active involvement of the isotope in metabolic
processes and, as a consequence, this can lead to fraction-
ation of isotope in plant organic matter. This phenome-
non must be taken into account especially in the case of
plants with a rapid rate of photosynthesis.

According to Table 4, most of HTO mean concentra-
tions under chamber conditions were 1 order of magni-
tude higher than the ones under field conditions. How-
ever, the values of TFWT/HTOam for Eeg, Em, Pr and Pw
in chamber and field experiments indicate that the con-
centration of the radionuclide in the free water of plants
might not only depend on the level of tritium contamina-
tion. In these variants of exposure seems the vary of the
TFWT concentration in the pepper and eggplant to be pri-
marily due to the difference between in the stomatal con-
ductivity of leave crops under influence of environmental
factors [41].

As shown by Tables 2 and 3, after the end of every
exposure, the TFWT concentration in plant parts de-
creased at a rapid rate for the first day, at a much slower
rate for the following 336 h. Overall, 336 h after expo-
sure, the loss of tritium in the free water of leaves was on
average more than 90-95% compared to the level at the
end of exposure. The reason for this is the dilution of the
intercellular sap with pure water absorbed by the plant
through the root, the loss during transpiration and the in-
clusion of TFWT in metabolic processes. the presented
data are in good agreement with the results of rice exper-
iments [25]. After the end of every exposure, the TFWT
concentration in each rice part decreased at a rapid rate
in the first several hours, at a much slower rate for the
following 300-500 h.

OBT in crops. The Tables 5 and 6 provide mean val-
ues of OBT activity concentration during experiments.

The OBT activity concentration in leaves increased
only by a factor of 14 at the end of exposure compared
to the initial concentration (2 h) exposure. This is due to
the fact the organically bound form of the radionuclide is
a result of biochemical processes, which requirement
more time than diffusion of HTO through stomata
[10, 11, 13]. Furthermore, OBT formation depends on
the plant physiological state and rate of photosynthesis
[10].

All values obtained for OBT in pepper and eggplant
leaves were 1-2 orders of magnitude lower than TFWT
in both chamber and field experiments. This reflects the
fact that about 90% of the organically bound form of the
isotope is formed in leaves during photosynthesis
[6, 9, 16]. The results of experiments with wheat [23],
rice [25], Chinese cabbage [42] exposure to HTO also
showed 1 showed OBT being 1-3 orders of magnitude
higher in leaves.

Table 5. Mean values of OBT activity concentrations in crops in chamber experiments

OBT activity concentration, Bg-I™*
Cod of Part Exposure period Post-exposure period
exposure

2h 4h 6h 1h 24h 336 h
Fro leaf 66111 96114 161123 234+30 176124 79+12
stem 3919 69+13 146122 232429 98+17 58+11
E leaf 92+15 125422 98+17 145425 92+17 50+10
stem 1845 287 358 4712 57412 154

leaf 80112 117118 17025 162125 10017 —

Pr stem 1747 5048 4247 3345 5518 —
leaf 3348 7512 75413 70£13 62+10 2245
Ewm stem 3847 3310 175 40110 185 124
fruit 1715 2547 2848 2747 50412 2845

leaf 358 387 78112 72412 50+10 —

Pwm stem 103 412 134 48+10 4048 —

fruit 5049 2747 3047 60112 5010 —
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According to Tables 6 and 7, the dynamics of OBT
concentration during the first hour and 24 hours after ex-
posure did not show a clear pattern. In most cases, how-
ever, there was a decrease in OBT concentration. After
336 hours following the end of exposure, the OBT con-
centration decreased more slowly compared to the TFWT
concentration in the parts of pepper and eggplant. This
indicates that after exposure the conversion of leaf TFWT
into organic matter and outflux of tritium assimilates con-
tinues. Observed small peaks of OBT concentration in
pepper at the maturation stage (Ewm) 24 hours after the end
of exposure, are also attributable to these reasons. On the
other hand, a decrease in OBT because of newly formed
organic matter occurs after exposure in which tritium was
not included. In the experiments conducted by Choi et al.
[25] similar dynamic of OBT concentrations in different
rice exposed to atmospheric HTO was found. It should
be noted that after exposure the loss of organically bound
tritium occurred slowly for both crops, once translocated

to fruits. A similar pattern was established in experiments
with wheat by Diabate and Strack [23], and with rice by
Choi et al. [25].

Since the concentrations of HTO in air varied from
experiment to experiment (Table 2, 3), findings were nor-
malized to make it easier to compare trends between cal-
culations and observations in different experiments. All
OBT concentrations (Bq I') were related to TFWT in
leaves concentrations measured at the end of exposure. It
should be noted, in the presented study the OBT-to-
TFWT ratio is not the so-called “R-value” or specific ac-
tivity ratio (SAR) [5, 8, 9, 13, 22] cited in the literature.
The values of OBT-to-TFWT ratio for all parts of pepper
and eggplant are summarized in Table 7.

The low values of OBT-to-TFWT obtained in this
study are apparently attributed to a short-term exposure.
The OBT concentration ratio in this study are in good
agreement with the results of the short-term exposure to
HTO vapor presented in the literature [25, 35, 40].

Table 6. Mean values of OBT activity concentrations in crops in the field experiment

OBT activity concentration, Bq:I!
ef;:szr'e Part Exposure period Post-exposure period
2h 4h 6h 8h 1h 24h 336 h
E. leaf 2246 2547 1215 50+10 — — —
stem 613 1215 1515 2045 — — —
leaf — — — — — — 3347
Pr
stem — — — — — — 35+7
leaf — — — — — — —
Rwm stem — — — — 53+10 — —
fruit — — — — 2547 — —
leaf 1244 3710 3047 3318 4318 67115 104
Pu stem 81 1315 74 1847 1545 1245 1515
fruit — 9+4 2347 3318 1745 3248 3318
Table 7. Concentration ratio OBT/TFWT ear at the end of exposure
Cod of Crewt in the leaves at the Concentration ratio Cosr (Bq I'/Crewt aves (Bq I)
exposure end of exposure, Bq I (meanSD)
(mean%SD)
Chamber experiment
leaves stems fruits
Eee 28004400 0.06+0.002 0.30+0.01 no
Er 4100600 0.010.001 0.20+0.01 no
Pr 5200+800 0.03+0.001 0.01£0.003 no
Ewm 45004650 0.02+0.001 0.01£0.003 0.0120.001
Pu 83001150 0.010.003 0.01%0.001 0.05+0.003
Field experiment
Eee 315250 - — no
Er 1100£200 0.050.01 0.02+0.003 no
Pr 480175 - — no
Ewm 1200+200 — — —
Pu 250435 0.10+0.02 0.10£0.03 0.10£0.03

“no” — no fruits at this growth stage
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Table 8. Correlations matrix

. Spearman rank order correlations (rs)
Variable No.
1 2 3 5 6 7
Crewt (ean) (Bq ") 1 1.00 -0.10 0.73* 0.21 0.12 0.54*
Cosr eat) (Bq I") 2 1.00 0.03 -0.22 0.12 -0.23
Chroair (Bq 1) 3 1.00 0.45* 0/34* 0.33*
t(°C) 5 1.00 0.11 -0.35
PPDF (umol s~ m2) 6 1.00 -0.23
0 (%) 7 1.00

* Correlations values highlighted are statistically significant at p<0,05

According Table 4, the concentrations in the leaves of
pepper and eggplant during chamber experiment were
significantly higher than ones under field conditions. De-
spite this the estimated OBT-to-TFWT ratios did not
show any clear relationship between OBT formation and
the level of TFWT in leaves. One of the possible reasons
may a limitation of photosynthesis under chamber condi-
tions by a likely impoverishment of CO; because of it
plays one of key role as limit factor [10, 42]. The results
of wheat box experiments [23] also showed the limitation
of photosynthesis. On the other hand, the rate of photo-
synthesis depends on light intensity [9, 10, 13]. Under
field conditions the values of PPDF were one order of
magnitude higher than in the chamber (Table 1).

As shown by Table 4, the concentration ratio
OBT/TFWT ieaves did not show clear differences related to
the growth stage neither for pepper nor eggplant. In paper
by Atarashi-Andoh et al. [23] found no differences in the
concentration of the isotope in rice at the grain growth
stages during exposure using deuterium as an analogue
of tritium. But it should be noted, in the rice experiments
conducted by Choi et al. [25] ear OBT concentration and
the seed and chaff OBT concentrations at harvest were
greatly affected by grain-ripening stage on which expo-
sure occurred.

Dependence between the tritium activity and envi-
ronmental factors. The assessment of the relationship
between the variables (HTOuir, TFWT ear, and OBT ear)
and the environmental factors is provided in the correla-
tion matrix (Table 8). For the analysis, only the values of
the concentrations of TFWT and OBT in the leaves were
used, since more than 90% of tritium is incorporated into
organic matter during photosynthesis in leaf chloroplasts
[5, 8-10].

According to Table 8, there is a positive strong corre-
lation relationship (rs=0.73) between TFWT¢ and
HTO.ir activity concentration. At the same time, between
TFWT e activity concentration and air humidity the pos-
itive moderate correlation relationship (rs = 0.54) was es-
tablished. In turn, the HT O activity concentration in air
weak correlates with air temperature (rs = —0.45), PAR
intensity (rs = 0.34), and relative humidity (rs = 0.33).

