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STRUCTURE AND PROPERTIES OF NANOSCALE AND MESOSCOPIC MATERIALS
PACS numbers: 25.75.Nq, 71.27.+a, 71.30.+h, 72.80.Ga, 81.30.Hd

3oHHA cTpyKTypa [lipakoBux MmaTepisiiB
i3 'a00apmoBOI0 B3aEMOIi€I0

I. M. Kapuayxos, K. I'. JIeBuyk

ITucmumym memanogisuxu im. I'. B. Kypdomosa HAH Ykpainu,
O0yavs. Akademixa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

BuBueHO mOBemiHKY eJIEKTPOHHOI piAuMHN, BU3HAUEHOI Ha TreKcaroHaJbHill i
TPUKYTHil Ir'paTHUIAX 3 [a60apAOBUM BiAIITOBXYBaHHAM y BUIAAKY HalliB3a-
moBHeHoi 30HU. [IokasaHo, 1110 y TOJIi CUIbHOI B3aeMOoIii BigOyBaeThCcsa (hasoBuit
nepexinm Morra—T'a66apma, OCHOBHOIO OCOOJIMBICTIO IKOTO YV CTaHi isoasaTopa €
TIOABOEHHSA KOMipKY I'PaTHUII. ¥ CTaHi JieJeKTpHKa 3 HAIIiB3aIIOBHEHHAM (e-
pMmioHu 3 iMmnysnbcamu k i k + © moB’sizani uepes edexTuBHe A-mose. limuHa y
CIIEKTPi KBa3MYACTUHKOBUX 30y/:KeHb BiIKPMUBAEThCA Ta BimOyBaeThcA ¢aszo-
Buii mepexim MoTTa 3a KPUTUYHOTO 3HAUeHHs ['a66apa0BOro BiAINITOBXYBaHHSA
Uc (Uc=3,904 ta Uc = 5,125 — 11e po3paxyHKOBi 3HaAUEHHA IJIA reKcaroHaib-
HOI Ta TPUKYTHOI I'PaTHUIL BiAmoBigHO). 3aye:xHo Bix Beauunnu ['a66apmoBoi
B3a€MOJii po3paxoBaHO BeJIUUYUHY IMIJIWHHU Yy CIEKTPi Ta eHeprilo OCHOBHOI'O
cTaHy. S3aIpPOIOHOBAaHUM MiAXiJ yHiBepcaJabHUMA, OCKIIbKY Oro MOKHA peaJri-
30BYBaTH He3aJIesKHO BiJl pPO3MipHOCTH CUCTEMH, TUIIY i cuMeTpii I'paTHUIII.

KarouoBi cmoBa: mepexinm Morra, I'a66apmoBa B3aeMomis, reKcaromajbHa i
TPUKYTHA I'PATHUIL, i30J14TOD, (ha30BUlL mepexin.

The behaviour of fermion liquid defined on hexagonal and triangular lattices
with short-range repulsion at half filling is studied. In strong coupling limit,
the Mott—Hubbard phase state is presented; the main peculiarity of insulator
state is a doubled cell of the lattices. In the insulator state at half filling fer-
mions with momenta % and % + & are coupled via the effective A-field, the gap
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in the spectrum of quasi-particle excitations opens and the Mott phase transi-
tion is occurred at a critical value of the one-site Hubbard repulsion Uc
(Uc=38.904 and Uc = 5.125 are calculated values for hexagonal and triangular
lattices, respectively). Depending on the magnitude of the short-range repul-
sion, the gap in the spectrum and the energy of the ground state are calculat-
ed. The proposed approach is universal; it is implemented for an arbitrary
dimension and symmetry of the lattice for fermions models with short-range
repulsion.

Key words: the Mott phase transition, Hubbard interaction, hexagonal and
triangular lattices, insulator, phase transition.

(Ompumano 2 nromoeo 2022 p.)

1. BCTYII

Bapro 3a3nauuTu, o dasosuil nepexing MoTTa B rekcaroHaJibHii r'part-
Huili 3 'a66apI0BOI0 B3a€EMOI€I0 iIHTEHCUBHO AOCIiAKYIOTEH 3a JOIOMO-
TOI0 YMCJOBUX posdpaxyHKiB [1-7]. Ha kamnb, 11i 00unciaeHHsa He T03BO-
JSIOTH IIPUNTH 10 BUCHOBKY PO 0e3CIIiHoBUI aHaJOT 1iel Mmomei 3 I'a6-
0apIoBUM BiAMITOBXYBAHHAM Oe3CIiHOBUX (epMioHiB, 110 posmimieni
Ha cycigHix ByaJsax rpatHuii. MoxentoBaHHSA, 3AilicHeHe MeTon0i0 Mo-
ure-Kapso pisHuMH aBTOpaMu, Oa€ pe3yabTaT IJd KPUTUYHOrO 3HA-
yeHHs ['a60apmoBoi Bzaemozii, 3a AKoro BigoyBaeTheA (pa3oBUil mepexin
Morra—T'a66apzaa, nopiBuioe npubausuo 4. AKuii came das3oBuii mepexin
(TIepIrroro um APyroro poay) oJHO3HAUHO He BecTaHOoBIeHO! HesBarkatouu
Ha BeJIMKY 3alliKaBJIEHICTh N0 rpadeHy Ta MaTepidAaiB Ha HOro OCHOBI,
daszoBuit mepexig MoTTa B MOAeJIO i3 B3aEMOIiel0 MixK HAMOIMKUNMU
cycimaMu Ha rekcaroHaJIbHiN I'DATHUILL MeTaJIbHO He BUBUeHO. HuHi He-
Ma BifgmoBizi Ha 3annMTaHHA: «3a SKOI'0 3HAUEHHA B3acMOAil Mixk Hail-
OMMKUMMHU CyciZaMu BiJKpUBaAEThCA IiJINHA y CIIeKTpi?». Heobximmo
3HAWTH BiANIOBiAL Ha Ile HarajJbHe NHUTAHHSA, OCKiJIBKHK CTabiJIBHICTH
crany rpadeny (3i cmekrpom [lipaka y HamiBMeTaJIiYyHOMY CTaHi) TAKOMK
BU3HAUAETLCA BiAINITOBXYBAaHHAM MiXK (hepMioHaMU, pO3MillleHMMU Ha
HaNOJMKUIMX CYCiTHIX By3JiaX I'PaTHUIII.

TBepa:KeHHA, IO CUMETPisa 3axwuiae 6esIiMuHHNN (pasoBUi cTaH,
He MOKHA BBa)KaTU apr'yMeHTOM, BOJHOUYAC HEOOXigHO mam’ ATaTH, o
dasza izomaTOopa peasidyeThca 3a paxyHoK ['a66apmoBOTO BiAIIITOBXY-
BauHsa. OcobsmBocTi dasooro mepexoxy Morra—I'abbapaa Ha TPUKYT-
Hili 'PaTHUII BUBUEHO HEJIOCTATHLO (IUB. UMCEJIbHI po3paxyHKHU B [8]).
IIpob6aema 1tie GinbIlie YCKIATHIOETHCA 3a Tiel 00CTaBUHU, IO Y JaHOMY
BUNAAKY MOBa Iife IIPO CHUCTEeMY 3a HaaBHOCTH edeKTy (pycrpalii. ¥
HeIoJaBHiX poboTax MU IIOKa3aJju, IO IIOJABOEHHA KOMipKHu y pasi ¢a-
30BOT0 IMepPexoy € KJIIUeM A0 PO3YMiHHA OpUPoAU (ha3oBOro mepexony
MorTa y B3aeMOZiliHill eJ1eKTPOHHIN pigvHi, AKMIl BUBHAYAIOTH AJIA Pi-
3HOMAaHITHUX I'DATHUIH Ta PidHUX posMipHOcTei cuctemu [9—11].



S3OHHA CTPYKTYPA JIPAKOBIX MATEPIAJIIB 567

2. 30HHA CTPYRKTYPA NJIPARKOBUX MATEPIAJIIB
3TABBAPJTOBOIO BBAEMOAICTIO

Hamu npoanasrisoBano (asosuii mepexig Morra—I'a6bapma dpepmionuol
pigmHuM, 3aaHUM B reKcaroHaJIbHIN 1 TPUKYTHIN I'paTHUIAX MOif Aiero
TI'a6bapmoBoro BimmToBxyBamusa. I[a mpobiema ¢disuumHo BaKIMBa,
OCKiNIbKU rpadeH Mae reKcaroHaJbHy CTPYKTYPY, a eJeKTPOoHHAa piau-
Ha, III0 B3aEMOJi€ Ha TPUKYTHIN I'PATHUIIL, BOJIOZie epeKkTOoM (hppycTpa-
mii. HocaimxkenHsa ¢asoBoro nepexonay MoTTa Haa3BUYaiiHO KOPUCHUM
IS PO3YMIiHHSA MOBEIiHKY CUJIbHOKOPEeJaboBaHuX cuctem [12—15].

Hessaxaroun Ha HaBAMBOBUIKY OaraTy icTopiio, mociaimsxkenus (ism-
yHOI IIpupoau abo cileHapiio ¢aszoBoro mepexony MoTTa 3aJHIIAIOTHCS
cynepeunuBumu. HasiTe gia HaiimpocTimioro mogesto 'abbapaa anari-
TUYHO TOUHE PillleHHA MOKe OyTH 3HAUAEeHO JUIIe IJsI OTJHOBUMIiPHOI
cucteMu. I11o cToCy€eThCS IBO- i TDUBUMiPHUX CHCTEM, TO 3aJada BU3HA-
YeHHS OCHOBHOTO CTAHYy 34 JOIIOMOTOIO TaKOTO MOJIesio, Koou ["a6bapmo-
Be BigmToBxyBaHHua U — o0, € HaA3BUUAKMHO CKJIAIHOIO B MaTeMATHUYHO-
My Bimmorrenui mpob6yiemoro. PaKTHUYHO HIHI TOUHA BiATIOBiAL Ha Iie 3a-
MUTaHHA BijoMa JIKIle AJd BUIAIKY OTHOBUMiPHOI CHCTeMU 3 HalliB3a-
IIOBHEHOIO 30HOIO.

V¥V mpoBeneHOMY HOCJiKEeHHI HaBeJIeHO PillIeHHA OAHIe] 3 BaXKJINBUX
mpobJieM: BU3HAUYAEMO CIleHapiii pasoBoro mepexony Morra—I'abbapma
Ta 3’dACOBYEMO AK BimOyBaeThcA el hasoBuii mepexina. ¥ Touili pazoBo-
ro mepexony NIiJIMHA BiTKPMBAETHCSA 3a YMOBU HalliB3aIOBHEHHS, 3a-
3HayeHUU (hasoBUl Iepexin anasoriunui mepexoxny Ilatiepiica. Edek-
THUBHE A-II0JIe BU3HAUAETHCI HeBigmoMoio aszorn. Mu BusHaumau 111 da-
3y, BOHAa MTOPiBHIOE T, ITI0 BiAIOBigae MOoaABOEHHIO KoMipKu. OgHAaK MoBa
He Iifie TIPO BILIUB JOMIIIIOK Ha cTa0iIbHICTE (ha30oBOTO CTaHY.

3. PO3POBKA TBOBUMIPHOI'O MOJEJIIO TA METOIH
PO3PAXYHKY ®A30BOI'0 CTAHY EJIEKTPOHHOI PITUHI

HA PI3HUX IPATHHIIAX 3 YPAXYBAHHSAM T'ABBAPJIOBOI
B3AEMO/III

3.1. MeToma po3paxyHKY ()a30BOro CTaHY €JIeKTPOHHOI PimuHu

Bynemo BpaxoByBaTU TiIbKU BKJIAL HAMOJIMIKUUX CYCimiB y (hopMyBaHHs
€HEePTEeTUYHUX 30H, TOAi raMiJIbTOHISH Y HAOMMKEHH] CUJIBHOTO 3B’ A3KY,
BU3HAUEHUI HA MIBOBUMIPHIiN (reKkcaroHanabHill a00 TPUKYTHil) I'paTHU-
11i, MicTuTh JIoKanbHY ['ab0apIOoBy B3a€MO/IiI0 i mpuiiMae BUTJIAM:

== Dbl v U M, — K ZT:L 2 M 1)
j o=l j

=" (i, f)
Ie t;; — iHTerpaJs mepecTpuOyBaHHA MiK HaMOIMKUNMU CycifamMu, AKUH
TaKO:K BU3HAUA€ HMOBIpPHICTDH mepexoay-«CTpuOKa» MiK cycigHiMu aTo-
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MaMu (aToMaMH 3 PiBHMX HiArpa\THUIL ¥ BUOAAKY rpadeny); c},c(cj,c)
— omneparopu Pepmi HapPOMKEeHHA %mmmemm) €JIEKTPOHIB, BU3HAUYEHI
Ha Byaui j 'paTHUI], 8i ciuHOM 0 = T, ¥; U — 3HaueHHS JIOKaIbHOI I'al-
OapmoBoi B3aeMofii, II0 BM3HAYAETHCA OIEPATOPOM TI'YCTHUHU
n,,= c;,cc‘,c — YHCJIOBUM OIIEPATOPOM, SAKHUH ITipaxoBye€ KiJbKiCcThb
€JIeKTPOHIB 31 CIIIHOM G Ha BYy3JIi j I'DATHUIIi; || — XeMiuHU IOTeHIidAI.

I rekcaroHaJbHOlI I'pPaTHUIII V BUNAAKY HaIliB3allOBHEHHA XeMid-
HUY IOTEHIiAN |\ TOPiBHIOE HYJIO, & Y BUNAJKY TPUKYTHOL I'DaTHUII] BiH
BiIpisHAETLCA Big HyIA y Oe3IiIMHHOMY CTaHi.

Cyma (i, j) mpobirae Bci mapu HaAHOJIMIKUNX CYCiiB Ha CTiIHLHUKOBI
rpataumi. laminsToHiAH (1) € cyMOI0 TPHOX CKJIANOBUX, AKi MOKHA iH-
TEepIPeTyBaTH TaK: IepIia

'/:/kin == z Z tijcj,cscj,cs

o=T,4 (i,j)
BM3HAUYA€E KiHETUYHY €HEPTiio mepecTpuOyBaHHA €JIE€KTPOHIB MiK Hali-
onmxuuMu cycizamu. OnepaTop cZch’c BHUIIYE eJIeKTPOH Ha BY3JIi j Ha
IIepIIOMY €Talli Ta CTBOPIOE €JIEKTPOH Ha BY3JIi i Ha Apyromy erari. Ta-
KMM YMHOM, Y CYKYIIHOCTi OIIepaTop OIMCY€E PYX €JIEKTPOHA 3i CIIiHOM &
Bij BysJsa j 1o By3ina i, a t, — KimbKicTh emeprii, HeoOximmoi gy smitic-
HeHHs cTpubKa; Apyra

S =U 2,

BPaxoOBY€ BHYTPiITHLOBY3eJbHe BiAIMTOBXYBaHHA U eJIeKTPOHIB Ha Of-
HOMY By3Jii j. BoHa BifgmIoBifae moreHmiANbHil eHeprii 'a60apaoBoi B3a-
emMonii eeKTpoHiB. OCKiTbKY He MosKe 6yTHU GLIbINle OJHOTO eJIeKTPOHA
3 BUBHAUEHUM CITiHOM Ha KOKHOMY BY3JIi I'PATHUILi, YMCJIOBI oltepaTopu
njc MOKYTH npuiimaTu 3HaueHHA 0 a6o 1. Takum unHOM, TOOYTOK 72171},
mpuiiMae 3HaYeHHA 1 Jiuie, AKINO y BY3JIi j 3HAXOOATHCA JBA €JIEKTPO-
Hu (oauH 3i cniHoM 1 i ouH 3i ciHOM |), TOMY 1€l YJIeH ONUCY€E TPUTSI-
raausa (U < 0) a6o BigmrosxyBauusa (U > 0) 1BOX eJIeKTPOHIB; TPeTA

S = TRy 20 e

— IIe JOJATKOBUM OIIepaTop, OB’ A3aHUH 3 eHepricio XeMiuHOoTo ITOTeH-
miamy w. JLooyTok uicymu

Zc:w Zj Mo = Zf (y +m.),

110 TipaxoBye 3arajbHy KiJILKICTD €JIEKTPOHIB B CUCTEMIi, € eHepriero, AKa
HeoOXimHA I BBENEHHS €JIEKTPOHIB y cucTeMy. TakKuM UYWHOM, TPETS
CKJIAJIOBA OIIVICYE IIOBHY €HEPTilo, HeOOXiLHY IJId 3BEHNEHHS YCiX eJIeKTpo-
HiB, II10 iCHYIOTB, ¥ CTaH cucTeMu. BoHa 3pocTae 3i 30LTbIIIEHHAM KiJTbKOCTH
eJIEKTPOHIB, BOJHOUAC 38 PaXyHOK MiHiMizalrii eHeprii HamaraeTncs sbeper-
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TH HEBEJIUKY 3aTaJIbHY KLIbKICTh e1eKTPOHIB. 11 KAaHOHIUHUX CUCTEM, AKi
MU BIBUAEMO Y JaHiii poOOTi, I1eii UIeH IPUBOAUTE 0 3CYyBY €Heprii.

Came BpaxXyBaHHS APYTOi CKJIAA0BOI TO3BOJAE ONMMCATH OLIBIIT peasi-
CTUYHUI MOJeNb, KU H00pe mosAcHIoe mepexin MoTra (3 mpoBigmoro
CTaHy B MieJIEKTPUUYHUM, IO CYHIPOBOMKYETHCA YTBOPeHHAM (abo 30i-
JBIIEHHIM) HILIUHY).

[ momanbIInX JOCIiIMKeHb PO3TJIAHEMO BUIMAJOK, KOJU iHTerpaJ
IIEPECKOKY MiK ycima HaiOmmK uuMu cycigamu ¢; = 1, Tomi fiomy Bigmo-
Bimae mmmpuHa 3ouu W = 22t, e 2 — KiJIbKicTh HAOJIMKUINX CYCiTiB.

OCKinmbKM 3BeCTM TaMiJIbTOHISIH OO AisITOHAJBHOTO BUAY MOMKJIMBO
TiTBKU OJA HEeBEJIMKOI KiJbKOCTH BY3JiB N, HEe0OXiJHO CKOPUCTATUCH
YrCceJbHUMU MeToZaMu. 30KpeMa, B HAIlill poboTi 3aCTOCOBAHO JeTep-
MiHaHTHY KBaHTOBY MeTony MouTe-Kapsao. OTxke, caig maTpuili ctaTu-
CTUYHOI CyMHU HeoOXiHO 3amucaTy AK BU3HAUHUK. [[JIg MILOr0 raMijib-
TOHiSH IMOBMHEH CKJIAJATICH 3 OLIIHIAHMX 4JIeHiB BUAY CZ Cj» 11O HE
BUKOHYEThCA JUiA ['ab6apmoBoro uieHa n; n;;. Toxi sagada mosadarae y
TOMY, IITO0 3alKCaTH UJIeH YeTBEePTOTO CTEIIeHIO c}c. iclcﬂ Olmimifimmm
crmocob6om. OnuH 3i cmocobiB 3BeCTH TaMiJIbTOHIAH (lf IO TAKOT'O BUTJIA-
Iy — BUKOpPHUCTATU IepeTBopeHHA ['ab6bapma—CrpaToHOoBMYA

> 2 1 j ( y2 . J
exp|——x" | = exp| —=— —ixy |dy, 2
[ 2 j \/2na,‘[o 2a v)™ @

dAKe JiHeapusye KBaJpaTUUHUH 4eH X2 B eKCIIOHEHTi 3a paXyHOK HOBOI
cTemeHi y, JiHiliHO OB’ A3aHOI 3 X.

Cxopucrasiinuch meperBopeHHsaM I'abbapma—CrparonoBuua (2), mepe-
BU3HAUKMMO JIPYTY CKJIAJOBY raMinbToHiAHA (1) — eHepriio B3aeMomii Mix
HanOIMmKIuMU cycizamu. Beegemo mosuaueHHS xj = ;ch L X = c]lc].T Ta
3BeZieMO 3a3HaUueHy CKJIaJoBy ramisbroHisHa (1) 1o kBagpaTuduoi hopMu

/ = = i i _ + f _ +
S rep = UZ Myl = UZ O Uz CnCulinCn = UZ 1t (3)
J J 7 J

Toxi BiAmIOBiAHY €JIEKTPOHHY CTATUCTUYHY CyMY CHUCTEMHU IJIS 3a37a-
JIeTiIb BU3HAUYEHOT'0 raMiJIbTOHIsAHA MOKHA 3alICaTH TaK

Z = exp(-B) = exp| (S + 74, ~U D, x1) |5 (4)

ne B=1/(ksT), ks — crana Bonprmvmanusa, T — TeMIeparypa cucTeMu B il
piBHOBA3i.

Buxrkonaemo nmeperBopenHsa ['ab66apma—CrpaToHoBuya (2) Ha KBajpa-
TUYHOMY WJIEHi XT-X,- , 3aCTOCYBABIIIM KOMILIEKCHY 3aMiny a <« U/2,
x < 2y, y < 1B (3)

exp(Uy. T):L ex —ﬁ+x Pty |, (5)
P(UY;x; = p X F A | AN
\/TC s D


https://ru.wikipedia.org/wiki/%D0%9F%D1%80%D0%BE%D0%B2%D0%BE%D0%B4%D0%BD%D0%B8%D0%BA_(%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D1%82%D0%B2%D0%BE)
https://ru.wikipedia.org/wiki/%D0%94%D0%B8%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D0%BA
https://uk.wikipedia.org/wiki/%D0%A1%D1%82%D0%B0%D0%BB%D0%B0_%D0%91%D0%BE%D0%BB%D1%8C%D1%86%D0%BC%D0%B0%D0%BD%D0%B0
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i omep:KMMO HACTYIHUHA BUPA3 AJIA CTATUCTUYHOI CYMH 3a3haJieTih BU-
3Ha4YeHOro ramingbproHigHa (1)

Z:\/Tlc_Uexp{—B(// + A, +ZJ( XX, k;xjjdxj ﬂ, (6)

] -

OT:xe, epeKTUBHII raMiIbTOHIAH Ma€ BUTJIAL

Ky = Hy +ZJ‘(

] -

=ty = A, j dh; (7)

EdekTuBHe mojie A; M1 3aIIPOIIOHYBAJY 3aJaTH Y BUTJIAAL A; = Ae’, me
A — amIutiTyna, a ¢ — ¢dasa. Pa3y BUBHaUAEMO 3 YMOBY MiHIMyMy BiJib-
HOI eHeprii, a BeJIUYMHAa aMILJIiTy I BU3HAUYAE MOMEHT BiIKPUTTS II[1JIM-
HHU, hasoBoro nepexony 'abbapaa—MoTTa Ta BeIUUUHY IITIJINHA.

Y KBaHTOBi# Teopii cepeHBOTO TOJIA ITiACYyMOBYBaHHA yacToT Mairy-
0apu € CyMOIO 3a JUCKPETHUMU YABHUMHU YacToTaMu. BoHa Mae HACTYII-
HUU BUTJIAL,

5= T slio,). ®

MeToma OIiHKY IIifcyMOBYBaHHA YacTOT Maiybapu moJisrae y BUKO-
pucranHi Barosoi Qpyuknii Mamy6apu n(io) = (e + 1) — 1 — QpyHKmDii
posnoniny @epmi—lipaka, sKa Mae IIPOCTi MOJIOCH, PO3TAIIOBAHI TOU-
HO B i®. 3a JOIIOMOT0I0 BaroBoi GyHKIIII migzcymoByBanHsa dopmyay (8)
MOJKHA 3aMiHUTH KOHTYPHUM iHTerpaJioM, 110 OTOUY€E YIBHY Bich

1 , .
s=-— ﬁ (j) glio)n(in)do. 9)

3HaxXxoAMMO IIPOCTi TMOJIOCU Ha yacToTax (epMmioHiB iw, i3 GyHKIIII
3BasKyBaHHS Mairy6apu n(io,)

e’ =-1 = o, =(@2n+Dn/p. (10)

3 ypaxyBauuam (1) i (3) xia mae HacTyITHUM BUTTIAL

S =k ZZ Y In[e? +el(kq)]+ le (11)

n y=1,2

Ie o, =T(2n + 1)1 — vyacrtoru Mary6apu, KBa3UYaCTUHKOBI 30y KeHHS
tg/(k,q) (y =1, 2) BusHauaioTs pepmioHHi cTaHM v A-11071i 3 eheKTUBHUM
ramingbToHiAHOM (7), mpaBa yacTuHa (11) BpaxoBye MOABOEHHA KOMip-
KU, a JIiBa yacTUHA — CTYHiHb CBOOOAU OOepTaHHs. ¥ HaOIMKeHHi cin-
JIOBOI TOUKM A € PO3B’SA3KOM HAcTynHOro piBHsHHA OS/OA =0. ¥V pasi
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HamOiB3aIlOBHEHHS PiBHAHHSA, IO BiAmoBigae MiHiMaabHiN aii S, 3BO-
mutbesa fotakoro3a T =0K

2 _ 15 e,

== dk. (12)
U 2,557 oI

PiBuaunsa (12) gosBoisge BusHaunNTU e(hpeKTUBHY CTATY A IJId 3aJaHO-
ro sHaueHHsa 'abbapaoBoi B3aemomii U.

3.2. Moaenp eJIeKTPOHHOI PiIMHU HA reKcaroHaJbHil I'DaTHUILL

I'pacen Mae IBOBUMipHY KPUCTATIIUHY CTPYKTYPY, BUOYAyBaHy 3 aTOMiB
BYIJIEI[I0, AKi po3MillleHi y By3Jjiax I'PATHUIIL 3a 3PA3KOM «OIKOJIMHUX
cTimbHUKIB» (puc. 1, a). CrpykTypa rpadeHy yrBopeHa ABOMAa eKBiBaJie-
HTHUMHU TPUKYTHUKAMHU IIiATPATHUIL — B OOHiN aToMu «copry» A, a B
iHIIi# — aToMu «copTy» B, SKi B3a€MHO IIPOHMKAIOTH OJHA B OOHY. ATO-
MU ofHiel miarpaTHMIT (YepBOHI KYJIbKH) II0O3HAYEHO JIiTepoo A, a aToMu
igmrol migrparuumi (3ejeHi KyJabKM) mosHaueHo Jitepoio B (puc. 1, 0).
BexTopu TphOxX HAMOJMIKUNX CYCiIiB JO ITX aTOMiB, IO 3’€IHYIOTH Ja-
HUI aToM BYTJIEIIo 3 OfHiel migrpaTHUIli 3 TphboMa HANOMMIKUNMU CYyCi-
IaMu, 110 HaJIeKaTh iHITiH OiArpaTHUI, BUSHAYNMO HACTYIITHIM YMHOM

a,0,0); a,(+3/2,-1/2); a,(—/3/2,-1/2);
b,(3/2,1/2); 1,(0,0); b,(—/3/2,1/2).

Ha pucynry 1, 6 nokasaHo BeKTopu 00epHEHOI I'DaTHUILI

(13)

¢
¢
¢
61 EJ'IEMEI.ITR])HEI
KOMIpKa
7 & ke,
¢ &
¢
a (7]

Puc. 1. Kpucraniuna ctpykTypa rpadeHy AK CYKYIHICTh TPUKYTHUX MiATpaT-
Hu1b A i B (a) Ta BpinmioenoBa 3oua (6), 1110 € TPaBUIBHUM ITECTUKYTHUKOM.

Fig. 1. Crystal structure of graphene as a set of triangular sublattices A and B
(a) and the Brillouin zone (6), which is a regular hexagon.
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¢, =2n(1/3,/3/3); ¢, = 2n(1/3,—/3/3), (14)

Ha AKX TOOyJOBAHO HNPUMITHBHY KOMipKYy oOepHeHOI I'paTHHIII,
BpinmioenoBy 3oy ((hioseToBUH MPaBUILHUI IMTECTUKYTHUK Ta TOUKHU
cumetpii: I' — menTp 3ouu; K i K' — «JlipakoBi» TOUK:M B KyTax
BpinntoenoBoi 3oH1; M posTaliioBaHa B IIEHTPi CTOPOHU IIECTUKYTHU-
Ka. Touku [lipaka yTBOPIOIOTH IIECTUKYTHY I'PATHUIIIO, aHAJOTIUHY
r'paTHUIL rpadeny.

OckinbKu e)eKTUBHE TI0JIE A; 3a/laHe V BUTIALL A; = Aexp(iq-j), ToMmy
PO3B’A30K O A-IIOJIS He 3MiHIOE KipajlbHy CHUMETpPilo MOJesio, AKIIO
q(0, 0), g( Zn/ J3 , 0) a6o q(0, 2n). HucenbHi po3paxyHKU raMiJibTOHisSHA
(1), BUBHAUYEHOTO HA TeKCcaroHaJbHill i TPUKYTHIN I'paTHUIAX, ITOKAa3a-
Jau, 110 TpuBianbHUN po3B’a30k q(0, 0) omrcye HEB3aeMOAIHHY eJIeKT-
POHHY PiAMHY 3i 3MiIEeHMMU TiTKaMu KBa3WYaCTHHKOBUX 30YyI:KeHb.
Tomy maji posrisHeMo CTaH eJIeKTPOHHOoI pianuu, koau (0, ), 1110 BuU-
3Hauae HOBUH (pa30BUil CTaH 3 HIePeHOPMOBAHUM CIIEKTPOM.

BpaxyBaBimu pitmesnasa, Koau ¢( ZTc/ J3 , 0) abo q(0, 27), posrasaHEMO
po3B’sa30K ramigbroHisHa (7), AKMI BU3HAUYEHUN Ha TeKcaroHaJbHil
I'PAaTHUIL AK HU3bKOEHEPreTUYHU Y e(DEKTUBHUY raMiJIbTOHIAH /. .
T'aminbToHiAH rpadeny Mae BUTIAL

=Y WIH, ¥, A :( ?(k) _wék)], (15)
T —w

a ePeKTUBHUU raMiJIbTOHISAH, 1[0 BU3SHAUYAETHCA A-II0JIEM, HATIUIIIEMO TaK

_ i
%f - Zk:\yk,q%,q \Pk,q’

0 —wk) A 0
—w'k) 0 0 A" (16)
’twi,q = * ’
A 0 0 —w(k +q)
0 A —w'(k+q) 0
Ae LPk = (cz,crk ? c;,ck) i LIIk,q = (CZ,G]( ’ c;,csk 4 cL,—G(k-%—q)c;,—cs(kH:[)) _ XBI/I‘HBOBi

¢pyukii, k — XBUIKOBUI BEKTOD,
3 . .
wk) = Zexp(ik a))=1+ @i BIH 2) | iCh B2 [2) _
j=1

—142eM/? cos(k, \/§/2);

3 . .
w' (k) = Y expik - b,) = e *FEH/D L 1 4 o hABR/

j=1

—1+2e™/? cos(k, \/5/2);
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wils +q) =1+ 20 B2 (oo I:(kx + qx)\/?_,/2];
w.\(k " q) _ 1 + 2ei(ky+‘Iy)/2 CcoS [(kx + qx)\/g/z:l,

i w(k, +21/\3,k,) = wik,, k, +2n).

Y BumagKy HamiB3aOOBHEHHS XEeMIiUHWH IIOTEHI[ISJI JOPiBHIOE HYJIIO
IJIsT TOBLIBHUX A 1 q, a cmeKTep 30yIsKeHOl KBasumuacTUHKU *&1 (K, )
CUMETPUYHUNHN BiTHOCHO HYJILOBOI eHeprii. EjnekTponnuii cuexrep 6es-
cuinoBoro rpadeny arigmo (15)

e,,(k,q) = £ [3+2cos((k, +¢,)V3) +
1 v
+ 4cos((k, +q, )\/§/2) cos((k, +q, )/2)]2 .

Enepris 36ymKeHoro CIeKTpy 3 ypaxyBaHHAM e)eKTUBHOTO MOJIS A;

EU®)) = % j j > & fo(e ) dk,dk, + % (18)

bk, =14

ne fr(e,) = (ePr+1)! — pynrmia posmoxiny yacTurok (pyHKIis @epmi).
Ak Bimomo, enekTpoHHUI crieKTep rpadeny (17) 6e3 ypaxyBaHHA B3a-
eMonii Mixk pepMioHAMM Ma€e ABi T'JIKM Ta YTBOPIOE IIPOCTOPOBUM IITEC-
TUKYTHUK, 00MeKeHUl mepiiolo BpinmioeHoBoio 30HOI0 (puc. 2). Binm
posMimeHuil BiTHOCHO BepTUKAJIbHOI oci Ha piBHi eHeprii @epwmi. Bog-
HoOUac ITi TOBEePXHi € CTPYKTYPOIO BaJIeHTHOI 30HU (BcepeauHi Bpimrmioe-
HOBOI 30HM— IIOMapaHuYeBa Ha puc. 2) i 30HU IPOBiAHOCTHU (3a MeKaMu
BpinrtoeHoBoi 30HM — OJaKMTHA Ha pUC. 2), KOTPi 3HAXOMATHCA Y KOH-
TakTi B mectu Toukax Jlipaxka (B Kyrax mepiroi BpimrtoeHoBOi 30HM]).
BanenTHa 30Ha MOBHIiCTIO 3ammOBHeHa pepMioHaMu, a 30HA IIPOBiTHOCTH
nopo:xkHs. PiBeHb @epMi 3HAXOAUTHCA Y TOUKAX TOTUKY ITUX 30H.
Beenenns eheKTHUBHOTO A-TIOJIA AO3BOJUJIO BUJIYYUTH BUPOKEHHS

Puc. 2. Cnekrep (depmioHiB, po3paxoBaHUII Ha TeKcaroOHaAJNbHiN r'parHuIli 6e3
ypaxyBaHHS e(peKTUBHOro oA (0e3MiInHHNHA CTaH).

Fig. 2. The spectrum of fermions calculated on a hexagonal lattice without
taking into account the effective field (gapless state).
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eJIeKTPOHHOTO ceKTpa 3a cuiroM (16) i omep:;xaTi eHepreTUYHNN CIeKTeP

&2, (k. q) = %(|w(k)|2 ok + Q) + 2 +
(19)

+ \/(|w(k)|2 otk + ) + 4 [wlk) + wik + g

JIuiiie 11 KOXKHOI OKpeMoi mapu 3HaUeHb (-BEKTOPA B EHEPIreTUYHOMY
crexTpi (19) 36epiraeTbesa #oro KipajabHicTh. 3a MOJOBUHHOIO 3aIIOBHEH-
H CHeKTep KBa3MUaCTUHKOBUX 30y KeHb giz(k, () CUMeTPUYHU’I BimHO-
CHO HYJBOBOI eHeprii AJig JoBiJbHOTO A, BiH Mae YOTHPH PisHUX TiJIKH,
IIT0 BUHUKJIA B Pe3yJIbTAaTi IOABOEHHA KOMipKHU y (asi isoaaropa. ITose-
OiHKa HU3bKOI eHeprii rJIKKu coeKTpa BU3HAYAIOTH (DA30BUI CTaH €JIeKT-
pouuoi piguan. Takum unaOM, 3a 0 <A < 1 cmeKTep Oe3IIiIINHHNIMA, 3a As =
1 BizkpuBaeThCA MILINHA, BeJnunHa mianam A= 2 (A — 1).

IIix miero A-TIosisg KOMipKa I'PATHUITI IIOABOIOETHCA 1 POpMy€eETHCA YOTHU-
Pu pisHMX TiJIKM KBA3MUYACTHHKOBUX 30yI:KeHb. ¥ Oe3IiInHHINA (asi 3i
spoctamuaM A Big 0 1o 1 HM3bKOEHEPreTUUHNN CIIeKTep mepedymoBYETh-
cda. Bigcrani misk Tproma Toukamu Ilipaka—Bpinatoena Ha ogHi% npamii
o oci opauHAT (k) IJIA KOYKHOI 3 ITap IMOCTYIIOBO 30JIMKYIOTECS O Oci
abcruc (ky) i, koau A; =1, i Touru [lipaka BUIITNKOBYIOThCA B JiHito. Ta-
KM YMHOM, KOHTAKT MijK HU3bKOEHEePreTUUHNMY 30HAMU B MOMEHT Bijl-
KPUTTA NILINHY Bif0yBaeThCA IO ABOX HapaJieIbHUX JiHiAX (puc. 3).

Bennunna niiineEy A BU3HAYAETLCA BEJIMUYMHOIO B3aeMmoxii U. 3 moxa-
JBIITUM 3POCTAHHAM aMILIiTyau e()eKTUBHOTO IIOJA A BimOyBaeThCA IIe-
pexim Motra—T'a66apaa, eJIeKTPOHHA PignHa MepexXoAUTh Y CTAH diejie-
KTpHUKAa, a IIiJnHa 361as1ryeThed (puc. 4).

Puc. 3. I[losunii (a) Ta HU3LKOEHepreTuuHuii (0) cueKTpu hepMioHiB, po3paxoBaHi
Ha reKcaroHaJIbHIN I'paTHUII 3 ypaxyBaHHs edexkTuBHOro mojs (A; = 1). CraHn,
KOJIU IIiJINHA BiIKPUBAETHCA.

Fig. 3. Full (a) and low-energy (6) spectra of fermions calculated on a hexago-
nal lattice taking into account the effective field (A;=1). The condition when a
gap opens.
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Puc. 4. IloBHuuii (a) Ta HU3bKOeHepreTUYHU (0) criekTpu hepMioHiB, po3paxoBaHi
Ha reKcaroHaJIbHi# I'paTHUII 3 ypaxyBaHHA edekTuBHOro mouad (A = 1,5). Benu-
ypyHa niianan A = 1.

Fig. 4. Full (a) and low-energy (6) spectra of fermions calculated on a hexago-
nal lattice taking into account the effective field (A = 1.5). The size of the gap
isA=1.

3.3. Moaenb eJIeKTPOHHOI PiIMHY HA TPUKYTHIH I'PaTHUILL

Y npomy migposaiii posrasgHeMO IMOBeIiHKY eJIeKTPOHHOI pigmumu, ska
OIUCYETHCS raMisibToHiAHOM (1), 3aJaHUM Ha TPUKYTHi#N I'DaTHUIII.

Poarasmemo cucTeMy B3a€eMOIINHUX €JeKTPOHIB Y TPUKYTHII I'part-
Huti (puc. 5). Taka rpaTHuIlsa Mmae edekT ppycrpaitii — aABuIIe, 3a AKO-
ro TeOMEeTPUUHI BJIACTHUBOCTI KPHUCTAJIYHOI I'PaTHHIII Taki, IITo uepes
HaAABHICTh IPOTUAIAHNX MiKaTOMOBHUX CHJI HEMOKJINBA OJHOUYACHA Mi-
Himizamia eHeprii B3aemonii (puc. 5, 0). Ile Mo)ke MpUBECTH O CUJIBHO
BUPO:KEHOr0o 6a30BOT0 CTaHy, 3a SAKOTO crcTeMa OyZe BOJIOAITH HEeHY-
JBOBOIO €HTPOIIi€I0 HABITHL 3a HYJHOBOI TeMmieparypu. To0To, cucrema
He MO:Ke OyTH MOBHICTIO «3aMOPOsKeHa», OCKLIbKY BOHA HEe Ma€ €IMHOT0
0a30BOTO CTaHYy, TOMY PYyX Ha MOJIEKYJSIPHOMY PiBHI IPOZOB:KYETHCA
HAaBiThb 3a BiICYTHOCTH HAAXOIKEeHHS eHeprii.

BexTopwu mectu HaROAMKIMX cycimiB (puc. 5, a) 10 JaHOTO aToMa BU-
3HAYKMMO HACTYIHUM YNHOM

Puc. 5. Kpucraniuna ctpykrypa (a) Ta epexT ppycrpariii (6) TPUKYTHOI I'DATHUIII.

