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HIGH PURITY METALS: PURIFICATION METHODS
AND APPLICATIONS

M.M. Pylypenko
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: pylypenko1957@gmail.com

High purity of the metals is required in the fields of electronics, nuclear energy, aerospace and basic
research. The stringent and ever-increasing purity materials’ requirements have brought in a variety of
improved and refined methods to deal with the demands.

High levels of impurity and gases in steels and alloys significantly reduce their mechanical,
corrosion and radiation properties and, therefore, limit their use in operating and designing reactors.
Use of high-purity metals as initial components of new structural materials will provide desired
properties in the resulting products.

Any material is considered to be pure, if its physical properties determined by the atomic-crystalline
structure and intrinsic defect, but not by the dissolved or substitutional impurities.

For achieving high purification of metals, methods at different stages of refining various chemical
and physico-chemical methods are use. Usually refining process is completed by physical methods
such as distillation in vacuum, melting in high vacuum, zone recrystallization, electrotransport (solid
state electro-migration) and various combinations thereof. These methods are mainly physical
processes: evaporation and condensation, crystallization, diffusion and electro-migration, etc. The
advantages of these methods over the others are the ability to yield high purity material and the final
product is obtained in a compact form, including single crystals with a perfect crystal structure.

Techniques of metal refining and purification rely on the differences in physico-chemical properties
of the base metal and the impurities. In order to reach the desired high purity, a sequence of purification
steps is required. These steps fundamentally apply in the form of chemical, electrochemical and
physical methods. The refining process is usually completed by physical methods.

Various highly efficient physical methods have been developed based on the nature of an impurity
or groups of impurities during the refining of metals by National Science Center “Kharkiv Institute of
Physics and Technology” (NSC KIPT). Description of of physical methods of refining as applied to
various metals and their features is included in this report along with the application of these methods
and results of research on the purification of some chemical-activity, refractory and fusible metals.

The electron beam melting method is quite effective for the production of pure refractory and
chemically active metals like Ta, Nb, Zr, V, Hf, etc. and their alloys. The zone melting (ZM) method in
vacuum with electron beam heating and the ZM in an electric field for high melting point metals like
Zr, Hf, Ti, V, Nb, Ta, and other metals are very much useful for increase its purity. Some reactive
refractory metals were subjected to refining by electrotransport. Refinement of fusible metals (Ga, Cd,
Zn, Te, Pb, In etc.) to the high purity level have been realized by distillation and method including
heating with filtration in combination with distillation though getter filter.

Complex refining based on the use of complementary physical-chemical, physical methods have
achieved the highest degrees of purification and obtaining metals in its purest form.



PAGIHYBAHHSA METAJIIB IV TPYIIN
(TUTAH, IUPKOHIN, TA®HI)
METOJIOM 30HHOI IJIABKH 3 EJEKTPONEPEHECEHHSIM

0.€. Kocegnixoe, M.M. Ilununenko
Hauyionansnuit naykoeuii yenmp
«Xapkiecokuii ¢pizuko-mexuiunuit incmumympy», Xapkis, Ykpaina
E-mail: kozhevnikov@kipt.kharkov.ua

Metop 30HHOI €JeKTpO-TIPOMEHERBOI T1aBku 3 enekTpornepeneceHHs M (3I1EIT) BukopucToByOTh
Ui pagiHyBaHHS TYrOIUIaBKUX METajiB, OTPUMAHHS BHCOKOUHCTHX 3pa3KiB 1 HACTYITHOTO
JOCIDKEHHA (I3MYHUX Ta MEXaHIYHMX BiactuBocTeil. IIpu mpoBeneHHI MJIaBKU B ITTMOOKOMY
BaKyyMi OUMIIICHHSI METaJly MPOXOAUTDH MPU OJHOYACHOMY MPOXO/HKEHHI MPOLIECIB BUITAPOBYBAHHS
JIETKOJICTIOYMX METAJIEBUX Ta Ta30yTBOPIOIOYMX JOMILIOK, 3MIIIEHHS METAJeBUX JIOMIILIOK B
KIHIIEBY YaCTHHY 3JIMBKY IPH 30HHIH IUIaBII, Mirparii JOMIMIKOBHX iOHIB I/l JI€I0 TPHKIIAICHOTO
EIIEKTPUYHOTO TOJIS 10 KIHIEBUX YaCTUH 3JIMBKa (K aHOy a00 KaToay).

Panime B miTeparypHHX Marepianax BiJI3HAYaJIOCh, IO TIPH eJIEKTporepeHeceHHl B B-dasi
IUPKOHIIO Ta TaHiIO 3MIIICHHS 10HIB KHCHIO, a30TYy Ta BYTJICLIO BiI0YBANIOCS y HAMPSMKY /10 aHOTY
(3HaK eexTHBHOTO 3apsiay ioHIB Z*<0). Y Bunanky padiHyBaHHsS THTaHY IIPH eEKTPOIIEPEHECEHH]
B [-ha3i cocrepiranocs 3MIILIEHHS 10HIB KUCHIO Ta a30Ty A0 aHody (Z* < (), a i0HIB BYIJIEIIO 10
karoxy (Z > 0).

Y mpexacraBneHid poOOTI Hepel BUKOHAHHSIM EKCIIEPUMEHTIB OyiaM MPOBEACHI PO3paxyHKU
napamerpis nporecy 3I1EIT s momimok BIpoBaKeHHS B TUPKOHIT, TadHii Ta TUTaHI.

BuxopucranHs MeTosy 30HHOI IUIaBKM 3 €JEKTpoNlepeHeceHHsAM aius MmeraniB |V rpynu
JIO3BOJIMJIO OTPUMATH BHCOKOUHUCTI 3pasku Zf, Hf Tta Ti. Byso 3Ha4HO 3MEHIIIEHO BMICT METaIeBUX
JIOMILIOK. B excriepumMeHTax MiJKII0UeHHs eIeKTPUYHOrO oISl 3/11HCHIOBAIOCS SIK TI0 X0y 30HHOL
IUIaBKH, TaK 1 MpoTH xoxdy. [licis miaBku MpoBOJMIIOCS TEPMOLMKIIIOBAHHS B 00J1aCTI TeMIlepaTypu
HOMIMOP(HOTO  0-f-TIEPETBOPEHHST METaTiB 3 METOI0 OTPUMaHHS MOHOKPHUCTATIYHUX 3€peH
OUIBIIIOTO PO3MIpY.

byno ognepkaHo 3pasku LUpPKOHIO 3 uyucToTOr0 99,91 Mac.%. KoHueHrtparis nomimok
BITPOBAKEHHS OyJia 3HAYHO 3HMKEHA (KUCHIO B 3,3; a30Ty — 3; ByIJIeIO — 2 pa3H).

PadinoBaHni 3pa3ku raguiro Oyau i3 BMicToM ocHOBHOro merany 99,85 mac. %. Konuenrparis
kucHro Oyna 3mennieHa 3 0,03 mo 0,011 mac. %, azoty — 3 0,003 10 5-10"° mac. %, Byraero — 3 0,04
1o 0,0018 mac. %.

3pa3ku THTaHy Oyno orpuMaHo 3 uymctoToro 99,95 mac. %. Kowmenrpariss kucHio Oyna
3meHuena 3 0,033 go 0,015 mac. %, azory — 3 0,009 no 410" mac. %, Byrnemo — 3 0,01 o
0,003 mac. %.

3i 3pa3kaMu IIUPKOHII0, raHi0 Ta TUTaHy OyJO MPOBENEHO MeTanorpadiuHi JOCTIIKEHHS Ta
BUMIPIOBaHHS MIKpPOTBEPIOCTI.
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OCOBJIMBOCTI OUMIIEHHS TETPAXJIOPUY TA®HIIO BI/JI
[UPKOHIIO

T.b. Auko, P.b. /lauenko
UNDERSLAB, bypzac, boazapia
E-mail: titanlab3@ukr.net

Bucokuii mepepi3 3axOIUICHHS TEIUIOBUX HEHUTPOHIB raduieM poOUTh HOro CTpaTeriyHUM
MarepiajgoM JUIsl CHCTeM KepyBaHHs peakTopamu mokodiHHs BBEP-1000 ta mepcnekTHBHHX
SMR. OcCKiJbKH Y IPUPOJHUX KOHIIEHTPATIB THUITY HUPKOHA BMICT IIUPKOHIIO CKIIAAa€e OJIM3BKO
67%, a BMICT TadHil0 CTaHOBUTH 2%, KIIOYOBUM TEXHOJOTIYHUM BUKIUKOM € BHJIAJCHHS
UPKOHIiIO 10 piBHA < 50 ppm [1, 2].

['omoBHUM BY3BKHM MicIIeM JIaHItora € oumineHHs ra3zodazHoro HfCls;, 3 sxoro namami
CHHTE3YIOTh Oy/Ib-5IKi CTIOJIYKH a00 MeTal.

[Tonan 70 % cBitoBoro Hf Bunyckaerbcs Ha KUTAMCHKUX MIAIPUEMCTBAX, 110 3aCTOCOBYIOTh
crpoleHy a1Bo- abo TpucryneneBy cxemy (GB/T 5233-2020):

1. XnopyBaHHS UUpPKOH-TaQHIEBOro KOHIEHTpary y kumiasyomy tmapi 900...950°C 3
yrBopeHHsM cyminti xsiopuniB ZrCls—HfCly.

2. ®pakniitHa cyoniManis abo ekcrpaktuBHa auctuisanis y posmiasi KCI-NaCl 3unxkye BMicT
upkoHiro 10 ~0,3...1,5 mac.%.

3. Maruierepmiune BigHoBieHHs (Kroll) orpumanoro xnopuanoro pozuuny mpu 800...850 °C
13 BakyymHo10 auctusiniero MgCl, Ta rpanyaroBaHHSIM.

Otrpumanuii meran mictuth 3000...15000 ppm 1UPKOHIIO, NPUAATHUN IS YKAPOMIITHUX
CIIABIB 1 KaTaJi3y, aje HeMPUHHATHUHN ISl aTOMHOI €HepreTukH [3].

Jlna 3a0e3meueHHs] HU3BKOTO BMICTY LMPKOHIIO B TETPaxjopual radHilo 3ampornoHOBaHA
HACTYITHA CXeMa OYHUIICHHS TeTPaxJIopuay radHiro:

- eKCTpakIiiiHe po3aiieHHs 3a gornomoroio TBP;

- aHIOHHO-OOMIHHA PEeaKIis 3a IOMOMOTOIO IIEOITIB;

- rasoda3zHa cyOnimariis;

- (inpTpaniiino-aacopOiiiiHe JOOUNIIIEHHS Yepe3 NOPUCTHI LIMPKOHIEBUN (DIIBTP.

ExcTpakuiiiHe po3ziieHHs, cyOiaiMallis Ta eKCTpakilisl 3a JOIMOMOI'OI0 LEOJITIB JO3BOJIAIOTH
oTpuMaTH radHii BHMCOKOI YMCTOTH, MpOTE€ € MpodiieMa 3aJUIIKOBOrO LUPKOHI0 [4].
3acTocyBaHHs LIMPKOHIEBOTO (PUIBTPY J1a€ MOXKIIUBICTh MEPEBEICHHS TETPAXJIOPUY HIUPKOHIIO B
bopmy Hkumx xjaopuais (ZrCls, ZrCl,) yepes yacTkoBe BiTHOBJICHHS 3@ PEAKI[iSIMH:

Zr+3ZrCly — 4 Z1Cl3,
Zr+ ZrCly — 2 ZrCl,.

YTBOpeHHSI TakuX CYOXJIOpUIIB LHUPKOHIIO TO3BOJISIE SKICHO BIIOKPEMHUTH 3aJIUIIKOBUIN
LUPKOHIM BiA radHil0 32 paXyHOK 3HAYHOI'O 3HI)KEHHS MapuliajdbHOro TUCKY. Husbkuil THCK
napu cyoxmnopuniB ZrCly-ZrCls (<0,01 Topp npu 450 °C) cnpusie ix koHaeHcarii Ha (inbTpi 6e3
BTpat radHio [5]. A 3ammmkoBuii ZrCly ceneKTUBHO ancopOyeThCsl Ta MOBEPTAETHCS Y CXEMY
XJIOpYBaHHSI KOHLEHTpaTy. OdiKkyBaHMH BMICT IIMPKOHIIO B TeTpaxyiopual radHio 3a
po3pobIIeHO0T cxeMoro ckinagae Menie 50 ppm.

BucHoBkn

3anpornoHoBaHa iHTerpoBaHa cxema «EKCTpPaKIIisi — 10HOOOMiH — cyOmimaris —
LUUPKOHIEBUM (QUIBTP» MIHIMI3ye BHUKOPUCTaHHS (TOp- Ta XJOp-OpraHiku, 3ale3meuye
3amkHeHuil ki ZrCls Ta yucrory HfCls, HeoOXinHy niast peakropHux MatepianiB. [lopuctuii
Zr-pinpTp 00’€qHye (YHKLIT TOOYMILEHHS Ta pereHeparii, MOJOBXKYIOUM PECYpPC PEareHTiB 1
3MEHIIYIOYH KUTBKICTh BIAXO/IB. 3alIpONIOHOBAaHUN MOPUCTHI IIMPKOHIEBUHN (DIIBTP JEMOHCTPYE
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BHCOKY CEJICKTHUBHICTh, CTAOUIBHICTP Yy arpeCMBHOMY CEPEIOBHINI Ta TPUAATHUN s
MacimTaOyBaHHS y BUPOOHULITBI peaKTOPHUX MaTepiajiiB BUCOKOI YUCTOTH.

Jlimepamypa

1. AP. Mukhachev, D.O. Yelatontsev, O.A. Kharytonova, & V.G. Shevchenko.
Technological basis of the process of zirconium and hafnium separation // Problems of Atomic
Science and Technology, 2023, N 5(147), p. 103-109. https://doi.org/10.46813/2023-147-103

2. Nuclear Fuel Complex. Nuclear grade reactor material. 2025, June 4. Retrieved from
https://www.nfc.gov.in/nuclear-grade-reactor-material.html

3. X. Liu, L. Wang, and S. Chen. Research progress in preparation of hafnium metal // Rare
Metal Materials and Engineering, 2013, N 42(2), p.158-165. DOI:10.3969/j.issn.0258-
7076.2013.02.022

4. Z.H. Ismail, S. Rizk, E.M. Abu Elgoud, and H.F. Aly. Separation of hafnium from zircon
leach solution using anion-exchange resin and production of high-purity zirconia for nuclear
applications Il Hydrometallurgy, 2024, N 231, p. 106411.
https://doi.org/10.1016/j.hydromet.2024.106411

5. B.W. Lamm and D.J. Mitchell. Chemical Vapor Deposition of Zirconium Compounds: A
Review // Coatings, 2023, N 13(2), p. 266. https://doi.org/10.3390/coatings13020266
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OHNTUMIBALIS ITPOUECIB INIMBOKOI'O OYNUIIEHHA
ITPU BAKYYMHIHN JIUCTUJIALIL BEPAJITIO

B.JI. Bipuu, O.B. Kucine, K.B. Koemyn, A./l. Cononixin
Hauyionanvnuit naykoeuii yenmp
«Xapkiecokuii Qizuko-mexuiunuit incmumympy», Xapkis, Ykpaina
E-mail: vladimirvirich777@gmail.com

Crierndika Oepuitiro K 00'€KTa OUYMINEHHS TOJNATa€ B HOrO BHCOKIM XIMIYHIA aKTUBHOCTI 3a
BUCOKUX TeMIlepaTyp. Brcoka akTUBHICTh OEpuMIIIF0 HETaTUBHO TO3HAYAETHCS HAa e()EKTUBHOCTI HOTO
OYMIIICHHS BCIMa HAsIBHUMH METOAaMH (€IEeKTPOIEepEeHECeHHs], BAKYYMHUII MeperiaB, 30HHa IUIaBKa,
BaKyyMHa IMCTWIIALISA Ta iH.). JI0 TemepimHpOro 4acy BBaXKalu, IO YIS JOCATHEHHS BHUCOKOTO
CTYNEHSI OYMIIICHHS HEOOXITHO BHUKOPHUCTOBYBAaTH IOEAHAHHS JCKUIBKOX METOMIB padiHyBaHHS,
HANpPUKIIA, BaKyyMHY IMCTWIALIIO 3 TOJAJIBIIOI 30HHOI0 IDIABKOIO 32 YMOBU BHKOPHCTaHHS
BUXIIHOTO Martepiary, OTPUMaHOro enekrporepeHocoM [1]. ¥V pesynbrari octanHix pooit [2, 3], y
SKUX TIPOBEJICHO JOCITIDKEHHS 3 BUBUCHHSI MpoLEeciB padinyBaHHS Oepuitito, Oyino BUSBICHO IESKi
3aKOHOMIPHOCTI, SIKi Jal0Th 3MOTy OTpUMyBatu Oepwiiii uwcToTor0 moHan 99,999 wmac.%,
BUKOPHCTOBYIOUM TUIBKM BaKyyMHY IHCTWIiFO. [l MOCSTHEHHS Takoi YHCTOTH TOTpiOHE
MIPOBENICHHS TPHOX IMKJIIB MIEPETOHKU BUX1THOTO OepriIito YnucToTor 99,9 mac.%.

Y TOCKOHAJICHHST TIPOLIECY BaKyyMHOI JUCTHIIAIIT OSPUITIFO 3 METO 3MEHINICHHS KUTBKOCTI IIUKITIB
MOYHa 3a0€3IeUnTH, SKIIO BPaXxyBaTH ICTOTHY BiJMIHHICTH BMICTY JIOMIIIOK y BEpXHIM 1 HIDKHIM
YaCTUHAX KOHJICHCATY TMICNS TEepBHHHOI MucTWwii. OCKUIBKM BEpXHsS YacTHHA KOHZIEHCATY
30arayeHa JIeTKO-JIETIOYMMH JOMIIIKAMU, a HIDKHS — BaKKO-JIETIOUMMH, X HE CIifl 3MIIIyBaTH MpU
MPOBEJICHHI TIOBTOPHUX JAMCTUIIALIN, a TIPOBOIUTH PO3AUIbHY TEperoHKy ixHix yactuH. L{i gactunm,
3i0paHi MIClIsA KUTBKOX IUKJIIB MEPBUHHUX JUCTWILALIN, HaJall TiUIal0THCS PO3IUIbHIN TTOBTOpPHIM
mucTwsAl. HaiOumelll  onTHMaibHA IIBHUIKICT BUIIAPOBYBAHHS JJISI BEPXHBOI YACTUHH — II€
0.3...0.32 F/(CMZTOI[), a i HkHBoI yactnad — 0.17...0.2 r/(CMZTOI[). 3a IMX IMBUIKOCTEH I
JOMIHYIOUMX JOMIIIOK Peali3ylOThCd HaWBuUIIl KoedirieHTn po3auieHHs. [lpu npomy, y pasi
MOBTOPHOI JUCTHUIIAIT BEPXHBOI YACTUHU JUCTUIIATY BHUIAPOBYEThCs ~90% 3aBaHTaXEHHs, a B pasi
MOBTOPHOI JUCTWISALIT HWKHbOI yacTMHU ~70 % 3aBaHTaXXEHOro B THreib Marepiany. IlepBuHHI
JMCTWIISILIT, TIPY I[bOMY, TPOBOJSATH 3a MIBHUAKOCTI BumapoByBaHHs 0.25...0.3 r/(cM?Tox), KoMK
CyMapHUM KOe(illleHT MOALTYy 3a BciMa JoMilkamy HauBummid. [Ipu mpoBeneHHI MEepBUHHOI Ta
BTOPUMHHOI JUCTWISALIT B Jiara3oHi HAHONTUMATBHIMINX IIBUIKOCTEH BUIAPOBYBAHHS METATy JUIS
KOXKHOTO IMKITY, 200 TIPH TIPOBEICHHI PO3AUTHHOI TOBTOPHOI JUCTHIIAIIT OSpHIIIFO, KITBKICTh UKITIB
MIEPErOHKH, HEOOXIAHUX IS Ofiep KaHHs Oeputito YucToToro 99,999 mac.%, 3HIKYeThCS 3 TPHOX 0
TIBOX.

Jlimepamypa

1. I'®. Tuxunckuii, I'.I1. KoBryn, B.M. Asxaxa. [TonyueHne cBepXUUCThIX PEAKHX MeTaioB //
M.: «Memannypeusi», 1986.

2. H.C. Ilyraués, 1U.B. narun, A.Jl. Cononuxun, B.JI. Bupuy, O.B. Kucens, K.B. Kosryn. O
BiusiHAM TyroruiaBkux MetawioB (Nb, Mo) Ha 3(peKkTHBHOCTD OUMCTKU OepUILTHS BAaKyyMHON JTH-
criwutsinueit /| Cooprux doxnaoos 9-20 Medxcoynapoornoeo cumnosuyma «Bvicokouucmule memaniu-
yecKue U NOYNPOBOOHUKOBble Mamepuanvly, Xapvkos, 2003, c. 10-14.

3. BM. Axaxa, B.J[. Bupuu, K.B. Koryn, H.C. I[lyraues, 1.B. llInarun. M3ydyenne meronom
JIa3epPHO MacC-CIIEKTPOMETPUH TPOIIecca OYUCTKH OCpWUTHS TIPU BaKyyMHOW JuCTHLIIAA. //
Bicnux Xapxiecokoeo ynieepcumenty, Ne674 cepis dizuuna «Slnpa, yacTMHKH, 1ojs», BUM. 3 /25/,
2004, c. 35-41.
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OTPUMAHHSA BOPY BUCOKOI'O CTYIIEHA YNCTOTH

AL Myxalteel, J1.0. Enamonyes', 0.A. Xapumonoeaz, M.I T pettamok3
Incmumym zeomexniunoi mexanixu im. M.C. Ilonakoea HAH Ykpainu,
/Ininpo, Ykpaina,
2I)Ltcmumym Macapuxka, bpuo, Yexisn;
3I)ltcmumym npoonem mamepianoznaecmea im. .M. @panyesuua HAH Ykpainu,
Kuie, Yxpaina
E-mail: map45@ukr.net

bop € omHMM 3 KPUTHYHO BaXJIMBUX EJIEMEHTIB, IO BWU3HAYAIOTh CTAIMHA PO3BUTOK SICPHOL
SHEPIreTHKH, METATyprii, BAPOOHMIITBA HAITIBIIPOBIIHUKIB 1 ONTHYHMAX MaTepiajliB, a TAKOX MOCTIMHHX
MarHiTiB. bop icHye B 1BOX MOH(iKallisiX: B aMOP(HOMY 1 KpUCTATIYHOMY CTaHi. AMOp(HHIA 6Op MICTUTB
110 6% NOMIIIOK, KpUCTAIYHUIA 60p MICTUTB 99,99% 0CHOBHOI peyoBHHU. 3acTOCYBaHH: KapOidy Oopy sk
HECUTPOH-TIOIIMHAIOWOr0 Marepialy B CHCTEMi YIPABIIHHS 3aXUCTy SICPHUX DPEAKTOPIB JI03BOJISE
3a0e3MeunTy X HaIiifHy eKCILTyaTallito POTArOM TPUBAJIOTO Yacy.

Bop BHCOKOTro CTyNEHs YacTOTH OTPUMYIOTh MLUIIXOM PO3KIAJaHHS JUOOpaHy TIpU BHCOKIH
TeMIepaTypi 3 TOJAIBIIOK 30HOK IUIABKOIO 3a MeTosoM Yoxpanbebkoro. Bimomo BinmHOBICHHs
rajorexiiie 0opy BomHeM mipu Temrieparypi oran 1520 °C. Meron enektpomi3y Tpudropumy 6opy B
posmasi npu Temreparypi 600 °C nae yucTuil MpoAyKT y BHUIVIAAL Hopouiky. [IpomrcrnoBuii meron
BITHOBJICHHS OKCHJTy OOpY MarHieM JI03BOJISIE OTpHMATH aMOp(hHMiA OOp, SIKUiA € BUXITHUM HPOIYKTOM
U151 OTPUMAaHHSI KPHCTaIIYHOTO OOpY METOIOM €JIEKTPOHHO-TIPOMEHEBOTO TIEPEILIaBY.

Meron kpucraiizaiiii aMophHoro 6opy BuBYaBCs psiioM aBTOpiB [1, 2]. Byno Bu3HaueHo, 1m0 mpu
temreparypax <800 °C yrBoproetbesi aMopduuii 6op, B iHTepBam 800...1150 °C — o-pomOoenpudHmit
6op, mbk 1100 1 1500 °C mae micme YTBOpEHHS pi3HMX HECTEXIOMETPHYHHX OOpHJiB, HaifdacTile
CIIOCTEPIraeThesl picT KpuctamiB Oopy TerparoHambHOi (opmu. Bume 1500 °C yrBOproetses 6op B-
POMOOEAPUIHOT MOM(IKALTIT.

[Torpe6ba B KpucTamivHOMY OOpi BHCOKOIO CTYHEHS YHCTOTH BHHHKJIA TPU PO3pOOLI HOBUX
NONIMHAIOYMX CIUIaBIB U1 3aXWCTY BiJl HEUTPOHHOIO BUIIPOMIHIOBAHHS. MeETOJ 30HHOTO IUIABJIEHHS
JI03BOITSIE OTPUMATH KPUCTATIYHMIA 60p i3 BMicToM foMimmok 107 %, arne BiH € MaTONpOIYKTHBHAM i
€HEepPrOBUTPATHIM.

J1s oTprMaHHS KpUCTaigHOro 60py B-Mouikarii 3 aMop(HOro HOPOIIKY OYyII0 TOCHTIHKEHO METONT
EIIEKTPOHHO-TIPOMEHEBOTO TieperiaBy Ha ycraHoBil YE-177P [3], mo 3a0e3medye BupaieHHS
JIETKOJIETKUX JIOMIILIOK 3 amopdHoro Oopy. B xoxi pociimkens Oyina BU3HaUYeHa ONTHMAaIbHA [10YaTKOBA
HOTYXKHICTb IIPOMEHSI TIPU THCKY He Oubiie 7 107 MM pT. cT. OUuILeHHs CyPOBOLKYBATIOCS 3HIKEHHAM
rcky 710 8102 Mm pr. cr. Tlnasnennst Gopy BiGyBazocs B [Ba CTAIA: Ha TEPIIOMY BHIASUIICA
JIOMIIIIKK, Ha Jpyromy BiaOyBasiocs Oe3rnocepenHe IUaBieHHsT pedoBuHH. Yac mporecy craHoBuB 20
XBWIMH. Buxin kpucraiiusoro 6opy nocsraB 94%, uncrora npoaykry — 99,99%.

Bumorn 10 umcrot Oopy TMOBHHHI BIIIOBIIATH YHCTOTI SIEPHO-YMCTOTO IMPKOHIIO 1 TadHIro.
OtpyMaHHS KpUCTAIYHOrO OOpY BIKPHBAa€E LUIAX O BUPOOHMIITBA HA/IPOBIIHMX CIUIABIB, a TaKOX
kapOity 6opy merogom CBC.

Jlimepamypa

1. J. Zhou, P. Bai. A review on the methods of preparation of elemental boron // Asia-Pacific
Journal of Chemical Engineering, 2015, 10(3), 325-338.

2. G. Bilgi¢, M. Sahin, H. Kaplan. A system design for large scale production of elemental

boron by electrochemical deposition // Journal of The Electrochemical Society, 2020, 167(16),
162513.

3. A. Mukhachev, D. Yelatontsev, O. Kharytonova, N. Grechanyuk. Production of Neutron-
Absorbing Zirconium-Boron Alloy by Self-Propagating High-Temperature Synthesis and Its
Refining via Electron Beam Melting // Alloys, 2024, 3(3), 232-245.
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OTPUMAHHSA KAJIMIIO JETEKTOPHOI YNCTOTH
KOMINVIEKCHUM METOJAOM JUCTHJIALII

O.1L lllepﬁanbl, J1.0. Cononixin*?, O.1I. Kondpulcl
1Hauionaﬂbnuﬁ HayKoeuil yenmp
«Xapkiecokuil (hizuko-mexniunuil incmumymy, Xapkis, Yxkpaina;
XapkiecbKuil HAUIOHALHUTL AGMOMODITILHO-00POIHCHIN YHIgEpCcUmem,
Xapkis, Ykpaina
E-mail: shcherban@kipt.kharkov.ua

Bucokourcruii kaamiit (> 99,999 mac. %) 3acTOCOBY€ETHCS SIK CKIIAZOBHI KOMIIOHEHT ISl CHHTE3Y Ta
BUPOIITYBaHHSI HAIIBOPOBITHUKOBUX Ta CIMHTWIAIIAHAX MOHOKPHUCTAIIB, SIKI MarOTh PI3HOMaHITHE
3actocyBants. Hanpurian, crionyku CdTe 1 CdyZni<Te (x = 0,1...0,4) — 11t ICTEKTOPIB 10HI3YI0UYOTO
punpomiaoBanust; tBepai posunan  CdyHgixTe (x = 0,2...0,3) — s BUrOTOBJIEHHS TEILIOBI3OPIB;
cupHTIIiHD netektopu CAWO,, CdMoO, — 1 peectpariii moaBidHUX [ po3MaiB i30TOIIB 106¢yq,
116Cd, %Mo JUISl BUBYCHHST BJIACTUBOCTEH HEMTPHHO.

JUis TIrOTOBKM HIMXTH JUIl OTPUMAHHS CIIOJIYK 1 BHUPOIILYBAaHHS BHCOKOYMCTUX MOHOKPHCTAJIIB
MOTPIOH1 BUX1/IHI €IEMEHTH YHUCTOTOI > 99,999 mac.%, y SIKMX BMICT OCHOBHHUX €NIEKTPHYHO aKTUBHHX
JOMILITOK Mae 6yt Ha piti < 1107 mac.% [1].

Mertoro aHoi poOOTH € JIOCITIPKEHHST 3 OTPUMAHHS KaJIMil0 JeTEKTOPHOI YMCTOTH KOMIUICKCHUM
TMPOLIECOM JTUCTUIISIIMHOT OYMCTKH 13 3aCTOCYBAaHHSIM OKHCHOTO pa(iHyBaHHS, SIK OJHOIO 3 MPUIOMIB
JIOJTATKOBOTO OYUIIICHHS TPH TUCTUIISLIHOMY padhiHyBaHHI KaJIMIFO.

VY mpoueci padiHnyBaHHA KaaMil0 TpU HOTo po3IUIaBleHHI B 1HEpPTHIH atmocdepi abo Bakyywmi, B
Pe3yNbTaTi XIMIYHUX PEaKIii 3aJIMIIKOBOrO KHCHIO HABKOJMIIHBOI arMocepr, Ha TIOBEPXHI PO3ILIaBY
YTBOPIOETHCS OKCHJIHA TUTIBKA. J{JIs1 KOPHCHOTO BUKOPUCTAHHSI ©()EeKTy YTBOPEHHSI 1 HASIBHOCTI OKCHITHOT
IUTIBKA Ha TIOBEPXHI PO3IUIABJICHONO KAJIMil0 HAMH 3alpOIIOHOBAHMI TAKW TPUHOM, SIK (hUIBTparist
PIIKOrO MeTamy Ayl BUIAICHHS OKCH/iB. Takuii mpriioM YMOBHO MO>KHA BITHECTH JI0 CIIOCO0Y OKMCHOTO
padiHyBaHHS METAITy.

