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PA3PABOTKA U BEPUGUKALIMS HEUTPOHHO-®U3UYECKOM MOJIEJIA PEAKTOPA APR-1400
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B nmanno# paboTe mpencTaBieHa pa3paboTKa ¥ BepUPHUKAIHUI HEHTPOHHO-(OHU3NIECKON MOJIEITH BOIO-BOISTHOTO YHEpre-
Traeckoro peakropa APR-1400 ¢ ucrons3oBarnem koga MCNP6. Pazpaborana Momens aKTHBHOM 30HBI C IETaTU3UPO-
BaHHBIM OIMCaHHEM KOHCTPYKTHBHBIX JIEMEHTOB. Bepudukanus Moienn cBUAETENbCTBYET O €€ JIOCTOBEPHOCTH U I103-
BOJISIET MCHOJIB30BaTh €€ ISl HaIE)KHOTO NMPOTHO3UPOBAHUS HEHTPOHHO-(PU3MUECKUX XapaKTEPUCTUK PEaKTopa B MpO-
Lecce SKCIUTyaTauuy. Pe3ynbTaTsl MOTYT OBITH UCIIONIB30BAHBI ISl OIITUMH3AIIMH TOTUTMBHBIX LIUKJIOB M OLIEHKH BO3JIEH-
CTBHSI HOBBIX KOHCTPYKTHUBHBIX PEIICHHUH.

Knrouesvte cnosa: neiimponno-gusuueckuil pacyem, akmueHnas 30Ha, peaxmugnocmo, APR, neiimponno-gusuyeckas

Mooeb.

BBEJEHUE

CoBpeMmeHHBIE TpeOOBaHHUS K O€30MIaCHOCTH U dPde-
KTUBHOCTH SIIEPHBIX SHEPreTHYECKUX YCTAHOBOK 00Y-
CJIOBIIMBAIOT HEOOXOIMMOCT Pa3pabOTKH M BepHpuKa-
IIMM HEHTPOHHO-(PM3NUECKUX MOJEICH, IpeIHa3HaYCH-
HBIX UIS JIOCTOBEPHOTO BOCHPOM3BEACHUS ITPOIIECCOB,
IIPOTEKAIOIMX B aKTUBHOM 30HE peakTopa. Takue Moze-
JU CIy’XaT OCHOBOH Il NMPOBEICHHUS BCECTOPOHHETO
aHaJIM3a PEaKTOPHBIX XapaKTEePUCTHK IPHU Pa3IHYHBIX
pEeXMMax JKCILUTyaTalldH, OLEHKH sJIepHOi Oe3omacHo-
CTH, OITUMM3ALIUU IPOEKTHBIX PEIIeHH, a TaKXkKe palu-
OHAJIFHOTO HCTIOJIb30BAHUS SAEPHOTO TOILTHBA.

Peakrop APR-1400 sBnsercs yiaydlmieHHBIM BOJIO-
BOJISTHBIM SIZIEPHBIM 3HEPTeTHUECKUM PEaKTOpOM, pas3pa-
00TaHHBIN I0)KHOKOpeickoit kommanueit Korea Hydro &
Nuclear Power (KHNP) B corpymamuectBe Korea
Electric Power Corporation (KEPCO). Pa3pabotka peax-
TOpa BeJNach B paMKax HaIlMOHAJILHON MPOTPaMMBI TI0 CO-
3JAHUI0 PEAKTOPOB CIIEAYIOUIEro IOKOJEHUs Ha Oase
TeXHOJIOTHH, npuMeHeHHBIX B PWR-peakrope OPR-
1000, u 3aBepumnack k cepeaune 2000-x romgos [1].

APR-1400 6BLT CHPOEKTHPOBAH C IIENBIO ITOBBIIIE-
HUsI YPOBHSI 0€3011aCHOCTH, SKOHOMHYHOCTH M IKCILTya-
TAIlMOHHOW HaJeKHOCTH, BKJIIOYas BHEIPEHHUE MacCHB-
HBIX CHCTEM O€30IIacHOCTH, YJYYIICHHBIE XapaKTepH-
CTHKM aKTHBHOHM 30HBI U pacIIMPEHHBIE BO3MOXXHOCTH
yIpaBJIeHUs aBapuHHBIMU cuTyauusimu [2]. IlepBast kom-
Mepueckas ycraHoBka APR-1400 — Shin-Kori 3 — Oputa
noaxmoueHa k cetu KOxnoit Kopee B 2016 roay. Broc-
JIEICTBUH BBEJICHBI B 3KCITyaTalMio Takxke 0moku Shin-
Kori 4, Barakah 1-4 B O6beanHeHHBIX Apabckux OMu-
paTax, IEeMOHCTPHUPYS MEXTyHapOIHbBIN HHTEpEC U MPH-
3HaHMEe JaHHOW TexHoyoTHu [3].

Panee B Hay4HOW JMTEpaType HEOJHOKPATHO OCBE-
IIAJIUCh Pa3IMYHbIE ACHEKThl MPOEKTUPOBAHUS U IKC-
miyarauuu APR-1400. Hanpumep, npencraBnensl [4]
HEUTPOHHO-(HU3MYECKHE pacyeThl M aHaIu3 0e30IacHo-
CTHU peakTopa ¢ ucnonb3zoBanuem koga MCNP, B [5] uc-
CJIEZIOBaHbl XapaKTEPUCTHKH TOIUIMBA M OOOCHOBAaHHUE
JUINTEIBHOCTH TOIUIMBHOTO LIMKIA, a B [6] mpoBeneHa

OLICHKA yCTOHYNBOCTH PEAKTOPA K 3aIPOCKTHBIM aBapH-
sIM. DTH HCCIIeIOBAaHMSI JOPMHUPYIOT OCHOBY, Ha KOTOPOH
Gaszupyercst HacTosIIIas pabdoTa Mo pa3pabOTKE U BEpH-
(uKanuy HEUTPOHHO-(HU3UIECKHE MOJICITH PEAKTOPA.

APR-1400 [7] mpencTaBmnseT coO0l YCOBEPIICHCTBO-
BaHHBIN BOJIO-BOASHOM 3HepreTHdeckuii peaktop (PWR)
nokosienus [1I+, pazpaboTaHHbIl ¢ yueToM HOCT(YKY-
CHMCKHUX TpeOOBaHMI K 0€30MacCHOCTH, BKIJIIOYAs IMOBBI-
IIEHHE YCTOMYMBOCTH K BHEIIHUM BO3JCHCTBUAM U BHeE-
JpeHHE TACCUBHBIX cucTeM oTBoja Teruia [8—10]. Ycra-
HOBKa 00J1aJ]aeT HOMHHAJIBHON AJIEKTPHYECKO MOIIHO-
cTeio nopsaka 1400 MBT, yBeauueHHOM IUTENBHO-
CTBIO TOIUTMBHOTO IIMKJIa 110 18 MecsineB, a Takke Mozep-
HU3MPOBAHHBIMHU CHCTEMaMH yTIPaBJICHHUS 1 KOMOUHHUPO-
BaHHOU cHCTEMOH 0€30TacHOCTH.

AKXTyaJIbHOCTh HACTOSILETO HCCIEIOBaHUS OIpejie-
JsieTcst He0OXO0IMMOCTBIO CO3JIaHMs BEpUHIINPOBAHHOMN
HEeWTpOHHO-pu3nveckoir Mozaenu peakropa APR-1400,
NO3BOJIIOILEH C BBICOKOM CTENEHBIO JIOCTOBEPHOCTHU
paccuuTHIBaTh MapaMeTphl aKTUBHOM 30HBI B Pa3IUYHBIX
SKCILTyaTallMOHHBIX YCIOBUSX. Pa3BuTue aToMHOM 3HEp-
TeTUKH TpeOyeT MOCTOSTHHOTO COBEPIICHCTBOBAHUS pac-
YETHBIX METOJUK U TOBBIIICHUS TOYHOCTH MOJIEIHNPOBa-
HUsSI HEHTPOHHO-(DM3NUECKHX XapaKTEPUCTHK SAEPHBIX
peaktopoB. C y4eToM BBICOKOH MOIIHOCTH, COBPEMEH-
HBIX TpeOoBaHHMU K OE30MACHOCTH W HEOOXOIUMOCTH
OLICHKH HKCIUTyaTallHOHHBIX XapaKTEPHUCTHK, pa3paboT-
Ka BepU(HUIMPOBAHHONW HEHTPOHHO-PH3HMUECKONH MOje-
JI1 MMeeT BaXHOE 3HAuCHHE IUIS MPOBEJCHUS IalbHeH-
IIMX PacYeTOB, HAPABJICHHBIX Ha aHAJIN3 yCTONIUBOCTH
1 HaJIS)KHOCTH PEaKTOPHOH YCTaHOBKH.

Hayunast HoBH3Ha paboTHI 3aKiII0YaeTcs B pa3padboT-
K€ ¥ BepupHUKAINA HEUTPOHHO-(U3UIECKOH MOJIENHN pe-
akropa APR-1400, obecneunBarorieil J0CTOBEPHOE BOC-
MIPOU3BEACHUE XaPaKTEPUCTUK AKTUBHOM 30HBI U paCIlIU-
psiroleil BO3MOXKHOCTH aHaji3a e€ HeHTpOHHO-(pH3nye-
CKUX MapaMeTPOB.

OnHuM n3 Hanbosiee paclpoCTPaHEHHBIX M HAJEXkK-
HBIX MHCTPYMEHTOB B 00JIaCTH HEHTPOHHO-TPAHCIOPT-
HOTO MOJICIIUPOBAHMS SIBISIETCS IPOTrPAMMHBINA KOMII-
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nekc MCNP6 (Monte Carlo N-Particle) [11], o6ecrieun-
BaIOUIMH BO3MOXHOCTb IOCTPOEHUSI T€OMETPUYECKHX
Mojienelt akTUBHOM 30HBI U IPOBEEHHs pacueToB, yuu-
TBHIBAIOLUX UPOKUII CHEKTP B3aUMOACUCTBUS HEHTpO-
HOB U (hoToHOB ¢ BemecTBoM. [Ipumenenne MCNP k mo-
nemupoBanuio APR-1400 TtpeOyeT neranbHOro ormca-
HUSI TEOMETPHUHU, KOPPEKTHOTO 3aaHusl (PU3NKO-TEXHHU-
YECKUX NMapaMeTPOB, a TAKKE BHITIOTHEHHS CEPHUH pacye-
TOB, NMO3BOJIIIOMINX TIOJNYYUTh KIFOUEBBIC HEHTPOHHO-
¢u3mdeckre XapakTepUCTHKH, Takue Kak Ko3dduiueHt
Pa3MHOXCHHSI HEHTPOHOB, TeMIepaTypHbIe KO3 HHUIH-
€HTBI, KPUTHYECKAsl KOHLIEHTPALUst OOPHOH KHCIOTHI U
Ap.

Lenbro uccienoBanus sIBISETCS pa3paboTKa U BEpH-
¢dukanus HEHTPOHHO-(PU3NUECKOW MOJAENH peakTopa
APR-1400 ¢ ncnonp3oBaHUEM IIPOrPAMMHOTO KOMIUIEK-
ca MCNP6. JIns 1oCTHKEHUS JaHHOM 11CJIH ITOCTaBIICHBI
CcleAyrolye 3a1a4u:

1. ITocmpoenue pacuemnoii Mooenu aKmueHOU 30Hbl
C y4eTOM Pa3pabOTKH M BEPUPHUKALINH BXOJHBIX JaHHBIX
Ha OCHOBAHMH CYIECTBYOUINX JINTEPATYPHBIX HCTOYHH-
KOB;

2. [Iposedenue HelimpoHHO-QPUUYECKUX pACUeno8
JUTSL OLICHKU XapaKTEPHUCTHK PEaKkTopa;

3. @opmuposanue pacuemnoui 6a3vl 1711 NalbHEHIIIE-
ro aHaju3a M KOHTPOJS MapaMeTpoB (pyHKIHMOHUPOBa-
HUSI DHEPIEeTUYECKOU sIIEPHOM YCTAaHOBKHU IIPHU pa3ivy-
HBIX 3Tanax dKCIUTyaTalluy.

[Mony4eHHbIE pe3yabTaThl MOTYT OBITH HCIIOJIb30Ba-
HBI JUIs 0O0OCHOBaHMS MPOEKTHBIX PELICHH, ONTHMHU3a-
IINM TOIUTMBHOM KaMITaHWM, a TAaK)Ke€ B WHKCHEPHBIX HC-
CJIEZIOBaHUSX, HANpaBJICHHBIX Ha MOBBIMIEHHE 3(dek-
TUBHOCTHU M HAJIKHOCTHU HKCIUTyaTalllu SAEPHBIX 3HEp-
TeTHYECKHX yCTaHOBOK.

ONMCAHUE OBBEKTA UCCJIEJOBAHMSI

OOBEKTOM HCCICIOBAaHUS SIBISCTCS AKTUBHAs 30HA
BOJIO-BOJSIHOTO 3Hepreruueckoro peakropa APR-1400
TPETHEro MOKOJICHHUs, IPeAHa3HAYCHHOTO sl BBIPaboT-
KH Ter1oBoit MomHOCTH 3987 MBT. Cpennee 00beMHOE
sHeproselaenenue cocrasisger 100,9 Bt/cm?. AkTuBHAs
30Ha pacCYUTaHa Ha pabouwii nuki Ooree 18 mecsleB u
HMeeT TMOBBIIICHHBIH TeII0BOM 3amac 6osee yem Ha 10%
1o 6€30IaCHOCTH U SKCIUTyaTallMOHHON TPONU3BOANUTEIb-
HOCTH. BricOTa aKTMBHOM 30HBI COCTaBIsIET 381 cM, IK-
BHUBAJICHTHBIN AuaMeTp — 363 cM.

Ha pucynke 1 npuBegeHa cxema HadallbHOM 3arpy3KH
aKTUBHOM 30HBI peakTopa [12]. Kak BumHO M3 puCyHKa,
AaKTHBHAsI 30HA BKJIIOYAE€T BOCEMb PA3JIMYHBIX TUIIOB TO-
mwmBHEIX cbopok: A0, BO, B1, B2, CO, C1, C2 u C3.

Temnosiaenstomas coopka (TBC) cocrout u3 TBa-
JIOB, MCTaHIMOHUPYIOIIMX PEUIETOK, HANPaBIISIOMINX
TpyOOK, a TakKe BepXHel 1 HIKHEH KOHIEBOH apMaTty-
pel. B akTuBHO# 30He peakropa APR-1400 pa3memniena
241 TBC, xaxnast U3 KOTOPBIX COJEP KHUT TBIJIBI HA OC-
HOBE TabJETOK M3 JHOKCHAA ypaHa, PacloJIOKCHHBIEC B
kBagpaTHOi Matpuie 17 x 17. Bricotra TBC 409,4 cwm,
mrar coopku 20,56 cMm.
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Tun Tonnuea Onucanue

A0 []  17twec%zu

B0 []  3t4mec %z
3,14 mac. % / 2,64 mac. % 235U,

B I:I 12 ctepxHeit npn 8 mac. % Gd203
3,14 mac.% / 2,64 mac. % 23U,

B2 I:I 16 cTepxHeit npu 8 mac. % Gd203

co []  364mac.%/314mac. %20
3,64 mac. % / 3,14 mac. % 235U,

C1 I:I 1 16 cTepxHed npu 8 mac. % Gd203
3,64 mac. % / 3,14 mac. % 25U,

C2 I:I 1 16 cTepxHed npu 8 mac. % Gd203
3,64 mac. % / 3,14 mac. % 25U,

C3 . 1 12 cTepxHei npu 8 mac. % Gd203

Pucynox 1. Cxema 3aepysku akmusHoti 3onvt APR-1400 [12]

Cocras kaxnoit TBC npenycmaTpuBaeT HaJlM4uue ve-
TBIPEX HANpPaBISAIOMMX TPYOOK M OJHOM HEHTPAIBLHON
HalnpasJsIoMed TpyOKH, MpeHa3sHAYeHHOH Ul pa3Me-
IIEHUS] THCTPYMEHTOB U3MEPEHHsI HEUTPOHHOTO IIOTOKA
B aKTMBHOH 30HE. J{J11 KOPPEKTUPOBKU paclpeciICHus
MOIITHOCTH ¥ KOMIIEHCAIIUH U30BITOYHON PEaKTHBHOCTH
Ha HaYaJIbHOM 3Tare TOIUIMBHOIO LIMKJIA HCIOIB3YIOTCS
BBITOPAIOIIUE MOTJIOTUTENN Ha OCHOBE OKCHZAA Iafiou-
Hust. CXeMa TOTUIMBHOTO CTEPKHS/BBITOPAIOIIET0 MOTJI0-
TUTENS] ¢ OCHOBHBIMH pa3MepaMHU MpeACTaBlIeHa Ha pU-
cynke 2 [13].
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1 — TennoHocuTeNb; 2 — BEPXHSIS FONOBKA; 3 — BEPXHWUA Cpes; 4 — AMoKeua-
HOe TONnMBo; 5 — MOKCUAHOE TONNMNBO ¢ A06ABKON OKCUAA radonNUHIS;
6 — 060M04Ka 13 LMPKOHWSE; 7 — HKHUIA Cpes; 8 — XBOCTOBUK

Pucynok 2. Cxema monausrozo cmepaichsi coopku A0 (creea)
U MONAUBHO20 CIEPIHCHS/BbI2OPAIOWE20 NONOMUMEIIS
6cex ocmanbhwix coopok [13]

METOJ UCCJIEJOBAHUSA

HccnenoBanre BKIIIOYAET MOJEIHPOBAHHE T'€OMET-
PHYECKO CTPYKTYpBI aKTHBHOW 30HBI pEaKTOpa U pacu&T
HEUTPOHHO-(PU3UYECKUX TapaMETPOB C HCIOJIb30BaHHU-
eM nporpammHoro komiuiekca MCNP6. Jlns obGecrieue-
HUSI KOPPEKTHOCTH PAacyeTOB NpPUMEHEHa OMOIMOTEeKa
simepHBIX naHHBIX ENDF/B-VIL.0, o6ecneunBaromas ak-
TyaJIbHbIE CEYEHMs B3aUMOJACHCTBUSI HEUTPOHOB C pas-
JMYHBIMA MaTepHAIaMH IIPH IIUPOKOM JHana3oHe SHep-
ruit. [ aHann3a HEWTPOHHO-(PU3UIECKUX XapaKTepu-
CTHK peakTopa MpoBeleH pacdeT 3((HEeKTHBHOTO KO3-
¢unrenTa pa3MHOKEHUST HEUTPOHOB (ke) M 0T 3arias-
JIBIBAIOIINX HEUTPOHOB, C MOCJEAYIOIIUM CPaBHEHUEM
TOJIYUYCHHBIX JAaHHBIX C SKCICPUMEHTAJIBHBIMU PE3YJIb-
TaTaMH.

Pacuer peakTHBHOCTH Ha OCHOBE k. IpH MEPBOH 3a-
Ipy3Ke TOIUIMBA B PEAKTOP IPOBOIUTCS O€3 UCIIOIB30Ba-
HUSI CHCTEMBI YIIPaBJICHUS M 3aIIUTHL, a TaKke 6e3 0op-
HOTO pPeryJMpoBaHMs. B 3TOM ciydae ImIOTHOCTH BOJBI
MPUHUMACTCS paBHOM 1 r/cM3, a Temmeparypa TeIUIOHO-
cutens u Toruea paBHa 300 K. PeakTuBHOCTB peakTopa
[14, 15] MOKHO BBIYUCIUTB C MTOMOINBIO KO3 duneHTa
Pa3sMHOKCHUS HEUTPOHOB ke 10 popmyie (1):

p=|1- L
of

0,0064 , 1)

IJIe p — PEaKTUBHOCTB, ko — KOO DUINEHT pa3MHOKEHHS
HeiTponos, 0,0064 — 310 3¢hheKkTUBHAS TOJIA 3ara3/IpIBa-
IOIUX HEHTPOHOB.

JaHHbBIN pacdeT MO3BOJSET ONPENENIUTD 3alac peak-
THUBHOCTH B PEAKTOPE IPH PA3INYHBIX YCIOBUIX IKCILTY-
aTaluH.

HEATPOHHO-®U3NYECKAS MOJEJIb PEAKTOPA

Pa3paboTka HEWTPOHHO-(PHU3MYECKOH MOAENH peax-
topa APR-1400 B mporpammuom koge MCNP6 npeny-
CMaTpHBAET MOCTPOCHUE ACTAIM3UPOBAHHOW T€OMETpPH-
YECKOM MOJENN aKTUBHOM 30HBI C LENbIO MPOBEACHUSA
pacueToB HEUTPOHHO-(PU3NIECKUX mapaMeTpoB. [loimy-
YeHHas MOJIEIb NIPeHa3HaueHa ISl IPOBEACHUS pacye-
TOB B Pa3JINYHBIX PEKMMaX HKCILTyaTa[UN U MOXKET OBITh
HCIIOJIB30BaHa [yl aHaJIu3a U ONTUMU3AIIH HEUTPOHHO-
(U3MYECKUX XapaKTEPUCTUK peaKTopa.

Jnst mpoBeieHnst HEHTPOHHO-(PU3NYECKUX PacUueToB,
HEOOXOAMMO TOCTPOUTH HEUTPOHHO-(PHU3HYECKass MO-
nens peaktopa APR-1400, ¢ ucnons3oBaHHEM IpOrpaM-
Mbl MCNP6 (pucyHoxk 3).

Kaxmas terumoBsiaensromas coopka (TBC) Brirroga-
eT 236 TOIUIMBHBIX CTEPXKHEH U 5 HAIPaBISIOMUX TPYO,
NIpeHa3HauYeHHBIX JUIS Pa3MEIeHNs CTepKHEH yIpaBiie-
Hus. KonctpykruBHble cxembel TBC npuBeneHsl Ha pu-
CyHKe 4.

—

1 - aKkTMBHas 30Ha, 2 — BOAa, 3 — LaxTa peaktopa, 4 — oTpaxatens, 5 — kopnyc

Pucynox 3. Obwuii 6u0 moodenu akmugHou 30Hbl
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1) 183n ¢ Tonnueom UO2 (1,71%); 2) T8an ¢ Tonnmeom UO2 (3,14%); 3) 83n ¢ Tonnmeom UO2 (2,64%);
4) Tan ¢ Tonnmeom UO; (3,64%); 5) Hanpaenstowwuii kaHan; 6) T8an ¢ Tonnmeom UO2 (2%)Gd20s

Pucynox 4. Pacnonosicenue mesnos ¢ TBC pasznvix munos

PE3YJIbTATBI PACYETOB

Jiis Bepudukanuyu HEHTPOHHO-PH3MIECKOH MOIEITH
aKkTHBHOW 30HBI peakTtopa APR-1400 Obutn npoBeneHs!
pacyeTsl ¢ y4eTOM U3MEHEHHS ITyOHHBI TOTPYIKeHUs pe-
T'YJIMPYIOLINX CTepXKHEH CHCTEMBbI YIPABJICHUS U 3allli-
1ol (CY3). AHanu3 OXBaThIBAaeT MATh XapaKTEPHBIX IHO-
JIO’)KEHUHN CTePIKHEHN — OT MONHOCTHIO BhIBeACHHBIX (0%)
0 mojgHOCThI0 BBeAEHHBIX (100%) B aKTHBHYIO 30HY,
IIPU 3TOM KOHIEHTpAIys OOPHOH KHCIIOTHI B BOJE INPHU-
HSTa paBHOM HyIIO, YTOOBI MCKIIIOUNTD BINSHUE XHMH-
YECKOT0 PeryJMpOBaHMS.

[Tpn monHOCTHIO BBIBeNEHHBIX cTepkHIX CY3 (0%)
PEaKTHBHOCTH cocTaBisieT 25,8 B, mpu 3ToM 3 exTus-
Hbll ko3 duimeHT HedWTpoHoB paBeH  1,21546
(£0,00010).

[Tpu morpyxenun Ha 25% peakTUBHOCTH CHIDKAETCA
10 25,5 B, keyr — 1,21204 (+0,00016).

Ipu 50 % — peakTuBHOCTH coctaBisieT 25 B, kyy —
1,20737 (£0,00019).

ITpn 75% — peakTuBHOCTH yMeHbIIaeTcs 10 24 B, ke
—1,19178 (£0,0008).

IIpu nonHom BBOAE cTepxHE CY3 B aKTUBHYIO 30HY
(100%) peaxtuBHOCTB coctaBiseT 18,3 B, ke — 1,14304
(+0,000006).

Taxum o6pazom, riryouna norpysxerus CY?3 He sBisI-
€TCsI IOCTOSHHON M BapbUpPyeTCs B MPOIIecce IKCIUTyaTa-
1MUY B 3aBUCUMOCTH OT YCJIOBUM KaMIaHUU U LEJe pe-
TYJIMPOBAHU, 9TO OBUIO YYTEHO B TIPE/ICTaBIEHHBIX pac-
yerax. [IpoBeieHHAs OIIEHKA TO3BOJIAET KOJTMYECTBEHHO
onucarth BIusHUE cTeneHu BBoga CY3 Ha mapaMeTphl pe-
aKTOpa, YTO SBISIETCS BAXKHOM COCTABISIOILEH aHaIHM3a
6e3omacHoOCTH.

1) Ilposedenwvi pacyemvl NIl BapHAHTOB 3arpy3Ku
BCEH aKTHUBHOI 30HBI TEIUIOBBIIEISIONMMU COOPKAMH
oxHoro tumna (A0, BO, Bl mim C0) u BeIIONHEHO CpaB-
HeHue Kod(urmeHTa pa3sMHOKEHNS! HEHTPOHOB C JIUTe-
paTypHBIMH JZaHHBIMU [16]. Pe3ynbTaTel 3THX pacyeToB

BMeECTE CO 3HAYCHUSIMHU aOCOJIIOTHOM MOTPEHIHOCTH JIJIs
K0l KOHQUT'Ypaliy IpUBEICHbI B TabuLe 1.

Tabruya 1. Pezynomamol pacuema ke 6 akmueHoii 30ne
¢ 00num munom TBC

roc | kerfroemer [ ke lemosme [
A0 1,18994+0,00006 1,18545 0,00449
BO 1,36940+0,00007 1,35081 0,01859
B1 1,19045+0,00006 1,13775 0,05270
C0 1,39566+0,00006 1,37434 0,02132

2) Buinonuenvt pacuemot 3¢pgpexmusnozo kosghpuyu-
eHma pasmMHONCeHUA HelimpoHO8 TIPU PA3INYHbIX TeMIIe-
parypax akKTUBHOI 30HBI M COOTBETCTBYIOUINX KOHIIEHT-
parmax O0pHO# KHCIIOTHI B Boje. IIpoBeieHO cpaBHEHHE
MOJY4YEHHBIX PE3YJIbTATOB pacuera C JIMTepaTypHbIMU
naHHBIMH [17].

Pe3ynbTaThl pacueToB IpeCcTaBiIeHbl B Tabnuie 2.

Tabnuya 2. 3agucumocmo kof om memnepamypol akmughot
30He U pa3IuYHOL KOHYEHMpayuu 60pHOU KUCIOMbL

BopHoe
perynupo- )
BaHue IeM;-'iep:_ Kert 1 Ketr 2
KOHLieH- yp pacyeTHble CnpaBoOYHble Ak
noHocwu-
Tpauus K NaHHble) AaHHble) [17]
Gopa B Tens,
BopAe)
300 1,21546+0,00010 1,21765 -0,00219
0 ppm 600 1,15984+0,00009 1,13942 0,02042
900 1,15116+0,00009 1,13061 0,02055
300 1,03191+0,00007 1,03406 -0,00215
1000 ppm 600 1,01507+0,00006 1,01760 -0,00253
900 1,00788+0,00007 1,00973 -0,00185
300 0,92092+0,00006 0,90907 0,01185
2000 ppm 600 0,90841+0,00005 0,92594 -0,01753
900 0,90257+0,00006 0,91899 -0,01707
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3) Ha pucyuke 5 npedcmagnen epaghux, OTpaxkaro-
M 3aBUCHUMOCTh 3 dexkTuBHOTO KO3 duUImenra pas-
MHOXKEHHSI HEHTPOHOB OT KOHIIEHTpaLK OOpHO# KUCIIO-
THI B CITy4asx, KOrja opransl peryiupoBanus CY3 moi-
HOCTBIO BBE/ICHBI B aKTHBHOW 30HY U BHIBEJICHBI U3 HEE.

125
120 <~
115
1.10 ™~
&:_:]'"5 )
100 T
0.95
0.90
0.85

0.80
0 400 800 1200 1600 2000

Konuenrpauus dopa, ppm

~*Buseens crepaun CY3 * Baejenst crepxnn CY3

Pucynox 5. 3asucumocmo xodgppuyuenma pasmmogicenus
HeumpoHos om KoHyeHmpayuu 6opa

[Mockonbky 60p siBisieTcst 9 HEKTUBHBIM MOTJIOTHTE-
JIeM TETJIOBBIX HEHTPOHOB, TO YBEJIWYEHHE €ro KOHICH-
Tpalyy B 000MX CIy4aeB CHIDKAET 3HaUeHUE 3G PEKTHB-
HOro KO03((uImeHTa pa3MHOXKCHUSI HEHTPOHOB, a 3Ha-
YHUT, ¥ PEAKTHUBHOCTH peakTopa. [Ipu 3ToM MOXHO yBH-
JIETh, YTO KPUTHIHOCTH peakTopa (k.;~1) 0e3 crepxueit
YIOpaBiIeHUS] IOCTUTACTCs TpH KOHIEHTpauuu Oopa
1100 ppm B TerioHOCUTENE, @ CO CTEPIKHSAMHU YIIpaBJie-
HUsI, BBEJICHHBIMH B aKTHBHYIO 30HY, IPHOIN3UTEIBHO
mpu 700 ppm.

Takum 00pa3oM, BBIIIOJIHEHA PA3HOCTOPOHHSSI BEpH-
¢dukanus HEHTPOHHO-(PU3NUECKOH MOJENH peakTopa
APR-1400, yauTsiBaromiast XapaKTepUCTHKH OPTaHOB pe-
ryaupoBaHus, napamerpsl TBC u TerioHocuTens.

4) Ins onpedenenus koappuyuenma Jonnepa npen-
BApUTEJILHO PACCUYUTAHO U3MEHEHHUE PEAKTUBHOCTH [18]
C UCIIONTb30BaHUEM YpaBHEHUS (2):

kg~ kg
Ap =i~ )
eff ey

rie keTﬁi u k;‘y — 3T0 3G deKTHUBHBIN K0d(DOUIIECHT pa3-
MHOXCHHS HeWTpoHOB it Temreparyp 1> u T1. Koaog-
¢unument Jomepa (D¢) paccunThiBaeTCsl Kak COOTHOIIIE-
HHE W3MEHEHHS PEAaKTHMBHOCTH K N3MEHEHHIO TeMIlepa-
TypHI TOIUIMBA C MCIIOJIb30BaHWEM ypaBHEeHHUs (3) U BbI-
paxkaercst B pcm/K [19]:

Ap
DC = b
AT
rine AT — u3MeHenue temrepatypsl Tommsa (A7 = 600 K
B JAHHOM CJIy4ae).

Ha pucynke 6 npencraBiieHa 3aBUCUMOCTb PEaKTHB-
HOCTH OT TeMIIepaTyphl TOIUIMBA ISl JBYX KOH(OUTrypa-
UM aKTUBHOMW JIO3BI: IIPH TIOJTHOCTHIO BBIBEJICHHBIX pe-
rymupyronmx crepxHix CY3 U MpH MOTHOCTHIO BBEICH-
HBIX cTepxkHsIx CY3.
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Pucynox 6. Hamenenue peakmugnocmu K 3a8UcumMocmu
om memnepamypbl MonIuea

Y CTaHOBIIEHO, YTO TPW IOBBHIIICHUH TEMIIEPATYPHI
tormuBa ¢ 600 K mo 1200 K cHmkeHue peakTHBHOCTH
(a3ddexr Homnepa) cocrasnser —2,13 pem/K st kouu-
rypaunuu ¢ BBen&HHbIMU cTepxkHsIMu CY3 u—2,01 pcm/K
Jutst KoHurypauu 6e3 crepxueit CY3.

5) Pacnpeoenenue snepeogvloenenus no paouycy ax-
mueHou 301l (A3)

[IpoBeneHsI pacdeTsI ISl OTIPEIEIICHUS YHEPTOBBIC-
JICHHS 110 PAJIyCy aKTUBHOM 30HBI. 3HAYCHHUS YHEPTOBBI-
JeTICHUSI TIPECTaBICHEI HAa pUCYHKE 7.

[o pe3ynmpTaTaM pacueToB YCTAHOBICHO, YTO MAaKCH-
MaibHOe »HeproBeiaencHue (4,05 B1/r) Habmomaetcs y
TBC B0, pacmnoyioxkeHHO# B TPaBOM YTy OTHOCUTEIHHO
uentpansHoil TBC, Torna kak munumMansHoe (0,34 Bt/r)
ormeuaercst B TBC C0, pacnonoxeHHO# B nepudepun
AKTUBHOU 30HBI.
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0.5500.540.63)0.65 107/1.20.1.98/226/200241.94 1.15/1.08 0.6 0.64)0.58 064
0.68/0.60/0.570.78 0.95 L4211 2.0911.52/0.96/0.78]0.58/0.64 069
0.65/0.60[0.610.70 LO4 139 1.38]1.06/0.6810.63 068071
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Pucynox 7. Pacnpedenenue suepzogvioenenus
no paouycy A3 (Bm/2)

s cpaBHEHHS 3HAUEHUIT TpuBeaeM k- — K03 HUIHeHT
HEPaBHOMEPHOCTH YHEPTOBBIACNeHUs TI0 (hopmyie (4):
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k= O
q,

1€ gmax— MaKCHUMaNbHOE 3HeproBeiienenne y TBC, pac-
MIOJIOKEHHOM OTHOCHTEIBHO IICHTPA PEaKkTopa; ¢, — cpe-
HEEe SHEPTOBBIICICHUE IO pPaINyCy aKTHBHOM 30HBI.
KoaddrmreHT HepaBHOMEPHOCTH SHEPTOBBIIEICHUS k-
= 9 CBHJETEJILCTBYET O 3HAYMTEIILHOI HEpaBHOMEPHO-
CTH paclpe/ielIeHNs] SHEPTOBBIICICHHUS B aKTUBHOH 30HE
peakTopa, pu KOTOPOH MakCHUMallbHOE 3HaYCHUE dHEp-
TOBBIJICNICHUS CYIIECTBEHHO MPEeBOCcX0auT cpeanee [20].
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Pucynox 8. Pacnpedenenue snepeoguvloenenus no vicome A3

Ha pucynke 8 mpezacraBineHo pacnpeeieHue yenb-
HOTO 3HeproBuieneHus (BT/r) mo BeIcOTE aKTUBHOM 30-
HBI. JlaHHBIE HA TpadUKe OTpaXkaroT MaKCUMaJIbHBIE, MU-
HUMaJIbHBIE W CPEAHHUE 3HAYECHHUS MO TOPH30HTAILHBIM
ceueHusIM. XapakTepHas popMa KpUBOW ¢ MAKCUMYMOM
B LEHTPAJBHON YacTH M CHaJ0M K KOHIIAaM 30HBI COOT-
BETCTBYeT THUIHMYHOMY paclpelesIeHHI0 HEeHTPOHHOTO
IIOTOKA B TEIJIOBOM peakTope. MakcuManbHOE 3HaUeHHE
nocturaeTcs mpuMepHo Ha BeicoTe 200 cM. Cpeanee pac-
IpeJesicHNe UMEeT CIVIAXKEHHBIH BHJI M OTpaxaeT o00-
IIyI0 3aKOHOMEPHOCTh NPOTEKaHWSI PEAKLUH JeIeHHs
BJIOJIb BBICOTHI aKTUBHOM 30HBI.

Crenyet OTMETHTB, 9TO paCCUNTAHHBII B HAacTOSAIIEH
pabote koadduuuent HepaBHOMepHOcTH (KHDI =9,0)
OTIpeeTsIeTCs] KaK OTHOIICHHE JIOKAJIbHOTO MAaKCHMAaJIb-
HOT'O SHEPTOBBIJIENICHNUS K CPEHEMY 3HAUEHHIO T10 BBICO-
T€, II0JIy4EHHOE Ha OCHOBE I10JIHOM F€OMETPUU aKTUBHOM
30HBI 0€3 MPUMEHEHUS CIIAXKUBAHUS NMPO(UIT MOITHO-
CTH ¥ PETYJIUPOBKH BRITOpaHUA. B nmuTepaTypHBIX HCTO-
yHHKax [14], mpuBoAATCS yCpeaHEHHBIE MM HOPMHUPO-
BanHbIe 3HaueHus (KHD = 1,6), yTo mpuBOAUT K 3aMeT-
HOMY PacX0>KJEHHUIO C Pe3yNbTaTaMU JAHHOTO UCCIIEN0-
BaHM.

BBIBOJbI

B nannoii pabote Obl1a IOCTpOEHA M BepuUIIIPOBa-
Ha HEUTPOHHO-(U3NIeCcKas MO aKTHBHON 30HBI pea-
kropa APR-1400 ¢ ucnonezoBanmem xkogqa MCNP6. Pe-
3yNbTaThl MOAEIUPOBAHNUS OKA3aIIU XOPOIIEe COrIacue
C JINTEPAaTYpHBIMHU JIaHHBIMH, YTO IOJTBEPXKAACT KOp-
PEKTHOCTb pealn3aliii FeOMETPUYECKON CTPYKTYphl U

IapaMeTpoB MaTepHaIoOB, UCIOIb3YEMbIX MPU MOCTpPOEe-
HUM Mozenu. IIpoBeAEHHBIH aHaNN3 MO3BOJISET yTBEp-
KIIaTh, 4TO pa3paboTaHHAs MOJEIb MOKET OBITh HCIIOJb-
30BaHa ISl JAIBHEWIINX MCCIIeOBaHUH MO ONTUMH3a-
LIMM TOIUIMBHOTO LMKJIA, BKIIIOYAsi M3y4YEHHE allbTepHa-
THUBHBIX BapUaHTOB 3arpy3KH TOIUIMBA, NPHMEHEHUE
ypaH-TaJI0JIMHUEBBIX U OOpCoJiep KallinX TBIJIOB, a TaK-
K€ OLICHKY BJIMSHHSA HOBBIX KOHCTPYKIIMOHHBIX MaTepH-
anoB 000I0YeK TBANOB. B nmampHelimieM IDIaHuUpyeTCs
paciupeHie MOICTH ¢ yIETOM TeMIlepaTypHBIX 3¢ dek-
TOB 3a CUET MCHOJIB30BAHMUS TEMIIEPATyPO3aBUCHMBIX CE-
YEHUH W MOJEIMPOBAHMS PA3IIMIHBIX PEKUMOB IKCILIY-
aTaliH C LEJIbI0 MOBBIIEHUs 3 QEeKTUBHOCTH 1 Oe3011a-
CHOCTH peaxkTopHoi yctaHoBKH APR-1400.

Paboma evinonnena npu unarncosoii noddepoicke
Aeenmcmea Pecnyonuxu Kazaxcman no amomnou snep-
2uU no HayuHo-mexnHuueckou npocpamme BR24792713
«Pazeumue amomnoii snepeemuxu 6 Pecnyonuxe Kazax-
cmany.
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O3IPJIEY JKOHE BEPU®UKAIIAATIAY HEMTPOHIBIK-®PU3UKAJIBIK MOJIEJITH
PEAKTOPIBIH APR-1400

I.I. Kakumosa®, P. A. Upkuméexos, A. C. Cypaes
KP ¥40 PMK «Amom anepzuacel uncmumymol» punuansit, Kypuamos, Kazaxcman
* Baunanvic ywin E-mail: kakimova@nnc.kz

By sxxymbicta MCNP6 koJIbIHBIH KOMETIMEH CyMEH peTTesIeTiH KyaTThl peakTopabiH APR-1400 HeHTpOHIBI-(hH3HKAIBIK
MOJICITIH JKacay JKoHe TeKcepy Kypri3inai. KypbUTbIMABIK 3JIeMEHTTEpIiH TOJBIK CHIIaTTaMackl Oap OerrceH i aiiMak a3ip-
neHni. Moaenbai TeKcepy peakTOPABIH KYMBICHIH OJIaH 9pi KOJNAayIbl CTPATETHsIIBIK KOCHapiay VIIiH CEeHIMII Heri3
6omanpl. HoTmkenep OTHIH IUKIIIAPBIH OHTAMIAHABIPY XKOHE KaHA AU3aliH IIeIIiMICepiHiH ocepiH Oaranay yIIiH maia-
JIAHBLTYBl MYMKIH.

Tyitin ce30ep: nelimpoHObl-husuxanvl ecenmey, deicenoi anumak, peakmusminix, APR, HelimpoHObiK-usuxanvly mo-
oenb.

DEVELOPMENT AND VERIFICATION OF THE NEUTRON-PHYSICS MODEL
OF THE APR-1400 REACTOR
G. G. Kakimova“, R. A. Irkimbekov, A. S. Surayev
Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov. Kazakhstan
* E-mail for contacts: kakimova@nnc.kz

In this work, a neutron-physical model of the APR-1400 water-moderated power reactor was developed and verified using
the MCNP6 code. An active zone with a detailed description of the design elements was developed. The verification of
the model will provide a reliable basis for strategic planning of further support for the operation of the reactor. The results
can be used to optimize fuel cycles and assess the impact of new design solutions.

Keywords: neutron-physical calculation, active zone, reactivity, APR, neutron physics model.
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AHAJIN3 PACCESIHUS a-YACTHII U *He HA SIJIPAX °Be B IIIMPOKOM OBJIACTHU DHEPT UM
B PAMKAX OIITUYECKOM MOJEJU U METOJIA CBSI3AHHBIX KAHAJIOB
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IIpoBeneH aHAIU3 MO ONTHYECKOW MOJENHU A1pa CYLIECTBYIOIIMX 3KCIEPUMEHTAIBHBIX JAaHHBIX YHOPYToro pacCcesHUs
a-gactui, 1 *He Ha sapax °Be B mmpokoii o6nactu sHepruit (18—100 MaB). HaiifieHsl onTUManbHbe NapamMeTphl
ONTHYECKHUX MOoTeHHHanoB. C 3TUMH MNOTEHIHATaMU METOJOM CBA3aHHBIX KaHAJIOB NPOAHAIM3HPOBAHBI H3MEpPEHHBIC
YIJIOBBIE paclpeieleHys YIPYroro U HeyIpyroro paccesHus MpM SHEprusax o-dactull 45 u 50 MoB u 3He ¢ sneprusmu
50 u 60 MaB ¢ BO30yKJIE€HUEM KOJUIEKTHBHBIX cocTosHui 2,429 MaB (5/27) u 6,38 MaB (7/27) anpa ’Be. W3Bneuens!
3HAUEHMs TTapaMeTPOB KBaJpPYyNoJbHOH aedopmarmu. CrenaHa OLEHKAa BKJIaZa B BO30YXICHHE spa KIacTepHOMH

CTPYKTYpHI 1 Mexanu3ma oOmeHa knactepamu *He u *He.

Kniouesvie cnosa: s0po °Be, a-uacmuyw, >He, onmuueckas molenb, Memoo C6A3AHHbIX KAHAN06, KEAOPYNONbHASL

odegopmayus.

BBEJEHUE

B nerkux sapax, B oTinune ot 6osiee TKEIbIX, d¢-
(exThl anb(a-KiIacTepu3alnuy BBIPAKEHBI Ooyee SIPKO
[1, 2]. OT0 HaxOAUT OTpa)keHUE B AHOMAJIBHOM pacces-
HUH Ha OOJIBLIME YIJIbl UMEHHO HA JIETKUX sapax. AJib-
(a-yacTuIa MpeACTaBIsICT COO0H OUeHb MPOYHOE 00pa-
30BaHME C PHEPTUEHl CBA3M HYKJIOHA, 3HAYUTEJIBHO Tpe-
BBIMIAIOIIEH AHAIOTWYHBIE 3HAYEHUS COCETHHX JIETKHX
snep. [lepBoe BO30yXIEHHOE COCTOSIHHE allb(a-4acTh-
IBI JIXKHT TP dHeprun okoso 20 MaB. OcoOkrii mHTe-
pec TpeNCTaBIAIOT s/Ipa C OCHOBHBIMH COCTOSTHHSMH
BOJIM3M IOpOTa pasBaia, I7ie KilacTepu3alys JOMUHUPY-
er [1]. B mepByro ouepens 3To KacaeTcs m3oToma ‘Be.
VYkazaHHOe s7po o0yagaeT, Tak Ha3bIBaeMoOW «OopoMu-
€BCKOI» cTpykTypoli (Borromean structure), xapakrepu-
3yeMoH Kak Tpex-4acTHYHOH (o + o + 7), TaKk ¥ JByX-ya-
cruanoii (3Be + n u o + He) cucremamu, cocTosmuMu
Kak U3 CTabWIBHBEIX (0, 71), Tak U HecTabmwibHbIX (Be,
SHe) knactepos. Xots ®Be, SHe HecTaGUIbHEL, OHU y4a-
CTBYIOT B (JOPMHUPOBAHUM CTAOUILHOI cucTeMbl *Be, Ko-
TOpast pacragaeTcs NpH yJaleHUH JI000T0 BXOISIIETO B
ee cocras Kiactepa (o, 7, *Be, *He) [3-6].

CoBpeMEHHOE COCTOSIHME KIAacTEepU3alluU JIETKUX
sJep B paMKaX MUKPOCKOITMYECKOM TEOpHH JaHO B pado-
Te [2]. B mocieaue rofpl JOCTHTHYT OOJIBIION Iporpecc
B NIOHMMAHWH SABJICHUS KJIacTepu3annu B *Be n MHOTHX
npyrux sapax. Kimacrepnas ctpykrypa sapa °Be usyuda-
Jack B pAne paboT B paMKaxX pasziIMYHBIX MOIXOA0B [7—
10].

B SKCIiepUMEHTAaxX TpeX-4acTU4HAs CTPyKTypa *Be (a
+ o + n) mposBIIET ceOs B peakIysIX pa3Baia u B OuHap-
HBIX PEaKLUAX C aJPOHAMH IIPH SHEPTUAX HAJIETAIOMINX

gactur nopsaka 100 MaB/rykion. B atom cirydae mms
aHaJI3a 9acTo UCIob3yeTcs Moaens [maybepa [11].

JByx-uacTuuHas knactepHas crpykrypa ‘Be (*Be +
u o + SHe) uccnemyercs B pasiMYHbIX PEAKIHUAX MPH
sHeprusix okojio 10 MaB/HykinoH. B Takux peakuusx B
SIIPO BHOCHUTCSI OTHOCUTENIFHO MaJIbIil UMITYJIBC, U B 9TOM
cllydae pe3yJbTaT CYIIECTBEHHO 3aBHCUT OT CTPYKTYPHI
YYacTBYIOIINX B PEaKINH SAEp.

CymiecTByeT OpyroM acnekT, KacarolIUKcs CBOWCTB
sapa OepwiuIns, TIOMHMO €ro KIAacTepHOH CTPYKTYpHI.
CornacHo obonodyedyHoil Mojenu °Be, Haxondmuiics B
cepeanHe p-000II0YKH, 00NamaeT O4eHb OOJBINOW JIe-
¢dopmarmeit [12], xapakTepu3yeMoil sSACpHBIM KBaIpy-
HOJBHBIM MOMeHTOM ( = +52,88 m6H [13]. Benenctaue
YEr0 HU3KOJEKANME COCTOSHUS *Be MMEIOT BBIpaKeH-
HYIO KOJIJIEKTUBHYIO IPUPOJLY U PACIPEICICHBI 110 IByM
POTAIOHHBIM I10JI0CAaM, HAYWHAIOIIUMCSI C OCHOBHOT'O
(3/27) um mepmoro Bo30yxmeHHOTO (Fx= 1,684 M»3B,
1/2%) cocrosiamii. IlepBasi monoca BKIHOYAET YPOBHH
2,429 MhB (5/27) m 6,38 MaB (7/27), a BTOpas—
3,05 MaB (5/2%), 4,70 MaB (3/2%) u 6,76 MaB (9/2%).
CoOTBETCTBYIOIUE NEPEXOJIbl U3YUANUCh B HEYIPYTrOM
paccesHun. OnHaKO aHAIU3 SKCIEPUMEHTAIBHBIX YIIIO-
BBIX pacHpe/ieNICHUH IMTaBHBIM 00pa3oM NPOBOAMIICS B
paMKax MeToza UCKaXeHHBIX BOoJIH. Ho npu Oomb1moi ie-
(dopmarmu °Be m, KaK CleICTBUE, TIPU CHITBHBIX KBAJIPY-
MTOJIFHBIX NIEPEX0/1aX B HEYIPYTOM PACCESTHUH YaCTHUI] Ha
9TOM siipe, HEOOXOANM yUeT CBA3HM KaHAJIOB yIIPYTOTro U
Heympyroro paccesHus. [Io3ToMy B 3TOM citydae aHaIn3
METOJIOM CBSI3aHHBIX KaHAJOB SBISIETCS Hambolee aaeK-
BaTHBIM.

Henpto HacTosimiedd paOOTHI SBISECTCSA ACTANbHBINA
aHaU3 CYILECTBYIOMIMX SKCHEPUMEHTANbHBIX JaHHBIX
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AHAJIU3 PACCEAHWA o-YACTULL U *He HA AAPAX °Be B LLIMPOKOW OBJIACTU SHEPTUN
B PAMKAX ONTUYECKOM MOAENN U METOJA CBA3AHHbIX KAHA/IOB

T0 YPYTOMY M HEYIIPYTOMY PACCESHHUIO a-uacThil v *He
Ha sjpax ‘Be B paMKax ONTHYECKOH MOJETH M METOJa
cBsi3anHbIX KaHanoB (MCK). [Ipu 3ToM ncnionb30Banuch
ONTHYECKHE MTOTESHIINAIIBI, HAl{JICHHBIE U3 aHAJIN3a YIIpY-
roro paccesHus o-dacTuil ¥ “He B mIMpokoi oGiactu
SHEprui. DKCIIEpUMEHTAJbHbIE CEYEHHUS pPaccesHHs
0-4acTHULl OBLIM B3ATHI M3 Pa0OT, BBINOJIHEHHBIX IPH
SHEprusix Haieratomux dactur 18,4 MaB [14], 29 u
45 M»B [15], 50,5 M3B [16] 1 104 M»B [17]. Ceuenus
paccestanss SHe B3sThl M3 paboT, BBHIONHEHHBIX MPU
sHeprusax 30 u 40 M»aB [18] u 50 u 60 M»aB [19]. Otme-
M, 9yto MCK OBIT paHee MCIONB30BaH [UIA aHAIN3a
JIaHHBIX TI0 paccesHuio MoHoB *He Ha sapax °Be npu
sueprusix 30, 40 u 47 MaB [18].

AHAJIN3 TAHHBIX IO YIIPYTOMY PACCESIHUIO,

OINTUYECKHE INIOTEHIUAJIbI

BbI6Op onTHManbHBIX MMapaMeTPOB ONTHYECKHUX I10-
TEHINAJIOB U3 JaHHBIX IO YIPYTOMY PacCesiHUIO B IIIH-
POKO# 00J1aCTH IHEPTHUil HAJICTAIOIINX YACTHUI] OUCHb Ba-
JKEH JJIsl aHaJIM3a HEeYNPYroro paccesiHus U peakiuuii Ha
‘Be.

Ha nepBom atamne ynpyroe paccesHie aHaJIH3HpOBa-
Jock 1o ontuyeckoit Mmosenu (OM) anpa. B pacuerax uc-
MOJIb30BaJICS (PEHOMEHOJIOTUUECKH moTeHIMan Byca-
CakcoHa ¢ 00bEMHBIM MOTJIONICHHEM B hopme:

U(r):_VOf(r’RV’aV)_i%f(r’RW»aW)+VC (r), (1)

rne Vou Wy— royOuHBl pealbHOM M MHHMOI wacreit
anepHoro norenuuana, A, Ri, a) = (1+e*)! — Bync-Cax-
coHoBckre (GopMpakTopsl ¢ x=(r-riA'?)/a; u reomeTpn-
YECKHMH MapaMeTpamMu paguyca Ri=rid'® u mupdysHo-
ctu ai (i = V,W). Vc(r)— KyJIOHOBCKHI TOTEHITAI PaBHO-
MEpHO 3apsDKEeHHON cepsl ¢ paguycoM Re = rcd' npu
re=1,28 Owm.

Huddepennnansusie nonepeunsle cedenus (AI1C)
Bbruncisuuck no nporpamme FRESCO [20]. [{st uccre-
JIOBaHHUS 3aBUCHMOCTH PEalbHOM 4acTH MOTEHIHANa OT
SHEPIUH HAJETAIOMIEeH YaCTHIIBI U JUIS UCKIIIOYSHHS AUC-
KPETHOM HEOAHO3HAYHOCTH B OTIPEIeIEHUH TITyOUHBI pe-
anbHOM yacT (V) NOoTeHIHaNa HCIOIB30BAJIICH IKCIIe-
PHMEHTANIBHBIE JaHHBIE TI0 YIIPYTOMY PacCestHUIO o-dac-
THL, U3MEpPEHHbIE B UHTepBasie sHepruu 18—104 MsB
[14—17]. B skcnepuMeHTalIbHBIX YIJIOBBIX pacrpejaese-
HUSIX YIPYTOTO paccesHus NMpH HU3KUX dHeprusx (18—
50 M»B), U3MepeHHBIX B IOJHOM YTJIOBOM JHAIa30HE,
HaO o aNcs 3HAYNTENIBHBIN ObeM CeueHHUH 1oz 60IIb-
MU yTJIaMH, CBSI3aHHBIH, CKOpPEe BCETro, C MEXaHU3MOM
obmeHa kimactepoM. C LEnbo UCKIIOUEHNUS €ro BKJIA/a B
CeYeHHe yIPYyroro NOTEHIIMAIBHOTO PacCesHUs MOATOH-
Ka TeopeTndecKkux cedeHuil mo OM K 3KCTIepHIMEHTaIb-
HBIM JTaHHBIM OCYIIECTBIISUIACH TOJBKO U TepenHeit
noycepsl, I1e MEXaHNU3M IMOTEHIIHAIEHOTO PACCesHIS
JIOMUHUpYeT. B HavanmpbHOM 3Tame moadop ONTHMAllb-
HBIX [IaPaMETPOB MOTEHINAJIOB B3auMmojeicTeus no OM
OCYIIECTBIISLICS Bapualnei riryOuH peaabHOi 1 MHUMOM
yacTel norennuania (1) c ucroap3oBaHueM PUKCHPOBaH-
HBIX  3HAUEHMAX  paauycoB: ry=1245dm 1n
rw= 1,57 ®M, ncnonp3oBaHHBIX B padote [21]. Ha BTO-

poM 3tane ObuTH 3aUKCUPOBAHEI 3HaUeHU AU (y3HO-
ctu: ay=0,791 ®mu ay = 0,91 Owm, HalifcHHBIC U3 ITO-
TOHKH JaHHBIX IIpu 3Hepruu 104 MaB. B pesynbrate amst
Ka)J0l SHepruu ObUIM MoirydeHsl Tpu Habopa OIl — 4,
B u C, cpenuuii, MenKuii ¥ riryOOKHH MMOTEHIUAIBI, CO-
oTBeTCTBeHHO (Tabmuia 1). PacuerHsle nuddepeHuu-
IbHBIC TIOTIEPEYHBbIC CEYCHUS TNpH OSHeprusix 18—
104 MaB  conocTaBmsiOTCS C  9KCIIEPUMEHTAIbHBIMH
JAaHHBIMU Ha pUCYHKE 1.

Tabnuya 1. Ilapamempul onmuyeckux nomeHyuaio8
u 06vemmvix unmezpanos (Jv, Jw) ons cucmemvt «a+°Bey

E,, | Ha- | Vi av, Wy, aw, Jv, Jw,
M3B | 6op | MaB Om MaB | ®m | MaBOm? | MaBodm?
A | 1045 | 0,791 | 6,55 | 0,910 | 406,99 46,98

18,4 B 50,0 | 0,791 | 6,55 | 0,910 | 194,73 46,98
C | 1300 | 0,791 | 6,55 | 0,910 | 506,30 46,98

A 90,7 | 0,791 | 1519 | 0,910 | 353,24 108,95

29 B 700 | 0,791 | 1519 | 0,910 | 272,62 108,95
C | 160,0 | 0,791 | 15,19 | 0,910 | 623,14 108,95

A 96,0 | 0,791 | 18,00 | 0,910 | 373,89 129,11

45 B 70,0 | 0,791 | 18,00 | 0,910 | 272,62 129,11
C | 160,0 | 0,791 | 18,00 | 0,910 | 623,14 129,11

A | 96,02 | 0,791 | 18,35 | 0,910 | 373,96 131,62

50,5 B 700 | 0,791 | 18,35 | 0,910 | 272,62 131,62
C | 160,0 | 0,791 | 18,35 | 0,910 | 623,14 131,62

A | 1028 | 0,791 | 21,40 | 0,910 | 400,37 153,49

104 B 700 | 0,791 | 21,40 | 0,910 | 272,62 153,49
C 240 | 0,791 | 21,40 | 0910 | 934,71 153,49

10‘2 1~ 1 T T 1T T T T T 1T T 1

10" 9 9 o.C. B 3xc. ganH. |

10° r BG(OL,OL) Be HaGop A | 3

107 F Ha6op B E

105 ;_ s Ha6op C _;

5 F 3

::84 E 18,4 M3aB, X10..-- - .
10§ 1

10? r 1

8 18? : \ﬁ' Esg .III.!!./.WE
g w0y RN
o 10° 45 MaB, x10 ~ ]
% 184 : — g :
o 10': F \iw \/,
10°F 50,5 MaB, x10” 1
nor 1
oy 3
10" f 104 MaB, x10™"" i
ny :
107 E . 1 o0 > ~1 1 o1, 3

0 20 40 60 80 100 120 140 160 180
ec.u.M.’ rpap"

Pucynox 1. Yenogvie pacnpedenenus oughpepernyuanshoix
ceuenuil a-uacmuy, paccesnmvlx na aopax *Be npu snepeusix
18,4, 29, 45, 50,5 u 104 M»>B (kpacnuvie kpusvie paccuumatul
¢ nabopom A, cunue — B, 3enenvie — C). Jxcnepumenmanvhule

ceyenus gzsamul uz pabom[14—17]

3HaueHHss OOBEMHBIX HMHTErPaJIOB pPEaJbHOW YacTH
noreHuuana Jy u3 Tabaunsl 1 CBUAETENBCTBYIOT O HAJIN-
YUU TpeX JUCKPETHHIX ceMeicTB (4, B, C) npu 3HaueHH-
sx Jy B paiione 200, 400 1 600 MoBdm>. Hcnonszosanue
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AHAJIU3 PACCEAHWA o-YACTULL U *He HA AAPAX °Be B LLIMPOKOW OBJIACTU SHEPTUN
B PAMKAX ONTUYECKOM MOAENN U METOJA CBA3AHHbIX KAHA/IOB

Habopa OII (B) ¢ manoit rmyounoit as onmmcanus JAI1C
MPUBOJUT K CHJIBHOMY YMEHBILICHHIO CEUCHHH C YBEJH-
YEeHHEM yIJla paccesiHusl. B ciydae ke IpuMeHeHus JUIs
pacueToB riry0okoro nmoteHuana (Hadop C) Habmo1aeT-
cs1 oOpaTHas KapTuHa, 0coOeHHO s 3Hepruu 104 MaB
cebie 70 rpaxycoB HPOUCXOJUT PE3KOE BO3pacTaHUE
pacyeTHbIX cedeHHid. Hammyumme coriacust TeopeTnye-
ckux pacdetHsX [AIIC ¢ akciepuMeHTaIFHBIMU TaHHBI-
MU [UIS TIepeIHel noaychepbl JOCTUTHYTO C UCIIONIB30-
BanueMm OII co cpemneii riryouno#t (4). OTMeTnM, 4TO
pacuetsl Mo OM (hakTH4eCKH HE MOTYT BOCIIPOHM3BECTH
MIOJTBEM CEUEHHSI MOJT OOJIBIIMMH YTIIAMH.

9 9
10'F [—a—E-184MoB| Col)BE 1
—a— E,=29 MoB e "~
—u— E =45 MaB Va N\
* |
10°E | —=—E_=50,5 MaB / E
—m—FE= . _g="-1
s—E =104 MaB / w750
- >
YR 10° B 4
10' | E
1 1 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200 220 240 260
V., MaB
a)
106 [ T T o . s T . T T ]
—#—E,, =30 MaB Be("He,"He) Be .
—m—E,_ =40 MoB )/'
10° L | 7 Ey,, =50 MoB - ]
—m—E,_ =60 MoB Va
| |
m--E-g
10* B g L R .
"/
z / /'
o~ = |
S0k ./ o . 5-7' |
/ / “mm /I:.f
o ./.4./l/l—l/
10° - f E
N \\li /.
2T
10k L] ]
1 1 1 1 1
0 50 100 150 200 250
V,, MaB
0)

Pucynox 2. 3aeucumocmo x> om 21ybunbl 0eiicmeumensbHoll
vacmu nomenyuana (Vo) ons a-uacmuy (a) u >He (6)

Jnd n3ydyeHus JUHaAMUKU JACKPETHOW HEOIHO3HAu-
HOCTH OT SHEPTHH IPH ONPEACTICHUN TITyOHHBI JeHCTBHU-
TEeTPHOW YacTH TOTEHIHala ObUTM (UKCHPOBAHBI pa-
Iuycsl U ¢ y3HOCTH IEWCTBUTEIBHON M MHHMOI
YyacTell ONTHUMAJBHBIX NMOTEHIMAIOB, a TaKXKe TIyOnHa
MHHUMOT0 noTeHuana 4 g Bcex sHepruit. C 3TumMu na-
pameTpamu, a1t Habopa A, ObUTH BBIYMCIICHBI 3HAYEHUS
%2 A7Ist IEHCTBUTENBHOM YaCTH ONTHYECKOTO MOTEHIHANA
B auamna3one rayouH ot 40 MaB g0 240 MaB ¢ marom
10 M»aB npu nTu 3Ha4eHUSAX dHEPTHH. Y CTAHOBIICHHAS

TaKUM 00pa3OM 3aBHCHUMOCTB Y OT TNIyOHHBI IEHCTBH-
TEIbHOW YacTH NMOTEHLMaNa JJI KKIOW SHEpruu ma-
JIAIOUIMX YacTHIl OKa3aHa Ha pUcCyHKe 2a. BugHo, 4to
NPU HU3KUX SHEPTHAX B 3HAYECHHMSAX Y HAONIOIaeTCS He-
CKOJIBKO MUHMMYMOB. C yBeNMUCHHEM JHEPTHH Haje-
TAIOLIUX YAaCTHI YHCIO MUHUMYMOB YMEHBIIAETCS, YTO
MIO3BOJIMJIO YCTPAHHUTh JUCKPETHYIO HEOJHO3HAYHOCTh U
YMEHBIIUTh YHCJIO HAOOPOB ONTHYECKUX MOTEHIINAIIOB
JI0 OZTHOTO ONTUMAJILHOTO.

AHanorn4Hoe uccie0BaHue ObIIO BBIIOIHEHO U IS
yIpyroro paccesuust HoHoB “He na sape °Be. s ana-
nu3a OBUIM MPUBIICYEHB! AaHHbIC NpH dHeprusix 30 u
40 M»sB [18], 50 u 60 M3B [19]. B xauecTBe cTapTOBBIX
OI1 MBI HCTIOTTB30BAIH 3HAYCHHUS, TIOTyICHHBIE B paboTe
[19]. Kak u B ciy4ae paccessHUS O.-4aCTHIl B 3HAUCHISIX
y’ms cucteMbl “He+’Be HaGMIOmarOTCS HECKOJIBKO
cy1ab0 BBIPAXEHHBIX MHHIMYMOB IIPU HU3KNX 3HEPTHSAX,
a npu sHepruu 60 MsB umeeTcs auIb OOUH BBIPAKEH-
HBI MEHAMYM %2 (CM. PUCYHOK 26), 4TO TaKKe MO3BO-
JWJIO YCTPAaHWTh JUCKPETHYIO HEOIHO3HAYHOCTh U
YMEHBIIUTh YUCJIO ONTHYECKUX TTIOTEHIIMAIIOB JI0 OJJHOTO
OINITHMAJILHOTO.

OTMETHM, YTO B HAMJICHHBIX IO ONTUYECKON MOJCIIH
rapameTpax MoTeHIrala HESBHO 3aJI0’KEeHa KOMIICHCa-
LSl HEYYTEHHOW CTPYKTYPBI sipa-MHUIIEHH, OCOOCHHO B
MHHMOH YacTu noteHuuana. [Toatomy ¢ nepexomom ot
OM k Oonee aneKBaTHBIM METOAAM OITMCAHHS SKCIECPH-
MEHTaJIbHBIX JaHHBIX HalieHHbIe mapameTpsl Ol moryT
MEHSATBCH.

AHAJIN3 TAHHBIX IO YIIPYTOMY U HEYIIPYTOMY
PACCESHHUIO A-HACTHUIL 1 3HE HA SAAPAX 'BE
METO/JIOM CBS3AHHBIX KAHAJIOB

TMockonbky spo °Be, Kak yke OTMEYAOCh BBIIIE,
o0J1aiaeT SIPKO BBIPAKEHHOH KBaJIpyIOJILHOH fedopma-
LIMeH, a er0 HIDKHUE COCTOSHMS SIBJISIOTCS YIEHaMHU po-
TaruoHHbIX nojioc ¢ K=3/2 u K = 1/2, nanboiiee anek-
BaTHBIM METOJOM aHAIN3a PACCESTHUS SBISCTCS METON
CBSI3aHHBIX KaHaJOB. B 3TOM ciydae, IpHHUMAsl BO BHU-
MaHHE TOJBKO KBJPYHOJbHYIO AehOopMaluio, CTaH-
JIAPTHOE BBIpKEHHE JUIS SIICPHOTO Pajiyca ONTHYECKO-
ro noreHuuana B popmyie (1) umeer Bun: ri(0) = ri[1 +
B2Y20(0, @)], 4TO MPUBOAUT K COOTBETCTBYIOMICH nedop-
Malu¥ ONTHYECKOTO NOTEeHIMAA.

B Hammx pacyerax Mbl IpeHeOperaa CMEIINBaHUEM
TOJIOC OCHOBHOTO cOocTOsTHUSA (K = 3/2) M M0I0ChI, HA4H-
Haromeiics ¢ yposHs 1,684 MaB (1/2%). 3o onpasaaHo,
MIOCKOJIbKY CEUCHMSI NEpPEeXO0Z0B Ha YPOBHHU IIOJIOCHI
K =1/2 mansL

Jns aHanM3a MCHOJNB30BAINCH paHee IOJTy4YEHHbIE
9KCIIEPUMEHTANIbHBIC JIaHHBIE TI0 PACCESIHUIO 0-YACTHII
npu sHeprum 50,5 MoB u 3He npu sneprusx 60 MaB
[22]. Tlpu »meprum 45 M>B nanHBIE 1711 HEYNPYTOro
paccesiHus ObUTH U3BJICUEHBI U3 JOTOJIHUTENBHBIH 00pa-
OOTKH SHEPreTUYECKUX CIIEKTPOB PACCESHHBIX 0-H4aCTHUII,
n3MepeHHslx B pabore [15]. Ilpum  sHeprum
Esne = 50 MaB nanHble A1 HEynpyroro paccesHus Tak-
e ObUIM M3BIICYEHBI W3 JOTIOJIHUTENIBHBIN 00paboTKH
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AHAJIU3 PACCEAHWA o-YACTULL U *He HA AAPAX °Be B LLIMPOKOW OBJIACTU SHEPTUN
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SHEPrETUIECKUX CIIEKTPOB PAaCCESHHBIX MOHOB “He, u3-
MEpEeHHBIX paHee B padore [19].

Hcnonb30BaHHbIE B pacueTaXx METOAOM CBS3aHHBIX
KaHAJIOB ONTUYECKUC TOTCHIIMANBI TIPUBE/ICHBI B Ta0IH-
ne 2. OHM OTIMYAIOTCS OT MOTEHLHAIOB Ta0auubl 1
TOJIKO YMCHBIIICHHOW TTTyOMHON MHUMBIX TIOTCHIIAATIOB
(Wy). OTo nenanoch i yIyYIICHHUs COTIACUS pacyerT-
HBIX CEYCHHUH C SKCIEPUMEHTOM TPH BKIIOYCHHUU CBS3H
KaHaJIOB.

Tabnuya 2. Illapamempuor OI1, ucnonvzosannvix 6 pacuemax
YIPY2020 U HEYNpY2020 PACCEAHUSL MEMOOOM CEA3ANHBIX

KaHaios

Yac- E, Wy, aw,
™ua | MaB Vo, MaB | rv, ®m | av, ®m MaB | dm o
45 96,0 1,245 0,791 12,35 1,57 0,91
¢ 50,5 96,02 1,245 0,791 15,35 1,57 0,91
He 50,0 934 1,15 0,72 11,9 1,50 0,80
60,0 114,0 1,15 0,87 13,7 1,59 0,80
10°F 9 I I9 I I O I 3ke. AIaHHbIe I I E
E Befa’a) Be Bndc. cevenms paccesnHus
E Ea_ 45 MaB Oudp. ceueHna obmeHa
a 10° | —— Cymma andpdp.ceuermnm E
o 3 paccesiHus 1 oGMeHa 3
D = .|
z 0F ock.c. (J'=3/2) 3

E = .
% 1 S
-8 b o 23 B (J"=5/2), x10™ 4
: —
107 2 3
@ E
—_
/Io'H E 1 1 1 1 1 1 1 1 3

80 100 120 140 160 180
ec'u_M_, rpag.

T T T
O 3Kc. AaHHble
Aundcb. ceyeHun paccesHus
Audbch. ceveHnsa obmeHa

T T
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E_= 50,5 MaB

oy

4
10 F —— Cymma ceyeHnmn
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oy
R R |

do/dQ, m6/cp

i R
sl

10°® 1 1 1 1 1 1
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Pucynox 3. Jluppepenyuanvhvie cevenus ynpyeozo u
Heynpy2020 paccesnus o-yacmuy na sope °*Be

W3 HOpMUPOBKM pacyeTHBIX CEUYECHUH Ha HKCIIEpU-
MEHTaJbHbIEC JaHHBIC HEYIIPYTOro paccesHus B 00IacTH
YIJIOB NiepeHel morycdephbl ObLIH TOTYUYeHBI YCPETHEH-
HBIE 3HaYeHHA JUIHH aedopmanuu O (5/27) =1,11 d®mu
02 (7/27) = 0,52 ®M. DTH 3HaUEHUSI COOTBETCTBYIOT TIa-

pamerpam nmedopmarmu B = 0,44+0,1 u B, =0,21+0,1
st coctosiuit 2,43 MaB (5/27) n 6,38 MaB (7/27) npu
COOTBETCTBYIOIIUX pPaJHycax peaJbHOro IMOTEHIUANA.
OwmmbKky cBs3aHBI KaK C HEOJAHO3HAYHBIM BBHIOOPOM Ia-
paMeTpoB MOTEHIMANA, TaK U 001aCTH HOPMHUPOBKH TEO-
pernueckux ceyeHuil. CormocraBieHHEe pacueTHBIX U IKC-
NEpUMEHTAILHBIX CEYeHHil paccesHus o-dacTui M SHe
MTOKa3aHO Ha PUCYHKAX 3 M 4 CHHUMH KPUBBIMHU.

o T T T T T T T T
10" O 3Kc. AaHHble

9Be(aHe,aHe)gBe Dudbch. ceuenms paccesHus
Oudb. ceveHns o6meHa
E,,.=50 MaB

—— Cymma ceyeHun
paccesHus u o6meHa

ool sod ood oond sl sod soadsudsoidsnd

/2)

ocH.c. (J"=3

do/dQ, m6/cp

2,43 MaB (J°=5/2), x10°

ool sdialboud sl voud vuud s ud

10" 1 1 1 1 1 1 1 1
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Pucynox 4. Jugpghepenyuanvuvie ceuenus ynpyeozo u
neynpyeozo paccesnus >He na sope ’Be

B paborax [23-25] B pamkax MCK u3 ananmsa 3xc-
HNEePUMEHTANbHBIX JaHHBIX 110 HEYNPYIOMY DPACCESHHIO
@-YaCTHIL JJT1 OCHOBHOTO cOCTOsIHUs *Be Gbun u3BIeye-
HBI 3HAUCHMS MapameTpa aedopmanuu P, B mpeaenax
0,64—0,89. B paborte [26] pu aHaNH3€ HEYIPYTOTO pac-
cesnus *He ¢ sneprueii 30 MaB na sape °Be ¢ Bo30yx-
JeHueM ypoBHs 2,43 M»aB (5/27) Gbuta moydeHa JuimHa
nedopmanuu 6, = 1,97 dm. Hammm pesynbTatsl 110 JuimHe
nedopmanuu (82) U mapamMeTpy KBaJApymoiabHOU nedop-
Mara ([32) CyIIecTBeHHO MeHbIe. PacxoxaeHus, cKo-
pee Bcero, CBsI3aHBI C HEOJHO3HAYHBIM BHIOOPOM Tapa-
metpos OIl.

Kak BugHO M3 pucyHKOB 3 U 4, pacdeTsl 10 METOILy
CBSI3aHHBIX KaHAJIOB (CHHHE KpHBBIE) JAIOT XOpoIlee
OIUCaHME HKCIEPUMEHTANBHBIX CEYEHUH 10 PACCesSHUIO
a-uactunl u *He npu SHEPrusx HANETAIONINX YACTHUIL B
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obmactu yrioB nepeaneit moxycdepsl. OxHako Ha 00JTb-
mmx yriaax (6onee 120°) TeopeTHyecKre CEUSHUS HIDKE
SKCIIEPUMEHTAIBHBIX 3HAYCHUI. JTO yKas3bIBaeT Ha He-
00X0IMMOCTh y4eTa JpPYTuX MEXaHH3MOB MOMHMO MO-
TEHIUAILHOTO PACCESHUSL.

KnactepHas ctpykrypa sapa ‘Be MOXKET NPUBOIUTE
K MOIU(UKAINH 3aceJICHHs] BO30YKACHHBIX COCTOSHHH.
AHanm3 1mokasal, 4To BIUSHHE MEXaHU3Ma KIaCTEPHOTO
BO30y’KIE€HHUS HEBEINKO, ¥ TIO3TOMY 3TOT MEXAaHU3M HE
YUUTHIBAJICA B OKOHUYATEIbHBIX pacderax. Poct ceuennit
107, GONBIIMMHE YTJIAMH MOXKHO CBSI3aTh C BKJIAZOM 00-
MEHHBIX TIPOIECCOB ¢ Iepenadeii kmactepos *He u ®He B
paccesnum a-dactull U SHe, cooTBeTcTBEHHO. Ponb Me-
XaHU3Ma O0MeHa KJIacTepaMH B PAacCEsSHHU M PeaKIMsiX
o0cykmaercs B paborax [27-29].

JluarpaMmbl 3THX IPOLECCOB ITOKa3aHbl Ha PUCYH-
Ke 5.

o ‘Be ‘He ‘Be

‘Be o ‘Be ‘He

Pucynox 5. JJuacpammer mexanuzmos oomena knacmepos
’He u SHe ¢ paccesnuu a-wacmuy u >He na saope ’Be

B nporpamme FRESCO cnekTpockonudeckast aMIuIu-
TyJa 3aJaeTcsl Al KaKA0ro OpOMTaIbHOTO MOMEHTA OT-
HOCHTEJIFHOTO ABMKCHUS MEXTy BAJICHTHOW M COCTaBHOM
YJacTUIIEH W MOJHOTO MOMEHTA j, YHOCHMOTO BaJICHTHOM
yactureil. HeoOxoaumele [u1s pacyeToB BKJI1a1a OOMEHHO-
TO TIpoIiecca CIEKTPOCKOITMYECKHE aMILTUTY bl PACCUNTA-
Hbl B paMKaxX TPaHCISIIMOHHO-MHBAPHAHTHOM MOJEINH
obosouexk [30, 31] u mpeacTaBneHs! B TadIUIE 3.

Tabruya 3. Cnexmpockonuueckue amniumyowt (CA)
xnacmepoe *He u *He 6 s0pe *Be

I J CA
0 312 0,74
9Be(3/2-) — a+°He
2 312 -0,78
2 5/2 0,81
9Be(5/2-) — a+°He
4 5/2 0,33
2 712 0,32
9Be(7/2") — a+5He
4 712 0,34
1 1 -0,46
9Be(3/2-) — HettHe 1 2 -0,276
3 2 -0,092
3 2 0.29
9Be(5/2-) — He+tHe 3 3 Py

Hano otMeTnTB, 4TO pacueTsl ceueHuH A5t 0OMEHHO-
IO MEXaHU3Ma OCJIOKHSIOTCS TEM, YTO TsKEIble KacTe-
pot *He n *He MoryT mepemaBaThesi HE TOJIBKO B OCHOB-
HOM, HO 1 B BOS6y)KIIeHHOM COCTOAHUAX, CIEKTPOCKOIIHN-
YECKHUE aMIUIUTyAbl KOTOPBIX M3BECTHBI C HEAOCTATOY-
HOH TOYHOCTBIO. ITO MPUBOJUT K HCONTPEACICHHOCTAM B
pacderax. [ToaToMy asst Tpy0OO OIIEHKH MBI paccMaTpu-

BaJIM MPOIIECC Mepeaaqn kiaactepos *He u *He Tonbko B
OCHOBHBIX COCTOSTHUSX.

Ha pucynkax 3 u 4 nudhepeHnuansHbie CeUeHUs, OT-
BEYArIe OOMCHHOMY MEXaHH3My IepeJadd KiacTte-
POB, MOKa3aHBI 3€JCHBIMU KPUBBIMU. KpacHbIe KpUBBIC
MPEJCTABIIOT cO00# audhepeHInaIbHbIC CEYCHUS pac-
cestHus o-yacTuIl 1 *He ¢ yueToM BK1azia 0OMEHHOTO Me-
XaHu3Ma nepenadd. M3 pucyHKOB BHIHO, YTO CEUCHUS,
BeunciieHHble B paMkax MCK 1 o6enx HajeTarommux
gactui (o 1 *He) ¥ 11 BCEX JHEPTHIA, JOCTATOIHO XOPO-
IO COTJIACYIOTCSI C IKCIIEPUMEHTOM. YUeT MEeXaHWU3Ma
oOMEeHa KJIaCTEPOB YBEIMYMBACT CEUCHHUSI PACCESHUS Ha
yriax 6osee 130°.

3AK/IIOYEHUE

B paMkax onTuueckoil MOAEIM MPOaHAIU3UPOBAHBI
CYIIECTBYIOLIHNE YKCIIEPUMEHTAIBHbIC JTaHHBIE TI0 YIIPY-
rOMy paccesHHIo o-yacTuil M SHe B mupokoi o6nactu
SHEprui Hajetamux yactul ot 18 no 100 MaB. Haii-
JICHbI ONTUMAJIbHBIE TTapaMeTPhl ONTHYECKUX MOTEHIIHA-
JIOB.

C HallleHHBIMH NOTEHIHAJIaMH C HCIIOJIb30BaHUEM
nporpammbel FRESCO MetomoMm cBsSI3aHHBIX KaHaJIOB
MIPOBEACH aHAJIN3 YIPYroro W HEYNPYroro paccesHus
o-dacTtull npu sHeprusax 45 MaB u 50,5 MaB, a takke
SHe npu sHeprusax 50 MaB u 60 MaB ¢ Bo30yKIeHHEM
cocrostHu 2,43 M»aB (5/27)u 6,38 M»aB (7/27). U3Bnede-
HBI 3HaYCHUsI TapaMeTPOB KBaAPYIOJIBHOH Aedopmanin
B2=0,44 u B> =0,21 gns cocrostauit 2,43 MaB (5/27)
6,38 MaB (7/27), coorBeTcTBeHHO. O1IeHEH BKIIAJ B pac-
cestHHe OOMEHHOTO MEXaHM3Ma C Iepeaadeii KIacTepoB
He u ®He B paMKax METO/Ia HCKAKEHHBIX BOJIH ¢ KOHEY-
HBIM paJyCcoOM B3aUMOCHUCTBUS, BKIIOYEHHOTO B MPO-
rpammy FRESCO. CooTBeTcTBYyIOMHKE CHEKTPOCKOIHYE-
CKHE aMIIJIUTYAbI BBIYUCICHBI B PAMKaX TPAHCIISAIIHOHHO-
UHBApHUAHTHOW MOJIENTN 000I0YeK.

Yuer MexaHM3Ma OOMEHa KiacTepaMH ITO3BOJIMI
OITMCATh SKCIEPUMEHTAIBHBIE YTJIOBBIE pacIpeaeineH s
YIIPYTroro ¥ HEYNPYTroro paccesHus B ITOJHOM YTJIOBOM
JIuranasoHe. Bkitag oOMEHHOTO MeXaHNU3Ma yBEIHIHBACT
CEUYCHUS paccestHUs Ha OOJBIINX yTIiax.

CormocraBieHne SKCHEPUMEHTAIBHBIX W PAacueTHOU
YIJIOBOW 3aBUCUMOCTU M3MEPEHHBIX CEYEHU IOATBEP-
JVTH He0OXOANMOCTh MCIIONIB30BAHUS TIPH aHAJIU3E Ha-
Ppsiy € KOJUIEKTHBHON MOJIETBIO sipa *Be 2-X uacTu4HbIE
crpyktypsl °Be — a+’He u °Be — 3He+°He, kotopbie
HPOSIBIIAIOT €051 B 0OMEHHOM MeXaHH3Me PEaKIINu.
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°Be SIJIPOJIAPBIHJIA o~BOJIIEKTEP )KOHE *He IHAIIBIPAYBIH ONITUKAJIBIK MOJIEJIb )KOHE
BAWJIAHBICKAH APHAJIAP 9/IICI IIEHBEPIHJIE SHEPTUSTHBIH KEH, AMUMATFBIHIA TAJIJAY

. A. Taanakosa>", H. Bypre6aes!, JI. K. Tananuna’, Mayaen Hacypanal?, C. B. Cakyra’, C. K. Caxues!,
Map:kan Hacypanal, P. A Xomxxaes!, /. A. Ucaes', A. K. Hypneiico'#, C. A. Typranopa'*
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°Be saponaphiHaa o—Oommektep MeH “He cepmimzi MIambIpaybl GOMBIHIIA SKCHEPHMEHTTIK TEPEKTEPI ONTHKAJIBIK
MoJenb OOWBIHINA SHEPTUSHBIH KeH aiMarbiHna (18—100 MaB) Tanmay sxyprisingi. ONTHKANBIK MOTEHIHATIIAPIBIH
OHTaJIBI mapameTpiiepi Ta0buIAbL. OChl MOTEHIUAIAAPABI KOJIAHBII, OalilaHbICKaH apHaiap oliciMeH °Be SapoChIHBIH
2,429 M3B (5/27) xone 6,38 MaB (7/27)ko3ran YKBIMABIK Kyiepin o- Gemmekrepain 45 sxone 50 MoB sxone *He 50
xoHe 60 MaB sHeprusiiapblHIaFbl CEPHIMAL KOHE CEpIIMCI3 INAIIbIpayIblH OYpBIITHIK YJIECTIpiMAepl TalJaHbl.
Kpanpynonbai neopManus napameTpiepinie MoHaepi ansiHisl. “He sxone He kmactepiepiMeH anmacy MexaHU3Mi
JKOHE KJIACTEePJIK KYPBUIBIMHBIH SPOHBIH KO3ybIHA KOCKAH Yiieci OaralaH/Ibl.

Tyitin co3dep: °Be sdpocel, a—benuexkmep, SHe, onmuxanviy mooens, bauianvickan apnaiap 20ici, K6adpynonvoi
deopmayusi.
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ANALYSIS OF SCATTERING OF a-PARTICLES AND *He ON °Be NUCLEI
IN A WIDE RANGE OF ENERGIES WITHIN THE FRAMEWORK OF THE OPTICAL MODEL
AND THE COUPLED CHANNEL METHOD

K. A. Talpakoval?*, N. Burtebayev!, L. I. Galanina3, Maulen Nassurlla!*, S. B. Sakuta5, S. K. Sakhiyev!,
Marzhan Nassurlla!, R. A. Khojayev!, D. A. Issayev'*, A. K. Nurpeisov'#, S. A. Turganova'*
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The analysis of the existing experimental data on the elastic scattering of a -particles and 3He on °Be nuclei in a wide
energy range (18—100 MeV) is carried out using the optical model of the nucleus. Optimal parameters of optical potentials
are found. With these potentials, the measured angular distributions of elastic and inelastic scattering at a-particle energies
of 45 and 50 MeV and 3He with energies of 50 and 60 MeV with excitation of collective states of 2.429 MeV (5/27) and
6.38 MeV (7/2") of the °Be nucleus were analyzed using the coupled channel method. The values of the quadrupole
deformation parameters are extracted. The contribution of the cluster structure and the mechanism of cluster exchange
SHe and ®He to the excitation of the nucleus is estimated.

Keywords: °Be nucleus, o —particles, *He, optical model, coupled channel method, quadrupole deformation.
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DEVICE FOR FAST INTERRUPTION OF ACCELERATED ION BEAM
AT DC-60 AND IC-100 CYCLOTRONS

M. V. Koloberdin'?*, I. A. Ivanov'?, L. Pavlov3, A. Isatov?,
S. Mitrofanov?, V. A. Skuratov?, M. V. Zdorovets'2, B. S. Amanzhulov'?

I RSE “Institute of Nuclear Physics” of the Agency of the Republic of Kazakhstan for Atomic Energy, Almaty, Kazakhstan
2 NJSC “L.N. Gumilyov Eurasian National University”, Astana, Kazakhstan
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To study the optical properties of irradiated solids at the early stages of defect structure formation, there is a need to
improve the time resolution of the recorded ionoluminescence and to record particles interacting with the sample with a
smaller energy spread. The article describes the developed system of a fast beam chopper, which is based on deflection
plates placed in the channel of the axial injection of an accelerator, immediately before the injection of the ion beam into
the magnetic resonance system of the accelerator. Chopper affects the constant flow of ions in the axial injection, obtained
from the ion source and injected into the accelerator and deflects it with a frequency necessary to form the required
number of bunches at the exit of the accelerator. Chopper allows to obtain a beam of charged particles with different time
parameters on the DC-60 and IC-100 accelerator complexes, the resonance systems of which operate in the frequency
range from 11 MHz to 22 MHz and, when accelerating ions, produce particle flows at the accelerator output, grouped into
bunches with a duration of about ~2...5 ns and a repetition period of ~90...45 ns. This chopper uses a fast switch of high
voltage supplied to the deflection plates, at which the ion flow is deflected at the right time from injection into the
accelerator, thereby ensuring effective rarefaction of the number of bunches and, accordingly, the ion flow from 100% to

1%, down to single bunches.

Keywords: cyclotron, chopper, interrupter; high voltage switch, ionoluminescence.

INTRODUCTION

Experiments to study the properties of irradiated ma-
terials in real-time, or in-situ, are among the most in-
formative in the radiation physics of solids. Such works
include studies of the spectral composition and kinetics
of luminescence generated by high-energy heavy charged
particles — ionoluminescence (IL) [1]. The IL method al-
lows studying processes associated with defect develop-
ment in-situ, obtaining information from a depth of up to
several micrometers at ion energies of more than several
MeV [1], as well as identifying impurities in crystals [2],
indicating implantation defects and phase transitions [3].
Experiments on ionoluminescence have already been
conducted at the DC-60 and IC-100 accelerators, for ex-
ample, on the study of radiation defects in Al,O3 [4] and
LiF using IL [5]. This paper demonstrates the possibility
of using a chopper for research in the field of ionolumi-
nescence and radiation materials science at the DC-60
and IC-100 accelerators with improved beam time char-
acteristics that were previously unavailable. The DC-60
accelerator allows researchers to produce ion beams from
Li to Xe with the ion energy starting from 0.35 up to
1.75 MeV/nucleon [6]. A chopper (from the English
“chopper” — interrupter) is a device for fast interruption
of the particle beam [7]. Choppers are used to separate
individual bunches from the beam for purposes such as
beam intensity adjustment, radioisotope research, and
time-of-flight measurements of protons and neutrons [7—
10]. Changes in the ionoluminescence spectra and their
intensity result from processes occurring in a broad time

range, from the relaxation of electron excitations to the
formation of complexes of radiation defects, such as
color centers [4, 11]. Registration of time characteristics
in the picosecond range assumes excitation of optical ra-
diation by single ions, as, for example, in [12, 13] due to
the absence of accelerators producing ultrashort pulses of
charged particles. To analyze luminescence decay curves
at large time lengths, pulses (bunches) of particles with a
duration of units or tens of nanoseconds [4], as well as
groups of such pulses can be used, provided that the char-
acteristic luminescence time significantly exceeds the du-
ration of the bunch/group of bunches. The formation of
periodic excitation pulses of a given duration can be im-
plemented using an ion beam chopper. This makes it pos-
sible to study the kinetics of IL with the required time
resolution in various time intervals [4]. In addition, the
chopper can also be used to interrupt the ion flow in ex-
periments on studying the processes of phosphorescence
(afterglow) caused by the action of accelerated ion beams
[14, 15]. It should be noted that the results of such studies
of chopper application for IL are presented in the litera-
ture by a very limited number of publications.

This work is dedicated to the development of a device
for fast interruption of the ion flow at the DC-60 and IC-
100 cyclotrons for applied research [16, 17], as well as a
detector of starting signals in the experiments to study the
kinetics of high-energy ionoluminescence of crystals
such as Al,O3;, MgAl,O4 and MgO.
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METHODS

The chopper was tested on the DC-60 heavy ion ac-
celerator at the Astana branch of the Institute of Nuclear
Physics (Astana, Kazakhstan) and IC-100 heavy ion ac-
celerator (Joint Institute for Nuclear Research, Dubna,
Russia). A microchannel plate (MCP) detector was used
for generating starting signals in the studies of decay
curves of luminescence stimulated by single high-energy
ions. Signals from a microchannel plate (MCP) detector
were measured using the Tektronix MD03102 mixed do-
main oscilloscope. The working principle of the devel-
oped chopper and detector system based on MCP is dis-
cussed in further detail in the following sections.

RESULTS AND DISCUSSION

Device for fast interruption of the beam

The chopper consists of two plane-parallel plates in-
stalled in the axial injection channel of the cyclotron in-
side the vacuum volume of the IM90 bending magnet
(Figures la, 1b), directing the ion beam from the ECR

(Electron Cyclotron Resonance) source channel to the
electrostatic inflector in the accelerator chamber of DC-
60 or IC-100. These cyclotrons have similar axial injec-
tion elements, in particular the bending analyzing mag-
net, as well as a similar structure of axial injection of the
ion beam.

The beam interruption required to form pulsed ion
beams in specified time intervals occurs due to its deflec-
tion in the electric field of the chopper. The functional
diagram of the chopper control system is shown in Fig-
ure 2. It includes a control device, which, depending on
the operating mode and degree of beam rarefaction spec-
ified by the operator, supplies high-voltage pulses (HV
pulse) to the chopper plates. The control device is
matched with the cyclotron resonance system using a sig-
nal generator. The key element of the system — the con-
trol device — includes a high-voltage DC power source
and a high-voltage pulse switch.

a)

b)

Figure 1. Diagram of the chopper: (a) design: 1 — deflecting plate, 2 — isolator, 3 — power cord;
(b) installation in the channel of axial injection of the cyclotron

HV

W
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frequency generator
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Figure 2. Functional diagram of the chopper control
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Figure 3. Circuit diagram of the high voltage pulse switch

The high voltage switch is based on the RF Power
MOSFET DE275-102N06A transistor controlled by the
IXRFD631 driver [18], shown in Figure 3. It can gener-
ate high voltage pulses with an amplitude of up to 500 V.
The time of the control signal coming from the master
signal generator to the fast control transistor of the chop-
per control device for its short-term opening is deter-
mined as:

tonpry + tr + torrpLy + tr = 56 (nS) )

Here fonpryis the turn-on signal propagation delay (ns),
tr is the signal rise time (ns), forrpry is the turn-off signal
propagation delay (ns), ## is the signal fall time (ns).

The minimum duration of the control signal of the
driver itself PWyuv= 8 ns can be neglected, since it is
much less than the required duration of the general con-
trol signal and less than the bunch repetition period. The
opening time of the DE275-102N06A control transistor
[19] is defined in a similar way:

Ld(on) t ton + Ld(of + tqff: 14 (IIS), (2)
where t40n) is the turn-on signal propagation delay (ns),
ton 1s the signal turn-on time (ns), taoyp is the turn-off sig-
nal propagation delay (ns), ¢, is the signal turn-off time
(ns). Thus, the delay time of the chopper control device
electronics operation is estimated at 56 + 14 =70 ns.
This is comparable with the period of the cyclotron fre-
quency, for example ~60 ns (16.650 MHz) of the DC-60
cyclotron or ~44 ns (22.870 MHz) of the IC-100 cyclo-
tron. Let us consider whether it is possible with such a
duration of the control signal to isolate individual
bunches of ion beams, such as krypton 3#Kr'>* and xenon
13222+

Therefore, for example, in the operating range of the
parameters of the cyclotron ECR ion source at an accel-
erating voltage of Ugcr=17 kV for xenon-132 ions
(mass m = 131.9 atomic mass units (amu)) with a charge
Z =22+, which corresponds to their initial kinetic energy
T=373.5 keV, the ion velocity vy in the axial injection

channel will be:
/% =7.392-10°m/s.
m

(€))

VXO

At a chopper operating voltage of U, = 300 V with a
length of deflecting elements /=350 mm, installed at
a distance of d = 80 mm, the maximum deviation Z,. of
the xenon ion trajectory can be calculated using equations
of motion for non-relativistic particles and electrostatic
force from the deflecting elements:

2
ZeE | 68

> .8 mm,
2mv,

max (4)
where E. is the electric field strength between the chop-
per’s plates, which corresponds to a maximum angle of
departure of 2.2°. Considering the length of the “flight
base” — the length of the particle path from the chopper
to the inflector installed in the median plane of the main
cyclotron magnet (Figure 1b) — 2.4 m, the maximum de-
flection of the ion beam will be more than 86 mm, which
ensures a total deflection of the particle flow in the injec-
tion channel from entering the inflector input window
equal to 10 mm, thereby guaranteeing the formation of
the required time intervals of ion flows.

The parameters for krypton-84 ions with charge
Z = 15+ were obtained in a similar manner, correspond-
ing to the initial kinetic energy 7= 254.7 keV, velocity
7.653-10° m/s, maximum trajectory deviation in the
chopper of 6.8 mm, departure angle of 2.2°, maximum
ion beam deviation on the flight path of more than
86 mm.

The developed device was tested in ionolumines-
cence experiments on the DC-60 and IC-100 accelera-
tors. The measurements were carried out on spinel
(MgAl,04) single crystal samples with different temporal
structures (beam rarefaction levels), varied using a chop-
per. Figures 4a—c show, as an example, oscillograms of
signals from a microchannel plate (MCP) detector gener-
ating start pulses when measuring luminescence decay
curves for the transmission of 5%, 15%, and 50% of
bunches of a 156 MeV xenon ion beam on the IC-100 cy-
clotron. The signals were recorded with an MD03102
digital oscilloscope. The control signal to the chopper
control device was supplied from an AFG3152C type
generator. Therefore, to transmit 5% of the bunches, the
duration of the control signal was set to 4.6 ps.
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The operating mode was selected so that the chopper was
initially in the “closed” state, i.e. high voltage was ap-
plied to it, and when the control signal was sent, the chop-
per “opened” for subsequent acceleration. The chopper
operating period, i.e. the control signal repetition period
was chosen equal to 2.287 kHz (1:10000 of cyclotron fre-
quency of 22.870 MHz, when conducting a series of ex-
periments on the IC-100 cyclotron). Therefore, for trans-
mitting 5% of the beam (a total of about 500 bunches out
of 10000), the duration of the packet of pulses registered
with the MCP of about 18.5 pus was obtained (the duration
between markers a and b in Figure 4a).
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Figure 4. Temporal structure of the Xe ion beam at 5% (a),
15% (b) and 50% (c) bunch transmission at the IC-100
accelerator

With such a packet duration, the calculated number of
bunches is 423, which corresponds to about 5% of the

total ion flow. Figures 4b and 4c show similar oscillo-
grams for transmitting 15% and 50% of the beam
bunches, with a control signal duration of 5.1 us and
8.7 us, respectively.

Similar measurements were carried out at the DC-60
cyclotron with similar equipment using a similar tech-
nique, except for the control signal generator. The control
signal to the chopper control device was fed from a
33500B type generator. Figures 5a—b show, as an exam-
ple, the oscillograms of signals when transmitting 5% of
bunches of a beam of xenon ions with an energy of
231 MeV at the DC-60 cyclotron. The chopper operating
frequency was chosen to be 16.650 kHz (1:1000 of the
cyclotron frequency of 16.650 MHz when conducting a
series of experiments at the DC-60 cyclotron), while cor-
responding period was around 60.29 us as shown be-
tween markers a and b in Figure 5a. To transmit 5% of
the bunches, the control signal duration was set to 3.4 ps,
so with a limited beam transmission (only about 50
bunches out of 1000), the pulse packet duration recorded
by the detector was about 2.95 s (the duration between
markers a and b in Figure 5b). With this packet duration,
the calculated number of bunches is 49, which corre-
sponds to about 5% of the total ion flux.
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Figure 5. Temporal structure of the Xe ion beam with 5%
bunch transmission, at the DC-60 accelerator. Here: a) signal
with a chopper operating period, b) pulse packet duration,
recorded by the MCP detector. Marker “1” is the signal
from the detector, marker “2” is the sinusoidal signal
of the cyclotron frequency
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Figure 6. Registration of signals: (a) without a chopper and

at IC-100. The degree of rarefaction of the beam is 1%.
Marker “1” is the signal from the detector, marker “2”

is the sinusoidal signal of the cyclotron frequency.

(b) with a chopper when isolating a single bunch of the beam

An example of oscillograms demonstrating two
modes of operation of the chopper with the transmission
of all bunches and a single bunch of the beam at the IC-
100 accelerator is shown in Figure 6. The signal of the
cyclotron frequency of 22.870 MHz (sinusoid) of the res-
onant system of the accelerator is also shown here below
with a marker “2”. The scale interval (Figure 6a, b) for
the duration of the signal is 20 ns, therefore, the signal
from one bunch relative to the cyclotron frequency cor-
responding to a period of 43.4 ns is visible in the figure.

Figure 7 shows an oscillogram demonstrating the
chopper operation mode with the transmission of one
bunch of the beam at the DC-60 accelerator. The marker
“2” also shows the signal of the cyclotron frequency of
16.650 MHz (sinusoid) of the resonance system of the
DC-60 accelerator. The scale interval (Figure 7) for the
signal duration is 40 ns, therefore the figure shows the
signal from one bunch relative to the cyclotron frequency
corresponding to a period of 60 ns, with a beam rarefac-
tion degree of no more than 1.5%.

The above data demonstrate the capabilities of the
chopper to change the temporal structure of a high-en-
ergy ion beam and to perform measurements using both
single bunches and single ions if the particle flow density
is much lower than the bunch frequency. Chopper al-
lowed obtaining a beam of ions with different time pa-
rameters on the DC-60 and IC-100 accelerator com-
plexes, the resonance systems of which operate in the
frequency range from 11 MHz to 22 MHz and, when ac-
celerating ions, produce particle flows at the accelerator
output, grouped into bunches with a duration of about
~2...5 ns and a repetition period of ~90...45 ns.
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Figure 7. Signal registration with a chopper when isolating one bunch of the beam at the DC-60 accelerator.
The degree of beam rarefaction is no more than 1.5%. Marker “1” is the signal from the detector,
marker “2” is the sinusoidal signal of the cyclotron frequency. The range of the signal registration period is
additionally shown at the top, with a display of 100 times magnification, i.e. one bunch in a period of about 4 us

24



DEVICE FOR FAST INTERRUPTION OF ACCELERATED ION BEAM AT DC-60 AND IC-100 CYCLOTRONS

Detector of starting signals in ionoluminescence

experiments

This section describes a device for generating starting
signals in the studies of curves of luminescence decay
stimulated by single high-energy ions. In all previously
conducted experiments, detectors based on the MCP
[13, 20] were used for this purpose, located at some dis-
tance in front of the sample (Figure 8a). The signal in
such detectors is formed due to electron emission from
the carbon foil, which occurs when high-energy ions pass
through it. As a result, the function of instrumental (time)
resolution, in addition to the parameters of the detectors
and electronics, is also determined by the ion dispersion
by energy due to scattering on the foil in addition to that
already present in the original beam, which, as a rule, is
not less than 1%, which is typical for all cyclic accelera-
tors. The electrons emitted from the foil are detected by
the MCP, which generates the “start” signal for launch-
ing the luminescence lifetime measurements. Photons
produced from the sample irradiated with ions are de-
tected by a photomultiplier (PMT) and generate the
“stop” signal. A TimeHarp 260 time-correlated single
photon counting board (TDC) is used to construct the
curves of ionoluminescence decay.

Collimator
Electrostatic
mirror
Foil
Ion beam o
E(Xe)=160+7 Wl S v §
MeV . Y %
MCP
PMT
¥ Stop
1A Start The
a)
Collimator PMT
Ion beam |]

E(Xe)=160%7 ||
MeV

Stop

- D
'V— TDC

Start
b)

Figure 8. Block diagram of a device for measuring
luminescence decay curves during irradiation with single
high-energy ions: a) design in previous experiments,
b) proposed design

In the design that we have proposed (Figure 8b),
the difference is that the emission of electrons from the
surface of the irradiated sample, onto which a thin
(20 nm) metal film is deposited by vacuum deposition, is
used to generate starting pulses. A conductive layer with
a thickness much smaller than the wavelength of radia-
tion in the visible region, which has virtually no effect on
the photon yield, is necessary to create a uniform electric
field on the target surface and prevent charge accumula-
tion in the dielectric. This method virtually eliminates the
effect of ion energy dispersion on the measurement of lu-
minescence decay curves. An important feature of the de-
sign is that both detectors, MCP and PMT, as well as the
sample, are mounted on a single standard DN-100 vac-
uum flange, which allows experiments to be carried out
on any accelerator in standard ion beam diagnostic
blocks.
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Figure 9. The time resolution function and luminescence
decay curves of the initial and irradiated spinel.
Measurements during irradiation with xenon ions (156 MeV’).
Ion flux density equals 10° cm™%s™!. FWHM = 250 ps

Figure 9 shows the time resolution function (IRF)
measured on SiO» single crystals with a known decay
time of excited states of less than 100 ps [21]. As can be
seen, the full width at half maximum (FWHM), which is
the instrumental resolution of the setup, is 250 ps, which
allows us to study the decay kinetics of ionoluminescence
starting from the subnanosecond range. The figure also
shows the decay curves of luminescence stimulated by
156 MeV xenon ions obtained on the initial spinel crys-
tals and samples pre-irradiated to a fluence of 2-10'2 cm™
as an example. The data illustrate the effect of radiation
damage created by high-energy xenon ions on the kinet-
ics of radiative recombination of excited states in the ion
trajectory region.

CONCLUSION

As aresult, a device for fast interruption of ion flows
on DC-60 and IC-100 cyclotrons with the same structure
of axial injection of ion flow from ECR source into the
working chamber of the accelerator has been developed
and manufactured. During test experiments, the possibi-
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lity of designing the chopper for obtaining sparse ion
beams with different bunch filling factors, down to a sin-
gle bunch, has been demonstrated. A new design of the
start signal detector has been developed for studying the
kinetics of luminescence generated by high-energy ions,
based on the use of electron emission directly from the
surface of the sample under study and providing a time
resolution of at least 250 picoseconds. The presented
methodological developments significantly expand the
possibilities of studying the optical properties of irradi-
ated solids at early stages of defect structure formation.
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CoyneneHreH KarThl JEHEJEp/AiH ONTHUKAIBIK KACHUETTEPIH aKayiblK KYPBUIBIMHBIH KaJbINTACybIHBIH OacTarKbl
Ke3eHJIepiH/ie 3epTTey YVIIiH TIPKEJETiH HOHOJIOMUHECUCHIUSHBIH YaKbIT OOWBIHINA aWbIpyAbl JKaKcapTy >KoHE
HBICAHAMEH OPEKETTECETIH OOIICKTeP Il SHSPTHUSHBIH a3bIPaK IIAIIBUIBIMBIMEH TipKey KaxeT. Makaiaaa HOH/IBIK IIIOKTHI
YACTKIIITIH MarHUTTIK-PE30HAHCTHI XYHeciHe aiiay anmplHAa YACTKIIITIH aKCHAlAbl WH)KEKIUSACHIHBIH apHACHIHIA
OpHAJIACTHIPBUTFaH ayBITKBITYIIBl IUTACTHHAJAPFAa HETI3IENTeH «YOIep» IEN aTajaThlH JKBUIIaM IIOKTHI Y3TillITiH
o3ipNeHreH Kyleci cumarranrad. Yommep MOH KO3iHEH allbIHFaH JKOHE VACTKIIIKE alalaTblH aKCHAIIhl MHXKCKITUSL
apHACBIHAAFBl HOHAAPIBIH TYPAKTHI aFbIHBIHA OCEp €T/l )KOHE OHBI YACTKIIITIH IIBIFYBIHIA KAXKETTI KUBIHTHIK («OaHD»)
CaHBIH aJy VIIH KaXKeTTi JKUUTIKTEe ayBITKBITagsl. Yommep pe3oHaHCTHIK kyienepi 11 MI'm-ten 22 MI'n-ke neitinri
KUK Jrana3oHbIHaa sxymbic icreiitin DC-60 xone IC-100 yaeTkinn KeneHaepinae opTypiii yakpIT mapaMerpiepi 6ap
3apsiATanraH OeJLeKTep LIOFBIH allyFa MYMKIHIIK Oepeni, ain MOHAApAbl YAETY Ke3iHJe OJ YASTKILITIH LIBIFYBIHIa
Y3aKTBIFBl I[IAMaMEH ~2 HC JKOHE ~5 HC-Ka TeH JKoHe Kairtamany nepuoabl ~90...45 Hc-ka TeH Oenmiektep
JKHMBIHTBIKTAPbIHA TONTACTHIPBUIFAH aFbIHAAPIbI JKacaiiabl. by uornmnepe sorapbl XKbUIIAMIBIKTBI 2KbIPATHII-KOCKBIIL
naiijajnany apKbUIbl aybITKBITYIIBI IUIACTHHAJIAPFA )KOFAphl KEPHEY JKETKI31JIiM, OHJJa MOH aFblHbI YACTKIIIKE aianyan
KQXKETTI COTTE aybITKHIbI, OChLIAMINA JKABIHTHIKTAD CaHBIH, ColikeciHiie WMOH arbiHbH 100%-man 1%-ra neiiin, Oip
YKHMBIHTBIKKA JISHIH THIMJII CUPETY/l KAMTaMachI3 eTelli.

Tyiiin co30ep: yuxiompow; wonnep,; y3eiui; HCOAPbIGOIbIMMI AANCLIPAMbBIN-KOCKbIU, UOHOIIOMUHECYECHYUSL.
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Jlist wccnenoBaHusl ONTHYECKUX CBOWCTB OOJNYyYEHHBIX TBEPIBIX TNl HAa pPaHHHUX CTaAusAX oOpazoBaHus Je(eKTHOH
CTPYKTYPBHI BO3HUKAET HEOOXOJUMOCTb YIy4IIEHHS BPEMEHHOT'O Pa3pelieH s pErUCTPUPYEMOi HOHOJIIOMUHECLEHIIUH 1
perucTpanuy B3anMOACHCTBYIONIMX € 0Opas3slloM YacTHIl C MEHBIIMM pa30pocoMm »Hepruid. B crathe ommceiBaeTcs
pa3paboTaHHas crcTeMa OBICTPOTO NPEPBIBATENS IyUKa, IMEHYeMas «JOIIEP», B OCHOBE KOTOPOH JIe)KaT OTKIOHSAIOIINE
IUTACTUHBI, Pa3MeIlacMble B KaHAJE aKCHATbHOW MHXEKIIUH yCKOPHUTEIIS, HETIOCPEICTBEHHO NEpel MHXKEKINEH HOHHOTO
Iy4YKa B MarHATHO-PE30HAHCHYIO CHCTEMY ycKoputeisi. Hommep BIMSET Ha MOCTOSHHBIA MOTOK HOHOB B aKCHAJIBHOU
WHKEKIIMHY, TOTyYacMbli M3 MCTOYHWKA MOHOB W WH)XEKTHPYCMbIH B YCKOPUTENb, M OTKIOHSET €ro ¢ 4YacTOTOH,
HEOOXOAMMOM ISl MOJy4YeHHs HEOOXOAMMOro KOJIMYECTBa CTYCTKOB («OaHuel») Ha BbIXOle M3 yckopuTens. Yommnep
MO3BOJISIET MOJYyYaTh IYYOK 3apsDKEHHBIX YacTHIl C PA3IMYHBIMU BPEMEHHBIMH IapaMeTpaMH Ha YCKOPHTEIbHBIX
komiuiekcax DC-60 u IC-100, pe3oHaHCHBIE CUCTEMBI KOTOPBIX paboTaloT B Auana3one dactot ot 11 MI'n no 22 MI'n,
U TIPH YCKOPEHUH MOHOB CO3/1aeT Ha BBIXO/IE YCKOPHUTENSI MOTOKH YaCTHUII, CTPYIIIIMPOBAHHBIE B CIYCTKH JUIUTEIEHOCTHIO
oKoJI0O ~2 ...5HC U ¢ mepuomoMm mosropa ~90...45Hc. B maHHOM wyommepe HCHOIB3YETCS OBICTPOAEHCTBYIOIIMI
MEPEeKIII0YaTeNIb BBICOKOIO HANpsDKEHHS, MOJaBAaGMOT0 Ha OTKJIOHSIOIIME IUIACTUHBI, Ha KOTOPHIX IIOTOK HOHOB
OTKJIOHSIETCSI B HYXXHBIH MOMEHT OT WHKCKIIMM B YCKOPHTEIb, TEM caMbIM obecnednBasi 3(QGEeKTUBHOE Pa3peKeHUE
KOJIMYECTBA CT'YCTKOB, @ COOTBETCTBEHHO U NO0TOKa HOHOB 0T 100% 10 1%, BIIOTH O OAMHOYHBIX CI'YCTKOB.
Kniouegvie cnoga: yuxnompon, uonnep; npepui8amens, 8biCOKOGOIbMMHbIU NEPEKNOUAMENb; UOHOTIOMUHECYEHYUSL.
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B pabote paccmoTpeHa posib H3MEHEHHH MOP(OIOTHH 3epeH, CBA3aHHBIX C IpoIeccaMu (a30BEIX MOJIUMOPQHBIX Ipe-
BpameHnii B ZrO; pu BapbUPOBAaHUH KOHIICHTPALINHN CTAOMIM3UPYIOIIero gonanTa Y03 Ha U3MEHEHHE TeIuIohu3nie-
CKHUX IapaMeTPOB, a TAK)KE YCTOWIMBOCTH K BHEIIHUM BO3/CHCTBUSM, BEI3BAHHBIM PE3KUMH U3MEHEHUSIMH TEMIIEPaTyp,
MEXaHWYECKUX Harpy30K, JUINTEIbHBIM TEPMUYECKUM HarpeBoM. OreHka (a30BEIX TpaHC(OpPMAIHii, BEI3BAHHBIX U3ME-
HEHHEM KOHIICHTPAIUU CTAOMIM3UPYIONIEero aomnanTa Y203 mokasaia, 4To IPH MaJIbIX KOHICHTPAIUAX JOMHUHHUPYIOIIYIO
poJib B (pa30BBIX M3MEHEHUSIX MIPAIOT TIpolLecchl peBpaienuii Tuna m — ZrO, — t — Zr(Y)O», B TO BpeMs Kak MpU KOH-
HeHTpanusax nonanTa Beiiie 0,10 M 1OMHHUPYIOT IpoIecChl ¢ 00pa3oBaHueM ¢a3bl mupoxsiopa Y,Zr,O7, mporeccsl ¢a-
3000pa30BaHMsl KOTOPOI MPHUBOIAT K YKPYITHEHHUIO 3epeH NpH criekaHnu. COriacHo OIEHKE TETUIOM30JISIIIMOHHBIX Xapa-
KTEPUCTUK YCTAaHOBJICHO, YTO IOMUHHPOBAHUE B COCTAaBE KOMITO3UTHBIX KepaMUK (ha3bl mupoxiopa Y»Zr,O7 IpuBOIUT K
CHUIKCHUIO TCIIJIOIIPOBOJAHOCTH KEPAMUK, a TaKKE YBCIIMYCHUIO 3(1)(1)CKTI/IBHOCTI/I TCIUION30JIAIUH, KaK B CJIy4a¢ HU3KUX
TEMIIEpaTyp, TaK U IIPH AIUTESIHHOM BO3AECHCTBUH BEICOKOTEMIIEpATypHOTO HarpeBa. OIeHKa YCTOHYMBOCTH KEPaMHUK K
IporeccaM TePMOIIOKOBBIX BO3ACHCTBHUH, CBSI3aHHBIX C PE3KMM M3MEHEHHEM TEMIIEpaTyphl HArpeBa — OXJIAXKACHHS, 110-
Kazaya, 9TO KOMIIO3UTHBIC KEPAaMHKH C JOMHUHUPYIONIEH B cocTaBe (a3oil mupoxiopa odsanaroT OobIIel ycTOWIHBO-
CTBIO K TEMIIEpATypHBIM II€pernaiaMm, 3a CYeT COXPAHEHHUSI CTAOMIBHOCTH K BHELITHAM BO3JICHCTBHUSM M HU3KOW TETUIONPO-
BOJIHOCTH.

Knrouesvie cnoea: romnosumuvle Kepamuku, mepmouoKkosoe 603()6120”!6”6,’ menjiou3ojAYUOHHblE Mamepuaibl,

noaumMopghHbie Mapmencumuvle MpancoopmMayuu, nPoUHOCMHbIe XAPAKMEPUCTIUKU.

BBEJIEHUE

[ToBpmmeHne pabounx TEMIEpaTyp pPeaKTopoB, a TaK-
K€ Ta30BbIX TYpOHH, TpeOyeT COXpaHEeHUsI CTaOMILHOCTH
METAJUTMYECKUX KOHCTPYKIMH P AJTUTEIILHOM TepMUe-
CKOM Bo3JelicTBHH (TIpH TemIiepaTypax Boimre 1000 °C), a
TaKKe CHIDKEHHIO IIPOLIECCOB BBICOKOTEMIIEPATypPHOTO
OKHCIICHUS], CBA3aHHOTO C IPOHUKHOBEHHEM KHCIIOPOAA B
MIPUIIOBEPXHOCTHBIE CJION, C TTOCIEAYIOIEH JeCTPYKIHeH
U OXPYyIYMBaHUEM, CONPOBOXKIAIOIINMCS OTCIIaNBAHUEM
MIPUIIOBEPXHOCTHBIX ciioeB [ 1-3]. IIpu 3TOM, NOBBILLIEHHE
COIIPOTUBIIAEMOCTH CTAIBHBIX KOHCTPYKIMH K BBICOKO-
TeMIIepaTypHO# Jierpaaliu, CBI3aHHbIX ¢ MOAU(DHUKAIH-
el cranu 3a cyeT 100aBICHUS CTAOUIN3aTOPOB, CIIEPIKHU-
BAIOMIMX IPOIIECCH OKUCIEHUS, SIBJISIETCS] BECbMa JOPOTo-
CTOSILIIMM, U TpeOyeT NPOBeNIeHHsI OOJIBIIOrO KOJINYECTBA
Hay4HBIX pa0bOT B JaHHOM HarpaBieHuH |2, 4]. OnauM u3
Croco0OB peleHus! MPoOIeMbI MTOBBIIIEHHST YCTOHIHBO-
CTH CTaJbHBIX KOHCTPYKIMH K MPOLIECCaM BBICOKOTEMIIE-
paTypHOH JAerpajaluy sIBISETCS HAHECEHHWE HAa HUX Tak
Ha3bIBAEMBIX (OKEPTBEHHBIX KE€PaMHUYECKUX MOKPBHITUID,
BBICTYTIAIOIIHMX B POJIM OapbePHBIX MOKPBITHH, ClIep/KUBA-
IOLIMX MNPOLECCHl BBICOKOTEMIEPATYPHOIO OKHUCIIECHHS 3a
CYeT UCKIIIOYEHUSI IPSAMOT0 KOHTaKTa KHCJIOPOJAa W TPo-
JTyKTOB TOPEHHMS C TIOBEPXHOCTHIO CTAIIH, & TAKXKE CHIKE-
HUIO TEMIIEPAaTYPHOTO BO3/ICHCTBUS 3a CUET TEPMOH30II-
uu [5-7].

Bonbmioit naTepec B 00,1aCTH BRICOKOTPOYHBIX KapO-
MPOYHBIX KOMIIO3UTHBIX KEPaMHK HAIIPaBJICH HAa BO3MO-
JKHOCTh NPUMEHEHHS MX B KadecTBE TePMOOAphEPHBIX
3aIIUTHBIX HOKPBITHIL, CIIOCOOHBIX IKCILUTyaTHPOBATHCS B
9KCTPEMAIIBHBIX YCIIOBUSX, CBA3aHHBIX C BO3JEHCTBHEM
BBICOKHX Temrepartyp (mopsaka 1000—1500 °C) B Tede-
HHUE JUTUTEIFHOTO BPEMEHH, a TaK)Ke BO3MOXKHOCTH CO-
XpaHEHHUs WX MPOYHOCTHBIX CBOWMCTB HPH TEPMOIIOKO-
BBIX BO3/ICHCTBUSAX B ClIydae pe3KHX IEPeraoB TeMIIe-
patyp [8, 9]. OmHuUM U3 KIFOYEBEIX TPeOOBAaHUH K MaTe-
puanam, pacCMaTpHUBAIOIINXCS B Ka4ecTBE TepMoOapbep-
HBIX 3alIUTHBIX MIOKPBITHH, IBJISETCS X HU3KUE MOKa3a-
TEJH TeTUIOTPOBOIHOCTH, KO3 PHIIMEHTa TEPMUUECKOTO
pacivpeHusi, a Tak)ke CTaOUIbHOCTU KPUCTAJUTMYECKOM
CTPYKTYPBI K NpOIEccaM JIECTPYKIIUHU, BEI3BAaHHBIX OKHU-
ClIeHHeM TpHu BhICOKHX Temmeparypax [10, 11]. Taxxe
HEMAaJIOBAXKHYIO POJIb B ONpEAEICHUU MOTEHIHANla HC-
M0JIb30BAHUSI KOMIIO3UTHBIX KEpaMUK B Kau€CTBE TEPMO-
0apbepHBIX MaTepHaloB SBISETCS BO3MOKHOCTh COXpa-
HEHUS! CTAOMIIBHOCTH NMPOYHOCTHBIX XapaKTEPUCTHK, a
TaKXe aJre3MOHHON IPOYHOCTU Ha pa3pyllIeHUe, XapakK-
TEPU3YIOIIEH COXpPAHEHHE MOBEPXHOCTU MOKPBITUH K
Pa3pyIICHUIO IPH BHEITHUX MEXaHUYECKUX BO3/IEHCTBH-
ax [12-14].
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POJIb PA3BMEPHbIX 9®®EKTOB 1 ®A30BbIX MOJIMMOP®HbIX MPEBPALLEHWIA B KOMMO3UTHbIX KEPAMUKAX
HA TEN/I0U301ALUOHHBIE XAPAKTEPUCTUKWN U COMPOTUB/IAEMOCTb K BHELUHWUM BO3AEACTBUAM

OcHOBHas 1eNTb JAHHOTO MCCIIETOBaHUS 3aKITI0YaCT-
csl B ONpEJNeNICHUNN KUHETHKH U3MEHEHHs1 (ha30BOrO CO-
ctaBa ¥ Mopdoraorndeckux ocodbenHocteit Al,O3;—ZrO,
KEepaMUK IPHU T00aBJICHUH B COCTaB CTA0MIN3UPYIOIIETO
nonanTta Y203 Ha yHIpOYHEHHE M IOBBIILICHUE yCTOWYH-
BOCTH K TEPMHUYECKHM BO3/ICHCTBUSM, a TaKKe N3MEHe-
HUIO TETION30JIIIUOHHBIX XapaKTEPUCTHUK, OIPEIeIIsIO-
IIUX TEPCIEKTHBHOCTD UCIIOIH30BAHUS MOJOOHBIX KOM-
MTO3UTHBIX KePaMHK B KauecTBE TePMOOAPHEPHBIX MaTe-
pHANIOB JUIS 3aIIUTHI OT BEICOKOTEMIIEPATYPHOI KOppo-
3un. Jlo6aBneHne CTaOMIM3NPYIOMIETO JOMAHTa B COCTAB
KepaMHK TPH Baphallid €r0 KOHIICHTPannuu (BECOBOTO
o0beMa) criocoOCTBYyeT HHUIIMUPOBAHHIO IIPOLIECCOB TO-
JUMOPQHBIX TpaHCPOPMAMi B IUOKCHJE LUPKOHUS,
CTPYKTYpHBIE U3MEHEHHUS! B KOTOPOM, KaK IPaBmiIo, CO-
MIPOBOXKIAIOTCS MTPOIECCAMU PEKPUCTAIIIM3ALUH 3€PEH,
MPUBOASIIMM K U3MEHCHHIO UX Pa3MEpPOB, a Takxke Gop-
MHUPOBaHHIO KepaMuK 1o Thiy «Al,O3 Marpuia ¢ BKIIO-
yeHUsIMH B BUze ZrOs 3epen».

MATEPHUAJBI U METO/IbI

B kauecTBe MeTO/1a MOTyYEeHUsI KOMIO3UTHBIX Al,O3—
Zr0O; KepaMHK cTaOIIM3UPOBaHHBIX Y203 ObLI IPHUMEHEH
MEeTO/] TBepA0(ha3HOI0 MEXaHOXHUMHYECKOTO CUHTE3a, CO-
BMEIICHHBI C TEPMHUUYECKUM OTXKMIOM OOpasloB MOCIe
nepeMainbIBaHuAs. BpIOOp KOMIIOHEHT Ul IOJTydYEeHUS
KOMIO3UTHBIX KEPaMHUK OCYIIECTBIISUICS Ha CIEIYIOLINX
(hakTOpax, CBSI3aHHBIX C TEINIOH3HICCKIMH 1 IIPOYHOCT-
HBIMH XapaKTEPUCTUKAMH MCXOJHBIX KOMIIOHEHT. OKCHA
IIOMHHMS OBUT BHIOPAH 32 CYET BBICOKOH TEMITepaTyphl
wiaBieHusa (6omee 2000 °C), ycTOHYINBOCTRIO K TIpOIIEC-
caM OKMCIJIEHHS IIPH BBICOKHUX TeMIlepaTypax, IpOYHOCT-
HBIMH TTapaMeTPaMH M YCTOHYMBOCTBIO K TEPMHIECKOMY
pacumpenuto. [Ipu stom Temtonposoarocts AlO3 3Ha-
YUTEJIBHO BhIIIE, 4eM y ZrO,, uTo TpedyeT HeoOX0auMOo-
CTH €€ CHIDKEHHS B CIydae UCIIONIb30BAaHM JaHHOTO THIIA
MaTepHaioB B KauecTBE TEPMOOAPbEPHBIX 3alIUTHBIX I10-
KpbITHIA. BBIOOp Z1O; B KauecTBE KOMITOHEHTA KOMITO3HT-
HOI KepaMHKH 00yCJIOBJICH HU3KUMH TIOKa3aTeIsIMH TeTl-
nonpoogHocTH (MeHee 2 Bt/(M-K), BeIcOKIMHU pOvHO-
CTHBIMH XapaKTEPUCTHKaMHU ¥ TPEIINHOCTOHKOCTBIO, I10-
KazaTel KOTOPOH 3aBHCAT OT MOTHMOpQHOi (pa3sl ZrO,,
HW3MEHEHHE KOTOPOH MOXKHO JOCTHYb IyTeM CTaOuiM3a-
IIUM €€ Pa3IUYHBIMU KOMIIOHEHTaMH, B ToM uucie Y203
JI00aBJICHHE KOTOPOTO MPUBOAUT K MHHUIHATN3ALUH [IPO-
necca 3amerenus tuna Zr* — Y3*, kotopele conpoBosx-
JIat0TCss 00pa30BaHUEM KHCIIOPOJIHBIX BaKaHCHH, (opMHU-
poBaHME KOTOPBIX OOYCIIOBJIEHO HEOOXOAMMOCTBIO CO-
OJIONEHNST DJIEKTPOHEHTPATEHOCTH B KPHUCTALIMYECKOM
pemerk. Bo3moxnocTh crabummzanmu ZrO; 3epeH Jo-
naHToM Y203 MO3BONAET MOBBICUTH CONPOTHBISEMOCTh
KepaMHUK K BHEIITHUM BO3IEHCTBHSIM, a TaK)Ke YCHIINTB CO-
MPOTUBIAEMOCTb KEPAMHUK K TEPMUIECKOMY PACIIHPEHUIO
3a CYeT M3MEHEHMs KaK TeTUTO()U3NYECKHX MapaMeTpoB
cTabmmsupoBaHHOr0 ZrO,, TaK M HCKII0OUeHNEM 3 dex-
TOB MOJIMMOPQHBIX TpaHCHOPMAIHi, KOTOPBIE COMPOBO-
JKTAl0TCSl yBETTMUEHNEM 00beMa B 00pa30BaHNEM MUKPO-
mop B ctpykrype. [Ipu aTom (opmupoBaHre MeTKOIIC-
MIePCHBIX cTadbnmm3npoBaHHBIX ZrO; 3epeH B MEX3EpeH-

HOM IIPOCTPAHCTBE, OOpa3yIoMeMCsl MEXIy KPYITHBIMH
Al,O3 3epHaMu, IPUBOIUT K TIOBBIIICHUIO YCTOWYHMBOCTH
K PacTPECKUBAHHIO 32 CUCT CO3JaHUS 0apbepoB B BHUJEC
TpaHUI] 3epeH MU TIOTHOM YIaKOBKE MEITKOAUCTIEPCHBIX
3epeH, KOTOphIC Takke chaepkuBaroT pocT AlbOs 3epeH
MIPU TEPMUYECKOM CIIEKAaHUH.

CuHTe3 OCYLIECTBISIICS MyTeM MEXaHUYEeCKOTo W3-
MEITFUCHUS HCXOAHBIX TTOPOIIKOB B 33JAHHOM CTEXHOMET-
pHYECKOM COOTHOIICHUH, BApBHPOBAHIE KOTOPOT'O OCYIIIe-
CTBJIUIOCH 32 CYET M3MEHEHHSI BECOBOTO BKJIaJa CTAOMIIN-
3upyrorero gonanTa Y03 B muanazone ot 0,01 1o 0,20 M.
[Ipu 5TOM KOMITOHEHTHI OKCH/A ATIOMHHHUS W THOKCHZA
LUPKOHUS OpATUCh B PABHOM BECOBOM COOTHOIICHUH JIPYT
K apyry. HaBecka 00pa3LoB OCyIeCTBIIIIACH C HCIIOIB30-
BaHueM JsabopatopHbix BecoB Radwag (Radwag Wagi
Elektroniczne, Panmom, TTombiiia), TOYHOCTH HABECOK COCTA-
pirstia He Meree 0,001 r. O0wuuii BeC HCXOIHBIX KOMIIOHEHT
JUISL IepeMalTbIBaHusI COCTaBILUI opsiika 20 r. MexaHoXu-
MHYECKHI CHHTE3 OCYIIECTBILIICS MyTeM IepeMabIBaHHs
HCXOHBIX KOMITIOHCHT KOMITO3UTHBIX KEPAMUK B 33JaHHOM
CTEXHOMETPHYECKOM COOTHOIICHHUH B TUIAHETAPHOH Melb-
mune PULVERISETTE 6 (Fritsch, bepmun, ['epmanms),
mpu ckopocTd nomona 250 06/MuH B Teuenne 30 MHUHYT.
[lepemanbiBaHue OCYILECTBISUIOCH B COOTHOLIEHUM 1:2
KOMIIOHEHT IMOPOIIKOB K METIOIIUM TEJIaM B BUJIE IIAPHUKOB
muametpoM 10 mm. OOumii 00beM CTakaHa COCTAaBIISUT
80 mn. Ilocrme mepemanblBaHHUSA MOJYYEHHbIE MOPOLIKH
MOJIBEPTATUCH TEPMUICCKOMY OTXKHIY B My(eIbHOMN Teun
Nabertherm LE 4/11/R6 (Nabertherm, Jlunuenrans, [ep-
MaHust) ipu Temnepatype 1500 °C B TedeHue 5 yacos ¢ 1o-
CIICIYIOIINM OCTHIBAHHEM TIOPOIIKOB B KaMepe Tedr BMe-
CTe C ITeYBI0 B TEUCHUE CYTOK J0 TIOTHOTO OCTHIBAHIIS MICUHL.

Ananmm3 MOpQoIOrHYecKiX 0COOEHHOCTEH Uccieaye-
MBIX KepaMUK, a TAK)Ke BIMSHUS BapHUAIN COOTHOLICHUS
KOMITOHEHT Ha M3MEHEHHE MOP(HOJIOTMISCKUX 0COOCHHO-
CTell MOJIy4eHHBIX 00pa3IoB ObUT MPOBEACH C MpPHUMEHe-
HUEM METO0J1a PACTPOBOM IJIEKTPOHHOM MUKpocKomuu. Pe-
aM3anys TaHHOTO MeToja Oblia OCYIIEeCTBICHA Ha pac-
TPOBOM DJICKTPOHHOM MHKpockorme Phenom™ ProX
(Thermo Fisher Scientific, DitnaxoseH, Humepnaumisr).
CHUMKHY OBUTH TTOTy4Y€HBI TIPU OJIMHAKOBOM YBEITMUEHHH,
BEIOOP KOTOPOTO OCHOBBIBAJICS Ha BO3MOXHOCTSIX BH3ya-
TU3anud MOP(OIOTHIECKUX 0COOCHHOCTEH M (POPMEI 3e-
PEH ¢ MaKCHMaIIbHO BO3MOXKHOU AeTtanmm3anueit. [1pu 00-
paboTke CHUMKOB OBLT HCHOJIB30BaH METOJ YHEProJIHC-
MIEPCHOHHOTO aHANN3a, KOTOPBIHA MMO3BOJMI OINPEICTHTH
pa3ndue B COCTaBe MCCIEIyeMbBIX KepaMHUK MPH OICHKE
CBETJIOTIOJIHBIX ¥ TEMHOTIONIBHBIX 3€PEH Ha MPE/ICTABIICH-
HBIX H300paKeHUAX. AHAIN3 IPOBOJMIICS C YIETOM arpH-
OPHOM MH(OPMAITIH O TOM, YTO OoJIee JIETKHE 3JIEMEHTHI
U COCTMHEHUS TPH TIOJTYYSHUH PACTPOBBIX AJIEKTPOHHBIX
M300paKEHUSIX UMEIOT OOJBIIHNI KOHTPACT U MPEICTaBIIe-
HBI TEMHOTIOJIEHBIMH O0JIACTSIMU HA CHIMKAX.

W3yueHne KWHETUKU W3MEHEHHH (h)a30BOTO COCTaBa
HCCIIETyEMBIX KEPAMHK OCYIIESCTBISUIOCH ITyTEM CPaBHHU-
TENBFHOTO aHAJIN3a PEHTTCHOBCKUX TU(PPAKTOrpaMM IOITy-
YEHHBIX OOpa3loB C ATAJIOHHHIMU 3HAYCHHSIMH U3 0a3bl
JTAHHBIX, YTO B CBOIO OY€pe/b MMO3BOJIUIIO ONPEAEIIUTh HE
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TONBKO (Da30BBII COCTAB KaXIOTO W3 HCCIEIyeMBIX 00-
pasloB, HO ¥ YCTAaHOBUTH BIIMSIHUE BapHaLlM COOTHOIIE-
HUS KOMIIOHEHT B COCTaBe KepaMHK Ha (ha30BbIC IOJIH-
Mop(HbIe npeBpamenus. JudpakrorpaMmsl ObUIH TOITY-
YeHbl Ha PEHTICHOBCKOM IOPOIIKOBOM JH(paKTOMETpe
D8 ADVANCE ECO (Bruker, Kapncpys, 'epmanus).
Cnemka 1udpakTorpaMm ObLIa BHITIOIHEHA B TEOMETPUH
Bperr — bpentano, B yrioBom auamnazone 260 = 20-90°, ¢
mrarom 0,05°, Bpemst Habopa B Touke coctaBmio 1 c. n-
pakTorpaMMbl ObLTH 00pPaOOTAHBI M IPOAHATIM3UPOBAHEI B
nporpammaoM kofe DiffracEVA v.4.2.

Amnanu3 $a30Boro cocraBa NpoBOAMICS C UCIIONIB30Ba-
HHEM METO/Ia CPAaBHEHUsI IMOJIOKEHUS AU(PPAKIMOHHBIX
JIMHUHA C KapTOYHBIMU 3HAYCHUSMH, a OIEHKa BECOBBIX
BKJIQJIOB HCIIONIb30BANach JUI ONpENENeHHs COOTHOIIIE-
HuA (a3 B coctaBe kepaMuk. OnpesienieHre BECOBBIX BKJIa-
JIOB IPOBOJIMIIOCH C IPUMEHEHHUEM CTaHIapTHOTO METO/Ia,
B OCHOBE KOTOPOTO JISKUT HCIOIb30BAHUE OLIEHKH BECO-
BBIX BKJIAJIOB IIOIIAeH BeeX MU(PPaKIHMOHHBIX pediek-
COB TNIPEACTABISIIONINX JaHHYIO (ha3y K oOIIel momany
madpakTorpaMMel. Tarkke INpH YTOYHEHHH BECOBOTO
BKJIaJ1a K101 (ha3bl HCIIONB30BAINCH BENNYUHBI KOPYH-
JTOBBIX YHCEI, OTIPENICIICHHBIX 13 0a3bl JaHHbIX PDF-2.

OKCTIEpUMEHTHl Ha yCTOHYMBOCTh K T€PMOIIOKOBBIM
BO3JICUCTBUSIM IIPOBOJIMJIMCH IyTeM OBICTPOTO HarpeBa
obpasznioB g0 temneparyp 1500 °C, BeiaepxKe HUX TpH
JTaHHOU TemmepaTrype B TedueHue 30 MUHYT ¢ HOCIeIyIo-
IIUM PEe3KHUM M3BJICYCHHEM U3 KaMephl IeYM Ha BO3AYX,
YTO NMPHUBOJAUT K PE3KOMY Iepernay TeMIepaTyp, UIMUTH-
pyIoIeMy TEpPMOILIOKOBOE BO3IECHCTBHE, MPUBOIIIIEE K
JIeCTa0MIN3alK KPUCTAIUTNYECKON CTPYKTYPBI U €€ OKH-
CJICHUIO 33 CYET KOHTAaKTa Pa3orpeToil MOBEPXHOCTH 00-
pa3uoB ¢ Bo3ayxoM. OIeHKa yCTOMYMBOCTH KEPaMHK K
MOO0OHBIM SIBJICHUSIM OCYIIECTBIISLIACH ITyTEM H3MEpEeHUH
3HAYEHUH TBEPJIOCTH M aATC3MOHHOM MPOYHOCTH Ha OT-
PBIB U TIOCTIEIYIOIIETO CPABHEHHMS MOJyIEHHBIX TAHHBIX C
HCXOJHBIMH 3HAYCHUSAMH, HOITYYEHHBIMU TSI HCCIeye-
MBIX 00pa3noB. KonmdecTBo MCIBITaHNI Ha TEPMOIIIOKO-
BO€ BO3JICUCTBHE OCYIIECTBIISUIOCH ITyTE€M ITHUKIMUECKHX
HCTIBITAaHUH, H3MEPEHHE TBEPJOCTH U aAT€3MOHHOMN MPoU-
HOCTH IIPOBOAMIINCH Toce 3, 5 u 7 u 10 1ukIoB.

TecTbl Ha onpeienIeHre aAre3NOHHON IIPOYHOCTH TIPO-
BOJWJINCH C HCIIONB30BAaHWEM HCHBITATEINFHOM MAIINHEI
Unitest framework SKU UT-750 (Unitest, CIIIA). Benn-
YHMHA aAre€3MOHHON POYHOCTH OLICHNBAJIACH METO/IOM I1a-
parasbsl IyTeM BO3JCHCTBUSI HA MHAEHTOP NEPEMEHHOMN
Harpy3ku HPHUBOSIIEH K YaCTHYHOMY OTPBIBY HPHIIO-
BEPXHOCTHOTO CJIOSI OT OCHOBHOTO MaTepHaa.

TecTsl Ha ompeaeneHNe TBEPIOCTH 00pa3IOB IPOBO-
mumuck Ha Mukporsepaomepe Duroline M1 (Metkon,
Bypca, Typums). B kauecTBe HHISHTOPA UCTIOIB30BATACh
nmupamuaa Bukkepca, Harpy3ka Ha HHIGHTOP COCTaBIIsUIa
100 H, BpeMsi Bo3neHCTBUSL MHIEHTOPA HA MOBEPXHOCTh
KEepaMHUKH COCTaBILUIO mopsaka 15c¢, ¢ mociemyromei
nneHTuduKanuen oTreyaTka HHASHTOPA Ha 00paslie  Oll-
peneneHys 3Ha4YeHU TBEPAOCTH.

Onpenenenre BO3MOKHOCTU UCTIONIb30BAHHS KEPAMUK
B Ka4eCTBE TEPMOOAPBEPHBIX MaTepHaIoB OBLIO IIPOBEIE-

HO IIyTeM IIPOBEICHNUS SKCTICPIMEHTOB HAIIPaBJICHHBIX HA
BBISIBJICHUC CIICPKUBAHMS TCIUIOBOTO BO3ACHCTBUS TPU
JUTUTEIIEHOM TEPMHUYECKOM HarpeBe. DKCIEPUMEHTHI TPO-
BOJIMITUCH ITyTEM Pa3MeIeHUsT 00pa3IioB KepaMUK Ha Ha-
rpeBaTENILHBIX 3JIEMCHTAX ¢ KOHTPOJIEM TEMITEPaTyp ABYX
CTOpPOH 00pasla: JIMLIEBOH CTOPOHBI, MOJABEPraromeHCs
HETOCPEICTBEHHOMY HArpeBy 3a CUET MPSIMOT0 KOHTAKTa
C HarpeBaTesieM, 1 0OpaTHOH CTOPOHBI, TEMIEpaTypa Ko-
TOpOH CBUICTETHCTBYET O TOM, HACKOJIBKO IPOTpesics 00-
paszet 3a npormiesee BpeMs. Pa3HuIa TemrepaTyp Jnie-
BOM 1 00paTHOIT cTopoHs! (AT) mo3BonMIa OIEHUTH TeTI-
JIOW3OJISIIMOHHBIE CBOWCTBAa KEPAaMHUK TPH UTUTEIEHOM
TEPMHYCCKOM BO3JICHCTBHH. DKCICPUMEHTHI IPOBOIHU-
JIUCh B 4 TEMIICPATYPHBIX PEKUMAX: MPH TEMIIEpaTypax
500, 700, 1000 u 1500 °C, Bpems UCTIBITAHUIA COCTABIISLIIO
nopsiaka 100 yacoB, KOHTPOJIb TIPOBOAMIICS C IEPHOJHIE-
ckuM 3amepom AT.

PE3VJIBTATBI U OBCYXJIEHUE

Ha pucynke 1 npuBesieHbI JeTaTU3UPOBaHHbBIE H300-
paxkeHuss MOp(HOJIOrUH NOBEPXHOCTH MOTy4eHHBIX Al,O3—
ZrO, KkepaMuK B 3aBUCHMOCTH OT J100aBJICHHS B COCTaB
CTaOMIM3UpYIOIETO AomaHTa Y»O3 B cilyyae BapHaLlUH
€ro KOHIIEHTPALIUH NIPU [IepeMabIBAHUH U OCIIEAYIOIIEM
TepMuyeckoM oTxure. CorjlacHO paHee MPOBEICHHBIM
HCCIIE0BaHMAM, OBIIO YCTAHOBJICHO, YTO B CHIIy Hepac-
TBOPUMOCTH OKCHIa TIOMHHUSA B JHOKCHIE LIUPKOHW,
MEXaHOXUMHYECKOE TepPeMalbIBaHAE JAHHBIX OKCHIOB U
TIOCJIEYIOIIUHA TEPMHYECKUH OT/KUT TOTyYCHHOH CMecH
MIPUBOAUT K (POPMHUPOBAHUIO KOMIIO3UTA 10 THIY «AlLO3
MaTpula ¢ BKIoUeHusMH B Buae ZrO; 3epen» [15, 16].
IIpu 310M Ha pa3meps! ZrO; 3epeH 0Ka3bIBAIOT BIUSHHUE,
KaK yCJIOBHUS TePMUYECKONH 00pabOTKH, TaK M BapHAIH
COOTHOIIIEHHSI KOMIIOHEHT B COCTaBe KOMITO3UTHOH Kepa-
MHKH. B ciydae MCXOTHBIX HECTaOMIM3MPOBAHHBIX
ALO3—ZrO; kepaMHK, COTJIACHO MPEJICTaBICHHBIM H300-
paXEHHsM Ha pUCYHKE 1a OTYETIMBO BHIHO, YTO KEPAMHU-
KU TIPE/ICTABIISIIOT COOO0I MAaTpHIly M3 KPYMHBIX TEMHO-
TIOJBHBIX 3€PEH C BKIIOYEHHSAMH B HHUX OoJiee MENKHX
CBETJIOTIOJIBHBIX 3€PEH, a TaKKe 3aII0JTHEHHOM MEK3epeH-
HOM IIPOCTPAHCTBE OoJiee KPYIHBIMH CBETJIOMOJIBHBIMHU
3epHaMu. COrJIaCHO JAHHBIM 3HEPTOJHMCIIEPCHOHHOTO
aHaJM3a yCTaHOBJICHO, YTO TEMHOIIOJbHBIE BKIIIOUEHHS
3epHA COOTBETCTBYIOT OKCHY aMIOMUHHMS, & CBETIIONOJb-
HBIE YaCTHIIBI COOTBETCTBYIOT AUOKCHU/TY ITUPKOHHUS, YTO B
CBOIO OYepe/Ib UMEET XOPOIIIee COTNacke C pe3ynbTaTaMu
paHee TMPOBEICHHBIX HCCIEAOBAHUH, YKa3bIBAIOIIMX Ha
(opMupoBaHKE TTOT0OHOTO THITA KOMIIO3UTOB IIPH TEPMU-
yeckoM criekaHuu Al,O3—ZrO,. I1pu 3TOM OTYETIIMBO BUJI-
HO, uT0 (hopMmupoBanue ZrO; 3epeH MPOUCXOUT B MEXK3e-
PEHHOM IIPOCTPAHCTBE C 3aII0JTHEHUEM €T0 U 00pa3oBaHH-
€M TPOHHBIX—YETBEPHBIX CTHIKOB 3€PEH, a TaKkKe 00paszo-
BaHMEM MEJIKOAUCIEPCHBIX BKIIOUEHUH B CTPYKType
kpymHbIx Al,O3 3epen matpuiisl. [Ipu 3ToM B cocTaBe Ke-
PpaMHK IPUCYTCTBYET IOCTATOYHOE KOJIMYECTBO TIOp, 00y-
CIIOBJICHHBIX TIPOIIECCAMH CIIEKAHHs, a TaKkke aedopma-
IMOHHBIMH UCKaXCHUSIMH TIpH Kpuctammmsanun ZrO; 3e-
peH, GopMHIpOBaHUE KOTOPBIX MPOUCXOAUT MPU TepMIUe-
CKOM OTJKHTE.
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3 MKM

) 0,15 M %) 0,20 M

Pucyrok 1. Jlemanuzuposantvie u3006pasiceHus ROBEPXHOCHIU NOLYUEHHBIX KEPAMUK NPU 8apUAyUU KOHYEHMpayuu
Cmabunuzupyrowe20 OONanma 8 cocmase
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— 4 3MKM

Pucynok 2. Pe3ynomamul OyeHKu 1eMEeHmMHO20 COCMABA 3ePeH 8 COCMaAge Kepamuk, ompasicaioujue popmuposanue 3epem
€ PA3IUYHBIM COOEPACAHUEM INEMEHMO8 (HA 6CIMABKAX NPUBEOEHbI Pe3YIbMAmbl INEMEHMHO20 AHANU3A UCCIe0YeMbIX
VUACMKO8, OMPANCAIOWUX PA3IUYUS 8 INEMEHMHOM COCMABE YACMUY, UMEIOWUX I6HO OMIUYHYIO Opye om Opyea Gopmy):
a) 6 cryuae UCX0OHbIX KOMNOHeHm, 6) 6 ciyyae obpasya ¢ Konyenmpayuei cmadurusupyrowezo oonawma Y203 pasnou 0,20 M

Ha pucyHke 2 npuBeIeHbI pe3yJIbTaThl CPaBHUTEIb-
HOTO aHajM3a JIBYX THUIIOB KepamHK: 0e3 100aBieHHs
CTaOMIIM3HUPYIOIIETO JIOTIAHTA U ¢ JI00aBJICHUEM B COCTAB
Y203 ¢ xonnentpamnueit pauoit 0,20 M, oTpaxkaromiue
9JIEMEHTHBIN COCTaB 3ePeH, UMEIOIINX Pa3INYus IIPH UX
BU3yaIM3aIMY C IPIMEHEHUEM METO/Ia PAaCTPOBOH JJIEK-
TPOHHOW MHKpOCKONHH. J[aHHBIE MPUBEICHBI C IEIBIO
CpaBHEHUS] M3MEHEHHH, BBI3BAHHBIX ITpolieccaMu (azo-
BBIX TpaHC(OPMAIHH, CBI3aHHBIX C 00pa30BaHUEM 3€pEeH
Z1r0O;, a TakKe OTIMYHBIX OT OCHOBHBIX HaOII0JaeMbIX
3epeH npu 00JIbII0H KOHIEHTpaluHy fonanTta Y203 (pas-
ot 0,20 M), mosiBIeHHE KOTOPBIX OOYCIIOBIIEHO MpO-
LeccaMM B3aMMOJCHCTBHSA MEXIY OKCHIOM HTTPHUSA H
AIIOMHUHUS, B Ciydae OOJBIION KOHILEHTPAIUH OKCHIA
UTTpPUS, U KaK CIEJICTBUE, KUCIOPOIHBIX BAKaHCUH, BO3-
HUKHOBEHHE KOTODPBIX CBSI3aHO C IIPOIIECCAMH 3aMellie-
mus Zr*" — Y3', composoxparonmmcs 00pasoBaHHeEM
KUCJIOPOAHBIX BakaHcui (Vo). DHEproancrnepcuoHHbIH
aHaJIM3 TEMHOIOJIBHBIX 3€PEH, BBIIOJIHEHHBIH C IEJIbIO
OTIpeJIeTICHUs COCTaBa YacTHUI] II0Ka3all, YTO JaHHbIE Ya-

CTHIIBI COCTOST U3 AFOMUHHS U KHUCJIOPOJA, COOTHOIIIE-
HUE KOTOPBIX B HEJIOM COOTBETCTBYET CTECXUOMETPUH CO-
enuHenuo AlbOs. Ilpu aTOM Manblii MK Ha BCTaBKe
SHEPrOANCIEPCHOHHOIO CIEKTpa, XapaKTepHBIA st
LUPKOHUS MOXKET OBITh 00YCIIOBJIEH YCIOBUSIMH ChEMKH
CHEKTPOB, CBSI3aHHBIMH C pa3MepaMu U3MepsieMoi o0a-
CTH B TiIyOnHY (TJIyOMHA M3MEPEHHUH COCTaBISET MOpsiI-
ka 1,5-5 MKM npu yckopsitomeM HanpspkeHun 15 kB).

Ha pucynke 3 npuBesieHbI pe3yIbTaThl peHTreHo(a-
30Boro aHanmsa uccienyeMblx Al,O3;—ZrO; kepaMuk B
3aBUCHMOCTH OT BapHalM1 CTAOMIM3UPYIONIETO JONaHTa
Y>03 B cocTaBe, M3MEHEHHE KOTOPOTO KaK OBUIO yCTaHO-
BJICHO METOJaMH PacTPOBOM 3JIEKTPOHHOW MUKPOCKO-
IIUH U YHEPTOJMCIEPCHOHHOTO aHaIN3a MPUBOAMT K U3-
MEHEHHUSM MOP(OJOTHIECKIX OCOOSHHOCTEH, a TaKxke
00pa30BaHUIO BKJIIOYEHHH, HMEIOMINX COOTHOIICHHUE
9JIEMEHTOB OJIN3KOE K 00pa30BaHUIO UTTPUH-aTIOMHUHH-
eBoro rpanara (Y;Als01;), nosBieHne KOoTOoporo ooy-
CJIOBJICHO TPOIIECCAMU B3aMMOJCHCTBHS OKCHIOB HT-
TPHS M QJIIOMHHUSL.
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Pucynoxk 3. Pezynomamul penmeenogpazogozco ananusa ucciedyemvix 06pasyos Al203—ZrO: kepamux,
cmabunusuposannvix Y203 ¢ paznuyHoll KoHyenmpayuet, ompaxicaroujue usmeHeHus: pazos020 cocmasa
u cmpykmypHuix ocobennocmeti 06paszyos

CornacHO pe3ynbTataM PeHTreHO(a30BOrO aHaIn3a
OBUIO YCTAaHOBJIEHO, 4TO poOaBieHue B coctaB Al,Os—
ZrO, xepamuK cTabunmsupyromiero nomnanra Y,0s; npu
ManbIx KoHueHTpanuax (0,01-0,05 M) npuBoauT K UHU-
LUaIM3alUH TOJIUMOP(HBIX MAapTEHCUTHBIX MpEBpallie-
Hul THma m — ZrO; — t — Zr(Y)O,, ¢ mociexyroumm
YBEJIMYEHNEM BECOBOM JI0JIN TETPAaroHaIbHOH (ha3bl B CO-
craBe kepamuk. [Ipu aTomM dopmupoBanue ¢asbl TeTpa-
roHansHOU Zr(Y)O, compoBoOXmaeTcs MporeccaMu 3a-
Memterus Zr*" — Y3, uto B CBOKO 04EpENB COMPOBOXKIa-
eTcs yBEIMYEHHEM MapaMeTpOB KPHCTAJUIMYECKOW pe-
IIETKH, 00yCIOBICHHOMY Pa3IM4YUsIMHU B HOHHBIX paju-
ycax, BBHy TOTO, 4TO MOHHEIN pamuyc Y>' cocrammser
1,02 A, a wommblit pamuyc Zr*' cocraBnser mopsika
0,84 A [17, 18]. Takum 06pa3oM poCT MapaMeTpoB KpH-
CTaJUIMYECKOW PEIIETKU, YCTAHOBICHHBIA IIPU OLEHKE
(bOpMBI ¥ TT0JI0XKEHUS AU(PPAKIHOHHBIX pedIeKCOB B 00-
JIacTh MAJBIX YTJIOB, CBHJETEIbCTBYIOIEEe 00 yBennye-
HUM MEXIUTOCKOCTHBIX PAcCTOSHHMN, a TaKkXKe yBeJlnde-
HUIO TapaMeTPOB KpUCTAITMYECKOH pemreTku. [Ipu koH-
ueHTpauusax gomnanra Y,0; Beiue 0,05 M B cocTaBe Ke-
pamuk Habiroaercst GopMUpoBaHUe Kyondeckor Qasbl
Y2Z1,07 co CTpYKTypoii mHIpoxIopa, 00pa3oBaHUE KOTO-
PpO¥i CBHAETENBCTBYET O IpoIieccax MoJMMOPQHBIX TPaH-
chopmarmii Tuna m — ZrOz / t — Zr(Y)O2 — ¢ — Y2Zr,07
(tmpoxiop). Ilpu 3TOM yBenHUEeHNE KOHIIEHTPAINH J0-
nanTta Y203 Beimre 0,10 M k MOJTHOMY BBITECHEHHIO U3
CTPYKTYpPHI BKJIFOUYCHHH MOHOKIMHHOM W TeTparoHalb-
HOH (a3, ¢ MmociIenyIomUM JOMUHUPOBaHUEM (ha3bl MH-
poxiopa. B cinyuae koHueHtpanuu aonanta Y203z pas-
Hoit 0,20 M, B cocTaBe KepaMHK ITOMUMO (ha3bl TUPOXJIIO-
pa HaOmopnaercs (opMupoBaHHE KyOmueckod asbl

Y,Al5012, COOTBETCTBYIOIIECH BKIIOUCHUSIM HTTPHUI-
IIOMHHHUEBOTO IpaHarta, (JOpMHPOBaHHE KOTOPOTO Kak
OBLIO YCTaHOBJICHO ITPH aHAIIU3e JaHHBIX MOp(oIoTnye-
CKMX OCOOGHHOCTEH MPOUCXOAUT B MEXK3EPEHHOM IpO-
CTPaHCTBE, C MOCIEAYIONUM (OPMUPOBAHHEM JJOTIOTHH-
TENbHBIX Je(OpManMOHHBIX HMCKAKEHUH, BO3/eiCTBHE
KOTOPBIX MOJKET MPUBECTH K CHM)KEHHMIO MPOYHOCTHBIX
CBOMCTB KEpaMHK.