Fig. 5. Crystal structure (a) and frustration effect (6) of a triangular lattice.


https://ru.wikipedia.org/wiki/%D0%9A%D1%80%D0%B8%D1%81%D1%82%D0%B0%D0%BB%D0%BB%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B0%D1%8F_%D1%80%D0%B5%D1%88%D1%91%D1%82%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%92%D1%8B%D1%80%D0%BE%D0%B6%D0%B4%D0%B5%D0%BD%D0%B8%D0%B5_(%D0%BA%D0%B2%D0%B0%D0%BD%D1%82%D0%BE%D0%B2%D0%B0%D1%8F_%D0%BC%D0%B5%D1%85%D0%B0%D0%BD%D0%B8%D0%BA%D0%B0)
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a,(1,0); a,(1/2,4/3/2); a,(-1/2,43/2);
a,(-1,0); a,(-1/2,—V3/2); a,(1/2,—/3/2).

BpaxyBasuiu pimrenus, kouau q(2n, 0) aéo (0, 27:/ \/g ), PO3TJITHEMO
posB’s30K ramigbroHisHa (7), AKMil BU3HAUYEHUU HA TPUKYTHIiHA rpart-
HUIIi IK e(peKTUBHUN raMiJIbTOHIAH H g+

AKIleHTyeMO yBary Ha (pa3oBOMY CTaHi eJIeKTPOHHOI PiAWMHY 34 II0JI0-
BUHHOTO 3aIllOBHEeHHA. 3Hauenusa (2w, 0) i (0, 27:/ J§ ) He HOPYIIYIOTH
KipaJabHy cuMeTpiio (h)a30BUX CTAHIB, III0 PO3TJISAAAIOTHCA.

Y HabIMKeHHI CUIBHOIO 3B’ A3KY 3 YPAXYBAHHAM IIEPECKOKY TiIbKU
MiX HAHOJMMKUYMMU CyCilaMU CIIEKTEP OSHOUYACTUHHUX 30y KeHb Mae
BUTJIAL

(20)

6 . .
e(k) = w(k) = D exp(ik-a) =e"+e ™+ @ttt B2 | goiChsh B2
= (21)

4@ Chrh B2 itk B2 _ g g k. +4cos(k,/2)cos(k, \/5/2).
ne k — xBustboBuii Bexrop i w(k, + 21, k,) = w(k,, k, + 21/\/3).

EdexTuBHMi raMiJbTOHIAH TPUKYTHOI I'DATHUII, IO BUSHAYAETHCA
A-TIOJIEM, 3AIMCYETLCS Y BUTJIAIL

—-w(k A
o = 2 VeV P = = : (22)
R A L)
ne ¥, = (czkcfc — XBUJbOBi (yHKIiI, kK — XBUIBOBUIT BEKTOp,

)
wk+q)=2 cos(?e: qJ)r q,)+4cos((k, +q,)/2) cos((k, + ¢, )\/g / 2).
CropucTasIInCch TUM caMUM (POPMAaIi3ZMOM, IO i AJ1d reKcaroHaabHol
I'PaTHUIIL, po3paxyemo (paszouii mepexim Morra—I'abbapaa B Momeio 3
ramigbproHigHOM (1). CmexTep 30ym:keHoi KBasmuacTHHEKU *g12(k, )
ACUMEeTPUUYHNIN BiTHOCHO XeMiUHOTO IOTEHIiANy. EJeKTpOHHUI CIeK-
Tep TPUKYTHOI I'paTHUIIL] 3TimHo (22)

&2k, q) = —%(w(k) +wlk + ) £ \[wik) - wik + q)f + 427 ) = s

=-2cosk, t \/16 cosz(kx\/g) cosz(ky\/§/2) + A2,

XBUJIBLOBUU BEKTOD ( Mae HeTpuBiasmbHi poss’sasku: (2w, 0) i (0,
27:/ J§ ), AKi BigmOBimaOTh MOABOECHHIO KOMipKIu. EHepria 30ymxeHOro
cuekTpa 0e3 ypaxyBaHHS e()eKTUBHOTO ITOJIS A,

EUWO)) = jj > & fo(e,)dkdE, + %2 + L, (24)

kek, 71,2
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ne fr(e,) = [exp(B(ey — 1)) + 11! — dyHKIiA posmomisy yacTUHOK (PYHK-
mia Pepmi).

Hocaimxeno ¢asoBuil mepexijJ y HalliB3alOBHEHill eJIEKTPOHHIN pi-
OUHI Ha TPUKYTHIN r'paTHUI Oif gieto JoKaabHoro I'abbapmoBoro BimgIii-
roxyBauuda U. IloTeHiign B3aemomil MiX HaANOJMKUMMU cycimamMu
IPUBOAUTD M0 AKiCHOI 3MiHHI eJIeKTPOHHOrO crekTpa. AKimo A = 0 eHep-
reTUYHA 30Ha Ma€ ONHY Ky (puc. 6), aKa 3 ypaxyBaHHAM JOKaJIbHOTO
T'a66apmoBoro BiAIITOBXYBAHHS HepeOyIOBYEThCS Yy OBi TiJKH, TOOTO
eHepPreTUYHUH CIIeKTep TOABOIOEThCA (puc. 7). B isoxsaTopHomMy craHi 11i
IBi riaxum cmekTpa posminse mrinmaa (puc. 8). CmexTep 3aIUINTAETHCS
aCUMEeTPHUUYHNM BiJHOCHO HYJBLOBOI eHeprii AK y OesIMiJIMHHOMY CTaHi
(puc. 7), Tak i B IiimaHOMY cTaHi (puc. 8).

Puc. 6. CriekTep eJIeKTPOHIB, PO3pax0oBaHUil Ha TPUKYTHiM I'paTHUIL 6e3 ypaxy-
BaHHA e()eKTUBHOTO 11014 (0E3ITiIIMHHIEA CTaH).

Fig. 6. The spectrum of electrons calculated on a triangular lattice without
taking into account the effective field (gapless state).

N3
2n

ky

1
[ 1

Puc. 7. CuekTep eIeKTPOHIB, pO3pax0BaHUil Ha TPUKYTHIM I'PDATHUINL 3 ypaXyBaH-
Ha epeKTUBHOTO 11071 (Ac = 2). CTaH, KOJIH ITiJINHA BiTKPUBAETHCA.

Fig. 7. Spectrum of electrons calculated on a triangular lattice taking into ac-
count the effective field (A¢ = 2). The condition when a gap opens.
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xzn i

Puc. 8. CiekTep eIeKTPOHIB, PO3pax0BaHUI HA TPUKYTHIN I'PATHUIII 3 ypaxyBaH-
HaM edextusHOro moJa (A = 2,5). Benruunua miinuam A = 1.

4. JOCIIIJKEHHA ITEPEXOAY MOTTA-TABBAPJA HA
JTBOBHMIPHUX KPUCTAJIYHUX I PATHHITAX

4.1. IToBeaiHKa eJTeKTPOHHOI PiTUHU HA TeKCATOHAJBHIN I'PATHUIIL

IIpoBeneHi uncenbHiI PO3PaAXyHKM i JOCHiAKEeHHA MOKasaju, M0 IIOBe-
MiHKa eJIeKTPOHHOI PiIMHM reKcaroHajJbHOI Ir'paTHUIL (puc. 9) HeTPUBi-
arbHa mo0JaM3y TOUKHU (PasoBOTO IIEPEeXOay B izomATopHOMY cTaHi. Pis-
Hauud (12) mos’asye sHauenua A i U, tak U mae 110 aBa po3B’I3KHU, KOJIHU
3,904 < U < 5,767 (A < 2,484), i omuu pos3B’a30K, Koau U > 5,767 (A >
> 2,484). Sk 3asHavaJOoCh BUIlE, MIITNHA BiIKPUBAEThCA, KOIU As = 1,
it Touri BimmoBizae 'ab6apmose BigmiToBxyBauuda U; =4,108.

Or:xe, miisimHa A 3’ ABIAETHCA BHACTILOK ITOJBOEHHA KOMipKH reKca-
T'OHAJBHOI I'PATHUILL (B eJleMeHTapHii KoMmipili rpadeHy y miesekTpuy-
Hil Gasi mepedyBaioTh 4 aToMu) y BUNAAKY 3MiHU a3y _edeKTUBHOTO
IMOJiA Ha OJHOMY 3 ABOX HampaMKiB (0, 2m) abo q( 275/ J3 , 0). Konu A
amiHeTheA Big 1,110 mo 0, mepruii pos3s’ 30K aad U sMiHIOETHCA B iH-
repBayi 4,108 < U < 5,767, uomy Bigmosimae 6esuriiuuuunii cTaH (3eeHa
KpuBa Ha puc. 9—11). aa A > 1 agpyruii po3s’A30K OMKUCYE CTAH i30JI5-
Topa (auB. puc. 9).

3a T = 0 K crabinpuuii ¢as3oBuil cTaH BU3HAUAETLCSI MiHiMaJIbHOIO
€HEeprielo eJIeKTPOHHOI pimuHU, il (pa3oBuil cTaH BU3HAUAETHCA €HEPTi-
€10 OCHOBHOTI'O CTaHy AJA PidHMUX 3HaUeHb U. Po3dpaxyHKU I'yCTUHU eHe-
prii OCHOBHOTO CTaHy ITOKa3aHo Ha puc. 11: KpuBa BUCOKO1 eHeprii omnu-
cye HalliBMeTaJiuHUI cTaH (3eeHa KpuBa Ha puc. 9—11), HecTrabinbHUI
cran (cuHA KpuBa Ha puc. 9—11), a KpuBa HU3BbKOI eHeprii BusHaUae
crabisbpHUI cTaH i3osAaTopa (uepBoHAa KpuBa Ha puc. 9—11).

Mu omep:xanu, 10 CTaH isoaaTopa Ha iHTepBaai 1 <A < 1,11 HecTabi-
JbHUM (CMHA KpuBa Ha puc. 9). 3rigHo pospaxyHKam cTabiJibHUN CTaH
izosATOpa MOYMHAETHCA 3 HAWHMIK YOI TouKu ['ab0apa0BOTO BiAIIITOBXY-
BaHHA, Koau Uc = 3,904 (gus. puc. 9). ¥V miit Touri BeInunHa MIiIINHA
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KU cTan

Ta66apmose
BigmroexyBanaa U

IS

Puc. 9. T'a66apaosa B3aemoaia U AK GpYyHKIIiA A , po3paxoBaHa Ha reKcaroHalb-
Hill r'paTHUIII.

Fig. 9. Hubbard interaction U as a function A calculated on a hexagonal lattice.

mopiBuioe Ac = 0,22 (puc. 10) — 1e MimimanabHe 3HAYEHHSA IIIWHU, B
rpauuti U-"HecKkinuennicts A — U. 3asBuuaii, nepexig Morra, pospaxo-
BaHUU HA I'PATHUIIAX 3 IPOCTOIO0 CUMETPiei0, — I1e (hasoBUii mepexin Apy-
roro poxy [2], [13], [14], ane y rekcaroHaabHil I'paTHUIl as3oBuii mepe-
Xinmy crami miexekTpuka — mepexin mepiroro poxay, koau Uc = 3,904.

Mu nmokasaJjiu, 1110 HeTpHUBiaJIbHe PillleHHA AJIs XBUJIBOBOTO BEKTOpPA q
BigmoBimae Mimimymy eHeprii momensa (12). 3a HaniB3anmoOBHEHHS €JIEKT-
POHHA piguHaA Ha reKcaroHaJbHiN rpaTHuI 3i ciabkum ['abbapmoBum
BIZIIIITOBXYBAHHAM 3HAXOJIUTBHCA Y CTIHKOMY HamiBMeTaJiYHOMY CTaHi.
Ha rpanuri cuabHOI B3aeMoAil IpUCYyTHINA (a30BU cTaH MieleKTPUKA
MorrTa.

3 UMCIOBUX PO3PaxXyHKIB KJacTepHOI Teopii 30ymxens momeni I'ao-
b0apma, AKa BU3HAUEHA Ha reKcaroHaJbHil r'paTHUIl, BUILINXBAE, 110 TO-
yKa (pa3s0BOr0 MEePEeXony BiATOBilae KPUTUYHOMY 3HAUEHHIO JIOKAJIHHOI
TI'a66apmosoi B3aemonii Uc: Uc = 3,78 [1], Uc = 3,869 [3], Uc = 4,5+0,5
[4], vy mianasoni 4—5 [5], HalimBuale, suavendsa Uc 6ausbKe mo 4. [u-
BOBUIKHO, ajie oJlep:KaHa HaMu BeauuuHa ['ab6apmoBoi Baaemonii (Uc =
=3,904) sbirsaca 3 ynceJIbHUMH pPe3yJIbTaTaMU iHIITUX aBTOPiB. A OCKi-
JIbKU 3aIIPOIIOHOBaHa HAMM METO/Ia € YaCTKOBO aHAJiTUUYHOIO, TO JO3BO-
Jisie TaKOMK IpoaHasjidyBaTu (3posymitu) ¢isuky mnepexomy Morra—
I'a66apna.

Mo Toro &, mpupoay (asoBOro mepexony MisK IIUMU JBOMAa CTaHAMU
IO IIUX TIip He BCTAHOBJIEHO; MUTAHHSA IIPO MOPAJOK (Pa30oBOT0 MEPEXOY
3aJIMIaeThbca BigkputuM. 3rigHo [2] nepexin Mik dasoBuMu craHamu
HaIiBMeTasJ i AieJeKTpUK 3IiMiCHIOETHCA uepe3 UIJIMHHY CIiHOBY pi-
IWHHY (asy B peskuMi mpomiskHOI B3aemonii 3,5 < U < 4,3. ¥ gaHomy
BUIIAIKY el mepexis € (asoBUM IEpeXoJoM IepIIoro poay. duciiosi
pospaxyHKHM iHIIINX aBTOPiB (AuB. HampukJaazg [1, 3—6]) mokasyoTh, 1110
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Mae Miciie (ha3oBUH IIepexig APyroro poay.

4.2, IloBeginka eJIeKTPOHHOI PiAMHU HA TPUKYTHIN I'DaTHUILI

Ha Bigminy Big rekcaroHaJibHOI I'DATHUIN, V AKIiA XeMiUYHWH TOTEHITiAI
IOPiBHIOE HYJIIO, V TPUKYTHIA — XeMiUHNH IIOTEHIIisJI MOHOTOHHO CIIa-
Jla€ Bil MaKCUMaJILHOTO 3HAUeHHS Lo = 0,842, komm A =0, 10 HYJIA, KOJIU
Ac = 2. K0 Ac = 2 m1iinHa y COeKTPi BIAKPUBAETLCA 1 XeMiUuHMHI moTe-
HITiSJI 3aMOPOKYEThCA HA HYJIi 114 moBintbHOTO A > 2 (puc. 12).

Sx i B rekcaroHaJbHill I'PaTHUILL, TOBEAiHKA €JIeKTPOHHOI PiHI He-
TpuBiagbHAa 063y TOUKU pazoBoro nepexony (Ac=2, Uc=5,125, Ec=
=-1,951). 3riguo piBuocTi (12) mtoxanbHe 'a66apmoBe BiAIITOBXYBaHHS

/
4 .
i o oo gﬁ?\ﬁ“
R O ‘——?3@@‘
E |
= 2 ;
=l i
1 ‘J . l
0,764 —————— HEeCTINKHMH CTaH }
0,22¢——————- Hanis‘memn |
3 3904 4,108 5 5767 g 7

I'ab6apgoBe BigmToBxyBanua U

Puc. 10. BanexxkuicTs Bennuuny 1miignau A Bixg 'a66apmoBoi B3aemonii U, pospa-
XOBaHOI Ha reKcar'oHaJIbHiY I'paTHUIII.

Fig. 10. The dependence of a gap size A on the Hubbard interaction U calculat-
ed on a hexagonal lattice.
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Puc. 11. SasnexHicTh T'yCTUHU eHepPrii ocHOBHOTO crany E Bix Bennunnu 'a66a-
paoBoi Bzaemopii U, podpaxoBaHOi Ha reKcaroHaJIbHIiN I'DATHUILI.

Fig. 11. The dependence of the energy density of the ground state E on the
magnitude of the Hubbard interaction U calculated on a hexagonal lattice.
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U mae nBa po3B’as3ku (puc. 13), aximo 5,125 < U £ 5,507 (AL < 2,211) Ta
OIWH PO3B’ 30K, akImo U > 5,507 (A > 2,211).

Aute, AKITIO A JocATae 3HAUEHHA A¢ = 2, ITLINHA BigKkpuBaeThed (puc. 14),
B Ileii MOMEHT eHepria mopisuioe E¢ =-1,951 (puc. 15). Konu A 3minio-
eThca Big 2 mo 0, mepime pimenHa aaa U sMmiHooeThCcs B iHTepBaii
5,125 < U < 5,507, 1o BiamoBimae 6e3miisnHHOMY cTaHy (3€JieHa KpuBa
Ha puc. 13—-15).

I Bcix A > 2 misnmia A BiZKpuBa€eThes i mopiBHIoe A = 2(A — 2), v pe-
3yJIbTATi uoro BimOyBaeTheda mepexig MoTTa y (pa3oBuii cTaH AieJeKTPU-
Ka (puc. 14). Komu A > 2 npyre pillleHHA OOKUCY€E CTaH 3 PO3PUBOM Helle-
pepBHOCTi (UepBOHa KpuBa Ha puc. 13—15).

Crifikuii (pas3oBUil cTaH BU3HAUAE€ MiHiMaJabHA €HEPTrisd eJIeKTPOHHOI
pinmau. PospaxyHKU I'yCTUHM €Heprii OCHOBHOT'O CTaHY ITOKa3aHO Ha

0,842

0,6
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0,2 T
0 | \ JieTeKTPHE

0 05 10 L5 5 25 30
(&)

XeMiuHUT TMOTEHITIAT [

Puc. 12. XemiuHN# DOTEHIiAM | 9K QYHKIiA A, pO3pax0OBaHOl Ha TPUKYTHIiH
I'paTHUIL.

Fig. 12. Chemical potential p as a function A calculated on a triangular lattice.
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Puc. 13. T'a66apmosa B3aemonia U AK QyHKIiA A, podpaxoBaHa Ha TPUKYTHil
I'PaTHUITI.

Fig. 13. Hubbard interaction U as a function of A calculated on a triangular
lattice.
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puc. 15: xpusa Bucokoi eneprii Big Eo =-1,977 no E, = 2,011 omucye
HecTaOiIbHMI CTaH, KPUBa 3 HM)KUYOIO eHepricio Bu3Hauae cTabiIbHMMI
CTaH JieJeKTpuKa. 3rifHO po3paxyHKaM cTabiIbHUI cTad isoJjasaropa
MMOYMHAETHCA 3 TOUKM BiATany:KeHHs, Koau Uc = 5,125 (quB. puc. 13). Y
Ii# TOUIli BeJMUYMHA IIIINHUA HOPiBHIOE HYJIO (IUB. UePBOHY KPUBY Ha
puc. 14). Yucenbui podpaxyuku pasoBoro nepexony Morra—I'a66apzaa 3
mapaMarHeTHOTr'O CTaHY MEeTaJjJy B CTAaH AieJIeKTPUKa 3 IIOABOEHOIO KOMi-
PKOIo IIOKasye, II0 I1e (GasoBuil mepexig apyroro pony. Kputuute 3Ha-

HTinuna A

5,125 5,507 6,0 6,5 7.0

T'a6bapmose BigmToBxyBauusa U

Puc. 14. 3anexxkuicTs Bennuuny 1miignau A Bixg 'a6b6apmoBoi B3aemoxii U, pospa-
XOBaHOI HA TPUKYTHIil I'PATHUIII.

Fig. 14. The dependence of a gap size A on the Hubbard interaction U calculat-
ed on a triangular lattice.

I'abbapmoBe BimmiroxyBanua U
5,0 512552 54 550756 5.8

,
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ITinsricTs eneprii
OCHOBHOTO cTany E

Puc. 15. SasnexHicTh I'ycTUHU eHeprii ocHOoBHOTO crany E Bix Bennunnu 'a66a-
pzoBoi Bzaemozii U, po3dpaxoBaHOl HA TPUKYTHIN I'DAaTHUIILI.

Fig. 15. The dependence of the energy density of the ground state E on the
magnitude of the Hubbard interaction U calculated on a triangular lattice.
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yeHHA B3aeMoAil MixK HamOmmxuumMu cycigamu mgopiBuioe Ue = 5,125
(ouB. puc. 15).

Taxum unHOM, (pasoBuii nmepexim MoTTa BigOyBaeThCs 3a OGHUM CIle-
HapieM He3aJIe’KHO BiJ cumMeTpii rpaTHUIli; a caMe mepexin i3 crany ma-
pamarueTHOTo MeTaay (a00 HaliBMeTasy B reKcaroHaJbHIiN I'DaTHUIL) Y
cTaH i3oJyiATOpa, B AKOMY eJIeMeHTapHa KOMipKa IoABOIEThLCA. Da3oBa
IisgrpaMa ocHOBHOTO cTaHy ['ab6apmoBoro Momenio, AKa 3ajama Ha TPHU-
KYTHIil I'paTHUILi, He BpaxoBYye (ha3oBuil mepexia B aHTU(hepoOMarHeTHUHN
CTaH y po3paxyHKax, moganux B [16, 17]. YucenbHi podpaxyHKHU Iai0Th
HACTYIIHI 3HaUeHHA KPUTUYHUX B3HAUYeHb JOKaJabHOTo I['abb6apmoBoro
BimmmrroBxyBauHsa: Uc= 7,5 [16], Uc= 7,4 [17] y Bunagky ¢gasoBoro mepe-
X0y 3 HapaMarHeTHOTr'0 CTAHy MeTAJy B CTaH HeMarHeTHOTO i30JIsaTopa.

Hamri pospaxysku mokasaju, o (GasoBUH mepexis 3 mapaMarHeTHOL
MeTaJieBoi a3y B mieleKTpuuny a3y BigOyBaeThCA 3 ITOJABOEHHAM KO-
MipKHU, AK i y BUNIQAKY iHIINX CUMETPili I'paTHUIII Ta pO3MipHOCTI cuc-
remu [2, 3, 5, 13, 14].

5. BUCHOBRKH

Y mpencraBiieHilt poOOTi IpoBeIeHO JOCTiIKeHHS OJHO30HHOTO JABO-
BUMipHOro Mojeiio 'abbapaa B paMKax Teopii HabIMKeHHs cepeIHbLOTO
TIOJISI AHAAIMUYHOI0 Memo0d0i0 i3 3aCTOCYBaHHAM UYNCEJIbHUX PO3PaAXyH-
kiB. Ilopaxn 3 mumMm, icHye IIijia HUBKAa AOCTiIMKEHb TAKOT0 3K MOJEJNI0 YuU-
CJ108010 Memo0ol0 KJIAcTepHOoi Teopii 30y IKeHb, II10 TaK0XK 00MeKY€ETh-
CsA POBTJIAIOM B3aeMOIil HAMOIMKUMX cycimiB. 3a Tak0i0 METOI0I0 ABO-
BUMIipHY I'PATHUITIO pO30MBAIOTh HA KJIACTEPH, III0 YTBOPIOIOTHL HAAIPAT-
HUI0. MeTom010 TOYHOI AiAroHAami3aIii BU3HAUaIOThL IOBHUM Habip BJa-
CHUX BEKTOPiB Ta BIacHUX 3HAUYEHb OKPEMUX KJIACTEPiB.

3aIlIponoOHOBAHUN MMiAXifd, 110 HOEAHYE aHAJIITUUHY METOIY Ta Uuce-
JIbHI pO3paxXyHKU, VHiBepCcaJbHU, OCKIJIbKY IOTO MOYKHA peaJidoByBa-
T He3aJIeKHO BiJl PO3MiIpHOCTH cUCTeMU, THUIIY i cuMeTpii r'paTHUILi.

3asnexHo Bim Benrmuunau ['ab6apmoBoro BimINITOBXYBaHHSA Po3paxoBa-
HO BeJIMUWHY HIIJIMHY y CIIEKTPi Ta eHepTrilo OCHOBHOTO CTaHY.
1. ¥V Bumaaky KiHIeBoro 3HaueHHs B3aeMozii Ha By3yi U > Uc¢ i maniBaa-
MIOBHEHHS €JIeKTPOHU 3 Pi3HUMU iMIyJabCaMM, 3CYHYTHUMU Ha T, YTBO-
PIOIOTH ITiILOBUI CIIEKTEeP KBA3UYACTUHKOBUX 30y KeHb.
2. CrabinbHUil cTaH JieleKTPUKa XapaKTePU3YETHCA MOABOECHHAM KO-
MipKu I'paTHUIIL, SKe € YHiBepCAJbHOIO XapaKTEPUCTUKOIO (A1 PisHUX
posMipHOCTE cucTeM, TUIIIB i cuMeTpii I'paTHUILI) cCTaHy JieJeKTPUKA.
3. PospaxyukoBi sHauenud Uc (Uc = 3,904 nasa rexcaronanbuoi i Ue=
=5,125 nna TPUKYTHOI I'PATHUII) HOOpe Y3TOmKYIOThCA 3 UUCIOBUMU
pospaxyHKU Mozesnio ['abbapaa Ha rekcaroHaAbHil I'PaTHUIII.
4. Mocaim:xeHHs IoKas3aau, IO B reKCATr'OHAJIBHIN I'paTHUII icHYe (aso-
Buii mepexig Morra—T'ab66apaa mepioro poAay 3 HaliBMeTaJdiuHOTO (a-
30BOT'0 CTAaHy B CTaH i30/1ATOpA, a y TPUKYTHIi# I'paTHUIli — (hasoBuii me-
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pexinm mpyroro poxy. BomHouac BMHHMKAIOTh 3aIHUTAaHHA IIPO (PA30BY
JigrpaMy OCHOBHOIO CTaHy Mofesaio ['a60apaa Ha TPUKYTHIiN I'PaTHUIT,
OCK1JIbKU (pas3oBHiI CTaH i30JiATOpa 3 IMOABOEHHAM KOMIipKU YMCEJIBHO
JIOCl He ITOoCIIiIKeHo.

3ampoIIoOHOBAHO IIiAXiA, IO YMOMKJIMBIOE ommcatu ¢pasy Morra—
T'a66apma, ToOTO mepexia AJIsS MOJEJIiB eJeKTPOHIB i3 B3aeMOJici0 MixK
HAWOJIMIKYNMU CycigaMu OJid JOBIMTLHUX PO3MipHOCTEI CUCTEMU, THUITY
Ta CUMEeTPii I'paTHUIII.
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Po3amipwi 3ame:xknocTti 'amakepoBa mapamerpa
Ta BiabHOI eHeprii Ban-gep-BaaabcoBoi B3aemMoil i cucreMu
IBOX c(pepUIHHUX MEeTaJIeBUX HAHOUYACTUHOK

H. A. Cmupnosa, A. B. Koporyx, I. M. TiTos”

HauioxnaavHuil yHigepcumem «3anopisdvka nosimexmHika»,
sy.. yKroecvrozo, 64,
6906 3 3anopixcics, Yepaina
“UAD Systems,
sy.. Onexcandpiecvra, 84,
69002 3anopixcrcs, Ykpaina

B pamkax mopento Hpyne ana amienekTpuuHol (PYHKIII Ta 3 ypaxyBaHHAM
00’€MHOr0 Ta II0BEPXHEBOI'0 MEXaHi3MiB pesiaKkcallii oepKaHo BUPA3HU I PO3-
MipHHX 3aje:kHocTeidl ['amakepoBa mapameTrpa Ta BinbHOI eHeprii Bam-mep-
BaasbcoBoi B3aemomii chepnuHMX MeTaJeBUX HaHOYACTUHOK. IlokasaHo, 110
PO30OiKHICTE B 0OJIepyKAaHUX CIIBBiIHOIIEHHAX He Ma€ JKOSHUX HACJIIIKiB, OCKi-
JbKY 3HAUEHHS IIapaMeTpiB, 3a AKHX Mae€ Micie «yJabTpadioseToBa KaTacTpo-
da», BiATIOBiaIOTH CUTYyAIliAM, AKi He IIPEACTABIAIOTh IPAKTUYHOTO iHTEPECY.
Pospaxynku 'amakepoBa mapameTpa Ta BiJIbHOI eHeprii mpoBoauauCA AJIA Ha-
HOYACTUHOK 30JI0TA, Mifi, MJIaTUHU 1 aJOMiHiI0 Pi3HUX pajirociB, poaTaloBa-
HUX Ha pisHUX BiAJasigx omHa Bim omHOI, B 00J1aCTi 4aCTOT, 1110 Ma€ MPAKTUYHUHI
inTepec. BeramoBieHo, 1110 po3MipHi eeKTH HAMOIIBIN ACKPABO IPOABIAIOTHC
Ha BiJHOCHO HEBEJMKWX BigmajldAX MijK MeTaJIeBUMU YaCTHHKAMM, TOAi AK 3i
30iIbIIeHHAM Bigmaai MixK HuMH Mae Miciie icToTHe mociabiieHHs Bam-mep-
BaasscoBoi B3aemogii. ITpogeMoHcTpoBaHO, 1110 icTOTHA BiAMiHHICTE Yy BeIMYnHI
e(eKTUBHOI IMIBUAKOCTH peJiaKkcallii Mae HacJigxkoMm Toi (Gakt, o ['amaxepiB

Corresponding author: Koporyu Auapiit BiramifioBuu
E-mail: andko@zp.edu.ua

Zaporizhzhia Polytechnic National University,

64 Zhukovsky Str.,UA-6906 3 Zaporizhzhya, Ukraine
“UAD Systems,

84 Olexandrivska Str., UA-69002 Zaporizhzhia, Ukraine

Citation: N. A. Smirnova, A. V. Korotun, and I. M. Titov, Size Dependences of Hamak-
er’s Parameter and Free Energy of Van der Waals Interaction for System of Two
Spherical Metal Nanoparticles, Metallofiz. Noveishie Tekhnol., 44, No. 5: 587-599
(2022) (in Ukrainian). DOI: 10.15407 /mfint.44.05.0587

587


https://doi.org/10.15407/mfint.44.05.0587
https://doi.org/10.15407/mfint.44.05.0587

588 H. A.CMHPHOBA, A. B. KOPOTVH, I. M. TITOB

nmapaMeTep JJIsl YaCTUHOK Pi3HUX MeTaJIiB cArae MaKCUMYMY 3a PisHUX PO3MipiB
YaCTUHOK. 3’SCOBAHO, II[0 AJIsI HAHOUACTUHOK JOCIiIKyBaHMX MeTasiB 3i 30i-
JBIIIEHHSM pajiloca 3MEHITYeThCA BeJIMYMHA BiJILHOI eHeprii, mpore Ajsd BCix
MeTaJiB, KpiM 30JI0Ta, Iie 3MEHIIIeHHA € He3HAUYHNM, IO IIOSCHIOETHCS PidHUM
BHECKOM IIOBEPXHEBOT'0 PO3CiAHHA Y e()eKTUBHY MIBUIKICTh pesakcarii. [lose-
JIeHO, 10 KiJabKicHI i AKicHI po30isKHOCTI pe3yabTaTiB PO3pPaxyHKIB A HAHO-
YACTUHOK Pi3HUX METAJIIB II0B’A3aHi 3 pisHOI0 06’€ MHOIO KOHIIEHTPAIIi€IO eIeK-
TPOHiB mpoBigHOCTH (Pi3HOIO YACTOTOO 06’€MHHUX IIJIA3MOHIB) i BigMiHHOCTSMU
Yy 3HAUEHHAX IIIBUAKOCTH 00’ €MHOI peJsiakcairii.

Kuarouori ciaosa: F'amakepisB mapamerep, Bau-gep-BaanbcoBa B3aemogisa, me-
TaJieBa HAHOUACTHMHKA, PO3MipHIi epeKTH, BiIbHA eHepris, MIBUIAKICTL peJak-
carrii.

Within the framework of the Drude model for the dielectric function and tak-
ing into account the bulk and surface mechanisms of relaxation, expressions
are obtained for the size dependences of the Hamaker’s parameter and the
Van der Waals free energy of the interaction of spherical metal nanoparti-
cles. As shown, that the discrepancy in the ratios obtained has no conse-
quences, since the values of the parameters at which the ‘ultraviolet catas-
trophe’ takes place correspond to situations that are not of practical interest.
Calculations of the Hamaker’s parameter and free energy are made for gold,
copper, platinum, and aluminium nanoparticles of different radii located at
different distances from each other in the frequency range of practical inter-
est. As established, that the size effects are most pronounced at relatively
small distances between metal particles, while with an increase in the dis-
tance between them, a significant weakening of the Van der Waals interac-
tion takes place. As shown, that a significant difference in the effective re-
laxation rate leads to the fact that the Hamaker’s parameter for particles of
different metals reaches a maximum at different particle sizes. As found,
that for the nanoparticles of the studied metals, the free energy decreases
with increasing radius, however, for all metals except gold, this decrease is
insignificant, which is explained by the different contribution of surface
scattering to the effective relaxation rate. As proved, that the quantitative
and qualitative discrepancies between the results of calculations for nanopar-
ticles of various metals are associated with different volumetric concentra-
tions of conduction electrons (different frequencies of volumetric plasmons)
and differences in the values of the volumetric relaxation rate.

Key words: Hamaker’s parameter, Van der Waals interaction, metal nano-
particle, size effects, free energy, relaxation rate.

(Ompumano 9 aucmonada 2021 p.; ocmamoun. eapiaum — 12 6epeszns 2022 p.)

1. BCTYII

MeraJjieBi HaHOUYACTUHKY IIPUBEPTAIOTh 3HAYHY yBary uepes CBOI I[iKaBi
ONTHYHI Ta eJeKTPOHHi BJIACTHUBOCTIi, IO CYTTEBO BiAPiBHAIOTLCA Bif
BJIacTUBOCTEH iX 00’eMHUX aHauOriB [1-5]. IIpmunHo moxibHMX Bif-
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MiHHOCTEH IIPp1 3MEHIIIeHHI PO3MipiB 10 HAHOPiBHSA € PO3MipHI eheKTH.

JocTymmHi Ha ChOTOMHI MeTOAM OJlep:KaHHA HAaHOUACTHMHOK, TaKi AK
¢oTosriTtorpadis Ta eJeKTPOHHO-IIPOMEHeBa Jitorpadis, € TpyaoMicT-
KuMu Ta goporuMu. IIoTeHIiAIBLHO IOTYKHOIO Ta eKOHOMIYHO e(DeKTH-
BHOIO aJIbTEPHATUBOIO € caM030ipKa HaHOUYAaCTUHOK 3HU3Y Bropy [1, 4].
ITe, pasom i3 GiIBITiCTIO IHITX MOMKJINBUX METOJ BUTOTOBJIEHHS IIOTpeE-
O0ye OiIBII TVIMOOKOTO PO3YMiHHSA B3a€MO/ill, Y TOMY UMCJIi i JaaeKomii-
HUX, Mi’K YaCTUHKaMM Ha HAHOPiBHi.

Hessaxxaroun Ha Te, 1110 B3aeMoisa Bau-mep-Baaansca € ci1abkoro, 6e3
ii BpaxyBaHHA HEMOKHA BCeOIUHO MOSCHUTU B3a€EMOIiI0 MiK MeTae-
BUMU HAHOUACTUHKAMMU. B piBHAHHAX, ITIO ONMCYIOTHL B3aeMozio Ban-
nep-Baanbca, TouHU po3paxyHOK BiAIIOBiIAHOI cuJaM B3aeMOill 3ajie-
KUTh BiJ 3HaueHHs mocTiiimoi 'amakepa, 3HaAHHA SKOI HeoOXimgHO, Ha-
IPUKJIAL, IPU OoIHci Midk(asHUX ABUII i IPOTHO3YBaHHA arperailii a6o
OUCIIepPCiiHOI IMOBeHiHKU KoJoifiB. TeopeTmuHe 3HAUEHHS MOCTiMHOI
T'amakepa Moxxe OyTH PO3pPaxX0OBaHO 3 BUKOPUCTAHHAM Teopii Jlidimuirs,
IIT0 BPaXOBYE AieJeKTPUUHI a00 CIeKTPaJIbHi BJaCTUBOCTI HAHOO0 €KTiB
Yy IITPOKOMY YaCTOTHOMY iHTepBaJi, Bimomomy 3asgainerias [4, 6]. IIpo-
Te TPYAHOIITi, IIT0 BUHUKAIOTh IPU OJIePyKaHHI CIeKTPAJIbHUX JaHUX IS
OiJIbIITOCTH MATEPisAIiB i TOUHe BU3HAUEHHS 3B’ A3aHUX i3 HUMU mapaMe-
TpiB (HAIpPUKJIAL, OieJeKTPUUYHOI IIPOHUKHOCTH, IIOJSIPU30BHOCTHU),
YCKJIAIHIOIOTL OJePKaHHsA OIiHKM mocTiiinol 'amakepa. Amapar moBe-
pxueBoi cunu (SFA) [7] Ta aTromHO-cuoBuii mikpockor (AFM) [8-10] e
MOTYXHUMM iHCTPYMEHTAMHU IJis EeKCIepHMMEeHTAJLHOTO BU3HAUEHHS
nocritiHol 'amakepa, Toai AK pe3yabTaTH YYTJIUBL A0 IIPUCYTHOCTHU O0-
mimox [11]1i moTpebyroTh CKJIaAHOI TiATOTOBKY 3Pa3KiB.

ToMy pospaxyHOK PO3MipHOI 3ajeXHOCTU IocTiiiHoi I'amakepa nsa
BUIIAJKY BaHIepPBaaJbCiBChKOI B3a€MO/Iil HAHOUACTUHOK Pi3HOI reomer-
pii, 30KpeMa, chepUUHUX € aKTYaJbHOIO 3a/IaY€el0.

VY maniii poboTi posMipHa 3ajiekHicTL KOHCTaHTU 'aMaKepa IpUPOL-
HO BUILINBAE 3 BUPA3y JJA BiJIbHOI eHeprii B3aeMozil chepruuHnNX HAHO-
YaCTUHOK 3 YPaxyBaHHIM BiTOMOTO CIIEKTpa eJIEKTPOMArHEeTHUX (DJIIOK-
ryamnin [12, 13].

2. OCHOBHI CIIIBBIJTHOIITEHH 1

PosrissaemMo BaHAepBaalbCiBChKY B3aEMOiI0 ABOX C(hepUUHUX MeTaje-
BUX HAHOUYACTUHOK. BBa)RaTI/IMeMO, II10 YaCTUHKX MAalOTb O,ZIHaK.OBI/IfI
paziroc R i BUTrOoTOBJIEHI 3 OZHOTO MeTaJy, BJIACTUBOCTI SIKOT'O OIIHUCY-
IOThCA JIieJIeKTPUUYHOIO QPYHKIIi€I0 €(®), a BiicTaHb MiK IleHTpaMM Ha-
HOYAaCTHHOK mopiBuioe d (puc. 1).