VY poboTi BUKOHAHO TEPMOAMHAMIYHMI aHAJI3 PEaKIiil OKUCIEHHS JOMIIIOK MpH PO3ILIABIEHH]
KasMiro y atMocepi aproHy Ta JUCTWIALIT y BakyyMi. MOXIIMBICTb YTBOPEHHS 1 BUJAICHHS JIOMIIIOK
METAJIB 3 Ka/IMII0 y BUIVIAAI iX OKHCIIB OLIHIOBAIM MO BEIUYMHI MIITHOCTI OKHCHMX CHOyK. Bemmumna
MIITHOCTI OKHCHOI CHOJYKM XapaKTE€pU3YEThCS 3HAYEHHSM KHCHEBOIO MOTEHLIATy abo aOCOIOTHOO
BEJTMUYMHOKO 3MiHHU (3HIKEHHST) BUTbHOI eHeprii ['1066ca [AGwveo-

Jlnst peanizartii 3arporoHOBAHOTO HAMH IMIXOYy BUKOPHUCTOBYBATM CHEINATBHUN JUCTUIISIIITHIIMA
npuctpiit [2]. Ilpomec oumieHHs NpoBoIWIM y JABa eramd. Ha meprmomy erami BUXITHMH MeTand
PO3MIaBIsUM 1 (GUTBTpYBaK B arMoc(epl IHEpTHOTO ra3y aproHy TexXHIuHoi urcToTi. Ha npyromy erami
TIPOBO/IWIIM BUIAJIEHHS JIETKOJIETKUX 1 BOXKKOJIETKHX JIOMIIIOK IIUTSIXOM MEPErOHKH KaJMII0 y BaKyyMi Ha
migrpituii koHneHcarop. OTpuMaHuii JTUCTWISIT TaKOX IIJIABaBCS PO3IUIABICHHIO 1 (UIbTparii 3
(opMyBaHHSAM MIPHHX 3JIUTKIB.

Taxke 3acTOCYBaHHS KOMILIEKCHOTO METO/TY 3HAYHO IMIJIBUIILYE €(hEKTUBHICTb OUUCTKH, IPOTYKTUBHICT
NpoLIeCY Ta BUXIA MNPHUAATHOTO MPOAYKTY. JIOCHI/DKEHHS TMOKa3amM, IO e(pEeKTUBHICTb OYMCTKH
KOMIUIEKCHOT'O TIPOIIECY CKJIA/Ia€ Maiike JIBa TIOPSIKK BETIMIUHM (3 BUXITHUX 99,98 mac. % mo 99,9995
Mac. %). UucTora Takoro KajMiro BIAMOBIIAE YUCTOTI METAY JUIS OJEpKaHHs SKICHUX JIETEKTOPHHUX 1
CIMHTWISILIMHIX MaTepiaTiB.

Jlimepamypa

1. SH. Song, J. Wang, and M. Isshiki // J. Crystal Growth, 236, No. 1-3: 165 (2002).
https://doi.org/10.1016/S0022-0248(01)02395-8

2. A.P. Shcherban, et al. // Production of high purity granular metals: cadmium, zinc, lead // TKEA. Ne 1-
2, p. 55 (2017). https://old.tkea.com.ua/tkea/2017/12_2017/pdf/09.pdf
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OTPUMAHHSA BUCOKOYUCTHUX EJIEMEHTIB I 3'€/IHAHb ITPU
ITOBEPXHEBOMY PO3Ps1I B KAMEPI MAT'HITOIIVIAZMOBOI'O
CEITAPATOPA

B.B. Kampeuko, B.b. IO¢gepos, /I.B. Binnukos, O.M. O3epoe, B.1. Tkauvos,
C.0. Ilempenko, b.0. bpoexkin
Hauionansnuit naykoeuil yenmp
«Xapkiecokuii (hizuko-mexniynuit incmumymy, Xapkis, Ykpaina
E-mail: katrechko1609@gmail.com

PosrisiHyT0 0COOIMBOCTI MAacONEpEeHOCY Marepially €JIeKTPOJIiB TUIa3MOBOTO JDKEpesa Mpu
IMIYJIbCHOMY ITOBEpXHEBOMY po3psiii. [lma3zMoBe mKkepeno BCTaHOBICHE B TOPIEBOMY (IIaHII
Bakyymuoi kamepn (P =2x10° Topp) MarHiTOIIa3MOBOrO cemaparopa i sBIsS€ COGOKO
KOAKCiaJbHUIM 1HXKEKTOP 3 IEHTPAIbHUM €JIeKTPOJOM — CTpukHeM 3 Tutany (Ti), 30BHIIIHIM
€JIEKTPOZOM — TPYOKOIO 3 IHUPKOHIIO (Zr) 1 pO3MIIIEHOTO MK HUMHU JIEIEKTPHUKY 3 JBOOKHCY
nupkoHist (ZrO,). Ha Biacrani 70 MM BiJ IJIa3MOBOTO JpKepesa Oyiau BCTAHOBIEH! MIIICHI IS
300py eIEKTPOEPO3IMHOIO Ta TUIA3MOBOTO OCay, BUKOHAHI 3 THTaHY Ta Hep)kaBirodoi crami. Ha
KOKeH TUI MillieH1 Oylio MpoBeeHo cepito KopoTkux iMmynsciB (400 po3psaiB mo 20 mkc, C =
0,4 Mx®, U=12...16xB,B=0.25T).

KonTponbHa MmilieHs, po3MillieHa HaBOPOTH JpKepena, Oyna obcrexxeHa meronamu CEM Ta
CHEKTPAIBHOI eJincoMeTpii: BUsBIeHO, mo moHan 90 % oca/KeHOTro MOKPHUTTS Lie Marepiai
karona (Ti), Toal K BHECOK JOMINIOK ra3y Ta aHOJHUX EJIEMEHTIB 3aJIMIIAE€THCA JIUIIE HA PiBHI
($oHOBOI UyTIMBOCTI NpUiIaxy. BUCOKY CENeKTHBHICTD MiATBEPIKYIOTH OIyOIiKOBaHI JaHi PO
koedimient camoposnuieHus Ti~ (2,6...2,8)x1072 aTtoma/ioH Ta cTablibHE MEpPEHANPABICHHS
KaTOJTHOTO MOTOKY JI0 MPUUMAIBHUX TUIACTHH Y PO3psAax MOIIOHOTO THILY, JIe BiI3HAYA€ThCS
JOCATHEHHS T1a3MoBoi ryctuan mopsaky 10 em [1].

OTpuMaHi pe3yabTaTH CBIAYATh, 1110 TOBEPXHEBUM po3psii MOKe OyTH €(EeKTUBHUM HE TIUIbKU
K JOKEepeJo IIIbHOT MeTal-IJ1a3MHt, a i 3a0e3Meuye «4iCcTe» HAIMIEHHS 332 PaXyHOK KiHETHYHO
00yMOBJIEHOTO TEPEHECEHHs caMe KaTOAHOI PEYOBHMHHM Ta MIHIMAJIBHOTO 3a0pyIHEHHS BiJ
CTIHOK BaKyyMHOi kamepu. TakuM YMHOM, KOMOIHOBaHMH METOJ MOBEPXHEBOI'O PO3pAAY 3
o0epTaHHsIM IJIa3MH B CXPEIHICHUX IIOJIAX BIIKPUBAE MUIAX IO CTBOPEHHS KOMIAKTHHX
YCTAHOBOK JJIsl OTPUMAaHHS BUCOKOYMCTHX €JIEMEHTIB, 130TOMIB Ta CIHOJYK, 3aTpeOyBaHHX Y
MIKpO- Ta HAHOEJEKTPOHIlll, OTPUMAaHHS BUCOKOYHCTHUX IOPOILIKIB 1 TOHKUX IOKPUTTIB IS
MaTepialo3HaBUMX 3aBJIaHb, & TAKOXK MPH MEpepoO1li AAepHUX MaTepialliB.

Jlimepamypa

1. Yu.V. Kovtun, E.I. Skibenko, A.l. Skibenko, A.S. Kuprin, A.N. Ozerov, E.V. Syus’ko,
V.B. Yuferov. IN THE REFLEX DISCHARGE ALONG THE MAGNETIC FIELD MIRROR
CONFIGURATION // ISSN 1562-6016. PAST. 2016. Ne1(101), p. 92-98
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EVAPORATION REFINING AS A METHOD FOR FINDING
DIFFUSION COEFFICIENT OF IMPURITY

A.l. Kravchenko, A.l. Zhukov
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: krwchnko@gmail.com

In calculations of sublimation and distillation refining, the diffusion coefficient of the impurity (D)
in the evaporated substance is included in the Peclet number
Pe = Xv/D,
where v is evaporation surface velocity and X is the material size factor [1]. The graphs of the
dependence of the relative average purity of the condensate C/C, on the degree of distillation g for
different values of the initial separation coefficient By and Pe are shown in the Figure [1-4].
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Dependence of C/Cy vs g at different iy and Pe in the process of evaporative refining with a flat
constant evaporation surface

There is a fundamental possibility of calculating the coefficient D based on the results of
evaporative or crystallization refining at a given temperature T and impurity concentration Co. Two
experiments are enough to find D: measurement of C/Cy at g = 0 (to find the value of Bg) and
measurement of C/C, at some large value of g (for example, at g = 0.8). With the established values of
Bo and C/C,, the corresponding value of Pe can be calculated (using the specified method for
calculating refining [1]; an auxiliary method for calculating Pe for given values of By, g and C/C, can
be created). Then D = vX/Pe - for given values of T and C,,.
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PURE MAGNESIUM AND MAGNESIUM ALLOYS FOR ORTHOPEDIC
APPLICATION: MECHANICAL PROPERTIES AND DEGRADATION
PROCESSES IN VITRO AND IN VIVO

K.V. Kutniy*, M.A. Tikhonovsky®, K.N. Lytvynenko?
"National Science Center “Kharkiv Institute of Physics and Technology”, Kharkiv, Ukraine;
2Dr. Jan Biziel's University Hospital No.2, Bydgoszcz, Poland
E-mail:kkutniy@gmail.com, tikhonovsky@kipt.kharkov.ua, doc.lytvynenko@gmail.com

For today, the creation of new generation of implants is a very important task. However, the
development of treatment technology with the use of implants, which should function in the
body for a long or limited period, caused an acute problem of creating materials with wide range
of requirements on chemical, mechanical and biological characteristics [1]. In recent years,
interest in magnesium-based alloys as a promising biodegradable implant material has increased
. In this regard the data on the mechanical properties and dissolution (corrosion) rate of
magnesium alloys in vitro and in vivo it becomes very topical [1-3].

The purpose of this study is to discuss the features of corrosion behavior and compares the
corrosion rate and mechanical properties of magnesium with different purity and various
magnesium alloys in simulated body fluids (SBF) solutions (in vitro) and directly in the body (in
Vivo).

Biodegradable magnesium alloys exhibit great potential for use as temporary structures in
orthopedic applications. Such degradable implants require no secondary surgery for their
removal. In addition, their comparable mechanical properties with the human bone, together with
excellent biocompatibility, make them a suitable candidate for fracture treatments. Thus, the
elastic modulus of magnesium and its alloys (41...45 GPa) is much closer to the elastic modulus
of human bone (3...20 GPa) than that of traditional orthopedic metal materials such as stainless
steel (189...205 GPa) and titanium materials (110...117 GPa), which significantly reduces the
stress shielding of implants [3]. However, some problems have not yet been fully resolved. To
withstand various biomechanical loads, materials for orthopedic implants must have a high yield
point, tensile and compressive strength, as well as sufficiently high ductility to prevent implant
failure under impact loads. At the same time, rapid degradation (dissolution) of a number of
magnesium-based alloys under physiological conditions leads to the loss of mechanical support
necessary for complete tissue healing, and also leads to the accumulation of hydrogen bubbles at
the implant-tissue interface. Currently, many methods are used to improve the mechanical
properties of magnesium alloys, as well as to regulate the rate of their dissolution, including
targeted addition of alloying elements and various types of thermomechanical processing,
including severe plastic deformation. Plastic deformation (extrusion, forging, rolling, equal-
channel angular extrusion) in combination with optimal heat treatment increases the ductility of
magnesium alloys due to the activation of new slip systems, thereby improving the mechanical
properties of magnesium alloys. The report presents data on the most promising magnesium
alloys for orthopedic implants and methods for their production.

As for the degradation processes, various types of simulated body fluids were used to study
the biodegradation of Mg alloys in vitro. Unfortunately, there is no clear agreement on which
chemical composition of the solution is the optimal medium for simulating in vivo conditions. In
experiments, it has often been observed that the corrosion rate of Mg alloys significantly varies
depending on the type of simulated body fluid. In addition, even the type of buffer used can play
a crucial role in determining the corrosion rate. This makes it difficult to directly compare
various data in the literature. The corrosion of magnesium alloys in simulating biological
solutions is a complex process. Some of the parameters to be considered include temperature,
pH, buffer type, surrounding gas atmosphere, a high number of inorganic ions, amino acids,
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proteins, cells, hydrodynamic conditions. Many studies have been carried out with the aim of
exploring the influence of one of these parameters, but determination of the mechanisms is
complicated by the fact that these parameters are not independent of each other. Moreover, many
of the factors influencing Mg alloy corrosion may have multiple operative mechanisms. For
example of proteins can both adsorb on the surface and/or complex metal cations. Depending on
the system at hand, one of the operative mechanisms can be more dominant than the other.

The situation becomes even more complex when considering in vivo corrosion. At present, a
limited amount of data is available on the in vivo behavior of Mg alloys, and especially
systematic and direct comparisons of in vitro and in vivo degradation. It should be noted that in
all types of in vitro tests, the corrosion rate is higher than biocorrosion in the body [4]. At the
same time, biocorrosion rate significantly depends on the composition of the corrosive
environment. This indicates that the corrosive environment and the mechanism of biocorrosion
during in vitro tests do not fully correspond to the processes occurring in the body.

Summarizing the analysis of the results available in the literature, it can be concluded that
there is no clear agreement regarding which chemical composition of the solution is the optimal
environment for simulating in vivo conditions. Data from laboratory studies of in vitro corrosion
of magnesium alloys, firstly, significantly vary depending on the composition of the selected
corrosive environment and, secondly, can overestimate the measured corrosion rate several times
in comparison with experiment in the body (in vivo). The purity of the material has a great effect
on corrosion, namely, the higher the purity of magnesium, the lower its corrosion rate. Thus
ultra-pure magnesium has the lowest corrosion rate of 0.19 mg-cm™-day™ in Nor's solution and
0.119 mg-cm™-day™ in 3.5% NaCl. The greatest corrosion resistance of magnesium alloys with
rare earth elements in vitro and in vivo are 1.812 and 0.267 mg-cm™?-day™, respectively. At the
same time, for all types of magnesium alloys, the in vivo corrosion rate is 1-6 times lower
compared with in vitro corrosion rate in SBF solutions.
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HAINIBITPOBIJHUKOBI AETEKTOPHU PEHTI'EHIBCBKOI'O
TA TAMMA-BUITPOMIHIOBAHHS HA OCHOBI BUCOKOYUCTHUX
KOMIIOHEHTIB

J1.0. Cononixin®?, O.1. Kom)pulcl, O.11. ll(epﬁam;1
1Hauiouaﬂbuuﬁ HAYKOBUIl YeHmp
«XapkiscoKkuil (hizuko-mexHivHuil incmumym»y», Xapkie, Ykpaina;
2Xapm’ecw(uﬁ HAWIOHANbHULL ABMOMODOIIbLHO-00pOXHCHIN YHigepcumem, XapKie, Ykpaina
E-mail: solopikhin_d@kipt.kharkov.ua

HaniBnpoBiTHUKOBI IETEKTOPU PEHTTEHIBCHKOIO Ta FaMMa-BUIIPOMIHIOBAHHS HA OCHOBI BHCOKOYHCTUX
KOMIIOHEHTIB (~99,999 Mac.%) BHUKOPHCTOBYIOTHCS B PI3HHX Taly3sX HAyKd Ta TEXHIKH, 30KpeMa, B
SITICPHIA MEMITMHI (U1 BUSBIICHHS Ta BUMIPIOBAHHS pajioapMalieBTHUHMX TperapariB), B MEIUYHIN
JUArHOCTHIN (11 OTpUMAHHs OUTBII TOYHHMX TOMOTpaiuyHMX 3HIMKIB), B aCTPOHOMIi (JUIsi BUBYCHHS
PEHTIEHIBCHKOTO BHUIIPOMIHIOBAHHS BiZl KOCMIYHHX OO'€KTiB), B syiepHiid ¢isumi (st mo3uMeTpii Ta
CIIEKTPOCKOII 10HI3yIOUMX BHUIIPOMIHIOBaHb, BHBUCHHS BJIACTUBOCTEH pai0OaKTUBHHX 130TOMIB), B
aTOMHIM eHepreTwil (Uil KOHTPOIIO 130TOMHOrO CKIaQy MaIMBHUX E€JIEMEHTIB Ta TepPMETHYHOCTI
NATMBHUX EIIEMEHTIB, KOHTPOJIIO 3a SICPHUMH BIIXOAAMH, JO3UMETpii Ta MOHITOPHHTY SIEPHHX
eNIEKTPOCTaHIli Ta iH.). HalfOutell mommpeHuMH cepell HEeOXOJOHKYBAHMX —HAIiBIIPOBITHUKOBHX
JIETEKTOPIB, 110 MAlOTh YHIKAIBHI BIACTUBOCTI Ta HM3KY IepeBar, € aeTekropu Ha ocHoBi CdTe 3
JI030BAaHUM J107[aBaHHsIM Zn, Mn, Mg, Se 1s1 J0MaTkoBOro MOKpaleHHs BiacTuBocTel, a came CdZnTe
(CZT), CdznTeSe, CdMnTe, CdMnTeSe, CdTeSe, CdSe, CdMgTe.

BupoGuuireo ,I[eTeKTOpiB € CKJIQJIHIM TEXHOJIOITYHUM 3aBJAHHSM, 11O CKJIATA€ThCS 3 Py OKPEMHX
CKJIaTHUAX npouecna KOYKEH 3 SIKMX Ma€ 3Ha4YHMI BIUIMB Ha SIKICTh I[GTGKTOplB (e(beKTI/[BerL peecrpauu
p03Il1JII>Ha 3/IaTHICTH TOIIO), SIKa B CBOIO uepry 3HAXO/MTHCA B TpsIMiiA 3aJIKHOCTI BifI SIKOCTI CaMOTO
Mmarepiay (4McToTa TEPBHHHIX KOMIIOHEHTIB Ta CHHTE30BAHOIO Marepiany, JeeKTHICTb CTPYKTYpH
KpUCTaJTy) Ta TEXHOJIOTIi BUTOTOBJIEHHS JIETEKTOpa (MOpi3Ka 3MIMTKA, HLUTi(yBaHHs KPUCTATY, HAHECEHHS
KOHTAKTIB).

OTpyMaHHS HATIMCTUX KOMIIOHEHT € HalBIIOBIAABHIIINM €TarioM Y BUPOOHHLITBI JIETEKTOpIB. Y
HHII XTI HAHY po3po6neHo HU3KY METOMK KOMITIEKCHOTO padiHyBaHHS y BaKyyMi, 0 BKITFOUAE
erary MporpiBy 1 GUIBTpalii — Uil BUIATICHHS JIETKOJIETKUX JOMIIIOK, OKCHIIIB JIOMIIIIKOBHX METAIIB Ta
IIIaKIB, TUCTUIIALIT — JUTSl BUIAJIEHHS. BOKKOJIETKUX JOMIIIOK, Y TOMY YHCII JUCTWISLIL Yepe3 reTepHuid
(GUIBTP — JUTS IOAaTKOBOTO BUIAIEHHS Ta30BHX JIOMIIIOK. BHKopucTaHHs Takoro crnoco0y padiHyBaHHS
Mae sl TepeBar: BUCOKUM BHX1JT MPUIATHOTO MPOYKTY (10 95%) Ta MiHIMaIbHI OE3MOBOPOTHI BTpaTH
(mo 1%), Ta no3BONISIE OTPUMYBATH TIEPBHHHI KOMITOHEHTH HEOOXITHOI SIKOCTI YISl TIONATIBIIOTO
BUPOOHMIITBA KpUCTaJIiB. He MeHII BAXKITMBUMU €TariaMy Y BUPOOHHIITBI € CUHTE3 IIMXTH 3 BUCOKOUMCTHX
CKJIQJIOBUX KOMIIOHEHTIB, 1110 JI03BOJISIE JIOCSTTH MAKCHMAIBHOI OTHOPITHOCTI PO3MOALTY KOMIIOHEHTIB
TBEPZIOrO PO3YMHY POCTOBOI CHPOBHHH, Ta OE3MOCEPETHE BUPOIILYBAHHS KPHCTATY TBEPIOrO PO3UMHY 3
OTPUMaHOI IIMXTH. TpaauiiifHO HAIMBOPOBITHUKOBI TaMMa-ZIeTEKTOpU Ha ocHOBI CdTe BUrOTOBIISIOTH 3
KPUCTAJIB, 1110 BUPOIIYFOTHCS METOAOM pyxomoro HarpiBada — Traveling Heater Method (THM) a6o
MetozioM bpimkmvena — Bridgman Method (BM) Ta ix pizanmvu momudikarisimu. OCHOBHOIO TIEPEBaror0
THM € nocuTh OfHOpIHA KOHIIGHTpAITsl JO30BaHUX KOMITOHEHT (Zn, Mn, Mg, Se) B310BX HanpsMKy
3pOCTaHH, aJie Majla IMIBUKICTb BUPOLIYBaHHS B OPIBHSHHI 3 BM, sikuii y ropu3oHTaIbHIN KoHDIryparii
Ma€ pi3Hi IepeBary 3aBIsKA CBOi OCBOBIH CHMETIT, TIEPIICHINKYIISIPHIH TOJTFO CHITH TSHKIHHS.

OTprMaHi KPHCTAIH 33 TAKOFO TEXHOJIOTIEF0 MaoTh BHCOKHiA rrromuii orrip p (10%. ..10™ Om-cm) npu
HH3BKHX CTPYMaX BHTOKY, BUCOKOKO €JIEKTPOHHOKO pyxmBicTio L (1100...1200 CMZ/(B C)), IPUHHSTHHI
4ac SKUTTS HEPIBHOBAXKHUX EJIEKTPOHIB Te 1 IPOK Ty (~10°¢).
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GaAS BUKOPHCTOBYETHCSI B O€3IPOTOBOMY 3B’S3KY, ONTOCIIEKTPOHIIll, COHSYHHUX Oarapesx, s
CTBOPEHHS MIKPOXBHJILOBHX IHTETPAIBHUX CXEM, MOHOJITHHUX IHTErPAIBHUX MIKPOCXEM, JUCKPETHUX
HAJIBUCOKOYACTOTHUX TPAH3MCTOPIB, CBITJIOMIOMNIB, Ja3epHUX OB, (hOTONpHIMAdiB Ta JETEKTOPIB
saaepHUX BUNpoMiHioBaHb. OcHOBHI mepeBard (GaAs: BHCOKAa PYXJIMBICTb EJIEKTPOHIB, HHU3bKUIA
IIUTOMUI Omip, HIMpOKa 3a00pOHEHA 30HA, HU3bKUI pIBEHb IIyMY, TepMidHa CTAOUIBHICTb. Bucoka
PYXJIMBICTB €JIEKTPOHIB 3a0e31edye OUIBII MBHIKY pOOOTY MPUCTPOIB 1 BUCOK] YACTOTHI MOMJIIMBOCTI.
L5 BacTuBICTh Ma€e BUpilIaIbHE 3HAYEHHS y CUCTEMAX, 1110 BUMAraroTh BUCOKOILIBH/IKICHOI 0OpOOKH
CHUTHAJIIB, TAKUX SIK CUCTEMH O€3pOTOBOTO 3B'13KYy. Hu3bkmit iuTomuii ortip GaAs Takox 3a0e3rnedye
e(eKTuBHE TPaHCHOPTYBAaHHS 3apsay Ta JO3BOJSE HMPUCTPOSM IPALIOBATH HA OLIbLI BHCOKUX
mBuakocTsax. Illupoka 3ab0opoHeHa 3oHa (GaAs J03BOJMSIE CTBOPIOBATH  BHCOKOIPOMYKTHBHI
onToeneKTpoHH1 npuctpoi: LED, nasepHi aionu Ta (OTONETEKTOPH, YMOXIIMBIIKOE BUKOPUCTaHHS
GaAs B ONITHYHOMY 3B'S3KY, B TEXHOJIOT1SIX BIIOOpa’KEHHS, a TAKOXK 3a0e3Iedye BUIPOMIHIOBAHHS Ta
JIETEKTYBaHHS CBITJa y IIMPOKOMY Jiarna3oHi JOBKMH XBWJIb, L0 MPHU3BOAUTH 1O IiJBUILEHHS
edexruBHOCTI TIpHCTpOiB. Hu3bki 1rymoBi xapakrepuctuku GaAs poOIsATh WOro NMPHUAATHUM IS
3aCTOCYBaHHS B Tally3l TEJIEKOMYHIKallli Ta pagiodacToTHUX cucteM. GaAs Mae BIIMIHHY TEPMIYHY
CTaOUTBHICTB, IO JI03BOJISIE MTPUJIAJIaM Ha HOTO OCHOBI BUTPUMYBATH BUCOKI po0OoUi TeMmieparypu 0e3
3HAYHOIO MOTIPLIEHHS XapaKTEePHCTHUK.

Haiibunpi mepcrieKTHBHE 3aCTOCYBaHHS HAIMIBIPOBIAHUKOBOr0 GaAs Iy eNeKTPOHHUX TTPUIIaJIiB
BUMarae BHUKOPHCTaHHS MOHOKPHCTAJIIYHUX MarepianiB BUCOKOI 4MCTOTH. CHHTE3 1 OYMILEHHS
00'eMHOTO TIOJIIKPUCTAIIYHOTO HAMIBIIPOBITHUKOBOTO Marepialy € MEePIIMM KPOKOM JI0 BUTOTOBJICHHS
€JIEKTPOHHOTO NpUcTporo. IloTimM 1ei momikpucraniyHuii Marepian BUKOPUCTOBYEThCS SIK CUPOBUHA
sl (OpMYBaHHSI MOHOKPHCTAJIIYHOTO Marepiaiy, SKUi OOpOOISETHCS 10 HAriBIPOBIIHUKOBUX
rwiactul. [lig yac cuHTe3y rajiif Ta MUII'SK BUCOKOi YMCTOTH, XIMIYHO TO€IHYIOTHCS 3 YTBOPEHHSIM
nosmikpuctamiyHoro GaAs. [ToTiM cuHTE30BaHMI MaTepiall PO3ILIABIAETHCS 1 TOBTOPHO BUPOIIYETHCS
3 BUKOPHCTAHHSAM CTPOTO KOHTPOJIBOBAHOTO MPOLIECY 3 YTBOPEHHAM MOHOKPHUCTAIIYHHX 3JUTKIB, SIKI
MOXYTh Oyt mepepoOneHi Ha TuiactHH. [lpu  BHpoOOHMITBI  MoHOKpucTanmiB  GaAs
BUKOPHCTOBYIOThCS KIJTbKA METOJIIB BUPOIIYBaHH: MeTO HOXpallbChKOTO 3 PiIMHHOIO FepMETH3ALIIER0
postuiaBy mapom 6opHoro axriapunay (LEC), mMeron ropu3oHTaIbHOI CIpsSMOBAHOI KpUCTaizamii y
BapianTax 3a bpimkmenom (HB) abo meron kpucramizanii B rpaJiieHTI TeMIepaTypH, LI0 PyXaeTbCs
(HGF), meTon BepTHKaIIbHOT CIPSIMOBAHOT KpUCTasi3alii y 1Box Bapiantax VB ta VGF. BmactuBocti
MOHOKPHCTAJIIB, BUPOILIEHUX MMM METOJIaMH, BIIPI3HAIOTHCS, 11O JI03BOJISIE BUOPATH IPOLIEC, SKUii
JACTh 3MOT'Y BMIOTOBUTH IUIACTHHH, L0 MAKCMMAJIbHO BIINOBLIAOTH TeXHIYHMM mnoTtpedam. VGF
JI03BOJIsIE OTPUMATH Marepiall, sIKuil 100pe MiIXOAUTb JUIS MPUCTPOIB 3 BUCOKOIO IIUIBHICTIO CTPYMY
(HBT, cBitnomionu, nasepu 1 T. 11.), y Toi yac sik LEC Haiikpariie niaxoauTh i IPUCTPOIB 3 BETUKOIO
TUIOLIEHO, JIe MUTBHICTH cTpyMy He Taka Bucoka (MESFET, pHEMT i 1. 1.). VGF meton BupoIyBaHHS
€ OIHMM 13 HalOUIbI MOIIMPEHHX METONIB NpH BUPOOHULTBI IwacTMH (GaAs BiH JI03BOJISIE
OTPUMYBAaTH KPUCTAJIM 3 HU3bKOIO T'YCTHHOIO JuCIOKaid. Meron bpimkmena € HaliifHIM MeToIoM
OTPUMaHHS MOHOKPHCTAJIIYHHMX 3JIUTKIB, ajJié He 3abe3leuye OMHOPIIHUX BIACTUBOCTEH YCHOTO
BHPOILIEHOTO KPUCTAITY.
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HEPCIIEKTUBU OJAEPKXAHHSA AETEKTOPIB HACTYIIHOI'O
INOKOJIIHHA HA OCHOBI BUCOKOYNCTHUX KOMIIOHEHTIB
Cd(Zn, Mn, Mg, Se)Te

0.1 Kom)pukl, J1.0. Cononixin'?
1Hauiouaﬂbuuﬁ HAYKOBUIl YeHmp
«Xapkiecokuii ¢pizuko-mexuiunuit incmumympy», Xapkis, Ykpaina;
ZXapKiGCbKuﬁ HAUIOHATbHUIL ABMOMOOLTbHO-00POdHCHIll YHIgepcumem, XapKis, YKkpaina
E-mail: kondrik@kipt.kharkov.ua