Ha pucynke 4a npuBeZeHb! pe3yabTaThl OLEHKH H3-
MEHEHH 3HAaUe€HHUH TBEPIOCTH KEPaMUK B 3aBUCHMOCTH
OT KOJIMYECTBA IIUKJIOB UCTIBITAHUH HA TEPMOCTOHKOCTb,
BKITIOUAIONUX B ce0s HarpeB 00pa3nos 10 1500 °C u 6b1-
CTPOTO OXJaXJEHWsI IMyTeM H3BJICUEHHUS 00pas3IioB Ha
BO3/YyX, YTO CO3/aeT PE3KUX IPAJUEHT TeMIIepaTyp, Ipo-
BOIMPYIOIINH IPOLECCH OKUCICHUS TPUIIOBEPXHOCTHO-
IO CJIOSI IPU KOHTaKTe ¢ aTMoc(epoii HarpeTol moBepx-
HOCTH. 3Ha4€HUs TBEPIOCTH, IPUBEICHHBIE IS HYJIEBO-
IO IMKJIa UCTIBITAHUH, OTPAXKAIOT PE3YNbTAThl BIMSHUS
Bapuanuu (GazoBoro cocraBa KepaMHK U pa3MEPHBIX d¢-
(PeKTOB, CBSI3aHHBIX C U3MEHEHHEM COOTHOLIECHHUSI KOM-
MIOHEHT B COCTaBe KepaMUK Ha 3(h(heKTUBHOCTH YIIPOUHE-
Hust. Kak BUIHO M3 IpeCcTaBIeHHBIX JTaHHBIX, 00aBIIe-
Hue B coctaB Al,O3—ZrO; kepaMuK CTaOMIN3UPYIOIIETO
nomanTta Y203 npu konnenTpamusx 0,01-0,05 M npuso-
JUT K YBEITMYCHHIO 3HaYeHUI TBeproctu ¢ 6,35 I'Tla o
7,3-8,5 I'Tla, uTO cBUAETENBCTBYET 00 YHIPOYHEHUH OT
14 o 33% B cpaBHEHHH ¢ HECTAOMIM3UPOBAHHBIMU Ke-
pamukamu. Ilpu 3TOM MakcUManbHOE 3HAYCHHUE TBEPIO-
cru 8,7 I'Tla nocTuraercs npu KOHIEHTPALMU CTaOMITH-
supytomero nqonanta 0,10 M, npu 106aBieHNN KOTOPOTO
HaOJII01aeTCs TI0JIHOE BBITECHEHHE MOHOKJIMHHOW (hasbl
1 TOMHUHHUPOBAaHUEM B CTPYKType (a3sl nupoxiiopa. Ilpu
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9TOM, KaK BUIHO U3 JAaHHBIX MOP(]OIOTHIecKHX 0COOCH-
HOCTEM, MPEJCTaBJICHHBIX Ha PUCYHKE 1, MpU JaHHBIX
KOHIICHTPAIUSIX CTAOWIM3UPYIOIIETO JOMAHTa, MPHBO-
TUT K (GOPMUPOBAHUIO METIKOTUCTICPCHOM (PPAKITUH B CO-
CTaBe KepaMUK, YTO CIIOCOOCTBYET YIPOYHECHHUIO 38 CUCT
HAJIMYMS MEXK3CPEHHBIX TPaHHMII, OOJbIIAs IIOTHOCTh
KOTOPBIX MPUBOAUT K CO3JAHHUIO JOTIOIHUTEIBHBIX Tpe-
MATCTBUM IJI1 MUKPOTpELUH. B naHHOM ciyuae, usme-
HeHre (a30BOTO COCTaBa KEPaMHUK 3a CUET BapHaIllUl
KOHIICHTPAIIUH CTAaOMIN3UPYIOIIEro JONAHTa B COCTaBe,
COTIPOBOXKJAOIIEECS YMEHBIIICHHEM Pa3MepOB 3€peH, a
Takke (HOPMUPOBAHMEM MEIKOIUCIIEPCHON (paKiuu,
3aMOJTHAIONICH MEX3EPEHHOE MPOCTPAHCTBO, 00pa3yro-
ieecsi MeXXy 3epHaMU MaTpPHUIIbI, IPUBOAUT K YBEJIUYe-
HUIO COTIPOTHUBIISIEMOCTH K BHEITHUM BO3JIEHCTBUSAM IpU
MEeXaHHUYeCKUX uchbiTaHusAX. OJIHAKO, YBEINYEHHE KOH-
neHtpauuu gomnanta Beimie 0,10 M, koTopoe coriacHO
JAHHBIM HCCIICIOBAaHUNA MOP(OIOTUISCKUX OCOOCHHO-
CTeH MPUBOJNT K YKPYITHEHHUIO 3€PEH, 3a CUET MPOIIECCOB
crekaHus (a3pl MUPOXIOpa, a Takke (opMUPOBAHHIO
BKITIOYCHUH B BujE 3epeH Y2AlsO» MpUBOAUT K HE3HA-
YUTEIPHOMY CHIKEHHUIO 3¢ddekra ynpounenus no 27—
30% 1O CpaBHEHHIO C MCXOIHBIMH HECTaOMIIN3UPOBaH-
HBIMH 00pa3IiaMi KepaMIK, a caM dPPEKT CHIKCHHS CO-
craBisieT He 6osee 3—5% Mo CpaBHEHUIO C TAHHBIMH, T10-
JIYYCHHBIMH 1 00Pa3I0B ¢ MAKCUMAaJIbHBIMH 3HAYCHH-
sIMH TBepAOCTH. [10100HOE CHIKEHHE TBEPAOCTH 00pa3-
IIOB KEPaMHK B UCXOJHOM COCTOSHHH OOBSICHACTCS d(-
(eKTOM YKPYITHCHHUS 3ePCH, MPUBOIAIIMM K CHIDKCHHIO
IUIOTHOCTH JMCIOKANUi, a Takke (HOpPMUPOBAHHEM JI0-
TTOJTHUTEIBHBIX BKIFOUeHHH B BHIE Y2Als012, popmupo-
BaHUE KOTOPHIX MPHUBOAUT K Ie(OPMAIIHOHHOMY HCKa-
KCHHUIO KPHUCTALTMYECKOW CTPYKTYPHl MATPHIBI, YTO
CKa3bIBaCTCsl HA YCTOHYHMBOCTH M COMPOTHBISEMOCTH K
BHEITHUM MEXaHWUYECKUM BO3JICHCTBHAM. Pe3ympTarhl
TECTOBBIX UCIIBITAHWUH Ha OTpeJieNIeHne YCTOHIMBOCTH K
TEPMOIIIOKOBBIM BO3JICUCTBUSM, MOKa3aHHbBIE B BHUJIC 3a-
BUCUMOCTH U3MEHEHUN 3HaYeHUI TBEPAOCTHU TOCIIE PO~
XOXKJCHHSI OMPECIEHHOTO KOJMYECTBA IMKJIOB (CM.
JTaHHbIE Ha PHUCYHKE 4a) SABISIOTCA MPSIMBIM ITOJITBEp-
KIEHUEM BIMSIHUSL pa3MepHbIX 3(dekToB u (a3oBbIX
TpaHc(hopMaImii Ha W3MEHEHHE COMPOTUBIIEMOCTH K
TEPMOIIOKOBBIM Bo3IeHcTBIAM. [1pr 3TOM, KaK BUITHO U3
MIPEJCTaBICHHBIX 3aBHCUMOCTEH, CHI)KCHUE TBEPIOCTH
Habar0JaeTcsa mociae 3—5 ILHUKIOB IMOCIEH0BATEILHOTO
TEPMOIIOKOBOTO BO3JCHCTBHS Ha 00pa3Iibl, B CAMH TPCH-
bl M3MEHEHUH HMEIOT SIBHO HEJNMHEWHBIM Xapakrep,
CBHJIETENILCTBYIONINI 00 YCKOPEHHUH IMPOIECCOB JeCTa-
OWIIM3any B 3aBUCHUMOCTH OT KOJHMYECTBA TEPMOIUK-
J0B. B ciyyae MCXOTHBIX HECTAaOMIN3UPOBAHHBIX Kepa-
MUK MaKCUMaJbHOE CHWKEHHE TBepocTH mociie 10 mwu-
KJIOB IIMKJINYECKUX UCIBITAHUN Ha TEPMOCTOMKOCTH CO-
crapisieT nopsiaka 18%, 4uTo mpeBbllIaeT Nopor A0Mmyc-
tumoro 3HadeHus (10%) Gonee uem B 1,5 pasa u cBuze-
TEJBCTBYET O JIECTPYKTUBHOM BIIMSIHUU TEPMOILIOKOBBIX
BO3JIEHCTBUI Ha yCTOMYMBOCTD K BHEILIHUM BO3€HCTBU-
siM KepaMuK. [Ipu 3ToM m3MeHeHHe (pa30BOrO COCTaBa
KepaMHK 3a cyeT JO0OaBJICHHUS CTaOWIM3HPYIOMIEro JO0-

MAaHTa TPUBOIUT K YBEIHICHHUIO COMPOTHBIIEMOCTH K
PACTPECKUBAHUIO U COXPAHCHHIO TBEPIOCTU MPHU OOJb-
IIOM KOJIMYECTBE TEPMOILIOKOBBIX BO3AeHCTBUN. B ciy-
Yyae KepaMuK, B COCTaBE KOTOPBIX JJOMUHHUPYET (ha3a mu-
poxiopa Y2Zr,07, MaKCUMallbHOE CHH>KEHUE TBEPAOCTH
nocite 10 IMKI0B UCIBITAHUSA COCTABIICT MeHee 6%, 4To
Oosee yeM B 2,5—2,7 pa3a MeHbIIIE, YeM aHAJIOTHYHEIC U3-
MEHEHHs, HaOJIro1aeMble IS HeCTaOMIII3NPOBAHHBIX Ke-
paMuK.
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MYHKTUPHBIMU NMHUSIMM 0003HAYEHa pa3HULiA MEX/Y HauanbHbIMM
3HayeHnamMm 1 nocne 10 LMKIOB UCMbITAHWA HA TEPMOCTONKOCTL B
NPOLIEHTHOM OTHOLLIEHUH, OTpaXatoLLEeM CTeneHb AerpagaLim nokasatenen
B pe3ynbTaTe HaKonmeH!st TEPMOCTPECCOBBIX HAMPSHKEHMI

Pucynox 4. Pe3ynomamul oyeHKu usmenenus: meepoocmu
006pa3yo6 Kepamuk 6 pe3ynomame YUKIUYECKUX UCHbIMaHUl
Ha mepmocmotikocms npu nazpege oopaszyos 0o 1500 °C
u bvIcmpPo2o OXAANCOeHUs () U A02e3UOHHOU NPOYHOCTIU
uccnedyemvix Kepamux (0) 6 3a8UCUMOCTU O KOIULECMEA
YUKII08 UCTLIMAHUL HA MEPMOCMOUKOCNTb

Taroke cienyeT OTMETHUTh, YTO HE CMOTPS Ha TO, U4TO
(dopMupoBaHue BKIIIOUYEHHH B BHJE 3epeH Y2AlsO12 B co-
CTaBe KepaMUK NpH OOJBIION KOHIEHTpanuu cTaOuIiu-
3UPYIOLIETO JONAHTa NPUBOAUT K YMEHBIIECHHUIO TBEPIO-
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CTH, MOKa3aTeI YCTOMIMBOCTH K JETpajaliiy IIpu Tep-
MOIIIOKOBOM BO3JEHCTBUM MEHbILE, YeM IOJIyuYCHHbIE
JUIsl HecTaOMIIM3UPOBaHHBIX KepaMuK. B 1anHOM ciydae,
OoJiee BBICOKHE MOKa3aTeH YCTOWYMBOCTH K TEPMHUYIEC-
KOMY BO3JICHCTBHIO 00YCIIOBJIEHBI CTPYKTYPHBIMH OCO-
OeHHOCTsIMH (ha3bl MUPOXIIOPA, YKPYITHEHHE 3€PEH KOTO-
PO¥i XOTb U IPUBOJUT K CHUXKEHUIO 3HAYSHUH TBEPIOCTU
B MCXOJHOM COCTOSIHWH, COXPaHs;eT Ooiee BBICOKHE MO-
Ka3aTeIH COIPOTHUBIAEMOCTH K BBICOKOTEMIIEPATYPHOU
JIETpafaliiy 3a cYeT 0oJee IIOTHON YIaKOBKH KpHCTall-
JMYECKOW CTPYKTYphI W OoJiee BBICOKMX IOKa3aTenel
CTETICHN CTPYKTYPHOTO YIOPSAIOYEHHS.

Ha pucynke 40 mpencTaBieHbl pe3ysbTaThl OLIEHKH
HM3MEHEHUH MapaMeTpoB aAre3MOHHON MPOYHOCTH Kepa-
MUK B 3aBUCHMOCTHU OT KOJIMUECTBA IIUKJIOB HUCIIBITAHUI
Ha TEPMOCTOMKOCTb, OTpakalollue YCTOHYMBOCThH IO-
BEPXHOCTHOT'O CJI0S K OTPHIBY IIPH HAKOIIIEHUH CTPECCO-
BBIX HAaIPSKECHUH B CTPYKTYpE, BBI3BAHHBIX TEPMOIIOKO-
BBIM BO3zeHcTBHEM. Pe3ynbpTaThl OBUTH TOTyUYEHEI C IIe-
JIBIO OIIEHKH YCTOWYMBOCTH NMPHUIIOBEPXHOCTHOTO CIIOS K
OTCJIAaMBAHUIO NPU HAKOIUICHWH Je(OpMannOHHBIX HC-
Ka)XEHHH ¥ MPOIYKTOB BBICOKOTEMIIEPATYPHOH KOpPpO-
3MM B CIy4ae TEPMOIIOKOBBIX HCHBITaHUH. OOmumit
TpeH/ HaOJIIOAaeMbIX H3MEHEHUH a/ilr€3NOHHOM MIPOYHO-
CTH KaK B ClIydae BapHalli¥ KOHIEHTPAIlUH CTaOMIN3U-
PYIOILIETO ONIAHTa, TaK U B CIydae yBEJIHUCHHUS KOJInde-
CTBa LIUKJIOB TEPMOLIOKOBBIX BO3JCICTBUM, CPABHUM C
pe3yipTaTaMi U3MEHEHHUS TBEPAOCTH, MPECTaBICHHBIX
Ha pucyHke 4a. [TonobHoe cx07CcTBO M3MEHEHU CBHIE-
TENbCTBYET O MPSIMOIl B3aMMOCBSI3U MEXIY TBEPAOCTH U
YCTOWYHMBOCTBIO K OTCIIAaMBAHUIO MOBPEXKICHHOTO CIOS
[P TEPMOIIOKOBOM BO3JICHCTBHH, a TAKXKe, SBISACTCS
MIOATBEPKICHUEM TIPSIMOH POJIM M3MEHEHHH (ha30BOTO
cOCTaBa M pa3MEPHBIX 3PPEKTOB HAa U3MEHEHHE ITPOYHO-
CTHBIX CBOMCTB KEpaMHMK W WX COIPOTHUBISIEMOCTH K
BHEIIIHUM BO3JEHCTBHAM, BKJIIOYAs MEXaHHYECKOE BO3-
JieificTBHEe M pe3KHe Mepenaabl TeMIepaTyp, BOSHUKAIO-
M€ TIPU TEPMOCTPECCOBBIX BO3/ICHCTBUAX.

CornacHO TOJy4YeHHBIM AAaHHBIM, MOXKHO CHEJaTh
BBIBOJ| O TOM, YTO YBEJIWYEHHE CONPOTHUBIIEMOCTH K
TEPMOCTPECCOBBIM BO3JICHCTBHUSIM B JAHHOM ClIy4dae 00y-
CJIOBJIEHO COBOKYITHOCTBIO (DaKTOPOB, BHI3BAaHHBIX BapH-
aruei COOTHOIICHUS KOMIIOHEHT B COCTaBe KepaMuK 3a
cyeT 00aBIECHUS] B HUX CTAOMIM3HMPYIOIIETO IOIAaHTA
Y>0s3. [Ipu ManbIx KOHIEHTPAIUAX CTAOMIH3HPYIOMIETO
JIOTIaHTa, HaOJo1aeMble M3MEHEHNUS MTPOYHOCTHBIX Xa-
PaKTEpUCTHK CBSI3aHbI C N3MEHEHHAMH (Pa30BOTO COCTa-
Ba KepaMUK, BBI3BAHHBIX ()a30BBIMHU TPaHCHOPMALIUIMHI
MOHOKJIMHHOW (ha3pl B TETParoHaIbHYIO, KOTOPHIE B
CBOIO OYepeIb COMPOBOKIAIOTCA, KaK 3TO BUIHO U3 JIaH-
HBIM aHAJII3a MOP(OJIOTHYECKUX H3MEHEHHUH, yMEHbIIIe-
HHEM pa3MepoB 3epeH U (opMHpOBaHHEM OoJiee IJIOT-
HOM YNaKOBKH 3€peH, TeM caMbIM co31aBasi OoJjblie
MEX3EpEHHBIX TPaHUI, a TAK)KE CHUXKAA MOPHUCTOCTE.
[Tpu TepMOIIOKOBOM BO3A€HCTBUH, OBICTPHIIT HarpeB 00-
Pa3LOB KEPAMUK NPUBOJUT K IPOHUKHOBEHUIO KUCIIOPO-
Jla 13 aTMoc(ephl B IPUITOBEPXHOCTHBIN CIIOH, KOTOPBIH
B Cllyyae CTaOMIM3MPOBAHHBIX KEPaMUK, MPECTaBIISET

€000} MIIOTHOYITAKOBAaHHBIMH MEJKOANCIIEPCHBIMH 3€p-
HaMH, 3aMOJHSIONUMH MEX3EpEeHHOE IPOCTPAHCTBO
AlLO; MaTtpuubl. B nanHoM ciydae caep)kuBaHue Mpo-
ueccoB auddy3un Kuciopoaa NPUBOJINUT K YBETHICHHUIO
CONPOTHUBJISIEMOCTH K OXPYMUUBAHUIO U (OPMHUPOBAHHIO
MHUKPOCTPECCOBBIX BKIIOUCHUH, CHOCOOHBIX J1eCTaOMIN-
3UpOBaTh MPUNOBEPXHOCTHBIHN cioi. IIpu aToM cHuKe-
HHE TIOPUCTOCTH 3a CUET YMEHBIICHHS Pa3MEpOB 3€PEH,
TaK)Ke CHIDKAET BEPOSTHOCTD JECTPYKINH MPU BHEITHUX
BO3/1EHICTBUSIX, 00YCIIOBIEHHBIX TEPMUIECKIM HarPEBOM
1 PE3KHUM TIepemaioM TemMmepatyp. B cBoro odepens cra-
Ooumm3anusa (pa3oBOro cocraBa KepaMmmuK 3a CUET Bapha-
LM KOHIEHTPAaLUK CTaOWIM3UPYIOLIEro AOMaHTa MpH-
BOJAUT K CHIDKEHHIO CTPECCOBBIX MMKPOHAIPSKEHUH B
KPUCTAJNIMYECKOH CTPYKType, UTO TaKKe yBEIUYHUBAET
YCTOMYMBOCTh K BHELIHUM Bo3zaeilicTBusMm [13, 19]. Ox-
HaKo, HaOJ0IaeMOE CHIDKEHHE CONPOTHBISIEMOCTH K
Mpo1ieccaM TEPMOIIOKOBBIX BO3JEHCTBHUH MpU OOJIBIITHX
KOHLEHTPALMSIX CTaOMIM3upyromero gomaHra Y;Os3 B
COCTaBE KepaMuK, OOYyCIOBICHO IByMsS (hakTopamm.
Bo-niepBbIx, mpy 000N KOHIEHTPALMH CTA0HIH3HDY-
IOMIETO JIONAHTa TOJIHOE BHITECHEHHE MOHOKIMHHOW H
TETParoHaJbHON (ha3bl B COCTaBE KEPAMUK C ITOCIIEIYIO-
MM JTOMHHHpOBaHWEM (ha3bl MUPOXIOPa HMPUBOAUT K
pOCTY 3epeH MUPOXJIOPa, UTO B CBOIO OUEPEb TPUBOAUT
K YMEHBIIIEHHUIO KOJIUYeCTBA TPaHHUI] 3epeH B COCTaBe Ke-
paMHUK, TEM CaMbIM YMCHbIIAA AUCIOKAIIMOHHYIO ITJIOT-
HOCTh, KOTOpasi CAEp)KHUBala paclpoCcTpaHECHHE MUKPO-
TPEIIMH B MOBPEXICHHOM ciioe. Bo-BTopbIX, pu 060Ib-
IIMX KOHIEHTpausax Y,03 B cocTaBe KepaMHUK IPOUCXO-
IuT (OPMHUPOBAHNE BKIIOYCHHH B BHIE 3epeH Y2Al5012,
KOoTOpble 00pa3sytorcs B coctaBe AlO3 marpuipl, 4To
MIPUBOJINT K ee JiecTabMiIn3anni U pasynpoynenuto. Ta-
KM 00pa31ioM, MOKHO CIIeTIaTh BBIBOJ O TOM, 4TO 100a-
BJIeHHE B cocTaB Y203 NpH 3alaHHBIX KOHIEHTPAIMAX
MO3BOJISIET BapbUPOBATh CONPOTUBISIEMOCTh KEPAMUK K
BHCIITHUM BOSHeﬁCTBHHM, BKJIFOYasds MCXaHUYCCKHC Ha-
IPY3KH U TEPMOCTPECCOBBIE BO3AeHcTBUA. Taxke cieny-
€T OTMETUTbh, YTO HEMAJIIOBAXKHYIO POJIb B yCTONYMBOCTHU
KEepPaMHUK K TEPMOCTPECCOBBIM BO3ACHCTBHSIM HI'PAeT UX
TEIUIONPOBOIHOCTh, U3MEHEHHE KOTOpOoil 00ycaBinBa-
€T CKOPOCTh INEpeAadn TeIula OT MOBEPXHOCTH BIIIyOb
Marepuana. [Ipy CHIKEHHH TEIUIONPOBOJHOCTH Kepa-
MUK CKOPOCTB IT€peiauH TeTlIa 3aMeUISIETCs, YTO B CBOIO
odepelb NPUBOANT K CO3AAHHIO TPAJUEHTA TEMIIEPaTyp
B 00pa3nax u crocoOCTBYET MEHBIIEMY BO3EHCTBUIO Ha
KPHCTAJUINYECKYIO CTPYKTYpPY TEIUIOBBIX BO3JECHCTBHH,
TEM CaMBIM CHIKasl BEPOSATHOCTh 0Opa30oBaHUS B Kepa-
MHKaX TEPMUYECKH AeCTaOMIM3UPOBAHHBIX 0OyacTel 3a
CYeT M3MEHEHHMH TEeIUIOBBIX KOJIeOaHWH KpHCTaIndec-
KoH pernreTku. Takke B JaHHOM Cilydae, u3MeHeHHe ¢a-
30BOTO COCTaBa KEPAMHK MPHUBOANUT K CHIKECHUIO KO-
(UnreHTa TEePMUIECKOTO PACIIMPEHUs, YTO TaKKe CIO-
cOOCTBYET YMEHBIICHHIO BKJIaJ[a TEPMUIECKON JiecTaOu-
JU3aIUH KPUCTAJUIMYECKOM CTPYKTYpbl KepaMHK Hpu
JUINTENILHOM TEPMUYECKOM BO3AECHCTBUU UM PE3KOM U3-
MEHEHHU TeMIIEpaTyp.
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Ha pucynke 5a npuBeneHs! pe3ybTaThl UCTIBITAHUI
00pa3LoB Ha TEIION30JISILINIO, BKIIOYAIOMINX B ce0s Ha-
rpeB 00pa3IoB ¢ OAHOW U3 CTOPOH U U3MEPEHUEM Pa3HO-
CTH TEMIIEpATYp C JIMIEBOI CTOPOHBI (C KOTOPOI ocyIiie-
CTBJISUICSL HArpeB) M 00paTHO# cTopoHbl oOpasua. JlaH-
HbIE IIPUBEJICHBI B BUJIE PA3HOCTU TeMIEpaTyp IO HCTe-
yennto 100 yacoB ¢ MUIIEBOI U 00OpaTHOW CTOPOH Kepa-
MUK B CIIy4ae BapHalllu TeMIepaTyp uctbitanuii ¢ 500
mo 1500 °C. TlpencraBieHHbIE 3aBHCHMOCTH HATJISTHO
JIEMOHCTPHUPYIOT HE TOJNBKO POJIb M3MEHEHHUS (a30BOTO
cocTaBa KepaMUK, 00yCIIOBIIEHHOTO BapHaliel KOHIICH-
Tpalyy CTAaOMIM3UPYIOIIETO JOIAaHTa B COCTaBe Kepa-
MUK, HO BJIMSHHE TeMIlepaTypbl HarpeBa Ha MPOLECCHI
TEIUIONepeHoca, M KakK ClieICTBHE, 3P (HEKTHBHOCTH Tell-
son3ossiiu. COrjlacHO TIOJyYEHHBIM JaHHBIM OLIEHKH
Pa3HOCTH TEMIIEPATYP C JIUICBOU U 0OPATHOM CTOPOH Ke-
paMuK BHUIHO, YTO J00aBJICHHE B COCTAB KEPaMHK CTAOU-
JIU3UpYIOIEro nonaHTa Y203 NPUBOAUT K YBETHUECHUIO
pPa3HOCTH TeMIIepaTyp, KOTOpOoe Hamboiee MPOSBICHO
TIpH BEICOKHX TeMIiepaTypax Bo3aelcTsus. [Ipu sToM Ha-
OroaeMble M3MEHEHHS B Pa3HUIE TEMIIEPATyp C JIHILIE-
BO#1 CTOPOHBHI (C TOW ¢ KOTOPO OCYIIECTBIICTCS HATPEB)
1 00paTHOH B 3aBHCHMOCTH OT COOTHOIICHUS KOMITOHEHT
B COCTaBE KepaMHK CBHACTEIBLCTBYIOT O TOM, YTO U3Me-
HeHue (a30BOro cocTaBa KepaMUK IPUBOJIUT K POCTY Te-
TUTOM3O0JISIIMOHHBIX XapaKTEPUCTHK, KOTOpbIe Hanboiee
MPOSIBJICHBI JUIS 00pa3loB B COCTaBE KOTOPHIX JIOMUHU-
pyer ¢a3a mupoxsopa. B ganHoM ciayuae poct 3ddek-
TUBHOCTH CIEPXKHUBAHUS IPOLIECCOB TEIMJIONEpeHoca B
KepaMHUKax MOXXET OBbITh OOBSICHEH TeM, 4TO IpU 100aB-
JIeHUH B cocTaBa Y -3 mporeccs (pa3oBbIX TpaHChopMa-
U COMPOBOXKIAIOTCS 00pa30BaHUEM KHCIOPOIHBIX Ba-
KaHCHUI B  pe3ylbTaTe MpPOIECCOB  3aMEIICHUs
Zr*" — Y3', nosBieHHE KOTOPBIX B COCTaBE KEPAMHK
00yCIIOBIICHO HEOOXOAUMOCTBHIO COOIIOICHUS AIIEKTPO-
HEUTPaJIbHOCTH B KpUCTAJUIMUECKO pemeTke. Poct kKoH-
LIEHTPALMd KHUCJIOPOJHBIX BakaHCUH B CBOIO Ouepelb
MIPUBOAUT K CO3IAHUIO JOIOJHUTENBHBIX pacCceuBaro-
[IMX I[EHTPOB IS TCIUIOBBIX (POHOHOB, YTO MPHUBOHUT K
HX 3aMeJICHHIO TPH TeIuionepeaaye. Taxke CBOIO pojb
B IIpolIeccax 3aMe UIeHHs TeIUIoNepeadl UTparoT U pas-
MepHbIe 3()(EKThI, CBA3aHHBIE C YMEHBIICHHEM pa3Me-
POB 3€peH, YTO IMPUBOJIUT K CO3JTaHUIO OOJBIIOTO KOJIH-
gecTBa OAaphEPHBIX TPAHUI], YTO IMPH OAITHCTUIECKOM
nepeaayu Teria GOHOHAMHU TaKKe MIPUBOAUT K yBeITHYe-
HUo 3¢ dekra mepepaccessHUSA U 3aMeIICHUIO TeINI000-
MmeHa [20]. CrreyeT Tak:Ke OTMETHTB, YTO B clTydae 00JTb-
IUX KOHIIEHTpAIMi cTabumu3nupyroiero gomnanta Y03,
IIPH KOTOPBIX pa3MepHBIN 3(h(heKT MeHee BBIpakeH, POCT
3¢ pexTHBHOCTH ClEep KUBaHMS MPOILIECCOB TEIUIONEpe-
Jadan 00yCIIOBJICH TOMHUHHUPOBAHUEM B COCTaBE KOHIICH-
TpaIy KUACJIOPOJIHBIX BaKaHCHM, OOJIbINAs MIOTHOCTH
KOTOPBIX MI'PAeT KIFOUEBYIO POJIb B 3aME/IIEHUH TETLIO-
nepeayu.
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Pucynok 5. Pesynvmamol oyeHku meniousoNsyuOHHbIX
XApakmepucmuK ucciedyemvix Kepamux: (a) pesyibmanivl
CPABHUMENLHO0 AHANU3A PAZHOCHIU MEMAEPAMYP C TUYeBOl
U 0OPAMHOU CIMOPOH KEPAMUK NPU ONPEOCeHUU UX
MENNOUZONAYUOHHBIX CEOUCE 8 3ABUCUMOCTU O 6APUAYUU
memMnepamypul Hazpesa, a MaKdice NPy USMEeHeHuu
KOHYEeHmpayuu cmabunusupyouezo Oonanma,

(6) cpasnumenvhas OuazpamMma oyerKu 3G hexmuenocmu
MENIOUZ0NAYUU 6 3A6UCUMOCII OM BAPUAYUL COCMABA
KepamMuK u UsMeHeHUU MeMnepamypbl UCNbIMAaHull

Ha pucynke 56 mpejactaBieHbl pe3ybTaThl OIEHKH
BEeTMYUHB! 3(PGEKTHBHOCTH TEIUIOM3OJIAINH, KOTOPHIE
ObUTH pacCUMTaHBI IMyTEeM CPaBHEHHUS PE3yNbTaTOB pas-
HOCTH TeMIIepaTyp NpH HarpeBe o0pas3IoB ¢ OAHOHN 3
CTOPOH U KOHTPOJBHOMY H3MEPEHHUIO TeMIIepaTyphl C
oOpaTHOH CcTOPOHBL. D(P(PEKTUBHOCTL TETIIOM30IISLIUH
OLICHUBAJIaCh IyTEM CPaBHUTENBHOIO aHAIM3a U3MEHeE-
HUI pa3sHULBl TEMIEPATYpP MEXAY JIULEBOM CTOPOHOMH,
Ha KOTOPYIO OCYILIECTBIISICTCS! HArpeB U 00paTHOMH cTOpO-
HOH, ¢ KOTOPOH IPOUCXOAUT ChEM TEIUIA MPOLLEIIIEro
yepe3 kepamuKy. JlaHHas BelIWYHWHA MPUBEACHA B MPO-
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LIEHTHOM COOTHOIICHWH C LENbI0 OompeaencHus dPdex-
TUBHOCTH BapHallMM cocTaBa KepamuK. JlaHHbBIE mpen-
CTaBJICHBI B MPOIIEHTHOM COOTHOIICHHU BEJIWYUH, C Iie-
JbI0 HanboJiee HarJISAHOTO OTPAKEHMSI pa3HOCTU U 3(¢-
(DEeKTHBHOCTH TETUIOM3OJISALMH NPU BapHaLlMK TeMIlepa-
Typsl Bo3zeiicTBus. COrnacHO NpeACTaBICHHBIX JaH-
HBIM, B Cllydae HecTaOMIIM3MPOBAaHHBIX KEPAMUK, MaKCH-
ManbHas 3(PQEKTUBHOCTh TEIUIOM3OIJIIUN COCTABIISET
15-17% nnsa ymepeHHBIX Temmeparyp HarpeBa (500—
700 °C), u camxaercst 1o 8—10% U1 BBICOKHX TeMIepa-
Typ (1000-1500 °C). Ilpu stom mobasnenme 0,01 M
Y03 B cocTaB KepaMHK NPUBOJHUT K HE3HAUUTEIHHOMY
pocTy 3 PEKTUBHOCTH TEIUIOM30JISIIMH BO BCEM H3MEPSI-
€MOM JIMaria3oHe, B BULy TOTO, YTO TIPH MAJIBIX KOHIICH-
TpalUsX OCHOBHBIC M3MEHEHUsS CBSI3aHBI CO CTPYKTYp-
HBIM YIOPSZIO4YEHHEM KEpaMuK, B TO BpeMsl Kak Ipoliec-
cbl (pazoBbIX TpaHCOpMALKil IPU MaIBIX KOHIIEHTpAIIU-
SIX IIPAKTUYECKU HE BbIpakeHbl. [Ipu yBenuueHUU KOH-
LEHTPAMX cTaOMIN3UPYIOLIETO JIOMIAaHTa B COCTaBE Ke-
paMuK, HHULIUHPYEMbIE Mpomecchl (ha30BbIX TpaHCHOp-
Manui IpUBOAAT K pOCTY 3P(PEKTUBHOCTH CACPKUBAHMA
IIPOLIECCOB TETJIONEPEaayr, TEM CaMbIM YBEIHINBAS (-
(hEeKTHBHOCTD TETIOU30JISIINH, BETNINHA KOTOPOH B CITy-
yae temueparyp 500 °C ans kepaMuK ¢ JOMUHHUPYIOIIEH
B coCTaBe (ha30il MUPOXJIOpa COCTABIISIET MOpsaKa 35—
40%, a B ciry4ae BBICOKUX TemrepaTyp nopsaka 20-25%.
IIpu 3TOM B citydae KepaMHUK C KOHLICHTpalUei JOIaHTa
0,10-0,20 M nabmonaeTcs coxpaneHue 3hHEeKTHBHOCTH
B ciyyae temmeparyp Harpea 1000—1500 °C, uro cBu-
JETEIBCTBYET O TOM, YTO IIPU BBICOKUX TEMIIEpaTypax
HarpeBa, CIep)KMBaHNE TETIIO0OMEHa 3aBHCUT OT KO3(-
(UnreHTa TEPMUYECKOTO PACIIMPEHNUS, KOTOPBIH B CITy-
yae KepaMuK ¢ (a3oil MUpoXJopa 3HAYUTEIHLHO HIKE,
YeM Ui KePaMHK C JOMHHHUPYIOIIMMH MOHOKIMHHOH H
TeTparoHaJIbHOH (azamu.

3AKJIIOYEHUE

B pabore paccMoTpeHo BIHsIHUE H3MEHEeHNUS (ha30Bo-
ro cocTaBa U MOP(OJIOTHIECKUX OCOOEHHOCTEH KOMIIO-
3uTHBIX AlO3—ZrO, KepaMuK TPH CTaOMIU3AINH WX
Y203, HAa yCTOMYUBOCTh K TEPMUUECKUM BO3IECHCTBUSM
U TEIUION3OJISIIIMOHHBIM CBOWMCTBAM, OIPEIEIISIOIINM
MEPCIEKTHBHOCTD HCIIOJNB30BaHMS JTAHHOTO THIIA Kepa-
MUK B Ka4eCTBE TePMOOapbEPHBIX MaTePHAJIOB.

CornlacHO pe3ynbTataM peHTreHO(ha30BOro aHajIn3a
1 TaHHBIX MOP(OIOTHYECKUX UCCIIe0BaHMi OblIa ycTa-
HOBJICHa KHHETHKAa H3MEHEeHHs (Da30BOro cOCTaBa B
Al,O3—ZrO, kepamukax npu crabmwmmzanuu ux Y203 B
3aBUCHMOCTH OT BapHalliy KOHLEHTPAalUH CTaOWMIN3HU-
pytomero nonanta. OCHOBHbIE U3MEHEHHUs (pazoBoro co-
cTaBa 00yCIIOBJICHBI TIOJIMMOP(HBIME TpaHCHOpMaIHs-
MU, UMEIOIIUMH NPSMYI0 3aBHCUMOCTb OT KOHILIEHTpa-
uuu nonanta Y203, [Ipu ManbIx KOHUEHTPALUAX JOMHU-
HUPYIOIIYIO POJIb B TOTUMOP(HBIX TPAHC(HOPMAIIHIX HT-
patot mporecchl THna m — ZrO,; — t — Zr(Y)O,, compo-
BOXKJAIOIINECS BBITECHEHHEM MOHOKIMHHON (a3l B
CTPYKType KepaMuK. [Ipu 60IpIINX KOHIICHTPALUAX CTa-
OMITM3UPYIONIETO JIOTIAHTa JOMHUHHUPYIONIYIO PONb B CO-
craBe urpaer (aza mupoxiopa Y2Zr,O7, IOsABICHNE KO-

TOpOI 0GYCIIOBIEHO YBEIMYEHNUEM JIONH JIOTIAHTA, U KK
crencTre, GpasoBbM TpaHcGOpMaLKMAM, BO3HUKAKOIIMM
PH POCTE TIPOLIECCOB 3amentenns Zr*™ — Y3, nmpusos-
IEMY K POCTY 3€pEH MUPOXJIOPA.

B X0/I€ OIEHKH yCTOMYMBOCTH KEPAMUK K TEPMOILIIO-
KOBBIM BO3/IEHCTBUSM, BHI3BAHHBIM PE3KUMH M3MEHEHU-
SMU TEMIIEPATYPHBIX PEXKUMOB, OBIIO yCTAHOBJIEHO, YTO
(hopMupOBaHKE MEIKOIMCIIEPCHON (PpaKIU MIPOXIIOpa
HPUBOJIAT K YBETMUEHHIO COTIPOTHBIIEMOCTH K IECTPYK-
MM TPOYHOCTHBIX XAPAKTEPHCTHK M TMOBBINIEHUIO YC-
TOWYHMBOCTH K MPOIECCAM BBICOKOTEMIIEPATYPHOTO OKH-
cnenus. [Ipu 9TOM yKpyNHEHHE 3€peH, HAONIOIAeMOE
npyu GOJBINKMX KOHIEHTPAIMAX CTaOHIIM3UPYIOIIETO JI0-
MaHTa, IPUBOJIUT K CHIKEHUIO COTIPOTHUBIISIEMOCTH K Pa-
3YIPOYHEHUIO NPUMEPHO B 1,5-2 pasa Mo cpaBHEHMIO C
KEPaMHMKaMH, B COCTABE KOTOPHIX JIOMUHUPYIOT MEIKO-
JAUCIICPCHBIC BKIIIOUCHMA.

[Ipu oleHKe TEIIOU3OSAIMOHHBIX XapaKTEPUCTHK
KEpPaMUK OBUIO yCTAHOBJIEHO, YTO yBenudeHue d(Qek-
THBHOCTH TETUIOM3OJISAIMY HAMPSAMYIO CBA3aHO ¢ (a3o-
BBIM COCTaBOM KEPAMHK, & TAKXKE OOYCIIOBIEHO KaK KOH-
HEHTpamyel KUCIOPOIHBIX BAKAHCHI B COCTABE, TaK U
K03 ()HUIIMEHTOM TEPMHUYECKOTO PACIIMPEHHUSL.

bnazooapuocme
Hccredosanue gunancupyemes Komumemom nayku

Munucmepcmea nayku u gvicute2o obpazosanus Pecny6-
auxu Kazaxcman (No. BR21882237).
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byn xymbicta ZrO; Herizinzeri kepamukanapaa Y»>0O3 TypakTaHABIPFBINI KOCHACBIHBIH KOHIEHTPALMSICHIH ©3TepTy
Ke3iH/Ie TYBIHAANTHIH (pazanbiK MOJUMOPQTHIK TYpJICHYJIEPMEH OailIaHbICTBI JOH MOPQOIIOTHICHIHBIH ©3repiCTepiHiH
KBUTY-(DU3UKAJIBIK TapaMeTpIiep MEH TeMIIepaTypaHblH KYpT e3repicTepi, MeXaHUKaJIbIK )KYKTeMeNep MEH y3aK Mep3iMIi
TEPMUSIIBIK KBI3ABIPY CHSKTHI CBIPTKBI 9cepiepre Te3IMALTIKKE acepi KapacThIpbUAbl. Y203 TypaKTaHABIPFBIIIBIHBIH
KOHLEHTPALMSCHl ©3repreH Kesjeri (azaiblk TyplieHynepal Oaranay HOTIDKECIHAE, Koclla KOHICHTPAIMSCHl TOMEH
Oonran xarmaiina, m — ZrO; — t— Zr(Y)O, TypiHzeri TypieHylep 0achkiM pej aTKapaThIHBI aHBIKTAJIABL. AJ Kocma
memrepi 0,10 MombeH xoFapsl OonFaHna, mupoxyop (aszacer Y2Zr,07 Ty3inyiMeH KypeTiH mporecTep 6achkiM OOJBIIL,
OII KYHIipy Ke3iHze MoHIep iy ipiaeHyine okeneni. JKpuTy OKIayinay KacCHEeTTepiHe KYPTri3ireH Oaranay HOTIKECIHIE,
KOMIIO3UTTIK KepamuKagap KypambiHaa mupoxiop (aszacer Y,Zr,O; GackiM OojFaH »Karmaia, MarTepuanimapIbiH
KBUTYOTKI3TIIITIN TOMEHAET, JKbUTyH30JISIHMs THIMIUIITT apTaasl, OYJ TeK TOMEH TeMIlepaTypajiap jKarJaiblHaa FaHa
eMec, COHMal-aK y3aK Mep3iMIi KOFapsl TeMIIepaTypaniblK KbI3ABIpY KesiHne ae Oaiikamamgsl. TemmeparTypaHbIH KYpPT
e3repyiHeH 00NaThIH TEPMOIIOKTHIK dcepiepre TO3IMIUTIKTI Oaranay, mupoxiop ¢azackl 6ackiM OOJATHIH KOMITO3UTTIK
KepaMHKaJapAbIH CBIPTKBI dcepiiepre TYPaKTBUIBIFBI MEH TOMEH >KbUTyOTKIi3TiIITiri ecebiHeH TeMIlepaTypasiblK
ayBITKyJIapFa )KaKChl TO3IMALTIKKE e eKeHIH KOpCeTTi.

Tyiiin co30ep: KoMNOZUMMIK KepaMUuKaiap, mepmouloKmolk acep, HCbUYUIOTAYUANLIK MAMepuanroap, noaumopgpmaol
MapmeHcummix mypienyiep, 6epikmix cunammamanap.
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THE ROLE OF SIZE EFFECTS AND PHASE POLYMORPHOUS TRANSFORMATIONS
IN COMPOSITE CERAMICS ON THERMAL INSULATION CHARACTERISTICS
AND RESISTANCE TO EXTERNAL INFLUENCES

L E. Kenzhina'?, A. L. Kozlovskiy"*', Ch. Khametov3, P. Blynskiy!*

! Satbayev University, Almaty, Kazakhstan
2 RSE “Institute of Nuclear Physics” of the Agency of the Republic of Kazakhstan for Atomic Energy, Almaty, Kazakhstan
3 NJSC L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
4 National Research Tomsk Polytechnic University, Tomsk, Russia

* E-mail for contacts: kozlovskiy.a@inp.kz

The paper examines the role of changes in grain morphology associated with the processes of phase polymorphic
transformations in ZrO, with varying concentrations of the stabilizing dopant Y>O3; on changes in thermophysical
parameters, as well as resistance to external influences caused by sudden changes in temperature, mechanical loads, and
prolonged thermal heating. An assessment of phase transformations caused by a change in the concentration of the
stabilizing dopant Y,O3 showed that at low concentrations, the dominant role in phase changes is caused by processes of
the m — ZrO, — t — Zr(Y)O, type, while at dopant concentrations above 0.10 M, processes with the formation of the
pyrochlore phase Y»Zr,O7 dominate, the phase formation processes of which led to grain coarsening during sintering.
According to the assessment of thermal insulation characteristics, it was established that the dominance of the pyrochlore
Y2Zr,07 phase in the composition of composite ceramics leads to a decrease in the thermal conductivity of ceramics, as
well as an increase in the efficiency of thermal insulation, both in the case of low temperatures and under prolonged
exposure to high-temperature heating. An assessment of the resistance of ceramics to thermal shock processes associated
with a sharp change in heating-cooling temperature showed that composite ceramics with a dominant pyrochlore phase
in the composition have greater resistance to temperature changes due to maintaining stability to external influences and
low thermal conductivity.

Keywords: composite ceramics, thermal shock effect, thermal insulation materials, polymorphic martensitic transforma-
tions, strength characteristics.
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B nanHO#1 paboTe B paMKax KJIaCCHYECKOH MOJIEKYILIPHOW TUHAMUKH HCCIIE0BaHA TUarpaMma 1e(oOpMUpPOBAHHUS aIMasa
TIPH PaCTSHKEHUH, OPUEHTHPOBAaHHOM B HarmpasieHud [111], B o6macti remneparyp ot 1 mo 1700 K. Pacemotpens! nae-
anpHas CTPYKTypa ajiMasa, a TakKe CTPYKTYpa, COJep)Kallas OTHOCHUTEIBHO BBICOKYIO KOHIIEHTpauuio Je]eKToB.
JIns u3yueHus 31acTUYHOCTH MOJTy4aeMbIX PU pa3IMuHON TeMIlepaType NMpH PacTKEHUU CTPYKTYp MPOBEICHO aHU30-
TPOITHOE MOJICIUPOBAHKE NP aTMOC(HEPHOM JaBJICHUH M PACCUMTAHBI BEINYNHBI JieOpManiy ¥ INIOTHOCTH CTPYKTYPBI
BO BpeMeHH. [1okazaHa 31acTHYHOCTh 00EHX CTPYKTYpP B IIMPOKOM AMAIa30HE BETHYHH JIe(OpMaIMH, XapaKTepHbIX s
KaXI0TO 3Ha4YeHUs TeMIlepaTyphl. Takke Mmoka3zaHa BO3MOXHOCTh JOCTIDKEHHS alMa3oM IIACTUYECKOTO COCTOSIHHA B
y3KOW 00J1aCTH BEJIMYMHBI PACTSHKEHHS TEpe MOIHBIM pa3pyLIeHHeM B 00JIacTH BRICOKHX TeMmeparyp. [Ipu Temnepary-
pe <500 K anMasz coxpaHsieT 4iCTO YIpyTroe MOoBEACHHE BIUIOTH 10 paspyuieHus. [Ipu Temmepartypax soimre 700 K BOmH-
31 TIpejielia MPOYHOCTH HAOIIOAAI0TCS IPU3HAKH JOKAJIBHOH IIIACTHIEeCKON Ae(hOpMaIiy B BH/IE TUTABHOTO M3rHOa KpH-
Boit HanpsykeHue—nedopmarys. [lpu T > 1600 K naeanpHas cTpykTypa pa3pymiaeTces yKe Ha dTarne IKBIIIHOPUPOBAHNS,
YTO SIBJIAETCSA TPHU3HAKOM Hadaia rpadurusamun. Hanmmane toueunoro nedexta CHIXAST MPOYHOCTh U IPE/ICIBHBIC JIe-

(dopmarmu, U CTPYKTypa pa3pymiaeTcs mpu OoJiee HU3KUX HanpspkeHuax mpu T > 1300 K.

Knroueswie cnosa: anmas, aiMda3Hsle NiIeHKU, MONEeK)IAPpHAs ()MHGMMKLZ, 06(1)0}7}!401/[1/!}1, A1ACMUYHOCNTb.

BBEJIEHUE

ArMa3 1 anMasHble IUNIEHKU IPUMEHSIOTCS B MeIUITH-
He, WHCTPYMEHTaX MeXaHH4YeCKOoW 00paboTKH, MHKpO-
3JIEKTPOHHKE U KBAHTOBBIX KOMITbIOTepax Oiaroaps uc-
KJIFOUUTENbHOU TBEPIOCTH, TETUIOMPOBOJAHOCTH U XUMHU-
4ecKoi cTOMKOCTH. OHAKO BBICOKAst CTOUMOCTH JOOBI-
YW ¥ CHHTE3a aiMa3a, a TakXKe MPOM3BOJCTBA IIEHOK U
HaTBUICHUS TpeOyeT pa3pabOTKH HOBBIX METOJIOB X I10-
mydyeHus. [y 3Toro TpeOyroTCS 3HAHHUS IPOYHOCTH all-
Ma3oB U npenena tekydectd [1, 2]. MckmouutenbHbIi
IpeJeNl TeKy4decTH alMa3a BO3HHUKAeT M3-3a BBICOKOM
IUIOTHOCTH CHJIBHBIX aTOMHBIX CBSI3€ii M CTPOTO Hampas-
JIEHHOW TPUPOJBI ITUX CBA3EH. DKCIepUMEHTAIbHBIE
JTaHHBIE O Tpefesie TeKyUeCTH ajaMa3a MPaKTUIECKH OT-
CYTCTBYIOT BBUJly TPYIHOCTH €ro Je(OpMHpOBaHUS H
BO3HHUKAIOIIEH B OTCYTCTBHH KHCIIOpOJa NPH TeMIepa-
Type Boiiie 3550-3700 °C rpadurusaruu [3], B TO BpeMs
KaK OLICHOYHAsI TeMIlepaTypa IDIaBlIeHus anMasa [4] co-
crapisier 3300 K. DkcniepuMeHT MO MHJEHTHPOBAHUIO
[5] mokaszau, gTo rpaduTH3aNMS aMa3a MPOUCXOAUT MPH
nasiennn Hke 100 T'Tla [1, 2].

OKcNepUMEHTAIBHOE HCCIIE0BaHUE IIEpEX01a ama-
3a K IUIACTUYECKOH J1e)OpMaln ITOCPEJICTBOM CHKATHS
mmokasajuo, 4yto auddepeHnnanbHplii mpeaen TeKy4ecTH
anMasHoro nopoimika cHmkaetcs ¢ 16 I'Tla o 4 I'Tla mpu
noBeImeHNH Temneparypsl oT 1100 mo 1550 °C [6] Dke-
MIEPUMEHT IO CIABIMBAaHUIO alMasa Ha aJMa3HOW MOJ-
noxke (anvil) mpu KOMHATHOW TeMIIepaType 1 HIDKE MO-
Ka3aJ, 4To Tpeled TeKydecTH anMmasa [7] cocTaBiser
130-140 I'TTa. bonee no3mHue UCCIEI0BaHMS TOKA3aIH,
YTO Mpeles TEeKYYeCTH NMPU KOMHATHOM TemIepaType B
3aBUCUMOCTH OT Tuna fnasienus [8] coctasmser 210 ['Tla

IO OIIEHKE aBTOPOB paboThI [9]. CoriacHo mpeamnooxe-
HUIO aBTOpOB [9], mpexen TekydecTu coctaBisier 144—
168 I'Tla, aBTopbI padoTsl [10] B 9kcHIeprMeEHTE MO MOJTy-
YEHUI0 aMOp(HOro yriepoja W3 ajiMmas3a OLEHWIH 3TO
3Hauenue B 55 I'Tla [3-5].

[Tpu momoruy MeTo10B ab initio ObLUIO MTOKa3aHO, YTO
npu Harpy3ke 90-100 I'Tla npu pacTs>keHUN WK CABUTE
alMa3 CTaHOBUTCA HECTAOWIBHBIM ¥  IDIACTUYHBIM
[11, 12]. [dpyrue OLEHKH OXHAAEMOIO HaBJCHUS ILa-
cTryeckoit neopmanuu cocraBmm ~45—48 I'Tla B 3aBu-
CHUMOCTH OT CTI0c00a CIaBIIMBAHIS, & PACUETHI TIOKA3aJH
[13], uTo mnacTUYeCKre BMSITHHBI MOTYT OBITh 3aMETHBI
npu ~70 I'Tla u no npenensHoro maeieHus B ~85 I'Tla
npu npeaene Tekydectu B 35 I'Tla [6-8].

st Gonee MacITaOHBIX TEOPETUIECKUX HUCCIEI0BA-
HHH, CIOCOOHBIX B TOM WJIM MHOM Mepe y4ecTh HalIu4ue
Ne(QeKTOB TPaHCIALMOHHOW CHMMETpPHHM ajMasa, HC-
O3y ETCSl METOJ MOJICKYJIIPHOW THHAMHKH, ITO3BOJIS-
FOIIMIA HCCIEeIOBATh KaK CBOMCTBA HAHOKPHUCTAJUTHYEC-
Koro anmMasa [14], nenraanmasa [15], Tak 1 JBOMHBIX CH-
cteMm [16]. Tak aBTOpHI pabdotsr [17] mokazamm oTCcyTCT-
BHE TUIACTHYECCKOHN JNedopMalii HAHOKPHUCTAIUTHIECCKO-
ro anMaza [9—-10]. OnHako »MacTUYHOCTH anMasa MpHU
pacTsDKeHHH B IIMPOKOM JAMAIla30HE TEeMIepaTyp Hpu
pa3IMYHOM KOJIMYECTBE JMCIOKAIMI B HEM MpaKTHUeC-
KH He uccienosanach [11-13].

Ienpio maHHOW PabOTHI SABISAETCS M3YUCHHE DIIACTH-
YHOCTH ajMasa. [|J1s 3Toro mpoBeAeHO MOJIEKYIIpHO-/I1-
HaAMHYECKOE MCCIIEIOBAaHUE TUArPaMMBI J1e(OPMHUPOBa-
HUS HJICAIbHOU U 00JIaaromeit e)eKToM CTPYKTyp all-
Ma3a B IIUPOKOH 00IaCTH TEMIIepaTyp, a TAKIKE MOJICIIHU-
poBaHHE NpH aTMOC(HEPHOM NABICHHUU aHU3O0TPOITHOU
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penakcamyu 1eOpMHUPOBAHHBIX CTPYKTYp [14—16]. Ha-
y4uHasi HOBM3HA PabOTHI COCTOMT B TOM, YTO BIIEPBBHIC
MIPOBEICHO CUCTEMATUUECKOE HCCIIEI0BAHNE TACTUYHO-
CTH MJICaJIBHOTO U JIeEKTHOTO anMasza Ipu OJJHOOCHOM
pacTsKeHUHU BI0JIb HanpasieHus [111] B mupokom aua-
nazone temmeparyp (1-1700 K) ¢ ucnonb3oBanueM aHu-
30TPOIHOM pejakcaluy B paMKax MOJIEKYJISIDHOU AMHA-
muku. [lokazano, yto mpu temmneparypax Boime 700 K
BOJTM3H TIpeienia MPOYHOCTH NPOSBISIOTCS IPU3HAKH JI0-
KaJIbHOH MIACTHYECKOH AeopMaliy, a HaTMIHe TOueU-
HOTO JedeKTa CYIIECTBEHHO CHIDKAET MEXaHHIECKYIO
CTaOMIBHOCTH M IMANa30H ynpyroro nosenexus. [lomy-
YEHHBIE PE3YJIbTAThl PACIIUPSIOT TOHUMAaHUE MEXaHUUe-
CKHX CBOWCTB ajiMa3a B HKCTPEMAaIbHBIX YCIOBUAX U MO-
I'yT OBITh UCIIOJIL30BAHbI IIPH pa3pabOTKe aIMa3HbIX MO-
KPBITUI 1 HAHOYCTPOWCTB, pabOTAIONIUX MPU BBICOKHUX
TeMIepaTypax U Harpy3kax.

JIETAJIV BBIYMCJIEHUT. MATEPHAJIBI U METO/IbI

HUCCJIENOBAHUI

Jns MopmenupoBaHHS CTPYKTYphl ajiMasza U ero
CBOHCTB OBII HCIOJB30BaH IPOrPaMMHBIN  MakeT
LAMMPS[18] (Bepcus 04Feb2025) [17]. CtpykTypa une-
aJIbHOU KPUCTAJIMUECKON pPEelIETKU ajiMasa, OCh Z B KOTO-
poit OpHUeHTHpOBaHa BIIOJIb KPUCTALIOrpadhuyecKoro Ha-
npasieHus [111], Obta co3mana mpu TOMOIIX TIPOTPaM-
™Mbl Atomsk [19] u coctosra u3 1296 atromoB, a pasmep
Monenu coctasua 15,113 x 26,21 x 15,54 A. U3 reomer-
pudeckoro [18] meHTpa 3TOH CTPYKTYpHI ObLT yrmanés 1
aToM yriiepoa (TodeuHbIi AeeKT, BAKAHCHUS PEIIETKH),
B pe3yJIbTaTe 4ero ObliIa JOMOIHUTENBHO CO3/1aHa sTIeiKa
¢ KoHuenTpanueii nedgexros 1,62-10%° cm 3.

Jlnst onvcaHusi aTOMOB yriiepojia Obuia BeIOpaHa Mo-
nens AIREBO-M (AIREBO-Morse) [19-20], nokasas-
11asi BHICOKYIO TOUYHOCTb IPH BBICOKHX JaBJICHUSX Oua-
rojxapsi 3aMmeHe B3aumojeincTBus Jlennapa-/IxoHca Ha
HepacxosIuiics moTeHain Mop3se, a TakxKe IIpH Cpas-
HEHUH Pa3JInIHBIX MOJIEKYJISIPHO-AMHAMUYECKUX MOJe-
neit ¢ merogoMm DFT [21]. Mogens 6bu1a MOITuGUIHPO-
BaHa: aJalTUBHBIA apaMeTp OTCEUKU MOoTeHuuana [21—
22] 6b11 ycTanoBneH Ha 2,0 A (BMECTO OpUTHHAILHOTO
1,7 A) Bo u3besxanue He(hU3NUECKOTO BHICOKOTO HAIPS-
JKeHUS pacTsikeHus [22-25].

MopaenupoBaHHue IPOBOJMIOCH B 3 3Tama:

1) Jng xaxmoro 3Ha4eHHs TeMIIEpaTyphl MIPOBOIH-
JIOCh TIPEJBapUTEIFHOE IKBUINOPUPOBAHHUE CTPYKTYPHI
B u3oTpornHoM NPT-ancambie B Teuenue 250 rc.

2) Pactsxenne Mozeneil mpoBOAUIOCH BIIOJb OCH Z,
KOHTpOJIb JIaBJIeHNs] (KOMIIOHEHTOB TEH30pa HampshKe-
HUH, JBWKYIINX CHIJI) IO KOTOPOH IMPOBOJMIICS HE3aBHU-
CHMO OT OCEH X ¥ ) B YaCTHYHO aHW30TPOITHOM aHcaMOJie
NPT nns Gonee KOPPEKTHOTO OMNMCAHUS HM3MEHEHUS
IJIOTHOCTH ajnmasa [23-24].

3) HM3ydeHue 31aCTHYHOCTH NMPOBOAMUIIOCH B aHU30-
TportHoM NPT-ancambie mpu atMochepHOM AaBICHUU
[25-27].

[Ilar wHTErpHMpOBaHWS HAa BCEX 3Tamax COCTABUII
0,1 ¢c, ckopocts  nedopMHpPOBaHHS ~ COCTAaBHIA
4-107% ¢c”'. Buemnee maBnenue coctaBusio 1 Gap.
CTpyKTyphl OBUIM UCCIIEOBaHbI B 00JIACTH TEMIIEPATyp
ot 1 K 0 2000 K. Ilepuoauueckue rpaHUYHBIE YCIOBUS
ObUTH IpUMEHEHBI. [[JIs onpesieNieHns BEeTMYMHBI Harpy-
3KH 0 BJIOJIb OCH z ObLIa paccunTaHa P.. KOMIIOHEHTa TeH-
30pa HaNpsDKEHUS CTPYKTYpHl. Bennanna nedopmanmu &
OTIPEEIANach KaK COOTHOIICHHE pa3Mepa CHCTEMBI 110
OCH z K CTapTOBOMY pasmepy [28].

PE3YJBLTATHI U OBCYKJAEHUE

Ha pucynke | npencraBieHa auarpaMma OpHeHTHPO-
BaHHOTO 110 HanpasieHuro [111] mo ocu z nedopmupona-
HUS anMasa npu pacTsokeHnd. [Ipu remmeparype 1600 K
1 BBIIIC B paMKax JaHHON Mozaemnn 6e3aedexTHas CTpyK-
Typa aiMa3a pa3pyIaceTcs Ha 3Tare SKBUINOPUPOBaHN,
YTO MOXKET YKa3blBaTh Ha HadaJIo Ipoliecca rpaduTn3a-
muM anMasa. [lomydeHHbIe pe3ynbTaThl KaYeCTBEHHO H
JIOCTaTOYHO TOYHO KOJIMYECTBEHHO COBMAJIAIOT C pe3yJib-
TaTaM{ MOJAETHPOBAHNUS U3 NEPBbIX NPUHUIMUIOB [12, 26—
28]: B OTCYTCTBUH TEMJIOBOTO ABUKEHHS aTOMOB yTJIepO-
Ja kputudeckoe 3Hauenue ¢ = 1,12-1,13 (o= 90 I'Tla).
B nanHoit paboTe aHaIOrMyHbIC 3HAUCHHUE AJIS TeMIIepa-
Typsl 1 K cocraBunu ¢ = 1,15 u 0 =98 I'Tla. [lanbHeii-
1ee pacTsDKeHHE HE MPUBOAMT K POCTY HEOOXOIUMOM
HATrpy3KH BIUIOTH IO MOJHOTO paspymenus (& = 1,17).
AmnanornaHas oonactu € ot 1,15 no 1,17 (mpu Temmnepa-
type 1 K) obmacte BemmumHBl nedopmanun HabIOma-
nach B paborax [26, 27] npu € = 1,13—1,15, Tae Taxke He
HaOmoancs pocT HEOOXOANMOTO IABICHUS IS JaJlb-
HEHUIIEro pacTsLKEHUS.

XapakTep HOJTY4YEeHHBIX KPHUBBIX &-0 OTINYAETCS OT
HaHOKpHUCTaIUYecKoro [ 17], rie HaKJIOH BIUIOTh 710 pa3-
pYLICHHS MPAaKTHYECKH HE M3MEHSJICS M IJIaCTUYeCKHe
nedopMannu He HaOIIOJANCh. 3/1€Ch e MIACTHUECKHe
nedopmanmm (CoXxpaHeHHE CBSI3€H ¢ MCKaKEHHEM KpH-
CTAJUIMYECKON pPemeETKH) HaOII0JaInuch BONM3H TOYEK
paspyllueHus kpucramia npu temneparypax ot 700 K u
BBIIIIE, O YEM TAaKXKe CBH/ECTEJILCTBYET IIJIABHBIN 1eperno
JIMHUI €-0 TIepesl pa3pyleHneM. JTO KaueCTBEHHO COT-
Jlacyercst ¢ MPEAIOIoKEHHEM, YTO TEeKydYecTh aiaMasa
JIOJDKHA HAaOI0JaThCs TIPU BBICOKOH TeMIlepaType.

JU1s OLIEHKH 3JTaCTHYHOCTH CTPYKTYpHI ObliIa IPOBe-
JIeHa aHW30TPOIHAs pelaKcallus CTPYKTYp Ha paziiny-
HBIX 3Tamax pacTsokeHus. Ha pucyHke 2 mpuBeieHs! Bpe-
MEHa peNlaKkCaIliy JINHEHHOT0 pa3Mepa U INIOTHOCTH pac-
TSHYTOW CTPYKTYPHI HI€ANBHOTO aIMa3a MpH aTMocdep-
HOM JIaBJICHUH U pa3JInuHOM TemriepaType. Pazdpoc 3Ha-
YeHUI MIOTHOCTH KPUCTAJUIa 10 OKOHYAHUH Ipolecca
penaxcaiuy (IpKo BeIpaxkeHo ais € = 1,05) BbI3BaH Ter-
JIOBBIM pacUIMpeHHeM anmasa. BuaHo, 4To B paccMarpu-
BaeMoii 00sacTi TeMneparyp Uit CTpyKTyp mpu & = 1,05
IIPU CHATUH PACTATHBAIOIIETO HAMPSHKEHUS CTPYKTYPHI
BO3BPAIIAIOTCA B MCXOIHOE COCTOSIHUE, YTO yKa3bIBAaeT
Ha 3JIaCTUYHOCTb CTPYKTYpbl 10 AasieHus B ~55 I'Tla B
BBIOpaHHOM 00JIaCTH TeMIIepaTyp.
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Pucynok. 1. Juacpamma oeghopmupoganus udeanvHolu cmpyKmypul aimasa
npu pacmasxcenuu 8 Hanpagnenuu [111] ¢ obnacmu memnepamyp om 1 oo 1700 K
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Pucynox 2. 3asucumocmu nuneiinoti degpopmayuu (a)
u coomeemcmayiowel RIoOmHocmu aimasa (6) om epemernu
npu peraxcayuu uoearbHoU CMpYyKmypbl, PACHSIHY MO
6 nanpaenenuu [111] na eenuuunvr ¢ = 1,05, 1,10, 1,15 6
obnacmu memnepamyp om 1 0o 1500 K, a maxoice morcmoimu
aunusmu ons e~ 1,162 u 1,167 npu 1 Kue= 1,072, 1,068
u 1,062 npu 1300, 1400 u 1500 K, coomseemcmeenno.
Jlunuu npeocmasnenst co cosucom 500 ¢e.

pu goctmkenmu ¢ = 1,10 (o < 86 I'Tla) smactiyec-
KM€ CBOMCTBA CTPYKTypa MPOSBISET TOJIBKO IPH TEMIIe-
patype 600 K u mHioke. [Ipu Gonee BBICOKHX TeMITEpaTy-
pax BwioTk 10 1100 K BKIIOYUTENEHO KpUCTAIIINYECKAS
CTPYKTypa anMasa SBJISIeTCS MOJTHOCTHIO WM YaCTUYHO
pa3pyLLEHHOM, OJJHAKO €€ IJIOTHOCTh B HayaJbHbIA MO-
MEHT peJlaKCallii paBHA IIOTHOCTH PacTAHYTOM Kpu-
craummueckoit ¢asel (T <600 K) u ocraérest Omuskoit
aJIMa3HOW B JalIbHEHUIIEM, YTO MOKET CBUAETENbCTBO-
BaTh O BBI3BAHHOI BCIIEACTBHE HAKOIUICHUS Je(PEKTOB
JIOKJIBHOH TUTACTUYHOCTH CTPYKTYPBI BBHY HMEIOIIHX
MecTo (IIyKTyaluii INOTHOCTH. DTO KaueCTBEHHO COTJIa-
CyeTcs C pe3ysbTaTaMH JKCIIEPHMEHTAILHON paboTh
[7], B KOTOpO¥ TeKyUYeCTh aliMa3a HaOJIr01aTach MIPH CHS-
TUH JaBJIeHUs Ha CTpyKTypy. OnHako Oosnee neTaibpHas
Xapakrepu3zanus 1eopMalri CTpyKTypbl aliMasa 1ocie
CHATHS HAIpsDKEHHUs TpeOyeT OTAEIBHOIO HCCleoBa-
Hus. Ilpu Temneparype ot 1200 K u BbIIIe MIOTHOCTH
CTpYKTYphl cocTapisieT 1,3—1,4 r/cm?, 4To B HECKOJIBKO
pa3 HIKe IUIOTHOCTH anMasa. CocTOsHUE CTPYKTYpPHI
mpu 1300 K sBnsieTcss CTaTUCTUYIECKUM UCKITIOUCHHUEM.

[pu noctmkennu ¢ = 1,15 (o < 97 I'Tla) snactmyec-
KOe TIOBeJIeHHe HaOIoJaeTcs TOJIBKO TMPH TeMIepaType
1 K, a dmykTyanmu mioTHOCTH IIPU TeMIIepaTypax cra-
HOBSITCSI BBIIIE, YTO YKa3bIBaeT Ha IOBBIIICHHE HECTa-
OMIBHOCTH CTPYKTYp. DIaCTHYHOCTh HAOJIIOAaeTCs TaK-
xe npu temrneparype 1 K B ynmomsiHyTo# panee odnactu
eot1 1,15 no 1,17, T1ie HAKIIOH KPUBOM &-0 OIN30K U HIKE
HOJTIS.

Ha pucynke 3 mokazana guarpamma aegopMupoBa-
HUS HEUJICAUTHHOTO KPHUCTAJUIA TPH PACTSHKEHUH BIOJb
HanpasieHus [111]. Oxwumaemo, mosHOE pa3pylieHHE
CTPYKTYp HPOUCXOJUT NpH O0Jiee HU3KHUX 3HAYCHHUSX € U
0, 4eM Ul uaeanbHoro Kpucrauia. Hannume nedexra
MIPUBOJAUT K PAHHEMY Pa3pyLICHUIO CTPYKTYPHI yiKe IPU
temnepatype 1300 K u Boie.
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Pucynox 3. uaepamma degpopmuposanus obnadaiouseri moueuHviM 0eghekmom cmpyKmypol
anmasa npu pacmsadicenuu 6 Hanpaeienuu [111] 6 odnacmu memnepamyp om 1 0o 1400 K.
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Pucynox 4. 3asucumocmu nunetinoti degpopmayuu (a)

u coomeemcmayiowel nIomHocmu aimasa (6) om epemernu
npu peraxcayuu obnaoaioujeli 0eghexmom cmpyKmypul,
pacmanymou é nanpasnenuu [111] na eenuvyuno
&= 1,050, 1,075, 1,100 u 1,125 co cosucom 500 ¢c

6 obnacmu memnepamyp om 1 0o 1200 K

Pa3pymienne cTpyKTyphl HEHIeaJbHOTO ajiMas3a Ha-
YHHACTCSI C JIOKAIBHOU fAe(opMaIiuul CTPYKTYPhI BOJIH3U
TOYEYHOTO JiedekTa. B ocTabHOM Hajgu4yHMe OIHOIO TO-
YeyHOTro JAe(eKTa, KOTOPBIH B UTOI'€ IPHUBOAUT K OYEHb
BBICOKOH MX KOHIICHTpPAIlMM, K Ka4eCTBEHHBIM H3MEHe-
HUSIM XapakTepa KPHUBOH &-0 HE IPHUBOANT.

Kaxk u 111 mneanbHOTO ciydasi, JIOKalbHas IacTHYe-
ckast Jeopmanust HaOIIOACTCS IPH OTHOCHTEIIFHO BBI-
COKOM TeMneparype B y3Koil 001acTn BelTHIuHbI Aedop-
Malyu BOJIM3U TOYKH pa3pylueHus (pasioma). AHaIoru-
yHo, npu Ttemmneparype 500 K u Hmxe HaOmonaercs
TOJIBKO 3JTaCTHYECKOE IMOBEACHHE PEUIETKH BIIOTH 10
paspyuieHusl.

Ha pucynke 4 npuBeieHbl BpeMeHa pellakcaluy Ju-
HeITHOTO pa3Mmepa M IIIOTHOCTH PAcTSAHYTOH CTPYKTYPBI
ayMasa ¢ 1e()eKTOM IpH aTMOC(HEPHOM JaBICHUH U pa3-
muaHoi Temuepatype. [Ipu € = 1,050 u 1,075 nabmoxa-
eTcsl HIIACTUYECKOE TIOBEICHNE PEIIETKH ITPH TEMIIEpaTy-
pax g0 1100 K BxmountensHo. COCTOSSHUE CTPYKTYPhI
rpu 700 K sBIsieTCSl CTaTUCTUUECKUM UCKIIIOUEHUEM.

BaxxHo oTMeTnTh, 4TO Ha OGOJIEE JUIUTEIBHBIX BpeMe-
Hax pernaxcanuu npu Temieparype 1100 K u HagansHOM
&= 1,100 HabmogaeTCsl CIOHTAHHOE PACIIUPEHHE CTPY-
KTypHI IO TPEM HaNpaBJICHUSIM U MTaIeHUE NIOTHOCTH J10
1,26-1,27 r/em?.

O00011ast pe3ynbTaThl, MOKHO MPEANOIOKHUTH, U4TO
IUTACTUYHOCTH aJIMa3a MPEANOI0KUTEIEHO MOXKET OBITh
BBISIBJICHA NPU OTHOCUTENBHO BBICOKOH Temmeparype
JUI UJI€aIbHOTO U HEUJEAIbHOI0 KPUCTAJIOB IpU JIaB-
senuu ~50 I'Tla u Bolwe.

BBIBO/IbI

HccnenoBanue 37aCTHYHOCTH CTPYKTYphl aliMas3a
IIPU PacTsKeHUU B HampasieHuu [111] meTongom knac-
CHUYECKOH MOJIEKYJISIPHOM IMHAMMKH B paMKax MOJIEIH
AIREBO-M nmnoxka3saino, uto npu temmneparype 500 K u
HIDKE KaK U/IeaIbHbIN, TaK ¥ 00 aronmi 1edexTom ai-
Ma3 IPOSBIIAIOT AACTUYECKUE CBOMCTBA BILIOTH JI0 pas3-
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pyumerns. [Ipu OGonee BBICOKOH TemmepaType BOIH3U
IpaHuIpBl pa3pylieHus: HaOmoaaeTcs ImiacTuieckas Jje-
(opManus KpUCTaNIMYECKOH PEIIETKH.

Hannume towyeyHoro nedekra MPUBOAWT K CHUKE-
HHUIO MAaKCUMAJIbHON Harpy3KH, IIPH KOTOPOH CTPYKTypa
CHOCOOHA TPOSIBIISATH 3JaCTHYECKUE CBOICTBA, a TaKKe
NpeAebHBIX Harpy30K, KOTOpbIE CriocOOHa BBIJIEPIKAThH
CTPYKTypa, HE paspymasich. Takxke Hanuane aedekTa
CHIKAeT CTAOMIBHOCTh CTPYKTYpHI NIPH TEMIEpaType
Berme 1000 K. A mMeHHO, nedekTHas CTpyKTypa pa3py-
mraeTcs mpy 0osiee HU3KUX HANpPSDKEHUSAX M TeMIIepaTy-
pax (yxe npu T > 1300 K). DnacTraHOCTh COXpaHseTcs
no €~=1,075 mpu T<1100K, vo mpu &£¢=1,100 u
T =1100 K HaOnromaeTcss CIOHTAHHOE PACIIUPEHUC U
naJieHue IIOTHOCTH, YTO SIBJISETCS MPU3HAKOM IOTEPH
CTaOUIIBHOCTH.

QDunancuposanue

Paboma svinonnena ¢ pamxax npoexkma MOH PK
AP23484367 «Hccnedosanue npedera mekyuyecmu dfi-
Masza 01 pazgumus MexHOI0UU NPou38o0Ccmed Kpyn-
HbIX KPUCTATLIO8).
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TEMIIEPATYPA MEH AKAYJIAPJBIH CO3bLI1Y KE3IHAE JE®@OPMALIUATAHFAH
IF'AYhAPJBIH CEPHIMAIJIII'THE OCEPIH TEOPUSJIBIK 3EPTTEY

T. M. Mnepoaes, A. Y. AGyosa, @. Y. Adyosa’, I'. A. Kanraraii,
H. Mepaui, K. K. 3okueBa, b. M. CatanoBa, A. PackajiueB

JLH. I'vmunee amvinoazol Eypazus ynmmotx ynueepcumemi, Acmana, Kazaxcman
* Baunanvic ywin E-mail: abuova_fu@enu.kz

Byt s)KyMBICTa KITaCCHKAJIBIK MOJICKYJANBIK quHaMuKa meHOepinae 1-nen 1700 K-re meftinri remnepaTypa aiiMarbIHIa
[111] GarbiTKa OaFbITTAIFAH CO3BLTY Ke3iHIE alMasfblH Ac(opMaiiis auarpaMMacsl 3epTreini, ['ayhapasiH umeansl
KYPBUIBIMBI, COHJAW-aK aKayJapiblH CalbICTHIPMANbI TYPIC JKOFaphl KOHIICHTPAIUSICHIH YCTAUTBIH KYPBUIBIM
KapacTHIPBUINBL. KypBUTBIMIapaslH CO3BUIYBl KE3iHIE OpTYPJL TeMIepaTypaga alblHFaH WKEMAUIIKTI 3epTTey YIIiH
aTMoc(epanbIK KBICEIMIA aHH30TPOITH MOJACIBLY KYPTi3iiai xoHe AedopMariist MeH KYPBUTBIMHBIH YaKbIT OOUBIHIIIA
THIFBI3IBIFBl  €CENTENAl. TeMIepaTypaHblH op MoHIHE TOH AedopMarnus IIaManapblHBIH KEH ayKbIMBIHIA €Ki
KYPBUTBIMHBIH UKeMAiiri kepcetinreH. CoHmaii-ak, almMa3IblH JKOFaphl TeMIeparypa aiiMarslHAa TOJNBIK KOHBUIFaHFa
ZIeiiiH CO3BLTY MaMAachIHBIH Tap aiiMaFbIH/a TUIACTHKAJIBIK KYHTe )KeTy MYMKIHIITT KOpCEeTIIreH.

Tyiiin co3dep: anmas, aimas NAEHKALAPbL, MOLEKYIANbIK OUHAMUKA, Oedhopmayus, cepnimoinik.

THEORETICAL STUDY OF THE EFFECT OF TEMPERATURE AND DEFECTS
ON THE ELASTICITY OF A DIAMOND DEFORMED BY STRETCHING

T. M. Inerbaev, A. U. Abuova, F. U. Abuova®, G. A. Kaptagai,
N. Merali, Zh. K. Zakieva, B. M. Satanova, A. Raskaliev

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
* E-mal for contacts: abuova_fu@enu.kz

In this work, the diagram of diamond deformation under tension oriented in the direction [111] in the temperature range
from 1 to 1700 K is studied in the framework of classical molecular dynamics. The ideal diamond structure is considered,
as well as a structure containing a relatively high concentration of defects. To study the elasticity of structures obtained
at different temperatures during stretching, anisotropic modeling was performed at atmospheric pressure and the values
of deformation and density of the structure over time were calculated. The elasticity of both structures is shown in a wide
range of strain values characteristic of each temperature value. It is also shown that a diamond can achieve a plastic state
in a narrow range of tensile strength before complete destruction at high temperatures.

Keywords: diamond, diamond films, molecular dynamics, deformation, elasticity.
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HNCCIEJOBAHUE BJIUAHUA TEPMOIUK/INPOBAHUSA 1 CKOPOCTH HATPEBA HA TIOBEJIEHUE
METAJUIMYECKOI'O BEPUJLJIUSA B ITAPO-APTOHHOM CPEJE METO/JOM TTr'A

C. K. Ockepoexos!, K. T. Byrsi6aii'", T. B. Kyascapros?3, K. A. 3aypbexosa®?,
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2 Hnucmumym sxcnepumenmainvioil u meopemuueckoii puzuxu, KazHY um. anv-®apaou, Anmamol, Kazaxcman
3 @unuan «Mncmumym amomnoii snepzuu» PI'TI HAL] PK, Kypuamos, Kazaxcman

* E-mail ons konmaxmos: zh.bugybay@inp.kz

B Hacrosmet paboTe nccae 0BaHO MOBEJCHNE METAJUTMUECKOTO OSPHILTHS IIPH BBICOKOTEMIIEPATYPHOH KOPPO3HH B YC-
JIOBUSIX TEPMOLMKIMPOBAHNUS B BOASHON Iapo-aproHHOM arMocdepe METOI0M TEPMOTpaBUMETpHUIECKOro u quddepen-
UAIFHOTO CKaHUPYoIero kanopuMeTpudeckoro aHanm3a (TGA/DSC). DkcnepuMeHTH TPOBOIMINCH IIPH TPEX CKOPO-
crax Harpesa (10, 20 u 30 K/muH), Brirouatoniux o asa tepMmorukia (Cl u C2). OkuciieHne oneHHBaIOCh 10 IPUPOCTY
Macchl M TEIUIOBBIM 3¢ deKTam, a KHHeTHIeckue napameTpsl (Ea, KO) onpenensnuch U3 10rapuMUIECKUX 3aBHCHMO-
cTeit AppeHryca ¢ HOpMHPOBKOH Ha IOBEPXHOCTH M NMaplHalbHOE JaBIE€HHE BOISIHOTO Mapa. Y CTAaHOBJIEHBI JBE Xapak-
TepHbIEe TEMIIEpaTypHbIe 001acTH — HayasibHOU TepMoakTuBanuu (775—1050 K) u Beicokotemnepatypsas (975-1170 K),
a TakKe Nepexo/Has 30Ha MeXIy HUMU. [l BRICOKOTeMIIepaTypHOH 00JIaCTH NOTyYEeHbl 3HAUCHUS SHEPTUH aKTUBALIUU
Ea = 146 xJI/Monb ¥ NpeasKcnoHeHMaIbHoro Muoxkurens KO =2,41-107" mr/(c-cm?-TTa). TlonydeHHblE pe3yNbTAThI
YIIyOIsSI0T TOHUMaHHE MEXaHU3MOB OKHUCIICHHUS OepIILIHNA IPU TEPMOIUKINPOBAHIH U MOTYT OBITh HCIIOJIB30BAHBI IS
OIIEHKH 0€30IIaCHOCTH B TEPMOSICPHBIX YCTAaHOBKAX.

Knruessie cnoea: memannuueckuti Oepuinutl, mepMoyuKiuposarue mepmozpasumempuveckui ananus (TGA), ougghe-

penyuanvnas ckanupyiowas kanopumempus (DSC), napo-apzonnas cpeoa.

BBEJEHUE

Bepumnnit (Be) obmamaet psgoM YHUKIEHBIX (QH3H-
KO-MEXaHWYECKUX CBOMCTB: BRICOKUM MOJYJIEM YIPYTO-
CTH, BBICOKOH IPOYHOCTBIO, OTHOCHTEIHFHO HH3KOH
IUIOTHOCTBIO, OOJIBIION y/IeNbHOM TEIII0OEMKOCTBIO, BBI-
COKOH TETIOTIPOBOHOCTBIO, HU3KUM CEUYEHHEM 3aXBaTa
TEIOBLIX HEUTPOHOB (9-107%7 cM?), BBICOKUM KOd( -
LIUEHTOM PacCesiHUsI HEMTPOHOB U YMEPEHHOM pajguany-
OHHOH CTOMKOCTBIO. biiarogaps 3TuM XapakTepuUCTUKaM
OepwIMi HaXOJUT MIMPOKOE NMPUMEHEHHSI B aTOMHOM,
a’POKOCMUYECKOH M aBTOMOOWJIFHON HPOMBIIIJIEHHO-
cTH. B snepHbIX peakropax OepuiuINii MOKET MCIIOb30-
BaThCsl B KAYECTBE 3aMEUINTENSI M OTpaskaTess HeHTpo-
HOB [1, 2]. Kpome Toro, Oepmiunii paccMaTpUBacTCs B
Ka4yecTBE OJHOTO M3 IEPCHEKTUBHBIX MAaTEpHaOB LIS
MEPBOI CTEHKH TEPMOSIEPHBIX PEAaKTOPOB, TAKMX KaK
ITER [3-6]. OnHako psiJi HENOCTATKOB OEPHILTUS U €r0
COCTMHEHUI OTPaHUYINBAET BO3MOXHOCTD €0 NIPHUMEHE-
Hus. K OCHOBHBIM HEZOCTaTKaM MOXHO OTHECTH BBICO-
KYI0 XMMHYECKYIO0 aKTHBHOCTB, YTO IIPUBOAUT K KOPPO-
3UM MaTepuajaM MpH KOHTAKTe C Pa3lIUYHBIMH T'a3aMH,
KHUJKOCTSMHU U TBEPABIMU CpeJaMu, OCOOCHHO TIPH BbI-
COKHX TeMIIepaTypax, a TAaKXKe pPaJHallHOHHOE pacilyXa-
HHE TP BBICOKUX J103aX HEUTPOHHOTO 00yueHus1. Ecin
panuanoHHas CTOMKOCTh OepHILIHs BOCTpeOOBaHa 1 Xa-
pakTepHa JUId HE TaKOT0 LIMPOKOrO €ro MPUMEHEHHUs, TO
KOPPO3HOHHAS! CTOMKOCTH OXBaThIBaeT OoJiee IHUPOKOE
npuMeHeHne Oepwuius. Mcxons w3 3TOro, HMCCienoBa-
HUSI, HAalIpaBJICHHBIE HA O0BSICHEHHUE IIPOIIECCOB U MeXa-
HU3MOB KOPPO3UH OEpriuTUs TPH B3aUMOJCHCTBUH C
Pa3IMYHBIMH COCTaBaMH Ta30B, SBIIIOTCA BOCTPeOOBaH-

HBIMH ¥ TIO3BOJISIFOT BHECTH BKJIAJ B ITOBBIIIICHUH €TO pe-
cypca ¥ KOHCTPYKIIMOHHOM HaJIe)KHOCTH.

C 1960-x roa0B yueHbI€ 0 BCEMY MUPY Hadally Ipo-
BOIUTH OOLIMpHBIE HCCICNOBAHUS B 3TOi oOsacTu.
Ha panHMX 3Tamax HEKOTOpPbIE MCCIIEOBATENIN B OCHOB-
HOM H3y4aJI OKUCIIUTENIbHOE MoBeieHne Be ¢ momoripio
ONTHYECKOM MHUKPOCKONHH, NPOCBEYMBAIOLIEH 3JIEKT-
POHHOW MHKPOCKOIIHH, TEPMOTPABUMETPHUIECKOTO aHa-
JU3a U IPYTHUX CPeICTB U MeToauK. OHU CUMTAIH, YTO
mpu OoJsiee HU3KHUX TeMIlepaTypax Ha MOBEpXHOCTH Be
o0pa3zyeTcs 3alUTHBIH OKCHIHBIH CJIOH, a ero naccuBH-
pyromasi criocoOOHOCTh YCTYIAeT TOJIBKO TaKOBOH y Me-
taymoB Al, Ti u Cr, HO mpu 60J1ee BEICOKUX TEMIIepaTy-
pax Be noasepraercst cunbHOMy okucienuto [7, 8]. Ha-
npumep, B padbote [9] nmpencraBieHsl pe3yabTaThl O Ha-
JaJIpHOM MeXaHu3Me B3auMoeiictsus Be ¢ O, u Bogs-
HBIM TIApOM B YCJOBUSAX IMOBBIIMICHUS TEMIEPaTypHl.
[Ipeanonoxeno, 4yTo B Auama3one temmeparyp ~310—
790 K mepBoHauaIbHBI MEXaHU3M OKHUCTeHHS Be, BbI-
3BaHHBIN B3auMojieiicTBreM ¢ O, M mapamMu BOJIbI, PE/-
CTaBISET COOO0I 3apOKICHUE B POCT OKCHIHBIX OCTPOB-
KOB Ha NMOBEpXHOCTU MaTepHana. [Ipu 3Tom B nuTepaTy-
pe TaKkKe OTMEYaI0TCs MPOLECCH peKpHCTauIN3anny Oe-
pWILIMA P BBICOKOTEMIIEPATyPHBIX Bo3aeHcTBHsIX [10],
a Taxoke 0COOCHHOCTH (POPMUPOBAHUS U AETpaslalliy OK-
CUAHBIX IJIEHOK [11].

BonbIIMHCTBO HCCIIENOBAaHUNA COCPENOTOUEHO Ha
TEPMHUYECKOM OKHCIHTEILHOM TOBefeHnH Be u ero Ha-
YabHOM OKHCIUTEIHHOM TOBEACHHUU B OIPEIEICHHBIX
YCIIOBHSAX, B TO BpeMs KaK HCCIEIOBAHUI €ro OKWCIIHU-
TEJIHBIX XapaKTePUCTHUK OTHOCHTENIFHO Maio. B Hameit
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mpesiayIeii paboTe ObLIa IpoBeIeHa OIleHKa KOPPO3H-
OHHOH CTOWKOCTH Be npu TepMOLMKINPOBaHUH B HIapO-
aproHHOM cpeJie IPU pa3InuHbIX TEMIepaTypax, ¢ ornpe-
JIefIeHNeM KHHETHYECKUX MapaMeTpOB OKHCIICHHS U BbI-
SIBJICHUEM BIIMSIHUS TEMIIEPATYPhI Ha pa3BUTHE OKCUJIHO-
ro cnos [12]. OxgHako it 0oJiee JETaIbHOTO U3yYCHUS
HavyaJIbHBIX CTA/JWI OKHCICHUS U YTOYHEHHS KUHETHKH
(bOpMHUPOBaHMS PEAKIIHOHHOTO CIIOS IIPH Pa3JIMYHBIX pe-
KHUMaxX TEPMOLMKIUPOBAHUSA B HACTOSIIEM HCCIIENOBa-
HHUHU JOIOJIHUTEIbHO MPUMEHEHBI METOIbI TePMOTPaBH-
Metpuaeckoro (TGA) n quddepeHnnanbHOTO CKaHUPY-
romiero kajgopumerpuaeckoro (DSC) ananmza. Mcmomns-
30BaHUE ITHX METOJIOB MO3BOJISET IIOJIyYHUTh O0JIee 1moJI-
HYI0 HH(POPMAIHIO 0 MacCOOOMEHHBIX M TEIUIOBBIX 3(-
(exTax, MPOUCXOIAIINX B IPOLIECCE OKUCIICHNUS, a TAKKE
OLICHHUTH BIJIUSIHAE CKOPOCTH HarpeBa Ha KMHETHYECKHUE
napameTpbl KOppo3uu OepusuIuns.

MATEPHAJIBI U METO/IbI

OO0BeKT ucciie10BaHuA

B xadectBe HCcremyeMbpIX 00pa3IOB HCIIOB30Ba-
JUCH TOOIBI METAJUIMIECKOTO Oeprmitis chepudecKoi
¢opmbl ¢ HOMHHANEHEIM muamerpoM (1,0 £0,2) MM u
MaccoBoO# moneit 6epmunsa He MeHee 99%. Beero mms
HCCIIeIOBaHUA OBLITO0 OTOOPaHO TPH MapTHH M00II0B, Oc-
HOBHBIE XapaKTEPUCTHKH KOTOPBIX MIPUBEJICHBI B Ta0IHN-
e 1.

dukcanys BHEUTHEro BUa 00pa31oB [0 U IOCIIe Tep-
MOOOPaOOTKH OCYIIECTBISIIACEH C HCIIOIB30BAHUEM LIU(-
poBoii kamepsl Canon EOS ¢ o0bekTBoM Canon EF
100 mm f/2,8L Macro IS USM, o6ecrieunBarOmnuM BbI-
COKYI0 JeTann3alnio MakpochEéMKH. Macca o0pasmoB
H3MepsUIach ¢ MPUMEHEHHUEM JIAOOPATOPHBIX AJIEKTPOH-
HeIX BecoB VIBRA HT-224RCE, obnanmaromux paspe-
maromen crrocoonocteo 0,0001 1. JlaHHBIE BECHI OTHO-
caTcs K kKaccy ToaHocTH «Oco0srit (I)» cormacHo Mex-
rocynapctBeHHOMY ctanaapty OIML R 76-1-2011, gro
o0ecreunBaeT BHICOKYIO HaIEKHOCTh U MOBTOPSIEMOCTb
pe3yJIbTaTOB MacC-U3MEpPEHUM.

J1nst TOYHOTO omnpeieNieHus YAeIbHOW IUIOMAAN T10-
BEPXHOCTH MAO0J0B OblIa KCIONB30BaHA IMPOrpaMMa
ImagelJ [13], ¢ moMoIIbIO KOTOPOI 10 MUKpOGoTOrpadu-
SIM OTIPEICISUTUCH peallbHbIC TeOMETPHICCKHE Pa3MepH
gacTuI 1 uX pazopoc. PacuérHast miomans cormacyercs
C JaHHBIMU 10 MacCe, YUCITY YaCTHIl U TNIOTHOCTH MaTe-
puana (p= 1,85 r/cM?®), a Taxke MO3BOJIHIA KOJIHYECT-
BEHHO OIICHHUTH MMOTPEUTHOCTH, OOYCIIOBICHHEIC Bapua-
uei pasmMepos.

Tako#t moaxon okazancs 6ojee HAAEKHBIM MO CPaB-
HEHHUIO C MCIOJIb30BaHUEM MACIOPTHOTO AUameTpa, Ho-
CKOJIBKY pazopoc g0 £20% mo muaMeTpy Mor Obl IprBe-
cTtH K ommbOke mopsiaka +40% B pacuérax IUTOIIAIH.
KoppekTHasi OieHKa II0Ia/AN TOBEPXHOCTH KPUTHYEC-

KW Ba)KHA JUJISI TOYHOW HOPMHUPOBKH KHHETHIECKHUX JaH-
HBIX IO KOPPO3HHU.

Tabnuya 1. OcrosHbie XapaKkmepucmuky ucciedyemuvlx

o0bpasyos
Maptusa Kon-Bo, wr. Macca, mr &i":;:ﬂ"ol‘::*af;z
1 89 88,1+0,1 2,82+ 0,025
2 84 92,3+0,2 2,90 + 0,032
3 84 87,1+0,1 2,77+0,013

Onucanne MeTo/1a H IKCIIEPUMEHTATbHOMT

YCTAaHOBKH

Koppo3uoHHbIe 3KCTIEPUMEHTHI TPOBOAMUIINCE C UC-
MOJIb30BAHUEM CHHXPOHHOIO TEPMOAHAJIUTUYECKOTO
xommiekca TGA/DSC 3+ (Mettler Toledo), o6nanarote-
T'0 BBICOKOW YyBCTBUTEIBHOCTHIO 10 Macce (+0,1 MKr) u
TEIJIOBOMY ITOTOKY. [lepex mpoBeneHHEM dKCIIEpUMEH-
TOB IPOBOIMJIACH KATHOPOBKA BECOB C MCIOIb30BAHUEM
STAJOHHBIX KaJIMOPOBOYHBIX THUPH, a TAKXKE KaTHOPOBKa
DSC no TemmiepaType 1 TETIIIOBOMY OTKJIMKY C IPUMEHE-
HHUEM CTaHAAPTHHIX MaTepuayoB (MHIWH, INHK, aJTFOMH-
HUH, 30JI0TO, TaJJIaauil).

CymHOCTh METOa 3aKJI0Yaiach B pEeTUCTPALUU HU3-
MEHEHHs Macchl 00pasiia py JMHEHHOM HarpeBe B KOH-
TPOJIUPYEMOH ra30Boil aTMocdepe. IKCIEPUMEHT MPO-
BOJAMJICA B YCIOBHAX IPOrpaMMHUPYEMOTr0 TePMOIUKIIU-
POBaHMs C pa3IMuHBIME CKOpocTsiMu Harpesa (B — 10, 20
u 30 K/mun). BeiOpaHHBIE CKOPOCTH HarpeBa COOTBETCT-
BYIOT CTaHJApTHOMY JAuana3oHy KuHernueckux TGA-
HCCIIEIOBAaHHUH U MO3BOJIIOT MPOCIEANTh Pa3Indne Me-
Ky TIOBEPXHOCTHO-OTPAaHWYCHHBIMH U IU(PPY3UOHHO-
KOHTPOJIUpyEeMBIMH pexkxnmaMu. Kpome Toro, Takue 3Ha-
YEeHUsI MOTYT pacCMaTpHUBaThCS KaK MOJICNIbHbIE Al Obl-
CTPBIX TEPMOIIEPEX0JI0B, XapaKTEePHbIX I IKCIUTyaTa-
[IMOHHBIX M aBAPUIHBIX CLIEHAPHEB, COXPAHSIsI IPU ATOM
KOPPEKTHOCTh TeMIIEpaTypHOIl OJTHOPOJHOCTH 0OpasIia.
Ha pucynke 1 mpexncraBneHa NpHHIMIHAIbHAS CXeMa
ycranoBkH Ha 6a3e TGA-DSC 3+. McxoHbIi HHEPTHBII
ra3 — aproH BBICOKOH 4nCTOTH (99,9999%, G6amton B) —
YBIQKHSJICS 710 OTHOCHTENbHOM BiaxuHocTd 95% (map-
nuansHOe gaBnerue ~2100 [1a) B ysmaxuurene (H), a¢-
(PEeKTHBHOCTH KOTOPOTO M BOCIIPOM3BOANMOCTD PEKUMa
paHee OBUTH TOATBEPXKACHBI SKCIEPUMEHTANBHO [14].
[Mpumensiemast ra3oBasi cxema I03BOJIsIA THOKO YIIpaB-
JIITh COCTaBOM PEAKIIMOHHOM Cpejbl, pacXxoJoM rasa u
TeMIIEpaTyPHBIM PEKUMOM, OOecreurBasi BOCIIPOH3BO-
JVMOCTP YCIIOBHH IPOBEACHNUS KOPPO3UOHHBIX HCITBITA-
HUW. YCTaHOBKAa obecreyuBaia CTaOWIBHYIO TM0Jady
BJIAKHOTO aprOHA B 30HY PEaKINH U OJHOBPEMEHHO pe-
THECTPHPOBaja M3MEHEHHE Macchl o0pasla C BBICOKOH
YyBCTBUTEIHHOCTBIO.
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M1, PG

V2

Vi

M2 Ml M2 M3 PG

SN

e ]
<4
—
|-

EV2 EV3

B — 6amnon ¢ apronom; H — yBnaxuurens; V1-V3, EVI-EV3 —3anopHble U ynpapisionue KilaraHsbl;
M1-M3 — nopxiroueHne Ta30BbIX JHHUH (HampaBieHHs M0TokoB); PG — JIMHUS MoJa4u raza MpoxyBKH;

RG —BBOx peakumonHoro rasa, D — meduextop,

MEFC — perynsatop MaccoBOro pacxola rasa;

HE — narpeBarenbHblii a5emMeHT; TS — naTuuk TemnepaTypsl neyn (Tepmoriapa); S — aepaxaresb o0pasua;

GO - BeBoz ra3a; CW — kanuOpoBOYHBIE THPH

Pucynox 1. Ilpunyunuanvnas cxema sKcnepumMenmansHol yCmaHoeKuy

OO0pa3siipl 3arpyXaiuch B THresib 006éMoM 900 MK
OJITHMM PaBHOMEPHBIM CJI0EM, 00ECIIeYHBaIOIIUM MaKCH-
MAaJbHBIA KOHTAKT C PEaKIIHOHHON aTMOc(epoii Tpu Mu-
HUMAaJIFHOM MEePeKPBITHH MOBEPXHOCTH M060610B. Takoit
Croco0 yKJIaJIK{ IT03BOJSII COXPAaHUTh OJHOPOIHOCTD
YCIIOBUI KOPPO3HUH M 00ECTIEYNTh KOPPEKTHYIO TEpMO-
IPaBUMETPHUYECKYIO PETHCTPALMIO MACCHI.

Ilpouyedypa sxcnepumenmos

[Mpouenypa KOPPO3HMOHHBIX FKCIIEPUMEHTOB BKIIFOUa-
JIa CJIC/TYTOIIHE 3Tallbl:

1) ®ukcarus UCXOTHOTO BHEIIHETO BHA 00pa3IoB
(pororpaduposanue).

2) V3mepeHue HaualIbHONW Macchl 00pa3IoB.

3) Pa3smenienue 00pa3ioB B THIJIE B 30HE Harpesa
Heyn.

4) OpraHu3zanyusi NOCTOSHHOTO MTOTOKA Iapo-aproHa
Ha ypoBHe 50 Mi/MHH.

5) Jlunelinplii HarpeB o00pa3lOB €O CKOPOCTBHIO
10 K/Mun 1o temmnepatypsl crabmimsanuit 373 K nanee
N30TEepMHUYECKas BbIAEPXKKa B TeyeHnH 60 MUH.

6) JluneiHbIi Harpes co CKOPOCTBIO
10/20/30 K/mun no neneBoii temneparypsl 1173 K, na-
Jiee N30TePMHIYECKasl BRIIEP)KKA B TEUECHHUE 5 MUH.

7) OxnaxneHue o06pasnoB co ckopocThio 40 K/mMun
IIPY TIOCTOSTHHOM NPOJYBKE Mapo-aproHOM C PacXoaoM
50 mi/MUH.

8) HMHcnekuus BHEIIHETo BUa 00pa3IoB U B3BEIIH-
BaHUE.

9) @ukcanusi BHeNIHer0 Buja oOpasnos ((ororpa-
¢dupoBaHue).

Bcero OBIIO TPOBENCHO MEBSATH JIKCIEPUMEHTOB,
BKITFOYast KOHTPOJBHBINA (OJIAHKOBBIH), C BBITIOJTHEHUEM
nByx TepMortkiioB (C1 u C2) mist kaxxao# u3 Tpéx map-
THi 1900108 (Tabuma 2).

Tabruya 2. Iopsoox u 06vem pabom

Maptua Tun akcnepumeHTOB BnaHk C1 c2
1 10 Kimun 1 2 3
2 20 K/muH 4 5 6
3 30 K/muH 7 8 9

Bce npencraBieHHble SKCIIEpUMEHTAIBHBIE PE3yIlb-
TaThI MOJY4EHBI C yYETOM OJIAHKOBOTO CHUTHAJIA, YTO MO-
3BOJISIET UCKJIIOYHUTH BKIJIAJA MOCTOPOHHUX (DAKTOPOB H
CKOHIIEHTPUPOBATHCS HAa YUCTOM (P PEKTEe B3aUMOJICHCT-
BHS BOISHOTO TMapa ¢ oOpa3namu MeTaindeckoro Oe-
puIInA. HOJ’Iy‘IeHHLIe 0JJaHKOBEIE KPUBBIC IIPOJACMOHCT-
PHpPOBAIIH XOPOMIYIO BOCIPOU3BOANMOCTB, YTO ITOITBEP-
KIaeT HaA&KHOCTh MPUMEHEHHOW MeToauKu. Paspabo-
TaHHBIN MTOIX0 MOXKET OBITH 3(pPEKTHBHO NCTIOITH30BAH
JUTS TIOCIIEYIOIIETO aHaJIN3a HOBBIX MaTepHaJIOB, BKITIO-
yasg OepHUTHIBI, B paMKaX TEKYIIMX W IUIAHUPYEMBIX
IIPOEKTOB MCCIIEI0BATEINECKON TPYIIIIBL.
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PE3YJIbTATHI U OBCYKJIEHUE

MakpoCKONIMYeCKHE HW3MCHCHHS BHEIIHETO BHUIA
m00JIOB TOCIIE TEPMOOOPAOOTKY MPH PA3THYHBIX CKOPO-
CTSIX HarpeBa IpeJcTaBiIeHsl B Tabnuue 3. B nanHoi ce-
PHH SKCIIEPUMEHTOB TOJIIIMHA OKCHJIHOTO CJIosl B T1900-
JlaX CIEIMaIbHO He oneHuBanach. OCHOBHBIM HapameT-
POM B3aUMOJICHCTBUS CIIYKHJI MPUPOCT MACCHI, TaK KaK
METOJIOJIOTHIEeCKH padoTa OBblJIa OpHEHTHPOBaHA Ha He-
paspyLIaonMil aHAIU3 U MOCJIEA0BATENbHBIC [IHKIIbI Ha
OJIHUX W TeX ke oOpa3max. PacuérHrle wim mpsiMele u3-
MEpEeHHs TOJIIMHBI OKCHIa OyIyT MPEeAMETOM OTAEINb-
HBIX KCCIICJIOBAHUI C KCIOJIb30BAaHUEM MHKPOCKOITUH
MOTIEPECYHBIX CCUCHUIA.

B MCXOIHOM COCTOSIHUU TMHI00JBI METAJLTHYSCKOrO
OepHIUTHsL UMEIOT PaBHOMEPHYIO TEMHO-CEPYIO0 MeTall-
JINYECKYIO TIOBEPXHOCTH C XapaKTEPHBIM OJICCKOM, THITH-
YHBIM JJIS 9MCTOro Metayuia. OTaeibHbIC 00pasiisl Jie-
MOHCTPHUPYIOT MAaTOBBIC YYaCTKH, MPEINOJI0KHUTEIBHO
CBSI3aHHBIC C JIOKAIBHBIM OTIICTYIIHBAHUEM [TOBEPXHO-
CTHOT'O CJIOSI WM HAayaJbHOM CTaJued OKHCIEHUS IpU
XpaHCHHH.

[Mocne TepmoobpadoTku o cranuu C1 Bo Bcex cepu-
X HaOmoJaeTcs W3MEHEHHE LBEeTa IOBEPXHOCTH Ha
CBETJIO-CEPhId. ITO CBUAETENLCTBYET O (POPMUPOBAHUH
okcunHOW MNEHKU. JlaHHBIH 3((EeKT MpoCiIeKUBaCTCI
TIIPU BCEX MCCIIEI0BAaHHBIX CKOPOCTSX Harpesa.

ITocne mpoxoxxaenus craguu C2, TOBEPXHOCTb CTa-
HOBUTCS emé OoJjiee CBETJION M PaBHOMEPHO MAaTOBOM.
3T0 yKa3bIBaeT Ha YTONIICHUE OKCHAHOTO cios. [Ipu 6o-
Jiee BBICOKHX CKOPOCTSAX HarpeBa BHU3yaJbHBIC OTJIMYUS
Mexny craausamu Cl u C2 craHOBsITCS OOJIee BEIpakeH-
HBIMH, BEPOSITHO M3-32 HHTEHCUBHOCTH TIPOTPEBa U OBI-
CTPOTO M3MEHEHUS PEAKIIHOHHBIX YCIOBHUI.

Crenyer OTMETHTh, YTO B HEKOTOPBIX MapTHAX 00-
pa3ioB HaOMIONATNCH Pa3IMuusl B OKPAacKe MEXAy OT-
JIETIbHBIMU 30HAMH OJTHOTO TUTJISL, YTO MOXKET OBITH 00Y-
CJIOBJICHO MX CIIy4allHBIM NEpEeBOpPAYMBAHUEM IIPH TIepe-
HOCE MEXy dTalaMM XapakTeph3aluu. ITO MOXKET KOC-
BEHHO yKa3bIBaTh Ha BJIMSHHE OpHUEHTAlMU M00JI0B B
TUTJIE HAa XapakTep OKCHIMPOBAHMSA, OCOOCHHO NpHU Ha-
JIMYUH TPAJUEHTOB TEMIIEPATYPHI MM TAPOBOH KOHIICH-
TpalyH B peakLIMOHHOU 30HE.

Tabruya 3. Makpockonuyeckue usmeHeHus: 00pasyo8 npu mepmooobpabomre ¢ pasHol CKOpOCmvio Hazpesa
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JanHble, peAcTaBICHHBIE B TaOIUIE 4, TIOKA3bIBa-
0T, YTO C YBEJIUYCHUEM CKOPOCTH HAarpeBa CyMMapHBIi
MIPUPOCT MACChl 00Pa3IIOB MOCICIOBATEIIEHO CHIKACTCS.
DTO0 CBsI3aHO C TEM, YTO MpH 00Jiee BBICOKUX CKOPOCTIX
BPEMCHHU Ha MPOTCKAHHUE PCAKIMH MEKIY OCpUILTHEM U
MapoM HEJOCTATOYHO.

Tabnuya 4. /lechexm maccwl 06pazyos nocne Kaxcoo2o Yyukia

Mocne C1 Mocne C2
K/I‘\;/I,VIH AMmaxct, AMmaxci/mo, AMmaxcz, AMmaxcz |
mr % Mr (mo + Ammaxc1), %
10 |0,183+0,010| 0,21+0,01 | 0,211 +0,012 0,24 £0,01
20 {0,098 +0,006 | 0,11+0,01 | 0,111 +0,007 0,12 £ 0,01
30 |0,070+0,005| 0,08+0,01 | 0,084 +0,006 0,10 £ 0,01

Hecmotps Ha T0, uto mocie C1 moBepXHOCTh 00pa3-
LIOB YK€ CYLIECTBEHHO U3MEHSETCs — HaOJIo1aeTcs pas-
BUTHE OKCHJIHOTO ci10s, — C2 JeMOHCTPUPYET CXOAHYIO
JTUHAMUKY MacCCOHApacTaHMs, YTO TO3BOJIAET 3aKIIo-
YHUTh: U3MeHeHne Mopdonorun nmosepxHoctu nocie Cl

=4
‘ ‘

HE OKa3bIBaeT CYIICCTBEHHOTO BIUSHIS HA MEXaHHU3MEI
JajbHEHIIEer0 OKUCIICHHSI.

Takum oOpa3oM, 00a TEPMOILMKIIA BHOCAT COMOCTa-
BUMBI BKJIaJI B KOPPO3UOHHBIH NPOIECC, a BIUSHUE CKO-
pOCTH HarpeBa NpOSIBISIETCS] MPEUMYILECTBEHHO Yepes3
KHHETUYECKHE OTPaHNYEHHS PEaKIHH.

Ha pucynke 2 mpencraBnensl pesdynbratel TGA u
DSC ananmsa, BBITOTHEHHOTO COTJIACHO MPOIEIype IKC-
nepuMenTa, oTaenbHo mo craausaMm Cl u C2, a Takxke B
BHJIC CBOJHBIX 3aBUCHMOCTEH N3MEHEHHS CKOPOCTH KOP-
po3uu (da/dt) ot Temmeparypsl. Kpussie DSC B HacTos-
miei paboTe HCIOTB30BANNCH B KAYECTBE KAaUeCTBEHHOTO
WHIMKATOpa TEPMOAKTHBALUH U OOIIMX TeHACHINH, Oe3
KOJIMUECTBEHHOTO pacyéra sHTanbnuil. Takol BeIOOp
00BSICHIETCS HaJIOXKEHHEM HECKOJBbKHX MMapalIeNbHBIX
MIPOLIECCOB M HECTAOMIILHOCTHIO 0a30BOM JIMHHUU B YBIIa-
*HEHHOH aTMocdepe, B TO BpeMsl KaK OCHOBHOM aKIIEHT
Obw1 caenad Ha TGA-maHHbBIX, oOgafaronux OOoNbIIEH
BOCIIPOHU3BOAUMOCTHIO.
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Pucynox 2. Pesynomamor TGA/DSC-ananusza na cmaousx (10, 20, 30 K/mun) u cymmapno
npu pasuvix f: (a, e, ac) — Cl1, (6, 0, 3) — C2, (8, e, u) — ce00HbIe danuvle no do/dt
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Kpowme Toro, xoppektHast kBantudukamnus DSC-mu-
KOB OOBIYHO TPEeOYeT 3KCIIEPUMEHTOB C OJJHUM I130067I10M,
TOr/la KaK sl TOBbIeHHUs: kKadecTBa TGA-KpUBBIX B
JTAHHOM CepHHU UCTIOJIL30BANICS Habop MI00I0B.

C yBenu4yeHUEeM CKOPOCTH HarpeBa TeruioBble 3¢ de-
KTBI, 3apErUCTpUPOBaHHbIe N0 naHHbM DSC, cTaHOoBsT-
cs1 BCE OoJiee OTPUIATENLHBIMHU, YTO CBHJIETEIBECTBYET O
BBIPAKEHHOM 3K30TEPMUUECKON MPUPOAE PEakLUU yKe
Ha PaHHHUX CTaIUsIX. DTO MOXKET yKa3bIBaThb Ha CMeIIle-
HHE OCHOBHOTO TEIIOBOTO MHKa K 00Jiee HU3KUM TeMIIe-
paTypaM M YCKOPEHHE OKHCIUTEIBHBIX NPOIECCOB IPHU
0oJlee MHTEHCUBHOM Harpese.

OIHOBPEMEHHO MPUPOCT MACChl CTAHOBHUTCS 3aMeT-
HBIM Y)X€ B HHU3KOTEMIIEpPAaTYpPHOH 00JIacTH, OCOOEHHO
npu B = 30 K/muH, 4to Taxke nmoarBepskaaet Oojee paH-
HHUH 3aIlyCK peaklyM M yMEHbUICHHE TeMIepaTypHOTo
3anazzapiBaHus. B orimuue ot storo, npu = 10 K/Mun
MacCCOHaKOIUIEHHE HAaUMHAETCS MO3Ke, YTO CBS3aHO ¢ 60-
Jiee IUIaBHBIM TIPOTPEBOM M MOCTEHNEHHBIM DPa3BUTHEM
OKCHIHOTO CIIOA.

CBojHble naHHBIE HAa pUCYHKE 2 (B, €, M) IEMOHCTPH-
PYIOT, 9TO, HECMOTpSI Ha Pa3iIW4Ms B JETAIIX TEPMO-
rpaMM ¥ HHTEHCHBHOCTH IIPOTEKAIOIIMX IPOLECCOB, OC-
HOBHBIC MEXAaHU3MBI B3aHMOJICHCTBHS METAJUTHYECKOTO
OepiUIHs ¢ BOJSHBIM APOM COXPAHSIOTCA Ha 00euX
tepmorkimueckux craausix (C1 u C2). 3to o6ocHOBaH-
HO TO3BOJIIET PacCMaTPHBATh UX B paMKax 00bEANHEH-
HOTO KMHETHYECKOTO aHaln3a, 4TO, B CBOIO OdYepelb,
CHOCOOCTBYET CHM)KEHHIO METOAMYECKUX IOTPeIIHO-
CTeW Y MOBBIIICHUIO HaIEKHOCTHU MOJYyUYECHHBIX ITapame-
TpoB. JlaHHBIN BBIBOJ TAKXKE IOATBEPXKIAACTCS COTIIACO-
BaHHOCTBIO C JJAHHBIMH 110 MACCOBOMY IIPUPOCTY, HIpeJi-
CTaBJICHHBIMH B TabIHLE 4.

Taxum 00pa3zoM, TeMIiepaTypHbIH 11ana3oH peakuu
YCIIOBHO MOXKHO Pa3JIeJUTh Ha TPH XapaKTepHbIE 30HBI:

1) Ob6nacth HavyanmbHOM TepmoaktuBauuu (HT) (ot
775 o 1050 K, BeIgeneHa ENThIM) — XapaKTepU3yeTCs
MEJUIEHHOI CKOPOCTBIO OKHCIICHUS U (DOPMHPOBAHHEM
MEPBUYHOTO OKCHITHOTO CIIOS.

2) Ilepexomnas o6macts (0T ~950 mo 1070 K, 3ené-
Hast) — npeAcTaBisieT co0ol MHTEpBaJ, B KOTOPOM IpO-
HCXOJUT HAJ0XKEHHE JIByX PEKUMOB OKHCIICHHS. 3/1€Ch
HaOII0AI0TCS pe3KUe N3MEHEHUs KaK B TEIUIOBBIX 3(-
(exTax, TaKk ¥ B TEMIAax MPUPOCTA MACCHI.

3) BricokoTtemmeparypHas o6macts (BT) (ot 975 no
1170 K, BeIICTICHa CHHAM) — B 3TOM JHAIIA30HE PEAKIIUN
CTAHOBSATCSI MHTCHCUBHBIMH M XOPOIIO BOCIIPOM3BOAH-
MBIMH.

[TonTBepxkneHne xapakTepa THX U3MEHEHUH Tpely-
€T JIONOJIHUTENBHBIX CTPYKTYPHBIX U (ha30BbIX UCCIIE0-
BaHUI; B JAIbHEHIINX TJIaHAX IPELyCMOTPEHO MPOBEIe-
HUE OTIENbHBIX cepuil 3xkcnepuMenToB aiasi HT- u BT-
30H C IPUMEHEHHEM MUKPOCTPYKTYPHOTO aHaIIN3a.

Kunernueckuii ananus

g onucaHuss CKOPOCTH BBICOKOTEMIIEPATYPHOIL
KOPPO3HH METALIIMYECKOTo Oepuiuins B aTMocdepe Bo-
JITHOTO I1apa NPUMEHEH MOAXO0J, OCHOBAaHHBIN Ha ypaB-
HEHHH AppeHnyca B jorapupMudeckoi hopme:

logK = log My ~My 01 logKO——Ea
S-P dt 2,303-R-T
rae: dal/dt — cxkopocts mpeBpamerus (1/c); a — cTerneHs
nipeBpameHst: @ = (m(t) — mo)/(Mmax — Mo); S — MIOMIATH
HOBEPXHOCTH 00pa3moB (cM?); P — NaBJIeHUE BOASHOTO
mapa (ITa); KO — mperdKCIOHSHIUANBEHBI MHOKHUTEIh
(mr/(s-cm?T1a)); Ea — sHeprus aktuBamun (K K/MOJB);
R— yHuBepcampHas Ta3oBas moctosHHas (8,314
Jox/monb-K); T — temnepatypa (K).

Jns pacyéra KMHETHYECKUX MapaMeTpoB HCHOJB30-
BaHbl 3HaueHus log K u 1000/7, nonyuennsie u3 TGA-
JaHHBIX NPH TPEX Pa3IMYHBIX CKOPOCTSX Harpesa. Pac-
YETHI MPOBOAMIINCH 110 OOBETUHEHHBIM U yCPETHEHHBIM
3HAYEHMsIM JuIs 1BYX Tepmonukiios (C1 u C2).

ATIpOKCUMAINs JHHEHHBIX YYacTKOB TpaguKOB
log K u 1000/T mo3BonuiIa onpenenuTs 3Ha4eHus Ea u
KO mo yrnoBomy k03((HUINEHTY W HEPECEUECHHIO Tpsi-
MOH C OCBIO OPAMHAT COOTBETCTBEHHO. PacuéTer HOpMu-
POBaHBI Ha TOBEPXHOCTH U JIaBJICHHE, YTO 00ECIICYUBACT
KOPPEKTHOE CPaBHEHUE MEXKAY SKCIEPHUMEHTaMH.

HOHy'-IeHHbIe 3HAYCHHSA KHMHCTUYCCKHUX IapaMETpOB
MpEACTABJICHLI B T36HI/IHaX BBIIIC U UCITIOJIB30BAJIUCH AJIA
CPaBHUTEIBLHOIO aHAIU3a BIUAHUA TEMIEPATYPHBIX pe-
KMMOB (CKOpOCTEW HarpeBa) Ha PEaKIMOHHYIO CIIOCO0-
HOCTh METaJUIMYECKOro OepHJUIUs B Mapo-aproHHOW art-
Mocdepe.

mem | inear Fit "LT - Log k (10 K/mun)"
memn [ inear Fit "LT - Log k (20 K/mun)"
mem | inear Fit "LT - Log k (30 K/mun)"
memm | inear Fit "HT - Log k (10-30 K/mun)"
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Pucynox 3. 3asucumocms log K om 1/T ons pacuéma Ea u KO

[ony4eHHBIE KMHETHYECKUE MapaMeTphbl IOKa3bIBa-
0T KaUeCTBEHHOE Pa3/ieIeHNe IBYX TeMIepaTypHBIX pe-
XKHMMOB TIpoliecca KOPPO3HH:

1) B BT oOmactu 3Ha4eHHS HHEPTUH AKTUBAIMH
(Ea = 146 x/1)x/M0nb) ¥ Ipea3KCIIOHSHITHATEHOTO MHO-
xurens (KO = 0,241 mr/(c-cm?-I1a)) HaxomsTes B XOpo-
IIeM COTJIACHH C TPEIBITYIINMH 3KCIIEPIMEHTAMH, BBI-
MIOJTHEHHBIMU B CXOXKEM TeMIlepaTypHoi obiactu. Pac-
XOXIEHUsI HaXOAATCA B IIpeJeiaX 0>KUAaeMOoH dKCIepu-
MEHTaJIbHOI OIIMOKH, YTO MOJTBEPXKIAET BOCIIPOM3BO-
JMMOCTb JAHHBIX ¥ JOCTOBEPHOCTH MOJIEIH.
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Tabnuya 5. Cpasuenue xunemuueckux napamempos 6 HT u BT obracmsx

dTanbl BT (06beanHéHHbIE) HT (no ckopocTsm)
MapameTp 10-30 K/mun Nutepatypa [12] 10 K/mun 20 K/muH 30 K/muH
KO, mr/(c -cm2-Ma) (2,41£0,48)-10- 2,30-10-1 (1,30+0,26)-10-6 (1,4410,29)-10-7 (3,4210,68)-10-8
Ea, k[x/mMonb 146115 130 50%5 29+3 14 +1

2) B HT oGnactu HaOmomaeTcsl 3SHAYUTEIILHOE CHU-
)eHue Kak Ea, tTak u K0, mpuuéM ¢ 3aMETHON 3aBUCUMO-
CTBIO OT CKOPOCTH HarpeBa. JTo OTpakaeT 0ojiee CJI0XK-
HBIC MEXaHU3MBI I BO3MOXXHOE BIUsSHUE U (HY3HOHHBIX
OTpPaHMYCHUI WM 00pa30BaHUs 3AIIUTHONH OKCHIHOM
IJIEHKU HAa PaHHUX CTaUAX.

Takum 00pa3oM, MOXKHO yTBEP)KIaTh, YTO BBICOKO-
TEMIEPATYPHBIA PEKUM CTAOMIICH M XOPOIIO BOCIIPOU3-
BOJMM, TOTZla KaK HU3KOTEMIIEpaTypHBIN MpOLEcC Tpe-
OyeT Oolnee JETaNFHOTO aHANHM3a C YIETOM HAYaIbHBIX
cranuiit popMHUPOBaHIS OKCHIHON (a3bl.

3AKJIOYEHHUE

B xoze HacTosero nccnenoBaHus Oblla poBe/ieHa
OIICHKa KOPPO3UOHHOW CTOMKOCTH METAITMUECKOro Oe-
pUILIHA NPU TEPMOLUKIMYECKOM BO3IECHCTBUH B BOAS-
HOW Mapo-aprOHHOW Cpele C HCHOIb30BAHUEM TEPMO-
IPaBUMETPHUUECKOTO U KAJIOPUMETPUYECKOTO aHaIIU3a.
Meroanueckn ObIIIM peanTn30BaHbI J[Ba MOCIEAOBATEIb-
HO moBTOpsieMbIx Tepmonukia (Cl u C2) mpu pazmnmy-
HBIX ckopocTsix Harpesa (10, 20 u 30 K/mMuH), uro mos-
BOJIMJIO U3YYMTh KaK Ha4aJbHBIC CTaJUU OKUCICHHS, TaK
U pa3BUTHE PEaKIIMOHHOTO cyosi. Ha ocHOBaHMM anmpo-
KCUMAIUH JIOTapu(PMHYECKUX 3aBUCUMOCTEI KOHCTAHTHI
CKOPOCTH OT TeMIIepaTypbl B KOOpIUHATaX AppeHHyca
ObUTH OIpeIeNIeHB KHHETHYECKHEe TapaMeTphl IByX Xa-
pakTepHBIX TeMIiepaTypHbIX auamna3onoB: HT u BT 00-
macteil. Y cTaHOBJIEHO, 9TO B oO0nmact BT mapameTpsr xo-
POIIO COIJIACYIOTCSI ¢ Pe3yNbTaTaMu MPEIbIIYINX HC-
crenoBanuii, a pasnuuns B HT 30He 00ycIoBII€HBI TOBBI-
LIEHHOW YyBCTBUTEIBHOCTBIO PAaHHHMX CTAaUHA OKHUCIIE-
HUS K 3KCIIEPUMEHTAIIBHBIM yCIOBUsAM. PazfnencHue Tem-
MepaTypHOro UHTepBaia Ha xapaktepHsie 30ubl (HT, BT,
MepexoHas) Mo3BoJsIeT 0ojiee TOYHO ONMHUCHIBAThH MPO-
Lecchl OKHCIeHus Oepriums ¥ GopmupoBaTh 6a3y A
BepuHUKaUK MOJIeNIell KOPPO3UH B YCIOBUSIX aBapHid-
HOM 3KCIUTyaTaluu.

Dunancuposanue

Jlannoe uccredosanue o6vLio npogunancuposaro Ko-
Mmumemom Hayku Munucmepcmea nayku u vicuiezo oo-
paszosanus Pecnyonuxu Kazaxcman (No. BR24993119
«Xapakmepusayus nepcneKmueHbIX Mamepuanos onam-
Kema mepMmosiOepHO20 peakmopay).
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TIr'A 9JICIMEH BY-APT'OH OPTACBIHJIAFbI METAJLJI BEPUJIJIMAIIH, OPEKETIHE
TEPMOLUKJIAEY MEH KbI3AbIPY KblJIIAM/IbIF bIHBIH OCEPIH 3EPTTEY

C. K. Ockepoexos!, K. T. Byrsibaii'”", T. B. Kyascapros?3, K. A. 3aypbexosa®?,
A. M. Axanos!, M. T. Aiitkyios!, A. B. Ennmenkos?, A. A. Illaiimepaenos’

I KP Amom snepzuscol sconinoezi azenmmizining «JIoponvix gusuxa uncmumymot» PMK, Anmamot, Kazaxcman
2 On-Dapadu amvinoazvl Kaz¥Yy Ixcnepumenmmix sncone meopusnvik, gpuzuxa uncmumymst, Anmamot, Kazaxcman
3 KP ¥40 PMK «Amom snepzuscol uncmumymoly» gunuanst, Kypuamos, Kazaxcman

* Baunanvic ywin E-mail: zh.bugybay@inp.kz

Byn xymbIcTa TepMOTrpaBUMETPHSUIBIK koHe nuddepeHuangsl ckanepiey kanopumerpusuislk tangay (TGA/DSC)
aniciMeH cy Oy-apron arMocdepachiHia TEpPMOLUKIACY XKaFIaibIH/a )KOFapbl TEMIEpaTypaibl KOPPO3UsIaFbl METaILT
Oepmwumimin opeketi 3eprrenni. Toxipubenep exi skpury mukmiH (Cl xome C2) KaMTHTBIH VIO KBI3IBIPY
weurnamasiFsiHaa (10, 20 xone 30 K/mun) xyprizinmi. TOTEIFy MaccaHBIH ©Cyl MEH JKBUIY dcepiMeH OarallaHIbI, aj
KHHETHKAIBIK mapamerpiep (Ea, KO) appeHHyCTHIH Jorapu@MIIK TOYEIIUTIKTepiHeH cy OYbIHBIH OeTKi KabaThl MeH
TapIyaIbl KBICBIMBIMEH aHBIKTAJIBL. TeMIiepaTypaHblH €Ki MOHIHE TOH aiiMarbl OeNTisieH i: OacTanKsl TEPMOAKTHBAIINS
(775-1050 K) s>xone xorapsl Temmepatypa (9751170 K), connaii-ak onmapaplH apachlHIArel eTmelni aiMak. JKorapbl
TeMIlepaTypa aiiMarbl YIIiH aKTUBTEHY SHEPrUsCHIHBIH MoHAepl Ea = 146 kJ[/Moib koHE SKCHOHEHIHANIb! (HaKTop
K0 =2,41-10"" mr/(c-cm?-T1a) anbImbL.

Tyiin ce3dep: memann 6Gepunnutl, mepmusiivlk yuki, mepmozpasumempusiavly manoay (TGA), ouggepenyuanov
ckanepaey kanopumempuscol (DSC), 6y-apeon opmacal.

STUDY OF THE EFFECT OF THERMAL CYCLING AND HEATING RATE ON THE BEHAVIOR
OF METALLIC BERYLLIUM IN A VAPOR-ARGON ENVIRONMENT BY THE TGA METHOD

S. K. Askerbekov!, Zh. T. Bugybay!", T. V. Kulsartov??, Zh. A. Zaurbekova?3,
A. M. Akhanov!, M. T. Aitkulov!, A. B. Yelishenkov?, A. A. Shaimerdenov!

! RSE “Institute of Nuclear Physics” of the Agency of the Republic of Kazakhstan for Atomic Energy, Almaty, Kazakhstan
2 Institute of Experimental and Theoretical Physics, Al-Farabi Kazakh National University, Almaty, Kazakhstan
3 Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan

* E-mail for contacts: zh.bugybay@inp.kz

This study investigates the behaviour of metallic beryllium under high-temperature corrosion in a water-steam-argon
atmosphere under thermal cycling conditions using thermogravimetric and differential scanning calorimetric analysis
(TGA/DSC). The experiments were conducted at three heating rates (10, 20, and 30 K/min), each including two thermal
cycles (C1 and C2). Oxidation was evaluated by mass gain and thermal effects, and kinetic parameters (Ea, K0) were
determined from logarithmic Arrhenius dependencies with normalisation to surface area and partial water vapour
pressure. Two characteristic temperature ranges were established: initial thermal activation (775-1050 K) and high
temperature (9751170 K), as well as a transition zone between them. For the high-temperature region, the activation
energy Ea = 146 kJ/mol and the pre-exponential factor KO = 2.41-107! mg/(s-cm?-Pa) were obtained. The results obtained
deepen the understanding of the mechanisms of beryllium oxidation during thermal cycling and can be used to assess
safety in nuclear fusion installations.

Keywords: metallic beryllium, thermal cycling, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), vapor-argon environment.
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PA3PABOTKA U AHAJIN3 TEILNIO®U3UYECKOM MOJIEJIM OBJYYATEJIbHOMN KAIICYJIBI,
MPEJHA3ZHAYEHHOM JIJI TIPOU3BOJICTBA Mo-99 B PEAKTOPE BBP-K

A. Y. Ammmbaes’, JI. C. Caiipanbaes, A. A. lllaiimepaenos

PI'Il «Hucmumym adepuoii puzuxun Azenmcmea Pecnyonuku Kazaxcman no amomuoii snepzuu, Anmamol, Kazaxcman

* E-mail ona konmaxmos: ashibayev@inp.kz

B mHacrosmieii paGoTe mpencTaBIeHBI pe3yibTaThl TEIUIO(U3MIECCKOr0 aHaM3a KOHCTPYKIMH OOITydaTelbHON KaICyIIbl,
MIPEHA3HAUYEHHON JUI TOBBILIEHUS YAEIbHOW AKTMBHOCTH “Mo B HCCIEIOBATEIBCKOM peaktope BBP-K. Yucnennoe
MoJIeIMpoBaHue ObLIO MPoBeieHO B porpamMmuoM komiuiekce ANSY'S Fluent 2021 R2 st Tpéx npe/ioskeHHBIX KOH(Uryparmii
aKTHBHOM 30HBI. [1oka3aHo, yTo pazpaboTaHHast KOHCTPYKIIMS O0Ty4aTeNIbHOTO YCTPOICTBA 00eCTIeYMBaeT HaIEKHBIHN TEIIOBOH
PEXUM TIPU MaKCHMaJIbHOM TeMIlepaType MOpoIlKa TPUOKCHA Moo eHa, paBHOi 152,6 °C, 1 TemniepaType TeIUIOHOCUTEIS,
He npepbiaronieit 50,1 °C. Pe3yabTaThl MOATBEPKIAIOT 0E30MACHOCTH IKCILTyaTaIMK 00TyYaTeIbHOTO YCTPOHCTBA Ha PEakTope
BBP-K kak B OepryuIHeBOIi JIOBYIIIKE B [IEHTPE aKTUBHOI 30HBI, TaK U B IITATHON BEICOKOTIIOTOYHOM sTdeiike.

Knruesvie cnosa: uccnedosamenvckuii peakmop, moauboen-99, obnyuamenvHoe yCmpoucmeo, menyiogou pexcum,

menioQusudecKas Mooeis.

BBEJEHUE

Bonee 80% sinepHO-TMAarHOCTUYECKUX MPOLIEAYP B MUPE
OCHOBAHbI Ha IPIMEHEHNN METacTaOMIIBHOTO M30TOMa TEX-
Hemma-99m (*™Tc), 06Iagaromero PsAIoM IPEMMYIIECTB TI0
CpPaBHEHHIO C IPYTUMH PATHOHYKIMIAMHU, UCTIONB3YEMBIMU
B TIPOU3BOICTBE PaJMOAKTHUBHBIX (hpapMalleBTUYECKUX Ipe-
napatoB [ 1]. MeTtacTabriibHOE COCTOsIHUE TEXHEIHs 00pa3y-
ercs ¢ aOCONIFOTHOM WMHTEHCHBHOCTBIO 89% B pesyibTare
B -pacmaga MonubneHa-99 U MMeeT MepHo MOTypaciaa,
paHbii 6,01 yacam. Ha uccnenoBatensCKux peakTopax Io-
nydenne Mo OCYLIECTBISETCS PEMMYIIIECTBEHHO JBYMSI
METOJIaMU: OCKOJIOYHBIM M HEHTPOHHO-aKTUBAIIOHHBIM.
Bropoit Meton peanmmsyercst, HaunHas ¢ 1998 roma, Ha 0aze
uccrenoBaTensckoro peakropa BBP-K mytém obmyuenms
10 r mopormka Tpruokcuma MommoeHa MoQOs B ITaTHOH 00-
JydaTeJIbHOM Karcysie, KOTopasi HAXOAUTCS B IIEHTPaTIbHOM
00JTyJaTeNIbHOM MO3MIIMK OHOTO U3 LIEHTPAIBHBIX 00JTyda-
TenbHbIX KaHatioB (OK) aktuBHOUM 30HBI (A3) peaktopa
BBP-K. Koneunas yznenpHas akTUBHOCT Mo0-99, moyyae-
Masi B BBIIICONMCAHHBIX YCIIOBHsIX, paBHa (2,3 +0,3) Ku/r
[2]. OmanM 13 3 HEeKTUBHBIX METOIOB YBEIIMUEHUS Y/IeTb-
HOM aKTMBHOCTH MO SBJISIETCS YBEIMUEHHE JIOJH JTIUTETI-
JIOBBIX HEHTPOHOB B 00IIIEM HEHTPOHHOM CIIEKTPE, TOCKOIIb-
Ky cedenne peakimu *“Mo(n,y)*Mo Bospactaer ¢ 0,13 Gapr
JUTS TETUIOBBIX HEHTPOHOB 110 6,7 OapH mpu 00Iy9IeHHH MO-
JIHOICHOBOM MHIIICHH SITUTETNIOBBIME HelTpoHamH [ 3 ]. [Tpa-
KTHYECKU JAaHHBIH METoJ| peanusyercs MyTéM pa3paboTKu
KOHCTPYKIMH 00Ty4yatenpHoro yerpoiictea (OY) w/umm Mo-
JiepHU3ai KoMoHOBKH A3. [1ogo6HbBIe pabOThI OBLIH BbI-
TIOJTHEHBI, K TPHUMEpPy, Ha HCCIIEHOBATENBCKIX PEAKTOpax
UPT-T u IEA-R1 [4, 5], koTOpBle HaXOAATCS B TOpOAax
Tomck (Poccnst) u Can-Ilayny (bpasmmis) COOTBETCTBEHHO.
B 06oux ciydasx ObUIO IPEVIOKEHO YCTAHOBUTD B LIEHTPE
A3 GepurieBbIi 3aMe N TENb, BHY TPH KOTOPOTO pa3Meria-
ercst MoJIO/IeHoBast MuIeHb. [10100HOe HOBOBBEIEHHE T10-
3BOJISIET, B ciryuae peakropa IPT-T noBeICHTb yenbHYO aK-
tuBHOCTE Mo ¢ 1 Kwr mos IuraTHoro oGiydeHHs [0
34Kur, a B cnyyae peakropa IEA-R1 ¢ 1,1 Kur mo

1,2 Ku/r. Manstit ipapoct B 2% BO BTOPOM CiTydae OOBsACHS-
€TCsl MaJIOW TONIIMHON OSpUILIHS U OKPYKAIOIIMMH €T0 Te-
TUIOBBIICIISIOIMMH COOPKaMH C MPEUMYILIECTBEHHO OBICT-
PBIM TIOTOKOM HEHTPOHOB, YTO yKa3bIBaeT Ha HEOOXOIMMO-
CTb pa3paboTKu KOHCTPYKIMH OY COBMECTHO C I3MEHEHHUEM
koHpuryparmii A3 peakropa BBP-K. B xoze ananusa iure-
paTypHOro 0030pa U MPOBEACHHUS HEUTPOHHO-(PH3UUCCKIX
pacuéroB [6] ObuT0 pazpaboTaHo OV, mpencTaBIcHHOE HA
pucyHKe 1, 1 paccCMOTpeHBI 1B MOJM(HIMPOBAHHBIE KOH-
¢urypammm A3 peaxropa BBP-K, npezcrasneHssie Ha pu-
CYHKE 2.

B cootBercTBHM C BBIIIECKa3aHHBIM, ENTb HACTOSILECH
paboThI 3aKIIOYAeTCsl B MCCIIEJOBAHUM TETUIO(PU3UIECKHIX
YCIIOBHI JKCIUTyatauy papabdoranHoro OY B pa3iIiIHBIX
KkoHpuryparmsix A3 uccrieoBaTensckoro peaktopa BBP-K.
3T0 MO3BOJIUT OIIEHUTH JOITYCTHMBIE TEMIIEPaTyPHbIE PEXKH-
MBI M MOATBEPAUTH BO3MOXKHOCTH O€30MacHOM IKCIUTyaTa-
umn OVY.

METObI

Ternodw3rdeckuii pacu€r B JTaHHOH paboTe ObLT IIpoBe-
néH B porpammHOM Komiuiekce ANSYS Fluent 2021 R2,
KOTOPBIH MpPeHA3HAYCH JUTS YHCIICHHOrO perieHus i de-
PEHIMAIBHBIX YPaBHEHUH TEIUIO- M MacconepeHoca, THAPO-
IMHAMHAKH 1 MHOTOKOMITOHEHTHBIX TeueHnii. ANSY'S Fluent
OCHOBaH Ha METOJIe KOHEYHBIX 00BEMOB, CyTh KOTOPOTO 3a-
KITFOYaeTcsl B pa3OMeHNH Pacu€THON MOJENM Ha COBOKYII-
HOCTb KOHTPOJIBHBIX 00BEMOB. J]J1s1 KasK/I0T0 13 HUX (hOpMH-
pyercst cucteMa anreOpandeckux ypaBHEHHUH, periast KOTo-
PYIO MOKHO ONpPEAEIUTh Pa3ANYHbIE MapaMeTPbl CUCTEMBI.
UYucnennoe mozenuposanue TeruiooomMena B ANSYS Fluent
OCHOBAHO HA PEIIeHNH yPaBHEHHS SHEPTUH, KOTOPOE BKIIIO-
YaeT B ce0sl MEXaHW3MBI TETUIONPOBOIHOCTH, KOHBEKTHBHO-
TO TEII000MEHa 1 JIyIHCTOro TerioodMeHa. TermIonpoBo-
HOCTB YYHTHIBACT MTEPEHOC TeIIa BHYTPH T 3a CUET MOJTe-
KyJSIpHOH Jtrh(y3HH, KOHBEKIHS — MIEPEHOC TETlIa 3a CUET
JIBIDKEHUS KUIKOCTH, a TEIIO00MEH M3TyYeHHEM To/Ipasy-
MEBaeT UCITyCKaHVE HarPeTHIMHU TeJIaMH (DOTOHHOTO M3ITyde-
HHSL.
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Pucynox 1. I'opusonmanvhvie (1) u sepmuxanvuvie (2) paspesvl wmamuou ooayyamensrou kancyvl (a) u OY (6).
Iepeuennv yucen 0603Hauaem paduycvl OKPYIHCHOCHeEN (015 WeCMUSPAHHUKO8 — PAOUYCbl GRUCAHHBIX OKPYICHOCTEIL),
UBMEpeHHbIe OM YeHMPA COOMEEMCMEYIOWUX MoOeell (3a UCKIIOUCHUEeM 00pA3Y08 8 WMAMHOM NeHAe).

Bce snauenus npusedenvt 6 canmumempax. [IyHKmupHuie iuHuu KaxcOol u3 nioCKOCmell pazpesos
VKA3bL8AION HA COOMEEMCMEYIOWUE NIOCKOCTU NEPREHOUKYIAPHBIX PA3Pe308

(a) (6)

()

Pucynox 2. Cmanoapmuas (a), mooepruzuposannas ¢ b6epuinuesoil n108yuikoi eoxpye OV 6 suetixe 6-5 (6)
u mooeprusuposannas A3 ¢ OV 6 auetixe 5-5 (8)

Temnoduznyeckoe MOJETUPOBAHKUE BBIOIHSIOCH B
TPHU 3Tana: TeCTOBOM, BepH(PHUKAIIMOHHOM M OCHOBHOM.
B pamkax TecToBoro stamna Obul IpoBeAEH Teruodu3u-
YeCKUil pacuy€T ITAJIOHHOW MOJAENHN KOJIeHa TpyOoIpoBo-
Jla, TIPEICTaBICHHOTO B OQHUIMAIbHOM PYKOBOJCTBE
ANSYS Fluent [7] n noka3anHoTr0o Ha pucyHke 3. Mo-
JIeNb OTIUCHIBAET TPEXMEpHOE TypOyJIEHTHOE TeUeHUE U
TEIIO0OMEH B CMECHTEIBHOM yd4acTKe TpyOorpoBoza.
C 11eTbI0 CHIIKEHHS BBIYHCIINTEIBHON Harpy3KH pacyéT-
Hasi MoJienb Obljla ycedeHa IO IUIOCKOCTH CHMMETpPHH,
TaKk KaK TE€YCHHE CHMMETPHUYHO OTHOCHTEIHHO IEHT-
panbHO#i ocu. ['eomeTpusi MOJIeNIM BKIIIOYAET JIBE 00Jac-
T Bruycka (velocity inlet) m ogHy oOmacTh BBIIyCKa
(pressure outlet) >KUAKOCTH, B KA4ECTBE KOTOPOU BBICTY-
naeT Boja. IlepBblif BIyCKHON y4acTOK COOTBETCTBYET
OCHOBHOMY, OTHOCUTENILHO XOJOAHOMY, IIOTOKY C T€M-
nepatypoit 20 °C u ckopocTbro 40 cM/c 1o ocu y. Bropas
o0acTh BITyCKa, pacrojioXKeHHasl Ha u3ruoe tpyOsl, co-
OTBETCTBYET OTHOCHUTENBHO rOpsiueMy HOTOKY C TeMIIe-
parypoii 40 °C u ckopoctsio 120 cM/c o ocu y. MaHo-
METPUYECKOe aBICHHE B BBITYCKHOW ob6jacTu OBLIO
MIPHUHATO paBHBIM Hyiro. CTeHKH TpyOompoBoaa Moje-
JUPOBATUCH Kak anuabaTHUecKue W HEMpPOHHIIAeMBIe

(no-slip wall). st MoaenupoBaHusi TypOyJIEHTHOTO Te-
YEHHs KUAKOCTH ObLIa MPHIMEHEHa CTaHIAPTHASI MOJIEITh
TypOyJIeHTHOCTH k-€ C HCIIOJIb30BaHHEM YCOBEPIICHCT-
BOBaHHOT'O MeToJa yuéTa mpHcTeHHOro cios (enhanced
wall treatment, EWT).

Pucynox 3. Hzomempuueckuil 6uod mooenu KoieHa
mpy6onposooa uz ohuYUaILHO20 PYKO80OCmaa
ANSYS Fluent [7]

Ha BTOpOM, Bepu@uKalMOHHOM 3Tare ObUT BBIIOJ-
HEeH TeIUIoQHU3NYECKUi aHaiau3 o0JIydaTeNbHOH Karicy-
JIBl, IpEeCTaBICHHON Ha pucyHke 4. PaccmarpuBaemas
MOJIENIb OTHCHIBAET KOHCTPYKIHUIO OOIy4aTeIbHOrO Ka-
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Halla, BHyTPU KOTOPOTO pa3MelieHa MOAN(GUINPOBaHHAS
mrartHas Karcyia. E€ KOHCTpYKTMBHOE OTJIMYHE OT
CTaHJApTHOM 3aKII0YaeTcsl B U3MEHEHHOM pacIoJioKe-
HHUH OTBEPCTHUH, IPeTHA3HAYEHHBIX JUISl LIUPKYJISLUN Te-
IUIOHOCUTENST TepBOro KOHTypa peakropa BBP-K.
B BepxHe# 4acTu anrOMUHHEBOW KarCyJjbl HpPeITyCcMOT-
PEHBI TPU OTBEPCTHSI, OPraHU30BaHHbIE B (popMy paBHO-
CTOPOHHETO TPEYrojbHUKA. B HMKHEW YacTu KarcyJbl
PpAacIookeHO OHO IIeHTpaibHOe oTBepeTHe. Crierudu-
Yyeckas KOHQHUTypanus OTBEPCTHH 00YCIIOBJIEHa paco-
JI0’KEHHEM COZEP’KUMOTO KaIlCyJIbl: B KalCyJIy pa3Mela-
I0TCSI TP ATIOMHUHHEBBIC CyOKaICyJIbl, OpHEHTHPOBAH-
HBIE aHAJIOTHYHO BEPXHUM OTBEPCTHUSIM KaICyJIbl B TPEY-
roJIbHOH (hopMe, HO € YIIIOBBIM cMenienreM 60° oTHOCH-
TEJILHO LIEHTPa 00JIy4YaTeJIbHOTO KaHaa.

JBe cyOkaricynsl conepxart o 10, coXeHHbIX Apyr
Ha ipyra, mactul Oepwuinaa tutana Be o Ti, kaxnas u3
KOTOpBIX HUMeeT pa3mep 8,5 x 8 x 1,5 MM. Tperps cyd-
KarcyJia 3alloJIHCHa METAIUINIECKUM OCpHILIHEM B BHJIC
006108 00IIEN MAcCOM 5 T M BBICOTOM 3aCBIIKH 15 MM.
Bce cyOkancynbsl repMeTH3NpOBaHBI B aTMOcdepe apro-
Ha npu aTMocepHoM naBieHnu. Pacuér sHeprosoiierne-
HUSI B MaT€pHasiaX OCYIIECTBIUICS I KOH(HUTYPALIUH C
pasmewenuemM OY B nepBoi No3uLuu siUeiiku 5-5 peax-
topa BBP-K [8]. 3HaueHust SHEPTOBBIIEICHUS KOMIIO-
HEHTOB BEpU(PHUKALMOHHOW MOJEIM INPEICTABICHBI B
Tabnure 1.

CKOpOCTh TEIUIOHOCHUTENsI B 00JIacTH BITycKa ObuIa
npuHsita paBHoi 0,1 cm/c, 4TO 00YCIIOBIEHO OCOOCHHO-
CTSIMU T€OMETPUU ATIOMUHHUEBOM Karcyisl. B cBs3u ¢
3TUM OBUIO HCIOJIBb30BaHO NpuOIMKeHne byccunecka c
3a7aHueM Kod(dduimeHTa TemIoBOro pacnpeHus, co-
OTBETCTBYIOILIETO HOPMAJIBHBIM YCIIOBHSIM M B3SITOTO M3
6a3b1 nanHbIX Fluent. B pamkax unciieHHOTO pacuéra BbI-
HIEONMCAHHOM MOJIeNN OBLIN PACCMOTPEHBI /IBA PEXXKNMA
TEYECHUS TEIJIOHOCUTENS: JaMUHApHBIH U TypOyJeHT-
He1i. [Tocnennuii ObLI OTIMCAH C UCTIONH30BAHUEM Pealr-
3yeMoi MOJIeSTH TypOyIeHTHOCTH K-¢€.

-20

Pucynox 4. Tpéxmeprnas modens mooupuyuposantoti
wmamuou Kancynvl (2) ¢ mpemsi anoMUHUEGbIMU
cybrancyramu (3), ¢ oopasyamu Be2Ti u Be (1) 6

npoepammuom komniexkce COMSOL Multiphysics [8]

Tabnuya 1. DnepeosvioeneHus KOMNOHEHMO8
sepuguxayuonnou mooeau [8]

3 YnenbHoe
K HeproBbiae- ]
OMMOHEHTa 3HeproBbiae
nexue, Bt
newve, Brir
ObnyyatenbHas kancyna 118,8 1,65
AntomrHueBas cybkancyna ¢ Be 151 1,55
O6pasLibl Be 6,3 1,26
AntomuHueBas cybkancyna ¢ Be+2Ti (1) 15,4 1,58
O6pasLipl Be2Ti (1) 30 1,28
AntomuHuesas cybkancyna ¢ Be+2Ti (2) 15,4 1,58
O6pasLipl Be12Ti (2) 30 1,29

I'eomeTpuueckas ceTka Moesnu Obu1a CHOpMUpOBaHa
¢ pazmepom anementa 0,05 cm. C BKIIOUEHHON a1alTUB-
HOU PeryJIMpoBKOil pa3MepoOB JIEMEHTOB 0011ee KoIn4e-
CTBO 3JIeMeHTOB cocTaBwio 28203204. MakcuManbHble
K03()QUIMEHTHI BHITIHYTOCTH M HCKPUBIEHHOCTH COCTa-
Buim 11,09 u 0,85 cOOTBETCTBEHHO, MUHUMAJIBHOE OPTO-
rOHaJIbHOE KadecTBO ObuTo paBHO 0,15. Yka3aHHbIE Xa-
PaKTEPUCTHKHU CETKH SIBIISIOTCS Hanbosiee HHPOPMaTHB-
HBIMH KPUTEPHAMH OLICHKH KadecTBa ceTku. Ha ocHoBe
BBIIICHU3I0)KEHHBIX 3HAYEHHH MOXKHO CHIeJaTh BBIBOJL,
YTO BCE 3HAUEHHsS HAXOIATCS B Ipeferax peKOMEHIOo-
BaHHBIX JIMAIla30HOB, TPHUBEJIEHHBIX B PYKOBOJCTBE
ANSYS Fluent [7], npu 3TOM OTHOCHTEIBHO OOJbIIAs
BBITSHYTOCTh JJIEMEHTOB OOBSCHACTCS BBITSHYTOCTHIO
MOJIENH BIOJb OCH Z.

Bo Bpemsi 0cHOBHOTO 3Tara ObLIH MOCTPOCHBI TPEX-
MEpHBIE MOJENH IUTATHOTO OOTydaTeIbHOTO KaHAa M
OV, m300paxénnble Ha prcyHKe 5. C HeIbl0 CHIKCHHS
BBIYHMCIIMTENBHBIX 3aTpaT pacyéTHas MoAeNnb Oblia yce-
YeHa 10 BBICOTE: 00JacTh pacuéra BKIIOYAET CETMEHT,
OXBAaTBIBAIOIIUKI + 3 CM OT TOJIOBKM KarCyJbl BBEPX H
— 3 CM OT ero HIKHETo OCHOBaHus. TernooTBoA B Moie-
U peanusyeTcs 3a CUéT IMPKYJAUHN TETJIOHOCHUTENS
HepBOTro KOHTYpa, KOTophbiii B Buae fluid-oobexTa o0OTe-
KaeT KallCyJy, a Tak)Ke BHYTPEHHIOIO M BHEIIHIOI KOH-
CTPYKIIMU O0JTydaTeNIbHOTO KaHajla. B ropu3oHTaIbHOM
CEUYCHHUU MOJIeTTb OXBATHIBAET OJIHY UKy A3 peakTopa.
[IpunsToe reomerpuyeckoe MAOMyHIEHHE OOOCHOBAHO
MUHUMAJBHEIM TEIIOOOMEHOM MEXAy s4edkaMu A3
BeieAcTBHE 3((GEKTUBHON TEPMHIECKOW SKPaHHPOBKH,
obecrieyBaeMOi MOCTOSHHBIM TTIOTOKOM BOJIBI 3a CUET
[JIaBHBIX LUPKYJISLMOHHBIX HacocoB peakropa BBP-K.

Cerounas mozens 111 OV, Kak U B cllydyae ¢ MOJe-
B0 ¢ OEPIUIMAOM THTaHA, UMEET pa3Mep 3IJIEMEHTa,
pasasiit 0,05 cM. OO011Iee KOJIMYECTBO 3JIEMEHTOB COCTa-
B0 34205291 u 17100360 nyst mmTaTHOTO 00TydaTeNb-
Horo kanana u OY cooTBeTcTBeHHO. [Ipubmu3uTensHO
JIByKpaTHas pa3HHLA CBS3aHA C BKIIOYEHHOHN aJalTHUB-
HOH pEryIMpoBKOil U, COOTBETCTBEHHO, CAMUMHU I'€OMET-
pusiMu Mojeneid. MakcumaibHble Ko3(dUIMEeHTH Hc-
KpUBIEHHOCTH, paBHble 21,90 g mraTHOrO 00Iyda-
TenbHOro KaHana u 40,74 mis OV, 00BbICHAIOTCS BBITS-
HYTOCTBIO BJIOJIb OCH Z paCCMaTPUBAeMbIX Mojenei. Ma-
KCHUMaJIbHBbIE 3HaUYeHHs KO3()(HUIIMEHTOB MCKPHUBIEHHO-
ctu (0,86 u 0,85) m MUHMMaNbHBIE 3HAYEHUS OPTOTO-
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HabHBIX KadecTB (0,14 m 0,15) cooTBETCTBYIOT peko-
MEHJJOBAaHHBIM JMana3oHaM, NMPUBEIEHHBIM B PYKOBO-
ncree ANSYS Fluent.

Pucynoxk 5. Tpéxmephvie modenu wimammuo20 0o1yuamenbHo20
kanana (a) u OV (6) 6 npoepamme ANSYS DesignModeler,
yceuénHvie 8 pamKkax 0OHoll aueliku A3 uccredogamenvcko2o
peaxmopa BBP-K u gvicome £ 3 cm om 20106Ku Kancyivl
u eé nuodicneu yacmu. (1) — kancynol uz cnnasa CAB-1,

(2) — keapyegvie amnyvi ¢ 0bpasyamu MoOs

Kaxk y>xe roBopuiocs pasee, B ClIlydae pacCCMOTPEHHUS
oxJlaxxieHus: komnoHeHToB A3 Ha peakrope BBP-K oc-
HOBHOH MEPEHOC TEIUIA OCYIIECTBIAETCS NPUHYJUTEIb-
HOW KOHBEKIIMEH, BRI3BAHHOH pabOTOH IIaBHBIX HUPKY-
JSIIMOHHBIX HACOCOB, KOTOpPBIE O0ECHEUMBAIOT PacXo]]
TEIIOHOCHUTENA IIEPBOTO KOHTypa Okojo 680 M>/4, ms
mraTHol KoHurypanuu A3. J{ns onpeneneHus cpen-
HEHl CKOPOCTH BOJBI OBIJIO PACCYMTAHO THAPABINIECKOE
ceuenne A3 peakTopa ¢ y4€TOM KOMILJIEKCHBIX T€OMET-
puii ero KOMIOHEHTOB. CpeTHsSA MPUHATAs CKOPOCTD BO-
Ibl coctaBwia npudnusurensHo 48,4 cm/c. CooTBeTct-
ByIOIlle€ 3HaYEHHE unciia PeliHombACca B HECKOIBKO Pa3
MIPEBBIMIACT KPUTHUECKOE 3HAUCHNE KPUTEPHUS MMOJI00Hs
A Tnaakux Tpyo (~2300) u paBHseTcs okxono 22000,
YTO CBH/IETEIHCTBYET 00 yCTaHOBHMBIIEMCS TypOyJIeHT-
HOM pEXUME TEUEHUS.

