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OCOBJINBOCTI MPOLHECY ®OPMYBAHHSA HAHOPO3MIPHOTI'O V205
PU IEPEMIILIIYBAHHI BOJHUX CYCHEH3IM!

Y pobomi excnepumenmanvho 6uueno 0cobOIUBOCMI 2IOPOMEXAHIUHO20 CNOCOOY
Gopmysannsa nanokpucmanie okcudy (V) eanadio i3 mpaouyiunoi cuposunu. Onucano
KOHCMPYKYIi npucmpois, wo 3a0e3neuyiomv IHMeHCUHe, NepemMiuly8anHs CYCneHsii 3
Pe2YIIOBAHHAM WBUOKOCMI 00epmaHHs ma HenepepeHull 3anuc in situ napamempy,
nponopyitnozo 6 ’saskocmi. Iloxazano, wo eenuuuna 600neeo2o noxasuuka pH, 6 ’asxicme ma
KONIp CYCNeH3ii 3MIHIOIOMbCA CUHXPOHHO MA MOJACYMb BUKOPUCTOBY8AMUCH OJisl KOHMPOIIO
nepedicy peaxyii. OmMpumaHo 3a1eAHCHOCMI KIHEMUKU MOpPHONI0IUHO20 NepemeopeHHs
kpucmanie nopowlky V20s 6i0 inmencusnocmi nepemiutyganus cycneusii. Iloxkazano, wo
MOACIUBOIO NPUUUHOIO MAKOI 3ANeHCHOCMI MOdHCe OYMU 3POCMAHHS WBUOKOCMI DO3YUHEHHS]
Kpucmanie npu 30inbulenHi iHMEeHCUBHOCMI nepemiuy8aHtA. 3’5c08aHO KPUMUYUHY DOJb
Hampiu x10pudy 0 YmMEOPeHHs HaHOha3u ma euzHavyeno onmumanviy konyenmpayito NaCl
Y pO34uHi, wo 3abe3neuye ymeopeHHs HaHOKPUCALIE NeHMAOKCUOY 8aAHAOIIO.

Memooom penmeeniecokoi oughpaxmomempii 00CIIOHCEHO 3MIHY CMPYKMYPHO20 CIAHY
kpucmanie V;0s 6 npoyeci nepemiuityganHs 600HOI CyCheH3ii/po3yuny. 3a 00nomo2orw
CKAHYIOYO0I eleKMPOHHOI MIKPOCKONII OMpUMAHi 300padcenHs munosux Gopm Kpucmanie
NeHMAOKCUOY 8aHAOdI0 HA PI3HUX cMAJIiAX NepemeopeHHs ma OYIHEeHO XAPAKmepHi po3mipu
HAHOKPUCATIB.

Ki104oBi cjioBa: HAHOCTPYKTYPH, HAHOTIOSICKH, IEHTAOKCHU/I BaHAII0, IPOBITHICTb.

1. Beryn

Hanoxpucraniyauii NeHTaOKCH/I BaHAIII0 € MEPCIEKTUBHUM KaTOJIHUM MaTepiajioM JUIs
BUPOOHHMIITBA  JIITIH-IOHHUX  akymynaropiB  [1-3].  OtpumaHHS 1BOro  Marepiaiy
NEePEeMILTyBaHHSIM BOJHOTO PO3YMHY/CYCHEH31i KOMEpPUIHHOTO MOPOIIKY IEHTAOKCUIY
BaHA/II0 € TMPOCTUM Ta eHeproomagHuMm MetojoM [4]. Ilpore ¢i3uunmii MexaHizMm
MOpdoJIoTiuHOI TpaHcdopmarllii Ta TEXHOIOTIYHI 0COOTUBOCTI MPOIECY Hapas3l HEJOCTATHBO
BUBYEHI.

! CrarTio HanmcaHo 3a pe3yNbTaTaMH BUKOHAHHS CIIIBLHOTO MpoekTy Ykpaina-Tlosbima 3 «YTBOpeHHs
HAHOIOACKIB OKCHAIB TPH IHTEHCHBHOMY II€PEMINIyBaHHI — EKCIIEPUMEHT, Teopis, 3acTocyBaHHD» (Ne
nepraBHoi peectparii 0121U113851).

Astop BrsuHMi npodecopam Mapeky anineBcbkomy (Kpaxis) Ta Auapiro 'ycaky (Uepkacu) 3a rutigHi
Juckycii Ta acriipanty Jlenucy Kosomiiimio 3a TeXHIYHY 1OTIOMOTY.
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2. MeToau Ta maTepiaau

Jlns peanizariii TEXHOJIOTI T1IpOMEXaHIYHOTO0 OTPUMaHHs HaHOKpucTaiaigHoro V205 ta
JOCITIJDKCHHSI BIUIMBY pi3HUX (AaKTOpiB Ha NPOTIKAHHA peakilii HaMHU CTBOPEHO JIBi
KOHCTPYKIIII TPHUCTPOIO JUIA TEpPeMillyBaHHS — TI0O BEPXHBONPUBOIHIA cXxemi Ta
MoaudikoBaHa MarHiTHa Mimanka. Porop Mmae cneuianbHy ¢opMmy ais 3a0e3neueHHS
OJIHAKOBOT IIBHJKOCTI KOJOBOTO pPyXy INapiB piAWHA TO YCi BHUCOTI IWIIHAPUYHOI
NOCYyIMHH, MaTepiajy peakropa XiMiuHO HeWrpanbHi. [IpuBOmOM Ciyrye eneKkTpuyHHNA
JBUTYH TIOCTIHHOTO CTPyMy 3 €IEKTPOHHOIO CXEMOK pEryjloBaHHS Ta cTabimi3artii
HIBUIKOCTI 0OEepTaHHSL.

Disc-encodar

pH-electrode

Thermostat

Vz Q 5 Suspension

a
Puc. 1. a) BepxHbOIIPUBOIHA MillIaKa, b) MarHiTHa Miajika
Fig. 1. a) upper drive stirrer, and b) magnetic stirrer

OnToenekTpoHHUM AaTYUK (PopMye IMIYIbCH HANPYTH, 10 BUKOPHCTOBYIOTHCS B KOJI
3BOPOTHOTO 3B’SI3KY JUIsl cTa0lIi3aTopa 1 MOCTynalTh Ha YaCTOTOMIP ISl 1HIWKAIll 9acTOTH
oOepranHs. B cxemi peani3oBaHO BHUMIPIOBAHHS CTPYMY CIIOKMBAHHsS JIBUTYHA, SKHUH
3MIHIOETHCSI TIPU 3MiHI KOHCUCTEHIII] CyCHeH31i 1 CIyrye KiIbKICHOK XapaKTePUCTHKOI ii
B’s13kocTi. KoHeTpykiii Mimanok HaBeaeHi Ha (puc.l). OueBuaHo, mo npu TpaHchopmarii
dbopMu KpHCTaliB MPOXOJATh IPOLECH PO3UMHEHHSA-KpUCTANi3allii, TOMy BaXXIUBUMH €
YUCeNbHI XapaKTepUCTUKU BOJHUX PO3YHMHIB TMEHTAOKCHIy BaHajdito. HasBHi maHi mpo
po3unHHICTh BaHafii (V) OKCHIy HETOYHI, a BIIOMOCTI PO AMHAMIKy PO3YHMHEHHS BiJICYTHI.
B pobGori Oynau mnpoBeneHi IOCTIKEHHS BIUIMBY IHTEHCHBHOCTI NeEpeMIIIyBaHHS 1
KOHIICHTpAlii CycreH3ii Ha pPO3UYMHEHHS KpHUCTaiiB. Miporo KOHIIEHTpalii po3unHy Oyia
NpURHATA €JIeKTPONPOBITHICTD, Ky BHUMipIoBaIH KoHaykToMeTpoMm PC-800. Otpumano, 1o
npy 30UIBIIEHH] IIBUJKOCTI NEPEMILTyBaHHS IIBUJKICTb PO3YMHEHHS 3pOCTa€, IPU LILOMY
piBEHb HACHUEHHS 3aJUINAETHCS cTanuM i ckianae 0,76 r/1 (puc.2).

JlocniakeHo 3aleXHICTh MIBUAKOCTI YTBOPEHHS HaHO(a3u MEHTAOKCH]ly BaHAIIIO BiJ
napamMeTpiB CHHTe3y, 30KpeMa — IHTEHCUBHOCTI nepemimryBanHs. Ha (puc.3) mpencraBieHo
3MIHY B 4aci CMOXHUBAHOi ABUT'YHOM MIIIAJKUA MOTY>KHOCTI MPH CTallif 4acTOTI OOepTaHHS.
[l BenuuumHaA MpOHOpIiiHA B’A3KOCTI PIAMHM 1 MOXE CIYTyBaTH ONOCEPEIKOBAHUM
MOKa3HUKOM IPOXO/DKEHHSI peakiii po3MipHOi TpaHcdopmaiii KpHCTaiiB TNEHTAOKCUIY
BaHalito. I3 rpagikiB Ha puc.3a BUAHO, IO MIBUAKICTH MpOIECy 30UIBLIYETbCS MpPU
301IbIIEHH] YaCTOTH 00epTaHHS pOTOpa MilLIAJIKH.
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Takox, 3BepTae Ha cebe yBary IMOpPOTOBHM XapakTep 3MiHHU B’S3KOCTI Y BY3bKOMY
4acOBOMY IHTEpBaJi, SKOMY IepeAye€ TPHUBAIMK Iepioj «BU3piBaHHS». B xomi mpormecy
BUMIPIOBAJIM TaKOX 3HAUEHHsS BOJHEBOro mokasHuka pH posumny. CrocTepiraeTbcst yacoBa
KopeJsiilis 3Minu BenuarHu pH 13 mapamerpom B’si3kocTi (puc.3.b).

Conductivity changing of the solution V205
during stirring
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Puc. 2. 3mina npoBinHocTi po3unHy V205 B mporieci nepemilryBaHHs
Fig. 2. Changing the conductivity of the V205 solution during mixing

Changing the value of viscosity parameter of the suspension pH Changing the pH-value of the V;0s+NaCl solution
during stirring for different rotation speeds during stirring for different rotation speeds
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Puc. 3. a') 3MiHa B yaci nmapameTpa BA3KOCTI CyCleH3ii, b) 3MiHa BenuuuHu pH po3unny
Fig. 3. a) change in time of the viscosity parameter of the suspension, b) change in the
pH of the solution
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Ha (puc.4) mokazaHo 3aJ€XHICTh TPUBAJIOCTI Mpoiiecy MOPQoOJIOTiuHOI TpaHchopmarltii
BiJl IIBUAKOCTI 00epTaHHsA poTopa Mimanku. Takok SKICHO BCTAHOBJIEHO CYTTEBE
MPUCKOPEHHS peakiii «MIKpO-HAaHO»-TIEPETBOPEHHS NpPHU 3pPOCTaHHI TEMIepaTypud BOJIHOI
cycnensii. Cmif 3ayBakKWTH, IO KOJIP CYCIEH311 MOMITHO 3MIHIOETHCS BiJl OBTOTO [0
YEepBOHOI'O BIJATIHKY, LI0 MOXKe OyTH MOB’S3aHO 13 3MIHOIO YMOB pO3CIsIHHA CBITJIa B
THCTIepCHOMY ceperoBumii. lle sBHIe MOXXHa BUKOPUCTATH SIK JIOJATKOBHIH IapaMeTp
MOHITOPHUHTY peakiii Mop¢osoridnoi Tpanchopmariii.

ABtopu poGotu [4] s npurotyBaHHsS cycnensii  BaHamid (V) okcunpy
BUKOPUCTOBYBaJIM 2M pO3UMH HATpil0 XJOpUAY Ta iHIIMX cojei Hatpito. IIpum npomy
3aJIUIIAETHCS HESICHOIO POJIb COJIl B MpOILeCl KPHUCTAIIYHOI TpaHcdopmalii Ta BIUIUB il
KOHIIEHTpalli Ha JMHAMIKy MPOTIKaHHS peakilii Ta cTaH KiHIeBOro mpoaykry. Hamu Oyio
nociikeHo BIUIMB KoHueHTpamii NaCl y po3umHi Ha mpouec YTBOpPEHHS HaHo(asu
NEeHTAOKCUy BaHajilo. Ha puc.6 mokazaHo OoTpuMaHi Hpu dYacToTi oOepTaHHS poTOpa
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mimanku 500 06/XB 3aJIeKHOCTI MapamMeTpy B’SI3KOCTI cycmensii Ta pH po34wHy Bix BMiCTy
XJOpuay HaTpiro. BuaHo, mo 3mMiHa KOHIIEHTpaIii i€l 700aBKH BYETBEPO HE3HAYHO BILTUBAE
Ha TPOLEC, 3MEHIIEeHHS X 11 10 3HayeHHs 0,1M/n1 moMiTHO CHOBiUIBHIOE nepeTBopeHHs. [Ipu
IIbOMYy, B YyCiX BHIIaJIKaX CIOCTEPIrajJoch yTBOPECHHS HAHOKPUCTAIIB Yy IMJICYMKY, 03
NOMITHUX BiAMiHHOCTeH (opMu Ta po3mipiB. MokHa mependayuTH, MO ONTUMAIBHUM €
Bmict NaCl B miamazoni 0,3...0,2 M/n. Cxig 3a3HauuTH, 10 3a TMOBHOI BIJICYTHOCTI HATpii
XJIOpHy pICT HaHO(A3H HE CIIOCTEpiraBcs, NpuHaiMHi, 10 280 roIuH MepeMilTyBaHHS.
JlocmipkeHHST KPUCTAIYHOTO CTaHy 4YacTUHOK BaHadid (V) okcumay Oynu TpoBeneHi
MOTOJIOM PEHTIeHIBCHKOI MOMIKpUCTaIbHOI audpakromerpii Ha mudppaxromerpi IPOH y Fe-Ka
BUIIPOMIHIOBaHHI. 3pa3Ku TOTYBaJIM BiIOOPOM PEUOBHHH Yepe3 MEBHI MPOMIKKH Yacy 3 HACTYITHUM
BIJIMUBAHHSIM BiJ[ COJTi Ta BUCYITyBaHHsIM. OTprMaHi JudpakTorpamu HaBeieHi Ha (puc.7).
[TpoTsirom mepmioi JOOM CIOCTEPITaeThCsl «ITOKPANICHHS» KPUCTATIYHOCTI MOPOIIKY,
10 MOXXHA TOB’S3aTH 13 MPUCKOPEHHM PO3YMHEHHSM JpiOHUX Ta Je(OPMOBAHUX YACOK Y
KOHIJIOMepaTax BHUXIIHOro mopomky. Hamami crmocrepira€TbCsi 3HMKHEHHS TUMPaKIiiHUX
MaKCHUMYMiB Ta 3HaYHE 3pOCTaHHs Au(y3HOTo (OHY, IO CBIAYUTH MPO 3MEHIICHHSIM YaCcTKU
KpucTaniyHoi (a3u 1 mepexiag J0 peHTreHoaMopdHOro crany (po3mip 4acTUHOK MeHie 20

time,h Dependence reaction time - stirring speed
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Puc. 6. a) nuHamika B’A3K0CTi cycneHsii s pizHux koHuentpauiit NaCl y po3unni
b) nunamika 3minu Benwurad pH uts pisaux konuentpaiiit NaCl y po3uunsi
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Fig. 6. a) the dynamics of the viscosity of the suspension for different concentrations of
NaCl in solution b) the dynamics of pH change for different concentrations of NaCl in
solution
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Puc.7. lndpakrorpamu NopomiKy Ha pi3HUX CTalisX MEPETBOPEHHS
Fig.7. Diffraction patterns of powder at different stages of transformation

EBoumtottist popmu 1 po3mipiB yacTHHOK BaHail (V) OKCHIy B MpOIleCi TiapoMexaHigHOT
00pOOKH Bil KPYIMTHOKPUCTAIIYHOTO TIOPOIIKY O HAHOBOJIOKOH BUBYAIM METOJOM PAcTPOBOI

CJ'ICKTpOHHOI MleOCKOHll 3a I[OHOMOFOIO MOI[I/I 1KOBAHOTO MIKOCKOH PEM-200.
s B T R e e T

Puc.8. Buxignuii mopoIok neHTaoKCcuy BaHafdito (a,b,c)
Fig.8. The original powder of vanadium pentoxide (a,b,c)

Ha (puc.8) moka3aHo oxkpeMi YacTWHKHM KOMEPLIHHOIO TMEHTAOKCHAY BaHAAI0 MpHU
pi3HUX 30UTbIICHHSX. BHIHO, 1O BOHU SBISIOTH COOOI0 arjioMepaTd MIKpOKPHUCTAIB
TeTparoHajqbHOi CHMHrOHIi (110 BiAmoBigae cTpykTypi V205), mo matoth po3mipu 100-300
MikpomeTpiB. Jlesika yacTuHa MikpokpucTaiiB (61u3bko 1% Macu) BinipBaHa BiJ arjoMepariB
1 CTBOPIOE MYTHE CEpEIOBHILE MPH NEPEMILITyBaHHI.
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Uepes oany o0y mnepemimyBanHs (mBuUakictb 500 00/XB) YaCTHHKH TOPOIIKY
NOKPHUBAIOTBCS CBOEPITHUM CyOcTpaToMm, Mo Haragye Mox (puc.9). Uepes 36 roauH
nepeMilllyBaHHS YaCTUHKHU MOPOIIKY BTPAvalOTh YiTKI (OPMH 1 3'IBISE€THCS CBOEpiaHA opma
Marepialy y BHIVISAI TOJOTHA, IO YTBOPIOE CKIAQIKH, a TOACKYIH «pPO3PUBAETHCS,
JIEMOHCTPYHOUH BOJIOKHHUCTY

Puc.9. Tpusanicts nepeminryBanus 24 rox  Puc.10. TpuBanicte nepemimryBanus 36 rou
Fig.9. Stirring time 24 hours Fig.10. Stirring time 36 hours

Takoxk, B Led 4Yac Ha Kpasx KpUCTAiB MOYMHAIOTH YTBOPIOBATUCH BHUIOBXKEHI
CTPYKTYPH JIOBXXHHOIO KiJIbKa MIKPOHIB y BUIJISIII «IApOCTKiB», MOMIOHI 10 THX, MO Oyiu
3adikcoBani B pobori [4], (puc.11).

B nmonpanemomy, micng 42 ToauH peakiii, IepBICHI ariomMepaTH OCTaTOYHO BTPAavyarOTh
YiTKI KOHTYPH 1 PO3MAaJal0ThCA Ha OKPEMI YACTHHH, OTOYEHI 3 yCiX CTOPIH HUTKOMOAIOHUMU
yTBOpEeHHSAMHU (puc.12).

TunoBuil BuriAn pedyoBUHU micas 48 roIuH sBIsE COOOI TyCTe NEpeIuIeTiHHS
BUJIOBKCHUX HHUTKONOIIOHWX HAHOKPUCTAIIB, Cepell SIKUX BHUIUISIIOTBCA TpaHC(HOPMOBaAHI
MOYaTKOB1 YacTHHKH (puc.13).

30.00kV  x6.00k

Puc.11. Pict HaHOCTPYKTYp
Fig.11. Growth of nanostructures



ISSN 2076-5851. Bicuuk Yepkacwkoro yHiBepcutery. Bumyck Nel. 2021

4

30.00kV  x6.00k

b

Puc.12. TpuBamicts nepeminryBanus 42 roju
Fig.12. Stirring time 42 hours

Puc.13. TpuBamicts nepeminryBanus 48 roxu
Fig.13. Stirring time 48 hours

I Hapewri, micyisg 64 TOAMH MepeMIlllyBaHHS, YACTUHKH MOPOLIKY MEPETBOPIOIOTHCS HA
CBOEPiNHI «KIYyOKM» HAHOBOJOKOH B OTOYEHHI MIapy TaKUX K€ BOJOKHOMOIIOHUX
HaHokpHcTatiB (puc. 14). [Tpu 36inbmenHi x10k (puc.15) MoxHa BU3HauuTH (HOPMY OKPEMHUX
KPHUCTAJIITIB — II¢ HAHOMOSCKH JOBXKUHOKO 3...7 MkM, mmpuHOo 0,2...0,3 MKM 1 TOBIIWHOIO
HOpSAKY  JecaTd HaHomeTpiB. Jlius Oinbil  AeTanbHOro aHaiizy (opMu  OKpeMHX
HAaHOKPHUCTATIB HEOOXITHO MPOBECTH IOCITIPKEHHS METOJO0M TPAaHCMICIHHOI eleKTPOHHOL
MIKpOCKOTTii.

30.00kV _ x6.00k

Puc.14. TpuBanicts nepeminryBanus 64 rox
Fig.14. Stirring time 64 hours
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Puc.15. TpuBanicts neﬁéﬁimYﬁéﬁﬁﬂ 64 Ar(k)rz[ :
Fig.15. Stirring time 64 hours

4. BucHoBku

TpuBane iHTEHCHBHE TEpPEeMilllyBaHHS MOPOIIKY BaHalii (V) MEHTAOKCHIY Yy BOJHOMY
PO3YMHI XJIOpUIY HATpPil0 MPUBOAUTH A0 TpaHchopMmarii GopMu 1 po3MipiB KPUCTAIIIB —
noyatkoBi 100-300 MiKpOHHI arperaTH KpHUCTaJiB TEPETBOPIOIOTHCS HA BHUJIOBXKEHI
BOPCHUHOMO/I0HI HAHOKPHUCTAIHU JOBXKUHOIO Kibka MiKpoH Ta 10...100 HM y monepeyHuKy.

YTBOpEHHS HAHOKPHUCTATIB CYNPOBOIKYETHCS CYTTEBHM 3pPOCTaHHA B S3KOCTI
CycrieH3ii, 3MCHIIICHHSM BOJHEBOIO TOKa3HMKa 3i 3HadeHHs pH 2,3 no pH 0,7 Ta 3miHOIO
Kosbopy. Lli mapamerpaMu MOXyTh OyTH BUKOPUCTaHI JJI1 KOHTPOJIIO MPOLIECY PEaKIii.

JlobaBka XJIOpHIY HATpil0 € KPUTHYHOI, ONTHMAJbHA KOHIICHTpALlil PO3YUHY —
0,3...0,2 M/m.

301IbIICHHS MIBUAKOCTI 00epTaHHsI pOTOpa BCEPEIUHI CYCIEH31i CyTTEBO MPUCKOPIOE
peakiiiro. MOXIMBUM MeXaHI3MOM BIUIMBY TEPEMIITyBaHHS MOK€ OyTH 3MiHA IIBHUAKOCTI
PO3YMHEHHs epBUHHUX KpucTaniTiB V205 y Bozi.
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FEATURES OF THE NANOSIZED V205 FORMATION PROCESS BY
STIRRING OF AQUEOUS SUSPENSIONS

Summary. The peculiarities of the hydromechanical method of the vanadium oxide (V)
nanocrystals formation from traditional raw materials have been experimentally studied.
Designs of devices that provide intensive stirring of suspension with speed control and
continuous in situ recording of parameter proportional to viscosity are described. It has been
shown that the pH, viscosity and color of the suspension change synchronously and can be
used to control the course of the reaction. The dependences of the of V205 powder crystals
morphological transformation kinetics on the mixing intensity of the suspension are obtained.
It is shown that a possible reason for this dependence may be an increase in the rate of
dissolution of crystals with increasing mixing intensity. The critical role of sodium chloride
for nanophase formation was determined and the optimal concentration of NaCl in the
solution, which provides the formation of vanadium pentoxide nanocrystals, was determined.

The change in the structural state of V205 crystals during the mixing of an aqueous
suspension/solution was studied by X-ray diffractometry. Using scanning electron
microscopy, images of typical forms of vanadium pentoxide crystals at different stages of
transformation were obtained and the characteristic sizes of nanocrystals were estimated.

Keywords: nanostructures, nanobands, stirring, vanadium pentoxide, conductivity.

Ooeporcano peoaxyiero 23.08.2021
Ipuiinamo oo opyky 20.09.2021

11


mailto:yaking@ukr.net

Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

ORCID: 0000-0001-8267-8365
J. 1. Koaomienb
AcmipanT kadenpu ¢izuxku, HHI IHOOTEX,
Yepkachkuil HaIllOHAJILHUN yHIBepcUTEeT iMeH1 bornana XmenpHubkoro, Yepkacw,
VYkpaiHna,
denyskolomiiets95@gmail.com

ORCID: 0000-0002-8434-1544
M. O. IIaciunmii
Kanmunar ¢i3.-mat. HayK, JOIICHT,
3aBinyBau Kadenpu (izuku, YepkacbKuil HallioHAIBHUH YHIBepcuTeT iMeHi bormana
XwmensHulbKkoro, Yepkacu, Ykpaina,
pasichnyy@ukr.net

YIK: 538.9 PACS: 61.46.+w, 68.35.Rh, 81.10.—h
DOI: 10.31651/2076-5851-2021-12-31

CHHTE3 HAHOIOSICKIB OKCHUY BAHAJIIO TA BUKOPUCTAHHA
KOHUEMNIII BAJTICTUYHUX CTPUBKIB IJISI OITUCY IX YTBOPEHHSI?

YV pobomi Oocniddceno npoyec cummesy HAHONOACI@ NEHMAOKCUOY 6aHAOII0 Npu
IHMEHCUBHOMY NepemMiuty8anHi Cycnensii komepyitinoeo nopowky V205 y 600nomy po3uuni
NaCl. Posensanymo 3acmocyeanns konyenyii 6aricmuyHux cmpuokie 0Jisi Onucy (Gopmyeants
AHI30MPONHUX CMPYKMYP Y HEPIBHOBAJCHUX cucmemax nio O0Ii€r 308HIWHIX ¢hakmopis
(inmencusHo2o  nepemiwutyéanus).  IIpodemoncmposano  eniue  memnepamypu — ma
IHMEeHCUBHOCMI nepemiuly8anHs Ha NPoyec CUHMe3y HAHONOACI8 NEHMAOKCUAY 8AHAOIIO.

KurouoBi ciioBa: HaHOCTPYKTYpH, HAHOIOSICKH, OKCUJIM METaJIiB, IEHTAOKCH]] BaHA/IIo,
HEpPIBHOBa)KH1 CUCTEMH, KOHIIETILisl OATICTUYHUX CTPHOKIB.

1. Beryn

VY po60oTi po3rIsHYTO €(PEeKTUBHUI METOJ CHHTE3y HAHOCTPIUOK MEHTAOKCHUIY BaHA[IIIO,
o MoXe OyTH 3acTOCOBaHHMM JUIs KOHTPOJIbOBAHOTO CHHTe3y HaHomarepiamiB [1]. Lleit
METO/I Ma€ psiji epeBar Npu CTBOPEHHI HAHOCTPYKTYP 3a paXyHOK 3MiHM JWHAMIKU peaKilii,
Ky BaXXKO OTPUMATH 3 BUKOPUCTAHHSAM TBEPAOTILIBHUX METOAIB. MIKpOCTPYKTypa, po3Mip,
JMCTIEPCHICTh Ta MOPQOJIOTisi HAHOPO3MIPHUX 00’ €KTIB MOXKYTh OyTH CHIJIBHO 3MiHEH1 TAKMMHU
YMHHUKaMU SIK TeMIepaTypa, BOJHEBUN Noka3HUK pH, Thck Tomio. 3BU4aiiHO, iICHY€e BelMKa
KUIBKICTh aJbTEPHATUBHHUX CIIOCOOIB CHHTE3Y HAHOCPYKTYp [2-4], ane ciia 3a3Ha4MTH, L0
BOHM MOTPeOYIOTh OUIBII CKJIaJHUX TEXHOJOTTYHUX YMOB CHUHTe3y. OCTaHHI JOCHIKEHHS B

2 CraTTio HaNmMCaHO 3a pesyiapratamMu BukoHaHHs HJIP «BukoHaHHS 3aBJaHb MEPCHEKTHUBHOTO IUIAHY
PO3BHUTKY HayKOBOTO HampsMmy «MartemMaTnuHi HayKu Ta HpuUpoxHudi Haykm» (Ne nep:kaBHOI peecrparii
0121U113219), nepxo6romxerHoi TemMu « CHHTYIISIpHI PO3B’S3KH PiBHSHb MaTeMaTHIHOI (Di3WKH B aHI30TPOITHHX
1 HEOJIHOPITHUX CepeNOBUINAX, MOJETIOBaHHS MpoleciB mudy3ii Ta adbcopdmiin (Ne mepkaBHOi peectparii
0119U100421), HAP «YTBOpeHHS HAaHOMOSACKIB OKCHIIB MPH IHTEHCMBHOMY IEPEMIlTyBaHHI — €KCIIEPUMEHT,
Teopis, 3acrocyBaHHA» (Ne mepkaBHOi peectpamii 0121U113851). ABropm Brsuni mpodecopy AHAPiO
Muxaitnosuay ['ycaky Ta SpocnaBy JImutpoBuuy Kopousto 3a momoMory y TOCTaHOBIN 3arajibHOi 3ajadi,
(hopMyIIIOBaHHI TEOPETHYHOI MOJIEN, 3MICTOBHI JAMCKYCII 1 JOMOMOTY y XOJli BUKOHAHHS €KCIIEPHMEHTAIBHUX
JIOCITIJIKEHB.
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JAHOMY HAMpPSIMKY, MMOKa3ylOTh, IO IHTCHCUBHHMI MEXaHIYHUU BJIIMB Ha CHCTEMY MOXE
CYTTEBO 3MIHUTH JTUHAMIKY PEaKIIiil 1 CTBOPIOE HOB1 MOYKJIMBOCTI /IS CHHTE3Y HaHOCTPYKTYP.

3HayHa yBara MpH PO3BUTKY JTAHOTO METOJY CHMHTE3Y BiJIBECHO MEHTAOKCUIY BaHAJIIIO.
3aBAsKkH CBOIM (DI3MKO-XIMIYHUM BJIACTUBOCTSAM 1 YHIKaIbHIA KPUCTAJTIYHINA CTPYKTYpl BiH
JI03BOJISIE OTPUMYBATH HAHOCTPYKTYPH SIKI MOXKYTh OyTH BUKOPHCTaHI IPU CTBOPEHHI JIITiH-
10HHUX OaTapel IJIs1 HAKOMUYCHHS EJICKTPOXIMIYHOI eHeprii. BukopucTaHHS HaHOIOSCIB
NIEHTAOKCHly BaHAJIII0 B SIKOCTI KaTo/a y BTOPMHHUX OaTapesx 3a0e3nedye Jerkuil pyX 10HiB
1 MOJIMBICTh OKHCHO-BITHOBHUX PEAKIIil JJIs1 3a0€3MeUeHHs] BUCOKOT MUTOMOI eMHOCTI. Kpim
TOT0, BUKOPUCTAHHSI HAHOTIOSCIB HA/Ia€ BETMKY MEXaHIuYHY THYYKICTh elekTpoay Oartapei [5].
OpHak BUHUKaE Tpo0sIeMa OB’ s13aHa 3 TEXHOJIOTIEI BEIIMKOMACIITA0HOTO BUPOOHHIITBA ITUX
HAHOCTPYKTYp, A€ MOXHa Oyno 3abe3meyntu 30€peKeHHS X BHCOKOI OJHOPITHOCTI 3a
PO3MipoM, MOP(HOJIOTIEIO 1 XIMIYHUM CKJIAJIOM.

JlocnmipkeHHsT Ta BUBYEHHSI HAHOCTPYKTYP Ha ChOTOJHI € aKTyallbHUM, OCKUJIbKM poOoTa
y JaHOMY HalpsMKY BIJIKpUBA€E WIMPOKHH CIEKTP TEXHOJOTIYHUX MOXKIUBOCTEH B
€JIEKTPOHII Ta 0COOIMBO y HaKONMU4eHHi eHeprii. OxHaK, po3poOKa METO/IB BUTOTOBJIICHHS
HAHOCTPYKTYP, SIKi MOXHA aJlaTyBaTH Uil BEJIMKOMACIITAOHOTO BUPOOHHUIITBA 3 HU3BKOIO
BapTICTIO 1 sKi Oynu © EKOJOTIYHO YHCTUMH, SK 1 paHille, 3aJIHMIIA€ThCS CEPHO3HOI0
npobiiemMoro. Y naHiii poOOTi 3[ilCHEHO cHpoOy 3acTOCYBAaTH KOHIEMHII0 OaliCTUYHHUX
CTpUOKIB 10 ONUCYy TPOIECYy YTBOPEHHS BHJOBXKEHUX CTPYKTYp Ta TIPOBEIEHO
EKCIICPUMEHTAJIbHE JIOCIIDKEHHSI TIPOIIECY CHHTE3y HAHOIOSCIB TEHTOKCHIy BaHAIilo 13
BUKOPUCTAHHSM TiJPOMEXaHIuHOTO (TIAPOTEPMIYHOTO) METOY.

2. 3acTrocyBaHHS TiIPOMEXaHiYHOI0 METOAY /10 CHHTe3Y HAHONOSICIB NMEHTAOKCUIY
BaHaIio

Jlnist gocipKeHb BUKOPUCTAaHO KoMmepiiitauid mopomok V205 3 po3MipaMHu 4YaCTHHOK B
mexxax 10-100 mxm. I[lpurotyBanns cycrnensii BigOyBanocss HACTymHMM 4YuWHOM: y 150 mu
JTUCTUIBROBAHOT BoaM posuuHsuiocss 2 monss NaCl, pinguHa BuUBOIMIAach Ha poOoUy
temneparypy (25°C abo 60°C) micns yoro gojaBaBcs komepiiiiHuii mopomok V205. Ha
HACTyMHOMY eTami 3a0e3nmedyBajlach  OJHOPIIHICTh  BHUXIJHOI  CyCHEH3li  MIISTXOM
BUKOPUCTAHHS YJIbTPA3ByKOBOIO JAMCIEpraropa ajis pyWHYBaHHS arjoMepaTiB BUXIIHUX
NOpOIIMHOK. JIyiss cuHTe3y HaHOMOsCIB OyB BHUIOTOBJICHUHM aBTOPCHKUN MPUCTPIA 3
MOYKJIMBICTIO KOHTPOJIIO TEMIEpaTypy Ta IBUAKOCTI MEPEMILTyBaHHS.

[lin wac mnepeminlyBaHHS TPOBOJWINCA BHUMIPIOBaHHS TeMIIEpaTypH, BOJIHEBOIO
nokasHuka pH po3umHy, B’SI3KOCTI AOCHIKyBaHOi cycneHsii. CHHTe30BaHI HaHOMOSCKU
JIOCIIJKYBAIMCS METOJAaMHU pacTpoBoi enekTpoHHOoi Mikpockomnii (PEM) Ta peHTreHiBcbKOi
nupakToMeTpii.

BcranoBneHo, 1m0 Ha Mpoliec YyTBOPEHHS HAHOMOSCKIB BIUIMBAIOTh TaKi MapaMeTpH sK
TEMIEpaTypa, 1HTEHCUBHICTh IEPEMIIIyBaHHS a TAaKOXX BMICT IEHTAOKCHJy BaHalll0 Ta
koHueHTpauis NaCl y po3uunHi.

[IpoBeeHO WK EKCIIEPUMEHTIB  JJIsl BCTAHOBJICHHS BIUIMBY IHTEHCHBHOCTI
nepeMilllyBaHHsS Ha MpOIeC YTBOPEHHS HAHOCTPYKTYp, Ta MoOy1oBaHi BIAMOBIAHI TpadiuHi
3anexxHocTi (Puc.1).

13



Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

—a— 200 06/xB
—e— 400 0o6/xB

30
—a— 500 06/xB
I —w— 700 06/xB
25 —— 800 06/x8
c
[e%
LA
3
@ 2,0
° \
cC
=
g Le \\“-\
I
0
8 & -
1,0 \
N e
0,5 . . .
0 20 40 60 80 100

t,rog

Puc. 1. 3mina BogneBoro nokasznuka pH po3unny y npoueci cuate3y HaHonosciB V205

JUTS Pi3HUX 3HAUEHB IIBUAKOCTI MEpEeMIlTyBaHHS MPHU TeMuepaTypi cycnensii 25°C.

Fig. 1. The change in the pH of the solution during the synthesis of V205 nanobelts at
different stirring rates and at suspension temperature of 25°C.

Ha puc. 2-3 mpenacraBneHa moeTamHa IOCHIJOBHICTh TPOIECY IEPETBOPEHHS
KOMEpLIITHOro MOpOIIKY NEHTAOKCUAY BaHaJilo y HaHomnosicu npu 500 o0/xB Ta mpu cramii
temneparypi 25°C npoTsATroM BCbOTO €KCIIEPUMEHTY.

30.00kV  x600 100pum J| SE

Puc. 2. PEM 3HIMKH BUX1IHOTO MOPOILKY MEHTAOKCUIY BaHAIiIO.
Fig. 2. SEM images of the original vanadium pentoxide powder.
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Puc. 3. PEM 3Himk# nporiecy ¢popmyBaHHs HaHomnosciB V205 npu iHTEeHCUBHOMY
nepemintyBaHH1 cycrneHsii 3 wactororo 500 06/xB mpu Temmepatypi 25°C npotsrom: a) 4 rox;
b) 24 rox; ¢) 48 rox; d) 72 rox; ) 96 rox.

Fig. 3. SEM images of the process of V205 nanobelts formation with vigorous stirring
of the suspension with a frequency of 500 rpm at temperature of 25 °C for: a) 4 hours; b) 24
hours; c) 48 hours; d) 72 hours; e) 96 hours.

Metonom  peHTreHiBcbkoi  nudpakromerpii 3adikcoBaHO TOBHE IMEPETBOPEHHS
KpHUCTaTIYHUX arjoMepaTiB y HaHOKpHUcTaniuyHuii ctan (Puc. 4).
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Puc. 4. Criektpu peHTreHiBchbKO1 nudpakromeTpii nepeTBopeHHs B HaHonosicu V205 mpu
nepemMinryBaHHi cycrnensii 3 yactororo S00 06/xB mpu Temmeparypi 25°C mpoTarom:
4 ron, 24 roxn, 48 rox, 72 rox, 96 rox.
Fig. 4. X-ray diffractometric spectra of transformation into V205 nanobelts with stirring
of the suspension with frequency of 500 rpm at 25°C for: 4 hours, 24 hours, 48 hours, 72
hours, 96 hours.

[IpoBeneHO NMUKII €KCIIEPUMEHTIB JIJIi BCTAHOBIICHHS BIUIMBY TEMIIEPATypH Ha IPOIEC
YTBOPEHHSI HAHOMOACIB Ta MOOYIOBaHI BiJMOBIAHI 3aJEKHOCTI BOJAHEBHX IOKAa3HHKIB Ta
B’SI3KOCTI JTOCHIKyBaHUX cycrieH3id. Ha pwuc. 4-10 mpencraBieHi pe3ynbTaTH BILTUBY
TEMIEpaTypu Ta IHTEHCHUBHOCTI TMEpeMilllyBaHHS Ha BOJHEBUIN MMOKAa3HUK Ta B SA3KICTh
CyCHeH31i y Ipolieci CHHTE3Y.
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Puc. 5. 3mina BonHeBoro nokasHuka pH po3unHiB y npoiieci cuHTe3y HaHomnosiciB V205
JuTst BUAKOCTI epeminryBanHs 200 06/xB pu Temrieparypax cycmnensii 25°C ta 60°C.
Fig. 5. Change of hydrogen index pH of solutions in the process of synthesis of V205
nanobelts at stirring speed of 200 rpm and at suspension temperatures of 25°C and 60°C.
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Puc. 6. 3mina B’A3K0CTi JOCTIPKyBaHUX PO3UYMHIB y TpoOIleci cuHTe3y HaHomosciB V205
JUTSE IBUKOCTI repeminryBanHs 200 06/xB mpu Temrieparypax cycrnensii 25°C ta 60°C.
Fig. 6. Change of viscosity of the investigated solutions in the process of synthesis of
V205 nanobelts at stirring speed of 200 rpm and at suspension temperatures of 25°C and

60°C.
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Puc. 7. 3mina BomHeBoro nokaszuuka pH po3uuHiB y nporieci cuaTe3y HaHomnosiciB V205
JUIs MBUAKOCTI nepemimnyBanHs 50006/xB mpu Temrneparypi cycnensii 25°C ta 60°C.
Fig. 7. Change of hydrogen index pH of solutions in the process of synthesis of V205
nanobelts at stirring speed of 500 rpm and at suspension temperatures of 25°C and 60°C.
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Puc. 8. 3mina B’A3KO0CTi JOCTIA)KYBaHUX PO3UYHHIB Yy IpOIleCci cMHTe3y HaHomosciB V205
JUTS IIBUAKOCTI niepemimmyBanHs S0000/xB mpu Temrieparypax cycrnensii 25°C ta 60°C.
Fig. 8. Change of viscosity of the investigated solutions in the process of synthesis of
V205 nanobands at stirring speed of 500 rpm and at suspension temperaturei of 25°C and

60°C.
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Puc. 9. 3mina BomHeBoro nmokaszuuka pH po3uuHiB y npotieci cuate3y HaHomnosiciB V205
JUIs BUKOCTI iepemimryBanHsa 80006/xB npu Temnepatypax cycrnensii 25°C ta 60°C.
Fig. 9. Change of hydrogen index pH of solutions in the process of synthesis of V205
nanobands at stirring speed of 800 rpm and at suspension temperatures of 25°C and 60°C.
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Puc. 10. 3miHa B’SI3KOCTI AOCHIKYBAaHUX PO3YUHIB Y MPOLIECI CUHTE3Y HAHOTOSCIB
V205 s mBuakocti nepemimryBanas 80000/xB mpu Temmieparypax cycnensii 25°C ta 60°C.
Fig. 10. Change of viscosity of the investigated solutions in the process of synthesis of
V205 nanobands at stirring speed of 800 rpm and at suspension temperatures of 25°C and
60°C.

Takosxx OyJi0 IPOBEICHO IMHKJI eKCIepUMEHTIB Oe3 nepemimryBanns (Puc. 11-12) Ta 6e3
nonaBanHs NaCl (Puc. 13-14) y cycnenszito. Ha puc. 11-12 mpencraBneHi pesynbTatu
MpoIeCy TOBHOTO TepeTBOpeHHs 1 r. kKomepmiiHoro mopomky V205 3a 864 roa. B
HaHOCTpyKTypu. Ha puc. 13-14 mnpencraBneHi pesyibTatd BIMBY BiacyTHocTi NaCl Ha
nperBopeHHs 10 r. komepuiiiHoro nopomky V205 mpu 500 06/xB. Bupoaosxk 1010 rox.

