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APXUTEKTYPA U TEXHOJIOTMYECKUE PELLEHWA
UHTEJINIEKTYAJIbHOU LMS-IMJIAT®OPMbI
ASHYK BILIM HA OCHOBE RAG

Lenv uccredosanus OaHHOU cmamvu OnpeoeIuns apxXumexmypHble
0CODEHHOCMU U OCHOBHbIE MEXHON02UUECKIUe PeUeHUs OmedecmeeHHOll
LMS-nramepopmer Ashyk Bilim, obocroseamsv 6b100p mexHor02u4eckozo
cmeka U OYeHumv  YewecooOPASHOCHb — 6HEOPEHUs  CUCHeMbl
6 OP2aAHU3AYUAX BbICULE20 U NOCTE8Y308CK020 00pazosanus Pecnybnuxu
Kaszaxcman. B pabome npeocmasnena KiueHm-cepeepHas apxumexkmypa
niamgopmul, peanusyiowds NOIHGINL YUKT OOVYEHUS. Om CO30AHUS
Kypca npenooasameiem 00 NOJIVYEHUS CMYOeHmoM cepmugukama,
a maxosce nepconanvhwili MU-accucmenm na ocnose Retrieval-Augmented
Generation (RAG), noOkntoueHnbvlll K KOHMEHMY KOHKPemHo20 Kypcd.
Paccmompenvt  opeanuszayus kooa 6 monopenosumopuu Turborepo,
pasoesieHue KIUeHmcKol 4acmuy U cep8epHoll 4acmu no cmaHOapmHoMmy
xoumpakmy OpenAPI, xpanenue 8eKMOPHbIX NPeOCMAasieHULl V4eOHbIX
mamepuanos ¢ PostgreSQOL ¢ ucnonvzosanuem pacuuperus pgvector,
0bpabomka acuHXpoHHwIX 3a0ay ¢ nomoupvio Redis u Taskiq, a maxoce
uzonUposantoe 8vinoiHeHue kooa cmydewmos & Judge(. IlokazaHo,
umo 6bIOpaHHbIE MEXHONOUU 00ecneyusaom macumadupyemMocms,
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MPAH3AKYUOHHYIO — CO2NACOBAHHOCHb — OGHHLIX U 9IMOEOOUH208,
cyeepenumenm OaAHHbIX U peanu3ayuio A3vikoeoll norumuxu Kazaxcmana
(Ha mpex A3bIKax: Ka3axcKOM, PyCCKOM, AHIUICKOM). BxoOdeucciedosanus
UCNONB306ANUCH  MEMOObl  AHAIU3A  NPOSPAMMHOU  APXUMEKMYPbI,
CpaBHUMENbHO20 0O0CHOBAHUSL CMEKA U CONOCMABICHUS Ne0U202UYECKUX
MEXAHUZMO8 NIAAMPOPMbL ¢  MEOPEMUYECKUMU  NOTONCEHUSAMU 30HbL
Onudcatiwezo pazeumus u meopuu camooemepmunayuu. Pezyiomamol
nuromnoeo mecmuposanusi (110 uenosex, 39 kypcos) noomeepounu
YenecoobpasHocms — UCNONb306AHUSL  NOJIHO20  00PA308AMENLHOLO
Yukna, a  npoyemm — CMYOeHmos8,  3a8ePUIUBUUUX  OMOelbHble
npaxmuueckue Kypcol, cocmasui om 57,1 % 0o 68,6 %. Ycmanoeneno,
umo eHedpenue niam@opmol Ashyk Bilim 6 kazaxcmauckux 6y3ax
Yenecoobpasno ¢ OalbHeUM pacuperuem 6bl0oOpKU U pazeumuem
NPeOUKMUBHOU AHATUMUKU.

Kniouesvie crosa: obpazoeamenvnas niam@opma, apxumexmypa
npoepammuoco  obecneuenusi, RAG, FastAPI, Nextjs, pgvector,
uckyccmeenuwliii unmeniekm, LMS.

BBenenne

Hudposas tpanchopmarus oOpa3oBaHUs U BHEAPCHUC TECXHOJIOTHH
HCKYCCTBEHHOT'O MHTEJUICKTA SIBJISIFOTCS OJTHUMHU U3 CTPATETUICCKUX IPHOPUTECTOB
rocynapctBeHHo# monutuku Pecryonuku Kazaxcran. Cornacuo HanmoHanbHOM
CTpaTEeTUU KPYMHOMACIITA0HOW NMU(DPOBH3ALUKMU U MOJHOTO BHCIPCHUS
TEXHOJIOTHI MCKyCcCTBeHHOTo mHTeIUiekTa «Digital Qazagstan» mo 2029 rona,
nudpoBu3alus U UCKyccTBeHHbIH nHTe/uIeKkT (M) paccmaTpuBaroTcs Kak
¢dbyH1amMeHTaIbHBIC (DAKTOPHI Pa3BUTHSI YEIIOBEYCCKOTO KAlUTajla, BKIIFOYAS
MOBBINICHHUE TOCTYITHOCTH 00Pa30BaHUs, €TO IEPCOHATM3ALINI0 U (HOPMHUPOBAHUEC
y BBIITYCKHUKOB KomreTeHui B odactn MU [1]. B aTtux ycnoBusix cosnanue
OTCYCCTBEHHBIX CUCTEM yrpaBiieHust 00yueHreM (LMS) cTaHOBUTCS aKTyaTbHBIM
KaK ¢ TCOPCTHYECKOW, TaK U C MPUKIATHOW TOYKU 3PCHHUS], TOCKOJIBKY OHO
penraer kak npo0yieMy CyBEpEeHUTETa JaHHBIX, TaK ¥ HECOOXOJAMMOCTh ydueTa
SI3BIKOBBIX M OpPraHU3al[MOHHBIX OCOOCHHOCTCH HAIMOHAIBHOW CHUCTEMBI
BBICIICTO 00pa3oBaHus. 3apyoexkubie LMS-miardopmer Xopomio pa3paboTaHbI
1 00JIaar0T OOraThiM ()YHKIIMOHATIOM, OJTHAKO UX HEJIB3sI IPOCTO TaK BHEAPHUTH
13-32 HEOOXOIMMOCTH JIOKATH3AIMH, Pa3MCIICHHs TaHHBIX B COOTBETCTBUH C
JICHCTBYOIINM 3aKOHOIATEIBCTBOM, OOIICH CTOMMOCTH BIIAJICHUS U OTCYTCTBHS
HMHTCIUICKTYalIbHBIX CEPBHCOB, aalITUPOBAHHBIX K COJICPKAHHIO KOHKPETHOTO
Kypca [2]. Mexay TeM 0TeueCTBEHHBIC IUIAT(GOPMBI, KaK MPABUII0, HEC OXBATHIBAIOT
BCE ATaIbl 00pa30BaTEILHOTO [TUKJIA WITH HE UMCIOT ITEIarOrHYeCKH 000CHOBAHHOTO
WU-kontypa. [Tnardopma «Ashyk Bilim» pazpaborana kak nojaHoMmaciTadHas
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LMS nns xa3axcTaHCKHX BY30B, OXBaThIBalollas Bechb 00pa3oBaTebHBIN
Ipolecc: MOJroTOBKA MperojaBaTesieM Kypca, YTeHHE CTYJCHTOM MaTepuaos,
BBIINIOJIHEHUE 3aJ]aHU{, aBTOMAaTU3MPOBaHHAsl M DKCIIEPTHAsl OLIEHKA, aHalln3
yCIIEBAEMOCTH 00Yy4YaIOUIerocst U cepTHQUKAIML. APXUTEKTypa I1aThOpPMBbI
COOTBETCTBYET NPUHLMIIAM pa3JieJeHUs OTBETCTBEHHOCTH, aCUHXPOHHOMN
00pabOTKHU 3aMPOCOB, TOPU3OHTATBHOI MaCIITAOUPYEMOCTH M HAOTFOTACMOCTH.
Karo4yeBbIM KOMIOHEHTOM HHTEJJIEKTYaJIbHOTO KOHTYpa SIBISETCS
NU-accuctent, ncrons3yonmii Texuosoruio Retrieval-Augmented Generation
(RAG) u mpuBsi3aHHBIH K coniepxkanuto Kypcea [3]. Llenpro TaHHOTO HCCITeI0BaHMUS
SIBJISIETCS 0OOCHOBAHUE apXUTEKTYPHOI'0 M TEXHOJOTHYECKOIO IOJX0Ja K
paspabotke riardopmsl «Ashyk Bilimy» u olieHKa IEpCHICKTHB €€ BHEAPCHHUS B
oOpa3oBarenbHbIX opranuzanusx Pecryonnku Kasaxcras. 3aauu ucciejoBaHus
BKJIIOYAJIM: BBISIBIICHUE apXUTEKTYPHBIX 0COOCHHOCTEH NiIarpopMbl U
000CHOBaHUE 11e1eCO00Pa3HOCTH BHIOPAHHOTO TEXHOJIOTHYECKOT0 CTEKa, 3 IMEHHO
paszeineHus: KiIMeHT-cepBepHol yactu, RAG-koHTypa U MH(pacTpyKTypHBIX
KOMITOHEHTOB; OLIEHKY >KH3HECIIOCOOHOCTH TTOJTHOTO 00pa30BaTesIbHOTO IIpoIiecca
U MOTEHLMaNa BHeJIpeHHs miaTdopmbl B By3ax Pecrnyonuku Kaszaxcran mno
pe3yJibTaTaM IMHJIOTHOTO TecTupoBaHUsl. OOBEKTOM JaHHOTO HMCCIEIOBaHHS
SIBIISIETCSI TIPOrpaMMHasi apxuTekTypa 1ardopmsl «Ashyk Bilimy. [Ipexmerom
JTAHHOTO HCCIIE/IOBAHUS SIBJISIETCSI COBOKYITHOCTD TEXHUYECKHX U METOANYECKUX
PpeLIeHH, ONpeIeIIFOLIMX MaclITabUPyeMOCTh, 0€30I1aCHOCTh, MHOTOSI3bIYHOCTD
U TUIAKTHYECKYO0 3 QEKTUBHOCTD TIaT(OPMBL.

Marepuajbl 1 METOAbI

B nanHOM HMCCie0BaHUM INpEACTaBICHBl NPOSKTUPOBAHUE U aHAJIM3
MIPOrpaMMHOM CUCTEMBI, pa3pabOoTaHHOW B paMKax JaHHOTO HMCCJICJIOBaHMS,
C JJIEMEHTAMHM ITHJIOTHOT'O TECTHpOBaHHsS. MeTOo/bl: aHaJIU3 MPOrpaMMHOM
ApXHUTEKTYpPbI; CPAaBHUTEIbHOE 000CHOBAHUE BBIOPAHHOT'O TEXHOJOIMYECKOIO
CTEKa; CPAaBHEHHE PEaM30BAHHBIX B CUCTEME IEJarorHuyecKuX MEXaHH3MOB
C MOCTyJaTaMu TEOPHHU 30HBI OnMKainiero pa3Butus [4] U Teopuu
caMoOJleTepMHUHANMK [5]; KOJIMYECTBEHHAsl OI[EHKa 3aBEPIICHUS KYypCOB
B IIWJIOTHOM KOHTYpe. [IpoexT peann3oBaH B BHJE €IMHOTO MOHOPEIO3UTOPUS C
ucrnosb3oBanreM Turborepo B kauecTBe cOopiyka 3aa4. Peroznropuii conepxur
cepBep, HanucauHblii Ha Python, kinuent, Hanucanneiii Ha TypeScript/React,
a Taroke oOIIMe ITPpaBHiIa CTATHYECKOT0 aHaIN3a, BCIIOMOTaTeIbHbIE HHCTPYMEHTHI
pa3paboTky W AOKyMeHTaluo. Turborepo BhINOJIHSAET COOPKY MapauieibHO,
YUUTBIBast Tpad) 3aBUCUMOCTEH MEXy pabouMMHy 00JIacTsIMH, YTO 3HAYUTEIILHO
yCKOpsieT KOHBeHepsl HENpPEePhIBHOW HMHTErpallMd M pa3BepThIBaHUS [6].
ApXHTEKTYpa Clle/lyeT IPUHIMITY TIOJIHOTO pa3JIelIeHUs KIIMEHTCKOW U CepBEpHOI
yacreii. Konrpaxr nuarepdeiica mexxty Humu orpeessiercst cranaaptom OpenAPI:
cepBep myonukyer cxemy OpenAPI, a KiMeHT UMITOPTUPYET CreHEepUPOBaHHBIE
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TypeScript-Tumel. 9T0 MO3BOJISIET 00ECHEUNTh CTATUYECKYIO THUIHM3AIHMIO HA
YPOBHE CHCTEMHOT0 HHTep(eiica U COKPaTHTh KOJMYECTBO OIIMOOK HHTETPaLlUN
npu paspabotke. MHppacTpykTypHbIi ciaoit coctout n3 PostgreSQL, Redis
U cepBHCa M30JUPOBAHHOTO BhIMONHEHUs Koxaa Judgel. Jlns noxaabHOTO
pasBepthiBanus ucnosb3yercs: Docker Compose. B nposakinene cepsep 1 KIIMEHT
YIIaKOBBIBAIOTCS B KOHTEHHEPHI. Next.js pa3BepThIBAaCTCs B aBTOHOMHOM PEXUME,
YTO [T03BOJISIET OECTIPETISITCTBEHHO pa3BepThIBaTh ero B cpene Kubernetes. O6mias
JrarpaMMa B3auMOAEHCTBUSI KOMIIOHEHTOB IJ1aT(OpPMBI IOKa3aHa Ha puc. 1.

y Cepef
Nextjs 16/ React 19 AR P FastaPl - Python 3.14
OpenAPl + Typescript types
nextintl, TipTap, Zustand | Cret] Granian uvloop
Tanstack Query Pydantic, SQLModel

PostgresQL Redis Taski
+ pguector oW n ouepens onoBble 332U U30MMPOBIHHEI 3ANYCK KO

WH-KoHTYp RAG HaBnioAaeMocTs 1 KavecTsa
Embeddings API  Pydantic Al Logfire - Ruff - m)

ypy
5 pexMMOB accHCTeNTa - SSE Playwright - rate limit

Pucynok 1 — O0mas apxutekTypa o0pa3oBaTeIbHOA
mwratopmsel «Ashyk Bilim»

CepsepHas gacTb npoekTa peanm3oBana Ha FastAPI u Python 3.14. FastAPI
ObLT BBIOpAH IOTOMY, YTO OH IOJAEPKUBACT ACHHXPOHHBIN BBOJ-BBIBOJ «H3
KOpOOK» (asyncio), IMeeT aBTOMaTHIECKYIO TeHepariio qokyMeHTanui OpenAPI
1 TIO3BOJISIET BaUAMPOBATh JaHHBIE ¢ ToMomsio Pydantic [7]. Bo3mMoxHOCTB
BBITIOJTHEHUS] aCHHXPOHHOTO KOJIa KM3HEHHO BayKHA JUTA JUTUTEIBHBIX OIICpPAIlHid:
MTOTOKOBOH TeHeparuu oTBeToB NV, 3ampocoB k 6a3e JaHHBIX U BBI30BOB BHEIITHHX
API. B xauectBe HTTP-cepBepa ucnoneiyercss Granian ¢ uvloop. [y paboTsl ¢
6a30i1 maHHBIX Hcnonb3yercs komonHams SQLModel u SQLAlchemy; murparim
CXEMBI BBITIONHAIOTCS ¢ momombio Alembic. Cpenn KIrOYeBBIX MHUTpALIHA
CIIe/yeT OTMETHUTH JobaBieHne Tabmumbsl document chunks ¢ Tumom momst vector
3 pgvector. VMcmonp3yembrii MeHeKep makeToB — uv. g GpoHOBBIX 3amadu
nucnonedyercs Taskiq, rme B kagectBe Opoxepa BwicTymaeT Redis. Kimentckas
4acTh pa3padoTaHa ¢ ucnoib3oBanneM Next.js 16 ¢ App Router u React 19 [8].
C monensro App Router mosiBisieTcst BO3MOKHOCTD HCIIONB30BaTh CEPBEPHBIE U
KIIMEHTCKHE KOMITOHEHTHI. CepBepHbI KOMIOHEHT HE J0CTaBisieTcss B Opaysep
1 MOXKET HalpsIMYIO 3alpallnBaTh JAHHbIE C CEpBEpa. YIIPABICHUE COCTOSIHUEM
cepBepa 1 KIIIMPOBAHHE 3aIPOCOB BBIMONHAIOTCA ¢ moMomrsio TanStack Query
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[9], kirenTCcKOE cocTosiHMe Mcnonb3yeT Zustand. Penakrop yueOHBIX MaTepHaios
ocuoBaH Ha TipTap (obeptka Hang ProseMirror) [10]; moacBeTka CHHTaKCHCA
BBINOJIHSAETCS. Ha CTOpOHE cepBepa ¢ nomoinsto Shiki. MHTepHanonanuzamms
peanu3oBana ¢ omoulpo next-intl. OHa moep>)KUBaeT TPH SA3bIKA: Ka3aXCKHUH,
pycckuii, anrnuiickuii. ®opmar mapmpyrtusanuu: /[locale]/(app)/..., rae
locale — nepBeiii napamerp mytu. MM-accUCTEHT MOIIEPIKUBACT TE JKE SI3BIKU
U aBTOMATHYECKH OIpeessieT MpeanouTeHus nonb3osares. MU-noncucrema
peanmzoBaHa 1o cxeme RAG [11]. [IokyMeHTBI IipeIBapUTEIEHO 00padaThIBatOTCH,
pasouBatorcst Ha cemaHTHuyeckue (parmentsl (tiktoken), BekTopusyrorcs
¢ nomouipio API OpenAl Embeddings cemeiictBa text-embedding-3 n xpansitcst
B PostgreSQL/pgvector [12]. IIpu moctymiieHMH 3anpoca BBIIIOJIHSIETCS
CEMaHTHYECKHH ITONCK PEJIEBAaHTHBIX (PPArMEHTOB, TIOCIIE YETO SI3BIKOBAst MOJIEIh
TeHEPUPYET OTBET B KOHTEKCTE HaWIEHHBIX MarepHayioB. OpKecTpanus areHToB
BhITIONHSIETCA ¢ oMotibio Pydantic AI[13]. AreHT nojyiep>kUBaeT msiTh pe>KHMOB!
00BsICHEHHE MaTepHalla, peJakTHPOBAaHNE TEKCTA CTY/ICHTA, [IEPEBOJI, KPUTHIECKHI
AHAJIM3 U NIPOIOIDKEeHHeE quasiora. OTBET MOYKET ObITh CHHXPOHHBIM HITH TOTOKOBBIM
yepe3 Server-Sent Events (SSE). [TociiemoBaTeibHOCT 00pabOTKHU 3ampoca
B RAG-koHType noka3zaHa Ha pUCYHKE 2.

1. flokyMenT Kypca N 2. HamKkumr 3. 3uBenauHru
e

4. pgvector 5. Femepaus
Nexuys, 3apaHue tiktoken i

> Pydantic Al

Pexuus arenta:
OB LACHeHME - NPaBKA TEKCTa - NepeBoR
MPHTHUECKIT HANMS - AUANOT

KaHanul oTeeta;
CHHXPOHHBIii JSON - NOTOKOBBIA SSE

Pucynok 2 — lnarpamma RAG-konTypa u pexumos MM-accucrenta

W3onmpoBaHHOE BEHIIOTHEHHE KOJa CTYIACHTOB obecreumBaetcs JudgeO:
KaXJI0€ pEIICHHE 3aITyCKaeTCcs B OTACTFHOM KOHTCHHEpPE C OTpaHUYCHHUSIMH
no BpeMeHu U namsaTtu [14]. MOTUBalIMOHHBIA KOHTYpP BKJIOYAET CUCTEMY
OTIBITAa C KBAJPATHYHON KPUBOW MPOTPECCHH YPOBHEH, CEpHH aKTHBHOCTEU U
peHTHHTH. AHATUTHYCCKUIA MOYTIh TIOAICPKIBACT BBIABICHHE TOYCK OTBAJIA 1
MIPOTHO3UPOBAHHE UTOTOBBIX OIICHOK.

Pe3yabTaTsl U 00cyKI1eHUE

[punsaTHIf HAOOP pemeHnit 00eCTICYNBACT PSIJI CBOWCTB CHCTEMBI, HATIPSIMYTO
CBSI3aHHBIX C [IEJITMH UCCIICIOBaHMUS. MacITabupyeMOCTh X IPOU3BOAUTEIIHHOCTb.
AcuaxponHas Mojiens FastAPI mo3BossteT 06¢ykuBaTh MHOKECTBO JITTHTEITHHBIX
COCIMHCHUH, BKITFOUast IIOTOKOBYIO Iiepenady oTBeToB MU mo SSE, Ge3 BrizeneHus
OTIIEPHOTO MOTOKA Ha Kaxkaoe coenmHeHne. Vcmoms3oBanue Python 3.14 ¢
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MEPCIEeKTUBOM BBINOJIHEHUsT 0€3 ri100aibHON OJOKMPOBKM MHTEpIpeTaTtopa
(PEP 703) co3naer ycnoBus [yt peanbHoro napasuiesnn3mMa CPU-uHTeHCHBHBIX
oreparuii (XemupoBaHue, MakeTHas 00paboTKa qaHHbBIX ). [[eT0CTHOCTD TaHHBIX U
npocToTa HHQpacTpyKTypsl. Pazmenienue BekTopHOro nHackca B Toi ke CYB/],
YTO U JaHHbIE IPUJIOKEHHSI, YCTPAHET HEOOX0IMMOCTh B OT/IEIbHOM BEKTOPHOM
XPaHWJINIIE W MOJACPKUBACT TPAH3AKIIMOHHYIO COINIACOBAHHOCTH MEXIY
yueOHBIMH MaTepHaJIaMHu U UX SMOE/IMHIaMU. MHOIOYpOBHEBOE KAILIMPOBAHHE
npeacrasienuii (in-memory cachebox n Redis) cHmkaet Harpy3Ky Ha BHEITHUN
API Embeddings. ABToMaTnueckuil pa3MbIKaTelb LENH 3alHMIIAeT CUCTEMY OT
KacKa/IHbIX cOOEB NMPH HEAOCTYITHOCTH BHENIHUX CEPBUCOB; MIEMIOTEHTHOCTh
KIIIOUEBBIX OTEpaLUii MpeoTBpalaeT AyoaupoBanue JaHHbIX. [leqarornuyeckoe
obocuoBanue NM-konTypa. B oTindne ot yHHBepcaibHBIX 4aT-00TOB, aCCHCTEHT
«Ashyk Bilim» paboraer ¢ (hparMeHTaMH KOHKPETHOTO Kypca. JTO MOBBIIIAET
MIPEAMETHYIO PEJIEBAHTHOCTh OTBETOB M OTPAaHMYMBACT IaJUTIOL[MHAIIMN MOJIEIN
3a CYeT ONOpbl Ha M3BJICYEHHBIH KOHTEKCT. C AMIaKTUYECKOH TOYKU 3pEHUS
TaKOe B3aUMOJEHCTBHE COOTBETCTBYET TEOPHUHU 30HBI OJIMIKAWIIEro Pa3BUTHS:
CHUCTEMa BBICTYyIAeT B POJHU OoJiee KOMIETEHTHOTO MapTHEpa, HanmpaBiIsist
CTYJIEHTa K CaMOCTOSITEJIbHOMY OCBOCHMIO Marepuaia [4]. MoTuBauMOHHbII
KOHTYp. KBajgpaTu4Hasi KpruBasi IpOrpecCcuy, CEpUH aKTUBHOCTEH M PEUTHHIU
(hOpPMHPYIOT CTPYKTYpPY, COOTBETCTBYIOLIYIO TEOPUU CaMOJETEPMHUHALUU:
ABTOHOMHSI pealin3yercsi 4epe3 BbIOOp TemIia oOydeHUsi, KOMIIETEHTHOCTh —
Yyepe3 BU3yalIn3alfio Iporpecca, a CBI3aHHOCTh — Yepe3 COLUAIbHBIA KOHTEKCT
PEeUTHHTOB [5]. DIleMEeHThI MOTUBALIMOHHOT'0 KOHTYpa B nHTep(eiice mardopmMsl
[OKa3aHbl Ha PUCYHKE 3.

0wkt aniia (P) Cepuu akrnocT peiirumrosan Ta6niua
KBapPaTHUNaR KpHBAR HenpepLIBMOCTE JanATHi COUMANLHAR CBASIHHOCTL
nporpeccui ypoakeit W obpaThas caAzs W BHAMMOCT, Rporpecca

PucyHok 3 — DneMeHThl MOTHBAIIMOHHOTO KOHTYpa I1aTGOpMBbl

AnantuBHocTh uHTepdeiica. Juzaiin-cucrema ShadCN Ul u Tailwind
CSS obGecneunBatoT rubkue MakeTbl. Ha MOOMIBHBIX YCTpOHCTBax cpeja
IpOrpaMMHUpPOBaHUsT TpaHCHOPMUPYETCST U3 MHOTOIMAHEIBHOTO peKUMa B
MOJTHO3KPAHHBIH C BKJIaAKaMH. Dvh-eIMHUIBI KOPPEKTHO YUUTHIBAIOT CHCTEMHBIC
naHenau Opaysepa. JlenuBas 3arpyska pecypcoemkux moxayieit (TipTap,
aHAJUTHKA) CHIDKAET HAavaJbHBIN pa3Mep OaHia u ymydmaeT meTpuku Core
Web Vitals. Uurepdeiic crynenTa u agantanusi Cpeibl IpOrpaMMUpPOBaHUs Ha
MOOHMIIBHOM YCTPOICTBE MOKa3aHbl HAa pUCYHKaX 4 1 5.
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Ashyk B | https://cs-mooc.tou.edu.kz/
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Pucynoxk 4 — Karanor kypcoB matdopmsl «Ashyk Bilimy
(https://cs-mooc.tou.edu.kz/)

Ashyk Bilim
rmm'ﬁ;;:m. (,,"mmrzﬂa
il LT

XXX}

O S0 5 i
- HAHTMLH CSS
TIPOTPAMMARAY ==

@_ i CUCTEMbI
YNPABNEHMA
= e
T2k

(MySQL)

\. v

PucyHok 5 — MOOMIBHBIN BHI KaTaJiora KypcoB
mwratopmsel «Ashyk Bilim»

Obecneuenne kagecTna 1 6ezomacHoCTh. CepBepHBIi Ko poBepsieTcs Ruff,
a TakKe TpeMs CTaTHYeCKUMH THmH3aTtopaMu (mypy, basedpyright, pyrefly).
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I'pannna API 3amuimieHa KOHTPaKTHBIMU T€CTAMM; CKBO3HOE TECTUPOBAHME
BeinonHsieTcs: Playwright. Ayrentudukanus nocrpoena Ha fastapi-users u
JWT, nonnepxusast yokansHblil Bxoa 1 OAuth2 (Google). Ponesas monens
OI'paHMYMBACT TpaBa JOCTYIIA; OIPAHUYHUTENh CKOPOCTH C CKOJIB3SIIMM OKHOM
Ha Redis camxkaer puck nepebopa maposeii. Habmromaemocts obecnieunBacTes
Logfire. Pesynbprarsl muiioTHOro TecTHpoBaHus cBejieHsl B Tabumiy 1.

Ta6muna 1 — [Tokazarenu muiroTHOTO TecTHpOBaHMs IuIaTGopmbl «Ashyk Bilimy»

Iloxasarenn 3HayeHue
Yucno nosnp3oBaTeneit 110
COOTHOIICHHE TPETIOIaBATEIH: CTYACHTHI 30:70
Bcero xypcoB / TOTOBBIX K ITyOIHKaINT 39/15

3aBepiiaeMocth Kypca «Blender-ne 3D mMozenbaey jxoHe TEKCTypatay» 68,6 %

3aBepmaeMocTs Kypca « VR pazpaboTkay 57,1 %

CooTtHouleHue npemnoaanareneil u ctyaeHToB coctaBmiio 30:70. ITomaHbii
LUK OT CO3JIaHMs Kypca 10 BbIauM cepTru(ukaTa ObLT BOCIIPOU3BEACH Oe3
pa3pbiBa TCXHOJIOTMYCCKOM IICTTIOUKH. AHATMTHUCCKHUIA MOJTYJIb TIO3BOJIHII BEISIBUTh
AKTUBHOCTH C HaWOOJBIIMM KOJMYCCTBOM MPEPBIBAHHUIA M CKOPPEKTUPOBATH
CJIOKHOCTH COOTBETCTBYIOIIUX PA3/ICIOB. DKpPaH aHAIUTHKY 110 TOYKAM OTBaJIa
MO0Ka3aH Ha pUCYHKeE 0.

Nonb3osareni NUACTa Kypcs [ roTossie Ponn
39/15 30:70

DYHKUMH MORYAR
TouKs oTcesa
NpOrHe3 UTOrosoil SUeHKN
KOPPEKUMA CNOXHOCTH PA3AEncs

3agepwaemMocTs
Blender 3D — 68,6%
VR-pa3spaboTka — 57,1%

Pucynok 6 — [atens aHauTHKN 00pa30BaTEIbHOTO
IPOLIECCA U TOYEK OTBaJIa

[Tony4yeHHble TOKa3aTeNM 3aBEpILICHUS CIENYeT MHTEPIPETUPOBATH
C OCTOPOKHOCTBIO: BBIOOPKA OTpaHIUYEHA MIIOTHBIM KOHTYPOM, KYPCBI ABIISIFOTCS
MIPAKTHYECKU OPHEHTUPOBAHHBIMHU TEXHUUECKHMHU TUCIUTUTHHAMHE, U OTCYTCTBYET
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KOHTpPOJIbHASL TPYNIIA JJIsl CpaBHEHMs. TeM He MeHee, JJaHHBIE TOATBEPKIat0T
(GyHIaMeHTaJbHYI0 pabOTOCIIOCOOHOCTh apXUTEKTYPhl U HPUTOJHOCTH
AQHAJMTHYECKOTO KOHTYpA JUIsl YIIPaBJICHHUS KA4eCTBOM KypcoB. Takum oOpazom,
o0e uccieoBaTeNbCKUE 3aa4l ObUIM PELICHbI. BBISBICHBI apXUTEKTypHBIC
MIPUHIMITBI TUIATGOPMBI 1 000CHOBaHA 11EIeCO00Pa3HOCTh TEXHOJIOTHYECKOTO
CTEeKa C y4eToM TpeOOBaHMH aCMHXPOHHOCTH, THUII00E30IIaCHOCTH KOHTpPaKTa
API, TpaH3aKIIMOHHO¥ COTJIAaCOBAHHOCTH BEKTOPHOT'O MOMCKA W M30JISLUU
BBINTOJTHEHUSI KoJa. Ha oCHOBE MOJy4eHHBIX JaHHBIX B X0J€ MUIOTHOTO
TECTHPOBAHUS MOATBEPIKJEHA pabOTOCIOCOOHOCTH BCEro 00pa3oBaTEILHOIO
LMKJIA U 1IeJIecCO00pa3HOCTh BHEAPEHUS! pa3paboTaHHOW cHCTEMBbI B cdepe
BhIcHIero oopazoBanus Pecryonmku KasaxcraH.

HNudopmanust o puHaHCHPOBAHUHU

JlaHHasi CTaThs BBINIOJIHEHA B pAMKaX IPAHTOBOTO (PMHAHCUPOBAHMSI IIPOSKTA
(Ne AP23485289), BeigenenHoro Hayunsim komuteTroM MUHHCTEPCTBA HAYKH U
BhIcHIero oopazosanus Pecryonmkn KasaxcraH.

BriBoabl

Takum 00pa3oM, Mo pe3yibTaraM HPOBEIECHHOTO HCCIIEIOBaHUs MOXKHO
cenaTh CIEAYIONINE BBIBOABIL:

[Mnardpopma «Ashyk Bilim» oOecrieunBaer MoJIHBIA IUKIJI YIPaBJICHUS
o0pa3oBaHMEM B paMKax KIMEHT-CEPBEPHOH apXUTEKTYPbl, OCHOBAaHHOW Ha
cranmaptuzupoBanHoM koHTpakTHOM API (OpenAPI), MoHopenosuTopuu,
IIOCTPOGHHOM € UCIIONIb30BaHueM Turborepo, a Takke KOHTEHHEPU3UPOBAaHHOM
citoe MHPaCTPYKTYPBI.

Bri6op nepeuncnennsix texnosoruit (FastAPI, Next.js 16, PostgreSQL/
pgvector, Redis/Taskiq, Judge0) obocHOBaH ¢ yueToMm TpeOoBaHUi K 00padboTKe
ACUHXPOHHBIX HArpy3ok, 00eCHe4YeHHnI0 THII00e30MacCHOCTH, MOAJIEPKAHUI0
COTJIACOBAHHOCTH JIaHHBIX, BBIITOJIHEHHIO ()OHOBBIX ONEpaLMil, a TaKkKe
obecrieueHnI0 0€30MaCHOCTH BBIITOJHEHHSI KOJIa CTYACHTOB.

BcrpauBanue y4eOHBIX MaTepuasnoB, xpaHsmuxcs B PostgreSQL
C HCIIOJIb30BAHUEM PACHIMPEHUS pgvector, MO3BOJIAET ONEPaTUBHO OCYILECTBIISATh
RAG-koHTYp 6€3 JOIOIHUTEIBHOTO BHEIPEHHS BHEITHEH CHCTEMBbI YIIPaBICHUS
BEKTOPHBIMH 0a3aMM JaHHBIX M TapaHTUPYET TPAH3aKIHMOHHYIO IIEJIOCTHOCTh
JIAHHBIX, YTO MO’KHO CUMTATh 3HAYUMbIM apXUTEKTYpPHBIM PEIICHHEM.

UcnonbizoBanue NM-accucrenTa, yUUTHIBAIOIIETO COAEpKaHUE Kypca,
U NpUMEHEHHUE NMPUHIUNOB reiMU(PUKALNKA C y4eTOM NMPUHIUIIOB TEOPUHU
CaMOIETepPMHHALIUH MOBBIIIACT J00aBJICHHYIO CTOMMOCThH CHCTEMBI 110 CPAaBHEHUIO
C YHHMBEPCAJIbHBIMU YaT-CHCTEMaMH.

[MunorHoe tectupoBanue (110 moab3oBarenei, 39 KypcoB) moATBepKIaeT
peann3yeMocThb OIIMCaHHBIX TEXHHUYECKUX PEIICHUH, a TaKkKe paboToCIIOCOOHOCTh
TIOJTHOTO 00PA30BaTEIILHOTO IIMKIIA U LIEJIECO00Pa3HOCTh BHEPEHUS TUIAT(hOPMBI B
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cdepe BoIciIero oopasopanus Pecriyonmku Kazaxcras npu ycaoBUU pacIUPEHHS
BBIOOPKH U peastu3aiiy pa3paboTKH MPESTUKTHBHON aHATUTHKY.

HayyHass HOBU3HA NpPEACTABICHHON PaOOThI 3aKIFOYACTCS B TOM, YTO
BIICPBBIC ONKCAHA MMOJIHOMACIITA0HAs cCUCTeMa yrpaBiieHuUs o0ydenueM (LMS)
OTEUYECTBEHHOTO MPOU3BOJICTBA, I/Ie BCE KIIt0UeBble KOMIOHEHTHI (RAG-KoHTYD,
MHOTOSI3BIYHBIN MHTEp(EC, CPEICTBA BOBJICUCHUS CTYJACHTOB) OOBCIUHCHBI
B CIMHYI MaCHITAa0OUPYyEMYI0 apXUTEKTYypy C aKICHTOM Ha O0OecredYeHHUe
CYBEpCHUTETA TaHHBIX. [IpakTHUecKas 3HAYMMOCTb HCCIICIOBaHUS 00YCIIOBJICHA
BO3MOXKHOCTBIO IIPUMCHEHHS TTOJTYYCHHBIX TEXHHYCCKUX PEIICHUI P pa3padoTKe
HaIMOHAJIBHBIX 00pa3oBaTelIbHbIX IIaThopM. [lepcrnekTUBhl AanbHEHITUX
HCCIIeI0BAaHUM CBS3aHbI C PACIIMPEHUEM YMCIIa TOJIb30BaTeNeH, yHaCTBYIOIINX B
TECTHPOBaHUM pa3pabOTaHHON 00pa30BaTEIBHOM IUIATPOPMBI, KOJTHUCCTBCHHOM
oueHko# Bausinus MM-accucTteHTta Ha akajJeMHYECKYI0 yCIEeBaeMOCTb,
COBEpIIEHCTBOBAHUEM MPEJUKTUBHONW MOJIEIU MPOTHO3UPOBAHUS OTCEBA
CTYJICHTOB M3 00pa30BaTEIbHOrO MPOIECCa M PACIIMPCHUEM HCIIOIB30BAHHUS
NU-cepBucoB B 00pa30BaTeIbHOM IPOLIECCE.
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RAG HEI'BIHJEI'T ASHYK BILIM UHTEJIJIEKTYAJIJIbI
LMS INIJIAT®OPMACBIHBIH APXUTEKTYPACHI
7KOHE TEXHOJIOT'UAJIBIK INEINIMIEPI

Ocbl makananvl 3epmmeyoiy maxcamol Ashyk Bilim omanowix
LMS-nramepopmacoinviy apxumexmypanvix epekuienikmepi Mex Hecizei
MEXHONOUSANBIK, — WeIMOePiH  AUKbIHOAY, MEXHOAOLUANbIK —CMEeKmi
manoayowl Heeizoey dcone Kazaxcman PecnyOiukacwbiHbll Jco2apbl HeoHe
JHC02apbl OKY OPHBIHAH KelliHel OL1iM Oepy YUbIMOapbIHOA JHCyleHT eH2i3yOlH
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OpbIHOLLIbIZLIH Dazanay. JKymblcma OKblMYWbIHbIY KVPCMbl KYPYOQH
bacman cmyOdenmmiy cepmupuram anyviHa 0euin, coHoall-ax beneini oip
Kypcmuly MasmyHvIHa Kocolizan Retrieval-Augmented Generation (RAG)
Heeizinoe Oepbec AH-accucmenmi cusikmol OKbIMYObIH MOAbIK YUKIIH
icke acelpamvii NAAM@POPMANBIY KIUEHIM-CEPEEPIIK APXUMEKMYPACDL
yeoinsiizat. Turborepo monopeno3umopuilindoe KoOmol YublMOACmbIpY,
openapi cmanoapmmul KeaiciMuiapmol OOUbIHUA KIUEHMMIK OOJIK NeH
cepeepdi bony, pgvector rkeyeumimin Kondawa omwipvin, PostgreSQOL-
de 0Ky MamepuaioapbiHbly 6eKMOpIblK Kopinicmepin cakmay, Redis
oicone Taskiq xemecimen acuHXpoHObL MANCHLIPMANAPObL OHOEY HCOHE
Judge0-0e cmydenmmix KoOmul OKwaynay Kapacmipuliaosl. Tanoarean
MEXHONI02USNAD  AYKbIMObLILIKMbL, Oepekmep MeH IMOed0uHemepoin
MPAH3AKYUSUIBIK,  KeLICIMOLIIZIH,  0epeKkmepoiy — e2eMeHOIZIH  JCoHe
Kaszakcmannolty min cascamvli icke acvipyobl KaMmamdacsl3 ememini
Kepcemineen (yw minoe: Ka3ak, opuic, azuliubli). 3epmmey OapbicbiHOA
bazoapramanvl, apxumexmypamvl manioay, CMeKmi Caiblcmblpmaibl
Hezi30ey JHcoHe NIampopMansly nedaco2uKaiblk MeXAHUMOEPIH HCAKbIH
0amy anmazbiHbly MEOPUSIILIK, epedceepiMen HCoHe O3iH-03i aHbIKMAY
MeopusiCbLMeH canvicmblpy 90icmepi Koi0anvlLiovl. I[Tunommueix mecmizey
nomudicenepi (110 aoam, 39 kypc) monvix 6inim bepy yuriin Koioanyobiy
OPBIHOBLIBIZLIH  PACMAObL, Al JHCEKENe2eH NPAKMUKAILIK KypCmapobl
asikmazan cmyoenmmepoin nativizol 57,1 % -oan 68,6 % -2a Oeitin 601001,
Kazaxcmanowix sgcozapwl oKy opbindapwinoa Ashyk Bilim niamgpopmacwvin
eneizy ipikmeyoi 00an Opi KeHeUmymeH JHCoHe OONNCAMObl mandayobl
0aMbImMyMeH OpPbIHObL eKeHi AHbIKMAJIObL.

Kinmmi ce3zdep: 0inim bepy nramgpopmacwl, 6a20apiramansix,
orcacakmama  apxumexkmypacel, RAG, FastAPI, Nextjs, pgvector,
arcacanowl unmeiniexm, LMS.
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ARCHITECTURE AND TECHNOLOGICAL
SOLUTIONS OF THE ASHYK BILIM INTELLIGENT
LMS PLATFORM BASED ON RAG

The purpose of the research in this article is to identify the
architectural features and main technological solutions of the domestic
Ashyk Bilim LMS platform, to justify the choice of a technology stack
and to evaluate the feasibility of implementing the system in higher and
postgraduate education organizations in the Republic of Kazakhstan.
The paper presents the client-server architecture of the platform, which
implements a full learning cycle: from creating a course by a teacher to
obtaining a student certificate, as well as a personal Al assistant based
on Retrieval-Augmented Generation (RAG), connected to the content
of a specific course. The organization of the code in the Turborepo
monorepository, the separation of the client and server parts according
to the standard OpenAPI contract, the storage of vector representations
of educational materials in PostgreSOL using the pgvector extension, the
processing of asynchronous tasks using Redis and Taskiq, as well as the
isolated execution of student code in Judge( are considered. It is shown
that the selected technologies ensure scalability, transactional consistency
of data and embeddings, data sovereignty and the implementation of
Kazakhstan’s language policy (in three languages: Kazakh, Russian,
English). The research used methods of analyzing the software
architecture, comparative justification of the stack, and comparison of the
pedagogical mechanisms of the platform with the theoretical provisions
of the zone of proximal development and the theory of self-determination.
The results of the pilot testing (110 people, 39 courses) confirmed the
feasibility of using a full educational cycle, and the percentage of students
who completed individual practical courses ranged from 57.1 % to
68.6 %. It has been established that the introduction of the Ashyk
Bilim platform in Kazakhstani universities is advisable with the further
expansion of the sample and the development of predictive analytics.

Keywords: educational platform, software architecture, RAG,
FastAPI, Next.js, pgvector, artificial intelligence, LMS.
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CPABHUTEJIbHbIA AHAJIN3 METO4OB MALUUHHOIO
OBYYEHUA B SAJAYE ABTOMATU3UPOBAHHOIO
PACTIPELQEJIEHUA SAQAY

Pyunoe pacnpedenenue unyuoenmos u 3adau  papadomku
6 KDYNHBIX OP2AHUZAYUSX HEU3DEHCHO NPUusooum K cpulgy cpokos (SLA)
U KOZHUMUBHOU nepezpyske Oucnemuepos. B nacmoswei pabome
uccedyemces npod.emMa agmomMamu3ayuu 0aHHO20 NPOYecca nOCPeOCmeom
Memo0os mawiunHo2o odyuenus (ML) u obpabomku ecmecmeeHHo20
szvika (NLP). [Iposeden kpumuueckutl pazoop u cpagHeHue KiacCudeckux
yacmommuvix anreopummog (TF-IDF) ¢ cospemenHviMu Helpocemesvimu
apxumekmypamu Ha 6aze mpancgopmepos (cemeticmeo BERT). Ocoboe
GHUMAHUE YOCICHO SIMYIAYUL GeKMOPHLIX 0a3 0anuvix (areopumm k-NN)
071 peanuzayuy napaouesmMvl CEMaHMU4ecKo20 NOUCKA.

Inasnvlil  omnupuveckutl  6b1800  UCCICO0BAHUS:  CEYUuPuKa
OOMEHHOU 001aCmU KPUMUYECKU GIUsem HA Kauecmeo npeocKa3anull.
Ilpedobyuennvie s3vikosble MoOOenu «u3 KOpoOKuy 0Oe3 Uyenreeo2o
0000yuenus (fine-tuning) Kamacmpogpuuecku yemynaiom
KAACCUYECKUM ANOPUMMAM U3-30 HE3HAHUS TOKATbHOU MEPMUHOIOSUU.
DKcnepumenmanbHo nOOMEEPIHCOEHO, YUMo Ad0anmayus 6eco8 Heupocemu
NOO BHYMPEHHUU KOPNOPAMUGHDLIL CieHe N03680Jsem noousms Accuracy
Ha 30 cunvHo HecOanawcuposannvlx knaccax ¢ 41.5 % oo 48.4 %.
bonee moeo, eubpuonwviti memoo (Fine-Tuned BERT 6 cesizke ¢ k-NN)
npu conocmasumoti mounocmu (47.1%) pewaem npobiemy «uepHo2o
AwuKay, obecneyusas 8vicokyio unmepnpemupyemocms (Explainable Al)
u yemouuusocms apxumexmypul Kk pomayuu UT-kaopos.
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Knrouesvle cnosa: mawunnoe obyuenue, 06pabomka ecmecmeenHo2o
sizvika (NLP), sexmopuvie 6azvl 0annvix, BERT, TF-IDF, knaccuguxayust
mekcmos, asmomamuzayus Service Desk, Explainable Al

BBenenne

[{ucdpoBusarys OM3HEC-TPOIIECCOB, B OCOOCHHOCTH B PEAJIMSIX Ka3aXCTAHCKOTO
KOPIOPAaTUBHOI'O CEKTOpa C €ro IIOTHOM MHTEerpanuei ¢ rocyJapCTBEHHBIMU
cepBucamu — noptansl OCD, CHT, I'oc3akymnku, — npuBena K KpaTHOMY POCTY
Harpy3ku Ha BHyTpeHHue WT-noxpasnenenus. B GonbIMHCTBE COBpEMEHHBIX
TPEKMHTOBBIX cucTeM, Oynb To Jira, Redmine mwin cnenuanu3npoBaHHbIE
HelpDesk-penienust, neppudHas MappyTH3aLus THKETOB J0 CUX IO OCTaeTCsl
pyuHoii pytunoii. lucnieruep win Team Lead BeIHYKI€H UUTATh KAXKTYIO 3asBKY
Y, ONHUpasiCh HAa CBOWH CYOBEKTHBHBIH OIBIT, pelIaTh, KOMY M3 MH)XEHEPOB €e
nepenath. C pocToM 00beMa BXO/SIIIHX 3a[IPOCOB ATOT Y3€JI CTAHOBUTCS IJIAaBHBIM
«OyTBUIOYHBIM TopIbIIIKOM» Beero ITSM-nponecca. OmmoOku MapmpyTH3anuu
MHOkatcs. Cucrema pymmurcst. 3asBKa, MMOTaBIIast 0 OUTMOKE WIH HEJIOCMOTPY
HE K TOMY CIIELHAIUCTY, MOKET CyTKaMH BUCETh B CTaTyCe OXKHJIAHHsI, HapyIIas
KECTKHe paMKku coryiacoBanHoro SLA. Bo3Hukaer octpas He0OX0IUMOCTh
B aBTOMATHU3AIUH ITPOIIECCOB HA3HAYECHHUS, T/IE HAa TOMOILb TPUXOAST AT OPUTMBI
HUCKYCCTBEHHOTO MHTEIIeKTa [1].

OpHako npakTuyeckas ummieMenTanus ML-Moseneit as mapcuHra Tekcra
3as1BOK HEM30E€)KHO HAaTATKUBACTCS Ha PsiJl pyHAaMEHTaIBHBIX 0apbepoB, KOTOPHIE,
K COaJIEHUIO, KpalfHe peJKO OMHUCHIBAIOTCA B TEIJIMYHBIX aKaJAeMHUYECKUX
JaTaceTax, HO IpU ITOM MOBCEMECTHO U €XKETHEBHO BCTPEUAIOTCS B PEATIBHOM,
JKECTKOM Ou3Hece.

Bo-mepBbIx, 3T0 3KCTpeMalbHBIN JrcOanaHc KiIaccoB, TaKk Ha3blBaeMas
npo0sieMa JUTMHHOTO XBOCTa. MCTOpHYECKH CIIOKMIIOCH TaK, 4TO Harpys3ka
B UT-ornenax pacnpenensiercss HepaBHOMepHO. D10 ¢pakTt. Kiouessie
ApXUTEKTOPBI U Senior-pa3paboTYMKK 3aKPBHIBAIOT COTHU KPUTHUYECKHUX TACKOB,
TOT/Ia KaK CIEHHUAIUCTHI MepBON JMHUU WIN CTaXKEphl MOTYT UMETh B aKTHUBE
JIMIIb €IMHUIBI PEIICHHBIX 3asBOK. [10/J00HBIN Mepekoc MopoXkIaeT CUIIbHBIH,
MPaKTHYECKU HENPEeoI0IUMbIN bias 6a30Boro kiaccudukaropa: HEONbITHAsS
MOJIeJIb TBITAETCS MAaKCHMHU3UPOBATh OOIIYI0 METPUKY, OaHAIBHO Ha3zHadas
a0COJIIOTHO BCE HOBBIC 3aJ]a4M Ha CaMBIX NMPOJYKTUBHBIX M 3arpy)KEHHBIX
COTPYAHUKOB [2].

Bo-BTOpBIX, KAMHEM NPETKHOBEHUSI CTAHOBUTCS Y3KOCTIELUATU3UPOBAHHBIN
BokaOyJsip. KopropaTnBHbIE 3asBKH — 9TO JAJIEKO HE JIUTEPATYPHBIA PYCCKHI
sI3bIK. JTO Oonpinasi cMech ab0peBHaTyp, KOJOB CUCTEMHBIX OIIMOOK,
crenuUUCCKUX Ha3BaHUU POYyKTOB, HaBpoze «Y TI1 st Kazaxcranay, «3YII»
nm «EPJIP», a Taxoke MCKa)K€HHBIX HAMMEHOBAHUI KOHTPAreHTOB, HAIIPUMEp
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«TOO Pora u konbiTay. YHuBepcaiababie NLP-Moenu, kpororimBo o0y4yeHHbIe
Ha BBIBEPEHHBIX CTaThAX Bukunenuu, 3Toro A3blka NpocTo He MoHUMaroT. OHU
Ha HUX MyTalOTCA.

B-tperbux, curyanmio ycyryossieT ToTanbHast )parMeHTapHOCTh TEKCTOBBIX
apredaxroB. Kyibrypa 3aBe/ieHHs 3asIBOK PsIOBBIMH MOJIB30BATEIISIMU 3a4acTyIO
OCTaBJISICT JKeJIaTh JIYYIIEero, HOTOMY HEpeIKU Cilydad, KOTAa IMOJIe OIMHCAHUs
COJICPIKHT JIMIIb 0OPBIBOYHOE «OIIHOKa 0a3b» HN «10padoTath oTueT». OCHOBHAS
ke (hakTypa, KpUTHUECKH BakHas Uil pabOThl aHAIWTHKA, OOBIYHO KPOETCS B
MIPUKPEIUICHHBIX (haiiiaX MiM, 4To elle Xy’Ke, B Pa3MBIThIX CKpUHIIOTaX [3].

Llenp Hatero nceenoBaHms — pa3padoTaTh 0TKa30ycTounByo ML-monens,
CIIOCOOHYIO C BBICOKOW TOYHOCTBIO OINPEIEISTh ONTUMAIBHOTO HCIIOTHUTEIS
HCKJTIOYUTEIBHO Ha 0a3e CKYJHBIX TEKCTOBBIX METaJlaHHBIX 3asBKH, a TaKKe
IIPOBECTH CTPECC-TECT PA3IMYHBIX apXUTEKTYp KJIaCCU(HUKALUKN HA PEabHOM,
«TPA3HOM» JaTaceTe.

Marepuajbl 1 METOAbI

DOMNuUpHYEcKOi 0a30d MOCIYX HUI MAacCUB MCTOPUUYECKUX JAHHBIX,
BBITPY’KEHHBIN U3 peaslbHO JAEHCTBYIOIIEH CHUCTeMbI yueTa 3aaad. McxomHslii
ChIpoii amm HacuuThiBal Oosee 21 000 cTpok.

ITepBblit 3Tan pa3BeAOYHOro aHaiuu3a, cokpameHHo EDA, nmokasan
BBICOKYIO CTEIIeHb MHTEp(EpPEHIINH: B 0a3e BIepeMelIKy Jiexkanu 3asBku AXO,
IOPHUCTOB, OYXTaJTepHUHu U MPOrpaMMHUCTOB. UTOOBI aJITOPUTM HE MCKAJI JIOKHBIX
KOppeJsiLui, mpoBeieHa xecTkas GuibTpanus. OcTaBiIeHbl TOJIbKO TAaCKH
LIEJIEBOr0 HOAPA3AEIeHUs — OTAEN Pa3padOTKU, YTO PE3KO CY3UIIO BEIOOPKY 1O
8 789 3amuceit.

Jlasiee MBI CTOJIKHYJIMCH C POOJIEMOH OTCYTCTBYIOLIEro KOHTEKcTa. B
HM3HAYaJIbHOM Buje nosie «OmnucaHue 3afaun» 0Ka3aloCch HEPEIEeBaHTHBIM:
nout B 40 % ciydaeB ero anuHa He npesbimana 20 cumMBoioB. M3HauanbsHO
paccMmarpHBaiach aMOMIMO3HAsE THITOTE3a O BHEJPEHUH MOJIYJIEH ONTHYECKOTO
pacrio3naBanusit OCR juts BBITATMBaHUs TeKcTa U3 BiIokeHHbIX PDF-daiino u
CKaHOB, O/IHAKO OT 3TOU W/IeH NPHUIIIIOCH OBICTPO 0TKA3aThCs M3-32 HEaJIeKBATHO
BBICOKHMX BBIYHCIIUTEIBHBIX 3aTpaT HHPPACTPYKTYPHI, a TAKKE U3-32 TOTO, YTO B
TIOJIaBJISFONIEM OOJIBIIMHCTBE 3asBOK IPOCTO HE OBUIN NPHUIIOKEHBI (ailiibl (0HN
MIPUCYTCTBOBAIHN B MeHee 10 mpoleHTax 3a1a4).

Bmecro sToro 6bu10 perieHo IpuMeHHTH arpeccuBHbIi Feature Engineering.
Mpl B3sIM pa3pO3HEHHBIE CTPOKOBBIC aTpHOYTHI, Takue Kak «Bunx 3amaHus»,
HauMeHoBaHue «KinueHTay, TeMy, TEKCT caMO 3asBKH U IoJie «3aMEeTKU
PykoBoauTensy», Mo BO3SMOKHOCTH OUUCTHIIN UX OT CTOII-CJIOB, CIIELICUMBOJIOB U
HTML-teros, npuBenu K HUXKHEMY PETUCTPY U COEICHIIN B €TUHBIN TEKCTOBBIH
MoHoJHT. [Toy4eHHbIH TekeT ObUT ayrMeHTUpOBaH B KoJIOHKY full text.
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DTOT IPOCTOM, HO HA YIUBJICHUE JICTAaHTHBIH [Iar PELIMI IPOOJIeMY ITyCThIX
onucanui, 1aB NLP-Mozemnsim 10CTaTOYHBINA KOHTEKCT ISl 3a1eTKH.

Jns crabunu3anuu ke TpajiueHTOB NpH O00y4YeHWH U3 JlaTaceTra Obun
XUPYPTUYECKH YAAJCHbI HCIOJHUTEIN-aHOMAINHU (T€, KTO BBIIIOJIHHUI MEHEe
50 3ajma4 3a Bech HcCIeyeMbli MEepPUOA, KOTOPBIM cocTaBui okono 10 jer).
[TporHo3upoBaTh BEPOSITHOCTH ISl CTATUCTUYECKOTO IIyMa OecCMbICIeHHO [4].

DuHaNbHBIN, BEIUMIICHHBINA JaTaceT cokpaTuics 10 8136 kauecTBEHHBIX
3anuceil. KonndyecTBo yHUKaNbHBIX Ki1accoB cocTaBuio 30 uenosek. Paznenenue
Ha oOyyatonui (Train) u Banmnannonssii (Test) ceThl TPOBOAMIOCH B IPONOPIIMN
80/20 c obs13aresibHO cTpaTHdUKayei, 4TOObI peJIKue CIICIUAINCTHI CITy4aiiHO
HE BBINIAJINA U3 TECTOBOM BBEIOOpKH [5].

B pamkax HacTosIIIero 3KCrepuMeHTa MBI TIOIIUTH 110 Iy TH ITOCIIEIOBATEIEHOTO
YCJIOXXHEHUSI apXUTEKTYpPhl, IPOTECTUPOBAB HECKOJIBKO IMPUHIHUIINAIBHO
Pa3HbIX I10JIX0/I0B K W3BJICUEHUIO MTPpHU3HAKOB. OTHPaBHOM TOYKOM N HAaJICKHBIM
Oeii3aifHOM MOCyXHJIa Kjaccudyeckasl CTaTUCTHYecKash Kiaccudukanus Ha
0a3e craporo Ho Bce enie AerictBenHoro anropurma TF-IDF (Term Frequency —
Inverse Document Frequency). /laHHBII METO ] OTJIMYHO, CJIOBHO PCHTTCHOBCKHIA
CKaHep, BBIABISIET CJIOBA, aHOMAJIBHO YacTO BCTPEYAIOIIUECS B KOHKPETHOM
JIOKYMEHTE, HO PeJIKO — BO BCEM OCTaIbHOM KOpITyce TEeKCTOB. B Haiem ciydae
OBUTH M3BJICYCHBI YHUTPAMMBI M OMI'PaMMBI C )KECTKUM OTPaHUUCHHUEM CIIOBapsi
1o tona u3 5000 naubosiee nupopmatuBHbix (uueit. Knaccupukaropom B
9TOi cBs3ke BbicTynwia Jlorucruueckas perpeccusi. Ona padoraer ObICTPO, HO
s pexTuBHO. UTOOBI XOTh KaK-TO CKOMIIEHCHPOBATh JIUKUH MEPEKOC B JAHHBIX,
HCIIOIb30BAJICS mMapaMeTp OamaHCUpOBKHU BecoB (class weight="balanced’),
KOTOPBIA MaTeMaTHYECKHU JKECTOKO IITpadyeT arOpuT™ 3a MajlelIine OmnoKn
Ha MMHOPUTapHBIX KJaccax [6].

Jlanee MBI pelImIM NPOBEPHUTH THUIOTE3Y O OE3YyCIOBHOM HPEBOCXOJICTBE
[ITyOOKOTr0 CEeMaHTUYCCKOT0 aHamn3a, 3aeiictBoBaB Generic NLP — tpanchopmepsr
n3 kopoOku. Vcrosnp3oBanack JierkoBecHast, HO BecbMa 3()(heKTHBHAs ISl CBOMX
3aj1a4 MoJientb cointegrated/rubert-tiny2. TekcTbl KOHBEPTHPOBAIKCH B IIOTHBIC
BEKTOPHBIE TPEJICTABICHHS, TaK Ha3bIBAEMbIC dSMOCIIMHIH, C (PUKCHPOBAHHOU
pa3MepHOCTHIO B 312 mpu3HakoB. DTH aOCTPAKTHBIC YHCIOBBIC BEKTOPHI 3aTEM
CKapMJIMBAJIUCh BCE TOM ke JlorucTruueckoi perpeccuu.

TperbuM marom crajia MOJHOIEHHAsI AMYJISIIIMS CEMAaHTHYECKOTO MTOHCKA
yepe3 BekTopHyI0 bJI. 37ech MBI OTKa3aJIMCh OT JIMHEHHOTO KilacCU(HKaTopa:
BMECTO 3TOro BeKTophl oT 6azoBoro BERT mpoeunpoBanuce Hampsimyio B
MHOTOMEpHOE IPOCTPaHCTBO. M ieHTHdHKaIMS ONITUMAIBHOTO UCTIOIHUTEIS JUIs
Ka)KJIOr0 HOBOI'O THKETa ITPOUCXO/IHJIa AITOPUTMHYECKHU IIPO3PAYHO, Yepe3 TIOMCK
k-6mmwkaiinmx coceneit, ona xxe k-NN ¢ BblYnClIeHHeM KOCHHYCHOT'O PacCTOSTHHS
npu k=5. D10, MO CyTH, YHCTasi dMYJISIUS CTPEMHUTEIbHO HaOMparoumero
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noryssipHocTh RAG-noixona, cyTh KOTOPOro CBOAMTCS K YMHOMY IOHMCKY
HCTOPUYECKHX MTPELE/ICHTOB.

Haxonern, koHioM skcniepumMenTa craia Fine-Tuning u ruGpuiHast MOEIb.
[IpoGnema 3akmoyanack B TOM, 4TO 0a30BbIN rubert-tiny2 abCONIOTHO HE 3HAI
Haulero KopropatuHoro cienra. On Obu1 ciien. [ToaTomy MBI mpoBenu ero
riry0oKoe 1000ydeHre HeTTOCPEICTBEHHO Ha COOPaHHOM KOPITyce TPS3HBIX 33/1a4,
IIPUKPYTHB CBEPXY KJIACCH(UKAIMOHHYIO «T0JIOBY» Ha 30 BEIXOHBIX HEHPOHOB.
Iporecc e ¢ ucnonp3oBanuem ontumanzepa AdamW, ¢pyrakuuu motepb Cross-
Entropy Loss 1 00s13aTebHOT0 MeXaHW3Ma paHHEH OCTAaHOBKH Ha ISITOH d10Xe
0e3 ynydieHuit Bo n3dexxanue QaraibHoro rnepeodydenus cereit. [lociie atoro
HOBBIE, KOHTEKCTHO-OCBEOMJICHHBIC SMOCIIMHIH ObUTH aKKypaTHO W3BJICYEHBI
Y CHOBA NpomyIeHsl 4yepe3 aroput™ k-NN, 4to B urore 1 chopMUpOBAIIO HAII
ISATBINA, THOPUITIHBINA MeTOI Kiaccuukarmu [7].

Pe3yabTaTsl U 00cy:KI1€HUE

3amMepbl METPHUK MPOBOJMINCH HA OTJIOKEHHOW BhIOOpKe M3 1628 3anmau.
BbazoBbIMU KpUTEpUAME OLIEHKH BRICTYHIN Accuracy 1 Macro Avg Fl-score. Ml
CO3HATeNbHO opreHTHpyeMcst Ha Macro F1, Tak kak 9Ta MeTprka ypaBHUBAeT B
rpaBax Senior-pa3paboT4yrKa ¢ ThICSYel THKETOB U Junior-crieninaincta ¢ IByMs
necsitkamu. [t KOHTEKCTa: clieroe ciiydaiiHoe yrajpiBanue u3 30 BapHaHTOB
JlaeT TOYHOCTh 0k0JI0 3.3 %.

CBotHBIE PE3yJIbTaThl TECTUPOBAHMUS NpecTaBieHbl B Tadnuie 1.

Tabmuna 1 — Pe3ynbrarsl cpaBHUTENBHOTO aHaian3a ML-monenei

W3Bneuenue Monens Macro
Mogens/Ilogxon Accuracy
IIPU3HAKOB KJIacCH(UKAIIN F1
Baseline TF-IDF Logistic Regression | 0.4152 0.35
Generic NLP Tpenobyyentri Logistic Regression | 0.2819 0.24
BERT
. IIpenoOy4eHHsIit
Semantic Search BERT k-NN 0.3729 0.31
Fine-Tuning JooOyuennsiit BERT | Sequence Classifier | 0.4840 0.46
Hybrid Joo6yuennsiit BERT |k-NN 0.4705 0.33

JletanbHasi MHTEPNPETALUs BBISIBICHHBIX aHOMAJWH NpEACTABISCT
0Cco0BIil MHTEpEC ATl HHXKEHEepoB JaHHbIX. [Ipexae Bcero, B rmasa Opocaercs
SIPKO BBIpAKCHHBIH (PEHOMEH Tak Ha3piBaeMoro Domain Shift. HaGmromaercs
napajoKcabHasi, Ha NEepPBbI, HENCKYIICHHBIA B3I/, KapTHHA. ApXandHbINA
anroput™ TF-IDF ¢ ero 41.5 % TouHOCTH Ha TOJIOBY pa3OMI COBPEMEHHYIO,
pacrnapeHHyI0 S3bIKOBYIO MOJETH OOIMIEr0 HAa3HAYEHUs, BBIIABIIYIO JKAJIKHE
28.1 %. ITouemy Tak npousormmio? Orser npoct. TF-IDF pabdoTaer kak nmpocToi,
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HO TpeAeNIbHO JKECTKHI cKkaHep marTepHoB. Eciam B TekcTe ecTh Mapkep
«TOO Anbda» win cucremuas omnbdka «H/IC He paccuuTan», 4aCTOTHBIN
ITOPUTM MOMEHTAIILHO, 0€3 JIMIITHUX Pa3IyMHH CBSI3bIBAET ATO C KOHKPETHBIM
ananutikoM. [IpenoOydyennsiit BERT e Bes ce0st nHaue. OH yropHO MBITANICS
UCKaTh TIyOoKui (Guiaocodckuil CMBICI M CKPBITHIH KOHTEKCT B (hparMeHTe
obopsaHHOTO Koza u3 joros 1C. Pazymeercs, He Haii/is1 3HAKOMBIX TOKEHOB B
CBOEM CJIOBape, OH IPOCTO pa3MbIBaji BEKTOpbI. 1 yacTo Ha aT0 ommbancs. 1o
SIPKOE, HEOCTIOPMOE MOATBEPXK/ICHHUE JJABHETO TE3HCA O TOM, YTO TpaHC(HOPMEPHI
a0CoIIOTHO OECIOMOIIHBEI B Y3KHX HHIIAX 0€3 IpeBapuUTeIbHON TOHKOMH
HacTpouku [8].

C 1pyroii cTOpoHbI, MbI 3a()MKCUPOBAIH HACTOSIIUHA TPHYM] T000YIEHHSI.
IlenenanpaBieHHas ajanTtanusi BECOB HEWPOCETH 1O Hall crienu(pUIecKui
JIEeKCUKOH mpoussena ¢ypop. Fine-Tuning noadpocuin o0uIyo TOYHOCTH 10
48.4 %. D10 He pocTo GOopPMaBHBIN MPUPOCT B 7 % MO CPaBHEHUIO ¢ 0A30BOIA
cTaTUCTHYEeCKON Mozenbro. Camoe Ba)kHOE U METOAOJIOTHUECKH IIEHHOE
Kpoetcst B ckauke MeTpuku Macro F1: ¢ 0.35 y Oeiiznaiina 1o 0.46. Monens
peaibHO Hay4dWIach BBLACIATH aOCTPAKTHBIEC, CKPBIThIC NMpHU3HAKU 3aaad. OHa
CTajla CIIPaBEUIMBO OTAABaTh TUKETHl CHELUAINCTAM C MaJIbIM HCTOPUYECKUM
O9KIrpayHIOM, IIEPECTaB, HAKOHEL], CJICIO TepeaBaTh BCIO padoTy Ha MeIUaHy,
TO €CTh B HAIlleM CIIydae ONBITHBIX CEHbOPOB [9].

Uro kacaercs rubpunHoii csizku ([JooOyuennsrii BERT + k-NN), To
OHa MPOJAEMOHCTPHPOBAJA UHTEPECHBIH apXUTEKTYPHBIII KOMIIPOMUCC, BBIAAB
47.05 %. la, oHa 4y Th-4yTb YCTYINIJIa YUCTOMY HEHPOCETEBOMY KJIACCU(PHUKATOPY
Ha CTaTUCTHYECKH He3HauuMble 1.35 %. DTO MOKHO CIUCATh HAa MOTPEIIHOCTb.
OnHaKo MMEHHO 3TOT KOMOMHUPOBAaHHBIN 10AX0J 00JiafaeT MOUCTHHE
(heHOMEHAITLHOM MTPaKTHUECKOI IIEHHOCTBIO JIJIs 3aITyCKa B CYPOBBIH TPOIaKIICH
M3-32 JICTKOCTH B MOJICPIKKE U 1000y4eHus Hanety [10].

BriBoabl

Pe3yapTarsl 9KCHEPUMEHTOB OKOHYATEIBHO pa3pymamT Mugp o0
YHUBEpCAJIbHOCTH COBpeMeHHbIX MIM-moneneit B KOPIOpaTUBHOM CEKTOPE.
Crpaterust «B3ss1 roToByto mozenb u3 HuggingFace n myctun B 0oii» Ha
Y3KOCTICLIUATM3UPOBAHHBIX JAHHBIX HEM3MEHHO IPUBOIUT K AETPaJallIi METPUK
Ha 13 % maxxe 1o CpaBHCHHIO C aJITOPUTMAMH JIBA IIATUICTHEH JaBHOCTH. Fine-
tuning Ha BHYTPEHHHX MCTOPHYECKHX JAHHBIX — HE OIIIMs, a CypoBasi Ou3Hec-
HEOOXOANMOCTb.

HecMoTps Ha HOMHHaJIBHOE aOCOJIIOTHOE JIMJIEPCTBO KiIacCU(pHUKATOPA TI0
MeTpuke Accuracy, Juis (pakTHUECKOTo BHEPEHHS B PeaIbHbII OU3HEC-TIporiece
MBI OJIHO3HAYHO PEKOMEHIYEM HCIIOJIb30BaTh TMOPHIHBII BEKTOPHBIN METOI.
OTOMY €cTh J1Ba BECbMa KPUTHYECKUX 0OOCHOBAHUSL.

25



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

IlepBoe — 3TO MPO3PAaYHOCTh MPUHUMACMBIX AJITOPUTMOM PCHICHHIA,
TaKXKe M3BECTHAs B HAy4yHOM mupe kak Explainable Al. Busnec opranudecku
HE MepeBapUBACT «YCPHBIC AUUKW». Eciau cienoil kiaccu@ukaTop mpocTo
CcyXo BbInaeT ¢amuinio MBaHOB, JTF000W OMBITHBIN TUCIIETYEpP HEH3OCKHO
YCOMHHTCS B aJICKBATHOCTH anropuTma. BekropHsii xe nouck k-NN paboraet
coBepleHHO nHaye. OH CrocoOeH HarJIsIIHO 1OoKa3aTh Ha dKpaHe JucIeTyepa
JKHBOE 000CHOBaHME: « 5 peyiara Ha3HAUYUTh ITY CIIOKHYO 3a1a4y Ha lBaHOBa,
IIOTOMY 4YTO BOT JIKAT TPH aOCOJIFOTHO TaKUX KE MCTOPHUCCKHUX THKETa 3a
MIPOIILIBIHA TOJT, KOTOPBIC TOT YSJIOBEK YCIICIIHO U OBICTPO 3aKpbUD». COTIacuTech,
9TO padoraer dydyie. DTo GOPMUPYET peasbHOE AOBEpPHUE MOJIB30BATENS K
ABTOMATH3UPOBAHHOW CHUCTEME.

Bropoe 000cHOBaHME 3aKIIFOYACTCS B U30JISAIUN OT HEM30CKHOM poTaluu
KaJIpOB, TO €CTh B peanu3anuu koHuenuuu Lazy Learning. Kiaccuueckyro
NIyOOKYH0 HEHPOCETh MPH KaXKJIOM YBOJIBHEHUH COTPYIHUKA WX ITPH IJIAHOBOM
HaliMe HOBOT'O OT/IejIa IPUACTCS KaXIblid pa3 nepeodydaTh 3aHOBO MPAKTUICCKH
C HyJIs, MyYHUTCIBHO NMEPCCUYUTHIBAS T'PANUCHTHI HA OTPOMHBIX U JOPOTHX
CepBEpHBIX Kiactepax. Jloporo u goiro. B mapamurme sxe BEeKTOpHBIX 0a3 JaHHBIX
BCE PEIIACTCS U3SIIHO M MPOCTO: JIOCTATOYHO 3aKUHYTh FOTOBBIC IMOCIIMHTH
HCTOPHYCCKHUX 3ajad HOoBHYKa B oOmmid muaeke (Vector Store). Cucrema Tyt
JKE HAYHET YYUTHIBAThH €0 IPU PACIPEICICHUH 3asiBOK «HA JICTY», B PCAIbHOM
BpPEMEHHM M O€3 eIMHOT0 PECypPCOEMKOTO peTpeiiHa.

B mepcriekTuBe MIaHUPYETCs PACUIMPUTh KOHBEHEp 3a CUCT MHTETPAIUd
naimaitHa ¢ MyJIbTUMOJIbHBIME MOZICITISIMHE, OHHM ke Vision Language Models,
JUTS. aBTOMATH3UPOBAHHOT'O YTCHHSI CKPHHIIIOTOB C OIIMOKAMHM TI0JIh30BaTEIICH U
HMHTETPALUH MPHJIOKCHHBIX K 3aj1a4aM (ailiios.
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ABTOMATTAHABIPBIJIFAH TAIICBIPMA BEPY
MOCEJIECIHAE MAIINHAJIBIK OKBITY
OJICTEPIH CAJIBICTBIPMAJIBI TAJIJAY

Ipi yiisimoapoa AT-unyudenmmepin dcome d3ipaey MancolpMaiapvlt
Konmen 6oy mep3imoepoin bysvliyvina (SLA) owcone oucnemuepnepoin
KOCHUMUBMIK WAMAOAH MblC JICYKMenyiHe co3ci3 okenedi. byn scymvicma
Mmawunaneix okeimy (ML) orcone mabueu mindi eyoey (NLP) odicmepi
apKwlIbl  OCbl  NpoYecmi  agmomMammanobipy Mmoceneci 3epmmereoi.
Knaccuxanvix orcuinixk  ancopummoepi (TF-IDF) men mpancgopmeprnep
bazacvindazvl  3amanayu  Heupooiceninik - apxumexmypanapea (BERT
0moacwvl) CoIHU MAOAY HCACATBIN, O3APA CATLICMbIPBLIObL. CeMAHMUKATBIK
i30ey napaouemacwvit icke acvlpy yulin 6eKmMopvlK 0epeKkmep 6a3anapbiH
omynsiyusnayea (k-NN ancopummi) epexuie Hazap ayoapuliobl.

3epmmeyoiy  6acmvl  IMRUPUKATBLIK  KOPLIMBIHOICHL:  OOMEHOIK
epexwenix bondicam canacvina mikenei ocep emedi. Maxcammul mypoe
Kocolmuia OKbimycols (fine-tuning) «0auvl KyuiHOe» KOJIOAHbLIAMBbIH
anovbliH ana OKbIMvlLi2ak MiloiKk MOOeIb0ep JHCepIiNikmi mepMUHONI0UHbL
OLIME2EHOIKMEH, KIACCUKANBIK ANOPUMMOEPOeH KAMACMPOPUKi mypoe
Kanwin Kosiowl. Hellpooiceniniy caimakmapvii iuKi KOpnopamuemix cieHeKe
oeuiimoey 30 kammol meneepimciz kiacc bouvinuia 0on0ikmi (Accuracy)
41.5 %-0an 48.4 %-ea Oeilin apmmuipyaa MyMKIHOIK bepemini moxcipube
aicy3inode pacmanowl. Convimer Kamap, euopuomi o0ic (Fine-Tuned BERT
aicone k-NN 6aiinansicel) canvicmoipmanst dondikme (47.1 %) «xal))
JHCOULTKY MOcenecin wewin, dcozapvl mycindipmeninikmi (Explainable
Al) orcone apxumexmypanwiy IT-kadprap pomayuscvlna mo3imOinicin
Kammamacwlz emeol.

Kinmmi ce30ep: mawunanvi oxbimy, mabueu mindi eyoey (NLP),
sexmopnvlk, 0epekmep oasacvl, BERT, TF-IDF, mominoi sicikmey, Service
Desk asmomammanowipy, Explainable Al
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COMPARATIVE ANALYSIS OF MACHINE
LEARNING METHODS IN THE PROBLEM
OF AUTOMATED TASK ASSIGNMENT

The manual assignment of incidents and development tasks in large
organizations inevitably leads to SLA breaches and cognitive overload
for dispatchers. This paper investigates the problem of automating this
process using Machine Learning (ML) and Natural Language Processing
(NLP) techniques. A critical review and comparison of classical frequency-
based algorithms (TF-IDF) with modern transformer-based neural
network architectures (BERT family) is presented. Special attention is
given to the emulation of vector databases (k-NN algorithm) to implement
the semantic search paradigm. The main empirical finding of the study
reveals that domain specificity critically affects prediction quality.
Pre-trained language models used «out-of-the-box» without target fine-
tuning catastrophically underperform compared to classical algorithms
due to their inability to recognize local terminology. It was experimentally
confirmed that adapting the neural network weights to internal corporate
language allows for an increase in Accuracy across 30 highly imbalanced
classes from 41.5 % to 48.4 %. Furthermore, the hybrid method
(Fine-Tuned BERT coupled with k-NN), while providing comparable
accuracy (47.1 %), resolves the «black box» issue by ensuring
high interpretability (Explainable AI) and structural resilience
to IT staff turnover.

Keywords: machine learning, natural language processing, vector
databases, BERT, TF-IDF, text classification, service desk automation,
Explainable AL
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HIREBASE: A CLOUD-NATIVE PLATFORM
FOR AI-ASSISTED RECRUITMENT
WITH A VOICE INTERVIEW AGENT

Hiring is still one of the most manual parts of running an organization.
Recruiters then manually read through the piles of resumes, follow up
with candidates through email for tests and interview appointments,
and evaluate first round interviews based on a gut feeling for the right
candidate. The tools developed to rectify this one by one are limited in their
scope, e.g. a job board, a keyword-matching ATS. The other part of the
process remains in spreadsheets and inboxes. To address this need, we 've
designed and deployed a cloud-native recruitment platform, Hirebase,
to close this gap. Publish jobs, score candidates using a large language
model (LLM) on resumes, assess candidates with timed performance-
based tests and automatically grade, and interview candidates in the first
round using a real-time voice Al agent (all within a single system) with
recruiters having the final say on all hires. The platform is built with a
React/TypeScript front-end, a FastAPI back-end, and Supabase for the
PostgreSQL Database and object storage, a dedicated LiveKit voice-
agent worker, and an auto-deploying CI/CD pipeline to Vercel, Azure App
Service, and Azure Container Instances. Describe the system architecture,
engineering decisions made, and results of testing the system end-to-
end. We also cover the areas where we believe the platform is lacking
and what we believe should be built next! We will not be providing some
single algorithm, but instead a working, deployed reference architecture
demonstrating how a small team can integrate LLM-based scoring into a
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real-time speech Al and standard cloud services into one seamless hiring
pipeline, without resorting to a multi-agent framework.

Keywords: recruitment automation, Al-assisted hiring, resume
scoring, voice interview agents, WebRTC, cloud-native systems,
decision support.

Introduction

Anybody who has ever been involved in HR, even if only for a short period
of time, will be familiar with the routine: A position is posted, dozens or even
hundreds of resumes arrive in the first week and someone needs to review them
all before anything else can occur. But ATS were supposed to solve that problem,
and most of them still rely on keyword matching, which means if an applicant
writes “led group projects” rather than “team leadership,” that candidate can be
disqualified, even though it’s not a wrong or incorrect word, but simply different
phrasing. This mismatch was clearly demonstrated by Ajjam and Al-Raweshidy
[1] when they tested keyword based matching and semantic similarity models and
concluded that there is a significant difference in accuracy. In addition, as Herold
and Roedenbeck note [2] in their review of the literature on Al in recruitment, most
of the systems discussed so far focus on one part of the hiring process, while leaving
the others scattered across various tools. That’s where Hirebase comes in, as an end-
to-end platform that we designed, built, and tested, rather than a research prototype.
A recruiter can post a job, add a screening assessment, and receive Al-powered
resume scoring all in one dashboard. Once a candidate passes the assessment
threshold, the system automatically schedules a live, voice based interview for the
candidate with an Al agent, through WebRTC using LiveKit as the real-time audio
interface, Deepgram as the speech recognition and synthesis engine, and Groq as
the conversation and scoring engine. The interview is transcribed, summarized
and scored and the recruiter reviews the transcript, score breakdown and (where
available) a behavioural analysis of the video recorded before taking a decision on
whether to proceed. In the initial stage, we were going to develop it as a complete
multi-agent orchestration system like LangChain or LangGraph, with different
specialized agents for screening, scheduling, and evaluation. During construction
and testing, we decided a simpler split was more effective: a single instance of
the LiveKit worker used to run the real-time interview, and a single instance of
the modular FastAPI backend used to run all other business logic. This proved to
be simpler to deploy, debug, and understand, and one of the practical results we
report in this paper is that a well-scoped service architecture can provide agentic
behaviour without the need to have a general purpose orchestration framework
running in production. The rest of this paper is organized as follows. Section 2
discusses the related works about the Al-based recruitment, semantic matching
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and real-time communication technologies. The system architecture and design
methodology is described in Section 3. The implementation details and technology
stack are discussed in section 4. The results of testing the deployed system are
given in Section 5. Section 6 ends up and summarizes limitations and future work.

Drawing from the study of Al in recruitment, there are several categories
of research that could be mentioned: Semantic-based matching of resumes and
job description, Multi-agent frameworks to automate sections of the pipeline,
Explainability in hires, and the real-time communication tech that enables voice/
video hires in a browser. As Hirebase covers all four, we looked at them all. For
semantic matching, Ajjam and Al-Raweshidy [1] designed a real-time recruitment
system based on TF-IDF vectorization and cosine similarity, with the outcome of
their results indicating that the semantic similarity scores for software engineering
jobs were about 0.74, whereas for plain keyword search it was only 0.35, thus
providing a strong indication that semantic matching is indeed superior to keyword
ATS logic. This matches a process we followed in our resume-scoring module
on Hirebase, which involved using an LLM (Grog-hosted) to give us reasons, in
addition to a score, from a vector-similarity pipeline. Herold and Roedenbeck [2]
undertook a large systematic review of literature, from 4579 papers to a small 502,
and discovered most of the studies on Al in recruitment fall into two categories:
assessment and selection, and processing incoming applications, where Hirebase
focuses its automation. On multi-agent side, Pathak and Pandey [6] presented an
architecture of four agents (sourcing agent, vetting agent, evaluation agent, and
decision agent) utilizing GPT-4 and LangChain to automate the entire technical
hiring process. Instead, Lo et al. [5] proposed a more focused but thorough multi-
agent framework that leverages RAGs for the resume screening task, consisting
of agents for extraction, evaluation, summarization, and score formulation, as
well as tested against human HR ratings. Both papers gave us the confirmatory
feedback to reaffirm our initial impulse to use multi-agent design for research
demonstrations but to use a simplified design for a production deployment. All
the ideas of specialized responsibilities (resume scoring, interview conduct,
summarization) are taken with Hirebase, but are applied as scoped API routes and
one dedicated worker process instead of a persistent agent framework. As far as
communication is concerned, Mahmoud and Abozariba [4] did a systematic review
of 83 studies on WebRTC, which included its use in applications beyond video
calls in healthcare, remote monitoring and interactive applications, and found it
to be a suitable technology for real time applications, such as video streaming and
interactive applications, that require no additional client software and are based on
the Web. This is the reason why Hirebase’s interview room works the way it works:
No downloads, no plugins, just a browser and microphone. Last but not least, on
the bigger question of whether Al is aiding recruitment outcomes or not, Ouakili
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[3] analysed the impact of Al on recruitment efficiency and found that there are
generally positive results in terms of speed and candidate experience, but equally
identified issues of fairness and adoption which are consistent with our opinion
that Al should complement the recruiter’s judgement, rather than replace it. Two
additional works underpin the Al components used inside Hirebase’s interview
agent rather than the recruitment domain itself. Devlin et al. [7] introduced
BERT, the transformer architecture that underlies most modern NLP scoring
pipelines including resume-job matching. Brown et al. [8] introduced GPT-3 and
demonstrated the few-shot capabilities of large instruction-following language
models, which is the same class of model (via Groq’s hosted inference) that powers
Hirebase’s resume scoring, question generation, and interview summarization.
Lastly, Fazel-Zarandi and Fox [9] proposed one of the earliest ontology-based
hybrid approaches to job-candidate matching, combining deductive logic with
similarity ranking, a useful historical reference point showing that semantic
matching in recruitment is not a new idea, just one that has become far more
practical with LLMs. What stands out across Table 1 is that nearly every paper
solves one stage of hiring well: matching, screening, or communication, but none
combine matching, structured assessment, live interviewing, and recruiter decision
support into a single deployed system. That gap is what Hirebase was built to close.

Table 1 — Literature Review Matrix

beck (2025) [2

ment (systematic
review)

systematic litera-
ture review (502
studies)

Ref Focus Area Method Relevance
Ajjam & Al Semantic job-can- | TF-IDF + co- Confirms semantic
Raweshidy (2025) | didate matching sine similarity, scoring outperforms
[1] real-time system | keyword ATS; moti-
vates our LLM-based
resume scoring module
Herold & Roeden- | Al in recruit- Al taxonomy + Confirms fragmenta-

tion gap in existing
tools; motivates unified
single-platform design

[4]

tions

Ouakili (2025) [3] | Impact of AL Survey-based Supports efficiency
on recruitment mixed-methods gains from Al while
process study flagging fairness con-

cerns we address via
recruiter-in-the-loop
design

Mahmoud & WebRTC applica- | Systematic review | Justifies LiveKit/

Abozariba (2025) | tions and limita- of 83 studies WebRTC choice for

browser-based voice
interviews
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Lo et al. (2025) [5] | Multi-agent re- RAG-based Informed (and contrast-
sume screening 4-agent LLM ed with) our decision to
framework use a modular monolith
instead of a persistent
multi-agent framework
Pathak & Pandey Multi-agent re- 4-agent GPT-4/ Same as above; shows
(2025) [6] cruitment auto- LangChain pipe- | feasibility but also
mation line operational complexity
of multi-agent orches-
tration
Devlin et al. (2019) | Transformer-based | BERT pretraining | Foundational NLP
[7] language under- architecture underlying
standing LLM-based
Brown et al. (2020) | Large language GPT-3, 175B Foundational basis for
[8] models, few shot | parameter model | the class of LLMs (via
learning Groq) used in Hire-
base’s scoring/inter-
view logic
Fazel-Zarandi & Ontology-based Deductive + simi- | Historical precedent for
Fox (2009) [9] job matching larity-based hybrid | semantic job matching
matcing before LLMs

Materials and methods

System design and methodology. This section explains the methodology that
was adopted to design, develop and deploy Hirebase. The methodology will include
the engineering approach, as well as the entire system design, since the platform
will include not only the development of a web application, but also capabilities
for assisted recruitment using artificial intelligence and a voice interviewer that
works in real time. The following sections describe our development process, the
architecture of the platform, and how all the components of the platform are put
together to create an end-to-end recruitment workflow.

Development Approach. A combination of plan-driven development up front
to agree on the data model, API contracts, and technology choices; and iterative
development of the Al-dependent components of the system (prompt design,
behaviour of interview agent, scoring calibration) where requirements emerged in
the course of testing. A pure waterfall process would have been too inflexible for
the LLM and voice-agent, as the behaviour of the prompts had to be adjusted in
multiple rounds; a pure agile process would have risked inconsistencies between
the frontend, backend and interview worker. The hybrid method provided us with
the stability required in the architecture (schema, API routes) and the flexibility
sought after (Al prompts, Ul responses).
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System Architecture. Hirebase is designed as a multi-tier, service oriented
system to avoid being a single application. Each tier is responsible for its own
tasks and can be scaled independently.

— Client tier. A single-page application built with React 18, TypeScript, and
Vite, styled with Tailwind CSS, using TanStack Query for server-state management
and React Router for navigation. Deployed on Vercel.

— Application/API tier. A FastAPI backend exposing REST endpoints under
/api/v1, using SQLAlchemy 2.x with async sessions (asyncpg) for non-blocking
database access. Deployed on Azure App Service.

— Interview agent tier. A separate, long-running Python worker built on the
LiveKit Agents framework. It is dispatched automatically whenever a candidate joins
an interview room, and it drives the conversation using Deepgram for speech-to-text/
text-to-speech and Groq for dialogue generation, with Silero VAD handling natural
turn-taking. Deployed as an independent container on Azure Container Instances, so
a spike in interview traffic does not affect the main API’s responsiveness.

— Data tier. PostgreSQL hosted on Supabase for structured data (users, jobs,
applications, assessments, interviews), plus Supabase Storage buckets for resumes,
company logos, and interview recordings.

— External services. Clerk for authentication and session management, Resend
for transactional email, and Azure Cognitive Services (Computer Vision and Face
API) for optional post-interview video behaviour analysis.

5. CI/CD & Observabilty
3 P > 4y supabase
i | st o Githab Reposory

FastAPl Azure Web App
backend Cloud

Figure 1 — Architecture and overall method used by Hirebase.

The figure above shows the cloud-native architecture and end-to-end
recruitment process deployed with Hirebase. The users can access the application
via a React client application deployed on Vercel, with a FastAPI back end
running on Azure App Service. The backend is responsible for authentication,
business logic, Al-powered recruitment services, and persistence using Supabase’s
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PostgreSQL and object storage. The Al agent is a dedicated service that operates
in isolation on Azure Container Instances, utilizing language generation via Groq,
speech processing via Deepgram, and turn detection via Silero VAD, all powered
by Real-time voice Interviews.Real-time voice Interviews use a dedicated Al agent
operating separately on Azure Container Instances, with language generation
powered by Groq, speech processing powered by Deepgram, and turn detection
powered by Silero VAD. Additionally, the figure illustrates the automated
CI/CD pipeline and the entire candidate journey, from application submission
to assessment, Al interview, transcript generation, optional video analysis, and
recruiters’ decision support.

We didn’t automatically choose the API/Interview Agent split: it was a
deliberate choice. Voice interviews are stateful, long-running, and latency critical,
and do not easily fit within a stateless REST API paradigm that is geared towards
short transactional cycles. By dividing them into two services, we could scale,
restart and monitor each one separately and, crucially, a failure in the interview
worker service would not have brought down the job posting or application review
service for our other users.

Recruitment Workflow. The end-to-end flow is as follows: First a recruiter
can register, then create a company profile (admin must approve this profile before
posting a job), then post a job with the optional linked assessment. A job-seekers
applies, either by sending a resume that automatically populates their profile, or by
completing the profile themselves. This is what we call the explainability (XAI)
layer, in that the only thing a recruiter can do with a score is to explain it to him
or her, which a plain language explanation offers.

At this step, the system emails the candidate a LiveKit interview link
to complete if the candidate passes the combined threshold (resume score
+ assessment score) and the recruiter takes action — the date and time are set.
The candidate logs into a virtual interview room and the agent interviews the
candidate live, by voice. Once it’s completed, the agent publishes the completed
transcript back to the API (which is authenticated via a shared secret so only the
agent process can call this endpoint), and the backend uses the LLM to generate
a summary and numeric score. Recordings are uploaded and optionally frame by
frame analysis for behavioural signals. One recruiter-facing candidate detail page
for everything: score, transcript, summary, recording, and behaviour metrics — the
final decision is up to the human.

Implementation. We implemented Hirebase using a modern, mostly
TypeScript/Python stack, chosen for a balance of developer productivity, async
performance, and strong managed-service support. Table 2 summarizes the stack
by layer.
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Table 2 — Technology Stack

Layer Technology Purpose
Frontend React 18, TypeScript, SPA Ul, build tooling, styling
Vite, Tailwind CSS

State/data fetching | TanStack Query, Zustand Server-state caching, client state

Backend FastAPI (Python 3.11+), | REST API, async request handling
Uvicorn/Gunicorn

ORM/DB access SQLAlchemy 2.x Non-blocking PostgreSQL access
(async) + asyncpg

Database & storage | PostgreSQL + Object Structured data, resumes, recordings
Storage via Supabase

Authentication Clerk (JWT-based) Session management, role-based
access
LLM inference Groq (hosted inference) Resume scoring, JD/question
generation, interview dialogue,
summarization
Speech processing Deepgram Speech-to-text and text-to-speech for
the interview agent
Real-time LiveKit (WebRTC) Browser-based, plugin-free voice
communication interview rooms
Interview agent LiveKit Agents + Silero Turn detection, agent dispatch,
framework VAD conversation flow
Transactional email Resend Assessment links, interview invites,
offers
Video analysis Azure Computer Vision Frame sampling and behavioural
(optional) & Face API, OpenCV signal extraction
Frontend hosting Vercel Static hosting + CDN for the SPA
API hosting Azure App Service Backend deployment
Agent hosting Azure Container Long-running interview worker
Instances
CI/CD GitHub Actions, GitHub Automated build, test, and
Container Registry deployment pipeline

We implemented DevOps best practices across the board, each push to the
main branch is accompanied by a pipeline that builds and deploys the front end to
Vercel, the back end to Azure App Service, and for the interview agent, it builds a
Docker image that is pushed to the GitHub container registry and rolled out to Azure
Container Instances. This enabled us to constantly experiment with prompt behavior
or scoring criteria without having to wait days for the Al to be deployed and tested
in the real world — a huge advantage, since so much of the Al behaviour had to be
fine-tuned in the real world. Migration of startups to databases is automatically

37



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

handled, allowing schema changes to be deployed safely in parallel with code
changes, and Azure Application Insights provides visibility into API health and error
rates after deployments. Security was not added on after the design was complete
but was considered as a first class citizen. All traffic runs over HTTPS/WSS. Role-
based access control is enforced at the route level: a recruiter cannot view another
company’s applications, and a candidate cannot access another candidate’s interview
token. The interview agent authenticates to the backend using a shared secret header
rather than a normal user token, which keeps agent-only endpoints isolated from
anything a compromised user session could reach. Recruiters access recordings only
through short-lived, server generated signed URLs rather than permanent public
links, and all API keys and database credentials are supplied through environment
variables rather than committed to source.

Results and discussion

We tested Hirebase using twenty structured test cases covering the core user
journeys for both HR and candidate roles, registration, login, company profile
setup, job and assessment creation, resume upload (including invalid file type
rejection), assessment attempts, and interview room access. All twenty test cases
passed, confirming that the core workflow is stable end-to-end for both user types.

Table 3 — Summary of Functional Test Results

Area Tested Cases Result
Registration & role selection 5 All passed
Company profile management 2 All passed
Job posting & assessment creation 3 All passed
Candidate CV upload (valid/invalid) 2 All passed
Assessment attempt & scoring 3 All passed
Interview scheduling & room access 1 Passed
Session management (logout, timeout handling) 2 Passed
Validation handling (missing fields) 2 Passed

In addition to being correct, here are a couple of practical results. The first
thing that worked in real-world tests was the separation of the interview agent from
anunrelated request on the dashboard: in the real world, an active interview session
did not block or slow down other dashboard requests, suggesting that our choice
of tiering was correct, and not merely a matter of theoretical niceness. Second, the
explainability layer that we added on top of the resume scoring proved to be more
valuable than we thought when it came time to review the system, and during all of
our client interviews, the recruiter detail page breakdown of achieved vs. missing
was valued more than just the resume score, as it gave them the ability to review a
written justification. Third, the async database layer (SQLAlchemy with asyncpg)
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had no impact on core operations: job listing, applications, dashboard queries;
it was responsive even as we had heavier operations running in the background,
such as LLM scoring calls or video-frame analysis, which confirmed our choice
to move the Al-heavy tasks outside the main request/response cycle [10]. We
should be direct about the limitations here too. Our testing was functional rather
than large-scale, we validated that the pipeline works correctly end-to-end and
under normal usage, not under high concurrent load or with adversarial inputs.
The resume-scoring and interview-scoring outputs are also LLM-generated, which
means they carry the usual risks of non-determinism and potential bias inherited
from the underlying model; we treat these scores strictly as decision support, not
as an automated hire/reject decision, and the system design reflects that by always
routing the final call through a human recruiter.