CrxianeHi HamiBOpoBiHUKH Ha ocHOBI CdTe Bike TOBIHIA Yac po3IyIsIaroThCS SIK TIEPCIIEKTUBHI KaHIMIaTH
JUIl  HEOXOJIO/DKYBAHMX JICTEKTOPIB PEHITEHIBCHKOTO Ta TaMMa- BUIPOMIHIOBAaHHS. BOHM MOXYyTh
BHUKOPHCTOBYBATHCS B CUCTEMAX PAialliifHOro KOHTPOJTIO T2 MOHITOPUHTY palialliiiHAX MaTepiais, B SICPHIi
SHepreTulll Ta sIepHi (i3Hll, B CHCTeMax Bi3yaisallii, B siaepHid mMemiimHi Ta iH. HalOutein mmpoke
3acTocyBaHHs HaOyM eTekTopHi Marepiami CdixZngTe (0<x<0.15) 3aBmsiku iX HEOOXITHAM ISl ICTEKTOPIB
BIIACTHBOCTSIM: BEJIMKWI aTOMHHMII HOMEpP Ta BHUCOKA ©(PEKTHBHICTh (DOTOCNIEKTPUYHOTO TOIVIMHAHHS B
mianasoni enepriid 30...700 keB; HH/IpOKa 3aGOpOHEHa 30Ha 1 Brcokuii mmromuit omip p (~10™ Omrem) 3
HUBHKUMH CTPYMAMHU BUTOKY (~10' A) 1 Irymamu B JIETEKTOPI; l'IpI/H/IHﬂ”IHa BCJTMUMHA 1[06yr1<y €JICKTPOHHOL
PYXJIMBOCTI |l HA YAC KHTTS HEPIBHOBKHIX eNeKTpoHiB Te (~10° eM?/B) Ta aipok T, (10 eM?/B). Henomikom
IIMX MatepiajiiB € YTBOPEHHsI Y MpoIieci KPHUCTATI3aIll 3epeH 1 BIMHKKIB, HA MEXaX SKUX CIIOCTEPIracThCs
BEJIMKA KOHIICHTPAIlisl BKIIOUEHb Ta MpelMITiTariB Terypy. Kpim toro, koedittent cerperarii Zn y CdZnTe
(CZT) OGimbumii 3a omuumiro 1 jgopiBHioe 1,3. Ile Bce YHEMOMUTMBIIOE OJICPYKAaHHS  OHOPIIHUX
MOHOKPHCTAIB, GUIBIINX HDK 5. ..8 cM2. 3 METOIO YHUKHCHHS TAKHX HErATHBHIX SIBHIL] B MAaTpriio CATe Kpim
Zn no6Garmsrore Mg, Mn, Se. OnHak TOKH 1110 He BIAIOCS OJICPYKATH HAITBITPOBIIHHK, KU 337J0BOJILHSIB O1
BCIM BUMOTaM, IO TIPS SBIFOTHCS JI0 JCTEKTOPHOTO Matepiany. B 383Ky 3 IIMM BHHHKAE HEOOXITHICTH
BUKOHATH TIOPIBHSUTHHUI aHAMI3 Pe3YJbTarTiB, JIOCSTHYTHX Y TEXHOJOTISIX BUPOLITYBAHHSI, 3 BIACTHBOCTSIMHU
IICAThHO OHOPITHKX JETCKTOPHUX MarepialiB, TOOTO 3 XapaKTePUCTUKAMH, BU3HAYCHUMH IILTSIXOM
MOJIETIOBaHHS. TakoMy aHaii3y MPUCBSTYEHA J]aHa JIOTIOBI b, 10 JIA€ MOMCUIMBICTH BUCBITJIUTH TIEPCTICKTHBHI
HaIpsIMKW TOZIATBIINX POOIT, B PE3YIIbTaTl SKUX MOYKHA OZIEpKaTh Marepiay OUTBII BUCOKOI JIETEKTOPHOL
AKOCTL. B OCHOBI MOZIETBHMX JIOCIIDKEHb TIOKJIAJIEHO YMCEITbHE BUPILIEHHS PIBHAHHS €JIeKTPOHEHTPATIBHOCTI
Ta BU3HAYEHHS P MATEpIaliB. |l BU3HAYATACH 3 YPaxXyBaHHSM DI3HHX MEXaHI3MIB PO3CIFOBAHHS B Tay-
HaOJVDKEHHI, a Te, Th Ta €PEKTUBHICTB 300Dy 3apsiiB 1) AeTekTopa — B pamkax mMozer Loki-Pina-Xomna. bym
NPOAHATTI30BaHI MOJICIbHI PE3YIBTATH U eIeKTPO(IBUUHNX Ta JeTeKTOpHUX BiacthBocTer CoyZnyTe, i
BCTAHOBJICHO, 1110 HAWOUTHIII ONTUMATBHAM s JeTeKTopiB € Marepian CdyeZno,Te, 1ie miarBepmKyeThes
YHCTICHHUMH EKCTIEPUMEHTATHHAME pe3yibTaramu. B pesynbrari anamizy Besiaud p i1 st CZT, CdMgTe,
CdMnTe BcTaHOBJICHO, 1110 HEOOXiTHHIT 151 (DYHKIIOHYBAHHSI ICTEKTOPIB BUCOKOOMHHIA CTaH i CTAOUTHHICTD
iX BIIACTUBOCTEH MOMITHO 3aJI€KUTH B1Jl BMICTY Ta TIOJI0KEHHS PIBHIB €HEpIii ITMOOKUX JIOHOPIB 1 BU3HAYEHI 1X
ONTUMATbHI BEJIMUMHU. BCTaHOBMEHO, 1110 MPH  OMPOMIHEHH! HEHTpOHAMK 1 POTOHAMU BUCOKUX €HEPTIi
nerexropu CZT, BATOTORIICHI 3 BHCOKOYMCTHX KOMITOHEHTIB, MAIOTh BUIITY PaIialliiiHy CTIHKICTb Y TIOPIBHSHHI
3 JISTEKTOpaMM 3 MEHIII YHCTO0 OCHOBOIO. BHBYEHO BIUMB 100aBOK ceneHy Ha BiactuBocTi CdTer,Sey i
CdZnTey.,Sey i BI3Ha4eH] MaKCUMAITbHI BETHHUMHU P 1 1), SIKi MOYKHA JIOCATTH IPH BMICTI cefieHy B Mexxax 0,01<
y<0,07. BucrnosneHo o0rpyHTOBaHEe TPHITYIIEHHS BITHOCHO MPUYMHH KPAILIOro PO3PI3HEHHS OCHOBHHX TIKIB Y
3aPEECTPOBAHMX aMITITY/IHHX CIIEKTPax JeTeKTopiB Ha ocHOBI CdygZNy; T TOPIBHSHO 3 JeTeKTopaMu Ha 0asi
IHIIIMX MaTepianiB. 3’sICOBAHO, IO TIPH PO3pOOILIl HOBHX JETEKTOPIB Il POOOTH B arpeCHBHOMY pajlialliitHOMy
ceperosumi ¢ Oparu 3a ocHoBy CdZnTeSe i CdMnTeSe. 3pobiieHo BUCHOBOK, 1110 Marepiami CAMgTe
MaIOTh TIOPIBHSHO MEHIITy JIETEKTOPHY SIKICTh Yepe3 Maly pajlialliiiHy CTIHKICTh IETEKTOPIB Ha iX OCHOBI Ta
HEJIOCTATHRO BHICOKY YHCTOTY BUXITHOTO MarHiro.
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ZIRCONIUM SPONGE FOR FUEL CLADDINGS

M.M. Pylypenko
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: pylypenko1957@gmail.com

The basic material for the cores of pressurized water reactors are zirconium-based alloys,
which have an optimal combination of nuclear, corrosion, mechanical, thermal and other
physicochemical characteristics. New Zr-based alloys are continuously developed and then are
recommended to be candidates for the advanced nuclear power plant. The development of
advanced fuel claddings is a persistent issue in the nuclear power are and many investigators
have been developing new alloy compositions or exploring new processes for improving
performances of Zr-based alloys. To improve the performance properties of zirconium alloys,
it is necessary to optimize the alloying elements content, and also use zirconium sponge as the
alloys base, since such alloys meet safety criteria under loss-of-coolant accident (LOCA)
situations.

In general, the nuclear-grade zirconium production route involves ore cracking, Hf
separation, calcination, pure chlorination and reduction to the pure metal. The Kroll process is
commonly used on industrial scale for the production of metals from the corresponding metal
chlorides. Ductile zirconium is produced by the reduction of pure gaseous zirconium
tetrachloride with molten magnesium in an inert atmosphere. After the reduction, the obtained
metal mass containing residual magnesium chloride and unreacted magnesium is further
purified by distillation.

The technology of magnesium-thermal production of spongy zirconium on laboratory
installations has been studied. The processes of obtaining zirconium sponge at the stages of
reduction of zirconium tetrachloride and high-temperature vacuum distillation (sublimation) of
the reaction mass were researched. To implement the process of obtaining zirconium sponge
were developed laboratory installations. Zirconium sponge samples were obtained from
domestic raw materials and studied properties and impurities contents.

The refining processes of the magnesium-thermal zirconium sponge has been studied by
electron beam melting (EBM) method.

The change in the content of impurities during the refining of the zirconium sponge was
investigated using the EBM method.

The refining processes are actively occurring during EBM. Evaporation of metallic
impurities is determined by the melting temperature of zirconium. Therefore impurities whose
melting temperature is lower melting temperature of zirconium (Al, Ti, Cr, Mn, Fe, Ni, Cu, Ca,
etc) during EBM removed. The behavior of metallic impurities and interstitial impurities
during electron beam melting in vacuum were investigated. Research has shown that the
content of impurities, except for gaseous ones, in the obtained sponge and the quality of metal
zirconium slightly differ from the sponge zirconium of other manufacturers. EBM in vacuum
allow to effectively reduce the content of impurities in zirconium sponge and to obtain nuclear-
purity zirconium.

The research results can be used for the development of industrial magnesium-thermal
technology for the obtaining of zirconium sponge for the production of nuclear-grade
zirconium and equipment for its production.

The use of sponge zirconium as the base of the alloys provides safety criteria under LOCA
conditions.
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EKCIIEPUMEHTAJIBHE JOCJIUKEHHS B3ACMOIIT
BUCOKOUYMCTOTIO MAJAJIIO 3 TA30HOIBHUM BOJHEM

O.M. JTrooumenxo, O.A. Illmena
Jloneyvkuii HayionanvbHull mexXHiYHUU yHigepcumem,
Jlpozoouu, JIveiecvka oonacme, Ykpaina
E-mail: e.n.lyubimenko@gmail.com, oleksandr.shtepa@donntu.edu.ua

Jns 3a0e3nieueHHst Oe3MeK SHePreTHYHNX YCTAHOBOK, 10 BUKOPUCTOBYEOThH Ta 30€piraloTh BOJICHb,
HEOOXITHO JIETAJTbHO BUBYHTH B3aEMOJIIFO BOJTHIO 3 YMCTHMH Marepiajiami, 30KpeMa 3 nasajiem. B3aemo-
sl BOJIHIO 3 TIaJiaJieM B 0-o0racTi crctemu Pd-H BukiMKae BOIHEBI KOHIIGHTpAIIiiHI HAPY>KEHHS Ta
3MIHH B HOT0 KPUCTAIYHIN CTPYKTYPI, IO TOB'SI3aHO 31 3/1aTHICTIO BOJHIO IIPOHMKATH B OKTACIPHYHI MO~
POKHMHH PEIIITKH, 110 MOYKE IPU3BECTH JI0 TIOJIOMOK OOJIaTHAaHHS Ta 3MIHK ()OpMH BUPOOIB HaBITh MPU
HEBEJIMKUX KOHIICHTPAISX BOJHIO B MaTepiai. JloCIipKeHHs B3aEMOJTii ATaIiro 3 BOJTHEM € BOKITHBHMH
JUTSL PO3POOKH HOBHX MaTepiasIiB [Tl 30epiraHHs BOTHIO.

MeToro IBOro JIOCTIKEHHS € eKCIICPUMEHTAIRHUN aHaITi3 3MiHH ()OPMU KaHTUICBEPY 31 CIUIaBY O-
PdH, i gac #oro mocTyrnoBoro Ta HoBTOPHOIO HACHYCHHS BOTHEM.

Pobora cripsimoBaHa Ha TPOBEICHHS EKCIIEPUMEHTIB Ta BHBYCHHS MOBEIHKA MaTepialiB y PI3HUX
YMOBAX, 1110 JOMOMOKE Y BUPIILIIEHH] MPOOJIeM 31 30epiraHHsM Ta OTPHUMAHHSAM BOJHIO. Y paMKax eKcrie-
PYMEHTAIIFHOT YaCTHHH JOCITIPKEHHS OYyII0 TIPOAHATI30BAHO BILUTMB 3MIiHH BMICTY BOJTHIO (JI€ N — KOHIICH-
Tpallist BOJIHIO B Iasia/iii) Ha OJIHAKOBY BEJIMYMHY IPY HACUYEeHHI cIiaBy o-PdHn 3 pisHOIO MIBUIIKICTTO.

JUi1s1 mpoBeIeHHsT BUMIPIOBAHb Y TiIPOreHHO-BaKyyMHY YCTaHOBKY [ 1] Oyii0 BCTAHOBIIGHO KaHTHIIEBED
3 BUcokouncroro manafiro (99,99%). OmuH 3 Horo KIiHIIB 3aKpillid B TpUMaul Tak, 00 BEpXHA
TIOBEpXHS Oyia MOKPUTA MIJHOO TITIBKOIO, SIKA € BOIHEBOHETIPOHUKHOIO 1 HE BIUIMBAE Ha JiehOpMaIliro
3pa3ka. HacuueHHS BOJHEM BIIOYBAIOCS TPH CTAIOMY TEMIIEPATYpPHOMY PEKUMI 3a TOCTYIOBOIO
TIIBUILICHHS THICKY 3 PI3HOIO MIBUIKICTIO. 3MiHU (DOpMH KaHTHJICBEPY BIZICIIIKOBYBATH B PEATLHOMY
yaci, a Jedopmaiio (ikCyBamM 3a JIOTIOMOIOKO KaTeroMerpa. Y pe3yibTaTi NpOBEIECHHS TaKHX
EKCITEPUMEHTIB OTPUMAITH CIUIaBU 3 PisHUM BMicToM BoHiO 0-PdH;, a-PdHy, ta a-PdHs,. YV pesymsrari
TaKMX JOCII/UKEHb BCTAHOBJICHO, II0 BHIMH KaHTWIEBepY 3i cruiaBy a-PdH, moBHiCTIO 3BOpOTHIi i
BIJIOYBAEThCS Y JIBA €TAIM: MEPIINIA eTam — 11€ JOCATHEHHS! MaKCUMaJIbHOTO BUTMHY Ta YTBOPEHHSI IUIato,
el eTan Jyxe KopoTkuil. JIpyruit etan OUTbII TPUBAIHI - 11€ TIOBEPHEHHS KAHTUIIEBEPY B ITOYATKOBHUIA
crad. Tpeba Bi3HAYMTH, IO BETMYMHA MAKCUMAIGHOTO BUTHHY JUTSI KAHTHJIEBEPY I TAKOTO CIUIaBY
TIEPEBHUIILYE, BUTHUH SIKW MO)KE BUTPHMATH YMCTHIA Maiajiid, a 1€ CBITUUTH MPO OTPUMAHHS CIUIaBY 3
T IBUIIICHAMH TUIACTUYHUMH XapaKTepHCTHKaMH [2, 3].

ExcniepiMeHTaTbHO BCTAHOBJIEHO, IO 31 3POCTAHHSIM KUTBKOCTI LIMKJIB HACHYEHHS BOIHEM TMIPH
OJTHAKOBIM 3MIHI KOHIIEHTpallii, 4ac JOCSITHEHHS MaKCUMyMy BHUIMHY 3pOCTa€ Ta (opMa KpHBHX
nedopmallii, TPUBATICTh JIOCATHEHHS CTALlIOHAPHOIO CTaHy Ta JUHaMiKa 3BOPOTHOIO IPOIIECY 3aIeXkaTh
BIJI IIBU/IKOCTI MO/1a4i BOHIO B KaMmepy, TOOTO BU3HAYAIOTHCS KIHETUKOIO HACUUYEHHS Ta MPOHUKHEHHSI
BOJHIO B ITATAIIN.
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JOCIIJIXKEHHSI MATEPIAJIIB SIIEPHOI EHEPTETUKH

JI.C. I'nazynoes, B.B. Jleseneuyw, O.10. Jlonin, O.I1. Omenvnux, A.O. I]yp
Hauyionanvnuit naykoeuii yenmp
«Xapkiecokuii Qizuko-mexuiunuit incmumympy», Xapkis, Ykpaina
E-mail: vwilevenets@ukr.net

HHII X®TI Bunukio B TemnepinmHboMy BUTIAAI B 1993 pomi, micns Yka3y npe3uacHTa
VYkpainu npo copMyBaHHS MEPIIOTO B KpaiHi HAIlIOHAIBHOTO HAYKOBOTO ICHTPY. AJe 1 micis
OT0 1HCTUTYTH BHUKOPHCTOBYB&JIM 1 PO3BHBAIM TEMaTHUKy, sika Oyna XapakTepHa ISl ix
ICHYBaHHS.

Tak 3’sBHBCSI B IHCTUTYTI TBEPJIOTO TJIa, SIKUHA pO3pOOJISAB 1 TOCIIKYBAaB MaTepiaiu saepHOL
SHEePTreTUKH BT aHATITHYHUX JOCIIIKEHb, €KOJIOTIi Ta palialliiHIX TEeXHOJIOTIH.

Ile crocyeTbcs 1 ABOX YCTaHOBOK, SIKI Oynu BUKOpHUCTaHI B BIAAUIL A JOCIIKECHHS
MaTtepialiB, CTBOPEHUX B iHCTUTYTI: peHTreHiBchbka EJIEAH ta ananituunmuii saepHo-(i3naHmiz
koMmiuiekc (ASADK) COKIL, 3acHoBaHuil Ha MPUCKOPIOBAYi.

[Tpu po3poOdi1i TEXHOJIOTIi BUPOOHUIITBA MaTEpiaiiB 3 MiIBUIICHUMHA BUMOTAaMH JIO YACTOTH 1
CKJIaJly Ha MepHINX CTaAisX BHUKOPUCTOBYETHCS PEHTIeHO(DIYyOpEeCleHTHUH aHalli3: yCTaHOBKA
EJIEAH. [Ixepenom 30ymKeHHSI CIYKUTh PCHTTEHIBChKA TpyOka 3 eHeprieto B 60 keB. B Hiit
BUKOPUCTOBYETHCSI BTOPUHHUN BUIIPOMIHIOBAY, NPU LIbOMY BiI0OYBAa€ThCS 3MEHIIICHHS (OHY Bif
PEHTTEHIBCbKOI TPYOKH, BHACIIJOK BHKOPHUCTAaHHS ONTHKH 13 B3a€EMHO IEPIEHIUKYISIPHUM
pO3TalllyBaHHSAM: aHOJ PEHTIeHIBCHKOI TPYOKHM — BTOPHUHHHMIA BUIPOMIHIOBaY — 3pa3oK —
PEHTIeHIBCbKHI JeTeKTOp. JeTeKTop 3HaXOAWTHCS B IUIOUIMHI, BIAMIHHIA BiJ aHOLY TpyOKH,
BTOPUHHOTO BUIIPOMIHIOBaYa 1 3pa3ka,

Buxopuctanas Takoi ONTHKH JO3BOJISIE OTPUMATH TaKi METPOJIOTIYHI XapaKTePUCTHKH:
Jiana3oH eJeMeHTiB, mo aHamizyersest Bix Al 1o U (y 3anexHocTi Bix cepii 30ymKeHHs); Mexa
BH3HaYeHHsS — 10 10 Mac.%; dac BuMiproBaHHs (s OiLTbIIOCTI 3ama4) — 15...20 XB; KiIbKiCTh
3pa3KiB — 15 MITyK; BUIJIA 3pa3KiB — TBEpJIE TUI0, TOPOIIKH, PiIUHA.

Buxopuctanus AS®K COKUI, mns pocnigkeHHS po3poOJIEHHX B IHCTUTYTI MarepiaiiB
anepHoi enepretuku, ctaButh HHI[ X®DTI B panr citoBux miaepiB. AADK COKIJI 3acHoBaHO
Ha MajorabapuTHOMY TIPUCKOpIOBadl 3 eHepriero 1oHIB 10 2 MeB. Merposoriuni
xapaktepuctuku nonioHi 1o EJIEAH, Ta niana3on eneMeHTI 3HaYHO IIUPIINHI, B 3aJI€KHOCTI BiJ
€JIEMEHTIB (130TOMIB) MOXJIMBO 3’gcOoByBaTH Npodiias po3noauty i3oromiB. Ha AADK COKIII
MOJKITUBO MPOBEACHHS 1 IHIIHUX JOCHTIKEHb [1].
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VY meil yac YiTKO BH3HAYWIIMCS Tady3l HAayKd 1 TEXHIKM, TPOTpeC y SKUX HEMOXJIIMBHN 0e3
BUKOPHCTaHHS TeNTi-HEOHOBHX JiasepiB. Lle meprin 3a Bce, iHepIiliHI HaBITaIiiiHi CHCTEMH 00’ €KTIB, 110
PYXaroThbes, Jla3epHa MEAMYHA Teparlis, HAyKOBI JOCII/DKEHHS, MPOBEICHHS SIKUX BUMAra€ HasBHOCTI
MOHOXPOMATUYHOT'O BUIIPOMIHIOBAaHHSI 3 BUCOKMM CTYIEHEM THUMYACOBOI Ta IIPOCTOPOBOI KOT€PEHTHOCTI.
OCHOBHUM €JIEMEHTOM, II0 BH3HAYA€ HAIHHICT Ta JOBIOBIUHICTH TAKMX NpWIaiiB, € Karomd. [lpu
PO3po0IIl JOBMOBIYHMX XOJIOJJHUX KAaTOMIB TEJi-HEOHOBHUX JIA3EPHHMX TIPOCKOIMIB IHEPHIMHUX CHCTEM
HaBiramii MepropsyIHAM 3aBIaHHAM € BHOIp MaTepiary eMiCIifHOTO mapy Ha KaToi, SIKWi 3a0e3MeUUTh
BUCOKI €MICIiHI Ta 3aXMCHI BJIAacTHBOCTI, Ta MOAOBXKEHUI TepMiH 3acTocyBaHHA [1,2]. Llum BuMoOram
SIKHAMKpaIlle BIANOBIIAE OKCUI Oepuiiio, map sSKOro (OpMyeTbcsi Ha TIOBEPXHI TOHKMX ILTIBOK 3
BHCOKOUHMCTOro Oeputiro [3].

Jst orpumMansst iH(opMarIii Tpo CKITaj] MOKPUTTIB HEOOX1THI METO/IH, IO JIO3BOJISEOTH TIPOBOIUTH 1X
niommapoBuii aHami3z. OHIM 3 TaKUX METOIB € METOJ Mac-crieKTpomeTpii BropuHHuX ioHiB (MCBI) [4].
3acTocyBaHHSI TTOIIAPOBOTO aHAN3y BTOPUHHOI 10HHOI emicii HeoOXimHe sK i 3ICyBaHHS (hi3UKO-
XIMIYHHX MEXaHI3MIB POCTY IUTIBOK, TaK 1 B SIKOCTI IHCTPyMEHTY IS aHAN3y CKJIaay IUTIBOK 3 METOH
onTHMizamii TeXHonorii iX HaHeceHHs. JIA TMpOBENEHHS TIOMIAPOBOTO  aHAM3y IIOKPHTTIB
BUKOPUCTOBYBAIM TPOMUCIIOBUI Mac-crieKTpoMeTp BropuHHHX 10HIB MC-7201M. Ha upomy mnpriasi
peaTi30BaHO CXeMy, KOJM TIEPBHHHHMM ITYYOK 10HIB, IH)KEKTOBAaHHM 10HHMM JDKEpEoM, OoMOapmye
aHATI3yeMUM 3pa3oK /] KyTOM 45° 10 TonWHM 3paska. OJHaK MpoBeieHi JOCITIKEHHs OKa3aIH, 1110
IPY OXWJIOMY PO3TAIIyBaHHI ITy4dKa Ha MIOBEPXHI MIIIEH] YTBOPIOETHCS KpaTep eICconoioHoi hopmu 3
ocsMu ~1.5...2.5 MM, OUIBII BUTATHYTUH Yy NPOTWICKHHM Bil HANpsMKY MaJiHHSA IOHIB OIK, IO
TIPU3BOJIUTH JIO0 OJTHOYACHOTO BUOMBAHHS aTOMIB 3 PI3HUX IIapiB MOKPUTT. OTKe, y POpMyBaHHI CUTHATY
BTOPUHHUX 10HIB Oepe y4acTb He TUTbKH HIDKHIHM I11ap, a i TOCUTh MPOTSHKHI O14HI CTIHKH, 1110 PU3BOAUTH
JI0 HEMOMKIIMBOCTI OTPHMAaHHS JJOCTOBIPHOI 1H(opMallii Mo CkiIaj mapiB. ToMy Ui MOaoNaHHs eeKTy
Kparepa OyJI0 peati3oBaHO CXeMy, 3a SKOi 3pa30K BCTAHOBIIOBAIN MEPHEHMKYIIAPHO OC MaJJiHHS ITyJKa
NIepBUHHUX 10HIB. Ha 1omarok 1o 1p0ro, mydok MexaHiyHO 0OMeKyBaBcs miadparmoro (mamerp 1Mm),
BHUT'OTOBJICHOIO 3 (hOJIBIY AU TOBIIMHOO 50 MKM.
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Beryllium plays a significant role in the development of next-generation fusion reactors. Its
primary advantage in the blanket is its ability to enhance neutron breeding through the (°Be + n
— 2 *He + 2n) reaction [1]. However, several challenges are associated with its use, including
beryllium's chemical reactivity presents concerns in water-cooled designs: an exothermic
reaction occurs between beryllium and steam, leading to hydrogen release and the formation of
beryllium oxide. Furthermore, oxidation of beryllium at temperatures above 700°C becomes an
uncontrollable process. Beryllium oxide (BeO) alters of the surface properties and complicates
coating and welding. It also affects material interfaces in high-temperature and vacuum
conditions. Therefore, the BeO oxide layer must be removed in a controlled manner to avoid
damaging the underlying metal. lon sputtering is an effective method of precision cleaning
material surfaces [2]. The use of a Hall ion source provides a uniform ion beam with controlled
energy and enables non-contact surface treatment, minimizing contamination.

This study aims to evaluate the efficiency of removing oxides from beryllium surfaces as a
function of Ar* ion energy and characterize the residual surface composition using Rutherford
Backscattering Spectrometry (RBS) analysis.

The beryllium sample was obtained from powder material and subsequently hot rolled to
achieve a final thickness of 1 mm. A Hall ion source was used to generate an argon ion beam
with energies of 0.5, 1.0, and 1.9 keV. To ensure comparability, the ion flux and exposure time
were kept constant across all experiments.

The impurity content and oxide layer were monitored using a 1.8 MeV focused helium beam
(Van de Graaff accelerator) and a detection angle of 170°.

lon beams elemental maps confirmed the presence of Be oxides distributed on the surface.
RBS spectra showed that the intensity of the oxygen peak decreased significantly with increasing
Ar’ ion energy, indicating the efficient removal of the oxide layer. Nearly complete oxide
removal was achieved at ion energies above 1.0 keV. The sputtering yield of beryllium oxide
increased nonlinearly with argon ion energy.

Using the Hall ion source to generate an Ar ion beam is an effective way to remove oxide
layers from Be surfaces in a controlled process. The optimal ion energy for effective oxide
removal is in the range of 1.0...1.9 keV. RBS analysis is a powerful diagnostic tool for
quantitatively assessing sputtering efficiency, which is relevant for surface preparation in fusion
and vacuum technology applications.
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Tungsten samples with a purity of 99.5 and 99.7% were studied. Tungsten with such purity is used to
create the first wall and some other parts of a thermonuclear reactor [1]. Changes in the tungsten surface
structure were studied. The surface structure was damaged as a result of the helium ions beam exposure.

Helium ions linac was used for irradiation [2-4]. The accelerator operated either in the acceleration mode
(helium ion energy 4 MeV) or in the injection mode (helium ion energy 0.12 MeV). The helium ion beam
had the following characteristics: pulse current 700 pA, average current 0.7 pA, pulse length 500 s, repeti-
tion frequency 2...5 imp./s, a particle flux of 3-10" ion's™m™, current density (0.15...0.44)-10* part./cm?,
ion beam diameter of up to 0.8 cm. The total fluence is up to 10Z m. The experiment was performed in
«cold» mode (380 K).

Al surface structure changes occurred due to radiation exposure. «Craters» and «swellings» were found
on the samples surface. These damages were formed as a result of sputtering from the samples surface. The
surface structure differs insignificantly for cases with different tungsten purity. Significant differences appear
for different helium ions energies. A greater number of these «pits» and «peaks» appear on the surface at
ions energy of 0.12 MeV.

Also, a significant amount of tungsten «fuzz» appears. The «fuzz» is formed due to the helium ions dif-
fusion to the surface from the sample depth. In this case, tungsten molecules are also squeezed out. It was
found that the «fuzz» threads height depends on the helium ions energy. The «fuzz» threads number is
greater at ions energies of 4 MeV.

Also, in this case, the «flufb threads are thicker and taller. It was found that, as a result of irradiation with
helium ions, a small cracks network is formed on the surface.

However, these cracks are fewer and not as deep as in the case of combined exposure to helium ions and
plasma [5]. We observe slight differences in the sputtering of tungsten from the surface for samples with a
purity of 99.5 and 99.7%. We also have small differences for other radiation damage. However, the damage
is less for tungsten with a purity of 99.7%. Therefore, even small increases in impurities change the charac-
teristics of radiation resistance of tungsten.
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In WWER reactors, neutron flux is monitored using Rh self-powered neutron detectors
(SPNDs), which are positioned along the height of the fuel assemblies (FA). Each of the 64 FAs
contains 7 such SPNDs. Pressurized water reactors (PWRs) are the most widely used reactor
type globally, including a large share of small modular reactors (SMR). In most PWRs, the
neutron spectrum is relatively hard due to the compact arrangement of the fuel elements. This
characteristic makes power regulation more challenging and emphasizes the need for precise in-
core control. With evolving reactor designs and operational demands, real-time monitoring of
core parameters under increasingly stringent conditions is becoming essential (current conditions
in terms of flux of n and temperature of Rh SPNDs is ~10™...10* cm?®s? and ~ 320 °C
respectively). Although Rh SPNDs perform well under steady-state conditions, their activation-
based design results in a delayed response. This limitation underscores the need for real-time
neutron flux monitoring in more demanding scenarios, where Hf emerges as a promising
material.

This study investigates the application of Hf as an emitter material in Compton-type SPNDs.
The key difference between B-emission and Compton SPNDs lies in the mechanism that initiates
electron emission — in f-emission SPNDs, electrons are released following B-decay, in contrast,
Compton SPNDs generate electrons through (y, €) reactions.