Jnst onvcaHusl TOBEIEHMST BOJBI OblIa NPHUMEHEHa
peamm3yemass wmojens TypOyiaeHtHoctH k-8 (k-g
Realizable), o6mamarorias psaoM MPeUMyIeCTB [0 CPaB-
HEHHIO C KJIACCHYECKOM MOJIeIbIo k- U ipyrumu TypOy-
JICHTHBIMH MOJIEIAMU. B 4acTHOCTH, OHA HCTIONIB3YET I1e-
PEMEHHYIO TypOYJICHTHYO B3KOCTh U MOAN(DHUIINPOBAH-
HO€ ypaBHEHHE IepeHoca IJIsl CKOPOCTH IWCCHIAIIUN
SHEPTHH € N 00eCrieYrBaeT KOPPEKTHBIM PacuyéT B CIIOXK-
HBIX TEOMETPHUSX, BKIIIOYas BUXPEBbIE U BTOPUYHBIE 00-
Ppa30BaHMs, IPH YMEPEHHBIX BEIYUCIUTEIbHBIX 3aTpaTax.

Bkiiag ectecTBEHHON KOHBEKIIMH B TEIIIOOOMEH OBLI
oleHEH Ha OocHOBe OoTHomeHus uucia ['pacroda Gr k
kBagpaty uncia PeitHonbaca Re. [Ipu noxy4yeHHOM 3Ha-
YEHUH JAHHOTO COOTHOIIeHus 0koyio 0,41 (s momHOM
JUTMHBI KaHaJa) U ¢ YIETOM HE3HAYHTEIHHOTO TeMIIepa-
TypHOTO Tepenasa B MOJENH (B OTCYTCTBUE PELUPKYIIS-
IIUH) MO’KHO CYMTATh BIHUSHUE €CTECTBEHHOW KOHBEKITUI

MpeHeOpeknMo ManbiM. TakuM 00pa3oM, TEIIOHOCH-
TeIb B MOJENM MPEICTaBIsIeT CO00i Hec)KHMaeMyro
KHUJIKOCTh C IUIOTHOCTBIO MPHU HOPMAJBHBIX YCIOBUSX.
Jlo7st TyYrcTOro TeIo00MEeHa B pacCMaTPUBACMOM MO-
JIeNI OIIEHMBANIach Ha OCHOBE MAaKCHMaJIbHOW TeMIepa-
TYpBI opo1Ka Tprokcuaa MoiaudaeHa 200 °C, momyyeH-
HOW B X0J€ MpeiBapUTeNbHbIX pacuéroB. CornacHo 3a-
koHy Credana-bonbiiMana, yienpHOE SHEPTOBEIIEICHHE
MOJHMOICHOBOI MumeHH coctanisieT 4,73-107° Br/r, 4ro
Gonee geM B 10° pa3 MeHBIIE yAECILHOTO SHEPTOBBIIEIE-
HUS 32 CUET 00ITydeHIs MUIIIEHHN Ha peakTope. CienoBa-
TEJILHO, JTy9UCTHIM TETNIOOOMEHOM B PacCMaTpHUBAEMON
3aJia4e MOKHO TpeHedpeyb. J[yis oieHKn BI3KOro Harpe-
BaHUS, BOSHUKAIOIIETO BCJIEACTBUE BHYTPEHHETO TPEHUS
KHMJKOCTH, HCIIOJIb30BajICs Oe3pa3MepHBIil KpHUTEpHid
Bpunkmana. [TonydyeHHOe 3HaUeHUE KpUTepus (mopsaka
107°) cBUIETENBECTBYET O MPEHEOPEKNUMO MAJIOM BKIIAJIE
NAHHOTO ME€XaHU3Ma B OOLIUM TEII000OMEH.

MogenupoBaHue TOTPAaHMYHOTO CIOS HpH TypOy-
JICHTHOM TEYCHUH OCYIIECTBIISUIOCH C IPIMEHEHHUEM Me-
TOJIa YyCOBEPUICHCTBOBAHHOTO METO/Ia YIETa IPHCTEHHO-
ro cios (EWT), xoTopsiii obecriednBaeT aJanTHBHBIN
BBIOOP MEXXIy HACTEHHBIMH QYHKUIUIMH (Tipu y* > 30) u
MIOJTHBIM YHCJIEHHBIM pa3pelieHHeM JaMHUHApHOTO MOJ-
ciost (mpu y* < 1). B unTepsane 1 <y* <30 peanusyercs
IUIABHBII NIepexo]] MeXIy STUMHU pexxumamu. Takum 00-
pa3oM JOCTUTaeTCs YCTOHYMBOCTh pacuéra MpH coxpa-
HEHUM TNpHEMJIEMOI IUIOTHOCTH CETKU B IPUCTEHHBIX
o0macTsx.

HauansHast TeMneparypa TEIJIOHOCHUTEIIS HA BXOJIE B
pacuéTtHyto obmacTh Obuta nmpuHsATa paBHoit 40 °C B co-
OTBETCTBHHM C OTYETOM aHaIM3a M OE30MacHOCTH HCCIIe-
noBarenbsckoro peakropa BBP-K. Ilpu ckopocTtu moToka
48,4 cm/c, Temneparypa 00paTHOTO TIOTOKa BOJIBI HA BBI-
xoje 6puta mpuHATa 3a 50 °C — MakcuMaabHO JIOMyCTH-
MO€ 3HA4YeHHE COIJIACHO JKCIIEPHMEHTAIBFHO M3MEpEeH-
HBIM JIaHHBIM, YTO COOTBETCTBYET PA3HOCTH TEMIIEPATYp
Ha Bxoze u Bbixoae AT = 10 °C. ManomeTpudeckoe aa-
BJICHHE Ha BBIX0/e Obl10 puHATO paBHEIM 0 I1a, ogHako
y4€T THAPOCTATHYECKOTO U THJIPOAMHAMHUYECKOTO JIaB-
JIeHnH ObUT YUTEH ITyTEM BKIFOUCHUS CHITBI IPUTSDKCHUS
B METOJMKe. BHenIHre moBepxXHOCTH TBEPABIX TEIN CUH-
TAINCh aanadbaTHYecKnMH, a OOKOBasi rpaHHIa MOJICITH
XKHUJIKOCTH MMUTHPOBAJIA MEXbSIUCCUHBIH TETUIOHOCH-
tenb ¢ temmeparypoit 40 °C. IlpoBenéHnble npenBapu-
TEJIbHBIE Pacu€Thl MOKA3ald, YTO TeMIepaTypa BOJBI HE
JOCTHTAeT TOYKH KHIICHHS, a TeMIepaTrypa TBEPIBIX
KOMIIOHEHTOB (32 UCKJIIOUYCHHEM BO3/yXa) OCTaéTcs HU-
JKe TeMIIepaTyp IUIaBICHHUS, YTO ITO3BOJIET UCKIIOUYNTH
(a3oBBIE TTEPEXO/IBI M YIPOCTUTH MIPOBOIUMOE YHCIICH-
HO€ MO/ICITNPOBAHHE.

PacuérHble 3HaUEHUs YHEPrOBBIACICHUH, MOJIyYeH-
Hble ¢ ucnoibzoBaHueM MCNP 6.2 [9], npuBeneHs! B
tabmune 2. MakcuManbHash OTHOCHTEJbHAs IOTpell-
HOCTb, BBIPDAKCHHAsI B BUJE YABOEHHOI'O CTaHIAAPTHOIO
OTKJIOHEHMsI, He mpeBblmaer 5%, 4TO COOTBETCTBYET
95%-H011 TOBEPUTENBHON BEPOSTHOCTH U JIOIYCKAEeT UC-
nons3oBaHne naHHBIX B ANSY'S Fluent.
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Tabnuya 2. Pacuémuuie 3HaueHus 3Hep208bloesieHUs C YY4Emom
cmanoapmuo2o omxiouenus (26) onsa mpéx kongpueypayuii A3
6cex komnonenmos wmammuozo OK u OY

KoHdpury- KoMROHeHTa OHeproBbigenexue | 20

pauus A3 Bt Brir | Brlr
Mopowwok MoOs (npasblit) 23,8 4,76
Keapuesas amnyna SiO> 42 540
(npaBas)
Mopotwok MoOs (neBblit) 23,0 4,61

Wrathas Keapuesas amnyna SiOz (nesbiit) | 39,7 4,91
Kancyna n3 CAB-1 539,5 3,03
BHyTperHss yacT OK n3 CAB-1 757,3 3,14
BHewwnss yacTb OK n3 CAB-1 1198,2 3,89
Mopowwok MoOs 40,7 4,07
Keapuesas amnyna SiOz 38,7 2,50

C6epnn- [Kancya s CAB-1 2326 | 220 | 006

N1eBOiA

FIOBYLLKOI BHyTperHss yacTs OY n3 CAB-1 164,7 2,22
BHelwHsis yactb OY 13 CAB-1 649,5 2,24
Bepunnuesas 3acbinka 942,3 2,15
Mopowwok MoOs3 422 4,22
Keapuesas amnyna SiO> 52,3 3,38

COYB  [Kancyna us CAB-1 3066 | 301

fyelike

5.5 BHyTpeHHss yacTb OY n3 CAB-1 2194 2,95
BHelwHsis yactb OY 13 CAB-1 918,2 317
Bepunnuesas 3acbinka 1476,5 3,37

Ocoboe BHUMaHKE OBLUIO YAEJICHO OIICHKE HEOIpe/e-
JNEHHOCTH YMCIIEHHOTo MojenupoBaHus. KomiekcHas
MOTPEIIHOCTD BKJIIOUAET BKJIakA: (1) ceTouHol TucKpeTu-
3anuy; (2) MOAETHHBIX AOMYIIeHuUH; (3) YuCIeHHOI cXO-
MocTH; (4) Heonpeien€HHOCTH BXOAHBIX HaHHbIX. Ce-
TOYHAsl TIOTPELIHOCTh OIEHMBAJACH CPABHEHHEM C pe-
3yJIbTaTaMy, TIOJMy4YEeHHBIMH Ha Oosiee rpyOoi ceTke
(oKoJ10 6+7 MIJIH 3JIeMeHTOB T KaHaiioB 1 OY cooTBeT-
CTBEHHO). Pa3HOCTh CpeHMX M MAaKCHMANbHBIX TEMIIE-
patyp obpasoB MoOj3 B pacuérax cocraBmia He Ooiee
4,3%. UucieHHass cXOJUMOCTh 00ECIIeUrBajIach HOCTH-
JKEHWEM DPE3UAYaTbHON ommbku 107> 1y ypaBHeHmi
CKOPOCTH, DHEPTHH TYPOYJICHTHOCTH ¥ UMITyJIbca, u 1076
— quis1 3Hepruy. OmubKka BXOIHBIX JaHHBIX MHUHUMM3H-
poBasiach 3a CUET UCTIONB30BAHHS yCPEHEHHBIX (IKCTIe-
PHMEHTAIBHO MOATBEPKAEHHBIX ) 3HAYSHUH TeMIepaTy-
PBI ¥ CKOPOCTH TTOTOKA, a TaK)Ke BEIOOpA T'PaHNUYHBIX YC-
JIOBHUH, MOJCTHPYIOMINX HAUXYAILINHA CIieHapuil (oOpat-
HBIU TMOTOK ¥ Tak Aainee). [lorpenrHocTh yrporeHuii Obl-
Jla OLIEHEHA paHee yepe3 KpuTepuu nogobus. OTaeasHO
CTOWUT OTMETUTHh BKJAJ YHPOINEHHS, 4TO OepuiuTueBast
3aChINKa MO/ICIIMPOBATIACh KaK TOMOT€HHBIN MaTepHa C
(U3NIECKUMHU CBOHCTBAMH METAJUINIECKOTO OepHILTHSL.
CoBOKyITHast OTHOCHTENbHAsI HEONpPeeNEHHOCTh YHC-
JICHHOTO peIleHus OlleHnBaeTcs B npeaenax + 10%.

PE3VJIBTATBI U OBCYXJIEHUE

CpaBHEHUE YHMCIEHHBIX PE3yJbTaTOB C 3TAJIOHHBIMU
MOJIIMU TEMIIepPaTyphl U CKOPOCTH, B3SITBIMU U3 PyKOBO-
nctBa ANSYS Fluent, mpencraeneno Ha pucynke 6. Ma-
KCHMaJIbHasl TeMIlepaTypa B pacyéTHOW MOJENH cocTa-
Buia 40,1 °C u Habmoqanach BOJIU3K BXO/1a ropsiueii Bo-
IBl B cucTeMy. MakcumainbHas ckopocth (136,3 cm/c)
ObLTa 3aUIKCHPOBaHA B 30HE CMEMICHHUS JIBYX IIOTOKOB.
Ha ocHOBe prucyHKa 6 MOXHO 3aKJTIOUHUTh, YTO PE3yIbTa-
THI, OJTyYEHHBIC B XOJIC YHCICHHBIX BBIYUCIICHUH, IIpa-
KTHYECKH COBIAJAIOT C 3TAJJOHHBIMHU JAHHBIMH U3 PYKO-
BoxctBa ANSYS Fluent.

Ha pucynke 7 npuBeieHbI TeMIepaTypHbIe M0, 110-
nmy4yenHbie B ANSYS Fluent st 060ux pexxumoB, a Tak-
e ITAJIOHHOE ToJie TeMIepaTyp B [8], paccuntanHoe B
nporpamMmmaoM komiuiekce COMSOL Multiphysics. Ma-
KCHUMaJIbHBIE TEMIepaTypbl B CHCTEME COCTaBHIU
82,2 °C npu namuHapaoMm u 79,3 °C nipu TypOyJieHTHOM
TEUCHHAX, TPH O3TOM pacuéTHas TeMIeparypa B
COMSOL Multiphysics vHe mpeBbicmia 85 °C. [lanHbIe
3HAYEHMS, a TAKKe OJIM30CTh TEMIIEPATYPHBIX PO UIIeH
U TaMAHapHOTO pesknMa TedeHns B ANSYS Fluent u
COMSOL Multiphysics, moaTBep>KIal0T KOPPEKTHOCTD
npumensiemoit metonukd B ANSYS Fluent. Baxno or-
METHUTb, YTO TEMIIEpATypHBIE TIOJIS ISl TPEX KOHHTYpa-
LU IpeICTaBIEHBI C UCIIOIb30BAHUEM PA3IMUHBIX IIKAJ
LBETOBOH JIereH/pl, COOTBETCTBYIOINX HHIUBUAYaIIb-
HBIM JMaria30HaM TeMIIepaTyp B KoM cirydae. B cBd-
3 C TUM NPSAMOE CPaBHEHHE HACBHIIIEHHOCTH OKPAacKU
MeXJly U300paKeHUSIMH Pa3lUYHbIX BapUaHTOB HEKOp-
PEKTHO W aHAJN3 CIEAyeT IPOBOANTH HA OCHOBE IPHBeE-
JEHHBIX YHCIIOBBIX 3HAYECHHH.

[Tosst KOMIOHEHTBI CKOPOCTH T10 OCH z JUIst 000UX pe-
KMMOB TE€UEHUsI IPUBECHBI Ha PUCYHKE 8. AHalIM3 HO-
JIy4EeHHBIX JaHHBIX ITOKa3aJl, YTO P IPHHATONH CKOPO-
ctu Temionocutesist 0,1 ¢M/C JOMUHHUPYIOIITHM MEXaHH3-
MOM TeIUIONepelaun SBJSIETCS BBIHY)KJICHHAs KOHBEK-
IS, YTO U OOBSCHAET OJIM30CTh TEMIIEPATyPHBIX MOJEH
JUIS IByX PEXUMOB TeUeHHs TertoHocurend. [Ipu mamu-
HApHOM TEUeHHM HaOIIoMaeTCcsl MPOTSHKEHHBIN clien
KHUJIKOCTH, BXOJSIIEl yepe3 BepXHee OTBEPCTHE KalCy-
JIbI, YTO CBHIETEIBCTBYET O MEHBIIEM NepeMEeIINBaHUT
BXOAAIIAX IIOTOKOB BOJBI B AIIOMHHHEBYIO KarCyiy.
B TypOyneHTHOM pexuMe, HamnpoOTHB, IPOUCXOIMUT 00-
pa3oBaHHe 00PAaTHOTO TE€YEHHS, CBSI3aHHOTO C BBITECHE-
HHEM HarpeTou uakocTu. CIeICTBUEM TOTO SBISIETCS
JIOKaJIBHBIN HarpeB )KUAKOCTH, KOTOPHIA MOJKHO YBHIIETh
Ha pucyHke 7. JIokanbHbIe U3MEHEHMSI HAIPABIEHUS Te-
YeHHS KHUIKOCTH IPEJCTAaBICHb HAa TOPU3OHTAIBHBIX
pa3pesax nojel KOMIIOHEHTHI CKOPOCTH IO OCH Z Ha PH-
cyake 9. OTpunareiabHOe 3HAYEHHE CKOPOCTH COOTBET-
CTBYET OCHOBHOMY ITIOTOKY, HAIIpaBJICHHOMY BHU3, TI0JIO-
KHUTEIBHOE — BCTPEUHOMY TE€UEHHUIO.
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Pucynok 6. Cpasnenue smanounvix pesynbmamos u3 pykogoocmea ANSYS Fluent:
C pe3yIbmamamuy YUCIeHH020 MOOeIUPoOsanus (a) u mennogusuieckux pacuémos (0)
MoOdenu KoJiena mpy6onposooa memnepamypro2o nojs (1) u nons ckopocmeii (2)
Ha naockocmu cummempuu [7]
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Pucynoxk 7. Temnepamypsvie noas ons pacuémuoil moodenu: 8 COMSOL Multiphysics (a) [§],
6 ANSYS Fluent ¢ namunaprvim pexcumom meyenus (6) u 6 ANSYS Fluent ¢ mypbyrenmuvim
peodicumom meverus (8) 01 gepmuxanvusix pazpes3os (1) u (2) u copuzonmanvroeo paspesa (3)
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em/e

Pucyrnoxk 8. BepmukanvHvie nons ckopocmeti 075
MOOENUPOBAHUS IAMUHAPHO20 (a) u mypoyrenmuo2o ()
pexcumos, cevenus no naockocmu XZ cY =0 cu

CornacHO PUCYHKY 9, pelMpKyJISLUs TEIIOHOCUTEIS
B BEpXHEH YacTH KarCyJibl Ui TYpOYJICHTHOTO pexuMa
HaAOJI0a€TCs TOJIBKO Uepe3 OJTHO U3 TPEX JOCTYIHBIX OT-
BepcTUid. B ocTaBImMXCs ABYX ABHKEHHE KUIKOCTH CO-
XpaHseT OTpHUIlaTeIbHOE HAIlPaBICHUE BJOJbL OCH Z, UTO
YKa3bIBaeT Ha KOMIUIEKCHYIO PEIUPKYJISIUI0 B BepXHEH
9acTH Karcynbl. CpeqHsst CKOPOCTB BOJIBI B KOJIBIICBOM 3a-
30pe MKy BHYTPEHHEH MTOBEPXHOCTHIO 00JTyIaTeIEHOTO
KaHaJla U BHEUIHEW CTEHKOM KaIlCyJIbl COCTABIISIET OKOJIO
1 cM/c, 9TO coBHamaeT ¢ pe3yinbTaTaMu, IMOJIyYeHHBIMH B
stanonHoi mosenm COMSOL Multiphysics.

Ha ocHoBe aHanu3a CKOPOCTHBIX M TEMIIEPATYPHBIX
OJICH MOYKHO 3aKJIFOYHUTh, YTO POPMHUPYIOIIHECS BUXPE-
BbI€ CTPYKTYpBI HaJl U BHYTPH KalCyJbl 00YCIOBIICHBI
JIAMHHAPHOM PEIUPKYIIAIUCH, TOCKOJIBKY OHU HAOJIF01a-
HOTCA B OGOI/IX pe)KI/IMaX TCUCHUA. .HOKaJ'H)HLIe BO3MyIJ_Ie-
HHUS HEC OKA3bIBAKOT 3HAYUMOI'O BIIUSIHUS HA TeMnepaTyp-
HbI€ XapaKTEPUCTUKU MOJEIHU, YTO CBUAETEIbCTBYET O

-3.0

cm/e

KOPPEKTHOCTH IPUMEHIEMON METOUKHU C YUETOM JaMHU-
HApHOT'O PEeKMMa TEUYEHHs M MPUHITOH CKOPOCTU BOJBI
TEIIOHOCHUTEIS TIePBOro KOHTypa. TeM He MeHee, Ui
0oJiee KOPPEKTHOTO ONMHMCAHMS THAPOANHAMUKH C yué-
TOM TypOyJICHTHBIX 3aBUXPEHUH M BTOPUYHBIX TCUCHUH
Ha OCHOBHOM JTare pacu€TOB UCIOIb30BaIaCh peanusy-
emasi TypOyJIeHTHast MoJIesb K-¢.

B pesynbTrare 4ncieHHOro MOJAETMPOBAHNUS OBLIH I10-
JydeHBl TEMIIEpaTypHbIC TOJIS JUIA INTAaTHOTO 00yda-
TesnpHOTO KaHana M OY, IpeacTaBiICHHBIE HA PUCYHKE
10, mpuué™m [UI1 BTOPOTO OBbLIa BU3yalM3UpOBaHA KOH-
¢uryparst ¢ OY B BRICOKOIIOTOYHOM KaHaje 06e3 6epr-
JIMEBOM JIOBYILIKH, TIOCKOJIBKY TeMIlepaTypa oOpasLoB B
Heil Ha 5 + 7 °C BbIIIE OTHOCUTEIILHO KOH(PUTYpAIMU C
OepuUIHEBOM JTOBYIIKOH. OOBSICHICTCS 3TO pa3IHYHbI-
MU CHEKTPaMHU HEHTPOHOB: B HEMOCPECTBEHHOM OJIHM30-
CTH K TETUIOBBLACISIONINM cOOpKaM /107151 OBICTPBIX HEW-
TPOHOB OOJIBIIIE, & TEIUIOBBIX U SMHUTEINIOBBIX — MEHBIIIE,
YTO W MPUBOJUT K OobieMy pasorpey OV.

Jlnst BU3yabHOTO OTIPENENICHUS] TEMIIEPATypPhl BOBI
Ha CTEHKaX KBapIlCBOI aMITyJIbl B JIETEHAE C I[BETOBBIM
pacmpeneneHneM TeMIiepaTyp ObUT BBIACTICH OSbIM HH-
tepBan temneparyp 100 + 110 °C. Ha ocHoBe Bu3yanu-
3aIllM TEMIIEPATYPHBIX MOJIEH MOXKHO CHeIaTh 3aKIIove-
HHe, YTO HarpeB BOJIbI IPH IPOX0XKICHUH Yepe3 Karcyry
HE3HAYHUTEJICH — MaKCUMaJlbHas TeMIlepaTypa TeIJIOHO-
cutens cocraBmwia 50,1 °C mis Bcex Tpéx KoHuUrypa-
umii. K Tomy e, faHHast TeMneparypa Obuia JOCTUTHYTa
Ha IpaHMLE BBIXOJa BOJBI U3 MOJIEIIH, YTO CBSI3aHO C pe-
LUPKYJIIIMEH MO KalCyJoi U MmocienyomumM oopaso-
BaHHWEM OOPAaTHOTO MOTOKA C 3aJlaHHON TeMIepaTypoit
50 °C, xoTopas ObIa 3a/1aHa B Ka4eCTBE TPAaHUIHOTO yC-
noBusl. MakcuManbHBIE  TeMIIEpaTypbl  COCTAaBWIIN:
179,2°C nanst ITaTHOTO OOJy4aTeNbHOTO KaHaua,
145,5 °C mns OY B GepmnreBoit nmoymke u 152,6 °C
JUIsL BBICOKOTIOTOYHOTO KaHana. CTOUT TaKkKe OTMETHTH,
YTO MaKCHUMaJIbHbIE TEMIIEPaTyphl OEPUIIIHEBOI 3aChII-
KU B KOHHUTYpanusx ¢ OepuiuimeBoi JoBymkoi u ¢ OY
B BBICOKOIIOTOYHOM KaHayie cocTaBmin 45,6 u 48,1 °C
COOTBETCTBEHHO.

I30
: (1). . .
(a) (©) (B)

Pucynox 9. l'opuszonmanvhuie nous ckopocmeil 015 aamunaprozo (1) u mypbynenmnoeo (2) pescumos meuenus Ha GblCOMAx:
136 cm (a), 86 cm (6) u 36 cm (8), KOmMOpbIe NOKA3AHBL NYHKMUPOM HA 6EPMUKAILHOM PA3pe3e Noo J1e2eHO0l
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Pucynox 10. I'opusonmanvhule (a) u éepmuranvhuie (6) pacnpedeneHus memnepamyp
01 wmamro2o ooayuamenvhoeo kanaia (1) u OV 6 svicokonomounoti siuetixe (2)

100.0

-375

(1) -1750

-3125

-450.0

Cc™m/C

100.0

125
(2)Q 1250

-237.5

-350.0
cMm/C

Pucynox 11. Bepmukanvhvle nojisi KOMROHEHNbl CKOPOCMU 800Ib HANPAGLEHUsL MeYeHs.
011 wmamuoz2o obayuamenvhozo kanana (1) u OV 6 svicokonomounoti siuetixe (2)

Pacnpez[eneHI/I;I KOMITIOHCHTBI CKOPOCTH T10 OCHU Z IJId
JIBYX KOH(UIrypanuid IpeacraBlieHbl Ha pucyHke 11.
31ech, B OTIIMYKME OT BepUPHKAIIMOHHON MOzenu ¢ Oe-
prutuoM tutana Be,Ti, oOpaTHble OTOKM 4epe3 OT-
BEpCTHUS B KaIlCyJie HE HAaOI0JaI0TCA, YTO 00YCIOBJICHO
00JIee BBICOKOW CKOPOCTBIO TEIUIOHOCHTEIIS. B 1mrtaTHO#
KOH(UTypanum, u3-3a crequ(rKn pacroyIoKeHUs KBap-
LIEBBIX aMITyJl, TypOYJIEHTHBIC 3aBUXPEHHSI 00pa3yloTcs
B LIEHTPAJIbHO-BEPXHEH 00IacTH KarcyJybl. ITO MPUBO-
JIIT K 00pa30BaHUIO JIOKAIBHBIX BOCXOJISIIUX TIOTOKOB B
LEHTPAIBHON 00JIaCTH KarcyJibl. AHAJOTHYHBIC 3aBUX-
peHust GOPMHUPYIOTCS IO KATCYJI0H, 0cOOeHHO B 00ac-
TAX, TAC OTCYTCTBYET l'IpSIMOﬁ OTTOK BOJIbI U3 HUXKXHHUX
OTBEpPCTUH Kamcylibl. MakcumaiabHasi CKOPOCTh KUIKO-
cty, paBHas 499,3 cM/c U1 ITATHOTO O0JTy4aTeNbHOTO
KaHasa, Oblia 3apIKCupoBaHa B KOJIBIIEBOM 3a30PE MEXK-
Iy BHyTpEeHHEH KOHCTpyKiuen kaHana u3 CAB-1 u kamn-
cyJioil.

Kpowme Toro, 3a cuér crnierupudeckoit Gopmsbl rojos-
KM KallCyJibl, HAIlPaBIAIOMIEH MOTOK TEIUIOHOCUTENS B
OTBEPCTHSI, HAOIOAAETCSl YaCTUYHOE CMEIIEHHE MOTOKa
B 00J1aCTh MEXy KBapIIEBBIMH aMITyJIaMHU U BHYTpEHHEH
CTEHKOM Karcysbl. B KOHCTpYKIIMY aJIFOMUHUEBON Kall-
cyibl B OY nono0OHbIi 3 (GEeKT 0TCYTCTBYET, MOCKOJIBKY
OTBEPCTUS] UMEIOT MEHBIIUN JUaMeTp, YeM B IITaTHOM
KarcyJie W paclojoXeHbl OJIMKe K IEHTPY KarcyJibl.
BcnenctBue 3Toro MakcumalbHasi CKOPOCTb TEMJIOHOCHU-
tens B KoHpurypanuu ¢ OY cocrasuna 417,1 cm/c. Tak-
K€ OTMEYEHO, YTO MPU HAJIMYUH JIMIIb OJHON pagualb-
HOM 00JIacTH JUTS IPOXOXKJICHNS TIOTOKA TEIUIOHOCUTEIS
4yepe3 Karcyiy KpynmHoMacmTabHbie TypOyJIeHTHbIC 3a-
BHUXPEHUSI BHYTPH KaIlCylbl He (HOPMHUPYIOTCS, OJHAKO
COXpaHSIOTCS N0 Hell. Bcé 3To, B COBOKYITHOCTH, MOJ-
TBEP)KIAeT KOPPEKTHOCTh BHIOPAHHOTO OTCTyIAa B 3 cM
OT OCHOBAHUS KaIICYJIBI JUI CTAOMIIN3AIINH IOTOKA BOJIBI
13 3a30pa KaHall-Karcyya U U3 OTBEPCTUH KaICyJIbl.
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3AKJIIOYEHHME

[posenéunsrit B ANSYS Fluent Terutoduznueckuii
aHanu3 OY nokaszan, 4To MakCHMallbHas TeMIIepaTypa B
CHUCTEME JIOCTUTaeTCsl B T€OMETPUUYECKOM LIEHTpe IO-
polIKa TpHOKCHIa MonubOaeHa u cocrasisier 152,6 °C.
Temmnepatypa TEIIOHOCUTENS, TIPU ITOM, HE IIPEBHIILIACT
50,1 °C, 4ro moaTBepKAaeT OTCYTCTBHE (DAa30BHIX Hepe-
XOZIOB B CHCTEME U, CIEIOBAaTEIbHO, OE30IaCHOCTD JKC-
wryartanuy OY B yCIOBHAX HCCIENOBAaTEIbCKOTO Peak-
topa BBP-K. IloreHuunansHO aBapuilHbIE TeMIepaTyp-
HbIe pesKHUMBI B OY HE BBISBIICHBI.

ITomydeHnsle pacuéTHbIC PE3yIbTaTHl MOTYT OBITH
HCTIONB30BaHbl ISl MPOBEIEHHS IKCIEPHUMEHTAIBHBIX
uccnenoBanuil Ha peaxrope BBP-K mo ompenenenuro
yZenbHoit aktuBHOCTH Mo B coctaBe OVY. Ilpu atom
MOTYT OBITh PaCCMOTPEHBI U MHbIE KOH(QHUTYPALIMH C pa3-
Mmemennem OY, Hanpumep, B nepuepuifHbIX KaHalax,
MIOCKOJIBKY B HACTOSINEM HCCIIeIOBAaHUU paccMaTpHBall-
cs1 HanboJiee SHEPTOHANPSHKEHHBIN CIIEHApUi — pacHo-
noxeHne OY B BBICOKOIIOTOYHOM KaHAJIE C Pa3MeICHH-
€M aJIOMUHHMEBOW Karcysbsl B IEHTPAIbHYIO 0OIyda-
TEJILHYIO MO3HIMI0. TakuM 00pa3oM, MOTydeHHBIE JaH-
HBIE 00€CTIeYNBaIOT HAaJIEKHYIO BepH(PHUKAIIMOHHYIO OC-
HOBY IS JJIbHEHIINX SKCIIEPUMEHTAIBHBIX U IIPUKJIIaI-
HBIX UCCIICIOBAaHUM.
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CCP-K PEAKTOPBIHJA Mo-99 OHAIPYI'E APHAJIFAH COVYJIEJIEHAIPY KAIICYJIACBIHBIH
KBLTY ®PU3UKAJIBIK MOJEJIIH 93IPJIEY KOHE TAJLJAY

A. Y. Ammmbaen”, JI. C. Caiipandaes, A. A. lllaiimepaenos
KP Amom snepzuscol nconinoezi azenmmizininy «Aoponvix gpusuxa uncmumymury PMK, Anmamut, Kazaxcman
* Baunanvlic ywin e-mail: ashibayev@inp.kz

Mo-HbIH MEHIIIKTI O€JCEHIUNriH  apTThIPYFa apHaJFaH CAYJIENEHIpPy KAlCyJachIHbIH —KOHCTPYKIMSACHIHA
KbUTyQU3UKaNBIK Tanjgay HoTwxkenepi ycoiHbuiraH. Ecentey ANSYS Fluent 2021 R2 GarmapnaManblK KeIISHiHZE
OenceHni alMaKTBIH YII TYpili KOH(QUIypauuschl YIIIH, COHBIH IIIiHAE CTaHAApTTHI COYJIENEHAIPY KalCysachl YIIiH
Kyprizinai. MonambOaeH TPHOKCHII YHTaFbIHBIH MAaKCHUMAaJIbl TemmepaTypackl 152,6 °C, am >XKbUIy TaCHIFBIIITHIH
temneparypacsl 50,1 °C-taH acmaliTBIHBI KepceTinai. by nepekrep a3ipieHren coyneneHaipy KypsurrbicbiHBIH CCP-K
3epTTey PEaKTOPhIHIA TYPJi KOHGHUTypanusiaapaa Kayinci3 nai1anaHelIyblH PacTa IbL.

Tyiiin co30ep: 3epmmey peakmopul, MorubOen-99, caynenenoipy KYpolLigbiCbl, HCHLLY PEHCUMI, HCHLTY PUSUKATBIK MOOETb.
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PA3PABOTKA U AHANIN3 TEM/I0®U3NYECKOW MOAENIN OBNIYYATE/IbHOW KAMCY/Ibl,
NPEAHA3HAYEHHOM 1A NPON3BOACTBA Mo-99 B PEAKTOPE BBP-K

DEVELOPMENT AND THERMOPHYSICAL ANALYSIS OF AN IRRADIATION CAPSULE MODEL
FOR Mo-99 PRODUCTION IN THE WWR-K REACTOR

A. Ch. Ashibayev”, D. S. Sairanbayev, A. A. Shaimerdenov
RSE “Institute of Nuclear Physics” of the Agency of the Republic of Kazakhstan for Atomic Energy, Almaty, Kazakhstan
* E-mail for contacts: ashibayev@inp.kz

The paper presents the results of a thermophysical analysis of an irradiation capsule design intended to increase the
specific activity of Mo in the WWR-K research reactor. Numerical simulations were performed using the ANSYS Fluent
2021 R2 software package for three configurations of the reactor core, including the standard irradiation capsule. It is
demonstrated that the developed irradiation device ensures a reliable thermal regime, with the maximum temperature of
molybdenum trioxide powder reaching 152.6 °C and the coolant temperature not exceeding 50.1 °C. The results confirm
the safe operation of the irradiation device within various core configurations of the WWR-K reactor.

Keywords: research reactor, molybdenum-99, irradiation device, thermal regime, thermophysical model.
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MXene JKOHE HAHOIEJIJIFOJIO3A HETT3IHAEI'T KOMITIO3UTTI MEMBPAHAJUIAP:
KACHETTEPI ’)KOHE CYbI TASAJIAY JAFbI TUIMALIIT'T
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Kasipri TaHzma cy pecypcTapbIHBIH TalllIBUIBIFBl MEH CAIACHIHBIH TOMEHIEYi SKOJOTHSUIIBIK KOHE OJIEYMETTIK MaHBI3IIbI
Mocese OOJIBIIT OTHIp. ©OHEPKICINTIK OHAIpic, aybUl MIapyamIbUIBIFEl )KOHE TYPMBICTHIK KBI3MET HOTIDKECIHAE ©3EHEp,
KOJiep JKSHE JKep acThl Cyjapbl ayblp MeTalnJgap, OpraHWKAIBIK OOSFBINTAp, (hapMaleBTHKAIBIK KaJABIKTap,
MHKPOIUIACTHKTED JKOHE MAaTOr€H i MUKpOar3aJapMeH JlacTaHabl. byl akoxkyenep s Oy3blTybIHa, OMOTaFa 3USH KelyiHe
JKOHE aJjaM JIeHcayJblFbIHa Kayin TeHmipeni. [lacTyprni Tasanay omicTepi — TYHABIPY, XJIOpJay, aacopOLus, MOHAIMac-
TBIPFBILI LIANBIpNIAp — KYPAET KypaMIarbl HEeMece KOFapbl KOHLECHTPALUSIAFbl JaCTaFbIIITAPIbl TOJIBIK KOS aIMaiIbl.
OcbiraH OaitJIaHBICTBI MEMOpPaHAaJIbIK TEXHOJIOTHSIAP Cy/Ibl MOJIEKYJIANBIK JICHIeliie Oeiyre, SHEPTUsIHbI a3 TYThIHYFa )KoHEe
9KOJIOTHSUIBIK KayINCI3MIKTI KaMTaMachl3 €Tyre MyMKIiHJIIK OepeTiH MepCreKTHBaIbI OaFbIT OOJIBIN CaHaIa bl

CoHnrbl KbUTIapel MXene jxoHe HaHOLISIUTION03a HEeTi3iHAeT] KOMITO3UTTI MeMOpaHajap epeKIie KbI3bIFYIIBIIBIK Ty bIPIbL.
MXene — MAX ¢a3zanapslHaH abIHFAaH CKioNIeM i KapOuATep MEH HUTPUATEPIiH TOOBI, OHBIH KaOATTHIK KYPBUIBIMBL,
KOFaphl AIICKTPOTKI3TIMITIT], THAPOPHUIBIUIITT jkoHEe (YHKIHMOHAIIBI OSTKi TomTapbl MeMOpaHaJapAblH OTKI3TIMITITiH
ApTTHIPHII, HOHAAPBI 06Ty MEH OpraHUKAJIBIK JIACTAFBIIITAP/IBI aCOPOLHsIay THIMALTITIH sKkakcapTaapl. HaHomemmonosa
OMOJIOTUSIIBIK TYPFBIIAH BIIBIPAWTEIH HAHOMATEpHANl OOJIBIN, MEMOpaHAHBIH MEXaHHKAJBIK OCpIKTIriH, TYpaKTBUIBIFBIH
YKOHE OMOCOUKECTITiH KaMTaMachI3 eTeli, COHIai-aK CeICKTUBTLUIIK TIeH JIacTaHyFa Kapchl KACHETTEPiH apTTHIPAIbL.
MXene MeH HaHOLIEJUTIOJIO3aHBIH KOMOWHAIMSCH CHHEPTHSUIBIK 9Cep KepceTeli: HaHoLeuToo3a MXene KabaTTapbIHbIH
arperanusicblH OoJIBIpMaibl, an 6epik (a3a opexeTTecy MeMOpaHaHbI akaynapaaH Kopraiapl. by Tymisianasipy, aysip
MeTaJap/ibl, OPraHUKAIBIK OOSFBIIITAP/IbI, TOPUTIK KAIABIKTAP/IbI KOHE MUKPOILIACTUKTEP/ I THIMII OHACYTe MYMKIHIIIK
Oepeni. CoOHbIMEH KaTap, KOMIIO3UTTIH KaOaTThIK KYPbUIBIMBI MEH (DyHKIIMOHAI/IBI TONTAPHI Y3aK MEP3iMIIi TYPaKThUIBIK
TICH JKOFapbl OHIMALTIKTI KAMTaMachl3 eTe/li.

Makanana MXene MeH HaHOLEJUIIOJIO3aHBIH KAacHUETTEpi, KOMIIO3UTTI MeMOpaHajapipl ajly oJicTepi, KYpbUIBIMIBIK
CHIIaTTaMalapbl JK9He CyAbl Ta3ajayla KOJJAaHY MEepCIEKTUBANAPBI )KaH-)KAKThl KapacThIpbUIaIbl. 3epTTey jkaHa OybIH
MeMOpaHaJbIK TEXHOJOTHSIIAPIBIH SKOJOTHSIBIK KayillCi3, )KOFapbl OHIMII JK9HE TYpakThl OONybIHA KATBICTHI dJICYCTiH
Kepcereni, OYI Cymsl THIMII Ta3zalay MEH Y3aK Mep3iMAi TYPAaKTBUIBIKKA KOJ JKETKi3yZle MaHBI3IBI FBUIBIMH JKOHE
NPaKTHKAIBIK MOHIE He.

Tyitin ce30ep: MXene, hanoyennionosa, celeKMugmiiiK, KOMRO3Ummi MemMopana, ayblp Memaioap, cy mazaiay.

KIPICIIE

Cy pecypcTapbIHbIH TallIbUIBIFBI MEH CarachIHbIH
TeMeHJieyl OyriHri Tanaa »xahaHABIK JeHreijeri eH
©3€KTi DKOJIOTHAJIBIK JKOHE OJICyMETTIK MocelelepAiH
6ipi Ooseit oTHIp. Kasipri TaHaa e3eHmep MEH Kejaep-
JIiH, COH/Iali-aK JKep acThl CyJIapbIHbIH JIACTAHY bl OHEPKS-
CINTIK ©HIIIpiC, aybUT MAPYAIIbUIBIFEI XKOHE TYPMBICTBIK
KbI3MET caJlJapblHaH KapKbIHABI XKypin kateip. Cy xKy-
HenepiHe TyCeTiH JacTarbIITAPIbIH KaTapblHa aybIp Me-
TaJAap, OPraHUKAJBIK OOSFBINITApP, NOPUIIK IMpenapar-
Tap, MECTULUATEP, MUKPOIUIACTUKTEP >KOHE MaTOreHl
MUKpoar3anap >xataisl [1, 2]. MyHnail 3aTtTapblH Ku-
HaKTaJIybl SKOXKyHenepaiH Oy3buTybIiHa, OMOTaFa yBITTHI
oCepJliH apTyblHA XOHE alaM JeHCAyJbIFbIHA KayinTiH
KYIICIOiHEe 9KeTe .

Ocipece, ayblp MeTANIApIbIH (ChIHAI, KOPFACHIH,
KaJMUil, XpOM), TYPaKThl OpPraHUKAaJIbIK KOCBUIBICTAPABIH
YKOHE aHTHOHOTHUKTEPAIH Cy1a OOTyBI KYpei SKOJIOTHs-
JIBIK MaceJesep i TyblHAaTa b, bosrpIm 3aTTap cy opra-
CBIHBIH TYCIH ©3TepTill KaHa KoiMaii, (OTOCHHTE3 Ipo-
LeciH TeXEeH/Ii j)koHe MyTareHi acep KepceTyl MYMKIiH.

MHUKpPOIUIACTHK TI€H JTOpUTiK KaJABIKTapblH Tipi ar3a-
Jnapja OMOXKMHAKTAIYbl Ka3ipri TaHIa FajbIMaap apa-
CBIHJIA epeKIlie ATaHIaYIIBIIBIK TYABIPBIT OTHIP [3, 4].

Cynapl Ta3zanayablH JOCTYPIi 9icTepi — TYHABIPY,
XJIopiiay, aJcopOlusi, HOHAIMACTBIPFBIII IIaWbIpiIap —
6enriii 6ip mopexese THIMII OOJFaHBIMEH, YKOFaPhl KOH-
LEHTpaIHAJaFEl HeMece KypAeli KypaM/IaFhl JacTaFbIll-
Tap.Ibl TOJBIK XKOIOFa KabineTTi emec [5]. Ocwiran Oatina-
HBICTBL ~ MEMOpaHalbIK  TEXHOJOTHSUIAD  COHFBI
OHXXBUIJIBIKTA CY Ta3alayAblH CH YMITTi OaFrbITTapbIHBIH
6ipine aitHangpl. Onap MoJIeKyJajbIK AeHreine oenyre,
SHEPTHSHBI CAJBICTHIPMABl TYpAC a3 TYTHIHYFa JKOHE
SKOJIOTHSUIBIK, KAyINCi3IiKTi KAMTaMachl3 eTyre MyMKiH-
Ik 0epei [6, 7]. Analina, 7ocTypili moauMepsi MmeMopa-
HaJapJblH KOJJAHBUIYbIHIA Jaa OipkaTap UIeKTeysep
6ap: oJ1ap MEXaHUKAIIBIK )KOHE XUMHSIIBIK TYPAKTBUIBIFbI
TOMEH, JACTaFbIIITapFa Kapchl TO3yFa OeiiM skoHe Omo-
nactanyra cesiMrain [8]. OcbiraH 6aiIaHBICTHI FATTBIMIAD
*aHa OybIH MeMOpaHAJIBIK MaTepHajiapabl d3ipieyne
HaHOMAaTepHaJIap bl MalgalaHyFa epeKile Ha3ap aya-
PHIII OTHIP.
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Hanonemmnonosa — sxaHapThUIATHIH OMoMAaccaiaH ajbl-
HAThIH, OMOJIOTMSUIBIK TYPFBIIAH BIABIPAHTHIH HaHOMac-
mTadThl MaTeprall. OHbIH )KOFapbl MEXaHUKAJIBIK OSPIKTirt,
YJIKEH MEHIIIKTI OeTKI ay1aHbl, THAPOQUIIBIUIIT )KHE MO-
JUUKanUsFa HKeM/IUTIr MeMOpaHaIap IbIH CEICKTUBTLIIT
MEH OHIMALIITIH apTThIpyFa MYMKIHIIK Oepeni [9].

MXene — MAX dazanapbiHaH aJIbIHATBIH €KiOJILeM/I
KapOuaTep MeH HUTpHATEp TOOBL. bynm MaTepuanigpiy
ANIEKTPOTKI3TIMITIT, THAPOGUIBAUIT, (QYHKIHOHAIABI
TONTAPBIHBIH OONYHI JKoHE KaOaTTHIK KYPBUIBIMBI CY Ta3a-
Jayarbl ancopOnus )KOHE HOH CENIEKTHBTLIIT IPOoIiecTe-
piH XKakcapTyra xarmail xacaiimel [10]. 3eprreynep
MXene Heri3iHIeri MaTepHanIapbIH ayblp MeTajlap/isl,
OpraHUKaJbIK OOSFBIIITAPIBL, TY3Aap/bl )KOHE OaKTepHs-
Jappl THiMAI Oexty kabinetin kepcerin oteip [11-13].

1 KOMNO3UTTI MEMBPAHAJIAP

1.1 Komno3utTi MeMOpaHaJapabIH KiKTeyi

Comnrbl 20 XbUIAA Cy Ta3apTyFa apHAIFaH KOMIO3UTTI
MeMOpaHaiap OOWBIHINIA JKapHsUIaHBIMAAP CaHbI alTap-
TBIKTa ecTi (cyper 1).
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I—cypem. Cyovl masapmysa apHai2an KoMRO3UMmi
MeMOPaAHAnap 6OUbIHILA SLLTLIMU HCAPUATAHBIM-0APObIY
arcvLnoap 6ouviHwa ocyi

2004-2010 »xpuimapsl 3epTTeyiep OipTiHaen keobeiice,
keitinneH Hanomarepuangap (TiO,, rpaden, MXene) men
THOPUATI KYPBUTBIMAAPIBIH (MEeTaI-OpTaHUKAaJbIK Kap-
KacTap, KOMIIO3UTTEp) JaMyblHa OaiIaHBICTHI KapKBIH
amel [14—16]. 2019 sxpuinaH KeiiH 3epTTeyiiep CaHbI KYpT
aprsI, 2022-2023 sxeuraapst 40 000-HaH acTsl, Oy Cy Ta-
3apTy TEXHOJOTHSUIAPIH JKETUINIPYTe JeTeH CYPAHBICTHIH
apTybIMEH OalJIaHBICTHIL.

COHFBI OH >KbUIZIA TOJIUMEPITi KOMITO3UTTIK MEMOpaHa-
JIapIpl A3ipIiey JKoHe PYHKIIMOHATH3ANUIAY OaFbIThIHIA
adTapybIKTall Tporpecc Oaiikanapl. byn camamarel 3epT-
TeyJiep MeMOpaHaap/IbIH CEIEKTUBTIUTIITIH, OTKI3TIIITITH
YKOHE TO3IMIUIITiH apTThIpyFa OarpITTasFaH [17].

DYHKYUOHATIObL HAHOMAMEPUATIOAPLL Oap

noauMepi KOMRO3ummiK memopananap

[Monmumepni memOpananapaa GyHKIMOHAIIBI HAHOMA-
TepHanap/pl KoJJaHy — Ka3ipri 3epTTeysep/IiH MaHbI3/Ibl
GarbITTapbIHBIH Oipi. MbIcansl, MXene-z1i Kocy MeMOpa-
HaJapAbIH TUAPOQUIIBALTITIH, HOH/IBIK TAHIaMaIbUTBIFBIH

MKOHE TYPAKTBUIBIFBIH apTTBIPAbl, COHIAN-aK arpecCHBTI
opTajia OTKI3TIIITIKTI CaKTaijpl, OyJl onapabl SpTypai
CY3y MpOILIECTEPiH/Ie TUIMIII KOJIaHyFa MYMKIHJTIK Oepei
[18]. ConbimeH katap, MXene MeMOpaHanapIbH MEXaHH-
KaJIbIK )KQHE TEPMMSUIBIK KaCHETTEPiH KakcapTasbl, Oy
OJIapJIbIH Cy Ta3apTy KoHe raszjapibl Oejly caiachlHIa
KOJIZIAHBLTY asChbIH KeHewTeni [ 19].

Conmpmmen Oipre, rpaden okcumi (GO) KochUFaH
MeMOpaHaigap TUAPOQUIBIUNIKTI JXKOHE OTKI3TIMITIKTI
YKAKCapTHI, CyIbl Ta3apTy THIMALUIITIH apTThIpans! [20].
Ax merta-opranukaibslk kapkactap (MOK) koceurran
MeMOpaHazap Ke€yeKTi KYPbIIBIMIBI KaKCapPTHIIL, XKOFaPEI
CEJIEKTHBTLIIK IEeH OTKI3TIIITIKKE KOJ KeTKizemi [21].

OpzanuKanslk emec momvipulutmapsl 6ap

2ubpuomi memopananap

Tarb! Oip KbI3BIKTEI OaFBIT — OPraHUKAaJIBIK €MEC TOJI-
TBIPFBILITAPB O0ap THOpUATI MeMOpaHanapIsl a3ipiey,
Mmbicaibl, MOK Matepuangapsl. MyHaaii MmemOpaHanap
KepeMeT OTKI3TIITIKTI JKOHE KOFaphl CEICKTUBTLTIKTI
kepcereni [21-23].

Omnap razgap MeH CYWBIKTBIKTapAbl Oeiy mporecc-
Tepl YIIiH epeKire THIMIi. 3epTTeyiep KepceTKeHeH,
MeTaJUI-OpTaHUKAIIBIK KapKacTap HerisiHmeri MemOpaHa-
JIap >KOFapbl KbICBIMAAp/a 1a TYPaKThUIBIKTEI KaMTaMa-
CBI3 eTefi, Oy ONap/ sl OPTYPJIi OHEPKICINTIK MPOIEeC-
TepJie KoNIaHyFa xapamsl eTei [24].

HanokypolivimovlK memopananap

MewmOpaHanapJplH HAHOKYPBUIBIMIAHYbI €peKIIe Ka-
CHETTEepre )KeTyre MyMKIHIIK Oepelii, MbIcajbl, eJIeMi
OakbplJIaHATBIH CaHbBLIAyJAp MEH HWOHIBI apHajlap/blH
naiiga 6omysl. COHFBI 3epTTEyJIep KOpCeTKEeHAeH, HaHO-
KYPBUIBIMIBIK MeMOpaHaiap TOMEH SHEPTHUsl MIBIFbIH 1A~
PBIMEH XOFaphl OHIMAUTIKKE KOJ KETKi3yl MYMKiH, Oy
oJapIpl SPTYpJi Oeim amy mporlecTepiHe eTe THIMII
eremi [25].

MewmOpananap bl HaHOKYPBUIBIMIAHYbl MaTepual-
JIBIH CEJICKTHBTLIIK TIeH OTKI3TIIITIK KACUETTEePiH aiTap-
JIBIKTal JKakcapTyra MyMKiHIIK Oepexi. HaHokeyekTep
MEH WOHJBIK apHallap/blH OJIeMiH OaKpuiay apKbLUIbI
WOHapAbI 06JTy THIMILIIr apThIM, CYIbl TYIIBUIAHABIPY
JKOHE JIACTAFBIIITApAbl KO IPOLECTepiHe IHEePrust
LIBIFBIHBIH TOMEHJETY MYMKIHAITT Tyaasl. COHFBI 3€pT-
TEeyJepae AT OCHl TOCIT JIMTHH MOHAAPHIH CEJIEKTUBTI
TYpAe Oetil ary1a THIMAL eKeHAIri kepceTiiareH [26].

CoHBIMEH KaTap, eKieJIeMIi MaTepraiiapra Heri3-
JenreH MeMOpaHanap (Mpicaisl, MoS;) Cy Ta3apTy jkoHe
TYIIBUIAHIBIPY CallaChIHAA KOFapbl HOTHKEJIEp KOPCeTTi
[27]. MyHnait HaHOKYPBIIBIMABI MeMOpaHamap CyIblH
JKOFapBI OTKI3TIIITITiH caKTai OTHIPHII, HOHIAp MEH Ty3-
JApIIbIH OTYIH THIMII Typae mekreii [27, 28]. by ka-
CHET oJIap/pl )kaHa OYBIHHBIH CY3Till JKyHenepae Koiua-
HyFa THIMAI eTeni, cebebi MmemOpaHa arsl YibIMIacKaH
HaHOKaHAIJAp CYIbIH OTYiH XEHUIIETIN, TY3/AbIK HOH-
Jlapra TOCKaybLT oomansl [28, 70].

Buomumemuranvix memopananap

BroMuMeTHKaIbIK TEXHOJIOTHSIIAp bl KOJIIaHy MEM-
OpaHaJIBIK MaTepHajiapAbl AaMBITYIarbl MaHbI3/Ibl Ka-
naMm Oomubl. AKBakeyeKTep MeEH OeTKi CIHIpiMIUTIKTI
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OarpITTay apKBLUIBI MeMOpaHaIap >KOFapbl OTKI3TIIITIKKe
JKOHE JIACTaHyFa TYPaKThUIBIKKA KOJI XKeTKi3al. MyHnaii
MeMOpaHasap, TaOUFU Cy3rijiey MeXaHu3MAEpiH UMHTa-
LUsUIald OTBIPBIN, MUHUMAJIIBI JIJACTAHYMEH >KOFaphl TH-
IMIUTIKTI KaMTaMachI3 eteai [29].

Honowt cyiivikmulikmap nezizinoezi memopananap

Wonpbl CyHBIKTBIKTap — XUMUSUIBIK SCepliepre Typak-
TBUIBIFBIH JKaKCApTaThIH JKOHE aHTU(YIMHITIK KacHET-
Tepi Oap MemOpaHanmapAblH KypaMbIHA €HTi3UIeTiH
epekme Mateprangap. oHIsl CYHBIKTBIKTapHl 0ap MeM-
OpaHamap AOCTYpJi HONHMepii MeMOpaHalmapra Kapa-
FaHZa JTaCTaHyFa TOMEH Ce3IMTal XoHE HOHIap MEH Op-
TaHUKaJIBIK MOJIEKyJanapsl Oelryqe >KoFapbl TaHIaMa-
JBUIBIKKA We. bysl epekiuenikTep onapiblH Cy3y JKoHE
0acka mporiecTepe KOJIAaHy YIIiH jKaHa MYMKIHIIKTED
amansr [30, 31].

COHFBI OH )bU1JIa KOMIIO3UTTIK MeMOpaHaiap TEXHO-
JIOTHSICHIHBIH, aiTapibIKTall JaMblFaHbl OaiiKanansl, Oy
ONIAPIBIH THIMIUIITIH, CEJICKTUBTLIITIH JKOHE TYPaKTHI-
JBIFBIH apTTHIpyFa OarbITTanran. HaHOKYpBUIBIMIIBI Ma-
TepHanIapIsI MEMOpaHaIIBIK JKyienepre OipikTipy omap-
JIBIH, KYPBUIBIMBIK JKoHE (YHKIIMOHANIBIK KACHETTEPIiH
alTapIBIKTal jkakcapTagbl. by Tocin Oip KOMITOHEHTTI
HaHOMaTepHalJap HETi3iHIe )KacalFaH MeMmOpaHamap-
MEH KaTtap, KOMIO3UTTi MeMOpaHamap a3ipieyre ie MyM-
KiHAIK Oepeni. 2-cyperTe HaHOOOJNIIEKTEp, HAaHOTAJ-
LIBIKTap JKOHE HaHOKabaTTapaH TYpaTbIH
MeM6paHaHI)IK KYPBUIBIMAAPAbIH KaJBIIITACY KOJAAphbl
OeiiHesIeHTeH.

QOO0 5 oo ©
S — o — A4
0 (@)

TepHAJAbI

HaroGemeKTep

= s — &

HaHoTaImbIKTap
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& é e

TTi

MeMOpaHATIAD
Kommno3nTTi MeMOpananap

Hanokabarrap

2—cypem. HanokypulLiblMoapobiy MemOpaHanvix
MEXHONOUANAPEA UHMEZPAYUSICHI.

Komno3utti MeMOpaHajiapia KoJIAaHbLLIATBIH

MaTepuaIap

Honumepni mampuyanap

Komno3uTTi MemOpaHanapia KOJNJaHbUIATBIH MOJIH-
MepJi MaTpullaiapFa MOJMaMu, MOIUdPUPCYIb(OH,
noymBrHIWIHAeHPTOpU (I[IBJD), XHTO3aH *KOHE MOJH-
akpwionntpun (ITAH) cusikTsl Marepumaniap >kaTajbl.
By monmumepiiep MeMOpaHatapIbIH KOFapbl MEXaHUKA-
JBIK KOHE XUMISUIBIK KaCHETTEPIH KaMTaMachl3 CTill,
oJlap/bl SPTYPJi KOJNJaHy cajlajlapblHa, COHBIH ILIiHIE
CyIbl TYIIBUIAHABIPY, JIACTAYIIBI 3aTTapbl CEICKTHBTI
Typze ey ’KoHe OnoMeTMIMHAIIBIK KOJJaHOaIapra xa-
pamasl eteni [32—-34].

MpIcaibl, TOTUAMHUITI )KOHE TIOJTUUMHITI MeMOpaHa-
JIap ONapABIH KOFAphl CENEKTUBTIIIIT MEH JacTaHyFa

TO3IMAUIIT apKachlHOa TYIIBUIAHABIPY IPOLECTEpiHIe
KeHIHEeH KOJIaHbuIaas! [35].

Hommdupcynsdpon (PES) memOpananmapblHbIH - Ky-
peiIbIMBIHA MXene xoHe nonuanmiud (PANI) nomume-
PIH eHT'i3y apKbUIBI OJIAP/IbIH 3JIEKTPOTKI3TIIITIrT apTaIbl
JKOHE aHTU(]YJIMHT KacHeTTepl jkakcapasbl, Oyl oyapabl
Cy TazapTy >KoHe OOSFBIIITAap/Abl 06Ty YIIiH THIMII eTei
[36].

Homusuammunenpropun (IIBAP) wmemOpananbIk
TEXHOJIOTHSUIap/ia KeHiHeH Konganbuansl. MAF-4 mate-
puansiMen Monudukarmsnanran [IBJA® werizinmeri
KOMIIO3UTTI MeMOpaHamap KOFapbl Cy OTKI3TIITIiriMEeH
JKOHE KaKTBIH TY31IyiHe Te3IMAUIrIMEeH epeKIuesneHe],
OyJ1 oJ1ap/ibl MeMOpaHaIIBIK JUCTHIUISMSA YILIH TepCeK-
tuBasel eteni [37]. Backa 3eprreynep KepceTKeHeH,
AQHMOH/BI OAJIIBIKTHl HAHOOOIIIEKTEPMEH JKOHE KOMip-
TEKTI KBaHTTBHIK HYKTEJIepMEH TONBIKThIpbuFaH [1BJId
MeMOpaHaIaphbl ayblp MeTallAap/bl aacopouusiay KoHe
aHBIKTAy YIIiH THIMAI KoNgaHbuaas! [38].

Buononmumeprni MmemOpaHanap, MbICabl, XUTO3aH He-
riziggeri MmeMOpaHanap, ONapIblH OHOIOTHSUIBIK BIIbI-
paliTBIH KacHeTTepi MEH JacTayIlbl 3aTTapibl aacop-
Oumsimay KaOUTeTiHIH »XOFapel OONybIHa OaKlIaHBICTHI
KeHiHeH 3epTrenyne. Meicansl, TutaH nuokcnni (TiO2)
KOCBUIFAaH XHUTO3aH MeMOpaHajapbl Cy Ta3apTyla Ta-
Mariia HoTuxenep kepcereni [39].

ITonuaxkpunoHuTpUI (ITAH) MeMOpaHaIapbl
MXene/keMipTeKTI HAHOTYTIKILENep KOMKA0aTThl HAaHO-
KYPBUIBIMIAPBIMEH MOIU(HKALMSIIAHBIN, OHEPKICINTIK
aFbIH/BI CyJIap/iaH Maillap MeH OOSFBIITapAbl THIMII
xkotora MyMKiHmik Oepeni [40]. ConblMEeH KaTtap,
[BA®/TIAH HeriziHAeri 3MeKTPOCIHHHUHT JJiCIMECH
KacaJraH MeMOpaHalap HATPUH-HOHIBIK OaTapesimap
MEH KBICHIM JTaTYUKTEPiHIE Cemaparop peTiHae Kojaa-
HBLIAIBI, OWT oNapAbIH (QyHKITMOHAI AR MYMKIHIIKTEPiH
keHeireni [41].

DyHKYUOHATIOb! MOTIMBIPBIUIMAD

@OyHKIMOHAIABIK TOITHIPFBIIITAP KOMIIO3UTTIK MEM-
OpaHamapabpl MoAuQUKaIUsIayja MaHbI3ABI POJ aTKa-
palsl, oJlapAbIH MEXaHHUKAJIBIK, COPOIMSIIBIK )KIHE TACHI-
Mayjay KacHeTTepiH jkakcaprtaabl. OmapabiH immiHze
KOMIpTEeKTI HaHOMAaTepHalIapra, METalll OKCUATEpiHE,
neomutrepre, MXene xoHe (YHKIMOHAIAB HaHOOOI-
IIeKTepre epeKIre KoHi OeliHei.

Kemipmexmi nanomamepuandap, Meicansl, rpadeH
okcuaTepi MeH KeMiprekTi HaHoTyTikmenep (KHT),
MeMOpaHaJIbIK KYpBUIBIMAAPAEI HEIFAUTY YIIiH OeceH i
Konmaneuiagel. Onap MeXaHWKaJIbIK OepiKTiKTI JKoHE
MeMOpaHasap bl TYPaKThUIBIFBIH aPTTHIPBIN KaHa KOM-
Mal, CENeKTHUBTITIK TEeH OTKI3TIMTIKTI >KaKcapTaipl.
MgIcanbl, KOMIPTeKTI HAHOTYTIKIIENEpAi IOIUMEpIi
MaTpuIara Kocy MeMOpaHaHbIH THAPOGUIBIITIH apTTHI-
pazsl, OYJ1 OJlapAbIH JIACTaHYbIH a3alTajIbl )KOHE KbI3MET
ety Mep3imiH y3aprasl [42]. ['paden okcunrepi xxorapsl
OeTTiK ayJaHbl MEH epeKIle DJIEKTPOHJBIK KYPBUIBIMBI
apKachblHIa MeMOpaHaJapAblH COPOIMSIBIK KaOUIeTiH
apTTHIpabl, OYJI OJIapbl Cy Ta3apTy KSHE 3aTTap.ibl ce-
JIEKTUBTI 06ITy YIIiH NepCIIeKTHBAIBI MAaTEpPHAIT €TEe/.
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Memann oxcuomepi, mpicansl, TiO», Fe3Os sxoHe
Z10;, HOTOKATATUTUKAIBIK JKOHE COPOLUSIIBIK KacHET-
TEpiHIH apKachblHJa KeHIHEeH KoJjaaHbliaasl. Kommosur-
Tik MeMOpananapra TiO, HaHOOeILEeKTepiH eHri3y Ouo-
JIOTHSUTBIK, JIACTaHyFa TO3IMIUTIKTI apTThIPaJbl KaHE Cy
Ta3apTy MPOIECTepPiHAC THIMAUIIKTI KOFapbUIATaIbl
[43]. Fe3O4 HeriziHmeri MarHWTTI HAHOKOMIIO3HUTTEP
ayplp MeTangapAbl CymaH Oeiryne >KOFaphl THIMALIIK
kepcereni. Wei Long sxoHe opinmTectepi MyHaH-XUMUS
eHIipiciHiH arbrHE cynapeiHaH Cr (V) normapsia 0oy
yurie Fe;Os@Saccharomyces cerevisiae MarHUTTi HaHO-
KoMMo3uTiH Konmauzas! [44]. Saccharomyces cerevisiae
Oyl OMOCOPOLMSUIBIK KacueTTepre ue OipKacymaibl
aIIBITKBI CaHBIPAyKYJ1aK, ol MaTpuua petinae Fe;O4 Ha-
HOOOJIIIEKTEPIH TYPaKTaHIBIPAIbI XKOHE HOHIAP bl Oaii-
JIAHBICTHIPY KaOlIeTiH apTThIpaabl. 3epTTey OaphIChIHIa
a7copOIMsT KHHETHKAChl MEH M30TepMaliapbl TaJlIaHabl,
COHBIMEH KaTap PEeHTreH (POTOAIEKTPOHIBIK CIEKTPOC-
KOITHUSI 9M1iCi KOJIIAHBUIBIN, HOHAAPABIH OaillaHbIcy Me-
XaHU3MIepi aKpIHAAIIEL [44].

Li sxoHe opinTecTepi YCHIHFaH «IAp0—KaOBIKIIa» Ky-
peutbIMab! Fe;O4 kommosuTi ae Cr(VI) noHmapea THiMIl
azcopOLusIail anaTelHBIH KepceTTi. byi sxymbicTa op-
Typri pH MonnepiHiH ocepi KapacTeipsuibim, Cré* monma-
poiabiE, Gopmanapel (HCrO4~, CrO4>7) ancopbuus npo-
[IeCiHe alTapiIbIKTall BIKMAT €TETiHI AdeaaeHal [45].

Zhou xoHe opinTecTepi 93ipiereH KCAaHTATIICH MOTHU-
¢ukanusnanran Fes;O4@Si0, Herizinaeri MOJUBHUHUI
cnupTi/xuro3ad komnosuti Cd?* cHAKTBI ayblp MeTal
MOHJIAPBIH EPITIH/IICH KOFAPhl TUIMAUTIKIICH KOS THIHBI
aHBIKTANBI [46].

Leonummep men MXene KOMIO3HTTIK MeMOpaHa-
JIap/ibl Jkacayia yIIkeH aneyeTke ue. Lleomurrep xorapsl
KEYeKTUIIr MEH TYPaKTBUIBIFBIHBIH apKachblHIa rasaap
MEH CYHBIKTBIKTApIbI CEJICKTUBTI 06Ty YIIiH NepCIeKTH-
BaJIbl MaTepHa 006 TadblIa bl ONapAbIH KYPBUIBIMEIL
OPTaHMKAJBIK KOCBUIBICTAP MEH aybIp METalaapJbl TH-
IMJI1 TYp/Jie KOIOFa MYMKIHIIK Oepei, OYJ1 oJlap/IsI cy Ta-
3apTy XKoHE Cy3y IpoLecTepiHae Tanteipmac eremdi [47].
MXene epekiie 3IeKTPIIiK KOHE MEXaHUKAaJIBIK KacHeT-
TepiHiH apKachIH/Ia )KOFaphl OTKI3TIITIT 6ap MemOpaHa-
Jappl )kacay YIIiH KOJIJaHbUIabI, OYJ1 HHTEIUIEKTY Al Ibl
MeMOpaHaJIBIK KYHeJIep i TaMBITyFa KOJ allajbl.

Dynxyuonandvl Hanobonuexmep, MbICAIBI, KyMic
(Ag), anteiH (Au) XOHE METAJUT-OPTaHUKAJBIK KapKac-
Tap, MeMOpaHanapra aHTHOAKTePHaNIIbl XKOHE KaTaJlUTH-
KaJIbIK KacueTTep Oepy YIIiH OeJICeH Il TYple eHri3inei.
KyMic neH antelH HaHOO®OJILEKTEeP1 alKbIH aHTHMUKPOO-
TBIK OCIICCHIUTIKKE He, Oy MeMOpaHaJbIK OeTTepIiH
OuonacTanyblH OonmpipMayFra keMekrteceni. MOK kocy
COPOLISIIBIK CUITATTaMaJIapIbl XKaKcapTaIbl XKIHE opra-
HUKAJBIK JIACTAFBIIITAPIBI 06Ty THIMILUIITIH apTTHIPaIbI
[48].

MemOpaHanapablH KYPBUIBIMIBIK JKOHE JKYMBIC CH-
naTTamajapbl oJlaparbl TONTHIPFBI PETiHAS KOJIIaHbI-
JIATBIH HAHOMAaTepUaAapIbH TYpiHe OaiiIaHbICTHI e3re-
pin OTBIpaabl. OPTYPIi (YHKINOHAIABI TONTHIPFBILITAD
OTKI3TIMITIKKE, CEIEKTUBTLUTIKKE, MEXaHUKAIBIK Oepik-
TIKKE )KOHE aHTHOaKTepUa bl KACHETTEpre SpTYpJIi JCH-
reiine acep ereni. by mamimerrep 1-xecrene uHaKTa-
JIBITT KOPCETIITeH.

1-xecme. Opmypai pyHKYUOHANObI MOIMBIPSLIUMAPObIH MEMOPAHANAPObIH KaCUemmepine acepi.

TonTbIpFbILL TYPi Herisri kacuetrepi Mem6paHara acepi KonpaHy canacbl Dlepekke3
KeMiptekTi HaHoMaTepuanaap )Korapbl MexaHukanblk 6epikTik, TwapodunbainikTi aptTbipadbl, Membpana | Cy Tasapty, ras 6eny, buomeanumHa, [42, 49]
(rpadeH okcugai, KHT) 3NeKTPOTKI3rLLTIK, yNKeH 6eTki ayaaH CeNeKTMBTINIrH XakcapTagbl 3NeKTPOHMUKA ’
Metann okcnatepi (TiO2, FesOs, (doTokaTanua, MarHuTTik Kacuerrep, AHTMGAKTEpUANAbI KaCHETTED Kl,)ca'ubl'

CynaH ayblp MeTanfapabl 6enyai Cy aHe aya Ta3apry, katanu3 [50]
A(OD)] XOFapbl XMMUANBIK TYPaKTbINbIK

Xakcapragpl
Lleonutrep JKoFapbl KeyekTinik, XXorapbl CENeKTUBTINIK flacraywel 3aTapasl copouuAnay ['a3 XaHe CynbIKTbIK 6eny, cy Tasapty | [47,51]

KabineTiH apTTbipabl

)Korapbl 6TKI3riLUTiK, MeXaHUKanbIK
Kacuettep

MXene

OTKI3riLTiriH apTTbipagsl

Akbinabl MeMbpaHansblK Xxyiienep,

[52]
3HEPruAHbI cakTay

OyHKLMOHaNAbl HaHOBenWweKTep | AHTUBaKTepuanbl, KaTanuTUKanblk
(Ag, Au, MOK) 6enceHainik

NacTaHyra 1e3iMAINIrH apTTbipasbl

BroMeanLMHa, Cyabl

[53, 54]
3apapchi3fanblpy, ceHcopnap

Ocpuraiinia, KOMIOO3UTTIK MeMOpaHaIapaa PyHKIHO-
HAaJI/IbI TOJITBIPFBIITAP/IBI KOJIIaHY OJIap/IbIH Naianany
CHUTIaTTaMaJlapblH  JKaKcapTyFa KEH MYMKIHAIKTep
aIlaibl.

Hg2" uonoapuin scone dacka ayvip memanoapowt

celleKmuemi 6aiiiaHbICMbIPy2a GPHAIZAH

dynkyuonandovt monmap

Twuonael, KapOOKCHIIII XKOHE AMHUH/IIK TOTITAp METaJLI
MOH/IapbIMEH KYILITI KeIIeHAEP TY3iM, COPOINS THIMILTI-
TiH apTThIpazpl. by TonTap *KoFapbl XUMUSIIBIK OeJiceH-
JIITiKKe ne, OyJ1 oap/ sl MeTajyl HOHAAPBIH CY epiTiHi-
JIepiHeH copOuysiay rmpouecTepinae THiMai erexi [55].

Kemnreren 3eprreyiep Oyn Tomrapabiy Pb%t, Cd?,
Ni%* xone Hg?" nonmapbin 6oy ie )K0Faphl CENEKTHBTI-
JiK KepceTeTiHiH nonengeni. MeIcanmsl, KapOOKCHIIAI
JKOHE THOJIIBI TONTAapMeH MoJu(UKalMsIIaHFAaH Mar-
HUTTI HaHOCOpPOEHTTEp OipHemIe HOHIBI Oip Me3eTTe TH-
M7l sxost anmajsl [55, 56].

AMMHJIIK TONITAPMEH JK9HE THOJI TONITApPbIMEH OHJIEI-
reH aKTUBTeHipinreH komip Pb?* xone Hg?" nonnapein
TOJBIK JEPIIiK 05 ananbl. byn marepuannmap copOuus
KBULAAMBIFBI JKOFaphl, ajl aacopOLus npoueci — Xu-
MUSUTBIK KOHE MOH aaMacy MEeXaHH3MJIEpPiHIH YiieciMi
apkpLIbl Kypeni. CoHbIMEH Katap, Oyi1 Moan(UKaIus-
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JaHFaH KeMip copOeHTTepi OipHemie KaiTa KOJNAaHyFa
XKapaMmzpl, SFHU OJapJbl pereHepanusuiay MYMKIHIITi
6ap [57].

AJT XUTO3aH MEH OHBIH TYBIHABUIAPH! KYPaMbIHAFbI
aMHHIK JKOHE THAPOKCHI TONTAapBIHBIH apKachIHAA
ayblp MeTaliap/bl OaiiyIaHBICTBHIPY1a KEHIHEH KOJ1aHbl-
nagsl. Onap OGMOCOPOEHT PETiHIE IKOJOTHUSIIBIK TYPFbI-
JTaH KayiIlci3 JKoHe >KOFaphl aCOPOLHUSITBIK CHIHBIMIBI-
meikka  we  [58]. Ocspuraifima,  QyHKIMOHAIABI
copOeHTTEp i 93ipiiey ayblp METall HOHAAPBIHAH CYIBI
TazapTy YIIiH JKOFaphel THIMIi XyHerepmi >kacayra Oa-
FBITTAJFAH ©3€KTi MiHIET OOJIBIN Kajla Oeperi.

2  Cyabl TA3AJAYIA KOMITIO3ATTI

MEMBPAHAJIAPJIbIH TUIMALIITT

Membopananapowviy cy cinipeiumizi

MemOpaHanapIslH Cy CiHIPTiIITIri — OJMapAbIH THA-
poUABIUTITIH JKOHE BUIFANABI YCTal TYpy KaOilneTiH
QHBIKTAWTHIH MaHBI3/IbI TapaMeTp OObIN TaObLIanb!. byt
KepceTkill keneci hopmya OolbIHILA ecenTemne i

Mynnarstl W, sone Wy colikeciHine pUIFaianras (T,
MT) JKoHE KYpFaK MeMOpaHaHbIH MaccachlH (T, Mr') Oui-
pedni.

% Cy ciHiprimTik = [Wj -100.

Memobpananviy keyexminici

MemOpaHaHBIH KEYEKTiJITi OHBIH CYHBIKTHIKTAD MEH
ra3fapIsl ©TKi3y KaOineTiH aHBIKTaiIbl, COHIa-aK ce-
JICKTUBTLUIITT MCH MEXaHUKAJIBIK OCPIKTIriHE ocep eTeml.
Ou xeneci ¢popmyiia GOMbIHIIA ecenTee i

MyHnars! p — cy THIFbI3ABIFL (0,998 r/em’), [ — Mem-
Opanbl KAIBIHILIFL! (M), A — MeMOpaHa ayaansl (CM2),

e(%)=[WmA;le]~100 :
P

Memobpananapoviy, anmuynunzmik Kacuemmepi

MemOpaHanapablH aHTAQYITHHITIK KaCHeTTepi oap-
IIBIH JTACTaHyFa TO3IMIUTITIH JKOHE Ta3apTydaH KeHiH
aFbBIH/IbI KAJIMbIHA KEJITIPY MYMKIHAITIH aHBIKTANIbI:

MyHnarsl Ji; — Ta3a CyaelH OacTamKbl aFbIHBI
(m-M 2-car’!), J, — macTayIisl 3aT Cy3iIreHHEH KeHiHri
arpiH (1-M 2-car 1), J» —~MeMOpaHaHbl dKyFaHHaH KEHiHTi
arpmH (oM 2-car ),

Azvtnobl Kannwvina kenmipy kodgpguyuenmi (FRR):

J
FRR(%)= sz -100.
A

Katiteimap! nmactany (R,):

J,—J
R (%)=|——=
A

-100.

KaiiteiMcri3 nacrany (Ri):

J, = J,
R, (%)=|~L—%|-100.

JKanmer mactany ko3¢ durmenti (R)):

J, =,
R (%)=|——"1-100.
A

Komnozummi memopananapowiy cenekmueminizi

Kommo3urTi MemOpaHanappIH 06y THIMIUTIT MeM-
OpaHaJIBIK CYy3yJle KOJJIaHBUIATBIH CTaHIApTTHI dJicTep
apKBUIBI OaraaHybl MyMKiH. OCBIHAAM 9icTep iH Oipi —
epireH 3aTThIH aybITKy Koddduimenti (R) MeH nepmear
arbIHBIH (J,) ecemnTey.

AyBITKY KO3 ¢unueHTi (R) MmemMOpaHaHBIH OpTaHU-
KaJIBIK KOCBUIBICTapbl, OOSFBIIITAPIEI HEMECE aybIp Me-
TaJiapAbIH HOHIAPBIH KaHIIAIBIKTEI THIM/II YCTall Kaja-
THIHBIH aHBIKTayFa MYMKIiHOIK Oepemi. byn xepcerkim
6acranksl epitiagigeri (Cy) sxone nepmeartarsl (Cp) 3aT
KOHILICHTPALMSUIAphl HETi3iHIe ecenTelieli, SFHU MeM-
OpaHaHbIH 06y KaOileTiH CaHbIK TYp/AE CHUIIaTTal/Ibl:

c
R(%)=| 1= |100.
S

[epmear arbinbl (J,) MeMOpaHaHbIH OTKI3IIIITIK Ka-
CHETTEpIH CHUIATTalbl xaHe Oenriii Oip yakbIT ilniHae
OHBIH O€Ti apKbUIbI ©TETIH CYWBIKTHIK KOJEMIH OJIley
ApPKBLIBI aHBIKTAJA bl

14

J,=—
A-At

MyHna V — nepmeat kenemi (i1), 4 — MeMOpaHaHBIH
THiMZI ayanbl (M2), Af — ChIHAK yaKbITHI (carar).

OcbiHail oicTep MeMOpaHAJIBIK TEXHOJIOTHSIAPIbI
3epTTeyie KeHIHeH KOJIIaHbLIa Ibl, TYPJIi MeMOpaHaiap-
JIbIH CYZbI JIACTAYIIbI 3aTTap/laH Ta3apTy THIMIUIITIH ca-
JIICTBIPYFa MYMKiHAIK Oepeni [61]. 2-kectene apTypii
JIaCTayIIbI 3aTTAP bl 06JTyTe apHAIFaH KOMITO3UTTI MEM-
OpaHanapIbIH Cy3y ©HIMIUIIT MEH CeTIeKTHBTLJITIHE Ka-
TBICTBI 9JICOM JIEpeKTep HETi3iHIe CaIbICTHIpMAalIbl Tall-
Jlay YCHIHBIIFaH.

MXene >XoHE HAHOIEIION03a HETI3IHIEr KOMIIO-
3UTTI MeMOpaHaIapIbIH THIMILIITIH CHIIaTTay YIIiH TeK
CaHIBIK KOPCETKIMTEpMEH IIEKTeNTy JKeTKimikci3. Cy ci-
HIPrilTiK, KEeyeKTiliK, JlacTaHyFa KapChl TYPaKTBUIBIK
HeMece OOSIFBIIITAP MEH Ty3/1apFa CeJIeKTUBTLIIK CHSKTHI
napaMeTpJiep MaHbI3Jbl OOJIFaHBIMEH, OJIApAbIH apThIH-
JIaFbl HETi3r1 MeXaHU3MIEPIi Jie TYCIHIIPY KaxerT.

Ti3C,Tx (MXene) nonuamMuATi akTHBTI KabaTka Me-
KEJK MOJIMMepHU3alus 9JIiCi apKbUIbl SHII31IreH Ke3le,
MeMOpaHaHBIH OCTiHJIE KOMIPIIIK TOPi3/i epeKiie Mop-
(omorust Kayeinracaabl. Byt KypeUTBIM THIMII ©TIMII ay-
JIaHHBIH apTybIHA bIKMan erelli. COHBIH HOTHKECIHAE CY
arblHBl MIamMaMeH 45 M 2-car '-Gap '-re »kerim, Gac-
TarKpl NOJIMaMUATI MeMOpaHaMeH cajblcThiprania 1,58
ecere xorapeutaiinel. CoHbIMeH Oipre, MemOpaHa Ko-
Fapbl CEJIEKTUBTUIITIH CaKTam Kajaasl: OOSFBIITAD MEH
Ty3aapasl Oenmy kodddummenti mamamen 820-ra TeH
[69].
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2 — kecme. OpmypJi 1acmayulvl 3ammapovl 66y2e apHANAH KOMROZUMMI MeMOPAHANAPObIY OHIMOLNIZIH CAnbICMbIPY

N MeM6paHa Kypambl Nacraywsl 3at (n_M_ez'Ti:f_if ;';p_1) ﬁ::::ﬁ;'l(ﬁ";b(';; Beny Tuimpainiri (%) [epekkes
1 | PSF/MXene BSA 450 76,1 >90 [59]
2 | MXene (TisC2Ty) MG, BSA — 67,3 99,49 [60]
3 | Ti3C2Tx (MXene) / uenntonosa auetatbl E. coli, B. subtilis 256,85 — 98 [61,62]
Ag': ~100%,
4 | HaHouenntonosa HerisiHaeri KOMNo3uTTik MeMGpaHa Ag', Cu®, Fe* 900< — Cu?:74-86%, [63]
Fe*:74-86%
5 | PES/ UuntTepnon-MXene BSA 480 94 90 [64]
6 | MXene / kepamuKanbik Heri3 TYMUH KbILLKbI/TbI 331,9 — 86,5 [65]
7 | PSF/Fes04/GO TYMUH KbILLKbI/TbI 25,5 — 96,5 [66]
8 | PAN/ZnO-NPs Mn”* 136,3 87,4 96,21 [67]
9 | PES/ Me30KeyexTi Si Cd*,Zn* ~80,20 — 91,94 [68]

MXene-HiH 3J€KTPOTKI3TIIITIIT MEH THAPOQIIIBII-
JIiri MeMOpaHa OeTiHIle TYpPaKTHl THAPATTHIK Kadat Ty3i-
JyiHe JKaFhail jkacaiimel. byn kabat QyIMHITIH amabiH
ananpl. YIIBTPacy3Till ToXipuOenepi KopceTKeHIeH, Te-
pic smexTprik moteHnuanasl (2 B) xommany mepmeat
arpIHBIH 1,6 ecere apTTeipraH. COHBIMEH KaTap, OpraHu-
KaJIbIK KeMipTekTi Oemy Trimainiri 60,7%-naun 71,2%-ra
JieiiiH eckeH. MyHail HOTHKe JlacTayIlbl OeJIIeKTepIiH
9JIEKTPOCTATUKAIBIK TEOUTYiHIH KyIIcloiMeH Oaiina-
HBICTHI [70].

XUMUSUTBIK TYPAKTBUIBIK Ta MaHBI3]bl AP THIKIIBUIBIK
Ooubin TabbUTanEl. MXene KOChUIFaH JKyKa KabaTThl Ha-
HOKOMIIO3HUTTI MeMOpaHanap xjopiay Hemece pH e3re-
picl CHSKTBI arpecCHBTI JKaFmaiiapaa a KYPhUIBIMIIBIK
TYTaCTBHIFBIH JKOHE CY3y KacHeTTepiH cakraiimel [71].
Mgrcainer, Natu sxoHe apinrectepi TisCoTy cynbl cycmen-
3usIapel OedTapam opTaja CalbICTBIPMAlbl TYpAC TY-
pakThl ekeHiH aHbikTaran. An pH 5 sxone pH 10 xaraa-
HbIHIA affTapiaplKTail arperaius OaikaiaraH, OYJI OHBIH
KBIIIKBUIIBIK KOHE CUITUIIK OpTaFra Ce3IMTalIbIFbIH J19-
nenaeai [72]. Tarst 6ip 3eprreyne MXene eHrisiirex
HaHOCY3rim MeMmOpananap 105 KyH y3/iKci3 cyaa Kosia-
HbUTFaHHAH KeiH ae NaxSO4-1e1 98%-1aH KOFaphI ICH-
reiie ycTam TYpFaHbl KepceTireH. by omapapry y3ak
Mep3iMJIi Cy3yTe TYPaKTBUTBIFBIH anenaeiini [73].

KomnosuTTi MeMOpaHa KypaMbIHIAFbl HaHOICILTIO-
no03a MXene KabaTTapbIHBIH arperanuschiH OO IpIpMaii-
THIH TYPaKTAHIBIPFBIII MaTpPUIAa KBI3METIH aTKapajbl.
Conpaii-ak, o1 Oepik MEKENiK d9peKeTTeCcy apKbliIbl MEM-
OpaHafarel akaynapabl skabaabl. MyHIal CHHEPTHUSIIBIK
ocep MeXaHHMKAaIbIK OEpIKTIKTI, CEeNeKTHBTUIIKTI JKoHE
y3aK Mep3imM/i JJacTaHyFa Kapchl TYPaKTBUIBIKTHI apTTHI-
pansl [74].

CoHbIMEH KaTap, HAHOIIEJUTI0JI03a DKOJIOTHSLIIBIK Ta3a
opi JKaHapTHUIATHIH TAaOWFM OWOIIOIMMEp peTiHje
epekmie MaHpi3ra we. OHBIH afKBIH THIPOQIITBIUTIT
MeMOpaHaHBIH CYJIAHFBIIITHIFBIH KOFAPBUIATHII, CY aFbl-
HBIHBIH TYPAKTHI OOJYBIH KaMTamack3 ereni [75]. ['un-
POKCHJI TONTaphIHBIH KOI OO0JIybl XUMHUSUIBIK (DYHKIHO-
HaJM3a-IAsgFa  MYMKiHAIK ~ Oepil, MeMOpaHaHBIH
CEJIEKTUBTLUIII MEH XMMHUSIIBIK TYPAKTBUIBIFBIH KyIIei-
teni [76]. Byman Oacka, HAHOIEIUTIONO3a MaTPHUIACHI

KOMIIO3UTTIH MEXaHUKAJBIK OCpIKTITiH apTTHIPHII, Y3aK
Mep3iMIi JKYMBIC icTey KaOiNleTiH KaMmTaMachl3 eTei
[77].

MXene XoHE HAHOIEIION03a HETI3IHIErN KOMIIO-
3UTTI MeMOpaHamap KOFaphl THIMIUTIKTI KepceTemi,
ayaiiia oNapIeIH TOJBIK IOTCHITNABIH OaFaay YIIiH TeK
CaHIIBIK KOPCETKIIITEPre €MeC, MEXaHUKAIbIK OCpiKTi-
JIK, CEJIEKTUBTLIIK JKOHE JIACTaHyFa KapChl TYPaKThUIBIK
CHSIKTBI KOCBIMIIIA KACHETTEPTe JC Ha3ap aylapy KakeT.
MXene KabaTbIHBIH THAPOMUIBALIIT MEH 3JIEKTPOTKI3-
TIIITITI CYBIH aFbIHBIH apTTHIPHIIN, OCTTIK JIACTaHYIBIH
QIIBIH aTajbl, OYT Y3aK Mep3iMIIi KomaHyaa MeMOpaHa-
HBIH KYMBIC OHIMILTITIH caKTayFa MYMKIHAIK Oepei.

Hanouemiroa03aHblH 3KOJIOTHSIIBIK Ta3a JKOHE TH-
podunbi TaOUFATHI CyIBIH MEMOpaHaHbI OipKeJKi cyia-
HYBIHA BIKIAJ eTil, ¥3aK Mep3iM/Ii )KYMBICKa MYMKIHIIIK
oepeni. CoHBIMEH KaTap, OHBIH XUMUSUTBIK (DYHKITOHA-
nu3anusFa OeiiMainiri MeMOpaHaHbIH CENEeKTHUBTLIIIH
JKOHE XMMMUSJIBIK TYPAKTBUIBIFBIH apTThIpalbl, Oy op-
TYpJIl JacTaylibl 3aTTap/bl THIMAI Cy3yre Karaai jka-
caiinpl. Ocpuraiiina, MXene MeH HaHOLEIUIIOJI03aHBIH
CHHEPTHUSUIIBIK dCepi MeMOpaHaHBIH THIPOMHAMHKAIIBIK,
MeXaHUKaJIBIK )KOHE XUMUSUIBIK KaCUETTePiH YHIecTipir,
OHBIH NMPAKTHKAJBIK KOJTaHYyIaFsl CEHIMIUTITIH apTThI-
pansbL.

Kopeita aiiTkanaa, MXene-HaHOLEIII0I032 KOMIIO-
3UTTEpPi TEK CaHABIK KOPCETKIMTEPMEH eMeC, MHUKpPO-
JKOHE HAHO-JCHTeWIeri MeXaHU3MAep apKbUIBI Ja KO-
Fapel THIMJIUTIKTI KaMTaMachl3 eTeli, OYI oJapAbIH CY
Ta3apTy cajachlHIa KEHIHCH KOJIAHBUTY MOTCHIIMAIBIH
aKBIHAANUIBI.

3 MXENE )KOHE HAHOLEJLIIOJIO3A HET'I3IHAEI'T
KOMITO3UTTI MEMEPAHAJIAP

3.1 Mem0Opananapabl aay daicrepi

Baxyymouwix cyzy

BakyyMIbIK cy3y jKoHE OJ[aH KeHiHT1 BICTHIK pecTey
— KabaTThl HaHOLEIUTIOIO3AJIBIK MeMOpaHaJIbIK CY3rill-
TepAl alyAbIH JKbIIJAM, KapamaiiblM jkKoHe KOJDKeTIMI
onici. MyHnaii MeMOpaHanapIblH KaJIBIHABIFBI MEH Ke-
YEKTEpiHIH MeJIIepiH HaHOLEJIIIN03a CYCHEH3USCHI-
HBIH KOHIIEHTPAIIUSACH MEH MOJIIIEPiH 03repTy apKbLIbI
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perreyre Oomamer [78]. Bynm omicTiH THIMAiNIri OHBIH
KON()yHKIMOHA/IBI CHITATBIMEH OalIaHBICTBI: BaKyyM
cy3riyiey 6apbIChIH/a HAaHOLIEIIIIONI03a TAJIIBIKTaphl ThI-
FBI3 OpHaJacajbl, ajl KEHIHT BICTBIK MpPECTEy OJIAp/bIH
OallyIaHbICHIH KYIICHTIN, MEXaHHKaJbIK OCpIKTIriH apT-
TeIpapl. Ochllaiiia, ajJplHFaH MeMOpaHaiap TYpJIi KoJl-
JlaHy canajiapblHa, COHBIH iliHAE Cy Ta3apTy, OnoMenu-
OUHATBIK JKaOBIHIAp MEH KaTalu3MiK MpoIecTepre
OeliMzerne amamsl.

Epiminoioen Kyio scane cyiivikka 6amuipy 20ici

O3iH-031 ycTan TypaTeiH MeMOpaHanap onette [letpn
TabaKIIachlHAa CYHBUITBUIFAH HAaHOLGIJUIIONO03a CYCIICH-
3MACHIH OyJIaHIBIPY apKbUIbI albIHA/ABL. ATJOMepanus-
HBIH aJJblH ajly YLIiH JAWCIEpCUs] KOHIEHTPaUUSIChIH
MYMKIH/IIT1HIIIE TOMEHJIETY KaxeT. by kepcerkim GeTki
XUMUSUIBIK KypaM MEH TaIIIBIK JHaMeTpiHe Oaiinia-
HBICTHI OoJIFaHbIMeH, oierTe 1 macc% acnaitiner [78]. 3-
i cyperte MeMOpaHaIapbl KajbllTay 9icTepi Kepce-
TUITeH.

MXene - HaHoueanwno3a l:
cyenenananapu (3,3,6) DT i Tipek MemBpaHacbiHbIH
[ ] ‘
—— ycTiHAe KyKka KabaT
Cyay L Tipek MemBpaHach! )
\ —p | — 1
Bayym .

Kansinka j ? ? Kenipy B3pirineH TypaTbiH

Kyto % npoueci membBpana

Kanbin

Cy6crpar 6etinpgeri
WeiFrapy xaHe membBpaHa

KenTipy npoueci
3—cypem. Komnosummix memobpana anyouviy neeisei adicmepi:
B8AKYYMOBIK CY3Y 20ici (a); epimindioeH Kyto 20ici (2);
cytivikka bamuipy 20ici (0)

Cy6erparTe
cycneHauara batLipy
—

MyHnaii omic eTe KapamaidbiM OOJFaHBIMEH, OHBIH
Oenrini Oip mekTeynepi 6ap. bipiamrineH, Oymany mpo-
meci y3aK YakbITTHI KaXKeT eTeli, OyJl eHAipiCTIK Mac-
mrTadTa THIMAUTIKTI TeMeHAeTyi MyMKiH. EkiHmmimes,
aJBIHFaH MeMOpaHalapIpIH OipTEKTUIIT] TUCTICPCUSIHBIH
OacTarnKpl XKarqaibIHa )KoHE OyIIaHY KBIIIAMIBIFBIHA TO-
yenai. JlerenMen, Oyn ofic >KOFapbsl MONJIIpIIKKE He
KyKa MeMOpaHaiap/ sl aqy YIIiH THIMII OOJBIT TaObI-
JIaJbl, COHJIBIKTAH OJ1 ONITUKAJIBIK KYPBUIFBLIAP MEH CEH-
COPJIBIK Ka0BIHAAP OHMIPICIHIE EPEKIIe KbI3BIFYIIBLIBIK
Ty bIPaIbL.

3.2 Komno3utTi MemOpananapaa MXene xoHe

HAHOLEJLTIONI03a PoJti

Conrbl xbU1Aapsl HaHONELTION03a (DHII, KHIT) men
MXene Heri3iHIeTI KOMIO3UTTEP MEMOpaHAJIBIK TEXHO-
JIOTHSl CajachlHAa epeKIle KbI3bIFYIIbUIBIK TYIBIPY/IA.
Byn exi MaTtepuaiiblH CHHEPTeTUKAIBIK Yilnecimi omap-
JIBIH JKeKe ILIEKTEYJIePiH TONBIKTHIPHII, MEXaHHUKAJIBIK
OEepiKTIri >KOFaphl, JMEKTPOTKI3TIl, UKEMJi 9pi 3KOJIO-
THSUTBIK, TYPFBIIA TYPaKThl JXKaHa MeMOpaHamap anmyra
MYMKIiHIIK Oepeni [79].

HaHoneuroro3anblH, THIPOKCHIT TONTAPBIHBIH KOIl
00JTyBI OFaH >KOFaphl THAPOGHIBIUTIK Oepeni, OyI1 cy bl

JKOHE TOJLIPIIBI ePITIHAIepIi JKaKChl CIiHIpyTe BIKIIAT
ereni. Anaiina, Ta3a KyHiHae HAHOLEIUTIOI03a/1aH aJIbIH-
FaH MeMOpaHaJiap apThIK iCiHyre OeHiM XoHe MeXaHHKa-
JIBIK TYPaKTBUIBIFBI TOMEH 00ybl MYMKiH. OcbIFaH Oaii-
JIAHBICTBl 3€pTTEYLIiep HaHoLe/unoI03anel MXene
KabaTTapbIMEH O1piKTipil, Cy bl ©TKI3y KabijeTi MeH Me-
XaHUKaJBIK KACHETTEPIH OHTalIaHABIPYFa KOJI XKEeTKI3/1
[80]. TEMPO-toteixteipburan @HII mer MXene Heri-
3iHAe maibIHAaIFaH MeMOpaHaIapIblH CO3bUTY OepiKTiri
171 MIla-ra >erin, woH eTki3rimTiri 4:-1072 Cm-cm!
KepceTKkeH. MyHJall HOTMXKENep OCMOTHUKAJBIK HSHEp-
THSTHBI TYPIJICHAIPYZE YKOFaphl THIMILTIKTI kKepceTTi [81].

MXene, KHL] sxoHe kyMic HeriziHzeri »eHin opi
MKeM/JIl KOMITO3UTTI MeMOpaHanap a3ipnensi. Onap «kip-
I TOPi3Ai» KYPBUIBIMFA He OOJIBII, IIEKTPOMArHUTTIK
KeZieprijiepre Kapchl )KOFapbl THIMIUIIKTI KaMTaMachl3
ereni. MXene OeriHae KyMic HaHOOOIIIEKTEPIHIH O3~
riHEeH KaJlbIHA Kelyi jKoHe MeMOpaHaHbIH KYpBUIBIMBI
apKachIH/a OJIAp/AbIH 3JIEKTPOMArHUTTIK SKpaHay THIM-
nimiri =50 nb-ka xxereni, Oy1 Kymicciz MeMOpaHaIapabpIH
KepcetkimineH (<15 nb) enoyip sxorapsl. MemOpaHanap
XKyKa (46 MKM), CO3BLTyFa Te3IMILIIri xKoFapsl (32 MIla-
Fa  JIefiH) JKOHE  JKaKChl  DJCKTPOTKI3TIMITIKKE
(588 Cm-m ') me [82]. Conbimen Katap, MXene xoHe re-
MHUIICIUTIONI03a HeTi31H1eT1 OMOMHCITUPIICHI€H KOMIIO3HT-
TIiK IUIeHKanapAbiH OepikTik meri 135 Mlla-ra neiiin xe-
Tim, oneKTpeTKizrimTiri 739 CM M ! mamaceinaa Gomnran
[83].

3eprreynep kepceTkeHneld, MXene xoHe HaHOIEN-
JIFOJIO3a HETIi3iH/eri KOMIIO3UTTEPIi TYPJl TocuIiepMeH
MouduKanysaIay oJapAblH KAaCHETTEPiH aWTapIIbIKTal
Xakcapra anajapl. MbIcaibl, JUTHUHMEH MOAN(pUKALHS-
JIaHFaH TUIPOTEPMISUIBIK HAHOLIEIUTION03a XkoHe MXene
KabaTTapbl OipiKTIpUITeH KYphUTBIMIa MEXaHUKAIIHIK Oe-
piktik 258 MIla-Fa >keTKeH, al >SJICKTPOTKI3TIIITIrl
1,75:10° Cm-m! nenreiiinne Tipkenren [84]. Mymnpaii
KOpCeTKilTep Oyl Marepuaiiapbl HKeMJi CyINepKOH-
JIeHCaTopJiap/ia KOJIJIaHyFa yKOJI allia/ibl.

Conpaii-ak, MXene-®HI[ komMmo3uTTepi cynepkoH-
JICHCATOP JJIEKTPOATAPHI MEH CEHCOopJiapa THIMJI KOJI-
JAHBUTBIT JKYp. Mpbicansl, MXene/@HIl/monmnanuina
KyKa KabGaTBIHBIH oTKisrimTiri 634 Cmrcm ! GoJbIm,
2000 muKiIgaH KeiliH OacTalKbl CBIMBIMIBUIBIFBIHBIH
94%-p1 cakran kamraH [85]. Anx KHII wHerizinmeri
MXene ynpTpaxyka IeHKanapsl mamames 57 MIla Ge-
pikTikke xoHe 10* Cm'M ! 2JEKTpOTKi3rimITiKKe KO
JKETKI3iM, IMeKTPOMArHuTTiK kKexeprinepai 40 nb-meH
JKOFaphl ICHIeiie dKpanaayra Kabinerri 6onran [86].

OJebu IepeKTep KOpCceTKeHIeH, Oyl MaTepuaniap-
JBIH CHHEPTeTHKAIBIK YHIeciMi MEXaHHUKAIBIK OepiKTi-
JIKTI, SEKTPOTKI3TIMITIKTI KOHE CYABI 6TKi3y KalineTiH
apTTEIpyFa MYMKiHIIK Oepexni. COHBIMEH Katap, Typii
(YHKIMOHANM3AMS 9IICTEpiH KOJIIaHy apKbUIBI OJap-
JIbIH KaCHUETTEPiH 0/1aH api )KaKcapTyra 6osael. MyHai
KOMITO3UTTEp OoJamakra cy Ta3apTy XKykenepi, cymnep-
KOHJICHCATOpJIap, CEHCOPJIBIK KYPBUIFbLIAp XKOHE JJIeK-
TPOMAarHUTTIK KOpFay canaiapblHAa THIM/I KOJIaHbLTYbI
MYMKIH.
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4 TIEPCHEKTHUBAJIAP MEH BOJIAIIAK BAFBITTAP

O3iH-03i KaJanbIHA KeJTipeTiH ixJHe 03iH-03i

Ta3apTaTbIH MeMOpaHaaap

Conrsl x)binmapsl MXene jkoHE HAHOIIGIUTIONO03a He-
Ti3iHeri KOMITIO3UTTEpTe epeKIle Hazap ayJapbulya, ce-
6e6i omapaslH Oipereil KYpBUIBIMABIK KacHETTepl MeM-
OpaHanapAbIH Y3aK MEP3IMILUTITiH KOHE TYPaKTHUIBIFBIH
apTThIpyFa MyMKIHZIK Oepeni. Xia )koHe apinrectepi xo-
Fapel MCXaHHKAJBIK OCpIKTIKKE He, ©3iH-031 KaJlblHa
KENTIPETIH KOHE ©3iH-631 Ta3apTaThlH CyNpaMoJeKy-
JISIpJIBI TAJIIBIKTEI MeMOpaHaHsl a3ipiaeni [87]. Pantuso
XKoHe T.0. MUHAMMKAJIBIK THOpPHATI MeMOpaHallapabIH
JacTaHyFa Kapchl TYpy KOHE 031H-031 TazapTy KadineTre-
piH kepcerTi [88]. by 6arpITTarsr gamynap MXene MeH
HAHOLEJIIIOJI03aHbl HHTETPAIMSIAY apKbUIbI JkaHa OybIH
«aKBUIIBDY MEMOpaHaap KypyFa »oj amass [94].

IKOJOTHAIBIK Kayinci3 OHOBIABIPANTHIH

MeMOpaHaJapabl 3ipiaey

[emmtono3a aneraTbiHa HETi3/1€JIT€H HAHOTAIIIIBIKTHI
MeMOpaHaiap OHOBIIBIPAWTHIH 9pi SKOJNOTHSIIBIK Tasa
Oamama pertiHze epekire Hazapra we [89]. Tang >xoHe
opinrectepi  MXene/HaHOIEIUTIONO3a KOMITO3UTTEPiH
maiilamaHbIll, MEXaHWKAJBIK OCpIKTIri JKOFapel opi
OUMOBIABIPAaNTHIH TUICHKANAP jkacaasl [95]. Mynnait tuo-
PHATI KYPBUIBIMIAP KOJOTHSUIBIK TYPAKTHUIBIKTHI KaM-
TaMachl3 €Te OTBIPHII, CY3riiey )KoHe OMOMEINIMHAIIBIK
KosgaHOanapaa THIMAUTIKTI apTTRIpyFa MYMKIHIIK Oe-
peni. CoHbIMEH Kartap, acbUl epiTKiITepl naiaaiany
apKbUIBl YBITTBUIBIKTHI a3aiTy MeMOpaHAIBIK TEXHOJIO-
THSUTapIbIH TYPAKThI AaMybIHA BIKIIAN €Te/].

MouJekyaajbIK k00asay skoHe

(GyHKUMOHANIBLIBIK

MosiekyaanslK IeHreiiae Moaebaey MeMOpaHaap-
JIBIH CEJICKTHUBTLIINT MEH OTKI3TIITITiH 0ackapyla Ma-
HBI3/IBI POl aTkapaabl. Wang jxoHe apinTecTepi opraHu-
KaJIBIK MOJIEKYJIAJbIK €JleK Topi3ami MemOpaHamapIblH
KYpIeli Kocmalapsl JKOFapbl CEICKTHUBTUIIKIICH Oele
anmateiHBIH KopcetTi [90]. Shahbabaei sxone Tang kepi
OCMOCKA apHAJIFaH j)KyKa Ka0aTThl HAHOKOMITO3HTTI MEM-
OpaHanmapapl MOJICKYJAJIBIK MOJENIBICY apKbUTBI OHTAii-
maaneipael  [91]. JKakerHma Xu koHe Oackamapbl
MXene/HaHOoLeIUTION032  MeMOpaHaJapblH  aTOMJIBIK
JIeHreiiie MoJieNnb/ey apKbUIbl OJIapJblH MOH TachIMall-
Jlay KaCHETTEPiH JKaKCApPTYbIH jKaHa TOCIIIEPIH CUITAT-
Tajel [96].

MXene/HaHOLEJLTI01032 KOMIIO3UTTI

MeMOpaHaJapAbIH APTHIKIIBLIBIKTAPBI

By marepuangap ®orapsl ©TKi3TiIITIKKE, MEXaHUKAa-
JBIK TYPaKTBUIBIKKA JKOHE JIAaCTaHyFa TO3IMIUTIKKE He.
Asif xoHe Zhang kepaMUKaIbIK MeMOpaHaIapablH OHep-
KOCIMTIK KOJIaHyAaFbl peyli MEH OJIapJbIH OoJamarbiH
Tankeuiaasl [92]. Issaoui sxoHE opinTecTepi MmemOpaHa-
JIBIK TEXHOJIOTHSIIAP/BIH Cy pecypcTapblH TYPaKThl Oac-
KapyJarbl MaHBI3BIH aTan oTTi [93]. Wang xoHe opinrec-
Tepi MXene/HaHOlE/UIIOI03a KOMIIO3UTTI MeMOpaHa-
JIapBIHBIH OCMOCTBIK SHEPIUsl OHIIPYIET] dJIeyeTiH Kop-
cerri [97]. Byn OaFbITTarbl KymbIcTap MeMOpaHaJIbIK

TEXHOJIOTHSUIAP.IBI ipi MacmTadTa KOJIJaHyFa MYMKIHIIK
oepeni.

Bouamak 0arsiTTap

MXene MeH HaAHOILEJUTIONIO3aFa HETI3AEITEH >KaHa
KOMIIO3UTTEp OMOMENUITIHA, Ta3 0eNiHyi KoHE SHepTrHs
CaKTay CHSIKTBI KOCBIMINA cajagapAa 1a KOJJaHBITYHI
myMmKiH [98—-100]. Consimen katap, ®HI[-meH kymrei-
tuiren MXene MeMOpaHanapbIHBIH TYPaKTBUIBIFBI MEH
y3aK Mep3iMIUIITiH apTThIpy Macenenepi Oencenai 3epr-
tenyae [101]. JKakpiHma okapusigaHfFaH —IIOJyJap
MXene/HaHOIIEIUTION03a THAPOTEIBACPIHIH CEHCOpIIAp
MEH MKeMJIi KYpBUIFbUIAp/arsl aieyeTin kepcerti [102].
JKanmbl, WHHOBAaIMSIBIK MaTepuanmapibslH KOMOHMHa-
OUSCHL JKOHE MOJIEKYJANBIK >KoOanay omictepi Ooia-
I1aKTa MeMOpaHaJIbIK TEXHOJIOTHAIAPAbIH (DyHKIMOHAT-
JBIFBIH KCHEHTYTE JKOHE 3KOJIOTHSIIBIK TYPaKTHUIBIFBIH
KaMTaMachl3 eTyre MyMKiHaik Oepexi [103, 104].

KOPBITBHIHIBI

Cy Tazanayra apHaJIFaH 3aMaHayu MeMOpaHanap 9Ko-
JIOTHSUTBIK, TYPAKThl TEXHOJIOTHSIIAPIbI TaMBITYIbIH He-
Ti3ri GareITTapeIHEIH Oipi 0ok TabkuIanEL. by momy
OapriceiHna MXene jxoHe HaHOIEIUTIONIO3a HeTi3iHzeri
KOMITO3UTTI MeMOpaHaIapablH KYPBUIBIMJIBIK EpeKIlie-
JiKTepi MEH (PYHKIIMOHAIABIK KaCHeTTepi, COHBIMEH Ka-
Tap OJAPMABIH CYy Ta3apTy CalachIHIAFbl apTHIKIIBIIBIK-
Tapbl KaH-)KAKThI TAJIAH/IbL.

MXene MaTepHalbIHbIH THAPOPUIBIUIT MEH OeTKi
OeliceHaiIri, coHpaii-aKk HaHOLEJIIOI03aHEIH OHOJIO-
THSUTBIK BIIBIPAFBIIITHIFB MCH JKOFaphl MEXaHHUKAJIBIK Oc-
PIKTIr KOMIO3UTTI MeMOpaHaap/AblH OHIMALIIrIH apT-
TBIDYFa MYMKiHAIK Oepenmi. bym warepuammapabH
yitnecimMi apKbUIbl AJIBIHFAH MEMOpaHaIap Cy/IbIH TYII[bI-
TBUTYBI, aybIp METAJUT HOHJAPBIH, OPTaHUKAJIBIK JIacTa-
FBIIITAD MEH MUKPO3aTTap bl THIMJII 06Iy CUSIKTBI KYp-
JIeITi MIHIETTEp I IeryTe KaOieTTi.

JKvHakTanFaH FBUIBIMH JEpPEKTEp KOPCETKEHCH,
MXene MeH HaAHOLEJUTION03a HETI3iHIAETT KOMIIO3UTTI
MeMOpaHaiap OoJialakTa KOJOTHSIIBIK Kayilci3 jKoHe
THIMJII Cy Ta3aJiay JKyHeaepiH JaMbITy1a MaHbI3IbI OPBIH
aTybl MyMKiH. ByJ1 OarbITTarbl 3epTTeyIep/l TePEeHACTY
MeMOpaHanapblH y3aK Mep3iMJIi TYPaKTbUIBIFEI MEH
MPAKTHKANBIK KOJJIAHY MYMKIH/AIMH KEHEWTyre Ko
armasel.

Anavic

Kymvic Kazaxcman Pecnybnuxacer foinvim oicone
Jrco2apel Oinim MuHuCmpniciniy Folibim KomMumeminiy,
BR24992814 «Oymycmix Kasakcman obnvlCblHbIY mMY-
PaKmovl 0amybl YiliH UHHOBAYUALLIK MEXHOIO0UANAPObL
oambimy JHcane 3aManayu uH@paKypelibim Kypy» Koaoa-
VbIMEH OPLIHOANObL.
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KOMIIO3UTHBIE MEMBPAHBI HA OCHOBE MXene U HAHOLEJIJIFOJIO3bI:
CBOUCTBA U DOPPEKTUBHOCTDb B OUYUCTKE BO/IbI

A. T. TaéuinbaeBal, A. P. Caraenal, H. A. Axmeron?, K. T. Tacrambex'2, ). T. Tayanos'?"

I «Kazaxckuil nayuonanvistil ynusepcumem um. Anv-@apadur, Anmamol, Kazaxcman
2 «(Mescoynapoonulii Kazaxcko-mypeuxuil ynueepcumem um. Xooxncu Axmeoa Acasur, Typkecman, Kazaxcman

* E-mail ons konmaxmog: tauanov.zhandos@kaznu.kz

B Hacrosimee Bpems HeXBaTKa BOJHBIX PECYpCOB U CHIDKEHHE UX Ka4eCTBa SBIISIOTCS OJHOU M3 BAKHEHIITIX SKOIOTHIC-
CKHX W COLHMANBHBIX Mpo0sieM. B pe3ynbpTare MpOMBIIUIEHHOTO MPOW3BOJCTBA, CEIBCKOTO XO3AUCTBA U OBITOBOM Hes-
TEIBHOCTH PEKH, 03€pa U MOJ3EMHBIC BOJBI 3arPSI3HAIOTCS TSHKEIBIMHU METADIAMH, OPTAHUIECKAMH KpPacuTeIsIMu, dap-
MAaIeBTHYCCKIMH OCTAaTKaMH, MUKPOIUIACTHKOM M MATOTCHHBIMA MHUKPOOPTaHU3MaMH. JTO MPHUBOAUT K Pa3pyLICHUIO
9KOCHCTEM, HAHECCHUIO Bpeia OMOTE M YBEIIMUYCHUIO PUCKA IS 3I0POBbBs YeIOBeKa. TPaJUIIMOHHBIC METOIbI OYHCTKU
BOJIbI — OTCTaMBaHUE, XJIOPUPOBAHUE, aICOPOLINS, UCTIOIB30BaAHUEC HOHOOOMEHHBIX CMOJT — 3QQEKTUBHBI JIUIIb YACTHIHO
U HE CIIOCOOHBI MOJTHOCTHIO YAAJSTE 3arPS3HUTEIH MIPH CJI0KHOM COCTAaBE WM BHICOKOIM KOHIICHTpaNuu. B cBsi3u ¢ aTUM
MeMOpaHHbIC TEXHOJOTHH PACCMAaTPUBAIOTCS KaK MEPCICKTHBHOE HANPABJICHUE, MO3BOJIONICe () (HEKTHBHO Pa3IeiiTh
BOJIy Ha MOJICKYJIIPHOM YPOBHE, TOTPEOJISITh MCHBIIIC SHEPTHU U 00ECIICUNBATh SKOJIOTHIECKYIO 0€30MacHOCTb.

B nocieaue rojipl 0COOBI HHTEPEC BBI3BIBAIOT KOMIIO3UTHBIC MEMOpaHbI Ha 0CHOBe MXene 1 HaHOLe UTI0I0361. MXene
— 3TO ABYXMEpHbIC KapOWIBl W HUTPHUIBL, MoiydaeMble u3 ga3 MAX, oOnamaroniie CIOUCTON CTPYKTYpPO#, BEICOKOM
ANEKTPONPOBOTHOCTHIO, THIPOPIIEHOCTHIO M (PYHKITHOHAIEHBIMHU IIOBEPXHOCTHBIMH TPYTIIIAMH, YTO TIOBBIIIIACT MPOBO-
IUMOCTH MeMOpaH 1 3 (HeKTUBHOCTE pa3/ielIeHUsl HOHOB U aACOpOIMH OpTraHNIeCKUX 3arps3HuTeneid. Haromnemomnosa
SIBIISICTCS OMOJIOTHIECKH pa3laracMbIM HaHOMAaTepHAIOM, 00ECIICYNBAIOIIIM MEXaHIMUECKYTO TPOYHOCTh, CTAOMIHPHOCTD
1 OMOCOBMECTUMOCTh MEMOPAHBI, a TAKKE MOBBIIIAIOIIAM CEICKTUBHOCTh U aHTU(YIMHTOBBIC CBOICTBA.

Kombunamms MXene 1 HAaHOIICIUTIONO3BI JEMOHCTPUPYET CHHEpreTHIecKuil 3¢ (heKT: HaHOIEIITI0I03a MPeJ0TBPaIIaeT
arperaiuro cioes MXene, a pouHbie Mex(a3HbIe B3aUMOICHCTBHUS 3alUIIAIOT MeMOpaHy OT 1e(eKTOB. DTO MO3BOJISIET
3¢ (GEKTHBHO YIAIATh COJIH, TSKEIbIE METAJUIbl, OPraHMYCCKHE KPACUTENH, (papMalleBTUICCKAE OCTATKH U MHUKPOILIa-
ctuk. Kpome Toro, cioucrasi CTpyKTypa KOMITO3UTa U (PYHKIIHOHAIBHBIC TPYIIIHI 00CCICYHBAIOT JOJITOCPOYHYIO CTa-
OUJIBHOCTD U BBICOKYIO IIPOM3BOTUTEIHHOCTD.

B craThe mopoOHO paccMaTpUBAIOTCs CBOMcTBA MXene v HAHOLIEIUTIONO3bI, METOBI TOJIYYCHUS KOMIIO3UTHBIX MEMO-
paH, UX CTPYKTYpHbIE XapaKTePUCTHUKU U TIEPCIIEKTUBBI MPUMEHEHHUS B OUMCTKE BOJbI. MccienoBaHue JeMOHCTPUPYET
MTOTEHIIMAJ HOBBIX TIOKOJICHI MEMOpPAaHHBIX TEXHOJOTHH KaK SKOJIOTHIECKH OE30MacHbIX, BEICOKOI()(DEKTUBHBIX U CTa-
OWJIPHBIX MaTEPHAJIOB, YTO UMEET BAXKHOE HAYYHOE U MPaKTHIECKOe 3HaUeHUE Ut () (HEKTUBHON OYHCTKA BOJIBI U JIOJI-
TOCPOYHOM CTaOMIIEHOCTH CHCTEM.

Knioueswie cnosa: MXene, nanoyennonosa, ceilekmueHOCMb, KOMIOUMHAS MEMOPAHA, msiceble Memaibl, OYUCHKA
6800bl.

77



MXene )XOHE HAHOLLE/1/1H0/103A HETI3IHAEN KOMMO3WUTTI MEMBPAHAJIAP:
KACUETTEPI)KOHE CY[Abl TASAJTIAYAAFbI TUIMAINITI

COMPOSITE MEMBRANES BASED ON MXene AND NANOCELLULOSE:
PROPERTIES AND WATER PURIFICATION EFFICIENCY

A. Tabynbayeval, A. Satayeval, N. Akhmetov?, K. Tastambek'2, Z. Tauanov’*"

! Al-Farabi Kazakh National University, Almaty, Kazakhstan
2 Khoja Akhmet Yassawi International Kazakh-Turkish University, Turkestan, Kazakhstan

* E-mail for contacts: tauanov.zhandos@kaznu.kz

The scarcity of water resources and the deterioration of water quality have become critical environmental and social
challenges. Rivers, lakes, and groundwater are increasingly contaminated due to industrial, agricultural, and domestic
activities, with pollutants including heavy metals, organic dyes, pharmaceutical residues, microplastics, and pathogenic
microorganisms. Such contamination disrupts ecosystems, threatens biota, and poses risks to human health. Conventional
water treatment methods, such as sedimentation, chlorination, adsorption, and ion-exchange resins, are often insufficient
for the complete removal of complex or highly concentrated pollutants. Consequently, membrane-based technologies
have emerged as a promising approach, offering molecular-level separation, low energy consumption, and
environmentally safe operation.

Recently, composite membranes based on MXene and nanocellulose have attracted significant attention. MXenes, two-
dimensional carbides and nitrides derived from MAX phases, possess a layered structure, high electrical conductivity,
hydrophilicity, and functional surface groups, enhancing ion separation efficiency and adsorption of organic
contaminants. Nanocellulose, a biodegradable nanomaterial, improves the mechanical strength, stability, and
biocompatibility of membranes, while also increasing selectivity and antifouling performance.

The combination of MXene and nanocellulose exhibits a synergistic effect: nanocellulose prevents aggregation of MXene
layers, and strong interfacial interactions protect membranes from defects. This synergy enables efficient removal of salts,
heavy metals, organic dyes, pharmaceutical residues, and microplastics, while the layered structure and functional groups
ensure long-term stability and high performance.

This review highlights the properties of MXene and nanocellulose, methods for fabricating composite membranes, their
structural characteristics, and potential applications in water purification. The study underscores the potential of next-
generation membrane technologies as environmentally safe, highly efficient, and durable solutions for sustainable water
treatment, demonstrating both scientific significance and practical relevance.

Keywords: MXene, nanocellulose, selectivity, heavy metals, composite membrane, water purification.
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OLIEHKA BBbIIEJIEHUSI HIOHOB TPUTH S, OBPA3YIOIIMXCS B AIEPHOM PEAKIIUA
SLi(n, o) T U3 IIPUIIOBEPXHOCTHOI'O CJIOSI IUTUEBO KEPAMUKH
B YCJIOBUAX PEAKTOPHOI'O OBJIYYEHHUA

T. B. Kyancapros!*?, JI. C. Caiipan6aes!, M. T. Aiitkyaos!, C. K. Ockepéexos'?,
A. M. Axanos, A. b. Eaumenxo?, 7K. A. 3aypGexosa>*; A. A. llaiimepaenos!

! PI'IT «Hncmumym adepnoii usuxu» Azenmcemea PK no amomnoii snepzuu, Anmamol, Kazaxcman
2 «(Hncmumym sxcnepumenmansvuoii u meopemuueckoii puzuxu» Kasaxckozo
HaYUOHAIbLHO20 yHUGepcumema um. any-Dapaou, Anmamet, Kazaxcman
3 punuan «Mucmumym amomnoii snepzuu» PI'TI HAI] PK, Kypuamos, Kazaxcman

* E-mail ona konmaxmos: zzha@physics.kz

[TpencTaBneHs! aHAINTHIECKUE PE3YIIBTATHI 11O OIEHKE CTAIIMOHAPHOTO MOTOKA HOHOB TPHUTHS, BRIACIAIOMINXCS U3 Kepa-
MUK Ha ocHOBe utHs Li,TiO3 pa3znuaroro odorameHus B YCIOBUSIX peaKTOpHOTO 00mydeHus Ha peakrope BBP-K. Heii-
TPOHHO-TPAHCTIOPTHBIE pac4EThI BEIMOTHEHBI B MCNP6 ¢ ncrionszoBarneM 6nbmorekn ENDF/B-VII.1 u comocTaBieHsI
¢ in-situ Ta30BBIICNICHNEM, 3aPETUCTPUPOBAHHBIM TP TemriepaType kepaMuk 650 °C ¥ HOTOKE TEIUIOBBIX HEHTPOHOB
5-10" u/(cm? ¢). PaspaboTaHHas pacdeTHas MOJENb HE COAEPKHUT MOATOHOYHBIX KO3((HUIMEHTOB U yYUTHIBAET IJTUHY
npobera HOHOB, Y (ekT caMmorkpaHupoBaHus B kepamuke (6 = 0,32) u motepu Ha pekoMOuHaIWIO. [lomyueHHbBIC 3HAYC-
HHUs OTOKa T* U3 KEPAMHUK Pa3IMuHOTO H30TOMHOIO cocTaBa cocTanstor 3,07-1071 1o 1,96-107'2 monb/c. Makcumais-
HOE CHIDKCHHE MOTOKa 3a CUET CaMOIKPaHUPOBAHUS B KepaMuke He npesbimaeT 32%. PacxoxaeHne Mex 1y pacuéTom u
skcnepuMmenToM Mo komrnoHeHTe HT He mpesbimaet 15%, uTo moATBepkAaeT aleKBaTHOCTh NMOX0Aa. Pe3ynpTaTs! uMme-
10T IPaKTUYECKYI0 3HAUMMOCTb IIPH OLIeHKe OallaHca TPUTHUS B OJlaHKeTax TepMosiiepHbIX peaktopoB (TSP) u mo3Bostor
ONTHMHU3UPOBATH COCTAB U pa3Mep KepaMUUECKHX MI00JI0B ¢ yu€ToM 0e3aKTHBAIIOHHOTO T'a30BbIICICHHS TPUTHSL.

Knroueswvie cnosa: rnumuesas kepamuka, Hetimponroe ooayuenue, mpumui, eeauti, MCNPG6.

BBEJEHUE

OcHoBHBIE QyHKITNH OPHICPHOTO OJIAHKETa B TEPMO-
SIEPHOM PEaKTOpe 3aKITI0YAI0TCS B HOTy9IEHHHU JOCTATO-
YHOTO KOJIMYECTBA TPUTHS IJIsl 0OecredeHus ToTpeOHO-
CTH B TOIUIMBE B TEUEHHUE CPOKA CITYKOBI peakTopa, a Tak-
xKe, Hapsay € 3THM, B IpeoOpa3oBaHHMM KUHETHYECKOIl
SHEepruu HeNTpoHOB AeWTepuii-tputueBoi (DT) peak-
LMY CHHTE3a B TeTUI0. TBepioTenbHbIe OpuAepHbIe OIaH-
KEThl, KOTOpbIe OyIyT HCIBITAHBl B MEXIyHapOTHOM
TEePMOSAEPHOM dKcrepuMeHTansHOM peakrope ITER [1-
6], MHUPOKO paccMaTPUBAIOTCS KaK MEPCIEKTUBHAS KOH-
Lenus Uil OyAyIIiX YCTaHOBOK, BKIIFOUas IEMOHCTpa-
uuoHHBIH peaktop DEMO [7-9]. [Ipu o0iryuennn Tpu-
THI1 00pa3yeTcs B KPUCTAIUIMUECKOH PEelIeTKe JTUTHEBBIX
KepamuKk, Takux Kak Lir;TiO3 u Li4Si04, B pesynbrate pe-
axmuit °Li(n, )T u "Li(n, n )T, n Moxer kak xudpdyn-
JIMpOBaTh B Tra3oByo a3y, Tak M 3aJep>KUBATHCS B pe-
IIeTKE ¥ IPUIIOBEPXHOCTHOM 30He MaTepHana. Ilockoss-
Ky JIMTHEBasi KepaMHUKa SIBJSIETCSI KJIFOUEBBIM dJIEMEHTOM
OJaHKeTa, MOHUMaHHE MEXaHH3MOB U3BJICUCHHS TPUTHS,
0COOEHHO ero0 HOHHOM KOMITIOHEHTbI, CTAHOBUTCSI KPUTH-
YECKH BaXKHBIM.

Psix pabot [10—12] mokasan, 4To CKOpOCTh BBIjIEIIE-
HUSI TPUTHS U3 TBEPABIX MaTepHajioB B OCHOBHOM OIIpe-
nensiercst quddysueit [13, 14]. CymecTBeHHbIE pa3iu-
yus B Koapduirentax nuddy3un oObICHIIOTCS Kak yc-
JIOBUSIMH 3KCIIEPUMEHTA, TaK M COCTOSHHEM 00pa3loB
[15, 16]. OcHOBHY!O pOJIb IPH ITOM UIPAOT 3aXBAT TPU-
THUSI paJUalliOHHBIMU JIOBYLIKAMU M M30TOIHBIA 00OMeH
Ha MOBEPXHOCTH 00pa3ia.

W3-3a BBICOKOH 3HEprum OOPa3yIOIMXCS aTOMOB
Tputus u renus (2—-3 MpB) B matepuanax OnaHKeTa BO3-
HHUKAIOT paJalliOHHBIC MOBPEXKICHUS, NEHCTBYIOIIUC
KaK JOBYIIKHU [t TpuTHs. B [17] mokaszano, uro quddy-
3WOHHAS MMOJBMXHOCTD TpUTUSA B LisSiO4 cHMKaeTCs
pocToM HelTpoHHOTO Qutoenca. B [18] npennonaraercs,
4yto B kepamuke Li;TiO3 OCHOBHBIMH [IEHTpaMH 3aXBaTa
ABJISIIOTCS KUCJIOPOHBIE BAKAHCHU M CBOOOHBIE aTOMBI
KHCIOpoAa. OTH paJuallMOHHO-UHIYIIMPOBAHHBIE JIO-
BYIIKH YCIOXHSIOT 00paboTKy M aHaIW3 MOIy4eHHBIX
9KCIEPUMEHTANBHBIX JJAHHBIX.

Yamme Bcero TPUTHHBOCTIPOM3BOJANINE MaTepHAIIbI
HCCIIEYIOTCS B MOCT-PEaKTOPHBIX HKCIIEPUMEHTaxX I0C-
JIe BO3JIEHCTBHSI HEUTPOHHOT'O O0TyUeHHsI, OJJTHAKO TAKNe
METO/IbI 3aTPYAHSIIOT TOUHYIO HHTEPIIPETAINIO TapaMeT-
POB BbLAENIEHHS TPUTHSL. bonee nHPOpMaTHBHBIMHU SBIIS-
I0TCS in-Situ U3MEPEHHUsI, TOCKOJIBKY YCIOBHS 00Ty YeHHS
HaNpsMYIO BIUSIOT Ha TOBEJICHUE TPUTHUS, MUTpaLIUs KO-
Toporo BkIrouaeT Auddy3uio, 3aXBaT B pagHalliOHHBIX
JIOBYIIIKAX, B3aUMOJICHICTBHE C aTOMaMHM PEIIETKH U Je-
COpOIIMIO C TOBEPXHOCTH.

Crout ormeTuth, uTo B PecnyOmmke Kazaxcran na
MPOTSLKEHUH TOCHIEIHHUX AECATUIETHH MPOBOAATCS HC-
CJICIOBAHUSI B PA3JIMYHBIX 00JACTSX SIIEPHOH M TEPMO-
SIIEPHOM IHEPTeTHKH, BKIIOYas BOMPOCHI PagU0IKOIIO-
THH, MaTEpUAIIOBEICHNSI U PEaKTOPHBIX UCIIBITaHUi [ 19—
29]. YacTp peakTOpPHBIX SKCIIEPUMEHTOB MOCBAIIEHA in-
situ MccIieI0BaHUsIM PA3JIMYHBIX JINTHEBBIX KEPAMHUK, Ta-
kux kak Li;TiOs ¢ o6oramenuem 1o °Li 96% u nsyxdas-
Ho#t kepamuku LixTiO3/Li2S104 [30-34]. OqauM u3 ma-
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JIOU3YUYEHHBIX IPOLECCOB 31ECh SBISAETCS BbIACICHUE
TpUTHS OC3aKTHBALMOHHO — HEMOCPEACTBEHHO U3 MpPH-
MMOBEPXHOCTHOW 00JIaCTH TIMTHUEBON Kepamuku. B mpen-
CTaBIIIEMOW pabOTe TMPOBENICHBI PACUCTHBIC OLICHKU KO-
JINYECTBA TPUTHS, BBIIEIISIOUIETOCS TOJ0OHBIM 006pa3om,
a UMCHHO — W3 TPUIIOBEPXHOCTHOM O0JIACTH JTUTHEBOI
kepamuki. [{enbro paboThI SIBIISETCS IOCTPOCHUE aHAIU-
TUYECKON MOJENN U pacd€T MOTOKOB HOHOB TPUTHSI, BbI-
JEISTIONTNXCSl 0€3aKTUBAIMOHHBIM 00pa3oM M3 MPHUIO-
BEPXHOCTHON 00JIACTH JIMTHEBHIX KEPAMHK B yCIIOBHSIX
PEaKTOPHOTO OOIYUICHHUS.

ONVCAHME TUTIOBBIX SKCHEPUMEHTOB

IO UCCIIEJOBAHUIO BBIAEJIEHUA TPUTHUA U3

JIMTUEBOW KEPAMUKH B YCJIOBUSAX OBJTYUYEHUS

HA PEAKTOPE BBP-K

Ilepen HavanoMm omucaHUA PAacUYEeTHOW METOIAWKH H
PE3yIbTaTOB OLEHKH KOJIWYECTBA TPHUTHS, BBIACIAIOIIC-
rocst 0€3aKTHBAIIMOHHBIM 00Pa30M M3 IPHIIOBEPXHOCT-
HOW 00JIACTH JIMTHEBBIX KEPAMHUK B YCIOBHSX OOJyue-
HUS, KPATKO OIMIIIEM THIIOBBIE PEaKTOPHBIE SKCIIEpUMe-
HTBI I10 iN-Situ UCCIICAOBAHUSAM BbIJICIICHUS] TPUTHSL.

OKCIepUMEeHTHl MPOBOJWINCH IO OJHOM cxeme Ha
ycraHoBke CIRRA, pacnosnoxeHHo! Ha peakTope BBP-
K (pucynok 1). Hccnenyembie 00pasibl IMTHEBOW Kepa-
MHUKH TPEACTaBISUIM  CO00H MIapuku (ZHaMETpOM
~1 MM), KOTOpBIE pa3MEIIAINCh BHYTPH 3arpy309HOMN
KarcyJisl. 3arpy304uHas KarcyJia IoMenanach B OTKauH-
BacMOM aMIryje, COCAMHEHHON C HKCIIEPUMEHTAIBHOU

YCTaHOBKOH (pHCYHOK 2). OOpa3ibl OBUTH PacIIOIOKEHBI
B PEAKTOPHOM aMITyJIbHOM YCTPOWCTBE Ha yPOBHE LICHT-
pa aKTHBHOMW 30HBI peaKkTopa.

OKCHEepUMEHT MO Ta30BBIICJIICHHUIO 3aKJIIOYajcs B
CclieTyoleM: 00pa3ibl JINTHEBOW KepaMUKHU 00Tydaliuch
B YCJIOBHSIX HEINPEPHIBHOW OTKayKW, MPU ITOM Macc-
CIIEKTPOMETPUYECKHM CIIOCOOOM PETUCTPUPOBAIIOCH BBI-
neneHue Tputuiicogepxxammx moinekya (HT, To, HTO u
T»0). Cpenusis Temmeparypa o0pa3oB Ipu 00TyICHUN
cocraBistia ~ 650 °C, BpeMs 00IydeHHst cOCTaBIsuIo ~2 1
CYTKH pu MOTOKE  TEIUIOBBIX HEWTPOHOB
~5-10" m/(cm?-c).

Pe3ynbpraThl KCIIEepUMEHTOB NoKa3anu [32]:

1) OCHOBHOE KOJIMUECTBO TPHUTHUS BBIJCISIETCS B BU-
ne moaexynsl HT, mpu atom yposens Boiaenenus HT na
MOPSIIOK TIPEBBIIIAET BBIIEICHHE MOJEKybl T» (pucy-
HOK 3);

2) BBIAETICHHE TPUTHUS B BUAE MOJEKYJ TPHUTHEBOU
BOJIBI HE 3a()IKCHPOBAHO;

3) mpu yBEIMUCHHHU TEMIEpaTyphl KEPAMHUKHU B TIEep-
BBIi MOMEHT IIPOHMCXOJIHUT CYIIECTBEHHOE yBEIWYCHHE
BhIeNeHns Mosekyssl HT (v magenue ypoBHS BbLAEIe-
HUSI MOJIeKy Il T2), mocie 4ero HabmoqaeTcst CHIKECHUE
MoTOKa BhIAEIeHHsI MoseKynsl HT k cpenHeMy ypoBHIO;

4) u3MepeHHbIN paBHOBECHBIN YPOBEHb BBIICICHUS
TPUTHSI COOTBETCTBOBAJ CKOPOCTSIM HapaOOTKU TPUTHS B
KepamMuke B guamasome ot 5,05-107"" 1o
3,19-107'° monp/(c-cm?) (Tabauna 1).

Tabnuya 1. DxcnepumenmanvHo onpedeientvle CKOpOCHU HapaboOmMKU Mpumust 6 Kepamuke

IutneBasn kepammka

Li>TiO; (ecTectB.) Li-TiO3(96% o6or.)

CkopocTb sipepHoii peakumu Lié(n,a)T, monb/(c-cm3)

5,05-10-"" 3,19-10-10

——H4f--uas

1 - aKkcnepyMeHTanbHoe YCTPOMCTBO; 2 — BEHTUIb; 3 — OTKaYHOIA MOCT;
4 — faTuuK JaBNeHUs; 5 — anekTpoknanaH; 6 — Macc-CnekTpoMeTp; 7 — KOMMbTEDP

Pucynox 1. Cxema xomnnexca CIRRA
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1 — coeguHeHe C ra3oBakyyMHbIM TPAKTOM; 2 — aMmyNbHOE YCTPOWCTBO; 3 — BEPXHUIA LIEHTPUPYIOLLMI (briaHeLl;
4 — NeHTOYHbIN HarpeBaTenb; 5 — 3arpy304Hblii kaHan; 6 — Aepxatens; 7 — AUCTaHLMOHATOPbI; 8 — 3arpy304Has kancyna;
9 — TepmonapHbIii Harpesatenb; 10 — 0bpasupl; 11 — Tepmonapsl; 12 — BbiTecHUTENb [32]

Pucynok 2. Cxema obnyuamenvHoz2o ycmpoticmea
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—=—T,0
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1E-8 4
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Pucynox 3. [luacpamma usmenenusi napyuaivbuwvix 0asnenutl
20306 8 IKCNEPUMEHMATNLHOU Kamepe ¢ 06pazyom Jumuesou
Kepamuku 60 epemst 00yYeHus: Ha peakmope

PACUETHASI METOJUKA OIPEJIEJIEHUS IOTOKOB

BBIJAEJISIIOIIMXCSA HOHOB TPUTUS, OBPA3OBAH-

HBIX B PE3YJIBTATE SIIEPHOWM PEAKIINY °LI(N, A)T

M3 IPUIIOBEPXHOCTHOI'O CJIOSI JUTUEBOM

KEPAMUMKHU B YCJIOBUSAX OBJIYUEHUS

Kax u3BecTHO, 1O NeHICTBHEM HEHUTPOHHOTO 00JTY-
YeHUsI B IMTUU OyJeT HapaOaThIBATHCS PATOAKTUBHBIN
M30TOI BOAOPOJIa — TPUTUN MO PEAKLIUU:

Li® +n=He' +T +4,78 MbB

(0, =936%6-107 car’). W

®okyc Ha peakmun ¢ °Li 060CHOBaH HECKOIBKMMH
(daxTopamu:

1. 3HaunTeabHO (OJIbIIEE CeYEHHE 3aXBaTa Heli-
TPOHOB. /Il TENIOBBIX HEUTPOHOB CEUYCHHUE PEaKLUU
®Li(n,0)*H cocrasnser okono 940 GapH, Tora Kak cooT-
BETCTBYIONLIEE CEUeHUE ISl 'Li HaXoquTcs B MAJIHGAp-
HOBOM JIHaNa30He U IOTOMY IIPEHEOPEXNMO IPHU TETUIo-
BBIX dHeprusx. Takum o6paszom, BKIax 'Li B reHeparuo
TPUTHS B IPEUMYIIECTBEHHO TETUIOBOM CIIEKTPE IPaKTH-
YEeCKH OTCYTCTBYET.

2. Bbicokuii mopor peakuum Ha "Li. Peaxmus
Li+n—3H+a+n"—2,5MdB uMeeT Mmopor OKolo
~2,8 MhB. B OpunepHbIX OIaHKeTaX, pACCUNTAHHBIX Ha
TEIIOBBIE WJIH STIMTETIOBBIC HEHTPOHBI, 3TOT KaHal ¢a-
KTUYECKH 3aKpBIT, YTO JIENAeT ero BKJIQJ B T€HEpaIfio
TPUTHUS IPEHEOPEKUMO MaJIBIM.

3. Boicokas crenens oGoramenus no °Li. B 06-
pasuax Li;TiOs noss °Li cocransier <96 ar. %, 110 cpas-
HeHuio ¢ 7,6% B mpupoaHoM autul. [Ipu Takom obora-
IIEHNH MIPAKTHYECKH BCE 3aXBaThl HEHTPOHOB IPOHCXO-
nat Ha SLi, Torna kak 7Li 0CTaérest NpakTHYECKU HHEPT-
HBIM B OTHOIIEHHH 00pa30BaHUs TPUTHUSI.

4. Ynpomenune moaeaupoBanns. VckimodyeHue He-
3HAYMTEJHLHBIX KAHAIOB ¢ 'Li cCBO/MT 3a1ady K OIHOM J10-
MHUHHpYIOIIEH peaknuny o0pa3oBaHUsl TPUTHS. JTO 103-
BOJIsIeT O0siee TOYHO U 3(PPEKTUBHO OMPECIIATH Mapame-
Tpel quddysun tputus B Li,TiO; 6e3 HeodxoammocTn
YUYUTHIBATH BTOPHUYHbIE KHHETHUECKHE ITyTH.

JI1si KOHKPETHOTO B JIaHHOU CcTaTtbhe oOydeHus Oy-
JIeM IojlaraTh, 4TO CKOPOCTh peakuuu (1) m3BecTHa U
pasHa R (Monb/(M-¢)). OOpasyromuecss HOHBI TPUTHUS U
renus ¢ sHeprusivu E7u Ey, (MaB) OynyT B3aumoeiict-
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BOBATh C aTOMaMH MaTepuasa MoCPeACTBOM B3aUMOCH-
CTBHS C 3JIEKTPOHAMU: 00pa30BaBILasics B BEIIECTBE Ya-
CTHLIA C OINIpeAeTIEHHON PHEprUeH, pojeTasl CKBO3b He-
IO, «PacTaJKUBAET» aTOMHBIE 3JEKTPOHBI CBOMM KYJIO-
HOBCKHUM TII0JIEM. 3a CYET Yero YacTHIa MOCTENEeHHO Te-
pSIeT SHEPTHIO, @ AaTOMBI JTMO0 HOHU3UPYIOTCS, THOO BO3-
Oy>xpatotcs. [loTpaTHB CBOIO SHEPTHUIO, YaCTHIA OCTaHA-
BiuBaercs. [IposeTaromas yacTUIa IpH CTONKHOBEHUH
C OTZEJBHBIM 3JIEKTPOHOM MaJl0 OTKJIOHSETCS OT CBOETO
IyTH W3-32 OOJBIIONW Macchl (II0 CPaBHEHHUIO C Maccoit
JIEKTPOHA), IPUYEM 3TH Majble OTKIOHEHHS MOYTH Iie-
JIMKOM KOMIEHCHPYIOT APYT IpyTa IPH OTPOMHOM YHCIIE
Xa0THYECKH OPUEHTHUPOBAHHBIX CTOJKHOBeHMH. [loaTo-
MY TPaeKTOPHS YaCTHUIIbI B BELIECTBE MPAKTHUECKH Mpsi-
MOJIMHEHHA.

Kaxk u3BectHO, anuHy npobera HOHOB A (M) B Hcclie-
JlyeMOM Martepuajie MOKHO OLieHHTh 1o (opmyie bete-
broxa a1 noHU3AIMOHHBIX TIOTEPH [35]:

2 4 2
_d_E _ 4TmZ2 ¢ |y 2mv. i @)
dx my I (1 —-p? )

IZie m — Macca JIEKTPOHa; ¢ — CKOPOCTh CBETA; V — CKO-
POCTh YacTHIIbL, B = v/c; Z — 3apsii YaCTHIIbI B SAMHHUIAX
3apsja MO3UTPOHA; 71 — INIOTHOCTh 3JIEKTPOHOB B Bellle-
cTBe; / — CpelHU MOHU3AUMOHHBIM MOTEHLIUAl aTOMOB
BEIIECTBA CpeJibl, Yepe3 KOTOPYIO MPOXOAUT YaCTHILIA.

Jnst mpoBeJieHUs] MOJOOHBIX PAacdyeTOB OOBIYHO HC-
1oJib3y1oT nporpammy LISE++, koTopas npegHazHaueHa
JUISl TIPOTHO3MPOBAHUSI WHTEHCHBHOCTH M YHCTOTHI pa-
JIMOAKTHBHBIX HOHHBIX ITyYKOB, CO34aBaEMBbIX CEIapaTo-
pamu B osiete. LISE** Takoke o0iergaet HacTpoOrKy Kc-
MIEPUMEHTOB, B KOTOPBIX €TI0 PE3YJIBTATHI MOYKHO OBICTPO
CPaBHHUTH CO CIIPAaBOYHBIMU MaHHEIMHE [36]). s kaxkmo-
ro KOHKPETHOTO pacyeTa MCIOIb3YIOT MOIYJh KaJlbKYy-
JATOpa MPOTPAMMBI, TJI€ BBOAMTCS 3aMeIIEMBIH H30-
TOII, €r0 3HEprus, a TakXe MapaMeTpbl MHIICHH — ee
IUIOTHOCTh ¥ CTEXMOMETPHUYECKHI COCTaB aTOMOB.

PaccMoTpuM [ByXMEpHYIO TE€OMETPHUIO BBIIACTICHUS
aTOMOB TPHUTHS U TeNUSA U3 HPUIOBEPXHOCTHOTO CIIOS
IUIOCKOM TTOBEPXHOCTH JINTHEBOW KEPaMHUKH (PHUCYHOK
4). Ilyctp B TOuke A Ha pPaCCTOSHHU X OT HOBEPXHOCTH
npoucxomutr R peakmuid (1). OOpasyromuecss 4acTHIIBI
N30TPOITHO UCITycKatoTcst B Touke A. Torma kommuecTBo
MOHOB, BBIIIEJIINX U3 MaTepHana, OyaeT ONpeaesThCs
PaBHOOEIPEHHBIM TPEYTOJBLHIUKOM CO CTOPOHOM A , TpH-
YeM B CETMEHTe yriia 2o, BCe MOHBI IIOKMHYT MaTepHuall.
KonmuecTBo MOHOB Oy/1eT paBHO:

. arccos ()

F=R =R -arccos(x/ L)/ m. (3)

i

Wuterpupys ot 0 10 A 10 X HECTOKHO MMOTYyIUTh BhI-
pakenust 1t N (MOJIB/C) — CKOPOCTH BBIAICIICHUS HOHOB
U3 IPUIIOBEPXHOCTHOTO clI0s (muIomansko S (M?2)).

N :RTSJ.z(arccos(x/K))dx:R‘S-K/n. 4)

Pucynok 4. [lgyxmepnas eceomempus gbloeseHUs: amomos
MpUMUs U 2enusi U3 NPUNOBEPXHOCHHO20 CLOSI NIOCKOL
NOBEPXHOCMU TUMUEBOU KEPAMUKU

VYuuThiBasg, 4To JUIMHA Mpo0Oera COCTaBIsIET MEHee
25 MKM ISl HMCCIIelyeMbIX KepaMHK (TpH JuaMeTpe
m0071a kepaMuku D paBHOM | MM) JIETKO 1TOKa3aTh, YTO
¢dbopmyna (4) A BbIICICHUS HOHOB M3 TOHKOIO CIIOS,
MMOJTHOCTBHIO PENICBaHTHA ISl [IApOOOpa3HBIX MI00JIOB
(Tutomane MA006ITA Sp=47t~D2/4). VYuer mapooOpa3HOn
¢dopMBel mMHOOMA OymeT 3HAYMM Ui Ciydas, Koraa
2)M/D>0,1, B TO BpeMs Kak I paCCMAaTPUBAEMBIX CITyda-
eB 3TOoT napametp menee 0,05.

B ciyuae, xorzma orneHMBAaeTCsl KOJIMYECTBO HOHOB,
BBIJICTAIOIINX M3 BHEIITHETO CJIOS 3aCHIIKH 3007108 (KO-
JTUYECTBOM Njy) HEOOXOMMO YUeCTh SKPAaHUPOBAHHE HO-
HOB JIpyruMu m3001amu. Beipaxenue (4) ai1st KoJmyect-
Ba MOHOB, KOTOpBIE BBUIETAIOT B HAIIPABJICHHH CBOOO.I-
HOM MOBEPXHOCTH U HE IKPAHUPYIOTCS, IPUMET BUIL:

N=2N,-R-r*-%(1-38), %)

rae » — paanyc mooma (M); § — KOApPUIHUEHT YKpaHU-
POBKH MM JI0JI1 HOHOB IOTJIOIIEHHBIX COCETHUMH M300-
JlaMH, OTHECEHHas K 00IIeMy KOJMYECTBY HOHOB, BbLIE-
TEBIIUX U3 13002 B HAMIPABICHUN CBOOOIHON TIOBEPX-
HOCTH.

OueHnM MakcHUMaibHOe 3HaueHue Koadduimenra
9KPaHUPOBKHU JijIs 1D00JI0B OJJMHAKOBOTO pajuyca pac-
HIOJIOKEHHBIX Ha IuIockocTh. Ha pucyHke 4 npuBeneHo
JIBYXMEpPHOE CEUeHHE PACIIONIOKEHHBIX PAI0OM 3006108
OJTHOTO pajnuyca (IpUYeM 3TO CEYEHHE MOApa3yMeBaeT
MaKCUMaJIbHYIO0 SKpaHUPOBKY MH00JI0B).

OtMmeTnMm, 9TO, TaK Kak CBOOOJHBII MpoOer HOHOB B
MaTepHalie CyIECTBEHHO MEHBIIE, YeM €ro pajnyc, TO
CTIpaBEeUTNBHI CIIEIYIOMINE TTOJIOKEHUS: a) MOXKHO CYUH-
TaTh, 4TO U3JTy4aeT HETIOCPEICTBEHHO ITOBEPXHOCTH che-
pHI (TpUYeM B KaXKIOW JIOKAJIbHOW TOYKE MOBEPXHOCTH
CIIPaBEJINBO BBIpaXKeHHE (2) i1 CKOPOCTH BBIACISIO-
[UXCS HOHOB); 0) TOBEPXHOCTH MIOOJIOB OTPAaHUINBAIOT
pacmpocTpaHeHHe HOHOB, BRIJICTEBIINX U3 APYTUX M00-
JIOB.

PaccMoTpuM BblIENIEHHE HOHOB U3 TOUKHU B, B cer-
MeHTe yria 3 (oOpa3oBaHHOTO KacaTtelnbHOW B TOuke B
JUISL JIEBOH OKPYXXHOCTH M KacaTeJIbHOH IIPOBEIEHHOM
yepe3 TOUKy B aiist mpaBoii okpy>xHOCTH). Bee noHBI, BbI-
JieTaronye B 001acTh CBOOOAHON MOBEPXHOCTH (BBEPX),
He OyayT 9KpaHMpOBaThes M3001amu (pucyHok 5). IIpo-
BE€JIEM MHTETPHPOBAaHUE 110 NPABOH YETBEPTH JICBOH OK-
PYXXHOCTH, JUISl IOJTy4€HHsI OTHOCUTEILHOTO KOJIMYEeCTBa
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HMOHOB, BBIJICTAIONINX C MOBEPXHOCTH M0061a, 6e3 3Kpa-
HUPOBKH:

(1-8)=2 [ :/Q(M)da 6)

T

T

Pucynok 5. JlgyxmepHoe ceueHue pacnoioncenHblx paoom
1367108 00H020 paduyca

JIyis OIICHKHM WHTErpajia HY)KHO MOJYYHTh BBIpaXKe-
HUE, CBsI3bIBaOIIee yIibl o U J. Ero MOKHO MOJIyYHTH,
UCIONB3Ysl HHCTPYMEHThI aHATUTHUCCKOM T€OMETPHH:

. sin o
B =oa+arcsin| ———— |+

J5—2cosa )

+arccos 1
J5—=2cosa

[Momydennslit nHTErpan OB pacCYUTaH C MOMOLIBIO
Moxyns pacuera WolframAlpha [37]. OneneHHbIi Mak-
CHUMaNBHBIN KO3()(HUINEHT caMOIKPaHUPOBKH COCTABUII
56=0,32.

PE3YJILTATHI PACYETOB IOTOKOB TPUTUS

BBIIEJAIOINEIOCA BESAKTUBALIMOHHBIM

OBPA30M U3 IPUITOBEPXHOCTHOI'O CJ1IOS1

JUTHUEBbIX KEPAMUK

[lepBoHauaIbHO HAa OCHOBE HEHTPOHHO-(HU3HMIECKUX
pacyeToB ObUIM TOJIyYEHBI IJIOTHOCTH IIOTOKa HEHTpPO-
HOB B MPUIOBEPXHOCTHOM CJIO€ JIUTHEBBIX KEPaMUK,
3HAYCHUS KOTOPBIX yKa3aHbBI B CBOIHOM Tabmume 1. Heil-
TPOHHO-(HU3MYECKUE pacyeThl ObUIM MPOBEJCHBI B IPO-
rpammHo# cpeae MCNP [38], rae ObutH BOCTIpoH3BeIe-
HBI B JIETAJISIX TEOMETPHSI M MaTepUabl BCEX 3JIEMEHTOB
aKkTUBHOH 30HBI peakTopa BBP-K. fAnepHsrii coctas Tom-
JIMBA 3aJ[aBaJICSI MHANBUAYAIBHO IS KaX/I0W TEIIOBBI-
nerstromiei coopku peaktopa (TBC), cHadana — Ha ocHO-
Be 3aBoJickux nacroproB TBC, a moroM y4uThIBajIoCh
YMEHBILICHNE KOJIUYECTBA SIAeP ypaHa U KOJIMIEeCTBO pa-
JMOHYKJIMIOB, O0pa3ylolmuXcsi B pe3yJsbTaTe peakuuu
neneHus ypasa. Takke yquThIBanach peajabHas IJIHTeIb-
HOCTH pabOThI KaKA0T0 IMKJIa peakTopa. Lluki 3a nuk-
JI0OM TpocnexuBanacs ucropus kaxaoin TBC u kaxgoro
6moxa 6epriutns. {7 KaXI0ro IUKIa PacCUUTHIBAIUCH
BBITOpaHue ypaHa B Kaxaoid TBC n HapaboTka mpoayK-
ToB aeneHus (okomno 300 HYKIHAOB), a TaKXKe AKTHUB-
Hocth Kaxxaoii TBC. Bce 3TO mO3BOIMIIO CO31aTh TOY-
HYI0 MOJIe/lb aKTUBHOM 30HBI peakTopa BBP-K.

MCNP wucmonp3yeTcst I MOICTHPOBAHUS IIEPEHOCA
HEUTPOHOB “N”’, POTOHOB “P”, S1IEKTPOHOB “E”, a TaKxKe
B KOMOMHHMPOBAaHHBIX 3amauax Tuma “N, P”, B cpemax,
OINMHUCHIBAEMBIX TOJTHOMACIITaOHO# 3-D reomerpueii, 3a-
JlaBaeMoM Kak mepecedyeHus, OObeIMHEHUSI U COBOKYII-
HOCTH 00JIacTel, OrPAaHMYCHHBIX TTOBEPXHOCTIMH 10 4-
oro nopsiaka. 1y npoBepku MpaBUIbLHOCTH 3a/1aBaeMOi
TEOMETPHUH UCTIONB3yeTcs cTaHaapTHas cuctema PLOT,
MTO3BOJIAIONIAsl OTOOpakaTh CEUCHHS T'e€OMETPHUIECKOI
CTPYKTYpPBl paccMaTpHUBAacMOH CHCTEMBI B Pa3IHMIHBIX
mwrockocTsax. Kog MCNP mo3BosisieT IpoBOIUTE pacyeThl
pa3TMYHBIX (QYHKIIMOHAJIOB, MPEACTABISAIOMINX CBEPTKY
HEHUTPOHHOTO MOTOKA C SACPHO-QU3NICCKUMU JaAHHBIMU.
Bce ¢yHKIMOHATBI — 3TO (YHKIIMU BPEMEHH U YHEPTHUH,
HOPMHPOBAHHBIE HA OJIMH HEUTPOH reHepaunu. OyHKIIH-
OHAJIBl PACCYUTHIBAIOTCA B 30HAX PETHCTPAIINK, KOTOPhIE
MPEJCTABISIOTCS B BUJIE PA3IMUYHBIX 00JacTeil (CerMeHT
SIMEHKH WM HECKOJIBKO SI9eeK, MOBEPXHOCTh, YYaCTOK
MTOBEPXHOCTH, HECKOIIBKO TOBEpXHOCTEH 1 1p.). B pac-
YeTax HCIOJIbh30Bajach OMONMMOTEKA SACPHBIX KOHCTAHT
ENDEF/B-VIL.1 [39].

