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IlceBamomoTeHITiA 3 MEePIINX MPUHIUIIIB i PIBHAHHA CTaHY
METAJiYHOTO TeJIilo

B. T. llIsenp, €. B. Uepesko

Odecvruil HayionaAbLHUL MexXHOI02iLHUL YHi6epcumem,
sy.a. [[eopancvka, 1/3,
65082 Odeca, Yrpaina

B paMKax gpyroro mopAaaKy Teopii 30ypeHb 3a ICEBAOIOTEHI[iAI0M eJIeKTPOH-
MoHHOI B3aeMO[Iil oJiep;KaHe PiBHAHHA CTAHY PiAKOT0 MeTaldiuHoTO reJiro. [Ipu
IIbOMY BHMKOPMCTAHO IICEBAOIOTEHIIisIJI, PO3PaXOBAaHUU paHillle 3 MHepIIuX
IIPUHIUIIIB OXHUM 3 aBTOPiB. Ilell nmceBmomoTeHIIiAN BiAMOBiAHO 10 3arajbHOL
Teopii IICeBAOIIOTEHITiSAIiB € HeJIOKANbHUM i HesiHiiHuM. HenokanbHicTs mIce-
BIIOTIOTEHIiAJY IPUBOJAUATH 0 TOTO, IO Y POSBUHEHI BHYTPIiIIHBOI eHepTii pifg-
KOT'0 METAJIIYHOTO T'ejlil0 B PAJM 3a IICeBAOIOTEHIiAJIOM HIPUCYTHIN YJIeH mep-
IIOTO TOPAAKY. Yloro migroHaapHuil MATPUIHEI eJleMeHT BUABIAETHCSA TOTO 3K
TMOPAAKY BeJIUUYNHU, 110 1 YJIEH HYJIbOBOTO IOPALKY. ¥ UKUCJIOBUX PO3PAXYHKAX
THCKY PiIKOTO METAJiUHOTO Trejifo 1eil TUCK BUABJISAETHCA CYTTEBO OiJIbIIINM,
Hi’K IPU BUKOPHUCTAHHI IIPOCTUX JIOKAJbHUX ITOTEHIIIAIIB i HA TOPALOK 0ijb-
UM, HidK AJA PigKOTo MeTasiuHOTO BOAHIO. 1A obcTaBMHA IMOACHIOE TOM
¢daxT, 110 BOAEHh ¥ MeTAJiYHOMY CTaHi BiKe JAaBHO OJep:KaHNM, a iCHyBaHHSI
MEeTaJIiuHOTO I'efIilo i JoCi eKCcIIepruMeHTAaJIbHO He JOBEIeHO.

Karouosi cioBa: merajisaiis resito, mceBIOIOTEHINIAN eJIeKTPOH-HOHHOI B3a-
eMoii, piBHAHHSA CTaHy METAJiuHOTO TeJIito.

Within the framework of the second order perturbation theory by the pseu-
dopotential of the electron-ion interaction, the equation of state of liquid me-
tallic helium is obtained. The pseudopotential found earlier from the first
principles by one of the authors, was used. This pseudopotential, according to
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the general theory of pseudopotentials is nonlocal and nonlinear. The non-
locality of the pseudopotential leads to the fact that in the decomposition of
the internal energy of the liquid metallic helium a member of the first order
is present in a series of pseudopotentials. Its diagonal matrix element is of
the same order of magnitude as the zero-order member. In the calculation of
the pressure of liquid metallic helium, this pressure is significantly higher
than when using simple local potentials and an order of magnitude higher
than for liquid metallic hydrogen. This fact explains the fact that hydrogen
in the metallic state has long been obtained, while the existence of metallic
helium has not yet been experimentally proven.

Key words: helium metallization, pseudopotential of electron-ion interac-
tion, equation of state of metallic helium.

(Ompumano 24 keimusa 2022 p.; ocmamoun. apiasum — 21 uwepensa 2022 p.)

1. BCTYII

Cyuacua Teopisa merasiB 6a3yeTbca Ha Teopii mceBmomoTeHmiamis [1], me
MOTEHI[iAJ B3aEMO/Il eJIEKTPOHIB IIPOBIAHOCTY 3 HOHHOIO IIiACHUCTEMOIO,
AKUHA He 000B’sI3K0BO € CIa0KNM, 3aMiHIOETHCS CJIAOIIINM IICEBIOIOTEH-
migmom. OcTaHHill Mae TOM CyTTEBUII HEAOTIK, IO € HEJOKAJBHUM i He-
Jigiziaum. OCKiIbKM AJIA HOTr0 MOOYOOBY 3 MEePIINX TIPUHIIUIIB ITOTPio-
HO BHUKOPHCTOBYBATH XBUJILOBI (PYyHKIII 3B’A3aHUX e€JEKTPOHIB, TO
OCTaHHA 3ajlaya CTa€ 3aHAJTO CKJIQAHOIO JJA BUKOPUCTAHHA TaKOIO
TICEeBIOIOTEHIIIANY IJS PO3PaxXyHKIB pisHOMAaHITHUX BJIACTUBOCTEH Oi-
JbirrocTu MeTasaiB. Tomy 3BmYaifHO BUKOPHCTOBYIOTH MOJIEJIbHI IICEeBIO0-
MOTEHIiAJJY 3 MiATIHHNMHA apaMeTpaMu. EIMHUM MEeTAaJIoOM, OJId SKOT0
TICeBIOIIOTEeHI[iAN 30iraeThea 3 KyIOHOBMM IIOTEHIIisIIOM IPOTOHA, i Ae
He BUHUKAE *KOJHUX TeXHIUHUX YCKJIaTHeHb, € METAJiuHui BOIeHb [2].
IIpore, cepen iHIIMX MeTaJIiB, € OAWH MeTaJl — MeTaJiuHUH rejii, e
IS XBUJIBbOBUX (PYHKITIH 3B’ sI3aHUX €JeKTPOHIB iCHYIOTH HPOCTi TOUHI
aHAJITUYHI BUPA3H i e IICEeBIOIIOTEHI[iAJ, SHANeHH 3 IePINnuX IIPUH-
IIUOiB, IITKOM IPUIATHUHN AJA OPaKTUYHUX Pos3paxyHKiB [3]. Meroio
JaHOI CTATTi € 3aCTOCYBAaHHS 3alIPOIOHOBAHOIO IICEBAOMOTEHIIiANIY IO
PO3pPaxyHKIiB piBHAHHSA CTaHY METAJiUHOTO reiio. 3ayBasKKMMO, 1110 BU-
KOPUCTaHHA [Jd [OAaHOT'0 MeTaJy MOAeJbHOTO IICEBAOIOTEHIIANY B
OIPUHIIUII HEMOKJINBE, Uepe3 BiCYyTHIiCTL HEOOXiJHMX eKcIIeprMeHTa-
JbHUX JAaHUX IJA 3HAXOMKEeHHA A HHUX ITapaMeTpiB.

Ilepirie moBimOMJIEHHA IMOA0 €KCIEPUMEHTAJIBLHOTO OIepsKaHHA Me-
TAJiYHOTO BOAHIO B PE3YyJIbTATi YIapHOTO CTUCKAHHS 3’ ABUI0Cch y 1996
porti [4]. ITapameTpamu, 3a AKUX BigOyJiach MeTasisallis BOIHIO OyJI:
tuck 1,4 M6ap, ryctuna 0,64 r/cm?, remaeparypa 3000 K. Cpoba oxe-
psKaTi MeTaJiuHMM BOAEHD IIPU CTATUYHOMY CTHCKaHHI mo 3,42 Mbap i
3a HU3LKUX Temnoepatyp y 1998 porii [5] He mpusesa go yemixy. ¥ 2011
poili 3’ABUIOCA IMOBiJOMJIEHHS IIPO OJEP:KaHHS PiAKOr0o MeTaJiuHOro
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BOIHIO IIPU CTaTUUYHOMY cTuCcKaHHi 70 3 M6ap [6]. B meTraniunomy crasi
BIAJIOCS OJIeP:KaT! eKCIIEPUMEHTAJIbHO i TaKi pPeuoBUMHU AK KHUCEHDb Y
2001 pori [7] i asot y 2003 pori [8]. IIpoTe momo meranisarii resiro
JKOTHUX YCIINTHUX eKCIIEPUMEHTiB He 0yJI0 BUKOHAHO.

Tejriti y MmeTasiuHOMY CTaHI JIETKO IigIAa€THCA TEOPETUYHOMY HOCJIi-
MKEeHHIO JIUIe Y BUMIAAKY ABOPa30BO HoHiIZoBaHUX aToMiB [9]. ¥V mbomy
pasi moTeHITiAa eJeKTPOH-MOHHOI B3aeMogii € KyiaomoBum, ToO6TO Bifo-
MUM TOUHO. EIMHA XapaKTepUCTHUKA MeTaJiuHOoro reJiio, 1o 0yJja o0-
yycJieHa OJIA OJHOPAa30BO MOHI30BAaHMX aTOMIB I'eJIifo, € mapHa epeKTuB-
Ha MixKioHHa B3aemomid [3]. ¥V maHiit poboTi MU BUKOPHCTAEMO 3aIIpPO-
TIOHOBaHUII IICeBAOMOTEHITiAN A OO0y IOBM PiBHAHHA CTAHY MeTaid-
HOTO reJjiro. Mu BBa)KaeMo, IO I'yCTHHA eJEeKTPOHIB IIPOBIAHOCTH, IO
BiTIOBiTae MeTaivHOMY CTaHy Tejilo, € TAKOIO K AK i y MeTaJiuHOoro
BomHIO [4]. H1a BogHIO BOHA BiAIIOBimae rycTwHi piAKoro MeTagidHOTO
Boguioy 0,64 r/cm?, nas remiro — 2,56 r/cm?.

IIpocTi ominKM, CKa)XiMo IJIsI MOIEJIi TOUKOBOT'O HOHA reJiio, IIoKa-
3YIOTh, IO TeJIili MaB 01 MeTajai3yBaTUCh IPU TUCKAX, CIIiBMipHUX 3 TH-
ckaMu MeTaJisaiil BogHio. IIpoTe HaBiTH IIpM 3HAUHO BUIMX THUCKAaX
MeTaJjisallisa He crocTepirasack. MeTow AaHOI CTAaTTi € 3aIIPOIIOHYBATU
MOsICHEHH Iboro paxTy. HaMmu Taxosx Oyae moKasaHo, 10 OJIS MeTaJi-
3aIrii reJjiro mOTPiOHI THMCKM Ha HMOPAMOK OLNBIM, HimK AJIa MeTasisarrii
BOIHIO.

2. BHYTPIIIHS EHEPTIA METAJLY

Y #ynpboBOMYy IOPAAKY 3a IICEBAONOTEHIiAJOM €Hepris eJeKTPOHiB
TIPOBiIAHOCTH CKJIALAETLCS 3 eHeprii BiIbHUX eJIeKTPOHIB, eHeprii ix 00-
MiHHOI B3aeMogii, i KopendlliiiHoi eHeprii. [jd 11bOro BHECKY Y BHYT-
PiIlTHIO €HEePTil0 MU BUKOPUCTAEMO KJIACUYHUYN BUpas, 3alIpOIIOHOBAHNHT
I'enn-Manowm i Bpakuepowm [10], AKi mpeacTaBuIu MOro y BUTJIALL PATY
3a CTeIleHAMU IIapaMeTpa I, I0 OB’ A3aHUM 3 TYCTUHOIO eJIEKTPOHHOTO
rasy

.3
anr?
HACTYIIHUM YMHOM
E, =221 0916 4 46221n(-) - 0,06.

I T,

s s

IIpu oOumciieHH]I IICEeBIOMOTEHIIANY AJIS OJHOPA30BO HMOHI30BaHUX
aromiB I'esrifo MU BUKOpHCTAIN XBUJILOBY (PYHKIIiI0 OCHOBHOTO CTaHY
isonpoBaHoro irouma I'ersito Ta eHeprifo 1poro crany. IloTeHiisai, cTBo-
proBauuii itonom I'ermiio ckaagaeTbesa 3 KyIoHOBOrO ImOTEHIIANY sapa
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Teniio i ogHOrO 3B’A3aHOT0 €JIeKTPOHA, IIPOCTOPOBHUIL 3apAS AKOTO PO3-
TalroBaHUi chepruYHO CUMETPUYHO HAaBKOJO A/pa. BiH € mokanbHUM i
IOTeHIilTHA eHePTisd B3aeMO/il eJIeKTPpOoHa MPOBiTHOCTH 3 TAKNM HOHOM
Mae€ BUTJIAL

47e® 16z*
Vig) = - z2—— = |-
q (¢ +427)

Tyt 2 = 2 — sapan agpa aroma I'erito. Heob6xigHicTh y 3aMiHi moTeH-
IifAJay oHA HA MCEBIOIIOTEHI[isIJT BUHUKAE TOAi, KOJU MU BPAaXOBYEMO
eeKT OPTOTOHAJIBHOCTH XBUJILOBUX (PYHKIIHM €JIeKTPOHIB IPOBiZHOCTH
XBUJIBOBUM (QYHKIisIM 3B’ sA3aHUX eJeKTpoHiB. I[a obcTaBuHa momae mo
HaBeJeHOT'0 BUIIE JIOKAJIBbHOT'O IIOTEHIIIANY HeJIOKAJbHUH JOTaHOK

64nz°(E, — &)
@ +EH 2+ (k+q)%)?

<k|wnl|k+q>:

TyT €0 — eHeprisg OCHOBHOTO CTaHy eJIeKTpoHa B oui I'eirito, Ex — eHep-
rig emexTpoHa mpoBimmocTu. CaMe 3ajeskHIiCTH hopMdaxTopa ICEBAO-
HOTEHIIiAJy BiJ eHeprii eJIeKTPOHIB IIPOBIHOCTH 3YMOBJIIOE MOT0 HEJIi-
HitimicTs. I[Ipu mobGymoBi Teopii 30ypeHb 3a IICEBAOIIOTEHIIIAIOM caM
TICEBIOIIOTEHI[IA TAKOMK MOTPiOHO 3HAXOAUTH B pAMKAaxX Teopii 30ypeHsn.
O6uBa pO3BUHEHHS MAalOTh y3TOAKyBaTUCh. TyT MU BUKOPUCTOBYEMO
dopMmdpaKTOpU IICEBAOMOTEHIIIANY 3HAWIEHI Y HYJIHOBOMY IIOPALKY 3a
nceBpomnoTeHIrisgnoM. Ile osHauae, 110 B AKOCTi eHepril eJIeKTPOHiB Ipo-
BigHOCTM MU GepeMo JuIlle iX KiHeTuuHy eHeprito. Ilporo miakom gocra-
THHO IIPU PO3PaxXyHKaX BHYTPIIIHLOI eHeprii MeTansy B pamMKax Teopil
30ypeHb He BUIIle APYTroro MOpAIKY 3a IceBpomoTeHismom. OTike, Ice-
BIOIMOTEHIIiAJ eJIEKTPOH-MOHHOI B3aeEMOMIl MJIs OZHOPa3oBO MOHi30BAa-
Horo aroma I'esrito € Takum [3]

<k|w|k+q>=V(q)+<k|wnl |k+q>.

€auHe HaOJIMKEHHS, AKe MU 3PO0OMIN — Ile BUKOPUCTAJIN BJIACHI UMcaa
i BiacHi GpyHKIII g idoaboBaHOrO oHa I'emiro. MaTtpuuni eremeHTH
CKPi3h 0epyTheA 3a IMIACKUMU XBUIAMIHI.

Enepria mepiroro mopsaaKy 3a ICeBIOIIOTEHITiAIOM, 3aBAIKIU €JIEKT-
POHENTPAIBHOCTU MeTaay, He MiCTUTh JIOKAJIbHOI YaCTUHU IICEBI0OIIOTe-
HIiAJNY i Ma€ BUTJIAL

kp
E = % [ (kw|k) Kdk,
0
64n2° E?

22
<k|EIZU|k>=m —?'l'? .
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OcranHili iHTerpaJ Jerko o0YnCJINTHI aHaJiTUUYHO, IPOTe Iieil pe3yJabTaT
MU He HaBOAMMO Uepesd Moro CKJAagHicTh. Xoua JaHui JogaHOK (popMa-
JBHO Ma€ NepInni IOPAIOK 3a IICEBAONOTEHITiAJIOM, ajie, HacIpaB/Ii, BiH
€ TOTO K MMOPAIKY BeJIUUUHU, ITT0 i YIeH HyJIbOBOTO MopAAKYy. I{a obcra-
BUHA € HACJTiAKOM ycepeIHEeHHs BHECKY 3a MOHHMMU CTYHEHSIMU BiJIb-
HOCTH i TPAHCAAIINHOI iHBAPiaHTHOCTY CCTEMH y PiIKOMY CTaHi.

YeH APYTOro MOPSAAKY 3a IICEBAOMOTEHIiAI0M MA€ BUTJISA

E, =A +A, +A,.

BHecoK, 3yMOBJIeHUH JIOKATBLHOIO YaCTHHOIO IICEBAOIOTEHITiANY, Oy-
e TAKUM

A

1 T 7, (Q)w*(q) S(@)*da.

1=~ 2
2n° 5 e(q)
TyT nonapusalliiinuii ormepaTop HEB3aEMOAIMHOT0 eJIEKTPOHHOTO Ira3y

_k ar: —q* | (|2k, +q|
@ =5 7| 1t 4Fqu In |2k§—q| ’

EdexTnBHA mieeKTprUYHA IIPOHUKHICTH B3a€EMOIIHOTO €JIEKTPOHHOTO
rasy

e(q) = 1+ [ v(g) + v(g) | 7o),

IUIST AKOI MU BUKOPUMCTAJIM KJIACUUYHUY BUpas, 3anpomnoHoBauuii 'enxga-
proMm i Bocko [11], Ky/IoHiB TOTEHITiAN €I€KTPOH-JIeKTPOHHOI B3aEMO-
oii

47e?
u(g) = —5>
q

JIOKAJbHUY IOTEHIisAI 00MiHHOI B3aeMoil i Kopeaaiii

2me?

U(Q) == ’

q° + \k>

A = 2, S(q) — mapHU# CTPYKTYpHUHN (paKkTOp HOHHOI mizcucreMu, s
SIKOTO MM BUKOPHUCTOBYBAJIM MOJeNb TBepaux coep [2]. Haa BHecKy,
3YMOBJIEHOT'O HEJIOKAJHHOIO YaCTUHOIO IICEBONOTEHILiANTY, MATUMEMO

1 A a1 1 s
3=_4—2J'dkjdkk<k|wnl|k>( -+ jj (Q)qdq.
ont 1?4 ) E+k k-Fk).7 &q)

Hapermri, mepexpecHuii uaeH 0yae TaKuM
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A _iﬁTddek'k'<k|w |k’> 1 1 k]k’V(Q)S()d
Pt et T & kel h—k)), elq) LD

kr — XBUJILOBUH BeKTOpP Pepmi.
Mg eHTporii MmeTany, AK QYHKI[iI0 TYCTUHU i TEMIIepaTypu, BUKOPU-

CTaEMO HACTYITHY (OPMYJIY
S=8+8,,,+S

conf ?
ae eJIeKTpOHHI/Iﬁ BHECOK B eHTpOHiIO

212
g _T kT
e kz ’
F
BHECOK MOHIB, AKIIO 1X POSTJIAJATU AK CUCTEMY KJIACUUYHUX HEB3a€EMO-
TIMHUX YaCTUHOK
5 3 ME,T

S :EkB-l-—kBln 23 |°

gas 2 2nn;

KoHGpirypaiifiHui BHECOK HOHHOI ImigcucTeMu

4n - 31’
conf = 2 kB‘
1-n)

Perita BHeCKiB y BHYTPIIIIHIO €HEPriio PiIKOTO MeTaJiYHOTO reJriio, a
caMe: eHepris 30HHOI CTPYKTYPH, EHTPOMIINHUI UJIeH € TAKUMU CAMUIMU,
fAK 1 y HaIIUX monepenHix gocaimxeHHax [2, 12]. AHanoriuHo Bu3Haua-
TUMEMO i PiBHAHHSA CTaHy PiAKOT0 METAJIiYHOTO r'eiio.

3. PE3YJBTATH TA OBI'OBOPEHHSA

PiBHSAHHS cTaHy PiKOr0 METAJTiYHOTO BOAHIO TOCTATHLO JO0OPE BUBUEHE
[2]. IIa 3apmaua crpouryeThbea caMuM (haKToOM eKCIIepUMeHTaJIbHOTO ofe-
peKaHHA BOAHIO B MeTasiuHoMmy craHi. Illogo resito, To Mmaemo auie He-
BAaJIi cripobu. Bumarae mosicHeHHA caM PaxkT Takux HeBgau. IIpocTi Te-
OPEeTUYHi MOJEeJl PiIKOTO METAJNiUYHOrO reJilo IILOT0 IIOSCHUTHU HEe MO-
*KyTh. Ha HacTynmHOMY rpadiky HaBeaeHa 3aJIe:KHICTh TUCKY B PiIKOMY
MeTaJiuHOMY reiii Big ryctuau. TpeTsa sHM3Y KPUBaA IILOTO rpadiky Bi-
JIIIOBiae Momesaio TOUKoBoro iioHa I'ermiro. ¥V mbomy pasi #ioH I'emito Hi-
YuM He BigpisHseTrbcs Bif tiony Iizporeny, TooTo nmporouy. TyT Bei unc-
JIOBi 00UMCIIeHHA MOKHA BUKOHATY HAA3BUYANHO TOUHO, OCKiJIbKY IICe-
BIOMOTEHIIisAJ eJIeKTPOH-MOHHOI B3aeMozii 36iraeThesa 3 Ky1oHOBUM IT0-
TEHI[iJIOM TOYKOBOro 3apany. Ilpu rycruni 2,56 r/cm®, mo Bignosizae
TaKill JKe I'yCTUHI eJIEKTPOHHOTO rasy, AK i y MeTtasriuHOMy BOAHi, i 3a
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remnepatypu 5000 K, m1o maiizke BaBiui 6isbIlie BigmoBigHoil TeMmepa-
TYPU A METaJiuHOTO BOAHIO, THMCK METAJIIUHOTO Tejil0 HmPUOJIM3HO
BTPUUYi OiIBIINI 3a THCK METaJIiuHOTO BOSHIO.

Je1rio cKIagHIIINM € MOJleJIb po3MasaHoro oHa I'esito — apyra Kpu-
Ba 3HU3Y Ha rpagiky. ¥ nmbomy mozesaio HoH I'esnito poaradgnaeTbcd AK
TOUKOBUH 3apsA[ AIpa i posMasaHUil JOBKOJIa HHOT'O BiAIIOBiZHO 10 MOT0
XBUJILOBOI (DYHKIIil 3apaAn eleKkTpoHAa. IIpy 1bOMY IIOTEHITiSAI €JIeKTPOH-
MOHHOI B3aeMO/Iil 3aJIMINAETHCA JOKAJBHNM 1 BCi YMCJIOBI PO3pPaxXyHKU
aHaJIOTIUHi momepegHLOMY BUIIAAKY. THCK, SKNil BUHUKAE y IIbOMY pa-
3i, IIemIo HUKYNH 38 TUCK Y MOJEJII0 TOUKOBOI'O MoHA.

Ilepiriih kpuBi# 3HM3Y BiIIOBi1alOTh PO3PAXyHKU THUCKY 3 BUKOPUC-
TAaHHAM HAIIIOT0 IICeBAOIOTeHIIiaAny. TyT Mu He BpaxyBaju y PO3KJIaLi
BHYTPIITHBOI eHepTii MeTaJiyHOTO TeJil0 UJieH MIepIIoro MOpAAKY 3a

TOYHORHR HoH
----- pos3MazaEdi Hom
sesenies TICERBJONOTERENIANELH] o6gHCcTEnHA 1

20 - - === MCERJOMOTEHTIANLH] 0f6gHCIEHAA 2 L
- -
¥
-
e
-
/
B
& 154 -~
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-
S’ "’
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2,2 2,4 2,6 2.8 3,0 3,2 3.4
T'yeruna (r/cm?)

Puc. 1. 3anexuicts Tucky (Mbap) y piasxomy merasiunomy remuii Big rycruamn
(r/cm3): HM)KHSA KpUBa — IICEBIOIOTEHIIANLHI o0unciaeHHsa 6e3 BpaxyBaHHS
YJIeHy IIePIIOro IOPAAKY Y BHYTPilIIHIO eHeprilo MeTally, Ipyra KpuBa 3HU3Y —
MOJeJIb PO3MAa3aHOro HOHA, TPeTA KPUBa 3HU3Y — MOJEJb TOYKOBOrO IHOHA,
BEepXHA KpUBA — IICEBAOMOTEHIIiANLHI OOUMCIEHHS 3 BpaxXyBaHHAM UJIEHY
IEePIIoro MOPAAKY Y BHYTPIIIHIO eHEepTio MeTaJsia.

Fig. 1. Dependence of pressure (Mbar) in liquid metallic helium on density
(g/cm?): lower curve—pseudopotential calculations without taking into ac-
count the first-order member of the internal energy of the metal, second curve
below—smeared ion model, third curve below—point ion model, upper
curve—pseudopotential calculations taking into account the member of the
first order in the internal energy of the metal.
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mceBAONOTEeHITiAIOM. THCK PiIKOro METaJIiUYHOrO reJiilo BUSBUBCS IIPHU-
OJIMB3HO y JBa 3 MOJIOBUHOIO Pa3y MEHIIINM 3a Pe3yJIbTAT MOJEJI0 TOUKO-
Boro Mony. Tucku, 110 BiAIIOBiZAOTh MM TPHOM KPUBUM, HIHI eKCIIe-
PUMeHTaJIbLHO JOCIKHI, ajle MeTaJIiuHnuH TeJiil ogep:KaHuit He OyB. Pe-
3yJbTATH IIUX TPHOX PO3PAXYHKIB BiApPi3HAJINCH JINIIIE OJHUM BHECKOM
Y BHYTPIIITHIO €HEPTil0 CUCTEMH, BIIbHY €HEPrifo i TUCK — YJIEHOM JIPY-
roro IMOPALKY 3a eJeKTPOH-MOHHOIO B3aeMoaico. Buauo, 1o unmMm TOY-
Hillle MU BPaxoOBYEMO €JeKTPOH-HOHHY B3aEMO/il0, TUM TUCK BUABJIA-
€ThCS MEHIITUM 324 PAXYHOK UJieHa APYToro MOpAAKY.

Hapernri, BepxHii KpuBiii rpadiky BifmoBimaroTh pesyabTaTd HPHU
po3paxyHKaxX THUCKY 3 BUKOPUCTAHHAM IICEBAOIOTEHIiANY, e UJeH
IIePIIoro MOpPAAKY OyB BpaxoBaHuM. Ileif BHECOK 30iIbIIINB TUCK IIPUO-
JIM3HO BTPUUi, IIOPIiBHAHO 3 MOJeJIeM TOUKOBOI'O II0HA, i Bigpasy mepemi-
CTUB 3HAUYEHHS THUCKY B 00J1aCTh, HEJOCSIKHY IJIS CYYACHUX €KCIIePH-
MEHTiB.

4. BUCHOBKH

1. [IpuHIMIOBa BiAMiHHICTE MidK PIAKMMMN MeTaJiYHNMM BOJHEM i reJi-
€M 3 TEOPETUYHOI TOUKH 30PY MOJIATAE Y TOMY, IO eJIEKTPOH-MOHHA B3a-
€MOJifA B MeTaJIiuHOMY BOJAHI OIMMCYETLCS JIOKATLHUM KyJI0HOBUM IIO-
TEHI[IAJIOM, 8 B MeTaJiYHOMY IeJiii — HeJIOKaJbHUM IICEBIOIIOTEeHIIiA-
JIOM.

2. Came HeJIOKaJIbHA YaCTHHA IICEBIOIOTEHI[ISNTY 3YMOBJIOE BHECOK
epIIoro HMOPAAKY YV BHYTPIIIHIO eHepriio, BiACYTHIiN y MeTadiuyHOMY
Bogui. CaMe 11eif BHECOK i IPHUBOAUTE O TOTO, IO TEOPETHUUHE 3HAUECHHSA
TUCKY, IIPU SIKOMY TiIIOTETHYHO MOJKe iCHyBaTH PiIKMUI MeTaJidYHuH re-
JIill Ha MOPAMOK OiJIbIlle 3a THCK, IIPY SKOMY iCHY€ MeTaJIiuHnii BOJEHb.
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Calculation of the Energy Spectrum of Quantum Particle
in Double Potential Pit

A. S. Lazarenko, K. M. Tikhovod, S. S. Kovachov, I. T. Bohdanov,
and Y. O. Sychikova

Berdyansk State Pedagogical University,
4 Shmidt Str.,
UA-71100 Berdyansk, Ukraine

The problem of quantum particle in infinitely deep potential pit with an in-
ternal potential barrier of finite height is solved. The solution is performed
in a simple algorithmic approach, which allows you to use the result in the
study of semiconductor nanostructures. The real heterostructure corre-
sponding to this model should look like thin layer of wideband semiconductor
placed between two slightly thicker layers of narrowband semiconductor. To
ensure the ‘infinite depth’ of the potential pit, layers of conductor must be
applied to the outer side surfaces of the triple semiconductor heterostructure
and negative electric potential must be applied. Another option for the prac-
tical implementation of the model can be done by placing two electrons in one
potential pit. In this case, the pit is a local space, at the boundary of which
negative electric potential is applied. The internal potential barrier arises
due to the Coulomb interaction of electrons. An example of such a structure
is a nanopore on the surface, or in the volume of a metal sample.

Key words: quantum particle, potential pit, heterostructure, potential barri-
er.

Posp’sa3aH0 3a7auy Ipo KBAHTOBY YACTUHKY B HECKiHUEHHO TJIMOOKi# ImoTeH-
MiAAbHIN AMi 3 BHYTPIIIHIM HOTEHIiAJILHUM Oap’epoM CKiHUEHOI BUCOTH.
P03B’A30K BUKOHAHO B IIPOCTOMY aJITOPUTMIUHOMY IIiAXOMi, 1[0 Ja€ 3MOTY BU-
KOPHCTOBYBATHU OJEPXKAHUY Pe3yIbTaT B JOCTiAKeHHAX HAIliBIIPOBIIHUKOBUX
HAHOCTPYKTYp. PeajibHa reTepocTPyKTypa, AKa BifmoBimae mpomMy MOeJIo,
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MOBMHHA BUTJIANATH SK TOHKHH IIap IMIHPOKO30HHOIO HAIliBIPOBiAHUKA,
BMIiIl[eHUH MiK JBOMA OEII0 TOBIMMU IIapaM{ BY3bKO30HHOT'O HAIIiBIPOBiA-
HuKa. s 3abe3neueHHA «HECKiHUEHHOI I'IMOMHM» HOTEHIIAJBHOI AMH Ha
30BHIITHI 00KOBi MOBEPXHi MOTPifiHOI HAMiBIPOBiMIHUKOBOI TeTEPOCTPYKTYPU
HeoOXiHO HaHeCTH IIapu IMPOBigHMKA i mojgaTu Bix’ eMHUI eJIeKTPUUYHUN 10-
TeHIiAJ. [HIIMi BapigdHT OPaAaKTHUYHOI peasisalrii MOIesro MOMKHA 3TiHCHUTU
PO3MiCTHBIIIM ABa €JIEKTPOHU B OMHiM HMOTEHIiANBbHiN aMi. B mbomy BUIagxky
AMAa ABJISAE cOO00 JIOKAJBLHUM IIPOCTip, HA MEXi SKOro MONAEThbC Bif e MHUM
eJIeKTPUYHUY MOTEeHITiAa. BHYTpiHii noTeunisapumii 6ap’ep BUHNKAE Uepes
KynonoBy B3aemogiio eneKTpoHiB. IIpuKaagomM Takol CTPYKTYpPH € HaHOIIOpa
Ha moBepxHi a6o B 06’eMi MeTaIeBOTo 3pasKa.

KnarouoBi ciioBa: KBaHTOBAa YaCTUHKA, MOTEHIIAIbHA sIMAa, TeTEPOCTPYKTYPA,
MMOTEeHIiANBHUI 6ap’ep.

(Received June 12, 2022; in final version, July 11,2022)

1.INTRODUCTION

Achievements and needs of modern technologies determine the leading
topical direction of development of research in metal physics and semi-
conductor physics as the study of the properties of low-dimensional
structures (nanostructures) and the development of scientifically
sound means of their synthesis [1, 2]. Modern experimental methods
provide the possibility of creating porous structures single-crystal lay-
ers [3, 4] and multilayer heterostructures [5, 6]. The thickness of the
layers in such structures, or the characteristic pore size, is from one to
ten nanometres, which corresponds to the de Broglie wavelength of the
charge carriers|[7, 8].

From the point of view of the physical approach, it provides means of
studying and using the fundamental phenomena caused by the manifes-
tations of corpuscular-wave dualism of charge carriers. These include, in
particular, such dimensional quantum effects as quantization of energy
and momentum of charge carriers in thin layers of semiconductor heter-
ostructures [9], resonant passage of charge carriers through them [10].
Quantization, which is due to the spatial localization in nanostructures,
including nanopores formed on the surface and in the volume of metal
conductors, qualitatively changes the energy spectrum of charge carriers
and quasiparticles; forms specific properties of specific metal and semi-
conductor heterostructures [11, 12]. Thus, the controlled change of ge-
ometric dimensions and configuration of nanoobjects and nanostruc-
tures makes it possible to determine and shape the physical properties of
semiconductor devices [13, 14]. The implementation of these capabilities
requires both advanced experimental methods [15, 16] and effective the-
oretical approaches to the calculation and design of metal and semicon-
ductor nanostructures with certain properties[17, 18].
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Typical dimensions of metal and semiconductor objects and struc-
tures used in modern micro- and nanoelectronics are in the range from
one hundred to one nanometre units [19, 20]. From the point of view of
subatomic physics, such dimensions fall beyond the fundamental limit
of linear scale, which determines the transition from the classical
physical model of state description to quantum. This reduction in the
size of physical objects and systems changes all their properties and
characteristics at a qualitative level [21]. The description of the state
at the level of averaging over a large number of individual parts of sin-
gle macroscopic system is inferior to the quantum approach of the
probabilistic description of the state of single nanoobject.

Quantum properties and effects determine the unique physical char-
acteristics of the so-called heterostructures, i.e., artificial periodic
layered formations [22]. Usually, individual layers of heterostructures
have the thickness of about nanometres [23]. Conscious and predicted
by modelling the formation of layered heterostructures makes it possi-
ble to obtain the required energy spectrum of charge carriers. In addi-
tion, recent research in metal physics is aimed at developing technolo-
gies for the deposition of quantum metal nanoparticles (Ni, Pd, Cu,
Ag, Au) on the surface of semiconductors, as well as establishing the
functional properties of semiconductors and ceramics doped with met-
als to high concentrations (Zn, S, La, Eu) [24—26].

The description of nanoobjects and nanostructures by means of
mathematics and theoretical physics is based entirely on the funda-
mental principles of quantum mechanics, using a wide range of model-
ling and computing apparatus of modern mathematics. In the most
general approach, the calculation of the electronic states of nanostruc-
tures should be performed as a solution of the corresponding three-
dimensional problem of the structure of energy zones. Such problems
are usually not suitable for direct analytical solution, they have devel-
oped effective numerical methods for computer calculation of quan-
tum states in nanostructures. At the fundamental physical level, these
methods are based on microscopic models of strong bonds, or pseudo-
potentials [27].

For some specific cases, approximate methods are successfully used:
effective mass (for the case of simple energy zones); effective Hamil-
tonian (for degenerate energy zones); smooth envelopes (for multi-zone
model) [28, 29].

In approximate methods, for each layer of the heterostructure, the
solution is found separately as a linear combination of independent so-
lutions of the corresponding Schridinger problem. The complete solu-
tion for the heterostructure is written as the superposition of the solu-
tions for the individual layers with cross-linking. To perform cross-
linking, the boundary conditions for the wave functions of charge car-
riers and their first derivatives at the boundaries of the heterostruc-
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ture layers are formulated.

The approximate effective mass method allows to calculate the ener-
gy spectrum and probabilities of quantum states of charge carriers us-
ing the stationary Schriodinger equation [30]. In this case, the motion
of the charge carriers is considered one-dimensional and occurs in di-
rections perpendicular to the planes of the heterostructure.

The article proposes to solve the problem of quantum particle in infi-
nitely deep potential pit with internal potential barrier of finite height.

2. STATEMENT OF THE PROBLEM

The problems of metal quantum particle in infinitely deep rectangular
potential pit, of tunnelling quantum particle through a potential bar-
rier of finite height, are widely known, and their solutions are stand-
ard examples in textbooks and manuals [31].

The logical continuation of the problem of tunnelling metal quan-
tum particle through a potential barrier of finite height is the problem
of potential relief with two or three barriers. In fact, these are prob-
lems of a single or double potential pit of finite depth, separated from
space with zero potential energy by barriers of finite thickness.

As original part of the study, we solve the model problem of quan-
tum particle in infinitely deep potential pit with internal potential
barrier of finite height (Fig. 1).

3. THEORETICAL SOLUTION OF THE PROBLEM

The dependence of the potential energy U(x) of quantum particle on the
coordinate is represented as a system:

40, x < —a /2,

0,-a/2<x<a/?2,
U(x) = 1
=1y, _5/2<x<5/2 )

+0, x 2 a /2,

where Uy is the height of the potential barrier, a is the width of the po-
tential well, 6 is the width of the potential barrier.

Let’s solve the Schrodinger problem for the left part of the potential
pit.

The stationary Schrodinger equation has the form:

d’y,(x) L 2mE, _
dx? R:

where yi(x) is the wave function of the particle in the left part of the

0, (2)
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fi is
Planck’s table has been modified. We can use one boundary condition:

v,(-a /2)=0. (3
In order to demonstrate the possibilities of the general approach, we

solve the problem by the method of characteristic equation. In this
case, the general solution is:

y,(x) = A, exp (%,/ZmElxj + B, exp (é,/szlxj, (4)

where A;, B; are integration constants. After substitution in the bound-
ary condition (3) we can relate the values of the integration constants:

B, =-A exp (—%1/2mE1J.

The wave function of the particle in the left part of the pit can now
be written as follows:

v, (x) = A {exp (%JZmElxj —exp (—%«/2mE1(x + a)ﬂ . (5)

U(x)

® ®

-6/2 8/2 x
-a/2 0 a/2

w

Fig. 1. Potential energy profile: a combination of an infinitely deep potential
well and a potential barrier of finite height.
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The wave function of quantum particle for the right part of poten-
tial pit is obtained in a similar way. It will look like:

y,(x) = A, {exp (%JZmEﬁJ — exp (—%\/2771532 (x+ a)ﬂ s (6)

where A, is the integration constant, E; is particle energy.

Solve the Schriodinger problem for quantum particle in the central
part of a potential pit.

For the case when the energy of the particle E is less than the height
of the potential barrier Uy, the Schrodinger equation has the form:

Py(x)  2mU, - E)
dx? K?

where y(x) is the wave function of the quantum particle for:

y(x) =0, (7

—§5/2<x<8/2.

Solving by the method of characteristic equation we obtain:

y(x) = Aexp (—W x} + Bexp (——W x] C)

h h

where A, B are integration constants.

Given the symmetry of the problem, which is that the left and right
parts of the pit are equal with respect to the location of the quantum
particle, we can obtain a relationship between the integration con-
stants:

y(-8/2)=y(5/2), A=B.