The Hf-based SPND is proposed for use under more demanding operational conditions,
particularly where B-emissive (Rh) detectors may lack operability due to their inherent signal
inertia caused by the radioactive decay of ‘>*Rh. The primary goal of implementing Hf SPNDs is
to expand the reactor’s monitoring and control capabilities under the transient or high-demand
conditions, where the delayed response of B-emissive SPNDs may hinder timely data acquisition.
Additionally, Hf is highly effective at absorbing neutrons in the epithermal energy range, which
makes it particularly well-suited for use in reactors with harder neutron spectra (majority of
PWRs and SMRs).

In this study, the MCNPX program was used to simulate the behavior of Hf as an emitter
material over 4 fuel cycles within the core of the WWER-1000. The model included 7 SPNDs
positioned along the core height, corresponding to the locations of standard Rh SPNDs. For each
of the SPNDs, the simulation yielded comprehensive datasets, including nuclide compositions,
(n, y) reaction rates for key isotopes, specific neutron losses, n and y flux distributions, and the
resulting emissive current generated by the Hf emitter.

The results indicated that the neutron absorption capacity and flux behavior of the Hf emitters
remained consistent throughout the reactor core height. Neutron losses gradually decreased over
time, reflecting stable absorption characteristics and minimal flux distortion. Throughout the 4-
year operational period, the modeled Hf detectors exhibited reliable performance with no
significant degradation in their properties.
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Metallic hafnium is one of the promising neutron-absorbing materials. Today, the service life of the
cores of nuclear reactors (absorbing material) is up to two years in the automatic control mode and up
to seven years in the emergency protection mode, which poses the task of using new materials to
extend the service life of absorbing rods up to 30 years, in particular, the development of methods for
obtaining and refining hafnium [1-4], which has unique physical and mechanical properties. Hafnium
has a high melting point (2503 K), high strength properties (hafnium iodide at room temperature is ),
good plasticity (full elongation at 773 K is 36%, at 1173///1273 K — approximately 70%), very high
corrosion resistance in solutions of caustic soda, caustic potash and ammonia, complete absence of
corrosion in the presence of sodium peroxide. It is characterised by an extensive neutron capture cross
section (105 barns) [1, 2].

The subsoil of Ukraine contains significant industrial concentrations of zirconium and hafnium: 15
deposits and many promising ore occurrences - among them, for example, the placer Vovchanske and
Krasnokutske, where it is impossible to establish mining due to active hostilities, and the most
significant potential is carried by the Azov megablock of the Ukrainian Shield (currently the territory is
almost entirely occupied by the aggressor country). That is, Ukraine is one of the promising global
suppliers of zirconium and hafnium. And the liberation of the territories is also strategically important
for the restoration, modernisation and development of domestic nuclear energy. For "unprocessed
hafnium, hafnium powders, waste and scrap hafnium”, Ukraine was the leading supplier to the
European Union with 31% of EU imports (Figure). The leading global suppliers are the United States,
Great Britain, and Canada with 22, 22, and 7% of the contribution, respectively.

Unwrought hafnium, hafnium powders, hafnium waste and scrap,
import by quantity, in tonnes
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Average hafnium imports into the EU at the processing stage
or the period 2000-2021 [5]
Ukrainian researchers have already developed new pellet designs for WWER-1000 reactors, where
the absorber is combined in the upper part of the rods with boron carbide B,C and the lower part with

hafnium. Hafnium in such pellets can be an absorber and a structural material in the lower part of the
pellet shell [1].
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Comparative observations on the efficiency of absorbers of different compositions during long-term
operation (under experimental research conditions for 28.000...30.000 h [1]) indicate the greater
prospects of pellets based on hafnium in comparison with absorbing materials based on boron or
dysprosium titanate.

When using hafnium in pellets without a protective shell (increased diameter) with a hafnium tip
length of 1 m, the efficiency of the rod compared to standard ones is not lost, and, taking into account
the fact that it is possible to increase the period of safe and effective operation of such absorbing
elements, it also indicates an additional advantage of hafnium.

Given all these advantages, the problem of obtaining high-purity hafnium from zircon, particularly
improving the hafnium refining process, is relevant.

Many countries with developed nuclear energy and their atomic fuel complexes (CEZUS (France),
Wah Chang (USA), NFC (India)) are directing their efforts to improve technologies for obtaining
hafnium forms and purifying them from impurities for use in absorbing elements of active zones [4].
This is also due to the reduction in supplies of hafnium metal to the world market. For example, in
India, a pilot hafnium production plant uses a solution of zirconium scrub raffinate, a by-product of
NFC in Hyderabad, to develop the NIOBHAT 10 alloy, consisting of niobium and hafnium, and to
obtain phase-pure hafnium chloride [6]. [7] summarises the material properties of various potential
absorbers in Generation 1V reactors, such as rare-earth oxides and hafnium-based materials.

Analysis of the existing hafnium production technology, generalization of the results of
experimental and industrial tests that Ukrainian scientists and researchers have already conducted
before the full-scale invasion, identification of shortcomings taking into account economic,
environmental, safety requirements, as well as product quality - are necessary strategic directions for
increasing the level of production of nuclear-grade hafnium in Ukraine already in today's conditions
and the future in the post-war modernization of the Ukrainian nuclear power industry.
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Small modular reactors (SMRs) are modern nuclear reactors with a capacity of up to 300 MW (electric)
per unit, which is approximately one-third of the capacity of traditional nuclear reactors. SMRs can produce
a large amount of low-carbon electricity and have the following characteristics. Physically, they occupy a
much smaller area than conventional nuclear power units, assemble systems and components at the factory
and transport them as a single unit to the installation site. These characteristics make SMRs a promising
solution for producing clean energy with lower construction and operating costs than traditional large
nuclear reactors [1].

SMRs could be a key element of low-carbon energy technology, designed to support the stability of the
electric grid, especially as the share of renewable energy sources increases and electricity demand grows.
Their compact size and flexibility make SMRs ideal replacements for fossil fuel-fired plants, helping to
maintain high-skilled jobs in regions impacted by the closure of these traditional energy facilities [2].

Small modular reactior (SMR)
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Overview of an SMR integrated into a sustainable energy system [1]

In July 2025, a significant event took place for the nuclear energy industry of Ukraine. As part of the
URC-2025 conference, JSC NNEGC Energoatom and Holtec International signed a document that
envisages the construction of a plant to produce small modular reactors (SMRs) and spent nuclear fuel
containers using Holtec technology.

Some of the distinguishing features and compelling advantages of the SMR-300 plant [3]:

Compact land areg;

Threat-resistant Containment Enclosure Structure (CES) is considered ideal for protecting the
Containment from environmental hazards such as a crashing aircraft, high winds, tornado and hurricanes as
well as human acts of terror;

The plant does not need operator intervention in the wake of any accident;

The SMR-300 can be deployed in the water-rich or arid region of any country without restriction;

The used fuel is packaged in leak-tight canisters, called MPCs, and is loaded in below-the-ground
storage cavities (called HI-STORM UMAX) from which it can be readily recovered and moved to a
permanent repository or a processing facility;

The SMR-300 plant does not require an Exclusion Zone;

In addition to generating electricity, the SMR-300 can support local industry’s process steam needs;

Holtec’s energy storage technology called the Green Boiler may be used to store the SMR plant’s
surplus power and use it when needed to produce electricity or steam;
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Black Start and Island mode capable;

SMR-300 is sized to provide distributed power generation and steam supply to the local region thus
eliminating the need for wheeling power over long-distance over high-tension wires that are vulnerable to
weather and other forms of disruption;

High-capacity factor through very short refueling outages;

The nuclear fuel burned in the SMR-300 reactor is the most commonly used type in the world;

The steam from SMR-300 (which is a PWR) is uncontaminated and therefore can be used in electric
power generation as well as process applications such as making hydrogen fuel;

Holtec’s latest solar energy capture system called HI-THERM HCSP can be employed around the
perimeter of the nuclear plant to produce synergized power from combined nuclear and solar.

Small modular reactors can expand the possibilities for nuclear energy, including developing hydrogen
technologies and district heating networks. In addition to electricity generation, opportunities for nuclear
energy may expand as other technologies progress, including hydrogen production technologies and the
expansion of district heating networks. Small modular reactors have different sizes, configurations, and
output energy temperatures, providing access to other industries where large light water reactors cannot be
used due to their physical size and lower temperature requirements. Using these markets can allow nuclear
energy to realise its full potential in the energy transition.

Westinghouse has been working to improve the pressurised water reactor's (PWR) design for nearly two
decades. This work resulted from the AP1000 [4-6] — a simplified and more economical PWR. The project
began to develop in the late 1980s along with the development of the "Utility Requirements Document for
Advanced Light Water Reactors" (URD). URD, developed under the Electric Power Research Institute
(EPRI) leadership, reflected American energy companies' political and design requirements for the next
generation of nuclear power plants in the United States. These requirements were also approved by the US
Nuclear Regulatory Commission (NRC). The corresponding body of design requirements and expectations
in Europe became the European Utility Requirements Program (EUR). URD covers evolutionary and
passive light water reactors. These two classifications have different requirements. Expectations are much
higher for passive designs. Indeed, more is expected from designs that existing models do not limit. For
example, passive designs are expected to achieve and maintain safe shutdown for 72 h after initiating an
event that meets the basic design requirements, without operator action. The corresponding expectation for
an "evolutionary"” plant is 30 min before the operator must take action to protect the core. As noted in the
URD, a passive reactor is also "simpler, smaller and significantly improved...".

SMRs can promote nuclear integration into industrial processes by cogenerating both electricity and
high-temperature heat.

Due to their smaller core size, SMRs have lower power output, a reduced nuclear fuel inventory, which
lessens the need for extensive on-site radiation shielding and reduces accident consequences.

Simplification is one of the main requirements of the URD and an essential characteristic of the AP1000.
The AP1000 is based on a traditional configuration with two loop circuits and two steam generators, with
improvements in several details. The AP1000 has a nominal core power of 3400 MW/(t) and nominally
1117 MW(e), depending on site conditions. The core contains 157 fuel assemblies, like Doel 4 and Tihange
13. The AP1000 has passive core emergency cooling and containment cooling systems. In the AP1000,
active systems required only to mitigate the consequences of accidents by the basic design requirements
have been replaced by simpler passive systems that operate due to gravity, compressed gases, or natural
circulation instead of pumps. The AP1000 also does not require Class 1E electrical power sources for
safety. Class 1E batteries provide power during the unlikely scenario requiring passive emergency system
activation. The AP1000 is a PWR design that offers energy companies a clear and practical alternative for
new capacities. It was designed to be competitive with coal and gas plants and will become even more
competitive as measures are taken to reduce greenhouse gas emissions. With decades of operating
experience, the AP1000 combines proven technologies into a new combination to consolidate the
advantages of nuclear power plants, reducing their costs and complexity. It is important to note that among
all the benefits of the AP1000, it is also demonstrably a safer plant and a modern design that has already
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been certified in the USA. The AP1000 is designed by ALARA principles to maintain employee radiation
exposure at levels that can be achieved through reasonable measures. Features such as an integrated reactor
vessel head package for faster disassembly reduce the time required to perform work and thus reduce the
impact on workers. Focus on radiation protection, establishing distance from radiation sources, using low-
cobalt alloys, and using remote tools or controls are among the approaches that minimise radiation exposure
throughout the plant. This area has benefited significantly from operating plant experience.

As the European Union works to decarbonise its energy systems, Ukraine's adoption of advanced, safer
nuclear technologies can help the country maintain an essential role in the region's energy market, meeting
international environmental standards.

On May 4, 2023, Westinghouse officially announced the AP300 SMR, a scaled-down version of the
AP1000 reactor [7].

It is clear that, despite the inherent advantages of the new reactor types, there are some uncertainties
regarding the technical and economic competitiveness of SMRs. The paper [1] presents some fundamental
cost analysis of SMRs, considering their expected learning curves to estimate the cost of future deployment.
It provides insight into their economic competitiveness and potential role as a revolutionary solution in the
energy transition.

Thus, nuclear energy remains integral to the global energy system, providing low-carbon electricity
generation, energy security and economic efficiency. Analysis of modern reactor plant technologies shows
that traditional water-cooled reactors (PWR and BWR), heavy water reactors (PHWR) and promising small
modular reactors (SMRs) have their advantages and areas of application. SMRs are of particular interest due
to their compactness, flexibility in use, reduced construction, and operating costs, which make them
attractive for the future development of nuclear energy. At the same time, their implementation requires the
solution of technical, economic, and regulatory issues, especially in the context of the Ukrainian energy
system. Considering the world leaders' experience in nuclear energy, and further implementation of
innovative solutions will allow Ukraine to adapt its energy policy to the challenges of the 21st century, to
ensure the stability of the energy sector and minimise environmental impact.
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MPOLIECU ®OPMYBAHHS JINTUX CTPYKTYP Y TPYBHOI
3AIOTOBUI 31 CIIJIABY Zr1Nb

B.C. Baxpyweesa, H.B. I py3in
Ykpaincokuii deprcagnuii ynieepcumem nayku i mexnonocii
Haeuanvno-naykosuit incmumym «lIpuoninpoecoka oepicasna akademia oyoieHuymea
ma apximexkmypu», /[ninpo, Ykpaina
E-mail: vs062@ukr.net

[pencrasieni Marepiaiy € YaCTUHOK KOMILIEKCHOT pOoOOTH MO BUTOTOBJIECHHIO B YKpaiHi TpyO-
00O0JIOHOK TEIUIOBUIUISIOUNX €JIEMEHTIB.

OcHOBOIO Oy/Ib-SIKOTO TEXHOJIOTIYHOTO TPOIECY BHTOTOBJIEHHS TPYO € BHUKOPHCTAHHS SIKICHOI
TpyOHOI 3aroToBKH. ToMy y pPOOOTI PO3IISSHYTO IPOIIECH BHUIOTOBJICHHS TPYOHOI 3aroTOBKH 1
BCTAHOBJICHHSI PaIliOHAJIBHUX CIIOCOOIB JIUTTSI 3JIUTKIB.

VkpaiHa Mae 3Ha4Hi JIOCATHEHHS B Traiy3l eJIeKTPOHHO-TIPOMEHEBUX TEXHOJIOTIH, Yy TOMY 4YHCIi
BUTOTOBJICHHSI 3JIUTKIB, TaK 3BaHUM, KpamleJIbHUM eJIeKTpOHHO-TipomMeHeBuM meperuiaBom (EITIT)
KaJbI[IETEPMIYHOTO IUPKOHIIO Ta BUKOPUCTAHHSM EIIEKTPOMArHITHOrO mepemimryBaHHs. s
TEXHOJIOTIS TO3BOJISIE BUTOTOBIISTH 3UTKH Jiamerpom 170...300 mm.

CaiTOBHI JOCBi BUPOOHUIITBA 3IUTKIB 13 IIUPKOHIIO Ta MOTO CILIaBiB, B OCHOBHOMY, 0a3yeThCs
Ha 3aCTOCYBaHHI JyroBOi BakyyMHOI IUIaBKHM 3 BUTPATHAM €IEKTPOIOM y  MiJHOMY
BOZI0OXOJIO/KYBAHOMY THIVII Ta MONAJIBIIMM IOABIHHUM BaKyyMHO-AYroBMM IeperuiaBoM. Jlo
TETEPIIHBOTO Yacy TPAIUIIHHUKA croci®d OTprMaHHS TPYOHOI 3arOTOBKH 3 IMPKOHIEBUX CIUIABIB
BKJIIOUa€ MOMBIMHMUN BakyyMHO-1yroBuil neperas (B/II1), oTpumanHs BenMKorabapuTHOTO 3JIMTKA
(miamerpom 350...650 MMm), KyBaHHS. 3a3HaueHY CXEMY BHKOPHUCTOBYIOTh OUIBIIICTH KpaiH, IO
MaroTh saepHud nuki. B npunnummni, metan BJIIT mae BUCOKY sKicTb, ane He M030aBIEHUN PsTy
HEJIOJTIKIB, 30KpeMa, He 3aBXK/IU MPH MEePIIOMY TIepETUIaBl BAAECTHCS BUKIIOYUTH TIOSIBY TIOPUCTOCTI B
37MTKax. BiIHOCHO Maili MIBUAKOCTI OXOJO/DKEHHS B MpoLieci KpucTamizalii popMyroTh y 3JIUTKaX
BJIII cTpykTypy CTOBMYAcTUX KpPUCTalIB 3 TPyOOIJIACTUHYACTOIO BHYTPIIIHBO3EPEHHOIO OYI0BOIO
Ta JIOKaJbHUMHU TposiBaMH Tpyboi o -(asu Mo MexaMm 3epeH BHuxXinHOi B-(hasu, 1m0 iCTOTHO
YCKJIQJHIOE X MOJANIBITY TUIACTHYHY AePOpMalliio.

CrylaB  LMpPKOHIIO 3 HIOOIEM, IO BHUIUIABISETbCS B YKpaiHi, BIAPI3HAETHCSA CHELH(IYHOIO
TEXHOJIOTIEI0 Oro OTprUMaHHsI (IPOoLleC KalbLIETEPMIYHOTO BIIHOBJIEHHS, €JIEKTPOHHO-TIPOMEHEBUIT
neperaB(EII), a, oTke, Mae BiAMIHHOCTI 3a XIMIYHUM CKJIaJIOM, OTHOPIJHICTIO B PO3MOILTI
JIETYIOUMX €JIEMEHTIB, CTPYKTYpOr. Y poOOTI BHUKOHAHO OIIHKY BIUIMBY IMX (DaKkTOpiB Ha
neopMoBaHMI MeTasl y TMpolieci TpyOHOro mepeily, a TakoX pO3NISHYTO [if0 HOBHUX
3aIpONOHOBAHUX TEXHOJIOTTYHUX CXEM BUPOOHUIITBA Ha SIKICHI TOKa3HUKH TPYO-000JIOHOK.

Binomo, 1110 B JTy’ke UUCTOMY LIMPKOHIT HEpeTBOPEHHS 3—0. B110yBaeThCs AU(PY31HHUM HUISIXOM 3
YTBOPEHHSIM PIBHOBICHUX 3€peH o-(a3u. PI3HOMaHITHICTb CTPYKTYp MOSICHIOETbCS HE TUIbKH
YMOBaMH{ BHIUIABKH, aje€ 1 KOHKPETHUMH MEXaHI3MaMM, L0 pealizyloThCs MpU po3nai TBEPIOIo
pozunny (B-dazu). BBakaeThcs, 110 IUPKOHIN, OTPUMaHUI POMHUCIIOBUMH METOaMH (B TOMY YHCIIL
1 32 KaJIBI[IETEPMIYHOIO TEXHOJIOTI€I0), MICTUTh 3HAYHY KUTBKICTh JIOMIIIIOK BITPOBA/KEHHSI (KUCEHbD,
BYIUIEIlb, A30T), SIKI KOHTPOJIIOIOTh B—0 MEPETBOPEHHS B CTPYKTYPHOMY BIJHOIIEHHI, a B CILIaBax
Zr-Nb neit BIUIMB MOCHIIOEThCs. JIOMIIIKH, 30KpeMa KUCEHb, 3MILYIOTh JIiHII Ha Jiarpamax —a.
Takum umHOM, y crutaBi ZrINb y mporeci oxomomxkeHHs1 (OpMYeEThCsl Todacta (perkoBa,
IUIACTUHYACTA) CTPYKTYpa, MPUYOMY cepii IUIaCTUH YTBOPIOIOTH TPYNMH ab0 TMakKeTH, B SKUX
MEepEeTBOPEHHsT BIIOYBA€ThCS 3a ONHUM 13 BaplaHTIB OpPIEHTALINAHOIO CIiBBIIHOLIEHHS [B—a
nepexoxy. Ilepini macTHHM IMPKOHIIO, 1110 YTBOPIOIOTHCS, MAIOTh HU3bKY KOHLIEHTpAIIil0 Hi0010, K
1€ BUIUIMBAE 3 JllarpaMu piBHOBAru Juis ciiaBy 3 1% Hio6ir0. Tomy Ha GpoHTI f—0 epeTBOpEeHHS B
o-(ha3i KOHIEHTpallisl HioOir0 Oyne MiABUIIYBAaTUCS, OCKUIBKU JIesika YacThHa Horo aromiB Oyne
BIZIBOJIUTHCS 32 MEXaHI3MOM Jipel(y Bif GpOHTY NEPETBOPEHHSI B TaHTCHIIIATbHOMY HAIPSIMKY, SIK
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1ie BiI0yBa€eThCs 3 ByIvienieM Ipu OeiiHITHOMY (a00 TepmiTHOMY) IepeTBOpeHHi. B pesynbrari 1150ro
IpoLeCcy KOHIEHTpAIlis Hi00it0 Ha O14HiI MOBEPXHI 0 INIACTHHU IiIBHUIIYETHCS 10 YTBOpeHHS 3 Nb
das3m, 1 ii 3apOIOK pOCTE B HANPSAMKY MaKCMMaJIbHOI KOHIIEHTpAIli Hi00it0, TOOTO B3IOBK 0O-ZI-
iactiH. KiHneBa cTpykTypa micis Takoro 0araropa3oBO MOBTOPIOBAHOTO MPOIECY CKIIANAETHCA 3
YEePryoThCs MUPOKUX O -ZT TUIACTHH 1 By3bkHX [-Nb mporapkiB Mixk HuMH (auB. puc. 1a). HioGieBi
NPOIIAPKH HE € CYIUIbHUMHU, & YTBOPIOIOTh CHCTEMY CTPIYOK B OJHIM TUIONIMHI MiX JBOMA 0-Zf
TUIACTHHAMH Y BUTIISII PO3TATYKEHOTO TUIOCKOTO JICHAPHTY, IO MiITBEPPKYIOTh MTPOBEIACH! HAMH
EJIEKTPOHOMIKPOCKOIIYHI JTocmipKeHHs. Mopdororisa B-Hio0i€eBUX MPOIIAPKIB TyXe pi3HOMaHITHA:
BiJl CYIIUIbHUX TUIACTUH TOBIIMHOIO B KijbKa YacTok Mikpona (0,01...0,1 MKM) 1 TOBXKHHOIO B KiJIbKa
JICCSITKIB 1 HABITh COTEHb MIKPOH, JI0 BY3bKHX CTPIYOK (PSI0K) 200 CTPHIKHIB (PSIOK TOYOK).

VY po0oTi 3amponoHOBaHI CXEMH 3apO/HKEHHS Ta POCTY IUIACTUH o -Zr Ta B-Nb ¢a3u y Bunsii
KynosnonoaioHoi koHgirypauii puc. a, 6. YTBOpEeHHS MEpiOIUIHOI CTPYKTYPH B MAKETi TOUMHAETHCS
3 YTBOPEHHS KyIoJIonoaioHo1 popmu nepeTrHy (PpoHTY EpETBOPEHHS, TPUUIOMY Y BEPITHHI KyIOIa
3HAXOJATHCS MTPOBIIHI TOPII MOTOBIIEHMX IUIACTHH, 110 POCTYTh 32 3CYBHUM MEXaHi3MOM, a Ha HOro
CXWJiax 1 B HONIMOIEHH] — OUIBII TOHKI.

Hunpapaeuwse
poCTa

a-Ar

Ilepioouunicmv po3nodiny wupuHu nIACMUHU NIACMUH a-Zr y nakemi (a) ma npocmoposa
KOHi2ypayis pponmy nepemeopenHs npu ymeopeHHi nepioOuyHoi cmpykmypu y naxemi (6)

VY 3mutkax, orpumanux EINI, HalOUIBII IKABUM € SIBUIIE TIEPIOTUYHOCTI B MIKTUIACTHHKOBHX
(MDKIUTACTUHHUX) BIJCTAHSIX B MEXaxX OMHOrO makeTy. JlocnipKeHHs MOKa3ald, IO He 3aBKau
MDKIUTACTMHKOBI BIICTaHI B TaKeTaxX pPEry/sipHI Ta OIHOMAaHITHI. 3yCTpIYarOThCsl MAKETH, B SIKMX
IIMPOKI 1 BY3bKi IJIACTMHU PO3TAIlIOBaHi B Oe3nocepe/Hiil OIM3bKOCTI OfiHa 10 OAHOI, IPUYOMY, B iX
pO3TallyBaHHI YITKO MPOSBISETHCS IE€BHA MEPIOAWYHICTh. 3alaJdH 1 BHUCTYHIB 3 Y3TOIKEHUM
YepryBaHHIM y MICISIX B3a€MOJIIT IBOX MAKETIB 3 PI3HUMHM rabiTycaMH IUIACTHH.

Buxonsuum 13 3arponoHOBaHOI CXeMH 3pOCTaHHs (CTPYKTYPOYTBOPEHHS), MOXHA BBa)KarH, IO
30HU 3 BY3bKHUMH IUIACTUHAMH MalOTh BHIIY TMTOMY KOHLIEHTPALLIO HI00110, HIK 30HH 3 IIUPOKUMHU
riacTiHaMmy. TakuM 4uHOM, MiJ Yac f—0 MepeTBOPEHHS BIIOYBA€TbCS YTBOPEHHS HEOAHOPIAHOCTI
po3noiny HioOito B makeTax. Brmie po3mipiB nmakeTiB a-(a3u Ta ix mepioJ MaroTh BU3HAYAJIbHUM
BIUIMB Ha MPOLECH NepeKpUCTaIi3allii Mpy rapsyiil aegopmartii.
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OCOBJIMBOCTI HPOHBYUCTPYKTYPﬁOi IHAM’ATI
B MPOLECI AE@COPMANLINMHOI'O ABINMHUKYBAHHA
CIIJIABY Zr-2.5%Nb

J.I'. Manuxin, B.M. I'puyuna, K.B. Koemyn
Hauyionanvnuit naykoeuii yenmp
«Xapkiecokuii ¢pizuko-mexuiunuit incmumympy», Xapkis, Ykpaina
E-mail: dmitr.malykhin@gmail.com

JlocmipKkeHHsT CTPYKTYpPHHX 3aKOHOMIpHOCTeH aedopmartii, ski HaIlJIeHI Ha CTBOPCHHS
BIJIMOBIAAIPHUX KOHCTPYKIIA TEXHIYHUX HPUCTPOIB Ta arperari, € (QyHIaMEHTaIbHUM
HayKOoBUM 3aBnaHHAM. OcoOJMBY pOJIb II€ BiJAIrpae MoA0 KOHCTPYKIIMHMX MaTepiaiiB
aToMHOi eHepreTuku. Jlo Takux MaTepiamiB BIAHOCATHCS, 30KpeMa, METald THTAHOBOI
MiATPYNU: TUTaH, HUPKOHIH, radHiil — 1 iX crasu.

Tyr momo MeTamiB TAaKOTO KJIacy aHANI3yIOThCS OCOOJMBOCTI MOBEHIHKH JBIHHUKOBHX
MexaHi3MiB nedopmartii, siki MOKHa O0’€IHATH €IMHOI0 HA3BOI0 — «CTPYKTypHA Iam’sSIThb».
AHati3 IpoBOAUTLCS Ha MPHUKJIAAl JOCTiKeHb crutaBy Zr-2.5%NDb.

Opna 3 ocobmuBocTel mpolecy ABIMHMKYBaHHS Hpu Aedopmallii cljiaBy IOB’s3aHa 3
HAsBHICTIO 3aJMIIKOBHX 3CYBHHX HANpyr Y37O0BX IUIOMIMHMA BUXIJIHHUX IUIACTHH, HI0 €
CHIICTBOM MOMeEpeaAHiX aedopmariiii i HECIPOMOKHOCTI TOCSTTH 1/1€aJbHOTO BiJIady MeTajiB
y a-ctaHi. Tox, He3aneXHO BiJ] HAPSAMKY IOYaTKOBOI MPOKATKH IIACTHH, YM BOHA MO3I0BKHS
Yy [omnepeydHa, MikponaedopmaliiiHi 3pylIeHHS T€OMETPUYHO CHPSIMOBAHO HA pPEJIaKCalliio
3aJUIIKOBUX HANpPyr 3 YacTKOBUM IOBEPHEHHSIM TeKCTypu. CTPYKTYpHHU MpOLEC MOXKe
MTOBHICTIO 3MIHUTHCS ITIiCJIsI 3aBEPIICHHS pelaKcarrii.

HaBiTh y BiZCYTHOCTI 3aJIMIIKOBHX HANpyr CTPYKTypa TPaHUILb 3€PEeH, IO 3aJIHIIeHa
MoNepeIHbOI0 fedopMalli€ro, Ja€ HAMPSIMOK MPOIECy MOAANBIIOTO ABIHHUKYBAHHS.

JHlpyra ocoOIUBICTh Ma€ MICII€ 32 HASBHICTIO IOMIIIOK BIPOBAHKEHHS, 110, SIK CJIJCTBO,
MOB'A3aHO 3 MPUAYIIEHHAM TedhopMaIliiHUX MeXaH13MiB KOB3aHHS 1, THM CaMHUM, B aKTUBIi3aIlii
Maii’ke BJIBi4l MEXaHi3MiB ABIHHUKYBaHHS. L[ 0coOMUBICTh MPOSABIAETHCA SIK IHEPUIWHICTD Y
MIKpO/IBIHHMKYBAaHHI: KOXEH OJMHUYHMM aKT JABIHUKYBaHHS (3€pHa) 3aBEpIIYETHCS
CTBOPEHHSIM 3BOPOTHHUX HAIpyT, 1 IPH MPOJOBKEHHI JAePOpMyBaHHS ABIMHUKOBHUI ClieHapii
3MIHIOETbCS Y 3BOPOTHHH Oik. 30Kpema, 11e MPU3BOIUTH 0 OCLUJIALIT MapaMeTpiB TEKCTYPH.

Tpetst ocobGnMBICTh MoJsirae B TOMY, IO HaBITh B yMOBaxX HpPHUIIOBEPXHEBOI JIOKajizamil
JOMIIIOK KOHKPETHUH clueHapiil nedopmMaiiiHOro JBIHHUKYBAaHHS TPAHCIIOETbCS Kpi3b
IJJACTHH — YaCTKOBO a00 MOBHICTIO, y 3aJIEKHOCTI BiJl HANPAMKY IPOKATKU Ta AedopMaiifHoi
nepenicTopii BUXiJHUX 3pa3KiB.
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MOJIEJTIOBAHHS SIBUILA PATIALIIITHOT O
POCTY LIMPKOHIIO

O.I. Tpouyenko, IL.M. Ocmanuyk
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E-mail: oleg-trotsenko@ukr.net

SAsume pamiamiitHoro pocty (PP) — me pamiamiiino-inmykoBana nedopmamis (PII) 6e3
30BHIIIHHOTO HABAHTAXKECHHsI Ta 0€3 MOMITHOI 3MiHM 00’eMy MaTepiasia (Ha BIAMIHY BIJ
posnyxanHs). Bono npuramanne ['IlY-meranmam, 30KpeMa, HUPKOHII0O — KOHCTPYKIIHHOMY
Marepiany 000JOHOK TBEIB.