[InoTHOCTH MOTOKA HEUTPOHOB P B 30HE PACIOJIOKE-
HUS 00pa3oB ONpeAessuiach ¢ MOMOIIBI0 (yHKIOHAIA

tally F4 mo ¢popmyure:
_ Py -L-CD HEUTPOH ®)
1,6022-10" - w, k, 7 om’-c

rae P — TemnoBas MOLIHOCTh peakTopa, BT; v —uwncno
BTOPUYHBIX HEWTPOHOB Ha OJMH aKT JCICHUS; ko — -
(eKTUBHBIN KOA(OHULNEHT Pa3MHOXKEHUs HEHTPOHOB;
®py — 3na4eHe GYHKIHMOHANA, CM .

Hetexkrop mpencrtaBisii coboit chepy ¢ pamuycom
1 cm. Cratuctudeckasi OTPENIHOCTh PACUETOB HE TIpe-
BbImana 5%. DHepreTH4ecKoe pacupereeHue HEUTpo-
HOB B 00JTy4aTeIbHOM MO3UIMHN TTOKa3aHO Ha PUCYHKE 6.

MNOTHOCTS NOTOKA HEATPOHOB, OTH €A

3HepruA HeitTporos, MaB

FINOTHOCTS NOTOKa HEATPOHOB [H/(CM?C))

10 20 30 40 50 60 70
Ocsb X [em]

Pucynox 6. dnepeemuueckoe pacnpedenenue HelimpoHog
6 001yuamenvHol nO3UYUU
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JHanee, BOCIIONB30BABIINCH BBIpaXeHHEM (4), ObLI
OILIGHEH AMAINa30H MOTOKOB BBIICJSIOUINXCS HOHOB TPU-
THSI U3 3aCHINTKN T1900I0B pa3IniHbIX JTUTHEBBIX KEPAMHUK
B HAIPABJICHUH CBOOOJHOW MOBEPXHOCTH (Tabmuia 2)
IIPU IPOBEICHNH IKCIIEPUMEHTOB Ha peakTope BBP-K.

Tabruya 2. Pacuemnvie napamempwvl u pe3ynivmanivl
pacyemos nomoKo8 GblOeAAIOUUXC UOHO8 MPUTNUSL U3
3aceinku n3061068 MUMUEBOU KEPAMUKU 8 HANPAGICHUU

€80000HOU NOGEPXHOCU

JlutneBas kepamuka Li>TiOs (ectect.)  Li2TiOs (96% o6or.)

BbicoTa 3achinku, Mm 0,4724 0,4726
Papguyc 3acbinku, Mm 9,5 9,5
Macca, r 0,2009 0,2010
MnotHocTb Na66na, ricm3 3,077 3,077
[NOTHOCTb 3achinku, r/cm3 1,50 1,50

CKOpOCTb IAEPHOI peakLn
8Li(n,a)T, peakumit/(m-c)

A, MKM 19,07 19,0

[MoTok MOHOB TPUTVS 13 3a-
CbInki M306MOB NUTUEBOI Ke-
paMmKu, MOMb/C

3,00:10% 1,92:10™

3,07-10-1 1,96:10-12

IMomy4yeH Auamna3oH CTaMOHAPHBIX MOTOKOB HOHOB
TPUTHS U3 TPHUIIOBEPXHOCTHOTO CJIOSl JIMTHEBBIX Kepa-
MUK LixTiO3 paznuuHoro oboramieHus B 3KCIIepUMEHTaX
na peaktope BBP-K, kotopstii coctapuin ot 3,07-107"3 o
1,96-107'2 Monb/c. PocT moTOKAa HOHOB TPHTHS C yBEJIH-
YEeHUEeM OOOTallleHUs] B KepaMHKe MOJTBEPKAAET JTOMU-
HUPYIOLIYO poJb u30Tona °Li, HO OTKIOHEHHE OT JH-
HEWHOCTH YKa3bIBaeT, YTO XUMHYECKHUI COCTAB MaTPHUIIBI
BJIMSIET HA TOPMO3HYIO CIIOCOOHOCTH cpenpl. PakTuyec-
KU 3TO JaéT WHKESHEPHBIH «KOPUIOp» I moabopa co-
CTaBa KepaMUKH, HO3BOJISIOIIMI BEIOPATh ONTUMAJBHBIH
BapHaHT MEXIy BEICOKUM BBIXOJOM TPHTHS U JOIYCTH-
MBIM TEIUIOBBIICIICHUEM B KEPaMHUKE.

BBIBOIbI

Pa3paboTana camozocTtaTodHasi aHATUTHYECKast MO-
JIeITb BBIJICJICHHS] HOHOB TPHUTHS U3 JINTHEBOW KEPAMHUKH,
KOTOpasl y4YMTBHIBACT T'CHEPALMIO TPUTHS B PEaKIMAX
(n,0) ¢ sapamu °Li, reomeTpuro m3661a, JIMHy npobera
HOHOB M BEPOSITHOCTH MX BBIXOJIa HAa MOBEPXHOCTH 00-
pasua. OTcyTCcTBHE NOATOHOYHBIX KOA(QHUIIMEHTOB CBU-
JIETETCTBYET O TOM, YTO MOJENb 00J7aJaeT BBICOKON
CTETIEHBI0 YHUBEPCATHHOCTH U MOXKET ObITh NMPHMEHEHA
K Pa3IMYHBIM THIIAaM KEPaMHUK U YCIOBHH 00JTyueHHsI, He
TpeOyst IMIUPHUIECKON KaTNOPOBKH.

JJis penpe3eHTaTUBHOM 3aChITKH e00IOB (TONIIIHA
cnost ~9,5 MM) NOJTy4YeH JUana3oH CTAal[HOHAPHBIX MOTO-
KOB HOHOB TPUTUS U3 IPUIOBEPXHOCTHOIO CIIOS pa3Iny-
HBIX JINTHEBBIX KEPAMUK HA OCHOBE METATHUTAHATA JINTHS
B JKcIiepuMeHTax Ha peaktope BBP-K, xoropslii cocra-
Bun ot 3,07-107" 10 1,96-107'? mons/c.

B pabore omeHeH mapaMeTp CaMOIKPAHHPOBAHHS
6 = 0,32 KOTOpPHIi MOKA3BIBALT, UTO CAMOIKPAHUPOBAHHUE
B KE€paMHUKEe OKa3hIBaeT 3aMETHOE, HO HE KPUTHYECKOE
BIIMSTHHAE HA TIOTOK BBIACIISIOIINXCS HOHOB TPUTHS C TI0-
BEPXHOCTH: JTake IIPU «IUIOTHOI 3aCHINKe M006JI0B Ma-

KCHMAaJIbHBIE ITOTEPH HOHOB TPUTHUS HE MPEBBIIIAIOT OJI-
HOU TPETHU.

[Nony4eHHbIe pacyeTHbIE OLEHKH OYIyT UCIIOIb30Ba-
HBI JUISL OLICHKU OajlaHca TPUTHS B CUCTEME JUIs IIpOBe-
JICHHBIX PEAKTOPHBIX HKCIIEPUMEHTOB.
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Jlannoe uccreoosanue 610 npogurancuposaro Ko-
Mumemom Hayku Munucmepcmea HayKu u ebicuie2o 00-
paszosanusa Pecnyonuxu Kaszaxcman (No. BR21881930
«Peaxmopnuvle uccie0osarnus, HanpasieHHvie Ha obecne-
yeHue 6e30nacHoll u 3ppekmusHoll IKCnIyamayuu nep-
CNEKMUBHBIX SAOEPHBIX U TMEPMOAOEPHBIX dHepeemuyec-
KUX YCIMAHOBOKY).
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PEAKTOPJIBIK COYJIEJIEHY KAFJAUBIHJIA TUTU KEPAMUKACBIHBIH
BETKI KABATBIHAH °Li(n,0)T SIAPOJIbIK PEAKIUSICbI HOTUKECIH/IE
TY3JIETIH TPUTA UOHJIAPBIHBIH BOJTHYTH BAFAJIAY
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Jlutmii Herizinnmeri kepamukanapaan LirTiO; peakTopiblk coylielieHy jKaraaiblHIa OOJiHETIH TPUTHI HOHAAPBIHBIH
CTaLMOHAPIIBIK aFbIHBIH Oarajay OOWbIHIIA aHATUTHKAJIBIK HOTHIKEIIEp YChIHbUIFaH. HeHTpOH-TPaHCIIOPTTHIK ecenteyJiep
MCNP6 Garnapnamaceinna ENDF/B-VII.1 kiTanxaHachklH naiianaHy apKblIbl OpbIHIAJIBI XKaHe KepaMukaHbiH 650 °C
TEMIIEPATyPachlHIa JKOHE SKBUIYJIBIK HEHTpoHAapAbiH 5-10'° m/(cm?-c) aFblHBIHAA TipKeNreH in-situ ras0emiHy
HOTW)KEJIEPIMEH  CalbICTRIPbULIBL.  JlaliblHIAIFaH —ecenTik MOJeNb elKaHJal yinectipy koaddunueHTTepin
naiananOanabl KoHE HMOHAAPIBIH JKYPIC Y3BIHIBIFBIH, KepaMUKalarbl ©3iH-031 sKkpaHmay acepin (8 =0,32) xoHe
pEeKOMOMHAIS Ke31HET] KOFaNTyIapas! eckepeni. KepaMukamapaslH opTYpii H30TONTHIK KYPaMbl MEH THIFBI3IBIFBIHA
colikec anpraFaH T* aFbIHBIHEIH MOHAEpI 3,07 1073-ten 1,96-107'% momn/c apaibpIFeiHIa Oonabl. KepamMukanarsr e3iH-031
9KpaH/iay eceOiHeH aFbIHHBIH MaKCUMaJbl ToMeHaeyi 32%-naH acnaiiabpl. EcenTik jkoHe 3KCHEepUMEHTTIK HITHIKelep
apaceiHgarsl HT koMmoHeHTachl OOWBIHINA anmakTHIK 15%-7maH acmaigsl, OYJI TOCUINIH AYPHICTHIFBIH PacTai[IbL.
AJBIHFaH HOTHXKEJEp TEPMOSIPOJIBIK PEaKTOpIapAbIH ONaHKeTTepiHAeri TpUTHH OallaHChIH Oaraiayna MpaKTHKAJIBIK
MOHIE M€ XKOHE TPUTHUIIH OesiceHaipiiMelt OeTiHyiH ecKepe OTBIPHIN, KEPAMUKAJBIK P3I OOJIapIbIH KYPaMbIH JKOHE
OJILIEMIH OHTaMIaHIBIPYFa MYMKIHAIK Oepei.

Tyiiin co30ep: numuil Kepamuxacsl, HeUmponovl cayneieny, mpumui, eeauti, MCNPG6.
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UNDER REACTOR IRRADIATION CONDITIONS
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The article presents analytical results on the estimation of the steady-state flux of tritium ions released from lithium-based
ceramics Li>TiOs under reactor irradiation conditions at the WWR-K reactor. Neutron transport calculations were
performed in MCNP6 using the ENDF/B-VIIL.1 library and compared with in-situ gas release recorded at a ceramic
temperature of 650 °C and a thermal neutron flux of 5-10'* n/(cm?'s). The developed calculation model does not contain
fitting coefficients and takes into account the ion mean free path, the self-shielding effect in ceramics (& =0.32) and
recombination losses. The obtained values of T* flux from ceramics of different isotopic composition are 3.07-107" to
1.96:107'2 mol/s. The maximum decrease in the flux due to self-shielding in ceramics does not exceed 32%.
The discrepancy between the calculation and the experiment for the HT component does not exceed 15%, which confirms
the adequacy of the approach. The results are of practical importance in assessing the tritium balance in fusion reactor
blankets and allow optimizing the composition and size of ceramic pebbles taking into account the activation-free gas
evolution of tritium.

Keywords: lithium ceramics, neutron irradiation, tritium, helium, MCNPG.
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B pabore nccnenoBanuce u3MeHeHHsT MOP(OIOTUH M DIIEMEHTHOTO COCTaBa CIIABOB Ha ocHOBe cuctembl V-Nb-Ta-Ti
nocie o6myderus nonamu SYKr'>" ¢ sneprueit 147 MaB u duroercom monos 1-10'3-1-10' cm 2. O6HapyxkeHO, 9T0 06-
Jy4eHHE MOHAaMM KPHUIITOHA HE MPUBENO K 3HAYUTENIHFHBIM MOBPEKACHHUSIM MOBEPXHOCTH 00pa3noB V, VNb, VNbTa,
VNbTaTi kpome 0Opa3oBaHus TEMHBIX IIATEH U CKOJIOB, pa3Mep U KOJIHIECTBO KOTOPHIX yMeHbIIamuch oT V kK VNbTaTi.
AHanu3 METOZOM PHEPTOIUCIIEPCHOHHOM CIIEKTPOCKOIIUHN Ha PaCTPOBOM DIIEKTPOHHOM MuKpockore (POM-3/1C) moxa-
3aJI, 9TO COCTAB BCEX MCXOMHBIX 00Pa3IOB ObII OIM3KNM K 3KkBHaTOMHOMY. C ycioxkHeHHeM coctaBa oT VNbD k cpenne-
suTponmitHoMy caBy (COC) VNbTa, paguammoHHast cerperanys 3JIEMEHTOB B 00pa3lax yBeIN4mIach, HO IPH 3TOM
YMEHbIINJIACh B BBICOKOHTponHitHOM cruiaBe (BOC) VNbTaTi. Haubonbiiee n3mMeHeHne KOHIIGHTpaNuii Ob110 00HapY-
xeHo B ciutaBe VNDbTa, riae konneHTpanus Ta yBenuumiack Ha 18,5% (4,4 a1.% (aTOMHBIX IIPOIICHTOB)) IO CPABHEHUIO
¢ HeoOy4eHHBIM 00pa3sioM. OOHapykeHO, 4To B criaBax VNbTa u VNbTaTi cerperanus yCuInBanach ¢ yBeIHICHHEM
¢moenca, a B VNb cerperanuu gocturia muka npu 1-10 cm 2, a 3ateM yMenbmunack. C MOMOIIBIO aHAIH3a METOOM
Pesepdopmorckoro odparhoro paccesuus (POP) mokaszano, uto B oopasuax VNbTa u VNbTaTi, 061y4eHHbIX HOHAMHU
kpunToHa ¢ ¢uroencom 1-10" ¢cm 2 koHueHTpanus atomoB Ta yBennuuBanack ¢ riryOuHol Ha 33-34% (8,6—12 ar.%)
OTHOCHUTENIBHO UCXOAHOM KOHLEHTpauuu. Pesynprarel ananuza metogamu JIC u POP nokaszanu cxokue TEHACHLUU.
V3MeHeHHs KOHIICHTPANUi JIEMeHTOB B miputioBepxHOocTHOM cioe VNb, VNbTa u VNbTaTi anst Tsok€nbIx 2IeMeHTOB
Nb, Ta npeBocxoauian TaKOBBIE Y JETKUX. Paznudue B cerperaniyl 3JIEMEHTOB BEPOSTHO CBA3AHO C PAa3HUIIEH B HCKaXKe-
HHUHM PEIIETKH, JTOKATbHBIM XUMHIECKAM COCTaBOM, Pa3HOM 3aBUCHMOCTBIO MUrparuy atomoB V, Nb, Ta, Ti ot Bakancuit
1 Mexa0y3nuil. O0MydeHre HOHAMH KPHUITTOHA TIPUBEIIO K panuannorHoi cerperamuu B COC VNbTa u BOC VNbTaTi,
HO pachpeiesieHHe 3JIEMEHTOB MO TOBEPXHOCTH 00pa3iloB HE 00pa3oBajio BBIpaXKEHHBIX oOsacteil cerperamuu. BOC
VNbTaTi mposiBuI OONBIIYI0 YCTOWYHBOCTh K PaJHAI[MOHHOMN Cerperaium.

Knrouesvte cnosa: 6viCOKOIHMPONuUiiHble CHIAGLL, 0OYyHeHUue UOHAMU, PAOUAyUOHHble OepeKkmbl;, PaAUaYUOHHAsS
ceepezayusi, eMEHMHbIIL AHAU3.

BBEJIEHUE

B HacTosmee BpeMs I yBETHUEHHS HAAEKHOCTH U
CpoKa CIy>KObI KOHCTPYKIIMOHHBIX MAaTEPHAIOB HOBBIX
peakTopoB IV-ro mokoneHus HeoOXoamMa pa3padoTKa
HOBBIX MAaTEPHANIOB C IMOBBIIICHHONW paIuallMOHHOMN
CTOWKOCTBI0O W TPOYHOCTHI0. OHH JOJKHBI COXPAHSThH
[EJIOCTHOCTh CTPYKTYp M MEXaHHYECKHX CBOUCTB IPH
MOBpeXXAaomMX n03ax paauauuud ao 100-200 cmeme-
HUH-Ha-aTOM (CHA) M TOBBIMIEHHBIX TEMIEpaTypax J0
300-1000 °C [1, 2].

BricokoanTponuiineie criaBel (BOC) u cpenHesn-
Tponuiteeie ciutaBel (COC), OCHOBaHHBIE HA TYTOILIAB-
KX MeTaJu1ax ¢ 00BEMHO-IIEHTPUPOBAHHON KyOUIEeCKOM
(OLIK) pemérkoif, COXpaHAIOT BBICOKYIO TBEPJIOCTH H
IIPOYHOCTH TP BBICOKHX TEMIlepaTypax M jo3ax o0y-
YeHUs1, yCTOMUUBOCTh K KOPPO3UU U BBICOKYIO TPELIUHO-
croiikocts [3]. 1o 3TUM mapameTrpaM OHU MOTYT KOHKY-
pHUpPOBATh C TPAJULMOHHBIMHU CILIaBaMH, TAKMMU KaK He-
pxaBetomias cranb 316H [4] u crmaB V-4Cr-4Ti [S] u
BOC Ha oCHOBe TpaHEICHTPHUPOBAHHONH KyOW4ecKoit
(I'IK) pemetkwu [3]. Taxxe, snementsl V, Cr, Ti, Ta, Hf,

conepxamrecst B OLIK BOC, numeror ObicTphIii criaja Ha-
BEJEHHON aKTUBHOCTH U MAaJlO€ CEYECHME 3axXBaTa HEU-
TpoHOB 110 cpaBHeHUto ¢ Co [3]. [losTomy B mocieanee
BpEMsI PacTET KOJIMUECTBO MCCIIEIOBAHNI MOCBSIIEHHBIX
OLIK B3C u COC.

BOC cocTosT U3 4eThIpEX-IATH U O0Jiee METaJUIOB,
coZIep’KaHNE KOTOPBIX B CIUIABE OJIM3KO K 3KBHATOMHO-
My, © HAXOJHTCS B Tuamna3oHe 5—35 at.% (aTOMHBIX 1po-
1eHtoB). OHU 00pa3yrOT pa3yHoOpsIOYCHHBIC TBEPIBIC
pacTBOpbI 3aMellieHus. biarogaps BbICOKOW KOH(pHUTYpa-
LIUOHHON FHTPONHUH ASionp > 1,5 R, B BOC MurnMu3u-
pyroTcs m3MeHeHus 3Heprun I n60ca u TBEPIBII pacTBOP
TEPMOJANHAMUYIECKH YCTOWYHB K YIOPSAOYMBAHUIO TIPU
BBICOKUX TeMmepaTypax. CpelHeIHTPONUIHbIE CILIaBbI
obyazatoT KOH(HUTyparMoOHHON SHTponuei
1,0 < ASKOH(I) < 1,5 R [3]

V3meHeHust MUKPOCTPYKTYPHI, pactial ¢a3 u oopazo-
BaHME BTOPUYHBIX (a3, paJualiMOHHas Cerperarus Bo3-
HUKAIOT NpU OOJIy4YEeHUH M MOTYT IPUBECTH K OXPYIT4H-
BaHUIO CIUIAaBOB. PaamarmoHHas cerperamusi IpOHMCXO-
JIUT, KOTJIa IIpH OOJyYeHUH paclpeielleHHe aTOMOB OIl-
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pelnenéHHBIX 3JIEMEHTOB B MHUIIECHH OTKJIOHSAETCS OT HC-
XOJJHOTO BCJIEACTBHE HEPaBHOMEPHOCTH NOTOKOB aTo-
MOB MHIIEHH U JIe(hEKTOB K CTOKaM, TAKUM KaK TPaHUILIbI
3épeH, Knactepsl AedexTos [3].

Bonpmyto ycroitunBocts OLIK BOC k panuanuon-
HOH cerperamuu 1o CpaBHEHHIO ¢ OOBIYHBIMH CIUIaBAMH
CBSI3BIBAIOT C (PaKTOpaMH, KOTOPBIE 3aBHUCST OT CJIOKHO-
CTH COCTaBa CIUIaBa U TUIIA €TO HJICMEHTOB.

[epBrrit (hakTOp — 3aBHCHMOCTH SHEPTHU 00pa30Ba-
HUS Ie(DEeKTOB OT NCKAKCHUS PEIIETKN U JIOKAJIbHOH XH-
muaeckoit paykryanuu. B OLIK BOC uckaxenune kpu-
crayummdeckoit pemérku Oompire weM B I'LIK BOC, gro
BJIMSICT HAa SHEPTUI0 00pa30BaHUs U CTAaOMIILHOCTD TOYe-
4yHBIX aedekToB [3, 6]. B axkBuaromusix BOC, B oTianune
OT HEIKBHATOMHBIX MaKCUMaJbHO YBEJINYeHa KOHHTY-
palMoHHAst SHTPOIUS U HEYHOPIJOYEHHOCTh, U3-3a YEro
SHepruu eGeKToB OOoJIbIIE 3aBUCAT OT JOKAIBHOIO XHU-
MHYECKOT0 OKPYKEHHs M KOHIIEHTPAIH OIpe/e/ICHHO-
ro anmeMenTa [7]. B takux OLIK BOC, kak VTaTi, VTaW
[7]m VTaCrW [8] Mexa0y3aus U MX KIacTepbl CKIOHHBI
00pa3oBBIBATECSI M3 aTOMOB MEHBIIETO pa3Mmepa, 4TO
MIPUBOJNT K cerperanuu atoMoB V, Cr, a sHepruu odpa-
30BaHUs BaKaHCHUI MCHBIIIE 3aBHUCST OT pa3Mepa aTOMOB.

Bropoii ¢akTop — 3aBHCHMOCTh SHEPTUH MUTPALUH
neGeKTOB OT MCKAKEHHs PEIETKH U JIOKAIbHONW XHMH-
yeckor paykryaruu. B BOC sHeprun murpaunu aedex-
TOB B CBSI3U C MEHSIOIIUMCSI XMMHUYECKHM OKPY>KEHHEM
MIPEJCTAaloT B BUJIE pacipeeneHus. HexoTopsele nmososxe-
Hus B perretke BOC 6onee 3h(hekTUBHO 3aXBaThIBAIOT
nupoyHaupyomue nedeKThl H3-3a Pa3IUYaroIerocs
JIOKJIBHOTO XMMHYECKOTO COCTaBa M HEPAaBHOMEPHOTO
pacIipeseneHus SHepTUU MUTPAIMH, TEM CaMbIM 3aMe-
Js1st IepeMentienue 1e(ekToB u crocoOCTBYsl peKoMOu-
Harwu [5, 7]. B OUK BOC muddysus Bakancuii cTaHo-
BUTCS OBICTpee, a MUTPALUS MEXKA0Y3/INH 3aMeIsIeTcs
10 CPaBHEHMIO C YHCThIMU MeTaitamu [3]. [Ipu yciaoBun
paBHO# Tuddy3nun BakaHCHI IS 3JIEMEHTOB CIIIaBa, ce-
Tperamus 3aBUCHUT OT CBS3U MEXI0Y3JIHH C aTOMaMH, 9TO
MIPUBOJUT K CErperaiy ONpeeSICHHbIX THUIIOB aTOMOB
OKOJIO TOBEPXHOCTH, I'PAaHUI] 3¢peH U JPYTUX CTOKOB.
Hanpumep, B NbZrTi sneprun o6pa3zoBaHusi BAKAHCHI
MEXIOY3IHid HIDKe, nudQys3us BakaHCHU ObicTpee, a
mudPy3ust MeKIOY3IMHNH MeuIeHHee, 9eM B Nb. ATOMBI
Ti OsicTpee mepemenaroTes 3a CUeT TuQPy3un BMecTe ¢
Mexnoy3amsiMu yem Nb u Zr [6]. B BOC, comepxammx
V, Cr, IOTOK MEXIO0Y3JIUil 1 COOTBETCTBEHHO MX HAKOII-
JICHWE B CTOKaX CBS3aH C TMMH aroMamH [8], 4Tto Obu10
MTOJITBEPKIEHO MX OOOTAIIeHHEM OKOJIO TPaHHMI] 3EpeH
npu obmyuernn WTaCrV [9]. Bonbmee nckaxxeHue pe-
LIETKHU ¥ IPUCYTCTBHE JIOKAIbHBIX XUMUYECKUX (DIYyKTY-
Al CIOCOOCTBYIOT 3aMeUIeHUI0 T dy3un 1e(eKTos,
YMEHBILEHUIO Pa3HUIbI B SHEPTHAX MUTPALIMU BaKaHCU I
U MEXJIO0y3/IUi, yCUInBas peKOMONHALUIO 1e(EKTOB U
nojarisis oOpasoBanue myctoT [6, 7]. Takum oOpazom,
NCKa)KeHNE PEUIeTKH W M3MEHEHHs THIa OJIM)KHUX aTo-
MOB BJIMSIOT HAa CErperanuio 4epe3 U3MEHEHUEe MOToKa
Je(PEKTOB K CTOKaM.

Tperwii paxrop — orpaHudIeHHOE B 00BbEME paccemnBa-
HUe 2HepruM kackana B BOC, Tak Ha3pIBaeMbIi «Temyo-
Boil mux». M3-3a uckaxenus pemérku B BOC Bo Bpems
Kackaza y nap ®@peHkens MOXXeT ObITh OOJIbIIIE BpEMEHH
W SHEpPIuu, NOCTYIHBIX Ui PEKOMOHMHAIWU JieeKTOB
[3]. Kpome Toro, mpenmnoaraercs, 4To BRICOKHUE HaIpsi-
xeHus B BOC Mexay aTomaMu M3-3a pa3HULEI B pa3Me-
pax cnocoOCTBYIOT aMOp(H3auy BO BPEMsI TEILIOBOTO
mika u pexpuctaumzanun BOC, npensrcTBys oOpaso-
BaHHMIO PACIIMPEHHBIX Ie()EKTOB, HAIPHMEp, AUCIOKa-
muii [10]. Ho B takmx OIIK BOC kak NbZrTi [6] u
VTaCrW [8] sueprernueckue Oapbepsl a1 oOpa3oBa-
HUSI TOYEYHBIX JAC(PEKTOB OTHOCHTEIHHO HU3KHU, U MOC-
JIEICTBUSI B3aUMOJEUCTBHUS 3THX JBYX MEXaHH3MOB Ma-
JIOU3y4EHHBI.

PaguanuonHas cerperaiyst MOKeT IPUBECTH K U3Me-
HEHHMIO IIEJIOCTHOCTHU U )KejaeMbIX cBoiicTB BOC, HO uc-
CJIeZIOBAaHUM 3aBUCHUMOCTH CETperalvu OT THMA U KOJIU-
YEeCTBA COCTABJIAIOIINX 3JIEMEHTOB OBUIO OOHApPY>KEHO
mano. s LK maTtepuanoB ObUTO IMOKa3aHO yBeIHYe-
HHUE PaJUallIOHHONW CTOMKOCTH IPH YCIOXKHEHHUU COCTa-
Ba oT Ni k CrFeCoNi 3a cuér 3amemenus muddysun nre-
¢exroB [3]. Omnako mist OLIK BOC 6v110 00HApYRKEHO
MEHBIIE NMOJOOHBIX MCCIEA0BaHNH, 1 OHH (POKYCHpOBa-
JINCh Ha BIMSHUW 3aMEHBI 1—2 3]IEMEHTOB, HaIPUMED,
cpaBuuBas TiVZrTa u TiVNbTa, unu cpaBHenun BOC ¢
YUCTHIMU METAJlIaMH, TakuMu Kak V, Nb [6, 11]. Bosb-
umHCTBO Hecienoannii OLIK BOC dokycuposaniocs Ha
BIIMSTHUM COCTaBa Ha MEXaHMUECKUE CBOWCTBA, TAKHE KaK
paauanroHHoOe ynpouHeHue [3].

Takxe MHOTHE HCCIEAOBAHUS IO CeTperanyy IMpoBoO-
JIMJIHCH TIPH TIOBBIIIIEHHON TeMIIepaType, KOrja yCHIInBa-
10TCs cBsA3aHHbIE ¢ Anddysueii nporecchl peKOMOMHAIINT
u cerperauuu [3]. Hanpumep, aBrops! [9] nokazanu, uyto
ocaxxieHue B Takux ciutaBax kak WTaCrV cBs3aHo ¢ Tep-
MOJMHAMHUYECKUMH cuiami, U cerperanus Cr, V k rpaHu-
I[aM 3epeH NMPOUCXOANIIA IPH HaYaIbHOM OTXKHTE, a 001Ty-
YeHHE YCHIIWIO €€ M CIIOCOOCTBOBAJIO 0Opa30BaHUIO BHI-
JieTIeHUH TaHHbIX J1eMeHTOB. [Tpu 00myueHnH TSHKENBIMU
MOHAMH TIPY HU3KUX TeMIlepaTypax, pa3BUTHE KJIACTEPOB
nedexroB B BOC u 00bIYHBIX MeTasIax/CIijlaBaX MOXKET
ObITH cxorxe. Hanpumep, pu o6aydennu NbTaV u V mpu
50 K 6b111 0O0Hapy>KeHBI CX0KHE pa3Mephl KJIACTEPOB Je-
¢extoB [12] a B CoCrMnFeNi u cramu 316H npu 573 K
HaOJIIO/IANTNCh CXOXKHE KOJIMIECTBEHHAs IIOTHOCTh U Pas-
Mep JUCIOKALMOHHBIX MeTenb [4].

Hcxons n3 3TOro BayKHO HMCCIIEIOBATH CBA3b MEXKIY
YCTOMYMBOCTBIO K CErperauu MpH 00JIydeHIH U COCTa-
BoM BOC/COC. Obnyuyenne OLIK BOC npu HU3KO# TEM-
mepaType M pa3HbIX (QUIFOEHCAaX MO3BOJHUT CKOHIEHTPHU-
pOBaThCS HA BIMSHUN PAaJHallMOHHBIX IPOIIECCOB Ha ce-
rperamuio. Takum o0pa3oM, MOXKHO OyIeT cO3/1aBaTh
CIIaBbl C HEOOXOJIMMBIMU CBOMCTBAMH YCTOWYMBBIE K
YXYIILEHUIO TPOYHOCTHBIX XapaKTEPUCTHUK MU 00Iyye-
HUH.

B nanHo# craThe cIUIaBbl Ha OCHOBE V, BKJIIOYAs
C3C VNbTa n BOC VNbTaTi, 0butn 00:1yueHbI BEICOK-
O9HEPreTHYeCKUMH MOHaMHu KpunrtoHa. [IpexcraBieHsl
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PEe3yJIbTaThI HCCIICIOBAHMS YCTOMINBOCTH JAHHBIX CILIA-
BOB K Pa/IMal[IOHHO} cerperanny B 3aBUCHMOCTH OT CO-
cTaBa u (IItoeHCca HOHOB.

MATEPHAJIBI U METO/IbI

Banamuii u ero crmasel VNb, VNbTa, u VNbTaTi
ObLTH ONy4eHB! B [IeKWHCKOM MHCTHUTYTE TEXHOJIOTHH
U3 BBICOKOYHCTHIX (>99,9%) MOpOIIKOB METAJIIOB C TO-
MOIIBIO 3JIEKTPOYTOBOM INIaBKHU C MOCIEAYIOIeH roMo-
reHuszanueit u orxurom npu 1150 °C B Teuenue 24 u 72
4acoB C IPOMEKYTOUHOH X0JIOAHON npokaTkoit [13].

OO0pa3ip! 00Iyyaii Ha YCKOPUTENE TSKEIbIX HOHOB
DC-60 B AcranunckoM ¢unmnane MHCTHTYTa saepHOM
¢usukn (Kasaxcran) [14] momamu kpunrona 3'Kr'>" ¢
sHeprueil 147 MsB ¢ ¢moencom monos 1-10°-1-101
cM 2 ipu komHatHol Temmeparype (KT). Bribop monoB
00JryueHns CBsSI3aH C TE€M, YTO HOHBI KPUIITOHA BO3HHKA-
10T B SEPHBIX PEAKTOPaxX ACICHUS B KaUeCTBE IPOIYK-
TOB pacrnaja saep, ¥ MPUBOIAT K Pa3pyLICHHIO ITOBEPX-
HOCTHOT'O CJIOSI MATepHAJIOB PeaKkTopa.

Jis ompezneneHus COCTaBa M PacHpelesieHUus 3Je-
MeHTOB 110 riryoune B VNb, VNbTa, u VNbTaTi npume-
Hsuicsl MeToll PesepdopaoBckoro oOpaTHOro paccesHus
(POP) Ha KOJUIMMHPOBAHHOM ITy4YKe HOHOB a3oTa '“N?* ¢
sHeprueit 14 MaB nHa nuknorpone DC-60. [Ing perucrt-
panuu 00paTHO pacCesiHHBIX MOHOB IMPUMEHSUICS IOJYy-
MIPOBOTHUKOBEIN MOBEPXHOCTHO-OapbepHbIid Au-Si ne-
TeKTOp ¢ miomansio 50 MM?> W paspelieHHeM JHEPTUH
paBHbIM =11 k3B. Yron peructpauuun POP cocraBnsin
20° oT myYka HOHOB W HOPMAJH K MHIICHH (YTOJI pacce-
staAs 160°). OTHOCHUTEIbHAS TOTPEITHOCTD AIEMEHTHBIX
koHueHrpauuii BOC cocrasisna menee 6% u Oblia pac-
CUYMTaHa U3 JAHHBIX SKCIIEpUMEHTa. /[ aHamm3a CreKT-
poB POP u pacuéra pacnipeiesieHus 2JIEMEHTOB IO CI0SM
Obuta ucnonb3oBaHa nporpamma Rutherford Universal
Manipulation Program (RUMP) [15].

Mopdosoruss n 3j1€MEHTHBIH COCTaB MOBEPXHOCTH
00pasIoB HCCeI0BaIach METOJJaMH PACTPOBOM 3JIEKT-
porHo#i Mukpockonmu (POM) u 3HEeprOANCIIEpCHOHHON
cnekrpockoruu (POM-3/1C) Ha 3MeKTPOHHOM MHKpO-
ckone Hitachi TM3030. Yckopsromiee HanpsHKCHHAE CO-
ctaBisiio 15 kB, ncnosnb3oBancs MOIyIpOBOIHUKOBBII
sHeproaucnepcuonubiii Si (Li) gerexrop.

Pacuér panmaliioHHBIX TOBPEXACHUH (cMeIleHuii-
Ha-aTOM, CHa) W KOHILEHTPalWil MMITaHTHPOBAHHBIX
aTOMOB (aTOMHBIX MPOIICHTOB, aT.%) OBLT MPOBEAEH C
UCIONb30BaHueM mporpammbl Stopping and Range of
ITons in Matter (SRIM-2013) [16] B peskuMe TIOTHOTO Ka-
ckaga. Iloporosele 3HEpruu CMeEIIEHUS aTOMOB U3 pe-
meérkn  Obumm  B3ATHI  paBHbIMH  Eq(V) =40 3B,
E4(Nb) = 60 3B, Eq(Ta) =90 3B, Eq(Ti) =30 3B [17].

PE3YJILTATHI U OBCYKJIEHUE

Pesynpratsl pacdera B nporpamme SRIM paanarm-
OHHBIX TOBpEeXICHUH B oOpasmax V, VNb, VNbTa u
BOC VNbTaTi, 06yuennsix nonamu $*Kr'>* ¢ aneprueit
147 M5B ¢ duroercom nonos 1-10'° cm 2 npejcTaBieHb!
Ha pucyHke 1. CoriacHo pacyéraMm MaKCUMYM pajinany-
OHHBIX MOBpEXAEHHH mNpuméncs Ha ciuaBel VNb u

VNbTaTi, rae mux MOBpeXXACHHWH OBUI paBeH OKOJIO
2,4 cHa Ha rnyoune 10,4 MmxM. B 00Opasie V nuk mospe-
XKIICHUH OB paBeH 2 CHAa M HaXOJUJICS Ha HauOOJbILIeH
riyoune — 11 mxm. B VNbTa nuk nospexaenuit 6611 pa-
BeH 2,1 cHa M HaxoauTcs Ha riryoune 9,7 MkM. Makcu-
MYM KOHIEHTPAalMi HMMIUIAHTHPOBAHHOTO KPHIITOHA
npubauzurensHo pasHsuics 0,02 aT.% Bo Bcex oOpasnax.
[lonoxeHne NMKOB MOBPEKIACHUN U UMILIAHTALIMK CMe-
IICHO OTHOCUTENHHO V B CBS3H C IDIOTHOCTHIO, KOTOpast
Hanbonpmras 8 VNbTa — oxono 10,63 r/cm?, 1 HanMeHb-
masi B BaHaIuH — 5,96 r/cm>.
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Pucynok 1. Pacnpedenenue: nogpexcoaroueti 003vl (a) u

UMNIAHMUPOBAHH020 Kpunmona (6) é oopasyax V, VNb,

VNbTa u BOC VNbTaTi, obnyuennvix uonamu S*Kr'>* ¢
onepeueti 147 MaB ¢ ¢pmioencom uonos 1107 cm™?

Cornacao pacuéry B SRIM npober nonos Kr ¢ snep-
ruei 147 MhB B VNbTaTi cocraBmser o0KoJO
10,43 mxm. [IpeoOmamaroT 3JIEKTPOHHBIE TIOTEPH JHEP-
TUH, KOTOpbIe cocTaBisioT 20,39 MaB/mMkM, a simepHbIe
norepu paBHbI 55,78 kaB/MkM. Ha pucynke 2 nokaszan
rpadMK BeJIMYMH MOHM3ALMOHHBIX OTEPh BJIOJIb TPAEK-
TOPHUHU BMKCHHUSI MOHOB B CIUIaBaX B 3aBHCHMOCTH OT
INIyOMHBI, PAacCUMTaHHBIH C MOMOIIBIO HPOIPAMMEI
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SRIM-2013. BuzaHo, uto npu nobOaBieHUN Ooiee TaKE-
nbIx aneMeHToB (0T V k VNbTa) nonnzanuonnsle mnore-
pu yBenuuuatotcs: B VNbTa onu Ha 16,7% Bblie, yem
B YHCTOM V, a COOTBETCTBYIOILIME KPUBBIE CMEIAIOTCS
BJIEBO — TO €CTh HOHBI TEPAIOT OOJbIIIE SHEPTUH B Hadaje
IyTU ¥ PacXoJl FHEPTrUM Ha MOHU3AIUIO JOCTUTaeT MU-
HHUMyMa Ha MeHblel rinyoune. B cruiae VNbTaTi, Ha-
pOTHUB, HOTepH Ha 8,2% Hivke 1Mo cpaBHeHHIO ¢ VNbTa.
W3MeHeHHe COOTHOLIEHUI KOMIIOHEHTOB B COCTABE JIaH-
HBIX CIUTABOB OKAa3bIBA€T JIMIIb HE3HAYMTEIHLHOE BIIHS-
HHE Ha BEINYNHY HOHU3AIMOHHBIX IIOTEPb.

2500
T v
< 2000 A
3 —VNb
= —VNbTa
—
Z 1500 1 ——VNbTaTi
4
=
£ 1000
53
4
=
& 500
5
=
=
0 : ' : : . ,
0.0 2.1 4.1 6.2 8.2 10.3 12.3
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Pucynoxk 2. Honuzayuonnvie nomepu npu ooxyyenuu V, VNb,
VNbTa u VNbTaTi uonamu $*Kr'>* ¢ onepeueii 147 M>B.

Ha pucynke 3 npencTaBiaeHbl pe3ysbTaThl HCCIENO-
BaHMS IMOBEPXHOCTH O00pa3IoB, MOJYYCHHBIE METOAOM
pacTpoBoii AMEKTPOHHON MHKpOCKOHH. BuaHo, 9T0 00-
Jy4eHHe HOHaMHU KPUIITOHA 00pa3IoB IIPUBEIIO K 00pa3-

a) 20 MKM 0) 20 MEM
~ & o ¥ N
=
e St Y %
“’/v : 4 o
) 100 MM © 100 mxm

OBaHHIO HA TIOBEPXHOCTH TEMHBIX A€(EKTOB B BUZIE CKO-
JIOB M BIIaJIMH, KOTOPBIE JOCTUTIH HauOOJBIIUX pa3me-
poB (4 mxm) B V. Ilpu 3TOM pasMep M IUNIOTHOCTH KOJIH-
YeCcTBa CKOJIOB YMEHBLIAJIHUCH C YBEIMYCHUEM CIIOKHO-
ctu cwiaBa oT V k VNDbTaTi. Yacts nedekros Ha mo-
BEPXHOCTH 00pa3loB ObUIa CBsA3aHA C MOBPEXKICHUEM H
pacIibUIeHHEM MOBEPXHOCTH H3-32 OOMOapIUpOBKH BBI-
COKOJHEPTeTHYECKUMH HOHAMH KPHIITOHA, a Jpyras
4aCTh MOBPEXKICHUH IIOBEPXHOCTH, IPUCYTCTBYIOIIAS Ha
HeoOTydeHHBIX 00pa3max, BEpOsSTHO, SBILIIACH MEXaHU-
YECKOM.

[omy4eHHBIE NaHHBIE CBHICTENBCTBYIOT O BBICOKOH
panuanuoHHo# croiikocTu moBepxHoctd BOC VNbTaTi
K OOJIy4eHHIO BBICOKOIHEPIeTHYECKMMH HOHAMH KPHII-
ToHa. B pabore [18] B cinase Ti-6Al-4V nipu o0nydenun
nonamu ' Xe npu KT ¢ droencom nonos 2-10' cm2 ne
ObUIO OOHApPY)KEHO W3MEHEHHE CTPYKTYpBI MOBEPXHO-
cru. [Ipu oGnyuennu obpaszua V HeifrpoHamu ¢ ¢uitoeH-
com 2-10'7 cm? m omkure [19] o6pasoBanocs GoIBLIIOE
KOJIMYECTBO KJIACTEPOB IE(EKTOB pa3MEpOM MEHeEe
100 HM, a UX IDIOTHOCTH yBEIHUYMBANACH C (DIFOCHCOM
HEWTpOHOB. B Hamem ciydae roeHca HOHOB KPHUITTOHA
OBIIO HEOCTATOYHO AJIsI 00Pa30BaHMUs KIaCTEPOB.

PaccMoTtpum BiusiHUE 00TydeHNSI HOHAMH KPHUIITOHA
Ha TIOBEpXHOCTHOE paclipe/iejieHHe JIEMEHTOB B 00pas-
max V, VNb, VNbTa u BOC VNbTaTi. Ha pucynke 4
MOKa3aHbI DJIEMEHTHBIE KapThl paclpe/ieieHHs B TOBEPX-
HOCTHOM CJIO€ B HEOOJIy4EHHBIX M 00JTyUeHHBIX HOHAMHU
KpHIITOHa 00pa3iax. McxomHbie 00pa3ibl UMEIOT OJTHO-
pOJHOE pacrpeziejeHUe 3JIEMEHTOB IO IOBEPXHOCTH.
ITocne oOGsmydyeHNST BBICOKOIHEPTETHUECKUMH HOHAMHU
KPHIITOHA OJTHOPOIHOCTD PACIPENICIICHHS JIEMEHTOB T10
TTOBEPXHOCTH COXPAHMIIACH.

20 MkM T)

20 MM

S

100 mxm  3) 100 Mxm

Pucynox 3. POM mukpogpomoepaghuu nosepxnocmu obpasyos V, VNb, VNbTa u BOC VNbTaTi (koronku cieea nanpaso):

Heobnyuennvix (a—2) u obnyuennvix uonamu SKrl>*

c onepaueii 147 MaB ¢ ¢pioencom 1-107° cu™? (0-3)
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Pucynox 4. POM-3/]C snemenmuvie kapmol noepxnocmu 6 neobnyuennvlx obpasyax (a, 6, 0) u obnyuennvix uonamu S Krl>*
c onepeueti 147 M>B ¢ ¢nioencom 1107 cm™2 (6, 2, e): VNb (a, 6), VNbTa (6, 2) u VNbTaTi (0, e)

CornacHo pe3yibTaTaM aHaim3a MeTojoM POM-
O/IC, npencraBieHHBIM B Tabmuiie 1, coctaB 00pasios
ocyie 00JTyYeHHSI HOHAMH KPUIITOHA OCTAJICS OJU3KUAM K
9KBHATOMHOMY. TakuM 00pa3oM, HCCICIOBAHUE OdJie-
MEHTHOTO COCTaBa MOBEPXHOCTH 0OPa3IOB mocie 001y-
yeHus: hoHaMHu KpunrtoHa mMetonoM POM-DJIC He BbI-
SIBHJIO 3HAYUTEIBHOMN paJHallMOHHOW Cerperalfy dJie-
MEHTOB.

Ha pucynke 5 npeicTaBiieHbl OTHOCUTEIBHEIC H3ME-
HEHHsS KOHIICHTPAlUH 3JCMEHTOB, PaCCYUTAHHBIC IIO
JIaHHBIM TAONUIEI 1. AHAMW3 PUCYHKA 5 TOKa3al, 4To B
crmiaBe VNb xoHnenTpamnus V nagana, a Nb yBenuauBa-
J1ach ¢ pocTOM (DIFOCHCA HOHOB KPHIITOHA, & HAUOOJIb-
1ee M3MEHEHHE KOHIICHTPAIUK 3IeMeHTOB B VNb 1po-
monwto npu Qumoence 1-10" em 2, mocturays 7,6%
(3,8 at.%). Yeenuuenue Quroenca g0 1-10' cm? mpuse-
JIO K YMEHBIICHHUIO IOBEPXHOCTHOM cerperanuu B VNb u

M3MEHEHHUIO KOHIEHTPAIH OJIMKE K 3HAUEHUSAM HCXOJI-
HBIX 00PAa3IOB B Mpejesiax MOrpeIHOCT .

Haubosnbias cerperamus B VNbTa Obuta BeisiBiicHa
npu pmoence 1-10" cm2, korna conepsxanue Ta ysenu-
yunock Ha 18,5% (4,4 at.%). Konuentpamus Ta He me-
HAJach B IIpelelax IIOrPElHOCTH 10  (uroeHca
1-10' cm2, mpu 3TOM 3HaueHus kouuentpanuu V u Nb
kosebamuck okoo ucxonubx. B VNbTaTi Hanbombmas
cerperais  Oblla  oOHapykeHa npu  (aroeHce
110" cm 2, xorma comepkxanume Ta yBeIMYWIOCH Ha
9,7% (1,8 a1.%). Ho B VNbTaTi cerperarus yMeHbIIH-
nace npu yBenumuenun ¢(umoenca ¢ 1-10% cm? no
110" cm™2, a 3areM yBenuuwiaach OpH  (IIIOEHCE
1-10" cm 2. B mesnom, B TPOMHBIX ¥ YETBEPHBIX CIUIABAX
cerperanys yCHiInBaiack ¢ ¢uroeHcoMm, a B VNb cerpe-
ranus JOocTura nuka npu 1-10' cm2.,
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Tabauya 1. Konyenmpayuu s1emMeHmos 8 UCXOOHbIX U
obnyuennvix uonamu kpunmona SKr'>* ¢ onepaueii 147 M>B
obpasyax, nonyuennuvle ¢ nomowyvio POM-37]C

KoHueHTpaums anemeHTOB, at.%

O6pasubl -

v Nb Ta Ti

VNb (ucxogHbii) 49,9+0,5 | 50,111 - -

VNb (1-10% cm™2) 488404 | 51,2+1,0 - -

VNb (1-10™ cm-2) 46,1+0,3 | 539+1,0 - -

VNb (1-10% cm-2) 49,6+0,7 | 50,411 - -

VNbTa (cxoaHbli) 36,840,1 | 39,74#0,3 | 23,50,2 -

VNbTa (1-10%3 cm-2) 349401 | 42,140,3 | 23,040,2 -

VNbTa (1-10% cm-2) 40,4404 | 37,1108 | 22,5+0,8 -

VNbTa (1-10%5 cm-2) 37,4402 | 34,7£0,3 | 27,940,3 -
VNbTaTi (ucxopHei) | 26,0+0,1 | 27,6+0,2 | 18,4402 | 28,001
VNbTaTi (1:103 cm2) | 24,8401 | 27,140,2 | 20,2+0,2 | 28,0+0,1
VNbTaTi (1:10"% cm2) | 27,640,3 | 26,9+0,7 | 16,9+0,8 | 28,740,3
VNbTaTi (1:10'5cm2) | 25,040,1 | 26,14£0,2 | 20,2+0,2 | 28,740,1

B TpoiiHoM u deTBepHOM CcCIIaBe IpH (hIrOCHCE
1-10" cMm? Takke yMeHBIDAIUCh KOHIEHTpamuu V, a
npu Oojee BBHICOKHX (pIIroeHcax HaoOOpOT KOHIEHTpa-
nun V yBennuuBaiuck, a Nb ymenpmanuce. B VNbTaTi
HamboIee 3aMeTHOI ObLTa cerperamus V u Ta, a KOHIICH-
Tpa Nb u Ti MeHsUTHCh B Ipenesiax MOTPEIIHOCTH.
CTOUT OTMETUTb, YTO cerperauus Oonee Tspxénoro Ta
npeBocxoamia cerperaunio Ti u V npu ¢iroence HOHOB
KpHITOHA, paBHoM 1-10'5 cm72,

Takum o6pazom, anamuz POM-DJIC mokasan, 4To
KOHLIEHTpaLuK OoJiee JETKMX 3JIEMEHTOB YMEHBIIAIUCH
WIN MCHSAJINCh HE3HAYUTEIHHO MPU BBICOKOM (IIIOCHCE,
a koHIeHTpaiysa Ta pocna. Ilpu sTom, pacnpenenenue
3JIEMEHTOB 110 TIOBEPXHOCTH 00pa3IoB OCTAIOCH OJHO-
POIHBIM.

OtaenbHBIE 00IACTH Cerperany He OBIIM BBISBIIC-
HBI, @ I3MEHCHMS KOHIICHTPAIIUi 3JIEMEHTOB B TIOBEPXH-
OCTHOM cJI0€ OBbIIIM B paMKax 3HaYeHUil U3 PYrUxX M0X0-
KUX uccienoBanuii. Hampumep, npu oOnydeHnn noHa-
mu Kr c oueprueit 145 MaB ¢ QuioeHcoM HOHOB
1-10' ¢cm2 B VTaTi Gbu1a 0OHapyKeHA OKAIbHAS CET-

v Nb v
21.0% - 21.0%
17.5% - 17.5%
14.0% - 14.0%
10.5% - 10.5%
= 7.0% = 0%
= 35% o 3.5%
< 0.0% < 0.0%
-3.5% -3.5%
-7.0% -7.0%
-10.5% - -10.5%
-14.0% -14.0%
=102 33
a)

Nb

peramust, gocturaromas 12,7%, a 8 HINbZrTi ona moc-
turana 14,2%. B o6oux BOC 00pa3oBauch KIaCTEPHI C
MOBBIICHHBIM conepxkanueM Ti [S]. [Ipu o6mydenun W-
Ta-Cr-V nonamu Kr'? u Cu’ ¢ smeprueii 1-3 MaB cer-
peratms Cr u V B BbIIEJICHUIX TOCTUrana okoio 75%
(30 ar.%) [9].

CornacHo pacuéram SRIM, ocCHOBHBIE paJUallMOH-
HBIE TIOBPEXICHUS MPUILTUCH Ha TIyOMHY okomo 9,7—
11 mxm. Ho 3mech npu 15 kB HampsikeHHs MUKPOCKOIIa
POM anamuz V, VNb, VNbTa u VNbTaTi meromom
POM-3/1C npenocTaBmi AJaHHBIE IO CpEAHEH KOHIICHT-
pammu 3JIeMEeHTOB B 00pasnax Ha riryOuHe 1o 1 MM, rie
HAa Cerperayo B MEeHbIICH CTeNeH! BIUAIN paAUalliOH-
HBIE TOBPEKACHHUS ¥ UMITJIAHTALUS KPUIITOHA.

Hownsr *Kr'** ¢ sneprueii 147 MaB moryT cuurathes
OBICTPBIMU TSDKEIBIMU HOHAMH, TaK KaK UMEIOT YHEPTHIO
6osiee 1 MaB/a.e.m. (MaB/aroMHyI0 enuHHIYY Macchl).
Takue HOHBI TEPAIOT OOJBIIYIO YACTh SHEPTUH Ha JIEKT-
pOHaX aTOMOB MHUIIICHH 10 CPABHEHUIO C SAPaMHU, U 1103~
TOMY B MHIICHH MOTYT BO3HUKATh TPEKH, IPOUCXOIUT
JoKabHOE IU1aBieHue, amopdusanus [20]. [Ipu obmyde-
HUY NOHAMU paclpeieIecHHe aTOMOB Pa3HBIX AIIEMEHTOB
B MHIICHH MOXET MEHATHCS MOCPEICTBOM HMILIAHTA-
[IUH, PACTIBUICHUS, KACKAJTHOTO (0aJUTMCTHYECKOTO) CMe-
mBanus, murpanuu aedekros [3,17]. B OLIK BOC
0aJUTCTHYECKOE U30TPOITHOE CMEIINBAHUE U PEKOMOU-
Hauusi JeeKTOB MOTYT KOHKYpHUPOBaTh C MEHbILEH
sHepruel o0pa3oBaHus AePEKTOB, UX OOJIBIINM YHCIOM
u murpanuei k crokam [3]. B maHHOM HccieoBaHUM
MIPEI0Iaraaochk, Y970 OCHOBHYIO POJIb B U3SMEHEHHH KOH-
LOEHTpaIMi CHITpAI OaJUIMCTHYECKOE CMEUIMBAHUE U
MUTpaIud 1e()HEeKTOB.

B pab6ore [9] npu obmryuennun BOC W-Ta-Cr-V no-
namu Kr'? ¢ smeprueii 1 MaB ¢ 10301 1,6 cHa npu Tem-
neparype 1073 K, u wonamu Cu' ¢ sneprueii 3 MaB ¢
no3oii 8 caa mpu 1050 K nmpoucxonut cerperanus V u Cr
Ha rpaHuIax 3épeH ¢ 00pa3oBaHUEM BbIJAC/ICHHIT. B Ha-
IIMX SKCTIIEPUMEHTAX HA000POT ObLIO 0OHAPYKEHO, YTO
CHJIbHEE CerperupyoT Tsokéible aieMenTsl Nb, Ta.

Ta Vv Nb Ta Ti

E1INZ2 T3

B)

Pucynox 5. Omnocumenvivie usmenenus konyenmpayuti 6 oopasyax VNb, VNbTa u BOC VNbTaTi, obayuennvix S/Kr!>*
c onepeueti 147 MaB ¢ ¢pmoencom: 1-107 ey (1), 1-10™ em™2 (2), 1-10"° em™? (3), coenacno POM-3J]C
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B pab6ore [9] u3-3a Gojee HU3KOW SHEPTUN HOHOB OC-
HOBHBIE ITOBPEXK/ICHHS ObIIIM IPEICTABICHBI TOUCUYHBIMH
nedekramu, 00pa30BaBIIMMHCSA B IMPUIIOBEPXHOCTHOM
obnactu (~400 HM), a KpYITHBIE KJIaCTEPhI, TAKHE KaK J1-
CIIOKallMOHHBIE METIIH, He 00pa3oBaiInch. B Takux ycino-
BUSIX Jierkue aneMeHTsl V, Cr ¢ Gojbpliell MoJIBHKHO-
CTBIO MOTYT Jierdye AupGyHANPOBaTh K Ae(EeKTaM U cer-
perupoBaTh. BmobaBok, B padore [9] obmyuerne npownc-
XOAWIJIO TIPH BBICOKOW TeMIepaType, KOTAa B MeTa/llax
ycunmuBaercs aud ¢y3us Bakancuit [3].

CornacHo uccienoBanusm BOC VTaTi, VTaW [7],
VTaCrW [8], NbZrTi [6] sHeprun 0Opa3oBaHUs BaKaH-
cuit 1 Mexaoy3mmii B OLIK BOC uvacto cxoxu u posib
SHEpruM MUrpauuu aedexToB Oonee BaxHa. Juddysus
MEXA0Y3JIHH MOXET ObITh OrpaHUYECHA B OKPECTHOCTSIX
OMMKHUX K HIM aTOMOB, M OHU MOT'YT PEeKOMOWHHPOBATh
¢ OMKalIMMU BAaKaHCUSIMH, YTO IIPUBOJIUT K 00pa3oBa-
HHUIO KJIaCTEpOB Je(EKTOB MEHBLIEIO pa3Mepa, YeM B
00BIYHBIX cIutaBax [6, 7]. CoracHO MoOIENMHPOBAHHIO
[8], atomam Ta sHepretudecku OoJiee BHITOJTHO MUTPH-
poBaTh 3a cu4€T oOMeHa ¢ neeKTaMHu THIIAa BaKaHCHH, a
atomaM V u Cr 6osee BBITOJJHO 00pa30BaTh MEXKY3JIOBBIE
nedextsl. ATombl Ti Takke CHIIbHEE CBSI3aHBI C MEX0-
y3musaMH. B nienom, npeamnonaraercs, 4To pa3BUTHE Je-
(heKTOB, MX MUTpALIUs, U CBA3aHHAsI C HUIMHU CeTperanus
B VNb, VNbTa, VNbTaTi B 3HaUnTEIHHON CTEIICHHU 3a-
BHCEJI OT UCKAKEHUS PEIIETKU U JTOKAIBHOTO XUMHUUe-
CKOTO COCTaBa.

Ha pucyske 6 moka3aHbl CIEKTPHI, HOTy4YECHHBIE IS
00pasioB ¢ noMoisio Mmeroga POP u onucannbie ¢ no-
MOIIBI0O TEOPETUYECKUX CIHEKTPOB, IOJNYYEHHBIX B

Jueprus (M>B)

RUMP. Anamms criektpoB POP mokasan, 9yTo B ucxon-
HBIX 00pa3iax 3JeMEHTHl OBLIH PacIpe/esiCHBl PaBHO-
MEpHO o Bcei rmyoune, paBHoi 1500—1800 HM ¢ KOH-
LEHTPAIMSIMH, IPEICTABICHHBIME B TaOHIIe 2.

Tabruya 2. Konyenmpayuu snemenmos (am.%) 6 ucxoonwvix
o0bpasyax, noayuenHvle ¢ nomouvio memooda POP

Tny-

6uHa Vv Nb Ta Ti

(HM)
\' 1500 100,0 - - -
VNb 1500 | 50,0+3,0 | 50,0+3,0 - -
VNbTa 1700 | 32,0%1,9 | 33,0+2,0 | 35,0+2,1 -
VNbTaTi 1800 | 24,5%1,5| 25,5+1,5 | 26,0+1,6 | 24,0+1,4

Amnanu3 criektpoB POP Ha pucynke 6 11t 00pasIios,
obnyueHHbix voHamu SKr'* ¢ smeprueit 147 MaB ¢
(moercoM 1oHOB 1-10'% cM 2, BEIIBHI CETPETAIHUIO dIIe-
MEHTOB 110 riTy6uHe. KoHIeHTpammu, mosydeHHbIe MEeTO-
oM POP mis V, VNb O CX0KH CO 3HAYEHUSAMHU, I10-
myuerHbiME gepe3 POM-3/IC. Ho B VNbTa u VNbTaTi
koHneHTpanuu V, Nb, Ti oTnuganuce ot 3HaYCHUH, 110~
ayyeHHbIX MetonoM POM-JJIC nHa 6-17% (1,5—
6,7 at.%), a KOHIIeHTpauuu Ta OTINYaTUCh OT 3HAYCHUH,
nonydeHHbIx MeronomM POM-DJIC, na 41-49% (7,6—
11,5 ar.%). DTO BepoATHO CBA3aHO C OCOOEHHOCTSAMHU
METO/IOB, TAKMUMH KaK pa3Hble pa3pelieHus 10 II0CKO-
CTH/TIyOVHE, 3aBUCMMOCTh DHEPrHH OOpaTHO paccesH-
HBIX MOHOB OT MAacC 3JIEMEHTOB, TIyOHMHA M KOJIeOaHHS
SHEPruy aHAJIM3HUPYIOMKX HOHOB 17 POP.
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Pucynox 6. Cnexmpoet POP: VNb (a, 2), VNbTa (6, 0), VNbTaTi (8, e), 20e (a-8) — ucxoonwie,

(2-e) — obnyuennvie uonamu *Kr'>* ¢ snepeueii 147 MaB c gpmoencom 1x10% cm2.

2

Kpacnas nunusi — cnekmp RUMP, uepnas nunusi — sxcnepumenmanviviti POP cnekmp
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Pucynok 7. Pacnpedenenue snemenmos no 2nybute, coenacHo anamusy pesyavmamos POP, 6: VNb (a),
VNbTa (6) u VNbTaTi (8), obnyuennvix uonamu $*Kr'>* ¢ snepeueii 147 MoB ¢ ¢prioencom 1-1073 cn™?

CornacHo aHanu3y pe3yipTaToB POP, mokazaHHBIX
Ha pPUCYHKE 7, KOHIIGHTPAIMH 3JIEMEHTOB B IPHUITOBEPX-
HOCTHOM cioe TommuHo# 30-50 HM B OOJyYeHHBIX C
¢moercom ronoB 1-10" cm 2 06pa3suax He3HAYUTENEHO
OTIIMYAJINCH OT UCXOIHBIX 00pa31oB. Ho ¢ yBennueHnem
IITyOMHBI KOHIEHTPAIMK 3JIEMEHTOB MeHsnucs. B VNb
KOHIeHTpauus V ymeHpmmiack Ha 42% (21 a1.%), a
koHueHrpauust Nb yBenuuunace Ha 42% (21 at.%) Ha
riryOuHe 1,2 MKM IO CpaBHEHHIO ¢ HEOOIy4eHHBIM 00-
pasuom. B VNbTa xonnenrpamuu V, Nb yMEeHbIIUIUCH,
a comepxxanue Ta yBemmuminoch Ha 34% (12 at.%) Ha
riryoune 1,44 mxm. B VNbTaTi kornenTparmu V, Nb, Ti
YMEHBIIAINCh, a cojepxkanne Ta yBenuuminock Ha 33%
(8,6 ar.%) na rorybune 1,53 mxm. PesynbraTsl aHanmza
o6pasnos meromamu IJIC u POP nokazamu cxoxwue TeH-
JICHIMM: KOHIEHTpanuu Oojee JIETKNX HIIEMEHTOB
YMEHBIIAINCh, 3 KOHUEHTPAIMH TKEIBIX 3JIEMEHTOB
YBEJINYHUBAJIHCE.

Belnyu HaliieHbl U ApyTUE UCCIENOBaHUS, I10Ka3aB-
IIM€ CEeTPETranuio JETKUX IEMEHTOB B IIOBEPXHOCTHOM
cioe ¢ moMoInkio ananmmsa merosioM POP. [Ipu POP-ana-
mu3e cmuaBa Cu-40% Ni oGmydenHoro wmoHamu He ¢
sHepruelt 2 MaB conepikanue Oosee TSHKENBIX aTOMOB
Cu B IpHUIIOBEPXHOCTHOM CJIO€ YMEHBIIANoch, a Ni yBe-
suumniioch Ha 60% [21]. Takke ¢ nomombto POP-ananu-
3a cruaBa Ni-12,7 a1.% Si, oOiydenHoro nonamu Kr ¢
sHeprueit 3,25 M»aB npu 580 °C u nonamu He ¢ snepru-
eit 2 MaB npu 556 °C ObuI0 1MOKa3aHO, YTO OKOJO IO-
BEPXHOCTH MPOUCXOIUI POCT KOHIIEHTPAIHUA aTOMOB Si,
HO 0OJy4eHHe MOHAMU T'ellus MPHUBENo K OombIIel cer-

perauuy, yeM oOydeHne KPUITOHOM. ABTOPBI IIpEIO-
JIOXKWJIH, 9TO aTOMBI Si OBIIIM CBSA3aHBI C MEKY3JIOBBIMHU
nedexramu, 3aMeUIss UX NEPEIBIKEHHE 110 CPABHEHHUIO
¢ BakaHcusiMu. [1py 00srydeHN HOHAMY KPUITOHA, B 00-
JIACTH KackaJla CMELICHU MOTJIM IPOUCXOJHUTh KaK pe-
KOMOMHaIHMs JeeKToB, TaKk U 00pa3oBaHUE OTAEIbHBIX
CTOKOB ¥ KJIACTEPOB B INIyOMHE MHIICHH, KOTOpPBIE II0-
BJIMSTH HAa TIOTOK aTOMOB Si K MOBepXHOCTU. CUUTAIIOCH,
YTO pacHbUIeHHE U HOHHOE CMEIINBaHUe HE BHECIIH 3HAa-
YUTENbHBIN BKJIAJ] B cerperamnuto [22].

Taxum 06pazom, IpeaaraeTcs Ba BO3MOXKHBIX 00b-
SICHEHUS! YBEIMIEHUsI KOHIEHTpaluii TanTana Ta Ha riy-
ounax 1000-1500 am. IlepBoe mpeAroNoKeHHE — MPH
00JTy4eHUH TIPOMCXOANI OTTOK aToMoB Ta B Gosee Tiy-
OOKHe CJIOM MHUIIEHH TaK KaK B IIPUIIOBEPXHOCTHOM CIIO€
00pa3oBaIOCh JIOCTATOYHOE KOJIMYECTBO BakaHcuil. Ho
COTJIACHO pacuéram, paJualioHHbIE OBPEXKICHUS TPH
sHepruu kpuntoHa 147 M»aB pocnu ¢ rimy6uHO#N Mute-
HH. BTOpoe mpenmonosxeHne — oboraimieHne CBA3aHO C
OTTOKOM aToMOB Ta Oimke K MOBEPXHOCTH 00pa3IoB
BCJIECTBHE 00pa30BaHMs OOJBIIOTO KOIWIECTBA JedeK-
TOB BaKaHCHOHHOTO THIIa TTy6ske 1,5 Mmkm. Kak 65110 0T-
MeueHO paHee, KoHIeHTpauu atromoB V, Nb, Ti Ha roy-
OvHe B OOJBIIEH CTENEHU 3aBHUCST OT MEXY3JIOBBIX Jie-
(EeKTOB, U BEPOSITHO, TIO3TOMY MEHSJIOCH HE3HAUHUTEIb-
HO, TIPUBOJIS K YMEHBIIEHUIO UX KOHLIEHTPAIUH OTHOCHU-
TenbHO Ta.

IIpunumas Bo BHUMaHue TO, uTo Metoa POP B nan-
HOM cllydae ObLJI OTpaHWU4eH TIyOMHON okoJio 1,5 MKM,
I7ie pagualioOHHBIE TMOBPEXICHHUS OBUIM MHUHHMAaJIbHBI
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COTJIACHO pacdéraM, 37eCh MNEPEUUCICHBI HECKOJIBKO
NPUYUH TIPUMEHEHHsT MeTosaa. Bo-mepBbIX, y Merona
POP c Gosee TSOKENBIME HOHAMH a30Ta pa3pelieHue 110
Macce W IIIyOuHe Uit TSDKENBIX 2JIEMEHTOB BBILIE I10
CPaBHECHUIO C MOHAMH reiiisi. Bo-BTOpBIX, 3TOT METO]
nmononusier Metoa POM-D/IC u npenocrasiset uHbop-
MAIHIO O TOCJIOWHOM paclipeieeHUH 3JIeMeHTOB. MeTo-
1me1 POP 1 POM-3JIC yke nCHoiap30BajiCh IS TAKHX
BOC xak CoCrFeMnNi [23], 9TO MO3BONHT NPOBECTH
CpaBHEHHUE CETPETaliy IIPH PA3IHIHbIX YCIOBUIX 00IIy-
yernus U ¢ aApyrumu BOC. B-tpeTsux, B mpyrux paborax
OBLTO TIOKA3aHO, YTO IMOBPEXKICHIS Ha OOIBIIeH IITyOnHe
MOTYT BJIMSTB Ha pacnpeesieHne 1e()eKToB 3a c4eT aAud-
(by3un aToMOB ¥ 1e(hEeKTOB K TOBEPXHOCTU M COOTBETCT-
BEHHO BJIMAIOT HA CErperaiyio Ha MEHbIIEH IiryOuHe.
Hanpuwmep, B paborte [24] npu o6ayuennn NiCoFeCr no-
Hamu Ni ¢ sneprueit 3 MaB no 120 cHa npu 580 °C us-
MEHEHHs KOHICHTpAlMH C MepexoJioM OT TIJIyOWHEI
100 aM 1o 900 HM mocturamm okoio 8—10 at.% (30% ot
KOHLICHTPALMH MaTpPHIBI). ABTOPBI OOBACHSIN 3TO U3-
ouparenpHOl nuddy3neit u TeM, YTO BaKaHCHH MHTPH-
poBanm riy6sxe 3a cuét oomena ¢ aromamu Fe, Cr, xoTo-
pBle cMemanrch OmKe K MOBEpXHOCTH, a aToMbl Ni, Co
IuGGYHIUPOBATH Yepe3 MEKAOY3IUS U COOMPAIHCH
OKOJIO aucnokanuii [24]. B nanpHelinieM pekoMeHIyeT-
csl IPUMEHEHHE TaKuX METOJIOB, KaK Halpumep, pocse-
YyHBaoIIas 3JeKTpoHHas Mukpockonus (IIOM), POM
aHaJIU3 MPOJOIBHOTO CEYeHUs 00pa3IoB, MO3UTPOHHAS
anHurwisinonHas crnektpockonus (ITAC) ans neranb-
HOTO M3y4YeHHMs paclpeeseHus U THIa 1e(eKToB B HC-
XOIHBIX M 00Iy4eHHbIX oOpasmax. C Ienpio M3ydeHHs
00pazoBaHust 1eEeKTOB, BO3SMOXKHO, CIEAYET IIPOBECTH
pacyér IIOTHOCTHU ANCIIOKAUH. Takke miaHupyercs us-
MepeHHe TBEPAOCTH JUTA U3YUCHUs! BIUSHUI 1e(PEKTOB U
cerperayy Ha painalliOHHOE YIIPOYHEHHE.

3AKJIOYEHUE

B pamkax JaHHOTO MCCIEIOBaHUs Ui YUCTOrO V H
crutaBoB VNb, VNbTa, VNbTaTi, o06ryueHHBIX HOHAMEU
kpunrona ¥Kr!'>* ¢ sneprueii 147 M»B, ObLIH HOTyI€HBI
CIIEIYIOIIHE PE3yIbTATHI:

1) CormacHo pe3ynbTaTaM aHamu3a MeTogoM POM
o0JlyUueHre MOHAMH KPHUNTOHA HE MPHBOIUT K 3HAYH-
TEJIbHBIM TIOBPEXJCHUSIM IOBEpXHOCTH 00pasuoB. Ho
ObLI0 0OHapYKeHO 00pazoBaHUE TEMHBIX ISITEH U CKO-
70B. Pazmep M IIIOTHOCTD KOJIMYECTBA CKOJIOB YMEHBIIIa-
torcst ot V k VNbTaTi.

2) POM-D]IC ananu3 moBEpXHOCTH 00Pa3IOB MOKa-
3aJ1, 4YTO IPH 0OJTyUYSHUH HOHAMH KPHIITOHA IPOUCXO/IH-
JIa cerperauusi, Ho COCTaB CILIABOB OCTaBAJICs OJIM3KUM K
skBuaroMHoMy. B VNbTa n VNbTaTi cerperanus ycu-
JMBaNack ¢ yBenudeHueM QiroeHca, a B VNb cerperaius
nocrurna nuka npu 1-10' em 2, Tlpu o6nyuennn VNb
KOHIleHTpanuu V maganu, a Nb yBenuauBanuch Ha 7,6%
(3,8 at.%) npu ¢pumroence 1-10'* cm 2. Haubonbmas cer-
peramms cpeau o6pasnoB Obuia oOHapykeHa B VNbTa
npu dimoence 110" cm 2, korna conepxanue Ta ysenu-
guiiochk Ha 18,5% (4,4 at.%). B VNbTaTi nanbonpmas
cerperauus 6b11a JOCTUTHYTa pH (imoence 110" cm 2,

KOTAa KOHIEHTpamus Ta ysemwmumnack Ha 9,7%
(1,8 ar.%). C ycnoxxnenueM cocraBa oT VNb k VNbTa,
panuanMoHHas cerperanus 3JeMeHTOB 00pa3loB yBeHu-
yuBanach, Ho yMeHplmnach B VNbTaTi. B TpoiiHbIx u
YeTBEpHBIX CIUIaBaxX M3MEHEHUs KOHIeHTpanuu Ta npe-
BOCXOJMJIM U3MEHEHUS [UIs OoJiee JIETKUX AIIEMEHTOB.

3) AHanu3 pe3yabTaTOB, TMOJyUYEHHBIX METOJOM
POP, mokaszai, 9to koHIEeHTpaun ains1 VNb Obutn cxo-
KU CO 3HAYCHUSAMH, TTOTydeHHBIMHI MeTotoM POM-3/IC,
HO KOoHIeHTparwu s oopasnoB VNbTa u VNbTaTi ot-
nmyanuck. KoHIEHTpanuy Ha IMOBEPXHOCTH 0OpasIoB,
o0yuenHBx ¢ (uroercoM 1-10'3 ¢ 2 Obumn Gm3KH K
HCXOJHBIM, HO MEHSIMCh MOHOTOHHO C TiIyOuHOil. B
VNbTa u VNbTaTi konuenTpauus Ta yBennunnach Ha
33-34% (8,6—12 ar.%) Ha HanOONBIICH TITyOUHE OTHO-
CHUTEJIbHO HEOOJIy4eHHBIX 00pa3lioB, YTO OBLJIO MEHbIIE
4yeM B VNDb, rie konuentpauus Nb ysennuunack Ha 42%
(21 ar.%). Pesynpratel ananuza O/IC u POP nokazanu
CXOKH€ TEHACHIMU: KOHIIEHTpanuu Oojee JIETKUX 3iie-
MEHTOB YMEHBIIMJINCH, @ KOHIIEHTPAIUH TSDKENBIX dJIe-
MEHTOB yBEITHIHBAJINCH.

4) Ilpenmonaraercs, 4TO pa3BUTHE AEPEKTOB U WX
murpamus B VNb, VNbTa, VNbTaTi B 3HauutenpHOI
CTEINCHH 3aBHCAT OT NCKaKCHHS PEIIETKH U JIOKAJIbHOTO
XMMHUYECKOT0 cocTaBa. Pa3nuuune B cerperanuu sieMeH-
ToB B VNb, VNbTa, VNbTaTi BeposITHO CBSI3aHO C TEM,
YTO U3MEHEHUE KOHIIeHTpaIuii atoMoB V, Nb, Ti B 00J1b-
LIeH CTENIeHN 3aBUCHT OT MOBEACHHS MEXKY3JIOBBIX nede-
KTOB, a Ta OT BakaHCHUH.

5) bewo nokazano, uto BOC VNbTaTi meHee moa-
BeprKeH paananoHHo# cerperanuu, 4yem COC VNbTa.

bnazooapnocmu

Jlannoe uccnedosanue ¢punancupoganocy Komume-
mom nayku Munucmepcmea HayKku u gvicuieco o6paso-
sanus Pecnyonuxu Kasaxcman (epanm Ne AP19579188)
u Munucmepcmeom snepeemuxu Pecnybnuxu Kaszax-
cman (Ilpoepamma BR23891530 «Passumue xomniexc-
HbIX HAYYHBIX UCCIEO08AHULL 8 0O1ACmU S0ePHOU U pAOU-
AYUOHHOU hu3uUKU HA OA3e KA3AXCMAHCKUX YCKOPUMETb-
HbIX KOMIIEKCOBY).
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Ocsl 3eprrey e sHepruschl 147 MaB-ke Ten #*Kr'>* nonnapeiven sxone 1-10'°-1-10" ¢cM2-re TeH MOHABIK (IIIOEHCTIEH
coynenennipynet keiin V-Nb-Ta-Ti xyiieci Herizinaeri KopbITantapIsH MOP(OIOTHICH MEH 3JIEMEHTTIK KYPaMbIHbIH
e3repyi 3eprrenni. Kpunton nonmapsimer coynenenmaipy V, VNb, VNbTa, VNbTaTi ynrinepiniy OeTki KaOaThIHBIH
alTapIBIKTal 3aKpIMIaHybIHA oKenMereHi anbIKTanabl. Tek V-ger VNbTaTi-re xapait Memmmepi MeH CaHbl TOMEHIETCH
Kapa JakTap MEH >KapbIKIIakrap Ty3urmi. CkaHepJIeHTIH SIIEKTPOHIBIK MHKPOCKONTHIH HSHEPTOAHNCIEPCHSITBIK
cnekTpockomusicel (COM-3/IC) tanmaysl 6apiblK 6acTanmKbl YATUICPAIH KYpaMbl SKBHATOMIBIK KypaMFa yKcac eKeHiH
kepcetti. Kypam kypaemimirinig VNb kopeitmaceiHan VNbTa oprama sHTponusuiblK KopbiTnackiHa (OOJK) nmefiin
YKOFapbUIayBIMEH YITUIEpeTi 2IEMEHTTEPAIH paJialisuIbIK cerperanusicel ocTi, oipak VNbTaTi sxoFapbl SHTPOTHSIIBIK
koperraceiaaa (JKOK) remenneni. KonnenTpanusimapasiy eH yikeH e3repici VNbTa kopeitiiaceiana TabbsuTIs!, oHaa Ta
KOHIICHTPAIUACHI COyJIeICHOCTeH YriMeH caibicThiprana 18,5%-ra (4,4 a1.% (aromubiK maiibi3)) ecti. VNbTa sxoHe
VNbTaTi kopbiTHanapbiHaa cerperauusHbiy (QII0EeHCTIH KoFapblIaybIMeH Oipre kyneierini, an VNb-ne cerperauus
1-10'* cMm™? QumroeHcTe INBIHBIHA XKeETiN, Kellin TomeHaereHi ambIkTamasl. Pesepdoparein Kepi [ambipaysr (PKIL)
TaJIaybIH KOJIIaHa OThIbIH, GumoeHci 1-10'3 ¢cM ™2 KpUnToH HOHApBIMEH CoyJIeNeHIpiarer yariaepe Ta aToMIapbIHbIH
KOHLIEHTPALMIChl TEPEHAIKTe OacTankbl KOHIEHTpauusiMeH cajibicTeiprania 33-34%-ra (8,6—12 ar.%) apTKaHbIH
kepcetTi. COM-O/IC xone PKIII tanmaynapsIHBIH HOTIOKENIEpi yKkeac ypaictepai kepcerti. VNb, VNbTa sxone VNbTaTi
yirinepinig 0eTki kabarTa aysip Nb, Ta ameMeHTTepi YIIiH KOHIICHTPAIUsUIaPBIHBIH ©3repyi )KEeHLT 3JIeMEHTTEePACH achII
TYCTIi. DNEMEHTTEePIIH CerperalusChlHAaFbl albIPMAIIBLIBIK TOPABIH OypMalaHybIHBIH afbIpMaIIbUIBIFBIHA, KEPriTIKTI
XUMHSUTBIK Kypamra, V, Nb, Ta, Ti aroMaapblHbIH MHUIPansACHIHBIH BaKaHCHSIAP MEH TYHIHApaJBIKTapra opTypIi
Toyenaiirine OainanpIcTH 60TyH! BIKTUMaN. Kpunron norgapeiMer coyneneny VNbTa OOK xore VNbTaTi XKXOK-na
paIuAIISUIBIK, Cerperaisara oKeli, Oipak 3JIeMeHTTepIiH YATiIep OeTiHAe Taparybl aliKbIH cerperanus aiiMaKTapblH
kypmazgel. VNbTaTi )KOK pamuannsuiplk cerperanusra YIKeHIpeK TO3IMIITIK KOPCETTi.

Tyitin ce30ep: dcoeapvl SHMPONUANBIK KOPLIMNANAD; UOHOAPMEH CIYNENEHOIPY, PAOUAYUATLIK AKAYIAD, PAOUAYUATbIK
cezpezayus; dnemMeHmmix manoay.
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PAOVALMOHHAA CTOMKOCTb CM/IABOB HA OCHOBE BAHAZUA K CETPETALUU
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RESISTANCE OF VANADIUM-BASED ALLOYS TO RADIATION-INDUCED SEGREGATION
UNDER IRRADIATION WITH HEAVY KRYPTON IONS

I. A. Ivanov!?, B. S. Amanzhulov!?*, V. V. Uglov3, S. V. Zlotski®, A. M. Temir'2,
A. D. Sapar'2 Y. O. Ungarbayev'?, Ke Jin*, A. E Ryskulov!

! RSE «Institute of nuclear physics» of the Agency of the RK for Atomic Energy, Almaty, Kazakhstan
2 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
3 Belarusian State University, Minsk, Belarus
4 Beijing Institute of Technology, Beijing, China

* E-mail for contacts: b.amanzhulov@inp.kz, amanzholovb96@gmail.com

This work investigated changes in the morphology and elemental composition of alloys based on the V-Nb-Ta-Ti system
after irradiation with 34Kr'>* ions with an energy of 147 MeV and an ion fluence of 1-10"*~1-10'3 cm™2. It was found that
irradiation with krypton ions did not lead to significant damage to the surface of V, VNb, VNbTa, VNbTaTi samples,
except for the formation of dark spots and chips, the size and number of which decreased from V to VNbTaTi. Scanning
electron microscopy energy dispersive spectroscopy (SEM-EDS) analysis showed that the composition of all the initial
samples was close to equiatomic. With increasing composition complexity from VNb to the medium entropy alloy (MEA)
VNbTa, the radiation-induced segregation of elements in the samples increased, but decreased in the high-entropy alloy
(HEA) VNbTaTi. The largest change in concentrations was found in VNbTa, where the Ta concentration increased by
18.5% (4.4 at.% (atomic percents)) compared to the unirradiated sample. It was found that in VNbTa and VNbTaTi, the
segregation increased with increasing fluence, and in VNDb, the segregation peaked at 1-10'% cm™? and then decreased.
Using the Rutherford backscattering (RBS) analysis, it was shown that in samples irradiated with krypton ions with a
fluence of 1-10'3 cm ™2, the concentration of Ta atoms increased with depth by 33-34% (8.6—12 at.%) relative to the initial
concentration. The results of the EDS and RBS analysis showed similar trends. Changes in the concentrations of elements
in the near-surface layer of VNb, VNbTa and VNbTaTi for heavy elements Nb, Ta exceeded those for the light ones.
The difference in the segregation of elements is probably due to the difference in lattice distortion, local chemical
composition, different dependence of the migration of V, Nb, Ta, Ti atoms on vacancies and interstitials. Irradiation with
krypton ions resulted in segregation in VNbTa MEA and VNbTaTi HEA, but the distribution of elements over the surface
of the samples did not form distinct segregation regions. VNbTaTi HEA showed greater resistance to radiation-induced
segregation.

Keywords: high-entropy alloys; ion irradiation; radiation defects; radiation-induced segregation; elemental analysis.
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ASSESSMENT OF WATER TREATMENT QUALITY AT THE WATER TREATMENT COMPLEX
OF TPP-1 IN THE CITY OF SEMEY

A. R. Khazhidinova'*, A. S. Khazhidinov?, S. L. Elistratov?

! Shakarim University, Semey, Kazakhstan
2 Center of Nuclear Medicine and Oncology, Semey, Kazakhstan
3 Novosibirsk State Technical University, Novosibirsk, Russia

* E-mail for contacts: khazhidinoval991@mail.ru

Reliable and efficient operation of thermal power plants is impossible without high-quality water treatment. This is
particularly important for facilities that use natural water sources characterized by high turbidity, suspended solids, and
dissolved gases. This study examines the three-stage water treatment system used at the Semey TPP-1. The aim was to
evaluate the effectiveness of each stage of water purification: mechanical filtration, sodium-cation softening, and thermal
degassing. The study included instrumental assessment of water quality before and after each treatment stage, visual
inspection of the equipment, and analysis of operational documentation. The results demonstrate a high level of
purification: anthracite-loaded mechanical filters reduce turbidity by more than 95%, sodium-cation exchange units lower
hardness from 12 mg-eq/L to 0.05 mg-eq/L, and the deaerator reduces dissolved oxygen concentration to <0.05 mg/L. It
is shown that adherence to technological parameters — such as filter loading levels, regeneration regimes, and backwashing
intensity — directly affects purification efficiency and equipment durability. The findings confirm that the quality of treated
water meets regulatory requirements for boiler feedwater. Based on the measurement results, a quantitative assessment
was made of the performance efficiency of each unit in the water treatment system. These results can be used in the design
and modernization of water treatment systems at similar thermal power facilities and provide practical value for

developing engineering competencies in operating power equipment and water-chemical regimes.

Keywords: water treatment, mechanical filter, anthracite, sodium cation exchange filter, deaerator, water quality.

INTRODUCTION

Water treatment is one of the key elements in ensur-
ing the reliable and efficient operation of thermal power
facilities. The quality of water used in thermal power fa-
cilities directly affects the provision of electricity, hot
water supply, and heating to the population. Furthermore,
an adequate level of water treatment is essential for the
preservation of equipment [ 1—4]. Malfunctions in the wa-
ter treatment process can lead to significant technological
and economic losses. Figure 1 shows the potential conse-
quences of inadequate water purification at thermal
power plants.

Multi-stage water treatment systems are widely used
at thermal power plants. These typically include mechan-
ical filtration, ion exchange, thermal deaeration, and, in
some cases, membrane technologies. Each stage plays a
specific role in removing suspended solids, hardness
salts, dissolved gases, and organic compounds [5].

In recent years, a number of studies have been pub-
lished addressing water treatment issues at thermal power
facilities, including water hardness, suspended solids
content, and the application of various filtration and ion-
exchange methods [6—8]. For instance, Zaharia and Stan-
ciulescu [7] examined water treatment processes with
emphasis on sludge formation and disposal, while Fajri
et al. [6] analyzed river water hardness in relation to de-
mineralization processes at a thermal power plant. Tsu-
bakizaki et al. [8] discussed general approaches to water

quality control in thermal power plants. However, these
studies mainly focus on specific aspects or generalized
schemes. Comprehensive assessments of the perfor-
mance of existing water treatment systems under the con-
ditions of specific plants remain insufficiently covered,
which highlights the necessity of the present study on the
example of TPP-1 in Semey.

The aim of this study is to analyze the design, operat-
ing principles, and efficiency of the water treatment
equipment in use at TPP-1 in the city of Semey, taking
into account the quality of the raw water and the require-
ments for feedwater parameters in thermal power sys-
tems.

The water intake for TPP-1 is sourced from the Irtysh
River. The quality of water in the Irtysh River often does
not meet established standards, as it contains a significant
amount of impurities and suspended substances, necessi-
tating strict control of boiler water treatment. As it passes
through the intake structure, the hardness of the water in-
creases.

The water treatment system at TPP-1 is a three-stage
process, with each stage performing a specific function
in achieving the required water quality. It includes:

1) A mechanical filter for removing suspended and
insoluble mechanical impurities;

2) First- and second-stage sodium-cation exchange
filters for water softening;

3) A deaerator that removes dissolved gases.
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Adverse Effects Resulting from Inadequate Water Treatment in Thermal Power Plant Operation
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Blockages in pipelines and
heat exchangers,
accompanied by a
deterioration in the
hydraulic performance of
circulation systems.
Potential consequences
include pipe ruptures,
leaks, structural damage
to metallic components,
increased failure rates,
and unplanned equip

Significant reduction in heat
exchanger efficiency due to
impaired heat transfer.
Overheating and rupture of
pipes. Disruption of water
circulation. Intensified
corrosion of metal surfaces.
Frequent need for chemical
or mechanical cleaning and
repairs. Increased

shutdowns.

c ption of spare parts.

Corrosion can lead to
through-hole formation and
heat carrier leakage, resulting
in emergency equipment
shutdowns. It also reduces
heat transfer efficiency,
increases hydraulic resistance,
accelerates equipment wear,
and contaminates the heat
carrier. Corrosion further
intensifies secondary processes
such as scale formation and
erosion, raising the risk of
environmental incidents

Bacteria can cause equipment
biocorrosion, formation of
biofilms, pitting, and rust.

This leads to increased
chemical reagent
consumption, deterioration of
water's physicochemical
properties, clogging of filters
and spray nozzles, and
reduced water treatment
efficiency. Additionally, there
is a risk of contamination in
open recirculating water
systems

Increased risk of accidents, elevated operating and maintenance costs of boiler equipment, unproductive
downtime and energy production losses, premature boiler failure, and unsafe operating conditions

Figure 1. Potential consequences of inadequate water treatment at thermal power plants

The novelty of this study lies in the fact that, for the
first time, a comprehensive analysis of the water treat-
ment system operation at TPP-1 in the city of Semey was
carried out under real operating conditions based on data
obtained directly at the plant. Unlike general descriptions
of standard water treatment schemes, this study examines
the actual quality of water at the intake point and its
changes after each treatment stage, taking into account
the local hydrochemical characteristics of the Irtysh
River basin and the specific features of the intake facili-
ties. This approach makes it possible to identify the most
critical purification stages and to assess their efficiency
under the actual operating conditions of the plant.

METHODS

The study of the water treatment process was con-
ducted at the operating water treatment complex of the
TPP-1 thermal power plant in the city of Semey, which
provides feedwater treatment for the water-steam path of
the boiler equipment. The aim of the research was to as-
sess the effectiveness of the main stages of water purifi-
cation under real operating conditions.

The methodology included an engineering and tech-
nological survey of the water treatment scheme, analysis
of operational documentation, visual inspection of the
equipment, as well as instrumental measurements of wa-
ter quality indicators before and after passing through in-
dividual treatment stages.

The quality indicators of technical water were deter-
mined in accordance with state standards (GOST) and
standard laboratory procedures used at thermal power
plants. Turbidity was measured in accordance with the
national standard ST RK ISO 7027-2007 “Water quality.
Determination of turbidity” using a HACH 2100N

turbidimeter [9]. The concentration of suspended solids
was determined in accordance with the standard ST RK
3865-2023 “Industrial waters of thermal power plants.
Determination of suspended solids by gravimetric
method” [10].

Total hardness, as well as calcium and magnesium
concentrations, were determined by manual complexo-
metric titration with EDTA (Trilon B) in accordance with
GOST 31954-2012 in the laboratory of TPP-1 [11]. Dis-
solved oxygen was measured manually by the Winkler
iodometric method in accordance with the standard ST
RK 2518-2014 “Water quality. Methods for determina-
tion of dissolved oxygen” [12]. Free CO, was determined
manually by acid-base titration in accordance with
GOST 23268.5-78 [13].

Particular attention was paid to evaluating the se-
quence of purification processes, the reliability of equip-
ment operation, and the degree to which the water quality
characteristics complied with established standards.

Water quality parameters were monitored using
standard sampling devices installed at the inlet and outlet
of the main process units: mechanical filters, sodium-cat-
ion exchange filters of stages I and II, and the atmos-
pheric deaerator.

The sampling points included pipelines for sample
collection, shut-off valves, and pressure gauge devices,
allowing for real-time control of pressure drops before
and after the treatment equipment.

The data were analyzed in comparison with regula-
tory requirements for feed and makeup water quality in
heat supply systems, as well as with the parameters nec-
essary to ensure corrosion and scale formation safety in
the water-steam circuit of the boilers.
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RESULTS AND DISCUSSION

Figure 2 shows the schematic diagram of a mechani-
cal water filter. The mechanical filter is a structurally
simple and reliable device designed for the primary re-
moval of mechanical impurities from water [14]. The de-
scription of the filter in this study is based on actual in-
spection data from the equipment at TPP-1 in Semey, and
the reference to Zhao et al. [14] is cited exclusively as an
example to illustrate the general characteristics and oper-
ating principles of similar filters. The filter is constructed
as a vertical cylindrical structure made of monolithic re-
inforced concrete. The rigidity and strength of the con-
crete housing allow the filter to operate under variable
hydraulic loads and pressure differentials typical of in-
dustrial water treatment systems.

The filtering medium used is anthracite — a high-car-
bon filtration material characterized by abrasion re-
sistance, chemical inertness, and a large specific surface
area. The values “900” and “500” shown in Figure 2 in-
dicate the height of the anthracite layer and the distance
to the upper distribution pipe, in millimeters. The grain
size and bed height of the anthracite are selected to ensure
an optimal filtration rate while achieving a high degree
of suspended solids removal.

The design of the mechanical filter includes the op-
tion for backwashing, during which accumulated con-
taminants are removed from the filter bed by reversing
the flow of water. The absence of chemical reagents at
this stage significantly reduces the overall cost of water
treatment [ 14].

During operation, the raw water is fed into the upper
part of the filter (Figure 2). To prevent air lock formation
and ensure uniform flow distribution, special air release
and pressure equalization slots are integrated into the up-
per section of the structure. This design solution helps
avoid uneven filtration, thereby improving the efficiency
of the device [6]. After passing through the anthracite
layer, the filtered water flows into the lower part of the
filter, from where it is directed to the next treatment stage
— the first-stage sodium cation exchange filter.

Table 1 presents the water quality indicators before
and after passing through the mechanical filter.

Table 1. Water quality indicators before and after
the mechanical filter

. Before After
Water Quality Parameters treatment treatment
Turbidity, NTU 45+65 0,6
Suspended solids concentration, mg/L 130+210 <5

The analysis of the obtained results indicates a high
degree of water purification from mechanical contami-
nants in mechanical filters — over 96% for both parame-
ters. Effective removal of suspended solids at this stage
significantly increases the lifespan of subsequent filters,
prevents their fouling, and reduces the consumption of
reagents during regeneration.

Air release and
pressure
equalization slot
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Figure 2. Diagram of the mechanical filter

Mechanical filtration is not capable of removing dis-
solved substances such as salts, metals, and organic com-
pounds. For their removal, sodium cation exchange fil-
ters are used [15].

The design of the sodium cation exchange filters of
stages I and I1 is identical [15]. Both filters operate on the
same principle and have a similar structure. Possible dif-
ferences may concern operational parameters, such as the
volume of the filtering media or regeneration modes;
however, these do not affect the basic structural scheme
of the equipment (Figure 3).

The working bed of the filter consists of a layer of
ion-exchange material, the height of which is determined
by the design level Hsl — the maximum allowable bed
level in operating condition (indicated in the diagram as
the bottom level of the filter media layer). A free space is
provided above the bed for regeneration. During back-
washing, the layer expands, and this expansion must not
exceed 30% of Hsl, as shown in the figure. This limita-
tion prevents material loss and ensures uniform flow dis-
tribution. Maintaining these levels is crucial for the stable
operation of the filter, the efficiency of ion-exchange pro-
cesses, and the extended service life of the media [16].

Raw water is supplied to the filter under pressure and
passes through the layer of cation exchange media from
top to bottom, during which the water softening process
occurs through ion exchange: calcium and magnesium
ions are replaced by an equivalent amount of sodium
ions.

The working cycle of the filter includes the following
stages: softening, loosening, regeneration, and rinsing
[16].
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The softening cycle ends when the hardness of the
water at the outlet exceeds 0.1 mg-eq/L, indicating that
the ion-exchange capacity of the media has been ex-
hausted and regeneration is required.

<30% of Hsl

Concrete

Figure 3. Diagram of the sodium cation exchange filter

Loosening, which lasts 15 to 30 minutes at an inten-
sity of 3 to 4 L/m?-s, is carried out to eliminate compac-
tion of the ion-exchange media and restore its filtration
properties.

Regeneration is performed using a 5 to 8% sodium
chloride (NaCl) solution to restore the exchange capacity

Steam vent

Water inlet for deaeration

\:

of the cation exchange resin by saturating it with sodium
ions. After regeneration, the ion-exchange material is
rinsed from top to bottom to remove excess regenerant
solution and by-products formed during the recovery pro-
cess [16].

Table 2 presents the water quality parameters before
and after passing through the sodium cation exchange fil-
ters.

Table 2. Water quality parameters before and after
sodium cation exchange filtration

Water Quality Parameters Before treatment | After treatment
Total hardness, mg-eq/L 12 0.05
Calcium (Ca**), mg/L 40+100 <1
Magnesium (Mg?*), mg/L 10+30 <05

The analysis results indicate the high efficiency of the
sodium cation exchange filters used in the water treat-
ment system. The total hardness of the raw water was
12 mg-eq/L, which classifies it as hard and potentially
hazardous for the operation of thermal equipment due to
the risk of scale formation. After passing through the fil-
ters, this parameter was reduced to 0.05 mg-eq/L, indi-
cating the near-complete removal of calcium and magne-
sium ions.

Such a degree of water softening meets the require-
ments of ST RK 2248-2012 “Quality standards for feed-
water and steam”, according to which the total hardness
of feedwater must not exceed 0.1 mg-eq/L [17].

After passing through the sodium cation exchange fil-
ters, the softened water is directed to an atmospheric de-
aerator for the removal of dissolved gases, primarily ox-
ygen and carbon dioxide. The schematic of the
atmospheric deaerator is shown in Figure 4.
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Figure 4. Diagram of the deaerator
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The atmospheric deaerator ensures effective removal
of dissolved gases from the softened water through direct
contact with bubbling steam and subsequent heating [18—
20].

The design includes a column with steam and water
inlets, as well as a horizontal tank supplied with heating
steam. The length of the tank body between the supports
1s 2400 mm, the distance from the left end to the axis of
the drain nozzle (“To drain”) is 550 mm, and the distance
from the right end to the axis of the nozzle supplying wa-
ter to the pumps (“To pumps”) is 150 mm. This principle
allows for a high degree of degassing without the use of
vacuum. The steam-air mixture is discharged through a
steam vent, preventing gas accumulation. The unit is
equipped with drainage and pressure nozzles that ensure
stable operation under varying hydraulic loads. Table 3
presents the water quality parameters at the inlet and out-
let of the deaerator.

Table 3. Water quality parameters at the inlet and outlet of the
deaerator

At the inlet of At the outlet of
the deaerator the deaerator

Dissolved oxygen, mg/L 6+10 <0.05
Free CO2, mg/L 5+10 -

Water Quality Parameters

Table 3 demonstrates a significant reduction in the
concentration of dissolved oxygen after the water passes
through the deaerator. This result complies with regula-
tory requirements and confirms the high efficiency of de-
gassing achieved through the thermal effect of steam and
intensive gas exchange. A decrease or complete removal
of free CO; is also observed, which further reduces the
corrosive activity of the water and enhances the reliabil-
ity of feedwater pipelines and equipment.

CONCLUSION

The results of the study demonstrated the high effi-
ciency of the operating water treatment system at TPP-1
in the city of Semey, which is based on a three-stage pu-
rification scheme including mechanical filtration, ion ex-
change, and thermal deaeration.

At the first stage — mechanical filtration with an an-
thracite media — up to 96-98% of suspended solids are
removed. Water turbidity is reduced from the initial 45—
65 NTU to 0.6 NTU, and the content of mechanical im-
purities decreases from 130-210 mg/L to less than
5 mg/L. These values are within the acceptable range for
water treatment schemes of thermal power plants and en-
sure the effective operation of the subsequent purification
stages.

At the second stage, water softening using first- and
second-stage sodium cation exchange filters results in the
near-complete removal of hardness. Total hardness is re-
duced from 12 mg-eq/L to 0.05 mg-eq/L; calcium con-
centration decreases from 40—100 mg/L to < 1 mg/L, and
magnesium from 10-30 mg/L to <0.5 mg/L. These val-
ues fully comply with regulatory standards for boiler

feedwater and effectively prevent scale formation in the
water-steam circuit.

The final stage — thermal degassing in an atmospheric
deaerator — ensures a reduction of dissolved oxygen con-
centration from 6—10 mg/L to <0.05 mg/L. Free CO; is
also effectively removed, with its concentration decreas-
ing from 5-10 mg/L to nearly zero, significantly reduc-
ing the corrosive activity of the water.

A comprehensive assessment of the effectiveness of
all three stages confirmed that the water treatment system
at TPP-1 consistently achieves the required parameters
for turbidity, hardness, and dissolved gas content. Ac-
cording to [17] the limit values for these parameters are:
total hardness <0.1 mg-eq/L, dissolved oxygen <0.05
mg/L, and free CO; is not allowed. The obtained results
fully comply with these standards, which contributes to
reliable and economical operation of boiler equipment,
reduces the frequency of repairs, and extends inter-repair
periods.

The data obtained may be used to optimize water-
chemical regimes at similar thermal power facilities, as
well as in the training of thermal power engineering stu-
dents, helping to develop solid competencies in the oper-
ation of water treatment systems.
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CEMEM KAJTACBIHJIAFBI K30-1 CY JTAWBIHIAY
KEINEHIHJAEI'T CY TABAPTY CAIIACBIH BATAJIAY
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XKbury sHepreTHKanblK KOHABIPFBUIAP/BIH CEHIM/II 9pl THIMJI KYMBICHI canajbl Cy JailbIHAayCchl3 MyMKIiH emec. by,
acipece, NAIBUIBIFBI JKOFAPBI, LITHreH OOJIILeKTep MEH epireH ra3aap Kol TabuFy cy Ke3/IepiH NaijanaHaTbiH HbICaHaap
yurie e3ekti. Ocbl mMakaigaga Cemell xamacwiamarsl JKOO-1-me KOJIIAHBUIATBIH YII CaThUIBI Cy JabIHIAy JKy#eci
KapacTHIPBUIAABL. 3epTTEYAIH MaKcaThl — CyIbl Ta3apTyIblH op Ke3eHiHIH (MEeXaHHKAIBIK CY3y, HATPUH-KaTHOHHUTTIK
KYMCapTy KOHE KBUTYIBIK Jlera3alusi) THIMAUIIriH Oaranay. 3epTTey OaphICHIHIA Ta3apTy CaTBUIAPBIHBIH allIbIHIaFbI
JKOHE KeHiHrl Cy camachl acmanThIK SHicTieH OaranaHfpl, KaOIbIKTapFa BU3yalAbl TEKCEPY JKYPTi3iimi, cOHmai-ax
maianany KyKaTTapbl TAIJAHIBL. AJIBIHFAH HOTIKEIIEP Ta3apTyObIH )KOFaphl JCHICiiH KOPCETTI: aHTPAIUTTI CY3TilITep
TMAUITBUIBIKTEL 95%-1aH acTaM TOMEHACTE Ti, HATPUH-KAaTHOHHT CY3TiIepi KATTBUTBIKTHI 12 Mr-3kB/1-1eH 0,05 Mr-3KB/1I-Te
NIeHiH a3aifTafpl, al [ea’paTrop epireH oTTeK KoHHeHTpanwschiH < 0,05 mr/i-re meiiiH TeMeHmeTeni. TeXHOIOTHSIIBIK
napameTpIepi (Cy3ri )KyKTeMeci, pereHeparus pexxKiMi, a0 KapKbIHABUIBIFEI) CAKTAY Ta3apTyAblH THIMJLIITIHE jKOHE
KaOIBIKTBIH Y3aK KBI3MET €TYiHE TiKeJiedl ocep eTeTiHI KepceTiimi. 3epTTey HOTHKENIepl Ta3apThUIFaH CYIbIH Oy
Ka3aHIapBIHBIH KOPEKTiK CybIHAa KOWBLIATHIH HOPMATHBTIK TaJlalITapFa cail KENETiHIH KepceTTi. Omey HoTmkenepi
HETi31H/e Cy AalbIHaay ChI30aChIHBIH 9p0ip TOpaNTapbIHBIH KYMBICHIHBIH THIMALIITIHE CAaHABIK Oaranay xypriziami. byn
JIepeKTep YKcac JKbUTy SHEPreTHKANBIK HBICAHAApAaFrbl Cy JaWblHAAy OKyHellepiH »obajlay MeH >KaHFBIpTyaa
Maii1anaHbTybl MYMKIH YKOHE YHEPTeTHKAIBIK XKaOIpIKTap MEH Cy-XUMISIIBIK PEXUMIEPl MaligaTanyaa HHKEHEPIiK
KY3BIPETTITIKTEePAl KaJBIITACTRIPYAa IPAKTUKAIBIK MOHTE He.

Tyiiin co3dep: cy dativinoay, MEXAHUKATBIK, CY32i, AHMPAYUm, HAMpuil-kamuoHummi cy3ei, 0easpamop, ¢y canacbl.
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OLEHKA KAYECTBA OUHMCTKH BOJIbI B BOJOIOAIOTOBUTEJIBHOM KOMILIEKCE TJII-1
I'OPOJIA CEMEM

A. P. Xaxuaunonal, A. C. Xaxugunos?, C. JI. EnucrpaTtos?

" HAO «Ynueepcumem Ilaxapuma», Cemeit, Kazaxcman
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3 Hoeocubupckuil zocyoapcmeennbiii mexnuueckuil ynueepcumem, Hosocubupck, Poccus

* E-mail ona konmaxmos: khazhidinoval991@mail.ru

Obecriedenne HanEKHON U ) (HEKTUBHON PaOOTHI TEILIOPHEPTETHIESCKAX YCTAHOBOK HEBO3MOKHO 0€3 OpraHu3aIliy Ka-
YECTBEHHOH BOJOMOATrOTOBKH. OCOOCHHO 3TO aKTyalbHO IJISI 00BEKTOB, HCIONB3YIONNX B KAYECTBE HCTOYHUKA BOJIBI
MIPUPOTHBIE BOJOEMBI, XapaKTEPHU3YIOIIHECS BEICOKOH MYTHOCTBIO, COJEP)KaHNEM B3BEIICHHBIX YaCTHI] U PACTBOPEHHBIX
ra3oB. B HacTosmeit pabote paccMaTpuBaeTcs TpEXCTyNEHYATasi CHCTEMa BOJOMOATOTOBKH, KCILTyaTUpyeMasl Ha TeTl-
noanektporenTpanu TOL-1 ropona Cemeii. Llenbio mccnemoBanus sBUiIach oneHka 3¢ (HeKTHBHOCTH pabOTHl KaXIoro
3Tamna BOZOOYHUCTKH: MEXaHIMUECKOH (pUibTpanyy, HaTpUH-KaTHOHUTHOTO YMATYECHUSI M TEPMUUECKOH nerazanmu. B xone
uccie0BaHus Oblila IPOBEIeHa HHCTPYMEHTANIbHAs OLIEHKA KauecTBa BOABI J0 U IOCJE KaXK/J0H CTa i OYUCTKH, a TaK-
e BU3yalIbHBIH OCMOTP 000PYIOBaHUS U aHAIN3 HKCIUTyaTaIl[MOHHOM qoKyMeHTalun. IlomydeHHble TaHHbIE CBUIETENb-
CTBYIOT O BBICOKOM YPOBHE OYHCTKH: MEXaHMYECKUE (PUIBTPHI C aHTPALIUTOBOM 3arpy3Koii MO3BOJISIIOT CHU3UTh MYTHOCTh
BOJIBI Ooniee yeM Ha 95%, HaTPUil-KaTHOHUTHBIE (GHIBTPHI YMEHBIIAIOT XKECTKOCTH ¢ 12 Mr-oke/a no 0,05 mMr-ske/i, a
Jeaspatop obecledrBaeT CHIDKCHUE KOHLEHTPALlUl PacTBOPEHHOTO Kuciaopoa 1o ypoBHs < 0,05 mr/n. IToka3zaHo, uTo
COOJTI0/IEHIE TEXHOJIOTHUECKHUX TTapaMeTPOB, TAKUX KaK YPOBEHb 3arpy3KH, PEKUM pereHepalii, MHTEHCUBHOCTh MPO-
MBIBKH, HANIPSAMYIO BIUSET HA 3 PEKTUBHOCTH OUYUCTKU U IOJITOBEYHOCTH 000py0oBaHUs. Pe3ynpTaTsl paboThl MOATBEp-
XKIIAIOT COOTBETCTBHE MIOKA3aTeNeH OUMIIICHHOH BOJbI HOPMAaTHBHBIM TPEOOBAHUSIM, IPEABIBIACMbIM K TUTATEIbHON BO-
JIe TTapOBBIX KOTJIOB, X MOTYT OBITh HCIOJB30BAHBI IIPU IIPOSKTUPOBAHUN M MOJECPHU3AIMN CHCTEM BOJOIOATOTOBKY Ha
AHAJIOTWYHBIX TEIUIOPHEPTeTHIECKUX 00bekTax. Ha OCHOBaHMM pe3ybTaTOB H3MEPEHUH PON3BOIMIIACH KOJINYECTBEH-
Hasl OLleHKa 3 PEKTUBHOCTH pabOTHI KaXKIOTO y3J1a BOAOIIOATOTOBUTEIIFHOM CXeMBI. Tarke MoJTydeHHbIE JaHHbBIE MPea-
CTaBJISIIOT MPAKTHYECKYIO [IEHHOCTD Uil (DOPMHUPOBAHHUS YCTONUUBBIX MHKEHEPHBIX KOMIIETEHIMI B 00JIACTH DKCILITya-
Talluu SHEPIrEeTUICCKOTO O60py}10BaHI/IH 1 BOAHO-XUMUYCCKUX PEIKUMOB.

Knroueswvie crnosa: 6000n0020moska, Mexanuueckutl (puibmp, anmpayum, Hampui-KamuoHUMHbsIl Guibmp, 0easpamop,
Kauecmeo 800bl.
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TEOPETHUYECKASI OIIEHKA JI030BOI HAT'PY3KH HA HACEJIEHUE
OT ATMOC®EPHBIX BBIEPOCOB ITPU HOPMAJIBHBIX YCJIOBUAX PABOTbBI A9C

C. I1. Jlepuenko”, B. B. Boxko, I1. E. Kpusuuxuii
Qunuan «Mncmumym paduayuonnoii 6ezonacnocmu u yxonozuuy PI'TI HAI] PK, Kypuamos, Kazaxcman
* E-mail ons konmaxmos: levchenko_sveta@nnc.kz

B HacTosmielt paboTe MpeacTaBIeHBI Pe3yIbTaThl TEOPETHIECKOM OICHKH T030BOM HArpy3KH Ha HacelleHHe OT aTMO-
coepHbIx BeIOpocoB ADC B TeueHHe mepBoro rojaa padotsl U yepe3 30 JeT IKCIUIyaTalli B HOPMaJIbHBIX YCJIOBHUSX.
J1030BbIe Harpy3KH OLIEHEHBI C YUETOM CIEAYIONIMX IyTei 00IyueHns: OpraHn3mMa 4ejoBeKa: BHyTpeHHee 00ydeHHe 3a
CYET MHTASIIMOHHOTO NOCTYIIJICHUSI PaIMOHYKIINI0B, BHEITHEE 00Jy4eHHE OT 00JiaKa, BHELIHEe 00 TydeHHe 3a CUEeT 3a-
IPSI3HEHUS] MECTHOCTH M BHYTPEHHEE 00 IydeHHE 3a CUET MOTPEOJICHNUs TPOAYKTOB MUTaHUs. PacdeTHBIM IyTeM yCTaHO-
BJIEHO, 4TO IpH dKcIuryaraiuu ADC B HOpMaJIBHBIX YCIOBHSX HE OyayT NPEBBIICHBI KBOTHI Ha JIOMYCTHMYIO JJO30BYIO
Harpy3ky Ha HaceneHue (10 Mx3B/rox), GopMUpyEeMyIO 3a CYET BHIOPOCOB PaIMOAKTHBHBIX Ta30B M a3p030JIed B aTMO-
ctepy. OCHOBHOI BKJIaJl B CyMMapHYIO J030BYI0 Harpy3Ky Ha HaceJeHHE BHOCHT BHEIIHEe (POTOHHOE OOIydeHHe OT
panuoakTHBHOTO 00naka. CymmapHas j03a 10 BCeM IMyTsAM 0O0IydeHHs, popMUpyeMast B pe3yJibTaTe aTMOC(EPHBIX BbI-
OpOCOB, YBEINYNBACTCS C TEUCHUEM BPEMEHH 3a CUET HAKOIUICHHS JOJTOXHUBYIINX PAIHOHYKINI0OB B 00BEKTaxX OKPY-
XKaromen cpensl, B CBsi3M ¢ 4eM depe3 30 et padoTsl ADC B HOPMAIBHBIX YCIOBHIX CyMMapHas 103a paJnOHYKIHIOB
0Co u *°Sr yBenwuuTCS Ha OJMH MAaTEMATHIECKHI ITOPSIOK.

Knruesvte cnosa: amomuasn snexkmpocmanyus (A2C), paouonykiudsi, eblopocsl 8 ammocgepy, 00308ds HASPY3KA,

Hacenenue, OKpydicarowas cpeod, oonyuenue.

BBEJAEHUE

ATOMHas 3HEpreTHKa SBISCTCS OAHUM U3 OCHOBHBIX
MHUPOBBIX HUCTOYHHMKOB 3HEpruu. B menom, B Mupe mpo-
CIIE)KUBACTCA IO3UTHBHBIA TPEHJ Pa3BUTUSL ATOMHOU
sHepreTuky. JlaHHas TEHACHIHS 00yCIOBJIEHA MPOTHO-
3UPYyEeMBIM MHPOBBIM 3HEPTeTHUECKUM KPU3NUCOM H TJI0-
0anpHOM 3a7aueii 1o mepexoay K yriIepoaHO HeHTpab-
HoctH [1].

CrpourenpcTBo aToMHOM 3nekrpoctannuu (ADC) B
Kazaxcrane eme ¢ 90-X To10B paccMaTpuBaeTcs Kak Ba-
YKHBII SKOHOMHUYECKHUII MPOEKT It obecrieueHus YHep-
reTHYecKoil caMmoocTaToYHOCTH peruoHa. C oOpereHu-
€M He3aBHCHUMOCTH, cTpouTenbecTBO ADC cTano ocobeH-
HO HEOOXOAWMBIM B KOHTEKCTE dHEPreTHYECKOIro CyBe-
peHuTeTa 1 6€301MacHOCTH CTPaHBbI, KaK KJIF0UEBOH cocTa-
BIIAIOIIEH 00mell HanuoHanbHOH Oe3omacHocTu Kazax-
CTaHa, 3aJI0roM Oy[IyIIero YBEpPEeHHOTO Pa3BHTHS roCy-
napcrBa. CtpoutensctBo ADC B Kaszaxcrane cozpact
MIPOYHYIO OCHOBY ISl SHEPreTHYECKOH Oe30MacHOCTH
CTpaHbl, YJIYYIIUT 3KOJIOTHYECKYIO CHUTYAIMIO 32 CUeT
COKpaIeHUs BEIOPOCOB, CTA0MIN3NUPYET IEHBI HA JIEKT-
POSHEPIHIO M CTAaHET BaXKHBIM IIAarOM Ha IyTH K TEXHO-
JIOTHYECKOMY Pa3BUTHIO M IPOMBIIIJICHHOMY POCTy [2].
Pemenne mo crpoutenscTBy nepBoit ADC B Kazaxcrane
MIPHUHATO TIO Pe3yibTaTaM OOIIEHAIMOHAIBHOTO pede-
peHayMa, MECTOM TIOJT CTPOUTENECTBO BEIOpaH XKaMObLI-
CKHii pailoH AnMatrHCcKo#i obnactu [3].

OueHka (haKTHYECKOTO U MOTEHIIMAIILHOTO paIrali-
oHHOTo Bo3zeicTBus ADC Ha NPUPOIHBIE KOMIOHEHTHI
(TTOYBEHHBIN MOKPOB, BOJHbIE OOBEKTHI, aTMOC(EPHBIH
BO3/1yX, PACTUTEJIBHBIN 1 )KHUBOTHBIN MHP) OKPY>KaIOIEeH
cpedbl M HaceleHHe MpPEACTaBIsIOT co00l BaXKHBIN ac-
NEeKT B o0ecrieueHnn 0€30MacHOCTH U YCTOHYMBOTO pas-

BUTHS siIepHOH dHepreTuku. Pabora moo6oit ADC obs3a-
TEJIEHO COIIPsDKEHA C BEIOPOCaMU B OKPYKAIOLIYIO Cpeay
OTIPE/IeIEHHOT0 KOJIMYECTBA PAaJUOAKTUBHBIX 3JIEMEH-
ToB. KoMM4ecTBeHHBIH COCTaB ra3o-a’po30JbHBIX BBI-
OpOCOB 3aBHCHT OT THIIAa PEAKTOPA, KOTOPHIN COCTABIISIET
OCHOBY cTaHUuu [4].

OueHka 7030BBIX HAarpy30K Ha 4YeJoBeKa B paiioHe
pacrionoxxernss ADC sBISeTCS HEOThEMJICMbBIM JJIEMEH-
TOM PaJANOIKOJIOTNIECKOT0 OOOCHOBAHUS CTPOUTEIHCT-
Ba M BBOJAa aTOMHOI CTaHIMU B 3KcIuTyarammio. Kpome
TOT0, HEOOXOAUM JIOJTOBPEMEHHBIHN IIPOTHO3 H3MEHEHUS
JI030BOM HAarpy3K{ Ha HaceJeHHUe IS IIIAaHUPYEMOro T1e-
puona ¢pyukrnuonupoBanus ADC [5]. C yueTom HaTA9Hst
BOJIHBIX M 9HEPTETUIECKHUX PECYpPCOB, HU3KOII celicMuue-
CKOM aKTHBHOCTBIO, Pa3BUTON HaY9IHOI 6a30i U OTIBITOM
paboTHI ¢ pagMOaKTHBHBIMHU MaTepHalaMu, elie OJHON
13 TEPCIEKTUBHBIX IUIOMIAJIOK JUII CTPOUTENBCTBA BTO-
poit ADC B Kazaxcrane — paiton BOmm3u ropoaa Kypuya-
TOB (00MacTh ADaif), pacIoI0>KEHHOTO Ha JICBOM Oepery
pexu UpTbim.

Ilean padoThl: MPOTHO3HAS OLIEHKA 103 OOIy4YeHHS
HaceJIeHUs B pe3yibTate BeIOpocoB ADC B TeueHHe nep-
BOTo rojia paboTsl 1 yepe3 30 JieT SKCIITyaTaluu dJIeKT-
pOCTaHIIMH, a TAaK)Ke aHAJIN3 U COMOCTABIICHHUE MOTyUYeH-
HBIX pe3yJbTaTOB C JEHCTBYIOIIMMU HOpMaTuBaMu Pec-
my6mmku Kazaxcras.

MATEPHAJIBI U METO/Ibl UCCJEJTOBAHUSI

Obvexm uccreoosanus. B xauecTBe 00bEKTa HCCIIe-
JoBaHUS BEIOpaHa poektupyemas ADC, kotopas Oyner
BKJIFOYATh B ceOsl [Ba DHEProOJIOKa ¢ BOJO-BOJSHBIMH
peaxtopamu nokosneHus I u [11+, uMeronumMu BEICOKUN
YPOBEHb 0€30MaCHOCTH W yIIyYIlIEeHHbIE SKOHOMHUYECKHE
rmokasaren [6].
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TEOPETUYECKAA OLLEHKA J,O30BOM HATPY3KWU HA HACE/IEHUE OT ATMOC®EPHbIX BbIEPOCOB
NMPU HOPMA/IbHbIX YC/TOBUAX PABOTbI A3C

Memoowvl uccnedosanus. K Hacrosiemy BpeMEHU
pa3paboTaHO MOCTATOYHOE KOIUYECTBO MPOrpaMMHBIX
CPEICTB, MpeJHa3HAUCHHBIX JUI1 MPOTHO3UPOBAHUS pa-
JUAIIMOHHOTO BO3JICHCTBUS Ha HACENEHUE B YCIIOBHSIX
HopManbHOU skcmmyaTanuu ADC. Takue mporpamMsl
MO3BOJISIFOT OLIEHUTh BO3MOJKHBIE PUCKH AJIS 310POBBS
YelI0BEKa U COCTOSHUS OKpYXKaolleil cpensl, a Takxke
JIaTh OJITOCPOYHYIO OIEHKY O30BBIX HArpy30K Ha Ha-
CEJICHNE, HAXOIAIIET0CS B «30HE BO3ACHCTBHS (PyHKIIHN-
OHHPYIOUICH B IITAaTHOM pexkume padbotsr ADC.

OntuManbHEIM (C TOYKH 3PEHUS MOAEIHPOBAHUS
MIPOILIECCOB, MapaMETPUIECKOr0 OOecTedeHHs, AOCTYII-
HOCTH M «IpYXeIroOHOCTHY HHTepdeiica) mporpaMm-
HBIM CPEJICTBOM Ul INPOTHO3UPOBAHMS IOCIEACTBUIL
XPOHMYECKHUX DPAaJUOAKTUBHBIX BBIOPOCOB Ul Hacelle-
nus siBisgercs naker CROM, pazpaboTaHHbII Ha OCHOBE
MUTpalMOHHBIX Mojienielt MAT'ATD. DToT makeT mo3Bo-
JIieT IPOTHO3UPOBATh MOBEJCHNE PATUOHYKINIOB B aT-
Moc(epe U MPUPOTHBIX CpelaX, OLCHUBATh IUNIOTHOCTH
3arpsi3HECHUS, HaKOIUICHWE PaJMOaKTHBHBIX BELIECTB B
KOMITOHEHTaX 3KOCHCTEM H CEIbCKOXO03IHCTBEHHOH Mpo-
nykuuu. [Iporpammusiii naketr CROM xapakrepusyercst
ONITHMAJIEHBIM YPOBHEM CIOXKHOCTH (JUI pEIIeHHs IOo-
CTaBJICHHOH 3a/laui) W XOPOLIO MPOPaOOTaHHBIM IIapa-
METpUYECKUM obeclieueHHeM. DTOT MakeT CO3/aH C yue-
TOM MHGMOpPMALUH, IPEACTABICHHOW B JIOKYMEHTE
MAT'ATO SRS Nel9 ¢ HEKOTOpPBIMHU YIy4IICHUSAMHU Ha
ocHoee EUR 15760 [7].

B HacTosmelt paboTe naHa MPOTHO3HASA OLIEHKA /103
00 TyueHHs HACEJICHHS! B PE3YJIbTATe ITATHBIX BEIOPOCOB
ADC B Teuenme nepBoro roga padotsr u gepes 30 net ee
9KCIITyaTau. Jl030BbIe Harpy3Ky OLEHUBAIIUCH I10 pa3-
JIMYHBIM My TSM OOJIydeHHs JUIS BO3PACcTHOM IpyIbI Ha-
ceNleHns «crapie 17 nery, MpoXXHUBaIoIeH Ha paccTos-
HuM 30 KM OT MpeoiaraéMoro MecTa CTPOUTENbCTBA
ADC. Pacuer 103 00myueHUs HACEJICHHUS BBITIOJHEH C T10-
MoIIsio porpammHoro nmakera CROM. [lnst obecrneue-
HUSI MAKCHMAJIBHOW OLICHKH J103, 3HAYCHUS BXOJIHBIX I1a-
paMeTpoB, UCIOJb3yeMble B pacyere, ObUIM 33/1aHbI C
IIPUMEHEHNEM KOHCEepPBaTHBHOTO IMoaxoxa. B kadecTse
HCXO/HBIX JAHHBIX UCIIOIb30BaHbl XapaKTEPUCTHKH pac-
YETHBIX BHIOPOCOB PaIMOAKTUBHBIX I'a30B M a3p030JeH B
atMocdepy Jleanarpanckoit ADC-2 B HOPMAaJbHEIX YC-
JOBHAX dKCIUTyaTanuu (Tabnwma 1).

B pacuer BKIIIOYEHBI CIIEAYIOIIUE IyTH OOTydeHHS
OpraHM3Ma YeJIOBEKa: BHyTpPEHHEe OOJIydeHHE 3a CUeT
MHTAJISIIMOHHOTO TTOCTYIUICHHUS PaJANOHYKIIH/IO0B, BHEII-
Hee 00my4yeHne oT obJaKka, BHEITHEeE O0IydeHHe 3a CUeT
3arpsA3HEHUs] MECTHOCTH W BHyTpPEHHee OO0NydueHHe 3a
c4eT moTpedyieHust MpoayKTOB nmuTaHus. OmeHka 103 00-
Jy4eHHs BBHITIOJHEHA C YYETOM pallOHA MUTaHHS Hace-
JIEHUS], MPOKMBAIOIIET0 Ha paccTossHud 30 KM OT mpe-
nojaraemMoro Mecta crpoutensctBa ADC. B panuone
ObUTH yuTeHBl HanboJiee pacHpocTpaHEHHbIE B JAHHOM
perMoHe NPOAYKTHl HHUTaHMS: MsICO-MOJIOYHast (MsCO
oBell (OapaHKHa), TOBSAMHA 1 KOPOBBE MOJIOKO) U pacTe-
HHEBO{YeCKast TPOLYKIKS (37TaKOBBIE KyJIbTYPbI, OBOIIH
n QpykTHl), a Takke peuHas peida. ['omoBoe nmoTpedite-

HHE ITPOILYKTOB IIUTAHUS AJISI B3POCIIOTO HACENICHNUS B 00-
nacti Abaii (3a 2024 rox) npeacraieHo B Tabnuue 2.

Tabnauya 1. I'000601i 8b10POC PAOUOAKMUBHBIX 24306
u aspo3soneil co cmanyuu npu pabome 610KA 8 HOPMALLHOM
peoscume, I'bx/200 % bnok [8]

MecTo perncTpauum xapaktepucTuk BbiGpoca
Papuonyknua BeHTunsuuoHHas Bbiwe kpoBny,
Tpyb6a 3[aHNe TYPOUHbI
H 5,1-10 2,9-100
1“c 3,0-102 —

8mKr 6,0-102 1,3-10°

8mKr 2,2:108 3,210

5Kr 3,1-102 5,4-102

87Kr 1,2:103 3,310

8Kr 4,8-108 8,5:10"

131mXe 2,0-102 1,0-100

133Xe 2,8:10¢4 2,6:102

135Xe 6,7-108 7,810

138Xe 1,9-102 1,710

3 8,3-102 1,4:1073

13| 1,110 2,310

133) 1,510 3,610

13 7,2:1072 1,4:1073

139 1,210 2,9-107

S1Cr 8,5:10-5 2,0-10-¢

$Mn 5,310 1,2:1077

80Co 34105 781077

898y 3,510 5,0-10-6

%Gy 6,5:107 1,3-108

134Cs 2,2:1072 4,5-10

137Cs 3,3-102 6,8:10~

nePr 4,4-104 5,2:102

Noap! 5,3-10-1 1,2:10-2

Asposonu 5,5-10-2 1,1-10-3

Cymma (3a ucknioye- 44104 52102

HUEM TpUTKS) ’ ’
Tabauya 2. Illompebnenue ochosHbix npodykmos numarus [9]
Kateropus npogyktoB MoTpe6nenue, kriron

Xne6onpoayKTbl v KpynsHble U3REnus 123,2
Msico 1 MaconpogyKTbl 724
Pbiba 1 MopenpogykTbl 12,6
MornoKo 1 MOnoYHbIE NPOAYKTbI 2443
OpyKTbI 55,9
OsoLum 58,0
Kaptocbens 30,6

PE3VJBTATHI 1 OBCYXJIEHHUE

C nmomomeio nmporpammHoro cpeactsa CROM BbI-
TIOJIHEHA OTIeHKA 7103 00IyUeHUs HACEJICHUs, TPOKHUBAIO-
mero Ha pacctossHuM 30 KM OT MPEAnoiaracéMoro MecTa
ctpoutensctBa ADC. PaccunTtansl cyMMapHbIe J030BbIE
HATPY3KH JJIsl BO3PACTHOM Tpymnmbl «crapiie 17 jery,
(dhopMUpyeMEBIE IO Pa3IMYHBIM ITyTSIM OOIYYCHHUS 3a TOJ
u 3a 30 5eT ee sKkcIuTyaTanuu. Pe3yapTaTel pacuera npe-
CTaBJICHBI HAa PUCYHKE 1.
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=
f=3
=S

MK3B/rog

0,015
0,01

nl
0

gHeuwHee BHympeHtee
06ny4eHne opraHu3ma Yenoseka

CymmapHas 1030Bas Harpy3ka,

E1-fArog @30-Arog

Pucynox 1. Cymmapnvie 00308ble Hacpy3Ku HA HACeNeHue

CornacHo pe3ynbTaTaM pacyera (pUCyHOK 1), momy-
YEeHHbBIC CyMMapHbIE 1030BbIC HArPy3KH HE NPEBBIIIAIOT
npeziena 103kl TEXHOTEHHOTO OOJydeHMs HaceleHHs
(1 M3B/ron), ycTaHOBI€HHOTO B [ MTHEHHYECKUX HOpMa-
TUBAXx JUIsl HACEJICHUS, IOABEPTaIONIETocs 00IyUYeHHs OT
paananoHHbIX 006eKTOB [10].

Kpome Toro, B CaHNTapHBIX NPaBUIIaX yCTAHOBIICHBI
KBOTHI Ha BEJINYMHY JOIMYyCTHUMON MHIUBHIYaIbHOM 3¢-
(heKTHBHON 1036l OOMYyYEHHs OT BCEX DPaMAIlMOHHBIX
(akTOpoB (BO3OYIIHBIX BHIOPOCOB, BOAHBEIX COpPOCOB)
JUTSL HACEJIEHHS, MPOKUBAIOIIETO 32 MPEACIaMy CAHUTap-
HO-3AIUTHON 30HBI PaJHAI[MOHHOTO OOBEKTa NPH €ro
HopManbHOU dkcmmyatanuu [11]. Ilomydennsle 3Have-
HUsSI HE TPEBBICHIM MHUHHMAJIBHOTO 3HAYCHHS KBOTBI
(10 Mx3B/rox), yctanoBieHHOro B CaHUTApHBIX MpPaBH-
Jax s HaceJIeHUsl, MPOKMBAIOLIEro B 30HE Haluojie-
HUSI paJaliMoHHOr0 o0bekTa [11].

CyMMapHast 103a M0 BCeM IMyTsM 00iydeHus, ¢op-
MHUpYyeMast KaXKIbIM PaJHOHYKJINAOM B Pe3yJIbTaTe aTMO-
cepHbIX BEIOpOCcoB B TeueHue 1-ro u 30-ro rosa paboTel

1,00E-01
1,00E-02
1,00E-03
1,00E-04
1,00E-05
1,00E-06
1,00E-07

1,00E-08

1,00E-09 I”

L Q&
.'b%
Q‘c,\sb\sb

N
JERC

I

ADC npu HOpMAJBHBIX YCIOBHUSAX MPEICTaBIICHA HA PH-
CYHKe 2.

U3 pucyHka 2 BUAHO, 4TO C TEYEHHEM BPEMEHH IIPO-
HCXOJUT HAKOIUICHHE JIOJITOKUBYIIMX PAJAUOHYKIIH/IOB B
00bEKTax OKpY KaloIleil cpebl, B CBsI3M ¢ 4yeM depe3 30
net pabotsl ADC B HOPMaJIBHBIX YCIOBHSAX CyMMapHas
no3a paguonykmuaos °Co u *°Sr ysemmumpaercs Ha
OJIMH MaTEeMATHIECKUH TTOPSATOK.

Bxuitag pa3nuyHbIX IMyTeld OOJMy4eHHs HAaceJeHHS B
CYMMapHYIO JJO30BYIO Harpy3Ky B pe3yJIbTaTe BEIOPOCOB
ADC B atmocdepy B Tedenne 1-ro u 30-ro rona paboTs
IIPY HOPMAJIbHBIX YCIOBHUSX ITOKa3aH HAa PUCYHKE 3.

PacueTHBIM yTeM yCTaHOBJIEH OCHOBHOM Iy Th 00ITy-
YEeHUsI HACEJICHUsSI — BHEIIHee (OTOHHOE OOJIydyeHUE OT
PaanoakTHBHOTO obaka (prucyHOK 3). 3a 30 JieT KCcITy-
atai ADC B HOPMaJILHOM PEXUME BKJIAJ 0OIydeHHs
OT paJMOaKTHBHOTO 00J1aKa B CyMMapHYIO 103y 00Jyue-
HUs cHU3UTCSA ¢ 75,2% 10 66,7%. DTO CBsI3aHO C yBEJH-
YEHHEM BHEIITHETO OOJIyYEeHNUS OT HOBEPXHOCTH ITOYBHI (C
0,4% no 2,4%) n BHyTpeHHEro oOIydYeHHs NPH TEpo-
panbHOM Iy TH noctyruieHuns (¢ 24,2% no 30,8%) B opra-
HH3M 4YeJIOBEKA, 32 CUET HAaKOTUICHHS JOITOXUBYIIHUX pa-
JVOHYKJIN/IOB, HAXOIAIINXCS B 00BEKTAX OKPY’KaIOIIEeH
Cpenpbl.

OT,)ICJ'II)HI)IC PaarOHYKJIMABI BHOCAT paBHH‘IHLIﬁ BKJ1aJ
B (JOpMHpOBaHKE JI030BOH HATPY3KH MO Pa3IMYHBIM ITy-
TSIM OOJIydeHHs OpraHu3Ma 4dYejoBeka (PUCYHOK 4).
310 00YCIOBICHO OCOOCHHOCTHIO XapaKTEPUCTHK KaXKI0-
IO paJi0aKTHBHOTO M30TOIIA, BXOSIIEr0 B COCTAaB aTMO-
chepubix BeIOpocoB ADC, a Takke pasiIuuyueM (HHU3UKO-
XMMHYECKHX CBOWCTB JAHHBIX 3JIEMEHTOB, KOTOPbIE BIIH-
SIIOT Ha MX MHUTPAIMOHHBIE CIIOCOOHOCTH B OOBEKTaxX OK-
py’Karomien cpessl.

nll

& & @9?’09(5“(9

NN N TN S Sy

®1-nrog ©@30-1rog

Pucynox 2. Cymmapnas 0osa no ecem nymsam oonyuenus, mk36/200
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NepopankHelit
nyTe 06nyyeHna
24,22%

MHranaumnoHHsIR
nyTe 06Ay4eHHA
0,18%

06nyyexne o1
PaMOAKTHBHOTO
obnaka
75,19%

06nyyetne oT,

NoBEPXHOC
novssl
0.41%

a) l-ii rox

MepopantHelit
yTe 0fny4eHns
30,77%

0Gmyyexne of
— PaaMOAKTHBHOTO

WHranAunoHHb! A 4 obnaka

Pucynox 3. Bknao pasnuunsix nymeti 061y4eHUs 6 CYMMAPHYIO 00308Y10 HASPY3KY HACENeHUs

H-3, C-14, w3oTomkl 1131,

Cr-51, Mn-54, Co-60, Sr-8%—— —

§r-90, Cs-134, Cs-137
0,10%

Kr-83m, Kr-85m,
“-._Kr-85, KI-87, Kr-88
22,76%

Xe-131m, Xe-133,
Xe-135, Xe-138
7,14%

a) OT PaJIHOaKTUBHOTO 00IaKa

Cel3d  Cefd?
Cr-51, Mn-54, Co-60, 051%  083%

89,5180

0,02% 1134, 1-132, 1-133,

1134, 1135
. 3,06%
Cld_
6,85%

H3
89,03%

B) I/IHFaJIHI.II/IOHHLIi;I IIYTh NMOCTYIUICHUSA

NyTs 0BNYYeHUA 66,69%
0,16%
0Gny4enne o1
NOBePXHOCTH ﬂﬂ‘-{Elhl_/.
2,3%
6) 30-it roz
Cr-51, Mn-54,
31, 1132, 14133, ' L
1-134, 1-138 —_— |
351%
Cs 17—
37,17%
—_Cs-134
58,99%
0) OT TIOBEPXHOCTH MOYBHI
11132, 133, Cr-51, Mn-54, Sr-89,
1434, 1135 ——___ 5190, Cok0
0,50% — 0,03%
- Ce-134

My

s
2063% _3710%

Cs-137
afrdn_

T) IepOPaJIbHBII MyTh NOCTYIIICHUS

Pucynok 4. Bxnao pasnuunslx paduonykiuoos 6 popmuposanue 00308bixX HAZPY30K HA HACeNeHUe

Kak BumgHO M3 pucyHKa 4 a, HHEPTHBIE PaIHOaKTHB-
HBIE Ta3bl BHOCST CYIIECTBEHHBIH BKJaJl B CYMMAapHYIO
JI030BYIO HArpy3Ky TOJBKO IO IyTH OOJydeHHs OT pa-
JIMoaKTUBHOTO oOnaka. Bknan *H 3HaunTensHO npeobia-
JTaeT TpH O0OJIydeHHH, 0OyCIOBIEHHOM ITOCTYIUICHHEM
PaIMOHYKJINIOB B OPTaHU3M UYEJIOBEKA 3a CUET AbIXaHUs
(pucynox 4 B). [Ipn 00iry4eHUH OT MOBEPXHOCTH TTOYBBI
HauOOJBIIMIT BKIIAJ BHOCAT paanonykiuasl 4Cs u 37Cs
(pucyHok 4 0), a ipu MOTPEOICHUU POTYKTOB TUTAHUS
— 134Cs, ¥7Cs u P'I (pucyHok 4 r).

Ha ¢dopmupoBanne cymMmapHOil 71036l BHYTPEHHETO
00JIyueHHns CYIIECTBEHHOE BIIMSIHAE OKAa3bIBAET PAIlMOH
MTUTaHUA HaceIeHUs (PHCYHOK 5).

CornacHO NOJTYYEHHBIM JJaHHBIM (PHUCYHOK 5), B CyM-
MapHyIO 103y BHYTPEHHETO OOJy4YeHHs 3a CUeT IMepo-
pabHOTO TOCTYIUIEHUS HAWOOJBIIMK BKIAJ IaeT Mo-
TpebiieHne MSCOMOJIOUHBIX NMPOAYKTOB, MEHBINE — MO-
TpeOieHne PBIObI, 3IaKOB, OBOIICH U (PPYKTOB.

Peifa_ Osown
95 - 4%_\

—DpykTs
! 3%

“—Msco
53%

Pucynok 5. Bknao nuwegozo payuona 6 popmuposaue

003bl BHymMpeHHe20 00myYeHUs
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3AK/IIOYEHUE

[To pe3ynpTaTtaM TEOPETHYECKOW OLEHKH J030BOM
Harpy3kd Ha HaceJeHHE MOXKHO CJeJiaTh CJeyIOoIlue
BBIBOJIBI:

1. ITpu sxcrutryatanuu ADC B HOpMaJIBHBIX YCIOBUSIX
He OyIyT IPeBBIIIEHBI KBOTHI Ha JOIMYCTUMYIO J030BYIO
Harpy3Ky Ha Hacenenue (10 Mx3B/rox), hopmupyeMyro
3a cueT BEIOPOCOB paJlMOAaKTHBHBIX I'a30B M a3p030JIeii B
aTMocodepy.

2. PacuerHas cymmapHasi mo3a OOJy4eHHs Hacee-
HUS OT aTMOC(EPHBIX BEIOPOCOB IPH HOPMAITBHBIX yCIIO-
BHsAX paboTel ADC 3HAYUTETHHO MEHBIIE JOMYCTHUMOI
JI030BOM HArpy3KH, KaK B IEPBBIH Toj paboThl JIEKTPO-
cranmuu (0,025 Mx3B/rog), Tak um 3a 30 ger
(0,029 Mk3B/rox). 3HAYUTETHHOTO YBEIUYEHHSI CyMMap-
HOM J1030BOM HArpy3KH Ha HaceJIeHHE C TEYCHUEM Bpe-
MEHH 32 CYET HAKOIUICHHS IOJT0KUBYILUX PaJHOHYKIU-
JIOB B 00BEKTaX OKPYXKAIOIIEH Cpe/ibl HE TPOMCXOINT.

3. OcHOBHOH BKJaJ B CYMMAapHYIO JO30BYIO HAarpys3-
Ky Ha HaceJICHHe BHOCHT BHELTHee (POTOHHOE OOITydeHHUE
0T pPaAN0aKTHUBHOTO 00JIaKa.

4. B 3aBUCHMOCTH OT IIyTH OOJy4eHHs OpraHH3Ma
YeJI0BEKa OCHOBHBIMH 103000pa3yIONIMMHU paJHOHyKIIH-
namu aBisoTes: 8 Xe — mpu 06Ty 9eHuH 0T paIrOaKTHB-
Horo obnaka; *H — 3a cuer jpIxaHusl (MHTAIALMOHHBIN
myTh); **Cs u 137Cs — B ciryuae 0611ydeHus OT IIOBEPXHO-
cru nouskr; *4Cs, 37Cs u 3T — npu notpe6ienun npo-
JTyKTOB MUTaHUs (IepOPAIBHBIN MyTh).

5. B cymmapHy1o 103y BHYTPEHHETO OOJydeHHus 3a
CYET MEPOPAIBLHOTO MOCTYIUICHHS HauOOJNBIINK BKIIA
JTaeT NOTpeOIeHNE MACO-MOJIOYHBIX TPOAYKTOB, MEHBIIIE
— IOTpeOIIeHHe PHIOBI, 371aKOB, OBOIIIEH U ()PYKTOB.

6. AnexkBaTHasi OlIEHKa CyMMapHBIX 7103 OOIydeHHs
HaceJIeHHs BO3MOXKHA TOJIBKO B TOM CIIydae, eciii B Ka-
YECTBE UCXOIHBIX JaHHBIX UCIIOJIH30BAHBI BCE OCHOBHBIE
J103000pa3yroIue paguoHyKiIuasl. Paznudue B TeopeTu-
YECKUX M pealibHbIX JaHHBIX 110 COCTaBy aTMOC(EPHBIX
BbIOpOCOB mpu dKcIutyatarn ADC B HOpMabHBIX YC-
JIOBUSIX, MOXKET OKa3aTh CYIIECTBEHHOE BJIMSHHE Ha pe-
3yJIBTAThl IPOTHO3HBIX OIIEHOK.

Hannas paboma evimonnena 6 pamkax guxancuposa-
nust Aeenmcmea Pecnybnuxu Kazaxcman no amommoti
JHepauU no HaAy4YHO-mexHuyeckou npoepavme BR24792713
«Pazsumue amommoil snepeemuxu 6 Pecnyonuxe Kazax-
cmany.
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ADC KAJIBIIITBI )KYMBIC ICTEYI KE3IHJE ATMOC®EPAJIBIK IILIFAPBIHIBLIAPJIAH
XAJIBIKKA TYCETIH JIO3AJIBIK )KYKTEMEHI TEOPUSLIBIK BAFAJIAY

C. I1. Jlepuenko®, B. B. Boxko, I1. E. KpuBunkmnii
KP ¥A0 PMK «Paduayuanslk Kayincizoik jcone Ikonozus uncmumymouty gunuanst, Kypuamos, Kazaxcman
* Bavinanvic ywin E-mail: levchenko sveta@nnc.kz

Byn xymbicta ADC KYMBICBIHBIH OIpIHINI KBUIBIHIA JKOHE KaJbINTHI jkarmaiima 30 KUl maiinanaHbUIFAHHAH KEHiH
aTMocepanblK IIBIFApbIHBUIAPBIHAH  XaJIbIKKA TYCETiH JO3aJIBIK JKYKTEMEHI TEOpHsUIBIK Oaranay HOTHXKeJIepi
YCHIHBUIFaH. J{03aNbIK JKYKTEMeNep ajaM ar3achbIHBIH KelleCi COyJIeNIeHy JKOJIApblH €CKepe OTBIPHIN OaraiaHalbl:
PAIVOHYKIUATEPAIH HMHTAIALMSIIBIK TYCYylHEH IIIKi CoyJieleHy, OYJITTaH CHIPTKBI COyJIENeHy, JKEPruliKTi XKepliH
JaCTaHybIHAH CBHIPTKBI COYJICJICHY JKOHE a3bIK-TYJIKTI TYTBIHYIaH imki coyneneHy. ADC-Ti KaJbINThl jKarmaiina
naiianany kesinie atMocdepara paJHoakTHBTI ra3aap MEH ad3po30JIbIap IblH IbIFapbUTybIHAH KaJbINTACAThIH XaJIbIKKA
pyKcat eTinreH mo3ajiblK jkykreme (10 MK3B/KBLI) KBOTAaCHIHAH acCMaiTBHIHBI €cenTey apKbUIbl aHBIKTANABL XajbIKKa
TYCETIiH JKUBIHTBIK J03aJIbIK XKYKTEMere HeTi3ri yJiecTi paguOaKTHBTI OYITTaH CHIPTKBI (OTOHIBIK CIYJIEIeHY KOCAbI.
ATMOChepaNbIK MIBFapbIHABUIAD HOTHKECIHAE KaJBIITACATEIH OApIIBIK COYJICNICHY JKOIIaphl GOMBIHIIA )XUBIHTHIK 1032
KOpIIaraH opTa OOBEKTUIEepiHIEe Y3aK OMip CYPETiH paIuOHYKIUATEPIiH KUHAKTAIYHl eceOiHeH yaKbIT ©TKEH CailblH
yIIFasapl, OchbiFaH OaitmanbicTel ADC KanmbinThl karmaiina 30 kb1 skymbeic icTereHHeH keiin ®°Co xome “°Sr
PaIMOHYKIMATEPIHIH KUBIHTBIK J103aChl Oip MaTeMaTHKAaJIbIK MOPTEre YIIFasiibl.

Tyitin co30ep: amom snexmp cmanyusicol (ADC), paduonykiuomep, ammocpepaza wvleapulHObLIAP, 003AIbIK HCYKMe-
Me, XanblK, KOpulazan opma, Cayienemy.

THEORETICAL ASSESSMENT OF PUBLIC RADIATION BURDEN BY ATMOSPHERIC EMISSIONS
UNDER NORMAL NPP OPERATING CONDITIONS

C.I1. Jlepuenko”, B. B. Boxko, I1. E. KpuBuukuii
Branch “Institute of Radiation Safety and Ecology” RSE NNC RK, Kurchatov, Kazakhstan
E-mail for contacts: levchenko_sveta@nnc.kz

This paper presents the results of a theoretical assessment of public radiation burden by atmospheric emissions from NPP
during the first year of operation and after 30 years of operation under normal conditions. Radiation burdens were
estimated given the following exposure pathways of the human body: internal exposure through inhalation of
radionuclides, external exposure to a cloud, external exposure to ground contamination and internal exposure to the intake
of foodstuffs. It was found by calculation that when a NPP is operated under normal conditions, quotas for the permissible
public radiation burden (10 pSv/year) generated by emissions of radioactive gases and aerosols into the atmosphere will
not be exceeded. The main contribution to the total public radiation burden is made by external photon exposure to a
radioactive cloud. The total dose through all exposure pathways resulting from atmospheric emissions increases over time
due to the accumulation of long-lived radionuclides in environmental compartments, for which reason, after 30 years of
NPP operation under normal conditions, the total dose of °Co and *°Sr will increase by one mathematical order of
magnitude.

Keywords: nuclear power plant (NPP), radionuclides, atmospheric emissions, radiation burden, population, environ-
ment, exposure.
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INVESTIGATION OF STRUCTURE AND PROPERTIES OF COATINGS
OBTAINED BY ELECTRIC ARC METALLIZATION AT DIFFERENT WIRE FEED RATES
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This study investigates the effect of wire feed rate on the structure and properties of coatings produced by electric arc
metallization using 30KhGSA wire. The coatings were deposited onto 65G steel substrates at feed rates of 5, 7, and 9 cm/s
using supersonic arc spraying. A comprehensive characterization was performed, including microstructural analysis, EDS
mapping, X-ray diffraction, and evaluation of coating thickness, hardness, and porosity. The results indicate that an
increase in wire feed rate leads to greater coating thickness but reduces structural homogeneity. At 5 cm/s, the coating
exhibited a uniform microstructure and low porosity, though with limited thickness. The intermediate feed rate of 7 cm/s
provided optimal properties, including balanced thickness (up to 220 um), reduced porosity (4.3%), and high hardness
(up to 720 HV). At 9 cm/s, further thickness growth was accompanied by turbulent deposition, resulting in increased
porosity and structural defects. These results confirm that wire feed rate is a decisive factor in coating quality, and its

optimization is essential for achieving durable and reliable protective layers.

Keywords: porosity, electric arc metallization, coating, steel, structure, steel wire.

INTRODUCTION

The development of materials with improved proper-
ties (wear resistance, oxidation resistance, thermal stabil-
ity) for parts operating under intensive loads is a topical
issue in modern materials science. Accelerated wear and
degradation of material properties significantly reduce
the service life of critical components. As an alternative
to costly fully alloyed steels, it is often more practical to
use low-alloy steels in combination with protective coat-
ings [1]. Steel 65G, while strong and widely used, exhib-
its limited oxidation resistance and is therefore in need of
protective enhancement. One promising solution is to ap-
ply coatings from wear- and corrosion-resistant steels
such as 30KhGSA to increase the durability and perfor-
mance of 65G-based parts [2—5]. Electric arc metalliza-
tion (EAM) is an efficient and cost-effective method of
applying such coatings. It enables the formation of dense
layers with good adhesion by melting wire feedstock with
an electric arc and propelling the molten droplets onto the
surface using compressed air. The quality of the resulting
coating is significantly affected by parameters such as arc
voltage, current, and wire feed rate. Compared to other
coating deposition methods such as HVOF (High-Veloc-
ity Oxy-Fuel) and plasma spraying, electric arc metalli-
zation offers several advantages, including lower equip-
ment cost, operational simplicity, and the ability to coat
large components without complex surface preparation.
While HVOF and plasma-sprayed coatings generally
provide higher density and better structural homogeneity,
EAM remains a practical and cost-effective method, es-
pecially for industrial and agricultural equipment subject
to abrasive wear. Thus, the use of EAM is justified where
economic feasibility and sufficient wear resistance are
prioritized.

This study focuses on the influence of wire feed rate
(5-9cm/s) on the structure and performance of
30KhGSA coatings applied to a 65G steel substrate under
fixed current and air pressure. The investigated parame-
ters include porosity, microhardness, surface roughness,
and friction coefficient.

The scientific novelty of this work lies in the compre-
hensive analysis of the effect of wire feed rate on coatings
obtained by electric arc metallization using 30KhGSA
wire, which has not been previously studied in detail. The
study employs a supersonic arc spraying technique to
form high-performance coatings and explores a wide
range of characteristics, including microstructure, adhe-
sion, and tribological behavior. Notably, it was found that
a medium wire feed rate of 7 cm/s provides an optimal
balance between structural integrity and functional prop-
erties, challenging the common assumption that higher
feed rates yield better results. These conclusions are sup-
ported by SEM, EDS, and XRD analysis, offering practi-
cal insights for improving the wear resistance of machine
parts operating under abrasive conditions [6].

The aim of this study is to evaluate the effect of wire
feed rate on the morphology and performance character-
istics of coatings. Since the 30KhGSA/65G steel combi-
nation has not been sufficiently studied in the context of
arc metallization, this research addresses a relevant gap
in both scientific and industrial contexts, especially for
applications involving intensive abrasive wear.

MATERIALS AND METHODS OF RESEARCH.

The substrate material used was 65G steel, a high-car-
bon, low-alloy steel with approximately 0.65% carbon
content. The substrates were cut into rectangular plates
measuring 25 X 25 x 10 mm. Prior to coating, the surface
of the samples was carefully prepared. Initially, they
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were sanded with progressively finer sandpaper, starting
from 100 grit and moving to 360 grit, which ensured the
necessary smoothness while removing oxide layers and
contaminants. Following this, sandblasting was carried
out using an electrocorundum abrasive on a Nordberg
NS3 machine to achieve the desired surface roughness,
enhancing the coating's adhesion.

Table 1. Composition of chemical elements of steel (by mass, %)

C Si Mn Ni S P Cr Cu
0.62-0.7(0.17-0.37/ 0.9-1.2 | t0 0.25 | t0 0.035 | t0 0.035 | t0 0.25 | t0 0.2

For the experiments, steel wire of 30KhGSA grade
(AISI 1330 equivalent), with a diameter of 1.4 mm and
manufactured in compliance with GOST 10543-98
standards, was used as electrodes. The chemical compo-
sition of 30KhGSA steel is presented in Table 2.

Table 2. Chemical composition of steel 30KhGSA (by mass, %)

C Si Mn Ni S P Cr Cu
0.28-0.34/ 0.9-1.2 | 0.8-1.1 | t0 0.3 | t0 0.025 | t0 0.025 | 0.8-1.1 | t0 0.3

Coating was carried out using the SX-600 supersonic
arc metallizer (Guangzhou, China), a sophisticated sys-
tem that includes a power supply, arc spray gun, control
unit, and compressed air supply module. The process in-
volves melting metal wires with an electric arc, after
which the molten metal is atomized by a stream of com-
pressed air [7]. The molten particles then deposit onto the
target surface, forming a continuous coating. The thick-
ness of the applied layer is controlled by adjusting the
number of passes of the metallizer and its movement
speed relative to the surface. The device features guides
that ensure a continuous feed of two metal wires, with an
electric arc generated between their ends. Compressed
air, reaching speeds exceeding 100 m/s, is directed
through a nozzle to pull molten particles off the wire ends
and deposit them on the substrate, creating a coating with
strong adhesion and low porosity [8§—12].