@
)

Now
® ©

'
d

T
o
\
226
(v}
: \
S 24
: \
S22
[21]
[0)
520 =
@
18 .\
1,6 L] —n
1,4 !
0 200 400 600 800 1000
t,ron

Puc. 11. 3mina BogHeBoro nokasHuka pH po3unHy y npoiieci nepeTBOpeHHs B
HaHoMosicu 6e3 nepemillyBaHHs cycreHsii npu Temnepatypi 25°C npotsrom 864 ros.
Fig. 11. Change of hydrogen pH of the solution in the process of transformation into
nanobands without stirring of the suspension at temperature 25°C for 864 hours.
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Puc. 12. PEM 3HiMKH Tipoliecy MepeTBOPEHHSI B HAHOMOSICKH 03 iIHTEHCHBHOTO
nepeminryBaHHs cycriensii npu Temmneparypi 25 °C 3a 864 rox (a, b).
Fig. 12. SEM images of transformation into nanobelts without vigorous stirring of the
suspension at temperature 25 ° C for 864 hours (a, b).
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Puc. 13. 3mina BogHeBoro nokasHuka pH po3umnny y npoueci cuate3y HaHomnosiciB V205 nis
mBHIKOCTI iepeminryBanHas 50000/xB pu Temmiepatypi cycnensii 25°C npotsrom 1010 rog.
Fig. 13. Change of hydrogen pH of solution in the process of synthesis of V205 nanobands
at stirring speed of 500 rpm and at suspension temperature of 25°C for 1010 hours.
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Puc. 14. 3miHa B’A3K0CTI po34MHY Yy Ipoleci cuHTe3y HaHonosiciB V205 npu mBUAKOCTI
nepeminryBanas 500 06/xB Ta Temneparypi cycnensii 25°C npotsrom 1010 roz.
Fig. 14. The change in the viscosity of the solution during the synthesis of V205
nanobelts at a stirring speed of 500 rpm and a suspension temperature of 25°C for 1010 hours.

Byno mpoBeaeHO [OCHIIKEHHS BIUIMBY IHTEHCHBHOCTI TIEpEMIIIyBaHHA 1 CKIIQAy
CycleH3ii Ha pO3YMHHICTh IEHTAOKCHJy BaHAil0, B SIKOCTI IOKa3HHKa Oylio 0O0paHo
eJIeKTPONPOBITHICTh cycmen3ii. Ha pwuc. 15-18 300paxeni rpadiku 3aleXHOCTI 3MiHU
€JIEKTPOMNPOBITHOCTI BiJl Hacy.
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Puc. 15. 3miHa enekTponpoBiAHOCTI PO3YMHY Yy MPOLIEC] IHTEHCUBHOTO TEpeMIlyBaHHS
(200 06/xB) 1 rp. mopomky V205 npu temmepatypi cycnensii 25°C.
Fig. 15. Change in the electrical conductivity of the solution during intensive mixing at
200 rpm of 1 gram of V205 powder at suspension temperature of 25°C.
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Puc. 16. 3miHa eneKTpOIPOBIAHOCTI PO3UMHY Y MIPOLIEC] IHTEHCUBHOTO MEPEMIIITyBaHHS
(500 06/x8) 1 rp. moporiky V205 npu temneparypi cycnensii 25°C.
Fig. 16. Change in the electrical conductivity of the solution during intensive mixing at
500 rpm of 1 gram of V205 powder and at suspension temperature of 25°C.
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Puc. 17. 3miHa e1eKTpONpoOBITHOCTI PO3UHHY Y MPOLECI IHTEHCUBHOTO MEPEMILITyBaHHS
(80006 xB) 1 rp. mopommky V205 Ta mpu Temneparypi cycrnensii 25°C.
Fig. 17. Change in the electrical conductivity of the solution during intensive mixing (800
rpm) 1 gram of V205 powder and at a suspension temperature of 25°C.
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Puc. 18. 3Benenuii rpadik 3MiHU eIEKTPOMPOBITHOCTI PO3UUHY Y MPOIIEC] IHTEHCUBHOTO
nepeminryBanss (200 06/xB ,50006/xB Ta 80006/xB) 1 rp. mopomky V205 npu temmnepatypi
cycnensii 25°C.

Fig. 18. Summary graph of changes in the electrical conductivity of the solution in the
process of intensive mixing (200rpm, 500rpm and 800rpm) 1 gram of V205 powder and at
suspension temperature of 25°C.

3. 3acTtocyBaHHsl KoOHUenuii 0ajdicTHYHMX CTPHOKIB /10 YTBOPEHHSI BH/I0BKEHHX
HAHOCTPYKTYP

UncenbHa cxeMa MOJETIOBAHHS €BOJIONII aHcaMmONiB HAHOMOACIB 0a3yeTbcsi Ha
YHCeNbHOMY pO3B’sA3Ky MeronoM Elinepa cucremu 3 x Ny nudepeHLianbHUX PIBHSAHB UIs
PO3MIpiB YaCTHHOK 13 B’5I3310 y BUIJIA/II 3aKOHY 30€pEKEHHSI PEUYOBHHU:

% _ rkinet A _ rgherm _ T.lgherm _ T.‘ll'zal ]
dt a Ci Bi T'glnet
@ _ T.kinet A _ T.‘tltherm _ rgherm _ rl?al ] (1)
ac ~ b A ci riinet
ﬁ _ T.kinet A _ Tgherm _ rlt;herm _ rgal ]
dt ¢ A B; Téanet
1<i<N,
N(t) N(t)
(g + 40) (1 - 2 A ) | 21 A
eq [ total [ total -
Z?’(O) AjoBioCio 2?’(0) AjoBioCio
- (Xeq + A(t - O)) (1 - ytotal + jtotal (2)

PiBusaas tumy (1) Oynm BBemeHi B crarTsax [6-8] i BpaxoByHOTh SK TepMidHi
NpUETHAHHA-BIA €JHAHHA aTOMIB (10HIB), Tak 1 OalliCTUYHY aHI30TPOIIHY €pOo3il0 3 PI3ZHUX
rpaHeil BHACIIJIOK IHTEHCUBHOTO NepeMilryBaHHs. be3po3mipHuil nmapameTp | xapakTepusye
IHTEHCUBHICTh IEPEMIIITyBaHHS.
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Ilepecuuenns A(t) mepepaxoBYeThCSI Ha KOXXKHOMY KpOIl MO 4acy 3 piBHSHHS (2).
[ToyaTkoBi yMOBH:
Ny = 200000,
Ay = By = Cy = 200,
ptotal = N x A, * By * C, * 100.

[TouaTkoBe nepecHUeHHS:
A(t =0) = 0.01.
[ToyaTkoBUH PO3KUI PO3MIPIB:

A; = Ay * In(1/random) ,
B; = By * In(1/random) ,
C; = Cy x In(1/random).

[Ipu MonentoBaHHI KIHETUKH 3MIHHM PO3MIpiB aHCAMOJIF0 HAHOYACTHUHOK, K TIILKH OMH
i3 po3MipiB CTa€ MEHIIUM ab0 PIBHUM HYIIO, YACTHHKA BBAXKAETHCS 3HUKJIOKW 1 KUIBKICTh
YaCTUHOK 3MCHIIYETHCSI HA OJMHUINIO. 3 4aCOM OUIBIIICTh YCEPETHEHUX TapaMeTPiB CUCTEMHU
(cepenmHiii 00’eM, cepemHi pPO3MipH, IUIONIA, KUIBKICTh YAaCTUHOK, IO 3MEHIIYETHCA Y
pe3ybTaTi KOAIECIEHINl) aCUMIITOTHYHO BHXOJSATh HAa CTEICHEBI 3aJICKHOCTI, MOKA3HUKH
SKHX 3aJeXaTh BiJ acHMeTpii eposii Ta BiJ IHTEHCHUBHOCTI mepemimryBaHHs. lloka3HHUKH
CTEMEHEBHX 3AJIKHOCTEH BIIOBITHUX IMTapaMeTpiB MpUBeEIeHI B Ta0auI 1 Ta B Tabmwmii 2.

Tabmuus 1
ACHUMIITOTHYHI TIOKa3HUKU CTETICHEBUX 3aJIS)KHOCTEH CEPEIHIX 110 aHCAMOJIIO BEJTUNIHH
00’eMy YaCTHHKH V, TiHIHHUX po3MipiB (a, b, C), mepecuuenns d, KiTbKOCTI YaCTUHOK N B

ancamOi Ta noBHoi mwiomri P. [apamerpu: rfheTm = perm — pherm — 1 = pkinet — pkinet
rckmet — 1’
T.abal — rl?al — rcbal =1.

Table 1
Asymptotic indicators of power dependences of the average ensemble values of particle
volume v, linear dimensions (a, b, c), supersaturation d, number of particles n in the ensemble
and total area p. Parameters: rthemm = pherm = pherm — 1 pkinet — pkinet — kinet — 1

phal = phal — phal — 1

j=0 j=0.002 j=0.004 j=0.006 | 1=0.006
v 1,17799 117418 1,16867 115856 | 1,15456
a 0,39403 0,39452 0,39558 038044 | 037816
b 0,39446 0,39306 0,39131 038154 | 0,37996
c 0,39259 0,39208 0,39141 03855 | 0,38354
d 10,40443 021085 | -014324 | -0,10897 | -0,08908
n 1,12823 111776 | -1,10358 | -1,0809 | -1,05861
p 10,34047 033193 | -032059 | -0,31067 | -0,29123
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Tabmums 2
ACHMITOTHYHI TOKA3HUKHU CTETIEHEBHX 3aJISKHOCTEH CEPEHIX 10 aHCaMOJII0 BETHYHH
00’€eMy YaCTUHKH V, TiHIHHUX po3MmipiB (8,b,C), nepecuuenns d, KITBKOCTI YaCTHHOK N B

ancam6ni Ta moHoi mwiomi P. Iapamerpu: rhe™™ = pierm = pherm — 1 ykinet — ykinet —
rckinet — 1’
rbal = %; rg)al =2 rbal = V2.
Table 2

Asymptotic indicators of power dependences of the average ensemble values of particle
volume v, linear dimensions (a, b, c), supersaturation d, number of particles n in the ensemble
and total area p. Parameters: rhe™m = pherm — pherm — 1 pkinet — jkinet — pkinet — 1

1 bal
rhal = =, phal = /2, rbal =./2,

2

j=0 j=0.002 j=0.004 j=0.006 J=0.008
v 1,17799 1,25359 1,36573 1,44414 1,53739
a 0,39403 0,64191 0,80326 0,88527 0,94017
b 0,39446 0,32247 0,30907 0,2975 0,31707
c 0,39259 0,31992 0,30776 0,29887 0,32287
d 10,4043 0,17418 -0,09191 -0,05467 -0,03938
n 71,12823 71,0143 '1,31354 71,38962 "1,46779
p -0,34047 -0,32486 -0,30795 -0,30062 -0,29067

&) B

[
[«2]
L

-2 0 2 4 6 8 10 12 14

In(t)

Puc. 19. 3anexHicTh cepeqHbOI BEMYNHKA 00’ €My YaCTHHKHM V BiJ yacy, pu napamerpax j=0.008,

a) rathe‘rm — Télerm herm _— 1’ n{cmet — r[;cmet

=7 kinet bal bal — 1,

— — bal _— —
=1, =1, /% =" =1
therm _—_ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ 1, bal _ . bal _—
b) r; =1 =1, =1, =1y =1, =1, 15 =2 T =+2; 7% =+2.

Fig. 19. Dependence of the average particle volume v on time at parameters j=0.008,

th — herm _ ,.h — kinet _ ..kinet _ ,.kinet _ bal _ ..bal _ ,.bal _
a) 1t erm_rb = pherm = 1, ykine =1 = pkinet = 1 pha =1} =rbpal =1,
. ; . 1
b) rathe‘rm — réle‘rm — Tcherm =1, n{cmet — rlgcmet — 7,.Ckmet =1, Tabal — E; 7,.ngal — /2; ,r.cbal =+/2.
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—=—a)

=b)

In(d)

-2 0 2 4 6 8 10 12 14

In(t)

Puc. 20. anexHicTh cepeHbol Benuuntu nepecuuerns d Bin yacy, npu napamerpax j=0.008,
a) .ratherm — rglerm — Cherm =1, T‘;cinet — rl;cinet - Ckinet =1, rabal — rgml — Cbal =1,
b) ratherm — rgterm — Cherm =1, T‘;cinet — Técinet — Ckinet =1, rabal — %; rl?al — \/Z .rcbal — \/7
Fig. 20. The dependence of the average value of supersaturation d on time at parameters j=0.008,
a) ,r.atherm — rélerm — Cherm =1, ré(inet — récinet — Ckinet =1, rabal — rbbal — Cbal =1,

therm _— ,.herm _ ..herm _ kinet _ ,.kinet _ ,.kinet _— bal _ 1, bal __ . bal _—
b) =1, =7, =1, 1 =1y =7, =1, 1 =2 T =+/2; rpad =4/2.

—=— 3)
—e— D)

12

11

10

In(n)

-2 0 2 4 6 8 10 12 14

In(t)

Puc. 21. 3anexHicTh BETMYHHHN KiJIbKOCTI YaCTHHOK N Bijx wacy, nmpu napamerpax j=0.008,

th — herm _ ,.h — kinet _ ..kinet _ ,.kinet _ bal _ ..bal _ ,.bal _
a) 1t erm_rb = pherm = 1, ykine =1 = pkinet — 1 pha =1} =rhal =1,
; i ; 1
b) ratherm — rl:wrm — rcherm =1, 7,.Lixtmet — 7,.lgxtmet — rckmet =1, rabal — E; rgml — /2; chal =+/2.

Fig. 21. The dependence of the number of particles n on time at parameters j=0.008,

th — herm _ L.h — kinet _ ..kinet _ ,.kinet _ bal _ ,.bal _ ..bal _
a)r! erm_rb = pherm = 1, ykine =1} = pkinet — 1 rha =1t =rpal =1,
; i ; 1
b) ratherm — rl:wrm — rcherm =1, 7,.Lixtmet — 7,.lgxtmet — rckmet =1, rabal — E; rgml — /2; chal =+/2.

26



ISSN 2076-5851. Bicuuk Yepkacwkoro yHiBepcutery. Bumyck Nel. 2021

25,0 —&—3)
- b)

24,5

24,0
=
£ 235
23,0
22,5
2 0 2 4 6 8 10 12 14
In(t)

Puc. 22. 3anexxHicTh BETHYUHU MTOBHOT IUIOIII YACTHHOK P Bif 4acy, npu napamerpax j=0.008,
therm _ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ ,.bal _ ,.bal _
a) Ta =T —fc - 1! Ta =T —fc - 11 Ta =T - fc - 11

therm _ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ 1. bal __ . bal _—
b) r} =1, =7 =1, 7 =1y =7 =1, /% == 1 =2; 7 =+/2.

2 )
Fig. 22. The dependence of the total area of particles p on time at parameters j=0.008,
a) ,r.atherm — rélerm — Cherm =1, ré(inet — récinet — Ckinet =1, rabal — rbbal — Cbal =1,

therm _ ,.herm _ ,.herm _ kinet _ ..kinet _ ,.kinet _ bal _ 1. bal __ . bal _—
b) r} =1, =7 =1, 7 =1y =7 =1, /% == 1 =2; 7 =+/2.

2:

—a—|n(a)
—e—In(b)
—4—In(c)

In(t)

Puc. 23. 3anexHicTh CepeHix BEIUYHMH YacTHHOK (a,0,C) Bix uacy, npu mapamerpax j=0.008,

,r.atherm — ,rl;lerm — rcherm =1, rakmet — rlicmet — rckmet =1, rabal — rgml — chal =1.

Fig. 23. Dependence of average values of particles (a, b, ¢) on time at parameters j=0.008,

therm _— ,rl;lerm — rcherm =1, rakmet — rlicmet =1, rabal — rgml = rbal — 1.

kinet
L c

=T'C
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—a—In(a)
—o—In(b)
—4a—In(c)

»

16

In(t)

Puc. 24. 3anexHicTh cepeHiX BEeINYUH YacTHHOK (a,b,C) Bix uacy, mpu mapamerpax j=0.008,
. . . 1
r;herm — rlglerm — Cherm =1, r{flnet — ,rkllcmet — rckmet =1, r;:lal — E; ré)al — \/E; T.Cbal — \/E
Fig. 24. Dependence of average values of particles (a, b, ¢) on time at parameters j=0.008,

, . , 1
r;herm — rlglerm — Cherm =1, r{flnet — ,rkllcmet — rckmet =1, r;:lal — E; ré)al — \/E; T.Cbal — \/E

4. BucHoBknu

Y po6oTi MpOBEACHO eKCIEpUMEHTATbHE JOCIIIPKEHHS IMPOIEeCy CHHTE3Y HAHOIOSCIB
MEHTAOKCHJly BaHAJIl0 METOAOM IHTEHCHBHOIO TMEpEMIlIyBaHHS CYCHeH3ii BUXIIHOTO
nopoiiky y BogHomy posuwHi NaCl. BceraHoBnena kopensilis €BOJONIT aHacaMOJIiB
HaHOBOJIOKOH MEHTOKCHJTy BaHa/Ii10 3 IMHAMIKOIO 3MIHU KUCIIOTHOCTI 1 B’SI3KOCTI CYCHEeH3I1.

BusBneHo, MO XapaKTEpHOK OCOOJUBICTIO TPOIECY CTPYKTYPHOTO TIEPETBOPEHHS
YaCTUHOK y HaHomosicku V205 € 3MeHIIeHHs BOJHEBOro nokasHuka pH po3unny, 1mo mMoxe
OyTH BHMKOPUCTAHO SIK IHIUKATUBHY IHTETPaJIbHy XapaKTEPUCTHKY IIBHJKOCTI IpOLECY
CHHTE3Y HAHOIOSCIB MEHTOKCHTy BaHa 1110 IIPHU MIPOMHCIOBOMY BUPOOHHUIITBI.

Bapto 3a3HaunTH, 0 BaXIUBUMH YHMHHUKAMH, SKi MOXYTh KPUTHYHO BIUIMBAaTH Ha
Ipollec CHHTE3y HAHOCTPYKTYp HpU IHTEHCHUBHOMY IEpEeMIlllyBaHHI € CKJIaA CcycneHsii, ii
TeMIeparypa, IBUAKICTh mepeMinryBaHHs. [Ipomec cuHTe3y HaHocTpidok V205 pi3ko
HPUCKOPIOETHCS IHTEHCUBHUM MEPEMIIIyBaHHSAM Ta 30UIbILIEHHSIM TEMIIEpaTypu.

Jnst ommcy Tpolecy YTBOPEHHsS BHUJIOBKEHHX HAHOCTPYKTYp 3aCTOCOBAaHO HOBY
(eHOMEHOJIOTIYHY TEOpilo MepeKpucTaizalii 3 ypaxyBaHHSM JOJATKOBHUX aHI30TPOITHUX
OanicTUYHUX (HETEPMIYHMX) YacTOT B €AHAHHS CTPYKTYPHUX OJAMHHUIIb BiJl PI3HMX I'paHei
Ipy IHTEHCUBHOMY nepemimyBaHHs. OTpUMaHI pe3ysibTaTH KOMIT IOTEPHOTO MOJIEIIOBAHHS
BIJIMOBIAI0Th €KCIEPUMEHTAIIbHUM JaHUM — BEJIUKHM CTYMiHb BUTSTHYTOCTI MOSCIB MICHS
TPUBAJIOTO TEPEMIlIyBaHHS Ta MPUOJIM3HO JiHIHHA 3aJeXKHICTh CEpelHbOI JOBXKHHU BiX
IHTEHCUBHOCTI MEepEeMiIIyBaHHS.
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SYNTHESIS OF VANADIUM OXIDE NANOBELTS AND THE
APPLICATION OF THE CONCEPT OF BALLISTIC JUMPS FOR THE
DESCRIPTION OF THEIR FORMATION

Summary. The process of synthesis of vanadium pentoxide nanobelts during intensive
stirring of a suspension of commercial powder V205 in an aqueous solution of NaCl was
investigated. The application of the concept of ballistic jumps to describe the formation of
anisotropic structures in non-equilibrium systems under the influence of external factors is
considered. The effect of temperature and stirring intensity on the process of synthesis of
vanadium pentoxide nanobelts is demonstrated.

The correlation between the evolution of nanobelts ensemble of vanadium pentoxide and
the dynamics of changes in hydrogen index pH and viscosity of the suspension was
established. It was found that a characteristic feature of the process of structural
transformation of particles V205 into nanobelts is a decrease in the hydrogen index pH of the
solution, which can be used as an indicative integral characteristic of the rate of the synthesis
of vanadium pentoxide nanobelts during industrial production.

It is worth noting that the composition of the suspension, its temperature, and the speed
of mixing are important factors that can critically affect the process of synthesis of
nanostructures under intensive mixing. The process of synthesis of V205 nanobelts is sharply
accelerated by intensity of stirring and increasing temperature. To describe the process of
formation of elongated nanostructures, a new phenomenological theory of recrystallization
taking into account additional anisotropic ballistic frequencies of detachment of structural
units from different faces during intensive mixing is applied. The obtained results of computer
modeling correspond to the experimental data - a large degree of elongation of the belts after
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long-term mixing and an approximately linear dependence of the average length on the
intensity of mixing.

Keywords: nanostructures, nanobelts, metal oxides, vanadium pentoxide, nonequilibrium
systems, ballistic jumps.
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3ACTOCYBAHHSI METOZY SKMF 10 MOJIEJTIOBAHHSI B3BAEMHOI TA
PEAKIIAHOI AU ®Y3Ii B TOTPIMHUX CIIVIABAX?3

Hewooaeno pospobnena aemopcoka mooughikayisi cepeOHbonoIb08020 Memoody Onucy
peaxkyitiHoi ougysii ma KOHKYpeHyii npomixcHux a3z y3aeaibHeHa 3 6UNAOKy OIHAPHUX
cucmem Ha NOMPIHI Cnaasu (meepoi po3uuHU, BNOPAOKOBAHI NPOMINCHI (hazu ma 080¢a3Hi
30nu). Ilpu ybomy 8paxo8yemvcsi 63aemMo0ist Midic amomamu y 080X KOOPOUHAYIIHUX chepax.
s sionpayrosanus memoody memnepamypa ma emepeii 63aemodii nidiopani max, wob Ha
06ox cmoponax (AB i BC) xonyenmpayiiino2o mpuxymuuka Oy10 no OOHIl NPOMINCHIU
VROPAOKOBaHiU (azi 3 8y3bKUM IHMEPBAIOM 2oMo2eHHOCmI, a Ha mpemiti cmoponi (AC) 6yna
nosHa posuuHuicms. Jocniodxceri aubip ougysitino2o wiiaxy ma KiHemuka 83aEMHoi ougysii,
BNOPSAOKYBAHHS MA POCMY NPOMINCHUX (a3, & 3anexncHocmi 6i0 CKIady SUXIOHOI Oughy3iuHoi
napu.

KurouoBi ciaoBa: nudysis, ¢pa3oyTBOpeHHs, PICT, YHNOPSAKYBaHHS, JiarpamMu CTaHy,
HOTPIiHHI cucTeMu, TUQy3iiHI TpaeKTOpil, KOHKypeHIis (a3.

1. Beryn
[Tpouecu B3aemMHOI AMQy3ii y crjiaBax 13 YTBOPEHHSIM 1 POCTOM HPOMDKHHX (a3 €
aKTyaJbHOIO 3ajiayero (i3MYHOTrO0 MaTepialo3HABCTBA, PO3B’SA3aHHS SKOI HEOOXiIHO JUIs

3 PoGora Bukonana npu migrpumii MOH Vkpainu.
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IPOTHO3YBAHHS BJIACTUBOCTEH 3’€HAHb MK MaTepialaMu, 30KpeMa, Y MIKPOEIEKTPOHIII.
Slkmio ays GiHapHUX CIUIaBiB OCHOBHI IMPHHITUIIK PO3B’ 3Ky MOMIOHUX 3a7a4 BXKE€ BH3HAUYCHI
[1-5], To mis GaraTOKOMIOHEHTHHX CIUIABIB i, 30KpeMa, MOTPIMHUX — 3ajada MPOJAOBXKYE
OyTH HEOJHO3HAYHOIO 1 TyKe TaJIEKOIO BiJl pO3B’sI3aHHS.

30kpema, icHye mpobiemMa HEOJHO3HAYHOrO BHOOPY [UQY3IMHUX NUIAXIB Yy
KOHIICHTPALliIHOMY TPHKYTHHKY, TIpoOjieMa yTBOPEHHS YM HE YTBOPEHHS TBO(A3ZHHX 30H,
npoOJieMa HeCTIHKOCTI TUQy3iHHUX IUIAXIB y ABO(QAa3HUX 30HAX, TOIIO [6-8].

3 MPUKITATHOI TOYKU 30Dy, JOJaBaHHS TPETHOIO KOMIIOHEHTY JO OIHapHOTO CIUIABY €
BIIOMHM CTIIOCOOOM ONTHMI3allii BIACTUBOCTEH 3’€THAHHS MaTepiaiiB. 30KkpeMa, JA0JaBaHHS
KUIBKOX BIJICOTKIB IIMHKY Yy TIPUIIA HAa OCHOBI OJIOBAa JI03BOJISIE CYTTEBO 3MEHIIHTH
MOPHUCTICTh MAsTHUX 3’ €/THAHb.

Ananoriyauii e()eKT AOCATAEThCS HAHECEHHSIM HAHOMETPUYHOTO MPOIIAPKY Ha KOHTAKT
MK MIJTIO Ta MPHUIIOEM, a TaKOX JOO0AaBKAMH HIKETO JO MIiJHOI IMiJI0XKKHA TPUITIHHOTO
3’eqnannsa [9,10]. Ha cporoanimHiid aeHs Migdip A00aBOK TPEThOTO KOMITIOHEHTY IS
onTuMi3amii KOHTAaKTHOI 30HU BiJI0OyBAa€ThCS, B OCHOBHOMY, €MIIIpHYHHM LUIAXOM. ICHYe
norpeda y BCTAHOBJICHHI TEOPETHYHOI OCHOBH BIUITMBY TPETHOI'O KOMIIOHEHTY Ha (ha3oBHU
CKJIaJ 1 KIHETUKY TPH B3a€MHIHN Ta peakuiiHii nudys3ii y HOTpiHHUX CHCTEMaX.

B naniit po6oTi Mu pobumo crpoOy TEOPETUYHOrO aHaNli3y BKa3aHUX MPOLECIB Ha
OCHOBI PO3IIUPEHHS Ha MOTPiHI CHCTEMH, HEUIOJIaBHO 3alPOIIOHOBAHOTO METOIY aTOMHOT
mirparii Ta (a3oyTBOpeHHS, KU OTpuMaB Ha3By CTOXaCTHYHOTO KIHETHYHOTO CEPEIHBO-
nosipoBoro meroay (SKMF — Stochastic Kinetic Mean-Field) [11-14].

2. OcHOBHI piBHAHHSA Mo/eJIi VIS NOTPIiHOrO CIIaBy

Ha BigmiHy Big BigoMoro kiHeTuyHoro Metony MonTte-Kapno, koxHOMYy B3Iy
KPUCTATIYHOI TPATKH MPUIHCYETHCS B KOKEH MOMEHT 4Yacy HE KOHKPETHHUH aToM copTy A, B
abo C, a IMOBIpHOCTI nepeOyBaHHS B JaHOMY BY3Ji aToMiB copTy A4, B abo C, axi Mu jaii

KOPOTKO HAa3MBA€EMO KOHIICHTpAIlIsIMU Ch, G, G Cy+Cp+Ce :1. OCHOBHE KIHETUYHE

PIBHSHHS JUISL IIBHUAKOCTI 3MIiHHM I[MX IMOBIpHOCTEH B JOBIIBHOMY BY3Ji Trpartkd [i]
(3ayBa)kMMo, IO MiJl «» MAaEThCS HA yBa3li TPH MPOCTOPOBHX KOOPAWHATH BY3NA i, j k)
3aMuCcyeThes y Gopmi OaaHCy MOTOKIB IMOBIPHOCTEH 13 1aHOTO By3ia [[] y cycimHi By3nu [in]
Ta, HaBIaKU.

B naniii po6ori Mum oOMEXHMOCS HaWNPOCTIIIMM JUISI MOJENIOBaHHS OOMIHHUM
MexaHi3MoM Judy3ii. Y Bumajgky oOMIHHOIO MeXaHi3My BKa3aHl KIHETHYHI PIBHSHHS IS

imosiprocreii Oy Ta U3 y BUGpaHOMY By3I1i MAIOTh HACTYIHMIT BUIIIS

% = 3 (¢, lile, [iIITi(A). in(B)] + o e, fin]in(A). i(B)]) +
+ 3 (<, liTce [nITi(A). in(C)]-+ c [iTe, inITin(A). i(C)])

In=.

(1a)

iN

9celi] = i(—CB[i]cA[in]F[i(B), in(A)]+c,[ilcs[in]ITin(B),i(A)]) +

t in=1 (lb)

z

+ Z(_Cs[i]cc [in]CTi(B), in(C)]+c.[ilcs[in]ITin(B),i(C)1)

in=1
Cc=1-C,-C; (1c)
B nux piBHsHHIX BenuuuHM ' € yacToTamu (IMOBIPHOCTSIMHU B OJJUHMIIIO Yacy) oOMiHY

aToMiB 4 Ta B, 1110 3HaXOJAThCA y CYCIJIHIX By3nax. Hanpukiman, nepmuid 104aHOK y mpaBiit
yacTuHi  piBHAHHA  (la), TOMHOXKeHMH  Ha  Manuid  iHTepBan  dvacy  dt,
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(—CA[i]CB [in][Ti(A), in(B)]dt) — 1 3MCHIICHHs IMOBIpHOCTI TepeOyBaHHsI aToMa copTy A y
By3Ji [{], BHacHiok oOMiHy aToma A4 i3 By3na [i] 3 atomom copty B i3 By3na [in]. Tounirie

KKy4H, CA[l] — 1e IMOBIPHICTh TOTO, IO y B3] 3HAXOJUBCS aTOM COPTY A4, CB[IH] —1e
IMOBIpHICTh TOTO, L0 y CYCIHbOMY BY3Jl 3HaXOAMBCA aTOM COPTY B, TITi(A),in(B)]dt—
IMOBIPHICTh TOTO, III0 BOHM BHKOHAIOTh OOMIH MPOTSITroM KOpoTkoro yacy dt. BaximBoro
pucoro Merony SKMF € #ioro caMoy3ro/uKeHICTh, SKa 3BOJUTHCA 10 TOTO, IO YacTOTH
OOMiHIB BH3HAYaIOTHCS EHEPrisIMH aToMiB 10 OOMiHYy, a €Heprii aToMiB BH3HAUYAIOTHCS iX
JIOKaJbHUM OTOYEHHSM, TOOTO KOHIICHTPAIISIMU Yy Miclli cTpuOKa. TakuM YMHOM pPiBHSHHS
(1), He 3BakaroyMm HaA CBi HAYEOTO IIHIHHUN BUIJISIN, € CYTTEBO HENIHIHHUMH TIO
KOHIICHTpalisM. HemiHIHHICTh BHUPaXXa€ThCSA HE JIMIIE HASBHICTIO MOOYTKIB KOHIIEHTpAIlii
nepes 4acToTaMu, ajie, B TEpIIy 4Yepry, TaKOXK EKCIIOHEHI[IHHOI0 3aJeKHICTIO YacTOT Bif
EHEPTii, K1 B CBOIO UePTy JIHIHHO 3a7eXaTh BiJl JIOKAJIbHUX KOHIIEHTPAIliH:

FTi(A) in(B)] = v, exp| - = —(EAk[i]T+ E,[in])
Iin(A),i(B)] = v, exp| — E° _(EAk[T + E,[i])
Pli(A)in(C)] = vy exp| ——— EAk[i]T+ E[in])
e @
i i E® —(EA[in]+ E.[i])
[[in(A),i(C)]=v, exp| — =
[Ti(B),in(C)] = v, exp| — E” _(EBk[i]'r+ E.[in])
Iin(B),i(C)] = v, exp| - E*® —(EBk[ir;] +E.[i])

CnoBo «cepelHbO-TIOJLOBUI» y Ha3Bl METO/AY BIJINOBINAE CTPYKTYpl piBHSIHB (3).
Hanpuknan, mepme 3 1muX pIiBHAHb TPAKTYEThCS HACTYIIHUM UYWHOM: CEPEIHBO-TIOJIHOBA
€Heprisg B3aeMojii aToMa 3 CyciJaMM BHM3HAYa€ThCS CYMOIO IO BCIM CYCIIHIM By3JaM

HACTYMHUX JTO0OYTKIB — T0OYTOK IMOBIPHOCTI IepeOyBaHHs aToMa coOpTy 4 Ha eHepriio VAA
naroc 100yTOK IMOBIpHOCTI mepe0yBaHHS aToMa COpTy B Ha eHeprio VAB naroc 100yTOK

IMOBipHOCTI niepeOyBaHHs aToMa copTy C Ha €Hepriio VAC :
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El1]= 3 (€110 + ColinM g + [NV,
E,fin]= 37 (c,[IN, + ¢, MV, + oMV, )

inn=1

E4[1]= 3 (G, iV + 6,V + o [Ny
E,lin]= 3" (CAlinNMs, + Colinn s + co[iNNsc

inn=1

Ecli]= 3 (c.lINVx-+ColiMNgs +C[inNc )
E.fin]= 3" (GlinnM, + GolinnNes +co[iNNec

inn=1

ne [in] — koopauuara cycima aroma [i], [inn] — koopauuara cycima aroma [in], VAC :VCA,
Vig =Vau, Ve =Veg

®opmynu (1)-(3) yTBOPIOIOTH CAMOY3TOJIKEHY CUCTEMY PiBHSIHB, SIKa OTHICY€E €BOJIOLIII0
CUCTEeMH 13 3MEHILIEHHSM mnoreHmiany [100ca. SIkmio Ha mISXy €BOJIOLII BHHUKAE,
HaNpUKIa, HyKJIealiiiauid 6ap’ep, y BUMAaaKy (a30BUX MEPEXOiB MEPIIOTr0 POAy, TO IS
HOro moONaHHs JOJATKOBO BBOJMTHCSA IIYM 4YacTOT mepexofiB. [lerani BBEAEHHS IIyMy
omwcaHi B podorax [12, 13].

Jlis uncesbHUX PO3paxyHKIB 3py4HO MEPEUTH 10 6e3p03MipHOTO yacy

b

S
t(dimensionless) = v, exp(—kE—T]t(s)

3. [IapameTpu cHCTEMH TA NPEACTABJICHHS Pe3yJIbTATIB

Sk BugHO 3 mocBiny 3actocyBaHHs SKMF no OinapHux cucreM [15] Ta 3 MoaentOBaHHSA
peakuiitnoi audysii merogom Monte-Kapno [16], ans agexkBaTHOTO MOJENIOBAaHHS
dbopMyBaHHS 1 pOCTYy BHOPSAKOBaHUX (ha3 ePEeKTUBHUM CIIOCOOOM € BBEJICHHS B3a€MOJIN HE
JMILE y MEepIii, ane i y Jpyrii KoopauHaiiiHUX cdepax 3 BIANOBIAHUM MIJOOPOM BEIHUHUH 1
3HaKIB €Heprii 3MillyBaHHA B 000X KoopAuHaUiiHUX cdepax. Y npaHiil poboTi MM
IPEJICTaBISIEMO TepLIl pe3yiabTaTh MOJIETIOBAHHS IPU HACTYITHOMY BHUOOpI TapaMeTpiB:

MOACIIOEMO OLK-rpatky, 7" =8, Z'=8, V;:A :VBIB :Vclc =-10" Jorc,
VAIB :VBIC = _3-9'10_21119’0 ,VAlc = _1-98'10_21119"0, VAIL =VB”B :Vc”c = —8.76-10_21[]91;0,
Vig =Vge =-2:107 o, Ve =-4.76-10° e, 7= 750 K

Hns  gochimkenHs ¢a3oBoi  giarpamMu, sAK 1 A0A  JOCHIDKEHHS  KIHETUKH,
BUKOPUCTOBYEMO MeTO Audy3iianx nap [17].

Pesynbratu anamizyemo y BUTISAL podiTiB CA(X), Cg (X), Ce (X) y BIAMOBIAHUX AU(Y3IHHAX

mapax, a TakKoX, MNapaleiabHO, y BHUINIAAI AM(Y3IHHUX LUIAXIB y KOHLEHTpaliiHOMY

TPUKYTHHKY (BepIInHa A B IoyaTKy KoopauHar ( Xy = 0, Vo= 0 ), BepunHa C Ha oci abciuc Ha

BizicTani 1 Bix mouatky kKoopamHat ( Xg = ], Yo = 0), a BepinMHa B — B TouIi 3 KoOpIuHaTaMU
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Xg =0.5, Ys :\/g / 2, a KOXHIA IUIOIMMHI  BIANOBIZAE TOYKA 3  KOOPAUHATAMH

X =c.[i]+1/2-c4[i], y = ¢,[i]-v3/2.

Jns moBHOro anHamizy moTpiOHO 3HATH TepMOJIMHAMIYHI NaHi, i, B Tepuly dYepry,
130TepMiuHUH 3pi3 $a30Boi AiarpaMu MOTPIMHOI cucTeMu NpH (iKcoBaHIN Temmeparypi. Mu
HaMarajuch migiopatu eHeprii B3aeMofil y mepimriii 1 Apyrid KoopauHaUiiHIN chepax Tak,
100 OTpUMATH IIeH 3pi3 OJM3BKHUM 110 300pakeHoro Ha Puc. 1.

A C

Puc. 1. Cxemarnyne 300paskeHHsI MO>KIIMBOTO 130T€pPMiuHOTO 3pi3y (a30Boi aiarpamu.
Fig. 1. Schematic representation of a possible isothermal section of the phase diagram.

Sk 6ayuMoO, MM CIIOJIIBAEMOCHh MaTH BIIOPSIKOBaHI (pa3u 3 Maike CTeXiOMETPUYHOIO
KOHIICHTpAIlil0 Ha CTOpOHI A-B i3 JESIKOI0 MOXIMBICTIO po3umHeHHs aomimku C, 1 Ha
ctopoHi C-B 13 nesikor0 MOXIIUBICTIO po3unHeHHs goMimku A. Ha croponi AC Mu odikyeMo
MOBHOI PO3UYMHHOCTI, aJI€ 3 MOXKJIMBICTIO BIOPsAKYBaHHA B 0KkoJii 50 BigcotkiB A 1 C.

PosrnsHemo cmouatky aumdy3i0 1 piBHOBarM Ha CTOPOHAX KOHIIEHTpALiiiHOro
TPUKYTHHKA.

Hudysiiina mapa A-B nae pict npomikHOi BropsakoBaHoi ¢asu AB 3 mamum
nepernagoM KOHLEHTpaLil J0 MOBHOTO BUYEPIIaHHS BUXIAHUX KOMIOHEHT A 1 B — puc.2.

green - Ca(i), violet - Cb(i), black - Cc(i)
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Puc.2. Konnentpauiitnuii npodiib (3 ycepeHEHHSIM 110 TPhOM CYCIIHIM aTOMHUM
IUIOIIMHAM) 1 BHOPsIIKOBaHa cTpykTypa AB npu npomixkHOMY 4aci Bianany napu A-B.
Fig. 2. Concentration profile (averaged over three adjacent atomic planes) and ordered

structure of AB at intermediate annealing time of A-B pair.

Hudysiiina mapa A-AB (BnopsinkoBaHa (a3a) mHokasye HEBEIMUYKE «ITiJ iTaHHSI»

BIIOPSAKOBAHOI (a3 1 HEBETWYKUM TITHOM KOHIICHTPAIIMHOI MAO0JIMHKM B YUCTOTO A 0
ciabkoro po3unHy B B A — Puc.3.
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green - Cafi), violet - Cb(i), black - Cc(i)
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Puc. 3. Ocrarounuii KoHUeHTpaniinui npodins y nudysiitHiin napi A-AB.
Fig. 3. The final concentration profile in the diffusion pair A-AB.

Cropona CB npu Hamomy BHOOpi mapaMeTpiB MOBHICTIO iieHTH4HA cTopoHi AB. Ha
croponi AC, y mudysiiiHiii mapi A-C cnocrepiraeTbCsi IOBHa PO3UYMHHICTD — HETIEPEPBHHUN
KoHIeHTpauiinuit npodins. lllonpasaa, B ieHTpanbhi yactuHi Biapizka AC croctepiraerscs
BIOPSIIKYBaHHSI, ajie 0e3 BUIICHHS OKPEMOro IUIaTo, ik Ha ctopoHax AB i CB. — Puc.4 a,b.
Ocratoynuii BuUrISIL KOHIEHTpauiiiHoro mpodimo (Puc.4c) — wne mnpocto mocriiiHa
KOHIICHTpALlisl Mai>ke BCIoAX. JBa KM MPOTHIIEKHOTO 3HAKY Ha I[iii TOPU30HTANBHINA KPHBIH,
OYEBHJIHO, BINIOBIJAIOTH MICIISIM 3yCTpiul aHTU(A3HUX YIOPSIKOBAaHUX JIOMEHIB.
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C

Puc.4. Bignan qudysiiinoi napu A-C.
(a) Konuentpaniitauii npodine napu A-C npu NpoMiKHUX 3HaUEHHSAX Yacy Biamaiy.

36



ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcurery. Bumyck Nel. 2021

(b) Kaptuna po3mnofiny KoHIIEHTparlii (iMOBIpHOCTEH) KOMIIOHEHTIB 110 By3J1aM
MOKa3y€e BIOPSIKYBAHHS B IICHTPAJIbHIM YaCTHHI MMapH.
(c) Konuentpariitnuii npodine (ycepenHeHui mo HailOMmKIuM CyCiaHiM
IJIOIIIMHAM ) TTiCIIsl TOBHOT TOMOT€HI3allii.