OcHOBHa TeOpeTHMYHA KOHIEMIlis TMOsiCHEHHs Ourbmiocti siBuny PIJI moB’s3ana 3
MPUITYIIEHHSIM TIPO Te, 110 Pi3HI CTOKM 171 ToukoBuX nedextiB (T/]), BakaHCii Ta MIKBY3€JIbHUX
aToMiB, TIONIMHAIOTH iX MO-pi3HOMY [1, 2]. V Teopii 3 sBis€TbCs Tak 3BaHMiA (PaKkTOp IMepeBaru «
B » 1o mormuuaHHs T/l crokoM ganoro tumy. SIKmo B >0, CTOK NOIIMHAE OiIbIIE MIXKBY3EIbHUX
aToOMIB, SIKIIO B <0 — OlIblle BakaHCil. B pe3ynbrari pi3Hi CTOKH €BOJIIOLIOHYIOTh [TO-PiI3HOMY,
BUXiJIHA ONTHUMAaJIbHA MIKPOCTPYKTypa Marepiaily 3MiHIOE€ThCS, MaTepian nedhopMyeThes. A 1ie,
AK IPaBHIIO, HE MpUIycTHMO. BracHe mupkowii B mpomeci PP posmmuproeTses B310BX (a) -

HanpsAMKY Ta CKOPOUYYEThCS B3J0BXK (c)-oci. Taky TOBeIiHKY MOB’SI3YIOTh 3 €BOJIOIIEIO0 TaK
3BaHHX (a) -, (C)-TeTensb.

IIpu HEWTPOHHOMY ONIPOMiHEHHI NEPIIMMH B IUPKOHii GOPMYIOTBCS IPU3MATHyHI (a) -TIeTIIi.
[Tpryomy mMae micue eKcriepuMeHTIBHUH (DaKT CIiBiICHYBaHHS BaKaHCIMHUX Ta MIXKBY3EIbHUX
nerens. PopmyBaHHA 0Ga3HCHHUX (C)-TIETENb CIIOCTEPIranocs Mmicis JOCATHEHHs JesKol 103 (2—

3 dpa). I Bonm BakanciiiHi. CaMe L paHHS CTajlig Hac I1HTEpecye Ha IMepIIoMy eTarl
nocmikenns. 1logo ¢i3nyHOrO MOSICHEHHS IBOTO (PaKTy, TO HA TEMEp PO3TIIANAETHCS JIBA
BapiaHTH: pyxHa B3aemoais T/ 3 nucnokauisiMu IUpKoHig Ta AudysiitHa anizotpomis T mix
WOro MJIOIIMHAMM.

3rizuo [3] BigHOCHA AedopMmaltia &, B3IOBXK (a) -0ci HaeThcs GOPMyYIIOrO:

&, =1120Q"=1/12w(C,,-C,;) , (1)
e Qia— MOBHE YHWCIO BJIACHUX MDKBY3elbHHX aTtoMmMiB (BMA) B <a> -IIETVIIX Ha OJUHUIIIO

00’emy; @ — atomuuit 00’em; C,, ;— umcio Bakauciit (V) Ta BMA (i) Ha ogunumio o6’emy

kpuctany. TyT He BpaxoByeTbcsi morinuHaHHSA TJ[ MepBUHHUMH AMCIOKALlIMH Ta TPaHULIMHU
3epeH. Po3rnsaaerses «BeNUKHiD) BiAMaleHUH MOHOKPHUCTAN LUPKOHII0. BimHocHa nedopmartis

&, B3IOBX (c)-oci Mae Burmsn [3]:
_ rel
gc = Clv I/v ' (2)
OckinbkM Ha paHHIA CcTalii OMPOMiHEHHS BaKaHCIHHUX MeTeNb B 0a3WCHIN TUIOMIMHI IIe
HEMae, MPUITYCKAaeThesl, Mo aedopMaliss &, BIIOYBAaeTbcA 3a paXyHOK perlakcalli BaKaHCIM.
Penakcauiituuii  06’em B3sto 3rimmo [3] V) =0.43. PospaxyHku eBomiomii 3 uacom

kouuenrpaumiit T C,, ., a Takox Ix kiactepis C. ., . IIpOBONWINCI METOIOM KJIACTEPHOI
1v,i Jv,1

nuHamiku[3]:
dC

=6y Tk, §)C, - X w(ik)C, L, ®

ne C; — xoHueHTpauis kiactepis Tuny J, G;— mmuakicts ix BUpoOHMUTBA, L; — mBHKiCTH iX

BTparT Ha IHIINX CTOKaX, W(k, J) — MBUJIKICTH Tiepexoy kinactepis C, tumy K y kimacrepu turmy |
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3a paxyHok mnornwHaHHs TJI. Bona Mictuth BenmmuuHy Z Ky Ha3MBaIOTh €(EKTUBHICTIO

jov,io2
normuHanas T/ (V,i) crokom tumy . Y Hamomy BHNaaKy kiactepom (memiero) tumy | . Came
BOHA BifjoOpakae (i3UUHUIA MEXaHi3M, IO «3aKIaJacThCs» y TEOPETUYHI PO3PAXYHKH MPOIECy

normuHanas TJ[. 3naroun Z MOJKHA 3TiTHO piBHsAHHA (3) MOpaxyBaTH JWHAMIKY 3 J030H0

joviio

onpoMiHeHHs ryctund sk TJ, Tak i1 ix xmacrepiB. KopucTyrouncs TaHuMH 3Ha4€Hb MarepiaibHUAX
KOHCTaHT i3 po0ir [3, 4] Ha puc.] nmokasano 3miHy KoHieHTparii T/ mix onpoMiHEHHSIM 10 J03H

10~ dpa.

6 | == BMA .
i BaKamcii =

10

KoHteHTparis TOUKoBHX JIeeKTiB (cm?)

~14

-12

T

o

10

10

-1
10

T

10

’ -6
10

10

-4

Ho3sa, dpa
Puc. 1. 3mina konyenmpayii moukogux deghexmie nio wac onpomiHeHHs!
Bunano, mo Ha nmovatky onpomineHHsi T/l HaKOMMUyIOTBCS OJJHAKOBO, a TP /1031 ~10°° dpa

BaKaHCii B OCHOBHOMY IMPOJIOBXKYIOTh HAKOMUYYBATHUCA, a MIKBY3JIS 3a PaxyHOK 3HAYHO
OUTBIIOT0 KOedIIIEHTY AU(Y3ii MOYMHAIOTH YTBOPIOBATH KJacTepu ab0 3apOAKU TUCIOKAIIAHUX

netens. Posmosin mo ix posmipam npu no3i 10~ dpa npusenero Ha puc. 2.

175
10 1 o z
g - MDKRBY3CIHBLHI IICTIIL
= 10 o Bakasuciiigi nerin
i 23 ©
Qc=) lO 1 ~
F il
=) 10 — ~
S lO WD+ ¢ s o+ o —- —— — .\
- N
7.5 '\
g 10 - %
° . o '\‘
- 10 N
s \'
. o \
10 \
\
1
o 1 2 3 a 5 6 7 8

Pajniye nerens (nm)

Puc. 2. Po3nodin po3smipie 6aKaHCitiHux ma Midc8y3eIbHUX NPUSMAMUYHUX nemeJbv,
. 13
npu 0o3i 10~ dpa
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MIKPOCTPYKTYPA ITOBEPXHI MOHOKPUCTAJIIB BOJIb®PAMY 3A
EJIJEKTPOEPO3IMHOI'O PI3AHHSA

O.M. Benuxoonuii, 1.B. Konooiu, LI1. Kichak, C.B. Xyoaxoe, I M. Tuxonoécovka
Hauyionansnuit naykoeuii yenmp
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E-mail: igorkislyaks@gmail.com

HocmipkeHHs 1 BUKOPHCTaHHS METAJIEeBMX MaTepialliB  MoTpeOye TIEeBHUX METOJIB
BUTOTOBJICHHA (BUpi3aHHA) 3pa3KiB 3 HUX. B HU3LI BHUMAIKiB OCOOIUBY YBary CiiJ OPUIUIATH
CTaHy TOBEPXHI IHMX 3pa3KiB, 30KpeMa IpU BHpi3aHHI 3pa3KiB 3 TYTOIJIAaBKUX 1 JOCTAaTHHO
TBEPAMX MOHOKPHCTAJIIB, TAKHX SIK BOJIb(paM, 10 NEPCIIEKTUBHI IS Pi3HOro 3actocyBaHHs [1,
2]. Cepen iHIIMX METO/IB BUTOTOBJICHHS TaKMX 3Pa3KiB IIUPOKE PO3MOBCIOKCHHS MAa€ METO.
eNeKkTpoeposiiiHoro pizanHsa. Came 1ei cmocid Oyimo 3acTocoBaHO B JIaHid poOOTI s
BUTOTOBJICHHS EKCIIEPUMEHTAJIBHHUX 3Pa3KiB 3 MOHOKPUCTAITY BOJIb(paMy.

Buxignum marepiasioMm Ui BHpi3aHHS 3pa3KiB OyB IUIACKUH MOHOKPHUCTAJIYHHUN 3ITUBOK
Bosib(ppamy, Burotopnenuit B IE3 im. €.0 [laroHa 3 BUKOPUCTaHHSIM IIa3MOBO-AYTOBOI IIIaBKU
3a aAUTUBHOIO TexHouoriew [1, 2]. s BUpi3aHHS 3pa3KiB 3aCTOCOBYBAJIKCS CIEKTPOCPO3ikiHI
Bepcratd BP-95d (ITonbina), 1m0 BUKOPUCTOBYE JaTyHHHU napit miamerpom 0=0.25MMm, Ta
EFH43B (KHP) 3 momni6aenoBum apotom d=0.18 mm. [Tomepente peHTreHIBCbKE MOCITIIKCHHS
10Ka3aJio, 10 MOHOKPUCTAJI Ma€ JJOCUTh JIOCKOHATY CTPYKTYPY (HaIiBIIMPHHA KPUBOI FOWIaHHS
FWHM = 0,74°) 1 uuctoTy 3a MeTajeBUMHU AOMIIIKaMi He MeHII 95Bar.% (OCHOBHI JOMIIIKH:
Hf, Re, Ta). MikporBepaicts BumiproBanacs Ha mpubopi IIMT-3 3a maBantaxenus 200T.
JlocnipkeHHST  MIKPOCTPYKTYpH — TOBEpXHI  IMICAS  pi3aHHSA  3IMCHIOBAIOCS  METOJIaMHU
MmeTanorpadii Ta ckaHyrouoi enekTpoHHoi Mikpockorii (CEM).

BuBdeHHs TTOBEpXHI 3pa3KiB ICIs BUPI3aHHS BUSBHIIO CTPYKTYPY, 3a OyIOBOIO CXOXKY Ha
OpyKIBKYy, OKpeMi OJIOKM sKOi MaroTh (hopMy, OJIM3BKY O KBaJpaTHOi, 3 CEpelHIM PO3MipoM
croponu nopsaky 200mkm. Ontuuni Ta CEM-300paxxeHHsT MOBEpXHI HagaHi Ha puc. 1 Ta 2
BiJIMOBITHO.

Puc. 1. 3acanvnuii 6uenso nosepxui nicis pizauHs nepneHOUKYIAPHO 0Ci MOHOKPUCMATY HA
sepcmami BP-95d (a); 6uensio nosepxui nicis uacmkosoi enekmpononiposku (Ha 1ieomy Kpaio
3paska 3usmo 6inoue memany) (0).

Inowuna wnighy napanenvna kpucmanozpaghiunivi nrowguni (200)
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o
Puc. 2. CEM-306pasicenns nosepxni MOHOKpUCANLY 801b(hpamy niciis pi3anHs
Ha eepcmami BP-95d: a, 6 — pi3ni 30invuenns

Sk moka3zano BuUBYEHHs noBepxHi merogoM CEM (puc.2), citka, 110 CHOCTEpIraeTbcs Ha
MetaiorpadiyHuX 3HIMKax (puc.la), chopMoBaHa CHCTEMOIO TPINIMH, MO0 TEPETUHAIOTHCS
Maibke iz TMPAMHUM KYTOM 1 q)opMyIOTL ¢parmeHTu-610ku. BuMiproBaHHS MleOTBep,ILOCTl H,
MOKa3a10, IO Micis MEeXaHIuYHOI HOJIIPOBKM MOHOKpHcTan Mae H,=(450+17) KI'/MM>. HlCJ‘ISI
4aCcTKOBOI1 eJIeKTponompOBKH (mpaBwuii kpait puc. 1,06) BcepeauHi 6J'IOK1B H,=(408+21) KF/MM a
HiCIIs TOBHOT €JIEKTPOIONipoBKH (J1iBHUi Kpail puc. 1,0) H), 3Menmryetses 1o 3(66 +17) K[/Mm?,

3ayBa)kuMoO, L0 TICIs YaCTKOBOI €JIEKTPOIOJIPOBKU (opMa BIATHUCKIB BKazye Ha Te, LIO
HABKOJIO TpaHUIll OJOKiB, TOOTO MOOJM3Y TPHIiH, HIBUAKICTH 3HATTS METAIy IMPH IOJIPOBII
CYTT€BO OliIbIlIa, HIXK BCepelnHi OJIOKIB.

Jliist opiBHSIHHS BUPi3aHHS 0YyJI0 MPOBEACHO Takox 3 mornomoroio Bepcrata EFH43B (KHP),
AKMM 3a0e3redyBaB Ha MOPSAOK BHILY MIBUJKICTH pi3aHHs. OTpuMaHa HOBepxHs Oyna
PIBHOMIPHOIO, 6€3 BUPAXKEHOI CTPYKTYPH.

[TosicHeHHs1 0COOIMBOCTEH MIKPOCTPYKTYPH MOBEPXHI MOHOKpHUCTay Bosb(pamy (puc. 1, 2)
CIIiJ] IIyKaTH MPUHAWMHI y IBOX (aKTOpax: Ie MPOIeC BUTOTOBICHHS MOHOKPUCTAITY Ta MPOIIEC
fioro oOpoOKH - pizaHHS. BUTOTOBIEHHS MaCUBHUX 3JIUBKIB CYIPOBOJKYETHCSI BUHUKHEHHSM B
HUX 3HAYHWUX BHYTPIIIHIX HampyKeHb, B JaHOMY BHIAIKy - po3TsAryBaHHs. (PeHTreHiBCchbKe
JIOCIIIJKEHHS 110Ka3alo, 110 BeJIMYMHA [IUX HampykeHb ckianae 765 Mlla). A enektpoepo3siiiHe
pi3aHHS CYNPOBOKYETHCS OY)K€ BHUCOKMMH TeMIepaTypamu (3a AESIKHMH JaHUMH — JI0
10000 °C [3]) 1 Moe cynpOBOAKYBATUCh BUHUKHEHHIM yJIapHUX TEPMIYHUX HampykeHb. Taki
(akTOpH, BOYEBHb, 3yMOBIIOIOTH PENIAKCAIlII0 HANPYXEHb NUISIXOM PO3OUTTSI TTOBEPXHEBOTO
00’eMy Ha apiOHI ¢parMeHTH-0710kHu. Ha mosiBy TpilIMH CYTTEBO BIUIMBAE PEKUM Di3aHHS Ta,
MOJKJIMBO, HATAT TPOBOJOKM Ta ii KOJHMBAaHHS. 3a3HAayeHa BHWINE BIIACYTHICTh (parmeHTarii
MOBEpXHI Npu pi3aHHs Ha Bepcrati EFH43B, BoueBuapb, MoB’s3aHa 3 Pi3HULIEIO TEXHOJIOTTUHUX
napameTpiB. Binmbm netampHe BHBUEHHS LBOTO SBHINA MOTPEOye TPOBEACHHS JOJaTKOBHX
JOCIIIKEHb.

Astopu makyioTe B.O. IllamoBanoBy 3a Haganuii monokpuctai, O.M. boni 3a oprasizariito
pactpoBux JgociipkeHb Ta M.A. TUXOHOBCBKOMY 3a iHTepec 1O poOOTH Ta OOrOBOpPEHHS
pe3yIbTaTiB Ha BCIX CTAIAX JOCIIKEHHSI.

Jlimepamypa

1. B.O.lanosanos Ta ixmi // ITAHT 2020. Ne1(125), 60-63.
2. V.O. Shapovalov et al. //PAST 2022, Nel (137), 40-45.

3. S. N. Grigoriev et al. // Technologies 2020, 8(3), 49.
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®I3UYHI BIACTUBOCTI JOCKOHAJINX JJETOBAHUX
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Cepen pi3HUX HETPAIUIIMHUX METOAIB CTBOPEHHS CHEPrii HaWOUIbII MEPCIEKTHBHUM €
IEPEeTBOPEHHS COHSYHOIO OINPOMIHIOBAaHHS B  €JNEKTPUYHY EHEpPIbII0 32 JJOIOMOIOK
HAIMIBIPOBITHUKOBUX MaTepiajis.

OnTuManbHUMU MaTepiajJjaMy JUis NepPEeTBOPEHHS COHAYHOIO BUIIPOMIHIOBAHHS B €JIEKTPUYHY
¢ mamiBnposimankn  A"BY 3 3aBopomeHoo  30HOIO Eg=13..15eB. Ilupoko
BUKOPHCTOBYIOTbCSI HENPSIMO30OHHI HAMIBIIPOBIAHUKM Ha 0a3l KpemHilo, y sikoro Eg=
1,1..1,2 eB. Kpemniii 3aiiMae BenuKy O0’€MHY 4YacTKy y COHSYHIA CHEPreTHIIi, 3aBISIKH
HIMPOKIH MOUIMPEHOCTI Ta MOKJIMBOCTI PO3LIMPEHHS 3a00POHEHOI 30HU B IPOLEC] JEeTyBaHHS
aKUENTOPHUMH Ta JTOHOPHUMH AoMimkamu. L{s mpobiema B HamI yac He BUpILIEHA — JOCKOHAJIO
HE SICHA KapTHHA CTPYKTYPHOI TEpPMIYHOi CTaOUIBHOCTI TakUX MarepiaiiB, €(eKTUBHOCTI
€HEepro3iuomy, TOMIO.

B naniii poOOTI BHBYEHI CTPYKTYypHI Ta TEPMOENEKTPUYHI BIACTUBOCTI CTPYKTYPHO-
CTaOUTBHHUX  JIETOBAaHMX KPHUCTAJIB KPEMHII0, BHTOTOBIEHHX METOJOM  CIIPSIMOBAHOI
KpHUCTAaIi3allii, gKa Ja€ MOXKJIMBICTh OTPUMYBATH MaTepiaiy 3 KEPOBAaHUM PO3MOALIOM (ha30BUX
CKJIQIOBUX, PO3MipPOM, TOIIO.

Bulip neryrwouux aklENTOPHUX Ta JOHOPHUX JOMIIIOK OOYMOBJIEHO aHali30M DPiBHSHHS
®epwmi-/lipaka, 3MiHH TIOJIOKEHHST 3a00POHEHOI 30HHM Yy MPOIECi JIETYBaHHS KPEeMHit0. 3T1IHO
JiTepaTypHUX JaHUX akuenTopHi foMimku miarpynu IIIA (B, Al, Ga) tTa VA (P, As, Sb) maioTs
MEHIINH Mepepi3 3axBaTa HOCIIB CTpyMy, HIXK JOMIIIKYA BaXKUX Ta Omaroponnux meraniB (Fe,
Ni, W), siKi BUKOPUCTOBYIOTbCS JJIsi CTBOPEHHS IIUPOKO30HHUX HamiBnpoBigHUKIB (InP, GaAs)
neroBanux Cr, Fe, Al

Binomo, 1110 BiJ TUITY TOMIIIOK, iX KOHIIEHTpAIliii, 3SMIHIOETHCS YMCIIO HOCITB 3apsny. Jleryroui
JOMIIIKM CTBOPIOIOTh B KpHUCTajaxX KPEMHIIO OJWHUYHI €HEpreTHYHl PIBHI — JOHOPHI, SKI
3HAXOJAThCA Yy BEpPXHIM yacTWHI 3a00pOHEHOI 30HHM, Ta AaKLUENTOPHI — HIXKHIM IOJIOBUHI
3a00poHeHoi 30HM. Take po3TallyBaHHS pIBHEH CTBOPIOE CHPUSATIMBI YMOBU s poOOTH
coHsyHMX Oartapeil. Came TOMy B IIMPOKOMY IHTEpBaji Temmeparyp nomimku P 1 B — 6a3oBi
JUKepeIa HOCIiB 3apsiy, 1110 BIUIMBA€E HA MPOBIAHICTh KPEMHIIO.

Po3rnsiHyTO €HepreTH4Hui CeKTp Ta BUIPOMIHIOBAJIbHI IEPEXOIH.

HeoOxiHICTh BUKOPUCTAHHS BUCOKOUHUCTUX MATPUYHUX HAMIBIPOBITHHKIB Ha 0a3i SO0G-Si
IpU CTBOPEHHI COHSYHUX OaTapeil OOYyMOBIEHO 3HAYHMM BIUIMBOM MalMX KOHIIEHTpALii
JIETYIOYMX JOMIIIOK Ha X (i3uuH1 Bi1acTUBOCTI. [IUTOMUIL OMip YUCTOrO KPEMHIIO CTAHOBHUTD 108
OM cM, npH JieryBaHHi 10 %P — 0,06 Om-cm.

B po6oTi BUKOpPHCTOBYBAJIUCH CIUIaBH, B SKHUX BMICT JoMimIoK Oopa B kpemuii 0,3 ppm,
dochopy — 0,2 ppm.

B neroBanux cruiaBax JOMIIIKH YTBOPIOIOTH TBEPAl PO3UMHU BTIIEHHSI a00 3aMIlIEHHS, iX
aTOMH MalOTh BAJIEHTHI el1eKTpoHu Ha S 1 P opOiTax.

3’sicoBaHoO, M0 MPHU MIBUIKOCTIX CIPSMOBAaHOI KpucTtamizamii cruiaBiB R monax 100 mm/ron
CIIOCTEpIraeThCsl 3pOCTaHHS KOHIEHTpalii BakaHCii 10%...10% em?, YTBOPIOIOTHCS AUCITOKAIT
Ta KoMIulekcu Tumy nedextiB @penkens 1 ix ckymyeHHs. 3a nanumu [IEM yrtBoproroThes
MIiKpOJIeEeKTH 32 PaXyHOK 3aXOIJICHHS HAMIBIPOBITHUKOM JOMIIIKOBHX aTOMIiB.
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[nsxom migbopy MIBHAKOCTI CIIPSMOBaHOI KpucTam3aiii R, rpagieHTa TeMrepaTyp Ha Mexi
pianHa - TBepAe TLIO BUTOTOBIIEHI JOCKOHAJII MOHOKPHUCTAJIIUHI JIETOBAHI CIUIABH 3 HANPSMKOM
pocty <I111>. 3’scoBaHi MeXaHI3MH BHUXOJy KpalOBHMX Ta TBUHTOBUX JHCIOKAIlIN
MOHOKpHCTaIa. BCTAHOBICHO, 10 B KPUCTANAX 31 MIUIBHICTIO AucIoKamiil Py ~ 10° M 3Hauno
30UIBIIYETHCS PYXOMICTh HOCIIB 3apsiTy.

BusnayeHo, 1m0 y JOCKOHAIMX MOHOKPHCTAIIYHHMX CIJIaBaX JIKBIAYETHCS MOXKIUBICTD
PO3CiIOBaHHS Ta pEKOMOIHAIlIT HOCIIB 3apsiay.

BusnayeHna pyxomicTh HOCIIB 3apsity, 3TiJTHO BUMipy HOCTii{HOI X0JuIa Ta eNeKTPOPYXOMOCTI,
sKa JIJIs €JIEKTPOHIB OiIbIIe pyxXoMocTi Aipok y 3...3,5 pa3u B miama3oHi KOHIIEHTpaAIlii HOCIiB
9-10°...1,2-10° em™.

3’sicoBaHoO, 110 disl KOCMIYHOI pajiaiii MpU3BOJAUTH IO 3MEHIICHHS XUTTA Ta JUQY31HHOTO
HUISXY HOCIIB 3apsy 3aBISKM BHHUKHEHHIO Y (OTONEpEeTBOpPIOBaYaxX IEHTPIB peKoMOiHamii
CJIIEKTPOHIB Ta IIpOK. BpaxoBaHO, 110 YacTUHA XUTTS HOCIIB 3apsAy Yy YHCTOMY KpeMHil,
ONPOMIHIOBAHOMY TIPOTOHAMHU CKJIAJa€ JCKiTbKa MIKPOCEKYH], IOCKOHAIUX JIETOBAHUX
MOHOKpHCTanax KpeMHiro 9...10 c.

3ayBakuMo, IO BiICYTHICTh MEX 3€PEH — J0JJaTKOBHX Je()EeKTHUX PiBHIB B 3a00pOHEHiH 30H1
HaMiBIPOBIAHUKA (LIEHTPIB peKkoMOiHaIlii) 00yMOBIIOIOTH 301IbIIEHHS Yacy *HUTTSI HEOCHOBHUX
HOCIiB 3apsi1y €JIeKTPOHIB, TIPOK.

BimzHaueHo, mo po3Mip OJHOTO 3€pHa B JIETOBAHOMY KpEMHIl MOBUHEH OYyTH OLIbLIUM
TOBIIMHH COHSYHOTO eyleMenTa (100 MKM), 110 3MEHIIIy€E OMip CTPYMY HOCIIB.

Busznaueno audys3iiiHi AOBKUHU TEHEPYEMHUX CBITIOM EJIEKTPOHIB KPEMHIIO P-THILY, IO
Oimpmre, HDK [JIpOK B MaTepiasiax n-Tumy. ToMy pEKOMEHAYETbCS B  KPEMHIEBHX
(doTonepeTBOprOBayax KOCMIYHOTO MPU3HAYEHHS BUKOPUCTOBYBATH MaTepian 0a3u 3 JIIPKOBOIO
MPOBIIHICTIO.

Takum umHOM, Ans 3MeHmieHHs BuTpar eHeprii PII HeoOxigHe onTHUMalbHE JETyBaHHS,
CTBOpEHHsI CTaOLIbHOI Oe31e(eKTHOI KOHTPOJIBOBAHOI MIKPOCTPYKTYpH, IO BiAOyBaeThCs B
yMOBaxX CHpPSMOBAHOI'O TBEPAIHHA. Y TaKMX Marepiajax 3MEHIIYEThCS OMip HOCISIM CTpyMy, Ta
3HAYHO 30UIBIIYETHCS TOBrOBIYHICTH poboTu DII.

Jlimepamypa
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OIITUYHI BJACTUBOCTI BEJIUKHUX ITPOPIIIBOBAHUX
MOHOKPUCTAJIIB MOJIIBAEHY, OTPUMAHUX ATUTUBHOIO
IIJIASMOBO-IHAYKINIMHOIO TEXHOJIOI'TEIO

B.O. IlIanoeaﬂoel, AM. Hezpiﬁkoz, 10.0. Hukumeukol, B.B. Hkymal, K. B. HOMbOMKiHaZ,
O.M. T'nizduno’, €.B. Mipomﬂilleﬂk'ol
1IHcmumym enexkmpo3seaprosanns im. €.0. Ilamona
Hauionanvnoi akademii nayk Yxpainu, Kuis, Ykpaina
E-mail: nikyu80@gmail.com;
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CyyacHl CHJIOBI JIa3epHI CUCTEMH BHUCYBAIOTh JKOPCTKI BUMOTH JO ONTUYHUX KOMITOHEHTIB,
30KpeMa J3epKajl, BiIOMBAYiB 1 TEIUIONMOTIMHAIOYMX EJIEMEHTIB, sKi MMOBHUHHI 3a0e3nedyBaTH
BHUCOKY BIJOMBHY 3/aTHICTh, TEPMOCTIHKICTb Ta CTaOUIbHICTH (OPMHU 32 YMOB IHTEHCHUBHOTO
TEIUIOBOTO Ta MEXaHIYHOTO HaBaHTaXCHHs. MoIiOneH BHPI3HAETbCA Cepel KOHCTPYKLIHHUX
MmarepiajliB yHIKaJbHUM IIO€JHAHHSAM BHCOKOi TeMIIEpaTypH IUIaBJIEHHS, TEIUIONPOBIAHOCTI,
HU3BKOT0 KOEQIIi€HTa JIHIMHOTO PO3MIMPEHHS Ta CTIMKOCTI JO JIA3ePHOTO PYHHYBAaHHS, IO
poOHUTh HOro MEpCrleKTUBHUM MarepiajJoM JJis €JIEMEHTIB ONTHKH IOTY)KHUX JIa3epiB.
OnTuMalibHI  ONTHUYHI  BJIACTUBOCTI  CIOCTEPITAlOThCSI Y MOHOKPHCTANIB MOMOIeHY 3
Kkpuctanorpadiynorwo opienramiero {110}, sxa 3abe3nedye MakCUMalbHY BiIOMBHY 3JaTHICTb.
BopHouac TtpamumiiiHi METOOM BHPOLIYBaHHS MOHOKPHCTAJIB HE JIO3BOJISIIOTH OTPUMYBATH
BEJIMKOrabapuTHI 3aroTOBKM CKJIaJHOI reomerpii. BukopucTaHHs aJWTUBHOI IJIA3MOBO-
IHAYKIIAHOT TEXHOJOril, fKa MO€AHYyE NPUHIUIM MOMAPOBOi MOOYJOBH Ta HampaBlIEHOI
KpUCTali3alii, BUpillye npoOjeMy BHUPOIIYBaHHS KPYMHUX MPOQLIbOBAHUX MOHOKPHCTAIB
MOJIIOZICHY 3 KOHTPOJBOBAHOK Opi€HTAmi€r0. MeToo poO0OTH € JOCTIDKEHHS BIUIMBY
KpHcTanorpagiyHoi opieHTallii Ha ONTUYHI BJIACTMBOCTI TAKMX MOHOKPUCTAJIIB 3 YpaxyBaHHSIM
MEPCIEKTHB 1X 3aCTOCYBaHHS B ONTHYHHX €JIEMEHTaX CHIIOBUX JIA3EPHHUX CHCTEM.