During the experiments, 65G steel was used as the
substrate material, and 30KhGSA alloy was used as the
coating. The study was conducted under several sputter-
ing modes, in which the wire feed rate was varied in the
range from 5 to 9 cm/s, while the voltage, compressed air
pressure, sputtering distance and other parameters re-
mained unchanged. During operation of the equipment, it
was found that varying the wire feed speed had a direct
effect on the amperage. This speed range was selected as
the optimum range to ensure a stable sputtering process
and a high-quality coating. Detailed parameters of spray-
ing modes are presented in Table 3.

The phase composition of the coatings after metalli-
zation was analyzed using an X'Pert Pro X-ray diffrac-
tometer (PANalytical, Netherlands), enabling both qual-
itative and quantitative identification of crystalline
phases. Measurements were conducted at wire feed rates
ranging from 5 to 9 cm/s, under a voltage of 45 kV and a

current of 40 mA, using Cu-Koa radiation within a 26 an-
gular range of 20° to 90°, with a step size of 0.02°.

Table 3. Spray parameters for high-speed arc metallization

using the SX600 machine.
Wire Current Compressed | Spraying
Sample | feed Voltage, | _. h
strength, air pressure, | distance,
Name | speed, A \'
atm cm
cm/s

W1 5 200 30 9 40

W2 7 200 40 9 40

W3 9 200 45 9 40

To examine the microstructure of the coating cross-
sections, scanning electron microscopy (SEM) was em-
ployed. The analysis was performed on a Tescan Vega 4
SEM (Tescan, Brno, Czech Republic) equipped with an
energy-dispersive spectroscopy (EDS) system for ele-
mental composition analysis.

Microhardness testing was conducted using the Vick-
ers method on a Metolab 502 device (Metolab, Russia).
The measurements were taken under a load of 0.2 N with
a dwell time of 10 seconds, using a diamond pyramid in-
denter with a face angle of 136°.

Tribological performance was evaluated on a TRB3
tribometer (Anton Paar GmbH, Austria) using the ball-
on-disk method. A 3 mm diameter steel ball made of
ShH15 steel served as the counterbody. The tests were
carried out under a 10 N normal load, with a linear sliding
speed of 3 cm/s and a wear track radius of 1.50 mm, re-
sulting in a total sliding distance of 70 meters.

RESULTS AND DISCUSSION.

In general, metallization is one of the key areas of our
work, which we have been engaged in for a long time. As
in previous studies, we conducted a number of tribologi-
cal, corrosion and microstructural tests. Several series of
experiments were carried out using 65G steel and the
most optimal variant was selected based on the data ob-
tained. Coatings formed by electric arc metallization re-
sult from the rapid deposition and solidification of molten
metal droplets, creating a multilayered structure visible
in SEM images (Figure 1). This layered structure, present
under all process conditions, enhances wear and corro-
sion resistance [13]. This structure prevents the propaga-
tion of cracks and penetration of aggressive substances,
which increases the service life of the protective layer.

Despite their advantages, the coatings contain defects
such as pores and oxide inclusions. As noted by Li et al.
[14-16], pores form due to air entrapment during the
cooling of molten particles and can reduce corrosion re-
sistance by allowing corrosive agents to reach the sub-
strate. SEM images (Figure 1) show that porosity varies
with the wire feed rate (5-9 cm/s). In addition to the gen-
eral SEM images, Figures 1a', 1b', and 1c' show enlarged
fragments of the corresponding samples, allowing for a
more detailed analysis of the particle distribution, poros-
ity, and possible defects in the coating structure.
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Figure 1. The microstructure of the coatings obtained by the SEM method: (a), (b), (c) is a general view of the surface structure
of the coatings corresponding to samples W1, W2, and W3, respectively, (a'), (b'), (c') are enlarged fragments demonstrating
porosity and particle distribution in local zones

Thus, although the 9 cm/s regime (W3) provides the
highest hardness and lowest porosity, the increase in fric-
tion coefficient and decrease in adhesion indicate re-
duced stability during operation. The 7 cm/s coating
(W2) demonstrates an optimal balance between thick-
ness, hardness, adhesion, porosity, and tribological be-
havior. Therefore, this feed rate can be considered the
most effective for producing wear-resistant and reliable
coatings under abrasive conditions.

At the minimum wire electrode feed rate of 5 cm/s
(sample W1), the porosity of the coating at the level of
3.5% is recorded, and its structure is characterised by ir-
regularity. The microstructural images obtained by SEM
show fluctuations in the thickness of individual layers and
their density. This is explained by the insufficient energy
of the melt particles deposited on the substrate, as a result
of which the degree of interparticle bonding is reduced,
which favours the formation of pores. Studies [17], indi-
cate that at reduced sputtering rates, lower deposition rates
are observed, increasing the probability of void formation
and reducing the adhesion between layers.

At a feed rate of 7 cm/s (sample W2), the porosity de-
creases to 2.7% and the structure becomes more uniform.
SEM images confirm that the microdroplets are depos-
ited more uniformly, improving the density and uni-
formity of the coating. The paper [18], indicates that in-
creasing the feed rate improves the coating density,
reducing porosity and increasing corrosion resistance,
since fewer pores limit the penetration of corrosive
agents.

At the maximum wire feed rate of 9 cm/s (sample
W3), the obtained coating is characterised by the lowest
level of porosity — about 1.3%, and its structure is char-
acterised by high density and uniformity. The increased
kinetic energy of molten particles in this mode favours
their deeper penetration into the substrate and improves
adhesion between successive layers. As a result, a uni-
form layer with strong internal bonding is formed. As
noted in the study [19], such dense coatings effectively
prevent the penetration of aggressive media, which posi-
tively affects the anti-corrosion and wear resistance char-
acteristics of the material. Microstructure analysis using
SEM confirms the presence of an almost continuous coat-
ing with pronounced interlayer cohesion.

In addition to porosity, oxide inclusions are often ob-
served in coatings produced by arc metallisation. They
are formed as a result of the interaction of molten parti-
cles with air oxygen both during flight and at the moment
of contact with the substrate. These inclusions are pre-
dominantly concentrated in the pores and at the bounda-
ries between the layers, indicating that the oxidation in-
tensity is related to the deposition modes. As noted in
[20], excessive oxide content can lead to a decrease in the
strength characteristics of the coating. At the same time,
a moderate amount of oxides can have a positive effect —
for example, some studies [21], demonstrate that the
presence of oxide phases in FeAl/Cr:C: type composite
systems contributes to improved wear resistance and in-
creased adhesion between coating layers [21].
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X-ray phase analysis showed the presence of oxides
(FesO4, Fe20s) in the samples. The highest amount of
them was found in sample W1 and the lowest in W3. This
is due to less development of oxidation processes at
higher wire feed speed.

Counts

100-{Ne 3 (28.05)

Position [*2Theta] (Copper (Cu))

Figure 2: Results of X-ray phase analysis

Table 4 shows data on physical and mechanical char-
acteristics of coatings obtained at different wire feed
rates, including microhardness values (Vickers at
HVO0.1/10 load). The analysis of the obtained results
demonstrates a stable dependence between the increase
in feed rate and microhardness growth. Thus, at the min-
imum feed rate of 5 cm/s (sample W1) the lowest value
of microhardness was recorded — 258 HV, which is asso-
ciated with increased porosity and less dense structure of
the layer. This is due to insufficient particle energy,
which reduces the interlayer bonding strength. In con-
trast, at a maximum feed rate of 9 cm/s (sample W3), the
microhardness increases to 305 HV. This increase is at-
tributed to the more intense impact of molten particles,
which favours the formation of a dense and uniform coat-
ing with improved interlayer cohesion [22].

Table 4. Summary physical and mechanical properties
of coatings at different wire feed rates

Samples | Hardness (HV) | Porosity, % | Ra, pm szf(;:::?:nt
W1 258 3.540.25 109 0.46+0.06
W2 278 2.74£0.27 16.2 0.42+0.05
W3 305 1.34£0.06 254 0.53+0.02

The variations in the structure and properties of the
coatings with changes in the wire feed rate are primarily
attributed to the changes in kinetic energy and thermal
balance in the spray zone. At lower feed rates (5 cm/s),
the amount of molten material is reduced, and the drop-
lets have lower kinetic energy, resulting in weaker flat-
tening upon impact with the substrate. This leads to
higher porosity, less cohesion between splats, and a
looser microstructure. Increasing the feed rate (to 7 cm/s)
improves particle energy and volume, leading to better
pore filling, enhanced splat bonding, and denser coatings.
However, at excessively high feed rates (9 cm/s), turbu-
lence and partial cooling of particles before reaching the

substrate may occur, which can reduce adhesion and in-
crease residual stresses [23—24]. Thus, the observed var-
iations in coating properties reflect a balance between ki-
netic, thermal, and structural factors in the deposition
process.

Figure 3 shows the dynamics of the coefficient of fric-
tion for three coating samples (W1, W2, W3) obtained at
different wire feed speeds as a function of the traveled
distance. All samples show an initial sharp increase in the
coefficient of friction (up to 20 m) due to surface adapta-
tion, reaching ~0.4 for W1 (low speed) and W2, and 0.5
for W3 (maximum speed, denser structure). The coeffi-
cient then stabilizes at levels of ~0.46 (W1), ~0.42 (W2),
and ~0.53 (W3), indicating the formation of a stable con-
tact layer. The dense structure of W3 provides higher
wear resistance but also a higher coefficient of friction
[25]. The initial stage involves the destruction of spray
microdefects, after which the particles are compacted to
form a stable, cohesive and wear-resistant layer.
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Figure 3. Dependence of friction coefficient

CONCLUSION

For coating application we used a supersonic arc met-
allization unit SX-600 (Guangzhou, China), in which the
wire is melted using an electric arc, and then the atomized
melt is transported by air flow to the surface to be treated
[25]. This method allows to form a dense adhesion layer
(see Figure 1). In the course of the experiment, the influ-
ence of the wire feed speed in the range from 5 to 9 cm/s
on the characteristics of the obtained coatings was stud-
ied.

The influence of wire feed speed (5-9 cm/s) was ana-
lyzed, revealing the following:

— Increased feed speed enhances the coating micro-
structure due to higher particle kinetic energy.

— At9 cm/s, the coating demonstrates the lowest po-
rosity (1.36%) and highest microhardness (297 HV).

— At 5 cm/s, porosity rises to 3.58%, reducing cor-
rosion resistance due to structural defects.

Higher feed rates result in denser coatings with im-
proved wear and corrosion resistance, though they also
lead to a slightly increased coefficient of friction.
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CBbIM BEPY KBLITAMIBIFBI OPTYPJI BOJFAH KAFJTAMJIA
SJIEKTP JOFAJIBI METAJIJAHJABIPY SAICIMEH AJIBIHFAH
KABBIHIAPABIH KYPBLJIBIMbI MEH KACUETTEPIH 3EPTTEY

B. K. Paxaauaos!?, /1. b. Byiiitkenos3, A. K. Oncexxanosa!”, H. M. Marazos!, E. C. Moa6ocbinos!

! ]I. Cepixoaes amvinoazot Illvizvic Kazaxcman mexnuxanvik ynueepcumemi, Ockemen, Kazaxcman
2 «Plasma Science» JKIIC, Ockemen, Kazakcman
3 C. Amansconos amvinoazol Ilvizeic Kazaxcman ynueepcumemi, Ockemen, Kazaxcman

* Baunanvic ywin E-mail: akbotaapsezanova@mail.com

By xymeicta 30XI'CA mMapkaisl CBIMIBI MalifaliaHa OTBIPBHIN, SJCKTP IOFAJBIK METAIDIM3AalMs SiCIMEH ajbIHFaH
KaOBIHIAPABIH KYPBUTBIMBI MEH KacHETTepiHe ChIM Oepy JKbULAaMIBIFBIHBIH ocepi 3eprrenai. JKabsiHmap 650" Oomat
Herizigzge 5, 7 xaHe 9 cM/c KBUIIAMABIKIICH XKOFaphl )KbUIIAMIBIKTEI JOFAJIBIK OYPKY TEXHOJIOTHSCH! apKBUIbI aIbIHIbL.
Muxkpoctpykrypanslk tangay, D/C-kapranay, peHTreH}aszalblK Tannay, >KaObIHIAPIBIH KaJbIHIBIFBI, KATTBUIBIFEL,
KEYeKTUTIri MeH aare3mscel 3eprrenmi. HoTmkenep kepceTkeHnel, cbiM Oepy >KbUIHAMIBIFBIH apTTHIPY >KaOBIH
KaJIBIHJIBIFBIHBIH ©CYiHEe OKemi, OipaK KYPBUIBIMJBIK OIpTEKTUIIriHE NI ocep eTTi. 5 cM/c Ke3iHIe KAObIH KaKChI
a/re3usiFa s)koHe OipKeJKi KyphUIbIMFa ue 00JiIpbl, O0ipak xyKa Ooypl. 7 cM/c Ke3iH/Ie eH OHTAMIIbI HOTHXKeep OalKayibl:
KaJbIHABIFRL 220 MKM neiiiH, keyekTimk — 4,3%, karteutblk — 720 HV neiiin. 9 cm/c ke3iHae Kabat KaJbIHIaIbl, Oipak
KEYCKTLUIIK apTThl, ajl aare3us reMeneni. Ocbuiaiiiia, ChiM Oepy JKbIIIAMIBIFbI )KAOBIH carachiHa eNICYJIi 9cep eTeIl )KOHE
OHBI OHTAWIaH/IBIPY JKaOBIHHBIH Naliagany KaCHeTTepiH OacKapyFa MyMKIHIIK Oepei.

Tyitin co30ep: keyexkminik, s1eKkmp 0024 lbl MEMATOAHObIPY, HCAObIH, OONAM, KYPbLIbIM, OOLAM CbLM.

HCCJIEJOBAHME CTPYKTYPHI U CBOMCTB HOKPBITHIA,
HOJYYEHHBIX METOJOM 2JIEKTPOJYTOBOM METAJUIN3AIIUMA
ITPU PABJIMYHBIX CKOPOCTAX IOJAYH ITPOBOJIOKH

B. K. Paxaauios'?, /1. B. Byiiirkenos?, A. K. Onceskanosa'”, H. M. Marasos!, E. C. Mo16ocbinoB!

! Bocmouno-Kazaxcmanckuit mexnuueckuii ynusepcumem um. JI. Cepuroaeea, Ycmo-Kamenozopck, Kazaxcman
2 TOO «Plasma Science», Yemv-Kamenozopck, Kazaxcman
3 Bocmouno-Kazaxcmanckuii ynueepcumem um. C. Amannconosa, Ycmo-Kamenozopck, Kazaxcman

* E-mail ons konmaxmos: akbotaapsezanova@mail.com

B pabote uccinenoBaHO BIMSHUE CKOPOCTH MOAAYM MPOBOJIOKU HA CTPYKTYPY U CBOMCTBA MOKPHITUH, ITOTy4YEHHBIX Me-
TOJIOM 3JIEKTPOYTOBOM METaNIM3aluH ¢ Hcnosabp3oBaHneM npoBonokd 30XT'CA. [TokpbITHS HAHOCHIINCH HA MOJIOXKKH
u3 crany 651" pyu pa3nmMyYHBIX CKOPOCTSX mojayn (5, 7 1 9 cM/C) c IPUMEHEHHUEM TEXHOJIOIMH CBEPX3BYKOBOTO JIyTOBOTO
HarnbuieHus. [IpoBeieHbl MUKPOCTPYKTYpHBIN aHanu3, D/C-kapTHpoBaHKe, peHTIeHO()a30BbIi aHATN3, U3MEPEHUS TOJI-
LIMHBI HOKPBITUH, TBEPAOCTH, HOPUCTOCTH U aAre3un. Pe3ynbTaTsl oKa3auu, YTO YBEIHYEHHE CKOPOCTH OAAa4YU ITPOBO-
JIOKU TIPUBOJIUT K YBEJIIMUEHHIO TOJIIIMHBI TOKPBITHS, OHAKO BIUSET M Ha €ro oJHOpoHOCTh. [Ipn 5 cM/c Habmonanack
XOpoIast aAre3usi 1 paBHOMEPHas CTPYKTypa IpH MeHbIel TonmuHe. [Ipu 7 cM/c JOCTUTHYT ONTHMANBHBIN Pe3yJIbTarT:
tommuHA 10 220 MM, iopuctocTs 4,3%, TBEpAOCTh 10 720 HV. ITpn 9 cM/c TommmmHa BO3pocia, HO TaKKe YBEINIHIIACH
MIOPHUCTOCTh M CHU3MJIACH aJre3usi 3-3a TypOyJICHTHOTO pacnblieHus. Takum oOpa3oMm, CKOPOCTh MOAAYH HPOBOJIOKA
CYIIECTBEHHO BIHSET Ha KaUeCTBO MOKPHITUH, a €€ ONTHMHU3ALUS T03BOJIAET YIIPABIATH SKCIUTyaTAllMOHHBIMU XapaKTe-
PUCTHKAMU MOKPBITHHA AJI IPUMEHEHUS B YCIOBHUAX MOBBIIIEHHOTO abpa3uBHOIO H3HOCA.

Knwuesote cnosa: nopucmocnio, 3/Z€Kmp00y20661}l memaiuzayus, noKkpovlmue, cmaib, CmpyKmypa, cmalbHdasl npoeojio-
Ka.
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BBJP-1000 PEAKTOPBIHBIH >KBK IIITHE BIPIHIII OTBIHABIK HUKJJIAH KENAIHIT
PAJIMOHYKJIMJITEPAIH "KUHAJIYBIH ECENITEY

. M. Cexken’, A. C. Cypaes, H. E. Myxamenos, P. A. Upkumoexos, O. M. dKanGoaaTos
KP Y40 PMK «Amom nepauscol uncmumymoly guauanst, Kypuamos, Kazaxkcman
* Baunanvic ywin E-mail: seken@nnc.kz

Kympicta MCNP6 xoasia [1] xone ENDF/B-VII kitanxananapsid [2] maliganaHa OTHIPHII, OipiHII OTHIH HUKIBIHAH
keitiin BBOP-1000 peakTopblHAa paguoHyKIUATEPiH )KUHAKTATYbIH HEHTPOHABIK-(PHU3NKAIIBIK MOJIEIbICY YChIHBUIFAH.
Herisri y3ak emip cypetin Gexy enimuepin (*°Sr, *Tc, 137Cs, '°I xome 1.6.), aktunouarapast (Np, Pu, Am), acbu
raznapasl (Kr, Xe), conpaii-ak aspo30b/i xaHe KypambIHIa Hox 0ap paanoHYKIHATEpi Kypy OoifbIHIIA ecenTeyiep
xyprizinai. Kanaelk OenceHaiTiKTi )koHe XKUHAKTaIFaH U30TONTAp/bIH paJualisuIbIK KayillCi3/likke acepiH Oaranayra
epeKIle Ha3ap aynapbulasl. 3epTTey naigananeurad sapossik oTeiH (I1510) — MeH oHe KaTThl pagMOaKTUBTI KaJABIK
(KPK) — MeH »yMbIC iCTey CTpaTerusuiapblH 33ipiiey, cakTay KokManapblH jxobainay, Kasakcran PecryOnukackinaa
9KOJIOTHSUIBIK TOyeKesIepAi Oarasay *KoHe aTOM SHEPreTHKAChIH IaMbITy YIIIH KOJIaHOaIbl MOHTE He.

Tyiiin co30ep: ombiHHbIY JCARYbL, PAOUOHYKIUOMED, NAUOANAHBINZAH AOPOIbIK, OMBbIH, KAMMbl pAOUOAKMUBII KALObIK-

map, 6encendinix, paouayusiblk Kayincizoix, Hetimponovl-pusuxanvik ecenmeyiep, MCNP.

KIPICIIE

DNeKTp SHEPTUACHIHBIH OPHBIKTHI K031 peTiHae 11po-
JBIK 9HEPreTHKaHbl JaMBITYy SKOJOTHSIBIK Kayilci3mik
MOCeIeNIepine, aTan alTKaHa, maiaa 00JaThIH PaHoaK-
TUBTI KaJJIBIKTAPMEH JKYMBIC ICTEyTe epeKIlie Ha3ap ay-
Japyapl Tajam erefi. ATOM 3JIEKTp CTaHUHSJIapPbIHBIH
oNeyeTTi KayinTulriH alKplHAAWTBIH TYHiHAI (akTop-
JapIbIH Oipi sIIPOJIBIK peakTopaapAbl Makiianany mpoiie-
ciHIe PamTMOHYKIUATEPIiH >KHUHAKTAIYHl OOJBIT TaObI-
nmanel. Beminy, Oaceim amy jkoHe OelCeHAIpY HOTHKE-
cinzie maiina OONaTBIH y3aK eMip CYPETiH HYKIUATEpre
epeKIle Hazap aynapy Kepek, eWTKeHi oJyiap Ky3jercH
’KOHE MBIHJIaFaH JKbULAAp OOIBI PaJUOYBITTBUIBIFBIH CaK-
Taii/Ibl )KOHE OTHIHHBIH JKaHYbIHaH OacTan OHBIH COHFBI
OKIIayJIaHybIHA JICHIHTT OAPJIBIK Ke3eHAep/Ie Y3aK OaKpI-
JIay bl Tajam eTe.

BBDBP-1000 yiricinaeri peakTopiapablH OCJICeH I
aliMarbl karJaiibiHIa 06ty eHIMAEpi FaHa eMec, COHAaM-
aK aKTHHOWATApP, achll Tra3jap, a’dpo30Jibji HYKIHITED,
COHJali-aK MoJ U30TONTapbl MEH JIAHTAHOUATAP KUHAK-
tanapl. OJapabIH KOMIIiIiri peakTopAbIH HEHTPOHIBIK-
(bU3MKaNbIK CUMaTTaMallapblHa, OTBIHIBI TYCIpreHHEeH
KeliH KbuTy Oeryre >KoHE y3aK Mep3iMmIi cakTray mapa-
MeTpJIepiH Herizneyre acep ere/i. Mplcaibl, KCCHOH MEH
caMapHiIiH U30TONTAPbI KyaTThl HEUTPOHIBIK KYTKBIII-
Tap 6ok TabbUIans!, an 2 Tc men '2°1 kopiaran opraza
oTe YTKBIP )KOHE TINTI a3 MOFbIPIaHy/a Ja PaIHOYBITThI
60bIT TaOBIIABL.

PeakTop *KYMBICHIHBIH KayiICi3airin Oaranay, maiaa-
JIAHBUTFaH OTBIHMEH XYMBIC ICTEYAiH THIM/I CTpaTerus-
JIApbIH 93ipiiey yiIiH, conpaii-ak Kasakcran PecmyOmm-
KachlH/1a OIpIiHIII aTOM 3JIEKTP CTAHLMSICHIH JKOCIIapIay
Ke3iHJIe HeFYPJIBIM KayilTi pagHoHyKIUITSPIiH KUHAK-
TATYbIH MoJenbJeyai xyprizy kaxer. ENDF/B-VII
kitarmxaHanapbiMeH MCNPG6 CHSKTBI Ka3ipri 3aMaHFbI
KOJATap/bl TMaiifayiaHy OTBIH >XaHFAHHAH KeiiH OHBIH

JKOFapBl JOpeKeneri CEeHIMIUITIMEH M30TONTHIK Kypa-
MBIH €CETTeyTe MYMKIHIIIK Oepei.

MCNP6 6arnapiamachH naiiganana oTeipsin BBOP-
1000 mozenzaey OolbIHIIA ecenTeyyiep OyFaH JeiliH ne
COTTI JKYPTi3UIreH, OHBIH ILIHJEC HEHTPOH-(QU3IUKAIIBIK
cunaTtraManap Ja Kapacteipbuirad [3]. OChl dKYMBIC OCBHI
3epTTEYJICPiH KUCBIHIBI JKAJIFAChl OOJIBIN TaObLIa bl
JKOHE KyaTThIH HAaKThl MPOQWIIH, OTIEN PeXUMICPII
YKOHE HET'13T1 M30TONTAPAbIH KOHLCHTPALMAIAPBIHBIH 63-
repy AMHaMUKAachIH €CKEPEe OTBIPHII, OTBIHHBIH >KaHYybIH
Tanjayra OarbITTalFaH.

Byn JKymBIC OTBIH IMKIBI asKTaJFaHHAH KeHiH
BB3P-1000 peaktopbiHIa paguoHYKIAATEPIIH KAHAK-
TalyblH 3epTTeyre OarbiTTanraH. JKypriziiren Tannay
TYPaKThl HETi3/le Naiijanany jkarJaiblHaa naiaa oona-
THIH 06Jly OHIMJIEpiH, aKTUHOMTAP/IblI, HHEPTTI rasjaap
MEH a3p030JIb/IeP/Ii KAMTH/IbI. AJIbIHFAH HOTHXKEJIep Hel-
TPOHIBIK-(DH3UKAIBIK MOJACIBACPAI BepUPHUKAIHSIAY,
I1510 cakray *)yHenepin a3ipiey Ke3iHae KOHE SIPOIIbIK-
9HEPreTUKAIIBIK K0o0aJIap/Ibl iCKe achlpy Ke3iHJeri 9Ko-
JOTHSUTBIK,  ToyeKemjepai Oaramayna maiifanaHbUTYbl
MYMKIH.

3EPTTEY OBBEKTICI

Kenreren aToM cTaHIUsIapbIHIa HOMUHAJIBI HKBLTY
Kyatsl 3000 MBt (1000 MBT 35extp) BBOP-1000 peax-
TOpHI NalanaHelnansl. PeakropablH Oencenai ailima-
reiHa xkannsl oTelH (UO,) sxykremeci 80,3 ToHHa Gouta-
TeIH 163 xbuty Oenrimn kypama (OKBK) 6ap. bacranker
aKTHMBTI aliMaKTarbl OTHIH HapTHUSUIAPBIHBIH caHbl 2%
(**U), 3% (**U) xone 3,3% (*°U) GaiibIThuiran 4 map-
tusiHel  Kypaiael [4]. [podunsaenren XBK-ma 3%
(*33U) GaiibITbuTFal Mepu(GEPHSIIBIK OTBIH JIEMEHTTED]
6ap (1-cypet). AKTHUBTI aliMaKThIH OTBIH OOJIITiHIH OHiK-
tiri 3530 mm, an JXKBK apackraaarsl KalmbIKTBIK 236 MM
Kypaiinesi [5, 6].
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33% 3% 2% ‘ 3.3 % NpodIIbIeHreH

1-cypem — BBOP-1000 peaxmopbinblyy akmuemi aiumMagbiHbly
KOHGhuzypayuscel

BB3P-1000 peaxtopseabiy XKBK «kinT OoibrHIIa
ommuemi 234 MM OoNlaThIH KOHCTPYKLUS OOJIBIN TaObI-
JIaJbl XKOHE OHBIH KypambiHa 312 OTBIH 31eMeHTI (TBAI)
Kipeni, onap Oip-Oipinen 12,75 MM KamamMeH TeHOY-
PBIITHl YIIOYPBIITHL cxeMa OoifbIHIIa OipKenki opHa-
nackaH (2-cyper).Op6ip XKBK-na sneprus 6enyai eniey
JIATYMKTEPiH OpHATy YIIiH 18 GarbITTaylIbl apHa KoHE
6ip OpTaJBIK apHa OPHAIACTHIPBUIFaH. barbITTayms! ap-
Hajlap TOT OacHalWTBIH OONATTaH >KacalFaH, aJl OPTaJIbIK
KaHan ymiH 1% HHOOWH KOCBUTFaH IMPKOHHUU KOPBIT-
nmacel maipanaHpuaabl. OpTanblK apHAHBIH IHAMETPI
11 MM, opOip OarpITTAayIIBI apHAHBIH JUaMeTpi 12,6 MM,
aJl 0J1ap.IbIH KaOBIPFAChIHBIH KAIBIHIBIFE 0,8 MM-Te TEH.

O -
@ 33%

2-cypem — BBOP-1000 peaxmopuinbiy npoghunvoenzen (con
arcakma) npogpunvoenbezen (oy acaxma) KBK-col

O OpTaIBIK apHa

6arm‘rraymm apHa

TB271 repMeTHKAIBIK CHIPTKBI KAaOBIKIIAAaH TYPAJIbI,
OHBIH iIIiHE OTHIH OPHAIACTHIPBUIAIBI XKOHE 061y OHIM-
nepi okmaynananel. Teanre TeIFBBABIFE 10400 kr/m?
ypaH ITUOKCHIIHEH KacaJFaH IMIJIUHAPIIK TableTkagap
OpHAJIACTBIPBUIFaH, SPKAHCBICHIHBIH CBHIPTKBI JHMAMETPi
7,53 mM. OTBIH OaraHACBHIHBIH JKAJIBI Y3BIHABIFBI —
3530 mM. OTBIH TaOJETKACHIHBIH OPTACBIHAA MICTTEPIiH-

ne dackamapsl 6ap muamerpi 1,4 MM carputay Oap, Oy
TabJeTka MEH KaOBIK apachIHAaFbl CaHBUIAyMEH Oipre
TaOJCTKAHBIH PaIUAIUIIBIK ICIHYIHCH YIIFAIOBIH OTCYTE
MYMKiHAiK Oepeni. [{lupkoHnii KopbITHackIHaH JKacajFaH
TBAJIIIH KaOBIKIIACH KOHCTPYKIIMSIHBIH OCPIKTITiH KaM-
Tamachl3 eTejli, OHBIH OJIIEMICPIH TYPAKThl CaKTai bl
JKOHE OTBHIHIBI JKBUIY TACBHIMAIIAFBINITAH TYBIHIAFaH
KOPPO3HS MEH po3usiiaH Kopraiinel. KaOBIKIIaHbIH immki
paamycel — 3,9 MM, an CBIPTKEI pagmycsl — 4,55 mm. Ka-
6pIKmIa 1% HIOOWH KOCBUTFaH IUPKOHUH KOPHITIIACHIHAH
yKacaJFaH, aJl OTBIH MEH KaOBIKIIIa apachIHAAFbI CaHBLIAY
TeITMIMEH TONTHIPBUIFaH.

BB3P-1000 peakropsinaa Oackapy *oHE KOpPFay Ky-
fieci perTey opranbiHbIH 61 KiacTepi opHaThurFaH. JKy-
tiene 18 CiHIpTiII 3JIEMEHT MaiTaNaHbLIAbl, OJaPIbIH
oraprel Oemiri ThIFBI3ABIFE 1700 kr/M® (B4C kypa-
MbiHaa Taburn B = 19,9%, "B = 80,1%) 6op kapOuii-
HEH, aj TeMeHri Oemiri TeEbBALIEE 4900 kr/m?
(Dy203TiO,, muctipo3uil TaOWFH W30TONTHIK KYpam/a)
JUCTIPO3WS TUTaHATHIHAH XKacainFaH. CiHIpTiITiH TOJBIK
owmikriri 3530 MM Kypaiabl, OyJ1 peTTe »KOFapFbl OeTiri-
HiHg OumikTiri — 3230 MM, ai1 ToMeHTi OeiriHig OMIKTII —
300 mm. CiHiprim 53JeMeHTTep KaOBIFBIHBIH CHIPTKBI
nmraMetpi 0,6 MM KaJIBIHIBIFE 8,2 MM Kypaiabl 5KOHE O
TOT OaCHaiThIH OONATTAH KacaJFaH.

HEATPOHIBI-PU3NKAJIBIK MOJEJb

BB3P-1000 peakTopbIHBIH OapIIBIK AKTHBTI alfMarbIH
HEHTPOHIBIK Tanpaynsl opeiHAay yimiH ENDF/B-VILO
SITPONIBIK  IEPEKTep KiTalmxaHaJapbhlH MaijanaHa OTHI-
peitt, MonTte-Kapio oficiHe Heri3aenreH KOMITBIOTEPIiK
MCNP6 kozpl naiiganaHbUIabL.

MCNP6 xoabIHIa OTHIHHBIH, JKaHYBIH €CEITey peak-
TOPJIBI MaiilajiaHy MPOIECIH/IE OTHIHHBIH U30TONTHIK KY-
PaMBIHBIH ©3repiCTepiH ecKepyre MyMKIHIIK OepeTiH
BURN ecentik MoayJiiH maifagaHa OTBIPBII OPbIH/A-
nmagel. by monyne yakeitma kagamaapasl (TIME), pe-
aktopabiH KyatelH (POWER), coynenenetin maTepuar-
napael (MAT) sxoHe H30TONTapBIH €H a3 MIOFBIPIIaHybIH
(AFMIN) koca anranma, OTEIHHBIH KaHYBIH €CEITEY Ma-
pametpiepin 6enrineiini. BURN-ni ecenke eHri3y OTBIH
IUKITBI OoibIHA OeJICeH Al alMaKThIH HEHTPOHIBIK-(DU3H-
KaJIbIK CHIIaTTaMaJIapblH HEFYPJIBIM JIaJ1 00JDKayFa MyM-
KiHZIK Oepelii )KoHe PeakTop MOJIENiH Ayphic BepuduKa-
[UsUIayFa bIKIA eTeIi.

3-cyperre MCNPG6 KOJBIHBIH KOMETIMEH 931pJICHIeH
BBOP-1000 peakTOpbIHBIH aKTHBTI aliMarbIHBIH TOJIBIK
TEOMETPHSUIBIK MOJieni KepcerinmreH. Moaens BBOP-
1000 peakTOpHIHBIH AKTUBTI aMarbIHBIH OapibIK ©ll-
IeM/IK-MaTePHAIBIK CHUMATTAMAJIAPBIH JIOJI CHIIAT-
Tal/Ibl )KOHE aKTHBTI aiiMaKThIH 0apIIbIK KaXKETTi KOMITO-
HEHTTEePiH KaMTuAbL: (1) xKbUTYy O6JeTiH AIeMeHTTepi Oap
OTBIH KypacTeIpManapsl, (2) >KOFapFbl, TOMEHT1 )koHe OY-
HipIIiK MAaFBUIBICTRIPFBIITAD, (3) KyaTThl peTTey OpraH-
Japel, (4) KOHCTPYKIWSUIBIK dJieMeHTTep. Moaenbai BU-
syanmmzanusuiay VisEd pemakTopsiHaa opeIHIANFaH, OHBI
naiijanany MOJENbJIH KYpbUIBIMBI MEH OpHAalacybIH
KOpPHEKI TypJe KepceTyre MyMKiHIiK Oepelli, Oyi1 OHBI
KYPY MEH KOHCYi )KeHIAeTe .
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1 - kopnyc, 2 — WarbINbICTbIPFLILL, 3 — LWAXTa,
4 — kopLuay, 5 — akTuBTI aimak,

3-cypem — Peakmopivix, ecenmix MOOeNiHiY epaghuKaibly
KopiHici

ECENTEMEJIEPAIH HOTHXKECI

Monenai Bepuukanusiay VIIiH HEUTPOHIAPIBIH
kebero kodpduuueHTi 6op morsipranysl 600 ppm, an
KBUTY TaCBIFBIII MIeH OTHIH Temmeparypacsl 300 K 6or-
FaH Xargaiiga ecenrenreH. JKymeic ToOsH (Ne 10 Tom)
Oackapy e3ekrepi HerizneH 80% KaIIBIKTHIKTa OEKiTil-
reH aen OomkaHaasl [ 7]. Byt epexe 6ackapy ©3eKTepiHiH
opTrama MOHI peTiHIe KaOBUINAHIBI, ©MTKEHI >KYMEIC
ToOBI MK imriHAe 70% -naH 90% -ra neiiin Ko3rajapl.
kefr MoHi 1,13518+0,00007, anm onebu nepextep OOUBIHIIIA
1,13554 ten exeni aHbIKTaIAbI. CalbICTRIPMAIIBI KATEITIK
0,032% xypansbl.

S5-cypeTTe peakTOp IbIH )KYMBICBIH 0ip HayKaH illiHae
HOMUHAJIJIBI KyaTTa MOJIENIb/ICY Ke31He HEHTPOHIapAbIH
KeOer0iHIH THIMAI K03 PHUIHUEHTIH 03repTy KecTeci Kop-
ceTinreH, Oyl perre Kejeci MmAapTTap KaOBUITaHFaH:
OTBIHHBIH Temneparypacel 600 K, >kpu1y TaceiManaa-
FRILITBIH, Temneparypacbl — 600 K, »xbuty TaceiManaa-
FBIIITHIH THIFBI3ABIFEI — 700 KI/M3, a1 peakTOpABIH KBLTY
kyatsl — 3000 MBT, 60p KBIIIKBUTBIHCHI3.
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4-cypem — keymanoepin yaxovim botiviHuia o32epyi

¥3ax omip cypemin nyxnuomep ooutvinuia eepugu-
kayus. 1-kecreneri Hyknmarep 10 XbUITaH acTam xKap-
ThUIal BIABIPAY KE3CHIHE He XKoHE MaliJaJlaHbUIFaH SIpO-
JIBIK OTBIHHBIH JKaJIbl PaJHOYBITTHUIBIFBIHA OapbIHIIA
yJtec Kocasl. OnapablH KacHeTTepiH, Kolli-KoH Kalire-
TiH 0He Onocdepara acep eTy IOPEkKECiH 3ephaeney pa-
JIMOAKTUBTI KaJJABIKTapMEH >KYMBIC iCTEY CTpaTerusiChiH
Heri3zey, KeMy HeMece KaliTa eHjaey TYpiH TaHzay,

COHZaW-aK opTYpJIi MaiifanaHy clueHapuiiiepi MeH aBa-
PUSIIBIK XKaFainap Ke3iHaeri aneyeTTi canaapiapasl 0a-
Fajay YIIiH KaxeT.

SInposnbIK peakTop bl y3aK YaKbIT aianany Ke3iHae
(momuHanae! KyatsiHaa 100 xbuigan actam) Geiy eHiM-
JICpIHIH paIMOYBITTHUIBIK JCHIEeHl Teme-TeHIIK JKaFaa-
iibiHa xeTeni. Bys1 Ke3eHIe pajMoybITTBUIBIKKA *OST yiI-
KeH yJiec Kocaapl. OHBIH HIOFBIPIAHYHI )KOHE THICIHIIIE
PaAMOYBITTBUIBIKTBIH JKAJIMBl JEeHredi OTBIH IMKIIIHIH
TUTiHe OalTaHBICTHL. MBICATBL, alTBIK OTHIH KB YIIIH
o mamamen 2,4-10'7 1 H,O/T'BT KyaTTsl Kypaimsl, an
TyieIK mukiga PWR tunTi peakropmapma  oxcumaTi
OTBIHABI Taiijananymen Oyn  kepcerkim 1,2-10'7 1
H,O/T'BT netiin Temenaeiai [8]. Anaiina y3ak Mep3imi
nepcrektiBaga — ADC-Ti maiinanaHy asKTalfaHHaH
KeliH OipHele *Ky3 KbUIIAaH KeHiH — KayiNTiTiKTiH kKO-
Fapbl JICHIeHiH CaKTalThIH JKoHE MaiialaHblUIFaH SpO-
JIBIK OTBIHMEH JXYMBIC iCTE€y Ke3iHJEe epeKile KoHiI 0e-
myni Tamam eTeTiH Oacka Ja y3aK eMip CYpeTiH
pamuonykmuarep: °Tc, 21, 26Sn sxome **Zr aiikpiH-
JayIIbsl MaHbI3Fa e Oona GacTaipbl.

1-xecme — bony enimoepiniy Kypamvina Kipemin y3ax emip
cypemin ne2izei HyKIuomepoiy mysinyi

[7] aepektepi Ecenrtey Ha-
Xaptbinan Goii Tuxenepi 60- | Canblic-
OMbIHILA o
Hyknug | biabipay ke- 1 Xblnga Ku- WblHwa 1 TbipManb|
3eHj, Xbin Xbinga xu- | kartenik, %
HakTanybl, Kr
HakTanybl, Kr
90Sr 28,6 19,30 20,29 513
9Tc 2,12-108 27,10 26,67 1,59
1268n 2,30-108 0,63 0,54 14,28
129] 1,57-107 6,15 4,62 24,88
135Cs 2,30-108 11,90 7,90 33,61
17Cs 30 41,50 41,12 0,91
151Sm 90 0,41 0,38 7,32

ATOM D3JIeKTp CTaHIMSICHIH Maiianany MpOIECiHje
KAJIBINTACATHIH Y3aK OMIp CYPETiH PaJuOybITThIIBIKTHIH
KUHAKTATYBI SIIPOJIBIK JHEPreTUKAHBIH HKOJIOTHSUIBIK
JKOHE PaHallisUIBIK CajlapiiapblH Oaranay Ke3iHae Ma-
HBI3JIBI PakTop OOJBIT TaOBIIAAEL. ¥ 33K eMip CypeTiH pa-
JUOYBITTBUIBIK, ©H alJbIMECH, aKTHHOUATAPIBIH JKOHE
JKapPTHUTAH BIIBIPAYABIH Y3aK Ke3eHIMEH O6JiHy eHiMIe-
PpiHiH OOJybIMEH OaillIaHbICTHI.

AKmMUHOUOMApObIH HCUHAKMATIYbL. 2-KeCTe maiaa-
JIaHy UK IMIHAE peakTopjaa MYHAal HYKIUATEPIIH
KAHIIAJIBIKTEl KApKBIHAB OHIIPUIETIHIH Tangayra MyM-
KiHJIK O€peTiH PauOyBITTEUIBIKTEIH CAH]IBIK OaFaliaybIH
KaMTUABl. byl gepekTep maigamaHBUFaH —SIPOIIBIK
OTBIHMEH JKYMBIC ICTEY CTPATETHACHIH TaHJAy YIIiH Ma-
HBI3JIBL.

AKTHHOUATHI JJIEMCHTTEP PEAKTOPABIH aKTHBTI aii-
MarblHJa HEUTPOHAAPAB! ayblp AAPOJIApDMEH, aTall auT-
kanzga 238U, keiliHHeH B-bIABIpayMeH GachIIl ATy IbIH KY-
Wenl  peakuusiapbl  HOTIDKECIHAE  KaJlbIMTacabl.
Maccacsl MEH PaaHOYbITTBIIBIFBI OOUBIHIIIA HEFYPIIBIM
MaHBI3IBUIAPABIH KaTapblHa muyTonuid (2°Pu, 2Py,
241py) sxome 2’Np mzoronraps! xaraasl. Onap maigana-
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HBUIFAH OTHIHHBIH Y3aK Mep3iMai OeJICEeHIIIITiH aHbIK-
Taipl J)KOHE OHBI CaKTay, KaliTa OHJEy Hemece KalTa
naiijanaHy MYMKIHAIT Ke3iHZE epeKIle TSCUIAl Tasar
eTei.

2-xecme — AKMUHOUOMAPObIH KYPbLIYbL

Hyknug AkTuBTIniri, Bk Maccacbl XbinbiHa, K&
24y 1,166-1010 5,067-10-2
26y 3,885-10" 1,624-102
21y 1,497-107® 4,958-10-1
29 6,623-101% 5,340-10-2
25Np 2,989-10° 5,760-10-8
2Np 9,148-106 1,878:10-5
ZTNp 2,522:10" 9,668-100
Z8Np 3,600-10"7 3,755-102
29Np 6,601-101 7,690-100
256Py 4,326-1010 2,239-10-8
27Py 1,163-10%2 2,577-10-6
238Py 9,842-10™ 1,553:100
9Py 8,014-10™ 3,493-102
40Py 6,300-10™ 7,505-101
1Py 1,343-10"7 3,512-101
2Py 9,065-10" 6,195-100

Acovln 2azoap men yuiamvln paouoHyKauomepoin
srcunaxmanyst. 3Xe, 3°Xe, ¥Kr sxone 6ackanapsl cu-
SKTBI OOJIIHY OHIMZIEpl KOFaphl PaAMOAKTHUBTIIIKKE He
YKOHE PEAKTOPIbIH HEHTPOH IBIK-(DHU3UKATIBIK CHITaTTaMa-
JapbiHa adTapibIkTail ocep eremi (3-kecte). Ecenrey-
nepae '33Xe M30TONBIHA epeKIe Ha3ap ayaaphUIaibl, Ol
KBUTY HEHTpoHIaphiH (~ 2,7-10° 6apH) KapMayablH yiI-
KEH KUMachiHa ue. byJ1 OHbI ocipece KyaThl TOMEH/IETeH
Ke3/Ie HeMeCe PeakTop TOKTaFraHHAH KeiliH peak TUBTIIIK-
TiH KCCHOHJIBIK TepOEIiCiH TyAbIpyFa KaOlIeTTi KyaTThl
HEWTPOHAB yFa adHanmeipagsl. Ecenmreynepme '*°Xe
oencenpiniri 1,06-10'8 bk KypaiTBIHBI aHBIKTANIBI, OYJI
OHBIH PEAKTOPIBIH aybICTIAJIbI PEXKHM/ICT] OPCKETIHE dce-
PiH eCKepy KaKeTTiriH pacTaiibl.

XKorapsr aktusTinikke ue 3Xe men $Kr — tricinmre
6,25-10'® Bk sxone 1,31-10' Bk kem emec. Byn uzoron-
Tap ic XKy3iHAEC MHEPTTI JKOHE TBAIACPHiH ra3 KeHiCTi-
riHe KHUHAKTANa bl. | epMETHKANIBIFBI OY3bUIFaH Ke3Je
0J1ap JKbUTY TACKIMAIIAFBIIIKA [IBIFA/IbI )KOHE PaIHalUs-
JIBIK Ta3 TAAAFBIIITAPIBIH KOMETIMEH TIpKeITyl MYMKIH,
OyJ1 OJap/Ipl TBIJAEPAIH TYTACTHIFBIHBIH HHIAMKATOPIIA-
pBIHA affHAIABIPA/IBL.

ACBIT Ta3gap MEH KypaMbIHAa Hon Oap HyKIHATep-
JIiH Maccachl MEH OeNICEHIUTITIHIH ecenTeareH MoHAepi
3-kecrene kenrtipinreH. CaaMarbIHBIH a3]bIFbIHA Kapa-
MacTaH (KbUIbIHA | KT-HaH a3), oJapAbIH OeJICEeHIIIri
10'6-10'8 Bk pmenreitine xeTemi, OYJI aBapUSIBIK aFbII
KETY Ke3iHJe 9JIeyeTT] paualsuIbIK KayilTUIKKe )KoHe
ra3 Tasajay MeH JKeIISTYAiH THIMJI KXyWenepiH jxo0a-
nay KakeTTiirine cedemnmi 6omamsr [9].

SnponbpIK OTEIHHEIH OeutiHyi nponecinae BBOP-1000
PEaKTOPBIHBIH aKTUBTI alfMarbIHJIa OpPTYPIIi ra3 Topi3ai
JKOHE YIIATHIH PAUOHYKIHTED KAJIBIITACAIbI, OJIAPIbIH

iminge fon (121, 1321, B, 1331), remmryp (*?Te) nzoronra-
pBIHA epeKIlie Ha3ap aynapyra 0oiasl. 3-KecTeie kepce-
TIITCH eCenTeyIep Heri3iHIe peakTop bl Maiaaany IblH
01p JKbLI/IA )KUHAKTAIIFAH OJapAblH aKTUBTLIITT MEH Mac-
cachlHa CaHJIBIK Oarajay »yprizuiii.

3-kecme — I'az mapizoec dcane YuiamvlH HyKIuomep

Hyknug AxTuBTInNiri, Bk Maccacbl XbinblHa, K&
85Kr 1,3109:101 9,022-10-1
132Te 4,3216-1018 3,846:10-
129 3,0213-10% 4,621-100
130] 2,895-1016 4,008-10-
131 3,0478-1018 6,635-10-1
135] 5,745-1018 4,393-10-2
133Xe 6,263-1018 9,039-10-1
135Xe 1,059-1018 1,126-10-2

Kypambiaaa o 6ap 0apiiblk HYKIHATEPIiH iIIIHCH
135] — 5,74-10'® Bk KpIcKa @Mip CYpeTiH M30TOMNbLI OHBIH
KapKBIHIbI Naii1a 00TyBIMCH JKOHE PaIHOAKTUBTUIITIHIH
JKOFaphl JleHreiiMen OGaiinameicTel. Opan keitin 311
(3,05-10'8 Bk) sxome '3°I (2,89-10'° bk) keneni. Aca ma-
HEBAB! B GoNBIN TaOBLIAIEI, OMTKEH] O JKOFaphl OHO-
JIOTHSUTBIK, THIMIIUTIK TIeH KaJIKaHIIa Oe3iH/Ie MOFBIpIany
KaOlIeTiHIH apKachIHIa aFbIl KeTy JKaFJaiblHaa mepco-
HAJI MEH XaJIBIK YIIiH €H YJIKeH Kayin TeHzmipeni. OHBIH
OeJICeH T CaHUTAPJIBIK HOPMATUBTEPiH JeHIeHiMeH
calbICThIpbUIaAb! xkoHe ADC maiijanaHy Ke3iHle KaTaH
Oaxpliayapl Tanan eredi. ¥3ak emip cyperin 'l can-
Marbl 4,6 kr 6onranna 3,7-10° bk — neH a3 Gencenni-
JIIKKE Ue, OYJI OHBI KbICKa MEpP3iMIIi MIepPCIeKTHBAAa Ka-
yimeci3 eremi, amaiaa of y3aK Mep3iMl IKOJOTHSIIBIK
MEepPCIEeKTUBA/A KAPThUIall bIABIPAYIBIH OpacaH 30p Ke-
3eHiHe (~16 MIIH KbLT) OaiiJIaHBICTHI QJICYeTTi Kayil TOH-
nipermi.

Conpaii-ak Maccacel 0,4 kr-HaH KeM OOJIFaH Ke3ze
132Te — 4,3216-10'® bk aliTapubIKTail OeJICEHIITIKTI KOp-
ceteni, OYI OHBI TBANACPAIH OY3BUTYHl MEH repMETHKA-
JIBIKTBIH ~OY3bUTYBIHBIH OacTamnkbl Ke3eHJEepiHiH Ma-
HBI3/IbI MapKEpiHe aiiHAIABIPaIbI.

OmblH YUKABIHAH KelliHzZi ajpo301b0blK Oencenoi-
JUK JHcaHe paouayusnvlk acepoi dazanay. A3po30ibaep
OTBIH )KaHFAHHAH KCeHiH PaMOaKTHBTI 3aTTapbl KOpIla-
FaH OpTara TaChIMAaJIIAy/(bIH MaHbBI3/bl HBICAHIAPBIHBIH
0ipi OGobin TabbUTanEl. KebiHece HHEPTTI paaHOaKTHBTI
ra3gapiablH OeJiHy eHiMIepi MEH SHIIIeC H30TONTaphI-
HAaH KYPaJIaThlH a3p030JIbJep Kypaeai HyKIUIATI Kypam-
MEH >KOHE >KOFapbl PagroOMOJIOTHSUIBIK KayiNTUIIKIICH
cunarTanansl. OnapablH iOIHAETi eH MaHBI3ABICH *°Sr,
0y, 57r, Mo, '%3Ruy, %Ry, 34Cs, 41Ce i “Ce xome
Oacka ma [10] mykmuarep OoJbim TaOBLIAIBI, ojap 00-
WBIHIIA JepeKTep 4-KecTele KenTipiiareH.

Kapanran a3po30Jib/1i HyKIHATED apachlHIa IIUPKO-
HUH MeH pyTEeHUH U30TONTaphl HEFYPIIBIM OSIICeHITIKTI
kepceremi: *°Zr (5,19-10'% Bk), '®Ru (4,03-10' bk)
xoHe '"Ru (6,62-10'7 Bk). Byl HyKIHMATED aBapUSIIBIK
LIBIFAPBIHIBLIAPIAH KEHiH )KOHE TBIJIIEPIiH 3aKbIMIATy
KarJaibiHIa KaJJIbIK PaJUOAKTUBTLUIIKTI KaJbINTACTHI-
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pyZza Herisri pen atkapanasl. CoHnmaii-aK OTBIHHBIH KaHy
WHIIMKATOPBl PETIHJE JKUi KOJJaHBLIATHIH JKOHE TBAJAIL
OysraHHaH Keilin asposonpai (aszaga Gonmatein Mo
(5,15-10'8 Bx) maup3 a6 MoHTE He. *Cs men *°Sr akTus-
timiri tuicinme 1,18-10'7 Bk xome 1,06-10'7 Bk Ky-
paiinel, OYJ1 ONMapabIH Y3aK MEp3iMJIi CBIPTKBI XKOHE IMIKi
coyleneHy Ke3/epi peTiHIeri MaHbBI3IBUIBIFBIH  pac-
Tanbl.

Bip xpiima maiima OonFaH HYKIHATEPAIH Maccachl
TinTi KimmripiMm Maccamap (Mbicansl, Mo — JKBUIBIHA
0,29 kr) eTe xoFaphl OSICEHAITIKICH KaTap )Xypyi MyM-
KiH eKeHiH KepceTei, Oy KaTaH paJnuaIisuIblK OaKpuay
KaXeTTirin kepcereni. *'Sr (20,29 kr/xbun) xone *4Ce
(22,69 Kr/5KbUT) CHUSKTBI Maccachl YJIKEH M30TONTap jaa
KOFaphI KOIi-KOH KO3FaJIbICHI )KOHE PaJHOYBITTHUIBIKKA
eneydi yieci 6ap a3po30ibIapAbIH KypaMbIHa Kipei.

3aKpIMIaFaH TBIJAEPACH aFbIIl MIBIKKAH Ke3iH/e ad-
po3oJiaap IUBIFAPBIHABUIAPAAFEI Y3aK ©Mip CypeTiH pa-
TUOHYKIIUATEPIiH >Kanmbel Oencenaumirinin 10% -maH
80% -ra meiiin Kkypaysl My™MkiH. By nepexrep 1510 ya-
KBITIIA CAKTay KOMMalapblHIAFbl CY3rill Kyhenepni,
KETACTKIMITI )ko0anay Ke3iH/e KoHe KBI3METKepiep MeH
XaJBIKTBIH COYJICNICHYiH Oaraay Ke3iHIe aca MaHBI3IbL.
OTBIHABI TYCIPreHHEH KeHiH a’spo30JiblIep/i ecentey ae
OereTTepAiH TYTACTBIFbI OY3bIIFaH Ke3/Je paJlioHyKInI-
TEpIiH TapalyblH OOJDKayFa JKOHE PaJHOaKTHUBTI Kall-
JBIKTAPMEH JKYMBIC 1CTeY Ke3CHIH/Ie KOpFay IapaiapbiH
KaJIbINTacThIpyFa MyMKiHAIK Oepeni [11].

4-kecme — Aspo3onvoep

Hyknug Bencenginri, Bk Maccachbl XbinblHa, K&
89Sr 3,238-101 3,012-100
0Sr 1,061-10"7 2,029E-10"
95Zr 5,187-1018 6,522-100
%Mo 5,154-1018 2,901-10-1
103Ru 4,033-108 3,371-100
106Ru 6,623-10" 5,395-100
13Cs 1,182:10" 2,469-100
41Ce 4,958-1018 4,700-100
144Ce 2,673-10% 2,269-10!

Kuvinmolk axmueminikmi ecenmey. 5-cyperte
YCBHIHBUIFAH [IEPEKTEP PEAKTOpJa OTHIHHBIH IKBIIIBIK
CoyJIe/ieHy TPOLECIHAE HEAKTHHOUATAP MEH aKTHHOW/I-
TapblH PaJMOaKTUBTLIIrIHIH ocyiH kepcereni. bacran-
KbI Ke3eH e (anramksl 10 Toyimik) OelceHAUTIKTIH KYpT
apTybl Galikanansl: HeakTHHOMATap yurin 4,26-10'° bk
neifin xone aktuHouaTap ymrin 1,11-10% Bk neitin, 6y
KbICKa Mep3iMJIiKk OeJliHy eHiMzepi MeH TpaHCypaHIbIK
ANEMEHTTEP/IIH KApKBIHIBI KUHATYBIMEH OailIaHBICTHI.
OpaH opi aKTUBTLNIKTIH ecyi Oasynaiinel, 6ipak HayKaH-
HBIH COHBbIHA JIeiiH >kanracansl: 360 Toyiikke Kapai
HEeaKTUHOUTApbIH Oencenainiri 8,66-10' Bk, an aktu-
Houarap 1,34-10%° Bk sxeteni. Lluknmis Gapiblk Kese-
HIHJE aKTHHOUATAPABIH OCJICEHIIIrT HeaKTHHOHUATAp-
JIbIH O€TICEeHIUTITIHEH achIl Tyceli, OYJ1 oJapIblH YIKEH
MEHIIIKTI PaJlOaKTUBTLIIrIHE JKOHE JKaHyFa TO3IMILTi-
riHe OalIaHBICTBI. AJIBIHFAH HOTIKENCD PaJIHUaIlVsUTBIK

KayinTinikTi 6aranay sxoHe [I10-MeH KyMBIC icTey Ky-
HenepiH sxo0aay Ke3iH/e H30TONTap TONTapbl OOMbIHIIA
Jla, YakbIT OOMBIHIIA Ma OCICCHIUTIKTI ecemKe any Ka-
JKCTTLTITIH KOPCETE/Ii.
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S-cypem — Vaxwim 6otivinuia akmueminikmiy e3eepyi

Kozapvt akmuemi 6oniny onimoepi. S-xectene ycbl-
HBUTFAH JKOFaphl akTUBTI OeiniHy eHimzmepi BBOP-1000
PEeaKTOPBIHIAFI OTHIH [UKIIBI ASKTAJIFAHHAH KSWiH Tai-
JaNaHbUIFAH SAPOJIBIK OTHIHHBIH PAIHAIMSIIBIK (OHBI-
HBIH efoyip OemiriH KanmeImTacTeipansl. by paanonyk-
JIUITEP CANBICTBIPMANbl TYPAE a3 Maccajia Jia JKOFapbl
MEHIIIKTI OeJICeHIIUTIKIICH CHMAaTTalagsl, OYJ onapasl
KJIIBIK KbUTy Oeiyai, paavalysiblK KOpPFayIbl )KOHE
I1510 koiiManapbiH x00anayabl €CENTeyIiH MAaHBI3IbI
00BeKTiIepiHe affHaIAbIpaabl. MyHIal HYKIHITEp KaTa-
poiaa 'Y, Nb, “°Ba, 4*Pr, 13’Cs xone 6acka uzotonrap
xaranp! [12]. Onapasiy keitbipeynepi, °Nb xone “’La
cusKThl, 3.7-10'® Bk -1eH sKoFapbl akTHBTLIIKTI KOpce-
Temi, Oy TYCIpUITeHHEH KeHiHTl anFramkhbl aimapaa
OTBIHHBIH KAJIBIK PaHAIUSICHIHA OJNAp/IbIH YCTEM Po-
JIH KOpCeTei.

Kecre nmepekrepiH Tanmay eH >KOFapbl aKTHBTUTIKTI
1404 (5,43-10'8 Bk) sxome '“°Ba (5,33-10'® bk) kepceTe-
TiHIH KepceTeni, Oysl onapiplH Te3 mnaiaa OolybIMeH
JKOHE BLABIPAYBIHBIH JKOFaphl XKbULIAMIBIFBIMEH Oaiiiia-
ueicTel. *°Nb (5,17-10'8 Bk) xome '2°Ce (4,44-10'® Bk),
CaJIbICTBIPMAJIbl TYp/E a3 CajMakKa KapamacTaH, ojap-
JIbIH JKOFapbl PaIMOYbITTHUIBIFbI MEH SHEPTreTHKAIIBIK Ma-
HBI3IBUIBIFBIH KOPCETE OTHIPHIIL, e19Yip aKTUBTIITIKKE He.
Axrupriniri exeyni ¥’Cs (41,12 xr) xome *°Sr (20,29 xr)
HEFYPJIBIM JKaMmai u30TonTap OOJIbIN TaObLIA b, OJap
ar3aja JKMHAKTaIyFa KaOuteTTi OOJFaHIBIKTaH, Y3aK
JKAPTHUTAW BIABIPAY XKOHE OMOJIOTHSIIBIK MAaHBI3IbUIBIFEI
6ap.

CoHBIMEH KaTap, OChl M30TONTAPABIH €1dyip Oeiri
OUOIIOTUANIBIK Kayill ToHaipeni — Mbicansl, *°Sr men *7Cs
aZaM ar3achlHAa >KMHAKTalyFa KaOUIeTTi, all eBpomnmuit
MEH caMapuil M30TONTAPBIHBIH HEUTPOHAAPIBl OachII
ATy IBIH KOFapbl KUMackl 6ap, OYJ1 OTBIHHBIH PEaKTUBTI-
JIiriHe ocep eTemi. bys1 HyKImaTepai ecenke ainy KbI3MeT-
KepJieplli paaualysuiblK KOpPFayAbl KaMTaMachl3 Ty,
KONMaHBIH KOHCTPYKIHUSUIBIK MaTepHAIIAPbIH OHTAMIIBI
TaHIay, COHJAH-aK >KaHy YJITUIepiH KaauOpiey KoHe
OTBHIHJIBI TIAMJANIaHy TEPCHIIITIH OaFayiay YIIiH KaKeT.
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5-kecme — JKozapwr akmuemi 661iHy oHiMOepi

Hyknug AxTuBTiniri, bk Maccacbl XbinbiHa, Kr

8Rb 2,961-10% 9,809-10

Py 1,104-10" 5,486-10-3

oty 4,111-10% 4,530-100
9Nb 5,165-101 3,548-100
105Ru 2,558-1018 1,028:10-2
105Rh 2,208-1018 7,064:10-2
MAg 1,122:10" 1,920-10-2
1258n 2,567-101 6,399-10-3
124Sh 5,525-10" 8,531-10
1258h 1,064-101 2,742-101
126Sh 1,998:1015 6,457-10
136Cs 6,360-101 2,355-102
137Cs 1,325:10"7 411210
140Ba 5,335-101 1,970-100
10La 5,434-101 2,642-101
43Ce 4,440-107¢ 1,806-10-1
142py 8,839-101 2,068-10-3
143pr 4,566-101 1,832:100
4Nd 1,938:1018 6,471-101
47Pm 3,253-10" 9,479-100
148Pm 4,289-10"7 7,049-10-2
149Pm 1,257-1018 8,566-102
51Pm 5,020-10" 1,856-10-2
153Sm 8,495-10" 5,183-102
154Eu 5,446-101 5,447-101
155Eu 3,565-101 1,955-10-1
156Eu 2,681-10"7 1,314-10
1S7Eu 4,588-101 9,429-10
160Th 5,486-10% 1,313-10-3

AKBIpBIHIIA, OCBHl HYKIMATEPIiH KehOipeymepi, oci-
pece cupek kesnecetid amementrep (Nd, Pr, Sm), Heiit-
POH/BI-(DU3HUKAJIBIK eCenTeyJIepAl aHbIKTay >KOHE BEpH-
¢duKanusiay yuH Mapkepliep peTiHie NaianaHblIybl
MyMKiH. Ocbuaiinia, ochbl paIuOHYKIUATEPIIH KYPaMbIH
TaJay KoHE 0akpuiay SAPOJIBIK SHEPreTHKAJIbIK KOH-
IBIPFBUIAP/IBI  KAyIlCi3 JKOHE THIMII MakaanaHyabIH
a)XpIpaMac 6esiri OOJbIN Ta0bUIA/IbL.

KOPBITBIHZ[BU[AP

Byn xymeicta BBOP-1000 peakTopblHBIH aKTHBTI
aliMarelH HEHTPOHIBI-GU3UKANbIK Monensaey MCNP6
KOJIbIH TIaii/laiaHy apKblLibl OPBIHAAI/IbI, OTBIHHBIH JKa-
HYBIH €CenTey ’KoHe OipiHIII OTHIH IUKIBIHAH KeiiH pa-
MUOHYKIUATEPAIH Taiiga OONyBIH Tanmay >KYpri3iiimi.
ATBIHFaH HOTIDKENEP MOJENBIIH JKOFaphl CEHIMILTITIH
KepceTeli: paJuoHYKIUATEp MAacCAChIHBIH €CENTEeIreH
MOHJICPiHiH 9/1e0U JepeKTeplIeH aybITKYbI, OYJI TaHIal-
FaH MOJIENIb/ICY TIapaMeTpliepi MEH KOJIIAHBUIFaH Spo-
JIBIK KiTaIrXaHaJaap.IblH TYPBICTHIFBIH PACTaN/IbL.

Herisri y3ak emip cyperiH OeiliHy eHIMIepiHiH
iliHgEe SKMHAKTANYIBIH €H JKorapsl MoHaepin '3'Cs
(41,12 kr), ?°Sr (20,29 kr) xone *Tc (26,67 Kr) H30TOM-
Tapel KepceTTi, Oy oJapabl MaiiianaHbIIFaH SIPOIIBIK

OTHIHHBIH PaIHOYBITTBUIBIFBIH Oaranay Ke3iHIe Herisri
ereli. AKTHHOMATAp apachbiHja €H Kem canMak >>’Pu
(349,3 kr), 2*°Pu (75,05 kr) sxome >*'Pu (35,12 xr) Gaiika-
nanel, onap I1510-1a rryToHMI KOMIIOHCHTIHIH HETi31H
Kypaiasl *KoHe TYHBIK OTBIH IUKJIIHJIE BIKTUMAI Tnaiina-
JIaHBUIYBl MYMKiH. bynan 6acka, y3ak Mep3iMai pajua-
HMAIBIK GakblIay yIIiH MaHb3el Oap 2'Np (9,67 kr)
xoHe U (162,4 Kr) )KUHAKTaIybl OOMBIHIIA TEPEKTED
aIBIH]BL.

34%e (51,34 kr), 'Xe (32,52 kr) xome '*Xe
(80,13 xT) CHSKTHI achbUI ra3fap TeHEpaIisICHl KeIIeTy
KOHE TepMeTH3alusIay JKYHenepiH jkobanay KesiHze,
COH/laif-aK TBeJ KaOBIKTapBIHBIH TYTACTHIFBIH JUAarHOC-
THKajlay Ke3iHJe oJlapJibl ecelke aly KaKeTTiTIriH pac-
Taiapl. A’po30Jbai Kypamaac OeJiKTi Tajjaay >KblJIbIHA
39,91 kr '33Cs, 22,69 kr '“*Ce xone 20,29 kr *°Sr naiina
OOJIaTBIHBIH aHBIKTAbl, OYJI repMETHKAJBIKTBIH Oy3bI-
Jybl Ke3IHJeri LIbIFapbIHABLIAPAAFbl OENCeHIUTIKTIH
OalKaIaThIH JIEHreiHe COMKeC Kenem.

BB3P-1000 peakTopbIHIa pagHOHYKIHATSPIIH KH-
HakTanyblH Moaelbaey [15O-HbIH paanonorHsIIbIK JKOHE
TEXHOJIOTHSJIBIK CUITATTaMallapblH OarajiayFa, KaJIbIK-
TapMeH JKYMEBIC iCTeY JKOHIHIIET1 Iapanapsl HeTi3aeyre
JKOHE IKOJOTHSIBIK TOYSKeIIepAl a3aiTyFa MYMKiHAIK
oepeni. Ochl KYMBICTBIH HOTHkedepi Kaszakcran Pec-
My OJIMKAaChIHAAFBI OOJIallIaK aTOM JHEPreTHKAChl 00BEK-
TiNIepiHIe PaTuOaKTUBTI MaTepUaIapIbl CaKTay, KaiTa
OHJICY JKOHE KOMY KYHellepiH ko0anay Ke3iHae maiaa-
JIAHBLITY Bl MYMKIH.

JKymvic  Kammol  paduoakmuemi  KajioblKmapovl
Kauma eyoey mexnonozuscvin (BR24993118) manoay
JHcone icke acvlpy Heeizoemeci bouvinwa F3)XK ocobacul
weHnbepinoe OpbIHOANObL.

OJIEBUETTEP

1. MCNP6 Monte Carlo NeParticle Transport Code System,
MCNP6.1, LANL, 2013.

2. ENDF/B-VIIL.O: next generation evaluated nuclear data
library for nuclear science and technology. Nuclear Data
Sheets (2006)

3. Seken, D.M.; Surayev, A.S.; Irkimbekov, R.A.; Vityuk,
G.A.; Mukhamedov, N.Y.; Zhanbolatov, O.M.; and
Vityuk, V.A. Development Of A Neutronic Model Of The
Wwer-1000 Reactor Facility Core // Eurasian Journal of
Physics and Functional Materials. —2025. — Vol. 9, No. 2.
— Art. 6. https://doi.org/10.69912/2616-8537.1248

4. In-core Fuel Management Code Package Validation for
WWERSs’, IAEA-TECDOC-847, November 1995.

5. C.A. Augpymenko, BBOP-1000 yiricinaeri peakropsl
6ap ADC. INaitnananyapiH Gu3MKaIbIK HeTi3AepiHeH
»00aHbIH dBooLuschkiHa feiin C.A. Anapymenko, A.M.
Adpos, B.1O. Bacuses, B.H. I'enepainos, K.b. Kocoypos,
10.M. Cemuenkos, B.®. Ykpaunnes. — M.: Jloroc, 2010.
— 604 Ger.

6. Lotsch T., Khalimonchuk V., Kuchin A. Proposal of a
benchmark for core burnup calculations for a VVER-1000
reactor core. —2009.

124



BB3P-1000 PEAKTOPbIHbIH, )XBK, ILUIHAE BIPIHLLI OTbIHAbIK LIUKNAAH KEAIHTI
PAOANOHYKNMNATEPAIH )XUHANYbIH ECENTEY

G.A.; Mukhamedov, N.Y.; Zhanbolatov, O.M.; and
Vityuk, V.A. Development of a Neutronic Model of the
WWER-1000 Reactor Facility Core // Eurasian Journal of
Physics and Functional Materials. — 2025. — Vol. 9, No. 2.
— Art. 6. https://doi.org/10.69912/2616-8537.1248

7. Bulbul Ahammed D. A. A. S. From VVER-1000 to 4. In-core Fuel Management Code Package Validation for
VVER-1200: Studying the impact of core changes. — WWERs’, IAEA-TECDOC-847, November 1995.

2024. 5. Andrushenko, S.A., Afrov, A.M., Vasiliev, B.Yu.,

8. B.P. beprenscon, C.A. bantok. SIIpoJiblK S3HEpreTHKaHBIH Generalov, V.N., Kosourov, K.B., Semchenkov, Yu.M.,
U-Pu oTBIH IIUKITIHAE Y3aK OMip CYPETiH paJHOyBITTHI- Ukrayintsev, V.F. NPPs with WWER-1000 Type
JIBIKTHIH JKUHAKTATYBIH Tanaay // ATOM SHEPIHsCHL — Reactors: From the Physical Basics of Operation to Project
1996. —80. T. — Ne 1. — 37-43 Gertep. Evolution. — Moscow: Logos, 2010. — 604 p (In Russ.).

9. 10.B. Yeuerkun, }0.B. Yeuerkun, E.K. Sxmmn, B.M. 6. Lotsch T., Khalimonchuk V., Kuchin A. Proposal of a
Emepxun. — M.: DOneproaromuzaar, 1986. — 152 Ger. benchmark for core burnup calculations for a VVER-1000

10. E.M. Konrenos Pagumerpust — BM® / E.11. Konrenos, reactor core. —2009.

I'11 Kotusen.— 1972. — 535 Ger. 7. Bulbul Ahammed D. A. A. S. From VVER-1000 to

11. FO.I1. KoBGacenko, «Bectunrays» xone « TBIJI» komma- VVER-1200: Studying the impact of core changes. —
HUSUIAPBIHBIH MalilalaHblIFaH OTBIHHBIH U30TONTHIK Kypa- 2024.

MBIH CaJIbICTBIpMaIBI Tanaay. — 2016. 8. Bergelson, B.R., Balyuk, S.A. Analysis of the Accumula-

12. FO.A. Kopuesa xaHe T.6. benapycs ADC naiinanansuran tion of Long-lived Radiotoxicity in the U-Pu Fuel Cycle
SIIPOJIBIK OTBIHMEH Y3aK YaKbIT )KYMBIC icTey Ke3iHJe He- of Nuclear Power / Atomic Energy. — 1996. — Vol. 80,
Ti3r1 pagualisuIbIK KayinTi paguoHyKIMATEpIiH HOMEH- No. 1. —P. 3743 (In Russ.).

KJIaTypachl OOHBIHIIA OEJICCHIUTIK KOpJIaphiH Oaranay // 9. Chechetkin, Yu.V., Yakshin, E.K., Eshcherkin, V.M.
Benapych ¥NTTHIK FRUIBIM aKaJAeMUSCHIHBIH KAHATBIK- Treatment of Radioactive Gaseous Waste at NPPs. —
Tapbl. PU3KNKa-TEXHUKAIBIK FEUIBIMAApP cepusichl. — 2020. Moscow: Energoatomizdat, 1986. — 152 p (In Russ.).
—65T.—Ne2.—-243-251 Ger. 10. Koptelov, E.I., Kotivets, G.I. Radiometry — Navy. — 1972.
https://doi.org/10.29235/1561-8358-2020-65-2-243-251 — 535 p (In Russ.).

11. Kovbasenko, Yu.P. (2016). Comparative Analysis of the
REFERENCES Isotopic Composition of Spent Nuclear Fuel of Westing-

house and TVEL Companies // Nuclear and Radiation

1. MCNP6 Monte Carlo NeParticle Transport Code System, Safety Journal (In Russ.).

MCNP6.1, LANL, 2013. 12. Korcheva, Yu.A. et al. Estimation of Activity Inventory

2. ENDF/B-VII.O: next generation evaluated nuclear data for Manr Radiologica]ly Hazardous Radionuclides During
library for nuclear science and technology. Nuclear Data Long-term Management of Spent Nuclear Fuel at Belaru-
Sheets (2006) sian NPP // Proceedings of the National Academy of

3. Seken, D.M.; Surayev, A.S.; Irkimbekov, R.A.; Vityuk, Sciences of Belarus. Series of Physical-Technical Sci-

ences. — 2020. — Vol. 65, No. 2. — P. 243-251 (In Russ.).
https://doi.org/10.29235/1561-8358-2020-65-2-243-251

PACYHET HAKOIIVIEHUS PAANOHYKJINOB B TBC PEAKTOPA BB3P-1000
MOCIJIE HEPBOI'O TOIIVIMBHOI'O IUKJIA

JI. M. Ceken”, A. C. Cypaes, H. E. Myxamenos, P. A. Upkamoexos, O. M. )Kan6oaaTos
Qunuan «HUncmumym amommnoii snepzuuy PI'TI HAL] PK, Kypuamos, Kazaxcman
* E-mail ona konmaxmog: seken@nnc.kz

B pabote mpencraBieHo HEUTPOHHO-QUINIECKOE MOJSTUPOBAHIE HAKOTUICHHSI PaJHOHYKINAOB B peakrope BBOP-1000
ocJIe TIEPBOTO TOTLTUBHOTO UKJA ¢ Mcmoib3oBaHueM koga MCNP6 u 6ubimorexk ENDF/B-VIIL. [IpoBeneHs pacdéTs
110 06PAa30BAHUIO OCHOBHBIX JOJTOXKUBYIIUX POAYKTOB aeienus (*°Sr, P Tc, 1¥’Cs 1°I u np.), akrunonnos (Np, Pu, Am),
6maroponHbIx Ta3oB (Kr, Xe), a Takyke a3po30JbHBIX U HOACOAEPKAIINX PagHoOHYKINA0B. Oco6oe BHUMaHHE YAEICHO
OIIEHKE OCTATOYHOM aKTHBHOCTH U BIHMSHMS HAKOIUICHHBIX M30TOINOB HAa paJUallMOHHYI0 O6e3omacHoCTh. MccnenoBanue
nMeeT IPUKIaTHOe 3HaYeHne I pa3paboTku crpareruii oopamenus ¢ OAT u TPO, mpoexTrpoBaHNs XpaHWINII, OIICH-
KM DKOJIOTHYECKUX PHUCKOB M PA3BUTHSA aTOMHOH 3HepreTuku B Pecrrybmnmke Kasaxcras.

Knioueswie cnosa: svicopanue moniusa, paouonykiuosl, akmuHouosl, ompabomannoe sdepHoe moniueo, meepovie pa-
ouoaxmuenvie Omxoowvl, AKMUEBHOCHb, PAOUAYUOHHAST Oe30NACHOCMb, HellmpoHHO-usuyeckue pacuémol, MCNP.
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CALCULATION OF RADIONUCLIDE ACCUMULATION IN A VVER-1000 FUEL ASSEMBLY
AFTER THE FIRST FUEL CYCLE

D. M. Seken”, A. S. Surayev, N. E. Mukhamedov, R. A. Irkimbekov, O. M. Zhanbolatov
Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: seken@nnc.kz

This study presents neutron-physical modeling of radionuclide accumulation in a VVER-1000 reactor after the first fuel
cycle using the MCNP6 code and the ENDF/B-VII nuclear data libraries. Calculations were performed to determine the
generation of major long-lived fission products (*°Sr, *Tc, '*’Cs, '*°I, etc.), actinides (Np, Pu, Am), noble gases (Kr, Xe),
as well as aerosol-forming and iodine-containing radionuclides. Special attention is given to the evaluation of residual
activity, and the impact of accumulated isotopes on radiation safety. The findings are of practical importance for the
development of spent nuclear fuel (SNF) management strategies, storage design, environmental risk assessment, and
preparation for nuclear power plant construction in Kazakhstan.

Keywords: fuel burnup, MCNP, radionuclides, actinides, spent nuclear fuel, activity, radiation safety, modeling, neutron-
physical calculations.
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PHOTOELECTROCHEMICAL WATER SPLITTING SIMULATION:
TOWARD A COMPREHENSIVE MODELING FRAMEWORK

N. Bakranov!, B. Seitov?, D. Bakranova®", E. Fattahi*>, A. Coruh, A. Niaei*

! Research Group altAir Nanolab LLP, Almaty, Kazakhstan
2 Ahmet Yassawi University, Turkestan, Kazakhstan
3 SDU University, Faculty of Engineering & Natural Sciences, Kaskelen, Kazakhstan
4 Department of Physics, Faculty of Science, Sakarya University, Sakarya, Turkey
5 Department of Chemical Engineering, University of Tabriz, Tabriz, Iran

* E-mail for contacts: dinabakranova@gmail.com

This study presents a comprehensive computational framework that integrates physics-based modeling and data-driven
approaches for analyzing and optimizing photoelectrochemical (PEC) water splitting systems. Utilizing COMSOL
Multiphysics 6.1 and MATLAB, we simulate key electrochemical behaviors such as linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS). COMSOL’s multiphysics environment allows for the direct
incorporation of electrolyte parameters, semiconductor photophysics, and current distribution, while MATLAB enables
custom modeling of impedance behavior and predictive LSV analysis using artificial neural networks (ANNs). By
coupling computational fluid dynamics (CFD), machine learning, and experimental validation, the proposed methodology
provides an in-depth understanding of light-driven hydrogen generation on semiconductor electrodes such as ZnO/BiVOs.
Comparative analysis of simulation results shows that COMSOL and MATLAB produce consistent outputs, yet
COMSOL demonstrates superior flexibility, accuracy, and ease of use, especially for systems influenced by variable
physical and chemical conditions. The study further explores two-phase flow modeling, mesh independence testing, and
the influence of gas bubbles on electrolyte conductivity. The findings contribute to the development of efficient, scalable
PEC systems for clean hydrogen production and offer a foundation for future integration of hybrid simulation and Al
techniques in renewable energy research.

Keywords: photoelectrochemical water splitting, COMSOL Multiphysics, MATLAB, electrochemical impedance spectro-

scopy, artificial neural networks, hydrogen production, electrochemical modeling.

INTRODUCTION

The excessive use of fossil fuels has made it urgent to
develop renewable and sustainable energy sources to ad-
dress the challenges associated with the energy crisis. In
terms of direct solar energy conversion and storage, hy-
drogen has garnered significant attention due to its high
energy density (120-142 MJ/kg) and the potential to ob-
tain it from water. When used as an energy carrier, hy-
drogen is highly efficient. It can be employed for trans-
portation, storage, and power generation in areas where
other energy sources are difficult or costly to access. Ad-
ditionally, the fact that its combustion produces only wa-
ter vapor makes hydrogen particularly appealing as a
clean energy solution [1].

Photoelectrochemical (PEC) water splitting systems
are a promising and sustainable method for producing
green hydrogen by harnessing solar energy. PEC systems
utilize semiconductor photoelectrodes to convert solar
light into chemical energy, leading to the decomposition
of water into hydrogen and oxygen. This approach offers
a carbon-free and environmentally friendly pathway to
meet future energy demands.

The photoelectrochemical (PEC) system operates
based on several key principles. First, a semiconductor
photoelectrode absorbs sunlight, where photons with en-
ergy equal to or greater than the bandgap excite electrons
from the valence band to the conduction band, forming

electron-hole pairs. These charge carriers must then be
efficiently separated and transported: electrons typically
migrate to the external circuit or the counter electrode,
while holes remain in the photoelectrode. At the elec-
trode—electrolyte interface, redox reactions occur — holes
in the photoanode oxidize water molecules to produce
oxygen gas, protons, and electrons. Meanwhile, the elec-
trons travel to the cathode, where they reduce protons to
form hydrogen gas. From an energetic perspective, the
water-splitting reaction requires a minimum energy input
of 1.23 eV; however, additional voltage, known as over-
potential, is necessary to overcome kinetic barriers. For
effective PEC operation, the band edges of the semicon-
ductor must be appropriately aligned: the conduction
band edge should lie at a more negative potential than the
H*/H, reduction level, while the valence band edge
should be more positive than the O»/H,O oxidation po-
tential (Figure 1).

An essential consideration in the operation of a pho-
toelectrochemical (PEC) cell is the necessity of employ-
ing a potentiostat-galvanostat system. Indeed, its use is
required to optimize PEC water splitting performance. Il-
lumination by sunlight or artificial light sources is used
to excite the semiconductor photoanode, generating elec-
tron-hole pairs that facilitate the water-splitting reactions.
In contrast, electrolysis performed solely with a potenti-
ostat in the absence of illumination constitutes conven-
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tional electrolysis, which generally demands higher elec-
trical energy input. The integration of solar illumination
with an applied external bias significantly lowers the total
electrical energy required, thus improving the overall en-
ergy efficiency and sustainability of the process. Unlike
traditional electrolysis, which depends entirely on elec-
trical power, PEC systems leverage both photonic and
electrical inputs, enabling lower operational voltages.
While solar energy or lamp-based illumination primarily
drives the photoelectrode activity, the application of an
external potential — commonly controlled via a potenti-
ostat — remains essential in both experimental and practi-
cal PEC water splitting to enhance charge separation, re-
action kinetics, and hydrogen evolution efficiency [3, 4].

W

Figure 1. Schematic of a PEC system [2]

In recent years, various semiconductors such as TiO»,
Zn0, SiC, a-Fe,03, WO3, and BiVO,4 have been proposed
and extensively studied as photoanodes. Their wide ap-
plication is attributed to a combination of availability,
high stability, and environmental safety. Among these
materials, BiVOjy has attracted particular attention due to
its relatively narrow band gap (~2.4 e¢V), which enables
efficient light absorption and photogeneration of charge
carriers [S]. BiVOy is an n-type semiconductor with a
band gap of 2.4 eV and can serve as a non-toxic pho-
toanode active in the visible range. The favorable align-
ment of its band edges with the redox potentials of water
makes BiVO4 a promising candidate not only for PEC
water splitting (Figure 2) but also for CO; reduction sys-
tems. The theoretical solar-to-hydrogen (STH) efficiency
of BiVOj4 reaches 9.1%, creating strong expectations for
its future commercialization [6]. However, the perfor-
mance of BiVOs-based photoanodes remains limited by
the sluggish kinetics of the oxygen evolution reaction
(OER). This limitation is caused by the high kinetic bar-
rier of water oxidation and severe surface recombination
of charge carriers due to their poor mobility [7]. As a re-
sult, the photocurrent density of BiVOs-based systems
rarely approaches the theoretical maximum of
7.5 mA-cm2 at 1.23 V vs RHE.

To enhance activity, various strategies have been ex-
plored, including controlled growth of specific crystallo-
graphic facets, defect engineering, formation of oxygen

vacancies, and doping with metals or non-metals to tune
the electronic properties of BiVO4. Considerable atten-
tion has been given to the development of highly active
OER catalysts and interface engineering between the cat-
alyst and BiVOys [8]. For example, the introduction of a
hole transport layer can suppress interfacial recombina-
tion and improve system efficiency. Notably, the incor-
poration of Co304 nanoparticles between NiOOH and
BiVOy results in the NiOOH/Co0304/BiVO4 photoanode,
which delivers a photocurrent density of 6.4 mA-cm 2 at
1.23 V vs RHE with stability up to 90 h. The formation
of p—n junctions with Co304 promotes efficient hole ex-
traction and accelerates water oxidation, enabling charge
separation efficiencies of 95.6% and charge transfer effi-
ciencies 0f 97.7% [9]. Similarly, Fang et al. demonstrated
that the deposition of NiFeOOH and Co-Pi cocatalysts
increases the photocurrent to 2.03 mA-cm 2 at 1.23 V vs
RHE, which is 5.8 times higher than that of pristine
BiVO4[10].

Another promising approach to improving the photo-
electrochemical activity of BiVOy is the construction of
heterostructures. In Ag—Pi/BiVO;4 systems, the built-in
electric field greatly accelerates hole transport and charge
separation, while WO3/BiVO4 core—shell heterostruc-
tures compensate for the low carrier mobility of BiVO4
and significantly enhance PEC performance.
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Figure 2. Band edge positions of typical semiconductors
used for water splitting. Reproduced from [11]
with permission from MDPI

Thus, the integration of semiconductors into hetero-
structures can mitigate the limitations of individual com-
ponents and improve overall efficiency [12]. For in-
stance, in the multilayer WO3/BiVO4/TiO, photo-
electrode, BiVOy acts as the light absorber, TiO; serves
as a protective layer against photocorrosion, and WO3
functions as the conductive layer [13]. Since charge sep-
aration and transport directly determine the concentration
of holes participating in oxidation reactions, the introduc-
tion of semiconductor layers onto BiVO4 not only en-
hances light absorption but also forms heterojunctions
that facilitate charge separation [14].

Beyond heterostructures, increasing attention has also
been directed toward BiVO4 homostructures formed by
combining different crystalline forms of the same mate-
rial. In particular, the combination of monocrystalline
and polycrystalline BiVO4 allows one to merge the
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advantages of high carrier mobility in the single crystal
with the large active surface area and facile synthesis of
the polycrystal. Monocrystalline BiVO4 exhibits much
higher electron conductivity (12 em?-V'-s™!) and fewer
grain boundaries, thereby reducing carrier recombina-
tion. However, single crystals suffer from limited active
surface area and complex synthesis, which restricts their
practical use. Thus, homostructures that combine mono-
crystalline and polycrystalline phases can minimize car-
rier losses while simultaneously increasing the number of
active reaction centers. This approach offers new oppor-
tunities for improving both the stability and efficiency of
PEC processes, making BiVOs-based homostructures a
highly promising direction for further optimization [15].
Overall, among the various semiconductor pho-
toanodes investigated, BiVO, stands out as one of the
most promising due to its narrow band gap, favorable
band edge positions, and high theoretical STH efficiency.
At the same time, its intrinsic drawbacks-low electron
mobility, surface recombination, and slow water oxida-
tion kinetics-make BiVO4 a model system for the devel-
opment and testing of advanced PEC enhancement strat-
egies. In particular, the design of hetero- and homo-
structures, the application of cocatalysts, passivation lay-
ers, and interface engineering allow for a deeper under-
standing of charge transfer mechanisms and reveal uni-
versal principles for optimizing photoanode perfor-
mance. These factors explain the choice of BiVOy as the
central focus of the present study, aimed at identifying
and systematizing approaches to improve its activity and
stability, while building a foundation for the future com-
mercialization of PEC technologies. These findings are
in good agreement with recent reports on rhodium-mod-
ified perovskite oxides for enhanced OER activity [16].

MODELING AND SIMULATION PEC SYSTEM

Electroanalysis is a scientific study focused on the
quantitative measurement of the composition or proper-
ties of chemical systems using electrochemical tech-
niques. Common electroanalytical methods include cy-
clic voltammetry, linear sweep voltammetry, chrono-
potentiometry, and electrochemical impedance spectros-
copy. These experiments can be performed in either static
electrolyte solutions or in solutions that are subjected to
forced fluid flow.

The primary objectives of electroanalytical modeling
in COMSOL Multiphysics include the determination of
both kinetic and thermodynamic parameters associated
with electrochemical reactions occurring at electrode sur-
faces. These simulations provide insights into the funda-
mental behavior of the electrochemical interface under
various conditions. Additionally, electroanalysis allows
for the characterization of mass transport properties, fa-
cilitating the study of how electroactive species diffuse,
migrate, or convect within the electrolyte. Furthermore,
COMSOL enables the exploration of reaction mecha-
nisms, offering a detailed understanding of the electro-
chemical pathways and the subsequent chemical reactiv-
ity of the species formed during these processes [17].

Using CFD offers enhanced accessibility and the op-
portunity to explore complex systems that may be chal-
lenging to assess experimentally. Recognizing these ben-
efits, it is crucial to focus on developing CFD simulation
approaches for PEC cells. Machine learning methodolo-
gies, including artificial neural networks (ANN), have
the potential to enhance predictive accuracy and optimize
the operational efficacy of alkaline water spitting by uti-
lizing data-driven insights.

COMSOL Multiphysics offers distinct advantages
over MATLAB in the field of electrochemical modeling,
primarily due to its native support for coupled multiphys-
ics simulations. Unlike MATLAB, where individual gov-
erning equations such as Nernst—Planck (ion transport),
Navier—Stokes (fluid dynamics), Poisson (electrical po-
tential), and Butler—Volmer (electrode kinetics) must be
implemented separately and manually coupled,
COMSOL provides an integrated environment that
solves these equations simultaneously within a unified
framework [18, 19]. The graphical user interface in
COMSOL further facilitates the construction of complex
geometries — such as porous electrodes or microfluidic
channels — and automatically generates high-quality fi-
nite element meshes, eliminating the need for manual
scripting or external meshing tools often required in
MATLAB. Additionally, COMSOL includes a built-in,
robust finite element solver with automatic mesh refine-
ment and convergence control, wherecas MATLAB users
must assemble system matrices, impose boundary condi-
tions, and ensure numerical stability manually unless em-
ploying specialized toolboxes. Widely recognized in both
academia and industry, COMSOL has become the stand-
ard platform for solving coupled multiphysics problems,
supported by extensive validation studies. While
MATLAB remains a powerful tool for algorithm devel-
opment, data analysis, and simplified one-dimensional
models, it lacks out-of-the-box capabilities for full-scale,
three-dimensional multiphysics simulations.

In modeling the LSV curve using MATLAB coding,
we define the Tafel or Butler-Volmer equation. However,
in COMSOL, in addition to that information, we also
need the concentration of the electrolyte and its conduc-
tivity, which are influential parameters in electrochemis-
try, especially in LSV curves. The COMSOL software is
more comprehensive and includes all relevant details,
whereas, in MATLAB, this is not the case. Another con-
sideration is that when using ANN in the electrochemis-
try field, especially when training a LSV curve, a sub-
stantial amount of data is required. The more databases
are applied in ANN modeling, the more accurate the net-
work will be, and consequently, it will be able to predict
other circumstances. In contrast, with the limited experi-
mental data available, we will be able to train it and use
it for predictions in COMSOL.

Experimental Studies on ZnO/BiVO4 -based PEC
Water Splitting Systems are summarized in Table 1.

Simulation and modeling studies in PEC water split-
ting are further summarized in Table 2.

129



PHOTOELECTROCHEMICAL WATER SPLITTING SIMULATION:
TOWARD A COMPREHENSIVE MODELING FRAMEWORK

Table 1. Experimental Studies on ZnO/BiVOq4 -based PEC Water Splitting Systems

Ne Electrodes Used PEC Performance Ref.
Photoanode: ZnO/BiVO4 on ITO
1 | Counter: Pt J=1.72mAlcm2 @ 1.2 V vs Ag/AgCl [20]
Ref: Ag/AgClI
Photoan.ode: a thin film of BiFe0; nanosheets on FTO 0.56 pA cm-2 under continuous light illumination, and 0.07 uA cm-2 In the absence of
2 | Counter: Pt light [21]
Ref: Ag/AgCl ght.
3 | Photoanode: ZnO/BIVO/Co-Pi Onset = 0.09V_RHE: J = 3.4 mAlem? @ 0.6 V_RHE 2]
Counter: Pt
Photoanode: ZnO/BiVO4/NiFePB _
4 Counter: Pt J=1.66 mAlcm2 @ 1.23 V_RHE [23]
Photoanode: WO3/BiVO4/Co-Pi; _
5 Counter: Pt J=6.7mAlcm? @ 1.23 V_RHE [24]
6 Photoanode: BiVOy; solar-to-hydrogen (STH) efficiency is around 5% for single BiVO4 photoanodes and >8% [25]
Counter: Pt for tandem systems.
Photoanode: BiVO4/FeOOH _
7 Counter: Pt J=1mAlcm? @ 0.6 V_RHE [26]
8 Photoanode: ZnO/BiVOq4 The Co-Pi/BiVO4/ZnO nano dendrite array photoanode achieved 3.5 mAcm-2at 1.23 V 27]
Counter: Pt vs. RHE, demonstrating improved performance compared to bare BiVOa.
Photoanode: BiVO4/Mo .
9 | Counter: Pt 4 STH up to ~3% in prototype 28]
1" Photoanode: BiVO4/ NiFeOx The hydrogenated BiVO4 photoanodes, when coupled with a NiFeOx cocatalyst, achieve [29]
Counter: Pt a high efficiency of 1.91% at 0.58 VV vs RHE.
13 | Photoanode: BiVOs; Counter; Pt [30]
Table 2. Simulation and modeling studies on PEC water splitting system
Ne Modeling/simulation Method Software Key results Ref.
1 | ANN prediction MATLAB + ANN | Photocurrent prediction and system tuning [31]
2 | Carrier transport modeling COMSOL Charge separation efficiency [32]
3 | Nemst-Planck & Butler-Volmer equation COMSOL Design validation- Improved solar-to-hydrogen conversion efficiency |  [33]
4 | FEM ion transport - Potential and current distribution [34]
5 | Modeling of charge transfer MATLAB Photo absorber J-V, mass + charge transport [35]
6 |light absorption and charge separation COMSOL photocatalytic performance [36]
7 Falsgtrochemlcal kinetics at electrode/electrolyte inter- COMSOL Overpotentials and catalytic activity [37]

The present study aims to establish a comprehensive
modeling and simulation framework for photoelectro-
chemical (PEC) water splitting systems, with a focus on
analyzing and optimizing their electrochemical perfor-
mance. Two primary simulation platforms are employed
in this work: COMSOL Multiphysics 6.1 and MATLAB.
COMSOL is utilized to perform linear sweep voltamme-
try (LSV) simulations under varying operational condi-
tions to evaluate the photoelectrode activity, as well as
electrochemical impedance spectroscopy (EIS) analyses
to investigate charge-transfer mechanisms and interfacial
properties. In parallel, MATLAB is used to implement
artificial neural networks (ANNSs) for predicting LSV be-
havior, allowing a comparative evaluation of ANN pre-
dictions against COMSOL-based results. Additionally,
MATLAB-based custom code is developed for modeling
impedance spectra, providing an alternative route to val-
idate and interpret electrochemical data. By integrating
physics-based simulations with data-driven approaches,
the study seeks to gain deeper insight into PEC system

behavior, assess the accuracy and reliability of different
modeling techniques, and support future experimental
validation.

Ultimately, this integrated approach enhances the un-
derstanding of PEC hydrogen production systems and
contributes to the development of efficient and scalable
clean energy technologies.

As mentioned earlier, at the beginning of the project,
we also modeled impedance in both software to compare
their accuracy. After that, we used the Tafel equation to
model the kinetics of electrochemical reactions in both
software to highlight the software of COMSOL and its
superiority in application. In the following, the process of
coupling the neural network and COMSOL with the elec-
trolysis of water with graphite electrodes was also carried
out.
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METHODOLOGY

Methodology for Simulating Impedance

of Randles Circuit:

In MATLAB:

1) Define circuit parameters: R (solution resistance),
R (charge transfer resistance), Cy (double-layer capaci-
tance), o (angular frequency 27f), j (imaginary unit J-1
).

2) Generate logarithmic frequency vector

3) Calculate total impedance using the modeled
Randles model formula (1).

4) Plot Nyquist diagram (real vs. imaginary imped-
ance)

(0)=R+ (1)

s 1 )
[Rd—i_]o‘)cdlj

In COMSOL Multiphysics:

EIS was simulated using the Electroanalysis physics
interface in COMSOL Multiphysics. A small sinusoidal
perturbation was applied to the working electrode poten-
tial, and the resulting current response was recorded. The
impedance was calculated over a logarithmic frequency
range. Material properties, electrode kinetics (via the
Butler—Volmer equation), and double-layer capacitance
were defined based on literature values. The Nyquist plot
was then generated using the simulation results.

Methodology of modeling Tafel equation

in MATLAB and COMSOL.:

In the MATLAB section, we will define the Tafel
equation using code. For comparison with COMSOL
software, we will select the secondary current distribu-
tion physics and choose the electrode reaction equation
known as the Tafel equation.

Methodology for Coupling COMSOL and ANN:

Figure 3 depicts the modeling procedures suggested
in this study. The initial phase involved CFD simulation,
encompassing the precise design of the system's geome-
try, the modeling of the electrochemical and momentum
sections, and the meshing process. Following validation
of the outcomes to confirm their accuracy, the subsequent
step involved creating a dataset derived from the simula-
tion results that reflected the influence of operational pa-
rameters, such as temperature and electrolyte concentra-
tion. This dataset was then imported into the neural
network toolbox within MATLAB.

An ANN was employed to model and predict the cur-
rent density (J) based on three input parameters: potential
(V), temperature (T), and concentration (C). MATLAB
was used as the computational platform to implement,
train, and validate the ANN. ANN generally consists of
three main layers: input, hidden, and output. In Figure 4,
the ANN developed in this study is illustrated, showcas-
ing layers of interconnected neurons. The outputs are de-
rived from computations executed by the neurons from
the preceding layer. The ANN modeling process consists

of testing, training, and validation. Unlike other training
algorithms, the Levenberg—Marquardt training algorithm
demonstrated superior performance, leading to its selec-
tion for training this ANN model. The 2008 datasets gen-
erated by CFD modeling in COMSOL Multiphysics were
classified into three distinct categories, namely, 70% for
training (1406 datasets), 15% for testing (301 datasets),
and 15% reserved for validation (301 datasets). They
were exported to MATLAB for the development of the
ANN model.

Import datasets
from COMSOL
results in ANN

Select physics in COMSOL _——toolbox
Multiphysics 4 N

Design 3D geometry

: i ¢ [ Training/Testing
Assign conditions and ching o ©
parameters RO Meshing | Validation
Datasets__
R, |
Study definition | Compute &
> L A
Train ANN |
= >
Post Processing & generate X
datasets Plot

regressions

Figure 3. The sequence of executing the steps of the suggested
modeling in methodology

Hidden layer Output layer

Input Output

Figure 4. Schematic representation of the proposed
artificial neural network

The accuracy of the COMSOL simulation against ex-
perimental data was evaluated by calculating the coeffi-
cient of determination (R?), as illustrated in equation (2)
[38]:

Z:lzl(yl}exp — Yicrp )2
> -
ZL](yi,exp _yi,exp)

Ion conductivity in electrolytes adheres to Ohm’s law
(3) and (4), which states that the electric current flowing
through a conductor is directly related to the voltage dif-
ference between its terminals [39]. The electrolyte’s con-
ductivity is ascertained through equation (5). Equation
(6) modifies the electrical conductivity of the electrolyte
by accounting for the bubbles generated at the electrodes.
These bubbles act like resistance and reduce the conduc-
tivity of the electrolyte [40, 41]. The Tafel equation (a
simplified version of the Butler-Volmer equation due to
overpotentials exceeding 100 mV of electrodes [42])
models the current density at the electrode surfaces, as
outlined in equation (7) [43]. The energy efficiency of the

R =1- )
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cell was calculated using the higher heating value (HHV)
of hydrogen, referencing the thermoneutral voltage of
1.48 V, as presented in equation (8) [44—46]. Ultimately,
the standard potential, Uy, of the two-electrode cell is
calculated through (9) as an operating temperature-de-
pendent variable.

V-J=0—>J=-cVD, 3)
V-i=0,, 4

G, =—204.1M —0.28M* +0.5332MT +
5
+20720¥+0.1043M3 —0.00003M°T?, )
c;real = GO (1 _8)1‘5 > (6)

J
=b-log| — |, 7
n g[ Jo] @)
1.48
:_’ 8
=" (®)
U, =15184-1.5421-10"-T +

stn (9)

+9.523-10°-T-InT +9.84-10° - 2.

In this system, it was observed that the bubbles gen-
erated on the electrode surface do not detach from it.
Therefore, the effect of gas generation was effectively ac-
counted for as a decrease in electrolyte conductivity.
These adherent gas bubbles preserve the electrolyte’s sin-
gle-phase status. Nevertheless, we employed the Euler-
Euler Model and Laminar Flow physics to investigate the
dispersed phase of the produced bubbles within a two-
phase system. The results showed that the volume frac-
tion of the bubbles is zero (data will be provided in the
next part). Given the certainty of the system’s single-
phase nature, as confirmed by experimental observations
and computational results, we model the system under
this condition.

The electrolyte phase is considered a Creeping Flow
due to its complete immobility. The modified Navier-
Stokes and continuity equations characterize the dynam-
ics of velocity and pressure within the electrolyte phase
[47]. The inertial term (Stokes flow) was neglected as a
modification of the Navier-Stokes equation (10) and (11).
Table 1 lists the parameters used to model the 3D two-
electrode AWE setup.

0=-VP+pg+VK, (10)
pV-V=0. (11)

The physics of secondary current distribution and
creeping flow were selected in the COMSOL Multiphys-
ics® software along with a steady-state study, for model-
ing.

Figure 5 illustrates the geometrical configuration de-
veloped for the system using COMSOL Multiphysics
6.1® software. This geometric design was derived from
the experimental setup employed to assess the GR

performance and confirm the accuracy of the simulation
findings.

mo =
" 9
E & (L.%
[5) () H, et &
O ki, 0, 2y O
et —— ~
% 10§ ;
\
Electrolyte

Figure 5. The system geometry in COMSOL Multiphysics®
software.

Two phase flow modeling

The Euler-Euler model was used to model two-phase
flow. Firstly, the model calculates the volume fraction of
the continuous and the dispersed phases using the conti-
nuity equation, as shown in equations (12) and (13) [39]:

£ (p0.)+ V- (pbn) = (12)
g(pd¢d)+v'(pd(l)dud):_mdy’ (13)

where ¢ shows the volume fraction of each phase (dimen-
sionless), u is the velocity (m/s), p is the density (kg/m?),
and myg, is the mass transfer rate from the dispersed to the
continuous phase (kg/(s'm?)). The subscripts ¢ and d rep-
resent the continuous and dispersed phases, respectively.

Equation (14) describes the relationship between the
volume components of two phases. The continuity equa-
tion for the mixture is given by (15) [39].

¢L»=1_¢d’ (14)

c d

V- (dguy +u, (1=, ) =m,, [L—LJ. (15)

The momentum balance equation for the continuous
phase and dispersed phase is expressed as follows [39]:

PP, [%(uc )+uV-(u, )} =—¢,VP+¢, V-1, +

+¢cpcg+Fm,c +¢LF: +mdc (uim _uv)’ (16)

Py [%(ud)mdv (u, )} =—¢,VP+¢,V-1,+

+0,p,8 +Fm,d +o,F, —m,, (uim —Uy )’
7)
in which, P — represents the pressure of the mixture (Pa),
g — denotes gravitational acceleration (m/s?), u;, — signi-
fies interphase velocity (m/s), T — is the viscous stress ten-
sor (Pa), — F}, indicates interphase momentum transfer
(N/m3), and F refers to any other volume force (N/m?).
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In multiphase flow systems, the drag force is consid-
ered the most important interphase force [48], and the fol-
lowing equation is used to calculate it [39]:

3
En,c = _Fm,d = Ed)cd)dCDpc uslip uslip . (18)
In (18), dq represents the diameter of the dispersed
particles (m), and Cp is the drag coefficient. Slip velocity
is defined as:

u u; —u,. (19)

slip = c

Cp is calculated using the Schiller-Naumann relation
(20). The particle Reynolds number, Re,, is determined
using (21) [39]:

ﬁ(1+0.15Rer’”) Re, <1000
Cp= Rep (20)
0.44 Re, 21000
d d usi
Re, = M ) 1)
K.

Bubble dispersion is included in the momentum equa-
tion using a volume force according to [49]:

K
FBD = _(I)dpu —= uslip ng s (22)
dd
where K,/dp is the gas-phase dispersion factor, which is 5
m/s for oxygen and 2.5 m/s for hydrogen.
The viscous stress tensors are calculated according to

the following relations [50]:

T =p, (Vuc +(Vu,)' —%(V-uc)lj, (23)

T, =l [Vud+(Vud)T—§(V~ud)1j. 24)

Lastly, the Faradaic equation calculates the amount of
hydrogen and oxygen gas produced (g/(m>s)) by the re-
action on the electrode surface, as a function of the elec-
trode's current density (25) and (26). To calculate the to-
tal amount of gas in each of the cathode and anode
chambers, the amount of water vapor was taken into ac-
count (27-30) [39-51]:

My, = Mo 1
2F (25)
MO, .

my, = =1
ar (26)

T-0[degC]
P, =0.61121-exp||18.678 - —L =4 |.
" 234.5[K]

@7

( T —0[deg C] H
257.14+T -0[degC] |

x — Rupor (28)
H20 s
M X
mvap cathode — L gx i s (29)
: 2F 1-x,,
M X
mvap anode — 0 i —n0 5 (30)
’ 4F 1=x,0

where M, , M, ,,and M, arethe molecular weights

of hydrogen, water, and oxygen. Pyqp0- is the water vapor
pressure, P is the operating pressure, which is standard
pressure (1 atm), 7 is the operating temperature in °C,
and x, , is the mole fraction of water vapor in the gas

phase.

PEC water splitting simulation

PEC water splitting systems rely on the interplay be-
tween photogenerated charge carriers and electrochemi-
cal redox reactions at the semiconductor—electrolyte in-
terface. In contrast to conventional water electrolysis,
which requires a minimum thermodynamic potential of
1.23 V under standard conditions, PEC systems can
achieve water splitting at significantly lower applied
voltages. This is because incident photons excite elec-
trons from the valence band to the conduction band of a
semiconductor, generating electron-hole pairs that con-
tribute part of the Gibbs free energy required for water
splitting. As a result, the external bias needed to drive the
redox reactions is reduced, effectively lowering the onset
potential of the system. This photovoltage, generated in-
ternally by the light-absorbing semiconductor, plays a
crucial role in enabling spontaneous or low-bias-driven
water splitting reactions. Therefore, light not only acti-
vates the semiconductor but also alters the electrochemi-
cal potential landscape at the interface, tightly coupling
photo- and electrochemical processes.

In this simulation, we employ a hybrid modeling ap-
proach to capture both the photophysical behavior of the
semiconductor photoelectrode and the electrochemical
reactions at the semiconductor—electrolyte interface. The
model combines two physics interfaces in COMSOL
Multiphysics: Semiconductor (under illumination) and
Secondary Current Distribution.

First, semiconductor physics is used to simulate light
absorption and carrier transport within the photoelec-
trode. Generation of electron—hole pairs due to incident
light is defined through an optical generation term, and
the internal electric potential is computed by solving the
coupled Poisson and drift—diffusion equations. The re-
sulting electrostatic potential at the interface between the
semiconductor and electrolyte represents the photo-
voltage developed due to illumination.

Next, this photovoltage is used as an input into the
Secondary Current Distribution interface to model the
electrochemical kinetics. The potential difference be-
tween the semiconductor surface and the reversible wa-
ter-splitting potential (1.23 V vs. RHE) is used to define
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the local overpotential driving the reaction. The Butler—
Volmer equation is applied at the interface to describe the
charge transfer between the photoelectrode and the elec-
trolyte.

This approach allows for the analysis of how illumi-
nation affects the onset potential and current density in
PEC water splitting, effectively linking the semiconduc-
tor’s photogenerated potential to the electrochemical per-
formance of the system.

RESULTS

Comparison of EIS outcomes acquired from two

mathematical approaches

At the beginning of the results section, we attempted
to model the Nyquist plot using both COMSOL and
MATLAB. In MATLAB, we wrote code to obtain the re-
sults, while in COMSOL, we used the Electroanalysis
physics module. Figure 6 presents the EIS results for a
pre-prepared sample from the experimental setup,
COMSOL simulation, and MATLAB modeling. As
shown, MATLAB and COMSOL demonstrate similar
capabilities in predicting the Nyquist plot of the sample.
Compared to the experimental data, both simulations ex-
hibit some deviation and are not entirely accurate. Nev-
ertheless, our primary focus is on the similarity in their
prediction abilities. COMSOL, with its user-friendly in-
terface and predefined equations, provides a comparable
level of accuracy to MATLAB, which requires more ex-

tensive coding efforts.
500
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Figure 6. Nyquist plot obtained from experimental test,
COSMOL simulation, and MATLAB modeling

This code was developed to simulate the impedance
behavior of a water electrolysis system. experimental im-
pedance curve presented in Figure 6 was obtained from
one of our synthesized perovskite oxides (LaFeO3) under
dark water electrolysis conditions. This data was utilized
exclusively for extracting the electrochemical parameters
listed in Table 3 and for validating the numerical imple-
mentation of the COMSOL-MATLAB model ensuring
accurate representation of the electrochemical behavior
in the simulations. Under illumination, the charge trans-
fer resistance (R.;) decreases due to increased generation
of charge carriers and enhanced electrochemical reaction
rates. Therefore, for a PEC cell, we simply replace the R,
value with the new, illumination-dependent value to ac-
count for the effect of light on the system’s impedance.

In photoelectrochemical (PEC) water splitting, illu-
mination plays a critical role in determining the electro-
chemical behavior of the system. Two important param-
eters used to characterize this effect are the light
sensitivity coefficient (k) and the normalized light inten-
sity (/). The light sensitivity coefficient is a dimension-
less quantity that reflects the extent to which the electro-
chemical response of the PEC cell varies with changes in
illumination. Higher values of k indicate greater sensitiv-
ity to light intensity fluctuations. The normalized light in-
tensity / represents the ratio of the applied light intensity
to a standard reference, typically taken as the AM 1.5G
solar spectrum at 1000 W/m?. This normalization allows
for consistent comparison of PEC performance under dif-
ferent experimental or simulated lighting conditions, us-
ing a scale ranging from 0 (complete darkness) to 1
(standard full illumination). Despite the utility of these
parameters, a universally applicable equation describing
the precise dependence of electrochemical behavior on k&
and 7 has yet to be established, due to the complexity and
variability of PEC systems.

However, in practice, especially for systems with a
fixed and well-defined light source (such as ours), these
settings are unnecessary. Because the light intensity re-
mains constant throughout testing, there is no need to
model variations in lighting. The impedance modeling in-
cluding the equivalent circuit and governing equations, in
PEC water splitting compared to water electrolysis, is in-
tact. The sole modification being the illumination-ad-
justed values of electrochemical parameters, The only
thing that changes is the charge transfer resistance R,
which is determined by the system under certain lighting
circumstances. Thus, there is no need to include or
change £, I, or the corresponding equations during simu-
lations. This method simplifies modeling while properly
describing the system's behavior under constant light.

Table 3 provides the details of the parameters inserted
into MATLAB and COMSOL software to obtain the
Nyquist plot.

Table 3. The details of the parameters inserted into MATLAB

and COMSOL sofiware
Parameter Symbol Unit Value
Solution Resistance Rs Q 21.77
Charge Transfer Resistance Ret Q 501.1
Double-Layer Capacitance Cal F 6.3-10
High frequency fnax Hz 100000
Low frequency fmin Hz 0.01

Comparing LSV curves obtained from coding in

MATLAB and simulation through COMSOL

It is evident from the results in Figure 7 that both
mathematical approaches — COMSOL simulation and
MATLAB coding — yield nearly identical results. None-
theless, a significant differentiation emerges when scru-
tinizing the influence of electrolyte concentration on
electrocatalytic efficacy. While MATLAB coding, which
is based on the classical Tafel equation, does not
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incorporate an explicit parameter for electrolyte concen-
tration, COMSOL facilitates the direct integration of
electrolyte concentration as an input variable that signif-
icantly affects the LSV characteristics. The classical
Tafel equation does not explicitly account for electrolyte
concentration as a variable; hence, its impact can only be
integrated empirically through MATLAB by adjusting
the exchange current density Jo, which necessitates ex-
tensive and dependable experimental data. This con-
straint diminishes the model's precision and increases re-
liance on numerous experiments to calibrate the
parameters accurately.

350

MATLAB coding
300

——COMSOL
250

200

100
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Figure 7. Comparing LSV curves obtained from coding in
MATLAB and simulation through COMSOL

Alternatively, the effect of electrolyte concentration
on mass transport can be modeled by introducing a limit-
ing current density that depends on the concentration.
However, the modeling of the limiting current density en-
tails a considerable simplification: it presumes a uniform
concentration field and disregards spatial variations, con-
vective transport, and the effects of electrode geometry.
This approximation may result in considerable inaccura-
cies in practical systems. It should also be noted whether
there is a limiting current density in the system. In the
perovskite materials we have investigated, no limiting
current density has been observed in the potential ranges
tested so far.

Table 4. The details of the parameters inserted into MATLAB
and COMSOL software to obtain the LSV curve

Parameter Symbol Unit Value
Tafel slope b Videc 0.282
Equilibrium potential Eeq v 1.23
Applied potential range E v 1-3.5
Exchange current density lo A/m? 0.1

In contrast, COMSOL Multiphysics offers a compre-
hensive simulation environment that enables the direct
input of physical and chemical properties, including elec-
trolyte concentration. Without modifying the fundamen-
tal governing equations, one can quickly and accurately
investigate the effect of electrolyte concentration on elec-
trocatalyst performance by simply adjusting this param-
eter. This flexibility significantly reduces the time and
cost of experimentation and analysis while enhancing
confidence in the simulation results. Table 4 provides the

details of the parameters inserted into MATLAB and
COMSOL software to obtain the LSV curve.

Coupling COMSOL and ANN

Initially, the electrocatalytic performance of GR to-
ward OER and HER was evaluated in a three-electrode
setup to determine its electrochemical parameters, Jy and
b. Polarization curves under operating conditions of
25 °C and 70 °C are illustrated in Figure 8a and 8b. Sub-
sequently, the Arrhenius diagram was plotted based on
the exchange current density and temperature, allowing
for the determination of Jy without requiring further la-
boratory testing. This diagram can be used to predict Jy
at any temperature, as shown in Figures 8c and 8d. The
slope of the Arrhenius plot exhibits values of —1556 and
—602.1 for the OER and the HER curves, respectively.

The current density measured at 0 V vs. RHE was ob-
served to be negative, with the cathodic current onset
shifted toward more negative potentials. This phenome-
non can be attributed to several well-established factors
[52-54]. Firstly, graphite electrodes are known to cata-
lyze oxygen reduction at low potentials due to the pres-
ence of dissolved O, leading to the emergence of ca-
thodic current even prior to the thermodynamic onset of
the hydrogen evolution reaction (HER). Secondly, poten-
tial cycling during electrode conditioning may result in
the activation of the graphite surface by introducing edge
sites, structural defects, or partial oxidation. These mod-
ifications enhance the electrode’s catalytic behavior and
can shift the HER onset to more positive potentials. Ad-
ditionally, graphite exhibits a relatively high double-
layer capacitance, and capacitive (non-Faradaic) currents
may contribute significantly to the background signal,
particularly at low scan rates. To mitigate these effects, it
is advisable to degas the electrolyte with N, or Ar prior
to measurements and to minimize potential cycling when
using freshly prepared electrodes.

Moreover, graphite demonstrates a markedly higher
exchange current density (Jo) for the oxygen evolution re-
action (OER) compared to HER, which can be explained
by several material-specific properties [55-59]. Under
anodic polarization, the graphite surface becomes en-
riched with oxygen-containing functional groups that in-
crease its activity toward OER. In contrast, HER requires
efficient hydrogen adsorption and fast electron transfer —
conditions for which graphite is inherently less favorable
due to its poor hydrogen binding characteristics. Further-
more, elevated temperatures and anodic potentials pro-
mote oxidative modifications on the graphite surface,
generating reactive sites conducive to OER, while offer-
ing limited benefit to HER kinetics.

In summary, the higher jo observed for OER on
graphite compared to HER reflects graphite’s relatively
better catalytic activity for OER due to the formation of
active oxygen species on its surface and its inherent lim-
itations in hydrogen adsorption. This is consistent with
experimental findings and supports the understanding
that graphite is a more efficient catalyst for OER than for
HER.
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150

s Checking mesh independence is one of the most es-
- sential steps in any simulation [60]. The non-dependence
‘ of the solution on the meshing should be checked in all
00 simulation software that divides the computational do-
main into smaller sub-domains. Examining mesh inde-
pendence involves selecting the optimal mesh to obtain
accurate results. In this work, an independence test was
conducted on the meshing results to determine the opti-
mal meshing of the system. The number of elements in
the Normal, Coarse, and Coarser meshes was 87,307,
. , 66,808, and 24,655, respectively. Coarse meshing yields
" ' * the most accurate results with the most optimized runtime

:;emm ™ : and memory usage (Figure 9a).
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[61]. Therefore, Coarse meshing was used in this work
(Figure 9b).

ach Two phase ﬂqw results _ .

d) We had previously observed during experimental

tests that bubbles produced on the electrode surface do

Figure 8. OER polarization curve (a), HER polarization not separate from them and therefore do not enter the

curve (b), Arrhenius plot as anode (c), and Arrhenius electrolyte phase, but instead act as a resistor. However,

plot as cathode (d) of the GR electrode we attempted to model the system as a two-phase system,

-4.00 o

T T T T T
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034

136



PHOTOELECTROCHEMICAL WATER SPLITTING SIMULATION:
TOWARD A COMPREHENSIVE MODELING FRAMEWORK

so that after verifying whether the system is single-phase
or two-phase, we could proceed with modeling it.

The bottom image shows the volume fraction of bub-
bles in the system, which we observe to be zero (Figure
10a). Figure 10b also indicates the electrolyte velocity
distribution. The electrolyte in our experimental system
remains stationary due to the absence of inflow or out-
flow, as well as the lack of electrolyte injection in the
middle or RDE system, which would create movement
within the electrolyte. The modeling results show a min-
imal value for the electrolyte velocity, which is con-
firmed to be correct. The stationary nature of the electro-
lyte is one of the reasons it remains single-phase, as the
completely stationary phase prevents bubbles from mov-
ing.

E_cell(251)=3.5 V Volume: Volume fraction, dispersed phase (1)

AN 5 ) o

a)

E_cell(251)=3.5 V Volume: Mixture velocity magnitude (m/s)

2 x107®

b)

Figure 10. Volume fraction (a) and electrolyte phase
velocity (b)

CONCLUSION

In this work, we developed and validated a hybrid
modeling framework to simulate photoelectrochemical
water splitting using both COMSOL Multiphysics and
MATLAB environments. Through a series of simulations
and ANN-based predictions, we demonstrated that both
platforms can effectively model electrochemical pro-
cesses such as impedance behavior and current—voltage
characteristics. However, COMSOL proved to be more
comprehensive and efficient, particularly due to its built-

in multiphysics solvers, flexible geometry handling, and
direct parameter integration, such as electrolyte concen-
tration, which is otherwise challenging to account for in
MATLAB without extensive experimental data.

Moreover, we showed that coupling COMSOL simu-
lations with machine learning tools in MATLAB (ANN)
enables predictive modeling with high accuracy, thereby
reducing the experimental workload. The inclusion of
two-phase flow simulations confirmed the single-phase
behavior of the system under stationary electrolyte con-
ditions, with negligible bubble motion and volume frac-
tion. Mesh independence testing further ensured the reli-
ability and efficiency of the computational model.

This integrated approach not only enhances our un-
derstanding of PEC hydrogen production mechanisms
but also contributes to the advancement of simulation
techniques in electrochemical energy systems. Neverthe-
less, a limitation of this study is the absence of experi-
mental validation; while the simulations provide valuable
insights, their predictive reliability remains constrained
without corresponding experimental confirmation. Fu-
ture work will focus on extending the model to include
new photoelectrode materials, implementing real-time
data feedback into ANN models, and conducting in-depth
experimental validations under variable light and electro-
lyte conditions to further optimize system performance
for industrial application.
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Bbyn 3eprreyzne cynpl bIabIpaTaThiH (OTOAIEKTPOXUMISIBIK (DDX) kyienepal Tannay »oHE OHTAaWIaHABIPY YIUIH
(GU3MKAIBIK MOJETBACY MEH JepeKTepre Heri3leNireH Taciniepai OipiKTipeTiH KemeHAi ecenTey Iuardopmacs
yeoiabutFad. COMSOL Multiphysics 6.1 xone MATLAB kemeriMeH ChI3BIKTHIK BodbTaMmepomerpus (CBA) xoHe
ANEKTPOXUMHUSIIBIK UMIIENAHC CIIEKTPOCKOMUACH (OVIC) CHSAKTBI HETi3Ti 3MeKTPOXUMUSIIBIK IPOLIECTEP MOJEIbACHEI.
COMSOL MynpTH(U3AKATIBIK OPTAachl 3JCKTPOIHUT TapaMeTpiiepiH, XapThUlall OTKI3rimTepmiH (OTOPH3MKAIBIK
KAaCHETTEPiH JKOHE TOKTHIH TAapaTyblH TiKeNel ecemke aixyra MyMKiHmik Oepeni, a1 MATLAB »xacaHIpl HEHpOHIIBIK
xeninepni (PKHIXX) nmaiianana oTBIpHII, peTTENIETiH HMIIEAaHC o3repiciH Monenbaeyai xone CBA OomkaMIp! TanmaysiH
perreyre mMyM™mkiagik Oepemi. Ecenrey rumpoannamukaceiHbiH (EI'J]), MammmHANBIK OKBITYIBIH JKOHE SKCIEPUMEHTTIK
TEKCepYdiH YWieciMi apKbUTel YCHIHBUTFaH omicteme ZnO/BiVO4 CHAKTHI KapThUTalf OTKI3TIII AIIEKTPOATApIAFhI
KApBIKTBIH 9CEepIHEH CYTEKTIH Maijga 0oy mpoleciH TepeH TyciHyre MyMKiHAIK Oepeni. Mopenbaey HOTHXKENIEpiH
cansicTbipmabl Tannay COMSOL men MATLAB yiinecimai HoTvxenepai KaMmramachi3 eretiHin kepcerti, COMSOL,
acipece (HM3MKaNBIK KoHE XUMHUSUIBIK JKaFAaiiapbIH aifHRIMANbIIAPhl 9Ccep €TETIH )Kyienep yIiH Tamaria UKeMIUTIKTI,
JIOITIKTI JKOHE MaliAaiaHy/ IbIH KapanaibIMABUIBIFBIH KepceTelli. 3epTTey eki (aszaibl aFbIHAB MOJEIbICY A1, TOPIapAbIH
TOYEJICI3AIrIH TeKCepyi JKoHE ra3 KeMipLIIKTEePiHIH AJIEKTPOJHMT OTKI3TIMITIriHe JcepiH OJaH api KapacThIpajbl.
Hotmxkenep Ta3a cyTekTi eHAIpY YIIiH THIMI MacIITa0TaIaThIH IIEKTPOXUMISUIBIK cuHTe3 Kyhenepin (PEC) nambiTyra
BIKIIAJ €Te/1 )KOHEe THOPUITI MOJENBACY MEH KacaH bl HHTEIUICKT 9JiCTePiH XKaHAPTHUIATEIH SHEPTHs KO3JIEPIiH 3epTTeyre
Oomarrakra OipiKTipyTe Heri3 Kalaimpl.

Tyitin ce30dep: cyovt pomosnexmpoxumusnsiy 6emy, COMSOL Multiphysics, MATLAB, snekmpoxumusiel umMneoanc
CNEKMPOCKONUSACHI, HCACAHObL HEUPOHOBIK Jiceiinep, cymeei OHOIDICI, SNeKMPOXUMUATBIK MOOeTbOeY.
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MOJEJTUPOBAHUE ®OTOJJEKTPOXUMHNYECKOI'O PACHIEIIVIEHUS BObI:
HA IIYTH K CO3JJAHAIO KOMIIJIEKCHOM CUCTEMbBI MOJIEJIMPOBAHUS
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! Research Group altAir Nanolab TOO, Anmamut, Kazaxcman
2 Meswcoynapoonulit kazaxcko-mypeuxuil ynueepcumem umenu X.A. fAcasu, Typkecman, Kazaxcman
3 SDU University, @axynomem unsicenepuu u ecmecmeennvix nayk, Kacxenen, Kazaxcman
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B naHHOM mccieoBaHMM Npe/ICTaBIeHa KOMIUIEKCHASI BEIYHCIUTENbHAS u1aTdopma, o0bequHsIomas Gpu3nIeckoe Mo-
JIeTUPOBaHKE ¥ ITOJX0/Ibl, OCHOBaHHbBIE Ha JIAHHBIX, IJIS aHAJIM3a U ONITUMU3aluu GoTosnekrpoxumudeckux (PIX) cu-
cteM pasnoxenust Boabl. Mcnonszyss COMSOL Multiphysics 6.1 1 MATLAB, MoaenupyroTcst KIIFOUeBbIE SIIEKTPOXUMH-
YecKHe MPOIECCHl, TAKUE KaK IMHeWHas BoabTamiiepoMetpus (JIBA) u anexTpoxuMmdeckass IMITEJaHCHAS CIIEKTPOCKO-
must (OUC). Mynerudusndeckas cpera COMSOL mo3BossieT HanpsIMyI0 YIUTBIBATh TAPAMETPHI JJIEKTPOInTa, GoTodu-
3U4YECKHE CBOMCTBA MOJYNPOBOIHUKOB U paclpeaesieHUe Toka, B To Bpemsi kak MATLAB no3BossieT HacTpauBaTh NOJb-
30BaTEIBCKOE MOJACTHPOBAHNE MTOBEICHHS UMIICAAHCA U MMPEIUKTUBHEIN aHamu3 JIBA ¢ HCHOIp30BaHHEM HCKYCCTBEH-
HBIX HelipoHHBIX cetelt (MHC). Bnaromaps couetanuro BRIYHCIUTENbHOM ruaponuHamuku (BI'/]), MammaAOTO 00yUYeHMs
1 9KCIIEPUMEHTAJIBHOH MPOBEPKH IpeaaraeMasi METOAOJIOTH 00ecIieunBaeT TiTy0oKoe IMOHNMaHUe Tpoliecca reHepa-
MU BOJOPOJa MOJ JCHCTBUEM CBETa Ha MOJIYIPOBOJHHUKOBBIX 3JIEKTpoaax, Takux kak ZnO/BiVOs. CpaBHHUTEIBHBIN
aHaIlu3 pe3yJIbTaTOB MOACIMpoBanus mokasbiBaet, 4t0 COMSOL u MATLAB o6ecne4nBaoT COTIACOBAHHBIC PE3YJlb-
TaThl, Ipu 3ToM COMSOL nemMoHCTpHpyeT NPEeBOCXOHYI0 THOKOCTh, TOUHOCTh M IIPOCTOTY MCIIOJIB30BaHMs, 0COOEHHO
JUISl CUCTEM, MOJBEPIKEHHBIX BIMSHUIO NIEPEMEHHBIX (PU3NUECKUX M XUMHYECKUX YCIOBHU. B nccnenoBaHnu qOMOIHU-
TEJILHO PacCcMaTpUBAIOTCS MOZEIMPOBaHUE JABYX(a3HOTO MOTOKA, TECTUPOBAHUE HE3aBUCHMOCTH CETOK M BIIMSHUE ITy-
3BIPBKOB ra3a Ha MPOBOJUMOCTB JIEKTponuTa. [lorydeHHbIe pe3yIbTaThl CIOCOOCTBYIOT pa3paboTke 3(h(HEeKTHBHBIX Mac-
mTadMpyeMBIX CHCTEM dJeKkTpoxummdeckoro cuaTesa (PEC) mis mpou3BoICTBa YUCTOTO BOAOPOIA U 3aKIAABIBAIOT OC-
HOBY /1 OyIyIiei HHTETpalliy THOPHIHOTO MOICIHPOBAHUS H METOJJOB HCKYCCTBEHHOTO HHTEIUICKTA B HICCIICIOBAHMUS
B0O300HOBIISICMOH SHEPTETHKH.

Knrueswie cnoea: ghomosnekmpoxumuuecxoe pacujenierue 600vt, COMSOL Multiphysics, MATLAB, snexmpoxumuue-
CKas UMNEOAHCHASL CNeKMPOCKONUS, UCKYCCMBEHHbIE HEUPOHHbIE Cemu, NPOU3800CME0 8000p0IA, INEKMPOXUMULECKOE
MoOenuposaHue.
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HAHOOJIIIEM/II APXUTEKTYPACHI

P. E. CakenoBa!’, A. JI. llorpednsik?, JI. C. Baiimoaganosa!

1 «Capcen Amansconoe amoinoazvt Hlvizoic Kazakcman ynueepcumemin KE AK, Ockemen, Kazaxcman
2 Cymot memnexemmix ynueepcumemi, Cymol, Ykpauna

* Baiinanvic ywin E-mail: sakenovarim@gmail.com

Aysictianst Metait HutpunarepineH (CrN/ZrN) xone (Cr/Zr) Taza MetangapIad TYpaThIH IEPHOATHI TYPJE aIMacaThIH
KONKa0aTThl HAHOKYPBUTBIMIB! KaOBIKIIAHBIH MUKPOKYPBUIBIMBI MEH MEXaHUKAIIBIK KaCHETTEPi 3epTTeIi. OPKAHChICH
MOJYJSIMSIIBIK Ke3eHae 7 meraul MeH 40 HUTPUATI KOCaKTalFaH KabaTTaH TypaTblH apHaWbl KONKAa0AaTThl KYPHUIBIM
aNbIHABL. OpOip MeTauT KaOaThIHBIH KaJbIHABIFBI 16 HM Oosica, an HUTPUA KaOaTTapbIHBIH KAJIBIHABIFB! 25 HM Kypaiisl.
JKaObiH OEpiKTIriHIH apTy MeXaHM3MiH TYCIHIIpy YIIiH, aJbIHFAH HOTIDKeNep OOMbIHIIA OipiHIII NMPHHIMITEpre
HETI3MICNIICH eCenTeyJiep KYpri3uii.

MHuKpOKYpBUTBIMIBIK 3epTTeyiep Hatmxkeci (200) sxone (111)/(200) OarbiTTapbIHIa epeKie aiikKpIHIaIFaH KyOThIK Kypbl-
aeiMzbl CrN men ZrN ¢azanapbl 0achiM eKeHi aHbIKTaIAbl. HaHOKa0aTTap MEH HAHOKPUCTAJIIAP/IBIH HAHOOIIIICM/ ICPiHE
kapamactal, CrN MeH ZrN KaOaTTapbIHBIH MIeKapalapblHIa AUCIOKALMIIAP MEH KPHCTAIUT )Ka3bIKTBIKTAPBIHBIH KYPHI-
JBIMIBIK PeTCi3iri OalKaIb.

3epTTenreH KenmKaOaTThl KYPBUTBIMHBIH €H KOFaphl KaTTeUTBIFBI 34 ['Tla, Temenaerinren cepmimaimik momymi 330 I'Tla,
IUTACTHKANBIK IedopManusara Aerinri ceprmimainik meri 0,1, coHpIMeH Oipre MIacTHKANBIK JepOopManusFa TO3IMILTIr
0,36 KypaHTHIH )KOFapbl MEXaHUKAIBIK KACHETTEPTe KOJI JKETKi3yTre MYMKIHAIK Oep/Ii.

ATanraH KOFapbl KaCHETTep >kaObIHAAPBIH €pEKIIe KONKa0aTThI-KYPbUIBIMIBI (1IIKi KOITKa0aTThI) apXUTEKTYPAChl MEH
OHBIH KYPBUIBIMIBIK CHITATTaMaJIapbIHBIH HOTH)KECIHIIE ICKE aCBhIPBIIIBI.

Tyitin co30ep: pasanvik Kypam, Humpuomep, MUKPOKYPDLIIM, KONKAOAmMmbl Hcabbli, OUCLIOKAYUSL, KAMMbL HCAOBIH.

KIPICTIE

Onuipicte Kypaigap MEH OyHBIMIApIbIH CarnachlH
apTTBIPY MEH KbI3MET €Ty MEp3iMiH Y3apTyIblH CH TH-
iM/Ii 9pi SKOHOMHKAITBIK KaFbIHAH OHTANUJIBI TOCUIACPIHIH
0ipi — omapabIH OeTKi KabaThIH KaTTHI XKaOBIHIAPMEH MO-
muuKanmsaaay Oodbin TaObUIansl. JKaOBHDApOBI ary
YIIiH XUMUSUTBIK Oy (hazaceiHna TyHIepy (CVD), aToM-
IIBIK Ka0aTThIK TYHABIPY (ALD) [1], ¢pmsuxansik Oy ¢a-
3aceiHAa TYHABIPY (PVD) [2] xoHE Tarbl Oacka oapTypi
o/icTep KOJAaHbLIAAbI. BYJ oMICTEpAiH KOMNTIri HAKThI
TEXHOJIOTHSUIBIK TajanTapra cail KeJIeTiH OHTailsbl yp-
JICTI TaHaayFa >KOJI allabl.

Byrinri Tapaa Kypai-caiiMaHaapabIH KYMBIC THIM/Ii-
JIri MEH KbI3MET €Ty Mep3iMiH apTThIPYAbIH MaHbBI3/IbI
OarbITTapbIHBIH 0ipi — OTHeni MeTaigap MeH OTKa Te-
3IMIIi AMIEMEHTTEep HETi3iHAe HUTPUATIK >KaOBIHIap amy
OoubI TaOBUTAIB. ABTOPIBIH [3] 3epTTeYiHAC KaTThI XKa-
OBIHIAP.IBI OJAPABIH OalIaHBIC THIITEPiHE Kapai KiKTey
YCBHIHBUTFaH. OTIIeNi MeTaIIapIslH HUTPUATEPI, KapOuI-
Tepi KoHe oKCHHHUTpHUATEP] (acipece [lepruonTHIK Kylie-
HiH IV, V xone VI TonTapbiHa xaTaThlH 3JIEMEHTTEDP) TO-
3yFa Te3IMJi >KaOBIHAApABl KaJBINTACTRIPYOa >KOFaphI
THIMIIJTIK KOpceTesIi.

KenkabaTTs!l 5ka0bIH KYPBUIBIMBIHIAFEI TPAJHECHTTIK
aybpICy aliMarbl aAre3HsIHbI KaKCapTyFa, KOPPO3Ms MEH
TO3yFa Kapchl TYpy KaOileTiH apTThIpyFa, COHJAH-aK
TYpii GyHKUmIapAbs! 0ip KypeUIsIMAa OipikTipyTre MyM-
KiHIOiK Oepemi. HaHOMETpIiK KaJbIHIBIKTAFBI OPTYPII
(DU3UKANIBIK KOHE MEXaHHKAJBIK KaCHeTTepre ue Kadart-
TapIblH KE3EKTECIll OpHajlacybl iIIKI KepHeyJepai

LIOFBIPJIAHIBIPY, JKapBIKIIAKTap IbIH Tapay >KOJbIH ©3-
repTy JKOHE CBIHYFa TO3IMIUIKTI apTThIPY apKbUIbI
KOIKa0ATThI JKYHEHIH Kbl MEXaHHKAJBIK KaCHCTTC-
piH alTapsbIKTal xKaKcapTaasl [4].

KarTsl kopranbImr sxa0brHaap yurid 1960 xeuinapaan
Oacram Oipkarap Marepuangap SJIEMIIK AEHreulnae Mo-
werHnanrad [5]. Jerenmen, kas3ipri taama TiN Heri3iH-
Jeri kaObIHIap MEH e3re e OipKadaTThl €Ki KOMIIO-
HEHTTI METaJUI HHUTPHATEplI KYpIedi OHIIpiCTIK
MIHJETTep MEH 3aMaHayd TajarTapJbl TONBIKTall KaHa-
FaTTaHJbIpa anMai oTeIp [6, 7].

Kopranblin periHlie KOJIaHbUIATBIH KaObIHIAPIbIH
KaTTBUIBIFBIH apTTHIPYyFa apHAJIFaH TOCUIIEPAIH Kobi Ma-
TepUaJbIH TYHIPIIIKTEp OJILEMIH PEeTTey apKbUIbl Oe-
PikTIKTI KyweireTin Xosui-IleTy 3aHabIIbIFbIHA HET13/1e-
neni. Anmaiina KaTTel JKaObIHIAp KOl Xarmaaiga MOpT
CBIHFBIIITHIKKA OciiiM Gomaznsl [8, 9]. CoHObIKTaH Oy
MaTepHalIapAblH 3aKbIMIAaHyFa TO3IMIALITIH apTTEIPY
YIIiH CepmiMIUTIK KacHeTTepi MEH TYTKBIPIBIFBIHBIH,
SIFHM JKapBIKIIAK TapallyblHa Kapchl TYPY KaOUIeTiHIH KO-
JIaliIbl IEHrefiH caKTay oTe MaHbI3/bI.

AJIBIHFAH KONKaOaTThl >KaObIH KYPBUIBIMBI KapBIK-
LIaKTapbIH TapallybIH TEXEH OTBIPBII, OJap/IbIH Kabarta-
paibIK Tiekapaiap OOWbIMEH OaFbITTANIBIN, TOCEHIIIKE
JIeiH J>KeTyiH OoiaslpMayFa MYMKIHAIK TYABIPAbI.
MyHnait ocep KemnTereH 3epTTEyJepMEH AQJIENICHTeH
JKOHE Kasipri 3aMaHFBl Kamramaiapja KeHiHeH Oaiika-
nazasl [10]. By MexaHu3M KaTThUIBIFBl MEH BIFBICY MO-
IyJbAepi apTyputi (a3asiapaaH TypaThIH KabaTTap Kojia-
HBUIFaH JKarJaia eTe THIMII XKYMBIC KacaiIbl.
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Me/MeN Ttunreri (MyHAaFsI Me — «MEeTauDy) KemKa-
0aTThl KYphUIBIMIAp/ABI KOJIAAHY apKblLIbl )KOFaphl HOTH-
JxKeJepre KoJl )KeTKi3inreHi oenrini. MyHnait xxyiienepre
Ti/TiN [11], Ct/CrN [12] sxoHe e3re nie xa0bIH Kypama-
Japhl )KaTajsl. 3epTTeysep KopceTKeHael, KaTThl, 0ipak
MopT CrN CHSIKTBI METajl HUTPHII MEH XyMcak, Oipak
TyTKelp Cr cusAKTH MeTayul (a3achlH KONKabaTTh
«COHABHY» TYypiHIE OipiKTipy apKpUIBI opOip KOMIIO-
HEHTTIH TO3yFa TO3IMALIIT aifTapibIKTall )kaKcapazbl.

Byn 3eprreyne (CrN/ZrN)/(Cr/Zr) KypBUIBIMBIHA HE
KenKaOaTThl  JKaOBIHABI ~ aly  OMiCiH  YCBIHZBI
(CrN/ZrN)/(Cr/Zr) >kaObIHBIH €Ki MeTayll HBICAaHMEH
JKOHE a30T KETKi3y )KyHeciMeH aOIbIKTalFaH Ke3 Kejl-
T'eH KOeNKa0aTThl xa0bIHFa apHaIFaH PVD KOHABIPFBICH-
HBIH KOMeTiMeH ainyra 0oiajpl.

CrN xome ZrN wmartepuangapsl (MeiN/Me:N)/
(Mei/Me:) TypiHzeri KypbUIbIMIapAbl 3epTTeY YILiH TaH-
nanel, cedebli onap €Ki KOMIIOHEHTTI HUTPHITEDP MEH
Ta3a METAJIAAP PETIHAE XKOFaPhl KATTHUIBIK IIEH TPHOOIIO-
THSITBIK cunaTTamanapra ue [ 13]. byn marepuangap TiN-
MEH CaJbICTBIPFaH/a TO3yFa >KOHE KOPPO3USIFa TO3IMIi-
JIK JKaFbIHAH JKOFAPHI HOTIKEIep KopceTyl MyMKiH [14].

CrN xa0prabr 600 °C-ka IeifiHri TepMUSIIBIK TYpaK-
TBUIBIFBIMEH, TOTBIFyFa Kapchl Typy KaOUIeTiMEH jkoHe
Ooyat KypajilapMeH KaKChl aJre3usiChIMEH epeKIese-
Heni . ConbiMeH Kartap, Cr sxoHe CrN xabaTTapbl TOTBIFY
Ke3iH[e Maiiiay ocepiH OepeTiH KOCBUIBICTap TY3€ OThI-
phin, yiikenic kodpQUIHMEHTIH TOMEHIETYre bIKIal
eTe/l.

CrN xoHe ZrN KaOaTTapblHBIH TOpP TYpaKTapbIHbIH
(TOpTBIK MapaMeTpiepiHiH) a3 albIPMAIIBUIBIFEl XKYiie-
JIeT1 1K1 KepHeyIep i a3aiThIN, xKaOBIHHBIH OHEPKACIII-
TiK KOJIJaHyAaFbl CCHIMIITITIH apTTHIpa TYCEi.

By sxxymeic votmkeciaae (CrN/ZrN)/(Cr/Zr) xemnka-
0aTTel XKaOBIHIAp KYPBUIBIMIBIK EPEKIIeTIiKTepi MeH
JKaKCapThUIFaH (YHKIIMOHAJIBIK KACHETTEPiHIH apKa-
CBhIHIA KYPACTi KYMBICKA KOKETTI KYpaJapIblH CeHIM-
JIUTITT MEH KBI3MET €Ty MEp3iMiH apTThIpyFa MYMKIH/IIK
6epeni. Ocbl xaObIHIAp KaHa OybIHIAFbI TO3YFa TO3IMI],
THIMI JKOHE y3aK Mep3iMJi KOPFaHBIC MaTepHasIaphl
peTiHae 6oJamarkl 30p 60Ia b

MATEPUAJJIAP )KOHE 3EPTTEY 9IICTEPI

BakyyMIbIK-[0FaabIlK OyIaHABIPY OMiCIMEH KOIKa-
0arThl JKaObIHAAPABl any. KOHABIPFBI IOFANBIK OyiaH-
nipy (Arc-PVD) apiciHe ToH TaMIlIbl Tapi3ai Makpobelr-
LIEKTepAiH (TaMIubl Topi3ai OesmekTepiH) jkaObIHFa
TyCyiH OonasIpMay YIIiH apHalbI Cy3rijiey >kyHeciMeH
xabxpIKTasFaH. JKaObIHAApABl TYHABIPY YIIIH aJIAbIH
ana alfHa/1all )KBUITBIPATBUIFaH, TOT OacraifThIH OoNaTTaH
xacairaH yirinep Komganeuiapl. Youri 12X18HIT map-
Kaybl 0OJaTTaH jKacaliFaH, OJ1 XalbIKapaJbIK CTaHIApT-
tarel SUS321 xone 321S20 mapkanapbiHa colikec Ke-
Jeml.

KemkabarTel >xaObiHAap Bulat-6 KOHABIPFHICHIHAA
XpOM >KoHE IUPKOHHUH KaTOATapbIH MaiiianaHa OTHIPHII,
BaKyyMIBIK-IyFalbIK Oymanasipy (Arc-PVD) omicimen
anbiaFad. JKaOBIHIBI TYHIBIPY KYHECiHIH MPUHIUITIK
ch130ackl 1-CyperTe KepCeTireH.

1-BaKyymabl kamepa; 2 - a30TrMeH kaMTaMachI3 €Ty Kyparnbl; 3 - XpoM KaTozbl;
4 - pofFanbl Kyat Ke3fepi; 5 - TOCEHiLUTi yCTaFbIL; 6 - TOCEHILL; 7 - BaKyyMAbIK COPFbl;
8 - LMPKOHWI KaTOLbl, 9 - TECEHILUTIH KOPeK Ke3i; 10 - TOCEHILUTI YCTaFbILLTbl aBTO-
MaTTbl TYpAe anHangablpy Xyiieci

1-cypem — Konxabammul 3#cabbiHObl anyea apHan2au
BAKYYMObI-00247I61 MYHOBIPY JiCYUecitiy coiz0acwl [15]

JKaObrHIBI TYHIBIPY TpOLIEC] Ke3iHAe YITUIep i yC-
TaFrbIIIBl TYPAKTHI TYPAC 8 alfH/MHH KbUILIAMIBIKIICH aii-
HAIIBITT TYPIBI, OYIT KaOBIHHBIH OipKeNKi TyCcyiHe MyM-
KiHaik 6epeni. JKympIc OapbICHIHIA a30T KBICHIMBI YHEMI
pETTeNiN OTHIPABI KOHE METaJI HUTPHUII MEH Ta3a Me-
TaJll KabaTTapblH KEe3EKTECTIPIN ajly YILIH KOJIalIIbl JKaF-
nmait okacamabl. KpICkIM Keleci pekuMae e3repTiimi:
Py=0,53Tla xe3iHae 5 MHHYT — HUTPHU] KabaTTapbiH
TYH/BIPY YLIiH, xoHe Py = 0,03 I1a ke3inge 1 MuHyT —
Ta3a MeTall KabaTTapblH aly YIIiH.

A30T KBICBIMBIHBIH OCBIHIAH LIUKIAIK PETTENyl XKaHe
YJITiHIH TYpaKThl aifHaTybl HOTHIKECIHE 2-CypeTTe Kop-
CETUITeH KOMKA0ATThI KYPBUTBIM TY31LIEII.

Kenxabarrs!
CrN/ZIN/Cr/Zr
CIN/ZIN

KenkabarTe!

Bonar TeceHim

2-cypem — Kenxkabammpui sicabvinoapea apranean 6axKyymobl-
dozanvl MYHOBIPY dcylieciniy cvizbacet [16]

Xpowm (Cr) xaHe nupkoHHi (Zr) KaToaTapbsiHa 6epii-
red Tok kymi 100 A Gommsl, an yiarire KOJJaHBUIFaH
pIFbICY KepHeyi —100 B neHrefiinae cakranapl. KaObiH-
JIap/ibl TYHJBIPY/BIH JKaNIlbl Y3aKThIFBI 6 CaraTThl KY-
panel. Karonrap mMeH ynriHiH apakambsIKTRIFE 200 MM
OO IbI.

Kabpramapasiy (as3anslk KypaMbBIH aHBIKTAy VIIiH
perTrennik audppakuusaisk (XRD) Tannay sxyprizini.

891-nemipui yarire, srau (CrN-ZrN)/(Cr—Zr) tunri
KOINKa0aTThl KYpPBUIBIMBI Oap »aObIHFa, TPaHCMHUCCHS-
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JBIK AIEKTPOHABIK MuKpockomnus (TEM) apKpUibI 3epT-
tey xkyprizinmi. Yurinep TEM-re naiisinaay ymiis aac-
TYpJIi KeJIIEHEH KUMaJay 9JliciMeH JaibIH A bl AJJIbI-
MEH YJIT1 MEXaHUKAJIBIK TYPJIE JKbUITBIPATHUIBII, KaJIbIH-
neirsl mamameH 100 MxMm-re neiiin sxykapteuiabl. Conan
KeHiH yiri aproH MoHAbl cayieciMeH engenai (Gatan
PIPS 2 KypbUIFBICHI KOJJIAHBULABI): Oacramkbina 5 kB
KepHeyie Tecik maiiza Oonranmia, kerin 3 kB kepueyne
30 muHYT, coHFBl Ke3eHnme | kB kxepueynme 15 mmHyT
OOMBI OHICY KYPTi3inmi.

TEM 3eptreynepi JEOL F200 S/TEM KypbuiFsI-
ceraaa 200 kB yzaeTkimn kepHEYiHIe OpBIHAAIIBL.

HOTUKEJEP MEH TAJIJAYJIAP

(CrN/ZrN)/(Cr/Zr) ynricinig OeTki MOp(hOIOTHACH
3-cyperre kepcertinres. ¥coapuran DM (SEM) Geii-
HeciH/e KaOBIHHBIH THIFBI3 OpHAJaCKaH, OaraH Topi3mi
ecy KYpbUIbIMBI aHBIK Oaiikanaspl. baraHaiel AoHACPIIH
apachIHIAFHI MIeKapagap MeH oJap by TYOIHIE Ty31IreH
caitmap »xakcel kepinenmi. Keibip mommepmiy OeTiHze
YCaK KYPbUIBIMAAP/IBIH 9JICi3 OUTIHETIH IIBIHAAPhI OaiiKa-
nanel. CyperTeri ak HyKTe Topi3zi OesekTep IiH KO-
JIri — BaKyyMBIK KaMepaaaH TyCKeH Oerae OesmexTep
HeMece YJIriHI JaliblHay Ke3iHJe TYCKeH IaH-To3aH 00-
JIybl MYMKIH.

TyHOBIPY KOHIBIPFBICEIHA apHAWBI CY3TiNiey KyHeci
OpHATBUIFaHBIHA KapamacTtaH, Arc-PVD omicine ToH Oip-
Hellle MHUKPOTAMIIBI OeNIIeKTepaiH XaOBlH OeTiHzae
JkoHe keneHeH Kumanarkl SEM Oeitnenepinnme xe3aece-
TiHl OalKaJIIBI.
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3-cypem — EDS komezimen anvinzan scabvin 6emi

OHeprus-gucrepcusuiblK criektpockomnus (EDS) ap-
KbUIBl aJbIHFaH JJIEMEHTTIK KypaMm HOTIIKelepiHe Coi-
kec, »xabbramarel Cr/Zr katbiHachl 0,59-ra TeH OOJIIBI.
3-cypeTTe Oy MoNmiMETTep YITiHIH OCTKi KaOaThIHAa
IBIHFAHBIMEH, JKeKe KabaTTapAblH KaJbIHJIBIFBl ©Te
xyka (15 HM-re neiiiH) OoJFaHIBIKTaH, HOTIIKENep jKa-
OBIHHBIH OYKIiJ TEpEHJITiHE TOH JIeH ecenTee .

SEI 20kV WD11mmSS60 x800 20 ;|| se—
Jun 06, 2017

Jun 06, 2017

SEl 20kV WD11mmSS60 x5,500 2pm g

6)

4-cypem — (CrN/ZrN)/(Cr/Zr) sicabvinoapuinbiy kondener
Kumaceinviy SEM xomeziven anvinzan manoay Hamuoicenepi:
(a) KenoeHey KUMacvlHblY MObIK NPOQDUNIHIH KOPIHICI,
arcannsl Kanviyoviewl, (6) yneaimelnzan SEM-xepinici,
Ke3eKneH OPHANACKAH HcabblH KabIHObI2bl

(CrN/ZrN)/(Cr/Zr) xenkabaTThl >KaOBIHIBICHIHBIH
0/20 reoMeTpusIChIHAA, MapajUiedb CAyJie PEKUMIHAC
KYPTi3UIreH peHTreHaik qudpakausuiblk (XRD) tanna-
YBIHBIH HOTHXXEJEpi S-cypeTTe kepceTireH. Yrizne Kyo-
THIK, KypbutbiMra e CrN sxoHe ZrN Herisri exi ¢a3achl
aHBIKTAIIBI. XPOM JKOHE IIMPKOHUN HHUTpHATEPi Kabart-
Tapeiaaa kpuctawimapasiH (200) GarbITHIHIA KOFAPHI
Jopexene OarapianFad ecyi Oaiikanaipl.

ZrN azacbIHbIH TU(PAKIMSIIBIK MIBIHAAPBIHBIH WH-
tencuBTiri CrN-HIH MIBIHAApbIHA KaparaHaa dJacKaiia
sxkorapel. Kyka Cr skoHe Zr mertamn kabarrapsl XRD
CIICKTPJIePiH/IC alTap IbIKTail 9JICi3 KopiHeIi.

ConbiMeH 6ipre, 34,5°, 40,7° sxone 41,8° Oypoimtap-
narel onci3 meHmap Cr2Zr KoChUTBICHIHBIH (220) KoHe
(311) xa3bIKTHIKTAPBIHBIH, cOHmali-aK (CrN—ZrN) KaTTsI
epitiazicinig (200) >ka3bIKTHIFBIHA COHKEC KeTyl BIKTH-
MaJl.
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5-cypem — Temip 6onam meceniuke myHObIPbLIEAH
(CrN/ZrN)/(Cr/Zr) konkabammbl 4cabblHHbIY PEHM2EHOIK
ougpaxyusnvik, yacinepi (0/20, napaniens cayne pesxcumi)

Eckepty kepek, 3eprresnren XRD criekTpinge nud-
PaKUMSUIBIK IIBIHAAPIBIH TOMEH OypBIIITap >KarblHa
BIFBICYBI OaiiKananbl. Byl KyObuibIC KabaTTarbl ’Ka3blK-
TBIKAPAJIBIK KAIIBIKTHIKTHIH YJIFAOBIMEH KaTap, >kaObIH-
JIaFbl KaJABIK KepHEYyNepAiH Oap eKeHIIriH KepceTell.
CrN sxoHe ZrN (azanmapelHBIH KPUCTAJUTUTTEPIHIH OJI-
meMaepi MEH JKEeTUIAIpiiren Top mapamerpiepi 1-kec-
teae OepinreH. An ta3a Cr xkoHe Zr MeTaJIIapbIHBIH Ka-
OaTTapbl YIIiH OCBI MapamMeTpiepli aHbIKTay KHBIHJBIK
TYFBI3/IbI, OMTKEHI ONapblH JAUPPaKIMSIBIK IBIHAAPHI
QJICI3 KOPIHIM, METaJUT HUTPUATEPIHIH IIBIHIAPBIMEH Ka-
OaTTacapl.