Fig.4. Annealing of diffusion pair A—C.
(a) Concentration profile of the diffusion couple A—C at intermediate annealing
times.
(b) The pattern of distribution of concentrations (probabilities) of components by
nodes shows the ordering in the central part of the couple.
(c) Concentration profile (averaged over the nearest adjacent planes) after complete
homogenization.

Hami mu pocmigunu audys3iiiHy B3a€EMOJII0 MK BIOPSJAKOBAHHUMH TMPOMIXKHUMHU
dazamu AB 1 CB — Puc. 5a,b. I'padiku miaTBepKyIOTh iICHYBaHHS PO3PHUBY 110 KOMITOHEHTaM
A 1 C mix obmactssmu romorenHocti ga3 AB i CB.

green - Ca(), violet - Cb(i), black - Cc()
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Puc. 5. Bzaemozis mix 1Boma ynopsigkoBanumu gazamu AB 1 CB.
(a) Konuenrpariitni mpodii micist mpoOMiXKHOTO Biany.
(b) KonueHrpariiiai mpodisi micis JOBroro BiAmay.
Fig. 5. Interaction between two ordered phases AB and CB.
(@) Concentration profiles after intermediate annealing.
(b) Concentration profiles after long annealing.

Jns kpamoro po3yMiHHs piBHoBar MK crutaBaMu A-C 1 ¢azamu AB ta CB mMu
posrasHynu nudy3iiiHy napy BnopsakoBaHa (asza (AB) - BnopsiakoBana ¢aza (AC) — puc.6.
Sk Gaummo, Ha 3aBepIIaibHIM cTaaili OTpUMyeMO CTpUOOK MO KOHOMI, SKUH BiJANOBiJTae
AKICHIM OYIKyBaH1! KapTHHI Ha puc.l.

Jani Mu nepeinuim 10 MojentoBaHHS AUQy3iHUX map Mk crutaBaMu AC pi3HOTO
MOYATKOBOTO CKJIaAy, 3 OJHOro OOKy, 1 yuctuM B 3 iHmoro Ooky. Ha pucynkax 7-9
300pakeHi quQy3iiiHi TpaeKTOpii B MPOMIKHUN MOMEHT yacy 1 (Ha puc. 7) micis BU4epaHHs
MOYaTKOBUX KOMIIOHEHTIB.

JudysiiiHa TpaekTopist Ha pHUc.8 Mae XapakTepHy S-popMmy i1 «cTpubae» B OCHOBHOMY
B3/I0BXK KOHOJ /IBO(pazHuX oOmacteit — AsiKi (MaJoYuceNnbHi) MPOMDKHI TOYKH HA KOHOJZAX €
HACJIIJIKOM JUCKPETHOCTI CXEMH 1 YCepeHEHHS 110 TPHOM IUIOIIMHAM.
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“bipypkauis” nudysiiiHoi Tpaektopii Ha puc. 9 oOymomiena (1) cumerpiero
IIOYaTKOBOTO CTaHy, (2) THM, 1110 BHACIIIOK MEPIOJIUYHIX IPAHMYHUX YMOB MU MAaEMO CIIPaBY
¢daxTHuHO 3 1BOMA MU(y31HHIMU TTapaMH.
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Puc.6. Konuenrpaiiini npodini Ta qudy3iiHi TpaekTOpii Uit IPOMDKHOTO (@) 1 A7 TOBroro
(b) wacy Bimnany mapu «BrnopsakoBana (¢asa (AB)- BrnopsinkoBana daza (AC)»
Fig.6. Concentration profiles and diffusion trajectories for intermediate (a) and long (b) time
of annealing of the pair "ordered phase (AB) - ordered phase (AC)"
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Puc.7. qudysiini npoduni (a) 1 nudysiiina tpaekropis (b) napu (0.1A,0.9C)-B nicns gacy
BiJINaJTy, TIOKH I1I€ € BUX1/IHI KOMIIOHEHTH, Ta Au(y3iitHi npodini (¢) 1 Audy3iiiHa TpaekTopis
(d) micns moBroro yacy Biamany.
Fig.7. Diffusion profiles (a) and diffusion trajectory (b) of the diffusion couple (0.1A, 0.9C)-
B after annealing time while source components are still available, and diffusion profiles (c)
and diffusion trajectory (d) after long annealing time.
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Puc.8. Tudysiitai npodini (a) i nudysiitna Tpaektopis (b) micis yacy Binany napu
(0.45A,0.55C)-B, nokwu 11e € BUXiaHI KOMIIOHEHTH.
Fig.8. Diffusion profiles (a) and diffusion trajectory (b) after the time of annealing of the
diffusion couple (0.45A, 0.55C)-B, while there are still source components.
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Puc.9. Mudysiitai npodini (a) i nudysiiina tpaekropis (b) mapu (0.5A,0.5C)-B micns gacy
BiJIMaJTy, MOKH III€ € BUX1AHI KOMITOHEHTH.
Fig.9. Diffusion profiles (a) and diffusion trajectory (b) of the diffusion couple (0.5A, 0.5C)—
B after annealing time, while there are still source components.

4. BuCHOBKM

TakuM 4MHOM, CepeIHBOIONIbOBA KIHETUYHA MOAENb AU(Y3ii, peakiliii , BHOPSAKYBaHHS
Ta KOHKypeHIii (a3 y3arajJbHeHa Ha BHUIIAJOK MOTPIMHOTO CIUIABY 3 MPOMDKHHMHU (Pa3amH.
[Tpu 3agaHuX mapaMeTpax BBOJUTH IIYM ITOKH IIIO HE IPHHUIILIOCH — BCl HEOOX1HI MPOMIXKHI
da3u 3apoKyBaIKCh 1 pociu 1 6e3 IyMOBHUX J0oAaHKIB. OTpuUMaHi pe3yJbTaTH CBIYATh PO
BIUIMB TPETHOIO KOMIIOHEHTY Ha BHOIp Audy3iiHOro muisaxy. Jlam muiaHyeTbes TOCHTIIUTH
BIUTMB aCUMETpii €HePreTHYHUX MapaMeTpiB Ha Jiarpamy CTaHy, BHOIp HUIAXY 1 KiHETHKY
pocty (a3. Kpim toro, Heooximno nepeiitu no ['LIK-pemriTok, siki 103BOJISIOTh OTPUMYBATH
3HAuHO Oararmuii Gpa3oBuii ckiran qudy3iifHOT 30HM.
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APPLICATION OF SKMF METHOD TO MODELING OF INTER- AND REACTIVE
DIFFUSION IN TERNARY ALLOYS

Summary. The processes of interdiffusion in alloys with the formation and growth of
intermediate phases is an urgent task of physical materials science, the solution of which is
necessary to predict the properties of compounds between materials, in particular, in
microelectronics. For binary alloys the basic principles of solving such problems have
already been defined, but for multicomponent alloys and, in particular, ternary alloys — the
problem remains ambiguous and very far from being solved. In particular, there is the
problem of ambiguous choice of diffusion paths in the concentration triangle, the problem of
formation or non-formation of two-phase zones, the problem of instability of diffusion paths in
two-phase zones, etc. From an applied point of view, adding a third component to a binary
alloy is a known way to optimize the bonding properties of materials. In particular, adding a
few percent of zinc to a tin-based solder can significantly reduce the porosity of brazed joints.

The recently developed author's modification of the mean-field kinetic method for
describing the reaction diffusion and competition of intermediate phases is generalized from
the case of binary systems on ternary alloys (solid solutions, ordered intermediate phases and
two-phase zones). This takes into account the interaction between atoms in the two
coordination areas shells. To test the method, the temperature and interaction energies are
chosen so that on the two sides (AB and BC) of the concentration triangle there is one
intermediate ordered phase with a narrow interval of homogeneity, and on the third side (AC)
there is complete solubility. The choice of the diffusion path and the kinetics of mutual
diffusion, ordering and growth of intermediate phases, depending on the composition of the
original diffusion couple are studied.

At the given parameters it was not necessary to add noise yet — all necessary
intermediate phases were born and grew and without noise additions. The obtained results
indicate the influence of the third component on the choice of the diffusion path. Next, it is
planned to investigate the effect of asymmetry of energy parameters on the state diagram,
path selection and phase growth kinetics. In addition, it is necessary to move to fcc lattices,
which allow to obtain a much richer phase composition of the diffusion zone.

Keywords: diffusion, phase formation, growth, ordering, state diagrams, ternary
systems, diffusion trajectories, phase competition
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STUDY OF THE ANNEALING EFFECT ON THE DEFECT STRUCTURE OF
NEUTRON IRRADIATED PURE IRON BY THE CLUSTER DYNAMICS
METHOD

For WWER-1000 reactors, which are the basis of Ukraine's nuclear energy, to date, the
possibility of restoring irradiated vessel steel has not been fully studied, in particular,
temperature-time annealing regimes have not been developed. This article is devoted to this
problem. The effect of annealing on the evolution of defect clusters formed in commercially
pure iron C <30 ppm), which was irradiated in a Belgian reactor BR2 at 300 ° C with
neutrons with a flux of 1.39 x 107" dpa /s (9x10*" n/m%*c, E > 1 MeB) to a dose of 0,026
dpa (1,7 x10*° n/m? E > IMeB), has been studied by cluster dynamics method. The
temperature and annealing time varied in the range (300 °C-500 °C) and (2 hours -1 day),
respectively. The cluster dynamics master equation was written as a system of ordinary
differential equations with respect to the numerical density of isolated vacancies (V) and
interstitials (SIA) and their clusters (VC) and (SIAC), assuming that only V and SIA are
mobile. Formation energies, migration energies, pre-exponential coefficients for V and SIA,
vacancy and interstitial dimers binding energies, V-SIA recombination radius were
preliminarily determined from the best coincidence between computer simulation data and
experimental data. A conclusion was made about the optimal temperature and duration of
annealing to restore the defect structure of neutron irradiated pure iron.

Keywords: cluster dynamics, neutron irradiation, annealing, pure iron, self-interstitial
atom clusters, vacancy clusters
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1. Introduction

In accordance with regulatory documents operating power units of Ukrainian NPPs
have a service life of 30 years. World experience testifies about the possibility of continuing
operation of similar power units up to 50...60 years. Taking into account the commissioning
time of power units currently operating in Ukraine, the life of the blocks will not be extended,
it is necessary close all power units, except for the 6th unit of ZNPP and newly built blocks:
Khmelnitskaya-2 and Rivne-4. The possibility of renewing the design life of VVVER reactors
is associated before only with the solution of problems of justification of reliable operation of
buildings at doses exceeding design, and, if necessary, restoring their properties. It is known
that, based on the results of many years of studies by many authors a method for restoring
mechanical properties of VVER-440 reactor pressure vessels by roasting them at a
temperature of 450 ... 460°C [1]. The annealing treatment is recognized by international
supervision authorities and has been successfully used for the restoration of the properties of
more than a dozen buildings VVER-440 reactors. However, for reactors VVER-1000, which
form the basis of nuclear power energetics in Ukraine, the possibility of restoration of
irradiated vessel steel to date has not been studied. In particular, temperature-time modes have
not been developed. The experience of annealing WWER vessels, the results of laboratory
studies of Western-type vessel materials irradiated in research reactors, as well as materials
obtained from the programs of witness samples of commercial NPPs are consistent and
indicate that the annealing temperature should be at least 150°C higher irradiation
temperature, and exposure time from 100 to 168 hours in order to obtain a significant result.
To study the effect of annealing temperature on the degree of restoration of the properties of
VVER vessel materials, comprehensive studies were carried out on samples irradiated in NPP
reactors at the locations of the Armed Forces [2].

Meanwhile, there is a lack of modeling for the annealing of irradiated steels in order to
find the optimal combination of temperature and duration of the annealing procedure.
Submitted manuscript dedicated to just this problem. The effect of annealing on the
defect structure of commercial pure iron (<30 ppm C) after neutron irradiation at the
Callisto (IPS2) facility at the Callisto drilling rig (IPS2) in the Belgian reactor (BR2) is
studied by cluster dynamics (CD) method [3]

2. Cluster dynamics simulation of the irradiated pure iron

Commercially pure Fe (<30 ppm C, average grain size 250um, dislocation density 7 x
1013m—2) was neutron-irradiated at the Callisto rig (IPS2) in the Belgian reactor (BR2). An
irradiation temperature of 300 °C and a neutron flux of about 9 x 1017 n/m2s and neutron
fluence (E > 1 MeV) were maintained. The mentioned flux and fluence correspond to a dose
rate of 139 ndpa/s and the neutron exposure of 0.026 dpa, respectively. An experimental study
of vacancy clusters (VC) and self-interstitial atoms clusters (SIAC) in this irradiated pure iron
by transmission electron microscopy, small-angle neutron scattering, and positron
annihilation spectroscopy is given in [4]. Comparison of CD simulation data with
experimental data [4] provided the possibility of estimating a set of characteristics of point
defect clusters, determined with insufficient accuracy from both experiment and theory. They
are vacancy formation energy, Evr, the binding energy of vacancy dimmer, Eny, vacancy
migration energy, Evm, vacancy pre-exponential, Dvo, self-interstitial formation energy, Eit, the
binding energy of self-interstitial dimmer, Epiv, self-interstitial atom migration energy, Eim,
self-interstitial atom pre-exponential, Dio, recombination radius, rrc; capture efficiency for a
vacancy (self-interstitial atom) by the dislocation net, zv(i).
The master equation of CD for the case of annealing is written as the system of ordinary
differential equations in terms of the number density of VCs and SIACs, Cnv(i), Equations
(1)—(3), assuming that only vacancies and self-interstitial atoms (SIAs) are mobiles [5]:
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Here, Q2re is the atomic volume of bcc iron, Ce 1) is the thermal equilibrium concentration of
vacancies (SIACs), Zyv= 1 and Zi= 1.2 are the capture efficiencies of the vacancy and SIA,
respectively, by dislocation net, Dv(i) is the diffusion coefficient of the vacancy (SIA)
calculated according to Equation (4):

Emu(i
Dy(iy = Dy(yoexp (— ZLT;)) 4)

pv(i) are the attachment coefficients of the point defects by the planar SIAC calculated in
accordance with [5] from Equation (5):

U(l) (27T rm v(i) ClU(L) /QFe) ZU(l) (5)

where Zv(i) ni is the capture efficiency of vacancy (SIA) by the SIAC calculated from
Equation (6):

, b 0.5
Zni) = Zyp + [(@) 0 —Zu(o] /38 (6)
Here a is the lattice parameter of bcc pure iron, b is the Burgers vector and zg,,;, = 35 (42) for

vacancy (SIA).

‘,)S) are the attachment coefficients of the point defects by the spherical VC calculated

according to the assumption of a diffusion-limited regime from Equation (7):

U(l) (47TRnUDU(l) CIU(I.) /QFe) (7)
a;,, are the emission coefficients of one vacancy (SIA) from the VC (SIAC) calculated in

accordance with the detailed balance principle via the AG(n) in the case of VCs and via the
Ebni In the case of SIACs:
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AG, (n)-AG, (n—-1)

a;)w = :B(Un—l)u T exp kpT (8)
al; = Pl ex (— %) (9)
ni Y P\~ %t
Here Euni is calculated in accordance with [5,6] from Equation (10):
AG,(n) = —nAu, + 4mR2,y (10)

The solver LSODA has been used to integrate directly the master equation for the study of the
point defect system containing free vacancies, spherical VC with sizes from 2 up to 1000
vacancies, free SIA, and planar SIAC with sizes from 2 up to 4000 SIA. The input material
parameters of pure iron are given in Table 1.

Table 1.

Material parameters of pure iron
Tabmuus 1

MarepianpHi mapaMeTpu 4YUCTOTO 3aii3a

Parameter Value
Vacancy formation energy, Es 1.60 eV
Binding energy of vacancy dimmer, Ep2y 0.60 eV
Vacancy migration energy, Emv 0.65 eV
Vacancy pre-exponential, Dvo 2.1x10°®8 m%s
Interstitial formation energy, Ei 3.0eV
Binding energy of interstitial dimmer, Epai 0.8 eV
Interstitial migration energy, Emi 0.30eV
Interstitial pre-exponential, Dio 4.0%x108m?s
Recombination radius, rrec 0.65 nm
Capture efficiency for vacancy by dislocation net, zy 1.0
Capture efficiency for interstitial by dislocation net, z; 1.2
Burgers vector of the loop assumed to be prismatic, b 0.2 nm
Dislocation density, pq 0.7x10%m™
Average grain size, d 2.5x10™m

The total number density of SIAC and VC, Nsiac and Nvc, average number of SIA in SIAC,

Nsiac, and an average number of vacancies in VC, Nvc, were calculated for the temperature
and duration of annealing varying within (300-500)°C and (2-24) hours, respectively.

To estimate the effect of annealing on the restoring of ductile properties, to consider the
irradiated induced increase in yield strength Ac. For the formula (11) for Ac was used
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according to the model [8] based on periodic arrays of obstacles and ignoring dislocation
self-stress:

Ao = aMGbry(SC) (12)

where M is the Taylor factor, G is the shear modulus; « is the obstacle strength of VC (SIAC)
that have no dependence of defect clutsers characteristics as discussed in [9]; ro is the radius
of one SIA (vacancy), SC is the strength coefficient depends on the average number of
monomers in cluster and number density of clusters:

L 0.5
SCsracwe) = <NSIAC(VC) 'n;mc(vc)> (12)

3. Results

The calculated dependences of the total number density of SIAC (VC) on the annealing
temperature at a fixed time of annealing were shown in Figures (1,2), the average number of
SIAs (vacancies) — in Figures (3,4) and the strength coefficient — in Figures (5,6).
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Fig. 1. Calculated dependences of the total concentration of SIAC, Nsiac, on the annealing
temperature at a fixed annealing time, green circle indicates Nsiac before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 1. Po3paxoBaHi 3aj1€5KHOCTI CyMapHO1 KOHIIEHTpaIliil Ki1acTepiB MikBYy3iel, Nsiac, Bl
TeMIlepaTypH Bianaty AJis (IKCOBAHOTO Yacy BiAnaiy, 3eJeHe Kojo Bka3zye Ha Nsjac mepen
BiZinasoM (Ticist HEUTPOHHOTO ONpOMiHEHHS 3 ekcrio3utieto 0,026 dpa).
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Fig. 2. Calculated dependences of the total concentration of VC, Nvc, on the annealing
temperature at a fixed annealing time, green circle indicates Nvc before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 2. Po3paxoBaHni 3aJ1€:)KHOCTI CyMapHOi KOHIIEHTpaIlii kiactepiB BakaHcid, Nvc, Bil
TEMIIepaTypu Bifmany s pikCOBaHOTO yacy Biamaiy, 3ejeHe Koo Bkazye Ha Nvc nepen
B1JIITaJIoM (ITiCJIsI HEUTPOHHOTO ONpOMiHeHHs 3 excro3utiero 0,026 dpa).
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Fig. 3. Calculated dependences of the average number of SIA in SIAC, nsiac, on the
annealing
temperature at a fixed annealing time, green circle indicates nsiac before annealing
(after neutron irradiation with an exposure of 0.026 dpa).
Puc. 3. Po3paxoBaHi 3aj1€5KHOCTI cepeIHbO1 KUTBKOCTI MIJKBY3JIEH Y KilacTepax MIKBY3JIEH,
Nsiac, BiJ TeMIepaTypu Bianany uis (JiKCOBAaHOTO yacy BiAMaiy, 3eJIeHE KOJIO BKa3ye Ha Nsiac
nepen BianauaoMm (Iicias HBUTPOHHOTO ONpoMiHEeHHs 3 ekcrio3uuiero 0,026 dpa).
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Fig. 4. Calculated dependences of the average number of VC in VC, nyc, on the annealing
temperature at a fixed annealing time, green circle indicates nvc before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 4. Po3paxoBaHi 3a1€5KHOCTI cepe/IHbO1 KIJTbKOCTI BaKaHCi# y KilacTepax BakaHCii, Nvc,
BiJl TEMIIEpaTypH Binnaiy Juist (DiKCOBAHOTO Yacy BiJmairy, 3eJIeHe KOJIO BKa3ye Ha Nyc mepex
B1JIITaJIoM (ITiCJIsI HBUTPOHHOTO ONpOMiHeHHs 3 excrio3utiero 0,026 dpa).
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Fig. 5. Calculated dependences of the strength coefficient of SIAC, SCsiac, on the annealing
temperature at a fixed annealing time, green circle indicates SCsiac, before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 5. Po3zpaxoBani 3aexHOCTI Koe(illieHTa MIITHOCTI KJIacTepiB MixkBY3iel, SCsiac, Bij
TEMIIEPaTypH Bianany s (iKCOBAHOTO Yacy BijAIaiy, 3eJieHe KoJio Bkazye Ha SCsiac mepes
BiZinanoM (Ticist HEHTPOHHOTO ONpoMiHeHHs 3 ekcrio3utieto 0,026 dpa).
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Fig. 6. Calculated dependences of the strength coefficient of VC, SCvc, on the annealing
temperature at a fixed annealing time, green circle indicates SCvc, before annealing
(after neutron irradiation with an exposure of 0.026 dpa).
Puc. 6. Po3paxoBaHi 3ayie:kHOCTI KoedirieHTa MIITHOCTI KjacTepiB BakaHcii, SCvc, Bil
TeMIepaTypHu Bignany it pikCOBaHOTO yacy Bijamaiy, 3ejeHe Koo Bkazye Ha SCyvc mepen
B1JIITaJIOM (ITiCJIsI HEUTPOHHOTO ONMpOMiHEHHs 3 ekcro3uiiero 0,026 dpa).

A substantial effect of annealing on the total number density of both SIAC, Nsiac and
VC, Nvc, was observed for temperatures above 400°C and times longer than 2 hours. A
nonmonotonic dependence of Nsiac decrease on annealing duration was revealed. For the
maximum used annealing temperature of 500°C, the largest decrease in Nsiac was found to be
1.8x10° m™ at an annealing time of 18 hours, Nvc - 2.1x108 m™ at an annealing time of 24
hours (Figs 1,2).

Annealing also has little effect on the average number of SIA and VC, Nsia and Nyc, for
temperatures less than 400°C. With an increase of annealing temperature above 450°C, Nsia
and Nvc grow sharply. A simultaneous decrease in the total number density of clusters and an
increase in the average number of monomers in the cluster (Figs. 3,4) indicates that due to
annealing at temperatures above 450°C and an annealing time of more than 2 hours, both
SIAC and VC reach the Ostwald’ stage.

The maximum effect of annealing was expected at the maximum annealing
temperature (500°C) and the maximum annealing time (24 hours). This has been found to be
only partially true. According to our simulation, annealing has been found to be most
effective to decrease the irradiated induced increase in yield strength Ao, at an annealing
temperature of 500°C and an annealing time of not 24 but 18 hours: the impact of SIAC and
VC decreases by 1160 and 2800 times, respectively (Figs. 5,6).

4. Conclusions
1. A substantial effect of annealing on the total number density of both SIAC and VC
was observed for temperatures above 400°C and times longer than 2 hours. With an
increase of annealing temperature above 450°C, the average number of SIA and VC in
clusters grows sharply.
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2. Due to annealing at temperatures above 450°C and an annealing time of more than 2
hours, both SIAC and VC reach the Ostwald stage.

3. According to our simulation, annealing has been found to be most effective to
decrease the irradiated induced increase in yield strength, at an annealing temperature
of 500°C and an annealing time of not 24 but 18 hours: impact of SIAC and VC
decreases by 1160 and 2800 times, respectively.
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JOCIIJPKEHHA METOJ0M KJIACTEPHOI TMUHAMIKH BILJIUBY
BIAIAJY HA ITE@EKTHY CTPYKTYPY UACTOI'O 3AJII3A, AKE
OINMPOMIHEHO HEUTPOHAMMUA

Mooicnusicmes npo0o6iceHHs: NPOEKMHO20 MEPMIHY eKCNLyamayii amomMHux peakmopie
6000-800an020 muny (BBEP) nog'azana, nepwi 3a 6ce, 3 8UpiuleHHAM 3a0ay OOTPYHMYBAHHS
HAOIUHOCMI eKChIyamayisi KOpnycié peakmopis npu 003ax ONPOMIHEeHHs, W0 Nepesuuyyoms
NpOEKmMHUi, ma, y pasi HeobOXiOHOCMI, 6i0HOGNeHHs iX enracmusocmell. Bioomi pesynomamu
bazamopiunux 00CnioNceHb 6a2amvoX a8mopis o000 cnocody BiOHOBNEHH MEXAHIYHUX
enacmueocmeti Kopnycié peaxkmopié BBEP-440 ni0 muckom wiisaxom eunany ix npu
memnepamypi 450 ... 460°C. Oouak, ona peaxmopie BBEP-1000, saxi cmaHoéiams 0CHO8Y
amoMmHoOI enepeemuKu Yxkpainu, MOACIUBICINb BIOHOBNIEHHSA ONPOMIHEHHOI KOPNYCHOI cmali Ha
CbO2OOHIWHIL OeHb He BUBUEHA ) NOBHOMY 00CA3l, 30KpeMa, He po3pobiieHi memnepamypHo-
yacosi peocumu gionany. Tax, ompumano HU3Ky eKCHepUMeHmMAalbHUX OaHUX 3 00CAI0MNCEHD
3paskie-ceiokis. Ilpome, Opakye Komn'romepHo2o MOOEN08aAHHS BIONANLY ONPOMIHEHHUX
cmaneti w000 BU3HAYEHHS ONMUMANbHO20 MNOEOHAHHA mMemMnepamypu i mpueaiocmi
npoyedypu gionany. [ana cmamms npuceauena came yiu npoonemi. Memoodom kiacmepHoi
OUHAMIKU BUBYAEMBCAL GNIIUSE BIONATY HA €80NIOYII0 0epeKMHUX KIACMepPis, Wo YMEOPUNUCH Y
komepyitno yucmomy 3anizi C < 30 ppm), saxe 6yno onpomineno Y benbeilicbkomMy peakmopi
BR2 npu memnepamypi 300°C netimponamu 3i gpnaxcom 1,39x10°" ona/c (9x10" u/m?/c, E >
1 MeB) 0o 0o3u 0,026 ona (1,7 x10 Su/m?, E > IMeB).

Maiicmep-piguanns xknacmepnoi OuHamiku OJs IONANY 3ANUCYEMbCA AK cucmemd
36UYAUHUX OUGhepeHYialbHUX PiBHAHb 8IOHOCHO YUCENbHOI WIIbHOCMI I301b06AHUX 6AKAHCIU
(V) ma miocamomnux syznie (SIA) ma ix knacmepie (VC) ma (SIAC), y nabauscenni, wo
mobinbnumu € nuwe V ma SlA.

Enepeii popmyeanus, euepeii miepayii, npeo-ekcnonenyianvhi koegiyicnmu oughysii
onss NV ma SlIA, enepeis 36's3xky Oummepa 6axancili ma MIJNCAMOMHUX 8Y37i8, paodiyc
pexombinayii napu V' - SIA nonepednvo eusznauanuce 3 ymosu Haukpawoz2o 30icy OaHux
KOMN TOMEPHO20  MOOENI0B8AHH MA  eKCHEPUMEHMANbHUX — OAHUX Ol  ONPOMHEHHS
Heumponamu. Temnepamypa ma uac gionany eapirosanucsa y dianazoni (300°C-500°C) ma (2
2o0unu -1 0oba), sionosiono. Bupiwysau LSODA 6ys suxopucmanuii ons 6e3nocepednvboco
IHMe2pyBanHs 3a3HAUEHOI CUCTNeMU 38UYALIHUX OUDepeHYIaTIbHUX DIBHSHD.

Icmomnuii énnus gionany Ha sazanvhy yucenvry winvHicms sk SIAC, Nsiac, max i VC,
Nvc, cnocmepicasca npu memnepamypax euwe 400°C i yacax Oinvwe 2 eooun. Busieneno
HEMOHOMOHHY 3aneddcHicmeb 3meHuenus Nsiac 6i0 mpusanocmi sionany. /[ns makcumanvHoi
suxopucmogyeanoi memnepamypu gionany 500°C 6yno eusaenero, wo Haubinibule 3HUINCEHHS
Nsiac cnocmepicacmucs npu uaci gionany 18 200uH.

Bionan mano ennusae na cepeonro xinoxicmes SIA i VC y knacmepax, Nsia i Nve, 075
memnepamyp nudxcue 400°C. Ipu niosuwenni memnepamypu sionany euuje 450°C Nsia i Nvc
pizko 3pocmaroms. OOHOUACHE 3MEHULEHHS 3a2aNbHOI WIIbHOCMI mMa 30i1bULeHHS CepeOHbOol
KLIbKOCMI  MOHOMEPI8 y Klacmepax ceiouums npo me, Wo 6HACIIO0K BIOnamy npu
memnepamypax euwe 450°C ma uaci eionany dineue 2 200un SIAC i VC docsaearoms cmaoii
Ocmeanvoa.

32i0n0 3 Hawum MOOen08aHHAM, GiOnan 0ye HaueheKmueHiuuUM O 3MEeHULeHHS
IHOYKOBAHO20 ONPOMIHEHHAM 30LIbUEHH MedCi MeKyyocmi npu memnepamypi 6ionany
500°C i uaci sionany npomseom e 24, ax ouixyganocs, a 18 200un.

KuouoBi cjoBa: kimactepHa JauHaMiKa, OMPOMIHEHHS HEHUTpPOHAMH, BiJIajl, YHUCTE
3aJ1i30, KJIACTepH MIDXKBY3JIEH, KJIACTEPH BaKaHCIH.

Ooepoicarno peoaxyiero 14.07.2021
Iputinamo oo opyxy 19.08.2021
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INTERACTION OF QUINTET OXYGEN O2(°Ilg) WITH BENZENE IN THE
RAREFIED GAS PHASE

The oxygen molecule plays an important role in the biosphere. It participates in the
respiratory aerobic processes of life, protects living organisms from harsh solar radiation
and is responsible for the processes of combustion and slow oxidation. The details of many
chemical and physical phenomena involving the O2 molecule are associated with the presence
of low-energy singlet excited states, a nonzero magnetic moment in the ground triplet state
and the metastable quintet state of the oxygen molecule. Electronic transitions between these
states in the electric dipole approximation are strictly forbidden by spin, by orbital angular
momentum projection, and by parity. Delocalization of the spin density, change of the =«
electronic structure due to O2(°1y) collision with aromatic molecule has not been studied so
far. Such studies may help to understand the mechanism of energy transfer upon interaction
between aromatic molecules and metastable O,=. Therefore, we study here the properties of
the O.(71j) + CeHs complex because benzene is an aromatic molecule with a high
polarizability. In our paper we present study of the O,(°ITy) interaction with benzene molecule
using the powerful UB3LYP/6-311++G(d,p) approach of DFT method. We have started from
the very big collision distance of 3 A and performed geometry optimization until we get a
tightly bound addition product. This leads us to the formation of two new C-O" bonds in the
associate of O2(°I75) molecule and benzene without barrier. By using such a simple approach,
we were able to purify the configuration state function, which is a complicated multi-electron
problem that occurs at the first-principles computational level. Collected results are very
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important in estimating the effect of oxygen on the aromaticity and reactivity of benzene and
other organic unsaturated substances.

Keywords: quintet oxygen, nightglow, density functional theory, spin density, electric
polarization.

1. Introduction

The lowest quintet excited state of the oxygen molecule O2(°I1g) is a highly metastable
product of the O(3P) + O(3P) recombination reaction, which occur in the upper atmosphere.
At the height of about 80-110 km concentration of the ground state O(*P) oxygen atoms is
comparable with the Oz concentration, because of efficient photo-dissociation in the
Schuman-Rung continuum B3, « X334~ under the strong UV solar radiation in the Earth’s
upper mesosphere and lower thermosphere (MLT) region [1-5]. Thus, the permanent atomic
recombination in the MLT part of our atmosphere leads to production of all possible O>
excited states lying below the dissociation limit 5.1 eV. These are well-know A3%,*, A’ 3Au,
¢y, biEgt, a®Aq excited states; the ground X%, state also can be produced [1, 2]. These
states are generated upon tree-body recombination O(P) + O(P) +M = O2* + M with equal
probability according to their statistical weight; here M is N2 or O2 molecules from the low-
pressure atmospheric environment. The physically stable O,(°I1g) state, which energy lies just
below the dissociation limit (at about 5 eV), was discovered quite recently [3-5] and have
been included into the kinetics model called “multiple airglow chemistry” (MAC) scheme [1].
In the rarefied gas of MLT region all the excited O>* molecules can survive during short
radiative lifetime, but this is enough to produce energy transfer to the nearby oxygen atom
exciting it to the metastable O(*S) state, which can emit green line at 557 nm in the spin-
forbidden O(*S — °P) tranision. This green light was observed by Angstrém in the nightglow
of atmosphere for the first time one hundred fifty years ago [4]. The notion that nightglow
comes to us from the altitude 80-110 km of MLT region and includes also emission of singlet
oxygen was realized much later [1-6]. But the role of the O,(°II,) state in these processes is
still unknown.

2. Results and discussion

In order to explain the nightglow the MAC scheme comprises a big number of radiative
and non-radiative transition rates for various Oy* states and collisions [1,4], but the
knowledge about physico-chemical properties of the O(°Tlg) quintet molecule are rather
limited. The O2(°ITg) molecule cannot relax to the low-lying A®X,*, A’ 3Au, c'Z, -, b'Xq* states
since there is no spin-orbit coupling (SOC) between these state. The quintet-singlet and “g-u”
mixing by SOC is forbidden [7-9]. The only allowed way for relaxation is the O2(°Ilg) —
02(X3%4") non-radiative channel through interaction by SOC at long intermolecular distance
(r). This region is characterized by fast passing upon recombination and such relaxation rout
is not efficient. Potential energy curves of these two states show a crossing around
internuclear distance r=2.2 A, which is much larger than the quintet O(°I1y) state equilibrium
(Fig. 1) (r=1.913 A) [4]. Thus, the lowest zero vibrational level of the O,(°I1g) quintet state
has no effective rout of electronic relaxation in free oxygen molecule. Thus, the state O,(°I1g)
is expected to be metastable; its lifetime is measured to be longer than 2 s at pressure of 4—9
Torr [4]. Upon collision the spin-selection rules can be violated, but the intramolecular
interactions still dominate. In our work [4] we have studied recently the chemical reactivity of
the quintet O»(°ITg) molecule in terms of density functional theory (DFT) [7]. Chemical
reactions with Noble gases, N2, CO2, H20O molecules have been calculated with the spin-
unrestricted B3LYP functional and stable complex formation predicted. The most tightly
bound H20...02 (°T1y) system exhibits binding energy of 19.6 kJ/mol being twice as much
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comparing the strongest Noble complex Xe...O, (°Ilg) [4]. The tight chemical product was
predicted for O2(°Ily) reaction with the Mg(!S) atom, which is abandon in the meteoritic
clouds in the mesopause MLT range at about 90 km altitude. Huge dissociation energy (Do =
266 kJ/mol) of the >A; quintet state was obtained for excited MgO2 molecule [4]. The quintet
°A; state of this product is much more stable than the ground 3A; state of magnesium peroxide
(Do =61 kJ/mol) [4].

About 50 tons of interplanetary meteoritic dust fly into the upper atmosphere of our
planet every day. Meteor ablation is responsible for the growth of Mg, Ca metal atoms layers
1-2 km thick, which spread globally at the MLT altitudes. Interaction of quintet O(°Ilg)
species with Mg atom produces tightly bound MgO2(°A1) molecule, which can survive during
0.6-2.4 ps before relaxation to the ground state. This lifetime is estimated by SOC account
(36 cm™) between °A; and 3A; states with energy gap of 2.83 eV; vibrational modes are
calculated at the quintet state optimized geometry. Intersysten crossing rate is rather slow and
the lifetime is long enough in order produce important kinetic sequencies in the framework of
MAC scheme.

These predictions can be tested also in laboratory. Vaporization of solid MgO:
accompanied by laser (440 nm) excitation with flash photolysis can provide information on
the °A; state. Our SOC calculation predicts oscillator strength 3.2 x 1078 for the SA; « 3A;
transition, which could be observed also in emission with radiative lifetime 0.09 s. The strong
interaction of O2(°Ilg) species with Mg encouraged as to calculate the quintet dioxygen
collisions with aromatic organic molecules, which possess high polarizability and interesting
photo-physical properties. DFT method permits to calculate quintet state, which corresponds
to O2(°Ig) interaction with ground state aromatic molecule.

Qvintet — 1,

-149.8

-149,9

Energy, Hartree

-150,0 v Y v - v : v
15 2,0 25 3,0

Internuclear distance, A

Fig. 1. Potential energy curves of low-lying O2 quintet states.
Puc. 1. KpuBi noTeHmiagboi eHeprii HU3bKO JIe)kaunx KBIHTETHUX cTaHiB O.

Here we present our study of the O2(°Ilg) interaction with benzene molecule using the
same UB3LYP/6-311++G(d,p) approach of DFT method [7]. Starting with collision distance
of 3 A we performed geometry optimization and obtained a tightly bound addition product
shown in Fig. 2. The O2(°I1g) molecule is attracted by benzene without barrier and dissociates
providing two new C-O’ bonds. Each oxygen atom bears non-paired electron spin and two
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non-paired electrons are delocalized in the benzene ring (Fig. 2b). The adduct shows strong
electric polarization especially in the low part of the ring (Fig. 2a). This is very unusual
species, which release big energy upon O2(°I1g) + CsHg addition reaction (Do = 59 kJ/mol).
The benzene ring remains to be almost planar (deviation from planarity is 4,4°). The upper
part of the ring has shorter C—C bond lengths (1.384 A), but the middle and lower C-C links
(1.502 and 1.496 A, respectively) are longer than those in the free benzene molecule (1.395
A). The valence angle H-C-O is equal 99.98° being far from the tetrahedral one (109.45°).
Spin density shows quait strong alternation in the benzene ring (Fig. 2). The calculated dipole
moment is equal 3.42 D being oriented perpendicular to the ring.

0.175 0.018
.-

£0.040 262 £0.040
- -

663 663

-
(a) (b)
Fig. 2. Atomic charges (a) and atomic spin density (b) in the quintet state of the
product of the CsHs + O, (°I1g) addition reaction.
Puc. 2. AtomHi 3apsiiu (a) Ta aTOMHA CIiHOBa T'ycTHHA (0) y KBIHTETHOMY CTaH1 POJYKTY
peaxuii npueananns CsHe + Oz (°I1g).
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‘ 114‘——@3\
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Fig. 3. The most weakly bound collision complex between benzene and the quintet
oxygen O(°IT) molecule.
Puc. 3. Hait6inbim cadbKko 3B's13aHUNA KOMITIEKC 3ITKHEHb MIXK OE€H30JI0M 1 KBIHTETHOIO
Monekyoro kucHio O2(°I1)
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We also optimized a weak collision complex (Fig. 3) with bonding energy of 5.2
kJ/mol. Dioxygen molecule in this case does not dissociate, but only slightly deformed upon
rather weak intermolecular interaction. The distance between nearest C and O atoms is equal
2.35 A. The terminal O atom has negative charge (—0.15 e), while the “bound” oxygen atom is
almost neutral (0.03 e). Electric polarization in benzene ring is rather moderate.

Spin density distribution shows a small spin transfer from dioxygen; only 3.705 instead
of 4 non-paired spins resides on O, moiety. Aromatic benzene ring withdrows a large part of
dioxygen spin density inspite of the weak collision. The largest spin density (0.114) is
concentrated on orto-carbons of benzene. The O—O bond is longer (1.93 A) than in free O2
(°Ig); this means that aromatic ring produces rather strong perturbation in the highly sensitive
02 (°Ig) species. All optimized structures show only real vibration frequencies. Calculations
are performed with the Gaussian-09 code [7]. The weak complex (Fig. 3) and stable quintet
product (Fig. 2) exhibit peculiar properties, which differe from all stidued associates between
triplet O, (X3%y") molecule and various organic and inorganic species, including transition
metal compounds with high electronic spin [8-22].

3. Conclusions

This study is a preliminary approach to establish the problem of O (°I1g) chemistry at
the classical adiabatic level. A spin-unrestricted DFT method was applied for geometric
optimization of the lowest singlet state in reaction with CeéHe. By using such a simple spin
fixation, we were able to purify the configuration state function, which is a complicated multi-
electron problem that occurs at the first-principles computational level. It was revealed, that
the CsHs—O2 (°I1g) complex exhibits both weak stability and strong stability (5.9 kJ/mole and
52 kJ/mole, respectively) by oxygen fixation in different potential wells. This result is very
important in estimating the effect of oxygen on the aromaticity and reactivity of benzene and
other organic unsaturated substances. In the future, it will be necessary to perform similar
calculations for other solvent molecules with account of correlation and relativistic effects.
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B3AEMOJIA KBIHTETHOI'O KUCHIO O2(°Ilg) 3 BEH30JIOM Y ®A3I
PO3SPIIKEHHOI'O I'A3Y

Monekyna xuchio gidiepae sadicaugy poas y 6iocgepi. Oz bepe yuacmo y pecnipamopho-
AepoOHUX NPOYecax HCUMms, 3aXUWAE IHCUBT OP2AHI3MU 810 HCOPCMKOIL COHAUHOI padiayi,
8i0nosidac 3a npoyecu 2OpiHHA Ma NOBLILHO20 OKUCAEHHA. [lemani 6azamvox XiMIiUHUX i
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Qisuunux aeuw 3a yuacmio monexkyiu Oz noe’sa3ani 3 HAAGHICMIO HU3bKO-EHEP2emUuYHUX
CUHCTIEMHUX 30Y0CEHUX CMAHIB, BIOMIHHO20 B8I0 HYI1 MACHIMHO20 MOMEHM) 8 OCHOBHOM)
MPUNIEMHOMY CMAHI Ma MemacmadilbHo20 KEIHMEMHO20 CMAHY MOLeKYIU KUCHIO.
Enexmpounni nepexoou migc yumu cmanamu 8 HAOIUICEHHI eleKMPUUHO20 OUNOJISL CY80PO
3a00poHeHi CRIHOM, NPOEKYIEI0 OpOIMaAIbHO20 KYmo8o2o Momenmy i napricmio. Takooic 0oci
He 8UBYEHA 0eNlOKANI3aYis 3MIHU 2YCMUHU TT-eJleKMPOHI8 BHACIIOOK 3IMKHEHHS APOMAMUYHUX
monexyn 3 memacmabinenum O2* Taxi OocniddceHnss MoOiCymb O00NOMOSMU 3PO3YMIMU
MexXaHism nepeHocy eHepeii npu 83aEmMoOii Midc apoOMAMUYHUMU MOJLEKYAAMU Md 02(5179).
Tomy mu eueuaemo enacmueocmi komnnekcy On(°Ily) + CeHs, ockinvku 6enzon e
ApoOMAamu4HoOI0 MOJIEKYI010 3 GUCOKOI NONApuU3yemMicmio. Y Hawili pobomi npedcmasieHo
docnioxcenns e3aemooii O2(°Iy) 3 Monexynoo 6en301y 3a 00NOMO2010 NOMYIUCHO20 NIOXOOY
UB3LYP/6-311++G(d,p) 3a memooom DFT. Mu nouanu 3 oyaice enuxoi 6i0cmani 3imKHeHHs.
6 3 A i nposoounu onmumizayito 2eomempii, nNoKu He OMPUMANU WITLHO 36 A3aHUTL NPOOYKIM
npueonants. Lle npuzeooums 0o ymeopenns 06ox Hosux 36 ’a3kie C-O° 6 acoyiami monexyiu
02(°I1y) i 6ensony 6ez bap’epy. Buxopucmosylouu maxuii npocmuti nioxio, Mu 3mo2uu
oyucmumu  QynKyito cmamy KoHQicypayii, AKka € CKIAOHOKW 0a2amoeneKmpoHHo
npoonemMoro, W0 GUHUKAE HA OOYUCTIOBANLHOMY DI6HI nepuio2o npunyuny. 3i6pani
pe3yibmamu oyxce 8adcIugi OJisl OYIHKU BNIUBY KUCHIO HA aApOMAMUYHY Mda peaxkyinHy
30amuicms 6€H301y Ma IHWUX OP2AHIYHUX HEHACUYEHUX PEeYOBUH.