H1a KoKHOI YaCTUHKY BBeieMO chepuduHy cucTeMy KoopawHar (11, ¢1,
01) i (72, 02, 02). BHACTiMOK TOTO, 1110 ABUIIIA B TaKill cCCTEMi He 3ajIeKaTh
BiJ a3MMyTaJbHUX KYTiB, 11 Pyp’e-KOMIIOHEHT CKAJIAPHOTO IIOTeHIiATY
B HaHOUacTUHKAaX (obJsacti I i 2) i B oTouytouomy mpocTtopi (0b6aacts 3) 3
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JieJIeKTPUYHOIO IPOHUKHICTIO ¢, MaeMO PiBHAHHA 'eIbMrosbia

10(,0) 18 )
[r or, (ri 6rl}+ r? o’ }pm((o, s 9)=F9,[, ¢,) (@ =123). (1)

Posw’sas3ku piBHAHG (1) 115 obsacreit 1 i 2 MaroTh BUTIAL

(le(rl’ ¢1) - 2k Z C’lm‘[erl/Z(kr)elmq’1
(2)
P50 (75 0y) = / ohr, Z Con (k) €™
a 1Jis obaacti 3:
9u0 (s 10 7, 25 2 | P Kby s 2K )™ | (3)
i Vi

Ie k — XBUJIBOBE YUCIO, I ni1/2(X) Ta Kmi1/2(x) — IudensmoBa Ta Makgo-
HaabaoBa PYHKITII HATiBITiJIOr0 MOPAIKY, a Koe@imieHTH A1nm, Aom, Cim i
Cs,, BUBHAYAIOTHCS 3 MEYKOBUX YMOB HeIIePepPBHOCTHU MOTEHIIiANY i HOp-
MaJIbHOI CKJIAJOBOI BEKTOpa eJIeKTPUUYHOI iHAYKIII Ha Mexxi momimy
«MeTajieBa HAaHOUACTUHKA—0TOUYIOUe CePeIOBUIIIE»

(plm rn=R = (p3(n n=R ’(p2o) r,=R = (p30) r,=R ’
6(0)) a(le — a(p&» 6(0)) a(PZm a(pSm (4)
arl n=R " arl n=R ’ arz =R " 67'2 n=R

Puc. 1. T'eomeTpis 3agaui.

Fig. 1. Geometry of the problem.
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g ogepskaHHA 3aJI€KHOCTHU IIOTEHITIANY (3, Bif OgHi€el rpynu Koop-
IWHAT, CKOPUCTAEMOCH TeopeMoio fogaBauusd I'pada [14]

1

—K,, ,(kr)e"™ =
n+1/2 1 n+m+1
Jr J_ =

1 in im
K, ., (ke b= — K, . wn(RDI, ., (k1) e b (50)

A fw

ITigcraBasiouu (5) B (2)—(4), omep:KyeMoO

(A1, 5 (kT,) ™, (5a)

ClmIm+1/2(kR) = Alme+1/2(kR) + z AZpr+m+1(kd)Im+l/2(kR)’
p=—x
szIm+1/2(kR) = Amem+1/2(kR) + Z Alpr+m+1(kd)Im+1/2(kR)’
p=—0
+00 (6)
e(®)C,, f(ER) = (A,,g(ER) + f(ER) z A2pr+m+1 (Bd))e,,,

e(®)C,, f(ER) = (A,, g(kR) + f(kR) Z A, K, (k)

e BBeJeHO II0O3HAUEeHHA
f(kR) = -1,,.,,(kR) + kR(,,_,,(kR) + I,,,,,(ER)),
g(kR) = -K,, ,,(kR) — kR(K,, ,,(kR) + K, ,(kR)).

ITosbaBasiounck Bifg Cin i Com v cIiBBigHOIIIEHHAX (6), OIEPIKUMO CHU-
CTeMYy PiBHAHD

Alm + Alm A2me+p+1 (kd) = O’ A2m + A2m Alme+p+1 (kd) = O
p=—0 p=—©
a BUpasu AJd A1y = Agm = Ay MOYKHA OJIEPIKATH 3 CUCTEMU PiBHAHD (6):

A, = (@) — €D, ., (ER)f(ER}e(@)f(RR)K,, , »(kR) ¢, 8(kR)L,,., ,(kR)} . (7)

Bupas nna BinbHOI eHeprii BaHgepBaabCiBChbKOI B3aeMoii chepuy-
HUX HAHOYACTUHOK MOsKe OyTH 3alIMCaHUN ¥ BUTJIAIL

F(d) = k,TV §Of (2‘“‘) In det(I - L(io, , ), (8)

e iHTerpyBaHHA BeJeThedA 3a ycim cpepuunum k-ipocropom, kg — Bo-
JbIIMaHHOBA cTajga, 1 — TeMmieparypa, V — o00’em cucremMu, I — ogu-
HUYHUH OIIepaTop, a MaTpuilsa omeparopa L mae Burasan
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~+00
le=z A (ks i0)A, (R, i0))K, (EDK,  (kd). 9)
p:—EX)

Hnsa cupomienHsa popmyau (8) CKOPUCTAEMOCSA TUM, IO BiCTaHb MiMK
HaHOYACTMHKAMU 3HAYHO OinbIna 3a ix pagitoc (R/d <<1). Kpim Toro,
OCHOBHUM BHECOK B iHTerpan y ¢opmyJi (8) BHOCHUTL 00JacTh ER << 1.
Tomy MOKHaA 3poOUTH BUCHOBOK, IO BciMa uaeHaMu, KpimM Lo B cymi (9)

MOJKHAa 3HEXTYBATH, a ¥ PO3KJIaIi

m+p+ l+p+

In det(I-L) = —SpL—%Sp(Lz)—ésI)(LS)_---

BpaxyBaTH JUIIIE TEePIIUH YJeH.
OcKinpku

) (kR/z)v+2K N (kR/z)v

I, (kR) = ;K!F(K+V+1)) T Tk+1)

3 (8) omep:KUMO CITiBBimHOIITEeHHA

— kBTV wl i 2 _ kBTV Oor v 22 . 2
Fd)=-=2--% jm dkk SpL=-=2 % [O dRE*AX (R, io,)K2(kd), (10)
e y TOMY K HaOJIMyKeHHi
3
CRY (c(i0,) - )
Ay(k, i) = 3“kR . . (11)
e(icon)( 6) +¢,.(2+kR)
IlincraBasioun (11) B (10), MmaTumMemo
6 o +o0 8 12
T n=
° {(kR) e(icon)+(2+kR)em}

Bnpa§ A e(io,) BumauBae 3 popmyan JIpysae 3 ypaxyBaHHAM 3aMi-
HU ® — i®, 1 Ma€ BUTVIAL

2
()

o) =clio,)=e +—2 (13)
('On((on + Yeff)

Ie o, — IJIa3MOBA YaCTOTa, € — BHECOK KPHUCTAIIUHOI I'PATHUIII B Aie-
JEeKTPUUYHY (DYHKIIIIO, Yerr — e(GeKTuBHA MIBUIAKICTH pejakcailii, o
BPaxoOBY€ PO3Cil0OBaHHSA €JeKTPOHIB B 00’e€Mi Ta Ha MOBEePXHi HaHoUacC-
TUHOK [15]
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Vr

Yett = Youk T ¥s = Youx T- VE’ (14)

a e()eKTUBHUU IMapaMeTep, IO ONMNCYE CTYIIiHb BTPATHA KOT€PEHTHOCTU
I cpepUUHNX HAHOUYACTUHOK MOMKHA 3amucaT y BUraani[16]

.~/=1£&j . (15)

Ockinpkn ymoBa k,T < ho < fic /d BUKOHYETHCS, TO IiJCyMOBY-
BaHH4A B (12) Mo:kHa 3aMiHUTHY iHTEI'PYyBaHHAM 3a . ToMmy, 3 ypaxyBaH-
HAM 3aMinu kT — ho, i cuiBignomens (13)—(15), oxgep:xumo Bupas
ILJIST PO3MipHOI 3aJIesKHOCTH BisTbHOI emeprii

Fd) - _Mwa[E@, R o F kK2 (kd)d(kd)
0

9r'q’® " 2
0 {1 (BED)” - . R)+ €. (2 + deﬂ

-, (16)

6 d d

/€ BBE€IE€HO IIO3BHaYEHHA

2
(Dp

E(w, R)=€" + - 17)

ol o+ + 19 vp

Y butk 40> R

3MiHIOIOUYM ITOPAOK iHTeI'PyBaHHA, OAEPIKUMO
2
ho, VRS % % = _
Fd) = =2 [ dlha)ha) K )| {20 o
TE o 0 E?(kd)zE(co, R)+e, (2+dde

BBogsauu HOBi sMiHHI iHTerpyBaHHA X = kd i Yy = ©p/®, MATUMEMO JJId

TABJHAIIA 1. Ilapamerpu MeTasiB (IUB., HATPUKJIaZ, [5, 18] Ta mocuaaHua y HUX).

TABLE 1. Metal parameters (see, for example, [5, 18] and references therein).

Meranu
ITapameTep
Al Cu | Au Pt
s/ Qo 2,07 2,11 3,01 3,27
m/m. 1,06 1,49 0,99 0,54
€” 0,7 12,03 9,84 4,42

You, 10 ¢! 1,25 0,37 0,35 1,05
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BLJIbHOI eHeprii BaHIepBaabCiBChbKOI B3aEMO/Iil

ho VR® T s 2, 0 dy( ay’® +a2y +a,y+a, ’
F(d) = —jdxx K: (x)j ,  (18)
an*d’® b b b b
3y + 2y + 0,y + 0,
Ile BBeIeHO [IO3HAUEeHH A
1 Uy - -
a; = 1R L —en)s @y =0, a4 =V (€7 — €)@y =0, (€7 —¢,),
2 2
b, :lvp 1 R2 21 e 2+£x , b, =1R—2copx2,
4 R|6d d 6 d
0
‘ -1
—0.5
£
T3,
R 2?3
- Li‘l,s
-2
20 10 60 20 700
0
-1
¥ -2t
GO
R -8
% -3
-4
- 10 B, on 20
% 20 40 60 80 100
R, HM
6

Puc. 2. Poswmipui samexHocTti BisbHOI eHeprii B3aeMOZifiHMX HAHOYACTHUHOK
3oJ10Ta (a), migi (0) i mmatTuHM (8), 110 3HAXOAATHCA HA PisHUX BiAcTaHax: 1 —
d=500M,2 —d=T750HuM, 3 — d=1000 HM.

Fig. 2. Size dependences of free energy of interacting nanoparticles Au (a), Cu
(6) and Pt (8) at different distances: 1—d=500nm, 2—d="750nm, 3—
d=1000 nm.
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20

R, aM

IIpomoB:xenus puc. 2.

Continuation of Fig. 2.

2 2
by = Yy [%%xz T ey (2"'%-’5)} by = o, {%%xz + €, (24—%36)}

3 ypaxyBamuaM 3B A3Ky I'amakepoBa mapameTpa i BilmbHOI eHeprii
BaHAePBaaJbCiBCHbKOI B3aeMOMii 1 chepuUHUX YaCTUHOK [17]

16 R®
Fd)=—-—A4,—7V,
OJIEPIsKYEMO PO3MiPHY 3aJIeKHICTh JaHOI XapaKTePUCTUKI

+00 0 2
4 - _ hmp J.dxxSKZ(x)J‘ﬂ a3y3+a2y2+aly+a0 . (19)
167° 3 ! oy by’ +by’ +by+b,

Y noganemiomy cuiBBigHomieHHA (18) i (19) BUKOPUCTOBYIOTHCS IJISA
PO3paxyHKiB poaMipHOi 3ajye:kHOCTH BijibHOI eHeprii Ta I'amakeposa
rmapaMeTpa y BUMIAAKY B3aeMOil chepnuHNX HAHOUACTUHOK Pi3HUX Me-
TaJIiB, IIT0 BHAXOAATHCA Ha PiSHUX BijicTaHAX OdHA Bix OHOI.

3. PE3YJILTATU PO3PAXYHKIB TA IX OBTOBOPEHHSA

PospaxyHKM TPOBOAUIUCA IJIA BUNAAKY B3a€MOJii HAHOYACTUHOK 30-
JIOTa, MiJi, IJIATUHY Ta aJIOMiHil0, 1110 3BHAXOAATBLCA y MOBITPi (¢, = 1).
ITapameTpu ux MaTepisaaiB BKasaHi B Tabi. 1.

Ilepen oGroBopeHHAM pPe3yJbTATiB 3POOMMO 3ayBaKeHHs BiZHOCHO
pospaxyHKY inTerpaJis y Bupasax (17) i (18). BayTpimiui inTerpanu y
IIUX BUpasax € pos3diskHuMu mpu y —> 0 («yabprpadiosieTroBa» KaTacTpo-
¢a). IIpore, 3 hisMUHOI TOUKU 30PY iHTEpeC CTAHOBUTD iHTEPBAaJ YaCTOT
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o €[0,01w,, 10w,] i, Bigmosigwo, y € [0,1, 100]. Tomy po3paXxyHOK IIbO-
ro iHTerpajia IPOBOAUBCA B ITili 00J1aCTi YacTOT.

Ha pucyHKy 2 HaBeJleHO PO3MipHi 3aJIeKHOCTI BiJIbHOI eHeprii BaHae-
pPBaaJIbCiBChKOI B3a€MOil A1 c(pepmUHNX HAHOUYACTHHOK 30JI0Ta, Misi
Ta IaaTuHu. dK 0aunMo, 3i 30iIbIIIeHHAM PO3Mipy HAHOUACTHHOK eHep-
risg B3aeMO/il CMJIBHO 3MEHINYETLCS 34 BiJHOCHO HEBEJMKHUX BiICTAHAX
Mik vacTuHKamu (Kpusi I Ha puc. 2), a 3 1010 30iIbIIIEHHAM IPAKTUYHO
He 3aJIe’KUTh Bil po3mipy wactTuHOK (KpuBi 2, 3 Ha puc. 2), OCKiIbKHU B
IbOMY BUIIQAKY PO3Mip YaCTMHOK HE3HAUHUU MOPIBHAHO 3 BiJICTaHHIO
Mik HUMHU. [[14 HaHOYACTUHOK BiTHOCHO MaJIOTO pajifoca Taki posMipHi
3aJIe’KHOCTI MOKa3aHO HA BCTaBKaX 0 IMUX PUCYHKiB. AKicHuM xapak-
Tep IUX KPUBUX TAKUUA caMuii, IK i BUDaAKy HAHOUYACTUHOK BEJIUKHUX
pazirociB, mpoTe 3HAUEHHS BiJIbHOI eHepTii MeHIIle Ha TPU TOPAIKMN.

70

601

50t

40}

Ay, allx

30¢

20 . - J .
0 20 40 60 80 100

0 . - . -
0 20 40 60 80 100

R, HM

6

Puc. 3. Posmipui s3anesxuocti 'amakepoBa mapameTrpa B3aeMOIIMHNX HaHOUYAC-
THUHOK 30J0Ta (a), mixi (6) i miaatunu (8), 110 3HAXOAATHCSA HA Pi3HUX Bifcra-
Hax: 1 —d=500uMm, 2 — d="750 aM, 3 — d =1000 HM.

Fig. 3. Size dependences of the Hamaker’s parameter of interacting nanopar-
ticles Au (a), Cu (6) and Pt (8) at different distances: 1—d =500 nm, 2—
d="750 nm, 3—d =1000 nm.
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20

Ay allx

0 20 40 60 80 100

IIpomoB:xenus puc. 3.

Continuation of Fig. 3.

Ha pucyury 3 mpomeMOHCTPOBAHO po3MipHi samexHocTi 'amaxkepoBa
mapaMeTrpa IJd HaHOYAaCTUHOK THX CaMHX METaJiB, IO i y molIepesHbo-
My BUHOanKy. Bigmitumo, mio mgasa Bcix merasiB 'amakepiB mapamertep
CIIOYATKY B301JIBIITYETLCS, MOCATAIOUN MAKCHUMYMYy, a IIOTiM IOUYMHAE
amenmryBaTuca. OgHAK el MaKCUMYM JJIs YacTUHOK Au (puc. 3, a)i Cu
(puc. 3, 6) cmoctepiraerhea npu R ~ 5 HM, TOAI AK /g HAHOUACTUHOK Pt
(puc. 3, 8)i Al upu R ~ 20—40 M, 3amexHO Big Bigcraui misk Humu. Tary
IIOBEJiHKY 3aJIeXKHOCTH .4, (R) MJIA IUX MeTaliB MOMHA IIOSACHUTH CyT-
TE€BOIO BiAMiHHICTIO y BeJamumHi e(peKTHUBHOI INBUAKOCTH pPeJaKcalrii.
Tax, HaBiTh Youk AJ1A Pt i Al mpubamaHo BTpuyi 6inbina, HikK ama Au i Cu.

Ha pucyHKy 4 mpoBOIUTLCA IIOPiBHAHHS Pe3yJILTATIB PO3PaxyHKIB
posmipuux 3aje:kHocTelr 'amarepoBa mapamerpa (puc. 4, a) i BinbHOI
eHeprii (puc. 4, 6) Ana chepUUHNX HAHOYACTUHOK Pi3HUX MeETaJiB, IO
3HaxomATheA Ha Bimcrani 500 aM. s Becix meTasiB, Kpim adoMiniio mae
MicIie 3MeHIIIeHHs ["aMaKepoBa mmapaMeTpa Ipu 30iIbIIIeHHI po3MipiB ua-
CTUHOK 1 3MEHIIeHHs BiJIbHOI eHeprii, IrpoTe JJsd BCiX MeTaJIiB, KpiM 30-
JoTa ii saMeHIIeHHs He3HauHe. Kpusi posMmipHux 3ayexHocteit 'amake-
poBa mapameTpa AJIS 30JI0Ta Ta Mifi AKicHO mOAi0OHi, IPOTe B YUaCTOTHOMY
IisITIa30Hi, IO POBTJIAMAETHC, I BeJINUYNHA MaKCUMaJIbHAa IJIs1 HaHOYAa-
ctuHOK Mifmi. Taka moBemiHKa BKasaHUX 3aJ€KHOCTEH OB’ A3aHa 3 iCTOT-
HUMU BiIMiHHOCTSAMU BEJIMUUH Wp U Youlk LI JAHUX METaJiB.

4. BUCHOBKH

Opmep:xano po3MipHi 3amexuocTi 'amakepoBa mapamerpa i BibHOI ene-
prii BaHIEepBaaJbCiBChKOI B3aeMOAil cheprUHMX MeTaJieBUX HAHOUYAC-
TUHOK 3 YPaXyBaHHAM 00’ €MHOTO Ta ITIOBEPXHEBOTO PO3CiTHHA eJIeKTPO-
HiB. PospaxyHKH mpoBOAUINCSA B 06JIaCTi 4acTOT, ITTO CTAHOBUTH IIPaK-
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Puc. 4. PosmipHhi 3anesxuocTi ['amaxkepoBoi KoHcTanTH (a) Ta BiIbHOI eHeprii (0)

IS HAaHOYACTUHOK Pi3HMX MeTaJIiB, IO 3HAXOAATHCA Ha Bigcrani d = 500 am: 1
—Au,2 —Cu, 3—Al.

Fig. 4. Size dependences of the Hamaker’s constant (a) and free energy (6) for
nanoparticles of different metals at a distance of d=500nm: 1—Au, 2—Cu,
3—Al.

TUYHUH iHTEepec.

Mg B3aeMOmiHMX YaCTUHOK BCiX PO3IVISHYTUX MeTaJIiB BiJibHA eHe-
Prifg CMJIBbHO 3MEHIIIYETHCS HPU BiTHOCHO HEBEJIMKUX BilcTaHAX MiK
YaCTUHKAMU, a 3 1i 30iIbIIIeHHAM IPAKTUYHO He 3aJIeKUTh Big po3aMipy
YAaCTHUHOK, IO IIOB’A3aHe 3 CYTTEBUM II0CTIa0JIeHHAM B3aeMogii 3i 30i-
JBIIIeHHIM BiicTaHi MiK HaHOUYACTUHKAMMU.

T'amakepiB mapamMeTep cArae MaKCUMyMYy y BUIIAAKY B3aeMomii BigHO-
CHO MAaJINX YAaCTHUHOK 30JI0Ta i Mimi Ta GLIBINI KPYHHUX YACTHUHOK aJIio-
MiHifO Ta IIJTaTUHU, 10 IIOSICHIOETHCA CYTTEBOIO BIIMiHHICTIO Y BeTMUnHi
e(eKTHUBHOI IIIBUAKOCTH PelaKcallii AJIsd X MeTaJIiB.

3MeHIIIeHH BiIbHOI eHeprii 3i 30iabIIIeHHAM PO3Mipy HAHOYACTHHOK
Mae€ MicIie IJ1d BCiX MeTasiB, IO PO3TISIAI0ThCA, OJHAK AJISI BCix MeTa-
JIiB, KpiM 30JI0Ta BeJIMUMHA IILOT'0 3MEHIIIeHH He3HauHa.
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B pmocaimsxkyBaHoMy YacTOTHOMY HifAmnasoHi 3HaueHHA ['amakepoBa
napaMeTpa OpPU OJHAKOBOMY pPO3Mipi B3aeMOAiMHMX HaAHOUYACTUHOK
HAMOiNbI A1 HaHouacTUHOK Mimi. Ile MoKHA MTOACHUTH PLMKHUIIEIO Y
KOHIIeHTpAaIlil eJIeKTPOHIB, a TAKOXK Y 3HAUEHHAX 00’ €MHOI IIIBUIKOCTHU
peakcarrii.
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Simulation of Gas Flow with Nanocomposite Carbon-
Containing Powders in Supersonic Nozzle

0. V. Shorinov and S. A. Polyviany”

National Aerospace University ‘Kharkiv Aviation Institute’,
17 Chkalov Str.,
UA-61070 Kharkiv, Ukraine
“Motor Sich JSC,
15 Motorostroiteley Ave.,
UA-69068 Zaporizhzhya, Ukraine

Modern technologies for producing carbon nanostructures are based on many
years of experience in the development of coating methods. The latest trends
in the formation of carbon nanostructures are associated with complex tech-
nological processes of physical and technical treatment, when microstruc-
tures are obtained based on traditional methods, which are then completely
or partially modified into nanostructures. In this case, the possibility of the
formation of a part of nanostructures in a gas flow is considered in order to
use them as islands of growth of other nanostructures on the treated surface.
The conditions for formation of the specified structures are characterized by
the energy state of particles, physical and mechanical properties of particles
and substrate materials. The paper presents the results of numerical simula-
tion for determination of velocity and temperature of nanocomposite metal-
matrix powder particles in a supersonic nozzle. The necessity to determine
parameters of solid particles of powder in a two-phase supersonic flow is de-
termined. Particles velocity and temperature are the crucial parameters
which allow for formation of coatings and impact their physical and mechan-
ical properties. The contour plots of velocity and temperature distribution in
the nozzle and free space from the nozzle exit to the substrate are obtained.
Coating application and its characteristics are considered when selecting
coating materials. The numerical simulation is performed for the particles of
boron carbide (B4C) and nickel (Ni) powders. The dependence of velocity and
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temperature of nano-sized B4C particles in the nozzle on the gas initial condi-
tions is analysed. The obtained results are an important stage in the develop-
ment of optimal technological processes of coating deposition with selection
of arational ratio between velocity and temperature of the sprayed particles.

Key words: nanocomposite coatings, supersonic nozzle, cold spraying, micro-
and nanopowders, two-phase flow.

CyuacHi TexXHOJIOTii ofep:;KaHHsA BYTJIEIIEBUX HAHOCTPYKTYP CIMPAIOThCA Ha
GaraTopiuHM HOCBi PO3BUTKY MeTOJ HaHeCeHHA mMoKpuTTiB. OcTaHHI TeHae-
HITii B 00J1acTi popMyBaHHA BYTJIeIeBUX HAHOCTPYKTYP OB’ A3aHi 3 KOMILIEK-
CHUMHY TeXHOJIOTIYHUMMU IIpolecaMu (pisuKo-TeXHiYHOT0 06pOobIeHHA, KOJIU Ha
OCHOBIi TPaAUITIHHUX METOJ OJIEPKYIOTh MiKPOCTPYKTYPHU, AKi IIOTiM HOBHIiCTIO
a00 yaCTKOBO MOAU(iKYIOThCA B HAHOCTPYKTYypHU. Ilpu 11boMy posTisgacTbesa
MOXKJIUBICTh YTBOPEHHSI YACTMHU HAHOCTPYKTYP B ra30BOMY IIOTOIi, 3 TUM,
11100 BUKOPUCTOBYBATH iX B AKOCTi OCTPiBI[iB 3POCTaHHS iHIITUX HAHOCTPYKTYP
Ha 06pobJIIoBaHill TOBepXHi. YMoBaMu (DOPMYBAHHSA MIEBHUX CTPYKTYP € eHep-
TeTUYHUM CTaH YaCTUHOK, (DiBMKO-MeXaHiuHi BJIACTUBOCTI MaTepiAiB uacTu-
HOK Ta IMiAJI0KKA. ¥ poOOTi mpencTaBaeHo pe3yJIbTaT KOMII IOTEPHOI'0 MOJe-
JIIOBAaHHS i3 BUBHAUEHHSA IIIBUAKOCTHU Ta TEMIEPATYPU YACTMHOK HAHOKOMIIO-
BUTHHUX MeTaJO-MaTPUUYHUX MOPOIIKiB y HaA3ByKOBOMY corri. ChopMyaboBa-
HO Tpo0JeMy HeoOXiJHOCTM BU3HAUEHHSA HMapaMeTPiB TBEPAOI YaCTHUHU IIOPO-
IIKY B ABO()asHOMY HaA3ByKoBoMYy moToili. IIIBuakicTs i Temmeparypa dyacTu-
HOK TIOPOINKY € HaWBaKJMBIINIMMU mapaMeTpaMU, Bii AKUX 3aJI€KUTHh MOMXK-
JUBicTh (hOPMYBaHHSA IMOKPUTTS, a TaKOK IX (pismKo-mMexaHiuHi xapaKTepuc-
TuKu. Ogep:KaHo II0JIA PO3IOLiIY MIBUAKOCTH Ta TeMIIEPATYPU IIOTOKY B COILIL
Ta BiIbHOMY IIPOCTOPi Bix 3pisy comia go migmosxk:ks. Ilpu BubGopi mopomiko-
BUX MATEPifAJiB OJaA HOCIiMKeHHA OYJIO BpaXOBAaHO CIYyK00Be IpU3HAUECHHS
MOKPHUTTIB Ta IX BJACTUBOCTi. ¥ HaHill poOOTi MOIeTIOBAaHHSA IPOBEIEHO AJIA
YyacTUHOK mopomiKy Kapboima Bopy B4C Ta Hikaio Ni. BeramoBiieHo 3ayieKHiCTD
IMIBUAKOCTHA Ta TeMIIepaTypu HaHOpoaMipHuX uyactmHOK B4C B KaHaji comna
BiJ mapaMeTpiB ra3oBOT0 MOTOKY Ha BXomAi Hhoro. OmepskaHi pe3yabTaTu € Ba-
JKJIMBUM €TallOM PO3PO0JIEHHA OINTHUMAaJbHUX TeXHOJOTIUYHMUX IIPOIeCiB Hamu-
JIIOBAHHS 3 BUOOPOM paIlioHAJbHOI'O CIiBBiJHOIIIEHHS MiK IIIBUAKICTIO Ta T€M-
IepaTypoio YaCTUHOK, 10 HATTUJIIOIOTHCA.

KarouoBi ciioBa: HAaHOKOMIIO3UTHI TOKPUTTA, HAJ3BYKOBE COILJIO, XOJIOJHE Ha-
MHUJII0OBAHHS, MiKpPO- i HAHOIIOPOIIK Y, TBO(Aa3HUU IOTIK.

(Received December 10, 2020; in final version, November 5, 2021 )

1.INTRODUCTION

Carbon nanomaterials are considered as promising candidates for large
number of applications such as for FETs [1], supercapacitors [2],
nanofluid applications [3], photovoltaic devices [4] and field emitters
[6]. Metal-matrix composite carbon-containing coatings can be applied
in order to increase surface properties of the parts. These coatings con-
sist of a mixture of metal and carbides or oxides powders. Currently,
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the following methods are used to obtain such coatings: laser cladding
[6], plasma spraying [ 7] and deposition [8], and electron-beam cladding
[9], to mention a few. Various technologies are applied to treat the sur-
face to grow the nanostructures[10, 11], and most of them are ground-
ed on the physical effects occurring at the interaction of the gas-phase
[12], plasma [13] or sprayed material [14] with a treated substrate.
Among them, the technology of cold gas-dynamic spraying is a promis-
ing method for applying nanocomposite coatings [15].

Cold spraying (CS) is a coating method based on the effect of for-
mation of a strong metal layer during interaction of two-phase
(gas + solid particles) supersonic flow with a substrate. The principal
difference from the well-known gas-thermal methods (plasma, detona-
tion, gas-flame, etc.) is that the main energy source in the coating pro-
cesses is the kinetic energy of not relatively light-weighted ions, at-
oms, or molecules [16], but of heavy high-velocity solid particles,
which are the clusters of the material. The physical mechanism of CS
coating is a high-velocity deformation of particles on impact, which
causes intensive shear instability of the material along the contact
boundaries and formation of adhesive-cohesive bonds [17].

Metal-matrix composite coatings based on boron carbide (B4C) and
nickel (Ni) metal base are of particular interest. Utilization of B4C with
its unique properties (high hardness, low density, etc.) in the initial
mixture can significantly improve physical and mechanical properties
of composite coating. The selection of nickel as a metal base is due to its
satisfactory machining and good corrosion resistance properties.

In recent years, deposition of nanocomposite coatings by cold spray-
ing has become an urgent problem. V. M. Fomin et al. [18] have sug-
gested a novel method of formation of heterogeneous Ni + B4C coating
based on cold spray deposition process with subsequent laser treat-
ment.

Paper [19] shows the study results of titanium-based coating prop-
erties with addition of silicon carbide and boron carbide particles. The
obtained coatings have showed low porosity (< 1% ). The coatings mi-
crohardness amounted to 98+29HV.,;, 139+65HV.,: and
258 +115HV_, for Ti, Ti+ B4C and Ti + SiC compositions, respective-
ly.

Influence of hard particles content on microhardness and thickness
of Al+B4C, Cu+B4C, Ti+ B4C and Ni+ B4C coatings was investigated
in [20]. It was found that adding of B,C to the powder composition
leads to increase of microhardness of composite coatings by compari-
son with microhardness of studied metal coatings without carbide solid
particles. It was showed that an increase of B4C volume concentration
in a powder mixture leads to decrease of coating thickness. The coat-
ings porosity was less than 2% .

A numerical simulation of two-phase flow in low-pressure cold
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spraying supersonic nozzle is described in enough detail in [21-23].
However, an analysis of current state of the art in a field of cold spray-
ing showed that previous studies were aimed at experimental research
of the spraying process of nanocomposite powder composition and it
lacks information of theoretical investigation of the process.

The development of mathematical models for prediction of particles
parameters in a gas flow is an important stage in optimization process
of cold spraying and development of technological recommendations.
The aim of this study is to determine the energy parameters of parti-
cles of nanocomposite coatings in low-pressure cold spraying superson-
ic nozzle in order to develop spraying technologies and new equipment.

2. SIMULATION DETAILS
2.1. Calculation Model, Boundary and Initial Conditions

The ANSYS FLUENT software was used for flow simulation. The cal-
culation was conducted for standard low-pressure cold spraying nozzle
SK-20 (Fig. 1).

The initial conditions for the simulation were: nozzle geometry, pa-
rameters of the flow at the nozzle inlet and properties of powder parti-
cles. Boundary and initial conditions were used to set the pressure and
temperature of the working gas at the nozzle inlet, axis of symmetry,
walls, ambient temperature and pressure.

The substrate was tagged as a wall at a distance of 15 mm from the
nozzle outlet. Air was used as the working gas. Air pressure at the noz-
zle inlet was set at 1.0 MPa. The inlet air temperature was set in the
range from 573 to 873 K. The simulation was performed for B,C and Ni
powders with a particle size of 500 nm and 15 um respectively. The
powder was fed perpendicular to the axis of the nozzle through the
powder supply channel named as Powder Inlet (Fig. 1). The powder
particles velocity at the Powder Inlet was set at 20 m/s with the tem-
perature of 300 K. Acceleration of the air-powder mixture to the su-
personic velocity was observed in the divergent part of the nozzle, con-
sisting of four consecutive cylindrical sections (Fig. 1). The ambient

7.5

1.5
Powder Inlet

e = } -

8.5
\
N,

24.0

2.7
4.9

120.0

Fig. 1. SK-20 nozzle geometry.
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pressure and temperature were 1 bar and 300 K respectively. The cal-
culation model with boundary conditions is schematically shown in
Fig. 2.

In order to obtain the optimal size of the calculated mesh, a series of
preliminary simulations were performed. It was found that reducing
the mesh size less than 0.2x0.2 mm does not increase the accuracy of
calculations, but increases the calculation time.

2.2. The Governing Equations of Turbulent Flow

The gas flow in cold spraying is compressible, viscous and turbulent.
The model which is used in simulation is based on the Navier—Stokes
system of differential equations with the Reynolds method of averag-
ing the time-dependent equations together with the standard k—¢ tur-
bulence model. Governing equations for turbulent flow are the follow-
ing[24]:

1) Conservation of mass:

d
E(Png) =0, eY)

7

where p, is the gas density, V;is the velocity vector in the j*" direction;
2) Conservation of momentum:

d dp dr,;
= (P VV)=-"T s yp g, 2
dx, (pgViV) dx, dx, Peé @
where t;;is the stress, g;is the gravitational acceleration.

The stress can be given by

dv, dv. 2 dv,
o= ol G | @

J i

where p is the molecular viscosity, 6;;=1 for i =j, otherwise 6;;=0, u; is
turbulent viscosity given by
k!

b =p,C, s (4)
t

where C, is the constant, C,=0.09, k; is the kinetic energy of turbu-
lence, ¢ is the dissipation of kinetic energy of turbulence, which can be
defined in the k—¢ turbulence model.

A standard k—< model of turbulence is usually used to close the sys-
tem of equations (1)—(4). In accordance with FLUENT User Guide [25],
these are
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d d (u, dk
E(pg‘/jk) = E(c_tEJ + Gy + G, —p,E, ()
i i k i
d d [, de € g2
L o ve)="2 M a fG +6)-Gp, 2, 6
dx, (Pg i€,) dx, [Gg dxl} 1e kt( k b) 2:Pg B, (6)

where Ci¢, C2, o1, . are the empirical constants, o, is the turbulent
Prandtl number, on = wC,/kt, Gk is the rate of production of kinetic en-
ergy of turbulence:

dv, dv. \dv,
Gk = My : + - - ) (7)
dx, dx; )dx;
G is the generation of turbulence due to buoyancy:
d
G, =g, L& (8)
POy dx,

The presence of a solid dispersed phase in a two-phase flow can be
described using the second transport equation. The trajectory of the
particle of the dispersed phase is determined by the integration of the
balance of forces acting on the particle in the Lagrangian coordinate
system (Lagrange method for tracking the trajectory of the particle)
[26].

In order to simplify the calculations, some assumptions are made:
the shape of a particle is spherical, the particle is solid and inert. Cal-
culations are performed for the single particle in the gas flow. The in-
teraction between the particles is neglected because the volume con-
centration of particles is quite small [27]. Also, the calculations do not
consider the force of gravity, because the residence time of the particle
in the flow is very small.

The force balance equation acting on a particle can be written in the
following form [28]:

\2 3 77777\7575 |

Fig. 2. Boundary conditions for the simulation: I—nozzle inlet, 2—particle
inlet, 3—nozzle axis, 4—nozzle walls, 5—nozzle outlet, 6—non-reflective
boundaries, 7—substrate.
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av, g/, —p.)

Lo f V., -V )+ +F, 9)
dr P Py
where f,(V,, -V, ) is the drag force per unit mass of the particle:
18u C,Re
f = —b =2 (10)
p,d, 24
where Re is the relative Reynolds number, which is defined as
al|v.. -V .
Re — poo P | P, 0,1 , (11)
n

Cp is the drag coefficient and is a function of the relative Reynolds
number

O
b
Ré?

where a4, a2, 03 are the constants that apply over several ranges of Re.
The velocity of the particle at each point along the trajectory can be
predicted by integration of equation (9) with (12)

o
Cp=ay+ b (12)

b

Fig. 3. Gas flow simulation results at Po=1.0 MPa and Ty =723 K: gas veloci-
ty (a), gas temperature ().
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‘Zf -V, (13)

3. RESULTS AND DISCUSSION

Figure 3 shows simulation results for gas velocity (a) and temperature
(b) at the following gas inlet parameters: temperature is 723 K and
pressureis 1.0 MPa.

The results show that the acceleration of the gas occurs in the nozzle
throat and at the beginning of divergent part of the nozzle. Gas tem-
perature in the convergent part of the nozzle decreases to about 80% of
its initial temperature at the nozzle inlet. Further decrease in gas tem-
perature in the divergent part of the nozzle depends on the nozzle ex-
pansion ratio.

Figures 4 and 5 show simulation results of velocities and tempera-
tures of B4C and Ni particles depending on the gas temperature at the
nozzle inlet.

As can be seen from the results of the simulation, an increase in gas
inlet temperature leads to increase of gas velocity and temperature
which can be explained by the following equation:

V =\yRT, (14)

where R is specific gas constant, y is gas molecular weight, T is gas
temperature.

Particle velocity, m/s

1 —B,C (T,=573K)
2—Ni (T,=573K)
3 B,C (T,- 723 K)
|4—Ni (T,=723K)
5 — B,C (T,=873K)
6 Ni (T,=873K)

0 002 004 006 008 0140 012 0.14

Trajectory lenght, m

Fig. 4. B,C and Ni particle velocity at different nozzle inlet gas temperature T.
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S {
/
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~ N

1— B,C (T,=573K)
2—Ni (Ty=573K)
3— B,C (T, = 723 K)
4—Ni (T,-T723K)
5— B,C (T, =873 K)
6 Ni (T,=873K)

0 0.02 004 006 008 010 012 0.14

Particle temperature, K

Trajectory lenght, m

Fig. 5. B.C and Ni particle temperature at different nozzle inlet gas tempera-
ture T.

Result demonstrates that inlet gas temperature affects the tempera-
ture and velocity of particles. An increase in gas velocity leads to in-
crease of velocity of particles in this flow. An increase in temperature
from 573 K to 873 K leads to an increase in the impact velocity of B4,C
particle from 145.6 m/s to 168.9 m/s and the particle impact tempera-
ture from 502.6 K to 710.5 K at a constant pressure of 1 MPa and the
spraying distance of 15 mm. For 15 mm nickel particles at the same
spraying parameters, the particle impact velocity increases from
357.6 m/s to 429.6 m/s and the particle impact temperature increases
from 388.2 K to 512 K. A sharp drop of the impact velocity of B4C par-
ticles can be explained with bow-shock development on the substrate
surface. The bow-shock leads to deceleration of nano-sized particles
and, to a lesser degree effects on micro-sized Ni particles.

4. CONCLUSION

Simulation of two-phase flow in a low-pressure cold spraying superson-
ic nozzle was carried out. The temperature and velocity for nano-sized
particles of B4C powder were obtained depending on the gas tempera-
ture at the nozzle inlet. The results were compared with the results of
micro sized particles of Ni powder at the same spraying condition. Ob-
tained results are important for further studying of cold spraying pro-
cess, modification, and development of spraying equipment in order to
develop a novel functionally gradient nanocomposite coating.
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Titanium materials are widely used in aviation; their poor wear resistance
and easy high-temperature oxidation defects limit their further application.
Cold spraying technology is an excellent way to solve these defects, has essen-
tial significance for its surface research. This study reports the deposition
mechanism of Aluminium (Al) + Titanium (Ti) mixed powders deposited onto
Ti6Al4V by cold spraying technology using Abaqus/Explicit. Because of its
high surface hardness, it is not easy to obtain effective deposition by direct
spraying with pure Al powder. Hence, Ti powder as the intermediate coating
was proposed between Ti6Al4V and pure Al powder. Since there are few re-
ports on numerical simulation of mixed particles, most studies focus on sin-
gle or multi-particles of the same material. The critical process of numerical
simulation of mixed powders is emphasized in detail. Using the recovery co-
efficient is defined to determine the critical speed. The results show that it is
feasible to determine the critical velocity of mixed powder through the small-
er value of recovery coefficient from the perspective of energy. In this paper,
the recommended critical speed of mixed powder is 500 m/s—900 m/s. It will
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provide theoretical guidance for researchers and is of great significance to
further expand the application of other mixed powders.