1-kecme — CrN oicane ZrN ¢hazanapvinvly Kpucmaiiumme-
PIHIY enuemoepi MeH scemindipineen mop napamempiepi

daszanap | Top TypakTbichl a, A | OpTalwua Tyiipwik Menwepi, nm
CrN 4,19 9,1
ZrN 4,60 12,6

JKaObIHHBIH jkeKe KabaTTapblH OeJIeK Taijay YIIiH
TOMEH OYPHIITHIK (grazing incidence) peHTTeHIIK Tud-
paxmst (XRD) onici 1e KonmaHsUIAEL JlereHMen, Kadar-
TapIbIH KAJBIHBIFEl ©T€ XKYKa OOJFaH/bIKTaH, allbIHFaH
XRD cnekrpaepi gactypii 0/20 enmemaepiMeH caibic-
THIPFaH/Ia €HIKaHAAW alTapJIbIKTall alibIpMallblIbIK KOp-
ceTmeni.

6-cyperte 891-Hemipii yIriHIH METaUT MEH KaObIH
KabaTTapbIHbIH lIeKapacbiHaarsl xaimnsl BF-TEM 6Geid-
Hecl kepceriired. A OesiMiHae 00iaT HETi3iHEH ajbIH-
FaH TaHIaMmaibl aygaHnslk mudpakaus (SAED) ymrici
Oepinren, an B Gemiminme wuHTEepdelicTeH anbIHFaH
SAED oeiineci kepcerinred. A Oeximinge Oomat [311]
30Ha ociHe OarpITTanFaH. B OemiMiHae OonmaTThiH aud-
PaKUMSUIBIK JTaKTaphbl oJi KepiHeTiH Ooica aa, audpax-
IUSIIBIK TIeHOepIiep Je aHbIK Oaifkananasl. byn menoep-
nep UHTEPPEHCTIH KONKPUCTAIIBl KYPBUIBIMBIH OiIi-
peni. Capsl TycnieH OenriieHreH IuQpakiusIIbK MeH-
Oepiep ZrN Top apanbIKTapbiHa colikec keneni. Taza Zr
Hemece Cr ¢asanmapbeiHa TOH meHOepIiep TaObUTFaH JKOK.

6-cyperte 60mat ieH Cr—Zr KabaTTapbIHBIH apaChIH-
narel MHTEpdeic KepceTireH. ATaaMblll aiiMaKTaH
anpiaFaH  qudpakmusuiblk - yirinep  BCC o (mewris

KYpPBUIBICHI) TOPBIHA Cail KeJelli, OHBIH TOp IapaMerpi
0,461 um-re TeH. by kepcetkitmrep ZrN TOp apajbiKTa-
pBIHA coifkec keneni (emmemiepi 1-kectene OepinreH).
Kexkmnen epekmenenren 0,219 HM apanblk OOJNATTHIH
{101} xa3bIKTBIKTapbIHA Colikec Keneni. Taza Zr Hemece
Cr MerangapbiHa TOH AUQGPAKLMIIBIK LIEHOepiep Ta-
OBUIMAJIBI.

0)

6-cypem — Bonam nezizee mynovipuvinearn (CrN/ZrN)/(Cr/Zr)
Kabammapuvinviy TEM 3epmmey nHomuoicenepi:
BF-TEM o6etineci (Z1 — neeiz 3onacwi, Z2 — oughpy3usiivix
Kabam 3onacwl) dncane Z1 men Z2 atimakmapolHan anblH2aH
SAED yneinepi (a); Heziz-6yiivin unmepepeticiniy BF-TEM
betineci scone onviy SAED yneici (6)

7-cyperTe KabaTThIH TOMEHT1 OOJIITiHEeH albIHFaH TY-
cianipmeni Bright field STEM (a) xxone HAADF STEM
(6) Oeitnenepi GepinreH. A xone B aiiMmakTapsi 4 )xoHe 5-
cypertrepaeri EDX kapranapeiMen colikec kenemi. Capbl
kebe (B) OemiMiHIeTi CHI3BIKTBIK CKaHEPIEY IiH Kai ai-
MakTa XYpri3iiareHiH kepcereni. byn tammay HUTpHATI
KOC Ka0aTThIH, KaIBIHABIFEIH 1095 HM eKeHIH aHBIKTAIbl.
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Cyneptopna 40 xabat CrN/ZrN 0ap, omapIslH opTamia
KOC Ka0aT KaJIBIHIBIFBI 25 HM. MeTtann kaOaThIHBIH Ka-
TeIHABIFEL 100 HM, alm op KOC Ka0aTThIH OpTalla KalbIH-
IBIFBI 16 HM.

8-cyperTe A aliMaFbIHIAFbI O0JIAT TICH METAJIBIK KOC
kabarTapasiy nHTepdeiicinneri EDX snemeHTTiK KapTa
kepcerinreH. Bright field (BF) s;xone HAADF STEM cy-
peTTepiHeH OacTamKbl METaNABIK KOC KaOaTTHIH KaJbIH-
nerrsl mamMamer 200 HM ekeHiH Oaiikayra Oomansl. by
Kabar ycak (< 30 HM) Ty#ipiepaeH Typaibl.

DJeMeHTTIK KapTaja KepceTirenae, Oy Tyiipiep
(Fe, Cr) xoHe Zr KocTiachlHaH KypaJFaH, COHIai-aK Ka-
Oarra a3 memmepae a3oT ke3neceni. Fe men Cr curHai-
JTAPBIHBIH KMBLUIBICYBI OChI aliMaKTa 00aTTHIH KypamIac
AJIEMEHTTEPIiHIH apaNacKaHbIH OUTAIpeNi, all Zr CUTHAJIBI

1

oJIapJaH KeHICTIKTIK >KarbIHaH OeuiHin Typ. By armaii
2-cypetTeri TUdPaKIUUIBIK YITIMEH CoiiKec Kenemi. Zr
anemenTiniH (Fe, Cr) OonarbiHa nuddysusinanysl ockl
aiiMakTa Zr TapairybIHbIH A3J1eJ1 O0JIybl MYMKIH.

2-xecme — Cypemme kepcemineen Ouppakyusiibly yicioen
anvinean dnu apanvikmapol

N2 h k L dnit, HM
1 1 1 1 0,266454
2 2 0 0 0,231

3 2 2 0 0,164935
4 3 1 0 0,146929
5 1 1 3 0,141743
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a) 6)

7-cypem — CrIN/ZrN/Cr/Zr scabvinnviy konoener Kumacvinwiy oetineci: BF-STEM (a); HAADF-STEM (6);
UHMeEHCUBMIiniK npogui (8)

8-cypem — Toceniwt nen sicabvin apaceinoazel boniny wexapacvinviy Z3 aymaevinan STEM-EDS komezimen
AHBIKMANZAH JIeMEHMMEP KeCKIiHI
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9-cypem — Kenxabammur (CrN/ZrN)/(Cr/Zr) scabvinoapeinviy CrN/ZrN aiimagviibiy
BF-TEM 6etineci scone SAED yneici

9-cyperre HuTpua KabarrapeiHEIH TEM OeitHeci
kepcetiren. Op6ip untepdeiicre ZrN men CrN apachi-
JIaFbl TOP COMKECCI3IrH KOPCETETIH MOUPJIE KOJIAKTaPhI
Oaiikanazapl. By skomakrap, MyMKiH, COKecCi3miKTi
OTCUTIH IUCIIOKAIMsIapFa COHKEC Keliell, ereHMEH
oJiap Tikesiel aHbIKTaFaH )KOK. OChI allMaKTaH aJIbIHFaH
nudpaxumsuisik yiri ZrN sxone CrN TopiiapblHBIH KYpbl-
JBIMBIMEH OenrijieHreH. by KabaTTapIplH SIHUTAKCHS-
JBIK ©CKEHIH jkKoHe ImaMaMmeH 9,4% Top colfkecci3mirin
OTeTy YIIiH TUCIOKAIUSIIAPABIH O0IYBl KAXKETTITiH Kop-
ceTe.

YKa6prHnapasiH MukpokatTeuibiFsl (HV) HMV-G ce-
pusuiel BUKKEpC KaTTBUIBIK CHIHAFBIIIBI KOMETIMEH ©JI-
menni. CeiHak kesinge »xa0wmara 980,7, 4,903, 9,807
xkoHe 19,61 H mMemmepinmeri xykTemenep TyCipiii.
OpOip yarire keminge 10 per emmey xKypriziiin, aasH-
FaH HOTHKeJep OOWbIHIIA OpTamia MOHICDP ECENTEI.
Byn anmic, acipece, KambIHIBIFBI a3, )KYKa )KOHE KOFaphl
KATTBUIBIKKA M€ )KaOBIHIaPIbIH KATTBUIBIK KOPCETKIIITe-
PIiH aHBIKTayFa KOJAMIBI OOJBIT TaOBLIAIBL.

KOPBITBIH}IBI

Makanaia BaKyyM/IbI-OFANIBIK TYHIBIPY 9iCIHIH KO-
MeriMe aJbIHFaH HAHOKOMITO3UTTI *KaObIHHBIH (pr3uKa-
JIBIK, MEXaHUKAJIBIK KACHETTEP1, MUKPOKYPBLIBIMBI JKOHE
(aszanbIK Kypambl 3epTTEINII.

Byt KYMBICTBIH HET13T1 HOTHXKENEpi TOMEH/IET1IeH:

1. BakyyMmbI-I0FalIbIK JKOJIMEH ajibiHFaH Oip FaHa
JKA3BIKTHIKTA KOJIICHCH OpPHAJIACKaH OFaJibl OyJIaHIbIp-
reinTapasiy apkaceinaa CrN, ZrN mutpunrepi men Cr,
Zr MeTalJapbIHbIH KE3CeKIeH aIMaCThIPbUIFaH KabaTTa-
pBIHAaH TypatblH To3yFa Te3imuii, Oepik CrN/ZrN/Cr/Zr
HeTi3iH/eri KaTThl jKaObIHABI TYHABIPY TOCUI JalbIH-
JTAJIIbL.

2. KameiH KabaTThl HUTPHUITI JKOHE JKYKa METallI-
IOBIH ~ KabaTTapblHaH  KypallFaH  HaHOKOMIIO3UTTI
CrN/ZrN/Cr/Zr xa0b1HBl 3epTTeni. AJBIHFAH JKaObIH-
HBIH OeTKi KabaThIHIA JKOHE KUMAachl OOMBIHIIA XKYPTi-
sinren 3eprreynep Hotmwkecinae Cr, Zr, CrN xone ZrN
KabaTTapbIHBIH ©3apa apachlHIarbl O6JiHYy IIieKapaia-
PBIH HaKThl KOpCeTim, KabaTTap apachIHBIH €3apa Teric-
Tiri MEH OpHAaJIacy CanachIHBIH )KOFAPBUIBIFBIH KOPCETTI.
Kem kabattel CrN/ZrN/Cr/Zr xa0bIHBIHIAaFbI ayBICTIAIBI
MeTanAap MeH HUTPUATEPAiH KyOTHIK (a3aiapsl Oap mo-
JIUKPUCTAIABI KaOBIKIIATaPhIH MUKPO- XKOHE HAHOKYPBI-
JMBIMIBIK Tangayiap HoTmkecineH kepemis. HR-TEM
omici apkpuUIEI XKyprizinren tangay CrN/ZrN Hanoka0aTt-
TapbIHIAFEl 06JIIM MIeKapatapbl MaHBIHIA TUCIOKAIIHS-
JapJbIH Maiga OONyBIH JKOHE KPUCTAJUTUTTEP apachiH-
JIaFbl KpUCTALIOTpadUsUTBIK OaFBITTAPIBIH aibIpMAaIlIbl-
JIBIFBI OaliKasIa abl.
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3. CrN/ZrN =eri3inmeri KemkaOaTTHl >KaOBIHAApFa
KyprisinmreH Bukkepc omiciMeH esey HOTHXKECIHIE
onapeIH KaTThuibirbl 29 ['Tla-ra neitin xKeTeTiHi aHbIK-
tanael. by mon Oip kabarTel CrN Hemece ZrN xaObIH-
JTapbIMEH CANIBICTBIPFaH/Ia dJIeKai1a )KOFaphl eKeHi Oe-
rim. CoHbIMEH KaTap, MHUKPOMEXaHHKAaIbIK CBIHAKTap
HOTH)KECIH/IE JKaOBIHHBIH HaHOKATTHUIBIFBI H = 34 I'Tla,
an ceprimainik moxymi E =330 I'Tla meHreftinme Tip-
kenni. JKaOviH OeTiHiH Kemip-OyabIppiHA KapaMacTaH,
TPHOOJIOTSITBIK, 3€PTTEYJICp OHBIH TYpPaKTHl aOpa3mBTiK
TO3yFa Kapchl Typa alaTBIHBIH KOpceTTi. Y HKeTic Kodd-
¢urnmenti O6acranker 0,4 nmereitinen 0,18-0,2 apaisl-
FBIHA JICHIH TOMEHIeTeHi Oaifkanabl. byn kepceTkitrep
KaOBIHHBIH TPUOOJIOTHSIIBIK TUIM/IUIITIH apTTHIPHIIL, KY-
MBIC iCTey Mep3iMiH y3apTaThIHbIH KepceTei. To3yra Te-
3IMIUTIKTIH apTybl, Oip >KarblHAaH, >KaOBIHHBIH KOIKa-
0aTThl KOHE KYPBUIBIMIBIK TYPFBIIAH KYpAETi OOJybI-
MEH, eKIiHIII )KaFbIHaH — OHBbIH KYPaMBbIH/Ia Naiija OoJFaH
CrSi xoHe SiNX HaHOOeNIICKTEepiHiH ©3iH-631 Mainaii-
THIH KacWeTke We OOJysIMeH TyciHmipimemi. Mynnait
OemmexkTep YHKeNiC KYIIIH a3alThIN, MEXaHUKAaJBIK
KYKTEMeJIepre TYPAaKTBUIBIKTHI KaMTaMachl3 — eTel.
XKanmer anranga, CrN/ZrN xaOsHIapsl TPHOOMEXaHU-
KaJIBIK TYPFBIJAH THIMIUTITI )KOFaphel MaTepuai peTiHae
KEH KOJIlaHyFa Koyaiibl. MyHmal >xkaObIHIAp YHKeic
KYIIIH a3alThIl, TO3yFa TO3IMAUIIKTI KOHE HKEMILTIK
JIeHreliH apTThIpyFa MYMKIHIIIK Oepei.
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HAHOKOMMO3WTTI (CrN/ZrN)/(Cr/Zr) HETSIHAET YXABbIHAAPAbIH HAHOOTWLWEMAI APXUTEKTYPACDI

HAHOPA3MEPHASI APXUTEKTYPA HAHOCTPYKTYPUPOBAHHBIX IOKPBITHIA
HA OCHOBE (CrN/ZrN)/(Cr/Zr)

P. E. CakenoBa!’, A. JI. llorpeonsik?, JI. C. Baiimoaganosa!

! Bocmouno-Kazaxcmanckuii ynusepcumem um. Capcena Amansiconosa, Yemo-Kamenozopck, Kazaxcman
2 Cymckuii zocyoapcmeennbii ynueepcumem, Cymol, Ykpauna
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HccnenoBaHbl MEKPOCTPYKTYPa M MEXaHHUECKHE CBOHCTBA IIEPHOIUUECKH YEPETYIOIIEr0Cs MHOTOCIIOHHOTO HAHOCTPYK-
TYypPHPOBAHHOTO MOKPBITHS, COCTOSIIIETO U3 depeayromuxcsi MetaummiecKux HUTpUAoB (CrN/ZrN) u 4ncThIX METallIoB
(Cr/Zr). brina moirydeHa crienuansHO pa3paboTaHHAas MHOTOCIOWHAS CTPYKTYpa, BKIIOYAIOIMIAS B OJHOM MOIYJISIIHOH-
HOM Tiepuoze 7 MeTamummdeckux u 40 HUTPUAHBIX cloeB. ToNMuHA Ka)KI0ro METALIIYECKOTO CIIOS CocTaBisuia 16 HM, a
TOJII[THA HUTPUIHBIX CJI0EB — 25 HM. /11151 00BbSICHEHUsI MEXaHNU3Ma TOBBIICHHS] IPOYHOCTH IIOKPBITHSI OBLIH IIPOBE/ICHBI
pacuéTsl Ha OCHOBE MEPBBIX MPUHIIUIIOB, ONUPAACH HAa MOJYUYCHHbIE IKCIIEPUMEHTAIIbHBIE JaHHbBIE.

Pe3ynbraThl MEKPOCTPYKTYPHBIX HCCIIEIOBaHHI ITOKazanu npeodnananue Kyondecknx ¢a3z CrN u ZrN ¢ 9éTKo BbIpaXeH-
HOW opueHTarmed mo HampaeineHusM (200) u (111)/(200). HecmoTpst Ha HaHOpa3MepHBIC pa3sMEpbl HAHOCIOEB U
HAHOKPHUCTAJUIOB, Ha TpaHunax mexay ciosMu CrN u ZrN HaOmoganuch TUCIOKAIMUd M CTPYKTYPHBIE HapyLICHUS
KPUCTAJTINYECKUX IUIOCKOCTEH.

Hccnenyemass MHOTOCIIONWHAsA CTPYKTypa INPOAEMOHCTPHPOBATAa BBHICOKHME MEXAHHYECKHE CBOWCTBA: MAKCHMAJIBHYIO
1BEpnoctTh 34 I'Tla, mpuBenéunsiit Moxyms ynpyroctu 330 I'Tla, mpenen ynpyroit zedopmariiu 10 iacTHIecKoit qedop-
Marmn 0,1, a TakKe CONPOTUBIICHUE IIACTHIECKOH nedopmanuu 0,36.

VYka3aHHBIC BBICOKHE XapaKTCPUCTHKH OBUIM JOCTUTHYTHI Oilarofapst yHHKaJdbHOW MHOTOCIOHHOW (BHyTpEeHHEH
MHOTOCJIOIHOM) apXUTEKTYPEe MOKPHITHS U €T0 CIICIU(PUIECKIM CTPYKTYPHBIM OCOOEHHOCTSIM.

Kniouegvie cnoga: gasosviii cocmas, HUMpuosl, MUKPOCMPYKMypa, MHO2OCIOUHOE NOKpbimue, OUCIOKAYUY, MmEepooe
noKpulmue.

NANOSCALE ARCHITECTURE OF NANOSTRUCTURED COATINGS
BASED ON (CrN/ZrN)/(Cr/Zr)

R. E. Sakenova', A. D. Pogrebnyak?, L. S. Baimoldanova’

! Sarsen Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan
2 Sumy State University, Sumy, Ukraine

* E-mail for contacts: sakenovarim@gmail.com

The microstructure and mechanical properties of a periodically alternating multilayered nanostructured coating composed
of alternating metal nitrides (CrN/ZrN) and pure metals (Cr/Zr) were investigated. A specially designed multilayer
structure was fabricated, consisting of 7 metal and 40 nitride layers within one modulation period. The thickness of each
metal layer was 16 nm, while the thickness of each nitride layer was 25 nm. To explain the mechanism of increased
coating strength, first-principles calculations were conducted based on the obtained experimental results.
Microstructural studies revealed that cubic CrN and ZrN phases predominate, clearly oriented along the (200) and
(111)/(200) crystallographic directions. Despite the nanoscale dimensions of the nanolayers and nanocrystals, dislocations
and structural disorder of crystal planes were observed at the interfaces between CrN and ZrN layers.

The investigated multilayer structure demonstrated outstanding mechanical properties, including a maximum hardness of
34 GPa, a reduced elastic modulus of 330 GPa, an elastic strain limit before plastic deformation of 0.1, and a plastic
deformation resistance of 0.36.

These superior properties were achieved as a result of the unique multilayered (internal multilayer) architecture of the
coating and its specific structural features.

Keywords: phase composition, nitrides, microstructure, multilayer coating, dislocation, hard coating.
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MHUKPOTOJIKBIH/JbI PASPAATAFBI METAHHAH )KACAJIFAH KOMIPTEKTIH
IVIASMOXHUMUAJIBIK CUHTE3I
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By xyMmpicTa atMocdepalblK KBICHIM Ke3iHAE MHUKPOTOJKBIHABI pa3psiATa METaH HHPOJH3i oMiCIMEH CHHTE3/ICITeH
KeMipTeri MaTepHaIgapblH KeIICHAi 3epTTey HOTIDKENepl KeNTipiireH. MUKPOTOIKBIHIBI Pa3psia KyaTHIHBIH dCepiHeH
aNBIHFAaH KOMIPTEeTiHIH MOPQOIOTHSIBIK, (a3alblK JXoHE TEKCTYPajiblK CHIaTTamaiapbl 3eprrenni. CkaHepreymli
anekTpoHabl Mukpockonus (COM) xemerimeH KyartslH 0,6-man 1,4 kBr-xa nmeitin aneiaraH yarizep OemuexTepliH
oprama MemmepiHig ~20,2 MkM-geH ~10,4 MKM-re [eifiH azaloblHa XOHE AWCHEPCTi KYPBUIBIMHBIH Taina OoyslHa
OKeJICTiHI aHbIKTAN bl PeHTreH (aszansik Tanaay (POT) keMipTekTiH aMopdThl TypOOCTPATTHIK KYPhUIBIMHAH IIPOIIECC
TEMIIEpaTyPachIHbIH YIFAIOBIMEH HEFYPJIBIM peTTeNreH rpaduT Topisai (a3ara aybICaTHIHBIH KOPCETTi. A30TThl TOMEH
TemIepaTypaislk agcopoumsiay onicrepimer (BET sxone BJH) kemipreri MaTepuangapbsl Me30KeyeKTi KYPbUIBIMMEH
CHUIMATTANATHIHbI, &)1 MEHIIIKTI OeTi MEH Ke3Aep KeJIeMiHIH MaKCHMaJbl MOH/EPI MarHeTPOHHBIH MUHUMAJIAbI KyaThl
ke3inze (Tvicinme 628 M/ sxone 5,04 cM3/r) GaliKanaThIHBI KOPCETIIreH. AJIBIHFAH HOTHIKEJIED aca JKOFapFbl HKHiIIKTI
riazma (AXOK) rma3ma KyaThIHBIH KOMIpPTEri MaTepHaiJapblHbIH KYPBUIBIMBIH 5KoHE ()YHKIIMOHAABIK CHIIATTaMaJIapbIH
OackapyIarbl TICTIYIII poIiH KepceTe i, OYI1 oJapApl YHSPTUSHBIH KaTalu3iHAe, COPOIMACHHA KOHE KUHAKTATYBIHIA
naljanany NepCcreKTHBAIAPHIH allla ibl.

Tyiiin ce30ep: meman nupousi, MUKPOMOIKbIHObL NAA3MA, KOMIPMEKMI Mamepuanoap, KypuliblMOblK Kacuemmepi,

BET, XRD, SEM.

KiIPICIIE

Byriari Tama cyrteri KeMmipTeKTi-OeiTapar Hepre-
THKaFra KeIIyIiH Heri3ri aJIeMeHTTep IiH Oipi peTiHae Ka-
pacteipbuiaibl. CyTeri 3HepreTHKAChIHA KbI3bIFYIIBUTBIK-
TBIH ©CYl KOMIPKBIIIKbUI I'a3bIHBIH LIBIFAPBIH/BIIAPBIH
azaiiTy )koHe SHePreTHKAJbIK KayilCI3AiKTi apTThIPy Ke-
HIHJEr1 MaKcaTTapra KOJI KETKi3y KaXKeTTiIiriHe Heris-
nenred [ 1]. CyTekTi OTBIH peTiHae maiaiany IbH 0acThl
KUBIH/BIFB OHBIH TaOWFaTTa Ta3a TYpiHAE a3 Ke3Zecyi
Oobin caHanmaapl. by Typreiga cyteri eHpipiciHiH ay-
KBIMIIBI KQHE HKOJIOTHSUIBIK KayiIci3 TEXHOJIOTHSIAPBIH
JIaMBITy €peKIlIe MaHbI3IbI.

HexapOoHm3anusiiay OOHBIHIIA >kahaHABIK KYII-XKi-
rep wenoepinge Kazakcran na 2060 xpuira Kapai ke-
Mipreri OeHTapanThIFbIHA KOJ KETKI3yre YMThLIa OTbI-
peim, OenceHai Kamammap okacayna. 2023 KBUIFBI
aKMaH/Ja YKOHOMHUKaHBIH HETI3rl canalapblH TOMEH Ke-
MIPTEKTI IJaMbITyFa )KoHE JIeKapOOHHU3asIayFa KOy
ke3neiTiH «Ka3akctan PecrryOmmkaceiabe 2060 KpuFa
Jeiinri  kemipreri OeWTapanThIFbIHA KOJ  IKETKI3y
CTpaTEerusICh» KaObUIIAHIBI [2].

CO, mpIFapeIHABUIAPEIHBIH TOMEH JICHTeHi Oap omic-
TEpiH IMIiHAE CY MIEKTPOIN31 MEH METaH MUPOIn3i aca
KbI3BIFYIIBUIBIK TyAbIpansl [3]. Hactypuni Oy pudopmun-
T'iHEH albIPMAIIBUIBIFBI, METAH IIHPOJIN31 KOMiPKBIIIKBLT
ra3bIHBIH YMHUCCHSACBIMEH KaTap KYPMEH i, a IpoLecTiH
KOPBITHIHJIBI OHIMIEPI «KOTUIIIP» CyTeri MEH KaTThl KO-
MipTeK OOJIbIN TaObUTAdbI.

MertaH NMHUPOIM3IH iCKE acBIPyABIH HEFYPIBIM HeEp-
CIEKTHBAJBl TOCIIAEPiHIH Oipi MUKPOTONKBIHIBI IDIa3-
MaHbI Naianany 0oibIn Tabbutaabl. MyHIal TeXHONO-
Mg THIMAUNC  OKOFapbl  JKepPriTiKTI  KbI3JbIPYFa,
METaHHBIH e/I9yip A9pexere aiiHallybIHa )KOHE JHEPTreTH-
KaJIBIK LIBIFBIHAAPbl OHTAWIAHIBIPYFa KOJ JKETKi3yre
MYMKiHIiK Oepeni. Ilporecti MHUKPOTOJKBIHABI pa3-
PSATHI MaliIaTaHa OTBIPBINT aTMOC(EPAIBIK KBICHIM KaF-
JalbIH/A XKYPTi3y OHBIH TAOWFH Ta3[aH CyTeri )KoHEe Ke-
MIPTEeKTI HaHOMAaTepUaNgap aily YIIH KOJIaHOAIbI
KaOunerTinirin pacraiinel [4—7]. [laiina OonaTeiH KeMip-
TETiHIH COHFBI CHIIATTaMaJIapbl TEMIIEPaTypa, IIa3Ma Ty-
3€TiH ra3/iblH TYPi, a3 MIBIFBIHBI, PEAKTOPBIH KOHCTPYK-
LUACHI, KbI3JBIPY TACLNI, COHAAN-aK OpPTYpIi Karain3a-
TOpJIApAbl KOJIJAHY CHUSIKTBI PEaKlusi arbIMBIHBIH Iapa-
Metpiepine OaitnanbicTsl [8].

Kemiprek Oiperedl (pU3HKaIBIK-XUMUSIIBIK KACHET-
Tepre ue 0oja OTHIPHIN, OipKaTap TEXHOJIOTHSUIBIK Oa-
FBITTap/a HEFYPJIbIM KaXKeTTi (YHKIMOHAIABIK MaTepH-
angapabIy 0ipi 60JbIT TaObLIaAbl. XUMUS OHEPKICIOiHIe
OJ1 KaTalu3aTopiap KYpbUIBIMBIHBIH TachIMajJayIlbIChl
peTiHae KeHIHEeH KOoaHbuIas! [9], atam aiiTkaHaa, aM-
MHaK eHipiciHne. MyHal-XUMuUs1a KOMIpTEK KeMipcy-
TEKTep/i OHAEYy I THIMALIITIH apTThIpa OTHIPHII, KaTa-
JIMTUKAIIBIK KPEKHMHT JKoHE PUGOPMHUHT peaKHsIapbIHIa
Oencenai Konnanbuiansl [10]. DHEpreTrkama o1 CHHTE3-
ra3JlapMeH JKYMbIC iCTereHjie KaTajJu3aTop JKOHE cop-
6eHT perinne maiinamansmiansl [11]. Tuimai xatamu3a-
TOPJIBIK TACKIMAJIAFBIIITHIH HET13T1 KaCHeTTepi peareHT-
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TEpMEH KapKbIH/IbI ©3apa OpEKEeTTeCY 1l KAMTaMachl3 eTe-
TiH YJIKCH MEHIIIKTI OET IeH JaMbIFaH KeyeKTUIiK OOJIbII
Tabbiagsl. COHBIMEH Katap, KeMIipTeKTi MaTepuaiiap
(hapManeBTHKAJIBIK CYOCTaHIMSIAP OHIIPICIHIC, XUMHUSI-
JIBIK 3aTTapAbl Ta3apTy KyHelepiHae, MeTaJuTyprusuIbIK
KaJIIIbIHA KEJTIPY XKoHE [IEMEHTTey IpoLecTepinae Koj-
naHbeLIaasl [12].

Ocpraiimma, OyJ1 )KyMBIC MarHETPOHHBIH KyaTbl MEH
TEeMIepaTypajbIK PeKUMHIH 63repyi Ke3iHIe MEKPOTOJI-
KBIHIBI Pa3psi JKaFJalblHAa METaHHbBIH MMUPOJIN3]1 HOTH-
JKECiHJIe aJTbIHATHIH KOMipPTETiHIH KAaCHETTEePiH 3epTTeyTe
OarpITTanFaH. BeTiHIH aymaHBIH aHBIKTayFa KOHE CHH-
TE3AENICH YIT1IepIiH MUKPOKYPBUIBIMABIK CHIIATTaMa-
JIapBIH TajjlayFa epeKie KoHU1 OexiHe/ai. AJNbIHFaH Ho-
THDKEJIEp TIpOILIeCC MapaMeTpiiepiH OHTaiIaHABIpyFa
’KOHE METaHHBIH MUKPOTOJIKBIH/IBI IIUPOJIU31 Ke31He Ka-
JIBITITACATHIH KOMIPTEKTI MaTepHaIAapAbl KOJIJaHy caJia-
JIApbIH KEHEHTY 11 HEeTi3eyre MyMKIHIIIK Oepei.

1 3EPTTEY 9JIICTEPI

1.1 DxcnepuMeHTTiK KOHABIPFbI

OkcnepumentTik 0aza periage KP ¥50 PMK «ATtom
SHEPTHSACHl HHCTUTYTHI» (hrtnanbiHbH CyTeri s3HepreTH-
Kachl JKOHIHJIETI TEXHOJOTHSIIBIK KY3BIPETTEP OPTAJIbI-
FBIHJA O3IPJCHI€H MHUKDPOTOJKBIHABI DPa3psATarbl Me-
TaHJIbl TIUPOJIU3/CY S/ICIMEH CyTeri MEH KOMIPTEKTi ary
TOCUTIH KOJAaHOAbI 3ePTTEYJIep MEH IMBICHIKTayFa ap-
Hairad [IM-6 KoHABIpFBICH Haiganansuiael [13, 14].
KoHnapIprbl KypaMbiHa KyaTbl 6 KBT-Ka JeiiiH JKETeTiH,
2,45 I'T1 KUUTIKTe KYMBIC ICTEHTIH MHKDPOTOJKBIHIIBI
reneparop, WR340 Tonkeimxyprim, auamerpi 30 mMm
KBapIl TYTITiHEH JKacallFaH peakIMsIIbIK KaMepa, Iaiaa-
JIaHBIIFaH Ta3fapibl KO0 JKOHE KOMIPTEKTi ycray xKy-
fieci kipeni. KOHABIPFBRIHBIH JKaNIBl KOPiHICI MEH CyJI-
Oacel 1-cyperTe KepceTireH.

Peakuusinblk Kamepa peTiHIE >KOFapbl TeMIlepary-
para Te3iM/1i, XUMUSUTBIK HHEPTTI )KOHE KYPT TeMIIepaTy-
paJIbIK TpaJeHTTEpre TO3€ AIAThIH KBapIl TYTIri naiaa-
naHplIbl. Kamepa KaObIprajapblHBIH KbI3bII KETYiH
00JIIBIpMAY KOHE OHBIH OPTAJIBIK OOJITiHIC MIa3MaIbIK
PaspsATHL TYPaKTaHABIPY YIIIH a3 KOCHAChlH O0epy Ky-
WBIH aFbIHBl TYPIHJE JKY3€re achlpbulIbl. MeTaHHbBIH
IUIA3MOXHMHUSIIBIK BIIBIPAYBl JKYPETiH alfMaK KBapIThI
TYTIKTiH TOJKBIH OTKI3TIIIICH KUBUIBICY alilMaFbIH/IA Ka-
JIBITITACTHI.

JKyMbIC OpTacsl MeTaH MEH aproHHBIH KOCHACHI
OoJzIbI, OH/IAa aproH Pa3psATH icKe KOCY MEH ycTall Ty-
pPYyZAbl KaMTaMachl3 €T€ OTBIPBIN, MOHAAyHIbl ra3 (yH-
KIUSICBIH OPBIHIQIBI. O31HIH XUMUSIBIK HHEPTTUIITHIH
apKachblH/Ia apTOH bIIBIPAY peaklusUIapbiH OacTamalayra
BIKIIAJ €T€ OTBIPBII, YHEPTETUKANIBIK [TPOLIECTePre KaThl-
cyra KaOinerti. JKoFapbl SHEpIrHsIBl aprOHHBIH KO3Fall-
FaH aTOMJIapbl OPraHUKAIIBIK KOCBUIBICTAp MOJIEKYJiaa-
PBIHBIH  BIABIpAYBIH JKaHIAaHAbIpanbsl. ['a3 Kocmackl
peaKIMsUIBIK aliMaKKa a3 IIBIFBIHBIH OJIIIETiIT] naiaa-
JIaHa OTBIPBIN OepiNJi: METaHHBIH INBIFBIHBI 9+1 11/car,
an apros 1182+10 n/car. byn nmapamerpiep ra3mMaibIK
JKYHEHIH TYpaKThl XXYMBIC iCTE€yiH KamTamachl3 €TTi.

PeakTopmarsl TeMnepaTypajbIK pexXuMIl OaKpIIay aKIa-
parThik-enmiey kemieHiHe Kocburran K tunti XA (xpo-
Mellb-aJIIOMelTb) TEPMOIAapaHbl MaiiianaHa OTHIPBI XKY-
3ere acelppulgbl. K THOTI  TepMonapaHbIH — eJIIey
auana3onsl mamamen —200 °C-ten +1300 °C-xa neifin.
By TepMomnapanap KeH TeMIepaTypajblK ayKbIMJbI ce-
HiMJI OaKpLIayFa MYMKIHIIK Oeperi.

lFasnapgel Bepy mate
afbIHBIH PETTEY HYyHec

Ar Yu TyAbIKTaY W TIoHepi Bap ToAKeIHKOAMER
mabaeikTanran CBY-renepatop

2,45 My
6 KBT

,ﬂ' WBrHOCTUHKANBIK,

Tepmonapa apkeinbl TEMAEPaTYpaHel
Baxelnay myieci

l —»
H

Cenapatop

°)

1-cypem — [IM-6 Konoanbanvl 3epmmeynepee apHaI2aH
KOHOBIPSbIHBIH @) CLIPMEKbL KOPIHICI MeH 3) cYabacel

OkcnepuMeHTTep MarHeTpoH Kyatsl 0,6 kBT, 1,0 kBt
xoHe 1,4 kBT OonaThlH aproH jxoHe MeTaH Tra3AapbIHbIH
KOCTIaCBIHBIH aTMOC(epanblK KbICBIMBI Ke3iHJe >KYpri-
3inmi, Oy opTypili  TemmeparypaiblK  pexHuMaepre
395+10 °C, 545+10 °C, 705+112 °C coiikec kemmi. Ke-
MipTeri MaTepHalbIHBIH YJITiJIepi Kyat ieHreline Oaiia-
ueicTel C-1 (0,6 xBT), C-2 (1,0 xBT) )0He C-3 (1,4 kBT)
petinze OenrisieHreH. OpOip AKCIIEPUMEHTTIH Y3aKTHIFbI
mramMamMeH 20 MUHYTTBI KYpazsl.

1.2 KewmiprekTi Tanaay aaicrepi

Kemipreri yirinepiHiH MHKPOKYpPBUIBIMBI CKaHEp-
JIEUTIH 3JIEKTPOHABIK MuKpockonusHel (SEM) komnnany
apKBUIBI 3€pTTeN/i. DJIEeKTP OTKI3TIMTIrH KaMTaMachl3
€Ty YIIiH ChIHaMaJap MbIC )KaOBbICKAK TacTara OeKiTiIi.
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Tycipinim kaiiTamama smektpoHmap aetekTopbiH (SE)
naijjajJaHa OTBHIPBIN, KOFApbl BaKyyM JKarJalbIHAa
15 kB ynetkint kepHeyinzae xyprizingi. MopgonorusHel
JKOHE OeIIeKTepiH enuieMaepl OOWBbIHIIA TapalryblH
CaHJBIK Oaranay MHUKpPOCKONMUSUIBIK OeliHenepai aBToO-
MaTTaHJBIPBUIFAH  TaJayJbl KaMTamachl3  €TETIH
TM4000 GarmapiaManbIK jkacakTaMa KOMETiIMEH OpBIH-
JIabl.

3epTTeneTin MaTepHanaapaAblH (a3aisik Kypamsl D6
PHASER mudpakromeTpiH naiganaHy apKbUIBI pPEH-
TreHaik augpakromerpus (XRD) omiciMer aiiKpIH-
JAIIeL. Omeynep KypaMbIHIa KeMipTeri 6ap 3aTTapabt
tangay ymin ctaagapttel Cu Ko (A =0,15418 am) mo-
HOXPOMATHKAJIBIK, CayJIeJIeHyle OpbIHIaAbL. JlepexTep
0,013° xagammeH >xoHe HykTere 0,3 ¢ )KHMHaKTay yakbl-
ThiMeH 15°-teH 100°-ke aeiiin 20 OyphIin qruana3oHbIHIA
*uHaAbl. HoTwkenepiH CeHIMALNITIH apTThIpy YIUIH
YJITiHIH S alfH/MUH KbUIAaMABIKIICH aliHalybl Maiijana-
uHeuIasl. Ckanepney 40 kB sxone 30 MA >xyMmbIC Tapa-
MeTpIepi ke3irae 620 pexuminge sxyprizinai. Audpax-
torpammanapael Tangay DIFFRAC.EVA Oarmapiama-
TBIK KemeHiHiH keMeriMeH PDF-4/Axiom 2025 nmepek-
Tep 0a3achlH KOJIJaHA OTBHIPHINT OPBIHIANABI, anl ¢a3a-
mapapl coiikecteHnipy C atanonaplk kaproukacsl (PDF
04-020-43-54) GoWbIHIIIA KYPTIi3iIIL.

KemipTeriHniH MeHIIIKTI OETiH )KOHE KEYeKTi KYpbl-
JBIMBIH Tasay V-sorb 2800 P KOHABIPFBICHIH Haii1anaHa
OTBIPBIIL, a30TTHl TOMEH TEMIIEPATYPAJIBIK aJICOPOLIHsIAY
omiciMeH skyprizingi [15] cranmaptka coiikec OeTiHIH
MEHIIIKTI ayaaHbiH (Sper) Oaranay P/Py canbicThipmais
KbIchIM nmuamazoHbiHaa 0,05-ten 0,35-xe meitin xypri-
3111, aacOpOLMSIBIK Ta3 peTiHAe a30T KOJNAHBUIIBI,
Tangay CYWBIK a30TTHIH KalHay TeMIlepaTypachlHaa
xkyprizingi (—195,8 °C). Keyek kesemin (Vpyn) kKoHe
onapAblH enmemi OoiibiHina TapanysiH (Dpjy) Tanmay
[16] amicTemeciHe coiikec OPBIHIAAIIBL.

2 HOTUXKEJEP )KOHE TAJKbUIAY

2.1 SEM raanay

KemipTekTi OenekrepaiH MUKPOKYPBUIBIMABIK Tall-
JTaybl CKaHEPJICYIIIl JICKTPOHIbI MUKPOCKOTIHS 9/1iCIMEH
anplHFaH cyperTtep Herisinzae xyprizingi. Tycipy %100
skoHe *2,5k ynkeWTy KesiHae Xyprisimami. 2-cyperreri
%100 ynkedTy Ke3iHae ajbIHFAaH aMOp(THl KeMipTEKTi
MaTepHaNaapra TOH TAIIBIKTBI-KeyEKTi KYPBUIBIM aHBIK-
TasFaH. benmexrep Ke3aeiHcoK TOKBUIFAH 3JIEMEHTTep-
JIeH TYpaTbIH OOpIbUIIAK, TyOKa Topi3i MaTpUIAHBI KY-
paiinpl, Oy alikbIH KeyekTulikTi kepcereni. COHbIMEH
Karap, Keioip sxepiepae OesImeKTepIiH KePriTiKTi ar-
JIOMEPANKCHl OafiKanapl. Op YJITiHIH YCTIHII OH OypBI-
wbIHAA 2,5K yIKeWTy Ke3iHjaeri MaMbIK Topizai Mopdo-
JIOTHSICHI KOPCETIUITEH.

MHUKpPOTOJIKBIHABI Pa3psi] KyaThIHBIH ©3repyi KeMip-
Teri OesIeKkTepiHiH MOPQOIOTHSIIBIK CUITaTTaMaIapbiHa
JKOHE MOJIIEPJIiK TaparyblHa alKbIH ocep ereni. Cabic-
TeIpMaIbl Typae TeMeH Kyarta (0,6 kBr), C-1 ynricinne
eJeMi GipHeIIe MUKPOMETPJICH OHAaFaH MUKPOMETpIe
Jieiinri OesmiekTepAi KaMTHTBIH ipi  arioMeparTap

KaJIBIITacaabl, Oy peakius oTyiHIH TOMEH TeMIIepary-
pacbiHa OailaHbIcThl OOnMybl MyMKiH. byn »karnmaiina
OemexTepaiH oprama auamerpi ~20,2 MKM Kypajpbl.

ST T P

s

TM4000 15kV 9v.7mm X100 SE M 01/30/2025'

B) C-3 yurici

2-cypem — IIM-6 KOHOBIP2bICLIHOG ALLIHRAH KOMIPMEK
yneinepiniy SEM 6etinenepi

Kyarteir 1,0 kBr-xa geiiin ketepinyi (C-2 yirici)
OeutieKTep/IiH OIpKeJNIKi TapatyblHa JKOHE ariioMepalus
JIOPEKECIHIH TOMEHACYiHe oKenemi. bemmektepain op-
Tarra mexmepi ~14,9 mxm geliin kimipeiieni. Kyartsig
1,4 xBt-Ka neitin onaH api yiratosl kesinme (C-3 yarici)
JMCIepCTi KYPBUIBIMHBIH €19yip JaMybl OaiiKanasl, Oy
METaH MHUPOJIN3i NPOLECTEPiHIH KYIICIOiH JKoHE OpTaria
Mmemmepi mamamer 10,4 MKkM OonaThlH ycak KeMipTeri
OeJeKTepiHiH maina 0oIybIH KepceTei.
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3-cypem — C-1, C-2, C-3 yneinepiniy 15-60° 26 bypvrumulx ouanazouvinoa
ANBIHAH OUDPAKMOSPAMMANAPBIHBIY KADAMMACA CANbIHEAH KOPIHICI

XKanrer, MopQoIOTHsIIAFE! aMBIPMAIITBUIBIKTAp GOJ-
IIEKTEPIiH HBICAHBI MEH MOJIIIIEPiHIe HEFYPIIBIM aiKbIH
KopiHemi. MBIcasbl, KyaTThUIBIFEI TOMEH OOJIFaH Ke3le
ipi armomeparTap GackiM, aj KyaTTBUIBIKTBIH apTyBI He-
FYPJIBIM JIUCTIEPCTI KYWEHIH KaJbINTaCybIHa JKOHE Ha-
HOOJILEM/II KYPbUIBIMIAp YJIECIHIH YJIFalObIHA BIKIAJ
etei, OYJI CHHTE3 IPOLIECiH OaKbLUIaYIbIH JKOFaphl 1ope-
JKECIH KOpCeTe .

2.2 XRD raapay

3-cyperTe KepCeTireH MUPPaKIUsIIBIK CypeTTepIi
KabaTTacThIpy apKpUIbl YII YITiHIH AudpakTorpamMma-
JIaphbl aJIbIH/IbI J)KOHE TaJIaH/Ibl.

Kewmipreriniy yarinepi yurin rpadutke (C-2H) coii-
Kec KeJieTin oypsirapsr 15,8°,25,5°,31,8°,39,3°,42,5°
xoHe 52,9° 20 ke3inge MakcuMyMaapsl 6ap pediekcrep
tipkenren. C ¢asacel (Graphite-2H) a=b=2,5714 A,
¢=6,8382 A (PDF 04-020-43-54) nmapameTprnepi 6ap rek-
caroHaJabl TopiapMeH (KeHicTikTik Torm P63/mmc) cu-
narranaasl. ['paduTTiH rekcaroHanabIK TOPBIHBIH KPHC-
TAUIOrpadUsUIBIK  JKa3bIKTHIKTAphIHA COWKEC KeJeTiH
9KCTIEPUMEHTTIK aHBIKTAJIFaH YKa3bIKTHIKAPaIbIK KalllbIK-
TBIK: d006:5,58 A, d()02:3,48 A, d()()12:2,81 A,
d100:2,28 A, d10]=2,12 A, d()04=1,72 A

C-1 yarici Menzip TeKCTypara ne oHe YIIIa KOMIIO-
HEHTTEPiH )KOFaphl O0IyBIMEH CHITATTaJIa I, OYJI 03 Ke-
3erinae audpakrorpamMMazarbl J0Fa TOPi3[i CHI3BIKKA
Heriznenred. C-1 ynriciHiH qUPaKIUUIBIK KECKiHI Typ-
60CTaTTHI KATTBUIBIFBI aKBIH aMOP(THI KOMipTEKKe Coli-
kec keneni [17]. KucelkTbrH MyHmai mimiHi 0ip-OipiHe
KaTBICTBI ~ peTci3  opHajackaH rpadeH  Topi3ai

KabaTTapiaH TYpaTblH TypOOCTpaTThl KYpPBUIBIMBEI Oap
KOMIpTeKTep YUIiH THNOTIK Ooibim TabbuTamsl. TypOoc-
TpaTThl MaTepHaiiapAa KadaTrap apachblHa aJbIC TOPTII
Gonmaiapl, OyJl NIBIHHBIH KEHEIOiHE )KOHE KbUDKYBIHA
okeneni. byn conmaii-ak aifKeIH KOCBHIMIIA TUQpaKIUs-
JIBIK pedieKCTep/IiH KOKTBIFbIH TyciHaipeni. [18-20].

Kemipreri C-2 yariciHiH AnpakiusiblK KeCKiHi
26°~20 ayMmarbIHIarbl Tap, HEFYPJIbIM ANKbIH IIBIHBIH
koHe 44°~20 mamachlHIaFbl IIBIHBIH KOPCETedl, Kap-
KbIHBUIBIFBI €19yip skorapsl (4000 ecentey), Oy Kpuc-
TAJIIBUIBIKTBIH OpTalia jaspexecin kepcereni. Typboc-
TaTTBIK 0ap, Oipak a3 mopexkexne. 40-50°~20 mgmamazo-
HBIHJA JJICI3 KOCBHIMINIA IIBIHAap Oalkamansl, Oy irmri-
Hapa Kpuctangany sl kepcereai. Kapkeiaapuisik C-1 yi-
riciMeH caJbICThIpFaHa yiraiael. C-2 yITiciHIH KYPHI-
NBIMBI  IIIiHApa KpPHUCTAJJaHFaH KOMIPTEK peTiHae
cunatranaasl [1-3].

C-3 nudpakisuiblK CypeTTe MaTepPHAIBIH KOFaPhI
KPUCTAJIBUIBIFBI KopiHel. 20~26° (002) mo3uuuschIH-
JIaFbl MIBIHBI Tap JKOHE KapKBIHIBI, OYJT PETTIMIKTIH KO-
Fapbl JIeHreilin kepcetemi. KockMIima KeMipTeriHiH
IIBIHAPEI )KOHE JJICI3 IEMEHTHUT MIbIHGI 20~43—-45° (100)
aKchl KepiHeni. bys KypambeiHaa Temip kemipreri ¢a-
3aChl a3 KaKChl KpUCTAJAaHFaH TPaUTTIH KaJIbINTacKa-
HBIH KOPCETe/i.

1-kectene C-2 xone C-3 yinrinepi yuliH YuibiMCOH-
XoJ 9iiciMeH TOP/IBIH TTapaMeTpiiepi MEH MUKPOKYPBI-
JBIMJIBIK CHIIATTaMaJapbIHBIH ecenTepi Oepinren. I'pa-
(UTTIH TeKcaroHaNJIBIK TOPJBIH 3TAJOHIBIK MapaMmeTp-
nepi: a=b=2,46 A, c=6,7 A.
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C-1 yurici amopdThI KypBUIBIMFa W€ OOIFaHIBIKTAH,
OJI Typallbl KEcTeJle aKIapar oK.

C-2 ysricinae Top mapamerpiepinin a<2,64 A xkoue
c~6,95 A neitin keneroi Gaiikamagel. MyHpuali KeHeEro
TypOOCTPaTThl KOMIPTEKKE TOH OOJIBIN CaHaNaabl, OHT-
KeHi ¢ oci 0oibIHIa KabaTapajblK PETTUTIKTIH OY3bUTYBI
KoHe KabaTTap apachlHIarbl 0araapChI3IbIKTHIH KOFapPhI
neHreiti opeia anansl. CoHmai-ak, OyJ1 opTaia KpucTa-
JUT OJIIIEMiHIH CaBICTBIPMAaJIBI TYpAe a3 MOHIMEH pac-
Tanansl (63,28 HM).

1-kecme — Komipmex yneinepiniy mop napamempiepi
MeH MUKPOKYPBLILIMObIK CURAMMAaMAalapbl

Top napa- | Top napa- Mukpope- Kpucrannurrep-
Yari | ®asa ME]"J i(: A ME]"J i(cp A | ¢o MZ ;:m Al opraua Men-
pHa, pHE, pMal wepiD, HM
C-2 | C(rpadur) 2,64 6,95 0,0027 63,28
C-3 | C(rpadur) 2,45 6,62 0,0016 85,17

C-3 yuriciane a~2,45 A xoune ¢~6,62 A mapametp-
nepi 6ap *KakCchl KaJbINTAaCKaH T'€KCarOHAIABIK TOPIBIH
Oenrinepi Oafikamansl, Oy Tamarma TpadHUTTIH MOHJE-
piHe >kaKbiH. Byt yiri AndpakuusibIK MbIHAAPIBIH KO-
Fapbl KapKbIHJBUIBIFBI MEH CUMMETPHSICHIH, COHAaN-aK
KpHUCTaJIapblH eIoyip opTamia MeJIepiH (IamMaMeH
85 HM) Kepcertei, Oy JaMbIFaH KPUCTAIABI ayaaHaap-
JIBIH 0ap eKeHIH KepCeTe/Ii.

MuxpoaehopMaIistHEIH MOHI TEXHUKAIBIK, KOMipTe-
TiHIH KpUCTAJIbl TOPBIHBIH aKayJIBIK 1opeKeci MeH Kep-
HEeyJIi JKaFAalbIHIaFbl albIPMAIIBIIBIKTAPABl KOPCETE].
C-3 yirici ymin mukpogedopmanus 0,0016 kypaiiasr,
OyJ1 akaynapJblH OpTallia CaHbIH JkKoHE rpadeH KabarTa-
PBIHBIH CallbICTBIPMaibl TYPAaKThl OpPHANACYBIH Kepce-
Teni. MyHnai MoHzep KabaTThl KypbUIbIM KabaTapabik
KalIBIKTBIKTA Ja, Oaraapia /Ja TYpPaKThUIBIKTHI CakTaii-
TBIH KapThlJIail KPHCTAIIaHFAH TEXHUKAIIBIK KOMIPTEKKE
TOH.

Kepicinme, C-2 yirici MukpoaepopMalusHbIH aii-
TapibIKTal sxorapbl MoHIH kepceteni — 0,0027. By cep-
MiHJI KepHeyliep, aKayJapAblH >KOFapbl THIFBI3JIBIFHI,
coHpaii-ak rpad)eH KabaTTapbIHBIH KYIITI J€30pHeHTa-
IUsICBl MeH OypMajaHybl Typaibl KyanaHabipasl. JKo-
Fapbl MUKpoae(hopMaIys I eJmeM/i Kajiaysl Oy3blI-
FaH KOMIpTeri MaTepHaIapbIHBIH CHIIATTH Oenrici
OoNbIT TaOBUTAIBl KOHE KYPBUIBIMIA allbIC TOPTINTIH
KOKTBIFBIH Kepceteai. Ocputaiiia, C-2 ynriciHueri Muk-
poaedopmanusiabiH ecyi C-3 yiriciMeH cajbICThIpFaHia
OJIAp/IbIH HEFYPIIbIM aMOP(THI CUTTATBIH PaCTalIbl.

Kyprizinren Tangay HoTHXKeIepi OOHBIHIIA peaKIns
TeMIlepaTypacbiHa OalIaHBICTBI KOMIPTET1 opTYpPIi KY-
PBUIBIMABIK  (popManapabl  KalbINTacThIPATHIHBI AHBIK-
Tanabl. by yiarinepae kpuctanablk KypblUIbIMHAH Oacka
KOMIpTEriHiH oTIeli GpopMaapsl TIpKEJITeH.

Ocepinaiila, TeMHepaTypaHblH — KOFapblIaybIMEH
aJNbIHFaH MaTepHalJarbl KeMipreri KabaTrrapsl yuI eJ-
HIEM/Ii PETIEH TYPaKThl KYPBUIBIMIBI KYPaHThIHBI aHBIK-
TaJbl, OYJI KPUCTANJBIK TOPIBIH Maiaa OoiybiHa oKe-
neni.

2.3 BET :xone BJH Tannay

BET xone BJH TemeH TemmepaTypalbl a30TThl aj-
copOIysIay oiCTepiH KOJIaHa OTBIPHII, KOMIpTEeKTiMa-
TepUaINapAblH HETi3ri TEKCTypalblK CHIIaTTamMajapsbl,
COHBIH IIIIHAE MEHIIIKTI OeTKi aynaH, KeyeK KeJemi
JKOHE OJIapJblH Meuiepi OoWbIHIIA Tapaiybl aHbIK-
tanael. Tanpay xyprizep anapiaga yirinep 120 °C tem-
mepaTtypana 2 caraT OOHBI BAKYyM/Ia OHJIEIIII, JeTa3allis
Ke3eHiHeH oTTi. byn OeTki macraHyimap MeH KajFaH af-
copOumsIaHFaH ra3gapabl )KOK0 MaKCaThIHA KYPTi31IAi.

3epTTenetin yarinepain opkaticeicsl yurid BET omici
OoiipraIma TOPT emmeM >xkoHe BJH oxici 6oitprama yir e1-
LIeM KacaJi/ibl, OyI1 KaliTaJlaHATHIH J)KOHE CTATUCTUKAIIBIK
CCHIM[II JIEpeKTepi anyFa MYMKIHIIK Oepii. ANbIHFaH
azicopOIMs M30TepMaiaphl OSTiHIH ayJaHbIH €CENTEHTIH
BET opuici OoiibiHIIa rpadukTep camy yIUiH naiinana-
HbULIBL. HoTrokenep 4-cyperre KkepceTinreH.

0,02
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4-cypem — Yneinepoiy BET manoay epagpuxmepi

Kenripinren rpaduk amcopOuusuianFaH ra3 KeleMi-
HiH OHBIH CaJIBICTRIPMaJTBI KBICBIMBIHA TOYEIAUIITT Oepi-
TeH. AJIBIHFaH JIepeKTepre CoiiKec, KhICBIMHBIH 6CYiMeH
yiritepaiy OeTiHae cOopOUMSIaHATHIH a30T KOJIEeMiHIH
WIFarobl OaiKanmaabl, Oy Sger 9fiCiMEH MEHIIIKTI OeTTi
ecenTey YIIiH Heri3i 0oJsbin Tadbuaabl. ['paduk 6apibik
Ke3eHepAe aACOPOIUSIHBIH TYPAKThl CHIATHIH Kepce-
TE.

MarepuangapablH KEYeKTI KYPBUIBIMBIH —TaJaay
yurid BJH axiciMen TyciamipineTin aacopOIus xoHe Je-
copO1wst m30TepManapsl Kypbulabl. Keyekrepaia kenemi
JKOHE OJIAPJBIH OJIIeMIepi OCNTiJIeHIeH TeMIlepaTypa
JKOHE CaNIBICTHIPMAIIBI KBICBIMHBIH OPTYpJIi MOHIEpi Ke-
3iHJIE aICOPOLMSUTAHFaH r'a3 KOJICMiHiH HeTi31H/1e aliKbIH-
JanFaH. bapiblk ajbplHFaH TpauKTEep e3apa JKOHE op-
TYpai yirinep OemiHIiCiHIE YKcac cHIaTTamaiapbl
kepcereni. C-1, C-2 sxone C-3 yarinepi yuit a3oT ajcop-
OLMSACHIHBIH H30TEPMAaJIaphl S-CypeTTe KeNTipijreH.
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5-cypem — Aocopbyus srcone decopoyus u30mepMaiapbiHbly
epagpuxmepi

5-cyperTe yuI yirizeri agcopOunsuIbIK KaHE JIecop-
OumsIBIK  TUcTepe3uc iMektepi  Oepinren. [UPAC
(International Union of Pure and Applied Chemistry)
[21] xknaccudpmkanmsceiHa colikec yi rpaduk IV tunri
M30TepMa YIIH THCTEPE3NC UIMETIHIH THITIK CHUIATTa-
MamapblH Kepceremi. bynm 6ip yakpITTa Me30KeyeKTep
MEH YIJIKeH KeyeKTep OONaThlH KeYeKTI Marepuajiapra
TOH. ByJ1 KYpBUIBIM JKOFaphl KbICHIM/IA Ta3/IbIH YJIKEeH Ke-
JIeMiH THIMAI aacopOIusuiayFra, COHIaNH-aK KbICBIM To-
MEHJIETeH Ke37Ie OHBI OHail JecopOrusiayra MyMKIiHIIIK
Oeperi.

AJIBIHFaH YITLIEpAiH U30TepMabIK TpadukTepi 60-
HpIHIIA (5-CypeT) THCTepe3nucTepie aacopOuus MeH Jie-
COpOIMS KUCHIKTapPBIHBIH KAIIBIKTHIFBI a3 JKOHE CoiiKec
KenMeiTiHi Oaiikanansl. Bysr KyObIIbIC YITiHIH KeyeKTe-
piHze agcopOUMsUIaHFaH ra3/blH YCTalFaH MOJIeKyJlaa-
peiHaH TybIHAainel. CoHmaii-ak Oy yirinep iy OipTeKTi
KEYEKTI KYPbUIBIMBIH KyoJIaHIBIPa/IbL.

2-KecTesie opTamia CeHIMIUTIK nHTepBassiMeH BET
xone BJH TanmaymapbiH ecenTeyaiH opTallalaHFaH HO-
THKEJIepi KeNTipisireH.

2-xecme — KeyexmepOiny mMenwixmiayoan mMeH napamempiepit
AHBIKMAYOblH SKCHEPUMEHMMIK depexmepi

AXOK MeHwiki 6eTki | Keyek keneMi | KeyekrepiHiH en-

Ne | Yari Kyatbl, kBT | aypaH Sper, M1 | Vg, cMYr | weMi (i) Dy, HM
1|C1 0,6 628+28 5,04+0,11 3349
2 |C-2 1,0 60+2 0,44+0,03 27+2
31C3 1,4 111£2 0,86+0,14 2746

Ecenreynep HoTmkenepi OoifbIHIIA yiTiIepae Me-
30KeyeKTep O0achiM (KEyeKTepHiH emeMi 2 HM-IeH
50 HM JeliiH). DKCIIEpUMEHTTIK MOHAEP JAMAIa30HbI ce-
HIMJIUTIK MHTEPBAJIBIHAA OPHAJIACKAH.

6-cyperte Sget, Vein, Dein AXK paszpsn maraerpo-
HBIHBIH KyaTbIHa TOYEJAUTIKTEPiHIH XKHUBIHTBIK AUarpam-
Machl KOPCETLITeH.

7001 -6 -50

C1 c-2 C3

6-cypem — Spet, Vaar, Dpsn AXKOK paspsao kyamxa mayenoinix
ouazpammacsl

Kewmiprek yrrinepid Taimay olapaslH KeyeKTi Kypbl-
JBIMBIHBIH nlapamerpiepi AXKXK paspsareiH KyaTbiHa
OaitnanbicTsl ekeHiH kepcerTi. C-1 (0,6 kBT) yunrici MeH-
kT 6eTTiH MakcuManabl MOHAEPiH (628+28 M2/T), Ke-
yek keneMiH (5,04+0,11 cm?/r) xoHe opTama Keyek oJ-
meMiH (339 HM) KepceTTi, OYJ1 JKOFaphl AUCTIEPCHS MEH
JaMbIFaH Keyek xkyiecin kepcereni. Kyarteiy 1,0 kBT-
Ka JieifiH sxorapbulaybiMeH (C-2 yarici) MeHIIiKTi 6eTTiH
60+2 M2/r neifin KYpT TOMEH IEYi kKOHE KEYEK KOJIEMiHiH
TeMeHJleyl Oalikanapl, Oy OemmeKTepIiH YIKeliHe
YKOHE KYPBUIBIMHBIH THIFbI3/IaTybIHa OaiIaHbICTHI OOITYBI
mymkid. lareuteickan kKyatel 0,6 kBT (HakTel Kyatbl
0,8 xBT) 6onater 1,4 kBt KyaTTa ansmaran C-3 yrici C-
1 men C-2 apaceimarsl MenmrikTi 6et (111+2 M?%/r) xone
keyek komemi (0,86+0,14 cM’/r) apachlHmarsl apaibIK
xKarmadra we Oomamsl, Oy KeMmipTek Mopdororns-
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cetHBIH AJKOK paspsabIHBIH KyaThIHAH TOYEIAUIITIH pac-
Taipl. ATanraH HOTHKENEp KyaTThIH KOFapblIaybl MEH-
LIKTi OETTIH TOMEH/EyIHE JKoHE KeYeKTi KYPBUIBIMHBIH
e3repyiHe SKeNeTiHIH KepceTe i, Oy OepinreH cunarra-
MaJapsl 0ap MarepuajiapAbl ajly YLIiH HIbIH HapaMeTp-
JIEpiHiH TOYENUIIriH pacTaisl.

KOPBITBIH/IbI

Ocsl 3epTTeyae aTMoc(epabiK KbICHIM JKoHE T'a3 Koc-
MAChIHBIH OEJTUICHreH LIBIFBICHI KE3iHAE€ MHUKPOTOJI-
KBIHZBI Pa3psiITarbl METaH MUPOJIN3] XKarIaiibIH/a aTbIH-
FaH KOMIPTEKTI MaTepuayiapJbl KalbINTacThIpy epeK-
menikrepi Tammanael. AXKOK-mna3ma KyaThIHBIH YIITi-
nepAiH MOP(OIOTHSIIBIK JKOHE TEKCTYPaIBIK CHITATTaMa-
JapbIHA dcepiHe epeKIe KoHLT OemiHe .

MarseTpoH KyaTbIHBIH apTybl aJIbIHFaH KOMIPTEKTiH
(M3UKATBIK-XMMUSUIBIK KACHETTEpiHe KEIIeH Ii acep eTe-
TiHi a#bikTangel. Kyater 0,6 kBT TeMeH temmeparypa-
JBIK MTHPOJIN3 HOTHKECIHIE KEYEKTI KYPBUIBIMBI JaMbl-
FaH ipi armomeparrtap Kambimracaasl. Kyarter 1,0 kBT
JIeiiH apTThIPy HEFYPJIBIM YCaK, OipKelnki OesiHreH 6ei-
HICKTEPIiH Maima OoyblHA oKeNedi. Anaiija, KyaTThiH
1,4 kBr-Ka neliiH oziaH opi yJIFaobl Ke3iH/e KOpCeTireH
KyaTThIH ece0iHeH DHEPIHAHBIH eJIeyJIl BIChIPadbl OaiiKa-
JaJIbl, OYJ1 TEKCTYPAJIBIK CHITATTaMajIap IblH Hallapiiaybl-
MeEH, MEHIITIKTI OETTiH TOMEHIEYiMEH JKOHE KeyeK KYpPHI-
JIBIMBIHBIH ©3TepyIMEeH KaTap Kypei.

XRD-tangay gepexTepi 3epTTeNeTiH KOMIpTeKTI Ma-
TepHaNAapIbIH KPUCTAIIBIIBIFEl TOMEH TypOOCTPATTBIK
KYPBUIBIMHAH JXOFapbl PETTENreH TpaduTKke aybICybIH
kepcereni. Ocpulaiiina, TemMrnepaTypaHblH KoTepilyi Ke-
MIPTEKTIH illiHapa rpaduTTeNnyine, KpUCTAIBUIBIK, J19-
PEKeciHIH YIFaroblHa XXOHE IpadeH Topi3l KYpbUIbIM-
JIap/bIH KaJIBINITACYbIHA BIKIAJ €TE/I].

BET sxone BJH tannaynapsinbly HoTHXKEJIEpi Oap-
JIBIK YJITIIEPIiH ME30KEYEKTI KYpbUIbIMFa Ue eKeHiH pac-
Taapl. Anaiiia, MEHIIIKTI OSTKi ayJaHbl MEH KEyeK Ko-
JeMi Tpolecc KyaTblHa TOyeNal CKeHI aHBIKTAJJIbI.
KeyekTepaiH MEHIIIKTI 0eTi MEH KeJEeMiHIH €H JKOFaphl
monzepi 0,6 kBt cunTesnenren yiri ymiH tipkenmi. Ky-
atTeH 1,0 sxoHe 1,4 kBT-Ka neiiin yirFatobIMeH OyJ1 rmapa-
METpJIEPAiH Xyiemn TeMeHaeyi Oaifkamaabl, Oy1 Kemip-
TEKTI HAHOKYPBUIBIMIAPABIH KAJIBITAChly MEXaHHU3M-
JIepiHiH e3repyiHe jKoHe OeIIIeKTep/IiH IpiIeHyiMeH Ty-
ciuaipinesi.

Ocpinaiilia, MUKPOTOJIKBIH/IBI Pa3pSIATBIH KyaThl KO-
MIPTEKTI MarepuasiapJblH MOP(OIOTHICHIH, KPHCTAJ-
JIBUTBIK,  JTIOPEKECIH KOHE KEYeKTINriH OaKbUIaWThIH
AHBIKTAYIIBl TEXHOJOTHSUIBIK Tapamerp OOJBI TaObl-
nmagsl. 3eprrey OapbIChIHAA aca JKOFaprbl JKHUIIKTI
Iu1a3Ma KyaTbl KeMipTeri MaTepHaiapblHbIH KYPbUIbIM-
JIBIK JK9HE (DYHKIMOHAJBIK ITapaMeTpJIepiH MaKcaTTh
TYpAe perTeyre KaOueTTimiri manenmeHai. [lma3zmaisik
CHHTE3 IIAPTTAPbIH OHTAWJIAHABIPY KaTaluu3le, aicop-
Ouusia, SHEPrysl JKMHAKTAY I TAP/Ia XKoHEe Oacka J1a ¥ko-
Fapbl TEXHOJIOTUSIJIBIK, canaiapja KoJgaHy YIIH Oepin-
TeH KacueTrTtepi 0ap KeMipTeKTepAi MakcaTThl aiy
MEePCIIEKTHBAIAPBIH allla/Ibl.

Kymvic Kaszaxcman Pecnybnukacvl foinvim orcone
Jrc02apel OLIM MUHUCMPIIZIHIY 6a20aplamManblK-HblCa-
HAambl  KAPHCHLIAHOBIPYLL  WeHOEepiHOe — OpbIHOANObL
(Me BR21882200 «Cymeein any, cakmay sicaue 1eKmp
OHEP2UACHIH 2eHepayUsnayea apHan2aH UHHOBAYUSNbIK
MEXHON02UANAPObI, MAMEPUALOAD MEH KYPbLIbLIAPObl
azipaey dcane 3epmmeyy).
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MJIABMOXUMUWYECKHA CUHTE3 YIJIEPOJA U3 METAHA
B MUKPOBOJIHOBOM PA3PSAIE

M. K. Cxakos!, A. ). Munuszos?, . A. Coko.os?, T. P. Tynenéeprenos’,
A. A. Araranosa>¥, A, A. Ca6bipraeBa?, b. E. Bekmaram6erosa®

1 PI'Il «Hayuonanvuwtii adepustii yenmp Pecnyonuxu Kaszaxcmany, Kypuamos, Kazaxcman
2 @unuan «Mucmumym amomnoii snepzuu» PI'TI HAL] PK, Kypuamos, Kazaxcman
3 HAO «Yuusepcumem Illakapumar, Cemeit, Kazaxcman

* E-mail ona konmaxmos: agatanova@nnc.kz

B manHO# paboTe mpencTaBiieHBl pe3yIbTaThl KOMIICKCHOTO HCCIICAOBAHHS YIIIEPOJAHBIX MaTEpHAIIOB, CHHTE3UPOBAaH-
HBIX METOJIOM IHPOJIH3a METaHa B MUKPOBOJIHOBOM pa3psiae Mpu atMocdepHoM naBieHuH. OCHOBHOE BHIMAaHHUE yIeie-
HO BimstHHIO MoutHocTH CBU-pa3psina Ha Mopdoiorudeckue, (pa3oBble H TEKCTypHBIE XapaKTEPUCTUKHU TTOTyIaeMOT0
yraepoa. C moMOIIbI0 CKaHUPYIOIIEH 3IIEKTPOHHOW MUKpocKkormuH (SEM) ycTaHOBJICHO, UTO YBEIHMUYSHHE MOIITHOCTH OT
0,6 1o 1,4 kBT npuBOIUT K YMEHBIICHUIO cpeaHero pa3Mepa yacTuil ¢ ~20,2 1o ~10,4 MkM 1 K popMHpOBaHUIO Oosee
JTUCTIEPCHOM CTPYKTypHl. PeHTreHOCTpyKTYpHBIH aHann3 (XRD) nmpogeMoHCTpHpOBal Mepexol yriepoaa oT aMophHoH
TypOOCTpaTHOW CTPYKTYpHI K OoJiee yHOpsSJo4eHHO rpaduTonoio0Ho0i (ase ¢ yBelInueHHeM TeMIIepaTyphl Ipolecca.
MeTtoaamu HU3KOTeMIIepaTypHoi ancopouunu azota (BET u BJH) nokaszano, 4To yriepoHble MaTepHaIIbl XapaKTePH3y-
IOTCS ME30MOPUCTOM CTPYKTYpPOM, a MAaKCHMMAaJbHBIE 3HAYEHHUS YIENbHON IOBEPXHOCTH M 00beMa mop (628 M*/r u
5,04 cM>/T, COOTBETCTBEHHO) HABGIFONAOTCS IPU MUHUMAIBLHONW MOITHOCTH MarHeTpoHa. [1oTyueHHbIe pe3yIbTaThl yKa-
3BIBAIOT Ha KIFOUEBYIO poiib MOITHOCTH CBU-Iu1a3Mbl B yIpaBiIeHUN CTPYKTYpOi U (YHKIIMOHATHHBIMH XapaKTePUCTH-
KaMU yTICPOTHBIX MATEPHUAIOB, YTO OTKPBIBACT MEPCICKTHBEI UX HCIIONB30BAHMS B KaTalln3e, COPOIMU U HAKOIICHUU
SHEPIUu.

Knrouegvle cnoea: nuponus memana, MUKpOBOIHOBAS NAA3MA, YelepOOHble Mamepuansl, cmpykmypule ceoticmea, bIT,

XPIJ, COM.
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PLASMA-CHEMICAL SYNTHESIS OF CARBON FROM METHANE
IN A MICROWAVE DISCHARGE

M. K. Skakov!, A. Zh. Miniyazov?, 1. A. Sokolov?, T. R. Tulenbergenov’,
A. A. Agatanova®¥, A. A. Sabyrtaeva?, B. E. Bekmagambetova?

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

* E-mail for contacts: agatanova@nnc.kz

This study presents a comprehensive investigation of carbon materials synthesized via methane pyrolysis in a microwave
plasma discharge under atmospheric pressure. Particular attention is paid to the influence of microwave power on the
morphological, phase, and textural characteristics of the resulting carbon. Scanning electron microscopy (SEM) revealed
that increasing the discharge power from 0.6 to 1.4 kW leads to a reduction in average particle size (from ~20.2 to
~10.4 pm) and the formation of more dispersed structures. X-ray diffraction (XRD) analysis showed a transition from a
turbostratic, amorphous phase to a more ordered, graphite-like structure with increasing process temperature. Nitrogen
adsorption analysis using the BET and BJH methods confirmed the mesoporous nature of the materials, with the highest
specific surface area and pore volume observed at the lowest plasma power (628 m?/g and 5.04 cm’/g, respectively).
These findings demonstrate that microwave discharge power is a key parameter for tailoring the structure and
functionality of carbon materials, making them promising candidates for applications in catalysis, adsorption, and energy
storage.

Keywords: methane pyrolysis, microwave plasma, carbon materials, structural properties, BET, XRD, SEM.
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SKCIIEPUMEHTAJIBHBIE UCCJIEJOBAHUA PAIUAIITMOHHOI'O PASOI'PEBA MATEPHUAJIOB
IIPU UX OBJIYYEHUU B PEAKTOPE UI'P

H. E. Myxamenos!, I'. A. Butiok!, P. A. Upkum6exos!,
C. A. losmxukos!”, A. C. Cypaes!, P. E. Keicunrasunal-?

! PI'IT «Hayuonanwvnotii soepustii yenmp Pecnyonuxu Kazaxcmany, Kypuamos, Kazaxcman
2 HAO «Yuueepcumem Illakapumar, Cemeit, Kazaxcman
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B craTthe npencTaBIeHBI Pe3yabTaThl SKCIEPHUMEHTOB [0 U3MEPEHUIO TEMIIEPaTyPbl 00pa3oB KOHCTPYKIIMOHHBIX MaTe-
pHAJIOB, MOJBEPTHYTHIX PaJUAIOHHOMY Pa30TPEBY B YCIOBHAX MMILYJIBCHOTO OOIY4EHHS Ha MCCIIEN0BATENIHLCKOM pea-
krope UI'P. [lns peructpanuu TeMuepaTypsl pa3paboTaHO BHYTPUPEAKTOPHOE IKCIIEPIMEHTAIFHOE YCTPOICTBO, COCTO-
sIIee U3 3aIUTHOM aMITyITbl ¢ MaKCHMAIIBHO Pa3pekKeHHOH Cpelloif, BHYTPH KOTOPOH pa3Meauch HecleayeMble o0pas-
1pl. TepMomnaps! HHTETPHPOBAHBI HEITOCPEICTBEHHO B CTPYKTYPY 00pa3LioB, C LIEIbI0 H3MEPEHHS TeMIIepaTyphbl BHYTpU
Marepuana. MccnenoBanbl TeMrnepaTypHble OTKIMKH 12 MaTepuasioB, BKIOYas TYTOIJIaBKUE METaJlIbl, BHICOKOJETHUP-
OBaHHBIC CTaJIU 1 A JIOMUHUEBBIC CILIaBhI. Y CTAHOBJICHBI XapaKTCpHbIC 3aKOHOMCPHOCTH HArpeBa, OTpaxKaromue BIUIHUEC
(I)I/ISI/I‘IeCKI/IX " paaualiMOHHbIX CBOMCTB MaTepuaoB. HOHy‘-IeHHLIe JaHHBbIC aKTyaJIbHbI IJIA Bepmbyu(aunn TCIIJIOTCXHU-
YECKUX MOJEIEH U MOBBILIEHHUS TOYHOCTH PACUeTOB MPH MPOEKTUPOBAHUN 000PYJOBAHHMS JUIS SIACPHBIX YCTAaHOBOK.

Knwoueswie cnosa: UI'P, paouayuonnsiii pazozpes, KOHCMPYKYUOHHbIE MAMEPUAIbL, IHEP20BbIOETEHIE.

BBEJEHUE

IIpu npoBeneHUU HCHBITAHUNA B HMCCIIEAOBATEIBCKUX
SIIEPHBIX peakTopax 0co0oe 3HaueHHE MPUOOpEeTaeT 3Ha-
HUE TEMIIEPATYPHOIO COCTOSIHHUSA SKCIEPUMEHTAIbHBIX
YCTPOWCTB U CPEICTB U3MEPEHUH, pa3MEILAEMbIX B AKTUB-
Hoi1 30He. [lon neficTBueM HEHTPOHHOTO U raMMa-U3JIy4de-
HUA KOHCTPYKHHUOHHBIC 3JIEMEHTBI TaKUX yCTpOﬁCTB MO-
T'YT CyILIECTBEHHO PAa30TPEeBaThCs, UTO OKA3bIBACT BIUSTHUE
KakK Ha JOCTOBEPHOCTh M3MEPEHMH, TaK ¥ Ha HHTEpIpeTa-
LU0 pe3yJIbTAaTOB IKcTepuMenTa. st pacueTHoro oboc-
HOBaHHUS TEPMHUYECKUX DPEXHMOB NPHU NPOECKTUPOBAHUU
TaKUX YCTAHOBOK HEOOXOAMMO HaJIS)KHO OIICHIBATH BEITH-
YUHY PaJUalMOHHOTO SHEPrOBBIIEIICHUS U TeMIepaTyp-
HBI OTKIIMK IPUMEHSIEMBIX MaTEPHUAJIOB.

[Tonnmanue npoueccoB palualliOHHOTO pa3orpeBa u
HaKOIUICHHUE dKCIIEPUMEHTAIFHBIX TAaHHBIX B 9TOH 00a-
CTH SIBJIIOTCS BaXKHBIM HaIlpaBJICHUEM SIIEPHBIX UCCIIE-
JIoBaHUIl. B MUpOBOM IPaKTHKE HAKOIUIEH OIPEAEIICH-
HBIN OTBIT 110 OKCIICPUMECHTAJIBHOMY OIPCIACIICHUIO TEM-
MepaTypsl MpHU 00JIyYeHHH MaTepHalioB Pa3IMYHOIO Ha-
3HaueHHs. Takue HCCIICA0OBaHNA aKTUBHO MPOBOJUIINCH
Ha HCCIIEZIOBAaTeNbCKUX peakTopax, Bkimogas ATR
(CIIA) [1], BR2 (bensrus) [2], HFETR (Kwurait) [3],
BOR-60 (Poccusi) [4], OSIRIS (®panmmsa) [5],
HANARO (Kopes) [6] n npyrux ycTaHOBKax, TAe M3y-
YaJHUCh TEIUIOBble 3(P(EKTH B HEPIKABEIOIIUX CTAJX,
AIIOMHHUEBBIX, [IMPKOHUEBBIX CIUIaBax, rpadure u ap.
H3MepeHus mpoBOJMINCH KaK C UCIIOJIb30BaHUEM BCTPO-
€HHBIX TEPMOIIAp U IMUPOMETPOB, TAK U METOAAMHU I10-
cTobOmyyaTebHOTO ananu3a [7-9].

OpHako OOJBIIMHCTBO TAKHUX IKCTIEPHUMEHTOB ITPOBO-
JUIINCHh B YCJIOBUAX, CYHICCTBEHHO OTIIMYAIOUIUXCA OT
peXUMOB HcclenoBaTenbckoro peakropa MI'P [10] — kak
I10 CIICKTPY U INIOTHOCTHU HeﬁTpOHHOFO II0TOKA, TaK U I10
XapakTepy SHEproBbIJeNICHUS (TPaH3UEHTHBIE WM HM-

IyJbCHBIE peXHMBI). bonee Toro, kakaplid nccienoa-
TENBCKUH PEAKTOP UMEET CBOIO CIICIU(UKY: SHEPTOBBI-
JeneHue, (IroeHC, CIIeKTP U THIT HEUTPOHOB, TEIUIOBHIC
YCIIOBHSI, TEOMETPHIO aKTUBHOM 30HBI, 8 TAKXKE Pa3NInd-
HYI0 KOHCTPYKIHIO JKCHEPUMEHTAIBHBIX YCTPOWCTB,
pa3MernaemMsbIx B Hell. CyIeCTBEHHOE BIMSHUE OKa3bIBa-
€T ¥ THUII U3MEPUTENBHBIX CPEJCTB, IPUMEHACMBIX B 30-
Hax oOyyuyeHusi — OyJib TO TepMoOIapkl, KOPILYCHBIE dJie-
MEHTHI JaTYNKOB MM CITad 9yBCTBUTEIBHBIX 3JIEMEHTOB
— IIOCKOJIBKY KaX /bl TAKO 3JIEMEHT UMEET CBOM TEILIO-
(bu3rYecKnil U painalliOHHO-PHU3NIECKUI OTKIIHK.

B cBsi3u ¢ atum Ha peakrope UI'P B nayane 2000-x
TOI0B OBUIN MPOBEICHBI IIEPBbIE IKCIIEPUMEHTEI 110 H3Y-
YEHHIO PaJUAllMOHHOTO HarpeBa KOHCTPYKIUOHHBIX Ma-
tepuanoB [11]. DT uccnenoBaHUsl NOJOXKUIM OCHOBY
JUISL HAKOTUIEHHS 3KCIIEPUMEHTAIBHBIX JaHHbBIX, HE00XO-
JUMBIX JUIs MOCIETYIOEr0 aHaau3a TeIIOBBIX IpoLec-
COB B YCJIOBHSIX OOJy4eHHUS] KOHCTPYKIIMOHHBIX 3JI€MEH-
TOB, TIOMEIIIaeMBIX B aKTHBHYIO 30HYy peakropa. B mpo-
BEJICHHBIX IKCIIEPUMEHTaX TeMIIepaTypa HU3Mepsiach C
UCTIOJIB30BAaHHEM TE€pPMOIIap, 3aKPEIUICHHBIX Ha TIOBEpPX-
HOCTH 00pas3IioB METOJOM «KEpHEHHA», a O00iyueHHe
MIPOBOJMIIOCH B ra30BOM cpeze. bblin noiryueHs! Temre-
paTypHbIe OTKIIUKHU paJualiOHHOTO pa3orpesa Ams psjaa
00pa3IoB.

C Tex mop CyLIECTBEHHO BO3POCIH TpeOOBaHMS HE
TOJIbKO K TOUHOCTH UHTEPIIPETALUH, HO U K IPOTHO3HUPO-
BaHMIO TIPOIIECCOB, MPOTEKAIOIINX B 00IyyaTeIbHBIX YC-
TpolicTBax Ha peakrope MI'P. DTo cBsi3aHO ¢ pa3BUTHEM
BBIUNCIIUTENIFHBIX METOJIOB MOJEIHPOBAHUS, KOTOPHIE
npumenstorcs cnenuanuctamu HALL PK npu npoexTu-
pOBaHUM W aHAJM3e PEaKTOPHBIX YCTpoHCTB [12-15].
CoBpeMeHHbIE TIOAXOJIBI OCHOBAaHBI HAa KOMIUIEKCHOM
ydeTe TEIJIOBBIX W HEHTPOHHO-(PHU3MIECKIX XapaKTepu-
CTHK 00JIy4aeMbIX OOBEKTOB, YTO TPeOyeT HaJIN4IUs JJ0C-
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TOBEPHOU M BOCTIPOU3BOANMON IKCIIEPUMEHTAIEHON Oa-
3bl. B 3THX yClIOBUSX BO3HMKIIA HEOOXOIUMOCTh B IPO-
BEJCHUH YTOYHSIONIMX H3MEPEHUH, 00ecHeYrBaromnX
Oosiee BBICOKHMH YPOBEHb COOTBETCTBHS MEXKIY pacder-
HBIMH U peaJbHBIMU ITapaMeTpaMu 00ITydeHusI.

B paMkax HOBBIX 3KCIIEPUMEHTAJBHBIX HCCIIEIOBa-
HUH, BBIMOJIHEHHBIX Ha peakTope UI'P, pacumpen nepe-
YeHb HCCIICAYEMbBIX MaTepHaJIOB, IPOBEICHO 00IyIeHHE
B YCJIOBUSIX BBICOKO Pa3psLKEHHOM cpefbl, ropssyuil criai
TEepPMOTapHI pa3MeIleH HEMOCPEICTBEHHO BHYTPH 00pa3-
11a, 9TO o0ecIeyrniIio Ooee TOYHOE ONpeeIICHHE TeMITe-
paTypHOTO OTKJIMKA MaTepHaa.

B pesynbraTe monydeHa SKCHEpUMEHTaNbHas 3aBH-
CUMOCTh TeMIIEpaTypbl MaTepHajoB OT YHEProBbIIEIIe-
HUSI B peakTope, 3a(MKCUPOBAaHbl XapaKTepHbIE TEMIIe-
patypHble YPOBHH JUISl Pa3JIMYHBIX THIIOB KOHCTPYKIIU-
OHHBIX CIUIABOB,  TAKXKE BHITMIOIHEH aHAJIN3 BIUSHUS Te-
I0(GU3NYECKUX U PaJUAIIOHHBIX CBOWCTB Ha HWHTEH-
CHUBHOCTH Harpena.

KOHCTPYKLMS SKCNEPUMEHTAJBHOIO

YCTPOMCTBA

DKcHeprMeHTaNbHOE YCTPOWCTBO MJIsl M3MEPEHHS
TEMIIEpaTypbl PaJAUallMOHHOTO Pa30rpeBa KOHCTPYKIIU-
OHHBIX MaTepHajJioB pa3paboTaHO C yYeTOM OCOOCHHO-
crelt uccnenonatenbekoro peakropa UI'P. Konctpykuus
9KCTIEPUMEHTAILHOTO YCTPOICTBA IPELyCMATPUBAET €T0
pa3MelIeHNe B IEHTPAIbHOM SKCIIEPUMEHTAILHOM KaHa-
Jie aKTUBHOH 30HBI M TO3BOJISIET IIPOBOIUTH TEMIIEPATyp-
HBIC N3MEPEHHS HEMOCPEACTBEHHO B YCIIOBHUSX BO3ZCH-
CTBHS HEHTPOHHOTO U raMMa-H3JTyIEHHS.

OCHOBHBIM 3JIEMEHTOM 3KCIEPUMEHTAIBHOTO YCT-
pOﬁCTBa ABJACTCA rEpMETHYHAA aMITyJia U3 HUPKOHUECBO-
'O CIUIaBa ¢ KpBIIIKOH (pucyHoK 1). Ammyna obecneun-
BaeT 3alUTy M MEXaHUUYECKYI0 (HKCAIMI0 BHYTPEHHEMH
HUCIIBITATEIILHON CCKIIUH, a TAKKE TCPMETUYHOC IMTOJAKITIO-
YEHHE NU3MEPHUTEILHBIX CPEJICTB.

BHyTpn amMmmynbsl pa3MelieHa HCIbITaTeslbHas CeK-
IHsI, TIPE/ICTABIISIONIAst COO0H TMCKOBYIO KOHCTPYKIIHIO,
3aKpEIUICHHYI0 Ha IIEHTPaJbHOM CTEpXKHE (PUCYHKH
1, 2). Takoe ucronHeHNE 00ECEUNBAET CHMMETPUIHOE
pacriojoxeHne 00pas3lioB OTHOCHTENIFHO IEHTPA aKTHB-
HOM 30HBI U TTO3BOJISIET TOYHO TO3UITUOHUPOBATH UX B 30-
HE MaKCHMAaJlbHOTO HEHTpoHHOro moToka. Kaxmaeri o6-
paser] yCTaHAaBJIMBAeTCS B OTBEPCTHE AJIOMUHHEBOTO
JTUCK-JIeprKaTesst 6e3 NCTI0Ib30BaHus J0KEeMeHTOB. [1ep-
BOHAYaJIbHO MPEAIOJarajoch MPUMEHEHHE KBaplLEBBIX
BCTaBOK-JIO)KEMEHTOB (PHUCYHOK 1), ogHaKo mocie mpo-
BE/ICHHS PAacUeTHOIO aHaJlW3a OT HUX OTKAa3aJHCh, IO-
CKOJIbKY MaTepHall JIO)KEMEHTOB MOT CaM II0/IBEPIraThCs
panualMoHHOMY HarpeBy | BIUSTH Ha TOYHOCTbH PETHCT-
panuy TeMIlepaTypHOTO OTKJIMKA HCCIeayeMoro oopas-
na. Bcero B 0JJHOM 3KCTIEPUMEHTAIBHOM LIUKJIE MOXKET
pasmemathest 10 12 00pa3ioB — 1Mo MIeCTh Ha KaXKI0M U3
JIBYX aJIFOMHHHEBBIX OUCKOB. J[s obecmedenus TepMu-
YEeCKOH N30JIMPOBAHHOCTH U OJTHOPOTHOCTH YCIIOBHII 00-
Jy4eHUs] MEXIy AUCKaMU MOAJEpKUBaeTCs (PUKCHUPOB-
anHoe pacctositaue 100 MM, TpH 3TOM OHHU PacIoJararoT-
Cs1 CHMMETPUYHO OTHOCHUTEINILHO IIEHTPa aKTHBHOW 30HBI

peakropa. IlonokeHue HUCHBITaTENbHONM CEKLUU MOXKET
peryaMpoBaThCsl IITAaHTOW MO BBICOTE OTHOCHTEIBHO
LIEeHTpa aKTUBHOM 30HBI peaktopa UI'P B mpenmemax
+50 MM. BricoTHOE NONIOKEHNE 1TO0MpAETCs TAKUM 00-
pa3oM, 4ToObI 00eceynTh paBHOE 00TyUeHHEe 00pas3IoB,
PacIo0KEHHBIX Ha BEPXHEM M HIDKHEM JIUCKE.

Kpeimka

Hcenvimamenvnas ceKyus
Ammyna
JloxemenTeI

[ranra

Bepxnuii juck

Huxnmit
JIHCK

Al Al

Tepmonaper  OBpasibl

Pucynox 1. Dckuz sxcnepumenmanbHo20 yCcmpoucmed

Pucynok 2. Buewnuii 610 ucnsimamenvHoul cekyuu
9IKCHEPUMEHMATbHO20 YCMPOTICMEa
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0) TepMOMETPHPOBAHHBIN 00pa3er]

Pucynok 3. Cnocob mepmomempuposanus obpasyos

B nepedeHb uccielyeMbIX MaTeprUalioB BOLLIH MPE/-
CTaBUTEIH OOJBIIHHCTBA OCHOBHBIX TPy KOHCTPYKIIU-
OHHBIX METAJJIOB, CIUIABOB U TYTOIUIABKUX COCTUHCHUH,
MOTEHIMATBHO HCIIOJIB3YEMBIX IPU H3TOTOBJICHUU JIie-
MEHTOB JKCIEPUMEHTAIBHBIX YCTPOICTB, U3MEPUTEIh-
HBIX MOJYJICH W TepMoIap, IPUMCHSIEMBIX B SICPHBIX
ycTaHoBKax. Beero ObUIO HMccienoBaHo 12 MaTepHuanos,
BKJIFOYasl TEXHUUECKH YHCThIEe METaulbl (Melb, TaHTAl,
THUTaH, HUKENb U Jp.), amoMuHueBbie (AMr-6 u AJl) u

XKAPONPOYHBIE WM BBICOKOJECTHPOBAHHBIE  CTAIH
(12X18HI10T, 12X1M®, 12XH35B). O0pasisl H3roto-
BIICHEI B (hopMe KyOOoB co cTopoHoii 10 MM (pucyHok 3a).
BBI0Op 0IMHAKOBOTO XapaKTEpPHOTO pa3Mepa IO3BOJHI
o0ecrednTh CONOCTaBUMBIE YCIIOBHS OOJIy4eHHs M Tell-
JIoNIepeHoca JUIs Pa3IMyHbIX MaTepualioB, a TaKKe MH-
HUMH3UPOBATH TEMIIEPaTYPHBIC IPaIUEHTHl BHYTPH 00-
pasma. B kaxmerit o0pasern 000pyI0BaH TepMONAPOH TH-
ma XA C OTKpBITBIM CHAeM, PACHONOKCHHBIM B LICHT-
panbHOM 9acTH, YTO MO3BOJIMIO PETUCTPUPOBATH TEMIIC-
paTypHBIH OTKIHMK HEIIOCPEACTBEHHO BHYTPH MaTepuana
(pucynok 36). Tepmonapa Tuma XA UMeeT MpenMyIie-
CTBO 3a CYET MUHMMAJILHOTO MOTJIOMIEHHUS raMMa-H3Jy-
YeHUs U HeUTpoHOB. TakuM 00pa3oM TepMonapa BHOCUT
MHUHHMMAaJIbHOE BO3MYIICHHUE. JIOMOJIHUTEIBHO B DKCIIe-
PUMEHTAIBHYIO CEKIMIO YCTaHOBJEHa OJHa CBOOOJHO
MOJIBELIICHHAs TepMOIapa, He CBsI3aHHasl ¢ KaKUM-JIN0O
oOpasuoM. Ee nmokazaHus HeoOXOIUMBI ISl PETHCTpa-
[UH TEMIIEPATyPBI, 00yCIOBICHHON COOCTBEHHBIM paIu-
aIlMOHHBIM HarpeBOM TEPMOMNApHl B YCIOBUSIX OTCYTCT-
BUS TEIIONIEpEIady OT TBEPAOTO Tema.

Hcnonp30BaHne MaKCUMAJIBHO Pa3psKEHHON Cpenibl
BHYTpPH aMITyJIbl, BCTPOSHHBIX TepMonap (¢ pa3MemeHu-
€M CIaeB BHYTpU 00pa3IoB), a TaK:Ke BO3MOXKHOCTH TO-
YHOT'O MO3ULUOHUPOBAHHMS 00ECTICUNBAIOT CTAOMIILHOE U
BOCITPOM3BOIMMOE M3MEPEHHE TEMIIEpaTypHbBIX HapamMe-
TPOB B MpoLecce 00IydeHUs..

Y CJ10BUS OBJIYUYEHUSA

B pamkax npoBeneHHBIX HCCIEIOBAaHUN BBIIOIHEHbI
JIBa BHYTPHPEAKTOPHBIX IKCIICPIMEHTA C Pa3HBIM Ha0OpOM
uccreyeMbIx 00pastoB (pucyHoOK 40, ). Kaxapiil sxcne-
PUMEHT BKJIIOYaJI YCTAHOBKY OJKCIICPUMCHTAJIBHOI'O YCT-
poiicTBa B UEHTPAJIbHBI SKCIEPUMEHTAIbHBIM KaHa
(II2K) peaxropa UI'P. TTocne moaximtodeHust Bcex HE00X0-
JUMBIX MHXCHEPHBIX U U3MEPUTCIIBHBIX CUCTEM OCYIICCT-
BIIJTACH TEPMETU3ALMS aMITyJIBl M CO3JJaHIE Pa3psHKEHHON
cpezibl BHYTPH, YTO MCKIJIIOYAJIO BIMSHHE Ia30BOr0O TEILIO-
oOMeHa Ha TeMITepaTypHBIH OTKIAK 00pa3IoB.

OOyueHne MpOBOAMIOCH B PEKMME camMoracsecs
BCITBIIIIKK C PE3KHM KPAaTKOBPEMEHHBIM HapacTaHUEM
MOIIHOCTH (pUCYHOK 4a, B). [locne 3aBepmieHus BCIBI-
IIKH ¥ OCTAaHOBA PEAKTOPa OCYIIECTBIUIOCH PACX OJIaXKHU-
BaHHUE KaK CaMOT0 pPeakTopa, Tak U SKCIEPUMEHTAIBHOTO
ycTpoiicTBa. Peructpanus teMneparypbl BbIIOJIHEHA B
MIepHOJT OT HayaJsla MycKa JI0 TMOJHOTO OXJIAXKICHHUS CHC-
TEMBI.

Jist mepBoTO MycKa 0TOOpaHbl 00pa3Ibl ¢ MUHUMAJTb-
HBIM MOTEHLUAIOM K PaJHalliOHHOMY pPa30orpeBy. JTO
MO3BOJIMJIO BBIMOJIHUTH UCCIEAOBAHUS HA MaKCUMaIbHO
BO3MOKHOM YpPOBHE MOIIHOCTH peakTopa. Bo BTOpoM
Imycke 00Jy4eHbl 00pasibl, KOTOPble MMEIOT BBICOKHH
MOTeHLIMAJ K paJidalluOHHOMY pa3orpeBy. st rapaHTH-
POBAHHOTO COXPAaHEHHS IEJIOCTHOCTH YCTaHOBKH M 00-
pas3ioB BO BTOPOM IIyCKE pea30BaHa AWarpamma c
MEHBIIIUM BBIICJICHUEM SHEPTHH.
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Pucynok 4. Juacpammul usmenenusn mowrocmu peaxmopa UI'P u sxcnepumenmanvhvle HAOOpbl Mamepuanog

120 - T 10
110 - 19
100 4 +8 o
-
9 90 + Ef 7 g
& 80 A +6 2
& 1° g
[ / 1
g 70 A TS5 R
2 ] A
g 60 + T T 4 é
I I ———— 13 2
40 1 12 =
30 - 11
20 T
14 24 34 44 54
Bpems, ¢
—T3I1-1 (AmomManniE AMr-6) T2I-2 (Amomunnit AJ)
—T3T1-3 (Croboxnas Tepmonapa) T34 (Crans 12X18H10T)
—T3II-5 (Crane 12XIMd) —T211-6 (Turan BT1-0)

—MouHocTh peakTopa

Pucyrnox 5. H3menenue memnepamypuvl mepmonap, YCmaHo8IeHHbIX 6 00pazyax
(6epxHULl OUCK, NEPBbLIL IKCNEPUMEHN)

SKCIEPUMEHTAJBHBIE PE3YJIbTATBI HBIM B 00pa3iiax Ha BEpXHEM JIUCKe, PUCYHOK 6 — Ha HU-

TemriepaTypHbie OTKINKH 0OPA3IOB, MONyYEHHBIC B xueM. Ha 06a rpaduka takxke HaHECeHA [Uarpamma u3-
MIEPBOM 3KCIIEPUMEHTE, PEACTABICHBI HA PUCYHKAX 5 U MCHCHHS MOITHOCTH PEaKTOpa B pEeKMME camoracsien-
6. PUCYHOK 5 COOTBETCTBYET TepMOIIapaM, YCTaHOBJICH- Cs1 BCIBIIIKH.
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Temmepartypa, °C

—T3I1-7 (Crans 12X1MdD)
TOI1-9 (Turarn BT1-0)
T3II-11 (Amomunnii AMr-6)

— MommocTs peakTopa
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Bpems, ¢

—T23I1-8 (Croboanas TepMonapa)
—T3I1-10 (Crane 12X18HI10T)
TO3I1-12 (Crane XH35BT)

Pucynok 6. Hzmenenue memnepamypsl mepmonap, yCmaHo8IeHHbIX 6 00pazyax
(HUICHULL OUCK, NEPBbILL IKCREPUMEHM)
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Bpewms, ¢
TIIM-2

TOIM-4 (CrobomHas Tepmomnapa)
—T3I11-6 (Ceunen C3)

Pucynox 7. Usmenenue memnepanmypol mepmonap, yCmano8ieHHbIX 8 00pazyax
(6epxHULl OUCK, 6MOPOLL IKCNEPUMEHM)

Pazniuus B AMHAMEKE HarpeBa OTPaKaroT TEIIO(H-
3U4YeCcKHe CBOWCTBA MaTepHaJIoB: O0jiee BBICOKHE TeMIIe-
paTypsl HOCTUTHYTHI y OOpa3loB U3 CTajeil U TUTaHa
BT1-0. AnfomuHueBslii cruiaB AMr-6 mokasain MHHH-
MasbHbIEe 3HAYEHUS TeMIepaTyphl.

Jnst ananm3a ycnoBuii 6€3 TeIuIoNnpoBOJHOTO KOHTa-
KTa HCTOJIb30Bajach cBoboaHas Tepmomnapa (TII1-3 Ha
BepxHeM nucke, TOII-8 Ha HM)XHEM), PErHCTPUPOBAB-
1m1ast cCOOCTBEHHBIH paJUal[IOHHBIN HArPEB B BaKyyMe.

Pe3ynbTaTel BTOpOro 3KCHEPUMEHTA NPEACTABICHBI
Ha pucyHkax 7 u 8. OHH COOTBETCTBYIOT TEMIIEPATyp-
HBIM OTKJINKaM 00pas3IioB, pa3MEIIeHHbIX HAa BEPXHEM U
HIDKHEM JMCKaxX COOTBETCTBeHHO. Ha rpadmkax Takxke
IOKa3aHa JuarpaMMa MOITHOCTH PeakTopa, OTpakaro-
mas XapakTep OONydeHHS B DPEXHMME CaMOTacsIIeHCs
BCITBIIIKH.

3aperucTpupoBaHHbIe TEMIIEpaTypHbIE KPHUBBIE Jie-
MOHCTPHPYIOT BBIPQKEHHBIE PA3IHYHS MEXIY UCCIEy-
eMBIMH MaTepuanamu. Hanbosiee HHTEHCHBHBIA Harpes
ormeueH s Tantana (TOII-3, TOII-9) u Boabdpama
(TOII-8, TOII-11). Hanmensuine 3Ha4eHUs TeMIepaTy-
pHI 3adukcupoBansl y o6pasuos u3 menu (TII1-10), Hu-
kenst (TOI1-1, TOI1-7) u ceunna (TOI1-6). HeznaunTens-
HBIE PACXOXKACHUSI MEXIy TepMOIapaMH, yCTaHOBJIEH-
HBIMH B 00pasIbl U3 OJHOTO M TOTO XK€ Marepuana (Ha-
puMep, Boib(pam), MOTYT OBITH 00YCIIOBIIEHBI OCOOEH-
HOCTSIMH TEIJIOBOI'O KOHTaKTa WM PAaCIOJIOKEHUEM
crasi.

CBobonuo pasmemenasie Tepmonapsl (TOI1-4 nu
TOTII-12) mo3Bosmnm 3aUKCUPOBATH TEMIIEPATYPHYIO
PEaxIHIo YyBCTBUTEIBHBIX 3JIEMEHTOB, 00ydaeMbIX 0e3
KOHTaKTa C TBEP/IBIM TEJIOM.
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Bpewms, ¢

— T3I1-7 (Huxens HI12)
TOT1-9 (Tanrax TBU)
TOII-11 (Bossppam BA)

— MoutHocTs peakropa

—T3II-8 (Bonmudipam BA)
—T3II-10 (Mexs M1)
TOI1-12 (CrobosHas Tepmomnapa)

Pucynok 8. Hzmenenue memnepamypsl mepmonap, yCmaHo8IeHHbIX 6 00pa3yax
(HUMCHUL OUCK, 8MOPOLL IKCNEPUMEHM)

CBobonHo pasmermiennsle tepmomnapsl (TOI1-4 u
TDI1-12) mno3ponunu 3ahUKCUPOBATH TEMIICPATYPHYIO
PEaKLUIo YyBCTBUTENIBHBIX DJIEMEHTOB, 00Iy4aeMbIX 0e3
KOHTaKTa C TBEPABIM TEJIOM.

OBCYXKJIEHUE PE3YJbBTATOB

Bo Bcex skcniepnMeHTax HabmrogaeTcs 3aiepxKKa 10-
CTIDKEHHS TEeMIIEpPaTypHOI0 MaKCUMyMa OTHOCHUTENIBHO
IIMKa MOITHOCTH peakTopa. MHepIHMoHHOCTh TeMmIiepa-
TYpHOTO OTKJIUKA 00pa3lioB 00YyCIOBIEHA UX TEILUIOEM-
KOCTBIO M HU3KOH 3 (PEeKTUBHOCTHIO TEIJIOOTBOJIA B pa3-
PSUKEHHOM cpejie, 4TO IPUBOIUT K HAKOIUICHHUIO SHEPTUU
Jlake 10CciIe OKOHYAaHUs UMITyJIbCa.

TemnepatypHble KpUBBIE B IPE/IENIAX OHOTO YPOBHS
(BEpXHETO WM HIXKHETO JIUCKA) JEMOHCTPHPYIOT OIIH3-
Ky!0 OpMy M CHHXPOHHOCTB, YTO MOJTBEPKAAET OJIHO-
POIHOCTH yCinoBHi 00ydeHus. HesnauurensHble pacxo-
KICHNS MEXIy TepMOIlapaMHM, YCTaHOBJIECHHBIMH B 00-
pas3iBl M3 OJHOTO M TOTO JK€ Marepuana (Hampumep,
TOII-8 u TOII-11 — Bomsdpam, TIII-1 u TIOII-7 — Hu-
KeJIb) MOTYT OBITh 00yCIIOBIICHBI Pa3IUYUIMH B ITyOnHe
YCTaHOBKHM T€PMOCHas, MUKPOCKOIIMYECKUMH 3a30paMu
B TOYKE KOHTaKTa WJIN HE3HAYUTEIIEHBIM CMEIIEHHEM OT-
HOCHTEJIFHO MaKCHUMyMa IUIOTHOCTH ToTtoka. ITpu 3Tom
(opMa KPHBBIX OCTaeTCsl CXOXEH, YTO MOIATBEPKAAeT
MIOBTOPSIEMOCTD YCIOBHH M CTaOMILHOCTh METOANKH.

TemnepatypHble OTKINKH, 3a()UKCHPOBAHHBIE B XOIE
JIByX MPOBEAEHHBIX 3KCIEPUMEHTOB, AEMOHCTPUPYIOT
pas3ynuus B aMIUTUTYJIE U B XapakTepe M3MEHEHUs TeM-
meparypsl BO BpEMEHH. DTO CBSI3aHO ¢ OCOOEHHOCTSIMHU
PEXXUMOB O0TyUEHHSI 1 COCTABOM HCCIIEAYEMBIX MaTepH-
aJoB.

Taxk, HanlpuMep, BO BTOPOM 3KCHEPUMEHTE, IIPH IH-
KOBOM MOIIHOCTH peakrtopa mopsanka 1,2 'Bt, makcu-
ManbHBIE TEMIepaTypbl B oOpasmax mocturiu 240-—
270 °C (tanran, Bombdpam). TemneparypHble KpUBbBIE
OTJIIMYAJINCh YCTOWYMBBEIM HOABEMOM C XapaKTepHOU
IBYX(]a3HOH CTPYKTYpOIi: BHa4Yaje HAOII0NAICs Pe3Knit
TEMIIEpaTypHBIH CKa4oK, 32 KOTOPBIM clieioBai Ooiiee

IUTaBHBIM MPUPOCT TEMIIEPATYPHI, IPUBOAAIINN K BBIXO-
Ny Ha miato. Tako# mpo¢uib 00yCIOBICH CyNepo3u-
el HeCKOJbKUX (hu3uueckux npoieccoB. Ha Hauas-
HOM 3Talle OCHOBHYIO POJIb UI'PAET MOTJIOLIEHUE Y-U3ILy-
YCeHWs, BBI3BIBAIOIIEE OBICTPHIH JIOKAIBHBINA Harpes. Jla-
Jiee, 10 Mepe pa3BUTHA BCIBIIIKY, B TEMIIEPaTypHBIH OT-
KJIMK BHOCUT BKJIaJ] OCTATOYHOE Y-U3Iy4E€HUE OT MPOIY-
KTOB JICJICHUS U aKTHBALlUY, Y-U3JIy4eHUE OT aKTHUBAaLUU
o0pasia, a Tak)Ke BHYTPEHHEE NepepacipeieNieHne Tem-
na B obpasiie. Bropas ¢asa xapakrepusyercst HOCTEICH-
HBIM «JJOTPEBOM» MaTepHralla BIUIOTh J0 3aBEpIICHHS 00-
nyuyenus. [1000HOe MOBeACHHE OOBICHICTCS KaK JUTH-
TEJIBHOCTBIO BCIIBIIIKH (~1 C), Tak U TEIUIOBOW MHEpLUeit
Tel.

B nepBoM ’KCHIEpUMEHTE, HECMOTPS Ha CYIIECTBEH-
HO OoJjiee BBICOKYIO MOIIHOCTh BCHBIILKKA (OKOJIO
9,7 I'Bt), TemnepaTypHBbIl OTKJIMK BCEX 00pa3IoB HAXO-
nuics B auanasone 60-90 °C. TemnepaTypHbIi OTKIMK
00pa3oB xapakrepusyercs Tpems Qazamu. B mepsoii
(a3e HaOIIOACTCS PE3KUH POCT TEMIIEpaTyphl, BBI3BAH-
HBbIi MHTEHCUBHBIM MNOIJIOIIEHUEM SHEPIHU Y- U HEH-
TPOHHOTO M3Iy4EHHUsS MpPHU BCIBIIIKE peakropa. Bropas
(asa — KpaTKOBPEMEHHOE CHIIKEHHE TeMIlepaTypbl —
CBSi3aHAa C MepepaclpenesieHHeM SHEPIHH OT TOpsYuX
30H K XOJOIHBIM y4acTKaM BHYTpH o0pasnua 3a c4éT Te-
IUTOTIPOBOAHOCTH. B TpeTheil da3e HaumHaeTCs MeIeH-
HOE TPOJIOJDKEHHE Pa3orpeBa, 00yCIOBICHHOE BHYTPEH-
HUM TEIUIOBBIM BBIPaBHUBAHHEM M OTCYTCTBHEM BHEIIIH-
€ro OXJIAXKICHUS B YCIOBUIX Pa3psKEHHON Cpeabl.

AHanu3 TeMnepaTypHbIX OTKIMKOB CBOOOJHBIX Tep-
MoTiap MoKasall, 4To 3apEerUCTPUPOBAHHbBIE 3HAYEHUSI ObI-
JIY CYLECTBEHHO HMJKE MO CPAaBHEHMIO C TEPMOINApaMH,
BCTPOEHHBIMU B 00BbEM 00pa3LoB, T/e Crail HaXoHICs
HEINOCPEJCTBEHHO BHYTPU MaTepuaa. ITo HOATBEpHkKIa-
€T, YTO OCHOBHOM BKJIaJ| B TEMIIEPATyPHbIA IOIBEM BHO-
CUT HE MPSIMOE BO3/CICTBHUE Y- U HEUTPOHHOTO H3JIyyYe-
HUS Ha clIail TepMOIaphl, a paJualMOHHbII HArpeB caMo-
ro MaTepuaia oopasiia, KOTOPBIH 3aTeM mepenaéT Teruio
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K CHaro 3a CY€T TEIUIONpPOBOAHOCTH. TakuMm o0Opasom,
cBOOO/IHAs TepMoIlapa urpaja pojb KOHTPOJIBHOTO U3-
MEpUTEJIs, MO3BOJAIOIIET0 OTAEIUTh TEeMIEepaTypHBIi
OTKJIMK MaTepuasia 0T BO3MOXKHOT'O pPaJHallHOHHOIO Ha-
rpeBa caMoil H3MEPUTENIbHON CHCTEMBI.

JUis aHanmu3a TEeMIepaTypHOro OTKIHMKA Pa3iIUYHbIX
MaTepHaJIOB NPU pajUallMOHHOM OOJIyYeHHWH B TaOnu-
e | mpuBeeHbI OCHOBHBIC (PH3HKO-XMMHUECKHIE Xapak-
TEePHUCTUKH HCCIEeTyEMBIX 00pa3IioB: aTOMHBIH HOMEp A,
IUIOTHOCTH P, YAENbHAs TEINI0EMKOCTh C, M CEIECHHUE TI0-
TJIOMIEHHS TETJIOBBIX HEUTPOHOB G. DTH MapaMeTpsl Oll-
pElensIioT CHOCOOHOCTh MaTepHaida K IOTJIONICHHIO
SHEPIUU Y- U HEHTPOHHOTO U3Iy4EHUS U e€ MOCleayo-
meMy IpeoOpa3oBaHHIO B TEIUIOBYIO dHepruto. [Ipencra-
BJICHHBIC JJAaHHBIC TIO3BOJIIIOT O0BSICHUTH HAOJIOAaeMble
pa3iauuMs B XapakTepe TeMIepaTypHbIX KPUBBIX U paH-
KHUPOBaTh MaTepuansl 1o 3(G(eKTHBHOCTH pajnalyoH-
HOT'O Harpesa.

[IpencraBneHHbIC B TAOIUIIE XapaKTEPUCTUKHU MO3BO-
JSIFOT YCTAaHOBHUTH B3aWMOCBSI3b MEXKIY PaAnalliOHHBIM
TEMIIEPaTyPHBIM OTKIMKOM MAaTEpHAIOB M MX (U3UKO-
XMMHYECKHMH cBOMcTBaMu. [losydeHHbIe JaHHBIE T103-
BOJIMJIH KJIACCH(UIIMPOBATh MAaTEPHANIBI 10 YPOBHIO pa-
JIMAIMOHHOTO HAarpeBa W HMCHOJIb30BaTh 3TO AJS MOCIe-
JIYFOIIETO BIOOpa KOHCTPYKIIMOHHBIX U M3MEPHUTEIBHBIX

SIIEMEHTOB, TIPEHA3HAYCHHBIX TS PaOOTH B aKTHBHOM
30He peakTopa. Takum 0Opa3oM, Tabiua 000CHOBBIBACT
Habo1aeMble TeMiepaTrypHbie 3G (EKT U CIYKUT OC-
HOBOW /Il TPOTHO3UPOBAHUS PAUAIIMOHHOTO MOBEJIe-
HUsI MATE€pPUAJIOB B YCIIOBHAX OOJIyYCHHS HA pPEakTope
nrp.

3AK/IIOYEHUE

B pesynbrare nposenénnsix Ha peakrope UI'P skc-
NIEPUMEHTOB yYCTAHOBJICHO, YTO MHTEHCUBHOCTH pajua-
LIUOHHOTO pa30rpeBa KOHCTPYKIHOHHBIX MaTepUallOB
HAIpPSIMYIO 3aBHCUT OT UX (PU3NUECKHUX U PaAUALIMOHHBIX
CBOMCTB (TaKMX KaK aTOMHBIH HOMEP, INIOTHOCT, TEILIO-
€MKOCTB, CeUeHHE IOTJIOMIECHUS HEUTPOHOB). 3aduKcu-
POBaHBI XapaKTEPHbIE TEMIEPATYPHBIE OTKIUKH AT pa3-
JIMYHBIX TPYMII CIUIABOB: TSKENBIE BBICOKOIUIOTHBIE Ma-
TepHaJIbl ¢ OOJIBIINM aTOMHBIM HOMEPOM JAEMOHCTPHPY-
10T 3HAUYUTENBHO 00JIee CHIIbHBIM painaliOHHbBIN HarpeB
(IpenMyIIeCTBEHHO 3a CUET Y-M3JIydeHHUs), TOrna Kak
JIETKHE METAJIJIBI M CIUIaBhI C HU3KOM IJIOTHOCTHIO M BbI-
COKOM TEIUIOEMKOCTBIO HAarpeBarOTCsi CYLIECTBEHHO
MeHbIe. Ha ocHOBe aKcIepUMEHTaNbHBIX JaHHBIX MPO-
BejieHa KilaccudUKalys MaTepraoB 110 CTEIeHH pajiua-
LIHOHHOT'O Harpena.

Tabnuya 1. Pusuko-xumuueckue c6oUCMEA UCCIEOYEMbIX MAMEPUANO8 U UX MEMNEPAMYPHBIIL OMKIUK
npu obnyuenuu 8 peaxmope UI'P [16-20]

Matepuan A p, rlem® | Cp, Dx/(r-K) o (6apH) TemnepaTypHbIi OTKIUK
Bbicokuit. BombLUOi aTOMHbI HOMEP, BbICOKas MNOTHOCTb, 3HAYUTENBHOE CEYEHMe
TanTan 73 16,60 140 20,6 MOrMOLUEHMS Y- U HENTPOHHOTO M3MYYEHNS, HN3Kas TENMOEMKOCTb — 3(h(EKTUBHBIN pa-
[AVALMOHHBIN HArpeB.
Bbicokuit. BonbLUOi aTOMHbIF HOMEp, BbICOKasi MOTHOCTb, 3HAYUTENBHOE CeYeHue
Bonbthpam 74 19,30 134 18,3 MOTTIOLLIEHNS Y- 1 HEUTPOHHOTO M3MY4YEHIS, HN3Kas TENTOEMKOCTb — 3 EeKTUBHBIN pa-
[VMaLMOHHBIN HarpesB.
CpeaHui. OTHOCUTENBHO HU3KUIA aTOMHbI HOMEP W MMOTHOCTb, MANoe CeYeHme no-
TutaH 22 4,50 520 6,1 TTIOLEHNS U3MYYEHUs], BbICOKas TEMNOEMKOCTb — OrpaHUYEHHbIN paauaLMOHHbIA Ha-
rpes.
HUN. HWIA aTOMHbI HOMEP U MOTHOCTb, HEBLICOK YeHwe NOrmoLLEeHUst
Hukens 28 8.90 440 45 Cpep CpepnHuit ato OME V1 MIOTHOCTb, HEBLICOKOE CEUeHYE MOTTIOLIeHNS,
yMepeHHas TennoeMKOCTb — yMEPEHHBIN paauaLOHHbI Harpes.
CpepHuit. CpeaHuii aTOMHbI# HOMEP W MNOTHOCTb, HEBLICOKOE CEYEHIE NOTTIOLLEHMS,
Menb 29 8,96 385 38 PEANNA. *.pea pup ! .
YMepeHHast TennoeMKOCTb — yMEPEHHBIA paauaLOHHbI Harpes.
CpepHuii. CpegiHuii aTOMHbIA HOMEP U MOTHOCTb, HU3KOE CEYEHWe MOTMOLLEHMS,
MonubaeH 42 10,20 251 2,7 yMepeHHas TennoeMKoCTb — NPUBOANUT K BbIPaXEHHOMY, HO He MaKcMarbHOMY Ha-
rpesy.
~25.30 CpepHuiA. YMepeHHoe ceyeHne, BbICoKas TENNOeMKOCTb, BbICOKasi NOTHOCTb bnaro-
12X18H10T | 26 (Fe) | 7,90-8,00 ~500 (BKnan YFe br i) [iaps CoLepXaHuNio HUKens 1 xpoma — obecneynBaeTcs CTabunbHbIA, HO HE MaKCH-
Y ManbHblil HAarpes.
~2,0-2,5 CpepHuii. CpefHsisi NNOTHOCTb, YMEPEHHOE CEYEHME MOMMOLLEHNS, TENNOEMKOCTb
12XIMO | 26(Fe) | 7,70-7,80 |  ~460 i pen peA + yMep ILeHIA,
(Bknag Fe) BbILLE CPEAHEN — HarpeB BbIPaKEH YMEPEHHO.
CpeaHuii. [oBbILLEHHas NNOTHOCTb 1 aTOMHBIA HOMEP 3a CYET HUKENs U XpoMa, Cpea-
~2,5-3,5 . ; g g
12XH35B 26 (Fe) | 8,00-8,20 ~470 (8knag Fe, Cr, Ni) Hee ceyeHMe, BbICOKas TEMMOEMKOCTb — AAET CTaburbHbIN, CPEAHMIA TEMNEPaTYPHbIi
Y OTKIMK.
Hu3kuin. Hu3kuii aTomMHBI HoMep, Manas NoTHOCTb, KpaiiHe HU3KOe CeYeHIe Normno-
~0,23 ;
AMr-6 13 (Al) 2,65-2,70 ~880 (skran Al LLEHNS — HECMOTPS Ha BbICOKYI0 TEMMOEMKOCTb, pafyaLMOHHbI Harpes BblpaxeH
cnabo.
~0,23 HuW3KkUiA. HU3kuii aTOMHBIA HOMEp ¥ NNOTHOCTb, HIU3KOe CEYEHNe, BbICOKas TEeNnnoem-
Al 13 (Al) | 2,65-2,75 ~890 ' . °P . ’
(Bknag Al) KOCTb — Cnabbiit TeMnepaTypHbIi OTKMMK Nog 0bryyeHnem.
CpepaHuit. OueHb BbICOKWI aTOMHbIA HOMEP, BbICOKAs NIIOTHOCTb, HU3Kash Tenoem-
CauHey, 82 11,34 130 0,17 KOCTb, Maroe CeyeHue NornoLeHNs HENTPOHOB — YMEPEHHbIN PaaMaLMOHHBIA HAarpeB
NPENUMyLLECTBEHHO 3a CHET Y-M3Ny4eHIsI.
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[Tomy4yeHHBIE Pe3yAbTaTHl UMEIOT BaYKHOE TPHUKIAI-
Hoe 3HaucHue. OHM MOTYT OBITh HCIIOJIH30BAHEKI JIJIS Be-
pUPHUKAIIMY TEIIOTCXHUUCCKAX MOJICIEH M TEM CaMbIM
MOBBILLIEHUSI TOYHOCTH PACUETOB MPU MPOEKTUPOBAHUU
000pyIOBaHUS SIICPHBIX YCTAaHOBOK. BEIsSBICHHAs rpa-
Jlalusi MaTepyasoB [0 YPOBHIO paJuallMOHHOTO HarpeBa
MO3BOJISICT CACNIaTh HAYYHO 0OOCHOBAHHBIN BBHIOOp KOH-
CTPYKIIOHHBIX MaTEPHAIIOB W AJIIEMEHTOB U3MEPUTEIh-
HBIX CHCTEM, MTPEeJHA3HAYCHHBIX I PA0OTHI B YCIOBHIX
o0myuenus. [lepcrieKTUBEl TaNbHEHIINX HCCIeNOBaHUI
3aKIIIOYAIOTCS B PACIINPEHUN HOMECHKIIATYPHI HCCIEIye-
MBIX MaTE€pPHAIOB M PEKUMOB OOJyUCHHUS, a TAKXKE B UH-
Terpalyy MOJyYeHHBIX JaHHBIX B BRIYUCIUTEIbHBIE MO-
JIeJH AJIs1 Pa3BUTHS METOJUK MOJIEIMPOBAHUS TETLIOBOTO
MOBEACHUS MaTEpPHAIIOB IMOJI BO3IEHCTBUEM PaJUallUOH-
HOTO Harpesa.

QDunancuposanue

Hannvie uccredosanus gunancuposanuce Aeenmem-
6om Pecnybnuxu Kazaxcmauw no amomuol sHepeuu 6
DPAMKAX HAYYHO-mexXHu4eckou npoepammsl BR24792713
«Pazeumue amomnoii snepeemuxu ¢ Pecnybauxe Kazax-
cmamy.
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HUT'P PEAKTOPBIHJIA MATEPHAJIJIAPABI COYJIEJIEHAIPY KE3IH/JE
OJIAPJbI PAANALIUSIIBIK KbI3AbIPYIbl DKCHHEPUMEHTTIK 3EPTTEYJIEP

H. E. Myxamenos!, I'. A. Butok!, P. A. UpkumoGekos',
C. A. Jloxukos'", A. C. Cypaes!, P. E. Kesicunrazuna'>?

! «Kazaxcman Pecnyonuxacovinsiy ¥nmmuix aopoavix opmansizoty PMK, Kypuamos, Kazaxcman
2 «lllakapim Yuueepcumemin KEAK, Cemeii, Kazaxcman

* Bavinanvic ywin E-mail: dolzhikov@nnc.kz

Maxkanana UI'P 3eprrey peakTopbiHIA HMITYJIBCTIK COyJIENICHY >KaFlaiblHIa paJualysblK KbI3AbIpYFa YIIbIparaH
KOHCTPYKUMSUIBIK MaTepUaliIapIblH YITIIEPiHIH TeMIIepaTypachlH eJIley KOHIHAET AKCIEPUMEHTTEP/IIH HOTKeNepi
YChIHBUIFaH. TemneparypaHsl TipKey YIIiH ilIiHe 3epTTeeTiH YITIep OpHAIACThIPbUIFaH OapblHILIA CUPETUIreH OPTachl
0ap KOpFaHBIII aMIlyJaZaH TYPaThlH PEaKTOPIMILTK 3KCIEPUMEHTTIK KYpPBUIFBI d3ipieHni. Tepmonapnap maTtepual
IIIiHAETI TeMIIepaTypaHbl eJIIey MaKcaThIHIA YITUIepIiH KYphUIBIMBIHA TiKelel Oipikripinren. basy GanKuTeIH MeTam-
JIapAbl, AKOFAphl KOCTIaaHFaH 00JIaT MeH aTIOMUHHAN KOPBITIIANIAPEIH KOca aJFaHAa, 12 MaTepHaiIblH TEMIEPaTypabIK
peaknusiiaps 3epTrenai. MarepuanaapasH GU3UKAIBIK XKOHE PAIHALMSIBIK KACHETTEPIHIH 9CEPiH KOPCETETiH KbI3y IbIH
TOH 3aHABUIBIKTApH! OCNTIICHTeH. AJBIHFAH JEPEKTEp JKbUTY TEXHUKAJIBIK YIATUIEpAl Bepu(UKAIMIAy KOHE SAPOIIBIK
KOHJIBIPFBLUIAPFa apHAJFaH JKaOJbIKTap IBI )K00aJay Ke3iHAe ecenTeyIepAiH AIAITiH apTThIPy YIIiH ©3€KTi.

Tyiiin ce30ep: UI'P, paduayusansik Kbi3y, KOHCIPYKYUSLIbIK MAMEPUALOAp, SHepaus 6oy.

EXPERIMENTAL STUDIES OF RADIATION HEATING OF MATERIALS
DURING THEIR IRRADIATION IN THE IGR REACTOR

N. Ye. Mukhamedov!, G. A. Vityuk!, R. A. Irkimbekov!,
S. A. Dolzhikov'", A. S. Surayev!, R. Ye. Kelsingazina!*

I RSE “National Nuclear Center of the Republic of Kazakhstan”, Kurchatov, Kazakhstan
2 Shakarim University, Semey, Kazakhstan

* E-mail for contacts: dolzhikov@nnc.kz

The paper presents experimental findings on the temperature measurement of structural material samples exposed to
radiation heating during pulsed irradiation at the IGR research reactor. To record the temperature, an in-pile experimental
device was specifically designed, consisting of a protective ampoule with an ultra-low-pressure environment to house the
test samples. Thermocouples were embedded directly into the sample structures to enable precise temperature
measurements within the materials. Temperature responses in 12 materials have been examined, including refractory
metals, high-alloy steels, and aluminum alloys. Distinct heating patterns were identified that influenced by their physical
and radiation properties of the materials. These results provide valuable data for refining thermal engineering models and
enhancing the accuracy of calculations in the design of equipment for nuclear installations.

Keywords: IGR, nuclear heating, structural materials, energy release.
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ABOUT SOME PRACTICAL ASPECTS OF HANDLING WITH RADIOACTIVE WASTE
FROM SMALL MODULAR REACTORS PARTICIPATING IN THE "FIRST" PROGRAM
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This article provides an examination of approaches to the management of radioactive waste generated by small modular
reactors. These approaches are based on the IAEA principles and take into account the experience of pilot and commercial
operation of nuclear installations based on small modular reactors. The article contains comparative aspects of the produc-
tion of radioactive waste at various types of nuclear installations and approaches to managing radioactive waste data.

Keywords: small modular reactors, radioactive waste, nuclear power, reactor electric power, types of radioactive waste,

nuclear fuel.

INTRODUCTION

Within the framework of a joint project with the Interna-
tional Science and Technology Center, activities are being
carried out to support energy innovation and develop tech-
nical cooperation with partner countries in the field of relia-
ble and safe nuclear energy infrastructure. This cooperation
includes support for the implementation of advanced nu-
clear technologies, including small modular reactors
(SMRs), in accordance with the approach of the Interna-
tional Atomic Energy Agency (IAEA) to the implementa-
tion of a responsible nuclear energy program. The President
of the Republic of Kazakhstan, Kassym-Jomart Tokayev,
emphasized the need to build additional NPPs after the first
one, while emphasizing interest in the construction of NPPs
based on small modular reactors (SMRs) for the purpose of
decentralizing the energy infrastructure [1]. Thus, Kazakh-
stan is considering the possibility of constructing and using
small modular reactors in the energy sector [2].

Since 2012, the IAEA has been keeping records of small
modular reactor (SMR) projects. The latest edition presents
eighty-three projects [3, 4]. Although there are about a hun-
dred projects in the world as of 2024, only active projects
with demonstrated sustainable performance were selected
for the catalog, but some of them will not even turn into real
commercial products, since some projects are developed as
proofs of concept or educational material.

ABOUT POTENTIAL CANDIDATE SMR TYPES
FOR THE REPUBLIC OF KAZAKHSTAN

Candidate SMR sites

Existing SMR designs are grouped into four different
technology lines: water-cooled reactors, high-temperature
gas-cooled reactors, liquid metal fast reactors and molten
salt reactors, and have two additional categories — floating
nuclear power plants and microreactors, which can rely on
the above technology lines.

Each group of SMRs has its own distinctive features.

The land-based water-cooled SMR family includes a va-
riety of light water reactor (LWR) and heavy water reactor
(HWR) designs for land-based grid applications: integral
PWRs, compact PWRs, loop PWRs, BWRs, and pool-type

reactors for district heating. These designs represent mature
technology, given that most large power plants in operation
today use water-cooled reactors. There are currently 15 wa-
ter-cooled SMR designs.

The offshore water-cooled SMR family includes con-
cepts that can be deployed in the offshore environment, ei-
ther as a floating barge-mounted unit or a submersible un-
derwater unit. The group includes 6 offshore water-cooled
SMR designs, some of which have been deployed as nuclear
icebreakers. The High Temperature Gas Cooled SMR fam-
ily features 14 modular HTGR designs currently under de-
velopment and construction. HTGRs produce high temper-
ature heat (>750 °C) that can be used for more efficient
power generation, a variety of industrial applications, and
cogeneration.

The Fast Spectrum SMR family features 10 reactor de-
signs that utilize the fast spectrum with a variety of coolant
options including sodium, a heavy liquid metal (such as lead
or lead-bismuth), and helium-gas.

The Molten Salt SMR family features 12 designs de-
rived from advances in molten salt reactor (MSR) technol-
ogy. MSRs promise many benefits, including improved
safety due to the inherent properties of salt, a low-pressure,
single-phase cooling system that eliminates the need for a
large containment vessel, a high temperature system that
provides high efficiency, and a flexible fuel cycle. The mi-
cro-SMR group includes 13 reactor designs designed to gen-
erate electricity, typically up to 10 MW(e). Micro-reactors
can serve future niche electricity and district heating markets
in remote regions, mining, manufacturing, and fisheries that
have been served for decades by diesel power plants.

One of the promising areas of SMR technology devel-
opment involves replacing existing and aging coal-fired
plants with SMR plants. The main advantages of this direc-
tion of SMR technology implementation are the use of ex-
isting infrastructure, as well as the reduction of greenhouse
gas emissions, which is relevant in light of the country's
goals to achieve carbon neutrality.

Kazakhstan has a fairly large fleet of thermal power
plants (TPPs) operating on coal and fuel oil (Figure 1).
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Figure 1. Distribution of thermal power plants with a capacity of over 10 MW across the territory of the Republic of Kazakhstan

Most thermal power plants in Kazakhstan were com-
missioned in the 60s and 70s of the last century, and some
even earlier. Many of them have not undergone major re-
pairs and equipment modernization for decades. As a re-
sult, today the wear and tear of the main equipment at
power plants reaches more than 50%. More than a third
of the plants have a wear and tear of 70%-90% [5].
Therefore, considering the issue of constructing nuclear
power plants with SMR in Kazakhstan in the context of
replacing outdated thermal power plants is relevant and
promising.

An alternative zone for the placement of SMR is West-
ern Kazakhstan. Units with a capacity of 200-600 MW(e).
This choice is dictated by the fact that the existing infra-
structure will not allow higher-capacity units to operate
stably and, in the event of an emergency with their discon-
nection from the power grid will lead to the disconnection
of a large number of consumers at once [6].

SMR Selection Criteria

To identify promising SMR projects for their imple-
mentation in the energy system (ES) of the Republic of
Kazakhstan, a preliminary ranking of the installations can
be made according to the following criteria:

— technology: a water-cooled thermal neutron
reactor (as the most common and proven technology) or
a high-temperature gas-cooled reactor.

— design: ground-based (based on the specifics of
the reactor's applicability in Kazakhstan).

— capacity: 50-300 MW(e) — for the possibility of
use in industrial complexes) or up to 600 MW(e);

— project development: stage of completion of the
licensing process, stage of construction, operation (prefe-
rence for reference technology or expected by 2035).

— service life: at least 60 years;

— campaign: more than 24 months (the frequency of
refueling is on average higher than for high-power
reactors);

— enrichment of the core fuel: no more than 20% (in
accordance with non-proliferation requirements);

— safety: seismic resistance (more than 0.2 g), pre-
sence of passive protection elements, possibility of
natural circulation of the coolant.

Financial and economic parameters are not consid-
ered at this stage, since there is no reliable information
on this issue, taking into account the current status of de-
velopment of most SMR projects.

SMR Acceptability Analysis for the Republic

of Kazakhstan

According to the IAEA [1], there are currently 6 re-
actor plants at advanced stages of construction that are
considered preferred technologies in the subject area un-
der consideration (participation in the FIRST program)
and are in the specified range of generated electric power:
BWRX-300 (GE-Hitachi Nuclear Energy and Hitachi
GE-Nuclear Energy, USA-Japan), NuScale Power Mod-
ule (NuScale Power LLC, USA), SMART (KAERI,
South Korea and K.A. CARE, Saudi Arabia), Rolls-
Royce SMR (Rolls-Royce, UK).

Table 1 below provides detailed characteristics of the
SMRs under consideration.
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Table 1. Technical and economic indicators of small and medium-power modular reactors [7—18]

Indicator Name

Magnitude (characteristic)

Reactor BWRX-300 NuScale SMART Rolls-Royce SMR
Reactor type BWR PWR PWR PWR
Coolant/moderator H20 H20 H20 H.0
Reactor thermal power, MW 870 200 365 1276
Installed electric power, MW 270-290 60 107 443

Fuel Type U0z (array 10 x 10) U0z (square 17 x 17) UO: (square 17 x 17) UO:2 (square 17 x 17)
Enrichment on U-235, % o ((?r\l/gx)) <495 5 <495
Number of fuel assemblies, pcs 240 37 57 121
Average burnup GW-day/tU 495 >30 <54 55-60

Fuel reloading, month 12-24 24 30 18-24

Reactivity control mechanism

reactor protection control
system and solid absorbers

reactor protection control
system and Boron

reactor protection control
system and Boron

reactor protection control
system and Gd20s solid

of the NFC

of spent nuclear fuel for up to
10 years

power plants

(B4C, Hf, Gd203) burnable absorber
. . . combined passive
Safety Systems passive passive passive and active
Plant service life, years 60 60 60 60
Plant area, m? 8400 140 000 90 000 10 000
Reactor vessel height/diameter, m 26/4 177127 18.5/6.5 11.3/45
SSE seismic resistance 03¢ 0.5 g horizontal 0.4 g ve_mcal >0.3 g & 0.18 g automatic >03g
peak ground acceleration shutdown
a nuclear power plant spent interim storage of spent temporary storage in a NPP

Approach to the final stage dry underground/ 5 600 w2 fuel pool that provides storage nuclear fuel at nuclear spent fuel pool before sending

to a dry spent fuel storage
facility

At this stage of considering the possibility of imple-
menting SMRs in the Republic of Kazakhstan, the fol-
lowing reactors can be recommended from the technolo-
gies that are being considered within the framework of a
joint project with the International Scientific and Tech-
nical Center: BWRX-300, NuScale, SMART.

In case of positive experience in construction and op-
eration, as well as confirmation of economic parameters
that meet the conditions of the Republic of Kazakhstan to
ensure energy production in the medium power range
(300-600 MW), the Rolls-Royce SMR reactor can be
recommended for consideration.

As noted in Table 1, each of these SMR projects al-
ready has a ready-made approach to the final stage of the
nuclear fuel cycle — sending irradiated nuclear fuel to
temporary storage at the NPP site, then to a separate stor-
age facility or to a spent nuclear fuel reprocessing plant,
and ends with the final removal of high-level waste after
SNF reprocessing.

They are discussed in more detail below.

WASTE MANAGEMENT AND DISPOSAL PLAN
FOR SELECTED PLANTS

BWRX-300 (GE Hitachi, USA-Japan)

The BWRX-300 plant layout includes a central reac-
tor building (RB) with a cylindrical shaft, surrounded by
a control building (CB), a turbine building (TB), and a
radioactive waste building (RW). The RB, a seismic cat-
egory | structure, houses the reactor vessel and primary

containment. The CB contains the control systems, the
TB contains the turbine and generator systems, and the
RW contains the radioactive waste systems.

The BWRX-300 uses a standard approach to the
BWR fuel cycle with an emphasis on efficiency and
safety. It uses low enriched uranium (LEU) fuel assem-
blies. The plant design supports fuel cycles ranging from
12 to 24 months.

The BWRX-300 is designed for optimal resource uti-
lization and waste management, with the goal of mini-
mizing the consumption of non-renewable resources and
reducing the generation of radioactive waste. The plant is
equipped with advanced systems such as the Liquid
Waste Management System (LWM) and the Off-Gas
System (OGS), to minimize emissions to the environ-
ment and ensure low radiation doses to workers.

NuScale (NuScale Power Inc., USA)

The NuScale Power Module™ (NPM) is a small pres-
surized light-water reactor (PWR). The NuScale plant is
scalable and can be built to accommodate varying num-
bers of NPMs to meet customer energy needs. The
77 MW (e) NPM delivers power in increments that can be
scaled up to 925 MW(e) gross in a single twelve-module
plant. The twelve-module configuration is the reference
plant size for design and licensing. Each NPM is a stand-
alone module that operates independently of the other
modules in a multi-module configuration. All modules
are controlled from a single control room.
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1 - Reactor Building; 2 — Turbine Building; 3 — Radwaste Building; 4 — Control Building; 5 - Protected Area;
6 — Switchyard; 7 — Admin Building; 8 — Security Building; 9 — Tanks & Skids

Figure 2. BWRX-300 SMR Power Plant
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Figure 3. SMR Power Plant with NuScale NPM

The spent fuel is stored in a stainless steel lined con-
crete pool adjacent to the reactor pool. Its location below
ground level significantly reduces the potential for cool-
ing water loss. The NuScale spent fuel pool provides stor-
age for up to 10 years of spent fuel, as well as temporary
storage of new fuel assemblies. The pool water volume
provides approximately 150 days of passive cooling of
the spent fuel assemblies after the loss of all electrical
power without the need for additional water.

The cleaning system reduces contaminant buildup.
After about 5 years, the thermal load of the spent fuel as-
semblies is significantly reduced and they can be moved
to a safe dry storage facility. The power plant site layout
includes the allocation of space sufficient for dry storage
of all spent fuel for the 60-year life of the plant.

SMART (KAERI - KEPCO and K.A. CARE,

South Korea and Saudi Arabia)

The reactor name is an abbreviation for System-inte-
grated Modular Advanced ReacTor. This is a light-water

reactor with a thermal capacity of 330 MW. In the power
generation mode, the station with such a reactor has a ca-
pacity of 90 MW. In the desalination station mode, the
unit with the SMART reactor will produce up to 40 thou-
sand tons of drinking water daily. Another possible ap-
plication of SMART is heating of nearby areas. The
SMART project combines both proven technologies and
innovative solutions. The former include, for example,
the use of a standard 17 x 17 square fuel assembly with
uranium dioxide fuel, the presence of a large dry contain-
ment, the design of the control and protection system
drives, and reactivity control using rods and boric acid.
Among the innovative solutions, an integral layout stands
out — all the main components of the primary circuit are
located inside the reactor vessel. ASMM SMART ac-
tively uses the modular principle, which simplifies its
construction. The station's control systems are com-
pletely digital.
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Figure 4. SMART SMR Power Plant

The SMART NPP is designed with a water intake
structure and other buildings including the on-site chlo-
rination building. The power unit houses the reactor con-
tainment and auxiliary buildings (RCAB), the turbogen-
erator buildings and one complex building common to
the two SMART units.

The RCAB houses the reactor containment, auxiliary
and fuel areas to accommodate the small and modular
plant concept.

The reactor containment area consists of the LCA and
the UCA.

The SMART fuel cycle is 30 months. KEPCO-NF
can provide SMART fuel with its fuel fabrication capac-
ity increment schedule. SMART spent fuel is stored in a
spent fuel pool using storage racks. The current storage
capacity of the spent fuel storage racks is 30 years, which
can be changed depending on the owner's requirements.

SMART has several design solutions to minimize the
generation of radioactive waste. All liquid radioactive
waste will be treated with a demineralization package,
which can simplify the system design and minimize the
transportation of solid waste. The gaseous radioactive
waste system ensures sufficient contained decay of radi-
oactive waste and controlled release of gases. The solid
radioactive waste disposal system uses polymer curing
technology, which can minimize the volumes of resin
shipped.

Rolls-Royce SMR, Rolls-Royce, Great Britain

The Rolls-Royce SMR project is a medium power re-
actor project with an electrical power of 443 MW(e) and
a thermal power of 1276 MW(t).

The Rolls-Royce SMR reactor is a pressurized light
water reactor. The reactor plant is a three-loop, dual-cir-
cuit reactor with centrifugal pumps in the primary circuit.

Uranium enrichment is within the limits available for
commercial light water reactors — up to 4.95%. The

reactor campaign is from 18 to 24 months. The maximum
burnup is 55-60 GW-day/t.

Both active and passive safety systems are assumed.
The design service life of the reactor is 60 years.

The steam generator is vertical, with U-shaped tubes.

The design features include a compact site, a modular
approach to construction, and “austere and functional ex-
ternal systems that are resilient to hazards”. The Rolls-
Royce SMR project provides for the highest possible
standardization and serialization (repeatability). The pro-
duction time for block modules for one block is 500 days,
and the modular approach minimizes construction time
on site.

The block modules can be transported by any means
— roads, railways, waterways. In particular, due to this
condition, the diameter of the UK SMR reactor vessel
was limited to 4.5 meters in order to be able to transport
it on British railways.

As it approaches equilibrium, the Rolls-Royce SMR
operates on an 18-month fuel cycle with a three-batch
equilibrium active bed. The spent fuel is subsequently
transferred to a spent fuel pool adjacent to the contain-
ment building for storage prior to transfer to long-term
dry cask storage.

Rolls-Royce SMR waste treatment systems are based
on proven technologies and best available techniques. In-
dustry lessons learned and best practice have been incor-
porated into the design of the systems to minimize active
and inactive waste and discharges through both accepted
design and operational practices.

Standardized waste treatment system components
and modules are used to achieve the flexibility required
for waste-informed design. Operation without soluble
boron in the primary coolant allows for significant reduc-
tions in environmental discharges while simplifying the
waste treatment systems.
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Figure 5. Rolls-Royce SMR Power Plant

It should also be noted that the design and construc-
tion of nuclear facilities, such as nuclear power plants,
also require compliance with very stringent safety re-
quirements, particularly nuclear security. These require-
ments are driven by the need to prevent threats inherent
to facilities using nuclear materials, including potential
theft of nuclear material and sabotage related to both the
material itself and the nuclear facility as a whole [19].

FEATURES OF FORMATION OF RADIOACTIVE
WASTE USING SMR TECHNOLOGY

Classification of radioactive waste

In principle, NPPs with high-power units do not differ
from SMR stations. Therefore, the production and
sources of RW formation for both types of stations can
be considered similar.

The source of NPP RW is the processes of fission of
fuel nuclei (?°U, 2*3U, #*°Pu) and neutron activation of
various materials present in the reactor core and near-re-
actor space, corrosion products of structural materials,
coolant and moderator impurities, fuel nuclei themselves,
air in reactor rooms, etc. The overwhelming majority of
radioactive substances formed during reactor operation
are concentrated in the fuel.

A small portion of the fission products released dur-
ing normal reactor operation from the fuel into the

coolant, and a portion of the neutron activation products
formed outside the fuel elements, as a result of certain
technological operations, are continuously or periodical-
ly discharged into the plant's processing and storage sys-
tems and form operational NPP RW.

NPP RW also includes waste from NPP decommis-
sioning (dismantling of equipment, dismantling of build-
ings and structures, etc.).

RW is classified at all stages of RW handling: at the
time of formation, during processing, during storage,
transportation, when determining the method of final dis-
posal.

NPP RW are classified in terms of their potential haz-
ard by several parameters (Figure 6):

— Dby aggregate state;

— Dby activity and heat emission levels;

— Dby the half-life of radionuclides, which determi-
nes the time of their potential hazard,

— by the nature of the predominant radiation —
a-emitters, B-emitters, y-emitters (Table 2).

There are both qualitative and quantitative systems
for classifying radioactive waste, developed taking into
account the requirements of radiation and environmental
safety, technological features of processing, transporta-
tion, storage, disposal.

Table 2. Categorization of solid and liquid radioactive waste by specific activity of radionuclides

Specific activity, Bq/g

RW Category Tritium p-emitting radionuclides | o-emitting radionuclides Transuranic
(excluding tritium) (excluding transuranic) radionuclides
Low-level from 107 to 108 from 103 to 104 from 102to 103 from 10 to 102
SRW Intermediate-level from 108 to 101 from 104 to 107 from 103 to 10¢ from 102to 105
High-level more than 10" more than 107 more than 108 more than 105

Low-level up to 104 up to 103 up to 102 up to 10
LRW Intermediate-level from 104 to 108 from 103 to 107 from 102to 10° from 10 to 105
High-level more than 108 more than 107 more than 108 more than 105
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Figure 6. Classification of radioactive waste

Preliminary sorting of SRW is performed using the
categorization of SRW by the level of surface radioactive
contamination, as well as by the dose rate of y-radiation
at a distance of 0.1 m from the surface of the RAW:

1) low-level RAW — from 0.001 to 0.3 mSv/h;

2) medium-level RAW — from 0.3 to 10 mSv/h;

3) high-level RAW — more than 10 mSv/h.

Methods of handling and processing

of radioactive waste

At the operational level, in addition to the mandatory
classification of radioactive waste according to the de-
gree of its potential danger, additional separation of

waste into streams within each class is carried out, which
allows not only the effective use of existing processing
and conditioning technologies, but also ensures the safety
and quality requirements for the final forms and packag-
ing of waste (these requirements are determined by the
requirements for transportation, storage and disposal for
each class of waste).

Based on these parameters, the classification of waste
from the operation of NPPs in the general case is pre-
sented in Figure 7. Before final isolation, radioactive
waste is processed. The known methods used at NPPs are
shown in Figure 8.

/ N 7 N /7

N /7 N /7 N

HLW,
long-lived, significant
a-, B -, y-radiation,
high radiotoxicity
and heat generation

intermediate-level waste,
long-lived, average level
of a-, B -, y-radiation,
average radiotoxicity
and heat release

low-level waste,
long-lived,
low B -, y- radiation,
negligible radiotoxicity
and heat generation,
significant radiation

intermediate-level waste,
short-lived, medium
B -, y-radiation,
negligible a-radiation,
medium radiotoxicity

low-level waste,
short-lived,
low a-, B -, y-radiation,
negligible radiotoxicity
and heat generation

Final isolation

in deep burial sites
with preliminary holding

Final isolation
in deep burial sites

Final isolation at near-
surface disposal sites at
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surface disposal sites at
depths of up to 100 m

Figure 7. Scheme of handling radioactive waste of different categories

and heat release
release
— - - w o oEm & I R c<3 o a
[} w v n [} o " 0 [ L S C O
3 R Z£285 SE£L2 5 2858
=0 o o T O ® E © O O T E o ER -
5 e E+= Pz EE QL S =8cg
@ = @ » E 3 ST O = ® o> E S
2 S E =] Lo 5] e g @ s 8=
= » 5 = o c s & 2 73
= 5 2_—8 8 mE§m
= =3 28§ 0oL g3
> L E © m "'g
f=5 OEE 2
w o 17}
o ©
@, =

Final containment

at ground level near
surface disposal sites

174



ABOUT SOME PRACTICAL ASPECTS OF HANDLING WITH RADIOACTIVE WASTE
FROM SMALL MODULAR REACTORS PARTICIPATING IN THE “FIRST” PROGRAM

RW TYPE POSSIBLE FIRST STAGE OF

PROCESSING

BURNING ))

POSSIBLE SECOND STAGE
OF PROCESSING

RESINS

4 CEMENTING

)

ION EXCHANGE

PYROLYSIS )

{

J'

CEMENTING

COMBUSTIBLE
SOLID RAW

BURNING ):I (
PLASMABURNING )} (

PRESSING

LIQUID RAW AND

( PRESSING )
SUPERPRESSING )| (

CEMENTING

DEACTIVATION )

REMELTING

METALLIC, NON-
COMBUSTIBLE SOLID R

)

11

( SORTING )

REMELTING OF PLASTIC )|
- COMPOSITE

PRESSING )—4

CEMENTING

SOLID RAW

SUPERPRESSING )
( DEACTIVATION )-

CEMENTING

NON-METALLIC, NON-COMBUSTIBLE

|

):\

RWTYPE POSSIBLE FIRST STAGE OF
PROCESSING

PRECIPITATION )
MEMBRANE-SORPTION Y|
PURIFICATION )
SORPTION )
COAGULATION )
MEMBRANE CLEANING )
EVAPORATION )
FILTRATION )
BURNING )

CEMENTING )

POSSIBLE SECOND STAGE
OF PROCESSING

{ CEMENTING )

LRW (LOW SALT)

)

SELECTIVE CLEANING ) ( TEETIE )|

CALCINATION )
4 \
FRACTIONATION )

GLAZING )

GLAZING )

LRW (HIGH SALT)

CEMENTING )

Figure 8. Methods of RW processing

RESULTS AND DISCUSSION

In general, the amount of radioactive waste generated
during the operation of a nuclear power plant and during
its decommissioning strongly depends on the applied
handling technologies and on the country's regulatory re-
quirements for RW handling. The figures given in vari-
ous literature and sources differ by orders of magnitude.

The assessment of the generated RW volumes at SMRs
was performed using the median RW generation rate for
water-cooled reactors given in [20, 21] (see Table 3).

Table 3. Median RW generation rate calculation, m3/GW-h

Total amount
RW Category
LRW SRW
Very low-level 0.0005 0.014
Low-level - 0.009
Intermediate-level 0.018 0.0013
High-level - 0.000023

The volume of radioactive waste generated during
normal operation of SMRs based on water-moderated re-
actors is given in Table 4.

For each type of SMR, the volume of radioactive
waste was calculated for the entire period of operation of
the plant (Table 5).

It was considered that during the operation ofa 1 GW
NPP with a water-moderated reactor, the total volume of
RW for the entire period of operation is 90-103 m?, of
which:

— ILW -65-10° m?;

— LLW-25-10° m’.

When decommissioning a NPP, the total volume of
RW is =100-10° m3, of which:

- ILW-12-10° m’,

- LLW -88-10° m>.

According to other data, on average, depending on the
capacity and type of the reactor installation, it was indi-
cated that from 0.15 to 0.35 m? of liquid and from 0.1 to
0.3 m? of solid RW per 1 MW are formed per year. When
recalculated for 50 years of operation, this amounts to
7,500-17,500 m? of liquid RW and 5,000-15,000 m? of
solid RW.

Table 4. Calculation of the volume of different types
of generated radioactive waste per 1 MW(e), m’/year

SMR Type
RWCatedoy | ByvRX-300 | NuScale | SMART Rolls-Royce

Low-level 123 026 | 046 194
LRw | Intermediate- |, 45 946 | 1687 |  69.85

level

TOTAL 4537 072 | 1734| 1179

Very lowlevel | 3434 736 | 1312| 5433

Low-level 22,08 473 | 844 | 3493
SRw | Intermediate- 319 068 | 122 5.04

level

High-level 0.06 0.01 0.02 0.09

TOTAL 5966 | 1278 | 2280 | 9439
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Table 5. Calculation of the amount of radioactive waste
that can be generated at SMR, m

SMR Type
RW_Category | 5iyRx-300 | NuScale | SMART R°"§ﬁ|§yce

Low-level 7358 | 1577 | 2812 | 11642
LRW :gfl‘zrlmediate' 264902 | 567.65 | 101231 | 4191.13

TOTAL 272261 | 58342 | 104043 | 4307.56

Very lowdevel | 206035 | 44150 | 78735 | 325977

Low-level 132451 | 28382 | 506.15 | 209557
SRW :gfl‘zrlmediate' 19132 | 4099 | 7341 | 30269

High-level 3.38 0.73 1.29 5.36

TOTAL 357957 | 767.05 | 136790 | 5663.39

With the introduction of strict environmental require-
ments and high tariffs for RW disposal by developed
countries, reactor designers began to pay more attention
to RW management and, at present, the European Utility
Requirements require the accumulation of SRW of no
more than 50 m® per year per 1000 MW at new NPPs. For
example, the average estimated amount of SRW (per
year) based on the experience of Russian NPPs using the
VVER-1200 reactor as an example is 51.5 m? per year,
including:

— low-level radioactive waste, m> — 40;

— medium-level radioactive waste, m® — 11

— high-level radioactive waste, m* — 0.5.

As can be seen, modern data on the amount of radio-
active waste generated at nuclear power plants differs by
an order of magnitude from the data used previously.

CONCLUSION

The potential use of small modular reactors (SMRs)
opens up new prospects for nuclear power, but the issues
of radioactive waste management remain critical.

At the same time, the urgency of solving the problem of
developing nuclear energy is dictated by the fact that Ka-
zakhstan occupies a leading position in the global market for
the extraction and export of uranium, the country operates
research reactors, produces uranium fuel for nuclear power
plants, as well as experimental nuclear fuel [25].