MarepianoM Ui JOCHIPKEHHSI CIYTyBaB MOHOKPHUCTaJ MOJIIOAEHY Y BUIVIAII IUIACTHHU
20x170x160 mM. 3 kpucTany, HaMpUKIIa, 3 opieHTalier0 00koBoi rpani [110], Bupizanu 3paskw,
TUTONIMHM KX Manu opierTtaniro [110], [100], [111] ta [112]. Oxpemo Bupizanu 3pa3ku 3 MOi-
KpUCTaJly JUIsl MOPIBHSIHHS B110MBaroyoi 31aTHOCTI. OpieHTAIlI0 KPUCTAIOrpa(iuHUX IIIOLIUH
3pa3KiB MEPEBIPSUIM 3a JIOMIOMOIOI0 PEHTIeHIBChKOTro nudpakromerpa. udysHe po3ciroBaHHS
JIa3€pHOT0 CBITJA 3 IOBXHHOO XBUJIl 633 HM pI3HUMHM ILIOIMHAMU Ja€ 3MOTY MOPIBHATH SKICTh
J3epKalIbHOI MOBEPXHI, 110 JIOCATAEThCS 00pOOKOIO TpaHel 3 pi3HOI opieHTaulie0. BuaHo, mo
ONTHUYHA SIKICTh MOBEPXHI CYTTEBO 3aJIEKUTh Bl KpHUcTaiorpadiuHoi opieHTauli — HalMEeHIINH
KyT Auy3HOro po3citoBaHHs 20 = 2° orpuManuil Juia mionwaM (110). [liarpamu po3citoBaHHS
wiomuHamu (111), (112), (100) manu kytu BignosiaHo 20 1 2° (mns mnommam (111) miarpama
po3citoBaHHs Oyina aCHMETpUYHOM0), 3,8 Ta 4,80.

Takum 9MHOM, TTOTIEPEIHI Pe3yabTaTH TOCHIKEHb CBIAYaTh, 110 HAWOIIBIN JOIUIEHOIO IS
BUTOTOBJICHHS JI3€pKaJbHOT MMOBEPXHI €EMEHTIB CHJIOBOI Jla3epHOi onTuku € monuHa (110),
10 BIATMOBIZAE TAKOX JAHUM JITEPATYPH JJIsi HEBEIMKAX MOHOKPHUCTAIIB MOJIIOEHY, OTpUMa-
HUX METOJIOM €JIEKTPOHHO-TIPOMEHEBOI 30HHOI IJIaBKH, Jie came TuiomuHa (110) BBakaeTbes om-
TUMAIILHOIO.

PobGoty BukOHaHO 3a miaTpuMku HamionanbHOoro QoHay gociimkeHb Ykpainu, I[Ipoext Ne
2023.04/0030.
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10.A. Xoxnoesa
Incmumym enexmpo3seaproeanns im. €.0. Ilamona
Hauionanvnoi akademii nayxk Ykpainu, Kuis, Ykpaina
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Cepen 10BOJI 1OCTaTHBOI KITBKOCTI TYTOIUIABKMX METAJIB y MPHUPOIi, HAUOUIBIIT 3aTyYeHUMHU
70 MacoBOT'0 IPOMHUCIIOBOIO YM KOMEPLIHHOIO BUPOOHULTBA € YETBIpKAa METaJiB — BOJIb(pam,
TaHTaj], Hi0Oii Ta momiGaen [1]. 3aBasuyroum CBOIM YHIKQIbHUM (PI3UYHUM BIIACTUBOCTSIM,
JOCIIJDKEHHS, 10 IMOB’s3aHi 31 crmocobaMu iX OTpUMaHHS abo0 3aCTOCYBaHHSM, IOCTIHHO
axkTyanbHi. I[pynToBruii ananiz C.V. Funch, G. Proust [2] mogo Texnomnorii 3D apyky BUpoGiB 3
TYrOIUIaBKMX METajJiB Ta CIUIaBiB TMoka3zaB, mo y 2021-2022 pokax cmocTepiraBcs ik
JOCTITHAIIBKOT aKTHBHOCTI 3a JaHor TemaTwkor. OmHak Bxke 2024 pori KUIBKICTh IHX
myOiKaliid 3MeHIIIach Maiike y/Bidi, 1 TOJIOBHA MIPUUKHA I[i€] CUTYallii MosIrae y HeHaJIeXKHIl
SKOCTI BUPOOIB 3 TYroIjIaBKUX MeTaliB, orpuMaHux 3D npykom. [IpuHIMIIOBO HE BUPIMIEHOO
JUIS Li€1 TEXHOJIOTII € mpobiieMa YTBOPEHHS TPIIIKH 1 HTOPUCTICTh METaIYy.

BukopucranHs  mIa3MOBO-IHIYKIIMHOT ~ TEXHOJOTII  BUPOIIYBaHHS  MpO(iIbOBaHUX
MOHOKPHCTQJIIB MOJIIOJEHY 3a MNPUHLMIIOM aJAUTUBHOIO JpPYKY, JIO3BOJIIE OTPUMYBATH
opieHTOBaHI MOHOKpHcTamiuHi 3muBKH 160x170x20 MM 6e3 TpimuH 1 Tpy6oi mopucrocTi [3].

Kito4oBuM e€1eMEHTOM [aHOi TEXHOJIOIil € BUKOPUCTAHHS LWIIHIPUYHOIO 3apOJKOBOIO
KpUCTaTy, Bif OIYHOI TOBEpPXHI SKOTO IHIIIIOETHCSA MOIIAPOBAa IMOOYAOBa MPOQiITHOBAHOTO
MOHOKpHcTanny. TpaauuiiHo /Ui BU3HAUYEHHS OpI€HTALl 3apOJKOBOr0 KpUCTANy 3aCTOCOBYIOTh
Mmetox Jlaye. TeXHOIOTIYHO MPH MOAATBIIOMY PO3MINIEHHI KPUCTATY, 30PIEHTOBAHOTO Y TaKUU
cnocidé, y TIaBWIBHIM yCTaHOBLI, BHMHUKAIOTh II€BHI HE3PYYHOCTI MpHU CyMillleHH]
PEHTTEHIBCHKOTO 3HIMKY 3 IIOBEPXHEIO KPUCTAIlY, 3 IKOIO BOHA OTPUMAaHa.

Y poOoTi 3ampONOHOBAHO MAJIsi YCYHEHHsI 3a3HAYEHHUX HEIONIKiB, BUKOPHUCTOBYBAaTH [UIs
BU3HAUEHHS KpUCTAJIOTrpa(iyHOi IUIOMIMHUA LWIIHAPUYHOI MOBEPXHI 3apOJKOBOIO KpHUCTAILY
PEHTIeHIBCHKOIO  TU(PAKTOMETpa, a HOro MpoCTOPOBE  pO3MIIIEHHS y  3a/JaHUX
KpuctanorpadiyHUX HarpsiMKax MPU BCTAHOBJIEHI B POCTOBOMY YCTaTKyBaHHI, BUKOHYBAaTH 3a
XapaKTepoM TPILHH, 110 YTBOPIOIOTHCS Ha HOro MOBEPXHI MiJ] 1I€I0 eNEeKTPOePO3iitHOTrO BILIUBY.
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STRUCTURAL AND DENSITY CHANGES OF AMORPHOUS FILMS OF
ALUMINA AT ELECTRON-BEAM ANNEALING

A.G. Bagmut
National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
E-mail: agbagmut@gmail.com

Amorphous films of alumina (Al,O3) are formed on substrates at room temperature in the
process of pulsed laser sputtering of Al targets in an oxygen atmosphere. Irradiation of amor-
phous film with the electron beam initiates its crystallization. The amorphous alumina polymor-
phically passes into the crystalline one with cubic modification y-Al,O3 (Figure). The density of
the crystalline film exceeds the density of the amorphous film. The relative change of the density
of the film substance after crystallization is (10.4 +1.7)%.

Based on the frame-by-frame analysis of the video, the dependence on time t of the number
density of crystals N was obtained. At a fixed electron dose rate N increases linearly with time:

N=5.13-10% + 2.50-10° cm™. (1)

The dependences on time of the average crystal diameter <D> correspond to the line
equations:
<D> =0.013t+0.026 um. ()

According to (1) and (2) the nucleation rate o= 5.13-10° cm™s™ and average crystal growth
rate <v> = 0.013 um-s'l. The case a = const and <v> = const corresponds to the a-version of
Kolmogorov’s model [1].

The dependence on time of the fraction of the crystalline phase has an exponential character,
described by the Johnson-Mehl-Avrami-Kolmogorov formula with a rate constant k = 0.058 s
and Avrami exponent n = 2.01:

X = 1-exp(-0.058t*%Y), (3)

that corresponds to the case of the continuous nucleation, when the system keeps adding nuclei
with the same rate over the entire transformation period.

0.32 pm

Electron-beam crystallization of the amorphous Al,O3 film:
1 — amorphous phase. 2 — crystalline phase
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BIIJIUB XIMIYHOTI'O I ®A30BOI'O CKJIALY
HA OCOBJIMBOCTI CTPYKTYPHOI'O CTAHY
TA HA IOKAZHUKHU HAAIIVIACTUYHOCTI AJIIOMIHIEBUX
CIIUTABIB 1450, 1460, 01420T i AMr6

A.B. Hoiioa', B.I1. Moiioa’
1Hauionaﬂbuuﬁ HayKoeuil yenmp «XapkKiecoKuil (i3uKo-mexHiuHul iHCMUmym),
Xapkis, Ykpaina
E-mail: avpoyda@ukr.net;
2Xapl<iecw<uﬁ Hayionanvnuui ynieepcumem im. B.H. Kapas3zina, Xapkis, Ykpaina
E-mail: vppoyda@ukr.net

BinmoMo 110 Tpu CTBOpEHHI ATFOMIHIEBHX CIUIABIB, SIKI HAIEXarh JIO Kiacy aedopMariiHux, Haoip
JIETYIOUMX €JIEMEHTIB TiOMparOTh TakuM, 100 BiH J[ABAB MOXJIMBICTH 3a0€3MEUNTH HEOOXITHHI PIBSHB
TIOKA3HUKIB iX IUIACTHYHOCTI Ta MIITHOCTI. 37aTHICTh 0araTOKOMITOHGHTHHX AJTFOMIHIEBUX CIUIABIB TPOSIBUTH
ebekT CTpyKTYpHOI HAAILIACTUYHOCTI Y TBEPIOMY UM B TBEPIIO-PIIKOMY CTaHI CTaBUTH OCOONHBI BUMOTH JIO 1X
XIMIYHOTO 1 (ha30BOTO CKJIAITY 1 CTPYKTYPHOIO CTaHY.

Mertoto JoCIiHKeHb, Pe3yIBTard SKUX TPeICTaBleH! Y I0TOBiIl, Oy/I0 BCTAHORIEHHS BIUIMBY XIMIYHOIO i
(ha3oBOro CKiIaay Ha OCOONMBOCTI CTPYKTYPHOTO CTaHy Ta HA MOKA3HUKU HAIUIACTUYHOCTI aTFOMIHIEBHX
cruaBiB 1450, 1460, 01420T 1 AMr6.

VY pesynbrari TIPOBEICHHS MEXaHIYHIX BATIPOOYBAHb 3Pa3KiB JOCIIDKEHUX CIUIABIB, BUKOHAHHX Y PSKAMI
MOB3Y4OCTI  TIpU noanHOMy TUIOYOMY  HAIpY)KeHi, Meraﬂorpa@itn{m( peHTT‘eHiBCBKI/IX
PCHTTEHOCTICKTPATTHHIX 1 ¢paxrorpadivHIX JOCTIDKSHb a TAKOK BHACIIIOK TIPOBEICHHSI aHAII3y Jiarpam
CTaHy BIZIOBIHMX CHCTEM OyJI0 BCTAHOBIICHO 1110 3pasku civiasiB 1450 (2,64 - % Cu - 2,2 % Li - 0,12 % Zr)
ocHoBa Al, % macosi) i 1460 (Al - 2,64 %Cu - 2,2 %Li - 0,12 %Zr - 0,12%Sc, ocroa Al, % MacoBi) POSBIITH
ebekT CTpyKTYpHOI HAATLTACTUYHOCTI Y TBEPIOMY CTaHi, a 3pasku civiasiB 01420T (5,0 - 6,0% Mg, 1,9 - 2,3%
Li, 0,09 - 0,15% Zr, 0,1 - 0,3% Si, < 0,3% Fe, 0,1% Ti, 0,3% Mn, 0,005% Na, ocroBa Al, % MacoBi) i AMr6
(5,8-6,8%Mg, 0,5-0,8 %Mn, 0,02 - 0,10 %Ti, 0,0002 - 0,005 Be, 0,4 %Fe, 0,4 %Si, ocHosa Al, % MacoBi) —y
TBEPIO-PIIKOMY CTaHI Yepe3 X YaCTKOBE ILIABJICHHSL.

BcranosmneHo, 1110 BiTHOCHE BUTIOBKEHHS 3pa3KiB ciuiaBy 1460 no 3pyiiHyBaHHS O OUIbIle HDK Y 3pasKiB
criaBy 1450. L craBu MaroTh y CBOEMY CKJTaJTl OTHAKOBY KUTBKICTB MiJTi, MATHIIO 1 IUPKOHIFO, aJie cruiaB 1460
MICTUTB y CBOEMY CKJIa[ 1€ ¥ ckaHmiid. BiporiiHo came HasBHICTH Y IIHOMY CIUIABI HEBEJIMKOI KUTHKOCTI
IMPKOHIFO Ta CKaHAl0 3a0e3ledye YTBOPEHHS B MOM0 MIKPOCTPYKTYPL JIOCTATHBOI — KUTHKOCTI
npioHOmMCTIepCHIX YacTHHOK AlsZr, AgSc Ta Alg(SCyZrx), sIKi CpUsitOTh (DOPMYBAHHEO YIIBTPaIPIOHOTO 3epHA
B 3pa3KaxX y XOM JMHAMIYHOI PEKpHICTAM3aIli Ta 37MarHi 3a0e3MeYnTH TEePMIUHY CTaOUTbHICTH 3€pHOBOL
CTPYKTYpH 3pa3KiB INpU iX HAMUIACTHUHIA Aedopmartii, 1m0 3AIHCHIOETHCS MPU BHUCOKUX TOMOJIOTTYHHX
TeMIIeparypax, 3aBIsIK{ TOMY 1110 BOHH € e()eKTHBHOKO TIEPEIIKOIO0 TSI pyXy 0araroKyTOBHX TPaHHILIb 3epeH
y X071 IX Mirpatti.

OcnHoBHrMH Jieryrounmvi efiemeHTamu crviaBy 01420T e marniit ta mitiit. CrtaB AMr6 Takox MICTUTh y
cBOeMy cKiIal MarHii. OCKUIbKM HauiacTidHa Aedopmartis 3pa3kiB 000X IMX CIUIABIB MPOXOIUTH HPU
BHICOKHX TOMOJIOTTYHMX TEMIIEpATypax, TO B X YMOBaX MOMKE BiOyBaTHCS IUIABICHHS ESIKOI KUTHKOCTI THX
JIOKAJIFHUX JIUITHOK 3€peH 1 MDK3EPEHHHX TPaHHIlb, SIKI CKIIATAIOTHCS 13 TBEPIOTO PO3UMHY Ha OCHOBI
ATIOMIHIIO, 10 MICTSTh TiIBUINICHY KOHIIEHTPAIIIO JITIFO 1 MarHiro. SIK BIIOMO IIi €IeMEHTH 3HIKYIOTh
TeMIIeparypy IUIARIEHHs TBEPIOrO PO3UMHY HA OCHOBI ATTFOMIHIFO, SIKUI € OCHOBHOKO (ha30r0 000X CILIABIB.
Bcranormeno, mo B 3paszkax criasie 01420T ta AMr6 OCepe/IKH B’S3KOI piIKoi (hasu, sIKi yTBOPWIACh y
pCSYJIBTaIl YaCTKOBOTO TUIABJICHHS], BOCCPCIDKCHI B OKPEMHX TOTPIAHIX CTHKAX 3EpCH, A TAKOK Ha JIEAKHX
MDK3epEeHHIX TPAHHLIAX. IX B sI3KuMif TUIHH y X0/ HAITIIACTHYHOT AedopMartii 3pa3KkiB IPUBOIUTS JI0 YTBOPEHHS
BOJIOKHHCTHX CTPYKTYD, SIKi € CBOEPITHAM CBiTdeHHsM Tor0, 1110 cruiaBu 01420T ta AMro6 nposiumm edext
HAIUTACTUYHOCTI Y TBEPIO-PIKOMY CTaH.
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YACTHUHHI TOYHI PO3B’A3KHU MOJIEJII MIXEJIBCOHA ®A30BUX
HEPEXOJIB TEPIIOI'O POAY B UUCTUX MATEPIAJIAX

A.P. llIumaHoecwuﬁl, B.®. Knenixoe'?
1Xapl<iecw<uﬁ Hauionanvuuil YHisepcumem im. B.H. Kapa3zina, Xapkis, Ykpaina,
2I)ltcmumym enekmpogizuku i padiayiiinux mexunonoziu HAH Ykpainu,
Xapkie, Ykpaina
E-mail: andrey.shimanovskii@gmail.com

HasBHicTh nomimok abo aedekTiB 4acTo MpU3BOJUTH 10 PO3MUTTA (Pa30BUX TPAHUIIb, TOSBU
MeracTaOiTbHUX (a3 abo 3HWKEHHS Temmeparyp (a3oBux rmepexoaiB. Haromicts, y
BUCOKOYHCTHUX 3pa3Kax BAAETHCS PEECTPYBATH HOBI THUIH (Pa30BUX MEPEXOJiB, SKI HEMOMKIHUBO
CIOCTEpIraTd B TEXHIYHMX MaTepiamax. Hampukman, y crarti [1] ommcaHo mapamartitHo-
JiaMarHiTHAN TEpexiJ y BUCOKOYMCTOMY METATiYHOMY iTepOiro, KU CyNpOBOIKY€EThCS fcc—
hcp cTpyKTYypHHM MEpETBOPEHHSM, ¢ OyJIO BIIEpIIE 3apEECTPOBAHO MEPEXij MEPIIOT0 MOPSAKY
HEXapaKTePHHUU JJIs ITepOiro 3 TOMIIIKAMH.

JonatkoBuii BuMIp po3yMmiHHS (a30BUX TMepexoniB 3ale3ledyye aHaji3 CHIBMIpHO-
HecmiBMipHUX (a3, ae BinOyBaeThcs 3MiHHA (asm abo amIUTITYyda MOAYIALII BIOPSAKYBaHHS
nepexoauTh. (Hanpukian [2]).

[{ikaBUM € 3HaXO/PKEHHS YaCTHHHUX TOYHHX BUPA3iB /I (Pa30BUX MEPEXOIIB MEPIIOTO POTY.
JIns 11bOT0 Bi3bMEMO TEPMOAMHAMIYHUHN TTOTEeHITian MixeabcoHa:

Pkt [0 - L0 -t +de+Ret+2ef| @
2 2 2 2 4 6
ne g, y — marepiansHi mapamerpu, a q = qo(T —T,)/T, 1 p 3anexuth Bix iHIIMX yYMOB
(HampHKIIaa THCKY).

Bapiamniiine piBasiHHs 115 ¢yHkiionany (1) € HactynHe HemnmiHilHe AudepeHiiiHe piBHIHHSI

YETBEPTOTO MOPSIKY:

" l2 "
o+ g|o%0 + 00" +v0" + a0 +pp? + ¢° = 0. (2)
SK1110 B3STH MapamMeTp NOPSAIKY K
p(x) = a-cn(bx, k), (3)

TO po3nonin (3) 3 TppoMa THapameTpamH, IO BapilOOThHCSA, Oyae MPaBUIBLHO BIATBOPIOBATH
XapakTepHi, B TOMY YHCJi HENiHIMHI, BJIACTUBOCTI MOJYJIbOBAHUX CTPYKTYp CKaJISIPHOTIO
napamMeTpa MOpSJIKY, a TakoX 3a JaHOrO po3mnonaury Oyae BigOyBaTHCh (a30BHM TEpexis
HEPUIOTo Poay.

®dazoBuii mepexin nepuioro poxy Oyzae BiAOyBaTHCh 3a PaxyHOK 3MIHEHHS IapaMmeTpy p.

Po3paxynku mokasainu, 110 B 3aJIEKHOCTI BiJI TOYaTKOBOTO 3HAUEHHS P OyJe peaTi30oByBaTHCh JIBa

Pi3HHX THITy PO3B’SI3KiB: y TlepuioMy Bunajky - 0 < k? < 1,y apyromy - 0 < k? < k2,4, < %
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PHYSICAL AND TECHNOLOGICAL ASPECTS OF THE
METHOD OF NEUTRON TRANSMUTATIONAL DOPING
OF SEMICONDUCTORS AND PROSPECTS
OF ITS APPLICATION IN UKRAINE

S. Karpus, D. Zakharchuk, L. Panasyuk
Lutsk National Technical University, Lutsk, Ukraine
E-mail: s.karpus@Intu.edu.ua

Neutron transmutation doping (NTD) is a modern alternative to traditional doping methods
such as thermal diffusion and ion implantation [1]. Traditional methods have limitations, includ-
ing the problem of non-uniform dopant distribution along the ingot due to a high segregation co-
efficient. NDT overcomes these shortcomings by ensuring uniform dopant formation throughout
the volume.

The physical basis of the method is the interaction of thermal neutrons with *°Si [2] nuclei,
which leads to the formation of an intermediate radioactive isotope *!Si. This isotope then de-
cays, transforming into a stable doping element - phosphorus (*P). The probability of such an in-
teraction is characterized by the reaction cross section, which is the largest for thermal neutrons.
Modeling the kinetics of isotope accumulation shows that the phosphorus concentration increas-
es linearly with the irradiation time, which allows for precise control of the doping level.

The NTL process includes five main stages: preparation, irradiation in the reactor, radiation
"cooling", thermal annealing and output control. The method provides exceptional uniformity
(heterogeneity less than 1...2%), high accuracy and reproducibility, as well as process purity,
since it does not introduce foreign impurities.

In Ukraine, there are key prerequisites for the implementation of this technology: the presence
of a research nuclear reactor WWR-M at the Institute of Nuclear Physics of the NAS of Ukraine
with suitable neutron flux characteristics, the “Neutron Source” of the NSC KIPT of the NAS of
Ukraine, and a powerful scientific and technical base in the field of radiation physics. The im-
plementation of the project requires modernization of the infrastructure, the creation of a com-
plete technological chain, and product certification. Successfully solving these tasks may allow
Ukraine to occupy its own niche in the global market.
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ANOMALY IN THE WIEDEMANN-FRANZ LAW CAUSED BY
ELECTRON-HOLE CONVERSION OF CHARGE CARRIERS

N.A. Azarenkov, V.A. Frolov, E.V. Karaseva, V.l. Sokolenko, M.A. Tikhonovsky
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: vsokol@kipt.kharkov.ua

It is known that the ratio between the electron and phonon components of thermal
conductivity of a metal, ye and yun, depends on purity, perfection, etc. For “ideal" simple metals
Xe>>Yph, from which it follows that their thermal conductivity is mainly due to electrons. This is
confirmed by the fulfillment of the Wiedemann-Franz (WF) law with good accuracy:

y/oT=const=L,

where ¢ is the electrical conductivity, L is the Lorentz constant. The theoretically obtained value
for a degenerate electron gas y/cT=n?/3(kg/e)’ (kg is the Boltzmann constant, e is the electron
charge) is called the ideal Lorentz number Lo. In the absence of impurities, the main mechanism
of electron scattering is inelastic electron-electron scattering and L, should not depend on T.

When phonons are taken into account, the ratio x/cT becomes a function of T. Then we say
that there is a deviation from the WF law associated with ypn. The fundamental reason for this is
the presence of two competing processes - inelastic scattering of electrons by phonons and
elastic scattering of electrons by impurities. These mechanisms change differently with T, which
leads to the appearance of extrema in the y(T) dependence and anomalies in L(T).

We are not aware of any studies that have elucidated the difference in the role of electrons and
holes in heat transfer. In most metals, the carrier ratio changes with T: either smoothly or in the
form of electron-hole conversion transformations (EHCTS). In the latter case, one could try to
detect this subtle effect by measuring the L(T) dependence in the presence of EHCTSs.

High-entropy alloy (HEA) AlosCoCuCrNiFe has a two-component electrical conductivity and
demonstrates the EDCP of the “electron-hole” type and vice versa in a certain range of T. On the
same sample of the alloy, the dependences of the absolute thermoelectric power S(T) and
electrical resistance R(T) on T, as well as the qualitative dependence of the normalized thermal
conductivity x"(T) were measured.

Two intervals of EDCP ~ 250...145 and ~145...120 K with different conversion directions
were revealed: "electron-hole™ on the upper one and "hole-electron™ on the lower one. According
to the sign of the ohmic anomaly (+), it was established that the effective mass of the hole is
greater than the electron mass. An anomaly of the x"(T) dependence was observed, correlating
with the thermoelectric characteristics, also having a minus sign. Linking this fact with the
increase in the hole concentration throughout the anomaly, it can be stated that the holes in this
alloy make a smaller contribution to the thermal conductivity.

The dependence L(T)=y(T)/o(T)T also demonstrates a “negative” anomaly. This is apparently
due to a more effective decrease in the average relaxation time t in the process of diffusion heat
transfer by holes compared to the same value in holes charge transfer.
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INFLUENCE OF ULTRASONIC EXPOSURE ON PHYSICAL
AND MECHANICAL CHARACTERISTICS OF THE ALLOY
Fe4MnypCo19Crip

E.V. Karaseva, V.l. Sokolenko, A.V. Mats, E.S. Savchuk,
M.A. Tikhonovsky, V.A. Frolov
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: vsokol@kipt.kharkov.ua

Nonequiatomic high-entropy alloy FesMngCo10Crio is @ TWIP material characterized by
high tensile strength and very good plasticity. But their disadvantage is a rather low yield
strength. It is known that the term TWIP means "twin-induced plasticity"”, which means that
plastic deformation in the material is carried out by twinning. TWIP steels are austenitic, that is,
they have a face-centered cubic lattice (FCC) and low stacking fault energy, which activates
twinning. Since the lower the stacking fault energy of the material, the less the tendency of split
dislocations to transverse slip.

The creep of the high-entropy alloy Fe4soMn4Co10Cryo obtained by melting was investigated
in the temperature range of 77///700 K. It was shown that the alloy has high strength and plastic
characteristics and at the same time a fairly low yield strength: 64,=350 MPa at 77 K, 170 MPa
at 300 K and 110 MPa at 700 K.

High strength is due to strong strain hardening of this material. The degree of hardening is
explained by a decrease in the free path length of dislocations during the nucleation and growth
of mechanical twins, and twinning itself leads to an increase in plasticity.

One way to increase the yield strength can be ultrasonic treatment. It is known that an
ultrasonic wave, passing through a material, interacts with defects of different types and causes
changes in the structure, which depend on the ultrasound parameters, mainly on its power. By
varying the parameters, it is possible to obtain a structure in the material that has the necessary
properties.

The FesoMn4oCo10Cryo alloy was subjected to ultrasound treatment in a mode that ensured the
strengthening of the material, as shown in [1]. The method of measuring electrical resistance and
microhardness was used to control the defective structure.

It was shown that ultrasonic treatment led to an increase in the yield strength by ~30% at 300
and 700 K while maintaining the ultimate strength and plasticity. It is known that high-frequency
alternating action generates a large number of vacancies and also initiates the process of
dislocation multiplication, which leads to an increase in the yield strength. However, the main
deformation mechanism — twinning — does not change, which ensures the preservation of high
strength and plasticity.
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HU3bKOTEMIIEPATYPHI YJbTPA3ZBYKOBI JOCIIKEHHSI
BUCOKOEHTPOIIIMHOTI'O CIIVIABY CoCrFeMnNiV,

B.C. Knouxo, A.B. Kopuieys, B.1. Cokonenxo, I.B. Konooiu, 1. ®. Kicaak, 0.0. Konopamos,
I0.C. Jlunoecvka, M.A. Tuxonoecoxkuii, T.M. Tuxonoecvka
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ExBiaTomuauii Bucoxoentpomiauii craB (BEC) CoCrFeMnNi, Bimomuii sik criaB Kantopa,
€ MOJICTbHUM MaTtepiajioM /Jisi Marepiajlo3HaBCTBA 1 Ma€ TMEPCIEKTUBU  IHKEHEPHOTO
3acTocyBaHHs [1]. BiH xapakTepusyeTbcsi BUCOKMM PIBHEM MEXaHIYHHMX BJIACTMBOCTEH, y TOMY
yucal 1 mpu KpioreHHHWX TtemmepaTrypax. OnHaK Ha XapakTEpUCTHKH LbOTO CIUIaBy MOJKHA
BIUIMHYTU IIJISIXOM JIETYBaHHS TYTOIUIaBKMMHU MeETajlaMH, Halpukiaja, BaHaaieM. Llg poOorta
NPUCBSYCHA JIOCIIIKEHHIO e(eKTy BIUIMBY J00aBOK BaHAII0 HAa MIKPOCTPYKTYpY, (hazoBuit
ckiaa, npyxHi Ta Hu3bkotemneparypHi (77...300 K) akycTuuHi BJIacTUBOCTI CILIaBY
CoCrFeMnNi.

3nuBku cmiaBy CoCrFeMnNiVy (x =0; 0,25; 0,75; 0,85) Oynu oTpuMaHi CIIaBICHHAM
KOMITIOHEHTIB (urcroTa ~ 99,9%) Ha MigHOMY BOJOOXOJIOJKYBAaHOMY TIOAY B JIyrOBii medi B
Cepe/IOBUILl OYMILEHOIO AaproHy 3 BUKOPUCTAHHSAM BOJb(ppaMoBOro enekrpoxay. s
MOKpAIIEHHS XIMIYHOT OHOPITHOCTI OTPUMaHI 3JIMBKU 3a3HAIH M'SITHKPATHOTO MIEPEIUIaBICHHSI.

V pe3yabTaTi JOCIIIKEHb BCTAHOBJICHO, 110 MikpoctpykTypa cruiaBy COCrFeMnNi mana
TUTIOBUH JIEHAPUTHUHN XapakTep, TOMI SK CIUIaBH 3 J00aBKO BaHaio X > 0,25 mManu 3epHHCTY
CTPYKTYPY.

3a jganumu  peHtreHiBebkoi  mudpakmii  crutaBu  CoCrFeMnNiVy  (x=0; 0,25)
xapaktepusyBaiuch ogHodasHoo ['IK-cTpykTyporo, Toai sik ciaBu COCrFeMnNiVy (x = 0,75;
0,85) 3maxomumucst y nBodasHomy cTpykTtypHomy crtani 1 mictwm ['IIK ¢aszy ta =40 1
73 mac.% o-¢asu mia x = 0,75 1 x = 0,85, BiamosigHo. Y 3pasky CoCrFeMnNiVy7s ms 'K
¢da3u Big3HaYanacs HasBHICTh MEPEBAXKHO1 OpleHTALlll 3epeH KpucTanorpadiyHUMH IIOLMHAMU
(200) mapanenbHO MIOLIMHI IUTI(a, TOOTO HEPHEHIUKYIAPHO HANPSMKY YIbTpa3Byky. s o-
¢da3u TakoX BUSBICHO C1a00 BUPAXKEHY TEKCTYpPY, BIUIMB SKOi HE BPaxOBYBAaBCS IPH aHai3i
pe3yNbTaTiB yIbTPa3BYKOBUX JociikeHb. [lomipHa TexcTypa (111) mana miciie Takox y crijiaBi
3 KOHIIEHTpaIli€ro Banauio x=0,25.