K11040Bi cj10Ba: KBIHTETHUI KUCEHb, HIYHE CBITIHHI atMocdepH, Teopis PyHKIIOHATY
T'YCTHHHU, CIIIHOBA T'YCTHHA, CJICKTPUYHA MOJISPU3AILiL.

Ooepoicarno peoaxyiero 12.09.2021
Ipuinamo oo opyxy 09.10.2021

63



Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

ORCID: 0000-0002-4680-1466
B. B. Mopo3oBuu
acmipant kadenpu ¢izuku, HHI IHOOTEX,
YepkachbKHil HAI[IOHAIBHUIA YHIBEPCUTET
imeH1 bormana XmensHuiibkoro, Yepkacu, Ykpaina,
vladmorozua@gmail.com

ORCID: 0000-0001-7015-1662
1O. O. JIsmenko
JoKTop ¢i3.-mar. HayK, npodecop, HHI IHOOTEX
YepkachbKuil HAI[IOHAIBHUIA YHIBEPCUTET
imeHi bormana XmensHuiibkoro, Yepkacu, Ykpaina,
lyashenko.yurij@gmail.com

YJK 621.762:669.715.29 PACS 66.30.-h:, 81.05.bx:, 68.35.fx,
64.70.kd, 82.40.ck, 66.30.Ny
DOI: 10.31651/2076-5851-2021-64-73

MOP®OJIOTTYHA CTPYKTYPA I'AJIbBBAHOOCA/I’KEHUX B
HEOJHOPIIJHUX PEXKUMAX ITPOIIAPKIB MIAI

3a 0onomozorw pacmpogoi enekmpoHHOi MIKPOCKORNII O0CNIOHNCEHO MIKpOCMPYKMYpPY
npowLapKie Mioi, wo OMpUMAaHi eleKmpoOCAONCEHHAM 6 CMAYIOHAPHOMY, LMIYIbCHOMY Mad
CMOXACMUYHOMY pPeducuUMax Ha MioOHux niokiaokax. Axicnuti poszenso CEM-306padicens
eIeKMpPOOCAOINCEHUX NOBEPXOHb NOKA3A8, W0 V GUNAOKY CMOXACMUYHO20 PENCUMY
eIeKMPOOCAOINCEHHS YMBOPIOEMbCS NOKPUMMSL 3 OLIbUUM PO3MIDOM 3€PeH HIdC ) UNAoKax
iIMRYTbCHO20 ocalddcenns.. bByno ecmanoeneno, wo gopma Hanecenux 3epen CYMmeESO
BIOPI3HAEMbCA Y BUNAOKAX IMNYILCHO20 MA CMAYIOHAPHO20 PeNCUMI HanecenHs. Y npoyeci
e1eKMPOOCAONHCEHHS 8 CMAYIOHAPHOMY MA CMOXACMUYHOMY PENCUMAX POpMYEMbC 0cao y
8UTIA0] KOH2IOMEPAMI8 3epeH PI3H020 pO3MIpy, 6 MOl 4ac SAK 6 IMHYIbCHOMY pedCcumi

Ymeoproemvcs pigHoMipHa 3epenna cmpykmypa. Takooc 6yno ecmanoéneno, wjo Cepeouii

po3Mip 3epeH 6 eNeKmpoOCaONCeHUX NPOWApKax, w0 OMpPUMAaHi 3 BUKOPUCHAHHAM
IMRYTILCHO20 PedcUMy, 3pOCMAc i3 30IIbULEHHAM Nepiody iIMNYIbCis.

K11040Bi ci10Ba: enekTpoocakeHHs, pacTpoBa €JIEeKTPOHHA MIKPOCKOIIis, Mi/lb, 3€pHA,
noJisipu3aliiiHa KpUBa, IMITYJIbCHUN PEKUM.

Beryn
[TpoBeneHi qOCHiIKEHHS BIUIUBY CTPYKTYPYBaHHS OBepXoHb Mifi [1] Ha da3oBwmii pict
B cucremi Cu/Sn,  BUSBHIM iX TEXHOJOTIYHI BIAMIHHOCTI, IO XapaKTEPU3YIOThCS

0COOJMBUMM MEXaHIYHHUMHM BIIACTUBOCTSMU Ta CTPYKTYpPHO-(a30oBUM ckiagoM. OnHuM 3
HAlOUIbII TOMIMPEHUX METOAIB OTPUMAaHHS pPI3HOMAHITHUX CTPYKTYpOBaHMX MIJHHUX
KOHTAKTIB € EJEKTPOJIITHYHE OCa/PKEHHS. JleTalbHUIl ONMUC TEXHOJOTIYHUX OCOOIMBOCTEH
CTAI[IOHapHOTO PEXHUMY €JIeKTPOOCaKEHHsI OJJaHO B HAYKOBIH JiTeparypi, Hanp. [2]. [Ipote
CTalllOHAPHUH PeXUM EJIEKTPOOCAIKEHHS Ma€ psiji 0COOIMBOCTEH, 30KpeMa HEPiBHOMIPHICTh
TOBIIMHHU eJIeKTpoocakeHux 1mapiB. Lle mos’s3aHo 3 GayKTyaliiHUM yTBOPEHHSIM BHUCTYIIIB
Ha eNeKTPoJaxX, IO MPHUBOIUTH [0 3MEHIICHHS BiJCTaHI MK HUMH 1, BIAMOBITHO, A0
3pOCTaHHS MOTOKY €IeKTPOOCaPKEHHS Ha LIUX AUISHKAX, 10 B CBOIO Yepry NMPUBOAUTH J0 1
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OUIBIIOr0 pocTy c(HOPMOBAHUX BUCTYIIB. TOMYy TEXHOJOTISI OTPUMAaHHS CTPYKTYpPOBAaHUX
MIPOIIAPKIB Mifl € BAXKJIMBOIO 337a4€H0 Y MIKPOCTIEKTPOHIII].

B pobGoti [1] mocmimkeHO BIUIMB croco0y OOpoOKM IMOBEpXHI MiJli Ha picT Ta
Mopdororiro a3 B cucremi Cu/Sn. Bkazano, mo moaudikairiss HOBEpXHEBUX MPOIIAPKIB Miii
3a JIONMOMOTOI0 TanbBaHoocakeHHd 41 SMAT oOpoOKM MOBEpxHi BIIMBA€ Ha IIBUAKICTH
pocty (a3 CuzSn ta CusSns. B po6oTi [3] mocaipkeHO 0COOIMBOCTI TalbBAaHOOCAKEHUX
MPOIIApKIB MiJi 3a JOMOMOTOK JudpakalifHOro aHaji3y, MOKa3aHO BIUIUB PEXHUMIB
€JICKTPOOCa/DKCHHSI Ha CTPYKTKPHUK CTaH TMOBEpPXHI Mimi. Ane mudpakmiiHuii aHami3
JIO3BOJISIE 3pOOUTH BUCHOBKH JIHMIIIE PO 00JIacTi KOTEPEHTHOTO po3CitoBaHHsA [4, 5], a HE Tpo
peanbHi po3Mipu Ta OyIOBY 3€peH rajibBaHOOCA/KEHOI Mimi. ToMy OCHOBHHMM 3aBIaHHSIM
JaHOT POOOTH € TOCIIIKEHHS CTPYKTYPHOT'O CTaHy TajJbBaHOOCAKEHUX MPOIIAPKIB Mifi, 110
OTPHMaHI 3a PI3HUX PEKUMIB EIIEKTPOOCAPKEHHS, Ha PAcCTPOBOMY EJICKTPOHHOMY
MIiKPOCKOTTI.

B naHomy mociipkeHHI €JIeKTPOJIITHYHE OCAIKCHHS MPOBOMIOCH B CTAI[iOHAPHOMY,
CTOXAaCTUYHOMY Ta IMIYJbCHHX pexumax. Croyarky, BiJIOBITHO JUIS 3aJ@aHOTO CKIIAAy
eJIeKTPOIIITYy, HOro TemmepaTypu Ta po3MipiB 3paskiB, OyayBanacs HoJspu3aliiiHa KpuBa,
3TiAHO 3 SIKOI0 BUOMPAIUCS OCHOBHI PEXHMHU €NEKTPOOCapKeHHs. i eNeKTpoOoCcaKeHHS
MPOIIAPKIB MiJli HAa MiJHI MIIKJIAIKA B PI3HOMAHITHUX CTaI[lOHAPHUX Ta HECTalllOHAPHUX
pPEeKUMaX 3aCTOCOBYBABCSl po3po0iieHHH anapaTHo nporpamuuid komiuieke (AIIK) [6, 7], mo
JIO3BOJISIE B PEKUMI pealbHOTO 4Yacy IMATPUMYBAaTH 3aJjaHy HANpyry Ha eleKTpoaax
€JIEKTPOXiMiYHOI KOMIpKM Ta (DiKCyBaTH BIANOBiAHI 3HaueHHs cuiau ctpymy. Ilicis doro,
OTpUMaHi TMOBEpPXHI JIOCIIKYBaJINCs Ha PACTPOBOMY EJIEKTPOHHOMY MIKPOCKOI. AHami3
300pakeHb OTPHMAaHUX [IOBEPXOHb 3/IMCHIOBABCS 32 JIOTIOMOTOI0  pO3pOOJIEHOTO
OPHUTIHAIBHOTO MPOrpaMHOro 3ade3neucHHs [8].

1. Onmuc excnepuMeHTy

JUis BUTOTOBJIEHHS 3pa3kiB, OyJO MiATOTOBIEHO MIJHI MIAKIAAKK 3 PpoO0YOI0
noBepxuero 1 cm? TToBepxHIO MiKIAZOK criepury OyIo BiATOTipOBAHO 3 BUKOPUCTAHHAM
nutiyBadbHUX KPYTIB 3 LIOPCTKICTIO 10 5-10 MKM., IOTIM BiJNaJI€HO B aTMOc(epl aproHy 3a
500 °C mporsrom 2 roauwH, Ani To30aBineHHS Big MikpoHanpyr. Ilepex mporecom
€JIEKTPOOCAHKEHHS TIOBEPXHS MIJHOT MMiJIKJIAIKH YAaCTKOBO 130JIFOBAJIach, 1100 3a0€3MmeYnTH
po6ouy mtonty moBepxHi 1 cm?. 11]06 BUrOTOBUTH 3pa3ku OyI0 0OpaHO eNEeKTPONIT CKIamy
0,36M CuSOs*H>0 +1,22M H2SO4 [9]. Hdnis 3HATTSA OKCHIHOI IUIIBKH, IIO YTBOPHIIACh B
npolieci Binany Ha MOBEPXHI MiJKIa K1, BAKOPHCTOBYBAIOCH AaHO/IHE TPABJICHHS.

IToOynoBa nonsipusaniiiHoi KpuBOi

BinnoBinHO 70 3a7aHUX YMOB eleKkTpoiizy (po3mip 3paskiB (10*10 mMm) Ta BifcTaHb
MDXK KaToOJO0M 1 aHOJIOM 5 CM) y rajibBaHOJMHAMIYHOMY pekuMi 31 mBuakicTio 0,02 B/c Oyno
noOyoBaHo mnonsgpusaiiiiny kpuBy. IloOynoBana mnosspu3aniiiHa KpuBa XapaKTepU3ye
MOXIJIMBI PEXKUMH OCaKEHHS MiJl Ha MITHI TUIACTUHKH 3a 3a/JaHOi KOHIIEHTpalli Ta
temneparypu (25 °C) enexTpoiTy Ta npuBeneHa Ha Puc. 1.

Ha ocHoBi noOynoBaHoi mosspu3aniiHol KpUBOi BU3HAUEHO IHTEPBAIM HANpYT, IO
BI/IMIOBIJJAIOTh aKTUBOBAHOMY Ta JU(PY31HHOMY peKUMY €JIEKTPOOCAKEHHS.
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Puc. 1. Ionspusariiina kpuBa Mmpouecy eIeKTPOOCaKEHHS.
Fig. 1. Polarization curve of the electrodeposition process.

3aranbHUI KOHTPOJIb OCA/HKCHHS 3IHCHIOBABCS 3a JIOMIOMOTOIO (iKcallii cyMapHOTro
3apsiy. B mpoBeneHHX eKcrepuMeHTax Oyjio oOpaHO 3HA4YEeHHS CyMapHOTrO MpPOIeHOro
3apsny = 40 Ko. TlapameTpu eeKTpOJIITUYHOTO OCAPKEHHS B BHITAJKKY CTOXAaCTUYHOTO,
IMITyJIbCHUX Ta CTAaI[lOHapHOTO PEKMMIB HaBeJieHO B Tabnui 1.

Tabmuus 1 [TapameTpu eTeKTPOTITUYHOTO OCAIKCHHS
Table 1 Electrolytic deposition parameters

No Pexxum ocamxeHHs Hampyra U, B
3pazok 1 CrauionapHuit 0,24 B
3pa3ok 2 Imnynbcnuit (Iepion immynsey t=4 c, Umin=0 B,
TPUBAIICTH iIMITYJIbCY t=3 C) Umax=0,23 B
3pa3ok 3 Imnynbcnuit (Iepion immynbey t=8 c, Umin=0 B,
TPUBAIICTH IMITYJBCY t=6 C) Umax=0,23 B
3pa3ok 4 ImnynscHmit (Iepion immynsey t=12 c, Umin=0 B,
TPUBAIICTH IMITYJBCY t=9 c) Umax=0,23 B
3pa3ok 5 ImnynscHuit (Iepion immynsey t=12 c, Umin=0,16 B,
TPUBAIICTH IMITYJBCY t=9 c) Umax=0,37 B
3pa3ok 6 Croxactuunuii ( t=200 mc) Umin=0,13 B,
(x0=0,2, a =17, =10) 3rigno moneni Umax=0,37 B
Yya [8]

Jlns KoxKHOro pexxumy enektpoocakeHHs y AIIK BHocunmcs HeoOxinHI yacoBi
3aJIe)KHOCT1 Halpyr 1 BUMIPIOBAJIMCS BIAMOBIIHI 3HAYEHHS CHUJIM CTPyMY, IO BiANOBIalOTh
nporiecy enekrpoocakeHHs. Ha Puc.2 (a-u) nmpuBeneHo pparMeHTH 4acOBUX 3aJICKHOCTEH
HaNpyTH Ta CTPYMY B BUIQJIKY HECTAIlIOHAPHUX PEKUMIB.
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Puc.2. ®parmeHTH 4aCOBHX 3aJ€KHOCTEH HAIIPYTH Ta CTPYMY B BHITAJIKY IMITYJTBCHUX
pexumMiB: 3pa3ok 2 (a, 0), 3pazok 3 (B, 1), 3pazok 4 (1, €), 3pa3ok (€, k); Ta CTOXaCTUYHOTO (3,

1) PEKUMIB.

Fig.2. Fragments of time dependences of voltage and current in the case of pulse modes:
Sample 2 (a, 6), Sample 3 (8, r), Sample 4 (x, e), Sample (e, x); and stochastic (3, u) modes.

2. JlocaimkeHHsI BUTOTOBJIEHUX 3Pa3KiB

OTtpumani 3pa3ku OyJu JOCTIIKEHI Ha pacTpOBOMY €JIEKTpOHHOMY Mikpockorni PEM-
200. 3HiMKHM pobmincs 3a pi3Horo 30uIblIeHHs: 3pa3ku 1, 5 ta 6 3a 36inbmenHs 500, 3pazku

2-4 3a 301nb1renss 1200.
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Puc. 3. CEM-300paxeHHS 3pa3KiB MiJIi, III0 €JIEKTPOOCADKEHUX Y PI3HUX pexuMax: 3pa3ok 1
(a), 3pa3ok2 (6), 3pa3ok 3 (B), 3pa3ok 4 (1), 3pazok 5 (1) Ta 3pa3ok 6 (e). (auB. Tab. 1)
Fig. 3. SEM-images of copper samples deposited in different modes: Sample 1 (a), Sample 2
(6), Sample 3 (B), Sample 4 (r), Sample 5 (1) and Sample 6 (e). (see Table 1)

SIkicHuii posrmsin audpakTorpaM Ta aHami3 AaHHX, IO HpeactaBieHi B poboti [3]
MOKa3ye, M0 Pi3HI PEKUMHU OCAHKCHHS MPU3BOMAATH JI0 YTBOPEHHS Pi3HUX CTPYKTyp. Ilicis
HaHECEHHS MiJi B CTOXaCTMYHUX Ta CTalllOHAPHUX peXUMax (OPMYETbCS MOKPHUTTS
TEKCTypOBaHe B HanpsMKy <110>.
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IIponenypa po3paxyHky po3mipiB 3epeH.

Hns anamizy CEM 300pakeHb TOBEPXOHBb €JICKTPOOCAHKCHUX IMPOIIAPKIB Mii OyIio
BUKOPHCTAaHO MpPOTrpaMHHil TNPOAYKT [8], mio mpaioe 3a HACTYIHUM aJIrOPHUTMOM:
300pakeHHsI OTpPUMaH1 Ha pacTPOBOMY €JIEKTPOHHOMY MIKPOCKOI 3UYUTYBAJIUCS MOMIKCEIBHO
Ta OyAyBalucs TiCTOrpaMM rpajamii ciporo KoJabopy. AHai3yloud OTPUMaHi 3 TicTOrpam
JlaH1, BCTAHOBJIIOBAJIACh KUIBKICTD ITIK CEJIIB B KOXKHOMY OKPEMOMY 3€pHI €JIEKTPOOCaPKEHOT
mimi. Jami, micas miapaxyHKy KiJIbKOCTI HIKCEINiB, CTa€ MOXJIMBUM DPO3PAaXyHOK 3arajbHOi
TJIOIII KOKHOTO OKpeMoro 3epHa. Ha Puc. 4 nmpuBeneHo ricrorpaMu cepeHix po3MipiB 3epeH
B 3paskax 2-6.

[Tpoenenuit Hamu ananiz CEM-300pakeHb €JIeKTPOOCADKEHUX IMOBEPXOHb IOKA3aB,
10 Y BHIAJKy CTOXaCTHYHOT'O Ta CTAIliOHAPHOTO PEXHMMIB €IEKTPOOCAPKEHHS YTBOPIOETHCS
MOKPHUTTS 3 OLIBIIIMM PO3MIPOM 3€pEH HIXKY BUIIQJKAX IMITYJIbCHOTO OCa[KEHHSI.

Takox cmig 3a3HaunTH, IO (OpMa HAHECEHHX 3E€PEH CYTTEBO BIMIHHA y BHIIAJKax
IMITyJIbCHOTO Ta CTalllOHAPHOTO PEXHMIB HaHECeHHs. B mpolieci eleKTpoocaIKeHHS B
CTaliOHAPHOMY PEXHMIi (POPMYETHCS OCaJl Y BUTIISAI KOHTIIOMEPATIB 3epEeH Pi3HOTO PO3MIpY,
B TOM Yac SK B IMIYJIbCHOMY PEXHMIi YTBOPIOEThCS PIBHOMipHA 3epeHHA CTpyKTypa. Dopma
3epeH YTBOPEHUX B MPOILIEC] EIEKTPOOCAIKEHHS B CTOXaCTHYHOMY PEXKHMI BiIMIHHA THM, IIIO
MOKPUTTA Ma€ AUISHKH SK 3 PIBHOMIPHO PO3MOJUICHUMH 3€pHAMH, TaK 1 3 KOHTJIOMepaTaMu
3€peH.
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Puc. 4. T'icrorpama cepeiHiX po3MipiB 3epeH B 3pa3kax 2-6.
Fig. 4. Histogram of average sizes grains of Samples 2-6

3 ricrorpaM po3MOALTY 3a po3MipaMu BHUJAHO, IO CepelHid po3Mip 3epeH B
€JIEKTPOOCAPKEHUX TPOIIApKax, IO OTPHMaHI 3 BHKOPHCTAaHHSM IMITYJIbCHOTO PEXHUMY,
3pocTae 13 30UIbIICHHAM Mepioay iMynsciB (3pa3ku 2-4 Puc. 4). Takox Oyino BCTaHOBJIEHO,
IO CepedHii po3Mip 3epeH MEHIIWH y BUMAJKYy BHKOPHCTAaHHS CTOXAaCTHYHOTO METOIY
HaHeceHHs (3pa3ok 6 Puc. 4), Hix y Bunazaky iMmmyiscHoro merony (3pasok 5 Puc. 4), 3a
OJTHAKOBOI CEPETHBOI TYCTHHH CTPYMY.
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3. BucHoBkm

B po6oti BigmpaiboBaHO TEXHOJOTIKD OTPUMAHHS IPOIIAPKIB EIEKTPOOCAIHKEHOI B
CTaI[lOHAPHOMY, IMIYJBCHUX Ta CTOXACTUYHOMY PEKHMMax Mifl Ha MigHI Migkmaaku. J{ms
KOHTPOJIIO TIPOLIECY EJEKTPOOCA/DKEHHS BHUKOPHUCTAaHO pPO3POOJICHUI aBTOMAaTHU30BaHHUN
pOrpaMHO-anapaTHUI KOMILIEKC.

3a  JIO1IOMOTrOI0  pacTpoBOi  ENEKTPOHHOI  MIKPOCKOMIi  JOCTI/UKEHO  BIUIHMB
€JIEKTPOOCAPKEHHS B PI3HUX PEKUMaX Ha CTPYKTYPY IMOBEPXHEBUX MPOLIAPKiIB Mifi. SKicHUNA
posrnsim  CEM-300pakeHp  €IEKTPOOCAKEHUX [OBEPXOHb II0Ka3aB, M0 Y BHIAAKY
CTOXaCTUYHOTO Ta CTAI[IOHAPHOTO PEXHMMIB EIEKTPOOCAIKCHHSI YTBOPIOETHCS TOKPUTTS 3
OUTBIIMM PO3MIPOM 3€peH HIXK Y BUIIAJIKAX IMITYJIbCHOTO OCAKEHHS.

Takox cmig 3a3HauMTH, O (POpMa HAHECEHHX 3E€PEH CYTTEBO BIMIHHA y BHIIAJKax
IMITyJIbCHOTO Ta CTal[iOHApHOTO PEKXUMIB HaHECEHHA. B mporeci enekTpooca/uKeHHS B
CTalllOHAPHOMY PEXHMi (POPMYETHCS OCaJ Y BUIIIAAI KOHTJIOMEPATiB 3epeH Pi3HOTO pO3Mipy,
B TOW Yac SK B IMITYJbCHOMY PEXHMI YTBOPIOEThCS PIBHOMIpHA 3epeHHA CTpyKTypa. Popma
3epeH YTBOPEHUX B IPOLECI EIEKTPOOCAHKEHHS B CTOXaCTHYHOMY PEXHMi BiJIMiHHA TUM, 10
HNOKPHUTTS Ma€ TUISHKY K 3 PIBHOMIPHO PO3MOAUICHUMH 3€pPHAMH, TaK i 3 KOHIJIOMEpaTaMu
3€peH.

Cepenniii po3Mip 3epeH B €NEKTPOOCAKEHUX Mpollapkax, [0 OTpUMaHI 3
BUKOPHUCTAHHSAM IMITYJIbCHOTO PEXUMY, 3pOCTae 13 30UIbIICHHAM MEPioay IMIYNbCiB. Takox
OyJi0 BCTaHOBJICHO, IO CEepeAHId po3Mip 3epeH MEHIIWH y BHUMNAIKy BHUKOPUCTAHHS
CTOXAaCTUYHOTO METOJly HAHECCHHS, HDK y BHIIQAKY IMITYJIbCHOTO METOJY, IJISi OJHAKOBOI
CepeHbOI TYCTHHH CTPYMY.
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MORPHOLOGICAL STRUCTURE OF GALVANIZED COPPER LAYERS IN
INHOMOGENEOUS REGIMES

The microstructure of copper layers obtained by electrodeposition in stationary, pulsed
and stochastic modes on copper substrates was studied by means of scanning electron
microscopy. It was found that the shape of the applied grains differs significantly in the case
of pulsed and stationary application modes.

The technology of production of electrodeposited layers in stationary, pulse and
stochastic modes of copper on copper substrates is worked out in the work. The developed
automated software and hardware complex was used to control the electrodeposition process.

The effect of electrodeposition in different modes on the structure of copper surface
layers was investigated using scanning electron microscopy. Qualitative examination of SEM
images of electrodeposited surfaces showed that in the case of stochastic and stationary
modes of electrodeposition, a coating with a larger grain size is formed than in the case of
pulsed deposition.

It should also be noted that the shape of the applied grains is significantly different in
the case of pulsed and stationary application modes. In the process of electrodeposition in the
stationary mode, sediment is formed in the form of conglomerates of grains of different sizes,
while in the pulse mode, a uniform grain structure is formed. The shape of the grains formed
in the process of electrodeposition in the stochastic mode is different in that the coating has
areas with evenly distributed grains and conglomerates of grains.

The average grain size in the electrodeposited layers obtained using the pulse mode
increases with increasing pulse period. It was also found that the average grain size is
smaller in the case of the stochastic application method than in the case of the pulsed method,
for the same average current density

Keywords: electrodeposition, scanning electron microscopy, copper, grains,
polarization curve, pulse mode.
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MOJEJIIOBAHHA ITIOPOYTBOPEHHSI ITPU PEAKIIMHINA TU®Y3II ¥V
BIHAPHIN CUCTEMI

B pobomi 3anpononosana yoockonanena mooenb nopoymeopents 6 OIiHapHitl cucmemi
nio uac peaxyitnoi oughysii. Ilopu sunuxaoms 3 neenoi nepioouunicmio 0L MidcghazHoi
2paHuyi, oe iCHye nepecuderHs no 8AKAHCIAM GHACIIOOK PI3HUX PYXAUBOCHE KOMNOHeHmi6. B
00’emi HOBOI (hasu 60HU pYXawmMvCi pazoMm 3 KPUCMALIYHOIO 2PAMKOI, 3MIHIOIOYUCL 3d
po3mipom. Moodenv 8paxosye 6niug Ha NOPoymeopoeHHs Oii 0xHcepen/CmoKi6 HepiBHOBANCHUX
BAKAHCII PO3MAWLOBAHUX, K 6 00 emi hazu, mak i Ha ii midcghasznux epanuysx. Pesyromamu
MOOENI0BAHHS NOKA3YIOMb, WO PO3NOOIL NOP 3a POIMIpAMU 83008iC OUQDY3IUHOT 30HU, Ma iX
MAKCUMANbHUL PO3MID CYMMEBO 3alexcamsb 6i0 mo20, HA CKLIbKU eheKmUHo npayiooms
0oicepena/cmoKu 8aKancill pisHUX 8UOis.

KawuoBi cjioBa: mopa, po3mofin mop 3a po3MipaMu, HEPIBHOBa)KHI BaKaHCIi,
peakuiiia qudy3is, OiHapHA cCUCTEMA.

Beryn

YTBOpeHHs MOop, SKe HEPIIKO BiAOyBae€ThCS MijJ yac B3a€EMHOI Ta peakLiifHOi audys3ii,
HEraTMBHO BIUIMBA€ Ha MeEXaHIYHI Ta eJNEeKTPOTEXHIYHI BIACTUBOCTI MaTepialiB. Yike
TPUBAJIMM yac 1 mpoOiieMa 3alUIIAE€ThCS  aKTYalbHOI JJIS JIIOTTEBUX 3 €HAHb Y
MmikpoenekTpoHini [1-5]. B npoueci audy3ii, 1o BiiOyBaeThes 32 BAKaHCITHUM MEXaHI3MOM,
OpU  CYTTEBIM pI3HUII MK BIACHUMHU KoediuieHTamu audysii atromis, y Audy3iiHiNA 30H1
BUHUKAIOTh 00JIACTI JIe KOHIIEHTpAIlisl BaKaHCI BiIMiHHA BiJl PIBHOBaXXHOI (3 MEpecUYeHHS 1
HEIOCUYeHHAM BakaHcisiMu).  Cucrema OyAe TOCTYNOBO TMEPEXOJUTH JIO CTaHy 3
PIBHOB2XXHOIO KOHIIEHTPALIEI BAKaHCIM, LUISXOM HapOJKEHHS/3HMKHEHHS HaJJIHIIKOBUX
BakaHci. lleil mpomec BinOyBaeTbcs Ha  JDKEpelIax/CTOKaX BaKaHCIA, Yy poJll SIKUX
BUCTYMAIOTh JAMCIOKAIii, MDK(a3HI Ta MDK3EpEHHI TpaHMIll, MiKponopu. Bruus
e(eKTUBHOCTI POOOTH JIXKEPEJ/CTOKIB BaKaHCI Ha KIHETUKY pocTy (as3u, Ta Ha MOP(QOJIOTiIO
mudy3iiHOI 30HM MpoaHaii3oBaHO B poOoTax [6-12]. ExcnepumenTanbHi  (pakTH mpo
3HUKHEHHS B)K€ ICHYIOUYMX IOp Ta MOSIBY 1 PICT HOBUX, MOXYTb CIIYyT'YBaTH MiATBEPAKEHHAM
Iii mop B SKOCTI JpKepels/cTOKIB BakaHcid. Ha OCHOBI HaBeneHUX BHUIE MIPKYBaHb, IIpU
noOy/s0BI  MOJIei MOPOYTBOPEHHS, BBAXKAJIOCh, 10 HOBI MOPHU 3 SABISIOTBCA TaM, € €
NEepeCcHuYeHHs] TI0 BAaKaHCIsIM, OCKITbKM BOHM CIYTYIOTh  CTOKaMH Il HEPiBHOBaKHUX
BaKaHCIH.

Mertoro pobOTH € AOCIHIAUTH TOPOYTBOPEHHS MiJ Yac peakuiitHoi audysii y GiHapHii
cCHCTEeMi 3a JONOMOTOI0 HOBOI KOMIT'IOTEPHOI MOJENi, $Ka € TOAAJBIIUM PO3BUTKOM
norepeHixX gociimpkens [13,14].

PoGora BukoHaHa 3a MiATpUMKH MiHICTepCTBa OCBITH i HAayKH YKpaiHH, 3TiTHO 3 JEPKOIOIKETHOIO
TeMo10 « CHHTYJISIpHI pO3B SI3KM PIBHSHb MaTeMaTHYHOI ()i3UKHM B aHI30TPOIHMX 1 HEOJHOPIHUX CepPeNOBHUILAX,
MOJIeIOBaHHsI npoueciB qudy3ii Ta adbcopouii» (Ne nepskaBHoi peectpanii 0119U100421).
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1. I[mbyaiﬁﬂnﬁ pict da3u a.

B sikocTi MOZICNIBHOT CHCTeMH PO3IIIsHEMO OiHapHy nudysiiiHy napy, o CKIaLaeThes 3
YHCTHX B3A€EMHO HEPO3YMHHHX KOMIOHEHTIB A i B. Ilpu 130TepM1qH0My BiJIIAJIIOBaHHI Ha
rpanuii A|B pocre nmpomixua daza a. JAudysis BinOyBaeTbcs 3a BaKaHCIHTHUM MEXaHi3MOM.
Jlxepena/cToku BakaHCiil Ail0Th, K Ha MDK(A3HUX TPAHUIX, TaKk 1 B 00’emi ¢a3u o.
[TpumyckaeMo, 10 aTOMH COPTY A MaroTh OUTBIINN BiIacHUH KoedinieHT qudy3ii HiX aToMu
copry B (D, > Dg), ToMy pe3ynbTyrounii MOTIK pEYOBHHH B CUCTEMI BIJUTIKY KPUCTAIIYHOT
rpatku Oyzae HampaBieHWd B3A0BXK Bici OX, a pe3yibTylouMid MOTIK BakaHCIH — B
npotuiexuuit 6ik (Puc. 1).

Onuc pocty ¢dasu o, TOYNHAEMO 3 MOMEHTY, KOJM BOHA BXXE€ MA€ BUIJISJ CYLIJTILHOTO
npomapky. [ToToku pedoBHHU MOKHA PO3TIISAIATH TUIBKH B (Da3i o, HEXTYHUM HUMHU B THIIIAX
yacTHHAX JUQy3iHHOT TapH, OCKUIBKM BBaKaeMoO, M0 KoMmoHeHTH A 1 B B3aemHO
HEPO3YMHHI.

XL Xr X

Puc. 1. Konnenrpariitnuit npodisib komnonenty A 'y dasi o.
Fig. 1. The concentration profile of component A in the phase a.

[IIBUIIKICTH pOCTY TOBIIMHM (Pa3u 0. OMHUCYE PIBHIHHS:

@ -+ 0J,; (1)
t CaCq

ne J,,— mOTiKk KOMINOHeHTy A y ¢a3i & BiTHOCHO J1a0OPaTOPHOI CUCTEMH BiUTIKY; AX —

mupuHa ¢asu & ; 0 —o0’eM L0 MPUMAJIAE HA OJUH aTOM.

3anuiuemMo piBHSHHS JAJs MOTOKY KOMIOHEHTa A y ¢asi o 3 ypaxyBaHHSIM ICHYBaHHS
HepiBHOBaXHUX BakaHciit [10] :

a1, =% (D — Dy Dy ¢, @
x (D,-Dg) ox
ne C,, Cg, C, - KOHILIEHTpAIlisl KOMIIOHEHTIB A, B 1 BakaHciii (cepenHe 3HaueHHs) y ¢a3si o,

BiAnoBigHO; D,, Dy - mapmianeHi koedinienTy qudysii komnoHeHTiB A 1 By ¢asi «; D, -

acA aCB acy :
) - Tpaml€HTH KOHIIEHTpaIlll
OX OX OX

enementa A, B i Bakauciii BigmoBimHo; D - koeoimient B3aemuoi mudysii mo JlapkeHy
= _ D,D
(D=c,Dy+cgD,); Dy - koedimient mudysii Hasaposa-I'yposa ( D, = ——2—2——).
(CA DA + CB DB)

koediuieHTH audy3ii BakaHCi y ¢a3i «;

BBaxxaemo, mo D,, Dy, D, He 3anexats Big KOOpAUHATH.
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3anumiemMo piBHIHHS OaJlaHCy JJI BaKaHCI B 00’ eMi ¢asu o:
oc, _ o) (o -c)
= - ) (3)
ot OX Ty
Je J, - MOTIK BakaHCiil y ¢a3i o BIIHOCHO CHUCTEMH BIIJIIKY KPUCTANIYHOI IpaTku; C, -

KOHLIEHTpAllil BakaHciii B JaHili Toulli cepeloBuina; Gy - pPIBHOBAXKHA KOHIIEHTPALLis
BaKaHCid; Q - 06’eM, 10 NPUIIAIA€ HA OJIHY BAKAHCIIO (aTOM); 7, - YaC PeNnaKcalii BaKaucii
y 00’emi (azu a.
Bupas s j, mae Hactynuuii Burisig [10]:
oc 18]
Qj, =(D,-D,) %A _p, & @)
OX OX
BBeneMo mo3HaueHHs JiJIs IEPECUYCHHS 110 BaKaHCIsM:
c —c)=u. 5)
o, oU o, oU
ox  ox . oxE ooxE
[TpumycTumo, 110 A7l BAKaHCI BUKOHYEThCS YMOBA KBa3iCTaI[iOHAPHOCTI, TOOTO 3MiHA

ac,

C, Oyze JOCTaTHBO MOBLIBHOIO t ~ 0. Tlepenumemo piBHsiHHSA (3), 3 ypaxyBaHHIM YMOBH

3 (5 ) BUIUIMBAIOTh HACTYMHI CITIBBIIHOIICHHS:

KBa31CTAI[IOHAPHOCTI AJIs BaKaHCIl, BUKOPUCTOBYIOUH PiBHSHHSA (4) Ta mo3HaueHHs (5):

82 o°U U
(D,-D ) -Dy— =" (6)
OX Ty

Bbyaemo BBaxkaT, 110 MOTIK KOMIIOHEHTa A BiTHOCHO JTaOOPATOPHOI CUCTEMH BIUTIKY

€ TIOCTIHHMM B3J0BX BCi€l (asu =0. 3a miei ymoBu 3 piBHSHHA (2)

OX
OTPUMAEMO HACTYITHE CIIBBIJHOILIEHHS:

59, (B-DyeJp, 2%V
x> (D,-Dg) ox°
3 piBHsiHb (6) 1 (7) OoTpuMyeMO piBHSHHS JUls mepecHyeHHs 1o Bakaucism U y dasi a:

=0. @)

o°'U U
= ®)
OX L,
ne L, - xapakTepHa I0BKHHA [T BakaHCii y 06°emi pasu a (L) = (DD, 7yy)/ D)
Po3B’sa30k piBHSAHHSA (8) MpeaCcTaBUMO HACTYITHUM YHHOM:
U=Me“ +Ne ¥ - 9)

ne M 1N - koHCTaHTH.
BuxopuctoBytoun po3p’a30k (9) orpumaemo 3 (5) ta (7) BUpa3u Ui TpaJll€HTIB
KOHIIEHTpallli BakaHC1i Ta KOMIIOHEeHTa A 'y a3l «':

X X

O _ 1 el Ne & | (10)
ox L,
8C_A_AC+(D_DNG)L el Ne s
oX  AX ) L,
6 N (11)
DDDNGi L _1|+Nle Y -1
D(D, —D,) Ax
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ne Ax - mupuHa ($a3u o; AC - KOHIICHTPAIIMHHWI 1HTEpBaJT TOMOTEHHOCTI (a3u o 1o
KOMITOHEHTY A.

s 3naxomkeHHst koHCTaHT M ta N 3anmmemo piBHSHHA OallaHCy AJisi BaKaHCIH Ha
Mibk(]asHux rpanungx (miBid — L, mpasiii - R ) y ¢a3i a (3a yMoBH KBazicTalliOHapHOCTI

% _oy.
ot
L: QT;-V_ v ;
TvL
. (12)
R: %_ Y
0 Ty

ne 7, , T,z — 4Yac penakcamii BakaHCiil y (a3l & Ha miBiii Ta mpaBiii MiK(pazHUX TPaAHHLIAX,

BIJIMIOBITHO; ¢ — IIMpUHA TpaHUIli (00JacTh Ga3u & , U1 SIKOT 3aUCYIOThCsl piBHSHHSA (12)).
[TincraBumo y piBHsAHHA (12) Bupa3 ans moToKy BakaHcii (4) 3 ypaxyBauusaMm (10),

(11):
D L X X X
L: (DA—DB)aCA—(XL)——V Me' —Ne % |=—| Me" +Ne “ ; (13)
28 L TvL
D Xr _Xr. Xr _*r.
R: (DA_DB)—aCA(XR)—_V Me™ —Ne % |=—2| Me" +Ne ™
X L Tvr
Busnaunmo korcrantd M i N, po3s’s3yroun cucremy pisustaas (13) ta (11).
=] (DAD_ DB)AC
M - AX AX . , (14)
(1—D.N.Gj Ple —1 |+t —1| |+ e AX(p_g) B (p g
D D L, H
(DAD_ DB)AC
N = Ax AX - ’
[1— D.N.GJ Plet —1|+| et —1|[+ P AX(p_g) X (p g
D D L, Ly
AX AX
Prelq e v |45 ize b +i2

D 12 H

He P: AX AX ’
Dre 1-e% [-5 izeg+i2
D 12 L2

.o ey . 2 .
L, - xapakTepHa JJOBXWHA JUIs BaKaHCI{ Ha JIBii rpaHui Gpazu « (LL =D, z'VL),

L, - xapakTepHa IOBXKHHA JIJIsl BAKAHCIH Ha MpaBiil rpaHuili Gpasu o (L?Q =D, Z'VR).

Otpumani Bupa3u g KOHCTAaHT M Ta N 1ar0Th MOXJIIUBICTh PO3paxOBYBaTH HE JIMIIIE
mpuHy ¢Gasu @, aje 1 MOTIK BaKaHCiM, Ta NEPEeCHYEeHHs M0 BaKaHCISIM Yy PI3HUX TOYKaxX
nudy3iiHOI 30HU B cepeauHi Ii€l (a3u - BeIMUYUH HEOOXITHMX JUIs MOJICJIIOBAHHS MPOLECY
OPOYTBOPEHHS.