With this result in mind, the wave function will look like:

() = A[exp [_WE) J . p(_ﬁmww H ©

h h

Similarly, for the case when the energy of the particle E is greater
than the height of the potential barrier Uy, we obtain the result:

y(x)=A {exp [%.IZm(UO — E)xj + exp (—%JZm(E — Uo)xﬂ (10)

We obtained wave functions that determine the state of quantum
particle in three parts of the pit. The functions contain three integra-
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tion constants and the parameter E (quantum particle energy). The
number of independent integration constants can be reduced due to the
obvious symmetry of the problem. Since the left and right parts of the
potential well are equal with respect to the random placement of the
particle, the condition must be met:

-8/2 9 a/2 9
_aj/z‘\',l(x)\ dx = Jz‘wz(x)\ dx. (11)

As aresult of rather cumbersome integration we receive:

B - S)H,

h .
(a-90)- \/2mE1 s1n[ P

a/2 2 ~ 5 7i ) 2’11121
| ‘%(x)‘ dx = |4, [(a - onE, sm[\’ (- S)H.

8/2

-5/2

[ v dz=|af

-a/2

Due to the symmetry of the problem and the fundamental law of con-
servation of energy E;=E;=E. Accordingly, we obtain A;=A;=A,.
Thus, the number of independent integration constants is reduced to
two.

To determine the integration constants Ao, A and the energy values
E, we use the conditions of crosslinking of wave functions at the poten-
tial barrier:

v, (8/2) = (-3 /2),

LA —i
dx | dx|_ s ’
o (12)
y,(8/2)=vy(5/2),
ay, _adv
d dx|,,,
X 52 Xls/2
Additionally, if necessary, you can use the rationing condition:
-5/2 , 5/2 , a/2 ,
j v, () dx + j ()| dox + j v, () dx =1. (13)

—a/2 -5/2 5/2

The crosslinking conditions give the following system of equations:
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Aylexp(-Y) — exp(-E)] = A[exp(—Q2) + exp(Q)],
AiE?[exp(-Y) + exp(-E)] = AU, — E)"*[exp(—Q) — exp(QY)],
Ay[exp(Y) - exp(E)] = A[exp(Q) + exp(-Q)],

AjE"*[exp(Y) + exp(B)] = AU, — E)"*[exp(Q) — exp(—Q)],

(14)

where:
Y = (i8 / 2h)(2mE)"?,
Z=(G/h)2mE)"*(a-3/2),
_ (2m@U, - E))'*§
2%

The right-hand sides of all equations of system (14) are real num-
bers. Accordingly, in the left parts of the equations of the system the
sum of imaginary components should be equal to zero. Using Euler’s
formula, we obtain a condition that agrees with all equations of system
(14):

\/ma WS Ma . WS

in cos —| 1+ cos P o%

- o sin =0. (15)

@

Since the cosine and sine of the same argument cannot be zero to-
gether, condition (15) holds if:

{sin((ZmE)l/ *a /h) =0, (16)

1+ cos((2mE)“?a / 1) = 0.

The solution of the system of equations allows to calculate the ener-
gy levels of the quantum system:

232
E =T on 12, n-123,.. an
' 2ma
As we can see, the expression for energy levels is similar to the ex-
pression of energy levels of an ordinary rectangular, infinitely deep
potential pit:

_ e’

2

E

k

B, E=1,23,....

" 2ma

But there is an important difference: the calculation of expression
(17) is performed only for odd values of £=(2n —1). That is, the dis-
tance between energy levels increases significantly.

Taking into account expression (17), the wave functions (4), (5), (9)



CALCULATION OF THE ENERGY SPECTRUM OF QUANTUM PARTICLE = 971

take the following form:

vy (x) = 24, cos {Mx} n=123,.., (18a)
a

@2n -1DII .
a

P (x) = 24, cos[ }, n=123,.., (18b)

2
v (x) = A[exp \/2”ng - H—2(2n - 1)%} +
a

(18c)
2 2
+exp[—\/2mU° I en —l)sz, n=1,23,....
a

hZ

Further definition of integration constants contains the usual
mathematical transformations, although quite cumbersome. As a re-
sult, we obtain the following expressions:

_ g
% = oe(q_5_ @5t . (rj 285 + exp(£D) — exp(-£5) (19)
2) 2+ exp(&d) + exp(—E£9)

where:

e 2n —DII
a
2cos(t/2)
exp(Ed / 2) + exp(-£5 / 2)

To reduce the record in expressions (19), (20) introduced the symbol:

2mU, I1°
*J e

0,

(20)

A=A,

Thus, the problem is solved analytically by using additional internal
connections due to the symmetry of the quantum system.

4. SEARCH FOR REAL RELEVANCE AND PROSPECTS
FOR RESEARCH DEVELOPMENT

At first glance, the chosen model of infinitely deep potential pit with
potential barrier of finite height in the middle seems rather artificial.
But, in fact, it is easy to imagine a real heterostructure that corre-
sponds to this model.
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Z- =

Fig. 2. Heterostructure corresponding to the theoretical model: 1 —wide-band
semiconductor layer, 2—narrow-band semiconductor layers, 3—conductive
layers (metals).

Such heterostructure should look like the thin layer of wideband
semiconductor placed between two slightly thicker layers of narrow-
band semiconductor. To ensure the ‘infinite depth’ of the potential pit
on the outer side surfaces of the triple semiconductor heterostructure,
it is necessary to apply layers of conductor (metal) and apply negative
electric potential (Fig. 2).

Another option for the practical implementation of the model can be
done by placing two electrons in one potential pit. In this case, the pit
is a local space—a nanopore on the surface, or in the volume of a metal
sample, at the boundary of which negative electric potential is applied.
The internal potential barrier arises due to the Coulomb interaction of
electrons.

Thus, further perspectives and directions of research will be con-
nected with practical approbation and improvement of the model.

5. CONCLUSION

1. The quantum-mechanical problem on particle in potential pit of in-
finite depth with a potential barrier of finite height in the centre of the
pit was formulated and solved.

2. The defining difference of the energy levels of quantum particlein a
potential pit of infinite depth with a potential barrier of finite height
in the centre of the well is revealed. The energy gaps between succes-
sive levels increase significantly compared to a normal rectangular,
infinitely deep potential well. The value of the energy levels is a multi-
ple of the squares of odd natural numbers.

3. Variants of the semiconductor heterostructure and Coulomb poten-
tial well on the surface or in the volume of the metal sample are pro-
posed, which in practice may correspond to the theoretical model con-
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sidered in the study.
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Effect of Atomic Substitutions on the Electronic Structure
of Pt .Me MnSb (Me=Ni, Au, x=0.0—1.0)

V.M. Uvarov and M. V. Uvarov

G.V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Using zone calculations in the FLAPS (the full-potential linearized augment-
ed-plane-waves) model, information is obtained on the energy, charge and
spin characteristics of Pt;-.Me.MnSb alloys (Me=Ni, Au, x=0.0-1.0). As
established, with an increase in the concentration of nickel or gold atoms the
interatomic spatial density of electrons decreases, covalent bonds weaken and
the binding energies of atoms in alloys decrease. As found, the dominant con-
tributions to the formation of magnetic moments are made by 3d electrons of
manganese atoms, and the polarization of electrons at Fermi levels depends
on the composition of alloys.

Key words: bandstructure calculations, Heusler alloys, bandstructure, mag-
netic moments, polarized bandstructure state, spintronic.

3a IOIMOMOrOI 30HHHX POo3paxyHKiB B pamirax mogenio FLAPS (the full-
potential linearized augmented-plane-waves) omepskaHo iH(opMmaIlliro mpo
eHepreTuuHi, sapsamoBi Ta cmiHoBi xapaxkTepuctuxku cromiB Pt Me,MnSb
(Me=Ni, Au, x=0,0-1,0). BcranosaeHo, 1110 3i 30iJIbIIIEHHAM KOHIIEHTpAaIil
aromiB Hikmio a6o AypyMy 3MeEHIIIYEThCS MiKaTOMHA IIPOCTOPOBA T'yCTHHA
eJIeKTPOHIB, IOCJIa0JIOI0THCSA KOBAaJEeHTHI 3B A3KM 1 SHMIKYIOTHCA eHeprii
3B’SIBKY aTOMiB y cTonax. BuaBieHo, 1110 TOMiHYBaJdbHi BKJIaau y (QOPMyBaHHA
MAarHeTHUX MOMEHTiB BHOCATD 3d-eJIeKTPOoHU aToMiB Maurany, a moyigapusarisa
eJIEKTPOHIB Ha piBHAX PepMmi 3aIe;KUTH BiJf CKJIAAy CTOIIIB.
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1.INTRODUCTION

A variety of materials with complex crystal structures that exhibit
unusual electronic and magnetic properties have always attracted con-
siderable attention from both theorists and experimenters for the pur-
pose of using these unconventional properties in possible practical ap-
plications. One such group of materials which is being actively investi-
gated at the moment are the Heusler compounds. The parent Heusler
compounds, the so-called the full-Heusler phases (L2;-structures),
have the general formula X,YZ, where X and Y are transition metals
and Z is an sp-valent elements. The half-Heusler phases (C1; struc-
tures) have the same structure, except that one of the sites occupied by
the X atom in the parent compound is empty, giving a general formula
XYZ[1]. These phases have [2—5] a complex of magnetic, kinetic, opti-
cal, magneto-optical, superconducting, thermoelectric, and other im-
portant properties. In the system of compounds under discussion, it is
possible to implement topological insulators and the so called half-
metallic state of a solid with a completely uncompensated spin density
of band electrons at the Fermi level —an important property necessary
in technologies for creating materials for spintronics devices.

In 1983 de Groot and co-workers [6] discovered by ab-initio calcula-
tions that one of the half-Heusler alloys, NiMnSb, is half-metallic, i.e.,
the minority band have a band gap at the Fermi level. This conclusion
is confirmed in a series of other works—see, for example, reviews [7,
8]. C1, type Heusler compounds have attracted much attention since
the discovery of the very large Kerr effect in PtMnSb [9]. This large
effect, a maximum of 1.3° at 1.7 eV in the room-temperature Kerr-
rotation spectrum, has been attributed to the unusual electronic struc-
ture of this material. Long-standing calculations [6] of the zone struc-
ture showed that PtMnSb belongs to the class of so-called half-metallic
materials, but there is no convincing experimental evidence for this
fact in the literature. Moreover, in the calculations [7, 8], the value of
66.5% was obtained for the polarization of valence electrons at the
Fermi level in the PtMnSb compound. The addition of gold atoms to the
MnSb ‘matrix’ preserves the structural C1, type of the AuMnSb alloy
[10]. The total and partial magnetic moments of the atoms, as well as
the equilibrium parameters of the cubic cell of the alloy, are calculated
[11] with low accuracy. MeMnSb alloys (Me=Ni, Pt, Au) are ferro-
magnets with Curie temperatures, resistive and magnetic characteris-
tics depending on the type of Me atom [10].

An effective way to influence the properties of Geisler phases is the
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synthesis of solid solutions based on them. Good model systems of this
plan are a series of Pt;_.Me.MnSb alloys (Me =Ni, Au, x=0.0-1.0)[12,
13]. Here, using x-ray diffraction, the parameters of their cubic lattic-
es were determined, as well as magnetic, magneto-optical characteris-
tics, temperatures Curie and temperature dependence of saturation
magnetization were measured.

Outside of the cited works, a number of comparative characteristics
of the electronic structure of these alloys have not been studied. There
was no complete information about their energy characteristics, the
spin and charge states of atoms, the nature of interatomic chemical
bonds, the structure of valence bands and conduction bands. This pa-
per is devoted to finding answers to these problems.

2. THE METHODOLOGY OF THE CALCULATIONS

The ‘parent’ half-Heusler MeMnSb (Me = Ni, Pt, Au) alloys crystallize
in cubic syngony with the space group F-43m (No. 216) [10]. Experi-
mental studies of alloys of mixed atomic composition Pt;_.Me.MnSb
alloys (Me=Ni, Au, x=0.0-1.0) [12, 13] did not reveal a significant
rearrangement of the symmetry of their cubic crystal lattices. To sim-
plify the calculation procedure in this paper, the positions of the com-
ponent—atoms of the Pt;_.Me,MnSb alloys (Me=Ni, Au, x=0.0-1.0)
are set using the symmetry operations of a simple cubic lattice P. The
correctness of this approach on the example of the study of half-
Heusler phases is proved by usin[14, 15].

Band calculations were performed by the LAPW method [16] with a
gradient approximation of the electron density (GGA-generalized gra-
dient approximation) in the form [17]. A spin-polarized version of this
method was used to calculate the characteristics of the electronic
structure [18]. The parameters a of the cubic lattices of the
Pt,-.Me,MnSb alloys (Me =Ni, Au, x=0.0-1.0) required for the calcu-
lations are borrowed from the experimental data, obtained in [12, 13].
The radii (Rw:) of the MT (muffin-tin)—atomic spheres were chosen
from the consideration of minimizing the size of the inter-sphere re-
gion in the NiMnSb alloy, which has the smallest unit cell volume. For
all alloys and all the atoms in them, these radii were 2.18 Bohr radius
(1 Bohr radius =5.2918-10"'' m). When calculating the characteristics
of the electronic structure of all alloys, 172 points in the irreducible
parts of their Brillouin zones were used. APW +lo bases are used to
approximate the wave functions of the 3d electrons of all atoms, and
LAPW bases are used for the wave functions of the remaining valence
electrons. The size of the basis set was determined by setting the prod-
uct RntK max = 7.0 (Kmax is the maximum value of the inverse lattice vec-
tor). When selecting the maximum orbital quantum number for partial
waves inside the MT spheres, the value I =10 is used. The non-muffin-
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tin matrix elements were calculated using [ = 4.

The binding energies (cohesion energies) were calculated as the dif-
ferences between the total energies of the atoms forming the unit cells
of the alloys themselves, and the sum of the total energies of their con-
stituent atoms, separated from each other by ‘infinity’. They were de-
termined in accordance with the recommendations [19].

The degree of polarization (P) of Fermi electrons was determined by
the formula [20]:

_ DT(EF) - DL(EF)
D.(E,)+D,(E,)’

where D1(Er) and Dy(Er) are the total electron state densities at the
Fermi level (Er) with the spin directions up and down, respectively.

3. RESULTS AND DISCUSSION

In the works [14, 15, 21], it was found that the chemical composition
and atomic disordering affect the interatomic bond energies, the de-
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Fig. 1. Concentration dependences of atomic binding energies (E..n.), and spa-
tial electron densities (¢, e—electron charge) in the interatomic regions of
Pt;-.Me,MnSb alloys.
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gree of their covalence, and the parameters of the unit cells in half-
Heusler alloys. Similar dependences, as indicated in Fig. 1, are also
characteristic of Pt;_.Me.MnSb (Me=Ni, Au, x=0.0-1.0) alloys. It
can be seen that the drop in the charge density in the interatomic re-
gion is accompanied by a decrease in the binding energies of the atoms
in the alloys under study. Based on this and the valence theory [22], the
following conclusion can be formulated: a decrease in the spatial densi-
ty of electrons in interatomic regions with an increase in the concen-
tration of nickel or gold atoms in Pt;-.Me,MnSb (Me =Ni, Au, x=0.0—
1.0) alloys leads to a weakening of covalent chemical interatomic
bonds. This fact may indicate a possible loss of thermodynamic stabil-
ity of Pti-.Me,MnSb (Me =Ni, Au, x=0.0-1.0) alloys with an increase
in the concentrations of substitution atoms in them. This instability is
most characteristic of alloys with gold, since their binding energies
(Econ.) are significantly lower in comparison with those for phases with
nickel.

The concentration dependences of the parameters a of the crystal
lattices of alloys correlate with the charges of atoms (Fig. 2). The de-

——Me = Au
o 547 T Me=Ni | 75404
- Pt
S 6.2 -;:"")
21 75.351
T,

6.0 \'\-\_\. 75.30- ‘\.\.
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Fig. 2. Concentration dependences of atomic charges (&, e—electron charge)
and parameters (a) [13] of conventional cells of Pt;-.Me,MnSb.
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clining trend of curve a(x) with an increase in nickel concentrations in
Pt,-.Ni,MnSb alloys (x=0.0-1.0) is due to a reduced atomic radius of
nickel 1.24 A compared to the same for platinum atoms, equal to 1.39 A
[23]. As a consequence of this and the already mentioned ‘striving’ of
alloys for dense atomic packages (F-structures) this inevitably leads to
a decrease in the values of parameter a with an increase in the nickel
concentration in the alloys. If the atomic radii of the substituting com-
ponents exceed the size of the platinum atoms, then, according to the
above considerations, in a series of solid solutions, the parameter a
should increase with increasing concentrations of the embedded atoms.
Indeed, such a pattern can be seen for a series of Pt;_.Au.MnSb alloys
(Fig. 2) for which the atomic radius of gold is 1.44 A [23]. Another con-
firmation of the above assumptions is the course of the dependence
a(x) in Pt:_.Cu.MnSb series alloys (x=0.0-1.0) [13]: here, at an atomic
radius of 1.28 A copper [23], a decreasing course of the curve a(x) at
x — 1.0 is observed, as in nickel alloys. It should be noted that the cur-
rent values of a(x) in copper alloys exceed those for nickel alloys [13].
The latter circumstance is explained by the somewhat larger radius of
the copper atoms.

From Figure 2 it can be seen that with increasing nickel concentra-
tion in Pb1-.Ni.MnSb alloys, the number of electrons in atomic spheres
increases monotonically. Note that the transition to alloys with a max-
imum nickel concentration is accompanied by an increase in the num-
ber of electrons on the Pt, Sb, Ni and Mn atoms by 0.09, 0.06, 0.41 and
0.12 percent, respectively. A different situation is observed for alloys
with gold. Here, with an increase in the concentration of gold in
Pb:.Au,MnSb alloys, the number of electrons in the atomic spheres of
metals monotonically decreases (for manganese atoms up to x=0.75),
although the expected situation should be the opposite. Indeed, in each
act of replacing platinum with gold, one electron is added to the elec-
tronic subsystem from each gold atom, and with an increase in the gold
concentrations in the alloys, one would expect an increase in the @ val-
ues. But this does not happen, and this can be explained by the fact that
an increase in the parameter a leads to such an increase in the volumes
of crystal cells of alloys that the spatial density of electrons decreases,
providing the observed concentration dependence of @. Note that the
transition to alloys with a maximum concentration of gold is accompa-
nied by a decrease in the number of electrons on the Au, Pt, and Mn at-
oms by 0.048, 0.064, and 0.246 percent, respectively. The charges of
antimony atoms undergo a more complex and less noticeable (third dec-
imal place) concentration evolution.

As can be seen, the changes in @ values for Sb, Pt and Au atoms are
insignificant, whereas for 3d metal atoms the @ variations turn out to
be significantly higher. A possible reason for such variations in @ is an
increase in the degree of delocalization of valence electrons in a num-



EFFECT OF ATOMIC SUBSTITUTIONS ON THE ELECTRONIC STRUCTURE 981

ber of atoms Au, Pt, Sb, and Ni, Mn—a reaction to a sequential de-
crease in the charges of the nuclei of these elements. In particular, the
increased delocalization of the valence electrons of nickel and manga-
nese atoms provides an increased dynamics of the formation of their
chemical bonds with the surrounding atoms and, as a result, leads to
large changes in the @ values.

Additional information about the nature of chemical bonds in the
studied alloys can be obtained by considering the energy structure of
their valence bands and zones of vacant states. The corresponding data
in the form of curves representing the electron state densities are
shown in Fig. 3.

The total densities and total atomic densities of the electronic states
of the studied phases for both spin orientations are complex structures
that vary depending on the atomic composition of the alloys. It can be
seen from the discussed figure that the influence of the atomic compo-
sition of alloys manifests itself in a change in the shape and energy lo-
calization of the densities of electronic states.

The maximum contributions to the densities of states from antimo-
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Fig. 3. Total electron densities (top panel) and total atomic electron densities
of Pt;-.Ni,MnSb alloys (x=0.0-1.0). Densities with positive and negative
values correspond to the spin-up and spin-down orientations of the electrons
respectively. Eris the position of the Fermi level.
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ny atoms in all alloys are concentrated in the region of deep lying
(~—10eV) quasi-core states genetically associated with Sb 5s electrons.
In general, these contributions are insignificant. The states of antimo-
ny atoms in the region of valence electron localization (—5—0eV) have
even smaller contributions. This indicates that the antimony atoms in
the crystal lattices of the alloys are mainly held by ionic bonds.

The localization of the electronic states of metal atoms in this ener-
gy region and their hybridization indicate that the metal atoms in the
alloys are bound together mainly by covalent interaction. Their fur-
ther analysis is based on the basic principles of quantum chemistry
[22]: in the absence of spatial symmetry constraints, the degree of in-
teractions of the electrons entering into chemical bonds depends on the
proximity of their energies and manifests itself in the energy splitting
of the final states and the degree of their hybridization.

As can be seen from Figure 3, these characteristics of the electronic
states of metal atoms depend on the atomic composition of the alloys.
In the PtMnSb alloy, the states of metal atoms occupy close energy po-
sitions, hybridize well and split energetically. These facts indicate a
high degree of covalence of Pt—Mn chemical bonds, which provides
high values of the binding energy of the PtMnSb alloy (Fig. 1).

A consistent increase in the nickel concentration in Pb;_.Ni.MnSb
alloys (x=0.0-1.0) is accompanied by a decrease in the degree of hy-
bridization of the electronic states of platinum atoms. In the limiting
case (x=0.75), the electronic states of platinum turn out to be localized
in a narrow energy region remote from those similar for nickel and
manganese atoms. The latter remain split and hybridized when the
nickel concentration changes, thereby providing covalent Mn—Ni in-
teractions. Based on these arguments, we can understand the fact that
the decrease in the binding energy (Fig. 1) of Pb:_.Ni.MnSb alloys
(x=0.0-1.0) alloys is probably due to a decrease in covalent interac-
tions of platinum atoms with surrounding atoms.

It also follows from Figure 3 that the states of the conductivity
bands of the alloys are mainly formed by the electrons of the manga-
nese atoms with a spin-down orientation. Attention is drawn to the
discrepancy between the shapes and values of the electron densities
corresponding to different spin directions, which indicates the polari-
zation of the electronic states. This effect is most pronounced in man-
ganese.

A similar analysis of the distribution of electron densities of alloys
with gold led to the following conclusions. It is established here that
antimony atoms in the lattices of Pt;_.Au,MnSb alloys are held by ionic
bonds, whereas metal atoms in the studied alloys are bound to each
other mainly by covalent interactions. In the AuMnSb alloy, the cova-
lent interactions of metal atoms are weakened, whereas in the plati-
num alloy, the degree of covalence of Pt—Mn bonds is maximal, which
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provides abnormally high values of the binding energy of the PtMnSb
alloy. Sequential replacement of gold atoms with platinum atoms in-
creases the binding energies of Pt;_.Au.MnSb alloys (x=1.0-0.0) by
increasing the covalence of interactions of Pt—Mn atoms.

There was also a discrepancy between the shapes and values of elec-
tron densities corresponding to different spin directions, which indi-
cates the polarization of electronic states. As in nickel alloys, this ef-
fect was most pronounced for the electronic states of manganese at-
oms.

Polarization effects lead to the appearance of magnetic moments on
atoms. It is useful to consider the question to what extent certain elec-
tronic states are involved in the formation of magnetic moments on the
atoms of the alloys under discussion? The corresponding data are
shown in Fig. 4. It can be seen that the determining contribution to the
formation of magnetic moments in alloys is associated with the 3d elec-
trons of manganese atoms. The contribution of Mn s, p electrons is in-
significant. This can be completely attributed to the electrons of all
symmetries of atoms of other metals and antimony in all types of al-

Me = Ni Me = Au

m, I‘lg
%) L [\C [$)
%=0.00
2 x=0.25
x=1.00

Pt Mo Sb  AuMnSb
4 1 = —s—Formula unit
< 12 —e—
3 {r =3
= Il 1 ——p
. 2] |® 8 ——d
g i
1 1 ]
0{% - =
Ni Mn Sb
4 ﬁ ] E
3o =)
=3 I 11
= ol ® R
g
1 ]
048 =
Ni PtMnSb AuPt MnSb

Fig. 4. Partial contribution of electronic states to the formation of magnetic
moments (m, pg—Boron magneton) on atoms in Pt;-.Me.MnSb alloys (x = 0.0—
1.0).
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loys.

Figure 5 shows the concentration dependences of magnetic moments
and electron polarizabilities in Pt;-.Me.MnSb alloys (x=0.0-1.0). In
the experimental work [12] it was noted that the values of these mag-
netic moments essentially remain constant over the entire range of
nickel concentrations in alloys. In Figure 5, this is indicated by a hori-
zontal line, which, according to the authors, is the result of averaging
experimental data. These data at the qualitative level coincide with
those obtained in this work. Indeed, the calculated values of the mag-
netic moments practically do not depend on the concentration of nickel
atoms in the studied alloys. Recall that the ‘outliers’ of the values of
experimentally measured magnetic moments at the content of nickel
atoms x=0.25 in alloys are associated [12] with the presence of other
phases with concentrations reaching 15%. In general, the samples
studied here also contained other phases in concentrations up to 5%.
Perhaps these reasons led to systematic differences between the exper-
imental and calculated values of magnetic moments. Note that these
differences for most alloys (x>0.25) were ~1.5% . As for the initial

Me=Ni Me=Au
O,

~
4104 1 g 4.6 / a
' \
! \
0 44
4,054 1 —=—present work

, —©-[121(exp.) 4]
' /
.

400{@ ~"—a—a—a= 404"

M! |uB

1.2
1.0 *——0 o—e
a, 1 0.8 ./
0.9
0.4
j .
0.8 0.0
®.
] —0.4 e
T T T T T T T T T T
6.00 050 1.00 0.00 050 1.00
X X

Fig. 5. Magnetic moments (M) per formula unit of Pt;-.Me,MnSb alloys
(x=0.0-1.0). The horizontal solid line in the experimental part of the figure
is the result of averaging the measurements [12]. P—electron polarization at
the Fermi level in Pt;-.Me,MnSb alloys.
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composition of PtMnSb, the experimental and calculated values of the
magnetic moments actually coincided.

Substituting nickel atoms change the polarization P of electrons at
the Fermi level (Fig. 5). The transition from the PtMnSb metal alloy
with a relatively high (P =0.76) electron polarization to alloys with
x> 0.5 is accompanied by full polarization of Fermi electrons (P=1.0)
and converts these alloys to half-metallic state.

Figure 5 also shows that an increase in the concentration of gold at-
oms in Pb;_,Au.MnSb alloys increases their magnetic moments up to
concentrations x =0.75. Then there is a decrease in the values of mag-
netic moments. The same decrease in magnetic moments was recorded
in the experiment [13] at gold concentrations in alloys with x > 0.6. As
defined here, the magnetic moment per Mn atom in these compounds
has a maximum value of 4.30uz at x =0.6. In our work, the maximum
magnetic moment on manganese atoms was fixed for the
Pto.2sAu0.sMnSb alloy and amounted to 4.06ug, which is close to the
experimental value. Note that within the framework of the accepted
model (see calculation methodology), the Pto4+AuosMnSb alloy could
not be calculated.

Substituting gold atoms change the polarization of P electrons at
the Fermi level (Fig. 5). The transition from the PtMnSb metal alloy
with a relatively high degree of electron polarization to alloys with
x=0.25 and x=0.50 is accompanied by complete polarization of Fermi
electrons (P =1.0) and converts these alloys to a half-metallic state. A
further increase in the content of gold atoms in alloys with x=0.75 and
x =1.0 translates them into a state of metallic conductivity.

4. CONCLUSIONS

1. With an increase in the concentration of nickel or gold atoms in
Pti-.Me,MnSb (x=0.0-1.0) alloys, the interatomic spatial density of
electrons decreases, which leads to a weakening of interatomic cova-
lent bonds and, as a consequence, to a decrease in the binding energies
of the alloys. These energies for alloys with gold are significantly lower
compared to those for phases with nickel.

2. The course of the concentration dependences of the parameters a(x)
of cubic crystal lattices of Pt;_.Me,MnSb solid solutions (Me =Ni, Cu,
Au, x=0.0-1.0) is determined by the ratio of the radii of the substitu-
tion atoms and platinum. If this ratio is less than one (Me=Ni, Cu),
then the dependence a(x) (x — 1.0) has a descending and in the opposite
case (Me = Au) an increasing character.

3. The densities of the electronic states of Pti_.Me.MnSb (x=0.0-1.0)
alloys are complex structures that vary in shape, energy position and
localization. The zones of valence electrons (-5—0eV) of alloys are
dominated by hybridized states of metals, while the vacant states are
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formed mainly by Mn electrons with spins oriented downwards.

4. Antimony atoms in the crystal lattices of Pt;_.Me.MnSb (x=0.0—
1.0) alloys are mainly held by ionic bonds, whereas metal atoms are
mainly covalently bound to each other. Covalent interactions are max-
imal in PtMnSb and with an increase in the concentration of nickel or
gold in alloys, they weaken due to a decrease in the role of platinum va-
lence electrons in the formation of chemical bonds.

5. The densities of electronic states with different spin orientations do
not correspond to each other, which indicates the polarization of elec-
trons in alloys. Polarization effects lead to the appearance of magnetic
moments on the atoms. The determining contributions to the for-
mation of magnetic moments in alloys are associated with the 3d elec-
trons of manganese atoms. The values of the magnetic moments prac-
tically do not depend on the concentration of nickel atoms in the stud-
ied alloys. An increase in the concentration of gold atoms in
Pb:.Au,MnSb alloys leads to an increase in their magnetic moments up
to concentrations with x =0.75, then there is a decrease in the values of
magnetic moments.

6. Substituting nickel or gold atoms change the polarization of P elec-
trons at the level of Fermi alloys. The transition from the PtMnSb
metal alloy with a relatively high (P = 0.76) electron polarization to al-
loys with a nickel concentration of x =0.5 is accompanied by complete
polarization (P =1.0) of Fermi electrons and converts these alloys to a
half-metallic state. Pt Au,MnSb alloys with x=0.25 and x=0.50 are
also half-metals, and beyond these concentrations alloys are metals.
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IlonmepeuyHa TEIJIONMPOBIAHICTS ILIIBOK HITPHIY aJIOMiHiIO
Ta TenjioBuii omip inTepgeiiciB AIN/Si i AIN/Al

E. M. Py,ueHKo,|A. 0. RpaROBHHﬁL M. B. Oaxkin, I. B. Koporai,
. 0. ITononpruii, M. A. CKopuk

ITncmumym memaanogisuru im. I'. B. Kypdomosa HAH Ykpainu,
6ynve. Akademira Beprnadcvkozo, 36,
03142 Ruis, Ykpaina

Metozmoio 3w mociigkeHo e)eKTUBHY IIOMEPEUYHY TEILJIOIPOBIAHICTE AL TOHKUX
miaiBok AIN. ITxisxu AIN ToBImHOO 1-3 MKM CHHTE30BaHO HA IiJKJIaSUHKAX
3 MOHOKpHucTaxiunoro Si abo Al B riopugHoMy TeJiKOHHO-IYTOBOMY HOHHO-
IJIa3MOBOMY peakTopi. OmeprxaHi IIiBKY HAa MeXi 3 MiAKJIaJNHKOI MaJIld TO-
HKuH map HepnopAankosanoro AIN rosiunoio 6ias 200 am. dasa naisok AIN
Ha MiAKJaAUHKAX 3 MOHOKPHCTAJIUHOTO Si o/lep:KaHO BHCOKE 3HAUEHHSA Koe-
dimienra TenonpoBigHocTu Als; = 82,9 Br/(m-K). Has naisoxk AIN Ha migkja-
IuHKax 3 Al ogepskano 3HaueHHS A1 = 45,8 Br/(Mm-K), 1110 € HaliBUIUM ceper
BijoMux mja MeTadiuHmx migxmaagumHoK 3 Al. IlpoBemeHa OIfiHKa TEILIOBOIO
omopy R, mexxi mixk mmiskamu AIN i miggkmaguaxkamu Si abo Al. Ilasa inrep-
deiicy AIN/Si ogepsxaHo 3HAYEHHSA R intsi = 2,3-1078 (M2-K)/Br, a gas intep-
deiicy AIN/Al — Ry intar = 4,3:1078 (m2-K)/Br.

KarouoBi cjoBa: TemionpoBigHicTh, MeToma 3, HITPUA aaOMiHil0, BUMipro-
BaHHS TEMIIEPATypH, iHTep(deic, TOHKI IIIiBKH.

The effective cross-plane thermal conductivity of AIN thin films is studied
using 3® method. AIN films 1-3 um thick are synthesized on single-crystal Si
and Al substrates without heating in a hybrid helicon-arc ion-plasma reactor
with a helicon plasma source and plasma-arc accelerators combined in one
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process chamber. The resulting films at the interface with the substrate had a
thin layer of disordered AIN about 200 nm thick. A high value of the thermal
conductivity coefficient Aisi =82.9 W/(m-K) is obtained for films synthesized
on Si substrates. On Al substrates, the value A4 =45.8 W/(m-K) is obtained,
which is the highest among those known for Al metal substrates, which are
widely used for cooling LED devices. The thermal resistance R, of the bound-
ary between AIN films and substrates, which is one of the most important
parameters in the creation of a cooling system for electronic devices, is esti-
mated. For the AIN/Si interface, the value Ryintsi=2.3-108 (m2K)/W is ob-
tained, and for the AIN/Al interface, AIN/Alis Ry inta1 = 4.3:1078 (m2K/W).

Key words: thermal conductivity, 3® method, aluminium nitride, tempera-
ture measurement, interface, thin films.

(Ompumano 9 wepensa 2022 p.; ocmamouH. gapianm — 11 aunusa 2022 p.)

1. BCTYII

3i 3MeHIITIeHHAM rabapuTiB 0yIb-IKOT0 MiKPOEJeKTPOHHOTO IIPHCTPOIO
Ta OAHOYACHUM 301LIBINTEHHAM HOT0 IMOTYKHOCTU T'OCTPO BUHUKAE IIPO-
OsieMa TeII00X0JoMKeHHA. I BigBoay Temyia HeoOXiZfHO BUKOPUCTO-
BYBATH BHCOKOTEILIOIIPOBiAHI Ta i30IaIifiHi TOHKI mIiBKM ab0o IOKPUT-
Td. Mouokpucramiuauit AIN — oauH i3 IepCHeKTUBHUX MaTepidriB
Iad epeKTUBHUX TEIJIONPOBIAHUKIB y MPUCTPOAX MiKpPOEJEeKTPOHIKMI
3aBIAKHN BUCOKIiil Temwmonposiguocti (320 Br-m K ™!) 3a kiMHATHOI TeM-
nepatypu [1]. OgHak TemJIOMPOBiAHICTL TOHKMUX ILIiBOK MOXK€ iCTOTHO
BigpisuATHCA Bim iX mMacuBHHX aHajoriB [2, 3—T7]. ¥V mopiBHaHHi 3
00’eMHMMN KPUCTATIYHMMHN MaTepisjJaMi TOHKI ILTiBKM, omepsKaHi 3
BUKOPUCTAHHSAM TEXHOJIOTill BaAaKYYMHOI'O OCAAKEeHHs, MiCTATH 6ararto
JOMIIITIOK, UCJOKAIlill Ta MiK3epeHHUX I'PAaHUIlL, HA AKUX BiIOyBa€Th-
CsI PO3CiAHHS €JeKTPOHIiB Ta (POHOHIB, IO IPUBOAUTL OO 3MEHIITEHHS
TeILJIONPOBiAHOCTH ILIiBOK [4, 7, 8]. KpiMm TOro, y TOHKHX MIiBKax CyT-
TEBO 3POCTAE POJIb PO3CITHHSA TeIlIa Ha iX IMOBEPXHAX Ta MisK(asHHX
rpasunax. Ili akTopu mo-pisHOMY BIJIMBAIOTh Ha IIEPEeHECEHH TeIla
B IJIOIMHI i HepIeHaANKYJIAPHO 0 ILJIOIUHY IIJIIBKH, 1[0 IPUBOIUTEL 40
AHi30TPOITHOI TEMJIONPOBIAHOCTY TOHKMX ILIIBOK Y IIMX ABOX HAIIPSIM-
kax. OTiKe, TOUHUH BUMIpP TEIJIOMPOBiAHOCTY Y TWIOMMHI (A)) Ta y mmep-
MeHINKYJIAPHOMY [0 IJIOMIMHI HATPAMKY (A1) TOJiKpHUCTATiYHUX TOH-
KUX ILTiBOK, 30KpeMa AIN, KpUTHYHO HEOOXiTHUI I IIPOEKTYBAHHS
Ta CTBOPEHHA MiKPOEeJeKTPOHHUX IIPUCTPOIB.

KpiMm akocTu KpucTamiuHOl CTPYKTYPH Ta CKJIAAy TOHKHUX ILIiBOK
AIN, mixkdasHa CTPYKTypa MiK ILIIBKOIO Ta IiJKIASMHKOIO € IIe OJHUM
BasKJIMBUM (PaKTOPOM y BU3HAUEHHI TEIJIONPOBiTHOCTH BCHOTO IIPU-
CTPOIO Ta Ma€ BUpPiIllaJibHEe 3HAUYEHHA AJIS HaZiMHOCTU Ta e(h)eKTUBHOCTH
mpucTpoiB Ha ocuoBi AIN, 110 mpaIoOTL IPKU BUCOKil moTysxuocTi [7,
8].
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B mamiit poboTi mocaimkyeTheca epeKTUBHA IIOIIepPeYHa TeILIOIPOBi-
HicTs miriBox AIN ToBmmuo 1-3 MKM, aKi OyJiM HaHeceHi Ha HifgKJa-
IUHKY 3 MOHOKPUCTAJIIUHOTO KpeMHiio po3mipom 20x8x0,45 MM abo Ha
miaRJIaguEKY 3 aaoMmiHiio posmipom 20x30x2 mm. ILnieku AIN Oyam
CHUHTEe30BaHi B BAKYYMHO-TEeXHOJIOTiUHill yCTaHOBIII, 1110 Ma€ TiOpUIHMII
TeJIiKOHHO-AYTOBUil HOHHO-IIJIa3MOBUI peaKkTop, AKUHA BKJIOUAE B cede
TeJIiKOHHE AKepeJio ImIasMu 3 podbouoio yacrtoromo 13,56 MI't Ta mias-
MOBO-AYTIOBi IPHUCKOPIOBaYi, 00’eAHaHi B OAHill TeXHOJIOTiUHilI KaMepi
[9]-

[ BUMipioBaHHS TEILJIOMPOBiIHOCTH B HAIITi# POOOTi BUKOPUCTOBY-
eTbeda 30 meroma [10—12]. 3o meToma cumpaeTbesa Ha (hisuuHMIT 3B’ I30K
BeJIMUNHY NaJiHHA HAIIPYTXd Ha TPETi rapMOHIiIli 3MiHHOTO CTPyMYy 4a-
CTOTOIO (» HA CTPiUKOBOMY HarpiBaui Ta 3SMiHHOT'O TeILJIOBOTO IIOTOKY Ha
YacTOTi 20 y AieIeKTPUUHIN MBI, HA AKY HaHECEHO Ilell CTPiuKoBuUii
HarpiBau. TemsmoBuil IOTIK y AOCHiI)KyBaHIN mieJeKTPUYHIN NJIiBIIi,
AKUU BU3HAYAETHCA 11 Koe(iIlieHTOM TeIJIOIPOBiAHOCTY, BUKJINKAE Bi-
IIOBiAHY 3MiHY TeMIlepaTypH HarpiBaua, skKa o0yMOBJIEHA TeILJI000Mi-
HOM i3 migKJIaguHKOIO (TeIJIOO0OMIiH i3 JOBKiIIAM yepes mOBiTPs BBasKa-
€ThCA MAJIUM), i, BiIIOBiAHO, 3MiHY I10T0 OIIODY.

2. PE3YJIBTATHU EKCIIEPUMEHTY TA IX OBTOBOPEHHSA

s BUMipIoBaHHSA ITOIIEPEYHOI TeIJIOMPOBiZHOCTHM A, B HaIiit pobori
BUKOPVCTOBYETHCS 3aIIPOIIOHOBaHA 3® MeToZa. PO3TiIaHEeMO 1[I0 METOY
OiJIBITT peTeJabHO.