Conclusion

Recruitment is still, in most organizations, a slow and manual process held
together by email threads and spreadsheets. In this paper, we presented Hirebase, a
cloud native recruitment platform that we designed, built, and deployed to bring job
posting, resume scoring, structured assessments, and Al-driven voice interviews
into a single, coherent system, while keeping recruiters firmly in control of the
final hiring decision. Our main contribution is a working reference architecture,
not a novel algorithm, but a demonstration that a modular API paired with a
dedicated real-time worker, built on managed cloud services (Clerk, Supabase,
Groq, Deepgram, LiveKit, Azure) and deployed through a proper CI/CD pipeline,
can deliver genuinely useful Al-assisted hiring without the operational overhead
of a full multi-agent orchestration framework. We validated the system through
structured functional testing across both recruiter and candidate journeys, and all
tested workflows performed as expected. A. Limitations The existing iteration
of Hirebase is limited to the early stages of the recruitment process, and does
not impact any aspects of payroll, background checks, or onboarding. The
platform is English only, in both UI and LLM/speech pipeline. It’s designed for
the desktop browser and not for mobile. Scheduling is still done via email and
manual coordination, not on a deep calendar level. Like all LLM based scoring
systems, outputs are advisory and may be biased owing to the underlying model
or to the way it was prompted, so all scores are accompanied by supporting text
and undergo human oversight, not automatic scoring. B. Future Work Several
directions could extend this work meaningfully. Multilingual support (for the UI,
resume parsing, and the interview agent) would make the platform usable well
beyond English-speaking markets. Deeper calendar integration (Google Calendar
or Microsoft Graph) would remove one of the last manual steps in the pipeline.
Richer analytics, such as time-to-hire trends and cohort comparisons across jobs,
would give recruiters more to work with beyond individual candidate scores. On
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the fairness side, we think it’s worth building out proper audit logging of model
versions and documented bias-testing protocols, rather than relying only on the
explainability layer we currently have. Finally, revisiting a lightweight multi-
agent design for specific sub tasks (such as parallel resume parsing and question
generation) could be worth exploring now that the core architecture is stable,
provided the added complexity is actually justified by a measurable gain.
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*Caeap Uxabpus’, Xancexa [xuneana®, Hyp Habu /laxap®, A60yn Kaoup’
1.234KoMIBIOTEPITIK FRUTBIMIAP Kadeapacsl,

Cyxkkyp IBA ynuBepcureti, [Tokicran, CuHIX.

07.08.26 k. Oacnara TYCTI.

07.08.26 . Ty3eTyJIepIMEH TYCTI.

10.09.26 x. OachIn mbIFapyFa KaObUIIaHIbL.

HIREBASE: " KACAH/IbI THTEJIJIEKT KOJIIAHBIJIATBIH
KOHE JJAYBICTBIK CYXBAT AT'EHTI BAP ITEPCOHAJI/JIbI
IPIKTEYTE APHAJIFAH BYJITTBIK IIVTAT®OPMA

IHepconanovl ipikmey yuvimoap KvizmeminOezi ey Kon eHOexmi
Kaoicem ememin JicoHe asmoMammanobipulLiybl momeH yoepicmepoiy
Oipi bonwin Kana bepedi. Pexpymeprep konmeeen myiiinoemenepoi KoameH
Kapan wwl2advl, mecmiiey OmKizy HCoHe cyxoam YaKblmuvlH Oenziiey Yulin
yMImKepiepMeH 3JeKmpOHObLK ROWMA apKbLIbl OAUIAHBICAObL, COHOAU-AK,
anzawiksl cyxoam Homuoicesepin bazanay Kesinoe yMImKepoiy 1ayazuim
mananmapeina colkecmiei mypaivl cyovekmuemi nikipee cytieredi. Ocol
yOepicmiy dicekesieeeH MIHOemmepin uieuyee apHalean Kypaioapobiy
Konoanvlny —ascel wexkmeyni.  Onapea, mbicanvl, JHCyMulc  i30€y
niamgopmanapel Hemece myuiHoi ce30epoi collkecmeHoipyee Heeiz0eeeH
ymimkepnepoi Kaoazanay oicyuienepi (ATS) ocamadvl. Convimen xamap
nepcoHanovl ipikmeyoiy backa Kezeqoepi ol 0e 2IeKMPOHObIK Kecmeep
MeH JJIeKMPOHObIK NOWMA APKbLIbL JCY3€2€ ACHIPbLIAObI.

Amanean moceneHi wewy MakcamvlHOA NepcoHanobl IPiKkmeyoiy
Hezizel KezeHOepin Oipvinzail dcytieee dipikmipemin Hirebase 6ynimmulx
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niamgopmacwol  o3ipierHin, Koaoauvicka eneizindi. Ilnamgpopma 60c
JHCYMBIC OPLIHOAPBIH Jcapusaayad, YiaKen minodik moodenvdiy (LLM)
KOMe2iMeH — ymMimKepiepOiy — myuiHOemelepin — Oazaniayza, — yaKbimol
wekmeyni NPakKmuKanielk mecmineyOl OmKi3in, OHblH HOMUdICETEPiH
asmomammyl mypoe mexcepyae, COHOAU-aK, HaAKMbl YaAKbIM PetCUMIHOe
HCYMBIC [CIMEUMIH HCACAHObL UHMEIEKIMIHIY OAybICMbIK d2eHmMi apKblLibl
arzawikpl  cyxbammapovl  yusimMoacmelpyaa MyMKIHOIK Oepedi. Byn
pemme yMImMKepOi JHCYMbICKA KAObLIOAY Mypaivl MynKiiikmi ueutimoi
pekpymep Kabwvlioatiobl.

Inamgpopma React/TypeScript nezizindei Knuenmmix KOCbIMULAOAH,
FastAPI cepsepnix  Genicinen owcone PostgreSQL — depexkopvimen
Opi  0OBEeKMIiNIK KOUMAMEH JHCYyMbIC Icmey YwiH NauoalaHbLIambiH
Supabase cepsucinen mypaovl. XKyueniy Kypamoina LiveKit dayvicmulx
aceHmiHiy Jcexe dHcymovlc Mooyl dcowe Vercel, Azure App Service new
Azure Container Instances niamgopmanapvln naioaranamein y30ikcis
unmeepayusiiay scone scemxizy (ClI/CD) kousetiepi 0e Kipeoi.

Maxanaoa dncylieniy apxumekmypacwl, KaObLIOAH2AH UHICEHEPTIK
wewimoep wcone NAAM@POPMAnbl MOAACCHI3 Mecmisey Homudicenepi
cunammanzar. CouvbiMen Kamap Jicylieniy — Kazipei  wexmeynepi
KApacmulpolibln, OHbL 00AH 9pi O0aMblmy 0asblmmapsl YCbIHbLIZAH.
3epmmeyoe owcexe ancopumm emec, wazvin monmuiy LLM Heeizinoezi
bazanayowvl, HAKMbl YaKblmmazvl COEY HCACaHObl UHMENIEKMICIH HCOHe
cmanoapmmol OYIMmMulK cepeucmepoi KonazeHmmi apXumexmypanvl
natioananbatil, nepcoHandvl ipikmeyoiy OipviH2ail opi y30IKci3 yoepicite
Kanai Oipikmipe aiamvlHbIH KOPCEMEMiH HCYMbIC [CMEUmin JHCoHe
KOJLOAHBICKA eH2I3LNI2eH YALIIK apXUMEKmypa YCblHbLI2AH.

Kinmmi  ce30ep: nepconandel  ipikmeyoi asmomammarowvipy,
AHCACAHObL UHMEICKI KOMe2IMEH NepCoOHAlobl Ipikmey, myuinoemenepoi
bazanay, cyxbam scypeizyee apranean oayvicmoix azenmmep, WebRTC,
oyimmulK Jcytienep, wewim Kaoolioayobl Kouoay.

*Caeap Uxabpus', Xancexa [xuneana’, Hyp Habu [axap’, A60yn Kaoup?
1234Kadeapa KOMIBIOTEPHBIX HAYK,

VYuusepcurer Cyxkyp IBA, ITakucran, CuHAX.

IMoctynuno B pegaxuuto 07.08.26.

IToctynuno c ucnpasienusmu 07.08.26.

[Ipunsaro B neuats 10.09.26.
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HIREBASE: OBJIAYHAS ILIAT®OPMA
JUISI TIOIBOPA TIEPCOHAJIA C MOJIEP)KKOM
MCKYCCTBEHHOT'O UHTEJJIEKTA
M TOJIOCOBBIM ATEHTOM
JUISI TIPOBEJEHUSI COBECEJJOBAHMI

Iloobop nepconana no-npesicHemy ocmaémcs 0OHUM U3 Hauboee
MPYOOEMKUX U CIAO0 ABMOMAMUIUPOBAHHBIX NPOYECCOB 6 OeSIMENTbHOCIU
opeanuzayuil.  Pexpymepwl  @pyunyio  npocmampugarom — O0nbuioe
KOIUYECmB0 pe3iome, CE3bl6Alomcs ¢ KAHOUOAmamu no 3JeKmpOoHHOU
noume 0Jisk OP2AHUAYUU MECMUPOBAHUST U HAZHAYEHUs] cOOeced06anull,
a makdice OYeHUBAIOM Pe3yibmanivl RePE8o2o IMANA UHMEPBLIO, 3AUACHYIO
OCHOBbLIBASIC HA CYOBEKMUBHOM MHEHUU O COOMBEMCMEUU Kanouoama
mpeboganusam  doaxcHocmu.  Mucmpymenmol,  paspabomarmvie
o1 peuwteHusi OMOENbHLIX 3a0ay  OAHHO20  npoyeccd, UMerom
02PAHUYEHHYIO  (DYHKYUOHANLHOCHb:  HANpUMED, CAlimbl N0  NOUCKY
pabomsl unu cucmemvl omciedncusanus kanouoamos (ATS), ocnosannvie
Ha conocmaeieHuy Kiodesvlx c106. Ilpu smom ocmanvHvle dmansvl
noo6bopa nepconana nPOOOINCAION OCYWECMBISMbC C UCNONb30BAHUEM
EKMPOHHBIX MAOIUY U DTCKMPOHHOU NOYMbL.

s pewtenus 0anHou npodiemvbl HaAMU Pa3padoOmana u pa3eepryma
obnaunasn niamgopma Hirebase, 06veounsiowas 6ce 0CHOBHbLE dMANbl
noobopa nepconaira 8 eounou cucmeme. Ilnamgopma nozeonsiem
nyonuKo8ams BAKAHCUL, OYEHUBAMb PE3IOMe KAHOUOAMO8 C NOMOUbIO
oonvuion  A3vikogol  moodeau  (LLM), nposodumv — oecpanuuenmvle
NnO  BPeMEHU NpaKmuyeckue mecmuposanusi ¢  A6MOMAMU4ecKou
NPOBEPKOU  Pe3YIbmamos, d MmMakdice OpeaHu306bléams NePeUYHble
€c0beced06anus ¢ UCNONb30BAHUEM 20]I0COB020 A2EHMA UCKYCCMBEHHO20
unmenieKma, pabomaroujeco 8 pedjcume peaibHo2o epemenu. Ipu smom
OKOHUamMenbHoe pewienue o npuéme Kanouoama wa pabomy ocmaémecs
3a peKpymepom.

Ilnamgopma nocmpoena Ha O0CHOBE KIUEHMCKO20 NPUTLOINCEHUs.
React/TypeScript, cepseprnoii wacmu FastAPl u cepsuca Supabase,
ucnoab3yemo2o oas pabomol ¢ 6azou oannvix PostgreSQL u o6vekmuuvim
Xpanunuwem. B cocmas cucmemvl maxoice 6x00am omoenvuwlil pabouuil
MOOYIIb 20710€08020 azenma LiveKit u asmomamuyecku pazeepmuvleaembiii
KoHsetiep HenpepuleHol unmezpayuu u docmaesxu (CI/CD), ucnonvzyrowutl
Vercel, Azure App Service u Azure Container Instances.

B cmamve onucwiearomes apxumexmypa cucmemvl, NPUHSIMbLE
UHDICEHEPHbIE PEeUleHUsl U Pe3yabmambvl  CK8O3HO20 MeCmupOSaHus
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naamgopmol.  Kpome moeo, paccmampusaiomes  cyuyecmayiouue
02PAHUYEHUST CUCeMbl U NPeONa2aromcst HanpasieHus eé 0albHeuue2o
paseumus. B pabome npedcmagien He OMOENbHbIUL ANCOPUMM, d
DYHKYUOHUpYIOWAas U pA3eepHymas — IMAIOHHAS — ApXUMeKmypd,
OeMOHCIMPUPYIOWAsl, KAKUM 06pA30M HebOIbAs KOMAHOA MOJicem
00veouHums  oyenueanue Ha ocrose LLM, peueoil uckyccmeeHmbil
UHMENIEKM PealbHO20 BPEMEHU U CIAHOapmHuble 001AUHbIe CEPBUCH 8
COUHBLIL HENPEPLIGHBILL NPoYecc noobopa NepcoHana 6e3 UCnoNb308AHUS.
MHO20A2EHMHOU APXUMEKMYPDL.

Kuouesvie crosa: asmomamuszayusi noobopa nepconana, noooop
NepPCoHana ¢ NoOOEPIHCKOL UCKYCCMEEHHO20 UHMENIEKMA, OYEHUBAHUEC
pestome, 20110co8ble azenmul 0Jisi npogedenus: cobecedosanuti, WebRTC,
obnaunvle CUCmeMbl, NOOOEPIHCKA NPUHAMUS PeUUeHU.
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JXOFAPbI TEMIEPATYPAJbIK KYUQIPYLIH
MbIPbILL CENIEHUTI HAHOKPUCTAJQAPBIHbIH
KACHETTEPIHE 9CEPI

byn Jrcymuvicma SiO /Si mpekmix memnetimmepinoe
XUMUSILIK, — MYHObIPY — OOICIMEH — CUHIME30€12eH  MbIpblid  CeeHUumi
(ZnSeO,) nanoxpucmanoapwiibly KypolIbIMObIK, ONMUKALBIK  JHCOHE
INEKMPPUIUKATLIK, — Kacuemmepine — dco2apbl  MeMNepamypaibix,
Kyuoipyoin ocepi sepmmendi. Muipoiw cereHumi HAHOKPUCMALOAPbL
MbIpblUlL  XJIOPUOi  JiCoHe Celiegh  OUOKCUOL NPEeKypcopaapbl  Hei3iHoe
boame 18 °C memnepamypacbiHOa XuMUsiblK MYHObIPY APKbLIbL
anvlHobl. Anvinean yneiiep eaxyym ocazoauvinoa 800 ocone 1000 °C
memnepamypaiapoa Mmepmusiivlk  OHOeyoeH OemkKizinol.  Yieinepoin
Mopdonozuacel  cKanepieyuli  dIeKMpOHObIK  MUKPOCKONUSL  90ICiMeH,
KPUCMANObIK KYPbLIbIMbL PEHM2eHOIK OUPPAKYUSIILIK MALOAY aPKbLILbL,
ONMUKANBIK, Kacuemmepi ¢omonomMuHecyenyus CnekmpoCcKONUusCbIMeH,
an AeKMmpOUIUKATLIK CUNAMMAMAIAPsl MOK-KepHey Moyenoinikmepin
onuey apKblibl 3epmmeinoi.
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Penmeenkypoiivimovix manoay Homudicenepi 6acmankpl yieiiepoe
OpMOPOMOMUBIK KYyPbIILIMObL MbIPbIUL CEeHUMI (ha3acblibly my3iieenin
kepcemmi. Koeapwvl memnepamypanvix Kyuoipy 6apulcblHOa Mblpblil
ceflenumi - HAHOKPUCANOAPbIHLIY — TWiHapa  bloblpaybl  OAUKALbIN,
800 °C memnepamypada mempazoHaibObl KypolLIbIMObI  MbIPbIUL
cenrenudi  ¢aszacer, an 1000 °C  memnepamypada 2eKcazoHaIbObl
KYPbLILIMObL MbIPbIUL OKCUOT (Pa3achl Kaiblnmacamvlibl aHbIKMAIOb.
@omonromurnecyenyus cnexkmpiepinoe 400—600 um apanvizbiHOazvl KeH
coyJiesieny JHcoiaebl OauKabin, OHbIY AKAYIbIK Kylepmen OaulaHbiCmbl
exenoiei kepcemindi. Kyuoipy memnepamypacuolHblly apmybl KOK JHCOHE
KYJ2iH COVIeteHy Ol KapKbIHObLIbIZbIH APMMbIPLIN, CHEKMPIIK KYPAMHbBIY
o32epyite abln KeJlemiHi AHbIKMAan0bl. DIeKmpIiK o1uieyiep HomuiceciHoe
3epmmenieeH  KypblibIMOapObly — 9JeKMPOHObIK — OMKI32IUWMIK — MUnite
AHCAMAMBIHGL HCOHE OAAPObIY MOK-KEPHEY CUNAMMAMAIAPLIHLIY AUKbIH
CBI3LIKMBIK eMec Mmoyeldilik Kepcememini anvlkmanovl. Ey oicozapor
Mmenwikmi snrekmpomxizeiwmix 800 °C memnepamypada Kyuoipineen yaei
YUuLin 6auKanovl.

Anvinean  nomuodicenep  Jco2apvl  MEMREPAmypanblk  OHOeyoil
MbIpLIWL  CeNleHUmi  HAHOKPUCMANOAPLIHbIY — (DA3AIbIK — KYPAMbIHA,
DOMONIOMUHECYCHYUSILIK,  KACUCIMIMEPIHE JHCOHE  IeKIMPOMKI3ZIUMIK
napamempiepine exeyii ocep ememinin kopcemmi. byn mamepuanoapowviy
ONMODNIEKMPOHUKA ~ JICOHE — HAHODJEKMPOHUKA — KYPblLI2bLIApbIHOA
KOJIOAHbLITY NEPCNEeKMUBANAPbIH KeHeumeoi.

Kinmmi co30ep: muvipviui cerenumi, HAHOKPUCMALOAD, XUMUSLIbIK
MYHOBIPY, MEPMUSTBIK OHOEY, (DOMONIOMUHECYEHYUS, DTCKMPOMKIZIUMIK,
peHmeeHOIK oupparkyusi.

Kipicne

HaHOKYpBUIBIMIBI MaTepHAJIap SPEKIIC ONTUKANBIK, ICKTPIIK JKOHE
(hOTOKATATUTUKAIBIK KaCHETTEpiHEe OalIaHBICTBI OMTO3JICKTPOHUKAMA,
(hoToKaTaNn3/Ie XKOHE KYH SYHEPTUSICHIH TYPJICHIIPY TEXHOJIOTHsUIAPBIHIA KCHIHCH
Kosaanbutasl [ 1]. A’B® TunTi skapThutail @ TKI3riln KOCBUTBICTApIbIH imriHae ZnO
)oHE ZnSe MaTepHraiapbl KCH THIABIM CAJTBIHFAH aiiMaFbl, JKOFapPbI AJICKTPOHIBIK
KO3FAJIFBIIITHIFBI YKOHE KOJIAWIBI ONTO3JICKTPOH/IBIK KACUCTTEPiHIH apKaChIHIA
XKapbIK JAHOATaphl, GOTOAETEKTOpIap KoHEe 0acka Jia ONMTOAIEKTPOHIBIK
KYPBUIFBLIAP YIIiH NEPCICKTUBAIBI MaTepHUajiap O0bI TadbuIab! [2].

Conrbl x)butaapsl ZnO HeriziHAeri HaHOKYPBUIBIM/IBI JKapThUIall ©TKi3rill
MaTepHaIIap/IbIH KYPhUIBIMBIH OacKapy sKOHE 0JIapIbIH (POTOIICKTPOXUMUSIIBIK,
(GhoTOKATATUTUKAIBIK PI OMTO3JICKTPOHBIK KAaCUETTCPIH KaKCcapTyFa
OaFbITTANIFAH 3ePTTEYNICP KapKbIHIbI qamyaa [3—6]. Oceiran OaitanbicThl ZnO
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MeH ZnSe MaTepuaIapblHbIH KaCHETTEpiH OIpIKTIPETiH MBIPBILI CEJICHUTI
(ZnSeO,) KochUIbIChIHA JIa KBI3BIFYIIBLIBIK apTy1a. by matepuan goroanoarapna,
(oToKaTaNM3IiK XKOHE KaTAIMTHKAIBIK JKyHenep/e KoJlaHyFa NepCreKTHBAIbI
Goubin caHasaabl [7; 8]. Anaiia MBIPBIII CEJICHUTI HAHOKYPBUIBIMIAPBIHBIH
($u3uKaNBIK KacHeTTepi MEH JKOFaphl TEMIIEpaTypaliblK OHJAeY Ke3iHaeri
MiHE3-KYJIKBI 9J1i JIe XKCTKUIIKTI 3¢PTTEIIMCTCH.

HanoKkypbutbIMIapabl aity IbIH IIE€PCIIEKTHBAIIBI TOCUIAEPiHIH Oipi — oaps
SiO,/Si werizinjeri TpekTiK TeMIUIEHTTep/E CUHTE3/Iey OOJIbIN TaObLIaAbl. byn
aJIic ereMepi MeH MOP(OIIOrHsCHl GacKapbUIaThIH HAHOKYPBUIBIMIAP/IbI aTyFa
MYMKiHZiK Oepesi. COHFBI KbUIJAphl TPEKTIK TEMIICHTTEPAC CHHTE3/EITreH
HAHOKYPBUIBIMIAP/bIH KYPBUIBIM/BIK, ONTUKAJIBIK KOHE AIEKTP(YU3HKAIBIK
KaCHETTEPiH 3epTTeyre OarbITTANIFaH )KYMBICTAP/IbIH CaHbl apThim kenemi [9; 10; 117.

JKapTbutail eTKi3rilmn HaHOMaTepHalJapblH KacueTTepiH O0acKapyblH
MaHBI3/Ibl 9JiCTEPiHIH Oipi — TepMuUsIbIK oHaey. Kylnipy HoTmxeciHae
MaTepUaJIbIH KPUCTAIIBIK KYPBUIBIMBI JKETIIIN, aKayJap KOHLEHTPALHUsIChI
MCEH (a3ajblK KypaMbl e3repeiai. Oaeduer nepekrepi OOWBIHINA MBIPBINI
CEJICHHUTI KOCBUIBICHI JKOFaphl TeMIleparypaiapia biasipar, ZnSe xoHe ZnO
(hazanapeiHbIH TY3UTyiHE aibin kesiei [ 12]. COHIBIKTaH KOFaphbl TEMITEPATYPAIIBIK
enjeyain ZnSeO, HaHOKPUCTAIIAPBIHBIH KYPBUIBIMIBIK, ONTHKAJIBIK KOHE
EKTPPU3UKAIBIK KACHETTEPIHE SCEPIH 3ePTTEy FHUIBIMHU KOHE MPAKTHKAJIBIK
TYPFBIJIaH ©3€KTi OOJIBIN TaObUIAIbL.

Ocpl 5KYMBICTBIH MakcaThl — a-Si0, HaHOKeyeKTi/Si TeMmnenTTepine
XUMHUSIBIK TYHJABIPY OJICIMEH CHHTE3JEJITEH MBIPBIII CEJICHHUTI
HaHOKPUCTAJJIAPbIHBIH JKOFapbl TEMIIEPaTypalblK KYHIIpy ocepiHeH 0oJjaThiH
KYPBUIBIM/IBIK, ONTHKAJIBIK JKOHE 3JIEKTPPU3HKAIBIK KAaCUETTEPiHIH ©3Tepy
3aH/IBIBIKTApBIH aHBIKTAY.

Matepuaniap MeH aicTep

Amop¢tsl SiO,/Si KypbubiMbl kpemuui Tyntecemin 900 °C Temneparypaja
BUIFAJI/IBI OTTEr aTMOC(EPACHIH/IA TEPMUSUIBIK TOTBIKTHIPY apKbUIBI I bIHAAIBL.
DIIMIICOMETPUANBIK oimieysep Ooibinma SiO, KaOaThIHBIH KalbIH/IBIFbI
700 1M Gostabl. OKCHATENTEH IUTaCTHHATIAp IaH oieMi 1 X1 cm? 6onaThiH yiriiep
nmarbiHaanb, Actana Kanaceiaaarsl DC-60 yaerkiminge sHepruscel 200 MaB
KCeHOH noHaapeiMeH 108 ron/cM? (iiroeHCKe JIeiiH coyIeneHIipii.

SiO, xabaThiHIa HAHOKEYEKTEp KalbINTACTBIPY YIIiH COyIeseHAipinreH
yirinep 4 %-apik HF epitingicinge (PdCI, — 0,025 1) 18°C temmepatypaja
XUMHUSIIBIK OHJICY/ICH OTKI3UIII. OHJICY aIbIHAA YITUICPIiH OCTi H30MMPOIaHOI
epiTiHAiCiHAE yIbTPaAbIOBICTHIK Ta3apTKBIITA 15 MUHYT OOIBI Ta3apThUIIBI.
XUMHSUIBIK OHJIeyeH KeifiH yaritep 18,2 MOwm kenepriji 1enoHn3aysiIanFan
CYMEH MYKHUST HIaHbUI/IBI.
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MpbIpbinn celeHHTI HaHOKpUCTaNAapbiH cunTe3aey yuin ZnCl, (4 r/n)
xone SeO, (0,2 r/n) epitinainepi xeke Jaiibipanbi, keidin pH = 3 Moninze
apanacThIpbULAbl. TPEeKTIK TeMIUIEHTTEepre XUMHSUIBIK TYHJBIPY Y3ZIiKCi3
apanacTeipy karpaibiana 18 °C temmnepatypana xyprizinai. MyHnai
TeMIlepaTypa epiTiHAl TYPAKTBUIBIFBIH CaKTayFa JKOHE KaHaMa peakisIap/IblH
BIKTUMAJI/IBIFBIH TOMEH/IETYTe€ MYMKIH/IK Oepezi. MBIpBIII CEeNIeHNTIH TYHABIPY
IIPOLIECIHIH ChI30achl 1-CypeTTe KopceTireH.

ZnCl, SeO,

18°C
15-30 MuH

MbIpbiWw ceneruTi
HaHoKpucTanaapbl

1-cypet — MBIpBILI CEJIeHUTIH HAHOKPUCTAJJIAPBIH ATy
TIPOLIECIHIH CHI30AIBIK KOPIHIC]

XUMHUSAIBIK TYHABIPY asKTalFaHHAH KEeHiH TYHJBIPBUIFAH YJTiJIep
JMCTUIIICHIeH CyMEH LIaibUTBIT, O6JIMe TeMIlepaTypachIHa aya/a 0ip carat O0WbI
KenTipini. XMMHSUTBIK TYH/IBIpY/IaH KeiiH TyHOanapsl 0ap yirizep AUCTUIACHTCH
CYMEH MYKUST HIaHBUIBII, 06JIME TeMITepaTypachiH/ia ayaa KenTipiiii.

Tepmustibik kyiaipy AVERON nemrinze (ExarepunOypr, Peceit) BakyymIpIK
oprazxa xyprizinai. Yorinep 800 sxone 1000 °C remnepatypanapaa 60 MuUHYT
Ootibl Kyiaipinai. Ken3aeipy xeurmamabrsr 30 °C/MUH Kypabl.

Tpexti Temmuieiirrepain 6etki Mopdomnorusicel JSM-7500F ckanepneymri
neKTpoHABIK MuKpockonbslHbIH (JEOL, Tokuno, Xamouus) xemeriMmen
3eprrenai. PentrenkypsutbiMablk tangay D8 ADVANCE ECO pentrenmik
mudpaxromerpinge (Bruker, ['epmanust) Cu-aHOATBI PEHTTCH TYTITIH aii1anany
apKbUTBI XKYpTiziani. Ommeyinep 20 = 30—110° OypeiuTsIK auamazonsiHa 0,01°
KaJaMMeH opbIHanabl. da3zablk Kypamibl COMKECTEHIIPY KOHE KPUCTAIIBIK
KypbutbIMITEL Tanaay yiniH Bruker AXS DIFFRAC.EVA v4.2 GarnmapiaMaibik
kamramachi3 etyi MmeH ICDD PDF-2 xanbikapaiblk JepeKKOPbI KOJIIaHBLIIBL.

®doTomomuHeceHnus crekTpiepi CM2203 cnexktpodayopuMerpine
(Solar, Munck, bemnapycs) Tipkenai. Ko3aslpy Ke3i peTiH/ie TOIKBIH Y3BIH/IBIFBI
A = 240 HM OOJIATBIH KCCHOH IaMbl mainananeuiibel. Ommeynep 320-700 aM
CIEKTPJIIK Juana3zonaa xyprizimai. Koc MoHOXpomaropnapabl Koijgany Oerje
CHUTHAJIJIAp/IbIH SCEPiH a3aiTHII, OJIIICYIICPAiH JKOFaphI I H KAMTaMachI3 €TTi.
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BapnbIk xarnaiinapa ajasiHFad GOTOTIOMUHECIICHIHS CIIEKTPIIepiHEH OacTarKbl
SiO, nanokeyeKTi/Si TeMIIEHTIHIH CoyJIeeHy YJIECT allbIHBII TacTaIbI.

Hanokpucrangapabsie autektpiik kacuerrepi HP 66312A Tok ke3i xoHe
34401A Agilent mynsrumerpi (Keysight Technologies, Canra-Po3a, Kamudopaus,
AKII) xemerimen 3eprrenai. Boabr-ammepiik cunarramanap (BAC) aynanst
0,3 cM? OOJIaThIH TOATHIPBUIFAH HAHOAPHAJIAP MACCUBIHEH OJIIICH]I1. MBIC 3JIEKTPO]
YJITiHIH TONTBIPBUIFaH KeyekTepi Oap OeTiHe TepMUSUIBIK OYJIaHABIPY o/iCiMEeH
TYHJBIPBIIJIBI, a1 EKIHII 3JIEKTPOJI YIIT1HIH apTKbI OSTiH/Ie KaIbINTACTHIPBUI/IBI.

BAC TypakThl kepHey pexuminne —6 B-tan +6 B-ka neifinri apansikra
0,5 B kagammMeH edieH 1. AJIBIHFaH TOYEIILTIKTEp eKIHIII I9PEKeNTi MOIMHOMIBIK
aNMpoKCUMAIHs dJICIMEH OHIEI.

Hoarn:kenep MeH TanaKpliIay

KeyexrepaiH ToiTy 1opeskeci TYHIBIPY yaKbIThIHA TOYEIAUTIK PETiH/IE OpTaria
muametpi 450 HM OonaTeiH yiriiep ymiH Oaranmanabl. KyTiarenaei, XUMUsIIBIK
TYHBIPY (XT) yakbITHIHBIH apTYBIMEH KEYEKTEp/IiH TOJTY JIOPEKEC JIe KOFapbUIaJIbl.
Artarn aifTKan/1a, KeyeKTepiH ToTy Aopexeci | 5 MUHYTTBIK XUMHSUIIBIK TYHIBIPY1aH
Keiiin mamamen 39 %-1p1 Kypaca, TYHIBIPY yakbIThl 30 MUHYTKA JEHiH apTThIPbUIFaH
ke3ne Oyt kepcetkinn mamamer 90 Y%-Fa JeiiH KeTTi.

2-cyperte 15 xone 30 MUHYT OOWBI JKYPTi3iIreH XUMHSUIBIK TYHABIPYAaH
KeHiHT1 yiriiepaiH 6eTki Mop(OoIIOrHsChl KOPCETUIreH. 15 MUHYTTBIK TYHBIPYAaH
KeHiH yNri OeTiHze TOJBIK TOJTHIPbUIMAFaH XoHEe 00C KeyeKTepJiH Oap eKeHi
Oaiikanaapl. An 30 MUHYTTBIK TYHABIPYJaH KeHiH KeyeKTepJiH OacbiM Oeuiri
TOJIBIK TOJTBHIPBUIFAHBI aHbIKTanAbl. COHBIMEH KaTap HaHOKEyeKTep/eH
TYHZBIPBUIFaH 3aTThIH CBIPTKA LIBIFBIN TYPFaHbI OaiKasbl. AJIBIHFaH HOTHKEJIEp
XUMMSUIBIK TYHJIBIPY Y3aKTHIFBIHBIH KEYEKTEP/iH TOJIy JdpexeciHe eineydi
acep eTeTiHiH jkoHe 30 MHHYTTBIK TYHIBIPY Ke3iHJE HAaHOKEYEKTEpJiH THIMI1
TOJTBIPBUIATHIHBIH KOPCETTI.

x2000  5.0kV LEl SEM

2-cypet — benme 18 °C TemneparypachiHaa XUMUSUTBIK TYHABIPYIaH
Keitinri yarinepain 6etki mopdomorusaceiHsH COM Keckinaepi:
a) 15 munyT; 9) 30 MUHYT
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XUMHSIIBIK TYHABIPY Y3aKTBIFBIH OZIaH Opl apTTBIPFaH Ke3Jle KeyeKTepaiH
TOIly J@pexkeci ic xy3iHme e3repicci3 Kanasl. COHIBIKTaH KCYCKTEPIiH TOIY
THIMALTIT TYPFBICBIHAH aJIFaH/a, TYHABIPYAbIH OHTAIIBI Y3aKTHIFEI 30 MUHYT A€
aHbIKTaIbl. OChIFaH OaiIaHbICTBI KEHIHT1 3epTTeyIep YIIH NPeIUIHTaTTap bl
TyHAbIpy 6enme 18 °C remneparypaarsl epitinige 30 MUHYT OOWBI XKYPri3uii.

Ky#igipyre npeiinri »xoHe KeHiHr1 HaHOKpHUCTaIAapsl Oap yiriiepaiy
peHTreH K MnpPaKkuMsIIBIK CIIeKTpiiepi 3-cyperre kepceriaren. 20 = 33,00°,
47,76°,54,53°,56,41° xoHe 61,66° OyphIIITApbIH/IA AHBIKTAJIFAH JU(DPAKIHSIIBIK
MaKCUMYM/JIap MBIPBIII CEJIEHUTI KOCBUIBICBIHBIH OPTOPOMOTHIK (ha3achiHa
colKec KeJesi.

Mpipbin ceeHUTI (a3achlHAa TOH €H KapKBIHABI JTHGPAKIUIBIK
MakcumyMmaap 20 = 33,00° sxeHe 61,66° OyphIIITaApBIHIA OPHAJIACKAH JKOHE
COMKECIHIIIE MBIPBIII CEJICHUTI KPUCTAIIBIK KypbUIBIMBIHBIH (121) xone (123)
Muuiep ’Ka3bIKThIKTapbIHA JKaTalbl.

ZnSeO,
(121)

ZnSe0,
(123)

Zn0
(100) ZnO Zn0O ZnSeO, ZnO
(1o1) (103) (040) @01)
S0 SR IS S L A

ZnSeO,

@ i | (121 ZnSeO,
=i | ZnS | | ; 123
2 Lain jj ZnSe { ZnSeO, ZnSeO, Tuged, 47
B ! L 1012 | (040 (321 (103) !
: i i ZnSeO
En5e0y 1 ZnSeO, ZnSe0, (123)"
az1) 3 (040) (321)  ZnSeO,
L § k k (103)
10 20 30 40 50 60 70
20
3-cypet — TYHIBIpBUIFAH HAHOKPUCTAIAPIBIH PEHTTCHIIK
JIudpakTorpaMManapsl: a) Kyiaipyre aeuin;
9) 800 °C remmepatypana | caraT KyiaipreHHeH KeifiH;
6) 1000 °C temmepatypaga 1 carat KyWaipreHHeH KeiiH
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JKorapsl TemmneparypaiblK KyHIipyJaeH KeWiH artajaraH JUuQpaKusuIbK
MaKCUMYM/Iap/IblH KapKbIH/IbUIBIFBIHBIH alTapibIKTal apTysl Oalikanubl. by
KYOBLIBIC MBIPBIII CEJICHUTI TYHOAJIAPbIHBIH THIFBI3IATYBIH, KPUCTAIIBUIBIK
JI9PEXKECIHIH )KOFapbUIaybIH skoHe aMop(dThI (ha3ara KaparaHa HOJIUKPUCTAIIBIK
(ha3aHbIH YJIECIHIH apTybIH KOPCETEI.

Bacranke! sxeHe KYHIIpUIreH yiriiepaeri HOHIBIK-TPEKTI TEMIUICHTTep e
KaJIBIITaCKaH HAaHOTYHOAIap/bIH PEHTTeH K AU(PPaKIHSIIbIK Taljlay HeTi3iHae
€CenTeNre KpuctamaorpagusiiblK mapamerpiepi 1 koHe 2-kecrtenepie
KEeJITIpiIreH.

1-kecte — ZnSeO; HAHOKPHUCTAIIAPBIHBIH KPUCTALTOrpadUsUIBIK TapaMeTpIiepi

Kepcerxim MoHi Kepcerkint Momni

daza ZnSeO, KenicTik ToOBI Pnma (62)
. Kpucramur

Kypbuisim Typi OpTopoMOaIbIK oM, 1M 21.17
};’p HAPAMETPICPL | 4 —504b=761c=510 | Yammik konemi, A® | 231.41
®dazanbIK KypaMmsl, (121), (040), (321),
% 100 (hicl) (103), (123)

o 33.00, 47.76, 54.53, 2.71,1.90, 1.68,
26, 56.41, 61.66 d. A 1.63, 1.50

2-xkecte — KylnipyaeH keifiHri HaHOTYHOamapablH KPUCTAIIOTPAPUSIBIK

mapameTpiepi

800 °C remneparypana

1000 °C remneparypana

Kepcetkim N . N .
KYHIipiares yari KyHaipinres yiri
Pasana ZnSe (68.5 %) Zn0 (77.3 %)
P ZnSeO, (31.5 %) ZnSeO, (22.7 %)
Kypbusiv Typi TeTparonanb/ sl ["excaroHanb sl
YP YP OpTOpOMOTBIK OpTOpOMOTBIK

Kenicrik ToObI

P4/nmm (129); Pnma (62)

P63mc (186); Pnma (62)

Top mapamerpiepi, A

ZnSe:a=3.97,¢c=5.23
ZnSeO,:a=594,b=7.61,
c=5.10

Zn0:a=3.27,¢c=5.23
ZnSeO,:a=594,b=7.61,
c=5.10

Kpucrammur emmewmi, | ZnSe: 25.7 Zn0: 37.5
HM ZnSeO,: 26.52 ZnSeO,: 36.17
ZnSe: 82.57 Zn0: 48.47

YsmbIk kenemi, A3

ZnSeO,: 231.41

ZnSeO,: 231.41
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Jndparusb ZnSe: 28.0; 40.2 Zn0: 21.9; 25.8; 38.3; 55.5
MaKCII)/IMHM . I(<29 ) ZnSe0,: 33.002; 47.76; 54.53; | ZnSeO,: 33.002; 47.76;
YMAEP L2, 7)1 56.41; 61.656 54.53; 56.41; 61.656

MBIpBINI CeNIEHUTI KOCBIIBICBIHBIH OPTOPOMOTHIK (ha3zachlHa ColKec
KeJIeTiH AN PpaKUsIIbIK MAaKCUMYMIAP Il colikecTeHaipy yurin JCPDS 78-0446
STAJOH/IBIK KapTachl MaijamaHblIIbL.

2-KecTeZieH KOpiHill TypraHAal, KYHAIpy HOTHXKECIH/IE MBIPBIII CEJICHHTI
KPHCTaJUTUTTEPiHIH eumeMi yiFasabl. COHbIMEH KaTap, TepMUSUIBIK OH/ICYIeH KeliH
PEHTreHAIK I pakTorpaMMalIap/ia KOChIMIIA AU (PPaKIUSUITBIK MAKCUMYMIAPIbIH
naiia 6omysl OaiKanaabl, OYJI MBIPBII CEICHUTI KOCBUTBICBIHBIH TEPMHUSIIBIK
BIIBIPAYhI HOTHIKECIHIC KaHa (a3asiap/IbIH TY31ITCHIH KOPCeTe .

PenTtrenzik ) paksuIBIK TaIay HOTIKENIEP] TEPMUSIIBIK OHIEY OapbIChIHIA
*aHa (azanapabiH Ty3uierinia kepcetTi. 800 °C TemmiepaTypana KyHaipiireH yirige
26 =28,0° xxone 40,2° OyphITapbIHAa OpHATACKAH TU(PPAKIHSITEIK MAKCUMYM/Iap
0alKaJbIl, OJap/AbIH TETPAaroOHaJIbAbl KYPBUIBIMIBI MBIPBIII celeHuAl (ZnSe)
(azaceiHa coiikec KeneTiHi aHBIKTanabl. Temmeparypanbl 1000 °C-ka geifin
apTTHIpFaH Ke3ze 20 = 21,9°, 25,8°, 38,3° sxone 55,5° OyphlITaphiHIa KOCHIMIIIA
MakCHUMyMap maiga 6onasl. by Makcumymmap rekcaroHasIbabl KYpPBIIBIMIIBI
MBIpBI Okculi (ZnO) ¢a3ackIHBIH TY3UTYiH KOPCETE/i.

AJTBIHFaH HOTIKENEpre CyHeHe OTHIPHII, BAaKyyMIBIK OPTaaarbl TEPMUSIIBIK
OHJIeY €H aJIZIIMEH MBIPBIIII CEICHUTI TYHOAIapbIHAH OTTETiHIH OyJTaHybIHa OKee I
nen 6orwkayra 6omasiel. ConblH cangapsiHad 800 °C TemmniepaTypasia KyHtipiireHHeH
KeWiH MBIPBII celdeHuTi (a3achiHbH yieci 31,5 %-Fa neifin ToMeHaen i, an
TEeTparoHaJIb/{bl MBIPBIII CeIEHHUII (ha3achIHBIH MeJIepi 68,5 %-1bl Kypaisl.

TemneparypaHblH OfaH dpi JKOFapblIIaybl Ke3iHJAE celeH KYpaMmabl
KOMIIOHEHTTepIiH Oymanysl Oactanans! [13]. PeHTrenmik AudpakIusIIbK
Tanaay HoTwkenepi 6oibama, 1000 °C TemMneparypaia KYHAipiIreHHEH KeiH
TyHOaNmapAbIH HETi3ri OeJIriH TeKcaroHaJ bJbl KYPBUIBIMIBI MBIPHIII OKCHII
¢dazacel Kypaiiapl, oHbIH Meumepi 77,3 %-ra xereni. Al opTOpOMOAIBIK
KYPBUIBIMJIBI MBIPBIII CeNICHNTI (ha3achIHBIH Yiteci 22,7 %-apl Kypaibl.

DomonomunecyeHmmix Kacuemmepi

bacrankpl kylaeri HaHOKpUcTanAapsl Oap YJTiHIH )KOHE TEPMHUSIIBIK
OHJIEJITeH YITIIep/IiH (POTONIOMHHECIIEHIINS CIIEKTpIepi 4 xoHe 5 -cyperTeple
6epinren. CanpICTBIpMalbl TaJlJay XYPrizy MakcaTbiHaa 4-cypeTTiH iIKi
Oemnirinie HaHOKpHCTAIIAp TYHIBIPBIIFaHFa Nerinri 6actankpl SiO, HaHOKEYeKTi/
Si TemruteiTiHIH (OTOMOMHHECIIEHIINS CIIEKTP1 KOPCETIIreH.

3epTTeNreH yiarinepaiH (GOTONIOMHHECICHIUS CIEKTpJICpiHIe
400-600 HM apaibIFBIHAAFBI KCH COYJICIICHY JKOJAFhl OaiKamaiasl. CIEKTPIIiK
BIIBIPaTy HOTIKECIHAE OYJII KOJIAKTHIH MakcuMyMaaps! 550 um (2,2 3B), 488 am
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(2,545B), 440 1M (2,82 5B) sxoHe 410 uM (3,03 5B) alimMakTapbiH/ia OpHaIaCKaH TOPT
["aycc KOMITOHEHTIHEH TYpaThIHBI aHBIKTAJBL. MBIPBIII CEJICHUT] KOCHUIBICHIHBIH
JMoOMHUHecHeHnuschl ZnSe xoHe ZnO Qa3anapblHbIH COYJIeNeHY YJIECTEepiHIH
KOCBIHZIBICHI PETIHAE KapacThIPbLIybl MYMKiH. OneOneT MaiiMerTepi OoibIHIIA
[14], mamamen 550 HM aliMaFbIHIAFbI KaChUT COYJIEJICHY OTTEIl TalllIbUIbIFbIHAH
raiiza OoNaThIH TEPEeH JSHI eIl TY3aKTHIK KyiiIepMeH OaiTaHbICThI.

A, nm
620 570 520 480 450 420
1 5 1 1 1 1 1 1

—&— XuUMWANbIK TYHAbIPYAAH KeldiH
—9— TyHablpyra feliiH (6actankpi)

MHTEHCHBTIK (a.u.)

®oTOH 3Heprusicel (eV)

4-cyper — bacranker SiO, HaHOKEYEKTI/Si TEMIIEATIHIH
KOHE XMUMUSUIBIK TYHABIPYAaH KEHIHT1 MBIPBILI CENEHUTI
HAHOKPHCTAIJAPBIHBIH (HOTOTIOMHHECIICHIUS CIICKTpIIepi
JKOHE oJapIbplH [aycc KOMIIOHEHTTEPiHe XKIKTeTyi
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A (nm)
620 570 520 480 450 420
1 1 1 1 1 1

0.3 2.80 eV
—e— 800°C =

—e— 1000 °C

WuteHcumerTinik (a.6.)

20 2.2 24 26 28 3.0 3.1
POTOH 3Hepruackl (eV)
5-cypet — Xorapsl Temnepatypanapzaa (800 xone 1000 °C)
KYWIIpIJTeH MBIPBIII CEJICHUTI HAHOKPUCTAIAaPbIHBIH
(OTOTIOMUHECILIGHIIUS CIIEKTPJIEP] KOHE 0JIap/IblH
l'aycc KOMITOHEHTTEpiHE XKIKTEyl

[Tamamen 488 HM alimMarbpiHAa OpHalacKaH XoJak Zn XoHe Se
BaKaHCHsUIapbIMEH, COHJIal-aK apaliblK YIHEPTeTHKANIBIK KYHIepMeH OaiaHbICKaH
JIOHOPJIBIK-aKIIENTOPIIBIK KYNTAP/IbIH COyJIeNIeHyIHE coiikec Kelyl MyMKiH [15].
An 440 HM MaHBIHJAFBI KoK coyneneHy ZnO KpUCTAIABIK TOPHIHBIH apajblK
NO3UIMSIIAPBIHIA OpHATIACKaH OTTErl aTOMAApbIHAH TYBIHIAWTHIH aKayJlapMeH
OaiianbicThIpbUIa s [ 16]. 410 HM aliMarsIHAAFB K0JIaK ZnO HAHOOOJIIIICKTePIHEe
TOH KYITiH coyJlelleHyre colikec Keneli xkoHe Zn. MeH VZn THOTI KeueHni
aKayJapJblH, coHaii-ak ZnO Ty#ipiuikTepi mekapaiapbiHIarbl HHTEPPEHCTIK
TY3aKTBIK KYHJIEp/IiH ocepiHeH naiaa 6omysl MymkiH [17].

KBI3BIKTHI KaWT, OacTanKbl TYHABIPBUIFAH HAaHOKPHUCTAIAAaPAbIH
(OTONMOMHUHECHEHITHS KAPKBIH/IBUTBIFBI TEPMHUSUIBIK OHJICYICH KeHiH TOMEHIeH 1,
ajaija coysjeieHy MaKCHUMYMJApbIHbIH OpHAlIacybl CUHTE3/EITeH JKoHE
KYHIIpIJIreH YIIrIep YIiH ic )Ky3iH/e e3repiceis Kanaabl. JKoFapeiaa KeNTipireH
HOTIXKEIEeP POTONOMHHECIICHIIMSHBIH aKayJIbIK TAOMFAaTKa Ue EKEHIH KOpCeTe .
OcpiFan 0aiIaHBICTBI TEPMUSIIBIK OHJCYNCH KEWiH (OTOTIOMHHECIICHIIHS
KapKbIH/IBUIBIFBIHBIH TOMEHJICYIH aKayjapJblH KOWBUIYBIMEH TYCIHAIpyTe
6omnasbl. JlerenMeH, Oy KyObUIBICTBI TYHIBIPBUIFAH 32T MacCaChIHBIH TEPMHSLIBIK,
eHJIey OapbIChIH/Ia a3al0bIMEH OaNIaHBICTBHIPY AHAFYPJIBIM OPBIHJBI OOJBII
KepiHedl. 3epTTey asChlHAa KYWIIPIAreH YATUICPIiH Macca KOFalITy [IaMachl
apHaiibl OarajaHFaH >KOK. Anaina o7e0ueT ManmiMerTepi OOWBIHINA JKOFaphI
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TemIeparypaislk enjey kesinge ZnSeO, Hemece ZnSe KOCHUIBICTAPBIHBIH
Maccachl mamameH 30—40 %-ra feiiin a3arobl MYMKIH [ 18].

Kytinipy temmneparypacbiHbiH xoFapbuiaybiMeH 488, 440 xoHe 410 HM
aliMaKTapbIHIaFbl COYJIEICHY >KOJAKTaphIHBIH KapKbIHABUIBIKTAPbIHBIH KaiTa
Oeminyi Oalikanansl. Artan aiitkanzaa, 1000 °C Temneparypaa KyHIipijareH yiriue
440 xone 410 HM aliMaKTapbIH/IAFbI KOK KOHE KYJITTH COyJICNICHY/1iH KapKbIH/IbUIBIFbI
800 °C Temneparypaia KyWIipiireH yJAriMeH calbICThIpFaHIa apTajpl. Al 488 HM
alfiMaFbIH/IaF bl KOJIAKTHIH KapKbIH/IBUIBIFBI, KEPICIHIIE, TOMEHICH/I1.

YKorapeina alTeutrannai, 488 HM aliMarbIHJIAFbl COYJIeNIeHy Zn kKoHe Se
BaKaHCHsIAPbIMEH, COHJIali-aK apaJlblK SHEPreTHKAJIBIK KYiJiepMeH OaiiaHbICKaH
JIOHOPJIBIK-aKIEIITOPIIBIK XKYINTapFa coiikec keiexai xxoHe ZnSe Qa3zacsiMeH
OaitnanbicTel. A 440 sxone 410 HM aliMaKTapbIHJAFbl COYJIEICHY JKOJIAKTaphl
ZnO dazacelHIaFbl aKayjJapMeH OailyaHBICTBI COYJIe IIbIFapy OpTalbIKTapbIHA
ToH. JKorapsl Temriepatypaja Kyiaipiares ynrinepae ZnO HaHOKpUCTAJIAApbIHA
TOH KOK JXKOHE KYJITIH COyJIeJIeHy KapKbIHJBUIBIFBIHBIH apTybl PEHTICHIIK
J(paKIUSUIBIK Talliay HOTHKEIePIMEH JKaKChl Yilliece1i. PEHTreHKYPhIIBIMIIBIK
Tanaay aepekrepine coiikec, 1000 °C temneparypana KyHaipiireH yarizepueri
tTyHOanapapiy Herisri Oesirin ZnO ¢azacel Kypaiast (77,3 %), an MbIpbIII
ceseHuTi (aszacweiHbIH yieci 22,7 %-ra geiin temenaeiai. An 800 °C
TeMIeparypaja KyHIipijireH yJriie MBIPBIII CEICHUTI JKOHE MBIPBIII CEICHU I
(azanapeiabig Meiepi tuicinme 31,5 % xone 68,5 % Kypanapsl. COHIBIKTaH
488 HM aliMarbIHJIaFbI COYJIEIICHY IIH MBIPBILI CEeJICHH I (ha3achIMeH OaiIaHbICThI
€KEeHIH eCKePCEeK, OHBIH KAPKbIH/IBIIBIFBI MBIPBIL CEICHH I (ha3achIHBIH MOJIILIEP]
YKOFapbl YITiJe KYIITipeKk OalKanysl 3aHIbl KYOBUIBIC OOJIBIN TaOBUIAIbL.

Onexmpanik Kacuemmepi

XUMUSIBIK TYHABIPY ©JICIMEH CHHTE3JCJITE€H MBIPHIII CEICHHUTI
HaHOKPHUCTAJJapbIHBIH 3JIEKTPJiK KaCHETTEPiH 3epTTey MaKcaThlHIa
oJlap/bIH BoJbT-amiepitik cunarramanapsl (BAC) enmenzi. Onmey kesinue
HaHOKPUCTAIJITAPMEH TOJTHIPBUIFAH aiiMaK €Ki MEeTasul 3JIEKTPOATHIH apachlHa
OPHANACTHIPBUIIBI. OMNMIIICHETIH aiiMaKThIH aynansl 0,3 cM? Kypajibl. DIEKTpOATap
MYJIBTUMETp apKbUIbl TOK KO3iHE TI30€KTeH KaFaH Ibl.

6-cyperTe OacTarKpl )KkoHE TEPMUSUIBIK OHACY/ICH KEHIHT1 YITIep/IiH BOJIbT-
aMIIepJIiK CUIaTTaMalapbl KOPCETIITeH.

SiO, KabaThlH KaabIITACTHIPY YIIiH TailalaHbluiral 6acTankpl KpeMHHHI
TYITOCEMI N-TUNTI OTKI3rIIITIKKE e 0016l BoabT-aMnepitik cunarramManap/isl
Taniay HoTvxkesepi SiO, HaHOKeyeKTi/Si KypbIIBIMBIHBIH J1a, MBIPBIII CEJIEHUTI
HaHOKPHCTAIIAPBIMEH TOTHIPbUIFaH SiO, HAaHOKEYEKTi/Si KypbUIBIMBIHBIH JIa
AJIEKTPOHIBIK OTKI3TIIITIK THITIHE )KaTaThIHBIH KopceTTi. COHBIMEH Kartap, 0apiibIK
3epTTENTeH YITIepAiH BOJIbT-aMIEPIIiK CUITaTTaMalIapbl ailKbIH ChI3BIKTBHIK EMeC
TOYEIIUIIKKE Ue CKCHIITT AHBIKTAJIJIBL.
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HanokpucraniapMeH TOJTBHIPBUIFAH KEYEKT! KYPBUIBIMHBIH MEHIIIKTI
JIEKTPOTKI3TIIITIr KeJieci @pHeK OOWBIHINA eCenTelIi:

_ il
T wa ()

MYHJAFBl: 0 — KYPBUIBIMHBIH MEHIIIKTI 3J1eKTpeTKi3rimriri, OM—1 cm—1;
dl/dU — BONBT-aMIEPJIIK CUIIATTaMachIHBIH KOJOCYIIriHeH aHbIKTaJaThIH
i depeHIMaIIBIK OTKI3MIITIK; [ — HAHOKPUCTAJUT MACCHBIHIH Y3bIH/IBIFBI (OKCHT
KaOaThIHBIH KaJbIHJBIFbIHA COWKec Keneni, mamameH 700 HM); 4 — 3JIeKTpIIiK
TYHICY aynaHbl.

HaHokpucrann MacCHUBIHEH TypaTblH 9pOip KOHYCTHIK HAaHOCBIMHBIH
JIEKTPOTKI3TIMITIr KeJleci ©pHEK apKbLIbl aHBIKTAJI/IbL:

_a_ 1
ow = dU Adnmr2 (2)

MYHJIaFBI: Oy — JKEKE KOHYCTHIK HAHOCHBIMHBIH MEHIIIIKTI 3JICKTPOTKI3TIIITIr;
@ — KCeyeKTepJiH THIFBI3ABIFBI; 1) — TOJBIK TOJTHIPBUIFAH KEYyCKTepIiH YJIeci;
T — HAHOKEYEKTiH OpTalla panycChl.

5o
O 1 - Gacranksi yari (30 Mun) 2
44 O 2-800°C remneparypana Kyiiaipisren yiri L
O 3-1000 °C remneparypaja Kyiiipinres yari
3 1 — 1 ymin annpokcnvanus

—— 2 ywin annpokcumanus 1

1 — 3 ywin annpoxcumarms L

£ 24 i) 0 2 4 6
U (B)
6-cypeT — MBIpBIII CeNleHUTI HaHOKPCUTAIAAPBIHBIH BOJIbT-amiepik (I-V)
cumattamanapbel. MyHaarer: 1 — 6acranks! yari (30 mun XT);
2 — 800 °C-pge xy#aipinren yiari; 3 — 1000 °C-ne kyHaipinreH yiri.
AIIBIK TIeHOEepJIep SKCIIEPUMEHTTIK AePEKTePi, il TyTac ChI3bIKTap (7)
TeH/Iey OOMBIHIIIA JKYPTi31JITeH anMmpOKCHMAIINS HOTHKEICPIH KOPCETEIi.
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Komnyc Topi3ni HaHOKEyeKTep YIiH opTaiia paanyc MoHi COM kecKiHIepiHiH
nepekrepi OoiibiHmIa 112,5 HM Jien KaObUIIaH b

BonbT-amnepnik cunmarraMaiapblHBIH CBI3BIKTBIK €MEC CHIAThIH
TIOJIMKPUCTAIIIBI )KapThUTal OTKI3TIIITepre apHaIFaH MePKOJIIIUSIIBIK OTKI3TIIITIK
MOJIeJTi HeTi3iH/1e Tycinaipyre Oomnansl [ 19; 20]. ¥ cak TyHipInikTi MaTepuaigapaa
TYHIpIIKTEpAIH KpUCTAIIOrpausuIbIK OaraapiaaHybIHbIH Ke3eHCOKTHIFBI,
OJIapJIBIH eJIIeM/Iepi MEH KYPaMbIHBIH OPKEJKIJIIri TyHipurikapaiblK
OereTTepiH maiiga OonybiHA anbln Keiedi. HoTmxkeciHne MaTepuan TOK
TachIMaJJayIIbUIAPhI YIIIH PYKCAT ETIJINCH )KOHE THIHBIM CaJIbIHFaH aiiMaKTapra
OeJIiHII, MEePKOJSAIUUIBIK KYPBUIBIM KajbllTacaabl. [10JMKPUCTAIIBIH THIMI
AJIEKTPOTKIBTIIITIT OTKI3rIINTIK alMaFbIHBIH TOMEHT1 OJiriHAeri Ke3aeicoK
9HEPreTUKAIBIK pelbeTiH MEePKOJISIMSIIBIK ACHIeHiH aHBIKTaHThIH KPUTHKAJIBIK
OererTepiiH OMIKTIriMeH cunarranasl. TOK TackiMaiiayblIap TeK KPUTHKAIIBIK
imiki skertire (miekci3 kiacrepre) Kiperid, ouiktiri § < & ¢ GonateiH Gererrep
apKbUIbI ©Te anaapl. TyHipurikapansik 6ereTtepai OuikTiKTepi O0MbIHIIA TapaTy
¢dynkuuscs! (&) nepKoJsIus IeHreliH aHbIKTAaThIH EC TapaMeTpiH Oackapazbl
JKOHE OJI KeJIeCi OpHCKIICH aHbIKTaa b [19]:

pe=J{ f(©ae G

MYH/IaFbl P — KOPPEIIMUIBIK 1IeK. KyImTi anexTp epicrepinae OereTrik
peTci3 KYHEeHIH dJIeKTPOTKI3TIMTITIHIH 03repyl TeK KOJIJaHBIIFaH OpiCTiH
acepiHeH Oerer OMIKTITIHIH TOMEHJEYIMEH FaHa eMeC, COHBIMEH KaTap TOK
TachIMaJIblHA JKayan OepeTiH KPUTHKAIBIK 1IIKI JKeJIiHIH KaiTa KypbUTybIMEH
ne OaianbIcThl Oomabl. Byl skarnaiiaa BOJIbT-aMIEpIIiK CHIIATTaMachl KeJeci
OpHEKIIEH ka3buiajs [19]:

o 1/(14v)
I=1Iyexp [( TED) } )

MYHIAFBl ¢ — TYPaKThl KOA(QPUIHEHT ¢ = [; e — dIMEKTPOH 3apsIbl;
L — TyHipIIiKTiH opTamia emeMi; k, — boblMan TYpakTBICHL; E — S1EKTp opiciHiK
KepHeyJiri; v =~ 0,9 + 1— ymenmem i )araai yIiH KpUTHKAIBIK KepceTkim [20].

Komnnmansuran KepHEY 9CepiHeH TYHipIIikapalblK KYHIep TONTHIPBUIFAH
JKaFgaiia peTci3 MOIMKPUCTANIB! KAPThIIai OTKI3TIIITIH AIeKTPOTKI3TIMTIT
KeJleci OpHEeKIeH cunaTTanamsl [12]:

— 1/v
0 = 0y exp [(CVO/ka) (%) ] (5)
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MYHJAFbl V, — opTypili TYHipLIiK miekapanxapsl yiliH 0ereT OMiKTIriHIH
KE3/IeCOK ©3TepiCTepiHiH aMIUIUTYAACKl, § — JIEKTPOHAAPIbIH KapMalybl
HOTHXKECIHIC OereT OMIKTITIHIH apTy IIaMacChI.

Tyi#tipuikapaiblK KYiep anibIH aja TOATHIPBUTFAH JIeTl €CeNTEereH XKar[ai1a
IEKTPOTKI3TIIITIK Kejeci Typae epHekTeneni [19]:

0 = 0y exp [D (E)l/(lw)] (6)

Oneduerre kopcerinrenaeit [17], A*B° tunri xaprbiiail eTKi3rinrrepaeri
KpHCTAJITMTapaJIbIK IIeKapasap akLenTopibIK KacueTke ue. Onap 6eTki Kyhnepzae
Tepic 3apsj KUHAKTAl, HOTI)KECIHAEC KPUCTAJUITUTAPAIBIK MOTEHIHAIBIK
GereTTep/iH KalblTacyblHa cebern 0oa bl

Texipubernik Tok-kepHey cumarTamanapsl (6-cyper) (6) TeHaeyiMeH
CHIATTAIaTBIH MOJICIIEMEH XKaKChl Coiikec Kenesi. TOoNBIFBIpaK >kargaiaa ToK
THIFBI3ABIFBI [Tyn—®peHkens TeHaeyiMeH cunarTainysl MyMKiH [2] (v = 1):

V. ceLAE) %)

Jj = oyE exp (kb—T

MyHaarsl (¢ = 1) gen kaObuiganraH; L — opOip ynri ymiH Herisri
HaHOTYHOA ()a3achIHBIH KPUCTAIIHT oJeMi (2-kecte O0HbIHIIA); A — Ke3/1eHCOoK
MOTEHIMAJIIBIH [IaMacChl; 0y — TOMEH 3JIEKTP OpiCTEepiHJAeri OMHUKAIBIK
JIEKTPOTKI3TIMITIK.

Bapnsik yariiep yuriH o, mapaMeTpiHiH CoHKecTeHAIpUIreH MOHIEpi
3-xecrezie KeNTipureH. OJIMIEHIeH TOK-KEpHEY cHIaTTaMalapbIMEH €H KaKchl
colikecTiK OapIbIK yiuriiep ymid [-V KuchIFbIHBIH Typa TapMarsiHia A= 0,012 5B
GosrFaH XKar1ai/1a abIHIBL. Byl HOTIOKE TEpMUSIIBIK OHJIeY OapbIChIHA OaCTaIKbI
ZnSeO, HanoKpUCTaIapbIHbIH ZnSe xone ZnO (azanapbina illiHapa bIIbpaybiHa
KapamacTaH, OTKI3TiIITIK MEXaHW3MIiHIH calajiblK TYPFBIJAH ©3TepMEHTIHIH
JKOHE HETi31HEH YJIECTIK MeJIepi eH >KOorapbl (a3zaHbIH AJICKTPOTKI3TIIITIK
KacHeTTepiMEH aHBIKTAIATHIHBIH KOPCETE .

58

Becmuux Topatievipos ynusepcumema, ISSN 2959-068X.
Cepus: Qusuka, mamemamura u KomnsomepHoie Hayku. Ne 3, 2026

3-kecte — bacrankel jxeHe KYHAIpiireH yiriiepjaeri HAHOKPUCTAIIAPAbIH
AIEKTPO(U3UKAIBIK CUITaTTaMalIapbl

800 °C 1000 °C

. Bacranks!

Kepcerkim e TeMIieparypajia TeMIieparypajia
Y KYWHIpUIreH yiri | KyHaipinareH yiri
HanokpucTamn maccuBiMeH
TOJITBIPBIIFAH KYPbUIBIMHBI
PRUIFAIL RYPBUIBIMHBIN 1 6 107 3.2 107 5,9 x 10%

MEHIIIKTI 2JIEKTPOTKI3MIIITIT,
o, Om!em!
Hanokpucramn maccuBineH
TYPATBIH )KEKEe KOHYCTBIK
HaHOCHIMHBIH MEHIIIKTI 2,7 %10 8,5 % 10° 1,5 x 10
9IEKTPOTKI3TIIITIT,
oW, Om! cm!
Kesneticok nmorenmmain, A, 3B 0,012 0,012 0,012
TemeH opicTeri OMHUKaJIbI

pIeTert 0 S 1 20x107 6,0 107 1.2 x 107
5JIEKTPOTKI3rmTiK, 6, OM™ cM

Ocplnaiiia, eH )KoFapbl MEHIIIKTI aekTpeTKi3rimTik 800 °C Temneparypania
KYHAIpUITeH YT YIIiH OaifKaisl.

KopbITbIHABI

Mbipbim ceenuti HanokpucTangapsl SiO,/Si TpekTik TeMIUIeHTTepinTe
XUMUSUIBIK TYH/IBIPY ©11CIMEH CHHTE3/IEJIIIL, OJIap IbIH KYPBUIBIMJIBIK, ONITHKAIIBIK
XKOHE IeKTP(U3NKaANBIK KacHeTTepiHe KOFaphl TeMIepaTypalblK KYHAIPYAiH
acepi 3epTTenIi.

PerTrennix nudpakuusiIbIK Talagay HOTIDKeNIepi OacTamksl yiariiepne
OpPTOPOMOAITBIK KYPBUTBIMIBI MBIPBIII CETICHUT] (ha3achIHBIH TY3UITCHIH KOPCETTI.
Bakyym xarnaiieiaga 800°C TemrepaTypana KYWIipy HOTIDKECIHIEC MBIPBIIT
CEJICHUTI HAaHOKPHUCTAJIAAPBIHBIH 1IIiHAPA BIABIPAYBI XKYPiM, TETparoHaIbabl
KypbeubIMIbl ZnSe dazacel KansinracTbl. A 1000°C temnepaTtypana Kynaipy
Ke3iHJe KypaMbIH/a CelieH 0ap KOMIIOHCHTTEpIiH OylaHyblHA OalIaHBICTHI
TyHOAJIAP IBIH HET13T1 06JIIriH reKcaroHa bIsl KYpbUTBIMIB! ZnO ¢a3ackl Kypabl.
CoHBIMEH KaTap, TePMHSUIBIK OHJICY KPUCTALIMTTEPIIH OJIIEMiHIH YIIFalobIHa
BIKITAJ €TTI.

®DoromromuHecteHus crekrpiepinge 400-600 HM apalbIFBIHIAFEl KEH
coyJIerneny >Konarsl Oaiikanael. Kylaipy TemmeparypachIHbIH )KOFapblIaybIMEH KOK
YKOHE KYJIT1H COyJIeJIeHY 1iH KapKbIHABIIBIFBI APTHIII, CIIEKTPJIIK KYPaMHBIH KaiiTa
OemiHyi opbIH anabl. By esrepicrep (a3aiblk KypaMHBIH TPaHC(POPMAIUSCHIMCH
YKOHE aKayJIbIK KYHIEpAiH e3repyiMeH OaillaHbICTHI.
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BounpT-amnepiiik cunarramaiapblH Tajlay 3€pPTTENIeH KYpPbUIBIMAAPIIbIH
9JIEKTPOHJIBIK OTKI3TIIITIK THITIHE JKAaTaThIHBIH KOHE alKbIH CHI3BIKTBIK €MEC
MiHE3-KYJIBIK KOPCCTETIHIH aHBIKTaJbl. MEHIIIKTI 3JEKTPOTKI3TIIITIKTIH
eH »xorapbl MoHI 800 °C temmeparypajna KYWIipUIreH YAT1 YIIiH ajbIHBIII,
8,5 x 10 Om™ c™M™! Kypabl.

JKyprizinren 3eprreyiep KOrapbl TeMIIEpaTypasiblK OHJACYIH MBIPBIII
CEJICHUTI HAHOKPHCTaIapbIHBIH (pa3aiblK KypambIHa, POTOIOMUHECHESHIHSIBIK
KacHeTTepiHe KoHE AIEKTPOTKI3TIIITINHE eJIeyJIi 9cep eTeTiHIH KOPCeTTi. AJIbIHFaH
HOTHIKEJIEP MBIPBIII CEJICHNUTI HET131H1er HAaHOKYPBUIBIMAP/IbI OIITOAJIEKTPOHHUKA
YKOHE HAaHOIJIEKTPOHUKA KYPBUIFBUIAPBIH/IA KOJIAaHY MYMKIH/IKTEPiH KEHEHTE 1.
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BJIUSAHUE BBICOKOTEMIIEPATYPHOI'O
OTJKUT'A HA CBOMICTBA HAHOKPUCTAJLJIOB
CEJIEHUTA IUHKA

B oannoii pabome uccredosano enusnue 8blCOKOMEMNEPAMYPHO20
omaicuea Ha CMPYKMypHole, ONMU4ecKue U dIeKmpohu3udeckie ceolcmad
nanoxpucmannos — ceienuma yunka (ZnSeQ,),  cunmesupoeanivix
MEMOOOM — XUMUYECKO20 — OCAICOEHUs. 6 MPEKOGLIX — MeMNIeumax
SiO /Si. Hanokpucmanivl ceienuma yunka Oblau nOayuenvl XUMudecKum
ocadicOeHuem U3 pacmeopos  NpeKypcopos — Xaopudd —YuHkad U
ouorcuoa cerena npu memnepamype 18 °C. [lonyuenuvie o6paszyol
N006epP2aNUCy MEPMUYECKOl 00pabomie 6 aKyyme npu memnepamypax
800 u 1000 °C. Mopgonocus 06pazyos uccieoosailacs memooom
CKAHUPYIOW el 2IeKMPOHHOUMUKPOCKONUU, KPUCMALIUYECKASL CMPYKMYpd
—  MemoOooM  peHmMeHOOUPPAKYUOHHO20 — AHAAU3d, — ONMUYECKUEe
ceolcmea — Memooom (HOmoNOMUHECYEHMHOU  CNEKMPOCKONUY, d
AEKMPOU3UYECKUE XAPAKMEPUCIUKU — NYMeM UMePEHUs 601bNI-
AMNEPHBIX XAPAKMEPUCTUK.

Pesynvmamei  penmeeHOCMpYKmMypHO2O — AHAIU3A  NOKA3AJU,
umo 6 UCXOOHBIX 00pasyax ¢opmupyemes opmopombuyeckas gasa
cerenuma yunka. B npoyecce evicokomemnepamyprnoeo omocuea
HabI00aemcs yacmuyHoe pasiodcenue HAHOKPUCMATIOS —CelleHumd
YuHKa ¢ 00pazosaHuemM MmempazoHaibHou hazvl cereHudd YyuHka npu
memnepamype 800 °C u eexcazonanvHou ¢haszvl oKcuoa YuHKa npu
memnepamype 1000 °C. B cnexmpax ghomoniomunecyenyuu 00HapyiceHa
wupoxas. nonoca usiydenuss 6 ouanazore 400—-600 um, ceszanHas
¢ OehekmHbIMU  COCMOSHUAMY. — YCMAHOoBIeHO, Ymo  NoGvluleHue
memMnepamypbl  Omacuea npueoOUm K YBEAUUEHUIO UHMEHCUBHOCU
CUHe20 U uoIeMOB020 C8eueHUs U USMEHEHUIO CNEKMPATbHO20 COCMABA
uznyuenus. DJeKmpudecKue UsMepeHusi NOKA3auu, umo uccieoyembvle
cmpykmypul - 001a0aiom  2JeKMPOHHOU — NPOBOOUMOCHIbIO, A UX
B0IbM-AMNEPHbLE XAPAKIMEPUCMUKYU UMEIO BbIPAICEHHLI HeTUHEUHbLIL
xapaxmep. Haubonvwee 3uauenue yoenbHoOU 3IeKMPONPOBOOHOCHU
Habooanoce 0 obpaszya, omodicicennozo npu memnepamype 800 °C.
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THonyuennvle pezyrbmamuvl CEUOEMETbCMEYION O CYUWeCEEHHOM
GNUAHUU  BICOKOMEMNEPAMYPHOU 00pabomru Ha Gazoeviil cocmas,
homontomunecyenmHole C80UCMEa U Napamempsl JIeKMponpo8oOHOCHIU
HAHOKPUCMANIO8 CeNeHUma YuHka. Omo pacuiupsiem nepcneKkmuebl
NPUMEHEHUsT OAHHbIX MAMEPUALo8 6 YCMPOUCMEax ONmodeKmpOHUKU
U HAHOIIEKMPOHUKL.

Knrouesvle crosa: cellenum yuHka, HAHOKPUCMATIbL, XUMUUECKOE
ocadxcoenue, — mepmuveckas — oopabomka, — omoNOMUHECYEHYUS,
ICKMPONPOBOOHOCHb, PEHMSCHOBCKASL OUDPAKYUSL.
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EFFECT OF HIGH-TEMPERATURE
ANNEALING ON THE PROPERTIES OF ZINC
SELENITE NANOCRYSTALS

This study investigates the effect of high-temperature annealing
on the structural, optical, and electrophysical properties of zinc selenite
(ZnSeO,) nanocrystals synthesized by chemical deposition in SiO/Si
ion-track templates. Zinc selenite nanocrystals were obtained by chemical
deposition from precursor solutions of zinc chloride and selenium dioxide
at a temperature of 18°C. The synthesized samples were thermally
treated in vacuum at temperatures of 800 and 1000°C. The morphology
of the samples was examined by scanning electron microscopy (SEM),
the crystal structure was analyzed by X-ray diffraction (XRD), the optical
properties were investigated using photoluminescence spectroscopy, and
the electrophysical characteristics were determined from current—voltage
(I-V) measurements.

Becmuux Topatievipos ynusepcumema, ISSN 2959-068X.
Cepus: Qusuka, mamemamura u KomnsomepHoie Hayku. Ne 3, 2026

The X-ray diffraction analysis revealed the formation of an
orthorhombic zinc selenite phase in the as-deposited samples. During
high-temperature annealing, partial decomposition of zinc selenite
nanocrystals was observed, resulting in the formation of a tetragonal zinc
selenide (ZnSe) phase at 800 °C and a hexagonal zinc oxide (ZnO) phase at
1000 °C. A broad emission band in the 400—600 nm range associated with
defect-related states was detected in the photoluminescence spectra. It was
found that increasing the annealing temperature leads to an enhancement
of blue and violet emissions and changes in the spectral composition of
the luminescence. Electrical measurements showed that the investigated
structures exhibit electron-type conductivity and pronounced nonlinear
current—voltage characteristics. The highest value of specific electrical
conductivity was observed for the sample annealed at 800 °C.

The obtained results demonstrate that high-temperature treatment
significantly affects the phase composition, photoluminescence properties,
and electrical conductivity parameters of zinc selenite nanocrystals.
These findings expand the potential applications of these materials in
optoelectronic and nanoelectronic devices.

Keywords: zinc selenite, nanocrystals, chemical deposition, thermal
treatment, photoluminescence, electrical conductivity, X-ray diffraction.
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MOJINKPUCTAJIIT1 1h M¥3 MOAN®UKALINACBIHbIH
XAH-XXAKTbI CbIfbll1y MOA4YIJIHIH
KbICbIMfA TOYEJIQUIINH 3EPTTEY

68

byn maxanaoa anzaw pem ammocgepanvix xvicoimoa, 273 K
memnepamypaoar memeHei memnepamypaiapoa nauoa 0OonameiH
noauxkpucmanimyzoviy L hmypinin 230K, 190K, 1 70Kmemnepamypanapoa
(15-195)*105H/M’>  KbicblM — apanvi2blioa — Mbl2bl30bl2blHblY, — OHOA
mapaiumeln Kymda, KeJIOeHeH MOJKbIHOAPObIH JHCbLIOAMObIKIMAPLL MeH
opmawia Keaopammulk HeblIOAMOBIKINAPLL JHCOHE HCAH-)ICAKMbL CHIZbLILY
mooyni, Ipronaiizen napammpiniy KvlcblMea moyendinici moxcipubenix
ouleyiep MeH MmeopusiivblK ecenmeyiiep apkolivl sepmmendi. Toocipubenix
sepmmeynep ocypeizy ywin ocozapvl (0-25)*108 H/M Kvlcvlm dcome
memenei (90—250) K memnepamypa apivi2blHOA yI2IHIH KOJCMIHIH 032epici
MeH OHOAa mapaumvli Cepnimoi MOIKbIHOAPObIH JHCLLOAMObIKMADbIH
onuenmin KOHObIPp2bl HCUHACMBIPBLIObL. 3epmmenemin yizi OpHAIACKAH
NOpWIEH-YUIUHOp ~munmi  yw Kabammvl Kamepauvly Ooauexmepi
MmepMOOHOeI2eH UHCMPYMEHMANb0l  Oonammapoan KypacmulpblLiobl.
Twixi kabamor X12M (HRC=58+60), exinwi xkabamer P18 (HRC=60-+62),
copmipl - Kabamor XI12M (HRC=48+50) 6Oorammapoan mypaosl.
Kamepanvly bepixminiein apmmulpy makcamuvinoa kabammap 0ip-0ipite
KbI30bIPbLIbIN. Kyuinen Ku2izinoi. JKozapevl K032a1amvin JHcoHe momeHei
molHbIWMbIKMazol  nopuienoep mepmoonoencen P18 (HRC=60+62)
bonamman  dicacanovl. ITopuwen men yurunopoiy KabvblP2aACbIHbIH
apacvinoazuel canviaay ouamempi oovvinwa 0,05 mm Kypaiiosl. JKozapol
KbLCLIMObL Kamepaodaabl NOPuleHOepOl Hblebl30ay MAKCAMbIHOA KOP2AChIH
JicoHe mblc cakunanap men mepmoonoenzen P18 (HRC=58+60) 6oramman
Jrcacanzamn KOpeamvle CaKuHACuIi KOI0aHowiK. JKoeapwl Kbicbimoa scymuic
icmetimin  Kamepauvl azom OybIMeH CAIKbIHOAmY MAKcamviHoa Oip-
OIpiHe Kbl30bIPbLILIN KUSIZLI2EeH [WKI YUTUHOPIHOE DYPAHOAMEH OUbLI2AH
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apracel 6ap exi OIPATIOMUHUOEH HCACAN2AH YUTUHOPOL NAUOAIAHObIK,
Kamepa oicone azommoiy 6yl omemin KyOwblp HCOLIYOKUAYIA2bIWU
WbIHbL MEKCMONUM HCOHE NEHONAACH MAMePUaiOapbiMer Kanmaiobl.
Kamepanvly  coipmiul - kabamka  Oepiremin  azommoly  OVbiH — AJy.
40 aumpnix Ovioapobly [WIHOe OPHANACKAH CYUbIK A30MmMbl Kbl30blp)
apkblLivl icke acovlpwliovl. 1h noauxkpucmann my3s Kyuinoeei cepnimoi
KYMa JICoHe KONOeHeH MOJKbIHOAPObIH HCbLIOAMObIKIMAPbIH  APHAUIbL
AHCUHACMBIP2AH YIbMPAOLIOLICHIBL UMNIYLLCI KOHOIP2bIHBIY KOME2IMEH
onutendi. Opmypni memnepamypanapoa 1h my3 Kyuiniy moi2bi30bleblHblH
OHOA MapanumvlH KyMd, KOJIOeHeH MOJKbIH JHCbLIOAMObIKMAPLIHBIH,
opmawia K8adpammulk HCbLIOAMObIZLIHBIY HCOHE HCAH-DICAKIMBL CAKMATLY
MoOyai men I pionatisen napamempiniy KblColM apmMKAHOA CbI3bIKNbL
MOYeNOLNIKMeH Ya2asimblHbIH AHbIKMAObIK.

Kinmmi  ce3dep: memnepamypa, KbiCbIM,  Cbl2bLLY — MOOYIl,
I'pronaiizen napamempi.

Kipicne

Kanbinte! KpicbiMMeH TomenTi 273K TeMneparypanapaa KprcTaigaHaThIH
My31blH 1h Kyiii exenjeH naiina OoiraH TaOWFU MaTepUajFa >KaTKAHBIMCH,
OHBIH JKOFaphl KbICHIMMEH TOMEHT'1 TeMIIepaTypajiapiarbl (PU3HKaIBIK KacHeTTepi
MeH (aszanblKk aAuarpaMMachl TOJBIK 3epTTenMereH. Mebicaisl, My3asiH P-T
KOOpAMHATACKIHIAFbI (pa3anblk quarpammaceiana [1; 2; 3; 4].

1h my3 kyitiHiH 6acka ¢asanapmen mekapanapbl 240K temmneparypamer
1,5 xOap KbIcbIMFa jeliH aHbIKTanFaH. Au, 240 TeMmrepaTypajaH TOMEHT1
TemnepaTtypanapMeH 1,5 kb6ap KbICBIMHAH JKOFapbl KbICHIMJIap/ia HIeKapacsl
aHBIKTAJIMal SKCTpANoSIMsUIaHFaH Y3iK ChI3bIKTapMeH kepcetinreH. Kasipri
TaHIa TAOMFH KOHE )KacaH bl TYPAE AJIBIHATHIH MY3 KYHIHIH TEPMOIMHAMUKAIIBIK,
CEPIIMJIUTIK KACHCTTEPiH 3E€PTTCY FHUIBIMBIHBIH ©3CKTI MOCEIICIICPIHE JKATalbl.
Cebebi muraHeTaMbI3/IbIH OHHAH Oip OOJITiH My3 alblll JKaTKaHJBIKTaH,
KJIMMATIIeH DKOJIOTHSFA YJIKEH bIKNan erefi. CoHbIMEH Karap AHTapKTHAA,
I'penanaus xone Oip-OipiHe aKbIH apKTHKAIBIK apajjapaa KaJbIHIbIFbI
5000 M My3nakTapaa KaTThl Ky#Je TYIIbI CYJbIH YJIKEH KOPBI aHBIKTAJIBII
OTBIp. My3/1bIH KabaTTapbIHAa KICBIM MEH TEMIIepaTypaHbIH dCEPIHEH MY3/IbIH
(azayblK AuarpaMMachIHJIAFbl KYHiIep maiiia 0oiysl MyMKiH. My3 Ky#iHzaeri
TYIIBI Cy KaOaThIHBIH KAJIBIHIBIFBI MEH OHBIH MY3/IbIK OCTIHEH KaHIIIa TEPeHIIKTE
YKaTKaHbIH aHBIKTAYBIMBI3 YILIH OJIap/ia TAPAHThIH aKyCTHKAJIBIK TOJKBIHIAP/IbIH
KBUIIAMIIBIKTAPbIH OUTyiMi3 KakeT. Makanaaa 3epTTeyJiep/IcH alblHFaH MY3
KYHIH cHnaTTaiThiH (PU3UKAJIBIK TapaMeTpiiep FaJlbIMap MEH MH)KEHEpIIepAiH
©3€KTi KoJJiaHOallbl Macenenep/i HIenryJiepine MYMKIHAIK TyFbi3aibl. COHFBI
KBUTIAph! OacriasaH MIBIKKAH FBUIBIMU Makajlalap/sl Tajaaysiap YJIKEeH emMec
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TOMEHT'1 TeMIepaTypaMeH KbIChIM apalbIFbIH/IA TEHI3 )KOHE MYXUT CYJIapbIHbIH
(u3MKaNBIK XKOHE MEXaHHMKAJIBIK KacHeTTepiHe apHaiiFaH Makaianapaa FOHr
JKOHE BIFBICY MOJYJIbJepi aTMocdepaiblK KbicbiMaa (253-268) K remneparypa
apasbIFbIHAA 3€PTTelil, Ae(OPMALUSIHBIH KEPHEYIIIKKE TOYEIIIIIrT ChI3BIKTHI
eKeHJiri panennenred [5; 6; 7; 8]. Au Tymibl cyra 1,5 k0ap KbICBIMHAH KOFaphbl
kbicbiMIa, 240 K temneparypajgan TeMeHri temmeparypaiapaa 1| h mys
KYHiHIH CeprniMALTIK KaCHeTTepiH 3epTTeyre apHaAIBII Ka3blJIFAaH MaKaaiap/Ibl
Taba anMaabiKk. COHIBIKTAH 013 MY37biH (pa3anblKk auarpamMmaceiaga 240
Kremnepatypanan temen, 1,5k0ap KbICBIMHAH >KOFapbl aiMaKThl aJIbIN JKaTKaH
1 h My3 TYpiHIH H30TEPMHSUIBIK YAEPICTEPIET] CePITIMIILIIK KACHETTEPIH 3epTTell,
OHBI CHITATTANTBIH MapaMeTpiIep/IiH KbICHIMFa TOYEIIUIIIH aHbIKTabIK [9].

Matepuannap MeH aaictepi

Taxipuodernik 3eprrey xymbictapsl 3000 MIla kpickivra neiiin (90-250) K
TeMIIepaTypa apajbIFbIH/Ia )KYMBIC ICTeWTiH KypbutFbaa [ 10] sxyprizinai. 3eprrenerin
YAIri peTiHge eki peT AMCTHUIIMUIAHFaH Cy/IaH KpUCcTalaanFal My3/ibiH 1h Ky
KOJIJIAbIK. YJITiJer] KbICBIMIBI OIPTEKTIre KaKbIHIATY JKOHC OHBIH KaMepaHBIH
KaOBIpFachIMEH YHKEIIC KYIIIH KeMiTy MakcaTblH/a OuikTiri 15 mm, muamerpi 12,35
MM KaOBIPFachl JKYKa, ChIPTBI TPA(UKIIEH XKalaTblIFaH (TopoIuiacTaH »acairaH
LJTMH/PAIH 11T He KYHBUTFaH Cy/Ibl KaThIpy apKbUIbI icke achpbULbl. Kpucranianran
TIOJIMKPUCTAIIT MY3/1a aKayJ1ap/bl OOJIbIpMAc YIIIH ChIKBIITHIH KeMeriMeH 3 pet 0,5
MIla KbIChIMFa JISHIH CBIFBIIN KaliTa aTMoc(epalibIK KbICBIMFa )ibepreH e OacTarkpl
KeJIeM/Ii KaObUTIAaNThIHABIFBIH OaKbUIAI OTBIPABIK,. 1 h My3 TypiHiH TeMIepaTypachl
MEH KbICBIMbI OHBIH IIIHJ/Ie OpHAJIACKAH IpaJyHpOBKaJIaHFAaH MBIC-KOHCTAHTTaH
TepMO-)KYOBIHBIH, a1 KbICHIM Kajaiibl (Sn) meH ramumii (Ga) aekTp Keneprijepit,
YATiHIH KOJIeMiHIH 63repici ChI3BIKTHI LIrepiieMelti KO3FaJIbICThI SJICKTP UMITYJIbCTPiHE
alfHAIIBIPATHIH TYPJICHAIPTIII apKBLIBI aBTOMATTHI TypAe e [10; 11].

OpbIH ayBICTHIPY/Ibl OJIICHTIH TYPJICHIIPTIiMTI KaInOpOBKaiay »OFaphl
KBICBIMJIBI KaMEpaHbIH CHIPTHIHAA OpHAJIACKaH MHUKPOMETPIIIK OypaHaaMeH
a0 JIPIKTaIFaH KYPBUIFBIHBIH KOMETIMEH JKy3ere achlpiblK. KannopueiTin
KYPBUIFBIHBIH MUKPOMETPJIIK OypaHIachIHbIH JKYHell Typae XiOepeTiH Kareliri
+5%10-3 mm TeH. Canbicteipmarsl Kateniri 0,005 % kypaiinsl. TepMUusUIbIK yirFao
koa(dunmentiniy P18 mapkaist Oonar yiuin enrizerin kareniri y0,3*10+5 1/rpan.

Y IITiHIH )KOFapFbI KbICHIMIAFBI KOJIEMIHIH ©3repiCi eCeITeITeHIC MTOPIICHBICPIIH
JnedopManusIapblHBIH IamMaliapbl eckepiieai. 3eprrenin oreiprHa 1h my3
TYpiHiH Temnepatypacsl +10C naneninikneH enmeH . YIriaeri yibTpaabiobic
TOJKBIHIAPBIHBIH sKbUTIaMAbIKTapbHbIH 230 K, 190 K, 170 K temnieparypanapiarsl
KbICHIMFA TOYEJIUIIr aHBIKTAY YIIH pe30HaHCTHIK xuitiri 10 MI 11 mbe3031eMeHTTe ,
reHepaTop/iaH, KYIIeHTKIIITEH, ociiuiorpadTal TypaThiH JKYHEHI KOJIAH/IBIK
[12]. Cepmimzi TOJKBIHIBI MIBIFAPATHIH KO30CH KaOBUIAFBIIITHIH POJIiH KBapIITaH
yKacasrFaH Oip Ibe302JIeMEeHT aTKap/ibl. TOIKBIHHBIH KOFapFbl )KbUDKUTHIH IOPILICHHIH
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TabaHbIHAH MIAFBUIBII KELIIril Ky YaKbIThIH OLMIUIOrpad) SKPaHbIHAAFBI AJIEKTP
HMITYJIBCTEPiH OeTecipy apKbUIbl eimeanik. KaH-kaKkTel cbFbuty Moy P-V, V-T
KHCBIKTapbIH quddepentmanian ecenremik|13].

Cepnimai TOJNKBIHIAPJBIH OpTallia KBaJApaTThIH JKbUJIJaMIBIFBl MEH
I'pronaiizen mapaMmeTpiepiH ecenrtey YIIiH TeMeHaeri gopmyanapibl
nananadaeik [14; 15].

2 2
> v, +2u]
V) = E (D
MYHJAFBL, U, KyMa, ajl U, KOJIJAEHEH TOJKbIHAAPABIH *KbUIIaMIBIKTAPbI
3 K
r= 3 2
p-{u2) @

MyHnnarsl, K-kaH-KaKTbl CHIFBITY MOJIYII, £ ~TBHIFBI3/IBIFbI, <UKG >-TOJ’IKBIHHI>IH
Tapairy OarbITBIHA TOYEJICI3 OpTalla KBaAPATTHIK >KbIIIaM/IBIK.

Hoarn:kenep skoHe TAIKBLTY

KecTezie U30TePMUSUIBIK yepictepe 1 h My3 KyHiHIH THIFBI3/IBIFBIHBIH, OH/IA
TapaiThIH KyMa, KeJJICHEH TOJIKBIH XbUIIAMIBIKTAPBIHBIH, OpTalla KBaJIpaTThIK
KBIIaM/IBIKTAPBIHBIH JKOHE XaH-)KaKThl CHIFBLTY MOJYJ MeH | proHaiizeH
TapaMeTpiHiH KbICBIMFa TOYEIIUIIKTepl KENTipiIreH.

1-kecte — Toyenaimikrepi: £ =p(p)r. v, =0,(p)r, (05)=(VL)P), K=K(p)r.7=r(P),

dasa | T.K | o | paio X |y x10°2 | o, x10°2 (02 )x10° 2 k<1002 | yx107
M M c c o c? M-

15 | 0918 | 4510 | 3,990 17,55 24 747
45 0,929 4,541 4,022 17,75 26 7,94

230 75 0,937 4,573 4,051 17,89 29 9,50
105 0,947 4,604 4,079 18,25 34 1050
135 0,953 4,633 4,109 18,36 38 11,50
165 | 0960 | 4665 | 4.141 18.42 43 1225
195 0,968 4,698 4,173 18,65 50 13,84

1h 15 | 0925 | 5537 | 4.987 26,72 30 6,05

190 45 0,927 5,573 5,022 27,14 33 6,55
75 0,931 5,610 5,058 27,49 40 7,81
105 0,936 5,648 5,095 27,86 45 8,62
135 0,940 5,684 5,130 28,29 50 9,40
165 0,945 5,721 5,166 28,75 53 9,78
195 0,949 5,757 5,200 29,40 56 10,16
15 0,926 6,042 5,457 31,96 33 5,57

170 45 0,929 6,082 5,496 32,41 38 5,64
75 | 0934 | 6,124 | 5537 32,87 43 7.00
105 0,938 6,166 5,578 33,32 50 7,99
135 0,943 6,208 5,619 33,79 56 8,78
165 0,945 6,251 5,661 34,37 60 9,23
195 0,947 6,292 5,700 34,84 65 9,85
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1-15 — cyperrepae 1h my3 kyifiHiH CepIIMILTIK KACHETTEPIH CUIIATTAUTHIH ——
napametpiaepain 230 K, 190 K, 170 K remneparypasiapblHarbl KbICHIMFa mt A
TOYEJIUIIriH IpaduKTePl TYPFBI3BUIBII KOPCETIITEH.
195 |
Px10° iz A
M 165 | .
195 |
135
165 |
105 | .
135 |
75 b
105
4t
75
15 ¢
45 | . -
-qu’_ i I L I I I L I A i I L i » m2
17,5 18,0 18,5 <8 >x10°—
15 | o2
Ty 1 L L P o o R
a5 455 46,0 26,5 70 4 1™ 3-cypet — 1h my3 kxy#inae 230K TemmnepaTtypaaa TapaTbiH ceprimM/i
x 102
c

TOJIKBIHHBIH OpTallla KBaPATTHIK KbUIIAMIBIFBIHBIH KBICBIMFA TOYRJILIIT.
I-cyper — 1h my3 ky#inae 230K temneparypaia TapaiThiH Kyma

TOJIKBIH JKbUIJJaM/IBIFBIHBIH KBICHIMFA TOYeIILIIT . B0
2
A
H
P x10°—
™M \ 195 | .
165 |
195 |
135 | .
165 |
105 |
135 | .
5 E
105 | . as L .
75 b 15 |
-t
[ 5' L 1 L 1 L i -
45 b . b0 30,0 30,5 40,0 40,5 50,0 - .
Kx 107 =
15 F .
:‘:—ﬂ‘ ) . ) ) L 4-cypetr — 1h my3 kyiinae 230K temneparypaia kaH->KaKThl
- M .. « e
Ta0 40,5 41 41,5 2 0y x10°— CBIFBLITY MOJYIHIH KbICBIMFA TOYESIJALIIT].