2. Mogesb NOpoOyTBOpPEHHS.

[TopoyTBOpeHHs1 BinOyBaeThCsl MiAg 4Yac peakiiiiHoi nudysii B OiHapHIA cucTeMi.
MaremaTiuHa MOJENb, IO ONHCYE PICT HOBOi (a3u « B mpoleci peakuiiHol audysii
pO3TsiHyTa BuUlle. BBaXkaeThbcs, 1110 MOPU BUHHUKAIOTH B Till yacTWHI AU(]Yy31iHOI 30HHU, 1€
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ICHy€ TepecH4eHHs 10 BakaHCiAM. BOHM CITyrylOTh JOZATKOBHMH CTOKaMH HEPIBHOBaKHHX
BakaHciii (F-crokm). B po3rmsmyBaHiii MOAETBHIA CHCTEMI PE3yNbTYHOUHH TMOTIK BaKaHCIH
HanpaBJIeHuH y OiK OUIBII PyXJIMBOTO KOMIOHEHTY A, ToMy y (a3i o Ha Mik(da3Hil rpaHuIi
A | 0. BUHHMKa€ 00NacThb, 7€ iICHy€ JIOJIaTHE MEpPEeCcCHUeHHs Mo BakaHcisaM. [Ipu MoxenroBaHHi
MPOIIECYy TOPOYTBOPEHHSI B M0 00JacTh a3y o BBOAUMO 3 NIEBHOKO MEPIOAMYHICTIO HOBI
HOPH, CIIJIKYIOUX 32 IMOAAIBIIOI 3MIHOIO 1X po3Mipy 1 MOMOKEHHS y Tudy3iiHINA 30Hi.

o=

OcHOBHI HAOMMKEHHS MOJIEJTi TOPOYTBOPEHHS:

[Topu maroTs chepuuny popmy.

[Topu He B3a€MOIIOTH MiX CO0OIO.

HasBHicTh Op HE 3MiHIOE TU(DY31MHOTO MOTOKY KOMIIOHEHTIB y AU(y3iHHINA 30Hi.

[leprra mopa y cucremi 3’SIBISETHCS, KOJMU MHpUHA (a3u ¢ NOCATHE TIEBHOTO 3HAYCHHS
« - PO3paxyHOK 3MiHM IIMPUHM (a3u ¢ 3 4acoM IPOBOJAUTHCA 3a piBHAHHAMH (1), (2),

(10), (11), (14).

[Ticist mosiBH, MOpa Mae MOYaTKoBHid pagiyc R, i modarkoBy koopauHaty X, . Koopaunara

nopu y nudys3iiiHii 30H1 BU3HAYa€THCS BIAHOCHO JIiBOT rpaHii ¢asu o (Puc.2).

A o B

o

|
I I
X,=0 X Xr = AX X

Puc. 2. Po3ramyBanns nopu y ¢asi o.
Fig. 2. The void location in the phase a.

[Topa pyxaeTbcs BcepennHi (I)a31/1 pasom 3 KpI/ICTaJ'II‘IHOIO TPaTKOIO B Ti okomi. [IIBuaxkicTs ii
pyxy B J'Ia60paT0pHII/I CUCTeMi Bi[TiKy Oy/ie piBHA MIBUIKOCTI TeUii KPUCTANIIYHOI TPaTKH —
mBuakocti Kipkengana:

Vie=Q- )y,
ne V, —mBuakicts Kipkenngana; j, — motik BakaHciid B gazi o,  — 00’em, 110 mpumnagae
Ha onuH aToM. [ToTik BakaHCiil J, po3paxoBYeThCs 3a PIBHSIHHAM (4).
HIBUAKICTD 3MIHM PO3MIpY IIOPU PO3PaXOBYETHCS 32 HACTYITHUM CIiBBIIHOIIEHHM [11]:

R_p (o)

ne R — paniyc mopu, C, — KOHIIEHTpaIlish BAKAHCIH B TOUII CEPEIOBHINA, € PO3TAIIOBAHA
nopa; C' — piBHOBayKHa KOHIICHTpAIlisS BaKaHCii. [lepecHdIeHHs 10 BaKaHCisIM - (CV —c\‘jq)
pPO3paxoBYEThCS 3a plBHSIHHHM 9).

HoBa mopa y cucremi 3’sBisieTbcsl Ha MiK(Da3HIM rpaHuii A | 0 KOXHOTO pasy, KOJHu
muprHa (a3u 30UTBIINTBCS HA TEeBHY (ikcoBaHy BenwmuuHy (Ah) Bil MOMEHTY MOSIBH

OCTaHHbOI MOopU. Po3mip i monoxeHHs y audys3iiiHii 30HI HOBOi MOPU BU3HAYAIOTHCS Y
BIJIOBIAHOCTI 10 MYHKTIB 5-7.
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3. Pe3yabTaTH KOMII’IOTEPHOI0 MO/IETIOBAHHS.

VY BiZIMOBIIHOCTI 710 po3po0sIeH0T MoIesi TOPOYyTBOPEHH Y (a3i o 61 1i J1iBOT rpaHMIIl
BUHUKAE MOPA, KA 1 3 IITMHOM 4acy MepeMillyeTbcsi B MHOUHy 00’emy. [lo mipi pyxy mopu
BcepenuHi (a3 o KOHIIEHTpAIlisl BaKaHCIH B i1 okol 3MiHIO€ThCs. [Toku Topa 3HaXOUTHCS B
TIH YacTHHI TUQY31HHOT 30HU € ICHY€E J0AaTHE MEePECUUYCHHS M0 BaKaHCiAM (KOHIIEHTpAIis
BaKaHCid OuTblla 3a pIBHOBaXHY) BOHa pocre. Koim mopa BXOOuTh B 001acTh i€
KOHIICHTpALlisl BaKaHCii PiBHOBaXKHA, TOOTO MEPECHUEHHS PiBHE HYIIO, PICT MPUMHHAETHCS 1
il po3aMip 3amuIIAETbCS HE3MIHHMM. SIKIIO B MiCILll pO3TAallyBaHHS TMOPU IEPECHUYCHHS IO
BAKaHCIAIM CTa€ BiJ €eMHMM (KOHIICHTpALlisl BAaKaHCiii MEHIIA 3a PIBHOBaXXHY), BOHA MOYMHAE
3MEHITYBaTHCh. JI)Kepena/cTOKM BakKaHCii 0Tk, SIK Ha TpaHuUAX (a3u o (Ha JIiBild rpaHuIi —
CTOKHM, Ha TpaBiil - mKepena), Tak i B i1 00’ emi. EdexTuBHICTD iX poOOTH BU3HAYA€E TIEBHHUN
napameTp - 4ac pesiakcailii BakaHCiii, YMM MEHIIUM € HOTro 3HAYCHHS, TUM Kpallle MPaIfo0Th
BIJITOB1JIHI JKEPE1a/CTOKH BaKaHCIH.

HoBi mopu 3’ABISIOTHCS 3 TIEBHOI PEryJBIpHICTIO Y a3l o Ouns ii yiBoi rpanumi. Yepes
MICBHUIA Yac eKCIIEPHUMEHTY, B Pe3yJIbTaTi YHCEIBbHUX PO3PaXyHKIB, OTPUMYEMO HAOIp TIOp pi3HOTO
pPO3Mipy po3TalioBaHUX B3A0BXK Au(y3iiiHoi 30HU (Puc.3). Koxna Touka Ha rpadiky - 1e mopa
IIEBHOT'O PO3MIpy pO3TaIlOBaHa BeepeauHi (asu o (koopauHara BigHocHo Bici X /AX - Bincranb

Bix JiBOi rpanuni (asu 10 mopu; KoopauHara BimzHocHo Bici R/R, - pamiycy mopwm). ITopa

3HHKA€, SKIO 1i pajiyc CTaB MCHINMM IOYaTkoBoro 3uaueHHst R, . ITo wmipi pocty dazu o

3MIHIOETBCS 1 PO3IIOALT KOHIIEHTpAIlil HEpiBHOBAXHUX BakaHCIH B nudy3iitniii 30H1 (Puc.4).
YncenbHi pO3paxyHKH IPOBOAMINCH NP HACTYHHMX MapameTpax cuctemu: D, =101

me/c: D, =10 v?/c; D, =101 v%/c; ¢,=0.7; ¢;=0.3; AC=0.01; R, = 10 AX, =108 u, AX,,
=107 m; Ah=108 X, =101

Po3rnsiHeMo HaCTyIHI BUMAIKU:
I) [Lxepena/cToku BakaHCiii €(EKTUBHO MPALIOIOTH JIMIIE Ha TpaBiii rpanumi ¢azu o

7Ty =10 2¢; 1,,=102 ¢, 7,, =107 c. Ha miBiii rpanwuIi, e CTOKM TIPAIIOIOTH CIa60, BUHUKAE

3HayHE JI0JIaTHE NEPECHYEHHSI 0 BAKAHCISIM, SIK€ CIIPUSE€ POCTYy MOp. 3 IUIMHOM 4Yacy
KUIBKICTh IOpP y CHCTEMI 30UIbIIYETHCS, @ IEPECUUEHHS 10 BakaHCIsAM 3MeHuryeThes (Puc.3,
Puc.4).

I) I>xepena/cToku BakaHCiil e(EKTHUBHO NpPALIOIOTh JIMIIE HA JIiBIM IpaHull ¢asu o:

7,,=10% ¢; 7, =10 ¢, 7,4, =10 c. JlofaTHe MepeCHYCHHs 10 BAKAHCIsSM Ha JIiBill rpaHuIi €

CYTTEBO MEHIIMM HIX y nepeIHbOMY BHITAJIKY, OCKUIbKH CTOKHU TPAIiOI0Th nobpe, ToMy
MOBLIBHIIIE BlI[6yBa€TI>C$I pict nop, 1 MEHIINM € MaKCUMaJIbHUM pazuyc nopu (Puc.5).
[TepecrueHHs MO BakaHCIAX Ha JIBIM I'paHMIl CHOYATKy 3pOCTa€, a MOTIM 3MEHUIYEThCS
(Puc.6) .

I11) Ixepena/cToku BakaHCiif e(EKTUBHO IMpPALOIOTh, IK B 00’eMi ¢a3u o, Tak 1 Ha ii
NPaBif IPAHULLL: Ty, =10°¢; 7, =102 ¢, 7,4 =10° c. Orpumanuii po3noin mop 3a po3mipamu
3HAYHO BiApi3HseTbes Bin BumankiB ) ta Il). TlepeBakHa OimbuIiCTh TOP, IO iICHYIOTH Y
cucreMi, Mmae ojHakoBui po3mip (Puc.7). 3 dYacom KiJbKICTH MOp 3pocTae, aje ix
MaKCUMAaJIbHUM pajilyc 3alUIIAETbcd HE3MIHHUM. Taki 0COOIMBOCTI po3MOAiTy 00yMOBIEHI
TUM, I1I0 3 CaMOr0 MOYaTKy MPOILECYy BCTAHOBIIIOETHCS PIBHOBA)XKHA KOHLEHTpAIlisl BaKaHCIH
Maibke y BcboMy 00’eMi (a3u, 3a BUKITIOUEHHSIM BY3bKUX 30H O11 ii J1iBOT 1 MpaBoi IrpaHMIIb
(Puc.8). [loniOHi pe3ynpTaTh (PO3MOILUI ITOP 32 PO3MIpaMH, IEPECUUYECHHS 110 BaKaHCIAX y ¢a3i
1) OTPUMY€EMO 1 JJIs IHIIUX BUIAJKIB, KOJIU JKEpesa/CTOKU BakaHCIH epeKTUBHO MPalIOITh
B 00’eMi Basu o (7, << Tyg, Ty <<Tyg) Ta (T, << Tyg, Tyg << Ty )-
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Puc. 3. Posnopin mop 3a po3mipamu y ¢asi o ( Bunamox ).

0.1

c)

10° ¢ (R- paxiyc mopu, Ro = 10 M; X- koopaunaTa mopu;

AX - mmpuHa ($as3u o; t — yac eKCIepuMEeHTy).
Fig. 3. The void size distribution in the phase a (case I).

103 ¢; b) t=10%*¢; ¢) t=

a)t

10° s (R- void radius, Ro = 10 m; X- void coordinate;

AX - width of the phase a; t —experiment time).

10%s; b) t=10*s; ¢) t=

a) t
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Puc. 4. Tlepecuuenns no BakaHcisM y dasi o ( Bunaaox ).

c)

— eq 8 .
= (CV -Gy )-10 - IEPECHUYEHHSI 10 BaKAHCIAM;

c(U

10°
X- koopauHata nopu; AX - mupuHa $asu o; t — yac eKCrepuMeHTy).

103 ¢; b) t=10%*¢; ¢) t=

a) t

in the phase o (case I).

Fig. 4. The vacancy supersaturation

-vacancy supersatu ration ;

1055 (U = (¢, —c%*)-10°
X- void coordinate; AX - width of the phase a; t—experiment time).

10%s; b) t=10%s; ¢) t=

a) t
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10*c;c)t

Puc. 5. Posnopin mop 3a po3mipamu y dasi a (Bumamox I1).

100 _I;_“"““:
0
10%¢c; b) t

c)
a) t=

10° s (R- void radius, Ro = 10 m; X- void coordinate;

10%s; b) t=10*s; ¢) t=

a) t

AX - width of the phase a; t —experiment time).
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eq 8 .
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= (e, )
X- void coordinate; AX - width of the phase a; t — experiment time).
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10° s ( R- void radius, Ro = 10°° m; X- void coordinate;

AX - mmpuHa ($as3u o; t — yac eKCIepuMeHTy).
Fig. 7. The void size distribution in the phase a (case Il1).
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AX - width of the phase a; t —experiment time ).

10*c;c)t
10*s; ¢) t

c)

a) t
a) t



MNEPCCUYUCHHS 110 BaKaHCiSIM;

X/AX
10° ¢ (U = (¢, —c)-10°-
85

10*c;c)t

ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcurery. Bumyck Nel. 2021

a)

b)

[ o
| I T N B N B | | I T |
-+ - -+ -+ -+ 4 -+ - T
[T T B T [
| I T N B N B | | I I I R T
Ft+ -t - kA=A Tt m T
| T T T B [ N N
[ N T [ O T T B
FtAa-mta--+ -t -t
| T T T I [ N
P bl R
ot a-Ftg-rAa-rTao TR
[T T T I | TR I =
[ [ S T T N T
FTo T r TS T TR T AT
[T T T A | [ T T T T
.“.__."._"n_ | I T O T S| N~
F T r T r T T AT T T e
I “ [T T T B [ O T T B B o
[ IRy T A U A Y
L |_ ' T TS Tra T __.“.
1 | T T R T B [ N N R
! ! ! ! © Lot B a1 a__1) @
. | L o __ o __L___a_}p™ 15, r TS T [ N -
1 I I 1 o | T T R R B | [ |
X I ! ! _ X R R S R I
- - L - e e e - Lo —a- L [ I T | | T |
1 1 | 1 [T D I T A | | I N N T | [Te)
A ! ! r I (7o) A R e i Sk
Q - — --— —-_—_ - - - —_——— 4 - s [T | I | I O T R T |
— I I I i o ™ T R T A
1 I I 1 R ' 1N U [ (U N [ A T MR I
X F - - -4 - - - - - - -4 -} X oo b [ T R T T
! ! ! 1 [T A | [ <t
1 I i I <t F 4 =k d L d B b A =-4+ -
. - - d - - - - - - F - - -4 - = [ T A T | [ o
1 1 1 1 o [T T R | | T T T T T
1 1 ! 1 A=k d oL b -k — -+
e e it e Bl o | T T R T I [ N N N
1 1 ! 1 [ T T T T B | N T T T (2]
1 1 1 1 ™ R L TR Sy pr e i
|..||||_||||||||T|||._||0. | T R T [ T I T (=
| | 1 I [ T L L | LI N O O |
1 ! FTo T AT T T R
1 __" _““ | I N I R N N
[ 1 [ N I R T
||_|_|_|._.|_|1|_||ﬂ|_|_|_||_|_l+| -
| O R T B | | A o
[T Tt U A A [ [ Y
[ R T [ I N
[ T T I T A | [ |
|_|L|_|“||_|"||“||_||_|_|_.|_|_|r|1
T 7 | [ T R .
(I T I I TR B | | I R A R | o
L 1 L 1 L 1_ ey Y [ B
Loy g 1 1 .
| I T N B T B | I 1 [
1 1 1L 0
1
N~
o
1

c)

Puc. 8. Ilepecuuenns no Bakaucism y ¢asi o (Bumagok I11)

=10%c; b) t=

a) t

X - koopauHaTa nopu; AX - mupuHa $asu o; t — yac eKCepuMeHTy).

c
2
IS

S

.2
e
- »n
o @
L a5
< 35
&2
2 &
c O
= ©
a 7
D o
c O
+
.m\'./
S %
(@]
= |
T
w(
sl
-
o D
wl(
R
n
o)
c <
g L
S -
m.S,
S
S
QO |
R ]
D ~
._|Hb

5
(32)
o
—

1
—
~~

2]

X- void coordinate; AX - width of the phase a; t — experiment time).



Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

4. BHCHOBKH

[InsixoM KOMII FOTEPHOTO MOJICITIOBaHHS TIPOBEICHO TOCIIKCHHS BILTMBY Ha KiHETHKY
NOPOYTBOPEHHS NpU peakuiiHoi qudy3ii y OiHapHil cHUCTeMi Kepes/CTOKIB BaKaHCIH JBOX
BB ( B 3QJIEKHOCTI BiJ Miclg iX po3TamryBaHHS: B 00’emi ¢da3u, Ta Ha ii MixkpazHUX
rpaHuisx). Y pas3i epeKTUBHOT pOOOTH JKEPEI/CTOKIB BAKaHCIH TUTbKH Ha TpaHUIX (ix mist B
00’eMi (ha3u 3aMOpOXKEHA) OTPUMYEMO 3HAYHE MEPECUUYEHHS IO BaKaHCISAX B AUQY3iIHHIN
30Hi, 1[0 MPU3BOJMUTH 0 IIBUIKOTO POCTY MOp, Ta iICHYBaHHS CYTTE€BOTO PO3KHAY IOp 32
po3Mipamu. fkimo go0pe HpamrorTh JKepena/CTOKM BakaHCIH B 00’ eMi (e(peKTHUBHICTh iX
pOOOTH Ha TPAHUIAX B IIbOMY BUITIAJKy HE BIUIMBA€E HA PE3YNbTaT ), TO Biipa3y Maixe CKpi3b
y CHCTEMI BCTAHOBIIIOETHCS PIBHOBa)KHA KOHIIEHTpAIlisl BaKaHCIHA, B HACTIJOK YOTr0 IOPH
BUPOCTAIOTh JI0 PO3MIpIB, SKI CYTTEBO MEHINI Y TOPIBHSAHHS 3 MOMEPEIHIM BHIAJKOM, a
nepeBaXkHa X OUTBIIOCTI Ma€ OHAKOBI (MAaKCUMAaJIbHI) PO3MIPH.
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MODELING OF VOID FORMATION UNDER REACTION DIFFUSION IN
BINARY SYSTEM

The proposed model of void formation takes into account existence two types of
sinks/sources of non-equilibrium vacancies, depending on their location: in the phase volume
and at the interfacial boundaries. At the interdiffusion and reaction diffusion which happens
on the vacancy atomic diffusion mechanism, the inequality of atoms fluxes is caused by their
differential mobility, give rise to a directional flux of vacancies. This flux of vacancies cause
an appearance of areas in a diffusion zone with supersaturation and deficiency in vacancies,
where sinks/sources of non-equilibrium vacancies act. It is believed that the voids arise with a
certain periodicity near the interfacial boundary, where there is a vacancy supersaturation
due to the different mobility of the components. The voids move in volume of growing phase,
their sizes change. The void radius increases as long as void is in the region of the diffusion
zone where there is a vacancy supersaturation. The void radius begins to decrease if the void
is in the area of the diffusion zone, where there is a negative vacancy supersaturation (the
concentration of vacancies is less than the equilibrium) until it disappears. The study of the
influence on the kinetics of void formation during reaction diffusion in the binary system of
sinks/sources of vacancies was carried out by computer simulation. In the case of efficient
operation of vacancies sinks/sources only at the borders (vacancies sinks/sources do not work

88


http://dspace.nbuv.gov.ua/handle/123456789/104268
https://doi.org/
http://dx.doi.org/10.15407/mfint.37.10.1297
http://dspace.nbuv.gov.ua/handle/123456789/104131
https://doi.org/
https://phys-ejournal.cdu.edu.ua/article/view/3509
https://phys-ejournal.cdu.edu.ua/article/view/3509
https://doi.org/

ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcurery. Bumyck Nel. 2021

in the phase volume) we get a significant saturation of vacancies in the diffusion zone, which
leads to rapid voids growth and the existence of significant pore size differences. If the
vacancies sinks/sources in the volume work well (the efficiency of their work at the interfacial
boundaries does not affect the result in this case), then almost everywhere in the system an
equilibrium concentration of vacancies is established, as a result of which the vast majority of
pores have the same (maximum) size. The pore sizes are much smaller than with the previous
case.

Keywords: void, void size distribution, non-equilibrium vacancies, reaction diffusion, binary
system.
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BIIJIUB YJbTPA3BYKY HA ITPOIEC XIMIYHOI'O OCAJI’)KEHHS OJIOBA
HA MITHUHM ITOPOIIIOK

Hocniooceno ennue ynompasgykoe020 nepemiuty8ans Ha npoyec XiMiuHo20 0CAONCEeHHs
071064 Ha NOPOWIKOGYy MiOb. Bcmanoeneno, wo euxopucmanHs — yIbMpPa38yKO8020
oucnepeamopa 6 npoyeci XiMiYHO20 OCAONCEHHS 01068d HA MIOHUL NOPOULOK 6NIUBAE HA
weuoxicme pocmy ¢gasu CUeSns. Ilpoananizosano ¢azosuil ckiad NOPoOwIKie, Wo ompumani y
X00i XIMIYHO20 OCAONCEHHSI 01084 MA NPOBEOEHO KINbKICHULL AHANi3 YMEOpeHux ¢hasz nicis
npoyecy XiMiuHo20 0CAO0IHCEHHSL 01084 HA MIOHUL NOPOULOK.

KuarouoBi cioBa: ximMiuHe OCa/PKEHHS, pacTpoBa €JIEKTPOHHA MIKPOCKOMIsS, Mifb,
0JIOBO, YIIBTPa3BYKOBUH IUCIIEPraToOp.

Beryn

[Tepexim 10 HAHOTEXHOJIOTIH B EIEKTPOTEXHINI Ta MPHIAI00YyTyBaHHI 3YMOBIIOE
HEOOXIIHICTh TMONIYKY MUISAXIB JOKAIBHOTO OCAPKCHHS TOHKHUX MPOIIAPKIB MPUIIOI0, IO
BUKOPHUCTOBYIOTBCS Y TIPOIIECI CIIAIOBAHHS EJIEMEHTIB EJEKTPOTEXHIKH Ta BHTOTOBJICHHS
OKpeMHuXx jaeraneil mpuiais [1]. HaneceHHs mpumoiB y BUTISAL Ta0NETOK, APOTY, (HoIbru abo
3aHypeHHs BUpOOy B pO3IUIaB HE J03BOsie 30epertu (Gopmy 1 po3Mipu €IeMEeHTIB BUPOOY.
ATNBTEepHATUBHUMHU BapiaHTaMH € JIOKaJbHE HAHECEHHS MAassIbHUX TacT, B SKUAX MPUIION
3HAXOAUTHCS y BUTIISAII MIKPO a00 HAHOYACTUHOK Y MaTpHIll (irocy, a00 0CaPKEHHSI TIPUIIO0
y BUIVIAII IJTIBOK 13 3aCTOCYBaHHSM BaKyyMHHUX TEXHOJIOTiM a00 BIJHOBJIEHHSM METalliB 3
PO34YNHIB (XIMIYHE OcaKeHHs) [2].

[Tpunoi Ha OCHOBI OJlOBa Ta MOTO CIJIABIB 3 MIiJUII0 3HAWIUIM MIMPOKE TEXHOJOTIUHE
3aCTOCYBAHHS 3aBJKH TAKUM KOPHCHHUM BJIACTUBOCTSIM, SIK HH3bKa TeMITeparypa IUIaBJIeHHS,
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KOpO3iiiHa CTIHKICTh, HM3bKAa TOKCHYHICTb. ITOKpUTTS MiJi OJIOBOM BUKOPUCTOBYETHCS B
€JICKTPOHHIM TPOMHUCIIOBOCTI B TMPOIECI BHUTOTOBJICHHS KOHTAKTiB Ha JPYKOBaHUX IUIATaX.
Tpaauuiiino TaKi MTOKPUTTS OTPUMYIOTh HUIXOM €JIEKTPOOCAIKEHHS 3
eneKTposiTiB [3]. AJbTepHATHBHUM, O1IbII €KOHOMIYHHAM Ta IMPOCTUM CIIOCOOOM MOKE CTaTH
XIMIYHE OCaJKCHHS TOHKHX IMPOIIApKiB 0J0Ba Ha Migb. Peakiiii XiMiYHOTO OCaJ[KCHHS
MEeTaJdy 3 pO3UMHY BIIOYBA€ThCA HA MIKPOKATOMHUX JUISHKAX IMOBEPXHI, TOMl SK
EJIEKTPOIITUYHE OCAPKCHHS METaTy MiIKIaJKH Ha MiKpoaHOTHUX [4]. OCHOBHOIO MEepeBaror
OOTO  METOJY € MOXJIMBICTh  OTPUMaHHS  OJHOPIHMX  IUNBOK  OJOBa  Ha
CKJIaTHOIPO(D1THOBAaHMX MOBEPXHIX Miji 6€3 3aCTOCYBaHHS CTPyMY.

[Topomiok 3 MOBEPXHEBUMH IPOIMIAPKAMHU IHIIOTO €JIEMEHTY abo CIUlaBy MOXKe OyTH
Bukopuctano B Texnouorii L-PBF (laser powder bed fusion). Jlazepue noporikoBe 1uiaBieHHs
(L-PBF) - 1ie T agMTHBHOrO BUPOOHHUIITBA, IPU SKOMY TOHKHI IIap IMOPOIIKY HAHOCHTHCS
Ha MiJIKJIaJIKy Ta PO3IUIABIISETHCS JTa3epPHUM ITPOMEHEM, ITOTIM JI0/1al0THCS HACTYITHI IPOIapu
1 HaIUIaBJICHHSI TIOBTOPIOEThCS, (popmytoun 3D cTpykTypy mpomapok 3a mpoirapkom [5]. L
TEXHOJIOTiSl TPHBEpHYJa YBary HAayKOBOi CIHIJIBHOTH Ta TEXHOJOTIB MOJKIJIHMBICTIO
BUTOTOBJICHHS JICTAJIEH 3 TEOMETpPi€l0, SIKY HEMOXJIHMBO pealli3yBaTH TpaJUIliHHUMU
MeTo/aMu 00poOKHU. TakokK, MOXIIMBE OTPUMAaHHS MaTepialiB 3 MPOCTOPOBO HEOIHOPITHOKO
MIKpOCTPYKTYpOI, a00 3 BKIIOYEHHAMU MeracTtadbuibHux (a3. L-PBF cramo mpomucnoso
AKTyaJIbHUM METOJIOM JUIS IIBUJKOTO BHUTOTOBJICHHS HEBEIMKUX MapTiii ab0 OKpeMux
netaneit. Bxke Ouibie 15 pokiB iCHye 3aIliKaBIEHICTh 10 BUTOTOBIICHHS JeTanei 3 Miji Ta 3
JOPOTOI[IHHMX METaNliB, TAKMX SK CIUIABH 30JI0Ta Ta cpibna 3 BukopucraHHsMm L-PBF.
[linboBe  3acTOCyBaHHS ~ BKJIIOYAE€  TCIUIOOOMIHHUKH, AaCHHXPOHHI  KOTYIIKH  Ta
enekTpoaBuryHu. OCKUIBKM Migh Ta CIUIABH 3 BHCOKHM BMICTOM Mii MalOTh BHCOKY
iH(pauepBOHY BiIOMBHY 3/1aTHICTh 1 BUCOKY TEILUIONPOBITHICTH, TO X BUKOpUcTaHHs B L-PBF
CTa€ yckiaaHeHuM [6,7]. ToMy MOKPUTTS MiZli TOHKUMH MPOIIAPKaMHU 0JI0Ba MOYKE BUPILIIUTH
po0JIeMH BiIOMBaHHS 1HPPAYEPBOHOTO BUITPOMIHIOBAHHS.

Metoto poOOTH € JOCITIUKEHHS BIUIMBY YJIBTPa3BYKOBOTO TEPEMIIyBaHHS PO3YHHY
€JIEKTPOJIITY Ha MPOTIKAHHS MPOIECY XIMIYHOTO OCaPKEHHS OJOBAa HA YAaCTUHKHU MIiJIHOTO
nopomky. Jlnsi MOCSTHEHHS TOCTaBieHOi MeTH OyJio 3acTOCOBAaHO YJIbTPA3BYKOBHM
JUCTIEpraTop Ta JOCITIKEHO BIUIMB YJBTPA3BYKY HAa XapaKTEPUCTUKHU OTPUMAHUX 3pa3KiB
XIMIYHO OCaJ[’KEHOTO OJI0BA HAa MiHI TOPOIIHMHKH.

4. Omnuc eKCiepuMeHTy
JI7is BUTOTOBIIEHHSI MIJHUX MOPOIIKIB, IIO0 TOKPUTI OJOBOM, OYJO MiATOTOBIEHO
MITHUI TOPOIIOK po3MipoM 10 50 MKM Ta pO34yMH Ji1 XIMIYHOTO OCAJKEHHs OJIOBa (IHB.
Ta6nuito 1).
Tabmuusg 1 Cxiiag po3uuHy A7 XIMIYHOTO OCaJKEHHS
Table 1 The composition of the solution for chemical precipitation

Hasga Kinbkicts, /1 Temneparypa HanecerHs, C°
Xnopug onosa (II) (SnCI2) 10-20
TioceyoBHHA 80-90 55-65
Xnopun Hatpito (NaCl) 75-90
Consna kucnora (HCI) 15-17

B naniii poOOTI MOCHIIKYBAaIUCh TPU PEXKUMH XIMIYHOTO OCA/JKEHHS OJloBa Ha
MiJHU{ MOPOILIOK JJIsi BCTAHOBJICHHS BIUIUBY YJIbTPa3ByKOBOT'O MEpEMIlIyBaHHsS Ha Mpolec
ocapkeHns (auB. Tabmwuito 2).
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Tabnuusg 2 Tunu 3pa3kiB
Table 2 Types of samples

Ne KinpkicTh 06’em TemmnepatypHuii Yac Croci6
MOPOIIKY, T | PO3UYUHY, pexum, C° OCaJIKCHHs, | MEepeMilllyBaHHsI
MII XB
3pa3ok 3 300 Bix 20 10 62 13 yJIbTPa3BYKOBUI
1 JIACTIepraTop
3pa3ok 3 300 62 10 yJIbTPa3BYKOBUI
2 JIACTIepraTop
3pa3ok 3 300 62 10 MeXaHIqHE
3 nepeMilryBaHHs

Jlyis nochipKeHHs BIUTUBY YJIbTPa3BYKOBOI'O MEPEMIIIyBaHHS Ha MPOILEC XIMIYHOTO
OCa/KEHHS 0JIOBA HA MiJHHH TMOPOIIOK OYyJ0 PO3pOOJICHO YIBTPa3ByKOBHU TUCIIEPraTop i3

3aCTOCYBaHHAM TIOTY>KHOT'O YJbTPa3BYKOBOTO BHIIpOMiHIOBaua [8].

OcoyuBICcTIO  Mi€el

YCTAaHOBKM € aBTOMATHUYHC BCTAHOBJICHHS Ta Hi}_'[TpI/IMKa pC3OHaHCHO'1. 4aCTOTH KOJIMBaHb

conotpoja [auB. Puc. 1].

~220B

50y

Y3 reHepatop

CoHoTpog

v
)

YIBTPA3BYKOBA XBHIA

. szﬁﬁ«'h&e‘i::- o0

M’e3onepeTBOptoBaY

bycrep

t i

N’e30enemeHTH

Puc. 1. Cxematnune 300pa>keHHsI yJIbTPa3BYKOBOTO JHCIIEPraTopa.
Fig. 1. Schematic image of ultrasonic dispersant.

BigMiHHICTE JOCTIKyBaHUX 3pa3kiB (quB. Tabnwims 2) moB’s3aHa 3 3aCTOCOBAHUM
PEKUMOM TepeMilllyBaHHs Ta B CIIOCO01 HarpiBy po34rHY B MPOIIECi XIMIYHOTO OCa/KeHHs. B
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nporeci BUTOTOBJIEHHS 3pa3ka | MigHMHA MOPOLIOK JOAANM Y PO3UUH IS XIMIYHOTO
OCa/DKEHHS 32 KIMHATHOI TeMIepaTypH, Jajlli B MPOIECi YIbTPa3BYKOBOTO IEpPEMIllyBaHHS
TeMIepaTypa po3unHy 30imbmryBanack 3 20 1o 62 C° ( gac ocamkenns 13 xB). B Bunmaaky
3pazka 2 pO34YMH IS XIMIYHOTO OCajpPKEHHsS oJioBa OYB TONEPEIHBO HArPITHH 10
temnepatypu 62 C°, moTiM B HBOro f0AaBaNM MigHMII NOPONIOK Ta MiJAAaBalM BIUIHBY
yIBTPa3BYKy B mucriepraropi. Po3uuH s XiMiYHOTO OCa/KEHHs 3pa3ka 3 CHepIly Harpiuid
0 62 C° moriMm B HBOrO MOAANTM MiZHHI MOPOLIOK, AKMH IEpPeMilIyBald MeXaHiuHO
BNpo10BK 10 XB.

~ = 3paz3ok 1

707 e 3pazok 2, 3
60— 00000 0COOCOCOOOOOOOOOOOOS .,._.I
-
o, o
50
S ___.f
3 )
%40- #l
=
= -;
= 30 y
.4-
-
204 o
0 200 400 600 800

Yac ocaKeHHs, C

Puc. 2. I'padik TeMneparypHOi 3a1€KHOCTI MPOIIECY XIMIYHOTO OCA/IXKEHHS 0JI0Ba Ha
MIJTHUH TTOPOIIOK
Fig. 2. Graph of the temperature dependence of the process of chemical deposition of
tin on copper powder

5. JlocaixkeHHsI BUTOTOBJIEHHUX 3pa3KiB

BuroroBneHi 3pa3ku IOCTIIKYBaJIUCh 3a JOMOMOIOI MOJM(IKOBAHOIO PACTPOBOTO
enekTpoHHoro Mikpockony PEM-200 ta nudpaxtomerpa IPOH-2. Burorosieni nopomku
OyIu TIONepemHbO crpecoBaHi B mpec-popMi 3a 3ycmmis 150 xrc/cm?. Ha pucyHky 3a
HaBeJIeHO AudpakTorpaMu 3paskis 1-3.
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Puc. 3. Iudpakrorpamu: (a) 3paska 1 (minis 1), 3paska 2 (minis 2), 3paska 3 (miHis 3);
(6) 3pa3ka 2 ta erasiona Cu; (B) 3pa3ka 2 Ta eraiona Sn; () 3paska 2 ta eramona CUgSns.
(muB. Tabmurs. 1)

Fig. 3. Diffraction patterns: (a) Sample 1 (line 1), Sample 2 (line 2), Sample 3 (line 3);
b) Sample 2 and Cu standard; (c) Sample 2 and reference Sn; (d) Sample 2 and reference
Cu6Sn5.

(see Table 1)

Amnani3 gudpaxrorpam (Puc. 3a) mopoukiB 3 mpomapkoM XiMiYHO OCaKEHOI0 0JI0Ba
MoKasaB, 10 (a30BUI CKIaJ BCiX 3pa3KiB OJHAKOBHH. |HTEHCHBHOCTI MiKiB BiJMOBIAHUX
nudpakTopaM KOXKHOTO 3pa3Kka BIAMIHHI. 3 I[bOTO CIIAYE, 0 KITBKICHE CIIBBIHOIICHHS MiX
dazamu B KOXKHOMY 13 3pas3kiB € pisHuM. Ha nudpakrorpamax (Puc. 30-3r) BuaHo, mio
(a3oBHii CKIIaJ OTPUMaHHUX MOPOMIKiIB MicTUTh: CU, Sn Ta mpomixkHy (azy CueSns. Ockinbku
dazoBuii ckinaa IupakTorpaM IMOPOIIKIB MIiCHS XIMIYHOTO OCA/PKEHHHS OJIOBa Ha Mifb
OJTHAKOBUH, Ha puc. 30-31 300paxkeHo nudpakrorpamy juiie 3pasky 2.
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BSE COMPO

Puc. 4. CEM-300pakeHHs IIpecoBaHUX MOPOLIKiB: 3pa3ok 1 (a), 3pa3ok2 (6), 3pazok 3 (B).
(muB. Tab. 1)
Fig. 4. SEM images of pressed powders: Sample 1 (a), Sample 2 (b), Sample 3 (c).
(see Table 1)

Ha puc.4 mokazaHo 300pakeHHsS, IO OTPUMaHE Ha MOJU(PIKOBAHOMY PacCTPOBOMY
enekTpoHHoMy Mikpockomi PEM-200 (CEM-300paxenss). SAxicauit posrmsy CEM-
300pakeHb TOKa3aB, M0 B PI3HUX pEXUMaX XIMIYHOTO OCAQ/DKEHHS 0JIOBA HA MiTHUN
MOPOUIOK CHIBBIJHOIIEHHS M Tutomamu (a3 BigminHi (Tabnuus 3).

TyT, a4y BU3Ha4YeHHS 00’ €MHOI YaCTKH KOXHOI 3 a3 y BIAMOBITHOMY TIepepi3i aHami3y
CEM-300pakeHb OBEPXOHb MPECOBAHUX TAOJIETOK XIMIYHO OCQ/KEHOTO OJIOBA HA MiTHUMN
MOpOUIOK, OyJl0 BUKOPHCTAHO BIAMOBIAHMK mporpamMauii mpoaykt [9]. Ortpumani Ha
pacTpoBOMY €IIEKTPOHHOMY MIKPOCKOMI 300pa)KeHHSI 3YUTYBAJHCS TMOMIKCEIbHO, IMMiKCeNi
OJIHOTO BIJITIHKY KOJBOPY CyMYBAaJIHCS 1 OyJ0 OTpUMAaHO 3HAYEHHS TUIONII OKpeMoi ¢asu
BITHOCHO 3arayibHOI Twiomii 3paska [10]. Ilicns ompamroBaHHS OTPUMAHUX 3HAUYEHB ILION]
KOXHOT 3 ¢a3, OyJI0 BCTAHOBJICHO BiJICOTKOBE CITIBBIIHOIICHHS KOXKHOI 3 (ha3 y BiJIMOBIIHUX
3paszkax (auB. Tabnuio. 3).

[IpoBenenuit wHamu anHam3z CEM-300pakeHb cCOpecoBaHUX TaOJETOK XIMIYHO
OCaPKEHOTO OJIOBAa HAa MIiJHUNA TIOPOIIOK TIOKa3aB, IO Y BHUMAAKYy BHUKOPUCTAHHS
YIBTPa3BYKOBOTO JUCIIEPTaTOpa B MPOIIECI XIMIYHOTO OCAPKEHHS 0JIOBA BiJICOTKOBHI BMICT
Sn 3nauno Ounbwit (40%, 49%) HiX B 3pa3Ky Jie yIbTpa3ByK He BUKOPHCTOBYBaBcs (9%)
(muB. Tab. 3). Takox B 3pa3ky 3 BmicT hazu CUsSns HalOTbIMI Ta ckiIamae 61%.
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Tabmuns 3 BincoTkoBuii azoBuii ckias
Table 3 Percentage phase composition

Ne ®dazoBuii ckiaang, %
Sn Cu CusSns
3pazok 1 40 11.5 485
3pazok 2 49 51
3pa3ok 3 9 30 61

6. BucHoBkm

B pobotri mochmimkeHO BIUIMB YJIBTPa3BYKOBOTO TMEPEMILIyBaHHS Ha MPOLEC
KOHTaKTHOTO OCa/DKCHHS 0JI0BAa HA MiJHI MOpomuHKU. I mporecy XiMI9HOTO OCaDKEHHS
OoJloBa Ha MIAHMM TOpOWIOK OyJI0 po3po0JIeHO YIbTPa3BYKOBUM AMcrieprarop i3
3aCTOCYBAHHSIM ITOTY)KHOTO YJIBTPAa3BYKOBOTO BUIIPOMIHIOBAUa.

3a [OMOMOrol0 peHreHiBcbkoi nudpakromerpii Oyno mochipkeHo (a3oBUN CKIaA
BUTOTOBJICHHX 3pa3KiB. AHaII3 TU(PaKTOrpaM MOPOIIKIB XiMIYHO OCAPKEHOTO 0JIOBA Ha MiJIb
MoKasas, 10 (Ga30BHUH CKJIaJl BCiX 3pa3KiB OAHAKOBUW. [HTEHCHBHOCTI BIAMOBIIHMX ITIKIB HA
IudpakTorpaMax KOXXKHOTO 31 3pa3KiB  BiAPI3HSIOTHCS, IO BH3HAYa€ BIJIMIHHOCTI B
KUTbKICHOMY CITIBBIAHOIIEHHI MK (ha3aMHu.

SxicHmii posrisin CEM-300paxeHpb 3pa3KiB IOBEPXOHb MMOKA3aB, 110 B PI3HUX PEKUMaX
XIMIYHOTO OCaDKCHHS OJIOBa HAa MIJHUU TMOPOIIOK CHIBBIAHOIICHHS MiX IUIomaMu (a3
BIJIPI3HSAIOTBCS. Y BHUIAAKYy BUKOPHUCTAaHHS YJIbTPAa3ByKOBOTO JWCIIEpraTopa B IpoIeci
XIMIYHOTO OCa/KEHHsI 0JI0Ba BiACOTKOBUK BMicT SN ckiamaB 40% ta 49%, B 3pasky, Ae
yIBTPa3BYKOBE TEPEMIITyBaHHSI HE 3aCTOCOBYBAJIOCS, BiJICOTKOBHI BMIicT SN ckiamaB 9%.
Takox BMmicT ¢(asu CueSns HalOiIBIIMIT B 3pa3Ky, MO He MiAJaBaBCcs BIUIMBY
YJIBTPa3BYKOBOTO TIEpEMIlTyBaHHS Ta ckianaB 61%.