JJis mpottecy IpoTiKaHHA 3MiHHOTO €JIEKTPUYHOTO CTPYMY Uepes Ha-
HECEeHY MeTaJIeBy CMYXKKY («TrapAady CTPiuKy») IPUIAMEMO HACTYITHE JIO-
OyIeHHA: eJeKTPUUYHUN CTPYM INPOTiKae TiJbKU uyepe3 chopMOBaHY
MeTaJIeBy CMYKKY («TrapAady CTPiuKy»), Ka B IIbOMY BUOAIKY € €JIeKT-
PUYHUM pe3UCTUBHUM HarpiBauem. Ha mpakTuili 114 ymMoBa BUKOHYETD-
cA B pasi, AKIIO omIip BUMipIoBaHOI IUIiBKYM HabaraTo BUITUE Bix Ommopy
«rapa4oi cTpiuku» . B Hamomy Bumagky BumiproBaHa miriBka AIN, «ra-
p#Aua cTpiuka» 3pobiena 3 Al i 3asHaueHa yMOBA BUKOHYETHCH.

Yepes3 «rapAady CTPiUKy» IPOIYCKAETHCA CTPYM, III0 SMIHIOETHCS 3a
rapMOHIYHUM 3aKOHOM:

I = I cos(wt), (1)
ne Io — aMIIiTya BMiHHOTO CTPYMY, (® — YacTOTa CTPYMY.
3a szaxkonoMm [xoyna—JleHna y HarpiBaui mpu mpoTiKaHHI cTpyMy 3a
yac dt BULiadeTbesa Teiaora d@:

dQ = I*(t)R(t)dt. 2)

IIpu iboMy TOTYKHiCTH P, 1110 BUALJIAETHCA Ha Harpinsayi:
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P =dQ / dt. (3)
06’enuyroun piBHanHa (1)—(3), ogeprruMoO:

LR(T))  ( LR(T)cos’ ()
2 DC 2 2(0.

P = I’R(T) cos’(wt) = [ 4)

IIa moTyskHicTh, P IPUBOAUTDL IO 3MiHM TeMIepaTypu HarpiBaua i €
CYIEPIIO3UIi€}0 KOMIIOHEHTH, BiAIIOBiZHOI mIOCTiiHOMY HarpiBaHHIO
(mepiuii momaHoK y Bupasi (4)), i KOMIIOHEeHTH, IO BimmoBimae 3miHi
TeMIepaTypH i3 IMOABOEHOIO IITOI0 3MiHHOTO CTPYMY 4acToToo 20 (ApY-
rui#l [oaHOK y Bupaai (4)).

To0OTo MOsKHA 3aIIMcaTH 3MiHY TeMIIepaTypu HarpiBaua:

AT = AT, + AT, cos(2ot + @), ()

ne ATpc — 3MiHa TeMIlepaTypHu HarpiBaya 3a paXyHOK IIOCTifiHOI cKJia-
IoBoi cTpymy, AT, — 3MiHa TemMIIepaTypu HarpiBaua 3a paXyHOK 3MiH-
HOI CKJIaZ0BO1, ¢ — 3cyB (has3, iHAyKOBaHUI HarpiBaHHAM Macu 3pasKa.

3ajie;KHiCTh OIMOPY CTPiuKM-HArpiBava Bifl TeMIIepaTypu B IEPIIIOMY
HaOJMKeHHI Mae BUTJIAL:

R(T) = Ry(1 + aAT), (6)

e Ry — omip cTpiuKu-HarpiBaua npu TeMmoepaTypi, Ipu dAKili IpoBo-
IATHCS BUMipIOBaHHA, 0. — TeMHOepaTypHui Koedimient omopy (TKO),
AKUU BU3HAYAETHCSI BUPA3OM:

1(dR
Q_E(ﬁJ. (7)

ITizcraBasiouu (5) B (6), omepKyeMoO:
R(T) = R,(1 + aAT,.)pe + (By0AT,, cos(2mt + 9)),,, .
Hampyra U, m1o najgae Ha 3pas3Ky, BUBHAUaeThCA 3akoHoM Oma:

U=1IR. (8)
ITigcraBumo (1)i(7) B (8):

I R oAT,
U = (I,R,(1 + aAT,) cos(®1)) pyer + K%) cos(3wt + (p)} +

3o (9)
I,R,0AT,,
+ HTJ cos(ot + (p)} .

(0]
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VY piBuanHg (9) BXOOIUTE JOJAaHOK 3 YACTOTOI0 3®, IPOIOPIIi AU Iij-
BUITIEHHIO TEMIIEPATYPU «TapAUO0l CTPIUKM » :

I AT,
U,, = (—OROZ 2‘”)005(3(% +o)| . (10)

3o

Taxum YnHOM, ITPU NPOTiKaHHI 3MiHHOTO cTpyMYy Iocos(wt) mo cTpiuIri
3 omopoM Ry i TKO o 3miny TemmepaTypu «rapsadoi cTpiukm» ATz, MOMK-
Ha BUSHAYUTHU IIPpU BuMipioBauHui Hanpyru Us, Ha TpeTiit rapMoHini uac-
TOTU 3MiHHOTO CTPYMY:

AT,, :&. (11)
I,Ro

dDisuunnit smict Bupasis (2)—(11) monsarae B HacTyIIHOMY: B IIporeci
MPOTiKaHHA 3MiHHOTO CTPYMYy uepe3 MeTajeBy CMY:KKy-HarpiBad,
OCTaHHSA I'PieThCs, 1, BHACIIOK MO3UTUBHOTO TEMIIEPATYPHOTO Koeiri-
€HTa OIIOPYy MeTaJy, OIip CMYKKHU pocTe. AJjie, OCKiJIbKM HaHeceHa Me-
TaJeBa CMy:KKa-HarpiBau i moBepXHs OCJiIKyBaHOTO 3pas3Ka MaioThb
TeIlJIOBUII KOHTAKT, YaCcTHUHA Telljla IepPexXoIuTh BiJ HarpiBaua mo 3pas-
Ka uepes Temnooomin. KinbkicTs Temna, 1mio Bigmae HarpiBau spasky,
3rigHO 3 hopmyJioro (11), mpomopirifiHa HagiHHIO HATIPYTYU HA TPETili ra-
pMoHiITi.

3 iuIroro 60Ky, KilbKicHa XapaKTepHUCTHKA PO3irpiBy 3paska BHU3HA-
YaeThCs BEJWUYMHOI0 WOT0o KoedilfienTa TerionpoBigHocTu. SIKIo
po3B’sA3aTH PiBHAHHA TEIJIONPOBIAHOCTU AaHOI OaraTolapoBoi cucTe-
MU, MOKHA pO3paxyBaTHU 3HAUEHHA Koe(dillieHTa TemJI0mpoBiTHOCTH A.

I1a zanmesxHicTh, AK IMOKa3aHo B [13], BU3HaUaeThCA 3aJIEXKHICTIO Ha-
Ipyru Ha TPeTi¥ rapMoHiIi Big jorapudma gpyroi rapMoHiKY (IIepIiui
IonaHoK dopmysiu (9)):

s dR
Us & o

v = ——3L In(20) + B+i—2—. (12)
AR Im\ 4IR,\

3 dopmyau (12) MokHa 3pOOUTH BICHOBOK, IO IIaAiHHA HAIIPYTH HA
TPeTili TapMOHIIIi € JiHiTHOI QyHKIlielo Jorapu@Ma IIOLBOEHOI YaCTO-
. KyT Haxuny giHifiHOol minguxu 3anexkuocTu Us, 00€pHEHO IPOIOp-
HifHW Koe@ilieHTy TeIJIOnPOBiAHOCTHY JOCIiAKYBAaHOTO 3pasKa.

IIpoaudepeniioemo obuasi vacTuau piBHAHHA (12) 3a Jorapudmom
yacToTu 0ln(2m) Ta omep:KUMO BUpPAa3 AJId BU3HAUEHHA KoedimieHTa Te-
IJIOITPOBiTHOCTH A:

3 UO3 0.0 In(2m)
4nlR, 0U,,

3o

(13)
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Tyt | — moB:KmMHaA 3paskKa (CcTpiuku-HarpiBada), o — TeMIIepaTypPHUI
KoedillieHT eJIeKTPUYHOTO OIIOPY CTPiuKM-HarpiBaua (moTpi6bHO Bu3HA-
YUTH HOTO0 OKpemo), Uy — aMmIiTyna mamgiHHA HAOPYTd Ha CTPIidIri-
HarpiBaui mpu ii omopi Ry i cTpymi Iocos(wt), 1110 MPOXOAUTD O HilA.

Astopu [8] posmupuin MeTony 3 AJIA BUSHAUEHHS TEeIJIOIPOBiITHO-
CTHU TOHKWX IUIIBOK AK B IUIOIWHI IUIIBKU )\, TaK i NePIEHINKYIAPHO
ILJIOIIMHY ILJIiBKY A, 3MiHIOIOUM IITUPUHY HarpiBava. 3aIpoOIIOHOBAHUH
migxig mae 3MOTy OZHOYACHO Ha OJHOMY i TOMY K 3pasKy BUMipATH; A i
AL K BBasKaiooTh aBTOpHM [8], KOoMM IMHMpHMHA METaJeBOi CMYKKH-
HarpiBaua 2b HabaraTo IepeBUINy€ TOBIIMHY TOHKOI IIiBKU MieJIeKT-
pukKa d:, TeIJOIPOBIAHICTEL cTae Maiiyke OJHOMIPHOIO Y HATIPAMKY IIep-
HNeHIUKYJIAPHOMY IIJOINMWHI ILNIIBKY, i TEILIONPOBiAHICTE y IIOIEePeUHii
IUJIOIIMHI Mae JOMiHYBaJbHUU BIJIMB Ha IIiABUINEHHS TeMIepaTypu. 3
inmmoro 60Ky, y pasi BysbpKoro marpisaua, koau b/d; < 0,1 MoKyTb OyTH
oJlep:KaHi JaHi IIPo TeILIONPOoBiAHicTE v maominHi. CxeMa TeIJIOBUX IO-
TOKiB B 3aJIe}KHOCTiI BiJf HaNiBIIMPWHU CTPiUKM-HarpiBaua ITOKasaHa
HM)Kue Ha puc. 1.

BusHaunMo yMOBU JI03BOJIEHOI YaCTOTH ® B eKcnepuMeHTi. [lia Toro,
1100 YHUKHYTH BILTHMBY BifOMBAHHS TeIJIa BiJl IPOTMJIEXKHOI IMOBEPXHi
OiAKJaIMHKY IIPY BU3HAUEHHI TeIJIONPOBigHOCTH, Tpeba, 100 riInbnHa
IPOHMKHEHHS TeIlja B MiAKJIAAUHKY O OyJa B 5 pa3iB MeHIIIa 3a TOBIIU-
HY ds TiaKJIagIuHKN, TOOTO 0 <ds/5. K Bigomo, aMmIiTyna eKCIOHEH-
IifiHo 3racHol PyHKINI 3MeHIITyeThCs TPpUOIN3HO 10 1% Bix ii mouaTKo-
BOI BeJIMUUHMU ITiCJIA 5 «KOHCTAHT HOBKUHMU». TOMy MOKHa OUiKyBaTH,
1[I0 BeJIMUKMHA TEILIOBUX KOJIMBAaHb 3MEHIIUThCA HuxKue 1% Bim mouar-
KOBOI aMILIITyAX IIicJad 5 TeIJ0oBUX TI'IMOMH MPOHWUKHEHHSA, OCKiJIbKM
pyukIia Becceist 3BMeHIITYeThCS MIBUAINE, HidK eKCIIOHeHTa. TakuM 4u-
HOM, TOBIIIMHA 3pasKa, AKY CJiJ BBasKaTH HECKiHUEHHOIO, IOBUHHA TIe-
peBUITYBAaTU 5 MOMHOKEHY Ha I'TNOMHY TeIJIOBOTO ITPOHUKHeHH:a. Ta-
KUM YMHOM, OCKLIBKY &= (y/20)"? 3a/e:XUThb BiJ 4acTOTH ®, 1A yMOBA
BUB3HAYAE HUKUY MEXKY (O B eKCIIEePUMEHTI I TiAKJIafuHKY 3 Koedilri-

b/d,>>0,1 b/d,<0,1

Harpisau
Ilniska AIN

B ILJIOITHHL

Iligkaammura

IONeper IJIONINMHA

Puc. 1. Cxema TemnoBuUX TOTOKIB B 3aJIe’KHOCTI BijJi HAIiBINUPUHU CTPIiUKU-
Harpisaua.

Fig. 1. Diagram of heat transfer depending on the half-width of the heater
tape.
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€HTOM TeMIEPaTyPOIPOBITHOCTH Y.

Immia ymoBa, 110 00YMOBJIIOE BEPXHIO MEXKY IJIA M, € HeoOXigHicThb
HarpiBauy OyTu JiHiitHuM mxepesom. [LJ1d 1iboro ranbuHa IPOHNKHEH-
Hsa O moBuHHA OyTHu HabaraTo O0iJbIle, HisK ITOJTOBUHA IMIUPUHY HArpiBayua
b. 1110 yMOBY MOKHA BUBHAUUTHU BUpa3oM 0 > 5b/2. Takum unHOM, YMO-
BU, III0 HAKJAJAIOTHCA HA TJIMOMHY MPOHWUKHEHHA TeIia O, MOKHA 3a-
MMUCAaTH TaAK:

5 5<%, (14)
2 5

CrkJyamHicTh BUBHAYEHHSA YaCTOTHOTO iHTepBaJy y TOMY, IO IJIA BU-
3HAYEHHS XapaKTepHOI MIMOWMHY IPOHUKHEHHA TeIlia Heo0XigHo 3HATH
yuceJbHe 3HAUEeHHA KoedillieHTa TeMIepaTypoHpOBiTHOCTH ) IdOCJIi-
I:KYBaHOTO 3pasKa, AKe, B3araji Kaskyuu, 3asjajierinab HeBimomo. s
MOJOJIaHHA I1iel mpobiieMu HeoOXiTHO TPOBECTY BUMipIOBAHHS HAIIPYTHU
Ha TPeTiii rapMOHIIIi Bix yacTOTH Ta MOOYAYBATH OJepPKaHy 3aJIeKHICTD
y xoopauHartax Us, = f(2w) y morapudmiuaomy maciiarabi. Ak mokasaHo
y Bupasi (12), mificHa KOMIOHEHTa B AisIlIa30Hi YacTOT, II0 BU3HAYAETh-
csa BupasoM (14), JiHiITHO 3a/1€KUTH Bi YaCcTOTHU, TOAL AK YsIBHA KOMIIO-
HeHTa € KoHcTaHToio. IIpm BuMipioBaHHAX I103a JIiIHIHHOIO MiJISHKOIO
MMOBUHHI cIIoCcTepiraTucsa BiAXWJIeHHA Bil XapaKTepPHOro BUAY 3aJI€KHO-
CTHU BiJf 4acTOTHU BKAa3aHUX BUIIe BeJIUUYNH. XapaKTepHUI BA 3aI€KHO-
ctu Us, = f(20) mpointocTpoBaumii Ha puc. 2 [12].

- W

4007 Jimiftamit 30, 2 2
550 _ \\ PeKIM . W, y _
] Jlinifina 2

3004 alrpoxcHuMalia =

w,,, MB
~
(<)l
S
1
T

—100-""I Ty ML | LRI | LR | ULELRRLL | T -
10° 10 102 10° 10* 10°
2m, ¢!
Puc. 2. 3amexuocti Wi Bix In(2mw) [12].

Fig. 2. Dependences of W3, on In(2w) [12].
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[ BusHaueHHA Koe(dillieHTa monmepevyHoi TeIJIONPOBiAHOCTHY A ILTi-
BKU AIN ToBmmHOKW 1-3 MKM OyJIM CMHTE30BaHI HA MiSKJIaSMHKAX MO-
Hokpucragiumoro Si. Ha mosepxHuio miaiBku AIN B €eIMHOMY TEXHOJIO-
riugomy nmuKJi Hagocuan mwirisky Al rosmmuoro 0,03—0,1 MmKkM. 3 miris-
ku Al meromoro ¢orosaitTorpadii ¢popmyBaiu CTPiUuKy-HArpisau posmi-
pom 280x35 mKM. AK 6Gaunmo, mupuHa Al crpiuku-Harpisaua 2b ckJa-
mama 35 MKM, [0 Habarato OiJbIlle TOBIIMHU TOCJHiIKYBAHOI IIJIiBKHU
AIN, aka oyna 1-3 Mmkm. Takum urHOM, OyJIM BUKOHAHI YMOBU JJISA OF-
HOMIipHOI'O TEIJIOBOI'O IIOTOKY uepes miIiBKy AIN.

Hani, nisa BusHaueHHA Koe(illieHTa TemaonpoBigHocT A 3a hopmy-
010 (13), HeoOXiAHO BUBHAUNTU TeMIIepaTypPHUU KoedillieHT omopy o
cTpiuku-HarpiBaua Al. BumiproBauHs omopy crpiuku-aarpisaua Al opu
pisHUX TeMmmepaTypax MM IIPOBOIUJIN UYOTHUPHLOX30HIOBOIO METOMAOIO.
MasninyiaTop 3i 3padKkoM po3MiIlTyBajau B TeIJIOBY Hiad)y Ta BuMipioBa-
au BAX 3paskiB npu pisHMX TeMIIepaTypax. 3a OJep:KaHUM eKCIepU-
meHTaabENM BAX pospaxoByBaBCs TeMIIEPATYPHUN KoedillieHT omopy
o IIiBok-Harpisauis Al 3a popmyJioro:

o= l(d—Rj . (15)
R\dT

Omip amiomimifioBoi cTpiuku-HarpiBaua posmipom 280x70 MxkM Ha
miriBii AIN, cramoBuB Ro=127 Om. Ilpu 11boMy Omip YacTUHU CTPiUKH,
Ha AKi BigOyBasocsa [[»koyeBe HarpiBauHs, 3a PO3PaXyHKOM CTAHOBUB
0,64R,. Enexrpuununii omip npu 19°C ckaas 90,7 OMm Ta mpu Temmepa-
Typi 99°C — 94,2 Om. Po3paxyHOK JaB 3HAUEHHSA TeMIIepaTypPHOro KO-
epinienry a=0,48-103 K.

g BuMmipioBaHHSA Koe(illieHTa TEIJIONIPOBIAHOCTY A TOHKUX ILJIiBOK
AIN 0yJjio BUKOPHCTAHO YCTAHOBKY 3 MOCTOM YiHCTOHA, OJIOK-cXeMma
sIKOI HaBeJeHo Ha puc. 3.

B ycraHoBIIi BuUKOpHCTaHa HaCTyOHAa KOHTPOJILHO-BUMipiOBaJbHA
amaparypa: resepaTtop curaaay 1'6-28, celeKTUBHUN MiKpPOBOJLTMETP
B6-9, Ha Buxoni axkoro ¢ikcyBaysu nmapaMeTpu CUTIHAJIY Ha TPeTiil rap-
moHimi ocriuaorpagom C1-82 ta vacroromipom U3-54.

BumipioBaHHS HaIpyru Ha TPeTiil rapMoHiIli 6yJI0 IpoBegeHo Ha MO-
cTy YiHcToHa mpu miaedyax mictka Ri= Rnp= 10 OM. 36aiaHCcyBaBIINM MiCT
Ta 3aJal0YM YaCTOTHU 3MiHHOIO CTPyMYy reHepaTopoM B AismasoHi 40—
30000 I't1, 3a pe3oHaHCOM CEJIEKTHBHOIO BOJBTMETPA BiIIIyKyBaIl CU-
rHaJ i3 gisiroHaJIi MocTa Ha HOTPifiHi#l yacTOTi Ta BU3HAYAJIU HOTO aMII-
JiTyny. 3a ofep:KaHNMU eKCIIepUMEeHTaJIbHUMU JaHUMU OyB o6y IoBa-
Hu# rpadik 3aJeXHOCTH aMILTiITyIU TPeThol rapMoHiKY (3®) 3MiHHOTO
cTpyMy Ha misroHaii mocrta Wy, Big fioro moasifinoi yactoru (20) B Ha-
niBmorapudmiuHOMy MaciiTabi, JiHifiHa yacTHHA SIKOr0 HIPeACTABJICHO
Ha puc. 4.

A 6aumMo, 3aJIeKHICTH HOOpEe aAlIPOKCUMYETHCS IPSIMOIO JIiHi€0 B



IIOITEPEYHA TEIIJIOITPOBIIHICTS ITJIIBOK HITPUY AJIFOMIHIIO 997

C1-82

B6-9

I'6-28

Y3-54

Puc. 3. Biok-cxeMa yCTaHOBKHY IJIA BUMipPIOBaHHS KoedillieHTa TemJIompoBis-
HocTu A TOHKuX ILIiBOK AIN (R;, R; — mpenusiiini pesucropu s rpyooro ta
TOUHOTO OaJIlaHCYyBaHHS MOCTA).

Fig. 3. Block diagram of an installation for changing the thermal conductivity
A of thin AIN films (R:, Rz are precision resistors for coarse and fine balancing
of the bridge).

HamiBiaorapudmiuHoMy MacinTabi Ipu 4YoOTUPHLOX MOPSAAKAX 3MiHM dac-
rott  20. Ilepemaxg AW3,=98-60=38mMKB mnpu  mepemani
Aln(20)=1n1000000 - In100 =9,21.

Hauri 3a popmysoro:

U — I/‘me(IBO + RII)
3o b4
Ry
Ie Ro, Rn — oIrip 3paska Ta Ijieda MOCTa BiAIIOBiZHO, ofep:KyeMoO 3Ha-
yeHHs HAnpyru Us, Ha 3pasky Use, = 13,TW .

IlikoBa ammriTyma Hampyru Ha 3pasky cranosuia Up= 1,4 B. Poapa-
xyeMo 3a opmyaoio (13) koedimieHT TemmonposiguocTu A, maiBku AIN
Ha TiIKJIagUHIT 3 MOHOKPUCTAJIIYHOrO Si.

O6uucaumMo

0ln2ow) Aln20 9,21
ou,, AU3w 13,7

(16)

AW, =1,8-10%,

TOnm1

s = UO3 ol In(2w)
*  (4nl)0,64R,,, U,

- 82,9 Br/(w'K).

Ilnisku AIN mHa Al-miaxJaguHKKN 0CaJKyBaJld B TAKOMY K PEXKUMI,
AK i Ha migrkaaguHKKM MoHOKpucTaaiunoro Si. Ha maismi AIN sa omuca-
HOIO BHUIIle METOAMKOIO CTBOpIOBaJiaca cTpiuka-Harpisau is Al. [lia Bu-
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y+-4,259Inx+ 117,78
o 90 . R}=0,9726
k3
g \0
5 80 *
B \
70 “a\

*

50
100 1000 10000 100000 1000000
20, ¢t

Puc. 4. 3anexXHicTh BUXifHOI HAIPYTH TPETHOI TAPMOHIKY Ha MiCTKY YiHCTOHA
W 3o ipu myteuax micTira Ry = Ry = 10 Om Bifg noasiiinol uactoru aiia maisku AIN
Ha OigKJagnHKaX MOHOKpPHCTAJIiuHOTrO0 Si.

Fig. 4. Dependence of the output voltage of the third harmonic on the Win-
ston bridge W3, at the arms of the bridge Ri= Ry =10 Q on the double frequen-
cy for the AIN film on monocrystalline Si substrates.

3HaUYeHHA Koedilieuty o 1iei cTpiuKku-HarpiBaua po3mipom
280x35 mkM BumiproBasu ii BAX mpu kimHaTHi# TemmepaTtypi (22°C) ta
Ipu HarpiBaHHI B TemaoBii madgi go 122°C. Omip crpiuku-HarpiBaua R
BusHavaiau 3a omep:kanuMu BAX. Ilpu 22°C Rac=12500wm, a mpu
100°C — Ripoc=1274 Om. 3Bigcu OyJsio ofep:kaHo IJdA aJIOMiHiltoBOI
crpiuku-Harpisaua a=0,246-103 K.

BuwmipioBaHHa Hampyru Ha TpeTiii rapmonimi B pmismasomi 40—
30000 't 6ys0 mpoBeAeHO HA MOCTY VYiHCTOHA, AKWM MaB ILIedYi
R;=400Om, R;=20000wM. JIigifiHy yacTHHY OJep:KaHol 3aJIeXKHOCTH
Wse(2m) B HamriBaOrapudMivHOMY MacIiiTabi mpeacTaBIeHo Ha PUC. 5.

Arx Oaummo, mepemax AW;,=42-11,56=30,5 MmkB npu mnepemani
Aln(20)=1n10000 — In100 =4,6.

g posdpaxyuKy 3a opmyiomo (13) KoedimienTa TenIompoBigHOCTH
AL maiBoxk AIN BHKOpPHCTAaEMO HACTYIIHI eKCIepHMMEeHTaJbHI JaHi:
Uo=1,75B, Ri=4000m (mepmie mieue mocta), Rn=20000m (mpyre
IJjIeue MOCTa).

3a dopmyoio (16) BusHauumo Us, = 1,62W,,.

Pospaxyemo 3a ¢dopmyrnoio (13) KoedimieHT TemmompoBigHOCTH AL
mwiriBku AIN Ha minxmaguami 3 Al.

O6umcaumMo

0ln(2ow) Aln20 4,6
oU.  AUSw 1,62

3w

AW, =9,3-10°,

TOI1
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. y==6,812Inx+ 74,066
35 R?=0,9621
30 *
e
g 25 bd
3220
x =S
15 \
10
100 1000 10000
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Puc. 5. SanexHicTh aMIIiTYy U CUTHAJY HA IOTPiliHii yacToTi W, Bix moaBiii-
HOl uactotu 20 A mriBku AIN ma Al-migraaguaii.

Fig. 5. Dependence of the signal amplitude at triple frequency W3, on double
frequency 2o for an AIN film on an Al substrate.

s - Ug ol In(2w)
*  (4nl)0,64R,,, U,

= 45,8 Br/(w'K).

BusHauumo TensioBuii ommip iHTepdeiiciB MiK JieTeKTPUUYHNMHY TJIiB-
kamu AIN rta migkmaguaxkamu 3 Si i Al, 1110 € BAXKJIUNBUM IapaMeTpPOM
IIpu PO3poOIli i CTBOPEHHI cyuacHUX €JeKTPOHHUX IPUJIALiB MiKpo- i
HaHOEJEKTPOHIKH, AKi MOTpe0yI0Th BeJIMKOT0 TEIJIOBiABeIeHH .

Ha pucyury 6 npezncrasieno CEM-300pakeHHs nmepeTury inrepdeii-
cy Mixk maiBkoio AIN i migxkaagnHKOO i3 MOHOKpHCTATiuHOTO Si.

fAx 6aunmo, miriBka mae aBa 1mapu d=d;+dz, 1e di=1828,63 M i
ds=241,84 am. TenmoBuM inTepdeiicoM B ofepKaHill CTPYKTYPi € Apio-
HO3E€PHUCTUH TOHKUM IIap TOBIMUHOI d2= 241,84 um. Posriasmemo
oIeps;KaHy IIOIepPeuHy TeILIONnpoBiaHicTh miaiBKu AIN AK TeIIonposBiz-
HiCTh JBOIIIAPOBOI CTPYKTYPH, AK Ile poduThcsa B poborax [4, 8, 14, 15].
Toxi B ogHOMipHOMY MOZEJIO ITOCJiLOBHOIO PE3UCTOPA AJSA TEILIOBOTO
OMOpY IJIIBKM Ta MEXK PO3ALIIY MOKHA 3aIlIMCATH TEeILJIOBUH OIip ABOIIA-
PpoBOi cTPYKTYpHU R, AK CYMYy TEILJIOBUX OIOPiB IIapiB miIiBKu di — Ry AN
i TrermtoBoro inTepdeiicy mapy ds — Ry int, TOOTO:

Rq = Rq AIN + qunt
abo

i = 4 + Ry

7\’1_ }\’AIN :

TO1
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1828,63 um

241,84 um

BEM HV- 183KV WD: 11,50 mm MIRAI TESCAN  SEM WV: 18.9 KV Wo-1seimn | I MIRA) TEX
[View fieid: 0.962 yon. Oet SE 0 m View Db §.00 pm et BSE 1o
ZEM MAG: 197 . SEM MAG: 379 bx

Puc. 6. CEM-3o6pakenua nepetuHy intepdeiicy mixk miaiBkoo AIN i migkma-
IWHKOIO i3 MOHOKpUCTAIiuHOrOo Si.

Fig. 6. SEM images of the intersection of the interface between the AIN film
and the monocrystalline Si substrate.

d d

A

qunt - N
AIN 1

O6uncIMMO BeTMYUHY TeTioBoro omopy MesKi AIN/Si Ry intsi 38 TAKUMU
mamumu: d=1828,63 um+ 241,84 am=2070,47 um, d1=1828,63 um,
AL ain-si = 82,9 Br/(m-K).

11106 omepskaT BUIITY MEXKY TEILIOBOTO OIOPY Ry intsi, 3@ Aain 06epeMo
HamKpamnii Bizomi 3 giteparypu 3HaueHHS Aain 1= 100 Br/(M-K) i Aain 2=
=130 Br/(m-K) ma mizxkaammakax moHOKpucTtagiuaoro Si [16]. Pospa-
XYHKM 3 OUMA JAaHUMM Jadd HACTYIHE: Ry insi(Aan1=100Br/(m-K))=
=2,26-10M2K/BTi Ry intsi(rawy 2== 130 Br/(m-K)) = 2,31-10 8 Mm% K /Br.

O6uncanmo BenunHy Ter1oBoTo onopy Meski AIN/Al Ry inta: AL an-a1 =
=45,8 Br/(m-K).

3a Tiel & TemmompoBigHOocTHM MIiBOK AIN Aaw:1=100Br/(Mm-K) i
Aav2=130Br/(m-K) pmust migrmagmaox 3 Al maemo: Rginta(havi=
=100Br/(m'K))=4,2810°M>K/Bt i Ryutai(lanz2=130B1/(MmK))=
=4,34-10* m2K/Br.

s mopiBHAHHSA, AJIA 3a3HAYEHUX BUIME ILIiBOK [16], m1o Oyau cuH-
Te30BaHi HecKkoMIIeHcOBaHUM MarHeTpoHoM Ha (100) mizkaagmukax Si,
aBTOpHU ofepskanu Termaosuii omip 1-10°8 M2 K /Bt nia intepdeiicy AIN—
Si.

Crnuparounch Ha ofep:KaHi 3HaUeHHA R int, 3pOOMMO OI[iHKY BeJINYN-
HU TeILIONpoBigHOCTU 1mapy dz= 241,84 HM Ha TiAKJIaAWHII 3 MOHOK-
pucramiumoro Si  3a  dopmynoo  Ax=dz/R,. Haa  Rgintsi=
=2,26-10Mm2K/Bt ogep:xyemo A:=10,7Br/(M'K), a mma Ryinsi=
=2,31-10"® m* K/BT Bestmunna A = 10,5 Br/(m-K).

Opmep:kaHi 3BHaUeHHA TEILJIONPOBiAHOCTH IMIapy dz MOKHA OB’ I3aTH 3
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HeBIIOpAIKoBaHuMHY mriBkamu AIN.

Nna migknaguaky 3 Al maemo: 11d Ry ina = 4,28-10°8 M2 K /BT ozep-
smyemo Ae=5,7Br/(MmK), a gma Ryina=4,34-10° Mm% K/BT Beanuuna
A2=15,6 Br/(Mm-K).

OckinbKM aJIOMiHi#T € XeMiUHO aKTUBHUM MeTaJIOM Ta Iile I Ma€ Be-
JUKY cnopimmenicTs 1o OKcureny, MOKHA NPUOYCTUTU, IO TOHKUI
Gap’epHuii map dp Ha migxaagueni Al Mmoxxe 0yTu aMOPPHUM OKCHIOM
amominiro AlxOs.

Posrismemo pesyabratu poboTtu [15], aBTOpU KO MpOBen BUMipIo-
BAHHS TEILIOMPOBiAHOCTI aMOPPHUX TOHKUX IIiBOK AlxO3, BUPOIEHNX
3a JOIIOMOT'OI0 AaTOMHOTO ITIapOBOT0 OCAAKEHHS B HifAIa30HI TeMIIepaTyp
100-300 K, Tosiuuoio Bix 17,0 1o 119,4 uM Ha migkIaguHEKax 3 candi-
py i repmaniro npu 300 K. TemnonpoBigaicTs amopdpuux miriBox Al:Os;
BU3HAYAIU 3® MeTomoio i BoHa ckjana 1,73+ 0,08 Br/(m-K). 3amex-
HiCTH BeJIMUYMHHU TEILJIOIIPOBIAHOCTY BiJl TUIIY MiAKJIAANHKN HE CIIOCTEPi-
rajacsa. 3 immoro OOKy, TeILIOBUII TpPaHUYHHII OIip cHUcTeMHu
Pt/Al,Os/migknasnHaKa CUIBHO 3AJIEKUTh BiJ HiAKIaIMHKY 31 3HAUEH-
HAMU B Aiamasoni Bix 2,1-108 m%K/Br g0 3,7-108 M2 K/Bt npu 300 K
IJIs TIITiBOK, HAaHeCeHUX Ha camdip i repmaniii Bigzmosiguo. AK 6aunmo,
Hallle MPUNOYINEHHS Mae mo0pe Y3TOAKEHHsS 3 pe3yJabTaTaMHu po0oTH
[15].

B po6orti[17] stz Rh, Al i Ti va monoKpuctandiuaomy Al:Os ogeprxani
HalHMKYi 3HAYeHHS Ry int = (0,5-2,0)-10° m* K/Br.

Te, 1m0 onep:kane 3HaUeHHA R,intai Mali’ke B JBa pasm BUIIE, HiK
R intsi, MU TIOB’A3YEMO 3 MOJKJIMBICTIO BUHUKHEHHSA T00IM3y iHTEepdeii-
cy okcuaiB adiomimio. KpiM mporo, BeJiuKuii BIJIMB Ha OIIip MeKi Mmae
IrepcTKicTs moBepxHi [14]. B Hamomy BUOAIKy cepeqHs KBaJpaTHUUHA
IIePCTKiCTh TOBepPXHi MOHOKpucTadiuaoro Si Oysa 6ina 2 HM, a A4 IIo-
JipoBanoi mosepxHi Al ckiamamna 6ims 25 HM.

3. BUCHOBREH

B mamiit poboTi MeTo010 3m BUBUAJIACH ITOIIEPEUHA TeIlJIOIPOBiIHICTE AL
TOHKHUX ILTiBOK AIN.

1. Touki maisku AIN (ToBiuuo0 1-3 MKM) OyJI0 CHHTE30BAaHO HA MiTK-
JaguHKAaX MOHOKpucTaaiuuaoro Si adbo Al 6e3 ix migirpiBy B riopugaomy
reJIiKOHHO-IYT'OBOMY HOHHO-ILJIa3MOBOMY PEaKTOpi, AKUM Ma€e reJiKOoH-
He IKepeJso IJIasMHM Ta IJIa3MOBO-AYTI'OBi IIpHCKOpoBaui, o6’eqHaHi B
OIHIiN TeXHOJOTiuHi#T KaMepi. OmepsKaHi IIIBKM MaJu Ha MeXKi 3 miaK-
JaguHKO0 ToHKMH map (6ixa 200 am) HeBmopagkosaumoro AIN a6o ox-
cUIy aJIlOMiHitO0.

2. Oas rorkux mriBok AIN, cuHTe30BaHUX HA MigKJIaINHKAX 3 MOHOK-
pucTasiumoro Si, ogep:kaHi BUCOKi 3HaueHHs KoedillienTa momepeuHoi
TerIonpoBigHOCTH Aisi= 82,9 Br/(M-K). Insa toukux mriBok AIN, cun-
Te30BaHMX Ha migKaasmuakax Al, ogepskaHo 3HaueHHA KoedimieHTa 110-
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ImepevHoi TemIonpoBigaocT: A a = 45,8 Br/(Mm-K), 1110 € HafiBuIIuM 3Ha-
YeHHSAM cepel] OIyOJiKOBAHMX HA MeTAJNIUuHMX HigrjgaagumHKax Al, axi
IITPOKO 3aCTOCOBYIOTHCA AJISI OXOJIOMKEHHS CBITIOMI0OIHIX ITPUJIAIIB.
3. 3pobJieHa OI[iHKa TEIJIOBOr0 omopy R, Mmexi mik muiskamu AIN i mi-
OKJaIUHKaMHM, IO € OJHUM 3 HalBaKJMWBIINMNX IIapaMeTPiB IPH CTBO-
PeHHi cucTeMU OXOJIOMKEeHHA eJeKTPOHHNX npuaangis. OmepsxaHe 3Ha-
yenHa 1yia iHTepdeiicy AIN/Si ckaano Ry insi= 2,310 m*K/BT, a aia
inrepdeiicy AIN/Al — R, inia1 = 4,310 Mm% K /Br.

Ot:xe, ofep:kaHi B poOOTi BUCOKi 3HAUEHHA A i HU3BbKIi 3HaueHHI Ry
int TEMOHCTPYIOTh MOJKJIMBiCTh BUKOPUCTAHHA TeJiKOHHUX TEeXHOJIOTiH
IJISI CUHTEe3yY TOHKUX JieJIeKTPUYHUX ILJIiBOK IPHY BUT'OTOBJIEHHI CHCTEM
OXOJIOMKEHHS eJIeKTPOHHUX HAaHOIPUJIALiB.
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Heat Conductivity of the Material Obtained by Melting Steel
on the Flame Supersonic Jet of Mix of Air—Propane

E. U. Arzikulov"™, X. Xasanov’, S. K. Eshmamatov®, S. Q. Akhrorov”,
M. D. Toshboyev", Sh. J. Quvondiqov", and D. T. Bobonov™
*Samarkand State University,

15 University Blvd.,

UZ-140104 Samarkand, Uzbekistan

“Jizzakh Polytechnic Institute,

4 Islam Karimov Str.,
UZ-130100 Jizzakh, Uzbekistan

In this article presented results of measurements of heat conductivity coeffi-
cient of the porous material, obtained by melting industrial steel grade ‘Steel
3’ in the range of temperatures from —140 to +400°C measured on UUT-A-400
installation. Comparison of the obtained results with data existing in scien-
tific literatures on porous steel became with various degrees of porosity,
showed their good agreement. Heat conductivity of such porous samples un-
like well-known mechanisms (electronic and phonon) heat conductivity of
metals. Heat transfer in this material is explained by mechanisms, which in-
clude transfer through solid pore walls and through gases being inside pore.

Key words: mix of air—propane, supersonic jet, flame, steel, heat conductivi-
ty, pore, electron, and phonon.

V¥V crarTi HaBemeHO pes3yJbTaTH BUMipIOBaHb Koe(illieHTa TeIrompoBiJHOCTH
IIOPUCTOTO MaTePifAay, 0Jlep:KaHOro IIPYU TOIJIEHHI IIPOMUCIOBOI KPUIlL MapKu
«Cranb 3» B mianmasoni Tremmepatyp Big —140 mo +400°C, BumipaHOTO Ha ycTa-
HoBIi YUT-A-400. ITopiBHAHHA OofepKaHNX PEe3yAbTATIiB 3 HAABHUMU B HAYKO-
Bi#f JIiTepaTypi JaHUMHU 3 MOPUCTOI KPUIIi 3 PIBHUM CTyII€eHEM IIOPUCTOCTH II0-
KasaJyu ix goopwuii 30ir. TemIonpoBigHICTh TAKMUX IIOPUCTUX 3Pa3KiB BimpisHA-
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€ThCs Bif moOpe BimoMmx MexaHisMiB (eJeKTpPOHHOI Ta ()OHOHHOI) TEmJIOoIIpo-
BigHOCTH MeTratiB. Tennomepenadya B {bOMY MATEPifAJi MOSCHIOETHCA MeXaHis-
MaMHM, AKi BKJIOUAIOTH IepeJadyy uepe3 TBepHi CTiHKM mop i uepes rasu, IO
3HAXOAATHCA BCEPEIUH] IOD.