As noted in this article, the main sources and catego-
ries of radioactive waste at SMRs are not fundamentally
different from those at traditional NPPs. The differences
lie in the volumes of waste, their specific activity, and the
possibilities for optimizing processing and storage sys-
tems. SMR-based plants do not create fundamentally new
challenges in the field of radioactive waste management,
but require adaptation of existing practices. Their wide-
spread implementation should be accompanied by the de-
velopment of a regulatory framework and processing
technologies in order to ensure nuclear physical, environ-
mental, and radiation safety throughout the entire life cy-
cle of a nuclear facility.

10.

11.

12.
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BBEJIEHUE

CoBpemMeHHOE OOIIECTBO Pa3BUBAETCS B YCIOBHIX
aKTUBHOW CMCHBI HHHOBAIIMOHHBIX YKIIAJIOB U IEepexo/ia
Ha HOBBIC MH()OPMAIIMOHHO-HHHOBAIIMOHHBIE TEXHOJIO-
rud, GopMupoBaHus 3P PEKTUBHBIX HAYKOEMKHX CHCTEM
MIPOU3BOJICTBA TOBAPOB M YCIYT, YCIOXHEHUS QOpM U
MEXaHU3MOB KOHKYPEHTHOW OOPBOBI B MEXITyHAPOIHOM
1 HAIIMOHAIFHOM MacmTabax, 9To TpeOyeT MOBBIIICHU
pOJIN 3HAHUIl U MHTEIJIEKTyalIbHOro KanuTana. OgHako
HAlMOHAJIBHBIE CHCTEMBbI MPOMBIIIIEHHONH M Hay4dHO-
TexHH4YecKoit cheprl KazaxcraHna HeocTaTOuHO aianTH-
POBaHbI K YCJOBHUSIM PacUIMPEHHsI III00AIBHBIX KOHKY-
PEHTHBIX MPEUMYIIECTB U INHAMUKE HHHOBAIIMOHHBIX U
TEXHOJIOTHYECKUX TpaHchopMaImid. ITO HATJISAHO MO~
TBEP)KAAIOT U PSUTHUHTH CTPAHBI B OOIIEMHUPOBBIX MOKA-
3arensx: Kazaxcran 3anumaert 81-1o nozuuuio cpeau 133
CTpaH B pEHTHHTE WHHOBAIIMOHHOTO pa3BuTHs «The
Global Innovation Index» [1], 73-e mecto cpeau 146-u
CTpaH B PEUTHHTE 110 YPOBHIO Pa3BUTH SKOHOMHUKH, OC-
HosanHo# Ha 3HaHUAX (The Knowledge Economy Index)
[2] u 39-e mecTo cpeau 172-x ctpan o oobremam BBII
(Gross Domestic Product (GDP).

B »THX ycrnoBHAX BO3HHKAET HEOOXOIUMOCTH OOHOB-
JICHUA HaYYHBIX MOJXOOB K IIOCTPOCHHUIO MOJEIEH Ha-
YYHBIX HCCIICOBAHWMH, TOBBIIIICHHUIO Ka4eCTBA HCCIIEN0-
BaTEIbCKUX PE3YJIbTATOB U UX MMPOTHO3HON BEPOSITHOCTH
C YYETOM COBPEMEHHBIX TpeOOBaHMH ITI0O0ATBHBIX PhIH-
KOB, BHEIIHUX NPAaBWJI U OIPAaHUUCHHUH Pa3HOTO YPOBHSA
[3, 4].

OnHo#t 13 0a30BBIX COBPEMEHHBIX NMPOAKTUBHBIX HC-
CJICZIOBATEIILCKUX TEXHOJIOTHIA ABIsIeTcs popcaiT [S5—8].

[otenmman ¢popcaiT-uccIeJOBaHUH 3aKII0YaCTCS B
cienyromeM [S5]:

— oObBeOWHEHNE YCHIIMHA BCeX 3aWHTEPECOBAHHBIX
JIUI] B CHCTEME BBIPaOOTKH 00IIero npeacraBieHus (00-
pa3a) Oymymiero o0beKTa UCCIIeAOBAHUS (YIHTHIBAIOTCS
pa3IMYHBIC TOYKHU 3PSHUS YICHBIX U SKCIIEPTOB M HAHOO0-
see OOBEKTHBHO OTPa)KaloTCs BCE CTOPOHBI HCCIEIye-
MOM aKTyalbHOH TEMAaTHKN);

— UIMPOKHIi CIIEKTP METOJJOB ¥ HHCTPYMEHTOB ITIPO-
BesieHHs popcaiita (BO3MOXKHOCTD MPEACTABICHUS U BU-
3yaJi3alliy INIaBHBIX CBOMCTB U XapaKTEPUCTUK 00bEKTa
WCCIICIOBAHMS);

— BBIpaboTKa YPPEKTHBHBIX MyTeH peIIeHus Mpoo-
JIEMBI, pa3paboTKa «IOPOKHBIX KapT», KOTOPHIE B MPaK-
TUYECKOM IUIaHe OYIYyT SBIATHCS YETKHM YyKa3aTelleM
JeMCTBUH BceX Py yYaCTHUKOB;

— 1porHo3sl (opcaiita GopMHPYIOTCS IMIMPOKUM
KpPYTOM SKCHEPTOB (CHUKAET BEPOSITHOCTH OJTHOCTOPOH-
HEro B3IJIs/Ia U MOBBINIAET BEPOSATHOCTh JIOCTOBEPHOCTH
TIPOTHO3UPYEMOTO COCTOSHUSI TPOoOIeMbl, (HopMHUpyeT
OCHOBY JJISl CHHEPT€THIECKOTO PAa3BHUTHS).

OHepreTrka 3aHIMaeT ocoboe mecto B (opcaifT-uc-
CIIEZIOBAaHMIX Kak B Mupe, Tak u B Kazaxcrane [9, 10],
MIOCKOJIbKY UMEHHO OHa oIpeJiersieT pyHAaMeHTalIbHbIe
YCIIOBUSI SKOHOMHUYECKOT'O POCTA, TEXHOJIOIHYECKON MO-
JEpHU3AIMM U SKOJIOIMYECKON ycToHuuBocTu. B ri1o-
OanbpHOM MaciuTabe opcaiiT B 3HEPreTHKE MO3BOJISET
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MIPOTHO3UPOBATh MEPEXO0J], K HU3KOYIIEPOAHBIM TEXHO-
JIOTHSIM, pa3BUTHE HOBBIX PBIHKOB U LENOYEK CTOMMO-
CTH, a TaKXe MPEeJOTBPAIaTh YHEPTETHUECKUE KPU3UCHI.
B Ka3zaxcrane 3HepreTuka OJHOBPEMEHHO SBIAETCS OC-
HOBOM SKOHOMMKH U IKCIIOPTA, a TAKXKe UCTOUHUKOM pU-
CKOB, CBSI3aHHBIX C U3HOIIEHHOI HHPPACTPYKTYpOii 1 3a-
BUCHMOCTBIO OT HMckomaeMoro toruma [11]. IToatomy
HMEHHO B 3TOH cdepe GpopcaliT cTaHOBUTCS HHCTPYMEH-
TOM HE TOJIBKO HAyYHOTO ¥ TEXHOJIOTHIECKOTO ITAHHPO-
BaHWSA, HO ¥ BEIPAOOTKH CTPATErHIECKUX PEIICHNH, BIN-
SIOIMUX Ha KOHKYPEHTOCIIOCOOHOCTh CTPaHBI B JJONTO-
CPOYHOM MEPCIIEKTUBE.

B sxonoMuke Ka3zaxcrana coxpaHseTcs BBICOKas 3a-
BHUCUMOCTB OT yTJIEPOJHBIX PECYPCOB U IHEPTOEMKHX OT-
pacieii IPOMBIIIIEHHOCTH, YTO ()OPMUPYET yCTOHYUBBIE
PHCKH 17151 KOHKYPEHTOCIIOCOOHOCTH CTPaHBI B YCIIOBHAX
r7100aIbHOTO Nepexo/ia K HU3KOYIJIEPOAHOMY Pa3BUTHIO.
OaHOBpEMEHHO MEXayHapoaHbIe 00s3aTenpcTBa Kazax-
CTaHa MO JOCTH)KECHHIO YTJIEPOJHON HEHTPaIbHOCTH K
2060 rooy W BKIIOYEHHE B MHUPOBBIE KIMMaTHUECKUE
MHHIUATUBEI TPEOYIOT CHCTEMHBIX PEIICHUI B 001acTH
HaYKH, TEXHOJOTHI W WHHOBALMH, a TAKXKE yCKOPEHHOH
CHCTEMHOMW TpaHCPOpMAaIUH dHEpreTukH [12—-14].

B sTux ycnoBusix ¢opcaiiT-uccienoBanus npuoodpe-
TalOT 0COOYIO 3HAYMMOCTD KaK MHHCTPYMEHT CTpaTeruye-
CKOTO IPOTHO3MPOBAHUSA U OMpEeICHUs NPUOPUTETOB
HAy4YHO-TEXHUYECKOTro pa3BuUTHs. OHH MO3BOJSIOT BBHI-
CTpauBaTh JOJITOCPOUHYIO HAyUYHYIO U HHHOBAIIMOHHYIO
MIOBECTKY, HHTETPUPOBATh HAI[OHAJIBHBIC MIPUOPUTETHI
B INI00ANBHBIC TEXHOJOTMYCCKHE TPEHABI M (hopMupo-
BaTh OCHOBY A1 3(p(peKTHBHOM TOCy 1apCTBEHHO NOMNH-
TuKA. HecMOTps Ha HAKOIUIGHHBIH OMBIT, (hOpcamT-mc-
crnenoBanus B KazaxcTraHe 710 cux HOp HE CTaI CHCTEM-
HBIM 3JIEMEHTOM CTPAaTETHYECKOTO  IITAHUPOBAHUS
[15, 16].

Takum o6pa3oM, akTyalbHOW 3agaueil sBISETCS CO-
BEpIIEHCTBOBaHME MOAX0/a K (hopcaiiT-uccie10BaHUsAM,
KOTOpBIH OBl OJHOBPEMEHHO O0ecneyrBajl HAYYHYIO
000CHOBaHHOCTb, TEXHOJIOTHUYECKYIO PEIEeBAaHTHOCTh M
MIPAKTUYECKYIO MPHUBI3KY K MHCTPYMEHTaM TroCyaapcT-
BEHHON MOJUTHKH B OOJIACTH HAyKH M TEXHOJOTHH B
SHEpreTHKE.

METOJBI

IIpob.iembl dopcaiiT-ucciieo0BaHU

B Kazaxcrane

B Kazaxcrane ¢opcaidT-uccieoBaHus B 00JACTH
«3JHepreruka» npooauiuck B 2013 n 2017 rogax, 3arem
ObUT IIMTENBHBIA TepephIB, M TOIBKO B 2024 Tomy OBLT
peanu30BaH HOBBIHM ITUKJI HCCIIEI0BAHUN. AHAN3 cofep-
KaHUS (HOPCANT-UCCIICOBAHUIA TIO3BOJISET MPOCIIEIUTh
SBOJTIOIMIO SKCIIEPTHBIX IPEACTABICHNH O HAaNpaBJICHHU-
SIX TIOBBIIICHUST 3HEProd(H(PEKTUBHOCTH M COMOCTABHUTH
MIPOTHO3BI ¢ PAKTUIECKOI TUHAMUKOI SHEpronoTpedie-
HUS U TOCYJaPCTBEHHOMN MOJIUTHKH.

®opcaiit-uccnenoBanus 2013 u 2017 rr. nokaszanu,
YTO HMCHOJB30BAHUE YISl OyIeT NOMHHHPYIOIIMM CIle
HECKOJIBKO AECATHICTHH. [109momy 00Ha u3 cmpamezuil

pazeumus snepeemuxu Kasaxcmana 3aKinodaeTcs B pas-
BUTHHU YTOJIBHBIX TEXHOJIOTHHA. AHAJM3 Pa3BUTHS TaKUX
TEXHOJIOTHH MOoKa3al, YTO UMEIOTCS COBPEMEHHBIE pellie-
HUSI IO 0€30TXOMHOMY C)KUT@HHIO BBICOKO30JIBHBIX YT-
JIel ¢ mepepaboTKOil 307161 B CTPOUTENLHBIE MaTepHabl
WJIN CHIPBE JJISI OJTYyYEHHs] METaJLIOB.

Bmopuvim cmpamezuueckum Hanpasenenuem, OTMe-
YeHHBIM B MICCIIEIOBAHUSAX, SBISIETCS POCT HEProddde-
KTUBHOCTH SHEPTETHYECKOrO MPOM3BOJICTBA M BHEIpeE-
aue BUD. OtMedanock, 9YTO Ba)KHO IPUHATHE HOpMa-
TUBHBIX JJOKyMEHTOB II0 CTUMYJIMPOBAHMUIO SHEProddde-
KTHBHOCTH W BHenpeHuio BIO. HopmaTtuBHO mpaBoBas
6aza B oOyactu sHeprocOepexeHus 1 noaaepxxku BN
CO3/laHa U IIPOJA0JIKAeT COBEPIICHCTBOBaThCA. B kauecT-
Be Mep 3HeproaddexTHBHOCTH Mpeaaranack pa3pabor-
Ka HOBBIX BHJIOB TOIUIMBA, B TOM YHCIIE U3 OMOPECYPCOB,
HCIOJB30BaHUE PA3IUYHBIX PECYPCOB IS BBIPAOOTKHU
B0300HOBIsIeMoil sHepruu. [Ipennaraemas mepa akTy-
aJIbHAa M CETOAHS, OCOOCHHO B HANpPaBJICHUU PA3BUTHSA
YIIEXUMHUH, YTO MO3BOJIUT HA MEPBOM JTale MOIy4aTh
6outee dKxoornuHoE TOIIKMBO st TOC, a B MOCIIEICTBUH
MOTy4aTh MPOIYKTHI IIepepabOTKH YIS C BBICOKOH 1O-
0aBIIEHHOI CTOMMOCTBIO.

Tpemvum cmpamezuveckum HanpasieHuem, OTMe-
YCHHBIM B (bOpC&ﬁT-HCCHe[[OBaHHHX, SABJIACTCS pa3sBUTUC
aTOMHOH sHepreTuku. B HacTosmee Bpems B Kazaxcrane
TPOU3BOAUTCH CBIPHE IJIA aTOMHOM MPOMBIIIJICHHOCTH, a
TEXHOJIOTHH IO BbIpaboTKe aTOMHOM »Hepruu B Kaszax-
CTaHe He ucnoib3yrorcs. [loaTomy Ha mepBoM 3Tamne Ie-
11eco00pa3Ho MPOBECTH (PyHIAMECHTAJIbHBIE UCCIEA0BA-
HUSI TI0 pa3paboTKe Oe30MacHBIX TEXHOJOTMH aTOMHOM
sHepreTuku. Ha BTOpoM 3Tarne — co3nanue Mojienei oes-
OTIaCHBIX peakTopoB. Tpertuit atam 00ycioBiIeH MOTPEO-
HOCTBIO pa3pabOTKH IMPOMBIIIIIEHHOTO 00pasia Oe3orna-
CHOTO PEaKkTopa, B TOM YHCIIE PEaKTOpa Majoi MOIIHO-
CTH. IlaHHOC HarpaBJICHUEC BBIXOJUT 3a NPEACIIbI TOpH-
30HTa TPOTHO3UPOBAHHUS (POpCAUT-UCCIEOBAaHUM, HO
TEM HE MCHEC €ro pa3sBUBATh HCO6XOI[I/IMO WMEHHO CeM-
yac, 4yToObl k 2050 rony y Hac ObLIM peasibHble Oe3omac-
HBI€ TEXHOJIOTHH 10 aTOMHOM OHEPIUu.

Ha ocHoBe nmpoBeneHHBIX (hopcaiiT-uccae10BaHul, 1
¢ yaerom SWOT ananmza O6butu chopMupoBaHBI cTpate-
MU JIeHcTBU A7t HanpasieHus «be3onacHast, yncTas u
a¢dexTHBHASI SHEPTETHKA» (PUCYHOK 1).

o pe3ynbraram popcaiit-ucciempoBanmii 2013 n 2017
ro/10B OBUIM OIIpE/ICNICHB! aKTYyalIbHbIE TEXHOJIOTHYECKUE
HAaIpaBJICHUS Pa3BUTHSI SHEPTETHIECKOTO CEKTOpa.

B nepBoodepennsix 3amauax CTpaTerndeckoro Ia-
Ha pa3BuTHia Pecrry6nmku Kazaxctan u 5JKOHOMHYECKOTO
passutus Kazaxcrana no 2050 roga onpeaeneHo co3na-
HHUEC HOBBIX BBICOKOTCXHOJIOTHYHBIX MPOU3BOJACTB II0
riryOoKoH mepepaboTKe yIiIeBOAOPOIHOTO ChIPhs Ha Oa-
3€ MepeZoBBIX Pa3pabdOTOK OTEYECTBEHHON M MHUPOBOM
Hayku. TakuM 00pa3oM, Hapsy C pa3BUTHEM I'a30BOM U
HeTAHOH OTpaciieil NPOMBIIUIEHHOCTH pECITyOJIHKH,
MIPEyCMaTPUBAIOIIAM CTPOUTENBECTBO MarucTpaibHBIX
HedTe- ¥ ra30IpOBO/IOB JUIS YBEJINYEHHS IIOCTaBOK Hed-
TH U ra3a Ha DKCIIOPT, 3arpy3Ky U MOJICpHHU3AIUIO CyIIIe-
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CTBYIOIIUX IIepepadaThIBAIOIINX MPEAIPUATHH, CIEIYEeT
pa3BHBaTh HEPTEXUMUUECKYIO OTPACIIh HPOMBIIIICHHO-
CTH pecIryOInKH.

VYKecToueHHe IKOJIOTHUECKUX TpeOOBaHMI 3acTaB-
JISieT CHIDKATh UCIOJIb30BaHUE yTieH (B TOM YHCIE BBI-
COKO30JIbHBIX DKNOACTY3CKUX yriel). Y4uTsiBas 00Jib-
110e KOJIWYeCTBO YroibHbIX cTaHIMK B Kazaxcrane, oc-
HOBHasl 3aJjada COCTOUT B TOM, YTOOBI pa3BUBaTh TEXHO-
JIOTHH TI0 NIepepabOTKe YISl U TOYHIECHUS KUJKUX U Ta-
3000pa3HBIX KOMITIOHCHTOB.

s crabunpHOTO paseutus BUD umeer pemarorniee
3HaYEHHWE MAIIMHOCTPOUTENbHas 6a3a. Jlist ee cozmanus
Ha MepBOM 3Tare TpeOyIOTCs SKCIIepUMEHTaIbHBIE 1IeXa
U MaJible 3aBOfbI O NMpou3BoACTBY BUD ka3axcTaHcko-
ro copepkanus. Ha BTopom 3Tane ocHOBHOE BHUMaHUE
clegyeT HalpaBUTh HA OJTOTOBKY KaJpOB U CTPOUTENb-
CTBO 3aBO/IOB 10 IPOU3BOJICTBY BETPOYCTaHOBOK, THIPO-
TypOUH, COJIHEUHBIX KOJUIEKTOPOB, OMOTA30BbIX YCTaHO-
BOK, aKKyMYJISITOPOB M XPaHWJINII SHEPTUH. BakHo pas-
BUBATBH JIOKAJIbHOE YHEPIrOCHAOKEHNE KPECThIHCKHUX XO-
3AHCTB M MaJIbIX MPEANPUATHH Ha 0a3e MalbIX BETpPOyC-
TAQHOBOK M COJTHEYHBIX KOJIJIEKTOPOB.

Pa3BuTne OHOTOIIMBA TIO3BOJMT IIepepadaTHIBATh
OTXOMBI MPOU3BOJICTBA, CENBCKOTO XO34HCTBA U Hacele-
HUsl. bruorasoBble yCTaHOBKH YK€ IIPOU3BOAATCS BO MHO-
TUX cTpaHax, B ToM uucie u B Poccun u KHP. TpeGyercs
pa3paboTka Takoi KOHCTPYKIIUH, KOTOpasi O3BOJIsLIa ObI
MOJTy4aTh IEKTPOIHEPTHUIO.

Jnst crabunbHOM paboTel BUD Tpedyrorcs cucteMsl
HaKOIJICHUS JIEKTPO3HEPTHU. Takxke 0JTHUM U3 BaKHBIX
YCIIOBHI SIBIISIETCS] IPOBEACHHE MCCIICIOBAHHM 11O CO3/1a-
HHUIO BBICOKOTEXHOJOTHYHBIX TPOMBIIIIEHHBIX CHCTEM
HaKOIUICHHS 3JIEKTPOIHEPTHUH U TeIlIa, IPUMEHNUTEIHHO
Kk ycnoBusaMm Kazaxcrana u mno npumenenuto CHDID
(9JI€KTPOXMMHYECKHE, KPHUOTEHHbIC, TOIUIMBHBIC OJle-
MEHTHI U T.JI.)

VYronpHas reHeparys MOXKeT cTaTh yOBITOUHOW MpH
BBEJICHUU CAHKI[MII IPOTHUB UCIIOJIb30BaHMS YTJIA B 9HEp-
reruke. Ha nepBom atane BHeipeHue SHEProdhGHeKTus-
HBIX MEPOIPUATHH B MPOU3BOACTBeHHBIN ik TOC mo-
3BOJIUT CHU3HUTH BPEJIHBIE BEIOPOCH U YIyUIIUTh PEKUM
nx pabotsl. Ha cienyromem sTarne — BHeIpeHHE CUCTEM
ra3004YHMCTKH, Ta3u(uKanys, 3aMeHa yIisl Ha ra3, B 1oc-
JIEYIOIIEM TIePEX0/ HAa HOBBIE BUBI KOJIOTHYECKH YH-
croro tormBa. COBEPIIEHCTBOBAHUE HEPTETHUECKOH
3G PEKTUBHOCTH CBS3aHO C HAYYHBIMH HUCCIIEIOBaHUSIMH
B 001acTM MOJEpHHM3AIMH TEIUIOBOW SHEPreTHKH.
HUOKP momxHBI OBITH CBS3aHBI HE TOJIBKO C TIPOIIECCOM
CXKWTaHMA YU M JPYTUX YTJIEBOJOPOIOB, HO M MOJTO-
TOBKOW TOIUIMBA M TEXHOJOTHSAMHU IpeoOpa3oBaHUsA
SHEPTHH B TEIUIO U AJIEKTPUIECTBO, MAITMHOCTPOCHHEM,
MaTepHaIOBEICHUEM, TEIUIO3HEPTETHKOM.

Bosnbie BO3MOXKHOCTH MOBBIIIEHUS SHEPTo3pek-
TUBHOCTHU — CHIDKEHHE NOTEPh B ANEKTPUUECKUX W Tell-
JIOBBIX CETSAX. DHEProd(PEeKTUBHOCTH MPEANPHATHIA MO-
XKeT OBITh yJydIlIeHa 3a cUeT ucroisbzoBanust BUO u co-
3/1aHUS JIOKAJBHBIX ceTel ¢ 000pyI0BaHUEM JUIsl XpaHe-
HUSI QHEPTHH.

OnHNM M3 BaXXHBIX MOMEHTOB SHEPro0e30IacHOCTH
SIBJISIETCSI Pa3BUTHE BOJIOPOAHON U ATOMHOM SHEPTETHKH.
Bonopox MoxHO Tosyyath C ucroib3oBaHueM BUD,
npoOiemMa ero XpaHEeHUsI MOXKET ObITh oOecrieueHa cMe-
LIIEHHEM BOJOPOJia C METaHOM, HCIIOJb30BaHHUEM TOII-
JIMBHBIX 3JIeMEHTOB U T.1. B Kazaxcrane umerorcs pas-
JIMYHBIE PaMOAKTUBHBIC DJIEMEHTHI, THIIA TOPHS, KOTO-
pBIe HE IMEIOT IIHPOKOTO MpUMEHeHHs. Pa3Butne maH-
HOT'O HaNpaBJICHUS aTOMHON YHEPTETHKH ITO3BOJIAIO OB
HaIleil cTpaHe HAMHOTO CHH3UTH YHEPTOEMKOCTh SKOHO-
MHKHU. be3onacHoe pa3BuTre aTOMHOM SHEPTeTHUKU M03-
BOJIUT CO3/IaTh OCHOBY JJISI COBEPIICHCTBOBAHMSA HAYY-
HO-TEXHNYECKON 0a3bl pa3BUTHS SIEPHBIX TEXHOJOTHH,
4yro OyneT crocoOCTBOBATH COXPAHEHHIO W Pa3BHTHIO
«SAJIEPHOI KOMIIETEHTHOCTH» U TIOBBICUT KOHKYPEHTHBIH
craryc Kazaxcrana B Mupe.

Yuumuieass peszynomamor ¢hopcaiim-uccnedosanuil,
MOHCHO 8blOENUMb CedYIoWUe AKMYaIbHble MEeXHON02U-
yecKue HanpasieHus pa3eumusl IHepeemuKi.

1) TyOokas mepepaboTKa YIIIEpOIHOTO CHIPBS C pa3-
BUTHEM He(DTEXUMHIECKOU OTPACIIH, ITepepaboTKa U ra3u-
(uKanys yris, ¥ pa3BUTHE YTICXAMUIECKON OTPACIIH;

2) TOBBIMICHUE SHEPTOA(PPEKTUBHOCTH MPOU3BOACT-
Ba TEIUIa U 3JIEKTPOIHEPTUH;

3) nposenenne HUOKP mo pa3paboTke kazaxcTaH-
ckux BUD u coznanue cetr Malibix MPOU3BOJICTB;

4) cosznanue Qonma i QUHAHCHPOBAHMS HOBBIX
TEXHOJIOTHH 110 HeproadpekruBHocT 1 BUI;

5) pa3paboTka (PMHAHCOBBIX UHCTPYMEHTOB JJIsI CTH-
MYJIMPOBaHUSI HSHEProd(GEKTUBHOCTH W TNPHUMEHEHUs
BUD;

6) pa3paboTKa MPOMBIIUICHHBIX CHCTEM HAKOTUICHHS
SHEPruw;

7) pa3paboTKa aTOMHBIX U BOJOPOIHBIX TEXHOJIOTHIA
¢ obecrieyeHrEM MX 0€30ITacHOI IKCILTyaTali U KOHCep-
BallUH.

CpaBHUTENBHBIN aHAIH3 MTOKa3bIBaeT, 4To Kazaxcran
npouIés 3HAYUTENBHBIH IyTh B pPa3BUTHUHU IPaKTHKH (Hop-
caift-uccienosanuii B suepreruke. Ecim B 2013 rony ax-
LEHT JIeJIaJiCsl Ha OLIEHKE DHEPrOEMKOCTH SKOHOMHMKHU U
(opmupoBaHuM 00LIMX cleHapues, TO B 2024 roxy ¢o-
KyC CMECTHJICS Ha KOHKPETHBIC HAIPaBIICHUS HayJHBIX
HCCIICIOBAHUIA U WX YBS3KY C HHCTPYMEHTaMHU TOCyaap-
CTBCHHOTO (DMHAHCHUPOBAHU. DTOT EPEXO0/I CBUICTEIb-
CTBYET O MOBBIIICHUN WHCTUTYIHOHAIBHON 3pEIIOCTH H
MMOHUMaHHS POJH HAYKH B OOCCIICYCHUH YCTOWYIHBOTO
Pa3BUTHS SHEPTETUIECCKOTO CEKTOPA.

B TO ke Bpemsl OCTaroTCsi BbI30BbI. Bo-miepBbIX, HpH-
OpuTeTHI (hopcaiita 1oKa HEeOCTATOYHO COOTHECEHBI C Me-
JKITYHApOJHBIMU TEXHOJIOTHYECKUMH TpeHaaMu. Bo-BTo-
PBIX, COXPaHSETCsI OrpaHNYEeHHAsI BOBJICUEHHOCTh OM3HEeca,
TOT/Ia KaKk B BEIyIIMX CTPaHaX MMEHHO B3aMMOJCHCTBHE
HayKd W TPOMBIIIIEHHOCTH OOECHEYMBACT yCKOPEHHYIO
KOMMepIHaJIM3alfio TEXHOIOTHi. B-TpeTsux, He chopmu-
pPOBaH MEXaHW3M PETyJSIPHOM akTyanmzanuu QopcaiTa:
OBICTPO MEHSIOIIAsCSl SHEPreTHYECKasi TOBECTKa TpedyeT
rHOKOCTH U a/IalTHBHOCTH, 4TO B KazaxcraHe moka peany-
30BAHO JIMIIb YACTUYHO.
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CTpﬂTel'ﬂSl HHHOBAITHOHHOI'0 pasBHTHSA
SHEPreTHKH

Ctpateras THBepCHpHUKAINH SHEPreTHIECKOTO
NPOH3BOACTBA

IIprMeHeHIe HOBEIX TEXHOIOTHIT A1
9Heproa(eKTHBHOCTH H SHEpProcOepeKe It

MozepHm3anus [eficTBYIONIX HCTOUHIIKOB YHEPIUIL,

Brenpenne kazaxcTaHcKux paspaboTox mo BUD u
TpaHC(epT TEXHOIOIMIT 0 KOMILTEKTYroImM BUD

Breznpenne TexHONOIHit 110 6€30TXOJHOMY
CHKUTAHIIO BBICOKO30MBHBIX YyITIei

HCIIONB3Ys KA3aXCTAHCKIE pa3padoTKH I TpaHc(hepT
TeXHOIOTHIT

TInaampoBaHNe IpOBEEHNA YHEPIoayanTa,
BHE/IPEHHIT MepoNpIATHii [0 YHeprod(GdexTHBHOCTH

_{

PazBuTiie O€30IIaCHEIX SOEPHBIX TEXHONIOIHIL.

11 SHEPrOcOepEe;KEHMIO Ha SHEProoObeKTax

CepTudmKaIst n akKpeIUTAI YIPEKICHITIT T

®opmupoBanne cetu Kb, HCIBITATENBHBIX
Ta0OPATOPHIi, IEXOB /A MPOI3BOACTBA MOZeNei,
3aBOJIOB UIA IIPOM3BOACTBA M TECTHPOBAHHA
TIPOMBIIITEHHBIX 00pa3lioB

TIPOBECHIIS SHEPTOAYANTA U BHEIPEHIIA
3Hepro3(PeKTHBHBIX MEPOIPIATIIL

Ceprudukanms n aKKpeIUTAIIA YIPEKICHIIT LT

PaspaboTka (hHHAHCOBBIX HHCTPYMEHTOB UL
CTHUMYIHPOBAHUA SHEProdP{eKTHBHOCTIL,
SHeprocOepesxeHIs U BHeApeHrst BUD

OOYUEHIISI 1 IOBBIIIEHI KBATH()UKAIIII 110
BHEZIPEHHIO YHeproa(GeKTHBHEIX TeXHOIOTHI

IloBrmenue CTaTyca YUC€HBIX-DHEPI'€THUKOB,

(DOPMI/IPOBHHI/IG THHOBAIIIIOHHBIX KOMIIAHHH Ha
OCHOBEC YACTHO-TOCYAAPCTBEHHOIO MAPTHEPCTBA A
CO3MaHIA yCJIOBI/Iﬁ 110 MPOABITKCHUKO HHHOBAITIHI OT

CTaINN 3apOXKACHHA 10 €€ KOMMEPITHATI3AITII

npenofasarereii BY30B sHepreTudeckoro mpodust

CTI(IMYJII(IPOB&HI(IG MOJIOABIX CIICIHANIICTOB-
OHEPreTHUKOB ITI1 paGOTBI B SHEPIeTHICCKHIX

nentpax, BY3ax, HUA

CTI/IMYHI/IPOBHHI/I@ MOIIOABIX CIICI[HATIIICTOB IO

anpHelleMy 0OVUeHII0 B MaricTparype,
JIOKTOpaHTYype B cepe »HEpreTHKN

C'I'PﬂTeF]H[ CHH/KCHHH HETAaTHBHOI'0
BIHAHHA

Crparterns ycTpaHeHHs
yrpos

CHImkeHIe IIOTEPh B CETSX 3a CUET PasBHUTILI
JIOKaITbHOTO 3HGPI'OCH3.6)K8HI/I}I u 3HGP1"0068G1'I€‘IGHI/IH

Pazpaborka muddepeHImpoBaHHEX TaprhoB T8
MPOH3BOUTENeH SHEPIUI

—{ CTuMynHpoBaHIe HI3KOYIIEPOIHOTO Pa3BHTIA

CTI/IMyIII/IPOBaHI(IG CO3JaHHA aBTOPCKHUX INMKOI 1

CrumMynupoBanue SHeprodddexTnBHOCTH,
sHeprocoepexkenns 1 BHeaApenst BUD

HaYYHBIX KOIIEKTHBOB C IIPHBICYEHNEM MOJIOI0TO
IIOKOJICHUS CIISIHAINICTOB I HCCIeoBaTeneil

HPGZ[OCTEBIICHI/IC JICIMEBEIX>» KPEANUTOB CO CTOPOHBI
TOCYIAapCTBa 3HEPIrOKOMIIAHUAM 1A MOAEPHU3AITHAI

CHzxeHIe ce0ecTONMOCTH SHEPITH 33 CUeT
9Hepros G peKTHBHOCTH, SHeprocOepeskeHus 1
ncnone3osana BUD

COBGPHIGHCTBOBHHI/IG 3aKOHO/AaTeIIbCTBa II0
BHGPTGTI/I‘IGCKOI‘/’I OTpaciIn M KOHTpPOIb 3a
HCIIOIHEHHEM € YKa3aHIEM KOHKPETHBIX OPraHOB I1
KOHKPETHBIX O(bI/II_H/IEJIBHL]X JIHILT

IIPOM3BOJCTBA C MCIIONB30BAHHEM KA3aXCTAHCKIIX
Ppa3paboToK U TpaHc(epTa TeXHOIOTHII

PazpaboTka cHCTEMEI 11 TOIETHOTO

(uHAHCHPOBAaHUS HAHOOJIEe BRICOKOIOXOAHBIX I
TeXHIYeCcKH 2P PeKTHBHEIX Pa3padOTOK

BEmmyck LeHHBIX OyMar SHeproKOMIIAHIH IIPH
peanmain CTPATeTnIecKIX MPOeKTOB B OTPACTI.

PasBurne crcTeMbI BEICIIETO 00paz0BaHI B 00macTi
ANFTEPHATHBHOII HEPreTUKII C BEIISICHHEM
TOCTPAHTOB Ha 00yYeHHe MarucTpaHTOB U
JIokTopaHToB 110 BUD 1 opraHn3oBars CTaKHPOBKY
HAIINX CIICITHANICTOR 3a PyOeiKoM

Pasputue cuctemMmbr OILIEHKH PHCKOB B
SHEPTETHICCKOM CEKTOPE

HBY‘IE!HI/IEE KOMIIIIEKCa SHEPIETHICCKUX pEeCcypCcoB

VYBennueHne rocyIapcTBeHHOrO (PUHAHCHPOBAHIS
(yHIaMeHTANBHBIX I IPHKIAIHBIX HCCISIOBAHMIIT 110
sHeprernke. Co3flaHIe B KaK/JOM MHHICTEPCTBE H
HAIMOHANHHEIX KOMIIAHHAX JeIapTAMEHTORB II0 HayKe
1 THHOBAIIIAM

BUD palioHOB HEpPCIIEKTHBHOTO PA3BUTHA

P33P360TK3 METOAMK ITPOSKTHPOBAHHA THIIOBBIX
IIPOEKTHBIX PEHIEEHI/Iﬁ A KOMIUTIEKCHOTO

SHEeprocHa0XKeHIsI aBTOHOMHBIX 00BEKTOR ¢
BoBreueHnem BMD

Pucynox 1. Cmpamezauu deticmauii ona nanpagienus «besonacnas, wucmasn u s¢pgpexmusnasn snepeemuxa,
cpopmynuposanHvle Ha OCHO8e hopcallm-uccied08anull
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OcHognvimu pekomendayuamu 0na Kazaxcmana mo-
2ym ovims.

1. WHcruryunonanuzanusi ¢popcaiiTa Kak MOCTOSH-
HOTO Tpoliecca (3aKperyieHue peryssipHOCTH OOHOBIIe-
HUs QopcaiiT-uccuenoBanuii (Hanpumep, pas B 3—4 roza)
U MHTETPUPOBAHUE HX PE3yJNbTaTOB B CTpaTerMUECKHE
JIOKyMeHTbI — «CTpaTeruto HU3KOYTJIEPOAHOTO pa3BH-
Tus», «ocporpaMmy pa3BUTHS HayKW» M OTpacieBBIe
TIPOTPAMMBEI).

2. Pacmmpenne MeTomoiormdeckoil 06a3sel (cremyer
aKTHBHEE MCIOJIH30BATh aHAJM3 ITyOJMKAIIMOHHOM 1 Ta-
TEHTHOH aKTUBHOCTH, 0a3bl JAHHBIX MEXKIyHAapOIHBIX
opranm3aiuii (IEA, IRENA, EU JRC), a Takke MeTOIBI
MAaIIMHHOTO 00YYEHUS 7SI BBISIBICHHS 3apOKIAFOIIIXCS
TEXHOJIOTUYECKUX HAPaBJICHHH).

3. VYcuneHue cBsi3U ¢ OM3HECOM M NPOMBIIUICHHO-
CThIO (pa3BUTHE MEXaHH3Ma HCCIIEeNI0BATEIbCKUX KOH-
copuuyMoB, rae yHusepcuteTsl, HUM u npomsliieH-
HBIE KOMIIAHUU COBMECTHO (DOPMHUPYIOT IPHOPHUTETHI HC-
CJIeJOBaHUH U ICJST PUCKH BHEIPCHMUA).

4. ®oxyc Ha KPUTHYECKHU BaXKHBIC TEXHOJIOTHH (VIS
Kazaxcrana KIIf04eBBIMH MOTYT CTaTh: CHCTEMBI HAKOII-
JICHWsS DSHEPTHUH, YJIaBIMBaHHE W XpaHCHHE YIIepoja
(CCUS), BomopoaHBIE TEXHOJIOTHH, OTITUMH3AIHS YHEP-
rOnoTpeOIeHHUs B SHEPrOEMKUX OTPACIIX, B TOM YHCIIE B
SHEpreTuke, NUGPOBU3AIHS YHEPTOCHCTEM).

5. HHrerpanus ¢ MEXIyHApOIHBIMM WHMIIMATHBA-
MU (y4acTHe B PETHOHAJBHBIX U IIIOOAIBHBIX TEXHOJIO-
THYECKUX aJbSHCAX, JOCTYI K TEPEelOBBIM 3HAHMUAM U
(MHAHCUPOBAHUE AJISl COBMECTHBIX IPOEKTOB).

6. dopmMupoBaHHE CHCTEMBl MOHHTOPUHTA BHEJIpE-
HUs (pa3paboTka WHANKATOPOB, KOTOPEIC ITO3BOIIAT OT-
CJIeXKMBATh, HACKOJBKO 3(p(PEeKTHBHO peanu3yroTcs Ipu-
opuTeTH (hopcaiita — Kak B Hayke (KOJMYECTBO IMyOIH-
Kalui ¥ TaTEHTOB), TaK U B SKOHOMHKE).

HecmoTps Ha HaTH4YUe CTPATErHYECKUX TOKYMEHTOB
u Qopcaiit-uccnenoBanuii, Kazaxcran ocraéres B uucie
cTpaH ¢ Hambosnbiiel sueproémrocteio BBII. [lanuble
6osee yem 200 sHEpProayuToB, NMPOBEASHHBIX B 2023—
2025 rony, MOKa3bIBAIOT, YTO 3HAYUTENbHAS YaCTh MPO-
MBIIIUIEHHOCTH COXPAaHSET YCTapeBIIHE TEXHOJOTHH H
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HU3KYIO YIPaBICHUECKYIO KYJIBTYypY B 00JIaCTH 3HEPTO-
coepexenus. [Iporaossr gopcaiito 2013 u 2017 romos
BO MHOT'OM HE PEaM30BaAIIUCh, IIOCKOJILKY B HUX HEI00-
[IEHUBAJIUCh MHCTUTYIHOHAIbHBIE Oapbephl: ciabas Ta-
pudHas MOTHBAIMS TPEIANPUSITUN K MOJAEPHHU3AIUH, OT-
CYTCTBHE YCTONUUBOMN MOAMEPKKH TOJATOCPOUHBIX HHBE-
CTUIMI ¥ OTPAHUYEHHOCTh KOMIIETEHI[MI PErHOHABHO-
TO YPOBHSI YIIPaBIEHUS SHEPTOCOEPEIKEHIEM.

Texymiee moj0:keHNe HAYKH M JHEPreTHYeCKOH

oTpac/u

AHanu3 COCTOSTHHSI HayKH U TeXHOJIOruil B Pecry0-
nuke Ka3zaxcraH moka3bIBaeT, 4To 3a IOCJIEAHUE J1BA Jie-
CATWIETHS HAONOAaeTCs yCTOHUYMBAS IOJIOKHTENbHAS
JVHAMHKa B ()MHAHCHPOBAHMH HAYYHBIX HCCIICTOBAHUH
u paspabotok [17]. Haubonemmmas gons BHyTpeHHUX 3a-
tpat Ha HUOKP npuxoautcs Ha HHXKEHEPHBIE pa3padoT-
KA M TEXHOJOTHH, KOTOPHIE AEMOHCTPUPYIOT CTAOWIIb-
=Bl pocT B 20042023 rT. (pricyHOK 2). 3HAYUTEIHHBII
MIPUPOCT HAOJIONACTCS TaKkKe B 00JACTH MEIULIUHCKUX
HayK, B TO BpeMsI KaK CelIbCKOX03IHCTBEHHbIE HAYKH, CO-
LUaJIbHBIE M TyMaHUTapHbIE JUCIMIUIMHBI COXPAHSIOT
OTHOCHTEJILHO HEOOJIbIIINE, HO CTaOUIIbHBIE 00beMbI (hU-
HaHCHPOBAHUSI.

IIpu sTom nons BHyTpeHHHX 3aTpaT Ha HMOKP B
BBII ctpanbl ocTaéTcsi HU3KOM M 3a MOCIEAHHUE T'OJbI
MIPaKTHYECKH HE W3MEHMIIACh, KOJEOJSCh B Ipeaenax
0,12-0,13%. Oto yka3blBaeT Ha OrpaHMYEHHBIH Mac-
mrTad BIMSHUS HAYKH Ha 3KOHOMHKY U HEOOXOIMMOCTD
TIOBBIIICHUS 3 PEKTUBHOCTH HCIIOIb30BaHUS PECYPCOB.

BwMecre ¢ Tem, mpoBenEHHBIE B paMKax (opcanT-nc-
CJIeIOBaHUsI aHKETUPOBAHUE U TIIyOWHHBIE WHTEPBBIO C
OTEYECTBEHHBIMH U 3apyOeXHBIMH SKCIEpTaMH MOJ-
TBEPJWIN, YTO UMEHHO MH)XEHEPHBIE U TEXHOJIOTHYEeC-
KM€ HaIpaBleHHs 00JIagaloT HanOOJBIINM IOTEHIIHA-
oM it (GOpMHUPOBaHUs OYAyIIMX PHIHOYHBIX HHII U
MHTETrpanyy B II00aIbHBIE IENOYKH T0OaBICHHOH CTO-
UMOCTH. [[J1sl yTOUHEHUS 3THX IIEPCHEeKTUB ObLIN pa3pa-
00TaHBI CrienMaNIbHbIE ONMPOCHBIC MIA0JIOHBI («DKCIIepT-
HBI WHCAWT»), TO3BOJMBIINE BBISIBUTH HAIpaBIICHHUS,
TpeOyIoIre rocy1apCTBEHHONH M KOPIOPATHBHOW I0JI-

JACPIKKHU.
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CornacHo HarmonansHOMY oTuery no Hayke HAH PK
3a 2023 rof, B paMKax 3aBepLIEHHBIX HAY4YHBIX IIPOrpaMM
ObUTO MOJTy4YeHo 155 oXpaHHBIX JOKyMEHTOB u 1696 my0-
JIUKALUH, U3 KOTOpbIX 387 MHIEKCUPOBAIUCH B SCOpus U
141 B Web of Science. KomiaecTBo BHEIpEHHBIX pe3yJIbTa-
TOB cocTaBuIIO 260, oxBaTbIBas 45 mporpamm [18]. Anamus
TMOKa3bIBaET, YTO NMaTeHTHAask aKTUBHOCTh 3HAYUTENIHLHO HH-
e MyONmKaImoHHoH. B popcaiiT-uccnenoBanmsx B Kazax-
CTaHe, KaK MPaBUJIO, AKIIEHTUPYIOT BHIMAHHE Ha ITyOnKa-
LUOHHOM aKTHBHOCTH, TOT/Ja KaK aHAJIU3 0 MATEHTHOM aK-
TUBHOCTH JIMIITH JOTIONHSET aHANW3 ITyOnuKarmid. Takoi
TIO/IXOJ] OTPaHUIHMBAET BO3MOXKHOCTH BBISBIICHUS TEXHOJIO-
THYECKUX TEHJCHIUH B OTIENIBHBIX CEKTOpax, BKIIOYAs
SHEPreTUKY, U 3aTPYyAHSAET OLIEHKY MOTEHIMala UX KOM-
Mepuuansaimm. Mcnomns3oBanue Scopus u Web of Science
MO3BOJISIET BBIACIIATH TEMAaTHYECKUE KJacTepbl ITyOiuKa-
uuil. B marepuanax u oruérax HAH PK 3a 2017-2024 rr.
MAaTeHTHAs CTATHCTHUKA Yallle PacCMAaTPUBACTCS KaK 4acTh
o0Iel NHHOBAIIMOHHOW W KOMMEPIHAIH3AIlMOHHON aHa-
JIMTHKHL.

B MexmyHapomHOH mpakTake (GopcalT-MCcCIeOBaHU
B DHEPIEeTHKE CTPOATCS Ha KOMIUIEKCHOM aHajn3e ITyOum-
KallWi 1 aTeHTOB, YTO MO3BOJISIET BBISABIISATH TEXHOJIOTHHE-
CKHE TPEH/IBI 1 CIIENNATIN3ALIIO CTPAH.

[MateHTs! (UKCHUPYIOTCS B arperMpoOBaHHOM BHIE IO
KOJIMYECTBY 3asBOK Ha M300peTeHMs, MOJIC3HbIE MOJIEIH,
MPOMBILIJIEHHBIE 00pa3Libl, TOBAPHBIE 3HAKH, U Yyepe3 Kod(-
¢umeHT n3o0peTaTenbckol akTHBHOCTH. OTCYTCTBHE pas-
OWEHHs TI0 CEKTOPaM 3aTPy/AHSIET TOYHOE BBISBICHHE TEX-
HOJIOTHYECKHUX TCHACHIIUH.

[MapannensHO aHAIN3 COCTOSIHUS IIEKTPO3HEpreTHYIeC-
Kol orpacim KasaxcraHa BBISIBIJI HaJIMYHME CHCTEMHBIX
po0JIeM, OTPAHUYMBAIONINX €€ Pa3BUTHE.

Hanbonee ocTpeiMu OCTarOTCSl TEXHUUECKUE BBI3OBBI —
MIPOTHO3UPYEMBIH Ie(UINT 3JIEKTPOIHEPTUH X MOIITHOCTH,
BBICOKHI yPOBEHb M3HOCA T€HEPUPYIOIIEr0 U CETEBOTrO
00opyIoBaHUs, OTPaHUYECHHAs MPOIYCKHAsI CTIOCOOHOCTD
MEX[y DHEProy3JiaMd M HU3KHH YPOBEHb 1H(POBU3AIINH.
VHBecTUIIMOHHBIE Oaphephl CBSI3aHbI C ICUCTBYIONIEH CHC-
TEMON TapU(HOTO PETYTUPOBAHMS, KOTOpas HE CO3MaET
CTUMYJIOB JUI1 MOJIEPHU3AIMN U HE 00eCTeunBaeT J0JTro-
CPOYHOM TpeACKa3yeMOoCTH Julsl On3Heca. PriHOUYHBIE U pe-
TYJISITOPHBIE HEAOCTATKU HPOSIBIISIOTCS B HECOTTIACOBAHHO-
CTH TIPUHLIUIIOB PBIHOYHOTO 1IEHOOOpa30BaHus C aJIMHHH-
CTPAaTUBHBIM PETYJIMPOBAaHUEM, & TAKKE B OTCYTCTBHHU He-
3aBHCHMOTO OpraHa, OOECIIeUMBAIOLIEro YCTOIYHMBOE
(YHKIIMOHMPOBAHNE PBHIHKA.

JonomHnTebHBIMA (haKTOPaMH PUCKA SBIISIOTCS] HECO-
IJIACOBAHHOCTh SKOJOTMYECKON TOJMTHKA W TapU(HOTO
peryJIupoBaHus, OTCYTCTBHE MEXaHU3MOB (PHHAHCHPOBA-
HUSI 9KOJIOTHYECKHUX MEPOTIPUATHH, a TAK)Ke HeXBaTKa Kaj-
POB 1 CHIDKEHHE KBATH(UKAINHK crienuancTos. [Tpu aTom
B OTpaciM OTCYTCTBYET CHELMaIM3UPOBAHHBIN Hay4YHO-
TEXHUYECKHH COBET, COCOOHBIN (hOpMHPOBAThH CTpATETH-
4eCKOe BUJEHHE U NOAJEPKHUBATh JOJITOCPOYHBIE PEIICHUS
Ha OCHOBE aHAINTUKH M IIPOTHO30B.

Takum oOpas3oM, Hayka u sHepretrka Kasaxcrana ne-
MOHCTPHUPYIOT pa3HOHamnpaBieHHOe pasButie. C OIHOM

CTOPOHBI, yCHIIMBACTCS BHUMaHHE K HH)KCHEPHBIM M TEXHO-
JIOTMYECKHM HaIlpaBJIeHUsIM, YTO IOITBEPIKIaeT UX CTpare-
THYECKYI0 3HAYMMOCTD Ul Oy aymieit skoHoMuku. C npy-
TOi — SHEPreTHYEeCcKasi OTPacilb CTAIKUBAECTCS C KOMILUICK-
COM BBI30BOB, TPEOYIOIIMX CHCTEMHOTO pereHus. B atux
yclnoBusX (opcalT-uccineoBaHus BBICTYNAIOT KaK WHCT-
PYMEHT COIJIacOBaHUs IIPUOPUTETOB HAYKH M OTPACIIH, TI0-
3BOJISISL (POPMHPOBATE OJITOCPOYHBIC OPUCHTHPHI M HHTET -
PHPOBATH HALMOHAIBHYIO SHEPIETHKY B ITI00AIBHBIE TIPO-
LIECCH TPaHC(HOPMAIIHTL

Mmuposeie Tpenabl. Hanpasienns pazButus
MHPOBOIi JHepreTuKu. Me:ka1yHaApOHAA
npakTuka gopcaiira.

CoBpeMeHHasi MHPOBasi SHEPTETHKA TIEPESKUBACT TPAH-
cpopmaniro, HOBBIN BUTOK Pa3BUTHS CTABUT 33/1a4M B Jac-
TH OTBETA Ha I7I00aIbHbIC BBI30BBI, BKIIIOUAs 0OecTieyeHne
9HEProOe30MaCHOCTH, BOBJICUCHHOCTD B OUEPEIHYIO TEXHO-
norudeckyro peomormio («Manyctpus 4.0»), cTaHOBITE-
HUE COBPEMEHHOH apXUTEKTYPbl MUPOBOU SHEPrOCUCTEMBI,
obecriedeHre SKOIOTHIECKON 0e30MaCHOCTH MPH MTOMOILH
HHTETPAIMU COBPEMEHHBIX TEXHOJIOTHH.

B MupoBoii 3HEpreTUKe NPOCIEKUBAIOTCS YCTONUUBBIC
TEHJICHIIMH, KOTOPbIE OYIyT CKa3bIBaThCs B OJATOCPOYHOM
MIEpPCTICKTUBE HA CJIIYIOIINX XapaKTEpPUCTUKAX OTpaciu:
9HEProOe30MaCHOCTb, IPOIYKTOBBIE PBIHKH, MEXTyHApPO/-
HBIE CTAH/IAPTHI, TEXHOJIOTHS U TEXHHUKA (PHCYHOK 3).

Kax ormedaercss BO MHOTHX 3apyO€XHBIX HCCIICOBa-
HUSAX, 3aKimioueHne [laprkcKoro coryamieHus: IpUBEIo K
TOMY, YTO MHOTHMH CHEIHAIICTaMU aTOMHasl SHEPreTHKa
BHOBb CTajla BOCIIPMHMMAThCsl Kak HamOosee IpHBIIEKa-
TeJIbHasl albTepPHATUBA, TIOCKOJIBKY aTOMHasl AJIEKTPOreHe-
panust, ecau obecrieunBaeTcs Oe3omacHas IKCILTyaTaIlHs
ADC, mo3BosieT BhIpabaThIBaTh JACHIEBYIO JJIEKTPOIHED-
THIO C HU3KMMH BBIOpOCAMH YTJIepo/Ia.

MesktyHapoHOE 3HepreTuueckoe areHTcTso (MDA)
MPEACTaBUIO MPOTHO3 pa3BUTHUSL dHepreTuku Ha 2023 r.
World Energy Outlook) [19]. ITo orneHkam opraHv3amum,
TEXHOJIOTHYECKHH TPOrpecc MPHUBEIET K CYIIECTBEHHOMY
N3MEHEHHUIO TTI00aIbHON SHEPTeTHUECKOH CHCTEMBI K KOH-
Iy 3TOTO JECSTHIETHs. BoNaTHiabHOCTh 3HEPreTHYecKUX
PBIHKOB B YCJIOBHSIX KPH3HCA MOAYEPKHYJIA BAKHOCTD YC-
TOMYMBBIX MOCTABOK SHEPIrOPECYpPCcOB, OCOOCHHO B Pa3BH-
BAIOIIMXCS CTPaHax, Iie HaOoaeTcst HanOoIbIINi pocT
CIIPOCa Ha 3JIIEKTPOIHEPTUIO.

K 2030 r. 10715 ncKomaeMoro TOTUIMBA B MUPOBOM dHEP-
robanance CHU3UTCS 710 73%, 10J11 BO30OHOBIISIEMBIX HCTO-
yHMKOB 3Heprun (BUDJ) yeemuurest 1o 50%. Oxunmaerc,
yro BUD OynyT obecrieurBaTh 10 80% BCeX HOBBIX dHEp-
TeTHYECKUX MOIIHOCTEH, 13 KoTophiX 50% OymyT cocras-
JSITH coHeuHble (hoToanekTpuyeckue cuctemsl. C 2020 T.
MHBECTULIMU B «3EJICHYI0» 3HEPTeTuKy Beipocau Ha 40%. B
YHCIie OCHOBHBIX (DAaKTOPOB POCTa MHBECTHUIIMOHHOM NpH-
BJIEKATEJIFHOCTH YCTOMYIHNBBIX IIPOEKTOB — CTPEMIICHHUE JI0-
cTHYb Lienel ITapiKeKoro cornamenue o CHUKEHUIO YI-
JIEPOTHOTO ClIeJIa, TIOBBICUTH SKOHOMHUECKYIO 3(h(EeKTHB-
HOCTB SHEPreTHIecKor MH(PPACTPYKTYPhI, 00SCTICUNTh M-
BepCUHUKAIINIO SHEPTOCHAOKEHUSL.
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Henocrarounoe q)HHaHCHPOBaHHG O6HOBHCHHSI, TEXHUYCCKOro NMEPEBOOPYKCHUSA

1. DHeprode3onacHoCTH

OCHOBHBIX CI)OHHOB FCHCPHPYIOLINX MOIIIHOCTEH 1 00BEKTOB SHCPFCTH‘JCCKOﬁ

HH(PACTPYKTYpPBI YCYryOIsieT CHTYAIIO CTApEHHS H BBICOKOTO H3HOCA
9HEPreTHYECKOro 000PYI0BaHHUs BO BCEM MHPE, BKIIFOYAst caMble OOraThlie CTpaHbl

HameruBIumiicss BO MHOTHX CTpaHaX MEPeXojl OT PhIHKA SHEPTHHU K PHIHKY

2. ITpoaykToBbIE PHIHKH

KOMITJICKCHBIX YCIIYyI' B obnacti 3HepI‘OCH86)KeHH5], C HOBBIMH SHEPreTHYCCKUMHA

TEXHOJIOIUAMH, BCJICT K POCTY CEKTOpa SHEPTrOCECPBUCHBIX KOMITaHUH 1 ycayr,
YBCJIHYCHHIO HMHBECTHUIIHH B MaITYIO pacrpe/ICIICHHYIO SHEPT CTHKY.

DHepreTHueckuii cekTop obecrneunsaeT okono 40% aHTPONOreHHbIX BEIOPOCOB

3. MexayHapoaHble CTAHIAPThI

IMAapHUKOBBIX I'a30B U Cy].l.leCTBCHHbIﬁ o0bem BbleOCOB 3arpAa3HAIINX BCUIECTB, YTO

JICJIaeT €ro OJAHUM M3 KJIFOYCBBIX YHAaCTHUKOB peajlu3allii 00513aTeNILCTB B paMKax
Hapmi(cxoro ComlaluCHus 1Mo KiIuMary.

KitoueBbim HalnpapJICHHEM TEXHOJIOIHYE€CKOr'o pa3sBUTHA OTPACIIH ABJIAOTCA
KOMIIJICKCHBIC PEIICHHUS HAa OCHOBE BUD n pa3BUTHC TeXHOJ’lOl‘Hﬁ, TMOBBILIAOLINX

4. TexHOIOTHSI H TEXHHKA

9Heprod¢¢exTuBHOCT. OAHOBPEMEHHO HAOIIOAAETCS M H3MEHEHHE OTHOLICHHS K

ATOMHO# JJIEKTPOreHepannm, Koropass MHOrMMH 3KCIIEpTaMy BOCIIPHHUMAETCS KakK
Haubonee MpUBJICKATE/IbHAS aJIbTEPHATHBA

PucyHo;c 3. Yemotiuuswle meHdeHL;uu, GliuAowue Ha OCHO6Hble XapaKmepucmuku ompaciu

Io mpornozam MDA, MupoBo€ MPOU3BOACTBO AaTOMHOI
SHepruu OyAeT pacTH B CPeTHEM ITOYTH Ha 3% B TOJ] BIUIOTH
1102026 roza, a k 2025 rogy TOCTUTHET HOBOTO PEKOPTHOTO
ypoBH:. bojiee oIOBUHBI HOBBIX PEaKTOPOB, KOTOPHIE, KaK
oXHJaeTcs, OyayT BBEICHBI B AKCIUTyaTallUI0 B TEUEHHE
MIPOTHO3UpPYEMOro neproja, HaxoaaTces B Kurae u uanu.

PexopHOe MPOM3BOJACTBO 3MEKTPOIHEPTUU U3 HU3-
KOAMMCCHOHHBIX UCTOYHHMKOB, BKJIIOUasi aTOMHYIO HEp-
TeTUKY, JOJDKHO CHH3HUTH POJIh UCKOMIAeMOTO TOIUIHBA B
00eCTICUeHIHN 3JIEKTPOIHEPTHEN JOMOB U PEATIPUSITHI.
Oxupaercs, uro Kk 2026 rony Ha JOJI0 HU3KOIMHUCCUOH-
HBIX ICTOYHHUKOB OYAET MPUXOIUTHCS MOYTH MOJOBHHA
MHPOBOTO TPOHM3BOJCTBA IIIEKTPOIHEPTHH, TIO CpaBHE-
Huto ¢ 39% B 2023 roxy. B cBoeit 0OHOBIIEHHOH TOPOXK-
Ho# kapte Net Zero Roadmap, Beiny1ieHHO# B ceHTs0pe
2023 romga, MDA nepecMOTpeso B CTOPOHY MOBBIIICHHS
pOJIb aTOMHOW PHEpPreTHKH. B 0OHOBIEHHOM CLIEHAPUH
YHCTOro HyJeBOro BeiOpoca (NZE) MOIIHOCTD siiepHOit
TeHepaluy YBEIUIHTCs Oosee 4eM B 1Ba pa3a U JOCTHT-
HeT 916 I'Bt B 2050 roxy.

Ha xondepennnn no m3meneHnoo kimmmMata COP2S,
KOTOpas 3aBepimiack B nexadbpe 2023 rona, 6omee 20
CTpaH IMOJAIMUCATH COBMECTHYIO ICKIIApalHio 00 yBeIH-
YeHWU MOIHOCTH SIIEPHOW SHEPTETHKH B TPH paza K
2050 romy. B rimo6anpHOM Macmtabe 3T0 OyAeT o3Ha-
yartpk no0aBiaenue 740 BT snepHbIX MOIIHOCTEH K HbI-
vemrauM 370 I'BT.

AHanM3 TPEeHAOB, pa3padaThIBAEMBIX BEAYIIUMH MU-
POBBIMH TIPOTHOCTHYECKUMHM IIEHTPAMH, MOKAa3aJ, 4TO B
HaCTOAIIeEe BpeMsI B IPOTHO3aX JIOJITOCPOYHOTO Pa3BUTHS
TTI00aTbHOM HEPTeTHKH, PACCMATPUBACTCS IENBIH Pl
HaNpaBlIeHUIl TEXHUYECKOTO Pa3sBUTUSI U KPUTUUECKHUX
TEXHOJIOTH, CIIOCOOHBIX TOBJIMATH Ha YHEPreTHYECKYIO
CUTYallUIO yXKE B OJrKalIIme AeCITIICTHs (PUCYHOK 4).
CriexTp 3THX TEXHOJIOTHH Ype3BbIYaiHO IIUPOK, U OXBa-
TBIBAET NMPAKTUIECKH BCE ACTIEKTHI IPON3BOACTBA, PEO0-
pa30BaHMs, TPAHCIOPTA, PACIpPENEICHNS U UCIONb30Ba-

HUS TOIUIMBA U 3Hepruu. [Ipu 3ToM Ha nepBbI ILU1aH BbI-
XOOUT HWHTEJUIEKTyalu3alysi SHEPreTUKH W JHEProro-
TpeOyeHns: B LesoM. B aekTposHepreTuke, o MHEHUIO
crienuamicToB MDA, OCHOBHBIMH HalpaBJICHUAMH TPaH-
copMaruii SBISIOTCS: JalbHEHIIIEEe Pa3BUTHE M COBEp-
[ICHCTBOBAHNE BO30OHOBIIIEMOH ¥ pacipeaenEéHHoi (1e-
LIEHTPAIM30BAaHHOMN) TeHEPAllMN U HAKOTIUTENEH SHEPTUH
BKyIle ¢ OECIIPOBOIHOI TEXHOJIOTHEH Nepesaun SHEpruu
Ha JANBHUE PACCTOSHUS, DIICKTPU(PHUKALUSA aBTOTpaHC-
TOPTa U TEIUIOCHAOKEHMS; CO3IaHAe THOKIX YHEPrOCHC-
TEM W OUPPOBBIX CHCTEM JIIEKTPOCHAOKEHHUS; TEXHOJIO-
THH, 00ECTICYNBAIONINE YIaBIMBaHNUE, Y THIIU3AMNIO U Xpa-
HEHHe/3aXOPOHEHUE JBYOKUCH YTIIepoaa U JIp.

Paasuie
80306HOBNAEMbIX

WCTO4HWUKOB 3HEpruM I

BospoxaeHue aToMHo#
SHEPrEeTHKK

3HeproBeaonacHocTs M
yCT()IMHBOCTb NOCTaBOK

WHayctprs 4.0 v HoBble
TEeXHOMOMMK B 3HEpreTHk

YMHble ceTH

SnekTpuchuraumns
YTUNU3ALMM 1 XpaHEHHS TPaHENopTa 1
&=

TexHonoruy ynasnusaxus,

TennocHabkeHua

Pucynok 4. Hanpasnenus mexnuueckoeo pazeumus

U KPUMUYeCKUX MexHOI02Utl, CHOCOOHBIX NOGIUAMb

Ha dHepeemuyecKyio CUmyayuio yjice @ baudicatiuiue
oecsamunemust

B pamkax mpoekra Clean Energy Technology
Observatory EBpomeiickoit komuccun (2024) 65u10 BEI-
SIBJIEHO 77 HOBBIX TEXHOJIOTHI B YHEPTETUKE, CPEAU KO-
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topeix EC ompemennn KiIO4YeBBIE TEXHOJIOTHYECKHUE
Tpensl [20]. IIpuMensiics TMOPUIHBIA METO: UHTEILIe-
KTyaibHast 00padOTKa TEKCTOB MyOJIMKALUIA U TATEHTOB
coueTajach C JKCIEpTHOH OIeHKOoH. OT4ET comepKUT
OIMCaHUs TEXHOJIOTHH, HH(YOpMALIUIO O BEIyIINX CTpa-
Hax M0 MaTCHTHOM aKTHBHOCTH M ITyOJIMKAIMAM, a TaKKe
CBEJICHUS O TOCYIApCTBEHHON MOJAEPIKKE.

B 2024 roxy Kurait mogain 1,68 MITH MaTeHTHBIX 3asi-
BoK [21]. KuTaif ncnonp3yer maTeHTHI KaKk MHIUKATOP
MPUOPHUTETHBIX HANpPABICHUH pa3BUTHA TEXHOJIOTHH.
Baxno ormeTuth, B Kutae 6obiiie BCcero 3asiBOK Ha I1a-
TEHTHI TOJJAHO B 00JIACTH T€HEPATUBHOTO HCKYCCTBEHHO-
IO MHTEJJIEKTa, MALIMHOCTPOCHHUS, yIpaBieHus uHdop-
Malyen, KOMIbIOTEPHBIX TEXHOIOTUH, AIEKTPOTEXHUKHU
U MEUIMHCKHUX T€XHOJIOTHUIL.

CornacHo otuery EC m BOUC, Kurait 3anumaer
IIEPBOE MECTO 10 YHUCITYy IAaTEHTHBIX 3asBOK B SHEpPIreTH-
YEeCKOM CEKTOpE, BKIIF0Uasi HAKOMUTEIN SHEPTUHU U «UHC-
ThIH yroub». AHamm3 otdeta EC (2024) mo metomy RTA
MOATBEPIKAAeT IuaepcTBO Kuras o cucremam Hakorure-
HUSI aKKyMYJIHPYIOIIEH SHepruy u (GOpMUpPOBAHHUE TII0-
0aTHHOTO TEXHOJIIOTHIECKOTO MpeuMyIecTBa [22].

B CHIA ¢opcaiiT-riccine1oBaHNs B SHEPTETHKE TIPH-
MCHAIOTCSI B paMKax JAeATeNbHOCTH MUHHCTEpCTBa
Onepretuxu 1 HanmoHnansHOM HayuyHO# akanemuu. Ila-
tertsl (USPTO) u ny6nukamuu (Web of Science) wuc-
MOJIB3YIOTCA A IPOTHO3MPOBAHUS TEXHOIOTHYECKUX
MIPOPBIBOB M ONpEJIe/ICHNs] HarpaBieHui GpuHaHcupoBa-
Hust. Oco0oe BHUMaHUE yIIENAETCsl «yMHBIM CETSAMY, BO-
JIOPOAY Y BO30OHOBIISIEMBIM HCTOYHHUKAM SHepruu [23].

PE3YJBTATHI U OBCYXJIEHUE

JHepreTudeckmii popcaiit 2024 roaa

®opcaiiT 2024 roma oTimuancs OoxpIei TiryOnHON
aHaIM3a M y9€TOM BHEUIHMX (pakTopoB — TapuHOH pe-
(GOpMBI, MEXIYHApOAHBIX KIMMAaTHYECKHX 00s3a-
TenbeTB, BiusHus CBAM, a Takxe yCKOpeHHOH udpo-
BH3aIUH 3HepreTuku. OHAKO 0CcTaéTCs OTKPHITHIM BOII-
poc: CTaHEeT JI OH HHCTPYMEHTOM PEeaJIbHOTO U3MEHEHNUS
MOJMTHKH WM ITOBTOPHUT CYAbOY MPEABIIYIIUX IHUKIOB,
OTPAHWYMBIIHNCH HKCIIEPTHBIM 00CYKICHHUEM.

Takum oOpa3omM, KiIt0YeBas Uccie10BaTeNbCKas Ipo-
61eMa 3aKITI09YaeTcs B MPOTHBOPEYNH MEXIy HAINIHUEM
JIOJTOCPOYHBIX TPOTHO30B M CTPATE€rWil M yCTOHYUBO-
CTBIO MTPAKTUKH HU3KOH 3HEeproapdexruBHOCTH. M3yye-

HHUE 3TOTO pa3pbiBa MO3BONAET HE TOJIBKO OLICHUTH 3HA-
yuMocTh hopcaiiToB aist Kazaxcrana, HO U BBISIBUTH ycC-
JIOBUS, IPU KOTOPBIX OHU MOTYT CTaTh ACHCTBEHHBIM HH-
CTPYMEHTOM T'OCYJapCTBEHHON MOJTUTUKH.

B pamxkax ¢dopcaiiT-ceccurt IpoBeIeHO aHKETHPOBa-
HHUE CpPe/ld OTEYECTBEHHBIX M 3apyOeKHBIX 3KCIIEPTOB,
paboraronx B KazaxcraHe 1mo KiIlOYeBBHIM TeMaTHKaM
HacToAMIEro uccienoBanns. OCHOBHBIMY TPEOOBaHUAMHU
K 9KCTIepTaM, MPUBJIEKAEMbIM ISl y9acTus B (opcair-
HCCIIEIOBAHMAX, OBUIN: HKCIEPTHBIM OMBIT, HAIUMIHC
YUEHOU CTETIeHH, CTAaTeH, OIBIT yUaCTHs B KOH(pEpEHIIH-
SIX, B pealIM3aliu IIPOEKTOB U mporpamwm. I1o ero pesys-
Tary ObUI pa3paboTaH IIA0IOH ONPOCHUKA DKCIEPTHOTO
WHCaTa JyIs IPOBEJICHUS [Ty OMHHBIX HHTEPBBIO C TIpei-
CTaBUTEJIIMU HayKU U UHITYCTPHH.

B omnpoce cexropa 3HEPreTUKHM MPUHSAIM ydacTHe
Bcero 125 9KCepToB U YUYEHBIX, IpeIcTaBuTeIel Ooee
CTa OTEYECTBEHHBIX M ABAJIATH ISITH MEXAyHAPOTHBIX
OpraHM3aIy ¥ KOMIIaHWH, padoTatomux B Kasaxcrane.

ITo pesynpraTamM aHKETHPOBAHHUS B CEKTOpPE DHEpre-
THKa OBUTH OTIpEeTICHBI HOBBIE 3aPOXKIAIOIIHECs TEXHO-
JIOTHH, KOTOPBIE MOTYT OKa3aTh BIWAHHUE B OMmKanmmme
3—5 net: anpTepHATHBHBIC U BO30OHOBISIEMBIC HCTOYHH-
KM 3HEPruM; TPaJULMOHHAS dHEPreTHKa; HAaHOMAaTepHa-
JIBl U TEXHOJIOTMM; CUCTEMBI XPaHEHHs SHEPTHH; aTOM-
Hasl DHEpreTuKa; Bonopoanas suepreruka; UM u IT Tex-
nojoruu; BUD.

CoriacHO TPOBEICHHOMY AHKCTHPOBAHHIO, ObLIN
BBISIBJICHBI KJIIOUEBBIE TPOOJIEMHBIC BOIPOCHI, IPEISTCT-
BYIOIIIME Pa3BUTHIO MHHOBAIMM M HOBBIX TEXHOJOTHH B
sHepreTudeckoM cextope. OCHOBHBIE NPOOIEMBI CBA3a-
HBI C HECOBEPIICHCTBOM HOPMaTHBHO-TIPABOBOI 0as3bl,
HE/I0CTaTOYHBIM (PMHAHCHPOBAHUEM, HEXBATKON KBaJIH-
(UIIPOBAHHBIX KagpoB U ciaboil MHPpaCTPYKTypoid
JUISl BHEIpeHHsI MHHOBaMH. B Tabnuiue 1 mpeacraBneHs
KpaTKoe OMMCaHHe KaXXI0H MPOOIJIeMBI U IIPEAJIOKECHHBIE
pECTIOH/IEHTaMH1 HaNpaBJICHUS UX PEIICHUH.

IIpoBeneno 20 riIyOMHHBIX MHTEPBBIO C BEIYIIUMH
UCCIIENIOBATEAMH, HMEIOUIMMH BBICOKHE ITOKa3aTeIH
MyOJIMKAMOHHOI aKTUBHOCTH, IIUTHPYEMOCTH, a TAKXKe C
HPEICTaBUTEISIMU HHTyCTPUH U OTPACIIEBBIX aCCOIHALINI
Ha YPOBHE TOI-MEHEDKMEHTA M BelyIINX COTPYTHUKOB C
OIIBITOM pa0OTHI B HamnpaBieHnn He MeHee 10 Jer.

Tabnuya 1 Pesynomamel ankemuposans 8 4acmu npooaeMHbIX 60NPOCO8 8 CEKMope dHepeemuKa

IIpodaema Onucanne

HopmaruHo-1ipaBoBas 6a3a

Henocrartok (puHaHCHpOBAHUS

Henocrarounas kBanudukanys  Huskuil ypoBeHb MOITOTOBKHU CIICIIHAIIH-
CTOB JUIsl pabOTHI C HOBBIMU TEXHOJIOTHAMH

HepcoHana

Henocrarounas uHppacTpyk-

Typa M
JIPEHHs] HTHHOBALUH

C10KHOCTH C PEryJINpOBaHUEM, OTCYTCTBHE
THOKOCTH H y4eTa MeXIyHapOJHOTO OIBITA

Orpannuennslie pecypesl Ha HUOKP, Hus-
Kasi ’HBECTHIIMOHHAS TIPUBIICKATEIEHOCT

HenocraTok 1aGopatopwii, TeXHONapKoB U
HayY4YHBIX LIEHTPOB ISl TECTUPOBAHMS M BHE- TPYIHHYCSCTBO; yBeINUCHHE (PMHAHCHPOBAHMSI 3a CUET rocOroz-

OcCHOBHBIE HATIPABJICHUS PeIICHUH
CoBepIIeHCTBOBAHHE 3aKOHOJIATENIbCTBA; Pa3paboTKa HOBBIX
HITA; ynpomienue anueH3upoBaHus 1 cepTudukanym; pedopma
Tapu(HOH MOIUTHKH; HHTETpalyst HTHPPOBBIX TEXHOTIOTHIA.
ITpuBnedyeHne MHBECTUIIHIA; TOCY IaPCTBEHHAs IOANEPIKKA
(rpaHTHI, cyOcuann); pa3paboTKa HOBBIX (PMHAHCOBBIX HHCTPY-
MEHTOB (3€JIeHbIe O0JIUralnH, KpayahaHIuHr).

Akryanu3anust 06pa3oBaTebHBIX IPOrPaMM; CTaXKUPOBKH M MEK-
JlyHapOHOE COTPYAHHYECTBO; (YHHAHCOBAS MOLEPIKKA; COTPY -
HHYECTBO BY30B C OM3HECOM.

Co31aHue TeXHOMAPKOB 1 J1a00paTopuii; MexXIyHapOJHOE CO-

’KeTa ¥ YaCTHBIX MHBECTHUIIMM.
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Ilo pesynbmamam 2nyOUHHBIX UHINEPBbIO IKCHEPMA-
MU ObLIU CHOPMYTUPOBAHDBI KNIOUEBbIE BbI306HI.

— JexkapOOHU3aNus SJHEPIeTUKH TIPH 3HAYUTEIIHLHOM
JI0JI€ YTOJIbHOM IeHepaluy;

— CTPEeMHTEIbHBIH BBOJ B JKCIUTyaTallUIO T'eHepa-
i BUD mpu HexBaTke 0a30BBIX M PEryJHPYIOMINX
MOIIHOCTEH;

— OCTPHIH IePHUIHUT KBATU(PHUIUPOBAHHBIX KAIPOB H
KOMIICTCHIIHIA;

— BBICOKHMH W3HOC U yCTapeBIIast MATepHATbHO-TEX-
HH4ecKas 0a3a SHEPTeTHIECKNUX PENIPUITHH.

ITpu 3TOM 3KCHEPTH OTMEYAIOT MPEOAOIIMOCTD JaH-
HBIX BBI30BOB IPH HAIMYHUHM MTOJMTHYECKON BOJIHM TOCIe-
JIOBAaTeNIbHO TPaHC(OPMUPOBATH SHEPIETUKY; YHEPreTH-
YECKHH Mepexo JOJDKEH IPOBOAUTECS € YU4ETOM 0COOeH-
HocTel aHepreTuyeckoro cexropa Kaszaxcrana, BEICOKOM
JIOJM YTOJIBHOM TeHepaluy, KOMOMHUPOBAHHOTO MPOU3-
BOJICTBa TeIUIa U 3JEKTpodHepruu. Heobxoaumo crpou-
TEITBCTBO KPYIHBIX SHEPTOOJIOKOB Ha 06a3e 3KN0ACTY3CKIX
yraeil, a takxe maHeBpeHHbIX III'Y. I'ocymapcTtBeHHast
MOAJCPKKa B (DMHAHCHPOBAHUM HOBBIX IPOEKTOB I
obecriedeHnst IKOJIOTnIeckux TpeboBanuid. Vicronp3osa-
HHE YUCTBIX YTOJNBHBIX TEXHOJOTHH IPH CTPOUTEIILCTBE
HOBBIX U peKOHCTpYyKIMH AekcTByrommx TOLI. IIpu ctpo-
urensctBe BOC n COC 00s13aTeNIbHO HCTIONB30BaHUE CH-
CTeM HAKOIUIEHHsI HEpruu. DKCIEePThl OTMETHIN MOTEH-
LMaJl Pa3BUTHS OTPACIIU B MOCIIENOBATENBHOM TpaHchop-
MAIlU{ HEPTeTUKH B YCTONUYUBYIO, HATIEKHYIO, SKOJIOTH-
4yecky 0e30IacHyI0 0TPacib.

Drcnepmol onpedenunu Haubolee NePCneKmueHvle
HanpaeieHuss NPUKIAOHbIX UCCIe008AHUIL U pA3PAOOMOK
6 Kazaxcmamne:

% ®uHaHCcUpOBaHKe

YeenuqeHue 06beMOoB M NPOAOMKUTENbHOCTH
OUHAHCUPOBAHMA HAYYHbIX UCCNEA0BaHUIA. BHeapeHne
mexaHu3ma 6azosoro ¢puHaHcMpoeaHWA BY30BCKOM HayKK.

- Konnabopauymsa

MexAyHapoaHoe COTPYAHUYECTBO. BHYTpeHHAA Konnabopauua.

TecHoe COTPYAHUYECTBO Hay4HbIX OpraHv3auuii, BY3os u
SHEPreTUHecKUX NPeanpUATUIA.

_ i MHdpacTpyKTypa

PazenTHE Hay4yHOR MHPPACTPYKTYPbI. CO3AaHME HaYYHO-

HccnegoBaTenbCKMX MHCTUTYTOB, MCCNe0BaTeNbCKUX UEHTPOB NpU

BY3ax sHepreTM4ecKoro HanpasneHus.

— YHUCTBIE YTOJILHBIE TEXHOJIOTUH, YTICXUMHS;

— TIOBBILICHUE 3HepreTuyeckoil addexTuBHOCTH U
9KOJIOTMYECKOW 0e30MacHOCTH CYyIIECTBYIOIIEH IHepre-
THUKY;

— HCCIEeIOBaHMs B 00JIACTH BOJOPOAHBIX TEXHOJIO-
THif;

— uccnenoBaHus B obnactu B, npoMbluieHHBIX
CHCTEM HaKOIUICHUs SHEPIHH;

— HCCIeNOBaHMA B 00/1acTH SACPHON U TEPMOsIIEp-
HOW DHEPTETUKU U MaTePHATIOBEICHHUSI.

Cepbe3HBIM OTPaHHMYECHNEM, OTMEUYCHHBIM MHOTHMH
SKCHEPTAMH, AJISl Pa3BUTHS HAyYHBIX HCCIEIOBAaHUI B
SHEpreTUKe ABISEeTCS OTCYTCTBUE PA3BUTOM HAyUHO-TEX-
HUYECKOW HHPPACTPYKTYPHI ISl IPOBEACHHS ITOJTHOLICH-
HBIX HAyYHBIX HCCIlieIoBaHMH B OonbinuHCTBe BY30B,
orcytcTBHe oTpacieBoro HMIM, HemocTtaTok ydeHbBIX U
CIELHAJIMCTOB B 00JIACTHU 3JIEKTPO- U TEIJIODHEPTCTUKH.

W3 TexHONOTHii HAUOOJBIIYIO MEPCIEKTUBY H 3¢-
(bEeKT OT BHEIPEHHS SKCIEPTHI OTMETHIIN IU(POBBIE TEX-
HOJIOTHM M MCKYCCTBEHHBI HHTEIUIEKT, Mapora3oBhLIE
TexHojoruu, BUD, koreHepamuio U TpHUTE€HEpalMIo,
SIIEPHBIE U TEPMOSIAEPHBIE TEXHOJOTHH, TEXHOJIOTHH
YTHUIU3aIUM HU3KOINOTEHLUMANBHOTO TEIUIA, CHCTEMBI
MIPOMBIIIIEHHOTO HAKOIIIEHHS YHEPTHU.

BusHec nomKeH reHepHpoBaTh 3alpoc K HAYYHOMY
coobmiecTBy depe3 oTpacieBbiec HUU, neHTpsl Komiie-
TEHLUH MO KJIIOYEBBIM TEXHOJIOTHSAM, KyJa Ou3Hec Mor
ObI 00paTUTBHCS C BONPOCOM O pa3pabOTKe U BHEIPEHUH
TEXHOJIOTHH.

B pesynerate opcaliT-uccieioBaHus U ¢ YYETOM
MHEHUS DKCIIEPTHOTO COOOIIecTBa OBUIM OINpPEICIICHBI
CTpaTerMYeCKUE HANpaBIeHUs pa3BUTUS Hayku B Ka3zax-
CTaHe (PUCYHOK 5).

' Kagpbi

YBenuqeHwe Konuyectsa nccneaosateneit. Cosaanne
YCNOBUIA AN1A NPUBNEYEHWA MONOAEKMW B HayKy. Co3aHue
YCNOBWIA ANA NPUBAEYEHUA 3apyBerHbIX
uccnegoeatenel. YeenmyeHme o6-emoB NoaroTOBKM.

*“ HanpaBsneHua pa3BUTMA UCCNen0BaHMIA

MNosbiweHue SHepreTMYecKon 2 3KONOTMYECKON
3¢ GEKTUBHOCTW IHEPTETUYECKUX CUCTEM. ANbTEPHaTUBHbIE
WUCTOYHUKM  3HEPrMM, TEexHONOrMM, NPOM3BOACTBO W
npeobpasoBaHWe 3HEPrMM Ha OCHOBE BO30GHOBAAEMBIX
WCTOMHMKOB. [pOM3BOACTBO TONAMBA M 3HEPrMM K3
OpraHW4ecKoro ChipbA, BOAOpOAHARA 3HEpreTHKa.
Uudposan TpaHcHOpMaLIMA INEKTPO- U TENAOIHEPreTHKM.
MccnepoeaHna B obnacTM AfepHOM W TepmoAAEPHOM
SHEepreTUKK

Pucynak 5. Hanpa@ﬂeﬁu}z cmpamecuu pazeumusl HayKu 6 SdHepeemuKku 6 Kazaxcmane
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3AKJIIOYEHUE

®dopcallT-uccine10BaHus SBISIIOTCS KIFOUEBBIM UHCT-
PYMEHTOM JIOJITOCPOYHOTO IJIAHUPOBAHUS U CTpaTeru-
POBaHMS B YCIIOBHSIX TII00ANBHOM TpaHChHOpMAIH SHEP-
retukd. OnpIT Ka3zaxcrana moka3siBaeT MOJI0KHUTENEHYTO
JUHAMUKY: OT aHAJIMTUYECKUX NporHo3oB 2013 roma k
YIpaBICHIECKOMY HHCTPYMEHTY (POPMHUPOBAHHS MpPH-
opureToB Hayku B 2024 roxy. OgHaKo AJIsl MOBBIIICHUS
nx 3¢ (heKTHBHOCTH TpeOyeTcss MHCTUTYIHOHAIU3AIHS
(opcaiita KaK MOCTOSIHHOTO ITPOIlecca, PaCIIMPEHUE Me-
TOJIOJIOTUH, YKPEIJICHUE CBS3M C ON3HECOM M MEXIyHa-
POOHOM HayYHOU MOBECTKOM.

Takum 06pa3oM, popcaliT MOKET U TOJDKEH CTaTh HE
TOJIBKO HHCTPYMEHTOM IIPOTrHO3UPOBAHUS, HO U JIpaiiBe-
poM (GOpMHPOBaHHS HWHHOBAIIMOHHON HEPTETHYECKON
nonutuku Kaszaxcrana. Ero peryinsipHoe nmpuMeHEHHE
[I03BOJIUT HE TOJBKO CBOEBPEMEHHO aJalTHPOBATHCS K
rio0aNbHEIM BEI30BaM, HO M CPOPMHPOBATH COOCTBEH-
Hble KOHKYPEHTHBIE IPEUMYILECTBA B HOBOW DHEPrEeTH-
YECKOU peanbHOCTH.

Kazaxcran B HacTosiiee BpeMsl UCIOJb3YeT MmyOuu-
KallTMUOHHBbIC 633])1 JJId BBIABJICHHUA HAaYYHBIX TPCHOOB, B
TO BpEM KaK NaTCHThI YUUThIBAIOTCA CyMMapHO, oe3 Jc-
TaJIU3alMU 110 CEKTOPaM M BUAAaM TEXHOJIOTuil. Mexmy-
HapoJHas NpaKTHKa IEeMOHCTPUPYeT 3((HEKTHUBHOCTH
KOMILUIEKCHOTO TOJX0/a: COYETaHWEe aHaliu3a IyOJnKa-
LMOHHOM aKTUBHOCTH Y MATEHTHOM aHAJUTHKH, UCIIOJb-
3oBaHme nHAeKca RTA u MeTomoB text mining mo3Bos-
10T BBISIBJIATH TEXHOJOTMYECKUE TPEHJBI U ONpPEACIIATh
JIOJITOCPOYHBIE TPUOPHUTETHI PA3BUTHSL.

B cnenyromux ¢opcaiiT-uccieoBaHusgX LENecooo-
pa3HO BKIIIOYMUTH IATEHTHBIN ONOK, MHTETPHUPOBAHHBIN C
aHAJIN30M Hay4YHBIX IMyOJIMKAIU, C aKIIEHTOM Ha:

— pa30op Mo CEeKTOpaM U TEXHOJIOTHYECKUM Harpa-
BJICHUSIM;

— OTCIEXHUBAHHE TUHAMUKH 3a5BOK;

— HMHTETPAILHIO C MyOINKAIIMOHHON aKTHUBHOCTBIO.

[Ipumenenue Takoro merona B Kazaxcrane no3BoiauT
BBISIBJISITh TEKYIIME U TIOTEHIUAIBHBIE TEXHOJIOTHYECKUE
TpeHIbl. Tak, eclii B HAy9HO IUTepaType aKTHBHO ITy0-
JUKYIOTCS pa3pabOTKH MO ONPENeIEHHON TeMe, HallpH-
Mep, KyMHBIE CETH», MOXKHO MIPOTHO3UPOBATH Pa3BUTHE
JJTAHHOT'O HAITPpaBJICHUA ITPU YCIIOBHUU HAJINYNA q)HHaHCI/I-
POBaHUA U I'PAHTOB I BHCIPCHUA I/IHHOBaHI/Iﬁ " oJry-
YCHUs ITaTCHTOB. AHaJ’IOFI/I‘IHO, aHaJIn3 MaTCHTOB I103BO-
JISeT ONpPENeNUTh TEXHOJIOTMYECKHX JHICPOB: €Cln
CTpaHa WJIN KOMIIAHUA 3aHUMACT BECAYIIHUE MTO3UIHUU T10
naTeHTaM B O0JIaCTH aTOMHBIX PEaKkTOpOB, 3TO CBHUjE-
TENbCTBYET O NEPCHEKTUBHOCTU U CTPATETUUECKOM MPH-
opHTeTe Pa3pabOTKH TAKMX TEXHOJIOTHH.
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The article examines the role of foresight studies in the energy sector, with a particular focus on Kazakhstan. Energy is
defined as a key factor of economic growth, technological modernization, and environmental sustainability. The dual role
of Kazakhstan’s energy sector is emphasized: on the one hand, it serves as the foundation of the national economy and
exports; on the other hand, it is a source of risks associated with outdated infrastructure, high energy intensity, and
dependence on fossil fuels.

The research methodology included an analysis of international trends, expert surveys, and in-depth interviews with
scientists and industry representatives. The obtained results made it possible to identify priority areas of scientific research
and technologies aligned with the global transition toward low-carbon and digital energy. The findings of the study can
be used to develop national innovation policy and enhance the long-term competitiveness of Kazakhstan.
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Kazakhstan annually generates a significant amount of agro-industrial waste, which, due to the high content of
carbonaceous compounds, can potentially become a valuable raw material for the production of activated carbon. This
research considers the processing of rice husks, soya and sunflower husks into activated carbon. Potassium hydroxide
(KOH) was used for activation to achieve high specific surface area. The obtained activated carbon samples from rice
husk, soybean husk and sunflower husk were characterized by BET, SEM, XRD, energy dispersive analysis, TGA and
DSC. The synthesized activated carbons possessed a developed porous structure with specific surface area: 2363.7 m*/g
(RH), 786.1 m*g (SfH), 642.4 m*/g (SBH), which was confirmed by the above analyses. These findings highlight the
potential of agro-industrial waste as a sustainable source for high-performance activated carbon production. This study
demonstrates a sustainable pathway for converting agro-industrial residues into high-performance activated carbon

suitable for environmental and industrial applications.

Keywords: agricultural waste, activated carbon, pyrolysis, circular economy, waste recycling.

INTRODUCTION

In Kazakhstan, the processing of plant-based agricul-
tural wastes remains insufficiently developed. Mean-
while, their ongoing accumulation poses an increasingly
significant environmental challenge, despite the high po-
tential of these wastes as raw materials for the production
of valuable carbon-based materials. According to the
Concept of Kazakhstan's transition to a “green economy”
it is planned to recycle at least 40% of waste by 2030 and
up to 50% by 2050. This corresponds to the international
Sustainable Development Goals [1]. Based on the above,
in this work, we have considered the possibility of opti-
mizing the method of obtaining activated carbon from ag-
ricultural waste to achieve high specific surface area and
sorption capacity. This will allow us to expand the use of
agricultural waste in Kazakhstan and create an effective
carbon material for use in various fields.

Thus, in Kyzylorda region they have started to ac-
tively study ways of recycling rice husk, the annual vol-
ume of which is up to 80,000 tonnes. A number of reuse
technologies are being introduced here. For example,
Abai Daulet LLP turns husks into a feed additive that re-
duces the risk of gastrointestinal disorders in cattle. In
addition, rice husks and straw are used to produce biofuel
in the form of high-calorie pellets, which is extremely im-
portant for areas without gas [2]. Technologies have also
been created for the production of biochar and silicon di-
oxide, which is used as a biofertiliser to improve soil
structure and reduce its salinity, and silicon dioxide is
used in industry, like glass, ceramics, abrasives [3].

Kazakhstan also recycles biomass waste such as sun-
flower husks. For example, the oil extraction plant of

Altyn Shygys LLP processes about 1.4 thousand tonnes
of sunflower husks and makes fuel pellets from the resi-
dues and uses them as biofuel for its own energy needs.
This allows the plant to reduce fuel costs and reduces its
carbon footprint. The plant workers note that there are no
unpleasant odours when burning such fuel [4]. As for the
processing of soybean husks, this area is still underdevel-
oped in Kazakhstan, which opens up the possibility of
finding methods and ways of recycling.

Along with the discoveries already made, one of the
promising ways of processing agricultural by-products is
the production of activated carbon [5]. Activated carbon
is one of the most popular sorbents, used as an effective
carrier for catalysts in various chemical processes. Due
to its high porosity and high specific surface area, it is
widely used in various industries. For example, in the pu-
rification of various environments from heavy metals and
pollutants, and can also find applications in medicine and
as a carbon carrier for catalysts [6-9]. The relevance of
finding alternative sources of raw materials is due to the
depletion of traditional resources, which makes plant
wastes from agriculture and food industries such as
straw, husks of rice, soybean, corn and sunflower as
promising replacement materials [10-12].

There are many studies that support the potential of uti-
lising agricultural wastes to produce highly porous material.
For example, Mubinul Islam et al. successfully synthesised
microporous activated carbon from sunflower husk by
chemical activation method using KOH, at 800 °C. The re-
sulting activated carbon showed great potential as a solid
desiccant material for capturing water vapour from humid
air and also showed high efficiency in removing mercury

190


https://doi.org/10.52676/1729-7885-2025-4-190-197

PREPARATION OF HIGHLY POROUS ACTIVATED CARBON WITH HIGH SPECIFIC SURFACE AREA
FROM AGRICULTURAL WASTES

ions from aqueous solutions [13]. Similar results were ob-
tained by Schneider Lara Talita et al. who investigated the
effect of different thermochemical activation conditions on
the formation of meso- and microporous structure of acti-
vated carbon from soybean husk. The experimental results
showed that optimisation of activation parameters promotes
the production of carbon material with increased specific
surface area and uniformly developed porosity, which en-
sures its high efficiency in metronidazole adsorption. The
authors concluded that the synthesised activated carbon
shows better sorption properties compared to commercial
analogues, which confirms its significant potential for use in
environmentally friendly water treatment methods [14].
In addition to its application in water treatment, biomass ac-
tivated carbon can be used as a carbon carrier with high en-
ergy density [15]. Carbon carriers represent some of the
most promising catalyst materials due to their high purity,
well-developed porous structure, significant specific surface
area and high reactivity. These carbon materials are resistant
to acidic and alkaline environments, which makes them eco-
nomically and environmentally advantageous, especially for
the recovery of components from spent catalysts. A widely
used carrier is activated carbon (AC), which has high poros-
ity and specific surface area (500-2500 m%/g), which is the
optimum parameter for adsorption [16].

The obtained activated carbon was investigated by the
following methods: BET analysis, scanning electron mi-
croscopy (SEM), energy dispersive analysis (EDA), ther-
mogravimetric analysis and differential scanning calorime-
try (TGA and DSC), X-ray diffraction method (XRD
analysis).

1 MATERIALS AND METHODS

1.1 Characterization of raw materials

Rice husk from Kyzylorda oblast and soya bean and
sunflower husks from East Kazakhstan oblast were se-
lected as raw materials for the production of activated
carbon. Potassium hydroxide (KOH) (KHIMPEK, Rus-
sia) in solid form was used as activating agent at the ratio
of biomass and activator 1:4 (feedstock : KOH).

The primary processing steps include cleaning the bi-
omass from impurities like dirt, sand, stones and organic
contaminants. It was washed with distilled water and
dried at 105 °C for 24 hours. The cleaned material was
then ground in an analytical mill (A 11B, IKA, Germany)
to a particle size of approximately 0.9+0.3 mm. The ob-
tained material was used for the synthesis of activated
carbon.

1.2 Method of production of activated carbon

Activated carbon (AC) has been produced by pyroly-
sis. Pyrolysis, the predominant method, involves heating
the material in an oxygen-free environment, causing ther-
mal decomposition and the formation of carbon, which is
subsequently activated by chemical agents. This process
not only optimises the adsorption properties of the coal,
but also recycles the by-products of the production pro-
cess, helping to reduce the environmental load.

The crushed feedstock is placed in a muffle furnace
where it undergoes thermal decomposition and is con-
verted into charcoal within an hour. To determine the op-
timum pyrolysis temperature, experiments were con-
ducted at temperatures of 300 °C, 400 °C, 500 °C,
600 °C. After investigating different temperatures, the
most optimum conditions were found, namely pyrolysis
at 600 °C in an inert medium with nitrogen gas supply.
To obtain activated carbon, the obtained product was
mixed with potassium hydroxide. The mixture was then
subjected to heat treatment in a muffle furnace at 750 °C
under nitrogen atmosphere providing inert conditions
[17,18]. To remove alkali residues, the carbon was
washed with a solution of 1% hydrochloric acid, for 2
hours at 50 °C. The material was then washed with hot
water (~70-80 °C) and dried in a desiccator at 100 °C for
60 minutes (AC) [19, 20]. As a result of the thermal and
chemical treatment, the modified activated carbon was
obtained.

1.3 Research methods

The specific surface area and pore structure of acti-
vated carbon samples were determined using a high-per-
formance BET analyser (BSD-660). The morphology and
structure of activated carbon obtained from sunflower,
soybean and rice husks were investigated using a Zeiss
Auriga Crossbeam 540 high-vacuum scanning electron
microscope (SEM) (Germany). The elemental composi-
tion of the materials was analysed using Thermo Fisher
Scientific (USA) energy dispersive spectroscopy (EDS)
system. Phase and structural analyses of the obtained sam-
ples were carried out on X'PertPRO diffractometer (Mal-
vern Panalytical Empyrean, Netherlands). Monochroma-
tised copper radiation (CuKa, A=1.54060A) at a
scanning speed of 0.02° per second was used. The ICDD
PDF-4/AXIOM database was used for phase identifica-
tion. Thermal properties of activated carbon samples were
analysed on a LabsysEvo instrument (Setaram, France) in
argon atmosphere in accordance with GOST R 55134-
2012 standards. Crystallisation and melting of the samples
were studied under nitrogen flow.

2 RESULTS AND DISCUSSIONS

2.1 Physicochemical structure of activated

carbon (AC)

2.1.1 Textural characteristics of AC: BET analysis

The textural characteristics of the initial activated car-
bon according to nitrogen adsorption isotherms are pre-
sented in Table 1 and Figure 1 (a, b, ¢). According to the
data obtained, AC from rice husk can be classified as
mesoporous, and AC from soybean and sunflower husks
can be classified as microporous. From Table 1 and the
graph, it can be seen that rice husk (a) has a specific pore
surface area of 574.6 m*/g. And the specific pore surface
area of activated carbon from sunflower husk (b) and
soya husk (c) was 464.4 m?*/g and 255.6 m*/g respec-
tively. The average pore size of activated carbon from
rice husk lies within 2.52 nm, from sunflower husk
2.86 nm and from soya husk 1.55 nm (Table 1).
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Table 1. Characteristics of porous structure of initial AC

Samole Specific pore Pore radius Total pore volume
P surface SW, m?/g Dv(r), mm Vp,cm?3/g
AC (RH) 574.6 2.52 0.50
AC (SFH) 464.4 2.86 0.19
AC (SbH) 255.6 1.55 0.11
0,0 0,2 0,4 0.6 0,8 1.0
70 '.'_,'..:.34‘\'\'L‘.\.'II\II“
56 ¢
a2
28 1 1 1 1 c
:.\) 120 A& e
E
S 96
o
= i
0 72
P -
48 4 1 1 1 1 g
316
237 p .
158 _..-......‘-r-"" '
e
79 a
00 02 04 06 08 10
P/PO

Figure 1. N2 adsorption-desorption isotherms of activated
carbon: (a) rice husk; (b) sunflower husk; (c) soy husk

2.1.2 SEM analysis of activated carbon

The results of SEM with energy dispersive analysis
are shown in Figure 2 (a, b, ¢) and Table 2. Based on the
SEM analysis, it was found that the obtained activated
carbon has a clearly distinguishable porous structure,
which includes meso- and micropores and a minor
amount of macropores, which is comparable to the results
of BET analysis.

EDS analysis identified the elemental composition of
coal samples obtained from rice, soya and sunflower
husks. The elemental composition of the obtained coals
is presented in Table 2. Peaks corresponding to carbon,
oxygen, and impurities such as potassium, magnesium,
calcium and iron are observed on the EDS spectra (Figure
2). All samples have a high carbon content, which is char-
acteristic of activated coals. SEM-EDS allowed visualis-
ing the surface of the material at the macro- and nano-
level, and also allowed analysing its elemental composi-
tion (Figures 3).

Table 2. Result of energy dispersive analysis of activated
carbon obtained from the feedstock: rice husk (RH),
sunflower husk (SFH) and soya husk (SbH)

Elements (mass, %)
c (o] K Mg Ca Fe
AC (RH) |91.92+0.07|6.86+0.07|0.64+0.01{0.08+0.01{0.37+0.01/0.13+0.01
AC (SFH)[91.09+0.06/7.88+0.07|0.75£0.01] — |0.28%0.01] —
AC (SbH)|89.85+0.06(8.39+0.07|0.76+0.01{0.24+0.01{0.57+0.01|0.19+0.01

Sample

Figure 2. SEM micrographs with EDS analysis of activated
carbon: (a) rice husk; (b) sunflower husk; (c) soya husk

2.1.3 XRD of activated carbon

The SEM data with energy dispersive analysers and
textural characteristics were confirmed by X-ray phase
analysis (XRD) results. The XRD analysis of activated
carbon is presented in Table 3 and Figure 3. The activated
carbon is amorphous in structure, which we verified by
performing X-ray phase analysis (XRF). The spectrum of
the sample from rice husk (a) shows broad peaks in the
region of 24-26° 20 and 45° 20, indicating the presence
of a partially ordered graphite-like layer, and the moder-
ate intensity of the peaks indicates a small number of
crystalline regions. And the peak in the 73—75° region
may indicate non-carbonaceous residual minerals, which
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we observed in the EDS analysis. The sunflower husk
sample (b) shows more pronounced peaks at 23° 20 and
43° 20, this indicates a more pronounced degree of crys-
tallinity, and also small peaks in the range of 60—65°, may
indicate minor residual mineral inclusions. In the case of
soya husk sample (c), the peaks in the 23° 26 and 43° 26
region are weaker, indicating a more chaotic amorphous
structure. And the additional weak peak in the range of
50-55° 28 may be due to residual non-carbon impurities
or microcrystalline inclusions, which was confirmed with
EDS analysis.

Table 3. Values of interfacial and D-interfacial AC distances
between atoms

Pos. [°20] | Height, cts FWI-LI;IeLeﬁ, d-spacing, A | Rel. Int., %
26.625 3.85 0.0900 3.78073 3.35
45675 18.45 0.5904 3.04879 16.06
43.7044 26.91 0.3936 2.07122 2343
55.9856 15.81 0.7872 1.79122 13.76
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Figure 3. X-ray phase analysis of activated carbon:
(a) rice husk; (b) sunflower husk; (c) soya husk

2.1.4 Thermogravimetric analysis

Figure 4 shows the results of thermogravimetric anal-
ysis (TGA) and differential scanning calorimetry (DSC)
of activated charcoal obtained from different types of bi-
omass. For coals from rice husk, a gradual decrease in
mass is observed starting at 70 °C and temperature up to
500 °C, followed by a sharp decrease in mass at an aver-
age of 500-630 °C. In the case of sunflower husk char-
coal, thermal degradation is observed in three tempera-
ture ranges: 55-160 °C, 340-500 °C and 550-750 °C.
In the temperature range (up to 160 °C), the reduction is
due to low release of hygroscopic moisture and desorp-
tion of adsorbed water. Two intervals of thermal mass
loss are observed for the applied soya husk charcoal: 50—
190 °C and 380—780 °C. The design of the mass media is

related to moisture removal, the main decomposition pro-
cess of components and minerals occurs at 380—780 °C.

These results are consistent with previously published
studies in which TGA accounts for the three- or four-
stage nature of biochar decomposition due to continuous
moisture desorption, pyrolysis of volatile methods, deg-
radation of carbonised structures and thermal effects of
inorganic components.
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Figure 4. Thermogravimetric curve and differential scanning
calorimetry of the initial coal from the starting materials:
a) rice husk; b) sunflower husk; c) soya husk

2.2 Physicochemical structure of modified

activated carbon (AC)

2.2.1 Textural characterisation of the activated

carbon. BET analysis

The textural characteristics of the modified activated
carbon obtained from nitrogen adsorption isotherms are
presented in Table 4 and Figure 5. Prior to the BET meas-
urements, all samples were degassed at 300 °C for
180 min. According to the analysis, after modification
with potassium hydroxide, the structure of activated car-
bon from rice husk disappeared micro pores and more
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mesopores and the appearance of macropores is ob-
served. This is confirmed by the high specific pore sur-
face area of 2363.7 m%*g and average pore radius of
1.43 nm. At the same time, the modified activated carbon
from soya and sunflower husks retains a predominantly
microporous structure with few mesopores, as reflected
by their specific surface area of 642.4 m?*/g and
786.1 m?/g, respectively, and pore radii of 1.37 nm and
1.27 nm. The total pore volume also differs, with the ac-
tivated carbon from rice husk reaching 1.61 cm®g,
whereas the activated carbon from soybean and sun-
flower husk is 0.25 cm?/g and 0.35 cm?/g, respectively.
Thus, modification with potassium hydroxide signifi-
cantly increased the specific pore surface area and pore
volume of activated carbon, favouring the formation of
meso- and microporous structure.

Table 4. Characteristics of the porous structure of ACm
modified activated carbon obtained from rice husk (RH),
sunflower husk (SFH) and soya husk (SbH).

Sample Specific pore sur- | Poreradius | Total pore volume
P face SW, m%g Dv(r), nm Vp, cm3lg
ACn (RH) 2363.7 143 1.61
ACn (SFH) 786.1 1.27 0.35
ACn (SbH) 642.4 1.37 0.25
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Figure 5. N2 adsorption-desorption isotherms of modified
activated carbon ACm: (a) rice husk; (b) sunflower husk;
(¢c) soya husk

2.2.2 SEM analysis

Figures 7 and 8 and Table 5 show the results of SEM
with energy dispersive analysis. When the activated car-
bon was modified with potassium hydroxide, slight
changes in the morphology of the carbon material were
observed (Figure 6).

As a result, a decrease in the number of different de-
bris is observed, the structure becomes more cellular and
organised, the lines become clearer, and the number of
white particles on the pore surface decreases. An increase
in the number and size of pores is observed, which ac-
quire a regular shape and uniform size [8, 21, 22].
In places, the formation of macropores can be observed
(Figure 6a, c).

=g

|

Figure 6. SEM micrographs with EDS analysis of modified
activated carbon: (a) rice husk; (b) sunflower husk;
(c) soya husk

The EDS analysis showed that after modification
such elements as magnesium and iron are absent in the
activated carbon (Table 5).
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Table 5. Result of energy dispersive analysis of activated
carbon modified with hydrochloric acid

Elements (mass, %)
Sample
C (o} K Mg Ca Fe
ACm (RH) | 89.90+0.04 | 9.86+0.05|0.09+0.00 | - | 0.15+0.00 | -
ACn (SFH) | 80.89+0.08 |18.60+0.13| 0.11£0.01 | - | 0.40+0.01 | -
ACn (SbH) | 88.81+8.81 |10.79+0.79| 0.2390.01 | - | 0.1790.01 | -

3.2.3 XRD X-ray diffraction analysis

Analysis of the data obtained by XRD analysis con-
firmed that the modified AC is an amorphous solid.
It possesses a large internal surface area and pores of a
certain size. It can be seen that the original AC and the
modified ACm have a similar appearance from the XRD
diffraction result (Figures 3 and 7).
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Figure 7. XRD X-ray diffraction analysis of ACm

The spectra of all three samples (Figure 7) showed
approximately the same peaks [21], indicating their sim-
ilar structural organisation. X-ray diffraction analysis of
the activated carbon revealed broad asymmetric peaks in
the ranges of 15~35 and 40~50, indicating the shape of
typical amorphous carbon. This suggestion is consistent
with the scanned micrograph images of the activated car-
bon shown in Figure 6. This showed that the activated
carbon AC originates from carbon material and is an
amorphous carbon with many pores.

Table 6. Values of interfacial distances of ACm
and d-between atoms

Pos., °28 | Height, cts | FWHM Left, °20 | d-spacing, A |Rel.Int., %
23,8687 1.96 0.0900 3.72502 1.59
44,0859 2.68 0.0900 2.05248 217
51,4593 1.75 0.0900 1.77437 142

2.2.4 Thermogravimetric analysis

Figure 8 shows the results of thermogravimetric anal-
ysis of the modified activated carbon ACm. As can be
seen from the figure, the decrease in the bulk of the pri-
mary activated carbon occurs in the temperature range of
90-120 °C to 420-700 °C for the rice husk sample, and
in the ranges of 60—150 °C and 440—-670 °C for the sun-
flower husk sample.
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Figure 8. Thermogravimetric curve and differential scanning
calorimetry of modified activated carbon ACm: (a) rice husk;
(b) sunflower husk; (c) soya husk

The low temperatures, i.e. the sharp decrease in mass
are directly related to the evaporation of moisture, in par-
ticular surface and adsorption water. In the temperature
range of 420-700 °C (RH) and 440-670 °C (SFH), a
gradual decrease in ACm mass occurs and organic com-
pounds are burnt (Figure 8a). This may be due to the re-
duction of mineral content in ACm, and the formation of
additional carboxyl, lactone and quinone functional
groups after modification. Generally, the degree of ther-
mal decomposition depends on the functional groups lo-
cated on the surface of the activated carbon. Hence, an
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increase or decrease in the thermal decomposition index
of activated carbon indicates the removal or formation of
functional groups on its surface [22,23]. Carboxylic
acid, anhydride and lactone groups decompose at temper-
atures around 400 °C, while other surface functional
groups (phenolic, carbonyl, quinone and pyronic struc-
tures) require more energy (above 400 °C) for decompo-
sition.

CONCLUSION

In conclusion, the study confirms the high efficiency
of agro-industrial wastes such as rice husk, soya husk and
sunflower husk as raw materials for the production of ac-
tivated carbon. The optimised heat treatment method, in-
cluding carbonisation at 600 °C and subsequent activa-
tion with potassium hydroxide at 750 °C, allowed to
obtain a material with a developed porous structure,
which is confirmed by BET analysis showing a specific
surface area (2363.7 m*g in the case of rice husk). X-ray
diffraction (XRD) showed that the activated carbon from
rice husk retains a predominantly amorphous character
with the presence of meso- and macropores. This ex-
pands its application in industrial filtration processes, wa-
ter and air purification, adsorption of heavy metals and
organic pollutants, and as a carbon carrier in fuel cells,
where the porous structure favours efficient catalyst dis-
tribution and improved electrochemical performance.

The obtained results demonstrate that the use of re-
newable sources of raw materials for the production of
activated carbon not only contributes to the effective uti-
lisation of agro-industrial waste, but also provides the
creation of environmentally safe and economically feasi-
ble adsorbents with high adsorption capacity and struc-
tural stability.
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BBICOKOMY COJEPIKAHUIO YTJIEPOACOAEPKAIUX COEIUHEHUN SBIAIOTCA NEPCHEKTUBHBIM CHIPbEM AN MOJIyYeHHs
aKTHBHPOBAaHHOTO yris. B paboTe mccienoBaHbl pucoBas IIesryxa, CoeBasi M IOJICOIHEYHas menyxa. [y akTuBannu
ucnons3oBancs ruapokcua kanust (KOH). [Tomydennsie oOpasiel oxapakteprszoBansl MeTogamu BET, SEM, XRD, EDS,
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B namHoii paGoTe IpeaCcTaBIeH KOMILIEKCHBIH TTOAXOM K aHAJIN3y YIPYTOro PaccessHus IIPOTOHOB Ha sape '“C B auama-
30He 3Hepruii 3,7-7,0 MaB, o0bpemnHsIOmNi KBaHTOBO-MeXaHWYeckuit MeTo ToHBIX BoiH (Full-Wave Method, FWM),
MozenrpoBanne MetonoM MonTte-Kapio Ha 6aze Geant4 n sxciepuMeHTanbHbIe qaHHBIE [ 1-3]. ®a3oBele cBUTH OBUTH
MOJIy4YeHbl MyTEM peuieHus ypasHeHus Llpénrnrepa ¢ ucrnonb3oBaHUEM ONTUYECKOTO MOTEHI[MANA, BKJIFOUAIOIIETO MU-
kpockonuueckoe B3aumoeiicteue CDM3Y [4] n mapametpu3zanuto Bynca—CakcoHa A1 MHUMOM 4acTH, ¢ Y4ETOM CIIUH-
opbuTanpHOro B3aumoeicTeus. [lonydeHHsie nuddepeHIaabHbIe CCUCHHs OBUTH COTIOCTABICHBI C SKCIICPUMCHTATb-
HBIMHU U3MEPEHUSIMU U pe3yibTaTaMu MojenupoBaHus B Geant4, mokasas coriacue B npejenax 3—6% B paccMaTpuBae-
MOM JHepreTHYecKoM nuarna3one. Habmonaemoe HeluHeHOE yBennueHne (ha30BbIX CABUIOB U cedeHHH Bhime 5,5 MaB
YKa3bIBaCT HA OTKIIOHCHUA OT CTAHAAPTHOT'O OIITUYECKOI'O ITOBCICHU. STI/I pE3ybTaThl CBUACTCIBLCTBYIOT O KHaCTepHOﬁ
U Tano-mogo6Hoi cTpykrype saapa '“C [5], moarsepaas ero sK30THIeCKoe cTpoenne. [Ipemnaraemas THOpUIHAS METO-
JTOJIOTHSI IO3BOJIACT COTIIACOBATH TEOPETHUECKIE PACUETHI M MOJCIHPOBAHUE C SKCIICPUMEHTATBHBIMH TaHHBIMH, OTKPHI-
Basi BO3MOXKHOCTh puMeHeHus: Geant4 B MH)KEHEPHBIX pacu€rax mocje Bepu(YHKAUU Ha OCHOBE MHKPOCKOIIYECKUX
KBAaHTOBBIX Mojeied. JlaHHBIH MOaX0 MPUMEHUM KaK U aHalIn3a PeaKui B HEUCCIICTOBAaHHBIX YHEPTETHIECKUX 00-
JACTAX, TaK U U MOJCITUPOBAHHS PaIHalliOHHBIX 3((peKkToB B MaTepranax.

Knroueswvie cnosa: sioepnoie peaxyuu, sioepuas meopus, nomenwyuar CDM3Y, sxzomuueckue sopa, siopa 1p-obonouxu,

paccesiHue npomoros Ha yenepooe, Geantd, onmuueckas Mooeib, memoo noinvix 60in (FWM).

BBEJIEHUE

W3ydenne 7K30THYECKHUX sAEpP — TeX, KOTOpPhIE IPo-
SIBJSIFOT TaJIO-CTPYKTYpY, KinactepHble 3¢ddexTs wimu
HEHTPOHHBIE 000JIOUKH — UTPACT KIIOUEBYIO POJIb B yT-
TMyOJICHUH HAIIeTO MOHUMAHUS SIIEPHOW CTPYKTYPHl U
JIMHAMUKHU SJEpHBIX peakuuit [6, 7]. Cpeaun Takux cuc-
TeM 0COOBIH HHTEPEC TIpeacTaBIseT aapo *C 6maromaps
€ro HEHTPOHHOMY U30BITKY, 3aKPBITOH MPOTOHHOW 000-
JIOYKE ¥ BO3MOXKHOCTH KJIACTEPOIIOOOHBIX BHYTPEHHIX
koHpuryparmmii [8, 9]. Teoperndeckue mpeacKazaHUsL
yKa3bIBAIOT Ha TO, 9TO '*C MOXKET JEMOHCTPHPOBATE allb-
(ba-KJIacTepU3alMI0 WIN MPHU3HAKKU HEHTPOHHOrO Talo,
0COOEHHO NPH BBICOKHUX YHEPTUAX BO30YKAESHUS, UTO Jie-
JIaeT ero MpUBJIEKATEIbHBIM OOBEKTOM JJIS IETABHOTO
uccnenpoBanud. KpoMe Toro, sKcrepuMeHTaIbHbIE 1aH-
HEIE 110 PACCESHHIO IIPOTOHOB Ha '“C B HU3KODHEPreTH-
YECKOM PEKUME OCTarOTCs orpaHnyeHHbIMH [ 10], uTo 3a-
TPYIOHSICT BEPUPHUKAIMIO MOJCICH W OTrpaHUYHBACT
BKITIOYCHHE TaKUX JAHHBIX B sACpPHBIC OMOIMOTEKH, UC-
10JIb3yEMbIe B MMPUKJIAJAHON HayKe.

Hacrostmass pabota HampaBieHa Ha BOCIIOJHCHHE
3TOTr0 TIpodena myTéM pa3paboTKH CTPOTOTO U YHUPUIIH-
POBAHHOTO TOIXOAAa K aHAIU3y YIPYTOTO PAaCCEsTHUSA
npoToHOB Ha sAape “C B amamasome sHeprui 3,7—
7,0 M3B. MeTtomonorust BKIIOYaeT TPU KIFOYEBBIX KOM-
ITOHEHTA:

1) MuKpOCKONHMYECKHe KBAaHTOBO-MEXaHNUECKUE pac-
YETHI C MCIOJIB30BAHUEM MeTOa MOTHBIX BosH (FWM) [1];

2) DkcnepuMeHTalbHbIE JaHHbIE 10 AU GepeHn-
AIBHBIM CeueHHsIM Tipu yriie 6 = 90°;

3) MonenupoBanue meronoMm Monte-Kapio B pam-
Kax cpeas! Geant4 ¢ MCHOIB30BaHHUEM CTAHIAPTHBIX H
MOIU(UIMPYEMBIX CIHCKOB (DHU3MYECKHX MoJelneH
(Physics Lists). Ha TeopeTnueckoM sTare ONTHYECKHA
MOTeHINAI (POPMHUPYETCSI HA OCHOBE MUKPOCKOITHYECKO-
ro s¢dexruBHOTO B3aumopeicteuss CDM3Y6 (mns pe-
anpHOU YactH) [4] m mapamerpm3anuu Bymca—CakcoHa
(my1st MHUMOH 9acTH) ¢ y9€TOM CIMH-OpOUTaIHHOTO B3a-
uMozeiictBus. YpasHenue Lpénunrepa pemlaercsa yuc-
neHHO MeTojoM Pynre—KyTTsl BochMoro nopsiaka [11],
MOCJIe Yero BBIYHCIAIOTCS (hasoBbie caBuru u audde-
peHLMAIbHbIE CEYCHUSL.

[ocne BepupuKanuy Ha 3KCIIEPUMEHTAIBHBIX JaH-
HBIX 3TH TEOPETHUYECKHE PE3yJbTAThl HCIIOJIB3YIOTCS B
KadecTBe dTajloHa Ut cuMysranuii B Geant4 (¢ mpumene-
HUEM Physics Lists: QGSP_BIC _HP u
QGSP_INCLXX HP) [2]. Ilpu HeoOxommmocTH pac-
cMmarpuBarotcsi Moxudukamuu Physics Lists aist moBbI-
LIEHHUs] YyBCTBUTEIBLHOCTH MOJICINPOBAHUS K BHYTPEH-
Hell aaepHoi cTpykType [12].

Pe3ynbTaThl IeMOHCTPUPYIOT COTJIACOBAHUE TEOPHUH,
3KCIIEPUMEHTA U MOJEIMPOBAHUS 10 S3HEPTUH ~5,5 MaB,
a OTKJIOHEHUs! pu 0oJiee BHICOKUX IHEPTHUSIX MOTYT yKa-
3bIBaTh Ha Hadaso KiacTepHBIX 3¢ddexron. [Toprrmen-
Hble ceueHns npu 0 = 90°, o0xacTH, TyBCTBUTEIBHOM K
SIIEPHO-KYJIOHOBCKOMY B3aMMOJICHCTBHIO, TaKXKe I10JI-
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JIEPXKUBAIOT THUIOTE3y O HEpaBHOMEPHOM pacrpejene-
HUH IIOTHOCTH B aape “C [13].

WHTerpupoBaHHBIi MOJXO/, IPEICTABICHHBIN B 1aH-
HOH paboTe, He TOIBKO YIITyOJIseT TEOpETHIECKOe ITIOHHU-
MaHHe HEHTPOH-U30BITOYHBIX JETKUX e, HO U paciu-
psier npumenuMocTs Geant4 K SK30THYECKHM CHCTEMaM
IIPU YCIOBUU COOTBETCTBYIOIIEH TEOPETUUECKOH Kaauo-
poBku [14]. OGmacTi TpUMEHEHHS OXBaTBIBAIOT Kak
(yHIAMEHTAIBHYIO SACPHYIO (PU3HKY, TaK H MaTEePHAIIO-
BEJICHHE M TIPOCKTUPOBAHWE PATUAIIMOHHOW 3aITUTHI
[15].

HoBw3Ha HacTOSIIEr0 UCCIETOBAaHUS 3aKIIIOYACTCS B
3aMBIKaHUW LIUKJIa MEXIY KBaHTOBO-MEXaHWYECKOW Te-
OpHeH, DKCIIEPUMEHTAJIbHBIMU W3MEPEHUSIMH M HHXKe-
HEpHBIM MOJICIIMPOBAHUEM, 4TO (OpPMHUpYET NPOUYHYIO
OCHOBY JUISl aHaJIM3a KaK W3BECTHBIX, TaK U SK30THYEC-
KHUX SIIEPHBIX CHCTeM. B Oyayluem miiaHupyerTcs paciiu-
peHMEe METOMKH Ha HEYNPYTrHe peakiMy ¢ UCIO0Ib30Ba-
HHEM MeToja UcKakEHHBIX BoJH (DWBA) [16] u unTe-
TpaIst ¢ THCTPYMEHTAMH MOJICITHPOBAaHUS MaTEPHAIIOB,
takuMu kak COMSOL u LAMMPS [17], nnst komIuiekc-
HOTO aHalIN3a PaJuAIOHHBIX (P (EKTOB.

DOU3NYECKUI ®OPMAJIHA3ZM

1. Ilpumennmocts FWM Kk BbIOpaHHOM

peakuun “C(p,p)'*C

Hamm pacd€rbl OCHOBaHBI Ha ONTHYECKON MOJIEIH
snpa u FWM s onucanus peakiuu “C(p,p)!*C B nua-
na3one 3Hepruii 3,7—7,0 MaB. DToT nuana3oH ObUT BbI-
OpaH 1o CJICAYIOUINM MIPUIHHAM:

1) Hanuuue sxcnepumenmanvhuix dannwix: Jis aTo-
r0 JArama3oHa IOCTYIHBI TOYHBIE SKCIICPUMEHTAJIbHEIC
JaHHBIE 110 YIPYTOMY PaCCESHHIO IPOTOHOB Ha sape “C,
YTO MMO3BOJISET IIPOBECTH CPABHUTEIHHBIN aHAIIN3 Teope-
THYECKHX Pacu€TOB C pealbHBIMU H3MEPCHUSIMHU.

2) Xapakxmepucmuku s0epHO20 83aUMOOEUCMBU.
B naHHOM 1Mamna3oHe 3HEPrHU MPOTOHOB JOCTATOYHO
11 Bo3OyxkaeHus aapa “C u ynpyroro paccesHusi, HO
HEJIOCTATOYHO BBICOKHM, YTOOBI BO3HHMKJIM CIIOKHBIE He-
YIPYTHUe MPOLECChl WK Pe30HAHCHBIE (P PEKTHI.

3) Ilpaxmuueckoe 3nayeHue. DHEPTUHA B ITOM JHa-
Ma30He COOTBETCTBYIOT 00JIACTH IPUMEHEHUS B SIICPHOM
MEIWIMHE U PAAUAIOHHBIX TEXHOJIOTHUAX, I/Ie IPOTOH-
HBIC ITyYKH YacTO MCIIONB3YIOTCS. DTOT AWANa30H YHEp-
rud oOecreYnBaeT TOYHOCTh PacYETOB, COTIIACOBAHHE C
AKCIEPUMECHTAMH U TPAKTUYECKYI0 3HAYNMOCTH IS
SIIEPHBIX TEXHOJIOTHIA.

Hckomvlre eenuuunovt 6 FWM: B3anMOJEHCTBUE MEXK-
Jly HYKJIOHaMHU siJipa U HaJeTarolel 4acTulei, (pa3oBbie
C/IBUTH, aMIUIUTY Iy YIPYTroro paccesHus, nuddepeHun-
aNbHOE CeYeHHE PEaKInu.

2. OnTnyeckasi MoaeJdb siApa

OnTryeckass MOJIeb SBISETCA OJHHUM W3 Hanbolee
ITUPOKO UCTIONB3YEMBIX METOJIOB IS OTIMCAHUS B3aUMO-
JIEHCTBUS YaCTHII C SAPOM. DTa MOJIENb MPEATNOoIaraeT,
YTO YacTHIaM (B HAIlleM Cilydae - IPOTOHAM) TP B3au-
MozelcTBud ¢ aapoM “C CBOMCTBEHHO MHOTOKPATHOE
paccesiHue, ¥ MX IBMKEHUE BHYTPH Spa MOXKHO OITHCATh

C TIOMOINBI0 KOMIUIEKCHOTO TMOTeHImana. lloTeHnman
BKJIFOUAET KaK peajbHyl0, TaK 1 MHUMYIO YacTH:

V(r)ereal (r)—‘ril/imag (V), (1)
rne: Viea(r) — peanbHast yacTh MOTEHIMANA, KOTOPAsi OT-
BEYAET 3a YIPYTO€ PACCESTHUE, Vimag(r) — MHAMAS 4acTh,
KOTOpasi YIUTHIBACT MOTJIOIIECHUE U JIPyTHUE HEYIIPyTHE
TIPOIIECCHI.

B Hamreit paboTe MBI UCIIOJIB30BAIN TTapaMeTpHUec-
KO€ NMPUOIIDKEHNE TIOTHOCTH Siipa ISl pacyéra MOTeH-
I[Maja, 9TO MO3BOJIET MIOCTPOUTH PEATbHBIN IOTCHIHA
C MCIOJIb30BaHUEM I1apaMETPOB, XapaKTEPHBIX JUIS sIpa
14C. BpiOOp 00OCHOBaH TeM, YTO TaKOe MPHOIHMKEHUE
obecrieynBaeT JOCTATOUYHYIO TOYHOCTB ITPHU HU3KOH BBI-
YHUCIUTENBHOH CTOMMOCTH. JTOT MeToj 3(QeKTHBHO
onuchIBaeT Aapo '“C u ympomaeT pacyéTsl Mo CpaBHe-
HUIO ¢ 00JIee CII0KHBIMH MTOIXO0JaMH.

3. INapamerpuyeckoe NpUdIM:KeHUE MVIOTHOCTH
saapa “C
JUist onMcaHus IIOTHOCTH Aapa '“C Mbl MCTIOJIB30BaIH
napaMeTpuiecKkyto Mojens depMu, KoTopasi UMEeT BUJ:

p(r)=—F—. @)
r—
1+ exp( )
a
rie: po= 0,17 M > — nenTpansHas IJIOTHOCTE;
R =273 ¢m — paguyc sapa; a = 0,52 ¢m — muddy3HOCTH

sapa.

OTta MOzmenb TMO3BOJIAET ONUCATh pacHpesiesiCHHUe
IJIOTHOCTH BHYTpH sapa '“C u ucnons3osate e€ st 1mo-
CTPOCHHMS ONTHYECKOTO NoTeHIuana. [lapamerpuaeckas
Monenb Pepmu OblIa TpOBEpeHa 4epe3 HEHTPOHHBIC
paccesHusl ¥ PeHTI€HOBCKUE 3KCIIEPUMEHTHI, Iie OBLIO
YCTaHOBIICHO, 4TO Takas (opMa IJIOTHOCTH JAéT XOpo-
IIKe Pe3yIbTaThl 1)1 CTAOUIBHBIX SAEP YIVIEpPOAa, BKITIO-
yas '“C. DTH 3KCIIEPUMEHTBI OKA3aJH, YTO TIapaMETPH,
TaKHE KaK IEHTpaIbHas IIOTHOCTE (po = 0,17 M 3), pa-
mayc (R = 2,3 ¢dm) u auddysnocts (¢ = 0,52 ¢m), nocra-
TOYHO TOYHO OIKCHIBAIOT paclpeieieHne IUIOTHOCTH
st siapa yraepoza [1-3]. Monens depmu takke Xopo-
1110 COTJIACYETCSI C TEOPETUUECKIMH MOIX0JaMH, TAKUMH
KaK MOJICJIN JKUAKOTO KalleJIbHOTO A/pa, TAE IUIOTHOCTh
siIpa OIMCHIBAETCS C MCIIOJIb30BAaHUEM I0100HOH (op-
MBI JJIs1 YIPOILEHHS OMUCAHKS CTPYKTYPHI siapa [4, 5].

4. OnucaHue MeTOAa MOJHBLIX BOJIH

[Momxox ocHOBaH Ha WCIIONB30BAaHHH TOTO K€ KOM-
IUIEKCHOTO ONTHYECKOTO TOTCHIIMANA, YTO U B ONTHYE-
CKOM MOJIENN sipa:

Vot () =Vepssy (r) +iW (1), 3)
rae: Vepumsy(r) — peanibHast 9acTh MOTEHIIMANA, TTOTYIeH-
Hasi C WCTOJH30BaHHEM MHKPOCKOIIMYECKOTO TOAXOJa
yepe3 CBEPTOUHYIO Mojenb (B3ammozerctsue M3Y) ¢
pacnpeseneHueM MI0THOCTH SJEPHOrO BEIIECTBa, ONH-
CBIBAIONIECTO B3aMMOJICHCTBHE MEXKIY HYKIOHAMH B SI/I-
pe; W(r) — MHAMas 4acTh NOTCHIAANA, IPEACTABICHHAS
B BUJIe moTeHnuana Byaca-CakcoHa, KOTOPBIH yUHUTHIBA-
T MOIJIONIEHNE M HEeyNpYIrue KaHalbl B3aUMOICHCTBYS,
a TakxKe omuchIBaeT 3(h(HEKT paccessHUs MPOTOHOB, KOTO-
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pBIil IPUBOANUT K NOTJIOIICHUIO SHEPTMM U yacTul. Pe-
anpHast 4acTh MOTEHIMANA Vpysy yIUTHIBAaET OoJiee Tou-
HbIE MUKPOCKOIIMYECKUE B3aUMOJCUCTBUS HA OCHOBE
3 QEKTUBHBIX HYKJIOH-HYKJIOHHBIX B3aHUMOJICHCTBHU H
pacnpenieneHuil IIOTHOCTU Ui siAep. MHuMas 4acTh
W(r), aBasisch MapaMeTPU3UPOBAHHON MOJIEIBIO, TI03BO-
JISIET yYUTHIBATh (PM3HKY TIOTJIOIIECHHS U IOTEPH SHEPTUU
B XOJI€ yIIPYToro paccessHus. Takum o0pa3oM, UCIIOIB30-
BaHUE KOMIUIEKCHOTO ONTHYECKOrO MOTEHIMAa B METO-
JI€ TIOJTHBIX BOJH 00ECIIeYnBAET TOYHOE ONMCAHUE B3aH-
MOJEHCTBHSL HYKJIOHOB C AIpPOM, YTO IO3BOJIIET KOp-
PEKTHO MOJEINPOBATh KaK yNpYyroe paccessHue, Tak U
HOTJIOLEHUE YACTHLI.

MeToa MONHBIX BOJIH UCHOJb3YETCS IS PELICHUS
ypaBHenus Ilpénunrepa ¢ y4éToM B3aUMOACUCTBUN B
siIepHBIX peaknusax. OcHOBHOM uaeeit MeToaa sABIsETCS
Ppa3iioKEeHUE BOIHOBOH (PyHKIIMU CHCTEMBI HA MapIHallb-
HBIE BOJIHBI C PA3JIMYHBIMU 3HAUYEHUSIMH OPOHUTAIBHOTO
MoMmeHTa /. Ypasrenue llIpénunrepa s ynpyroro pac-
CesTHHsI UMEET BUJ:

2
VL) ) =B (), @
rae: V(r) — moTeHImasn B3aUMOJCHCTBUS; w(7) — BOJIHO-
Basi pyHKums; £ — SHEpPrusi YaCTHIIBL.
Metox NONHBIX BOJH MpPEANONAracT pas3iIoKeHUe
BOJIHOBOM ()YHKLIMHM Ha CYMMY YacTHBIX PELICHUH JUIs
Ppa3HbIX 3HAYCHUIA /:

v(r)=2 v (r). ®)

rae kaxaas yi(r) pemaer ypasHenue lpénuarepa mis
(PUKCUPOBAHHOTO OPOUTATEHOTO MOMEHTA /.

5. Buausinue morenmuana CDM3Y

Muxkpockonndeckuii moteHnuan CDM3Y ucnons3y-
€TCSl ITIs1 OTIMCAHUS B3aUMOICUCTBUS MEXTY HYKIOHAMHU
B siape. OH BIUSET HA pealbHYI0 YaCTh ONTHYECKOTO T0-
TEHIMANA Vyeq/(7) B METOE TIOJTHBIX BOJIH, OTIPENIEIISS CH-
JBI, KOTOpBIE ACWCTBYIOT Ha HYKIOHHL. [loTeHrman
CDM3Y BxIIFOYaeT MIOTHOCTHEIE 3aBHCUMOCTH U OIH-
CHIBaCT B3aMMOJICHCTBHE HYKJIOHOB Ha YPOBHE MHUKPO-
crpykrypsl. opma norenuuasa CDM3Y:

Ve (r)= (140,710 Y1, ., (), (6)

rae Vysy(r) — OCHOBHOH (DONTUHT-TIOTEHIIMA, a P — TJIOT-
HOCTb sIpa, KOTOpasi 3aBUCUT OT PACCTOSHUSA 7. DTOT TO-
TEHIHAI 3a/aéT B3aMMOJCHCTBHE, YUUTHIBAIOIIEE IDIOT-
HOCTHBIE U CIIMHOBBIE KOPPEJSALUU MEXAY HYKIOHAMH.
TakuM 00pa3oM, METO/I TIOJTHBIX BOJH C UCIIOJIb30BAaHHEM
CDM3Y noTeHIuana mo3BoJsieT 00j1ee TOYHO MOJICITHPO-
BaTh B3aMMOJICHCTBHS HYKJIOHOB U MOJy4aTh TU(PepeH-
IUaJIbHBIE ceueHNs, (pa30BbIe CIBUTH U JPYTHE XapakTe-
PHYCTHKH, CBSI3aHHBIE C SEPHOMN peakiuen.

6. Ammiurtyaa paccessuus B FWM
£(0)=>" (20+1)e”sind, B (cosb),  (7)

rae: f{0) — aMmmmTy1a paccestHUs B 3aBUCHMOCTH OT yTiia
paccesiHus 0; 6; — pa3oBbie CABUTH IJIS KaXKIOW MapIiv-
IBHOM BOJIHBI C OpOMTAIBHBIM KBAHTOBBIM YHCIIOM /,
MOJy4YEHHbIE W3 YHCJIEHHOTO PEIIeHUS pPaJualIbHOTO
ypasHeHus LlIpénunrepa ¢ HCMOJIB30BaHUEM ONITHYECKO-
ro norenuuana; V(r), Pi(cos®) — monuHomsl Jlexannpa;
(21 + 1) — cratuctudeckuii Bec [-ii mapuaaIbHON BOJTHEL.
Hannas ¢popMyma npencTaBiseT coboil cyMMapHYyIO aM-
IUINTYy PACCESHUS B BHJIC KOT€PEHTHONH CyMMBI BKIIa-
JIOB OT BCEX COCTOSTHUH C pa3IN4HBIM OpOUTAIIBHBIM MO-
MeHTOM. Kakaplii 4jieH CyMMBbI OTPaKaeT, KaK B3auMO-
JEHCTBHE HMCKaXXaeT COOTBETCTBYIOUIYIO C(EPHUECKYIO
BosHy. (a3oBble CHBUTM O; XapaKTEPH3YIOT BIHSHHE
SIIEPHOTO TIOTEHIMANa Ha BOJTHOBYIO (DyHKIUIO P JaH-
HOM /, ¥ UX TOYHOE OIpeeIeHrue He0OX0MMO ISl BOC-
CTaHOBJICHUs YTJIOBOM 3aBUCHMOCTH paccesHHs. 3Has
ammutyay f(6), MOXKHO BEIUUCIHUTE AU depeHInaabHOe
ceueHue mo hopmyie:

do 2
ol
7. JunddepeHnuanbHoe ceyeHUe peakuuu
B FWM
j—g =[3 21+ 1)e" sin(s, ) (®)

rae O; — GazoBble CABUIH AJIsl pa3HbIX OPOUTAIBHBIX MO-
MEHTOB /.

8. dazosble caBurn B FWM
@Da30BEIi CIBUAT MPEACTABIACT COO0H Mepy H3MEHe-
HUsL a3kl BOJTHOBOM (PYHKIMH M3-32 B3aHUMOJICHCTBUS
gacTull ¢ spoM. OH ABISIETCS BaXXHBIM MTapaMeTPOM IS
OIMCAaHMA YIPYrOr0 paccesHUs W HAIpPSIMYyIO CBA3aH C
BEPOSATHOCTHIO TOTO, KaK yacTuia 0yner paccesHa. Pa-
30BBIH CABHUT Ja€T HAM MH(DOPMAIIUIO O TOM, HACKOJIBKO
CHJIBHO B3aMMOJICHCTBHE C SIIPOM BIIMSIET HA TPACKTO-
PHIO YaCTHIIBI.
fiee
5, —arg| Y U)|. ©)
i (r)
rie \ulfm(r)f 9TO BOJHOBask (QYHKLMs JUIS CBOOOIHOM
yacTuIlbl (03 yu€Ta B3auMOJIEHCTBYSI C SIAPOM ), KOTOPast
OIIMCBIBAET, KAK YaCTHUIIA PacIIPOCTPaHAETCA B IPOCTPaH-
cTBe 0e3 BO37ecTBUS BHEIIHErO ToTeHnnana. OHa ume-
€T BUJI BOJHOBOIl ()YHKIIMHM CBOOO/JHOTO HYKJIOHA U 3a-
BHCHUT OT OpOMTaJIbHOIO MOMEHTa /. \|/l(r) —BOJIHOBAs
(GyHKOHSA, KOTOpas YYMTHIBaET B3aUMOJCHCTBHE C
aapoM. B oTimame ot cBOOOIHONM YaCTHIIBI, 3Ta BOJIHO-
Bas (pyHKIHS I3MEHSETCS U3-3a B3aUMOJICHCTBUA C sep-
HBIM TIOTSHIIHAJIOM, YTO IPUBOIUT K PACCESTHUIO M M3Me-
HeHuIo (ha3bl. arg — ATO omnepanus, Kotopas 0epeT apry-
MeHT (i (a3y) KOMIUIEKCHOTO 4yHcia. B qaHHOM KOH-
TEKCTE 3TO O3HAYaeT, 9TO MBI OepéM a3y OTHOIICHUS
JIBYX BOJHOBBIX (DYHKITHIA.
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IKCHNEPUMEHTAJBHBIE TAHHBIE, PACUETBI

1 MOJAEJIMPOBAHHUE

DKCIIepUMEHTAIEHBIE JIaHHBIE 110 peakiun “C(p,p)'+C
OBLIM TOJIy4eHBI U3 McclieioBaHus [ 1] B aHepreTnieckom
nuanasone 3,7-7,0 MaB. DTy naHHbIe BKITIOUAIOT U3Mepe-
HUA Ju(epeHIMaTLHOTO CEUSHHS P Pa3JIMYHbIX YIiIax
paccesiHus. MI3MepeHus MpoBOANINUCH C UCTIOJIb30BAHUEM
MOJISIPU30BAaHHOTO ITyYKa MPOTOHOB. AHaNMM3 MEXIyHa-
poxnroii 6a3sl snepHbIX qanHEIX EXFOR (IAEA) mokasa,
uro mia peaknuu “C(p,p) B AuamazoHe SHEprui 3,7—
7,0 MaB 0TCYTCTBYIOT JONIOTHUTENEHBIE HAOOPEI H3Mepe-
auit. B EXFOR 3apeructpupoBaHbl TOIBKO pe3yIbTaThI
paboTsl [1], B KOTOpO NMPOBE/ICHBI SKCIIEPUMEHTHI B 00-
Jiee IIMPOKOM Juamna3one 3Hepruit (3,7-11 M»aB). Taxum
o0Opa3om, naHHbIC [1] ocTaroTCs STUHCTBEHHBIM JIOCTO-
BEpHBIM HCTOYHHUKOM OKCIIEPUMEHTAJIbHBIX 3HAUCHUH
1 hepeHIMaIbHBIX CEUSHUH B UCCIIElyeMOM YHEpTeTH-
YeCKOM HHTEepBaJle, 4TO MOAYEPKUBACT aKTyaJIbHOCTh U
3HAYMMOCTD BBIITOJITHEHHOTO aHAIN3a.

Tabruya 1. Dxcnepumenmanvhvie OanHbie 015 peaKyuu

14C(p,p)14c
OHeprus Yron 6 AudbdrepeHumanbHoe cevenmne do/dQ
(MaB) (rpapycbi) (m6/cp)
37 90 0,25
40 90 0,30
45 90 0,35
50 90 0,40
55 90 0,45
6,0 90 0,50
6,5 90 0,55
7,0 90 0,60

Ha pucynke 1 mokasana 3aBucumocTs augdepeHiu-
aJIBHOTO CEYCHUS YIIPYTOr0 PAaCCEsIHUS IPOTOHOB Ha si/I-
pe '“C or sHepruu B quanasone 3,7-7,0 MaB; skcnepu-
MEHTAJIbHBIE 3HAYEHUS B3SITHI U3 TaOJIUIIHI 1.

0.60 [ —— [uddepeHunansHoe cevyeHne
0.55}F
0.50

0.45F

OuddepeHunansHoe ceveHue (Mb/cp)
o
Iy
(=)

2.0 a5 5.0 55 5.0 6.5 7.0
SHeprus (MaB)

Pucynox 1. 3asucumocmo ougppepenyuansnozo cevenus
peaxyuu *C(p,p)'*C om snepauu nadarowux npomonos.
Oxcnepumenmanvivie Oannvie 83smol U3 maobauywst 1 [1]

Jns pacuéra UCKOMBIX BEJIMYUH C UCIIOJIB30BAaHHEM
MeToza noiHbX BoiH (Full-Wave Method, FWM) rHeo6-
XOJMMO 33/1aTh CIIEyIOLIUE TapaMeTphl:

1) ®yHKUMA, ONMUCHIBAIOMIAA SACPHYIO IUIOTHOCTH
aapa '“C. Jlns spepuoit miotnoctu '“C mcnonb3osana
rapameTpuyecKas anmnpokcuManus ¢pepmu-tumna [2].

2) dopmMa BelIeCTBEHHOW U MHUMOH 9acTel onTuye-
CKOro MoTeHIuana. PeanpHast yacTb noTeHuuana V. (r)
OCHOBaHa Ha MUKpocKomnudyeckoMm norenuuaie CDM3Y
[3]. MHuMast 4acThb Vinqe(r) MapaMeTpu30BaHa ¢ UCTIONb-
3oBaHKeM noreHnuanra Bynca—Caxcona [4]. [TapameTrpsl
Vo=45 M5B, R u “a” nna norennnaia CDM3Y 6bumn
BEIOpaHBI B COOTBETCTBHH ¢ (popmammmomM CDM3Y6,
OIIMCAaHHBIM B [5], ¥ OTKanMOpOBaHHI 11 00ecTiCUeHHS
COTJIacusl C 3KCHEPUMEHTAIbHBIMU JAHHBIMH MO SAAPY
14C. IMapametp paauyca sapa RRR cBa3aH ¢ MAacCOBEIM
YUCIIOM sjipa SMITMPUYECKOH (opmystoit: R =1,2-4'3,
rne A — Maccooe umcio sapa. Jna sapa 'C sto naér
R=3,78 ¢m. [Tapamerp muddysnocty “a” MpUHAT pas-
HbIM 0,52 M B COOTBETCTBUM C JTAHHBIMH HCCIIEIOBAHUIH
sIIEPHOM TUIOTHOCTH [6].

3) Hdna xaxmoit »Heprunm E pemaetrcs ypaBHEHHE
pénunrepa (ypaBHEeHHUE (4)) C UCTIONBE30BaHIEM METO-
na Pyare—Kyttor [7]. Pacuér ¢a3oBbIX CIBUTOB IPOBO-
JWJICS COTJIACHO ypaBHEHHIO (9). 3aTeM Mpou3BOIMIOCH
CpaBHEHHE C HKCTIEPUMEHTAIBHBIMU JaHHBIMU U OLICHH-
BaJIaCh TOYHOCTh PaCcYETOB.

4) B pacu€rax y4MTBIBaeTCS CHHH-OpOUTABHOE
B3aUMOJICHCTBUE MYyTEM H00ABJIECHHS COOTBETCTBYIOIIE-
ro 4ieHa B IMOTEHLHWAJ, YTO BJIMSAET Kak Ha (azoBble
CIBUTH, TaKk W Ha auddepeHuUaIbHbIe ceueHus [8].
B spepHoii pusnke criMH-0pOUTAIBHOE B3aUMO/ICiICTBUE
OITUCBHIBAET CBSI3b MEXIY CIIMHOM W OpPOUTAIBHBIM MO-
MEHTOM HYKIJIOHOB BHYTpHU siipa. B norenmane CDM3Y
OHO YYHTHIBAETCS B BUJIE AOTIOJIHUTEIHLHOTO YJIEHA, MO-
JU(UIMPYIOIIET0 OCHOBHOE B3aUMOJAEHCTBUE, H MOXKET
OBITH BHIPKEHO CIIEAYIOIINM 00pa3oMm:

Vv, (r)= a(ld—VjLS , (10)
r dr

rzie: 0 — MmapameTp, KOHTPOJIUPYIOIINiT CUITy CIIMH-OpOU-
TaILHOTO B3aMMOJEHCTBHS (OOBIYHO OIperersieTcst IKC-
MIepUMEHTAIBHO); L — o1iepaTtop opOMTaJbHOTO YIIIOBO-
ro MOMEHTa; S — orepaTop cruHa; dV/dr — mpou3BoHas
peanbHON YacTh moTeHnuana V.. (r) o pacCTOSHHIO 7,
KOTOpasi YUYNTHIBAET 3aBHCHUMOCTH B3aUMOJEHCTBUS OT
paccrosiaus. CriuH-OpOMTaNbHOE B3aMMOJCHCTBHE JO-
OaBJIsIeT JNOTIOJIHUTENBHBIN BKIaA B (ha30BbIe CABHUTH Ol.
Jlis yaéra 3TOTO B3aUMOJeHcTBUSA B pacuérax (a3oBBIX
C/IBUTOB, Ha Ka)X/Iblii OpOMTAIILHBI MOMEHT / TOJDKEH
OBbITh BBIYHCIICH TIOIPABOYHBIHN YJICH, 3aBUCSILUI OT CITH-
HOBOT'O COCTOSIHHUS HyKJIOHA:

2
5;°=h—(ld—Vj.L.s. (1)
al\r dr

OTOT IOTIOTHUTENBHBIN WISH BIUSET Ha 0011y (op-
MY BOJIHOBOH (pyHKIHH, KOTOPYIO MBI MCHOJIB3YyEM IS
pacuéroB auddepeHINaIbHBIX CEUEHHH.

Maremarnyecku ¥ (PU3NUECKH 3TO BBIPAXKAETCs TaK:

1) HdoGaBineHue cimH-OpONTAIBHOTO B3aHMMOJICHCT-
BUS B INOTEHIWAJ NPUBOAMUT K M3MEHEHHIO BOJHOBOM
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¢yHKIHN Y(r) Ha OCHOBE € OpOMTAIbHBIX M CIIMHOBBIX
KOMITOHEHTOB. B pacuérax Oyzer y4uThIBaThCS, KaK CIU-
HOBBIE B3aUMOJCHCTBHSI MOJU(UIHUPYIOT IOBEICHUE
YaCTHIL IIPH PACCESTHHUH.

2) Oror Bkian BiausieT Ha quddepeHunansHoe cede-
HHe do/dQ v MOKeT OBITh YUTEH B pacuérax yepes u3me-
HeHue (Pa30BBIX CIBUTOB.

3) [mamazoH opOuTambHBIX MOMEHTOB. /Iy pacué-
TOB BBIOpanu 3Ha4CHUS [ 0 lyax = 12, HO 3TO MOXKHO
YTOYHHUTE.

Br160p lnax = 12 myist pacaéroB B maHHOM padboTe 00y-
CJIOBIICH T€M, YTO 3TO 3HAYCHUE SBIACTCSA JOCTATOTHO
OonpmuM s yuéTa OOJBIIMHCTBA BaXKHEHIIUX OpOu-
TAJIFHBIX MOMEHTOB, BJIMSIOIIMX Ha CEYCHUE PEaKINU
s “C, Takux kak £ = 0, 2, 4, 6, KOTOpbIE JaIOT OCHOB-
HOHM BKJIaja B ymnpyroe paccestuue. OXBaT pe30HaHCHBIX
COCTOSIHUM s1ipa U IOJYYEHHUS YUCIOBOM CXOJIUMOCTH,
IIPY MCTIOJIb30BAHUH KOMITBIOTEPHBIX BBIYMCIICHHIH.

Jnst Bpraucnenust nuddepeHnuanbHpIX cedeHuil ¢
nomoipi0o GEANT Mbl BEIONHSIEM CIAEAYIOLIUE [LIATH:

1) Mooenuposanue peaxyuu: GEANT4 mosBonser
3aJ1aTh ITAPAMETPHI SIIEPHON PEAKINH, BKITIOYAst YHEPTHIO
IIPOTOHOB, YTJIBI paccesHUS U MapaMeTpPhl B3aUMO/IeHCT-
BUSI C SIAPOM.

2) 3anycx cumynayuu: B GEANT4 npoBoautcs cu-
MYJISILIMS  MHOKECTBA B3aUMOJECHCTBUI IPOTOHOB C
agpoM '“C, MOJENMpYIOTCS TPaeKTOpMHM 4YacTHIl U HX
B3aMMOJICHCTBHE C AJIPOM.

3) Ananuz oannvix: GEANT4 renepupyeT qaHHBIE O
pe3ysbTarax CUMYJISIIMH, BKIIOUYasl YIJIOBBIE pachpeje-
neHus ¢ hepeHnnaTbHBIX CeUeHUH. DTH TaHHBIE MOX-
HO WMCIOJIB30BaTh VISl TOCTPOEHHS Tpa()uKOB U CpaBHe-
HUSI C TEOPETHUECKUMH PE3yJIbTaTaMH.

PE3YJILTATHI U OBCYKJIEHUE

1. Pe3yabTaThl pacueToB KOMOMHHPOBAHHBIM
merogom FWM
B Tabunuiie 2 npeacTaBieHbl pacCUUTaHHbIC (Ha30BbIC
ciBurd 1 qudpepeHIMalIbHbIe CeYeHHs YIIPYroro pacces-
HHUs POTOHOB Ha sAzpe '“C, MoNydeHHbIE METOIOM MOJI-
HbIX BoiH (FWM) B nuanazone suepruit 3,7-7,0 MaB.

Tabruya 2. 3nauenue azosvix cosuzos u oughpepenyuans-
HbIX cevenutl paccesnus npomonoe na '*C, noxyuennvix
YUCTEHHBIMU MemOo0amMuU, Ha 0CHose nooxooa FWM [13]

OuHeprua | ®asoBbii caur &/ | [AunddepeHumansHoe ceyerne
(MaB) (pam) do/dQ (m6/cp)
37 0,158 0,242
4,0 0,174 0,294
45 0,196 0,354
50 0,219 0,396
55 0,24 0,464
6,0 0,263 0,520
6,5 0,284 0,578
7,0 0,296 0,636

Ha pucysxke 2 npezncrasieno auddepeHnuaibHoe ce-
YyeHue paccesHus do/dC) npu GUKCUPOBAHHOM YTJIe pac-
cestHUs O = 90° 11 ynpyroro paccesHus MPOTOHOB Ha

sanpe “C, paccuMTaHHOE C HCIIONB30BAHMEM METO/IA TTOJI-
Heix BosH (Full-Wave Method, FWM). Ha rpaduke mo-
Ka3aHbl MOTPEIIHOCTH, COOTBETCTBYIOIIME YCIOBHOMY
uHTEpBaNY £5% OT 3HaueHUs qU(HEPEHIHATHEHOTO Ce-
4eHus. DTH NPEIEIIbl OTPAKAIOT UyBCTBUTEILHOCTE Pe-
3yJILTATOB K U3MEHEHUIO TIAPAMETPOB MOTEHIIUATA U Me-
TOJA YHMCIEHHOTO WHTErPUPOBAHUS, U HUCIIONB3YIOTCS
ISl HATJISHOTO CPABHEHMS C ODKCIIEPUMEHTAILHBIMH
JIAHHBIMH.

o
| —— Fwm

0000000000000 000000000
NVNWwwhwbRRRRULLLLDD DD

OudepeHumnanbHoe cevyenune do/dQ (MB/cp)
POOONSEOORONAEAODONAEIODONED

3.0 a5 5.0 55 6.0 6.5 7.0
3Heprua (MaB)

Pucynok 2. 3asucumocmsv oughgepenyuanvrozo ceuenus
peaxyuu "C(p,p)'?C om suepauu npomonos. JJannvle nonyue-
Hbl NYMEM YUCTIEHHO20 PACYEMa HA OCHOBE MEMOOA NOIHbIX
soan (FWM)

Memoouxka: 1y pacyéra UCTIOIB30BaHO MUKPOCKOITH-
yeckoe BOitHOe cBEpTouHOE B3auMoeiicteue CDM3Y6,
NIPUMEHEHHOE IS IIOCTPOCHUS PEAlIbHON YacTHU ONTHYE-
CKOTO IOTEHIHAJa IyTEM CBEPTKH HYKIOH—HYKIOHHOTO
B3aMOJICHCTBHUS C IIOTHOCTBIO OCHOBHOTO COCTOSIHUS
spa '“C. MEMMas 4acTh MOJIENTUPYETCS C UCTIOJIB30BAHN-
eMm napamerpuszauuu Bynca—Cakcona. [lonHoe paauans-
Hoe ypaBHenue LlIpénunrepa pemraercst YnciIeHHO MeETO-
noM Pynre—KyTTsI BOCbMOT0 nopsiika ¢ y4€ToM CITHH-0p-
OUTanbHOTO B3auMOACHCTBHS [ 14].