Cnucok BUKOPUCTAHOI JiTepaTypu:

1. Fujiwara Y. Sn deposition onto Cu and alloy layer growth by a contact immersion
process /Y. Fujiwara// Thin Solid Films — 2003. — Vol. 425, Nel-2. — P.121-126. -
Pexxum moctymy: https://doi.org/10.1016/S0040-6090(02)01136-7

2. Chen H. Cu-Sn core-shell structure powder preform for high-temperature
applications based on transient liquid phase bonding /H. Chen, T. Hu, M. Li, Z Zhao// IEEE
Transactions on Power Electronics — 2016. — VVol. 32, Nel. — P. 441-451. — Pexum noctymy:
https://doi.org/ 10.1109/TPEL.2016.2535365

3. Hu T. Microstructure evolution and thermostability of bondline based on Cu-Sn
core-shell structured microparticles under high-temperature conditions /T. Hu, H. Chen, M.
Li, C. Wang// Materials & Design — 2017. — 131. — P. 196-203. — Pexum mnoctymy:
https://doi.org/10.1016/j.matdes.2017.06.022

4. JlepeB’ssuko C. I. Tepmodasni peakiii B MOPOMIKOBUX MNasUIbHUX CyMiIlIax
cuctemu cu-sn / C. 1. llepes’sinko, B. B. Mopozosuy, . [1. Kopons, O. 1O. Jlsmenko, FO. O.
JIsmenko // BicHuk Yepkacbkoro yHiBepcuteTy. Cepist «@Di3uko-MaTeMaTHYHI HAyKH». —
2017. — Nel. — C. 44-53. Pexum JOCTYIIY: https://phys-
ejournal.cdu.edu.ua/article/view/2332/2404

96




ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcurery. Bumyck Nel. 2021

5. Lindstrom V. Laser powder bed fusion of metal coated copper powders /V.
Lindstrom, O. Liashenko, K. Zweiacker, S. Derevianko, V. Morozovych, Y. Lyashenko, C.
Leinenbach// Materials — 2020. — Vol. 13, Nel6. — P. 3493. — Pexum gocTymy:
https://doi.org/10.3390/mal3163493

6. Zhang L. Materials, processing and reliability of low temperature bonding in 3D
chip stacking / L. Zhang, Z. Q. Liu, S. W. Chen, Y. D. Wang. W. M. Long, Y. H. Guo, W. Y.
Liu // Journal of Alloys and Compounds — 2018. — Ne 750. — P. 980-995. — Pesxxum aocTymy:
https://doi.org/10.1016/j.jallcom.2018.04.040

7. Sun L. Microstructure evolution and grain orientation of IMC in Cu-Sn TLP
bonding solder joints /L. Sun, M. H. Chen, L. Zhang // Journal of Alloys and Compounds —
2019. — No 786. — P. 677-687. — Pexum JOCTYTIY:
https://doi.org/10.1016/j.jallcom.2019.01.384

8. Jepes’sako C. I. BrmuB 00poOku moBepxHi 3a TexHosoriero SMAT Ha MexaHiuHi
BiactuBoCcTi moBepxHeBux mapiB mimi / C. 1. [eper’sako, B. B. Mopo3zosuu, T. A.
Kpacoscekuii, F0. O. Jlsmenko // Bicauk Yepkacbkoro yniBepcurery. Cepis «®Dizuko-
mareMaTuuHi  Haykm». — 2019. — Nel. — C. 60-68. Pexum pocrymy:
http://eprints.cdu.edu.ua/id/eprint/2678

9. Mopozosuu B. B. 3actocyBanHs nomnepenHb0i 00poOku 300pakeHb 13 pacTpOBOTO
€JIEKTPOHHOTO MIKpPOCKOIA Il OKpAIIeHHs i1eHTHdikamii cTpykTypHuX enementiB / B. B.
Mopozosuu, A. P. T'onga, FO. O. Jlsmenko // Bicuuk Yepkacbkoro yniBepcuteTy. Cepist
«IIpukmagna maremaruka. [Hpopmatukay. — 2017. Ne 1-2. — C. 15-24. Pexxum poctymy:
http://eprints.cdu.edu.ua/id/eprint/4373

10. Zaimi A. AxonSeg: open source software for axon and myelin segmentation and
morphometric analysis / A. Zaimi, T. Duval, A. Gasecka, D. Coté, N. Stikov, J. Cohen-Adad//
Frontiers in neuroinformatics — 2016. — Nel0. — P. 37. — Pexum pocrymy:
https://www.frontiersin.org/articles/10.3389/fninf.2016.00037/full

References

1. Fujiwara, Y. (2003). Sn deposition onto Cu and alloy layer growth by a contact
immersion  process. Thin  Solid Films, 425(1-2), 121-126. Retrieved from
https://doi.org/10.1016/S0040-6090(02)01136-7

2. Chen, H., Hu, T., Li, M., & Zhao, Z. (2016). Cu@ Sn core-shell structure powder
preform for high-temperature applications based on transient liquid phase bonding. IEEE
Transactions on Power Electronics, 32(1), 441-451. Retrieved from https://doi.org/
10.1109/TPEL.2016.2535365

3. Hu, T, Chen, H, Li, M., & Wang, C. (2017). Microstructure evolution and
thermostability of bondline based on Cu@ Sn core-shell structured microparticles under high-
temperature  conditions. Materials & Design, 131, 196-203. Retrieved from
https://doi.org/10.1016/j.matdes.2017.06.022

4. Derevianko, S. I, Morozovych, V. V., Korol, Y. D., Liashenko, O. Y., &
Lyashenko, Y. O. (2017). The solid state reactions in powder soldering mixtures of Cu-Sn
system. Cherkasy University Bulletin: Physical and Mathematical Sciences, (1). Retrieved
from http://phys-ejournal.cdu.edu.ua/article/view/2332

5. Lindstrom, V., Liashenko, O., Zweiacker, K., Derevianko, S., Morozovych, V.,
Lyashenko, Y., & Leinenbach, C. (2020). Laser powder bed fusion of metal coated copper
powders. Materials, 13(16), 3493. Retrieved from https://doi.org/10.3390/ma13163493

6. Zhang, L., Liu, Z. Q., Chen, S. W., Wang, Y. D., Long, W. M., Guo, Y. H., ... &
Liu, W. Y. (2018). Materials, processing and reliability of low temperature bonding in 3D
chip stacking. Journal of Alloys and Compounds, 750, 980-995. Retrieved from
https://doi.org/10.1016/j.jallcom.2018.04.040

97



Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

7. Sun, L., Chen, M. H., & Zhang, L. (2019). Microstructure evolution and grain
orientation of IMC in Cu-Sn TLP bonding solder joints. Journal of Alloys and Compounds,
786, 677-687. Retrieved from https://doi.org/10.1016/j.jallcom.2019.01.384

8. Derevianko, S. 1., Morozovych, V. V., Krasovskiy, T. A., & Lyashenko, Y. O.
(2019). The effect of surface treatment on high-frequency smat technology on the mechanical
properties of surface copper. Cherkasy University Bulletin: Physical and Mathematical
Sciences, 1(1). Retrieved from http://phys-ejournal.cdu.edu.ua/article/view/4221

9. Morozovych, V. V., Honda, A. R., Lyashenko, Y. O. (2017) Application of raster
electron microscope image pre-processing to improve the identification of structural
elements. Visnyk Cherkaskoho Universytetu. Seriia «Prykladna matematyka. Informatyka»
(Bulletin of Cherkasy University. Series "Applied Mathematics. Computer Science") (1-2).
pp. 15-24. Retrieved from https://ami-ejournal.cdu.edu.ua/article/view/3724

10. Zaimi, A., Duval, T., Gasecka, A., Coté, D., Stikov, N., & Cohen-Adad, J. (2016).
AxonSeg: open source software for axon and myelin segmentation and morphometric
analysis. Frontiers in neuroinformatics, 10, 37. Retrieved from
https://www.frontiersin.org/articles/10.3389/fninf.2016.00037/full

Yu. V. Nikolenko
Post-graduate student of the Department of Physics,
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
nikolenkoyu960@gmail.com

V. V. Morozovych
Post-graduate student of the Department of Physics,
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
vladmorozua@gmail.com

Yu. O. Lyashenko
Doctor of physical and mathematical sciences, Professor of the Department of
Physics,
The Bohdan Khmelnytsky National University of Cherkasy, Cherkasy, Ukraine,
lyashenko.yurij@gmail.com

EFFECT OF ULTRASOUND ON THE PROCESS OF CHEMICAL
DEPOSITION OF TIN ON COPPER POWDER

The influence of ultrasonic mixing on the process of chemical deposition of tin on
powdered copper was investigated. It was established that the use of an ultrasonic disperser
in the process of chemical deposition of tin on copper powder affects the rate of growth of the
CusSns phase. The phase composition of the powders obtained during the chemical deposition
of tin was analyzed and a quantitative analysis of the phases formed after the process of
chemical deposition of tin on copper powder was carried out.

An ultrasonic disperser using a powerful ultrasonic emitter was developed for the
process of chemical deposition of tin on copper. The manufactured samples were examined
using a modified REM-200 scanning electron microscope and a DRON-2 diffractometer. The
produced powders were previously pressed in a press mold with a force of 150 kgf/cm?.

The phase composition of the prepared samples was investigated using X-ray
diffractometry. Analysis of diffractograms of powders of chemically deposited tin on copper
showed that the phase composition of all samples is the same. However, the intensities of the
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peaks of the diffractograms of the samples are different, from this it follows that the
quantitative ratio between the phases in each of the samples is different.

Qualitative examination of SEM images of surface samples also showed that in different
regimes of chemical deposition of tin on copper powder, the ratio between the phase areas is
different. In the case of using an ultrasonic disperser in the process of chemical deposition of
tin, the percentage of Sn was 40% and 49%, in the sample where ultrasonic mixing was not
used, the percentage of Sn was 9%. Also, the content of the CusSns phase is the highest in the
sample that was not exposed to ultrasonic mixing and is 61%.

Keywords: chemical deposition, scanning electron microscopy, copper, tin, ultrasonic
dispersant
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PE3OHAHCHA B3AEMO/ISA KOMIIOHEHTIB BOJIbB®PAMATOBMICHUX
PO3TOIIIB

Mana cmamms npucesuena 6US4UEHHIO PE30OHAHCY 8 B0NbDHPAMAMBEMICHUX PO3MONAX.
Kopomxo oxapaxmepuzosano moou Koaueanvb xapakmephux 4acmok pozmonie. Ilposedeno
K8AHMOBO-XIMIUHUNL  MA  AHANIMUYHULL  PO3PAXYHOK — XAPAKMEPUCMUK — 4ACMUHOK 8
NPUeNeKmpoOOHOMY wapi: eHepeii peopeanizayii 6 pamkax Mooeni NpoBiOHUX eNincoiolis,
BIOHOWEHHs cmpymie 0OMIHY «Oienekmpuk/memany mowo. I[loxazano ymoeu pe3onaucy
yacmom, AKU JeHCUMsb 8 OCHOBI KOMNIEKCOYMEOPEHHs, Ons pAdy XIMIYHUX CHOIYK, WO
VMBOpmMbCcsi Ni0 4ac PpPe30HAHCHUX KOAUBAHb HA NPUKIAOl XAPAKMEPHUX YaCMUHOK
B01bDPAMAMOBMICHUX TIOHHUX PO3MONIE.

KnrwouoBi ciaoBa. Pe3onanc, 4acToTH KOJMBaHb, KBAaHTOBO-XIMIYHE MOJE/IIOBAHHS,
pO3TONH, CHOJYKH 31 BMICTOM BOJb(ppaMy, MOJAU KOJIHMBaHb, AHATITHYHHHA PO3PaXyHOK
TYCTHHH CTPYMiB

1. Beryn

Pesonanc — 1e 4acToTHO-BUOIPKOBUHM BIIIYK KOJMBAJIBHOI CHCTEMH Ha MEPIOAUYHY
30BHIILIHIO [0, SIKa IPOSBISETHCS B PI3KOMY 301IbIIEHHI aMIUTITYAH CTAlllOHAPHUX KOJMBaHb
IpY CHIBMA/iHHI YaCTOTH 30BHILIHBOIO BIUIMBY 3 MEBHUMH 3HAYEHHSAMH, XapaKTePHUMHU IS
naHoi cucreMu. Takuii 3HAYHMK BIATYK BHHUKA€E TUTBKM TpPH TEBHUX MapaMmeTpax
30BHIIIHBOTO BIUIMBY. P€30HYBaHHS MpPOSBIISETHCS JIMIIE TPU NTEBHUX YMOBAX y3rOKEHHS B
IPOCTOpP1 Ta Yacl XapaKTEpUCTUK 30BHIIIHIX 30ypeHb 1 BHYTPILIHIX BJIACTUBOCTEH CHCTEMHU.
30BHIIIHI CHJIM MalOTh MaTH CKJIAJOBI, IO 37aTHI 30y/KyBaTH BiANOBiAHI BiIacHi (GopMu
KosinBaHb. Llel mpuHIun 3abe3nedye MOXIUBICTh MPOXO/KEHHSI OOMIHHUX €HEPreTHYHUX Ta
iHopmMmariiftaux TmporeciB. Pe3oHaHcHI dYacToTh € 0a30BUMH B KOXHIA cHUCTeMl 1
3a0e3MeuyroTh CHHXPOHI3allil0 KOJIMBaHb 3 yCiMa 1HIIMMHU CHUCTEMaMH KOJIMBaHHsS Ha Oy/b-
AKOMY lepapXiyHOMY piBHI. CUHXpOHI3allisl KOJIMBaHb — MEXaH13M KE€PYBAaHHSI 1 KOHTPOJIIO HaJl
napaMeTpamMM CaMOOpPraHi30BaHUX NPHUPOJHUX 00'ekTiB. TOMy pe30HAaHC € MeXaHi3MOM
IJ100aJIbHOTO 3B'A3KY MIKPO- 1 MAKpPOCHCTEM.

KonuBanbHi (XBUJIbOBI) MPOLECH ENEKTPOXIMIYHUX 1 OpraHiuHUX CHCTEM MaloTh
O0M3bKy (hi3MUHY TPUPOAY 1 MAaTEMaTUYHO IIi MPOIECH CXOXI 3 MEXaHIYHUMH, OT TiIbKH
BEJIMYMHY, 1110 BXOASATH 10 HUX, MAIOTh PI3HUHA (Di3udHMN 3MicT. BiIMiHHOCTI B 1ii €HOCTI
BU3HAYAIOTh MPAarMaTHUYHUN aCTEeKT 30BHINIHBOTO BIUIMBY, @ CXOXICTh MaTeMaTHYHUX
MoJiesiell MOYKHA OINMUCATH TaKMMHU 3araJlLHUMH TPUHIUIIAMU: MOKJIMBICTH YSIBUTH CHUCTEMY
CYLUJIBHUM CEepeoBHILEM, TOOTO ii eleMEeHTH CTaTUCTUYHO OJIHAKOBI; pyxX (iHbopmarlis)
nepeaaeThesl BiJ OJHIET YACTUHKHM J10 1HINOT; cucTeMa Ma€ OyTH BIIKPUTOIO 1 TUCHIIATUBHOIO,

Bucnosmroro nosxy x.¢.-m.H. C.C. KoBanieHKy 3a 00roBOpeHHsI OTpUMAaHHX pe3yJIbTaTiB.
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TOOTO Takoro, MO0 B HEl MOCTIMHO YM JUCKPETHO MOCTYNAJIX 1 BUTPAyaluCsl PEUOBHHA Ta
eHepris.

BuBueHHS pe3oHaHCY CHUCTEM y PpO3TOINAX € JOCHTh KPOHITKOI pPOOOTOI 1 Mae
VHIKQUIBHHA XapakTep, a BHUABJICHHS BIIMOBIIHOCTI MK pPE30HAHCHUMH YacTOTaMH
KOMITIOHEHTIB  €JICKTPOJITIB J03BOJII€E BCTAHOBUTH TPHHLUIMN KOMIUICKCOYTBOPEHHS B
JOCITJDKYyBaHUX cucteMax. OtpumaHHs iHGopMallii mpo yMOBH Pe30HAHCY HU3KH MapaMeTpiB
0araTOKOMIIOHEHTHUX CHUCTEM Ha CyYaCHOMY TEOPETUYHOMY PiBHI Ja€ MOXIJIUBICTh IUIIXOM
nig0opy CKJamy eNeKTPOJITY KepyBaTH CHHTE30M OTPUMYBAHOI PEUOBHHHM B 3a3/alierijib
HaMiu€HOMY HAIpsAMKY 0e3 MPOBEACHHS MONEePEIHIX eKCIIEPUMEHTATBHUX J0CIIIKEHb.

2. MeToau4Hmii anapar J0cC/iIKeHb

Pospaxynku mpoBomuiaucs KBaHTOBOXiMiuHmMH Metomamu HF, MP2, DFT 3a
nornomoroto nporpamuoro nakera GAMESS/FireFly meronom teopii ¢yHKIioHamy I'yCTHHH
(DFT) Tta Bizyamizaropa ChemCraft. BmmuB cepegoBuima Ha  XapaKTEPUCTHUKH
MIKMOJICKYJIIPHUX B3a€EMOJIIA  BpPaXxOBYBaBCsA 3a JIONMOMOTOK KOHTHHYQJIBHOI MOJENi
conpBaranii (PCM), nepenbauenoi B nporpamax GAMESS/FireFly [1,2].

3. AHaJi3 pe3yabTaTiB J0CTiIKEHHS

3.1.Po3paxyHoOK 4acTOT KOJMBAHb YACTHHOK BOJIb()PaMaTOBMiCHOTO PO3TOILY.

AHamiz po3paxyHkoBux iH(pauepBorux (IY) cmekTpiB moka3zaB, IO BaJieHTHA
CHMeTpHYHA 00JACTh KONHBAIBHUX CIIEKTPiB 3HAXOAUThCA B miamaszoni 1000-900 cm™? mys
Bonb(pamar-iioHa ta xmopuay Jitito LICI (puc.1). s conyku LiCl s o6macts npumagae
Ha gactotu 500-600 cm. O6macTh KpyTUILHUX KOIMBAHb BOJIb()PaMaT—HOHA 3HAXOMUTHCS B
miamazoni 375-450 cm! Ta cmiBmamae 3 067aCTI0 HOKHYHUX KOJHBAHb xjopuay Jitiro. Jus
komriekcHoi yactku [LiaWO4Cls]* yacToTa BaJeHTHHX CHMETPUYHKX KONMBAHb JEIIO BUIIA,
HiXK JUIS i3071b0BAaHOTO BoNb(pamaT-aHioHa i cTaHOBHTH 1100 cMl, a wacToTa HOXHYHMX
KonuBaHb KyTa O-W-O 1 KOMIUIEKCHOI YacTKM 3HIKYEThes Ha 17-33 cM™, mopiBHAHO 3
Takow I XJIOpuAiB JiTito. Lle ykazye Ha pe30HaHCHE YTBOPEHHS KOMIUIEKCHHX CIOJIYK
BoJIb(ppaMaT-iioHAa 3 KATIOHHUM CKJIAJOM €JEKTPOJITY 1 KOpEeNlt€e 3 iX eHepreTHYHUMU
xapakrepuctukamu (tabim. 1) [3,4].

OTpuMaHi 3HaYEHHS EHEPreTUYHUX XapaKTEPUCTUK JOCIIKYBAaHUX 00’ €KTIB IOKa3alIu
3pOCTaHHs €Hepriil 3B’sA3Ky CHUMOAaTHO 30UIBLIEHHIO KUIBKOCTI XJIOpPUAIB MeETalliB Ta
OUTOMOMY 3apsily MeTaly, NpOXOASYd depe3 IMEeBHI MaKCHUMyMH, MIO CBIJUUTH PO
HaCUYEeHHS KOOpAMHAIiHOI cdepu BoabppaMaT—aHIOHA KaTiOHaMH, 3 MOJAJIBIINM
YTBOPEHHSM MeTaJlOKOMIUIEKCIB. lle miATBep/uKyeTbcd BEITMYMHAMH TIOBHHUX €HEpriif
JOCTIP)KyBaHUX B3aeMOJiH (Tadu. 1).

YacToTHuit pE30HaHC KOMITOHEHTIB posTory MIPOSIBIISIETHCS y
BHYTPIIIHBOMOJIEKYJISIpDHIM ~ monspu3anii  Bojbppamar—ioHa MiJ  BIUIMBOM  KaTIOHIB
€JIEKTPOJIITY, SIKa MOJIATa€e MEePEBAXKHO B 1HIIIIOBAaHHI NEPEpO3MNO/iTY €JIEKTPOHHOI I'yCTUHH B
JOCTIIKyBaHUX 00’ ekTax (Tabdin.l).

3 po3paxoBaHUX JaHUX MOPAAKIB 3B’s3KiB Bijj (Tabus.1) BUMIMBAE TakoX MOXKIUBICTDH
necradimi3zanii 38°s3ky W—O mifi BIUIMBOM HAJJIMIIKY KAaTiOHIB CHJIBHOI MOJISIPU3YIOYOT JIii.
Lle mie pa3 miKpecIoe OTpUMaHU pe30HAHCHUI MPUHIIMIT B3a€MO/Iii KOMIIOHEHTIB PO3TOITY.
[TpstMuUM TIATBEP/HKEHHAM ILOTO MOXE CIYT'yBaTH TOM (akT, L0 €NeKTPOIHUI mporec
JIMITY€TbCS JUIIE TU(Y31€I0 YaCTMHOK PO3TOINY 0 MOBEPXHI €NeKTPOAy 1 MIBUAKICTH iX
YTBOPEHHS He HakKJanae 00MeXeHb Ha eIeKTPOTHHIA TPOIIeC.
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Puc.1. Pospaxosani IU cnektpu: a — [LisWO4Cls]*, 6 — WO42, B — LiCl, r — 4LiCl
Fig.1. Calculated IR spectra: a — [LisWO4Cls]*, b — WO4%, ¢ — LiCl, d — 4LiCl
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Ta0murs 1

Po3paxyHKOBI 3HAUCHHS €HEPTii 3B’ 3Ky CTPYKTYPHHX 4acTUHOK po3Tony (AE) ta
BEJIMYMH 3aps1iB Ha aTomax (Q), a.0.3. 1 MOPsAKIB MKaTOMHUX 3B’ s3KiB (Bij)

Table 1

Calculated values of bond energies of structural particles of the melt (AE) and charge
values on atoms (Q), a.0.z. and orders of interatomic bonds (Bij)

. Q Bjj
CTpyKTypHI AE-103,

YAaCTUHKHU PO3TOIY /- Momb ! W Oqw) Mq) W-Oq@ | M-Oq
WO4> -1,024 10,245 -0,568 | — 1,555 —

nKClL...[WO4]* -1638 | 0,516 -0,575 0,946 | 1,406 0,059

nNaCl...[WO4]* -1972 10,629 -0546 0,890 |1,329 0,165

-2,032 10,431 -0591 0,591 | 1,022 0,441

-1,649 | 0,527 -0471 10,679 |1,251 0,350

NLiCl...[WO4]* -0,966 | 0,693 -0,562 | 0,765 | 1,034 0,466

0,038 0,815 -0,503 0,803 | 1,189 0,360

-1,867 | 0,795 -0,554 0,776 | 0,948 0,284

-2554 | 0,468 -0,752 1,712 | 0,988 0,211

-2,215 10,629 -0,561 1,780 | 1,347 0,126

nCaCls...[WO4]* -0,967 | 0,726 -0,718 1,865 | 1,117 0,111

0,001 0,806 -0,594 1,894 | 1,318 0,067

-2,195 10,899 -1,012 1,876 | 0,520 0,137

-2,893 | 0,528 -0,700 |1,437 |0,837 0,504

-2599 0,772 -0490 1571 1,259 0,309

nMgCla...[WO4]* -1,252 | 0,872 -0,658 |1,724 |1,016 0,332

1,371 0,963 -0,538 1,797 | 1,251 0,203

0,972 -0,866 | 1,770 | 0,497 0,276

3.2. Po3paxyHok eHeprii peopranizauii

[Momanemni  pocmijykeHHss OyliuM  HampaBieHI Ha  €NeKTPOXIMIYHI — peakuii B
npuenekTpoaHomy mapi. I[IpoBeaeHO po3paxyHOK eHeprii peopranizaiii B paMKax MO
NPOBIAHUX EIIICOIIB, 110 y3araJbHIOE MoJeNb Mapkyca JJii BHIQAKY, KOJIM peareHTH
MarTh 1ICTOTHO HecepuuHy dopmy. BiamoBimHo 1o mi€i Momem sl pi3HUX Opi€HTAIlM
eJIINCOINIB, KOJM OJHA 3 MiBOCEH NEepHeHAMKYJSIpHA, a IHIIAa MapaliesbHa, IO BiJMNOBiJgae
NEPNEeHIUKYJSApHIA 1 MapanenbHid OpleHTalii JAUMOIBHOTO MOMEHTY METaJOKOMILIEKCY
BiTHOCHO TIOBEpXHI (pHC.2) eHepris peopraHizailii BiAMOBITHO BU3HAYAETHCS TaK [5,0]:

2 2
ESL=92(L_L>{ ! _1<1_M)} (1)
Eopt &st) 2Teff 4x 12x
2 2
Ve ( )y (14 ) o
Eopt &st) (2Teff 4x 24x

e eheKTMBHUMI pajIiyc eNncoinanbHoi GIrypH 7, s BASHAYAETHCS B TaKUM C110Cio:
_ Va?=c? 3
Teff = Fog) ©)
Tyr F(O,¢) — enminTuuHuWii iHTErpan MOEpmIOro poay 3 mapamerpamMu 6O =

, a?-c?, a?-b? b+c . . .
arcsin 7, ¢ = m, Ceff =T’ goptagst — OIITHYHa MW CTaTH4YHa MJICJICKTPHYH1
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MPOHUKHOCTI CEpEIOBHUIIA, € — BEIMYMHA IEPEHECEHOT0 3apsiay; a,b,c — MiBOCI eMINCOIAiB, X —
BiZICTaHb BiJl IIGHTPY peareHTy JI0 MOBEPXHi enekTpona (puc.14).6

——y—

N

Puc. 2. Moxusi opienTtanii gactkn {Lis" [WO4]*}** Ta moBepxHi enexrpona
Fig. 2. Possible orientations of the {Lis" [WO4]*}** particle and the electrode surface

Ha puc. 3 HaBemeHO pO3paxyHKOBI JIaHI 3aJ€KHOCTI €H.eprii 30BHIMTHBOCHEpHOT
peopranizarii Big Biacrani EAK 1o moBepxHi enekTpoja nmpy 3MiHI KOOPAUHAIIHHOTO YHCIIa
KaTiOHiB y CONBBATHIN OGONOHII aHiOHA i 3i 3MiHOIO MUTOMOTO 3apsmy B pamy Li* , Ca®*,
Mg?*.

120
100 n=1
n=2
R
=
=
® 60
=
> n=3
20 @ Pj’ —° n=4
0
1 2 3 4

X, HM
Puc.3. 3anexHicts eHeprii 30BHiHbOC(epHOi peopranizanii (Es, kJx/mMonb) Big
Bizcrani x (EAK-TIOBEpXHS eTeKTpo/a, HM) JuIs 4acToK {Lin [WO,4]> 32
Fig. 3. Dependence of the outer sphere reorganization energy (Es, kJ/mol) on the
distance x (EAP—electrode surface, nm) for particles {Lin* [WOQ4]?}2*

® Tyr Bci BeNMYMHM OPHUBENEHI B CHCTEMi aTOMHMX OJMHHIb, IPH BHKOpHCTaHHI cucTeMd Cl BBOAUTHCH
criBMHOKHUK Na/8meo.
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AHaJi3 BKa3aHMX 3aKOHOMIpDHOCTEH IOKa3ye, IO BEIMYMHA EHEeprii peoprasizamii
PO3UYMHHUKA HECYTTEBO 30UIBLIYETHCS 3 POCTOM X, JOCATAIOYM CTaHy «HACHUYEHHS» MpU
MaKCHUMaJbHOMY BiJUIaJICHHI BiJl TMOBEPXHI €JEKTpOJa HE3aJeKHO BiJ MapaienbHOi abo
NEPIEeHIUKYISIPHOI OpIEHTAIlll] YaCTOK, BKa3ylOUM Ha 1HBAPIaHTHICTh OTPUMAHOIO PE3YJIbTATY
110710 B3a€EMHOI Opi€HTAIlil YaCTOK 1 MOBEPXHIi €IEKTPOAA, 1 30UTBIIYETHCS 3 BiJIAJICHHSAM BiJl
MOBEpXHi. 3 pOCTOM KOOPIAMHAIINHOIO 4YHUCia n Jig BCIX PO3MJISHYTHX B3aeMOJii
BiIOYBa€ThCS pi3ke, B 2—3 pasu, 3HIKEHHS BEJIMYWH CHEPril peopraHizallii, o MiAKpecIoe
pesoHancHuid npuHnun ¢opmyBanHs EAK. 30imbpIeHHS MUTOMOTO 3apsiay KaTiOHA TaKOXK
NPUBOUTH 10 3HWKEHHS €HEepril peopranizamii po3unMHHUKA, X04a i MEHIII 3HAYHOMY, YHM Y
BUIMAJIKy 30UtbIeHHs n. OTpuMaHi 3MiHM BeIWMYMH Eg MOKa3yloTh CYTHICTH €JIEKTPOHHOTO
PE30HAHCY, 110 BUHUKAE TP HAOIIKEHH1 METAIIOKOMIUIEKCY JI0 TOBEPXHI EIEKTPOILY.

3.3. AHaJti3 po3paxyHKy BiIHOLIEHHSI CTPYMiB 00MiHYy
[TpoBeneHO pO3PaxyHOK KAaTOTHOTO CTPYMY jo TPU OJHOCICKTPOHHOMY IEPEHOCI
3apsay depe3 30HY MIPOBITHOCTI JiCIEKTpUKA 3 3aCTOCYBaHHSAM BHOpaHOi HaMHM MOJENi
3aJIKHOCT] I'YCTHHH eJIeKTPOHHHX piBHiB Bix eneprii g(E)= 4n (2m/h?)*?3a popmynoro:
3

Jn _ 1( h? \2 |A-4G
ja o consty (ann) \2kT 2 @)
Ie j» — ryctuna ctpymy y mogeni g(E)=const, A — 3aranbHa enepris peopraunizamii, AG —
eHepris ['100ca peakiiii mepeHoCcy eJIeKTPOHA.

Pesynbratn  po3paxyHKy BIJIHOIICHHS CTPyMIB OOMIHY  <«(li€JIEKTPUK/METa
BimnmoBiHO 10 (3) mis anbrepHatuBHUX B3aemoiit: Csg...CO2 i Css...BO2", y mpucyTHOCTI
gactok {Mp™[ WO,]? }"™2*  1e M=Li*, Ca**, Mg?*, npu n=0, n=4 — 1151 BUIaKy KaTiOHiB
Li*, n=2 — Ca®*, Mg%* Ha 0CHOBi 1aHHMX KBaHTOBOXiMiYHMX PO3paxXyHKiB HaBeleHi B TaOm.2.

Tabmuiga 2
BenuunHY BiTHOIIEHHS KaTOJHUX CTPYMIB JII€JIEKTPUK/METAI
Table 2
Values of the dielectric/metal cathode current ratio
Crpymu 06MiHy Jol o
Bun B3aemoii V=CO, V=BO,
CaoHo1... Y
0,0427 0,0044
CaHz1...V.. . WO4* 0,0452 0,0048
Ca2Ha1... V.. {Lis [WO4>]}?
0,0781 0,0054
Ca2Ha1...V... {Ca?*WO2 ]}
0,0803 0,0056
CaoH21...V...{Mg?*"WO,# 1}
0,0779 0,0057

AHai3 JaHuX, HaBeIEHUX B TaOJHUIIl 2, TOKa3y€e HAsIBHICTh BIAMIHHUX BiJ HYJISl CTPYMIB
OoOMiHy Ha TOBEpXHi MAieJeKTpuKka (aJMazy), L0 B3AEMOMIE 31 CTPYKTYPHHMH YacTKaMH
posmnaBy. Tak npu B3aemonli knactepa anmasy 3 gactkamu COz cTpym oOMiHy Maiike Ha
nopsiiok Ounbiie, HiXk npu B3aemonii 3 BOz . Ile B3aeMoBinHOmIEHHS 30epiraeTbcst 1 npu
JIOAATKOBOMY 3aITy4eHH1 iy} pO3rIsiLy KaTiOHI30BaHUX METaJIOKOMILICKCIB
By {Mn™ [WO4]*}"™2*  npu upomy mpu B3aeMofii 3 uYacTKaMH BONb(GPAMATBMiCHOTO
pO3ILIaBy BEMHYUHA jojy 3017bIIyeThCS MPUONM3HO B 2 pasu. J{jis BChOTO PsAmy B3a€MOJiH
KiacTepy y npucytHocti BO2 BenmuuHa jof j, 3aMMIIaeThbcs NPaKTHYHO HE3MIHHOIO, a 3a
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BEJIMYMHOIO HE JIO3BOJISIE CTBEP/KYBATU PO HASBHICTh MPOTIKAHHS T€TEPOTCHHUX PEaKIlii
€JICKTPOHHOT0 OOMiHY Ha MOBEPXHI ajaMasa (JieIeKTpHuKa) il OOPBMICHUX PO3TOIIIB, HABITh
IpY SKICHOMY TOPIBHSAHHI BEIMYMH CTPYMiB 0OMiHY y KapOOHATBMiCHOMY PO3TOIIi.

Kpim toro, 3 piBHsHHA (3) BUAHO, IO B 3araJIbHOMY BHIAJKYy BITHOIICHHS CTPYMIB
3aJICKUTH SIK BiJl 0COOIMBOCTEH 30HHOI CTPYKTYpPH TBEPIOTO Tijia, TaK i BiJl (Pi3MKO—XIMIYHUX
XapPaKTEPUCTUK CTPYKTYPHUX YACTOK MOJIAPHOI pinuHu. J[ns 3HaueHsb BiIbHOI eHeprii 1'160ca
AG, sIKi 33JJOBOJIBHSIOTH YMOBI A >> AG, 6e310cepeIHbO OTPUMYEMO IO jo= ju , IPU LBOMY
const = (4nmn/h?)¥? (KT)Y2.

4. BUCHOBKH

TakuM 4YMHOM, aHaNi3 OTPUMAHUX PE3YNbTaTiB, Ja€ MiACTaBU Ui OOTPYHTYBAaHHS
MO>KJIMBOCTI CIILJIBHOTO €JICKTPOBITHOBJICHHSI YacCTOK PO3TOIY Ha IMOBEPXHI [ieJIEeKTpUKA
(anmmazy), sike JOCSATAEThCA MPU HAsIBHOCTI, MO-TIEpIIe, YaCTOK KapOOHATBMICHOTO PO3TOITY —
CO,. Ilo pgpyre, opHiei  HasBHOCTI B BoJb(ppamarBmicHOMYy po3Tom dYactok CO2
HEJOCTaTHBO JUISI OCA/PKeHHS Boib(pamy. Jlns pearmizaiii CIJIBHOTO €JIEKTPOBIAHOBICHHS
KapOOHY 1 BOJb(paMy NIpH BHUCOKOTEMIIEPATYPHOMY EJICKTPOXIMIYHOMY CHHTE31 KapOimiB
BOJIb()paMy HeoOXifHA HaSBHICTh CHIBHO MOJAPU3yIouMx KaTiomis Li*, Ca?*, Mg?*, to6To
NPOTIKAaHHS TeTeporeHHUX redoX peakiiii MOXJIHMBE JIMIIE JUIi YacTOK  BUAY
{M™[WO4]*}™-2*  mpucyrrocti CO2, MO HA MPAKTHII J03BOJAE 3IiHCHIOBATH CITiTbHE
€JICKTPOBITHOBJICHHS IUISAXOM CYMIIICHHS IMOTEHIIalliB BHIUICHHS KapOOHY 1 BoJb(dpamy,
3MIHIOIOYM KHCJIOTHICTh po3TOny (KaTiOHHMH Karami3), 1 BOJHOYAC 3MIiHIOBAaTH (a30BHI
CKJIaJl TIPOJTYKTIB €ICKTPOIIi3y Ta IX HAHOCTPYKTYPY.
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RESONANT INTERACTION OF COMPONENTS CONTAINING TUNGSTEN
MELTED

This article is devoted to the study of resonance in tungsten-containing melts. Modes of
oscillations of characteristic particles of melts are briefly characterized. The analysis of IR
spectra for tungstate anion and EAR made it possible to establish a change in vibration
frequencies (mainly valence symmetric) and an increase in vibration amplitude by
approximately 1.5 times, proving the role of cationic catalysis in complexation processes. The
conditions of frequency resonance, which is the basis of complexation, are shown for a
number of chemical compounds formed during resonant oscillations using the example of
characteristic particles of tungstate-containing ionic melts. A quantum-chemical and
analytical calculation of the characteristics of particles in the near-electrode layer was
carried out: reorganization energy within the framework of the model of conducting
ellipsoids, the ratio of "dielectric/metal™ exchange currents, etc.

In general, the ratio of currents depends not only on the features of the zonal structure
of the solid body, but also on the physical and chemical characteristics of the structural
particles of the polar liquid.

Thus, the analysis of the obtained results, in our opinion, provides grounds for
substantiating the possibility of joint electroreduction of melt particles on the diamond
surface, which is achieved in the presence, firstly, of carbonate-containing melt particles -
CO». Secondly, the mere presence of CO: particles in a tungsten-containing melt is not
enough for tungsten deposition. To implement the joint electroreduction of carbon and
tungsten during the high-temperature electrochemical synthesis of tungsten carbides, the
presence of strongly polarizing cations is necessary, i.e., the course of heterogeneous red|ox
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reactions is possible only for particles of the type My™ [W0Q4]?}"™2* in the presence of COx,
which in practice allows joint electroreduction by combining the potentials of carbon and
tungsten release, changing the acidity of the melt (cationic catalysis), and at the same time
changing the phase composition of electrolysis products and their nanostructure.

Keywords: resonance, oscillation frequencies, quantum-chemical modeling, melts,
tungsten-containing compounds, oscillation modes, analytical calculation of current densities
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IMEPEPI3U I'YBKU MEHT'EPA’

Kunum Cepnincvkoco ma 2yoka Meneepa € 8i0n0iOHO NIOCKUM MA MPUBUMIDHUM
ananocamu muodcunu Kanmopa. Ilpu nepepisi yux ¢hpaxmanie npamumu ma niowuHamu
VMBOpWmMbCs HO8I yikasi ¢paxmanvhi 06’ckmu. Y cmammi HageOeHO ancopumm K
3a6200H0 MoOyHOI nobyodosu nepepizie kunuma Cepnincokoeo ma 2yoku Meneepa
BEPMUKATIGHUMU NPAMUMU | NAOWUHAMU 8I0N0BIOHO. 30Kpema NOKA3aHO, WO 6epPMUKANbHI
nepepizu 2yoxku Meneepa € pisnumu kKombinayiamu nooyoos xunuma CepniHcbko2o ma
yeunmaps Cepnincbko20 Ha pi3HUX emanax nooyoosu. Taxk camo epmuxanvui 4Yu
eopusonmanvui nepepizu kunuma Cepnincokoeo € KomOiHayiamu nooy008 MHOMCUHU
Kanmopa i 6idpizkie 6i0no6ionoi 0osexcunu Ha pisHux emanax. Kpim moeco, nokazano
300padicentss OeAKUX [HWUX nepepizié yux 00 €Kmie [HWUMU NPIMUMU MA NIOWUHAMU.
Ilo6yoosa makux nepepizie € gaxciugow we i momy, wo Oyooea 2yoxu Menzepa Oyice
cxodca Ha 6y008y CUHMEMUYHO20 AKMUBOBAHO20 8Y2INNA YU UMYYHO CMEOPEHUX NOPUCTIUX
cnnasie NiTi, sxi 30amui 3anam ssmogysamu opmy.

Karouosi ciaoBa: ¢paxran, MHoxkuHa Kantopa, muHtap CepmiHCBKOro, mepepizu
kunuma CepriHcbKoro, nepepizu ryoku Menrepa.

1. Beryn

JocnikeHHs: GpakTaabHUX 00 €KTIB 3aJIMIIAETHCS B TPEHJII CYYaCHUX MAaTEeMAaTUYHUX
nociimpkenb. [lpy mepetuHi QpakTaJbHUX MHOXKHH OPSIMUMM YM IJIOLIMHAMM y Tepepisi
3’ABJISIFOTHCSI HOBI MHOXXHMHHU 4acTo 3 IIKaBUMM BJIACTUBOCTSAMH, SIKI MIPEJCTABISIOTh OKPEMUI
iHTepec. LlikaBli mepepi3u oAHOrO 3 Takux (pakraniB — ryoku Menrepa Oynu oTpuMaHi,
Hanpukiaj, y [1, 2]. Bynoa ryoku Menrepa nyxe Harajaye CUHTETUYHE aKTUBOBAHE BYT1JIS
1] MIKPOCKOIIOM 4M BUTOTOBJIeHI mopucTi cruiaBu NiTi, mo 3anam’siTtoByoTh dhopmy [S]. V
HbOMY TaKOXX MO)KHa IMM00AaYUTH BEIMYE3HY KIJIBKICTh KPHUXITHHX 3ariuOUH 1 OTBOPIB.
[{ikaBuMH BUSIBWIMCS Tepepi3u ryOku MeHrepa BepTHKaIbHUMHM IJIOIIUHAMM, SKi 1 CTalu
OCHOBHHMM 00’€KTOM JOCIIPKEHHS Y IIiif cTaTTi. 30Kpema, HaBeeHO aITOPUTM SIK 3aBTOJIHO
TOYHOI MoOynoBH mepepiziB kwinMa CepmiHCbkoro Ta ryOku MeHrepa BepTHUKaJlbHUMU
MPSIMUMH 1 TJIOMUHAMHE BiIMOBITHO.