VYnbTpa3BykoBI  JociikeHHd B iHTepBaii Temneparyp 77...300 K BukoHyBanuch
IMITYJIbCHUM (ha304yTIIMBUM METOAOM 3a CXEMOI0 MPOXOKEHHS. 30y/KEHHS Ta JETeKTYBaHHS
YIBTPa3BYKOBHX KOJIUBaHb 31iHCHIOBAIOCS IIMPOKOCMYTOBUMU (£2 MTI'n)
n'e30MepeTBOPIOBaYaMy 3 HIO0ATy JITII0O 3 BIJIACHOI pPe30HaHCHOIO uyacToror 50 MI'm.
BumipioBaHHS BHKOHYBaJd B aMIUNITYAHO-HE3aJeXHill 001acTi BHYTPIIIHBOTO TEPTSL.
OpnouyacHo BuMiproBanacss 1 mBHAKICTH (V| ), 1 3MiHa 3racaHHs (APL) MO310BXHBOTO
yabpTpa3ByKy. LIIBUAKICTH 3CYBHUX XBHJIb BUMIpIOBaNach TiIbKK Ipu Temmepatypi 300 K.

B pesynbrati ynprpasBykoBux mociimkeHb 3paskiB COCrFeMnNiVy BusiBieHo xapakTepHi
nporuid Ha V| (T) 1 HasgBHICTP MaKCHMyMIB Ha TeMIEpPaTYpHOMY CIIEKTpi aKyCTHYHOTO
3racaHHsl.

Ha pucynke Ha npuxmnazni crmiay CoCrFeMnNiVy 75 300paxkeH0o TeMmneparypHi 3a1eXHOCTI
MIBUAKOCTI 1 3MIHM 3racaHHs IMO3JOBKHBOTO YJbTpa3Byky B 3paskax COCrFeMnNiVy, ski
xapakTepusytoTbes nporuHamMu Ha Vi (T), mo oOyMOBJI€HI pO3BUTKOM HENPYKHUX SIBHIL, Ta
makcumymamu Pi, P; 1 P3 Ha 3anexxnocti AP (T), B manomy Bunazaky, npu temmneparypax ~ 106,
154, 294 K, siamoBigHo. Bu3HaueHi BenMYMHU e€HEprii akTUBaIllli BUSBIEHUX IMPOIIECIB
BIJIMOBIAAIOTh JMCIIOKALIMHOMY penakcauiiiHomy pe3oHancy mno tuny KoiBu-Xaciryti (P3) 1
bopaoni (P2), mo Manu micue B MOHOATOMHHUX Marepiajax, BHUCIOBIEHO HpUNYIIEHHS, IO
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TemnepamypHa 3an1ex#CHiCMb WBUOKOCMI pO3N06CI00NCEeH s (a)
ma 3MiHu 32acanus () no3006x#cHLO2O YIbmpazeyky uacmomoro 50 M1y
v sucokoenumponitinomy cnaasi COCrFeMnNiVy 75

MaKCHUMyM aKyCTUYHOro 3racaHHs Pi oOymoBIeHHI mepexofoM 13 MapaMarHiTHOrO CTaHy B
criiHOBe CKJIO [2].

[ToniOHy KapTUHY JEMOHCTPYIOTH 3pa3Kd 3 IHIIMM BMICTOM BaHaJil0, BIJPI3HAIOUUCH
BEJIMYMHOIO JUCUIIATUBHOTO €(eKTy 1 IPOsIBY HENPYKHUX SBUILL.

VY cmnaBi CoCrFeMnNiVogs MOCTIIKEHO aHI30TPOIMiI0 aKyCTUYHHUX XapaKTePHCTHK B
3aJIeKHOCTI BiJl HAaIIPSIMKY TEIUIOBiABeeHHs. J{J1s cruiaBy 3 KOHLEHTpallieto BaHaio 0,75 Moib
BHU3HAuUEHI NPYXHI XapakTepucTuku npu temneparypi 300 K.

VY cmutaBax CoCrFeMnNiVy (x = 0; 0,25; 0,85) crioctepiraiocs iHTEHCUBHE 3racaHHs 3CYBHHX
XBWJIb, OOYMOBJIEHE SIK B’SI3KICTIO MaTepiajly, Tak 1 pO3CIIOBaHHSM Ha CTPYKTYPHHUX
HEOJJHOPITHOCTSAX, 110 CIIIBPO3MIpHI 3 JIOBKUHOIO YIbTPa3ByKOBOi XBUJi. Lle yHeMoXXnuBIO€e
OTPUMAHHS BEJIIMYMHU IIBUAKOCTI 3CYBHUX XBWJIb JUJISl IIMX CIUIABiB 1, BIAMOBIJAHO, BCHOTO
CIEKTPY iX MPYKHUX XapaKTEPUCTHK.
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THE EFFECT OF THERMOMECHANICAL TREATMENT ON THE
MICROSTRUCTURE AND MECHANICAL PROPERTIES
OF Co0,54CrasFexsNisCy HIGH-ENTROPY ALLOYS

A.V. Levenets, V.S. Okovit, M.A. Tikhonovsky, O.S. Solopikhina, Ju.S. Lypovska
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: avlevenets@gmail.com

A new class of materials, so-called high entropy (HEA), is actively developed recently for use
in various fields of technology [1]. In particular, the four-component CoCrFeNi HEA, which has
high plasticity and impact strength at nitrogen and helium temperatures (see [1]), iS promising
for applications in cryogenics and space technology. The disadvantage of this alloy is the
relatively low values of the yield point and tensile strength. In this work, an attempt was made to
increase the strength characteristics of the CoCrFeNi HEA by alloying it with carbon and
optimizing the conditions for its production.

Alloys Cozs5.xCrasFessNisCy with different carbon concentrations x (x = 0, 1, 3 at.%) were
produced by argon-arc melting [2] and subjected to homogenizing annealing at 1100 °C for 5
hours and rolled into a strip 0.5 mm thick with intermediate annealing at 1050 °C /1h after
reduction thickness by 50%. Dog bone-shaped samples for mechanical tensile tests at 300 K and
77 K were cut from the deformed strips in the direction of rolling. The samples were annealed at
different temperatures for 1 hour in an argon atmosphere; the deformation rate during testing was
10 s, The size of grains and carbide precipitates was studied using transmission electron
microscopy.

The figures show the dependence of mechanical properties on the annealing temperature of
the samples - the proportionality limit (Fig. 1), tensile strength (Fig. 2) and elongation (Fig. 3).

The results of measuring the mechanical properties show that alloying the CoCrFeNi HEA
with carbon allows to significantly increase the strength characteristics, especially at the
temperature of liquid nitrogen. Increasing the carbon concentration leads to an increase in the
proportionality limit and the tensile strength. The elongation decreases but remains at a fairly
high level (20%). Changing the annealing temperature has a complex effect on the mechanical
properties. The mechanisms of this effect are discussed based on the data of microstructural
studies.
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Fig. 1. Dependence of the proportionality limit of Coys - xCrasFeasNizsCy alloys on the
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BILIUB MOP®OJIOI'Ti BKJIIOYEHD HITPUAY THTAHA
HA JE®@EKTOYTBOPEHHS B AYCTEHITHIN CTAJII
TEIIJIOOBMIHHUMKIB

€.0. Kpaiinwk
Hauyionansnuit naykoeuii yenmp
«Xapkiecokuii hizuxko-mexuiunuii incmumym»y», Xapkis, Ykpaina
E-mail: krainyuk@kipt.kharkov

BimoMo, mo HemeTaneBi BKIIOYCHHS € OJHHUM 3 TOJOBHUX (aKTOPIB, SKI 3HMKYIOThH
XapaKTePUCTUKU MIIHOCTI cTaji. BrmacTUBOCTI CTalli BU3HAYAIOTHCSA MPHPOAOI0, (OPMOIO,
PO3MIpOM Ta PO3IOALIOM BKITIOYCHb.

HocmimkenHss  BmiuBYy  (GOpMH  BKIIOYEHb  HITPHIYy THTaHy Ha  JOBIOBIYHICTh
HU3BKOBYTJICIICBOI CTaJl MOKAa3aJd, MO MPU OJHAKOBOMY PO3Mipi BKIIFOUCHH KYJEHOIIOHOT Ta
KyOiuHOi (hopMH Hampy>KEHHs B MATPHI CTali MOXYTh NEPEBUIIYBAaTH 3HAUYEHHS TPaHMII
winHHOCTI. [Ipu 30inblIeH] po3Mipy BKIIOYEHb KyOi4HOi (hopMu 301IbIIyBaNach BipOTiAHICTD
BTOMHOTO PYHHYBaHHS, IO MIATBEPKYETHCI MEXaHIYHUMHU BUIPOOYBaHHSMHU Ha MIIHICTD Bif
yromienocTi [1, 2].

V wiit pobOTIi, pu po3paxyHKax HanpyxeHb (o) 3a metozom Jlacio [3], 3a ocHOBY Oyiia B3sita
MoJieJb Kyneno1ioHoi popmu HITpUAY TUTAHA:

P (1R} (@ —am)AT
— 3 _ m~—%m
o= 3(— ‘3"—d),z[eP—1 3 :
1-d3 \2 Ry, S(tvm+-2vim)d®) 1-2vy,
Em(1-d3) " Epn

Ein En — MOmynb MPYKHOCTI BKJIIOYCHHS Ta MaTpuii crami, Ry, Ry — pamiyc BkIoueHHS Ta
MaTpHIll HaBKOJIO BKJIFOYCHHS, Qin, Om — KOCQILIEHTH JIIHIMHOTO TEPMIYHOTO PO3IIUPECHHS, Vin,
Vi — Koediuient Iyaccona, T — temmeparypa, d° — koediuient, sikuii xopisaioe 0,0005. [pu
pO3paxyHKax BUKOPHUCTOBYBAIIM 3HAYEHHS MOAYJIS MPYKHOCTI MaTpHIli 3a poOoUoi Temreparypu
T=+320 °C, a cepenHiii niaMeTp HITPUIY TUTAHA CTAHOBUB 5° 10° M IIPU YMOBaX KOT€PEHTHOCTI
BKJIFOUCHHS 1 MaTpPHIII.

Po3paxyHku mokasainu, 10 NMpH 33JAaHUX YMOBax B MaTpuii aycreHiTHOi ctami 08X18H10T
HABKOJIO BKJIFOUEHHS HANpPYXEHHS MOXYTh caratu Onm3bko 220 Mlla, o BiAmoBigae piBHIO
MEXI IUIMHHOCTI ayCTeHITHOI cTani. OTpuMaHe CHIBBIAHOIIEHHS MOJIYJS MPYKHOCTI JJs
BiroueHHs Ta wmarpuii cranmi  (Ei/Em)>1 cBimumTe mpo Te, IO HANpyXeHHS OyIyTh
30CepeKyBaTUCS B MEXaxX caMoro BKJIOYeHHs. B poOoti [1] mokazaHo, 110 Mpu NepeBUIIEeHH]
BennunHU Monyis FOHra BkimtoueHHst Hajg MoayieM FOHra marpuil, cuna nedopmaliii MaTpHill
Opy I[HMKTIYHOMY HABaHTaXCHHI CTAHOBUTHCSA Oulblle, 1€ TPU3BOAUTH [0 KOHIICHTpAIll
HalpyXeHb 10 KpasX BKJIIOYEHb Ta PO3BUTKY B HHUX MIKPOTPIIMH. Y Mipy 30UIbLICHHS
KOHIIEHTpallli HampyXeHb BKIoueHHS TiIN pyHHYIOTbCA paHille 3a CcTajlb, a TPIlIUHU
PO3TOBCIOKYIOTBCS B MAaTPHIIIO.

TakuM YMHOM, MiJ 4Yac eKCIUTyaTalii TerIo0OMiHHUKIB BiiItoueHHS TiN MoxyTe Oytu
JOKEpEJIoM JIOKAJbHUX MIKPOPYHHYBaHb MATpHUIl CTalll, @ TaKOXX MPHU3BOAUTU JO MOPYIIECHHS
MaCHBYIOYOTO IIapy MOBEPXHI TEINIOOOMIHHUX TPYO.
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BUKOPUCTAHHSI KOMIIO3ULIIHHOIO COPBEHTY
HA OCHOBI LIEOJIITIB JJISI MYJbTUCOPBLII B YMOBAX
KOMILIEKCHOI'O 3ABPY/HEHHSI BOJIHOI'O PO3UUHY
CYMILIBIO PAJIOHYKJIIAIB (Cs, Sr Ta Co)

B.B. Jlegeneuw, O.10. /lonin
Hauyionanvnuit naykoeuii yenmp
«Xapkiecokuii Qpizuko-mexuniunuit incmumympy», Xapkis, Ykpaina
E-mail: a_lonin@ukr.net

BaxnuBow ekoJioriuHo0 mpo0semMoro € mpobjemMa yTuiizamii piIKuX paaioaKTHBHUX
BIIXO/iB. 3aJeKHO BiJ MOTYXHOCTI Ta Ty peaktopa AEC 3a pik yrBoproerscs Bin 0,15 mo
0,35 M piakux pamioakTuBHHX BiaxoaiB Ha 1 MBT. B Vkpaini nirote 4 AEC, skxi maioTh y
cBoeMy ckiaai 15 enepro6mnokiB. Yci [nitoui eHepro6iaokum BimHOcSTbCs 10 Ty BBEP.
Buacnigok ekcrmyaraiii iCHYyIOUMX €HEproOJokiB B YKpaiHi HaKOMMYUBCSA BEIUKHN 00csr
PIOKUX paTiOaKTHBHHUX BIIXOJIB.

Pinki pamioakTHBHI BiIX0IU CTAHOBIIATH 85% 3arajibHOI KiIBKOCTI PaliOaKTHBHUX BiJXO/IiB.

OnHi€ero 3 crmoco0iB CKOPOUYCHHS OOCSTIB PIIKUX PATiOaKTUBHUX BIAXOIIB € BHKOPHUCTAHHS
copbOenriB. Haituactimme misa copOuii paaioHYKIiAiB 13 BOJHUX PO3UYUHIB BUKOPUCTOBYIOTHCS
10HOOOMIHHI COPOEHTH.

OnauM 13 e(peKTUBHHX CHOCOOIB BHKOPHCTAHHS COPOCHTIB € OYMINCHHS IPUPOJIHUMH
10HOOOMIHHMMH MatepiajlaMH, 710 SKHX MOXKHA BiTHECTH Taki MiHepayii: OCHTOHIT, BEPMIKYIT
Ta KiaiHomTUiIOMT. [Ipy iX BHKOpPUCTaHHI HEOOXIAHO BPaxOBYBAaTH, IO MPUPOJHI COPOEHTU
XapaKTepU3YIOThCS BY3bKUM CIIEKTPOM PAIiOHYKITIAIB, 0 COPOYIOTHCS.

OpuuM 13 THUTaHb, BAXIWUBUX JUIsI 3aCTOCYBaHHS COPOEHTIB B SIICPHIN eHepreTull, €
BHUBYCHHS COPOIIHHUX BIACTHBOCTEH MIOAO0 CYMH PaliOHYKIiIB, sIKI MPUCYTHI B po3umHi. [Ipu
[IbOMY HEOOXiJIHO BpaxoBYBaTH, 110 COPOLIiiHI BIACTUBOCTI HIOAO PI3HUX PATIOHYKIIAIB Y
OJIHOTO COPOEHTY MOXKYTh 3HAYHO 3MIHIOBaTHChb. TOMYy B X0/l JOCHIIKEHb OYyJ0 PO3IJISHYTO
cOpOLiffHy KOMIIO3UIIiI0, 1[0 BKJIOYA€ MNPUPOAHUN IIEONIT — KIIHONTHIIONIT 1 CHHTETUYHUH
reoit NaX.

IIpu mpoBeneHHI NOCTiKEHb T'OTYBaBCS PO3YMH, IO MICTUTh 10HM II€3110, CTPOHIIIO Ta
KOOaJbTy.

Ha mincraBi mpoBeZeHUX AOCHIKEHb OyI0 BU3HAUYEHO CKIIaJ KOMITO3UIIHHOTO COpOSHTY Ha
OCHOBI KJIHONTWJIONITY Ta CHHTETHYHOro 1eodity NaX, 3 ypaxyBaHHSIM MOXKJIMBOCTI
3aCTOCYBaHHS COpPOEHTY NpH BUKOPHUCTaHHI CyMIMIl 130TOMIB (L€31i, CTPOHILIM Ta KOOanbT).
Po3pobiieno  smepHO-(pi3MUHY METOAMKY SKICHOTO Ta KUIBKICHOTO aHalli3dy 3pasKiB 13
3a0pyHEHHSIM CYMILIIO 130TOmiB (1e3ii, CTpoHLiH Ta koOanbT). BceraHoBieHo, 1m0
BUKOPHUCTAHHSI KOMIO3UIIIITHOIO COPOEHTY 3HAYHO PO3LIMPIOE MEPENiK 130TOIIB, 5IKI €()EeKTUBHO
COpOYIOTh KIIHONTHIIONIT. Tak, KOMIO3ULIHHUN copOeHT (kuHonTriaomiT — 50% meomt NaX —
50%) mae HacTymHI 3HaYeHHS KoedimienTa copomii Ks mesiro — 80,00%, Ks crponmiro — 70,30%
ta Ks kobanpty — 78,58%. 3HauenHs koedimieHTa copOiii KOMIO3UIIHHOTO COpOEHTY st
CTPOHIIiI0 Ta KOOaJIbTy BIBIYI MEPEBUIIYIOTh 3HAUEHHs KoedilieHTa copOuii KITHONTHIIOMITY
s nux i3oromiB (koedimienT copbuii Ks mesito — 80,51%, Ks crponuito — 34,30% Tta Ks
kobabTy — 48,10%). ToMy BUKOpPHCTaHHS KOMITO3HMIIIHHOTO COPOEHTY 3HAYHO ITiIBUIIUTH
OUHUIICHHS PIJKUX pPaAJiOAKTUBHUX BIIXOMIB Ta 3HAYHO CKOPOTUTH OOCAT BIAXOJIB, IO
MJJISTaI0Th 3aXOPOHEHHIO.
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3AXHUCHI BJACTUBOCTI Ti-Cr-N-IIOKPHUTTIB,
OCAI’KEHHUX 3 ®IJIbTPOBAHOI BAKYYMHO-AYI'OBOI IIVIA3MH

10. 3a0ninpoecw<uﬁl, B. Biﬂoycl, E. Pememmml, B. T onmeﬂnuuﬂz, 0. I(ynpim1
1Hauiouaﬂbuuﬁ HAYKOBUIl YeHmp
«Xapkiecokuii ¢pizuko-mexuiunuit incmumympy», Xapkis, Ykpaina;
2Hauiommbmu? YHigepcumem «3anopizvKa noaimexHika», 3anopix;cxca, YKpaina
E -mail: yaz@kipt.kharkov.ua

BukopucraHHs BaKyyMHO-IyTOBHX TIOKPUTTIB Ha OCHOBI HITPUIB MEPEXITHUX METATIB MOXE
3HAYHO 3MEHIIUTH 3HOC TOBEPXHI JeTajieid, TUM CaMUM IJABUIIYIOYH HAIIHHICTh Ta TEPMIiH
CIIy’)KOM eHepreTHyHoro oOsagHaHHsA. [lokpUTTS MaroTh 3a0e3nedyBaTv €(EKTUBHHMA 3aXHCT
po6oyoi moBepxHi Biag KomMOiHaIli pyiHIBHUX (DakTopiB. [IpoBeneHO KOMIUIEKCHI JOCIIIKEHHS
crifikocti  Ti—Cr—N-mokpuTTiB 10 KaBitamii, aOpa3WBHOrO 3HOIIYBAaHHS Ta KOpO3ii.
HanocTpykTypHi MOKpUTTS TOBIIMHOKO 10 MKM HaHOCHIM Ha MigKiIaaku 3i crami 12X17 3
¢iIpTpOBaHNX MOTOKIB IUIa3MH 3 BUKOpucTaHHAM Ti-Cr karozis i3 BmictoM Cr 23 ta 32 mac.%
npu TUCKy a3oty B Mmexax Bin 0,12 mo 0,67 Ila. Hanokpucramiuni (ux) abo amopdHo-
HAaHOKPHUCTANIUHI (a/HK) TOKPUTTS Ha OCHOBI KyOiuHoro tBepmoro posuuHy (Tii,Cry)N 3
BMicTOM Xpomy Big x=0,11 no x=0,25, po3mipom 0651aCTeil KOTEPEHTHOTO PO3CIIOBaHHS B MEKax
6...14 HM Ta PI3HOIO TEKCTYPOIO aKCiaJbHOTO TUIY Oy BUnpoOyBaHi. [IOKpUTTS Maiu BUCOKY
tBepaictb 31...46 ['Tla, omHak 3MiHa ckiaqy Karoaa Ta/abo THUCKY a30Ty MpH OCaIKEHHI
BIUTMBAJIM HA BMICT XpOMY B IMTOKPUTTSIX Ta CTPYKTYPY, IO 3MIHIOBAJIO iX 3aXMCHI BIACTUBOCTI.

Haiikpamy cTiKicTh 40 KaBiTallliHOTO 3HOUIYBAaHHS MOKa3aId HAHOKPUCTANIYHI MOKPUTTS 3
Hu3pkuM BMictoM Cr (11...13 at.%) i tBepmictio 30...33I'Tla. Ilokpurtss y 2-3 pasu
3MEHIIYBaJIM CEPEAHIO IBUKICTh KaBITAL[IHHOTO 3HOLIYBAHHS MIAKIAJKU. 3MEHILEHHS pO3Mipy
KPHUCTANITIB TBEPAOrO pPO3YMHY Ta ¢opmyBaHHS TekcTypu [110] crpusuio miIBUIIEHHIO
KaBiTaliiHOI cTiiKkocTi. byna BusiBIeHa KOpemnsilis MK MOKpAIIEeHHSIM KaBiTalliifHOI CTIMKOCTI
Ta 3MEHIIEHHSIM TBepAOCTi MOKpHUTTIB. [lokputTs 3 Bucokum BMicToM Cr (18...24 at.%) manm
Hailikpaily aOpa3uBHY CTIHKICTh, MPUUOMY aMOpP(HO-HAHOKPUCTAIIYHA CTPYKTypa MOKPHUTTS
a/nk(Tipg2Cro18)N 3 BuCOKOIO TBepaicTio (~ 46 I'Tla) mama meBHI mepeBard, OJHAK, BOHA
NoKaszajla HaWripin pe3yibTaTH IiJl Yac KaBiTaliMHUX Ta KOpo3iiHuUX BunpoOyBaHb. Cepen
HAHOKPUCTAIIYHUX MOKPUTTIB HAMOLIbIIY HIBUAKICTE aOpa3MBHOTO 3HOIIYBAaHHS I10Ka3alo
nokputtsi HK(Tiog7Cro13)N, 10 XapakTepu3yBaiocs MaKCUMAalIbHHM pPO3MIipOM KPHCTAJITIB
TBEPAOro po3unHy, TekcTyporo [111] ta tBepaictio 33 I'Tla. 3mina Tekctypu Ha [110] Ta
301IbIIEHHST BMICTY XpOMY B TOKPHUTTI CIPHUSIM MOKpAIleHHI0 a0pa3uBHOI CTIHKOCTI.
Pesynbratu BUnpoOyBaHb KOpO31HHOT CTIKOCTI 3pa3kiB y 3% BoaHoMy po3unHi NaCl noka3zanu,
1110 HAHECEHHS MOKPUTTIB 3CYBA€ MOTEHIiaJl MITIHTOYTBOPEHHS B AUISHKY MO3UTUBHUX 3HAUYEHb
3aBjsikyu nacuBaitii. [Tokpurrs nx(Tigg7Cro13)N 3 Tekcryporo [111] 3 HalTipIIOW CTIHKICTIO 10
abpa3uBHOIO 3HOIIYBaHHS BMSABMJIOCA HaMOLIbII KOpo3iHOCTIMKUM. Burnsn kpuBoi aHOIHOT
noJisipu3anii JUisl bOT0 MOKPUTTS BIAPI3HSBCS BiJ IHIIUX 3pa3KiB 1 MaB JUISHKY BTOPHUHHOT
nacuBauii. Ilokasano, mo onTuMizalis HapaMeTpiB OCAPKEHHS TPU CHHTE31 MOKPUTTIB 3
BHUCOKUM BMicToM Cr (0151 25 at.%) 103BOJIsI€ 3HAUHO MOKpaIyBaTH abpa3uBHY ad0 KOPO31iHY
CTIMKICTh TOKPHUTTIB 3 aMOp(PHO-HAHOKPUCTAIIYHOIO Ta HAHOKPHCTAIIYHOIO CTPYKTYpPOIO,
BianoBiAHO. I1lo cTOCyeThCcs KOMIUIEKCHOTO 3aXUCTY MOBEpPXHI CTajleBUX BUPOOIB BiJ] BIUIUBY
KaBiTallii, abpa3uBy Ta KOpoO3ii, HAHOUIBII JOIUIBHUM € 3aCTOCYBaHHS HAHOKPHCTATIUYHUX
MOKPUTTIB.
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THERMOMECHANICAL EFFECTS AT ATOMIC CLUSTER FALLING
ONTO THE COATING SURFACE

A.lL Kalinichenko, V.E. Strel’nitskij
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: strelnitskij@kipt.kharkov.ua

Atomic clusters, like macroparticles, are often present as unwanted impurities in plasma-ion
deposition coatings. At the same time, the use of cluster beams is being discussed both for the
deposition of films with a unique set of properties and for the erosion of substrates, depending on
the kinetic energy of the cluster. As a result, the analysis of thermal and mechanical effects when
the cluster falls on the surface of the coating is relevant.

In this report, the model of the nonlocal thermoelastic peak (NTP) of the ion bombarding the
target surface, developed by us earlier, is generalized for the case of the polyatomic cluster. This
allows us to consider all the variety of thermal, mechanical, and kinetic effects in the interaction
of the falling cluster with target material within a single approach.

Possible scenarios of cluster interaction with the target surface were considered depending on
the energy E and the number of atoms n in the cluster. If the condition

E>nE;, 1)

is not satisfied, where E; ~ 10 eV is the surface energy of the target material, the cluster atoms

cannot penetrate the target material and are located on its surface (so-called “soft landing” of the

cluster). If condition (1) is satisfied, the cluster penetrates into the coating forming the NTP - the

overheated and overpressurized nanometer-sized region. Taking into account that the cluster,

when entering the coating material, disintegrates into atoms that fly with the same speed and di-

rection as the original cluster, expressions were obtained for the geometric dimensions and vol-

ume of the NTP of the cluster implanted under the surface of the coating.

Having understanding of the NTP

s TR ' volume of the cluster made it possible

P «  to determine the NTP temperature tak-

sl o -F=400 eV F | ing into account the temperature de-

s -E=800eV 5 pendence of the heat capacity of solid.

’ 27 Figure shows the results of calculating

110¢| . the temperature in the NTP of C, clus-

R e ter in carbon coating. As can be seen

ST el from the figure, the temperature in the

5-10°| « « cluster exceeds the melting temperature

| 22 of the target material even with rela-

§ tively small numbers of atoms in the

0 3 4 3 B cluster. That requires consideration of

nonlinear thermo mechanical effects

(spattering, cratering, generation of
powerful acoustic pulses).

Dependence of the temperature in the NTP
of the C, cluster in carbon on the number
of atoms n in the cluster at different
cluster energies E
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OPTIMIZATION OF CVD SYNTHESIS PROCESSES OF DIAMOND
COATINGS FOR HARDENING THE SURFACE OF CUTTING TOOLS

K.I. Koshevoy', E.N. Reshetnyak®, V.E. Strel’nitskizjl, A.O. Lyamtseva®, A.O. Chumak?,
S.A. Klymenko?, 0.0. Bochechka?, O.1. Chernienko?
'National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine;
“Bakul Institute for Superhard Materials NASciences Ukraine, Kyiv, Ukraine
E-mail: reshetnyak@kipt.kharkov.ua

Cutting tools equipped with sintered inserts based on polycrystalline synthetic diamond are in
great demand for processing new materials such as ceramics, carbon fiber, composite materials,
and hard-to-machine non-ferrous metal alloys, which are widely used to manufacture parts for
aviation, space, rocketry, military equipment, and other high-tech products. To improve the
performance of the cutting inserts, NSC KIPT has developed processes for applying diamond
CVD coatings to their surface that do not contain any impurities. The coatings were deposited
from glow discharge plasma stabilized by a transverse magnetic field in a H,/CH4 gas mixture.
The use of stationary and pulsed modes of operation of the discharge current source was
compared.

The advantages of using the pulsed mode at the stage of heat treatment of cutting inserts in a
glow discharge were revealed by gradually increasing the temperature of the insert and gas
pressure to the operating parameters of deposition to prevent the influence of impurities from the
components of the growth system on the process of coating synthesis. It has been found that the
use of a pulsed mode of operation of the current source (pulse duration of 18 ps, period of 20 ps)
allows heating the cutting inserts to an operating temperature of 1070...1150°C without the
transition of the glow discharge to an arc discharge in one degassing cycle. Coatings with a
thickness of 17...56 um were deposited on the surface of the cutting inserts, consisting of
diamond crystals with a distinct facet and an average size of 10...60 pum. With increasing
thickness, the size of diamond crystallites in the coatings increased both in the stationary and
pulsed synthesis modes.

The influence of the applied coatings on the performance properties of tools equipped with
superhard composites based on synthetic diamond was studied during finishing impactless
turning of technical ceramics MK90 and hard alloy VK8. After turning, a wear chamfer was
observed on the back surface of the tool. Analysis of the images of the contact areas of the tools
after the tests shows an identical wear pattern for all samples - uniform, homogeneous without
chipping and crumbling. The coated tools retain their integrity outside the contact area, which
indicates that the coatings are of sufficient strength and adhere to the surfaces of the cutting
inserts. Average values of the wear chamfer width on the back surface of the coated inserts are in
the range of 0.18...0.57 mm. It was found that the presence of a diamond coating on the cutting
inserts increases the wear resistance of tools when grinding hard-to-machine materials by 1.5—
1.7 times, which is a rather significant technological indicator for extending the service life of
the cutters.