KuarouoBi cioBa: cyMiiin moBiTpA—mIpoIaH, HaA3BYKOBUM CTPYMiHb, HOJyM 4,
KPHILSA, TeIJOIPOBiAHICTE, MOPH, €JIeKTPOHU Ta (POHOHH.

(Received March 22, 2021; in final version, June 16,2022)

1.INTRODUCTION

In modern materials science, interest is gradually growing in obtaining
new materials with predetermined properties and their application for
solving various applied problems. Certain successes have been achieved
in the technology of obtaining porous materials with unique physico-
chemical, mechanical, electrical, and magnetic properties. Although
there are various natural porous materials in nature, in recent years,
the interest of researchers around the world is riveted to the artificial
synthesis of such materials by various methods [1]. There are many
types of porous and foamy materials with properties not typical of con-
ventional materials, such as low density and high specific surface area
[2]. These materials are used for the manufacture of lightweight struc-
tures, as biomaterials for medical orthopaedics, various filters, ther-
mal insulators, catalysts, heat carriers, electrodes, vibration and
acoustic energy dampers, shock energy absorbers, etc.[3]. Porous mate-
rials with such properties are successfully used in various thermal in-
stallations as heat exchangers, heat transfer fluids for heat pipes [4].

2. EXPERIMENTAL DETAILS

To study the temperature dependence of the thermal conductivity of
the porous materials synthesized by melting steel on the flame super-
sonic jet of mix of air-propane based on industrial steel grade ‘Steel 3’,
was used an IT-A-400 device designed to measure the thermal conduc-
tivity of solid materials. The measurement technique and processing of
their results are described in detail in [5]. With this measurement
technique, the relative measurement error was 3—5%.

For the synthesis of a porous material based on industrial steel, a
special furnace made of refractory bricks was used. For moulding, spe-
cial cylindrical shapes were made based on fine-grained graphite or
from refractory bricks with a height of 3 mm and a diameter of 16 mm,
which was firmly mounted on the focus of the burner flame.

After that, a special burner was installed in front of the furnace, so
that the focus of the flame of the supersonic flow exactly coincided
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with the centre of the cylindrical shape.

After that, using a special nozzle creating a supersonic flow of gas-
es, a mixture of air and propane was ignited in a flame of which the
temperature can reach up to 2300°C. (For melting steel, depending on
the grade, a temperature in the range of 1550—-1600°C is required).

10 EHT = 15.00 kV ] 0 um EHT = 15.00 kV -
" WD = 8.5 mm e WD = 8.5 mm =

200 m EHT = 15.00 kV =
= WD = 8.5 mm

e e Y § S
20 um  EHT = 15.00 kV e

10 pm  EHT = 15.00 kV ) =
WD = 8.5 mm 1 WD=8.5mm
e

Fig. 1. Images of the surface topology obtained using a scanning electron mi-
croscope: a, b—the sample of initial steel before melting; ¢, d, e, f—images
pores with differed resolution.
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Fig. 2. Scheme of heat flow propagation in the chosen method: 1—base, 2—
plate, 3—pin plate, 4—test sample, 5—rod (a); the requirement for the size
(diameter) and the smoothness of the sample surface (b).

After melting, the liquid steel flows into the mould and fills it. Af-
ter extinguishing the flame, the mould filled with liquid metal is
cooled naturally to room temperature and then the shaped sample is
taken out of the mould. At the same time, the synthesized samples had
a porous structure (Fig. 1). Measurement of their porosity according to
the standard technique showed 68% of the porosity of the samples ob-
tained.

To study the temperature dependence of the synthesized porous ma-
terial based on steel, samples were made with the form and geometric
dimensions shown as in Fig. 2, b. For this, cylindrical shape samples

a b

Fig. 3. Images of the synthesized samples: immediately after demolding (a);
after mechanical cutting with a diamond disc (b).
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with dimensions 2 =2+ 0.1 mm and d = 15 + 0.3 mm were made using a
3D diamond cutting machine (Fig. 3).

To ensure good thermal contact between the elements of the cell and
the test sample, the surface of the sample was polished to a level of
+0.65 pum.

To reduce the harmful effect of the roughness of the contacting sur-
faces of the standard and the sample on the measurement accuracy, as
well as to improve their thermal contact, a high-temperature paste was
used.

3. RESULTS AND DISCUSSION

In Figure 4 presents the results of experiments on the temperature de-
pendence of the thermal conductivity coefficient of porous steel sam-
ples with different degrees of porosity (60 and 68% ) synthesized by
melting industrial steel grade ‘Steel 3’ in the flame of a supersonic
flow of an air-propane mixture. In the same Figure, for comparison,
the temperature dependences of the thermal conductivity coefficient
of porous steel with different degrees of porosity obtained by other
technologies are shown. Data taken from [3].

As can be seen from Figure 4 the thermal conductivity coefficients
of the porous steel samples synthesized by us with a porosity of 60 and
68% are less than 1.3 and 2.6 times in comparison with the thermal
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Fig. 4. Temperature dependences of the thermal conductivity coefficient of
the synthesized samples with porosity of 60% and 68% and the initial steel.
Here are the published data [3] of the temperature dependence of steel grade
‘Steel 3°.
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conductivity coefficient of the initial ‘Steel 3’ steel sample, respective-
ly. In addition, the curves of the temperature dependences in the in-
vestigated temperature region of the porous samples synthesized by
melting steel on the flame supersonic jet of mix of air—propane and the
porous samples synthesized by other technologies is described by dif-
ferent dependences. So, for example, the temperature dependence of a
steel sample with 48% porosity obtained by hot pressing can be ap-
proximated by a functional dependence of the form Q(t) = 26.33 —
-0.0213¢ + 1.275-107%%2, while those for the porous samples synthe-
sized by melting steel on the flame supersonic jet of mix of air-propane
are approximated dependence of the form Q(t) = 0.0403t +
+1.7972-107%%¢2, It should be noted that there is some similarity in the
general form of these dependences, and this, in turn, shows the simi-
larity of the mechanisms of thermal conductivity and temperature de-
pendences of the thermal conductivity coefficients of the above sam-
ples. The difference in the thermal conductivity coefficient of a porous
sample synthesized in a supersonic flame of an air-propane mixture
with a porosity of 60% compared to porous steel with the same porosi-
ty, but synthesized by other methods, turned out to be about 1.33
times less.

To explain the obtained results, it is necessary to take into account
the dependence of the thermal conductivity of materials on the follow-
ing important thermodynamic and acoustic properties, such as: tem-
perature conductivity, heat capacity, density, speed of sound propaga-
tion. The effective coefficient of thermal conductivity of materials can
be calculated using the above parameters.

Predicting the thermal conductivity of porous materials, even after
many theoretical simplifications, is a difficult and sometimes impossi-
ble problem. The thermal conductivity of porous materials mainly de-
pends on the pore structure (opening or closing of the cell), their geo-
metric configuration (spherical, cylindrical, etc.), the relative orienta-
tion of the pores, location and distribution, pore size, type of crack,
etc. and therefore theoretical modelling heat transfer processes and
predicting is a very difficult problem.

It is known that the process of heat transfer in solids mainly depends
on their crystal structure, electrical and magnetic properties and is
transmitted mainly by phonons and free electrons [13]. The thermal
conductivity of porous materials is transmitted by three mechanisms:
electronic and phonon, along solid matrix (pore walls) [6—-10], convec-
tive, through gases filling the pores [11, 12], and radiant mechanisms
[14-17]. The thermal conductivity of metals is well explained using of
the classical electronic theory [13, 18]. The observed discrepancy be-
tween theory and experiments was eliminated using the Fermi—Dirac
quantum statistics for an electron gas [19]. From the beginning, for
the theoretical description of the thermal conductivity of such materi-
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als, a model was applied, according to which these materials consist of
hard spheres with the same radii filled with gas, and with this approx-
imation, expressions were obtained for calculating their thermal con-
ductivity coefficient [24]. With the further development of the theory,
based on a number of theoretical approximations, expressions were ob-
tained, the calculation results for which are close to the experimental
results [20—23]. It should be noted that there is no complete theory de-
scribing the mechanisms of thermal conductivity of porous materials.

The processes of heat transfer and thermal conductivity of porous
samples synthesized in a flame of a supersonic air—propane (or air—
methane) mixture are complex phenomena due to the presence in its
volume of heterogeneous phases: gas-filled spherical regions and solid
crust covering these spherical regions. The lower values of the coeffi-
cient of thermal conductivity of porous steel in relation to the original
metal steel is associated with a large difference in the coefficients of
thermal conductivity of metals and gases, as well as the process of heat
transfer between them and the pressure of gases in the pores. These
processes are associated with various structural parameters, such as
density, pore size distribution, the possibility of connecting cells, open
or closed cells, surface roughness etc., which are very difficult to
measure accurately and generalize.

To explain the mechanisms of thermal conductivity of porous mate-
rials synthesized in a supersonic flame of an air—propane (or air—
methane) mixture is difficult due to the lack of comprehensive detailed
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Fig. 5. Pore size distribution on the surface of the synthesized sample.
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studies to determine and control the degree of porosity, the shape and
size of pores, as well as the pore volume distribution. In our opinion,
the above parameters depend on the outlet pressure of the gas mixture,
the ratio of the concentration (pressure) of the gas mixture in the flow,
the temperature of the liquefied steel, the delay time of the steel in the
liquid state, the cooling rate, etc. Concerning, it is of interest to study
the pore size distribution to explain the thermal conductivity of the
porous steel synthesized by melting steel on the flame supersonic jet of
mix of air—propane. The pore size distribution on the surface of porous
steel sample is shown in Fig. 5. These distributions were constructed
by multiple measurements of the pore sizes of various samples and
their averaging.

As can be seen from Figure 4 the pores on the surface of the sample
are distributed in a complex manner. There are four maxima on the
distribution, which lie in the range of pore sizes 0+20, 80100,
120+140, and 80+100 pum. The number of pores corresponding to the
maxima is in the ratio 1:1.6:2.7:8. As mentioned above, the pore size
plays a key role in the thermal conductivity of porous materials. If due
to the pore size distribution of the investigated samples, it can be con-
cluded that in the process of heat transfer, the key role plays pores
with sizes lying in the range of 1-140 um. Based on the foregoing, it
can be assumed that in the studied porous samples, heat is mainly
transferred along solid walls of pores by electronic and phonon mecha-
nisms, and also through gases filling the pores, by convective mecha-
nism.

4. CONCLUSIONS

Based on the analysis state of art in thermal conductivity of porous
materials and the experimental studies came to the following conclu-
sions:

—thermal conductivity coefficients of the porous steel samples syn-
thesized by melting steel on the flame supersonic jet of mix of air-
propane with a porosity of 60 and 68% are less than 1.3 and 2.6 times
in comparison with the thermal conductivity coefficient of the initial
‘Steel 3’ sample, respectively. In addition, the curves of the tempera-
ture dependencies in the investigated temperature region of the stud-
ied porous samples and the porous samples synthesized by other tech-
nologies are described by different dependencies. It should be noted
that there is some similarity in the general form of these dependences,
and this, in turn, shows the similarity of the mechanisms of thermal
conductivity and temperature dependences of the thermal conductivi-
ty coefficients of the above samples;

—on base the pore size distribution of the investigated samples, it
can be concluded that in the process of heat transfer to the investigated
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samples the key role plays pores with sizes lying in the range of 1-140
um and it can be assumed that in the porous samples, heat is mainly
transferred along solid walls of pores by electronic and phonon mecha-
nisms, and also through gases filling the pores, by convective mecha-
nism.
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Bniue mapamerpiB nudy3iiiHOTro 3BaprOBaHHA Ha CTPYKTYPY
3’€THaHb 3 IOPONIKOBOTO CTOILY HIXPOMY

I0. B. ®anpuenko, JI. B. Ilerpymusnens, T. B. MenbHiueHKO,
0. O. HoBomumEens', B. €. @enopuyr

ITuemumym enexkmpossapiosarns in. €. 0. [ lamona HAH Ykpainu,
eys. Kasumupa Manesuua, 11,
03150 Kuie, Ykpaina
‘Hauionanrvruil ynieepcumem «Yepuiziécvka noaimexmika»,
sya. Illeguenka, 95,
14035 Yepnicise, Ykpaina

IlpencraBieno mociim:keHHs 1Mo Audyl3iiHOMY 3BapIOBAaHHIO B BAaKYyMi IIOpO-
mKoBoro crony Hixpomy Ni—20Cr—(3-4)Fe—(0,40-0,6)A1-(0,25-0,35)Ti—
0,5Y (% Bar.). ITokasano, 1110 6e3mocepeaHe 3BapIOBAHHA CTOIY HiXPOMY B iH-
repsaii Temneparyp 800—1100°C B ymosax Bakyymy 1,33-1072 I1a me 3abesre-
yye ofiep:KaHHA AKicHUX 3’e¢AHaHb. BcTaHOBIIEHO, IO B IIPOIleci HarpiBaHHA
CTONY HiXpoMy Bifi0OyBaeThCsd OKUCHEHHS HOro KOHTAKTHUX IOBEPXOHb, IO
YCKJIQTHIOE OfleP:KaHHsA 3BapHOTO 3’enHaHHA. [[OCIiyKeHO MOMKINBICTD 3aXu-
CTy IIOBEPXOHDBb CTONY BiJi OKMCHEHHS 3a PAaXYHOK HOKPUTTA i3 HikJ0. Hane-
CeHHs MEeTO0I0 eJeKTPOHHO-IIPOMEHEeBOTO BUITAPOBYBAaHHS Ta KOHIeHcallii B
BaKyyMi IPOIIAPKY 3 HIKJIO Yy BUTJIAAL MOKPUTTS TOBITUHO 5—7 MKM [Ia€
3MOTY VHUKHYTH OKVCHEHHA KOHTAKTHUX IOBEPXOHb. [[OCTifKeHO BIJIUB Te-
pMiuHOrO 00pOGJEHHA Yy BaKyyMi Ha xeMiuHuii ckjaan mokputts. Ilokasano,
1o Bigmas 3paskiB 3 mokputtam npu T = 1100°C mporsarom ¢t = 10 xB. B ymM0oBax
Bakyymy 1,33-10°2Ila cupusie nmocuaeHHo JUPys3iiHUX IPOLECiB MisK OCHOB-
HUM MeTaJIOM Ta HAIMJIeHUM IIapoM Ta 3abesIeuye BUPiBHIOBAHHA X€MiUHOTO
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CKJIaly B 30HI KOHTAKTy IMOKPUTTA i cromy. IlokasaHo, 1110 MiKpOCTPYKTypa
3paskiB omepskanux Ha pexxkumi: T'=1200°C, P =40 MIla, t =20 xB. xapakre-
pusyeThbcsa BifcyTHicTIO nedeKTiB y 30Hi 3’eqHanusA. Posmomin xeMmiuHuX eJie-
MEHTIiB B CTUKY € MOHOTOHHUM. [[udysid eseMeHTiB 3 HiIXPOMOBOTO CTONIY B
HiKJeBe TOKPUTTS 3abesmneuye yTBOpeHHA nudysifinoi 30HU, 6J1U3HKO0I 3a CBO-
iM XeMiYHUM CKJIQJOM JIO CKJIaLy CTOITy Hixpomy. JlocmigsxkeHo MiKpoMexaHiy-
Hi BJIacTHBOCTI 3BapHUX 3’emHaHb. IlokasaHo, 1110 3aCTOCYBAHHS IIPOMIiKHOI'O
MIPOIAPKY Y BUTJIAAI HOKPUTTA 3 HiKJI0 IpHu AudysiliHOMYy 3BapIOBaHHi B Ba-
KYyMi IIOPOIIIKOBOTO CTONY Hixpomy 3abesreuye ogepKaHHS 3 €QHAHDb 3 MiK-
POTBEPAICTIO HA PiBHI BUXiAHOTO MaTepiANy Iricid Bigmamy.

KarouoBi cioBa: mOPOIIKOBUH CTOM, HiXpoM, Audysiline 3BapioBaHHA, IPOMi-
JKHE MOKPUTTHA, OKUCHEHHS, MiKPOCTPYKTYpa.

Investigations on vacuum diffusion welding of nichrome powder alloy Ni—
20Cr—(3—4)Fe—(0.40-0.6)A1-(0.25—-035)Ti—0.5Y (% wt.), are presented. As
shown, welding nichrome alloy directly in the temperature range of 800—
1100°C under vacuum of 1.33-1073 Pa does not provide sound joints. As found,
during nichrome alloy heating, oxidation of its contact surfaces takes place,
which makes it more complicated to produce the welded joint. The possibility of
protection of the alloy surfaces from oxidation by coating them with nickel is
studied. Deposition of a nickel interlayer by EBPVD method in the form of 5—
7 um thick coating allows avoiding oxidation of the contact surfaces. The in-
fluence of heat treatment in vacuum on the coating chemical composition is
investigated. As shown, annealing of the coated samples at T'=1100°C for
10 min. under vacuum of 1.33-1072 Pa promotes enhancement of the diffusion
processes between the base metal and deposited nickel layer and ensures equal-
izing of the chemical composition in the zone of contact of the coating and the
alloy. As shown, the microstructure of the samples, produced in the following
mode: T =1200°C, P =40 MPa, t =20 min is characterized by absence of defects
in the joint zone. Distribution of chemical elements in the welded joint is mon-
otonic. Diffusion of elements from nichrome alloy into the nickel coating en-
sures formation of the diffusion zone, is similar, in its chemical composition to
nichrome alloy. Mechanical properties of the welded joints are studied. As
demonstrated, application of an intermediate nickel layer at vacuum diffusion
welding of a nichrome powder alloy enables producing joints with the micro-
hardness on the level of that of the base metal after annealing.

Key words: powder alloy, nichrome, diffusion welding, intermediate layer,
oxidation, microstructure.

(Ompumano 3 mpasus 2022 p.; ocmamoun. apiaum — 28 uepsns 2022 p.)

1. BCTYII

Hikneri cronu 3 BucokuM BmicTrom Xpomy, a came Hixpomu (NiCr), m1o
XapaKTepu3yIOThCS BUCOKMMU KAPOMIITHICTIO Ta KapPOCTiHKiCcTIO, MO-
JKYTh BUKOPUCTOBYBATHUCSA IJIS BUTOTOBJIEHHS €JIEMEHTiB rapsa4yoro Tpa-
KTy aBiaBUTYHIiB Ta eJeKTpoeHepreTnYHUX TypOiH [1]. Bimomo, m1o Hi-
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XPOMU IIPY 3BaApPIOBAHHI TOIJIEHHAM CXMWJIbHI IO TapAYOoro PO3TPiCKYy-
BaHHJA Ta Aerpagarii mikpoctpykTrypu 1miBa [2]. [ludysiiine 3BapioBaHHA
Y BaAKyyMi € IIepCcIeKTuBHOI0 MeTonoio 3’eaguanua crouiB NiCr, ockinb-
KU BOHO Ja€ 3MOT'Y VHUKHYTHU ITPO0JIEM, 1[0 BUHUKAIOTH IIPY 3BaplOBaH-
Hi Tomnenuam. OgHaK, CKJAAIHICTL Ofep:KaHHA 3’€IHAHL HIiXPOMY Me-
TOMOI0 AuU(py3iAHOro 3BapiOBAaHHA Y BaKyyMi IIOJIAra€ B HASABHOCTI Ha
Moro MoBEPXHi TepMiUHO CTIMKOIro Iapy OKCHUIiB Ta HU3bKOI ILJIaCTHU4-
HOCTHU AaHoi rpynu marepianis [3]. PyiinyBanHsa TepMiuHO CTifiKOI OK-
CHUIHOI IJIIBKM Ha IMOBEePXHIi JKapOMIITHMX HIKJIEBUX CTOMIIB IIOTpPebye
IIpu 3BapIOBaHHI 3aCTOCYBAaHHA BUCOKMUX THUCKIiB i Temmeparyp [4—7] Ta
TOBTOTPUBAJIOTO TepMOOOpoOIeHHA micia 3BaproBanuda [6]. OgHak, Ta-
KUH TeXHOJIOTIUHUH IiagXis MaoedeKTHBHUYN IIPU 3BapIOBAHHI TOHKO-
JUCTOBUX MaTepiainiB. Bizjomo, 1110 3HUBUTU PiBeHb TEPMOMEXaHIYHOTO
HaBaHTaKeHHA HA MaTepidiun, 110 3’ €IHYIOThCA METOL0I0 T1u(Py3iiiHOTO
3BapIOBAHHA, YMOKJIUBJIIOE BUKOPUCTAHHA IPOMiKHUX MJIACTUUHUX
mporapkiB [7]. 3 iHIIOro 60Ky, BUKOPUCTAHHA TaKUX IIPOIIapPKiB Y BU-
TJISI1 IOKPUTTA HA IMOBEPXHAX, IO 3 €IHYIOTHCA, MOMKe 3a0e3meunTH
O0ap’epHuil epexT 11070 PopMyBaHHA OKCUAHOI miIiBKu. Tak, aBTopamMu
[8] mokasamo, 1110 eIeKTPOJIiTHUHE IJIaKyBaHHS IIOBEPXHI 3pasKiB cTomy
Udimet 700 TouxkuM I1apomM HiKJI0 ab0 Hikeab—K00aJbT 3amobirae ¢go-
PMYBaHHIO KPUXKHUX KapbimHMX Ta oKcuIHUX (a3 B 3’eaHAHHI IpU AU-
dysitinHomy 3BapoBaHHiI. MoXHa TPUITYCTUTH, 10 ILJIaKyBaHHSA IIOBEP-
XOHb HIXpOMYy TOHKHMM IIIapOM HIiKJIO METOAOI0 eJeKTPOHHO-
IPOMEHEBOTI'0 OCAIKEeHHSA B BAKYyMi, 3aXUINaTHMe IOBEePXHi CTOITY Bif
OKMCHEHHSA Ta IIOJIETIITyBATHMME BCTAHOBJIEHHS (Pi3MUYHOTO KOHTAKTY
MiK HUMHU 3a PaXyHOK IIJIACTUYHOI AepopMaIrii MoK puTTA.

2. MATEPIAJIN TA METOIU JOCJIIJKEHD

B pob6ori ma cromi mixpomy (Ni—20Cr—(3-4)Fe—(0,40-0,6)Al-(0,25—
0,35)Ti—0,5Y, % Bar.) y Buraani ¢oabsru toBmuuowo 0,03-0,05 MM,
BUTOTOBJIEHOI 3 MOPOIITKOBOTO MAaTePisaay IIPOBOAUIN HOCTIIKEHHS II0
IngysiitHOMy 3BapOBaHHIO B BakyyMi. [{1d npoBeieHHA eKcIlepuMeH-
TiB 3 oabru Bupisanam 3pasku posmipom 15x5 mm. IloBepxHi doabru
3aUNINAIYN HAa HAXKJAUHOMY Halepi 1o MeTaIeBoOro 0JMCKY Ta 3HEeKHUPIO-
BaJIM B aIleTOHi. 3BaploBaHHA 3pa3KiB IIPOBOAUJIN B OCHAINEHHI (MaTpu-
114 i TyaHCOH) BUTOTOBJIEHOMY 3 JIET'OBAHOI KPUIli, AKe Ma€ IJIacKi mapa-
JenbHi moBepxHi. Ilapamerpu mpollecy 3BapioBaHHsS OyJiM HACTYIIHi:
TeMnepatrypa 3BapioBaHHA T1.;=800-1100°C, 3BaprooBaJbHUUA THCK
P.. =40 MIla, TpuBamicTs, 3BaproOBaHHSA t.;=20XB., BAKYyM B po0OoUiii
KaMepi migTpumyBsaau Ha piHi 1,33-1073 I1a.

Ha moBepxHIO (hOJIbI'YM HAHOCUJIN HMOKPUTTS HiKJIO TOBIITMHOIO y 5—
7 MKM METOJOI0 eJIEKTPOHHO-IPOMEHEBOT0 BUIAPOBYBAHHSA Ta KOHIEH-
caIrii B BaKyyMi.

Amnarizy MiKpOCTPYKTYpPH 3BapHUX 3’ €THAHD TPOBOIUIN 3 BUKOPHUC-
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TaHHAM cKaHyBajgbHOro Mikpockomy CAMSCAN 4, ocHaIlleHOTO cucTe-
MoIo eHeproguciepciiinoi anaaisu OxfordIncaEnergy 200.

3 3pas3KiB 3BapHUX 3’€qHAHb 34 CTAHAAPTHOIO METOAUKOIO 3 BUKOPIC-
TaHHAM ILTi()yBaJIbHO-IIOJipyBaJbHOT0 O0ManHaHHA dipmu Struers Bu-
TOTOBJAIN HLIipu IomepeuHoro mnepepisdy. OIiHKY MiKpoTBepmOCTH
3BapHUX 3’€IHAHb HPOBOAUIN METOLOI0 ABTOMATUYHOIO iHIEHTYBaHHSA
i3 BactocyBanHaM nmpuaany « Mikpom-ramma» [9].

3. PESYJBTATH TA OBTOBOPEHHS

IIpoBoauam mociig:KeHHA 3 BU3HAUEHHS BILIMBY TeMIEPATypPU 3Baprio-

50 MEM 50 MEM
8 2

Puc. 1. MikpocTpykrypa 3’egHanb crony Ni—Cr, omep:kaHux MeTo[00 Audy-
3ililHOrO 3BapiOBaHHA Yy BaKyyMmi mnpu Temneparypax: 71.,:=800°C (a),
T =900°C (6), T =1000°C (8), T'ss =1100°C (2).

Fig. 1. Microstructure of welded joints alloy Ni—Cr produced by diffusion
welding in vacuum at temperature: T, = 800°C (a), T'w=900°C (6), Tw = 1000°C
(8), Tw=1100°C (2).
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BaHHA Ha CTPYKTYPY 3BapHUX 3’e¢qHaHbL. TeMIieparypa 3BaplOBaHHS
cramoBuaa: T.:=800-1100°C, Tuck P..=40MIla, uyac 3BaproBaHHSI
ts = 20 xB. MiKpOCTPYKTYpPH OZlep:KaHUX 3’ €THAHDb HaBeIeHo Ha puc. 1.

Amnajisza MiKpOCTPYKTYypu 3BapHUX 3 €IHAHDL MOKasaja, IO B 3pas-
Kax, ofep:kaHuXx B iHTepBati remmepatyp 800-1100°C, B cTUKY cIIoCTe-
piraerhca OesmepepBHUN HeEKTHUH IIap, IO CKIATAETHCI 3 OKCHIHOL
IUIIBKY, SKUI CBiIYNTH IIPO Te, IO IIOBHOI[IHHOT'O 3BapiOBaHHSA HEe Bif-
oymocs.

MosxHa BigmiTHTH, IIT0 IPKM BCiX TeMIlepaTypax 3BaplOBaHHA B MaTe-
piani 3paskiB Bimbymaca pexpucraiisaiiisa cromny. Kpim Toro, mpu Tem-

& Craan, % Howmep cexTpy
Bar. 1 ‘ 2 ‘ 3
C 4,86 4,60 4,41
(6] 16,75 16,38 16,98
Al 0,66 0,45 0,53
Ti 0,55 0,18 0,57
Cr 18,22 17,51 18,70
Fe 2,27 2,561 2,57
Ni 56,69 57,66 56,24
30 MEM Y 0,00 0,71 0,00
a
| Ckaag, % Howmep cuexTpy
Bar. 1 ‘ 2 ‘ 3
C 9,29 7,65 6,87
(6] 3,39 3,05 3,17
Al 0,00 0,00 0,47
Ti 0,00 0,00 0,68
Cr 15,87 16,36 15,98
Fe 3,30 3,13 3,95
Ni 68,15 69,81 68,87
30 : 0 -y 0,00 0,00 0,00

0

Puc. 2. MikpocTpykTypa i eremeHTHUH cKJan moBepxHi ¢oasru Ni—Cr y Buxi-
JHOMY CTaHi IicJjisg MpoKaTKH (a), miciid 3aunIlleHHsa Ha HAXKJauHOMY Ianepi (0)
imicsia sauuineHH Ta Bignany y Bakyywi (8).

Fig. 2. Microstructure and elemental composition of the surface of Ni—Cr foil
in the initial state after rolling (a), after stripping on sandpaper (6), and after
stripping and annealing in vacuum (8).
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Craaz, % Howmep cmexTpy
BAr. 1 ‘ 9 ‘ 3
C 6,64 8,62 10,60
0] 12,35 13,25 15,13
Al 6,70 6,86 6,76
Ti 3,42 2,18 2,63
Cr 15,17 13,81 13,71
Fe 2,46 1,73 2,38
Ni 53,26 53,54 48,80
Y 0,00 0,00 0,00

ITpodosaicenna puc. 2.

Continuation of Fig. 2.

nepatypi 1000°C i Buie moMiTHa Mirpaitisd mop 3 BHyTPillIHBOI'0 00’ €My
B 30HY 3’€IHAHHS Ta 10 HOBEPXHi 3BaplOBaHUX 3pPas3KiB.

Hnsa 3’sicyBaHHS IPUYMH HU3BKOI AKOCTH 3BapHUX 3’€IHAHBL OyJIU
IIPOBeeHI JOCTiIKeHHs II0OBePXOHb MeTaJdy YV BUXiJHOMY cTaHi. AHaJri-
3a crony Ni—Cr mokasaJa, 1110 Ha IIOBEPXHi (pOIbIY 3HAXOAUTHCS II[1JIb-
HUH I1ap OKCUAHOI ILIIBKM T€MHO-Ciporo Kobopy 3 BMicToM OKCUT'eHY
Ha piBHi 16,38—-16,98% Bar. (puc. 2, a).

Sk BKasyioTh aBTOpM [1] OKCcuAM Ha IIOBEPXHI HiXpOMy IepeBakHO
cxaagaoTbesa 3 Cre0s i NiO. OkcugHa ILTIiBKa Ma€ IMOPUCTY CTPYKTYPY,
HaABHICTH AKOI MOKHA IMOACHUTY BaKaHCIHUM IepeMillleHHAM aTOMiB
Hikxaio HazoBHI B okaauny mo Mipi pocty mapy NiO [9]. Ilicaa saum-
IeHHA GOJIBTH i3 CTOIY HiXpOMY [0 MeTaJieBoTo GJIMCKY Ha HasKIadHO-
my mamepi P400 Ha ii moBepxHi cmocTepiraloThed XapaKTepHU A1 aa-
HOT'0 BUAY OOpOOJIeHHS penbed y Buraani cmyr (puc. 2, 6). Edpekrus-
HiCTh JaHOI MeTOAU OUUIIEHHS HMiATBePIKYETHCA TUM, 1110 BMicT OKcu-
redy mnajgae OinbIl HidX B I’aTh pasiB 3 16,38—-16,98% Bar. g0 3,05—
3,39% Bar. Ilicasa HarpiBaHHS OUYUINEHUX 3PAa3KiB B yMOBaX BAaKyyMYy JIO
1100°C 3 BuTpumkoio npoTtarom 10 xB. BigOyBaeTbCA CTPiMKe OKMCHEH-
Hs moBepxHi poawsru (puc. 2, 8). Bmict Okcureny maiixke mocsarae sHa-
YeHb, IIPUTAMAHHMUX CTOIy B BuXigHomy crani (12,35-15,13% Bar.).
IIpu nbomy 3BepTae Ha cebe yBary 30iibiieHHs KoHIeuTpalii Ti ra Al B
MMOBEPXHEBOMY IIapi, 10 MOKe BKas3yBaTH Ha y4acTh ITUX €JIEMEHTIiB B
YTBOPEHHi OKCUIHOI ILIiBKU.

Opnep:xaHi pe3yabTaTy BKa3ylOTh HA HEOOXiMHICTH 3aCTOCYBAHHA IIPU
3BaproBauHi crony Ni—Cr 1ogaTKOBUX TeXHOJOTIUHNX 3aXO0OIiB CIIPSIMO-
BaHUX Ha 3aXUCT IIOBEPXHi CTOITY BiJ OKMCHEHHS B IpoIleci HarpiBaHHs
mepen 3BapIOBaHHSA.
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Puc. 3. Burasag nosepxHi doabru 3i crony Ni—Cr 3 TOKPUTTSAM 3 HiKJIIO B BUXi-
LHOMY CTaHi.

Fig. 3. View of the surface of the foil of Ni—Cr alloy coated with nickel in the
original state.

Opniero i3 epeKTUBHIX MeTOJ O0OPOTHOU 3 YTBOPEHHAM OKCHUIIB XPO-
MYy Ha MOBEePXHi CTOIIIB HiXpOMYy € HaHeCeHHsA Ha MOBEePXHIO 3pasKiB mo-
KpuTTsa i3 HiKJIi0 [8]. [0 TOrOo X BigoMO, 110 IPOIIAPKY 3 HiKJII0 IITUPOKO
BUKOPUCTOBYIOTHCA IIPU 3BaplOBaHHi :Kapomimaux ctotmis [10] Ta cupu-
AIOTH JOKaJisaIil miaacTuyHol nedopmallii Ha IPUKOHTAKTHUX ITOBEPX-
HAX 3pasKiB.

Buxonasaum 3 11b0oro Ha moBepxHIO (POJLIH i3 HIXPOMY METOIOI0 eJICKT-
POHHO-IIPOMEHEBOT0 BUIAPOBYBAHHA Ta KOHAeHcaIlii B BakyyMi OyJio

x2000
0

Puc. 4. Burasag nosepxHi oabru 3 crony Ni—Cr 3 HIOKPUTTAM 3 HiKJIIO micisd
Bigmauy.

Fig. 4. View of the surface of the foil of Ni—Cr alloy coated with nickel after
annealing.
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HaHeCeHO IMMOKPUTTSA 3 HiKJII0 TOBITNHOIO 5—7 MKM (puc. 3).

3axucHe MOKPUTTSA CKJIAZAETHCA 3 CPEePUUHNX UaCTOK posmipom 0,3—
1 mrwm (puc. 3, 6). Ilokpurra mae HacTynHuU#N xeMiunuii ckaaz: Hikiro
92,00-93,92% , Xpomy 0,57-0,70% , Oxcureny 0,86—1,68% .

Bigman 3spaskiB 3 DOKpUTTAM HOPU  Thrizn=1100°C mporarom
tsim = 10 XB. B ymMoBax Bakyymy 1,33-1073 I1a 3MiHIO€ BAIJIA[ IIOBEPXHI
(puc. 4). Ilixg yac Bigmaay TIOKPUTTSA MIEPETBOPIOETHCA i3 ITIOPUCTOTO, AKe
CKJIaIAJIOCh 13 c(hpepMUHMX YACTUHOK, B OOHOPiIHE.

Bigman crnpude mocuieHHO ANGY3iMHUX OPOIECIiB MiXK OCHOBHUM
METaJIOM Ta HaIWJIeHMM IIIapoM, B Pe3yJIbTAaTi YOro CIOCTepPiraeTbecs
3MiHa XeMiYHOro CKJaay Ha moBepxHi ¢oabru. Ilicaa Bigmany xemid-
HUH CKJaja moBepxHi craHoBuTh: Ni—(9,95-11,26)Cr—(2,17-3,28)Ti—
(1,68-2,48)Al-(1,45-1,58)Fe—(4,40-6,94)0, % Bar.

HocmimxyBanamy BILIUB TePMiuHOTO 00pOOJIEHHS Y BaKyyMi Ha XeMiu-
HUH CKJIaJ IOKPUTTA 3 HiKJ0. THUIIOBa MiKpPOCTPYKTypa MOBEPXHi Po3-
Iiny moKpuTTsa/(dosbra mpuBeseHa Ha puc. 5, a. Ha pucyury 5, 6 moka-
3aHO BMicT XpoMy B Pi3HUX AIJIAHKaAX IMOKPUTTA Ta y (oJsb3i 3i cTomy
Ni—Cr B 3ame;XHOCTIi Bif TemMIepaTypu Bigmany. K BugHo 3 puc. 5, 0,
IpHu OiABUINEHH] TeMIlepaTypHu Biimaay BMicT XpoMy B HOKPUTTI 3 HiK-
a0 (minsaka 1) 36inbinyerbea Ha Iioro moBepxHi (3 1,35% Bar. mpu
800°C mo 11,34% sBar. upu 1100°C) i mocTyIIOBO BUPiBHIOETHCA IIO IIO-
mepevyHoMy Iepepisy moxpurts (minauka 2) go (11,34-11,66% Bar.). ¥
mpunoBepxHeBoMy Iapi ¢ouabru 3i crony Ni—Cr (minsmka 3) cmoctepi-
raeTbCcA MOCTYIIOBE IMIOHMUMKEHHA BMicTy XpoMy IIpU IIiABUIIEHH] TemIie-
parypu Bigmany 3 21,12% y mouatkoBomy ctaHi 10 12,99% mnpu temire-
parypi Bignamy 1100°C.

BwMmict Xpowmy nicasa Bigmaay,
% Bar.

800°C | 900°C [1000°C[1100°C
1,35 1,58 5,22 11,34
3,53 4,49 6,19 11,66
19,82 15,10 13,57 12,99

10 MuM

a 0
Puc. 5. Mikpoctpykrypa crorny Ni—Cr 3 TOKPUTTAM 3 HiKJII0 Y BUXiJHOMY CTaHi
(a) Ta BoIMB TeMIIepaTypu Bigmnany Ha BMicT Xpomy (0).

Fig. 5. Microstructure of Ni—Cr alloy coated with nickel in the initial state (a)
and the effect of annealing temperature on chromium content (6).
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CrJap, Crexrep
% Bar.| 9 | 3 | 4 ‘ 5 ‘ 6
Al 0,9 0,02 - 0,26 0,57

Ti 0,55 0,18 0,26 0,25 0,38
Cr 20,1 16,1512,5217,4219,85
Fe 2,9 2,68 1,86 2,92 2,99
Ni 75,5681,0785,36 79,14 76,2

50 MM

a 0

Puc. 6. MikpocTpyKTypa (@) Ta po3mOJis XeMiYHUX eJeMeHTiB (6) y 3BapHOMY
3’enmadui Ni—Cr, omep:KaHOMY i3 3aCTOCYBaHHAM HOKPUTTA 3 HiKJII0 Ha PEIKU-
mi: T=1200°C, P =40 MIla, ¢ = 20 xB.

Fig. 6. Microstructure (a) and distribution of chemical elements (6) in the
welded Ni—Cr joint, obtained using nickel coating in the mode: T =1200°C,
P =40 MPa, t =20 min.

Buxogaum 3 ofep:xaHnUX Pe3yJabTATIiB JOCHiAKeHb MOMKHA 3PO0HUTH
BHCHOBOK, II[0 IIiABUINEHHA TeMIepaTypu Bigmaay spaskis 3 800°C mo
1100°C cpusie npuimBUAIIeHHI0 1udysii Xpomy 3 GOIbId Y MOKPUTTI
Ta 3a0e31euye BUPIBHIOBAHHSA X€MiUHOTO CKJIAAy B 30HI KOHTAKTY IIOK-
putTtda dosbru. Ile cupuse migBUIIeHHIO aATre3ii HaHECeHOT0 MOKPUTTA.
HasBHicTb mearux me()eKTiB y BUIVISAAL IIOP MidK IIOKPUTTAM Ta CTOIIOM
Ni—Cr mo:xHa TOSICHUTH pPeabe)OM ITOBEPXHi POJILIY Iicaa BUTATIEeHHS
OKCHIHOI ILIIBKY MeXaHi4YHIM CIIOCOOOM.