No statistically significant correlation was estab-
lished between the OBT activity concentration in leaves
and the tritium activity concentrations in free water, as
well as the air HTO. This result is also confirmed by the

values of the OBT-to-TFWT ratio for leaves obtained in
chamber and field experiments (Table 7). Also, the re-
sults of the correlation analysis did not reveal a depend-
ence of the concentration of OBT in leaves on environ-
mental factors, such as PAR, temperature, and relative
humidity (Table 8). This is explained by the key role of
physiological aspects in the intensity of photosynthesis.
The ecological aspect of the influence of temperature and
lighting conditions on photosynthesis is related to daily
and seasonal cycles only. The most characteristic feature
is the single-peak shape of the daily photosynthetic gas
exchange curve, with a pronounced midday maximum on
a clear day and a gently domed maximum on a cloudy
day [44].

CONCLUSION

A series of experiments with pepper and eggplant
plants at different growth stages were conducted under
laboratory (in the chamber) and field conditions (in the
former STS territory). Concurrent experiments with the
same crops gave a unique opportunity to compare data
obtained under simulated and natural conditions.

The TFWT eaves activity concentration increased at the
end of exposure in chamber experiments. During the field
exposure, the concentration of TFWT jeaves ShOwed unsta-
ble dynamics. The level of TFWT eaves activity in both
crops was 1-2 orders of magnitude higher than in other
plant parts. The TFWT-to-HTOun ratios indicated that
the TFWT activity concentration reached a steady-state
only in leaves at the end of exposure. In some variants of
chamber and field experiments TFWT activity concen-
tration dominated to the level of isotope in the ambient
air. The phenomenon requires more attention to risk as-
sessment, especially, in cases where plants have a higher
rate of photosynthesis. In other plant parts the TFWT ac-
tivity concentration did not reach a steady-state during
exposure. After exposure the TFWT loss in leaves aver-
aged more than 90-95% compared to the end of expo-
sure.

After short-term exposure the organically-bound trit-
ium (OBT) concentration in both crops was only a small
fraction of the one in tissue water. The OBT activity con-
centrations in pepper and eggplant leaves were 1-2 or-
ders of magnitude lower than TFWT in all variants of ex-
periments. The OBT/TFWT ratios did not show any clear
relationship between OBT formation and the level of
TFWT in leaves. The clear relationship between OBT
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formation and TFWT concentration in leaves was not es-
tablished. During post-exposure period the OBT activity
concentration in both crops slowly decreased compared
to TFWT. The OBT loss in all parts averaged in range
60-95% compared to the end of exposure.

A positive strong (r = 0.73) correlation was found be-
tween TFWT leaf and HTO air activity concentrations,
and a positive moderate (r = 0.54) correlation was also
found between TFWT leaf and air humidity. No correla-
tion was found between the OBT concentration in leaves
and environmental factors such as PAR (photosyntheti-
cally active radiation), temperature, and relative humid-
ity.

The risks from OBT in crop products exposed to a
short-term aerial contamination with the radionuclide at
any development stage would be negligible. In case of
testing regional models of aerial transfer of tritium in
plants and incorporation of the radionuclide into organic
matter, it would be best to use field experimental data that
takes into account the influence of actual climatic factors.
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E. H. Mosuskuna®, E. C. CeicoeBa, A. B. lanuuxuii, JI. B. Tumonosa, JI. B. Ken:xuna
KP Y410 PMK «Paouayuanslk Kayincizoik yscone skonozua uncmumymsot) gunuanst, Kypuamos, Kazaxkcman
*Baiinanwic ywin E-mail: polivkina@nnc.kz

3epTxaHaNBIK (KamMepaaa) xKoHe JaiajblK karnainapaa (OypeHrsl CeMeid ChIHAK ITOJIMTOHBIHBIH ayMarbIH/a) BETEeTATHB-
TIK JaMyIBIH OPTYPJi Ke3eHIepiHae OyphIm xkoHe OakiakaH AaKbUITaphIMEH OipKarap 3KCIIEPHUMEHTTEp KYPTi3ijii.
KamepanipIk sKcriepuMeHTTepAe OCiMAIK KamblpakTapelHAarel 06oc cynmarbl Tputuiinin (BCT) morsipmaHysl 3KCIO-
3UIUSHBIH COHBIHA Kapail alTapiblkTaid apTThl, an ganana Tinti bBCT 1-3 ecere Temenaeni. Exi AakplinbH Karblpak-
tapeiHaarsl bCT morslpnanysl cabakrap MeH jkemicrepre Kaparanga 1—2 ecere skorapbl 0omapl. BCT/HTOocep
katbiHackiHaH, BCT MIOFBIpIIaHybl SKCIIO3MIMSHBIH COHBIHA Kapail jkamblpaKrapja FaHa TYPaKThl KYHTe )KEeTKeHIH Kep-
certi. Kelibip karmaiinap/a »anslpakTapAblH 00C CybIHIAFbl TPUTHI/II KOpIIAFaH ayaMeH CalbICTBIPFaHaa OalbITHLTY bl
Oaiikanmanel. Jkcno3unus KesiHge cabakrap MeH xemictepae BCT 1IoFbIpiaaHybl Teme-TEHIIKKE JXETKEH JKOK.
DKCMO3UIMSIHBIH COHbIHA Kapai sxkambipakrapaarbl OBT morbipianysl 1—4 ece ocTi. DKCIEPUMEHTTIH OapIibIK HyCKaia-
peiaga OBT morsipnanyst BCT-re katbicTel 1-2 ecere TomeH MoHIepre ue 6ongsl. OBT Ty3unyiHiH jKambIpaKTapIarsl
OTB IIOFBIpJIAaHYbIHA, COHAAN-aK BETETATHBTI JaMy CAaTBHICBIHA TOYENIUIri aHBIKTaJIMaraH. OJKCHO3WIMAAH KeHiHTi
ke3erne ecimaikrepae BCT merbabr 90-95%, OBT — 60-tan 95% neiiinri MOHAI Kypaabl.

3epTTey HOTIXKeIepl TPUTHHIIH anaTThIK MIBIFapbIHABUIAPH KaFJalbIHAa KOFAMABIK KaTep/i *KaH-)KaKThl Oaranay YIIiH
TaOuFy Karaaiia ajablHFaH AEPEKTepAl NMaiaanaHFaH Qypbic eKeHiH kepceTTi. COHBIMEH KaTap, 3epTTey HOTIKENEpiH
aliMaKTBHIK >KaFJainapaa KOJAaHBICTAFbl TPUTHI TachIMAJIAy YATUIEpiH TEKCepy YIUiH naiinananyra OoIazbl.

Tyitin co30ep: TPUTHIA, TPUTHIA OKCHII, 00C CyIaFrbl TPUTUMN, OPraHUKAJBIK OaiiJIaHBICKAH TPUTHUH, JaKbUIIAP, a3PalibIbl
CIHIpY, KaMepaJbIK )KoHe TaOUFU TOXipuodesep.

HNCCIEJOBAHHUE ADPAJIBHOT'O ITOI'VIOIEHUA TPUTHUA OBOIIIHBIMHU KYJIBTYPAMU
B KAMEPE U HATYPHBIX YCJIOBUAX

E. H. Mosuskuna®, E. C. CeicoeBa, A. B. lanuuxuii, JI. B. Tumonosa, JI. B. Ken:xuna
Qunuan «Hncmumym paduayuonnoii 6ezonacnocmu u sxonozuuy Pr'TlI HAIL] PK, Kypuamos, Kazaxcman
*E-mail ons konmaxmos: polivkina@nnc.kz

B nabopaTtopHbIX (B Kamepe) W HATYPHBIX YCIOBUAX (Ha Tepputopuu ObiBinero CeMUIaTaTHHCKOTO MOJIUTOHA) Oblia
NPOBEJICHA Cepysl SKCIIO3ULIUI KyJIbTyp nepiia u Oaknaxana tputueM B popme HTO Ha pasHbix cramusx pocra. B ka-
MEpHBIX 3KCIIEPUMEHTAaX yeNbHas aKTUBHOCTh TPUTHSA B cBOOOAHOM Bojie (TCB) nucTheB pacTeHuil B X01€ 3KCIIO3UINH
YBEIMYWBAJach, & B HATYPHBIX YCIOBHUAX XapaKTepHU30BaJlach HECTAOMIBHON TUHAMUKOW. Y nenbHas akTuBHOCTH TCB B
JICThSIX 00euX KyJbTyp Obuia Ha 1-2 mopsizika Bblle, 4eM B ctebuisix u mioaax. 3HaueHus: TCB/HTOgos, mokaszanu, uto
yzaenbHast akTiBHOCTh TCB B KOHIIE 5KCHO3UIMHI TOCTUTaeT PABHOBECHOTO COCTOSTHMS TOJIBKO B JMCThsIX. Kak B HaTyp-
HBIX, TaK ¥ B KAMEPHBIX AKCIIEPUMEHTaX HabIr0anoch odoramenne cBOOOAHON BOABI TKaHEH TPUTHEM I10 CPAaBHEHHIO C
okpyxatouM Bo3IyXoM (TCB/HTOges; >1). B mOCT-3KCIIO3MIMOHHBINA TIepHoA yaensHas akTHBHOCTH TCB B 00emnx
KyJIbTypax OBICTPO CHMXanach B mepsble cyTkH (6oiee 90-95%). B mocnenyromue 2 nenenu (336 4) camwkenne TCB
3HAYUTEIBHO 3aMeUIsUI0Ch. Bo Bcex sKcreprMeHTax 3Ha4eHHs YAEIbHOW aKTUBHOCTH OPraHMYECKU-CBSA3aHHOTO TPUTHS
(OCT) B nmucThsX mepia u 6aknakaHa Ha 1—2 mopsaka Hioke 1o cpaBHeHHIO ¢ TCB. Y aenpHas aktuBHOCTh OCT B 00emx
KyJnbTypax B HEpBbI€ CYTKH MOCJE 3KCIIO3UIMH XapaKTePU30BaIach KaK MOJOKHUTEIbHOM, TaK M OTPULIATEIFHON TUHA-
Mukoi. Yepes 2 nHenenu (336 4) mociue sxcno3unuu noteps OCT cocraBuma 60-95%. TecHas KOppeIsSIMOHHAS 3aBUCH-
MOCTh YCTaHOBIIEHA MEXy yaenbHOH akTuBHOCTEIO TCB B mucthsax 1 HTO B Bo3ayxe (r = 0.73; p<0,05), u ymepeHHas
— MEeXAy yaensHo! akTUBHOCTRIO TCB B IMCTHSIX M BIAXXHOCTHIO Bo3ayxa (r = 0.54; p<0,05). Mexmy yaensHOH aKTHB-
HocThI0 OCT B IMCTHSIX M (haKTOpaMH OKpY>Karommei cpensl ((OTOCHHTETHYECKN aKTHBHAS paJlalis, TeMIeparypa, oT-
HOCHTEJIbHAS BIAXKHOCTH) JOCTOBEPHAS KOPPEISAIIMOHHAS 3aBUCUMOCTH HE BBISBIICHA.