Both applied modes of coating deposition, stationary and pulsed, provided good results. It is
shown that the improvement of tool performance is achieved by applying coatings with both
coarse and fine crystalline morphology, however, excessive size of diamond grains can
negatively affect the quality of the surface to be machined.
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EFFECT OF NITROGEN DOPING ON THE CHARACTERISTICS OF
VACUUM-ARC DLC COATINGS

V. Vasyliev', A. Luchaninov?, E. Reshetnyak®, V. Strel’nitskij",
Yu. Volkov!, Yu. Nasieka?, V. Temchenko?, V. Lozinskii
"National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine;
2V. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Kyiv, Ukraine
E-mail: reshetnyak@kipt.kharkov.ua

Diamond-like carbon (DLC) films are used in many applications due to their attractive
combination of properties, including chemical inertness, corrosion protection, biocompatibility,
high hardness, and low wear rate. However, they still have some limitations, such as high
internal stresses and low impact strength, which result in poor film adhesion. The synthesis of
nitrogen-doped DLC offers a way to overcome these limitations. In this study, amorphous carbon
(a-C) and nitrogen-doped amorphous carbon (a-C:N) coatings were deposited on 12X18H10T
stainless steel substrates using the filtered vacuum cathodic arc technique. The effect of nitrogen
addition to the structure of coatings synthesized at different N, pressures on their structural,
mechanical, and electrophysical properties was investigated. The coatings were deposited on a
modernized Bulat-6 unit equipped with an original rectilinear electromagnetic plasma filter with
graphite cathode. The deposition was carried out at a self-consistent “floating” substrate potential
of -50 V, as well as when a pulsed bias potential was applied (amplitude 250 V, frequency 12
kHz, pulse duration 6 ps). To stabilize the vacuum-arc discharge combustion, argon was
supplied to the vacuum chamber. The partial pressure of argon P, was in the range of (1...4)-10°
2 Pa. This synthesis methodology allows for obtaining nitrogen-doped carbon coatings with a
thickness of 2...4 um and a surface of high quality. Raman spectroscopy revealed that the
coatings had a nanocomposite structure in the form of a diamond-like sp> matrix with graphite
sp’ clusters of 1...2 nm in size. Depending on the deposition parameters, the volume fraction of
diamond-like sp*-bound carbon in the coatings varies from 20 to 80%.

At the pulsed potential of the substrate, an increase in the partial pressure of nitrogen Py, in
the range of (0...6)-10” Pa leads to a decrease in the hardness of the coatings from 31 to 16 GPa
due to a decrease in the volume fraction of the sp® phase and an increase in the lateral size of sp
clusters. At floating potential, the changes are more significant. In the absence of nitrogen, the
coating has the maximum volume fraction of the sp® phase and, accordingly, the highest
hardness of 68 GPa. When nitrogen is added to a partial pressure of 2-:107 Pa, the hardness
decreases sharply by a factor of 3.5, and with a further increase in nitrogen content, it remains
virtually unchanged. Tests of samples using adhesion Rockwell tests show that nitrogen-doped
carbon coatings with a hardness close to 20 GPa have the best adhesion and the lowest tendency
to crack and spall under load, and the use of a pulse mode has advantages. The addition of argon
to nitrogen during deposition (Pa, < 2-107 Pa) has a slight effect on the hardness of the coatings,
but improves the adhesion of the coatings to the substrate. Excess nitrogen in a gas mixture with
argon (Pn2 > 4-107 Pa) leads to a critical decrease in the volume fraction of diamond-like sp*-
bound carbon, amorphization and graphitization of the coating structure, a decrease in their
hardness, and a deterioration in adhesion. It was found that unalloyed DLC coatings have a jump
conductivity with an activation energy close to 200 meV. The incorporation of N atoms leads to
the appearance of an impurity type of conductivity with an activation energy close to 40 meV.
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HIGH-VOLTAGE PULSE GENERATOR
FOR ION-PLASMA TECHNOLOGIES

A.A. Luchaninov, V.E. Strel’nitskij, V.A. Ushakov
National Science Center “Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: luchaninov@kipt.kharkov.ua

A generator of high-voltage (HV) pulses has been developed for use in technological processes of
ion-plasma processing of products and deposition of vacuum-arc coatings by the method PIIID (plasma
immersion ion implantation and deposition). Pulse amplitude 0...2.5 KV, duration 2...10 ps, repetition
rate up to 24 kHz. Switching of high-voltage pulses is carried out by four MOSFET transistors. The
generator allows for surface cleaning in glow discharge plasma in argon, creating a transition layer of
mixed elemental composition at the substrate/coating interface, and depositing coatings using the PI1ID
method from ion flows of regulated energy, which allows for control of the properties of coating layers.
Positively charged ions acquire energy Ei, accelerating towards the substrate when pulses of negative
polarity potential of adjustable amplitude are applied to it [1].

It is known that during the deposition of hard nitride coatings, the level of structural defects, internal
stresses, texture (preferential orientation of crystallites), and hardness depend on Ei. In the case of
diamond-like coatings (DLC), the phase composition, i.e. the percentage of sp*/sp? carbon phases,
which determines hardness, internal stresses, and density, depends on the ion energy too [2].

The generator is designed to operate in two pulse delivery modes: continuous one, with a fixed HV
pulses duration and frequency of their repetition, and pulse delivery in packets with adjustable packet
duration and pauses between them in the range of 0.1...30 s. During deposition in pulse delivery in
packets mode, the ion energy Ei is determined by the pulse amplitude, and during the pause it is set by
the “floating” substrate potential, or from an external source [3]. In this case, the properties of the layers
deposited during the packet and the pause differ. In this way, the problem of depositing nanometer-
thick layers over a large area in the process of deposition of DLC from a vacuum-arc plasma source
with a magnetic particle filter can be solved. The fact is that the cross section of the plasma jet, which
begins at the cathode spot (CS) and reaches the substrate, is compressed in a magnetic field, and the
movement of the CS on the graphite cathode is slow. As a result, at any given moment, the coating is
deposited on only a portion of the large substrate area. In the continuous pulse mode, a uniform
thickness layer of DLC is deposited over a large area over a sufficiently long period of time, reaching
several minutes. During this period, the layer thickness reaches hundreds of nanometers, or even
microns, that is, it is impossible to form nanometer DLC layers over a large area using this method. If
pulses are applied in packets, then by choosing small values for both the packet and pause duration, it is
possible to form a multilayer coating of nanoscale thickness layers with different alternating properties
as for nitride and DLC coatings.
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SAITAJIIOBAHHSA BAKYYMHO-AYI'OBOI'O PO3PAAY
B TEXHOJIOTTYHUX /IKEPEJIAX IIJIA3MUA
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[Ina3moBi NOTOKM, fAKi TeHepyroTbcs Katoguumu mismamu (KII) BakyymHO-myroBoro
pO3psidy, 3HAMIUIM HIMPOKE MPAKTHYHE 3aCTOCYBAaHHS JJs OTPUMaHHS BaKyyMHO-IYTOBUX
MOKPUTTIB PI3HOTO TMPU3HAYCHHS, SIKUM BJIACTHBI BHUCOKI EKCIUTyaTalllifHI XapaKTepHUCTHKH.
Hagiifina po0OoTa TEXHOJOTIYHHMX JDKEpeNl TIUIa3MH, [0 CTBOPIOKOTH IIa3MOBI TOTOKH,
0e3nocepeIHbO 3aJEKUTh BiJ TOTrO, SIKUM YMHOM Y KOXXHOMY KOHKPETHOMY BHIIQJIKy B HMX
BUpINIEHO IPoOJIeMy iHILIIOBaHHSA BaKyyMHOI AYTH.

JloTenep Ti€ro Yy 1HIIOO MIPOO JOCIIIPKEHO J1BA OCHOBHUX PI3HOBU/IU CHUCTEM 3aIlaIIOBAHHS
(C3) BakyyMHOI Jyrd — KOHTAaKTHI i O€3KOHTaKTHi. Y pe3yibTaTi BHIPOOYBaHb KOHTAaKTHOTO
METOJly JOBEJEHO, M0 MIpH MHMOBIpHOCTI 3anamioBaHHS nyru He Outbmn 60 % pecypc
3aMaoBaIbHUX MPUCTPOIB HE NEPEBUINYE JICKITBKOX THCAY CIPAlbOBYBAaHb Ye€pe3 IHTCHCHUBHY
€pO31I0 eJIEMEHTIB By3Jia MiANaT0OBaHHsA, B OCHOBHOMY BHACIIJIOK aKTUBHOT'O BIUIUBY 3 60Ky KII
OCHOBHOTO JyroBoro po3psiay. HaiiedekrupHimoro BusBmiacs C3 y BUTISAI KOHYCOIOMIOHOT
crmipani, 10 He moTpedye oOKpemMoro OJloKa J>KUBJIEHHSA, a BHBeAeHHS BuHUKIoro KII
3MIIACHIOETHCSI MAarHITHUM TIOJIEM, CTBOPEHUM CTPYMOM, IIIO MPOTIKa€ Mo BiTKam cmipami. Takuit
crioci0 30y/KeHHsl IyTW Y aHIJIOMOBHOI JliTeparypi moinyuuB Ha3By «Triggerless triggering of
vacuum arcs.

Po3pobneHo iMIyJabCHE JKepeso IUIa3MH 31 CKIaJ0BUM KaTOJOM, B SIKOMY 3allaJIfOBaHHs
Iyrd 3IiHCHIOETBCS HA KOXHOMY Marepiajii KaToAa OKPEeMHM MiANMaTIOIYAM TPUCTPOEM
KOHTAKTHOTO THUIy, BMOHTOBAaHOMY Yy KaTOJ. 3aCTOCYBaHHs Pi3HUX MaTepiajiB Yy CKIJIaJ0BOMY
KaToJl JO3BOJISIE OTPUMYBAaTH OaraTOKOMIIOHEHTHI TMOKpUTTA. PesepByBanus y C3
IHIIIIOBAIBHUX MPHUCTPOIB CYTTEBO MiJBUINYE pecypc Horo podotu. IIpakTuyni BUNpoOyBaHHS
PO3pO0ICHOTO JrKEpera TIa3MH Y PEKUM HAaHECEHHS MOKPUTTIB: aMIUTITyTHE 3HAYEHHS CTPYMY
nyru — 420 A, TpuBajicTh IMIyNbCiB Ayrd Ha TUTaHi — 50 Mkc, Ha MomiOaeHi — 45 Mkc, Ha
aMOMIHIT — 665 MKC, IpU PI3HUX YaCTOTaX MPOXOKEHHS IMITYJIbCIB IMOKA3aJld, 110 OTPUMaHHI
0araTOKOMIIOHEHTHI MOKPHUTTS MalTh CKJIajA, OJU3bKUH 1O 3aJaHOr0, a CaMoO IMITYJIbCHE
JDKEPEIIo TIIa3MH XapaKTepU3YeThCsl HaIHHOI0 poOOTOI0.

bescymHiBHOIO mepeBaror 0e3kOHTakTHUX C3 € MOXIUBICTH BUKOPHUCTaHHS IYCKOBOTO
1HXKEKTOpa y BUIUIAJI OKpeMoi, yH1(IKOBaHOI «CBIUKM» MignantoBaHHs. BussieHo, mo pecypc
MIYCKOBUX 1H)KEKTOPIB MPH 3alIOBHEHHI PO3PSAIHOIO MPOMDKKY Kepamikoro M-7 He mepeBillye
10* crpalboByBaHb, kepamikoro 22XC € Ha piBHI 10° CIpallbOBYBaHb, a MpPU 3aCTOCYBaHHI
KOMIO3ULIHHUX MaTepiajiiB MEepeBUIIYE 108 CHpalbOBYBaHb MPH HMOBIPHOCTI 30yKEHHS AYTH
omm3ekoi 10 100 % mpu eneprii mignamoBanHs 5 [k, gactori poGoumx immynbeiB 1 I i
TpUBAJIOCTI yru 2 c. Bucokuil pecypc myckoBux iHxeKkTopiB 3 KM mosicHIOETbCS X OLIBIIOI0
CTIMKICTIO A0 pYHHIBHOI il €IEKTPUYHOTO po3psiay. Taki XapaKTepUCTUKH 3a0e3MeyyroThCs
ocoOmuBocTsIMH cTpyKTYypr KM, 1m0 sBise co0or0 ieNeKTpUYHY CKIOMOAIOHY MAaTpHILO,
3aloBHEHY JpiOHOAMCIIEPCHUMH CTPYMONPOBITHUMH YacTMHKAaMU 1 HaMiBIPOBIIHUKOBUMU
KomrnoHeHTaMu. HaniitHicTe myckoBux mnpucTtpoiB 3 KM TakoX NiABHMIYETbCS BHACTIIOK
MOKJIUBOCT1 iX POOOTH 3a BIJICYTHICTIO METAJEBOI IUIIBKH B PO3PSAIHOMY MPOMDKKY 3aBISIKU
HU3bKO1 HAIIPYTH OoBepXHEBOro mpoboro (1o 100...200 B/mm).

Pe3ynbrat nOoChipKeHb MO 1HILIIOBAaHHIO BaKyyMHOI JYT'M MEPEX0J0M TIII0YOro po3psay B
ayrosuii (IIT/1), B sIKMX 3aCTOCOBYBaach CUCTEMA €JIEKTPOAIB MEHHIHTOBCHKOTO TUITY MOKa3alu
HacTynHe. BukopucTaHHs Jpkepena IJIa3MU 3 TaKUM IHILIIOBAaHHSAM JyTU € JOLIIBHUM Y
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TEXHOJIOTIYHHX IpoIlecaxX, B SKUX 3aCTOCOBYIOTH PEaKIliiiHI Ta3H, sIKi YTBOPIOIOTh Ha TOBEPXHI
KaToJga CIOJNyKH 3 Horo MatepianoMm. CTBOpIOBaHI IUTIBKM € AaKTHBHUMHU IIGHTPAMH, [i€
BiOyBaeThess dopmyBanHs KII. B iHmomy Bumanky depe3 KijbKa COTEHb CIpallbOBYBaHb
imoBipHicTh [1T]] 3HMKY€eThest 10 3HA4eHb 10...50 %, 110 MOSCHIOETHCS OYUIIICHHSM MOBEPXHI
KaToJia BiJl PI3HUX HEOJTHOPIAHOCTEH.

Po3mmpuTy TEXHOIOTIYHI MOMIIMBOCTI BAAJoCs B jpkepeni miasmu, ae 1T/l 3aiiicHioeTscs B
IIOJIOKATO/IHIA CHUCTEMI 3 BHUKOPUCTAHHAM JiesiekTpuuHuX crumyisatopis KII. Pesynbratu
JOCTIPKeHb eKCTIICPUMEHTAIBHOTO JDKepena TIuasMu 13 3amamoBaHHsMm nyru [ITJ[ i3
3aCTOCYBAHHAM JleJeKTpU4HUX cTuMynaTopiB KII moka3yroTs, 110 IyroBUH po3psii y HbOMY
JIOCHTB CTaGiIBHO 3aMAMOETHCSA B IIMPOKOMY iarma3oni THckiB (mpuommsuo Bix 107 no 10 ITa)
IMIyJbCaMU Hampyrd NopsaKy 2 KB B mpucyTHOCTI MarHiTHOro IoOJis, HAalpyXEHICTh SKOIro
cranoButh 5,6-10' A/M, mpm emeprii myckoBoro immymscy Ommseko 2 Jix. HasBHicTb
nienexktpuyHux crumynsaTopiB KII 3abe3nedye mpare3aTHICTh MPUCTPOIO Y CEPEIOBHINI SK
pEaKIiifHuX, TaK 1 IHEPTHUX Ta3iB.

Jocartu MakcuMaabHOI HAAIMHOCTI 30yI)KEHHSI BAKYYMHOI AYTH Y TEXHOJIOTTUHOMY JIKEepesi
IUTa3MHA MOKJIMBO CUCTEMOIO 30Y/KEHHSI KOMOIHOBAaHOTO TUITY, B SIKO1 JBa MEPIIUX CTYIEHI TaKi
cami, SIK B LITaTHUX JDKepeslaXx IUIa3MU YCTaHOBOK «byrnar-6», a poOoTa TpeThoro cTyreHs
3armycky ocHoBaHa Ha 1T/l B myrosuii. [IppaoMy B pe’kuMi 10HHOTO OUYHIIEHHS 3aCTOCOBYETHCS
JIB1 MIEPIINX CUCTEMHU 30Y/PKEHHS, a Ha eTalll 0Ca/PKeHHs MOKPHUTTIB — JIpyra 1 TpeTs CTYIEHb.

Bukopucrani B BigoMux poOoTax pilleHHS MO 3aXHCTy BiKHA BBEIEHHS Ja3epHOTO
BurnpoMiHioBanHs (JIB) Bim 3amuieHHs mpu 1HIIIIOBaHHI Jyrd MPOMUHEM Ja3epa HE €
JOCKOHAJIMMH, TOMY IO BOHHM CYTTEBE YCKJIAIHIOIOTh KOHCTpyKuito C3 1 camoro mxepena
IJ1a3MHU, 11O MiJIBUIIYE HOTO BApTICTh Ta ICTOTHE 3HMXKYE HaA1iHICTh. KpiM TOrO, Taku pilieHHs
0 MiHIMI3allii 3amuIeHHS BiKHA BBEJICHHS BCE OJHO BUMAraloTh MEPIOUIHOTO OYUIICHHS BiKHA
BBeneHHs JIB abo iioro 3aMiHu.

Byno 3ampomoHOBaHO MeETOJ BUpIIIEHHS NpOOJIeMH 3amiiieHHs BikHa BBeaeHHs JIB B
IMOYJIbCHUX BaKyyMHO-AYTOBUX JKepesax IUIa3MU 3 JIa3epHUM MiANATIOBaHHAM JIyTH, SKUN
peanizyeTbcsi po3po0JIECHUM MPUCTPOEM. MeToja MoJsArae y MepioguYHOMY BBEJCHHI1 €HEprii
PO3(pOKYyCOBaHMM NPOMEHEM Jla3epa y IIap KOHAEHCATy, sIKHM (OpMyeThbCs Ha MOBEPXHI BIKHA
BBeZieHHs JIB. DOKyC Takoro 04MIIyBajibHOIO MPOMEHIO JIa3epa 3HAXOJUTHCS M03a BAKYYMHOKO
KaMepolo, L0 TapaHTye BIJACYTHICTh HECAHKIIOHOBAHOTO CIpAIIOBAaHHS JpKepena IIa3MH, a
ONTUYHA BICh NEPIIEHANKYJISIPHA 10 TOBEPXHI BIKHA BBEIECHHS, 110 3a0e3Meuye Kpallll yMOBH IS
BUJAJIEHH cOPMOBAHOI IUTIBKH KOHAEHcaTy. [lepionnyHiCTh OunIeHHs BikHa BBeneHHs JIB,
sIKa BU3HAYa€ MPOIMYCKHY 3/IaTHICTh BiKHA BBEJCHHS, PO3PaxOBYETHCs OJOKOM KepyBaHHS, IO
SKOr0 HaJXOAWTh iH(opMalis Mpo THUCK y BaKyyMHIH Kamepi, marepial KaToja, KUIbKICTh
HEOOXIJTHUX CHpaIbOBYBaHb IMITYJIbCHOI'O JpKepena Iula3Mu (IMIYNbCIB BaKyyMHO-IYTOBOTO
po3psimy) 1 KUIBKICTH CIHpalbOBYBaHb IMIYJbCHOTO JDKEpeNa TIUIa3MHA Yy TOTOYHOMY
TEXHOJIOTIYHOMY TPOLIECI.

[ninitoBaHHd BakyyMHOI JyTM B IMIYJIbCHOMY JDKEpeNl IUIa3MH 3a  JOMOMOIOI0
3aMpOIIOHOBAHOTI0 METOAY, SIKHIl 103BOJIsI€ BUAAISATH LIap KOHJIEHCATy Ha BikHI BBeaeHHs JIB,
XapaKTepU3yeTbcs CTaOUTbHOI MMOBIPHICTIO 30Yy/KEHHsSI BaKyyMHOI Ayrud Ha piBHI 95 % npu
qacToTi mpsAMyBaHHA iMmyabciB ayru 300 I'm He3anexHO BiJ TPUBAIOCTI POOOTH JiKepena
TUTa3MH.
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BUMIPIOBAHHSA TEMIIEPATYPHU IIOBEPXHI BUPOBIB
ITPU OTPUMAHHI BAKYYMHO-AYTI'OBUX IIOKPUTTIB
IINPOMETPUYHUM METOJ10OM
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Hauionansnuii aepokocmiunuii ynieepcumem
«Xapkiecokuii asiayiiinuii incmumymy, Xapkie, Ykpaina

E-mail: i.sysoiev@khai.edu

KoHTponb Temmeparypy MOBepXHI BHPOOIB IMpU OTPUMaHHI BAKyyMHO-IYTOBHX MOKPHUTTIB Ha
JeTaIIX MalldH Ta OOpOOHOMY I1HCTPYMEHTI y PI3HHMX Taly3sX IPOMHUCIOBOCTI € HEOOXiTHUM
nporecoM, SIKid 103Boisie  3a0e3MeYnTH  SKICTh TOKPHUTTIB 1 iX mpane3arHicts. Haioimbin
NEPCHEKTUBHUM METOJOM BUMIPIOBaHHs TEMIIEPATypy MOBEPXHI B BaKyyMHO-AYIOBUX TEXHOJIOTLAX,
7Ie 3a3BUYAi 3/1IHCHIOETBCST 00epTaHHS BUPOOIB, € mipoMeTpryanii Meton. OnHaKk B yMOBaX, KOJIHU B
Ipoliece HAHECEHHS IOKPUTTIB Hae IOCTiiHE 3aluieHHs BXIJHOTO BIKHA ONTHYHOI CHUCTEMH
ipoMeTpa, TOYHICTh BUMIPIOBAHHS 3 YaCOM I1a/1a€.

Jlns BupitneHHst wiil nmpoGiemu Oyna po3pobieHa cucTeMa BUMIPIOBaHHSI TEMIEPATypH MOBEPXHI
BUPOOIB Y BaKyyMHO-IyT'OBUX IPOLIECaX HAHECEHHS IMOKPUTTIB MIPOMETPUYHUM METOIOM, TIPUHIIUI
Iii sikoi 3a0e3reuye MOBHY BiJCYTHICTh MOTPAIUITHHS MPOAYKTIB €po3ii Katoja Ha BIKHO BUBEACHHS
iH(payepBOHOTO BUIPOMIHIOBAHHS HA BUMIPIOBAJIBHUIN JTATUHK MIPOMETPA, SIKa peatizoBaHa Ha OCHOBI
YCTaHOBKH «bynar-6».

be3nocepenHpo 0 CUCTEMH BUMIPIOBAHHS TEMIIEPATypU BiJHOCSATHCS €IEMEHTH: MPOMETP THITY
OPTRIS CTlaser LT cepii CF2 optics 75:1, natuuk sikoro npuiimMae iHppadepBoHE BUIIPOMiIHIOBAHHS
Bil BUpOOy-3pa3ka, Ha IUIIXY SKOTO pO3TAlIOBaHI €KpaH, IIO0 BiIKPHBAETHCS 3a JIOMOMOTOO
€NIEKTPOMATHITY 3 TATOI0, BX1JHE BIKHO 1 OJIOK KepyBaHHS, Ha BXiJl SIKOTO TIOCTYIAE CUTHAJ O BeJIMYiH1
TeMITeparypy BUPOOy 3 TpOMETDY.

[Ipaitoe 1151 crcTeMa BUMIPIOBaHHS TaKMM YMHOM. BIIOK KepyBaHHS 10 alrOpUTMY, 3aKIa€HOMY
710 HBbOTO, 3a0e3Meuye MPoLeC BUMIPIOBaHHS TeMIIepaTypu BUpOOIB Ha PI3HHUX €Tarax OCaKEHHS Ha
HUX TOKPHTTIB, KEPYIOUM CBOIMU BHMXIJHUMH CHUTHaJaMH POOOTOIO 1HIIMX ONOKiB ycraHoBui. [lepen
BUMIpPIOBaHHAM TEMIIEpaTypy BUPOOIB 3a JOMOMOIOK CUCTEMH 30y/KEHHS-TACIHHS BaKyyMHOI AyrH
BUMHUKAETHCS OJNOK KUBIICHHS JDKEpena IUIa3MH, IO 3ynmuHSAE€ (OPMYBaHHS IDIa3MOBOTO ITOTOKY.
OnHOYacHO TPUIMHAETHCS O0EpTaHHS pPO3POOJICHOTO IUTAHETApPHOTO MEXaHI3My 3 TpUMaueM
MAKIAJKA, Ha SKOMY 3aKpilUIeHHI BHpoOi, Mo 3abe3neuye po3TallyBaHHS BHUPOOY-3pa3Ky,
TeMIieparypa TMOBEpXHI KOTporo Oydae BHUMIpIOBAaTHCh, came B Toulli BuMiptoBanHs (TB). [lns
3a0e3neyeHHs BUMIPIOBaHHA TeMIeparypd BHUpoOiB TouyHOo y TB 3acTrocoByBaBcs CIIEIialbHO
PO3paxoBaHMil 1 BUTOTOBJICHUM IUIAaHETApHUM MEXaHI3M, B SIKOMY CaTelliTH OOepTaroThCs IILTY
KUIBKICTh OOEpTIB MpH OTHOMY IMOBHOMY 00€pTi IIboro MexaHismy. Iliciast mporo i3 3aTpUMKOIO
JIeKUTbKa MIJTICEKYH]] BIAKPUBAETHCSI €KpaH, IPOBOANUTHCS BUMIPIOBaHHS TEMIIEPATypu BUPOOy-3pasKy,
3aKpUBAETHCS €KpaH 1 TPOIEC HAHECEHHS TOKPUTTIB MPOJOBKYETHCS JO HACTYIHOTO Yacy
BUMIpPIOBaHHS TEMITEPATYPH.

3a pesynbraramy, OTPUMaHUMU TIPU BUMIPIOBaHHI TeMIIEpaTypy BUpOOiB, OJIOK KepyBaHHS BUJIA€
BIIMOBITHUI YIPaBIIAIOUIA CUTHAT HA JPKEPENO Hampyri 3MILIEHHs, sIke 30UIbLIye a0 3MEHIIye
Hampyry, 10 TOJa€Thcss Ha 00poOmoBaHI BUPOOW. TakMM YHHOM 3IACHIOETHCS MOHITOPHHT
TEMIIeparypy BUPOOIB B MPOLEC] OTPHUMAHHS MOKPHUTTIB SK B PEKUMI 10HHOTO OYMILEHHS, Tak 1 B
pexuMi  0e3MocepelHhOr0 HAHECEHHsI TIOKPHTTS, SIKMW JI03BOJSIE IDIIXOM IIIBHINEHHS 200
3MEHILICHHs] HalpyrH, IO TOJA€ThCS HAa BUPOOM, MIATPUMYBATH TeMIIEpaTypd BHpOOIB Ha piBHI,
HEOOX1THOMY JUTSI OTPUMAHHST BUCOKOSIKICHUX TTOKPHUTTIB.
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ExcTpemanbHe mocimiJoBHE TEPMiYHE CTalliOHApHE Ta IMITYJIbCHE HABaHTA)KEHHS HA KOMITOHEHTH,
mo mignaroreess BBy Iwiasmu (KIIBIT), 8 DEMO moxe cripUdMHUTH 3HA4HI TMOIIKOIKEHHS
KOMITOHEHTIB JBepTopa. Bombppam OyB oOpanuii B sikocTi ocHOoBHOro Marepianmy st KIIBIT
DEMO. Orinka Mapok Boib(ppaMy BUMarae peresibHUX BHIIPOOYBaHb B €KCTPEMaJIbHUX YMOBAX,
MOB'SI3aHUX 3 YMOBAaMH 3 TEPMOSIIEPHOTO PEAKTOpa, BKIFOYAIOUH ITOTYKHI TIOTOKH TeIlIa 1 YaCTUHOK
[1].

B ekcrieppuMeHTax BHKOPHUCTOBYBAIM 3pa3Kd YHCTOTO BOJIb(pamy, BUPOOIEHOrO (ipMOr0
PLANSEE [2]. CramioHapHe nomnepenHe HaBaHTaKEHHS 3pa3KiB IMPOBOAMIOCS B YCTAHOBII
Magnum-PSI. TIpu ¢umoenci 10° M2 3 BapitoBaHHsM modaTkoBoi Temmeparypu (400; 500; 600;
700 K) Oyno mpoezneHo mociiioBHe ekcrioHyBaHHS D—-H-D y mmasmi B Magnum-PSI. Enepris
yacTHHOK craHoBmwia 40eB [2]. ImmynbcHe oOnpoMiHEHHsS TIIAa3MOIO  TPOBOIMJIMCS B
KBazicTalioHapHoMy MiaasmMoBomy mpuckoproBadi KCIIIT X-50 [3]. TermnoBi HaBaHTaXeHHS Ha
MOBEPXHI MEPEBUIILYBAJIM TIOPIT IJIaBIeHHs (TycTUHA eHeprii B motori 110 0,9 MI[)K/MZ, TPUBAJIICTh
immynecy 0,25 mc). [lepen onpomiHIOBaHHS MOBEPXHS MIATPUMYBaIach NMpU KIMHATHIN TeMmeparypi.
AHai3 MoBepXHi MPOBOIAUBCS 32 JOMOMOTOI0 OINITUYHOTO MIKPOCKOITY 1 CKOBYIOUOTO €JIEKTPOHHOTO
Mikpockona. OOroBOPIOETHCSI PO3BUTOK MOPQOJIOTii MOBEPXHI EKCIIOHOBAaHMX MIIIEHeH, a TaKoX
PO3TPICKyBaHHSI.

Penbed moBepxHi, XapakTepHMH I (DI3MYHOrO PO3MOPOLICHHS, CIOCTepiraBcs —IMicis
CTALlIOHAPHOTO TIJIa3MOBOrO oOmnpoMiHeHHs. [lyxupi Oynu BUSIBIEHI ICNIS ONPOMIHEHHS NpU
temneparypi moBepxHi Bume T = 600 K B Magnum-PSI. Ilonepeannso ompoMiHeHi 3pa3ku
nifgaBanucs BIUIMBY HeBenukoi (10 10) kutbkoceti miasmoBux iMmynbciB KCIIT X-50. TlnaBnenns
MOBEPXHi, YTBOPEHHS MOBTOPHO 3aTBEPAUIMX IIapiB Ta PO3TPICKYBAHHS MOBEpXHi Oylu BUSBIEHI
HICHS IMITYIIbCHOTO OTPOMIHEHHS! BOJHEBI IDTa3MH 3 TEIUIOBUMH HABAHTAKEHHSIMU BHIIE TIOPOTY
IUIaBJIeHHs Boib(pamy. PeectpyBamucs Mepexi Benukux (po3mip ocepeakiB 1o 0,4 mMm) Ta
MDKKpHCTaNITHUX (po3Mip ocepenkiB 10 40 um) tpimuH. [upuna tpimumH gocsrana ao 1 pm.
Takoxx crioctepirajycsi MOpH, 110 YTBOPWIMCS B pe3yibrari pyiHyBaHHA IyxupiB. Moaudikartis
MOBEPXHI 1 PO3BUTOK TPILIMH TMPHU3BEIH A0 30UIBIIEHHS IIOPCTKOCTI OMPOMIHEHUX IOBEPXOHb
Maibxe B 5 pasis.
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