’ Bucnosmoro T1ojsky cBoiM yuenuisam Jlucenko Karepunmi Ta JlioTiit AmacTacii 3a jgomomory y
HaIlMCaHHi CTaTTI.
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2. Ilepepizu kuauma CepniHCbKOro

Muoxuna Kantopa — miaMHOXWHA Bifpi3ky niicaux uucen [0,1], Ha3BaHa B 4ecTh
Himenbkoro maremaTtuka ['eopra Kanrtopa (1845 — 1918), sxuii ommcaB i B 1883 pomi.
[ToOymoBa mounHaeThes 3 Biapizka [0; 1], skuil JUTATHCSI HA TPU PiBHI YaCTUHU 1 BUAAIIAETHCS
cepenHii iHTepBan. Ha npyromy kpomi 3 JBOMa Bigpi3KaMH, IO 3aJUIIAIIUCH,
POPOOITIOIOTHCS Ti cami TiepeTBOpeHHs. Ls mporeaypa 3acTOCOBY€ETHCS JUIsl BCIX HACTYITHHX
BiJpi3KiB. Yepe3 HECKiHUEHHY KUIBKICTh KpPOKiB OTpuMaeMo MHOXHHY Kanrtopa, 1m0
CKJIAJIa€ThCs 13 TOYOK Biapizka [0; 1], saxi 3amummnucs. [lepuri 4oTupu Kpoku moOya0BH
300paxkeHo Hwxk4e (nuB. puc. 1) [3].

0 1/3 2/3 1

Puc. 1. ITo6ynoBa muoxunu Kanropa
Fig. 1. Construction of the Cantor set

Y pobori [4] moka3zaHo, 110 BCI TOYKH, [0 HaJIe)KaTh MHOXHHI KaHTopa, MoXKHa 3a1aTH
y TpIMKOBIH cHCTeMIi YUCIIEHHS, BUKOpUCTOBYIoun juiie nudpu 0 ta 2. | HaBmaku, Bci uucna,
AKi y TpiikoBoMy 3amuci MaroTh jume mudpu 0 i 2, € KaHTOPIBCHKUMH yuciamu. Ls
BJIACTUBICTH IPaTUME BUPIILIAIBHY POJIb PH OOy 10BI Mepepi3iB.

Jlo ABOBUMIpHHMX aHajoriB MHOXXMHM KaHTOopa BIJHOCATH KWJIMM Ta LIBHHTap
CepmiiHCBKOTO.

Kunum Cepnincbkoro — 1e miockuil ¢pakran, BHeplie ONUCAaHUN BHUJIATHUM
nonbChbkuM MaTteMaTukoMm BarmaBom Ceprincbkum (1882 — 1969) B 1916 pomi. Kunum €
OJHMM i3 HpHUKIaAiB ABOBMMipHOI MHOXMHHM Kantopa. Moro moGyaoBa moumHaeThes i3
kBajpata. KBagpar noainserbcs Ha 9 KOHIPYEHTHUX KBAJPATHKIB, 1110 YTBOPIOIOTh CITKY TpH
Ha TpHW, 1 NEHTpaJbHUA — BUAATISAETBCA. Ta X Tpoleaypa HECKIHYCHHO DPEKYPCHBHO
3aCTOCOBYETHCS /10 BICBMOX KBaJparTiB, L0 3anuuIMiaucs. B pesynbrari otpumyemo Kumum
Cepmiacskoro (puc. 2.) [3].

Puc. 2. /IBa nepuri kpoku no0ya0Bu KuiuMa CepriiHChKOTro
Fig. 2. The first two steps in building a Serpinsky carpet

LBuntap Cepnincbkoro — 1e aekaproBuii 100yTok MHOXHHU Kantopa Ha cebe. Moro

no0y/10Ba MOYMHAETHCS 13 KBagpaTa. KBaapaT noaiiseTscst Ha 9 KOHIPYEHTHHUX KBaJIpAaTUKIB,
10 YTBOPIOIOTh CITKY TPU Ha TpH, 1 LEHTPAJIbHUNA pa3oM 13 MPWIETIMMU 0 HBOTO —
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BUJAIAIOTHCS. Ta K mpoleaypa HECKIHYEHHO PEKYPCHBHO 3aCTOCOBYETHCS IO YOTHPHOX
KBaJIpaTiB, 10 3aauIImIncs. B pesynsrari orpumaemo 1suaTap Cepmincekoro (puc. 3) [3].

Puc. 3. JIpa nmepuri kpoku mo0y 108U 1IBUHTApst CEpIIiHCHKOTO
Fig. 3. The first two steps in building the Cantor dust

CrouaTky po3risiHeMO mepepisu kwinma CepriHCBKOTO, yTBOPEHI INpH MNEpeTHHI
npsMUMHU. BBaxarnMemo, 10 JOBXKMHA CTOPOHHM KWiIMMa piBHa omuHmui. s 3pydHocTi
OyZ1IeMO BUKOPHUCTOBYBATH TPIHKOBY CHUCTEMY YHCIICHHS.

1

0,22

0,21

0,2

0,12

0,11

0,1

0,02

0,01

Puc. 4. Kunum CepriiHCBKOTO B CUCTEM1 KOOPJIMHAT
Fig. 4. Serpinsky carpet in the coordinate system

3BakarouM Ha CUMETPUYHICTh KuiruMa CepriHChbKOTro, FTOPU30HTANIBHI Iepepizu OynyTh
AQHAJIOT1YH1 BEPTUKAJIBLHUM. 3HANHEMO 3aJIEKHICTh MEepepi3y BiJl TOUKH, Yepe3 SIKYy IPOXOIUTh
TrOpU30HTalIbHA (BEpPTHUKAJIbHA) MpsAMa, MPEICTABUBINM Ii y TPIHKOBIH cHUCTeMi YHCICHHS,
TOOTO y BUTJISII

x= 0,X1X3X3 ... Xpp ...3, NEN,
1€ X1, X2, X3, -, Xp,... HAOyBarOTH 3HaueHb 0, 1 a6o 2.

Ha nepmomy kpoui noOynoBu kuinuma CepriiHChKOTO MOKHA OTpUMATH JiBa Mepepi3u.
Sxmo x € [0;0,1]U[0,2; 1], To mepepizom Oyae omuHUYHUI Biapizok, a skmo x € (0,1;0,2)
— nepuui etan nodyaoBu MHOXUHN KaHTOopa (oAMHUYHUI BiAPI30K, MOAUIEHUHN HA TPU PiBHI
YAaCTHUHU 3 BUJAJIIEHOIO LIEHTPAIBbHOIO).
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Ha npyromy xkpoui mnoOynoBu kuwimMa CepriHCBKOTO MOXKHA OTPUMATH YOTHPH
nepepizu. Sxkmo x € [0;0,01]U[0,02;0,1]U[0,2;0,21]U[0,22;1], TO mepepizom Oyme
OJIMHUYHUN Binpi3ok (puc. 5 a), sxmo x € (0,01;0,02)U(0,21; 0,22) orpumaemMo Tpu mepiri
eranu mMoOymI0BM MHOKMHU KaHTOpa, 3MeHIeHi BTpuYi i posrarroBadi mopyd (puc. 5 6),
skio x € (0,1;0,11]U[0,12; 0,2) — nepiuuii eran noOyxnoBu MHoxuHU Kanrtopa (puc. 5 6),
skuio x € (0,11; 0,12) — npyruit etan nodynoBu MHOXUHKM KanTopa (puc. 5 2).

a

Oy

Fy

Puc. 5. MoxnuBi nepepi3u KuiuMa Ha Apyromy erari no0y10Bu
Fig. 5. Possible sections of the carpet in the second stage of construction

Ha Ttperromy kpomi mnoOymoBu kuiamma CepHiHCBKOTO MOXHA OTPUMAaTH BiCiM
nepepizis (puc. 6).

HE = -_ - - - - -

Puc. 6. MoxuBi miepepi3u KuiIuMa Ha TPeTboMY eTari o0y TI0BU
Fig. 6. Possible sections of the carpet in the third stage of construction

TyT a — nepepi3 yTBOpeHU pU MEPETUHI MPSMOIO, [0 TPOXOIUTH Yepe3 TOUKY
x € [0;0,001]U[0,002; 0,01]U[0,02; 0,021]U[0,022; 0,1]U[0,2; 0,201]U
U[0,202;0,21]U[0,22; 0,221]U[0,222; 1];

6 —x € (0,001;0,002)U(0,021;0,022)U(0,201; 0,202)U(0,221; 0,222);

6 —x € (0,01;0,011]U[0,012; 0,02)U(0,21;0,211]U[0,212; 0,22);

2—x € (0,011;0,012)U(0,211; 0,212);

0—x € (0,1;0,101]U[0,102; 0,11]U[0,12; 0,121]U[0,122; 0,2);

e—x € (0,101;0,102)U(0,121; 0,122);

¢—x € (0,11;0,111]U[0,112; 0,12);

o —x € (0,111;0,112).
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Muoxwuna Kanropa camononiona, ToMy mnpoueaypa nodyaoBu nepepisiB Ha HACTYITHUX
Kpokax OyJe aHajoriyHor. BpaxoByrounm 1e, chOpMYITIOEMO 3arallbHUN anzopumm
nooyooeu 20pu3oHmanbHuUx (eepmukanvrux) nepepizie kuauma CepnincbKo2o 3a7aHUX
TOYKOIO

x = 0,xX1X3X3 ... X .3, 1 € N:

1. Bynyemo onuHMYHUN BiJIpi30K Ta JUIMMO HOro Ha TPH PiBHI YaCTHUHU. KO mepia
udpa micis komu X1 Oyne 0 abo 2 — 3anumaemo Horo 6e3 3miH. Skmo x1 = 1 — cepenniit
IHTEpBAJI BUAAISIEMO.

2. JlinuMo KOXHHUH 3 BIAPI3KiB, 10 3ATUIIUBCS MICHs (7 — 1)-Tr0 KPOKY, JOBKUHOIO por

Ha TpH PiBHI yacTUHU. K110 N-Ta nudpa miciast Komu X, oyne 0 abo 2 — 3anumaeMo 6e3 3MiH.
Sxmo x, = 1 — cepeaHi iHTepBaIM BUAATSEMO.

3aysarcenna. Sxmo nicas «1», Mo cToiTh Ha N-OMY MICIIl, B YUCJI CTOSTH JIMIIE HYII,
TO B TaKOMy BHIIQJKy OIEpalil0 BUAAJICHHS CEpPEeOHIX IHTEepBaJliB Ha N-OoMy Kpoii
3aCTOCOBYBAaTH HE MOTPiIOHO.

Ilpuknao. TloOynyBatn TOpW3OHTANBHUN mepepis Kuiauma CepriHChKOTO, IO
npoxoauTh uepe3 Touky X = 0,0112s.

[ToOynoga:

1. Bynyemo onMHUYHUI BiIPi30K Ta JUIMMO WOTO Ha TpH PiBHI 4yacTuHU. Tak sk X1 = 0,
TO MPOAOBKYEMO TIOOYZOBY O€3 3MiH.

2. JIimuMO KOXKHUH 3 TPbOX BIJIPI3KIB Ha TPU PiBHI YaCTHMHH Ta BUIAIIEMO CEpEeaHi
inTepBaiu (6o Xz = 1).

3. 3HOBY JITUMO KOXXKHUU BIAPI30K, 1[0 3anumuBces (iX y HAC IIICTh) HA TPU PiBHI
YAaCTHHU Ta BUJAIAEMO cepeHi inTepBaiu (00 X3 = 1).

4. OckiabKH B yuCii Oible HeMae «1», To mo0y10BY MOXHA 3aBEPILUTH.

300pa3uMo Ha PUCYHKY 7 TIOETaIHy MOOYA0BY IIBOTO MIEpepisy:

AR HFH HMHH AH

Puc. 7. Iloeranmna moGynoBa nepepizy
Fig. 7. Step-by-step construction of the section

JiaroHanbHiI mepepi3u YTBOPIOIOTHCSA NMpH NepeTHHiI KuinMa CepHiHChKOTO MPsIMOIO
y=x+b, b €[-11].

Ipu b = 0 (y = x), nepepizom Gyne MHoxuHA KanTopa, 36inburena B V2 pasis. ko

1 . . LNz :

b=+ 7> TO mepepizom OynyTh aAB1 MHOXHHU KaHTopa, 3MeHIIeH] B \/3—— pasiB Ta po3TalIoBaHi

2 .
mopyd, a SKmo b = + 5> TO Tiepepizom Oyne oxHa Taka MHOXHWHA (puc. 8). OTxe, SKm0 b =

1 . . V2 .
v k € N, To takumu mepepizamu OymyTh 3MEHIIEHI MHOXHWHH KaHTOpa B S Dasis,
po3MillieHi opy4 abo Ha TIEBHIN BiACTaHI.
1 1
PosrnsHemo BuUmMamok, komm b = > IIpsma y = x +- He mepeTMHac KBajpar,

BUJAJICHUA Ha mepuioMy Kpomi modyaoBu kwinMa CeprmiHCBKOTO, a TaKOoX KBaJpaTH,
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BUJAJICHI Ha JApyromy Kpoui mnoOymoBu. Tomy, 3Bakaioud Ha CaMONOMIOHICTH KMJIMMa
CeprmiiHCBKOTO, 111 TPSIMa He

v
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Puc. 8. liaronaneHi nepepizu kuinuma CepriHCbKOTo
Fig. 8. Diagonal sections of the Serpinsky carpet

NepeTHe >KOJHOTO KBaapara, 1Mo OyB BUAAJICHWH Ha JeskoMy Kpomi moOynoBu. OTxe,
nepepizoM, YTBOPEHUM €0 TPSIMOI0, Oy/Ie CYLIIbHHUM BiIPI30K, JOBKUHOIO g .

Posrnsinemo nepepis, yrBopenuii npsimoto y = 2x. IlpsimMa y = 2x mepeTtnHae KBajpaT B
toukax (0; 0) i G, 1). Jlerko mepeKOHATUCh, IO JIMIIE BEpXHS JIiBa BEpIIMHA BUAAJICHOTO

KBaJpaTa Ha mepuioMy eTami moOynoBu kwinMa CepHiHCHKOTO HAleKHUTh LI MpsMiil.
AHaJOrI4HO, LI OpsIMiM TakoX HaleKaTUMYTh BEPIIMHU TPbOX KBaJApaTiB, BUKMHYTHUX Ha
apyromy eramni nooOynoBu kuinuma CepriHcbkoro. Tomy mepepi3oM, IO YTBOPUTHCS MpU

. . . .. V5
MEPpETUH1 KNJIINMa CeleHCLKOFO IpsAMOI0 Yy = ZX, 6YI[6 CYOUIBHUH B1API130K, JOBXXHUHOIO 7

3. Ilepepi3u ryoxu Menrepa

OmHuM 13 TPUBUMIPHHUX aHajoriB MHOKUHHM KanTopa € ryOka MeHrepa.

I'yoka MeHrepa — 1e reoMeTpuyHuil (pakTan, BHeplle ONUCAHUNA aBCTPIHCHKO-
amepukaHcbkuM MarematukoM Kapiaom Menrepom (1902 — 1985) y 1926 poui, npu
JOCITIJDKeHHI  KOHIenuii TomojoriyHoi po3mipHocTi. ['yOka MeHrepa yTBOPIOETHCS
HACTYITHUM 4YMHOM. bepemo kyO 1 aumMo ioro Ha 27 KyOHKIB, a OTIM, Ha MEPIIOMY KpOIIl
no0y/10BY BUKHUJAEMO LIEHTPAIbHUN KyOuK 1 6 mpuiiernux a0 Hboro. Ha HacTynmHuX Kpokax
3aCTOCOBYEMO Takl cami JAil 7O KOXKHOTO KyOuka, mo 3ainumuBces. [licis HeCKIHYEHHOI
KLTBKOCTI KPOKIB MU OTprMaeMo ryoky Menrepa (puc. 9) [2].

Fig. 9. Menger sponge
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3HaiiieMo mepepizu ryOku MeHrepa, yTBOPEHI NpW IEpeTHHi i IUIOMUHAMH, IO
napajieibHi JABOM MPOTHJISKHUM TpaHsAM KybOa. PosrmsHemo mepepi3u ryOku Menrepa Ha
nepuioMy, JAPYyroMy i TpeThboMy Kpokax moOymoBu. byaemo BBakaTH, IO JOBXKHHA pedpa
JOPIBHIOE OAMHUII. [1J1s1 3pyYHOCTI BUKOPUCTAEMO TPIMKOBY CUCTEMY.

Ha nepiii itepamii MmoxxHa otpuMaTH aBa nepepizu. Ha Bigpiskax [0; 0,13] ta [0,23; 1]
— xkuiM CepriiHCebKOTo (Tiepia itepariist nooyaoBu) (nuB. puc. 10 a).

Ha inrepsaui (0,13; 0,23) — usunTap Cepmincskoro (mepiia irepaitist mooyaosu) (puc.10

0

Puc. 10. ITepepi3u ryOku (mepriuii Kpok)
Fig. 10. Sponge sections (first step)

5).

Ha npyriii itepamii mokHa orpumaru 4 pisHux nepepizu. Ha Bigpiskax [0; 0,013],
[0,025; 0,13], [0,23; 0,213] Ta [0,223; 1] — kuum CepriHcbkoro (apyra irepaiiist moOy/10BH)
(puc. 11 a). Ha intepBanax (0,013; 0,023) Ta (0,213; 0,223) — irypa, siKy MOkHa OOyayBaTH
3aCTOCOBYIOUM JIO0 KBajJipaTa TMepiny iTepariio mnodynoBu kKuimMma CepriHChKOTO, a 0
HACTYITHUX BOCBMUMH KB3JIpaTHKIB — TEpIIy iTepaiito moOynoBu mBuHTaps CepriHCHKOTO
(puc. 11 6). Ha miBinTepBanax (0,13; 0,113] ta [0,123; 0,23) — dirypa, siKy MOXHa OOy 1yBaTH
3aCTOCOBYIOUM /0 KBaJparTy Hepuly iTepaiio 1nodyaoBu LBuUHTaps CepmiHCbKOro, a Jo
HACTYITHUX YOTHPHOX KBaJpaTHKIB — MEpIIy iTeparito nodyaosu kuinMa CepriHChKOTo (puc.
11 B). Ha inTepsaui (0,113; 0,123) — uunaTap Cepnincbkoro (apyra itepailist mo0ya0Bu) (prc.

1171).
0
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Puc. 11. Ilepepizu ryOku (Ipyruii KpoK)
Fig. 11. Cross sections of the sponge (second step)

Ha tperiii itepariii MmoxxHa oTpumaru 8 pisHux mepepisiB. Ha Bimpizkax [0; 0,0013],
[0,0023; 0,013], [0,023; 0,0213], [0,0223; 0,13], [0,23; 0,2013], [0,2023; 0,213], [0,223; 0,2213],
[0,2223;1] - kunum CepriHcbkoro (Tpers iTepaiis moOymoBu) (puc. 12 a). Ha intepBanax
(0,0013; 0,0023), (0,0213; 0,0223), (0,2013; 0,2023) Ta (0,2213; 0,2223) — dirypa, sIKy MOKHA
noOy/yBaTH 3aCTOCOBYIOYM JI0 KBajpara Ieplly Ta JApYyry itepauii HoOyJOBH KHUIMMa
CepmiHCBKOTO, @ 0 HacTymHHX 64 KBaJpaTHKIB — MEpUIy iTepamilo MOOYIOBU LIBHHTAps
Cepmincekoro (puc. 12 6). Ha miBinrepsanax (0,013; 0,0113], [0,0123; 0,023), (0,213; 0,2113]
ta [0,2123; 0,223) — ¢irypa, Ky MOXHa MOOYIyBaTH 3aCTOCOBYIOUHM [0 KBAJIpaTy MEPIIy
iTepanito modyaoBu kuianuma CepHiHCBKOTo, mepiry itepaiito nBuHTaps CeprniHCHKOro Ta
3HOBY Tepiiy itepailito mooyaosu kumma Ceprincbkoro (puc. 12 B). Ha intepsanax (0,0113;
0,0123) ta (0,2113; 0,2123) — ¢irypa, siIKy MOKHaA TOOYAyBaTH 3aCTOCOBYIOUH 10 KBajpary
nepury irepamito moOymoBu KwimMa CeprmiHCBKOTO Ta JBi iTeparii moOyJoBH LBHHTaps
Cepmnincekoro (puc. 12 r).

Ha miBintepBanax (0,13; 0,1013], [0,1223; 0,23) Ta Bimpiskax [0,1023; 0,113], [0,123; 0,1213] —
¢irypa, sKy MokHa 1MoOyayBaTH 3aCTOCOBYIOUH JI0 KBaJpaTy MEpIIyLy iTepalito mooyaoBU
uBuHTapst CeprniHchbKoro Ta /Bl itepaiii nodynosu kunuma Ceprincbkoro (puc. 12 g). Ha
inrepBanax (0,1013; 0,1023) ta (0,1213; 0,1223) — dirypa, sKky MoOXKHa MOOYyIyBaTH
3aCTOCOBYIOUHM JI0 KBaJlpaTy Tepiry iTepaiito moOyaoBu mBuUHTaps CepriHCHKOTO, MEpIry
iTepanito nodyoBu kuiauma CepHiHChKOIo, Ta 3HOBY IEpIIy iTepallilo MoOyI0BH LIBUHTaps
Cepmincekoro (puc 12 e). Ha miBintepBanax (0,113; 0,1113] ta [0,1123; 0,123) — dirypa, sKy
MOKHa TOOYJyBaTH 3aCTOCOBYIOYM J0 KBaJpaTy Mepll JABi iTepalii moOyJOBHM LIBUHTaps
Cepnincpkoro, Ta mnepury itepaniro noOynosu kuinuma Cepmincbkoro (puc. 12 €). Ha
inrepsaii (0,1113; 0,1123) — isunrTap CepriHcbkoro (Tpu etanu modymoBu) (puc. 12 x).
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Puc. 12. [1epepizu rydbxu Menrepa (TpeTiit KpoK)
Fig. 12. Sections of the Menger sponge (third step)

3 pO3rJISHYTUX BHILE BEPTUKAJIBHUX IHepepi3iB I'yOku MeHrepa MokHa 3poOUTH
BUCHOBOK, 1110 IBUHTap CepriHChKOTO OAEPXKYETHCS JIUIIE y OAHOMY BUIIAJIKy — IIPH Nepepisi
yepe3 cepeauny Biapizka [0,1]. Kunumom Ceprincbkoro Oyze mepepis, 1o MpoXoauTh Yepe3
KaHTOPOB1 TOYKHU.

['y6ka Menrepa € camono1i0HOI0 (iryporo, TOMy Tpoleaypa moOy0BU mepepi3iB Ha
HACTYMHUX KPOKax 3aJIMMIUTHCS Ti€to K. ChopMyoeMo 3aralbHUN anzopumm nodyoosu
20pU3OHmMANbHUX (6epmukanvHux) nepepizie 2yoku Menzepa, 3alaHUX TOYKOIO
x = 0,x1X,X3 ... Xpp ...3,N € N:

1. bynyemo kBazapar i3 ctoponHoro 1. Skmio mepia nudpa micias komu X1 piHa 0 abo 2,
TO /10 KBajpaTy 3aCTOCOBYEThCS NepHIMi eranm moOyaoBu Kuiauma CepHiHCHKOro (IUTUMO
KBaJpaT Ha 9 KOHIPYEHTHHUX KBaJPATHUKIB, 10 YTBOPIOIOTH CITKY TPH Ha TPH, 1 LEHTPAIbHUI
— BHJAQIAEMO), a SAKIIO mepiia mudpa —1, To 10 KBagpaTy 3aCTOCOBYETHCS MEPIINH eTamn
noOynoBu 1BUHTaps CepriHCHKOrO (IUIMMO KBaApaT Ha 9 KOHIPYEHTHHMX KBaJpaTHKIB, 1110
YTBOPIOIOTH CITKY TPU Ha TPH, IICHTPAIbHUN Ta YOTHPHU MPUTIETTIUX 0 HHOTO — BUIAISIEMO).

2. Sxmo n-ta mudpa micas komMua X, — 0 abo 2, TO 10 KBaApaTHKIB, M0 3AJTUALTUIICS
micyis TOMepeHbro eramy MoOyIOBH, 3aCTOCOBYETHCS OJUH e€Tan MOOyIOBH KWJIMMA

117



Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

CepniHCHKOTO, SKIIO Apyra mudpa mcis KOMH — 1, TO 3aCTOCOBYETHCS OJMH €Tar o0y 10BU
BuHTaps CepriHCHKOTO.

3aysasrcennsa. SIxumio micnst «1», M0 CTOITh HA N-OMY MICIIi, B UHCHI CTOSATH JIMIIE HYJII,
TO B TAKOMY BHIIQJIKy 3aMiCTh €Taiy moOyoBu BUHTaps CepriHCHKOro Ha N-oMy Kporli (Ta
Ha BCIX HACTYITHUX KPOKax) MOTPiOHO 3acTocyBaTH eramn nmoOynoBu kuiauma CepriHChKOTo.

Ilpuknao. I1o6ynyBatu nepepi3 ryoku Menrepa, 3aganuii Toukoro X= 0,1021s.

[ToOynoga:

1. Bynyemo kBazpar 3i croponoto 1. Tak, sk X1 = 1, 3acTocOByeMO OJIMH eTar o0y 10BA
BuHTaps CepriHCHKOTO.

2. JIo KOXXHOTO KBaJpaTWKa, MO 3aJHMIIUBCS 3aCTOCOBYEMO €Tall MOOYIOBU KHUJIMMA
Cepmincbkoro (60 Xo= 0).

3. JIo KOXKHOTO KBajpaTHKa, IO 3aJHUIIUBCS 3HOBY 3aCTOCOBYEMO €Tam MOOYJIOBU
kuuma CepriHcbKoro (60 X3 = 2).

4. Tak, sk X4 = 1 — ne octaHHsa «1» B 3amuci IIbOTO YHCJIA, TO HA BCIX HACTYIHHX
iTepalisix 3acTOCOByBaTHMEMO eTarn 1mooynoBu kuiuma Ceprincekoro (00 micnst «1» B gucii
CTOITh HECKIHUYCHHA KUIBbKICTh «0») (puc. 13).

H EH OD
= = =
H B OD
ﬂﬂ
ﬂﬂ

Puc. 13. Yotupu eranu nodyaoBu
Fig. 13. Four stages of construction

Po3rnsiHeMo niesiki iaroHasbHi nepepizu ryoku Menrepa (Ha TperTiit itepauii), a came Ti
110 300paKeHi Ha HACTYITHOMY MaITIOHKY (puc. 14):
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Puc. 14. Ilnomuuu neperuny ryoku Menrepa
Fig. 14. The plane of intersection of the Menger sponge

1) Ipu nepmomy pospisi orpumaemo dirypy posmipy 1 x V2 (puc. 15):

Puc. 15. I'pe6inbs Kanropa
Fig. 15. Cantor crest

Heaxxko mobGaunTu, 110 1€ JeKapToBUid 100yTOK MHOKUHHU KaHTopa (10BXKUHU \/E) Ha
OJIMHUYHUN BiPI30K.

2) Ilpu npyromy po3pizi oTpumaeMo Qirypy posmipy 1 X %E — YOTHUpHU JEKAPTOBUX

2v2 N
no0yTka MHOXkUHU KaHTOpa (10BXHUHU T) Ha OJJMHUYHUHN BIJPi30K (puc. 16).

Puc. 16. 300pakeHHs, 1110 OTPUMYETHCS TIPU PO3pi3i 2
Fig. 16. The image obtained in section 2
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3) Ilpu TperpboMy po3pi3i orpumaemo ¢irypy posmipy 1 X g: NEKapTOBUN J100YyTOK

V2 .o
MHOxHHU KanTopa (moBXUHU ?) Ha OJIMHUYHUH Bizpi3ok (puc. 17).

Puc. 17. 300pakeHHs, 10 OTPUMYETHCS TIPU PO3pi3i 3
Fig. 17. The image obtained in section 3

OTxe, MOXHa TOBOPHTH, IO IeEpepi3u SAKI MPOXOAATh UYepe3 TOJOBHI iaroHaii
KBaJIpaTiB MICTSITh B c001 MHOHHY KaHTOpa.
[Tpu 4-my, 5-my 1 6-My nepepizax oTpuMaeMo HacTynHi Qirypu (puc. 18).

5)

Puc. 18. 300paxeHHs, 1110 OTPUMYETHCS ITpU po3pizax 4, 5, 6
Fig. 18. The images obtained in sections 4, 5, 6

6)

Skmo pospizatu ryOky MeHrepa Tak, 100 nepepi3 NpoXOoauB Yepe3 CEPeANHH IIECTH
MOMApPHO CIIOJyueHUX pedep, AK 300pakeHo Ha MaloHKy (puc. 19), To B pe3ynbTarti
OTPHUMAEMO

., .
- : - 1, Bt
S (¥, R -
““‘x.,_ "-»’»'3-.‘1.-,_-__. Ry ~ [
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Puc. 19. lllectukyTHuit nepepis ryoxku Menrepa
Fig. 19. Hexagonal section of Menger sponge

MpaBUJILHUN MIECTUKYTHUK 3 BUpi3aHuMHU 3ipkamu [{aBuna (puc. 20) [6]:

Puc. 20. IlpaBuibHu# MECTUKYTHUK 3 BUpi3aHUMH 3ipkamu [laBuna
Fig. 20. A regular hexagon with carved stars of David

Puc. 21. Ilepepi3 yepe3 Tpu BEpIIMHU
Fig. 21. Section through three vertices

SAxuro ryOky Menrepa po3pizatu yepes TpH BepuInHH (puc. 21), To OTpuMaeMo IiKaBUl
nepepi3 — NoOyoBaHy BcepenuHy cHixuHKY Koxa (puc. 22) [6]:
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Puc. 22. V nepepizi nobyaoBana Bcepennny cHi>xknunka Koxa
Fig. 22. In cross section, a Koch snowflake is built inside

SIkmio BifpizaTu BABIYI MEHIy TPUKYTHY Mipamiay (puc. 23), TO OTpUMaeMO piBHOCTOPOHHIHN
TPUKYTHHK 3 BUpi3aHUMHM 3ipkamu JlaBuna (puc. 24).

Puc. 23. Ille ogun TpUKyTHHIA TIepepi3
Fig. 23. Another triangular section

Sxuro pospizatu ryOKky MeHrepa uepe3 Bl MPOTUJICKHI BEPIIUHU, TO OTPUMAEMO HACTYIHY
dirypy (puc. 29).
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Puc. 24. TpukyTHuk 3 Bupizanumu 3ipkamu JlaBina
Fig. 24. Triangle with carved stars of David

Puc. 25. Ilepepi3 uepe3 B MPOTUIICHKHI BEPIITMHH
Fig. 25. Section through two opposite vertices

PosrnsHemMo mepepi3, 10 NPOXOAWTH 4YEpe3 CEPeAMHHM [BOX CYMDKHUX pedep 1
BeplIMHY. B pe3ynbTari yrBOpUTHCS HacTynHa ¢irypa (puc. 26).
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Puc. 26. Ilepepi3, 1110 MPOXOAUTH YePE3 CEPEAMHH JIBOX CYMDKHHUX pedep 1 BEpIIUHY
Fig. 26. A section passing through the middle of two adjacent edges and the vertex

4. BUCHOBKHM

VY craTTi HaBEACHO ANTOPUTM MOOYAOBU BEPTUKAIbHUX (TOPU30OHTAIBHUX) IEpepisiB
kunuma CepriHChKOro. 3HaiieHo MAesKi 1HmI mepepisu 1poro ¢pakrary. OCHOBHUM
PE3yIBTATOM € AITOPUTM MOOYAOBH TepepisiB ryOKku MeHrepa IUIOMMHAMH, SKI TapaiebHi
KOOpAWHATHUM TuTomuHaM. KpiM Toro, HaBeIeHO MPUKIIaIU AESKUAX IHIIUX Mepepi3iB IOTO
TPUBHMIPHOTO y3arajbHEeHHS MHOKIHHH KaHTopa.
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MENGER SPONGE SECTIONS

Summary. V. V. Atamas’. Menger sponge sections. Serpinsky's carpet and Menger's
sponge are flat and three-dimensional analogues of the Cantor set, respectively. When these
fractals intersect in straight lines and planes, new interesting fractal objects are formed. The
article presents an algorithm for arbitrarily accurate construction of sections of the Serpinsky
carpet and the Menger sponge by vertical lines and planes, respectively. In particular, it is
shown that the vertical sections of the Menger sponge are different combinations of the
Serpinsky carpet and the Cantor dust at different stages of construction. Similarly, vertical or
horizontal sections of the Serpinsky carpet are combinations of constructions of the Cantor set
and segments of appropriate length at different stages. In addition, some other cross-sections
of these objects are shown in other straight lines and planes. The construction of such cross-
sections is important because the structure of the Menger sponge is very similar to the
structure of synthetic activated carbon or artificially created porous alloys NiTi, which are
able to remember the shape.

Keywords: fractal, Cantor set, Cantor dust, sections of the Serpinsky carpet, sections of
the Menger sponge.
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METOJIWYHI PEKOMEHJIALT 10 MIPAKTUKYMY 3 ®I3MUHNX
OCHOB BUMIPIOBAHB TA TEXHIYHNX 3ACOBIB ABTOMATH3AIIIT HA BA3I
ARDUINO TA RASPBERRY

B cucmemi ¢isuunoi oceimu, ocobaugo 0ns po3gumKy y cmyoeHmie KoMnemeHyiu 8
o0b1acmi MexHiYHUX 3ACMOCYB8AHb, € AKMYANTbHUM PO3POOKA HOBUX MEMOOUUHUX NIOX00I8 00
peanizayii pe3yibmamis HAGUAHHA, WO CMOCYIOMbCA — BON0OIHHA IHCMpPYMeHmamu ma
Memooamu KOMN T10MepHUX mexHoI02ill ma MiKpoeieKmpOoHiKU, wo HeoOXIOHI OJisl CIMEOPeHHs.
BUMIDIOBANILHUX CUCMEM HA OCHO8I  NPOSPAMHO20 KepPY8awHs yugposumu 3acobamu
aemomamuzayii nposedeHHs  i3UUHO20  eKCnepUMEeHM). Came po36umok HoO8UX
eNeKMPOHHUX 3ACc00i6 HABUAHHA CMAE NePeoyMO80ol0 0N WUPOKOL ma Mmacumaonoi
asmomamuzayii excnepuMeHmanibHux O0CHIONHCEeHb DPISHOMAHIMHUX (I3uYyHUX npoyecie ma
asuwy. Memoouunum HAnpayo8aHHiIM, HEOOXIOHUM Ol GUBUEHHS CMYOeHMAaMu @i3udHUX
cneyianbHocmetl Memoodie ma cnocobié  CMBOPEHHs eKCNEPUMEHMAIbHUX YCMAHOBOK 3
Komn romepuumu  inmepgeticamu  YnpaeniHHsa, 300py, nepeoawi ma o0OpoOKU OaHux,
npucsesuena oana poooma. OcHoeHa yeaza Npuodilena auanizy CMpyKmypu ma memoois
no6yoosu 1abopamopHoco Npakmukymy Ol CMYOeHmis, 6 SKOMY BUBHUAIOMbCA CNOCoou
RIOKIOYeHHsl PI3HOMAHIMHO20 MUNY 0AMYUKi8 (CeHCcopis) i3utHuxX 8enuyun 00 NONYIAAPHUX
MIKDOKOHMPOAEPi8 ma MiKpOKOMN tomepie, o HeoOXIiOHO O/ pO3POOKU ABMOMAMU30BAHUX
BUMIPIOBATILHUX CUCMEM DI3UYHUX 8ETUUUH.

KuarouoBi ciaoBa: ¢i3uyHMil eKCHEpUMEHT, MIKPOKOHTPOJEpPH, MIKPOKOMII IOTEPH,
JaTYUKHU, aBTOMATU30BaHUI MPOrpaMHO-anapaTHU KOMIUIEKC, JTaOOpaTOPHUNA MPaKTHKYM 3
¢izuxu, Raspberry Pi.
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1. Berym.

IaTencudikaris npouecy BUBYEHHs (i3UKU CTYJIEHTAMHU Ha Cy4aCHOMY PiBHI PO3BUTKY
TEXHOJIOTiH TOTpedye MpOBENEHHS HATypHUX EKCIIEPUMEHTIB 3 MOJAIBLIOK OOpOOKOI0 Ta
aHaJIi30M 310paHMX JaHMX 13 3aCTOCYBAaHHSM aBTOMAaTHM30BAaHUX CHCTEM, L0 MOOYyIOBaHI Ha
Cy4yacHId  MIKpoeJekTpoHHiId 6a3i. Huri B  yHiBepcuTeTax Ui  NPOBEICHHS
eKCIICPUMEHTAIBHUX JOCTIUKEHb 3 (DI3UKM BHKOPHCTOBYETHCS 3HAYHA PI3HOMAaHITHICTH
aHAJIOTOBOTO BUMIPIOBAJILHOTO O00JaJHAHHS, SKE CTBOPEHO B MHHYJIUX JACCATHIITTAX 1
noTpedye TEXHIYHOI MojepHizamii. BukopuctanHs B Takux mnpwiagax (QyHKIIOHATIBLHO
3acTapiiMX AaHaJOrOBUX Ta AaHAJIOrOBO-UM(POBUX KaHamiB 300py, NEpEeTBOPEHHSA Ta
B1JIOOpa)KEHHS JIAaHUX 3HIKYE JIOCTOBIPHICTH PE3YJIBTATIB €KCIIEPUMEHTIB, X04a CaMi TATYUKH
(ceHcopH) Ta CHCTEMH BUMIPIOBAHHSI CUTHAJIIB € JIOCKOHATMMHU 3 (pi3myHOT Touku 30py[1-2].

Buxonom 3 Takoi cutyauii € MoJepHi3alis HassBHUX €KCIEPUMEHTAIIbHUX NpPUIIaliB Ta
BUMIPIOBJIbHUX CHUCTeM /s Ja0OpaTOpHHUX NPAKTUKyMiB Ha OCHOBI CydYacHHX
MIKpPOKOHTPOJIEPiB Ta MiKpokomil toTepiB. ChOroJHi iCHy€ 3HauHa KUIBKICTh €JIEKTPOHHHUX
mudpoBUX JIabopaTopiii, MO0 JO3BOJSIOTH MOJIEPHI3yBaTH MPOLEAYPY IPOBEICHHS
ekcriepuMeHTiB. Cepen Takux MOxHa BUILIUTH cucteMu "Apximen", "Einstein", "LabDisc",
"Pasco", "AFS" ("All For School"), "COBRA 3" i "COBRA 4", "NOVA Link" Ta ixmmi [3 -
6]. IlepeBa’kHa yacTHHA 3a3HaYEHUX KOMIUIEKCIB OpPI€HTOBAaHA HA BUKOPUCTaHHSA B LIKOJIAX Ta
3BO i He mependavyae pi3HOMAHITTS YU BapiaTHBHOCTI NMPOBENCHHS TOCITIKeHb. YacThHA
CHUCTEM BHMKOPUCTOBY€ Ha0lp JaTuWKiB, Yy SKHX BIJCYTHIH 3axXuCT BIiJ B3aeMomii 3
arpecBHUMH CEPEOBUIIAMH, MAIOTh OOMEXEHY KUIbKICTh BUMIPIOBaHUX ITapaMeTpiB TOLIO.
Inma yacTuHa cucTeM B3arajli MICTHUTh OCHOBHY YaCTHHY JAaTYMKIB BCEpEAMHI KOPITyCy, LIO
00MeXye MOXKIIMBOCTI Bapiallii MPOBEIACHHS BUMIPIOBaHb. TaKOXX MPAKTHUYHO BCI CHCTEMH
OIpallbOBYIOTh JIaH1 y BJACHUX HNPOTPaMHUX J10JATKaX, L0 HAKJIaJa€e MEeBHI OOMEXEHHs Ha
BapiaTHBHICTh OOPOOKHU JaHUX. BakKITMBUM OOMEKEHHSM BKa3aHUX CHUCTEM € HEMOXKIIHBICTh
3aCTOCYBaHHS JOJATKOBUX JaT4yMKIB Ta Oprasizamii HoOBHUX a00 MOJEpHI30BaHHUX
71a00paTOpHUX POOIT 3 (PI3UKH.

Bkasani Buie mepeayMoBH poOOJIATh aKTyalbHUM CTBOPEHHS JIETKO a/JalTOBAHUX [0
3MIHM yMOB  (I3UYHHMX E€KCIIEPUMEHTIB amnapaTHO-MPOrpaMHUX 3aco0iB  Ha  0asl
MIKPOKOHTpOJIEpIB Ta/ab0 MIKpDOKOMII'IOTEpIB Ta MOJAIbLIy po3poOKy Ha Iix 0asi
aBTOMATHU30BAHUX KOMIUIEKCIB MPOBEIECHHS J1a00paTOPHUX (PI3UYHUX €KCIIEPUMEHTIB.

CyuacHi MIKpONpOLIECOPHI cCUCTeMHU 0a3yroThcs Ha 3acTocyBaHHI ARM-mporiecopis.
Haii6inem BukopuctoByBanumu € Arduino, STM32F4DISCOVERY, MSP430, Raspberry PI
Ta iHII. 3 Haoi TOYKH 30py, HAHOLIBII ONTUMAIBHUM AJIS PO3POOKM aBTOMATH30BAaHUX
KOMIUIEKCIB TIPOBEJEHHS JIa0OpaTOpPHUX JOCTIHKeHb 3 (I3UKH € 3aCTOCYBaHHsS MiHi-
KoMIT'toTepiB, 30Kkpema Raspberry PI. Mini-komm’totep mpaioe Ha 0a3i omnepariiHoi
cucteMu Raspbian (pizHoBuj Linux), mo ga€e MOXIMBICTH 3aCTOCOBYBAaTH 0O’ €KTHO-
opieHTOBaHy MoOBY mporpamyBaHHs Python. Cam cunrakcuc siapa Python € miniMamicTuayHUM
ajie JIETKO PO3LIMPIOETHCS HUISXOM BUKOPHUCTAHHS CTaHJAPTHUX 010J110TEK, SK1 BKIIOYAIOTh
3HayHy KUIbKICTh peanizoBaHuX ¢yHKuid. Takum yuHOM, Ha Jo07ady J0 0a3oBOro
pPO3pO0JIEHOTO MPOTPAMHOTO 3a0e3MEeUeHHs], JOCTITHUK Ma€ 3MOTY IIBHIKO CTBOPUTH
noTpiOHUI came A MOCTaBJIEHOI 3ajadi MPOrpaMHUM J0AAaTOK, UM MPOLEAYpYy OOpoOKH
TTAHHX.