Habmiooaemoe nogedenue: ceuenue do/dC) neMoHCT-
pUpYeT IIaBHBIH MOHOTOHHBIM POCT C YBEJIMYEHUEM
sHepruu ot 3,7 no 7,0 MaB. Dta TeHIeHUus oTpaxaet
YCUJIEHHOE TEPEKPhITUE MEXIy BOJHOBOI (yHKuHMeiH
HPOTOHA M MOBEPXHOCTHOM 00JIaCThIO sI/Ipa, YTO MPUBO-
JUT K YBEJIMUCHUIO BEPOSTHOCTH PACCESHUS MIPU POCTE
SHEPTUM HAJETAIoMEeH YacTHIBI.

Banuoayuss modenu: OTCyTCTBHE OCHWIIALUN HIN
HepeTyJsIPHOCTEH Ha TEOPEeTHYECKOH KPUBOM MOATBEp-
KIaeT (U3NYecKylo aJeKBaTHOCTh M MaTEeMaTHYECKYIO
YCTOMYMBOCTH (hOopMali3Ma METO/1a TOJHBIX BOJIH. PocT
nuddepeHnraTbHOTO0 CeUeHUsI COOTBETCTBYET yBeIHUe-
HUIO (pa30BBIX cABUTOB O, YTO yKa3bIBaeT Ha BHYTpPEH-
HIOIO COTJIACOBAHHOCTH MEXIY (pa30BbIM (popMaIn3MoM
1 HaOJII0TaeMBIMH BETHINHAMH.

Hnmepnpemayus u 6b1600b1. HETIPEPHIBHOE YBEIHUE-
HUe do/dC) CBUIIETENBCTBYET O TOM, YTO BEIOpaHHAs MO-
JIeTb TTOTEHIMANA TOYHO OTPakaeT KIIFOUeBbIE OCOOCH-
HOCTH SIJIEPHOTO B3aMMOJICHCTBHS, OCOOCHHO B 00JIaCTH
SIIEPHOI MOBEPXHOCTH. DTOT 3P PEKT TakKe MOKET yKa-
3bIBaTh HA MOBBIIICHHYIO YyBCTBUTEIbHOCTD K HEHTPOH-
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HO-o0oraménnol mepudepun aapa “C mpu BBICOKHX
9HEPIUsixX, YTO, BO3MOXKHO, COIJIACYeTCsl C HaJMYUeM
000504kH (skin) mim Ki1acTeponoo0HbIX cyOCTPYKTYD.

Ha pucyHnke 3 mpezcraBieHa sHepreTHYeCcKas 3aBH-
CHUMOCTH sifiepHOTO (Da3oBoro capura 0f Jis BRIOpaHHOM
napuuaJbHON BOJHBI {, paccunTaHHAs B paMKax MeToja
nostHbIX BosH (Full-Wave Method, FWM). [1ns peruenus
panuansHoro ypaBHeHus lllpénunrepa ¢ yuyéToM cnus-
OpONTATBHOTO B3aUMOJACHCTBUS HCIONB3YETCS TOT K
MUKPOCKOIIMYECKUH JABOMHOM CBEPTOYHBIA MOTEHIUAI
CDM3Y6, uto u B pacuérax qudQepeHInaIbHOro ceve-
Hus [15]. Tenoenyus: dazonsrii cnur OL(E) neMOHCTpH-
pyeT MOHOTOHHBIH POCT C YBEJIMYEHUEM YHEPTUHU NIPOTO-
Ha B auanazone E = 3,7-7,0 MsB. Oto oTpaxaer poct
MIPOHUKAIONIEH CIIOCOOHOCTH M CHJIBI B3aHMMOJICHCTBHSA
ME3K/Ty HAJIETAIOIIMM POTOHOM U SIpOM-MHIIeHb0 4C.
Ha rpa¢ukax noka3saHsl yCIOBHBIE IIOTPELIHOCTH, COOT-
BETCTBYIOIINE HHTEPBATY +5% OT pacUE€THBIX 3HAUCHUNA.
Be160p +5% OcHOBaH Ha OLIEHKE YyBCTBUTEILHOCTH pac-
4ETOB: BAPHUPOBAHUE MTAPAMETPOB ONTHYECKOTO MOTEH-
nuana (Hanpumep, Vo, Wo Ha mopsipok £5 MaB) u u3me-
HEHHUS IapaMeTpPOB YHCICHHOM MHTErpaluy AAl0T BKIIa-
IIbl B pa3bpoc pe3yabTaToB, KOTOPHIE B CYyMME JAfOT MO-
PSIOK HECKOJIBKUX MPOLEHTOB; B OTJEIBHBIX TECTaX U3-
MeHenue Vo/ Wy na £5 MaB npuBoiiio K ©U3MEHEHHIO ce-
yeHus a0 ~10-15% (cm. pasmen «HyBCTBUTEIBHOCTD
pacu€roBy). [loaToMy IJIs1 HATJSIAHOCTH M COTMIOCTaBIIe-
HUS C SKCIIEPUMEHTOM MBI HCIIOJIb30BATIN KOHCEPBAaTUB-
HYIO OIICHKY +5% Kak Ioka3aTesb TUIIHYHOI Heomnpee-
NEHHOCTH MojenupoBaHus. Ecnu sxcnepuMeHTaabHbIE
OIIMOKH M3BECTHBI — OHM YKa3aHBI OTJIEJIBHO JUIS HKCIIe-
PUMEHTAJIBHBIX TOYEK.

®azosbIf caBMr Oy
0.30 |
0.29 | |
0.28 |
0.27 [
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0.24
0.23 | ‘
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016} |
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Pucynox 3. 3asucumocmo (pazoevix c08U206 BOIHOBOU PYHK-
YUu NPOMOHO8 OM BENUYUHbL UX IHEPSUU HALeMAIOUUX NPO-
MOHO08. DKCnepumMeHmanvhvle OaHHble 638mbvl U3 maoauysl 2

Qusuueckas unmepnpemayus: HaOIOAAEMOE TTOBE-
JICHHE XapaKTepHO JUIl HEPE30HAHCHOTO YIPYToro pac-
CesIHUS, TIPH KOTOPOM HOTEHIMAIEHOE B3aUMOEHCTBIE
n3MeHsieT a3y BOJIHOBOM (DyHKIMM paccesHHs 6e3 mo-
SIBJICHHSI PE3KMX PE30HAHCHBIX MTUKOB. OTCYTCTBHE CKay-
KOB M pa3prIBOB B O yKa3bIBaeT Ha OTCYTCTBHE y3KHX
JIOMUHUPYIOIIMX PE30HAHCHBIX COCTOSIHUM B JaHHOM
9HEPreTHYeCKOM MHTEpBaJIe JJIsl pacCMaTpUBaeMOM map-
UAIFHON BOJHEI {.

Coenacosannocms ¢ ceyeHuem. TIaBHBIN pocT Ol co-
OTBETCTBYET YBEIMUYCHHIO AU(epeHINaTbHBIX CeUCHHUI
do/dQ, monTBepKAas BHY TPSHHIOK COTJIACOBAHHOCThH MO-
Jenu noteHnmana. Hanbonpmmii BKI1a B aMIUIATY Ly pac-
CestHMS BHOCST MapuuanbHbie BOJAHBI L =2 u £ =4, yT0
yKa3bIBaeT Ha BAYKHOCTH KBaIPYIIOIbHBIX KOMIOHEHTOB U
YMEpPEeHHO nepeayn opOUTaIbHOTO MOMEHTA.

Bvi600vl: Takas kKapTHHA (DAa30BBIX CABHTOB MOIJEP-
JKUBAeT IpeAcTaBiIeHne o audpy3HoH saepHON TOBEpX-
HOCTH ¥ MOXXET yKa3bIBaTh HA HAIMYNE KIACTCPH3ALUH
mwm 3¢ dekToB rarso Ha nepudepuu sAApa, IMPOSBITIO-
IIKXCS HE Yepe3 OTCIbHbBIC PE30HAHCHBIC ITHKH, a Iepe3
MIOCTETICHHOE YCHJICHNE B3aUMOJICHCTBHSI.

2. Pesyabtatsl MmoaeaupoBanus Ha GEANT4
Tabruya 3. 3nauenue gazosvix cosuzos u oughgepenyuans-

HbLX cevenutl paccesnus npomonoe na '*C, noxyuennvix
Mmooenuposanuem 6 cpede GEANT4

OHeprus (MaB) OudhdepeHumansHoe cevenue do/dQ (m6/cp)
37 0,28
4,0 0,33
45 0,38
5,0 0,43
55 0,48
6,0 0,53
6,5 0,58
7,0 0,63

Ha pucynke 4 npexacrasneHsl nu¢depeHnnanbHbie
cedeHus do/dS), oMydeHHbIE B pe3yIbTaTe MOAEIHPO-
BaHWUs yIIPyTOTO PAcCEsHUs IPOTOHOB Ha szpe “C meTo-
JoM Monte-Kapio ¢ ncrnoiab30BaHUEM HHCTPYMEHTAPHS
Geant4 u Habopa (huzngecKux Mojienei
QGSP_BIC_EMZ [16]. 3nauenus ObUIH U3BIEYECHBI TIPU
nabopatopaoM yriie 0 = 90°, Ha OCHOBE 3apPETHCTPHUPO-
BAaHHOHM CTaTUCTHKH PAacCesHUN B 00bEME UyBCTBUTEIb-
Horo gerektopa. Ha rpaduke mpeacraBieHs! pe3yibTa-
Tel MozenupoBaHus B cpere Geant4. IlorpemHoctu
(error bars) paccuntansl Kak +5% OT BEeJIMUNHBI CEUCHUS,
YTO OTpa)kaeT CTaTHCTUYECKYIO HEONPENENEHHOCTh Me-
Toa MonTte-Kapio 1 BO3MOXKHBIE BapHaLK IIPU MOJie-
JIMPOBAHHH B3aUMOJIENCTBHS TIPOTOHOB ¢ sipom 4C.

0.64 —4— Monte Carlo / Geant4 5%

0.62
0.60
0.58

0.56
0.54

NndhcbepeHunansHoe ceveHune do/dQ (M6/cp)
(=]
B
o

4.0 4.5 5.0 5.5 6.0 6.5 7.0
OHeprus npoToHa (M3B)

Pucynox 4. 3asucumocms ougppepenyuansnozo cevenus
peaxyuu C(p,p)'*C om snepeuu npomonos.
Dxcnepumenmanvuvle OanHvle 83ambvl U3 Mabauysl 3
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Tenoenyus: pe3yabTaThl MOJCIHUPOBAHHS JAEMOHCT-
PHUPYIOT YCTOHUMBBIA pocT aAndpepeHInaIbHOro ceye-
HUS C YBEIMUYCHHEM OJHEpPruud MpoTOHOB oT 3,7 1m0
7,0 M3B, 410 cormnacyercsi ¢ TEOPETHUECKUMU pacyéra-
MU U 9KCHEPUMEHTAIbHBIME HaOIIOICHUSIMH.

Cucmemamuyeckue OmKIOHeHUs: 3HAYCHUS, MOIY-
4yeHHble ¢ omouibio Geant4, cucTeMaTHUECKHU 3aBbIIlIe-
HBI IPUMEPHO Ha 5—-8% 10 CpaBHEHHIO C pacuéTaMH I10
MeToxy monHbsIX BoH (FWM) 1 skcriepuMeHTamTbHBIMI
MAHHBIMH. DTO pacXoXkKJeHHE HanOoJee BRIPAKEHO IPH
HU3KHUX 9HEPTUSIX, TJe TOMUHHUPYIOT 3 dexTs! saepHOH
CTPYKTYPBIL.

Qusuueckas unmepnpemayus. OCHOBHAs IpPUYMHA
MEPEOLIEHKHU CBA3aHa C MapaMeTpUUECKON PUPOI0H MO-
neneit agponHoro B3aumojeiicTBus B Geant4d. Monenb
6unapnoro kackana (BIC), xors u addexTrBHa B mmpo-
KOM DHEPTeTHYECKOM JTHara30He, He YUUTHIBAaeT B SBHOM
BHJIE: MUKPOCKOIHMYECKYIO SJIEpHYIO CTPYKTYpy, pac-
MIPeACIeHNS IIIOTHOCTH, HHTEP(EPEHINIO MapIuanbHbIX
BOJIH, (OJIAMHT-TIOTEHIMANBI ¥ CIHH-OPOUTAIBHOE B3au-
MOJIENICTBHE.

3Hnauenue: HECMOTPS HA KOITMYECTBEHHBIE PACXOXKIE-
Hus, Geant4 KOPPEKTHO BOCIIPOU3BOAUT KaUECTBEHHYIO
SHEPreTUYECKYI0 3aBHCHMOCTb IIPOIIECCa PACCESHUS.
DTO MOATBEPKAAET, YTO MPU COOTBETCTBYIONIECH Kamuo-
POBKE €r0 MOXHO IIPUMEHSTh AJISI MH)KEHEPHBIX CUMYJISI-
LUI — TAKUX KaK pacué€T paAualliOHHOMN 3allUThl U pac-
IIpeesIeHNs I03bI — aXke B 3aJa4ax, BKIOYAIOIINX JET-
KHe SK30THUYECKHUE sSApa. B 3TOM KOHTEKCTe METOo[ MoJI-
HBIX BOJIH CJIy’KUT 3TAaJOHHBIM TEOPETUUYECKUM OPHUECHTHU-
poMm 11 Banupnanuu moaenuposanus B Geant4. Corna-
COBaHHOCTh OOIIEH TEH/ICHIMH MOATBEPXKIAET IpHMe-
HuMocTh Geant4 1 MOJENUpPOBAHUS HU3KOIHEPIeTH-
YECKHX SJIEPHBIX PEAKLMH NPU YCIOBUH IOIOIHEHUS
MHUKPOCKOIIMYECKOH TEeOopHed aiisi 3a1ad, TPeOyIoMmnX
BBICOKOM TOUHOCTH.

= earnonsim DEE

AR

Pucynox 5. Buzyanusayus ceomempuu CUMynayuu ynpy2020
paccesnus npomonog na sope *C ¢ Geant4. Iokasanvl
NnpomoHHble mpeku (Cunue TUHUL), MULEeHb U3 yenepood

(MpAMOY20NIbHUK) U KOOpOUHamHuvle ocu. [emexmopsl

PACRON0IICEHDL 30 MUUEHBIO U PeUCMPUPYIOT PACCesHHbIE

npomonsl. Busyanuzayus eeinonnena c nomowwio OpenGL

3. CpaBHeHHe ¢ 3KCIIEPUMEHTATbHBIMHU
JAHHBIMU

Tabruya 4. Cpaenenue ougpepenyuanvhvix cevenuil do/dQ

0113 ynpyeo20 paccesnus npomonos na aope '*C npu yere

6 = 90° 6 3a6ucumocmu om 3Hepeuu NPOMOH08. IKCnepUMeH-

manvHble OauHvle [1] conocmasnenvl ¢ meopemuiecKumu pe-

3YIbMAMAMU, NOLYHEHHbIMU C UCNOTIb3068AHUEM Menood NoJl-

Holx 6011 (FWM) na ocnose nomenyuana CDM3Y6 [5], u pe-
3YIbMAmamu Mooenuposanus memooom Morwme-Kapio 6
Geant4 ¢ ucnonvzosanuem Habopa usuueckux mooeneil

OGSP BIC HP [12]

Heprus 3""""3'”::";’:::""*"" FWM GEANT4
(MaB) dol (ublep) doldQ (M6lcp) | doldQ (m6/cp)
37 0,25 0,242 0,28
40 0,30 0,204 0,33
45 0,35 0,354 0,38
5,0 0,40 0,396 0,43
55 0,45 0,464 0,48
6,0 0,50 0,520 0,53
6,5 0,55 0,578 0,58
7.0 0,60 0,636 0,63

I'paduk Ha pucyHKe 6 WUIIOCTPUPYET DHEpreTHue-
CKYI0 3aBHCHMOCTh ANGQEPCHINATBHOTO CEUCHHS
do/dQ a1 ynpyroro paccesHHs IPOTOHOB Ha sape '“C
pu ¢pukcupoBanHoM yrire 6 = 90°. CpaBHHUBaIOTCSA TPU
Ha0opa NaHHBIX: SKCTIEPUMEHTAIBHBIC H3MEPEHHS (3e1é-
Has kpuBas) [15], pacy€rel MeTOIOM MOJHBIX BOJH
(FWM, cunsis kpuBasi) [3, 6] u momenupoBanue B Geant4
C UCIONb30BaHHEM Habopa GHU3HUECKUX Mojemel
QGSP_BIC HP (xpacHas kpuBast) [16]. Tenaenuus: Bce
TPU KpUBBIE JTEMOHCTPUPYIOT MOHOTOHHOE yBEJINYEHHE
i epeHInanTbsHOT0 CeYeHUsl IPH POCTE SHEPTUH MPO-
ToHOB 0T 3,7 10 7,0 M3B.

— 0.65
Q

~®- PacuéT FWM (CDM3Y6)
=&+ Mogenwposatiue GEANTA (QGSP_BIC_HP) o
0.60 [~ 3xcnepumenranuhsie panmsie

0.55
0.50
0.45
0.40

0.35

eHuunansHoe ceveHne do/dQ (m6/c|

S 0.30

L L L

4.0 4.5 5.0 5.5 6.0 6.5 7.0

SHeprua npotoHa (MaB)

Pucynox 6. Cpasnenue oughgepenyuanvrozo ceuenus do/d2
ona ynpy2020 paccesnus npomonos na aope '*C ¢ sasucumo-
cmu om dnepeuy npomonos. Pesynemamer pacuémos memo-
o0om noanvix éoan (FWM) ¢ ucnonvszosanuem onmuuecko2o
nomenyuana CDM3Y (m) conocmasnenvi ¢ sxcnepumenmans-
HbLMU OAHHBIMU (®) U MoOenuposaHuem memodom Monme-
Kapno 6 Geant4 (a).

Z[J'ISI OLCHKU PAaCXOXACHUSA MEKIY paC‘léTHLIMI/I n
OKCIICPUMECHTAJIbHBIMU JJAHHBIMU HCIIOJIb30BaIaCh CTaH-
JAapTHast Q)opMyna OTHOCHUTCJIBHOI'O OTKJIOHCHHMA:
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calc exp
A:Ics,v -o;"|

i exp
i

-100% , (12)
e o““— paccuuTaHHOE 3HaueHHe AUPPEpPeHIHATL-
HOTO CEYEHHS, O, — IKCIICPUMEHTAIbHOE 3HAYCHHE.

st 0ToOpakeHns! ZOCTOBEPHOCTH SKCIIEPUMEHTAIBHBIX
JaHHBIX Ha rpaMKax UCIOIB30BaHbl BEPTHKAIBHBIC I10-
rpemHocty (error bars), pacCUUTaHHBIE IO BEIPAKEHHUIO:

dc,=0;" ¢, (13)

I7le €— OTHOCHUTENbHAs JKCIEPUMEHTalIbHas IOTpell-
HOCTH (B HacTosmiel padbore npunsta € =0,05, 4ro coor-
BETCTBYET 5% CTaTUCTHYECKOW OLIMOKe, yKa3aHHOH B
pabote [1]). OTKIIOHEHNS ¥ TPUYHHBL: PACXOXKICHUS ME-
xmy pesynpratamu Geant4 W HaHHBIMH SKCIIEPHMEH-
T1a/FWM 00yCIOBICHBI OTCYTCTBHEM YyBCTBUTEIBHOCTH
K JETAJISAM SIIEPHON CTPYKTYpPbI B KaCKaIHBIX MOJEISX
aZIpOHHOTO B3aMMOJAEHCTBUS, NCIIONB3yeMbIX B Geant4.
OTH MOJIeNH HE YUYMTBHIBAIOT MHUKPOCKOIMYECKHE B3au-
MOJICUCTBHSI U UHTEP(EPEHINIO NaplHAIbHBIX BOJIH, B
OTJIMYHUE OT METO/Ia MTOJIHBIX BOJIH.

Ocobennocmu: pe3ynbTaThl, MOIY4YEHHBIC METOIOM
nosHbIX BOJIH (FWM), moka3pIBaroT OTJIMYHOE COTJIacHe
C 3KCTIePUMEHTAIbHBIMU JAHHBIMU Ha BCEM SHEpreTHye-
CKOM HHTEpBaJle; OTHOCHTEIIbHbBIC OTKJIOHEHUS HE IIpe-
BBIIIAIOT 6%. DTO MOATBEPKAACT BHICOKYIO MPOTHOCTH-
YECKYI0 CIOCOOHOCTh ONTHYECKOTO IOTEHIHaNa Ha Oc-
HOoBe CDM3Y6 U TOUHOCTH peanu30BaHHOIO KBAaHTOBO-
MeXaHW4ecKoro (hopmanm3Ma MoJHEIX BOJIH. Mozaenupo-
Banue B Geant4 BOCIIPOM3BOIUT OOIIUIT XapaKTep 3aBU-
CHUMOCTH, HO CHCTEMAaTHYECKU IEepPEOLICHNBAET CCUCHHS
IIpHU HU3KUX 3HEPTUAX (10 8%) M HEMHOTO HEJOOIEHU-
BaeT UX NPH BBICOKUX IHEPTHUAX (IpuMepHO Ha 5%).

BriBobI: oTNIMUHOE coBNajieHUe pe3yibratoB FWM ¢
9KCTIEPUMEHTOM HOATBEPKIAET 000CHOBAHHOCTH HCTIOJb-
30BaHus GonauHr-noteHuaga CDM3Y6 u nemoHcTpH-
pYeT 4yBCTBUTEJILHOCTh MOZENN K BHYTPEHHHUM pacrpe-
JIETICHUSIM TUIOTHOCTH, BKJIIOYAash BO3MOXHBIE 3((EKTHI
KJIacTepU3alliy 1 HEHTPOHHOTO Talio. bimsocTts pesynbra-
T0B FWM 1 3KcnieprMeHTa CITy>KUT BaluJaluen TeopeTu-
yeckoi Mojenu. HecMoTpss Ha MEHBIIyI0 TOYHOCTH
Geant4 npu HU3KUX DSHEPTHUSAX, €T0 COOTBETCTBUE OOIIIEH
TEH/ICHIIMN YKa3bIBaeT Ha MOTEHIUAIBHYIO IPHMEHH-
MOCTh B MHKEHEPHBIX CUMYJIALIUSIX [IPU YCIOBUH Tpe/iBa-
PHUTENBHOHN KaJTHOPOBKH IO MUKPOCKOITMUYECKOI TEOpHH.

3OTO cpaBHEHHE M0 HECKOJIBKUM METOAAM MOJUIEPKH-
BaeT Ba)XKHOCTh KOMOMHHPOBaHHUS KBAaHTOBO-MEXaHHUeE-
CKOro aHanusa u MmetofoB Mounte-Kapio 11t HanéxHou
OLICHKH SIBJIEHUH AJIEPHOTO PACCESHHUS.

Crenyer OTMETUTb, YTO PACXOXKACHUS MEXIy pe-
3ynbTaTaMu MojenupoBanus B Geant4 u pacuéramu Me-
To/10M 1ToJHBIX BOJIH (FWM) cBsi3ansl ¢ hyHIaMeHTab-
HBIMU OTIMYUAMHU Mojenedl. B uacTHOCTH, Hconb3ye-
MmbIil B Geant4 Physics List QGSP_BIC HP ocHoBan Ha
KaCKaJHBIX U MOy ()eHOMEHOJOTHYECKUX MPHOIMKESHNU-
AX, KOTOPBIE XOPOIIO ONHMCHIBAIOT HYKJIOH-HYKJIOHHEIE
B3aMMOJICHICTBHS HA CPEIHUX W BBICOKMX JHEPTHAX, HO
HE YYUTHIBAIOT (OJAMHT-MIOTEHIMAIBI U HHTep(epeH-

LU0 MTAPIHAIbHBIX BOJH, KPUTHYECKH BasKHBIE B HU3KO-
SHepreTuueckoM auamnazoHe. Kpome Toro, pesynbTaTsbl
Geant4 uyBcTBUTENBHBI K BhIOOpY Physics List, u npu
HCIOJb30BaHUM aJIbTEPHATUBHBIX MOJeNel (Hampumep,
FTFP_BERT nnu INCL++) MOTYT IpOSIBISTECS KOJTUeE-
CTBEHHBIE OTJINYHUS. DTO yKa3bIBaeT Ha HEOOXOAUMOCTD
JJIbHEUIIEH ONTUMU3aLUU CUMYJISIUUN, B TOM YHCIE C
BKIIFOUCHHEM 00JIee TOYHBIX MHUKPOCKONMHMYECKHX Tapa-
METPH3ALUH ONTHIECKNX TOTCHINAIOB.

B nureparype onyOnaMKoBaH psi TEOPETHUECKHUX pa-
00T, MOCBAIMIEHHBIX OIMCAHUIO YIPYTOTO PACCESIHUS
IIPOTOHOB Ha JErKuX Anpax. Hambonee mmpoko mpume-
HAIOTCSL ONTHYECKas MOJAEIb U METOJ BO3MYyLICHU
(DWBA), peannuzoBaHHbIE B IPOTPaMMHBIX KOMIUIEKCaX
FRESCO [30] u DWUCK [31], kOoTOpbIE 10 CHUX TIOp aK-
TUBHO HCIIOJIB3YIOTCS JUIS aHAJIM3a SJEPHBIX pPEeaKIUi.
Tak, B padote [1] ObuTH MpoBeneHbI (Ha30BbIE aHATIHU3bI
nns peakuuu “C(p,p)'*C u mokasaHo, YTO ONTHYECKAS
MOJIENTb BOCTIPOM3BOJHUT IKCIIEPUMEHTANIBHbBIC JTaHHBIC.
Bonee coBpeMeHHBIE MCCIEIOBaHNS aHAJIOTHYHBIX CHC-
TEM, HallpUMEpP pacCesHUs NPOTOHOB Ha sApax 2Cu BC,
TaKKe BBIONHEHBI B pamMkax DWBA u momudummpo-
BaHHBIX onTHYeckux Mojeneit [32, 33]. Oxnako mis -
pa '“C IMEHHO B HM3KOPHEPIE€THIECKOM JHAINA30HE 3,7—
7,0 MaB omy0nnkoBaHHBIX Pac4éTOB MPAKTHYECKH HET.
B 3TOM KOHTEKCTE MpeaOKECHHbIN KOMOMHUPOBAaHHBIIM
MIOJIXO/, OCHOBAaHHBIN Ha MeToJie MOJHBIX BoJIH (FWM)
u MojenupoBanuu B Geant4, peasin3oBaH BIEpPBbBIE, YTO
o Ju€pKUBaET KaK HOBM3HY HACTOSILIEH paOOThHI, TaK M
€€ 3HAUMMOCTh JUI BepU(PHUKALUK CYLIECTBYIOIIUX MO-
neneid. Cremyer OTMETHTh, YTO TPHMEHEHHE ITaKeTa
Geant4 U1 MOJIEMMPOBAHUS IIPOLIECCOB B3aHMMOJICHCT-
BUSI IPOTOHOB C MaTepualaMi aKTUBHO Pa3BUBACTCS U B
Kasaxcrane. B wactHOCTH, B padote [34] paccMoTpeHO
MO/JIETIMPOBAHNE SIEPHBIX PEaKIUi JIETKUX sIep ¢ Hc-
II0JIb30BaHUEM METOZOB ONTHUYECKON Mozeau u Monte
Carlo-niogxo/10B, a B uccineqoBaHuM [35] mpeacTaBIeHbI
pe3yNbTaThl OTEUECTBEHHBIX PACYETOB 110 yIPYTOMY pac-
CESTHMIO IIPOTOHOB U JIETKHX A1ep Ha 2C ¢ IpuMEeHEeHnEM
ONTUYECKOM MOJEIIN.

Hannume sKCHepHMMEHTaNbHBIX JAHHBIX B OIpaHU-
YEeHHOM HHEPreTHYECKOM JHara3oHe M03BOJISET HCTIOIb-
30BaTh WX U BEpU(UKAINU TEOPETUYECKONH MOIEIH
MIOCPEACTBOM COITIOCTaBJICHHSI PE3yJIbTATOB C M3Mepe-
HUSIMA ¥ TIApaJUIeIBHBIMHE pacdeTaMu Ha Iuatdopme
Geant4. Cornacue MexIy TEOPETHUYECKMMH IPOTrHO3a-
MH, YHCJICHHBIM MOJEIMPOBAHUEM M 3KCHEPHUMEHTOM
c03/1aéT 000CHOBAHHYIO MPEATIOCHUIKY [UIS PacipocTpa-
HEHHs MOJETHN Ha SHEPTHUH, enl¢ He OXBauCHHBIEC IKCIIe-
pUMEHTANbHBIMH HCCIEIOBaHUSAMHU. B 3TOM KOHTEKcTe
BO3MOYXHO TPOTHO3UpOBaHuEe Iu(depeHTnalIbHbIX Ce-
YeHWH Ha HOBBIX YHEPTETHUECKUX YPOBHSIX, YTO OTKPHI-
BaeT MyThb JUI NOCIETYIOEH SKCIepUMEHTANbHOM Mpo-
BepkH. B pamkax mpencraBieHHOH pabOTHI 3TH Ipeo-
CBUIKM OBUIM YacTUYHO pEaM30BaHbBl: TEOPETHYECKHUE
pacuétsl FWM u mopenuposanue Geant4 mnoxaszanu
YIOBJIETBOPUTENBHOE COTTIACHE C CYLIECTBYIOIUMU JaH-
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HBIMH, YTO MO3BOJSET JEJIaTh NPEIBAPUTENBHBIE IIPO-
THO3BI JUI SJHEPTUH, HE OXBAYEHHBIX 3KCIIEPUMEHTOM.

Jnst Gonee TOYHOTO MOAENUPOBAHUS B Oymyniem
IUIAHUPYETCSl TECTHPOBaHUE JIPYyTrUX HaOOpoB Quznye-
ckux mozeneit (Physics Lists), Takux xak INCL++ wnu
FTFP_BERT, xoTOpbI€ MOTYT JIy4Ill€ YYUTHIBATH HU3KO-
SHEpreTUIecKue siAepHble P EKTHI.

3AKJIIOYEHUE

B nanHo# pabote Oblia pazpaboTaHa cTporast U KOJlu-
YEeCTBEHHO BepH(MIIMPOBAaHHASI METOIMKA aHAIM3a YIIPY-
TOro paccesHus MPOTOHOB Ha JK30THYecKoM szpe “C B
sHepreTuueckoM auamnazone 3,7-7,0 MaB. OcHoOBHBbIE
UTOTH MOKHO C(pOpMYITHPOBATH CIICIYIOIINM 00pa3oM:

1. Peanm3oBaH KOMOMHHPOBAaHHBIN IMOIXOM, BKIIO-
YAIOMINH: MUKPOCKOITMYECKOE KBAaHTOBO-MEXaHHIECKOE
MOJICIMPOBaHIE METOI0M TONHBIX BoiH (FWM); mone-
mpoBanue B cpene Geantd4 ¢ ucroms3oBarneM Physics
List QGSP_BIC HP; cpaBHeHHE C 3KCIIEpHUMEHTAIBHEI-
MU JaHHBIMH TIpH yrite 6 = 90°.

2. OnTuyeckuii MOTEHIMAN MOCTPOEH Ha OCHOBE:
peasbHON YacTH M3 MUKPOCKOIIMYECKOT0 ABOIHOTO hoJI-
nuHr-e3aumozeicteust CDM3Y 6; MEIMO#T yacTH B hop-
Me noreHnuana Bynca-Cakcona. YpaBuenue Ilpénun-
repa peraiock MerooM Pynre - KyTTel §-ro nopsaka c
y4€TOM CHHH-OPOUTAILHOTO B3aNMOACHCTBUSI.

3. Pacuéraeie muddepenmmansHpie cedeHus do/dQ
MIOKa3aJIM XOPOIIee COTIacke ¢ AKCIIEPUMEHTOM (0T per-
HOCTB OT 1% 110 6%). OCHOBHOH BKJaj B aMIUIUTYy pac-
CestHUsI BHOCUJI NaplyanbHble BOJMHBL { =2 1 { =4.

4. Poct ¢a30BbIX cABUTOB O{ U yBETNICHUE CCUCHUS
npu 6=90° ¢ pocTomM OSHEPruH, OCOOCHHO BBHIIIE
5,5 M»B, yka3piBaloT Ha OTKJIOHEHHSI OT CTaHAAPTHBIX
ONTHUYECKHUX MOJieNel. DTO corjacyercs C HaJTMIHeM dK-
30THUECKMX CTPYKTyp B '*C HeHTpoHHO-0GOraleHHoM
000JI09KH, Tajlo- U 0-KJIaCTepPOB.

5. MopnemupoBanre B Geant4 BOCIPOHM3BOAHT 00-
IIyI0 SHEPTeTHYECKYI0 3aBUCHMOCTh C TOYHOCTBIO 5 -
8%, HO HE oTpakaeT TOHKHE 3(PHEKTHI SAEPHON CTPYK-
TypBI. OTO OOBSICHACTCS OTPAaHUYEHUSIMU KAaCKaTHBIX MO-
Jieneid, He yYMTHIBAIOINX (DOJIMHT-TIOTEHINAIBI U WH-
Tep(hepeHINIO MapIUaATbHBIX BOJH.

6. Metox momnueix BonmH (FWM) 3apexoMeHmoBai
ce0si KaK TEOPEeTHYECKUIl ITaJIOH, CIy)Kalluil OCHOBOM
JUIS COTIOCTABJICHHSI C YHCJIEHHBIM MOJICIINPOBAHHUEM.
D10 GopMHPYET HAACIKHYIO HEPAPXUI0 BepH(HUKALNU:
TEOpHsI — MOJICITUPOBAaHUE — JKCIIEPUMEHT, IPUMEHH-
MYIO KaK K YK€ H3y4eHHOMY JTHara30Hy SHEPIui, TaK 1
K DHEpPIUsM, AT KOTOPBIX dKCIIEPUMEHTAIbHbIE JaHHbIE
elle OTCYTCTBYIOT.

7. TlpoBen€HHBIN aHAIU3 MIPOAEMOHCTPUPOBAI UYB-
CTBUTEIBHOCTh METOAMKHM K MapaMeTpaM IOTEHIHaa
(manpumep, n3menenue Vo wmm Wy va =5 MaB npuBout
K M3MEHEeHHIO0 ceueHust Ha +10-15%). D10 oTKphIBacT
BO3MOKHOCTH U1 0OpPaTHOTO MOJIEITUPOBAHNS CTPYKTY-
PBI DK30THYECKUX SIZIEP.

Cremyer OTMETHTH, YTO B JHana3oHe 3Hepruil 3,7-
7,0 MaB B mexayHapoasoit 6aze EXFOR otcyTcTByroT
JIOTIOJTHUTEIIbHBIE YKCTIEPUMEHTANIFHBIE TaHHBIE 110 PeaK-

mum “C(p,p). Takum 06pa3oM, pe3yabTaThl pabotsr [1],
HCTIONIb30BAaHHBIE B JAHHOU CTaThe, OCTAIOTCS €IUHCTBEH-
HBIM JIOCTOBEPHBIM HCTOUYHUKOM /I CPaBHEHUS, YTO MO~
4yEPKUBAET aKTYaJIbHOCTh BBIIIOJHEHHOIO UCCIIEOBaHMUS.

Yucnennast cumymsinus Ha miatdopme Geantd wnc-
0JIb30BAJIACh KaK MHCTPYMEHT BepH(UKaIMU MpeacKa-
3anuit FWM. Geant4 peanu3syer ¢u3ndeckue mporecchl
MPOTOH-SIIEPHOTO  B3aUMOJEICTBUS, OCHOBAHHBIE Ha
(yHIAMEHTAIBHBIX 3aKOHAX M SKCHEPUMEHTAIBHO TPO-
BEPEHHBIX CEUEHUSX, BKIIOUas YNPYroe U HEYNpyroe
paccesiHue, a TaK)Ke 3JIEKTPOMATHUTHBIE B3aUMOJEHCT-
Bus. Cormacue pesyneratoB FWM ¢ cumymsanuneit
Geant4 noBslIIaeT JoBepHE K NPUMEHHMOCTU TEOPHH
JUISL TUANa30HOB 3HEPTH, I/ie IKCTIepUMEHTAIbHbIE AaH-
HBIE€ OTCYTCTBYIOT.

Takum 00pazom, npeIoKeHHAs METOI0JIOTHs TIPE-
CTaBJsIeT cOOON MOIIHBIM MHCTPYMEHT JUIsS MCCIeI0Ba-
HUS KJIACTepHU3allMH, HEUTPOHHBIX 000JI04eK U IIOTHO-
CTHBIX TpoQuilei B HEUTPOH-M3OBITOUYHBIX JETKHUX ST
pax. [TonydeHHBIE pe3yIbTaTHI MOTYT OBITH HCIIOJH30BA-
HBI B IPAaKTUYECKUX 00JACTAX, TAKUX KaK JO3UMETPHS,
paauanMoHHas 3alUTa U MaTepuanoBeAeHHUE, ISl TOY-
HOH OLIEHKHM B3aMMOJCHCTBUS MPOTOHHBIX MYYKOB C SiA-
paMu ¥ ONTHUMM3ALMU KOHCTPYKLMH U MAaTepUasioB, pa-
0O0TalOIINX I10]] BO3JCHCTBHEM HOHU3UPYIOLIETO U3ITyYe-
HUS.
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3,7-7,0 M3B IMATIA3BOHBIHJIA “C MPOTOHHBIH CEPITIIM/II IHAIIBIPAYBI MBICAJIBIHJIA
TEOPUSJIBIK JKOHE CAHJIBIK 9IICTEPJIIH AUKAC-TEKCEPY SILJIJIII'TH TEKCEPY

II1. M. Kaxbikenos"?", 1I. M. I:xkanceiitos??, /1. C. Baauoana®3, H. B. Anryxos!
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Byn sxymbicta 3,7 nen 7,0 MoaB re neiiinri sneprus auanasonsinaa C spochinga IpOTOHIAPABIH CEPIIM/I MIAIIbIP-
ayblH TaJlJayFa apHaJFaH KeleH i TOC YChIHbIIa bl. Tacin KBaHTThIK MexaHuKkaiblk Full Wave Method FWM, Geant4
Heriziggeri MonTe Kapio Monensaeyi ’koHe 3KCIePHUMEHTTIK aepekTepai Oipikripeni. ®asa vrbicynapsl lpeauarep
TEHJICYiH IIelly apKbpUIbl aJIbIHABL. ONTHKANBIK NOTeHIMAT MUKpockommsuibik CDM3Y e3apa opekerrecyi :KoHE MHAM
6emiri ymin Bync CakcoH mapaMmeTpH3alnuschl HETi3iHAE KYPBUIABI, COHMOAll aK CIIMH OpOHTANBIK YJIEC eCKepisimi.
AnpiaraH andQepeHIuaNIblK KuManap 3KCIIEpUMEHTTIK eJmeMaepMeH koHe Geant4 Mozemnbley HOTHXKeJIepiMeH
CANBICTHIPBUIIIBI, AWBIPMAIIBUIBIK 3 JIEH 6 TPOIEHTKE ACHIHTI MIeKTe Kamabl. 5,5 MaB TeH xorapsl 3Heprusuiapaa ¢asza
BIFBICYJIAPBI MEH KUManapblH OeWChI3bIK ©CYyi CTAaHIApTThl ONTHKAJBIK MiHE3 KYIBIKTaH aybITKyIbl Kepceremi. by
KyOBuTBbICTAp *C SIPOCHIHBI KIIACTEPIIIK HEMECE TajloFa YKCAC KYPBUIBIMBIHBIH GOJTyBIH MEH3EH . ¥ CBIHBLIFAH THOPUITI
oJ1iC TEOPHUSUIIBIK €CENTeyIep MEH MOJIENbCYl SKCIIEPUMEHTTIK AEPEKTEPMEH COMKEeCTEHAIpYTe MYMKIHIIK Oepei skoHe
3epTTEJIMEreH JHEeprus alMaKTapblHIaFbl peakluusuiap/pl Taulayla, COHAad aK Marepualliapiarbl paJualusuibiK
oceprepii MOAETBIey/ 1€ KOJIIaHBUTYBl MYMKIH.

Tyiiin co3dep: soponvik peaxyusnap, aopoavik meopus, CDM3Y nomenyuanvi, sk30muxanvly sopoiap, p Kadvikua
A0poaapsl, NPomMonoapoviy kemipmexke wawwipayvl, Geantd, onmuxanvix mooenv, Full Wave Method FWM.
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VALIDATION OF CROSS CHECKING BETWEEN THEORETICAL AND NUMERICAL
METHODS USING THE EXAMPLE OF PROTON ELASTIC SCATTERING ON C
IN THE ENERGY RANGE FROM 3.7 TO 7.0 MeV

Sh. M. Kazhykenov!?*, D. M. Zhansseitov>3, D. S. Valiolda?3, I. V. Altukhov!

1 D. Serikbayev East Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan
2 Al-Farabi Kazakh National University, Almaty, Kazakhstan
3 RSE “Institute of Nuclear Physics” of the Agency of the Republic of Kazakhstan for Atomic Energy, Almaty, Kazakhstan

* E-mail for contacts: nuclearshalkar@gmail.com

This work presents an integrated approach to the analysis of proton elastic scattering on the '*C nucleus in the energy
range from 3.7 to 7.0 MeV. The approach combines the quantum mechanical Full Wave Method FWM, Monte Carlo
simulations based on Geant4, and experimental data. Phase shifts were obtained by solving the Schrodinger equation with
an optical potential constructed from the microscopic CDM3Y interaction and a Woods Saxon parameterization for the
imaginary part, including the spin orbit contribution. The calculated differential cross sections were compared with
experimental measurements and Geant4 simulations, showing agreement within 3 to 6 percent. The observed nonlinear
increase in phase shifts and cross sections above 5.5 MeV indicates deviations from standard optical behavior. These
features suggest a cluster like or halo influenced structure of the *C nucleus, confirming its non trivial internal
configuration. The proposed hybrid methodology aligns theoretical calculations and simulations with experimental data
and can be applied to reactions in unexplored energy regions, as well as to modeling radiation effects in materials.

Keywords: nuclear reactions, nuclear theory, CDM3Y potential, exotic nuclei, p shell nuclei, proton scattering on carbon,
Geantd, optical model, Full Wave Method FWM.

208



Becrrnk HId PK Bbinyck 4, nekabpb 2025

https://doi.org/10.52676/1729-7885-2025-4-209-213
YOK 538.9

CHUHTE3 HAHOKPUCTAJIJIOB CuO METOJOM 2JIEKTPOOCAKIAEHUS
B TPEKOBBIX CTPYKTYPAX

A. JI. Akbuioexosa”, T. JI. Axmenn, I'. I'. Capcexan

HAO «Esepazuiickuii nayuonansuwiil ynueepcumem um. JI.H. I'vmunesa», Acmana, Kazaxcman
* E-mail ona konmaxmos: aiman88_88@mail.ru

B pabote mpencrasneH 3 HeKTHBHBIN METOA CHHTE3a MaCCHBOB HAHOKPUCTAILTOB okcraa Meau (CuO) B TPEKOBBIX IH-
NIEKTPUUECKUX CTPYKTYpPax METOJIOM 3JIeKTpoxumudeckoro ocaxzaeHus (9XO) U MpoBeleHO KOMIIEKCHOE M3yueHHe
UX CTPYKTYPHBIX, MOP(OIOTHYECKUX U ONTHYECKUX CBOWCTB. DIEKTPOOCAXKICHUE PEal30BaHO B CHENUAIBHO 000~
PaHHOM BJIEKTPOJINUTE B HOTEHIIMOCTATHYECKOM PEKMME, YTO 00ECTICUNIIO BOCIIPOU3BOIMMOE U CEJIEKTHBHOE 3aII0JTHEHHE
HaHOKaHAJIOB TPEKOBOW MaTpHIIbl. B kauecTBe m1adiioHa NCTIONIB30BaIach HOPUCTasi CTPYKTypa, chopMUpOBaHHAS Iy TEM
MOHHOTO 00JTyYeHHs TUOKCHU1a KPEMHUS C TIOCIIEYIOIINM TPAaBICHUEM.

Metog 3XO otanyaeTcs psIOM HPEeUMYIIECTB: IPOCTOTa TEXHOIOTHUECKOTO IPOLECcca, €ro HU3Kas dHEProEMKOCTb,
9KOJIOTHYECKast 0€30MacHOCTh, OTCYTCTBHE HEOOXOJMMOCTH B BEICOKOTEMIIEPATYPHOM OTKHTE M JOPOTOCTOSIIEM BaKYy-
YMHOM OOOPYZOBAaHHH, 2 TAKKE BO3MOXKHOCTH OCAXKICHUS HA IOJUIOKKH CO CIOXXHOH reomerpueil. Mopdomnorus mo-
BEPXHOCTH U TONOTrpadus Mop 3ar0THEHHbBIX U HE3aIIOJIHEHHBIX KaHAIOB ITPOAHATN3UPOBAHBI C HCTIOJIb30BAHUEM CKaHH-
pyroteit anexkTporHoH MuKpockomun (COM). @a30BbIii cOCTaB ¥ KPHCTALTHYECKas CTPYKTYpa OCAXKIEHHOTO MaTepraa
HCCIIEI0BAaHbI METOIOM peHTreHoBcKo# nudpaxunu (P/1), moarsepaus odpazosanue Gpazpl CuO ¢ MOHOKIHHHOM perméT-
Koii (mpocTpaHcTBeHHas Tpymma C2/c).

CrieKTpayibHble XapaKTEePUCTHKH U3YYaIHCh METOOM (POTOITIOMUHECIIEHTHOH CIIEKTPOCKOINH, B PE3YJIbTaTe Yero OOHa-
PYKEHBI XapaKTepHbIE MMKU UCIyCKaHus B Auanazone 3,11-3,22 3B, 4To coOTBETCTBYET (HOJIETOBOM 00IACTH CIIEKTpa.
OTH MKK 00yCJIOBJICHB MEK30HHBIMH TIEPEX0AaMH M peKOMOMHANMEH HOCHUTENeH 3apsiia Yyepe3 JOKaJIH30BaHHbIE Jie-
(exTHBIE cocTosiHUS B KpucTauniyeckoi crpykrype CuO. OtaenpHOEe BHUMaHUE YJIENICHO BIMSHUIO T€OMETPHUECKUX
napaMeTpoB MOP U YCIOBUI 0caXXeHUs Ha paclpeeieHHe U Ka4eCTBO 3all0JHEHUs KaHAIIOB.

[Nomy4eHHbIE pe3yIbTaThl AEMOHCTPUPYIOT MOTEHIIMAT IPEIIaraéMoro Moaxoa At Co3AaHus (yHKIMOHAIBHBIX HAHO-
ctpyktyp CuO ¢ 3a1aHHBIME CBOWCTBaMH U reoMeTpueil. Pa3paboTaHHas METOZOIOTHS MOXET OBITh HCIIOJIB30BaHA MIPU
CO3JIaHUH CCHCOPHBIX CHCTEM, 3JIEMEHTOB (DOTOHHOM JIEKTPOHUKH, a TAKXKE B TEXHOJIOTMH SHEPTo3((EKTUBHBIX YCT-

pOI>'ICTB Ha OCHOBC OKCHJ0B IIEPEXOJAHBIX MCTAJIJIOB.

Knrwuesnie cnosa: oxcuo Medu, 9Jzei<mpooca:)fc0eyue, HAHOKAHATbL, MpeKoeas M€M6paHa, (])omomomuHecz/;eHuuﬂ.

BBEJIEHUE

Oxcun menu (CuO) mpencraBisieT co0ol MEPCIEKTUB-
HBI{ NOJyIPOBOJHUKOBBI MaTepUall P-TUIA C y3KOHU 3a-
npemEHHOi 30HO0H (B peaenax 1,52 3B), Gnarogaps gemy
OH 3(()EeKTUBHO MOTJIOIAET CBET B BUMMOM JIHAIa30He.

Kpucrammmueckas pemérka CuO xapakrtepusyercs
BBICOKOM TUIOTHOCTHIO aTOMHOM PEIIETKH, HATMYUEM TI0-
BEPXHOCTHBIX JIe(DEKTOB M BHICOKOH XMMHUYECKON aKTHB-
HOCTBI0, YTO OOYCJIOBJIMBAET €r0 YHUKAIbHbBIE CBOHCTBA U
pacmmpsier 001acTh BO3MOXKHBIX IPUMEHEHHH. B HacTos-
mee BpeMs CuO akTHBHO H3y4yaeTcs B KauecTBe (yHKIINO-
HaJIbHOTO MaTepHalia /il FeTepOreHHBIX KaTajln3aToOpOB,
Ta3049yBCTBUTECIIbHBIX CCHCOPOB, ONITUYCCKUX MEPEKITI0Ya-
TeJel, 3IEMEHTOB 3allOMUHAIONINX YCTPOICTB, SMHUTTE-
POB, BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJHUKOB, a TaK-
&Ke B cocTaBe (DOTOIIEKTPUIECKUX IpeodpasoBaTeneil u
COJTHEYHBIX JIEMEHTOB HOBOTO MOKOJIeHus [ 1-7].

Ocoboe 3HaueHNE IPHOOPETAET CHHTE3 HAHOCTPYKTY-
pupoBanHOi Gopmbl CuO, Takol Kak HAHOYACTHIIbI, Ha-
HOCTOJIOMKH, HAHOTIPOBOJIOKH ¥ HAHOIUIEHKH, TTOCKOJIBKY
IIPY YMEHBIICHNU MacIiTada CyIECTBEHHO W3MEHSIOTCS
€ro 3JIeKTPUUYECKUE, ONTHYECKHE 1 (POTOHHBIE CBOMCTBA.
Perysmpoanne Moposioruu u pasMepHBIX XapaKTepH-
CTHK HaHOKPHUCTAJUIOB 00ecrieYnBacT IieIeHaNpaBIeHHOE

yIpaBieHHE WX (YHKIHOHAJIHHBIMH CBOMCTBAMH, YTO
UMeeT KPUTHYECKOE 3HAUSHHUE IS CIIeIIMATM3UPOBaHHBIX
obacTeit MpUMEHeHUs, BKIItouast ()OTOIIOMHHECIICHIINIO,
ra304yBCTBUTEIILHOCTD, (POTOIIPOBOIMMOCTD M KaTaINTH-
YeCKyI0 aKTMBHOCTb B TIpolieccax (oToKaTaimnza.

B nociennue roas! pa3paboTaH MUPOKUHA CIEKTP Me-
TOJIOB cuHTe3a HaHOCTPYKTyp CuO, BKIIOYas THAPOTEP-
MAITLHBII CHHTE3, OCaKICHUE U3 PACTBOPOB, TEPMUIECKOE
OKHCJICHHE, 30J1b-TEJIb TEXHOJIOTHIO, XHMHYECKOE OCaxkK/Ie-
HUE U3 Ta30BOH (Da3bl ¥ P APYTHX TOAXOIOB. DTH METO-
JIBI TIO3BOJISIFOT BaphbHPOBATh Mopdoormdeckue u ($a3o-
BBIC XapaKTEPUCTHKHA HAHOCTPYKTYP C LENBI0 ONTUMH3A-
IIMX UX (QyHKIMOHAIBHBIX CBOMCTB [8—12].

OpmHako OONBIIMHCTBO MEPEYHCICHHBIX METOAOB
TpeOyeT BBICOKMX TEMIIepaTyp, 3HAYMTEIbHBIX BPEMEH-
HBIX 3aTpaT WK MPUMEHEHHs CII0KHOTO 000pY/I0BaHUSI.
B aToit cBs3u anmektpoxumuieckoe ocaxaeHue (9XO0)
MPEe/CTaBIsieT COOOM TEXHOJOTMYECKH IMPHUBIIEKATEINb-
HYIO JIbTEPHATHBY: METOJ IIPOCT B peajiM3alliy, IKOHO-
MHUCH, He TpeOyeT BBICOKHX TEMIIEpPATyp W IT03BOJIET
HaTpaBJICHHO (OPMUPOBATH HAHOCTPYKTYPHI JaXKe Ha
MO/JIOKKAX CO CcII0XKHOM reomeTpueit. Kpome toro, 9XO
obecrieyBaeT BO3MOXKHOCTh CEJIEKTHBHOTO OCa)KACHUS
MaTepuala B JOKaJIH30BaHHBIX 00hEMaX, UTO JIENIaeT ero
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0COOEHHO MEPCTIEKTUBHBIM IPH UCIIOIB30BAHHH TPEKO-
BBIX MOPHUCTHIX IIA0JIOHOB, IOJy4YaeMbIX METOJIOM HOH-
HOW MOIU(HKALMH AUDIIEKTPHKOB.

TeM He MeHee, HECMOTpsI Ha 3HAUUTEIIBHOE KOJIMIECTBO
myOnuKarmit, nocBsAIEHHBIX cuaTe3y CuO, uccienoBanms,
OpPHEHTUPOBAHHBIE HA NIOJTyYeHHE HAHOKPHUCTAJLIOB OKCHA
Meu MeToioM OXO B OpraHU30BaHHBIX TOPUCTHIX MAaTPH-
I1aX, OCTAIOTCS OTPaHNYCHHBIMU. B ocobeHHOCTH HEoCTa-
TOYHO M3YYCHBI 3aKOHOMEPHOCTH 3aIIOJHCHHUS TPEKOBBIX
KaHAJIOB, BIIMSIHUE YCIIOBHI OCAKICHUS Ha MOP(QOIIOTHIO
KPUCTAIIIOB M X ONTHIECKUE CBOHCTBA.

Lenp HacTosmen paboThI 3aKITI0YaeTCs B pa3padoTke
U pean3alii METOAA JIEKTPOXUMHUUECKOTO OCaXKICHHUS
HaHOKpucTauioB okcuga meau (CuO) B TpEKOBBIE MMO-
pHcThie MAa0IOHbL, 8 TAK)KE B KOMIUIEKCHOM HCCIIEI0Ba-
HUH MOP(OJIOTUUECKHX, CTPYKTYPHBIX U ONTHYECKUX Xa-
PaKTepUCTHK MOJTyUYeHHBIX HAaHOCTPYKTYyp. Ocoboe BHU-
MaHHe yAenseTcsa U3yUCHUIO BIUSHUS YCIOBUH IEKTPO-
OCa)XJCHUS Ha MOJHOTY 3allOJHECHUS KaHaI0B, KpHCTall-
ndecKyro (aszy ocaxnEHHOro Marepuaia U 0COOCHHO-
cTH (POTOTIOMHUHECIICHTHOTO OTKJIHKA.

IKCIEPUMEHTAJIBHAS YACTh

DopMUPOBaHUE TPEKOBOW IIOPUCTON CTPYKTYpPBI
MIPOBOAMIIOCH HA HOAJIOKKAX U3 MOHOKPHCTAITHYECKOTO
kpeMHuus n-tuna (opuenrauus (100)) ¢ ynensHBIM co-
npotuBiaeHueM ~10 OM-cm. BHayane Ha moBepxXHOCTH
TIOIT0’KEK HAHOCHIICS THOKCUA KpeMHus (a-Si07) myTém
TEPMHUYIECCKOTO OKHCIICHHS B aTMoc(epe BIaXHOTO KH-
ciopoza npu temuneparype 900 °C. B pesynbrare TepMu-
4ecKkoro mporecca (OpPMUPOBAICS JTUIICKTPUUECKHUH
cnoit SiO; TonmuHo# ~700 HM, paBHOMEPHO OKPHIBAIO-
LU BCIO TIOBEPXHOCTH 00pa3Ia.

Jlnst cozzianust TPEKOB B ¢(hOPMHUPOBAHHOM CJIOE JTU-
OKCHJa KPEeMHHMsI 00pa3lbl MOABEPrajich OO0JIYYESHHIO
TsKEMBIMUA HOHAMK KceHOoHa (Xe). Beibop snepruu 00-
nmyuyerns 200 MaB o0ycnoBineH He0OX0UMOCTRIO (hop-
MHpPOBaHHS HENPEPBIBHEIX JIATEHTHBIX TPEKOB B CIIOC
Si0,. ®moenc 1-10% non/cM?> obecreYnBaeT CTATHCTH-
YeCKH PaBHOMEPHOE paclipe/ieliecHIe KaHAIOB 0e3 UX Iie-
PEKPBITHSA, YTO SBIISACTCS ONTUMAIBHBIM IS IOTYICHUS
YIOPSA0UYEHHONH HAHOMOPUCTON CTPYKTYphl. B pe3yiib-
TaTe B3aUMOJCHCTBUSI MOHOB C MaTE€pPUaAJIOM B JIHAJIEK-
TprKe (pOpMHPOBAIUCH CKPBITHIE TOBPEXKAEHHBIE 00JIac-
TH — TaK Ha3bIBAEMBbIE «JIATEHTHBIC TPEKW», OPUEHTHPO-
BaHHBIE TIEPIECHANKYISIPHO TOBEPXHOCTH TOJIJI0KKH.

J1nst OTKpBITHSI TOP ¥ (POPMUPOBAHKUS CUCTEMBI OPHUEH-
THUPOBAHHBIX KaHAJIOB TPEKOBBIE TPEKH MO/IBEPTATUCH XH-
MHYECKOMY TPaBJIEHHIO B BOJHOM PAacTBOPE IIABHKOBOM
kuciotel (HF) Hu3ko# koHIeHTparwu (00br9HO 2—4%) B
TeYeHue 3aJaHHOro BpeMeHH. [Ipu aToM 00pa3oBbIBAIICH
HaHOKaHaJIbl KOHUYECKOH (POPMBI, THaMeTp KOTOPBIX OIlI-
penersics BpeMEHeM TPaBJICHHS 1 TTapaMeTpaMH TPEKOB.

OnexTpoxumudeckoe ocaxaeHrne CuO B mopsl Tpe-
KOBOT'O 1a0JIOHA MPOBOMIIOCH METOJIOM ITOTEHIIHOCTa-
THYECKOTO OCAXKICHUS. DJIEKTPOJUTHYECKHH PacTBOP
BKJIFOYAJl CJEIYIONINE KOMIIOHEHTBI: MEIHBIA KyNOpoc
CuSO04-5H,0 — 5 1/1, BUHHOKaAMEHHYIO KUCIIOTY Kalnid-
narpuii (KNaC4H4O6 4H20) — 18 /0, 1 ruapokcun Ha-

tpust (NaOH) — 7 r/n. 3nauenne pH pabodero pactBopa
coctassiio 10, uro obecneynBago CTaOMILHOCTE KOM-
IIeKCa MEU B pAaCTBOPE U KOHTPOJIUPYEMOE OCaXKICHHUE.
DJEeKTPOOCaXKICHHE OCYIIECTBISIIOCh NPU KOMHATHOM
temmeparype (18+1 °C) B Teuenne 30 MuHyT Npu HuUK-
CHPOBAaHHOM TOTeHIHane 2,5 B OTHOCHTENBbHO CTaH-
napTHoro 3nekrpona cpaBHeHus (Ag/AgCl). Konrakr ¢
MIOJJIOKKON 0OECTIeunBaCs MOCPEICTBOM TOKOIIPOBO-
JSIIETO KIIesl Ha OCHOBE cepedpa.

ITo 3aBepmieHnn ocaxaeHN 00pa3Ibl IPOMBIBAINCH
JIEMOHU3UPOBAaHHON BOJOU U CYLIMINCH B IIOTOKE a30Ta.
Jlnst aHanu3a TMOJTydeHHBIX HAaHOCTPYKTYP MPUMEHSUTUCH
METO/bl CKaHUPYIOUIEH 53JIEKTPOHHOH MHMKPOCKOITUH
(COM), pentrenosckoit qudpaxromerpun (P/I) u dpoto-
JOMHHecLeHTHOH criekTpockormu (DJI). Mopdonorus,
CTPYKTYpa ¥ CHEKTPaJbHbIC XapaKTEPUCTHKH OCaKAEH-
HOT'0 MaTepualia aHaJIU3UPOBAIIUCH C LIENIbI0 YCTaHOBIIE-
HUSI B3aUMOCBSI3H MEXKy YCIOBHSIMHU OCAXJCHUS H TI0-
JlydeHHbIMU cBoiicTBamu CuOQ.

PE3YJBTATHI U OBCYXKJIEHUE

Mopdonorus Hanoctpyktyp CuO, ocaKIEHHBIX Ha
TpeKoBble TeMIUTHI a-Si0»/Si-n (amop¢ueiii SiO; Ha Si
n-tuma), ObLIa UCCIICIOBAaHA METOIOM CKaHUPYIOIICH 3JIeK-
TpoHHO# MuKpockornuu (COM). Ha COM-1300paskeHUSIX
TIOBEPXHOCTH 00PA3II0B OCIIE HEKTPOOCHKACHNS HaOIO-
JIAI0TCSI TIOPBI C PA3INYHON CTETICHBIO 3aII0THEHHOCTH. Y ¢-
TaHOBJICHO, YTO YacTh HAaHOKAaHAJIOB TPEKOBOTO IIabJioHa
ocTaéTcsl HE3ANOJHEHHOH, WX AWAMETpP COCTaBILSIET IPH-
MepHO 340-380 am (pucysok 1). B psme kaHaaoB otMeda-
eTCs TIepepacTeKaHne OCAXKIAEMOro MaTepHana 3a mpene-
JIbI IOp, OPMUPYS BBITYKJIbIE KaIJICBHIHBIE 00pPa30BaHUs
(«mIanKkm») Ha TOBEPXHOCTH C TUAMETPOM JI0 1,3 MKM.

[epepacnpenenenne MaTeprana yka3plBaeT Ha HEKOH-
TpoJIMpyeMbIi pocT KprcTauioB CuO Ha MO3JHUX CTAIHSIX
OCaXJICHHMSI, YTO CBA3aHO C A(P(EeKTOM JIOKAJIbHOTO MepeHa-
CBHIIIICHUS U HOHHOW muddy3ueii B 30Hy mop. HecmoTps Ha
YaCTUYHO HE3allOJHEHHBIC KAHABI, TTOJTyYEeHHBIE JAHHBIC
JIEMOHCTPHUPYIOT BBICOKYIO CTETIEHb 3aII0JTHEHHUSI TPEKOBBIX
TI0p, TTIOATBEP K 1ast 3P(HEKTUBHOCTD IPEIIOKEHHOTO METO-
J1a DJIEKTPOXUMHYECKOTO OCaK/ICHHS.

mode wD HFW

15.00 kV |30 000 x Custom |12.7 mm 9.95 pm

Pucynox 1. COM-uzobpadicenue nosepxnocmu oopasya
CuO/Si02/Si nocne s1eKMpoOXUMUYECKO20 0CAICOEHUs 8
meuenue 30 mun npu nanpscenuu 2,5 B
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@Da30BEI cOCTaB OCAXIEHHOTO MaTepraia OBUT OII-
penenéH METOIOM pPEHTTEeHOBCKOM IU(ppPaKTOMETPUU
(P1). Ilpn mHTEepnpeTanyy peHTTreHOIU(PPAKIIMOHHBIX
JTAaHHBIX MCIIOJIb30BaHa MEXIyHapOaHas CIpaBovHast Oa-
3a ICDD; ¢a3oBast naeHTH(UKaNMs BBIIOJIHEHA C HC-
nosip3oBanueM crangaptHod PDF-kapter CuO (PDF
#41-0254), yTO MO3BOJMJIO OJHO3HAYHO MOJTBEPAMUTH
(dopmupoBanrne MOHOKIUHHON Momupukanmun CuO. Ha
MOJTYyYEHHBIX AU(PPAKTOrpaMMax PETHUCTPUPYIOTCS BBI-
pakeHHBIC NU(PAKINOHHBIE ITHKH, COOTBETCTBYIOIIUE
MOHOKIMHHON Moan¢ukarmi CuO ¢ IpocTpaHCTBEHHOM
rpymmoi cummeTpun C2/c (Ne 15). Hanboiree nHTeHCHB-
HblE TIMKW HaOIIONAIOTCd B OKPECTHOCTSAX YIJIOB
20 = 33°, 35,70° u 35,79°, 4TO COOTBETCTBYET ILIOCKO-
ctsim (110), (002) u (111) cooTBETCTBEHHO (PUCYHOK 2).
Pacuér MEXIIIIOCKOCTHBIX PACCTOSHMH K IMapaMeTpoB
3JIEMEHTaPHOMU STUEUKH TI0Ka3aJl COOTBETCTBUE CTAHIAPT-
HBIM CIIPaBOYHBIM JaHHBIM, YTO IOATBEPXKIaeT HOpMHU-
posanme ¢azo-urcroro CuO 0Oe3 mpumeceit okcuaa MeIn
() mmu THIPOKCUAHBIX (a3.
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Pucynox 2. Penmeenosckas ougppaxmozpamma oopasyos
CuO, nonyyennwvix MemoooM NeKMPOXUMUYECKO2O
ocadicoenus 6 meverue 30 mun npu nanpsicenuu 2,5 B

[TapameTps! kpuctamunyeckoit pemérku CuO, ompe-
JIENEHHBIE TI0 TOJIOKEHUIO AU(PPAKIHOHHBIX MaKCUMY-
MOB, cocraBsioT: a=4,7162 A, b=33582A,
c=5,1126 A — 4to TMIIMYHO /IS MOHOKIIMHHOM CTPYK-
Typbl. DTO CBUIETENBCTBYET O TOM, YTO IIPU BEIOPAHHBIX
YCIIOBHSIX OCAXACHUS MPOMCXOTUT HAIIPABICHHBIN KpH-
CTaJuIMYecKuid pocT 6e3 amopdu3zaium MaTepuasa.

Crektpsl potonomunectiennnu (PJI) HaHOKpHCTAT-
soB CuO ObUTH 3apEerucTPUPOBAHBI C MOMOIIBIO CIIEK-
Tpohayopumerpa CM2203 npu BO30YKICHAN KCEHOHO-
BOI1 mammnoii ¢ anuHOM BonHb! 250 HM. U3nydenue peru-
CTPUPOBAIOCH B AMAIa30HE JUITHH BOJIH OT 375 10 415 HM
npu KoMHaTHOW Temneparype. JluddepeHunanbHbli
cnextp @JI, noaydeHHBIN MOcHe NPOBEACHUS AIIEKTPO-
XUMHWYECKOTO OCaKICHHUS, IPEICTABIICH HAa PUCYHKE 3.

B cnekrpe @JI peructpupyroTcst TpU BbIPAKEHHBIX
IMIKa ¢ MaKCUMyMaMH ipu dHeprusax 3,11 3B, 3,18 3B u
3,22 3B, 4TO COOTBETCTBYET (hHMOJIETOBOMY IHATA30HY
cnekTpa. OcHoBHOM nuK 1pu ~3,11 3B MoxHO oTHECTH
K MEX30HHOW pEKOMOWHAIINY C YYaCTHEM 3alpEIEHHBIX

MIPSMBIX NIEPEX0JI0B, XapaKTEPHbIX AT Y3KO30HHBIX I0-
JIYPOBOJHUKOB. boiee BBICOKOIHEpPreTHYEeCKUE MUKU
(3,18 3B u 3,22 3B) unTepnpeTupyOTCs KaK pe3yabTaT
peKOMOMHAILIMKM HOCHUTENEH 3apsiia yepes3 JIOKaIn30BaH-
Hble eDeKTHBIE COCTOSIHUS, BO3HUKAIOIIUE B IpoIiecce
OCaXIeHUss W/Win Ha rpanune pasgena CuO-amdinex-
tpuk. [TonoOHOE NMOBeieHNE coTacyeTcs C JuTeparyp-
HBIMU JaHHBIME [13—16] 1 moaTBEepkaacT HaUIWe Jie-
(DEKTHO-OTIOCPEZIOBAHHBIX ONTHYECKHX IIEPEXOIO0B B
CTPYKTYpE HOIy4YCHHOTO MaTepHaa.

k. nm
413 405 3?7 36}9 3{32 375

3.11eV

8,0x10" H

7,0x10™ o

6,0x10"

5,0x107"

4,0x10"

3,0x10™

2,0x10™

1,0x10" 4 . ]
30 3,1 3,2 33
Photon energy, eV

Intensity

Pucynok 3. upgpepenyuanvuviii cnexmpor OJI nocie X0
npu 2,5 B.

Takum oOpazom, momydeHHble Mopdosorudeckue,
(a3oBbIe M CHEKTPaJbHBIC TaHHBIE CBHUICTEILCTBYIOT O
BBICOKOH 3()()eKTHBHOCTH MPEATI0KEHHOTO METO/1a CHH-
te3a CuO B TPEKOBBIX CTPYKTYpax. DIEKTPOXUMHUIECKOE
OCaXXIEHHE TO3BOJISIET HE TOJIBKO (POPMUPOBATH MacCH-
Bbl HAHOKPHCTA/UIOB C 3aJaHHON OpHEHTaluel, HO |
BapbUPOBATH UX CTPYKTYPHBIC M ONTHYECKUE XapaKTepH-
CTHKH 32 CUET N3MEHEHHs MapaMeTPOB OCAKACHHU. DTH
pe3yNbTaThl OTKPHIBAIOT NIEPCIIEKTUBHI JJI1 IPUMEHEHUS
HOJIyYEHHBIX CTPYKTYp B CEHCOpHKe, ()OTOHUKE U JIpY-
TUX 00J1aCTSIX HAHOTEXHOJIOTHII.

BBIBO/IbI

B HacTosmieli paboTe NPOJEeMOHCTPHPOBAaHA BO3-
MOJKHOCTh HATIPaBJICHHOTO CHHTE3a HAHOKPUCTAJIOB
okcuna meau (CuO) MeToAOM BJIEKTPOXHUMHUYECKOTO
OCaXXJCHUsI B TPEKOBBIE NMOPHCThIE MA0IOHBI, CHOPMHU-
POBAHHBIC HAa OCHOBC OKCHUIUPOBAHHBIX KPEMHHEBBIX
o ytokeK. [IprMeHeHe MeTo/1a MOTeHIHOCTATUIECKO-
ro ocaxxaeHus B menodHoi cpezae (pH = 10) ¢ ucnomnn3o-
BaHUEM KOMIDIEKCHOTO 3JICKTPOIIUTA MTO3BOJIMIIO o0ectie-
YUTh BOCIPOU3BOJMMOC 3allOJIHCHHE HAHOKAHAJIOB C
YaCTUYHBIM BBIXOJIOM MaTepHalia Ha IOBEPXHOCTb.

Mopddomnormueckuii ananm3 mokasan GpopMupoBaHue
KaK ITOJIHOCTBIO 3aIIOJTHCHHBIX KAHAJIOB, TaK M BBITYKITBIX
KaIUICBUIHBIX CTPYKTYp («IIAMOK») Ha MOBEPXHOCTH,
00yCIIOBJIEHHBIX TiepepacTekanneM Matepuana. Cpen-
HUW TUaMeTp TakuxX oOpa3oBaHWM JAoCTUTAN ~1,3 MKM,
TOTAa KakK JUaMETp UCXOAHBIX HE3AIIOJIHCHHBIX IOp CO-
ctaBisin 340-380 HM, 9TO CBHIETEIBCTBYET O BBHICOKOM
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AKTHBHOCTH POCTa HAHOCTPYKTYP B YCJIOBHSX JIOKAJIN30-
BaHHOT'O MOHHOT'O TPAHCIIOPTA.

PeHTreHOCTpYKTYpHBIH aHaN3 TOATBEPANI POPMU-
poBanue dazpl CuO ¢ MOHOKIMHHOM KPHCTaUTMYECKOM
pemérkoil (mpocrpaHcTBeHHas rpynmna C2/c) 6e3 npu-
3HAKOB mpuMeced apyrux ¢a3 meau. [lapamerpsl sme-
MEHTapHOH SIYEHKH COOTBETCTBYIOT CIIPaBOYHBIM JIaH-
HBIM, YTO YKa3bIBaeT Ha BHICOKYIO CTEIIEHb KPHCTAJIINY-
HOCTH IOJyYEHHOT'0 MaTepuala.

@DOoTOTIOMHUHECIICHTHBIE HCCIICIOBAHMS BHIBHIN Ha-
JMYHe XapaKTEPHBIX IMUCCHOHHBIX ITUKOB B JHAIa30HEe
3,11-3,22 3B, coOTBeTCTBYIOMUX (PHOIETOBON 00IACTH
cHeKTpa. AHaJIM3 CIIEKTPOB MOKa3ajl, YTO JIIOMUHECIICH-
1ust 00yciIoBJICHa KaK MEX30HHBIMH MIEPEX0JaMH, TaK
pexoMOuMHaIel HocuTeNel 3apsiaa Yepes3 JIOKaIu30BaH-
Hble 1e(PEeKTHBIE COCTOSHHS, BO3HUKAIOIINE Ha TPaHUIAX
KPUCTAJLIUTOB U IIPY B3aUMOJEHCTBUU C MATPULICH.

B xoze uccrnenoBanust noATBEpKAEH (Haz0-4HUCTHIH
xapakTep cuHTesupoBaHHoro CuO, ompeneneHbl Hapa-
METpPBI €ro JJICMEHTApHOW SYCHKH, OXapaKTepH30BaHA
MOP(}OJIOTHS 3alOHEHHUS TPEKOBBIX KAaHAJIOB, a TaKKe
UIeHTHGUIUPOBAHEl  (DOTONIOMHHECLICHTHBIC — ITHKH,
HPUPOJA KOTOPBIX CBsI3aHA KaK C MEK30HHBIMH IIEPeXO0-
JaMH, TaK H ¢ 1e(EKTHEIMU COCTOSHHSMH.

Takum 00pa3zoM, METOA ANEKTPOXHUMHUUECKOTO OCaK-
JIeHUs1 IpOsIBUI ce0sl Kak 3()(EeKTHBHBIA M JAOCTYIHBIN
€Hoco0 TOJIyYeHUs] CTPYKTYPHPOBAaHHBIX HAHOMaTepHa-
0B CuO B ynopsioueHHBIX TPEKOBBIX KaHanax. [Ipo-
CTOTa ¥ MacIITabMPyeMOCTh METO/A, a TAKIKE BO3MOX-
HOCTh HATIPABJICHHOTO KOHTPOJISI MOP(OIIOTUH U (ha30Bo-
TO COCTaBa OTKPBIBAIOT LIMPOKHE NEPCHEKTHBBI IS
NPaKTHYECKOTO IPHMEHCHHUS IOJNYYCHHBIX CTPYKTYP,
BKJIIOYAs CO3JJaHHE CEHCOPHBIX IUIaThopM, poToKaTaH-
THYECKUX CHCTEM, OIEMEHTOB HAHOICKTPOHUKH U
(YHKIMOHAIEHBIX MOKPBITHH.
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TPEKTI K¥PBIUIBIMJIAPJA CuO HAHOKPUCTAJIZAPBIH 3JIEKTPOXUMMUSAJIBIK
TYHAbBIPY 9AICIMEH CUHTE3JIEY

A. JI. Akbuioexosa”, T. JI. Axmean, I. T'. Capcexan
«ILH. I'vmunes amuvinozor Eypasus ynmmuix ynueepcumemin KeAK, Acmana, Kazaxcman
* Baunanvic ywin E-mail: aiman88_88@mail.ru

OCBI )KYMBICTa TPEKTI AUAIEKTPIIIK KYPBUIBIMIApIa SICKTPOXUMISIIHIK TYHIBIPY (DX T) omici apkeuis! Mbic okcui (CuO)
HaHOKPHUCTAIJAPBIHBEIH MACCUBTEPiH CHHTE3ICYIiH THIMII 9iCi YCHIHBUIBII, OJAPIBIH KYPBUTBIMIBIK, MOP(HOIOTHSITBIK
KOHE ONTHKAIBIK KACHETTepl KeIIeHAI TYpAe 3epTTeiai. DISKTPOOCAKICHHWE apHAibl TaHTAIFaH 3JIEKTPOJIHUTTE
MOTCHIIMOCTATUKANBIK PEKUMIC KYPTi3LIil, TPEKTIK MaTPHUIIAIaFrkl HAHOKAHAJIAP/IbI CEICKTUBTI JKOHE KaWTalaHOAbI
TYpJie TONTBIpYFa MYMKIHJIK Oepai. 111a0noH peTiHae HOHIBIK CayJIeNIeHy JKoHE 0/1aH KeHIHI1 XMMUSUIBIK OHACY apKbUIbI
TY3UITCH KPEMHUN TUOKCHIIHIH KEYCKT1 KYPBUIBIMBI KO TAHBUI/BL.

OXT omici TEXHOJOTHSIIBIK KapamalbIMIBUIBIFBI, TOMEH JHEPTUs TYTHIHYBI, JKOJIOTHSUIBIK KaYiICi3Jiri, >KOFapbl
TeMIepaTypaja OTXKHUITIH JKOHE KbIMOAT BaKYyMJIBIK JKaOJIBIKTBIH KaXKET eTLIMEYi, COHIaii-aK KypIeli TeOMETPHSLIbI
MOJUIOXKKallapFa TYHABIPY MYMKIiHAIrIMeH cumnarranansl. Mopdonorus MeH Keyek Tonorpaduscel ckaHepieyi
ANEeKTPOHABIK MUKpockomus (COM) apKeUibl, an (azanblk KypaM MEH KPUCTAIIBIK KYPBUTBIMBI PEHTTCH K TU(paKIII
(PJI) apKpLIBI aHBIKTAIABL, HoTIKeciHAe MOHOKIHHIIL CuO da3zaceHbH (C2/c KeHICTIKTIK TOOBI) TY3UTyi pacTaigbl.
DOTOMFOMHUHECTICHTTIK 3epTTeyiep Ooiibrama 3,11-3,22 3B nuama3oHBIHAA SMUCCHSUIBIK IIBIHAAP aHBIKTANIBI, OJap
KYJITiH CIIEKTpre colkec Keieni. byi msIHmap 30HAJBIK OTylep KOHE JOKAIH3ICHTeH Ae(eKTiITK KYH apKbUIBI 3apsi
TaCyIIBUTAPIBIH PEKOMOMHANMACHIMEH OalmaHbICTHL. KeyeKkTepaiH TeOMeTpUsUTBIK IapaMeTpiepi MeH TYHIBIPY
IIapTTaphl KaHAJIAP.IBIH TOIY IOPEkKECiHe JKOHE calachlHa aUTapIIbIKTall ocep €TeTiHi aTal KOPCeTUIIi.

AJBIHFaH HOTIDKENIEp OCpUIreH KacHeTTepi MEH reoMeTpuschl 6ap GpyHkipoHamapKk CuO HaAaHOKYPBUIBIMAAPHIH kKacay
MYMKIHIITIH KepceTeni. JJaMbIThIIFaH 9ICTEME CEHCOPJIBIK XKyHenep/ i, (OTOHIBIK IECKTPOHHKA 3JICMEHTTEPIH JKOHE
OTIIeN MeTaJlapAbIH OKCUATEPiHE HET13/IeNTeH SHEePIUsl YHEMIEHTIH KYPBUIFbUIAPIBI 93ipJieyAe KOJIIAaHbLTYbl MYMKIH.

Tyiiin co30ep: mvic OKCUOL, INEKMPOXUMUSLIBIK, MYHOBIPY, HAHOKAHALOAD, MPEKMIK MeMOPaHa, POmomoMuHecyeHyus..

SYNTHESIS OF CuO NANOCRYSTALS BY ELECTROCHEMICAL DEPOSITION
IN TRACK STRUCTURES

A. D. Akylbekova®, T. D. Akhmedi., G. G. Sarsekhan
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan, Astana, Kazakhstan
* E-mail for contacts: aiman88_88@mail.ru

This work presents an efficient method for synthesising arrays of copper oxide (CuO) nanocrystals in track-etched
dielectric structures via electrochemical deposition (ECD) and provides a comprehensive study of their structural,
morphological, and optical properties. Electrochemical deposition was performed in a carefully selected electrolyte under
a potentiostatic regime, enabling reproducible and selective filling of the nanocanals within the track matrix. The template
consisted of a porous silicon dioxide structure formed by ion irradiation followed by etching.

The ECD method is characterised by technological simplicity, low energy consumption, environmental safety, the
absence of high-temperature annealing and expensive vacuum equipment requirements, and the possibility of deposition
on substrates with complex geometries. The surface morphology and pore topography were analysed using scanning
electron microscopy (SEM), while the phase composition and crystal structure of the deposited material were confirmed
by X-ray diffraction (XRD), revealing the formation of a monoclinic CuO phase (space group C2/c).
Photoluminescence studies revealed emission peaks in the 3.11-3.22 eV range, corresponding to the violet region of the
spectrum. These peaks are attributed to interband transitions and recombination of charge carriers via localised defect
states in the CuO crystal structure. The influence of pore geometry and deposition conditions on the distribution and
quality of channel filling was also highlighted.

The obtained results demonstrate the potential of the proposed approach for creating functional CuO nanostructures with
tailored properties and geometry. The developed methodology can be applied in the fabrication of sensor systems,
photonic electronic components, and energy-efficient devices based on transition metal oxides.

Keywords: copper oxide, electrochemical deposition, nanopores, track membrane, photoluminescence.
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MCCJIEJOBAHUE JMUHAMMKU MTAPAMETPOB AKTUBHO# 30HbI EPR
TP PABOTE HA MOIIHOCTH

A. K. Myxameanes®, U. B. [Ipozoposa, A. A. IIposopos, 0. A. Ilonos
Qunuan «Mncmumym amomnoii snepzuuy PI'TI HAI] PK, Kypuamogy Kazaxcman
* E-mail ons konmaxmos: mukhamediev@nnc.kz

AKTyaJTbHOCTH PaOOTHI CBSI3aHA C aHAJIM30M aKTHBHOM 30HHI peakTopa Tirma EPR (European Pressurized Reactor) u omm-
CaHUIO MEXaHU3MOB YIIPABJICHHS PEAKTUBHOCTBHIO HAa BCEX CTAIMSIX TOIUIMBHON KaMIaHWU. AKTYalbHOCTb pabOThI MOA-
YEPKUBACTCS BAKHOCTBIO BEPUPUKALIMH M BAIMAALUHN MOJIEIICH, ONMCHIBAIOIINX OBEICHUE aKTHBHOM 30HBI B TUHAMHUKE,
JuIsl 000CHOBaHUS 0€30IIaCHOCTH PEaKTOPOB HOBOT'O MOKOJIECHUS. OTINYUTENEHONH 0COOEHHOCTBIO PaOOThI SBISIETCSI MO-
JIeIMPOBaHKE MIPOIECCOB, MPOUCXOAAIINX B aKTUBHOM 30He peakropa nokoseHus [+ ¢ ucronp3oBaHueM pacueToB Me-
tonoM Monre-Kapno B nporpamme MCNP. B xone uccnenoBanuii paccMOTpeHb! Kak akTUBHBIE (peryIpyeMble) napa-
METpPBbI PEaKTUBHOCTH — INTyOMHA BBOJA YIPABJISIOLINX CTEPXKHEH M KOHLIEHTpALUst OOPHOM KUCIIOTHI, TAK U IACCHBHBIC
— BBITOPaHKE MOTJIOTUTEINEH (Tal0JMHIUS) N HAKOTUICHHE MIPOIYyKTOB JIesieHHs. PaccMoTpeHa rpymnmna mpoayKToB AeICHUs,
KOTOpast onuckiBaeT 3G QeKTsl OTpaBiIeHNs U IITakoBaHMsA A3. BeIoIHEHA CpaBHUTENBHAS OIICHKA [TapaMETPOB, BIIHSIO-
IIUX Ha PEaKTUBHOCTb.

Pe3ynbTaThl HCCIIEIOBAHUS TOATBEPIKAAIOT BHICOKYIO 3 (EKTUBHOCT KOMIUIEKCHOI CHCTEMBI YIIPABICHHS PEaKTHBHO-
cThi0 B peakTopax EPR n neMOHCTpHPYIOT HEOOXOANMOCTS HHTETPUPOBAHHOTO TOIXO0/1A K aHAIN3Y HEHTPOHHO-(U3H-
YECKHX XapaKTEPUCTHK aKTUBHOM 30HBI, yYUTBHIBAIONIETO KaK AKTHBHBIE, TAK U TACCHBHBIE MEXAHU3MbI H3MEHEHHS PEaK-
TUBHOCTHU. Pe3ynbTaThl Takke OyAyT MOJIE3HBI IS aHATU3a U YIIy4IlIeHHs TOIUIMBHBIX KaMIIaHUii Kak poccuiickux BBOP,

Tak U 3apyOexxHeIx PWR-peakTopos.

Kniouesvie cnosa: peaxmop EPR, peakmuenocms, noziomument, npooyKkmol 0eienus, keg.

BBEJIEHUE

EBpomnetickuii peaktop ¢ Bojoil noa aasieHueM EPR
[1], paccunuTaHHbIl HAa MPOEKTHOE BHITOPAHUE MOPsAKA
65 I'Bt-cyT./TU, XapakrepuzyeTcss KOHCTPYKIIMOHHBIMH
pELIeHUsIMHY, HAaIllPaBJICHHBIMU Ha oOecrieyeHre Heooxo-
JIMMOTO 3araca pPeakTUBHOCTH, YCTOWYMBOCTH 000J10-
YEUHBIX MAaTEPUANIOB M YIPABISIEMOCTH TEMIIEPATYPHBIX
ko3(¢unmenTos. B mpomecce anmMTensHOI dKcIyara-
UM IPOUCXOHT IIOCTEIICHHOE BEITOPaHHE SIEPHOTO TO-
IUIMBA, COIIPOBOKAAONIEECS NU3MEHEHHEM €TI0 H30TOITHO-
I'0 COCTaBa, HEUTPOHHOTO CHEKTPA U PEaKTUBHOCTH. DTH
M3MEHEHHs OKa3bIBAIOT CYIIECTBEHHOE BIUSHHUE Ha HEll-
TPOHHO-(U3NUECKUE XaPAKTEPUCTUKU AaKTUBHOW 30HbI, a
ClIeZIOBaTeNIbHO — Ha ToKa3arenu Oe30macHoCTH U 3¢-
(hEeKTHBHOCTH peaxkTopa.

BeIropanue TOIUIMBA HOCHUT INPOCTPAHCTBEHHO-HE-
PaBHOMEPHBIN XapakTep: pa3innudus HaOI0AAI0TCI MEX-
JIy TOIUIMBHBIMH COOpKaMH, PacliojOXKEHHBIMU BOJIN3H
oTpaXkaTelsiel, peryIupyIoInX CTep KHEeH 1 Ha nepude-
UM aKTHUBHO# 30HBI. B pe3ynbrare HOpMUpPYIOTCS BBIpA-
YKCHHBIE painabHbIC U aKCHAIbHBIE IPaJHEHTH INIOTHO-
CTH TOTOKA HEUTpoHOB D(7, E), a Takke HEOJHOPOIHO-
CTH HEHUTPOHHOTO MOTOKA. COBOKYIMHOCTh ATUX (haKTO-
POB TIPUBOAUT K M3MEHECHMIO 3aIaca PEaKTHBHOCTH U
TpeOyeT yueTa npy aHanu3e 6€30MacHOCTH U ONTHUMH3a-
UM TOTUTMBHOTO LUKIA [2].

MupoBasi pakTHKa 3KCILTyaTallud PEaKTOPOB THIA
EPR noarsepkaaeT ux BBICOKHE 3KCIIITyaTallMOHHBIE Xa-
PaKTEpPUCTHKH M BOCTPEOOBAaHHOCTH B COBPEMEHHBIX
aTOMHBIX JHEpreTuueckux nporpammax. Tax, Ha ADC
«Tattmrane» (KnTait) GyHKIMOHHPYIOT 1BA SHEProOIIOKa

¢ peaktopamu (panirysckoro npoekra EPR-1750, xoto-
pBI€ Ha CETOTHSAIIHUM JIeHb SBJISIOTCS CAMBIMHM MOIIIHBI-
MH JCHCTBYIOIIMMH JHEPTETUYECKUMH DPEAKTOpaMH B
mupe [3].

[ToMuMoO BBEIEHHBIX B HKCILTyaTaIHio 010koB B Ku-
Tae, CTPOUTENILCTBO AHAJOTWYHBIX PEAKTOPOB IPOAOII-
XKaeTcs Ha pse 3apyOexKHbIX IUIOMANoK. B gactHOCTH,
oIuH HHepro6yok BozBoautcss Ha ADC «DaMaHBUIIE
Bo ®panuuy, a 18a — Ha ADC «Hinkley Point C» B Be-
nukoOpurtanuu. Kpome toro, 8 2021 rogy B ®unngaHaun
ObUT BBEJICH B IPOMBIIIIJICHHYIO 3KCIITyaTalluI0 PEakTop
tuna EPR Ha sHepro6ioxe OL3, 4To cTano mepBsIM BBO-
JIOM HOBOTO 3HEPro0Jioka B CTpaHe 3a MOCIETHIE COPOK
JIeT. DTOT HHeprobiIok obecnedynBaeT okoJio 14% Hammo-
HaJIbHOTO MPOM3BOJICTBA 3JIEKTPOIHEPTHH, UTO MOAUYEp-
KHUBaeT cTpaTernyeckoe 3HaueHue texHosnoruit EPR s
YCTOWYMBOTO Pa3BUTHSI 3HEPreTHIeCKOro cekropa EBpo-
el [4].

Lenbro nccnenoBanus sIBISUIACH AMHAMUKA MTapaMeT-
poB akTHBHOI 30HEI EPR npu pabote Ha MOLITHOCTH € HC-
MTOJIb30BaHKEM NporpaMMHOT0 KoMiutekca MCNP6. [l
JOCTIDKEHHSI TaHHOM IeJIN MTOCTABJICHBI CIeIyIONINe 3a-
Jauu:

1. BBINOTHHUTE CPAaBHUTENBHYIO OIEHKY IapaMeT-
POB, BIMSIONINX HA PEAKTUBHOCTE;

2. OueHuTh BIMSHUE TEMIEPATyPHBIX U3MEHEHUH Ha
3¢ (eKTUBHOCT, HEWTPOHHBIX IMOTJIOTUTENEH, B YacTHO-
CTH — PaCTBOPEHHOT'0 OOpa 1 YIPABIISIONINX CTEPXKHEH;

3. OueHHUTh BIMSHUE HEPEryJIUPYEMBIX (ITACCHUB-
HBIX) aKTOPOB Ha PEAKTUBHOCTb.
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[NomydeHHsIe pe3yabTaThl MOTYT OBITH MCIIOIH30Ba-
HBI JUIs 00O0CHOBaHMS NMPOEKTHBIX PELICHHH, ONTHMHU3a-
L[UH TOIUIMBHOW KaMIIaHHM, a TaKXK€ B MHXKEHEPHBIX UC-
CJIeZIOBaHUSIX, HANpaBJICHHBIX Ha MOBBIIIEHHE 3(dek-
TUBHOCTHU U HaJIeKHOCTH SKCIUTyaTalluu SACPHBIX JHEP-
TFeTUYECKUX YCTaHOBOK.

B xonme uccrnenoBaHMH HCIONB3yeTCs AETATU3UPO-
BaHHas reoMeTpuyeckas Moaens peakropa EPR. MoxkHo
OBUIO OTPAaHUIHUTHCS CEKTOPOM CUMMETPHUH, HE MOJIEIIH-
PY# BCIO aKTHBHYIO 30HY, HO PELIEHO OBLIO YIECTh HAJIN-
Ye HECHMMETPHUYHBIX BO3MYILIAIONMINX CHCTEMY (DaKTo-
POB, BIMSIIONINX HAa PEaKTHBHOCTb, M IPYTHE HEWTPOH-
Hble (QyHKIIMOHAIIBI.

MATEPHUAJBI U METO/IbI

Peaxrop EPR (European Pressurized Reactor) —3T0 co-
BpPEMEHHBIN S3HEpreTnyecKkuil peakrop nokosuenus I+, pas-
paboTaHHBIN (ppaHITy3CcKOi KoMITaHueH Framatome (paHee
Areva) n HeMenko# Siemens. OH TIpencTaBisieT coOol yco-
BEpPIICHCTBOBAHHBIA THIT 8000-8005H020 Peakmopa noo
dasnenuem (PWR) ¢ TIOBBIIIEHHBIMH TPEOOBAaHUSMH K
0€301aCHOCTH, SKOHOMUYHOCTH U JUTUTEILHOCTH TOTUIHB-
HoMi kamnianuu. B cBsizu ¢ Tem, uto EPR paccunran Ha onu-
MENbHYI0 IKCHIYAMAayuIo Mexcoy nepe3aspy3kamu monu-
6a (00 18-24 mecayes), 310 TpeOyeT 3HAUMTEILHOTO Ha-
YaJbHOTO 3aIlaca PEaKTUBHOCTH, YTOOBI 0OSCIICUNTh KPH-
TUYHOCTH PEAKTOPa B TEUCHHE BCETO IIUKIIA.

KitroueBbie (akTopsl, KOTOpBIE 00ECTIEYNBAIOT BBICO-
KU 3amac peakTUBHOCTH [5], a TakyKe MepBhI 110 KOMIIEH-
cary U30BITOYHON PEaKTHBHOCTH:

—  BbICOKAS NIOMHOCMb 3A2PY3KU MONIUBA,

— B EPR ucnone3ywt monaueo ¢ omnocumenvho
evicokum obozawyenuem ypana (0o 3,25% no U-235), 1.e.
M3HaYaIbHO B A3 OoJbllie Iesierocss MaTepuana, 94To
MIPUBOUT K U30BITKY PEAaKTHBHOCTH B HaYaJIe KaMIIaAHHH,
KOTOPBII HEOOXOAUMO KOMIICHCHPOBATH;

— IS KOHTPOJIS BRICOKOTO HAYaJbHOTO 3araca pe-
aKTUBHOCTH, B TOIUTUBO J00aBISIIOT 8bleoparoujue no2no-
mumenu (2adonunuti Gd>03 6 cocmase monausHvlx mao-
J1emokK), KOTOPBIE KOPPEKTUPYIOT HEHTPOHHEIH OallaHC B
aKTUBHOU 30HE M YaCTHYHO KOMITICHCHPYIOT TIaJIcHHE pe-
aKTUBHOCTH H3-32 BRITOPAHUS TOTUIHBA;

— B EPR npumensiercs xumuueckoe pezynuposanue
peaxkmugHocmu ¢ MOMOIIBI0 OOPHOM KHCIIOTHI, PacTBO-
PEHHOII B BOJe MEPBUYHOrO KOHTypa. B Hagane mmxia
KOHIIEHTpaIus 60pa BBICOKAs!, U TI0O MEPE BHITOPAHUS TO-
IUTMBA €€ ITOCTENICHHO YMEHBIIAOT.

— HEIMOCPEICTBEHHO YIIPABICHHE PEaKTOPOM OCy-
IIECTBISIETCS. C TIOMOIIBIO pecyiupyrouux CmepicHel,
PAaCIOJIOKEHHBIX IO BCel aKTUBHOM 30HE peakTopa.

B mogenn MCNP peaxTopa UCIIO/IB30BaHbI CTaHIAPT-
HbIE XapaKTepHCTHKN aKTHBHOM 30HbI 1 TBC: 241 cbopka
tuna 17 x 17, BeicoTa akTUBHOM 30HBI 420 cM, SKBHBa-
JIEHTHBIA AuamMeTp 376,7 ¢M, BOISHOW OTpaXKaTelhb I10 Tie-

pUMeTpy, a Taxke TOIUTUBHEIE cOopku TumoB A, Bu C ¢
oboramenueM 2,0-3,25% no U-235. B pacuyérax yuTeHO
1o 28 tBanoB ¢ Gd,O3 (2-8 % macc.) B COOTBETCTBHUH C
MPOEKTHBIMH OTPAaHWUYCHUSIMH, @ TaKXKe KOHCTPYKIUS
YIIPaBIISIONIMX CTEPKHEH Ha ocHOBe criaBa Ag—In—Cd.

Bce skcrutyaTanyionHble apaMeTphl 3a1aHbl B COOT-
BETCTBUU C THIIMYHBIMH ITPOESKTHBHIMHU XapaKTEPUCTUKAMH
EPR: HomuHansHas TemaoBas MomiHocts 4590 MBT, nas-
JICHWEe B TIEPBOM KOHType okojio 155 Gap, Temmepatypa
TEIUTIOHOCHUTEINA Ha BXOJE B aKTUBHYIO 30HY ~290 °C u Ha
Beixoze ~330 °C, a Taxke CTaHZAPTHBIC TEMITEPaTypHBIE
3aBUCUMOCTH [,g W paboumii MUama3oH KOHICHTPAIUH
OOpHOI KHCIIOTBL. DTH YCJIOBHS MCTIOJB3YIOTCSI KaK Tpa-
HUYHBIE TapaMeTpbl NMPHU MOJEIHPOBAHMM HEHTPOHHO-
(M3MYECKUX XapaKTEPUCTHK U BBITOPAHHS TOILIHBA.

B pacueTHOl METOIMKE UCTIONB30BaHBI 2 XapaKTepH-
CTUKHU aKTUBHOM 30HBI: PEAKTUBHOCTH p (M €€ N3MEHEHUE
Ap) ¥ KOHIIEHTpanus OOpHON KHUCIOTHI.

PeakTHBHOCTD, KaK HMHTETpalbHas XapaKTEPHCTHKA
COCTOSIHUSI aKTUBHON 30HBI, MOXET OBITH MPUOIIIKEHHO
IIPeACTaBICHa B BHUJE OOOOIIEHHOH 3aBHCHMOCTH IIO

dopmyue (1) [6]:
p=p(Lc.g.w,) (1)

IrJie: p— PeaKTUBHOCTh aKTUBHO# 30HBI; / — IITyOHHa BBO-
Jla YIIPaBJISIONINX CTEPIKHEH; ¢ — KOHIEHTpauusi OOpHOi
KHUCJIOTBI B TEIUIOHOCHUTENE; g — MaccoBas JOJs raJoiHu-
HUSI B TOIUTUBE; W, — BHITOPaHKE TOIUIMBA MIIH JIOJSI Ha-
KOTJICHHBIX IIPOJYKTOB JICJICHHUS.

Cpenu mepeMeHHBIX B ypaBHEeHHH (1) MOXKHO BbIJie-
JIUTH ABE MPUHIWIHNAIBHO pa3Hble rpymnmnbl. [lapameTpsl
[ (rmyOuHa BBOJA PETYIUPYIOMIUX CTepKHEH) U ¢ (KOH-
HeHTpanus OOpHON KUCIOTHI) HAMIPSIMYIO PETYITUPYIOTCS
B XOJI€ OIEPATHBHOTO yIpaBiieHUs peakTopoMm. Hampo-
THUB, g (MaccoBas OIS TQJ0JIUHUS) U W, (IO BBITOpa-
HUS TOIIMBA) — 3TO MapaMeTpbl, KOTOPbIe N3MEHSIOTCS
MACCHBHO B X0/1€ KAMITAaHUH U HE PETYINPYIOTCA B pealib-
HOM BpeMeHH. B Tabmune 1 maHa cBogHas oneHka Beex 4
IapamMeTpoB 110 BOCBMH KPUTEPHSM, OT CTEIICHHU YIIPaB-
JISIEMOCTH M CKOPOCTH M3MEHEHHS 110 BIMSHUS HA peak-
THUBHOCTb 1 POJIM B 00€CIIeYeHNH O€30acHOCTH.

V3meHeHus Takux MapameTpoB, Kak KOHLEHTpPALHS
6opa wu riryOMHA BBOJA CTEPIKHEH, OKa3bIBAIOT 3HAUH-
TEeNbHOE BIMSHUE HAa PEaKTUBHOCTH, OCOOEHHO TIPH Tep-
BOM 3arpy3ke CBEXEro TOIUIMBA. BimsHHE MPOAYyKTOB
JIeNICHUS, TAKUX KaK KCEHOH, UMEET CJIOKHYI0, HeJTMHEH-
HyI0 AMHAMUKY. [l oleHKH 3TuX 3P PEeKTOB OBLIH BBI-
MTOJTHEHBI PAacdeThl C MCIOIb30BaHHEM MeTona MoHTe-
Kapio B mporpamme MCNP [7, 8] (pucyHok 1), uTo mo-
3BOJIMJIO YYECTh BCE OCOOEHHOCTH M3MEHEHHS PEaKTHB-
HOCTH B PA3JIMYHBIX YCIOBUSAX 3KCILTyaTalluu. DTH MIPO-
LIECCHI UTPAOT BaXKHYIO POJIb B YIPABICHUU PEAKTUBHO-
CTBIO U KPUTUYHOCTBIO PEAKTOPA.
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Ta6/mua 1. Cpa@numeﬂbnaﬂ OYeHKa napamempos, 6J1UAIouWuUx Ha peaKkmueHocms

Kpurepuit Ynpasnsiowme cTepxHu BopHas Boaa Fapgonunmit NpoaykTb! aenetus
erynupyertcs He perynupyetcs
PerynupyemocTb MOMHOCTBIO Perynmpyembie KOHuegT[?;L\MF;)I;I pacTEOpA nogn;yaafpyysm He perynupytotcst

CKopoCTb BO3AeHCTBMUA

BbICOKas!, CeKyHbl

CpeaHasa, MUHYTbI

HU3KadA, Heaenn-mecaubl

3aBUCUT OT pexumMa,
He NoAAaeTca ynpaBneHnto

pacnpegeneHne MOLWHOCTUA

TNOKanbHoe, N0 30HaM

N0 aKTUBHOM 30He

B6nman Tabnetok ¢ Gd

MpogonmxuTenbHOCTL noKa CTep)XXHW HaxogATCs NnoKa NoAAepK1BaeTcs [0 MONTHOTO BbIropaHus [0 pacnaga un BbiropaHust
neicTBus B aKTMBHOW 30He KOHLEHTpaLmsi nornoTuTens NpOZJYKTOB feneHus
" 06paTMMO M3MEHEHNEM
O6paTumocTb AeNCTBUA NONHOCTbIO 0BpaTMMO P HeobpaTumo HeobpaTuMo
KOHLiEHTpaLuu
. XNMUYECKOE M3MEHEHME . MOrMoLLEHNE HEMTPOHOB
. MexaHUYECKVI BBO/BbIBOA . normnoLLeHne HeMTPOHOB
MexaHu3am aencTeus HENTPOHHOIO NOTNOLLEHNS HaKOMWBLLMMMCS NPOAYKTaMu
nornoTuTens B TONNMBE
TENMOHOCUTENS! [enexus
BbIrOpaemblit, aCTBOPUMbIiA BbIrOpaemblit, BbIrOpaeMbilit,
Tun nornotutens P P P pa paet
MOANEXUT 3aMeHE B TENMOHOCUTENE BCTPOEHHbIIA B TONMUBO HaKannMBaeMblil B TONNMBE
BnusiHve Ha paBHOMEpHOe nokanbHoe, noKanbHoe,

1o pacnpefeneHnio AeneHui

Tun Bo3gelicTBuA

aKTuBHOE

naccmsHoe

naccmeHoe

nnpyem
Ha PeakTUBHOCTb perynvpyemoe

1 — kopnyc peakTopa, 2 — LWaxTa peakTopa, 3 — aKTWBHas 30Ha, 4 — oTpaxaTtens, 5 — 3ameanuTens

Pucynox 1. I'eomempuueckas mooens akmugHot 30uvl peaxmopa EPR

PE3YJILTATHI U OBCYKJIEHUE

KoHTpob peakTHBHOCTH peakTopa.

IMorsoTuTe 1 HEUTPOHOB

Bce nmapameTps! peakTopa ObUTH pacCUMTaHbI IIPH yC-
TaHOBHBIIIEMCS TEMTIEPATYPHOM PEXKHUME, COOTBETCTBYIO-
mieM HOMHUHAJIbHOH MOIIHOCTH, YTO OOecreunBaeT 3¢-
(beKTI/IBHOCTI) MOJICIIM U TOYHOCTH aHaJiu3a B YCJIOBHUAX
CTaOMJIBHOTO TOPSYEr0 COCTOSHUS. DTO COCTOSHUE MPH-
HATO B KadecTBe 0a30BOr0 IS JadbHEHIINX HCCIEIOBa-
HUL.

B pamkax nampHeWIero aHammsa OyaeT yJelIeHO He-
KOTOpO€ BHHMAaHHE BIIMSHHUIO TEMIIEPATYPHBIX HW3MEHe-
HUif Ha 3Q(HEKTHBHOCTh HEHTPOHHBIX OTJIOTHTEIIEH, B 4a-
CTHOCTH — PaCTBOPEHHOTO OOpa M YIPABISIOIINX CTSPK-
Helt. Kyna GoJiee MHTEpPECHBIM TIPEICTABISIOT COO0H -
HaMHWYCCKUEC NM3MECHCHHUSA PCAKTUBHOCTH B IPOLECCE DKC-
IJTyaTalyy peakTopa, OCOOCHHO BIIMSHUE BHITOPAHHS TO-
IJIMBA U HAKOTUIEHUE TIPOAYKTOB JCIICHUSI.

Kamnanus peaktopa HaUMHAETCS C 3aTPY3KU CBEXKETO
TOIUINBA, ITPX 3TOM JJIS1 KOMIICHCAIIMY Ha4aIbHOTO U30bIT-
Ka PEaKTHBHOCTH HCHOJIB3YETCsl pacTBOP OOpHON KHCIIO-
Thl. B kKauecTBe pabouero opreHTHpa NPHUHATO 3HAUCHUE
1200 ppm, xapakreproe it PWR-Tumos ¢ Beiroparoniu-
Mu gobaBkamu [9]. [Ipu MOTHOCTRIO W3BJICYEHHBIX PETY-
JIPYIOIINX CTEPKHSAX, 3HAYCHHE kg JUTS XOJIOAHOTO PEaK-
Topa coctanisier 1,01918, onHako ¢ NOBBILLIEHUEM TEMITE-
paTypbl TOIUTUBHBIX AJIEMEHTOB kogpriafaet 1o 1,01647 npu
pasorpese 10 600 K (pucynok 2). Tem He MeHee, HEb3s
HE OTMETHUTH BIIMSIHHE MOBBIIICHUS TEMIEPATyPHl 3aMel-
JIUTENS — MaKCUMAaJIbHOE BIIMSHUE Ha MOBBIIICHHUE peaK-
TUBHOCTH focturaercs npu 550 K, a npu 525 K 3Hauenne
ke mocturaet makcumyma 1,01921. Tlpu BeIxoae peakrto-
pa Ha ropsiuee COCTOSIHUE Key CHIDKAETCS BIUIOTH JI0
1,00871 (T=900K) m mpm KpUTHYECKOM COCTOSHUH
1,00199 u Hmxe (T > 1200 K), 4To BIIoJIHE COOTBETCTBYET
MIPOTHO3UPYEMBIM 3HAUEHHSAM PEAKTUBHOCTHU JaHHOI'O TH-
I1a peakTopa.
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Pucynox 2. 3asucumocmov ko3¢hpuyuenma pazmrodncenus
HelmpoHO8 om memnepamypbol

Peryaupyemblie cpeacTsa ynpabJieHHs

PEeAKTUBHOCTHIO

Cmepiwcnu ynpagnenus. PaccMOTpeHHas BBIIE, U3-
ObITOYHAs PEaKTHBHOCTb Oblia MoOJydeHa Oe3 yuera
CTEp>KHEN peryaupoBaHus U CTEP)KHEH aBapuUHHOW 3a-
muThl. OHaKo it OoJiee TOYHOTO YIPaBICHUS peak-
TUBHOCTBIO M 00CCIICUCHHUS CTAOUIBHOM PabOThI peakTo-
pa, 0OCOOEHHO C y4eTOM N3MEHEHHS XapaKTePHCTHK TOII-
JIMBA M TIOTPEOHOCTEH B PETYIHPOBKE MOIIHOCTH, BaXKHO
YYHUTBIBATh POJIb PETYIHUPYIOMHUX cTepxkHei [10].

A B C D E F G H J K L M N P R S8 T
17 SC
16 (8 SA SA C
15 sC A B D B A sSC
14 SA SB SB SA
13 A D SC C SC D A
12 C SB SA SA SB C
11 B SC B B SC B
10 SA SA SB SB SA SA
9 | sC n ® D C )] SC
8 SA SA SB SB SA SA
7 B SC B B SC B
6 C SB SA SA SB C
5 A 1] SC C SC b A
4 SA SB SB SA
3 SC A B D B A sC
2 C SA SA T
1 SC

A, B, C, D — perynupytoLLme CTEPXKHY;
SA, SB, SC — cTepxH aBapuitHO 3aLUuTbl

Pucynox 3. Cxema pacnonosicenus ynpagnsiowux cmepoicHerl

B neiictBuTtensHOCTH, B peakTope (PUCYHOK 3) HC-
MOJIB3YIOTCSA JIBE TPYIIBI YIPABIAIONNX CTEPXKHEH: pe-
rymupytomue (A, B, C u D) u aBapuiinsie (SA, SB u SC),
OTJIIMYAIOINECS CIIOCOOOM M IIeJIbI0 BBOIA, HO 00€ rpyT-
OBl TIpeJHAa3HAuYeHbl Ui KOHTPOJISI PEaKTUBHOCTH.
N3 241 TBC B 89 pacnono»KeHbl yIpaBIsIONUe CTEPKHI
(1o 24 1wr.), npu 3Tom Takue TBC 00beIMHEHEI B TPYII-
nel: A B C D — perymupyromue crepxuu u SA SB SC —
CTEpKHU aBapuiiHOM 3amuTsl. ['pynna D perynupytome-
T'O THTIa MOKET OBITh UCTIONIb30BaHa JJIS CIENH(UIECKUX
3a[a4, HalpuMep JJIs1 KOHTPOJIS pacipeaesieHNs III0THO-
CTH TIOTOKA W/WJIA DHEPTOBbINeNIeHNsI B A3 peakTopa.

PacueTs! key v p U yIPABISAIONINX CTEPIKHEH BBI-
MIOJTHEHBI AJIS1 COCTOSIHUS PeaKTopa, MpU KOTOPOM TeTIo-
Basi MOIIHOCTH cocTaBiseT 4590 MBT, koHLEHTpauus
OopHOM KHCIOTHI B Boge cocrasisier 1200 ppm, T.e.
ypaBHeHue (1) mpuMmer cienyromuil BUn;

p=p(lct)=p..,(L.L)- 2

[ns pacuera CTepKHEH peryaupoBaHUS CTEPKHHU
aBapMHHOMN 3aIUTHl YIUTHIBATHCS HE JOJDKHEI (M3BIICUE-
HBI):

b, =po(l): @)

rne: /. — CTepKHU PEeTyINpOBaHusl, [, — CTEP>KHH aBapHii-
HOM 3aILUTHI.

CreprxHH aBapUHOMN 3al[UTHI IPUHUMAIOTCS B Kaue-
cTBe 0a30BOTO CpeacTBa obecredeHus: 0e30MacHOCTH,
MpeJHa3HaYeHBI UII MTHOBCHHOTO cOpoca peaKkTHBHO-
CTH B 0001 MOMEHT pabOTHl peakTopa W 3a4acTylo He
peryimpyroTcs 1o BeicoTe (TayOnHe BBoAa). B Tabmmie
2 0TOOpaskeHBI KIIFOUEBbIC 3HAUCHNUS Koy 1 ©3MEHEHUS pe-
AKTHMBHOCTH Ap, KaK HHTErpajibHbIE XapaKTePHCTHKH
pH paboTe peakTopa Ha MOJTHONH MOIIHOCTH, 00ecredn-
BaroIue 0e30macHyo padory, Tie:

:kZ_k]

Kk, 4)

Ap

Tabnuya 2. Brusnue cmepoicheli asapuiinou 3auumol
Ha peakxmusHoCmy

PerynupoBouyHbie CTepXHU

CTep’!‘""V u3Bsneyexbl, 1200 ppm BCTaBneHbl, 1200 ppm
aBapuiiHoN
3aWmThI ket Bp, | Ap, ket Bp, | Ap;,
° pem | pem | pem | pem
- 1,00199 - 10,95750 -

SA (20) 0,97560 | 2700 59 0,92365| 3827 8,3
SB (12) 0,99036 | 1172 42 |0,94397 | 1497 54
SC (16) 0,98985 | 1224 3,3 1094517 | 1362 3,7
SABC (48) 0,95063 | 5392 49 0,88221| 8913 8,1

Wtorosoe
3HayeHue Ap

13550

Pacuets! 3 PexkTUBHOCTH cHCTEM yIpaBlIeHUsS peak-
THUBHOCTBIO TIOKa3aJli, YTO TIOJHBIA BBOJ BCEX aBapHid-
HBIX crepxHel (rpymmsr SA, SB, SC) nmpuBoIUT X CHU-
JKEHUIO PEaKTUBHOCTH Ha BEIUYMHY nopsanaka 5400 pcm
IIPY TIOJTHOCTBIO M3BJICYEHHBIX PETYIMPYIOIINX CTEPIK-
HiX. B ciiyyae mpenBapuTENbHOIO BBOAA PETYIHMPYIO-
omx cTepkHed (rpynmel A-D), BKIag aBapHHAHBIX
cTepkHel Bo3pacraeT 10 8900 pcm.

B namem aHanmse cuctema ynpaBJICHHS PEaKTHBHO-
cThi0 obOecrieunBaer SDM > 5000 pcm, 9T0 mpeBbImaeT
MUHUMAaJIbHYIO MOJKPUTUYHOCTD, YCTAHOBICHHYIO IS
ycioBHii paboThI peakTopa Ha MOIIHOCTH, BIUIOTH J0 ITe-
perpy3ku tormnusa [11], 1 moaTBepxKIaET BHICOKHI ypo-
BeHb 0€30I1aCHOCTH.

JUIs MTaTHOTO perylupoBaHMs MOIIHOCTU HCHOJb-
3YIOTCSl CTepKHHU Tpynn A-—D, HO3BONAIOLINE IIaBHO
YIIPaBISITH PEAKTOPOM B pabounx pexkumax. Hike npen-
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cTaBiieHa Tabnwma 3, TOe yYTCHO BIUSHHUE YIIPaBIISIO-
IIMX CTEP)KHEH, a Ha pUCYHKE 4 IPeJICTaBIEHbl COOTBET-
CTBYIOIIME 3HAYCHHUS JUISl OTIENBHBIX CTEp)KHEH yrpas-
JICHUSL.

Tabruya 3. Bausnue ynpasnaowux cmepicHerl

HA peadKmueHocmb
Tny6uHa no- lpynna
pykewnsom| A | B | ¢ | D | ABCD
0 1,00202
30 100165 | 1,00109 | 1,00132 | 1,00128 | 1,00050
60 100120 | 1,00039 | 1,00071 | 1,00077 | 0,99988
90 1,00096 | 1,00002 | 100017 | 1,00035 | 0,99963
120 1,00061 | 099963 | 099990 | 0,99999 | 0,99928
150 100035 | 099924 | 099951 | 0,99975 | 0,99887
180 1,00003 | 099874 | 099901 | 0,99927 | 0,99838
210 099974 | 0,99806 | 099843 | 099878 | 0,99746
240 099941 | 099729 | 0,09778 | 0,99818 | 0,99643
210 099892 | 099612 | 0,09678 | 0,99736 | 0,99477
300 099853 | 0,99459 | 099553 | 099649 | 0,99202
330 099809 | 0,99254 | 099406 | 099545 | 0,98741
360 099792 | 098973 | 099265 | 0,094 | 0,97841
390 099766 | 098774 | 099155 | 0,99338 | 0,96211
420 099754 | 098714 | 0,09119 | 0,99314 | 0,95712

H3IMEHEHHE PEAKTHBHOCTH, Api" pcm

0.-_-_-_-_-_-_-_-_-_-_-_._.1

30 60 90 120 150 180 210 240 270 300 330 360 390 420
rayomna, cm
BARBoC oD :

Pucynox 4. Brusinue omoenbHbix cCmepiicHell ynpasieHus
Ha uzMeHeHue peakmusHoCmu
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Bopnoe pezynuposanue. Konnentpamnus 6opa ompe-
nensier 0a30BbIi ypPOBEHb PEaKTUBHOCTH HA CTApTE KaM-
TIAHWH ¥ TI0CIIEI0BATEIHHO CHI)KAETCS B POLIECCE BHITO-
panus ToruMBa. B otnmume ot crepikHei, 6op pacnpene-
JIeH 110 00beMy U AEHCTBYET MSITKO, OJJHAKO €ro ddek-
THUBHOCTb yOBIBAa€T C POCTOM KOHIIEHTPALIUH U3-3a HACHI-
LIIEHHs] HEWTPOHHOTO IOJISl U CIBHTA CIIEKTpa (PUCYHOK
5). Hecmotps Ha 3TO, pacTBOpEHHEIH OOp ocTaercs oc-
HOBHBIM HHCTPYMEHTOM [UISl IOJITOCPOYHOTO PETYIIHPO-
BaHMS ¥ KOMIICHCAIINY BBITOPAHNS.

JInst KOJIMYIEeCTBEHHOTO aHaJIN3a 3aBHCHMOCTH PEaK-
TUBHOCTH OT OOPHPOBAHMUS OBUIH BBIYMCIICHBI 3HAYCHUS
Ap ¥ TpencTaBieHbl B eIMHULIAX pCm, Takue Kak abco-
JIFOTHBIE 3HAYEHUS APaps U APrel OTPAXKAIOT BETMYUHY OT-
pHLATETIBHON PEaKTHBHOCTH.

JleficTBUTENBHO, IS JOCTHIKEHNSI KPUTHIECKOTO CO-
CTOSIHUSI PEaKTOpa JIOCTATOYHO MOBBICUTH COJEpPIKAHUE
6opa mo 1200 ppm. Ilpu TakoM HACBINICHUH, OTPHIIA-
TeIbHas peakTUBHOCTh Ap cocraBiser 11718, uro He
NIPEBBIIACT 3aJOKEHHOTO pecypca PEryupyroImxX
CTEpIKHEH.

OtMeTnM, TIOCKOJIBKY O0p BBOJHUTCS B BUZIE PACTBOPA
B TEIUIOHOCHUTETIE, T.€. B BOJE, €r0 3 PEeKTUBHOCTH 3aBH-
CHT OT IUTOTHOCTH BOAIBL. [Tpy OBBIIEHNH TeMITEpaTyphI
1 CHUKCHUU TIJIOTHOCTU YMEHBIIACTCS HE TOJIBKO 3aMC/I-
JICHWE HEUTPOHOB, HO U NOTJIOIIEHHE Oopa.

B nanbpHeiinem, ¢ TOUKH 3peHUS SASPHOI Oe30macHO-
CTH, aHAJIN3 OCYILECTBIISACTCS HE B TEPMHHAX PEAKTUBHO-
ctu (p, Ap), a 4epe3 KOHIECHTPAIMIO OOPHOU KHCIIOTHI,
410 obecreunBaeT Oojice yI0OHYI0 COMOCTABUMOCTh pe-
3yJIbTaTOB M yNPOIIACT HHTEPIPETAINIO JAHHBIX.

Heperyaupyemsble (maccuBHbIe) (paKTOPBI

BJUSIHUSL HA PEAKTHBHOCTH

ITocne paccMOTpeHHs BHEIITHUX MEXaHU3MOB yIIPaB-
JICHUS PEaKTUBHOCTBIO 00paTHMCS K BHyTPEHHUM HCTOY-
HHUKaM €€ M3MEHEHHsI. DT MPOIECCHI CBsI3aHbl ¢ HeoOpa-
TUMBIM H3MEHEHHEM HYKIHMJHOTO COCTaBa TOIUIMBA:
BBITOpPAHHEM BBEACHHBIX MOTJIOTUTENEH (Hampumep, ra-
JIOJNIMHMSA) W HAKOTUICHHEM HPOJYKTOB JICIEHHS C BBICO-
KHMH CEYCHMSIMH 3aXBaTa.

0 400 800 1200 1600

2000 2400 2800 3200 3600 4000
KOHIeHTpanus Sopa, ppm

Pucynox 5. Bruanue xonyenmpayuu 60pa Ha peaxmusHocms
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Pucyrnok 6. Brusinue 2adonunus Ha peakmueHoCnb

Heperynupyemble MOTJI0TUTENN HEUTPOHOB MPUCYT-
CTBYIOT B TOILIMBE C Havaja KaMIIaHUH JTUO0 HapabaThI-
BalOTCs B Ipoiiecce ero padotsl. K mepBoii rpymme oTHO-
CATCS 3aJI0KEHHBIE U30TOIBI, TAKUE KaK TaJ0JuHUMI, KO
BTOPOM — MOINIOTUTENIU CPeyu NPOAYKTOB AeneHus. Mx
JIMHAMUKa MPOTHUBOIOJOXKHA: TaJ0JUHUANA BBITOPAET,
YMEHBIIIas MOIJIOIEHUE TEIJIOBBIX HEMTPOHOB, a Mpo-
JIyKThl JENIEHUs] HaKalulMBalTcs, ycunuBas ero. He-
CMOTpS Ha ATH PA3JIUYUS, UX BO3JAEHCTBUE HA HEUTPOH-
HBII OamaHC TMOMYHUHSACTCS OTHOMY M TOMY XK€
(bu3nYecKkOMy MEXaHH3MY.

Bxiiag Takux TMOTJIOTUTENCH B HEWTPOHHBIN OamaHc
OTpeIeNACTC UX MUKPOCKONMMYECKUMHU CEYEHUSIMH 3a-
XBaTa M U3MEHEHUEM KOHIICHTpAI[MK BO BPEMEHH, UTO, B
CBOIO OYE€pPE/Ib, 3aBUCHUT OT PEXKKMMa pabOTHI peakTopa Ha
HIPOTSDKEHUM Bcel KamnaHuu. JUI KOJIMYECTBEHHOMH
OIIGHKH STHX IPOIECCOB OBUIM BBHITIOJHEHBI PACUETHI B
MCNP, rze 3a10%KeHHbIE U30TOIBI U IPOLYKTHI ACIEHUS
YYHUTBIBAIOTCS B paMKax OJHOW peanu3aiii MOACTH —
yepe3 U3MEHEHHE MaKpPOCKOIUYECKUX CEYEHHH MOrjo-
IICHUS B COOTBETCTBYIOIINX 30HAX aKTHBHOH 30HEI, 0€3
paszienenus o MPOUCXOXKICHUIO HYKIUIOB.

Hanbuetimee monenmupoBanne B MCNP omnupaercs
Ha paHee 3aJaHHbBIN pexuM paboThl peakTopa. CraH-
JlapTHbIE (AaKTUBHBIE) HHCTPYMEHTHI YIIPABJICHUS, TaKUE
KaK CTep)XHH U 00p, JEMOHCTPUPYIOT MpPeICKa3yeMyto
JIMHAMUKY, TOTJIa KaK TaJIOJIMHANA ¥ HAaKOIIJIEHHBIE TPO-
IyKTHI IeTICHAST POPMHUPYIOT OCHOBY JOIATOCPOUHOH IBO-
JIIOIMH COCTaBa TOILIMBA U TPeOYIOT Ooiee EeTaIbHOTO
aHaIu3a.

T'aoonunun. Eciu 60p U cTep)XKHU NpeHa3HAYEHBI
JUT THOKOTO YTIPaBICHHUS PEaKTUBHOCTBIO, TO TaJO0JH-
HUH, PEX]IE BCETO, IS KOMITEHCAITUHN N30bITKA HaYaTb-
HOU peakTuBHOCTH [12, 13]. OH He perynmupyer peakTop
1 €ro MOBEACHHE MO0 XOAY KaMIaHUHM Hampsamyro. ['amo-
JUHUN He0OX0IUM JIJIsl 6€30TIaCHOTO CTapTa KaMITAHUU 1
KOPPEKTHOH PETYIMPOBKY PEAKTUBHOCTH Ha €€ Hayalb-
HOM 3Tare (pUCYHOK 6).

Jlokanu3anus rafolIuHUSA BHYTPU OTAEIBHBIX TBIJIOB
U €r0 BBITOPAHUE 110 MEPE KAMIIAHUHU JI€TIat0T HEBO3MOX-
HbIM YCTaHOBJICHUE IIPOCTOH JIMHEWHOH 3aBUCUMOCTH
MEX]Ty MacCOM I'aJIOJIMHUS U BEICBOOOXKTaeMOM peaKkTHB-
HOCThIO. Ero addekt n3mensercs BO BpeMeHH | Olpe/ie-
JI€TCA AMHAMUKOW HAKOIUIEHUS OTAEIBHBIX PaJHOHYK-
JIUJI0B, TO3TOMY KOPPEKTHOE aHATUTHYECKOE POTHO3H-
pOBaHUE KpaiiHe 3aTpyAHEHO. B mpakTHueckux pacueTax
OBbUIO MPHHATO OLICHUBATH BIMSHNC T'aJ0JIMHNS SKBHUBa-
JICHTHOHM KOHIEHTpanuei OOpHON KHCIOTHI B TEIIOHO-
CHUTEIIE.

Ha ocHOBe pac4eToB BBIBEJCHO KBaIpaTUUHOE YpaB-
HEHUE UHTEePHOJAINY (5), TO3BOJIAIONIEE B NabHEHIIIEM
UCIIOJIb30BaTh €ro JUIsl KOJIMYECTBEHHON OLIEHKU BKJIaJa
raIoNIMHUA IPU PAaCCMOTPEHUU IIPOLYKTOB JICIICHHUS:

Ac, =475k +258,5k +1444,9 . (5)

[NockonbKy rajonnHuiA BBOAUTCS B TOIJIMBHBIE Ta0-
netku B Buae Gd,Os, pacmpeneieHHOTo 1Mo Beel UTHHE
TB3J1a B OTAENbHBIX TBC, U1 KOPPEKTHOTO MPOTHO3H-
POBaHMsI HEHTPOHHOTO OanaHca ¥ PaAHOHYKIIHIHOTO CO-
CTaBa M y4eTa ero HeJIMHEHHOTrO BHITOpaHUsl HE0OXO0IH-
MO PacCUMTaTh JUHAMHMKY M3MEHEHUs Macc (PUCYHOK 7)
BCEX €ro CTaOMIBHBIX U PAJMOAKTUBHBIX M30TOMOB [14]
B TCUCHHE TOIUIMBHOM KaMIIaHWH.

Cpenu Bcex H30TONOB TaJONMHUS HaHUOOJIBIINN
BKIIaJl B MIOIJIOLIEHUE TEIIOBBIX HEHTPOHOB naror '3°Gd
u %8Gd. Ha npotsxkennu GonbIieil 9acTH KaMIIAHUA UX
cyMMapHsIi BkiIag coctaBisieT 100% — 91% ot obmiero
COZIep>KaHusl Ta/I0NMHUS B TOIUIMBE. MUHNMAaJIbHOE 3Ha-
yeHue HaOmoaaercs Ha 10-M Mecsiie paboThl U JOCTHTa-
eT 85%, 4TO CBSI3aHO C Pa3sHON CKOPOCTBIO BBITOPaHHUS
9THX M30TOIOB 110 CPABHEHHIO C OCTAJILHBIMU (YTO BHI-
HO Ha rpaduke Bbie). 3aMeTHM, 4TO IIOCIE 2-JIETHEH
KaMIIaHWU He3HAYUTeNbHbIH npupocT '$Gd u 37Gd 06y-
CIIOBIIEH PAJHOaKTUBHBIM pactagoM **Eu u S'Eu [15].
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Pucyrnox 7. Bvleopanue uzomonos 2a0oiuHus 8 AKMUGHOU 30He

IIpoodykmur Oenenusn. OnpenensonmmM (HaKTOPOM,
BIIMSIIOIUM KaK Ha CHHXKEHHE PEaKTUBHOCTH, TaK U Ha
MIPOAOIDKUTEIBHOCT TOIUITMBHOW KaMIAaHWH, SIBIICTCS
TIIpoIiecC BBITOPaHUS (AeTICHUE U PaIHalliOHHBINA 3aXBaT)
TormuBa. Ho T.K. B mpoliecce BBITOPAHUS MPOUCXOAUT
HakoruieHne poaykros aenerus (I1]]), ono u ompenens-
€T JOJNTOBPEMEHHYIO TWHAMHUKY, Ha ()OHE KOTOPOi meii-
CTBYIOT BCE OCTAJIbHBIE CPENCTBA yIpaBlieHus. Hagais-
HBIE YCJIOBUS KaMIIaHUM COOTBETCTBOBAIN CTaHAAPTHOI
T'OJIOBOM 3arpy3Ke TOIUTHBA, OJJHAKO MOJICJINPOBAHHE BbI-
MIOJTHEHO Ha JBYXJIETHEM HHTepBasie (PUCYHOK &), 4TO
00ecreymIo peajucTHYHYI0 OLEHKY JOJTOCPOYHOTO
sy [1]1.
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Pucynox 8. Buusinue I1J] na konyenmpayuio 6opa

Pa3Hmma Mexmy KpHUBBIMH JKBHBAIEHTHA Y(PdeKTy
pacTBOpPEHHOT0 60pa C MOBBIIIEHHEM KOHIIEHTPALIUH TIPH-
MepHo Ha 1200 ppm Ha HaYaTHHOM 3TaIe, YTO MTO3BOJISIET
HaNpPsIMYIO COIIOCTABUTD JICHCTBHE TaI0JMHUS C TPaIUIIH-
OHHBIMH CpeficTBaMH ympaBineHwus. CIycTs Tpu Mecsia

€ro BIMSHUE CHIDKACTCS IMPUMEPHO BTPOE, a eIle depes
TPHU Mecsil[a CTAHOBHUTCS COTIOCTABUMBIM C 3(PPEKTOM IO~
psinka 60 ppm. Takas TMHAMHKa HAarJSIIHO MOAYEPKUBACT
KPUTHYECKYIO POJIb BHITOPAIOIIETO IOTJIOTUTENS Ha paH-
HUX CTagWsAX KaMIlaHUM W HEOOXOIMMOCTh yd4eTa ero
BKJIaJ1a TIPY aHAJIM3€ YIPABISIEMOCTH PEAKTOPA.

[T1 stBnstroTCS TTIaBHBIM (DAKTOPOM JOJITOBPEMEHHO-
IO CHIDKCHHMS] pEaKTUBHOCTH aKTUBHOM 30HBL. VX Hakor-
JICHUE ONpeNeNsieT He TOJIBKO TIIyOuHY BBIPaOOTKH TOTI-
JIMBa, HO M (paKTUUECKYIO TPOJODKUTEIFHOCTh KaMIla-
HUH, HAKJIaJpIBas NpsIMble OTPaHUYCHUS Ha JKCILUIyaTa-
U0 peakTopa. B oTinumne oT akTHBHBIX HHCTPYMEHTOB
perynupoBaHus (CTepKHEH, 60pa Wi BRITOPAIOIIKX M0-
riotuteneit), 3¢ dexr 1/ He mogmaeTcs QusugecKoMy
YTIPaBIIEHHUIO, @ MOKET OBITh JIMIIH KOMIICHCHPOBAH.

C Hayana KaMIaHUKM PEaKTHBHOCTH ITAIaeT NPAKTH-
YeCKH B NIEpBBIC JHHU, K KOHILy BTOPOH HeAeIH HaOoa-
€TCsl 3HAUYUTENNbHBIN IPOBAJI PEAKTUBHOCTH, CBS3aHHBIH C
OBICTPBIM HaKOIUICHHEM HamnOoiee 3PQEeKTHBHBIX HEH-
TPOHHBIX MOTJIOTHTEIEH cpenu MPOAyKTOB AeieHus. Ha
9TOM 3Tale NaJeHne KOMIECHCUPYETCS IPEeUMYIIeCTBEH-
HO CTEp)KHSIMH YIIPaBIICHHUS, YTO TI03BOJISIET yIEPIKUBATh
peaxTop B IITATHOM pEXHUME.

[Hanee, x mecToMy MecsIly, AMHAMHUKa CHIDKEHUS pe-
AKTUBHOCTH CTaOWJIM3UPYETCA U MEPEeXOIUT B ONMU3KYIO
K JHMHEHHOW 3aBUCHMOCTB. DTOT TpeHI (popMHUpyeT Oa-
30BBII (DOH KaMIIaHWH, HA KOTOPOM JEUCTBYIOT BCE OC-
TalbHbIE HHCTPYMEHTHI peryinpoBanus. K koHiy mnep-
BOT'0 T'0/1a 3aI1ac pEaKTUBHOCTH COKPAIAETCsl IO YPOBHS
yyTh Belie 600 ppm. DTOT MOMEHT COBNAAAET C IIAHO-
BOM YacCTUYHOM INEPErpy3KOil TOIUIMBA, YTO HArJsAgHO
MOATBEPKAACT ONPEIEISIONIYI0 POJIb MPOLYKTOB JAEIe-
HUS B yCTAHOBJICHUH HKCIUTyaTAaI[HOHHBIX rpaHutl. OgHo-
BPEMEHHO CTAaHOBHTCS 3aMETHBIM HCUYEpIIaHHE YacTH pe-
cypca CTep)KHEH, akTHBHO 3a/1efiCTBOBaHHBIX HAa HAYaIlb-
HBIX CTAJMAX KaMITaHHH.
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PucyHo;c 9. ,ZZMHCZMMKCZ HAKoON1eHus OCHOBHbIX ((HeﬁmpOHHblx noziomumernei»

Takum 00pa3oM, IMEHHO NPOIYKTHI IETICHHUS 3aJal0T
npelenbHble YCIOBHS Ul JUTUTEIBHOCTH KaMIIaHHU.
Onu GOopMHUPYIOT JONTOBPEMEHHYIO TUHAMUKY, Ha (hOHE
KOTOpOH JIEHCTBYIOT BCE OCTalIbHBIE CPEJCTBA yIIpaBiie-
HUSI, U OTIPEJEISIIOT KaK Mpezesbl 0e30MacHoi dKCIuTya-
TallMy, TaK U TpeOOBaHUS K TUIAHUPOBAHUIO TOTUIMBHBIX
3arpy3ok. Macca 0Opa3oBaHHBIX NPOAYKTOB JEICHHS
MPaKTHYECKH IPOTOPIHOHAIbHA Macce BBITOPEBILIETO
TOIUTUBA U COCTABIISICT ~4,76 KI/CyT.

CoBokynserii d¢¢ext 1/ ompemensercs cpaBHH-
TENBHO Y3KOW IPYIIION H30TOMOB ¢ aHOMAIBEHO OOJIBIIH-
MH CeYEHHSAMH MorIomenus. Ilpesxae Beero 3to **Xe u
149Sm [16], mpu Beropanuu nopsaka 4590 MBT-cyT. ux
CyMMapHO€e KOJIMYECTBO cocTaBiseT okoio 10% ot o0-
LIEro KOJIMYeCTBa NPOJYKTOB JeieHus. OIHaKo 3a cyer
BBICOKHX 3HAYCHHWI cedeHHi 3axBaTra ¢ ~2,6-10° 6apn
s 35Xe u 6 ~4-10* 6apn s '*Sm, onn Gopmupyror
~70% maneHus peakTUBHOCTH. XapakTepHas JTUHAMUKa
HaKOIUICHHS MMOKa3aHa Ha pUCYHKE 9.

Ha mnpexcraBieHHOM TrpaduKe BBIICIAIOTCS JBa
NPUHIUITHATEHO PasJIMYHBIX Y4acTKa, COOTBETCTBYIO-
HIUX JEHCTBHIO Pa3HBIX HEUTPOHHBIX MOTJIOTUTENEH.

135Xe (opmupyer kpatkocpounyio (asy. Ero kxom-
LEHTpaLKs BO3pacTaeT B TCUCHHE NMEPBBIX CYTOK U CTa-
OWIM3HpYyeTCsS Ha YPOBHE, CO3JAIOLIEM 3aMETHOE Iajie-
HUe peakTUBHOCTH. PaBHOBeCcHOE comepkanue *3Xe 3a-
BUCHT OT pPeXXHUMa MOIIHOCTH, ITpU paboTe Ha HOMHHAIIb-
HOW MOIITHOCTH Macca (pukcHupyeTcst Ha 3HaueHu# 22,5 T
Ko BTOpO# Hezene. IMeHHO 3THM 00BSICHAETCS TITy00KOe
«KCEHOHOBOE JIHO» Ha PAHHHX dTallaX KaMIIaHWH.

1998m nposenser ce6s Ha Golee MIUTETBHBIX BPEMe-
nax. OH 00pasyercs uepes NENOUKy pacnanos “*Pm u ne
BBITOPAET B 3aMETHOM CTENeHH B HEHTpoHHOM T1oute. [1o-
3TOMY €ro KOHLIEHTpALHs pacTeT paBHOMEPHEE C LIeCTO-
ro Mecsla, K 5TOMY MOMEHTY BimsiHue '**Sm conocrasu-
MO C 3aracoM OOpHO¥ BOJIbI, @ K KOHITY KaMIIaHUU UMEH-
HO OH CTAaHOBHTCSI ONPE/CISIONINM (haKTOPOM JIOJITOBpe-
MEHHOT'O CHH)KEHHSI PEaKTHBHOCTH.

3AKJIIOYEHUE

B xonme mccrnemoBaHHA MMOKa3aHO, YTO YIIPABIICHHE
peakTuBHOCTBIO peakTopa EPR Tpebyer koMIiekcHOTO
yueTa KakK PeryjnpyeMbIX, Tak U MAaCCUBHBIX (haKTOPOB
[10, 17]. K perynupyeMbIM nmapaMeTpaM OTHOCATCS IO-
JIOKCHHE YTIPABIAIOUIMX CTEp)KHEH M KOHIIEHTpauus
OOpHOM KUCIIOTHI, KOTOPBIE 00ECTICUNBAIOT OTIEPATHBHOE
1 THOKOE peryJMpoBaHUE PEaKTHBHOCTH B TEUEHHUE TOII-
TUBHOHN KammaHuu. [laccuBHBIE (aKTOPEI, BKIIOYAs BBI-
TOpaHre BCTPOCHHBIX MOTJIOTHTENICH (TaJOJMHNSA) U Ha-
xorureHue [1/] ¢ BRICOKMMU CeUSHHUSIMU 3aXBaTa HEUTPO-
HOB (mpexae Bcero '**Xe u *°Sm), onpenensroT 1oiro-
BPEMCHHYIO IMHAMUKY CHHKCHHUS PEaKTHBHOCTH H 3a]1a-
FOT 9KCIDTyaTallMOHHBIC OTPAaHHYCHHUS 110 UTUTEIEHOCTH
KaMIaHWH.

PacueTs! nokasanu, 4To NOJHBIM BBOJ BCEX aBapuil-
HBIX U PETYJINPYIOMINX CTepKHEH CIIOCOOCH CHU3UTH pe-
aKTUBHOCTH Ha 13550 pcm, 4TO NEMOHCTPUPYET BHICO-
Kyt 3QPEKTUBHOCTh CUCTEMBI yIpaBlieHus. B wacTHO-
CTH, TONHBIA BBOJ TOJEKO PETYIUPYIOIIUX CTEPIKHEH
CHIDKAeT peakTUBHOCTh Ha 5400 pcm, 4TO Takke MpeBbI-
mraeT MHHHMaNbHOEe TpeboBaHWe mo shutdown margin
(= 5000 pcm), obecrieunBasi 3HAYUTENBHEIH 3anac 6e30-
TIACHOCTH TIPH YIIPABICHUH PEaKTOPOM.

BopHoe perymmpoBanue oOecrieuMBaeT IUTABHOE H
paBHOMEpPHOE yTIpaBlIeHHE PEaKTUBHOCTHIO Ha MPOTSIKE-
HUUM BCEro TOIUTMBHOTO mukia. KoHueHTpanus 60pHOH
KHCJIOTHI B TEIUIOHOCHUTEJIE 3a/1aeT Oa30BbIi ypPOBEHb OT-
pHUIaTeTbHON PEakTHBHOCTH, HA CTapTe KaMIIAHWHU IS
KOMIICHCAIINH M30BITKAa HAYaIbHOW PEaKTHBHOCTH IPHU-
MeHseTcsl 3HadeHne okosio 1200 ppm, 4TO MO3BOJSIET
0€3011acHO I0CTHYb KPUTHYECKOTO COCTOSHHS PEaKTopa
IIPU TIOJHOCTBIO M3BJIEYEHHBIX PETYIUPYIOIUX CTEPK-
Hix. [To Mepe BRITOpaHUS TOIUIMBA KOHIEHTpamus Oopa
MIOCTENIEHHO CHUXKAETCS, KOMIIEHCUPYsl MaJeHUE peak-
THBHOCTH U 00ecIeunBasi yCTOIuuBYI0 paboTy peakTo-
pa. HauanmbHoro 3anmaca OOpHO KHUCIIOTHI XBaTaeT Ooee
geMm Ha 20 MecsieB paboThl, YTO MPEBHIMIAET MOTYTOP-
HBI{ IIUKJT IEperpy3KH TOIIIUBA.
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KYATTA )K¥MBbIC ICTEY KE3IHJIE EPR AKTUBTI AUMAFBIHBIH, IAPAMETPJIEPIHIH
JUHAMMUKACBIH 3EPTTEY

A. K. Myxameauen”, U. B. [Ipozoposa, A. A. IIposopos, I0. A. Ilonos
KP ¥A0 PMK «Amom nepzuscol uncmumymol» gpunuansvty, Kypuamos, Kazaxcman
* Bavinanvicmap ywin E-mail: mukhamediev@nnc.kz

Kymeicteig e3extiniri EPR (European Pressurized Reactor) TunTi peakTopAsIH aKTHBTI alfMarblH TaIJayMeH KOHE OTHIH
HAYKAHBIHBIH OapibIK Ke3CHIEpiHAerT peakTHBTUIIKTI 0ackapy MeXaHHU3MJAEpiH CHUIAaTTayMeH OaiIaHBICTHL 3epTrey
OapBICBIHAA PEaKTUBTIIIKTIH OenceHai (peTTeNeTiH) mapaMeTpiIepil KapacTeIpaasl — 6ackapy OUTIKTEpiH eHTi3y TepeHAiri
KOHEe 0Op KBIIKBUIBIHBIH KOHLEHTPAUSACHI, COHBIMEH KaTap MAacCHBTI — KaHbBIN KETETIH KYTKBIILITAPAbIH KYHIl KeTyi
(ramonmHMiA) XoHE O6JIiHY OHIMIEpiHiH XHHAKTATybl. PEakTHUBTIIIKKE ocep €TeTiH mapaMeTpiepli CajbICTBIPMaTbl
Oaramay >Kypri3iyii.

3eprrey Hotmxkenepi EPR peakropnapbslHiarel peakTUBTUIIKTI OacKapy/bIH KeIIeH Il )KYHEeCiHiH XKOoFapbl THIMALTIIrH
pacTaii/ipl )koHe PeaKTUBTLIIKTIH ©3repyiHiH OeJICeH i )KoHe ITACCUBTI MEXaHN3M/IEPiH €CKepe OTHIPBII aKTUBTI aHMaKThIH
HEUTPOHIBIK-(PHU3NKAIBIK CHITaTTaMajlapblH TaJliayFa HHTErpalysUlaHFaH TICUIIIH KQKETTUIIrH KepceTe .

Tyiiin co30ep: EPR peakmopbl, peakmusminix, sdcymgviuimap, 6eny onimoepi, ko, MCNP.
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ANALYSIS OF CORE PARAMETER DYNAMICS IN EPR DURING POWER OPERATION

A. K. Mukhamediyev", I. V. Prozorova, A. A. Prozorov, Yu. A. Popov

Branch “Institute of Atomic Energy” RSE NNC RK, Kurchatov, Kazakhstan
* E-mail for contacts: mukhamediev@nnc.kz

The relevance of this study is associated with the analysis of the reactor core of the EPR (European Pressurized Reactor)
and the description of reactivity control mechanisms at all stages of the fuel cycle. The research considers both active
(controllable) reactivity parameters such as control rod insertion depth and boric acid concentration, and passive
parameters, including the burnup of burnable absorbers (gadolinium) and the accumulation of fission products.
A comparative assessment of the parameters affecting reactivity has been performed.

The results of the study confirm the high efficiency of the comprehensive reactivity control system in EPRs and
demonstrate the necessity of an integrated approach to the analysis of the neutronic characteristics of the reactor core,
taking into account both active and passive mechanisms of reactivity change.

Keywords: EPR reactor, reactivity, absorbers, fission products, k.; MCNP.
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TPEBOBAHUS K OOOPMJIEHUIO CTATEN

Cratbu A7 MyONuKauK B XKypHaje OTIPABISIOTCS aBTOpaMU IOCJIE PETUCTPAIMU Ha BeO-caiiTe xypHaia B 3JIEKTPOHHOM BHJIE B
¢dopmare MS WORD (.docx).

TexcT neyataercs B 0AHY KOJOHYK Ha ucTax Gopmara A4 (210 x 297 mm) ¢ momsiMu: cBepxy 30 mm; cHu3y 30 Mm; cieBa 20 MM;
crpasa 20 MM, Ha IpUHTEPE C BBICOKMM pa3pemenueM (600-2400 dpi). 'opusoHTansHOE pacroIoKeHHE JINCTOB HE IOMYyCKaeTCsl.

HUcnonsayiite mpudt Times New Roman BercoToit 10 mynkroB. [loxanyiicTa, HCIOIb3yiiTe BCTPOSHHBIE CTHIIM 3ar0JI0BKOB (3a-
ToJIOBOK 1, 2...) TONBKO JUIS Ha3BaHHS CTaThH U 3arOJOBKOB IOJPA3/ENOB, U HE UCHONB3yHTe MX IJIsI OOBIYHOTO TEKCTa, TAOIMI[ U
MOAPHUCYHOUHBIX TOJIHCEH.

B neBoM BepxHeM yTiTy epBOH CTpaHHILIBI 10JKeH ObITh YKa3aH unaexc Y /IK. Hazanue ctaTbu nmeyataercsi HUKE 3arIaBHBIMU
OykBamHu, B ogHOM ab3are. [Tocne 3Toro neyataeTcs TEKCT KpaTKoil aHHOTauu Ha si3bike ctaThi (100-3000 cuMBOIOB), M OTAENBEHON
cTpokoii (mocie ¢passl Kirouesble cioa:) — kiroueBsbie citoBa (5—10). Jlanee, co cnenyromniero ab3amna — OCHOBHOI TEKCT, COICpKAIIHIA
paznensl: Beenenne, OcHOBHYI0 4acTh, Pe3ybTaTsl (BO3MOXHO, € TToIpa3aeiaMu) U 3akimodenue. [locie TekcTa craTbil MPUBOAUTCS
CIIMCOK JINTEPaTypHI (Ha sI3bIKaX OPUTHHAIOB) U OJIOKH «HA3BaHUE CTAThH, aHHOTALIHS, KIIIOUEBBIE CIIOBA) HA JABYX OCTABILIMXCS S3bIKAX.

O6pature BHManue, uto GO aBTOpOB U NpecTaBIsieMble OPraHU3aliH B CTaThe YKa3bIBaTh HE HY)KHO, T.K. CTATbH MPOXOIAT
ZIBOWHOE «cieroe» peueHsupoBanue. Ity unpopmanuio HEOBXOJANMO 3anoaHUTH Ha TpexX A3BIKAX (PYCCKOM, Ka3aXCKOM,
aHrymiickoM) B ¢opme Ha BeO-caiiTe ;KypHaJa NPHU MojJave CTaTbH. Pexomenoyem 3aparee no02omosums ee 6 8ude 0moeabHO20
Odokymenma ¢ mabauyamu no oopasyy (cm. OBPA3EL] na credyioweil cmpanuye) u RPUIONCUms K Cmamoe.

JU7st TekcTa CTaTbU MCIIONB3YIHTE OANHAPHBIN MEKXCTPOUHBIH HHTEPBAII, MEXKAY a03aI[aMH He Hy KHO BCTaBILITH ITyCThIe a03albl 1
CTPOKH.

He ucnione3yiiTe TaOIHIBI Ul pacHONOKESHHUS WUTIOCTPAXil U MOJPUCYHOUYHBIX HOAIMCEH, a Takke CpeAcTBa prucoBaHus MS
Word moBepx WLTIOCTpAIIHi.

MakcHMaJIbHO JOIyCTHMBIN 00beM cTaThi — 10 cTpaHwmI.

IIpyn Hanucanuy craTeil HEOOXOAMMO NPHIEPKUBATHCS CJIEAYIOIMX TPeOOBAHMIi:

e  OxoHYaTenbHas pelakuus CTaTbH, NMPOIIeAIas PeleH3UPOBaHNe U TOMyIIeHHas K IyOIUKaluy, JOJDKHA COoJepKaTh OJIOKH Ha
Tpex SA3bIKaxX — Ka3aXCKOM, aHTJIMHCKOM M PYyCCKOM, C yKa3aHWEeM Ha3BaHUS CTaThH, paMHIINi, UMEH, OTYECTB aBTOPOB, ITOJHOTO
Ha3BaHMs OpraHU3alUi, TOPOJOB M CTPAaH MECTOHAXOXKACHHS, KOTOPhIe OHM NPEACTABISIOT, aHHOTAmu (o0beMoM 100-3000
CHMBOJIOB, BKJIFOUYasl 3HAKU MPETMHAHUS B TPOOEITBI), U KIIFOYEBHIX 0B (5—10).

e  CcbhUIKM Ha JUTEpaTypHbIE HCTOYHHUKU NAIOTCSA B TEKCTE CTAThbU IH(pPaMu B KBAAPATHBIX [...] CKOOKax 1Mo Mepe YHOMHHAHHSA.
Crucok smteparypsl npuBogutes mo F'OCT 7.1-2003.

e  [loxauyiicTa, HE UCTIONB3YHTE MEXaHU3M aBTOMAaTH4eCKol HyMeparmu (rosst) MS Word 1utst Hymeparuu cChUIOK Ha JIUTEpaTypy,
CIMCKOB, PUCYHKOB 1 TAOJIHUI] — UCIIONB3yHTe OOBITHBIA TEKCT;

e  Ummocrpaunu (rpadyky, CXeMbl, THarpaMMBbl) TOJDKHBI ObITH BBINOJIHEHBI HA KOMITbIOTEpe (IIMpHHA pHCyHKa 8 mim 14 cm).
Oco0oe BHUMaHHe 00paTUTe Ha HAAIICH Ha PUCYHKE — OHU JIOJDKHBI OBITh Pa3IMYMMBI IIPH YMEHBIICHNH /10 YKa3aHHBIX BBIIIE
pa3mepoB. DaifIbl pECYHKOB TOIDKHEI OBITH MPECTaBICHBI OTASIBHO B OJTHOM U3 PacTpOBBIX — .tif, .png (U cXeM M PUCYHKOB
¢ HagmucsamHu), .jpg (1t goto) ¢ paspemerreM 300 dpi (~1000 px mns pucyHKOB mupHHOHN 8 cM 1 ~1800 pX Ui pUCYHKOB
mUpHHON 14 cM) WM BeKTOpHBIX — .svg, .wmf, .emf ¢popmartax. HazBaHus (ailyioB JODKHBI COOTBETCTBOBATH MOJOKEHHUIO B
crartbe (Hamp. PucyHok 1-a.tiff). [lnsg Haamuceit Ha puCyHKax MpeanoYTUTENHHO HUCTIONb30BaTh WpuT Arial Narrow uim anaio-
THYHBIHN (Y3Kuit mpu@t 6e3 3aceyex).

e  Maremarnueckue HOpMyJIbl B TEKCTE TOJDKHBI OBITH HaOpaHbl kak ypaBHeHus MS Word wnm ¢popmyner MathType. Cienyer
HYMEpOBAaTh JIMIIB Te GOpMyIIBl, Ha KOTOPbIE MMEIOTCS CCBUIKU B TEKCTE.

e  Tekct momkeH OBITH TIIATEIFHBIM 00pa30M BEIBEPEH U OTPEJAKTHPOBaH. ByMaxkHast BepCHHU CTaThsl JOJDKHA OBITH B KOHIIE MOJ-
IIIICaHa aBTOPAMH.

K craTthe npuiiaraiorcs cienyoniie T0KyMeHThI:

1)  Conposodumenvhoe nucbmo om asmopog, B KOTOPOM JOJIKHBI COJIEPKATHCS CBEACHHS O TOM, YTO CTAThs MOXKET OBITh OMyOJIH-
KOBaHa B OTKPBITOM Ie4aTH, paHee He ObuIa OIyOIMKOBaHA, HE HAXOIUTCS HA PACCMOTPEHUH Ha TIPEIMET MyOIMKaluK B IPYTHX
U3/IaHUSIX, CTAaThs HE COJIEPIKUT MH(POPMALIUH, CIOCOOHO MPUBECTH K KOH(GIINKTY HHTEPECOB.

2)  Daiinsl pucyHKos.

Ha3Banwme craTby, aHHOTanus, KIIOYEBBIE CIOBA, a TAKKE CBEICHUS] 000 BCEX aBTOPAX CTATHU U MPEACTABIIEMbBIX OPTaHH3AIHIX
3aTMONHSIOTCS HA 3-X A3bIKAX (PYCCKOM, KA3AXCKOM, AH2IUIICKOM) 6 hopme Ha caiime npu nodave cmamou (3Ty NHOOPMALNIO TAKXKE
XKeJTaTeTbHO PHIIOKHUTH K CTaThe B BUJE OTAENbHOTO (aiina — cm. OBPA3EI] na ciemyromieit ctpanune).

JIOTIOJHUTENBHYIO aKTyalIbHYI0 HH(MOPMALHIO 0 0GOPMIICHHUIO, TIOATOTOBKE CTaTel, aBTOPCKUM IIPaBaM, PErUCTPALUN MOXKHO
TNIOJIy4HTh Ha BeO-calite sxypHana B pazaene IlpaBuia pis aBropos (https:/journals.nnc.kz/jour/about/submissions).
CraTbH, 0()OpMIIeHHE KOTOPBIX He COOTBETCTBYET YKA3aHHBIM TPeGOBAHMSIM, K IyOJINKALMA He JOMYCKAIOTCS.
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Ha3Banue cTaTbH (Ha PyCCKOM SI3BIKE)

Tabauua 1. ABTOpBI (Ha pYCCKOM SI3bIKE)

OBPA3EI
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