IomyueHHble pe3ynbTaThl NOKA3ald, YTO BO3MOXKHBINA BKJIaJ] OPTaHUYECKU-CBSI3aHHOTO TPUTHS B CPEJHETOJOBYIO JJO3Y
BHYTPEHHEro 0OJIy4eHHUs IpU yNOTPeOJICHNN PacTEeHUEBOAYECKON MPOITYKIIMH, TIOABEPTIIEHCS KPaTKOBPEMEHHOMY a3-
panbHOMY 3arpssHernto HTO, OynyT npeneOpexumo Maiibl. JJaHHBIE HATYPHBIX 3KCIIEPUMEHTOB, YUUTHIBAIOLINE BIINS-
HHE PEeTbHBIX KIMMAaTHYECKHX (aKTOPOB, MOTYT OBITh MCIIOJIb30BAHBI JJIsl TECTUPOBAHMS PETHOHAIBHBIX MOJIEIeH BO3-
JIyLTHOTO MEePEHOCA TPUTHUS B CUCTEME «BO3IYX — CEIbCKOXO3HCTBEHHBIEC PACTEHUS.

Knrouegvte cnosa: mpumuil, oxcuo mpumus, mpumuti 8 c60000HOU 600e, OPLAHUECKU-CEAZAHHBIN MPUMUT, CENbCKO-
XO03sUiCMEeHHbIe KYIbMYpPbl, A3PATbHOE NO2TOUJEHUe, KAMEPHDIIL U HAMYPHBIU IKCREPUMEHNbL.
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W3YUYEHUE BAPHAIIMU YCJIOBUM HAIIBIJIEHUSI HA U3BSMEHEHUE
MEXAHUYECKHUX XAPAKTEPUCTHUK MoCrN IOKPBITHUI

E. A. Kenwsxun®, JI. W Iliiumact?, A. M. 3uxkupunal, A. JI. Kos1oscknii®

! Kazaxcmancko-Bpumanckuii mexnuueckuii ynugepcumem, Animamot, Kazaxcman
2 Eepasuiickuii nayuonansuulii ynusepcumem um. JI.H. I'ymuneea, Acmana, Kazaxcman

*E-mail ons xonmaxmos: kozlovskiy.a@inp.kz

HHTepec K TOHKOMIIIEHOYHBIM 3aIUTHBIM MOKPBITHAM Ha OCHOBE HUTPHIHBIX COCIMHEHUH MOIMOEHA U XpoMa 00ycCIIo-
BJIEH OOJIBIIMMH IEPCIICKTHBAMH HCIIOJIB30BAHMS NX B KAUECTBE M3HOCOCTOMKHUX aHTHKOPPO3HOHHBIX IMMOKPBITHH, 00J1a-
JTAIOIIUX BBICOKOH YCTOHYMBOCTBIO KaK BHEIITHUM BO3JEHCTBUSAM B BHJI€ MEXaHHUECKOTO TPEHUS, TaBIEHUS, TaK U Ipo-
1eccaM KOppo3HH, IIPU BO3JEHCTBUU arpecCUBHBIX CPeJl, HAaBOJOPAXKMBAHUM WIIH BBICOKUX Temreparyp. OnHako moka-
3aTeNy YCTOMYMBOCTH HUTPUIHBIX OKPBITHH B IEPBYIO OYEPEab ONPEAEIIAIOTCS YCIOBUSIMHU UX MOJIyUEHHs], KOTOPBIE HE
B IIOCJIETHIOIO OUYepPeIb 3aBUCST O MOIIHOCTH MarHeTPOHHOTO HANBUICHUS, BapHallig KOTOPOH MO3BOIAET U3MEHSTh CO-
OTHOILICHHE 3JIEMEHTOB B COCTaBE MOKPHITHH. KittoueBast 11es1b MpOBEICHHBIX UCCIIEI0BAaHUH 3aKII04aeTCs B IPOBEICHUN
HU3MEPEHUH MPOYHOCTHBIX XapaKTePUCTUK H3MEPEHHBIX METO/IOM HHICHTUPOBAHMS B 3aBUCUMOCTHU OT YCJIOBHH HOJTy4e-
HUSI IOKPBITHH TP BapyUaliy MOITHOCTH HAIBUICHHS, a TAK)KE YCTAHOBJICHHIO BIMSHHS BapHallK yCIOBUH MOTydeHHS
TOHKOIIJICHOYHBIX TOKPBHITHI HAa M3MEHEHNE TBEPJOCTH U (hakTOpoB ynpodyHeHHs. COTrIacHO MpeACTaBICHHBIM JaHHBIM
N3MEHEHHE YCIOBHH MAarHETPOHHOTO HANBUICHHS IIyTEM BapHalui MOILTHOCTH NPUBOIUT K (hOpMHUPOBaHMIO OoJiee mpo-
YHBIX YCTOWYMBBIX MOKPBITHH, 00JIaIAfONINX BHICOKOH CONPOTHUBIIIEMOCTBIO K PACTPECKUBAHUIO TIPH W3MEHEHUH BHEIII-
Hel Harpy3ku. B xone mpoBeseHHBIX MCCIEIOBaHMUH OBUIO ONPENEeNICHO, YTO U3MEHEHHE YCIOBHUI MarHETPOHHOTO Ha-
IIBUICHUS TTOKPBITHH, IPUBOASIIEE K YBEIMUCHAIO KOHIEHTPALMH MOJIOAEHA B COCTAaBE MOKPHITUH, MPUBOIUT K OoJee
geM 60-80% ynpoYHEHHIO, a TaK)Ke YBEITUUEHHIO YCTOMYMBOCTHU K PACTPECKMBAHUIO IIPU BHEITHUX BO3JEHCTBHSAX.

Knwuesvle cnosa: monxonienoutule HNOKpblmus, ynpodHernue, meepdocmb, npoO4YHOCHIb, M3HOCOCWlOZZKOCmb, Humpu()Hbze

NOKpblMuUsl.

BBEJAEHUE

B mocnennue roapl 0obIioe BHUMaHUE YACISETCS
MIOUCKY pelIeHHH Mpo0IeM 3aIIuThl OT KOPPO3UH U Jie-
rpajaluuy, B TOM YUCIE MPOLECCOB HABOAOPAXKHBAHUS.
OpHuMy 13 HanboJIee ONTUMANBHBIX PEICHUH B JTaHHOM
HAMpaBJICHUU SBISAIOTCS TEXHOIOTMYECKHE H3BICKAHUS,
CBSI3aHHBIE C BO3MOXKHOCTSIMHM HAHECEHHM S 3aIIUTHBIX 110~
KpBITUII METOJOM MAarHeTPOHHOTO HAIBLICHHS Ha IO-
BEPXHOCTH CTaJIe! U CIIITABOB B BHJIE TOHKHX IICHOK, KO-
TOpBIE CIIOCOOHBI CHU3UTH JIeTPaJalliOHHbIE TIPOLECCHI,
a B HEKOTOPBIX CIy4asX YBEINYUTh YCTOHYNBOCTh MaTe-
pHaNOB K JETpajallii IIPHU KOPPO3UH B HECKOJIBKO pa3
[1-3]. UuTepec K HCTOTB30BAHUIO JTAHHOMN TEXHOJIOTHH
JUIS HAHECEHHsI 3alUTHBIX IOKPBITHH 3aKiIioyaercs B
GO0JIBIIOM KOJINYECTBE Pa3pabOTOK B JAHHOM HaIpaBJie-
HUM, IIUPOKON pPACIHPOCTPAHEHHOCTH HCIONb30BaHUs
METOJIOB MarHETPOHHOT'0 HANIBUICHHS Pa3IMYHbIX COEIU-
HEHWH, B TOM YHCIE€ MHOTOKOMIIOHEHTHBIX OKCHJIHBIX
WM HUTPUJHBIX COEIVHEHUH, a TakXKe BO3MOXHOCTSAX
HAHECEHUS NaHHBIX NMOKPBITHH NMPAKTUYECKH Ha JIIOOYI0
MTOBEPXHOCTH JTF000# reometpuu [4, 5]. IIpu aToM Baps-
HMPOBaHMS YCJIOBHH MarHETPOHHOTO HAIBUICHHS, B TOM
YHCJie WCIOIb30BaHNE PA3IMYHBIX KOMOWHAIMHA MUIIe-
HEHl WIn yCIIOBHH HambUIeHHs (MOIIHOCTH, COOTHOIIIE-
HUS Ta30B U T.J.) TIO3BOJISIET MTOJTy4aTh HOKPBITHS B BUIC
IUIEHOK C Pa3IMYHBIM COOTHOIICHHEM 3JIEMEHTOB, KOTO-
poe, KaK U3BECTHO, SIBIIIETCS ONPEAESIISIIOIUM B IPOYHO-
CTHBIX XapaKTEepUCTHKAX NOKPBITHiL [6, 7]. Bapuanus yc-
JIOBUI HANbBUICHUS ABISETCA OJHUM U3 YNPaBIISIOLUINX