B pmaniif crarTi omummeMo METOAWYHI PEKOMEHJAIil CTOCOBHO 3aCTOCYBaHHS
PI3HOMAHITHUX CIIOCOOIB MIAKIIOYEHHS OIHApHUX, LU(POBUX Ta aHAJIOrOBHX (I3UYHUX
JATYUKIB 10 MIKPOKOMIT FOTEPHUX CHUCTEM JUIs OOYJOBU aBTOMATU30BAaHUX BUMIPIOBAIbHUX
cucteM. B ocTaHHBOMY pO3AUII TNPUBEAEMO METOAMKY MOJIEpHi3alii (PyHKIIOHAIBHO
3acTapijioro npuiagy Juist gadoparopHoi podotu "MastHuk O6epOeka” HUIIXOM CTBOPEHHS
HOBOI JICTEKTYIOUOI CHUCTEMH, MIJKIIOYEHHS 1i [0 MIKpPOKOHTpoJiepa Ta CTBOPEHHS
BIJITIOBIJTHOT'O MPOTPaMHOT0 3a0e3MeUeHHs.
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1. IlpuHounmu no0ya0BH Ta CTPYKTYpa J1a00paTOPHOIO0 NPAKTHKYMY

Jns B3aemonii 3 OHOIUIATHUMH KOMIT roTepamu cepii Raspberry Pi HeoOxigHO MaTh
MOYaTKOBI HaBMYKM B3aeMonii kopuctyBadiB 3 Unix/Linux omnepamniiHUMH CHCTEMaMHU.
[IpakTukym moOymoBaHui Tak, 100 3abe3meuntH yMiHHA KepyBathm Raspberry Pi
JUCTaHIiHO. [l 1bOTO iCHY€E N1Ba CMOCOOM MiIKIIOYEHHS: IpadiqHUil — BUKOPHCTOBYIOUH
npotokoil VNC, Ta KOHCOJbHUNM — 3 BUKOPUCTaHHsAM TmpoTokony SSH. 3 miero MeToro Ha
omepaniiHux cucremax cimericrea Windows BUKOpHCTOBYIOTH Iporpamu VNC Viewer Ta
Putty SSH.

B Raspberry Pi nasBHi miHM BBOIY/BHBOJY iH(OpMaLii 3arajJbHOro NpU3HAYECHHS
(GPIO, general-purpose input/output), 10 SKHX MOXHa MiIKIIOUYUTH PI3HOMAHITHI IPUCTPOI,
o 0co0JIMBO BaXJIUBO NpH BHKopHcTaHHI RPi mns Inreprery peueil. € miarpumka mimH
UART, SPI, 12C 1 One-wire. OCKiJIbKM OCHOBHOIO TIEPEBAror0 OJHOIIATHOTO KOMIT FOTEpa €
HasBHICTH YHiBepcalbHUX NOPTiB BBOAy-BuBOAY (GPIO), mpakTukym cropsMoBaHHMN Ha
B3aEMOJIIF0 O€3MOCepeIHbO 3 IUMH IMOPTaMH Ta MIAKIIOYCHHSIM JATYUKIB 3 MOKJIHBICTIO
34uTyBaHHS iH(pOpMAIIii 3 HUX.

JlaboparopHuii mpakTUKyM MOOYyNOBaHUM 3a MPUHIIUIIOM MOCTYNOBOTO YCKIIaTHEHHS
crnoco0iB miaKIItoYeHHs AaT4nKiB Raspberry Pi.

1) CnouaTky CTyJE€HTaM MpPOMOHYEThCS O3HAWOMUTHCH 3 pPOOOTOI i3 OiHApHUMHU
HPUCTPOSIMHA TAKUMH K KHOIIKA Ta CBITIONION .

2) HacTynmHMM KpPOKOM € OCBOEHHS IIMPOTHO IMITYJILCHOI MOJYJIALIi, SK iHCTPYMEHTY
JMICKPETHOTO PEryJIIOBaHHS BHUXIIHOT IOTYKHOCTI.

3) bBinpmricte (Gi3UYHUX CHUTHAIIB € HEMEepPepBHUMH (YHKISIMH, TOMY JJIs TJTHOOKOTO
pO3yMiHHS (QI3MYHMX TPOIECiB HEOOXiMHI yMIHHA JUIsI 3YATYBaHHS CHUTHATIB 3
AQHAJIOTOBUX MPUCTPOIB.

Ockineku Raspberry Pi He Mae BOyIOBaHOTO aHAIOTOBO-IIM(POBOTO TEPETBOPIOBAYA
(ALIT) nns 3uuTyBaHHS JAaHUX 3 AHAJOTOBHX JATYMKIB, TOOTO MPHUCTPOIB, IO NAIOTh
HernepepBHUM curHan 3ampornoHoBaHo B sikocti ALl Buxopucratu BOymoBanmit AILIII
Arduino, a Bci nani nepenasaru uepe3 UART camoi Arduino. B iipomy Bumanky Raspberry Pi
BUKOHY€E POJIb 34YUTYIOYOro mpuctporo 3 Arduino. B sxocti mpucrtporo, mo 3abesnedye
aHaJIOTOBUI CUTHAJI BUKOPUCTOBYETHCS (POTOPEZUCTOP.

4) Bukopucranas Arduino Jyis 34MTYBaHHS aHAJIOTOBUX CHTHAJIB HE € palliOHATBHUM, IS
3UMTYBaHHS aHAJIOTOBHX CHUTHAJIB BapTO BHUKOPUCTOBYBaTH abo0 cCHelliani3oBaHi
mikpocxemu ALl abo rorosi mmna-moxyni 3 ALl nns Raspberry, siki KpiM CBOET
BEJIMKOI BapTOCTI MalOTh 1€ OAMH HEIOJIK — CKJIaJHI B OCBOEHHI. 3 L€ METOIO
IPOTNOHY€EThCSI BUKOPUCTATH I 34YUTyBaHHS curHaiiB nceBno-Allll Ha ocHOBI
MeXaHI3My 3apsany-po3psany konaeHcartopa. [lomionoro mceBmo-Allll nmocraTtHhO ISt
IPOCTHUX BUMIPIOBaHb [yl NEBHUX CHeUU(pIYHNX 3aBJIaHb IOCTATHbO.

5) OckijgbKd iICHYIOTH 1 [H(POBI MOIYJI, SKi JO3BOJSIOTH 3IHCHIOBATH BUMIPIOBAHHS 3a
JIOTIOMOT'0I0 JTUCKPETHUX MPOTOKOJIIB, 110 € 3pyYHUM y BHKOpHcTaHHI 3 Raspberry Pi,
HACTyITHUM KPOKOM TMPAKTUKyMy Jab0OpaTOpHUX pOOIT € B3aEMOIS 3 TUCKPETHUMH
MOAYJISIMH 3a noromMoroto mpotokory 1-Wire[7]. 3a momomoror mporo mpoTOKOIY
CTYACHTH MafOTh 3MOTY MiKIIOYaTH MMOPOTOBI JAaTYMKHU 3BYKY Y MAarHiTHOTO IOJIS, Ta
1HIII TIPUCTPOT, IO BUKOPUCTOBYIOTH IpoTokoa 1-Wire.

2.1. ITiokniouenns ouckpemnux npucmpoie oo Raspberry Pi

Hai6imem npocTiM mpukiIagoM aemMoHcTpamii B3aemonii 3 moptamu GPIO mHa mmati
Raspberry e B3aemois 31 cBiTIIOAI0AaMU 200 KHOITKAMH.
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Puc. 1. [Ipuxman npaBuiabHOTO (311Ba) Ta HEMPABUWIIBHOTO (CIIpaBa) MiAKIIOYSHHS CBITIONI0/1a
1o mua GPIO.
Fig.1. Correct (left side) and incorrect (right side) LED to GPIO wiring diagram example.

RPi z 2y RP\_.’M\
GND enD
GPIOL cp-};/'

v

Puc. 2. [Ipuxian npaBuiIsHOTO (311iBa) Ta HEMPABMIIBHOTO (CIIpaBa) MiAKIIOUYEHHS KHOTIOK JI0
1o mua GPIO.
Fig. 2. Correct (left side) and incorrect (right side) button to GPIO wiring diagram example.

XapakrepHoto ocobnuBicTio Raspberry Pi € Te, mo HOMep KOHTAaKkTy Ha IUIaTi He
BianoBigae Homepy mopty GPIO, Tomy 3aBxam miepen BHKOHaHHSIM poOiT Tpeba
NEePeCBIAYUTHCh, 110 CXEeMy MiAKIIOUeHHs 3i0paHa mnpaBwibHO. [ LBOrO MOXKHA
BUKOPHCTOBYBAaTH odiliiHy cxemy aist Raspberry Pi koHKpeTHOI cepii, oIHaK 3pydHiIe
BUKOPUCTOBYBAaTH KOMaHay Pinout B tepminami (puc. 3), ska MOKa3ye BiAMOBIAHICTh
ocHoBHEX MiHIB GPIO 3 MapKyBaHHSIM HOMEpY Ta MCEBAOTPaigHOTO PO3MIIIEHHS KOHTAKTIB,
110 J103BOJISI€ BCTAHOBUTH BIANOBIAHICTh MK HOMEPOM KOHTAKTY Ta HOTO PO3MILLICHHSM.

Kpim Toro, B mpakTHKyMi HaroJIOmeHO MpO MPaBUIIbHICTh MIJKIOYEHHS CBITIIONI0/AIB
Ta KHOIOK SIK JUCKpeTHUX eneMmeHTiB a0 miHiB GPlO (sk mokazano Ha puc. 1 Ta 2), OCKiIbKH
HEeNpaBWJIbHE MIKIIOUYEHHS MOKE BUBECTH 3 JIaly MiH a00 MIJKIYEHUH IPUCTPIH.
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S plnout

0000000000 0000000000
1p000 0000000 000000

: MicrosD
USE ports : 4 (excluding
Ethernet ports
Wi-f1

GPI012
GPIO16
GPIODZ20Q
GPIO21
Puc. 3. Pe3ynbrar BUKOHAHHS KOMaH/Iu PiNOUt B TepMiHaii
Fig.3. The result of the execution pinout command at the terminal.

KirouoBoro oco0nuBicTI0O KoMn'toTepiB cepii Raspberry Pi € BukopucTaHHs mMpocToi B
OCBO€HHI Ta 3aCTOCYBaHHI MOBH nporpamyBaHHs Python. CepemoBuiie po3poOku Ta OCHOBHI
6i0moTtexn ans B3aemonii 3 GPIO po3pobneni Ha mif MoBi mporpamyBanHs. OpHak,
OJIHOIUIATHUN KOMIT'IOTEP JO03BOJISi€E BMKOPUCTOBYBAaTM W 1HINI MOBHM IpOrpaMyBaHHS,
Hanpuknaa, C/C++, Free Pascal/Lazarus. Omepauiiina cucrema Raspbian mictuts y co0i
TOTOBI TaKeTH s PO3pOOKH TPOTPaMHOrO 3a0E3MEUeHHS, 30KpeMa 1 CepelOBHINE IS
po6otu 3 Python — Thonny Python IDE, sikoro 10cTaTHbO JIjisi HAIIMCAHHS Ta BAKOHAHHS KOJY
na Raspberry Pi. [8].

2.2. Bzaemooia Arduino ma Raspberry Pi

Ockinbku Raspberry Pi me mae BOymoBanoro AL, To HEOOXiTHO BHKOPHUCTOBYBATH
JOJTATKOBI MPUCTPOI JUIsl OTPUMaHHS Ta OOpOOKM aHAJIOrOBUX JaHUX 3 JaTYMKIB. 3 II€IO
METOI MOXHa BHKOpHcTOoBYyBaTH BOymoBani ALIIT Arduino sk mBHIKe pillleHHS, X04a il He
ayxe parioHanbhe. Jms 1mporo moctaTHhO mMOCHiIoBHO mim'eanatd Arduino mo USB mo
Raspberry Pi. Bei mani Raspberry Pi 3untye 3 BipryansHoro COM-nopty (Serial port). Jlns
B3aemoii 3 Arduino HeoOXiguuit 0a30Buit Ko, sskuii Oyae mepenaBatu aani B Serial port. Ha
Raspberry Pi, BiamoBigHo, moTpiOHa nmporpama Jyuis oTpuMaHHs naHux 3 Serial port.
Cxema miakmoueHns 10 Raspberry Pi 300paxena Ha puc. 4.
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Puc 4. Cxema mikIro4eHHs Arduino 3 doropesucropom g0 Raspberry Pi.
Fig. 4. Arduino with photoresistance to Raspberry Pi wiring diagram.

IMpuxaan koay AJs nepenasanns ganux 3 Arduino B Serial Port ma C++.
const float MAX_ADC = 1023.0;
void setup() {

Serial.begin(9600);

}

void loop() {
int sensorValue = analogRead(A0);
/I normalize lightness in range between [0;1]
float relativeLightness = (MAX_ADC - (float) sensorValue)/MAX_ADC;
Serial.printin(relativeLightness);
delay(1000);
}
IMpukaax koxy aas 3uuTyBanHs aanux 3 Arduino B Raspberry Pi na Python
import serial

if _name__ =='_main__"
ser = serial.Serial('/dev/ttyUSBQ', 9600,timeout=1)
ser.flush()
while True:

if ser.in_waiting > 0:
line = ser.readline().decode(‘utf-8")
print(line)

2.3. 3uumyeanusa anano208ux cuZHAi6 3a 00NOM02010 nceedo-AI[Il

VY Bumajky, KoM NOTPiOHO 34MTATH CUTHAJ JIMIIE 3 OJHOIO aHAJOTOBOTO MPUCTPOIO,
BuKoprcTanHs Arduino B sikocti AT € He3pyYHHM i TPOMI3IKUM PIlICHHSIM. 3 I[I€}0 METOIO
MO’KHa BUKOPHUCTATH MPOCTY CXeMy, 110 300paxkeHa Ha puc. 5 [9].
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Puc. 5. Cxema AIIII Ha ocHOBI KoHIeHCaTOpa it Raspberry Pi.
Fig. 5. Capacity-based ADC wiring diagram for Raspberry Pi

Ponp AILIII BHKOHYE KOHJIEHCATOP, IO 3aPSHKAETHCSA Ta PO3PSKAETHCS 3aJICKHO BiJl
onopy ¢otopesuctopa LDRI1. JIns pobotu mpuctporo HeoOxinHo 3anaiatu 2 Bxoau GPIO
Raspberry PI. GPIO18 BukopuctoByeThest 1yt 3apsaaku kongencatopa C1 gepe3 mociigoBHO
BBIMKHEHUH B K0JI0 omip HaBaHTaxkeHHs1 LDR1 uepe3 oOmexyBanpHuil pesuctop R2. GPIO23
BUKOPUCTOBYETHCS SIK aHAIOTOBUI BXia. J{7s BUMiproBaHHsS BEIMYMHHM CHTHAITy HEOOXiTHO
CIIOYATKY PO3PSIUTH KOHJEHCATOP, a MOTIM, MOAaBIIN BUCOKHIA joriunuii piens 3 GPIO18,
suntyBaTH 3HaueHHS 3 GPlO23 mokm Ha Bxomi GPlO23 He 3'SBUTHCS HU3BKUI JIOTTYHUI
piBenb. lle Oyne curnamizyBaTu mnpo Te€, WUIO0 KOHJEHCATOP TIOBHICTIO 3apsKCHUIA.
3apsKeHU KOHZEeCcaTop SBJsIE COO0I0 PO3PUB Y KOJIi MOCTIHHOTO CTPYMY, TOMY Hampyra Ha
GPIO23 Oyne BiacytHs. Ilinm uyac BUMIpIOBaHHS 3 CTaHy, KOJIM KOHJIEHCATOP MOBHICTIO
PO3pSIIKEHUI, 0 CTaHy, KOJM KOHJEHCATOp IOBHICTIO 3aps/UKEHUN Ui BHUMIPIOBAHHSA
HEOOX1/THO BBECTH JIUMJIbHUK. SIKIIO JIUMIBHUK OyJie peaizoByBaTH 3UUTYBAaHHS HU(PPOBOTO
3HaueHHs Big 0 1o 4095, to takuit ALIIl moxHa BBaxkatu 12-6iTHUM. BapTo 3ayBakutu, 110
nonionuit ALIIl He Mae YITKOro OOMEXEHHsS PpO3PAJHOCTI, OCKUJIBKM MOOYJOBaHUI Ha
AQHAJIOTOBUX KOMITOHEHTaXx.  ToMy BapTo OOMEXYyBaTH MaKCHMajbHE 3HAYCHHS IS
3a0e3meueHHs] ONTHUMAalbHOI TOYHOCTI BHUMIpIOBaHHA. J[is cropomieHHss poOotu Oymo
po3pobieHo kirac Ha Python, mo 3abe3neuye 34MTyBaHHS aHAIOTOBHX JTaHUX.

IMpukaax koay kiaacy aias Raspberry Pi, sikuii kepye po6ororo ncesao-ALIT
import RPi.GP1O as GPIO
import time

class CapADC(object):
def __init__(self, charge_pin, discharge_pin):
self.charge_pin = charge_pin
self.discharge_pin = discharge_pin

def discharge(self):
GPI10O.setup(self.charge_pin, GPIO.IN)
GPI10.setup(self.discharge_pin, GP10.0UT)
GPI10O.output(self.discharge_pin, False)
time.sleep(0.005)

def _charge_time(self):
GPI10.setup(self.discharge_pin, GP10.IN)
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GP10.setup(self.charge_pin, GP1O.0UT)
count=0

GPI10.output(self.charge_pin, True)
while not GPIO.input(self.discharge_pin):
count +=1

return count

def analog_read(self, min_value=0, max_value=4095):

self.discharge()

value = self._charge_time()

return min(max_value, max(value, min_value))
st poGoTH 3 Ki1acoM HeoOXiMHO iHimani3zyBaTu 00'ekT kiacy CapADC ta nepenatu Ha BXil
Homepu nopTiB GPIO, 1o BinmoBigaroTh 3a 3apsi Ta po3psia KOHIACHCATOPA:
GPI10.setmode(GP10.BCM)
adc = CapADC(18, 23)

Jlns 3untyBaHHs 3HaueHHs 3 mceBno-Allll pospobnena dynkmis analog_read ska

CTaHJApTHO TOBepTae 3HaueHHsS B Mexkax Bim 0 go 4095. MoxkHa J0JATKOBO 3CYyBaTH
MiHIMaJIbHE Ta MAKCUMaJIbHE 3HAYEHHS, 0 TpuxoauTh 3 ALIIL.

3. Metoauka po3po0KHM amapaTHO-NPOrPaMHOr0 KOMILIEKCY AJsi JIa0opaToOpHOL
podoTH no gocaipkenH0 «MaaTauka O0epoexar

Po3poGneni MeToau po3poOKHM aBTOMATH30BAaHUX CHUCTEM OOpOOKH HaHUX Oynu
3aCTOCOBAHI JJIsl CTBOPEHHS Ta MOJEpHI3allii MpHUIaaiB Ui POBEACHHS JIJAOOPAaTOPHUX POOIT
3 MexaHiku. Omumemo mporec MojaepHizamii npunany «Mastauk O6epbeka» FPM-06
«Enexrponnuit 3aBoq DJIbBPO, BPOIJIAB» [10]. ¥V Bcix 1ux mpuiajax Oyiu 3acTOCOBaHi
eJIEKTPOHHI 3acO0M BUMIpIOBaHHS (DI3MYHUX BENIMYMH (HAMPUKIAJ, ikcallii MOMEHTY 4acy Ta
pO3paxyHKy TMpPOMIKKIB Yacy) Ha 3acTapuliii eJIeMEHTHIN eJNeKTpOHHIM 0a3i, mo He
nepeadavae MOXKIMBOCTI 3MiHU KOH(Irypallii BUMipIOBaJIbHOI CUCTEMH Ta i1 MoAM]iKalii.
TakuM unHOM, OyJI0 IeKUIbKa IPUYKH U1 IPOBEACHHS MOJEPHI3allil X NPUIaIiB:

1) BukopHCTaHHS 3aCTapiIMX aHAJOTOBUX JETEKTYFOUHX CHCTEM. AHAJIOTOBi JaTUYHKH,

10 BUKOPHUCTOBYIOTBCS B IUX MpHIagaxX, MIAKIOYEH] 10 LUPpoBUX OJIOKIB
BUMIPIOBaHHS MOMEHTIB Ta IMpPOMDKKIB dHacy, L0 peasli3oBaHi Ha eJIeKTPOHHHX
nepeTBoproBavyax. Taki eNeKTPOHHI MEepPeTBOPIOBaYl CHUTHANIB 3JaTHI IpaloBaTH
JMILIE 3a €IMHUM aJIrOpUTMOM, 10 OyB 3aKJIaZieHHi Ha eTami iX po3poOKH Ta He
nependayae ix Mmoaudikaiii Ta TpaHcpopMarllii npu 3MiHI yMOB €KCIIEPUMEHTY

2) BuMipsiHi ekcriepuMeHTasbHI JaHi BiOOpaKarOThCs JIMIIE Ha EIEKTPOHHUX Ta0IIo

camux mpmiagiB. ToOTo, mpuIaay € aBTOHOMHHMHU Ta HE JO03BOJISIOTH TEpeaaBaTh
OTPUMaHI EeKCIEpUMEHTaJbHI JlaHI EJeKTPOHHUMH KaHajlaMM 3B SI3Ky, IO
YHEMOXJIMBIIIOE X Oe3locepefH0 MaTeMaTHyHy OOpoOKy B  BIIMOBIIHHX
NPUKIIAJHUX IPOrPAMHUX MPOJYKTaX;

3) Jlani mpuiagyd MarOTh 3HAYHI PO3MIpH, MO0 HE POOUTH iX YyHIBEpCAIbHHUMHU B

3aCTOCYBaHHI.

OTxe, METOI MPOEKTy € 3aMiHa 3acTaplIMX BHYTPIIIHIX €JIEKTPOHHUX CXEeM
BUMIPIOBaHHS CUTHAJIIB HA YHIBEpCaJIbHI Ta THYUKI JIETEKTYIOUl CUCTEM, 110 peai3yroThes 13
3aCOCYBAaHHSAM IIPOrPaMOBaHUX MIKPOKOHTPOJIEPIB Ta MIKPOKOMII FOTEPIB.

[Tpunang «Mastauk OOGepOeka» (Puc. 6) 3acTOCOBYETBhCS A MEPEBIPKU  TEOPEMU
Toitrenca — Illteitnepa [11]. Yloro 0CHOBOIO € YOTHPH CIMIL, SKi KPIMIATHCS 10 LHIHIPA,
mo obepraerbes. Ha cnuipsix po3MimieHi pyxomi BaHTaxi, SKi MOKHa (DIKCyBaTH B JJOBUTBHUX
noioxeHHsx. [Ipu oOepTaHHI «XPECTOBHHW», HEPO3TsHDKHA HUTKA 3 BaHTAXEM Ha KIHII,
HaMOTyeThcsl Ha wwmiHAp. Ilix wac obepTaHHs, WIIHAP 3A1HCHIOE 00epTaibHI pyxu. Y
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KpaiHiX TOJO0XKEHHSAX BAHTAXy PO3MIIICHI aHAI3yI04l eNeMEHTH, SIKi (PIKCYIOTh MOMEHTH
NPOXO/PKEHHS BaHTAXY Ta JO3BOJIAIOTH BU3HAYMTU NEpioJ]] KOJIMBAHHS BAaHTaXy, IO
(ikCy€eThCS CUCTEMOIO Ta BUBOJAUTHCS HA AUCIUICH.

Puc. 6. Po3po0eHi geTekTyro4i CucTeMu Ha 0CHOB1 MOTyliB doTopesuctopa «KY-008y»
Ta nazepa «KY-08». «1» - BepXHsl IETEKTy04a CUCTEMA, «2» - HUKHS IETEKTyI04Ya CUCTEMa.

Fig. 6. Detection systems based on photoresistor modules "KY-008" and laser "KY-08"
have been developed. «1» - top detection system, «2» - bottom detection system.

[lepmoyeproBum 3aBHaHHAM OYyJI0 CTBOPEHHS HOBHX JETEKTYIOUHX CHCTEM, IO
(iKCYyIOTh MOMEHT 4acy MPOXO/PKEHHS BaHTAXy 4epe3 BEpXHIO 1 HUKHIO TOYKH. [ 1IbOro
HEoOX1IHO OyJi0 po3poOUTH KOpIyC IJs ABOX JAETEKTYIOUMX CHCTEM 3 HOBUM HaOOpoOM
HEeOoOXiHUX NaT4dukiB. J{Jsi CTBOPEHHs KOpIycy Oylio 3acTOCOBaHO TexHouoriro 3d apyky.
CrouaTky, 3a momomoror omiaiH cepsicy Tinkercad [12] Oymo crtBopeno 3d momens
KOPITyCy JETEeKTYI04O0i CHCTEMH, eKCIIOPTOBaHO (paiii cTBOpeHoi Mojeni B ¢popmari .stl Ta 3a
nornomororo mporpamu RepetierHost otpumano ¢aitn dpopmarty .gcode B cremiaibHOMY
dopmarTi, 1m0 HEOOXITHO /ISl MOCTIJOBHOTO JPYKY MpourapkiB moneni Ha 3d mpuHTepi (AuB.
Honarok 1).

Jlns peanizaiiii KO>KHOT I€TEKTYIOY0i CUCTEMH 0yJI0 00paHO KOMILIEKT 3 (hOTOpe3ucTopa
«KY-008» ta mazepa «KY-08» 3 Habopy mudporux ta anajgoropux garaukis [13]. Ili moxyi
€ aJanTOBaHUMU JIJIS MiJIKIIOUEHHS K 10 MiKpoKOHTpolnepa Arduino, Tak i MiHIKOMIT FOTepa
Raspberry Pi. Lleil koMIIEKT € MOeTHAHHSAM BHUCOKOI MPAaKTUYHOCTI, JOCTYITHOI BapTOCTI Ta
MOYJIMBOCTI MPOTPaMHOTO ynpasiiHHA. [lpurun poOOTH NETeKTYyI40i CUCTEMM MOJISITae y
TOMY, IO JIa3ep HEmepepBHO OcBITIIOE (hoTopesucrop. [Ipu mepeTwuHi BaHTaKeM MPOMEHS
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Ja3epa OCBITJICHICTh Ha (POTOPE3UCTOPI 3HAYHO 3MEHIIYETHCS 1 BAKOHYIOTBCS MTPOrpaMHi il 3
CHCTEMHHUM CEKYHJIOMIpOM JJIsi pO3PAaxXyHKY MPOMDXKKY 4acy. Po3MillleHHsI IBOX KOMILIEKTIB
PpO3po0IIeHOT IeTeKTY040i cucTemMu Ha nipuinani «Mastauk O0epOekay» npuBeaena Ha Puc. 4.

Kepyrouunii mpucTpiid, 1o ymnpapisie poOOTOK AATUYMKIB 000X JETEKTYHUHX MOIYJIB,
noOyI0BaHUI Ha OCHOBI MiKpokoHTpoiiepa «Arduino Mega»[14]. TexHiuHiI XapaKTEpPUCTUKU
MiKpoKoHTpoJiepa «Arduino Megay, Taki K MBHAKOMISA, 00’eM mam’siTi, HasBHICTh ALIIl Ta
iHTepdeiiciB epenadi TaHUX Ha KOMIT FOTEp € JIOCTaTHIM JIJIsi aBTOMATH3AIli1 TIOIIOHOTO TUITY
MIPUIIAIIB.

[Mipxmouenns moayiis 1o Arduino: moxyns ¢oropesucropa «KY-008» min’eqHyerbes
J0 KEpyrd4oi IUIaTH 3a JOMOMOror Tphox miHiB: gnd, +5v Ta A0. Jlanuii Momynb €
AQHAJIOTOBUM, TOMY CHTHAJIBHHM TiH MiJ €HAHO JO BIAMOBITHOTO aHAIOroBoro miHa A0 Ha
wiati  Arduino. Tlpuanmn migkarodeHss moxyns 3 jasepom «KY-018» cxoxwit Ha
OiAKIIOYEHHS MoAayns  (oTope3ucropa, ajie BiAMIHHICT TMOJNSATae y HEOOXiIHOCTI
3a0e3MeueHHs] MAKCUMAJIBHO JIOMyCTUMOI HANpyTH >KuBJIeHHS +3.3V, a KepyBaHHS MOJIyJIEM
3nidCHIOETBCs yepe3 nudposuii min DO Ha kepyrodiil TuiaTi.

PR am

| CSP

Ardui no NEGA

ardui

2 o
FE GNDVN © - o o

Puc. 7. Cxema minkirodeHHs AaTYMKIB 70 Mikpormpoiiecopa Arduino
Fig.7. Scheme of sensors connection to the Arduino microprocessor

Hactynuum KpoKOM € CTBOpPEHHS TPOrpaMHOTO KOAY (CKeTuy) JiJIsi KepyBaHHS pOOOTOIO
Arduino. Kox mis kepyBanus moayismu «KY-018» ta «KY-008» AeTEKTYIOUMX CHCTEM €
n00pe CTPYKTYpOBaHHMM Ta BIAKPUTHM i penaryBanus (auB. Jlomatok 2). HamucanHs Ta
3aBaHTaXEHHS KoMy Ha ruiaTy Arduino 3mificHiOBamocs 3a JOMOMOBOTO CIIEIiai30BaHOI0
nporpamHoro 3abesneuenns “Arduino IDE” na moBi nporpamyBanus C++. B rojgoBHOMy
MPOrPaMHOMY ITUKJI MOCTIHO 3UUTYIOTHCS 3HAUEHHS OCBITIEHOCTI 3 MEPIIOTo Ta 3 APYTroro
dbotopesuctopiB. B mporpamHomy O1o11i, je BiAOyBaeThCs 1HIIIAIS TIHIB, HA aHAJOTOBUA
niH DO (ans xkepyBaHHS MOAyJeM Ja3epa) MOJNAEThCS HAMpyTa, 110 BIAMOBIIAE JOTIYHIN
OJIMHMIII, TOOTO MOJYJIb Jla3epa Oy/ie HelmepepBHO MpalfoBaTH J0KHU Mparroe miata Arduino.
[TounHaroun pyx, BaHTaX MPOXOJUTH YEPe3 BEPXHIO NETEKTyrouy cucremy (auB. Puc.7) ta
MepeTUHAE JIa3epHUM TPOMiHb. B 1IbOMYy BHIIaJKy, B TOJIOBHOMY MPOTPaMHOMY ITHKJI,
BUKOHYETHCS TMEPEBipKa Ha HEMEPEPBHICTh CUTHATY (TMOTOKY JIa3€pHOTO BUIIPOMIHIOBAHHS,
0 JETEKTYEThCA (POTOpe3ucTopoM) 1 mMICiHsI BUKOHAHHS YMOBH 3HAYHOTO 3MEHIIICHHS
BEJIMYMHU OCBITJIICHOCTI Ha ()OTOPE3UCTOPi 3aIyCKAEThCs CUCTEMHMU cekyHaomip. Ilix vac
MIPOXO/DKEHHSI BaHTaXXy 4epe3 HUKHIO JIeTeKTyrody cucremy (auB. Puc.7) BinOyBaeThcs
aHAJIOTIUHA TEepEeBipKa, B Pe3yJbTaTl SKOi 3yMUHSETHCS CHCTEMHUN CEKYHIOMIp 1 3HaYeHHS
4yacy Mepiofy KOJMBAHHS 3aMHUCY€EThCs Y 3MIHHY «t». [Ticis mboro BUKOHYETBCS OJIOK KOAY,
KU BIAMOBITa€ 3a OOYMCIICHHS MOMEHTY 1HepIlii BaHTaxy (auB., Hampukian [11]), micns
YOro OTpUMaHE 3HAYCHHS TOTOBE JUIS CHPUUHATTS SK 30BHINTHIMHU MPUCTPOSMU (JIUCIUICH,
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cepBep, IHII MIKPONPOLECOPHI MPUCTPOi), TaK 1 BHYTPIIHIMU (KOHCOJb KOPHCTyBaua).
OTpuMaHi 3HAYEHHS MOMEHTY I1HEpIi € pPIBHUMU 3HAUYCHHSM 3 JIOBIITHUKIB B MexXax
JOITyCTUMOT TOXuOKu 2%.

4. BUuCHOBKM

MopaepHizanis  (I3BUYHMX TPWIALIB 13  3acTapuUiMMH 1 MajJo(yHKIIOHATBHUMHU
CJIEKTPOHHUMH OJIOKaMu TEpeTBOPEHHA 1HQOpMAIii 3 3acCTOCYBaHHSAM NPOTrPaMOBAHHX
MIKpOMPOIIECOPHUX CHCTEM B HAIll 4ac € JOBOJI aKTyalbHOI 3a1avoro. [licns ganoro xypcy
KOXKEH CTYACHT OTPHUMYy€ JOCTaTHHO 3HAHb Ta BMiHb, WIO0 pO3MOYATH MPOEKTU 3
aBTOMAaTHu3aIliil 3acTapiaux Gpi3MUHUX IpUIaaiB abo po3poOKH HOBHX.

B poboTi ommcaHo MeTOAWYHI WIiAXOAW, IO JJO3BOJMIA PO3POOUTH KOMILICKC
1abopaTOpHUX POOIT MO0 BUKOPHUCTAHHIO OJHOIUIATHUX KOMII'I0TEepiB cepii Raspberry Pi ta
MOBH TporpamyBanHs Python, mms wmopepHizamii ¢GisuuHMX npwiaaaiB. MeToauuHi
pekoMeHpaIlii 10 J1abopaTOPHOrO MPAKTHKyMy CIPSMOBaHI Ha JEMOHCTPAII0 METOJIB
HiAKIIOYeHHS OlHapHUX, MU(POBHX Ta aHAIOTOBHX AaT4yukiB. Kpim Toro, oOrpyHTOBaHa
JOLIBHICTG BHUKOPUCTAHHS PI3HUX THUIIB MIJKIIOYEHHS B 3aJ€KHOCTI BiJ BUIY
BUMIPIOBJILHOTO MPHCTPOI0. Po3rmsHyTo 0a30BI NPUHIUIHM CXEMOTEXHIKM Ta OIKCAHO
METOJUYHI PEKOMEHJAIl [I0J0 BUKOPUCTAHHS OIHAPHUX MPHUCTPOIB Ta IX KOPEKTHOTO
niakmouenns g0 minie GPIO Raspberry Pi.

B naniii po6oTi onrcaHo METOIUKY MOAepHi3alii (G13UYHOT0 MpUIaAy IS TPOBEICHHS
nabopaTopHUX poOIT 3 MexaHikM Ha mpukiani npmiaay «Mastauk O6epbekay FPM-06.
3a3HaueHa MOJEpHi3allis, M0 MigBUIIY€e (YHKI[IOHATBHICTh MPUIATY, TO3BOJISIE KOMILIEKCHO
3aCTOCYBAaTH YMIHHS CTYJICHTIB JUIsl: KOHCTPYIOBAaHHS CKJIAIOBUX (Di3MYHUX NPUIAJIIB, IPYKY
netaneit Ha 3D mpuHTepi, CTBOpPEHHS Cy4YacHHX JETEKTYIOUMX CHCTeM Ha 0a3si
MIKPOKOHTPOJIEPIB Ta MIKPOKOMII FOTEPIB, pealtizallii MporpaMHOro ympaBIiHHS Ta 00poOKH
OTPUMAHUX EKCIIEPUMEHTAIBHUX JIAHUX.
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Jonpatok 1
Po3podka 3d moneni nas 3d npunTepa

Jns po3pobku 3d mojeni MokHA BHKOPHCTOBYBAaTH Oynb-sikuii 3d pemakTop, aie
OJTHUM 3 HaW3py4HIIIMX Ta HaWOpPOCTIIIMM B OCBO€HHI € oHjaiiH penakrop Tinkerkad.
[Tocumanus Ha pecypc Ul 3aBaHTaXXEHHs I[bOro pemaktopa: https://www.tinkercad.com/ .
Iarepdeiic caiiTy € 3po3ymiiuM Ta AOCTymHMM Uil KokHoro. Ilicmst peectparii um
aBTOpH3allii, MOTPAIJIIEMO B OCOOMCTUN KaOIHET, B SIKOMY € MOXIJIMBICTb CTBOPUTU BIJIACHY
mojenb. HatucHyBim kHonky « CTBOPUTH HOBHM MPOEKTY, BIIKPUBAETHCS «CIIEHa», Ha AKiH
MOXHa PpO3MIIYBaTH, peaaryBaTd Ta OO0 €IHYBaTH HAWIMPOCTINI TEOMETPUYHI 00’ €MHI
¢irypu. Jami noTpiOHO eKCIoOpTyBaTH CTBOpeHy Mojens y ¢opmari .stl. Ilepen
3aBaHTQKEHHSIM JTaHoro Qainy B 3d mpuHTEp, HOro MOTPiOHO MEBHUM YHHOM OOpOOWTH, a
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camMe pPO3JUINTH Ha (parMeHTH IeBHOI TOBIIMHM, Ta 30epertu y Qopmati .gcode. Llei
dopmMaT yxe € ocTaToyHuM i cripuiimaethest 3d mpuaTepoM. 11 po3aijieHHS Ha (parMeHTH €
YUMaio Oe3KOIITOBHUX MPOTpaM, ajie JUIsl OYaTKy OJHUM 3 HalKpallux pillleHb € mporpama
Repetier-Host. [Mocunanns Ha pecypc e 3aBaHTa)KCHHS POTPaMH:
https://www.repetier.com/download-now/. Takum ywuHOM, TOTpiOHO aitn dopmaty .stl
BIJIKPHUTH Yy 1[Il Tporpami, po3IiJIuTH Ha parMeHTH 1 ekcropTyBatH B .gcode dopmari. Tenep
3d MoJieIb TOTOBA 10 IPYKY.

T >« 20
L &

SN

)' ® W

o 4 9

il 2

- e B ¢
JlogaTox 2

IIporpamumii kox
//Bnok 3 1HIIanicro 3MIHHAX
int LASER 10
int LASER1 11
int sensorPin = AOQ;
int secondSensorPin = A3;
int sensorValue = 0;
int sensorValue2 = 0;
double mainFormula = 0;
boolean firstKey = true;
boolean secondKey = false;

double timel = 0;
double time2 = 0;
double t = 0;
boolean flagl = true;
boolean flag2 = true;
int counter = 0;
//3anaHHs pexUMy pOOOTH KOXKHOTO MiHA
void setup() {
pinMode(LASER, OUTPUT); // BcTaHOBIIOEMO pesKUM poOOTH MiHA SK BUX1]T
pinMode(LASER1, OUTPUT);
pinMode(Al, OUTPUT);
pinMode(A2, OUTPUT);
pinMode(A4, OUTPUT);
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pinMode(A5, OUTPUT);
digitalWrite(A1l, 1); / BusHauaeMo aHaJIOTOBUI BUXIiJ SIK )KUBJICHHS
digitalWrite(A2, 0); // BuznayaemMo aHaJIOrOBUI BUXIJI K «3EMIISD
digitalWrite(A4, 0);
digitalWrite(A5, 1);
digitalWrite(LASER, HIGH);
digitalWrite(LASERL, HIGH);
Serial.begin(9600);
by
//T"0JIOBHMIA MPOTPAMHUMA ITUKIT
void loop() {
sensorValue = analogRead(sensorPin); // OtpuMyemMo 3 gaTyrKa 3HAYCHHS OCBITICHOCTI
sensorValue2 = analogRead(secondSensorPin);
if (firstkey && (sensorValue > 100)){ // SIkmo ymoBa icTiHa, TO OTPUMYEMO Yac
firstKey = false; poboTu cucrtemu
secondKey = true;
timel = millis();
Serial.printIn(timel);

¥

if (secondKey && (sensorValue2 > 100)){ // Skiio ymoBa icTuHa, TO OTPUMY€EMO Yac
firstKey = true; //pobOTH CHCTEMH 1 BU3HAYAEMO
secondKey = false; /] vac ogHOrO KOJIMBAaHHSA

time2 = millis();

t = (time2 - time1)/1000;

Serial.printin((time2 - time1)/1000);
Serial.printIn(((0.138*0.042375*0.042375*t*t)*(9.88-((2*0.45)/(t*t))))/(2*0.45));
delay(50);

}
delay(50);
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METHODIC GUIDELINES OF PHYSICAL MEASUREMENT AND
TECHNICAL TOOLS AUTOMATION BASED ON ARDUINO AND RASPBERRY PI

In the system of physical education, especially for the development of students'
competencies in technical applications, it is important to develop new methodological
approaches to the implementation of learning outcomes related to the possession of tools and
methods of computer technology and microelectronics needed to create measurement systems
based on software control digital means of automation of physical experiment. It is the
development of new electronic learning tools that becomes a prerequisite for the wide and
large-scale automation of experimental research of various physical processes and
phenomena. This work is devoted to the methodological work necessary for students of
physical specialties to study the methods and ways of creating experimental installations with
computer interfaces for control, collection, transmission and processing of data. The main
focus is on the analysis of the structure and methods of building a laboratory workshop for
students, which explores ways to connect various types of sensors (sensors) of physical
quantities to popular microcontrollers and microcomputers needed to develop automated
measuring systems of physical quantities.

This article describes the principle of step-by-step modernization of physical devices
with obsolete and dysfunctional electronic information conversion units using programmable
microprocessor systems. We have described the methodological approaches that have
developed a set of laboratory work on the use of single-board computers in the Raspberry Pi
series and the Python programming language in the modernization of physical devices. In
addition, the feasibility of using a connection depending on the type of measuring device is
justified. The basic principles of circuitry are considered and methodical recommendations
on the use of binary devices and their correct connection to GPIO Raspberry Pi pins are
described. This paper describes in detail the method of modernization of the device
"Oberbeck Pendulum™ FPM-06. This modernization allows students to comprehensively apply
the skills of the device to design the components of the device, print on a 3D printer, create a
modern detection system, connect to a microcontroller, software control and experiment data
processing.

Keywords: physical experiment, microcontrollers, microcomputers, sensors, automated
software-hadware complex, laboratory practice in physics, Raspberry Pi.
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