Key words: Ti6Al4V, cold spraying technology, mixed powders,
Abaqus/Explicit, recovery coefficient, critical speed.

TuramoBi MaTepisau MIMPOKO BUKOPUCTOBYIOTHCA B aBiarlii, ajie HuU3bKa 3HO-
COCTiHIKiCTh Ta YTBOPEHHA Je(eKTiB IpU BUCOKOTEMIIEPATYPHOMY OKHCHEHHi
00MeKYIOTh IXHE IOAaJIbIlle 3aCTOCyBaHHS. TeXHOJIOTis X0JOMHOTO HAITUJIEH-
HA € YyJOBUM CIIOCOOOM JJIA YCYHEHHA IMX NeeKTiB, a TAKOK Mae BasKJINBE
3HAUEHHSA OJIS JOCHiIKeHHS IMOBepxXHi. ¥ il poOOTi mocaigKeHOo MexaHisM
ocayKeHHA 3Mintanux TopoIkiB amominiro (Al) + turany (Ti), Hanecenux Ha
moBepxHIo cToy Ti6Al4V 3a 10IIOMOT0I0 TEXHOJIOTII X0JI0JHOI'0 HATINJIEHHA Ta
Burkopucrauasa Abaqus/Explicit. Hepes BCOKY TBepAiCTh IOBEPXHi CTOITY He-
JIETKO JOCATTH eDEeKTUBHOIO OCAIKEeHHSA IIPU IPAMOMY PO3SNUJIECHHI IOPOIIKY
yucToro amoMinito. Tomy mopomrtok Ti 0yB 3anponoHOBAHUM K IPOMiMKHE I10-
KpuTTa Misk moBepxHero Ti6Al4V i mopomrkom uucroro Al. Ockinbku iHGOD-
MaIii ompo unceabHEe MOJEJIOBAHHS 3MiIlIaHNX YaCTHHOK HebaraTo, 6iJbIIicTh
IOCTiIKeHb CKOHIIEHTPOBAHO HA MOOAWHOKMX a00 MHOKMHHUX YaCTUHKAX
OgHOro MaTepisany. leTarbHO MOAAHO KPUTHUUYHUIN IIPOIEC YUCEJTBHOTO MOJE-
JIOBaHHS 3MimaHux mopoinkie. KoedilieHT BifHOBIIEHHS BUKOPUCTOBYETHCS
I BUSHAYEHHA KPUTUYHOL IIBUIKOCTU. Pe3ysibTaTu MOKa3yoTh, 110 MOKHA
BUBHAYUTHU KPUTUUHY MIBUIKICTH 3MIIIIaHOTO MOPOIITKY Yepe3 MeHIle 3HAUeH-
HA KoeimieHTa BiHOBJIEHHA 3 TOUYKMU 30py eHeprii. ¥ Ii#f cTraTTi KpuTHUUYHA
MIBUAKICTH 3MIIIIAHOTO IIOPOIIKY, IO PeKOMEHIYyeEThCA, cTaHOBUTHL 500—-900
M/c. Ile Mmoske OYTH TEOPETUUYHUM MOCIOHMKOM JJIs TOCIiZHUKIB, a TAKOXK Mae
BeJIMKe 3HAaUeHHS JJIA U PIIOT0 BUKOPUCTAHHSA iHITNX 3MillTaHUX IOPOIIKiB.

Kuarouori ciaosa: Ti6Al4V, TexHOJOriA XOJOAHOTO HAIMJIEHHS, 3MIIIaHi II0-
pomiku, Abaqus/Explicit, koedimieHT BifHOBIeHHA, KPUTUYHA MIIBUIKICTD.

(Received November 30, 2021, in final version, December 3, 2021 )

1.INTRODUCTION

Ti alloy applies widely in aerospace [1]. It belongs to hard materials,
and it is not easy to obtain an effective cold spraying coating on its sur-
face by direct use of soft materials. The critical velocity is vital to the
excellent deposition of cold spray coating because the velocity is too
small to obtain effective deposition; such a high velocity will erode the
surface of the substrate. There are many research methods on the criti-
cal velocity of cold spraying, which summarize into three categories:
The numerical simulation method [2—4], the theoretical formula calcu-
lation method [5, 6], and the experimental method [7, 8]. In addition,
with the development of computer technology, new methods have been
introduced into the field of cold spraying [9]. There is no unified
standard for the theoretical calculation of the critical velocity of
mixed powder; experimental methods usually obtain it. To reduce the
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number of experiments and avoid unnecessary waste, numerical simu-
lation in advance is the means of scientific researchers.

However, there are few reports on the numerical simulation of the dep-
osition process of mixed particles. In practical engineering applications,
it is often a mixture of different materials to obtain optimal performance.
Therefore, the numerical simulation of cold spraying of a mixed powder
of different materials multi-particle is an urgent focus of discussion. This
study represents the Al + Ti mixed powder deposited onto Ti6Al4V, and
the research results have specific guiding significance.

2. EXPERIMENTAL/THEORETICAL DETAILS

This study uses the Abaqus/Explicit method to analyze the critical ve-
locity of Al + Ti mixed powder deposition onto Ti6Al4V from the energy
perspective after the collision. The Abaqus/Explicit includes three algo-
rithms, arbitrary Lagrangian—Eulerian, Couple Lagrangian—Eulerian,
and Smoothed Particle Hydrodynamics (SPH). Recommend the SPH
method for single-particle. However, for multi-particle mix powder
simulation, it is not recommended to use the SPH method because of
mutual infiltration in large deformation between powders, because it is
challenging for the meshless method to achieve internal surface contact.
Hence, using the Lagrange algorithm for multiple particles.

Due to the high hardness of Ti6Al4V, it is not easy to obtain a good
coating if soft particles (aluminium) deposit on its surface [10]; this
study considers sprayed with transition layer powder. The work [11]
shows that the critical speed of aluminium particles deposited on the
surface of the titanium matrix is 400 m/s—1050 m/s. Titanium can ob-
tain a good coating as an intermediate layer [12]; this paper shows a
titanium powder transition layer between aluminium powder and
Ti6Al4V substrate, as Fig. 1 shows.

The material model needs to consider parameters such as plasticity,
friction, and plastic damage, etc. Hence, the Johnson—Cook plastic
model [13] was used, define Eq. (1)

G=[A+BSZ]{1+Cln[i—§ﬂ[1_(7’*)MJ, (1)

where o is the equivalent flow stress, and are equivalent plastic strain
rate and reference strain rate. ¢, is equivalent plastic strain. Parame-
ters A, B, C, n, and m are material constants. T is the normalized tem-
perature, as the Eq. (2) show
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a b

Fig.1.1—Al, 2—Al, 3—AI, 4—Ti, 5—Ti, 6—Ti (a); three-dimensional model (b).

" O; T < 7jcrans’
T = (T - 77crans ) / (Tmelt - chrans ) v 7:;r:ms S T S Tmelt’ (2)
1 <T,

melt —

where They is the melting temperature, Ti.ns is a reference transition
temperature at or below which there is no temperature dependence of
the response [14]. The main parameters of the simulation process are
shown in Table 1.

The material failure model used in this paper is the Johnson—Cook
dynamic fracture model. Considering the influence of static pressure,
strain rate and temperature [15], it can be expressed in Eq. (3).

g = {dl + dyexp (dg gﬂ [1 +d,In (i—pﬂ (1 +d,T" ) , (3)

where ¢; is fracture strain, d;—ds are material fracture constant, p is
static pressure, ¢ is miss yield stress.

The linear EOS_ GRUNEISEN as the material state equation, it can
be expressed in Eq. (4).

U, =C, +sU,, (4)

where Co and s define the linear relationship between the linear shock
velocity (Us) and the particle velocity (Up), the parameters as Table 1
show.

The time of analysis step is 50 ns, output parameter select energy.
Particle surfaces need to select external areas and internal areas,
which is the key factor for the success of the numerical simulation. The
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TABLE 1. Material parameters of Al, Ti—-6Al1-4V, and Ti.

Material | Al |Ti-6Al-4V| Ti
Density, p/(g-m~®) 2.7 4.5 4.54
Poisson’s ratio v 0.33 0.3 0.3
. Shear modulus, MPa 27 59.6 44
Essential param- o
eters Specific heat C,,
(J-kg K1) 898.2 612 452
Thermal conductivity co-
efficient , W-m “K-! 237.2 7.955 16.3
Yield strength, A/MPa 148.4 862 175
Hardening index, B/MPa  345.5 331 380
Johnson-Cook Strain index n 0.183 0.34 0.32
model
Softening index m 0.895 0.8 0.55
Strain rate, C 0.001 0.014 0.06
di 0.071 -0.09 -0.09
ds 1.248 0.25 0.27
ds 1.142 -0.5 0.48
Material failure dy 0.147 0.014 0.014
model ds 1 3.87 3.87
Melting temII){erature T melt, 916 1878 1811
Transformation tempera- 208 208 208
ture Ttrans, C
Co 5386000 5130000 4700000
Us~U» state s 1.339 1.028  1.489
equation
Gammao 2.18 1.23 1.97

load parameter needs to fix the lower surface of the matrix. Consider-
ing the gravity of all particles and the value is 9810 mm/s2. Unit type
of the model is a hexahedral element (c3d8r) and hexahedral reduction
integral is selected.

3. RESULTS AND DISCUSSION

Figure 2 represents the deposition of Al + Ti mixed powder impacting
Ti6Al4V matrix at the speed of 300 m/s—1100 m/s. When particles col-
lide with the Ti—6Al-4V matrix, particles 4, 5, and 6 collide with the
substrate first and the effective plasticity strain of particles mainly
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e f

Fig. 2. Al + Ti/Ti—-6A1-4V: a—300 m/s; b—500 m/s; ¢—700 m/s; d—900
m/s; e—1000 m/s; f—1100 m/s.

concentrate at the edge of the contact interface between particles and
matrix, and the particles closely bond to the substrate and the particles
change from spherical to flat. At 500 m/s, particles 1, 2, and 3 collide
with particles 4, 5, and 6, respectively, and embed into their interstic-
es. Particles 4, 5, and 6 collide with the matrix, there is a particular
foundation pit, and the recovery coefficient is small. Hence as the low-
er boundary of the critical velocity. With the increase of velocity, the
strong impact force of particles causes the matrix material to flow to
the periphery, which makes the matrix material contact closely with
the surface of particles 4, 5, and 6. Under the action of subsequent
tamping of Al particles, the sedimentary layer deepens. The effective
plastic strain increases as the velocity increases and the pits on the
surface of the matrix deepen. In the whole process of particle deposi-
tion, the effective plastic strain of particles is much smaller than that
of the substrate. When the velocity exceeds 900 m/s, the metal-plastic
rheology appears on the surface of the matrix, and its plastic rheology
inertia is greater than the viscosity resistance of the material, and the
surface becomes unstable, suggested being the upper boundary of the
critical velocity. Al and Ti particles are embedded in the softened Ti—
6Al-4V matrix, resulting in mechanical bite-type bonding.

The kinetic energy (ALLKE) is transformed into plastic dissipation
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Fig. 3. a—ALLPD and ALLKE at 700 m/s; b—ALLFD, ALLSE, and ALLVD at
700 m/s; c—strain energy; d—plasticity dissipates energy; e—coefficient of
recovery at different speeds.

energy (ALLPD), friction dissipation energy (ALLFD), elastic strain
energy (ALLSE), and material Dissipation energy (ALLVD). Ignore the
smaller energy in the energy transformation process, as shown in Figs.
3, a, b, which can be expressed as total energy ALLKE = ALLPD +
+ ALLSE + ALLFD + ALLVD. Plastic dissipation and frictional dissipa-
tion can also be known as bonding energy and strain energy storage
called rebound energy [16].
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Powder for deposition condition is that the bounce energy is less
than the bonding energy define the ratio of rebound energy and bond-
ing energy as the recovery coefficient. When the recovery coefficient
decreases with the increase of the speed in a certain range, the deposit-
ed effect is better; when exceeding a certain speed the recovery coeffi-
cient increases, and determine the speed between the minimum values
of the recovery coefficient as the maximum critical speed. As shown in
Fig. 3, ¢, rebound energy increases gradually with speed, especially
when the speed is 900 m/s—1000 m/s. Although the speed interval is
100 m/s, the rebound energy increases the most, exceeding the in-
creased range of rebound energy between 500 m/s—700 m/s and 700
m/s—900 m/s. Fig. 3, d shows that the increased range of plastic dissi-
pation energy is small in the range of 900 m/s—1000 m/s. Thus, the re-
covery coefficient is large. As shown in Fig. 3, e, the recovery coeffi-
cient in the range of 500 m/s—900 m/s is small; hence, recommend the
critical speed, which is very consistent with Fig. 2. When the speed is
less than 500 m/s or more than 900 m/s, the recovery coefficient in-
creases, indicating that the rebound strength increases and the bond
performance is poor.

4. CONCLUSION

Lagrange algorithm used to simulate the bonding process of Al + Ti
mixed powder deposited onto Ti6Al4V is worth recommending. By us-
ing intermediate transition coating method (titanium coating) can
solve the problem that aluminium powder is not easy to deposit on the
surface of Ti6Al4V. Using recovery coefficient evaluates the critical
velocity of mixed powder is feasible. This study recommends that 500
m/s—900 m/s as the critical velocity.
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BukopucraHHA aJIIOMiHIHOBOTO CTOITY
Y HOBITHiX SI/IEepPHUX YyCTAHOBKAX

€. 1. Binoxin, O. B. KyxonbKkuii

[epicasrnuili HayKo80-mexHivHUIL yernmp 3 s0epHoi ma padiayiiinoi 6e3nexu,
ey.. Bacuns Cmyca, 35—37,
03142 Ruis, Ykpaina

Po03BUTOK eHepreTuKy, 30KpeMa AAepHoi, CYIPOBOAKYETHCA BUHAXOaMU HO-
BUX MAaTepisiiB, HOBUX IIPOIleciB 0O6pobIeHHS MaTepianiB. Aje iHKOJIHM CKJa-
IaeThCA TaK, 0 MaTepisiau, CTOIH, SKi foO0pe cebe 3apeKOMEHIyBaIn MaiiiKe
CTOJIITTA TOMY, BHAXOJATH «IPYyre IUXAaHHA» y CYYaCHUX IIPOEKTAX Ta HOBIT-
HiX agepHHUX ycraHoBKax. CTaTTsa mpucBsdyeHa qo0pe BimoMoMy i IIMPOKO IO-
IIMPEHOMY Yy OOCHiTHUILKUX AAePHUX YCTAHOBKAX AJNIOMiHilIOBOMY CTOITY
CAB-1. ITicaa iHTeHCUBHOT'O Oy AiBHHUIITBA JOCIiJHAIBKNX ycTaHOBOK ¥ CPCP
B 50—70* pokax MHHYJOIO CTOJITTsA, BuKopucranusa crony CAB-1 6yiao obme-
*KeHO BUPOOHUIITBOM ejieMeHTiB TerioBuaaTHux 36ipok (TB3) gaa mocaigam-
IbKHMX pPeaKkTOpiB KpaiH, 1o oyau y ckaani CPCP ta Cxigaoro 6s0ry. IIpore,
Ha mouaTky 2000* y HamionanbHOMY HayKOBOMY IIeHTPi « XapKiBcbKU# Gisu-
Ko-TexHiuHM# incturyr» (HHIL XDPTI) HAH Vkpainu BUHUKJIA ies BUKOPU-
CTaHHS HASBHOTI'O MPHCKOPIOBAUA €JIEKTPOHIB Yy HOBITHIN AmepHIN JocIigHU-
IbKill ycTaHOBII — ImiAKpUTHUHII 30ipili, SsKa KepyeTbcA JiHIAHUM MPUCKO-
poBaueM ejieKTpoHiB. AnfomiHiioBu# cTrorr CAB-1 € 0CHOBHUM KOHCTPYKITili-
HUM MaTepisjoM eJIeMeHTiB aKTUBHOI 30HU ANePHOI MiAKPUTUUYHOI YyCTAHOBKH
(FIIY). 3 HBOrO 3p006JIEHI, 30KpeMa, KOPIyC Ta OJHUIIle 0aKy, OIOpHA ILJINTAa,
KopHoyc HeHTPOHHO-yTBOpioBanbHOI Minteui (HYM), eleMeHTH mepeBaHTaKY-
BaJbHOI MAIIIMHM, TOJOBKHY i XBOCTOBUKM €JIEMEHTiB aKTHUBHOI 30HU, a TaKOXK
obsInIIoBaHHsA OaceiiHiB 36epiranusa Bignpansosanux TB3 Ta BigmpansoBannx
mimeneit. AxtuHa 30Ha SAIIY «I[:xkepeso HeliTpoHiB» HabupaeTrsca 3 TB3 Tu-
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ny BBP-M2, oCcHOBHUM KOHCTPYKIIIAHUM MAaTEPisgjIoM AKOI € aJIoMiHii0BUH
cron. Exkcryarariiini mapamMeTpu yCTaHOBKU A00pe HigAXOOAThH IS BUKOPUC-
TAaHHS y AKOCTI KOHCTPyKIIifimoro marepisay cromy CAB-1. Temmepatypa
excmayaraiiii exemenTtiB AIIY 3i cromy CAB-1 € mocuTh HM3BKOIO, III0 3a0e3-
meuye BiICYTHICTE iX OKPUXUEHHA IIiJ yac eKciayaramnii. Bucoki pecypcHi xa-
paxtepuctuku CAB-1 mig giero ompoMiHeHHSA, XapaKTEPHOTO AJA AJePHUX
IOCJIiTHUIIPKUX YCTAHOBOK, IiITBepI:KeHi 0araTopiuyHMM IPAKTUYHUM JOCBi-
oM BUKOPUCTAHHS Ha peakTopax BBP-M.

Karouosi crosa: CAB-1, AITY, ADS, axomimifioBuii cTom, qKepesio HeATpo-
HiB, XDPTI.

The invention of new materials and new material treatment processes is ac-
companied with the development of energy sectors, in particular, nuclear en-
ergy. However, sometimes materials and alloys that are proven to work well
almost a century ago find a ‘second breath’ in latter-day projects and state-
of-the-art nuclear installations. The article is dedicated to the well-known
CAB-1 aluminium alloy that is widely used in nuclear research facilities. Af-
ter the intensive construction of research facilities in the USSR in the 1950%—
1970%, the use of the CAB-1 alloy was limited to the fabrication of fuel ele-
ments for research reactors of the former USSR and Eastern Bloc countries.
Nevertheless, in the early 2000, the Kharkiv Institute of Physics and Tech-
nology (KIPT) came up with the idea of using the existing electron accelera-
tor in a state-of-the-art nuclear research facility such as a subcritical assem-
bly driven by a linear electron accelerator. The CAB-1 aluminium alloy is the
main structural material of core elements in the nuclear subcritical facility
(NSF). In particular, the tank casing and bottom, support plate, casing of the
neutron-generating target, parts of the reloading machine, top and end piec-
es of the core elements, and lining of the cooling pools for spent fuel assem-
blies and targets are made of the aluminium alloy. The NSF core is composed
of BBP-M2 fuel assemblies, also make of the aluminium alloy as the main
structural material. The NSF operational parameters fit well to the use of the
CAB-1 alloy as a structural material. The operating temperature of the NSF
components made of CAB-1 alloy is quite low and thus prevents their embrit-
tlement in operation. The high lifetime characteristics of CAB-1 in operation
under irradiation, typical of nuclear research facilities, are confirmed by
many years of experience in the use in BBP-M reactors.

Key words: CAB-1, NSF, ADS, aluminium alloy, neutron source, KIPT.

(Ompumano 7 soemusa 2021 p.; ocmamoyn. eapianm — 19 ciunsa 2022 p.)

1. BCTYIL. IEPETYMOBH ITPOEKTY
ALY « IAREPEJIO HEUTPOHIB»

¥V BigmoBigHOCTI 3 TOMOBJIeHOCTAMHU BaIlllMHITOHCHKOT'O CAMiTy, BUKJIA-
meHuMHu y coinbHiln 3aaBi IIpesumentiB Ykpainm ta CIIA y KBiTHI
2010 p. Ta MemopangymoM [1] mpo B3a€MOpPO3YMiHHA MiK YpPaAgoM YK-
painu ta Ypamom Crnonyuenux IlltariB AMepuKu CTOCOBHO CIIiBpPOOiT-
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HUIITBA 3 INTAaHb aAepHOi 6e3nexu, mignucamoro 26 sepecua 2011 p., Ha
0a3i HamioHaJIbHOTO HAYKOBOTO IIEHTPY «XapKiBCbKUIN (isUKO-
rexHiuHn# iHcTuTyT» (HHIL XPTI) HAH YKpainu cTBOPIOETHCS SAAep-
Ha IMiAKPpUTHYHA ycTaHOBKa «l[:Kepesio HEMTPOHIB, 3aCHOBaHe Ha ITiJK-
puTuuHii 36ip1li, III0 KepyeThCcsA JiHIHUM IIPHUCKOPIOBAYEM eJIEKTPO-
HiB» (mami — AIIY «/lkepeso HeNTPOHIB» ). PiHaHCYBaHHA CTBOPEHHS
ILOTO 00’eKTy 3abesmeuye Ypan Crunonyuenux IllTatie Amepuku Bigmo-
BigHO o moaoxkeHb MeMmopaHaymy [1] IK KoMIIeHcAIlil0 3a BUBE3EHHS 3
YKpainu BucokosbaraueHoro agepHoro majamsa. ¥ jgunHi 2020 p. pos-
mouaTo (pisuuHMil IyCcK, TOOTO, cTamiro BBegeHHa ALY B ekcmryarairiio,
sIKa BKJIIOYAE 3aBaHTAKEeHHA AEPHOr0 IaJINBa 0 IIPOEKTHOI KiJTbKOCTH
rermoBugaTHX 30ipoK (TB3) y akTuBHIN 30HI Ta ZOCATHEHHSA BCTAHOB-
JIEHOTO B IIPOEKTI 3BHaUEeHHA Koe(illieHTa PO3BMHOMKEHHA HEUTPOHIB (Reg)
[2].

SAnepHa migKpUTUUYHA YCTAaHOBKA «ll;Kepeso HeHTPOHIB» 3a MirKHa-
poxHOIO Kiaacu(ikallieio ATepHUX YCTAHOBOK € SAIePHOI0 CUCTEeMOIO, ITT0
KepyeThCA IPUCKOPIOBAUEM eJieMeHTapHUX 4YacTok (aHri. Accelerator
Driven System, ADS). B ADS ozxep:kaHHs iHTEHCUBHOT'O IOTOKY HEIT-
POHIiB 3acHOBaHEe HA NIPUHIIUIIL PO3BMHOYKEHHA IIePBUHHNX (POTOHEHATPO-
HiB B cepemoBHII 3 IOAiJIbHOTO MaTepisanry. I'eomerpis cepemoBuima i
Maca IOAiJIBHOTO MaTepisay oOpaHi TakMM UMHOM, I[00 edeKTUBHUI
KoedillieHT PO3MHOMKEHHA HEUTPOHIB Kep OIS OYIb-AKMX IOUYATKOBUX
moxiit samuimaBca wmeHmie 0,98, ApepHa migKpuTHMUYHA YCTaHOBKA
«Il»xepeisio HEUTPOHIB» NMpU3HAUEHA IJA AOCHiMKEeHHA IMiAKPUTUUYHUX
cHUCTeM, I'eHepallil HeUTPOHiB i BUKOpUCTAaHHA IX B IPUKJAAHUX 1 QPyH-
JaMeHTaJbHUX HAYKOBUX JOCJIIMMKEHHAX, a TAKOK IJd IIiATOTOBKM (ha-
XiBI[iB y rajy3i BUKOPUCTAHHA AepHOI eHeprii.

SAnepHa migKpUTHUYHA ycTaHOBKA «ll»Kepeso HEUTPOHIB» € YHIKaIb-
HOIO iHHOBAI[iTHOI0 YCTAaHOBKOIO, KA 34 TEeXHIYHNMH XapaKTePHCTHU-
kamu cranoMm Ha 2021 p. He Mae aHanoriB y cBiTi. [l1a peanisatrii mpoe-
K1y ALY «I:Kepeso HEUTPOHIB» 3a/lidHI opraHisarii 3 IeKiJIbKOX Kpa-
iH, cepen axux CIITA, Kuraii, PocilicbKa denepaiiia ra Yrpaina. IIpoe-
KTyBaHHsA, OYAiBHUIITBO i IMOJaJbINIa eKCIIyaTallisd TaKoro Cy4YacHOTO
00’eKTy I AAepHUX JOCHiIKeHb, [0 KapANnHAJILHO BiIpisHIEThCA Bif
icHyIOUMX Ha ChOTOAHI B YKpaiHi, cTajo CIIPaBXHIM BUKJIMKOM Y IIEPIITY
yepry Ojd ekciryaryBasbHol opramizarii (HHI X®PTI), perymxiBaoro
opramy ([lepsxaBHoi iHCceKITii sHepHOTO peryaoBanuA ¥ KpaiHu) Ta op-
ragisamii HaykKoBo-TexHiuHOoi miaTpuMmKu (lep:kaBHUiI HaAyKOBO-
TeXHIYHUU IMEeHTp 3 AmepHoi Ta papmiamiiinoi 6esmexku, JTHTIL APB), a
TaKO0K HU3KU IIiApPAAHUX opraxizariii. 3oxpema, HHII X®PTI ziTrmy-
JUCA 3 TeXHIUYHMMHU BUKJIMKAMHU OB’ sI3aHMMHU 3 iHHOBAaIIifiHiCcTIO ycTa-
HOBKH, HEOOXiMHiCTIO 3acTOCYBaHHA HOBUX MAJUBHUX Ta KOHCTPYKILii-
HUX MaTepisaiis, 1110 3a0e3meuarsh 0e3IeUny eKCILIyaTaIlil0o YCTAHOBKU Y
BCixX peskmMax. BUKJIMKM peryrovoro oprafny 0y moB’s3aHi HacaM-
mepes 3 BiICyTHiICTIO HOPMATHUBHOI 043U JJIs TAKOTO THUIY YCTAHOBOK, a
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TAKOK JocBify ix minmensyBaHHA. Kpim geximokox moxkymentiB CPCP,
pospobaerux y 1975 [3] Ta 1988 [4] pp., B YKpaiui 6yau BiacyTHi HOp-
MAaTHBHI JOKYMEHTH IJIA HiIKPUTUYHNX CTEHIIB Ta YCTAHOBOK Ha iX OC-
HOBi, TUM OijIbIlle, AJIS TAKUX, AKi KePYIOTLCA IPUCKOPIOBAUEM €JIEKT-
powis. Ile 6ys0 migKpeceHO i Yac BUKOHAHHS IePIIoi AeprKaBHOI eK-
cIepTU3u AAepHOI Ta pagmiamifinoi 6esmexu (IPB) y 2009 p. Ha Toii uac
Oyau BifmcyTHiI KpuTepii OesmeKu, BiAIOBiAHO 4O AKMUX HOTPiOHO OyJI0
3IiMCHIOBATHU IIPOEKTYBAHHS Ta, BiAIOBiAHO, JilleH3yBaHHA YCTAHOBKU.
ToMy IIepIIOUEepPTOBUM 3aBIAHHAM PEryJaiI0uoro oprany 0yjao po3pob-
JIeHHS HOBOTO HOPMATHBHOTO JOKYMEHTa, SKUHA MiCTHB OM cydyacHU
00cAT 3HAHb Ta CyYacHi BUMOTU OO0 SAePHUX YCTAHOBOK TAKOTO THUILY.
Taxkuit TOKyMeHT OyB PO3POOJIEHUN CIiIbHUMHU 3YCHJLIAME PeryJIioio-
yoro oprany Ta JHTII APB y 2012 p. [2]. B ocuoBi gokymeHnTy [2] mok-
JaleHO: HAKONWYEHWH HaI[iOHAJLHUM JOCBiI MO0 JIieH3yBaHHS Ta
peryiioBaHHs 0e3MeKN TOCHiTHUIILKNX YCTAHOBOK, HAKOIIMUYECHUN MiMK-
HapomgHUI mocsim, soxkpeMa po3pobku MATATE B ramysi gocaigHUIlb-
KHUX peaKTopiB Ta MiAKPUTUUYHUX CUCTEM, 3aCTOCYBAHHSI HOPMAaTUBHUX
BUMOT JIJIS QTOMHUX €JIEKTPOCTAHIIiY i3 BUKOPUCTAHHAM Au(pepeHItiio-
BaHOTO Imigxony. BBemeHHA B mito moKyMeHTa [2] BiAKPUIO MOMKIUBICTD
npoBoAuTHU noBHONiHHNYM aHanis APB nokymenTis mozo AIIY «I:xepe-
JIO HEUTPOHIB» , AKi HAAXOAUJIN BiJ eKCIIyaTyBaJbHOI opraHisairii.

2. IIPOEKTHI OCOBJIUBOCTI AI1Y «IKEPEJIO HEUTPOHIB»

Ocob6ausicTio ADS-cucTeMu B IIOPiBHAHHI 3 TPAAUITIHOIO JOCIITHUIE-
KOO SAIePHOI0 YCTaHOBKOIO, HAIPUKJIAI, JOCHITHUIILKUM AJePHUM pea-
KTOpPOM, € HasABHICTh iHTEHCHMBHOI'O KepyHUOTo JKepesa HeUTPOHIB,
SIKUM € IIPHCKOPIOBAY Ta HEUTPOHHO-yTBOpioloua Mmimrens (HYM). B
ADS ogepxaHHA iHTEHCMBHOIO IIOTOKY HEHTPOHIB 3aCHOBaHe Ha IIPUH-
UIIL PO3MHOYKEHHSA HEePBUHHUX (POTOHEHTPOHIB B CEpPemoOBUIIL 3 IIO-
IinbHOTO MaTepiany. ¥ AIIY «ll:xepesio HEUTPOHIB» IepBUHHI HEUTPO-
HY TeHEPYIOThCA BHACIIZOK (POTOANEPHUX peakIliii (y, n) y IJIaCTHHAX
HYM, 110 BUKIUKaHiI OoMOapAyBaHHAM MillleHi eJJeKTpOHaAMH 3 €HepPTi-
eto 100 MeB i cepemunoro mory:kuicTio myuka 100 kBr. Cymapua mBua-
KicThb reHepaillii HeUTPOHIB i, BiIIOBiIHO, MIiJIBHICT, HEATPOHHOTO IIO-
TOKY B aKTUBHIi# 30HI migkpuTuuHoi 30ipKu (IIK3) BusHauaeThea iHTe-
HCHUBHICTIO 30BHIIIIHBOTO JKepesia HEUTPOHIB Ta e(DeKTUBHOTO Koe(ilri-
€HTa PO3SMHOMKEHHA HeNTPoHiB. 3ynuHenusa podotu AIIY BigbysaeTbes
IIIJITXOM BUMKHEHHSA 30BHIIIIHBOTO JKepesia HEMTPOHIB (BiAKIIOUEeHHS
IIyYKa eJeKTPOHIB ImpucKopioBaua) [5—7]. flgepHa mizkpuTuuHa ycra-
HOBKa «J/l;Kepeso HEUTPOHIB» (PYHKI[IOHATBHO CKJIAAAEThCA 3 HACTYII-
HUX ocHOBHUX ejeMeHTiB: [IK3 ma TemnmoBux HeHTPOHAX 3 PALiAIiAHIM
daxuctoM, HYM nna omep:kaHHA IMEePBUHHUX (30BHIIMTHIX) HEHTPOHIB,
dAKa PO3TaIllOBYEThCA ycepeanHi akTuBHol 3ouu 1TK3, minifinoro mpuc-
KOpIoBaua eJIeKTPOHIB 3 KaHAJIOM TPAHCIOPTYBAaHHA IYUYKa eJIEKTPOHIB,
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eKCIIePUMEHTAJIbHUX HEUTPOHHUX KaHAJIB IJId AdepHO-(pisMUYHNX J0C-
Ji)KeHb Ta CUCTEM iHKeHepHO-TeXHIUHOTo 3a0e3eueHHa POOOTH ycTa-
HOBKH B IIiJIOMY (CHCTEM OXOJIOMKEeHHA, eJIeKTPOIOCTaAUYaHH, CIIeIIBEH-
TUIAIIT, cenkanaJisarii Tormro) [8].

Ocuosoio AIIY «Il:xepeno HelTpoHiB» € ITK3 3 MakcumanbHUM ede-
KTUBHUM KoedimieaToMm posamuoxkeHHA 0,98, 110 3a6esmneuye ii 6esmexy
3 mOrIAAyY Ha KpuTuuHicTh. Ilinkpurnuna 36ipka AIIY «I:xepeso Heil-
TPOHiB» € 30ipKoio 6axoBoro Tuny. TooTo Bci ocuHoBHI By3au ITK3 3iopa-
Hi Ha OMOpPHill MINTi, AKa 3HAXOAUTHCA B IIIIHAPUUYHOMY OaKy 3 aJIio-
MiHitoBoro crormry CAB-1, 3amoBHeHOMY BOJOIO IIiJ aTMOC(hEPHUM TIC-
KoM. AxkTuBHa 30HaA [TK3 SIIY «/l»kepeso HEATPOHIB» CKJIamaeThCs 3 38
TB3 (mpoeKTHa KiJIbKicTh Ipu BUKOPUCTAHHI BoabdpamoBoi HYM) Ta
HVYM, m1o oroueHi pamianrbuuM BimdomBauem HeiliTpoHiB (puc. 1) [9]. B
moJaJbIIIOMY IIepembaueHo mepexim Ha ypamoBy HYM 3 aKTHUBHOIO 30-
Hoto y 37 TB3. Bukopucranasa IpupoaHOro ypaHy 3aMicTh BOJIb(pamy
3abesmeuye OiJbINI iHTEHCHUBHUUM BUXin HmepBUHHUX (OTOHEHTPOHIB.
Koucrpykrusao HYM € 3BapHOI0 KoHCTPYKIIit0 3i crory CAB-1 (puc.
2), 10 CKJIAJa€ThCA 3 HACTYIIHUX OCHOBHUX €JIEMEHTiB: TOJIOBKA, IIaT-
PYOKU mimBemeHH i BifBeIeHHA TEIJIOHOCisA, BIKHO BAKYYMHOI KaMepHu,

| ‘r,

Puc. 1. KomnonoBka aktupHOI 30uu AIIY «I[:xepeso HeliTpoHiB» [9]: I — Gio-
Joriunuii 3axuct, 2 — 06ak [IK3, 3 — masBicHi crenaxki, 4 — KinbueBuit rpadi-
TOBUU BimOuBau, 5 — ejlemeHTHu 6epuJiiioBoro Bigousaua, 6 — TB3, 7 — HYM,
8 — BXigHU# Ta BUXigHWI KaHaJIU CUCTEMU KOHTYPY oxoyomxkenud HYM, 9 —
BXiZHMI Ta BUXiAHMIT KaHAJINU CUCTeMHU KOHTYPY oxoyomxkenud IIK3.

Fig. 1. Layout of the NSF ‘Neutron Source’ core [9]: I—biological protection,
2—subcritical assembly tank, 3—hinged racks, 4—ring graphite reflector,
5—elements of beryllium reflector, 6—fuel assembly, 7—neutron generating
target, 8—input and output channels of the neutron generating target cooling
circuit, 9—input and output channels of the subcritical assembly cooling cir-
cuit.
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T'Hi3I0 MillleHi, IIJIacTUHU MillleHi, rejrieBa kaMepa, XBOCTOBUK.

B axkrtuBniii 3oHi IIK3 BukopucroByerbcss TB3 Tumry BBP-M2 (puc.
3), 110 PO3TaIOBYIOThHCA HaBKoJI0 HYM, yTBOpIOIOUM IIiJILHY TeKcaro-
HAJLHY CTPYKTYPY aKTHUBHOI 30uu. TermoBugaTHa 36ipKa CKJIAAa€ThC
3 TPhOX TEILIOBUJATHUX eJIEeMEeHTiB TpyOuacToi popMm: ABOX KoaKcia-
JbHUX TPYOOK IMMUIiHAPUYHOI opMU i ogHiel, 30BHIITHLOI — IIIECTHUT-
paunoi. AxepHuit MaTepisaa cepliieBMHU TBEJIiB TOBIIMHOIO 1 MM y BU-
rasagi nopomky giokeuny UO; (s6aravenus za 2°U — 19,7% ) aucmepce-
HO POBMOAiJIeHNH B ayfoMiHioBist maTpuri. [ samobiraHHsa moTpart-
JAHHA OPOAYKTIB IOAiLJIy ypaHy B TEMJIOHOCiH, ITOBEPXHi TeIJIOBUAAT-
HUX eJeMeHTiB MoKpuri saxucHuM mapom ctormy CAB-1, TOBIIMHOIO
0,5-0,75 mm 3 Ko:xHOTO 60Ky [10].

BigbuBau HeHlTpOHIB cKIamaeThca 3 ABOX 30H. Ilepiiia 30Ha 3HaXO-
INUThCA Oe3lmocepeHbo HAaBKOJIO aKTuBHOIL 30uHu ITK3 Ta 3i6pana 3 meki-
JBbKOX PANiB OepMIiHioBUX OJOKIiB y BUIVIALIL IIIEeCTUTPAHHNX IIPU3M, PO-
3Mip axux momi6HuH mo posmipy TB3. Ipyra, 30BHIIITHA 30HA IIpeacTa-
BJIeHA IIJIIHAPUYHUIM O0JIOKOM 3 peakTopHOTo rpadiry. TemaoBigsemen-
HSA 3IMCHIOETHCS 3a PAXYHOK IMPKYJAINIl BoAM, AKa OJHOYACHO CJIY-
JKUTH CHOBiLIbHIOBaueM HefiTpouiB [10].

Puc. 2. HYM AIIY «[:xepeso HeHTpoHIB» [11].
Fig. 2. Neutron generating target of NSF ‘Neutron Source’ [11].



BUKOPVCTAHHS AJIFOMIHIFIOBOTO CTOITY 629

3. BUKOPUCTAHHS CTOIIY CAB-1 B AAEPHIA EHEPTETHIII

Amominitiosuit crorm CAB-1 € 0CHOBHUM KOHCTPYKI[IMHNM MaTepisaom
enemenTiB SIIY «[xepesno HeliTpoHiB» . CAB-1 BimHOCUTHCA KO aBiajei
— ajoMiHiioBuX cromiB moTpiiinol cucremu Al-Mg—Si, 1o gedopmy-
IOTHhCA Ta TEPMiUHO 3MiITHIOIOTHCS, MAIOTh BUCOKY KOPO3ifiHY CTifiKicTh
Ta XOPOIy KOpOo3ifiHO-MexaHiuyHy MiltHicTh. [[14 onep:kaHHA MaKcuMa-
JbHUX MeXaHiuHuMxX BiactuBocTeii CAB-1 migmarors s3arapTyBamHio it
HACTYIHOMY CTapiHHIO Ipu KiMHaTHi# Temnepatypi sriguno ITHAE I'-7-
022-90[14].