2-cypet — 1h my3 ky#iage 230K temnepaTtypajia TapaliTeIH KymMa
KOJI/IeHeH, TOJIKBIH K BbIJTAMIBIFBIHBIH KICBIMFA TOYIILIIT.
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5-cyper — 1h my3 Kyiiin cunarraiitein [ proHaiisen mapamMeTpiHin 7-cyper. 1h mys kyiiinae 190K temnepaTypaia TapaiiThiH KeJI/1eHEH
230K Temneparypajia KbICBIMFa TOYEIALTIT] TOJIKBIH KbIIIAMIGIFBIHBIH KBICHIMFA TOYEJI1IIiri.
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195 |
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135 |
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1
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8-cyper —1h my3 kyitinig 190K temnepaTypasarbl jKaH-KaKThl CHIFBLTY
6-cypet — 1h my3 ky#iaae 190K remmnepaTtypana TapadTeIH Kyma MO/IyJIbiHIH KbICBIMFa TOYeJ T
TOJIKBIH KBUIIaM/IBIFBIHBIH KBICBIMFA TOYRIILITI.
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26 27 28 29 30 B JKBUTAMIBIFBIHBIH KICBIMFA TOYRJILTIT.
9-cypet — 1 h my3 ky#tigae 190K TemmepaTtypana TapalTeiH P
cepIiM/Ii TOTKBIHHBIH OpTalla KBaJApaTTHIK KBUIIaMIbIFBIHBIH
KBaJPaThIHbIH KbICHIMFA TOYEJI1JIT]. 135 [
165 | 4
Px lU“i 135
L i
195 105 |
165 | s b
-
45 |
135 |
15 |
105 = T L 'l 1 1 L.
T 54 55 56 5T 7 g, x 102 m/c
75 o o
12-cypet — 1h My3 kyHiHae TapailThIH KeJIeHeH TOJIKbIH
@ = JKBUTIAMIBIFBIHBIH KbICHIMFA TOYSIIILIITI.
15 b
t‘l i i ' 'l L -
"'6,0 7,0 8,0 9,0 10,0 o

"{'10’3
10-cypet — 1h my3 KyiiH cunaTTaiiTeis [ proHaii3eH napamerpiepiHin
230K temmnepaTypaa KbIChIMFa TOYRJIILTIrI.
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13-cyper — 1h my3 ky#inge 170 K remneparypaja TapaiThiH
TOJIKBIHHBIH OpTallla KBaPATThIH >KbIIIaM/IbIFBIHBIH
KBaJIpaThIHbIH KbICBIMFa TOYEJIITI.
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14-cyper — 1h my3 kyiiinig 170 K temneparypana
JKaH-KaKTHI CHIFBLTY MOJYJIIHIH KBICBIMFa TOYRJILIITI.
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15-cyper — 1h my3 KyiiH cunattaiiTeis [ proHaiizen
napaMeTpriepiHiH KbICBIMFA TOYCIILIIT.

Karttsl geHeneperi cepriMi TOIKBIHHBIH O TYPJIi TEMIIepaTypallapbiH IaFbl
KBICBIMFa TOYEJIIUIITH 3ePTTeY TepOemicTeri OeIIeKTep/IiH OpTaIiia SHEPTrUSIChIH
aHBIKTayFa MYMKIHJIIK TyFbI3a/ibl. 1 h My3 Typi osmkpuctaut 00JIFaHAbIKTaH, OHbI
W30TPONTBI ICHE JIETI aJIbIIT, )KaH-)KAKThI ChIFBUTY MOJTYJIIHE, THIFBI3/IBIK IT€H OpTallia
KBaJIpaTThIK *KbUIIaMIbIFbIHA TOYENI popMyanbl [2] naiianaHbll ecenTeik.

I'proHaii3eH mapameTpi 3epTTEIilN OThIPFaH 3aTThIH KOJIEMIHIH ©3repiCiHiH
OesmekTepaiH TepOelic KacueTTepine acepin cunarraiabl. COHIBIKTaH
JIeHeJIep/Ieri CepIiMIi TOIKBIHAAP/IBIH OpTallla KBaIPaTThIK KbUIAAMJIBIKTaAPbl MEH
I'pronHaiizeH nmapameTpiepiHiH H30TSPMHUSIIBIK YACPICTEPC KBICHIMFA TOYCIALTITIH
AHBIKTAYIbIH TEOPHSUIBIK JKOHE MPAKTUKAIBIK MaHBI3IBUIBIFBI 30p. Kenripinren
rpadukTepaeH lh My3 TypiH cunarrailTeiH napamerpiep (v,, v, <L)2>, K, v)
KBICHIM apTKaHJa ChI3BIKTHI TOYEJIUIIKIIEH oceTiHAiriH kepemis. Toxipudernik
eJILIeYyJIep MEH TEOPHSJIBIK €CeNTeyJIepACH albIHFaH HOTHXKeJIep (U3UKAIBIK
3aHJapbIHA CoiiKec. 3epTTey OapbIChIHIa aHOMAJIB/II YACPICTep Il OalikaMa bk,

KopbIThIHABI

Anram per 1h nonukpucramn my3 Typinin 170 K, 190 K, 203 K
TeMmIepaTrypajap/ia THIFbI3JbIFBIHBIH, OHJa TapaWThIH KyMa, KeJJEeHEH
TOJIKBIH JKBUIaMJIBIKTapbl MEH OpTallia KBaJPaTThIK XXbUIIAMIBIKTHIH JKOHE
JKAHIXKaKThl CHIFBLIY MOJYJiHIH, [ ploHaii3eH mapameTpiiepiHiH KbICBIMFa
TOYEJIIUIITH aHBIKTAIBIK.

79



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

TexipuOeiK eJIeyJiep MEH TCOPHUSUIBIK €CCIITCYIICPICH ATbIHFaH HOTHKEIICD
IUIaHEeTaMBI3/IBIH KTBIHABIFB 5000 MeTpre skeTeTiH AHTpakTuaaaa, [ peHnanusaa
JKOHE apTHKAJIBIK apajnapaa, KyH xkyliecinueri My3 TayiapbIHbIH KaOATTapbIH/IAFbI
KaTThl KYHJIET1 TYIIBI CY KOpJIapblHa Oapiayiiap jkacayFa KOMEK THTi3eIi.
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HNCCIIEJOBAHUE 3ABUCUMOCTHU MOAYJIA
BCECTOPOHHEI'O CKATHUS MOJUKPUCTAJLJIMYECKOM
MOJUPUKALOUN JIBJIA 1h OT JABJIEHUSA

B nayunou cmamove enepsvie npu ammocgeprom Oasienuu
u memnepamypax Hnudce 273 K uccreoosanvl 3asucumocmu  om
0asnenusi  WIOMHOCMU  NOJUKPUCMALIUYECKO20 b0d  MOoOupurayuu
1h, obpasyiowezocs npu dmux YCi08usiX, A MAKdI’Ce CKOPOCMell
pacnpocmpanenus npooObHbLIX U NONEPEUHbIX YHPYeUX GONH, UX
CpeOHeK8AOPAMUYHOL  CKOPOCMU, BCECTMOPOHHE20 MOOYJISL  CoHCaAmus
u napamempa [ pronatizena 6 memnepamypnom uumepsaie 230 K,
190 K u 170 K u ouanazone oasnenuii (15—-195) x10° H/m? Hccreoosanus
BbINOJIHEHBL HA OCHOBE IKCNEPUMEHMAIbHBIX USMEPEHUL U INeOPEMUYECKUX
pacuémos. [l npoeedenus IKCNEePUMEHMATbHBIX UCCIe008aHUL OblLid
cobpana ycmamosKka, NO38ONAIOWAS USMEPSAMb  U3MeHeHue 00véma
006pasya u ckOpocmu pacnpoOCMpaHerus 6 Hém ynpyaux 6011 6 OUANA30He
evicokux oaenenuti (0-25)x10% H/m? u nuskux memnepamyp (90-250)
K. Jlemanu mpéxcnounoii kamepvl NOPULEHb-YUIUHOPOBO2O MUNA, 6
KOMOPOU pasmewjaics ucciedyemulii oopasey, Obliu U320MOBIEHbL U3
mepmoo6pabOMAHHBIX UHCIMPYMEHMAIbHOIX cmajeil. Buympennui ciotl
evinonnen uz cmanu X12M (HRC = 58—60), emopou cnou — uz cmanu
P18 (HRC = 60-62), snewnruii cnou — uz cmanu X12M (HRC = 48-50).
C yenvio nogvlueHUst NPOYHOCMU Kamepbl €€ cIoU Obliu NOCAdICEHbl OpY2
Ha Opyea memooom 2opsiuell NoCaoKuy. Bepxuuil no08uicHbIll U HUMCHUL
HENOOBUIICHBLI NOPUWIHU U32OMOBTIEHbL U3 MepMOo0dpadbomanHol cmanu
P18 (HRC = 60-62). 3azop medcoy nopuiHem u CMeHKOU YUIUHOPA
cocmasnsiem 0,05 mm no ouamempy. /s cepmemuszayuu nopuiHell 8
Kamepe 6blCOKO20 OaGICHUs UCNONb3068ANUCH CEUHYOBbIE U MeOHble
KObYa, @ MAaxice 3aujumnoe Koaoyo uz mepmooopabomannou cmanu P18

(HRC = 58—60). [ns oxnaxcoenusi kKamepvi blCOKO20 0AGiIeHUs. Napamu
asoma NPUMEHsIACh cucmema u3 08yxX OlOPATIOMUHUESHIX YUIUHOPOS,
GHYMPEHHULL U3 KOMOPBIX UMET HAPE3AHHbI BUHIMOBOU KAHA, YUTUHOPbL
ObLIU COeOUHEHb MEMOOoM 2opsiuell nocadku. Kamepa u mpyoonposeoo s
nOOauU a30MmHo20 napa ObLIU MENIOUONUPOBANBI CHIEKTIOMEKCIOTUMOM
u nenonnacmom. Ilodaua azomnozo napa K GHewHeMy CIOI0 Kamepbl
OCYWeCmBIANACy 3d CHEM HAZPEBA IHCUOKO20 dA30Md, HAXO0O0AUe20Cs]
6 40-1umposom Ovioape. Cropocmu pacnpocmpaHenus npoooIbHbIX
U Nonepeunvix  YRpyeux —GOAH 8  NOJAUKPUCIIATIUYECKOM  JIbOe
1h usmepsinucs ¢ NHOMOWBIO CREYUATLHO PA3PAOOMAHHOU YIbINPA3EYKOBOLL
UMRYIbCHOU YCMAHOBKU. Y CMAHOGICHO, YUMo € Y8eaudeHuem 0aeeHus npu
PA3IULHBIX MEMNEpamypax nmiomHocms avoa 1h, ckopocmu npooonbHbix
U NONePeuHbIX 60JIH, UX CPEOHEK8AOPAMUUHAS CKOPOCHb, d MAKlCe
6CeCmMOpOHHUTL MOOYTb cocamust u napamemp I pionaiizena 6ozpacmaiom
1O TUHETHOMY 3AKOHY.

Kniouegvie cnosa: memnepamypa, Oasienue, MOOYIb CHCAMUS,
napamemp I prouatizena.
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INVESTIGATION OF THE PRESSURE DEPENDENCE
OF THE BULK COMPRESSION MODULUS
OF POLYCRYSTALLINE ICE 1h MODIFICATION

In this scientific study, for the first time at atmospheric pressure
and temperatures below 273 K, the pressure dependence of the density
of polycrystalline Ice Ih, forming under these conditions, as well
as the velocities of longitudinal and transverse elastic waves, their
root-mean-square velocities, the bulk modulus, and the Griineisen
parameter were investigated in the temperature range of 230K, 190 K, and
170 K and the pressure range of (15—195) X 10° N/m?. The study was carried
out based on experimental measurements and theoretical calculations.
For the experimental investigations, a setup was assembled that allows
measurement of the sample’s volume changes and the propagation
velocities of elastic waves within it at high pressures (0-25)*10° N/m?
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and low temperatures (90-250) K. The components of the three-layer
piston-cylinder type chamber, in which the sample was placed, were made
of thermally treated tool steels. The inner layer was made of steel X12M
(HRC = 58—60), the middle layer of steel R18 (HRC = 60—62), and the
outer layer of steel XI12M (HRC = 48-50). To increase the chamber’s
strength, the layers were assembled using a hot-fitting method. The upper
movable and lower stationary pistons were made of thermally treated
steel R18 (HRC = 60—62). The gap between the piston and the cylinder
wall was 0.05 mm in diameter. To seal the pistons in the high-pressure
chamber, lead and copper rings, as well as a protective ring made of
thermally treated steel R18 (HRC = 58—60), were used. For cooling the
high-pressure chamber with nitrogen vapor, a system of two duralumin
cylinders was used, the inner one having a threaded channel; the cylinders
were assembled by hot fitting. The chamber and the pipeline for nitrogen
vapor supply were thermally insulated with fiberglass laminate and foam.
Nitrogen vapor was supplied to the chamber’s outer layer by heating
liquid nitrogen placed in a 40-liter Dewar. The velocities of longitudinal
and transverse elastic waves in polycrystalline Ice Ih were measured
using a specially designed ultrasonic pulse system. It was established that
with increasing pressure at various temperatures, the density of Ice Ih, the
velocities of longitudinal and transverse waves, their root-mean-square
velocities, as well as the bulk modulus and the Griineisen parameter,
increase linearly.

Keywords: temperature, pressure, bulk modulus,
Griineisen parameter.
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BJIIUAHUE ®PAKLIMOHHOIO COCTABA OPOLLKA
CR,C,-NICR HA CTPYKTYPY U CBOUCTBA IMOKPbITUH,
MoJIYYEHHbIX METO4OM HVOF

B pabome uccreoosano enusinue pakyuonno2o cocmaea nopowika
Cr,C-NiCr u paccmosnust HanbLieHUs HA CMPYKMYpPY, NOPUCIOCTb U
meepoocms NOKPLIMULL, NOJYYEHHbIX MEMOOOM BbICOKOCKOPOCHHO20
eazonnamennozo Hanviienus HVOF na noonosicke uz cmanu 12 X 1 M.
s uccredosanus OvLiu n0020mMoseHbl nimov 0bpaszyos: Bl ¢gpaxyus
nopowka 0-20 mxm npu paccmoanuu 300 mm, B2 — 20-30 mxm npu
300 mm, B3 — 32—40 mxm npu 300 ymm, B4 — 32—40 mxm npu 250 mm u
B5 — 32-40 mxm npu 200 mm. Muxpocmpykmypy ROKpbImMuil u3yudaiu
MEMOOOM  CKAHupylowel 3JeKMpPOHHOU  MUKPOCKONUU, NOPUCTIOCHb
onpedensitu no SEM-uzobpadicenusm ¢ UCnoib308anuem npocpammol
ImagelJ, oJleMEHmMHoe  pacnpeoesienue  OYCHUBAIU — MemoooM
EDS-xapmuposanus, a meepoocmsv — usmepsiu ¢ NPUMEHCHUEM
cucmemvl  uHcmpymenmanvnozo unoenmupogsanusi FISCHERSCOPE
HM2000 ¢ coomsemcmeuu co cmanoapmom DIN EN ISO 14577-1.
Yemanoesneno, umo ysenuuenue @pakyuu nopowika npu paccmosHuu
300 mm cnocobcmeyem pocmy moawuHbl NOKPLIMUS, OOHAKO MOJICEm
CoOnposoACcOambCsi nogvlueHuem nopucmocmu. Hauboavwas monwuna
nokpvimus Ovlia noayuena oisi oopasya B5S u cocmasuna 253,14 + 8,63
MKM, OOHaKo e2o nopucmocms docmueana 6,569 %. Munumanvras
nopucmocms 2,909 % u nHaubosee gvicoxas meepoocms ObllU GbIAGICHbL
y obpaszya B4: HM = 8063,2 + 619,5 N/mm? HV = 1251,5 + 107,1.
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Tonyuennvle pezynrvmamel NOKA3BLIBAIOM, YMO ONMUMATLHLIM CPeou
UCCTIEO0BANHBIX  PENCUMOB  SIGISACMCS HANbLICHUE NOPOWKA pparyuu
32-40 mxm npu paccmosnuu 250 mm, obecneuusaroujee popmuposarue
bonee nnomnozo u pasnomeprozo noxpoimus Cr,C -NiCr.

Kmiouesvie  cnosa: Cr,C-NiCr; HVOF; ¢paxyus nopowxa;
cmanb 12XIM®; 2azomepmuyecKoe HanvlieHue; SEM;
HOPUCTOCMb, MEEPOOCHb.

Beenenne

B Hacrosimiee BpeMsi MOBBILICHUE JOJTOBEYHOCTH JAETaled MalIMH U
o0opyoBaHus, pabOTAIOMINX B YCIOBHUSIX MHTCHCUBHOTO M3HAIIMBAaHUS,
KOPPO3MOHHOTO BO3/CHCTBHS, DPO3UH U MOBBIIIEHHBIX TEMIIEpPaTyp,
SIBIISICTCS. OJHOM M3 aKTyaJbHBIX 3a7ad COBPEMEHHOI'O0 MaTepUaJIOBEJCHHS U
WH)XCHEPHUHU TTOBEPXHOCTH. BO MHOTMX OTpacisix MPOMBINIIEHHOCTH, BKIIIOYAs
MaIIMHOCTPOCHHE, SHEPTETUKY, HepTera3oBbli CEKTOP, TPAHCIIOPT, METAILTYPT U0
U aBHAIMOHHO-KOCMHUYECKYIO0 TEXHUKY, pabouyue MOBEPXHOCTHU jaeTajei
MOABEPTAIOTCSl OJHOBPEMEHHOMY BO3/ICHCTBUIO MEXaHWYECKHX Harpy3ok,
aOpa3MBHBIX YACTHUI[, arPECCHUBHBIX CPEeJ M LUKINYECKUX TEMIIEpPaTypPHBIX
W3MeHEeHUH. B Takux ycioBHAX NMpUMEHEHHE O0OBEMHBIX JOPOTOCTOSIINX
MaTepHalioB HE BCErJa SIBJISIETCS Y9KOHOMHYECKH IIE€JI€CO00pa3HBbIM, OITOMY
0co0oe BHUMaHHE YJIENSETCs pa3padOTKe 3alIUTHBIX MOKPHITHH, CIIOCOOHBIX
00eceunTh BEICOKYIO TBEPAOCTh, H3HOCOCTOMKOCTh, KOPPO3HOHHYIO CTOWKOCTh
U TEPMHYECKYIO CTa0MIBHOCTh MOBEPXHOCTU NPU COXPAHEHHH MPOYHOCTHBIX
CBOWCTB OCHOBHI [1; 2; 3].

OpHuM 13 Hanbosee 3P PEKTHBHBIX METO/I0B (POPMHUPOBAHHS H3HOCOCTOMKUX
MOKPBITHH SBIsIETCS BBICOKOCKOPOCTHOE razoruiaMeHHoe HambsuieHue HVOF.
JlaHHBII METOJI XapaKTepPHU3yeTCsl BBICOKOH CKOPOCTBIO YACTHII, CPAaBHUTEILHO
YMEPEHHOH TeMIlepaTypoil ra30BOT0 MOTOKA M BO3MOXKHOCTBIO MOJIyUEHUs
TUTOTHBIX MOKPBITHH C HU3KOW MOPUCTOCTHIO, XOPOUIEH aJre3uei K IOUT0KKE
U MUHUMAIbHBIM COJIEPKAHHEM OKCHUJAHBIX BKiItoueHuil [4; 5]. B ornuuue
OT TPaJMIIMOHHBIX METOJIOB TepMmHuueckoro HambuieHus, HVOF mozBomser
CHHM3HTH IEpEerpeB MOPOLIKOBBIX YaCTHIl U YMEHBIIUTH CTEIECHb Pa3I0KECHUS
KapOuHOHM (a3bl, 4TO OCOOCHHO Ba)XKHO ITPHU HAHECEHUH KapOWcoepiKalinx
KOMITO3MIIMOHHBIX ITOKPBITUH. biiaromapsi coueTanuio BEICOKOH KMHETHYECKOU
SHEPruM YaCTHI[ ¥ KOHTPOJUPYEMOI0 TEIIOBOTO BO3JEHCTBHS AaHHBIH METOJ
LIMPOKO MPUMEHSEeTCs [yl MofTyueHus nokpbITuit Ha ocHoBe WC-Co, WC-CoCer,
Cr,C,-NiCr n ipyrux KepaMHKO-MeTaIMIeCKuX cuctem [6; 7; 8].

Cpenu xkapOUIHBIX MaTepUaNOB OCOOBIN MHTEpPEC MPEACTABISIOT
kommnosunnonnbie mokpeiTus Cr,C -NiCr. Mx cTpykTypa 00BIYHO COCTOUT
U3 TBEPABIX yacTHl kapbuna xpoma Cr,C,, paBHOMEPHO paclpeIeNeHHbIX
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B Merautnueckoii cpsizke NiCr. Kapouanas ¢asa oOecrieunBacT BBICOKYIO
TBEPAOCTb, COIPOTHUBIICHHE a0pa3MBHOMY M 3PO3HMOHHOMY HM3HOCY, TOTZA KaK
HUKEJIb-XPOMOBasi MaTpHIla MOBBIIIAET BSA3KOCTb, aAre3UI0, KOPPO3UOHHYIO
CTOMKOCTh M yCTOMYMBOCTH K OKHUCIEHHUIO. biarogaps TakoMy cOYETaHUIO
ceoiictB mokpreiTus Cr,C,-NiCr paccmMaTpuBaroTCcs Kak MepCHeKTHBHBIE
3alIUTHBIE MaTepuaibl JJIs AeTaield, paboTalomMuX IpU TPEHUH B YCIOBHIX
CyJNbQUICOACPIKALINX PACTBOPOB, BHICOKOTEMIIEPATYPHOTO OKUCICHUS U
ropstueii kopposuu [9]. HecmoTpst Ha BEICOKHI yPOBEHb U3YYE€HHOCTH MOKPBITHH
CrSCZ—NiCr, HX CBOMCTBA B 3HAYUTEIBLHOM CTEIICHHU 3aBHUCIT HE TOJBKO OT
coCTaBa IOPOILIKA U TapaMEeTPOB HAIIBUIEHUS, HO M OT XapaKTEPUCTUK UCXOIHOTO
MOPOILIKOBOro Marepraia. K unciry Hanbosiee BayKHbIX XapaKTEPUCTUK OTHOCSTCS
(opma yacTHI, rpaHyJIOMETPUYECKHI COCTaB, INIOTHOCTH, CTEIICHB arJIoOMepaluH,
pacnpeneneHre KapOuIHOH (ha3bl U COCTOSTHUE METAININYECKOH CBsI3KH. OCOOEHHO
Ba)KHBIM (DaKTOPOM sIBIIsIeTCsl (DPAKIIMOHHBIN COCTaB ITOPOIIKA, TOCKOJIBKY pazMep
YaCTHI ONIPEIeISIET MX HarpeB, yCKOpEHHe, IIaBlieHne, qedopManuio npH yaape
0 ITOJUTOKKY ¥ (JOPMHUPOBaHKE JIAMEIISIPHOM CTpyKTYphI mokpsiTust [10; 11; 13].

I[Ipu HVOF-HanbeuieHuN MeJIKue 4acTULBI MOPOIIKA, KaK IpaBHUIIoO,
ObICTpee HArpeBaloOTCsl U JIErde yCKOPSIIOTCS B Ta30BOM IOTOKE. JTO MOXKET
crocoOcTBOBaTh (HOPMHPOBAHUIO 00Jiee IIIOTHOH CTPYKTYPBI MOKPBITHS U
CHID)KEHHIO KOJIMUECTBa KPYIHBIX AeekToB. OHAKO Ype3MEpHO MelKas (hpaKius
MOJKET OBITh CKJIOHHA K MEeperpeBy, OKHCICHHIO, YACTUYHOMY PacTBOPEHHUIO
kapOuHO# (a3l U JieKkapOIOpHU3aliK, YTO MPUBOIUT K U3MEHEHHIO (a30BOr0O
cocraBa U cHwkenuto crabunsroctu Cr,C,. B cBoto o4epesib, KpyIHbIE YaCTHIII
o0yanaroT OoybIICH MAacCOW M MOTYT COXPaHSATh BBICOKYIO KMHETHYECKYIO
SHEPrHI0, HO NIPU HEJI0OCTATOYHOM HarpeBe OHU HE MOJHOCTHIO Ae(hOPMUPYIOTCS
IIpU yape O MOBEPXHOCTb. ITO MOXKET MPUBOAUTE K MOSBICHUIO HEMOJIHOCTHIO
pacIuIaBIeHHbBIX YaCTHUI], TOBBIILICHHONW HOPUCTOCTH, HEOAHOPOJHOCTHU CTPYKTYPBI
U CHWXKEHMIO aATe3MOHHON MPOYHOCTH NMOKpPhITHS [14].

Takum 00pazoM, (hpaKiust HOPOLIKA SBIISIETCS OAHUM U3 KITIOUEBBIX (DaKTOPOB,
ONpPEACNSAIONUX MUKPOCTPYKTYPY M IKCIUTyaTallHOHHBIE XapaKTEPUCTUKU
HVOF-nokpeituit Cr,C -NiCr. 3meneHne pazmMepa 4acTHIl MOXET BIUATH
Ha TOJIIIUHY MOKPBITHSA, IIEPOXOBATOCTh MOBEPXHOCTH, MOPUCTOCTH,
MHKPOTBEP/IOCTb, paclpe/iesieHne KapouaHoi (asbl, cojepKaHue OKCUIOB,
OCTAaTOYHBIE HANPSKEHUS M M3HOCOCTOWKOCTh. IIpu »3TOM onmTumanbHas
¢dpakuus nopKHA oOecreyuBaTh JIOCTATOYHBIN HArpeB M yCKOPEHHE YacTHUI]
0e3 Ype3MEepHOro Pas3lIoKEHHs KapOuma XxpoMa U 0e3 oO0pa3oBaHUs OOJBIIOTO
KOJIM4YecTBa J1e(PEKTOB B MOKphITUH [15].

Ha ocHOBaHMHU BBIIIEH3I0KEHHOI'O IIEJIbI0 HACTOSIIEH paboThl sBIseTCS
uccie0Banue BIMAHUN Ppakuuonnoro cocrapa nopomka Cr,C,-NiCr u
paccTosHUE HANBUICHUS Ha CTPYKTYPY, MUKPOTBEPOCTb NOKPBITHH, TTOJTyUYEHHBIX
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Meronom HVOF. JIns nocTikeHus JaHHOM LeNH MPEeAINoyaraeTcs MpoBECTH
CPaBHUTEJBHBIN aHAIN3 MOKPBITUN, HAHECEHHBIX U3 MOPOILIKOB Pa3IMYHON
(pakuuy, ¢ UCIIOJIb30BaHUEM METO/I0B CKaHUPYIOLIEH JJIEKTPOHHOW MUKPOCKOIIUH,
SHEProJUCIEPCUOHHOI0 aHAJIN3a, H3MEPEHUS MHUKPOTBEPAOCTH, OLIEHKU
TIOPUCTOCTH ¥ TPHOOJIOTMUECKHX UCTIBITAHUH. Takol I10/1X0 1 IT03BOJIHT OIPEIEINTh
ONTHMAJIBHYIO (PPAKIIUIO ITOPOILIKA, 00ECIIeYNBAIONLY0 (HOPMUPOBAHHUE IIIOTHOTO,
OJIHOPOJIHOTO 1 M3HOCOCTOkKOr0 MokphITus Cr,C,-NiCr.

Hayunast 3Ha4MMOCTB pabOTHI 3aKIIIOYACTCSl B YCTAHOBJICHUH B3aHMOCBSI3U
MEXJTy pa3MepoM YacCTHIl UCXOAHOTO MOPOIIKA U CTPYKTYpPHO-MEXaHUUECKUMHU
xapaxrepuctikamMu HVOF-nokpeituii Cr,C -NiCr. IIpakTuueckas 3Ha4uMOCTb
HCCIIE/IOBAHUSI COCTOUT B BO3MOKHOCTH ONTHMM3AIMH BBIOOpa MOPOILIKOBOIO
MaTepuana Juisl MOIy4eHUsl MOKPHITUH ¢ MOBBIIIEHHOM JOJTOBEYHOCTBIO, YTO
MOJKeT OBITh MCIIOJIb30BaHO NPH 3allWTe JeTaleil, paboTalomuX B YCIOBUIX
aOpa3uBHOr0 U3HOCA, IPO3HUHU, KOPPO3HHU U BEICOKOTEMIIEPATYPHOT'O BO3/ICHCTBHSI.

Marepuajbl 1 METOAbI

B kauecTBe MaTepualia MOJJIOKKHU HCIOJIb30BAIH KAPONPOUHYIO
HU3KOJIETUPOBaHHYIO cTalb 12X1M®, koropass mpuMeHsieTcs i AeTalel,
paboTaromuX MpH MOBBILIEHHBIX TEMIIEPAaTypax ¥ MEXaHHYECKUX HarpysKax.
Xumnueckuit cocraB cranu 12X1M® npencrasied B Tadnuue 1. OCHOBHBIMU
JIETUPYIOLIIUMH 3J€MEHTaMHU JAaHHOM CTajJH SIBISIOTCS XPOM, MOJHOJIEH U
BaHa/Mi{, KOTOPbIE CIIOCOOCTBYIOT MOBBILICHHIO KAPOIPOYHOCTH, TEPMUIECKON
CTaOMIIBHOCTH U COTIPOTHUBIICHUS OKHCIICHUIO.

Tabauna 1 — Xumuueckuii cocras ctanu 12X 1M, macc.%
DieMeHT C Si Mn | Cr | Mo \ Ni Cu S P Fe

Conepxanue, | 008 | 0,17- | 040- | 090- | 0.25- | 0,15-
Mmace.% 0,15 | 037 | 0,70 | 1,20 | 0,35 | 030

<0,30 | <020 | <0,025 | <0,030 | ocHOBa

[Tepen HaHeceHMEM MOKPBITHI MOBEPXHOCTh 00Pa3IOB MOJBEPTAIN
MexaHn4yeckoil moaroroBke. llnudoBanne BBHIMOTHSIN MOCIEI0BATEIBHO
abpasuBHBIME Oymaramu c¢ 3epHuctoctsio ot P120 mo P2500, mocrenenno
yMeHbIIast pa3Mep adpa3sMBHOTO 3epHa /IS HOIYyYSHNS] POBHOH U OJHOPOIHON
noBepxHocTH. [locie nuMdoBanns MPOBOANIH ITOJIUPOBKY O JIOCTHKCHHUS
TpeOyeMOoro KauecTBa IIOBEPXHOCTH. 3aTeM 00pas3Iibl [TOBEPTaId IECKOCTPYHHON
obpabotke it HOpMUPOBaHUS HEOOXOIMMOI MIEPOXOBATOCTH M ITOJTOTOBKH
MIOBEPXHOCTHU K MOCJIEAYIOIEMY HAHECEHUIO TOKPBITHSL.

B kadecTBe HambUIIEMOr0 MaTepHaja UCHOJIb30BaTH KOMIO3UIIMOHHBIN
nopomox Cr,C,-NiCr pasnuunoro ¢gpaknuonnoro cocrapa. [lokpeitus
na ocnobe Cr,C,-NiCr mpeacrasisioT coboi kKapOHJAHO-METAINYECKYIO
cucTeMy, B koTopoit kapoun xpoma Cr,C, o0ecrieurBaeT BHICOKYIO TBEPJIOCTh
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1 U3HOCOCTOWKOCTD, a MeTaiutnueckas cBsizka NiCr criocoOCTBYeT IOBBILIEHUIO
BSI3KOCTH, aJIr€3UH U CTOMKOCTU K OKUCIIEHHUIO. [l OLICHKH BJIMSHUSA pa3Mepa
YaCTHII TIOPOLIKA U PACCTOSHUS HAITBUICHHsI OBUTH ITOJIrOTOBJIEHBI IIATh 00pa3LoB,
obo3Ha4yeHHbIe Kak B1-BS5.

O6pasup! B1-B3 0butH 1osTy4eHb! IPH OIMHAKOBOM PACCTOSIHUN HAIbUICHHS
300 MM, HO ¢ pa3nuHO# (pakiueii moporka: 0-20, 0-32 u 32-40 mxMm. O6pasisr B4
n B5 Obumn Hanbu1eHb! U3 noporika ¢paxuun 32-40 MKM IPH MEHBIINX PACCTOSIHHSX
HanbuieHus — 250 u 200 MM COOTBETCTBEHHO. Takoe pacrpe/esicHue o0pasioB
TI03BOJIMJIO OLIEHHUTH BIIMSIHWE (DPAKIIMOHHOTO COCTaBa IMOPOIIKA W JUCTAHIIUU
HarbuleHns Ha popmuposanue cTpykTypbl HVOF-nokpertuii Cr,C,-NiCr.

Tabnuua 2 — Yenosus nonydenus HVOF-nokpeituit Cr,C,-NiCr

O603HaueHne obpasna ®paxkuys nopoika, MkM | PaccrosHue HanbuieHus, MM
Bl 0-20 300
B2 20-32 300
B3 32-40 300
B4 32-40 250
B5 32-40 200

HaneceHue MOKPBITUH OCYIIECTBISIN METOJOM BBICOKOCKOPOCTHOTO
razomnamenHoro HamelieHuss HVOF. JlaHHBINH MeTOJ OCHOBaH Ha YCKOPEHHH
YacTHI] OPOIIKAa B BEICOKOCKOPOCTHOM T'a30BOM IIOTOKE C MOCIETYIOIIUM
HX YJapoM O MOBEPXHOCTh MOANOKKHU. IIpU CTONKHOBEHHH C MOBEPXHOCTHIO
YaCTHIBI JIEPOPMUPYIOTCS, YIUIOTHSIOTCS M (POPMHUPYIOT CIOUCTYIO CTPYKTYPY
MOKpBITUS. HambuieHne npoBouiiock poOOTU3NPOBAHHBIM CITIOCOOOM, YTO
II03BOJIMIO 00€CHeYUTh BOCIPOU3BOAUMOCTD Mpoliecca U MOAAEPKUBATDH
OJINHAKOBBIE TEXHOJOTHYECKHE ITapaMeTphl JJIsi Bcex o0pa3loB, TaKUe Kak
CKOPOCTB ITOJJaYH TIOPOIIKA, CKOPOCTb ITEPEMEIIEHUs pOOO0Ta, BPeMsl HAaITbIJICHUS
U pexuM paboTs! 000pyaoBanus. [ Bcex 00pasIoB UCIIOIb30BAIH OJJUHAKOBYIO
cuctemy nokpbitHs Cr,C,-NiCr. OCHOBHBIMU H3MEHAEMBIMHU MapaMeTpaMu
SIBIISUTUCH TOJIBKO (ppaxiysi MOPOIIKAa W PAacCTOSIHWE HamblIeHus. B mpouecce
HVOF-nansiienns BaxxHO 00eCHedUTh JOCTAaTOYHBIM HAarpeB U YCKOpEHHE
MTOPOIIKOBBIX YaCTHLl. MeJIKHe YaCTHUIIBI TOPOILKa OBICTPEE HarPeBAIOTCS U JIerde
YCKOPSIIOTCSI B Ta30BOM MOTOKE, YTO MOXKET CIIOCOOCTBOBATH (hOPMHUPOBAHUIO
GoJiee MIIOTHOrO MOKPHITHS. OJJHAKO MPH YPE3MEPHOM HArpeBe MEJIKHX YacTHUI]
BO3MOJKHO YaCTUYHOE OKUCIICHUE WM Pa3jIokeHue kapouaHoi ¢assl. boiee
KpyIHbIE YacTHIIBI, HAOOOPOT, MOTYT COXPaHSATH BBICOKYIO KHHETHYECKYIO
SHEPrUI0, HO MPHU HEJAOCTATOYHOM HarpeBe Xyxke AeOopMHUPYIOTCS TpH yaape
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0 1oJUIOKKy. [loaToMy mcciienoBanne BIMsSHUS (QpakiMy NOPOIIKA SIBISIETCS
Ba)KHBIM ITAIIOM IIPH BEIOOPE ONTUMAIBHBIX YCIOBUH (POPMHUPOBAHMS OKPBITHS

[Tocie HambuIeHNsT TOTyYEHHbIE 00pa3lbl UCCIIEIOBAIH 10 MONEPEYHBIM
CEYEHMSIM NOKPBITUW. JIJIsl MOJATrOTOBKM TOTEPEYHBIX HUIM(GOB 00pa3ibl
paspesaiiu, ocseJ0BaTeIbHO HUTH(OBAIHN U TOJIUPOBAIIHN J0 TOIYyUSHUS POBHOM
MMOBEPXHOCTU. MUKPOCTPYKTYpPY MONEPEUYHBIX CEYEHUH U3ydalll METOAOM
CKaHUPYIOLEH MEKTPOHHOH MHUKPOCKONHMH C HCHOJIb30BAaHUEM MHUKPOCKOIA
SEM TESCAN VEGA (Tescan, Brno, Czech Republic). [Tonyuennsie
SEM-n300paxeHus MO3BOJMWIM OLICHUTH TOJIIUHY HOKPBITUS, TIOTHOCTD
CTPYKTYpPBI, HAIMUUE MOpP, TPEIIMH, HEPACIUIABIEHHBIX YAaCTHUI U Ka4eCTBO
CLETJICHUs] OKPBITUS C MOJI0KKOM.

[MopucTocTts mokpeITHii onpeaerstiin 1o SEM-1300pakeHusIM onepeyHbIX
CEUYCHHUH C MCIOJIB30BaHUEM IporpaMMHoro obecrieuenus Imagel. s ananusza
BBIOMPAJTH HECKOJIBKO Y4aCTKOB KaXKJI0r0 MOKpBITHSL. M300pakeHust oopadaTsBain
ITyTEM BBIJICJICHHUS IIOPUCTBIX 00JIaCTel M MOCIIEAYIOIEro pacueTa X IUI0Maan
OTHOCHUTEJIBHO 001IEH IIIOIAM aHATU3UPYEMOT'0 yuacTKa. 3Ha4eHHe TOPHUCTOCTH
BBIpaXKaJld B MPOLEHTaX. Taxkol MOJIX0J MO3BOJMI KOJIMYECTBEHHO CPaBHUTH
IUIOTHOCTH HOKPBITUH, TOJYYEHHBIX NPU Pa3InYHBIX (QpakiusaX MOpOIIKa U
PAacCTOSIHUAX HAIBIICHHUS.

TBepAOCTh MOKPBHITUN H3MEPSATIU C HUCHOJB30BAHUEM CHCTEMBI
nHcTpyMeHnTtaigbHoro unjaeHrupoanns FISCHERSCOPE HM2000 (Helmut
Fischer GmbH, Sindelfingen, Germany) B cootBercTBuH co crangaprom DIN EN
ISO 14577-1. 3mepenust poBOAMIMA Ha TIONIEPEYHOM CEUEHUU MOKPLITUN. s
Ka)XJI0ro 00pasiia BBIIOJIHSIIA HECKOJIBKO M3MEPEHHH B PAa3IMYHBIX ydacTKax
MOKPBITHS, TTOCTIE YEr0 PACCUNUTHIBAIIM CPEAHEE 3HaUeHHe TBepAoCTH. [TomydyeHHbIe
PEe3yIIbTaThI HCIIOIB30BAJIN TS OEHKH BIIMSIHUS (DPAKIIMOHHOTO COCTABa ITIOPOLIKA 1
paccTosHuA HanbLIeHHs Ha Mexanuueckue cBokictBa HVOF-nokpeituii Cr,C,-NiCr.

Pe3yabTaTsl U 00cy:KI1eHUE

Ha pucynke 1 npexncraBiensl SEM-u300pakeHusl TOMEPEYHBIX CCYCHUN
HVOF-nokpeituii Cr,C -NiCr, HaneceHHbIX Ha cTaib 12X 1M® 1py pasnnyuHbIX
(pakIysIX MOPOIIKA M PACCTOSIHUAX HANBUICHHS. AHAIIU3 ITONEPEYHBIX CEUCHUH
MI03BOJISIET OLEHUTh OCOOEHHOCTH ()OPMHUPOBAHUS TOKPBITHSI, €0 TOJIINHY,
IUIOTHOCTb, HAJIMYME I0p, Je(EKTOB, HEPACIUIABICHHBIX YaCTHIl U KauyeCTBO
CLETIJICHUS C TTOTI0KKOM.

SEM-u300paskeHus1 OKa3bIBAIOT, YTO (PAKIIMOHHBIA COCTaB IOPOIIKA
U PacCTOSIHHE HAlbUICHHs] OKa3bIBAIOT 3aMETHOE BIIMSHHE Ha (OpPMUpPOBAHUE
CTPYKTYpPBI TOKpbITHH. [ljis1 Bcex 00Opas3loB XapakTepHa CIOUCTasi CTPYKTYpa,
TUNHUYHAS JJIS NOKPBITUH, MOJYUYEHHBIX METOJOM BBICOKOCKOPOCTHOTO
ra3oriaMeHHOro HambUIeHUs. Takast cTpykrypa (hopMHUpyeTcsi B pe3yibTare
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10CJIeZI0BATEIBHOTO yiapa, JAeopMaliy U YIUIOTHEHHs YacTHIl TOPONIKA Ha
TIOBEPXHOCTH IOJUIOKKH.

O6pazen B1, momy4ennsiii n3 nopouika gpaxuuu 0-20 MKM ITp1 paccTOSTHAN
300 MM, XapakTepu3yeTcsi HaMMEHbIIEeH TOJIIUHON MOKPHITHS. B monepeuHom
CEYCHNH HAOJII0/1aeTCsl TOHKUH CII0H IIOKPBITHSI C OT/IEIbHBIMU HEOTHOPOAHBIMHU
ydacTKaMHu. DTO MOXKET OBITh CBSI3aHO C TE€M, YTO MEJKHE YacTUIBI ObIcTpee
HarpeBaloTCs M YCKOPSIOTCS B Ta30BOM MOTOKE, OJHAKO IIPHU PACCTOSHUU
300 MM YacThb YacTUI] MOXKET TePSATh KHHETHYECKYIO SHEPTHIO JIO JIOCTHIKCHUS
TIOBEPXHOCTH TOJUIOKKH. B pesynbrare cHikaeTcst 3peKTHBHOCTh OCAXKICHUS
u Gopmupyetcs 60iiee TOHKOE MOKPBITHE.

B oOpasune B2, nomyuyennom u3 nopomka ¢paxuuu 20-32 MKM npu
ToM ke paccrosiHur 300 MM, MOKPBITHE BBITJSAUT O0JIee BBIPAKCHHBIM U
CIUTOIIHBIM TI0 CpaBHEHHIO ¢ Bl. YBenuyeHue pasMepa 4acTul] criocoOCTBYeET
Oosiee 3P PeKTUBHOMY IIEPCHOCY MaTepHalia Ha MOBEPXHOCTh MOMJIOKKH U
(opmupoBanuro 0osee ToICTOro ciosi. [Ipr 7ToM cTpyKTypa MOKPBITHS OCTAETCS
OTHOCHTEJIFHO IIJIOTHOM, 0€3 BBIPQ)KEHHOT'0 YBEINYEHHsI TOPUCTOCTH.

Jis obpasua B3, nomydyennoro u3z nopomka ¢pakmnun 32-40 MKkM npu
paccrositaun 300 MM, HaOJrOIACTCS YBEJIMUYCHNE TOJIUHBI TOKPBITHS, OJHAKO
CTPYKTYpa CTaHOBHTCS 00JIee HEOTHOPOJHOM. B NOKPBITHH 3aMETHBI HOPUCTHIE U
Je(eKTHBIEe Y4aCTKH. DTO MOXKET OBITh CBS3aHO C TEM, YTO 00JIee KPYITHBIE YaCTHIIBI
IIPY JIaHHOM PacCTOSHUM HAaIlbIJICHUsI HE BCET/ia MOJIHOCTBIO MPOTPEBAIOTCS U
nedopMHpyIOTCS TP y1ape 0 HOBEPXHOCTh ITOJUIOKKH. B pe3yibraTe nokpsiTHe
CTaHOBUTCs 00JIee TOJIICTHIM, HO MEHEE ITIOTHBIM.

Cpasnenue 00pa3ios B3, B4 u BS nmo3BoJisieT OllEHUTh BIUSIHAC PACCTOSIHUS
HaNbUICHUS NIPH OJMHAKOBOHM (pakuum nopomka 32—40 mxm. O6pazen B4,
TIOJTYYEHHBIH TIpH paccTostHuy 250 MM, XapakTepusyercsi Oosiee paBHOMEPHOU
U IJIOTHOM CTPYKTYpOii. B ero nomnepeynomM cedeHun HaOIIIOAAETCS IOCTAaTOUHO
OJTHOPOZHOE ITOKPBITHE C MEHBIIUM KOJHYECTBOM BBIPAKEHHBIX JE(PEKTHBIX
30H. DTO yKa3bIBaeT Ha TO, 4TO paccrosHue 250 MM oOecreunBacT OoJiee
OIaronpUsATHOE COYETaHUE TEMITEPATYPhI U CKOPOCTH YACTHIL, YTO CHOCOOCTBYET
ux Jy4ieit negopmanuy U yrjaoTHEHHIO NpU (GOPMHUPOBAHNUH MTOKPBITHSL.

O6pazen BS, nomyuennsiii npu paccrossaun 200 MM, IMeEeT 3HAYUTEIILHO
OOJBIIYIO TOJNIIHMHY HOKpBITHS. OJIHAKO B €ro CTPYKType HaOII0JaloTcs
TIOPUCTBIE 00JIACTU ¥ HEOTHOPO/IHBIE YYACTKHU. DTO IIOKa3bIBAET, YTO YMEHbBIICHHE
paccrosiHus HarnblieHus: 10 200 MM TIPUBOJUT K MHTCHCUBHOMY OCa)JICHHIO
4acTHIL, HO HE Bcerja oOecreunBaeT yiydlleHHe KauyecTBa NMokpeitus. [Ipn
CJIMILIKOM MaJIOH IMCTaHIIMK YaCTHIIBI MOT'YT JOCTHUTaTh [IOBEPXHOCTH C BEICOKOH
TEMIEPaTypoil U CKOPOCTBIO, YTO MOXET CIIOCOOCTBOBATh (hOPMUPOBAHUIO
BHYTPEHHHUX HAIPsDKCHUI U Ie)EKTOB.
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Pucynok-1-SEM-n300paskeHus OTIEPEYHBIX CEUCHHN
HVOF-nokperruit Cr,C,-NiCr

Ha pucynke 2 mpeacTaBiIeHBl Pe3yiabTaThl OMPEICICHUS TOIIIUHBI
n nopuctoctd HVOF-nokpeituii Cr,C,-NiCr. Tommuny u3Mepsnu 1mo
SEM-m300paXeHUsM MTOTIEPEUHBIX CCUCHUH B TPEX yIacTKaxX KaXI0ro o0pasma,
a TIOPUCTOCTH OTPEACIIUTH IO OMHAPHBIM H300pakeHUAM B mporpamme Imagel.

MuHnManeHasi CpemHssl TOJIIMHA MOKPHITHS 3adUKcupoBaHa y obOpasia
B1 - 19,18 + 0,88 mxwm, ipu mopuctocta 3,047 %. DTO MOXKET OBITH CBSI3aHO C
HCTIOJIF30BaHIEM METIKOH (ppakImy opourka 20 MKM IPH pacCTOSHUN HATTBUTCHHS
300 MM, KOT1a YaCTHIIBI YACTHIHO TEPSFOT YHEPTHIO /IO JOCTHKECHUS [TOBEPXHOCTH
TTO/ITTOXKKH.

[pu yBemmuennn ¢pakimy noporka 10 20-32 MM y oOpasma B2 tommmiaa
Bo3pacraer 10 69,09 £ 11,71 mxm, a nopuctocts cocrasisier 3,206 %. Dto
TIOKa3bIBACT, 9TO JaHHAs (ppaximst obecrieunBaet Ooee 3 PeKkTrBHOE (GOPMHUPOBAHIEC
TTOKPBITHS 0€3 3aMETHOTO POCTa MMOPHUCTOCTH.

VY obpasmna B3, moxydennoro u3 mopomka ¢ppakuuu 32-40 MKM mpu
paccrostnuu 300 mm, TomumHa coctaisier 78,83 £ 11,19 MkM, ojHaKo HOPUCTOCTH
yBennuuBaetcs 10 7,709 %. DTo MOXKeT OBITh CBSI3aHO C HEIOCTATOYHBIM
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nporpeBoM uiu nedopmanueid 0osee KpyHMHBIX YacTHIl, YTO IPHBOJIUT K
00pazoBaHMIO NIOP U Je(EeKTOB.

CpaBHenue 00pasnoB B3—B5 nokasbsiBaeT BIHSHUC PACCTOSHUS HAITBLICHUS
IIpY OJIMHAKOBO# (paximu nopomka 32—40 mxm. [Ipu yMeHbIIEeHNH pacCTOSHUS
10 250 MM y obpasua B4 tommmaa cocrasisier 67,33 + 2,24 MkM, a MOPUCTOCTh
CHIDKAETCSI 0 MUHUMAITLHOTO 3HaYeHuUs — 2,909 %. Kpome Toro, gaHHbIi 00pasen
XapakTepu3yeTcst HanboJiee paBHOMEPHOHN TOJIIIUHOM MOKPBITHSI.

[Tpu nanpHeiimem yMmeHbIIeHUH paccTosiHus g0 200 MM y obpasua B5
TOJIIIMHA PE3KO Bo3pacTaeT a0 253,14 + 8,63 MKM, 0JIHAKO MOPUCTOCTh TaKKe
yBenuuuBaeTcs 10 6,569 %. OTo yka3blBaeT Ha TO, UTO BBICOKAs TOJIIMHA
TIOKPBITHS HE BCET/Ia COOTBETCTBYET €TI0 JIy4IlIeMy KadecTBY.

Taknm 00pa3om, aHaIN3 TOJIIUHBL ¥ [IOPUCTOCTH ITOJTBEPIKAACT PE3yIbTaThl
SEM-unccnenoBanus. Hanbosiee onTuMaiibHBIM PEKUMOM sIBIIsieTcst oOpaser; B4,
MOJY4YEHHBIH K13 noporka ¢pakuuu 32—40 MKM IPU PacCTOSHUM HaIbUICHHS
250 MM, Tak Kak OH XapaKTepU3yeTcsd MHUHHMAaJbHON MOPUCTOCTHIO,
PaBHOMEPHOH TOJNIIMHOW M 0oJiee MIOTHOW MHKPOCTPYKTYpPOH MOKPBITHS
Cr,C,-NiCr na cramu 12X1M®.

Pucynok-2 — Onpeaenenne TONIUHBI U TOPUCTOCTU
HVOF-nokpsiTuit Cr3C2—NiCr s obpasmos B1-BS5.

Tabnwma 3 — TommuHa n mopuctocts HVOF-okpoITHIA Cr3C2-NiCr

Obpa3zen CpemHss TONIIHA,MKM Topucrocts,%
Bl 19,18 + 0,88 3,047
B2 69,09 + 11,71 3,206
B3 78,83 £ 11,19 7,709
B4 67,33 + 2,24 2,909
B5 253,14 + 8,63 6,569
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Ha pucynke 3 npeicTaBieHbl KapThl pPaCIIpeCIICHUS SIEMEHTOB B MIONEPEUHbIX
ceyenusax nokppituii Cr,C -NiCr st o6pasuos B1-B5. 1o gaHHBIM 571€eMEHTHOTO
KapTUPOBaHUs BUAHO, YTO Fe mpenMylecTBeHHO JIOKaJU30BaH B 00yacTu
MOJUI0KKH, YTO MO3BOJIET YETKO ONPEEIUTh IPAHUILy MEXIY cTaybio 12X 1M
1 HaHECEHHBIM TOKpPHITHEM. B 30He MOKpPBITHS MHTEHCUBHOCTH Fe 3HaunTensHO
HIDKE, YTO TOATBEPIKIaeT (POPMUPOBAHUE OT/IEIILHOTO HAIBIIIGHHOTO CIIOS.

Pacnpenenenune Cr HaOsrogaeTcss mo BCel TOJIIMHE MOKPBITUH U
COOTBETCTBYET cocTaBy KapbOuanoi ¢asel Cr,C,. lna obpasuos B2, B4 u BS
TaKXK€ XOPOIIO BBIPAXKEHO pacnpexneieHne Ni, CBS3aHHOE C METAUIMYECKOU
cesizkoit NiCr. CoBmectHoe npucytctre Cr 1 Ni B 30HE HOKPBITHS IIOATBEPIKIACT
(popmuposanue komnosuuronnoro cios Cr,C,-NiCr.

B obpasiax Bl u B2 nokpeiTie nMeeT cpaBHUTENHEHO HEOOIBIIYIO TOJIIHHY,
nipu 3toM Cr pacripezeneH NMpeuMyIIecTBEHHO B BepxHeil 30He. B obpasue B3
HaOuro/1aeTcst 60J1ee HEOTHOPOIHOE paclpe/ieIeHHE MIEMEHTOB, YTO COTJIacyeTcst
¢ SEM-n300paxeHUsIMHA U TTOBBILICHHOH MOPUCTOCTHIO. JIOKAJIbHBIE Y4acTKH,
o0oraleHHbIe OT/IeIBHBIMH AJIEMEHTaMH, MOTYT YKa3bIBaTh Ha HEPaBHOMEPHOE
pacIuIaBiIeHHe U YIUIOTHEHUE YaCTHI ITOPOILIKA ITPU PACCTOSHUY HarblieHHs 300 MM.

B o6pasue B4 pacnpenenenue Cr u Ni siBisiercst 60j1ee paBHOMEPHBIM 110
TOJIIMHE MOKPBITHA. JTO COINIaCyeTcsi ¢ MUHUMAJILHON MOPHUCTOCTHIO U OoJjiee
OJIHOPOJIHOM CTPYKTYpoOH, BhisBIeHHOW npu SEM-ananuze. CienoBareiabHo,
paccrosinue HarbuieHHs 250 MM 11pu pakiyu nopoika 32-40 MKM criocoOCTBYeT
6oJiee crabMITbHOMY (hOPMHUPOBAHHIO TIOKPBITHS 1 PABHOMEPHOMY paclpe/IeieHI0
OCHOBHBIX 3JIEMEHTOB.

Jlist o6pasua BS xapakrepHo popMupoBaHue HanudoJiee TOJICTOTO MOKPBITHS,
0JTHAKO HJIEMEHTHBIE KapThl IOKA3bIBAIOT HAJIMYME HEOHOPOAHBIX YYaCTKOB. DTO
COTJIACyEeTCsl C MOBBIIIEHHOH OPUCTOCTHIO U Ie()EKTHBIMH 30HAMH, BBISIBIICHHBIMU
panee. HecMoTpsl Ha MHTEHCUBHOE OCa)XACHHME MaTepuajga IpHU pacCTOSTHUU
200 MM, CTPYKTYpa MOKPBITHUS OCTAETCsI MEHEE OJJHOPOAHOM 1o cpaBHeHU!O ¢ B4.

Ha kaprax pacnpenencuus Taxke HaOmonarores O, C, Si u W. Hanuuune
KHCJIOPOJIa MOXKET OBITH CBSI3aHO C YaCTHYHBIM OKHCIICHHEM YaCTHII B IIpoLiecce
HVOF-nanbuienus. Yriaepos OTHOCUTCS K KapOUTHOM COCTaBIISIOIIEH OKPBITHS,
OJTHAKO €ro KOJIMYEeCTBEHHas olleHKa MeToioM EDS MoxkeT ObITh MEeHee TOYHOM.
JlokanpHblie yqacTk Siu W MOTYT OBITh CBSI3aHBI C 0COOEHHOCTSIMH HCXO/IHOT'O
MIOPOIIIKA, TOJITOTOBKOM MOBEPXHOCTH MJIM TEXHOJIOTHYECKUMU 3arpsi3HEHUAMU.

Takum obpazom, EDS-kaprupoBanue noarepxkjaaetr GopMupoBaHue
nokpeitui Cr,C,-NiCr na noepxnoctu ctanu 12X 1M® u nokasbiBaeT pasanyue
B OJIHOPOJHOCTH 3JIEMEHTHOT'O paclpe/eICHUs B 3aBUCUMOCTH OT PexXHUMa
HanbuleHus1. Haubosiee paBHOMEpHOE pacipe/iesieHHe OCHOBHBIX JIEMEHTOB
n OoJiee IIIOTHAsI CTPYKTypa HaOmoxaoTes y obpasua B4, uro cornacyercs ¢
pesynpTatamu SEM-ananu3a, u3smMepeHus TOJIIUHBL U pacueTa HOPUCTOCTH.
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Pucynok-3-EDS-kapTrpoBaHue pactpeieneHus 3JeMEHTOB
B moriepevHbIxX ceueHnsx HVOF-mokpreITwii
Cr3C2-NiCr 1t o0pasmoB B1-BS.

JInst oOIeHKM MEXaHWYEeCKHUX CBOWCTB MOKPBITHH OBIIO MPOBEICHO
MHCTPYMEHTAJIbHOE HHACHTHpOoBaHKUE. Ha pucyHke 4 mpencTaBiaeHbl KPUBBIC
«Harpy3Ka-TIIyOMHa BHEApEHUs» g oOpasmoB B1-BS5, a B tabmune 4
nmpuBeAeHH 3HadeHus TBeppoctu Martens (HM), mapamerpa Eit/(1—v?) u
TBeprocTu o Bukkepcy (HV).
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Pucynok-4 — KpuBsle «Harpy3Ka-riiyOrHa BHeJIPEHHsD)
st HVOF-nokpertuii Cr3C2-NiCr o0pasuos B1-BS.
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Tabmuna-4-Pesynbrarel MHCTpyMeHTaNIbHOTO HHAeHTHpoBanust HVOF-nokpbituii

Cr,C,-NiCr
Oopa3zen HM, N/mm? Eit/1-v?, a HV
BI 1759+104.8 211.3%£1.3 198.7+12.7
B2 6122.7+£1850.7 183.1£45.0 928.0+334.8
B3 7150.6£1796.2 216.3+£38.8 1094+330.5
B4 8063.2+619.5 239.1£21.1 1251.5+£107.1
B5 5447.7+£278.0 171.9+6.7 809.6+60.1

CoriacHo MOJyYEHHBIM JIaHHBIM, HaUMCHbBIINE 3HAUYEHUS TBEPAOCTH
Habmrogatorcs y obpasma Bl: HM cocrtaBmser 1759 + 104,8 N/mm?,
aHV -198,7 + 12,7. Ha xpuBoii Harpy>kxeHus A7 JaHHOTO 00pa3ia pukcupyercs
HauOobIIas TIIyOWHa MPOHWKHOBEHHS MHJCHTOPA, YTO yKa3bIBAacT HAa HU3KOE
COTIPOTHBIICHHE TIACTUIECKOH AepopMariy. DTO MOXKET OBITH CBA3aHO C MaJIOH
TOJILLIMHOM MOKPBITUSL U MEHEE IIIOTHOM CTPYKTYPOH.

Jns o6pasnoB B2 u B3 Habmiogaercss 3aMETHOE YBEIWUICHNE TBEPIAOCTH.
3nauvenuss HM cocraBasror 6122,7 + 1850,7 u 7150,6 + 1796,2 N/mm?,
a HV -928,0 + 334,8 u 1094 + 330,5 cooTBeTcTBeHHO. Ha KpMBBIX «HATpy3Ka—
TITyOrHa BHEAPEHUS» 3TO MPOSBIICTCS yMEHBIIEHIEM TITyOUHbI TPOHNKHOBEHHUS
nHaenTopa. OxgHako 1yt B3 panee Opu1a ycTaHOBIEHA OBBIIIICHHAS TOPHCTOCTH,
YTO yKa3bIBACT HAa HEOJHOPOIHOCTE CTPYKTYPBI HOKPBITHSI.

Haunbonpmue 3Ha4EHUS TBEPAOCTH MOJYUYeHB 1 oOpasmna B4:
HM -8063,2 + 619,5 N/mm?, Eit/(1—-v?) -239,1 + 21,1, HV -1251,5 + 107,1.
JanHbrii 00paser XxapakTepu3yeTcs OAHON U3 HAaNMEHBIINX TITyOWH BHEIPEHUS,
YTO CBUJICTENIECTBYET O BBICOKOM CONPOTHUBICHHUH Ae(OpMaIni. DTH Pe3yIbTaThl
cornacyrorcsi ¢ SEM-aHanm30M U JaHHBIMH O TIOPHUCTOCTH, COTJIACHO KOTOPBIM
B4 mmveet Hanboee TIOTHYO U paBHOMEPHYIO CTPYKTYPY.

VY ob6pasma B5 TBepmocTs cHmKaetcs o cpaBHeHnto ¢ B4: HM cocrasisier
5447,7 + 278,0 N/mm?, Eit/(1—v?) -171,9 + 6,7, HV -809,6 + 60,1. HecmoTps
Ha 3HAYUTENBHYIO TONIIMHY HMOKPBITHS, €TO MEXaHWYECKHE CBOIMCTBA HMXKE,
YTO CBSI3aHO C MOBBIIIEHHON MOPUCTOCTBIO U CTPYKTYPHON HEOJAHOPOAHOCTBHIO.
CrnenoBaTenbHO, YBEINUCHHE TOJIIMHBI MOKPBITHS HE BCETJA MPHUBOIUT K
TIOBBIIIEHUIO TBEPAOCTH.

ConocTaBineHNe MOMYyYEHHBIX PE3yJbTAaTOB IOKA3a10, YTO HaWIydIIee
coueTaHWE CBOWCTB HaOmromaeTcs y oOpasma B4, momyueHHOTO W3 moOpoIka
¢pakuu 32-40 MM npu paccTosHuHM HambuieHHA 250 mm. s Hero
XapaKTEePHBI BBICOKAst TBEPI0CTh, MUTHUMAJIbHASI TIOPUCTOCTH 1 00JIEE OTHOPOIHAS
MUKpocTpykTypa. Obpasier B3 u BS Takke MMEIOT CpaBHHUTEIHHO BBICOKHE
3HAYEHUs] TBEPJOCTH, OJHAKO MX KAUECTBO OT'PAHWYMBACTCS MOBBIIICHHON
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MIOPUCTOCTHIO, TOTJa Kak Bl geMoHCTpUpyeT MUHUMAaJbHbIE TIOKA3aTeNIN U3-3a
MaJloil TOJIIMHBI U MEHEe MJIOTHOM CTPYKTYPhI HOKPBITHUSL.

HNudopmanust o puHaHCHPOBAHUHU

Jlannoe uccnenoBanue puHaHcupoBaiock Komurerom Haykn MuHHCTEpCTBA
HayKH 1 BbIcIIero oopasoBanus PecryOmmku Kazaxcran (rpant NeAP226683418)

BriBoabl

B paGote nposeneno uccienosanne HVOF-noxpeituii Cr,C,-NiCr,
HaHEeCeHHBIX Ha cTajb 12X1M® ¢ ucnoiap30BaHUEM MOPOLIKOB PA3IHMYHON
(pakyy ¥ pa3HbIX PacCTOSHUN HANBUICHUS. BbIIM M3y4eHbl MUKPOCTPYKTYpa
MOMEPEUYHbIX CEUYEHHUH, TOJINNHA MOKPBITUM, MOPUCTOCTH, AIEMEHTHOE
pacnpesieneHue 1 TBepJOCTh MOKPHITHIA.

SEM-ananu3 nokasai, 4To (ppakiMOHHBII COCTaB MOPOIIKa U PACCTOSIHUE
HaIbUICHHUS CYIIECTBEHHO BIIMSIOT Ha (DOPMHPOBAHHE CTPYKTYDPBI MOKPBITHI.
O6pazen; B1, nmomy4ennslit u3 nopoka ¢paknun 0—20 MKM NpH pacCTOSIHUU
300 MM, XxapaKTepu30BajiICsl HAUMEHbIIEH TONINHON nmokpeiThs -19,18 + 0,88
MKM. [Ipu yBennuenun ¢paxunu nopoika 10 20-32 Mxm u 32—40 MKM IIpu TOM
K€ PACCTOSHUM HaNbUICHHsI TONIMHA MOKPBITHHA Bo3pacTana a0 69,09 + 11,71
MKM st B2 u 78,83 + 11,19 mxm juist B3.

YCTaHOBJIEHO, YTO yBeJNMUYEHHE (paKIMM IOPOIIKA MPU PACCTOSHUU
300 MM criocOOCTBYET POCTY TOJILIIMHBI MOKPBITHS, OJHAKO sl oOpasua B3
9TO COMPOBOXKJAJIOCH YBEIUUEHUEM MOPUCTOCTH 10 7,709 %, uTo sABisieTcs
MaKCHMaJIbHBIM 3Ha4€HHEM CpeJl MCCIICIOBAHHBIX 00pa3loB. DTO yKa3bIBacT
Ha MeHee paBHOMEpHOE (POPMHUPOBAHHE TIOKPBITHS ITPU UCIIOIB30BaHUH (DPaKIHN
32-40 mxM Ha pacctosHuu 300 M.

CpaBHenue o6pasnoB B3, B4 u B5 noka3ano 3HauUTEIbHOEC BIIHSIHUC
paccTosiHUS HAIbUICHUS! NTPU OAMHAKOBOW (pakumu nopomka 32—40 mxwm. Ilpu
YMEHBIIICHUH paccTostHs 10 250 MM oOpaser; B4 mokaszain Hanbosiee OJaronpusTHeIC
XapaKTePUCTUKU: CPeIHsIsl TOMIMHA cocTaBmia 67,33 + 2,24 MKM, a IOPUCTOCTD
cHusmiack 10 2,909 %. Jlauublii 00pa3ell TakxkKe XapakTepu3oBajcs Ooee
paBHOMEPHON MUKPOCTPYKTYPOH U MEHBIIUM KOJIMYECTBOM JIe(DEKTHBIX Y4aCTKOB.

O6pazen BS, nomydennstit npu paccrostaun 200 MM, nMen HauOOJIBITYIO
TOJIUHY TOKpPbITUS -253,14 + 8,63 MxkM. OiHaKO MOPUCTOCTH TAHHOTO MOKPBITHS
cocraBuia 6,569 %, 4To yka3plBaeT Ha HAJIMUUE CTPYKTYPHOH HEOJTHOPOJHOCTH
u nedekTHbIX 30H. Clie10BaTeNIbHO, YBEINYEHHE TOJIINHBI IOKPHITHS HE BCET/1a
MIPUBOAUT K YIYUIICHHUIO €r0 KauecTBa.

EDS-kaptuposanue noarsepauno ¢popmuposanue nokpeitus Cr,C,-NiCr
Ha noBepxHocTu ctanu 12X1M®. Pacnipenenenue Fe Obl10 npenmyiiecTBeHHO
COCPEZ0TOYEHO B 00acTH MOJUIOKKH, Toraa kak Cr n Ni JIoKaau30BalInuch B
30He MoKpeITHs. Hanbosee paBHOMEpHOE paciipe/ieieHe OCHOBHBIX 2JIEMEHTOB

99



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

HabOmoaanock y oopasua B4, uto cornmacyercs ¢ pesynbratamu SEM-ananusa u
OILICHKH TTOPUCTOCTH.

Pe3yabpTaThl MHCTPYMEHTAJbHOTO MHJEHTUPOBAHUSA MOKa3alH,
YTO HAWOOJBIINE 3HAYCHUS TBEPJAOCTH OBIIM MOJYyYEHBI JJisi oOpasia
B4: HM = 8063,2 + 619,5 N/mm?, Eit/(1-v?*) =239,1 + 21,1, HV = 1251,5 +
107,1. MuHuManbHasi TBEPAOCTh HaOIIOAaNack y oOpasua Bl, 4uro cBs3aHO
C MaJO¥ TOJNIMHON M MEHee Pa3BUTON CTPYKTypoul mokpbeitus. OOpasen
B5, HeCMOTpsI HA MaKCHUMAaJIBHYIO TOJIIHUHY, UMEJI 00Jice HU3KUE 3HAYCHUS
TBEPJIOCTH IO CPaBHCHHUIO ¢ B4, 4T0 00BSICHACTCS OBBINICHHON TOPHCTOCTHIO U
HEOJHOPOIHOCTBIO CTPYKTYPHI.

Ha ocHOBaHMM MOJyUYEHHBIX PE3YyJbTAaTOB MOXHO 3aKJIIOYUTh, YTO
HauOoJiee ONMTUMAIBHBIM CPEIM HCCIICIOBAHHBIX PEKUMOB SIBJIICTCS 00pasell
B4, nosyuennpii u3 nopouika Cr,C,-NiCr gppaxiuu 32-40 MKM P pacCTOSAHUH
HanbuieHUs 250 MM. JIaHHBIA pexUM 00SCIICYMBACT COYCTAHHE MUHUMAIBHOM
MTOPUCTOCTH, BBICOKOI TBEPAOCTH, PABHOMEPHOW TOJIIMHBI M 0OJICe TUIOTHOM
MUKPOCTPYKTYPBI TOKPBITHSI.
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CR,C,-NICR YHTAFbIHBIH ®PAKIUSLIbIK
KYPAMBIHBIH HVOF OICIMEH OHIIPLITEH
JKABBIHJAP/IBIH KYPBLLIBIMBI
MEH KACUETTEPIHE OCEPI

Maxanaoa  Cr,C,-NiCr  ynmaeounoly — ppakyuanvis — Kypamol
Mmen O6ypry Kawwvikmolevinbly 12 Kh 1 MF 6onam mezizee dico2apol
2HCLLIOAMObIKMBbL  ommezi-dcanvin  0ypky (HVOF) apxviavl  anvinean
AHCAOBIOAPObIY  KYDLIbIMbIHG, KeYeKMIniciHe JiCOHe KammblibleblHd
acepin 3zepmmenioi. 3epmmeyee bec ynei oatbinoanowl: 300 mm OypKy
Kawwikmolebinoa 0—20 mxm yumax @pakyusicer 6ap Bl, 300 mwm-
de 20-30 mxm B2, 300 mm-0e 32—40 mxm B3, 250 mm-oe 32—40 mxm
B4 ocone 200 mm-0e 32—40 mxm BS. JKabvlHublH MUKPOKYDbLIGIMbL
cKanepiieyuti 91eKkmpoHobl MUKPOCKONUAHbBL KOOAHY apKblLIbl 3epmmenoi,
keyexminix ImageJ 6az0apramanvix odicacakmamacvblh  NAadaiaHbIn
SEM  keckinOepinen anbikmanovl, sjemenmmepoiy mapaiybi EDS
Kapmaza mycipy apkwiivl 0azananowvi, an xammoeiivlt DIN EN ISO
14577-1 cmanoapmeina covikec FISCHERSCOPE HM2000 acnanmuix
weeinic ocytieci apkolivl onuendi. 300 mm  KaublKmulKma YHMAaK
@paxyuscvinbly  yreaiovl HcabbiH KATbIHObIZbIHbIY  YI2AIObIHA  bIKNAT
ememiHi, OipaK KeyeKminikmiy yi2aroblMen Kamap JiCypyi MyMKIH eKeHi
anvikmanowvl. Ey yiken ocabvin Kanviyoviebl B yaeici ywin anvlHObl dcone
253,14 £ 8,63 mxm Kypaowl, bipax ouviy keyekminiei 6,569 %-2a ocemmi.
B4 yneicinoe ey az rxeyexminix 2,909 % oicone ey dcosapvl KammoliblK,

Homudceep 3epmmenieer pexcumoepoiy iwinde 250 mm  apanvikma
32—-40 mrxm ynmax ¢paxyusacoeimen OypKy oymailivl eKeHin Kepcemeoi,
oyn moievizvipar, scome oOipkenxi Cr,C,-NiCr orcabvinblibly mysinyin
KamMmamacwi emeol.

Kinmmi  cozoep: Cr,C,-NiCr; HVOF; yumax @paxyuscel;
12 Kh 1 MF 60onram; mepmusansix 6ypky, SEM; keyekminik; Kammolibik.
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THE EFFECT OF THE FRACTIONAL
COMPOSITION OF CR,C,-NICR POWDER
ON THE STRUCTURE AND PROPERTIES

OF COATINGS DEPOSITED
BY THE HVOF METHOD

This study investigates the effect of the particle size distribution of the
Cr,C -NiCr powder and the spraying distance on the structure, porosity,
and hardness of coatings deposited by high-velocity oxygen fuel (HVOF)
spraying onto a 12XIMF steel substrate. Five samples were prepared for
the study: Bl with a powder particle size of 0-20 um at a distance of
300 mm, B2 with 20-30 um at 300 mm, B3 with 32—40 um at 300 mm,
B4:32—-40um at 250 mm, and B5: 32—40 um at 200 mm. The microstructure
of the coatings was examined using scanning electron microscopy (SEM);
porosity was determined from SEM images using ImageJ software;
elemental distribution was assessed by EDS mapping, and hardness was
measured using the FISCHERSCOPE HM2000 instrumental indentation
system in accordance with DIN EN ISO 14577-1. It was found that
increasing the powder fraction at a distance of 300 mm contributes to an
increase in coating thickness but may be accompanied by an increase in
porosity. The greatest coating thickness was obtained for sample B5 and
amounted to 253.14 £ 8.63 um; however, its porosity reached 6.569 %.
The lowest porosity (2.909 %) and the highest hardness were observed
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in sample B4: HM = 8063.2 £ 619.5 N/mm? HV = 1251.5 = 107.1. The SRSTI 41.29.25
results show that the optimal process among those studied is the spraying https://doi.org/10.48081/BTOUPhMath3.2026/105-116
of 32—40 um powder at a distance of 250 mm, which ensures the formation
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DYNAMICS OF ROTATING AND MAGNETIZED
PARTICLES IN THE SPACE-TIME
OF MODIFIED BLACK HOLES

The paper studies the dynamics of rotating and magnetized particles
in the spacetime of modified black holes within the framework of a
combined model of f(R)-gravity with k-essence as a source of dark energy.
The motion of particles with spin and magnetic moment is described
by the Matisson—Papapetrou—Dixon equations in the background of
a generalized spherically symmetric metric containing additional
modification parameters. Analytical expressions are obtained for the
effective potential, the conditions for the existence and stability of circular
orbits, as well as the radius of the inner stable circular orbit (ISCR). It
is shown that an increase in the parameters of gravity modification and
the parameter b of magnetic interaction leads to a noticeable increase
in the radius of the ISCR and a change in the profile of the effective
potential. Special attention is paid to the collision energy of two particles
in the center of mass. It is established that in the modified metric, as
well as in the classical Schwarzschild metric, the collision energy can be
arbitrarily large near the horizon for certain kinematic configurations
of the trajectories. The results have direct application to the modeling of
accretion processes and high-energy phenomena around neutron stars,
intermediate-mass and supermassive black holes, as well as to the testing
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of alternative theories of gravity using future gravitational-wave and
astrometric observations.

Keywords: modified black holes, effective potential, magnetized
particles, orbital stability, Lagrangian.

Introduction

The study of particle motion in the vicinity of black holes is key to
understanding physical processes in extreme gravitational fields. In recent years,
there has been increased interest in modified gravity theories that extend Einstein’s
classical equations and allow for the effects of general relativity. The modified
metrics, which include additional parameters, can simulate the effects of dark
energy, quantum effects, and matter.

Studying the motion of particles around black holes remains an important
task of modern astrophysics. Spacetimes with a modified metric allow us to study
deviations from the general theory of relativity, taking into account additional
physical effects.

The dynamics of rotating and magnetized particles is becoming important,
since spin and electromagnetic interactions affect the trajectory of particles and the
conditions of their stability. The analysis of such processes is necessary to interpret
observations related to accretion disks and particle collisions near compact objects.
This article aims at a systematic study of these effects within the framework of a
modified metric using the equation the Matisson-Papapetrou-Dixon.

Modified metric Space-time is described by a metric:

ds? = —f(r)dt? + }%drz +1r2(d6? + sin?0d¢?) (1)

where the form of the metric is a generalization of the classical Schwarzschild
metric.

The motion of particles, taking into account spin and magnetic interaction,
is described by the Matisson-Papapetrou-Dixon equations:

Dot | 1pr o vsaB —

= +2Rmﬁu S =0 @)
Ds? v +pYut =0

e P p (3)

where p* — four momentum particles, S — the spin tensor, u” — four-speed,
Rff ap— the Riemann curvature tensor.

106

Becmuux Topatievipos ynusepcumema, ISSN 2959-068X.
Cepus: Qusuka, mamemamura u KomnsomepHoie Hayku. Ne 3, 2026

The k-essence component has the property that it behaves as a negative
pressure component only after achieving equality of matter radiation, so that it can
exceed the density of matter and cause cosmic acceleration only after matter has
dominated the universe for some period, approximately in the current epoch. And,
of course, human evolution is associated with the dominance of matter, because
the formation of planets, stars, galaxies and large-scale structures occurs only
during this period. Another property of the k-essence is that, due to the dynamic
behavior of the attractor, cosmic evolution is insensitive to initial conditions. The
action in the modified theory of gravity F(R) is given by the expression:

1
S:mfd4x1/—gF(R)+Sm 4)

at the same time k? = 8nG,a g — metric, S,, — the action of ordinary matter.
k-essence — this is a scalflr field ¢, whose kinetic interaction is described by the
function P(X, ), X = — nga,lqbam

In this case, the action for k-essence looks like

Sp = [ d*x [ \[-gP(X, ) )

This approach allows you to create models with a variety of kinetics and
dynamics of the scalar field. The complete theory combines modified gravity and
k-essence in the form of an equation

S = [ d*x[=gF(R) + [ d*x,[=gP(X, $) + S, (6)

From the variation of this action by metric and by scalar field, the equation
of motion is obtained, which describe the joint dynamics of gravity and k-essence.

In F(R) models with k-essence, it is possible to reproduce the evolution
corresponding to the observed acceleration, while avoiding the stability problems
inherent in individual models. The non-trivial kinetics of k-essence helps to
stabilize the accelerated expansion phase, reducing the likelihood of singularities.
k-essence serves as a candidate for the role of dark energy with a dynamic equation
of state, and the combination with F(R) expands the possibilities. At the same
time, modified theories of gravity F (R) with the inclusion of k-essence represent
a promising direction in modern cosmology.

They allow us to describe the accelerated expansion of the universe and at
the same time offer a framework for investigating fundamental issues of cosmic
dynamics.
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Consider the equation where the action:

S =[d*x =gl f(R) £ X 5 fX™] (7)

here m — some positive number, and the signs they lead to different theories.
—~(f —FR) - %ZG,X (X)$? — 3HF = 3FH?2 (8)
F—HF'+2HF—";G,X(X)¢'> =0 )

=2 (@*Gx (X)) = 0 (10)

F (R), G(X) and G,y (X) denote:

F=2 (11)
G(X) = £X £ fiX™ (12)
x =32 (13)

In addition, since the scalar field depends solely on cosmic time, the k-essence
Xfieldis X = ——¢2 [1;2;3].

Materials and methods

In k-essence, the same role of “repeller from the center” is played by the
potential V (¢) itself or by nonlinear kinetics, which also turn into a barrier growing
to r—0 in spherical symmetry. Therefore, we again draw an effective potential,
but now the bump is made not by the orbital momentum, but by the field itself.

The effective potential is the real potential the centrifugal term. It turns a
complex three-dimensional problem with conserved angular momentum into a
simple one-dimensional problem with radius r. It is very convenient for analyzing
orbits, bound states, scattering, and the energy spectrum. If the equation is written
in this form aVer £+ 8Verr + v =0, then the effective potential for particle motion
is determined by the formula:

_ 8 82—4ay
Verr = =22\ 22 (14)

were a = 4(r - s%(K, +— +ZK3r ), p=(2r- 52(K1 2+ 2K,1))?
5= 43](2(1{1 + 2 Kar?) — (K + 224 2K57)), y = (K, + EL K3r2)(2r -
20Ky + 2+ 2K3r))2 a-p |k +2 n Kyr?)? =7 [aK, + 22 My Kr?)— (s x
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Ky +2;—1:1 + 2K3r)2] Here S — particle spin, f = o — the magnetic interaction
parameter, / — the angular momentum of the particle.

These are all expressions coming out of the function f(r) = K; + L K;r?
then K; — dimensionless parameter, M, r,s — have the dimension of leT:ngth K;
has a dimension of 1 per length S(]}Jared alpha coefficient is a dimensionally
correct form a = 4(r? — s*(K; + - + K37%)). Checking the same dimension
(length squared) means that the expressmn is consistent. If the expression

for is based on the derivative f'(r) = % = —Zr—l\:+ 21(%7‘ then the correct
form is (zr—szf (r)) ( r—sz(—zr—l\:+ 2K3r)) equivalent to

= (2r - sZ(K1 + 2+ 2K3m))%.

Results and discussion

Stable circular orbits

The analysis showed that the parameters K, K3, K3 significantly affect the
stability of circular orbits:Magnetic interaction f makes a significant impact on

. . . d
the parameters of the orbits.The radial velocity is zero d—: =0,v, rr = E.Where
E — particle energy[4].
, When there is no radial acceleration, the equations take the following form:
d*r dVeff

dt?’ dr
Fora partlcle ina ax1symmetr1c metric (such as a black hole), the radial motion

equation is usually written as 7% 4 V,,(r) = 0 or equivalently 7 7% = E* = Vopr(r)
where E — particle energy at infinity (motion constant), V, (1) — an effective
potential that depends on the metric, spin, magnetic parameter, and angular
momentum.

The study of particle collision processes in gravitational fields is an important
task in the general theory of relativity and its modifications. Special attention is
paid to calculating the collision energy of two particles near black holes and other
compact objects, as this allows us to understand the possibilities of generating
high-energy things and their impact on astrophysical processes. Let two particles
move in a gravitational field described by some metric g,.. Let’s denote the
four speeds of these particles u} and v}y accordingly. Collision energy E., in the
center of mass system for two particles with masses my and m, set by the formula:

=—guw @} + )@Y + pz) where p!* = m;u — four pulse 7 — the particles.
Substltutmg, we get: EZ = m? + m3 — 2mym, g,wu1 uy.

In the case of identical masses m; = m, = m the expression is simplified

The collision energy of two particles in the space of the modified metric is
described as: EZ. = 2m?(1 — g,,, uj uy.Where ub'u¥ —four particle velocities. The
scalar product of four speeds plays a key role here, depending on the geometry
of space-time.The energy of the center of mass of two colliding particles, in the
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Schwarzschild metric, can be indefinitely large [5]. For this process, one particle
must move along a white-hole geodesic, and the other must move towards it
along a black-hole geodesic. This is possible if a model of gravitational collapse
is considered. In the model of gravitational collapse, the Vaidya metric is used,
which results in the formation of a naked singularity and the question of particle
collisions near the boundaries of collapsing matter. We consider the energy of
the center of mass of the colliding particles. One particle flies along a geodesic
starting at a bare singularity, while the other falls onto a collapsing substance. We
show that the energy of the center of mass is unlimited if the collision occurs in
the vicinity of the conformal Killing horizon [6; 7; 8; 9; 10].

Comparison of Black Hole Heat Capacity
L A A I

I
—4@— Present work

Heat capacity, Ch

[=]
T T T

[S%]

S

Event horizon radius, rh

Figure 1 — Comparison of the black hole heat capacity obtained
in the present work with the results of Saydullayeva et al.(2025)

The heat capacity is plotted as a function of the event horizon radius. Both

models exhibit a similar evolution, characterized by an increase of the heat capacity
at small vadius, a maximum near , and a subsequent decrease at large radius.
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Figure 2 — Comparison of black hole heat capacity
with observational constraints from the Pantheon SNe Ia sample.

The blue curve denotes the present results, the red dashed curve corresponds
to Saydullayeva et.al. (2025) ( https://doi.org/10.1140/epjc/s10052-025-14780-z),
and the shaded green region represents the range allowed by Pantheon SNe Ia
observations. The theoretical predictions remain within the observationally
acceptable region throughout the considered interval.
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Figure 3 — Heat capacity of the black hole and consistency
with Pantheon SNe Ia observational constraints
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The predicted heat-capacity evolution is compared with previous theoretical
results and the observational confidence region derived from Pantheon SNE Ia data.
The agreement indicates that the model is compatible with current cosmological
observations.

Spiral trajectories of falling particles
Coordinatey/M

Coordinate x/M

I
6

Figure 4 — Spiral fall trajectories.The red line Acceleration
of fall, the blue line Slow fall and the Dotted line (Schwarschild)

. : . : . 352s
Definition in the Mattison-Paptitrou-Dixon equation: s = zZ o8

(representing the specific spin of the particle per unit of mass). Behavior in
trajectory plots (Figure 4). For a spinless particle (s = 0), the motion follows a
standard Schwarschild by the dashed line) Non-zero spin values (s > 0) or (s < 0)
induce shifts in the infall trajectory due to the spin-curvature coupling term
Ry, guS?.

Particle Angular Momentum (L):A conserved quantity associated with the
azimuthal motion %, which directly dictates the impact parameter of the infalling
particle. Black hole spin /angular momentum (a = J/M): determines the event
horizon 1, = M + VM? — a2, as well as the locations of the heat capacity peaks
Cp, (refer to Figure 1-4).

Magnetic Interaction Parameters (gB or y): Quantifies the interaction between
the particle’s charge g(or its intrinsic magnetic moment) and external magnetic
field B surrounding the black hole.
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Conclusion

In this paper, the motion of rotating and magnetized particles in space-time
with a modified metric is considered. The Mattison-Paptitrou-Dixon equation is
presented, which describes the motion of particles taking into account spin and
magnetic interaction. The k—essence is considered, which causes cosmic acceleration
of motion. We have studied the concept of effective potential. The necessary
equations were given for the clarity of the study. The collisions of particles in the
form of graphs were clearly shown. The main results are that we have found that the
parameters K1, K,, K5 have a significant effect on the stability of orbits and particle
dynamics. It was determined that the magnetic interaction enhances the displacement
of circular orbits. The results obtained are applicable to studying the interactions of
astrophysical objects such as neutron stars and black holes.

This research is funded by the Science Committee of the Ministry of Science
and Higher Education of the Republic of Kazakhstan (grant no. AP23489289)
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MazHummix e3apa opekemmecyoiy b napamempiniy dicozapoliayvl iscr
PAOUYCHIHbIH AUMAPALIKMAL OCYIHe HCOHe MUIMOL NOMEHYUAL NPOPUIIHIY
o32epyite okeremini kepcemineen. Macca opmanvizbiHOaz2bl eKi O1ueKmiy
COKMbIZbICY IHEPSUSICLIHA  epeKue Hazap ayoapwiiadvl. O3zzepmineen
Mmempuxaoa,  kiaccuxkanvlk  Llsapyuunsd — mempuraceinoazwioatl,
KOKHCUEKKE ICAKBIH COKMBIZLICY DHEPeUsCHL Oen2ini Oip KUHEMAMUKAIbIK,
Mpaekmopusi KOHpuypayusnapuinoa KaiaeanblHbl3ula YiKeH O00Jybl
MYMKIH  eKeHOiel aublKmanovl. AnviHean Homudicenep HeumpoHOblK
JHCYNOBIZ0APObIH, OPMAULA  MACCANBIK KAPA  CAHBLIAYIAPObIH  HCOHE
cynepmaccugmi - Kapa — caybliayiapobly — alHAlIaACbIHOA2bl  HC02aApbl
OHEPIUSILL  AKKpeyust npoyecmepi MeH KyOblLIblCmapuli Mooenboeyee
JHcoHe DONAUAK, 2PaABUMAYUSTBIK-MOIKLIHOBIK JHCOHE ACMPOMEMPUSLIBIK,
bakvliaynapobl  KOLOAHA — OMuIpbll, — AybIpAblK — KYWiHiH — barama
MeopusNapsii mekcepyee mikesneli KamviCmbi.
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MOJIN®UKAIUSIIAHFAH KAPA TECIKTEPIIH
KEHICTIK-YAKBITBIHJAFBI ATHAJIMAJIBI
"KOHE MATHUTTEJTEH
BOJIIIEKTEPIIH JUHAMUKACHI
JTUHAMMKA BPAILIAIOIINXCSI 1 HAMATHUYEHHBIX
YACTHIL B IPOCTPAHCTBE-BPEMEHH
MOJIN®ULINPOBAHHBIX YEPHBIX JIbIP

Makanaoa Kapanevi 3Hepeus Kesi pemiHOe  k-moHi  6ap
f(R)-ayvipavik  Kywiiniy — Oipikmipineen  moOeniniy 6onici  peminOe
o3eepmineen Kapa mecikmepOiy KeHICmikmeei AauHAIAMbIH  JHCOHE
MazHummenzen  Oonuexmepiniy  OuHamuxacel 3epmmeniedi. Cnuni
MeH MazHummix momenmi Oap Oeonwexmepoiy Ko32aablCbl KOCHIMULA

B cmamuve uccredyemes ounamuxa 6pawaromuxcs U HAMAZHUHEeHHbIX
yacmuy 8 NpoCcMpanHcmee-epemenyu MOOUDUUUPOBAHHBIX HEPHBIX Oblp

114

MOOUGpUKAYUL NAPaAMEmpiepin KAMMUMbIH JHCATNbUIAH2AH CHEPanbIk
cummempus Heeizinoe Mamuccon-Ilananempy-/luxcon menoeyiepimen
cunammanaovl. AuHaimanrsl opoumanapobly muimMoi NOMeHYudbl, OMip
cypy dcazoaunapsl MeH Mmypakmulibiebl, COHOAU-AK WKL Mypakmol
aunammanel  opoumanviy  paouycel  (VRCO) ywin ananumukanwix
epHexmep anvlhobl. I pasumayusnvl MoOuukayus napamemprepi Mex

6 pamkax Komburuposanwou mooenu f(R)-epasumayuu ¢ k-sccenyueri
6 Kauecmee UCMOYHUKA MeMHOU dHepeuu. Jleudcenue uacmuy
CO CNUHOM U MASHUMHBIM MOMEHMOM ONUCLIBAEHICS VPAGHEHUAMU
Mamuccona—Ilananempy—/luxcona Ha ocHOge 0600uWenHoll
chepuiecku-cUMMempudHOl MempuK, cooepicauieti OONOIHUMENbHbIE
napamempui mooupuxayuu. Ilonyuenvl anarumuyeckue blpadricenus Os
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yemouuugocms, Jlazpanscuan.

Maxkanaoa PZT-5H (Channel 5700 Navy Type VI) nvezokepamurkansix,
Mamepuan — Heei3iHOe2l  Nbe302JeKMPIIK — JeMEHMMIY — JICULTIKMIK
CUNammamanapvlHoly mMooeni Keaxmipineoi. Xozapvl nve302jeKmpiix
KOd(huyuenm  nen  IEKMPOMEXAHUKANLIK — CUNAMIMAMATIAPLIHLIY
mypakmel  O0YbIHA  OQUIAHBICMbL  KAPACMBIPBIILIN — OMbIP2AH
Nbe302IeMENN  Nbe30JIeKMPIIK — akmoamopaaposl, — 0amuuxmepoi,
VAbMPAOLIOLICMbIK, MypieHOIpeiuimep MeH 0acka 0a Kypbligbliapobl
Jlcacayoa KeHiHeH KOJLOAHbIIAObL.

3epmmey orcymvicvinviy makcamvl PZT-5H nvezokepamuranvlx
SCMEHMIHIY JHICULLIKMIK CUNAMMAMALApbIH  0A20apiaManblK, opmaod
MOOeNbOey JCOHe OHbIH ICULTIKMIK CUNAMMAMaiapblh manoay 60avin
maobwvLIaobL.

Mooenvoey PZT-5H (Channel 5700 Navy Type VI) nvezokepamuransix
Mamepuanovly  AHLIKMAMAILIK, napamemprepi Heeisinoe Electronic
Workbench — 6az0apramanviy  opmaceinoa  OpblHOAIObl.  3epmmey
0apuICLIHOA  NbE30IICMEHMMIY  AMIIUMYOA-JHCULIIKMIK  JcoHe  ¢hasa-
JHCULIIKMIK — CUNAMMAMANApsl — AIbIHObL.  DKGUBAICHMMIK — Jicylie
napamempiepiniy 032epici HCULIKMIK CUNammamaiapobiy QopmaculHa
JICOHE PE3OHAHCMbBIK MAKCUMYMOAPObIH OPHBIHA 9CePl MALOAHObL.

3epmmey Oapvicoinoa anvinzan Homudiceiep PZT-5H weeizinoeei
Nbe303JIeKMPIK IJIeMEHMMIN HCULNIKMIK CUNAMMAaAMANApblH 3epmmeyee
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MYMKIHOIK ~ Oepedi  dicowe  mypli  munmeei  Nbe30KePAMUKANbIK
Mamepuanoapad Ccanblcmelpmansl mypoezi manoay cypeizyee Heeis
oona anaovl. PZT-5H (Channel 5700 Navy Type VI) nvezoxepamuranvi
mamepuandvly — napamemprepi  Heeizsinde  Electronic  Workbench
baz0apramanviy OpmacelHOd aiblH2aH MOOelb Mypli KOJIOAHbICMA2bl
nvez02eMenmmepoiy OUDTIEKMPIIIK, Nbe302IeKMPIIK JHcone
CUNamMmamanapein 3epmmeyee, COHbIMEH Kamap CXeMOMEeXHUKAIbIK
manoay mer mooenvboey 90icmepin JHcemindipyee MyMKiHOIK 6epeoi.

Kinmmi cozoep: Nnbe3037eMeHm, AMAIUMYOA-HCULTIKMIK
cunammama, Qaza-sicuinikmix cunammama, Nnbe3031eKMPIIK
KO3 huyuenm, 31eKmpomexanukaivlk Oailanslc Ko3ghuyuenmi.

Kipicne

Kasipri Tanna nee3zokepamuka PZT-5H (Channel 5700 Navy Type VI)
YIABTPaABIOBICTBIK TYPJICHAIPTIIITEP/l, MTHE303JIEKTPIIK aKTI0aTOpIaApabl,
SHEPrUsIHBI )KUHAKTAy KypBUIFbUIApbIH jxoHe MEMS-KypbUIFbIIapbIH Kacayaa
KMl KOJJIaHBUIATBIH MaTepHajiap/slH Oipi Oousbin Tadbutaabl. KoprachiHCHI3
Mbe30MaTepHaIapabl 3epTTEy KYMBICTAPhl KapKBIH/IbI JaMyblHa KapaMacTaH
[1; 2], PZT-5H snemeHT oFaphl d , Tbe303JeKTPIIiK KOd(pPUIIEHTKE, COHBIMEH
KaTap KOFapsl K ,, 3JIEKTPOMEXaHHUKaIBIK Oaiyianblic KoddduimenTine ne 0orybHa
0ailyIaHBICThI AJIIBIHFBI KaTaparbl OPHBIH cakTar oThIp [3; 4].

JKoraps! neHreiineri kozasipynapyia PZT-5H anemeHTiHIH KacHeTTepiH 3epTTey
©3CKTI MaceleNep/IiH 0ipi peTiHe KapacThIpblIasl. ATamn eTeTiH 00JICaK, TOMCH
CHTHAJIJIap/a OJIIICHIeH MaTepHaJ/IbIH CUTIaTTaMallapbl KyaTThl yIbTPaIbIOBICTHIK
TypJIeHiprimTepai xobanayaa *OFapbl AdJIKTI KaMTaMmachl3 €Ty YUIiH
TEMITCpaTyPaNIBIK )KOHE KyaTThIK d(dekrinepai 6oy o/ici KomaaHbuIaas! [5].