(haxTOpoB, UCIIOIB30BaHUE KOTOPOTO IIO3BOJISET KOHTPO-
JIUPYEMO NOJTy4aTh HOKPBITUS C 3aJJaHHBIM 3JIEMEHTHBIM
COCTaBOM, a TaKXKe YIPAaBISIEMbIMH NPOYHOCTHBIMHU H
AHTUKOPPO3HOHHBIMHU cBOHCTBaMu. [Ipn 3TOM Hcnonk30-
BaHHME METO/a MarHeTPOHHOTO HAITBUICHUS JUII HaHece-
HUSI 3aIIMTHBIX MOKPBITHH ABISIETCSI OJJHAM M3 Hanboee
MIPOYKTUBHBIX METOJIOB 3AIIHUTHI CTAJIBHBIX KOHCTPYK-
LI OT MPOIIECCOB BHICOKOTEMIIEPATYPHOH Jerpasiallvy,
a TakXKe KOPPO3HOHHOTO BO3JEHCTBHSA arpecCHUBHBIX
Cpell, BKJIoYasi Ta30BbIE CPE/Ibl, IPUBOASIINE K HABOO-
paxusanuio [8—10].

Hcnonp30BaHue B CBOIO OUepelb HUTPUIHBIX COETH-
HEHUH B MOCIEIHHE HECKOJBbKO JIET MO3BOJIMIO MONY-
YUTh PsiJl HOBBIX YHUKAIBHBIX JAHHBIX 00 3¢ (eKTHBHO-
CTH MOBBIIICHUS YCTOMYMBOCTH K BHEIITHUM BO3/1€H{CTBH-
SIM, BKJIIOYAsl MPOLIECCHl HABOJOPAXUBAHUS U JIECTPYK-
LINM TIPU BBICOKOTEMIIEPAaTYPHONH KOPPO3HH, OJIHAKO /10
KOHIIA JaHHBIE BOTIPOCHI €IlIe HE TPOpad0TaHbI U OCTAET-
Csl MHOTO HEPELIEHHBIX BOIIPOCOB B JaHHOM Harpaslie-
uum [11-14].

OcHOBHasl L1eJIb IPEICTABIECHHOTO UCCIIE0OBAHNUS 3a-
KITIOYAeTCs B ONPEACTICHUN BIHMSHUS BapHAINN YCIOBUI
MarHeTPOHHOTO HANBIJICHUS, B YaCTHOCTH, M3MEHEHUI
MOIIIHOCTH, Ha 3PQEKTH YIPOYHEHHS, 00yCIOBICHHbBIE
M3MEHEHHEM 3JIEMEHTHOTO COCTaBa IOJydyaeMbIX IIO-
KPBITHIL, a TAaKXKe OTIpeIeIeHHH HanboJiee ONTUMATbHBIX
YCIIOBHUI TOJIy4eHHUS MTOKPBITHH, 001a1al0NINX BBICOKHU-
MHU IIPOYHOCTHBIMH XapaKTEPUCTHKAMH.
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U3YYEHUE BAPWALIMM YCNIOBUI HAMBINEHWSA HA U3MEHEHUE MEXAHUYECKUX XAPAKTEPUCTUK MoCrN NMOKPbITUM

MATEPHAJIBI U METO/IbI

ToHKOIUIEHOYHBIE OKPBITHS HA OCHOBE COETMHEHUH
MoCrN nosry4eHHBIE METOJIOM MarHETPOHHOTO HaIbLIe-
HUSI TIPM BapUallUM YCIIOBUH HambUICHUS (M3MEHEHUH
MoIHocTH B quana3zone ot 200 go 300 Br). Hansinenue
MOKPBITHI OBUIO OCYIIECTBICHO C MPUMEHEHUEM METO/Ia
BBICOKOYAaCTOTHOI'O MarHeTpOHHOTO pacIbUICHUs, pea-
nmm3oBaHHOM Ha yctaHoBke Auto 500 (Edwards). Bapsu-
pOBaHHE MOIIHOCTH OBUIO OCYIIECTBICHO B JHAIla30HE
or 200 mo 300 Bt, mpm pabouem maBIeHHH Ta3a
6-1073 MOap. Bpems mOCIOMHOTO HANBUIEHAS COCTABIIS-
JI0 2 MUHYTHI Ha CJI0# (ToMmuHA 1 CIIos cocTaBisIa Mo-
psnka 30 HM). Ob1iee KOJIMYECTBO CIIOEB COCTABIIANIO 35,
YTO ITO3BOJIWIIO TTOJIYYUTh HOKPHITHS TOJIIIMHOM ITOpsaAKa
1 mxM.

Pucynox 1. Cxema npogedenus usmepeHuil UHOeHMUpO8AHULL
€ yenvio onpeodenerus meepooCcmu npu 6apuayl BelIUUHbL
Ha2py3Ku Ha UHOEHMOp (Yeemamu 0603HAUEHbL YUACMKU U3-
MepeHull Ha Pa3NUiHOL 2yOUHe C OMPAdCEHUeM Pa3Mepos
omneuamka uHoeHmopa)

B kauecTBe OCHOBHOTO METO/a OTNpPENEeNIeHUs] MeXa-
HUYECKHX XapaKTEPUCTUK ObLIT BHIOPAH METO]| MHACHTHU-
pPOBaHHUS peaTM30BaHHBIA C NPUMEHEHHEM MHUKPOTBEp-
nomepa Duroline M1 (Metkon, Bypca, Typuusi), B koTo-
POM B KadecTBE MHAECHTOpa HMCHOJIH30BaJach MUpaMuIa
Bukkepca (anmma3Has mupamMujIka), a U3MEpeHHe IpoBo-
JIMIIOCH ITyTE€M BO3JICHCTBHS MHICHTOpA Ha oOpaser npu
pasimuno# Harpyske (ot 10 mo 200 H) ¢ nensto onpexe-
JICHUSI OHOPOJHOCTH TBEPJOCTH 00Opa3loB Ha pas3iind-
HoW TimyOuHe. KommaecTBo M3MepeHuid Ha KaXKAbIi THI
MOKPBITUH cocTaBisul nopsiaka 20—25 u3mMmepeHuit, Koiau-
YECTBO KOTOPBIX OBIJIO BEIOPAHO C IENbI0 YCTAHOBIICHUS
HM30TPONTHOCTH 3HAYEHWH TBEPAOCTH 0OpasIoB, MOIY-
YEHHBIX METOJIOM MarHETPOHHOTO HAIBUICHUS, a TaKXkKe
MONyYeHHUsI BEIUYMH CPETHEKBAJPATHUYHOTO OTKIIOHE-
HUS 1 TIOTPEITHOCTH M3MepeHuil. Bce n3mepenns Obimn
BBITIOJTHEHBI IIyTeM TEpeMeIIeHus] MHICHTOpa IO IIOo-
BEPXHOCTH 00paslia Ha pacCTOSHUE MEXy ABYMs IOoc-
JIe10BaTeIbHBIMU U3MEPEHUSIMH (PAacCTOSHIE MEXIY OT-
neyaTkamu uHJeHTopa) mopsaka 30-50 MKM, ¢ 1elbo
n30eraHusi BO3ACHCTBUS MHUKPOTPEUIMH HA 3HAYCHHUE
TBepaocTU. Bapuanus Harpy3ku Ha UHAEHTOP MO3BOJIH-
JIO OTIPEJIETINTh 3HAYSHNE TBEPIOCTH 00Pa3IOB Ha pa3iu-
YHOII IITyOMHe, 32 CUeT U3MEHEHHE ITyOnHBI IPOHUKHO-
BEHUS HHACHTOPA B 00pa3el] Ipy YBEeIHMYSHHH HATPy3KH.
Ha pucynke 1 mpuBezeHa cxema H3MEpEHHH METOAOM

WHJCHTHPOBAHMS IIPH BapHALIMU HATPY3KH Ha HHACHTOP
C NPUBEICHHBIMHU NIPUMEPAMH PA3IMYHBIX OTIICUYATKOB.

CorJlacHO MpeIOKEHHON CXeMe HKCIIEPUMEHTOB 10
OIIPEIETICHUI0 TBEPAOCTH 00pa3lioB HA Pa3IMYHON TIIy-
OvHe OBLJIO ONpENeNieHO, YTO BapHalMs BEJIWYHMHBI Ha-
rpy3ku ot 10 H go 200 H mo3Bonser u3Meputsh TBEp-
JIOCTB ITOKPBITHH Ha Pa3NIUYHON TONIIMHE HOKPBITUI IPH
MaKCUMAJIBHOH TIJIyOMHEe NpPOHUKHOBEHHS HWHICHTOpA
nopsaka 1 MKM, 4TO COCTaBIIsIET MAKCUMAJIBHYFO TOJIIH-
Hy HOJIyYEeHHBIX IOKPBITHIL. B pesynprare monoOHBIX H3-
MEpEHNH MOXKHO ONPEACIUTH H30TPOITHOCTh TBEPAOCTH
MOKPBITHH 10 I'TyOHHE, a TaKXKe UX BapHalUH B 3aBHUCH-
MOCTH OT YCIJIOBUH MOTy4EHHUS.