Cron CAB-1 mMae moBTy icTOpito BUKOPUCTAHHS yV ANEePHill eHepreTu-
ni. Moro pospoduin 11 BUKOPUCTAHHA y HEPIIOMY IIPOMICJIOBOMY
ypau-rpaditroBomy peaktTopi CPCP «A» nisa omep:kaHHA 30pOAPCHKOTO
ILJIYTOHII0, IKUH OYB BBeJIeHUH B eKciryaTarito y 1948 p. mig xepiBuu-
ursoM I. B. KypuaroBa [15]. B 50—60* pokax Ha TepuTOPii KOJUIITHLOTO
CPCP B pamMKax npuiiaaToil y 1954 p. saraibHOIep:KaBHOI IPOTPAMHU II0
CTBOPEHHIO MepeKi perioHaJbHUX AJePHUX IeHTPIB 3 JOCIITHUIIbKIMU
peakTopamu, Ky iHimitoBaB akamemik I. B. Kypuaros, 6ys0 posmouaTto
OYAiBHUIITBO NOCJIMHUIILKMX PeaKTOpPiB, cepen AKUX Oyaum peakTopu
BBP-M y m. I'atunna ta m. Kuesi [16]. ¥ 1eit uac po3pobasanucs i 6yay-
BaJiuch i immri Tunm peakrtopis, HampukJaazn, BBP-II, BBP-C, BBP-K,

Puc. 3. ITomepeunuit mepepis momenio TB3 BBP-M2 [12] Ta miaig mepepisy
[13]: 1 — oboJioHKa TBeJiB, 2 — maJIMBHA CEPIIEBUHA, 3 — TEMJIOHOCIH.

Fig. 3. Cross section of the fuel assembly BBP-M2 model [12] and cross section
cut[13]: I—fuel rods cladding, 2—fuel meat, 3—coolant.
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IPT ra immii, y SKMX TAKOYK OCHOBHUM KOHCTPYKI[IMHMM MaTepPisjoM €
crorm CAB-1.

BakiuBa axicTb, 3aBaaku akiit cron CAB-1 omep:kaB IIIIPOKe 3aCTO-
CYBaHHS B ATOMHil IPOMICJIOBOCTI K KOHCTPYKI[IMHMUI MaTepiaa pea-
KTOPHOI TexXHiKH, Ile Te, 110 mpoayKTu akTusallii CAB-1 mMaioTh ay:xe
KOPOTKi mepioau Hamisposmany. HaitbiabIn OBroTpHUBAIMM IIPOAYKTOM
axTuBamii Amrominiro € izoromn 2*Na, axkuil mae nepiox Hanisposnazny 15
roguH. IIpogyKTm axkTmBaIii JOMINIOK, HaIpukJaazn, Pepymy, MamThb
OinmbIi mepiomu, ogHAK, OUIKYyeThCs, IO IMiCJadA IMiBPiUHOI BUTPUMKN
enemeHnTH 3i cromy CAB-1 6yayTh BiTHOCUTHUCH IO TBEPAUX HU3LKO aK-
TUBHUX PaSioaKTHBHUX BigxomiB. Takok, BaKJMBa BJIACTUBICTbL, KA
IO3BOJISIE BUKOPHCTOBYBATH II€H CTOII OJIA €JIeMEeHTiB aKTUBHOI 30HU —
KOHTpoJboBaHUM BMicT Kamgmito Ta Bopy, 1o rapamTye BUCOKi HeHT-
POHHO-(}i3MYHI XapaKTEePUCTUKH.

4. 3ACTOCYBAHHS CTOILY CAB-1
B ITPOCRTI AI1Y «JKEPEJIO HEUTPOHIB»

Bepyum 10 yBaru BUCOKIi eKcIayaTallifiHi i pecypcHi XxapaKTepuCTUKU
crony CAB-1, migTBepa:xeHi 6araTopiuHuM IPaKTUUHUM JOCBiZOM HOT0
eKCcILTyaTallii B aKTUBHIUX 30HAX MiIOUMX MOCJITHUIIBKNX PEeaKTOpPiB, B
ToMmy umucyi B peaktopi BBP-M Iucturyry sagepHux mgociaimxens HAH
Yipainu B m. Kuesi, mammii martepisg BMOpaHO B SKOCTi OCHOBHOTO
KoHCTpYyKITifiHoro marepiany SIIY «I:xepeiso HeiirpoHiB» . CTrorrt CAB-1
nna SAITY «xepeso HeHATPOHIB» Bubpanmii 3 ypaxyBaHHAM IIPOEKTHUX
0CO0JIMBOCTEH YCTAHOBKM, 30KpeMa: IMIPOEKTHUX XapaKkTepuctuk SIIY
«Jl;xepesio HEUTPOHIB» (B TOMY UMCJi mapamMeTpiB pob6oUOTro cepemoBu-
IITa Ta OYiKyBaHOI iHTeI'paJbHOI IIJILHOCTH HeATPOHHOTO MMOTOKY ), pea-
Ji30BaHUX MEXaHIYHMX HaBaHTa)XeHb, BUMOI' KOPO3iHOI CTiHAKOCTH,
3aCTOCOBYBAHUX €3aKTUBYBAJIbLHUX PO3UNHIB.

Cron CAB-1 (OCT 1 90048-90 [17]) € oCHOBHUM KOHCTPYKIIiAHUM
maTtepisanom eaemeHTiB AIIY «I[:xepeiio HEUTPOHIB», 30KpeEMa 3 I[bOT'O
CTOITy BUTOTOBJIEHO TaKi OCHOBHi eJlIeMeHTH YCTAaHOBKHU: OaK Ta KOHC-
TPYKIIil Bcepenuui 6axa, HaBicHI cTenaxi, xkopayc HYM, obGanifioBanus
OaceliHiB BUTpuMKM BigmpamnboBaHux TB3 Ta BimmpamwoBamux HYM,
esemenTu TB3 (puc. 4).

Bupo6uukom cromy CAB-1 Ta enementiB SAIIY 3i cromy CAB-1 gnsa
ALY «Hxepeno meritpoui» € TOB HaykoBo-Bupobuuua ¢dipma «Coc-
Hu» (M. [dimitpoBrpanx, P®P). 3rigmo imdopwmamnii migmpmemcrsa-
BUPOOHNEKA, V 3B’ A3KY 3 00MeKeHicTIo i creru@iunicTio 3acTOCYyBaHHS B
cyuacHi#i nmpomuciaoBocTi cromy CAB-1, a TakoX BHaCIimOK ImoTpedu
nnsa BurotoBiieHHs eneMeHTiB IIK3 mupoxkoro copramMeHTy IIPOKATy,
0yJI0 opradizoBaHO BUPOOHUIITBO I[1ILOBOI TOIIKY IILOT'O CTOIIY, BiJHOB-
JIEHO BTPAaUeHi rajyssio TexXHoJIorii Tepmooopobienus crony CAB-1 mis
3abe3meueHHs HeOOXimHMX MIITHICHUX XapaKTePUCTUK, a TaKOK BifIm-
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parnbpoBaHi Ta aTecTOBaHi TeXHOJIOTI fioro 3BaproBauHsa [11].

Y 50* porax XX CcTOJTTA BigsHAUaANCA BUNAAKKA BUXOAY 3 JIAAy Te-
XHOJIOTIUHUX KaHaJIiB AepHUX YCTAHOBOK, BUTOTOBJIEHUX 3 aJIOMiHi-
toBoro crormry CAB-1. AHajis npuunH BiIMOB MOKasas, 110 I[bOMY CIIPH-
AJI0 OKPUXUYEHHS CTONY, BUKJINKaHe TEPMiUHUM CTaApPiHHAM IIPU TeMIIe-
parypax Buire 100°C. IIpoTe, B IiJloMy YCIIIIIHMI TOCBiJ eKcIayaTarrii
BusHauuB Bubip cromy CAB-1 B AKOCTI OCHOBHOTO KOHCTPYKIIiIIHOTO
MaTepPiANy HOCHiTHUILKUX ATePHUX PeaKTopiB 6aceifHoBOTO (0aK0OBOTO)
TUNY, TAK AK TeMIlepaTypa exkciayaraii oyaa amxue 70°C, 1Mo rapan-
TyBaJIO BifcyTHicTb oKpuxueHHs [19, 20]. Taxko:xk 6ys0 moBemewHo, IO
TeXHIUYHUH aJioMiHil, AKuE MicTuth Pepym, Cuniniti, Kynopywm i innmi
JOOMIIIIKY, MOJKe YCIIIIITHO BUKOPHCTOBYBATUCS B AKOCTi MaTPHUILL JIMC-
mmepcHOi majguBHOI KomooauIlii 1o remmepatyp 100-130°C[21].

IligTBepa:KeHHA BiAIIOBITHOCTI MPOEKTHUX XapaKTEPUCTHUK yMOBaM
pob6oTtu crony CAB-1 0yJio omepskaHo 3a pe3yIbTaTaMU IIPOBEJEHHS Te-
IJIOTiAPaBIiYHMX Ta MIITHICHMX PO3paxXyHKiB Ipu IIPOEKTYBaHHI Ta 00-
rpyHTyBaHuHi 6e3nmexu SIIY «Jl»kepesio HEUTPOHIB». ¥ CBOIO Uepry, IIix
yac BUKOHaHHA Aep:kaBHOi ekcrieptusu APB y ITHTI APB 6yau pospo-
6JieHi ¢Boi TemyorigpaBaiuni mogesi cekropy IIK3 Ta HYM i Bukomani
MMOBipOYHi pO3paxXyHKHM AJIA YMOB HOPMaJbHOI eKcmyararii [22] Ta
[23]. 3a pesyabTaTaMu PO3pPaxXyHKiB MaKCHUMAaJIbHI TemMmepaTypu 000-
Jouku nanusa Ta HYM He nepeBuiyiots 45°C, 1110 3HaAYHO HUMKYE YMOB
excmryararii cromy CAB-1 (puc. 5).

Puc. 4. Axrusnza 30uHa JAIIY «[:xepeso HeATPOHIB» 3 imiTaTopamu TB3 [18].

Fig. 4. NSF ‘Neutron source’ core with fuel assembly imitators [18].
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Y 80-90* pokax muuyJoro croaiTra daxismi IIIAP (PemepanbHa
Iep:kaBHA OMOIKeTHaA ycTaHoBa «lleTepOyp3bKuil iHCTUTYT AmepHOI (i-
suku iM. B. II. KorcrauTunosa HamionaabrHOTO JOCHAIZHUIILKOTO II€HT-
py «KypuaroBcbkuit imctuTtyTt», M. aTunmna, P®P) cminbro 3 HIIIAP
(AxmiomepHe ToBapuCTBO «llep:kaBHUM HayKoBuii meHTp—HayKoBo mo-
CHimHME iHCTUTYT aTOMHUX peakTopiB», M. [limiTpoBrpan, P®P) zaiima-
JUCA BUBUEHHAM BILIMBY HEUTPOHIB Ha MeXaHiUHi BJIACTUBOCTi CTOITY
CAB-1 i ominky TepMminy cay:xbu Kopmycy peakTopa BBP-M vy
M. l'aTunHa. BOoine HEUTPOHHOIO OIIPOMiHEHHS Ha CTPYKTYPY CTOIIY He
Oys0 BuasieHo no ¢umwoenca 3-10% cm 2. Ilisnime spasku CAB-1 G6yan
oupoMmireHni no gparoenca 2,6-10%2 cm? i Bumipani ix MexariuHi BracTu-
BocTi. MaTepisa 3HaYHO 3HUBUB ILJIACTUYHICTD, aJie 3aJIUIITNUBCSA JOCUTH
MiITHEM [JS YMOB AOCJIiZHUIIBKMX pPeaxKTopiB. €OAMHUM OOMeKeHHAM
cTajla BUMOTAa BificyTHOCTM yaapHUX HaBaHTasKeHb [19]. Ocramuim ua-
coM 3pobJieHa cmpoba MiATBEPANUTH MeXaHiuHi BJIACTHBOCTi CTOIY IO
(roency 3,48-10%2 cm 2 (E > 0,8 MaB) [24].

IIpoexTHi xapakTepuctuku ALY «I:xepeisio HeATPOHIB», 30KpeMa He
TepeBUIeHHSI MaKCHMAaJbHOI TeMIIepaTypu TemaoHocia Buile 35°C Ta
MaKCUMaJIbHOI iHTer'pajbHOI MIiJIPHOCTY MOTOKY HEUTPOHIB B aKTUBHIH
soHi AIIY «Jlxepeno HelTpoHiB» 2,4:-10¥ cm2/c (prroeHc HeHTPOHIB
IIPOTSATOM aKTUBHOTO eTamly eKCILTyaTallii yCTaHOBKU He IePEBUIIUTH
102° cm?), 3abesmeduyroTh MPOEKTHI MIITHICHI XapaKTepPUCTUKHI eJIeMeH-
TiB 3i crory CAB-1 mix uac Bchoro tepminy excmayaraiii AIIY «I:xe-
pesio HeUTPOHIB» .

AxtuBHa 3omua SIIY «[:Kepeso HelTpPoHiB» HabupaeThesa 3 TB3 Tumy
BBP-M2, Bucoka HafiliHicThL AKNX HiATBepAKeHa 0araTOpiuHOIO eKC-
miryarailieio B peakropax BBP-M. Exementi BBP-M2 BUTOTOBIAIOTHCA
3i cromy CAB-1 B TomMy umcJIi uepe3 AKOCTi CTOIY IPU eKcIIyaTailii B
yMOBax aKTUBHUX 30H peaKTopiB. TemmoBumatui 30ipku Tuny BBP-M2
3i s0araueHHAM IaJauBa 36% BUKOPHCTOBYBAJIMCH HA HOCIIIHUIIBKUAX
peakTopax 3 1963 p. [25, 26]. IIpore, moxudikaiiis TB3 BBP-M2, aka

Puc. 5. Pe3yabTaT TEIJIOTiAPABIIYHUX PO3PAXYHKIB.

Fig. 5. Results of thermohydraulic calculations.
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BUKoOpucTOoBYyeThCs Ha SIIIY «[lxepeso HEHTPOHIB» , TOCUTHL HOBA, i OyJa
cupoekToBana Hanmpukinii 1990-x B pamMkax BUKOHaHHA [Iporpamm
3MEHIIIeHHs 30araveHHs sSIePHOro MajJrBa Ha JOCHiITHUIBKUX Ta BU-
mpobyBanbuux peakropax (Reduced Enrichment for Research and Test
Reactors, RERTR) [27, 28]. ¥V 1994 p. MimicTepcTBO aToMHOI eHepre-
TuKu Pocificekoi @emepairii posmouaso mporpamy «CTBOPeHHSI TEILJIO-
BUJAaTHUX eJIeMeHTiB (TBeJiB) i TemmoBugaTHNUX 30ipoK 3 majuBoM, 30a-
raueHuM ypanom-235 mo 20% 1151 ak TUBHUX 30H JOCTITHUILKUX PeaK-
TopiB» [29]. ¥ 1996 p. Ha HoBocubipcbkoMy 3aBOjIi XiMKOHIIEHTPATIB
(H3XK) 6yy0 BUTOTOBJIEHO I’ ATH TecToBUX 3paskiB TB3 [30], Bouu 6y-
Ju BunpoOyBaHi Ha mimicHicTs [31], 1o 2001 pory ompomimeHi y peak-
topi BBP-M (M. I'atumna, P®) no raubunu Buropsuas ~ 75% [32], i
3TOJOM IIOYAJIOCH CepifiHe BUPOOHMHIITBO IILOTO majuBa. Ha mouaTky
2006 p. sza H3XK 6yno posmouaTo cepiiine BupoOHHIITBO TB3 TuIy
BBP-M2 i3 3barauenusam mo ypany-235 mmxue 20% s SOCIITHUIIE-
Kux peakTtopis [29]. TpyOuacTi TBeJn BUTOTOBIAIOTHCA METOIOIO €KCT-
pysii (BumaBmtoBamHuA) ab0 BosiouiHHA. 11i MeTOaM BUKOPHUCTOBYIOTHCS
IJIA ofep:KaHHA TBEJIiB 3 BEJIMKUM BiTHOIIIEHHAM PO3MipiB IIOIIepeyHoro
nmepepisy mo moB:kuHU. MeTony eKcTpysii (CIiJIbHOTO BUAABIIOBAHHS)
3aCTOCOBYIOTH JIJIA BUTOTOBJIEHHSA TBEJiB Ha OCHOBI JlerKoeopMiBHUX
meTtaais (Al), a TakoK KapPOMIITHUX CTOMIB (Hep:xaBiroua craib). Tpyo-
yacTi guciepcifini TBeawm MOMKYTH OyTHM BUTOTOBJIEHI i MeTOmOI0 BOJIO-
yinasg. OcHoBHA MeTa Itiei MeToan — 3a0e3mMeunTH IiIJIbHUN KOHTAKT
MiK IaJIUBHUM cepaeuHUKOM i 06osmouKO00 TBesa [21]. Ha H3XK Buko-
PHUCTOBYETHCA MeTOIa eKeTpy3ii [13].

B pamrax IIporpamuz RERTR Ha Hu3bkosbarauene mammuso BBP-M2
O0yB mepeBeneHui i gocaiguunbkuii peakrop BBP-M (IS, m. Kuis). By-
JI Po3pobseHi oOIr'pyHTyBaHHs Oe3meKku 30epiraHHs CBisKOro Ta Bimgmpa-
IIbOBAHOTO AAepHOro nmajauBa [33], o0r'pyHTyBaHHA 6e3IIeKH IepeBeeHH I
Ta eKkciLTyararii peakropa BBP-M ma HusbkosbaraueHomy majusi [34],
AKi mpoinin aep:xaBHy eKcueptusy APB i y 2005 p. omep:xaiu moro-
mkeHHs [lepskaToMperyaioBaHHsa Ha BUKOPHCTAHHA HU3bK030araueHoro
naauBa Ha peaktopi BBP-M. Came, gia peakropa BBP-M IS ]l i 6yo Bu-
KOHAaHO GiJIBIIiCTh PO3PAXYHKIB Ta OOIPYHTYBaHb Oe3IMeKN BUKOPUCTAH-
HA HU3bKo30araueHoro maauea tuny BBP-M2. [lna ekcmiryarartii B se-
PHUX JocaimHuIbKUX ycTanoBKax YKpainu H3XK Bupobase TB3 BBP-
M2 3 moB:KUHOIO maJIuBHOI cepueBuuu 50 cM. Y Toit uac, K OIS JOCTifT-
HUIIbKUX peakTopiB y €Bpomi Ta A3zii Burorosiasaiorsca TB3 BBP-M2 3
TIOAOB:KeHO0I0 10 60 cM maJIMBHOIO CEPIIEBUHOIO Ta JEII0 iHIITIMHY IIapaMe-
TpaMu AgepHOro najusa. 3a uac ekcimayaraiii TB3 BBP-M2 xe 6yJ10 3a-
(dikcoBaHo eKCILTyaTaIliiHUX MOl ToB’ 13auuX 3 cromoM CAB-1.

5. BUICHOBOR

Y HHII X®TI HAH Vxkpainu mapasi TpuBae eran QisMyHOro IycKy HO-
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BiTHBOI OOCHTiTHUIIBKOI AJEePHOI YCTaHOBKM, IO Ha CHOTOAHI He Mae
aHajsioriB y cBiTi. HesBaxaroum Ha HOBuU3HYy SIIY «[:Kepesao HeHTpoO-
HiB» mIpH il MPOeKTyBaHHi Ta OYAiBHUIITBI OMHUM 3 OCHOBHUX HIPUHITH-
miB 0yJI0 BUKOPUCTAHHS HAKOIMYEHOTr0 JOCBiAYy 3 IPOEKTYyBaHHA, OyIi-
BHHUI[TBA Ta eKCILIyaTallil JOCIiZHUIIBPKIUX YCTAHOBOK 3 ypaxyBaHHIM
cuentudiru AIIY «xepeso HeHATPOHIB» . 30KpeMa, ITO3UTUBHUMN TOCBix
sdacTocyBanHuA amioMiHitioBoro crormy CAB-1 B AKOCTi OCHOBHOTO KOHC-
TPYKI[IHOTO MaTepifAay KOPIycy Ta BHYTPIIIHbOKOPIIYCHUX ITPUCTPOIB
JOCJHIZHUIILKUIX PEeaKToOpiB, AKi eKcimayaTyooTbed 3 50-x pokis XX cTo-
JiTTsA, CBiAUNUTH IIPO OT0 BUCOKi MiItHicHI, TermodgisnuyHi, HEUTPOHHO-
¢isuuHi i Koposifiui BaacTuBOoCTi naa yMoB ekciryararrii AIIY «xe-
pesio HeUTPOHIB» .

TexHoJIOTiUHI ITpoIlecu, MaTepidanu, TeXHiIUHi Ta opraHisaiiiini pi-
ITeHHA, dKi 3acTocoByoTheda Ha ALY «J[:Kepesio HeHATPOHIB», amrpobo-
BaHI IpHU eKCILIyaTAallil eHepreTHYHNX a00 JOCTiTHUIIBKUX AAEPHUX yC-
TAHOBOK, KPUTUUYHUX 1 HiKPUTHUUYHUX 30ipOK, MPHCKOPIOBAYIB 3aps-
IKEeHNX YaCTUHOK Ta NPUUHATHICTH IX BUKODPHMCTAHHA HiATBEpAKeHA
pesyJabTaTaMu OOCJiIKeHb, BUIPOOYBaHb i ofep:kaja IOTOMKEeHHs 3a
pesyJibTaTaMu gep:kaBHoOl ekcreptusu JAPB.

3asHaueHi mepeAyMoBHU 3a0e3IeUyIOTh Oe3aBapiiiHy eKCILIyaTalliio
AITY «xepeso HEUTPOHIB» TPOTATOM IPOEKTHOTO TEPMiHY 3 TOTJIALY
BUKOPUCTAHNX KOHCTPYKIIIMHNX MaTepidaiB.
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IIpoanasizoBano edekTuBHiICThF MOAM(DIKYBAHHA IMOBEPXHEBUX ITapiB aJroMi-
HitioBoro crony AMr6 xom6iHoBaHuM O0OPOOJIEHHAM, II[0 BKJIIOUAE €JIEKTPOICK-
pose gerysauus (EIJI) Boabdpamom Ta diHinmHe yabTpasByKoBe yaapHe 06po0-
neunud (Y3VO0), 11010 Mok palneHHa MiKPOCTPYKTYPU, MiITHOCTH Ta KOPO3iHUX
BJIACTUBOCTEN. Pe3ybTaTi eJ1eKTPOHHO-MiKPOCKOIIiYHOI Ta PEeHTI'€HOCTPYKTY-
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paxyHok kKombiHoBarnoro o6pobaenusa (EIJI (W) + ¥Y3YO0) mikpoTrBepaicTs moBe-
PXHEBHUX IIapiB 3pocTa€e BABiUi y MOpiBHAHHI i3 BuXigHum cranoM. Beramosiie-
HO, 1110 Moau()iKOBaHA IOBEPXHS MA€E IIiABUINEHI aHTUKOPO3iliHi BJIaCTUBOCTI,
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640 B. B. MOTHUJIKO, A. II. BYPMAK, C. M. BOJIOIIIKO ra is.

IUTiBKY 3aBAAKY BeJINKil KiJTbKOCTI MijK3epeHHUX i MisK(pasHUX MexK.

KarouoBi cioBa: anoMiHiiioBMiT cTOIl, yJIbTPasByKOBE yAapHe oOpoOJIeHHS,
eJIEKTPOiCKPOBe JIeTYBaHHS, MiKPOCTPYKTYPa, MiKpPOTBEPAiCTh, KOPO3id.

The efficiency of modification of the surface layers of Al1-6Mg aluminium
alloy by combined treatment, including electric discharge surface alloying
(EDSA) with Tungsten and finishing ultrasonic impact treatment (UIT) to
improve the microstructure, strength and corrosion properties is analysed.
The results of electron microscopic and x-ray structural phase analyses indi-
cate the formation of the surface layer containing AI-W solid solution and
AlLLW or Al;2W intermetallic phases, which cause hardening. Micro-
durometric analysis shows that the combined (EDSA (W) + UIT) process dou-
bled the microhardness of the surface layers as compared to the initial state.
As shown, the modified surface possesses the increased anti-corrosion prop-
erties owing to the accelerated formation of the passivating oxide film due to
the large number of intergranular and interfacial boundaries.

Key words: aluminium alloy, ultrasonic impact treatment, electric discharge
alloying, microstructure, microhardness, corrosion.

(Ompumano 7 kgimnsa 2022 p.)

1. BCTYII

AnrominifioBi cTonM € OJHMMM 3 HAWOIiJBII IIMPOKO 3aCTOCOBYBAHUX
KOHCTPYKIIIHUX MaTepisfJiB y aepoKOCMiuHilil Ta aBTOMOGiIBHIN raxy-
3AX IIPOMUCJIOBOCTH Uepes3 BUCOKY MUTOMY MiITHiCTB i 3maTHiCTh 10 (o-
PMOYTBOPEHHSA METOJaMH ILJIaCTUYHOI JedpopMarrii.

g sMinmHeHHsA ITOBepXHEBUX MIapiB cTomiB AurroMiHiro Hapasi 1mu-
POKO 3aCTOCOBYIOTHCSA METOIM ITOBEPXHEBOI miIacTuuHol nedopmarrii [1—
3], y Tomy uucJi nys ¢jopMyBaHHA KOMIIOSUTHUX IIapiB, 3MiITHEHUX Ya-
CTUHKaMU OKCHUAiB/KapbimiB/HiTpunaiB [4—8] abo umctux meranis [9,
10]. ITomisxk HMX Taki MeTomu, K IIIPOTOCTPYMeHeBe 00pobseHHA [1],
apMyBaHHSA AaJIIOMiHiOBHMX CTONIIB iHTepMeTAJiJHUMU YaCTUHKAMU
TiAl 3a gomoMoroo iHTeHCHBHOI ILJIacTUYHOI JedopMallii piBHOKaHAIb-
HuUM mpecyBaHHAM [11], a6o MeTOomOI0 TepTsaA 3 IIEePEeMiIlTyBaHHIM
(friction stir processing — FSP) cuemnianpuumMu Hacagkamu [4], a Ta-
KOK BUCOKOUYACTOTHE yAapHe 00p0o0IeHHs IOBEPXHi 3a JOIIOMOT0I0 YJIb-
TPa3ByKOBOIO iHCTPyMeHTY [3, 6, T].

Baromoizo mepeBaro ajaloMiHiOBUX CTOIIB y HOPiBHAHHI 3 6araTbMa
iHITIMM MeTaJeBUMU MAaTepisjaMu € TAaKOXK i ImigBuIleHa KopoasiiiHa
crifikicTs. IlopiBHAHO 3 amOMiHieM, KOpPO3iliHA BUTPUBAJIICTL AKOTO y
HeHTpaJbHUX i HearpeCUBHUX CEPEeNOBUINAX 3a0e3MeuyeThbCs TPUPO/I-
HBO BiTHOBJIIOBaHOIO OKCHUAHOIO miIiBKoio Al:Os [12, 13], amomiHitioBi
CTOIIX 3a3BMYAN MIiCTATH JieI'yBaJbHi eJJeMeHTH AJIA IIiIBUIIEHHA MeXa-
HiYHUX 1 y JesaKiii Mipi aHTUKOPO3iHUX BJIACTUBOCTEH Y arpecuBHUX
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cepeoBUINAX, 1[0 MiCTATh aHioHM XJ10pYy Ta/abo iHmux rasorexis [14].
OpHak, MO3UTHMBHA MiA JIETYBaJbHMX €JIEMEHTiB YacTo oOMe)kKeHa ix
KOHIIEHTpAIli€I0, SKa He ITIOBUHHA IIEPEBUITYBATH KPUTUUYHOI PO3UNMHHO-
CTHU y TBepPAOMY PO3UMHI Ha ocHOBi Amtominiro. Ile moB’sa3aHo i3 cyTTe-
BOIO 3MiHOIO YMOB KOPO3ii y BUIIaAKYy BUIiJIEeHHA B MaTPUYHOMY TBEP-
JOMY PO3UMHI YaCTMHOK APYToil (pasu 3 BiAMiHHMME eJIeKTPOXEeMiUHIMU
BiractuBocTAMU [15]. 3 1miel X mpUUYMHM KOMIIO3UTAM i KOMIIOBUTHUM
nrapam TaKoJK BJIaCTHBA 3MeHITIeHa aHTUKOPO3iliHa CTifiKicTh.

Brkasanuii Bullle HeJOJiK He HNPUTAMaHHUMN CYIiJIbHUM 3aXUCHUM
miapam, SKi MoOsKyTh OyTH oflep:KaHi Ha MeTaJIeBUX MOBEPXHAX Pi3HUMU
MeTomaMu HanujeHHs [16, 17], okcunyBanHsa [18—20] abo e1eKTpPOicK-
posoro sgeryBauud (ELJI) [21-24].

Cepen HaMOiIBIIT BUTPUBAJINX Y aTPECUBHUX CEPEIOBUINAX TOKPHUTTIB
Ta MOBEPXHEBUX INApiB MOMKHA BUILINTH iHTepMerandigu AjaiomiHiio 3
nepexiguuvu meramamu (IIM: Ti, Ni, Mo, Ta, V, Nb, a takox W).
BBakaeTncd, 10 JOMIINIKY IIePeXiIHMX METAaJIiB IIOKPAaIlyIOTh 3aXUCHIL
BJacTuUBOCTI okcuaHoro mapy (Al:Os) Ha moBepxHi iHTepMeranigHOTO
mapy Al IIM,, y Tomy umci cTifiKicTh 10 ToKaIi30BaHOI (TOUYKOBOT) KO-
posii[14, 25-2T7].

Iarepmeranigu cucremu W—AIl neMoHCTPYIOTH cepen OiHapHUX CTO-
IiB cyTTEBO MOKpaleni Mexaniuui [28—33] Ta aHTUKOpPO3iMiHi [34—37]
BJacTUBOCTi. PopMyBaHHSA iHTEPMETAJIJHOTO IOBEPXHEBOIO IIapy MO-
JKe OyTu 3abesmeuene i3 BukopuctanuaMm metonu EILJI. Ilokasamo, 110
Jer'yBaHHs 00po0II0BAHOI IOBEPXHI MaTepisJIoM eJIeKTPoAy B KoMbiHa-
ii 3 gedopmaIliinuM oOpoOIEeHHAM € e()eKTUBHUM 3 OTJIAAY Ha 3MiIl-
HEHHA Ta IIiIBUMIIEHHS 3HOCOCTIMKOCTH, JKAPOCTINKOCTH Ta aHTHUKOPO-
siftHux BiaactuBocrei [20—23, 38].

Metoto maHOi pPoboTH € aHaiza MiKPOCTPYKTYypHu, )asoBOTO CTaHY,
MiKPOTBEPIOCTH Ta KOPO3iMHMX BJIACTHBOCTEHl MIOBEPXHEBOIO IIApPy
amoMiHiioBoro cromy AMr6 micia fioro KoMOiHOBaHOTO 00pPOOJIEHHS
MOCJIiTOBHUM eJIEKTPOiCKPOBUM Jier'yBaHHAM Bosabhpamom i ¢inintaoO
BHCOKOUYACTOTHOIO yIapHOI0 Ae)opMallieio 3a JOIIOMOI0OI0 YIbTPa3BYKO-
BOT'O iHCTPYMEHTY.

2. METOOJUKA EKCIIEPUMEHTY

OG6G’eKTOM [JaHOTO JOCIiIKEeHHS ABJACTHCA KOHCTPYKI[IMHMI aJioMiHi-
oBuii cron AMr6 i3 xeMiuHUM CKJIAZOM, HaBeAeHUM y Tabja. 1. Byan
BUTOTOBJIEHI MUIiHAPUYHI 3pasku BucoToo 10 MM Ta mismerpom 18 Mm
3i cromy AMr6 Ta mpoBefieHO fogaTKOBUiI Bigmas 3a remmepatypu 320°C
i3 TOAMHHOI0 BUTPUMKOIO 3a Temiepatypu 250°C Ta mocTymoBe 0XO0JIO-
IKeHHA 0 KiMHATHOI TeMIlepaTypu pas3oM i3 Iiuduio 3 MeTOI0 3HATTHA
BHYTPIITHIX HAIPYKEHb.

EnexTpoickpoBe Jer'yBanuA 3paskiB mpoBeneno [21, 22] Ha mosiTpi i3
BUKopucTaHHAM W aHOAY, i3 MMTOMOIO TPUBAIiCTIO 06po6KH 1 XB./cM?,
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TABJUIIA 1. Xemiunuii ckaazg crony AMr6, % Bar.
TABLE 1. Chemical composition of AlI-6Mg (5056) alloy, % wt.

Mg | Mn | Fe | Si | Zn | cu | Ti | A
5863 06 04 04 02 01 01  Pemra

TPUBAJICTIO, €HEePrieio Ta YacTOTOIO MPUKJIAJeHHA eJeKTPUUYHUX iMIIy-
JbCiB, AKi ctanoBuau 200 mkc, 1 I»x i 50 £ 3 ', BimmoBigHO.

Bubip Bouabdpamy fK JeryBajJbHOTO ejieMeHTa OOYMOBJIEHHUII THUM,
110 JaHWil MeTas BOJOJi€ HM3KOI BHUCOKUX MeXaHiuHUX Ta (Pi3MUHUX
BJIACTHBOCTEN, a caMe BHCOKOI KapOMIiI[HiCTIO, TBEPAIiCTIO Ta 3HOCO-
crifiicTio. MeToo maHOro o6poOJieHHSA OyJIO CTBOPEHHS JIeT'OBAHOTO
mapy ToBiIuHO0O 25 MEM—50 MKM, ToMy OyJo migiopaHo Bimmosimmi
pe:xkuMu. KoHTPOJIb IITOPCTKOCTY MMOBEPXHi IpOBeIeHo Ha mpodimtorpadi
I1-210, KoTpa micis JeryBanHs ckJjana R, 61u3bko 10 MM,

HomaTkoBe yJIbTpasByKoBe yaapHe 00po0eHHs 3pas3KiB iz Hajleropa-
HUMU IIapaMi, SKe 3aCTOCOBYBAJIOCSA 3 METOIO OJepPiKaHHA KOMILJIEKCY
MiABUINEHUX MeXaHiYHNX BJIACTUBOCTEH, 0YJI0 IIPOBeIeHO Ha YCTAaHOBIII
VY3I'-300 3a ceMuO0ONKOBOI KOHTAKTHOIO cxeMo. Onuc gaHoi MeTomu-
KU JeTaJbHO BUKJAZeHO B poborax [7, 22—24]. Byso emnipuuso migi6-
pauo pexxumu ¥3YO s3ania 3abe3neueHHa MAKCUMAaJIbHOI MiKpoTBepI0-
CTU Ta MiHiMaJbHOI IITIOPCTKOCTY IIOBEPXHi 3pas3KiB, aMIIiTyIa cCKJIaga-
Ja 15 mxM, a uac 06pobarenusa — 30 c.

Hocaimkenusa ¢GasoBoTo CKJIaAy IIPOBEIEHO 3a AOIIOMOIOI0 METOAU
peHTTr'eHiBCBHKOI (ha3oBoi aHawisu Ha nudpaxTomerpi Rigaku Ultima IV
y mizromy Bunpominensi (MCukK,)=1,5418 A) 3a HacTynHUX yMOB: iH-
TepBaJ KyTiB 3itomku 20 = 20°-120°, kpok — 0,04°, yac BUTPUMKHU Yy
Touni — 2c¢, 3arajbHa TPUBAJICThL 3MOMKHU OJHOTO 3pasKa CKJajaja
90 xB. 3 METOI0 JOCTiPKeHHA HAIPYKEHOT0 CTAHY KOMIIOSUTHOTO ITOK-
pUTTsa 3pas3KiB Ha pisHiil rinOuHi Bixg mMoBepxHIi 3acTocyBaau ABi cxeMu
doKycyBaHHA 00JIafHaHHA: y reomeTpii Bperra—BpenTtano (6—260) Ta re-
omerpii «koB3HOro npomensa» (GIXRD), 3a AK00 KyT mamgiHHS pPeHTIe-
HiBCBKOT'O BUIIPOMiHIOBaHHA cTaHOBUB 3° [17].

MikpoaopoMeTpruyHa aHaJida CMHTE30BAHUX MOKPUTTIB Ta IIOBEPX-
HeBUX IapiB cTonmy BUKOHyBaJjacsa Ha mpuianai IIMT-3 meromoio Bikep-
ca 3a HaBaHTakeHHA 100 r, npuyomMy 3MiHA MiKPOTBEPAOCTH 34 TOBIIIU-
HOI0 MOAM()iKOBAHOTO CTOIIY — 3 HaBaHTaxKeHHsaM 20 r.

Taka BiAMiHHiCTh BeJMUYMH HaBaHTaKeHHS OOYMOBJIIOBAJIACA THUM
dakTOpOM, III0 Ha BEJIUUYNHY MiKDPOTBEDPIOCTH MAa€ BILJIMBATHU JIUIIIE MO-
Iu(ikoBaHUM I1ap, TOOTO BUKJIIOUAIOYN BKJIA i3 00Ky MaTepisly ocHO-
BU. 3a CIIiBBiJHOIIIEHHAM cepeJHBOrO 3HAUeHHA MikpoTBepmoctu H*
3MIITHEHOTO IIIapy A0 MiKpoTBepaocTu BuxigHoro crony AMr6 H ;“ BU-
3HAUEHO CTYIIiHbL 3MIiITHEHHS K. TOBEPXHEBUX IIAPiB ITicjig KoMOiHO-
BAHOT'0 00p00JIeHHA 3a (hOPMYJIOIO:
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o = H; / H". 1)

InTeHcuBHIiCTL 3MiITHEHHA MOAM(PIKOBAHUX IMapiB BU3HAUEHO 3a (o-
pmygoro [22, 24]:

Ihard = (Hsl - H:‘) / hsl * (2)

ExcmepuMeHTaJIbHO JOBEAEeHO, IO BHacHigoK Y3YO BimOyBaeThca
¢dopMyBaHHSA 30H iHTEHCUBHOTO IMOAPiIOHEHHA CTPYKTYPHUX €JIEMEHTIB
IS PisHUX MeTaJiB Ta cTomiB (X cepenusa ToBimuHa — 50 MKM) [3, 6,
22—-24]. Came TOMYy IJisT BU3HAUEHHS iHTEHCUBHOCTH 3MIITHEHHS Inhard
0yJI0 BUKOPUCTAHO 3HAUEHHS TOBITUHY ITapy Ag 50 MKM.

Taxosx O0yJIO IIPOBEJEHO AOCTiIKeHHA MiKPOCTPYKTYPHUX 3MiH Y MO-
Iu(iKoBaHUX ITapaxX METO0I0 eJJeKTPOHHOI MiKPOCKOIIil 3a TOIIOMOT0OIO
CKaHyHouoro eieKTponuoro Mmikpockony TESCAN Mira 3 LMU i3 BOy-
IOBAHUM eHepromuciepciiiaum MmikpoanaidizaTropom OXFORD X-MAX
3a npucropoBaabHOol Hanpyru 30 kB ta 36insmennsa go 104 pasis.

HomaTKOBUM CIIOCOOOM €JeKTPOHHO-MiKPOCKOIIIUHUX TOCJTiIKeHb
CTPYKTYpH OyJia TpaHCMiciliHAa eJIeKTPOHHAa MIiKPOCKOIisg Ha IIpHUJIami
JEM-100 CX-II nmpu sHauenui npuckopioouoi Hanpyru 200 kB 3a mero-
IUKOI0 TOHKUX (POJIBT. 3pasKiu JJsd IUX JOCIiI:KeHb OyJu BUTOTOBJIEHI
MEeTOJI0I0 MeXaHiuHoro nnridgpyBamHsa o ToiuHN ~ 30 mxMm. Ilomasabiie
TIOTOHITIEHHA 3Pa3KiB IPOBOAMIIOCS 3a JOIOMOTOI0 OJHOCTOPOHHBOTO eJIe-
KTPOJIITUYHOTO ITOJIipyBaHHA B PO3UNHI YHiBepCaJIbHOTO eJIEKTPOJIITY.