Ocwl OarpiTTarbl ipredi 3eprreyiep PZT mbezokepamMukanapablH
MHKPOKYPBUIBIMAAPHI MEH (pyHKIIMOHAIIBIK KACUETTEP apachIH/aFbl OaiyIaHbICTBI
3epTTeyre apHajiraH [6].

3epTTey )KYMBICBIHBIH MakcaThl — PZT-5H nbe30kepaMuKaibIK SJIEMEHTIHIH
anekTpiik cunarramanapsid Electronic Workbench opraceinia Mojenbiey xoHe
OHBIH KHUTIKTIK CUITATTAMAJIapbIH TaJ/Iay.

Marepuangap MeH aictep

3eprrey obwekTtici peringe PZT-5H (Channel 5700 Navy Type VI)
Nbe30KepaMHUKachl ajdblHABl. [lmacTuHa Topi3jec Mbe30KepaMUKaHbBIH
9JIEKTPOMEXaHUKAIIBIK CHITaTTaManapsl [7, 6. 20]; [8]:

T _ E33 _ .
1) campICTBIPMAIIBI AUAIEKTPITIK OTIMIUTIK — K = . 3200;
2) 5MeKTPOMEXaHHUKATBIK OailIaHbIC Kod(hHIMEeHT] — K 5 =037,
3) YOur mostyti —y,, =6,2-10"

_ 3 K2 m
4) TBIFBI3IBIFBL p =7,4-10 F’

22
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5) cananbuiblK — Q,, = 65;

6) Y3BIHIBIFBL — /, = 6-107

7)eni—1, =8-10"u;

8) GuikTiri —/, =2-10"u.

Mopnenbaey PZT-5H (Channel 5700 Navy Type VI) nbe3okepaMuKaiIbIK
MaTepHaJ/IbIH aHbIKTaMalIbIK rmapaMeTpiiepi Herizinge Electronic Workbench
Oar1apIaMalIblK OPTAChIHJIA OPBIH/IAIIIBI.

Hoarwmkenep jxoHe TaJIKblUIay

[Tre30KepaMuKaIbIK MaTEpUAIJIBIH CHIIATTaMallapblHa CYHEHE OTBIPHII,
PE30HAHCTHIK CHUIIAaTTaMalapAbl aHBIKTAy MaKcaThIHIa Kejeci ecenrteyliepi
xyprizemis [9, 6. 171]; [10].

[The302eMEHTTIH KUUIIKTIK CHUITaTTaMallapblH ecentey yiuiH barrepBopt-
BaH [laiik Mojesi Heri3iHJeri SKBUBAJICHTTIK cyJi0aMeH OepiiireH Ti30eKTiH
napaMeTpiIepiH aHbIKTay KaxeT. [Ibe3037IeMEeHTTIH MEHIIIKT] ChIABIMIBUIBIFBIH
keseci popmysa OOMBIHIIA aHBIKTAYFa OOJIAIbL:

T. . .
c, :Kg+lllz-(l—K§1).

n
3

[MnactunaTopiznec PZT-5H (Channel 5700 Navy Type V) nbe30kepaMuKaHbIH
9JIEKTPOMEXAHHUKAJBIK cHllaTTamanapbl MoHaepiH (1) dopmyrara Koiblm,
MIbE303JIEMEHTTIH MEHIIIKTI CHIABIM/IBUIBIFBIH €CENTeHMI3:

o _3200-885-107-6-10°-8-10°
2107

(1-037°)=5063-10"® ()

[Tnactina Topi3zec Mbe303IEMEHTTIH MCHIIIIKTI PE30HAHCTHIK KHULIITT OHBIH
MEXaHUKAJBIK CHITaTTaMaJapbl apKbUIBI €CCITEIIHEII:

Y . 10
o, 138, [To_ 18 [62:10° o pao, o
L \p 210° \74-10 c

DIeKTPOMEXaHUKAJIBIK JKYHEHIH Pe30HAHCTHIK KU1 AJIEKTPOMEXaHUKAJIBIK
Oaitnanpic KO3()(DUIMEHTIH eCKepe OTHIPHIT eCenTeMi3:

6
o, = o, _ 2310 ~25.10° pao . 3
\/l_kszl \/1_0372 c

OTKi3y JKOJAaFBIHBIH €HIH CamaJbIIBIKTHl €CKepe OTBIPHIN,
KeJIeci Typ/ie ecenTeimis:
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o, _ 2,5-10° pao/c

Aw = =0,0385.
0, 65 4)
CBI3BIKTBIK KUIIIKTI €CenTenMis3:
o, 25-10° 6
i =0,4-10°T. 5
2z 2-3,14 )

Ti30exTi TepOenmMeni KOHTYPABIH HHAYKTUBTUIITIH ecenTeiMi3:

1 1
L, = = =0,0127n. 6
v;-C, (04-10°) -5,063-10™ ©)

DKBHUBAJIEHTTI 3JIEKTPIIK CHIABIMABIIBIK PE30HAHC IIAPThIHA COUWKEC
KeJIeCIJIEN ecenTeiHe/i:

1 1
C= — ~133-10"2 . 7
oL (25-10°7-0,012 @)

BarrepBopr-Ban [laiik monemi [11] HeriziHIeri SKBUBAJICHTTIK CyJI0aMeH
OepinreH Ti30CKTIH KeepriciH OepiKTiK (OopMyTackl apKbUIBl aHBIKTAMBI3:

~@,-L 25.10°-0,012
0, 65
(1-3) xone (5-8) epHekTepiMeH aiblHFaH MaHAep Herizinae PZT-5H
Channel 5700 Navy Type VI) nbpe3031eMeHTIHIH aMILUIUTYAA-KUITIKTIK
( y Typ y

cunarramaiapsl 1-cyperre kenripiiaren cynodara coiikec Electronic Workbench
OpTachIH/IA AJbIHAIBL.

e =T
1

R

=461,50m. (8)

J
FZT
= 0 R
L

1-cyper — PZT-5H (Channel 5700 Navy Type VI)
MTbE303JICMCHTIHIH CUITATTAMACKHIH ATy IbIH SKBUBAJICHTTIK CYI0achl
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Electronic Workbench opraceiana aneiaran PZT-5H (Channel 5700 Navy
Type VI) nbe3031eMeHTIHIH aMIUIUTYJa-KUUTIKTIK CHUITaTTamaiapsl 2-CyperTe
KEeJITIpiIreH.

’%Bode Plotter x|

| [EEEGENEEN  Fhase | Sawe

— wirtical Horzontal

: E mEm
,_/\/_,___— Flaooae B [F[1 3 [mH=E
: | [-200 dE = 1o 2 [kH= B
: -BE. 02dE

=l = 358.1kH=
.................................................. & n & -

2-cypet — PZT-5H (Channel 5700 Navy Type VI)
nee3oeMenTinig AJKC

Ecenteyiep MeH KOMIBIOTEPITIK MOJISITB/ICY KE31H/I€ alTbIHFAH PE30HAHCTHIK
KHULTIKTEPAIH MOHJIEPIH CATBICTRIPATBIH 0OJICAK, €CENTEITCH MOHICP MCH
Electronic Workbench oprackiama amsIHFaH MOJICTIBICY HOTHOKEIICPIiHIH MOH/ICPIHE
JKaKbIH €KCHIITiHe Ke3 keTkizyre Oomanel. An PZT-5H (Channel 5700 Navy
Type VI) mpe3031eMeHTiHIH (ha3a-KAUTIKTIK CHITATTaMachl 3-CypeTTe OepiireH.

’"Bode Plotker x|
| Magritude | EEECEEN | Save
— “wertical Horizontal
EE un B un
: 5 - = |F = =
e U 720 g [l ] [MHzf2
; [ 720 1[1o kHz
: 60,047
=l = 395.1kHz
.................................................. - s ot G

3-cyper — PZT-5H (Channel 5700 Navy Type VI)
nbe3oasieMenTiHig OIKC

ConbimeH Katap, PZT-5H (Channel 5700 Navy Type VI) nbe30351emMenTiHIH
AXC men ®XKC 4-cyperre O6epinret rpadMKTiK JUCIUICH/ICH Jie Kopyre Oosaibl.
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100
40 4
—
8 _z0d
E
L@ -804
@]
-140 4
-z00 . .
10K 100K 1000K
720 4
— 432 o
=11}
L)
= 144
o s S S
% -144 o
=
P4 43z
-720 : .
10K 100K 1000K
Frecuency (He)

4-cypet — PZT-5H (Channel 5700 Navy Type VI)
mee302seMenTiHIH AXKC xone OXKC

Erep PZT-5H (Channel 5700 Navy Type VI) mpe303/1eMeHTIHIH oIIeMIepiH
15-20 % e3repretin Ooiicak, S-CypeTTe KOpil OTBIPFaHBIMBI3JAH, KHUUTIKTIK
CUMaTTamMaIapAblH rpaduKTepiHeH KyHeaeri e3repicTi Oaiikayra OoJabl.

100 4

. 404
% -20
3 g =80
&)
-140
-z00 . !
10K 100K 1000K
720 4
T 432 A
L)
= 144
% -144 o
& -a3z 4
-720 T 1
10K 100K 1000K
Frequency (Hz)

5-cypet — PZT-5H (Channel 5700 Navy Type VI)
mee302seMenTiHIH AXKC xone OXKC
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KopbITbIHABI

Electronic Workbench 6armapnamaneik opraceiaga PZT-5H (Channel
5700 Navy Type VI) HeriziHAeri Mbe303JIEKTPIIIK AJIEMEHTTEH TYpaThIH KyHeH1
MOJIEIIb/ICY HOTIIKECIHE MbE303JIEMEHTTIH aMIUINTYAa-KUUTIKTIK jkoHe (a3a-
KHMUTIKTIK CHITaTTaMaliapbl ajJblH/Ibl. AJIBIHFaH HOTHIKEIEpre ColKec:

— PZT-5H nbe3031eMeHTIHIH TeOMETPHUSUIBIK MapaMETPIICPIH ©3repTKEH IS
(Gi3miH >kargaiia OMIKTITIH apTTHIPFaH/a), PE30HAHCTHIK JKHIJIIK KEMUII;

— YCHIHBUIFAH MOJIMETTEp Heri3iHjae JalblHaan WIBIFapblIaThlH
MbE303JIEMEHTTEPiH PE30OHAHCTHIK XXOHE aHTHPE30HAHCTHIK KHIJIKTEPiH, OTKI3Y
JKOJIAKTAPBIHBIH CHIH aHBIKTayFa MYMKIHIIK Oepe/ii;

— aJIBIHFaH HOTWOKEJEpP TYPJIi THUITETI Mbe30KePaMUKaIIbIK MaTepHaiiapra
CaJIBICTBIPMAJIbI TYPJIET] Tajiay JKYprizyre Heri3 Ooma anajipl;

— Electronic Workbench GarnapiamanblK opTachiHAa ajbIHFaH MOJEIb
TYPJIi KOJJIaHBICTAFbl MbE303JEMEHTTEPAIH JUAICKTPIIIK, MbE303JICKTPIIIK
CHIIaTTaMaJIapblH 3€pPTTEY/Ie, COHBIMEH KaTap CXEeMOTEXHUKAJIBIK Tajiay MEH
MOJIETIbJICY SAICTEPIiH KETUIIPY/e KOJIAaHbUTYbl MYMKIH;

— aJIBIHFaH 3epTTeyJIep TYPIIi KiIacTap apachlHaarsl, Mbicaibl, PZT-5H nex
PZT-5A nbe3okepamuKanapbl apachlHAarbl albIpMalIbUIBIKTApAbIH ceOenTepin
TepeH TYCIHyre MyMKIHAIK Oepeni.
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B cmamve npedcmasiena mooenb UACMOMHBIX XAPAKMEPUCHIUK
NbE30IEKMPULECKO20 — DTEMEHMA ~ HA  OCHOBE — NbE30KEPAMUUECKO20
mamepuana PZT-5H (Channel 5700 Navy Type VI). bracooaps evicoxum

126

SHAUECHUSM — NbE302EKMPUYECK020  KOIpuyuenma 1 cmabuibHbim
INEKMPOMEXAHUYECKUM XAPAKMEPUCIUKAM OAHHbILL Mamepuan WUpoKo
UCNONL3YeMCs 8  NPOU3BOOCMEEe  NbEe30IEKMPUYECKUX — aKMIOAmopos,
0amuux08, yIbmpaseyKogbix npeoopasosameriell u Opyeux yCmpoucms.

Llenvto  uccredosanus A6naemcs MOOETUPOBAHUE  ITEKMPUYECKUX
Xapaxmepucmux nve3odekmpudeckoeo semenma PZT-5H 6 npoepammmotu
cpede U aHanu3 e2o 4acmMOmHbIX XapaKmepUucmux.

Mooenuposanue evinonHeHo 6 npocpammuol  cpede Electronic
Workbench na ocHose cnpasounvix OaHHBIX — NbE3OKEPAMUYECKO2O
mamepuana PZT-5H (Channel 5700 Navy Type VI). B xo00e uccredosanus
NONYHeHbl AMIIUMYOHO-4ACIMOMHAA U (DA304ACTOMHAA XAPAKMEPUCTIUKU
Nbe303IeKMpuUYecko2o snemenma. Ilposeden ananuz enuAHUA NApamempos
IKBUBAIEHMHOU  CUCIeMbl HA  (DOPMY UACHMOMHBIX XAPAKMEPUCUK U
NOJIOJHCEHUEe PE3OHAHCHBIX MAKCUMYMOS.

Tonyuennvie 6 x00e uccie0o8anus pesyibmantsl Oalom 803MOHCHOCHb
uccie0o8ams  4ACMOmMHble  XAPAKMEPUCIUKY — Nbe302eKMPULECKO20
aemenma Ha ocroge PZT-5H u nposooumv cpasHumenvHulil anaiu3
PA3IUYHbIX MUNO8 Nbe30KepamMudeckux mamepuanos. Paspabomannas
Modens 8 npoepammmoli cpede Electronic Workbench na ocnose napamempos
nvezoxepamuveckoeo  mamepuara PZT-5H  (Channel 5700  Navy
TBype VI) mosrcem 6vbimsb UCNONL308AHA 07151 UCCTCO0BAHUSL OUDTICKINPUUECKUX,
Nbe303IeKMPUUECKUX UMEXAHUYECKUX XAPAKIMEPUCTNUK NbEe30TeKMPUYECKUX
INEMEHMO8 PA3IUYHO20 HASHAYEHUS, A MAKdice Ol COBEPUIEHCINBOBAHUS
Memo008 cXeMOMexXHU4eCKo20 AHAIU3A U MOOETUPOBAHUSL.

Knrouesvie  cnosa:  nvesosnemenm;  amMnaumyoOHo-4acmomHas
Xapaxmepucmuxa, Gaza-wacmomuast Xapakmepucmuxa,
Nbe302ICKMPULeCKULl K03 uyuenm, K03 puyuenm
9IEeKMPOMEXAHUUECKOU CEA3U.

CALCULATION OF CHARACTERISTICS
OF THE PZT-5H PIEZOCERAMIC ELEMENT
USING APPLICATION PROGRAMS

This article presents a model of the frequency characteristics of a
piezoelectric element based on PZT-5H (Channel 5700 Navy Type VI)
piezoceramic material. Due to its high piezoelectric coefficient and
stable electromechanical properties, this material is widely used in the
production of piezoelectric actuators, sensors, ultrasonic transducers,
and other devices.

The aim of this study is to simulate the electrical characteristics of
the PZT-5H piezoelectric element in a sofiware environment and analyze
its frequency response.

The simulation was performed in the Electronic Workbench
software environment using reference data for PZT-5H (Channel
5700 Navy Type VI) piezoceramic material. The amplitude-frequency
and phase-frequency characteristics of the piezoelectric element
were obtained. The influence of equivalent system parameters on
the shape of the frequency response and the position of the resonant
maxima was analyzed. The results obtained during the study make it
possible to investigate the frequency characteristics of a PZT-5H-
based piezoelectric element and conduct a comparative analysis of
various types of piezoceramic materials. The model developed in the
Electronic Workbench environment based on the parameters of the
PZT-5H (Channel 5700 Navy Type VI) piezoceramic material can be
used to used to investigate the dielectric, piezoelectric, and mechanical
characteristics of piezoelectric elements for various applications, as
well as to improve circuit analysis and simulation methods.

Keywords:  the piezoelectric — element,  amplitude-frequency
characteristic, phase-frequency characteristic, piezoelectric coefficient,
coefficient of electromechanical connection.
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NGC 2516 LOFbIPbIHbIH N-LEHE
MOZENIH HAKTbBIJIAY XXOHE OHOAFbI
XKY¥NAbI3AbIK KAPA K¥PObIMOAP

byn oicymvicma Kalambay et al. (2025) sepmmeyinde dbacmanzan
NGC 2516 wawvlpankpl scynoviz0ap uiovipbiibiy N-OerHe mooenvoeyi
KeHeuminoi. Amanean scymvicma wioevlpowiy I anakmuxadazsl opoumacol
Kauma KainvlHa keimipinin, ousty 6acmankwl napamempiepi phi-GRAPE-
GPU koowinwiy kemezimen ecenmeneen OonamulH. Anaiida anvinean
Mmodenvoe Hakmoi, Gaia Oepekmepi Heei3iHOe MAHOAN2AH ULLIHAUb
woevipea Kapazanoa xcyteni mypoe KeOIpeK «OAKbUIAHAMBbIHY JHCYIO0bL3
cakmanamoinvl anvikmanzan. Ocvl dcymvlcma 6acmankbl JHeyaovl30ap
canvt 6500-20000 apanvievin, dcynrovl3 my3inty muiMOiieiHiy OipHewe
MOHIH, bacmankwl scapmuvl Macca paouycoinviy 1,5—4, 5 nk apanvizoinoazol
MOHOePIH JicoHe OipHeute Ke30elCcoK Oacmankul xcaz0atiapost (random
Ke3z0elicoK bacmankpl dcazoaiivl (seed)) Kammumvih MO0eib0epoiH
KeHelmiieeH mopul ecenmeioi.

Conbimen Kamap mo0env0epoi Hcopamal OaKblIayiap HeeiziHoe
woeblp Mywenepin mayoayobiy yul OeHeelll capanmamacyl eHeizinii.
(1) macca oicoHe  KepiHepaik — JCYAObIZObIK — Wama — OOUbIHUA
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domomempusineix  ipikmey;, (2) OipiHwi ipikmey coHe MEHWIKMI
Ko3eanvicmap OOUbIHWA KUHeMamukanvlx ipikmey, (3) napaiiaxc
OOUbIHWA CO2aH YKCAC OPHLIKMbL IPIKMeYOi KOCAmvlH alObiHabl €Ki
ipixmeymen 6ipikmipineen 90ic. 3epmmenzen Mmooenvboep MOPbIHAH
bacmankwvl dcapmel macca paouycmapst 3.6, 3.8 owcone 4.0 nx dicome
Oipoell Ke30elicoK Obacmankbl Jcaz0ausl (Ke30elicoK 0acmankbl Jcaz0ativl
(seed) = 22) 6ap yw moodenv anvikmanowi. byn modenvoepoe 3-90ic
OOUbIHWG — COHabl  OAKbUIAHAMbIH — JHCYA0bI30ap — canvl  2644—2704
apanvievinoa 6oavin, NGC 2516 woevipvinoa 6aKbliay apKblibl
anvikmanean 2690 myuieze ome sHcaxbii HOMUICE KOPCEMmi.

Ocbl M0Oenb0epoiy 9pKauChiChl O3IHIY I60IIOYUACHL OAPBICLIHOA
JHCYNOBIZObIK-MACCANBL YUl KApa Kypobim my3eoi. Onapoviy iuliHeH COHabl
yaxvim mezeminoezi yut MoOeibOiH OPKAUCbICbIHOA 0d7 OIp Kapa KypObim
2aHA WLO2bIP MYULeTePiH KUHEMAMUKAILIK, MYPablOaH IPiKmey SJIUNCIHIY
iwinoe kanaowi. byn nomuoce Ma et al. (2026) sicymvicvinoiy NGC 2516
WOo2bIpbIHOA KeMiHOe eKi OUHAMUKAILIK OQUIaHbICKAH Kapa Kypobim
CAKMAIybl MyMKIiH 0e2eH COHabl KOPbIMbIHObICLIMEH YilleceOi.

Kinmmi co30ep: NGC 2516, wawblpankpl scyi0bi30ap ulo2uipiapbol,
N-Oere modenvoeyiepi, Heyr0bl30bIK-MACCAIbL KAPA KYPObIMOap, Wozblp
Mywienepin ipikmey, menwikmi Kozeanvicmap, Gaia.

Kipicne

JKynp13 MIOFBIpIIapbIHBIH TAPHUXBI — OJIap KAIbINTACKaH | alakTHKa IMCKICIHIH
TapUXBIHBIH TiKenel jkaz0ackl. IlambipaHkbl MIOFBIPIAp AJIBIT MOJEKYIIAIBIK
Oynrrapaan maiia 6oxazpl [1] xene ['amakTrka yKa3bIKTHIFBIHA JKAKbIH KepJie
TYBUIAJIBI 8P1 COJT MaHIa Kasa bl [2, 3]. CabICTRIPMAIIbI TYPJIC a3 MacCalbl, 8JICi3
OaillaHbICKaH JKyHesep OOJIFaH/IbIKTaH, MIAIIbIPAHKbI IOFBIPIApAbIH KO
OipHellIe 5Ky3 MUJUTHOH XBUI 1IIHJIe OpicKe CIHIN KeTeli, OyJ1 onap/ sl e31epiHiy
OakbUIaHATBIH YKAachIHA TIKEJNEH COMKeC KeJeTiH yaKbIT MacIITaObIH/Ia TiKeneil
N-/1eHe MOJIesIbIey YIIIiH 6T¢ KOJIalIbl HhICAHAFa aifHAJIBIPAIbL.

Gaia MUCCHSICBI KY3/IeTeH MUJUTHOH KYJIIBI3 YIIIH OYpBhIH-COHIBI OOJIMaraH
JIIIKTEr acTpoMeTpHs (O3UIMsIIAp, MEHIIIKTI KO3FaJbICTap, NapajuiakcTap)
MeH (poToMeTpust qepekTepin Oepy apKbLIbl OyJI caiaHbl TyOereiini e3reptTi [4],
Oys KyH MaHbIHIAFbI DIalIbIpaHKbl MOFBIpIap, coHbly imruae NGC 2516 yuin
Jie CeHIM/II pi OIPTEKTI MYILIEIiK aHbIKTayFa MYMKIHAIK O6epai [5].

NGC 2516 (Caldwell 96, «Sprinter») — Carina OIOKXYJIJIBI3bIH/IAFHI JKac,
OHTYCTIK HIAIIBIPAHKBI WOFBIP, OHBl 1751-1752 xpuinapsl Abbe Lacaille
alrkaH, *acel mamameHn 120-150 MiH KbUT apaiblFbiHAa OaranmaHazisl [6].
Kalambay et al. (2025) [6] phi-GRAPE-GPU xobiH [7] KOJJaHBIN MIOFBIPIBIH
lNajnakTUKaNbIK OpOUTACHIH Kepi yaKbITTa KaJIblHA KENTIPAl KOHE JKETMICTCH
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acram N-zieHe MoJienbeyiHiH inriHeH Pang et al. (2022) [8] xabapiaraH MIOFBIPABIH
Kazipri yakpiTTarsl Gaia Heri3iHeri Macca (yHKIMSCBIH, KyMYJISITHBTI paJinaiibl
pouIIiH KOHE MEHIIIKTI KO3FaJIBIC YJIECTIPIMIH €H JKaKChl KalTaJlalThIH
GacTarkpl MApTTap/Ibl aHBIKTAY OOMBIHIIA JKYMBICTAp *kacaraH. Coi KyMbIcTa
MOJIeNIb MEH 0aKbuIay apachlHaa MOP(OJIOTHSUIIBIK JKaFbIHAH )KAaKChl COHKECTIK
TaOBIIJIBI, JIETEHMEH MOJENb/C «OaKblJIaHATBIHY» JKYJIbI3IApAbIH CaHbl HAKThI
JIEPEKTET1IeH )KYHelTl TypJie apThIK 0011kl — OYJT apTHIKIIBUIBIK HAKTHI, IEKTEIreH
KaTaJlorta epicreri KyJAbI3apAaH CeHIM/I TYPIE aXbIPaTbUIMAWTBIH TOJIBICY
KYHPBIK KYJIIBI3/1apbIHA JKaTKBI3bUI/IBI.

Ocbl alIbIK MOCEJIEre COHFBI KE3/IEeT1 €Ki TOyeIICi3 )KYMBIC TiKeJIeH KaTbICTHI.
Bipinmnigen, Ma sxeHe Oackanap [9] Gaia DR3 MeHIIiKTI KO3FalbICTapbl MCH
paauanpl KbeuamasikTapbiH naiaanansin NGC 2516-HbIH (Tarbl ceri3 Kepii
aIIBIK OIOFBIPMEH KaTap) >KbUIIAMIBIK AUCIIEPCUSCHl MPOQHIIH Tajliall, OHBIH
MEHIIIKTI KO3FaJIBIC JKOHE pajHallIbl KbUIIAMJIBIK JUCIIEPCUSICHI JKYJIbI3
MaccachbIMeH Oipre Kemimei, KepiCiHIe ©CeTiHIH aHBIKTabl — OyJI eKi JeHeni
perakcanust apKbUTbl SHEPTUsl TCHOE-TEHIINHE YMTBITY Ke3iH/1e KYTUIETiH yp/icKe
Kapama-Kapchl. by 6enrini e3aepinia N-1eHe MOICIbICPIMEH CATBICTHIPA OTHIPHIII,
asropiap NGC 2516-1a keMiHIe eKi KYIJIBI3JIBIK Maccallbl Kapa Kyp/bIM CaKTaTybl
BIKTUMAJI JIET€H KOPBITHIH/IBIFA KEJIJli, 0Jlap TMHAMHKAIIBIK dCepIiecyiep apKblUIbl
aybIp JKYJIIBI3Iap/AbI CHIPTKA JIAKTBIPBIII, [IOFBIP ©3€T1H «KbI3BIPaIbD) ISH/I.

Exinnrizen, 2026 xbUIFbl OipHeIe )yMbIc xkaHa Gaia giepexTepi MeH apHaiibl
cnexTpockonustHbl KosgaHbil NGC 2516-HbIH KYpBUIBIMBI MEH KHHEMAaTHKACHI
Typasbl 6akputay OeliHeciH HakThutaabel. Wright, Jeffries sxone Whalley (2026)
[10] Gaia acrpomerpusicein Gaia-ESO Survey paauansl )KblIIaM/IbIKTapbIMEH
OipikTipimn, mOFEIPAbIH 3D mo3uIUsIaphl MCH JKBULIAMIBIKTAPBIH KaJIIbIHA
KeNTipai, OHBIH KalbIKTEIFBIH 406.3 y 0.8 1k men HakThlIaasl xeHe Hunt &
Reffert (2024) [3] Ootibiama mamamen 3500 Mo macca MeH 13.5 1K TOJBICY
paauyc Kadbuinaasl — 0y manaep Kalambay et al. (2025) [6] xymbichiHga Pang
et al. [8] Ooiibramia KadbuTIaHFaH M = 1973.3 Mg xeHe r,= 18.3 nk MoHICpiHCH
afTapibIKTall epekiieneHe/i, 0i3 OyFaH TOMEHJC TalKbpUIay OeliMiHae KaiTa
opanambI3. Zhang (2026) [11] >xakbIH HOFBIpIapaeiH muki Gaia HerisiHieri
3D kaiita KypbUIbIMIapbIHAa OOJAaThIH KYIITI KOpy coylieci OOMBIHIIA CO3BLTY
(«Finger-of-God») KyObUIBICEIH Ty3¢iiTiH baiiec HeKOHBOIONHUS SJiCiHIH
Tekcepy xarpaiibl peringe o1 NGC 2516-Hbl KongaH/pl, Oyi Kepy ChI3BIFbI
OoiibIHIIa OaliKaIaThIH KYPBUIBIMHBIH €/19yip 061iri GU3nKaiblK KYPhUIbIM eMec,
aCTPOMETPHSJIBIK KaTeliK apTedakTici eKeHIH KopceTTi — Oyl MOJENbIeITreH
oHe OakpulaHAThIH 3D IIOFBIP MINIHAEPIH CaNBICTBIPYFa TIKEJEH KaTBICTHI
eckepry. benek, Bouma xone T.6. (2021) [12] TESS aitnany nepuoarapbl MCH
sutuit Memuepin naiaanansm NGC 2516 adinanaceinga mamamen 500 nk-re
Jieiiin co3puaThiH (acnanja mamamen 20 rpajyc) IIbIHAWbI, Oipael KacTarbl
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KHHEMAaTHUKAJIBIK rayio 0ap ekeHiH pacrtaibl, sfHu Kalambay et al. (2025) [6]
YKYMBICBIH/Ia aTAJIFaH «apTHIKy MOMYJISIHUSHBIH O1p O6JIiri Taza MoIelIb/IiK HeMece
ipikTey apTedakTici emec, IOFBIP/BIH HAKThl, TEK CUPEK OpHAJIACKaH XKaJFachl
00JIybI MYMKIH.

Ocbl HOTHXKEIIepre CyleHe OTHIPBIN, OYJI JKYMBIC €Ki e3apa OailylaHbICThI
MakcarThl ke3aeni: (1) N-J1eHe moFbIp MoielliHIH «0aKbUIaHATBIHY MYIIEIEpiH
IpIKTeY YIIiH HEFYPJIbIM LIbIHAKBI, KOTIJICHT i1l OaKpuIay1ail ipikTey nporey pachiH
a3ipJey, Oy [6] )KyMBICBIH/IA aHBIKTAJIFAH XKYHENi «apThIKIIBUIBIKTBD TIKEICH
mremresi; xoHe (ii) MIOFBIPABIH OaKbUIAHATBHIH pajualiibl IPOQUIIH €H JKaKChl
KaWTaJalThlH HaKTHl peanu3anusiiapiasl a0y yurin NGC 2516 mozpenbaepinin
KEHEUTIUIreH TOPBIH 137Iey KOHE OCHI €H YKaKChl COWKEC KeJIEeTIH MOAEIbIEp KaHIIa
Kapa KypAbIM OOJDKaHUTBIHBIH aHBIKTAY.

Matepuannap MeH aaictepi

Mogenbuey [6] sxymbIcTapbIMeH OipJieil caHAbIK OpHATYMEH >KYPTi3iiii.
Kynnwiz opoburanapst tikenei N-nene koabl phi-GRAPE-GPU-meH [ 7] cbIpTKBI,
lNanakTuka epiciH CUMATTAUTHIH YII KOMIIOHEHTTI ©CTiK cuMeTpHsiibl [Tnammep-
Kyssmun norennuansl [ 13] asceinaa unrerpanaanasi [ 14, 15]. XKynaszaapasia
sBoJironusichl xaHapteuiran SSE [16] pyTuHanapsl apKbUIbl eCenTeei.
AJt xyaab3aapabiH 0acrankel Macca ¢pyHkiuscel 0.08—100 Mo apanbIFbIHIAFbI
anerrteri Kroupa (2001) typinge [17] Gosnca OakblIaHFaH MIOFBIPIBIH
Macca Tapaiybl KalTanaHOaWTHIHIBIKTaH ©3TePTIJAreH CBHIHBIK JOpexkeni
3aH/IBUIBIK TaHIAJIIbL:

§(m)dm <« m™¢, (1)
MyHIa

a=0.6 (0.08 <m/Mg < 0.75),
a= 3.1(0.75 < m/Mg < 100).

Mymnpnaii Tocin NGC 2632 mIoFBIpBIHBIH MOJICIIH TYPFBI3FaH/a KOJIIaHBUTFaH
amicTke Herizaeneni [18]. JKynas3asIK 3BofONNs cangapblHaH Maiaa 00JaThH
HEHTPOHIBIK KYIABI3Aap MCH Kapa KYpIbIMIapIblH Maccatapbl MeH Terki (natal
kick) amysr sxanapteurran SSE monenine [16] coiikec xxypemi. SIFHI, COHFBI aca
YKaHa MOJICTIbICpiHe CoiiKec Keibip skaFaaimapa )KapbUTbiC KaOBIFBIHBIH OpTaFa
KaiiTa Kynaybsl HoTmkecinae Tenki (natal kick) nHenre TeH 6omazpr.

Mopenbaep TOpbl

bi3 Nk-SFE-rhm(0)-(seed) mem atamateiH N-meHe MOIeIbAEp
TOPBIH €CeNTe/iK, MYHIaFsl N — OacTamKbl KYIIBI3 CaHBI (MBIHIBIKIICH),
SFE —xynasi3 Ty3imy Taimainiri (%), rhm(0) — Gactanksl skapThl Macca paJirychl
(TK), am ke3mefcoK OacTamKel JkaFmaibl (seed) — GacTamKbl peaTn3alusHBIH
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Ke3JIeicoK caH reHeparopsiHbiH MoHi. Top N ~ 6500-20000, SFE = 17-25 %,
rhm(0)=1.5-4.5 nk *xoHE TypaKThl Maccaja OipHeIIe Ke3IeHCOK OacTaIKbl
araiisl (seed) MoHIH KaMTHABL. TOJBIK MO/IENIB/IEp TOPHI 1-KecTe e KeNTipiireH,
GapibiFsl 18 cumyssuusaan Typapsl. bapibsik Moaenbaep [6, 8, 9] skymbIcTapbiHia
NGC 2516 yurin kadbutganrad ~123 MITH KbUT )KaChlHA JICHIH IBOOIUSIIAH B
»oHe OYpBIH KoJlaHblUTFaH astropy [ 19] Herizinaeri sxopaMal Oakpuiayiap YiH
(TeTMOEHTPITIK, 9KBATOPIIBIK) KOOPIMHATTAPFA TYPJICHIIPUIII.

I-kecte — Moenbaep TOPBIHBIH TOJBIK KUBIHTBIFBI (N = 18 cumyssinus)

Mogpens | N(0) | SFE | rhm, | ke3meii- | NBH | rtid | thm | rtid | rhm | Nfinal
0) COK 3-
Oacrar- aiic)
KbI
JKaFIaibl
(seed)
% K ° ° MK K
06.5k-25- | 6393 25 4.0 11 2 2428 | 0.857 | 17.308 | 6.109 | 2234
4.0-11
07k-25- 6907 | 25 4.0 11 2 2.455 | 0.885 | 17.308 | 6.235 | 2243
4.0-11
09k-20- 8938 20 3.0 11 2 2.333 1 0.838 | 16.793 | 6.033 | 2006
3.0-11
10k-20- 9927 20 3.2 11 2 2.381 1 0.872 | 17.184 | 6.290 | 2234
3.2-11
15k-17- | 14945 | 17 2.5 23 1 2111 | 0.859 | 15.442 | 6.277 | 1657
2.5-23
17k-17- | 16983 | 17 1.5 22 1 2.651 | 0.784 | 18.625 | 5.506 | 2513
1.5-22
17k-17- | 16949 | 17 2.5 11 3 2.340 | 1.008 | 16.411 | 7.068 | 1958
2.5-11
20k-17- | 19943 | 17 2.5 11 4 2.712 1 0912 | 19.779 | 6.648 | 3207
2.5-11
20k-17- | 19944 | 17 2.5 22 3 2.706 | 0.869 | 19.614 | 6.291 | 3098
2.5-22
20k-17- | 19943 | 17 2.5 33 1 2.558 1 0.955 | 18.561 | 6.927 | 2707
2.5-33
20k-17- | 19885 | 17 3.6 22 3 2.541 | 1.042 | 18.408 | 7.543 | 2704
3.6-22
20k-17- | 19870 | 17 3.8 22 3 2495 | 1.133 | 18.127 | 8.231 | 2644
3.8-22
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20k-17- | 19853 | 17 | 4.0 11 4 2559 1.174 | 18.499 | 8.479 | 2964
4.0-11
20k-17- | 19851 | 17 | 4.0 22 3 2473 | 1.136 | 17.921 | 8230 | 2698
4.0-22
20k-17- | 19852 | 17 | 4.0 24 4 |2.082]1.202 | 15.050 | 8.686 | 1899
4.0-24
20k-17- | 19852 | 17 | 4.0 44 4 2104 |1.088 | 15.190 | 7.854 | 1907
4.0-44
20k-17- | 19808 | 17 | 4.5 2 3123121200 | 16.795 | 8.717 | 2352
4522
20k-17- | 19808 | 17 | 4.5 23 1 |2010]|1.214 | 14331 | 8.652 | 1757
4523

Kopaman 6akbliayabl Yl ieHreili ipikrey

By >KYMBICTBIH HETri3ri 9AicTeMelNiK JaMybl — opOip MOJEIbIIH COHFBI
KecKinenimine (cHanmorTapra) (t ~ 123 MITH KbUT) KOJJIaHBUIATHIH, HIBIHANBI
Gaia HeriziHieri ipikTeyre »aKbIHAal TYCETiH YIII MYIIEIiK KpUTEpHifiHiH Ti30eri:

1-a1iC — apBIKTHIFBI MCH MaccachiHa Kapai TaHaay (HoToMEeTpUSIIBIK SIIC).
AnpIMEH MoJieNberi OapibIK KYJIAbI3Aap/AbIH ilriHeH 013 OaKpliay apKbLUIbl
Kepyre O0JIaThIH KYJIbI3AAPAbI FaHa KAJABIpambI3. O YIIIH jKYIJIBI3IbIH Maccachl
keminge 0.2 Kyn maccachl 60I1ybl )OHE OHBIH KOPIHEPIIK KYJIBI3/BIK IIaMaChl
(mV) 15-ten kinn 6omysl kepek. Srau Oy kezene 613: «XKynapI3abl Teneckon
ApPKBUIBI )KETKUTIKTI XKaKChl Kopyre 0oJia Ma?» JIereH cypakka kayar oepemis.

2-9J1ic — MEHILIKTI KO3FalbIChl OOIBIHIIA TeKcepy (KUHEMaTHKAJBIK
omic). Exinmii amic OipiHINi 97iCKe KOCBUIANBI, SIFHU albIMEH 1-amicTeri
(dboTOMETPHUIIBIK MIAPT OpbIHAaNybl Kepek. ColaH KeWiH KyJbI3aapably
acraHJIaFbl KO3FAJIBICBIH — MEHIIIKTI KO3FAIIBICTAPbIH — TeKkcepeMis. ILIoFbIpIbig
OPTAJIBIK OOJITiHACT] KYJIIBI3 AP HETI31H/C NIOFBIP/IBIH OPTAK KO3FaJIbIChI )KOHE
OHBIH KaJIBINTHI aybITKY IIEri aHbIKTaNaabl. OpTaK KO3FajbIC IIEH aybITKY IIeTi
po0bacThI CTAaTUCTHKA — ME/IMaHa )KOHE MeIHaHaIIbIK a0COIOTTI aybITKy (MAD) —
apKbUIBI ecenTese/i: aybITKy meri 6 = 1.4826 X MAD Typinze anbikTanas (Oyi
KOA(QUIIMEHT KaJIBINTHI YIECTIpiM XKaraaiibinia MAD-TbI cTaHAapTTHI aybITKYFa
teHecripeni). Ocbutaiiia ecentenrex optaibik (1 a,0, p 6,0) nex (o_po, 6_ud)
MOH/Iep1 Heri3iH/Ie apOip JKYJI/IbI3 MbIHA IIAPTTHI KAHAFATTAH/BIPCA FAHA [IIOFBIP
MYIIeCi OOJIBIN CaHaNa/IbL:

(1, €08 8= 11,) /0,7 + (11, ~ 11, / 6,)* <9 @)

SIFHY JKYJIIBI3IbIH MEHIIIKT] KO3FaJIbIChI IOFBIPABIH OPTAK KO3FaJIbICHIHAH
30 werinae (duunc iminae) xkatysl kepek. ComaH KediH Oapibik
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YKYJII/IBI3AapAbIH KO3FAIIBICHI OCHI IIEKITEH CAIBICTBIPbLUIaABL. Erep sKyJabI31bIH
KO3FaJIBICHI IOFBIP MYILIEJepiHe TOH KO3FAJBICTaH THIM allliak Oosca, ol
LIOFBIP MYILIECI peTiHie ecenTeIMen .

3-971ic — aJIBIHFBI €Ki JIiC MIeH IapaJLIaKCThI Oipre naiiaanany (OipikTipinreH
aJic). YuriHmi aaic — eH KaraH ipikrey. MyHzaa 1-aaicTiH (OTOMETPHSIIBIK
apThl + 2-9/1iCTIH MEHIIIKT] KO3FAJIBIC IAPTHI CAKTaJIa (bl XKOHE OFaH KOChIMIIIA
JKYJIIBI3BIH apajulakcehl Tekcepiieai. [lapammake yuiiH ae mIOFsIp e3eriHjeri
KYJIBI3Ap HEri3iHje pobacThl OpTaiblK Mo MeH eHi 6 = 1.4826 x MAD(m)
ecenTeseli, coJaH KeiH oapOip »KyJAbI3 MbIHA LIAPTTHl KaHAaFaTTaHAbIPCA
FaHa MyIue Oonbin caHanaisl: [m — mo| < 36 . Ilapannakc sxyiab3abH Oi3eH
KaUIBIKTHIFBIH Oarasiayra MyMKiHJIK Oepeti. COHIBIKTaH *KYJIBI3 IIOFBIP MyIIec
OOJIBINT CaHATYbl YIIIH OJI )KapbIKTBIFBI MEH Maccachl OOWBIHILIA COMKEC Kelyi,
MEHIIIKTI KO3FaJIBICHI IIOFBIP JKYJ/IBI3/IapblHa YKCAC OOJYBI )KOHE KAIIBIKTHIFBI
Jla IOFBIPMEH COUKEC Kelyl Kepek.

Ocsutaiimia, ap0ip Kejeci dlic auAbIHFBI d/IiCKe KOHBLUIFAH TalanTapbl
caKTail OTBIPHII, KaHa KOCBIMIIA [IapT SHIi3e/1i:

o 1-apic: 9 2-apic: e 3-apic:

KOPIiHeTiH XynabI3 6a? 9pi WOFLIP CUAKTBI api WorbipmeH Gipaen
Kosfana ma? KaWbIKTbIKTa opHanackaH 6a?
>
JKyNnabi3 XapbIKTbiNbifbl ——
6oitbiHia Gaksinay -— 72?7:7 HKynaI3nbIK KosFanbice! Hynabiansii napannakcel
weriHeH XapbiFbipak na? — 5:7 LWoFbIpMeH ykcac na? WOFbIPABIH KALWLIKTbIFbIHA
caikec kerne me?
I-cyper

oFpIpaBIH OPTANBIK OOJITIHIET] KYJIIBI3AapFa Kapar, OHBIH KaJIbIITHI
KO3FaJIBICHIH aHBIKTaFaH/Ia OpTallia MOH (mean) MeH CTaHAapTTHI aybITKY (standard
deviation) xonmanpuiMaliael. OHBIH OpHBIHA MeanaHa (median) xxone MAD
(median absolute deviation) naiianaHslaambl.

Cebe0i Keliie MOFBIPIBIH OPTATBIK aiMaFbIHAa KE3/ICHCOK OTE KOFapHI
KBUIIAMIBIKIICH KO3FAJIATHIH HEUTPOHIBIK JKYJIIBI3 HEMece Kapa KypAbIM TYCIIT
KaJTysl MYMKiH. MyHIali epeKiiie HbICaH opTalia MOH/II KaTThI BIFBICTHIPHI XKibepyi
BIKTHMaJ. Al Menmana MeH MAD MyHza# skekeereH SKCTpeMal bl HbICaHIapFa
QJIIeKanga To3IMIl.

Byn exmic Gakbimay acTpOHOMHSCHIHIA KOJIAHBIIATHH MIOFEIP
MYIIEIEPiH CTATUCTHKAJBIK TYP/C aHBIKTAY TOCUIACPiHIH UACACHIHA COITKeC
keneni, coHblH imiuae StarGO anroputMi [20] sxeHe Pang et al. [8] ycriHFaH
TOCUIIEpMEH YisIece .
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Hoarn:kenep :koHe TAIKbLIAY

IpikTey anabIHAAFbI €H JKaKChl COKeC KeJeTiH MoJeabAiH Ka3ipri
Ke3/ieri Keckini

IpikTey oxicTepiHiH ocepiH CaHIBIK TYPFbIIAH Oarajayra Kipicriec OypbIH
(2.3-0emim), anabIMEH €H JKaKChl COMKec KeJeTiH Yyl MojaeibIiH O0ipi — 20k-
17-4.0-22 (N,,,=3) MoJemniHiH ipikTeyci3 («ImKi») Ka3ipri Ke3jeri xynpi3aap
yJiectipiMmin kepceremiz. Kanran eki eH sxakcel Mojens — 20k-17-3.6-22 xone
20k-17-3.8-22 — y11iH anbIHFaH yJecTipiMaep Jie MyH/1a KOPCETUITeH MO/ICIb/ICH
Ke3re KepiHepiikTeil epekuienenOeiini. COHABIKTaH KbICKAJIBIK MaKCaThIH/AA
OJIAPJIBIH CYypEeTTEpi XKeKe OepiIMEen i, aJl THICTI CaHIBbIK HOTMXKelep | KoHe
2-KkecTesepie KeTipireH.
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=601 o o neaber (3) © BH member (3)
20k-17-4.0-22 il 20k-17-4.0-22
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X [kpcl X [kpcl

I-cypet — t =~ 123 muH xputnarst 20k-17-4.0-22 moxenineri
JKYIIBI3 AP IBIH TaTaKTHKA IEHTPiHe KATBICThI X—Y (COJI JKaK) KoHe X—7Z
(0H ’kaK) JKa3bIKTHIKTApIaFbl KeHICTIKTIK TapalIysl, ipiKTEyCi3.

Imki masensaepae (£50 nk sxone + 10 1K) MIOFBIPIBIH
BIKIIIAM Kapa KYpAbIMIAp 63€Tri KOPCETiTeH.
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2-cypet — DKBaTopIIbIK KoopauHataigapaarsl (RA, Dec)
no3unusiIap (coi xak, +2.5° kepcery aiiMarbIMeH )
JKOHE MEHIIIIKTI KO3FaJIBICTAP/IbIH YJCCTipiMi (OH XKaK), ipiKTeyCi3.

1-cyperte MoneNbIiH t = 123 MITH KbUIIAFbI TAJIAKTHKALICHTPIIIK X—Y KoHE
X—Z a3bIKTBIKTAPbIHIAFbl O3UIMSIAPBI KOPCETUIreH. THIFBI3IBIK LEHTPIHIH
MaHbIHAAFrb! imKi naHenpaep (50 nk xone *10 mK) ym Kapa KypJIbIMHBIH
OipeyiHiH OipHelIe MapceK KeJeMiHJAEeri eTe bIKIIaM KOH(UTrypaiusaa
caKTaJaThIHbIH Kepcereai. OHBIH OpHaJlacybl OaKbIJIAHATBIH IIOFBIPIBIH
KEHICTIKTIK MaclITaObIMEH CaJbICTBIPFAHJIA 1C XKY3IHAE aXKbIpaTblIMaiabl. Al
LIOFBIPABIH OPTAJIBIK aiiMaFrbIHaH THIC KAJFaH €Ki Kapa Kyp/IbIM rajak THKAIEHTPIIIK
X xoHe Y KoOopIUHaTaIapbl OOMBIHINIA OH/IAFaH KHJIONAPCEKKe JeHiH albICTaraH.
Byn renki (natal kick) acepiHiH Kapa KypIbIMbI *KYJABI3/ABIK HIOFBIPAAH XKal
FaHa OeJrisii O1p KalIbIKTHIKKA BIFBICTBIPBIN KOWMa#i, OHbI [ aTakTHKaIaFbl MYJIZIC
Oacka opOuTara IIbIFapa ajlaThIHBIH KOPHEK] TYp/ie KOpCeTe/Ii.

2-CypeTTiH COJI )KaK MaHeJH e OFBIP/BIH MaHbIHIAFbl £2.50 aliMaKTa TeK
0ip Kapa KypJIbIMHBIH KaJFaHbl KOPIHEI, ajl KaJIFaH €Ki Kapa KypJbIM aclaH/a
LIOFBIPAAH OHJAaFaH IpaJycKa KallblKTa opHajackaH. OH jKaK IMaHesbJe OChI
HBICAHIAP/IbIH MEHIIIKT] KO3FaJIBICTapBIHBIH YiiecTipimi kepceriireH. llorbipaa
CaKTaJIFaH Kapa KypJbIM MCHIIIKTI KO3FaJIbIC KCHICTITIHAC Tap aiiMakTa
LIOFBIPJIAHFaH, aJl IOFBIPJaH JIAKTHIPBUIFAH €Ki Kapa KYPIbIM LLOCOSO JKOHE [O
KOMITOHEHTTEpi OOMBIHIIA KeH ayKbIM/1a TapajFaH. by allbipMalIbuIbIK OJIapAbIH
MEHIIIKTI KO3FaJbICTapblHA HETi3/IeJITeH IIOFBIP MYLIEIriH aHbIKTay dJicTepi
ApPKbUIbI alKbIH a)KbIPATHUIATHIHBIH KOPCETE .

Tannaarad moaenas 3-9ic OoiibIHIIA ipiKTeJreHHeH Keilin

3—4-cyperrepae con 20k-17-4.0-22 MoesiHIH MEHIIIKTI KO3FAIbICTap MEH
TrapajutakcThl OipikTipeTiH 3-a/1ic OOMbIHIIA IpIKTEYeH KeHiHT1 KYi KOpCeTUIreH.
Ocplnaiinia, OyJ1 cypeTTep MOJCIBIIH ipiKTeyre AeHiHT1 )KoHe IpIKTey 1eH KeHiHT1
KYIJIEpiH TiKeJel calbICThIpyFa MYMKIHJIK Oepeni. IpikTeyneH ©TKeH, SIFHU
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LIOFBIP MYLIENEepl PeTiHAe aHBIKTAIFaH KYJJbI3Aap €HMAl THIFBI3 JKachbUl epic
TYpiHJE KOPCETUIreH, ajl ipiKTeyIeH WIBIFAPBIIFAaH, SFHU IIOFBIP MYylleiepi
peTiHae KaObUIaHOaFaH KYJIbI3Iap CaNbIHOANWBI. [piKTeY KpHUTEpHiliepiHe
COMKec KeJIMEereH bIKIIaM HbICaHaap KybIC (allblK) TaHOaapMEH KOPCETUITeH.

2-kecTe/Je KeJNTIpUIreH HOTHXKelepre coilkec, MOJeNbaeri yur Kapa
KYPABIMHBIH TeK Oipeyl FaHa (TONTHIPBUIFAH JOHIEJIEK) IOFBIP MYIIEC] peTiHjie
ipiKTeyIeH OTe/l.
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3-cyper — 1-cyperreriaei, 3-o/ic OOMbIHIIA IPIKTEyICH KSHIHT1
rajakTHKAeHTPIiK X—Y koHe X—Z KCHICTITIHACTI JKYJIABI3AaP IbIH
tapanybl. Cakrainrad (IIOFBIP MYLIENEPI) JKYJIIbI3/1ap )KachUl TYCIIEH,
aJl IpiKTeyIeH MIbIFapbUTFaH (IIOFBIP MYLIENEpi emMec) Kapa
KYPIBIMIAp KYbIC TaHOATAPMEH KOPCETIINCH.

3-cyperteHn 3-oxic OolbIHINIA IPIKTEYAEH OTKEH IMOMYJSIHHBIH
raJlakTHKaeHTpinik X—Y jxoHe X—7Z KCHICTIriHie OaKblIaHATHIH IIOFBIPIBIH
(bu3MKaIBIK eJIeM/epiHe CONKEC KeJeTiH BIKIIAaM aiiMaKTa LIOFbIpJIaHFaHbI
kepineni. byi acipece 10 ik mMaciTaObIHIAFBI 111K TAHEIIB/IE aHBIK OaliKaiaibl.
AJl IIOFBIp MYIIEJIEP] PETiIHAC IPIKTEIMETreH €Ki Kapa KypIbIM OacTamKbl
KEHICTIKTIK TapaJlybIHAAFbI aJIllIaK OPHAJIACYBIH CAKTaIl KaJa (bl )KOHE IIOFBIPIBIH
BIKILIAaM OpPTaJIbIK alMarbiHaH ThIC Kaiajpl. OchUiaiiina, Kapa KypAbIMIapablH
LIOFBIPJIaH THIC OpPHAJACYbl TEK CypeT KOpCETy IIeKapachlHaH ThIC KaJyMeH
eMec, KOJIJIJaHBLIIFAaH MYILIEIiK KpUTepuiisiepl OO#bIHIIA HAKTHI ipIKTEYyIeH
LIBIFAPBITYBIMEH CHITATTAJI/IBI.
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4-cyper — Mogenberi (3KOFaprbl Katap) 3-9/1ic (MEHIIIIKTI KO3FaJIbIC ITeH
rapajutakc OOWBIHINIA KUBUIBICTBIPBUIFAH 1PIKTEy) apKbIIbI
CYpBINTAJIFaH MIOFBIP MYILIENEPiHiH AKBATOPJIBIK KOOPIHMHATAIAP IaFbI
(RA, Dec) opHanacybl MeH MEHLIIKTi KO3FaIBICTAPBIHBIH (L <, 1)
tapanybl, NGC 2516-HbIH OaKbuIay1aH aJbIHFaH TOJBIK
KaTaJIorbIMeH (TOMEHT1 KaTap) CaJbICThIPUIFAH.

Coun aK naHesbJep/Ieri Y3iK ChI3BIKTHI JOHTEJICKTEp COUKECIHIIIE TOJIBICY
paamycThI (T,,,) JKOHe XKapThl Macca PajuychiH (T, ) KOPCETEl — MOIETb
yuria N-JeHe CUMYJISIUSCBIHAH €CEeNTeNreH, ajl OaKpulay YIIiH
Pang T.6. (2022) »yMbICBIHIAFb! 97€OMETTIK MOHAEP OOMBIHIIIA aJIBIHFAH.
JKorap¥el cou JkaK MaHesbJeri Kapa HYKTe — MOJIeIIb/IeT ],
3-911ic KpuTepHifiHeH (MEHIIIKTI KO3FAJIBIC TIEH MapaJUIaKe IIeTiHeH)
oTKeH Kapa Kypasim (BH).

4-CypeTTiH JKOFapFhl COJ JKaK MaHEJIiHEeH 3-9iic OOWBIHIIA CaKTaJFaH
TIOITYJISIMMSTHBIH, aCIaH YKa3bIKTHIFBIHAA HIOFBIP/BIH TOJIBICY PaJIMyChl IIETiH/e
OpHAJAaCKaHbl KOpIHE/l, ajl IIOFBIP MYIIeJepl peTiHae ipiKTeaMereH eki Kapa
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KYPABIM IIOFBIPJIaH OH/IaFaH rpa/lyc KallbIKThIKTA OpHaJIacKaH. JKoFapFbl OH jkaK
MaHEeJb/JIe MEHIIIKTI KO3FasbicTap OOWBIHIIA KOJIAHBUIFAH 1pIKTey/1eH KeWiHTi
OciiHecl, aTaFaH 1pIKTEy JUTUIIC MIMIiHI, 2 )XOHEe 3-9/IiCTepAe KOJIIaHbLIATHIH
3o mekapacbiH Oenrineiiai. [llorslp mMymienepi peTiHae TEK OChl 3JUIMIICTIH
ilIiHe TYCETiH JKOHE Napajulakc OOWbIHIIA OENTiIeHreH colKec Juana3oHFa
JKaTaThbIH HbICAHJAp FaHa cakranaabl. HoTWKeCiH/e MOFBIp MYIIENEepi THIFBI3
YKaChlI MOMYJISALUS PETiH/e KOpiHe i, all eKi Kapa KypZbIM Ja OChl LIeKapajaaH
TBIC OpHAJIACKIII, 1PIKTEYIeH LIbIFapblIa sl bysl HoTHKE 2-KecTene KeNnTipiiren
CaHIBIK MOHJIEPMEH TOJIBIK COMKEC KeJle/Ii.

Bakpl1aHaThIH IOFBIPMEH CAJIBICTBIPY

4-cyperTe (TOMEHT1 ITaHEJIb) OCHI )KYyMbICTa Maiiianansuiran Gaia gepekrepi
Herizinge anbikTasraH NGC 2516-HbIH HaKThl MYIICTIK KaTaloTbIHBIH [0, 8]
colikec kepiHici OepireH. CyperTe MOICIBAIK HOTIKEIIEP/II KOPCETY Ke3iHe
KoJiaHbUIFaH rtid skeHe rhm aHbIKTaMasbIK IIeHOepIepi ae kepceriuireH. byn
4-cyperreri (TOMCHI1 NaHENb) OAKBUIAHATHIH IIOFBIPJBIH KEHICTIKTIK KOHE
KMHEMAaTUKAJIBIK CHIIATTaMallapblH 4-cyperTe (KOFapFbl MaHeNb) KeJNTipiireH
3-oxic OOHWBIHIIA IpIKTEIreH MOJENb HOTHIKEIEPIMEH TiKelel CalbICThIpyFa
MYMKIHAIK Oepeni.

4-cyperTteri (TOMCHI1 MaHEb) COJ KAaK MAHCIIHEH HAKThI MIOFBIPIBIH
acraHJIaFbl KeHICTIKTIK Tapaiybl 4-cypeTTeri (>koFapsbl aHesb) 3-a/1ic OoWbIHIIA
IpIKTEJITeH MOJIENb MOMYJISALIUSICEIMEH CalbICThIPFaH/a Jia bIKIIAaM E€KEHi JKoHe
Mymienepin 6ackiM OOJiriHiH r , Mmeringe opHajackaHbl kepineni. OH xak
MaHebAe OaKbUIAaHFAH MYIICICPIIH MEHIIIKTI KO3FAIBICTAPHI [0 COSO XKOHE O
Ooiipiamra mamamer (—4.5, 11.1) mas/>bur MaHbIHIA HIOFBIpJIaHFad. Onap by
mambipays! mramameH 0.5—1 mas/xbut JeHreiinge 60ibln, 4-cyperreri (3korapsl
MaHesb) KOPCETUIreH CaKTaJIFaH (XKAachll) MOJENBAIK TOMYJISLUSHBIH Tap opi
OipTyTac MEHIIIKTI KO3FaJbIC TapaJlybIMEH MacIITad >KarblHaH COIKec Kelesi.
ConbIMeH KaTap OyJ1 Tapaity 1-CyperTe KopceTuIreH NIOFbIP/aH JaKTHIPbUIFaH Kapa
KYPABIMIAP/IbIH KEH ayKbIMJIbl MEHIIIKT] KO3FaJIbIC TapaTybIHAH alTapIIbIKTal a3.

Y1 ipikTey oiciHiH ocepi opOip MoJeNb YIIIH XKyHell TypJe ecenTeri,
notmwkenepi NGC 2516-upiH Gaia EDR3 nepekrepi Heri3inie aHbIKTaJIFaH
OakpUIAaHATBIH MYLIENIK npodumiiMer [6, 8] caibIcThIpbUIABI. By canbicThipy
KyMYJISITHBTIK paJiiaji/ibIK KyJIIbI3 canbl N(<r) )KoHe KyMYJISITUBTIK PaHaIbIK
Macca M(<r) npoduibaepi apKblIbl XYPri3iiui. 3epTTeNred MoAeNbIep il
OapubIFbIiHAA 1-9J1ic OOWBIHIIA aNBIHFaH NPOQUIL MOFBIPJBIH OPTAJIBIK
aliMarbIHaH THIC Kepjae OaKblIaHATHIH MPOQHIBICH XKYHENll Typle KOFapbl
6oma b1 Byt [6] )KyMBIChIH 1A aHBIKTAIFaH MOCEIICH] CaH/IBIK TYPFBIJIAH pacTai/ibl:
yiiken Tenki (natal kick) anmraH HelcaHap, Heri3iHEH HEHTPOHJBIK JKYJIbI3IAp
MEH Kapa KypAbIMIap, pru3nKaliblk TYPFbIaH OaKblIaHATBIH IOFBIP MYIIEJIepiHe
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Kartnaca J1a, Macca >KoHe JKYJJIBI3/IBIK I1amMa KpUTepuitepin (opMaib/sl Typie
KaHaFaTTaH/IbIPa aJla/ibl.

2-9J1icTi KOJIZIAHFaH/1a JIbIHFaH Npo(MIIb OaKbUIAHATHIH IEPEKTEPTe e19yip
YKaKbIHJIaH1bI, ce0e01 MEHIIIKTI KO3FaJIbIChI IOFBIPABIH OPTaK KMHEMaTHKAJIBIK
KacHeTTepiHe ColiKec KeIMEHTIH HblcaHJIapJblH Oip Oeuiri ipikreyaeH
mbIFapeUIagel. An 3-aaic OoMbIHIIA, SSFHE (DOTOMETPUSUIBIK KpUTEpHITE Koca
MEHIIIKTI KO3FaJIbIC IIeH Mapajulakc OOMbIHIIA IpIKTEY XKYPri3UIreH e, albiHFaH
npodHIIb TEKCEPUIreH MOACIBIACP/IIH KOMIITIriHAe OaKblIaHATBIH KUCHIKKA
eTe JKaKbIH OpHajlacajbl )KOHE OJ[aH aybITKYbl a3 0oJiajbl HEMece ic XKy3iHJe
OaiikanMai bl
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5-cyper — 20k-17-4.0-22 mMozeni yIIiH KyMYJISITUBTIK PaJdallbIK
XKynap3 canbl N(<r) (coi XaK) )koHe KyMYJISITUBTIK PagHallbK
Macca M(<r) (oH xak) nmpobuisaepi. [Ipobpmisaep NGC 2516-Hb1H
OakpuIaHATBIH MTpopHITIMEH (Kapa) CalbICThIPbUIFaH: 1-9]1ic — KoK,
2-9]1iC — KBI3FBUIT Capbl, 3-9IiC — JKaChUT; IPIKTEyCI3
MOJIEIb CYP Y3IK ChI3BIKIIEH KOPCETIIreH.

S-cyperte O0yn canbicTeipy 20k-17-4.0-22 moneni yIIiH KOpPCETiIreH.
IpixTeyci3 Mozens (Cyp Y3iK ChI3BIK) MEH 1-9/1ic OOMBIHIIA AJIBIHFAH ITPOQUITB (KOK)
mamamet 10 1k-JieH yJIkeH pajuycrap/ia OakblIaHaThIH IPOQuIIbIeH (Kapa) aliKbIH
ayBITKU/IBL. 2-91ic OOWbIHIIA abIHFaH NPO(MIb (KBI3FBUIT capbl) OaKbUIAHATHIH
JiepeKTepre )akbIHbIPaK 00JIFaHBIMEH, OJIap/Ibl TOJIBIK KaiiTanamanabl. A 3-axic
OolibIHIIA aNbIHFaH NPOQGHIL (KAChl) €H YJIKEH KapacThIPbUIFAH pajnycKa
JieliiH OaKbUTaHATBIH KUCHIKIICH JKaKChl COMKEC Kelle Il )KoHE YJIKEH paanycrapia
[IaMaMeH COJI ACUMITTOTAJIBIK MOHTe JKaKbIHai bl 20k-17-3.6-22 sxone 20k-17-
3.8-22 Mozenbaepi Y1IiH aJlbIHFaH COlKec NPOQHIIbIED JIe OChIFaH YKCac CalablK
CHUIIAT KOpPCETEeli; OJap/IblH 3-9/1ic OOMBIHINA AaHBIKTAIIFAH COHFbI OaKbUIAHATHIH
HKYJIIBI3AAP CaHbl 2-KeCcTe/Ie KeNTiplIreH.
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3-91iCTI MOJICIIBJICP TOPBIHBIH TOJIBIK KUBIHTHIFBIHA KOJIJAHY HOTHXKCCIHIIC
613 6ip-OipiHEeH TeK OacTarnKpl )KapThl Macca panyCchbl OOWBIHILA EPEKIIEICHETIH
yi mojenbai — 20k-17-3.6-22, 20k-17-3.8-22 sxone 20k-17-4.0-22 — aHBIKTAIBIK.
Omnappin GacTanKel KapThl Macca pajauycTaphbl colikecinme r, (0)=3.6, 3.8
xoHe 4.0 mk Kypaiiabl, an Oactanksl xyineiaap canel N(0) = 19850—-19890,
xynab3 Ty3uty Trimaitiri SFE = 17 % sxene ke3aeiicok 6acTankpl Kyl Ke3aeHcoK
Oacrarkpl karaiibl (seed) = 22 OapJbIK yII MOzemb e Oipeit cakranrad. OcChl yIiI
MOJICNIB/IIH COHFbI «OaKbUTaHATHIHY XKYJab3aap canbl NGC 2516-HbIH Oakbuiay
APKBUTBI aHBIKTAJIFAH MYIICICDP CAHbIHA ©TE JKAKbIH OOJIBII IIBIKTHI (2-KECTe).

2-kecte — 3-ojic ipikreyineH keidin NGC 2516-HbIH OakbpUIaHATHIH TPOQUITIHE
€H YKaKChI cail KeJIeTiH YII MOJIEb

Mopnens rhm (0) | xesneiicok | NBH | N final N NGC NBH
K OacTarnkbl (3-omic) 2516 Mymie/
JKaFJalbl (6axpuIay) JKaJIIIBL
(seed)
20k-17-3.6-22 3.6 22 3 2704 2690 1/3
20k-17-3.8-22 3.8 22 3 2644 2690 1/3
20k-17-4.0-22 4.0 22 3 2698 2690 1/3

CoHFBI j)KOpaMalnl OaKbITaHATHIH JKYJIBI3AAP CAaHBIHBIH HAKTHI MYIICNIK
CaHBIHAH ayBITKYBl Yyl Monensb yminH 0,3 % (20k-17-4.0-22) men 1,7 %
(20k-17-3.8-22) apanbireiaaa Oosazpl. Bysr Tek (pOTOMETPHSUIBIK KPUTCPUIAI
KOJITaHFaH JKaFJaiiMeH CaJbICTBIPFaHAa alTapibIKTal jKaKcapyIbl KepceTe],
OUTKEHI (POTOMETPISUIBIK IPIKTEY JAKTHIPBUIFAH BIKIIAM KaJJBIKTap/Ibl JKOHE
oJlapMeH OailTaHBICTHI KeHICTIKTE IaIIbIpaFaH MOMyJIIHIapAb! )KYHel Typae
QXBIPATHIII, AJIBITT TACTAN ajMaibl.

MaHBI3IBICHI, 1PIKTEY HOTIIKECIHAE TaHHAJIFaH YII MOJICIbIIH OapibIFbI
Oipmedt N, = 3 Kapa KypAbIMHBIH Ty3ilTyiH Oomkaimbl. Tek OacTamkpl KapThl
macca panuychl 1, (0) OOMbIHIIA EPEKIIEIIEHII, Ke3MEHCOK OaCTanKbl JKaFIakibl
(seed) = 22 TypakTsl OOJBIN KalaTBIH OCHl YII TOYEJICI3 peaau3aiusigarsl
HOTIDKEJIEPiH Oip/ieil O0Iysl MOMENBAIH HETi3r1 KOPBITHIHIBICHIHBIH Ke3IeHCOK
0ip peanmu3anusra FaHa TOYEINI €MECTITiH )KOHE OHBIH TYPaKThl CHUIIaTKa
1€ eKeHiH KOpCeTe/I.

Auaiina xorapeiia Kenripinren N =3 caHbl COHFBI MOJICTBIIK KECKIHIETI
OapibIK YII Kapa KYPABIMABI OJAPJIbIH IIOFBIPABIH HETi3T1 MOMyJISIHICHIMEH
KHMHEMaTHKAJIBIK TYPFBIJAH 911 e OaillaHBICTHI-00IMaybIHA KapaMacTaH ECeTKe
amazsl. COHABIKTAH Kapa KypABIMAAPABIH IIOFBIP MYIIECI peTiHIe CaKTaTybIH
HaKThl Oarajay YIIiH OJapblH MEHIIIKTI KO3FaJbICTAphl MEH MapajulaKCTaphl
OOHBIHIIA )KeKe KHHEMATHKABIK 1pIKTey KYPTi3UIai.
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Macca xoHe KepiHepJiK >KYJIABI3JbIK [IaMa TajanTapblH KojjaHOal,
TEK MEHIIIKTI KO3FaJIbIC IIE€H TapajulakcKa Heri3fenreH 36 KMHEMaTHKaJIbIK-
TEOMETPHSUIBIK KPUTEPHI/II BIKIIAM KaJIJBIKTAp MOIYJISIHUICHIHA KOJIJaHFaH/a,
2-KecTe/ie YII €H JKaKChl MOJISIb YIIIH KOPCETUINeH HEFYpIIbIM HAaKThl HOTHKE
aJIbIHA/IBL. Y III MOJICIIB/IIH OPKaWCBICHIHIA YIII Kapa KypAbIMHBIH 1911 Oipeyi FaHa
36 MCHIIIKTI KO3FaJIbIC—TIapaIaKC SJUIMIICIHIH INIH/C KalaIbl.

byn HoTmxKe 3-9icTiH Kapa KypAbIMAapbl jkail FaHa (OTOMETPHUSUIBIK
KacueTTepi OOMbIHILIA EMEC, OJIap/IbIH IIOFBIPMEH KEHICTIKTIK )KoHE KHHEMATHKAITBIK
0ailJIaHBICBIH €CKEePE OTBIPHII AKbIPATY/IBIH MaHBI3/IIIBIFBIH KOPCETE/I].

Kapa kypasimaapasin radial 3Bosnonusicsr

Bapiibik ymr Mojenberi bIKIIaM KaJAbIKTapIblH KMHEMaTHKAaChl TOJIBIK
Top OOibIHIIa OaliKaIaThIH YITiHI KaWTadalabl: Kapa KypasiMaap Terki (natal
kick) acepiHeH IIOFBIPABIH OPTAJBIK aMarblH ~5 MJIH JKbLI IIIIHJE TacTarl
Kkereqi, anaiina Oipeyi 123 MITH JKBUIIBIK TOJIBIK JBOJIIOLUS OOWBI MIOFBIPMCH
JMHAMMKaJIBIK OalaHbICTHI KYIi/e Kajia bl

104

20k-17-4.0-22

103_

1024

[}

1014

Fel [PC]

=

100_

10—14

~=-- candidate to BH == ry
—— BH (N=3) St T

0 20 40 60 80 100 120
Age (Myr)

6-cyper — 20k-17-4.0-22 moneninzeri opoip Kapa KypIbIMHBIH
IIOFBIP LIEHTPiHEH KAIIBIKTBIFBI T (t), OHBIH T3y coTiHen t=123 M
JKBUTFA JCHIHT1 yaKbIT OOMbIHIIA 3BOJIOIHsICH. COHBIMEH KaTap
YaKbIT OOHBIHIIA ©3rePETiH TOJIBICY PAIUYCHI T, (t) (KYJITiH Y3iK ChI3BIK)
YKOHE JKapThl Macca paanyckl thm(t) (KbI3bLT HYKTEN ChI3BIK) KOPCETIITEH.

6-cyperte tenki (natal kick) acepiHeH Kapa KypAbIMIAp/blH IIOFBIPIAH
0eJliHy MPOLECIHIH YaKbIT OOMBIHIIA 3BOJIOIHUACKH KOPCETUIreH. YIII Kapa
KYPABIMHBIH KeMiHje Oipeyi aca »aHa KapbUIbICTapblHAH KeliH OipHemie
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MUJUIAOH XBbUI ILIHAE IOFBIP HEHTPIHEH KaIIBIKTHIFBIH OlpHEIlIe PEeTTiK aMara
apTTBIPHIN, KbICKA YaKBIT iliHJE TOJIBICY PaJMyChIHAH T, achll Keredi. by
OHBIH IIOFBIPMEH TPaBUTALMSUIBIK OaiJIaHBICBIH TE3 >KOFAITHIIN, OJlaH OeiHIN
LIBIFATHIHBIH KOPCETe .

Tarbl Oip Kapa KypAbIMHBIH 9BOIIOLHSICHI 3retie. O OYKii KapacThIpbUIFaH
YaKBIT apajblFbIH/A I, MOHIHEH TOMEH HEMECE OFaH JKaKblH KalIbIKTHIKTa
KaJIbIIl, INOFBIP/IBIH OPTANIBIK OOIIriHiH OJIIEMiH CHTIATTANThIH I, PaJnyChIMEH
TBIFBI3 OailylaHBICTBI Kyiine Kananel. Oceliaiinia, 2-kecreae KepceriireH 0ip
Kapa KYPJBbIMHBIH ILOFBIP MYIIECI peTiH/e caKTaaybl TeK t=123 MIIH KbUIIAaFbl
KE3/ICHCOK KOH(UTYpALUs eMeC, MOJICIbB/IIH OYKiT IUHAMHUKAJIBIK 3BOJFOIUASCHI
0apbIChIH/IA KaJIBINTACKAH TYPaKThI Karaai eKeHIH Kopyre 00Jia/ibl.

by xepae Kapa KypJIbIMIApJbIH TY31ly MEXaHHU3MI J€ MaHbI3JbI Pell
aTkapaJbl. Aca jxaHa xapbuibicbiHal keliH fallback mporneci ke3inzae xapbuibic
HOTHIKECIHJIE CBHIPTKA JIAKTBIPBUIFAH 3aTThIH Oipa3 OeJiri KaitanaH Kapa
KypJbIMFa KyJiaiael. Erep ocel npouecc 6apbIChiHIa UMITYJIBC alTapIIbIKTal
e3repMmece, UMITYJIbCTIH CaKTally 3aHbIHA COMKeEC, KaHa/laH Naiaa OoJFaH Kapa
KYPABIM 0acTarKbl X YJIIbI3/IbIH KO3FAJIBICHIHA YKaKbIH JKbUIIAM/IBIKIICH KO3FaJIBIT,
LIOFBIP/IBIH ILIIHAE CaKTalybl MYMKIH. 6-CypeTTe OChIH/Iail MeXaHH3MMEH Taiiia
OoJFaH eKi Kapa Kyp/bIMHBIH JMHAMUAKAJIBIK SBOJIIOLMSCH OaliKatapl: Oap by
Oipeyi MIOFBIPMEH IPAaBUTALUANIBIK OAlIaHBICBIH CaKTall, T, MaHbIH/A Kalajbl,
aJl eKiHIIiCcl OacTanKpla MOFbIpFa OailiIaHbICTBI OOJIFAHBIMEH, YaKbIT ©TE Kelle
o/1aH OipTiHEN aJIbICTall, I, MIETiHEH MIBIFAIbL.

By HoTHIKE Kapa KypAbIMHBIH IIOFBIP MYLIECI PETIH/IE CAaKTaTybl TEK OHBIH
TY3U1y Ke3iHje anbinFan tenkire (natal kick) rana emec, conpIMeH Oipre KeriHri
JIMHAMHKAJIBIK YBOJIFOLIMSICHIHA )KOHE [IOFBIP/IBIH IPABUTAIMSUIBIK ITOTCHIIHAIBIMEH
@3apa 9peKeTTecyiHe Jie TOyes/li eKeHIH KopceTeli.

TaakpLiay

NGC 2516-HbIH OaKblIaHATHIH TPO(UIBAEPIH €H )KAKChl CUIIATTAUTBIH YIII
MOJIEIIBIIH OapIIBIFBIHIA YII JKYJIBI3JIBIK-Maccalbl Kapa KypAbIMHBIH TY31Tyi
Ma, Pang et al. (2026) [9] »ymbicbiabiH NGC 2516 mOFBIpBIHAA KEMIHIC €Ki
Kapa KypJbIM CaKTallybl MYMKIH J€T€H KODPBITBIHJBICEIMEH Yieceni. byn
ekl HoTMKe Oip-OipiH KalTajmamMalabl, KepiciHIIe, 9JiCTEMENIK TYPFbIaH
6ipiH-0ipi TOJBIKTHIPaBIL. [9] KYyMBICBIHAA Kapa KypAbIMAp CaHbl )kKaHama TypJie
OarasaHa/bl: OaKbIIIAHATHIH JKbIIIAM/IBIK AUCTIEPCHUSICBIHBIH MTPOQHITI IOFBIPJIBIH
HaKThI XKachblHAaH €/19yip YJIKCH yaKbITKa ACHIH ABOJIOLMSIIAHFAH STaJOHIBIK
N-zieHe MojienliMeH calbICThIpbUIaAbl. MyHIal Tocia oap/ bl MOISIIiHIE epTe
KE3CHJIeT1 ra3/iblH MIBIFapblly (PM3MKAchl €CKepiIMeyiHiH ocepiH Oenrini Oip
JICHIelijie eTeyre MyMKIHJIK Oepe/i. AJl OChl JKYMBICTa Kapa KypJbIMAap CaHbl
MOJIENbAEPAIH OacTaIKpl HapaMeTpIiepiH OaKblIaHATHIH PAAUAIBIK XYJI/IBI3 CAHBI
MEH Macca NpoQHIbIepiHe TiKesIei ColKeCTeHIIpy apKbUIbl aHBIKTaJIa bl )KOHE
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MOJIEIIBIIH JKaChl )KaCaH/Ibl TYp/ie YIFaiThIIMaiibl. OpTypiti N-JIeHe MOJIeTIbIep
JKUBIHTBIKTapbIHA KOJJIAaHBUIFAH OCBI €Ki ToyelCi3 dJicTiH Oip-OipiHe coaiikec
kexryl NGC 2516-n1a Kasipri yakpITta 0ip *KyJIAbI3/IbIK-Maccalibl Kapa KypAbIMHaH
Ke0ipek HbICaH OOJIybl BIKTUMAJIIBIFBIH KYLICHTE 1.

JlerenmMeH Oyi1 HOTHOKENEP/Ii TIKENEH CalbICThIPFaH/1a Oenrisi Oip epeKIIesTiKTi
eckepy Kaxer. [9] )KyMBICBIHJA TaJJIaHFaH >KbUIJaMJIbIK JUCIEPCHICHIHBIH
OeJrici LIOFBIPMEH Tl e AMHAMUKAIBIK OaiIaHbICTa KaJIFaH KoHE HIOFBIP/IbIH
OpTaNbIK OONIriHJEr! aybIp JKYJIbI3JapMEH IPaBUTALMSIIBIK 03apa 9peKeTTecy
HOTHIKECIH/IE JIMHAMHKAJIBIK KbI3JBIPYyFa KaThICAThIH Kapa KYpJbIMIapibl
cunarraiabsl. COHIBIKTaH OyJI KOPCETKIll MIOFBIPABIH OYKiJI 9BOJIOLHUSCH
GapbICBHIH/IA TY3UINeH Kapa KYpAbIMAAPABIH TOJBIK CAaHbIH OLIAIpMeH . 2-KecTe I
€H YKaKChl MOJICNBIIH 9PKaWCHICHIHIA TY3IIreH YII Kapa KYpJbIMHBIH TeK Oipeyi
FaHa COHFbI YaKbIT ME3ETiH/e IIOFBIPJBIH 3G MEHIIIKTI KO3FaJbIC—TIapalIake
QJUTUIICIHIH 1IIIHIC KaJATBIHBIH KOPCETEl; KAIFaH eKeyl JMHAMHKAIBIK 63apa
dpEKeTTECyJIep apKblIbl IOFBIP/BIH OPTAJIBIK alMaFbIHAH dJICKAIIaH aJibICTall
ketkeH. OChl TYPFBIJIaH ajFania, 0i3/iH MoIeNbaAepiMi3 opOip peanu3arust YIiH
Ka3ipri yakpITTa IOFBIPMEH IMHAMHKAJIBIK OaliIaHbICHIH CaKTaFaH IIaMaMeH Oip
Kapa KYPBIM/IbI, aJ1 IOFBIPABIH OYKLJI 9BOIIOLUSICH OapbICHIH/Ia JKAJITIBI YIII Kapa
KYPIBIMHBIH TY3UITCHIH KepceTeni. bynr eki kepcerkinn Te [9] *KYMBICHIHIAFbI
«KeMiHJie eKi» JiereH OaraMeH Yitecei, Oipak ojap/ablH (pU3HMKAJIBIK MAaFbIHACH
Oipzeit emec. [9] KyMBICBIHIArbl Oara IOFBIP TapUXbl OOWBIH/IA AMHAMUKAIIBIK
OaliJIaHBICBIH CaKTaraH Kapa KypJAbIMJap IMOIYJISIUsIChIHA KOOIpEeK KaTBICTHI
Oonca, 6i31iH N, = 3 MoHIMi3 MOJIENb DBOJIFOIUACKH OapbIChIH/IA TY3IIeH Kapa
KYPJBIMAAP/IBIH XKaJbl CaHbIH cunarraiiibl. COHIBIKTaH MIOFBIpAA TY3UITeH
Kapa KypIbsIMIapAbIH JKaJIbl CAaHBIH OeJriii Oip yakKbIT ME3CTIHIIC OHBIMEH oJIi
Jie TMHAMUKaJbIK OaijlaHblcTa KaJFaH HbICAHJAp CaHbIHAH axblpary N-neHe
MOJIEIB/ICPIHIH HOTHMIKEIEPIH KBUIJAM/BIK AUCIEPCUIChIHA HETi3JereH
0akpUIaYJIBIK HIEKTEYJIePMEH OOJIallakTa CalbICTBIPY YIIIH MaHbI3/bI.

Ocsl Kep/ie MaHbI3IbI Oip eCKEpPTIIC JKacaFaH JKeH: 013/1iH 3-9/1ic OOMbIHIIA
AHBIKTAJIFAH «KMHEMAaTHKAJIBIK MYIIEIIK» — JKYJIJbI3BIH MEHIIIKTI KO3FaJIbIChI
MEH NapalIaKkChl IIOFBIP/IBIH OpTallla MOHIHEH 3G ILeT1HIe )KaTaTbIHBIH OU1IipeTiH
Ta3a CTaTUCTHKAIBIK KPUTEPHH, aJl )KYJI/IbI3/IbIH LIOFBIPMEH HAKThI IPABUTAIUSIIBIK
GaiinaHpICThl (PU3MKANBIK TypAe OaiylaHbICKaH) €KeHIH Oakbliay JepeKTepi
apkbubl 100 maifbi3 pactay MyMKiH €eMEC — MYHBI T€K KOFapbl BIKTUMAaJIJIBIKIICH
raHa aiiryra Oosanpl. COHIBIKTaH 013/1iH HOTIOKE MeH Ma, Pang et al. (2026) [9]
YKYMBICBIHBIH KOPBITBIHBICHI TOJIBIK COMKeEC KeJlel A€y IeH ropi, ekeyi 0ip-0ipin
TOJIBIKTBIPA/IbI JKoHe Oipnei pusnkanslk OeifHere ykcac kepcerkinn Oepeni aer
TYXKBIPBIMIAFaH JIypPBICHIPAK.

bakpliaynapmMeH eH jkakchbl cofkecTikTiH 1, (0) = 3.6-4.0 mx apanbIrbiHa
aJIbIHYBI [6] 5KYMBICBIH/IA STAJOHIBIK MOH peTinie Kabbuinanran r, (0) = 2.5 nk
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MoHiHeH aitapibikTail yikeH. byn NGC 2516-Hb1H 0acTankbl KOHPUTYpaLHSCHI
OypbIH OOJDKaHFaHHAH Tepi a3 JI9pEeKe/ie OPTaIbIKTaH IBIPBIIFAH 00JIybl MYMKIH
eKeHiH Kepcereai. bacrankplga KeHipek TapairaH KOoH(UTrypauusiap epre
JMHAMUKAJIBIK peylaKcanusi 0apbIChIHA JKYIIbI3IAPbIH 0astybIpaK JKOFaITabl
JIeTeH aJIbl (pU3MKAIBIK TYCIHIKKE Oy HOTIKE coiikec keneni. HoTmkecinie
mamameH 123 MITH XKBUIABIK Ka3ipri Ke3eH 1e MOJIeIIb iH OaKblIaHATBIH MYILIEIK
PO Ml HAKTHI LIOFBIP/BIH MPOQUIIMEH JKaKChIPaK COMKECEe/].

Wright, Jeffries :xone Whalley (2026) [10] yceiaran NGC 2516-HbIH KaiiTa
Kapairad napametpiiepi —406.3 nk KamsIKThIK, ~3500 Mo macca sxone 13.5 nk
TOJIBICY paauychl —Tayenci3 Gaia-ESO/Gaia acTpoMeTpHsIIBIK-CIICKTPOCKOHUSITBIK
tanjgayiapeiaa skene Hunt & Reffert (2024) karanorsiHa HeriznenreH. byn
MOHJIEp OCHI XKyMbICcTa xoHe [6] 3eprreyinne Pang et al. (2022) [8] nerizinze
kaOpuanran M_=1973.3 Mo sxoHe rt=18.3 1k MoHIEpiHEH epeKIIeNeHesIi.
Erep xana, mamamen 1.5—1.8 ece »orapbl HIOFBIP Maccachl pacTalica, MOJIENbIED
TOPBIHBIH KOJIaWIbl aiiMarbl )KOFaphIpaK 0acTallkbl Maccajap JKarblHa BIFBICYBI
MYMKIiH oHe Oy apHaiibl KaliTa Tajjay bl KaKeT eTelli. AJaiijia OChl )KyMbICTBI
[6] 3epTTEyiMEH TiKEJNEeH CaNBICTBIPY )KOHE dICTEMEINIK CabaKTaCThIKThI CAKTaY
MaKcaThIHa MYH/Iail KaliTa Tajjiay Kasipri MOJeJIbAep TOPbIHA SHT131ITeH JKOK.
Oupbl Oosarax 3epTTey/IiH TaOuFu OarbIThl PETIHAE KapacThIpaMbl3.

Bouma et al. (2021) [12] anbikraran NGC 2516 aiiHanacbiHIaFbI IaMaMEH
500 nmk mMacmTaOBIHIAFbI, IIOFBIPMEH Kachl OipJieil KHHEMAaTHKAIBIK Tajlo
xoHe Zhang (2026) [11] kepceTkeH »kaKblH MIOFbIpIapabiH Gaia JaepeKkTepiHe
HerizgenreH mwuki 3D KalTa KypbUIBIMIAPBIHIAFEl KOPY OarbIThl OOWBIHIAFbI
CO3BUIBICTHIH €/1dyip OeJiri (pHu3MKaibIK KYPbUIBIMHAH €MEeC, aCTPOMETPHUSUIBIK
eJIlIey KaTeJICpiHEH TYBIHJAybl MYMKIH Jler€H HOTHXe [6] KyMBICBIHAA
AHBIKTAJIFAH «apTHIK KYJIJBI3JIAp» MOCENECiH HEFYPJIbIM TOJIBIK TYCIHIIpyre
MYMKIiHIK Oepelti. Atar aiiTKaHnaa, MOJGNBIET] apThIK >KYJIbI3apAblH Oenrii
6ip Oeuiri Taza MojenpAik apredakT 6G0JIMaybl MYMKIH: OJap IIOFBIPJBIH
LIBIHAMBI, KEHICTIKTE CO3BUIFAH IOIYJISIMACHIHBIH KypaMbIHa Kipill, TeKk Macca
MeH (POTOMETPHSIIBIK KpUTEepHidiepre CyHeHeTiH 1-9/1ic apKbUIbl TAJIAKTHKAJIBIK
(oHHAH aXxpIpaTbUIMAybl BIKTHMaJ. byJl €3 Ke3erinjue Tek (pOTOMETPHSIIBIK
IpiKTeyMeH IIEeKTeIMEH, MOFBIPMEH Oipre KO3FajlaThIH )KOHE OHBIMEH Oipneit
KAIIBIKTHIKTa OPHAIACKAH HBICAHAAP/Ibl aHBIKTAY YIIIH MEHIIIKTI KO3FaJIbIC IICH
MapaJuTakCThI OIPIKTIPETIH IpIKTEy 9ICTEPiHIH KaKETTUIIrH KopceTe .

Byt )KyMBICTBIH HETi3rl eKTeyJ IepiHiH 0ipi — MOJEIBAIK NapaIakCTapIblH
LIYChI3 OOMYBI, SIFHU 9pOIp MOJCIBACHTCH JKYIIIBI3bIH OaKbUIAYIIBIFA JCHIHT
HaKTBI KAIIBIKTHIFBI 7191 OeNriii Jien ecenreinesi. A HakTbl Gaia gepekrepinyeri
rapajuiakTap KYJIbI3bIH KalIbIKTHIFbIHA JKOHE KapPBIKTHIFbIHA OaliIaHbBICTHI
aKbIpJBl OJIIey KaTedikrTepiMeH cunarraiansl. COHABIKTAH OoJamak
3epTTeyliepe KopaMa MapajulakcTapra OaKblIayiblK LIy €HI'13y MaHbI3JIbL.
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ConbiMeH Katap [10] sxymbichl yebiHFaH NGC 2516-HbIH KaiiTa KapajaFaH Maccachl
MEH TOJIBICY PaJIMyChIH TTaii/lalaHbIIl MOJICNIBEP TOPhIH KalTa ecentey e OChl
3epTTeyAiH TaOUFW >Kairachl OOJbIN TaObUIa/bl. JlereHMeH napajuiakc eJey
karenepiHig mamachl (Gaia-na NGC 2516 KambIKTBIFBIHIA ~ IK JCHreiiHe)
LIOFBIP PaJMyChIMEH CaJIbICTBIPFaH/Ia IIAFbIH OOJIFAH/IBIKTAH, MYHJIAH Iy IbI
ecKepy TYIIKI MYILIEJIK CaHblHA alTapibIKTai e3repic oKenMmeyl MYMKiH; Oy
00JKaM/Ibl PacTay — KeJEeIIeK )KYMBICTBIH MiHJIETI.

Kapkpliianapipy Typajibl aknapar

Bbyn 3eprrey Kazakcran PecnyOnukacel FeuibiM jkoHE xKOFaphl OLITIM
MUHHUCTPJITIHIH FBIIBIM KOMHUTETI TapanblHAH Kap KblJIaHIbIPbIIJIbI
(AP26102895 rpantsi).

KopbITbIHABI

N-zeHe mOFBIp MOJENbJepi YIIIH YII JIEHrein 0aKpuIaysblK MYIIEeTiK
ipikTey aaici yehIHBUIABL: (poToMeTpHsIBIK (1-9/1iC), KWHEMaTHKAaIIBIK — MEHIIIKTI
KO3FaJIbICTapFa HerizjenreH (2-ojic) »oHe OIpiKTIpIreH KMHEMaTHKaJIbIK-
TeOMETPHSUIBIK — MEHIIIKTI KO3FAIIBICTap MEH MapajuiacTsl Oipre maiaanaHaTblH
(3-amic). OpOip keyeci dIC aNABIHFBI SAICTIH MIAPTTAPBIH CAKTal OTBIPHIIL,
KOCBhIMIIA ipikTey KpuTepuidiH eHrizeni. LLIOFBIpABIH OpTajbIK JKYJIABI3AapHI
Herizinge mMeauana MeH MAD-ka cyiieHETiH CTaTUCTHKA KOJIIAHBIIIbI.
doromerpusiibik KputepuiiaeH (1-a/ic) OipikTipiireH kpurepuiire (3-a1ic) Kemry
[6] >KyMBICBIH/Ia aHBIKTAJIFAH MOJICNBAET] «OaKblITaHATBIHY XKYJIIBI3/1ap CAHBIHBIH
apTHIK 00JTy MOCeJIeCiH KYHell Typ/ie )KOloFa MYMKIH/IK Oep/ii.

NGC 2516 monensaepinin kenewriiren Topei (N(0) = 6400-20000)
3epTTey HOTIKECiH e 3-9/1iC OOIBIHIIIA COHFBI «OaKbUTAHATHIHY XKYJIBI3/Iap CaHbI
2644-2704 apanblrpiHaa OOJATBIH YII MOJAETHh aHbIKTaNAbl. Onap OacTanksl
’apThl Macca pajuycrapbi 1, (0)=3.6, 3.8 xone 4.0 1k jxoHe Ke31eHcoK OacTanKbl
xarnaiibl (seed) = 22 MoHIMEH cumnaTTanajabl. byn Monenbaepiaeri COHFbI
«OakpuTaHaThIH» XKYiabiaap canbl NGC 2516-HbIH OakbUIay apKbLIbl aHBIKTAIFaH
2690 mymieciHe OTe KaKbIH.

Y MojienbliH OpKaNHChICHl IBOJIONHS OapbICHIHAA YII KYJIJIBI3IBIK-
Maccaibl Kapa KypJIbIM Ty3ei. AJaiija COHFbI YaKbIT ME3ETIH/E OJapJIblH TEK
6ipeyi FaHa MEHIIIKTI KO3FaJIBIC [IEH MapajuIacThl OIPIKTIPETIH KHHEMaTHKAIIBIK-
reOMEeTPHSUIBIK MYILIEIIK aiiMarbIH/a Kanaael. Kapa KypAbIMIapabiH TY311yl MeH
OJIap/IbIH LIIOFBIP/IaH KEHIHT1 JMHAMUKAIBIK OOJIiHYiH ecKepreHieri Oy HoTHKe
Ma, Pang et al. (2026) [9] xyMbIcbIHIa OaKbUIAYJIBIK KHHEMAaTHKaFa TOYeEJICI3
tocinmeH anbpiaFad NGC 2516-n1a keMiHie eKi TUHAMUKAJIBIK OaiiylaHBICKaH Kapa
KYPZbIM 00JTybl MYMKIH JIereH KOPBITHIH/IBIMEH JKallllbl aJIFaHaa yieceai, oipax
Oy exi OaranaynbiH (PU3UKAIBIK MAFBIHACKI OIpJICH eMeC CKCHIH aTal O TKEH JKOH.