Teepaocts (10 Bukkepey) onpenensiack o Gopmy-
JIe U MHAEHTOpa B BHJIE NPaBHIBHON anMa3Ho nupa-
MUJIBI C KBaJpAaTHBIM OCHOBaHUEM U yriom 136° + 30'
y BEpLIMHBI:

HV :1,8540%, 1)

rae P — mpunoxeHHoe nasieHue, d — cpeiHsis UTHHA [H-
aroHaJly OTIIeYaTKa.

Ha ocHoBe u3MeHeHull quaroHaiel TpelyuH U OTIe-
YaTKOB MHJEHTOPA ObLjIa OLICHEHA BEJIMUYMHA KPUTHYEC-
Koro ko3 dunreHTa nHTeHCUBHOCTH HanpspreHni (Kic)
B 00pa3max npu WHACHTHPOBAHUH (2):

-3/2
K, =0,16-H -a"? (g] @)

rae H — BenmmumHa TBepaocTu mo Bukkepcey, ¢ — momy-
JUIMHA TPEIIUHEI, U @ — TOJNIyAHaroHaiah OTIeYaTka WH-
JICHTOpA.

CremnsieMocTh MOKPBHITUH C TIOBEPXHOCTHIO CTaNIH
ObLIa M3YyYCHA [Ty TeM OIpe/ICICHHS KPUTHIESCKOH HArpy-
3KH MIPHU OTPBIBE OKPHITHS (METO OTIPEACTICHUS aAre3u-
OHHOW TIPOYHOCTH). DKCIEPHUMEHTHI MO ONPEACTICHUIO
KPUTHUYECKON Harpy3ke ObLIN BBHIIIOJIHEHBI HA YCTAHOBKE
Unitest framework SKU UT-750 (Unitest, CILIA).

[IlepoxoBaTOCTh MOBEPXHOCTH OTPEACISIIACH C TIPH-
MEHEHHEM METO]Ia aTOMHO-CHJIOBO MUKPOCKOITHH, pea-
JIM30BaHHOM ¢ Hcnojb3oBanueM Smart SPM (AIST-NT,
3enenorpan, Poccus).

OmnpenencHre N3MEHEHNH KOHIIEHTPAIIMH MOIHOIe-
Ha B COCTaBe MOKPBITUI OBLIO OCYIIECTBICHO C MIpHMe-
HEHHEM METO/a DHEPTOMCIEPCHOHHOTO aHalu3a, pea-
JIN30BAHHOTO C MPUMEHEHUEM PACTPOBOTO DJIEKTPOHHO-
ro mukpockomna Hitachi TM3030 (Hitachi, Tokwuo, Smo-
HUsT), OCHAIIEHHOTO TIPUCTABKOM JJIsl aHalin3a JIEMEHT-
HOTO COCTaBa UCCIIEyEeMbIX OOBEKTOB.

PE3YJIbTATHI U OBCYKJIEHUE

Ha pucynkax 2—6 npexacTaBieHsl IPAMEPH H3Mepe-
HUH TBepAOCTH 00pa3moB (OTHEYAaTKOB MHAECHTOpA MPHU
CMEIIEHNH MHIECHTOpA MPH BapHAallMi HArpy3Kd Ha WH-
JCHTOp ISl BCEX MCCIEAYEMBIX 00pa3IoB (Ha pUCYHKaX
2—6 muppamMu 0003HAUEH TOPSAKOBBIA HOMEP H3MeEpe-
HUSI TIPU Pa3NIMYHOM Harpyske). JlaHHbIe TpUMeEphI TIpe-
CTaBJICHBI C LIEJIbI0 IEMOHCTPAIMM BapUallll Pa3MEpPOB
OTIEYAaTKOB HMHJCHTOpAa MpU HU3MEHEHMM HArpy3KH, a
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TaKkKe N30TPOIMHOCTH (POPMBI OTIEYATKA MPU BO3ACHCT-
BUY MHJEHTOPA Ha MMOBEPXHOCTH 00Pa3IoB, KOTOpas OT-
pakaeT pe3yibTaThl TPEIUHOCTONKOCTU NMOBEPXHOCTH.
OOmuii BUJ MPEACTaBICHHBIX M3MEHEHHH OTIEYaTKOB
HHJAEGHTOpa B 3aBUCHUMOCTU OT HAarpy3KH OTpaxkaeT He
TOJIBKO TNIyOMHY NMPOHMKHOBEHHS MHAEHTOpPA B MaTepu-
all, HO U CTaOWIBHOCTh MaTepHana K PacTPEeCKUBAHUIO
[IpY U3MEHEHUU BHEUIHUX BO3JECHCTBUMN, KOTOpas BbIpa-
KaeTcs B OTCYTCTBUH BHIUMBIX HU3MEHEHHH (hOPMBI OT-
NeYaTKH HHASHTOpA IPU H3MEHEHUH Harpy3ku. Kak Bun-
HO U3 NPEICTABICHHBIX JaHHBIX, BApHUalNs YCIOBHI Ha-

'.

"

IPY3KH Ha HHICHTOP HPUBOAXT K MOIYyYSHHIO 10CTaTOU-
HO YETKHX OTIIEYaTKOB HHAECHTOPA PA3IMYHBIX Pa3MEPOB
(B 3aBHCHMOCTH OT BEIMYMHBI HATPY3KH), IPH ITOM CaM
pa3Mep oTmeuarka MpeACTaBiIsieT coO00d poMOOBUAHYIO
MTUpaMUy C OIMHAKOBBIMHU YETKUMH I'PaHSIMH, YTO CBHU-
JIETENICTBYET O BBICOKOM YCTOWYMBOCTH K BHEIIHUM
BO3/ICHCTBUSIM HAHECCHHBIX MOKPHITHH, a OTCYTCTBHE
JOTIOTHUTENBHBIX Ne(eKTOB BONM3M TpaHEH OoTmedaTKa
(medextsl [TanMkBHCTa) CBHIACTEIHCTBYIOT O BBICOKOM
YCTOMUYMBOCTH K PACTPECKUBAHUIO U TPELLIMHOCTONKOCTH
IIPY BHEIIHUX BO3ICHCTBHSAX.

5 MKMW

Pucyrnok 2. Pesynomamsi usmeperuii unoeHmupogarus nogepxuocmu oopasyoé MoCrN noxpeimuil,
nonyuenuvix npu eenuyune mownocmu 200 Bm

5 MKM

Pucynoxk 3. Pesynomamui usmepenuii un0eHmuposanus nogepxnocmu oopasyos MoCrN noxkpvimuii,
NoOIYYeHHbIX npu eenudune mowHocmu 220 Bm

Pucynox 4. Pesynomamui usmeperuii uH0eHmuposanusi nogepxnocmu oopasyos MoCrN noxkpvimuii,
nonyueHHvix npu geauyune mowHocmu 250 Bm

5 MKM

Pucynoxk 5. Pesynoemamui usmepenuii unoenmupoganus nogepxnocmu oopasyoé MoCrN noxkpuimuii,
nonyuenHwlx npu genuyute mowocmu 270 Bm
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5 MKM

Pucynok 6. Pesynemamsl usmeperuii uHoenmupoganus nogepxnocmu oopasyoe MoCrN nokpvimuii,
noxyyeHHwvlx npu eenudune mowpocmu 300 Bm

AHanu3 Nony4eHHBIX OTIEYaTKOB UHJIEHTOPA B 3aBU-
CHMOCTH OT Harpy3KH Ha HHAEHTOP, IPEJCTAaBICHHBIX Ha
pHUCYHKaX 2—6, TTOKa3al, 9TO yBeIMYeHIE MOIITHOCTH Ha-
MBUICHAS TPUBOAUT K (OPMHPOBAHUIO OOJIee YETKOTO
oTIeyaTka MEHbIIeH (JOpMBI ¢ SIBHBIMU TPaHHLAMH OT-
reyaTka, 4To CBUACTEIBCTBYET 00 M3MEHEHUH TBEPIO-
cTH 00pa3IOB, MONYYSHHBIX NPH PA3IUIHBIX YCIOBHAX
HaIlbIJICHUA. HpI/I 9TOM OTCYTCTBHUEC BUAUMBIX MUKPOTPE-
IIHUH B6HI/I3I/I BCPUIMH MUpaMHUbl OTTICHYATKa CBUACTCIIb-
CTBYET O IOCTATOYHO XOPOIIEH yCTONYUBOCTH MOy YEH-
HBIX IOKPBITUHN K PACTPECKUBAHUIO IIPY BHEIIHUX HAarpy-
3Kax. Takxe ciaelyeT OTMETUTh, YTO BapHallys YCIOBUH
HAaIbIICHUS IPUBOIUT K U3MEHEHHIO MOP(OIIOrHIECKIX
0COOEHHOCTEH TIOKPHITHH, KOTOPBIE 00YCIIOBICHBI H3Me-
HEHHEM COOTHOILICHUS 3JIEMEHTOB B COCTaBE MOKPHITHH,
Bapuanus KOTOporo o0ycIOBICHa YBEINIEHHEM MOJHO-
JICHA B COCTaBe MOKPHITHIA.