Koposiiina moseginka agmoMiHifioBoro crony AMr6 micaa KomGiHO-
BAHOTO OOPOOJEHHA JOCTIIKyBaacsa 3a TPhOXEJEKTPOTHOIO CXEMOI0 V
3,5% Bomuomy posumui NaCl i3 3acTocyBaHHAM KaJOMEJIbHOI'O Ta ILIa-
TUHOBOTO eJIeKTpoiB [22, 27].

3. EKCIIEPUMEHTAJIBHI PESYJbBTATH TA OBI'OBOPEHH 1

Pucymork 1 memomctpye PEM-300parkeHHsa MiKPOCTPYKTYPHU IIOBEPXHi
crorry AMr6 micia xombinoBamoro ob6pobserus EIJI (W)+ ¥Y3VO0. Mo-
sKHa KOHCTATyBaTH, IO AedopMalliiiHa cKJIagoBa KOMOiHOBAHOTO 00poO-
O0JieHHA 3a0e3meuye HEe3HAUHY IIIEPCTKIiCTh piBHOMipHO MomudikoBamoi
IOBEePXHi, B MeBHUX 00JACTAX SAKOI BUIHO HAIJIWBU medopMalliiizoi
npupoau. [loBepxHeBui I1ap mepeBakHO CYIiabHUE (puc. 1, 6), Xxoua
3pigka cmocTepirarmThea ob6acTi KoMIIo3uTHOI mpupoau (puc. 1, 8).

Tabauisa 2 MiCTUTE JaHi 1[I0 XeMiYHOr0 CKJIaIy XapaKTepHuX o0Jia-
cTeii moau(pikoBaHOI IOBEPXHi, 110 Mo3HAUeHi Ha puc. 1, 8. Buawo, 110
IIOBEPXHEBUM IIap MiCTUTDH 06JIacTi/yacTUHKY aoMiHigiB Boasdhpamy i
okcumiB Amrominito (comexkTpu 2, 3) Ta 3pigka mait:ke umcroro Boasdpa-
my (cmexTep 1), posmozmineni y teepgomy posunHi AlI-W (criexTep 4).
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PEM-300paxeHHs IIOIIEPEUHOT0 IMePepisy MOCIiAKeHOoTro 3pas3Ky MO-
mudikoBamoro Boabhpamom merogamu EIJI Ta yapTpasBykoBe yaapHe
o6pobsenna (Y3VYO0), a TaKoK KOHIEHTPAIiMHUHA PO3IONiJ eJIeMeHTiB
3a TVIMOMHOIO IIPpecTaBJIeHi Ha puc. 2 Ta puc. 3.

Koumnenrparitini nmpodini (pucyHox 2) Ta KOHIEHTpaIifiHi mamm
PeHTr'eHiBChKMX BigoOpaskeHbh OCHOBHHMX MATPHUUHHX ejeMeHTiB (Al,
Mg) ta Boasdpamy (puc. 3) cBiguars, 10 KOMOiHAIIIsT METO eJIeKTpoic-
KPOBOTO JIeTYBaHHSA BOJIL(OPAMOBUM €JIEKTPOAOM i3 HacTymHuM ¥Y3YO
I03BOJIsIE c(hOpMYBaTH IOBEPXHEBUII IIIaP TOBIIMHOIO 0JI13bK0 20 MKM—
25 MKM i3 migBuinmenuM BMicToM Boabhpamy i3 mMOOZMHOKUMU BKJIIO-
yeHHAMHU W.

I'mnbuma OpoHMKHEHHSA OKpeMHX AaToMiB/KjacTepiB Boabdpamy
ckaanae 6amsbKo 40 MxM Bim moBepxHi. ToOTO, KpiM opMyBaHHS Ha
MOBePXHi CYIiJBHOrO Iapy i3 migBuiieHuM BMicToM Boabhpamy BHa-

SEM HV: 10.0 kV
View field: 500 pm

SEWFV: 100KV
View field: 10,00
SEM MAG: 36,1 ki

Puc. 1. PEM-300paskeHHa noBepxHi 3paska AMr6 miciasa kom6iHOBaHOTO 06pO-
6senusa EIJI (W) + ¥Y3VYO 3a pisuux 36iJbIIeHb.

Fig. 1. SEM-images of the surface of Al1-6Mg alloy specimen after combined
treatment by EDSA (W) + UIT at various magnifications.
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TABJINIIA 2. Xemiunuii ckaan (% Bar.) obaacreit moaudikoBanoi moBepxHi,
HaBeJeHUuX Ha puc.l, 8.

TABLE 2. Chemical composition (% wt.) of the areas of the modified surface
shown in Fig. 1, s.

Cuexrep ‘ C ‘ 0] ‘ Mg ‘ Al ‘ Fe ‘ Cu ‘ Zn | w ‘Bcaoro
1 1,84 5,01 0,89 5,44 0,71 0,56 0,11 76,43 100,00
2 2,32 25,79 5,96 53,51 1,32 1,53 0,18 9,39 100,00
3 2,05 26,44 5,56 51,53 1,64 2,53 0,21 9,98 100,00
4 1,02 5,72 5,45 64,07 2,17 3,78 0,13 17,66 100,00

caimoxk mugpysiiHUX IpoIeciB, iHTeHCU(piKOBaHUX 3a PAXYHOK JIOKAJb-
HOTO PO3TOJIEHHS Ta HACTYIIHOTO HarpiBaHHA TJIMOINNX ITapiB MaTpUd-
HOTO CTOIY, MOKe BimOyBaTucsa IpoHUKHEeHHA Boabhpamy Briubd 3pas-
Ka. HagsHicTh Fe MOKHA MOACHUTH BUCOKOIO TBEPAiCTIO iHTEepMeTaJIi-
Horo mrapy Al-W, 110 Moxke copuATH nepebiry macomnepenecenus Fe i3
3aJrisHOTO OOfiKa y MoaudiKoBaHi IMOBEepXHEBI IIapu 3paska y Ipolieci
Giminraoro Y3VYO.

3a IOImoMOroio peHTI'eHiBChKOI (Da30BOI aHaIi31 IIOBePXHEBUX ITapiB
3a cxeMoI0 «0—20» BcTaHOBJIEHO, ITTO0 KPiM pedeKkciB AoMiHiio Ta cJri-
IiB gasu AlsMg: (3 xapakTepHUM KYTOBUM PO3TAIlyBAHHAM ii udpak-
MiAHUX MaKcuMyMiB y okoJi peduexcy (111) Al) moskua cmocTepiraTu
JINIIe cJOigu pediieKciB, AKi 3a KYyTOBUMU IIOJOMKEHHAME 30iraroThesd i3
peHTTeHiBCchKMMU MakcumymMamu Boawdpamy (puc. 4, a). Ile cBiguuts
PO He3HAUHY KiJbKicThb (< 3—5%) iHTepMeTandifHUX BKJIIOYEHb Y MO-
In(pikoBaHOMY IOBEPXHEBOMY IIapi.

JIumie sactocyBanHs reomerpii KoBsHoro mpomenio (GIXRD), aka
JIO3BOJIAE OAEPKYyBATH iH(POPMAIIilO IIOA0 CTPYKTYPHO-(a30BOTO CTAHY
TOHKOTO TIOBEPXHEBOTO Iapy, AO3BOJIUJIO 3apPeeCTPyBaTU HASBHICTDL y
Moau(pikoBaHOMY Iapi MOCHiA:KyBaHUX 3pasKiB iHTepmeranmigzHux das
ALW Ta Al1:W, a Tako:x okcuny amaiominiio Al,Os (puc. 4, 6). Lle yaro-
IKYETBCS 3 JIiTepaTypHUMHU SJAHUMU, afKe inTepMeraiigu cucremu Al—
W mnepexignoro ckiaany (AlsW, Al;Ws, AloW) € BrCcOKOTEeMIIepaTypHHU-
MU Ta 3a3HAIOTH 34 IMOBiJIBHOTO OXOJIOAKEHHS eBTEeKTOITHOI'O Ta Iepu-
TeKTUYHOro posmany 3a remnepartyp 6aussko 1300°C ta 650°C, Bigmo-
BigHo. Tak, aBTopam pobotu [33] Baasoca sadikcyBaTu iHTepMeTadigHi
dasu Al4W Ta Al;:W MeTromaMu BaKyyMHOI iHAYKITiliHOI ImaBKU Ta ii
MMOETHAHHS i3 MJIa3MOBUM AYTOBUM OTOILJIEHHAM, TOOTO 3a BUCOKOI TE€M-
mepaTypu Ta Ay:Ke HU3bKOI IIIBUAKOCTU OXOJoMKeHuA. [Toai6Hi MipKy-
BaHHJA IIIOAO0 iCHYBaHHSA cTabiIbHUX iHTepMeTasiguux dpas W ta Al Bu-
caoBuiu aBTopu pobotu [32], KoTpi smorau sadikcyBatu Al;;W BHa-
CJILIOK ofep:KaHHA MOPOIIKY Al-xW ILIAX0M TepMiYHOI'O BiTHOBIEHHS
Ta ra3oBoro posnujeHHs. Taxko:k OyJg0 BCTaHOBJIEHO, IO ()OPMYyBaHHSA
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IIBOT0 iHTEpMETAJiy CIoCTepirajoch JIUIle 3a IeBHUX YMOB (KOHIIEHT-
paitii, TeMImepaTypu Ta cepemoBUIla), amKe y OiIbIIOCTi BUIaaKiB mepe-
BasKHO OJepsKyBayinch oKcumHi cruoayku Al:Os; ta WO;3. @opmyBaHHS
imrepmeraniguoi dasu AlW 3sadikcoBaHo 3a yMOB JIa3epHOrO Jiery-
BamHs y poboTi [35]. BeramoBiieHo, 1110 3a paxyHoK HamuiaeHas W Ha Al
OiIKJIAIMHKY Ta MOAAJIBIIIOrO OTOILIEHHS IIOBEPXHI 3a TOIIOMOTOIO iTep-
biftoBOro Jasepa BigOyBaeThCA JIeTyBaHHSA IIOBEPXHEBOTO IIAPY, IO Mic-
™iTh iHTepMeraniy Al4W, ToBimuHa axoro caraga 100-160 MmKm y 3a-
JIE’KHOCTI BiJl iIHTEHCMBHOCTH 3aCTOCOBAHOTO JIa3€PHOT'0 IIPOMEHIO.

Y HalomMy BUIIAAKY 34 YMOB 6araToKpaTHOI Aii eJIEKTPUUHOTO PO3PA-
Iy MiK BOJIb(PaMOBUM €JeKTPOIOM Ta II0OBEPXHEIO 3pa3Ka Bin0yBaeTbCs
iX TOWJIEHHS Ta B3aeMHe Macomnepenecenud [21,36]. Ilo-tiepite, y pos-
TOIIi, IO JIOKAJBHO YTBOPIOETLCA Y MICIISIX il eJIeKTPOiCKPOBOro pPo3-
pany, BimOyBaeThCcA iHTEHCUBHE HMepPeMillTyBaHHSI MATPUUYHOTO CTOITY 3
OPOAYKTaMM epo3ii BOJIb(GPaMOBOTO €JEeKTPOAy 3a PaXyHOK iHTEHCHUB-
HuX BuxpoBux Teuiii. Ilo-apyre, micada TBepAiHnHA MOAM(MiKOBaHOI MO-
BepXHi 3a paxyHOK TeIJIOBUX e(eKTiB MIMPOKOTO pajiroca Iil 3a paxy-
HOK BHMCOKOI TeIJIOIPOBiZHOCTH aJIOMiHilIOBOTO cTOMmy, BimOyBaioThCA
inTencuBHI gu@ysiiiui mpomecu Ta popMyBaHHSA TBEPAOTO PO3UnHy Al—
W. Ilpo 11e cBigunTH aHajisa mepioay I'paTHUIII aJIIOMiHiIO ¥ BUXiTHOMY
crai (0,4068 um) ta micas ELJI (0,4078 aM). ¥ camMoMy ITOBEPXHEBOMY
mrapi mepion rpaTHUIIL TBepAOro po3uuny e 6inxbinuii (0,4091 uMm), 110,

0 T T T n
0 10 20 30 40
Margiif, pixcTass Bill DOBEDXHI, MEM

o

10 20 30 40
Amominiil, RizcTass Bi TOBEPXHi, MKM

SEM HV: 20.0 kV' 0
View fleld: 61.6um | SE | 10 20 30 40
SEM MAG: 5.87 kx BonndpaM, BiicTaHE Bifl MOBepxHi, MEM

Puc. 2. PEM-300paskeHHs MOIEPEYHOro Iepepisy apaska cromy AMr6 micuas
ELIJI (W) +¥V3VYO0 ra KoumeHnTpamiiinuii posmonin cxkaagosux (Al, Mg, W) za
TInOUHOO.

Fig. 2. SEM-image of the cross-section of the Al-6Mg (5056) alloy after com-
bined EDSA (W) + UIT process and depth distribution profiles of constituent
elements (Al, Mg, W).
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OUeBUIHO, IIOB’A3aHO i3 YACTKOBUM 3aMiIl[eHHAM aTOMiB AJOMiHi0 y
TBepAOMY pos3umHi aTromamu Boabdpamy. Kpim Toro, 6araToKpaTHOIO
Ji€efo eJJeKTPUYHOTO PO3PAAY Ta HEPiBHOMIPHICTIO MPOIleciB Jer'yBaHHA
Ta IepeMilTyBaHHs MOKHA HOSACHUTH CIIOCTepesKyBaHe (hopMyBaHHS Y
TBepaoMy posunHi Al-W meBHOI KilbKOoCTH iHTepMeTadigHuX das (puc.
4, 6). Ix KyTOBi moNOXKeHHA HAMOLIBII iHTEHCUBHUX NOZATKOBUX ped-
JIeKciB 30iraiorscd i3 Makcumymamu, xapakrepaumu gias Al,W [35] ta
Al;W [28, 31].

3arajioMm 3a JaHUMHU PEHTI'eHiBCbKOI audpakToMerpii Ta pacTpoBOi
eJIEKTPOHHOI MiKPOCKOMIii MOKHA HilcyMyBaTH, IO Ipollec KoMOiHOBa-
HOol ELJI (W) + ¥3¥YO BHaACHiOK JJOKAJIbHOTO OTOILJIEHHSA JIETYIOUOTO Ma-
TepidaNy i MexaHiuHO Ta TePMiUHO iHIYKOBaHOTO IepeMilllyBaHHA IIPO-
OYKTiB epo3dii Boab(ppaMoBOTO eJIeKTPOAA i3 MAaTPUUYHUM CTOIOM IIPUBO-
IUTL OO YTBOPEHHS MOAM(piKOBaHOrO IIapy TOBHIMHOIO ~ 20—25 MKM,
IIT0 MAa€ 03HAKHU ITIOBEPXHEBOT0 KOMIIO3UTY 3 MATPUILEIO TBEPIOTO PO3UM-
HYy aToMiB Boabdpamy B AfoMiHil Ta BTiIeHUMH YaCTHHKaMU iHTepMe-

Puc. 3. PEM-306paskeHHsI moepeyHoro mepepisy spaska cromy AMr6 micas
ELJI (W) + ¥Y3VYO Ta peHTreHiBCcbKi Manu posmnoxgiay eaemenTis (Al, Mg, W).

Fig. 3. SEM-image of the cross-section of the A1-6Mg (5056) alloy and X-ray
distribution maps of the constituent elements (Al, Mg, W) after EDSA
(W) + UIT.
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raaigiB AL4W ta Al;2W. Biabmr ran6oki mrapu (~ 40—50 MKM) TaK0MK Mi-
CTATH IIiABUINEHY KOHIIEHTpAaIito aromiB Boabdhpamy (puc. 2, 3) 3a pa-
XYHOK MacoIepeHeCeHHs, iHTeHCU(PiKOBAHOTO IIiABUIIEHOIO TeMIIepa-
TYPOIO, TEILIOIPOBiAHicTIO AJIIOMiHiIO Ta BUCOKUM CTyIIeHeM Jaedopma-
il MaTPUYHOTO aJIOMiHi}I0OBOI'O CTOIIY.

Bimomo, 1110 HaABHICTh 3MIITHIOBAJIBHNX iHTEpMETAJTiTHNX YaCTUHOK
€ TOJATKOBUM YMHHUKOM HOJPiOHEHHA 3epeHHOI CTPYKTYPHU IMOBEPXHe-
BOTO IIIapy 3a YMOB HOT0 iHTEHCHBHOI ILIACTHYHOI Aedopmarlrii mix uac
BHCOKOUYACTOTHOTO YAApHOro HaBaHTa:kemua [4, 6-9, 11, 22, 24]. ¥V
HaoMy BUHOAaAKy, ¥Y3¥YO moBepxui momudpikosamoro EIJI (W) cromy
AMr6 taxo;X oOyMOBJIOE YTBOPEHHSA (pparMeHTOBAHOI MiKPOCTPYKTY-
pu, aKa MicTuTh cymimnt cy6mikpockomiunmx sepen (0,3—0,7 MKM) Ta
yabTpaguciepcHux cyosepeH (< 100 Hm) i3 wacTuHKamMu apyroi ¢gasu,

Al

Al
0-20 o ALLW

Al W

12

>

Al Al |o ALO,

InTrencuBHicTs I, 10B. 0O1.

Kyr gudparnii 26, rpag
a
GIXRD e W

IarencusricTs log I, n0B. ox.

20 40 60 g8 100
Kyt pudparuii 20, rpag
6

Puc. 4. Iudppaxrorpamu cromy AMr6 micaa EIJI (W) + ¥Y3VO0, sapeecTpoBani
3a cxemoio 0—260 (a) Ta 3a reomeTpii «KOB3HOrO ITpOoMeHs» (0).

Fig. 4. The diffraction patterns of the Al-6Mg alloy after EDSA (W) + UIT
registered using the ‘6—260’ scheme (a) and GIXRD (6).
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AKi popmyIoTh Mixk3epeHHi mpoIapku (puc. 5, 8). IIpo e cBigunTh mO-
piBuaaua TEM-300pakeHb MiKPOCTPYKTYPH Ta €JIeKTPOHHOI Audpak-
il cromy AMr6 micoa ¥Y3VYO (puc. 5, a) Ta miciia KoMOiHOBaHOTO 06p006-
aerasa EIJI (W) + ¥Y3¥YO (puc. 5, 0, 8). HaaBHicTL y TOBEPXHEBOMY IIIapy
yacTUHOK apyroi ¢asu (imrepmerarnigis AW ta/a6o Ali:W) minTeep-
IKyeThesa i cBiTomosbHUME TEM 300pamkeHHAMIM, a TaKOXK IIOSABOIO
IOIaTKOBUX pedJieKciB Ha KapTUHI eJleKTPOHHOI nudpakiii (puc. 5, 0).

3apeecTpoBaHi PeHTIeHIBCLKOI AM(PpPAKTOMETPi€io, pacTpoBOIO Ta
TPAaHCMIiCilTHOIO eJIeKTPOHHOIO MiKPOCKOMIi€I0 0COOJINBOCTI MiKPOCTPYK-
TypHOTO Ta (pasdoBoro crany MmoaudikoBaHOTO KOMOiHOBAHUM 00pPOOIeH-
HaMm EIJI (W) + ¥Y3VYO noBepxHEBOTO IIapy MOACHIOIOTH 3POCTAHHA MiK-
POTBepPIOCTH V MOPiBHAHHI 3 OKpeMo 00pobsierHoro Y3VO moBepxHeIO.
HiticHo, KpiM cyTo IucJIOKAI[ifHNX MeXaHi3MiB gedopMmalliitHoro amirr-
HeHHA cTory AMr6 niaactuuna gedopmMallia KOMIIO3UTHOIO I1apy, cdo-
pMmoBanoro Buponos:x EIJI (W), cipuunHsae gogaTKkoBe 3MillTHEHHS ue-
pes HasgBHICTL JOAATKOBUX MEPEIIKO PYXY ANUCJIOKAIIN Y BUIJIALL aTO-
miB Boabhpamy abo ix kjaacTepiB, a TaKOK YaCTUHOK iHTEepMeTaJidiB.
Bigomo, 110 sminuenHa HaHOPO3MipHUMY (< 50 HM) YacTUHKaMHU APYToi
dasu moxke 6yTu onucane mexauizsmom OpoBaHa [39].

3HauHe IIiIBUINIEHHA MiKPOTBEPIOCTH IIOBEPXHEBUX INIApPiB IIPOMUC-
JoBoro crony AMr6, BusaBIeHe MiKPOZIOPOMETPUUYHOIO aHAJIi300 IIicJIsd
moaupikaiii xomOiHoBaHMM 00pPOOJEHHAM, MOKa3aHe Ha puc. 6. Mox-
Ha OaumTH, IO HOCJTiJOBHE 3acTocyBauHsa KombOiHarii meronm EIJI Ta
Y3VYO0 pna momudikalilii moBepxHeBUX IIAPiB J03BOJISIE IIiABUIITATH Mi-
KPOTBEPAICTh MOBEPXHi IPUOJIMN3HO Y UOTHPU Pa3H IIOPiBHAHO i3 BUXif-

Puc. 5. TEM-300pakeHHsa Ta KAPTUHU €JIEKTPOHHOI AUPPaKIIil MiKPOCTPYKTY-
pu moBepxHEBOro 1apy 3paska AMr6 mo (a) ta miciasa (6, 8) kKomMb6iHOBaHOTO 00-
pobaenusa EIJI (W) + ¥Y3VYO.

Fig. 5. TEM-images and selective area diffraction patterns of the microstruc-
ture in the surface layer of Al-6Mg alloy specimens before (a) and after (6, 8)
combined treatment by EDSA (W) + UIT.
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Puc. 6. 3anexHicTs MiKpoTBepmocTu Big vacy Y3VYO Buxiguoro spaska i spas-
Ka, moaudikoBanoro nmonepenaso ELJI (W).

Fig. 6. Dependences of the surface microhardness of samples on the duration
of UIT (1) an initial sample and after EDSA (W) pre-treatment (2).

HuUM 3paskoMm (puc. 6, KpuBa 2) Ta y ABa pasu NOPiBHSIHO i3 3pasKoM,
AKUY miggaBasesa BukJIouHO Y3VO (puc. 6, kpusa 1).

Cryminb 3MiITHEHHS Rhara MOAU(MiKOBaHUX IIaPiB cTOory AMr6 Ta inTe-
HCHUBHICTDb 3MiITHEHHS [h.a MiCIA YIBTPA3BYKOBOIO YIAPHOTO Ta KOMOi-
HOBAHOT0 00pOOJIeHHS IMMOKa3aHo y Tadi. 3. BeTaHOBIEHO, 1110 Ehara TA Ihara
3HAYHO MiABUIIYIOTHCA BHACJiZoK Momudikarii moBepxHi cromy AMr6
oboma crocobamu. A TmonepenHe eJeKTPOiCKpoBe JieryBanHsa W IIO3UTH-
BHO BILIMBAa€E Ha edpeKTuBHiCTL momaibiioro ¥Y3VY0, am:ke Builesragamni
mapaMeTpu OigBUIIYIOThCS Maiike BABiui. SIK 3asHaueHO BUIIE, 3MIiII-
HeHHs IIOBePXHEeBUX ImapiB ctomy AMr6 BIpOaOB:K IOCJimOBHOI mil
EIJIW Tta ¢imimuoro Y3YO0O Bin0yBaroThcsa 3a CUPUSHHA AudysiiiHMX
MPOIIECiB MisK MATPUUYHUM MAaTepisjoM Ta IPOoAyKTaMu eposii Bosb(ppa-
MOBOTO aHOAY, 30iJbIIIEHHA CTYIEHI0 1e()eKTHOCTU CTPYKTYPH, HOAPi0-
HEeHHs 3epeH Ta, BiANOBigHO, 30iIbIIIeHH KiTBKOCTH MEXK 3epeH, YTBO-
peHHs 6iMOAaIbHOI CTPYKTYPH, 4 TAKOK IIOABYU BEJIUKOKYTOBUX MEK.

TABJINIIA 3. Baactusocti crony AMr6 micisa pisHux o6po6oK.
TABLE 3. Properties of Al1-6Mg (5056) alloy after different treatments.

. MikpoTBep- C;ryr[iHL IH'TeHCI/IBHiCTB
Marepisan (06pobieHHsT) nriers HV, TTIa 3MilHeHHs | 3MinHEeHHS Ihard,
Bhara MIla/MEM
AMTr6 (BuxigHMUH CTOII) 0,84 1 0
AMT6 (Y3Y0 30c) 1,43 1,70 11,8

AMr6 (EIJI (W) +¥Y3¥Y0 30 c) 2,31 2,75 29,4
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IleperiueHi (pakTOPU TAKOK BILJIMBAIOTH HA KOPO3iMHY IIOBEAiHKY Ta
3aXMCHI BJIaCTHBOCTI IIOBEPXHEBOTO I1apy crony. Ha pucyHKy 7 HaBeme-
Hi 3aJIeKHOCTI moJiapuaallii y BigKpuTiii KoMipili Big uacy mepeOyBauus
y posumHi NaCl 3paskiB miciaa BuxXigHOro TepmiuyHOro o0pOOJIEHHS,
¥3VYO0, a rarkox micia kombiHoBaHOrO 00pobaenHsa EIJI (W) Tta ¥Y3VYO.
PucyHok 8 meMOHCTPYe KPMBiI IIMKJIIUHOI MOJApM3aIrii micasa pisHmx
pexuMiB medopMalliiiHOro Ta KoM6iHOBaHOTO 0OPOOIEHHS.

Amajisa pesyiabTaTiB moadpmsaliii y BiZKpuTiii KoMmipii migTsep-
KY€ TiTBUINEHHA PiBHA KOPO3IMHUX BJIACTHUBOCTEN MOBEPXHi CTOITY
AMr6 micaag Y3YO mopiBHAHO i3 BigmaJeHMM Ta HeoOpoOJeHUM 3pas-
KoM (puc. 7). Ile mposaBasAeThCA ¥ OLIBI €JIEKTPOIIO3UTUBHOMY 3HAUEH-
Hi TTOTeHIiANIy KOoposii 060x MoamGikoBaHMX 3pas3KiB y MOPiBHAHHI i3
BUXiJHUM CTAHOM.

Kpusi mukrivHaoi moaspusaliii Ta KpuTUYHI TOUKY Ha HUX (puc. 8) mo-
3BOJIAIOTH OiJIBINI JEeTaJbHO IIPOAHAJIiZyBaTH IIEPedir eJeKTPOoXeMiuHuX
MIPOIIECiB HA JOCIiI3KyBaHUX ITOBEPXHAX. [l0JaTKOBO 10 MOTEHITiANY KO-
posii Ey, Bu3HAaUYeHOMY 3a IOTEHI[i1JIOM HaCUYEHHSA Ha YaCOBUX 3aJIerK-
HOCTAX IIOTEHIIAJY V BiZKpUTi#t KoMipIri (puc. 7), 3a TOJIOKEHHAM IIe-
peruny Ha aHOOHIiI Tijmi KpuBoi mosapuaarii (puc. 8) moxke 6yTu BU-
3HAYEHUH MOTEHIIAN MiTUHTY Fnir (TOKaIBbHOI KOpo3ii). EnekTpoxemiuni
XapaKTepUCTUKM, BU3HAUEHI 3a KPUTUUYHMMHU TOUKAMM Ha MIOJIApPU3a-
IMiHNX KPUBUX, HaBeJeHi y TabJ. 4. BugHo, 1110 micia gedopMaliliiiHoro
00po0JIeHHSA BifIOBiAHI mOoTeHITiAANM Ha0yBalOTh MEHIII Her'aTUBHUX 3Ha-
yeHb. Komb6inoBana aisg EIJI (W) ta ¢imimrae Y3V O cpuse mogaabIiioMmy
s3MmimeHHo E, y 0iK MeHIII Her'aTUBHUX MoTeHITiAaiB Ha 30 MB mopiBHaHO
i3 okpemo mpoBegeruM Y3VYO (Tabia. 3). Illo cTocyeThesa MOTEHITiATY TO-
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g 075 P g7
=1 v
g ~0-0-0-0-0-0-0+5-Qmet— Gtk 00
2
=

-0,804

0 30 60 90
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Puc. 7. Ilonsapusaliifigi KpuBi 3a€KHOCTH MOTEHIIIANY BIIKPUTOI KOMipKHY Bif
yacy suTpuMiKu y posunHi NaCl 3paskiB crony AMr6 y suxigaomy craui (0),
micas Y3YO (1), a rakosx micas EIJI (W) + ¥V3VO0 (2).

Fig.7. Time dependences of the open circuit potential of the Al1-6Mg alloy
specimens in the initial state (0), after UIT (1), and EDSA (W) + UIT (2).
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YKOBOI KOpPO3ii Eyir, TO BiH JeI0 3HMKYETHCA HMOBIpHO Uepes BUIIY Je-
(eKTHIiCTh ITOBEPXHiI Ta HaABHICTh UYACTHMHOK iHTepMeTadifHUX (as.
OcCKiJbKYU eJIeKTpPOXeMiuHi XapaKTepucTuku (as i maTpuili pisHATHC,
TO cerperaiiii Bosib(paMOBUX BKJIIOUEHDb ¥ MIOBEPXHEBUX IlIapax MaTepi-
STy MOXKYTH YTBOPIOBATH rajbBaHiuHi MiKpoememenTu i3 Al unm Mg Ha
00po0JIeHilT MOBEepPXHi MOCIiAKYBAHOTO 3pasKa, V Pe3yabTaTi eJIeKTpo-
XEeMIiUHMX peakxIliil Ha AKUX (OPMYIOThCS JIOKAJbHI 3arinbJIeHHa KOpPo-
sittHoi mpupoau. [ificHo, aromu Asiominito Ta Maruiro MatoTh moaioHMI
enexTponoTreHIianx (—1,66 B), Toxi ak emexTpomoreHirisaa W 3HAYHO BU-
it (+0,68 B), To6TO icHYe BHCOKa iMOBipHiCTH YTBOpPEeHHS TajbBaHiu-
HUX Tap, AKi cCTaHYTh aHAJIOTaMM IIeHTPiB Koposii. To6To, BKIIOUEHH
Boabdpamy ta inrepmerasaigie WAL, ta/a6o0 WALz OyayTe Bimirpasatu
poab ratoxmiB [34—36], Tomi AKX MeTaJN-MATPHUIS BUCTYHATHME Y POJIi
aHoOAy, AK HaCTiJOK — KOPO3iliHi mpolmecu OyAyTh IIPOXOAUTH 3HAUHO
inTeHcuBHimIe. JlogaTKOBUMU (paKTOpaMM MOXKYTH TaKOMK OYTH IIIOPCT-
KicTh IIOBEepXHi, BeJIMKa KiJIbKiCTh I'PAHUIIL 3€PEeH Ta BUCOKA I'yCTHHA
JIVCJIOKAIIi¥ BHACJITOK iHTeHCMBHOTO AehopMaIliiiHoro BIJIUBY .

Bigomo, 1110 MaTepiain, KOTPUM BJIACTUBI MEHII HeTaTUBHI 3BHAUEeHHA
TMOTEHITiAJY KOpoa3ii, 3azBuuaii, € 6iJbIII KOPO3ifiHO CTIAKUMHU, aHiK Ma-
Tepifau i3 6inbin HeraTMBHUM moTeHmisgmom [10, 14, 15, 19]. Iamum
(daKkToOpOM, KOTPHII BKA3ye Ha KOPO3iHY CTiAKiCTh € BeJIMUNHA I'YyCTUHU
CTPpyMy KoOpo3sii (BoHA XapaKTepusye BeJUUNHY Aerpamarii marepiamry
0esmocepeqHbO IIiT Yac KOPO3iiiHOI peakIrii), oT:Ke, MEHIIIUHA CTPYM —
BUIIA KOPO3iliHA CTiAKiCTh.

Opmep:kaHi pesyIbTaTH JO3BOJISIOTH CYAUTH, IO BeJIUUYMHA KOPO3iii-
HOTO cTPYyMY I 3pasky micas ELJI (W) + ¥Y3VO0 spocrae mopiBHAHO i3
3paskoM Imicasg ¥Y3YO, TooTo mogudikoBaHa KOMOiHOBAHUM OOpOOJIeH-

ITorernian E, B

6 -5 -4 -3
I'yertura ctpymy lni, A/m?

Puc. 8. 3aneXHOCTi MOTEHITiATY KOPO3ii Bifi r'yCTUHU CTPYMY KOpPO3ii mpu 1uk-
JivHUX KoposiitHux BunpobyBanuax nicada Y3VO (0) ra EIJI (W) + ¥Y3VYO (1).

Fig. 8. Cyclic polarization curves of the Al-6Mg alloy after UIT (0) and after
EDSA (W) + UIT (1).
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TABJINIIA 4. EnexkTpoxeMiuHi XxapaKTepUCTUKY TBEPAUX PO3UUHiB i das, Ha-
aBHuUX y cronax AMr6 y 3,5% Boamomy posumui NaCl.

TABLE 4. Electrochemical characteristics of solid solutions and phases in Al—
6Mg alloy.

Marepian ‘ E, MB (vs. SCE) |EmT, MB (vs. SCE) ‘ I»xepeso
AMr6 =775 -695
AMr6 +¥Y3YO0 =730 -605
Hama pobora
AMr6 + EIJIW -755 -
AMr6 + ELJI (W) +¥3YO =700 -630
Al-3,6W =700 - [34]
Al-W + nasep -730 -730 [35]

HSAM HOBEpPXHA KOPOAYE IIBUAIIe, Hik inmnri. Taka K TeHIeHIia crocTe-
piraeThbed i A1A XxapaKTEePUCTUK TOYKOBOI KOPO3ii: TOTEHITiA TOUKOBOI
Kopo3ii Eyi, micaa EIJT (W) + Y3VO 6inbln HeraTuBHUMN, a CTPYM TOUYKO-
BOi Kopoaii I, AeIo 3pocTae y IOPiBHAHHI 3 XapaKTepucTukaMu gedo-
pMoBauoi nosepxHi 6e3 EIJI. ITosuTuBHMM HACTIiAKOM IIIBUAIIOLI KOPO3ii
€ mpuinBHUaleHe GOPMYBaHHA OKCUIHOI IJIIBKM, AKa HagaJi BUKOHYE
daxucHy QyHKIIi0. Ile y3romKyeTbca 3 JiTepaTypHUMU HAaHUMHU IIOI0
KOPO3iiiHOI MoBeAiHKM Ta (DOPMYBAHHSA OKMCHUX ILJIiBOK Yy CTOIIaX CHC-
remu Al-W, AKi IokasyooTh, 110 30araueni BoibdpamoMm 1apu y cuc-
TeMmi cromiB Al-W giioTh AK 6ap’ep AJA OKHMCHEHHS Ta PO3UMHEHHS
AJriomiHiio, B pesyJbTaTi 4oro CTiMKicTh 1O TOUYKOBOI KOpO3ii 3HAUHO
3pocrae [34—36]. IlossicHeHHAM migBUIIIEeHOI KOPO3ifiHOI CTiKOCTU €
SIBUIIlE penacuBailii, 3a AKoro 3pyiuHOBaHa IIiJl BILTIBOM KOPO3ii oKcu-
Ha IJIiBKa 3aJIiKOBYETHCA AYsKe IITBUIKO 32 PAXYHOK HasSBHOCTI PO3UM-
HEHOI'o eJIeMeHTy, i Ile 3aJiKOBYBaHHS Bi0yBaeTbCsA IMIBUIINE, HixK
yTBOpPEeHA KOpo3iliHa 3amaJuHa JOCATHE IIeBHOI0 KPUTUYHOTO PO3Mipy,
00yMOBJIEHOT'O IIIBUAKiCTIO KOPO3ii.

BapTro Tako:k o6roBopuTu podory [34], Ze BKasaHo, 1110 MarHETPOHHO
ocamKeHi MOKpuTTa cucremu Al-W IeMOHCTPYIOTh MiABUINEHY CTili-
KicThb 10 TOUKOBOI KOpPO3ii, 1110 6y10 06yMOBIeHO epeKTaMu iHriOyBaHHS
Ta peracuBailii AaMok (pits) y cepemoBumiax i3 HusbKuM pH. Ilpore, 3a
MAaTHETPOHHOTO OCal:KeHHs IMOBEPXHEeBi IIapu CTOIy He 3a3HaBaJH Ie-
dopmariiinoro Buausy. Hanunenusd mapy W Ta mogajbliiie o6pobIeHHs
JIa3epPHUM IIPOMEHEM TaKOMK CIPHUAJN CYTTEBOMY IIiABUIIEHHIO KOPO-
3ittHoi crabinbHOcTH cTomiB Al-W [35]. Brasano, 1o «hJIoKTyaIii-
HUI» XapaKTep 3aJIeKHOCTHU HOTEHIIiAJIY BiIKPUTOI KOMipKHU Big uacy
00yMOBJIEHU caMe MePiofUYHNM YTBOPEHHAM MiKpOrajbBaHiuUHUX KO-
MipOK Ta iX 3HUKHEHHSAM B pPe3yJIbTaTi ImogaJbInoi pernacusaitii. JocJri-
IKeHHS KOPO3iiiHoi moBeAiHKM HanmujaeHuX MoKpuTTiB [37] AlI-W is pi-
3HOI0 KOHIleHTpaIliero ocranusoro (0,6, 3,5 ta 11 ar.% ) mokasaJo cyT-
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TEBe IMiABUINEHHA KOposiiiHoi crifikocTtu. CTymiHb HigBUINEeHHS aHTH-
KOPOBifiHMX BJIaCTUBOCTEM 3ajiekHUM Bix BmicTty W Ta mopdoJorii mo-
BepxHi. BcramoBieHo, 110 macuByBaJibHA OKCHUIHA IJIiBKa 30arauexa
okucHenuM Al Ta meoxucHenum W. OgHAK B arpeCUBHOMY CepPeLOBUILLi
BifOyBaeThcsa rajibBaHiUHA KOPO3isg 3a PaxyHOK JIOKAJHLHOI KOMIIO3HU-
mifizol (Al1-W mapm) Ta CTPYKTYPHOI HEOTHOPIZHOCTH, IPU YOMY JaHU
e(heKT moCUII0ETLCA 3 i ABUINEHHAM BMicTy W.

BapTo BKasaTu, 10 YTBOPEHHSA YJIbTPAOUCIEPCHOI CTPYKTYPU BHA-
CIiIOK iHTEHCHMBHOI'O yJZapHOTO mIe()OpMAIlilfHOTO BILIMBY BIIPOJOBIK
Y3VYO0 no3uTuBHO BILIUBAE Ha KOPO3iMHY CTiliKiCTh ITOBEPXHEBUX ITTapPiB
3aBAAKHU IMOAPiOHEHHIO 3epeH, a OTKe M BUCOKiM 00’eMHIill yacTIii Mex
3epeH, AKi pasoM i3 Misk(asHuMU MexxkamMu Monudikosarnoro Boibgdpa-
MOM IIIapy Ta iHTEpMETAJITHUMU BKJIIOUEHHAMU CIPUSIIOTH IIPUIIBU/I-
HIeEHOMY YTBOPEHHIO MaCUBYBAJIbHUX OKCUJIHUX ILJIIBOK i3 IIi ABUITIEHOIO
KOPO3iHOIO CTiHKiCTIO.