IIpoBemeni poboru mo audysiiiHOMY 3BaproBaHHIO (GOJILTU 3i cTOIY
HiXpoMy 3 BUKOPUCTAHHAM IIOKPUTTA 3 HiKJII0 MOKa3aJu, 10 HalKpamnti
pesyabratu ogep:kaHi Ha pexxumi: T=1200°C, P=40 MIla, #=20 xsB.
MikpocTpyKTypa 3paskiB XapaKTepu3yeThCA BiACYTHiICTIO me)eKTiB y
30Hi 3’egHaHHA (IIO3HaUYeHa cTpinikamMu Ha puc. 6, a). Posmoain Komiro-
HEHTiB B CTUKY € MOHOTOHHUM (puc. 6, 6). [ludysia eremeHTiB 3 hosabru
B HiKJIeBe IIOKPUTT 3a0e3Ieuye yTBOPeHHA audysiiinoi 30HM, 0,IM3BKOI
3a CBOIM XeMiUHMM CKJIQOM JI0 cKJaay ctomy Hixpomy. Tak, BmicT
Xpomy B IIeHTpaJIbHiNM yacTrHi 30HY 3 e JHAHHA cKaanae 12,52% wmac.

IIpoBeneHO MOCHiIMKeHHS II0 BUSHAUYEHHIO MiKpOMeXaHiYHUX BJIACTH-
BOCTel MaTepiadaly CTOIy B BUXiTHOMY CTaHi, ITicJda Bifmaay Ta B 3Bap-
HUX 3’€THAHHAX, OfepKaHnuX 0e3 BUKOPUCTAHHS IIPOIIAPKY Ta 3 IIOK-
PUTTSAM KOHTAKTHUX IIOBEPXOHb HikJeM. Beranosieno (puc. 7), 1Mo, B
BUXiTHOMY CTaHi BHACJiJOK HarapTyBaHHA (oJIbI'M IIiJi 4yac BUT'OTOB-
JIEHHA 11 IIIJIIXOM IIPOKAaTyBaHHA, ()OJIbra Mae€ IMiABUIITEH]I 3SHAUSHHS Mi-
KpoTBepaocTu Ha piBui 3,8 I'Tla.
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2
| [
0

NiCr NICI‘ +HT Nlcr + Nlcr

H, T'Tla

Puc. 7. 3HaueHHS MiKPOTBEPIOCTY OCHOBHOI'O METaJy Ta 3BAPHUX 3’€AHAHb: [
— doiabra HixpomMy y BUXigHOMY cTaHi, 2 — micaa BiAmany y BaKyyMi mpu
1100°C, 3 — 3BapHe 3’egHanHs 6e3 MPOIIAPKY 3 HiKJII0, 4 — 3BapHe 3’ ¢THAHHS
3 IIPOIIIapPKOM 3 HiKJIIO.

Fig. 7. Microhardness of the base metal and welded joints: I —nichrome foil in
the initial state, 2—after annealing in vacuum at 1100°C, 3—welded joint
without layer of nickel, 4—welded joint with layer of nickel.

Ilicna signany y Bakyywmi npu 1100°C, uro imiTye nudysiiine sapapio-
BaHHA, MiKpoTBepaicTh (oabru moHM:KyeTheA n0 2,3 I'Ila. B 3BapHUX
3pasKax MiKpOTBEPAIiCTb B 30Hi 3’e¢mHaHHa cTaHOBUTEL 2,5 I'IIa. B 3pas-
KaX 3 MOKPUTTAM 3 HiKJII0 MiKPOTBEPIiCTh B 30HI KOHTAKTY OJIM3bKAa 10
MiKpoTBepaoCcTH 3pas3KiB 3i cTomly Hixpoma ITicjis Bigmasy i cTaHOBUTH
2,1T1Ia.

4. BUCHOBKH

1. BcranoBieHo, 110 HarpiBaHHs 3paskiB 3i cromy NiCr B ymoBax Baky-
yMYy OPUBOJNUTD 10 iX OKMCHEHH 3 BMicToM OKcUI'eHy Ha PiBHi BMicTy B
CTOIIi y TOYaTKOBOMY CTaHi.

2. BcramoBiieHo, IO HaHECEHHS METOAOI0 eJIeKTPOHHO-IIPOMEHEBOTro
BUIIAPOBYBAHHSA Ta KOHAEHCAIIil B BAKYYyMi IIPOIIapKy 3 HiKJII0 y BUTJIS-
IIi TOKPUTTSA TOBIIMHOIO 5—7 MKM JIa€ 3MOTYy YHUKHYTHU OKVUCHEHHA KOH-
TaKTHUX IOBEPXOHBb HiXPOMY B IIpPOIleci AoTo HarpiBaHHsA B BAKYyMi.

3. locaiaskeHOo BIJIMB TEMIIEPATYPHU BillTayry Ha CTPYKTYPY Ta XeMiuHU I
ckJand 3paskiB 3i cromy NiCr 3 HikJeBuM mokputTtsaM. IlokasaHo, 110
OigBuUIlleHHA TeMOepaTtypu Bignany spaskiB 3 800°C go 1100°C cupuse
BUPIiBHIOBAHHIO XEMiUHOTO CKJIaAy fAK B MOKPUTTI, Tak i B B30HI
3’eguanud crony NiCr/Ni.

4. IToxasaHo, IIT0 3aCTOCYBAHHS IIPOMisKHOTO IIPOMIAPKY Y BUTJIAI TOK-
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puTTd 3 HikJ0 npu AuGY3iliHOMY 3BapioBaHHI B BaKyyMi Hixpomy
CIIpUsE YTBOPEHHIO Oe3gedeKTHUX 3’€THAHDL 3 OJHOPIAHMM XEMiuHNM
CKJIaJIOM, Ta 3 MiKPOTBEpiCTIO Ha PiBHI BUXifHOTO MaTepidny micad
Bimmauy.

Pobory BuKOHaHO Ha cTOHi, po3dpobyeHoMy B IHcTuTyTi mpobyiem Ma-
TepiamosHaBcTa im. I. M. ®pannesuua HAH YKpainu. ®imamcoBa mif-
TpuUMKa BimbyBasacsa B mesxkax ChoMoi paMKOBOI mporpamMu €Bponeiich-
Koro Corozy mo npoexty LIGHT-TPS Ne 607812.
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BucokoeHTPOIiliHI cTONMM CKIAZAIOTHCA 3 I’ ATHOX 1 O1JIbIIIe OCHOBHUX €JIeMeH-
TiB B €eKBIMOJIIPHUX CHiBBiZHOIIIEHHAX; TAKi CTOIM MOXKYTh MiCTHUTHU OCHOBHIi
€eJIeMeHTH 3 KOHIIEHTPAI[i€l0 KOXKHOro ejemeHnTa Bix 5 1o 35 ar.% . Ile mpuso-
IUTH O CTBOPEHHS 0araThbOX CHCTEM CTOMIiB i3 HPOCTUMU KPUCTAJTIUYHUMU
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CTPYKTYPaMU Ta HaA3BUYANHUMU BJIACTUBOCTAMHU. TaKi CTOIIM MalOTh BeJIUKe
MIPUKJAAHe 3HAUEHHSA Ta 3a3BMYAll BUTOTOBJSIOTHCA METOLAMU IIOPOIIKOBOI
MeTanyprii, 3suuyaiitaum auTTaMm toiro. I1i meramypriiiai npomecu B OCHOBHO-
MY BUKOPUCTOBYIOThCSA JJIA CTBOPEHHS MeTaJieil IpocToi reoMeTpii 3 moTpe6oio
IIOJAJIBIIIOT0 MeXaHIuHOT0 06p0o0IeHHsI. ¥ pOOOTi 3aIPOIIOHOBAHO HOBY METOLY
oJleps;KaHHS BUCOKOEHTPOIiiiHOTO cTony 3a KaHTOpoM 3a HOIIOMOTOI0 aAUTHUB-
HOT'0 BUDOOHUITBA METOA0I0 AyroBoro 3eapoBanHsa (ABII3) 3 BuKopucTaHHAM
HOBITHBOT'O HMOPOIIIKOBOTO APOTY. PO3TIIAHYTO 0COGJIMBOCTI BUTOTOBJIEHHS BU-
COKOEHTPOIiNHUX CTOMIB aJbTePHATUBHUMU METOIaM!, a TAKOK ITiJKPECIeHO
mepeBaru Bukopucranuaa ABI13.

KarouoBi ci1oBa: BICOKOGHTPOIiiHII CTONI, afUTHUBHE BUPOOHUI[TBO METOL00
IYTOBOTO 3BAPIOBAHHSA, IIOPOIMKOBUM APiT, (ha30BUI CKJIAM, TOILICHHS.

High-entropy alloys, consisting of five or more basic elements in equimolar
ratios, such alloys may contain basic elements with a concentration of each
element from 5 to 35 at.% . This leads to the creation of many alloy systems
with simple crystalline structures and extraordinary properties. Such alloys
have great practical value and are usually made by powder metallurgy, con-
ventional casting, etc. These metallurgical processes are mainly used to cre-
ate details of simple geometry with the need for further machining. The pa-
per proposes a new method of obtaining a high-entropy alloy of the Cantor
alloying system by means of wire arc additive manufacturing (WAAM) using
metal powder cored wire. Features of manufacturing high-entropy alloys by
alternative methods are considered, and the advantages of using WAAM are
emphasized.

Key words: high-entropy alloy, wire arc additive manufacturing, metal pow-
der cored wire, phase composition, melting.

(Ompumano 25 mpaeus 2022 p.; ocmamoun. sapiaum — 28 uepeus 2022 p. )

1. BCTYII

3arajbHOBiZIOMO, IO CTONM 3 BUCOKOIO EHTPOIIi€I0, CKJIATAIOTHCSI 3
I’aTH Ta GiJIBLIIT OCHOBHUX €JIEMEHTIiB B eKBiMOJIAPHUX CIIiBBimHOIIIEH-
HAX, TAKl CTOIIM MOKYTh MiCTHUTH OCHOBHI €JIeMEeHTH 3 KOHIIEHTPAIli€0
KO2KHOr0 esiemeHTa Bifg 5 mo 35% . Ile mpuBOAUTEL 4O CTBOPEHHS Oara-
ThOX CHCTEM CTOIIIB i3 IIPOCTUMHU KPUCTAJIUHUMHU CTPYKTYPaMHU Ta HaJ-
3BuyaiHuMU BaactuBocTaAMY [1]. Taki cronmm maroTh BesinKe IpUKJIaHE
3HAUYEeHHA.

Hampurkaan, o'aSTHKOMIOHEHTHUN eKBIMOJAPHHUI CTOH CHCTEMH
aeryBanHa 3a Kantopom CrMnFeCoNi mae BUHATKOBY B’A3KiCTb IO
PYHHYBaHHSA IPHU KpioreHHnX TeMmieparypax (mouax 200 MIIa-m'/?), mio
poOUTH HOT0 iZealbHIM MATEPisIoM AJIS BUKOPHCTAHHS IPU HU3BKUX
TemMneparypax [2—7].

Sk mpaBm0, TaKi CTOIIM BUTOTOBJISIOTH METOAZAMI IOPOIIKOBOI Me-
ranayprii [8], sBuuatinum auttam [9, 10] Tomro. [isa gocATHEeHHA He00-
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XiZHMX BJIACTUBOCTEH IILJIAXOM YTOUHEHHS MiKPOCTPYKTYP, CTOIH 00-
PoOIAIOTH METOI00 X0JIOAHOTO (POPMYBaHHS Ta/abo Biamaay meraiy [9,
10]. IIi meTanypriiini mpoiecu, B OCHOBHOMY BHUKOPHUCTOBYIOTHCA IJIA
CTBOPEHHA JeTaJIel POCTOol reoMeTpii 3 MOJAIBINTUM MeXaHiuHIM 00po-
OJIeHHAM.

IIpu BuKoOpucTaHHI MEeTO I IIOPOIIIKOBOI MEeTaJIyprii ogep:KaHHA BHICO-
KOEHTPOMIiMHOro CTOIY BifOYBaEThCA IILIAXOM 3MIIITyBAHHS HTOPOIIKiB-
KOMIIOHEHTIB CTOIy, KOMIIAaKTYBaHHAM OJeP:KaHOI CyMiIlli 3 HACTYITHUM
CTOIIOYTBOPEHHAM IIPM CIiKaHHI y BHCOKOTeMIepaTypHii meui [11].
Hegoaikamu 1iboro cmoco0y € HeoOXigHICTh BUKOPUCTAHHSA CIIeIifIizo-
BaHOT'O YCTATKYBAaHHA Ta 3HAUHI eHeprosarpaTu. TaKoX MOKHA Oonep-
JKaTH BUCOKOEHTPOIIIHUI CTOII IIPOIIECOM, IO BKJIIOUAE 3MiITyBaHHS
MOPOINKiB-KOMIIOHEHTIB, KOMIIAaKTYBaHHA oJepsKaHol cyMirri Ta il ¢To-
MIOYTBOPEHHA yV BiIKPUTOMY ITO3alliuyHOMY ITPOCTOPI IIig Ai€f0o KOHIIEHT-
poBanoi couaunoi exeprii [12]. OgHak 1meii crrocid TakoK He gae 3MOTyY
oIep:;KyBaTu rabapuTHi 3pasKu.

CTBOpIOBaTH BHUCOKOEHTPOMIMHI CTOIM MOKHA BUKOPHUCTOBYIOUM B
SIKOCTi AJKepesia HarpiBy BHUCOKoeHepreTumuHi jsasepu [13] abo emxexT-
pouuo-mpomeneBe obsaagHanHA [14]. Taxki cmocobu maioTh 3Mory omep-
JKyBaTU BUCOKOAKICHI cTonmu Ta chopMyBaTU 3 HUX JleTali CKJIAJHOI re-
omerpuuHOi popmu. OgHAK, 3 TOUKHN 30PY €KOHOMIUHNX BUTPAT, BUKO-
PHUCTaHHA ITUX METOJ HATPiBY AJIA CTBOPEeHHA 00’€MHUX afuTUBHUX (Oa-
raToIIapoOBUX) HATOILJIEHDb He MOIiIbHO. BimbI Toro, aia peasisarii Ta-
KMX TEeXHOJIOTill HeoOXilHO MaTH B)Ke TOTOBi 3aTOTOBKM IIEBHOT'O CKJIa-
Iy, AKi BUTOIIEHI 3 BUKOPMCTAHHAM TPaAUIIMHUX MeTadypriiiHux
IIPOIIECiB, IO TAKOXK CYTTEBO IiIBUIIIy€ BUTPATH.

BucokoeHTpomifiHi cTONM MOMKJIMBO TAKOK CTBOPIOBATU 3 BHUKOPIC-
TaHHAM aTUTUBHOTO BHUPOOHUIITBA €JIEKTPOAYTOBUM CIIOCOOOM 3Bapio-
BaHHA 3 BUKOPUCTAHHAM IPOTY CYIIiIbHOTO Iepepisy. Ile o6ymoBiIeHO
€KOHOMIiYHOI0 e()eKTUBHICTIO B HOPiBHAHHI 3 TPAAUI[INHIMY METOLaMU
Ta BUKOPUCTAHHAM JIa3epHOTO Ta IIpoMeHeBoro HarpiBy. I:xepesiom Ha-
I'PpiBY IJis TOILJIEHHS B I[bOMY BHUIIQAKY € eJIeKTPUYHA ayra. ¥ AKOCTi Ma-
Tepiday IpuCagKN BUKOPHCTOBYIOTHCA APOTH IIPOMICJIOBOTO BUPOOHU-
IITBA PiBHOTO CKJIALY.

IloegHamusa MUX ABOX YMHHUKIB JIa€ IIepeBary mnepejs BHUCOKOeHepTe-
TUYHUM JIa3epHUM ab0 eJIeKTPOHHO-IPOMEeHeBUM oOjmamHaHHaM. Taxa
MeToma OinbIll edeKTHMBHA AJIs BUKOPHUCTAHHA B JMU3aMHI aJMTHUBHOIO
BUPOOHUITBA. Jlae 3MOTYy CTBOPIOBATH BUCOKOEHTPOMNINHI cTOIIM PidsHUX
ckJamiB. IK mokasaHo B poboTi [15], aguTuBHE BUPOOHUIITBO METOIOIO
nyroBoro 3BapioBaunua (ABJI3) 3 rasoBoio BoabppamoBoio ayrow (GTA)
3 IOIEePeaHbLO JIETOBAHUM APOTOM MOXKe OyTH BiAIOBiZHNM aJbTepHATH-
BHUM Iisgsxom BupobuunTsa aiasa AlCoCrFeNi crony i3 sazgaserigs Bu-
3HaUeHUM cKJagoM. HemorikoM I[bOro cImoco0y € Te, 110 HagBHICTEL APO-
TiB HEOOXiTHMUX CKJIaiB B BUPOOHUIITBL Ay:Ke oOMeskeHa. Iio mpobiemy
YaCTKOBO BUPIIITy€e CTBOPEHHSA MOTPiOHOTO 3BapiOBAILHOTO MATEPiAIy y
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dopMi mKryTa, AKNHA CKIATAETHCA 3 TOHKUX APOTiB IIEBHOI'O XEMiUHOT'O
CKJIanmy, IO JAa€ 3MOTY OJep:KaTy HeoOXimHUN XeMiuHu#A CKJIAL MeTaIy
aIUTUBHOTO HATOIIIOBAHHA.

Ax npurigang tTakoli opMu 3BapIOBAJILHOIO MATEpPidAay BigOMO THII
KoMOiHOBaHOT0 KabeJabHOTro APOTY (IKTyTY) 3 6araToejieMeHTHUM CKJIa-
moMm i ABII3 3 meekBiaTOMHOTO BuCOKOeHTpoIiiiHoro cromy Al-Co—
Cr—Fe—Ni [16]. [I:)XryT cKJIamaeThbca 3 5—7 APOTiB, TaK 3BAaHUX «HU-
TOK», KOJKHA 3 AKX BiAIIOBizae OKpeMOMY XeMidYHOMY CKJamy CTOILY.
Ak moxasaau aBTOpPU pobOTH, TaKa (hopMa KabeJIbHOTO APOTY Mae Iepe-
Baru BUCOKOI e(peKTUBHOCTU OCAAKEHHS, CAMOCTIiITHOTO 00epTaHHS 3Ba-
proBaiIbHOI Ayru Ta eHeprosbepe:kenus. Lleil cTonm Mae MTOBOJII BHUCOKY
tuMuacoBy MinuicTs (2900 MIla) Ta moKasHUKY IIJIACTUYHOCTU (IIOO0-
BikeHHA 42% ). IIpu 1boMy, 3MiHIOIOUH TEILIOBIALAYY MOMKHA KepyBaTH
MiKPOCTPYKTYPOIO Ta MeXaHIUYHUMM BJIACTUBOCTAMH IBOTO cTOIly. Ta-
KMM YMHOM JOBEIEHO, IO 3a METOHOI0 eJeKTPOAYTOBOTO 3BapIOBAHHS
MOJKJIMBO YCHIiIITHO CTBOPIOBATH BHMCOKOEHTPOIIIMHI agWTHUBHI CTOIIN.
OpHaK, TOJOBHUM HEAOJiKOM 3a3HAUEHOT'O CIIOCO0Y, K MU ByKe BifsHa-
YMJIN BUIIE, € BiICYTHICTH Y BUPOOHUIITBI JeAKMX APOTiB MOTPiOHOTO
XeMiuHOMY CKJIamy, IO 00MeXKy€e MOMKJINBICTD OfePKaTU CTOII HeoOXi-
HOI cucTeMu JeI'YBaHHA IIPU alUTUBHOMY HaTOILJIIOBaHHi. Bupimnenunam
miei mpobyieMr MOMKJIMBO OYJ0 O CTBOPEHHS IIOPOIIKOBUX APOTIB AJA
HATOILJTIOBAHHS.

3amauero gaHoi poboTH, OYJI0 CTBOPEHHS CHOCO0Y eJeKTPOAyTrOBOTO
aIUTUBHOT'O HATOILIIOBAHHSA 3 BUKOPUCTAHHAM JIPOTY, IKUI OU AaB 3MO-
Iy ofiepsKaTu IMUPOKUM CIIEeKTP XeMidYHOT0 CKJIaJy BUCOKOEHTPOITIi THOTO
0araTolIapoBOro HATOILIIOBAaHHsA. BupilleHHa Ifiel 3agaui Jocaraioch
HaMHU 3a PaXyHOK BUKOPHMCTAHHS IIOPOIIIKOBOTO APOTY Ta MeXaHi3oBa-
HOT'0 HATOILIIOBAHHS B CEePeNOBUIN 3aXMCHUX Tas3iB, B CKJIAMA MIXTU
SAKOr0 MOJKHA BBOJUTH TaKi KoMIIoOHeHTU, AK KobaabT, Mauraua, Xpowm,
Hikennr (3aaBra Ne A202201578 ma mareuT YKpainu Big 17.05.2022
[17]). Lle cupusamo omep:kaHHIO ONTUMAJILHOI CTPYKTYPHU MeTaJTy aguTH-
BHOT'O BUCOKOEHTPOITiHOT0 HATOILJIIOBaHHA.

2. METOJIHMKA JOCJLIKEHD

[ BUTOTOBJIEHHS IIOPOIIIKOBOTO APOTY Aisamerpom 2,2 Ta 2,4 MM BHU-
KopucToByBajgach crpiuka 3 Kpumi 08mc posmipom 0,4x10 MM Ta
0,5x12 MM, KOHCTPYKIIig ApOTy omHoIapoBa (puc. 1). BBemenHs mo
ckaany muxTtu gpoty KobaasTy, Maurany, Xpomy, Hikiio B KiTbKocCTi
20-25% xowxkeHn (Tabia. 1), 3abesmeuye B pe3yJIbTATi HATOILIIOBAHHS BU-
COKOEHTPOIIiHNY aAuTUBHUN CTOIl 3 3aJaHMMU XapaKTEepPUCTUKaAMMU.
ITopomikoBuil APiT CKIaZaBCA 3 KPUIEBOI 000JOHKM Ta IIOPOIIIKOIIONi0-
HOI IMUXTH, AKA B CBOEMY CKJIAA1 MaJia TiIbKY MeTaJeBi KOMIIOHEHTH.
KoepinieHT 3am0BHeHHA APOTY IIpU IIboMy OyB B Mexkax 50—-60%, a
ioro cmiBBimHOINEHHA A0 misamerpa ApoTy ckiaazxamgo 20—23 ox. Hocuri-
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Puc. 1. Cxema BUTroTOBJIEHHSA IOPOIIKOBOro apory BEC.

Fig. 1. Scheme of manufacturing of HEA metal powder cored wire.

I:KeHHSA BILIMBY 3allOBHEHHS APOTY IIMXTOIO HA HOTO AKiCTh mOKasaJo,
1110 IIPY IOHMKEHHI I[BOro cIIiBBigHomeHHA HIKUe 20 of. 3’ ABISIETLCS
Hebe3IIeKa TaK 3BaHOIO IIepecUNaHHsA MINXTH B 000JI0HIII (cemaparrii) Ta
OB’ I3aHOT0 3 IIUM BUHUKHEHHSA HEOTHOPiAHOCTI B HATOILIEHOMY MeTa-
Jai. IIpu cuiBBigmomienwi 6iab11 3a 23 0. B 000JIOHIIL APOTY BUHUKAIOTD
MiKpOTPiIuHM, AKi IPUBOAATH 10 PYHHYBAHHS IIOPOIIIKOBOTO IPOTY B
IIpoIieci 3BapioBaHHA.

s mpoBeleHHA MOPiBHAJIBHUX HOCJiIKeHb, 0YJIO BUKOHAHO TOII-
JeHHs BUcOKoeHTpoIiitnoro crony (BEC) 3 BUKopuCTaHHAM OJIep:KaHo-
T'0 TOPOIIKOBOTO ApoTy. OAWH BUJ TOIJIEHHSA IPOBOAWJIN Y BaKyyMHi
neui CIIIBJI-10 (IzcTutyT npobiaeM marepiasosnasctsa im. I. M. ®@pan-
nesnya HAH Vkpaiuu) npu tremnepatypi (1450 = 50)°C. Ipit momimias-
cs B TUTEJb i3 okcuay Anfominiro, HarpiBaBes 3i mBuakictio 50°C/xB.,
BUTPUMYBaBcsaA 15 xB., Ta oxojom:KyBaBcsa 3i mBuakictio 100°C/xs.
Hpyruii Bug TOIJIEHHSA MPOBOAWBCSA HA YCTAHOBIIL IJIa3MOBO-IYTOBOTO
nepemaBy (cuia ctpymy 220 A, manpyra 18 B) y migHOMY Kpucrasrisa-
TOPi 3 BOASHUM OXOJIOAKEHHIM.

Hamu 3anpommoHOBAHO BUTOTOBJEHHS aJUTHUBHOTO BMCOKOEHTPOIIili-
HOTO CTOIY 3 BUKOPUCTAHHAM MOPOIIIKOBOIO APOTY IIPU MeXaHi30BaHO-
My 3BaplOBaHHi B cepemoBuIli cymimmi saxucHux rasiB Ar ta CO.. Hua
BUKOHAHHS HATOILJIEHb BUKOPHCTOBYBAJU [Kepeso KuBjJeHHS BIY

TABJUIIA 1. Xemiunuii cKJIaL IPOTY.
TABLE 1. Chemical composition of the wire.

Enement Cr Mn Co Ni Fe
KinwskicTs, aT.% 15-20 15-20 15-20 15-20 Pemira
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506, mpu MLOMY mapaMeTPHU 3BapPIOBAaHHA OYJIM HACTYIIHI: CTPYyM 3Bapio-
BagHa 280-350 A, manpyra Ha aysi 32—34 B, Temmeparypa mmpu Oara-
TOIIIapoBOMY 3BapioBanui cKaagasa 200—250°C. 3sapioBaHHA BUKOHY-
BaJIOCh Ha PeKMMaX, AKi 3abesmeuyBaju cTabiibHe TOPiHHA AYTH, IO
IOCATAETHCS IIPU IMIBUAKOCTI mogaBaunua apoty 280—-330 m/roz.

HocaimxeHHsa CTPYKTYPU HATOILIEHDb IIPOBOAUIIN 34 JOIIOMOTOI0 pac-
TPOBOTO esieKTpoHHOro Mikpockony Mira 3 LMU (Tescan). ITpu mocuri-
MKYBaHHI BUKOPHCTOBYBAJM METEKTOP IMPYKHBOBIiIOMTUX €JIEKTPOHIB
(mosnauenusa BSE Ha eekTpoHHOMY 3HIMKY). [[J15 OI[iHKY eJIeMEeHTHOTO
CKJIa@y TMig dYac JOCJHiMKeHHs BUKOPHCTOBYBaBCA  JIETEKTOP-
cuaexrpomerp Oxford X-Max 80 Ta aHAIiTHYHUI IPOrpaMHUNA IPOSYKT
INCA Energy.

3. PESYJBTATH TA OBTOBOPEHHS

3 BUKOPUCTAHHAM BUTOTOBJIEHOTO BHMCOKOEHTPOIIIAHOT0 3BapIOBaJIbHO-
T'O HIOPOIIIKOBOTO APOTY OYJI0 BUPOIIEHO 00’ e MHNIII 3pa30K BUCOKOEHTP-
mifiHoro cromy cucteMu JeryBamusa Cantor. 3arajsom 6yj0 BHKOHAHO
JecATh MIapiB HATOMJIEHb, IO JaJI0 3MOT'Y OJep:KaTy MOHOJITHUH 3pa-

Puc. 2. 3araabuuil BUTJIAL HATOIIJIEHD Ta Malld PO3IMOALIY XeMiUHIX eJIeMeHTiB
BEC.

Fig. 2. General view of surfacing and distribution maps of HEA chemical ele-
ments.
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Puc. 3. Makposuimok 3paska BEC, BUTOILIEHOTO 3 IPOTY.

Fig. 3. Macroimage of the HEA sample melted from wire.

30K poamipamu 150x35%x20 mMm (puc. 2). 3 gaHUX aHaaidu Ga3oBOTO KO-
urpacty (CEM/BSE) Bunto ommopigHae ¢gopmMyBanHa ogZHO(AZHOTO CTO-
ny. Kpim Toro, gaHHi Man po3momily XeMiuHNX eJIeMeHTiB TaAaKOMK MiJaT-
BEPIKYIOTh iX ogHOPiAHME podnoniyi. Hesmauna sikBaria Mauramy, 1mo
CIIOCTEPIraeThCs, € ILIKOM 3aKOHOMIPDHUM SIBHUITIEM.

3 MeTOI0 IPOBEJeHHA IMOPiBHAHL OyJIM BUKOHAHI TONJIEHHS 3pasKiB
IIOPOIITKOBOI0 APOTY Baroio 5—7 r (puc. 3), AK Yy BAKYYMHi# meui, Tak i 3a
JTOTIOMOTOIO apI'OHO-IIJIa3MOBOTO TOILJIEHHS.

MakpocTpyKTypa BUCOKOEHTPOOIMHMX CTOMNiB, K BUTOTOBJIEHOTO 3a
JOIIOMOT0I0 aANTHBHOTO HiIX0y, TaK i CTOIJIEHNX B BaKyyMHIN 1meui, a

Puc. 4. MakpocTpyKTypa Ta eHepreTuyHi CIeKTPH AJIs CTOIY, BUTOTOBJIEHOI'O
eJIEKTPOAYTOBUM 3BapiOBaHHAM (a), BaKYyMHHUM TOILIEHHAM (0) Ta aproHo-
IJIa3MOBUM TOILJIEHHAM (8).

Fig. 4. Macrostructure and energy spectra for an alloy fabricated by electric
arc welding (a), vacuum melting (6), and argon-plasma melting (8).
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TABJUIIA 2. Xemiunuii cKJIan.
TABLE 2. Chemical composition.

| cc | Mo | Fe | Co | Ni
3BaproBaHHA 13,6 11,8 48,8 12,7 12,9
BakyymHe TonieHHS 13,4 0,0 55,5 14,6 15,3
Aprouo-mnjaasmMoBe TOILIEHHSA 12,5 14,4 39,2 9,9 9,5

TaKkOo’X 3a [JOIIOMOIOI0 aproHO-IIJIa3MOBOTO TOILJIEHHSA, HaBeIeHO Ha
puc. 4.

BigmoBigHO 10 eHepreTUYHUX CHEKTPiB (PUCYHOK 4), B XeMiuHOMY
CKJIai CTOIiB BHUT'OTOBJEHUX 3a JOIIOMOTOIO0 aJNUTHBHOI TEeXHOJOrii Ta
aproHo-IJIA3MOBUM TOILJIEHHSAM IPUCYTHI Bci moTpibHi ememenTu: Cr,
Mn, Fe, Co, Ni (Tabua. 2). Xemiuny ¢popMyJIy BUCOKOEHTPOIIiTHOTO CTO-
Iy MOXKHA 3anucaTy HacTynIHUM YMHOM Cro125Mno,125F€0,5C00,125Nio,125. 3
iHimmoro OGOKy, yV CTOINi, AKill ofep:;KaHO BaKYyMHHM II€PETOIJIEHHSIM
crocTepiraeTbca Mai:ke moBHaA BiacyTHicTs Mn. Ile ckopiire Bcboro
MoB’A3aH0 i3 BaacTuBOoCcTAMHU camMoro Mn. 3a remneparypu = 1246°C Bi-
I0yBaeThbCcsI Ioro TOIJeHHs. Ilpw migBuinieHHi TemmepaTrypu [0
(1450 + 50)°C, BimOyBaeThbcsA iHTEeHCHBHe BUIIApOBYBaHHs MaHrany si
CTOIly, TaK AK 3a JaHUX TeMIlepaTyp IPYsKHIiCTH HOro nmapy CTaHOBUTH
1,5-103 H/mm? [18, 19]. 3a 10moMOrow KOMII’IOTEPHOI'O MOZEIIOBAHHS
IIOKa3aHo, II0 y BaKyyMi MOJKJMBa 3HAUHAa cer'peraiis Ta BUIApOBY-
BaHHA Maurany i3 moBepxHi, II[0 IPUTAMAaHHO AJIA HAIIOIO BUOALKY
[20]. Cxoska curyaris, BunnapopyBanHa MaHrany 3i cromy, crocrepira-
eTbeda y Bunagkry cucrtemu Fe—C—Mn [21]. Tomy xemiuny hopmyy cTo-
ny B IIbOMY BHUIIQAKy MOJKHA 3alucaTH HACTYIHUM YKUHOM
Cro,15Feo,55C00,15Nio,15.

Cuainm 3a3HAUNTH, IO 32 YMOB IIiATPUMAHHA Yy Ieui 0e3lepepBHOro Ba-
KyyMy, BimOyBaeThbcsa BUIIapoByBaHHA MaHraHy, I10 € HeOasKaHUM IIPU
TEXHOJIOTIYHOMY IIPOIleCi BUTOTOBJIEHHSA BHCOKOEHTPOIIiIMHMX CTOIIB.
3amobirtu IHOMY BIAJOCS B3a pPaXYHOK BHUKOPHUCTAHHA aproOHO-
IJTa3MOBOT'O TOILIEHHS, ajie CYTTEBUM HEIOJiKOM TAaKOT'O IIPOILECY 3aJIM-
IIa€ThLCA oOMesKeHnii B 06’emi BuTon. HaToMicTh HaTOIIEHHS OPOIIKO-
BUM 3BapIOBAJIBHUM APOTOM [Ia€ 3MOTY OJep:KYBaTU BeJNKOTabapuTHIi
3pasku. 3alIpoIOHOBAHUM CIIOCi6 HAOIIBII OIN3BKUH A0 METOAU OAep-
JKaHHSA BUCOKOEHTPOIIIMHOrO CTONY 3 BUKOPUCTAHHAM 0araTOKUJIBLHOTO
npory [22], axkuii GopMyeThCA IIIIAXOM CKPYUYYBaHHA 5—7 pisHUX APOTiB
3 YHCTOT'O METAJY, ajie MEeHIII CKJIAJHUH Ta IPOCTIMINH Y BUKOPUCTAHHI.

4. BUCHOBRKH

Texuiune pileHHs, AKe OyJIO HOCIiAMKEHO, MOXKe OYyTH BHKOPHCTAHE



IIOPOIITKOBM 3BAPIOBAJILHII IPIT BUCOKOEHTPOIIIMIHOI CUCTEMHU 1033

IpXU BUTOTOBJEHHI aJUTUBHUX BUCOKOEHTPOIINHUX CTOIIiB 3 BUKOPUC-
TaHHAM MeXaHi30BaHOTO 3BapOBaHHA B CEPENOBUII 3aXUCHUX TasiB
HOPOIIKOBUMHU APOTAMU 3 BUCOKUMU KoedimienTamu 3amoBueHHa. 111m-
XTa APOTY IPH IILOMY MA€ MaTH KOMIIOHEHTH B PiBHi# KiJIBKOCTi BigHO-
CHO OJHH OAHOTO0, B % Mac.: 15—20 KobabToBOTO MOpoInKy, 15—20 Ma-
Hramy, 15-20 Xpomy, 15—-20 HiKJIeBOMY MOPOIIKY, peIlTa KpHUIeBa
000JI0HKA.

Cmoci06 3BaproBaHHS 3 BUKOPUCTAHHAM I[HOTO IIOPOIITKOBOTO JPOTY 3a-
Oesmeuye ofiep:KaHHA aIUTUBHOTO BUCOKOEHTPOIIITHOTO CTOMY 3 IOTPi0-
HUMHU XapaKTepucTukamMu. Po3pobiieHa HaMu MeToa AJIS CTBOPEHHSA BU-
COKOEHTPOIIiHOI cucTeMu Jier'yBauHA 3a KaHTOpOM 3a HU3KO0I0 TOKA3HU-
KiB mepeBaxae TaKi aJbTepHATHUBHI MeTOIM ofep:KaHHsa 00’emHOoro BEC
SIK TOILIEHHSI Y BaKyyMi abo IJIa3MOBO-IyTroOBe IIE€PETOILJIEHHA, IIePII 3a
BCe, 32 PAXYHOK II€PeBaKaHHA Y BUTOILIEHOMY 00’ €Mi 3arOTOBKH.

IODUTOBAHA JIITEPATYPA

1. K. Wu, N. Ding, T. Yin, M. Zeng, and Z. Liang, J. Manuf. Process., 35: 728
(2018).

2. B. Cantor, I. T. H. Chang, P. Knight, and A. J. B. Vincent, Mater. Sci. Eng. A,
375—-377: 213 (2004).

3. E. Johnson, Nucl. Instrum. Methods Phys. Res., Sect. B, 42, Iss. 3: 403 (1989).

4. Lin Wang, Chuansong Wu, Ji Chen, Jinqiang Gao, J. Manuf. Process., 56: 1193
(2020).

5. J.-W. Yeh, S.-K. Chen, S.-J. Lin, J.-Y. Gan, T.-S. Chin, T.-T. Shun, C.-H. Tsau,
S.-Y. Chang, Adv. Eng. Mater., 6: 299 (2004).

6. A. Takeuchi, K. Amiya, T. Wada, K. Yubuta, and W. Zhang, JOM, 66: 1984
(2014).

7. C. L. Tracy, S. Park, D. R. Rittman, S. J. Zinkle, H. Bei, M. Lang, R. C. Ewing,
and W. L. Mao, Nat. Commun., 8: 15634 (2017).

8. W.Ji, W. Wang, H. Wang, J. Zhang, Y. Wang, F. Zhang, and Z. Fu, Interme-
tallics, 56: 24 (2015).

9. B. Gludovatz, A. Hohenwarter, D. Catoor, E. H. Chang, E. P. George, and R. O.
Ritchie, Science, 345, No. 6201: 1153 (2014).

10. Z.Tang,T. Yuan, C.-W. Tsai, J.-W. Yeh, C. D. Lundin, and P. K. Liaw, Acta
Mater., 99: 247 (2015).

11. Chi-San Chen, Chih-Chao Yang, Jien-Wei Yeh, and Chin-Te Huang, Ultra-hard
Composite Material and Method for Manufacturing the Same, Patent of USA
No. US2009/0074604 A1l (Published March 19, 2009).

12. IO. M. JIutBuHeHko, A. O. Ilepekoc, B. Il. 3anyuskuii, B. M. Hagyros, C. IO.
Maxraperko, Cnoci6 odepiicanns eucoxoenmponiiinozo cnaasy, IlaresT Ha KOpH-
cay mozenb Ne 97118 (Onybaikosamo 29 :xkoBTHA 2014 p.).

13. FeCoCrNi Series High-Entropy Alloy Selective Laser Melting In-Situ Additive
Manufacturing Method and Product, Patent of China CN111085689A (Pub-
lished October 23, 2018).

14. Method for Preparing Ni—Cr—Co—Fe—Mn High-Entropy Alloy by Electron Beam
Melting, Homogenization and Purification, Patent of China CN110423904B


https://www.sciencedirect.com/journal/journal-of-manufacturing-processes/vol/56/part/PA
https://www.sciencedirect.com/journal/journal-of-manufacturing-processes/vol/56/part/PA

1034 A.B.3ABJIOBEEB, 0. A. TAUBOPOHCHKMNII, B. II. IIOBHAKOB ra ix.

15. M. R. U. Ahsan, G.-J. Seo, X. Fan, P. K. Liaw, S. Motaman, C. Haase, and D. B.
Kim, J. Manuf. Process., 68: 1314 (2021).

16. Q. Shen, X. Kong, and X. Chen, J. Mater. Sci. Technol., 74: 136 (2021).

17. A.B. 3aBgoBees, O. A. I'aiiBopoHcbKkuii, B. II. [Tosuakos, A. B. Knanartiok, Cno-
Ci0 8U20MOBLCHHA BUCOKOCHMPONIiIH020 CNAA8Y 3 BUKOPUCTAHHAM AOUMUBHUX
MmexHOoN02iil NOPOULKOBUM 38aPI08ANbHUM OPOMoM, 3adBKa Ha ITATEHT ¥ KpaiHu
Ne A202201578 Bix 17.05.2022.