Kanner anranga, NGC 2516 mbicanbiHaa ajablHFaH HOTIKenep N-JieHe
HIOFBIp MoJenbacpin Gaia JepeKTepiMeH CalbICTBIPY Ke3iH/e OaKbLIayJIbIK
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MYLIENIK ipIKTey d1iCTeMECIHIH MaHbI3JbUIBIFbI HET13T'1 IMHAMUKAIIBIK MOJCIBIIH
napaMeTpIICpiH TaHIayMCH OipJieii IeHreli/ie eKeHiH kepceTe/ii. DOTOMETPHSITBIK
KPUTEPHUIIIH 631 MIOFBIPJIaH JTUHAMUKAIBIK TYPEe O6JiHII KETKCH HbICAHIaP IbI
TOJIBIK @)KbIPATa AJIMalIbl, aJ1 MEHIIIKTI KO3FAJIBIC TIEH MapalIakCThl OipiKTipeTiH
ipikTey HaKThl OAaKbUIAaHATBIH MYLIETIK MTPOQUIIH dJJIeKaiia *KaKCchl KajlblHa
KeJTipyre MyMKiHaik Oepeni. bonamak monensaep topsinaa NGC 2516-HbIH
Kaiita KapairaH mapametpiiepiH [ 10], connaii-ak Gaia Herizingeri 3D-kaiita Kypy
aJicremMeciHe KaTbICThI HoTIKeepi [11] eckepy KaxerT.
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YTOUYHEHME N-TEJ MOJEJIA CKOILJIEHUSI NGC 2516
M 3BE3THBIE YEPHBIE JIbIPbI B HEM

Hannas — paboma  npooondcaem — HUCICHHOE — MOOENIUPOBAHUE
paccesinnoeo 36€30H020 crkonienus NGC 2516, nauamoe ¢ Kalambay
et al. (2025), 20e xooom phi-GRAPE-GPU o0viiu 6occmanosieHbl
opbuma ckonienusi u e20 HauyaibHble Napamempul, 0OHAKO MOOelb
CUCEeMAMUYECKU COXPAHNA OoNbule «HADII0OAeMbIXY 36630, uem

149



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

Becmuux Topatievipos ynusepcumema, ISSN 2959-068X.
Cepus: Qusuka, mamemamura u KomnsomepHoie Hayku. Ne 3, 2026

peanvhoe, omodpannoe no dannvim Gaia kiacmep. B nacmosiwetl pabome
NOCMPOEHA  PACWUPEHHAs. CemKA Mooeell  (HaYanibHoe HUCIO 36E30
6500-20000,  pasmuunas — sgppexmusnocmsb  36€30000PA306AHU,
HAuanvbHblil nOAyMaccosvlil paouyc 1.5—4.5 nk, Heckonvko cayuatinsix seed,
U npedoAceHa mpExyposHesas npoyedypa UMUmayuu Hadaoo0amenbHo20
omobopa: (1) gomomempuueckuii ombop no macce u 36E30HOU
senuuune; (2) KuHemMamuyeckui omoop no coOOCMEEHHbIM OBUNCCHUM;
(3) KomOuHUposauHbLl  OMOOP,  OONOJHUMENLHO  VYUMBIEAIOWULL
napannakc. Cpedu cemku Mooesell GblOeleHbl mMpu  (HAYALIbHbIL
noaymaccosviil paouyc 3.6, 3.8 u 4.0 nx, seed = 22), ¢punanvroe uucio
«Habmodaemvixy 36630 kKomopwuix nocie Memooa 3 (2644-2704)
npakmuuecku cosnaoaem c nabuooaemvim yuciom uiwenoge NGC 2516
(2690). B kasicooii uz smux mooesell 3a 8pemsi I80I0YUU QopMUpyemcs
mpu 36€30Hble YEPHBIE ObIPbLL, U3 KOMOPHIX POBHO OOHA OCMAEMCS 8
npeoenax KUHeMamu4ecko2o dIUNCA YWIeHCMBA K (OUHATLHOMY MOMEHIY
— Kapmuna, coenacyiowasics ¢ evigooom Ma, Pang et al. (2026) o
seposmuom npucymcemeuu 6 NGC 2516 He menee 08yx OuHamuuecku
CBA3AHHBIX YEPHBIX ObIP.

Kouesvie crnosa: NGC 2516, paccesinnvle 36E30Hble CKONJCHUS,
Mmodenuposanue N-mes, uépHole Oblpbl 36E30HBIX MACC, OMOOP UICHOG
ckonienusi, cobcmeennvie osudicenusi, napaiiaxc, Gaia.
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REFINING THE N-BODY MODEL OF NGC 2516
AND ITS STELLAR BLACK HOLES

This paper extends the N-bodymodelling of the open star cluster
NGC 2516 begun in Kalambay et al. (2025), who reconstructed the
cluster’s Galactic orbit and calibrated its initial parameters with the

phi-GRAPE-GPU code, but found that the resulting model retained
systematically more “observable” stars than the real, Gaia-selected
cluster. Here we compute an expanded grid of models spanning initial
star numbers of 6500-20000, several star-formation efficiencies, initial
half-mass radii of 1.5-4.5 pc, and multiple random seeds, and introduce a
three-tier mock-observation membership selection: (1) a photometric cut
on mass and visible magnitude; (2) a kinematic cut on proper motions;
(3) a combined cut that adds an analogous robust selection on parallax.
Across the grid we identify three models (initial half-mass radius
3.6, 3.8 and 4.0 pc, seed 22) whose final observable star count under
Method 3 (2644-2704) closely matches the observed NGC 2516
membership of 2690. Each of these models forms three stellar-mass
black holes over its evolution, of which exactly one remains within the
kinematic membership ellipse at the final snapshot in every case — a
pattern consistent with the recent finding of Ma, Pang et al. (2026) that
NGC 2516 likely retains at least two dynamically coupled black holes.

Keywords: NGC 2516, open star clusters, N-body simulations,
stellar-mass black holes, cluster membership selection, proper motions,
parallax, Gaia.
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PEAKTUBTI MATHETPOH/AbI LWWALWIBIPATY
O/4ICIMEH AJIbIHFAH TINO KABbIKLIAJIAPbIHbBIH
K¥PblJIbIMbl MEH KACUETTEPI

TiNO kabwikwanapol icoeapbl  OUOYUICCIMOLNIZI, KOPPO3USLIBIK
opmaesa  Mypakmelivlabl — JCOHe  JCEMKINIKMI — MEeXAHUKAIbIK
CUNAMmMamanapsl apKacblHOa JCypek-Kan mamolpaiapbl CmeHmmepi MeH
32¢ 0e MEeOUYUHANBIK UMNIAHMAMmaposly bemmepin mypieHoipyee
apHanean NepCNeKmuBaibl Mamepuaioapobly Kamapbihd Hcamaobl.
3epmmeyoin Hezizel Makcamvl — peakmuemi MazHempOoHObL UWLAUBIPATY
orcazoativinoa  anvivean  TINO  KabbiKuwanapolHoly — KYpolIbLMObIK,
MOPPONOUANBIK, HCOHE MEXAHUKATBIK CURAMMAMANAPbIHA CYOCMPamKa
bepiemin mepic bl2blCy KepHEVIHIY bIKNAIbIH JHCAH-JICaKmbl 0azanay.
Kabwviwanap AISI 316L mom 6acnaiimein 0Oonammarn Hcacani2am
neeisoepee Ar:N,:O, easz opmaceinoa 99,99 % masanvikmaevl muman
Hblcanacvlh  Konoana omoipwin, 0-0en —150 B-ka Oeiinei mepic
bI2bICY KepHeyJepiHoe MyHObIPLLIObL. JKymblc OapbicblHOa MYHObIPY
JAHCHLLIOAMObIZbL,  (PA3ANBIK,  KYPAMbL, MUKPOKYDBLILIMbL, — KAMMbLIbIZHL,
aoeezusiiblK, Oepixmiei dcone bemmiy cyranaviiumoizol 3epmmendi. XRD
Homudicenepi mepic bl2blCy KepHeyiHiy acosapwiiayvimer TiN ¢pazacoinbiy
anovimern  TiNO  oxcunumpuoine, ooan ketiin TiO, anamasa dicone
pymun asarapvina ayvicamvinvly kepcemmi. byn KyowvLivic uOHObIK
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bombanay sHepeusColiblY KAObIKWAHBIY KPUCMALObIK KYDbLIbIMbL MEH
Gazanvix Kypamvin Kaiblnmacmulpyodebl weulyui dcepin Kopcemeoi.
Kammoinoixmoly ey scozapol moni 430 HV, an adeezusinvik 6epikmikmin
kpumuxanvik scykmemecti 20-25 H 6onvin, —50 B pesicuminoe anvinaan
yreide mipkenodi. JKaunacy OypvlulblHbIY HOMUDICENCPL  3epmMMmeieeH
bapvlK KaObIKWanapowly euopouivoi exenin kepcemmi. byn onapowviy
Jrcacymanapoviy bemke 6eKiHyiHe Koaaiiivl D0y bl HcoHe OUOMEOUYUHATIBIK,
bazbtmmasvl KOIOAHY MyMKiHOI2iH kopcemeOi. Anvinean depexmep TiINO
KAObIKIUAAPBIHBIY KACUeMMePiH MEXHON02USIbIK NapaMempIep apKblibl
pemmey MeOUYUHANbIK UMNIAHMAMMApObIY NAUOANAHY CeHIMOLNIZl MeH
Kbl3Mem emy Mep3iMiH apmmulpy2a MyMKIHOIK OepemiHik Kopcemeoi.

Kinmmi ce30ep: TiNO kabvikwacel, peaxmuemi MacHempOHObL
wawbipamy, vi2blcy Kepueyl, pasanvik Kypam, KammbliblK.

Kipicne

JKypek-kan Tambipiapsl aypyiapbl (JKKA) enemae mesrisicis eiaiM MeH
MYTe/IeKTIKKe OKeJeTiH Heri3ri cedenrepin Oipi Oosbin Tabbmans! [1]. byn
aypyJapJblH AaMybIHAa aTepPOCKICPO3 MaHBI3Abl OPBIH ajlaJlbl: OJ TaMbIp
SHJIOTENMHIHIH 3aKbIMJIAHYbIHA XKOHE KeHIHHEH TaMbIp CaHbUIAYBIHBIH TapbLTybIHA
Hemece Oitenyine okeneni [2; 3]. Kasipri kesne XKKA emaeyne mapimik
TOCUIAEPMEH KaTap KaH aFbIMBIH KaJIlblHa KENTIpyre jKOHE acKbIHYJapIbIH
JIIBIH ayFa OaFbITTaJFaH TaMBIPIIIUTIK KYPBUIFBIIAP, COHBIH IMITHJIE CTEHTTEP
KEHIHEH KOJJIaHbUIa/bl. AJIFAIIKbI METAI CTEHTTEP KIMHUKAIBIK ToXKipuodere
SHTI3UITeHHEH KeiiH oJ1ap/ibIH OMOYHIIECIMIUTITIH apTTHIPY XKOHE CTeHT 1IH/eT]
pecTeHO03 KayIiH TOMEHJETY MaKCaThIH/Ia 9PTYPJi KOPFaHBINI >KaObIHIAPbIH
a3ipieyre epekiie Hazap aymapsuiabl [4]. TINO KaObIKIIaTapblH UMILIAHTAT
OeTiHe KaJbIITACTBIPY YIIIH TEPMHSIBIK OyJlIaHIbIPY, JNOFAJIBIK OYpKY,
MarHeTpoH/Ibl MIAIIBIPATY, COHJAM-aK 30JIb-T'eJIb TOPI3/l XMMUSIIBIK /iCTep/Ii
KOca ajFaHna, OipHelle TeXHOJIOTUs KoJimaHbuIaabl [5]. OchuIapsliH imIiHAC
MarHeTpOH/IbI IANIBIPATy 0ACKAPBUTYBIHBIH BIHFAMIIBIIBIFBI MEH TEXHOJIOTHSIIBIK
MYMKIHJIKTepiHe OailjaHBICTBI KCH TaparaH dJicTepiiH Oipi caHamajsl.
Kaszipri yakpITTa KOJAaHBUIATBHIH JKAOBIHIBl CTCHTTEP/iH apachlHJla THUTaH
OKCHHHUTpHJIMEH KanTainraH 316L Tunrti ToT OacnaiTeiH OoJIaTTaH jKacajiFaH
KYPBUIBIMJIAp MEePCIIeKTUBAIBI KITMHUKAJIBIK HOTHIKENep kopceryne [6; 7]. byran
neiinri seprreynepae [8; 9] pyrwiik KypsutbiMab! sxkyka TiO, kKaObIKIIanapbIHbIH
CTEHTTEPIH OeTiH Moau(UKaIysIay YIIiH THIMAI eKeHi kepceTinreH. MyHaai
KabarTap MMIUIAHTATTaH YJIbI METaJJI HOHJIApBIHBIH OOJIHYIH HIEKTEyre jKoHe
O0cTke puUOpUHOTEHHIH ajcopONMsIaHybIH a3aiTyFa bIKnan ereai. COHFBI
xpuIaapel TiO, KaObIKIIanapbIHbIH OMOAKTHBTINITIH apTTHIpyFa apHalraH
3eprreynep KeOeHin, omapAblH KacueTTepiH Oackapy YHIiH 9pTypill Kocraiap
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enrizinyne. Conap/pIH iliHAe a30T epPeKIIe KbI3bIFYIIBIIBIK Ty IbIPaIbl, O TKEH1
on KabbIKmaaa NOX TypiHzeri KOChUIbICTapAbIH KaJIBINTACybIHA XKaF/1ail xkacarl,
TPOMOOLIMTTEP/IIH arperaysacblH TOMEHJIETY, TaMbIp CaHbUIAYBIHBIH KEHEIO1H
perTey oHe Teric OyJIIBIKET jKacyllaJapblHbIH KO0OCI0iH TeXey CHSKTHI
(bu3HoNOrMsUTLIK nporectepre acep eryi MymkiH [ 10; 11]. Ocel TypFbIIaH asFania
THTaH OKCHHUTPH/II CTEHT OeTTepiH MOAN(pHKaAIMsIIayFa apHAJIFaH [IEePCIICKTHBAIIBI
MaTepuanaapabH 0ipi 60bi Tadbutanbl. TINO KaOBIKIIATAPBIHBIH XHUMHUSIIBIK
TYPaKTBUIBIFbI, TOMEH LIUTOYBITTHUIBIFBI )KOHE TPOMO TY3UTYiH IEKTey MYMKIHJIIT1
OJIapJIbIH KJIMHHUKAJIBIK CHIIATTaMallapblH JXKaKcapTyFa MYMKIHAIK Oepeni
[12; 13]. ConbiMeH Oipre MyHaai KabaTTapIblH (GUOPUHOICH aaCcOPOLUSICHI
MEH TPOMOOIIUTTEp arperauscblH TOMEHICTETiHI, coHfai-ak Ni, Cr sxene Mo
HMOHJIAPBIHBIH HET13/ICH OpTara ©TyiH TSKEHUTIHI aHbIKTaFaH [14].

Kpucranapr TiINO KaObIKIIanapblH TEPMUSUIBIK OHJICYCI3 KaJIBIITACTBIPY
YILIIH UMITYJIbCTI PEAKTHBTI MarHeTPOH bl HIAIIBIPATy TEXHOJIOTUSCH 931pJICHIII,
Kazipri yakbITTa )KeTULipiin keneai. byi Tocin kaObIKIa ecyin 1o 0ackapyra,
CyOCTpaTTBIH IIaMajiaH ThIC KbI3YbIH )KOHE KaOATThIH JIaCTaHy KayIliH a3alTyFa,
COH/Iali-aK YJIKeH eJIIeM 1l HeTizzep e OipKesKi )kaObIH almyFa MYMKIHJIIK Oepeni
[15]. HlameipaTy GapbIChIHAA pa3psii KyaThl, ra3 KbICHIMBI, TOK THIFBI3IBIFHI,
cyOCTpaTThIH BIFBICY KEpHeyi (Tepic BIFBICY NMOTCHIMAJBI) JKoHe cyOcTpaT
TeMIEPaTypackl CUSKTHI TApaMeTpIIepi ©3repTy IIa3MaHbIH TEMIIEpaTypachkl MEH
9JIEKTPOH/IAp KOHIIEHTPALMSICHIH PETTEYTe JKaF/1aii xkacaii/ibl. COHBbIH HOTIKECIH/IE
KaOBIKIIAHBIH TYHY MEXaHW3M1 MEH KaJIbIIITaCaThIH KYPBUIBIMABIK €pEKIIETIKTepl
e3repeni [16].

O1e0u IepeKTep peakTUBTI UMITYJIbCTI MarHETPOH/IbI IIAIIBIPATYAbI KAXKETTI
kacuerrepi 6ap TiNO kaObIKIIaTapblH KaJbIITACTBIPYABIH THIMI TOCUIIEPIHIH
6ipi perinae Kapactbipanbl [17]. ['a3 opTacklHBIH KypaMbl, pa3psi KyaThl >KoHe
CyOCTpPATTBIH BIFBICY KEPHEYl CHSKTBI TEXHOJIOTHSIIBIK (hakTopiapsl Oackapy
Ox/Ny apaxaTblHachl 9pTYpJi KadarrapJsl aiyra MyMKiHaik Oepexni. Byn
rapameTpJiep, o3 Ke3erinje, KaObIKIanapsiH MOp(oIorusceiHa, MEXaHUKAJIBIK
KacuerTepine, 6eT TornorpaduschiHa )xoHe OMOIOTHSIIBIK CHIIaTTaMallapbiHa dcep
ereni. Kabarrarpl a30T MeJIIIEpiHIH apTybl OHBIH TPOMOOTEHIK KaCHETTEpiHiH
TOMEH/JIeyiHe BIKIa eTyl MyMKiH. bipkarap sxymeictapzna TiNO sxyiienepin any
Ke3iHJie cyOCTpaTThIH BIFBICY KEpHEYiHIH OacKa TYH/BIPY apaMeTpiiepiMeH e3apa
acepi KapacTeIpblIFaH [ 18], OyJ1 *Kypek-KaH TaMbIpiiapbl HMIUIAHTATTAPbI YIIiH
MaHpbI3/1bI (hakTop OOJIBIT TaObLIA b

TiNO kaObIKIIaIapbl OMOMEIUIMHAIIBIK )KOHE CTCHTTIK KOJIaHy OaFbIThIH/IA
OypBIHHAH 3€pTTENII Kelle )KaTKaHBIMEH, KONTEreH KapHsjJaHbIMaap HeriziHeH
JKaJIbl TYHJIBIPY JKaFJailylapblH HeMece JAalblH OeTTepAiH CHIlaTTaMajlapblH
KapacTbIpyMeH MIeKTeNei. AJl peakTHBTI MarHeTPOH/Ibl LIALIBIPATY Ke3iHe
CyOCTpaTTBIH BIFBICY KEpHEYI, KaOBIKIIIa KYPBUIBIMBI XoHE (ha3aliblK e3repicTep
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apachIHJaFbl ©3apa 0alIaHbICThI XKYHEI TYpAe CHIaTTalThIH 3epTTeyJiep aJli Jie
KeTkiTikci3. OChbIFaH OalTaHBICTHI OYJI )KYMBICTA aTAJIFAH MapaMETPIICPIiH 63apa
BIKIAJIbIH aHbIKTay koHe TiNO KaObIKIIanapblH OHOMEIUIIMHANIBIK MaKcaTTa
OHTaWJIaH/ABIPy MocelieciHe Hazap ayaapbuianbl. COHBIMEH KaTap ajbIHFaH
KabarTapblH OMOJIOTHSIIBIK CHUITATTaMAJIApbIH TEXHOJIOTHSUIBIK PEKUMIEPMEH
0ailJIaHBICTBIPATHIH KYPBUIBIM/IBIK KPHUTEPHUIIIEP JIE TOJBIK 3€PTTEIMETCH.

TyHABIPY JKaFIaiaapblH MaKCaTThl TYPJE ©3I€PTy KOPPO3UsFa TO3IMILIIT
MeH OHOJIOTMSUIBIK TYPaKThUIBIFBI sKoFapbl TiINO KaObIKIIaTapbiH KaIbINTACTHIPYFa
MYMKiHAIK 6epyi piktumain [19; 20]. Ocbl daxTopnap/abIH illiHAe TEPiC BIFBICY
KepHEeyl aifipbIKIlia MOHTE Ue, ce0eOi 01 OeTKe KeJIeTiH HOHAAP/IbIH SHCPTHSICHIH
@3repTil, KaOBIKIIaHbIH 6CY KNHETHKAChIHA )KOHE KPUCTAIIBIK PETTEIyiHE ocep
ereni. COHIBIKTaH OCHI 3epPTTEYAIH MaKcaThl — KOJJAHBUIFAH TEXHOJOTHSUIBIK
xar ainap asceiaaa TiINO KaObIKIIatapbIHBIH MUKPOKYPBIIBIMBL, MOP(OJIOTHSICHI
oHe (ha3ablK KypaMbl apachlHIaFbl ©3apa OaiIaHbICThI aHBIKTAY.

Matepuannap MeH aaicrepi

MarseTpoH/Ipl IIalIbIpaTy napamerpiepi

TiNO >xyka KaObIKIIanapbl )OFapbl Ta3aJblKTaFrbl TUTaH HBICAHACHIH
(99,99 %) maiiganaHbIl, aproH, a30T X8HE OTTerineH TypaThiH Ar:N,:0,
KOCTIaChIH/Ia PEaKTUBTI MAarHeTPOH/IbI MIAIIBIPATY d/1iciMeH aibIHbl. KaObIKiia
KYpaMblHa J)KOHE KYPBUIBIMBIHA ra3 arblHIAApbl MEH CyOCTpPaTTHIH BIFBICY
KepHeyiHiH OipiecKkeH ocepiH Oaranay YILIIH aTajFaH mapameTpiep opTypii
pexxumaepe e3repriai. Heriz marepualisl peTiHie MeXaHUKalIbIK OEpiKTIiri MeH
Koppo3susiFa Te3iMaitiri sxorapsl AISI 3161 Tot GacnaiiTeiH OoaThl TAHIAIIBL.
Yorinepain enmemi 40 MM X 40 MM X 3 MM O0JI/IbI. ATall ©TKEH X6H, 1-kectese
KepCceTUIreniel, cyOCcTpaTThIH BIFBICY KepHEYIMEH KaTap ras KOCIHAachIHBIH
wbIFbIHbL (AT, N, O,) 5K0He TYHJIBIPY yaKbIThI JIa YJITIIEp apachiHla 63repTiIreH,
COHJIBIKTaH JIBIHFaH HOTHIKeJIep/Ieri allbipMalbUIBIKTapIbl TEK BIFBICY KEPHEYIHIH
FaHa eMecC, 3epPTTENIIeH TEXHOJOTHSUIBIK PEKUMIIEP/IH KEeIIeH i acepi peTiHjie
KapacThIPFaH 5KOH.

Tynneipy Oacranranra jaeiin BakyyMmablk kamepa 0,2 Ila 6azanbik
KBICBIMFa JIeWiH copbulbl. byi skarnail KaOBIKIIAHBIH TYHYBI KE31H/AE CBIPTKBI
JIaCTaHy bl )XOHE OHBIH KAPKBIH/IbI TOTBIFYBIH IIEKTeyre MyMKiHIiK 6epai. TINO
KaOBIKIIaJapbl CyOCTpaTKa TEpiC BIFBICY OCPINTeH XKaraaia MarHCTPOHIbI
LIaIbIpaTy apKblabl TYHABIPBULABL. MOHABIK Ta3ajay Ke3eHiHJe aprOHHBIH
WIBIFBIHBL 15 ccm geHreifiHje ycraibl, KaMmepaiarbl xKyMbIc KbichiMbI 0,2 Tla
oonel. Tazanay 2,5 kB kepHey xoHe 50—80 MA Tok apasnbirbiHga 20 MUHYT OOIBI
XKYpriziaui. Herisri MarHeTpoH/IbI MIAIIBIPATy PEXKUMIEPI 1-KecTeie KenTipiireH.
1-kecrene kepcerinred kepHey (U) xoHe Tok (I) MoHmepi OOMBIHIIA €CENITEITCH
paspsin KyaThl OapiblK pesxumaep yiriH mamameH 900—1010 Bt apanbiFbiaga
OO0JJIBI; TOK TYpPakThl (2 A) peHreiije cakTaJFaHJIbIKTaH, KyaTThIH [IaMajbl
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e3repici HEri3iHeH KEPHEY/IiH aybITKYBIMCH OalIaHBICTBI OOJIJIBI JKOHE JKEKE
0acKapbUIaTHIH ApaMETP PETIH/E KapacThIPbUIMAJIbI.

1 xkecre — TINO KaObIKIIANAPBIH TYHABIPY KE31HAErT MarHeTPOH/IbI HIALIBIPaTy
rapamerpIepi

ITapamerpuep Nel TiNO | Ne2 TiNO | Ne3 TiNO | Ne4 TiNO

I"a3 KOCITaChIHbBIH IIBIFBIHEI Ar: 25 Ar: 33, Ar: 25 Ar: 26,

(Ar:N2:02), sccm N,:3 N,: 10 N;:3 N,: 10
O, 1,5 0,6 0,3 0,6

T'azmapas N:O 2 1.6 1 1.6

apaKaThIHACHI

CyOCTpaTThIH BIFBICYEL, V 0 =50 —100 —150

Ky™mbic KpIcbIMEL, Pa 0.8-1.0

TyHABIpY YaKbIThl, MUH 45 180 45 180

Kepney U: 450-460 B | 480-505B | 465-480B | 460-480 B

Tox kymi I, A: 2A

Heicana marepuanst Ti, 99.99%

Cyb6cTpat Temneparypacsl, °C 100

Heicana—cy6crpat 30

apaKambIKThIFBI, MM

KabarrapasiH 6eTKi MUKPOKYPBUTBIMEI MeH Mopdomorusickl Vega4 (Tescan,
TESCAN VEGA 3 LMH, bpno, Uexwust) ckanepIieyi 3J1eKTPOH/IIK MUKPOCKOTIBI
(SEM) xemerimen 3eprrenai. Kypsinrslga katoq peTinie Boibppam xidi
Kongaubuibl. KaObIKIIamapaelH 3JIEMEHTTIK KYpaMblH aHbIKTay ymiiH Xplore
30 sHeprus-aucnepcHsUIbIK peHTreHaik Tannay aerekrops! (Oxford Instruments
plc, Abingdon, ¥p10puTaHus) nai1amaHbUIIbL.

®dazanbk Kypamasl anbikray X’ Pert Pro penTtrenmix audpakromerpinme
(Panalytical, Amctepnam, Hunepnanner) Cu-Ko coynenenyimen xyprizinmi.
Omnmey 40 kB keprey xone 30 MA Tok Ke3iHae opbIHAaIbl. CKaHepIIey apaJIbIFbl
200 <26 < 100, kamam memmepi 0,02¢, ax 6ip HYKTEre 3KCIO3UIHS YaKbITH |
¢ 0OJIIBI.

Karrbuibik DIN EN ISO 14577-1 rananrapeina caiikec FISCHER-SCOPE
HM2000 xyiiecinae anpkTanabl. MameHTOp perinme Tobemik Oypsimbl 1360
GonaThIH TOPT KBIPIIbI BUKKepC aliMa3 nupaMuIachl KOJIJaHbUIbL. Oniey Ke3iHae
2 MH xykreme Oepiiim, xKYKTey yakbITh 10 ¢, a1 )KYKTEMeHi YCTay YaKbITHI 5 C
6oap1. OCHI peXKUMIEP e HHACHTOPABIH eHy Teperiri 0,14-0,17 MkM apasbIFbIHAA
cakTanabl. bynm xkepceTkim 3eprrenreH KaOviKmanapaeH 0,64—5,34 Mxm
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KaJbIHABIFBIHBIH 10 %-bIHaH TOMEH OOJIIBI; CH JKYKa YiIriiep yuriH Fana 18-23 %
MoHep Tipkeii. JleMek, HAaHOMH/ICHTALUS HOTHIKEJIEPiHE Heri3 MaTepHabIHbIH
BIKIIAJTBI [IIAMAJTBI JIen KaObUTIaH b, Oyl «10 % epexecine» coikec Kemei.

Hoarn:kenep :koHe TAIKbLIAY

SEM apkpuibl KypriziiireH Mop@oJOTHSIIBIK 3€pTTEY HOTHXKeIepi
l-cyperTe KepceTIreHIeH, anblHFaH KaObIKIIAIapAblH HET131HCH THIFBI3 9pi
OIpTEKTI KYPBUIBIM TY3€TiHIH, KAOATTaHY ChI3BIKTAPBIHBIH OailKaIaThIHBIH JKOHE
JieTIaMUHAaLs! OeNTIepiHiH KOK eKeHiH kopceTTi. CyOcTpaTThIH Tepic bIFBICYBIH
3epTTey OHBIH OCIIl KeJIe )KaTKaH KabaTKa eHeTiH HOHIAP IbIH SHEPI HSCHIH TiKeJIen
e3repTyimeH OaitanbicTsl TaHAa bl OChI TapaMeTp KaObIHHBIH THIFbI3/IBIFBIHA,
KEyeKTUIIr'He, KpUCTAIIBIK KYPbUIBIMBIHA )KOHE 11IKI KepHEeYyJIepiHe ocep eTell.

1 cypet — CyOCTpaTThIH OPTYPIIi TEPIC BIFBICY KEPHEYIEPiHIe
anpiaFad TIOXNy KaObIKIIaTapbIHBIH KOJIIEHeH KUMalaphl:
((a) = Nel_TiNO; (8) — Ne2_TiNO; (6) — Ne3 TiNO;

(B) — Ned TiNO) — SEM «keckinzepi.
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OpTypii cybcTpaT BIFBICY KepHeyJepiHae KainbimracTeipbuiran TINO
KaObIKIIaJIapBIHBIH KOJIeHEeH KuManapbiHa Tycipinren SEM keckingepi (1
a—B CypeT) pPEeakTHUBTI MarHETPOHJbI IIANIBIPATYFa TOH THIFBI3 OaraHabl
MOP(OJIOTUSIHBIH KaJIbINTAaCKaHbIH KopceTeai. Tepic bIFbICY MOHI jKOFapblUlaFraH
Ke3/ie KaOaTThIH THIFBI3JIBIFEI apTHII, KYPBUIBIMBI OipKenKiieHe Tyceni. byn Oerke
TYCETiH MOHIAPJIbIH 9CEPIHEH aaTOMIApAbIH KO3FAIFBIILITHIFI MEH KaOaTThIH
TBIFBI3AATYHI KyLIeieTiHiH Oinaipeai. —50 B xxone —100 B xe3ine anbiHFaH yiriiep
0 B pexxuminzeri KaObIKIIaMEH CAJIBICTBIPFaH/Ia KYKaJlay opi THIFbI3 OpHAJIACKaH
GaraHaJIbl KYpbUIBIMMEH cunartanasl. An—150 B ke3iHne KypbUIbIMHBIH ilIiHapa
OypMmasiaHysl OaiiKanajbl, OHbI IIaMajJaH ThIC MOHJBIK OomOanay joHe Kairta
LIalIbIpay MpolecTepiMeH OailaHbICThIpYFa Oosasl. XKanmbl MOp(OoIOTrusITBIK
e3repicTep Tepic BIFBICY KEpHEYIHIH apTybl KaOaTThIH THIFBI3/IaTybIHA KOHE
GaraHasbl KypBUIBIMHBIH KeTiTyiHe dcep eTeTinin kopeerei, 0yn TiNO xone TiO,
XKY#HenepiHe KaTbICThl OYPBIHFbI HOTH)KEJIEPMEH COMKEC KeJe/i.

EDS notmxenepi KaObIKIIa KypaMbIHbIH OTTEI' MOJILIEp] >KOFapbl MAaTPULIA/IaH
THTaH OKcHli 0achIM KabaTKa Kapaii e3repeTiHin kepcerTi. (a) yaricinae Ti memnmepi
26,89 % Gosca, O mommepi 73,11 % (macc.%) Kypaipl; Oyi1 HOJJIK BIFBICY KE31HE
KaJIBINITACKaH OKCHATIK KYHre colikec KeleIl, ajl a30T aHbIKTasmmMaabl. —50 B Tepic
BIFBICY JKOHE Y3aFbIpaK TYH/IBIPY Ke3iHe (9) YIITiCIH e KabIHIBIFbI MEH OIpKeIIKLIIri
JKOFapbI KabaT Ty3111i, OHBIH Kypambl Ti— 66,98 %, O —31,83 % sxene N— 1,18 %
60sbi1, TINO okcunuTpHIiHE TOH cunat kepcerTi. (0) yuricinae Tisxone O medepi
(macc.%) tuicinme 39,55 % sxone 60,45 % 00m/1b1, OYI1 )KOFaphI BIFBICY YKaF JalbIH/A
OTTeri YJIeCiHIH e3repyiMeH OailylaHbICThl O0JIybI MYMKIH. (B) YJITICI €H OipKesKi
KabaTIiCH CUMATTa/Ibl, OHBIH Kypambl Ti — 64,47 % sxene O — 35,53 % Ooubi,
crexuoMeTpusiIbIK TiO, Ty3imyiHe sxaKpiH. JKorapbl bIFBICY jKaFIaiibIH/Ia a30TThIH
AHBIKTAJIMAYbl KapKbIHIbI HOH/BIK OoMOasay Ke3iHJe OHBbIH KalTa Ilambpayra
oetiimainirimen Tycingipineai. ConpiMen karap EDS oiciHiH a30T MeH OTTeri
CHSIKTBI JKCHLJT JJIEMEHTTEP/ll CaH/IbIK aHBIKTaY IaFbl IIEKTEYJIEPIH eCKePy KaXKeT:
KaOBIKI11a/1a a30TThIH aHBIKTAIMAYbI OHBIH TOJIBIK OOJIMAaybIH opIailbIM OLaipMeiii,
ce0eO1 OHBIH KOHIIEHTPALMSCHI 9/IICTIH aHBIKTAY IIETiHEH TOMEH O0JIybl MYMKIH.

z L} Element | Weight (%) | SigmaWeight% | I w Element | Weight (%) | Sigma Weight %
i N 0.00 0.25 N 1.1 0.2:
2 ° 7311 012 ° 3183 0.
o i 2689 012| L i 66,94 04
= Total 100.00] | Total 100.00]

i 1

L H
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= L] Element Weight (%) | Sigma Weight % s L] Element. Weight (%) | Sigma Weight %
N 0.00 0.26 H N o =l
ol o 60.45 025 | o 35,53 042
= [T 39.55. 025 e i 64.47| 0.42]
[Totat 10000 : ‘ Frowr %

2 cypet — TiNO kaObIKIIamapbIHBIH XUMHUSUIIBIK KYPAMbIH
OKK epicimen Tannay Hotmxkesepi: (a) — Nel TiNO;
(b) — Ne2_TiNO; (c) — Ne3_TiNO;

(d) — Ne4 TiNO rxoHe CaHIBIK DJIEMEHTTIK TaJay.

Tepic bIFBICY KEPHEYI apTKAH CalibIH KAOBIKIIAHBIH JICMEHTTIK KypaMbIHBIH
e3repyl MOHJIBIK OoMOaayblH KYHICIOIMEH JKOHE PEaKTHBTI ra3 OpPTaChIHBIH
KypaMmbIMeH OaiitanbIcThl. bIFbICy KepHeyiHiH sxorapbuiaybl Ar+, N2+ xene O2+
MOH/IapbIHBIH YHEPTUSICHIH apTTHIPHIIN, Ka0ATThIH THIFBI3AATYbIHA BIKIAI €TE/II.
CoHbIMEH Katap MYHJail arJaiaa a30T aToOMJIapbIHbIH Oip OeuiriHiH Kaiira
HIAIIBIPAYbl MYMKIH.

Toxipuodenik Hotnxesep 0-nen —50 B-ka eifinri bIFbICY KEpHEYIH apTThIpY
Ka0aTThIH THIFBI3JANYbIHA )KOHE, TYHJIBIPY YaKbIThl y3apFaH Karjaiiia, OHbIH
KaJIBIHBIFBIHBIH OCYIHE XaF1ail »kacail ThIHbIH KopceTTi. A kepHey i —100 sxone
—150 B-ka zeiiin ofaH opi apTThIpy KYpPBUIBIMHBIH OIPTEKTIIIriH TOMEHAETYI
MYMKiH; OyJI Ke3/ie KOMIPTEKTIH EHri3iTyl )koHe OTTETiHIH IIamMaJiaH ThIC KaiTa
HIAIbIPaybl BIKTUMAJABIFBL J1a apTajsl. blFbicy kepHeyi orapbl OoJFaHIa
KaOBIKIIIa KaJIbIHIBIFBIHBIH a3aI0bl TYH/IBIPY MEH KaiiTa HIaIIbIpaTy MPOLECTePiHiH
apachIHIaFbl 09CEKENIECTIKIICH TYCIHIIPLITYl MYMKIH.

TiNO kaObIKIIaTapbIHBIH TYHIBIPY XKbUIIAMABIFEl KA0AT KaJbIH/bIFBIHBIH
JKaJIIbI TYH/IBIPY YaKbIThIHA KaThIHACHI OOMBIHILIA €CENTEeiI, HM/MUH OipiIirinie
oepinai. Nel TiNO, Ne2 TiNO, Ne3 TiNO sxoene Ned4 TiNO yurinepi yurin
aybIHFaH MoHIep Tuicinime 14,2; 30,7; 17,3 sxone 18,3 HM/MUH OOJIIBL.

Yori TyHasipy TyHasipy Ecenrenren
JKBLIJAM/IBIFbI, YaKbIThbl, MUH KaJIbIHJIbIK, MKM
HM/MUH
Nel _TiNO (0 B) 14,2 45 ~ 0,64
Ne2 _TiNO (—50 B) 30,7 180 ~5,53
Ne3 TiNO (—100 B) 17,3 45 ~0,78
Ne4_TiNO (=150 B) 18,3 180 ~3,29
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Kecte b — KaObIKI1anap s TYHIBIPY SKbIIIAM/IBIFBI MEH TYHJIBIPY YaKbIThI
HETI31HJIe eceNTelNreH KaJabIHABIKTAPhI (TYHIBIPY KbUIIAMABIFBI X YaKbIT). HakThl
OJIILICHI'€H KAJIBIHJ/IBIK MOHIEPIMEH CAIIBICTHIPY YChIHBUIAIbI.

Tyuneipy xeurnamMasiFel —50 B-ka meifiHri bIFbICY Ke3iHae ecti. by
MOH/BIK OOoMOanay/blH KYLICIOl a1aTOMIAP/bIH KO3FaJIFBIIITHIFBIH apTTHIPHIIL,
KaOBIKIIAaHBIH OCYiH JKeaenneTkeHin kopcereai. Kepicinme, —100 xxone —150 B
Ke3iH/e TYHIBIPY JKbUIIaMIBIFbI TOMEHAeAl. MyHiall e3repic KaiiTa manisipay
9CepiHIH KYIICIIMEH OailIaHbICTBI: XKOFAaphl SHEPTUSUIBI HOHJAP TYH/IBIPBUIFaH
MaTepHabIH Oenriii 0ip Oesirin KadaT OeTiHEH IBIFAPBIIT TaCTalIbl.

3-cyperte TiNO KaObIKIIamapblHBIH KaTTBUIBIFBI CYOCTPATTBIH TEpic
BIFBICY KepHeyiHe OailylaHbICThl KapacThIpbUIFaH, OHbIH MoHI 0-1eH —150 B-ka
neiiin esrepi. Ex xxorapsl KarThutblK 0 sxone —50 B pexxumMaepinae 6alkanbil,
420-430 HV nenreiiine xetti. blFpicy kepHeyiH opi Kapall apTThIpraHjaa
KaTThLIbIK ToMeHaedi: —100 B ke3inge 290 HV, an—150 B kesinge 220 HV 6omab!.
JKorapsl Tepic BIFBICY JKaFnaibIHAAFBl OYJI TOMEHACY KalJIbIK KepHEYJIEepAiH
YKOHE KYPBUIBIMBIK aKayJiap/iblH KoOetoiMeH, COHIai-aK KabaTThIH aMOp(TaHybl
HeMece KPUCTALTUTTIK TEKCTYPaHbIH OY3bUTybIMEH OaliIaHbICThI 00TYBl MYMKIH.

HanoungenTanust Ke3iHjae MHACHTOPABIH €HY TEPEHJIrIH Y3IIKCi3 TipKey
apKbUIbl KaOBIKIIAHBIH HAHOKATTBUIBIFEI MEH SIHI MOJIYJIIH aHBIKTayFa O0Ja/ibl.
3-cyperTe peaKkTHBTI MarHeTPOHAB! INAIIBIPATY apKbUIbl aJIbIHFAH THTaH
OKCHHMTPUAI YATUIEPiHIH XKYKTEMe—eHY TepEH/Iri Toyenulikrepi Oepiiren.

500
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- Hm
0

TiNO_0 TiNO_-50 TiNO_-100 TiNO_-150

wv

W KatTbinbiK (HV)  ® Cepnimainik mogyni (GPa)
3 cypet — KaTThUIBIK >K0He CEPIIMILUIIK MOIYJII.

4-cyperte cyOcTparka OepiireH BIFBICY KEPHEYIHIH opTYpJli MOHJAEpPiHAe
TYHJIBIPBUTFaH KaOBIKIIAJIAp/IbIH PEHTTCH/IIK AU PAKIIIS HOTHKENIEP] KEATIPUIreH.
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4 cyper — TiNO KaOBIKIIATAPBIHBIH AU(PPAKTOrpaMMaJIaphbl.

4-cyperrte cyOcTpaTThIH Tepic bIFbicy KepHeyi 0 B (al), =50 B (a2), —
100 B (a3) xone —150 B (a4) 6onran ke3ne ansiaFan TiNO KaObIKIIaapbIHBIH
pPeHTreHIiK nudpakrorpaMManapsl kepcetiiren. ®aszanapasl colikecTeHAIpY
JCPDS anbIkTamanbsIK Kapranapbl Ooiibiaia xyprisingi: TiN (38-1420), TiO
(23-1078), TiO2 anarazbl (21-1272) sone TiO, pytnni (21-1276). AISI316L (Fe)
HeriziHe Tueciui peduexcrep ae Oenrinenrex. al (0 B) ynricinin cnexrpinge 37°,
43°, 63°, 75° xoHe 82° aiiMakTapblHIaFbl peduiekctep Oaiikanansr; onap NaCl
tunti KyoTsIK TiN dasacsinbiy colikecine (111), (200), (220), (311) xone (222)
XKa3bIKTHIKTapbiHa sxkaTanpsl. (111) pedaexcinin 6acsiM O0iTybl OpTalia HOHIBIK
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SHEPrusl )KarJalbIH/Ia aJIbIHFAaH HUTPUATIK KabaTTapra TOH 0aChIM ©Cy OarbIThIH
kepcereni. Fe mbIHAapbIHBIH TipKeNlyl KaJbIHJABIFBI 1 MKM-/IeH a3 KaObIKmIa
apKbUIBI METAJLT HET13/IeH CUTHAJIIBIH ©TYIMEH TYCIHIIpiie . ATall ©TeTiH XKaiT,
0 B pexxumingeri (a) yuriciane EDS aici O0MBIHIIA a30T aHBIKTaIMaFaHBIMCH,
XRD nortmxkecinge TiN (dazacbiHbIH cHIIATTBI peduiekcTepl Oaiikanambl, Oy
anmakTelKk EDS oiciHIH jKEHII 3JeMEHTTepre Ce3iMTalIbIFbIHBIH IIEKTeYJI
6omybiMeH, connai-ak TiN dasaceiabiy keibip mbiHaapbiasiH AIST 3161
Heriziniy (Fe) peduexcrepiMen imiHapa KabaTTacy MyMKIHJITIMEH TYCIHAIpLTYi
MyMKiH. blrbicy kepueyi —50 B-ka (a2) xerkizinrenae TiN (111) mibIHbIHBIH
MHTEHCHUBTLNIrT Tomenger, 20 = 43° manpiaaa TiO (011) curnansiMeH Katap
TiN (200) >ka3bIKTHIFbIHA COMKEC KeJETiH jkaHa peduiekc maiaa 6osaabl. byn
MOHABIK OoMmOanay by Kymeroi sxaraaibiaaa TiN ¢azachlHbIH OKCHHUTPUATIK
KY#ire aybIcybl OacTaFaHbIH KOPCETEI].

a2 xarjaibIHIarel OyIl exi (ha3alibl KypbUIBIM dKOFAPhI THIFBI3IBIKTHI )KOHE
ycaK TYHIpIIIKTI KaOaTThIH KAJIBINITACYbIHA BIKIAJ €Till, €H YKOFaphl KaTThIIBIK
monimeH (430 HV) coiikec keseni. OCbl pexuM/ie HOHAAPABIH YHEPTHUSICHI
apTKaHJbIKTaH, OeTki KabarTa O >xoHe N anemMeHTTepiHIH AUPY3UATBIK
apayacysl Kyineitirn, Typaktsl TiINO MaTpHIIaCBIHBIH TY3UTYiHE KaFIal )Kacala bl
a3 yariciage (—100 B) TiN pednexcrepi ancipern, TiO dazacsubiy (111), (113)
xoHe (022) mbinaaps! naiia 6osaael. bynl KaOBIKIIaHBIH Opi Kapai TOTHIFYbIH
YKOHE a30T MeJILIEePiHIH TeMeHeyiH Ouaipeni, myHsl EDS HoTmxkenepinaeri
mamameH 1 Mace.% N mMoHi e pactaiiibl. COHbIMEH Oipre IbIHApAbIH TapbUIbI,
WHTEHCUBTIIITIHIH apTybl KPUCTAJUTUTTEPAIH IpUICHYIH jKOHEe KPUCTAIIBIK
perTenyin xorapbutaybin kepcereni. TiN-nen TiO sxone TiO, anarasachina
Kapail KypeTiH (azaiblK e3repic KypbUIBIMIBIK aKayJap/blH a3alobIMEH JKoHE
a/re3usUIbIK OEpIKTIKTIH JKOFapbulaybIMeH Karap xypeai. EH xoraper —150 B
BIFBICY Ke3iHze (a4) a30oT anbikTanmassl. Judpakrorpammana TiO (111) sxene
(211) pedhnexcrepi 6ackim Oombin, TiO, anarazachinbid (101) sxone pyTritin (110)
LIBIHJAPBI Halaa 6omnasl. By HUTpUATIK Qa3aHbIH OKCUATIK (ha3zaMeH ic Ky3iHjae
aJIMaCKaHbIH JKOHE KONKOMMOHEHTTI TiO, KypbUIBIMBIHBIH KaJbIITaCKAHBIH
kopcetesi. TiO, MIBIHAAPBIHBIH TapblUIybl KPUCTAIUIMTTEPAIH OCYiH KOHE
KpHCTaIaHy A9PEKECiHIH )KOFapbliIaranbIH Oinipesi. Ocbuiaiiiia, Tepic bIFbICY
KEpHEYIHIH apTybIMEH KYPBUIBIMABIK 3BoJtonns KyOoThIK TiN ¢a3zaceinan TION
OKCHHUTpHIiHE, oan opi TiO -HiH anaTasa/pyTui (asanapbiHa Kapai sKypei.
dazanbik e3repicrep mwiazmanarsl O/N KaTbIHACBIHBIH ©3repyiMeH jKoHe OeTke
TYCETiH MOH/Iap SHEPTUACHIHBIH KOFapbllaybIMEeH TYCIHIIpiieai. TekcTypaHbIH
(111) TiN-nen apanac (111)/(200) TiOx kypbuibiMbIHa, oan 8pi (101)/(110) TiO,
¢azanapeina aysicybl TiINO KaOBbIKIIaJIApbIHBIH KYPBUIBIMBI MEH KaCHETTEpiH
TEXHOJIOTHSUIBIK KOJIMEH Oackapyra MyMKiHIik Oepeni. XRD Hotmxkenepi
OakbUIaHATBIH MOHJBIK OOMOaiay SHEeprusichl KaObIKIIaJapAblH KpUCTAIIAHY
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JIOPEKECIH, KYPBUIBIMBIH JKOHE MEXaHUKAJBIK CHIIATTaMallapblH aHBIKTAHTHIH
Herisri akTopaapabiH Oipi eKeHiH KopceTe/i.

berTiH cynaHFBIITHIFBIH Oaranay YUIIH Ta3apThUIFAH Cy MEH 3TaHOJI
KOJIJaHBUIBIN, JKaHacy OYpBIIbI eJIeHai. Oney 0ejMe TeMIepaTypachlHaa
SDA-100 onTHKaibIK KaHacy OYpBIIIbI ©JIIIET I H/IE CTATHKAJIBIK «LTyJIi TAMIIBD
aJriciMeH Kypri3ui. 316L KOpBITIIACHIHBIH OaCTAIKbI )KOHE MOIU(PUKAUUIAHFAH
OerTepiHe 5 MK KOC JUCTHIJIGHI'€H Cy HEMECE STaHOJ TaMBbI3bIIl, CYHBIKTBIK
TaMIIBICHI MEH KaTThl OET apachIHAAFbI JKaHaCy OYPBIIIBI TIPKEII.

316L Tor OGacmalThlH 0ONATHI YITUIEPIHIH OJIIEHTEH aHacy OypbILIbI
50,6°—75,2° apanbIFbiHIa OOJIBL.

JKanacy OypBIIIBIHBIH a37all TOMEHJEYI TaMIIbIHBIH OeTKe KaObIChII
TapainybiMeH OainanbicThl Oaiikanabl. TINO 0 yaricinzge skaHacy OypbInIbl
CaJIBICTBIPMAJIBI TYPAE KOFapbl OOJABI, SFHU OHBIH CYJIAHFBIIITBHIFEI 0acKa
KaObIKIaapra Kaparanaa remeHipek. Ai TINO 50 yiricinge OypbIIIThIH alKbIH
a3arobl 0eT TUAPOQHIBIUIINHIH apTKaHBIH KopceTTi. MyHai e3repic »KaObIHHBIH
KeZip-OyABIPIIBIFBIHBIH )KOFapbLIAYbIMEH KOHE CYHBIKTHIK TAMIIBICBIHBIH OCTIICH
a/Ire3MsUIBIK OPEKETTECYIHIH KYIICIOIMEH TYCIHAIPUTYl MYMKIH.

JKanacy OypbIIIBIH aHBIKTay OapbICHIH/A HHE/IEH OOJIIHIeH TaMIIbl KaTThl
OeTKe TUreHHEeH KeiliH KaTThl—CYHBIK LIeKapachiHa Oenriii 61p SHepreTHKabIK
TOCKAybUI KajbllTacalabl. beTreri kenip-OyAbIpIbIK TaMIIBIHBIH TapalyblHa
acep eTill, OHBIH INIHJE aya KaJTalapblHbIH CaKTalyblHa Xaraal jkacalmpl;
OyJI KanmuuIIpIIBIK SCepAiH Maiiaa OoiyblHa bIKIan ereni. HoTmwkecinge 6er
ruApodmIbAl cunaTka ue 0osajpl. Onedu MayiMeTrTep OOMbIHIIA MYHIAl
CYJIaHFBIIITHIKTBIH XKOFapblIaybl )KacylIanap/ sy ecyi MeH AuddepeHnnanuscol
YILIIH KOJIaiib! 00Tyl MYMKIH.

BapibIk eiieHreH yirinep yiuis jkanacy Oypsitisl 90°-Tan TomeH 601161, Oyt
oyap IpIH ruIpodmIbi OETKe KaTaThIHBIH KopceTeni. [demek, 3eprrenren TiNO
KaOBIKIIATapbIHBIH OapibiFsl O < 90° mIapThlH KaHAFATTaHABIPBII, THAPOQHIIBII
Kacuer kepcerTi. MyH/aii 6eT KacueTi xacymaigap/biH 0acTanksl aJire3usiCblHa
KOJIAIJIBI JKaF/Iail xkacar, MaTepuaiiblH OMOYIIIECIMAIIITIH apTThIpyFa BIKITAJ
€Tyl MYMKIiH.

AISI 316L Gonar Heri3iHe peakTHBTI MarHETPOH/IbI LIALIBIPATY apKbUIbI
ansiaFal TiNO KaObIKIIaJIapbIHBIH aJre3usiiblK OepiKTiriH Oaranay yuriH
JKYKTeMecl OIpTIHJET OCeTiH ChI3aT ChIHAFbI opbIHAaNAbl. ChiHak Micro-Scratch
Tester MST-S-AX-0000 acriabeinna paguycel 100 mxm 6onarein Rockwell C
aJIMa3 MH/ICHTOPBIH NailajlaHy apKbUIbI XKYPIi3iii.

Ceinak Oapeiceiana xykreme 0,01 H-wan 30 H-ra neiiin 29,6 H/mun
XKBUIIAM/IBIKIICH apTTHIPBUIIBI; CHI3ATTHIH Y3BIHABIFEL 10 MM, ai KO3FaibIC
KBULAAMBIFBI 6,93 MM/MuH Oonjbl. Oniey kesinae Fn — KajibInThl )KyKTeme,
Ft — yiikenic kyui, e — yiikenic koaddunmenti, Pd — eny tepenuiri xone AE —
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aKyCTHKaJIBIK MHUCCHS Iapamerpiepi Tipkeiui. Kpurtukanslk sxykremenep yur
Ke3eH OofibiHmIa Oenrinenai: Lel — anmFamke! xKapbIKIIaKThIH Haiaa 6omysl, Le2
— yKaOBbIHHBIH JIeJIaMHHALMSICBIHBIH OacTaiybl xxoHe Lc3 — OeTreri miacTuKaibK
aOpasustHblg OacTanybl. ChIHAK asKTalFaHHaH KeHiH Oy3buTy OeNriiepiHiH naiiia
0oJIFaH aliMaKkTapblH aHBIKTAY YIIIIH ChI3aT 131HiH O€Ti ONTHKAIIBIK 9J1iCIIEH 3epTTEII].

Co13aT cbiHarblHBIH HaTHXkenepi (5-cyper) TiNO kaObIKIIanapbIHBIH
aAre3usuIbIK OEpiKTIri CyOCTpaTThIH TEpic BIFBICY KEPHEYIHE JKOHE TYHIBIPY
YaKbITBIHA €J19yip TOyeli eKeHIH KOPCETTI.
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5 cyper — AISI 316L 6onatsina TyHpIpsUFad TINO
KaOBIKIIATAPBIHBIH SPTYPIIi TEpic CyOCTpaT BIFBICY
KepHeyJIepiH/Ieri ChI3aT ChIHAFBI HOTHKEIePi:

(a) 0B, (8) =50 B, (6) —100 B xore (B) =150 B
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Yuri (siFbicy kepHeyi) | Lel, H (anrammker Lc2, H Lc3, H
JKapbIKIIAK) (menamuHaIUs (TUTaCTUKAIBIK
GacTaiybl) abpa3ust)
TiNO-0 (0 B) 22 25 27
TiNO-50 (=50 B) 5-7 20 27
TiNO-100 (—100 B) 10-12 18-20 25-26
TiNO-150 (—150 B) 10 15 20

Kecme A — Coizam coinazbiHbiy KpUMUKAILIK JHCyKmemenepi (Mominoei 0epexmep
OOUbIHULA HCUHAKMAN2AH).

TiNO-0 (0 B) xa0ObIKIIachiHIa aaFamikel xapbikimak Lel = 22 H kesinne
Oaiikanabl, nenamuHanus Le2 = 25 H-ne Oacransin, nmiacTUKaiblK adpasus
Lc3 =27 H-ne tipkenai. By yiri canbicThipMaibl TYPAE TYPAKThI TPUOOIOTHSIIBIK
MiHE3-KYJIbIK )KOHE TOMCH aKyCTHUKAJIBIK SMHCCHUS KOPCETTI, SIFHU Ka0AaT IICH HeTi3
apachIHJAFbI a/Ire3UsTHBIH J)KOFapbl eKeHiH Oinaipeni. —50 B bIFbICY saFnaiibiHia
(5 e-cyperT) anFaniksl MUKpOXKapbIKIakTap S—7 H apanbiFbitia naiia 0osFaHbIMEH,
kabarTeiH AenamuHanmsicel Le2 = 20 H ke3inne rana Gacranibl, an abpasus
Lc3 = 27 H-ne Oaiikanasl. SIrHn OacTanksl akayjap epTe maiijia OOJFaHbIMCH,
»aObIH JKaJIbl aAre3usUIbIK TYPAKThUIBIFBIH cakTaabl. TINO-100 yaricinge
(56-cyper) anFallKbl JKapbIKIIAKTBIH KPUTHUKAIBIK jKkykTemeci Lel = 10-12
H-re netiin temenaen, nenamunaius 18—20 H-me, an miacTuKanblK adpasus
25-26 H-z1e opbiH anpl. Byt yiIriae akyCTHKATBIK SIMHUCCHSHBIH KOIITET€H [IBIHAAPbI
MCH CHY TePCHIITIHIH TYPaKChI3 ©3repicTepi TIPKEIIil, aKayJibl alMaKTapbIH O0ap
exeHiH kepceTTi. EH Tomen aare3usuibik kepcetkinrep TiNO-150 kaObIkacsiaia
Oaiikamabl (SB-cypeT): anFamkbl skapbikiiak Lel = 10 H kesinae, nenaMuHanms
Lc2 =15 H-ne, an mnactukaisik adpasust Le3 = 20 H-ne 6acranubl. by3butyabig
epre Oacranybl AE curHanmaapbIHbIH KapKbIH/Ibl UIMITYJIbCTEPIMEH KaTap JKypill,
a/Ire3usUIbIK OCPIKTIKTIH alTapIIbIKTall TOMEH/IEreHIH KOPCETTi.

Kapkplianapipy Typajibl aknapar

byn 3eprreyni Kasakcran PecrnyOmukackl FeutbiM skoHE KOFapbl OiaiM
MUHHUCTpIIITiHIH FputbiM koMuTeTi Kapkbutanabipasl. (I'pant Ne BR24992862)

KopbITBhIHABI

3epTrey OapbIChIHIA PEaKTHBTI MarHETPOH/IbI HIAIIBIPATYIBIH TEXHOJIOT USUTBIK
rnapamerpJiiepi, COHbIH I1IIiHAE Ta3 aFrbIHAAPBIHBIH KATBIHACKHI, TYHABIPY
yaKbIThI )KOHE CyOCTpaTThiH Tepic bIFbicy KepHeyi, AISI 316L GonarbiHa
kanpinracTeipbliirad TINO KaObIKIIaNapblHBIH KYPBUIBIMBIHA, (a3ainbiK
KYpaMBbIHA J)KOHE a/Ire3UsJIbIK KACHCTTEPiHE Kalail ocep eTeTiHI IKCIICPUMEHTTIK
TYPFBIJIaH OaraaH/ibl.
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Aunpiaras HoTwkesnep TiNO KaObIKIIaapbIHbIH KYPBUIBIMIIBIK, MEXaHHKAIIBIK
»oHe OeTKi cuIaTTaMaliapbl apachlHa e3apa OaiyiaHbic 6ap eKeHiH KopceTTi, Oy
oJ1ap/bIH OMOMETMIIMHAIIBIK KOJIJIaHy MYMKIHIIKTEpiHe acep eTeii. OKCHUATIK )KoHe
OKCHHHUTPUATIK (ha3ajap/AblH Ty3UTyl XUMUSIIBIK TYPAKTBUIBIK I1€H KOPPO3UsFa
TO3IMIUTIKTI apTThIpYFa *Karaail xacaipl. byl KacueT (U3NONOrusuIBIK OpTaaa
316L Heri3iHeH MeTaJul HOHAPBIHBIH OOJIIHYIH LIEKTEY TYPFBICHIHAH MaHbI3/IbI.

MexaHMKaJIBIK ChIHAK HoTHXesaepi —50 B bIFbICY skarjaiiblHIa alibIHFaH
KaObIKIIanzapaslH KaTThulblK (430 HV) nmen anre3usuiblk OEpiKTIKTIH
(Lc2 = 20-25 H) yiinecimMi OoifbIHINIA €H KOJAMIbI CUIIATTaMalaplblH OipiH
KOpCETKeHIH Joienjeai. MyHIail KacueTTep CTEHTTI OpHAaJacThIpy Ke3iHJe
TYBIHAANTHIH IMHAMUKAJIBIK )KYKTEMEJIep CEepiHEeH IUIACTUKAIIBIK AeopMarusFa
YKOHE KaOaTThIH aKbIpayblHa TO3IMALTIK YIIIIH MaHbI3/IbI.

JKanacy OypbimbiHbIH HoTHKENepl 3eprrenred TiINO KaObIKIanapbHbIH
OGapabIFbIHAA THAPOQMIBAL OeT KanbinTackaublH KepcerTi (0 < 90°). Byn
CHIIATTaMaHBbl )KacylIagap/blH 0acTalKbl aAre3uschl MeH nposudepanuscbiHa
KOJIaiIIbI OeT )KaFAaiibIMeH OaiilaHbICTBIPYFa 00J1a1bl, COHIali-aK TPOMOOIIMTTEP/IIH
arperanusiChbiH TOMEHJIETYTe BIKIIAJ €Tyl MYMKiH. JlereHmeH Oyi1 )KyMBICTa JKacyIa
aJIre3usICHI, MPOIN(PEPALHSCHL, IUTOYBITTBUIBIK XXOHE TPOMOOIIUTTEP arperaruschl
TiKeJIeH 9KCIIEPUMEHTTIK TYpAE 3epTTeIMEreHIIKTeH, ONOYHIeCIMALTIK Typaibl
YKOFapbIIaFbl TYXKBIPBIMIAp aJIABIH ana 0oinkaM peTiHle KapacThIPbUIYBl THIC
JKOHE OJIAp/Ibl pacTay YIIIH KEJICHICKTE in Vitro/in vivo ChIHaKTap KaxeT. JKarsr
aspiaFad HoTkenep TiNO KaObIKIanapbiHAaFbl KYPhUIBIMIBIK ©3repicTep MeH
OJIap/IbIH MEXaHHUKAIIBIK TYTACTBIFbI XKYPEK-KaH TaMbIpJIapbl UMILUIAHTATTAPbI YIIIH
MaHbI3bl OEpIKTIK jK0HE OMOYHJIECIMIUIIK CHIIATTaMallapblH aHBIKTAHTHIHBIH
KepceTei.
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OCAXKJEHHUE IIJIEHOK OKCUHUTPUJIA TUTAHA
METO/IOM PEAKTUBHOI'O MATHETPOHHOI'O
PACHBIJIEHUS, UX CTPYKTYPHBIE
OCOBEHHOCTHU U CBOMCTBA

Ilnenxku TiINO omnocames K Yuciy nepcnekmueHuiX Mamepuaios
0nsl  MOOUpuUKayuy NOBEePXHOCMeEN  CePOSUHO-COCYOUCTIBIX  CMEHMO8
U  Opyeux — MeOUYUHCKUX — UMWIAHMAamos  61a200aps — GblCOKOl
buocoemecmumocmu, YCmouyuoCmy K KOPPO3UOHHBIM CPeOdM U
00CMamo4HbIM - Mexanuveckum xapakmepucmukam. OcnosHas yenw
UCCTIeO06ANUSL — BCECMOPOHHSAS OYEHKA GAUAHUS  OMPUYAMETbHO2O
HANPSIHCEHUST CMEWECHUSL, NPUTONCEHHOZ0 K NOOTIOMHCKE, HA CMPYKMYPHbLE,
Moponozuueckue u mexanuveckue xapaxmepucmuxu nienok TiNO,
NONVYEHHBIX 6 YCIOGUAX PeaKmuHO20 MASHEMPOHHO20 PACHbLICHUS.
Inenku ocascoanuco na nodnodicku uz neparcaseroujeit cmanu AISI 316L ¢
ucnonvzoeanuem muutenu uz 99,99 % uucmozo mumana 6 2a3080u cpeoe
Ar:N,:O, npu yposnax ompuyamenbHo20 HANPSNCEHUS CMEUeHus. om
000 —150 B. B x00e pabomwl uzyuanuce CKOpoCms 0Caicoerus, (pazoswlil
cocmas, MUKpoOCmMpyKmypd, meepoocmyp, a02e3UOHHAs. NPOYHOCTL U
cMaqueaemocms nogepxHocmu. Pesynomamaol peHmeeHoouppaKyuonHo2o
AHANU3A NOKA3ANU, YMO C YGeaUudeHuem OmpuyamenbHo20 HANPANCeHus
emewenus gpaza TiN chauana mpancgopmupyemest 6 oxcunumpuo TiNO,
a samem 6 hazvl anamasa u pymuna TiO,. Dmo saenenue demoncmpupyem
pewaioujee GUsIHUe IHePEUL UOHHOU HOMOAPOUPOSKU HA POopMUPOsanUe
KPUCMAIUYECKOU CmpyKmypbl U (hazo6o2o cocmasa nienku. Haubonvuiee
3Hauenue meepoocmu 430 HV u xpumuueckas Haepyska npouHOCmu
cyennenust 20-25 H Oviiu 3aguxcuposanvi 0151 06pasya, noay4eHHo20
6 pedcume —50 B. Pesynomamul usmepenusi Kpaegozo yena cCMadueanus
NOKA3aNU, 4MO 6Ce UCCIe008ANHbIE NICHKU ABNAIOMCS 2UOPODUILHBIMUL.
Omo ykasvieaem Ha ux NPuUeOOHOCMb 0/ NPUKPENJEHUs KIemOK K
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NOBEPXHOCMU U UX NOMEHYUAl Oasi OUOMEOUYUHCKUX NPUMEHEHUL.
Tonyuennvle dannvle c6UOEMENbCMBYIOM O MOM, YMO pPecyIuposaHue
ceoticme naenox TiNO nocpedcmeom mexHoI02UYecKux napamempos
NO36051€M NOBLLCUMD IKCHILYAMAYUOHHYIO HAOEHCHOCb U CPOK CILYIHCObL
MEOUYUHCKUX UMNIAHMAMOS.

Kniouesvie cnosa: nnenxka TiNO; peakmuenoe MacHempoOHHOE
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FORMATION, STRUCTURE AND PROPERTIES
OF TITANIUM OXYNITRIDE FILMS DEPOSITED
BY REACTIVE MAGNETRON SPUTTERING

TiNO films are promising materials for modifying the surfaces of
cardiovascular stents and other medical implants due to their high
biocompatibility, resistance to corrosive environments, and satisfactory
mechanical properties. The primary objective of this study was to
comprehensively evaluate the effect of negative bias voltage applied to the
substrate on the structural, morphological, and mechanical properties of
TiNO films obtained using reactive magnetron sputtering. The films were
deposited on AISI 316L stainless steel substrates using a 99.99 % pure
titanium target in an Ar:N,:O, gas environment at negative bias voltage
levels ranging from 0 to —150 V. The deposition rate, phase composition,
microstructure, hardness, adhesion strength, and surface wettability were
studied. X-ray diffraction analysis results showed that with increasing
negative bias voltage, the TiN phase first transforms into TiNO oxynitride
and then into the anatase and rutile TiO, phases. This phenomenon
demonstrates the decisive influence of ion bombardment energy on the
formation of the crystalline structure and phase composition of the film.
The highest hardness value of 430 HV and a critical adhesion load of
20-25 N were recorded for the sample obtained at —50 V. Contact

angle measurements showed that all the studied films are hydrophilic.
This indicates their suitability for cell attachment to surfaces and their
potential for biomedical applications. The obtained data indicate that
regulating the properties of TiNO films through process parameters can
improve the operational reliability and service life of medical implants.

Keywords: TiNO film, reactive magnetron sputtering, bias voltage,
phase composition, hardness.

171



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

SRSTI 29.19.22, 31.15.33

https://doi.org/10.48081/BTOUPhMath3.2026/172-182

Ali Coruh’, EIham Fattahi? *Aligholi Niaei®
123Department of Physics, Faculty of Science,
University of Sakarya, Turkey, Sakarya;

“Department of Chemical & Petroleum Engineering,
University of Tabriz, Iran, Tabriz.

'ORCID: https://orcid.org/0000-0002-7362-6173
2ORCID: https://orcid.org/0000-0003-3218-461X
SORCID: https://orcid.org/0000-0001-5580-4266

*e-mail: aliniaci@sakarya.edu.tr

LA-SR-BASED PEROVSKITE OXIDES

AS BIFUNCTIONAL ELECTROCATALYSTS

FOR WATER SPLITTING VIA COMPOSITIONAL,
ELECTRONIC, AND NANOSTRUCTURAL ENGINEERING

With the growth of the global population and expansion of the world
economy, the global demand for energy continues to rise steadily. Most of
the produced energy still relies on fossil fuels, which leads to the depletion
of natural resources and environmental degradation. This situation drives
active research and development in renewable energy technologies.

One of the most promising directions is the electrocatalytic
production of hydrogen from water, considered an efficient solution to
the intermittency of renewable energy generation. The process of water
electrolysis includes two half-reactions: the anodic oxygen evolution
reaction (OER, 4OH— — O, + 2H,0 + 4e—) and the cathodic hydrogen
evolution reaction (HER, 2H,0 + 2e— — H, + 20H~). Under standard
conditions, the equilibrium potential of water electrolysis is 1.23 V, but in
practice it reaches 1.6-2.0 V due to significant charge transfer losses in
the OER process.

Therefore, the development of efficient and stable electrocatalysts
is key for large-scale hydrogen and oxygen production, reducing energy
consumption, and advancing industrial water electrolysis technologies.
Among various materials, perovskite-type oxides (ABO ) are of particular
interest due to their natural abundance, high chemical stability, and
tunable composition. These properties make them promising high-activity
catalysts for the oxygen evolution reaction. However, their practical
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application is limited by relatively low specific surface area, which leads
to reduced catalytic activity.

Keywords: Perovskite, hydrogen, photocatalysts, water splitting,
renewable energy, overpotential, activity, electrochemistry.

Introduction

Current challenges associated with climate change and growing energy
consumption require the active adoption of “green” energy technologies and
the development of affordable and efficient catalysts for water electrolysis
processes. Hydrogen, with its high specific energy and zero carbon emissions
upon combustion, is considered one of the most promising avenues for clean
energy development. Despite significant progress in electrochemical water
splitting, scaling issues remain unresolved: high energy losses (overpotentials),
high catalyst cost, and insufficient energy conversion efficiency. To achieve
industrial performance, it is necessary to reduce the overpotential of the oxygen
evolution reaction (OER) and the hydrogen evolution reaction (HER) to below
150 mV and 200 mV, respectively, as well as to increase the specific surface arca
of catalysts above 30 m?/g, which promotes enhanced activity and a reduction of
overpotential below 100 mV. The implementation of this project is expected to
lead to the creation of a new generation of bifunctional catalysts characterized by
high activity, stability, and low energy consumption, ensuring economic efficiency.
A key outcome will be the development of La-Sr-based perovskite-type porous
oxides suitable for use as anodic and cathodic active materials in electrochemical
water splitting.

Water electrolysis comprises two main half-reactions: hydrogen evolution
(HER) at the cathode and oxygen evolution (OER) at the anode. Under ideal
conditions, a theoretical potential of 1.23 V is required for the overall reaction;
however, in real systems, a higher potential is needed due to overpotential
phenomena [1]. The HER is a two-electron reaction involving proton adsorption
and H2 desorption [2], whereas the OER is a more complex four-electron reaction
with multistep kinetics [1]. Noble metals such as Pt, RuO,, and IrO, are benchmark
catalysts for HER and OER, but their practical use is limited by high cost and
low stability. Alternative materials based on non-noble metals exhibit outstanding
catalytic characteristics and, in some cases, surpass noble metals [3—7]. One of the
key parameters for assessing the activity of electrocatalysts is the overpotential at a
current density of 10 mA cm [8]. Reducing overpotential can be achieved both by
improving electrolyzer design and by employing highly efficient catalysts [9]. To
analyze their kinetic characteristics, the Tafel slope and turnover frequency (TOF)
are used, allowing quantitative evaluation of catalytic activity [ 10, 11]. Perovskite-
type oxides (ABO,) represent a promising class of materials due to their low cost,
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tunable electronic structure, and ease of synthesis [9—11]. Their catalytic activity
in OER and HER is comparable to that of noble metals, making them attractive for
use in water electrolysis [3,6—-8]. In the perovskite structure, the A-site is typically
occupied by a rare-earth or alkali metal (Figure 1), and the B-site by a transition
metal with octahedral coordination. The stability of an electrocatalyst, determined
by its activity during prolonged operation, is investigated using cyclic and linear
voltammetry, as well as potentiostatic and galvanostatic tests.

Materials and methods

Structural and electronic factors governing electrocatalytic activity. The
flexibility of the perovskite structure with respect to changes in coordination
environment and oxidation states enables fine-tuning of catalytic activity. Doping
with transition-metal oxides (TMO) enhances OER activity through synergistic
effects and modification of the electronic structure, increasing the number of active
sites for HER and OER. Perovskites with the structure A'aA —aB’_bB1-bO,—x
allow cation substitution and control of oxygen-vacancy concentration, which
affects the electronic structure, coordination, and catalytic properties [10, 11].

B: Transition metal

A: Rare earth

Figure 1 — General formula of perovskite oxide ABO, [12].

HER and OER activity are closely related to several measurable electronic
parameters, including the number of 3d electrons, the spin states of transition
metals, the degree of metal-oxygen bond covalency, and the positions of the d
and p bands relative to the Fermi level. These parameters, in turn, depend on the
nature and distribution of cations, their valence states, and the concentration of
oxygen vacancies-all of which will be investigated within this project.
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Results and discussion

Effect of A-site cations

The role of A-site cations in improving OER and HER activity is examined
in detail in contemporary literature. Substitution at this site can alter electrical
conductivity, the Goldschmidt tolerance factor, and the degree of structural order
[13]. Although active sites are usually localized on B-site cations, the A-site
influence is also substantial. For example, in the series LnBaCo,0,+3 (Ln = Gd-La),
the highest HER activity was observed for LaBaCo,O +6-the compound with
the largest A-site cation-owing to an increased O-Co-O bond angle and higher
conductivity [14]. Increasing the A-cation size enhances Co-O orbital overlap and
the effective transfer of e _g electrons, thereby reducing losses in HER.

A tolerance factor close to unity indicates an optimal cubic structure for
alkaline HER conditions. For LaBaCo,0,+39, this factor is 1.009, consistent with
a stable cubic lattice. In addition, the ionic radius of the A-cation influences the
distribution of oxygen vacancies and conductivity, while its electronegativity can
determine catalytic activity via an inductive effect.

La and Sr play a special role-their ability to adopt multiple valence states
(Sr**/Sr**, La**/La*") contributes to enhanced HER/OER activity and stabilization
of the crystal lattice. These elements improve ionic and electronic conductivity,
increase catalyst durability, and promote the formation of oxygen vacancies.

Effect of B-site cations

Changes at the A-site are often accompanied by changes in the valence
state of B-site cations, directly impacting catalytic activity. In the LaBaCo,0,+0
(Ln=Gd-La) series, increasing La content raises the average Co valence from 2.92
to 3.49, improving charge transport and HER activity [14]. A higher Co* content
facilitates more effective water adsorption and accelerates electron transfer [14].

In Pr_x(Ba,Sr,,)1-xCo Fe O,~6 (PrxBSCF, 0 < x < 1), HER activity
increases up to x = 0.5 and then decreases due to a structural transition from
cubic to orthorhombic. Here, Pr doping raises the oxidation state of Co, which
serves as the HER active site [15]. Similarly, CaCoO, shows higher activity than
La, Ca ,CoO, and LaCoO, due to improved charge transport and strong metal—
oxygen bond covalency.

From a practical standpoint, Fe-containing perovskites offer advantages—iron
is cheaper, more abundant, and more environmentally friendly than Co and Ni.
However, such materials often exhibit reduced activity and durability, necessitating
strategies to enhance performance, including ionic doping, oxygen deficiency
engineering, and structural optimization [16].

Nanostructuring

Numerous recent studies have shown that nanostructured perovskite-type
oxides can exhibit high catalytic activity in OER and HER. This is attributed to
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their significantly larger electrochemically active surface area, high density of
surface oxygen vacancies, and improved charge-transfer characteristics. Together,
these factors enhance overall catalytic efficiency [17].

Among various perovskite compounds, StNb, Co,_Fe  O.~5 (SNCF) has
attracted special attention, demonstrating exceptional intrinsic OER activity in
alkaline media. Its performance surpasses even the noble-metal catalyst IrO,
(current of 450 mA at an overpotential of 10 mA cm™ and a Tafel slope of
60 mV/dec) and the well-known perovskite Ba  Sr, .Co [Fe ,0.-6 (BSCF)
(510 mA at the same overpotential). The presence of pores of various sizes formed
by aggregation of primary particles, along with textural and secondary porosity,
makes these materials promising for OER and HER [17].

However, SNCF-based catalysts have limited volumetric OER activity due
to the low specific surface area typical of materials synthesized by conventional
solid-state routes. In general, a key challenge for perovskites is their small surface
area (< 5 m?>-g') and weak porosity, which lead to reduced mass activity and
hindered charge transfer (overpotential around 500 mV at 10 mA <cm?).

Despite this, studies on high-surface-area perovskites for water splitting
remain limited. Within this project, we plan to investigate the electrochemical
characteristics and structural features of porous and nonporous perovskites of
composition A -xA’-xB -yB'-yO3 for HER and OER, aiming to create efficient
and environmentally friendly catalysts for sustainable hydrogen production. The
core idea is to employ polymer-derived nanofiber structures with diameters of
about 150 nm as highly active electrocatalysts.

Since OER and HER predominantly occur at transition-metal ions located
at the B-site of the perovskite lattice, the metal-oxygen bond length is one of the
determining parameters of catalytic activity [7]. Therefore, designing perovskite
catalysts with nanostructured morphology is a promising approach to improve
their performance.

Electrospinning is a modern and technologically versatile method for
producing one-dimensional (1D) nanomaterials-nanofibers, nanowires, and
nanotubes-with large specific surface area and a well-developed porous structure.
Perovskites synthesized by this method exhibit surface areas up to 45 m? ¢! and
characteristic N, adsorption—desorption isotherms in the 0.4-0.8 range with a
pronounced hysteresis loop at P/P0O > 0.9, indicating the presence of meso- and
macropores [18-20].

Controlling nanofiber diameter enables regulation of surface morphology
and, consequently, the number of active sites. Changing the fiber diameter
leads to variations in the density of reaction centers and the continuity of porous
channels, directly affecting catalytic activity [7]. Moreover, enhanced catalyst
activity correlates with the oxidation state of the transition metals involved
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in the reactions. Thus, developing nanostructured perovskites with optimized
morphology and electronic structure is one of the key directions for improving
their electrocatalytic properties.

Conclusion

Perovskite oxides offer considerable compositional flexibility for the
development of electrocatalysts for water splitting. Changes in the A- and B-site
composition affect the oxidation state of transition metals, oxygen-vacancy
concentration, metal-oxygen bonding, electrical conductivity, and surface
reactivity. In La-Sr-based systems containing Co, Fe, and Mn, these parameters
can be varied through cation substitution and therefore provide several possibilities
for controlling OER and HER activity.

The available studies also indicate that composition alone is not sufficient to
obtain high catalytic performance. A major limitation of conventionally prepared
perovskites is their low specific surface area, which restricts the number of
accessible active sites and may limit mass and charge transfer. Nanostructuring
is therefore an important part of catalyst design. In particular, electrospinning
allows perovskite oxides to be prepared in the form of one-dimensional porous
fibers with considerably higher surface areas than those obtained by conventional
solid-state synthesis.

The catalytic behavior of these materials is determined by the combined
effects of crystal composition, transition-metal valence state, oxygen deficiency,
surface area, and morphology. For this reason, systematic comparison of porous
and nonporous La-Sr-based perovskites should help establish how these parameters
influence OER and HER kinetics and identify the compositions and structural
features most favorable for bifunctional electrocatalysis.

Further work should focus on relating structural and surface characteristics to
electrochemical parameters such as overpotential, Tafel slope, electrochemically
active surface area, and stability during prolonged operation. Particular attention
should also be paid to changes in the oxidation state and local coordination of Co,
Fe, and Mn under operating conditions, since the active surface of a perovskite
may differ from that of the as-prepared material. Such information is necessary for
the rational development of La-Sr-based perovskite electrocatalysts with improved
activity and durability for alkaline water splitting.
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La-Sr HETI3IHJIETT IEPOBCKUT OKCHITEPI
KOMITO3UIUSLIBIK, DJIEKTPOHIBIK
"KOHE HAHOKYPBLIBIM/IBIK WH)KEHEPHSI
APKBLIBI CYIBI BIIBIPATATBIH
BU®YHKIIUOHAJIJIBI DJIEKTPOKATAJIM3ATOPJIAP

Inanema xankvinoly OCyiMeH JicoHe OIeMOIK  IKOHOMUKAHBIH
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oamyvimeH dHepeusiad Heahanovlk Cypamvic mypakmoel mypoe ocyoe.
OHOipinemin sHep2usiibly Kon Oeoniel oi 0e Ka30a OmvlHOapblHa maoyeioi,
oy mabuau pecypcmapobviy CapKblIYbIHA JICOHe KOpuldean OpmaHblH
Hawapnayvina oxenedi. byn dcaz0ail scayapmuliampii SHEP2Us KO30epiH
natoanany MmexHoI0SUsIAPbl CAIACLIHOA2bL DelceHOl 3epmmeyiep MeH
a3ipremenepOi bIHMalaHobIPaObL.

Ey  nepcnexmusanvt  6azeimmapovly  6ipi  cydam  cymekmi
INEKMPOKAMATUMUKATLIK ALy OOIbIN MaObLIAObL, O HCAHAPMBLIANMbIH
9Hepeust OHOIpICiHOe2l y3inicmep MoceleCin muimoi weury 60abin
carnanaowt. Cy 37eKmpoau3i npoyeci exi Jeapmuliail peaKyusHol KAMmuobl.
ommeziniy anoomul 6oniny peakyusicot (OER, 4OH— — 02 + 2H20 +
de—) oicone cymexkmin 60ainy kamoomsi peaxyusicol (HER, 2H20 + 2e—
— H2 + 20H-). Cmanoapmmol sicaz0aiiiapoa Cyobly 2JieKmpoau3iHin
mene—mendix nomenyuanvl 1,23 6 Kypaiiovl, oipax ic scysinde on OER
npoyecinoe 3apsaomol MAcbIMAIOay Ke3iHoe aumapiblKmail ubleblHoapad
batinanvicmorl 1,6-2,0 6-Ka scemeoi.

Ocvlnativia, muimoi sicoHe mypakmol d1eKMpOKAmMaiu3amopiapovl
93ipaey cymezi MeH Omme2iniy ayKblMObl OHOIPICT, SHEPSUSIHbL MY MbIHYObl
azaimy JHcoHe OHEPKOCINMIK Cy IeKMPOLUIL MEXHOIOLUSIAPLIH OAMbINY
YULiH Manwi306l 00N MadLLIAObL. Op Mypii MAmepuaroapobly iiHOe

OKCH/JbI IEPOBCKUTA HA OCHOBE La-Sr B KAUECTBE
BU®YHKIIMOHAJIBHBIX DJIEKTPOKATAJIU3ATOPOB
JIJIS1 PACIHIEIIIEHUS BO/IbI C IOMOIIbIO
KOMITIO3UILIMOHHOM, DJIEKTPOHHOM
"N HAHOCTPYKTYPHOMN UH)KEHEPUU

C pocmom HaceleHus nianemvt U pazgumuem MUpo8ol IKOHOMUKU
21106aNbHBILL CNPOC HA IHEP2UIO NPOOOINCAEN HEVKIIOHHO pacmu. Bonvuas
4acme NPOU3BOOUMOU IHEPSUU NO-NPENCHEMY 3ABUCUN 0N UCKONAEMO20
MONAUBA, UMO NPUBOOUN K UCMOWEHUI) NPUPOOHLIX Pecypcos
U YXYOuleHuio cocmosiHus OoKpycarowell cpeovl. Takas cumyayus
cmuMynupyem aKkmueHvle UcCie008anus U paspabomku 6 obracmu
MEXHOO2ULL UCRONB30BAHUSL 80300HOGIACMBIX UCHIOUHUKOS IHEPSUU.

OO0Hum u3 Haubolee NEPCneKMUGHbIX HANPAGICHUL  AGNAEMCS]
NEKMPOKAMATUMUYECKOE NOTYUEHUE 6000P00d U3  B00blL, KOMOPOe
cuumaemces  3hpexmueHoiM  pelienHuem  npodiemvl  nepeboes
6 npou3soocmee 80300H06NIAeMOl SHepeuu. TIpoyecc s1eKmponuza 00vl
BKIIOUAEM 08¢ NOJYPEaKyuu: AHOOHYIO PeaKyuio 6bl0eNeHUsl KUCI0pood
(OER, 4OH— — 02 + 2H20 + 4e—) u kamoOHyio peakyuro ebl0eIeHUs
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6odopooa (HER, 2H20 + 2¢e— — H2 + 20H-). B cmanoapmmblx
VCIIOBUSX PABHOBECHBIN NOMEHYUAN DIeKMPONU3IA 800l COCMABILEM
1,23 B, no na npakmuxe on docmueaem 1,6-2,0 B u3-3a 3HauumenvHbix
nomepu npu nepenoce 3apsioa 6 npoyecce OER.

Taxkum obpaszom, paspabomra 3phekmusHbIX U CMAOUIbHBIX
AEKMPOKAMATUZAMOPOE umeem KaOueoe  3HAUEHUe onsl
KPYRHOMACUIMAOHO020 NPOU3E00CMEd 6000P00d U KUCIOPOOQd, CHUNCCHUSL
OHepeOnOmpebnenuss U pa3GUMuUsL  MEXHON02UL  NPOMBIULIEHHOZO
aekmpoauza  600vl. Cpeou paziudnblx MAamepudanios OKCUobl Mmund
nepoeckuma (ABO3) npedcmasnsiom 0cobwili  unmepec u3-3a ux
00NbLUO20 KONUYeCBa 8 NPUPOOe, BbICOKOU XUMUYECKOU CIMADUIbHOCIU
U pe2yiupyemoco cocmaga. Imu ceolcmad 0eaaiom ux nepcnekmueHbIMuU
6bICOKOAKMUBHBIMU KAMAIUZAMOPAMU PEeaKyuu 8blOCeHUsI KUCIOPOOd.
OO0HAKO UX NPaAKMU4ecKoe NPUMEHeHUe OZPAHUYEHO OMHOCUMENbHO
HU3KOU  YOeNbHOU NOBEPXHOCMbBIO, HIMO NPUBOOUM K  CHUICEHUIO
Kamanumuyeckoll akmueHOCmu.

Kniouesvie cnoea: Ileposckum, 6000poo, gomoxamanuzamopul,
pacwensienue 800bl, BO300HOBNAEMAsl  DHepeUsl, NepPeHanpsdicenue,
AKMUBHOCTD, ITEKMPOXUMUSL.
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STUDY OF THE PHYSICOCHEMICAL PROPERTIES
OF COATINGS FORMED BY MICRO-ARC
OXIDATION ON A TITANIUM ALLOY

This study investigates the physicochemical and mechanical
properties of calcium phosphate coatings formed by micro-arc oxidation
(MAO) on the titanium alloy Ti-13Nb-13Zr. The coatings were deposited
in an electrolyte based on 30 % H PO, with the addition of hydroxyapatite
(60 g/L) and CaCO, (90 g/L) under various voltage, current, frequency,
and processing time conditions. The microstructure and morphology
of the coatings were investigated using optical and scanning electron
microscopy (SEM/EDS). The coating thickness ranged from 68 to
162 um depending on the micro-arc discharge (MAD) conditions. Surface
roughness (Ra) was in the range of 7.99—12.06 um and correlated
with the intensity of the micro-arc discharges. Mechanical properties
were determined using the instrumented microindentation method.
The maximum values of microhardness (up to 420 HV), Young’s modulus,
and yield strength were obtained for a sample formed at 500 V and 2
A. Scratch tests confirmed the high adhesive strength of the coatings
and the absence of catastrophic delamination. Samples MAO ~MAQO;
demonstrated the best combination of thickness, porosity, and mechanical
stability. The results confirm the significant influence of micro-arc
oxidation conditions on coating growth kinetics, the formation of a
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porous structure, and performance characteristics, which allows for the
optimization of MAO parameters to produce bioactive and mechanically
stable coatings for medical applications.

Keywords: micro-arc oxidation, titanium alloy, Ti-13Nb-13Zr,
oxide coatings, calcium phosphate coating, MAO, physicochemical
properties, microhardness.

Introduction

Titanium and its alloys are widely used in orthopedics and dentistry due to
their high corrosion resistance, bioinertness, and satisfactory mechanical properties.
However, the natural TiO, passive film and the relatively «inert» surface of titanium
do not provide optimal conditions for rapid osseointegration, nor do they possess
pronounced antibacterial properties, which has stimulated the development of
technologies for functional surface modification and the formation of protective
bioactive coatings.

One of the most effective methods for producing functional oxide layers on
titanium is micro-arc oxidation (MAQ), which allows for the formation of porous
oxide coatings with high adhesion to the substrate and the possibility of controlled
doping through the composition of the electrolyte and the electrical parameters of
the process. It has been shown that changes in MAO parameters (voltage, current,
frequency/duration) significantly affect the morphology, porosity, and phase
composition of the coating, which directly influences its performance properties
[1; 2]. For promising biomedical - and pseudo-B-alloys (including Ti-13Nb-13Zr),
the MAO method enables the production of bioactive layers that promote the
formation of a calcium phosphate component and enhance osteoconductivity [3; 4].

Particular attention is paid to calcium phosphate (CaP) and hydroxyapatite-
containing coatings, as they are capable of increasing the bioactivity of the
titanium surface and initiating the precipitation of apatite-like phases in model
biofluids. Various approaches to the formation of CaP- s during MDA have been
demonstrated for both pure titanium and Nb-containing alloys [5; 6]. In [7; 8],
it was shown that the incorporation of hydroxyapatite and/or CaP phases into
the oxide matrix contributes to improved biological responses and increased
osteointegration potential. For Ti-13Nb-13Zr, the formation of bioactive coatings
via MDP has been reported, as well as the sensitivity of their characteristics to
processing parameters [9; 10]. In particular, varying the PVD conditions on Ti-
13Nb-13Zr produced by additive manufacturing leads to noticeable changes in the
structure of Ca—P-containing layers [11; 12], which is important when transitioning
to implants with complex geometries.

Along with bioactivity, corrosion resistance and coating stability in
physiological environments are critically important. Studies show that SPT
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coatings are capable of reducing the corrosion rate of titanium; however, the
magnitude of the protective effect depends on the density/defect density of the
layer, porosity, and chemical composition [13; 14]. Of particular interest is the
behavior of materials in solutions simulating in vivo conditions (e.g., Ringer’s
solution), where corrosion kinetics and long-term surface stability are evaluated
[15]. Furthermore, for bioactive systems, it is important to control the potential
release of coating components into the biological environment, which affects the
durability of the layer and biological safety [16].

Current developments in MAO are also linked to targeted functional
alloying of coatings and the creation of “multifunctional” surfaces: antibacterial,
osteogenic, and wear-resistant. It has been shown that the introduction of Ag,
Sr, Zn, and other elements/compounds can provide an antibacterial effect and
stimulate osteogenesis; however, this requires optimization of the composition
and control of the release of active components [17]. The influence of nano-
additives on improving wear resistance and altering the microstructure of the
MDA layer is noted separately. A number of studies investigate combined
technologies (e.g., thermal spraying + MDA) aimed at improving wear resistance
and overall performance characteristics [18].

Despite significant progress, questions remain in the literature regarding
the correlation between the physicochemical characteristics of MAO coatings
(thickness, porosity, phase composition, elemental distribution) and their
corrosion behavior and functional properties under varying process conditions
and electrolyte compositions [18]. Additionally, the development of approaches
to MAO modification of titanium products obtained by additive manufacturing is
relevant, since their initial structure and surface roughness can significantly affect
the kinetics of coating formation and its uniformity [19].

In this regard, the objective of this study is to investigate the physicochemical
characteristics of coatings formed by the micro-arc oxidation method on a titanium
alloy, including an analysis of morphology and microstructure, phase composition,
and elemental distribution, as well as an evaluation of corrosion behavior and
functional properties depending on the coating formation conditions. The results
obtained can be used to determine optimal MEO conditions for the creation of
coatings for medical applications.

Materials and Methods

The substrate used was the Ti-13Nb-13Zr titanium alloy, widely used in
medical implants due to its high corrosion resistance, biocompatibility, and reduced
elastic modulus, which is close to that of bone tissue. Five 2-mm-thick samples
were prepared for the experiment. Prior to surface treatment, the samples underwent
mechanical grinding, ultrasonic cleaning in ethanol, rinsing in distilled water, and
sandblasting to create the necessary roughness and improve coating adhesion to
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the substrate. Calcium phosphate coatings were formed on an NHWYM-750-40
series single-pulse power supply unit using the micro-arc oxidation (MAO) method
in an aqueous electrolyte containing 30 % phosphoric acid (H,PO,), 60 g/L of
hydroxyapatite Ca, (PO,) (OH)2 (HA), and 90 g/L of calcium carbonate (CaCO,).
Five MAO regimes were employed in this study, differing in a combination of
electrical and temporal parameters, including voltage, current, frequency, and
treatment duration (Table 1). Since these parameters were varied simultaneously,
the observed differences in the structure and properties of the coatings were
considered to result from the combined effect of the MAO processing conditions
rather than being attributed to the influence of any single parameter.

After treatment, the samples were rinsed with distilled water and dried at
room temperature.

Table 1 — Micro-arc oxidation conditions

Sample | Voltage (U), V| Current, A tiiloea:)l;l (g:oiiglogs; ,tlr(ilriln fref‘lfer(l]c)}f )Hz
MAO 1 300 0.49 10 200
MAO 2 400 1 15 200
MAO 3 500 2 7 300
MAO 4 450 3 200
MAO _5 350 1 15 200

The microstructural features of the coatings were investigated using scanning
electron microscopy (SEM) on a TESCAN VEGA 4 LMH microscope (Brno,
Czech Republic), equipped with an energy-dispersive X-ray spectrometer (EDS)
Xplore 30 (Oxford Instruments, UK) for detailed elemental analysis. EDS was
performed along a specified line to determine the elemental distribution across
the cross-section.

Coating thickness was evaluated using an Olympus BX53M metallographic
microscope (Olympus Corporation, Hachioji, Tokyo, Japan). Cross-sectional SEM
images were analyzed for each coating.

Surface roughness (Ra) was measured for each sample at five different points
using an SSR300+ profilometer (Hangzhou Mituolinke Technology Co., Ltd.,
Hangzhou, China).

The mechanical properties of the coatings were investigated by instrumented
microindentation using a FISCHERSCOPE HM2000 measurement system in
accordance with DIN EN ISO 14577-1. A four-sided Vickers diamond pyramid
with an angle of 136° between opposite faces was used as the indenter. The
maximum test load was 30 mN and was reached within 15 s. The holding time at the
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maximum load was 5 s. The indenter approach velocity to the sample surface was
2 um/s. The load—indentation depth curves were recorded and initially processed
using WIN-HCU software. Based on the test results, Martens hardness (HM),
indentation hardness (HIT), Vickers hardness (HV), and indentation modulus
(EIT) were determined.

The adhesion strength and fracture resistance of the MAO coatings were
evaluated by scratch testing using an Anton Paar RST 300 scratch tester
(S/N:1000197707) in linear progressive scratch mode. A Rockwell-type diamond
indenter (S/N: BE-211) with a tip radius of 200 um was used. The normal load
(Fn) was linearly increased from 0.5 to 40 N at a loading rate of 47.4 N/min. The
scratch length was 5 mm, and the indenter sliding speed was 6 mm/min. During
the test, the normal load (Fn), tangential force (Ft), and acoustic emission (Ae)
signal were continuously recorded. The critical loads corresponding to coating
failure were determined based on a combined analysis of changes in the mechanical
signals and optical examination of the scratch track.

Results and Discussion

Figure 1 shows the microstructures of the coating cross-sections. The
thickness of the MAO coatings was determined from cross-sections using optical
microscopy at a magnification of x20. Three thickness measurements were
performed for each sample.

e o S 100

T e T T 100 o

Figure 1 — Cross -sectional microstructures of the coating
(a) MAO 1, (b) MAO 2, (c) MAO _ 3, (d) MAO 4, (¢) MAO 5

The coating thickness was determined by optical microscopy on cross-
sectional specimens using an Olympus BX53M microscope. For each sample,
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measurements were performed at three predefined, approximately equidistant
locations along the coating cross-section. At each location, the distance from the
substrate—coating interface to the outer surface of the coating was measured. The
obtained values were used to calculate the mean coating thickness. The mean
coating thickness and standard deviation should be reported separately for each
sample in a summary table.