B Tabnuie npencraBieHsl pe3yabTaThl OIEHKH CTe-
MEHU MEPOXOBATOCTU TOBEPXHOCTU  HCCICAYEMBIX
MoCrN HoKphITHH B 3aBUCHMOCTH OT YCJIOBHH MOJTyue-
HUS, @ TAK)KE BEJINYMHbI KPUTUUECKOU HArpy3Ku, IIPU KO-
TOpOH HaOIFOMAETCS OTPHIB MOKPBITUS OT MOBEPXHOCTH
CTaJH.

Tabnuya. [annvle wiepoxogamocmu u 6eautUnbl KpUumuyec-
KO Ha2py3KuU, onpeoensiiowell a02e3uoHHYI0 RPOYHOCb

MolwHocTb HanbineHus, BT
200 220 250 270 300
LLlepoxoBaToCTb, HM 1542 | 2313 | 2442 | 2613 | 314
Kputyeckas Harpyska, H 7143 | 754 | 81+3 | 854 | 9716

Napametp

Kak BHJHO U3 NpeCTaBICHHBIX B TaOJIUIIE JaHHBIX,
HM3MEHEHHE YCIIOBHH HAIBIJICHHS, IPUBOAMT K yBEJIHUe-
HUIO IIEPOXOBATOCTH MOBEPXHOCTH Oojice uem B 1,5-2
pa3a (B ciydae KpalHUX TOYEK, BRIOPaHHBIX I BapHa-
LINH YCJIOBHH HAIIBbUICHHUS ), @ TAKXKE YBEJIMUEHHIO COTIPO-
TUBJIIEMOCTH K OTPBIBY (BesimunHa Bo3pactaet ¢ 71 H no
85-97 H). I3mMeHeHune TaHHBIX MapaMeTpOB CBHUAETEIb-
CTBYET HE TOJIBKO 00 M3MEHEHNH MOP(OIIOTHH TTOBEPX-
HOCTH, 32 c4eT (opMupoBaHus Oojiee KPYIHBIX 3€peH,
OKa3bIBAIOLINX BIMSHHE HA YBEIMYEHHUE IIEPOXOBATO-
CTH, HO ¥ MTOBBIIIEHUIO COTIPOTHBIIIEMOCTH K OTPHIBY Ha-
HECEHHBIX MTOKPHITUH IPU MEXaHNIECKUX BO3ACHCTBHIX.

Ha pucynke 7a npencraBieHbl pe3yJbTaTbl U3MEHE-
HUI 3HAYEHUHM TBEPAOCTH IIPU BapUalMU Harpy3Ku Ha
naaeHTop ucciexyeMbx MoCrN mOKpHITHI B 3aBUCHMO-
CTH OT ycloBHH moiy4yeHus. [lorydeHHbIE pe3ysIbTaThl

XapaKTepu3ylT H30TPOIHOCTh W3MEHEHHs 3HAYCHUH
TBEPIOCTH 00pa3I0B MOKPHITHHA 10 TIIyOWHE, a TaKXkKe O
PaBHOMEPHOCTH HAIIbIJICHHS B 3aBHCHMOCTH OT BPEMEHHU
HAaITBUICHHS TOJCTBIX TOKPBITHH.

34

200 BT
220 BT
250 BT
270 BT
300 BT

¢4 pron

Pt

TeepgocTb, HV
N
1

T T T
0 50 100 150 200

Cuna Harpysku, H

a)

3.0

2.5

@
E 20
) T
[
o)
o
[oN
@
o
'_
T
200 220 250 270 300
MowHocTb, BT
0)

Pucynoxk 7. Pesynomamul usmeperuii meepoocmu oopazyos
MoCrN noxpvimuil npu usmenenuu Hazpysxu na undenmop (a)
U UsMEeHeHUll 3HaYeHUll meepoOOCmu 8 3a8UCUMOCTIU
om ycnosuii nanviienust (6)

Kax BUIHO U3 TaHHBIX, IPEICTABICHHBIX HA PUCYHKE
7a, pe3yabpTaThl TBEPOCTH, ONpPECICHHbIE TT0 OTIICYaT-
KaM WHACHTOPA MPH Pa3INIHBIX HArpy3Kax Ha WHACHTOP
CBUJICTENIECTBYIOT 00 HM30TPOITHOCTH TBEPAOCTH MONIY-
YEHHBIX IOKPBITHH N0 TIyOHHE, a TAaK)Ke 0 PABHOMEPHO-
CTH HAIBUICHHUS NPU U3MCHEHWW BPEMEHU HAIBUICHUS,
13 4EeT0 MOKHO C/IeNIaTh BBIBOJI O TOM, UTO IIPHU BapHalUuu
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BPEMCEHH HAIIBUICHHUS WJIH KOJTMYECTBA CIIOCB HATIBLICHUS
HE MPUBOJIUT K CYIIECTBEHHBIM Pa3iNuusiIM B U3MEHEHUU
3HAYCHUH TBEPOCTH (M30TPOITHOCTh 3HAUYCHUIT OJTU3Ka K
1). Takxe U3 NOTYUYEHHBIX JAHHBIX MOXKHO CHIENATh BBI-
BOJI O TOM, YTO MPH BHIOPAHHBIX YCIOBUSIX HAIBUICHUS
(mocoiiHOE HANBLUICHHS) HAOIOIAeTCs JOCTATOYHO XO-
polias aare3ust MeKAy CIOSMHU, UTO TaKKe HE IPUBOJUT
K BO3HHKHOBEHHWIO PazNMUWil B 3HAYCHHUAX TBEPIOCTH.
Ha pucynke 76 mpencraBieHbl pe3yIbTaThl OLIEHKU BIH-
SIHUSL BapHalliy yCJIOBHH HANBUICHUS (BapHaIlH MOII-
HOCTH) Ha M3MEHEHHE TBEpIOCTH 00pa3IoB (cpemHero
3HAYCHUS TBEPAOCTH, ONPEIEICHHOTO IO Pe3yIbTaTaM
M3MEPCHUH JaHHBIX C PA3IMYHON TITyOUHEI U IO TIOBEPX-
HoctH). Kak BUHO M3 MpeACTaBIEHHBIX JAHHBIX U3MeE-
HEHUH TBepAoCTH Ais uccienyemMsix MoCrN noxpsITui,
M3MEHEHHE YCIOBUI MarHeTpOHHOTO HaINbUICHUs (BapH-
alus MOIIHOCTH) MPUBOAUT K YBEIHMUCHHUIO 3HAYCHUM
TBepaocTH, Oosee uem B 1,3—1,5 pasa npu yBenudeHUH
momHocTu ¢ 200 o 250 Bt u BbIme. Takoe n3MeHeHUE
TBEPIOCTU MOXET OBITh OOBSICHECHO M3MECHEHUSIMH dJIe-
MeHTHOro coctaBa MoCrN nokpeITUid, ©3MEHEHHE KOTO-
poro OBLIO YCTAHOBJICHO C IPUMEHEHHEM METO/1a dHEep-
rO-JIUCIEPCHOHHOTO aHanm3a. COTJacHO IMOTyYeHHBIM
AaHHBIM, Bapualis YCIOBUH HamNbUICHUS (MOIIHOCTH)
MIPUBOJIUT K BHITECHEHHIO XpOMa M JOMUHUPOBAHUIO MO-
JUOJICHA B COCTaBE MOJIYYaeMBIX TMOKPHITHHA. B pe3yib-
TaTe 4ero B MOKPBITUSX, MOJYYCHHBIX MPU MOIIHOCTH
nansuieHus 300 B, conepxxanus MonubeHa 6osiee ueM
B 2 pa3a MpeBBIIIAET COAEePKAHNE XPOMa, B TO BpeMs Kak
pu MoImHOCTH HanbiieHus 200 BT, KoHLEHTpanus Mo-
moaena Ha 30% MeHbIIe YeM KOHIEHTPAIMHA XpoMa B
cocTaBe IUICHOK. I3MeHeHe COOTHOIICHHUS SJIEMEHTOB B
COCTaBe IUICHOK SIBIIICTCS OJHUM U3 KIIFOUEBHIX (PaKTO-
POB, OKa3bIBAIOIINX BIUSHIE HAa YIIPOYHCHHE U ITOBBIIIIC-
HUE CTAOWJIBHOCTH MPOYHOCTHBIX XapaKTEPHUCTHK IIO-
KpBITHII IIpU BHEIIHMX Bo3aeWcTBusx. Ha pucynke 8a
MIPEJCTABICHBl PE3yJIbTaThl CPAaBHUTEIHHOTO aHAJM3a
(akTopa ynpoYHEHHS MOKPBITHI B CPABHEHUH C BEITHYU-
Ho¥ TBepaocTH cTaiu 316 L, koTopas ucmosib30Banach B
JIaHHBIX 3KCTIIEPUMEHTaX B KayecTBe MOJJIOKKH JJis Ha-
HECEHUS! TOKPHITUH. 3HaYeHUE TBEPIOCTH IJS CTaJH
316 L cocraBmio 1,55 I'Tla, cormacHO W3MEpEHUSIM C
MIPUMEHEHUEM METO/Ia WHACHTHPOBAHUS B TEX JKE yCJIO-
BHSIX, YTO W TPH U3MEPEHUH TBEPIOCTH IMOKPHITHH, Ha-
HECCHHBIX METOJIOM MarHETPOHHOTO HAIIBUICHUSI.
OOmwmii BU TpEeICTaBICHHBIX W3MEHEHUH (pakTopa
yrpouHerust MoCrN NOKpBITHI B CpaBHEHUHU C PE3YJIb-
TaTaMu TBEPAOCTH it cTanu 316 L cBHIETENbCTBYET O
TOM, 4TO HanOoJiee BHIPaKCHHBIE U3MEHEHUS TBEPIOCTH
HaOJII0IAI0TCS IS 00pas3IloB, IOMYUYEHHBIX TPH MOIITHO-
cti MarHerponHoro HanbuieHus 270-300 Br, npu xoTo-
PBIX, COTIACHO JTAaHHBIM SHEPTOJUCIIEPCHOHHOTO aHAJIH-
3a, HaOIIOJaeTCsl MIOMUHUPOBAaHUE MOJIHO/ICHA B COCTaBe
nokpeiTuii. Ha pucynke 80 mpencTaBiIeHBl pe3ylIbTaThl
cpaBHEHUs (PaKTOpa YNPOYHEHUS C M3MCHEHUSIMH KOH-
LEHTpaIlMd MOJHOJICHA B COCTaBE MOKPHITUH. AHAIH3
[I0JIy4E€HHBIX 3aBUCUMOCTEMH, TO3BOJIMII YCTAHOBUTD IPSi-
MYIO KOPPEJSILIMI0O MEXAY U3MEHEHUEM KOHLIEHTPalUU