18. R. L. Loftness, A Vapor Pressure Chart for Metals (North American Aviation
Inc.: 1951).

19.  Handbook of the Physicochemical Properties of the Elements (Ed. G. V. Sam-
sonov) (Springer: 1968).

20. A. Ferrari and F. Kérmann, Appl. Surf. Sci., 533: 147471 (2020).

21. R. Ohno, Trans. Iron Steel Inst.Jpn., 17: 732 (1977).

22.  Refractory High-Entropy Alloy Stranded Wire Material, Application and Prep-
aration Method, Patent China CN110538945B (Published September 19, 2019).

REFERENCES

1. K. Wu, N. Ding, T. Yin, M. Zeng, and Z. Liang, J. Manuf. Process., 35: 728
(2018).

2. B. Cantor, I. T. H. Chang, P. Knight, and A. J. B. Vincent, Mater. Sci. Eng. A,
375—-377: 213 (2004).

3. E. Johnson, Nucl. Instrum. Methods Phys. Res., Sect. B, 42, Iss. 3: 403 (1989).

4. Lin Wang, Chuansong Wu, Ji Chen, Jinqiang Gao, J. Manuf. Process., 56: 1193
(2020).

5. J.-W. Yeh, S.-K. Chen, S.-J. Lin, J.-Y. Gan, T.-S. Chin, T.-T. Shun, C.-H. Tsau,
S.-Y. Chang, Adv. Eng. Mater., 6: 299 (2004).

6. A. Takeuchi, K. Amiya, T. Wada, K. Yubuta, and W. Zhang, JOM, 66: 1984
(2014).

7. C. L. Tracy, S. Park, D. R. Rittman, S. J. Zinkle, H. Bei, M. Lang, R. C. Ewing,
and W. L. Mao, Nat. Commun., 8: 15634 (2017).

8. W.Ji, W. Wang, H. Wang, J. Zhang, Y. Wang, F. Zhang, and Z. Fu, Interme-
tallics, 56: 24 (2015).

9. B. Gludovatz, A. Hohenwarter, D. Catoor, E. H. Chang, E. P. George, and
R. O. Ritchie, Science, 345, No. 6201: 1153 (2014).

10. Z.Tang,T. Yuan, C.-W. Tsai, J.-W. Yeh, C. D. Lundin, and P. K. Liaw, Acta
Mater., 99: 247 (2015).

11.  Chi-San Chen, Chih-Chao Yang, Jien-Wei Yeh, and Chin-Te Huang, Ultra-hard
Composite Material and Method for Manufacturing the Same, Patent of USA
No. US2009/0074604 A1l (Published March 19, 2009).

12. Yu. M. Lytvynenko, A. O. Perekos, V. P. Zaluts’kyy, V. M. Nadutov, and S. Yu.
Makarenko, Sposib Oderzhannya Vysokoentropiynoho Splavu [The Method of
Manufacturing a High-Entropy Alloy], Utility Model Patent No. 97118 (Pub-
lished October 29, 2014) (in Ukrainian).

13. FeCoCrNi Series High-Entropy Alloy Selective Laser Melting In-Situ Additive

(Published July 14, 2020).

Manufacturing Method and Product, Patent of China CN111085689A (Pub-
lished October 23, 2018).


https://doi.org/10.1016/j.jmapro.2018.08.025
https://doi.org/10.1016/j.jmapro.2018.08.025
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1016/0168-583X(89)90456-4
https://doi.org/10.1016/j.jmapro.2020.06.006
https://doi.org/10.1016/j.jmapro.2020.06.006
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1007/s11837-014-1085-x
https://doi.org/10.1007/s11837-014-1085-x
https://doi.org/10.1038/ncomms15634
https://doi.org/10.1016/j.intermet.2014.08.008
https://doi.org/10.1016/j.intermet.2014.08.008
https://doi.org/10.1126/science.1254581
https://doi.org/10.1016/j.actamat.2015.07.004
https://doi.org/10.1016/j.actamat.2015.07.004

IIOPOIITKOBM 3BAPIOBAJILHII IPIT BUCOKOEHTPOIIIMIHOI CUCTEMHU 1035

14.

15.

16.
17.

18.
19.
20.

21.
22.

Method for Preparing Ni—Cr—Co—Fe—Mn High-Entropy Alloy by Electron Beam
Melting, Homogenization and Purification, Patent of China CN110423904B
(Published July 14, 2020).

M. R. U. Ahsan, G.-J. Seo, X. Fan, P. K. Liaw, S. Motaman, C. Haase, and

D. B. Kim, J. Manuf. Process., 68: 1314 (2021).

Q. Shen, X. Kong, and X. Chen, J. Mater. Sci. Technol., 74: 136 (2021).

A. V. Zavdovyeyev, O. A. Hayvorons’kyy, V. D. Poznyakov, and A. V.
Klapatyuk, Sposib Vyhotovlennya Vysokoehntropiynoho Splavu z Vykorystann-
yam Adytyvnykh Tekhnolohiy Poroshkovym Zvaryuval’nym Drotom [The Meth-
od of Manufacturing a High-Entropy Alloy using Additive Technologies with a
Powder Welding Wire], Application for a Patent of Ukraine No. A202201578
(Submit May 17, 2022) (in Ukrainian).

R. L. Loftness, A Vapor Pressure Chart for Metals (North American Aviation
Inc.: 1951).

Handbook of the Physicochemical Properties of the Elements (Ed. G. V. Sam-
sonov) (Springer: 1968).

A. Ferrari and F. Kérmann, Appl. Surf. Sci., 533: 147471 (2020).

R. Ohno, Trans. Iron Steel Inst. JJpn., 17: 732 (1977).

Refractory High-Entropy Alloy Stranded Wire Material, Application and Prep-
aration Method, Patent China CN110538945B (Published September 19, 2019).


https://doi.org/10.1016/j.jmapro.2021.06.047
https://doi.org/10.1016/j.jmst.2020.10.037
https://doi.org/10.2172/4410697
https://doi.org/10.2172/4410697
https://doi.org/10.1016/j.apsusc.2020.147471
https://doi.org/10.2355/isijinternational1966.17.732




Metallophysics and Advanced Technologies © 2022 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2022, vol. 44, No. 8, pp. 1037-1058 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.41.08.1037 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 62.20.Qp, 68.35.Ct, 68.35.Gy, 68.55.J-, 81.65.Lp, 81.40.Pq

Baactusocti moBepxons geraJeii i3 kpuii 12X18H10T, axi
MPAIIOIOTH B YMOBaX PadidIliifHOr0 ONIPOMiHIOBAHHS, BITHOBIEHHX
MEeTOIO0I0 eJIeKTPoicKkpoBoro JeryBanHsd. Y. I. OcodmuBocTi
Tonmorpadii Ta MexaHiYHHUX BJIACTUBOCTEH MMOKPUTTIB

H. B. TapenbHUK

CymcvoKuil HAUIOHALbHUTL azpapHUIL YHiGepcumem,
sya. I'epacuma Kondpamvesa, 160,
40021 Cymu, Yrkpaina

B crarTi mpexacraBiieHo pe3yabTaTH JOCIi:KeHHS HOBOTO CIIOCO0Y BiTHOBJIEH-
HSA MeToAoI0 eJieKTpoickpoBoro JjeryBaHHa (EIJI) gmeraneir is kpwuiri
12X18H10T, 1mio mpaIioioTh B yMOBaX PamiAIifiHOTO ONPOMiHIOBaHHS, i AKa
MOXKe OyTH 3acTOCOBaHA JJIs PEMOHTY JeTajieil MaIlliH aTOMHUX eJIeKTPOCTAaH-
nii. TexHOJIOTiA BKJITOUaE HAHECEHHA MMOKPUTTA HA 3HOIIIEHY IIOBEPXHIO JeTa-
ai metomoro EIJT enrekrpomom-incTpymernToM 3 matepiany (kpuisa 12X18H10T
a00 HiKeJb), SKUH HEe MiCTUTBH CIeNiAabHuX f00aBok KobasbTy Ta iHIIIUX eje-
MEHTIiB, IKi YTBOPIOIOTH JOBIO *KMBYYi i30TOIM B aKTUBHOMY pPoOOUYOMY cepe-
moBurti. EIJI sxpiticHioloTh y aBa etanu. Ilepen mepimMm eTanmoM Ha 3HOIIEHY
KpHUIleBy moBepxHio MeToa0i0 EIJI HaHOCATSE I1ap MOKPUTT rpadiToBUM eJieK-
TPOIOM-iHCTPYMEHTOM 3 eHepriero po3pany Wp=0,02 [I:x i TpoAyKTHUBHIiCTIO
0,3 cm?/xB. Ilpu ELJI enexrpomom-incrpymenTom i3 Kpumi 12X18H10T mep-
Ui i gpyruii eTanu OpoBOIATE, BixmoBigno mpu Wp=0,20 [I»x 3 1pOAYKTHUB-
micto 1,6 cm?/xB., i Wp=0,55 [I:x 3 npoaykTusHicTiO 2,5 cM2/XB. B pesyib-
TaTti, ToBuuHEa noKputrtd AH =0,19 mMm, cymiaeHicTs S=100% i mepcTricTs
Rz =57 mM. I[Ipu EIJI eleKTPOAOM-iHCTPYMEHTOM 3 HiKJIIO TEPITuil i Apyruii
eTanmu IMPOBOAATH, BigmoBiguo mnpu Wp=0,55][)k 3 TPOAYKTHUBHICTIO
2,5cm%/xB. i Wp=0,90 [I;x 3 mpomykrusHicTiO 3,4 cM?/xB. B pesyabrari
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AH =0,20 mMm, S=100% i Rz =38 mkM. 36inbienusa eneprii pospsany npu ELJI
CYIIPOBOIKYETHCSA SHUMKEHHAM MeXKi TEKYYOCTH 1 MerKi MirtHocTH i 36iJIbIIeH-
HSAM BiTHOCHOTO IOMOBXKEHHS i BimHOCHOTO 3BY:KeHHA 3paska. [Ipu EIJI apas-
ka 3 Wp=0,90 [[;x, mopiBHAHO 3 HeJEer'OBaHMM 3Pa3KOM, MeKa TeKYUYOCTH i
Me)Xa MIiITHOCTH 3MEHINYeThCs Ipu JeryBanHi Kpuieo 12X18H10T, sigmo-
Bimmo ma 11,7% i 8,3%, a BifHOCHE IIOZOBYKEHHJ 1 BifHOCHE 3By KEeHHA 30i1b-
mryetrbes, Bigmosiguo Ha 151 14,7% . IIpu ELJI Hikaem me:xka TekydocTu i me-
2Ka MIITHOCTU 3MEHIIYEThC, Bigmosiguo ua 13,3% i 8,6%, a BimHOCHE ITOI0OB-
JKeHHJ i BifHOCHE 3By KeHHs 301abIyeThesd, Bigmosiguo ua 14,7% i116,7%.

KuarouoBi cjoBa: eJIeKTPOiCKpOBe JIeT'yBaHHS, BiJHOBJIEHHS, MATEPiAJ eJIeKT-
poxny, rpagir, Kpuiia, TOBIMUHA IIapy, IIEePCTKiCTh, CYIiJIbHICTh, MeXaHiuHi
BJIACTHBOCTI.

The article presents the results of research on a new method of restoration by
means of electrospark alloying (ESA) of X10CrNiTi18-10 steel details, which
operates under radiation conditions. The method can be used to repair machine
details of nuclear power plants. The technology includes coating the worn sur-
face of the detail with an ESA electrode, which is made of steel X10CrNiTil8-
10 or nickel, which does not contain special additives of cobalt and other ele-
ments that form long-lived isotopes in the active working environment. ESA is
carried out in two stages. Before the first stage, a layer of graphite electrode
coating is applied to the worn steel surface by the ESA method—a tool with a
discharge energy Wp=0.02 J and a productivity 0.3 sm?/min. At ESA by the
electrode tool from steel X10CrNiTi18-10 the first and second stages are car-
ried out, accordingly at Wp=0.20J with productivity 1.6 sm2/min; and
Wp=0.55J with a productivity 2.5 sm?/min. As a result, the coating thickness
is AH =0.19 mm, the continuity is S=100% and the roughness is Rz=57 um.
During ESA the first and second stages are carried out by nickel electrode tool
respectively at Wp=0.55 J with a capacity 2.5 sm?/min and Wp=0.90 J with a
capacity 3.4 sm?/min. As a result, AH=0.20 mm, S=100 % and Rz=38 um.
The increase in discharge energy in ESA is accompanied by a decrease in yield
strength and tensile strength and an increase in the relative elongation and
relative narrowing of the sample. During the ESA of the sample with
Wp=0.90dJ, compared with the undoped sample, the yield strength and tensile
strength decrease with alloying by steel X10CrNiTil8-10, respectively, to
11.7% and 8.3% , and the relative elongation and relative narrowing increases,
respectively, to 15% and 14.7% . During the ESA by nickel yield strength and
tensile strength decreases to 13.3% and 8.6%, respectively, and the relative
elongation and relative narrowing increase to 14.7% and 16.7% , respectively.

Key words: electrospark alloying, restoration, electrode material, graphite,
steel, layer thickness, roughness, continuity, mechanical properties.

(Ompumano 28 mpaensa 2022 p.; ocmamoun. apisnm — 11 aunna 2022 p.)

1. BCTY1II

Amnajiza eHepreTUYHUX IOTPEO KPaiHu M MOMKJIUBOCTEH IX 3a10BOJTeHHA



BJIACTUBOCTI IIOBEPXOHB JIETAJIEN I3 KPUITI 12X18H10T 1039

CBigUaTh PO JOIIIBHICTE i HEOOXiZHICTE PO3BUTKY B ¥ KpaiHi aTomHOI
eHepreTuku. Bubip came Taxoro IIsAXy BiAmoBigae i ¢cBiTOBil TeHIEH-
Imii.

IlopiBHAHO 3 eHEPTETUYHUMU YCTAHOBKAMM Ha OpTaHiuHOMY HaJIUuBi
YMOBHU POOOTH MAaTepisjiB B aTOMHUX €HEPTeTUUYHUX YCTAHOBKAX 3BU-
yaiiHo € OiNbIN cKIAZHUMHU i OaraToaKTOpHUMHU. BilbImicTs BimmoBi-
IadbHUX merajeil HacocHoro obaamuanusa (HO) aToMHUX eleKTpocTaH-
it (AEC) mpaifooTs Opu BUCOKUX ITBUAKOCTAX, TUCKAX, TEMIIEPATY-
pax, a TakoK B yMOBax aOpasMBHOT0, KOPO3iAHOT0, BOJHEBOTO ¥ iHIIIOTO
BUIiB BILTIMBY poOoumx cepemoBuinl. KpimM mnoro, smepHHii peaxTop,
AKUHN IpeAcTaBisae HaliBakausimy yactury AEC, BHOCUTE CBO1 KOpeK-
TUBU Yy BUOip KOHCTPYKTUBHUX MaTepiaiiB geraneit HO. BukopucToBy-
BaHi MaTepidagu MOBUHHI OyTH pamiAnifiHO-CcTiHKUMU, 100pe MOTJINHATH
HEeHTPOHU, a TAKOK OYTH ;KAPOCTiHKUMU I 3KaPOMIITHIMMU.

HafiaskausimmMuy 3ajadyaMy PEMOHTHO-00CIYTOBYBAJILHOTO BUPOO-
HuntBa AEC e migTpmMka mpaiesgaTHOCTH Ta BiJHOBJIEHHS Pecypcy
MAIlIWH i ycTaTKyBaHHsA, 3a0e3meueH A IX BUCOKOI HamilHOCTH i MOXK-
JUBOCTU e()eKTUBHOTO BUKOPHUCTAHHA. [[1d BUpileHHA MUX 3aja4 Iie-
penbavaeThcsa MOJIIINIEHHA SIKOCTH PEMOHTY 3a PaXYHOK BIIPOBAIKEH-
HSA CyYaCHUX METOJI IOr0o opraHisalrii Ta BUKOPHCTAHHSA PalioHAJIbHUX
TeXHOJIOTIYHUX IIPOIleciB 3MiIlTHEeHHA i BimHOBJeHHA meraieii. Tarum
YMHOM, TiJ yac BigHOBJIEHHsA BigmoBimanbHUxX merasneitr HO (kopmycis
HACOCiB, IMUMOK BaJiB, pobounx KoJic i im.) nna AEC BUHUKAIOTL 3HAY-
Hi TPYAHOIIi, TOJOJaHHA AKUX € aKTyaJIbHUM Ta cBoeuacHuM [1].

2. AHAJII3A OCTAHHIX TOCJIIZKEHD I IIYBJIK AT

B mammii yac BCOKAa NPOAYKTHUBHICTD IIPaIli MOB’ A3aHa 3 BUCOKOIO dKic-
TIO Ta HU3LKUM piBHEeM OpaKy mpoaykirii [2]. OcobiuBa yBara mpumiis-
€ThCA STKOCTi MOBEPXOHb, Ta MeXaHIUHUM BJIACTUBOCTAM AeTajiei [3, 4],
IIT0 BUKOPUCTOBYIOTHCA B oOnmanuandi AEC. Ille Ha cTranmii mexamiuHOTO
00po0JIeHHS IPUIIIAITE BEJIUKY YBAry TOUHOCTI IO3UI[iOHYBAHHS Ha
BepcraTax [5], BUBUEHHIO BiJIbHUX i BUMYIIeHUX KOJWBAHb CKJAIHOI
MeXaHiuHOl cHmcTeMM «IIPUCTOCYBAHHA—3aroTiBiaa» [6—8]. Iluramusa
MIiABUIMEHHA JOBIrOBiYHOCTHY BUPOOiB MOKe OyTH BUpiIlieHe pisHOMAaHIT-
HUMU MeTOAaMHU, 30KpeMa, V¥ [9—15] mponoHyeThCcAa KOHCTPYIOBAaHHS PO-
0ouMX IIOBEPXOHD JAeTajieil MalluH i 3HAPAIL TeOMETPUUYHNMI METOa-
mu. He MeHIIIa yBara npuaiagaeTbCcsa CydYaCHUM PEMOHTHUM TEXHOJIOTiAM
Ta 3MIITHIOBAJBHIM TEeXHOJIOTiAM, AKi IIOCTiHO BJOCKOHATIIOIOTHCS, a IX
KiJIBbKicTh 30iJBIITyeThCS 3a PaXYHOK IIOSBM HOBUX. 3HAUHA KiJIbKiCcTh
TeXHOJIOTIYHUX NPUMOMIiB HaHeCeHHA I piBHOMAaHITTA raJjgyseii 3acTocy-
BaHHA NOKPUTTIB, IMUPOKUIN CIEKTP BUKOPHCTOBYBAHUX MAaTePidAJiB
00YMOBJIIOIOTh YCKJIATHEHHS BUOOPY TOTO YU iHITIOTO MOKPHUTTS B YMO-
BaxX KOHKYPEHTHOIO IIiAX0Ay ¥ OoNTMMAaJIbHOI TeXHOJIOriI Ioro HaHeceH-
HA.
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Cepen Hally:KMBaHIIIINX TeXHOJOTi HaHEeCeHHA 3aXNCHIX IIOKPUTTIB
IPHW BUTOTOBJIEHHI Ta BiIHOBJIEHHI AeTajiell € HATOILIIOBAHHA TBEPIUMU
Ta 3HOCOCTiMKuMu Marepisaniamvu [16—21], masepHe HaTomITOBaHHA [22—
26], HaHeceHHA HAaHOKOMMOO3UTIB [27—29], xemiko-TepMiuHe 06pobieH-
Ha (XTO) [30—33] Ta in. Cepen maAXiB MOJINIIIEHHA AKOCTH IIOBEPXHE-
BOTO ITIAPY ¥ MOHMKEHHSI BAPTOCTH PEMOHTY MAIIIUH OKPEMO BUIiIAIOTE
OaraTopasoBe BiTHOBJIEHHA (hOPMHU AeTajel IoJiMepHIMY MaTepidaaMu
Ta 3abe3neueHHA ix B3aemozaminHocTu [34—38]. OCHOBHUMY HemOJIiKa-
MU, IKi HeTaTHBHO BILIMBAIOTH Ha KiHIeBUI pe3yabTaT a00 3HAYHO IIif-
BUIIYIOTH cOOiBapTicTh PEMOHTY, € HaABHICTH IMOBOAOK i 3K0JI0O0JIEHB,
caabKa aAresis HameceHOrOo Iapy 3 OCHOBOIO, HASABHICTL HMOP, TPIIIUH i
HeMeTaJIeBUX BKJIOUEHb, IIOHUXKEHHS BTOMJIIOBAJILHOI MiITHOCTH, ITiJ-
BUIITeHAa eKOJIOTiUHA Ta TeXHOoTeHHa Hebeamneka [39].

B [40—-43] onucani pe3yabTaTH MOCTiIKeHb BIIUBY CUJIBHOTOUHOTO
€JIEKTPOHHOTO ITyYKa IPU ONPOMiHEHHI MOBEPXHEBUX MIapiB MeTasiB i
CTOITiB 3 METOIO MOKPAIeHHA iX AKOCTU. 3riguo [44] mpu peMOHTHUX
poborax Ha AEC BUKOPHCTOBYIOTL 3BAPIOBAHHSA i HATOIJIIOBAHHS JeTa-
Jeii. PeMOHTHe 3BapiOBaHHA Ta HATOILJIIOBAHHA AeTajiell MaIlliH Ta Me-
XaHi3MiB Ha CHLOTOJHI € OJHMMM 3 OCHOBHUX TEXHOJIOTIUHUX METOJ Bif-
HOBJIEHHS eKCILIyaTaIlillHMX BJACTHUBOCTEH JeTajiell Ta 3MIiIlTHEHHSA 1X
IMOBEPXOHE [45—4T].

Cepen posTIAHYTHX METOJ BiIHOBJIEHHS JeTajieil BeJINKOI yBaru 3a-
CJYTOBYIOTH ejieKTpoickpoBe seryBanua (EIJI), ake € ekosoriuno 6es-
IeYHUM 11 OCTAHHIM YacOM BCe YaCTillle BUKOPHUCTOBYIOTHL B PEMOHTHOMY
BUpPOOHUNTBI [48—52]. Metoma mae psapn crernudiyHUX 0COOJIMBOCTEMH:
MaTepian amonu (JIeryBaJbHUN MaTepisa) MoKe YTBOPIOBATH HA IIOBEP-
XHi KaToza (JIeroBaHill IMoBepXHi) IIap MOKPUTTA, HAA3BUYIANHO MiITHO
34YeIlJIEHUU 3 MOBepXHelo. ¥ IIbOMY BUIAIKYy He TiIbKU BiICyTHA MexKa
po3ainy MisK HaHeCeHHMM MATEePifJJoM i MeTaJoM OCHOBHU, aJie I BigOyBa-
€ThCA HABiTHL MU@y3isa eleMeHTIB aHOAU B KaToxy [53—55]; meryBanns
MOJKHA 3OiMCHIOBATH Y 3a3HAUEHUX MicCIIaX (pamilocoM BijJ YacTOK MiJri-
MeTpa i Oinblle), He 3aXUIMIAIOYN IIPU IILOMY PEINTY IIOBEPXHIi merasti;
rexHoJiorisg EIJI MeTaleBuxX mMOBEepXOHL AY:Ke IPOCTa, a HeoOXigHA ama-
paTypa KoMOaKTHa i TpamcroprabeabHa.

VY [56] mocrimskeHHs BILIMBY 3BapIOBAJIBHUX POOIT HA 3MiHU Y CKJIAIL
MIOBiTpsA IMOKAa3aJu, IO y 30Hi ITPOBeIeHH eJIeKTPO3BapIOBAHHS ITPY Ha-
roreHH] Ha Kpuirio 12X18H10T 3HOCOCTIAKOro MOKPUTTS €JIEKTPOLOM
mapku OK61.30 O 2,5 MM 3’ aBIS€ThCA 3HAUHO OiJIbINIA KiJIbKiCTL BYyT-
aexucygoro rasdy CO; i yrBoproooThea HecTabinabHi o NO, ToOTO BUHN-
KaloTh Ta3u, IKi € OTPYHHMME HABiThH Y Maaux KoHmeHTpamiax. Caigis
o300y O3 3a TOTOMOIOI0 Mac-CcIIeKTpoMeTpa He BusaBieHo. Ilig uac moc-
JiIyKeHHs XeMidyHOTO CKJaay ra3oBOr0 cepedoBHUIa B 30HI IPOBEIEHHS
po6it mpu EIJI xpui 12X18H10T ma ycranosiii « Emxitpor-52A» enexT-
pomom-iHcTpyMeHTOM i3 TBepaoro crorny T15K6 BcTamoBIEeHO, 110 MAac-
CIIEKTEP Ta30BOI'0 CEPemOBUINA IIPAKTUYHO iIEHTUUYHUN MAac-CHEKTPY
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yucToro mnoBiTpA. Hocaimxenna ocBitaernoct nipu EIJI xpwumi
12X18H10T exexTpomom iz TBepaoro crorny T15K6 Ta mpoBemeHHS 3Ba-
poBaIbHUX POOIT mpu HaTomaoBamHi Ha Kpumio 12X18H10T sHoco-
CTIIKOr'0 IMOKPUTTA eJeKTpomoM Mapku, mo mrasuTbea OK61.30 &
2,5 MM nmokKasauu ii 30inbineHHd BigmosigHo 3 0,465 no 0,599 sgroxce Ta 3
0,316 ar0Kc 10 6,2 THC. JIOKC.

HesBaxkarouu Ha mo3uTuBHIi ocobanBocTi merona EIJI mae i neaki xe-
JOJiKM, IO OOMEKYIOTh BIIPOBAMKEHHS MAHOI TEXHOJOTII masa OiabIm
IITUPIIIOTO KoJia AeTajieil MamuH. [{o TaKuX HeOOJiKiB HajleXaTh 3011b-
IITeHHA IIIePCTKOCTH ITOBePXHi BUPOOiB micJysa Jier'yBaHHS, HepiBHOMIp-
HiCTH MOBEPXHEBOI'0 3MiITHEHHSA, HETaTUBHUM BILINB €PO3iIHOTO PO3PH-
Iy Ha BTOMHIi BjacTuBocTi Bupo6iB Ta in. Kpim Toro, 3i 36imbIrieHHAM
eHeprii pospany EIJI, aK mpaBmIo, TOHMKYETLCA CYIIJIbHICTE (DOPMO-
BAHOTO MOKPUTTA [57].

30iIbIINTH TOBINHY MIOKPUTTA MOYKHA 34 PAXYHOK HaHEeCeHHS MeKi-
JBKOX IIapiB, IK 3 OJHOIO MATEPifAJy eJeKTPOoAy-iHCTPYMEHTY, TaK i 3
pisHux [58, 59].

Bigomuii Tako: c1ocid BifHOBIEHHSA IIOBEPXOHL METAJIEBUX JAeTaJeld,
AKUY BKJIIOUaE HaHeCeHH Ha 3HOIIIeHY ITOBePXHIO AeTali mokputta ELJI
MeTaJIeBUM eJIEKTPOJIOM, IO BiApisHAETLCA THUM, IO IOKPUTTSI HAHO-
CATH HaA PeKUMax, Ipu AKUX 3a0e3MeuyoTh 3aJaHy MIePCTKIiCTh ITOBEp-
XHi, Ha ofiep:KaHy IOBEePXHIO HAHOCATD, IIPMHANMHI, OOWH IIap MeTaJIo-
mosimepHoro martepismxy (MIIM), 3a6e3neuyioTh TOJiMepU3aIlito HaHe-
cenoro 1mapy MIIM, micaa yoro #oro miaggarTs Qimimain 06poobIti [60].
Hegoaikamu gaHoro cmoco0y € HM3bKa TBEPAiCTh METAJOMOJiMepHUX
MaTepisaliB; OCHOBHE 3aCTOCYBAHHS CIIOCO0Y — BiJHOBJICHHS AeTaJieil y
Hepo3’eMHUX CIIOJYUYEeHHAX (IMOCAIKOBUX MICIb Iif miAIMUITHUKM, Ha-
miBMmydTu I iH.); MeTaJOmOJiMepHi MaTepifau moOpe HpaIioiTh Ha
CTUCK i 3HAaYHO TipIlie Ha 3pyIITyBaHHA, 1110 HETaTUBHO BILJIMBAE Ha 1X 3a-
CTOCYBaHHS IJISI BiTHOBJIEHHS IIOBEPXOHb TEPTHA JeTaJsell; 3MiHOI0 Bjac-
TUBOCTEH Ipu 301IbIITeHH] TeMIIepaTypy Ha MOBEPXHAX TEPT i iH.

BigomMuit Taxosk cmocib BiIHOBIEHHS 3HOIIEHUX IIOBEPXOHb MeTaJe-
BUX JeTajiell, AKUi, BKJIOUYA€ HAHECEHHA MOKPUTTS Ha 3HOIIIEHY IIOBep-
XHIO gAerayi meromoro ElJI, mpuraliMHi y ABa eramu, aje B SKOMY, IPU
HaHeCeHHi ITIOKPUTTA Ha MepIIoMy eTalli HAaHOCATH I1ap 3 eHeprie poa-
pazny 0,13-0,55 Ixx i mpogykrusuicTio 1,5-2,5 cm?/XB., aki 3abese-
uy0Th TOBINUEY moBepxHi 0,08—0,81 MM mpu ii cyminabaocti 100% , mmo-
TiM Ha ofep:KaHy IMOBEPXHIO HAHOCATD IIap HOKPUTTS TUM Ke eJIeKTPOo-
mom 3 emepriero pospany 0,55-0,90:x i mpomyktusBHicTiO 2,5—
3,4 cm?/xB., AKi 3a0e31eUy0Th (OPMYBAHHS IOBEPXHI 3 IIIEPCTKiCTIO, B
2—4 pasu BHUINOIO, Hi}K Ha mepiromy erami [61]. ¥V cmocobi MOXKyTH BU-
KOPHCTOBYBATHU €JIEKTPOJ 3 0JIOB AHOI OpoH3u, TBepaoro cromy T15K6,
kpuri 12X18H10T, xpomy Ta HiKJIIO.

VY [62] BimzHauaeTbCA, 110 IPU BUOOPiI KOHCTPYKIIIMHUX MaTepisaiB
I ITePHUX eHepTreTUYHUX ycTaHOBOK (SEY) pisHux TuniB HeoOximHO
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TAKOX BPaXOBYBaTH UYMCJIO ¥ BEeJUUYMHY IMUKJIHIUYHAX 3MiH MeXaHIUHMX
HaBaHTaKeHb i TEIJIOBMiH; HEUTPOHHE ONPOMiHEeHHSA I BILJIUB TEILJIOHO-
cig Ha KoOpo3iio i1 KOposiliHO-MeXaHiuHy MilHicTs, MaTepiaxiB. Hia O6i-
JIBITIOCTI AMEePHUX €HePreTUUYHUX YCTAHOBOK 000B’A3KOBOI0 BUMOTIOIO €
3aCTOCYyBaHHA Heip:KaBIiMHUX KPUIh (OCHOBHUU MeTas abo HATOM) s
BCiX eJIeMeHTiB IIepINOro KOHTYPY, III0 KOHTAKTYIOTh 3 TEILJIOHOCiEM.
JJ1s ToHMKeHHA BIJIUBY IepeHeCeHNX aKTUBHUX NPOAYKTiB KOpo3il Ha
YMOBHU PEMOHTY BCTAaTKYBaHHSA IIEPINOT0 KOHTYPY B PALi BUIAIKIB y
KPHIIi JOJATKOBO PerjaMeHTyEThCA BMICT eJIEMEHTiB, AKi IIPU OIIPOMi-
HEHHi CTalOTh J)KepesioM Hebe3meuHMX TOBTOKMBYUmMX isoromiB. Ha-
caMIiepen, 1e crocyeTbesa Kobanbry. Takosx Bigzomo, 1o KobaasT, axmit
Mae BeJIMKUM Iepioj] HaIlliBpos3naay, HeIIPUIYCTUMO BUKOPHUCTOBYBaTH B
VITiIbHEeHHSIX HACOCiB aTOMHUX eJIeKTPOCTaHIIil. KImo 3aMicTs, Koba-
JBbTOBOI 3B’A3KM BUKOpucTano HiKeab, TO mOmiOHMX ABUII He BigOyBa-
eTbesa [63].

3rigmo 3 [64], xeMiuHM cKJIag MaTepPiAIiB meTasneii, IO CTUKAIOTHCS
3 TeIJIOHOCieM, He MiCTHUTL CHeIliAabHuX Jo0aBok KobaabTy Ta iHIIIMX
eJIEeMEeHTiB, 110 YTBOPIOIOTEL JOBIrOKUBYUi i30TOIIM B aKTUBHOMY POO0OYO-
My cepemoBuIli. B axepHill eHepreTuIli A CTBOPEHHS ITUPKYJIAILL Te-
ILJIOHOCiA BUKOPUCTOBYIOTH TOJOBHI MupKyaaniiiuai sHacocu (I'LLH) 3 mo-
ODOMIdKHMMM HacocaMM 0 HUX. YcCi merasi ¥ Bys3ju, SKi CTUKAIOTHC 3
TEILJIOHOCiEM, BUTOTOBJIEHI i3 KPUIb, CTIHKNX HPOTH KOPO3ii Ta eposii.
Y [65] onucanmit KOMIIOBUTHUI MaTePidAa OJIA pamiAlifiHOTO 3aXUCTy, B
AKOMY SAK HaIIOBHIOBAY ITOJiCTPUPOJILHOI MaTpPUIli BUKOPUCTaHI IIOPO-
HIKY BoJib(hpaMy Ta aJlfoMiHio.

Marepian geraJjeii, BUTOTOBJIEHUX 3 OiJIBIIIOCTI ayCTeHiITHUX KPHUIIb,
He Ma€ CXUJIBHOCTH IO MisKKpHuCTaIiuHoi Koposii [64].

Amnairiza marepianiB (osoB’aHOiI 6pomsu, TBepaoro crony T15K6 i me-
ip:xaBiiiHOl KpuIli aycreriTHOTOo Kaacy 12X18H10T), 1110 3acTOCOBYIOTH
y [61] mns BigHOBJIEHHS 3HOIIEHUWX MOBEPXOHb KPHUIEBUX AeTajlell IK
MaTepiAsy aHOOU MOoKasaja, IMo iX He peKOMeHIO0BaHO BUKOPUCTOBYBA-
T OJIA KPUIIEBUX JeTajell MaIlluH, IO IIPAIIOI0Th HA aTOMHUX eJIEKT-
pocraunmiax. Tax:

— OpU BUKOPUCTAHHI K €JIeKTPOIY-iHCTPYMEHTY OJIOB’sIHOI OpOoH3HU
TUMYAaCOBU omip (G3), 3rigao 3 'OCT 613-79, He nepeBumrye 245 MIla,
aje B [62] cTBepAKYETHCH, ITTO BiAIOBiAHO 1O BUMOT II0 TOBIITUHI KOPITY-
ciB i HOpMOBaHUX KoedillieHTax 3amacy MiITHOCTH KOHCTPYKI[IMHI peak-
TOPHI MaTepifju MaloTh MATH 3a POOOUOI TEMIIEPATYPH MEXKY MiI[HOCTU
He meniIe 400 MIla 3 Mo:xkaUBiCTIO 70 30i/IbINTEHHS ITiei XapaKTepPUCTH-
KW,

— TBepauii cron T15K6 MicTuUTEL Yy cBoeMy ckJaani KobanbT, mpucyT-
HiCTh AKOTO CTBOPIOE 3aTrpPo3y YTBOPEHHSA MOBTOKMBYUYMX iB0TOIIIB B aK-
TUBHOMY PO60OUOMY CEpPeqOBHUIITi;

— eJeKTpoA-iHcTpyMeHT 3 Heip:kapitinoi kpuiri 12X18H10T abo Hik-
JI10 mpu o0pobJieHHii meTaseil i3 Heip:KaBiilHUX KPUITHL IPUINIIAE 0 00-
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pobIIOBAHOI MOBEPXHi, IO Belie A0 MOHMKEHHS CYIIiILHOCTH HaHEeCeHO-
ro I11apy, i TaKUM YMHOM IIOHUKYE AKiCTh HAHECEHOT'O MOKPUTTA.

Bigmosigzo mo [66—69], 3aye:KHO Biml KOHKpPETHUX YMOB JieI'yBaHHS,
3aCTOCOBYIOTh JONATKOBI TexHoJIOTiuHi mpuitiomu. Hanpukiazn, mpu
Jer'yBaHHI MaTepisjiaMu, AKi «3aJUIIal0Th» IIPU 3iTKHEHHI aHOAM 3 II0-
BEepXHE, AKY ITiAJal0Th JIET'YBAaHHIO, IO MHOPYIIIYE YacTOTy IIPOXO-
MKeHHA iMIOyJabciB i1 30i/bIITye HEpPiBHICTH IMMOBEPXHi, PEKOMEHIYETHCS
nonepeaHe KOPOTKOUACHe JieTyBaHHA MMOBEPXHIi iHIMMM MaTepidjaom Ha
pexuMax 3 MaJIOIO0 eHepri€ro iMIyabciB (Tak 3BaHUX M’ AKUX PEKUMAX)
IJISI YTBOPEHHS CBOEPIMHOTO IIepexigHoro TOHKOro Imapy. Haiuacrime
1A ITHOT'O 3aCTOCOBYIOTH rpadit. ¥ pesyiibTaTi, IIpu MoAAJIBIIIOMY Jery-
BaHHI «3aJUIIaHHA» 3HAYHO 3MEHIITYETHCS, IIOKPUTTA CTAE€ PiBHOMIp-
HUM, a INTOMA KiJIbKiCTh MepeHeceHoro MaTepisaay He TOHUKYETHCA.

Amnajiza mpoBegeHUX JiTEPATYPHUX AOCTiIKeHb IOKasajia, Mo OJIs
BiJHOBJIEHHS ITOBEPXOHDb KPUIEBUX JIeTajell, IO IIPAIIoI0Th B YMOBaxX
pamiamiiiHoro ompoMiHIOBaHHS, OiJBIII KOPUCHOIO € eHeproeeKTUBHA,
eKoJIoTiuHa Ta TexHoreHHo Oesneuna metoga EIJI, sxa maao B uomy moc-
TYIIAETLCA IHIITIM MeToaM, a iHoi mepeBakae ixX. B AK0OCTi e1eKTpoIy-
iHCTPYMEHTY IOTPiOHO BUKOPUCTOBYBATH HiKesb i HeipsKaBiliHYy KPHUITIO
12X18H10T.

Metor0 poboTHu € 3abe3meueHHs SKOCTU BiHOBJIEHUX IIOBEPXOHb Je-
Tajieil, 1110 IpaIloloTh B yMOBaX palidiliHOTO OMpoMiHIOBaHHA, MIIA-
XOM JOCJil»KeHHA BILIMBY eHeprii pospany npu EIJI meip:xasiiimol
Kpuili aycremiTHoro Kijaacy 12X18H10T kpwuiieio Takoi caMoi MapKHu i
HiKJIeEM Ha CTPYKTYDPY, IlapaMeTpu Tolorpadii moBepxHi Ta MmexaHiuHi
BJIACTHUBOCTI c(hOpMOBAHMX IIOKPUTTIB.