All samples exhibit a well-developed porous morphology of the outer layer,
featuring rounded and elongated pores formed as a result of micro-arc discharges
during the oxidation process. The coating thickness varies across the different
samples, which is attributed to differences in the coating formation conditions
and the intensity of the discharge processes. At the interface between the coating
and the titanium alloy ( ), a continuous transition layer is observed without
pronounced delamination defects, indicating high adhesion of the coating to the
titanium alloy. In samples MAO_2, MAO 3, MAO_4, a more developed porous
structure with increased pore size is observed, which may be associated with the
increased energy of micro-arc discharges and more intensive growth of the oxide
layer. In the MAO 1 and MAO _5 samples, the coating structure is characterized
by a more uniform thickness and a lower degree of porosity.

Scanning electron microscopy (SEM) using a TESCAN VEGA 4 LMH
microscope (Brno, Czech Republic) allowed us to determine the porosity, the
nature of crater-like structures, the coating thickness, the condition of the “coating—
substrate” transition zone, and to identify microdefects. The obtained data were
used to analyze the influence of micro-arc oxidation conditions on the formation
of the structure and the operational properties of the coatings.

Figure 2 shows SEM images of cross-sections of coatings formed by the
micro-arc oxidation method on a Ti-13Nb-13Zr alloy. The coatings have a two-
layer structure typical of MAO, directly adjacent to the metal substrate.
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Figure 2 — SEM images of MAO sample coatings
(a) MAO 1, (b) MAO 2, (c) MAO _3, (d) MAO 4, (¢) MAO 5

To assess the distribution of chemical elements across the coating thickness,
linear energy-dispersive analysis was performed across a cross-section of the MAO
layer. The micrographs show the scan line extending from the coating surface to
the metal substrate. The resulting element intensity distributions are presented as
depth concentration profiles.

Figure 3 shows the EDDA analysis of samples (a) MAO_1, (b) MAO 2, (¢)
MAO 3, (d) MAO 4, and (¢) MAO 5.

The overall comparative analysis of the EDS line profiles revealed a non-
uniform distribution of Ca, P, and O throughout the thickness of the MAO coatings.
In addition, a Si signal was detected in all investigated samples, with its intensity
varying along the EDS line scan. Since silicon was not included in the specified
composition of either the Ti—13Nb—13Zr alloy or the electrolyte used for MAO,
the origin of this signal requires further verification. Therefore, the detected Si
signal was not interpreted as a constituent directly incorporated into the coating
during the MAO process.

Based on a generalized comparative analysis of this figure, we can conclude
that all samples exhibit an uneven distribution of Ca, P, Si, and O across the
coating thickness without a pronounced gradient. The profiles exhibit a fluctuating
character with local maxima caused by the porous structure and discharge
channels. At the “coating—substrate” interface, a sharp increase in the Ti, Nb,
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and Zr signals is observed, indicating a distinct boundary and the absence of a
developed diffusion layer. Samples MAO 1 and MAO _5 are characterized by a
more uniform distribution of elements and a smaller amplitude of fluctuations.
Sample MAO _2 exhibits local concentration peaks of Ca and P. Samples MAO 3
and MAO 4 are distinguished by the greatest distribution heterogeneity, associated
with developed porosity and intense micro-arc discharges.
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Figure 3 — SEM analysis of samples (a) MAO 1, (b) MAO 2,
(¢) MAO _3, (d) MAO 4, (e) MAO 5

Surface roughness (Ra) was measured to quantitatively assess the topography
of the MAO coatings and determine the influence of micro-arc oxidation modes on
the formation of the surface relief. The Ra parameter (arithmetic mean deviation
of the profile) characterizes the average height of micro-irregularities and is one
of the key indicators of coating quality and functionality. The obtained values
were used to analyze the relationship between surface morphology, bioactivity,
and the mechanical properties of the coatings.

Figure 4 presents the measurement results for samples (a) MAO 1, (b)
MAO 2, (¢c) MAO 3, (d) MAO 4, (¢) MAO 5 in the form of profilograms.
The profilograms demonstrate a pronounced undulating relief pattern caused by
crater-like pores, zones of local remelting, and uneven growth of the oxide layer
during micro-arc oxidation. The maximum roughness is observed in the MAO_2
sample, which is associated with the presence of pronounced peaks and valleys
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caused by intense micro-arc discharges. The MAO 3 and MAO 4 samples exhibit
comparable Ra values (~10 pm) with a well-developed relief of medium intensity.
The MAO 5 sample is characterized by moderate roughness and a smoother
profile. The minimum Ra value was recorded in the MAO 1 sample, indicating
the formation of a more uniform surface with a smaller amplitude of irregularities.
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Flgure 4 — Roughness profiles of samples (a) MAO _1, (b) MAO 2,
(¢) MAO _3, (d) MAO 4, (e) MAO 5

The mechanical properties of the micro-arc-sprayed coatings were determined
using the instrumented microindentation method on a FISCHERSCOPE HM2000
instrument (Helmut Fischer GmbH, Sindelfingen, Germany). During the tests, a
“load—displacement” curve was recorded, based on which microhardness (HM)
and elastic modulus (EIT) were calculated, and the mechanical properties of the
coatings were evaluated based on microhardness (HV) values. The obtained data
were used to assess the influence of MDP conditions on the mechanical strength
and performance characteristics of the coatings. Microhardness (HM) characterizes
the material’s resistance to local plastic deformation, which allows for evaluating
the degree of oxide layer compaction in MAO coatings, comparing the effects
of MAO conditions, and determining the coating’s wear resistance. The elastic
modulus (EIT) is determined by the slope of the unloading curve and characterizes
the elastic properties of the coating, allowing for an assessment of the oxide layer’s

191



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.

Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

stiffness; analysis of the elastic modulus’s correspondence to that of bone (for
biomedical applications); and prediction of crack resistance.

The highest hardness value (HV) is observed in the MAO 3 sample, reaching
approximately 420 HV, which is nearly twice the hardness of the parent Ti-
13Nb-13Zr alloy (~220-250 HV). The increase in hardness is associated with the
formation of a dense TiO, oxide layer, the development of a ceramic-like structure,
and a reduction in the proportion of defects in the coating. The lowest hardness
was observed in the MAO 1 sample, which may be due to increased porosity and
insufficient density of the formed layer (Figure 5).

The maximum elastic modulus (EIT) is also observed in MAO 3, indicating
the formation of the stiffest coating structure. The increase in EIT indicates an
increase in the density of the oxide phase, improved interphase bonding, and a
decrease in the microporosity of the coating.

The highest HM values (resistance to plastic deformation) are characteristic
of the MAO 2 and MAO 3 samples, indicating high resistance of the coatings
to plastic deformation and wear.
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Figure 5 — Scratch test results for samples (a) MAO _1, (b) MAO 2,
(c) MAO_3, (d) MAO _4, () MAO_5

Thus, the parameters of micro-arc oxidation have a significant influence on the
formation of the mechanical properties of the coatings. The highest values of hardness,
elastic modulus, and yield strength were obtained for the MAO 3 sample, which
indicates the formation of the densest and most mechanically stable oxide structure.
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To evaluate the adhesion strength and fracture resistance of micro-arc oxide
coatings on the Ti-13Nb-13Zr alloy, tests were conducted on an Anton Paar RST
300 scratch tester (S/N: 1000197707) in linear progressive scratching mode.
The progressive scratching method involves a gradual increase in the load on
the diamond indenter as it moves across the coating surface, which allows the
critical failure loads to be determined. The scratch test allows the following to be
established: Lc1 — the load at which microcracks begin to form; Lc2 — the load at
which local coating failure begins; L¢3 — the load at which intense coating failure
or delamination occurs.
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Figure 6 — Scratch test results for samples (a) MAO 1, (b) MAO 2,
(¢) MAO _3, (d) MAO 4, (e) MAO 5
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These parameters characterize the adhesion strength of the coating to the
substrate. The method allows determining the oxide layer’s resistance to cracking;
resistance to chipping; and susceptibility to brittle fracture. The scratch test
was used to compare samples obtained under different conditions; to determine
the optimal MAO parameters; and to evaluate the influence of thickness and
porosity on strength. This method ensures a continuous increase in load and the
identification of several stages of failure in a single pass.

During the tests, the normal load Fn, the tangential force Ft, and the acoustic
emission Ae, which characterizes the coating failure processes, were recorded. The
analysis was performed for five samples: (a) MAO _1, (b) MAO 2, (c) MAO 3,
(d) MAO 4, (e) MAO _5 (Figure 6).

A comparative analysis of the scratch test results for MAO coatings shows
that in all samples, a gradual increase in friction force (Ft) is observed with
increasing load, which corresponds to the normal loading mechanism of the
coating. Differences between the samples are evident in signal stability and the
nature of the friction coefficient fluctuations. The most stable behavior and high
resistance to failure are characteristic of the MAO_3 and MAO _5 samples. The
MAO 1 and MAO 4 samples demonstrate signs of early failure, while MAO_2
occupies an intermediate position.
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Conclusion

This work demonstrates that micro-arc oxidation regimes significantly
influence the formation of the structure, composition, and properties of calcium
phosphate coatings on the Ti-13Nb-13Zr alloy. The formed coatings have a two-
layer structure with a porous outer layer and a dense barrier sublayer, ensuring
high adhesion.

It has been established that an increase in discharge intensity leads to an
increase in thickness (68—162 pum), an increase in roughness (Ra = 7.99—-12.06
um), and the development of a porous structure without a pronounced element
distribution gradient. At the same time, excessive porosity is accompanied by an
increase in structural heterogeneity.

The best mechanical properties (up to 420 HV, high elastic modulus,
and resistance to plastic deformation), as well as high adhesion strength and
fracture resistance, were obtained for coatings formed under optimal conditions
(MAO_3-MAO 5).

The results confirm that micro-arc oxidation parameters significantly
influence the adhesion strength and wear resistance of coatings on the Ti-13Nb-
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13Zr alloy, and also confirm the possibility of targeted optimization of MADO
parameters for the formation of bioactive and mechanically stable coatings for
medical applications. The coatings formed under conditions that ensure the
formation of a uniform porous structure and a dense barrier layer exhibited the
most optimal mechanical properties.

The biological properties and corrosion resistance were not experimentally
investigated in the present study; therefore, the potential medical applications and
bioactivity of the coatings require separate experimental verification.
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*4.

TUTAH KOPBITITACBIHJA MUKPO/IOFAJIBIK
OKCHJITEY SJICIMEH AJIBIHFAH KABBIH/IAPIBIH
®M3NKA-XUMUSIBIK KACUETTEPIH 3EPTTEY

byn  ocymvicma  Ti-13Nb-13Zr  muman  Kopuimnacvlnoa
Mmurpooozanvik okcuomey (MIO) o0icimen anvinean kanvyuti-gpochammet
AHCAOBIHOAPOLIY  PUBUKA-XUMUSTBIK, JICOHE MEXAHUKAILIK Kacuemmepi
sepmmendi. JKabvinoap 30 % H.PO, nezizindeei srexmpoiumme
euopoxcuanamum (60 2/n) scone CaCO, (90 2/n) Kocy apkwinwl, KepHey,
MOK, JICULTIK JICOHe OHOeY VAKbIMbIHLIY Opmypii pedicumoepinoe
anvlHovl.  JKabbinoapovly  MUKDOCMPYKMYPACbl MeH MOPQHONI02UsCHL
ONMUKANBIK — JHCOHe — CKaHepieyuli — 91eKMpOHObIK — MUKDOCKONUS
(SEM/EDS)  oo0icmepimen  3epmmenodi.  JKabvin — KanblHObI2bl
MO pesicumine datiianvicmol 68—162 mxm apanvievinoa o3eepdi. bemki
Kedip-oyovipavix (Ra) 7,99—12,06 mxm OuanazoHuviHOa 06010bl JHCOHE
MUKPOOO2ANBIK PA3PAOMAapoblly KAPKbIHObLIbIZLIMEH 03apa OauIaHblC
Kepcemmi. Mexanukanvlx Kacuemmepi acnanmeix MUKPOUHOEHMAYU
adicimen anvikmanovl. Ey orcoeapvl mukpoxammuiivlk (420 HV Oetiin),
cepnimMOiniKk MOOYIi JCoHe NIACMUKATLIK Oepopmayusiea mo3iMOLLiK
500 B oicone 2 A pesicuminde anvinean yreioe oauxanovl. Kypeizineen
CKpemu-ColHaKmap  HcabblHOApObly JHCo2apbl  A02e3UNbIK Oepikmicii
JICOHE  KAmacmpopanvlk KabblpulaKkmanyoblyy OO0IMAyblH pPacmaobl.
Kanviyovix, keyekminik otcone Mexamukaivlk mMypakmuollblKmMuly eH
oymailnvl yiunecimi MJJO 4 — MJ[O 5 yreirepinoe oauxanovl. Anvinean
HOMuUdICenep  MUKPOOO2ANbIK  OKCUOMEY PeNCUMOEPIHIY  IHCAOLIHHbIY
ocy KUHEMUKACLIHA, KeyeKmi KYPblIbIMbIHbIY KANbINMACYBIHA  HCOHE
IKCHYAMAYUATLIK — KaAcuemmepine —atmapivlkmaii ocep — ememiHin
kepcemmi. byn meouyunanvlx maxcammaavl OUOAKMUBMI  HCOHE
MEXAHUKATLIK, MYPaKmul Hcadbinoapovt any ywin MO napamemprepin
OHMAUIAHObIPY 20 MYMKIHOIK Oepedi.

Kinmmi ce30ep: muxpooozanvix oxcuomey, mumaH KopblmMNAcyl,
Ti-13Nb-13Zr, okcuomix ocabvinoap, Karvyuti-gpochammol HcaObIH,
MJIO, pusuxa-xumusivlk Kacuemmep, MUKPOKAMMbLIbIK, A02e3USLIbIK
Oepikmix, Kopposusiea moe3iMOLlIK.

K. Kounesa', A. Cepixbaiixvizvi’, A. H. Acxamoé’,

H. JKacynanyne, H. E. Bepoimypamos’

1,2,3,

“Bocrouno-Ka3zaxcTaHCKUH TEXHUYECKUI

yauBepcurteT umenn /1. Cepukbaena,
Pecny6nnka Kazaxcran, 1. Ycrb-Kamenoropek;
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’BocrouHo-Kazaxcranckuii yauBepeutet nuMeHn CapceHa AMaHXo0JI0Ba,
Pecnybnuka Kazaxcraw, . Ycrb-KameHoropcek.

IMoctynuno B pegaxuuto 17.08.26.

IMoctynuno ¢ ucnpasienusmu 17.08.26.

[Ipunsaro B neuats 14.09.26.

UCCJIEJOBAHUE ®U3UKO-XUMUYECKHUE MOKPBITUM,
COPOPMUPOBAHHBIX METOJOM MUKPOAYI'OBOI'O
OKCHUJUPOBAHUSA HA TUTAHOBOM CIIJIABE

B pabome uccredosanvl usuko-xumuueckue u mexaHuyeckue
ceolicmea  Kanbyuti-pochamuvlx  NOKpulmull,  CHOPMUPOBAHHBIX
MemoooM MUKpooy208020 okcuouposanus (MAO) na mumanoom
cnnase Ti-13Nb-13Zr. Iokpvlimusi nonyuanu 6 3j4eKmpoiume Ha OCHO8e
30 % HPO, ¢ dobasnenuem eudpoxcuanamuma (60 2/n) u CaCO,
(90 2/n) npu pasiuuHbIX pedCUMax HAnPANCeHUs, MOoKd, Yacmomol U
spemenu  obpabomiu. Muxpocmpykmypa u mopghono2us NOKpulmuil
UCCTIEO06ANbL MEMOOAMU ONMUYECKOU U CKAHUPYIOWell eKmpOHHOT
muxpockonuu (SEM/EDS). Tonwuna noxkpoimuii 6apbuposanidacs om
68 00 162 mxm 6 3asucumocmu om pesxcuma MJO. lllepoxosamocmo
nosepxnocmu (Ra) Hnaxoounace 6 Ouanasowe 7,99-12,06 mxm u
KOPpenupoeand ¢  UHMEHCUBHOCIBIO — MUKPOOY20GbIX — pA3Psi008.
Mexanuueckue c6oticmea onpeoensiuMemooOM UHCIPYMEHMUPOBAHHO20
MUKpOUHOenmuposanus. Maxcumanvnvle 3HayeHus MUKpOmMeEpOocmu
(0o 420 HYV), mooyns ynpyeocmu u CONpOMUGIEHUs NAACIUYECKOU
depopmayuu nonyuensvt 0 0opaszya, cghopmuposantozo npu 500 Bu 2 A.
IIpogedénnvie ckpemu-ucnvlmarnusi nOOMEePOUNU BbICOKYIO AO2E3UOHHYIO
NPOYHOCMb — NOKPLIMUL U OMCYMCmeue  Kamacmpopuueckozo
omcnausanus.  Haunyuwee — couemanue — monwunsi,  nopucmocmu
U MEeXaHU4ecKou YCMOUYUBOCU  NPOOEMOHCMPUPOSALU  00paA3Ybl
MO 4 — MJIO 5. [Ilonyuennvie pesyarbmamsi  Nn0OMEEPAHCOAOM
cyujecmeentoe  GIUsSIHUE PeNCUMO8  MUKPOOY208020  OKCUOUPOBAHUS
Ha — KUHEMuKy  pocma — NOKpblmus,  (opmuposanue  NOPUCMOU
CMPYKMypovl U IKCHIYAMAYUOHHbIE XAPAKMEPUCMUKU, YINO NO380Jsem
onmumusuposams napamempol MO 0ns nonyuenus OUOAKMUBHBIX U
MEXAHUYECKU YCMOUUBLIX NOKPLIMUL MEOUYUHCKO20 HAZHAYEHUSL.

Kniouesvle cnosa: muxpooyzoeoe oxcuoupogamue, mumaHosblll
cnnas, Ti-13Nb-137Zr,  oxcuouvie nokpvlmus, Kalbyull-gpocgammuoe
nokpuimue, MJ]O, @usuxko-xumuieckue ceolucmeda, MUKpoOmeepooCms,
A02e3UOHHASL NPOYHOCTb NOKPLIMULL, KOPPO3UOHHAS, CIOUKOCHLb.
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UCCIIEQOBAHUE PAONOINOITIOWAROLNX
MATEPUHATIOB B MUJIJTIMUMETPOBOM OUAIMA30OHE

B Oaunnoii pabome npeocmagienvl pe3yibmamsl  UCCACO0BAHUSL
PAOUONO2NOWATOWUX MAMEPUALOB 6 CEBEPXBLICOKOUACTOMHOM OUANA30HE
80-120 I'Ty. B kauecmee 0CHOBHO2O PAOUONO2TOWAIOWE20 MAEPUANA
paccmomper nopowox epaghuma Kpucmaiiuieckoeo muna. Iloozomoska
MAamepuana ocywecmeaisiiach nymem nepemMeuusaniis yacmuy spapuma
ONnpeoesieHHO PasMepHOCMU ¢ FNOKCUOHOU cmoaoll. acmuybl epaghuma
UCNONL3VIOMCAL 8 Kauecmee HANOIHUmMenell 8 UCCie0yeMbix Mamepuaiax.
Buibop obwexma ucciedosanusi He CyuaeH, mMax Kak UCCHe008aHUS
PaouohuzuuecKux napamempos epaguma nokazaiu nepcneKmueHOCHb
€20 npumeHenus 6 Kavecmee nanoanumenel. B kauecmee noonodcku u
CAZVIOUe20 MAMEPUANA UCNOIb308AHA INOKCUOHAsL cmond. Obpasybvl
20MOBUNUCL NYMEM NPOOYBKU NOPOUKA NO NOBEPXHOCHIU NOOTOICKU U3
9INOKCUOHOU CMOTIbL. DKCHEPUMEHMATLHBIM NYMEM YCMAHO6IeHA Haubo.ee
sgppexmusnas pabouas MomYUHA INOKCUOHOU cmoabl. Paccuumanol
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2eomempuyeckue pasmepvl pacnonoNHCeHus KOMNOHEHMO8 YCMAHOBKU,
npu Komopom Habmoodaemcsi Haubojee IPPEKMUsHAs pecucmpayusi
cuenana. Pezynbmamul uccie0o8anuil nOKA3aau, Ymo nieHKd, COCIosiuas
u3 wacmuy epagpuma Ha NOGEPXHOCMU MOKCUOHOU CMObL, IPDEKMUBHO
IKpAHUPYem paouousiydenue 6 CyoOMULIUMempogom OUandaone.

THonyuennwil mamepuan HOIHOCHbIO coomeemecmeyem
HEOOXOOUMBIM  KPUMEPUSIM, a4 UMEHHO: «8blCOKAsl 3PHeKkmueHocmo
3awumel  — HeBblCOKUe 3ampamvl Ha uzeomosienuey. llonyuenue
PAoUONONOWAIOWUX MAMEPUATO8 NOTHOCTIBIO COOMBEIMCMEYem Yelsim
VCMOUYUG020 PA3GUMUsT  UHDPACMPYKMYPbl  MENCKOMMYHUKAYUI U
unHOBaYUIL 8 2MOL 0O1aCmU.

Kniouegvie cnosa: Paouonoenowarowue mamepuanel,
IEKMPOMASHUMHOE — U3LYYEHUE, 2paghum, C8epXBbICOKAs 4acmomd,
9NOKCUOHASL CMOA.

BBenenne

Pa3BuTHE COBpEeMEHHOW PaJMOIICKTPOHHOUW TEXHUKH, OCOOCHHO B
obnactu cBepxBbicokux yactor (CBY), mpuBeno k riobansHOW mpobieme
3JICKTPOMArHUTHOTO 3arps3HCHUsS, KOTOPOS MOXKET OKa3bIBaTh HETATHBHOC
BIIMSIHUE Ha pabOTy PaJlMOTEXHHYCCKOr0 00OpYIOBaHUS. Y BEIUYHUBACTCS
KOJIMYCCTBO Pa3IMUHBIX MCTOYHHKOB 3JICKTPOMArHuTHOro usnyuenus (OMMN),
paCUIUPSICTCS. UCIOIb3YEMbIH AHANa30H YacTOT. AKTHBHOE HCIIOJIb30BaHUE
obopynoBaHusi, paboTtaromiero B ceepxsbicokoyactotHoM (CBY) nuanosone,
B HCCIICIOBATCIIBCKUX J1a0OpaTOpHsIX, B BOCHHOU Pa3BUTHE COBPEMEHHOM
PaauodICKTPOHHON TEXHUKH, OCOOCHHO B 00JACTU CBEPXBHICOKHUX YACTOT
(CBY), nmpuBeno K rio0anbHON MpoOIeMe 3JICKTPOMArHUTHOTO 3arpsi3HCHHUS,
KOTOPOE MOXET OKa3bIBaTh HEraTUBHOC BIIMSHUC HA pa0OTY PaIHOTEXHUIECKOTO
o0opymoBaHUs. YBEIUYUBACTCS KOJIUYCCTBO PA3JHMUYHBIX HCTOYHHKOB
3JICKTPOMArHUTHOTO u3nydeHus (DMMU), pacurupsercss UCHOIb3YyCEMbIH
JIana3oH 4acToT. AKTHBHOE HCIIOJIb30BaHHE 000PYI0BaHUs, pabOTAOLIEro B
cBepxBbicokouacToTHOM (CBY) nuano3one, B HCCIIEIOBATEILCKIX JTA0OPATOPHSIX,
B BOCHHOW TEXHHKE, B MCJIUIIMHE BBI3BAJIO MOSIBICHUC psifia CHCIH(DHUCCKUX
npo6ieM. OcoOCHHO OCTPO MPOOIEMBI OTPA3IINCH MPU UCIOJIB30BAHUH
MEIUIUHCKOTO obopynoBanus [1; 2]. Bee 310 Tpebyer penieHust mpoodiem,
CBSI3aHHBIX C 3aIIUTOW OT Bo3ackcTBUs DMU B HIMPOKOM JUAma3oHE 4acTOT
[3]. [Ipu ucmosb30BaHUM JICKTPOMATHUTHBIX BOJIH B TEXHHUKE, MPUXOIUTCS
CTJIKUBAThCSI C TAKOW MPOOJIEMOH, KaK MOTePsl ATUX BOJH B aTMochepe 3eMit,
a TaKXe B JPYTUX cpelax W Marepuaiax. [lorsomieHue 371eKTpOMarHUTHBIX
BOJIH B KOPOTKOBOJIHOBOI 4aCTH MWJIJIUMETPOBOIO JHAIa30Ha CTAJI0 OJHOMN U3
AKTyaJIbHBIX 3a/1a4 panuodusuku [4]. B mensx ycToH4InBOro pa3BUTHs, IPUHITON
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25 centsiops 2015 roma OOH peszonrounu «IIpeoOpa3zoBaHus HaIEro Mupa,
HCCIIe0BaHuUE MOTJIOMICHNUS IEKTPOMArHUTHBIX BOJIH HEOOX0IMMa IS pa3BUTHS
HHPPACTPYKTYPHI TCICKOMMYHHUKALUN M IPYTUX MPAKTHYCCKUX MPUIOKCHUI.
Hcnonp3oBanue paiMoNonIONaIMX MaTepruaioB HEOOX0IUMO JIIsi HHHOBAIMH
B OTOM 00JIaCTH Pa3BUTHSL.

Panguonornomaromue matepuaisl (PIIM), ciocoOHble moriomars uin
0cabJIsATh PaJMOBOJIHOBOE M3JIYyYCHHE SIBISIFOTCS OJHUM U3 3(PPEKTUBHBIX
CPEJICTB peleHus 3TUX npodiem [5]. Takumu Matepruaiamu SBISIFOTCS (heppUTHI
[5], Metaiutrueckue cruiaBbl [6], rpadur [7], yriuepoaHasie HaHOTPYOKH [8] u
npyrue. Takum o0pa3zom, MaTepra MOXKET ObITh U3TOTOBJICH C HCITOJIb30BAHUEM
KOMITOHEHTOB, CIIOCOOHBIX ITOTJIOIIATh HJIH OTPAKaTh PaJIMOBOIIHOBOE H3TyUCHHUE.

Ilenpro naHHOW paboTHl siBisieTcs pa3paboTKa M HCCIEOBaHHE
panuomarepuaiios, 3 dexrusHo nornomaronmx IMU B auanazone 80 — 120 [T
PazpabarbiBaeMble pagroMaTeprasl JJOJDKHBI yIOBIETBOPSATh COOTHOLICHUIO
«BbICOKast 3(PEKTUBHOCTH 3aIUTHI — HEBBICOKHE 3aTPAThl HA U3TOTOBJICHUEY.

OOBEKTOM HCCIIEIOBAHUS SIBJISIOTCS YaCTHULBI rpaduTa, BCTPOCHHBIE
B MaTpHILy CBA3YyOLIEro Marepuaia. Beioop o0bexTa nceiaejoBanms 00ycJIoBIeH
HaluyueM OOJIBIIOr0 KOJIMYECTBAa padoT, MOCBSIIEHHBIX HCCIEIOBAHUIO
paanou3nUECcKUX napaMeTrpoB rpaduta, NEpCIEeKTHBHOCTHIO MPUMEHEHHS
yacTHll rpaduTa B Ka4ecTBE HAIlOJIHUTENEH B UCCIIENYyEMBIX Marepuaiax.
B wactHOCTH, ClleayIONIHiA STall HCCIleI0BaHMi Oy/IeT MOCBSIIEH U3TOTOBICHUIO
MOJIMMEPHBIX TUICHOK C HAIIOJIHUTEISIMU M3 YacTHIl TpauTa pa3HbIX pa3MepoB.

B kauecTBe CBA3YIOIIET0 KOMIOHEHTA UCIOIb30BAIH SMOKCHHYIO CMOIY.
OnoxcuHast CMoJja JEerKo MPUIUIAET K OBEPXHOCTH, HYKAAIOIIelcs B 3aluTe
ot ODMMU, 1 ycToiturBa K pa3IMuHbIM JIaBJICHUAM, JEHCTBYIOIIMM Ha TIOBEPXHOCTh
[9]. OnHako, aBTOpamMH HE pacCMaTPUBAIOTCS BOIIPOCHI, CBSI3aHHBIE C TOJIIUHON
SMOKCUIHON CMOJIBIL.

YacTunsl rpagura npenBapuTeNIbHO CMEIINBAINCH B ONpPEIEICHHON
MIPOTIOPIIMH B PACTBOPE SIIOKCHIHOM cMoutbl. Mceieayemble miieHouHbIe 00pasiibl
MOJIy4YCHBI ITyTEM HAaHECEHUS CMECH pas3lIndHOro o0bemMa Ha CTEKIISIHHBIC
MOJUT0KKH, IPO3PaYHbIe B pacCCMaTPUBAEMOM pPailoIUaIa30He.

OmnpeieneHue TOJMIMHBI IUIEHOK OCYILECTBICHO IyTEM NpeoOpa3oBaHus
dbopmynsl ans pacuera odwvema (V =abc,c=V/ab), rne V — o0Obem,
a — mupuHa, b — puHa c=h — ToNmMHA AMOKCUAHON cMmonbl. [lomydeHHbIe
3HA4YEHUs] TOJIIMHBI 00PAa3LOB ISl SMOKCHIHON CMOJIBI Pa3IYHOrO O0BbeMa:
npu V=5mi, by = 0,8mm; npu V=10 M1, h, = 1.7mm; npu V=15 M, h, = 2,6mm.

Marepuajbl 1 METOAbI

Pajmororyoniaromym MaTepraioM BeIOpaH MOPOIIOK rpaduta — YaCTHIbI
pazmepoMm 0,2 MM, BCTPOECHHBIE B CBA3YIOIIYI0 MAaTPUIy — SMOKCUIHYIO CMOITY
mapku DJ1-20. [Ipu HaneceHun cmecu odbemamu Swmi, 10mi u 15Mn Ha
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CTEKJITHHBIE MTOUI0KKH pa3MepoM 9,5X6 ¢M IOTydeHbl HCCIIelyeMble IUIEHOYHbIE
00pasIibl, MOMJIONIAOIINAEC B CBEPXBBICOKOUACTOTHOM nuana3oHe 80-120 I'T.

DKcnepuUMeHTallbHasl YCTaHOBKAa COCTOUT U3 T'€HEpaTopa CUTHAJIOB
I'4-183M, arrentoatopa All-20, 1ByX pyHOpHBIX NPSAMOYIOJIbHBIX aHTEHH U
KaJOPUMETPUYECKOTr0 u3MepuTesst MomHoct M1-25 M/03.

Ha nawyanbHOM 5Tame Oblia poBeleHa paboTa IO OIpeJeIeHHI0
ONTHMAJbHBIX COOTHOIIEHUM MEXAY F€OMETPUUECKUMHU MapaMeTpaMu U
YaCTOTHBIMU XapaKTEPUCTUKAMU SKCIEPUMEHTATbHOM yCTaHOBKH.

IIpu nccnenoBaHUM XapaKTEPUCTUK PaIHOINOINIOMIAIOIINX MAaTepUaIoB
HeoO0XOAMMO NPEIBAPUTENIEHO CO3/1aTh yciaoBUs. OHHU JOJDKHBI 00€CHeunTh
BO3MO>KHOCTB BBINTOJTHEHHUS Pa3IMUHBIX JEHCTBUIH 171 OBBIILICHUS H3MEPUTEIBHBIX
BO3MOXKHOCTEH mpudopa. Hampumep, odecrieunTs M3MEHEHNE yIila MajeHUs
OMMU, n3MeHeHHne 4acTOThl FeHepaTopa U MOJSpU3AUK AJIEKTPOMAarHUTHOM
BOJIHBI, ITOIIAJIal0NIel B MOTJIOMIAIOMIMI cllol (uccienyeMblid Matepuan). Jls
9TOTO, IIEPBbIE HECKOJILKO 3TAIIOB M3MEPEHUH HE0OXOJMMO IIPOBECTH B «ITyCTOM
IIPOCTPaHCTBE, 0€3 0OBEKTOB NCCIIEIOBAHMSI.

C y4eToM BbIIIEH3II0KEHHBIX TpeOOBaHMH, OblIa COOpaHa SKCIIEpUMEHTaIbHAsT
ycraHoBKa. J[JIs1 COXpaHEHUs] yCTOMYMBOCTH IPHOOPOB | MOJ0KEHHS Ha OJHOM
YPOBHE, FEHEPATOp U KAJTOPUMETP YCTAaHOBUIIM Ha CIIEIUAIbHbIE METAJUIMYECKHE
OCHOBBI. [yl BpaleHus: ucciaeyeMoro oopasia MCrob30Bal TOBOPOTHYIO
wiatgopmy Standa.

Buewnuit Bu cOOpaHHON 3KCIIEPUMEHTAJIBHOW YyCTAaHOBKH INOKa3aH
Ha pucyHke 1.

Pucynok 1 — DkciepuMeHTanbHasi yCTaHOBKA

B coOpaHHO# yCTaHOBKE YTOJI MEXK/TY M3y JalOIIel M MPUEMHOMN PYTOPHBIMI
aHTEeHHAaMH HeOOobIIoN. [103TOMY MBI B IEpBYIO OUYepe b ONPEICIIIN AUATr PAMMy
HamnpaBJIeHHOCTH pynopHO# anTeHHsl [10; 11]. MccnenoBanus mpoBOIWINCE HA
gactore 98 I'T11. YpoBeHs ocnadiieHns (aTTeHI0ATop) HeX0aHoro OMU ycTaHOBHIIH
paBHbIM 5ab. Ilar moBopoTa MpUeMHON aHTEHHBI COOTBETCTBOBAN 3—5°.
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Pesynbrats! n3Mepenuii B miuockoctax E u H, nomy4yenHsle npu n3MeHeHUN
yIJia IPUEMHOM aHTEHHBI IPE/ICTaBIICHbI B TadHLe 1.

[omy4eHHbIe 3HaUEHMS TO3BOJIMIIN IIOCTPOUTH AUArpaMMy HallpaBIEHHOCTH,
a taroke 3D-Mo/en aHTEHHBI U IHarpaMMBbl (PHCYHOK 2).

[TocTpoenue Bcex auarpaMM M TpaduKoB, MPEACTABICHHBIX B padore
MIPOBEJICHO ¢ roMoIIbio rporpammbl OriginPro u cpensr Ansys HFSS.

Tabmuna 1 — Pe3ynbrarsl n3amepennu pynopHoii antenns! B E u H rutockoctsix

Vron 0° 5° 8° 10° 13° | 15° | 16° | 20°
MomHoCTh E | 1447 | 12,43 | 9,54 | 7,53 1 0 0 0
curnana, 1b H | 15,71 | 14,59 | 10,21 | 9,21 | 6,98 | 3,01 1 0

Ha ocHOBaHMHM MOJTyYEHHBIX PE3yJIbTATOB OBLIM PACCUUTAHBI PACCTOSHHS,
cooTBeTcTBYyIoMINE 3(QHEeKTHBHOMY pa3MeNIeHUI0 KOMIIOHEHTOB 000pYI0BaHUs
B 3aBHCHMOCTH OT pa3MepoB HccielyeMoro obpasia. Pe3ynabrarel pacueToB
MIpeICTaBIICHbI B Ta0IUIIE 2.

16 120
14

12

104 150

E_

6]

44

2]
T o180
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PucyHnok 2 — JluarpaMma HanpaBJIeHHOCTU AHTEHHBI
B E u H mockoctsax, 3D Mmoaenn aHTeHHBI
U arpaMMbl HallPaBJIEHHOCTU
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Pesynbrarel, npejacTaBiceHHbIC B TaOIUIE 2 MMOKA3bIBAIOT 3aBHCUMOCTH
paccTosTHUS MEX/ly aHTEHHaMHU 1 00pa3lioM OT pa3MepPOB CaMOI'0 UCCIIEyEeMOro
obOpasna. M3meHeHune pazmepa OJHOI M3 CTOPOH HCCIEAYEeMOro oOBEeKTa
CONPOBOXKAAETCs 00513aTEIBHON KOPPEKTUPOBKOM pacCTOSHHS MEXIY 00pa3ioM
W aHTEHHOH. DTO HEOOXOAMMO JUIsl TOTO, YTOOBI MEPEKPHITH BCIO 00JACTh
pacnpoctpanenust MU 1 HCKITIOYHUTH OIIMOKH PErUCTPALMH TT0JIE3HOTO CHTHAJIA.

Tabnuma 2 — D¢ dhexkTUBHOE paCCTOSIHUE B 3aBHCUCMOCTH OT IIIUPHHBI U BBICOTHI
uccieyemMoro oobekra

E’LC;I:;:?M 4 5 6 7 8 9 10
3 47 72 | 910 | 1095 | 12,98 | 14,88 | 18,15
4 46 73 | 910 | 1095 | 12,98 | 14,88 | 18,15
5 6,5 73 | 9,10 | 1095 | 12,98 | 1488 | 18,15
6 8,4 82 | 9,10 | 10,95 | 12,98 | 14,88 | 18,15
7 10,95 | 10,1 | 10,1 | 10,95 | 12,98 | 14,88 | 18,15

CoOpaHHasi IKCIIEpUMEHTaJIbHAsI YCTAHOBKA MO3BOJISIET MOCIJIEI0BATEIILHO
MIPOBOIUTH M3MEpPEHHsI KaK KOI()(HUINEHTOB MPOIYyCKAHUS, TaK M OTPAXKECHUSL.
OTO J0CTHUTraeTCs 3a CYET WCIOJIb30BAHMSI aBTOMAaTU3UPOBAHHOW MOBOPOTHOM
mwiatopmsl (Standa) u KOHCTPYKIHMU JepxkaTeis oopasia. [Ipu HeoOxouMocTH
W3MEHEHHsSI XapaKTepa dKCIePUMEHTaJIbHOW padoThl, 00mas KOHCTPYKIIUS
yCTaHOBKH He HapymraeTcs. COOTBETCTBEHHO, HET HEOOXOMMOCTH MPOBEJICHHUS
JIOTIOJIHUTENIBHBIX paboT, 10 HacTpoilike mpudopoB. V3MepeHHbIE JaHHBIE C
PETUCTPUPYIONIEH YacTH MOTYT B aBTOMAaTHYECKOM PEKUME IIepe/laBaThCs B
TNIepCOHAILHBINA KOMITBIOTED. [ 11e, B ocIeyroneM OHU MOTYT OBITh 00padOTaHbI
u coxpaHensl B Excel popmare.

Takum oOpa3om, Ha JaHHOM dTare, Oblla 3aBepmieHa pabora mo
TIOCTPOCHHUIO ¥ COOPKE IKCIIEPHUMEHTAIILHOW yCcTaHOBKHU. OnpeiesieHa iuarpaMmma
HaNpaBJICHHOCTH U OCYIIECTBJIEH PAacyeT r€OMETPHYECKOIr'0 IMOJO0XKCHUS
KOMITOHEHTOB YCTaHOBKHM OTHOCHTEIBHO JIPYT JIpyTa.

Pe3yabTaTsl u 00cy:KIeHUE

Jns ycranoBieHus Oe3omacHoro pabodero peskxuMa o0OpyAOBaHHUS,
MpeABAPUTEIHHO OBLIM MPOBEACHBl U3MEPEHHUS «IIYCTOTO MPOCTPAHCTBA»
IIPY Pa3HBIX YPOBHSX OCNaOJIEHHs CUTHalA. YPOBEHb OCJIAOJICHUS MOIIHOCTH
ncxozxHoro YMU 6bu1 ycranoseH Ha 25 1b. 3areM, aTTeHI0aTOp MOCIIEA0BATENEHO
OTKPBIBAJIY C IIAroM 5 b ¥ CYMTHIBAIIN ITOKA3aHHs C AUCTLIES KAJIOPUMETPHUIECKOTO
n3meputens. Perucrpanust KodQGUIIMEHTOB ITOTJIOMEHUsT OCYIECTBIsIaCh
Ha ¢ukcupoBaHHbiXx yactorax 80 I'Tm, 98 I'T'm m 120 I'Tu. Ilo pesynbraram
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U3MEPCHHI OBLI MOCTPOCH rpad)uK 3aBUCUMOCTH MPOIICIIIEr0 CUTHANIA OT
YacTOTHI M YPOBHS 0CIadieHus ucxonHoro MU, PesynbraTsl ObutH 00pabOTaHbI
u nipencTasiicHbl B 3D ¢opmare Ha pucyHke 3a. 113 pucyHKa BUIHO, YTO YPOBCHB
M3IIy4aeMOro CUTHAJIA Ha KPalHUX YacTOTaX HIKE, [0 CPABHCHHIO C YPOBHEM
Ha yacrore 98 I'Tu. Habmromaemoe M3MeHEHHE MOIIHOCTH CHI'HAJIa CBSI3aHO C
TEXHHUUYCCKUMHU OCOOCHHOCTSIMU SKCIICPHUMEHTAIBHOTO 00opynoBaHus. Takke
YCTaHOBJICHO, 4TO ociiabinenne DMMU, cootBercTBytOIICe SAb siBIIsieTcs Hanboee
ONTUMAJBHBIM. TaK Kak MO3BOJISIET MPOBOIUTH U3MEPEHUs 0e3 yuiepoa s
MOJTy4aeMbIX Pe3yJIbTaTOB U Npubopy. JlanbHeilne n3aMepeHus: pOBOIHIICH
MIPH JAHHOM 3HAYCHUHN OCIIa0JICHUSI.

Crenywomuid 3Tan pabOThl OB MOCBSIMICH ONPEICICHUIO YPOBHS
MTOTJIONICHUS MTOJUIOKKH U3 YACTON MOKCHIHON CMOJIBI PA3JTUYHON TOJIIUHEL.
Ienp maHHOTO ATama 3aKIOYanach B HCOOXOIUMOCTH BhIOOpA MpPEICIbHOM
TOJIIIMHBI U OMIPEICIICHUS €€ MOTIONIATEIBHBIX CBOMCTB. [Ipu KOTOPOI MOII0KKa
HE OKa3bIBajia Obl BIUSHUS Ha O0BEKT UCCIIEIOBAHUS.

Signal power, dBm
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Pucynok 3a — Perucrparnus «IycToro mpocTpaHcTBay (a)

W3mepenust npoBOAMINCH JUIs TUIEHOK TOMMHON 1 MM, 1,5 MM u 2,5 Mm
COOTBETCTBEHHO. Perucrpanus npoBoAMUIach Ha TPeX AMCKPETHBIX 4acTOTaxX
80T, 98 I'Tum 120 I'T. ITosryueHHble pe3yabTaThl peCTaBICHb! Tabmume 3.
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Tabnuma 3 — Pe3ynpTaThl H3MEPCHUS TUICHOK 3MOKCHIHOW CMOJIBI PA3TUIHOM

TOJILLIUHBL
£ MI'u W3mepenus, n1bm
0 MM 1 Mm 1,5 Mmm 2,5 MM
78000 -17,1 -17,2 -17,2 -20,2
98000 -12,8 -15,4 -11,7 -14,4
120000 -19,4 -17,4 -18,6 -19,5

I'pacnueckoe npescraBieHne 3aBUCUMOCTH, TIOJTyYEHHOH 1ociie 00padboTKu
JTAHHBIX TaOJUIEI 3 TTOKAa3aHO Ha pUCyHKe 3b.

F——Scale=0,2
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Frequency, GHz Signal power, dBm

Pucynok 3b — Onpenenenne Hanbosnee 3 PeKTHBHOMI
TOJIIIMHBI STIOKCHAHOW cMOJTHI (b)

O0630p pucynka 3b moKa3pIBaeT, YTO TOJIIMHA 3TOKCHIHONW CMOJIBI
paBHO# 1,5 MM sBisieTcst Hambonee ontuManbHOW. Ha maHHON TOMIMHE
MMOJT0KKa OKa3blBaeT MHHUMAIbHOE BIWsSHUE Ha BenuuumHy DMU. B
TIOCIIEIYFOIIEM, TIPH M3TOTOBIICHUN OOBEKTOB UCCIIEIOBAHHS MBI OPHEHTHPOBAINCH
Ha JJaHHBIC PE3YJIbTATHI.

Usrotonenune PIIM ocymecTBIsI0Ch myTeM NpoAyBKH 10 mr
moporkoodpasHoro rpadura (Mapka ['JI-1) 10 TOBEpXHOCTH SITOKCHIHON CMOJIBI.
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Perucrpanus koaduirienToB npormyckanus MU, npomeiero yepes o0pasibt
nposoiack Ha yactorax 80 [T, 98 [T u 120 I'Tw.

Ha pucynke 4 npesctaBiieHbl pe3yJIbTaThl CPaBHEHHUS JAHHBIX, TOJTyYEHHBIX
JUIA ClTydasi «IIyCTOro MPOCTPAHCTBA» U SMOKCUIHON CMOJIBI TOJMIIHUHON 1,5 MM.

0030p rpaduka, NpeaCTaBICHHOIO Ha PUCYHKE 4, TIOKA3bIBAET, YTO IS
obpasua «rpadur + 3MOKCHAHAS CMOJIa» YPOBEHb PETUCTPUPYEMOro CHUTHala
COOTBETCTBYET 3HAUEHUSIM paBHBIM -30 1bM, YTO CBUAETENBCTBYET O MOJIHOU
SKPaHUPOBKE PATUOU3ITYUCHUS.
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Tpader FUOECHIHAS CMOTa "Ceotoms
OpOCTREHCTED
OBBRERTH HCCIETOBAHITA
Pucynok 4 — CpaBHeHHE 00BEKTOB HUCCIICIOBAHHUS

BriBoabl

B xozie BbITIOJNIHEHNMS IaHHOM paOOTHI ObLIa pelieHa MOCTaBIeHHas 3a1a4a,
a MMEHHO pa3paboTka M WCCIe0BaHUE pajgroMaTepHanoB, dQpPeKTHBHO
MOTJIOLIAONIHX 3JIEKTpOMarHuTHoe u3ny4denue (OMI) B CBEpXBBICOKOYACTOTHOM
nuanazoHe 80—120 ['T1r. B kauecTBe OCHOBHOTO paInONOTIIONIAIONIETO MaTepruaia
HCIIOJIb30BAJICSI MOPOIIOK KPUCTAIIIMYECKOro rpadura ¢ pasMepoM 4acTHUIl
0,2 MM. OOpa3ibl U3roTaBIMBAIUCH METOZOM TPoAyBKH 10 Mr rpaduroBoro
MOPOIIKA [0 MOBEPXHOCTH 3MOKCHJIHOM cMousbl. B paboTe mpepcraBieHbl
pe3yiabTaThl U3MepeHus KodpUIMeHTa NponyCcKaHus 4acTull rpadura Ha
MMOBEPXHOCTH SMOKCUAHON CMOJIBI. Perucrpanus curHana ocymiecTBIsiach
Ha Tpex pasHbix yacroTax: 80 I'Tm, 98 I'Tm u 120 I'Tr. YcranoBiaeHo, 4To
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HauOosee () (heKTHBHAS TOIMHA SITOKCUIHON CMOJIBI COOTBETCTBYET 3HAUCHUIO
1,5 mm. TIpu naHHOM TOMNIMHE, SMOKCHIHAS CMOJIa OKa3blBa€T MHUHHUMAJIBHOE
BIMsIHUE Ha BenuunHy OMU Ha Beex nccieayemsIx yacToTax. bbuin momydeHsl
pe3yJbTaThl AKCIIEPUMEHTAIBHBIX U3MEPEHUI IUICHOK M3 4acTHIl rpadura Ha
MIOBEPXHOCTH SIOKCUIHON MOJUT0KKU. [IIeHKM N3roTOBIEHB! TyTeM poayBKu 10
Mr yacTul rpadura. Pe3ynbraTsl HCClIeOBaHUS TOKA3alId, YTO H3TOTOBICHHE
MOTJIOIIAIONIUX MAaTepHaIOB Ha OCHOBE OKCHJIHOM CMOJIBI C J0OaBJIEHHEM
yacTHll rpaduTa, MOJIHOCTHIO AKpaHupyeT MU B MHJUTUMETPOBOM JIHaIia3oHe.
Pa3paboTaHHbIil MaTepHal MOJIHOCTBIO YIOBJIETBOPSIET 33laHHOMY KPUTEPHIO:
«BbICOKast 3 (PEKTUBHOCTH 3aIUTHI — HEBBICOKHE 3aTPAThl HA U3TOTOBJICHUEY.
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MUJIJINMETPJIIK TUAITABOHJAFBI PAIMOXYTHILITY
MATEPUAJITAPABI 3EPTTEY

HKymvicma 80-120 'y aca dcosapvl  JCUiniK OUANA30HbIHOA
PAOUOCYMKbIUL  MAmMepuanoapobl  3epmmey Homuicenepi  OepineeH.
Heezizei  paduooicymviiu  mamepuan peminoe Kpucmaiovl epagum
yHmazel  Kapacmulpoliovl. Mamepuanovl  Oatibinoay — beneini  Oip
enuemoezi epagpum 6onuekmepin MOKCUOMI WAUBIPMEH APANACIBIPY
apKwLIbL dicy3e2e  acbipuliobl. 3epmmenin Omvipean Mamepuanoapod
epagum bemuexmepi moamoipablul peminoe KOJNOaHwblIaodbl. 3epmmey
HbICAHBIHLIY — MAHOANYbl  Ke30elcoK —emec, oumKeHi  epagummiy
PaouohuzUKanbIK napamempiepin 3epmmey OHbiH MOJIMbIP2bIUL PEminoe
KOJIOAHBLIYbIHBIY NEPCHEKMUBAIIbL eKEeHIH Kopcemmi. DnoKcuomi wativlp
meceHiul JHcoHe OAUIAHLICMbIPYULLL MAMEPUATl pemiHoe KOIOAHbLIObL.
Yneinep snoxcuomi wativipavr meceniwumiy Oemine YHMAKmMol ypiey
apKbLibl  0ablHOAN0bl. DNnoKCUOmi WatblpObly ey MuiMOi  JHCYMblLC
KanblHObl2bl  IKCHepumMenmanovl  mypoe  aubikmanovl. CucHanobiy
ey muimOi  JHcasvliyvl  OQUKAIAMbIH  OPHAMY — KOMNOHEHMMEPIHIH
OPHANACYbIHBIY — 2€OMemPUsLIbIK, — onuemoepi  ecenmenodi.  3epmmey
HOmudICenepl, INOKCUOMI Walblpobly bemindeei epagum 6oauekmepineH
mypamoin NWieHKd, CYOMULTUMEMPIIK OUAnazoHodzvl paouocoyieieHyol
appexmusmi KopaaumviHbIH KOpCEmmi.

Anvinean mamepuai Kasicemmi kpumepuiliepee movlk colkec Keneoi,
aman aumkaHoa: «KOP2aHbICMblY JHCO2apbl MUIMOLIIZI — OaublHOAyad
KememiH wbleblHHbIY a30blebly. Paduosicymiviu mamepuanoapovt any
MENeKOMMYHUKAYUST UHPPAKYPOLIBIMbIH MYPAKMbL OAMbINY JHCOHE OCbl
canadazvl UHHOBAYUSIAD MAKCAMMAPbIHA MOIbIK dicayan bepeoi.

Kinmmice3zdep: Paouodcymxbluumamepuanoap, S1eKmpomacHummix
coyJenieny, epagum, eme sHco2apbvl HCUILIK, INOKCUOMI WUALILID.
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STUDY OF RADIO ABSORBENT MATERIALS
IN THE MILLIMETER RANGE

The paper presents the results of a study of radio-absorbing materials
in the ultra-high-frequency range of 80—120 GHz.

Crystalline graphite powder is considered as the main radio-
absorbing material. Epoxy resin is used as a substrate and a binder.
Samples were prepared by blowing the powder over the surface of an
epoxy resin substrate. The most effective working thickness of the epoxy
resin is determined experimentally. The geometric dimensions of the
arrangement of the installation components are calculated, at which the
most effective signal registration is observed.

The results of the studies showed that a film consisting of graphite
particles on the surface of the epoxy resin effectively shields radio
emissions in the submillimeter range. The material obtained fully meets
the necessary criteria, namely: «high shielding effectiveness — low
manufacturing costsy. The production of radar-absorbing materials
is entirely consistent with the goals of sustainable development of
telecommunications infrastructure and innovation in this field.

Keywords: Radio-absorbing materials, electromagnetic radiation,
graphite, Ultra-high frequency, epoxy resin.
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JEHFEANEPIHIH K¥PbINIbIMbIH TATIGAY
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Maxkanaoa Kasipei 3amaH2vl KeAHMMbLK ecenmeyiu dcylienepoin
eH NepcnekmuBavl OA3anblK IeMEeHMmMEpPIHiY Oipi — MpaHCMOH munmi
AcKbIiH  emKizeiul  Kyoummepoiy 3Hepeus CHnekmpi MeH CHeKmpiix
CUNAMMAManapei  CaHoblK,  MOOeIbOey MICceneci Kapacmblpbli2aH.
Knaccuxanvix ~ Kynep — oicybvinbly — KOpabblMen — CAlblCMblpeanod
MPAHCMOH  APXUMEKMYPACLIHbIY KOPWAa2an opmaodazbl OUdIeKMpIiK
duykmyayusinap men 3apsomelx uLyslioapea dHco2apbl Me3iMOLNICIHIH
Qusukanvik-meopusiiols  Hezizoepi  manoanovl.  JKymwic  asceinoa
KYOummiy — Oonepamopiavly — 2aGMUILIMOHUAHbIH  WEKMI  oauemoi
ouckpemmi 3apsaoOmelx Oasucme KypyoblH MamemMamukaivlk MOOeil
o3ipienin, cmayuonapavl Llpeduncep menoeyin CcanoblK MOCIiIMeEH
wewy ywin MATLAB 6az0apramansis opmaculHOad Mampuyaisi
ouazonanday aneopummi Jcyzeze acwipvliovl. Moodervdey 6apvicvinoa
Ke30€lCcoK wamanap emec, K8AHMMbIK JeKMPOHUKAOA — «ALMbIH
cmanoapmy peminoe mauvliean HaKmvl SMAaiI0HObIK IKCHEPUMEHMALObL
napamemprep (E.= 0.28 I'Ty u E = 14.0 ITy) neeizee anvinowl, Oyn
JHCYUEHIH MPAHCMOH  PedCUMIHE MONBIK COUKeCmicin  KAMMAMAChl3
emmi. Canoblk cumynssyus HOmMudicecinoe Kyoummiy anieauiksl mopm
SHepeusi OeHeelliHiy KelmipileeH ColpMKbl bleblCy 3apsOblHA MOYelOLliK
KUCBIKMApbl mMypebl3vliobl. Anvinean cnekmpiepli manoay mpaHcMOH
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pedicuminoe  3apsaOmulK — OUCHEPCUSIHBIY, — IKCINOHEHYUALObL  mypoe
bacwiivin, OeneelliepOiy MONbIKMAll mecicmeseminin (my3y Cbi3blKKd
atnanameinbl)  Kepcemmi, Oyn  ocylieniy  OdepazuposKkaza  Kapcol
Jrco2apel Koeepenmminicin He2izoeuoi. CoHbIMeH Kamap, KamblHACIHbIY
apmysimMen Kyoummiy KOCUHYCOUOATbObl NOMEHYUAILIHBIY MepeHoeyl
JICOHEe OHBIH CANOAPLIHAH AOCOTIOMMIK AHZAPMOHUSHLIY (0,) Oopediceni
3aHObLIbIKNEH dicipey cepnini 3epmmendi. CanoblK mooenvboey apKblivl
(oymaiinel Hykme) Hykmecinoe Kyoummiy neeizei ayvicy scuiniei 1Ty, an
reneci Oeneetl dcuiniei I'Ty exeni anvikmanoin, abconommix aHeapMOHUsL
wamacwt My den ecenmenoi. By mon dcylieniy exi OeH2elli HCYyMblCULbl
cybKenicmicin HaKmvl a0pecayusiayad HoHe Hco2apbl IHEPLeMUKAIbIK,
Kyliiepee KGaHMmMuIK aKnApammoly waublpayvii O010bIpmMayea moivlk,
MYMKIHOIK bepedi. 3epmmey 6apvicblHOa Kypbli2aH CAHObIK MOOeLbOep
MeH anzopummoep OmaHOblK 3ePMXAHAIAPOA ACKbIH OMKIZ2IUL KEAHMMbLK
npoyeccopaapobly, Yunmepin Kaiopiey mMeH Oymaiiivbl napamempiepin
Manoay yuwin npakmukaibly Kypai peminoe yColHbliaobl.

Kinmmi  ce30ep: ackbin oemkizeiw Kyoummep, MpPAHCMOH,
IDicosegpcon  myuicyi,  sapsaomelx  oucnepcus, — MAMPUYALbIK,
0uazoHanday, AHeapMoHusL.

Kipicne

Kasipri 3amMaHfbl aKknmapaTThIK KOFAaMHBIH JaMy KapKbIHBI €CENTeyill
TEeXHHUKaJIapblH KyaTTBUIBIFBIH Y3JIIKCI3 apTTBIpYABl Tajam ereii. Anaiina
JOCTYPJII KPeMHHUH HEri3iHjaeri >KapThulall eTKi3rill TPaH3UCTOPJIAPABIH
eJimeM/iepl HAHOMETPJIIK JeHrelre aeiin kimipeini. byn xargait Myp
3aHBIHBIH XY3ere acyblHa (QHU3MKaNbIK MIeKTeysep Kosabl. OckiHaai MaciTaoTa
KPEMHHITIK KYPBUTBIM/IAp/ia KBAHTTHIK TYHHEIIB/ICY KOHE CylieprapaMarHeTu3m
CEKUIII IECTPYKTUBTI KYOBUIBICTAp Maiina 6omanel. CangapbiHaH KIaCCUKAIBIK
npoueccopiapaAbly OHIMIIIITIH OJaH 9pi apTTHIpy KUBIHAAN Tyceni
[1,1-6.; 2, 1169-6.].

OcbI TEXHOJIOTHSUIBIK JJAFIapBICTaH IIBIFY/IbIH HETi3ri Oanama OarbITTapbIHbIH
0ipi — aKmapaTThl OHJEY MEH TachIMalliay MpOIEeCTepiH KBAHTTHIK MEXaHUKa
3aHABUIBIKTApbIHA CYHEHE OTBIPBIN Ky3ere acelpy. by perre cyneprosumus,
KBaHTTBIK I1aTACy jKOHE HHTEPPEPEHIMS TPUHIIMNTEPIHE HET13/1e/ITeH KBaHTTHIK
eCerTeyill XYHenepai Kypy e3¢eKTi Macenere aitHaus [3, 505-0.].

KBaHTTBIK KOMIBIOTEPIEP/IH HETi3ri (YHKIIMOHAIBIK JJIEMEHTI — €Ki
©JIIIIEM/II KBAaHTTHIK KYHJICp KCHICTITIH/IC aKIapaTThl CAKTAUTHIH KOHE OHJICHTIH
KBaHTTBIK OUT Hemece KyOuT Oosbin TaObumansr [4, 13-6.]. Kasipri tanna
KyOuTTepai (pU3MKANBIK TYPFBIJIAaH XKY3ere achlpy/blH OipHenie O0acekenec
tatopmanapsl famynaa. OnaapablH KaTapblHa HOHJBIK TY3aKTap, ONTHKAJIBIK
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(oToHmap KeOHE JKapThUIAH OTKI3riITep/eri KBAaHTTHIK HYKTEJIEp/AiH CIUHIEP]
skatanbl [4, 343-0.; 5, 2-0.].

Aunaiina, onapablH 1IIiHJC aCKbIH OTKI3TiII Ti30eKTepre HEri3jeireH
KyOUTTEp @JIEMJIIK FBUIBIM MEH WHAYCTPHs/a JKETEKIIl OpbIHFa M€ OO0JIIbI.
Byn GareiT Kasipri tagma IBM, Google xone Rigetti cexiyii TEXHOIOTHSIIBIK
AJBINTAP.IBIH JK00aIapbIHa OeceH i Koymanbuiaasl [3, 505-0.; 6, 2-6.]. ACKbIH
OTKI3ril KyOUTTEp 3aMaHayX MHKPOAJICKTPOHHKAaHBIH HWHTErPAJIBIK cCXemajap
TEXHOJIOTHSICBIHA TOJIBIK yitiecimai keneai. Conpaii-ak, oxap JuTorpadusIbK
dJIicTepMEeH MHUKpOYHUI OeTiHJie OHal MaciTadTaly aiieyeTiMeH )KOHE ChIPTKbI
MHUKPOTOJIKBIH/IBI UMITYJICTEP apKbLIbl OacKapyJblH )KOFapbl HKEMIUIINIMEH
epekmieneHeni [5, 2-6.; 6, 2-0.]

AcKBIH OTKI3Timl KyOuTTepaiH (HU3uKalIbIK TaOUFaThl MaKpOCKOIHUSIIBIK
KBaHTTHIK KYOBUIBICTapFa HeriznmenreH [6, 2-0.; 7, 1-0.]. Mynnuaii xyienepai
KYPYZABIH aJIFallIKbl KaJaMmbl Weabl HHAYKTUBTUIK MEH CHIMBIMIBUIBIKTaH
TYpaThiH ChI3BIKTBIK LC-KOHTYpsapapl (MUKPOTOJIKBIH/ABI PE30HATOPIIAPIbI)
Kosianyan 6acranasl. MyHai Ti30eK KBaHTTHIK FapMOHHSIIBIK OCHMIIISITOPFa
9KBHUBAJIEHTTI 00JIbIT TaObLTA 6! [8, 264-0.].

bipak KBaHTTBIK TapMOHHUSUIBIK OCLJUIATOP/BIH SHEPTUs JACHIeHIIepiHiH
KYPBUIBIMBI 9KBH/IMCTAHTTHI, SIFHU OApJIBIK KOPILILIIEC ACHI eHIIepIiH apaKallbIKThIFbI
oipaeii (hw) 6omaner [8, 269-6.]. By KacueT ChIPTKBI MUKPOTOJIKBIH/IBI OPICIICH
acep eTKEeH/e XYHEHIH TeK alFamkbl exi KydiHiH (|0) »oue |1)) apackiHza
FaHa PE30HAHCTBIK aybICy jKacayFa MYMKIHIIK Oepmeiai. DHeprus xyieni
TYPAE >KOFapsl faeHreinepre (|2),|3), ..., |n)) mamsipan, KBaHTTHIK aKIapaTThIH
JKOFaITybIHa oKenesi [5, 2-0.; 8, 269-0.].

CoHJBIKTaH, CHI3BIKTHIK Ti30€KTI HAaFbI3 €Ki JEHIreii KyOuTKe aiHaIbIpy
YILIIH OFaH CBI3BIKTHI eMeC (FapMOHHSUIBIK €MEC) SJIEMEHTTI €HI'13y KaXKeT OO0JIIbI.
ACKBIH OTKI3TIIITIK JIEKTPOHMKaAa MYHAal Oipereld ChI3BIKTBI €MEC JJIEMEHT
peuin /Ixxo3edcon Tyiicyi arkapazast [1, 1-6.]. [Ixozedcon Tyiiicyi e3iHiH
CBI3BIKTBI €MEC UHYKTHBTLII apKbUIBI XKYHEHIH MOTEHIUAI/IBIK SHEPTUSICHIHBIH
nimiHin mapabosasan KOCHMHYCOUAANbJbl Typre (—E; cos@) e3repreai
[1,2-6.;2, 1170-6.]. HoTmkecinae SHEPTHsl ICHT CHIICPIHIH SKBUAUCTAHTTHLIBIFBI
OY3BUIBIIL, JKYHE aliTapIIbIKTall aHrapMOHUSIIBIK CUITaTKa ue 60osta bl byt KyObuibic
|0) = |1) KBaHTTBIK aybICY XHINITIH (fip;) HAKTBI aapecanusiay¥a xarjai
skacaiinel [2, 1170-6.; 6, 2-6.].

ACKBIH OTKI3ril KyOUTTEep/iH JaMy TapHXbIHJAFbl anramksl yiari Kymep
»yObIHBIH KopaObl (KIKK) nem atanathis 3apsaThIK KyOuT 00i1bl [6, 2-0.]. Anaiiza,
KKK xyOuTrepi e31epiHiH TabuFaThl OOMBIHIIA KOPILIAFaH OpTaJlarbl AUJICKTPIIIK
Marepuasiap MeH nHTepeicTepIiH CTaTUKAIIBIK XKOHE JMHAMUKAIIBIK JJICKTPIIIK
3apsAbIHBIH (UIyKTyalusuiapbiHa (3apsAThIK HIYBIIFAa) ©Te ce3imMTall 00JIIbl
[7, 1-6.]. By mrybu KyOUTTIH )KYMBICIIBI JKUUTITHIH CTOXaCTHKAIBIK (KE3/1€HCOK)
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BIFBICYBIHA 9Kel . CanapblHaH KBAHTTBIK KYH/IIH KOTCPEHTTLIIT OTE TE3, SFHH
HAHOCCKYH/TAp imiHge Oy3buTyFa aKkeni (nexorepenius) [7, 1-6.; 9, 1-6.].

2007 xpu1s Mens yuusepeuterinin ramsimaaps (Jens Koch xoue 1.6.) 6y
MOCEJICHI MICIIY/IH JKaHa dJICIH YCBIHBII, OHbI TPAHCMOH PEKUMI JICT aTaJlbl
[1, 1-6.]. TpancmoH kyOuTiHiIH Heri3ri maesicel — J[ko3edcoH Tyiicyine
napajuieiab eTill oTe YJKEH HIYHTTaylIbl KOHJEHCATOPJbl KOCy OOJIbII
taObLTabl. By ozic xkyiieHin 3apsaray sHeprusceH (E ) 6apbiHiia azaifraubl.
Hammecmae JIxo3edcoH SHEPIrUsCHIHBIH 3apsATay SHEPrHAChIHA KaTHIHACKI
(—’ > 1, operre 50..100 apanbiFblHAa) SKCIIOHEHUHAIABL TYPAE apTalbl
[1 2-0.; 5, 5-6.]. Ochl pesxuMre 6TKeHAE KyOUTTIH SHEPTUsl ICHI SHIICPIHIH CHIPTKBI
BIFBICY 3apsi/IbIHa (M) TOYEIIUTITI (3apSATHIK IMCTIEPCHSACHT) TOJIBIKTAaH OaChLIbII,
tericteneni. OCBIHBIH CallIapblHAH TPAHCMOH KyOWTTepi 3apsAATHIK HIybUIIaH
KOpFaJIbIII, OJap/blH KOI€pEeHTTLTIK yakbIThI (T,) OlpHele peTTik mamara ecTi
[1,2-6.; 10, 1-6.].

Anaiina, KBaHTTHIK MEXaHHMKaHBIH ipreii 3aHI[BIJ'ILIKTapLIHa colikec,
TPAHCMOH PEeXHUMiHE OTY/IiH ©31H/IIK Kepi acepi 6ap =L _ KATBIHACHI OCKEH calbIH
KyOHTTIH KOCHHYCOMIAIbAB! ITOTECHIIHAIBIK H.IYHKBIpLI TepeHael Tyceni
[1, 2-6.]. OchIHBIH ocepiHEH OHBIH IMIIHICT1 aJFaIlKbl SHEPTHs IeHTewnepi
Oip-Oipine JkaKbIHAAM, XYHEHIH a0COMFOTTIK aHTapMOHMACH (& = fi12) — f{o1})
ancipeiini. byn xepcerkimm agerre -200...-300 MI 1 mamacsiHa eiiin ToMeHaeH i
[1, 2-6.; 10, 1-6.]. Onci3 aHTapMOHUS KBAHTTHIK JOTHKAIBIK KaKIalIapIsl OTe
KBUIIAM OpBIHAayFa kenepri kentipemi. Ce6ebi OacKapymIbl MUKPOTOIKBIHIIBI
HMITYJIBCTIH JKHUTIK CHEKTP] KeHEHTeH karnaiina, xyiie | 1) KyHiHeH KoFapsl |2)
HeMmece |3) meHreiepine otimn xketeni [5, 5-6.; 12, 1-6.].

Conrsl xbuTIapAAFs! (2025-2026 %K. ) €H 03€KTi 3epTTeyIIep KOPCeTKeHICH,
I9CTYpii AlO, OKmIaymarbimn KabaTel Oap TypakTsl Jxo3edcon Tyiticynepinen
6acka ’xaHa KypbuIbIMIap Oenceri 3eprrenyae. OnapablH KaTapblHa €Ki eJIeMIi
KapThUTall eTKI3TImTIK rerepokypsuisiMaap (heterostructure) merizinmeri
HaHOCHIMIBI (nanowire) Tpancmonmap [13, 1-6.; 14, 1-6.] xeHe Koc Ty#Hicymi
CKUJ (SQUID) xypsutsiMaaps! sxkatansl [ 11, 1-6.]. By 6arsiTTap TpaHCMOHHBIH
MTOTEHIMAJIBIHA KOFaphI peTTi J>ko3ecoH rapMOHUKAIAPBIH SHT13Y Il KO3AeH .
ATtanFaH a/icTep CBIPTKBI MarHUT aFbIHBI HEMECE TEHTTIK KepHEy apKbLIbI
KyOUWTTIH IeHreiiep KypbUTBIMBI MEH aHTAPMOHUSCHIH KeH AUAa30H1a 0acKapyFa
MyMKiHzik 6epemi [11, 1-6.; 14, 1-6.].

Ocsol afiTeUTFaH (pakTOpIApABl €CKepe OTHIPHIIN, TPAHCMOH PEKUMIiHIIET]
KyOUTTEpIiH TAMHJIBTOHHAHBIH 18]I KYPY JKOHE OHBIH JHUCKPETTI YHEPrus
JCHTeIIepiHiH OpHATIacy apXUTEKTOHUKACHIH €CENTey oTe MaHb3bl. COHBIMEH
Kartap, OJapAbIH CIEKTPIIK CHITaTTaMalapblH CBIPTKBI ITapaMeTpiepre Toyemai
TYpJIe Talay — 3aMaHay! KBAHTTHIK ITPOIIECCOPIIApIbI )k00aIay MEH KaInopIeyaiy
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eH 0acThl aJFbIIIAPTHI OOJIBINT TaObUIaIbl. Byl )KalT OCHI 3epTTey KYMBICBIHBIH
JKOFaphI FRUTBIMH ©3CKTUIITH alKbIHIAHIbL.

MaTtepuaniap MeH aicTep

MarmHanbIK OKbITY KOHE KBAHTTBIK aKIIapaTThl OHJICY TEXHOJIOT UsTaPBIHBIH
HeTi31 MaKPOCKOTIHSUIBIK KBAaHTTHIK 3 GeKTiziepi 0ackapyFa HeTi3AeIreH aCKbIH
OTKI3rinI cxemaap 0oJibii TadbuIa b [3, 505-0.]. Exi enimem i KBaHTTHIK XKYHCHI
(KyOMTT1) KYPYZIbIH €H KaparaibiM HyCKachl — aean/ bl ChIMbIMIBUIBIK (C) 1eH
WHJIyKTUBTUTIKTEH (L) TYpaThIH ChI3BIKTHIK L C-KOHTYP HEMeCe MUKPOTOJIKBIH/IBI
pe3onaTop 00311 Ta0bUIa bl MYH/Iall KOHTYP/IBIH KJIACCHKAIIBIK TaMHIIBTOHUAHBI
KeJieci Typ/ie OpHEeKTeNe i

Hye=2-+-—, (1)

MYHAaFbl O — KOHACHCATOPIAFbI DJIEKTP 3apsabl, al @ — WHAYKTHBTUIIK
KaTyIIKAChI APKbUIbI ©TETIH MArHUT aFbIHbL. CTaHAAPTTHI KBAHTTAY ITPOLIE/IypachiHa
coiikec, Oy aifHBIManbUIAp ©3apa TyiiHec onepaTopiapra (( xoue ®) aitHana bl
KoHe onap yurin|[PQ| = if KOMMyTalSUTBIK KaThIHACK OPBIHAAbL. (1) Teraeyi
KBaHTTBHIK TapMOHUSUIBIK ociuiuaTopabiH (QHO) maTemMaTUKaIbIK MoJeiHe
TOJIBIK SKBUBAJICHTTI:

Howo = hw (272 +3) , )

MyHaFbl AT KoHE G — KBAHTTHIK Tyy KOHE KOO ONEPATOPIIAphL, al @ = \/%_c_
KOHTYP/IbIH PE30HAHCTHIK JKHLTIT1. (2) MOEIB1iH OACThI KEMIILTIT - OHBIH SHEPT U
JICHI€MJIEPIHIH CIIEKTpPI TOJIBIKTAl IKBHIMCTAHTTHI, SIFHU Ke3 KEeJI'eH KOpIIijec
JICHT eIJIep/IiH apaKambIKTBIFEI Oipael )xone AE = E,,,, — E,, = whamMacbHa
TeH Oonanpl. CanjgapblHaH, CBIPTKBI MUKPOTOJIKBIH/IBI IMITYJIBCIICH 8Cep ETKeH/Ie
XKYHeHi Tek Heri3ri |0) sxoHe |1) OipiHIII KO3BII TYpFaH KyHJIEpiHEH TypaThlH
YKYMBICHIBI CYOKEHICTITIH/IE OKIIayJIay MYMKIH eMec. DHeprusi pe30HaHCTHI Typ/ie
JKOFapsl fAeHreinepre (|2), |3) ...) Mamblpan, KBaHTTHIK aKIapaTThIH XKOFaTybIHA
oKeJe/Il.

JKylieHiH SKBUANCTAHTTBUIBIFBIH OY3bII, OFAH aHTAPMOHHUSUIBIK (CBI3BIKTHI
eMeC) KaCHeT JaphITy YIIiH ChI3BIKTHI HHIYKTUBTLTIK L 3JIEMEHTI ChI3BIKTHI EMEC
Jxo3edcon TyHicyiMeH ammacTeIpbUIaasl. Jxo3edcon Tyiicyi — apachl xKyKa
JUAIIEKTPUK KabaTbIMeH (911eTTe ALO,) O6IIHIeH eKi aCKbIH OTKI3TiIITeH TYPaThIH
KypbubM. Tyiticy apksuiel etetin Kynep sxynrapsiabig Tok (/) meH keprey (V)
cunarramanapsl [[>k03e)COHHBIH €Ki ipreii TeHICYIMEH CUITATTaa Ibl;

I =1 sing, (3)
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= Podo
V_Zn:dt’ (4)

Mysparsl [, — TYHICYIIH KPUTHUKAIBIK TOTHI, ) — aCKBIH OTKI3TiII
(azayap albIpbIMbl, a1 ®, = h/(2e) — MarHuT arbIHBIHBIH KBAaHTHIL. (3) jKoHE
(4) xaTpIHAacTapbIH MHTErpangay apkbuibl Jxo3zedcon TyHicyiHIH MEHIIIKTI
MOTEHIUAJIIBIK YHEPTUIACHIHBIH KOCHHYCOUIANbIBl (YHKIHUS €KECHIITI
AHBIKTAJTAIBI:

Dol
2

U(p) =[1-vdt= cos¢p = —Ejcos¢. 5)

Mynparsl E; = @l /(2m) — JI03e(hCOHHBIH MaKCUMAaJ/Ibl TYHHEIbIK
sHeprusicel. Ocbutaiiina, KOCHHYCOMJAIbAbl TOTCHIUAIB! (5) KOHE CHIPTKBI
TeHTTIK KepHey TyBIPATHIH KENTIPUITeH BIFBICY 3apsiiblH (N, ) €CKEPEe OTBIPBIIL,
TPaHCMOH KyOHUTIHIH HETi3Ti KBaHTTHIK TaMIJIbTOHHAHBIH KEJIeCi ONepaTOPIIBIK
TYP/i€ TYPFbI3aMBbI3:

H= 4Ec(ﬁ - ng)z — E]cos¢3. (6)

Tenneyneri E; = e?/(2Cx) — xylienin 3apaaray sueprusicel (Cy = C; + Cp
MyHzarbl C; — TYHicy CBIMBIMIBIIBIFEI, a1 Cp — YJIKEH IIyHTTayIIbl KOHIEHCATOP
CBIHBIMIIBUIBIFRI). i = ZQ—e orepaTopkl TYHICY apKbuUIbl 0TKeH Kyrep »ynTapbIHbIH
CaHBIHBIH ornepaTtopbl Oosbin TabblIansl. ®asza omepatopsl MeH Kymep
JKYNTapbIHBIH CaHbI OTIEPATOPbl ©3apa TYHIHAEC KBAaHTTHIK Iamaiap peTiHjae
KeﬂeCi KOMMYTalUAJIbIK IIapTThl KaHaraTTaHAbIpaabl:

[$,ﬁ] =1 (7)

TpaHcMOH pEXUMiHIH TEOPHANBIK MOHI — E;/E; KaThIHACHIH MaKCaTThI
Typae apTreipy (E; /E¢ > 1). by maprka napaiiesb/Ii IIyHTTAYIIbI KOHICHCATOP
(Cp) apkbutbl E; MoHIH OapbIHIa a3aiiTy ecebineH Ko xkerkisineni. XKyiiemeri
KBAHTTHIK (ha3a (IyKTyalusuIapsI Kiri Gosras xarnaiina (¢ < 1),(6) rerneyineri
KOCHHYCOUIAJIb/IbI MYIIeH] Telnop KkarapbiHa )KiKTey apKblibl aHFApMOHHSHBIH
CHUIAThIH aHAJTUTHKAJIBIK TYpAE Kepyre 0oabl:

_ P~ — gz Ega
Ejcos¢p = E]+2¢> 24¢). (8)

Erep (8) xikTeyiHzeri anFamksl eki MylieHi (6) TeHaeyine Koncak, xyiie
KalTaZaH CTaHAapTThl TAPMOHMSUIBIK OCHUUIATOPFa alHanmaabl. AJl KaTapJIblH

219



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

yuwinmn mymreci (—E ](/34 /24) xylere KBaHTTBIK aHTaPMOHMSIIBIK OY3bUTYJIbI
(perturbation) enrizeni. /1o 0ChbI TOPTIHILI JOPEXKEII CHI3BIKTHI EMECTIK SHEPTUS
JICHICIIICPiHIH SKBUIUCTAHTTBUIBIFBIH OY3BbIIl, TPAHCMOH/IBI HAKTHI €Ki JICHI eI
KyOuT peTiHJie KolJJaHyFa MyMKIHIIK 6gpe)1i.

TeopusuiblK MOACITb OOWBIHINIA E—é > 1 meriHge KyOUTTiH ACHrewiep
KYPBUIBIMBI HIAFBIH aHTAPMOHUSUIBIK OCIMIUIATOPFA YKaKbIHAAW/bl, a1 OHBIH
JEHrefNepinit CHIPTKEL My 3apSAAbIHBIH HIYBIIbIHA CE3IMTANABIFEL (3aPAATHIK
JICIIEPCHSICHI) SKCIIOHEHIMAN/IBI TYp/ie OachuIaibl.

TeopusblK Oe1iMie TYPFBI3BUIFAH TPAHCMOH KYOWTIHIH CTaIl[MOHAPJIIbI
HlpennHrep TeHACYIH CaHJBIK TOCIIMEH IIEITY )KOHE OHBIH AMCKPETTI SHEPTUs
JICHreMUIepiH aHBIKTAy YIIIH ['aMHMIBTOHMAH ONepaTopblH JUCKPETTI 3apsiIThIK
6asucre (|n)) epuexreiimis [ 1, 2-6.]. By KBaHTThIK-MexaHUKAIBIK Oasucte Kymep
JKYNITapbIHBIH CaHbI ONIEPATOPHI () TAOMFH TYPJIE IMarOHAIIb/IbI CUIIATKA Ue 00JIaIbl:

filn) = n|n). )

Mysnarel n — OyTiH canjap *xwublHbl (n = 0,41,42,..). An dazanbix
orepaTropbl KAMTUTBIH KOCHHYCOMJAJIB/Ibl MOTEHIIUAIABIK MYIIE KBaHTTBIK
MeXaHHKa 3aHIbUIBIKTapbl OOMBIHIIA KelleCi SKCIOHEHIN ATl OTIepaTOpIIap/IblH
KOMOMHAIMACHI PETIHE JKa3blIa bl:

i} yo-itp

Iy e
cosp = — (10)
Byn xepperi e+i® onmepaTopnaphl 3apsAATHIK Kyiinep KeHicTirinme Gipiik

KaJlaMMEH JKBUDKBITYIBI JKY3€Te achIpajbl, SFHH JKYHEHIH KYHiH Kepiuiizec
0a3mCTiK BEKTOPFa aybICTHIPAIbL:

et Iny=In+1). (11)

Oceunaiiiia, (9) xoeHe (11) kaThiHacTapbiH (6) HEri3ri raMmIbTOHHAH
TCHJCYiHE KOK apKbUIbI, ONMEPATOPIBIH JUCKPETTI 3apsATHIK O0a3ucTeri
MaTPULAIBIK JIEMEHTTEPiH (H,, = (n’|ﬁ|n)) €CCITeYIIH aHaJTUTHKAIBIK
(hopMyJIackIH TYPFBI3aMBbI3:

Hy o, =4Ec(n— ng)ZSn:‘n - % (n/na1 + Onin1) - (12)

Myunarsl 6,7, — Kponekep CHUMBOIBI, 01 KelecCi IapTTapibl
KaHaFaTTaHABIPAJbL:
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(1, erepn’=n
O = {0, erepn’ #n’ (13)

(12) TereyiMeH aHBIKTAIATHIH TAMITBTOHHAH MAaTPULIACHIHBIH KYPBLTBIMBI
mekci3 emmemai 6oneim Tadbutanel. MATLAB GarmapraManbsiK opTachkiHAa
HaKTBI CaHJBIK €CeNTeyJIepAi OphIHAay MaKcaThlHAa 0a3MCTIK KEHICTIKTI N
mekTey mapamerpimen (cutoff) xopmaiimMerz. Kymep skynrapblHBIH CaHBIH
n € [—N, N]rexreyii 1uarna3oHbIHIa KapacThIPy apKbUIbI IIAPIIEl FAMWJIBTOHHAH
MaTPHULACBIHBIH TOJBIK ©jmmeMiH (2N + 1) X (2N + 1) TypiHe KeJTipeMis.
Msricansl, N = 10 moHinAe MaTpuia emmeMi 21 X 21 6oxansl. TypFI3bUTFaH
MaTpUIlaHBIH 0ac IuaroHaii KyOWTTIH KHHETHKAJIBIK 3apsaTay dHEPTHUSCHIH
cuUIaTtTraca, OFaH TiKeJel jKaHama YCTIiHTi )KOHE aCTHIHFBI JHATOHAIbIaphI
Kynep >xynrapsiabie J[xo3ecoH Tyificyi apKbUIbl TYHHEIbACHY AMHAMHKACHIH
aHBIKTANUIbI.

O3ipJieHTeH CaHJBIK MOJEIBICY dicTeMeciH icke aceipy ymin MATLAB
OpTachIHAA JKOFApBl OHIMJI €CenTey alTOpPUTMi 93ipieHIi. ANTOPUTM Keieci
HET13T1 (YHKIHOHAIIBIK OJOKTapIaH Typasibl:

1.Bacmanksl Qusukaneik napamempiepoi xaiudbpiey: Monenbain
LIBIHAWBUTBIFBI MEH XaJIBIKapAJIBIK AKCIIEPHMEHTTEPIe COUKECTITH KaMTaMachl3
€Ty MaKcaThIHJa KBAHTTHIK AJIEKTPOHUKAA HETI3Iri ATaJOHIBIK ITapamMeTpiep
eHrizingi: 3apsaray suepruscel E. = 0.28 I'T' xxone [[)xo3edcoH dHEPTHACH
E; = 14.0I'T'u. Byn mamanap sxyleHiH HakTsl TpaHcMOH pexuminge (E; /E¢c = 50)
JKYMBIC iCTeyiH KamTamachI3 ereqi [ 1, 2-6.].

2. Mampuyansr yuxaoix mypoe kypy: CBIPTKBI BIFBICY 3apsbl ng € [—2,2]
nuanasoHeiHaa Ang = 0.01 KagaMbIMEH CKaHHPIIEH 1. OpOip ng HyKTecinzae (12)
dopmynaceina coiikec (2N + 1) x (2N + 1) enmem/i raMUIbTOHMAH MaTPULIACHL
aBTOMATTHI TYP/E KaiTa KypbUIBIT OTBIPABL.

3. KanoHOwiK Ouaconanday: OpOip Kagamaa KUHAKTaJFaH MaTpHIlA
MATLAB-toH imki eig(H) ¢yHKIUACH apKbUTBl CaHIBIK JAHATrOHAJIaHbI,
TaMHJIbTOHHAHHBIH MEHIIKTI MOHJEPI — KyOUTTIH aJFalIKbl TOPT CTAIIMOHAPIIBI
sHeprus AeHrennepi (Ey, Ey, E,, E3) CHEKTp TYpiHIE eCenTe .

KBaHTTHIK JTOTHKAIBIK ONEPAIIUIAPIBI COTTI OPBIHAAY YIIiH XKYHEHIH
CHEKTPIIK CBHI3BIKTHl €MECTIK (aHTApMOHMSIIBIK) T9pekeci OaralaHybl THIC.
Mopenbey meHOepinae KyOuTTiH HETi3Ti JKYMBICIIBI aybICy KU (fy;1) MeH
KeJieci )KOFaphbl JICHreire aybicy xuimiri (fi,) keneci GopMyianiapMeH ecenTei:

for = E1 — Ey, (14)
fiz =E; — Ey. (15)
221



Topaiiebipos ynusepcumeminiy Xabapuvicel, ISSN 2959-068X.
Dusuka, Mamemamura HcoHe KOMnbIOMepPiK avlibimoap cepusicol. Ne 3, 2026

Ocbl eKi KeplIiiec aybICy JKUUTIKTEPiHIH albIPbIMBI )KYHEHIH aOCOIIOTTIK
AQHTapPMOHMSICHIH () CUITATTANTHIH HETI3r1 KOPCETKIII OOJIBII Ta0BLIa b

a=fi»—for=E;—2E; +E. (16)

(14)-(16) popmymnanapst apkbuisl MATLAB oprackiHIa ecenTeNre CaHIbIK
MOH/IEp MEH TYPFBI3bUIFaH IpaUKTep MaKaJlaHbIH Keyeci OeliMiHae gocTypii
3apAATHIK KyOUT CIIEKTpJIEpIMEH CabICTBIPhUIA OTBIPHIN, €rKeW-TerKeni
TaJlIaHa/Ibl.

Hoarn:kenep :koHe TAIKbLIAY

MATLAB 0arnapinamMaliblK OpTachIHIa 93IpJICHICH CaHJBIK aJrOPUTM/II
iCKe KOCY HOTW)KECIHJIE aCKbIH OTKI3Till KyOUTTEp/iH €Ki TypJli mapameTpIik
PEeKHMiHE COMKEC KEJIETIH DHEPTHsl CIIEKTPJIepi MEH aOCOJIIOTTIK aHTAPMOHUSTHBIH
(YHKIIMOHAIJIBIK TOYEIIUIIK KHUCHIKTaphl aJIbIH/IbI.

Bipinmi ke3eHge AoCTYpii 3apsATHIK KyOUT pEKUMIHIH (PU3HKAIBIK
cunaTTamajIapblH aKbIHay MakcaTeiHaa Jko3e)coH SHEPTrUsChl MEH 3apsiiray
SHEPTHUSICBIHBIH TE€H KaTbIHACHI (:f_/ = 1) kapacTteipblaasl. Ocbl pexxuMae
€CEITEIIeH aJIFalllKbl TOPT YHEPrusl JeHreuiHiH (Ey, Eq, E,, E3) CHIPTKBI BIFBICY
3apsAbIHA (ng) Toye K rpaduri TyprbI3bLLIEL (1-cyper).

l-cypeTTe KOpCeTiAreH CHEeKTPJIK KUCBIKTapbl Tajjaay >KYWeHIH
aiTapIbIKTal YKOFapbl 3apsITHIK IUCIIEPCUSIFA M€ eKeH/IITTH JIdiene 1i. DHeprus
JeHreilepi ChIPTKBI Ny 3aps/IbIHBIH ©3repyiHe OaliaHbICThI IEPUOTHI TYPAE KATThI
MOy ISIMSUIAHBII, KACBHIK CBI3BIKTAp (CHHYCOMIANAp) MillliHiH ajaael. MyHai
rapameTpiiK Kyiae KyOUTTiH >KYMBICHIBI aybICy >KHLUIIT (f{m} = E, — Ep) ng
HYKTECIHE 6T€ ce3iMTall 00J1a1bl. DKCIICPUMEHTAIIBI TYPFBIIAH OYJI Ce31MTaJIIBIK
KOpLIaFaH OpTaJarbl AMAICKTPUKTEP/IIH Ke3/1eHCOK 3apsAThIK IIYybUIIAPbIHBIH
dcepiHeH KyOWT >KMUIIriHIH Ke3JeHCOK BIFBICYbIHA OKeJe/l, OyJl KBaHTTBIK
KOTEpeHTTUIIKTI OipHelIe HaHOCEKYH/I iliHAe XKosibl 5, 4-0.; 9, 1-6.].

Exinmni keserze Memb ToObIHBIH KIAaCCHKATBIK 3TANOHIBIK MapaMeTpiepi
(Ec =0.281Tu, E; = 14.0 I'Tw) eHrisinin, Harel3 TPaHCMOH KyOHUTi pexuMmi
(5—2 = 50) MosenbaeH 1. OChI PeKUM YIIiH eCeNTeNTeH YHEPTHs IeHT eiIepiHiH
CHEKTpi 2-CypeTTe OeiHeIeHTeH.

CaHABIK MOJENBIICY HOTHIXKEJIEepi KOpPCeTKeHIeH, E;/E; KaTBIHACBIH
50-re meiiH apTTBIPY 3apSATHIK TUCTIEPCHSHBI SKCIIOHEHIIHAIAB! Typae Oacyra
MYMKIHIK Oepei. 2-cypeTTeri OapibIK aTFaliKsl TOPT SHEPTHUS ACHI el CRIPTKBI
BIFBICY 3apSIbIHBIH (ng) Ke3 KeNTeH MOHIHIE TOJNBIKTAail TericTerim, MiHCi3
TapajieJyib TY3y ChI3bIKTapra aifHairaH. PU3MKaNbIK TYPFBIIAH Oyl KyOBUIBIC
TPaHCMOH KyOUTIHIH CBIPTKBI 3aPSATHIK IIybIIIapiaH TOJIBIKTal OKIIayTaHFaHbIH
XKOHE JICKOTEPEHIUSAFa KapCchl KOPFAHBIC TOCKAYBUIBIHBIH KaJIbIIITaCKaHBIH
aifrakTainel. Bynm HoTIKe Kas3ipri KBaHTTHIK Mpoleccopiapia KOTepPeHTTIIIK
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yakbIThIH (T,) MUKPOCEKYHATHIK IHANa30HFa JICHiH y3apTyablH OacThl cebebi
60 TabbuTaE! [1, 2-6.; 10, 1-0.].

(Heriari kyii)
= [—— o = 0 (Heriari kyii)
= = - - 5T
= = £
= =
< <
3 7S 101 g
] &
' '
E E
=l &
:E :E
= =]
g g
& B e s o et e T o B D J
3 g
m m
-2 -1.5 -1 -0.5 0 05 1 15 2 -2 -15 -1 -0.5 0 0.5 1 15 2
ChIPTKBI bIFBICY 3apPS/IbI, Ny CBIPTKBI BIFBICY 3aps/bI, Ny
1-cypet — 3apsaaThIK KyOUTTIH 2-cypet — TpaHcMOH KyOUTIHIH

sneprus cnektpi (Ej/Ec = 1) sneprus cnekrpi (Ej/Ec = 50)

Anaiiga, TpaHCMOH pEXHMMiHE OTYJIIH KBaHTTBIK-MEXaHHUKaJIbIK
BIMBIPAIACTBIKTEl OaFachlH alKplHAay YiiH E;/E; KaThIHACBIHBIH 1-1eH
80-re meifiHri quama3oHIaFbl ©3repy AWHAMHKAChIHA COUKEC aOCOIOTTIK
aHrapMOHHSHBIH (@) MOHIepi ecenteni (3-cyper).

3-cyperTeri KMCBIK 3aHIbUIBIK KOpceTKeHeH, E;/E; KaTbIHACKI apTKaH
CaiibIH, KOCHHYCOUIAJIB/IbI TIOTEHIIHAIIBIK IITYHKBIP/IBIH TePeHICYiHEe OailiIaHbICThI
XKYHeHIH aOCOMIOTTIK aHTAPMOHUSICHI JIopekelti QYHKIHs OOWBIHIIA KaPKBIH/IbI
TYpae kemin oteipansl. Erep E;/E; = 1 HyKTeciH[e aHTaPMOHHs OT€ KOFaphl
0oJ1ca, HAKThI )KYMBICIIBI E; /Ec = 50 HYKTeCiH/IE CaH/BIK ECENTENTEH AeHTeiep
KeJieci MOHICP/l KOpCeTTi:

 Heri3ri skyMbICIIBI XKHLTITL: fo; = E; — Eg = 5.274 T,

» Keneci genreit xwuiniri: fi, = E, — E; = 4981 1T,

* AOCOJIIOTTIK aHFapMOHHUS IIaMachl: @ = fi; — fo1 = —293 MI'm.
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3-cyper — E/E, xaTbIHaChl apTKaH CaiiblH aHTAPMOHHSHBIH KEMY1

AnblHFaH @ & —293 MI'M cCaHABIK MOHI aHAJIUTHKAIBIK XKYBIKTAY
¢dopmynaceiHaarsl —E; = —280 MI'11 mamachkiHa ©Te JKaKbIH XOHE OHBIH TEpic
TaHOACKI TOTCHIMAJI/IBIH KOCHHYCOHM/IAIIb/IbI CUTTATHIH alKbIH KopceTei. CrieKTpItik
Typreiian Oyn mama (~ 293 MI'm) kyOuTTi 6acKkapaThlH MHKPOTOJKBIHIIBI
HMITYJIBCTEP/IIH JKUUTITH HaKThl afpecanysiiayFa )XeTKUTiKTi. by kepceTkim
KyHeHiH Tek exi jgeHreini cybkenictikre (|0) »xaue 1)) sKyMbIc icTeyin
KaMTaMachl3 €Till, KBAaHTTHIK aKMapaTThIH YXOFaphl SHEPTETHKAIBIK KyHiepre
aFbIN KeTy BIKTUMAJIBUTBIFBIH OapbhIHIIa a3aitansl 5, 5-0.; 12, 1-6.].

AnbpiHFaH TPaQUKTIK )KOHE CaHIBIK HOTHIKEJIEP COHFBI JKbUIJApIarsl
(2025-2026 xx.) [13, 14] xoenHe kmaccukanblk [1, 11] skcmepuMeHTaIIBI
MOJIIMETTEpPMEH CallaJIbIK dpPi CAHJIBIK TYPFBIIAH >KOFapbl CONKECTIK KOPCETE/].
By >xaliT 93ipiaeHreH caHIBIK MOJENbBJIH JAdJMITT MEH CEHIMIITITIH TOJBIK
pacTaipl J)KoHe OHBI OTaHJBIK KBAaHTTHIK 3epTXaHanapja YHNTep/li Kaauopiey
YIIiH KOJIaHyFa MYMKIHIIK Oeperi.