4. BUCHOBKH

IIposenena anasiza Mmop(oJIOrii MOBEPXHi, MiKPOCTPYKTYpPH, (PAa30BOrO i
XeMigYHOTO CTaHy, MiKPOTBEPIOCTU Ta KOPO3iMHMX BJaCTHUBOCTEN KOM-
MJIEKCHO MOAM(piKOBaHOTO ITOBEPXHEBOTO IIapy aJIIOMiHIIOBOTO CTOITY
AMr6 mocigoBHHM 3aCTOCYBAaHHAM eJIEKTPOiCKPOBOro JerysBaHHs Bo-
JAb(paMoM Ta (PIiHINTHOI BHCOKOYACTHOTHOIO yAAPHOKIO med)opMaIlliero
ITaJIu MOYKJINBiCTH 3pOOUTY HACTYITHI BUCHOBKH:

1. HoBeneno, mio momupikoBanmii KomOimoBaHUM o0pobiaeHHaM EILJI
(W) +¥3YO noBepxHeBUI I1ap TOBITUHOIO ~ 20 MKM cTorry AMr6 xapa-
KTepus3yeThesA CYyTTEBO (Bix 2 mo 4 pasiB) migBUINeHOIO IOPiBHAHO i3 3pa-
3KaMHu y BUXigHOMY Ta gedopmoBanoMmy ¥3¥Y O cTaHaxX MiKpPOTBEPAiCTIO,
110 00yMOBJIEHO (pOpMYyBaHHAM TBepAoro posunuy AIW ta cywmimri cy6-
MiKkpockomiunux (~ 0,7 MKM) 3epeH i yIbTpaAUCIePCHUX MijK3epeHHUX
[IPOIIIAPKiB i3 AuCIepCHMMHU YacTHHKAMH iHTepMmeradigaux das Al,W
ta/a60 AliaW.

2. BcranoBieHo, 1o kombizoBane 0opobaernua EIJI (W) + ¥Y3VO cupusie
IOZaTKOBOMY IiJZBHINEHHIO KOPO3iMHOI CTIKHKOCTH aJlIOMiHilTI0OBOIO CTO-
ny AMr6 sa paxyHOK OPHUIIIBUAIIEHOr0 (QOPMYBaHHS HACHUBYBaJIbHOI
OKCHIHOI ILTiBKM, SKa 3a IOAAJBINOro mepedyBaHHS B arpPeCUBHOMY
XJIOpBMicHOMY cepemoBuiili (y Bogmomy posuuti 3,5% NaCl) Bimirpae
3aXVCHY poJib. lle IpoABIAeThCA Yy TiIBUINEHH] IIOTEHI[IAJNY KOpo3il Ex
Ha 50—80 MB Ta crabimizariii 3ayIe;KHOCTH MOTEHIIiANY BiZKPUTOI KOMi-
PKHM Bij uacy MOpiBHAHO i3 BUXiZHUM 3pas3KoM.

Pob6oTy BuKoHaHO 3a mizTpuMmkum MOH VYkpainu y mexxax mep:xoio-
mxerHol TeMu HarionanrsHOro TeXHiUYHOTO YHiBepecuTery ¥ Kpainu «Ku-
iBcbKUME mosiTexHiuHME imcTuTyT iMeHi Iropa Cikopcbkoro» Ne 2405¢
(0121U109752) ra HAH Ykpaiau (0119U0001167).
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Metal matrix composites (MMC) have a wide range of applications in today’s
world, due to their high strength to weight ratio. In the present work, alu-
minium alloy LM25 and fly ash are selected as matrix and reinforced materi-
als, respectively. Fly ash is a waste product in thermal power plants. Its ease
availability in low cost can be converted into useful product. MMC of alumin-
ium alloy LM25—with 5 and 7.5% wt. fly ash composite is made by stir cast-
ing. The composite mechanical properties are compared with aluminium al-
loy. The chemical composition of aluminium alloy and its composite are stud-
ied by optical emission spectroscopy. The mechanical properties such as ten-
sile strength, elongation and hardness are obtained by employing UTM and
Brinell hardness tester. The specimens’ microstructure and phase analysis
are studied using an optical microscope and XRD. A segregation of fly ash is
found in the grain boundaries in the microstructure. The mechanical proper-
ties show significant enhancement from the base metal. The various defects
present in the casting are studied with the help of radiography technique.

Key words: fly ash composite, stir casting, mechanical properties, micro-
structure analysis, radiographic testing.
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IIHOCTH [0 Baru MAalOTh INMHUPOKUU CIEKTP 3aCTOCYBaHb B CydyacHOMY CBiTi. ¥
IaHiii poOOTi B SKOCTI MATPUYHOTO i HMOCHUJIIOBAJIBLHOTO MaTepisjaiB obOpaHO
amoMminiitoBuii cron LM25 i 301y BuHOCY. 30J1a BUHOCY € BiIXOIOM TEIJIOBUX
ejeKkTpocTaHIiii. Ii Jerka qocTynHicTb Ta HUBHKA BAPTICTH [JOBBOJISAE IEPETBO-
putu ii y KopucHuii npoaykT. MerajsoMaTpudyHi KOMIIOSUTU AJIOMiHiIOBOTO
crony LM25 i3 51 7,5% mac. 3011 BUHOCY BUT'OTOBJISJINCS METOJOI0 JUTTH i3
nepeminryBaHHaM. MexaHiuHi BJIaCTUBOCTiI KOMIIOBUTY OJIM3bKi 10 BJIaCcTHUBOC-
Tell ajoMiHilioBoro cromy. XeMiuHUM CKJIa aJloMiHilIOBOTO CTOIY Ta KOMIIO-
BUTY MOOCJiI:KEeHO MeTodaMH OITHKO-eMiciiiHoi cmeKTpockomii. MexaniuHi
BJIACTHBOCTI, a caMe MiITHiCTh Ha pO3PUB, IIOJOBXKEHHSA Ta TBePIiCTh, BU3HAUE-
HO MeTonoio Bpimennda. HociimkeHHsa MiKpOCTPYKTypu Ta (hasoBa aHajisa
3pasKiB ITPOBEIEHO 3a JOIIOMOTOI0 OINTHUYHOTO MiKPOCKOIA Ta PEHTI'eHiBChKOI
aHajisu. BusBieHo cerperairiio 30Ju BUHOCY y MesKax 3epeH. MexaHiuHi Biac-
TUBOCTi CYTTE€BO IOJIINIIYIOTHCA V TOPiBHAHHI 3 6a3oBuM MeTasioM. ledekTu,
HasBHi y BUJINBKY, BUBUEHO 3a JOIIOMOI0OI0 PeHTI'eHorpadii.

KarouoBi cioBa: 30JbHUI KOMIIO3UT, JUTTS 3 IEpeMilTyBaHHAM, MexXaHiuHi
BJIACTHUBOCTI, MiKPOCTPYKTYpHA aHaji3a, peHTreHorpadiuni gocaigxenus.

(Received December 31, 2020; in final version, January 4, 2022)

1.INTRODUCTION

Macroscopic combination of two or more materials is called as compo-
site. One of the major materials being metal and the other one, usually a
non-metal, is called metal matrix composite (MMC). In the past few
years, MMCs have gained more famous because of their low density,
high strength, high stiffness, damping capacity, good wear resistance,
better fatigue resistance and lower creep rate compared to conventional
alloys [1, 2]. Aluminium matrix ceramic reinforcement composites have
attracted increasing attention due to their combined properties such as
high specific strength, high stiffness, low thermal expansion coefficient
and superior dimensional stability at elevated temperatures as com-
pared to the monolithic materials. This has led to it being an important
material for the automotive and aerospace industries [3—5]. There are
many ways to fabricate metal composite including powder metallurgy,
pressure infiltration, casting, diffusion bonding and spray co-
deposition. After considering cost and ease of fabrication, stir casting
method was chosen. Stir casting is a process in which dispersed phases
like ceramics are incorporated in the molten metal matrix of metal (Fig.
1). They are then mechanically stirred, followed by solidification. The
stirring action leads to improvement in the distribution of fly ash and
its wettability. Content of dispersed phase in MMC via stir casting is
limited to 30% [6]. The distribution of the dispersed phase in the matrix
must be homogeneous. There might be segregation because of the differ-
ence in density which might lead to the formation of clusters.
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Motor

< -————— Rolling Rod

Impellers

Fig. 1. Schematic diagram of the stirrer.

Fly ash is a by-product of thermal power plants which is not used
conventionally and thought of as a waste by-product. It is used as a re-
inforcement material in this study. In India, 110 million tons of fly ash
is generated every year [7]. In general, fly ash consists of silicon oxide,
alumina, and iron oxide as major constituents and oxides of Mg, Ca,
Na, K, etc. as minor constituents. Fly ash particles are mostly spherical
in shape and range from less than 1 to 100 um. Due to fly ash being a
waste by-product, they are available for very low cost. In addition, fly
ash is a non-shrink material. They have great workability, high stiff-
ness and low thermal expansion coefficient.

Aluminium matrix is strengthened by the addition of hard and brittle
fly ash particles. Due to fly ash being low cost and abundantly available,
it helps in overcoming the cost barrier in the widespread application of
aluminium in automotive and small engine applications. Additionally,
greenhouse gases are minimized using fly ash which substitutes alumin-
ium in the production of aluminium alloys. Aluminium alloy fly ash
composites are a potential material for highway and runway signs, slid-
ing tracks for windows and doors, automotive parts, industrial furni-
ture, machine cover, frames and ducts and similar places [8].

TABLE 1. Chemical composition of fly ash [18].

Oxi- . . Loss of
des SlOz A1203 Fe203 CaO MgO TlOz NaZO KzO SOg ignition

Yo

wi 57.1 27.1 4 2.1 1.2 1.2 0.22 2.2 0.1 1.3




662 Chirav SHAH, Denish RATYANI, Hem DAVE et al.

The fly ash reinforced composite has been studied for different sys-
tems, such as Al-fly ash [6, 9-11], Al-4.5% Cu—fly ash [1], AA6063—
fly ash [2], AA6061—fly ash [12], A535—fly ash [13], A16061—fly ash
[14], AA6061-Al:0s—fly ash [15], Al-3Cu—8.5Si—fly ash [16], Al-
12Si—fly ash [10] and A535—SiC—fly ash [13]. With an increase in fly
ash hardness, tensile and compressive strength of MMC is improved [1,
7, 17]. However, these mechanical properties decrease when fly ash be-
comes more than 20% wt. [7]. The commercial LM25 alloy of alumini-
um is used in chemical and automobile industries. The effect of fly ash
in LM25 is not studied much. Present work concentrates on the influ-
ence of fly ash in LM25 Al alloy. In addition, the sound casting was in-
spected through radiographic testing.

2. EXPERIMENTAL DETAILS

Aluminium LM25 alloy was melted in graphite crucible. In induction
furnace, 16 kW of power was supplied to melt LM25. After LM25 was
melted completely and converted to a liquid state, fly ash was added
with 3 different compositions such as 0, 5 and 7.5% wt. More content
of fly ash was not chosen in order to maintain the corrosion resistance
[10] of the composite. A three-bladed impeller made of mild steel driv-
en by an electrical motor acts as a stirrer which is dipped into the melt.
During the stirring process, the fly ash was added in batches to ensure
homogeneous mixing. The schematic diagram of a mechanical impeller
dipped in molten metal is shown in Fig. 2. After enough mixing, the
melt was poured into the cleaned cylindrical-shaped mild steel die. Its
chemical composition is mentioned in Table 1. In Optical Emission
Spectrometer (OES), the specimen is vaporized with the testing probe
by a spark of an arc discharge to determine its composition. Shimadzu
OES-5500 spectrometer was used to find out the composition of LM25
alloy and its composites. An optical microscope was used to study the

TABLE 2. Chemical analysis of commercial and fly ash reinforced LM25 Al
alloy (in % wt.).

Fly

ash Cu Mg Si Fe Mn Ni Zn Pb Ti Sn Al

0 0.14 0.60 7.33 0.50 0.15 0.03 0.08 0.05 0.02 0.02 90.18

5 0.14 0.58 8.12 0.62 0.15 0.04 0.09 0.05 0.08 0.04 90.20

7.5 0.15 0.32 8.30 1.00 0.17 0.09 0.09 0.04 0.02 0.01 89.58
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(’7 . Gauge Length: A *\
50 mm

60 mm

Fig. 2. Tensile specimen’s dimensions.

microstructure of the base metal and its composite materials. Hydro-
fluoric acid was used as etchant with 0.5% concentration. The micro-
structures of all these samples were taken at 200X magnifications.

As shown in Figure 2, the ensile specimen was prepared with 50 mm
gauge length and 11.28 mm diameter. The tensile test was conducted
using a computerized tensile testing machine. Hardness measurements
were carried out on the base metal and composite samples by using a
Brinell Hardness Machine with ball indenter. The average value of
three measurements was reported. Radiography test (Dandong Zhong
Yi NDT Co., Ltd., China) was performed to detect and determine the
distribution of pores inside the tensile sample.

Tescan SBH VEGAS3 model SEM was employed to measure the parti-
cle size of fly ash. Presence of various phases of fly ash, LM25 alloy
and fly ash reinforced Al alloy composite was identified with the help
of XRD (MiniFlex Rigaku, Japan).

3. RESULTS AND DISCUSSION

The chemical composition of LM25 and fly ash reinforced LM25 com-
posite determined by OES is shown in Table 2. The Si and Fe content
increases with the addition of fly ash content. That implies, fly ash was
getting indeed incorporated in the matrix.

Fig. 3. Optical microstructures of LM25 Al alloy (a), 5% fly ash reinforced
LM25 Al Alloy composite (b), 7.5 wt.% fly ash reinforced LM25 Al alloy com-
posite using HF as the etchant (c).
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Fig. 4. SEM image of fly ash.

Figure 3 shows the microstructure of commercial LM25 Al alloy and
fly ash reinforced composites using hydrofluoric acid as an etchant.
The microstructure reveals the presence of a-Al and Al-Si eutectic
phases as per hypoeutectic Al-Si system. In addition to porosity, non-
uniform distribution of fly ash is observed in MMC. The agglomerated
fly ash particles are seen at the grain boundaries of 5—-7.5% wt. fly ash
reinforced composites. Gikunoo et al. [13] reported a similar finding
that non-uniform distribution of fly ash likes to segregate in grain
boundaries and promotes porosity. Rajan et al. [19] mentioned that for
uniform distribution fly ash, it must be surface treated in acid solution
by employing ultrasonic vibration and heat-treated before adding in
liquid metal.

As per intercept method, the grain sizes of the microstructure (Fig.
3) are 6.7, 8.4, and 8.6 for LM 25 alloy, 5 and 7.5% wt. reinforced fly
ash composite, respectively. The fly ash acts as a grain refiner and does
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Fig. 5. XRD pattern of fly ash.
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Fig. 6. XRD pattern of 0, 5 and 7.5% wt. of fly ash reinforced LM25 Al alloy.

not show much difference in grain size between 5 and 7.5% wt. fly ash
reinforced composite. This might be one of the reasons for better me-
chanical properties.

Figure 4 shows the SEM image of fly ash particles. It indicates that
fly ash has a wide range size distribution (6—80 um) in irregular shapes
and agglomeration. These agglomerates promote porosity in MMC.

The XRD pattern of as-received fly ash and cast fly ash reinforced
LM25 Al alloy are shown in Figs. 5 and 6, respectively. The major con-
tent of fly ash is SiO; and Al;Os; which is revealed in the XRD pattern.
Presence of Fe:Os peaks suppressed with low phase fraction and noises
due to impurities. As mentioned by Al-Fe—Mg—Si phase diagram [19],
Al +Si + Al;FeSi + Al;FeMgsSis phases are expected in the XRD pattern
of LM25 alloy and MMC. Due to low phase fraction, ternary and qua-
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Fig.7. Tensile strength and elongation with respect to fly ash content in
LM25 alloy.
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Fig. 8. Hardness of the specimens with respect to the increase in the fly ash
content.

ternary intermediate phases are not observed in XRD and also in the
microstructure. Figure 6 shows that the intensity of Si peak is in-
creased with the addition of the fly ash content in Al alloy. It may be
due to the interfacial reaction between fly ash and aluminium matrix
as mentioned by Rajan et al. [20] and Zahi and Daud [21]. Hence, the
probability for the formation of iron intermetallic is very low in MMC.
As mentioned by Rajan et al. [20], the possible interfacial reactions of
fly ash with the matrix are

2A1(1) + Mg(l) + 2Si0; (s) ™ MgA1204 Ok 2Si(s), (1)
3Mg(1) + 4.A1203 s ™ 3MgA1204 Oha 2A1(1). (2)
The XRD pattern did not reveal the presence of MgAl:O4 due to poor

quantity. Tensile strength and elongation trend of specimens are
shown in Fig. 7. The tensile strength of MMC is higher than LM25 al-

—

"’"”R 7

Fig. 9. Tensile specimens after testing.



INFLUENCE OF FLY ASH ON MICROSTRUCTURE 667

a b c

Fig. 10. Radiography image of LM25 Al alloy (a), 5% wt. fly ash reinforced
MMC (b), 7.5% wt. fly ash reinforced MMC (¢).

loy and it also increases with fly ash content. The tensile strength de-
creases after 5% wt. because of loss in interfacial bonding between the
reinforced particles (fly ash) and matrix phase (LM25). It should be
noted that the tensile strength is still higher in 7.5% wt. than in pure
LM25. It is mainly due to the interaction of dislocations and fly ash. It
can be inferred from the graph that the above phenomenon occurs be-
cause of the agglomeration of particles in the grain boundary.

In addition, the strength of fly ash reinforced composite is increased
due to reduction in grain size as per the Hall-Petch equation [22]

c=co+Kd'?, (3)

where o is the strength of the alloy, oo is a material constant which
gives resistance to dislocation movement, K is strengthening coeffi-
cient and d is grain size. The broken-up tensile pieces are shown in Fig.
9. The controversial tensile test result of 7.5% wt. fly ash composite
further analysed using radiography test.

Hardness of each phase is different. Figure 8 shows the hardness of
base materials and its composites. The trend of the hardness is very
similar to tensile strength of the specimens. It shows that the addition
of fly ash increases the hardness when compared to Al alloy. The de-
crease in hardness and tensile strength of 7.5% wt. fly ash reinforced
composite must be cross verified with defects.

Figure 10, a shows the LM25 alloy (0% wt. fly ash) radiography im-
age which is free from defects. Figure 10, b, ¢ shows radiography im-
ages of 5 and 7.5% wt. fly ash reinforced Al alloy composites, respec-
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tively. The spherical and irregular sports are observed throughout the
sample. A dark spherical sport indicates the presence of gas porosity.
Normally, the gas porosity in casting is formed due to insufficient size
of sprue or and poor mould preparation, i.e., too fine, too wet or low
permeability sand usage. However, LM25 alloy, i.e., absence of fly ash
does not have gas porosity which is clearly seen in Fig. 10, a. It indi-
cates that fly ash introduces the gas porosity in the composite. An ir-
regular dark spot in radiography images indicates the agglomeration
of fly ash, which is not observed uniformly. It is mainly due to untreat-
ed fly ash and low RPM of stirrers. In the x-ray radiography images, it
can be seen that the irregularly shaped black spots multiply with an
increase in fly ash content. This leads to a conclusion that porosity dis-
tribution and an agglomerated fly ash particle reduces the mechanical
properties such as tensile and hardness of 7.5% wt. fly ash reinforced
MMC.

4. CONCLUSIONS

Fly ash can turn industrial waste into industrial wealth. Its usage in
the composite can solve the problem of storing and disposal of fly ash.
Influence of fly ash in LM 25 was studied in terms of its mechanical and
metallurgical analysis in addition to radiography testing. Increase in
fly ash content in LM25 alloy increases in tensile strength and hard-
ness compared to the base metal. The untreated fly ash in MMC ag-
glomerates and adversely promotes porosity. Present work indicates
that

—surface treatment of fly ash is necessary to avoid agglomeration in
MMC,

— sound casting must be verified by NDT Co. before optimizing fly
ash content vs. properties,

— the mechanical properties of LM25 Al alloy improved by addition
of fly ash.
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PHASE TRANSFORMATIONS
PACS numbers: 05.70-a, 61.66.Dk, 64.70.K-, 64.70.kd, 81.30.Bx, 81.70.Pg

TepMoguHaAMiIiYHE MOJEJIOBAHHA Ta TEPMiUYHA aHAJJIi3a CTOITY
AK5M2i3 0,8—3,3% Pdepymy

A.T.Ilpuryuora, O. A. lllepenskuii, M. B. Korenes, B. 1. Ba6iok,
€. A. i Kunxos
Dizuko-mexnono2ivHUll incmumym memadnieé ma cnragie HAH Ykpainu,

6ynve. Akademira Bepradcvrozo, 34/1,
03142 Ruis, Ykpaina

HaseneHo pe3ysbTaTé TEOPETUYHUX i €KCIIEPUMEHTANIBHUX JOCIiIKeHb 0C00-
JUBOCTell (pa30BUX MEePeTBOPEHD Y CKJIaAHOJeroBanomy cromi AKSM2, 1110 Bu-
TOTOBJISIETHCA 3 OPYXTYy Ta Biaxoxis mpu 3miui Bmicty ®@epymy Bim 0,83 mo
3,3% . 3 BUKOPHUCTAHHAM IIporpaMuoro sadesmneuenns gipmu «Thermo-Calc»
(IIBemia) i 6asu TepmoauHamivuaux manux «COST2» agificHeHO MOmeTIOBaHHSA
(a30BUX IIePETBOPEHB, PO3PAX0OBAHO TeMIePaTypu BUAiIeHHS a3 Ta ix Maco-
Bi 4aCTKU IIpM PiBHOBAXXKHOMY Ta HepiBHOoBakHOMY (Moxayab Scheil-Gulliver)
TBepAHeHHi. [IJid BUSHaUEHHS MIEePeoXO0JIOMKeHHA Ha ITOUYaTKy TBepPAHEHHA Ta
TeMmepaTyp (pasoBHX IIepeTBOPEHb BUKOPHCTAHO PidHI TepMoaHaJiTHUYHI Me-
TOAU: KOMII'IOTepHa aHaJiza KpuBoi oxomomienua (KTA), nudepenrniiina te-
pmiuna anasisa ([ITA) Ta nudepentiiina ckanysaiabHa Kamopumerpia (JCK).
IToxkazaHo, 1110 TepMOAMHAMIUHEe MOAEJIOBaHHA (Pas3oBuXxX miArpam € epeKTus-
HUM iHCTPYMEHTOM IIPOTHO3YBaHHA (ha30BOT0 CKJIAAY CKJIQIHOJIEI'OBAHUX CTO-
miB, cupuse imentudikaiiii pesyabraTiB TepMiuHOl aHaJi3M, 3abe3meuye oje-
poxanHAa 6igbin moctoBipHOi iHpopMmarliii. CoijibHe BUKOPUCTAHHS ITUX METOJ
JaJIo 3MOTY BCTAHOBUTH, IO 30iIbINTeHHA BMicTy @PepyMy OPUBOIUTE IO 3Me-
HIIIeHHS TePeoXO0JIOMKeHHs 3apoKeHHs i 30iJbIIIeHHs iHTepBaJly TeMIiepa-
TYP COJNIAYC—JIKBiAyC OJA MOCHiIKYBAHUX CTOIIIB i 30iJbIIIeHHS KiJbKOCTH
3aJI1id0BMicHUX (pas3, a TaKOK OO0 3MiHU MOPAAKY i MexaHi3My iX yTBOpPeHHH.
dopmyBanua ctony AKSM2 3 0,83% Fe mounHaeThcsa 3 BUAIJIEHHSA 3 PO3TOIY
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MEePBUHHUX KPHCTAJIIB TBepmoro posumHy amiominiro (Al). IIpu migBuimenni
BMmicTy @epymy 1m0 1,46% — 3 dasu AlgFesSi (o). ¥V cromi 3 2,0% Fe mo miel
dasu gomaerbcs e omHa — AljsFes, iKa BUAIIAETHCA 3 PO3TOIY MEPIIOIO.
IIpore, mpu 000x KoHieuTpamiax Pepymy (1,46% i 2,0%) 00’emua yacTKa
IMUX MePBUHHUX (a3 JOCUTL He3HAUHA. 3 HiJBUINEHHAM KoHIeHTpaIii ®epy-
My 10 3,3% , moxiouo g0 crony 3 2% Fe, 3 po3Tony Tako BUALIAECTHCA ABi 3a-
JgisosmicHi pasu — AljsFes i AlgFesSi (o), mepima 3 HUX yTBOPIOETHCS 3 JOCUTH
noMmiTHuUM TermoBuM edpexTom. Hesane:kHo Big BMicTy @epymMyM B CTOIIi, MaK-
cuMaJyibHa KinbkicTh 3asizoBmicHux ¢das AlsFeSi (B), Alis(Fe, Mn)sSia a6o
AlMnSi (o), AlgFesSi (o) Buminsgerses npu eBTeKTUYHNX PeaKIiax, AKki peaJi-
3YIOTBCS IIiCJIA YTBOPEHHA nepBuHHNX Kpuctauais (Al). IIpomecu ¢popmyBaHHA
inTepmeranimis MgsSi i AloCu(0), 1o Big0yBaOThCa Ha OCTAHHIX eTamax TBep-
IHEHHS, IPaKTUYHO He 3aJIiesKaTh BiJl KOHIleHTpaIlii @epymy B CTOIIi.

Karouosi croBa: pasosi gisrpamu, repmiuna anaixiza, TepMoOgUMHAMIUHE MOJE-
amoBaHHA, cton AKSM2, 3anisosmicHi (pasu, (pasoBi meperBopeHHs.

The results of theoretical and experimental studies of the phase transfor-
mations features in the multicomponent aluminium casting alloy AK5M2
with iron content from 0.83 to 3.3% are presented. The Thermo-Calc soft-
ware and database COST2 are used to simulate the phase transformations,
and to calculate the phase precipitations and their mass fraction during the
equilibrium and non-equilibrium (Scheil-Gulliver module) solidification in-
terval of the alloys at the defined compositions. Different thermo-analytical
techniques are used to determine the undercooling at the beginning of the
solidification and phase transformations temperatures: Computer Aided
Cooling Curve Analysis (CA-CCA), Differential Thermal Analysis (DTA) and
Differential Scanning Calorimetry (DSC). As shown, that computer thermo-
dynamic simulation of phase transformations is an effective tool to predict
the phase composition of the casting alloys and to interpretate the results of
thermal analysis and ensures the accuracy of the obtained information. The
combined usage of these methods makes it possible to establish that the in-
crease of iron content leads to the decrease of nucleation undercooling and to
increase of the solidus—liquidus temperature range for studied alloys and an
increase in the amount of an iron-bearing inter-metallic compound, as well as
to a change in the order and mechanism of their formation. The phase precip-
itations of the AK5M2 alloy with 0.83% Fe begin with formation of the pri-
mary (Al) phase in the melt. Iron content increase in the alloy up to 1.46% Fe
leads to the precipitation AlsFe;Si (o) phase. In the 2.0% Fe alloy, there is
primary phase Al;sFes,. However, at both concentrations of iron (1.46% and
2.0%), the volume fraction of these primary phases is insignificant. In-
creasement of iron content up to 3.3% Fe, the same as for the alloy with 2%
Fe, two iron-bearing intermetallic Al;sFes and AlsFesSi (o) precipitate pri-
marily from the melt, the first is formed with significant thermal effect. Re-
gardless of iron content in the alloy, the maximum amount of Fe-bearing in-
termetallics Al;FeSi (B), Alis(Fe, Mn)sSis, AlgFesSi () are precipitate during
eutectic reactions after the primary crystals of aluminium (Al). The process-
es of intermetallic compounds Mg:Si and Al;Cu (0) formation occurs at the
last stages of solidification, and practically not depend from the concentra-
tion of iron in the alloy.
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Key words: phase diagrams, thermal analysis, thermodynamic modelling,
AK5M2 alloy iron-bearing phases, phase transformations.

(Ompumarno 11 gepecusa 2021 p.; ocmamour. eapiaum — 12 6epeszns 2022 p.)

1. BCTYII

IIpomuciioBi anoMiHifi0BO-KPEeMHiMOBI cTOIIM — ITe 6araTOKOMIIOHEeHTHI
KOMIIO3UIIii, KOKEH 3 XeMiUHUX eJIeMeHTiB SKUX BILJINBAE Ha CTPYKTY-
Py, dasoBuii cKaaz i MOpdOJIOTiI0 CTPYKTYPHUX CKJIAOBUX, Y TOMY UH-
cJi 3asizoBMicHUX (pas, i 06YyMOBIIOIOTE OCOOJIMBOCTI IX TBEPAHEHHS Ta
BJIACTHUBOCTi. BUPOOHUIITBO a/IIOMiHifIOBMX CTOMIB i3 BTOPMHHOI CHPO-
BUHU 3 IIiABUIIIeHUM BMicToM PepyMmy, 110 HETaTUBHO BILIMBAE Ha Me-
XaHiuHi BJIaCTHUBOCTi, IOTPeOy€e IMOCTiNNHOrO KOHTPOJIIO He TiIbKKM XeMi-
YHOTO, aJjie i (ha30BOTO CKJIaIy.

OminuTy (pasoBuUil CKJIAL CTOMIB 3a 3aIaHOI TeMOepaTypH Ta KOHIIEeH-
TpaIii KOMIOHEHTIiB MOKJIMBO, aHAJI3YIOUM OiATrpaMy PiBHOBAXKHOIO
cTaHy BigmoBizHuX cucreM. [Jig MOBHOTO PO3YMiHHA IIpolieciB, AKi Bix-
OyBaioThCcs Ipu POPMYBAHHI CTPYKTYPU IIPOMMUCJIOBUX CUJIYMiHiB, BU-
KOPUCTAaHHS IIUX AiATpaM € ocuUAb mpobsematuuHo. Ilepin 3a Bce, Ie
OB’ I3aHO 3 BEJIMKOIO KiJIbKiCTIO KOHTPOJLOBAHUX 1 HEKOHTPOJIbOBaAHUX
IOMIIIIOK, 3 HEPiBHOBasKHICTIO IIPOIlecy TBepAHEHHA B yMOBaX peayibHO-
ro BUpoOHuIITBa. ToMy BCcTaHOBUTH (PasoBUU CKJak 6araTOKOMIIOHEHT-
HHUX CTOIiB, KOPUCTYIOUNUCHh TPANUIIIMHUMU JiArpaMaMu CTaHy, Ipak-
TUYHO HEMOYKJIUBO.

TepMmoanHaMiuHe MOJeJTIOBaHHS, AKe ITUPOKO BUKOPUCTOBYETHLCA B
SIKOCTi iIHCTPYMEHTY BUBUEHHS IIpoIleciB (paszoyTBopenHd [1-3], icToTHO
IOMOBHIOE iH(oOpMAaIliio, ofep:KaHy eKCIepUMEeHTAJIbHUMU MeTOodaMu,
SKi TiATBEPAKYIOTH 400 CIPOCTOBYIOTH PE3yJabTaTH Po3paxyHKiB. Tomy
po6oTHu, IpUCBAUYEHI TEOPETUUHOMY Ta eKCIIEPUMEHTAJIbHOMY BUBUYEH-
HIO BHCOKOTEMIIEpaTypPHUX (Da30BUX PiBHOBAT B CKJIAJHUX METAJIEBUX
cucTeMax, He BTPa4yalTh CBOei aKTyanabHOCTHU [1—4], 1110 ZOBOAUTHL He-
00XimHiCTh IpOBEedeHHA JOCIiIKeHb B I[bOMY HAIIPAMI.

s pospaxyHKY (pasoBOro ckjagy 6araTOKOMIOHEHTHUX METaJIeBUX
cuctreM O. A. IIlepenbKuM BBeIEHO MOHATTS TEXHOJOTiIUHOI (pasoBoi
miarpamu [3], AKa mokasye 3MiHy (pasoBOro CKJaly Bim TemmepaTypH i
haKTHUUYHO € PiBHOBAYKHOIO AiArpaMoIO CTaHY CKJIAIHOJIETOBAHOTO IIPO-
MICJIOBOTO CTOIIy. IX OCHOBHOIO IIE€PEBAroio € IPOCTOTA Ta HAOYHICTH,
MOJKJINBiCTh OyTH IMOOYZOBAHOIO IJs OyIb-AKOI 0AaraTOKOMIIOHEHTHOI
KOMIIO3UIIil, 3Harouu JuIle ii XxeMiuHUH cKJang. Y IIOETHAHHI 3 eKcIie-
PUMEeHTAJIbHUMU METOJaMU TEPMiUHOI aHaJIi3u Iie Ja€ MOKJINBICTH BU-
3HAUUTH (Pa30BU CKJIAT i 0cOBJIMBOCTI (hOPMYBAHHSA BUJIUBKIB 3 IPOMI-
CJIOBOTO CTOIIY IIPU 3MiHi #I0T0 XeMiUuHOTO CKJIAAy, 30KpeMa BMicTy Pe-
pymy, 110 € MEeTOI0 JaHOol poOOTH.



674 A.T.TIPUTYHOBA, O. A. IIIEPEITbKU, M. B. KOIIIEJIEB ra ix.

2. MATEPIAJIN I METOOUEKHU ERCITEPUMEHTIB

3axonoMipHOCTi BimuBy @epymy Ha (hasoBUH CKJIAL JOCTiIKEHO Ha IPU-
KJaazni crorry AKS5M2 (amagor crorry A319 CIITA), sxuit BUTOTOBISIETHCA 3
OpPYyXTy Ta BiIXO/iB i MMIUPOKO BUKOPUCTOBYETHCS ¥ 3araJIJbHOMY MAITTHHO-
6ynyBauHi. Mloro wacTka B 3araJbHOMYy 00CSA3i BUPOGHHIITBA JIMBAPHUIX
cromis craazae 15% . Bim mae mocuTh HEBMCOKI MexaHiuHi XapakKTepuc-
TUKU, 3aJ0BiIbHI INBAPHI BJIACTHUBOCTI Ta KOPO3iiHy CTifiKicTb [5].
depyM HEr'aTUBHO BILJIMBAE HA MEXaHIUHI BJACTHBOCTI aJIIOMiHIAOBHX
cromis. 3riguo 3 [ICTY 2839-94 rpanuywo gomycTUMa KOHITEHTpaIia Pe-
pymy B cromi AKSM2 ckiuamae 1,3% (TyT i gasai macoBi BimcoTku), BMicT
Manrany, IKMi € OCHOBHUM eJIeMEHTOM-KoMmIeHcaTopom Pepymy, 3Ha-
xoauTthbes B mexxax 0,2—0,8% . 3a garumu [1] mpu HE3bKOMY BMicTi Map-
ra”Ilio B boMy cTomni @epyM B OCHOBHOMY BXOJWTB 0 CKJALY KPUXKOL
mractunauacrtoi asu AlsFeSi (B), mo akii sazBuuaii Bif0yBaeThesa pyiiHy-
BaHHA, HAacaMIIepel, B HanpyKeHoMy craHi. IIpu koumenTparii Manragy
omxue 1o BepxHBOI Mexki (0,8% ), dasa B MpaKTUUHO HE YTBOPIOETHCS.
Beck ®epym 3B’a3yeThea B inTepmerastin Alis(Fe,Mn)sSiz. Kpim Toro, mpu
HEBEJIMKUX IMTBUIKOCTAX OXOJIO/YKEeHHA, 30KpeMa, Opu JUTTI y ImirmaHi
dopmMu, MOKJINBE YTBOPEHHS ITIEPBUHHUX KPUCTAJIiB Iiel dhasm [1].

XeMiuHUHM CKJa[ HOCJHITHUX CTOIIB HaBemeHo B Tabua. 1. Ilga mocu-
JeHHs edeKTiB, 00yMOBJIeHNX BIJIMBOM PepyMy Ha IIPOIECU CTPYKTY-
POYTBOpeHHs, BMicT MaHTr'aHy MiATpUMyBaJId Ha HUMKHIN MeJKi 3TigHO 3
JCTY 2839-94.

TexHoJoriuHi (pa3oBi gigrpamMu po3paxoBaHO 3 BUKOPHUCTAHHAM IIPO-
rpamHOro 3abesmeuenud pipmu « Thermo-Cale» (IIIBeris) i 6asu Tepmo-
muHamiuaux manux «COST2» [6]. TemnepaTypu Ta ocobamBocTi daso-
BUX IIePETBOPEHD ITPY HarpiBaHHi i 0X0JIOMKeHHi BU3HAYAJIU MeTOaMu
KoMII'I0TepHOI TepMiuHOi aHaNidu KpuBux oxosomkenua (KTA)[7, 8],
nudepentifinoi Tepmiunoi anawisu ([TA) [9] i nudepenniiinoi ckany-
BasbHOI Kasopumertpii (ICK) [10].

Komn’toTepHa TepMiuHA aHajdida KPUBUX OXOJIOMKEHHS PO3TOIY
(Computer-Aided Cooling Curve Analysis) [7, 8], 110 3acHOBauuii Ha pe-
ecTpallii 3MiH TeMIepaTypu 3pasKa B uaci mpu #oro 0xXoJIoi3KeHHi, 3aCTO-
COBaHO JJIsI HOCJiIKeHHSI (pOpMYyBaHHA BUJINBKIB B yMOBaxX OJM3LKUX O
peanbsuux. Kpusi KTA omep:;kaHo 3 BUKOPHUCTAHHAM IIPOOOBinbipHUKa 3
xpoMeib-asiomenaeBoo Tepmomnapoo (I'OCT 492-73) miamerpom 0,3 +
0,022 ™M, aHaJIOTO-IMM(MPOBOTO IMEPEeTBOpPIOBaYa i IIEePCOHAJIBLHOTO
KOMII’f0oTepa IJIs 00po0ieHHs i Bidyasisallii ogep:xaHUX JAaHUX 34 JOIIO-
Moroio crerisrisopanux mporpam (MS Exel, Origin). IIpu masomy muTo-
MOMY TeILIOBOMY e(eKTi Ha OMMHUII0 Macu abo IIPU HeBeJNKiH KiJTbKoc-
T a3y, SKa IIePEeTBOPIOETLC, IIEPETTHN HA PEECTPOBAHUX KPUBUX 0XO-
JIOMI’KEHHA CTAIOTh JeAbh MOMITHUMHU i He 3aBMKIM BUABJISIIOTHCA. ToMy
IIpM aHaJisi BuKopucToByBanu temieparypHi KpuBi KTA cminbmo 3 mgu-
depenrIiifinolo KpuBoo d71/dt — MOXigHOIO IIEPIIOro MOPSAAKY KPUBOIL
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TABJIAIA 1. XemiuHuil cKIaL ZOCAIZHUX CTOIIB.
TABLE 1. Chemical composition of the studied alloys.

MacoBa yacTKa XxeMiuyHUX ejieMeHTiB, %

Si | Cu | Mg ‘ Mn Fe Zn Al
5,34 1,592 0,17 0,302 0,83 0,25 OCHOBa
5,10 1,616 0,20 0,304 1,46 0,47 TEeXK came
5,22 1,593 0,21 0,301 2,0 0,51 -
5,12 1,618 0,24 0,346 3,3 0,55 -

oxoJiomxenHsa. Pasom 3 Tum, 6iys11 uyTauBuME 00 Gikcarlii pazoBux 1me-
peTBopeHb npu HarpiBaHHi i oxomomxenui € meroau [[TA i [ICK.