MOJIMOJIeHa B COCTaBe IMOKPHITHH M YIPOYHEHHEM IIO-
kpeituil. IIpu 3TOM, NBYKpaTHOE yBelIUYEHHE KOHIICHT-
paunu MosnbaeHa B cocraBe MoCrN mOKpbITHI TIPUBO-
1T K 6omnee ueM 80% yBETHUYCHHIO TBEPAOCTH B CPaBHE-
HUU €O cTayibio 316 L, 4TO CBUAETENBCTBYET O BHICOKOM
YCTOIUMBOCTH MaTepHaIOB MOKPBITUII K BHEIIHUM BO3-
JeUCTBUAM, a TAKXKE YBEIMUEHHIO YCTOWYMBOCTH K pac-
TPECKUBAHUIO M 00Pa30BaHUIO MUKPOTPEIIINH.
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Pucynox 8. Pesynomamsl ynpounenus MoCrN noxkpvimuti 8
cpasHenuu ¢ pesyrvmamamu meepoocmu 01a cmanu 316 L (a)
U pe3ynomamul CpasHenus hakmopa ynpouHeHus ¢ usmere-
Huem konyenmpayuu moaubdena 6 cocmase MoCrN nokpoi-
muii (6), cunumu u KpACHbIMU CMPENKAMU NPeoCmasneHbl
3a6UCUMOCINU NPU KPATIHUX CTLYYAAX YCTIOGULL HANbLIEHUS.
200 « 300 Bm

Ha pucynke 9a npencTaBieHsl pe3yIbTaThl H3MEHe-
HUI BEIMYMHBI KPUTHYECKOTO KOd((HUINEHTa HUHTEH-
CHBHOCTH HANpsDKEHUI ONPereNeHHOr0 ¢ MCIOJIb30Ba-
HUEM GopMyITHI (2).

AHanmm3 JaHHBIX M3MEHEHUH BEIMYHMHBI BEJMYHHBI
Kic B 3aBucHMOCTH OT ycioBuii nomydenust MoCrN no-
KpBITUIl CBHJETENIBCTBYET O TOM, YTO YBEIMUYCHHE Tpe-
IIMHOCTOMKOCTH HabIoaeTcst st 00pasioB, B COCTaBe
KOTOPBIX JIOMUHHPYET MOJHMO/EH, YTO KaK CIIEACTBHE
MIPUBOJUT K IMOBBIIIEHUIO CONPOTUBISIEMOCTH MaTepUa-
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Jla TIOKPBITHH K PaclHpOCTPaHEHUIO MHUKPOTPEIINH IPHU
BHEIIIHUX Harpy3kax Ha MHJEHTOp, a Takke oOpa3oBa-
HUIO TpeuuH [TarTMKBUCTA WIIN MOy TUCKOBBIX TPELUH
(cormacHo oleHKe MPOQUIIS OTHEYATKOB HHAECHTOPA).

2.0 1

YBenuyeHne ycTOMYMBOCTY K PACTPECKMBAHUIO
1.8 |32 CUET MBMEHEeHNsA KOHLeHTpaLUum MOHVIG,qua%

%

K;c, MMaxm?

R

1.0 1

T T T T
200 220 250 270 300
MouwHocTb, BT
a)

m daKTOp YNpoUHEHUS!
® ®DaKTOp YCTONYMBOCTM K PACTPECKMBAHUIO

100 ~

N [0} ©
o S o
1 1 1
@
@H——

MapameTpbl ynpoyHeHust, %

N
o
1

?

T T T T
200 220 250 270 300

MouHocTb, BT
0)

Pucynox 9. Pesynomamur oyenku eenuuunsl Kic 6 sasucumo-
cmu om ycnosuit noryuenus MoCrN nokpwimuil npu eapuayuu
UBMEHEHUs MOWHOCIU (@) U CDABHUMENbHO20 AHAAU3A NaApa-
mempog ynpounerus MoCrN noxkpvimuii 6 3aeucumocmu
om ycnosuii noiyyenus (6)

Ha pucynke 90 mpezcraBiieHbl pe3ysbTaThl CPaBHU-
TENBHOTO aHAJIN3a U3MEHEHUI TapaMeTPOB yIIPOUYHEHUS
MoCrN noxpbITHI B 3aBUCUMOCTH OT YCJIOBUH MOJTyde-
HUS (TIPY BapHaIMX MOIHOCTH IPYU MarHeTpOHHOM Ha-
IIBUIEHNH 00pa3ioB). B kauecTBe mapameTpoB ynpoyHe-
HUS ObUTH BBIOpaHBI (AKTOP YHPOYHEHHS (M3MEHEHHS
3HAaYCHUH TBEPAOCTH) U (aKTOP yCTOWIMBOCTH K pacTpe-
CKHMBAaHMIO, OIIPE/IECIICHHBIN HA OCHOBE U3MEHEHUI BENU-
gnHbl Kic 11 nccnemyemsix MOKpbITHi. CpaBHUTEINB-
HBIA aHAJHM3 MapaMeTPOB YIPOUHEHHs OBUT IPOBENIEH B
CpaBHEHUH C IaHHBIMHU BEITMYMH TBEPAOCTH U TPEIIUHO-
crolikoctu cranu 316 L, koTopas B 1aHHOM ciydae sB-
Jsimack ocHOBOM Juist HaHeceHust MoCrN nmokpbsiTuit. Kak
BUJHO U3 TPEACTABJICHHBIX JAaHHBIX, U3MEHEHHUE YCIO-
Buil HambUIeHUs (yBenwmdyeHune MomiHoctH) ¢ 200 10

220 Bt He mPUBOJNT K CYIIECTBEHHBIM H3MEHEHHS IIPO-
YHOCTHBIX MapamMeTpoB (M3MEHEHHUs COCTAaBIIOT He 0O0-
nee 10-12%), B To BpeMs Kak IPU U3MEHEHUH MOIIIHOCTU
HambuieHus 1o 250 Bt HaOmonaeTcs yBeiaudeHue mpod-
HOCTHBIX TapaMeTpoB A0 35-40% B cpaBHEHUU C BeJH-
yuHamu Juis ctanu 316 L. Tlpu BennmumHaxX MOIIHOCTH
270-300 BT u3MeHEeHUs MPOYHOCTHBIX I1apaMeTPOB CO-
craBigeT nopsaka 60-80%, uro B cBoro odepens o0y-
CJIOBIICHO (DaKTOPaMH M3MEHEHHS JJIEMEHTHOTO COCTaBa
MOKPBITHH, CBA3aHHBIX C JOMHUHHPOBAaHHEM B COCTaBe
mokpeITuii Monubaena (6omee 35-40 at.%) mis obpas-
1I0B, NTOJyICHHBIX IIPH AaHHBIX YCJIOBHSIX MarHETPOHHO-
T'O HallbUICHHSI.

CpaBHUBasl IMOJy4YEHHbIE Pe3yJbTaThl TBEPJOCTH U
TpeuuHocToikocTH MoCrN NOKpBITHH ¢ pe3yabTaTaMu
paboThI [15], B KOTOPOI pacCMOTPEHBI CITOCOOBI TOTyYe-
Hus 1 Mexanndeckue cBoiictBa TiSiCN HOKpwITHIA, MO-
JKHO CAEJaTh BBIBOJ O TOM, UTO MOJIyUYEHHBIE OKPBITUSL
00J1a1al0T CPaBHUMBIMH NTapaMeTpPaMH TBEPJIOCTH C HU-
TPUAHBIMH ¥ KapOOHUTPHUIHBIMH HOKPBITHAMH, IOIY-
YEHHBIMH METOJIOM PEAKTHBHO-IIA3MEHHOTO HaIIbLIe-
uust. Takke B cpaBHEHHH C pe3yibraTamu pabdor [16, 17],
B KOTOPBIX B Ka4eCTBE 00BEKTOB HCCIIEIOBAHHS aBTOPA-
MU ObuTH BBIOpaHB MHOTOCHOIHEIC eHKH CrN/MoN u
OJIHOKOMIIOHEHTHbIE MIIEHKH Mo-N ¢ pa3iaudHbIM coziep-
JKaHHEM a30Ta B COCTaBE, MOXKHO CJIENaTh BBIBOJ O TOM,
yro nonydeHHele MoCrN mokpeiTHst o0nanator Ooinee
BBICOKUMH 3HaUECHUSMHU TBEPJOCTH B CPAaBHEHUH C OHO-
KOMITOHEHTHBIMH TUICHKAMH 1 MHOTOCJIOHHBIMH.