3. METOM TOCJII;KEHD

3pasku 3 Heip:kaBiiHOI KpuIlli aycteriTHOro Kiaacy mapku 12X18H10T,
poamipom 10x10x8 MM i 3 TBepAicTIO IicJIA OCTATOUHOT'O TEPMOOOPOO-
geaasa 140-170 HB, 1maigysamm g0  IIEPCTKOCTI  IOBEPXHI
Ra =0,50 mx™ (puc. 1). ITotim, Ha yeTanoBIi Mmomeinio « EnxiTpon 52-A»,
meromoo EIJI mpm pisHuMX perkmMax eHeprili po3pAany HAaHOCUJIU IIOK-
PUTTA  eJeKTpoJaMU-iHCTPYyMeHTaMu 3 HeipskaBiiiHOi  Kpwui
12X18H10T i mikaio. Takum unHOM OyJIM BUTOTOBJIEHI TpHU cepii 3pas-
KiB [1]: 1 cepia — EILJI sxificHioBanu y ABa eTanmu: Ha IEPIIOMY eTalri
mpoBoaMIn 00po0eHHA rpaditom npu eHeprii pospany Wp=0,02 Ik i
npoxgykTusHocTi 0,3 cM?/XB., a IOTiM, HA APYIrOMY eTalli, HAaHOCUJIN II0-
KPUTTSA Ha OOHOMY PeKUMi; 2 cepisi — MOKPUTTA 3MiMICHIOBAIU yV TPHU
eTau: NepIIui etan — 00poOIeHHA rpad)iToM TPOBOAUIN IIPU eHepTil
pospany Wp=0,02 [I;x i opogyxkrusuocti 0,3 cM?/XB., Apyruili eram
TIPOBOAMJIN Ha PEKUMIi, 10 3a0e3meuye HAWOIIBITY CYIiJIBHICTE i TOB-
IITUHY TOKPUTTS, a TPETiH eTam IPOBOAUIN Ha OiJIbII «I'PyOOMY» PerKu-
Mi i3 3abe3meueHHAM IIEPCTKOCTH B 2—3 pasu OiJIbInol, HidK Ha moiepe-
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IHLOMY (Apyromy) eTami; 3 cepisd — IOKPUTTA 3AiMICHIOBAJIN Y TPHU eTa-
X IePIIUH eTamn — 00po0aeHHA rpadiToM IPOBOAMUIN IIPU eHeprii po-
spagy Wp=0,02 [I;x i npogyxktusuocti 0,3 cM?/xB., Apyruii i Tperii
eTamy IPOBOAUJIN Y MOCTiTOBHOCTI, IPOTUIEKHIiNT 00p00JeHHIO 3pas3KiB
cepii 2.

Ilepmuit eran HaHeceHHdA Iapy HOKpuUTTda Metonoio EILJI emexTpo-
moM-incTpymernToM i3 Kpuii 12X18H10T BUKOHYIOTH 3 eHeprieo pos-
pany 0,04-0,20 I:x i npogykrusmicTio 0,40-1,6 cm?/xB., a Apyruii
etan — 3 eHepriero pospany 0,35-0,55 I»x i mpoamykrTuBHicTiO 1,7—
2,5 cm?/xB.

Ilepmuit eran HaHeceHHdA Iapy HOKpUTTa MetTonoio EIJI emexTpo-
IOM-iHCTPYMEHTOM 3 HiKJIO BHKOHYIOTH 3 eHeprieio pospamy 0,04-
0,55 I;x i mpogykTusHicTio 0,4—2,5 cM?/XB., a APYIUil eTal — 3 €Hepri-
ero poapazny 0,90 II:x i npoagykTusHicTio 3,4 cM?/XB.

ToBITUHY TOKPUTTA BUMipIOBaJIA MiKpPOMETPOM, IIepCTKicTb — i3
3acTocyBaHHAM mpodimorpada-mpodimsomerpa momeato 201 zasBoxmy
«Kami6p» (puc. 1, a). PesynbTaTu uepes cueliaJlbHUNA TIPUCTPill Buaa-
BaJIMCs HA MOHITOp KOMII foTepa y Buriaai rpadikis (puc. 1, 6).

Hia gocnimxenna BoiuBy Mmetonu EIJI ma mexaHiuHi BiiacTuBOCTI
merati (MeXy MIiITHOCTH, MEKY TEeKYYOCTH, BilHOCHE IIOJOBIKEHHS Ta
BigHOCHEe 3BY:KeHHA) Oyau BUTOTOBJeHi 3pasku i3 xpumi 12X18H10T
BigmoBimao mo I'OCT 7855-84. [lyna KOMKHOTO MaTepidNy eJIeKTpOomy-
imcTpymeHTy i peskumy EIJI BuroroBiasanu mo 3 3pasku.

[ metanorpadivyHUX Ta JIOPOMETPUUYHMUX AOCIiI»KEeHb MiITOTOBJIE-
HUX 3pasKiB BUKOPUCTOBYBaJu onTuuHUil Mikpockon «Heodor-2», 3a
JOIIOMOT'0I0 AKOI'0 OIIiHIOBAJM AKiCTh c(hOPMOBAHOTO IIapy, HMOro Cy-
MiJBHICTH, TOBIIMHY Ta CTPYKTYPY 30H MmiAmiapy, Au@ysifiHol 30HU Ta
30HU TePMiUHOTO BILIUBY.

Takox BUKOHYBAJIM AIOPOMETPHUYHY aHAJi3y PO3IOAiIy MiKpOTBeEp-

R =38,865 MM, Ra=0,500 mxm, Rz=1,201 mxMm

‘max
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Puc. 1. IIpopinorpad-npodinmomerp mox. 201 sasony «Kaniop» (a) i mpodiso-
rpaMa IIepcTKOCTH BUXiZHOTO 3paska (0).

Fig. 1. Profilograph-profilometer mod. 201 plant ‘Caliber’ (a) and profilo-
gram of the roughness of the original sample (0).
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JIOCTU Yy TIOBEpPXHEBOMY Iapi. BumiproBaHHA MiKpPOTBEPAOCTU ITPOBOJIV-
au Ha MmikporBepaomipi IIMT-3 arigmo I'OCT 9450-76. Posmoain ereme-
HTiB y IIOBEePXHEBOMY ILIapi BU3HAUAJM HA PACTPOBOMY €JEKTPOHHOMY
Mmikpockomi PEM-106 3 kaMeporo HU3BKOTO BAKYYMY i CHCTEMOIO eHep-
rogucuepciiaoi MikpoaHasisu. BcTaHOBJAeHMII Ha IPUIALi AeTEKTOP
XR-100FASTSDD dipmu Amptek (CIITA) naBaB 3MoOry IpOBOIUTH AKi-
CHY i KiTbKicHY eleMeHTHY aHaIidy obaacTeit JOCIiAKyBaHOTO 00’ €K Ta.

4. PESYJIBTATHU NJOCJIA/AKEHD TOIIOTPA®IIYHUX
ITAPAMETPIB TA MEXAHIYHUX BJIACTUBOCTEU IIOKPUTTIB

o TomorpagiuHMx napaMeTpiB HOKPUTTIB, cHOPMOBAHUX METOJ OO0
ELJI, ciig BimHECTH TOBUIMHY, IIEPCTKICTD i CYIiIbHICTD, a 10 MexaHiy-
HUX BJIACTHUBOCTEH ME)XKY MII[THOCTH, MEKY TeKYyYOCTH, BiTHOCHE II0/IOB-
JKeHHS Ta BiTHOCHE 3By KEeHHSA AeTaJIi.

Texuiune pimenHsa coocody [70], MOACHIOETHCSI KOHKPETHUMU TPUK-
JagaMu HOT0 3aCTOCYBaHHS MIJIS BiTHOBJIEHHS AeTasieil, BUTOTOBJIEHUX 3
MaTepiAIiB, IO MIUPOKO 3aCTOCOBYIOTHCS JJISI OfEPIKaHHa 00a HaHHI
IJIs1 aToMHUX ejgexkTpocraHiivi. Ilokpurra meromoio EIJI mo:xkua HaHO-
CUTH, Bapiloioun eHepriio po3pany B aismasoui 0,036—6,8 [:x. I3 apoc-
TaHHAM eHeprii pos3pany 30inbITyeThCcA TOBIMWHA ITOKPUTTA i IIepCT-
KicTb mMOBepXHi, a CYIiIbHICTS (S) MIOHMKYETHCS.

IIix 30inbIIeHHAM TOBITUHU MOKPUTTA (AH) po3yMitoTh 36iIbIIeHHS

poamipy merasi abo 3paska, BUMipAHOTO IO BUCTYHIAaX IIIEPCTKOCTH Ha-
HeceHOro Mmartepisaay. Ilpu mboMy TOBIIMHA IIapy MOKE 3MiHIOBATHUCS B
3aJIeKHOCTI BiJ XapakTepy B3aeMOAil aHOAM i KaToau, HAIIPUKJIAL, Ha
yCTaHOBIII 3 pyuYHUM Bi6paTopom Tumy «EmiTpon 52-A» — Bix 0,01 mo
0,25 MM, a BucoTa MiKkpoHepiBHOCTe#H (Rz) Ipu IIbOMY 3MiHIOETHCS, Bif-
moBizmHO, Bixg 8,5 o 155,8 MKM. CyIIiIbHICTE HOBEPXHi IPU IILOMY MOMKE
moumxysaruca 3i 100% mo 60% .
Hanecennsa nmokpurtriB i3 kpuni 12X18H10T wa kpumro 12X18H10T.
3pasKu BCix cepiit momepeHL0 00PO0II0OBAIN TPAPITOBUM €JIEKTPOLOM-
iHcTpyMeHTOM mpu eHeprii pospany Wp=0,02 [I:x i mpoayKTHUBHICTIO
0,3 cm?/xB.

B rabauii 1 mpeacrasBiieHi pe3yJIbTaTy HOCHiIIKeHHA 3pas3KiB mepImoi
cepii. IIpu namecenni kpuri 12X18H10T maiibinbina cymiabHICTD ITOK-
putta cranoBuTb 100% . Haii6inbima Topimuaa mokputta (0,09 mm) mpu
100% cyminbHOCTI HocsiraeThed mpu eHeprii pospaxzy Wp=0,20 I:x.
IIlepcTKicTh MOBEPXHiI IMOKPUTTA IPHU IILOMY CTAHOBUTH Rz =19 MKM.
ITomanbine 36inmbiieHHa eHeprii pospaxy mo Wp =0,35 [[:k TpuBOIUTH
mopsAn 3i 30iabmIeHHAM TOBIMUHM ITapy o 0,14 MM 10 piskoro 30ijab-
ITeHHA IITEePCTKOCTH MoBepXHi (1o Rz=41 MKM), a TaKOX HTOHU:KEHHS
cyuinbHOCTH HOKPUTTA 10 90% . Ilogasibiiie 301IbIIIeHHA eHeprii po3psi-
Iy CYIPOBOMIMKYETHCS ITTe OiIBbIITNM 3POCTaHHAM IIIEPCTKOCTH MOBEPXHI i
MOHM)KEHHAM CYIliabHOCTH. Haibinbilla TOBIMMHA IIapy, AKa CTaHO-
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TABJINIIA 1. SanexHicTs TapamMerpiB Tonorpadii Ta MexaHiyHMX BJIACTHUBOC-
Tell IOKPUTTIB Ha 3pas3Kax mepIoi cepii, HaHeceHux meronoio EIJI, Bix ereprii

pospany.
TABLE 1. Dependence of topography parameters and mechanical properties

of coatings on samples of the first series applied by electrospark alloying on
discharge energy.

Tonorpadiuui mapamerpu Mexamiuni BracTuBocTi
. Topmimua Cy- | Mexa | Mexa | Bizuoc- | Bigaoc-
Eneprisa IIponyx- - ITepcT- Y . A A
. TIOKPUT- . MiJb- | TEKY- |MiITHO-|He IIOL0-| He 3BY-
po3ps- [TUBHICTB, KicTb N
1y Wp | em?/xs TaAH, Rz MEM HiCTB, |UOCTH,| CTU, |BXKEHHI,| KeHH,
ywp | MM ’ % | MIla | MHa | % %

Tepmiuna o6pobxa (rapryBanus 1000—

1080°C, ox0J0KeHHA Y BOMi) 196 210 40,0 55,0

0,04 0,4 0,03 7 100 191 503 40,3 55,5
0,11 1,5 0,07 12 100 189 496 41,1 56,1
0,20 1,6 0,09 19 100 187 490 42,1 57,5
0,35 1,7 0,14 41 90 185 483 43,2 58,3
0,55 2,5 0,16 61 70 183 471 44,1 59,7
0,90 3,4 0,22 92 60 173 468 46 63,1

Buth 0,22 mm, popmyeTrbeda npu Wp =0,90 I:x. IIpu mboMmy H1epcTKicTD
MOBEepPXHI 1 CyHmiJAbHICTP MOKPUTTA OOPiBHIOIOTH, BiAIIOBigHO,
Rz=92mrM i 60% . ITogansime 360iabIlIeHHA eHeprii po3psany HebakaHe,
OCKiJIbKM BOHO NPHUBOAUTH OO Pi3KOTr0 IMOHMMKEHHSA SKOCTH IIOKPUTTS
(HM3bKa CYIiJIbHICTb, BUCOKA IIEPCTKICTh, IPUINIIAHHA €JIeKTPOAY IO
00p00II0BaHOI MOBEPXHi) i BUTOPAHHSA eJIeKTpOo/Ia.

Amnajisa pesyabTaTiB JOCTiMKEeHHA MeXaHidYHUX BJIACTHUBOCTEH MHOK-
purriB Ha kpuri 12X18H10T nmokasaJia, mo Bukopucrtauua metoau EIJT
IJIs BiIHOBJIEHHSI JeTajiell CYIPOBOMKYETLCSI HEI'aTUBHUMU Pe3yJIbTa-
TaMi — MOHMMKEHHAM MeXKi TeKyJYocTHU i Meski MiriHoCcTH i 36i/IbIlIeHHIM
BiJHOCHOTI'O IIOJIOBXKEHHA i BimHOCHOTO 3By KeHHA. IIpu 1boMy 3i 36i7b-
IIeHHSIM eHeprii po3paAny Ii HeraTWBHI HACHiTKM HOCUIIOIOTLCA. Tak
npu EIJI kpuni 12X18H10T miefo X Kpulieio mpu eHeprii pospany
0,90 [I»x mopiBHAHO 3 HEJIETOBAHOIO MeKa TEKYYOCTHU 1 MeyKa MiIfHOCTH!
3MEHIIYIOThCS, BigmoBiguo Ha 11,7% i 8,3% , a BimHOCHE ITOJOBKEHHA i
BiHOCHe 3BYKeHH:A 301i/IbIIIYIOTLCS, BigmoBigmo Ha 15% i 14,7% .

B Tabaumi 2 nmpeacrasieHi pesyJbTaTH TOCTimKeHHA 3pasKiB Apyroi
cepii. Ha 3pasok i3 kpumi 12X18H10T micasa o6pobaernsa rpaditoBum
eJeKTpoaoM IepmuM 1rapom HaHocuau Kpuiio 12X18H10T mpum
Wp=0,20 I:x, 0pu IbOMY OJEP:KAJIU MAKCUMAJIbHY CYIiJIbHICTh IIOK-
putta (100% ) i Topiuuy 0,09 MM, 1epeTKicTh ckaagana Rz =19 MKwM.
Hpyrum 1mapom wmertoxoio EIJI mamocunu kpumioo 12X18H10T npum
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TABJINIIA 2. SanexHicTh mapaMeTpiB Tomorpadii Ta MexaHiYHUX BJIACTHBOC-
Tell MOKPUTTIB Ha 3pasKax Apyroi cepii, HaHeceHux metonoro EIJI, Bix eneprii

pospany.
TABLE 2. Dependence of topography parameters and mechanical properties

of coatings on samples of the second series applied by electrospark alloying on
discharge energy.

Tonorpadiuni napa- Mexagriuni BracTusocti
MeTpHu
. Tosmu- | lepc- Cy- Mezxa Mexa Binno-| BixHo-
Enepria | IlpogyxkTus- . mi- |Texy-|_ . CHe CHe
. Ha IIOK- (TK1CTh, . MIITHO-
po3pAny HicTb, bHiC| "oC- monmo- | B8BY-
purta | Rz, CTH,
Wp CMz/XB. AH. vt | nxens | T2 | TR | I |BOEEH- PREHHA,
’ 0/0 MIla HdA, 0/o 0/o
0,04+0,35 LAeran0.4 g5 41 90 185 482 43,3 58,4
2-tieran 1,7
0,20+0,35 LHeranl.6 o 0 39 100 183 480 43,8 58,7
2-tieram 1,7
0,20+0,55 LAeranlb g9 57 100 180 470 44,2 59,9
2-#i eram 2,5
0,20+0,90 LHeranl.b o5 g3 100 173 469 46,1 63,3
2-i1 eram 3,4

Wp=0,3510,55 [I:x, me mepcTKicTh, BinmosigHo, 6inbire ~y 2 i 3 pasu
(Rz=41 i 61 mxMm). IIpu oMy 3arajibHa TOBINHWHA HIapy CTAaHOBUJIA,
Bigmosiguo, 0,18 i 0,19 mm, 1mepctkicTs Rz=39 i 57 mxm npu 100%
cyuinbHOCTi (muB. Taba. 2). Iloganbiiie 30igbIlleHHs eHeprii pospany
Ipu HaHeceHHi aApyroro mapy g0 Wp=0,90 [I:x i npu HesHauHOMY 30i-
JIBITIEHHI TOBIWHYU APy IPUBOIUTH A0 PiB3KOT0 30iJBbIITEeHHS IIIEPCTKO-
cTH ToBepxHi 3 Rz =57 no Rz = 83 MKM.

3 cepiss — MOKPUTTS 3MiMICHIOBAJIN Y TPU €TAIIN: HePIIUHA eTam — 00-
pobsaennsa rpadgitom nmpoBoxuam npu eHeprii pospaxy Wp=0,02 [Ix i
npoxgykTusHocTi 0,3 cM?/XB., Apyruii i TpeTiii eTany IPOBOAMIIM Y IIOC-
JiZOBHOCTI, IIPOTUIEIKHiN 00pO6IeHHIO 3pas3Kis cepii 2.

B rabaniii 3 nmpeacTaBiaeHi pe3yabTaTH JOCIIIKEeHHS 3pa3KiB TpeThol
cepii. AHasisa pe3yabTaTiB IMOKasaJja, 110 SKiCTh MOKPUTTIiB 3HAYHO Ti-
piiia, HixK y MOKPUTTIB Apyroi cepii (cyuinsuicTs 65—75% , 1mepcTKicTs
Rz =83-85 MKM) nIpu HaOJIMKEHO OOHAKOBill TOBIMHI HAHECEeHOro IIa-
py. MexaHiuHi BIacTMBOCTI He3HAYHO KpaIllli MOPiBHAHO 3 3pasKaMu
npyroi cepii. Tak mpu moeTamHOMY HaHECEHHI MOKPUTTIB B IIOCJIiJOBHO-
cti: 1-#1 erarr: Wp=0,90 [I)x i 2-i1 erar: Wp = 0,04 [I)x Merka TEKyUOCTHU
i Meska MinHOCTH 30iaBIININCE, BinnioBiguo Ha 2,3% i 2,1%, a BizHOCHE
MIOMOBIKEHHS i BifTHOCHE 3BYKeHHs 3MeHIINJINCh, Bigmosiguo Ha 2,2% i
3,5%.
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TABJINIIA 3. SanexkHicTh mapaMeTpiB Tomorpadii Ta MexaHiYHUX BJIACTHBOC-
Tell IOKPUTTIB Ha 3pas3KaxX TPeThoi cepii, HaHeceHuxX Meromoio EIJI, Bim emeprii
pospany.

TABLE 3. Dependence of topography parameters and mechanical properties
of coatings on samples of the third series applied by electrospark alloying on
discharge energy.

Tomorpadiuxi mapame- N .
pad b Mexaniuni BractusocTi

TPU
Tos- . Bi -

. 0B Ilepc-| Cy- | Me:xa |Mexxa| Bigzoc- LAHO

Enepria | IIpogykTus- | muHa . - - CHe

. TKiCTh | I[iJIb- | TEKY- | Mill- |He mOJ0-

pospany HiCTB, TOK- N 3BY-
Wp oM?/xB N Rz, |HicTb, |uyocTH, [HOCTHU,BXKEHH, RS
) MKM % MIla | MIla % o

AH, MM %

0,90+ 1l-iieram3,4
+0,04 2-fteram0,4
0,90+ 1l-iieram 3,4
+0,20 2-fieran1,6

0,20 83 65 175 475 45,7 62,1

0,21 85 75 177 479 45,1 61,2

Amnajisa omep:kaHuX Pe3yJIbTATIB HOCHIIKEeHHS SKOCTH IIOKPUTTIB Ha
kpuii 12X18H10T meroxoro ELJI enrekTpogoM-iHCTPYMEHTOM i3 KpHITi
12X18H10T npu pisHUX perkuMax eHeprii po3pany (3pasku cepiii 1, 21
3) masa 3MOry BUSHAUYUTU TE€XHOJIOTiI0 BiTHOBJIEHHA AeTajieil, M0 mpa-
IIOIOTH B YMOBaX PaAiAIiiiHOrO oIIrpoMiHIOBaHHs. BoHA 3MiHICHIOETLCS Y
Tpu eranu: nepmuii — mposectu EIJI rpaditom mpu emeprii pospany
Wp=0,02 [I;x i npogykrusHocTi 0,3 cm?/XB.; apyruii — nposectu ELJI
enexTpoxoM iHctpymenToM i3 kpuili 12X18H10T mpu Wp=0,20 Ix i
npoxgykTusHOCTi 1,6 cM2/xB.; Tperiii — mposectu ELJI enekTpomom iH-
crpymerToM i3 kpuri 12X18H10T mpu Wp = 0,55 >k i TpogyKTUBHOCTI
2,5 cm?/xB.

B pesyiabrarti, ogep:kuMo mokpuTTsa ToBiuHOI 0,19 MM, cyminbHic-

110 100% i mmepeTKicTio Rz =57 MKM.
Haneceuna moxkpurris 3 Hikao Ha kpuiro 12X18H10T. IIpu maHeceHHi
MOKPUTTiB 3 HiKJ0 Ha Kpuilio 12X18H10T 3pasku Bcix cepiit momepes-
HBO 00po0aAnu TPadiTOBUM eIeKTPOAOM-iHCTPYMEHTOM IIpU eHeprii
pospany Wp=0,02 II:x i npogykrusrocrti 0,3 cm?/XB.

Y Tabauii 4 mpeacTaBiieHi pe3yJabTaTH IIapaMeTpiB Tomorpadii Ta
mexaHiuHi BiractTuBocTi mokpuTTiB mpu EIJI kpumi 12X18H10T enexT-
pomoM-iHCTPYMEHTOM 3 HiKJIi0. 1K BuAHO 3 TabauIli HabiabIIa CYIiab-
HicTh moKpuUTTa 100% i ToBImua 1mrapy 0,15 MM goCATaETHCA IPU €HEP-
rii pospany Wp = 0,55 [I:x. IllepcTKicTb MOBEPXHi TP IIbOMY CTAHOBUTD
Rz =37 mxm. Iloganbiiie 30iNbIlIeHHA eHEpTrili po3psaay IPUBOAUTEL IO
3pocTaHHA TOBHIMHMU Iapy no 0,17 MM i 3HAUHOTO MOHMIKEHHSA STKOCTHU
MOKPUTTA (cyminbHicTb 85% imepcTKicTs Rz =69 MKM).



BJIACTUBOCTI IIOBEPXOHB JIETAJIEN I3 KPUITI 12X18H10T 1049

TABJINIIA 4. SanexHicTh mapaMeTpiB Tomorpadii Ta MexaHiYHUX BJIACTHBOC-
Tell MIOKPUTTIB 3 HiKJI0, HaHeceHuX MeTonoro EIJI Ha kpuio 12X18H10T, Bixg
eHeprii pospany (spasku 1-3 cepii: * — spasku 1-i cepii, ™ — spasku 2-i cepii,
" __ gpasku 3-1 cepii).

TABLE 4. Dependence of topography parameters and mechanical properties
of nickel coatings applied by electrospark alloying on steel X10CrNiTi18-10,
the discharge energy (samples 1-3 series: “—samples of first series, “—
samples of second series, ““—samples of third series).

Tonorp;g);ggl Trapa- Mexagriuni BracTusocri
Me- | . Bin-
Tos- Illepc-| Cy- | Mexa mea Bizmoc- H010IIEIe
E . ITpogykTus- | muHa . . . He II0-
Hepris po- o mox. | TKICTB | M- | Texy- | Miu-| © o | 3By-
3pany, Wp 2, Rz, |Hicts, |UocTH,| HOC- KEeH-
cM?/xB. | puTTa o JKeHHH,
AFT. vanl MEM % MIIa | Tu, % HA,
> MIla %
0,55" 2,5 0,15 38 100 181 468 45,1 60,5
0,90" 3,4 0,19 69 85 170 466 45,9 64,2
0,55+0,00™ LHeTan2,5 o0 35 100 174 464 46,2 61,9

2-# eran 3,4

1-i1 eram 3,4 0,14 56 90 177 466 45,9 61,3

0,90+0,55™ 5 & oram 2.5

IIpu (popmyBaHHI MOKPUTTA MOETAIIHO, 3 BUKOPUCTAHHAM CIIOUaTKY
eneprii pospaxy Wp=0,55 II:x, a morim Wp =0,90 [[;x, TOBIIIMHA IIIapy
cranosuth 0,20 mm pu 100% cymigbHOCTI i meperrocTi Rz = 38 MKM.
HaneceHHsTI TMOKPHUTTA B 3BOPOTHOMY HOPAIKY: CIOYATKy 3
Wp=0,90 [I:x, a morim 3 Wp =0,55 [[)k TpuBOAUTE A0 IOHUKEHHSA HOTO
cyuinsaOoCTi 110 90% i 3pocTaHH 1IepCTKOCTI 10 Rz = 56 MKM.

Amnaiiza BuiuBy eHeprii pospaay mpum BigHoBiaeHHi meromoro EIJI
Kpuii 12X18H10T mikjaeMm i cmocody popMyBaHHS IIOKPUTTIB Ha MeXa-
HiYHi BJIACTHBOCTI 3pas3KiB moxasaa:

— upu BigHoBIeHHI merasmeit i3 Kpuii 12X18HI10T mixkaem 3i 36ijab-
HIEHHAM eHeprii pos3pAny MOHMMKYEThCA MeKa TeKYyUOoCTU 1 Merka Mill-
HOCTH, a BiTHOCHE MOOBXEeHH 1 BifHOCHE 3BYKeHHsA 301/IbIITYEThC;

— mpu ELJI xpuni 12X18H10T mikaem 3 Wp=0,90 [I:x mopiBHSIHO 3
HeJIeTOBAHOI0 MeKa TeKYYOCTH i MeyKa MiITHOCTH 3MEHIIY€E€ThCH, BiAIro-
Biguo Ha 13,3% i 8,6% , a BimHOCHE MOJOBKEHH i BifHOCHE 3BYKEHHS
30inbIIyeThCs, Bigmosiguo Ha 14,7% i16,7%.

— MeXaHiuHi BJIACTUBOCTi 3pasKiB, BigHOBJIeHUX 3TigHOo 3-1 cepii, He-
3HAYHO KpAaIli IIOPiBHIHO 3 BJIACTUBOCTAMU 3Pa3KiB, BiTHOBJIEHUX 3Ti-
HO 2-1 cepii. Tak npu moeTarHOMY HaHEeCeHHi IIOKPUTTIB B IIOCJIiTOBHOC-
Ti: 1-#1 eran: Wp=0,90 [I:x i 2-i1 eran: Wp=0,55 [[:x mexxa TeKydocTu i
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MesKa MIITHOCTH 30LIBINNINCE, BigmoBingumo Ha 1,7% 1 4,3%, a BigHOCHE
IIOZOBKEHHS i BiJ[HOCHE 3BYKEHHS 3MEHIINJINCh, Bigmosiguo Ha 0,7% i
0,9%.

5. BUCHOBREH

B pesyibraTi gociigkeHHA TexXHOJIOTII BimHOBIeHHSA MeTonoo ELJI mge-
ranen i3 Kpuii 12X18H10T, mjo mpaIolTh B YMOBaX PamisiliifHOTO
ONPOMiHIOBaHHSI, BCTAHOBJIEHO:

1. 3 MeTo10 yCYHEeHHS 3aJIUIIaHHA eJIeKTPOAY-iHCTPYMEHTY HIPHU BiJHOB-
JeHHi moBepxHi merani iz Kpuii 12X18H10T HeobximHO momepemHbO
npoBoguTu ELJI rpadgitom mpu eneprii pospany Wp=0,02 II:x i mpoayk-
tusHOCTi 0,3 cM?/XB.

2. BimmoBieHHss [gerasieil  eNeKTPOAOM-iHCTpyMeHTOM i3  Kpwuiri
12X18H10T HeoOxigHO IPOBOAUTH B ABA €TAlN: IEePIITNH i ApyTruii, Bi-
moBigHo mpum Wp=0,20 Ik 3 mnpogykrusBmicTio 1,6cm?/xB. i
Wp=0,55 I 3 npoaykrusHicTio 2,5 cMm?/xB. B pesyibraTi, TOBIIUHA
moxpurta AH = 0,19 MM, cyuinaesHicTs S =100% i mepcTKicTh moBepxXHi
Rz =57 MmxwMm.

3. BigHoByeHHA meTajieil eJIeKTPOLOM-iHCTPYMEHTOM 3 HiKJIO HeoOXin-
HO IIPOBOAWUTHM B [OBa eTalMW: NePIIUi i Apyrui, BiAIOBiZHO mpU
Wp=0,55 I;x 3 npogykrusHicTio 2,5 cm?/x8, a morim Wp =0,90 I« 3
nponaykTusHicTioO 3,4 cm?/xB. B pesyabrati AH =0,20 mm, S=100% i
Rz =38 MKM.

4. 36inbienusa edeprii pospany ax npu EIJI kpuiero 12X18H10T, Tak i
npu JeryBanHi HikyieM cyIIpoBOIKyeThCA MOHMKEHHAM MeKi TeKydoc-
T4 1 MesKi MinHocTH i 30iIbIIIeHHAM BiJHOCHOTIO IIOZOBKEHHSA i BigHOC-
HOTO 3By KeHHs 3paska. IIpu EIJI 3 Wp=0,90 [I:x mopiBHAHO 3 HeJero-
BAHOIO KPHUIIEIO0 MerKa TeKYUYOCTH i MeyKa MiITHOCTH 3MEHINYIOThCA HIPHU
JgerysanHi Kpurnero 12X18H10T, sigmosigro na 11,7% i 8,3%, a BigHo-
CHe IIOJOBKeHHs i BiJHOCHE 3BY:KeHHs 30iJbIIyIOThLCA, BiAmoBigHO Ha
15% i 14,7% . IIpu E1JI Hikiaem Me)xa TEeKyd4OoCTH i Mexa MiIfHOCTH
3MEHIIYIOThCA, Binmosiguo ua 13,3% i 8,6%, a BimzHOCHE ITOIOBKEHHA i
BiJJHOCHE 3BYKeHHdA 301JIbIIYIOThCS, Bigmosigmo va 14,7% 116,7%.
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Bnaus Hio6iro i Cuarinito Ha cTpyKTypy 6iocymicaux cromis Ti—
xNb—(1—1,2)Si muTHx Ta micjga TepMo0OPOOIeHHS

0. M. IIleBuenko, JI. [I. Kyxak, M. M. Kyssmenko, O. }O. KoBaib,
C. O. ®dipcros

ITnemumym npobsiem mamepianosnascmea im.I. M. Ppanyesuua HAH Ykpainu,
8y.. Axademira Kpacusxarnosecvrozo, 3,
03142 Ruis, Ykpaina

IIpoBeneno mociigxeHHs BILJINBY JEI'VIOUNX €JIeMEHTiB i TepMOOOpPOOIeHHS Ha
CTPYKTYPY, (ha30BUil CKJIAA Ta TBEPAIiCTh ¥ ABOX CEPisIX JUTUX CTOMIIB CUCTEMU
Ti—Nb—Si 3 Bmicrom Curiniro 1i 1,2% Bar. ta pisaum smictrom Hio6Giro Big 10
mo 18% Bar. Ilokasano, 1[0 y JUTKUX CTOHAX maHoro ckjany Bmict Hiobiro B
OKpeMUX MiCI[IX BHACJIITOK JiKBAIlii BMiHIOETHCS Y JOCUTH MIUPOKOMY HisiIia-
30Hi, BimmoBigHO (popMyeThCS HEOTHOPiAHA i HepiBHOBasKHA CTPYKTypa, AKa
CKJIaJlaeThcA 3 MeTacTadbinbHuUx as: o', o', B, aucnepcrux (Ti, Nb);Sis Ta (Ti,
Nb)sSi cuminuais. MakcuMaibHa TBEPAICTDh AOCHITHUX JIUTUX CTOIIIB CIiBIIa-
Iae 3 HAMbOiIbIIIIM BMicTOM o- a6o o''-das i o6yMoBIIeHA AK JIeTOBAaHICTIO TBe-
PIOro pO3UMHY JaHUX (pas3, TaK i MPUCYTHICTIO Yy HUX AUCHEPCHUX CUJIIIUIIB.
Bceranosieno, 1o migBuiienasa smicty HioGito mo 18% Bar. y autux crTomax
Ti—xNb—(1-1,2)Si cupuumnHsie 3MeHIIIeHHA po3dunHHocTu Cuiimnio y o''-dasi
Ta JONATKOBe BUAiJIE€HHA CUJIINUAIB, a TAKOXK 3pOCTaHHA KinbKocTu B-dasmy, i,
BHACJIJOK OCTAHHBLOTO, IMOHUKEHHA TBepAocTu. HarpiB i BuUTpuUMKa JUTHX
CTOIIiB IIPU TePMOOOPOOJIeHH] IPUBOAUTE IX Y Oi/IbIII PiBHOBAMKHUI CTAH, AKUHI
30epiraeTbcsa 3a HUSbKOI IIIBUAKOCTI OX0JIOMKeHHs. PO3UMHSIOTHCA JUCIIEPCHI
meracrabinbHi (Ti, Nb)s;Sis cuninunu, spocraoTs Bike icuyioui crabinbui (Ti,
Nb)sSi cuninmuay Ta yTBOPOOTHCSI HOBI, 110 30iabInye iX KinbkicTs. IIpu 1160-
MYy HOHMKYETHCA TBEPAICTD Y MOPiBHAHHI 3 IMTUM cTaHOM. BusasieHo, 1110 AU-
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CIIEPCHi, HOBOYTBOPEHi IIPU OXOJIOAKEHHi, curinuau He micTaTh Hiobiro, BiH
POBUMHSETHCA Y HUX B MPOIIECi POCTY, TOMY CHJIIIIUAN BEJIUKOrO PO3Mipy Ma-
1oTb ckJan (Ti, Nb)sSi. ITokasaHno Takox, 110 mepexin Big o'- 10 o/'-CTpyKTypu
Yy OOCTiIHMX CTOHAaX 3aJIeKUTh He TLILKY BiJ JIer'yBaHHs, ajie i BiJ IMBUIKOCTI
OXOJIOMKEHHA. 3 IMiABUINEHHAM IIBUIKOCTH OXOJIOAMKEHHS YTBOPIOETHCA O -
¢aza pisHOro CTYIIeHs JeI'0BAHOCTH, 11 OPTOPOMOIUHICTE B 3aJI€KHOCTI Big BMi-
cty Hiobiro gopiBaioe 0,99-0,96.

KarouoBi caoma: 6Giocymicui cronm Ti—xNb—(1-1,2)Si, TepmoobpobieHHS,
CTPYKTYPAa, CUIiIIUAN, TBEPIiCTh.

The influence of alloying elements and heat treatment on the structure,
phase composition and hardness in two series of cast alloys of the Ti—Nb—Si
system with a silicon content of 1 and 1.2% wt. and different niobium con-
tent from 10 to 18% wt. is studied. As shown, in as-cast alloys of this compo-
sition the niobium content in some areas varies in a fairly wide range because
of the liquation, respectively, a heterogeneous and nonequilibrium structure
is formed, which consists of metastable phases: o', o', B, dispersed (Ti,
Nb)sSis and (Ti, Nb);Si silicides. The maximum hardness of the experimental
as-cast alloys coincides with the highest content of o or o’ phases and is due
to both the doping of the solid solution of these phases and the presence of
dispersed silicides in them. As found, increasing the niobium content to 18%
wt. in as-cast alloys Ti—xNb—(1-1.2)Si leads to a decrease in the solubility of
silicon in the o'’ phase and additional precipitation of silicides, as well as an
increase in the amount of B phase, and, consequently, reduced hardness.
Heating and holding of as-cast alloys on heat treatment brings them to a more
equilibrium state, which is preserved at low cooling rates. Dispersed meta-
stable (Ti, Nb)sSis silicides dissolve, the existing stable (Ti, Nb)s;Si silicides
grow, and new ones are formed, thus increasing their number. That reduces
the hardness compared to the as-cast state. It is found that dispersed, newly
formed by cooling silicides do not contain niobium and the last one dissolves
in silicides during their growth, so large silicides have a composition of (Ti,
Nb)sSi. As shown, the transition from o’ to o'’ structure in the experimental
alloys depends not only on alloying but also on the cooling rate. As the cooling
rate increases, the o' phase of different degree of doping is formed, and its
orthorhombicity is 0.99-0.96 depending on the niobium content.

Key words: biocompatible Ti—xNb—(1-1.2)Si alloys, heat treatment, struc-
ture, silicides, hardness.

(Ompumano 5 wepensa 2022 p.; ocmamouH. apianm — 28 yepens 2022 p.)

1. BCTYII

KicTkoBi iMmyianTaT 3i CTOIiB Ha OCHOBI THTaHY, III0 BUTPUMYIOTH Be-
JUKe HaBaHTAaKeHHs, IOBUHHI BOJIOIITH JOCTATHLOIO MiITHiCTIO, aje Ta-
KOJK i BHMIKEHUM MOAYJIEM IIPYKHOCTHU, 11100 HAOJIUBUTUCA 4O MOIYJIIO
npy:xxuocT KicTku. Cron Ti—6Al-4V, axuii 3apas MINPOKO BUKOPHCTO-
BYEThCA Y CBiTi B MeAUUYHUX I[iJIAX, MA€ Yy CBOEMY CKJIAJi TOKCUYHUHN
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Bamagiii, a TaKoK KPUTUKYETHCA 3a BUCOKMI Monyb IOura. Tomy Be-
IyThCcs pobotu 1o 3amini Bananiro 6ioimepTHMMU aHAaOraMu, a came f3-
crabimizaTropom Hiobiem [1].

Jler'yBanua [(-cTabisisaTopaMy TOHUIKYE MOIYJb NMPYIKHOCTU, AKWUH
HEMOHOTOHHO 3aJIeKUTh Bif (hasoBoro ckiany [2]: 61k HUBBKUHI MO-
IyJb MPY$KHOCTU MAIOTh CTOIM 3i CTPYKTYpPOIO MeTacTadiipHUX o'~ i -
das i3 MiHiMyMaMu B 00JIACTI KPUTHUHUX KOHIIEHTPAIiN JIeT'yIOuoro
eJleMeHTy — mepexonaiB o’ /o’ i a''/B. 3i 30imbIIeHEHAM BMiCTy JeT'younx
B-cTabinisdyroumx eJeMeHTIiB B TUTAHOBUX CTOIIAX IPU rapTyBaHHI CIIO-
cTepiraeThbCcs MOCTyHOBUH mepexin Bix a'- o a'’- i B-cTrpyrTyp. Bigowmo,
IIT0 Y CTOIAaX THUTAHY 3 HiobieM o''-(hasa MoiKe iCHyBaTH y TOCUTH IIHPO-
KoMy inTepBasi KoHmeHTpaii = 10-33% sar. Nb[3].