KopbITbIHABI

3epTTey KYMBICHI IIEHOEpiH/IE Ka3ipri 3aMaHFbl KBAHTTHIK €CEITeyill
TEXHUKaJIAPJBIH €H MEepPCHEeKTUBAJIBl )KOHE JKETEKIIl MiIaTdopMantapblHbIH
6ipi OOJBII TaOBIIATEIH ACKBIH OTKI3TIII TPAHCMOH KYOWTTEpPiHIH CHEKTPIIK
CHUIaTTaMallapbl MEH SHEprus JCHIeHIEepiHiH KYpPbhIIBIMBIHA KEHICHIl CaH/bIK
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MOJICNIBJICY MEH TEOPHUSUIBIK TaJiay >Kypriziimi. JKyMmeic OapbIChIHA allbIHFaH
HETI3r1 HOTIIKEIICP MEH FBUIBIMH TYKBIPBIMIAP KEJIECl TapMaKTap/ia JKUHAKTAJIFaH:

1. Mamemamuxanvix mooenv men aneopummuiy muimoiniei: ChI3bIKTBI eMEC
JIxo3edcoH TyilicyiHIH KOCHHYCOUIAIBIBI TOTCHI[MAIBIMEH TOJBIKTHIPBLUIFaH
ACKBIH OTKI3TIIII KOHTYP/IbIH KBAHTTHIK TaMHJIFTOHUAHBI [IIEKTI OJIIIIeM/Ti JJUCKPETTI
3apsaaThIK 0aszucte (n € [—10,10]) corri kKypbuiasl. MATLAB Garnmapiamaribik
OpTachlHJa TaMUJIBTOHHAH ONEPATOPBIH MATPULAJIBIK IHATOHAIAY ®JIici
(KaHOHJIBIK e1g anropuTMi) HeriziHze craioHapisl LpeuHrep TeHeyiH )KoFapbl
JOIIIKICH IENTyAiH OHIMJI CaH/IBIK aITOPUTMI XKY3€Tre achlpbUIIBL.

2. 3apsiomoeix wysLioan Kopaanyowl Hezizoey: JIo3eCOH SHEPTHsICH MEH
3apsiTay SHEPTUSCHIHBIH PTYPJIl MapaMETPIIiK KaThIHACTAPBIHIA KyOUTTiH
QJIFAlIKBI TOPT dHeprus AeHreitinin (Ey, E, E5, E3) CBIPTKBI BIFBICY 3apsijIbIHA (ng)
TOYEIILTIK CIIEKTpIIepi abIH bl CaHIIBIK CUMYJISIIIUS HOTHIKEIICPl KOPCETKEH ICH,
E—é = 1 pexuMiHJe JCHrelIep KYIITI CHHYCOUJANIbI JUCIICPCHSIFA Ue OOJIBIIL,
CBIPTKBI IIYBUIFA JKOFapbl ce3iMTanabiK kepcerce (Cyper 1), HaFbI3 TPAaHCMOH
pemuMme(, =50 ) oTKCH/IE JICHT CilJIep TOJIBIFBIMEH TETiCTEJIIl, MIiHCI3 apalieib
Ty3y chi3biKTapra aitHanansl (Cyper 2). Byl TpaHCMOH apXHTEKTYpaChIHBIH
KOpIIAaFaH OPTaHbIH 3apsIITHIK (IyKTyalMsuIapblH 9KCIIOHEHIIUAI bl TypAe Oaca
QJIATBIHBIFBIH HAKTBI AJICIICHII.

3.Cnexmpanix napamempiep MeH bIMbIPALACMBIKMbL AUKLIHOAY: —
KaThIHACKIHBIH 1-neH 80-re JciiHri apajblKTa ©3repy CepliHiH ecenTey
0apbICHIHIA XKYHCHIH a0COITIOTTIK aHTAPMOHHSICHIHBIH (@) I9PEKET1 3aHIBLUIBIKIICH
aicipey 3aHABUIBIFBI aHBIKTAIAbl (Cyper 3). HakTel MoHIEpAl Tajgay
KOpCETKEH e, XalblKapaJblK 3TAJOHIBIK MapaMeTplicp KaraalblHa
(Ec = 0.28ITwu, E; = 14.0I'Tu) KyOUTTIH HETi3ri KYMBICIIBI aybICy >KHLIIr
fo1 = 5.274 I'T'y, an exiHmi JAeHred xuitiri fi, = 4.981 I'T' mamaceiH Kypar,
a0COJIOTTIK aHTapMOHHMS Iamachl o ~ —293 MI'n nen ecenrenai. byn moH
JKYHEHIH €Ki JIeHTeiIl )KYMBICIIBI CYOKEHICTITIH HAKThI aJpecalusiiayra
JKOHE KOFAPFBI SHEPIeTHKANIBIK KYHIepre KBAaHTTHIK aKIMAPATTThIH MIAIIBIPAY
BIKTUMAJIIBUTBIFBIH A TAPIIBIKTal TOMCHICTYT€ MYMKIHIIK Oepe/ti.

4. Toocipubenix manbl30bl1bl2bl: AJBIHFaH CaHABIK MOJIEIIbCY IpaduKTepi
MCH CIIEKTPJIIK IapaMmeTpiiep COHFBI xbuimapaarbl (2025-2026 »xok.) jKeTeKIi
XaJIBIKAPAIBIK YKCICPUMCHTAIIBI FHUIBIMH MAJIIMETTCPMCH JKOFApPhI IJIIIKIICH
colikec keneai. TypFpI3bUTFaH alITOPUTMJIEP MCH €CENITEY MOICIbACPI KBAHTTHIK
IIporieccopiIapAblH MUKpOCXeMajlapblH OTaHABIK 3epTXaHalap/a jxobanayna,
KyOuT mapamerpiepin (E; xone Ec) OHTaibl TaHay/Aa KoHEe GacKapyubl
MHUKPOTOJIKBIH/IBI UMITYJIECTEP/II KaTHOpIIeyIe MPAKTUKAIBIK KOMEKIII Kypa
peTiH/Ie MalaananyFa yChIHBUIAIBI.
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AHAJIM3 CHEKTPAJIbBHBIX XAPAKTEPUCTHUK
U CTPYKTYPbI SHEPTETUYECKHUX YPOBHEM
KYBUTOB B TPAHCMOHHOM PEKUME

B cmamve paccmampusaemcs npobiema wucieHHo20 MOOeIUPOBaHUsL
IHEP2EMUULECKO20 CHEKMPA U CNEKMPALbHBIX XAPAKMEPUCIIUK 00OHO20 U3
Hauboee nepCneKMuUBHbLX OA308bIX IIEMEHNOE COBPEMEHHBIX KEAHNOBbIX
BLIUUCTUMETLHBIX CUCTEM — MPAHCMOHHBIX CBEPXNPOBOOSIUYUX KYOUMOB.
Ananusupytomes:  puzuyeckue u  meopemuueckue OCHOBbL 6blCOKOLL
VCMOUYUSOCMU  MPAHCMOHHOU — APXUMEKMYPbL K OUIICKMPULECKUM
Grykmyayusm u wymy 3apsoa 8 oKpydcaroueil cpeoe no CpaeHeHUIo
€ KIACCUHECKUM SIUWUKOM KVYNEepOo8CKoll napvl. B pamkax pabomwl
pazpabomana mMamemamuyeckas Mooeib NOCMpOoeHUs. ONepamopHo20
2aMUTLMOHUANHA KYOUMA 6 KOHEYHOMEPHOM OUCKPEMHOM 3apsio080M
basuce, a makdice pearu308an AI2OPUMM OUACOHANUZAYUL MAMPULDL
6 npocpammuoul cpeoe MATLAB 011 uucnenno2o pewienus CmayuoHapHoeo
vpaenenust Llpéouncepa. Ilpu mooeruposanuu 6 rauwecmee Oaszuca
UCNONb308ANUCH He CIVHAUHbIE GEIUYUHbL, d DPedbHble IMATOHHbIE
oxcnepumenmanvioie napavempol (E.= 0.28 I'Ty u E,= 14.0 ITy),
NPUBHAHHBLE  «30J0MbIM  CHIAHOAPMOMY 6 KBAHMOBOU JJeKMPOHUKE,
umo 0Oecneyusalo NoaHoe COOMBEMCmeue CUCmeMbl MPAHCMOHHOMY
pesicumy. B pezynomame uwucienno2o mooenuposanusi Oviiu nOCmMpoeHsl
KpUBble  3a68UCUMOCTU  NEPEbIX YEemblpex IHEP2emuyeckKux YpoeHell
Kyouma om NpuiodcenHO20 6BHeWHe20 3apsiod cmewenus. Ananus
NONYYEHHBIX CHEKMPO8 NOKA3AL, YMO 6 MPAHCMOHHOM — Pedlcume
oucnepcusi 3apsaoa IKCHOHEHYUATIbHO NOOABISLEMCsl, d YPOSHU NOTHOCbIO
CeNANCUBAIOMCSL (NPEBPAUATOMCSL 8 NPSIMYIO JUHUIO), YO O0OBCHSIEem
BbICOKYIO KO2EPEHMHOCMb CUCHEMbl NO OMHOWEHUI0 K Oedasuposke.
Kpome mozco, 6vin10 usyueno yenyoieHue KOCUHYCHOZO NOMEHYUAA
Kyouma ¢ yeeiuyeHuem OmHOUleHUs. ;—’ u, Kak ciedcmeue, 0CiabieHue
abconomuoii anzapmoruunocmu (a) no cmenernnomy saxkony. C noMoubio
YUCTIEHHO20 MOOEUPOBAHUSL ObLIO YCMAHOBIEHO, YMO OCHOBHASL YACIOMA
nepexooa Kyouma 8 mouxe n= 0 (onmumanvHas mouxka) cocmaensem
fm,} ~ 5.27 I'Ty, a wvacmoma credyiouezo ypoeHs ffm} =~ 4.98 I'Ty, npu
IMOM abCONIOMHOE 3HAYEHUE AH2APMOHUYHOCIU DbLIO PACCYUMAHO KAK
%Z -290 MT'y. Dmo 3nauenue nOIHOCMbIO O3B0 MOYHO AOPECcO8amy
08YXyposHesoe pabouee NOONPOCMPAHCIEO CUCHIEMbL U NPEOOMBPAUANb
VMEUKY KGAHMOBOU UHDOPMAYULU 8 BbICOKOIHEPSEMUUECKUE COCTNOSHUSL.
Co30anHvle 8 Xx00e UCCIeO08AHUA YUCTEHHbIE MOOenu U aleoPUmMmbl
npeocmasienbl Kak Npakmuyeckuli UHCMpPYMeHm Oas KAalubposKu u
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ANALYSIS OF SPECTRAL CHARACTERISTICS
AND ENERGY LEVELS STRUCTURE
OF QUBITS IN THE TRANSMON MODE

The article deals with the numerical modeling problem of the energy
spectrum and spectral characteristics of one of the most promising
basic elements of modern quantum computing systems - transmon
superconducting qubits. The physical and theoretical foundations of
the highly resistant transmon architecture to dielectric fluctuations and
charge noise in the environment compared to the classical Cooper box
are analyzed. In the framework of the work, a mathematical model of the
construction of the operator Hamiltonian qubit in a finite-dimensional
discrete charge basis was developed, as well as an algorithm of
diagonalization of the matrix was implemented in the MATLAB software
environment for the numerical solution of the stationary Schrodinger
equation. During modeling, rather than using arbitrary values, the
simulation was based on actual reference experimental parameters
(E.= 0.28 GHz and E = 14.0 GHz), recognized as the “gold standard”
in quantum electronics, ensuring full compliance of the system with the
transmon regime. As a result of the numerical modeling, the dependence
curves of the first four energy levels of the qubit on the applied external
displacement charge were constructed. The analysis of the obtained
spectra showed that in the transmon regime, the dispersion of the charge
is exponentially suppressed, and the levels are completely smoothed
(turned into a straight line), which explains the high coherence of the
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system in relation to dephasing. In addition, the deepening of the cosine
potential of the qubit with an increase in the ratio 5 and, as a result,
the weakening of the absolute anharmonicity (o) accggfding to the power
law was studied. With the help of numerical modeling, it was established
that the main frequency of the qubit transition at the poin t n=>~0 (the
optimal point) is fm” ~ 5.27 GHz, and the frequency of the next level is
f{ 13~ 4.98 GHz, while the absolute value of anharmonicity was calculated
as % ~ -290 MHz. This value fully allows you to accurately address the
two-level working subspace of the system and prevent the leakage of
quantum information into high-energy states. Numerical models and
algorithms created during the research are presented as a practical tool
for calibration and selection of optimal parameters of superconducting
quantum processors in domestic laboratories.

Keywords: superconducting qubit, transmon, Josephson transition,
charge dispersion, diagonalization matrix, anharmonicity.
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STEM-BASED INQUIRY MODEL FOR TEACHING
THE CONCEPT OF PRESSURE

This study evaluates the effectiveness of a STEM-based inquiry model
(STEM-P Inquiry Model) in teaching the “Pressure” unit in 7th-grade
physics. The aim of the research is to determine the impact of the proposed
model on students’ conceptual understanding of pressure, academic
achievement, learning motivation, and inquiry skills. The novelty of the
study lies in the development of a structured pedagogical model that
integrates STEM and inquiry-based learning approaches specifically for
teaching a targeted physical concept, and its experimental validation.
The research was conducted using a quasi-experimental design involving
44 students, divided into an experimental group (n = 20) and a control
group (n = 24). The experimental group was taught using the STEM-P
model, while the control group received traditional instruction. The
results showed that the experimental group demonstrated significantly
higher academic achievement compared to the control group (p < 0.05),
with a large effect size (d = 0.82). In addition, students’ conceptual
understanding improved, misconceptions decreased significantly, and
both learning motivation and inquiry skills showed notable development.
The proportion of misconceptions in the experimental group decreased
from 35 % to 10 %, and 78 % of students reached an independent level
in performing inquiry tasks. The findings confirm that the STEM-P model
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is an effective pedagogical tool for teaching complex concepts in physics
and can be successfully implemented in school practice to enhance
students’ scientific understanding and inquiry competencies.

Keywords: physics education, pressure concept, STEM learning,
inquiry learning, STEM-P model, learning motivation, inquiry skills.

Introduction

The primary priority of modern global education is not only the acquisition
of theoretical knowledge but also the development of students’ scientific thinking,
inquiry skills, and their ability to apply knowledge to solve real-world problems.
In this context, the STEM (Science, Technology, Engineering, and Mathematics)
educational paradigm is increasingly recognized as an effective approach for
modernizing the learning process and fostering students’ functional literacy and
interdisciplinary competencies.

Physics serves as a foundational discipline within STEM education, as it not
only explains the fundamental laws of nature but also bridges theory and practice.
Through learning physics, students engage in experimental investigations, data
analysis, and engineering problem-solving, which contribute to the development
of critical thinking skills [ 1]. Recent empirical studies and meta-analytical reviews
demonstrate that STEM-based approaches significantly improve students’ academic
achievement and enhance their interest in science disciplines [2; 3; 4; 5; 6].
In particular, the integration of engineering design elements into classroom
instruction promotes systems thinking and enables students to solve complex
problems more effectively [4; 6; 7]. Furthermore, the interdisciplinary nature
of STEM education and its integration with engineering design methodologies
enhance students’ cognitive engagement and support their ability to reason about
abstract concepts and address complex challenges [8; 9; 10].

However, a review of the scientific and pedagogical literature indicates that
most existing studies focus primarily on the general impact of STEM education
on learning outcomes, while insufficient attention has been given to its role in
developing conceptual understanding of specific physics topics. One such topic
is the concept of pressure in 7th-grade physics, which remains challenging for
many students. Research shows that students often associate pressure solely with
force, neglecting its dependence on the area of contact, and struggle to correctly
explain how pressure changes under different conditions [11; 12; 13]. These
misconceptions hinder a deep understanding of physical phenomena.

This issue can be attributed to the lack of structured pedagogical models
that systematically integrate STEM and inquiry-based learning approaches with
specific subject content. To address this gap, there is a need to develop specialized
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instructional models focused on facilitating the understanding of particular
physical concepts.

Therefore, the aim of this study is to develop a STEM-based inquiry model
(STEM-P Inquiry Model) for teaching the concept of pressure to 7th-grade students
and to evaluate its effectiveness in practice. The study examines the impact of the
proposed model on students’ conceptual understanding, academic achievement,
learning motivation, and inquiry skills. Ultimately, this research seeks to provide
effective strategies for enhancing students’ scientific literacy.

Materials and methods

The study was conducted using a quasi-experimental research design. This
design is widely applied in educational settings to evaluate the effectiveness of
pedagogical interventions, particularly when random assignment of participants is
not feasible, allowing for the analysis of changes in learning outcomes [ 14; 15; 16].

The research was carried out among 7th-grade students at School-Lyceum No.
53 in Astana, Kazakhstan. A total of 44 students participated in the study and were
divided into two groups: an experimental group (Grade 7A, n = 20) and a control
group (Grade 7A’, n = 24). The participants were aged between 12 and 13 years.

In the experimental group, instruction was organized using a STEM-based
inquiry model (STEM-P Inquiry Model), while the control group received
traditional instruction. The learning outcomes of both groups were compared using
pre-test and post-test measurements. The independent variable of the study was
the teaching method (STEM-P inquiry model vs. traditional instruction), while
the dependent variables included students’ conceptual understanding, academic
achievement, learning motivation, and inquiry skills.

This research design enabled a comprehensive evaluation of the effectiveness
of the proposed pedagogical intervention in a real educational context. The overall
structure of the study and the logic of the analysis are presented in Scheme 1.
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Experimental group Control group
{7 Y
Initial control Initial control

{ i

STEM-P research model

Traditional teaching

0 v

Final observation Final observation

Y v

Analysis of Variation

Scheme | — General structure of the study

In accordance with the purpose of the study, one main and several additional
hypotheses were formulated to comprehensively evaluate the effectiveness of the
STEM-P-based inquiry model. The main hypothesis is aimed at assessing the effect
of the model on students’ level of conceptual understanding, while the additional
hypotheses are intended to determine its impact on academic achievement,
motivation, and inquiry skills.

Main hypothesis:

1. Students taught through the STEM-P inquiry model will have a statistically
higher level of conceptual understanding of the concept of pressure compared to
students in the control group taught using traditional methods.

Additional hypotheses:

2. The STEM-P model has a statistically significant effect on increasing
students’ academic achievement in the topic of pressure.

3. The STEM-P model contributes to reducing students’ misconceptions
related to the concept of pressure.

4. STEM-based instruction increases students’ interest in physics and their
learning motivation.

5. The STEM-P model has a positive effect on the development of students’
inquiry and experimental skills.

The STEM-P model proposed in this study is based on the integration of the
educational concept with the inquiry-based learning approach. Although existing
models (for example, the SE model) are aimed at developing students’ scientific
skills, they do not systematically consider the conceptual understanding of specific
subject content, especially concepts in physics [17; 18; 19].
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In this regard, the proposed model was developed as a structured pedagogical
approach aimed at specific subject content and focused on deep understanding of
the concept of pressure.

The model consists of the following interconnected stages:

— presentation of a problem situation;

— formulation of a hypothesis;

— experimental investigation;

— development of an engineering solution;

— analysis of results and drawing conclusions.

These stages are aimed at the comprehensive development of students’
scientific thinking, inquiry activity, and engineering skills.

In the experimental group, the teaching of the concept of pressure was
organized based on this STEM-P inquiry model. Below is an excerpt from a lesson
on the topic “Pressure” in the 7th-grade physics course.

Stage 1: Presentation of a problem situation.

At this stage, students were given a problem task based on a real-life situation.
For example, explaining the effect of pressure on different surfaces: “Why does
a tank not sink in sand, while a light car may sink?”” Students proposed various
answers based on their own experience. At this stage, students’ cognitive interest
is increased and they strive to master the new topic (such tasks correspond to
Hypothesis 4 and contribute to increasing learning motivation).

Stage 2: Formulation of a hypothesis.

At this stage, students propose their assumptions regarding the given problem,
which contributes to the development of their scientific thinking and inquiry skills
(in accordance with Hypothesis 5). For example: “Pressure depends on force”,
“Pressure depends on weight”, “Pressure may depend on the contact area”. Students
attempted to justify their ideas and demonstrated reasoning skills.

Stage 3: Experimental investigation.

Students were given practical tasks to determine the dependence of pressure
on force and area. For example, placing the same object on different surfaces (edge
and flat side of a book), observing pressure using a syringe or a plastic bottle, etc.
As a result, students experimentally determined that pressure increases as area
decreases and decreases as area increases. Such tasks are aimed at deepening
conceptual understanding and eliminating misconceptions (in accordance with
Hypotheses 1 and 3).

Stage 4: Development of an engineering solution.

Students performed practical tasks based on the obtained results. For example:
“Design a model of a vehicle that does not sink in sand.” Students created models
by increasing the contact area, while some constructed simple hydraulic devices
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using syringes. This stage contributed to the development of engineering thinking
and practical skills (in accordance with Hypotheses 2 and 5).

Stage 5: Analysis of results and conclusion.

Students analyzed the experimental results and drew scientific conclusions.
For example, they proved that pressure is directly proportional to force and
inversely proportional to area, compared their initial hypotheses, refined them, and
reached a scientific understanding. This contributed to deepening their conceptual
understanding (in accordance with Hypothesis 1).

During the instruction, practical work, engineering tasks, and digital resources
(simulations) were used. This allowed students to apply theoretical knowledge
in practice.

During the study, several measurement tools were used to comprehensively
evaluate students’ learning outcomes:

Conceptual test — included the physical meaning of pressure, the relationship
between force and area, and applications of pressure.

Academic achievement test — consisted of theoretical questions and problem-
solving tasks.

Motivation questionnaire — based on a 5-point Likert scale to determine
students’ interest and learning motivation.

Inquiry skills assessment rubric — aimed at evaluating hypothesis formulation,
conducting experiments, data analysis, and drawing conclusions.

The applied instruments made it possible to comprehensively assess students’
learning outcomes and ensured a multidimensional evaluation of their conceptual
understanding, academic achievement, motivation, and inquiry skills. Test tasks
were evaluated on a 100-point scale. The effectiveness and content validity of
the instruments were verified through expert evaluation by subject teachers and
methodological specialists.

The study was organized in three main stages: diagnostic, intervention, and
final stages.

1. Diagnostic stage.

At this stage, conceptual and academic tests were conducted to determine
students’ initial level of knowledge. In addition, a motivation questionnaire was
administered. The results made it possible to compare the baseline indicators of
the experimental and control groups.

2. Intervention stage.

In this stage, the experimental group was taught using the STEM-P
model, while the control group was taught using traditional methods. Problem
tasks, practical activities, engineering projects, and digital simulations were
systematically implemented. The duration of the intervention was 6 weeks, during
which the “Pressure” unit was fully taught.
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3. Final stage.

After the intervention, conceptual and academic tests were administered
again. In addition, a motivation questionnaire was conducted and inquiry skills
were assessed. This allowed comparison of the results between the experimental
and control groups.

All stages of the study were systematically implemented, and the collected
data were prepared for further statistical analysis.

Quantitative statistical methods were used to analyze the data. Independent
samples t-tests were used to determine differences between groups, and paired
samples t-tests were used to assess within-group changes.

To account for initial differences identified in the pre-test results, analysis
of covariance was conducted, where pre-test scores were included as a covariate.
This method made it possible to evaluate group differences independently of the
intervention effect and to determine the actual impact of the teaching method.

Appropriate statistical indicators were determined to test the research
hypotheses. Academic achievement and conceptual understanding were assessed
by comparing pre-test and post-test results. Changes in misconceptions were
determined using percentage indicators, while learning motivation was analyzed
based on the mean values of questionnaire results.

The level of statistical significance was set at p < 0.05. Effect size was
calculated to determine the practical significance of the teaching method.

Thus, the applied statistical methods made it possible to comprehensively test
the research hypotheses and to evaluate the effectiveness of the STEM-P model
in the educational process.

Results and discussion

Results and Their Analysis

The analysis of the research data made it possible to comprehensively evaluate
the effectiveness of the proposed STEM-P model in the educational process.
The results were analyzed according to the applied measurement tools in terms
of academic achievement, conceptual understanding, learning motivation, and
inquiry skills.

According to the results of the independent samples t-test, a statistically
significant difference (t=2.21, p=0.03) was identified between the experimental
group (M = 52.4, SD = 6.8) and the control group (M = 49.1, SD = 7.1). This
indicates that the groups were not fully equivalent at the baseline level. Therefore,
to refine the interpretation of the intervention results, an analysis of covariance
was applied, taking into account the initial differences.

After the intervention, the mean score of the experimental group increased
significantly to 78.6 points, while in the control group it reached only 62.3 points.
The results of the paired samples t-test demonstrated that the post-test scores of
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the experimental group were statistically significantly higher than the pre-test
scores (p <0.05). In addition, the results of the covariance analysis showed that the
effect of the teaching method was highly significant (p <0.001), indicating that the
effectiveness of the STEM-P model was independent of the students’ initial level.

The effect size calculated to evaluate the practical significance of the teaching
method (d = 0.82) confirmed the high level of effectiveness of this model and its
decisive role in improving academic achievement.

The effect size (d) was calculated as follows:

dif ference in post — test scores
" pooled standard deviation

The coefficient d is a statistical indicator that characterizes the magnitude of
the effect between two groups.

Table 1 — Pre-test and Post-test Results of Experimental and Control Groups

Group Number of | Pre-test Post-test | Change
students MySD) | MySD)
Experimental group 20 524y6.8 | 78.6y8.1 | +26.2
Control group 24 49.1y7.1 | 623y7.5 | +13.2
Note: M — mean, SD — standard deviation. Test scores were assessed on a 100-point scale

As shown in Table 1, the increase in learning outcomes in the experimental
group was +26.2 points, whereas in the control group it was +13.2 points.

The initial and final test results of the two groups are presented in the form
of a bar graph (Figure 1).
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70 623
00 5244,
50
40
30
20
10
0

H experimental group

Ball

control group

Initial test Final test
Figure 1 — Initial and final test results
of the experimental and control groups
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The pre-test and post-test results of both groups are presented in a bar chart
(Figure 1). The diagram clearly shows that the increase in the experimental group
is higher compared to the control group. Thus, the obtained results confirm the
main (H1) and the second additional (H2) hypotheses of the study.

Conceptual Understanding

Students’ conceptual understanding of the concept of pressure was assessed
using a specialized conceptual test. The test tasks were aimed at determining
students’ understanding of the physical meaning of pressure, the relationship
between force and area, and the laws governing changes in pressure under different
conditions.

The pre-test results showed that both groups had similar conceptual
misconceptions. In particular, most students associated pressure only with force
and did not consider its dependence on the contact area. In addition, difficulties
were observed in explaining how pressure changes when the same force is applied
to different areas.

After the intervention, the results showed a significant improvement in the
level of conceptual understanding in the experimental group. Specifically, the
proportion of misconceptions related to the concept of pressure decreased from
approximately 35 % to 10 %. This indicates that students began to correctly
understand the dependence of pressure on force and area.

Although some positive changes were observed in the control group, the
reduction in misconceptions was significantly lower (from approximately 33 %
to 22 %) (Figure 2). This indicates that traditional teaching methods are limited
in developing deep conceptual understanding.
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35 33
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Figure 2 — Changing misconceptions about
the concept of pressure
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As shown in Figure 2, the level of misconceptions in the experimental group
decreased significantly compared to the control group. The main reason for this
improvement can be explained by the features of the STEM-P inquiry model. In
particular, students independently identified the relationship between force and
area through experimental activities and drew scientific conclusions based on
data analysis. This enabled them to understand abstract concepts through concrete
experience [4; 8].

Thus, the obtained results indicate that the STEM-P model effectively
contributes to the deep and conscious understanding of the concept of pressure
and confirm the third hypothesis of the study.

Learning Motivation

Students’ interest in the subject and learning motivation were assessed
using a questionnaire based on a 5-point Likert scale. The questionnaire included
indicators such as interest in lessons, participation, willingness to complete
tasks, and overall attitude toward the subject. The pre-test results showed that the
motivation levels of the experimental and control groups were similar. The mean
score in the experimental group was M = 3.1, while in the control group it was M
=3.0. After the intervention, a significant increase in motivation was observed in
the experimental group. The mean score increased to M =4.2, indicating a higher
level of interest, engagement, and willingness to complete tasks. In contrast, the
control group showed only a slight increase (from M = 3.0 to M = 3.3), indicating
that traditional teaching methods had a limited effect on students’ motivation.

5 42
< 4 3,1 30 33
23 B experimental
E 2 group
A 1 control group
0

Primary learning Final reading
motivation motivation
Figure 3 — Comparison of learning motivation levels in experimental
and control groups before and after the intervention

Statistical analysis confirmed that the changes in the experimental group
were significant (p < 0.05). As shown in Figure 3, the motivation level in the
experimental group increased significantly, while the change in the control group
remained minimal. Thus, the results confirm the fourth hypothesis.
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Inquiry Skills

Students’ inquiry skills were assessed using a rubric that included criteria
such as hypothesis formulation, conducting experiments, data analysis, and
drawing conclusions.

The pre-test results indicated that the level of inquiry skills in both groups was
low to moderate. Many students experienced difficulties in formulating hypotheses
and analyzing experimental results.

After the intervention, a significant improvement in inquiry skills was
observed in the experimental group. Approximately 78 % of students were able
to independently perform tasks related to hypothesis formulation, conducting
experiments, and analyzing results. In addition, students were able to draw
scientific conclusions based on experimental data.

In contrast, this indicator remained significantly lower in the control group
(approximately 42 %). Most students relied on predefined models and showed
difficulties in data analysis.

This difference can be explained by the systematic organization of inquiry
activities within the STEM-P model, which includes stages of hypothesis
formulation, experimentation, and data analysis.

90 73

80 H experimental group

70 control group
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Basic research Final research
skills (%) skills(%)
Figure 4 — Level of development of students’ research skills

As shown in Figure 4, the level of inquiry skill development in the
experimental group was significantly higher than in the control group. Thus, the
results confirm the fifth hypothesis.

General Discussion

The results of the study showed that the STEM-based inquiry model
(STEM-P Inquiry Model) has a positive effect on students’ academic achievement,
conceptual understanding, learning motivation, and inquiry skills. These findings
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are consistent with existing research demonstrating the effectiveness of STEM
education and inquiry-based learning approaches.

First, the results related to academic achievement showed a significant
increase in the experimental group. This confirms that the STEM approach allows
students not only to acquire knowledge but also to apply it in practice [6]. In
addition, project-based STEM learning contributes to deeper understanding in
physics [4].

Second, the improvement in conceptual understanding is one of the key
advantages of the STEM approach. The significant reduction in misconceptions in
the experimental group supports findings that STEM and inquiry-based learning
promote deeper understanding. Meta-analytical studies show that STEM models
incorporating inquiry elements demonstrate the highest effectiveness [20].

Third, the increase in learning motivation is another important outcome of
STEM-based instruction. Research shows that STEM education enhances students’
interest and motivation. Meta-analytical studies confirm that STEM instruction
positively affects both motivation and academic achievement [7].

Fourth, the development of inquiry skills is one of the most significant
outcomes of the STEM-P model. Studies show that STEM approaches have
a strong impact on the development of scientific inquiry skills. Meta-analysis
results indicate that STEM-based learning positively influences not only academic
outcomes but also higher-order thinking and scientific skills [20].

Overall, the results indicate that integrating STEM and inquiry-based
approaches enhances students’ cognitive engagement and promotes deep and
meaningful learning. This further confirms the importance of the interdisciplinary
and practical nature of STEM education.

At the same time, the novelty of this study lies in the application of the STEM
approach as a structured model aimed at teaching a specific physics concept
(pressure). While many studies consider STEM as a general approach, this study
links it directly to subject-specific content and focuses on the development of
conceptual understanding.

Conclusion

In this study, the effectiveness of a STEM-based inquiry model (STEM-P
Inquiry Model) in teaching the “Pressure” unit in the 7th-grade physics course was
experimentally evaluated. The research results showed that the proposed model has
a positive effect on students’ academic achievement, conceptual understanding,
learning motivation, and inquiry skills.

The results of academic achievement demonstrated a significant increase in
the experimental group. In addition, the conceptual analysis revealed a reduction
in students’ misconceptions related to the concept of pressure. This confirms that
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the STEM-P model is effective in promoting a deep understanding of scientific
concepts.

The findings also showed an increase in students’ learning motivation and
their interest in the subject. Furthermore, a significant improvement in inquiry skills
was observed in the experimental group. This indicates that the STEM approach
enhances students’ cognitive engagement by making the learning process more
active and practice-oriented.

Thus, the STEM-P inquiry model can be considered an effective pedagogical
tool in teaching physics. The implementation of the proposed model in general
secondary schools can contribute to improving students’ scientific understanding
and developing their inquiry abilities.

From a practical perspective, the following recommendations should be
considered for the effective implementation of the model:

— first, STEM tasks should be prepared and tested in advance before the
lesson,;

— second, tasks should be purposefully integrated into different stages of the
lesson (problem situation, experimental activity, engineering project);

— third, the use of accessible and simple materials should be ensured to
promote students’ active participation.

However, the study has certain limitations. The research was conducted
within a limited sample (44 students) in a single school and over a short period
(6 weeks). In addition, the effectiveness of STEM education may depend on the
instructional context. Therefore, future research is recommended to be conducted
in diverse educational settings and over longer periods.
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byn 3epmmey oicymvicbinoa 7-ColHbin  OKYWLLIAPLIHA — QuU3UKA
noHinen «Kvicotmy mapayvin oxvimyoa STEM Hezizoeneen sepmmeyuinix
modenvoiy  (STEM-P  Inquiry Model) muimoiniei  b6azananovl.
3epmmeyoiny makcamvl — YCoIHbLIZAH MOOETbOIH OKYULbLIAPObIH KbLCbIM
YebIMbIH  KOHYenmyaioblk myCiHyiHe, aKaO0eMusiiblK —JiCemicmicine,
OKYy MOMUBAYUSACHIHA JICOHE 3EPMMEYINIK  0a20blIapblHa  9CEPIH
anvikmay.  3epmmeyoe  STEM — owcone — sepmmeywiinik — OKblmy
mocinoepin  Oipikmipemin, HaKmol QU3UKAILIK yebiMObl MeHeepyee
bazblmmanzan  nedazocuKaiblK MOOeNbOly  93IPIeHYI  JCOHE  OHbIH
IKCHEPUMEHMMIK mypablOan mekcepinyi 6oavin mabwvliadvl. 3epmmey
K8A3U-9KCNePUMEHMMIK OU3AUH He2I3IHOe JICypi3inol. 3epmmeyee dHcannol
canvl 44 oxywnl Kamvicmol. 3epmey nomudicenepi IKCHEPUMEHMMIK
MONMulY OKY JHcemicmici CmamucmuKaibli mypaubloan Ho2apulideaHbli
(p < 0.05) orcoHe MoOenvOi KondaH2aHOazvl ocep MOauepi Hcosapbl
Oeneetioe  6oramoinvin  (d = 0.82) repcemmi. Comuvimen Kamap,
OKYUBLIAPObIY  KOHYEnmyanioblk mMyciHy Oeneeui dcakcapvin, Kame
MYCIHIKMePI a3aibin, OKY MOMUBAYUSLCLMEH 3EPMMey UK 0a20bliapOoblH
damywt 6atikanovl. Byn nomuoicenep STEM-P mooenininy ¢husuxa noninoeei
Kypoeii yebimM0apobl MeHeepmyoe muimMoi nedazo2uxkaiblk Kypal eKeHiH
pacmaiiovl. 3epmmey 06apbicbiHOa KCHEPUMEHMMIK Monmazvl Kame
mycinikmepoiy yreci 35 %-0an 10 %-2a Oetlin aumapavikmai memenoen,
oxyubLIapobly 78 %-vl 3epmmeyiiniK manculpmaiapovl 03 beminuie
opuiHOay Oeneetiie dicemmi. KopolmulHObLIAL KeTie, YCbIHbLI2AH MOOeNbOl
MeKkmen moxcipudecinoe Koaioany oKyubLIapObll 2bLIbIMU My CIHIKMePiH
mepenoemyae JHcoHe 0NaApOblY 3ePMmeyuiniK Kabiemmepin oamvimyead
MYMKIHOIK Oepedi.

Kinmmi ceszoep: qusuxa 0inimi, xvicoim yavimvl, STEM oxbimy,
sepmmeywinix  okoimy, STEM-P  modeni, 0Ky momusayuscel,
3epmmeywinix 0azobl.
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B Odanmnom uccredosanuu  6viia  oyerena  3ppexmueHocmo
uccredosamenvckou  moodenu, ocuosannou na STEM  (STEM-P
Inquiry Model), npu obyuenuu paszoeny «/lasnenue» 6 Kypce @uszuxu
7 kaacca. Llenv uccredosanus — onpedenums GiusHue npeodiodCeHHOU
MoOOenu HA  KOHYENnmyaabHoe HNOHUMAHUE — VYAUWUMUCS — NOMSAMUSL
0aBNeHUsl, UX AKAOEMUUECKYIO YCNeBAeMOCHb, YUeOHYI0 MOMUBAYUIO U
uccredosamenvbckue Hasviku. B pabome npedcmasiena pazpabomka
neoazoeuueckou mooenu, unmezpupyrowett STEM u uccredosamenvcruti
N00X00, HANPABICHHOU HA YCB0EHUE KOHKPEMHO20 PU3ULECKO20 NOHAMIUS,
a maxoice ee IKCnepUMenmanvHas npogepka. Mcciedosanue npogoounocs
Ha OCHOBE KBAUIKCNEPUMEHMATbHO20 Ou3alina. B uccredosanuu
npunsau yuacmue 44 yuwawuxcs. Pesyromamol noxasanu, umo yyeouvie
00CMUdICEHUsL IKCNEPUMEHMANLHOU SPYNNbl CIAMUCHUYECKU 3HAYUMO
nogvicunucy (p < 0.05), a eenuuuna sQpgpexma npumenenus mooenu
okazanace gvicokoul (d = 0.82). Kpome moeco, nabarooanocs yiyuuienue
VPOBHSL KOHYENMYaIbHO20 NOHUMAHUSL YHAWUXCSL, CHUIICCHUE KOIUYeCmad
OWUDOUHBIX NPeOCmasienutl, a Mmakdice pocm Y4eOHOU MOmusayuu u
paseumue UCCIO08AMENbCKUX  HABbIKOS. [lonyuennvie pe3ynvmamoi
noomeepoicoaiom, umo moodeib STEM-P  sensemcs 3¢exmusHbim
nedazocuteckum UHCIMPYMEHMOM Npu OOVHEHUU CILONCHLIM NOHAMUAM
6 Qusuxe. B xo0e uccreoosanusi 00151 owuOOUHBIX NPeOCmMasicHull 8
9KCHEPUMEHMANbHOU 2pynne cHu3uaacs ¢ 35 % 0o 10 %, a 78 % yuawguxcs
docmuenu yposHs CamMOCmOSMeNbHO20 BbINOTHEHUSL UCCIe008AMENbCKUX
3a0anuil. B 3axnouenue ciedyem ommemums, 4mo GHeOpeHue OAHHOU
MOOeNU 8 WKOAbHYIO NPAKMUKY CROCODCMEYem YeayOieHulo HAYUHO2O0
NOHUMAHUS YYAUUXCS U PAZGUIMUIO UX UCCTIEO08AMENbCKUX CHOCOOHOCMEIL.

Kniouesvie cnosa: ¢puzuueckoe obpasosanue, nousmue O0AGICHUS,
STEM-o6yuenue, uccredosamenvckoe obyuenue, mooens STEM-P,
VUeOHAs MOMUBAYUSL, UCCICO08AMENBCKUE HABLIKU.
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BOJIALIAK M¥FANIMAEPLIH 3EPTTEY
K¥3IPETTINIIIHIH AEHMENIH
AAKbIHOAY KPUTEPUATIEPI

byeinei manoa, 6orawar nedazoemepoiy 3epmmey 0a20blIAPbIHbIH
damywl Oyeinei KyHHiY e3exmi mocenepiniy 0ipi. Byn makanaoa sepmmey
KY3bIpemminicin 0amulmyod 3epmmey mancolpmaiapoli YublMOACmolpy
JICOHe OONAWAK MAMEMAMUKA MY2aliMOepiHeH 3epmmey O0a20bLIAPbIH
anvikmayea — bazeimmanean.  Mamemamuka — nouinde — 3epmmey
Ky3blpemminicin — yuslMoacmolpyoa:  KOSHUMUGMIK,  peqeKCUSMIK,
ic-opexemmix, — MOMGAYUSIBLIK — CUSKMbL  KpUMepUuiliep  apKblivl
cunammanovl. TexHOM02UsbIK, NOHOIK 0a20bLIAPObL MEH2ePYOe HCACAHObL
UHmMeLIeKm  KypanoapulH  KOJLOAHBLIbIN, —3epmmeyiMizoeH, 0o1auak
mamemamura my2animoepoiy 40,3 % Kypaowl, ocviOan 6inimeepiepoin
3epmmey  Kysvlpemminiei MeH ~KAmMap —mMexHOIOSUSIbIK — KaObliem
Kansinmacysl mooicipubemizee oy ocepin 6epoi. ¥ colnbiiean JcymblCmoly
makcamol,  Oonawax — nedazoemapobly — 3epmmey  Ky3vlpemminiein
oamvlmy mypiepiH meopusiiblk, mypaoloa maioay, 6oiauiax 3epmmeyuti
neoazoemepoiy 3epmmey JHcailivl OLIMOEPIHIY OeHeelliH CcayalHama
apKbLIbL  AUKbLIHOAY JICOoHe O0Napobly 3epmmey 0az0bLIapblH  OaMbLIY
OOUbIHWA apHAaTibl 3epmmey MANCLIPMALaApbl YCoIHLLIbIN, HOMUNICENPIH
MANKbLIAHObL. Tancvipmanapovl  opviHOay OApPwICIHOA  HCACAHObL
UHMELIeKM KYypanoapsl KOAOAHbLIbIN, OLnimeepiepOiy noHOIK OLliMIMEH
KOCd, — MAmMeMAamuKkanielk — manculpmaniapobl — wiewyoe — dcacanobl
unmenieKmiy 6epeen aHblKMamanapin 03 Oeminue mydxNcolpblm JHcacal
any Kabvliemi 3epmmey JHCYyMbICHIMbIZObIH MUIMOILINIZIH KOpcemmi.
Convimen kamap, TPACK moOeni s2Hu  MEXHONO2UANBIK — JICOHE
neoazocuKablK OatiblHObIK MYpaibl WOLY Hcacaiovl. bizoiy nikipimiswe,
9p nNedazo2mvlH 3epmmey opeKeminiy 0amy Oeneeliepi OHblH OLNim bepyde
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KOCIOU ocyi MeH MOMUBAYUSILIK 0a20blCbl MEH HCACAHObL UHMEILIeKMI
0ambl2an YaKblmma OHbl Kamap nauoaiany OLimeepoiy mexHoI02UsLIbIK,
uUKemOLiciH apmmulpadbl 0en CaHauMbl3.

Kinmmi cez0ep: sepmmey Ky3vipemminiei, 3epmmey KOMROHeHmMmepi,
3epmmey mancoipmanapel, mamemamura myaanimoepi, Track.

Kipicne

bimim Typainsr 2022-2024xbu1rs! xonaaybinaa Kacsiv->Komapt Kemenyitst
TokaeB «byrinri Tanaa OiniM Oepy 3amaH TanaOblHa caif COHBIH ilIiHIE eHOeK
HapBIFBIHAFBI CypaHbICKa cail 00aybl kepek. bimimrepiiep Tek TEOPHSIIBIK
OlTiIMMEH ILIEKTeJIMEeH, OHBI TPaKTHKaa KoJJaHa alybl KakeT» [1] nemiHrew,
onaii 6oJjica Goariak MyFaliMHIH KociOM MaMaH OOJIBII KaJlbITacyblHa OyTriHri
TaHJa YKOOAIBIK OKBITY 9/ICTEPIH KOJaHYMEH Karap 3epTTey KY3bIPeTTUIIriH
JaMbITy MaHb3bl. Cebebl MaMaH peTiHJie TeK OlTiMre OarbITTayIIbl POJIiH FaHa
eMec, 03 cajlachlH/a FhUIBIMU-3EPTTEY JKYMBICTBI )KYPIi3€TiH, 3epTTEY OPEKEeTTiH
OPBIHAAWTBIH KOHE AKMapaTThIK TEXHOJOTHsIIAP/bl KOJJIaHa alybl MIHAETTI
IapTTap/bH Oipi.

Orangslk negaroruka 3eprreyiepinge 1. T. Taybaesa. «OKbITYyABIH
Oencenal daicTepi, COHBIH 1IIIHJE XKOOAIBIK OKBITY, OOJjallak MyFaJiMHIH
3epTTEYIILTIK OPEKETIH KAJIBIITACTBIPY/IBIH THIM/II TOCLITI» €M TYKBIPBIMIAH b1
[2]. An A.E. ©O6inkaceiMoBa «MateMaTiKa MyFaIiMiH Jasipiiayna KOJKEeTIMIl
MeJJaroruKajiblK TEXHOJOTUsIAp/Ibl KOJIaHy OHBIH KOCiOM KY3BIPETTUIIriH
apTTBIPATHIH HETi3ri TajanTapAbiH Oipi» aen cunarraiasl [3]. A, K. XKanneiticoa
OitiM Oepy TPOIIECiHC 3aMaHayH MeIarOrHKaIbIK TeXHOIOTHSIIAPIbl KOJIIaHy
OlmiMrepIiep iy 3epPTTEYLIUIIK OCICEHAUTITIH apTThIPyFa BIKIIAA CTETIHIH aTaIl
oreni [4].

binim Gepyne acipece, Ooyalak MaTeMaTHKa MYFaJTIMICPIHIH MOHIIK
KY3BIPETTUIINT MEH TEXHOJOTHUSUIBIK KaOUIETIH JIaMbITY bl KapacThIpa OTBIPBIIL,
Kasipri Ke3/1eri 03bIK 9pi KapKbIHJIbI JaMbIT xkaTKaH Mojenaepain 0ipi TRACK-
Ti 3epTTeyiMi3zieH cumarTaiiMbi3. byn yreimasl Matteio Kemnep men [ynbs
Mutipa 2006 xbuts 3epTTeyniepine eHrisret [5]. Track Moneninaeri MyramiMHiH
MeJIaroruKaJIbIKk Ma3MYHJBIK OlTiMiHEeH, OKbITY djictepiner llynpMaHHBIH
3eprreynepinge 6ap. A, [lupcon, MyFamiMIep i Ma3MyH/IbIK OLTIMIH JaMbITa
OTBIPBII, TEXHOJIOTUSHBI €HTi3y/i ycbiHFaH. OChllaH “TEeXHOJIOTHSUIBIK Oinim”™
TYKBIPBIMBI KAJIBINITACTHI [ 5]. Bonamak MaMaHHBIH K9CiOM MaMaH peTiHJe OPHBIFY
YIIiH, aJiIbIMEeH 3epPTTey KY3BIPETTUIIr YFhIMbIHA OipHelIe 3epTTeyIiIepaiH
mikipyiepine Tokrancak. E.B.IllumikuHa, MaTreMaTHka MyFaTiMICpPiHIH 3epPTTCY
KY3BIPETTUIINH OKY TaHBIMJBIK MPOIIECTIK dPEKETIHAC KapacTeipca [6], ai
JI. B. bepcenoBa Ooimkam jxacay, aHBIKTay JKOHE HOTHIKENepJi Tajinay
Ke3eHIepiHEeH Ky3bIpETTUIIK Mojenin ycbiHFaH [7]. CoOHFBI 3epTTeysepaeH
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OalikaraHbIMBI3JIal, OUTIM Oepyje 'koHe MyFalliMzaepai Jaspsiay/a: xodara
HETI3/IeTIreH OKBITY MEH TEXHOJIOTHSUIBIK JKOHE ITeAarornKaIbIK JAHbIH/BIK SFHU
Technological Pedagogical Content Knowledge (TPACK), 3eprrey kadinerrepi
CHSKTBI OetiMep Oesiek 3epTTelliHIeH, ajlaii/ia, 0Jap/Ibl KacaH bl HHTEIUICKTIICH
Koca OoJialiak MyFagiMIep/IiH 3epTTey KaOiIeTi oIl TOMBIK 3epTTeamercH. Ochl
TYpFBIIaH, Oi3/1iH 3epPTTEYyiMi3/iec OChI MOCEIICHI allFa TapThIN, OChl OAFBITTAFBI
3epTTey JKYPri3y MaHbI3]Ibl 9pi ©3€KTi JIeN CaHaHMBbI3.

Matepuannap MeH aaicrepi

3epTey )KYMBICBIMBI3/Ia TeopHsuIbIK Heri3i petinae TRACK TyxbIpbiMaamMackiH
angpIK, ce0edi OoyaniaKk MaMaHHBIH MOHIIK, MEAaroruKaiblK, TEXHOIOTHSIIBIK,
Oinimaepin OipiKTipil, TEXHOJOTUSI PETIHJIE XKacaHJbl MHTEIIEKT Kypasiaaphbl
KOJITAHBLIIIBL. 3epTTeyiMi3 3 Ke3eHHEH TYp/blL:

1.6uniMrepepaiH 0acTanksl OUTIMIH JUarHOCTHKAIAy (cayaiHama)

MyranimiepaiH 3epTTey Ky3bIpeTTUIINHIH AeHIeiiH aHbIKTaJIFaH COH,KeJeci
Ke3eHJIe apHalbl 3epTTey TalcChlpMalapbl JalbIHIAIIbI )KOHE OSKCIEPTTEpCH
OHJIEJIII KYPBUI/IBI.

2.biniMrepiniepre apHaiibl 93ipJIeHIeH 3€PTTEY TalChIPMaJIapbIH YCHIH/BIK.
3epTTey TancepMaiapbl OKy TPaeKOTOPUSCHIHBIHBIH HET131H/Ie KYPbUILIBL.

3. KopBITBIHBI )KOHE aJJIBIHFBI HOTHXKEJIEPIH capanTaMaliblK Tajjay/aH
OTKI3IIK.

MaremaTiKaibK OUTIMAI OKBITYZA XKY3€re acslpy YIIIH 9pTyplli Kyienep
6ap. Conazpy 6ipi, meTenaik 3eprreyiri Mupa sxoHe T.0 FaIbIMAap YChIHFaH:
TEXHOJIOTHSUIBIK, NeAarorukaislik, Ma3MmyHabsl 0iiMm (TPACK) moneni. byn
MOJIeIIb TYPi OLT1iM Oepy TEXHOJIOTHSICHIH 3ePTTEY/Ie, TEOPHSUIBIK 3ePTTEYyIepAiH
TYKBIPBIM/IaMaChIH HETi3/1ey/IeH I1aiiia 00JI bl )KoHE MbIHA YIII HETi3r'l caiajiapiaH
TYPaThIHBIH aHBIKTAJI/IbI:

Ocpl yi OaiinaneicTap/iaH xaHa OuTiM maiia 6onaapl:

e TIIB TeXHOMOTUAIBIK I1€AArOTUKAIBLIK O1IiM

 [IIIb mexarorukaiblK MOHIIK OLTIM

e TIIB TeXHOMOTUSIBIK IIOHIIK O1IIIM
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/ Ma3MyHAbIK 6iniMm \
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\ Meparorukanbik- /
\ Ma3sMyHAbIK /
Ginim
N (PCK) 7
\ \KOHTeKCT (opTa, )Karnaﬁ)/ /
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1-cyper — TPACK KypbUIBIMBI %OHE OHBIH O171iM KOMITOHEHTTEPI
(Mishra & Koehler 3eptreyi, 2006 >xbu1 HeriziHze,
https://www.tpack.org/2020 caiiTbiHaH
JKBUTBI 15 aKMmaHbIHAA KOJI KETKI31II1)

Byn Moxenbai maiganaHy YIIH OKBITY MPOICCIHE KaHa MYMKIHIIKTEP.I
eHrizyimi3z Kaxert eteni. Cebebi oCchbl MYMKIHIIKTEP apKbIIbI OOIAIIaK
MYFaJTiM/IEpAiH TEXHOJIOTHSTHBIH MaHbI3AbIIBIFBIH TYCIHY YILIH 8YPTYPIIi IOCTYPI
eMec JKaHa FhIIBIMH dJIICTEp/i 13/ieyre Heri3 00J1a/Ibl AeT caHalMBbI3.

Track moneini — MyFaiMHIH ©3 MOHIH Oyl MEH Katap OHbI Kalail OKBITY
KEpPEeKTITiH OIpIKTepiH OKBITY TPAaCKTOPHUSCHI. AJaiifa, TeXHOJIOTHs OapIbIK
MOCeJIeHI IIelle aIMaii/bl, COHABIKTaH OHbI KalllaH )KoHE HE YIIIiH KOJIaHATHIHBIH
Iypbic Oimy kepek [8].

Conppiktan MaTeMatika cabarbiaga AKT TeXHOIOTHSIapbIH HHTET PALUsIIaY
YIIiH ajJfbIMCH, MEJIaroruka, TEXHOIOT s, OUTIM Ma3MYHBIH Ca0aKTaCThIPHII
JKYMBIC iCTeyl KaXeT JIen cumarTaiael. 3eprreyiepiae, Track momenin
naiIanaHblII ic ToXIpUOe e, MbIcasibl, meTeN K FaibiM Kiraggilar [9] Mmatematika
Myraiimzaepi 6inim Oepyae GeoGebra »acaH/pl HHTEIJICKT NaiijaiaHraHaa
OipmiaMa KHBIHABIKTAp KE3ACCTIpreH jer, an Apesano-Jlyapre 3eprreyiHue:
OiTiMrepIIep TEXHOJIOTUSIHBIH KYIITI dKaKTapblH TYCIHII OHBI XKY3€Te achIpa ajajibl,
JETCHMEH OJIap MYFaiMACPIiH dPTYPJIi TEXHOJIOTHsIAP bl KOJITaHa ajJaThIHBIHA
CCHIMCI3MIKTEPiH OUTAIPAL AeT TYKbIpbiMaaiabl [10].
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TEXHOJIOMUANDbIK-NEAATOrMKAJbIK-MA3MYHAbIK BUIM
(TPACK) XXACAHAbl MHTENJEKT MNEH BIPIKKEH

= ~
— = NorusnbIK-Neaarori ~ <
7~ Ma3MyHAbIK 6inim ~
7 (TPACK) ~

TexHonorusnbIk,
Ginim

(TK)

TexHonoruanbiK-
neAarorukanblk
6inim
(TPK)

TexHonorusnbIK-
Ma3MyHAbIK
Ginim
(TCK)

JKacaHgbi
WUHTEe/IeKT

(A)

Meparorukansik,
6inim
(PK)

MasmyHabIK
6inim
(CK)

Meparorukanbik-
Ma3MyHAbIK
6inim
(PCK)

= __ KOHTEKCT (OPTA, XXAFLLAW)  —~ -
~ e

XKACAHAbI MHTEJUIEKTTIH, (Al) HETI3r KOJIQAY OYHKUWAJIAPDI

Jlepexxeanep meH MasmyHab! Kypy, PepekTepai eHaey, KekeneHgpipinren LWewim KaGbinaayas!
aKnapatTel ispey ;’ Tanceipma xaHe .ll Tanaay xaHe ul Kepi 6aiinabic Konpay xaHe
KaHe Tannay % wmarepuan asipney Bu3yanusauusnay XaHe Konpay pednekcun

s N
KOJAAHY AfiICbl |

Ca6ak xocnapnay, OKbITy npowecit xo6anay, 3epTTey Xypriay, 6aranay, ACPEKTEpre HeriaaenreH wewim Kasnaay,
pedrnekcmsi XoHe Kacion aamy. ‘
\7 _

2-cypet — TPACK+AI (xacanapl HHTEIIEKT)

TRACK moaeningeri >kxacaujbl HHTEJUIEKT KYpaJbIHIA: MYFaliMHIH
MeIarOruKaIbIK-Ma3MYH/IBIK OUTIMIH MpakTHKa JKY31H/I€ JKacaHbl WHTEIIEKT
KypasiapbIMeH MIeliM KaObUIaay/Ibl, Kepi OaililaHbIC ity Ibl, HOTIIKEIEPIl TaIaay,
BU3yaJM3alsIay JKacay CHAKThI MIiHIETTEPMEH CHIIATTaJIa/Ibl.

3epTTey Ky3ipeTTisiri e3apa OailylaHBICTEI OipHEIIe KOMIOHEHTTEPACH
TypaJibl: MOTUBALMSUIBIK-KYH/IBUIBIK, KOTHUTHBTIK, 8PEKETTIK-0IepaioOHaIbIK
xoHe peduiekcuBTIK-0aranay. byl KOMIIOHEHTTEp 3epTTey OpeKeTiH THUIMJI1
JKY3€Te achlpy YIIIH KaXeTTi OiNiM, JaFabl )KOHE TYJIFAIBIK KacHeTTep.i
6ipikTipeni. bi3nig 3epTTeyimizne, 3epTTey KY3BIPETTIIIriHEe «KAaThIHAC, 3ePTTEYTE
MOTHBALIUS», HEMECE «FBUIBIMHU KbI3BIFYIIBUIBIKY CUSKThI albIPMAIIbUIBIKTAP b1
i311ey KyienepiHeH OaiKabIK.
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1-kecte — 3epTTey KY3IpeTTUIrHIH KYPBUIBIMABIK KOMIIOHEHTTEP1

Komnonent Typaepi eTeiK 3epTTeyiaepae OraHjabIK 3epTTEyIepae
MoTHBaLUSIIBIK- KaTbIHAC, 3ePTTEYyre FBUIBIMU KBI3BIFYIIBLIBIK,
KYHABUIBIK moTuBanus [11] MOTHBAIUS
KOMIIOHEHTI

Koruutustik MOHJIK OLTiM, 3epTTey TEOPHSIIBIK OLTIM,
KOMIIOHEHT anicHamacsl [ 15] oicHaMabIK Oimim [12]
OpeKeTTiK- 3epTTey AaFablIaphl, MPAKTUKAJIBIK JaFabUIap,
OTIePALIMOHAIIIBIK Macene menry [13] 3epTTey OpeKeTi
KOMITOHEHT

Pedrnexcunrik- pediexcust, ©3iH-031 O31HJIIK Talnay, pedueKcus
Oarayay KOMIIOHEHTI Garanay [14]

MoTHBaIUsIBIK KOMIIOHEHT MYFaJiIMHIH FBUIBIMH-3EPTTEY OpEKeTiHe
KbI3bIFYIIBUIBIKTHI TAHBIM/IBIK JKOHE FHUIBIMH 13/ICHICTICH CUITaTTal1bl. MyFalliMHIH
3epTTey >KYMBIChIHA KaThICYybl KOOIHECe FhUIBIMU KBI3METTIH MaHBI3bIH TYCIHY
JKOHE 3epTTEyTre JACTCH IMKi MOTHBALUAFa OaimaHbICThI Oomasr [11].

KOrHHTHBTIK KOMIOHEHT 3€pPTTEY JKYPTi3yre TEOpHUsIIBIK OiJiM MEH
FBUIBIMH YFBIMJIApJbl MEHTepy. byl KOMIOHEHTTE: 3epTTey dlicTeMeci,
FBUIBIMH 3€PTTEY OAICTEpi KOHE FBIIBIMH aKMapaTThl TalAay JaFablIapbl
OirimMrepe Kamprmracazs [12].

OnepanusuiblK 1C-9PEKETTIK KOMIIOHEHT 3€pTTey dpEKeTiH Taxipudene
JKY3ere acelpy KaOilreTTepiH KaMTuabl. biiMrep MoceseHi aHBIKTaIl, THIIOTE3a
KYPBIN, FBUIBIMH 3KCIIEPUMEHT JKYPTi3in, aJbIHFaH JAEpeKTepli eHJem,
HOTIDKENIEPAl FRUIBIMH TYpPJIe YChIHaabI [13].

PedurekcuBTIK KOMITOHEHT 3epTTEy HOTHIKENEepiH Tajjay, Oaranay >KoHe
FBUIBIMH KOPBITBIHABI Kacay KaOineTin Oinaipeai. MyraiiM e3iHIH 3epTTey
OpEKeTiHe ChIHM KO3KapaclleH Kaparl, FhUUIBIMUA HOTWKeIep i Tanaanast [14].

Merennik 3eprreymmi @upat 2022 5xbpI1IBIH COHBIHAH OacTan OiyiM 6epye
KacaHAbl MHTEJUIEKT Maijna OosiFaHHaH Oepi, maiadaHymIblIap acaHabl
WHTEJUIEKTT] OiniM Oepy jKyHeciHiH 3BOJIONMACHIHA 9KEIyl MYMKIH JKOHE
TIeIarorTap/IbIH POJTIH ©3repTe aja bl Ien caHaiusl [15].

3epTTey JKYMBICBIMBI3/Ia CaHJIBIK JKOHE TAIChIPMAJIBIK Tajlay oAicTepiH
KOJIIaH/BIK. 3epTTeyiMi3 eKi Ke3eH i KaMTBIIBI.
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1. CaHzBIK Ke3eH. (CayarHama)
KaTteicynisuiap: 31 Goamak MaTeMaTHKA MyFamiMIEpi

KOPCETKINITEP: MOTHBAITHAIBIK, TAHBIMIBIK, ic-
SPEKETTIK, pedIeKCHETIK

2. CaHJBIK JIepeKTepi Tanmay.
Kypar: Microsoft Excel

3. 3epTTey TalCHpMAaNaps (KBa3HHIKCIIEPHMEHT)

3-cypet — KBa3udKcriepuMeHT KYPBUTBIMBL

Ne | Feuteimu x00a HeMece MaKasa sKa3blil ust HKOK
KepiHi3 0e? 76,5% 23,5%
1 | MaremaTuka cabarbiH/Ia 3epTTEY
CUNATBIHJAFbI TallChIPMaapabl KOJIJaHy 4,87% 36%

KBI3BIKTEI JIeT OHIaiMBIH

2 | Men 3epTTey )KYMBICHIH OOJNaIIaKk MyFaIiM

. N 3,88% 47.1%
YILIiH MaHbI3/IbI JIeTl CaHAMBIH.
3 | FpuieIMu 3epTT 3BIPETTLIIIN KOCION
PTTS KY3bID 5,9% 50%
JIAMYBIM YIIH MaHbI3/IbI.
4 | JKana nemarorukaiblK Haesaapapl
Ha e/l K HJesuIapb 5.9% 50
3epPTTEyTe KbI3bIFAMBIH.
5 | Mex 3epTT 3BIPETTIIITHIH MAaKCaThl
PTTEY Ky3BIp HMAK 2,9% 38,2%

MEH MIHJICTiH aHBIKTal aJlaMbIH.
4-cyper — CayanmHama KepceTKimrepi

Ocel 3epTTey AW3alHBIH ajFaH ce0e0iMi3, ajdbIHFAaH HOTHIKEICPal
CTAaTHCTHKAJBIK TYPFBIJIAH ayKBIMJABI €TIN KOpceTy emec, OipiHmigeH
HOTIKENEp/li TepPeH TYCIHY YIIiH, CKiHIIJIEH CHUIAaTTaMaJIbIK TasjgayiapaaH
MaTeMaTHKa MYFaTiMJEepiHiH 3epTTey KY3BIPETTUIIrH KalblITacyblHa ITOHJIIK
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YKOHE TEXHOJOTHSUIBIK JIaF/buIapblH KepceTy. 3eprrey 0azacsl - Xericy
o6utbichl, Tanmapikopran Kanacel [.JKaHcyripoB aTbIHIaFbl YHUBECUTETI, KYH/I3T1
oKy OemniMiHiH 2-3 Kypc CTYIEHTTEepl TaHAAJbIHABI. 3epTTey OapbhIChIHIA
cayajgHaMmajJaH OosamaxK MyFadiMAEpAiH 3epTTey Ky3bIPETTUIIriHIH AeHreil
AHBIKTAJIBIIN, OlLTIMrepliep/iH 3epTTey KOMIIOHEHTTEPIHIH KaHaal JieHreiae
aHBIKTay MaKcaThIHJa cayajJHaMaHbIH ikl ceHimainirin Kponsbax anbda
ko3 dunuenTi ecenteni. Tannay HOTHKECIHAC CCHIMAUIIK KO3 PUIMCHTI
o= 0,91 xypazpl. Jlemek, allbIHFaH HOTIIKere CyleHir 013 cayaHaMaHbIH )KOFaphbl
JICHIeli/ie €KEeHIH KOHE aJIbIHFaH HOTIIKEHIH TYpaKThl Je caHaiMbI3.. bonarak
MaremartuKa MyFallimziepiHis 2-3 Kypc OimiMrepiepi 3epTreyre KaTbICThl. JKaib
caHbl - 48. 3epTTey Ky3bIPETTUITIHIH CYypaKTapbl TOPT KOMIIOHEHTTEP/Ii KAMTBIIBI:
MOTHUBALMSIIBIK, KOTHUTHUBTIK, iC 9peKeTTik, peduiekcusrik. Cayannama Likert
mikanacsel (1-5 6amr) Heri3iHae KypbULIbL.

Conpaif-aK exiHmi Ke3eHjae, OlIiMrepiepaeH 3epTTey TarchlpMasiapbl
aJBIH/IbI, KOTHUTHBTIK JICHIeile MaTeMaTHKa ecenTepiH o3 HiemimMaepiMeH
LIEIII, aJI eKIiHIII PET COJI TarChlpMallapAbl HKAaCaH/Ibl HHTEJUIEKT KYpaJJiaphbl:
Geo Gebra, Google Gemini KOJIJaHBUIBII €Ki HOTHIKEIEP CabICTHIPBLIBIIL,
tannanasl. Ockuiaiiiia, Oysl omicTep HOTHIXKEIEP/i TOJIBIKTHIPHIIN, OoJianax
Maremaruka OiniMrepsepiHiH 3epTTey KaOleTiHIH Kajiall )koHe KaH/1ak JeHrenie
KaJIBIITACAThIHBIH aHBIKTAYFa 3ePTTEY KYMBICHIMbI3Fa KoMeKkTecTi. COHJIbIKTaH,
OyJ1 8/1iCIMI3 TOJIBIK IKCIIEPUMEHT eMeC, “KBa3HIKCIIEPUMEHT  TYPiHJIe OTKI3 L.
AJIBIHFaH HOTIDKCICPl OHJICYe: CUIIATTay 9JiCI MEH CaJIBICTBIPY dJici
KOJIJaHBIJIJIBL.

Hoarn:kenep :koHe TAIKBLIAY

3eprTey Kyprizy KesiHae 0i3 aJbIHFaH JIEPEKTEpP/Ii Tainay MaKCaThIHIA
exiakTopiisl qucnepcusuibik Tanaay (ANOVA) kongauasik. Tamaay kepceTkiri
OlmimMrepiepiiy HOTHXKEJIEPIHEeH 3epTTey Ky3BbIPETTUINIHIH KOpCeTKITepinie
Oeurii Oip alibIpMaNIBUIBIKTAP/IBIH Oap eKeHIH KOpCeTTi, anaiiia ANCIEePCUSUIBIK
TaJiay HOTH KeNiepi OOWBIHINA PECTTOHACHTTED apachIHaFbl albIpMAaIIBUTBIKTAp
CTaTUCTHKAJIBIK TYPFBIIaH MaHbI3Ibl JiereH TYXbIpbiMFa kemuik (F = 13,53;
p <0,05). Con cebenri, OimiMrepepais 3epTTey Ky3bIpeTTUIr JeHIeHiHIH opTYpIIi
CKeHIH OuTmipe.

Conpaii-ak, oinimMrepiepzaiy OackiM 0euliri skorapbl 0ajll KepceTKeHi
Gaiikanazapl. Oprama MaHzAep 3,5 meH 5 apajiblFblHIA ©3repli, all 3epTTey
KY3BIPETTLIIrHIH JKaJIIBI ICHIell OpTa KOPCETKILITEH YKOFaphl EKEHIH KOpPCETe .

CryneHTrepre apHaibl TaricbipMaap MeH Oarajay KpuTepuiiiepi KypbUIbII
XKerticy o6ibichl XKeTicy )kOFapbl OKy OpHBIHIAFBI O01J1iM Oepy dKCIIepPTiHEH OTin
TaJJaH/bl. ApHaiibl 931pJeHIeH 3epTTey TalchlpMaliapbl 0oJlallak MaTeMaTnKa
MYFaJiMJEpiHiH 3epTTey NarAblIapblH JaMBITy JKOJAApbIH aiiKbIHIAY
MaKCaTbIH/1a KYPBUIIbL.
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3epTTey KYMBICHI3/IBIH HOTIDKENIEpiH oHueyae [InpcoOHHBIH X1 KBaApaTThl
CTaTHCTHKAJIBIK OHJICY /I aJlJIbIK.

YKanmsl ctynentrep cansl: 37

Xwu-kBagpar craructukace (chi2): 10.1622

p-maHi (p-value): 0.0378

Hormke: CTaTuCTHKAIBIK MaHBI3/Ibl albIpMalIbUIBIK 0ap.

CTyneHTTepIiH 3epTTey Ky3bIPETTUIIr IeHreiiepre OipKelKi TapaiMaraH.

CTaTHCTHKAIBIK OHJACY HOTHIXKEICpiHEH, 0i3/iH 3epTTeyiMiszje,
OlmimMrepiepaid 3epTTey KY3BIPETTIIIriHIH Tapanay AeHreii (TemeH,opTa,
xorapsel) tangansimn, X2=10.16 kepcetkimrin kepcerce, p-maui 0.03 moHiHe
TeH. p < 0.05 GosranabIKTaH, OONAIIaK MaMaHAAP/bIH 3epTTEY KY3bIPETTIIr
JICHI el ailbIpMalIbUIBIK TYPFBIIAH Ke3/IeHCOK eMeC eKeHIH FhUIBIMU TYPFBIIaH
JOIIEN .

3epTTey TarnchlpMaiapbIHbIH CANAIIBIK ICHICHiH: KOTHUTUBTIK, TOXKIPUOCITIK-
3epTTEYIILIIK KOHE TEXHOJIOTHSUIIBIK CUSIKTBI KpUTepuiliepre 0eiiik. Mpicaira,

* KOTHUTHUBTIK JeHrei: Oimimrepnep f(-x)=f(X) QpyHKUMSHBIH KacUETiH
CUMMETPHSUIBI TypAe Oepin KaHa Ko¥Mail, OHbl BU3yaJ/ibl TYpAE CUIaTTaraH
YKOHE €CENTiH MIapThIMEH OalIaHbICTHIPBIIL, JIOTHKAJIBIK TaJAay Oepe anraH. byn
KOpCeTKilI OlTiMrepsIep/iiH MaTeMaTHKAaJIbIK ecenTep/i adCTpakTiiey KaObUIETIHIH
©Cy KOPCETKIIIiH KopeMi3.

* TOXKIPUOEIIK-3ePTTEYIIUTIK ICHI el 3epTTEy TallChIpMaIapblH OPbIHAAY A
y=x"2+4x-3 QyHKIMSHBIH rpadHK dcepine cTyAeHTTep KodaddueHTTep MoHIepiH
@3repTe OTBIPHII, MapaboaHblH KOOpJAUHATANAp JKa3bIKTHIFBIH/AFbl JKATY
HYKTEJIEPiH O3/1irHEH TYXKbIPbIMIAFaH.

3-50UIM; SPEKETTIK BEPTTEY)
Tancipma 5 (werisri)
bepiaren:
y=2'+br+c

Makeat: . o

Hycxayamg: i o RN
e ® 7

e

L L TR

5-cyper — A — CTyACHTIHIH OpPBIHAAFaH KYMBICHI

* TEXHOJIOTHSIBIK JAcHTei. bimimrepriepain TancepMaiapasl )xacayaa
€CeNTi 63 MemiMiMeH MeNin TYXBIPBIM Oepce, eKiHII TYPFBIIaH OHBI
JKaCaH/(bl MHTEIJICKTIICH HOTH)KEHI CaJIbICTBIPA OTBIPBII «MAaFbIHACKI OIpeh,
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«T€3 TYCIHYr¢ KOMEKTECTI» JIEreH CHUSKThI MIKipJICPIHCH KacaHIbl UHTEIUICKT
KYpaJlJJapblH KOTHUTHUBTIK KOMEKIII KypaJl PEeTiHAC KOJJIAHYy JaFIbICHIHBIH
0ap CKCHiH aHBIKTA/IBIK.

B }KOFapbl AeHrel W opTa AeHreid B TeMeH AgHrei

6-cypet — 3epTTey Ky3bIPSTTUIITIHIH Tapanay JIeHreii

HotmxenepieH crTyaeHTTEpIiH 3epTTey Ky3bIPETTUIIrIHIH JeHreinepi
Kelleciziel kepceTKimTep KepcerTi: TeMeH jaeHreine 15 crynent (40,2 %),
opta neHreine 16 cryaeHt (43,2 %) xkoHE KOFaphl JeHrenae 6 CTyJIeHT
(16,3 %) ambikTasael (CypeT 1). AJbIHFaH NallbI3[BIK KOPCETKIIITEP
CTYJIEHTTEP/IiH >KapThIChIHAH acTambl (83,7 %) 3epTTeylIIiK JaFabuIap/abl ol
JIe TOJIBIK MEHIepMETeHIH HEMece TeK opTallla JJeHIel/ie He eKeHIH KopCceTesi.

Kopeitbiaael. KopeIThIHABUTAN Kelle, OLTIMIepiiep IiH MoHIIK, Ma3MYH/IbIK
011iM MEH TEeXHOJIOTHSUIBIK KPUTEPHUIIIEPIH €CKepe OTBIPBIIT apHAbI 93ipJIeHTeH
TarcelpManap 3epTTey JaFAbUIapblH aHBIKTAll KaHa KoWMal, 3epTTeyMisre
OoJainaK MamMaHAapJIbIH Jaspiiayia MaHbI3Abl 9Pl KaXKeTTi TajanTapabiH OipiH
opbiHIayFa acepin Oepui. [{HPpAbIK TEXHOIOTUIAPIBI THIMII KOJJIaHYAaH
OlmimMrepiepieH, MaTeMaTHKaJIbIK MIeMiMAep/i 63 HycKajJapbIMeH MIeHIin
KaHa LIEKTeJIMEeW, OHBI JKacaH/(bl MHTEJUIEKT KYpaJiapbIMeH MHTETpalusiIan
TYXXBIPBIM JKacail aiy KaOineriHeH keplik. EH MaHBI3IbI KOPCETKIII 3epTTey
KOMITOHEHTEPiHIH Oipi iC-9OpEKeTTIK )KOHE TEXHOJIOTHSIIBIK JAaFIblIaphl )KOFaphl
OoJsiFaHBIMEH KaTap, 3epTTEYIIUIIK IiC dpeKeT OuTiMrepep/iH KociOn aamybiHa
YKOHE MaTeMaTHUKAJIBIK TallChlpMallap/bl LIy 1€ KaKeT e CaHal Ibl
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B nacmosiwyee epems pazgumue HayuHO-UCCIEO08AMENbCKUX HABBIKOG
¥y 6y0ywux nedazo2o8 A61semcs 00HOU U3 Hauboee AKmyaibHbvIX nPod.IeM
cospemennocmu. Llenvio 0annoli cmamvu S8ISEMCs CUCTIEMAMU3AYUSL

262

uccie008amenbcKux 3a0ai no pazéumuro HAy4Ho-UCCIe008aAMeNbCKou
KOMNEMEHMHOCMU U GbIAGNIEHUE HAYYHO-UCCIO08AMENbCKUX HABLIKOG
oyoywux  yuumeneu mamemamuxu. Ilpu Gopmuposanuu Hayumo-
UCCTIEO0BAMENBCKOL  KOMREMEHMHOCU 8  001acCmu  MameMmamuxu
ObLIU BbLOCTCHLI MaKUe Kpumepuu, KaK KOSHUMUBHBIU, PeqhieKCUusHblll,
NPAKMU4ecKutl U MOmMusayuoHnvlil. Ilpu oceoeHuu mexHoro2uueckux u
NPEOMEMHBIX HABLIKOB UCNONb306ANUCH UHCIPYMEHMbL UCKYCCMEEHHO20
unmeniekma, u Haule uccieoosarue nokasvieaem, umo 40,3 % 6yoyuwux
yuumernell MamemMamuxkyu Ucnov3yiom uncmpymenmol MH 0ns oceoenus
MEXHON0SUMECKUX U NPeOMEmHbIX HABbIKOG, 9MO, 8 CBOI0 ouepedb,
NOLOAHCUMENLHO NOGIUSILO HA HAWL ONbIN PA3GUMUSL UCCICO008AMENbCKOU
KOMNEMEHMHOCMU CIYOeHmMO08 HAPsIOY ¢ MEeXHOIOSUYECKUMU HABLIKAMU.
Lenv npednazaemoti pabomvl — meopemuyecKu NPOAHAIUIUPOBANTDL
opmbl  pazeumusi  UCCIOOBAMENLCKOU  KOMNEMEHMHOCMU  OYOYUUX
neoaec0208, Onpoc no3601UL ONpeoelumv YpPOGeHb 3HAHUL OVOYUuUx
uccreoosameneli-nedazo208 6 0bracmu  HAy4Hou  pabomuvl,  ObLIU
NPeONoANCeHbL KOHKPEmHble UCCIe008AmeNbeKue 3a0adu Ol pa3eumust
UX UCCTIEO08AMENLCKUX HABLIKOG, pe3yibmamyl Obliu obcysicoensl. IIpu
BbINOJIHCHUU 3A0AHUTE UCTIONL30BANUCL UHCTPYMEHMNbL UCKYCCMBEHHO20
UHMeNIeKma, U CHOCOOHOCMb CMYOEHMOE8 CAMOCHOIMENLHO Oelamb
6b1600bI HA OCHOBE ONpeodesiehull, NPeOOCMABICHHbIX UCKYCCHMBEHHbIM
UHMENIEKMOM, 6  OONOJHeHUe K  UX  NPeOMemHbIM — 3HAHUSM,
NnPOOEeMOHCMPUPOBALA dPpekmuenocms Hauezo ucciedosanus. Kpome
moeo, oL nposeder 0630p modenu TPACK, a umenno mexnonocuieckou u
neoazoeuyeckoil nod2omosku. Ilo nawiemy MHeHu0, UCcie008amenbCKas
0esamenbHOCHb Kaxic0020 nedazozd.

Kniouegvie cnosa: nayuno-ucciedosamenvckas KOMNEMeHmHOCb,
KOMNOHEHMbL  HAYYHO-UCCICO08AMENbCKOU  OesIMEeNbHOCIMY, — HAVYHO-
UcciIe008amMenbeKe 3a0a4u, yuumes MamemMamuKy, HanpagieHue.

CRITERIA FOR ASSESSING THE LEVEL OF RESEARCH
COMPETENCE AMONG FUTURE TEACHERS

At present, the development of research skills among future
teachers is one of the most pressing issues of our time. The aim of
this article is to systematise research tasks related to the development
of research competence and to identify the research skills of future
mathematics teachers. In the formation of research competence in the
field of mathematics, criteria such as cognitive, reflective, practical and
motivational were identified. Artificial intelligence tools were utilised
in the acquisition of technological and subject-specific skills, and our
research indicates that 40.3 % of future mathematics teachers use Al
tools to acquire technological and subject-specific skills; this, in turn,
has positively influenced our experience of developing students’ research
competence alongside technological skills. The aim of this study is to
theoretically analyse the forms of research competence development
among future teachers. The survey enabled us to determine the level of
knowledge of future teacher-researchers in the field of scientific work;
specific research tasks were proposed to develop their research skills; the
results were discussed. Artificial intelligence tools were used in carrying
out the tasks, and the students’ ability to draw conclusions independently
based on the definitions provided by the Al

Keywords: research competence, components of research activity,
research tasks, mathematics teachers, field.
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MHOIOYPOBHEBASI MOQEJIb HEINPEPbBIBHOIO
NMPO®ECCUOHAJIBHOIO PA3BUTUA
MPENOAABATEJIEA UH)XXEHEPHOIO BY3A

B cmamve  paccmampusaemcsi  npobmema  opeanuszayuu
HENnpepul8HO20 npoghecCcUOHANIbHO-NEe0a202UYeCcK020 pazeumus
npenodasamereil undceHeprno2o 8ysa. llpedcmasnena mHo2oyposHesas
cucmema, Komopas peanusyemcs 6 TOMCKOM — NOIUMEXHUUECKOM
VHUgepcumeme Ha npomsiceruu 6ojee 20 jem u nOCMOSHHO Pa36UBAEMCA.
Iiasnou ee 0cobeHHOCMbIO AGNAEMCA MO, 4MO OHA  Y4UMbIBAem
oughepenyuposartvle NOMPeOHOCMU PA3IUYHBIX KAMe2OpUll HAYYHO-
nedazocuueckux pabomuukos. s HAuUUHAOWUX npenooasamernei
MHO2O0 JIem peanu306bl6andcy npoepamma «lledazocuueckuti MUHUMYMY,
obecneuusarOwas NepeutHyI0 a0anmayuio U 0az08yl NO020MOBKY K
yuebnotl dessmenvhocmu. Monoovle yuenvle u npenooasameni RPoXoounu
yenybnennylo noo2omosxy no npoepamme «llpenodasamensv evicuieil
wkonvly. s akmusHo pabomaiouux compyoHuKos Ovll pazpaboman
KOMNJEKC —KPAMKOCPOUHBIX KYPCO8 NOGblULeHUs — Keaauurkayuu u
UHHOBAYUOHHASL  MOOYIbHO-HAKONUmenvuas — cucmema. Jlocuueckum
paseumuem OAHHOU CUCTEMbL 8 YCIOBUAX MOOEPHUZAYUU BbICILE2O
00pazo6aHUs. CMana mpexyposHesast MOOYIbHAs CIMPYKMYPA NOBbIULEHUS]
keanupurayuu (Yposuu A, B, C) H06020 noKoIeHUS, OPUCHMUPOBAHHASL
Ha  opmuposanue IKCNEPMHLIX — KOMHEMEHYull  npenooagamernei
6 obnacmu neped0ozo  uHiCeHepHo2o  00pazosanus. Kuouesbim
aemernmom cucmemvl evicmynaem «llacnopm npenooasamens TIIY» —
KAACMEPHAs KOMNEMEHMHOCIMHAS MOO€lb, UHMESPUPYVIOWAdsl NCUXOTI020-
nedazozuieckue, HAY4HO-Uccie0osamenbeKue, Op2anU3AYUOHHO-
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Memoouueckue U YEeHHOCHHO-CMbICI08ble  KOMAEMEeHYul, KOmopas
CIYAHCUM OCHOBOU OJIs MOHUMOPUHSA U NIAHUPOSAHUS UHOUBUOVATbHBIX
mpaexmopuil npoghecCuoHaIbHO20 POCma NPenooasamenicii 6 YCioGusax
MEXHOIO2UECK020 TUOEPCMEA U 2CONOTUMUYECKUX 6bI30608.

Knrouesvle cnosa: noeviuienue Keanugukayuy npenooasameriet,
KOMREeMEHMHOCMHbIL  N00X00, MOOYIbHOe O00YYeHUe, HenpepbleHOe
06pazoeane, MEXHULECKULL 8Y3, MPEXYPOGHEGAsl CUCTEMA.

BBenenne

CoBpeMeHHasi POCCHICKasl CHCTEMa BBICHIEr0 00pa30BaHUs MEPEKHBAET
sTan MacmTabHOW TpaHcpopMmamuu, KOTOopas 3aTparuBaeT HE TOJBKO
COJIEpIKATEIIbHBIC acleKThl 00y4eHHUs, HO U caMy IMapajnurMy OpraHu3aluu
00pa3oBaTeNBHOTO IMpoliecca. DTH U3MEHEHUs] M3HAYaJIbHO OBUIM CBSI3aHbI
C MepexoJIOM Ha KOMIETEHTHOCTHYIO MOJIeNIb 0Oy4YEeHUs], a B MOCIEIHUE TObI
C KapJMHaJIbHOH MepecTPOMKOi BCeil CHCTEMBI BBICIIIEr0 00pa30BaHMsl, IEPEX0JIOM
Ha HOBYI0 00pa3oBaTeNbHYI0 MOJEib, 00YCIOBICHHYIO CTPEMHUTEIbHBIMU
TEXHOJIOTMYECKMMH N3MEHEHUSIMH, BHEITHUMH BBI30BaMU Jutsi Poccnu 1 ciioxkHOM
T'eONOJIMTUIECKON 00CTaHOBKOH.

B aTHX ycnoBusAX mepea TEXHUYECKUMH YHHBEPCHTETAMHU CTOUT
3ajla4ya MOATrOTOBKM MHXXEHEPOB HOBOT'O THIIA — CIEIHMAaIMCTOB, CIIOCOOHBIX
HE TOJIbKO pemarh y3KkonpodeccHoHalbHbIE TEXHUYECKHE 3aJayd, HO U
obmanaromux pa3BuThiMHU «soft skillsy (rHOkMMU HaBBIKAMH): KPUTHYECKUM
MBIIIJICHUEM, KOMMYHUKAaTHBHOH KOMITETEHTHOCTBIO, CIIOCOOHOCTBIO padoTaTh
B MEXIHMCUHUIUTMHAPHBIX KOMaH/AaX, aJalTHPOBAThCS K OBICTPO MEHSIOIIUMCS
YCIIOBUSIM NPO(ECCHOHATIBHOM JISSITENEHOCTH, IPUHUMATh PEIICHNUS B YCIOBUIX
HEONPEACTICHHOCTH M HECTH OTBETCTBEHHOCTDH 3a pe3yJbTaThl CBOEH paboTBhI.
Taxoit moixox Tpedyer nepecMoTpa He TOJIBKO CoJiep KaHusl 00pa3oBaTEIbHBIX
porpamMmm, HO ¥ METOJI0B, (POPM M TEXHOJIOTUH 00YYEHUsI, YTO, B CBOIO O4EPEb,
MPEeBsIBISICT NPUHIUIINAIBHO HOBBIE TPEOOBaHUS K NMPO(ECCHOHAIBHON
KBJM(UKAIMU CaMOTO MPETo/1aBaTes.

CerojHst OT TpemnojiaBatesis TpedyeTcsi He MPOCTO IMepe/iaBaTh 3HAHUS
B Y3KOHAIpaBJICHHON TEXHMYECKOH OOJIACTH, a BHICTYNATh B POJIM THIOTOPA,
Mozeparopa, GacuiuTaTopa, IpOeKTHPOBIIMKA 00pa30BaTEIbHON Cpebl,
CIIOCOOHOTO OpPraHu30BaTh 3P(PCKTHBHOE B3aMMOJICHCTBUE CTYICHTOB
¢ nHpopmanuei, pa3BUBaTh y HUX HaBBIKH CaMOOOYYEHHs, KPUTHYECKOTO
MBIIIJICHUS ¥ TOTOBHOCTH K HENPEPHIBHOMY TPO(ECCHOHAILHOMY Pa3BUTHIO Ha
MIPOTSDKEHNH Beel xu3Hu. [IperoaBaTens g0mkeH ObITh MOOMIIBHBIM, OTKPBITHIM
K MHHOBAIIUAM, BIIAJCTh COBPEMCHHBIMU MEIarOTMYCCKHMU TEXHOJIOTHIMHU
U yMETh MHTETPUPOBATH MX B Ipollecc 00ydeHUs, (GOPMHUPYS y CTYICHTOB
HE TOJBKO MPOQecCHOHAIbHbIE KOMIIETEHIINH, HO U JIMYHOCTHBIC KayecTBa,
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HEOOXOAMMBIE JUIS YCIIEITHOM padOTHI B YCJIOBUSIX COBPEMEHHOTO PhIHKA TPYAa
U reonoauTuieckux peanuit [10].

OpHako mporece aganTtaiy NpernoaaBareyeil K HOBbIM POJISIM IPOUCXOAUT
HEPAaBHOMEPHO M CTAJKHUBAETCS C PSIJOM OOBEKTHBHBIX TPYIHOCTEH.
TpaaunuonHast cucteMa MOBBIIICHUS KBaJU(DUKAIMK, KaK NPaBHIIO, SBIISETCS
JMCKPETHOW (OJMH pa3 B ISTH JIET) M HE BCErJa YUYHUTBHIBACT CTPEMUTEIbHBIC
H3MEHEHHsI B 00pa3oBaTeIbHBIX TEXHOJOTHIX M MeTojaosioruu. Kpome Ttoro,
TeIaroruueckoe Coo0IIECTBO TEXHUYECKUX BY30B HEOJHOPOIHO: CYIIECTBYIOT
HayMHAIOUIMe NpernojaBareyn 0e3 0a30BOI MeJaroruyeckoil MmoAroToBKH,
OIIBITHBIE IIPEIMETHHKHI», YbH METOJIUYECCKUE MOJXOJbl MOTYT TpeOOBaTh
OOHOBJICHHS, U MOJIOJbIC HCCIEI0BATENIH, COBMELIAIONINE HAYUYHYIO U
MPENnoaAaBaTe/IbCKy0 AesSTeabHOCTh. Kaxkaas U3 3TUX TPy HyKJIaeTcs B
cneuuduueckux (opmarax U CoJACpKaHUM O0y4EHUs, YTO JejaeT npobiemy
CO3J1aHMsI THOKOW W MHOTOYPOBHEBOH CHCTEMBI MOBBIIICHUS KBaTH(HUKaLUU
0CO0CHHO aKTyanbHOM [4; 5].

Ilenbto nanHO#l paboThl ABIseTCs 0000MIEHHE ONMBITA MOCTPOCHUS
U QYyHKIMOHMPOBAHUS MHOTOYPOBHEBOW CHUCTEMBI HENPEPBIBHOTO
pohecCHOHATIBHO-TIEIArOrMYECKOT0 Pa3BUTHS IperoaBaresei B HarponansHom
uccienosareabckoM Tomckom mosnurexHuueckom yuusepcurere (TITY) u
IIpeicTaBieHrue e€ IBOJIIOIMU B BHIE TPEXYPOBHEBOH MOJIYJIBHON CTPYKTYPBI,
OTBEUAlOlIel aKTyalbHBIM BBI30BaM HMHXXEHEPHOro oOpaszoBaHusi. B padore
AQHAJIU3UPYIOTCS KIHOYEBBIC IEMEHTHI 3TOM CHUCTEMBI, €€ METOA0JI0rHuecKas
OCHOBA, a TAK)KE IPAKTHYECKHE PE3yJIbTaThl BHEAPEHHMS JUIsl Pa3/IMYHBIX KATErOPHUi
Hay4HO-IIeJJarorM4eCcKuX pabOTHUKOB HHKEHEPHOT'O BY3a.

MeToabl 1 MaTepUAJIbI

MHoroypoBHeBasi cucteMa Npo(heCCHOHATLHOTO Pa3BUTHSI IPETIO/IaBATEIICH.
B otBet Ha BbI30BHI BpeMeHu B Havyasie 2000x romos B TITY Obuta pa3paboTana u
BHEJ[peHa MHOTOYPOBHEBasi CHCTEMa IOBBIILICHHS KBAIM(HKAIMK [IPETIoiaBaTeiei,
OCHOBaHHas Ha NPUHIMINAX HENPEepBIBHOCTH, AU((EepeHHanu 1 TPaKTHKO-
opueHTHpoBaHHOCTH. OHa CTana NepBOHAYaIbHONW OCHOBOM AJISI OCIIETYIOLIETO
pa3BuTHs ¥ (POPMHUPOBAHUSI COBPEMEHHBIX IIPOrPaMM IOJI'OTOBKH ITpero/iaBareiei,
peanu3yeMbIX B YHUBEPCHUTETE CerojHs. B oCHOBY cucTeMbl MOJO0XKEHA
KOMIIETEHTHOCTHAsI MOJIEJIb IIperoiaBaTelis, 3aMKCUpOBaHHas B JIOKYMEHTE
«ITacnopt npenonasarenst TITY», noxkymenraabuo odopmiiensoro B 2010 r.
[3]. JlaHHBII HOKYMEHT MPEACTABISICT COOOM JCTaTU3UPOBAHHBINA IEPEYCHb
PO(eCCHOHAIBHO-IE/IArOrMYECKMX KOMITETEHIINH, HEOOXOIMMBIX JUIs 3K THBHON
paboThI B YCIIOBUSIX pean3aliii 00pa3oBaTeIbHBIX POrPaMM HOBOT'O ITOKOJICHHS
(®I'OC 3++). ITacnopt ObUT pa3pabOTaH C IEIBIO PeaATU3aIMU KOMIICTCHTHOCTHOTO
MOJAX0Ja K OLEHKE M Pa3sBUTHIO IEJarorndyeckoro npogeccuoHaimmzma
npenonasareneil Bysa B TIIY. Ero TpeboBanus npemycMaTpuBaliu pa3BUThIC
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CIIOCOOHOCTH ITpenoaBareiisi K (OpMHPOBAHUIO JTMYHOCTHO-OPUEHTHPOBAHHOM
00pazoBaTeNbHON Cpebl C IPUOPUTETOM CaMOCTOSITEILHOW MO3HABATEILHON
JESITEJIBHOCTU CTYACHTOB, K OpPraHU3alliu MPOEKTHOM M HCCIIeJ0BATEIBCKOM
padoThI CTYJICHTOB, K IIPOEKTUPOBAHUIO 00pa30BaTENLHBIX POrPAMM U MOJTYJICH
(IMCUMIUINH), K OIIPE/ICNICHUIO [eIed U TUIAHUPOBAHUIO PE3yJIbTaTOB 00yUYEHUS,
K IIPUMEHEHHUIO0 OOBEKTUBHBIX METOJIOB U CPEJCTB JJIsi KOHTPOJS M OLIEHKU
JOCTHIKEHHUSI CTYACHTaMU PE3yJIbTaTOB OOYYEHHUS U Iejeld 00pa3oBaTeIbHbIX
nporpamm u jp. [3].

CaMooOlleHKa YpOBHS NEJaroruyeckoi AesiTeIbHOCTH B COOTBETCTBUU
c e€ coJepXKaHUEM U PEe3yJbTaTUBHOCTHIO IMPOBOAMIACH IO pe3ylbTaTaM
TIPe/IBApUTEIILHOTO aHKETUPOBAHMS U SIBJISIIIACH HEOOXOIMMBIM ATAIlOM JABHYKEHHUS
B HAllpaBJICHHUH IOBBIIICHUS CTENEHH Y(PPEKTUBHOCTH NPOPECCHOHAIBHOMN
JeATeNIbHOCTH. DKCIEpTHasl OLIEHKa MOIJIa ObITh OpraHM30BaHa IO 3alpocy U
OCYILECTBIISIACH COTJIACHO 3a/laHHBIM KPUTEpUsIM U HHAuKaTopam [13].

Pe3ynbraThl OLleHHBaHUS CTENEHU CHOPMHUPOBAHHOCTH KOMIIETEHIUI
nperojiaBareseil sIBIsJINCh OCHOBAHUEM ISl OINpEaeNIeHUus croco0oB U
HAaIpaBJICHUH MOBBIICHNUS [1€/1ar0rYeCcKOi KBTU(UKAIINH, YTO, B CBOIO OUEPE/b,
aKTYaJIU3UPOBAJIO 3a7ady ONTHMHU3AIMU BY30BCKON CHCTEMBI MOBBIIICHUS
KBJIM(UKAIIMH [1€/1ar OTHYECKUX KaJPOB.