3AKJIOYEHUE

[TomyueHs! pe3yapTaThl OLIEHKHU TBEPAOCTH U TPELH-
HocToiKocTH MOCTN HOKPBITHI B 3aBUCUMOCTH OT UX
yCJIOBUM TONMydeHus: (B cCiiydae Bapualldd MOIIHOCTH
MarHeTPOHHOTO HANBUICHHUS). Y CTAHOBJIEHBI 3aBUCUMO-
CTH BIIMSHUS M3MEHEHHS 3JIEMEHTHOTO cocTaBa (Bapua-
LMY COOTHOIICHUSI MOJNO/ICHAa M XpOMa) Ha M3MEHEHHE
IIPOYHOCTHBIX TTapaMeTpoB (pakropa ynpouHEHHs U Tpe-
IOIMHOCTOMKOCTH TOKpHBITHIA). OmpeneneHo, 4To MABY-
KpaTHOE yBEJIMYCHHE KOHIIEHTpAIMM MOJHO/IEHa B CO-
craBe MoCrN mokpeiTHi mpuBouT K Oosiee ueM 80%
YBEIIMYCHUIO TBEPJOCTH B CPAaBHEHHH CO cTanbio 316 L.
C npuMeHeHHeM MeTO/Ia OLICHKH (paKTOPOB YIPOUYHEHHS
OBLIO OTIPE/IENIEHO, YTO OCHOBHBIE H3MEHEHHS IPOYHOCT-
HBIX TapaMeTpoB OOYCIOBJIEHBl BapHATHBHOCTBIO 3JIe-
MEHTHOTO COCTaBa MOKPHITUH, B YaCTHOCTH, YBEINICHNU-
€M CoJiepXKaHus MOJUOeHa B COCTaBe, YBEIMICHHUE KO-
TOPOTO CIIOCOOCTBYET YIPOYHEHHIO TIOKPHITHI U MTOBHI-
LIEHUIO COIIPOTHUBIIIEMOCTH BHEIIHUM BO3JEHCTBHAM.

Pe3ynbTaTel NpOBENEHHBIX MCCIEIOBAHUN CBHJE-
TEJIBCTBYIOT O TEPCNEKTUBHOCTH  HUCIOJIB30BaHUS
MoCrN nokpsITuil B kauecTBE MaTepHaioB 1Jis HaHece-
HUSl HA TMOBEPXHOCTb CTadM C LENbIO MOBBIINIEHUS €€
TBEPJOCTH M YyCTOWIMBOCTH K BHEITHUM BO3JICHCTBUSAM.

Hceneoosanue gunancupyemcea Komumemom nayxu
Munucmepcmea nayku u svicuieco obpasosanus Pecnyo-
auxu Kazaxcman (Ne BR21882301).
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MoCrN KABBIHJAPBIHBIH BEPIKTIK CUTTATTAMAJIAPBIHBIH O3I'EPYIHE
BYPKY KAFJIAUJIAPBIHBIH BAPUAIIUSICHIH 3EPTTEY

E. A. Kensxun®, /1. . Iliumact?, A. M. 3uxkupuna’, A. JI. Kosaoscknii®

! Kazaxcman-Epuman mexuuxanolx, ynueepcumemi, Anmamot, Kazaxcman
2 JLH. I'ymunes amvindazvl Eypasua ynmmuix ynusepcumemi, Acmana, Kazaxcman

*Batinanvicyza apnanean e-mail: kozlovskiy.a@inp.kz

Monu6aeH MeH XpOMHBIH HUTPUATI KOCBUIBICTApbIHA HETi3/IENITeH KyKa KaObIKIIaasl KOPFAHBIC KaOBIHAApBIHA JIETeH
KbI3BIFYIIBUIBIK OJaplbl TO3YyFa TO3IMJI KOppO3MsFa Kapchl aObIHIAp peTiHAe NaiganaHyJblH YJIKeH IePCHeKTH-
BaJlapblHa 0aiJIaHBICTHI, OJap MEXaHUKAIIBIK YHKEIIC, KbICHIM j)KOHE KOPPO3Hs IIPOLecTepl TYPIHAET] CHIPTKBI acepiepre,
arpeccHBTi OpTara, Cy TaCKbIHBIHA HEMeECe )KOFaphl TeMIlepaTypara YIIblparaH Ke3ze )KoFapbl To3IMALTIKKe ne. Anaiina,
HUTPUATI kaObIHAAPIBIH TYPAKTBUIBIK KOPCETKIIITEPI, €H aJIBIMEH, OJap Il ajly MIapTTapbIMEeH aHbIKTalla/Ibl, OJlap Mar-
HETpPOHIBI OYPKY KyaTbIHAa TOYeNIl €Mec, OHBIH ©3repyl >kaObIHAapIblH KYPaMBIHAAFBI 3JEMEHTTEP/AIH KaTbIHACHIH
e3repTyre MyMKiHAIK Oepexi. JKypriziinreH 3epTreysep/iH Heri3ri MakcaTsl OYpKY KyaThIHBIH ©3repyi Ke3iHze >kaObIH-
JlapAbl aly 1apTTapblHa OaiJIaHBICTBI MHJEKCTEY 9JIICIMEH OJIIIEHIeH OEpiKTIK cHNaTTamMaliapblH eJIley, COHJai-aK
KYKa KaOBbIKIIaJIb! )kaObIHAAP 1! ajly MapTTapbIHBIH BapHUAMACHIHBIH KAaTTHUIBIK IIEH KaTato (GaKkTopiapblHbIH 03repyine
ocepiH aHBIKTay OOJBIN TaObUIaAbl. ¥ CHIHBUIFAH MOJIIMETTepre Colikec, KyaTThIH ©3repyi apKbUIbl MarHETPOHIB! OYPKY
JKaFalIapbIHbIH ©3repyl CBIPTKHI KYKTEME ©3TrepreH Ke3Je KPEKUHTKE JKOFaphl TO3IMIUTIKKE He KYIITI Te3iMi
*kaOBIHIAPABIH Tai1a 60IybIHa oKenei. JKyprizinres 3epTreyiep 6apbIChIHAA KaOBIHAAPABIH KypPaMbIHIaFbl MOJINOICH
KOHIICHTPAIUSCHIHBIH YJIFAfObIHA OKEJICTIH Ka0BIHAAPAbIH MATHETPOH B TO3aHIaHY JKaFqaiaapeiHbiH 03repyi 60—80%-
JlaH acTaM KaTaloblHa, COHAAM-aK ChIPTKBI acepiepe KapbulyFa TO3IMIUTIKTIH apTyblHA OKEJIETiHI aHBIKTAJIbI.

Tyiiinoi co30ep: sncyKa KabuIKuanbl HcadbiHOap, Kamaimy, KammulLiblK, Oepikmik, mo3yea mo3iMOiiK, HUMpUOmMi HcabbiHOap.
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INVESTIGATION OF VARIATION OF SPRAYING CONDITIONS ON VARIATION
OF STRENGTH CHARACTERISTICS OF MoCrN COATINGS

Ye. A. Kenzhin?, D. I. Shlimas!?, A. M. Zikirina?, A. L. Kozlovskiy?*

1 Kazakh-British Technical University, Almaty, Kazakhstan
2 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

*E-mail for contacts: kozlovskiy.a@inp.kz

Interest in thin-film protective coatings based on nitride compounds of molybdenum and chromium is due to the great
prospects for their use as wear-resistant anti-corrosion coatings with high resistance to both external effects in the form
of mechanical friction, pressure, and corrosion processes, when exposed to aggressive media, hydrogenation or high
temperatures. However, the stability of nitride coatings are primarily determined by the conditions of their obtaining,
which not least depend on the power of magnetron sputtering, the variation of which allows you to change the ratio of
elements in the composition of coatings. The key objective of this research is to measure the strength characteristics
measured by indentation method depending on the conditions of obtaining coatings under variation of sputtering power,
as well as to establish the influence of variation of conditions of obtaining thin film coatings on the change of hardness
and hardening factors. According to the presented data, changing the conditions of magnetron sputtering by varying the
power leads to the formation of stronger stable coatings with high resistance to cracking under changing external load. In
the course of research it was determined that changing the conditions of magnetron sputtering coatings, leading to an
increase in the concentration of molybdenum in the composition of coatings leads to more than 60-80% hardening, as
well as an increase in resistance to cracking under external influences.

Keywords: thin-film coatings, hardening, hardness, strength, wear resistance, nitride coatings.
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AHAJIA3 KOHIEIIUI PAJJMO3KOJIOT'MYECKOTO MOHUTOPUHT A
B PAUOHAX PACHOJIOKEHUS OBBEKTOB SIJIEPHOM SHEPTETUKHA
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B Hacrosmieli craTbe MpeACTaBIeH aHAIN3 MEXXIYHAPOAHBIX JOKYMEHTOB 110 0OOCHOBAHHUIO CHCTEM MOHHTOPHHTA B paii-
OHAaX pa3MeIIeHusI 00BEKTOB HCIIONB30BAHNS aTOMHO SHeprun. OCHOBHOI MEXIyHapOIHOM Opra