Hocaimxenuamu autux cromiB cucremu Ti—Nb [4] mokasano, 1110
Mexa CKIany Misk o/ i o sHaxomuThed Bix 15 mo 17,5% sBar. Nb: mo
15% mnepeBaskae o'-dasa, a Baxe cron Ti—17,56Nb ckaazaersesa mepesa-
JKHO 3 o'-pasu. Moayas IpysKHOCTHU Ipu TakoMy BMicTi HiobGiro € Haii-
HIKYUM cepeq noasiiunux cromis Ti—Nb iz o''-cTpyKTypoio, mogioHuM
IIo B-cTomiB, 110 MiATBEPAKY€E PaHIIle OfepIKaHi pe3yJIbTaTH iHIIINX J0-
caigaukis [5, 6]. Pisuumna B ixHiX ganmx oO6yMoBJIeHa PidHUM CTAHOM
CTOIiB — JIUTUM, UM TEPMOOOPOOJIEHI, a TAKOMK YMOBAMU TEePMOOOPO-
OJIeHHs: BUTPUMKOIO (IIOIIepeJHbOI0 TOMOTreHi3aIli€0), TeMIepaTypoio i
IIBUAKICTIO oxoJomKeHHA. B poborax Bonisch ta in. [7, 8] 6y10 Takomx
BCTAHOBJIEHO, IO HAWHMKYUHN Momyab IOHTa crmocTepiraeTbcsad y THUX
cromax, Zie 3HaueHHsa opTopoMbiunoctu o'-pasu b/a(3)'/? mabauxene
0 OMUHUITi, TOOTO 3a ii HaitbinbIIol HecTabiabHOCTI (B iIXHBLOMY BHUIIA-
Ky opTopoMbiunicTs cromy Ti—16Nb cramosuiaa 0,985).

Bpaxoyiouu Te, 1o Hiob6i#i € qocTaTHRO JOPOTUM KOMIIOHEHTOM, Ha-
Pasi JocIimKeHHs BeAyThCA Y HAIPAMKY 3MEHIIIeHHS 0r0 BMIiCTY y CTO-
nax. Beamka yBara TaKoK OCTaHHIM YacoOM IIPUIIIAETHCA PO3PoOITi 6io-
CYMIiCHHUX CTOIIiB, JOZATKOBO JIETOBAaHNX €BTEKTOIAHUM [-cTabinmizaTopom
CuilieM, oCKiIbKY BiH € OiabI (pisiosorivamM eJJeMeHTOM AJIS KiCTKO-
BOI TKAHWHMU 1 IIiICKJIIOE OCTEOIHAYKTUBHI BiIacTuBOCTI iMImianraTtiB. Ha
cromax Ti—15Nb—xSi (x = 0-0,55% Bar.) mokasaumii B-crabimisyrounit
epexT Cuiiimiro micas TepMooOpPOOJeHHSA HPHU OXOJOMMKEHHI 3 miuuio i
3HAYHE IMOHMKEeHHI MOIYJII0 IIPYKHOCTH IIPU rapTyBaHHi y Boxy [9]. Pa-
Himre Harmi gocaimkenusa morpifiaux cromiB Ti—18Nb—xSi (x = 0,55—
1,15% Bar.) BusABMIN, 1110 MAaKCUMAJIbLHA TBEPAICTb Y HUX MTOCATAETHCS 3a
Bmicty Cuiniro, 0ausbKoro mo esrekrtoimmoro (~ 1% =Bar.) [10, 11].
JleryBanusa Cuminiem y autux cronax Ti—18Nb—xSi Tako:x mae JocUTh
cwIbHUY -cTabinidyBaabuanil e)eKT, 0COOJIMBO IPY HOT0 3a€BTEKTOINHI i
KoHteHTpartii (> 1% Bar.) [12—14]. Hocaimxenus 6iocymicHocTu in vitro
cromiB Ti—18Nb—xSi moxasanu cuIbHUI BILIUB 3pocTauHs BMicTy Cuuri-
I[if0 Ha IiABUINEeHHA 010aKTHBHOCTH: KiJbKIiCTh KUTTE3AATHUX, MeTa0o-
JIIYHO aKTUBHUX KJIITUH HA I0oBepxHi cTomy 3 1,15 % Si 6yna npubiansHo
B 1,5 pasu BuIa, Hixk Ha moBepxHi 3paska 3 0,55% Si, i B gBa pasu Buile,



1062 O. M. IIEBYEHKO, JI. [I. KYJIAK, M. M. KYSBMEHKO ra in.

HixK Ha crori Ti—18Nb, 110 me micTus Cuiriro [15]. MeToro gamoi poboru
€ gociimguTu cymicaui BriuB Hiobiro i Cuiimito Ha CTPYKTYPY, ha3oBUit
cKJan i TBepmicTh y cromax i3 momm:keHmM BmicTom Hiobito Ti—(10-
18)Nb—(1-1,2)Si (% Bar.).

2. MATEPIAJIN I METOOAH JOCJAIIEKEHD

EneKTpoayrosor miaBKoOO B aTMoc(depi aprony Ha MiIHIi BOJ0OOXO0JIO-
IKyBaHIM MOAMHI 3 HEBUTPATHUM BOJIB(PaMOBUM eJIEKTPOAOM OJleprKa-
Hi BunmBKY Baroo 25—50 r. fIK muxXToBi MaTepigan BUKOPUCTOBYBAJIN-
ca: Tarad Mapku BT1-0, aumcroBuit Hiobiii Ta HaAIIiBIPOBITHMKOBUMII
KkpemHii (99,99% ). [Iia focATHeHHs XeMiuHOI OZHOPiAHOCTH CTOIIH IIe-
peTomIoBaMu He MeHIIIe 6 pasiB. BuTomieHi cTonu 3a cKJIamgoM, 3TiTHO
creKTpanabHol anaaisu (Tabu. 1), posgineni ma nBi cepii: I — eBTexTOIA-

%

Puc. 1. Mikpocrpykrypa autux cromiB Ti—xNb—18Si (a, 8, 0) i Ti—xNb—1,2Si
(6, ¢, e), ne x (% Bar.): 10 (a), 11 (6), 13 (8), 14 (2), 18 (0, e).

Fig. 1. Microstructure of as-cast Ti—xNb—18Si (a, 8, 9) i Ti—xNb—1.2Si (6, ¢, )
alloys, where x (% wt.): 10 (a), 11 (6), 13 (8), 14 (2), 18 (9, e).
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mi Ti—xNb—1Si (x=10, 13, 18% Bar.), II — saeBrexroigui Ti—xNb—
1,2Si(x=11, 14, 18% Bar.).

Bunusku goB:xuHOIO ~40 MM Ta giamerpoMm ~ 15 MM pospisaaucek Ha
spasku d ~ 15 mMm, i ~ 10 MM, aki marpiBaaucs 1o 1050°C 3 BUTPUMKOIO
30 XB. Ta HACTYIHUM OXOJIOKEHHAM Ha HoBiTpi i y macai. Ilicaa Tep-
MOOOpPOOJIeHHA 3pasKu OyJam Imigmadi mIackKomapaiedbHil ImuridosIti
I 3HATTA 10 1 MM TOBEPXHEBOT'O OKMCHEHOTO IIIapy.

CTpyKTypy CTOIB mOocaim:kyBayu Merogamu omnTuuHol (Jenaphot-
2000) Ta enexTporHOI ckanyBaabHOI (Proton-21, Superprobe-733) mik-
pPocKorii, BumMipioBasach TakoK TBepaicts HV. Ma3oBy aHaIi3y BUKO-
HYBaJN METOAO0I0 PeHTTr'eHiBCchbKOI mudpakirii i3 sacrocyBanHaM CukK .-

30 MEM ‘ compo !
a 0
Si, % Bar. |Nb, % Bar. |Ti, % Bar.
S01 1.7 9.8 88.5
S02 1.0 17.0 82.0
S03 1.7 8.1 90.2
S04 1.1 16.9 82.0
S05 0.8 18.3 80.9
S06 1.4 10.2 88.4

Puc. 2. PacrpoBa ejleKTpoHHA MiKpockoiis juroro cromny Ti—14Nb—-1,2Si 3
MiKpoaHasizoio (Touku crnexkrpanabHoi anaaisu S01-S06 y Tabu. BizmosizaoTs
JiBMM BEepXHiM KyTaM MiTOK Ha puc. 0).

Fig. 2. Scanning electron microscopy of as-cast Ti—14Nb—1.2Si alloy with mi-
croanalysis (the spectral analysis points S01-S06 in the table correspond to
the upper left corners of the labels in Fig. 6).
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BUIIPOMiHEHHs, JaHi 00pobisanu y nmporpami PowderCell.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Ilig yac Kpmcrajisarii JOCJiTHMX CTOIIIB, B XOJi IIBUJIKOIO OXOJIO-
MKeHHS Y TBepAiil asi BigOyBaroThCs IIpoIlecy rapTyBaHHS 3 YTBOPEH-
HAM MeTacTabiibHUX o'-, o''-, B-das Ta gucnepcuux cuiainuxais. IIpn
IIbOMY 3a 0iJIBIIIOTO JIeTYBaHHS, AKINO 30epiraeTbes B-dasa, B autux Ti—
xNb—(1-1,2)Si cronax, mounnatouu 3 14% Bar. Nb, € uiTKo Bupaxkena
IeHIpPUTHA CTPyKTypa (puc. 1, 2—e). ¥ MeHII JIeTOBAaHUX CTOIaxX [3-
OeHIPUTH, III0 YTBOPUJINCA IIPU KPUCTAaJi3allii, IOBHIiCTIO 3HUKAIOTh, B
pe3yabTaTi CTPYKTypa IMepeBakHo CKJIaAaeThCd 3 TOHKUX IIJIACTUH Pis-
HOT'0 PO3Mipy, K Ile MOKHAa 0aUYNTH Ha PUC. 2.

IIpoBenenaii JoxkajibHA CIEKTpajJbHA aHaJisa JuToro cromy Ti—
14Nb-1,2Si (II-2, Tabua. 1) mokasaia, 1o BmictT HioGiro B okpemux mic-
X MOJKe MiHsaTuch Bix 8 qo 18% Bar., puc. 2, 6 (qus. Tada. 1), Bigmo-
BiHO 3MiHIOETHCA i cTpyKTYypa: Bix o (o) mo o’'. MiKpocTpyKTypa cKJia-
IaeThCs 3 TOJIOK, AKi € XapakTepHUMH AJA o -asu (TOBCTIIIIi TOJIKM) Ta
o''-dpasu (ToHKi roakm). [logiOHMIT TN CTPYKTYPU PaHiIIe TaKOMK CIIO-
cTepiraBca y auTomy i Bigmaaemnomy crormi Ti—25Ta—10Zr [16].

Hio6ifi moum:kye posumHHicTh Cmiinito y TurtaHi, i O6iapmmuit itoro
BMicT BigmoBimHO 3MeHIye KimbKicTs Cuirimiro y TBepaoMy PO3UMHI,
puc. 2. Ilpu 3iioMIIi y pe:XuMi «compo» Ha pacTpoBOMY MiKpoaHaJisa-
Topi (puc. 2, a) y 1TuTomMy cToIIi 6ijid rpaHUIb O-IJIACTUH Ta Ha AedeK-
TaX CTPYKTYPU MOKHA TAKOK IOMITUTH TeMHi BUIiJIEeHHS CUJIIIIHIIB,
po3mipn AKUX << 1 MKM.

3a manuMu peHTreHo(ha30Boi aHadisdu (PUCYHOK 3), AKi Oyau 006poo-
JgeHi 3a pmomomororx mnporpamu PowderCell 2.4, 36inbineHHs BMicTy
Jeryioumx [-crabinisyroumx enementiB Hiobiro Ta Cuiimiro y jgmtmx
cronax Ti—xNb—(1-1,2)Si npuBoAUTE A0 3POCTaHHA KiJILKOCTH MeTac-
TabinbHUX o''- Ta B-Ghas i 6iapIIOr0 pO3IenJIeH A JiHii o''-hasu Ha 1u-
dpakTorpamax. ¥ cromax 3 meHinuM Bmictom Hiobiro jimii o''-asu
3HAXOAAThCSI Ha OMM3BbKill BimcTaHi omHa Bim ogHOI 1 3IMBAIOTHCA MiXK
co0010 Ta JIiHi€l0 IPUCYTHBOI a- (a'-) hasu, Jaroun Aemo POSMUTHUI acu-
MeTpUYHU#N mpodins (puc. 3, a, 6). 3a 6ixbInoi geroBanocTi o'’ -hasu
cIiocTepiraroTbcd 3MiHM il mapaMeTpiB, IO € XapaKTEePHUMU IIPU ITif-
BUINIEHHI BMicTy [-cTabinisaropis [17]: 36isnbiieHHs a Ta 3MeHIIIEHHA C i
b (tabu. 1), BigmoBigmo samenmyerbcsic/aib/a.

Teepgicte autux cromiB Ti—xNb—(1-1,2)Si 3a/1eXUTh B HEPIILY Uepry
Big ix daszoBoro ckiany (puc. 4). Haibineimy TBepaicTs Mae o'-dasa, 3
SIKOI MPaAKTHUYHO HOBHiCTIO cKiamaeTbess cTolx Ti—10Nb—-1Si y suromy
craHi (puc. 4, a). 3MeHIIIeHHA KiJIbKOCTi o'-(has3u B JaHUX CTOHAX KOpe-
JIIO€ 3 TOHUKEHHIM TBEPIOCTH.

Tax, autuii 3aeBrexkToimumii crom Ti—11Nb-1,2Si, vy axomy Bixe
3’ ABJISIETHCA HEBeJIMKA KiTbKicTh o' -(hasu, Mae MeHIITy TBepAicTh (prc. 4, 0)
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y mopiBusauHi 3i cromom Ti—10Nb-1Si. Kosu Bmict Nb y cromax Ti—
xNb—-1Si gocarae ~13%, a'’-pasa crae JOMIHYBaJIbLHOIO, a TBEPLIiCTH
JUTUX CTOIIiB IIOHUKYETHCH.

V murux pocaipsxysanux Ti—xNb—1Si cronax mpu 36igbiieHHi BMicTy
Hio6iro Bix 13 g0 18% spocrae serosanicts o'’ -pasu, i ii TBepaicTs Mae
3MEHIITYBAaTUCh. AJle MU CIIOCTEPiraeMo y JUTUX CTOIIaxX 3 IIepeBasKHOIO
o''-asoro 3pocTaHHA TBepmocTtu i3 Bmicrom Hiobito (puc. 4, a, 0), 1mio
MOKHA MOSICHUTH BHECKOM, AKWH 3MiMCHIOIOTH INCIEPCHI CUMJIiImmu.
Heo0OxigHo 3asHaumTH, IO y JUTOMY CTaHi BCi JOCTiZHI cTOmM MAaOTh
Maiike ogHakoBuii (~ 2,5% wmac.) Bmict meracrabinsaux (Ti, Nb)sSis cu-
JiMugiB, AKi BUAIIAIOTECA Y BUCOKOTEMIIepaTypHil obaacTi. Ilpu moza-
JBIIIOMY OXOJIOIKEHHi B pes3yJbTaTi IEepUTEKTOIMHOTO IepeTBOPEHHS
B+ TisSizg — TisSi mpu 1170°C ta eBTrekToigHOTO 3 — 0O + TisSi Tpm 865°C
y cTomax BimOyBaeThCA TOIaTKOBE YTBOPEeHHA cTabinbHuX cuainungis (Ti,
Nb)sSi. KinbKicTh ocTanHiX 30inbinyeThbes 3i 3pocTanaam BmicTy Cuiri-
mito i HioGiro (Tabs. 1), y TBepIOMY PO3UMHI JUTHUX CTOIIIB 3aIUIIAETHCS
Bim = 0,15 mo 0,4% Si. ¥V saesTexkToiguux autux cromnax Ti—xNb—-1,2Si
MaKCHMaJbHA TBEPAICTD CIIiBIIafae 3 HaO1ILIIIUM BMicTOM o' -(hasu mpu
~14% Nb (puc. 4, 6), a IOHUIKEHHS TBEPJOCTH IIPU O1IBII BUCOKill KOH-
nenTparii Hiobito mosgcHIOETHCA 3pOCTaHHAM IPUCYTHOCTH B-(hasu.

JIuti crormu Ti—xNb—(1-1,2)Si miggapaancsa TepMooOPOOIeHHIO: HAa-
rpiBy mo 1050°C, surpumii 30 XB. i 0X0JOAKEHHIO Ha IOBiTPi Ta y Mac-
0. HarpiB i BUTpUMKAa JUTHUX CTOIIB IIPpU TE€PMOOOPOOIEHHI ITPUBOIUTD
ix y 6inbpIn piBHOBaXKHUY CTaH, AKUI 30epiraeTheA 3a HU3BKOI IITBUAKO-
cTi oxosomkeHHda. Meracrabineui gucnepcHi (Ti, Nb)s;Sis cuninuau po-
BUNHSAIOTECA, B Pe3yJbTaTi mMigBUINYyeThcA BMicT Cuiiilizo y TBepaoMmy
posumHi, IpU IILOMY 3MEHIIYIOTHCA IIapaMeTpu KPUCTAJTIUYHUX I'paT-

Puc. 3. ludparrorpamu cepiit mutux crouis (qus. tabua. 1): I (a), II (6); dasu
— o (), o (+), B (}), (Ti, Nb)sSi (x),(Ti, Nb)sSis (A).

Fig. 3. X-ray diffractions of the series of as-cast alloys (see Table 1): I (a), II
(6); phases—a. (|), o’ (+), B (¥), (Ti, Nb)sSi (x),(Ti, Nb)sSis (A).
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HuIb Pas (Tada. 1). Takox BimbyBaeThca BUAIJIEHHI HOBUX 1 3pOCTaHHS
posmipiB Bike masBHuUX crtabinbuux (Ti, Nb)sSi cuminmuais; Takum uum-
HOM, 301JIbITyeThCA IXHA KibKicTh. Bee 1ie MpuBOAUTE 40 MOHMKEHHS
TBEPAOCTH y IIOPiBHAHHI 3 TUTUM cTaHOM (puc. 4).

Ilepexin Bim o'- 4o o''-CTPYKTYPHU y AOCHITHUX CTOIIAX 3aJI€KUTH HE
TLJIBKY BiJ JieT'yBaHHSA, aJie i BiJl MIBUAKOCTH OXOJIOMKeHHs. B ycix cro-
nax 3 10-18% Bar. Nb npu oxosomxenni ma mositpi 3 1050°C 36epira-
eTbeA a- (a'-) daza (Taba. 1). Takok 3a JAaHOTO PERUMY TepMOOOPOO-
genHd y cromnax Ti—xNb—(1-1,2)Si cmocrepiraerbesa IpPakTAYHO JIiHil-
Ha 3aJIeKHIiCTh KinmbKocTu B-dasu Big Bmicty Hiobito (puc. 4, 8, 2).

Cronu Ti—xNb—1Si no ~ 13% Nb mmpu oxoJiomxeHHi Ha IIOBITPi MaOTH
CTPYKTYPY o- (0'-) hasu i3 sanuIiikoBoio -¢hazoio < 4% , TpubIM3HO Of-

100 3700 ——————————— 100
< 1 \ 2
[ == *— [ =
0o = - @
o ] R <
== R g [ S
50 B L50
A ]
1 I - .
28001 T '0
10 12 14 16 18

a
3700 L T T T 00
N o]
® . L <
= ] [~
= h o
[ &=

ré0

w0 12 14 %6
Nb, %
8 2

Puc. 4. TepgicTs i ¢hasoBuii ckaan autux (a, 6), micjida TepMoodpodIenusa (8, 2
— 1050°C, 30 xB. 3 0X0JIOAKEHHIM Ha moBiTpi, 0, e — 1050°C, 30 xB. 3 0X0J10-
IKeHHaM y MacJgo) cromiB Ti—-xNb—-18Si (a, 8, 9), Ti—-xNb—-1,2Si (6, 2, e): ¥ —
HV, ¢ —oa(a),0—a" (a,06), m—p.

Fig. 4. The hardness and phase composition of as-cast (a, 6), after heat treat-
ment (1050°C, 30 min with air cooling (8, 2), 1050°C, 30 min with oil cooling
(0, e)) Ti—xNb-18Si (a, 8, 0), Ti—-xNb—-1.2Si (6, ¢, e) alloys: Y—HV, ¢ —a (a'),
0—a' (a, 6), m:—p.
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IIpodossicennsa puc. 4.

Continuation of Fig. 4.

HaKOBUII HeBenuKuii BMict cuainugis i 0,8-0,85% Si y TBepaomy pos-
yuHi (Tabs. 1). ¥ cromi Ti—18Nb—1Si B:ke mpucyTus i o'’ -asa, ajge BoHA
Ma€ HeBeJIMKe BUKDPHUBJIEHHA I'DATHUIIL IOPiBHAHO 3 o-(asoio, mIpo II1o
cBigunTh HaOJMMKeHA [0 OAMHUIL opTopoMbGiudicts b/a(3)V2~0,99
(puc. 5, 8). Ilonm:keHHs Teepaoctu y crounax Ti—xNb—1Si o6ymoBiieHe
TaK0K 3POCTAaHHAM KinbKocTHu B-hasu (puc. 4, 8).

Ha pacrpoBux sHiMKax y pexumi «compo» cromiB Ti—xNb—(1-
1,2)Si, migmanux TepmooOpobaeHHI0 — Harpisy mo 1050°C 3 BuTpum-
Koro 30 XB. 1 0X0JIOM:KEeHHAM Ha MOBiTpi (puc. 6), MOKHA AKiCHO OI[iHU-
THU CKJIAJ OKPEMUX eJIEMEHTIiB CTPYKTYpPH 3a HACHUYEHICTIO BiATiHKIB Ci-
poro Koabopy (KOMIIOHEHTHU 3 OiJIBIIIOI0 ATOMOBOIO MAacOl0 MAaloTh CBiT-
gimuit Tou). Tax, y cromi Ti—-10Nb—-1Si (puc. 6, 6) 6aunMo KpymHi,
Maiixke Oiji curinuayu Ha rpaHuIll 3epHa i TeMHi AucliepcHi BUIiIeHHS
Ha IIOBEPXHAX O-IIJTACTUH (SAK B)Ke cIlocTepirajsiocs Ha puc. 3, a). Lle
Oo3HaAYae, 110 y CKJaJ AUCIEPCHUX, HOBOYTBOPEHUX MPU OXOJIOMKEHHI,
CIJIIIIMAIB He BXOAUTEL BaskKuii Hiobill. B Tol e yac cuainuay BeJInKo-
ro poamipy maioTh ckJaan (Ti, Nb)sSi 3 aromoBoio uactroio g0 20% Hio-
0iro, AK OyJI0 TOKAa3aHO y paHillie mpoBefeHuX gocaimkeHHax [11]. Toob-
TO crtouaTKy popmyroThbesd mpocTi TisSi (a6o TisSis) cunimuau, i TiabKu B
mporieci ix pocTy Big0yBaeThCA TAK0K po3unHeHHs B HuX Hiobiro.

36iapurenusa smicty Hiobito v gocaigHux cTomax IpUBOAUTE A0 3MiHHI
KOHTPACTy Y JaHOMY PEKHMi MiK TBEpAUM PO3UMHOM i cuiainmumamm
(puc. 6, 2—e), AKUI 3aJ€KUTH BiJl CHiBBiIHOIIIEHHS CepeqHiX aTOMOBUX
Mac, puc. 7 (OCKLIbKY IPU YTBOPEHHI i pocTi cuinuais ix ckiaam Moxke
MiHATHUCH, OJ HUX IIPUBEJIeHA BiporigHa cepenHs aTromoBa Bara). Tak,
6auumo, 110 y cromi Ti—13Nb—1Si (puc. 6, 8) KOHTpacT MiK OCHOBHOIO
CTPYKTYPOIO i cuainugaMu Maiiyke BUPiBHIOETBCS, a Ipu BMicTi HiobGiro
>14% Bar. BiH 3MiHIOETHCS HA IPOTUIEKHUAHN.

3 HiABUINIEHHAM HMIBUIKOCTH OX0JiomKeHHs cromriB Ti—xNb—(1-1,2)Si
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3MeHIIyeTheA BMicT Cutinito y TBepaoMy posunHi (Tabia. 1), BiamoBigHO
3pocTaE KijabKicTh yTBOpeHux cuiainugis (puc. 8). ¥ cromax Ti—xNb—-1Si
micasa TepmoobpobaenHsa npu 1050°C 3 0X0JOMKEeHHAM Y MACJIO € YiTKa
KOpeJdIisa TBepaocTu i3 BmicToM o'~ i a''-das (puc. 4, d). B intepBaii 13—
18% ND cTonu MaroTh CTPYKTYpPY o''-dasu, Maiike ONHAKOBUI BMIiCT CH-
ginmuapis i 0,3—-0,35% Si y TBeppomy posumui. Takum umHOM, 3MiHM Ha-
pamerpiB o''-(hasu y maHMX CTOIIAX 3aJIe’KaTh BUKJIIOUYHO BiJ KiJbKOCTI
Hiob6ito: a pocre, ¢ i b 3MeHITYIOTbCS, IIPYU IILOMY MeHIIe cTae ¢/a i b/a
(tabu. 1, puc. 5, d). Teepaicts cromiB Ti—xNb—1Si mpu x = 13-18% Bar.
micss Tepmoobpodaenusa mpu 1050°C 3 oxXoJIOmKeHHAM Y MacJIo i3 3poc-
TaHHAM BMicTy Hiobifo Tako:k He3HAUHO MOHMKYEThCA (puc. 4, 0).
CrpyKTypa mociaigaux 3aeBTeKToigumx cromuiB Ti—xNb-1,2Si micaa
puTpuMKM 1pu 1050°C i oxoaomxeHHA YV MAcJIo CKJIagaeThed 3 o' -asu
i cunimuais (Tabu. 1). TBepAicTs faHWX CTOINIB 3aJIEKUTH HE TiILKY Bil
JIeTOBaHOCTHY OCHOBHOI (pa31, a TaKOXK BiJl KIIbBKOCTHU Ta PO3MipiB cuJIi-
uuxgis (tabdxa. 1 i puc. 8, 6, 2, e). o ~14% Nb nepeBaxarTh JUCIEPCHI
cuninmuam (puc. 8, 0, 2), i 3minHeHHA o''-MapTEHCUTY BigOyBaeThCcs 3a-
BIOAKU iM, TBEPAIiCTD IPU IBOMY 30iJbITyeThCs (puc. 4, e). Iligsuinenns
aeryBauua Hiobiem > 14% smeninye Bmict Cuiriniiro y TBepaoMy po3un-
Hi i IPUBOAUTE 10 3POCTAHHSA AK 3araJibHOI KIJIBKOCTU CHJIIUAIB, TaK i
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Puc. 5. Bmict Cuiinito, curinuais Ta sMinu mapaMeTpiB KPUCTATIUYHUX I'paT-
HUIb Y OCHOBHUX (hasax JUTux (a, 6) i micysa repmoodpobsienuas (8, z — 1050°C,
30 XB. 3 OXOJOJKEeHHAM Ha MoBiTpi, d, ¢ — 1050°C, 30 XB. 3 OXOJIOMKEHHAM Y
macJio) cromiB Ti—xNb-18Si (a, 8, 0), Ti—-xNb—1,2Si (6, 2, e): x — (Ti, Nb)sSi, A
— (Ti, Nb)sSis, [ — pospaxoBauuii Bmict Cuiirmitoo y TBepaoMy pos3uunHi, o' —
c/a(e),b/a(3)"?* (A)ia' —c/a (o).

Fig. 5. The silicon, silicide content and changes of crystal lattice parameters
in the main phases of as-cast (a, 6), after heat treatment (1050°C, 30 min with
air cooling (8, 2), 1050°C, 30 min with oil cooling (9, e)) Ti—xNb—18Si (a, 8, 9),
Ti—xNb—-1.28Si (6, 2, e) alloys: x—(Ti, Nb)sSi, A—(Ti, Nb)sSis, [l—calculated
silicon content in the solid solution (s, 2), a''—c/a (e), b/a(3)*/? (A) and o' —

c/a (o).
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Continuation of Fig. 5.

KIJIBKOCTH CHIIIIIUAIB BeJIMKUX pPo3MipiB (puc. 8, 0, 2, €), B pe3yJbTaTi
Y0ro, Bi0yBaeThCcs magiHusa TBepaocTu (puc. 5, e). I3 3pocTaHHAM BMic-
Ty Hiobito B inTepBasni 14—18% y cromax Ti—xNb—1,2Si moHM:KyIOTbCA
TaKoK mapamerpu o''-dasu ¢ i b, BimmoBigHO 3MeHIyeTheA ¢/a i b/a
(tabu. 1, puc. 5, e).

Hnsa nmoasitinux cromiB Ti—Nb s3HaueHHs opTOpOMOiUHOCTU KpuCTAa-
JiuHol rparHuIli o''-pasu MOHMKYEThCA 31 3pocTaHHAM BMicTy Nb, 1110
II0OB’A3aH0 31 3MEHIIIeHHAM CIIiBBigHOIIEHL ¢/a i b/a, Ak i B cTomax 3
inmumu B-crabinisaropamu [17]. Hatinmxui mogyri FOura 6ysu omep-
sani y cronax i3 o/’-crpykryporo Ti—-16Nb 3 b/a(3)'/2=0,985 [8] i Ti—
17,5Nb 3 b/a(3)2=0,965 [4]. Kopucryrouuch JaHUM KPUTEPieM B3ae-
MO3B’A3KY MixkK HuU3bKUM MozxysaeM IOHT'a i BCOKOIO opTOpOMOiUHiCTIO,
MOKHA MPUITYCTUTHU, 110 HUKUMit BMicT Nb Mae mpuBecTu 10 yTBOPEeHHSA
36iguenoi Hiobiem, 6inbIiin HecTabinbHOI 0'-asu Ta BUIMUX 3HAYEHD il
OpPTOPOMOIUYHOCTH, GJIMIKYOL MO OMMHUIL, i, BiAmOBiZHO, HU3BKOI'O MO-
IYJIIO IIPYKHOCTU cTOITy. I 1e MoBoJIi 3pyUYHME 3acib A1 IIPOrHO3yBaH-
Hf, AK OJIep:KaHHs CTOMNIB i3 moHM:KenuM monyaeMm FOHT'a, Tak i onTumi-
3aIrii ix ckJaagy Ta TepMOOOPOOIeHHA.
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Hocaigui cronu Ti—xNb—(1-1,2)Si HabyBaroTh HOBHICTIO CTPYKTYPY
o'’ -hasu B pe3yabTaTi TepMOOOPOOJIEHHS rapTyBaAHHAM 3 JOCTATHLO BHU-
coxkux Temnepatyp (tabiu. 1), mpu IIbOMYy OPTOPOMOIiUHICTE mamoi a3y B
sajesxkHocTi Bixg BmicTty HiobGiro sHaxogmThesa B imTepsaai 0,99-0,96
(puc. 5, 09, e). TobTo mna Bcix 3araproBanux y macjao 3 1050°C mocuri-
IKYBaHUX CTOIIIB, AKi MailOTh ITOPiBHAHO HU3LKY TBepAicTb HV =3000—
2750 MIla (puc. 4, 0, €), MOKHa OUiKyBaTH TAKOK MOHUIKEHHSI MOIYJIA
IOnra. dAximo HaWHMKYINHT MOAYIb IPYKHOCTH BifmoBigae opropoMoOiu-
HocTu o''-pasu b/a(3)V? HaGIWKeHIN IO OOWHUIN, TO ONTUMAIbLHUI
BmicT Hiob6iro y cromax Ti—xNb—(1-1,2)Si gia ogep:kauusa GiabII HU3E-
Koro suaueHHs Moy FOura mae cknagata 11-13% Bar.

Heo06xigHo Big3HAUNTH, AKIIO ¥ ABOKOMIIOHEHTHOMY €BTEKTOITHOMY
cromi Ti—1Si ckaan das 3aauIIacThCsa He3SMiHHUM, TO B IIOTPiAHIN cuc-

0382com_102 10 mxcm 0383com_302 5 MM

0 e

Puc. 6. PactpoBa einexTporHa MiKpocKoIia (compo) jgutux cromiB Ti—10Nb—
1Si (a, 6) Ti—-13Nb—18Si (8), Ti—-14Nb-1,28Si (2) ra Ti—18Nb—-1,2Si (0, e¢) micasa
BuTpuMKHu 1pu 1060°C, 30 xB. 3 0X0J0IKEeHHAM Ha TOBiTPi.

Fig. 6. Scanning electron microscopy (compo) of as-cast Ti—10Nb—1Si (a, 6)
Ti—-13Nb-18Si (8), Ti—14Nb—1.2Si (2) and Ti—-18Nb-1,2Si (9, e) alloys after
exposure at 1060°C, 30 min with cooling in air.
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remi Ti—Nb—Si mo cKiIazy TBepIOro po3umHy i CHIIIUIIB €BTEKTOINY
BxoauTh TakoxK Hiobii. Tak, cronmu Ti—xNb—1Si mpu x=13-18% =Bar.
MAalOTh IIPAKTUYHO OJHAKOBUM, €BTEKTOIJHUIN CKJAaJ 3a CHIIIUIAAMU i
BMicToMm Cuiitito y o' -TBepaomMy posuuHi (puc. 5, 0). 3Minu napameTrpis
o''-(pasu y JaHUX CTONAaX BKA3YIOTh HA iX 3aJI€KHICTh BUKJIOUYHO BiJT Ki-
abpkoctu Hiobiro.

V cromax Ti—xNb—1,2Si mailsxe He3MIiHHUI eBTEKTOIIHUI CKJIAL
coocrepiraersca npu x = 11-14% Bar., npu mpomy Bmict Hiobio y o''-
dasi mano smimioeThesa (puc. 5, e), BiporiZHo, BHACTIZOK HOT0 pPO3Uu-
HeHHA y cuiinmumax. Po3spaXyHKM IMOKa3yIOTh, IO IIPW MaKCUMAJbHil
Kinzprocti HioGiro y cumimumax (~ 20 at.% [11]), y TBepaomy pos3umHi
0o KOHIleHTpAaIlid MoyKe moHumKyBatucsa 10 2% Bar.). Takum unHOM,
migBuienas Bmicty Cuinito y cromax Ti—xNb—(1-1,2)Si smeHIirye es-
TEeKTOimHy 00JacTh Ta 3Mintye ii 70 6iabIn Hu3bKOT0 BMicTy HiobGito.

IligBumiennsa smicty HioGifo B mocaifHIX cTOmaxX IIPUBOLUTE J0 3Me-
HIIeHHA posunHHOCTH CUIiIiio ¥ TBEPAOMY PO3UMHI i TOJZaTKOBOTO BU-
OiJleHHS cuainuaiB. BB cuirinuaiB, Mo yTBOPHOIOTLCA Y cTomax Ti—
xNb—(1-1,2)Si, nHa MexaHiuHi BJIACTHBOCTi IIPOABJISIETHCA AK Oe3moce-
PenHbO, YV BUTJIAML AUCHEPCiiiHOrO 3MiIlHEHHdA, TaK 1 ommocepegKoOBaHO,
yepes3 3MiHY XeMiUHOTO CKJaAy TBEPAOro PO3UMHY i, BigmoBigHo, (paso-
BOT'O CKJIQAY CTOIIiB. ¥ TOUHEHHS ONTUMAJBHOTO CKJIAAy HaHUX CTOIIIB i
pexuMiB rapTyBaHHS IOTPeOYE MONAIBIIMNX TOCTiIKEeHb.

58
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Puc. 7. PospaxoBaHa cepemHs aTromoBa Bara gociaigaumx ctomiB Ti—xNb—(1-
1,2)Si Ta curinuzais.

Fig.7. The calculated average atomic weight of the experimental alloys Ti—
xNb—(1-1.2)Si and silicides.
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Puc. 8. PactpoBa enexrpounna Mmikpockoimisa (SEI) autux cromiB Ti—xNb—1Si
(x=10 (a), x=13 (8), x=18 (9)) i Ti—xNb—1,2Si (x=11 (6), x=14 (2), x=18
(e)) micansg Burpumku npu 1060°C, 30 XB. 3 0X0JIOI:KEHHAM y MacJo.

Fig. 8. Scanning electron microscopy (SEI) of as-cast Ti—xNb—1Si (x =10 (a),
x=13(8), x=18 (9)) and Ti—-xNb-1.2Si (x =11 (6), x =14 (2), x =18 (e)) alloys
after exposure at 1060°C, 30 min with cooling in oil.

4. BUCHOBKH

Buacraigok JgikBarifinoi HeogHopigHocTu BMicT Hiobiro B oKpeMux Mic-
uax gutux crouiB Ti—xNb—(1-1,2)Si minAeTbCca y IIMPOKOMY AiAIas3o-
Hi, BiAmoBigHO 3MIiHIOETBECS IX HepiBHOBaKHA CTPyKTypa. Ilepexin Bing
o'- 10 o'’ -CTPYKTYPU ¥ AOCTIMHUX CTOIIaX 3aJIeKUTh He TIJIbKU BiJ JIery-
BaHHA, a ¥ Big mBuAKoCTH oxoomKeHHs. [licaa surpumiu npu 1050°C
i oxomomkenHa y macio TineKku cron Ti—10Nb—-1Si mae cTpykTypy o'-
daswu, Bci cromu Ti—xNb—(1-1,2)Si 3 6insmum BmicTom Hio6ito moBHic-
TIO CKJIAAAIOTHCA 3 o'’ -(pas3u Pi3HOro CTYIEeHIO JIETOBAHOCTH.

Tsepzaicts gocaigaux Ti—xNb—(1-1,2)Si cromis 3amexuTtsb Big daso-
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BOTO CKJIAZy, & TaKOK HAaCUUEHOCTHU TBEPAOrO PO3UUHY i KiIBKOCTHU Ta
OUCIIEPCHOCTHU CHJIinuaiB. Bumia TBepAicTh JUTHUX CTOIIB, AKi MOMKHA
BBaJsKaTH 3arapTOBAaHUMHU 3 BICOKOTEMIIEPATYPHOI 00J1aCTi, MMOACHIOETE-
cA IX HepiBHOBaKHUM CTAHOM i IPUCYTHICTIO AUCIEPCHUX MeTacTabiirb-
uux (Ti, Nb)sSis curinmuais. Hai6inbiny TBepaicTs MalOTh MEHIII JIE€T0-
BaHi cTONH, IO MiCTATH mepeBaskHO o' -asy. CTonu 3 BUCOKMM BMicTOM
Hiobirw i Curiniro, y Akux gominye o''-dasa i mpucyTHa Takox P-dasa,
BiIzHAYAIOTHCA 3HUIKEHOIO TBEPIICTIO.

Harpis i BUTpHUMKa JUTUX CTOIB IPU TEPMOOOPOOIeHHI ITPUBOIUTE
mo posumaeHHA (Ti, Nb)sSis curinmuzgis i Buginenns crabinpaumx (Ti,
Nb)sSi cuninmugis. ITigsuinenssa smicty Hiobiro sMeHIye pOSUMHHICTD
Cuiinito y TuTaHi, IOHMKYIOUM TaKUM YMHOM HOTO BMIiCT y TBEepIOMY
posuuHi, Ta cupuunHAe nogzaTkoBe BumigeHHA (Ti, Nb)sSi cuaimuzgis i
3pocTaHHA Ix posmipis y cromax Ti—xNb—(1-1,2)Si, mo B pesyabrari
MIPUBOUTD 0 MaAiHHA TBEPAOCTH.

36iguHenHs TBepaoro posunny Currimiem tTa Hiobiem BHacaimox Bumi-
JeHHA cuiainuaiB y cromax Ti—xNb—(1-1,2)Si npu TepmooOpobieHHI
lae yTBOPEHHS OiabIN HecTabiabHOI o' -(hasu 3 piBHEM opTOpPOMOiUHOCTH
b/a(3)"? GMU3BLKUM 00 OAMHHUILL, II[0 TAKOX € OJHUM 3 KPUTEpPiiB omep-
JKaHHSI HI3bKOT'0 MOAYJIIO IIPYsKHOCTHU. BiIIIOBiTHO ONITUMAJILHUY BMiCT
Hio6iro y manux cronax ckaazae 11-13% Bar.
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