Hudepeniifino-Trepmiuna aHaJjisa 3pasKiB aJOMiHiHIOBUX CTOIiB
aaiticueno ma mpmiaazni Derivatograph Q-1500-D (Vropmuua). Kpusi
ATA suimaam 3a JiHIHHOI ITBUAKOCTY HATrpiBy i oxosmomxernua 5°C/xB 3
neperpiBom poaromy a0 730°C. Maca 3paskiB ckaamana 200 mr. Sk era-
JIOH BHKOPHCTAHO IIpPOKapeHuil okcup adoomiHio (oAl:0s). 3pasokr i
eTaJIOH PO3MiIllyBaJid B 3aKPUTUX TUTJIAX 3 :KapoMilHoi ctaui. IIpumasg
I'pagyioBaJii 3a eTAJIONHUMU 3paskaMu Temieparyp [11], B AKocTi axkmux
BUKOPUCTAHO METAJHN: IIMHK, aJIOMiHi#, K0OaJIbT, IO XapaKTepusy-
I0ThCsS (pa30BUMU IIEPETBOPEHHAMU B YChHOMY HisIlTa3oHi TeMIepaTyp,
AKUH I[IKaBUTh. ¥YCi BUMiIpIOBaHHS HA €TAJOHHUX i eKCIePUMEHTAJIb-
HUX 3pasKax B3OiliCHeHO B ilTeHTMYHMX yMoBax (IIBUIKiCTh HAarpi-
BY/OXOJIOIKeHHSA, TEMIepaTypa, KOHCTPYKIIiA i MaTepisaa TUTIiB).

Hocraimxenua 3a meromoro [ICK npoBogunu ma mpuaani STA 449F1
dipmu NETZSCH B aBTOMATUYHOMY PEKUMi, 3 TOUHICTIO BUMipIOBaHHS
remuepatypu +0,5°C. Bei moTouHi mapamMerpu ekcoepuMeHTY (iKcyBa-
Jau i 36epiranu B mudpoBoMy Buriagi. [Jia ycyHeHHA HacaigKiB HepiB-
HoBaskHUX yMOB TBepaHeHHs [CK-xpuBi omep:kaHO Ipy MUKJIIUYHOMY
HarpiBaHHI Ta OXOJIOMKEHHi 3pasKiB, 3a OJHAKOBOI IIIBUJIKOCTH HArpi-
By/oxoaomienasa 10°C/xB Ta B yMOBaxX BHCOKOTO IIePerpiBy 3pasKiB 1o
remnepatypu 90°C. Maca 3paskiB He mepeBunyBaga 40 mr. YyTauBicTs
peecrpartii curaany [ICK — <1 mxBr. ITapamerpu ¢daszoBux mepeTBo-
peHb yTouHIioBau nudepeniioBanaam curaaay JICK.

3. PE3YJIBTATHU TA IX OBTOBOPEHHS

Texuosoriuni ¢asoBi giarpamu crony AK5M2 3 pisuum BmicTom Pepy-
MY, OJlepsKaHi MeTOHO0I0 TEPMOAUMHAMIUYHOT'O MOIETIOBaHHS, HaBeIeHO Ha
puc. 1-4. Ogep:xani gaHi 11070 azoBOro CKJIAAY, TIOCTiJOBHOCTH TA Te-
MIIEpaTyp yTBOpeHHs (as y cronax tumy AK5SM2 3 pisaum BmicTom Pe-



676 A.T.TIPUTYHOBA, O. A. IIIEPEITbKU, M. B. KOIIIEJIEB Ta ix.

PYMy CBiguaTh IIPO iX CYTTEBY 3aJIEKHICTH Bia KoHIEeHTparili Pepymy
(Tabi. 2 Ta 3). Kpim Toro, A1 BUIAAKy HEPiBHOBAYKHOI'O TBEPAHEHHS PO-
3paxOBaHO KPUBi «CyMapHa MacoBa YacTKa TBepoil (hasu—remMmnepaTrypar,
110 IIPeCcTaBJIeHO Ha puc. 5. IIaa mboro Bukopuctano metrony IlerpoBa—
Ileiina, B AKiii puiHATO, 1110 KoedimieHT audysii B po3Tommi 6JIu3bKMi
o HecKinuernHocTH (D, — «©), TOmi K B TBepXili ¢asi BiH HOpiBHIOE HYJIIO
(D = 0). Metony peaiizoBaro B mporpami Thermo-Calc ax mopenn
«Scheil-Gulliver». PozpaxoBani 3ajiesXHOCTi 0JIM3bKi 10 eKCIIepHMEHTA-
JbHUX KPUBUX OXOJIOMKEHHS i Jal0OTh MOMKJINBICTh BU3HAUNTH iHTEPBAJI
KpucTaIisarrii i remepaTypu IoUYaTKy i KiHIlsa BUALJIEHHA BCix das.

Tar, upu 0,83% Fe zanizosmicHi pasu GopMyIOTHCS ITiCIA BUIIICH-
HS 3 PO3TOIIY KPUCTAJIB TBEPAOTO PO3UNHY ajtoMiHito (Tabua. 2, puc. 5,
a). Ile dasu Al;FeSi (B) i AIMnSi (o). Bizmosiguo mo puc. 5, a Ta 3a Ji-
TepaTypHuMu gaHumu mrogo crorny AK5M2 3 0,8% Fe [12] ix yTBO-
peHHA BinOYBaeThCSa 3a €BTEKTUUYHUMH PEaKI[IAMM pO3Iany pigmHu,
IPU JOCUTH BeJINKii 06’ eMHi vacTiti hasu Al;FeSi ().

3a TexHOJOriuHO0 (PazoBoro Aisrpamoro crony AK5SM2 3 1,46% Fe
(puc. 2) mporiec TBepAHEeHH mounHaeThbes 3 pasu AlsFesSi (o) (Tabi. 2,
puc. 5, 6). 3 migBunieaaam smicty @epymy 10 2 i 3,3% — 3 mOCaiLOB-
HOTO YTBOPEHHS IePBUHHHUX 3ajisopMmicHux (as AlisFes i AlsFelSi (o)
(tab6i. 2). Age B cromi 3 2% Fe 06’emua uactka dasu AlisFes € MmeHIIIO0
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Puc. 1. Texuosoriuna ¢gasosa giarpama crony AK5M2 3 0,83% Fe: a — 3ara-
JBHUN BUTJIAL AiarpamMu; 6 — parmeHnT giarpamu. I — posTon, 2 — TBePAUI
po3YMH Ha OcHOBi amtominiio (Al), 3 — Al;FeSi (), 4 — AlMnSi (a), 5 — xpem-
Hilt, 6 — MgsSi, 7 — AlCu; (0).

Fig. 1. Technological phase diagram of AK5M2 alloy with 0.83% Fe: a—
general view of the diagram; 6—fragment of the diagram. I—melt, 2—a/(Al)
solid solution solid, 3—Al;FeSi (), 4—AlMnSi (o), 5—silicon, 6—Mg,Si, 7—
AlCu, (6)



TEPMOIVHAMIYHE MOJEJIIOBAHHS I TEPMIYHA AHAJIISA CTOIIY 677

100 - 10

. 901 | J—— . 94
= e g 1 ‘3
T 807 g 81
2 701 = 74
5 604 g 6 4
S S
E 504 E 54 p
= 404 o= 44 |
= = |
2 30 2 34 8
g 20 g 2
G 6 (°] 5

10 87 65 |4 2 1 7 — 2

i 7\
0 = L1 0 N

T ) T 1 L) T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temmnepatypa, °C Temnepatypa, °C

a (5]

Puc. 2. Texnonoriuua asosa giasrpama crony AK5M2 3 1,46% Fe: a — zara-
JbHUHN BUTIAL gisrpaMu; 6 — pparmeHT giarpamu. I — poaroi, 2 — AlgFesSi
(), 3 — TBepauii posunH Ha 6asi amromiuiio (Al), 4 — Als;FeSi (B), 5§ — AIMnSi
(o), 6 — xpemuiit, 7 — Mg,Si, 8§ — Al,Cu (0).

Fig. 2. Technological phase diagram of AK5M2 alloy with 1.46% Fe: a—
general view of the diagram; 6—fragment of the diagram. I—melt, 2—
AlsFesSi (o), 3—a(Al) solid solution, 4—Al;FeSi (), 5—AlMnSi (o), 6—
silicon, 7—Mg,Si, 8—Al;Cu (0).

3a cori Bigcorka (puc. 3). 3 miaBuIieHHAM BMicTy PepyMy 30iIbIIYETD-
cd 3araJibHa KiJbKicTh 3aisoBmicHux ¢as (puc. 1-4, tada. 3, puc. 5). I
y 3aJIe;KHOCTi Bifi KoHIIeHTpaIlil @epyMy 3MiHIOETHCS IMOPAIOK i Mexa-
Hi8M iX BUIiJIEHHS 3 PO3TOIIY B IIpoIieci TBepaAHeHHs (puc. 5).

Tpeba gymatu, 1110 caMme 3 pisHuM BILIHBoM Pepymy moB’s3aHa Bin-
MiHHICTBH OflepsKaHUX Pe3yJIbTATIiB BiJ JiTepaTypHUX I:Kepes AK IoI0
crony AKSM2, BmicTt @epymMy y IKOMY MOXKe 3MiHIOBATHCS B JOCUTD
mupokux mexax [CTY 2839-94, rak i fioro anasoris — A319 (CIIIA),
AK5M, AK6M2 [2, 4, 13] (Tabu. 4). 3okpema, 3 TabJs. 4 BUAHO, 10 (a-
30BUI CKJIAM i mOCaimoBHiCTh yTBOpPeHHA (a3 y croui AKSM2 3 0,83%
Fe Bimpisuserncsa Big cromy AK6M2, aKuii BUTOTOBIAETHCA 3 IIEPBUH-
HHUX MaTepiAaiB, a KoHIeHTpallisa PepyMy B HbOMY 3TiHO 3 BHUIIle BKa-
3aHUM Jep:KaBHUM cTaHAapToM He mepeBuiiye 0,6% .

PeanpHi mporiecu TBepIHEHHS 3a3BUYAl 3HAYHOIO Mipoio BigpisHs-
I0ThCA Bifl po3paxoBaHux. EXcipec-MeTom0i0 KOMII IOTePHOI TepMidHOI
aHaJNi3M KPUBHUX OXOJOIKEHHS OAeps;KaHo iH(opMaIlliio IMoAo BILIUBY
depymy Ha TeMIIepATYPHi TapaMeTpU TBEPAHEHHS Ta IIePeoX0JONKeH-
Hs PO3TONY B YMOBaX HepiBHOBaKHOTO cTany (puc. 6). BecranoBieno, 1o
IpU MIBUAKOCTI OXOJIOAKEeHHs posTomny 4,3°C/c migBUIIIeHHA KOHIIEHT-
partii @epymy IpHUBOIUTE OO SMEHIIIEHHSA IIePEOX0JIOMKeHH, SKe CKJa-
nae: 0,83% Fe — 3,3°C; 1,46% Fe — 2,6°C; 2,0% Fe — 2,4°C; 3,3% Fe
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Puc. 3. Texnonoriuna asosa gisrpama crony AK5M2 3 2,01% Fe: a — sara-
JbHUHA BUTIAL giarpamu; 6 — gpparMeHT giarpamu. I — poarom, 2 — AlisFey,
3 — AlsFe,Si (o), 4 — TBepauii posuns Ha 6asi axrominiio (Al), 5 — Al;FeSi (B),
6 — AlMnSi (o), 7 — kpemuiii, 8 — MgsSi, 9 — Al.Cu (0).

Fig. 3. Technological phase diagram of AK5M2 alloy with 2.01% Fe: a—
general view of the diagram; 6—fragment of the diagram. I—melt, 2—
AlisFes, 3—AlgFesSi (o), 4—a(Al) solid solution, 5—Al;FeSi (), 6—AlMnSi
(o)), 7—silicon, 8—Mg:Si, 9—AlCu; (0).

— 1,7°C.

IIpo cknagHuMit xapaktep BoiauBy @epymy Ha (pasoBi mepeTBOPeHHS
mpu TBepAHeHHi cBiguaTh pesyabratu ITA i [ICK, 110 HaBegeHi Ha puc.
7, 8.

ITopiBHAHO 3 TeopeTuuHHUMU (Ha30BUMU JiArpaMaMH BOHHU BimobOpa-
JKaloTh IIPOIlecH AeSKOT0 HepiBHOBAsKHOTO CTaHY CUCTEMH, 110 00yMOB-
JIEHO OBOJIi BUCOKMMMU IIBUAKOCTAME HarpiBy/oxosomkenna (ICK —
10°C/xB, ITA — 5°C/xB). Kpim Toro, mjsa ycepegHeHHSA XeMidHOTO
ckaany 3pasku crony AKSM2 3 pisauM BmicToMm PepyMy ofepKyBaIu B
yMoBax IIBUAKicHOro oxoaomxeHHsa — 70°C/c. Yepes HU3bKY aAudysiio
depyMy B pigKoMy aroMinii: D;Al =2,34-10" exp(-4210 / T) [14],
HepiBHOBasKHIiCTB (ha30BOro CKJIAAY MOKe 30epiraTics HaBiTh micjsa Bu-
COKOTeMIIepaTypPHOro meperpisy posrony (puc. 9), akuii npu IICK ckaa-
maB 900°C, opu ITA — 730°C.

Haii6inpmr #iMOBipHO, pa3oM 3 BIJIMBOM HEKOHTPOJLOBAHUX JTOMi-
IIIOK, AKi 3a3BMUYail IPUCYTHI B MPOMMCJIOBUX CTOIAX, BUIIlE OIIMCAHI
dakTOpu O00YMOBJIIOIOTH JeAKi PO3XO:KEeHHA B TeMIIEpaTypPHUX Iapa-
MeTpax TBepaHeHHsA cTony AKSM2 3 0,83—-3,3% , 1110 BU3HaUEHi 3a IPO-
rpamoio Thermo-Calc Ta ekcnepumentaabaumMu metogamu JICK i [ITA
(Tabu. 5).

fKicHO pesyabTaTHM MOEJIOBAaHHA Ta €KCIEPUMEHTAJbHUX TOCJi-
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Puc. 4. Texumosoriuna ¢asoa gmiarpama crony AK5M2 3 3,3% Fe: a —
3araJbHUN BUTJIAL AisrpamMu; 6 — QparmeHT giarpamu. I — poarom, 2 —
AlsFes, 3 — AlgFesSi (), 4 — TBepauit posunH Ha 6asi amominiro (Al), 5 —
Al;FeSi (B), 6 — AlMnSi (o), 7 — kpemHuiii, 8 — Mg,Si, 9 — Al,Cu (0).

Fig. 4. Technological phase diagram of AK5M2 alloy with 3.3% Fe: a—
general view of the diagram; 6—fragment of the diagram. I—melt, 2—
AlisFes, 3—AlgFesSi (o), 4—a(Al) solid solution, 5—Al;FeSi (), 6—AlMnSi
(o), 7—silicon, 8—Mg:Si, 9—Al;Cu (0).

I:KeHb KOpeJioTh. IIpocTe:KyeThcsa TeHAEHIIiA IiBUINeHH TeMIlepa-
TYpH JiKBigyc, SHMIKEHHS TeMIIepaTypu COJiayc, Ipu 3araabHOMY 30i-
JBIIIEHI iHTepBaJly TBEPAHEHHS 3 IIiABUIIIEHHAM KOHIleHTpaIlii @epymy
B cromi AKSM2. Paszom 3 TuM, pO3pPaxyHKOBiI TeMOepaTypHu IIOUYATKY
TBepAHEHHsA OiJbIII BUCOKi IMOPiBHAHO 3 eKCIepUMEHTAJIbHUMMU: IPU
0,83% Fe ma 1,5-2%, upu Bmicti @epymy 2,0-3,3% — ma 2,5-8%.
OcTaHHE MOXK€ CBiIUUTH IIPO 30iJbIIIeHHA CTYIIeHs HepPiBHOBAXKHOCTI 3
OigABUINEHHAM BMicTy @PepyMy y CTOMI IIpU iHIINX PiBHOZHAUHUX YMO-
BaXx IPOBeJEHHA eKCIIePUMEHTY.

Haui [ICK i [ITA ysromxyioTbcs. [leaki po30isKHOCTI MOKHA ITOACHU-
TH MOXMOKaMM BUMIipYy TeMmIepaTypHu, BiIMiHHOCTAMU B IIBUIKOCTIX
HarpiBy/oxonom:xkenHs (5°C/xB 1 10°C/xB) Ta pisHUMU MacaMu 3pas3KiB:
200 mr — ITA, 40 mr — JICK. V¥ 3aneskHOCTi Big BMicTy PepyMy B CTO-
mi AK5M2 xapakrep kpuBux ITA (puc. 7) i ICK (puc. 8) cyrTeBo 3Mmi-
HIoeThCA. OCcO0JIMBO HAOUHO Ie IMpocTeKyeThea Ha cepii JITA-KpuBux
(puc. 7), Ha AKUX OPOABISIETHCA ICKPABO BUPAKEHUN IIeperuH Ha HU-
3bKOTEMIIePATYPHIiH Il Iepiioro MakcumMyMy Ipu 30iJbIlIeHHI BMic-

Ty @epymy.
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TABJINAIA 2. ITocaigoBHicTs Bumisenus ¢as y cromi AKSM2 3 pisuum BMic-
ToM PepyMy 3a TEPMOANHAMIUYHU MU PO3PAXyHKAMH.

TABLE 2. The sequence of phase formation in AK5M2 alloy with various iron
content according to thermodynamic calculations.

Bwmict @epymy B cromi Tunry AK5SM2, % mac.

ITocaimoBHicTE

YTBOPeHHA (a3 0,83 1,46 2,01 3,3
1 (Al) AlsFe;Si(o)  AlsFe, Aly;Fe,
2 Al;FeSi (B) (Al) AlsFe;Si (o)  AlsFesSi ()
3 AlMnSi(o)  AlL;FeSi(B) (Al) (Al)
4 Si AlMnSi (o) ALFeSi(B) Al;FeSi(p)
5 Mg,Si Si AlMnSi (o) AlMnSi (o)
6 ALCu () Mg,Si Si Si
7 = AlCu (0) Mg,Si Mg,Si
8 - - ALCu(®)  ALCu(0)

TABJINIIA 3. PospaxyHKoBi TemMniepaTypu BumijienHa ¢as y cromi AKS5M2 B
3aJIeKHOCTI Big KoHIleHTpaIii @epymy.

TABLE 3. Calculated temperatures of phases precipitation in AK5M2 alloy
with various iron content.

Bumicr | T:AlisFey, | Tw(Al), | Twa, | TWp,| T-AIMnSi |TSi, | TsMgsSi, | TsAl:Cu,

Depymy °C °C °C | °C (av), °C °C °C °C
0,83 - 620 - 609 601 567 419 410
1,46 - 619 623 614 603 566 435 414
2,0 649 617 645 613 610 564 534 410
3,3 699 619 652 613 612 563 460 421

ITpumimra: Ty — TemuepaTypa nouatky Bumiaesus dasu; (Al) — tBepauit po-
3uuH ajoMinio; a-hasa — AlgFesSi; B-pasa — Al;FeSi; dpasa AIMnSi (o) —
A115(Fe, Mn)3Siz.

Saransuoio o3Hako KpuBux ICK i [ITA, HezadeXHO BiJ KOHIIEHT-
pamii @epyMmy B CTOIIi, € HAABHICTh ABOX BEJMKHUX 3a ILJIOMIIEI0 MaKCH-
MyMiB. 3a TaHUMU TePMOANHAMIUYHOTO MOAEJIOBAHHAM (3 ypaXyBaHHIM
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OiJIBIIT BUCOKMX TEOPETUUYHUX TeMHOepaTyp GasoBUX IIEePETBOPEHb) B iH-
TepBaJi Temiepatyp nepiroro makcumymy JICK i [ITA ¢popmyrorbes me-
pBunHI KpucTtanau (Al) i 3amizosmicui dasu — Al;FeSi (), AIMnSi (o),
AlsFesSi () (Taba. 3, puc. 5).

OcTraHHi Ha TOYATKY TBEePAHEHHS 3a3BUYAN BUALIAIOTHCSI 3 PO3TOIY
pasoM 3 AJOMiHieEM y cKJami eBTeKTHK (puc. 5) [2, 5, 12]. Ilig npyruii
MaKCHUMYM HOiANagaioTh II€PETBOPEHHSA, B IPOIEci AKUX 3 ABJISETHCS
KpeMHili. Pazom 3 anmoMmiHieM i 3asisoBmicHMMY (padamMu BiH opraHiso-
BY€ eBTeKTUKYU ab0 nmeputeKTukKy [2]. 15 BUABJIEHHA NIPUXOBAHNX He-
yiTKO BupakeHux remnoBux edekriB Ha [[CK-xkpuBux 6yso 3milicueHo

640 505
1
6204
5041
$ 600 & ,
& 5804 &
E E
» 2
g 5607 o 5024
E =}
E 5401 E
5014
s2040 U e
6 7
500 T T T T 500 U L U U
0 20 40 60 80 100 90 92 94 96 98 100
YacTtra TBeppol dasu, % mac. Yacrka TBepgol dasu, % mac.
a 6

Puc. 5. PospaxyHkoBa 3a/IeXXHICTh MAacoBOI YacTKU TBepAuX (pas Big Temmepa-
Typu. a, 6 — AK5M2 3 0,83% Fe: I —L (poaron); 2 — L + (Al); 3 — L + Al;FeSi
B) + (Al); 4 — L + Al;FeSi (B) + AIMnSi (o) + (Al); 5 — L + Al;FeSi (B) + AIMnSi
(o) + Si+ (Al); 6 — L + AlCu, (0) + AlsFeSi (B) + AIMnSi (o) + Si+ (Al); 7 — L +
+ Mg,Si + Al,Cu (0) + Al;FeSi () + AIMnSi (a) + Si + (Al); 6, 2 — AK5M2 3
1,46% Fe: 1 — L; 2 — L + AlgFesSi (a); 3 — L + AlgFesSi (o) + (Al); 4 — L +
+ AlgFesSi (o) + AlsFeSi (B) + (Al); 5 — L + AlsFeSi (B) + (Al), 6 — L + Al;FeSi
(B) + AlMnSi (o) + (Al); 7 — L + Al;FeSi (B) + AIMnSi (o) + Si + (Al); 8 — L +
+MgsSi + AlsFeSi (B) + AlIMnSi (o) + Si + (Al); 9 — L + Al,Cu (0) + Mg,Si +
+ Al;FeSi (B) + AIMnSi (o) + Si + (Al).

Fig. 5. Calculated dependence of solid phases’ mass fraction versus tempera-
ture. a, 6—AK5M2 with 0.83% Fe: 1—L (melt); 2—L + (Al); 3—L + Al;FeSi
(B) + (Al); 4—L + Al;FeSi (B) + AIMnSi (o) + (Al); 5—L + Al;FeSi () + AIMnSi
(o) + Si + (Al); 6—L + AlCu; (6) + AlsFeSi (B) + AlIMnSi (o) + Si + (Al); 7—L +
+ Mg,Si + Al,Cu (0) + AlsFeSi (B) + AIMnSi (a) + Si + (Al); 6, z—AK5M2 with
1.46% Fe: 1—L; 2—L + AlgFesSi (a); 3—L + AlsFesSi (a) + (Al); 4—L +
+ AlgFesSi (o) + AlsFeSi (B) + (Al); 5—L + Al;FeSi (B) + (Al), 6—L + Al;FeSi
(B) + AlMnSi (o) + (Al); 7—L + Al;FeSi (B) + AIMnSi (a) + Si + (Al); 8—L +
+Mg,Si + AlsFeSi (B) + AIMnSi (a) + Si + (Al); 9—L + AL,Cu (0) + Mg,Si +
+ Al;FeSi (B) + AIMnSi (o) + Si + (Al).
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2

onep:kanuam Kpusux [IJICK (puc. 8).

Ha JICK-xkpusiii cromy AK5M2 3 0,83% Fe (puc. 8, a) B remiiepary-
pHOMY iHTepBasi 611-562°C 3a 3MiHOIO IIBUAKOCTU BUAIJIEHHS TeIlaa

TABJIAIA 4. IlocaigoBuicTs yrBOpenHs das y crouni AKSM2 za Tepmoauna-
MiUYHUM MOJEJIIOBAHHSIM Ta HOT0 aHAJIOTIB 3a JAaHU MM JIiTepaTypPHUX IKepel.

TABLE 4. Sequence of phase formation calculated by thermodynamic model-

ing for AK5M2 alloy and data for their analogues from literature sources.

Bwmict @epymy B cromi Tunny AKSM2, % mac.

IlocaimoBHiCTE

YTBOPEHHHA (a3 0,83 1,46 2,01 3,3
1 (Al) AlsFe;Si(a)  AljsFe, Aly;Fe,
2 Al;FeSi (B) (Al) AlsFe;Si(0) AlsFesSi (o)
3 AlMnSi(0)  Al;FeSi(p) (Al) (Al)
4 Si AlMnSi(o) ALFeSi(B) Al;FeSi(B)
5 Mg,Si Si AlMnSi (o) AIMnSi (o)
6 ALCu () Mg,Si Si Si
7 = Al,Cu (0) Mg,Si Mg,Si
8 = - ALCu(®)  ALCu(®)
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Puc. 6. Pe3yabTaTu KOMII'IOTePHOI TepMiuHOI aHaIi3y KPUBUX OXOJIOMKEHHSI.
a — saranbHui Bug KpuBux KTA cromy AKSM2 3 2,0% Fe: I — KpuBa 0X0JI0-
I:KeHHs; 2 — mepina moxXigHa (IIBUAKICTh OXOJIOMKEHH) IK QYHKIIiA TeMIe-
patypu; 6 — MeToa BUSHAUEHHS Ta KPUBI mepeoxosomxenusa crony AKSM2 3
pisauM B™micToMm Pepymy.

Fig. 6. Results of computer aided cooling curve thermal analysis. a—general
view of CTA curves for AK5M2 alloy with 2.0% Fe: I—cooling curve; 2—
first derivative (cooling rate) as a function of temperature; 6—determination
method and undercooling curves of AK5M2 alloy with different iron content.

MO’KHA BUABUTHU SBHUI meperuH B obJacTti Temmepatrypu 598°C, axuii
BKas3ye Ha HaABHICTh MEBHOTO IIepeTBOPeHHA. Kepyounuch po3paxyHKoO-
BuMHU ganumu (tabdia. 3, puc. 5, a), HaftGiILIT IMOBipHO, BOHO IIOB’ A3aHe
3 hopmyBauuam dasu Al;FeSi (B), a c1abko BupakeHe mepeTBOPEHHS B
obJacti Temueparypu 574°C, 110 BigOyBaeThesa 3i MIBUAKiICTIO, AKAa IO-
BiJIbLHO 3MiHIOETHCA (KPHUBA MOBiILHO MOBEPTAETHCA A0 HYJIBOBOI JiHii),
— 3 mosABJeHHEAM (pasu AIMnSi (a).

ITpu BmicTi @epymy 1,46% wma ICK-xkpusiit (puc. 8, 6) BUABIEHO
TeryoBuii edeKT 3a Temiepatrypu 628°C, AKkuii cJaab0 IPOSABIIIETHCA HaA
kpusiit JICK, ane uitko 3adikcoBauuii npu I[TA (puc. 7). 3a repmoau-
HAMiYHUM MOJEJIOBAHHSAM BiH IOB’SI3aHUM 3 YTBOPEHHAM IIePBUHHUX
Kpucraiis intepmeraniny AlsFesSi (o) (Tabi. 2, puc. 5). Cyasuu 3 Besiu-
YMHU TeILJIOBOro edekrTy (puc. 7, 8, 0), 06’eMHa yacTKa 1iei pasu Besb-
My HesHauHa. OueBMIHNX O3HAK IIEPETBOPEHh HA cHagarouiil rimmi
nepioro makcumymy ICK-xpuBoi B imTepBani temmeparyp 609-—
586°C He BuABJIEHO. AJle MOXKHA IPUIIYCTUTH IPO HAABHICTD ITOBiIBLHO-
O IepPeTBOPEHHs B 00JIacTi TeMmeparyp 573—559°C, axe qobpe IposaB-
agerbesa Ha JITA-kpusiit 3a remneparypu 558°C (puc 7). Tpeba gymartu,
1110 BOHO I0B’sizaHe 3 hopmyBanuaM das AlsFesSi (o) ado AlMnSi (o).
3rigmro 3 [12], i ¢pasu maioTh OAHAKOBY KpUcTagorpadgiuay CTpyKTYpY,
aJie PiBHUM CTYIIiHb JeI'yBaHHsI MaHTraHOM.
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OICK-kpusi cromy AK5M2 3 2,01 3,3% Fe (puc. 8, 8, 2) icroTHo Bia-
PisHAIOTHCA Bif aHAJIOTIUHNX KPUBUX CTOIIB i3 BMmicToM @epymy 0,83 i
1,46% . Tak, upu 2% Fe (puc. 8, 8) y remueparypuomy inTepsaJi 609—
573°C kpusoi [[JICK 3a 3MiHOIO IMIBUAKOCTY BUIiJIEHHS TeIlIa IIPOTJIA-
IaeThes caabuil meperuH (3aMicTh HAJEIKHOTO IIJIABHOTO BUXOY HA HY-
JIbOBY JIiHiI0), AKMH BKadye HA HAABHICTH IIEBHOT'O IePEeTBOPEHHA. ¥ pa-
XOBYIOUHM PE3yJbTATH TEPMOLUHAMIUHOI'O MOIEJIOBAHHS, MOMKHA IIPU-
IIyCTUTH, III0 BOHO IIOB’s3aHEe 3 IPAKTUYHO OJHOYACHUM BUIIICHHSIM 3
postony das Al;FeSi (B) i AIMnSi (o) (tabxn. 3). Takox ma IIIICK-
KpUBill € ABHUI HiK B TeMmepaTypHOMY inTepBaii 573—559°C (puc. 8,
8). 3 migBuIieHHAM BMicTy Pepymy 10 3,3% BesuumHAa HOT0 IO 36i-
JBITYETHCA (pHC. 8, 2), 10 CBiTUNTD PO 30iIbITTEHHA TEILJIOBOTO eheKTy
BiZ peakKIliii posmaay pigmMHM B I[if o6JacTi TeMIepaTyp i BiAmoBigHO IIpo
30iybIIIeHHs 00’ eMHOI YacTKH (das, 110 yreopuancsa. OcobJauBo HATIIAL -
HO TeHJEHIIis 10 30iabIIeHHA 00’ eMHOI YacTKM ITUX (Pas 3 MigBUIIeHHAM
KoHIleHTpaIlii @epymy mpoctexkyerhbea Ha KpuBux IITA (puc. 7). Ocki-
JbKHY yCi ZOCTiAKeHi CTOIIM MalTh NPAaKTUYHO OJHAKOBUU BMICT Map-
ragmpo (Tabx. 1), To 3 TigBUINEHHAM KOHIIeHTpaIlii ®@epyMy B CTOITIi
AK5M2 Big 0,83% mo 3,3% smeHinyeTbcsa AK Bigaomenusa Mn/Fe 3
0,36 10 0,1, Tak i BizmoBigmo fimoBipHicTE yTBOpeHHs (pasu AIMnSi (o).
TomMy MOXHA IPUIYCTUTHU, IO BUABJIEHA 3aKOHOMiPHICTDL 30i/IbITIeHHS

613 644
AR

OTA, MmxB/Mr

I 1 T T T T T
450 480 510 540 570 600 630 660
Temmeparypa, °C

Puc. 7. ITA-xkpusi TBepauenns crony AK5SM2 3 pisuum BmicTom @epymy, % :
1—0,83;2—1,46;3—2,0;4—3,3.

Fig. 7. DTA solidification curves of AK5M2 alloy with various iron content,
%:1—0.83; 2—1.46; 3—2.0; 4—3.3.
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Puc. 8. Kpusi [ICK i IICK crony AK5M2 3 pisaum BmicTom @epymy, % : a —
0,83;0 —1,46;8 — 2,0; 2 — 3,3.

Fig. 8. DSC and DDSC curves of AK5M2 alloy with various iron content, %:
a—0.83;0—1.46;6—2.0; 2—3.3.

remoBoro edpekty Ha [ JICK i cmaguiit rimnmi nepimroro makcumymy ITA
3 MigBUIIIeHHAM KOoHIeHTpaIii @epymy B cromi AKSM2 (puc. 7) o6ymo-
BJIeHA 3pOCTaHHAM 00’ eMHOI uacTKu asu AlsFesSi (o).

Haii6inbin iiMOBipHO, BOHA € TPOAYKTOM €BTEKTHYHOI peakKIrii, Temire-
paTrypa peaJisailrii sKoi 3aJIeKUTh BiJ KOHIeHTpaIlii @epymy — IIi BAIITY-
€TheA Ipu 30iybIeHi Bmicty @epymy B cromi. Kpim Toro, 3a manmumu Tep-
MOJMHAMIUHOI'O MOJe/JI0BaHHA B cromax 3 2,0% i 3,3% ®@epymy Taxkox
YTBOPIOIOTHCS II€PBUHHI KpucTauu miel pasu i Al;sFey (Tabu. 3). Aue uepes
He3HauHy IX KijgbkicTs B cromi 3 2,0% Fe, Temosi eyexT, mos’s13aHi 3 ix
yrBopenHaM, Ha KpuBux IJICK i [ITA He zadikcoBaHO, BTiM IiATBEpIKe-
HO yTBOpeHHs nepBuHHOI (hasu AlisFey B crorri 3 3,3% Fe (puc. 7, 8, 2).

Ha ocrammix eramax TBepAHEHHS BCiX MOCJiJ)KeHMX CTOIiB BizOyBa-
IOTBCA IIEePEeTBOPEHHS, B IPOIeci SKUX (POpMYyHOThCS iHTepMerasinu
Mg,Si i Al,Cu (0). Ix 06’emua yacTKa MaiiKe He 3a1€KaTh BiJl KOHIIEHT-

paitii @epymy.

4. BUCHOBKH

Ha mizcraBi TeopeTMUYHMX i eKCIEPUMEHTAJbHUX IOCJIiIMKEHL CTOIIY
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Puc. 9. PospaxoBani sa gauumu [14] remueparypHi sanexuocti gudysii Fe, Si,
Mn, Mg y posToti AntomiHifo.

Fig. 9. The temperature dependence of the diffusion of Fe, Si, Mn, Mg in the
aluminium melt calculated from [14].

TABJIAIA 5. TemneparypHi napamerpu TBepaHenHs crony AKSM2 3 pisaum
BMicToM Pepymy 3a pesysbTaTaMu TepMogmHaMiuHOTO MozesoBaHHA, [ICK i
OTA.

TABLE 5. Temperature parameters of solidification of the AK5M2 alloy with
different iron content according to the results of thermodynamic modelling,
DSC and DTA.

Bwict Ty, °C Ts, °C AT, °C
Depymy,
% Pospaxyuok|[ICK|IITA|Pospaxyuok|[ICK|ITA|Pospaxyuok| [ICK|ITA
0,83 620 611 608 545 543 540 75 68 68
1,46 623 628 626 542 540 541 81 88 85
2,0 649 609 613 533 535 534 116 74 79
3,3 699 682 644 538 538 537 161 144 107

AK5M2 3 Bmictom @epymy 0,83—3,3% BCTaHOBIEHO:

1. TepmoguHamMiuHe MOAeJIIOBaHHA (PAa30BUX iATrpaM CKJaIHOJIEI'0OBa-
Horo cronry AKSM2 3 pisaum BMmicTom Pepymy € edheKTUBHUM iHCTPY-
MEHTOM IIPOTHO3YBaHHS HOro (hasdoBOro CKJIANY, CIpHUAE imeHTru(MiKamii
pes3yJIbTaTiB TepMiuHOI aHaJIi31, a CIIiJIbHe BUKOPUCTAHHS ITUX METOH,
AKi TOIIOBHIOIOTL OAWHA OAHY, 3a0e3Ieuye ofepP:KaHHa OiJIBIII JOCTOBIp-
Hol iHdopmarrii.



TEPMOIVHAMIYHE MOJEJIIOBAHHS I TEPMIYHA AHAJIISA CTOIIY 687

2. 3 migBUIEHHAM KOHIIeHTpAaIllii depymMy 3MEHIIIYEThCA IIEPEOXO0JIO-
IKEeHHs PO3TOIYy, 30iJIbIIYETHCA iHTEPBAT TBePAHEHHA, KiTbKiCTh 3aJIi-
30BMicHUX (pas, BMIiHIOETHCS 1X CKJIA, IIOPAMOK i MexaHi3M (hopMyBaHHA:

— upu 0,83% Fe (Mn/Fe = 0,36) TBepIHEHHS CTOIY IOYNHAETLCA 3
YTBOPEHHSA NEePBUHHUX KPUCTAJJIB TBEPAOTO PO3UMHY aJIIOMiHil0, Imiciid
YOr'o IIOCJIIJOBHO 3a €BTEKTUYHMM PO3IIaJ0M PiAMHU BUALIAIOTHCS 3aJIi-
soBMicHi dasu Al;FeSi ()i Alis(Fe, Mn)sSis;

— 8i 86iabienHAM BmMicTy @epymy m0 1,46% Fe (Mn/Fe = 0,21) tBep-
IHEeHHS PO3IoUYnHaeThesa 3 inTepmeratiny AlsFesSi (o), mpore, Buxozs-
yu 3 BeauunHY TeraoBoro edpexty Ha KpuBux JLJICK i [ITA, itoro yactka
JOCUTH HE3HAUYHA, a IOAAJbIIe BUALIEHHA 3aai3oBMicHux (a3 AlsFeSi
(B), AlsFesSi (o), Alis(Fe, Mn)sSi, 3aiticHIOETbCSA 32 €BTEKTUUHUMY pea-
KI[iAMH IIicJIA YTBOPEHH IePBUHHNX KpucTasis (Al);

—upu 2% Fe (Mn/Fe =0,15) 3a tanuMu TepMOIUHAMIYHOTO MOJIEJTIO-
BaHHA IIPOIEC CTPYKTYPOYTBOPEHHSA IoumHaeThesa 3 (a3 AlisFes i
AlgFe;Si (o), ase uepes ix He3HAUHY 00’ €MHY YaCTKy TEPMiYHOIO aHAJIi-
3010 BOHU IPAaKTUUYHO HEe BUABJIAIOTLCS, 4 HACTYITHI IEPETBOPEHHS IIOIi-
6Hi mo crony 3 1,46% Fe;

— migBuienHs KoHueHTpaiii @epymy 1o 3,3% Fe (Mn/Fe = 0,1) cy-
ITPOBOIKYETHCA 3HAUHUM 30iJIbIITeHHAM 3arajJbHOI KiJIbKOCTH 3aJ1i30B-
MicHUX a3 y CTOIIi, TBepAHEHHA AKUX NOUYNHAETHCA 3 YTBOPEHHS IIep-
BUHHUX KpucraaiB ¢asu Al;sFes,, motim — AlgFesSi (o), a mogambrri
eranu ¢GopMyBaHHSA 3ai3oBMicHuX (a3 mohibHi g0 cromis 3 1,46% Fe i
2% Fe;

— sminennsa smicty @epymy Big 0,83% Fe mo 3,3% Fe ra Bimnmosigne
3MeHINIeHHd criBBigmomenua Mn/Fe 3 0,36 mo 0,1 mpuBOauTE 10 3MEH-
meHHa 00’emHuoI yactka dasu Aljs(Fe, Mn)sSiz, mpu cyTTeBOMY 30ijb-
IIIeHHi KiJIbKOCTH Ta TeMuepaTypu yrBopeuHs dasu AlsFesSi (o).

3. 3aBepiaabHi eranu TBepaueHHA cTrony AKSM2 mos’asani 3 aszamu
MgSi i Al;Cu (0), Ha mpoliecu yTBOPeHHA AKUX BMicT Pepymy IpaKTH-
YHO He BIIJIMBAE.
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