CTpyKTypa nepBOHA4YalIbHOM CHCTEMBl HEHNPEPHIBHOIO Pa3BUTUSA
npertogasareneid TITY Bkirovana B cedst TP OCHOBHBIX YPOBHS1, COOTBETCTBYFOIINX
CTaXy M ONBITY MEJAaroruueckoi JesTeNbHOCTH coTpyanuka [1; 4; 5]. Jlannas
TpEeXypOBHEBasi CHCTEMa BIIOCJIEACTBHH cTajia 0a30i Juis pa3paOOTKH U BHEAPEHHS
aKTyaJIbHBIX IIPOrpaMM IOATOTOBKU INpernojaBaTesiel, afalTHPOBAHHBIX MO/
COBpeMeHHbIe TpeOoBaHusl — YpoBeHb A, Yposenb B u Yposens C.

IlepBbIil ypoBeHb: MOATOTOBKA HAYMHAIOLINX IpenojaBarenei. Jns Bcex
IpernojiaBaTesieil, BepBble NPUCTYNAIOMUX K 1eJaroTH4ecKoi 1esTeIbHOCTH B
YHUBEpCHTETE, 00513aTEIIbHBIM OBLIO IPOXOKIAEHHE ITporpaMmal «Ilenarormyeckuii
MUHUMYM». OCHOBHas L1eJIb IPOrpaMMBbI — aIaNTUPOBATh MOJIOAOT0 CIIEIIUATUCTA
(4acTO MMEIOILET0 TOIBKO TEXHIYECKOe 00pa3oBaHKe) K HOBBIM YCIIOBHSIM PadOTHI,
MM03HAKOMUTh C HOPMAaTHBHO-IIPABOBOH 0a30if, OCHOBaMHU IeJaroru4eckon
TICUXOJIOT MU, METOAMKOM IJIAHUPOBAHUS M NPOBE/ICHHS yueOHBIX 3aHATHH. B
pamkax «llemarormueckoro MHHUMYMay CIyIIaTeld pa3padaThiBalid IUIAHBI
MEPBBIX MPAKTHYECKUX/Ta00PaTOPHBIX 3aHATHH, 3HAKOMWINCH C CUCTEMOMN
OpraHH3ali CAaMOCTOSITENIBHOM padOThI CTYIEHTOB. JIaHHbIH 3Tall IT03BOJISUI CHSITh
NIepBOHAYAIbHBIE TICHXOJIOTHYECKHE U METOJMYeCKrue Oapbepbl M 3aKiia/bIBall
OCHOBY JUIs TAJIbHEHIIIEr0 podecCHoHANBHOTO pocta [5; 6; 7]. Briociencteuu
Ha 0a3e 3TOi cTymneHU Obuta pasdpaborana mporpamma «lllkoma momomoro
npeniogasarens (YpoBeHb A)», YUUTHIBAIOIash COBPEMEHHbIE TPEOOBaHUS K
MOJIrOTOBKE HAUMHAIOIUX ME1aroros.
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Bropoit ypoBeHb: KOMIUIEKCHAsI IOJrOTOBKA MOJIOJBIX NpernojaBaTeieit
u acrnupaHToB. bosee rirybokoe M cuCTeMHOE O0y4YeHHE MeJaroru4ecKum
KOMITETEHIMSIM OCYIIECTBIISUIOCH B paMKax JJOIOJIHUTEIbHON 00pa3oBaTebHON
nporpammbl «IIpenogaBarens Boicmied mkoias (IIBI). Dta nporpamma,
peanmzoBanack B TIIY ¢ 2001 rona u Oblia OpueHTHPOBaHA HAa ACHHPAHTOB,
MarucTpaHTOB U MOJIOJBIX IpernojaBareiiell, MIaHUPYIOMMUX CBA3aTh CBOIO
Kapbepy C BbIcHICH mikoyioi. YueOubid mian [IBII, moMuMo TpaauiiMOHHBIX
NICUXOJIOrO-TIeJarOrMYeCKUX JAUCHUIUINH, BKIIOYal MOAYJU MO METOIOJIOTHH
HAaYYHBIX HCCIIEI0BaHUH, 1€1arOrH4eCKOMY ITPOEKTUPOBAHUIO U OL[EHKE KaueCTBa
o0pazoBaTebHBIX IporpaMM. BaskHOH 0COOEHHOCTBIO MPOTrPaMMBI SIBIISIACH
eé opHeHTalus Ha MEXIYHApOAHbIE CTaHAAPTHI MHXKEHEPHOM HeJaroruku,
3aaHHbIle MexayHapoIHbIM 00miecTBOM uHXeHepHou nenaroruku (IGIP) [2].
UTo 1o3BOJISIIO BBITYCKHHKaM IPOrPaMMBbl ObITh KOHKYPEHTOCIIOCOOHBIMU HE
TOJIBKO Ha POCCHUICKOM, HO M Ha MEXJIyHapoJHOM 00pa30oBaTEIbHOM pPBHIHKE.
JlaHHBIH ypOBEHb TOCITYKHJI OCHOBOH sl pazpabotku nporpammsbl «lllkoa
MIpenoaaBaTesst BBICIIEro HHKEHepHOro oOpa3oBanus (YposeHs B)».

Tperuii ypoBeHb: MOBBIIICHHE KBAIM(DHUKAIMN aKTHBHO PabOTalONIMX
npenogasaTeseil. [ onbITHBIX perojaBaTesei, yKe HMEIOIUX CTax paboThl,
cucTeMa Ipejyiarasia JiBa B3auMOAOIONHSAIOMUX Ty TH. [1epBbIii — TpaIUIIMOHHBIN
— IIpeJCTaBIeH HabOPOM KPaTKOCPOUYHBIX KYypPCOB IOBBIIICHHST KBATU(PHUKALUH
(o0bemMOM 10 72 4acoB) 1O MPHOPUTETHBIM HANPaBJICHUSIM: COBPEMEHHbBIE
oOpazoBaTesbHbIE TEXHOJOTHH, HHPOpMATHU3alKs 00pa3oBaHMs, BOIPOCHI
BHeApeHust ®I'OC [4]. Bropoii, ”HHOBAIIMOHHBIN HAa TOT MEPHUOJA, MYTh — 3TO
MO/IyJIbHO-HAKOINUTENbHAsl cucTeMa noBsiieHus kBanudukannu (MHC T1K),
KoTopas Obuia 3amynienHas B TITY ¢ 2011 roxa.

MHC IIK npencrasnsiia codoif Habop NPoOIEMHO-OPHEHTUPOBAHHBIX
MoJyieit (Hanpumep, « TeXHOIOrny HHTEpaKTHBHOTO 00yUueHus», « Opranu3anus
CaMOCTOSITENIbHOHM PaboThl cTyZeHTOB», «Pa3paboTka GOHIOB OLEHOYHBIX
cpencTsy»). KiroueBoe otinyme JaHHOH CHCTEMbI — €€ THOKOCTh M JINUHOCTHO-
OpHUEHTUPOBaHHEIN Xapakrep. [IpenoaaBaress Ha OCHOBE Pe3yJIbTATOB CAMOOLICHKU
WJIM SKCIIEPTHOH OLIEHKH CBOMX KOMIIETEHIIUI CaMOCTOATEIEHO KOHCTPYUPPOBAII
WHJIMBHUyaJIbHBII 00pa30BaTebHbIM MapLIpyT, BBIOUpast T€ MOJYJIH, KOTOpPbIC
HaunboJee aKTyallbHbI JUTs PELICHUs ero POodecCHOHANbHBIX 3a1a4. [IporpaMmsl
MOJyJIell HOCHJIM CTPOTO MPaKTUKO-OPUEHTHUPOBAHHBIA XapakTep: CIylIaTelu
BBINOJIHSIIM 33IaHUsI «I10J1 3aKa3» CBOMX Kadeap W OTIeNeHuH, pa3pabarbiBas
peanbHble aunaktuaeckue marepuainsl (YMK/, TecTsl, crieHapuu 3aHSTHR).
OcBoeHMe KaXJJ0ro MOIyJIsl HOATBEP)KAAIOCH CEPTU(HHUKATOM, & IPH HAKOTUICHUH
OIIpEeJIeIEHHOI0 KOJIMUYECTBA 4acoB (HampuMep, 72) BbAaBaIOCh yI0CTOBEpEHHE
0 MOBBIIICHUH KBAIN(HUKALUH. DTOT I10IX0/] II03BOJISLI OIIEPATHBHO PEarnpoBaTh
Ha oOpaszoBareinbHble oTpedHOCcTH TIIY 1M obOecrnieunBan HenpepbIBHOCTH
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MeJJaroru4eckoro pasBuTHs npenojasareins [3]. Ha ocHoBe qaHHOTO ypoBHSA
BIIOCJICZICTBHH ObLIa pa3paborana mporpamma «lllkona «HoBoe mHkeHEpHOE
obpaszoBanue» (YposeHs C)», OpueHTHPOBaHHAs Ha (POPMUPOBAHKE IKCIIEPTHBIX
KOMITETEHIIUI 1 pa3BUTHE UHHOBALIMOHHOW MEAarornyeckou JesiTeIbHOCTH.

DBOJIIOLUSI CUCTEMBI: TPEXYPOBHEBAsI MOJYJIbHASI CTPYKTYpa MOBBILICHUS
kBanudukanuu. COBpeMEHHBIC pealMK M JalIbHEHIIICC U3MECHCHUE CHUCTEMBI
BbIcuiero obOpaszoBanusi PO, a Taxke Bo3pacraromye TpeOOBaHUS K KayeCTBY
WHXCHEPHOU MOJTOTOBKH MOTPEOOBAIN JTOTUYCCKOTO PA3BUTHS OMUCAHHOM
BBIIIIE MHOTOYPOBHEBOM CHCTEMBI HEIIPEPHIBHOM MOATOTOBKH MPENo/aBaTese
WHXXEHEPHBIX BY30B. B oTBeT Ha BbI30BBI TOMCKHI MOJUTEXHUYECKHUN
YHUBEPCUTET MepepadoTal macnopT KoMIeTeHIui npenonasarens TITY. B
obnoBnénHoM «Ilacnopre komnerenuuii npenonasareins TIIY», yrBepskaeHHOM
B 2024-2025 yueOHOM roxy, MpOU30IIEN IIepexol OT MPOCTOro MepeyuHs U3
12 KOMIIEeTeHIHH K KJIACTEPHOH CTPYKType, 00BEIUHSIOIEH CUX0I0TO-
Mearoruieckue, HayYHO-UCCIEJ0BATENIbCKUE, OPTraHN3alMOHHO-METOANYECKHE U
LIEHHOCTHO-CMbICIIOoBbIE KoMIieTeHIu|[ 11]. B omiuume oT npenpltyiieit peaakuuu
[acmopTa, OpUCHTHPOBAHHOTO MPEHUMYIIICCTBCHHO HA COOTBETCTBUE TPECOOBAHUSIM
OI'OC u noKaNnbHBIM HOPMATHUBHBIM aKTaM, HOBBI MACIOPT BBOJUT CKBO3HbBIE
KOMIICTCHITUH, CBSI3aHHBIC C IIU(POBU3ALUCH U UCTIOIH30BAHHEM HCKYCCTBEHHOTO
WHTEJUICKTa B 00pa30BaTEIbHOM IMPOIECCE, MEKIAUCIUIIINHAPHOCTHIO,
HACTaBHUYECTBOM U PA0OTOM C TPYIHOCTSIME B O0YYCHUH, 2 TAKXKE YIIPABICHUCM
BpEMEHEM M HENpepbhIBHBIM camopa3BuTueM. Kpome toro, HoBbeii [lactopt
CMEIIAeT aKIEHT C MPOCTOM KOHCTAaTallMU HAJIMYUS TeX HJIM MHBIX HABBIKOB
Ha YPOBHEBBIC MHIUKATOPHI X C(HOpPMUPOBAHHOCTH (0a30BBIN, MPOIBUHYTHIH,
9KCIICPTHBIN), YTO MO3BOJISICT BBISABIATH MPO(ECCHOHATBHBIC «PA3PhIBBIY H
(dhopMUpOBATh IICJIEBBIC MPOrPAMMBI JAOMOJHUTEIBHOTO MPOPECCHOHATBHOTO
oOpa3oBanusi. B 1ieioM 0OHOBIEHHBIN JTOKYMEHT HAlleJICH HE Ha MOITOTOBKY
IpernojgaBaTelisi-TpaHCAATOpa 3HAHUN, a Ha pOpPMHUpPOBaHUE Ieaarora-
HCCIICIOBATEIS, HACTABHUKA M HHHOBATOPA, CIIOCOOHOT0 00ECIICUUTh ITOITOTOBKY
HWHXXEHEPOB HOBOTO IMOKOJEHHUS B YCIOBHUSAX TEXHOJOTHYECKOIO JIMJIEPCTBA U
TEOMOJIMTUYECKUX BBI30BOB, YTO HAIIPSIMYIO KOPPEIUPYET CO CTPATErHUECKUMU
nensMu yauepcutera 10 2036 roza.

B oTBeT Ha HOBBIC BBI3OBBI U 331a4u Y 4eOHO-HAYUHBIN IEHTP « CHCTECMHBII
aHAIIM3 W YIpaBICHUE HMHXXCHEPHBIM oOpaszoBanuem» TIIY ¢ ydyeTom
HAKOIUICHHOTO OIBITa Pa3paboTal M BHEIPWI TPEXYPOBHEBYIO MOIYJIBHYIO
CTPYKTYpY MOBBINICHUS KBaIM(UKAIMK TPENoaaBaTelicii, KoTopas OTBEYacT
BCEM TPEOOBAHHUSAM K IMOJATOTOBKE MEAArOTMYCCKUX KAaJIPOB U TEXHHYCCKUX
YHUBEPCUTETOB. JlaHHAs CTPYKTypa BKIIIOYAET TPU MOCIEA0BATEIbHBIX YPOBHS,
KaX/[Ibli U3 KOTOPBIX OPUEHTUPOBAH HA KOHKPETHYIO KaTErOPHIO CIIyIIaTenei u
peuaet crieruduyeckue 3agadu npodhecCHoHanbHOro pa3putus [12; 13].
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YpoBeHb A (alanTUBHBIN ) — IporpaMma HoBbIeHus kBanukaunu «11kona
MOJIOZIOT0 IpenoaaBatessn» (72 4.). JlaHHbIH ypOBEHb PEIHA3HAYUCH IS MOJIOJIBIX
CIICHMAINCTOB, IPUHATHIX Ha padOTY B BY3, IMEIOIINX ITOJIHOE BBICIIEE 00pa3oBaHHE
(crienmanuTeT, MarkucTpaTypa), MIIaHUPYEMbIX JUIS TPUBICUCHUS B OyIyleM K
MIPET0/1aBaTeIbCKON JESTENFHOCTH W/WIM MMEIOLINX CTaX IeJarorndeckon
JesiTelIbHOCTH MeHee S5-Tu jieT. OCHOBHAs Leidb IporpaMMbl — 00eCHeunTh
TIEPBUYHYIO aalITAlMI0 HAYMHAIOIINX ITpEeroiaBaTeseii k 00pa3oBaTelibHOU cpesie
YHHUBEPCHUTETA, TO3HAKOMUTH UX C HOPMAaTUBHOM JOKyMEHTAIUeH, CTPYKTYpOil 1
aHAIM30M padoueil MporpaMMbl JUCHHUIUIMHBI, a TAKXKe CPOPMUPOBATH OA30BbIC
neparoruueckue koMmnereHuuu. [Iporpamma «Illkona Mosiooro npenogasaresns
(A)» cOCTOUT M3 TpeX JIOTMYECKU CBSI3aHHBIX MOJYJICH, KaXK/bIil M3 KOTOPBIX
COJICPKUT TEOPETUUECKYIO YacTh, MPE3CHTALMM U MpakTHdeckue 3aganud. Ilo
OKOHYaHMHU OOYUYEHHMs CITyLIAaTeNIM FOTOBSAT M 3alIMIIAIOT BBITYCKHYIO paloTy,
CBSI3aHHYIO C MOJICpHHM3aLMel COOCTBEHHON paboyel IporpaMMBbl AUCITUIUINHEL
100 OTHIeNbHBIX e€ pparmMeHToB. Oco00E BHUMAHHE YACISETCS TPOSKTHPOBAHHIO
1 OCBOCHHUIO COBPEMEHHBIX TEXHOJIOTHH 00yUYeHUsI B BBICIIEH TpodeccroHaTbHON
mikosie. IIpakTuueckue 3ajaHus OPUEHTHPOBAHBI HA PEAIU3allUI0 MPOLEyPHI
CaMOOLICHKHU CIIyIIATEISIMH OCOOCHHOCTEH Melarorndeckoi AesTeNbHOCTH U
CTEIICHH Pa3BUTOCTHU MPO(ECCHOHATBLHO-TIEArOTMYCCKIX KOMITCTCHITHI [6; §; 9].

B pamxax mporpaMMsl ciIymaTeiad NpoBOAAT CAMOOLIEHKY 0 CIEAYIOIINUM
KPUTEPUSIM: [IEHHOCTHOE OTHOILIEGHHE K MeJaroru4eckoi AesTeIbHOCTH;
TEXHOJIOTO-TIeJaroruuyeckasl FOTOBHOCTb; TBOPUYECKas aKTUBHOCTb JTMUHOCTH
MIpernoiaBaTessl; CTENEeHb Pa3BUTHUS MEJarorHuecKoro MBIIIICHUS; CTPEMIICHHE
K Tpo(eCCHOHANIBHO-TIEJarOTHYeCKOMY COBEPIICHCTBOBAHUIO. Pe3yibTaThl
TIe/Iaroruueckoro 3KCIepuMeHTa, poseieHHoro B 2024-2025 roty Ha BBIOOpKE 13
39 HauMHAIOMINX NPEroaBaTelIeH, TOKa3alIH, YTO CPpeIHIE OAIIBI 110 YKa3aHHBIM
KPUTEPHUSIM HAXOJATCS Ha YPOBHE HI)KE MAaKCUMAJIBHBIX, UTO CBUJIETEIBCTBYET
0 HEOOXOAMMOCTH JalIbHEHILIEr0 CUCTEMHOTO Pa3BUTHSI JAHHBIX KOMITETCHIIHH.
AHKETHpOBaHHE CITyIIaTelNell BBIIBUIO BEICOKYIO OLIEHKY IPOrpamMMel (4-5 6aiiioB
u3 5) n 3arpoc Ha e€ 00s13aTeNbHBII XapakTep JUIsd BCEX HOBBIX ITpenoaaBaTesei
yHuUBepcuTeTa. AHaJIN3 pabo4yux NMporpamMM JAUCHHUIIINH, BBITOJTHSIEMBIN
CJIyIIaTeNsIMU, YacTO BBISBIISIET HECOOTBETCTBHE (DOHJA OLEHOYHBIX CPEJICTB
3asBJICHHBIM PE3yJIbTaTaM 00yUYeHUsl, ycTapeBlee JabopaTropHoe 000py10BaHKE 1
HEJI0CTaTOYHYI0 OPUEHTALMIO IIeJIeH Kypca Ha XapakTep 3a/1a4 MpodeccHoHaIbHON
JIesITeIbHOCTH BBITyCKHUKA [12; 13].

VYposenbp B (mommepxuBaroniuii) — JlonosHuTenbHas oOpa3oBaTeabHas
nporpamma «lllkona npenoaBaresst BBICIIENO0 HHXEHEPHOTO 00pa3oBaHM»
(72 4.). OTOT YpOBEHBb OPUCHTUPOBAH HA MPEIIOIaBATEIICH, YIKE UMCIOIIUX OIIBIT
YTEHHMs JISKLIMH U BEJICHUS BCEX BUIOB YUEOHBIX 3aHTHI B By3€ M IUIAHUPYIOIIHX
JaJIbHEH Y0 paboTy Ha JOJDKHOCTSAX MPOodeccopcKo-Iperno aBaTeilbCcKoro
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cocraBa. [IporpamMmma HamnpaBiieHa Ha yriyOJieHHE M CHUCTEMaTH3aLHI0
TieJaroriuecKuX 3HaHM i, OCBOCHUE COBPEMEHHBIX 00Pa30BaTEbHbIX TEXHOJIOT U,
METO/I0B aKTUBHOTO M MFHTEPaKTHBHOT'O 00YUEHHS, a TAKKE Ha COBEPILICHCTBOBAaHNE
HaBBIKOB IIPOSKTHPOBAHHUSI 00PAa30BaTEIILHBIX IPOIPAMM U OLIEHKH UX Ka4eCTBa.
CrnymaTenu JaHHOTO YPOBHS OCBAaMBAIOT MHCTPYMEHTHI HKCIEPTHOHN OLIEHKU
00pa3oBaTeIbHOM AEATENBHOCTH, Y4aTCsl IPUMEHATh 00BEKTHUBHBIE METObI
KOHTPOJISI M OLICHKH JIOCTHIKEHHMS CTYJICHTaMHU pe3ysibTaToB oOydenus [12; 13].

Ypoerb C (pa3BuBamINU, 3KCHEpPTHHBIN) — JlONONHUTEIbHAS
oOpasoBarenbHas nporpamma «lllkona «HoBoe nHxxeHepHOE 00pazoBaHHE»
(72 4.). JlaHHBIN YpOBEHB NP IHA3HAUEH IS IPETIOIaBaTEeNeH, BBITOIHSIOINX 1/
WY IPEJITIOJIAraoX BBITOIHATE TPOEKTHI, LIEITbIO KOTOPBIX SBIISIETCS pa3padoTKa
HOBBIX MOJYJIEH, KypCOB, AMCIHILINH, JaOOPATOPHBIX LUKIIOB, IPOTPaMM
MIPAaKTUKH, 00pa30BaTEIbHBIX TEXHOJOIHH, HOBBIX 00pa30BaTEIbHBIX/CETEBBIX
mporpaMM, o0ecreynBaroIuX Pa3BUTHE 00Pa30BaHHUS B COOTBETCTBYIOIICH
00JIaCTH U MOBBIIICHUE KOHKYPEHTOCIIOCOOHOCTH By3a. [Iporpamma HarelieHa Ha
(opMupOBaHKE HKCIIEPTHBIX KOMIIETCHIIUI B 00JIACTH I1E€PEI0BOT0 HHKEHEPHOTO
o0Opa3oBaHus, pa3BUTHE CIIOCOOHOCTH K MHHOBAIIMOHHOI NeAarornyeckoi
JeSITeIbHOCTH, IPOEKTHPOBAHUIO M BHEJIPEHHUIO HOBBIX 00pa3oBaTEIbHBIX
MoJIeJield, COOTBETCTBYIOIINX MUPOBBIM TPEHAAM U TOTPEOHOCTSAM SKOHOMHKH.
Caymarenu ypoBHsi C y4acTBYIOT B pa3padOTKe CTPAaTETHUECKUX JOKYMEHTOB,
CO3/JIaHUM HOBBIX 00pa30BaTENbHBIX MPOIYKTOB U TEXHOJIOTHH, YTO MO3BOJISIET
UM BBICTYIIaTh B POJIM JINIEPOB 00pa30BaTEIbHBIX M3MEHEHUH B YHUBEPCUTETE.

3a mepBble JiBa yueOHBIX r'ojla peajn3alund OOHOBJIGHHON ypOBHEBOU
CHCTEMBI HENPEpPBIBHON MOJTOTOBKH NpemnojaBaTesieil, BBIMOJHAIOMUX
MOATroTOBKY HH3eHepoB B TIIY mporpammsl Ha ypoBHAX A,B u C ycnenu
npoiiti 6ostee 30 YesnoBeK, Cpeld HUX acCHUCTEHTHI, CTapIine MPenoaaBaTesy,
JIOLIEHTBHI, Tpo(eccopa U Hay4YHbIE COTPYAHUKH HHXKeHepHbIX mkon TITY (Lkora
WHXXEHEPHBIX TEXHOJOTHH M pOOOTOTEeXHUKH, MccienoBaTeiabckas MIKOJIa
(bU3MKH BEICOKOIHEPIeTHUECKHX Tpo1eccoB, [11ko1a HOBBIX IIPONU3BOICTBEHHBIX
texHojorui, [llkona saepHsix TexHonorui, lllkona npupoJHBIX pecypcoB U T.1.),
KOTOpPBIE Y4acTBYIOT B 00pa3oBaTe]IbHOM IIPOIECC Ha YpoBHE OakaiaBpuaTta,
CIICIIMAIUTETA U MATUCTPATyphl K 00€CIIEYNBAIOT PA3INYHBIE TPO(ECCHOHAIbHBIE
n ob1enpodeccnoHaTbHbIE JUCIUIIIMHBI [10 HATIPABJICHUSIM B 00J1aCTH 001IeH 1
sIIepHOI pU3KMKH, MHOOPMALIMOHHBIX U HOBBIX TPOM3BOACTBEHHBIX TEXHOJIOT U,
POOOTOTEXHUKH, SHEPTETUKH H JIP.

Takum 00pazom, MpelUIoKeHHasi TPEXypOBHEBAsE MOJyJIbHAsI CTPYKTypa
SIBJIICTCSI IOTHUECKUM IPOJIOJDKEHUEM U Pa3BUTHEM PaHee ONUCAaHHOM CUCTEMBI,
obecrieunBasi HENPEPBIBHOCTh NPO(ECCHOHAIIBHOTO POCTa MPENnojaBareis oT
HayaJbHOM afanTaluy 10 SKCIEPTHOIO YPOBHS, YTO MOJHOCTHIO COOTBETCTBYET
aKTyaJbHBIM TPeOOBaHUSIM K MOJIOTOBKE MEJAarOrMYeCKUX KaJpoB IS
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TEXHHYECKHX BY30B B YCJIOBUSX MOJECPHHU3AIMU BHICHIETO 00pa3oBaHUS
U HMOATOTOBKHM HWHXXEHEPOB HOBOTO THIIA, 00JaalOMUX KaK TIyOOKHMMH
podeCcCHOHANTBHBIMHI 3HAHUSMH, TaK U Pa3BUTHIMU TMOKMMHU HAaBBIKAMH.

Pe3yabTaTsl U 00cy:KI1€HUE

0O606mast onbIT TOMCKOI'0 MOJUTEXHUYECKOTO YHHUBEPCUTETA, MOXKHO
KOHCTAaTUPOBATh, YTO CO3JaHHAs MHOIOYPOBHEBAasl CHCTEMa IOBBIIICHUS
KBAIM(UKALMHU, YBOJIONUOHUPOBABIIAS B TPEXYPOBHEBYIO MOJAYJIbHYIO
CTPYKTYPY, NpEJCTaBiIsieT co00i 3P PeKTUBHBIN HHCTPYMEHT YIpaBICHUS
KaJJpOBBIM ITOTEHIINAJIOM By3a, HO3BOJISIOIIUIT OTBEUAaTh HA COBPEMEHHBIE BBI30BBI
00pa3oBaHus, CBSI3aHHBIE C TPaHC(HOPMAIIMEi CHCTEMBI BBICIIEr0 00pa30BaHus U
HEOOXO0ANMOCTBIO HOATOTOBKY HHKEHEPOB HOBOTO THITA. OCHOBHBIE PE3yJIbTaThI
U BBIBOJIBI 3aKJIIOYAIOTCS B CIICAYIOLIEM:

JuddepenuiupoBanHblii ¥ ypOBHEBBIA MOAX0J. Pa3nencHue CUCTeMbI
Ha YypOBHHU Aid HauuHaromux (YpoBeHb A), onblTHBIX (YpoBeHb B)
u skcnepTHBIX (YpoBeHs C) mpemnojgaBaTesiedl MO3BOJISET YyUUTHIBATH
cnenupuKy UX NpoPeccHOHATbHBIX NeQUIUTOB U CTAPTOBBIC yCIOBHS,
nzberas «ypaBHHUTEIBHOTO» I10JIX0/1a B 00yueHnH. TpexypoBHEBasi CTPYKTypa
o0ecreuynBaeT YeTKYI0 TPACKTOPHUIO MPOECCHOHAIBHOI0 POCTa OT aJanTaluu
K 9KCIIEPTHOMY YPOBHIO, YTO OCOOCHHO Ba)XKHO B YCJIOBHUSIX CTPEMHUTEIbHBIX
H3MEHEHHI 00pa30BaTeIbHON ITapaurMbl.

IIpakTuueckas OpUEHTHPOBAHHOCTD  HENPEPhIBHOCTB. [Iepexo1 oT pa3oBbIx
KYPCOB K MOJyJIbHO-HaKOIHUTEIBHON CUCTEME U TPEXYpPOBHEBOM CTPYKType
o0ecrieyrBaeT MOCTOSHHBIN, @ He SMH30/IMYECKHN XapakTep NpohecCHOHAIBHOTO
pa3BUTHs. BeImonHeHMNe ciymaTensiMu KOHKPETHBIX 3aJaHUi JJIsl CBOUX
kadenp/oTaeeHuil TapaHTHPYET MPUMEHUMOCTD HOJIYYEHHBIX 3HAHUN B
peanpHOIl 00pa3oBaTelnbHON NpakTuke. CaMOOIEHKAa U AKCIICPTHAs OIICHKA
KOMITETEHIIMH ITO3BOJISIIOT IIPETIOaBaTeIsIM BBISIBISATH ICOUIIUTHI U BBICTPANBATh
WHJIMBH/yalIbHBIE 00pa3oBaTeIbHbIC MapUIPYThI, POPMHUPYS B HUX CIIOCOOHOCTH
K HeNpephIBHOMY camoo0pa3oBaHuio [3; 13].

WHuTerpanus MexXAyHapOAHBIX CTaHAApPTOB U OPUEHTALMsA Ha NEepeloBOe
WH)XEHEepHOe 00pa3oBaHue. BkiroueHne B mporpaMmsl IOrOTOBKH TpeOOBaHUN
IGIP u opueHTaLys Ha MEXTyHApPOIHBIE KOMIIETEHIIMN CIOCOOCTBYET ITOBBIIICHUIO
r100anbHOW KOHKYPEHTOCIIOCOOHOCTH BBIITYCKHHKOB U IpernojaBaTeiei
yauBepcurera [2]. Yposens C nporpammsl «HoBoe nrxeHepHoe 00pa3oBaHue»
LIeJICHANPABJICHHO TOTOBHT JIMJEPOB 00pa30BaTE/IbHBIX HHHOBALNH, CITOCOOHBIX
paszpabarbIiBaTh U BHEAPSTH HOBBIE MOJENH OOY4YEHUS, yUHUTHIBAIOIINE KaK
TEXHOJIOTHUECKUE TPEHIbI, TAaK U T€ONOIUTHUECKHE PEATHH.

WucTpymenTs! yripaBiieHust kadecTBoM. Pazpabotka n BHepenue «[lacropra
nipenozaatess TITY» co3nano npo3pauHyro 1 00bEKTHBHYIO OCHOBY JUISI OLICHKH,
CaMOOIICHKH U IJIAaHUPOBAHUS TPAEKTOPHH IPOPECCHOHAIBHOTO Pa3BHUTHS,
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YTO SBJISETCS Ba)KHBIM IIaroM B Iepexojie K yNpaBJIEHUIO HA OCHOBE JaHHBIX
[3; 11]. AHanu3 pabounx MporpamMM JUCHHUILIMH, TPOBOAMMBIN CITyIIATENIsIMHU,
CHOCOOCTBYET MOCTOSHHOMY COBEPLICHCTBOBAHUIO Y4eOHO-METOAMYECKOTO
obecrieueHnst 00pa3z0BaTEIBHOTO MPOLIECCA U €r0 COOTBETCTBUIO COBPEMEHHBIM
TpeOOBaHUSM.

BriBoabl

Takum 00pa3om, MpeAIoKEHHAs CUCTEMa, BKIFOUAIOIIasi TPEXypPOBHEBYIO
MOJIYJIBHYIO CTPYKTYPY, YCIICIIHO pPeIaeT 3a1a4y ()opMUPOBAHUSI M HEITPEPHIBHOTO
pa3BuTHs TPo(ecCHOHAIBHO-TIEIarOMMYECKIX KOMIIETEHIIMH MPodeccopeKo-
MPEnoAaBaTeIbCKOr0 COCTaBa TEXHUYECKOI0 YHHUBEPCUTETA, UYTO SIBISETCA
HEOOXOJMMBIM yCIIOBHEM MOJATOTOBKHM KOHKYPEHTOCIIOCOOHBIX MHIKEHEPHBIX
KaJIpOB, CIIOCOOHBIX pa00TaTh B YCIOBUSIX IIOCTOSHHBIX N3MEHEHUH 1 MHHOBALIUH,
o0Jrajaroux He TOJBKO IIIyOOKHMH NPO(EeCcCHOHATIbHBIMH 3HAHUSMH, HO U
Pa3BUTHIMM TMOKMMH HaBBIKAMHM, ITO3BOJISIIOIIMMHU UM 3(G(EKTHBHO peliaTh
CJIO’KHBIE MEKIUCHUIUINHAPHBIC 3a1a4H.
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WH)KEHEPJIIK YHUBEPCUTETTIH
OKBITYIIBLIAPBIH Y3IIKCI3 KOCIBA
JAMBITYIBIH KOIIEHT EAJI YJTICI

Makanaoa  umorceHepnik — yHuepcumem  OKbIMYUIbLIADbIHBIH
Y30iKCi3  KOCIOU-Ne0a2ocuKaivlk OaMyblH — YUbIMOACMbIPY — MOCeect
Kapacmulpeinaobi.  TomObl  NOAUMEXHUKANBIK — VHUBepCUmeminoe
20 srcvotnoan acmam yaxvim 00Ubl iCKe ACLIPLLIbIN, YHeMI 0aMbln Keje
Jorcamkan kenoeneelini dcyteci ycoinvlizan. Ouvly 6bacmol epexuienici —
2bIIBIMU-NE0A202UKANBIK  KblsMemKepaepOiy, dpmypai CaHammapulHbly
capanamean xasxcemminikmepin eckepinyi. JKac oxvimywwinap yuwin
Konmeeen oicolioap Oolbl 0Ky opekemine Oacmankel 6euimoenyoi
Jlcone Hezizel OaublHObLIKMbL Kammamacwulz ememin «lledacocuxanvix
MUHUMYMY  Oazoapaamacel icke acwipvliadel. JKac eanvimoap men
oxbimywieliap — «XKoaapvl mekmen — OKbImMywibicbly — 6a20apaamacel
OotibiHwa mepeyoemineer OaubiHObIKman ommi. bencenoi dcymvic
icmelumin Kblzmemxepiep YWin KblCKa Mep3iMOi OLNiKminikmi apmmuolpy
KYPCMAapblHblY  KeuleHi H#COHe UHHOBAYUANBIK MOOVIbOIK-HCUHAKMAY
Jlcytieci  o3ipaenoi. JKoeaapwl 0inimoi drcanavlpmy amca20aubiHoa 0cvl
JICYUEHTH JI0SUKATLIK OAMYbl 03bIK UHIICEHEPIIK Oinim bepy canacvinoa
OKbIMYUWBLIAPOLIY  Capanmamaibly Ky3vlpemmepin Kalblnmacmuipyad
bazvimmanean Jcaya  OyviHOG2bl  OLIIKMINIKMI  apmmulpyobly Yl
Oeneetini Mooynvboix Kypwiivimsl (A, B, C Oeneeiliepi) 6010vl. Kytieniy
He2i3el  2NeMeHmi  —  NCUXONO2UANBIK-NeO0d202UKANIbIK,  2blIbLMU-
3epmmey, YULIMOACbIPY-d0iCmeMeniK JiCoHe KYHOLLIbIK-MASbIHALbIK
Ky3vipemmepoi  Oipikmipemin — KIlacmepuix — Ky3vlpemminik — yaeici
oonvin maoviiamein «TIY oxwimywwvicoinviy nacnopmoly. byn yrei
MEeXHONI02UANLIK — KOUWOACUIBLILIK — HCOHe — 2e0CdACU  CblH-Kamepiep
2HCaA20atbIHOA OKLIMYULBLIAPObLH KOCIOU OCYIHIY JceKe MPaeKmopUsIapbi
OAaKLLIAY JHCOHE HCOCNAPIAY YULIH He2i3 DOAA0b.

Kinmmi  ce30ep:  oxvlmywbliapoviy — OLLKminiein — apmmolpy,
KY3blpemminik mocis, MoOyIb0IK OKbIMY, Y30IKCI3 OLLiM Oepy, MexXHUKAIbIK,
VHUGepcumem, yul 0eneellni jcyle.
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MULTILEVEL MODEL OF CONTINUOUS
PROFESSIONAL DEVELOPMENT
FOR ENGINEERING UNIVERSITY TEACHERS

The paper addresses the issue of organizing continuous professional
and pedagogical development for faculty at an engineering university.
It presents a multilevel system that has been implemented at Tomsk
Polytechnic University for over 20 years and is continuously evolving.
Its main feature is that it accounts for the differentiated needs of various
categories of academic staff. For novice teachers, the «Pedagogical
Minimumy program has been implemented for many years, ensuring
initial adaptation and basic preparation for educational activities. Young
scientists and teachers underwent advanced training through the «Higher
School Teachery program. For experienced staff, a set of short-term
professional development courses and an innovative module-accumulative
system were developed. The logical evolution of this system in the
context of higher education modernization has become a new generation
three-level modular professional development structure (Levels A, B,
C), focused on forming expert competencies of teachers in the field of
advanced engineering education. A key element of the system is the « TPU
Teacher’s Passporty — a cluster-based competency model integrating
psychological-pedagogical, research, organizational-methodological,
and value-semantic competencies, which serves as a basis for monitoring
and planning individual professional growth trajectories for teachers in
the context of technological leadership and geopolitical challenges.

Keywords: teacher professional development, competency-based
approach, modular training, continuing education, technical university,
three-level system.
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NMPABWIIA [J151 ABTOPOB B HAYYHOM XXYPHAJIE
«BECTHUK TOPAUIrbIPOB YHUBEPCHUTETA.
CEPUA: ®DUSUKA, MATEMATUKA U
KOMIBbKOTEPHbIE HAYKW»

PenaknnoHHas KOJIIETUsl TPOCUT aBTOPOB PYKOBOJICTBOBATHCSI CJIELYFOIIUMHA
MpaBWJIAMH TIPH HOATOTOBKE CTAaThel [UIsl OIyOJIMKOBAHMUS B XKypHAJE.

HayuHnble cTaThu, MpeACTaBIsIEMble B PENAKIUIO XypHaNIa JOJKHBI
ObITH OpOPMIICHBI COTJIIACHO 0a30BBIM HM3JaTENBCKHM CTAaHIApTaM IIO
odopmrernnto cratei B cootBercTBUH ¢ ['OCT 7.5-98 «XKypnansl, cOOpHHUKH,
nHPOpPMaIMOHHBIe W3MaHusA. M3naTenbckoe odopmiieHHE MyOIHKYeMBIX
MaTepHaoBy, IPUCTATEHHBIX ONOMHOTpa)UIeCKUX CIHCKOB B COOTBETCTBHH C
T'OCT 7.1-2003 «bubamorpaduyeckas 3amuch. bubamorpaduaeckoe ommucanue.
Obume TpeGOBaHUS U MPABUIIA COCTABIICHIS.

* B HOMep omycKaeTcs He 0oiiee 0JTHON PYKOIICH OT OJTHOT'O aBTOpa JTHO0
TOTO K€ aBTOPA B COCTaBE KOJUIEKTHBA COABTOPOB.

* Konmn4ecTBO COaBTOPOB OJTHOW CTaThU HE Ooiee 5.

* CreneHb OPUTMHAIBHOCTH CTaThH JIOJDKHA COCTAaBIATH He MeHee 60 %
(cormacHO pemeHnIo peIaKIInOHHON KOJIJIETHH).

* HampaBisieMble CTaTbH HE JOJDKHBI OBITH paHee OMyOIMKOBAHBI, HE
JIOIYCKaeTCsl ITOCIeIyIoMIee OMyOINKOBaHNE B IPYTUX XKypHalaX, B TOM YHCIIE
MEPEBOABI HA JPYTHE SI3BIKH.

* PerieHne 0 NPUHATHH PYKOIHCH K OIyOJIMKOBAHUIO TPUHUMACTCS T10CTIE
MIPOBECHUS IPOLEAYPHI PELICH3UPOBAHMSL.

* JIBoitHOE peleH3upoBaHUE (Clernoe) MPOBOAUTCS KOH(PUACHINAIBHO,
aBTOPY HE COOOIIAETCS MMS PEIIEH3ECHTA, @ PELIEH3EHTY — MM aBTOpa CTAThH.

* KBuTaHus 00 orutate MpeoCTaBIseTCs MOCHE MPUHATUSA CTaTel K
myOmukanuu. CTOMMOCTh MyONUKanuK B KypHane 3a ctpanuiry 1000 (oxHa
TBHICSIYA) TEHTE.

* noktopanTaM HAO «TopaiTrsIpoB YHHBEPCUTET» U HHOCTPAHHBIM aBTOpaM
(6e3 Ka3axCTaHCKUX COABTOPOB) IMyOIUKAIIHS B XKy pHaIEe OECIUTaTHO.

*Ecnu cTaThs OTKIOHEHA AHTUIIATHATOM MJIM PELEH3EHTOM CTaThA
BO3BpAIIAETCs aBTOPY Ha J0PabOTKy. ABTOp MOKET TOBTOPHO OTHPABUTh CTATHIO
Ha aHTHUIUIarnaT Wik pereH3eH3nposanne 1 pa3. OTBETCTBEHHOCTb 32 CO/IEPKaHNE
CTaThH HECET aBTOP.

Penaxmmst He 3aHUMAeETCs JTUTEPATYPHON M CTHIMCTHYECKOH 00paboTKon
CTaThbH.

Cratbu, oopMiIeHHbIE ¢ HAPYLIeHHeM TpeOoBaHMi, K My0JIMKAIUH He
NPUHUMAIOTCS M BO3BPAIIAIOTCS ABTOPaM.
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JlaToii nmocTyIIeHNsT CTaThbU CUMTAETCs JaTa MOJIyueHUs peJakiuei ee
OKOHYATEJILHOTO BapHaHTa.

CrarbH IyOJIMKYIOTCS 110 Mepe NocTyIuieH s . JKypHait popMHupyeTcs HCX0/1s
U3 KoymdectBa He Oosee 30 craTeil B 0JJHOM HOMEpeE.

IepuoanyHOCTL M3IaAHUS KYPHAJIOB — 4 pa3a B roj (e;xeKBapTaJbHO).

Cpoku nmojgaum craTbu:

- nepBbIi kBapTan g0 10 gespais;

- BTOpo# kBapTain 1o 10 mas;

- Tpetuil kBapTan a0 10 aBrycra;

- 4eTBepThIi kBapTai 10 10 HOSOpsI.

Hayunsiit xxypHan «Bectuuk Topaiirsipo yHuBepcurera», «Hayka
n texHuka Kazaxcrana» BbIIycKaeTcsl C NMEPHOJUYHOCTBIO 4 pa3a B Ioj B
ceTeBOM (3JIEKTPOHHOM) (hopMaTe B CIIETYOIIHE yCTAaHOBICHHbBIE CPOKH BBIX0/1a
HOMEPOB XypHaJia:

- IePBBII HOMep BbIMycKaeTcst 1o 30 MapTa TEeKyIIero roja;

- BTOpOoi HOMep — 710 30 uIoHS;

- TpeTuil HOMep — 10 30 ceHTsIOps;

- 4yeTBepThIi HOMep — 110 30 eKadpsi.

CraTpio (JIGKTPOHHYIO BEPCHIO W KBUTAHIMU 00 oIuiaTe) cienyer
HaIpaBJIsITh HA CaliTax:

- https://vestnik.tou.edu.kz/

- https://vestnik-pm.tou.edu.kz/

Jlyist Toiaum CTaThy Ha MyOIMKAIMI0O HEOOXOAUMO MPOUTH PETHCTPALMIO
Ha cairte.

ABTOp, KOTOPBI BHEC HAUOOJIBIINI HHTEIUICKTYAIIbHbINA BKJIAJT B IIOITOTOBKY
pykornucu (IpH JABYX U 00Jice COABTOPAX ), SIBIISICTCS aBTOPOM-KOPPECIIOHIEHTOM
¥ 0003HAYACTCS «*).

ABTOpBI U3 pa3HbIX YUeOHBIX 3aBEJCHUM yKa3bIBAIOTCS [udpamu >

JIyis OCyIIECTBIICHUS TPOLIEAYPhI TBOWHOIO PELECH3UPOBAHHUsI (CIIENOr0),
aBTOpaM HEOOXOIMMO OTIIPABIIATH JIBA BAPUAHTA CTATHU: MIEPBBIN — C YKA3aHHEM
JIMYHBIX JAHHBIX, BTOPO# — 0€3 yKa3aHus JIMYHBIX JaHHbIX. [Ipu HapylineHuu
MIPUHIIUTIA CIIETIOT0 PELCH3UPOBAHUS CTAThsl HE PACCMATPHBACTCA.

Cmambvu 00191cHbL Ob1Mb OPOPMAEHBL 6 CHIPOZOM COOMBEMCHEUL
CO CNLEOYIOUWUMU NPAGUIAMU:

— B KypHaJIbl IPUHUMAIOTCS CTAThU 110 BCEM HAYYHBIM HAIPABJICHUSM,
B 3JICKTPOHHOM BapHaHTE CO BCEMU MaTepHajaMH B TEKCTOBOM PEJIaKTOpe
«Microsoft Office Word (97, 2000, 2007, 2010) mms Windows» (B dopmarax
.doc, .docx, .rtf).
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— OOuwmit 00beM cTaThH, BKIOYAs aHHOTALMH, JIUTEPATYPY, TaOIHIIbI,
PUCYHKH M MaTeMaTH4yeckue (popMyJibl JIOJDKEH COCTaBISITH He MeHee 7 M He
0oJiee 12 cTpaHul ne4aTHOro Tekcra. [lons cmpanuy — 30 Mm co cex cmopon
aucma,; Texcm cmamou: xeenv — 14 nynkmos, eapuumypa — Times New Roman
(01151 pyccroeo, anenuticko2o u Hemeykoeo s3viko8), KZ Times New Roman (0ns
KA3aXCKO20 A3bIKA).

CTpyKTypa Hay4yHOH CTaTbU BKJIIOYAET HAa3BaHHE, AaHHOTALMS, KIIFOUEBbIC
CJIOBA, OCHOBHBIE TTOJIOKEHNS1, BBEJICHHUE, MAaTEPHAJIBl U METO/IbI, PE3yJIbTaThl U
o0CyXkJIeHHe, 3aKIIOUeHNe, BBIBOJIbI, HH(OpMalMo 0 puHAHCHUPOBAaHUU (TIpU
HaJM4YUH), CHUCOK MCIOJIb30BAHHBIX MCTOYHUKOB (JIMTEPATYphl) K Kaxa0H
cTaThe, BKIIOYasi POMAaHU3UPOBAHHBIN (TPAaHCIMTEPUPOBAHHBIA JITATHHCKUM
a(h)aBUTOM) BapHaHT HAIMCAHHs NCTOYHUKOB Ha KHPHUJUIUIIE (HAa Ka3aXCKOM U
pycckoMm si3bikax) cm. L OCT 7.79-2000 (UCO 9-95) Ilpasuna mpanciumepayuu
KUPUIOBCKO20 NUCbMA JIAMUHCKUM ANDABUMOM.

Cmambs 007121cHa cooepicannv:

I.MPHTHU (MexrocynapcTBeHHBIH pyOpHKaTOp Hay4YHOW TEXHUYECKOU
nHpOpMaNUH);

2.DOI — nocne MPHTHU B BepxHeMm mpaBoM yriy (IpHCBauBaeTcs U
3aI0JIHSETCS Pe/lakIiel KypHala);

3. Anummansl (MMs1, otyectBo) DaMuiinst aBTopa (-0B) — Ha Ka3axCKOM,
PYCCKOM M aHTJIMHCKOM SI3bIKaX (KUPHBIM HIPH(TOM, 110 LEHTPY);

ABTOp, KOTOPBIH BHEC HANOOJBIINI HHTEIUIEKTYJIbHBINA BKJIAJL B IIOJI'OTOBKY
pykorucH (IIpH ABYX U 00Jiee COaBTOPaX ), SIBJISIETCSI aBTOPOM-KOPPECIOH/IEHTOM
n o6o3HavyaeTcs «*».

ABTOpBI U3 pa3HbIX YICOHBIX 3aBEACHHH yKa3bIBAIOTCS [dpamu 2.

4. Adpunmmamus (opranusaus (MecTo padoThl (y4eOsl)), cTpaHa, TOpOJ) —
Ha Ka3aXxCKOM, PyCCKOM M aHIJIMHCKOM si3bIkax. [lomHble qanuble 00 addummanym
ABTOPOB MPEJICTABISIIOTCS B KOHIIE JKYPHAJIa;

5.Ha3BaHnme CTaThbH JIOJDKHO OTPaXKaTh COJIEPKAHUE CTAThH, TEMAaTHUKY
U pe3yJbTaThl IPOBEJEHHOI0 HAy4YHOr'O HCCieloBaHMs. B Ha3zBaHue craThu
HEOOXO0AMMO BIOXXKUTH HHPOPMATHBHOCTb, IPUBIICKATEIBHOCTh U YHUKAJIBHOCTh
(ue Gosiee 12 ci1oB, MPONUCHBIMU OYKBaMH, )KUPHBIM IIPUGTOM, 1O LEHTpPY, Ha
TpEeX sI3bIKAX: PYCCKUH, Ka3aXCKU, aHITTMACKUHN JTHOO HEMEITKUH);

6. AHHOTAIUS — KpaTKas XapaKTepHCTHKa Ha3HAYCHUS, COJIePIKaHMsI, BUJIA,
(opMBI 1 ipyrux ocoOeHHOCTeH cTaThu. JloJkKHA OTpaskaTh OCHOBHEIC U LICHHBIE,
110 MHEHHIO aBTOPA, JTallbl, OOBEKTHI, NX NPU3HAKH U BBIBOABI IIPOBEICHHOIO
nccienoBanus. Jlaercs Ha Ka3aXCKOM, PYCCKOM M aHIJIMHCKOM JIN0O HEMEI[KOM
sI3bIKaX (PEKOMEHyeMbIi 00beM aHHOTAIMHU Ha SI3bIKE ITyOJIMKAIMY — HE MEeHee
150, ve Goxee 300 ciioB, KypcHB, HEXKUPHBIM MIPH(TOM, Keriib — 12 MyHKTOB,
a03allHbIil OTCTYII CJIeBa | cripaBa 1 cM, cM. oOpasen);
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7.KiiodeBble ciaoBa — HaOOp CJIOB, OTPAKAIOLIUX COJIEPKAHHE TEKCTa B
TEepMHHaX 00BbEKTa, HAYYHOI OTPACIM M METO/IOB UccieoBaHus (0hOpMIISIOTCS
Ha TpeX S3bIKaX: PYCCKUH, Ka3aXCKUW, aHTJIMUCKUNA OO0 HEMCIKUH; Kerib —
12 myHKTOB, KypCHB, OTCTYI clieBa-ciipaBa — 1 cM.). PekomeHyemMoe KoimuecTBo
KITFOUEBBIX CJIOB — 5-8, KOJIMYECTBO CIIOB BHYTPH KIIIOYEBO# (pa3sl — He OoJee 3.
3aa0Tcs B MOPSIJIKE UX 3HAYUMOCTH, T.€. CAMOE BaXKHOE KITFOUEBOE CIIOBO CTAThU
JIOJDKHO OBITH MEPBBIM B CITUCKE (CM. 00paselr);

8. OCHOBHOM TEKCT CTATBHH NU3JIAaraeTCs B ONPEACIICHHON M0CIIe10BaTENIbHOCTH
€ro 4acTei, BKIIIoUaeT B ce0s:

- BBenenue (a03ar 1 cM 110 JIeBOMY Kparo, )KUPHBIMH OYKBaMH, KEIib —
14 mynkroB). OOG0ocHOBaHME BEIOOPA TEMBI; aKTYaIbHOCTH TEMBI HIIH TIPOOJIEMBI.
AKTYaJIbHOCTB TE€MBI ONPEEIISIETCsI OOIMM HHTEPECOM K H3YYEHHOCTH JJAHHOTO
00beKTa, HO OTCYTCTBUEM MCUEPIBIBAIOLINX OTBETOB HA HMEIOIIHECS] BOIPOCHI,
OHA JIOKa3bIBAETCSl TEOPETUUECKON MIIM IPAKTUYECKOW 3HAYMMOCTBIO TEMBI.

- Matepuassl 1 MeTOABI (ab63ay 1 cm no negomy Kpaio, HCupHulmMu OYKeamu,
Keanb — 14 nynkmos). JI0JKHBI COCTOSITH M3 OIMCAaHKsI MaTEPUAIOB U X0/1a padOThI,
a TaKKe IOJIHOT'O OIMCAHUS UCIIOJIb30BAHHBIX METOOB.

- PesyabTatsl u odcy:xkaenne (aosay 1 cm no ne6omy Kpaio, JHCupHuiMu
oykeamu, keenv — 14 nynkmog). IIpuBoIuTCS aHAIN3 U 00CYKICHUE TOJTyYCHHBIX
BaMH pe3yJIbTaToOB McCiIeA0BaHus. [I[pHBOSATCS BEIBOBI 110 TIOJyYEHHBIM B X0/1€
HCCIIE0BaHUsI pe3yJIbTaTaM, PaCKpbIBacTCsl OCHOBHAS CyTh. M 3TO OJIMH U3 caMbIX
Ba)XKHBIX Pa3/JeyioB cTaThbu. B HEM HE0OXOIMMO MPOBECTH aHAIN3 PE3yJIbTATOB
cBOEit paboThl M 00CYXJEHHE COOTBETCTBYIOLIMX PE3YJILTATOB B CPAaBHEHUH C
MIPEABLIY UMY Pa00TaMH, aHAJIU3aMH U BHIBOJAAMH.

- Undopmanuio o punancupoBanny (pu Hasmmunu) (ad3ar 1 ¢M 1o ieBomy
Kparo, )KUPHBIMH OYKBaMH, KeTJib — 14 IyHKTOB).

- BeIBOABI (ab3ay 1 cm no nesomy Kpaio, dcupHvimu OYKEaMil, Keelb —
14 nynkmos).

BeiBosibl — 000011IeHNE M TIOJBECHNE UTOrOB pabOThl Ha JaHHOM JTare;
MO/ATBEPIKICHNE MCTUHHOCTH BBIJIBUTAEMOI'0 YTBEP)KJICHUS, BHICKa3aHHOTO
aBTOPOM, M 3aKJIIOYCHHE aBTOpa 00 U3MEHEHHWH HAYYHOr'O 3HAHHUS C yYETOM
MIOJIyYEHHBIX PE3yJIbTaTOB. BBIBO/IBI HE JOJDKHBI OBITH A0CTPAKTHBIMHU, OHU
JIOJDKHBI OBITh HCIIOJIB30BAHBI J1s1 0000IIEHUsSI pe3yJIbTaTOB HCCIIEI0BAHUSI B TOW
WM MHOW Hay4yHOH 00JIacTH, C ONHMCAHHUEM IPEAJIOKEHUH MM BO3MOXKHOCTEH
JajbHEHIIeH paboThl.

- Cnucok MCMoJb30BAHHBIX HCTOYHHKOB ()KHUPHBIMH OYKBaMH, KETJb —
14 myHKTOB, B LIEHTPE) BKIIIOYAET B CEOsL:

Cratbsi ¥ CIIUCOK UCTIOJIb30BAHHBIX HICTOYHUKOB JTOJDKHBI OBITH O()OPMIICHBI
B cootBercTBuM ¢ ['OCT 7.5-98; TOCT 7.1-2003 (cMm. oOpaserr).
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OuepeIHOCTh CTOYHHMKOB ONPENEIISIeTCsl CIEIYIONUM 00pa3oM: cHavyasa
MI0CJIEIOBATENIbHBIE CCBUIKH, T.€. ICTOYHUKU Ha KOTOPBIC BBl CChHIJIAETECH 110
04epeTHOCTH B CAaMOH CTaThe. 3aTeM JOTOHUTEIbHBIE HCTOYHUKH, HA KOTOPBIX HET
CCBUIOK, T.€. ICTOYHHKH, KOTOPHIE HE MMEII MECTO B CTaThe, HO PEKOMEHI0BaHbI
BaM{ YUTATENsIM JUIsl O3HAKOMJICHUS, KaK CMEXHbIE paboThl, MPOBOAMMBIE
napasenbHo. Oovem ne menee 10, ne bonee yem 20 naumenosanuil (CCHUIKA U
NPUMEYaHUs B CTaThe 0003HAUAIOTCS CKBO3HOM HyMepalHeil U 3aKiIro4aloTcs B
KBaJIpaTHBIC CKOOKHM), IIPEUMYIIIECTBEHHO 3a nocieauue 1015 ner.

B cirydyae Hamuuusi B CIHMCKE MCIIOJIb30BAHHBIX UCTOYHUKOB paboT Ha
KHpWIIIHIE (Ha Ka3aXCKOM M PYCCKOM SI3bIKax), HEOOXOJMMO IPEJICTaBUTh
CIIMCOK JIMTEpaTyphl B ABYX BapuaHTax: 1) B opuruHaie (yKa3blBalTCs
UCTOYHHMKH Ha PYCCKOM, Ka3aXCKOM M aHTJIMHCKOM JINOO HEMEIKOM S3bIKaX);
2) pOMaHHM3MPOBAHHBIH BapHaHT HAIMCAHMS MCTOYHHUKOB Ha KUpWLIHIE (Ha
Ka3aXCKOM M PYCCKOM SI3bIKaXx ), TO €CTh TPAHCIUTEPALUsl JATHHCKUM ai(haBUTOM.
em. TOCT 7.79-2000 (UCO 9-95) [Ipasuna mpanciumepayuu KUpuiio8CKO20
NUCLMA TAMUHCKUM ALPaAGUMOM.

Onanaiin cepsuc Tpancaumepayusn no I'OCTy — https://transliteration-
online.ru/

Ilpasuna mpanciumepayuu Kupuinio6cKkozo nucbma
JAMUHCKUM angdagumom.

Pomanusuposannuiit cnucok aumepamypol 0071HCEH 6bl21A0eNb
caeoyromum oopazom: aBTop(-bl) (TpaHCIUTEpAUs JIMOO aHTIIOSA3BIYHBIN
BapUaHT IPU €ro HaJM4YMHM) — Ha3BaHUE CTaTbH B TPAHCIUTEPUPOBAHHOM
BapuaHTe — [[epeBOj HA3BaHMs CTAThH HA AHIVIMHCKUH SI3bIK B KBaJPATHBIX
CcKOOKax| — Ha3BaHHME Ka3axOs3BIYHOTO JIMOO PYCCKOSI3BIYHOTO MUCTOYHHMKA
(TpaHcIUTEpaIHs, TMO0 aHTIMHCKOE Ha3BaHHE ITPU €r0 HAIMYNH) — BBIXOJHbIC
JIaHHBIE ¢ 0003HAYCHUSIMH Ha AHTJIMIICKOM SI3bIKE.

* UnnocTpannu, nepevyeHb PHCYHKOB U MMOAPHUCYHOUHBIC HAIIIHCH
K HUM TIPEJICTABISIIOT IO TEKCTY CTAaThbH. B 2JIEKTPOHHOM BEpCHU PUCYHKH M
wnroctpanuu npezacrasisitorest B popmare TIF mwim JPG ¢ paspenienuem He
menee 300 dpi.

* MartemaTudeckune (popmyJabl J0DKHBI ObITH HaOpaHbl B Microsoft
Equation Editor (kaxast popmyiia — oiuH 0OBEKT).
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Ha omoenvnoii cmpanuye (nocie cmamui)

B aniekTpoHHOM BapHaHTe IPUBOJISTCS MOJIHBIE NOYTOBbIE apeca, HoMepa
CJIY:KeQOHOro ¥ iomManiHero TejaedoHoB, e-mail (Homepa TeneoHOB TSI CBSI3U

PEeMaKINK ¢ aBTOpaMU, He ITyOIUKYIOTCS);

Ceéedenusn 06 asmopax

Ha xa3axckom si3bike Ha pycckowm si3bike | Ha aHrmiickoM si3bIke
®amvunus Ums OrtuecTtBO
(TIOJTHOCTHIO)

JlomKHOCTH, yueHasi CTENeHb,
3BaHUE

Opranuzauus

T'opon

Wnnexc

Crpana

E-mail

Tenedon
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TEOPETUYECKASI MOAEJIb ®OPMUPOBAHUA
KOMIETEHLUWN COLUUNATIbHbIX PABOTHUKOB
YEPE3 KYPCbI NOBbILUEHUA KBAJIUOUKALIUN

Boannoii cmamve npedcmaanena meopemuieckas mooens popmMuposanus
JUHHOCTHBIX U NPOGHECCUOHATLHBIX KOMREMEHYUL COYUATbHBIX PAOONHUKO8
yepe3 Kypcvl NOGbIUEHUSA K8ATUDUKAYUY, KOMOpAs paspabomana &
pamkax 0okmopckoul ouccepmayuu « Popmuposanue TUIHOCMHBIX U
nPOGhecCUOHATHBIX KOMNEeMeHYUll COYUATbHBIX PADOMHUKOS Yepe3 KypCbl
nogviuleHus Kearupukayuuy. B cmamve npusoosmes nedacocuveckue
ACneKmuvl camoeo npoyecca MoOeIupo8aHus, nepeyucienbl Jmansl
neoazoeuyecko2o mooenuposanus. Ilpedcmagnenvl memooonoeuyeckull,
npoyeccyabHblil (MexXHON02UYeCKULL) U UHCIPYMEHMATbHBI YPOSHU MOOENU,
ee yenb, MOHUMOPUHE CHOPMUPOBAHHOCTU UCKOMBIX KOMNEMeHYull, d
maxoice pesyrvmam. B mooenu nokazanvl KOMREmMeHmHOCIHbILL, TUYHOCHIHO-
OPUEHMUPOBAHHBIIL U NPAKMUKO-OPUCHIMUPOBAHHBII Nedazo2uyecKue
100X00b1, 3AKOHOMEPHOCTNU, NPUHYUNBL, YCTIOBUS (HOPMUPOBAHUS BEIOPAHHBIX
KOMRemeHyuil; ORUCAHbL IMANbL PEanu3ayuil npoyecca (PopmMuposaniis, yposHil
ChopMUPOBAHHOCIU TUYHOCHIHBIX U NPOPECCUOHATLHBIX KOMNEMEeHYUIL.
B pasoene npakxmuuecxou noocomoexu npeonazaemcs UuHmMepaKmueHas
paboma 6 cucmeme CIyuamenb-npenooasamenb-2pynna, HOOpasymesaruas
JUYHOE YHaAcmue Kaxcoo2o Cneyuarucmd, a makice omxpulmue nepeoeo
6 Hauwell cmpane Pecnybiukanckozo obuecmeenHno2o 06veoutenus
«Hayuonanvhwiii anvsauc npogheccuoHaTbHbIX COYUATLHBIX PAOOMHUKOB).
Jannas mooens noopasymesaent noo coboli OanbHelliee CO8ePUICHCINBOBAHIE
U camocmoamenvHoe pazeumue JUUHOCIMHBIX U NPOPecCUoOHaNbHBIX
KOMREemeHyuti COYUanbHulX pabomnuKkos. Imo no360.15em yeuoems 8 Mooenu
apgpexmusHocmb peanuzayuu Kypcos nosviuieHus Kkeanugurayuu, hopmoi,
Memoobl U cpedcmaa pabomal.

Kawouesvie ciosa: meopemuueckas mooenv, KoMnemeHyuu,
nogvluleHue KeATUuGUKayuu, CoyuanbHvie pabomHuxi.
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Beenenne

ConnaipHasi paboTa — OTHOCUTEIBHO HOBAs JIJIsl HAIllel CTpaHbl TPOQeccHs.
[TosToMy oOydeHHE COLMANbHBIX PAaOOTHHKOB HAa COBPEMEHHOH CTaauu HE
XapaKTepu3yeTcs HATUYHEeM JOCTAaTOYHO Pa3pabOTaHHBIX 00pa30BaTENIbHBIX
CTaHJIAPTOB, KOTOPBIE HAXO/IHJIN OBl BRIPAXKEHHE B ()OPMYIHPOBKE I1E/Iaror iueCKUX
Lenel, B coiepyKaHuy, TEXHOJIOTUAX yUeOHOTO Mporecca.

IIpoodonxcenue mexcma nyoauKyemozo mamepuana

MaTtepuanabl U MeTOABI

Teopernyeckuil aHaIU3 HAYYHOM MCUXOJOTO-NMEAATOTHUYECKONU U
CTEIHATBHON JINTEPATYPHI IO PoOIIeMe UCCIICIOBAHNS; aHATIN3 3aKOHOIaTEIbHBIX
U HOPMATHBHBIX JIOKYMEHTOB IO OTKPBITHIO OOIIECTBEHHBIX O00BEIUHEHU;
aHaJIN3 COAEPKaHM TPOrPaMM KypCOB ITOBBIIICHUS KBATH(UKAIIUN COLTHATTEHBIX
pPabOTHHUKOB; MOJICIMPOBAHUE; aHATIU3 U 0000IICHUE TIeJarorndeckoro OmnbITa;
OTIPOCHBIE METOIBI (Oecena, aHKETHPOBAHNUE, UHTEPBLIOUPOBAHNE); HAOIOICHHUE;
aHalNU3 MPOAYKTOB ACATEIHHOCTH CHEIHATUCTOB; dKCIEPUMEHT, METOIBI
MaTeMaTH4eCKON CTAaTUCTUKH 10 00pabOTKe IKCIIEPUMEHTAIbHBIX JAHHBIX.

IIpoodonxcenue mexcma nyoauKyemozo mamepuana

Pe3yabTaTsl n 00cy:KIeHHE

UtoOBI HOHATH 00BbEKTHBHBIE 3aKOHOMEPHOCTH, JISKAIIlHe B OCHOBE Ipoliecca
(bopMUPOBaHUS U PA3BUTHSI JINYHOCTHBIX U MPOPECCHOHAIBHBIX KOMIETEHIINI
COITMATIBHBIX PAOOTHUKOB Yepe3 KyPChl MOBBIIEHH KBaTH()UKAIIH, HEOOX0IUMO
YEeTKO MPEACTaBIATh ce0e UX MOJAECTb.

IIpoodonxcenue mexcma nyonuKyemozo mamepuana

BeiBoabl

TaxkuM 00pa3oM, Ha OCHOBAHHH BBINIEH3JI0KEHHOT'O MOXXHO CAENaTh
BBIBOJI O TOM, YTO TeOpeTH4YecKas MOJeldb (GOPMHPOBAHUSA JTUIYHOCTHBIX H
npodecCHOHaNbHBIX KOMIIETEHIIUH COIMAIbHBIX PAa0OTHUKOB 4Yepe3 KypChl
TMOBBIIICHUS KBATHU(DUKAIIMU COJEPKUT TPU YPOBHS €€ pPeallu3allnu.

IIpoodonxcenue mexcma nyoauKyemozo mamepuana

CnucoK MCNoJIb30BAHHBIX HCTOYHUKOB

1 Taxun, A. H. ITegarornueckoe MOICIHMPOBAHHE : CYIIHOCTD, 3P (HEKTUBHOCTh
u HeonpeaenaeHHocTsb [Tekcr] // Ilenaroruka. —2003. — Ne 4. — C. 22.
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XKHUIIIIK TIK, 2001. — 152 c.

3 Kapomna, I'. H. CuctemMHBII TTOAXO0 K 3KOJIOTHYSCKOMY OOpa30BaHHIO
uBocnutanuio (Ha matepuane cenbckux mkon) [Tekct]. — Munck, 1994. —212 c.

4 Todd, B. A. Porrs moaeneit B mo3nanuu [ Texcer]—JIL. : JIT'Y, 1963.— 128 c.
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C. K. Anmuxeesa™, C. K. Kcembaesa
TopaiireipoB yHuBepcutet, Kazakcran Pecriyonukacel, [1aBnoaap k.

BUIIKTUIIKTI APTTBIPY KYPCTAPBI APKBI/IbI OJIEYMETTIK
KBISMETKEPJIEP/{IH KY3IPETTUIIKTEPIH KAJIBIIITACTBIPY/IbIH
TEOPHAIBIK MOJEJTI

byn makanaoa «Oneymemmix KvizmemrepiepOiy OLNIKMIinNiciH
apmmulpy Kypcmapbl apKblibl MYJI2AIbIK HCOHE KOCIOU Ky3Ipemmilikmepin
Kaniolnmacmoipy» OOKMOPAbIK ouccepmayus uleybepinoe o3ipieHeeH
OLIIKMINIKMI apmMmuIpy Kypcmapbl apKblibl o/1eyMemmiK Kbl3MemKepiepoin
MYNI2ANBIK AHCOHE KOCIOU KY3bIpemminiein Kanblnmacmuipyobly meopusiivik,
MmoOeii ycoiuwiizan. Makanaoa mooenvoey npoyeciniy nedazo2uxkanbik
acnekminepi, nedazocuKkaiblk Mooeivboeyoiy Kezeyoepi KeumipiieeH.
Mooenv0oiy vdicnamanvik, npoyeccyairovlk (MEXHOIOSUSIbIK) HCOHE
acnanmulk, Oeneeunepi, OHblY MAKCAmMbl, Kadcemmi Ky3vipemmepoiy
KAI6INmacy MOHUMopuHel, conoau-ax Homudiceci ycoinvlizan. Mooenvoe
Ky3blpemminikKe, myJieaza OazulmmaneaH HCoHe npaKkmukaza 6azolmmanzan
neoazocuKaIblK mociioep, mayoaiean Ky3vipemmepoi Kalblnmacmoipy
3aHOBLILIKMAPSL, KA2UOAMMAPbl, WAPMmMapbl KOPCemiieen,; Kaaplnmacy
npoyecin icke acvipy Ke3eyoepi, dceKe JicoHe Kociou KyzvipemmepOoin
Kanvinmacy oeneetiiepi cunammanzan. Ilpaxmukanvlk 0atiblHObIK
O6IMIHOE MbIHOAYUBI-OKbIMYULLL-IMON JCYUECIHOe UHMEPAKMUBNI HCYMbIC
YCLIHBLIAOBL, 01 9P MAMAHHBIY JceKe KAMbICYbIH, COHOAU-AK eniMiz0e
aAn2auiKbl «KoCiou oneymemmix KvizMemxepiepoiy YimmuolK aibsHCbL»
PecnyOnuKablK Ko2amoblK OIpieCmiciHiK aubliyblH 6i10ipedi. Byn mooens
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alleyMemmix KblzMemkepaepOit JHeeKe Heone Kociou Ky3vlpemmepin 00aH
api ocemindipyoi dcone maoyeiciz oamvimyovt 0indipedi. byn modenvoe
OLIKMINIKMi apmmulpy KYPCMapblH iCKe acblpy bl MUIMOLLIZIH, HCYMbLC
HbICAHOApbl, 90icmepi MeH KYpanioapbli Kopyee MyMKIHOIK bepedi.

Kinmmi ce30ep: meopusinblx Mooenv, Ky3vipemminik, OiLikminiikmi
apmmuipy, o1eymemmiK Kblzmemxepiep.

S. K. Antikeyeva®, S. K. Ksembaeva
Toraighyrov University, Republic of Kazakhstan, Pavlodar

THEORETICAL MODEL OF FORMATION COMPETENCIES
OF SOCIAL WORKERS THROUGH PROFESSIONAL DEVELOPMENT
COURSES

310

This article presents a theoretical model for the formation of personal
and professional competencies of social workers through advanced
training courses, which was developed in the framework of the doctoral
dissertation «Formation of personal and professional competencies of
social workers through advanced training courses». The article presents
the pedagogical aspects of the modeling process itself, and lists the stages
of pedagogical modeling. The methodological, procedural (technological)
and instrumental levels of the model, its purpose, monitoring the formation
of the required competencies, as well as the result are presented. The model
shows competence-based, personality-oriented and practice-oriented
pedagogical approaches, patterns, principles, conditions for the formation
of selected competencies, describes the stages of the formation process,
the levels of formation of personal and professional competencies. The
practical training section offers interactive work in the listener-teacher-
group system, which implies the personal participation of each specialist,
as well as the opening of the first Republican public Association in our
country, the national Alliance of professional social workers. This model
implies further improvement and independent development of personal
and professional competencies of social workers. This allows you to see
in the model the effectiveness of the implementation of advanced training
courses, forms, methods and means of work.

Keywords: theoretical model, competencies, professional development,
social workers.
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NyBJIINKALJUOHHAST 3TUKA
B HAYYHOM XXYPHAIJIE
«BECTHUK TOPAUIbIPOB YHUBEPCUTETA.
CEPUA: ®DUSUKA, MATEMATUKA U
KOMIBbOTEPHbIE HAYKW»

Penaknmonnas xonjerus HaydHBIX xypHamoB HAO «Topairsipos
yHuBepcuter» «BectHuk TopaiirelpoB yHusepcutera», «Hayka u TexHukKa
Kaszaxcrana» u HayuHO-nomnyJisipHoro xypHaina «KpaeBeneHue» B cBoei
podecCHOHANBHON AeATENPHOCTH MPUAEPKUBAIOTCS NPUHIUIIOB U HOPM
[TyGmuKkamoHHOM STUKN HaydHBIX KypHAIOB HAO «TopaliThIpOB yHUBEPCHUTETY.
[TybnukannoHHas 3THKa pa3paboTaHa B COOTBETCTBHM C MEXIyHapOITHOU
My OIMKAIMOHHON 3THYecKol HopMoit KomuTeTa 1o myOMMKaIMOHHON 3THKE
(COPE), sTrueckuMu IpUHIMIIAME TyOnmukanuu xKypHaiaoB Scopus (Elsevier),
Kogexkca akagemnaeckoit uectnoctn HAO «TopaliTIpOB YHUBEPCUTETY.

[TyOnukanuoHHas 3THKa ONPEAEIsieT HOPMBI, IPUHIUIBI U CTaHAApPTHI
3THYECKOTO MOBEJIECHHS PEJAaKTOPOB, PELEH3EHTOB M aBTOPOB, MEPHI 11O
BBIABIICHUIO KOH()DJIMKTOB MHTEPECOB, HEITUIHOTO MOBEJCHUS, HHCTPYKLIUH TI0
N3BATUIO (PETPAKINN), UCIIPABIECHHIO U OTIPOBEPKEHUIO CTATHH.

Bce ywyacTHuKEN Tporiecca My OIUKauy, COOM0AAI0T IPUHIUIEI, HOPMBI 1
CTaH/APTHI Ty OINKAI[IOHHON 3THKH.

KavecTBo Hay4HOTO XypHana 00eCIednBaeTCsl NCIOIHEHNEM MPUHIIUIIOB
YYaCTHUKOB IpoIecca MyOJuKauu: paBEHCTBA BCEX aBTOPOB, MPHUHIUII
KOH(HIEHIINaTbHOCTH, OJHOKpPATHBIE IMyOIMKAalNK, aBTOPCTBA PYKOIUCH,
MIPUHIAIT OPUTMHAIBHOCTH, TIPUHIUI MTOITBEP)KICHUS HCTOYHUKOB, MPUHIINAI
00BEKTHBHOCTH U CBOEBPEMEHHOCTH PELICH3UPOBAHNS.

IIpaBa u 0053aHHOCTH YJICHOB PEAAKIIMOHHBIX KOJUIETHH Hay4HBIX
xypuaioB HAO «TopaiireipoB yHuBepcuteT» «BecTHuk Topailreipos
yHuBepcutera», «Hayka n texnmnka Kazaxcrana» m Hay4HO-HOIYJISIPHOTO
xypaana «Kpaesenenne» onpenenenst CO CMK 8.12.3-20 Ynpasnenue HayqHO-
N3JaTeNbCKON AEATEIbHOCTHIO.

IIpaBa 1 0013aHHOCTH PeLlEH3EHTOB

PenieH3eHThl HayuHBIX )KypHaIOB «BecTHUK TOpalirblpoB yHUBEPCUTETA,
«Hayxka u rexauka Kazaxcranay, HayqHO-IIOIYJIIpHOT 0 )kypHana «Kpaeseaenuey,
00s13aHBI PyKOBOJICTBOBATHCS MIPUHIUIIOM OOBEKTUBHOCTH.

ITepconanpHast KPUTHKA B aJpec aBTOpa(-0B) PYKOIHMCH HEIOIYCTHMA.
PerieH3eHT NOMKEH apryMEHTHPOBAaTh CBOM 3aMEUYaHUsI 1 0OOCHOBBIBATH CBOE
pELIeHnE O MPUHITUHN PYKOITUCH HIIH O €€ OTKJIOHEHHUH.
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HaroHaapHOCTE, pEITUTHO3HAS IPUHAUIC)KHOCT, ITOTUTUYCCKUE FITH HHBIC
B3TJIS1IbI aBTOPA(-0OB) HE JOJDKHBI IPUHUMATHCS BO BHUIMAHKUE U YUUTHIBATHCS B
IIPOIIECCe PELICH3NPOBAHUS PYKOIIUCH PELICH3EHTOM(-aMHu).

DKcnepTHas OLIeHKa, COCTaBJICHHAs PELIEH3EHTOM JIOJDKHA CIIOCOOCTBOBATH
MPUHATUIO PCHICHUS PEAAKIMEH O MyOJIMKAUU U MOMOTaTh aBTOPY YIIYYIIUTh
PYKOITUCH.

PerieHre o MPUHSITHY PYKOIIHCH K [Ty OJTUKAIINH, BO3BPAIICHUE paOOTHI aBTOPY
Ha U3MCHCHHUE WIN JOPadOTKY, MO0 pelicHne 00 OTKIOHCHUH OT ITyOJIUKAIHH
MIPUHUMACTCS PEIKOJUICTHEH OMUPAsCh Ha PE3yJIbTaThl PEIICH3UPOBAHUSI.

IpuHIHT CBOEBPEMEHHOCTH PeleH3UPOBaHHsS. PelieH3eHT 00s13aH
MIPEAOCTAaBUTh PELICH3HIO B CPOK, OIPE/ICIICHHBIN pelakineil, HO He 1mo3iHee 2-4
HeJIesIb C MOMEHTA TTOJTyYeHHSI PYKOIIMCH Ha perieH3upoBanue. Ecii paccMoTpenme
CTaThH U IOJI'OTOBKA PELICH3UU B HA3HAYCHHBIC CPOKU HEBO3MOIKHBI, TO PEIICH3CHT
JIOJDKEH He3aMeJUINTEIbHO YBEJJOMHUTH 00 9TOM Hay4HOT'O pelakTopa.

PerieH3eHT, KOTOPBI CYUTAECT, YTO €ro KBATHU(HUKAIUS HE COOTBETCTBYET JIMOO
HEJIOCTATOYHA JJIs IPUHSTHUS PCIICHUS IPU PCLICH3UPOBAHHUH ITPEIOCTABICHHOM
PYKOIIMCH JJOJDKEH HE3aMe/TUTENILHO COOOLIUTH 00 TOM HAyYHOMY PEIaKToOpy
U OTKa3aThCsl OT PELCH3UPOBAHUS PYKOIUCH.

IpnHIMn KOH(UICHIHMAILHOCTH CO CTOPOHBI peleH3eHTa. Pykonucs,
MIPEOCTaBICHHAsl PELEH3CHTY Ha PEIeH3UPOBAHUE JIOJKHA paccMaTpHBaThCs
KaK KOH(UICHIMAIbHBIN MaTepHrall. PEIICH3CHT HMEET MPaBo IEMOHCTPUPOBATH
e¢ 1/Wii 00CYKIaTh ¢ IPYTUMHU JIMIIAMH TOJILKO TTOCJIC MOTYYCHHUS TUCBMEHHOTO
paspeleHns Co CTOPOHBI HAYYHOT'O PelaKTOpa KypHaia |/Win aBTopa(-oB).

Wudopmarius v ujien HaydHOH padOThI, OTYUICHHBIC B XOJIC PCIICH3UPOBAHMUS
U oOecricueHHs MyOJIUKAIIMOHHOTO TIPOIIecca, HE TOJDKHBI ObITh UCIIOIh30BAHBI
peleH3eHTOM(-aMu) JUTsl IOJYYCHUS JINYHOM BBITOJIBI.

[puHIHN MOATBEP:KIEHNS HCTOYHHKOB. PCIICH3CHT JOJDKCH yKa3aTh
Hay4yHbIe pabOThl, KOTOPHIC OKa3alu Obl BIHMSHUE HA HCCICIOBATCIbCKUEC
pe3yJbTaThl pacCMaTPUBAEMON PYKOIUCH, HO HE ObUIA MPUBEICHBI aBTOPOM(-
amn). Taroke pereH3eHT 00s3aH 00paTUTh BHUMaHUE HAYYHOT'O PelakTopa Ha
3HAYUTEIBHOE CXOJICTBO MJIH COBIIAZIEHUE MEX/TY PACCMaTPUBAEMOMN PyKOIHCHIO
U paHee OMyOJUKOBAHHOW PabOTOM, 0 KOTOPOM €My U3BECTHO.

Ecin y peneH3eHTa MMEIOTCS JIOCTaTOYHBIE OCHOBAHMS I10J1araTh, 4TO
B PYKOITUCH COJIECPIKHUTCS IUIaruaT, HCKOPPCKTHBIC 3aMMCTBOBAHUS, JIOKHBIC
U cpaOpUKOBAHHBIC MaTEpPUAIbl HIIA PE3YyJbTAThl UCCICIOBAHUSA, TO OH HE
JIOJDKEH JIONYCTUTh PYKOIKCH K ITyOJHKAIMK U POHMH(DOPMHUPOBATh HAYYHOTO
pelaKTopa )KypHaja O BEISIBIICHHBIX HAPYILICHUSX IPUHIIAIIOB, CTAHIAPTOB  HOPM
Ty OJIMKAIIMOHHOHN 1 Hay4YHOM STHKH.
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IIpaBa 1 06513aHHOCTH aBTOPOB

[TyGnukannoHHas 3TuKa 0a3upyeTcsi Ha COOIIOICHUH ITPUHIIAIIOB!

OIHOKPAaTHOCTH IMyOJIMKAITUK. ABTOP(-bI) TAPAHTUPYIOT UTO MPECTABICHHAS
B PENaKIMIO PYKOIMCh CTaThU He Oblia MpeiCTaBiIeHa ISl PACCMOTPEHUS B
npyrue uzfanus. [IpeacraBieHne pyKOMUCH €IMHOBPEMEHHO B HECKOJIbKUX
YKypHAIaX/U3IaHUSIX HETPUEMIIEMO U SIBIISIETCS TPyOBIM HapyILIEHUEM IIPUHIIUTIOB,
CTaH/IapPTOB ¥ HOPM IyOJIMKAIMOHHOMN ATHUKH.

ABTOpCTBO pykomucu. JIumo, KkoTopoe BHeCIO0 HAUMOONbIUN
MHTEIUIeKTYaJIbHBIN BKJIA] B TIOJ'OTOBKY PYKOITUCH (IIpH ABYX U O0Jiee CoaBTOpax),
SIBJISIETCSI ABTOPOM-KOPPECIIOHICHTOM H YKa3bIBAETCsI IEPBBIM B CIIUCKE aBTOPOB.

J1uist ka1 cTaThy JOJKEH ObITh Ha3HAUEH aBTOP U1l KOPPECIIOH ICHIINH,
KOTOPBIH OTBEYAET 3a IIOATOTOBKY (DUHAIbHON BEPCHHU CTAThU, KOMMYHHKAIHIO C
peKoIIIeruei, J0JKeH 00eCTIeunTh BKITIOYEHHE BCEX YUaCTHUKOB HCCIISIOBAHMUS
(Tipu KOJIMYEeCTBE aBTOPOB O0JIee OJTHOTO), BHECIITUX B HETO IOCTATOYHBIHN BKJIAI, B
CIIMCOK aBTOPOB, & TAKIKE MOIYIHUTh 0JI00PEHIE OKOHYATEIHLHOM BEPCHU PYKOITHCH
OT BCEX aBTOPOB JIJIsI TIPEJICTABIICHHS B PEIAKIIMIO sl Iy OnnKkauu. Bee aBTopsl,
yKa3aHHbIE B PyKOIIMCH/CTAaThe, HECYT OTBETCTBEHHOCTD 32 COJICpIKaHHUe PaOOTBHI.

IIpuHIMI OPUTHHATBHOCTH. ABTOP(-bI) TAPAHTUPYET, YTO PE3YIHTATHI
HCCIIeIOBAHMSI, N3JI0)KEHHBIE B PYKOIHCH, TIPEJICTABIISIOT COO0I OPUTHHAIBHYIO
CaMOCTOSITENIbHYI0 padoTy, U He CO/Iep)KaT HEKOPPEKTHBIX 3aMMCTBOBAHHUN U
IUIaruaTa, KOTopble MOTYT OBbITh BBISIBIICHBI B TIpOLIECCE.

ABTOpPBI HECYT OTBETCTBEHHOCTH 3a IyOJHMKAIMIO CTaTeil ¢ MpU3HAKaMU
HEITUYHOTO MOBEJACHHUs, IJIarnara, camoluiaruiara, CaMOIUTHPOBAHHUS,
¢danbcudukauu, GpadpuKanuy, UCKaXXCHUS JTaHHBIX, JIOKHOTO aBTOPCTBA,
nyOmupoBaHus, KOH(PIJIMKTa HHTEPECOB U OOMaHa.

IpuHUIUN NOATBEP:KIAEHUS UCTOYHUKOB. ABTOP(bI) 00513yeTCsI TPABUIBHO
yKa3bIBaTh Hay4HbIC M WHBIE UCTOYHUKH, KOTOPBIC OH(M) MCIOJIb30Ba(1) B
XOJIe UCCJIe[IOBaHUs. B cilydae MCIIOJIb30BaHUsI KAaKUX-THO0 YacTel 4ymKHuX
padoT W/WiIM 3aMMCTBOBAHHS YTBEPXKICHHI IPYroro aBTopa(-0B) B PYKOIUCH
JIOJDKHBI OBITH YKa3aHbI OHOTHOrpadHUECKUE CChUIKU C YKa3aHuEeM aBTopa(-oB)
nepBouctrouHuka. Mudopmanusi, moaydeHHas n3 COMHUTEILHBIX HCTOYHUKOB HE
JIOJDKHA MCIIOJIb30BATHCS MPU 0(OPMIICHUH PYKOITHCH.

B ciyuae, ecin y pelieH3eHTOB, HAyYHOTO peIaKTopa, WieHa(-0B) PeIKOIIIET UK
JKypHaJla BOSHUKAIOT COMHEHHS TIOJJIMHHOCTH U JIOCTOBEPHOCTH PE3YJIbTaTOB
HCCIIeI0BaHusl, aBTOP(-bl) IOJDKHBI TPEAOCTABHUTH JIOMIOJIHUTENbHBIE MaTePUaIIbI
JUISL TOJTBEPIKICHUSI PE3yJIbTaTOB WM (DAKTOB, MPUBOJAUMBIX B PYKOIIHCH.

Hcnpasienrue ommOOK B mpolecce nyonukanuu. B ciydae BbISBICHUS
OIIHOOK ¥ HETOYHOCTEH B paboTe Ha JIF000# cTanu IMyOJIHKAIIMOHHOTO MPoIecca
ABTOPBI 00SI3YIOTCSI B CPOUHOM TIOPSIIKE COOOIIUTH 00 3TOM HAYYHOMY PEIaKTOpy
Y 0Ka3aTh MIOMOIIb B YCTPAHEHHH WJIM UCIIPABJICHUH OIIUOKHU sl ITyOrKaIum
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Ha caiiTe )XypHaia cooTBercTByroniei koppekunu (Erratum umu Corrigendum) ¢
KOMMeHTapusiMu. B cirydae oOHapykeHHs rpyObIX OIIHMOO0K, KOTOPbIE HEBO3MOXKHO
UCIIPaBUTh, aBTOP(-bI) JOJDKEH(-HbI) OTO3BAaTh PYKOIIHCH/CTATHIO.

HpuHnnn co6.ioaeHns MyOJNKANMOHHON dITHKU. ABTOPBI 0053aHbBI
coOJII0JJaTh STUYECKUE HOPMBI, CBSI3aHHBIE C KPUTHKOW WJIM 3aMEYaHUSIMH B
OTHOILICHUY MCCIIEIOBAHNH, @ TAK)KE B OTHOIICHUH B3aUMOICHCTBUSI C PEAaKIie
110 MOBOJIy peLeH3WpoBaHMs M NyOnukanuu. HecoOurogeHne 3THYECKUX
TIPUHIIUIIOB aBTOPAMH PaCLiEHUBACTCS KaK Ipy00e HApYILICHUE STUKH [Ty OJTMKALINA
U JIa€T OCHOBAHMUE JUISl CHSATHS PYKOIIMCH C PEIIEH3UPOBAHMS M/WIIN Iy OJIMKALIH.

Kongumkr unrepecon

Kondaukr uaTepecos, no omnpexaeienuo Komurera no myOnukaioHHON
stuke (COPE), 5T0 KOH(IMKTHBIE CUTYallMH, B KOTOPBIX aBTOPBI, PELIEH3EHTHI
WM WICHBI PEJIKOJUIETUH UMEIOT HESBHBIE HHTEPECHI, CIIOCOOHBIE MOBJIMATH Ha
UX CYXJEHHs KacaTelIbHO IyOnnKyemoro marepuaina. KoHGMKT nHTEpecoB
TIOSIBIISIETCS, KOT/Ia UMEIOTCSl (PMHAHCOBBIC, JINYHBIE WIH MPO(EeCcCHOHAIBHBIC
YCIIOBUSI, KOTOPBIE MOT'YT IOBJIHMATH Ha HAYYHOE CY)KJICHUE PEIIEH3EHTa 1 WICHOB
PEAKOJUIETHH, U, KaK pe3yJIbTaT, Ha PEIIEHUE PEIKOJUIErHH OTHOCHTEIBHO
Iy OJIMKAIU PYKOITUCH.

['naBHBIN peakTop, YWICH PEAKOIIIETHN U PEIIEH3CHTHI 0JIKHBI OTIOBECTHTH
0 TIOTEHIMATBHOM KOH(JIMKTE HHTEPECOB, KOTOPHIH MOXKET KaK-TO ITOBJIHMATH Ha
peleHne peJakiMoOHHON Koyierud. YIeHb! peIkoJUIerHy JIOJDKHBI OTKa3aThCs
OT PacCMOTpPEHHsI PYKOIIMCH, €CJIM OHU COCTOST B KaKHX-TNOO KOHKYPEHTHBIX
OTHOIIICHHMSIX, CBSI3aHHBIX C PE3yJIbTaTaMH HCCIIE0BaHUS aBTOPA(-0B) PYKOITUCH,
7100 eCI CYIIECTBYET HHOW KOH(IINKT HHTEPECOB.

[Tpn noaue pyKomMcH Ha paCCMOTPEHHUE B XKypHaJI, aBTOP(-bl) 3asBJISIET O
TOM, 4TO B COJICP)KaHUH PYKOIHMCH yKa3aHbl BCE HCTOYHUKH (DUHAHCHPOBAHMUS
HCCIIE0BAaHUST; TAKKE YKa3bIBAIOT, KAKUE HMEIOTCS KOMMepUecKre, (PUHaHCOBBIE,
JIMYHBIE WU TTPOdecCHoHabHbIE (AKTOPBI, KOTOPHIE MOTIIN ObI CO3/1aTh KOH(IJIUKT
WHTEPECOB B OTHOIICHHH ITOJJAHHON Ha PacCMOTpEHHE pyKomucu. ABTop(bl), B
MTUCbME IIPU HAIMYUK KOH(IIMKTa HHTEPECOB, MOTYT YKa3aTh YYEHBIX, KOTOPbIE,
10 X MHEHHIO, HE CMOTI'YT OOBEKTUBHO OIIEHUTD MX PYKOIIUCH.

PerieH3eHT He I0JDKEH pacCMaTpHUBaTh PYKOITHCH, KOTOPBIE MOTYT IOCITYKHTh
MPUYUHAMH KOH(JIMKTAa MHTEPECOB, MPOUCTEKAIONEr0 U3 KOHKYPEHIUH,
COTPYJHHYECTBA WJIN JAPYT'UX OTHOLICHHH C KeM-JINOO M3 aBTOPOB, HMEIOLIHX
OTHOIIEHHE K PYKOIIHCH.

B ciyyae Hanuuusi KOHQIMKTa MHTEPECOB C COJEPXKAaHHEM PYKOIIHCH,
OTBETCTBEHHBIH CEKpeTaphb JOJIKEH U3BECTUTh 00 3TOM TJIABHOTO pPElaKTOpa,
T10CJIE YEero PyKOIHUCh TIepeaeTcs APYroMy PeLeH3EHTY.

CymiecTBOBaHHE KOH(JIMKTa MHTEPECOB MEXy YYaCTHUKAMH B Ipolecce
pPacCMOTPEHHMs M PELIEH3UPOBAHUS HE 3HAUNT, YTO PYKOIHCH OyJIET OTKIIOHEHA.
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Bcem 3anHTEpeCcOBaHHBIM JIUIIAM HEOOXOJHMMO, MO MEPEe BO3MOKHOCTH
n30eraTh BO3HUKHOBCHHS KOH(JIMKTa WHTECPECOB B JIIOOBIX BapHUAIMAX Ha
BCEX dTanax myonukanuu. B ciiyuac BOSHUKHOBEHHUS KAKOTO-JIH00 KOH(MIMKTA
HHTEPECOB TOT, KTO OOHAPYKUJI ITOT KOH(MIUKT, JODKEH HE3aMEIIUTEIbHO
ONOBECTUTH 00 3TOM penakiui. To ke caMoe KacaeTcs JIFDOBIX APYTHX
HApYIICHUH MPUHITUIIOB, CTAHAPTOB ¥ HOPM ITyOJIMKAIMOHHON 1 HAYYHOU ITUKH.

HesTnuHoe moBenenue

HesTuyHbIM mOBEJICHUEM CUHMTAIOTCA JEUCTBUS aBTOPOB, PEIAKTOPOB
WM U3JaTelisl, B Clydae CaMOCTOSITEILHOIO MPEAOCTaBICHHs PELIEH3UU Ha
COOCTBCHHBIC CTaThH, B Cllydae JOTOBOPHOTO M JIOKHOTO PCIICH3UPOBAHUS, B
YCJIOBUSX OOpAIICHHUS K areHTCKUM YCJIyram JUis IMyOJIMKalluu Pe3yIbTaTOB
Hay4YHOTO KCCJICJIOBAaHUs, JDKEABTOPCTBA, Qanbcudukanuu u Gadpukanuu
pe3yIbTaTOB HCCIICIOBAHUS, MyOIMKAIUs HEJOCTOBEPHBIX ICEBII0-HAYYHBIX
TEKCTOB, IIEPEIaYr PYKOIUCH CTATCH B IPyTUe H3IaHus Oe3 pa3pelieHus aBTOPOB,
nepejayyd MaTepuagoB aBTOPOB TPETHUM JIMIIAM, YCIOBHUSI KOTJla HApYUICHBI
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